UC Irvine
UC Irvine Electronic Theses and Dissertations

Title

Understanding the Steric and Electronic Factors that Stabilize Th(lll), Th(ll), and U(ll)
Complexes

Permalink

https://escholarship.org/uc/item/38s49012

Author
Wedal, Justin

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/38s4q012
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA,
IRVINE

Understanding the Steric and Electronic Factors that Stabilize
Th(lll), Th(ll), and U(Il) Complexes

DISSERTATION

submitted in partial satisfaction of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

in Chemistry

by

Justin C. Wedal

Dissertation Committee:
Professor William J. Evans, Chair
Professor Filipp Furche

Professor Jenny Y. Yang

2022



Chapter 2 © 2021 American Chemical Society

Chapter 3 © 2021 Royal Society of Chemistry

Chapter 4 © 2020 American Chemical Society

Chapter 5 © 2022 American Chemical Society

Chapter 8 © 2021 Taylor & Francis Online
Chapter 9 © 2022 CSIRO Publishing

Chapter 10 © 2021 Royal Society of Chemistry
Portions of Chapter 11 © 2022 Royal Society of Chemistry

Chapter 12 © 2021 Royal Society of Chemistry
Portions of Appendix B © 2021 American Chemical Society

All other materials © 2022 Justin C. Wedal



DEDICATION

To those who pushed me by telling me it would not work.



TABLE OF CONTENTS

Page
LIST OF FIGURES v
LIST OF SCHEMES XViil
LIST OF TABLES XiX
LIST OF COMPOUNDS XXVi
ACKNOWLEDGEMENTS XXVili
VITA XXX
ABSTRACT OF THE DISSERTATION XXXV
CHAPTER 1: Introduction 1
CHAPTER 2: Density Functional Theory Analysis of the Importance of Coordination Geometry
for 5f6d! vs 5f* Electron Configurations in U(11) Complexes 18
CHAPTER 3: Electrochemical Studies of Tris(cyclopentadienyl) Thorium and Uranium
Complexes in the +2, +3, and +4 Oxidation States 50
CHAPTER 4: C-H Bond Activation via U(Il) in the Reduction of Heteroleptic
Bis(Trimethylsilyl)amide U(111) Complexes 108
CHAPTER 5: Synthesis and Reduction of Heteroleptic Bis(cyclopentadienyl) Uranium(l11)
Complexes 152
CHAPTER 6: EPR Spectroscopy of 5f36d* U(lI) Complexes 236

CHAPTER 7: Characterization of the U(V) Complex (CsMes).U"YI(=NSiMes) via Reaction of
(CsMes)2U"'I(THF) with N3SiMes 260

CHAPTER 8: Structural Variations in Cyclopentadienyl Uranium(I11) lodide Complexes 282

CHAPTER 9: Exploring the Use of the Pentaphenylcyclopentadienyl Ligand in Uranium
Chemistry: The Crystal Structure of (CsPhs)Ul2(THF)2 351

CHAPTER 10: Synthesis of Tris(trimethylsilylcyclopentadienyl) Thorium, Cp’sTh 376

CHAPTER 11: Anion-Induced Disproportionation of Th(ll1l) Complexes to Form Th(ll) and
Th(1V) Products 425



CHAPTER 12: Evaluating Electrochemical Accessibility of 4f"5d* and 4f™** Ln(ll) lons in
(CsHsSiMesz)sLn and (CsMe4H)sLn Complexes 452

CHAPTER 13: Rare-Earth Metal Complexes with Trimethyltriazacyclohexane and
Trimethyltriazacyclononane Ligands 472

CHAPTER 14: Uranium Triiodide Complexes of Trimethyltriazacyclohexane and
Trimethyltriazacyclononane 529

CHAPTER 15: Expanding Bismuth Trihalide Coordination Chemistry with
Trimethyltriazacyclohexane and Trimethyltriazacyclononane 560

APPENDIX A: Reduction of Cp®™3Th and Synthesis of Cp**, ThOAr 609

APPENDIX B: DFT Analysis of an Yttrium Complex Synthesized from the Ring-Opening of
Benzoxazole 621

APPENDIX C: Improved Synthesis and Spectroscopic Characterization of a Reduced Bimetallic
Yttrium Ansa-Metallocene Hydride Complex, [K(crypt)][(1-Cp")Y (u—H)]. 634

APPENDIX D: Uranium Borohydride Coordination Chemistry and Hydroboration of

Me,C=CMe: 652
APPENDIX E: DFT Studies of f-Block Complexes 670
APPENDIX F: List of Crystal Structures 683



Figure 1.1

Figure 1.2

Figure 1.3

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

LIST OF FIGURES
Page

Qualitative representation of the 5d (left), 4f (middle), and 5f (right) orbitals
depicting their radial extension beyond the core electron density, which is
represented by the circles.

(left) Plot of Hartree-Fock radial wave functions for Nd(I11) showing how the 4f
orbitals are buried in the [Xe] core; (right) Plot of Hartree-Fock radial wave
functions for U(I11) showing the minimal extension of the 5f orbitals beyond the
[Rn] core electrons. 2

Qualitative plot of the 5f and 6d atomic orbital energy for the early actinides. 5

Calculated HOMO of [Cp”3U]'", plotted with a contour value of 0.05. Hydrogen
atoms are omitted for clarity. Calculated orbital energy e = —1.453 eV. 22

Experimental® (black) and simulated (green) UV-visible spectrum of [Cp”3U]'". A
Gaussian line broadening of 0.15 eV was applied and the computed excitation
spectrum was empirically blue shifted by 0.40 eV. 23

Calculated HOMO of [Cp®;U]'", plotted with a contour value of 0.05. Hydrogen
atoms are omitted for clarity. Calculated orbital energy ¢ = —1.069 e¢V. 25

Experimental (black) and simulated (green) UV-visible spectrum of [Cp®5U]!". A
Gaussian line broadening of 0.15 eV was applied and the computed excitation
spectrum was empirically blue shifted by 0.40 eV and scaled by a factor of 0.5 to
ease comparison with the experimental spectrum. 26

(a) HOMO, (b) HOMO-1, and (c) HOMO-3 of the C;-, C3- and Dz-symmetric
structures of [U(NR2)s]'", plotted with a contour value of 0.05. Hydrogen atoms
are omitted for clarity. Calculated orbital energies ¢ = —1.689, ¢ = —1.594, ¢ =
—1.449 eV, respectively. 30

Experimental (black) and simulated (green) UV-visible spectrum of [U(NR2)s]'~
computed in C1 symmetry. A Gaussian line broadening of 0.15 eV was applied and
the computed excitation spectrum was empirically blue shifted by 0.40 eV and
scaled by a factor of 0.15 to ease comparison with the experimental spectrum. 31

HOMO of (NHAr™),U, plotted with a contour value of 0.05. Hydrogen atoms are
omitted for clarity. Calculated orbital energy ¢ = —3.132 eV. 33

(@) HOMO of [U(CHR2)3]'", (b) HOMO of [U(HsBH)s]'", and (c) HOMO of
[U(OATr")4)*, plotted with a contour value of 0.05. Hydrogen atoms, except those
attached to boron, are omitted for clarity. Calculated orbital energies ¢ = —1.596, ¢
=-2.352, ¢ =-0.394 eV, respectively. 35

\Y



Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

(@) Molecular structure and (b) HOMO of [(CsHs)2U]*, plotted with a contour
value of 0.05. Hydrogen atoms are omitted for clarity. Calculated orbital energy ¢
=-0.390 eV. 36

HOMO of [U(bnz')4]*", plotted with a contour value of 0.05. Hydrogen atoms are
omitted for clarity. Calculated orbital energy ¢ =—0.128 eV. 37

(@) Molecular structure of U(HsBH)3(THF)s, (b) calculated 5f LUMO of
U(H3BH)3(THF)s, and (c) 6dz*-like HOMO of [U(H3BH)3(THF)s]'". Calculated
orbital energies ¢ = —0.600 and —0.928 eV, respectively. 38

Molecular structures of (a) [U(crypt)]** and (b) U(crypt)(OMe). (top right).
HOMO of (c) [U(crypt)]?>* and (d) U(crypt)(OMe)2, plotted with a contour value of
0.05. Hydrogen atoms are omitted for clarity. Calculated orbital energies ¢ =
—7.811 and —0.596 eV, respectively. 40

Voltammogram of 4.6 mM Cp”3U at v = 200 (black), 400 (orange), 600 (grey), 800
(yellow) and 1000 (blue) mV/s in 100 mM TBABPhs / THF. The event centered at
—0.495 V is due to internal standard (CsMes)2Fe'’. 53

Voltammogram of 3.0 mM [K(crown)(THF)2][Cp”3U] at v = 200 (black), 400
(orange), 600 (grey), 800 (yellow) and 1000 (blue) mV/s in 100 mM TBABPh, /
THF. 53

Voltammogram of 11 mM Cp'sU at v = 200 (black), 400 (orange), 600 (grey), 800
(yellow) and 1000 (blue) mV/s in 50 mM TBABPhs / THF. The event centered at
—0.495 V is due to internal standard (CsMes)2Fe'’. 54

Voltammogram of 7.7 mM [K(crypt)][Cp'sU] at v = 200 (black), 400 (orange), 600
(grey), and 1000 (yellow) mV/s in 100 mM TBABPhs / THF. The peak centered
at —0.495 V is due to internal standard (CsMes)2Fe. 55

Voltammogram of 7.2 mM Cp™U at v = 200 (black), 400 (orange), 600 (grey), 800
(yellow) and 1000 (blue) mV/s in 100 mM TBABPhs / THF. 56

Voltammogram of [K(crypt)][Cp*sU] at v = 200 mV/s in 100 mM TBABPhy /
THF. The event centered at —0.495 V is due to internal standard (CsMes).Fe!'. 56

Voltammogram of 12 mM Cp”3ThCl at v = 200 (black), 400 (orange), 600 (grey),
800 (yellow) and 1000 (blue) mV/s in 100 MM TBABPhs / THF. 57

Voltammogram of 7.4 mM Cp"3ThBr at v = 200 (black), 400 (orange), 600 (grey),
800 (yellow) and 1000 (blue) mV/s in 100 mM TBABPhs / THF. 58

Vi



Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Voltammogram of 14 mM Cp’3ThCl at v = 200 (black), 400 (orange), 600 (grey),
800 (yellow), 1000 (blue), and 2000 (green) mV/s in 100 mM TBABPhs / THF. 58

Voltammogram of 15 mM Cp'sTh'VBr and 14.6 mM (CsMes)zFe in 100 mM
TBABPh,/ THF. The ratio of current passed for Cp’sTh'VBr to (CsMes)zFe is 0.77,
suggesting a one-electron process is occurring for Cp’sTh!VBr. 60

Voltammogram of 22 mM Cp*3ThBr at v = 200 (black), 400 (orange), 600 (grey),
800 (yellow) and 1000 (blue) mV/s in 100 mM TBABPhs / THF. 60

Voltammogram of KCp™ (solid, 15 mM), KCp” (dashed, 17 mM), KCp’ (dotted,
14 mM), and KCp (dotted dash, 22 mM) at v = 200 mV/s in 200 mM ["BusN][PFe]
/ THF. The event centered at —0.495 V in the voltammogram of KCp™ is due to
internal standard (CsMes)2Fe'’. 61

Voltammogram of 17 mM KCp” (solid), [K(crown)][Cp”] (dashed), and
[K(crypt)][Cp”] (dotted) at 200 mV/s in 200 mM ["BusN][PFe] / THF. The event
centered at —0.495 V is due to internal standard (CsMes)2Fe'’, 62

Voltammogram of 4.9 mM Cp”3Th at v = 200 (black), 400 (orange), 600 (grey),
800 (yellow) and 1000 (blue) mV/s in 100 mM TBABPhs / THF. 63

Voltammogram of 6.7 mM Cp®5Th at v = 200 (black), 400 (orange), 600 (grey),
800 (yellow) and 1000 (blue) mV/s in 100 MM TBABPhs / THF. 64

Voltammogram of 4.6 mM [K(crown)(THF)2][Cp"sTh] at v = 200 (black), 400
(orange), 600 (grey), 800 (yellow) and 1000 (blue) mV/s in 100 mM TBABPh,4 /
THF. 64

UV-visible spectrum of Cp”3Th'VBr (black, solid) converting to Cp”sTh'!" (black,
dashed) during electrolysis at —2.90 V with a starting concentration of 7.0 mM in
200 mM ["BusN][PFe] / THF. The growth of four bands at 365, 510, 590, and 655
nm is indicative of Cp”3Th'" (red). 65

UV-visible spectrum of Cp”sTh"! (black) converting to [Cp”sTh']'" (blue) during
electrolysis at —2.90 V with a starting concentration of 1.1 mM in 200 mM
["BusN][PFs] / THF. The growth of the band at 650 nm is indicative of [Cp"3Th'"]!~
(red). 66

Thermal ellipsoid plot of [Na(x®—crown)(x’>~crown)][Cp"sTh'"] plotted at the 35%
probability level. Hydrogen atoms and disorder in the x?-crown unit have been
removed for clarity. 68

Thermal ellipsoid plot of [Cs(crypt)][Cp”sTh'"] plotted at the 50% probability level.
Hydrogen atoms have been removed for clarity. 69

vii



Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

UV-visible spectrum of the reaction product of (CsMes),U"'(NR2) with KCs in the
presence of crypt in THF (black) and the theoretical UV-visible spectrum of
[(CsMes)2U"(NR2)]' (violet) with computed TDDFT oscillator strengths shown as
vertical lines. A Gaussian line broadening of 0.20 eV was applied and the
computed excitation energies were empirically blue-shifted by 0.2 eV. The
computed intensities were scaled by a factor 0.4 to ease comparison with the
experimental spectrum. 110

UV-visible spectrum of (CsMes)U"(NR2) (black), (CsMes)U"(NR2). (red), 4.1
(blue), and 4.2 (green). 110

'H NMR in THF-ds spectrum 30 min after passing a (CsMes).U(NR2) / crypt
solution through a KCg column into a J-Young tube. The peak at 6 4.53 is attributed
to Hz formation. The peak at 6 0.02 does not match HNR2, which appears at 6 0.05
in THF-ds. 112

Thermal ellipsoid plot of [K(crypt)][(CsMes).U"(CH2SiMe2NSiMes—«C,kN)], 4.1,
with selective atom labelling. Ellipsoids are drawn at the 50% probability level.
Hydrogen atoms and disorder in the U center have been omitted for clarity. 112

Calculated 6dz?-like HOMO of [(CsMes)2U"(NR2)]'", plotted with a contour value
of 0.05 with hydrogen atoms omitted for clarity. 115

(From left to right) LUMO +1 (contour value of 0.02), LUMO +2 (contour value
of 0.02), LUMO +3 (contour value of 0.02), and LUMO +8 (contour value of 0.05)
of [(CsMes)2U(NR2)]'", with hydrogen atoms excluded for clarity. 115

(from left to right) HOMO —2, HOMO —1, HOMO, LUMO of (CsMes)2U"(NR2),
plotted with contour value of 0.05. Hydrogen atoms have been omitted for
clarity. 116

UV-visible spectrum of the reaction product of (CsMes)U"'(NR2), with KCg in the
presence of crypt in THF, collected through an isopropanol film (black) and
theoretical UV-visible spectrum of [(CsMes)U'"(NR2)2]'~ with computed TDDFT
oscillator strengths shown as vertical lines. A Gaussian line broadening of 0.20 eV
was applied and the computed excitation energies were empirically blue-shifted by
0.2 eV. The computed intensities were scaled by a factor 0.4. 117

Thermal ellipsoid plot of [K(crypt)(THF)][(CsMes)U"(NR2)(CH2SiMe2NSiMes—
kC,kN)], 4.2, with selective atom labelling. Ellipsoids are drawn at the 50%
probability level and hydrogen atoms have been omitted for clarity. 118

Calculated 6dz2-like HOMO of [(CsMes)U'"(NR2)2]'", plotted with a contour value
of 0.05 with hydrogen atoms omitted for clarity. 120

viii



Figure 4.11

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

(From left to right)y HOMO—-2, HOMO-1, HOMO, LUMO of (CsMes)U(NR2)2,
plotted with a contour value of 0.05. Hydrogen atoms have been omitted for
clarity. 121

Molecular structure of 5.1-U with selective atom labelling. Ellipsoids are drawn at
the 50% probability level. Disordered CsMes rings and hydrogen atoms have been
omitted for clarity. 5.1-U and 5.1-Ce are isomorphous. 155

Connectivity plot of (CsMe4H)UI(THF) with selective atom labelling. Hydrogen
atoms are omitted for clarity. 157

Molecular structure of 5.2 and co-crystallized (CsMesH)U(OAr')(THF), with
ellipsoids drawn at the 50% probability level. Hydrogen atoms have been omitted
for clarity. 159

Molecular structure of 5.5 with ellipsoids drawn at the 50% probability level.
Hydrogen and disordered atoms have been omitted for clarity. 161

Voltammogram of 16 mM (CsMes)U(NR2), 5.9, at v = 200 mV/s in 100 mM
["BusN][BPhs4] / THF (R = SiMes). The events centered at —3.22 V and —1.29 V
are assigned to the U(IIN/U(11) and U(IV)/U(I) couples, respectively. The other
two events cannot be assigned with confidence. 167

HOMO of (a) [(CsMes)U(OAr)]', (b) [(CsMes)U(CHR2)]', (c)
[(CsMes)2U(CsHs)]', and (d) [(CsMes):U(CsMesH)]', plotted with a contour
value of 0.05. Hydrogen atoms have been removed for clarity. 170

Plot of measured U(I)/U(Il) E12 vs the calculated energy difference between
U(I) and U(I1) compounds. 174

UV-visible spectra collected from the reduction of 5.5 (black) collected at —90 °C
using Method C described above.  Simulated UV-visible spectrum of
[(CsMes)2U(CHR2)]'~ (green) with a Gaussian line broadening of 0.15eV. 184

Voltammogram of (CsMes).U(NR>), 5.9, at 200 (black), 400 (red), 600 (green), and
800 (orange) mV/s in THF. The event centered at —2.53 is likely due to
decomposition or an impurity. 185
Voltammogram of (CsMes).U(CsMesH), 5.7, at 200 (black), 400 (red), 600 (green),
800 (orange), and 1000 (blue) mV/s in THF. The anodic event at —1.98 V is likely
due to decomposition or an impurity. 185

Voltammogram of (CsMes)U(NR2)., 5.10, at 200 (black), 400 (red), 600 (green),
800 (orange), and 1000 (blue) mV/s in THF. The event centered at —2.45 is likely
due to decomposition or an impurity. 186



Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15
Figure 5.16
Figure 5.17

Figure 5.18

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Voltammogram of (CsMes).U(CHRy), 5.5, at 200 (black), 400 (red), 600 (green),
800 (orange), and 1000 (blue) mV/s in THF. The event centered at —2.45 is likely
due to decomposition or an impurity. 186

Voltammogram of (CsMes)2U(OAr*), 5.3, at 200 (black), 400 (red), 600 (green),
800 (orange), and 1000 (blue) mV/s in THF. 187

Voltammogram of (CsMes).U(OAr’), 5.1-U, at 200 (black), 400 (red), 600 (green),

800 (orange), and 1000 (blue) mV/s in THF. 187
Plot of U(11)/U(1) E12 vs U(I1) HOMO-LUMO gap. 189
Plot of U(H1)/U(1) E12 vs U(111) HOMO-LUMO gap. 189
Plot of U(11)/U(I1) E12 vs U(11) HOMO energy. 190
Simulated ~ UV-visible  spectrum  of  [(CsMes)2U(CHR2)]'™  (red),
[(CsMes),U(CsHs)]'™  (green),  [(CsMes)U(CsMeqH)]'™  (blue),  and
[(CsMes)2U(OAr")]' (cyan). A Gaussian line broadening of 0.15 eV

was applied. 190

X-band, perpendicular mode EPR spectrum of [K(crown)(THF)2][Cp"3U] (black),
[K(crypt)][Cp'sU] (red), [K(crypt)][(CsMes)2U(CsMesH)] (blue),
[K(crypt)][(CsMes)aU(NR2)]  (green),  [K(crypt)][[U(OAr)s]  (purple),
[K(crypt)][U(NR2)3] (orange), [K(crypt)][(CsMes)2U(CsHs)] (black, dotted),
[K(crypt)][(CsMes)2U(NPh2)] (black, dashed), and [K(crypt)][(CsMes)U(NR2)2]
(black, dashed dot dot) taken as a frozen THF solution at 77 K. 240

X-band, perpendicular mode EPR spectrum of [K(crypt)][Cp®:sU], taken as
powdered sample at 5 K. The U(Il) compound was crystallized then ground in a
mortar before being loaded into the EPR tube and shipped at —196 °C
to UC Davis. 241
X-band, perpendicular mode EPR spectrum of [K(crown)(THF)2][Cp”3U], taken as
a frozen solution in THF at 10 K (left) and at 77 K (right). The U(ll) product was
crystallized then dissolved in THF and immediately frozen for data collection. 241

X-band, perpendicular mode EPR spectrum of [K(crypt)][Cp’sU], taken as a frozen
solution in THF at 10 K (left) and at 77 K (right). The U(Il) product was
crystallized then dissolved in THF and immediately frozen for data collection. 242

X-band, perpendicular mode EPR spectrum of [K(crypt)][(CsMes).UCp™!], taken
as a frozen solution in THF at 10 K (left) and at 77 K (right). The U(Il) was freshly
prepared via reduction and expressed directly into the EPR tube and frozen for data
collection. 242



Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

X-band, perpendicular mode EPR spectrum of [K(crypt)][(CsMes).U(NR2)], taken
as a frozen solution in THF at 10 K. The U(Il) was freshly prepared via reduction
and expressed directly into the EPR tube and frozen for data collection. 243

X-band, perpendicular mode EPR spectrum of [K(crypt)][U(OAr)s3], taken as a
frozen solution at 10 K (left) and at 77 K (right). The U(1l) was freshly prepared
via reduction and expressed directly into the EPR tube and frozen for data
collection. 243

X-band, perpendicular mode EPR spectrum of [K(crypt)][U(NR2)s], taken as a
frozen solution at 10 K (left) and at 77 K (right). The U(I1) product was crystallized
then dissolved in THF and immediately frozen for data collection. 244

X-band, perpendicular mode EPR spectrum of [K(crypt)][(CsMes)U(CsHs)], taken
as a frozen solution at 10 K (left) and at 77 K (right). The U(Il) was freshly
prepared via reduction and expressed directly into the EPR tube and frozen for data
collection. 244

X-band, perpendicular mode EPR spectrum of [K(crypt)][(CsMes)2U(NPh2)], taken
as a frozen solution at 10 K (left) and at 77 K (right). The U(Il) was freshly
prepared via reduction and expressed directly into the EPR tube and frozen for data
collection. 245

X-band, perpendicular mode EPR spectrum of [K(crypt)][(CsMes)U(NR2).], taken
as a frozen solution at 10 K (left) and at 77 K (right). The U(Il) was freshly
prepared via reduction and expressed directly into the EPR tube and frozen for data
collection. 245

X-band, perpendicular mode EPR spectrum of Cp®;U, taken as powdered sample
at 5 K. The U(I1l) compound was crystallized then ground in a mortar before being
loaded into the EPR tube and shipped at =196 °C to UC Davis. 246

X-band, perpendicular mode spectrum of Cp*sCe, taken as a powdered sample at
5 K. The different colored spectra are different samples. 246

X-band, parallel mode spectrum of [K(crypt)][Cp*;Ce], taken as a powdered
sample at 5 K. The different colored spectra are different samples. 247

X-band, perpendicular mode EPR spectrum of Cp™3Pr, taken as a powdered sample
at5 K. 247

X-band, perpendicular mode EPR spectrum of [K(crypt)][Cp™sPr], taken as a
powdered sample at 5 K. 248

X-band, perpendicular mode EPR spectrum of Cp™;Nd, taken as a powdered
sample at 5 K. The different colored spectra are separate samples. 248

Xi



Figure 6.18

Figure 6.19

Figure 6.20

Figure 6.21

Figure 7.1

Figure 8.1

Figure 8.2

Figure 8.3

Figure 8.4

Figure 8.5

Figure 8.6

Figure 8.7

Figure 8.8

Figure 9.1

X-band, perpendicular mode EPR spectrum of [K(crypt)][Cp™sNd], taken as a
powdered sample at <10 K. The different colored spectra are different samples.
The features are likely due to sample decomposition, as they are not consistent. 249

X-band, perpendicular mode EPR spectrum of (CsMes)U(NR2)2, taken as a
powdered sample at 3 K. 249

X-band, perpendicular mode EPR spectrum of (CsMes).U(NR2), taken as a
powdered sample at 3 K. 250

Q-band, perpendicular mode EPR spectrum of (CsMes)U(NR2)2, taken as a
powdered sample at 10 K. 250

Molecular structure of 7.1 with selective atom labelling. Ellipsoids are drawn at
the 35% probability level and hydrogen atoms are omitted for clarity. 264

Thermal ellipsoid plot of 8.1 with selective atom labelling. Ellipsoids are drawn at
50% probability level. Hydrogen atoms have been omitted for clarity. 284

Thermal ellipsoid plot of 8.2 with selective atom labelling. Ellipsoids are drawn at
50% probability level. Hydrogen atoms, disorder in the K atom and the ether
molecule have been omitted for clarity. 285

Thermal ellipsoid plot of 8.3 with selective atom labelling. Ellipsoids are drawn at
50% probability level and hydrogen atoms have been omitted for clarity. 286

Thermal ellipsoid plot of 8.4 with selective atom labelling. Ellipsoids are drawn at
50% probability level. Co-crystallized toluene molecules and hydrogen atoms have
been omitted for clarity. 287

Thermal ellipsoid plot of 8.5 with selective atom labelling. Ellipsoids are drawn at
50% probability level and hydrogen atoms have been omitted for clarity. 288

Connectivity plot of 8.6 with selective atom labelling. 289

Thermal ellipsoid plot of 8.7 with selective atom labelling. Ellipsoids are drawn at
30% probability level. Hydrogen atoms and co-crystallized toluene molecules have
been omitted for clarity. 290

Connectivity plot of 8.8 with selective atom labelling. 292

Molecular structure of (3°-CsPhs)UI2(THF)2:(C7Hs), 9.1-(C7Hs), with ellipsoids

drawn at the 50% probability level and selective atom labelling. Hydrogen atoms
have been omitted for clarity. 353

Xii



Figure 9.2

Figure 9.3

Figure 10.1

Figure 10.2

Figure 10.3

Figure 10.4

Figure 10.5

Figure 10.6

Figure 10.7

Figure 10.8

Figure 10.9

Figure 10.10

Molecular structure of [Na(THF)3][#°-CsPhs], 9.2, with ellipsoids drawn at the 50%
probability level with selective atom labelling. Hydrogen atoms have been omitted
for clarity. 354

Molecular structure of [K(18-crown-6)(THF)2][CsPhs], 9.3, with ellipsoids drawn
at the 50% probability level. Hydrogen atoms have been omitted for clarity. 355

X-band EPR of A in THF at room temperature (top; mode: perpendicular, v =
9.816566 GHz, P = 2.021, modulation amplitude = 2 mT) and at 77 K (bottom;
mode: perpendicular, v = 9.45551 GHz, P = 2.138; modulation amplitude =2 mT).

*The feature at g = 2.00 is attributed to electride. 379
UV-visible spectrum of A (blue) in THF and Cp”3Th (red) in THF. The spectrum
of Cp”3Th was scaled down by a factor of 30 to ease comparison. 380
Decomposition of A by monitoring absorbance at 496 nm in THF. 381

Cyclic voltammogram of Cp’3ThCl in 50 mM ["BusN][BPh4] / THF at v = 1000
mV/s. A glassy carbon working electrode, platinum wire counter electrode, and
silver wire pseudoreference electrode were used. (CsMes).Fe was used as an
internal standard. 382

Calculated 6dz?like HOMO of Cp'sTh obtained using DFT with the TPSSh
functional, plotted with a contour value of 0.06. 383

Experimental UV-visible spectrum of A in THF (red) scaled up by a factor of 50
compared to the simulated TDDFT spectrum of Cp'sTh (blue). The computed
electronic excitation spectrum was empirically blue-shifted by 0.4 eV and
broadened using Gaussians with root mean squared width of 0.12 eV. 384

Thermal ellipsoid plot of Cp’sThMe with selective atom labelling. Ellipsoids are
drawn at 50% probability level and hydrogen atoms have been omitted for
clarity. 387

Thermal ellipsoid plot of (Cp’3Th)2(x«—0O) with selective atom labelling. Ellipsoids
are drawn at 50% probability level and hydrogen atoms have been omitted for
clarity. 388

Calculated 6d/5f like HOMO of (Cp'sThBr)!~ (left) and 5f-like HOMO of Cp'sThBr
(right) plotted with contour values of 0.06. 413

Calculated UV-visible spectra of Cp'sTh (solid blue), (Cp’sThBr)!~ (dotted red),
and Cp'3ThBr (solid green) with computed TDDFT oscillator strengths shown as
vertical lines. The computed excitation energies were empirically blue-shifted by
0.04 eV and a gaussian line broadening of 0.12 eV were applied. 414

Xiii



Figure 11.1

Figure 11.2

Figure 11.3

Figure 12.1

Figure 12.2:

Figure 12.3

Figure 12.4

Figure 12.5

Figure 12.6

Figure 13.1

Voltammogram of Cp”3sTh'"VMe (black) and Cp”sTh'' (red) at v = 200 mV/s in 200
mM ["BusN][PFs] / THF. The events for Cp”sTh'VMe occur at —3.48 V [Erc,
Th(IV)/Th(IIl)], —2.045 V (Epa1, related to Erc), —0.90 V (Epa2, likely Cp”
oxidation), and 0.415 V (Epraz). The event at —2.045 V is related to Epc as is it only
present after Epc occurs. The events for Cp”sTh'' occur at —2.94 V (Epc), —2.73 V
(Epa1), and —1.09 V (Epa2, Cp” oxidation). 428

UV-visible spectra during the reaction of Cp”sTh'"' (blue) and LiMe at —80 °C,
showing the appearance of a strong absorption at 650 nm indicative of [Cp”sTh""]'~
(green) with concomitant disappearance of the four bands at 655, 590, 510, and 362
nm. The final spectrum matches that of [Cp”sTh'"]!". 430

Molecular structure of [Cp”2Th]2(CeHs), 11.1, (left) and the CeHs unit (right) with
ellipsoids drawn at 50% level. Hydrogen atoms have been omitted for clarity. 431

Cyclic voltammogram of Cp’3Th with the internal standard (CsMes)2Fe at v = 200
mV/s. The event assigned to the Tb(III)/Tb(II) couple is centered at —2.95 V. The
event at —0.495 V is due to the internal standard. 455

Cyclic voltammogram of Cp’sLa (solid) and Cp'3Ce (dotted) with the internal
standard (CsMes)2Fe at v=200 mV/s. The events centered at —0.495 V are due to
the internal standard. 455

Cyclic voltammogram of Cp'sPr (solid) and [K(crypt)][Cp'3Pr] (dashed) with the
internal standard (CsMes)2Fe at v =200 mV/s. The events centered at —3.14 V are
assigned to the Pr(IIl)/Pr(Il) couple, the anodic event at —0.35 V in the
voltammogram of [K(crypt)][Cp’3Pr] is likely a ligand-based event, and the event
centered at —0.495 V is due to the internal standard. 457

Cyclic voltammogram of Cp®*;Gd with the internal standard (CsMes).Fe at v = 200
mV/s. The event centered at —3.04 V is assigned to the Gd(III)/Gd(II) couple and
the event centered at —0.495 V is due to the internal standard. 458

Epc for Cp'sLn vs Epc for Cp®isLn with “best fit” shown as the dotted line (R? =
0.62). 460

E1/2 values of Cp'sLn (blue) and Cp®sLn (orange) versus 4f™ = 4f"5d* promotion
energies for free Ln?* ions in the gas phase. 461

Molecular structure of 13.1-La with selective atom labelling. Ellipsoids are drawn

at the 50% probability level and hydrogen atoms have been omitted for clarity.
13.1-Ce and 13.1-Nd are isomorphous. 474

Xiv



Figure 13.2

Figure 13.3

Figure 13.4

Figure 13.5

Figure 13.6

Figure 13.7

Figure 13.8

Figure 13.9

Figure 13.10

Figure 13.11

Figure 14.1

Figure 14.2

Figure 14.3

Figure 14.4

Molecular structure of 13.2-Nd with selective atom labelling. Ellipsoids are drawn
at the 50% probability level and hydrogen atoms have been omitted for clarity.
13.2-Sm is not isomorphous but adopts the same overall structure. 476

Molecular structure of 13.3-La with selective atom labelling. Ellipsoids are drawn
at the 50% probability level and hydrogen atoms have been omitted for clarity. 478

Molecular structure of 13.4-Y with selective atom labelling. Ellipsoids are drawn
at the 50% probability level and hydrogen atoms have been omitted for clarity. 479

Molecular structure of 13.5-La with selective atom labelling. Ellipsoids are drawn
at the 35% probability level. Hydrogen and fluorine atoms have been omitted for
clarity. 481

Molecular structure of 13.6-La with selective atom labelling. Ellipsoids are drawn
at the 50% probability level and hydrogen atoms have been omitted for clarity. 482

Molecular structure of 13.7-Sm with selective atom labelling. Hydrogen atoms
have been omitted for clarity. 483

Molecular structure of 13.8-La with selective atom labelling. Ellipsoids are drawn
at the 50% probability level and hydrogen atoms have been omitted for clarity. 485

Molecular structure of 13.9-Y with selective atom labelling. Ellipsoids are drawn
at the 50% probability level and hydrogen atoms have been omitted for clarity. 486

Molecular structure of 13.10-Sm with selective atom labelling. Ellipsoids are
drawn at the 50% probability level and hydrogen atoms have been omitted for
clarity. 488

Molecular structure of [HMestach][I] with selective atom labelling. Ellipsoids are
drawn at the 50% probability level and hydrogen atoms have been omitted for
clarity. 489

Molecular structure of 14.1 with selective atom labelling. Ellipsoids are drawn at
the 50% probability level. Hydrogen atoms have been omitted for clarity. 533

Molecular structure of 14.2 with selective atom labelling. Ellipsoids are drawn at
the 50% probability level. Hydrogen atoms and cocrystallized pyridine have been
omitted for clarity. 535

Molecular structure of 14.3 with selective atom labelling. Ellipsoids are drawn at
the 50% probability level. Hydrogen atoms have been omitted for clarity. 535

UV-visible spectra of 14.1 in toluene (black), 14.1 in THF (red), 14.2 in THF (blue),
and 14.3 in THF (green). 536

XV



Figure 15.1

Figure 15.2

Figure 15.3

Figure 15.4

Figure 15.5

Figure 15.6

Figure 15.7

Figure A.1

Figure A.2

Figure A.3

Figure B.1

Figure B.2

Figure B.3

Figure B.4

Molecular structure of [Bil(THF)2(u—1)2]n, 15.1, with selective atom labelling.
Ellipsoids are drawn at the 50% probability level. Hydrogen atoms have been
omitted for clarity. 564

Molecular structure of [(Mestach)Bil2][(Mestach)Bils], 15.3, with selective atom
labelling. Ellipsoids are drawn at the 50% probability level. Hydrogen atoms and
cocrystallized THF molecules have been omitted for clarity. 566

Connectivity structure of [(Mestach)2Bil2]3[Bizlo][I][HMestach]- THF, 15.4, with
selective atom labelling. Hydrogen atoms have been omitted for clarity. 571

Molecular structure of [(Mestach)Bils(py)z], 15.5, with selective atom labelling.
Ellipsoids are drawn at the 50% probability level. Hydrogen atoms and the
cocrystallized pyridine molecule have been omitted for clarity. 574

Molecular structure of (Mestacn)Bils, 15.7, with selective atom labelling.
Ellipsoids are drawn at the 50% probability level. Hydrogen atoms have been
omitted for clarity. 576

UV-visible spectroscopy of Bils (black), 15.2 (red), 15.3 (orange), 15.5 (green), and

15.7 (blue) in THF. 578
UV-visible spectroscopy of Bils (black), 15.5 (green), and 15.7 (blue) in
pyridine. 578

Calculated 6dz?-like HOMO of [Cp®5Th]', plotted with contour value of 0.05. 611

Theoretical UV-visible spectrum with computed TDDFT oscillator strengths
shown as vertical lines. A Gaussian line broadening of 0.15 eV was applied. 612

X-band EPR spectrum of the reaction of Cp*'sTh with HOAT', taken as a toluene
solution at 77 K (left) and at room temperature (right). 615

Structure of benzoxazole. 621

UV-visible spectra B.1 (black) and the simulated spectrum of B.1 with TDDFT
oscillator strengths shown as vertical lines (green). A Gaussian line broadening of
0.15 eV was applied and the computed excitation energies were empirically red
shifted by 0.1 eV. To ease comparison, the computed intensities were scaled by a
factor of 0.5. 622
HOMO (left) and LUMO (right) of B.1, plotted with contour value 0.05. 623

HOMO (left), LUMO (middle), and LUMO +3 (right) of B.2, plotted with contour
value 0.05. Hydrogen atoms have been omitted for clarity. 624

XVi



Figure B.5

Figure C.1

Figure D.1

Figure D.2

Figure D.3

Figure D.4

Figure D.5

Figure D.6

Figure E.1

Figure E.2

Figure E.3

Experimental UV-visible spectrum of B.2 (black) (A = 524 nm, £ = 4800 M ‘cm™)
and the simulated spectrum of B.2 with TDDFT oscillator strengths shown as
vertical lines (green). A Gaussian line broadening of 0.15 eV was applied and the
computed intensities were scaled by a factor of 0.5 to ease comparison. 625

Molecular structure of [(u—Cp”")Y (u—H)]2, C.5, with thermal ellipsoids drawn at
the 35% probability level and selective atom labelling.  Cocrystallized
[K(crypt)][CpA"Y (C3Hs)(H)], THF, and hydrogen atoms have been omitted for
clarity. 638

Molecular structure of U(BH4)3(THF)4. Ellipsoids are drawn at the 50% probability
level and hydrogen atoms have been omitted for clarity. 653

Molecular structure of U(BH4)2I(THF)2. Ellipsoids are drawn at the 50%
probability level and hydrogen atoms have been omitted for clarity. 655

Molecular structure of U(BHJ)l2(THF)s. Ellipsoids are drawn at the 50%
probability level and hydrogen atoms have been omitted for clarity. 655

Molecular structure of D.4. Ellipsoids are drawn at the 35% probability level and
hydrogen atoms have been omitted for clarity. 657

Molecular structure of D.5. Ellipsoids are drawn at the 50% probability level and
hydrogen atoms have been omitted for clarity. 658

Molecular structure of D.7. Ellipsoids are drawn at the 50% probability level and
hydrogen atoms have been omitted for clarity. 660

X-band EPR of the reaction product of CpsThCl and KCg collected as a frozen THF
solution at 77 K. g =2.00, 1.99, 1.87. 672

Experimental UV-visible spectrum of the KCg reaction product of CpsThClI (black),
and the computed UV-visible spectrum of CpsTh (green) and [CpsThCI]'™ (purple)
with oscillator strengths shown as vertical lines. A Gaussian broadening of 0.15
eV was applied and both computed spectra were scaled by a factor of 0.10 to ease
comparison. 673

Computed UV-visible spectrum of [La(NR2)3]'~ with oscillator strengths shown as
vertical lines. A Gaussian broadening of 0.15 eV was applied. 677

xvii



Scheme 2.1

Scheme 2.2

Scheme 3.1

Scheme 4.1

Scheme 4.2

Scheme 7.1

Scheme 9.1

Scheme 10.1

Scheme 11.1

Scheme 11.2

Scheme 13.1

Scheme 14.1

Scheme 15.1

Scheme A.1

Scheme C.1

LIST OF SCHEMES

Molecular structures of [Cp”3U]'~, [Cp®sU]"", [U(NR2)s]', and (NHArP®),U. 21

Molecular structures of [U(CHR2)s]'", [U(H3BH)3]'~, and [U(OAr")4]*". 34
Synthesis of new Th(Il) compounds. 68
Possible route to 4.1 via a U(Il) complex. 114
Possible route to 4.2 via initial reduction to a U(Il) complex. 118

Original proposed mechanisms for the reaction of (CsMes).U"'Cl,Na azides. 263

Synthesis of (;7°-CsPhs)2M via RTP. 352
Reactivity of solution A. 385
Reaction of Cp”sTh''with simple MX salts. 426
Possible disproportionation mechanism for the reaction of Cp"sTh'!" with simple
MX salts (M = Li, Na, K; X =H, Cl, Me, Na). 427
Molecular structures of Mestach (left) and Mestacn (right). 472
Synthesis of U(I11) complexes from 14.1 (R = SiMes, Cp” = CsHzR>). 537
Representative structural examples of bismuth-halide complexes with neutral
donors. 561
Reduction of Cp®™3Th and formation of a dark green solution, shown as a frozen
THF solution inside an EPR tube. 610
Synthesis of C.6 from the previously reported C.1. 634

Xviii



Table 2.1

Table 2.2

Table 2.4

Table 2.5

Table 2.6

Table 2.4

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 3.7

Table 3.8

LIST OF TABLES

Page
Spin state energies for [Cp”3U]'~ and [Cp®™U]!™ 20
<S2> values of compounds in this study. 21

Electronic excitation summary for [Cp”3sU]'". Oscillator strengths are reported in
the length gauge. Only the dominant contributions to the overall excitation are
reported. 191a is the 6dz3-like HOMO. The assignment “n” is the 7 system of the
Cp” rings. 23

Electronic excitation summary for [Cp®3U]'". Oscillator strengths are reported in
the length gauge. Only the dominant contributions to the overall excitation are
reported. 119a is the 6dz2-like HOMO. The assignment “n” is the 7 system of the
Cp™ rings. 27

Orbital energies and MPA occupations for Ci-, Cs-, and Ds-symmetrical structures
of [U(NR2)3]'". 29

Electronic excitation summary for [U(NR2)s]'" computed in Ci symmetry.
Oscillator strengths are reported in the length gauge. Only the dominant
contributions to the overall excitation are reported. 152a is the HOMO. 31

Reduction potentials assigned to U(IV)/U(II) couples in this study and the
literature. 52

Reduction potentials assigned to U(IIN/U(Il) couples in this study and the
literature. 52

Reduction potentials (V) of tris(cyclopentadienyl) thorium complexes with 100

mM ["BusN][BPh4] supporting electrolyte. 57
Reduction potentials (V) of tris(cyclopentadienyl) thorium complexes with 200
mM ["BusN][PFe] supporting electrolyte. 57
Peak anodic potentials for potassium cyclopentadienide salts with 200 mM
["BusN][PFs] supporting electrolyte. 62
Crystal data and structure refinement for  [Na(crown)2][Cp”sTh],
[Rb(crypt)][Cp”3Th], and [Cs(crypt)][Cp”3Th]. 78
Bond lengths [A] and angles [°] for [Na(crown)2][Cp”sTh]. 80
Bond lengths [A] and angles [°] for [Rb(crypt)][Cp”3Th]. 87

XiX



Table 3.9

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Bond lengths [A] and angles [°] for [Cs(crypt)][Cp”sTh]. 93

Selected bond lengths (A) and angles °) for

[K(crypt)][(CsMes)2U"(CH2SiMe;NSiMes—«C,xN)], 4.1,
(CsMes),U"Y(CH2SiMe2NSiMesxC,xN), and
[K(crypt)(THF)][(CsMes)U"(NR2)(CH2SiMe;NSiMes-«C,xN)], 4.2. For 4.1 and
4.2, only values involving U1 are given. Cnt is the CsMes ring centroid. 113

G-parameters for U compounds.  Structures for [(CsMes)U"(NR2)]'" and

[(CsMes)U"(NR2)2]' are taken from DFT optimized geometries. 124
Crystal data and structure refinement for 4.1 and 4.2. 127
Bond lengths [A] and angles [°] for 4.1. 128
Bond lengths [A] and angles [°] for 4.2. 132

Electronic excitation summary for [(CsMes).U(NR2)]!~ computed using the TPSSh
functional with the def2-SVPD basis set for ligand atoms. All excitations computed
are single excitations involving alpha spin to alpha spin transitions. Oscillator
strengths are reported in the length gauge. Only transitions above 10% contribution
to the overall excitation are listed. 138

Electronic excitation summary for [(CsMes)U(NR2)2]'~ computed using the TPSSh
functional with the def2-SVPD basis set for ligand atoms. All excitations computed
are single excitations involving alpha spin to alpha spin transitions. Oscillator
strengths are reported in the length gauge. 139

'H NMR shifts (6, ppm) of compounds in this study (OAr’ = O-CgH2-'Bu-2,6-Me-
4, OAr* = O-CsH2-Ad2-2,6-'Bu-4, R = SiMes) 154

Selected distances (A) and angles (°) for compounds 5.1-M, 5.2, and 5.5 (OAr’ =
0O-CgH2-'Buz-2,6-Me-4, R = SiMes). 156

U(ID/U(I) Reduction potentials of some compounds in this study and previously
reported compounds in order of decreasing reduction potential (R = SiMe3) 166

U(IV)/U(I11) Reduction potentials of some compounds in this study and previously
reported compounds in order of decreasing reduction potential (R = SiMe3) 166

Calculated HOMO and LUMO energies of U(Il) compounds. 172
Calculated HOMO and LUMO energies and measured U(I1)/U(I1) E12 of U(1)

compounds. 173

XX



Table 5.7
Table 5.8

Table 5.9

Table 5.10

Table 5.11

Table 5.12

Table 5.13

Table 5.14

Table 5.15

Table 5.16

Table 6.1

Table 6.2

Table 6.3

Table 7.1

Calculated G Parameters. R= SiMes. 175
Electronic excitation summary for [(CsMes).U(CHR2)]'". Oscillator strengths are
reported in the length gauge. Only the dominant contributions to the overall
excitation and only excitations with oscillator strengths above 0.001 are reported.
138a is the 6dz>-like HOMO and 136a, 137a, and 138a are 5f orbitals. The
assignment “m” is the m system of the CsMes rings with contributions from the
CHR: ligand. 191

Electronic excitation summary for [(CsMes),U(CsHs)]!~. Oscillator strengths are
reported in the length gauge. Only the dominant contributions to the overall
excitation and only excitations with oscillator strengths above 0.001 are reported.
111a is the 6dz>like HOMO and 108a, 109a, and 110a are 5f orbitals. The

€, 9

assignment “n” is the 7 system of the CsHs rings. 192

Electronic excitation summary for [(CsMes).U(CsMesH)]'~. Oscillator strengths
are reported in the length gauge. Only the dominant contributions to the overall
excitation and only excitations with oscillator strengths above 0.001 are reported.
127a is the 6dz*-like HOMO and 124a, 125a, and 126a are 5f orbitals. The
assignment “n” is the 7 system of the CsMes/CsMesH rings. 193

Electronic excitation summary for [(CsMes).U(OAr’)]'". Oscillator strengths are
reported in the length gauge. Only the dominant contributions to the overall
excitation and only excitations with oscillator strengths above 0.001 are reported.
127a is the 6dz*-like HOMO and 124a, 125a, and 126a are 5f orbitals. The

(Y4

assignment “m” is the © system of the CsMes rings with contribution from the OAr’

ligand. 195
Crystal data and structure refinement for 5.1-M, 5.2, and 5.5. 196
Bond lengths [A] and angles [°] for 5.1-U. 199
Bond lengths [A] and angles [°] for 5.1-Ce. 205
Bond lengths [A] and angles [°] for 5.2. 211
Bond lengths [A] and angles [°] for 5.5. 217
g values for U(Il) compounds from EPR at 77 K (R = SiMes, OAr = OCgH3'Buy-
2,6). 238
Cp™sM and [K(crypt)][Cp*'sM] g values from EPR. 239
X-band EPR g values of U(lIl) compounds with nitrogen ligands (R = SiMes,
BArF24 = B(CeH3(CF3)2-3,5)4). 240
Crystal data and structure refinement for 7.1. 269

XXi



Table 7.2

Table 8.1

Table 8.2

Table 8.3

Table 8.4

Table 8.5

Table 8.6

Table 8.7

Table 8.8

Table 8.9

Table 9.1

Table 9.2

Table 9.3

Table 9.4

Table 10.1

Table 10.2

Table 10.3

Table 9.4

Table 9.5

Bond lengths [A] and angles [] for 7.1. 270

Selected distances (A) and angles (°) for (CsMes)UI(THF), 8.1,
{[K(OEt2)2][(CsMes)oU(u—1)(us—D]}2, 8.2, [K(18-crown-6)][(CsMes)2U(u-1)2],
8.3, [K(2.2.2-cryptand)][(CsMes)2Ul2], 8.4, [Li(THF)4][(CsMes)2Ul2], 8.5, and
{[K(18-crown-6)]2(u—toluene) | }{[CsH3z(SiMes)2JoUI(u—1)}2, 8.7. Cnt is the

cyclopentadienyl ring centroid. 295
Analytical Data. Calculated values for compounds 8.1-8.8. 297
Crystal data and structure refinement for 8.1-8.5 and 8.7. 302
Bond lengths [A] and angles [°] for 8.1. 305
Bond lengths [A] and angles [°] for 8.2. 310
Bond lengths [A] and angles [°] for 8.3. 315
Bond lengths [A] and angles [°] for 8.4. 319
Bond lengths [A] and angles [°] for 8.5. 328
Bond lengths [A] and angles [°] for 8.7. 332
X-ray diffraction data for 9.1-9.3. Data was collected with Mo Ka radiation
(0.71073 A) with a graphite monochromator. 359
Bond lengths [A] and angles [°] for 9.1. 361
Bond lengths [A] and angles [°] for 9.2. 364
Bond lengths [A] and angles [°] for 9.3. 368
Room temperature and 77 K EPR g values of (CsRs)sTh compounds. 379
Selected bond distances and angles of (Cp’3Th)2(«—0) and (Cp'3U)2(u—0). Cnt is
the Cp' centroid. 389
Crystal data and structure refinement for Cp’sThBr, Cp'3sThMe, and (Cp'3Th)2(p—
0). 396
Bond lengths [A] and angles [°] for Cp’sThBr. 398

Bond lengths [A] and angles [°] for Cp’sThMe. Symmetry transformations used to
generate equivalent atoms: #1 -y+1,X-y,z #2 -x+y+1,-x+1,z. 405

xXii



Table 9.6

Table 10.7

Table 11.1

Table 11.2

Table 12.1

Table 12.2

Table 12.3

Table 12.4

Table 12.5

Table 13.1

Table 13.2

Table 13.3

Table 13.4

Table 13.5

Table 13.6

Table 13.7

Bond lengths [A] and angles [°] for (Cp'sTh)2(u—0). Symmetry transformations
used to generate equivalent atoms: #1 -x+1,-y+1,-z+1. 408

Electronic excitation summary of Cp’sTh, (Cp’sThBr)!~ and Cp'sThBr computed
using TPSSh functional, def-TZVP/ECPs basis set for thorium and def2-SVPD
basis set for lighter atoms. Oscillator strength is reported in the length gauge. The
128a and 146a orbitals are the singly occupied HOMO for Cp’sTh and
(Cp'sThBr)!", respectively, and 145a is the doubly occupied HOMO for

Cp'sThBr. 415
Crystal data and structure refinement for 11.1. 438
Bond lengths [A] and angles [°] for 11.1. 440

Ln(IIT)/Ln(Il) reduction potentials of Cp’sLn with 100 mM ["BusN][BPh4]
supporting electrolyte in THF at v =200 mV / s. 456

Ln(IIT)/Ln(IT) Reduction potentials for Cp'sLn and [K(crypt)][Cp’sLn] compounds
with 100 mM ["BusN][BPh4] supporting electrolyte in THF at v=200mV /s. 457

Ln(H1)/Ln(11) reduction potentials of the Cp®sLn compounds with 100 mM
["BusN][BPh4] supporting electrolyte in THF at v =200 mV / s. 458

E1 and Epc values for Cp’sLn in order of increasing reduction potential. 462

Experimental and theoretical calculated Ln(l11)/Ln(Il) reduction potentials for the
lanthanide ions. Values are reported vs Fc*/Fc (reported as —0.40 V vs NHE). 463

Selected distances (A) and angles (°) for 13.1-13.4 and 13.6-13.10. Cnt is the
centroid defined by the three nitrogen atoms of the tach or tacn ring, X = Cl, I,
O(OTTf). Data are preliminary. 475
Compound solubility in THF and toluene. 491

Crystal data and structure refinement for 13.3-La, 13.4-Y, and 13.5-La-tol. 498

Crystal data and structure refinement for 13.8-La and 13.10-Sm. 499
Crystal data and structure refinement for [HMestach][Br], [HMestach][l], and
[HMestacn][OTH]. 500
Bond lengths [A] and angles [°] for 13.3-La. 502
Bond lengths [A] and angles [°] for 13.4-Y. 503

xXiii



Table 13.8

Table 13.9

Table 13.10

Table 13.11

Table 13.12

Table 13.13

Table 14.1

Table 14.2

Table 14.3

Table 14.4

Table 15.1

Table 15.2

Table 15.3

Table 15.4

Table 15.5

Table 15.6

Table 15.7

Table 15.8

Table 15.9

Table 15.10

Bond lengths [A] and angles [°] for 13.5-La-tol. 506
Bond lengths [A] and angles [°] for 13.8-La. 510
Bond lengths [A] and angles [°] for 13.10-Sm. 513
Bond lengths [A] and angles [°] for [HMestach][Br]. 516
Bond lengths [A] and angles [°] for [HMestach][l]. 518
Bond lengths [A] and angles [°] for [HMestacn][OTf]. 519
Crystal data and structure refinement for 14.1-14.3. 541
Bond lengths [A] and angles [°] for 14.1. 543
Bond lengths [A] and angles [°] for 14.2. 546
Bond lengths [A] and angles [°] for 14.3. 550
IH NMR shifts of 15.2, 15.3, and 15.5-15.7 in THF-ds (5, ppm). 565

Selected metrical parameters for the Mestach and Mestacn complexes 15.3 and
15.5-15.7. Nring refers to the nitrogen atoms in the Mestach and Mestacn ligands,
Npy refers to the pyridine nitrogen, X is the halide (I, Cl), and Cnt is the centroid of

the three nitrogen atoms of the Mestach and Mestacn rings. 568
M-Cnt distances in eight coordinate (Rstach).ML. complexes. 569
M-Cnt distances in seven coordinate (Rstach)ML4 complexes. 570
M-—Cnt distances in selected six coordinate (Mestacn)MXs complexes. 576
UV-visible data for Bils, 15.2, 15.3, 15.5, and 15.7 in THF (sh = shoulder). 577
UV-visible data for Bils, 15.5, and 15.7 in pyridine (sh = shoulder). 577
Crystal data and structure refinements for [Bil(THF)(x«—1)2]n, 15.1,

[(Mestach)Bil2][(Mestach)Bils]-2.5(THF), 15.3-2.5(THF), and [(Mestach)Bils.
(py)2], 15.5. 583

Crystal data and structure refinements for [(Mestach)BiCls(py)2], 15.6, and
(Mestacn)Bils, 15.7. 584

Bond lengths [A] and angles [°] for 15.1. 586

XXiV



Table 15.11

Table 15.12

Table 15.13

Table 15.14

Table A1

Table B.1

Table B.2.

Table C.1

Table C.2

Table D.1

Table E.1

Table F.1

Bond lengths [A] and angles [°] for 15.3-2.5THF. 588

Bond lengths [A] and angles [°] for 15.5. 592
Bond lengths [A] and angles [°] for 15.6. 594
Bond lengths [A] and angles [°] for 15.7. 596

Electronic excitation summary for [Cp®3Th]'". Only the dominant contribution to
the transition is reported. 116a is the 6dz2-like HOMO. “Ligand” assignments
denote the Cp™ & system. 613

Electronic excitation summary for B.1 using the TPSSh functional with def2-TZVP
on 'Y and def2-SV(P) on light atoms. Oscillator strengths are reported in the length
gauge. Only the dominant contribution to the overall excitation are reported. All
excitations are = > z* transitions, from the occupied CsMes = system to the
unoccupied (CNCgH40) 7* system. 222a is the HOMO while 223a is the

LUMO. 627

Electronic excitation summary for B.2 using the TPSSh functional with def2-TZVP
onY and def2-SV(P) on light atoms. Oscillator strengths are reported in the length
gauge. Only the dominant contribution to the overall transitions are reported. 223a
is the HOMO while 224a is the LUMO. 629
Improvement on the synthesis of C.1. 637
Comparison of Distances (A) and Angles (°) between C.4, C.5, C.6,
[(CsMes)Y]a(u—1)3, and  {[(CsHa)2SiMe2]Y (u—H)(THF)}-. C.6 has two
independent molecules in the unit cell. 639
Some spectroscopic data for compounds D.1, D.2, D.4-D.6, and NaBHa. 654
Summary of calculated electronic ground states. Cp* = CsMes; Cp = CsHs; acac =
acetylacetonate; Cp™ = CsMesH; Ar = —CgH3'Bu2-2,6; TMP = NC4Mey;

R = SiMes. 671

List of crystal structures ordered by number. 683

XXV



LIST OF COMPOUNDS

Molecular Formula Number
[K(crypt)][(CsMes)U"(CH2SiMezNSiMes—«C,xN)] 4.1
[K(crypt)(THF)][(CsMes)U"(NR2)(CH2SiMe2NSiMes—«C,kN)] 4.2
(CsMes)U(OATr") 5.1-U
(CsMes)2Ce(OAT") 5.1-Ce
(CsMeqH)2U(OAT") 5.2
(CsMes)2U(OATr*) 5.3
(CsMesH)2U(OAr*) 54
(CsMes)2U(CHR2) 55
(CsMes)2U(CsHs) 5.6
(CsMes)2U(CsMesH) 5.7
(CsMes)2U(x*>—0,0'-0,C—-CsMeqH) 5.8
(CsMes)2U(NRy) 5.9
(CsMes)U(NR2)2 5.10
(CsMes)2UVI(=NSiMes) 7.1
(CsMes)2UI(THF) 8.1
{[K(OEt2)2][(CsMes)2U(u—1) (us—D]}2 8.2
[K(18-crown-6)][(CsMes)U(u—I1)2] 8.3
[K(2.2.2-cryptand)][(CsMes)2Ul2] 8.4
[Li(THF)4][(CsMes)2Ul2] 8.5
[Li(THF)3][(CsMes)2Ul(p—1)] 8.6
{[K(18-crown-6)]2(u—toluene) H{[CsH3(SiMes)2]2Ul(u—1)}2 8.7
[(CsMes)U]s(us—1)2(pu—1)sI (THF)2 8.8
(1°-CsPhs)Ul(THF), 9.1
[Na(THF)3][#°-CsPhs] 9.2
[K(18-crown-6)(THF)2][CsPhs] 9.3
Dark blue solution formed by reaction of Cp’sThBr with KCg in THF at —35°C A
(Mestach)2Lnls 13.1-Ln
[(Mestach)NdI2][1] 13.2-Nd
(Mestach);LaCl3 13.3-La
(Mestach)YClz(THF)2, 13.4-Y
{[(Mestach)La(u—OH)(u—OTf)]2(u—OTf)2}2 13.5-La
[HMestach][(Mestach).La(OTf)4] 13.6-La
(Megstach)2Smiz(THF) 13.7-Sm
(Mestacn)Lal3(THF) 13.8-La
(Mestacn)YCls 13.9-Y
(Mestacn)Smlz(THF) 13.10
(Mestach)2Ul3 14.1
(Mestach)UlI3(py):2 14.2

XXVi



(Mestacn)UI3(THF)
[Bil(THF)(u—1)2]n

(Mestach)2Bils
[(Mestach).Bil2][(Mestach)Bils]
[(Mestach)2Bil2]s[Bizls][I][HMestach]- THF
(Mestach)Bilz(py)2
(Mestach)BiCls(py)2

(Mestacn)Bilz

[(CsMes)2Y (U-2-CNCeH1O-xC:x0)]2
{[(CsMes)2Y (U-2-CNCgH40-xC:x0)]}~
[CPA"Y (u-CI)]2

CpA"YCI(THF)

CpA"Y(C3Hs)(THF)

[CPA"Y (u-H)(THF)].

[(-CpA")Y (u-H)]2
[K(crypt)][(r-CpANn)Y (u—H)]2
U(BH4)3(THF),

U(BHa)2l(THF),
U(HsBCMe2CHMez2)s(THF)x
[U(H3sBCMe;CHMe)a(THF)2(u-1)]2
(CsMes)2U(BH4)(THF)
(CsMes)U(BHa)2(THF)2
[K(crypt)][(CsMes)2U(BHa)2]

XXVii

14.3
15.1
15.2
15.3
15.4
155
15.6
15.7
B.1
B.2
C1
C.2
C3
C4
C5
C.6
D.1
D.2
D.3
D.4
D.5
D.6
D.7



ACKNOWLEDGEMENTS

To begin, 1 would like to thank my advisor Bill Evans for everything he has done for me
over the past five years. | have learned so much from him, both in and out of the lab, that I will
carry with me for the rest of my career. The first time | sat down with Bill, I told him I wanted to
make new compounds. That was it. | was lucky to have an advisor that let me pursue such an
experience. | will forever appreciate Bill letting me work with him, to chase after my interests and
to make any compound I could imagine, as long as it was from commercially available ligand.

| want to thank the members of the Evans lab that | have worked alongside during my
tenure in Reines. | would like to specifically mention Dr. Samuel Moehring who made my first
three years easier, and Lauren Anderson-Sanchez, Will Moore, and Dr. Cary Stennett who made
my last year enjoyable. I’ve also had the opportunity to work alongside two fantastic ungraduated
students Michael Trinh and Gabriella Godinho, who have probably taught me more than | taught
them.

| would also like to thank Filipp Furche and his group who helped me learn density
functional theory and how it can be applied as a synthetic chemist. Filipp has acted as a second
advisor to me during my PhD which has been invaluable. Professors Jenny Yang, A. S. Borovik,
and their groups have also been a significant help for me, whether it was discussing
electrochemistry, EPR, or just chemistry in general.

| want to recognize the scientific collaborators | have worked with, including Dr. Joe Ziller
and his immeasurable help with crystallography; Dr. Jeff Barlow and Professor Jenny Yang for
their insight into (spectro)electrochemistry; Nathalia Cajiao and Professor Mike Neidig at the
University of Rochester for low-temperature spectroscopy; Jesse Murillo and Andy Gaunt at Los

Alamos National Lab for taking the chemistry | developed at UCI with uranium and applying it to

XXViii



Np and Pu; and David Villareal, Wen Fu, and Dave Britt at UC Davis and Wayne Lukens at
Lawrence Berkeley National Lab for their help with collecting and interpreting the wild EPR
spectra | collected. 1 also want to acknowledge my coauthors on various publications that | have
not yet mentioned, including Megan Dumas, Dan Huh, Tener “TJ” Jenkins, Austin Ryan, Cory
Windorff, and the groups at Florida State and Los Alamos.

Portions of the content in Chapters 2, 4, 5, and Appendix B are reproduced with permission
from the American Chemical Society journals Inorganic Chemistry (Chapters 2 and 5) and
Organometallics (Chapter 4 and Appendix B). Portions of Chapters 3, 10, 11, and 12 are
reproduced with permission from the Royal Society of Chemistry journals Chemical Science
(Chapter 3), Dalton Transactions (Chapters 10 and 12) and Chemical Communications (Chapter
11). Portions of Chapter 8 are reproduced with permission from the Taylor & Francis Online
journal Journal of Coordination Chemistry. Portions of Chapter 9 are reproduced with permission
from the CSIRO Publishing journal Australian Journal of Chemistry.

Finally, 1 would like to thank my friends for putting up with and supporting me for this
duration. In alphabetical order, | want to give a big shoutout to Carly (Carl), Chuck (Chuckles),
Leah (Leah Sal), Maddy, Meghen (Mom), Tanner, Taylor (TThane), and Tyler (Tyty). | would
also like to thank my parents for their constant support. Finally, | want to thank Kirsten (Kiki) for
her love, support, help, guidance, and everything else that cannot be covered in words. Kirsten
made graduate school easier, more fun, and an overall a better experience that would not have

happened otherwise.

XXiX



VITA
JUSTIN C. WEDAL

Education and Research Experience

University of California-Irvine, Irvine, CA

M.Sc. Chemistry January 2022

Ph.D. Chemistry. Advisor: Professor William J. Evans May 2022
Synthesis, characterization, reactivity, and theoretical analysis of low-valent thorium(lIl),
thorium(ll), and uranium(I1) complexes. Collaborative studies with Professor Filipp Furche
performing DFT analysis of compounds synthesized in the Evans lab

University of Wisconsin-La Crosse, La Crosse, WI September 2013- May 2017
B. Sc., with Honors Chemistry and Physics. Advisor: Professor Kendric J. Nelson
Synthesis and characterization of transition metal complexes as precursors for molecular
materials and extended chain structures

Publications

13. “Expanding Bismuth Trihalide Coordination Chemistry with Trimethyltriazacyclohexane and
Trimethyltriazacyclononane” Justin C. Wedal, Joseph W. Ziller, and William J. Evans
Inorganic Chemistry, submitted.

12. “Synthesis and Reduction of Heteroleptic Bis(cyclopentadienyl) Uranium(III) Complexes”
Justin C. Wedal, Joseph W. Ziller, Filipp Furche, and William J. Evans Inorganic Chemistry,
in press. DOI: 10.1021/acs.inorgchem.2c00322.

11. “Anion-Included Disproportionation of Th(lll) Complexes to Form Th(ll) and Th(IV)
Products” Justin C. Wedal, Nathalia Cajiao, Michael L. Neidig, and William J. Evans
Chemical Communications 2022, 58, 5289-5921, DOI: 10.1039/D2CC01272C. Selected as a
HOT Article of 2022.

10. “Exploring the Use of Pentaphenylcyclopentadienyl Ligand in Reductive f-Block Chemistry.
The Crystal Structure of (CsPhs)Ul>(THF)2” Justin C. Wedal, Joseph W. Ziller, and William
J. Evans Australian Journal of Chemistry 2022, in press. DOI: 10.1071/CH21318. Invited
issue for Glen Deacon.

9. “Isolation and Characterization of a Californium Metallocene” Conrad A. P. Goodwin, Jing
Su, Lauren M. Stevens, Frankie D. White, Nickolas H. Anderson, John D. Auxier Il, Thomas
E. Albrecht-Schonzart, Enrique R. Batista, Sasha F. Briscoe, Justin N. Cross, William J. Evans,
Alyssa N. Gaiser, Andrew J. Gaunt, Michael R. James, Michael T. Janicke, Tener F. Jenkins,
Zachary R. Jones, Stosh A. Kozimor, Brian L. Scott, Joseph. M. Sperling, Justin C. Wedal,

XXX



Cory J. Windorff, Ping Yang, and Joseph W. Ziller Nature 2021, 599, 421-424. DOI.
10.1038/s41586-021-04027-8.

. “A Rare-Earth Metal Retrospective to Stimulate All Fields” Justin C. Wedal and William J.
Evans Journal of the American Chemical Society 2021, 143, 18354-18367. DOI:
10.1021/jacs.1c08288.

. “DFT Analysis of the Importance of Coordination Geometry for 5f%6d’ vs 5f* Electron
Configurations in U(II) Complexes” Justin C. Wedal, Filipp Furche, and William J. Evans
Inorganic Chemistry 2021, 60, 16316-16325. DOI: 10.1021/acs.inorgchem.1¢c02161.

. “Evaluating Electrochemical Accessibility of 4f"5d* and 4f™** Ln(ll) lons in (CsH4SiMes)sLn
and (CsMesH)3Ln Complexes” Michael T. Trinh, Justin C. Wedal, and William J. Evans
Dalton Transactions 2021, 50, 14384-14389. DOI: 10.1039/D1DT02427B.

. “Electrochemistry of Tris(cyclopentadienyl) Actinide Complexes in the +2, +3, and +4
Oxidation State” Justin C. Wedal, Jeffrey M. Barlow, Joseph W. Ziller, Jenny Y. Yang, and
William J. Evans Chemical Science 2021, 12, 8501. DOI: 10.1039/D1SC01906F.

. “Synthesis of a 2-lsocyanophenolate Ligand, [2-CNCsH4O]'", by Ring-Opening of
Benzoxazole with Rare-Earth Metal Complexes” Megan T. Dumas, Tener F. Jenkins, Justin
C. Wedal, Joseph W. Ziller, Fillip Furche, and William J. Evans Organometallics 2021, 40,
735. DOI: 10.1021/acs.organomet.1c¢00002.

. “Structural Variations in Cyclopentadienyl Uranium(IIl) Iodide Complexes” Justin C.
Wedal, Cory J. Windorff, Austin J. Ryan, Joseph W. Ziller, and William J. Evans Journal of
Coordination Chemistry 2020, 74, 74-91. DOI: 10.1080/00958972.2020.1856824. Invited
issue for Jerry L. Atwood.

. “C-H Bond Activation via U(Il) in the Reduction of Heteroleptic Bis(trimethylsilyl)amide
Uranium Complexes” Justin C. Wedal, Samuel Bekoe, Joseph W. Ziller, Filipp Furche, and
William J. Evans Organometallics 2020, 39, 3425. DOI: 10.1021/acs.organomet.0c00496.

. “In Search of Tris(trimethylsilyl)cyclopentadienyl Thorium” Justin C. Wedal, Samuel Bekoe,
Joseph W. Ziller, Filipp Furche, and William J. Evans Dalton Transactions 2019, 48, 16633.
DOI: 10.1039/C9DT03674A.

XXXI


https://doi.org/10.1039/D1SC01906F

Selected Presentations
“Disproportionation of Th(IIT) Complexes to Form Th(ll) and Th(IVV) Complexes by addition of
simple salts” American Chemical Society National Meeting, San Diego, CA, March 2022.

“Synthesis and Reduction Studies of Heteroleptic Bis(cyclopentadienyl) Uranium(I1I)
Complexes” American Chemical Society National Meeting, virtual, August 2021. Chair of
session.

“Disproportionation of Th(IIT) Complexes to Form Th(ll) and Th(IVV) Complexes by Addition of
Simple Salts” Angular Momentum f-element seminar series, virtual, July 2021.

Outreach and Mentorship

LEAPS Outreach program at UC-Irvine 2017-2022
UCI Mentoring Excellence Program 2021
UCI Competitive Edge Peer Mentor 2021

Undergraduate Mentoring
Worked with Michael Trinh for two years.
Worked with Gabriella Godinho for one year.

UCI Teaching Assistant 2017-2020
Laboratory Courses: General Chemistry (1LC, 1LD), Organic Chemistry (51LB, 51LC), and
Inorganic Chemistry (107L)

Lecture Courses: Upper-division Inorganic Chemistry (127), Graduate Inorganic Chemistry (215),
and Graduate Organometallic Chemistry (216)

Selected Awards

Edward K. C. Lee Award for Most Outstanding Graduate Student, 2022
UCI Most Promising Future Faculty Award, Honorable Mention 2022
UCI Dissertation Fellowship 2022
US Dept of Energy Office of Isotope R&D and Production Pacifichem Bursary 2021
UCI Chemistry Department Travel Grant, 2020
Associated Graduate Students Travel Grant, 2020, 2021, 2022
UW-La Crosse Alpha Phi “Mr. Chemistry” 2016
UW-La Crosse Outstanding Student in Inorganic Chemistry 2016

XXXii



ABSTRACT OF THE DISSERTATION

Understanding the Steric and Electronic Factors that Stabilize

Th(lll), Th(ll), and U(Il) Complexes

Justin C. Wedal
Doctor of Philosophy in Chemistry
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Professor William J. Evans, Chair

This dissertation describes synthetic, structural, spectroscopic, reactivity, and theoretical
investigations into the factors that stabilize thorium and uranium compounds in the low oxidation
states +2 and +3. Extensions of the actinide work to rare-earth metals and bismuth are also
included. The importance of understanding this aspect of actinide metal chemistry is described in
Chapter 1. Chapter 2 describes a theoretical study using density functional theory (DFT) on U(lI)
complexes analyzing how the local coordination geometry around the uranium center influences
the electronic configuration. U(Il) species with planar coordination geometries favor 5f6d*
electron configurations, while non-planer geometries appear to favor 5f* configurations. Chapter
3 describes electrochemical determination of the Th(IV)/Th(I1l), Th(IID/Th(I1), and U(IIN/U(II)
reduction  potentials  in  tris(cyclopentadienyl)  complexes  with  complementary
spectroelectrochemical measurements. It was found that the reduction potentials trend with ligand

donation strength. In addition, the study revealed that the Th(IV)/Th(II1) and Th(l11)/Th(ll)
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reduction potentials were quite similar which led to the synthesis of Th(Il) compounds directly
from Th(IV) precursors.

Chapters 4-6 detail reduction studies of heteroleptic U(I11) complexes to prepare new U(II)
compounds and understand how to stabilize this low oxidation state. Within these Chapters are
UV-visible and EPR spectroscopic studies and DFT calculations on newly synthesized compounds
to probe the electronic structure of the U(I1) species. The heteroleptic species appear less stable
than the homoleptic analogs despite having similar steric properties and reduction potentials.

Chapter 7 describes the reaction of U(l11) compounds with organoazides which led to the
observation of a U(V) intermediate and a new mechanistic proposal for the formation of U(VI)
imides. Such an intermediate had not been observed in this type of reaction and the results redefine
the mechanism for the reduction of azides by uranium compounds. Chapters 8 and 9 are
crystallographic studies on U(Ill) compounds containing cyclopentadienyl and iodide ligands,
showing the many structural variations that can exist with simple organoactinide compositions.

Chapters 10 and 11 describe the synthesis of new Th(lll) compounds with the CsHiSiMes
(Cp") and CsH3(SiMes)2 (Cp”) ligands and a new disproportionation route to Th(II) complexes that
was discovered. Chapter 10 describes extensive efforts to characterize the elusive Cp’sTh. In
Chapter 11, reactions of Cp”3Th with simple salts are described that lead to formation of Th(ll)
complexes by disproportionation. An unusual reduction of benzene by “[Cp”3sThMe]' ™ is also
reported. Chapter 12 extends the electrochemistry method described in Chapter 3 to the Cp'sLn
series and some (CsMesH)sLn compounds. It was found that the reduction potentials for the
Cp'sLn series were found to be practically identical across the Ln series (excluding Eu, Sm, Tm,

and Yb). The remaining Chapters describe the coordination chemistry of the underutilized

XXXIV



nitrogen heterocycles trimethyltriazacyclohexane and trimethyltriazacyclononane with the rare-
earth metals (Chapter 13), the actinide metals (Chapter 14), and bismuth (Chapter 15).

Appendix A describes attempts to form Th(Il) complexes by reduction of CsMesH-ligated
Th(Ill) complexes. Appendix B describes DFT studies on a bimetallic yttrium system with
benzoxazole-derived ligands. Appendices C and D summarize work with the bimetallic
(CpA"YH), system [Cp”" = (CsHsSiMes).SiMe;] and uranium borohydride coordination
chemistry, respectively. Appendix E summarizes DFT studies on various complexes not yet
mentioned in other sections of this dissertation. Finally, Appendix F contains a chronological list

of crystal structures obtained throughout this work.
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Chapter 1:
Introduction
The Actinide Metals. The study of the actinide (An) metals expanded during the
Manhattan project and applications now range from nuclear energy and weaponry, targeted isotope
therapy, natural gas small-molecule reactivity, theoretical bonding and covalency investigations,
and even catalysis.> % All of these applications are driven by fundamental studies which allow for
a detailed understanding of the properties of these elements and in turn can improve the current
technology.
The electronic structure of the actinides is different than most of the periodic table, Figure
1.1. Itis unlike the transition metals, where the nd orbitals form strong covalent interactions with
ligand orbitals that leads to small molecule transformation and catalysis. Nor is it like the 4f
orbitals of the lanthanides (Ln) where the 4f electrons can be considered buried within the [Xe]
core which leads to mostly ionic lanthanide-element interactions.!! Instead, the valence 5f orbitals
extend a small distance beyond the [Rn] core, Figure 1.2.1* While most actinide-ligand interactions

are ionic in nature, the extension of the 5f orbitals could allow for covalent bonding to occur.

Figure 1.1: Qualitative representation of the 5d (left), 4f (middle), and 5f (right) orbitals depicting

their radial extension beyond the core electron density, which is represented by the circles.
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Figure 1.2:1 (left) Plot of Hartree-Fock radial wave functions for Nd(111) showing how the 4f
orbitals are buried in the [Xe] core; (right) Plot of Hartree-Fock radial wave functions for U(I11)
showing the minimal extension of the 5f orbitals beyond the [Rn] core electrons.

Available Oxidation States. The availability of oxidation states is variable across the
actinide series. The later actinides, Am—Lr, are found in either the +3 or +2 oxidation state® like
the lanthanides. The first element in the series, actinium, has only been observed in the +3
oxidation state'® and the +4 oxidation state dominates thorium chemistry. However, U-Pu have
many more oxidation states available. Many examples of U(I1I), U(1V), U(V), and U(VI) have
been reported.’>** Additionally, the oxidation state range of neptunium and plutonium spans the
+3 to +7 states.® The oxidation state diversity, or lack thereof for some actinide elements, can be
explained by the gas-phase and thermochemical data, that shows the energy needed to access
Th(I), Th(I1), U(I1), Np(11), and Pu(ll) is so large and the reduction potentials are so negative that
there would be no reasonable way to isolate compounds in those oxidation states.*>’

Since thorium and uranium have low radioactivity and high natural abundance,
investigation of the chemistry of the actinide elements is dominated by compounds with these two

elements. The 5f° Th(IV) ion is a closed-shell system and, except for reactions that start with Th



metal, thorium starting materials exist as Th(IV). In 1986, Lappert reported the first example of
Th(1ll) compound, Cp”sTh [Cp” = CsH3(SiMes)2], via NaK alloy reduction of a Th(IV) starting

material, eq 1.1.1820

SiMe3 SiMe3
SiMe:;
Me;Si Cl NaK Me.Si
~ toluene 3 (1.1)
Me;,Si Th — . Th
3 AN Me;Si
Cl
. SiMe3
SlMe3 SiMe3

Since NaK has a reduction potential of roughly —2.9 V vs NHE, this result is in contrast to the
calculated Th(IV)/Th(I1I) reduction potentials at the time, which ranged from —3.0 to —3.82 V vs
NHE.?>-17.2L22 Since then, many more Th(lIl) compounds have been reported, although almost all
contain bulky cyclopentadienyl or cyclooctatetraenyl ligands.?-2

Compounds of U(Il) are much more common than Th(lll) and most contain bulky
aromatic ligands. The tris(cyclopentadienyl) ligand environment, (CsRs)3U, (R = H, alkyl, aryl)
is particularly common and allows for facile steric and electronic tuning of the complexes. Many
lanthanide analogs, (CsRs)sLn,?” exist and the chemistry of the lanthanides and early actinides can
be directly compared. In 2008, Lappert reported that the reduction of Cp”sLa formed [Cp"sLa]'",

the first example of La(ll), eq 1.2. This system was analogous to the Th(IV)/Th)(111) system in eq

1.1 and was extended to Ce.?®

SiMe; - SiMe;
SiMe, K (NI SiMe;
. 2.2.2-cryptand [6) | 050
Me;Si NG s Me;Si
TN __THF KO (1.2)
Me;Si O_/’ | ™~ Me381
Xo)
\%  SiMe, LN SiMe;
SlMe3 SlMe3

Ln =La, Ce



Based on these results, similar reduction chemistry was investigated with the smaller ligand Cp’

(Cp’ = CsH4SiMes) and molecular examples of Ln(11) in [Cp’sLn]'~ were isolated, eq 1.3%2%-3

SlMe3
2.2.2- cryptand
SiMe;

Ln=Y, La-Nd, Sm-Lu

(° '°3

i/l

Z_N\_Z’I

..

2.0,

)

"

Me3Sl

SlMe3

SlMe3

(1.3)

To compare the lanthanides with U, the reduction of Cp'sU was also investigated and [Cp'sU]'",

the first molecular example of U(Il), was isolated.>® Subsequently, the reduction of Cp”sU,
analogous to the Th, La, and Ce results in eq 1.1-1.3, was performed and [Cp”sU]'~ was indeed
formed, eq 1.4.38 This chemistry was extended to Th, Np, and Pu and the first molecular examples

of those elements in the +2 oxidation state were discovered, eq 1.4.37-3°

SiMe; - B SiMe;
SiMe, K (\N 9 SiMe,
MeaSi 2.2.2-cryptand O.. Si
’ A THF [ K' 0) Meadt (1.4)
Me3Si n O | N Me3Si An
Jo
\% SiMe, LN SiMe,
SiMe; B B SiMe,

An =Th, U, Np, Pu
Evidently, there was something unique about the (CsRs)sM compounds since this ligand geometry
was found to stabilize Ln(I1), Th(lll), Th(ll), U(1l), Np(1l), and Pu(ll), all of which were expected
to be too reactive to isolate. It is worth noting that [Cp’sNp]'~ was likely also synthesized, but X-
ray diffraction data could not be obtained due to the high radioactivity and decomposition.*°
The Electronic Structure of [(CsRs)sAn]'~ Compounds. Based on crystallographic,

spectroscopic, magnetic, and theoretical studies, the ground state electronic configurations for

U(I1) and Np(11) compounds were predominantly 5f"6d* in character (n = 3 for U, 4 for Np) and



Th had a 5f%6d? configuration where the 6d orbital is best described as a 6dz>-like orbital with 7s
mixing.3>3:38 The Pu(ll) complex was best described as having a 5f° electron configuration, but
a 5f6d' configuration was close in energy such that this compound may have a
multiconfigurational ground state.*’

Qualitative MO diagrams for [AnO2]™ show the 5f orbital manifold decreases in energy

across the actinide series while 6d remain relatively constant, Figure 1.3.4* However, the observed

A

Energy

Figure 1.3: Qualitative plot of the 5f and 6d atomic orbital energy for the early actinides.*! It
should be noted this plot is extremely dependent on the oxidation state and ligand environment of

the actinide ion.

5f"6d1 configuration is enforced by the (CsRs)sM geometry. Within this geometry, the 6dz? orbital
is non-bonding and the other four 6d orbitals are antibonding in character due to © symmetry
interactions with the CsRs ligand orbitals.**** Evidently, the 6dz? orbital becomes low enough in
energy such that it is comparable to the 5f manifold. Reduction of the 5f" complex leads to
population of the 6dz2-like orbital instead of a 5f orbital. The Th(ll) compound is unique since it

is a diamagnetic, 6d? configuration.®® Thorium is at the beginning of the actinide series where the

5



6d orbitals are lower in energy than the 5f orbitals. As a result, the 6d orbitals are the valence
orbitals and only 6d* Th(lI11) compounds have been isolated. The same analysis holds for the Ln(ll)
compounds, as they form 4f"5d* configurations,? except for Ln = Eu, Sm, Tm, and Yb which form
4f" configurations due to the quantum mechanical stabilization of half-filled or filled 4f manifold.
Nd(Il) and Dy(Il) are unique where both 4f" and 4f"5d! configurations have been observed
depending on the ligand environment.324547

Like the lanthanides, U(Il) compounds have been observed with two different electron
configurations. 5f%6d! configurations were found for [Cp'sU]',® [Cp”sU]'"048
[(CsMesH)3U]'",* [U(NR2)s]'™ (R = SiMes),*® and (Cs'Prs)2U® while 5f* configurations were
found for {[(A*MeArO)smes]U} 5t U(NHArPr6), 52 and {U[(N-2,6-di-
isopropylphenyl)pivalamido]o}' .52

Testing our Current Understanding. The studies described in this Dissertation aim to
explore and expand our knowledge of the electronic and steric properties that lead to stable, low-
valent thorium and uranium compounds. These studies also help to expand and challenge the
fundamental understanding of the actinide elements that are crucial to the current nuclear age.

It should be noted that some of the results presented in the following Chapters were
relatively straightforward studies built on the previous results. However, some of the results had
little to no literature precedent but were developed based on a series of what we deem “What If?”
questions.> These questions are rooted in the idea of challenging the currently accepted body of
knowledge, in this case on the non-aqueous reductive chemistry of the actinides. Examples of
these types of questions have already been discussed.>*

For example, the discovery of [Cp'sLn]'” was initially intended as a study on Cp”sLn.

Since KCp' is a synthetic precursor to KCp”,® it was proposed to use the smaller ligand and



investigate its reduction chemistry, even though it was widely assumed that the large ligand Cp”
was necessary for kinetic stabilization of the Ln(11) ion.>®® The question “What if we used the
smaller Cp’ ligand?” proved to be crucial in isolating Ln(I1) complexes of the entire Ln series.

In a broader sense, the existence of 4f"5d* Ln(11) ions was contrary to the chemical beliefs
at the time. Many organometallic chemists considered the rare-earth elements boring and lacking
diverse chemistry with their core-like " electronic configurations.®®®! It turns out that there is
rich chemistry to be developed. The reactivity pathways are unique compared to transition metals
and provide novel and unprecedented transformations.” 62

Given this background, there are many questions in actinide chemistry that remain to be
answered. For example, what ligand environment will stabilize a 5f* Th(ll1) ion? Can An(l) and
An(0) compounds be isolated?®® Can metal-based reduction be coupled with alkyl-like reactivity
across an An—-R bond?%® Do 5f%6d* U(I1) compounds react differently than 5f* U(11) compounds?
Can oxidative addition and reductive elimination be performed at an actinide center to perform
catalysis like what is observed for transition metals?’®"? These are only a few questions that can
be developed based on expanding low-valent actinide chemistry. While these exact questions have
not been directly addressed in this dissertation, hopefully the following content will provide
fundamental information to help advance these areas in the future.
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Chapter 2:
Density Functional Theory Analysis of the Importance of Coordination Geometry for

5f36d* vs 5f* Electron Configurations in U(l11) Complexes

Introduction®

The discovery that the +2 oxidation state is accessible to uranium in [K(crypt)][Cp'sU]*
raised the question of what other coordination environments could support the U(Il) ion. The
unique 5f%6d* electron configuration was rationalized for this complex by the pseudo-D3s symmetry
of the tris(cyclopentadienyl) ligand environment>® and density functional theory (DFT)
calculations were consistent with this view. As other U(I1) complexes were reported,®1° it was
noted that the U(I1) complexes with trigonal or planar geometries had 5f36d* configurations, while
others with a non-planar and arene-tether had 5f* configurations.

The study in this Chapter was initiated to better understand how the electronic structure of
new U(Il) complexes is affected by ligand geometries and was performed with the guidance of
Professor Filipp Furche. Eleven total U(Il) compounds with various coordination geometries
including trigonal planar, square planar, linear, tetrahedral, and octahedral were analyzed. The
results are compared with known U(11) complexes'?1® and related Ln(I1) compounds.10:20-22:242547
Note that within this study, the term planar refers to the primary coordination sphere of the uranium
complex, considering the donor atom of a monohaptic ligand or the centroid of a ring system.

The theoretical compounds chosen for this study were selected because they are derived
from known U(IV) or U(I11) compounds that could serve as reasonable experimental precursors

for the theoretical U(11) complexes. Hence, there is a realistic possibility that the results reported

T Portions of this Chapter have been published: Wedal, J. C.; Furche, F.; Evans, W. J. Density Functional Theory
Analysis of the Importance of Coordination Geometry for 5f36d* versus 5f* Electron Configurations in U(lI)
Complexes Inorg. Chem. 2021, 60, 16316.
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here could be verified experimentally. This study should be considered a targeted screening effort
aiming to guide future synthetic, as well as more refined theoretical, efforts to probe how the ligand
geometry affects the electronic structure of low-valent f-block complexes.
Computational Details

All calculations were completed at the density functional level of theory using the TPSSh
hybrid meta-generalized gradient density functional'* with Grimme’s D3 dispersion correction?*
and the resolution of the identity (RI-J) approximation.’* Scalar relativistic small-core effective
core potentials (ECPs)*® with def-TZVP basis set'® were used for uranium while the polarized
split-valence basis sets def2-SV/(P)'® were used for the other atoms. Quadrature grids of size m4
were used.!” Structure optimizations were initiated from the crystal structure coordinates or DFT-
optimized coordinates of [Li(THF)4][Cp"sU],2 [K(crypt)][Cp®sU],” [K(crypt)][U(NR2)s],’
U(NHATrP®),,8 U(CHR2)3,* [Th(OAr")4]',*® (CsHs)2U,%° U(*~bnz')s,%* and U(H3BH)s(THF)s?? at
convergence thresholds of 10~* a.u. and energy convergence of at least 107" a.u. No point-group
symmetry constraints were applied. The continuum solvation model COSMO?® was used for
anionic species with a dielectric constant &= 7.52 for THF,?* except for the uranocene compound
in which a dielectric constant of & = co was employed to guarantee a bound ground state. Ground
state geometries were confirmed by the lack of imaginary frequencies in the vibrational
spectrum.?® Various spin states were analyzed for these U(Il) compounds and the highest spin
value (S = 2, quintet state) was always energetically favored. Representative energies for the
singlet, triplet, and quintet states of [Cp”3U]'~ and [Cp®sU]'~ are given in Table 2.1. The <S%>
values for all U(Il) compounds in this study were between 6.006-6.024, indicating a negligible
amount of spin contamination in the quintet ground states [expected S(S+1) = 6 for S = 2 system,

see Table 2.2].
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Table 2.1: Spin state energies for [Cp”sU]'~ and [Cp®3U]!~

[Cpngu]l*
S=0 S=1 S=2
Energy (V) —95466.4618 —95468.2517 -—956468.4328
[Cptetgu]lf
S=0 S=1 S=2

Energy (eV) —41594.3117 —41595.4866 —41597.5773

Time-dependent DFT (TDDFT) calculations?® were carried out on the optimized structures
with the same functional and basis sets described above. An additional diffuse p primitive was
added to the def-TZVP basis set for uranium by downward extrapolation. This addition to the
basis set has been shown to be essential for accurate simulation of d to p transitions in similar U(I1)
and Ln(I1) compounds.?~?® TDDFT calculations on [U(NR2)s]'~ and [Cp®sU]'~ without this basis
set extrapolation lacked transitions at lower energy seen in the experimental spectra. Electronic
absorption spectra were simulated using Gaussian line profiles centered on the oscillator energy.
The transitions are summarized and complete details can be found in the SI. Electronic
configurations were assigned by inspection of the molecular orbitals using VMD?* and Mulliken
population analysis. All calculations were performed with TURBOMOLE version 7.4.1.31%

One main goal of this study was to analyze changes in the electronic structure as a function
of ligand geometry. Further computational studies, such as multiconfiguration character, inclusion
of spin-orbit coupling, and larger basis sets, could certainly be performed. The present methods
were chosen since they have been shown to accurately predict the electronic structure for many
low-valent f element compounds?10:15-27:36505254 and are a compromise between accuracy and

computational cost.
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Results

Table 2.2: <S?> values of compounds in this study

<S2>
[Cp"3U]"™ 6.010
[Cp®™5U]™ 6.012
[UNR2)s]'" in Cy 6.008
[U(NR2)3]'"in Cs 6.008
[UNR2)s]'” in D3 6.006
U(NHATI'"™®), 6.012
[U(CHR2)3]'"~ 6.009
[U(H3sBH)3]"™ 6.007
[U(OAr')a]* in Cy 6.009
[CeHs)U]* 6.024
[U(bnz)a]*> 6.024
U(H3BH)3(THF)3 4.838
[U(H3BH)s(THF)3]"™ | 6.006
[U(crypt)]? 6.005
U(crypt)(OMe)2 6.005

Previously Synthesized U(11) Compounds. Initially, the electronic structures of known

U(Il) complexes were investigated, including three trigonal U(II) compounds, [Cp"3U]'"%8

[Cp®U]"," and [U(NR2)s]'",” and the arene-tethered complex, (NHAr™®),U,® Scheme 2.1.

SiMe;
Me;Si
I
Me;Si U
L SiMe;

SiMe;

SiMe;

&t

iPl‘/:
. ipf
Ar
UL 1-
RZN“‘/ NR,

R,N

ipr

R = SiMe,
ipp
Ar = C¢H,'Pr;-2,4,6

Scheme 2.1: Molecular structures of [Cp”sU]'", [Cp®sU]'", [U(NR2)s]'", and (NHArP®),U.

The first three tris(ligand) complexes have been assigned a 5f36d* electron configuration based on

the UV-visible spectroscopy, magnetic data, structural data, and analogy to the lanthanide

compounds.?®2%3 The arene-tethered complex (NHAr'™®),U was described as a 5f* configuration

based on X-ray distances and spectroscopic evidence.
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[Cp"3U]". Geometry optimizations of [Cp”3U]'™ resulted in a ground state where the
highest occupied molecular orbital (HOMO) had significant 6dz-like character, Figure 2.1. This
orbital is essentially non-bonding with respect to the cyclopentadienyl ligands. The next three
highest occupied orbitals were 5f orbitals, yielding an overall electron configuration best described
as 5f%6d. This electronic configuration is in agreement with the spectroscopic assignment in the
literature® as well as previous studies on [Cp”sLn]' **3* and other tris(cyclopentadienyl) f-block

complexes.29:33-39

Figure 2.1: Calculated HOMO of [Cp”3U]'", plotted with a contour value of 0.05. Hydrogen
atoms are omitted for clarity. Calculated orbital energy ¢ =—1.453 eV.

The simulated UV-visible spectrum of [Cp”sU]'" is shown along with the experimental
spectrum in Figure 2.2. The transitions between 1000-550 nm are metal-based with 6d to 5f
character. In addition, three transitions are calculated to occur from occupied 5f into 7p orbitals
at 577 nm, one transition occurs from the occupied 6d orbital into the 7s orbital at 514 nm, and

three transitions from occupied 5f to the 7s orbital at 422 nm. Below 500 nm, the transitions are
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mostly metal-to-ligand in character, from occupied 5f and 6d orbitals into unoccupied 7 orbitals

on the Cp” rings.
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Figure 2.2: Experimental® (black) and simulated (green) UV-visible spectrum of [Cp”sU]'"". A
Gaussian line broadening of 0.15 eV was applied and the computed excitation spectrum was
empirically blue shifted by 0.40 eV.

Table 2.4. Electronic excitation summary for [Cp”3U]'". Oscillator strengths are reported in the
length gauge. Only the dominant contributions to the overall excitation are reported. 191a is the

6dz-like HOMO. The assignment “r” is the 7 system of the Cp” rings.

Wavelength (nm)  Oscillator Strength Dominant contributions Assignment

Occupied  Virtual % weight

1055 0.002 191a 197a 41.3 6d-5f
976 0.004 190a 192a 22.7 5f-5f/7p/6d
952 0.004 190a 197a 195 5f-5f
782 0.014 191a 197a 30.8 6d-5f
778 0.003 191a 196a 54.5 6d-5f/7p
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778 0.003 191a 195a 73.8 6d-7p/5f
655 0.001 190a 200a 39.6 5f-5f/n
653 0.001 189a 200a 42.2 5f-5f/n
556 0.001 191a 200a 48.0 6d-5f/n
554 0.008 191a 199a 65.1 6d-5f/n
545 0.009 191a 201a 57.9 6d-5f/n
514 0.002 191a 198a 90.1 6d-7s
489 0.014 190a 199a 37.7 5f-5f/n
488 0.010 190a 201a 351 5f-5f/n
473 0.007 188a 199a 75.1 5f-5f/n
469 0.010 188a 201a 44.7 5f-5f/n
440 0.002 190a 199a 27.5 5f-5f/n
420 0.001 188a 198a 60.3 5f-7s
418 0.003 191a 202a 59.0 6d-n
412 0.032 191a 203a 89.1 6d-nt
412 0.031 191a 204a 88.6 6d-n
370 0.001 191a 207a 25.3 6d-5f/n
366 0.001 190a 204a 32.7 5f-n
366 0.001 190a 203a 23.0 5f-n
363 0.001 190a 201a 41.1 5f-n
363 0.001 188a 204a 26.7 5f-n
360 0.019 188a 202a 311 5f-n
360 0.021 188a 203a 23.9 5f-n
360 0.010 191a 205a 40.1 6d-n
359 0.024 191a 206a 50.0 6d-n
359 0.033 188a 204a 36.6 5f-n
355 0.048 191a 208a 57.8 6d-5f/n
349 0.002 188a 202a 26.3 5f-n
341 0.004 187b 188b 86.1 n-6d/n
338 0.001 191a 209a 93.8 6d-n
338 0.001 191a 210a 94.4 6d-n
336 0.010 191a 201a 63.7 6d-5f/n
327 0.001 187a 192a 43.8 5f-5f/7p/6d
325 0.002 187a 193a 22.9 5f-7p/5f
323 0.006 189a 207a 56.8 5f-5f/n
323 0.006 190a 207a 39.5 5f-5f/n
321 0.011 191a 212a 80.6 6d-n
316 0.008 191a 214a 34.2 6d-n
316 0.008 191a 213a 35.7 6d-n
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312 0.002 190a 206a 51.1 5f-n
312 0.003 189a 206a 40.7 5f-n
311 0.001 189a 205a 29.6 5f-n
310 0.002 188a 205a 65.7 5f-n
310 0.002 188a 206a 63.5 5f-n
308 0.001 190a 208a 27.8 5f-5f/n
308 0.001 191a 216a 35.2 6d-7p/n
304 0.013 188a 208a 43.8 5f-5f/n
304 0.049 186b 188b 59.0 n-6d/n
304 0.001 187b 189b 26.6 n-1p
303 0.001 187b 190b 22.8 n-1p
300 0.001 191a 218a 47.9 6d-n

[CptiU]'~. Calculations on [Cp®*U]' also resulted in a 5f%6d! ground state electronic

configuration. The HOMO was found to have 6dz-like character, Figure 2.3, like that of

[Cp”sU]" above.

Figure 2.3: Calculated HOMO of [Cp®5U]'", plotted with a contour value of 0.05. Hydrogen

atoms are omitted for clarity. Calculated orbital energy e = —1.069 eV.

The simulated UV-visible spectrum along with the experimental spectrum is shown in

Figure 2.4. The broad absorption around 800 nm assigned as a 6d to 7p transition. Additional
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transitions with 6d to 5f character are also observed in this region. The experimental spectrum is
similar to that of [(CsMes)2U(NR2)]'~ and [(CsMes)U(NR2)2]'~, which featured broad absorptions
centered at 750 nm and 684 nm, respectively, that were assigned as 6d to 7p transitions (see
Chapter 4).2” These features are different than those observed for [Cp’sU]'~ *and [Cp”sU]'"", Figure
2.2, which feature mostly 6d to z/5f and z to 6d/5f transitions at higher energy.! The calculated
spectrum for [Cp™'3U]" is also similar to the [Cp*sLn]'~ lanthanide analogs in which a 5d to 6p

absorption dominates within the visible region.?®
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Figure 2.4: Experimental’ (black) and simulated (green) UV-visible spectrum of [Cp®5U]'". A
Gaussian line broadening of 0.15 eV was applied and the computed excitation spectrum was
empirically blue shifted by 0.40 eV and scaled by a factor of 0.5 to ease comparison with the

experimental spectrum.
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Table 2.5. Electronic excitation summary for [Cp®3U]!". Oscillator strengths are reported in the
length gauge. Only the dominant contributions to the overall excitation are reported. 119a is the

6dz%-like HOMO. The assignment “z” is the © system of the Cp'™ rings.

Wavelength (nm)  Oscillator Strength Dominant contributions Assignment

Occupied  Virtual % weight

1080 0.001 119a 121a 73.9 6d-5f
993 0.004 117a 120a 36.7 5f-5f
964 0.004 116a 121a 17.9 5f-5f
954 0.004 116a 122a 19.6 5f-7p
766 0.044 119a 122a 70.2 6d-7p
699 0.001 118a 127a 34.0 5f-5f
695 0.001 116a 127a 33.9 5f-5f
605 0.003 119a 123a 96.6 6d-7s
574 0.063 119a 124a 87.4 6d-5f
538 0.014 119a 127a 81.1 6d-5f
505 0.003 119a 128a 24.5 6d-5f
501 0.001 118a 124a 25.3 5f-5f
493 0.004 116a 124a 13.5 5f-5f
487 0.007 117a 128a 23.9 5f-n
485 0.001 116a 124a 28.9 5f-5f
475 0.044 119a 125a 38.2 6d-7p
469 0.067 119a 129a 40.0 6d-7p
462 0.040 116a 129a 27.8 5f-n
456 0.006 119a 128a 32.8 6d-nt
453 0.002 116a 128a 22.0 5f-n
451 0.003 118a 129a 18.1 5f-n
441 0.001 117a 129a 22.3 5f-n
418 0.006 117a 125a 38.0 5f-7p
415 0.006 118a 125a 29.5 5f-7p
413 0.002 116a 125a 62.5 5f-7p
411 0.011 117a 126a 40.4 5f-7p
403 0.001 116a 126a 50.2 5f-7p
399 0.002 119a 130a 73.5 6d-n
396 0.003 119a 131a 65.4 6d-n
387 0.010 119a 132a 91.7 6d-n
366 0.007 118a 130a 62.5 5f-n
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363 0.011 118a 131a 58.6 5f-n

361 0.013 116a 130a 23.6 5f-n
360 0.007 116a 131a 31.6 5f-n
358 0.005 116a 130a 46.2 5f-n
352 0.005 118a 132a 78.4 5f-n
351 0.005 117a 132a 79.0 5f-n
348 0.006 116a 132a 76.4 5f-n
343 0.009 117a 133a 52.6 5f-n
341 0.007 116a 133a 42.7 5f-n
334 0.004 119a 134a 84.2 6d-n
333 0.005 119a 135a 87.0 5f-n
330 0.002 116a 133a 29.8 5f-n
327 0.010 114b 116b 72.2 n -6d
322 0.001 115a 120a 77.8 5f-5f
317 0.016 119a 136a 92.3 6d-nt
309 0.001 119a 138a 93.8 6d-n
304 0.001 113b 116b 27.9 n-6d
303 0.001 117a 134a 49.4 5f-n
299 0.001 116a 135a 52.6 5f-n

[U(NR2)3]'". The optimized structure of [U(NR2)s]'™ resulted in a C1 symmetric ground
state. Cz- and D3z-symmetric structures were found to be 1.6 and 4.2 kcal/mol higher in energy.
However, the Dz-symmetric structure was a transition state with a single imaginary frequency of
10.62 cm™. It is possible the Ds-symmetric structure is in fact a ground state and the single
imaginary mode is an artifact of the calculation, but this fact does not affect the remaining analysis.
For the C1- and Cs-symmetric structures, Mulliken population analyses revealed the HOMO was
roughly half 6d and half 5f character, Figure 2.5, while the HOMO—-3 of the Dz-symmetric

structure was purely 6dz? with 7s admixture, Figure 2.5 and Table 2.6.
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Table 2.6: Orbital energies and MPA occupations for C1-, Cs-, and Ds-symmetrical structures of

[UNR2)s]"".
C1 symmetry
Orbital  Energy (V)  MPA Occupation numbers  Orbital assignment
LUMO 153a,00  —0.007 52% 7p, 43% 5f 7p
HOMO 152a,00 —1.689 49% 5f, 35% 6d 6dz?
HOMO-1 15la,0. —1.808 40% 5f, 17% 6d, 35% 7s 5f
HOMO—2 150a,00 —1.886 93% 5f 5f
HOMO-3 149a,00 —1.888 94% 5f 5f
Cs symmetry
Orbital  Energy (V)  MPA Occupation numbers  Orbital assignment
LUMO 51a,p —0.071 54% 7s, 26% 7p, 22% 6d 7p
HOMO 52a,a —1.594 64% 5f, 26% 6d 6dz?
HOMO-1 100e,00  —1.663 94% 5f 5f
HOMO—2 99¢,a. —1.663 94% 5f 5f
HOMO-3 5la,a -1.812 27% 5f, 22% 6d, 35% 7s 5f
D3 symmetry
Orbital  Energy (V)  MPA Occupation numbers  Orbital assignment
LUMO 27al,p  0.273 83% 7s, 22% 6d 6dz>
HOMO 25a2,00 —1.449 95% 5f 5f
HOMO-1, 50e,a. —1.537 96% 5f 5f
HOMO-2
HOMO-3 27al,0. —1.586 44% 6d, 62% 7s 6dz>

All three geometries (Cy, C3, and D3) are likely to be accessible in solution due to the small

energy difference.

In fact, [K(crypt)][U(NR2)s] crystallizes in the R32 space group with Ds-

molecular symmetry.” The lanthanide analog [Gd(NR2)s]'~ was previously analyzed by DFT and

assigned as a 4f’5d! configuration in a Ds-symmetric ground state.® Based on the present

theoretical results and the structural and spectroscopic data,” a 5f36d* configuration is assigned to

[U(NR2)s]'™ although this assignment is based on a single-electron approximation. The present

calculations suggest that the overall configuration and amount of orbital mixing can possibly be

controlled by small geometrical changes.
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Figure 2.5: (a) HOMO, (b) HOMO-1, and (c) HOMO-3 of the Ci-, C3- and Dsz-symmetric

R

structures of [U(NR2)s]'", plotted with a contour value of 0.05. Hydrogen atoms are omitted for
clarity. Calculated orbital energies ¢ = —1.689, ¢ = —1.594, ¢ = —1.449 eV, respectively.

The simulated electronic absorption spectrum for the C1-symmetric state of [U(NR2)3]' ™ is
shown in Figure 2.6 along with the experimental spectrum. The lack of defining features in the
experimental spectrum is consistent with the fact that electronic transitions were found to occur
over the entire UV-visible region. Transitions at wavelengths greater than 400 nm were metal-
based, while transitions at wavelengths shorter than 400 nm were found to be metal-to-ligand
charge transfers. Strong transitions attributed to 6d to 7p transitions were found at 670 nm and 5f
to 7p transitions were found between 650-600 nm. Transitions from 6d to 7s were found at 480
nm. Other transitions between 1000-400 nm were 6d to 5f, 5f to 6d, and 5f to 5f in character.

Further details can be found in Table 2.4.
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Figure 2.6: Experimental’ (black) and simulated (green) UV-visible spectrum of [U(NR2)s]'~

computed in C: symmetry. A Gaussian line broadening of 0.15 eV was applied and the computed

excitation spectrum was empirically blue shifted by 0.40 eV and scaled by a factor of 0.15 to ease

comparison with the experimental spectrum.

Table 2.4. Electronic excitation summary for [U(NR2)s]!” computed in C1 symmetry. Oscillator

strengths are reported in the length gauge.

excitation are reported. 152a is the HOMO.

Only the dominant contributions to the overall

Wavelength (nm)  Oscillator Strength Dominant contributions Assignment
Occupied  Virtual % weight
916 0.001 152 157 14.9 6d-6d/5f
901 0.001 152 158 17.8 6d-6d/5f
803 0.033 152 153 26.3 6d-7p
735 0.004 152 157 24.4 6d-6d/5f
720 0.004 152 158 24.0 6d-6d/5f
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680 0.017 152 153 60.3 6d-7p
675 0.001 152 155 32.2 6d-7p
660 0.012 152 155 40.4 6d-7p
658 0.014 152 154 34.6 6d-7p
647 0.033 151 153 60.1 5f-7p
641 0.005 150 153 26.8 5f-7p
640 0.003 149 153 17.7 5f-7p
634 0.003 149 160 11.9 5f-5f/6d
634 0.006 150 153 34.8 5f-7p
629 0.004 149 153 47.9 5f-7p
598 0.002 150 154 30.9 5f-7p
597 0.002 150 155 35.7 5f-7p
580 0.001 151 159 36.8 5f-5f
575 0.001 151 160 45.2 5f-5f/6d
565 0.002 151 161 41.9 5f-5f/6d
554 0.007 152 156 13.2 6d-5f/7p
495 0.032 152 162 72.3 6d-7s
471 0.020 151 162 60.5 5f-7s
468 0.002 150 162 44.2 5f-7s
467 0.001 149 162 48.1 5f-7s
454 0.025 152 163 65.3 6d-7p/5f
436 0.016 151 163 39.9 5f-7p/5f
435 0.010 149 163 27.3 5f-7p/5f
434 0.005 149 163 24.6 5f-7p/5f
378 0.018 152 164 71.5 6d-ligand
374 0.016 152 165 72.5 6d-ligand
362 0.002 150 164 75.9 5f-ligand
358 0.002 149 165 84.4 5f-ligand
348 0.036 151 164 66.4 5f-ligand
346 0.040 151 165 72.0 5f-ligand
338 0.004 152 166 95.9 6d-ligand
326 0.001 150 166 91.9 5f-ligand
320 0.016 152 168 59.5 6d-ligand
319 0.012 152 167 64.8 6d-ligand
310 0.021 151 167 41.6 5f-ligand
310 0.024 151 168 58.4 5f-ligand
309 0.002 152 169 39.7 6d-ligand
304 0.001 150 168 56.4 5f-ligand
304 0.001 150 167 43.9 5f-ligand
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303 0.001 149 168 36.7 5f-ligand
300 0.001 151 170 67.0 5f-ligand
296 0.007 152 171 88.5 6d-ligand

(NHArPT8),U. The arene-tethered complex was found to have a 5f electron configuration
by our DFT analysis, in agreement with the reported assignment.® The optimized ground state
structure was found to have C, symmetry, consistent with the solid state structure. The HOMO of
(NHAr®™®),U is shown in Figure 2.7. The 5f orbitals on uranium have an interaction with the arene
m system, much like what was observed by Meyer and coworkers for 5f*
[K(crypt) [{[(A**MeArO)smes]U}.2° Thus, the 5f-arene interaction may be important in stabilizing

the 5f* electronic configuration.

Figure 2.7: HOMO of (NHAr"®),U, plotted with a contour value of 0.05. Hydrogen atoms are
omitted for clarity. Calculated orbital energy ¢ = —3.132 eV.

Model U(11) systems. The above results, in addition to the study on heteroleptic uranium
systems,?’ provide further evidence that the ligand geometry around the uranium center has a direct
impact on the electron configuration. It appears that planar geometries yield 5f%6d* electron
configurations for U(Il) complexes, while less planar or complexes with arene interactions, like

those found in [K(crypt)]{[(**MeArO)smes]U}® and (NHAr"®),U° yield 5f* electron
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configurations. Described below are DFT studies on seven model U(I1) compounds in trigonal
planar, square planar, linear, tetrahedral, and octahedral ligand environments. Each complex is
derived from known U(I11) or U(IV) compounds.

[U(CHR2)3]'", [U(H3BH)3]'~, and [U(OAr’)4]*>". Initially, three hypothetical homoleptic
complexes were investigated, Scheme 2.2. [U(CHR2)s]'™ (R = SiMes) was examined because the
[CHR2]'" ligand is the alkyl analog of the [NR:]'" ligand used to form the known
[K(crypt)][U(NR2)s].” Geometry optimizations of [U(CHR2)s]'~ afforded a pyramidalized Ci-

symmetric ground state that is similar to the structure of [U(NR2)s]!™ discussed above.

1- HBH 1- Ar'o OAr' | 2—
\I'UH 3 \ -
R,HCVy/~ “~CHR, \UH—H3BH PG
R,HC . v
2 HBH; Ar'O OAr
R = SiMe; OAr' = C4H;3'Bu,-2,6-Me-4

Scheme 2.2: Molecular structures of [U(CHR2)s]'", [U(H3sBH)3]'", and [U(OAr")4]*".

The electronic configuration was found to be 5f%6d*, with a 6dz>-like HOMO, Figure 2.8 (left).
Electron density was observed on the SiMes moieties which was previously observed for
[(CsMes)2U(NR2)]'~ and [(CsMes)U(NR2)2]'~.%" This suggests that reduction of U(CHR2)s may
ultimately form a cyclometallated product such as [U(CHR2)2(CH2SiMe,CHR-«xC,xC)]'".%
Geometry optimizations of [U(HsBH)s]'™ yielded a 5f%6d* electronic ground state, with
population of a 6dz>-like orbital, Figure 2.8. Each tetrahedral (BH4)'~ ligand had three hydrides
coordinated to the uranium center. To a first approximation, the (BH4)!™ ligand is similar to a
cyclopentadienide (CsRs)!™ ligand in that both are monoanions with three electron pairs available
for coordination. It is therefore not too surprising that the electron configuration of [U(HsBH)s]'~

is identical to that of the tris(cyclopentadienyl) U(II) complexes (Cp'sU)!~, (Cp"sU)!", and
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Figure 2.8: (a) HOMO of [U(CHR2)3]'", (b) HOMO of [U(H3BH)s]'", and (c) HOMO of
[U(OAr")4]*, plotted with a contour value of 0.05. Hydrogen atoms, except those attached to
boron, are omitted for clarity. Calculated orbital energies ¢ = —1.596, ¢ = —2.352, ¢ = —0.394 ¢V,
respectively.

(Cp®3U)'".  From these results along with those of [(CsMes)2U(NR2)]'™ and
[(CsMes)U(NR2)2]', it appears that the identity of the donor atom in trigonal complexes does
not affect the electron configuration.

In addition to the homoleptic tris(alkyl) and tris(borohydride) complexes, the
tetrakis(aryloxide) environment was investigated. The Th(l11) compound [Th(OAr")4]}™ (OAr' =
CsH2'Buz-2,6-Me-4) was recently synthesized and found to be square-planar.t® The U(1l) analog,
[U(OAr')4)*, was analyzed in C1, Ca, and Cs symmetry. The optimized ground state geometry
was square-planar and had C2 symmetry. The Ci- and C4-symmetric square planar structures were
local minima only 0.16 kcal/mol and 0.14 kcal/mol higher in energy than the C,-symmetric
structure, respectively, which is within the expected error margins of the electronic structure
methods used here. The ground-state of [U(OAr')s]*~ was found to have a 5f%6d® electron
configuration, again populating a 6dz2-like orbital, Figure 2.8. This suggests that planarity about

the metal center can lead to f'd* configurations even as the number of ligands is varied from three
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to four. The U(lII) compound {K[U(OAr)s]}n (OAr = OCeHs-'Buz-2,6) has been previously
reported and adopts a tetrahedral geometry around the uranium center.*°

[(CsHs)2U]*. The U(ll) complex formed by two-electron reduction of
bis(cyclooctatetraenyl)uranium, uranocene, Figure 2.9, was also studied. The ground state
configuration of the dianionic, U(I1) species [(CsHs)UJ*~ was found to be 5f36d* in Dgr symmetry.
Various lower-symmetry structures were analyzed and all converged to the Dgn-symmetric local
minimum. The HOMO appears to be a non-bonding, 6dz? orbital, Figure 2.9. Previously, similar
theoretical analysis on the linear U(I1) species (Cs'Prs),U*! found a 5f%6d* electron configuration
without 7 interactions in the 6dz>-like orbital.***? The U(I1l) complex, [(CsHs)2U]'", has a 5f
configuration, with a 6dz2-like LUMO that is evidently populated upon addition of another

electron to form [(CsHs)2U]*".

Figure 2.9: (a) Molecular structure and (b) HOMO of [(CsHs).U]*", plotted with a contour value
of 0.05. Hydrogen atoms are omitted for clarity. Calculated orbital energy ¢ = —0.390 eV.
[U(bnz")4]*, [U(H3BH)3(THF)3]'", and the U-in-(2.2.2-cryptand) System. The
tetrahedral geometry for U(Il) was examined starting with the previously reported U(1V) complex,
U(5*-bnz')s (bnz' = CH2-CeH4'Bu-4).21  DFT analysis of the monoanionic complex [U(bnz')4]'"

revealed a tetrahedral structure with a 5f2 configuration for the U(111) center. However, the ground
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state for the dianionic species, [U(bnz)4]*", was found to have three electrons localized on the
uranium atom and one electron delocalized in the z system of the benzyl ligands, Figure 2.10. This
is formally a U(I11) complex with a ligand radical. The energy of the z system of the benzyl ligands
is clearly close to the energy of the 5f orbitals, as the LUMO was predominantly localized in the
7 system of the benzyl ligands while the LUMO+1, LUMO+2, and LUMO+3 had significantly
more 5f character. The calculations were also performed with an infinite dielectric constant within
the COSMO model, but the only change was the overall lowering of all orbital energies. The
resulting electronic configuration was still 5f with a ligand radical.

The benzyl 7 system in [U(bnz")4]*" is not in the correct spatial orientation to interact with
the 5f orbitals, in contrast to (NHAr"®),U and [K(crypt)[{[(**MeArO)smes]U}? where the x
system of the arene anchor was found to interact with the 5f orbitals on uranium, Figure 2.7. It
can be concluded that the 5f manifold is lower in energy than the 6d orbitals as there was not an
orbital with significant 6d character close to the HOMO-LUMO gap. In the present calculations,
the ligands are best described as #3-bnz’ based on their A and A’ values®? in each of the three

geometry-optimized structures U(bnz')s, [U(bnz")4]'", and [U(bnz’)a]*".

Figure 2.10: HOMO of [U(bnz')s]*", plotted with a contour value of 0.05. Hydrogen atoms are

omitted for clarity. Calculated orbital energy ¢ =—0.128 eV.
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An octahedral complex was also investigated. Initially, the crystal structure of
U(HsBH)3(THF)3 was used as a starting point and the electronic configuration was found to be 5,
as expected for a U(I11) ion. The structure maintained an octahedral geometry. The four lowest
unoccupied orbitals (LUMO through LUMO+3) were all 5f in character, Figure 2.11. Addition of
one electron and subsequent re-optimization of [U(H3BH)s(THF)s]!™ resulted in a structure that
had three BH4 units in a much more planar arrangement around the uranium atom than in the
neutral complex and three THF molecules further from the uranium center at distances of 2.667—
2.681 A, Figure 2.11. For comparison, the crystal structure of U(HsBH)s(THF)s has U-O distances
of 2.54(1)-2.579(8) A.3® Excluding the THF molecules, the geometry around the uranium atom
in [U(HsBH)3(THF)s]'~ was practically identical to [U(HsBH)s]'~ discussed above. The resulting
5f36d* electron configuration with a 6dz?-like HOMO, Figure 2.11, was the same as [U(H3BH)3]'".
The calculations predict that reduction of U(H3sBH)3(THF)s would likely result in dissociation of
THF and formation of [U(H3BH)3]'~. This suggests that an octahedral environment around the
uranium center does not effectively lower any 6d orbitals enough to be comparable in energy to

the 5f orbitals.

H,BH

HBH3 i, Il_IIH WTHF
HBH,"™ | ~~THF

THF

Figure 2.11: (a) Molecular structure of U(HsBH)3(THF)3, (b) calculated 5f LUMO of
U(H3BH)3(THF)s, and (c) 6dz?-like HOMO of [U(HsBH)s(THF)s]' . Calculated orbital energies ¢
=-0.600 and —0.928 eV, respectively.
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The 2.2.2-cryptand (crypt) ligand system was also investigated since it surrounds the metal
center in a somewhat symmetrical way such that all 6d orbitals should have similar energy.
Recently, the compounds Ln(crypt)(OTf)2 (Ln = Nd, Sm; OTf = O3SCF3) were reported and were
assigned 4f* and 4f% configurations, respectively.>* The spherical ligand environment of the
cryptand does not appear to split the 5d orbitals strongly enough to allow population of a 5dz?
orbital in the Ln complexes. To determine if the cryptand system would impart similar chemistry
for uranium, the structures of [U(crypt)]?* and U(crypt)(OMe), were optimized. The triflate anions
were replaced with methoxides, as geometry optimizations on U(crypt)(OTf). led to triflate
dissociation.

Contrary to the Nd and Sm systems, calculations on [U(crypt)]?* are consistent with a
5f%6d* ground state with a 6dz>-like HOMO, Figure 2.12. The optimized structure had space
between the arms of the cryptand ligand in which no donor atoms are located. It is in this space
that the 6dz>-like orbital is located. However, the ground state of U(crypt)(OMe). had a HOMO
with significantly less 6d character, Figure 2.12. The HOMO of U(crypt)(OMe): is still metal-
centered, but it is predominantly 7p in character by Mulliken population analysis (44% 7p, 36%
7s, 10% 6d). The OMe ligands bind to the uranium center in the space between cryptand arms.

Thus, the 6d orbital that is populated in [U(crypt)]?* is clearly higher in energy in U(crypt)(OMe)a.
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Figure 2.12: Molecular structures of (a) [U(crypt)]>* and (b) U(crypt)(OMe): (top right). HOMO
of (c) [U(crypt)]?* and (d) U(crypt)(OMe)z, plotted with a contour value of 0.05. Hydrogen atoms
are omitted for clarity. Calculated orbital energies ¢ = —7.811 and —0.596 eV, respectively.
Discussion

5f36d! U(Il). The calculated electronic structures of [Cp”sU]'" %8 [Cp®iU]'"’
[U(H3BH)3]'", and [U(OAr")4]*>" were all found to have 5f%6d* ground-state electron configurations
with population of a 6dz>-like orbital. These results are consistent with other previously
characterized U(II) species [Cp'sU]'",! (CsMes)2U(NR2)]',?” and [(CsMes)U(NR2)2]'".2" In each
of these cases, the planar ligand environment leads to one low-lying 6dz?-like orbital which is
similar in energy to the 5f orbitals. The identity of the ligands and donor atoms seems less
important than the geometry of the coordination environment. Clearly, planar complexes favor
5f%6d®. In addition, the trigonal pyramidal complexes [U(NR2)s]'~ 7 and [U(CHR2)s]' also have
5f3%6d* ground-state electron configurations with population of a 6dz>-like orbital. Hence, even in

these pyramidal structures the 5f36d* is lowest in energy.
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The 5f%6d'electronic configuration in [Cp'3U]'", eq 1, could be rationalized* based on the
d-orbital splitting of the tris(cyclopentadienyl) ligand framework.* Simple crystal field splitting
would not put the 6dz? orbital lowest for all of the above complexes, but inclusion of 7s orbital
mixing with 6dz? could explain how the 6dz2-like orbital is comparable in energy to the 5f orbitals.
Indeed 7s character was observed in most of the 6dz*-like orbitals, see SI. Another possible
explanation involves 7 donation from the lone pairs of the donor atom which could destabilize the
d orbitals with the appropriate symmetry.>®’

The uranocene dianion, [(CsHs).U]* was also found to have a 5f36d* ground-state electron
configurations with population of a 6dz>-like orbital. This result is similar to that of another
parallel-plane metallocene, (Cs'Prs)2U.*#2 These compounds differ in ground state from the arene
complexes discussed in the next section.

5f4 U(IN). The arene-tethered U(I1) complex (NHAr®®),U was found to have a 5f* electron
configuration. In this case, the 5f orbitals have an interaction with the 7 system of the arene ring
as was found in the 5f* U(I1) complex [K(crypt)[{[(A**MeArO)smes]U}. In these two complexes,
the arene rings have the correct spatial orientation to interact with the 5f orbitals, whereas the arene
rings in the benzyl complex [U(bnz')4]*~ do not interact with the 5f orbitals, despite the calculated
energy similarity. For [U(bnz')s]*, this leads to reduction of the arene rings instead of formation
of U(II).

It is unclear whether the arene interaction is a requirement to stabilize the 5f* electron
configuration. In the case of U(H3BH)3(THF)3, which has no z system available to interact with
the 5f manifold, the four lowest unoccupied orbitals are still 5f orbitals, which suggests that
reduction within a pseudo-octahedral environment would also favor a 5f* electron configuration.

The synthesis of a U(Il) complex within a spherical ligand environment that does not have =

41



systems is a reasonable target that will help further determine how the deviation from planarity
affects the electron configuration.

The U(11)-in-(2.2.2-cryptand) system. The calculations on [U(crypt)]?* differ from those
above in that they do not match calculations on the lanthanide analogs.** Additionally, the
predicted ground state changes whether additional ligands are present or not. For [U(crypt)]?*, a
5f36d* ground state with 6dz2-like HOMO is predicted. However, inclusion of two OMe groups
binding to the uranium center directly affects the 6dz? orbital energy and the resulting HOMO of
U(crypt)(OMe). was found to be predominantly 7p in character. The orbital shape and location
are suggestive of a Rydberg state, and indeed the inclusion of a p primitive to the uranium basis
functions helps to more accurately describe 6d to 7p electronic transitions.?’?° The present
calculations suggest that binding additional ligands to the U(Il) center within the crypt ligand
framework could directly change the electron configuration. In contrast, calculations on both
[Nd(crypt)]?>* and Nd(crypt)(OTf). indicate 4f* ground state configurations.** The ramifications
of this difference are under investigation.

Overall Charge of the U(Il1) Complexes. Most of the U(Il) complexes that have been
experimentally synthesized are anions. This raises the question of the importance of overall charge
of the complex. On a simplistic basis, it makes sense for electropositive metals like uranium that
are typically surrounded with anionic ligands that reduction of the oxidation state of the metal will
require the overall complex to be an anion. In addition, for large metals like uranium, more than
two ligands are typically needed to sterically saturate the coordination sphere. However, since
formation of anion complexes gives the benefit of the lattice energy of forming a salt, it is possible

that this factor is important in isolating these complexes.
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Conclusion
Electronic structure calculations on four known and seven hypothetical U(ll) complexes

predict that with planar symmetry, 5f36d* electron configurations are the expected ground state
regardless of the nature of the ligand, donor atoms, or number of ligands. If the symmetry of the
complex does not place a 6d orbital comparable in energy to the 5f manifold, the 5f* Aufbau
configuration could become the ground state. In some complexes like those of crypt and
borohydride, additional ligation effects the orbital energies and may change the overall electronic
configuration. This study provides information to guide synthetic efforts and suggests how to
change the electronic configuration of low-valent uranium complexes. These results may be
transferrable to other low-valent f-block compounds.
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Chapter 3:
Electrochemical Studies of Tris(cyclopentadienyl) Thorium and Uranium

Complexes in the +2, +3, and +4 Oxidation States

Introduction’

Electrochemical studies on actinide complexes have primarily involved higher oxidation
states, i.e. +4, +5 and +6,1* in part due to the high reactivity of the +2 and +3 metal ions. Even
+3 and +4 metal complexes can react with supporting electrolytes. For example, Inman and Cloke
found problems studying (CsMes)Th'V[CsHs(SiMe2'Bu)2]Cl using ["BusN][PFs] as supporting
electrolyte® as well as with Cp”sTh'VCl using ["BusN][B(CsFs)4] as supporting electrolyte.®

Before the results reported in this Chapter were obtained, electrochemical data had been
reported on only two U(II) systems.”® Meyer and coworkers identified the U(I11)/U(I1) couple in
[(A9MeArO)3mes]U" at —2.495 V vs Fc*'0,” which guided synthetic efforts and allowed isolation
of [K(crypt) {[(A*MeArO)smes]U"}.° Layfield and coworkers reported the U(111)/U(11) couple of
(Cs'Prs)2U" to be —2.33 V vs Fc*®.8  Analogous studies on Th(lIl) and Th(ll) complexes and on
the tris(cyclopentadienyl) systems that led to the first molecular examples of U(I1) were absent.

This chapter reports the electrochemistry of a variety of tris(cyclopentadienyl) uranium and
thorium complexes using Cp”, Cp’, and Cp™ ligands, a topic chosen due to the importance of the
tris(cyclopentadienyl) ligand set in the development of low oxidation state actinide chemistry,!12
This study also led to the first reported electrochemical measurements on isolated Th(ll)
complexes.”®> Also included in this chapter are spectroelectrochemical studies on the Th(ll)

compounds that led to the discovery of new synthetic routes to Th(Il) compounds. The results are

 Portions of this Chapter have been published: Wedal, J. C.; Barlow, J. M; Ziller, J. W.; Yang, J. Y.; Evans, W. J.
Electrochemical studies of tris(cyclopentadienyl)thorium and uranium complexes in the +2, +3, and +4 oxidation
states. Chem. Sci. 2021, 12, 8501-8511. DOI: 10.1039/D1SC01906F.
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compared with cyclopentadienyl ligand effects previously examined electrochemically with
titanium and zirconium complexes* and with rare-earth metal reaction chemistry.*>’
Results

Electrochemical Protocol. All data were collected in THF using 100 mM ["BusN][BPh4]
or 200 mM ["BuzN][PFe] supporting electrolyte concentrations. Both ["BusN][BPh4] and
["BusN][PFs] were recrystallized three times prior to use. The low polarity of THF leads to large
internal resistance in the electrochemical cell with peak separations over 200 mV often observed.®’
Unless specifically stated, all potentials are referenced to the ferrocenium/ferrocene couple with
(CsMes)2Fe as an internal standard. All electrochemical data were collected with a glassy carbon
disc working electrode, platinum wire counter electrode, and silver wire pseudo-reference
electrode. All scans were recorded in the cathodic direction except for the isolated U(11) and Th(ll)
compounds which were recorded in the anodic direction.

Uranium Complexes. Initially, U(I11) complexes known to undergo chemical reduction
and oxidation were examined to determine if both the U(IV)/U(111) and U(I11)/U(I1) redox events
could be observed electrochemically. Indeed, both redox couples were observed in the
voltammograms for the U(IIT) complexes Cp'sU" 18 Cp”3U™ 19 and Cp®3U"! 2 and for the isolated
U(I1) complexes [K(crown)(THF)2][Cp”sU"] (crown = 18-crown-6)?° and [K(crypt)][Cp'sU'].%
These values are summarized in Tables 3.1 and 3.2 and highlights are described in the following
paragraphs.

Cp”. With the bis(trimethylsilyl)cyclopentadienyl ligand, redox couples assigned to
UIV)/U(III) and U(IIT)/U(II) are observed at —0.94 V and —2.73 V, respectively, for Cp”sU'",
Figure 3.1. In comparison, the isolated U(I1) complex [K(crown)(THF)2][Cp”sU"]? displays two

redox events at —0.73 V and —2.71 V, Figure 3.2. The Eu» values for the U(I11)/U(II) couple are
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nearly identical in both systems and the event centered at —2.71 V only appears when scanning

anodically for [K(crypt)][Cp”sU"], which supports the assignment as the U(111)/U(11) couple.

Table 3.1: Reduction potentials assigned to U(IV)/U(I11) couples in this study and the literature.

Epa (V) | Erc (V) | UUV)/U(II) E12 (V) | AEpp (CsMes)aFe (V)

Cp"sU'"! -1.04 |—0.83 |—0.942 0.20

Cp3U'" -1.33 | -1.20 |-1.26"° 0.36

Cp®u" -1.54 |-139 |-1.46° 0.12
[K(crown)(THF),][Cp"sU"] |-1.09 |-0.37 |—0.73? 0.15
[K(crypt)][Cp'sU"] —1.45 —1.12 | —-1.28°2 0.57

Cp'sU'VCI —1.83 22¢

(CsHs)sU'VCI —1.872223¢

(CsMeH,)sU'VCl —1.88 22¢

(Cs'BuH4)sU'VCI —1.93 22¢

a: 100 mM ["BusN][BPh4] / THF

b: 50 mM ["BusN][BPhs]/ THF
¢ 130 mM ["BusN][PFe]/ THF

Table 3.2: Reduction potentials assigned to U(111)/U(I1) couples in this study and the literature.

Era (V) | Erc (V) | U(ID/UQI Ez (V) | AEp (CsMes)zFe (V)

Cp"sU" -2.79 | 2.67 [-2.732 0.20

Cpsu —243 | —2.08 [-2.26° 0.36

Cp'etsu'" -3.18 | -3.04 [-3.11% 0.12
[K(crown)(THF)][Cp"sU"] | —2.77 | —2.65 |—2.71% 0.15
[K(crypt)][Cp'sU'"] -2.50 | -2.03 |-227° 0.57
[(A“MeArO)3mes]U" —2.4957¢

(Cs'Prs)oU" —2.3358¢

a: 100 mM ["BusN][BPhs]/ THF

b: 50 mM ["BusN][BPh4] THF
c: 60 mM ["BusN][BPh4)/ THF
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Figure 3.1: Voltammogram of 4.6 mM Cp”3U at v = 200 (black), 400 (orange), 600 (grey), 800
(yellow) and 1000 (blue) mV/s in 100 mM TBABPhs4 / THF. The event centered at —0.495 V is

due to internal standard (CsMes)2Fe'.
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Figure 3.2: Voltammogram of 3.0 mM [K(crown)(THF)2][Cp"3U] at v = 200 (black), 400

(orange), 600 (grey), 800 (yellow) and 1000 (blue) mV/s in 100 mM TBABPh4 / THF.
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Cp'. Similar reproducible data were obtained with the
mono(trimethylsilyl)cyclopentadienyl ligand with U(IV)/U(III) and U(IIT)/U(II) couples at —1.26
V and —2.26 V, respectively, for Cp'sU", Figure 3.3. Likewise, the U(IV)/U(I11) and U(I11)/U(11)
couples were observed at —1.28 V and —2.27 V for the U(11) complex [K(crypt)][Cp'sU"], Figure
3.4. These data were obtained with 50 mM ["BusN][BPh4] because decomposition occurred at
higher electrolyte concentrations. The event at —2.27 V for [K(crypt)][Cp'sU'"] only appears when
scanning anodically. The —2.27 V Ei value for [K(crypt)][Cp’sU'"] was less negative than the
—2.71 V value for [K(crypt)][Cp”sU"], but it is similar to the two previously reported U(111)/U(11)
couples for [(**MeArO)smes]U" and (Cs'Prs),U".”® The minor unassigned events at about —1.9 V
in Figure 3.3 attest to the complexity of the system. They were observed across multiple runs and

do not disappear after repeated recrystallization of substrate and electrolyte.
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Figure 3.3: Voltammogram of 11 mM Cp’3U at v = 200 (black), 400 (orange), 600 (grey), 800
(yellow) and 1000 (blue) mV/s in 50 mM TBABPhs / THF. The event centered at —0.495 V is due

to internal standard (CsMes).Fe'.
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Figure 3.4: Voltammogram of 7.7 mM [K(crypt)][Cp'sU] at v = 200 (black), 400 (orange), 600
(grey), and 1000 (yellow) mV/s in 100 mM TBABPhs / THF. The peak centered at —0.495 V is
due to internal standard (CsMes)2Fe.

Cp®. With the tetramethylcyclopentadienyl ligand, the U(I\V)/U(II1) and U(HI/U(1I)
couples in Cp®;U" were more negative than in Cp”3U"'and Cp’sU"": —1.46 V and —3.11 V, Figure
3.5. However, data could not be obtained from the isolated U(I1) compound [K(crypt)][Cp®sU"]
because contact with the supporting electrolyte led to immediate decomposition. The
voltammogram obtained from the resulting solution displayed at least five redox events, Figure
3.6. This reactivity is consistent with the more strongly reducing nature of the Cp®* complexes as
shown by the data in Tables 3.1 and 3.2. A third, minor event at —1.7 V was present and cannot

be assigned with confidence.
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Figure 3.5: Voltammogram of 7.2 mM Cp®3U at v = 200 (black), 400 (orange), 600 (grey), 800

(yellow) and 1000 (blue) mV/s in 100 mM TBABPh4 / THF.
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Figure 3.6: Voltammogram of [K(crypt)][Cp®™sU] at v = 200 mV/s in 100 mM TBABPh, / THF.

The event centered at —0.495 V is due to internal standard (CsMes)zFe!'.
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Thorium Complexes. Electrochemical data were collected on all the thorium compounds
in this study using both ['BusN][PFs] and ["'BusN][BPhs] despite multiple reports that
electrochemical data on organothorium complexes are difficult to obtain using
["BusN][PFs].2>624-26 Since the voltammograms do not differ drastically between electrolytes,
only the data using ["BusN][BPha], Table 3.3, are discussed below. Data with ["BusN][PFs] are in

Table 3.4.

Table 3.3: Reduction potentials (V) of tris(cyclopentadienyl) thorium complexes with 100 mM

["BusN][BPh4] supporting electrolyte.

Th(IV)/Th(lII) Th(l11)/Th(11)
Erc Epa Eip Erc Epa Eip AEpp FC

Cp"sTh'VBr -3.00 | —2.77 | —2.89 0.14
Cp"sTh'VCI -3.04 |-2.81 |-2.93 0.22
Cp'sTh'VCI -3.38 |—2.90 |-3.14 0.16
Cp'’sTh'VBr -3.17

Cp®sTh'VBr -3.48 |-3.19 |-3.34 0.18
Cp"sTh" -2.92 |—2.78 |—2.85 |0.19
Cp®sTh'" -3.33 | -3.23 | -3.28 |0.16
[K(crown)(THF)][Cp"3sTh'"] -2.89 |—2.79 |—2.84 |0.09
[K(crypt)][Cp"sTh"] -2.90 |—2.81 |—2.85 |0.09

Table 3.4: Reduction potentials (V) of tris(cyclopentadienyl) thorium complexes with 200 mM
["BusN][PFs] supporting electrolyte

Th(IV)/Th(111) Th(l11)/Th(11) |
Erc Epa Eie Erc Epra Eip AEpp FC
Cp"sTh'VBr -2.99 |—2.73 | -2.86 0.17
Cp'sTh'VCI -3.39 | -2.70 | —3.04 0.14
Cp®sTh'VBr -329 |-320 |-3.24 0.13
Cp"sTh" —2.94 |—273 |-2.84 |0.18
Cp™sTh" -3.28 |—-3.22 |-3.25 |0.15
[K(crown)(THF),][Cp"sTh'"] -2.89 |—2.73 |—2.81 |0.13
[K(crypt)][Cp”sTh'"] —2.88 | —2.75 | —2.82 |0.06
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Thorium(1V) Complexes. Cp”. Initially, Cp"sTh'VCI was examined to compare with the
values previously reported by Cloke et al.® The cyclic voltammogram of Cp”sTh'VCI under our
conditions shows the Th(IV)/Th(III) couple at —2.93 V, Figure 3.7, which is close to the value of
—2.96 V reported for Cp”sTh'VCl and Cp”sTh'"'® Similarly, the cyclic voltammogram of
Cp"3Th'VBr' shows a Th(IV)/Th(III) redox couple at —2.89 V, Figure 3.8. This suggests that the
identity of halide does not significantly affect the reduction potential in this system. This is also
consistent with bulk synthetic studies that show that Cp”sTh'"' can be synthesized from both

Cp"?,Th IVCI and Cp"3Th 'VBr.13*27*28
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Figure 3.7: Voltammogram of 12 mM Cp"3ThCl at v = 200 (black), 400 (orange), 600 (grey),
800 (yellow) and 1000 (blue) mV/s in 100 MM TBABPhs / THF.

Cp’ and Cp®. Cp’sThVCI?® and Cp®5Th'VBr®® were also examined as each these
complexes can be chemically reduced to form tris(cyclopentadienyl) Th(lll) species.?*3! The
cyclic voltammogram of Cp’sTh'VCI,?® Figure 3.9, exhibited a cathodic event at —3.14 V that is

0.21 V more negative than that of Cp"sTh'VCI. Similarly, the voltammogram of Cp'sTh'VBr had a
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cathodic event at —3.17 V, Figure 3.10. This event was determined to be a one electron process

by comparing the current passed to that of the internal standard.
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Figure 3.8: Voltammogram of 7.4 mM Cp"3ThBr at v = 200 (black), 400 (orange), 600 (grey),

800 (yellow) and 1000 (blue) mV/s in 100 mM TBABPhs / THF.
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Figure 3.9: Voltammogram of 14 mM Cp’sThCl at v = 200 (black), 400 (orange), 600 (grey),

800 (yellow), 1000 (blue), and 2000 (green) mV/s in 100 mM TBABPhs / THF.
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The voltammogram of Cp®sTh'VBr had a cathodic event at —3.48 V, Figure 3.11. The
events in the voltammograms of Cp'sTh'VBr and Cp®sTh'VBr are practically irreversible even at
scan rates up to 2000 mV/s. These results, along with the uranium studies above in Table 3.1,
clearly show that the reduction potential of the actinide complex trends with the electron donation
strength of the ligand in the order of Cp®t> Cp’ > Cp”.
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Figure 3.10: Voltammogram of 15 mM Cp'sTh'VBr and 14.6 mM (CsMes).Fe in 100 mM
TBABPhs / THF. The ratio of current passed for Cp'sTh'VBr to (CsMes)zFe is 0.77, suggesting a

one-electron process is occurring for Cp’sTh'VBr.
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Figure 3.11: Voltammogram of 22 mM Cp®*3ThBr at v = 200 (black), 400 (orange), 600 (grey),

800 (yellow) and 1000 (blue) mV/s in 100 mM TBABPhs / THF.
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In addition to the Th(IV)/Th(llI) couple, the voltammograms of the Th(IVV) compounds showed an
irreversible anodic process that could be a cyclopentadienide oxidation, based on the
electrochemical data collected on the cyclopentadienyl salts, KCp’, KCp”, and KCp*, Figure 3.12.
These irreversible anodic events were not found in the uranium systems. This difference in Th
and U electrochemistry has been previously observed.?6323 Clearly, the Lewis acidity of the
metal influences the potential for these cyclopentadienide oxidations. Cyclopentadienyl rings
bound to K*, [K(chelate)]*, or An™ could have different oxidation potentials as evidenced by the

differing voltammograms of KCp”, [K(crown)][Cp"], and [K(crypt)][Cp”], Figure 3.13.
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Figure 3.12: Voltammogram of KCp™! (solid, 15 mM), KCp” (dashed, 17 mM), KCp’ (dotted, 14
mM), and KCp (dotted dash, 22 mM) at v= 200 mV/s in 200 mM ["BusN][PFe] / THF. The event

centered at —0.495 V in the voltammogram of KCp™ is due to internal standard (CsMes)2Fe''.
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Figure 3.13: Voltammogram of 17 mM KCp” (solid), [K(crown)][Cp"] (dashed), and
[K(crypt)][Cp”] (dotted) at 200 mV/s in 200 mM ["BusN][PFe¢] / THF. The event centered at

—0.495 V is due to internal standard (CsMes)2Fe'".

Table 3.5: Peak anodic potentials for potassium cyclopentadienide salts with 200 mM

["BusN][PFs] supporting electrolyte

Epra (V)
KCp* -1.17
KCp —0.50
KCp' —0.63
KCp” —0.71
[K(crown)][Cp"] | —0.76
[K(crypt)][Cp"] | —0.77

Th(l1l) Complexes. Cp". There are fewer Th(lll) options to study since there are only
four crystallographically-characterized tris(cyclopentadienyl) Th(III) complexes, Cp”sTh'! 2728
Cp®sTh" 30 (Cs'BuzH3)sTh'!" 34 and (CsMes)sTh!"'. 3 Other Th(lIl) compounds have been isolated
with different ligand environments,®*-° but our initial attempts to collect electrochemical data on

(CsMes), Th"'[[PrNC(Me)N'Pr]*® led to immediate decomposition. Inman and Cloke found that
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scanning anodically on Cp”3Th'' gave a process at —2.96 V that matched the reduction of
Cp"sTh'VCI described above and established the Th(IV)/Th(111) couple.® In comparison, in our
hands, scanning cathodically on Cp”sTh'! showed a voltammogram with a redox process centered
at —2.85 V, Figure 3.14. A second cathodic event appears after the first cycle at =2.29 V, or when
scanning anodically from the open circuit potential. The event at —2.29 V was also observed by

Cloke and was attributed to a ligand-based event.
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Figure 3.14: Voltammogram of 4.9 mM Cp”3Th at v = 200 (black), 400 (orange), 600 (grey), 800
(yellow) and 1000 (blue) mV/s in 100 mM TBABPhs / THF.

Cp’ and Cp*™'. Since Cp'sTh'" has only been generated in situ (see Chapter 9),%! it was not
studied under the present conditions. The voltammogram of Cp®Th'!" at v = 200 mV/s displays
only a cathodic event, but at v > 400 mV/s, a return oxidation appears and the Th(111)/Th(Il) redox
couple is centered at —3.28 V, Figure 3.15. This value matches the trend observed for the uranium
systems in that Cp® complexes of thorium are more difficult to reduce than the silyl-
cyclopentadienyl analogs. An anodic event at —1.87 V is present and is attributed to a Cp*'-based

process.
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Figure 3.15: Voltammogram of 6.7 mM Cp™sTh at v = 200 (black), 400 (orange), 600 (grey),
800 (yellow) and 1000 (blue) mV/s in 100 MM TBABPhs / THF.

Th(11) Complexes. The only isolated Th(Il) compounds [K(crown)(THF)2][Cp"sTh'"] and
[K(crypt)][Cp”sTh'"] exhibited nearly identical voltammograms. Scanning anodically,
[K(crown)(THF)2][Cp"3sTh''] showed a redox process centered at —2.84 V, which is assigned as
the Th(IIT)/Th(II) redox couple, and a second irreversible anodic event at —1.38 V, attributed to
ligand-based oxidation, Figure 3.16. The voltammogram of this Th(Il) compound was practically
identical over 5 cycles. [K(crypt)][Cp”sTh'"] similarly showed a reversible event centered at —2.85

V and a second anodic event at —1.43 V.
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Figure 3.16: Voltammogram of 4.6 mM [K(crown)(THF)2][Cp"sTh] at v = 200 (black), 400
(orange), 600 (grey), 800 (yellow) and 1000 (blue) mV/s in 100 mM TBABPhs / THF.
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Thorium Spectroelectrochemistry. The data on isolated [Cp”"sTh']'™ complexes
suggested that the Th(Ill)/Th(Il) redox process occurs at about the same potential as the
Th(IV)/Th(III) potential of Cp"sTh'VBr. To investigate this further, spectroelectrochemical UV-
visible measurements were obtained with the aid of Jeff Barlow and Jenny Yang. A potential of
—2.90 V was applied to a solution of Cp”3Th'VBr in 200 mM ["BusN][PFs] / THF and the UV-
visible spectrum was recorded approximately every 5 seconds during electrolysis. The formation
of Cp"sTh""" is clearly shown by the growth of four bands at roughly 360, 500, 580, and 680 nm,
Figure 3.17, which correspond to the absorption spectrum of Cp”sTh'"".2"2¢ No further reduction
to the [Cp”3Th'']'" was observed,'® although it cannot be entirely ruled out as the absorbance

spectrum reached the maximum of the detector.
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Figure 3.17: UV-visible spectrum of Cp”3Th'VBr (black, solid) converting to Cp”sTh'" (black,
dashed) during electrolysis at —2.90 V with a starting concentration of 7.0 mM in 200 mM
["BusN][PFe] / THF. The growth of four bands at 365, 510, 590, and 655 nm is indicative of

Cpu3ThIII (red).34
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Electrolysis of a solution of Cp”3Th'"" in 200 mM ["BusN][PFs] / THF at —2.90 V shows
clean conversion to the Th(II) species [Cp”sTh'']'",*® as indicated by the growth of the large
absorption at 650 nm and the concomitant decrease in absorptions at 360, 500, 580, and 680 nm,
Figure 3.18. Although the absorption spectrum of Cp”sTh""" had disappeared, the absorption at
650 nm, indicative of Th(Il),? decreased in intensity as the electrolysis continued. The Th(ll)

species appears to be unstable under the electrolysis conditions.
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Figure 3.18: UV-visible spectrum of Cp”sTh!"! (black) converting to [Cp”sTh""]'~ (blue) during

electrolysis at —2.90 V with a starting concentration of 1.1 mM in 200 mM ["BusN][PFs] / THF.

The growth of the band at 650 nm is indicative of [Cp”sTh'"]'~ (red).?

Chemical Synthesis of Th(ll1) Complexes from Th(IV) Precursors. The similarity of
the Th(IV)/Th(111) couple in Cp"sTh'VBr and Th(I11)/Th(Il) couple in [Cp"sTh']}" suggested that
Th(IV) compounds could be used as the precursors to Th(ll) compounds as well as the known
Th(lIl) precursor, Cp”sTh'"'. Indeed, reaction of 2.2 equivalents of KCs to a THF solution of

Cp"sTh'VCI and crown afforded [K(crown)(THF)2][Cp”sTh'] in 50% crystalline yield, with a

significant amount of Cp"sTh'!" as a byproduct. Previously, Lappert reported that prolonged
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stirring of a solution of Cp”sTh'VClI over excess NaK alloy developed a green color,?® which was
later confirmed to be the color of Th(lI).*

Th(IV) to Th(ll) conversion was also studied with Cp”"sTh'VBr. Reaction of Cp"sTh'VBr
with 2 equivalents of KCg in THF generated a dark green solution characteristic of Th(ll) within
5 minutes, as did reaction of Cp”sTh'VBr with excess Na and with excess Li. The UV-visible
spectra of these solutions have a strong absorption at 650 nm, identical to the previously reported
spectra of [K(crypt)][Cp”sTh'"] and [K(crown)(THF)2][Cp”sTh'"],*® but the spectra also show a
non-negligible amount of Cp”3Th'".2 Formation of the Th(IIl) complex is reasonable based on
the fact that [Na(x5-crown)(x?-crown)][Cp”sTh"] (see below) reacts with Cp”sTh'VBr in THF to
immediately form Cp”sTh"" in near quantitative yield.

These results show that a chelating agent is not necessary for the chemical synthesis of
Th(Il) species in solution. However, the chelating agent appears necessary for efficient separation
of the Th(Il) product from the Th(lll) starting material, as analytically pure samples of
[M(THF).][Cp"sTh'"] (M = Li, Na, K) were not isolated even though it is possible to isolate chelate-
free examples of [Cp"3U']'".4' Further support for the importance of alkali metal chelates is that
addition of 18-crown-6 to the reaction of Cp”sTh'VBr and excess Na provided X-ray quality
crystals that were identified as [Na(x5-crown)(«?-crown)][Cp”sTh''], only the third reported crystal
structure of a Th(Il) complex, Scheme 3.1, Figure 3.19.

Similarly, the reaction of Cp”sTh'!, Rb, and crypt in THF afforded dichroic blue/red
crystals of [Rb(crypt)][Cp”sTh"], isolated in 61% crystalline yield and identified by X-ray
crystallography, Scheme 3.1, Figure 3.20. In addition, the reaction of Cp”sTh""', Cs, and crypt
afforded dark blue/red crystals of [Cs(crypt)][Cp”sTh''] in 54% crystalline yield, Scheme 3.1,

Figure 3.20. The [Rb(crypt)]** and [Cs(crypt)]*" compounds are isomorphous with the
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[K(crypt)]** anlog? and can be easily separated from Cp”sTh"' starting material, which was

difficult without

Li
erypt > [Li(crypt)][Cp"sTh!] 83%
Na
2 18-crown6 [Na(&f-crown)(Z-crown)][Cp"sTh"| 73%
Cp";Th'"" —— Rb
crypt > [Rb(crypt)][Cp";Th"] 61%
Cs
crypt [Cs(crypH)][Cp"sTh!] 54%

Y

Scheme 3.1: Synthesis of new Th(Il) compounds.

Figure 3.19: Thermal ellipsoid plot of [Na(x®~crown)(x®>—crown)][Cp”sTh'"] plotted at the 35%

probability level. Hydrogen atoms and disorder in the x?>-crown unit have been removed for clarity.
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the use of a chelate. The reaction of Cp”sTh'" with Li and crypt formed dark blue-green needles
of [Li(crypt)][Cp”sTh'] in 83% yield, but the crystals were not suitable for X-ray diffraction,

Scheme 3.1.

Figure 3.20: Thermal ellipsoid plot of [Cs(crypt)][Cp”sTh'] plotted at the 50% probability
level. Hydrogen atoms have been removed for clarity.

Since the reaction chemistry and the spectroelectrochemistry suggested that the Th(ll)
complexes were generated from a Th(IV) precursor through a Th(lll) intermediate, reactions with
the two-electron reductant Ba were studied. The Ba(ll)/Ba(0) reduction potential is nearly
identical to that of K(1)/K(0).> Surprisingly, prolonged stirring of a THF solution of Cp”sTh'VBr
and excess Ba afforded only Cp”sTh"". When chelates were added, the reaction of Cp”sTh'VBr
and crown or Cp”3Th'VBr and crypt over excess Ba formed Cp”sTh'!' and then the dark green color
of Th(I1) with UV-Visible spectra consistent with [Cp”sTh""]'".  Addition of elemental Hg did not

appear to affect the rate of formation of the Th(ll) species. These results, coupled with the
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spectroelectrochemical measurements, strongly suggest that the Th(IV)/Th(Il) redox couple is not
observed experimentally in these systems and that instead two one-electron processes occur.
Discussion

An(IV)/An(l11) Processes. The trends observed in the U(IV)/U(II1) and Th(IV)/Th(llI)
redox couples in Tables 3.1-3.3 indicate that Cp™ is more electron donating than Cp’, which is
more electron donating than Cp”. This follows the electron-donating ability of the ligands
previously found in studies of (CsRs)2Zr(CO), complexes!* and yttrium compounds.®™*" For the
zirconium complexes, the CO stretching frequency and the reduction potentials were analyzed to
determine electron-donation strength of the cyclopentadienyl ligand. Generally in these
An(IV)/An(111) studies, the thorium complexes showed less reversible processes than the uranium
compounds. In the Cp”3Th'VBr case, UV-visible spectroelectrochemistry measurements show that
this compound is reduced under electrochemical conditions to Cp”3Th""", which requires loss of
Br!~and geometric reorganization. In the Cp’sTh'VBr case, density functional theory calculations
are available that show that the putative initial reduction product, [Cp'sTh'"'Br]'", would be
unstable with respect to Cp'sTh'"" and Br!~.3! These results are consistent with the electrochemical
irreversibility of the system.

An(111)/An(11) Processes. The —2.26 V value for Cp'sU"" matches well with the two other
U(IN/U(I1) couples have been assigned via electrochemistry, [(A*MeArO)smes]U"" at —2.495 V'
and (Cs'Prs),U" at —2.33 V.8 even though [Cp’sU"]'~ and (Cs'Prs).U" have been assigned 5f36d*
electron configurations®?! while {[(**MeArO)smes]U"}!" is best described as 5f4.° The —2.73 V
reduction potential for Cp”sU"" is unexpectedly more reducing than those of these other three
complexes. This is also unusual in that solutions of [Cp”3U""]'™ have longer lifetimes than solutions

of [Cp'sU"]"".2 The U(I11)/U(II) reduction potential for Cp®sU" was determined to be —3.11 V,
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which is the most negative reduction potential for these compounds and matches the trend
observed for the An(1V)/An(l11) couples.

Th(Il) complexes were investigated for the first time via electrochemistry and the Ei.
values for the Th(111)/Th(Il) couple observed in the isolated Th(Il) compounds matched the value
observed in Cp”3Th"'. Surprisingly, the Th(IV)/Th(I11) couple of Cp”sTh'VBr appears to be about
the same as the value for the Th(II)/Th(Il) couple of [Cp”sTh"]*". This result was tested
chemically and it was found that reduction of Th(IV) with excess reducing agent would form Th(ll)
compounds directly with KCs, Na, Li, and Ba both with and without the use of a chelating agent.
Blue Cp”sTh'" is observed as an intermediate in these reactions which indicates formation of the
Th(ll) products arises from two one-electron reductions. Furthermore, the Ei values for
Th(ID/Th(IT) match the expected trend compared to uranium based on previously calculated
An(11D/An(11) reduction potentials. -

The thorium electrochemistry was also unusual in that electrochemical data-were obtained
using ["BusN][PFe] as supporting electrolyte on isolated Th(IV), Th(lll), and Th(ll) compounds.
This electrolyte has proven to be more reactive than ["BusN][BPh.] with some complexes?® and it
may have been expected that Th(Il) would react with it. The fact that the Th(I11)/Th(Il) reduction
potentials vary slightly depending on the specific electrolyte highlights the fact the reduction
potentials of these systems are very sensitive to experimental conditions.

Conclusion

Electrochemical data on three series of tris(cyclopentadienyl) An(1V), An(l11), and An(ll)
(An = Th, U) complexes, including the first data on Th(ll) complexes, complimented by UV-
visible spectroelectrochemical measurements, show a correlation between reduction potential and

the electron-donating ability of the cyclopentadienyl ring. The studies indicate that Th(lll) is a
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stronger reductant than U(I11), but the reduction potential of U(I1) is similar to that of Th(ll). Two
unexpected results should stimulate further studies. The U(III)/U(II) reduction potential of Cp’sU""!
is similar to the two previously reported U(I11)/U(II) values, but it is significantly less negative
than the Cp” analog. The reduction potentials of Th(IV)/Th(Ill) and Th(II1)/Th(ll) couples are
sufficiently similar that Th(ll) complexes can be made directly from Th(IV) precursors without
the need to isolate the Th(lll) intermediate.
Experimental Details

All syntheses and manipulations were conducted under an Ar atmosphere with rigorous
exclusion of air and water using standard glovebox and vacuum line techniques. Solvents were
sparged with UHP argon and dried by passage through columns containing Q-5 and molecular
sieves prior to use. Deuterated NMR solvents were dried over NaK alloy, degassed by three freeze-
pump-thaw cycles, and vacuum transferred prior to use. NMR spectra were recorded on an
AVANCEG600 MHz spectrometer at 298 K and referenced to residual proteo-solvent resonances.
Cp'sU,2t [K(crypt)][Cp'sU],2t Cp”3U, 2 [K(crown)(THF)2][Cp"sU],2° Cp*sU,* U(NR2)s,*
Cp"sThBr,2 Cp'sThCL,* Cp'3ThBr,*® Cp”sTh, 2% Cp'3Th,* [K(crown)(THF).][Cp”sTh],*3
[K(crypt)][Cp”sTh],2* KCp®™,* KCp',*® and KCp"*® were synthesized according to literature
procedures. 18-crown-6 (Alfa Aesar) was sublimed at 30 °C at 10 Torr before use. 2.2.2-
cryptand (Aldrich) was dried under vacuum at 107> Torr before use. Electrochemical grade
(>99%) ["BusN][BPh4] (Sigma) and electrochemical grade (>99.9%) ["BusN][PFs] (Sigma) were
recrystallized from acetone three times and dried at 80 °C and 10> Torr overnight before use.
(CsMes)2Fe was purified by sublimation before use.

All actinide compounds were purified by recrystallization and dried before data collection.

Electrochemical measurements were collected with a freshly made THF solution of supporting
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electrolyte with a glassy carbon working electrode, platinum wire counter electrode, and silver
wire pseudo-reference electrode with a Princeton Applied Research PARSTAT 2273 Advanced
Electrochemical System and referenced with internal standard (CsMes)2Fe. Internal resistance was
measured for each solution and resistance was manually compensated by approximately 90% of
the measured value. All scans were measured in the cathodic direction except for the isolated U(11)
and Th(ll) complexes and KCsRs compounds which were measured in the anodic direction. UV-
visible spectroelectrochemical measurements were made using a Pine Instruments UV-visible kit
with a Pt working and counter electrode and Ag wire pseudo-reference and an Agilent Cary 60
UV-visible spectrophotometer fitted with an Agilent fiber optic coupler connected to an Ocean
Optics CUV 1 cm cuvette holder inside the glovebox. UV-visible measurements were made using
an Agilent Cary 60 spectrophotometer in THF in a 1 mm cuvette.

Although the highest purity of commercially available ["BusN][BPh4] was used, it reacted
with some actinide compounds. The Th(I1V) compounds Cp’sTh'VCI?® and Cp®sTh'VBr¥® showed
no noticeable decomposition while in the presence of this material, but purple Cp®isTh' 0
immediately decomposed to a yellow solution and brown Cp®3U"' %° turned orange when added
to commercial ["BusN][BPh4] in THF. Hence, multiple recrystallizations of the commercial
electrolyte were required until no reaction was observed with the actinide complexes and
reproducible data were obtained. Fresh electrolyte solutions were made immediately before data
collection, as small amounts of precipitate formed if the electrolyte solution sat for an extended
period of time, even overnight. These samples caused decomposition with some actinide samples
upon mixing. Small events were present in the voltammograms of Cp'sU and Cp™3U that are
attributed to either decomposition or impurities in the sample, despite recrystallization

immediately prior to data collection. These events were present across multiple runs with different
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batches of material. The solubility limit of ["BusN][BPh4] in THF was roughly 100 mM which is
the concentration used for most experiments. Exceptions are Cp’sU"" and [K(crypt)][Cp’sU'"] in
which 50 mM concentrations were used since the compounds appeared to decompose in higher
concentration solutions. ["BusN][PFe] was used at a concentration of 200 mM to determine if peak
separations would be smaller than 100-200 mV. They were not.

General Electrochemistry Procedure. Inside the glovebox, a stock electrolyte solution
was freshly prepared in THF. Between 1-2 mL of this solution was transferred to a 20 mL
scintillation vial and a voltammogram of this solution was collected to verify the electrolyte
solution was free of impurities. Roughly 10-15 mg of actinide compound was dissolved in the
same electrolyte solution to yield approximately a 5 mM solution. Electrodes were placed into the
vial and the vial was left open to the box atmosphere during data collection. The internal resistance
was measured and cyclic voltammetry experiments were recorded. Decamethylferrocene,
(CsMes)2Fe was added to the same solution following all data collection, and a single scan was
recorded to measure the internal standard redox event.

Synthesis of [Li(crypt)][Cp”3Th]. Cp”3Th (50 mg, 0.058 mmol) and crypt (23 mg, 0.061
mmol) were dissolved in THF (1 mL) and transferred to a vial containing a Li smear (~5 mg) and
placed in the freezer at —35 °C overnight. The inky blue/green solution was filtered and dried
under vacuum. The solids were dissolved in Et2O (3 mL) and layered under hexane at —35 °C.
Dark blue needles grew overnight (60 mg, 83%). *H NMR (THF-ds): ¢ 5.10 (s, 9H, CsHsR2),
3.66 (m, 11H, crypt), 3.57 (m, 14H, crypt) (overlapping with THF), 2.68 (m, 11H, crypt), 0.60
ppm (s, 42H, SiMes). 3C (THF-dg): & 119.5 (CsH3Ry), 114.6 (CsH3Rz), 113.0 (CsHsRyz), 71.2
(crypt), 69.2 (crypt), 54.6 (crypt), 1.5 ppm (SiMes). "Li NMR (THF-dg): 6 —1.19 ppm. IR: 2943m,

2881m, 1233s, 1168s, 1071s, 910s, 820s, 743s, 675s cm™!'. UV-visible (THF): 657 nm (15,000
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M~ecm™). Anal Calcd for Cs1HggN2OgSisThLi: C 49.25, H 8.02, N 2.25. Found: C 43.76, H 7.09,
N 1.68. Low values were observed across multiple runs and suggests incomplete combustion
which has been problematic for high silicon-containing actinide species. 320212847 The calculated
C:H:N ratio of Cs1HossN1s5 is close to the expected value.

Synthesis of [Na(crown)z][Cp"3Th]. Cp"sTh (48 mg, 0.056 mmol) and 18-crown-6 (28
mg, 0.11 mmol) were dissolved in THF (1 mL) and transferred into a vial containing a Na (22 mg,
0.96 mmol) smear along the wall. The vial was placed in the freezer at —35 °C overnight. The
inky blue/green solution was filtered and dried under vacuum. The solids were dissolved in Et,O
(3 mL) and layered under hexane at —35 °C. Dark blue crystals suitable for X-ray diffraction grew
overnight (58 mg, 73%). *H NMR (THF-ds): 6 4.42 (s, 9H, CsH3Ry), 3.58 (s, 35H, OCH,CH-0)
0.18 ppm (s, 54H, SiMes). *C (THF-ds): 6 120.07 (CsH3Ry), 115.33 (CsH3R2), 114.22 (CsH3R»),
70.64 (OCH2CH20), 1.76 ppm (SiMes). IR: 2943m, 2886m 1352m, 1233s, 1169s, 1105s, 1072s,
965m, 910s, 822s, 783s, 742m, 673m cm™!. UV-visible (THF): 658 nm (12,000 M~'cm™). Anal
Calcd for Cs7H111012SieThNa: C 48.48, H 7.92. Found: C 44.23, H 6.87. Low values were
observed across multiple runs and suggests incomplete combustion which has been problematic
for high silicon-containing actinide species.*2%?1.247 The calculated C:H ratio was Cs7H1os5. The
combustion values are suggestive of bulk formulation as [Na(crown)(THF)x][Cp”sTh] but
crystallization repeatedly afforded single crystals of [Na(crown)2][Cp”sTh].

Synthesis of [Rb(crypt)][Cp”sTh]. As above, Cp"3Th (50 mg, 0.058 mmol) and crypt
(22 mg, 0.058 mmol) were reacted with a Rb (14 mg, 0.16 mmol) smear at —35 °C. Dark blue/red
dichroic crystals were grown overnight from Et,O/hexane at —35 °C (47 mg, 61%). H NMR
(THF-ds): & 4.84 (s, 9H, CsH3R2), 3.54 (s, 14H, OCH2CH-0), 3.49 (m, 13H, crypt), 2.51 (m, 15H,

crypt), 0.44 ppm (s, 53H, SiMes). 3C (THF-dg): & 120.4 (CsHsRz), 114.9 (CsHsRz), 111.9

75



(CsH3R2), 71.3 (crypt), 68.4 (crypt), 54.9 (crypt), 2.2 ppm (SiMes). 2°Si NMR (THF-ds): 6 —15.69
ppm (SiMes). UV-visible (THF): 656 nm (19,000 M'cm™). IR: 2944m, 2884m, 2810m,
1352m, 1296m, 1233s, 1171s, 1102s, 1070s, 947s, 909s, 818s, 782m, 742s, 674scm™'. Anal Calcd
for Cs1HooN206Sis ThRb: C 46.32, H 7.55, N 2.12. Found: C 43.80, H 7.20, N 2.53. Low C values
were observed across multiple runs and suggests incomplete combustion or carbide formation
which has been problematic for high silicon-containing actinide species.'32%?1.2847 The calculated
C:H:N ratio of Cs1Hge.9N2 5 is close to the expected value.

Synthesis of [Cs(crypt)][Cp"'sTh]. Asabove, Cp”3Th (52 mg, 0.060 mmol) and crypt (22
mg, 0.058 mmol) were reacted with a Cs (10 mg, 0.075 mmol) smear at —35 °C. Dark blue/red
dichroic crystals were grown overnight from Et,O/hexane at —35 °C (43 mg, 54%). H NMR
(THF-dg): 6 5.51 (s, 9H, CsH3R>), 3.57 (m, 18H, OCH2CH20) (overlapping with THF), 3.50 (m,
7H, crypt), 2.54 (m, 9H, crypt), 0.87 ppm (s, 37H, SiMes). *C (THF-ds): ¢ 121.9 (CsH3R2), 117.0
(CsH3R2), 115.2 (CsH3R2), 71.4 (OCH2CH20), 68.3 (crypt), 54.6 (crypt), 1.5 ppm (SiMes). 2°Si
NMR (THF-dg): § —14.88 ppm (SiMes). 33Cs NMR (THF-ds): 6 20 ppm (br, vi2 = 3600 Hz).
UV-visible (THF): 658 nm (14,000 M~ 'cm™). IR: 2944m, 2884m, 2809m, 1349m, 1295m,
1233s, 1171s, 1098s, 1064s, 942m, 909s, 817s, 782m, 742s, 674s cm™'. Anal Calcd for
Cs1HooN206Sis ThCs: C 44.72, H 7.28, N 2.05. Found: C 40.81, H 6.59, N 1.57. Low values were
observed across multiple runs and suggests incomplete combustion which has been problematic
for high silicon-containing actinide species.!320212847 The calculated C:H:N ratio of CsiHgs.1N1 7
is close to the expected value.

Synthesis of [K(crown)(THF)2][Cp”3Th] from Cp”3sThCl. Cp”sThCI (77 mg, 0.093
mmol) and 18-crown-6 (24 mg, 0.091 mmol) were dissolved in THF (3 mL). Pre-cooled KCsg (31

mg, 0.229 mmol) was added and the reaction was stirred for approximately 5 minutes. The initially
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colorless solution turned bright blue, followed by the change to inky blue/green. Black solids were
removed via centrifugation and the solution was dried under vacuum. The product was extracted
in Et20, filtered, and dried. The solids were washed with hexane to remove Cp”3Th and dried.
Dark blue crystals of [K(crown)(THF)2][Cp"sTh]*® were grown overnight from Et,O/hexane at
—35 °C (58 mg, 50%).

Reaction of Cp"’sThBr with Ba. Cp”"3ThBr (47 mg, 0.054 mmol) was dissolved in THF
(3 mL). Freshly shaved Ba powder (excess) was added and the solution was stirred vigorously.
After approximately four hours of stirring, the solution began to turn blue. No further color
changes were observed after an additional 5 hours of stirring. Cp”3Th was identified by UV-visible
spectroscopy.?’%8

Reaction of Cp”3Th with Ba. Cp”3Th (26 mg, 0.030 mmol) was dissolved in THF (3
mL). Freshly shaved Ba powder (excess) was added and the solution was placed in the freezer
overnight. The solution was stirred vigorously for approximately two hours of stirring at which
point the solution began to turn dark blue/green. The solution was dried and the solids were
washed with hexane to remove Cp"3Th. The remaining solids were extracted into THF and the
presence of [Cp”3Th]'~ was confirmed by UV-visible spectroscopy.

Reaction of Cp”3ThBr with Ba and crown. Cp”sThBr (42 mg, 0.048 mmol) and crown
(13 mg, 0.049 mmol) were dissolved in THF (3 mL). Freshly shaved Ba powder (excess) was
added and the solution was stirred vigorously. After approximately 10 minutes of stirring, the
solution began to turn blue. The solution was placed in the freezer overnight and maintained the
dark blue color of Cp”3Th. The solution was stirred again at which point a dark blue/green color
developed. The solution was stirred for one hour and the presence of [Cp”sTh]'~ was confirmed

by UV-Visible spectroscopy.
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Synthesis of [K(crown)][Cp”]. In a J-Young NMR tube, 18-crown-6 (8.7 mg, 0.033

mmol) was added to a solution of KCp” (8.2 mg, 0.033 mmol) in THF-dg (1 mL). The solution

was mixed by inversion multiple times before the spectrum was collected. *H spectroscopy

showed quantitative conversion to [K(crown)][Cp”].

IH NMR (THF-ds):

5 6.10 (s, 1H,

CsH3(SiMes)2), 5.95 (m, 2H, CsH3(SiMes)2), 3.51 (s, 24H, O-CH2CH>-0), 0.06 ppm (s, 18H,

SiMes). Cf. KCp" *H NMR (THF-dg): 56.09 (s, 1H, CsHs(SiMes)z), 6.00 (m, 2H, CsHs(SiMes),),

0.07 ppm (s, 18H, SiMes).

Crystallographic Details

Table 3.6: Crystal data and structure refinement for [Na(crown)2][Cp”3Th], [Rb(crypt)][Cp”3Th],

and [Cs(crypt)][Cp”3Th].

[Na(crown)2][Cp”sTh] | [Rb(crypt)][Cp”3Th] | [Cs(crypt)][Cp”sTh]
Identification code | Jcw35 Nrr6 Jew48
Empirical formula | Cs7 H111 Na O12 Sie Th | Cs1 Hgo N2 O Rb Sie | Cs1 Hog Cs N2 Os Sie

Th Th

Formula weight 1412.02 1322.37 1369.81
Temperature (K) 133(2) 88(2) 133(2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Triclinic
Space group P1 P1 P1
a(A) 13.8938(13) 12.1971(13) 12.1953(8)
b (A) 14.4588(13) 12,7473(13) 12.7501(8)
c(A) 18.3420(17) 22.242(2) 22.2212(14)
o (°) 74.4602(14) 100.6648(130 100.6711(10)
B (°) 84.1350(14) 104.4725(13) 104.3758(9)
v (°) 83.5214(14) 95.7340(13) 95.7421(10)
Volume (A% 3517.3(6) 3251.6(6) 3250.2(4)
Z 2 2 2
Calc. Density 1.333 1.351 1.400
(mg/m?)
Absorption 2.280 3.189 2.998
coefficient (mm™)
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F(000) 1468 1356 1392

Crystal color Red Blue Blue

Crystal size (mm?®) | 0.289 x 0.258 x 0.153 0.435x0.316 x 0.296 | 0.182 x 0.110 x 0.082
6 range for data 1.156 to 25.350 1.645 to 29.044 1.645 to 28.322

collection (°)

Index ranges

-16<h<16,-17<k<

-l6<h<16,-17<k

-16<h<16,-17<k

17,-22<1<22 <17,-30 <1< 30 <17,-29<1<29
Reflections 39152 40057 43962
collected
Independent 12873 15844 16125
reflections
Completenessto 6 | 100.0 99.9 100.0

= 25.500°

Absorption Semi-empirical from Semi-empirical from | Semi-empirical from
correction equivalents equivalents equivalents
Max. and min. 0.6465 and 0.5424 0.4085 and 0.2845 0.6471 and 0.5186

transmission

Refinement method

Full-matrix least-
squares on F?

Full-matrix least-
squares on F?

Full-matrix least-
squares on F?

Data / restraints / 12873 /36 /598 15844 /0/ 622 16125/0/ 622
parameters
Goodness-of-fiton | 1.044 1.019 1.024

FZ

Final R indices
[1>24(1) = 10983
data]

R1=0.0479, wR2 =
0.1153

R1=0.0212, wR2 =
0.0462

R1=0.0382, wR2 =
0.0809

R indices (all data)

R1=0.0608, wR2 =
0.1218

R1=0.0256, wR2 =
0.0475

R1=0.0556, wR2 =
0.0866

Data cutoff (A)

0.80

0.73

0.75

Largest diff. peak
and hole

2.464 and -2.311

1.117 and -0.690

1.613 and -2.543

X-ray Data Collection, Structure Solution and Refinement for [Na(crown)z][Cp"'sTh].

A red crystal of approximate dimensions 0.153 x 0.258 x 0.289 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX |1 diffractometer. The APEX2%® program

package was used to determine the unit-cell parameters and for data collection (30 sec/frame scan
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time). The raw frame data was processed using SAINT>* and SADABS® to yield the reflection
data file. Subsequent calculations were carried out using the SHELXTL>® program package. There

were no systematic absences nor any diffraction symmetry other than the Friedel condition. The

centrosymmetric triclinic space group P1 was assigned and later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®’ for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. Disordered atoms were included using
multiple components, partial site-occupancy-factors, thermal (EADP) and geometric restraints
(DFIX).%¢

Least-squares analysis yielded wR2 = 0.1218 and Goof = 1.044 for 598 variables refined

against 12873 data (0.80 A), R1 = 0.0479 for those 10989 data with | > 2.0c(l).

Table 3.7: Bond lengths [A] and angles [°] for [Na(crown)2][Cp”sTh].

Th(1)-Cntl 2527 Th(1)-C(23) 2.826(6)
Th(1)-Cnt2 2521 Th(1)-C(5) 2.826(6)
Th(1)-Cnt3 2531 Th(1)-C(27) 2.832(5)
Th(1)-C(13) 2.754(6) Si(1)-C(1) 1.849(7)
Th(1)-C(2) 2.757(6) Si(1)-C(7) 1.866(9)
Th(1)-C(24) 2.761(6) Si(1)-C(6) 1.881(8)
Th(1)-C(25) 2.785(6) Si(1)-C(8) 1.882(8)
Th(1)-C(12) 2.796(6) Si(2)-C(3) 1.837(7)
Th(1)-C(14) 2.798(6) Si(2)-C(11) 1.861(7)
Th(1)-C(3) 2.800(6) Si(2)-C(9) 1.863(9)
Th(1)-C(4) 2.807(6) Si(2)-C(10) 1.877(8)
Th(1)-C(16) 2.813(6) Si(3)-C(12) 1.847(7)
Th(1)-C(15) 2.816(6) Si(3)-C(17) 1.865(9)
Th(1)-C(1) 2.818(6) Si(3)-C(19) 1.866(8)
Th(1)-C(26) 2.818(6) Si(3)-C(18) 1.875(8)
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Si(4)-C(14)
Si(4)-C(20)
Si(4)-C(22)
Si(4)-C(21)
Si(5)-C(23)
Si(5)-C(28)
Si(5)-C(30)
Si(5)-C(29)
Si(6)-C(25)
Si(6)-C(33)
Si(6)-C(32)
Si(6)-C(31)
C(1)-C(2)
C(1)-C(5)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(12)-C(16)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(23)-C(24)
C(23)-C(27)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)
Na(1)-0(12)
Na(1)-O(6)
Na(1)-0(2)
Na(1)-O(7B)
Na(1)-0(7)
Na(1)-O(4)
Na(1)-O(1)

Na(1)-O(12B)

1.839(6)
1.861(8)
1.879(7)
1.882(9)
1.846(6)
1.871(7)
1.872(7)
1.879(7)
1.848(6)
1.861(7)
1.869(7)
1.883(8)
1.419(9)
1.431(9)
1.438(9)
1.434(9)
1.383(9)
1.423(9)
1.433(8)
1.426(9)
1.423(9)
1.390(9)
1.421(9)
1.426(8)
1.447(8)
1.424(8)
1.388(9)
2.429(13)
2.519(5)
2.520(5)
2.541(19)
2.579(13)
2.583(5)
2.589(5)
2.593(19)
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Na(1)-0(3)
Na(1)-0(5)
0(1)-C(34)
O(1)-C(45)
0(2)-C(35)
0(2)-C(36)
0(3)-C(38)
0(3)-C(37)
0(4)-C(39)
0(4)-C(40)
0(5)-C(42)
0(5)-C(41)
0(6)-C(44)
0(6)-C(43)
C(34)-C(35)
C(36)-C(37)
C(38)-C(39)
C(40)-C(41)
C(42)-C(43)
C(44)-C(45)
0(7)-C(57)
0(7)-C(46)
0(8)-C(47)
0(8)-C(48)
0(9)-C(50)
0(9)-C(49)
0(10)-C(52)
0(10)-C(51)
0(11)-C(54)
0(11)-C(53)
0(12)-C(56)
0(12)-C(55)
C(46)-C(47)
C(48)-C(49)
C(50)-C(51)

2.617(6)
2.652(6)
1.414(8)
1.421(8)
1.410(8)
1.412(8)
1.344(11)
1.415(14)
1.403(11)
1.410(9)
1.398(9)
1.427(10)
1.414(8)
1.417(8)
1.512(10)
1.452(14)
1.403(13)
1.494(12)
1.488(10)
1.498(9)
1.401(9)
1.409(9)
1.417(9)
1.419(9)
1.405(9)
1.417(9)
1.403(9)
1.403(9)
1.375(9)
1.402(9)
1.407(9)
1.419(9)
1.492(9)
1.438(9)
1.470(9)



C(52)-C(53)
C(54)-C(55)
C(56)-C(57)
0(7B)-C(57B)
O(7B)-C(46B)
0(8B)-C(47B)
0(8B)-C(48B)
0(9B)-C(50B)
0(9B)-C(49B)
0(10B)-C(52B)
0(10B)-C(51B)
O(11B)-C(54B)
0(11B)-C(53B)
0(12B)-C(56B)
0(12B)-C(55B)
C(46B)-C(47B)
C(48B)-C(49B)
C(50B)-C(51B)
C(52B)-C(53B)
C(54B)-C(55B)
C(56B)-C(57B)

Cnt1-Th(1)-Cnt2
Cnt1-Th(1)-Cnt3
Cnt2-Th(1)-Cnt3
C(13)-Th(1)-C(2)
C(13)-Th(1)-C(24)
C(2)-Th(1)-C(24)
C(13)-Th(1)-C(25)
C(2)-Th(1)-C(25)
C(24)-Th(1)-C(25)
C(13)-Th(1)-C(12)
C(2)-Th(1)-C(12)
C(24)-Th(1)-C(12)
C(25)-Th(1)-C(12)

1.470(9)
1.466(9)
1.500(9)
1.410(10)
1.422(10)
1.436(10)
1.445(9)
1.441(10)
1.457(9)
1.412(9)
1.433(9)
1.357(9)
1.419(9)
1.416(10)
1.417(10)
1.494(10)
1.490(10)
1.505(10)
1.496(10)
1.474(10)
1.515(10)

120.0
120.1
119.9
119.76(19)
110.82(18)
120.39(18)
132.53(19)
100.30(18)
30.25(17)
29.91(17)
129.99(19)
103.46(18)
129.15(19)
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C(13)-Th(1)-C(14)
C(2)-Th(1)-C(14)
C(24)-Th(1)-C(14)
C(25)-Th(1)-C(14)
C(12)-Th(1)-C(14)
C(13)-Th(1)-C(3)
C(2)-Th(1)-C(3)
C(24)-Th(1)-C(3)
C(25)-Th(1)-C(3)
C(12)-Th(1)-C(3)
C(14)-Th(1)-C(3)
C(13)-Th(1)-C(4)
C(2)-Th(1)-C(4)
C(24)-Th(1)-C(4)
C(25)-Th(1)-C(4)
C(12)-Th(1)-C(4)
C(14)-Th(1)-C(4)
C(3)-Th(1)-C(4)
C(13)-Th(1)-C(16)
C(2)-Th(1)-C(16)
C(24)-Th(1)-C(16)
C(25)-Th(1)-C(16)
C(12)-Th(1)-C(16)
C(14)-Th(1)-C(16)
C(3)-Th(1)-C(16)
C(4)-Th(1)-C(16)
C(13)-Th(1)-C(15)
C(2)-Th(1)-C(15)
C(24)-Th(1)-C(15)
C(25)-Th(1)-C(15)
C(12)-Th(1)-C(15)
C(14)-Th(1)-C(15)
C(3)-Th(1)-C(15)
C(4)-Th(1)-C(15)
C(16)-Th(1)-C(15)

29.77(19)
132.55(18)
100.00(18)
103.92(19)

49.89(18)
100.29(19)

29.98(18)
134.49(18)
126.04(18)
101.4(2)
125.06(19)

73.42(19)

47.72(18)
164.05(18)
146.59(17)

84.08(19)

95.60(19)

29.63(18)

47.83(18)
158.3(2)

75.38(18)

99.76(18)

29.39(19)

48.49(17)
128.39(19)
113.43(19)

47.7(2)
161.57(18)

73.37(18)

86.64(18)

48.4(2)

29.36(18)
147.32(19)
120.96(19)

28.59(18)



C(13)-Th(1)-C(1)
C(2)-Th(1)-C(1)
C(24)-Th(1)-C(1)
C(25)-Th(1)-C(1)
C(12)-Th(1)-C(1)
C(14)-Th(1)-C(1)
C(3)-Th(1)-C(1)
C(4)-Th(1)-C(1)
C(16)-Th(1)-C(1)
C(15)-Th(1)-C(1)
C(13)-Th(1)-C(26)
C(2)-Th(1)-C(26)
C(24)-Th(1)-C(26)
C(25)-Th(1)-C(26)
C(12)-Th(1)-C(26)
C(14)-Th(1)-C(26)
C(3)-Th(1)-C(26)
C(4)-Th(1)-C(26)
C(16)-Th(1)-C(26)
C(15)-Th(1)-C(26)
C(1)-Th(1)-C(26)
C(13)-Th(1)-C(23)
C(2)-Th(1)-C(23)
C(24)-Th(1)-C(23)
C(25)-Th(1)-C(23)
C(12)-Th(1)-C(23)
C(14)-Th(1)-C(23)
C(3)-Th(1)-C(23)
C(4)-Th(1)-C(23)
C(16)-Th(1)-C(23)
C(15)-Th(1)-C(23)
C(1)-Th(1)-C(23)
C(26)-Th(1)-C(23)
C(13)-Th(1)-C(5)
C(2)-Th(1)-C(5)

103.48(18)
29.48(18)
128.61(18)
99.60(18)
127.16(18)
105.69(18)
49.97(19)
48.42(19)
151.05(18)
132.80(18)
161.63(19)
73.76(18)
47.90(17)
29.44(17)
150.04(18)
132.04(19)
96.87(18)
121.46(17)
123.27(18)
115.73(18)
82.68(17)
130.38(17)
103.93(18)
29.43(18)
49.76(17)
103.23(17)
122.89(18)
107.53(18)
135.54(19)
83.00(17)
93.61(18)
125.93(17)
48.13(17)
75.48(18)
47.42(18)

83

C(24)-Th(1)-C(5)
C(25)-Th(1)-C(5)
C(12)-Th(1)-C(5)
C(14)-Th(1)-C(5)
C(3)-Th(1)-C(5)
C(4)-Th(1)-C(5)
C(16)-Th(1)-C(5)
C(15)-Th(1)-C(5)
C(1)-Th(1)-C(5)
C(26)-Th(1)-C(5)
C(23)-Th(1)-C(5)
C(13)-Th(1)-C(27)
C(2)-Th(1)-C(27)
C(24)-Th(1)-C(27)
C(25)-Th(1)-C(27)
C(12)-Th(1)-C(27)
C(14)-Th(1)-C(27)
C(3)-Th(1)-C(27)
C(4)-Th(1)-C(27)
C(16)-Th(1)-C(27)
C(15)-Th(1)-C(27)
C(1)-Th(1)-C(27)
C(26)-Th(1)-C(27)
C(23)-Th(1)-C(27)
C(5)-Th(1)-C(27)
C(1)-Si(1)-C(7)
C(1)-Si(1)-C(6)
C(7)-Si(1)-C(6)
C(1)-Si(1)-C(8)
C(7)-Si(1)-C(8)
C(6)-Si(1)-C(8)
C(3)-Si(2)-C(11)
C(3)-Si(2)-C(9)
C(11)-Si(2)-C(9)
C(3)-Si(2)-C(10)

156.24(18)
125.99(17)
97.81(18)
85.61(18)
48.52(18)
28.42(18)
123.16(18)
114.96(18)
29.38(18)
112.05(17)
151.34(18)
158.50(17)
76.00(17)
47.63(17)
48.46(18)
129.01(17)
147.58(18)
87.30(18)
116.82(18)
112.13(17)
120.21(17)
96.81(17)
28.43(17)
29.19(16)
123.00(17)
111.8(3)
108.5(4)
108.5(4)
111.9(3)
111.3(4)
104.4(4)
110.4(3)
115.2(3)
108.6(4)
108.2(3)



C(11)-Si(2)-C(10)
C(9)-Si(2)-C(10)
C(12)-Si(3)-C(17)
C(12)-Si(3)-C(19)
C(17)-Si(3)-C(19)
C(12)-Si(3)-C(18)
C(17)-Si(3)-C(18)
C(19)-Si(3)-C(18)
C(14)-Si(4)-C(20)
C(14)-Si(4)-C(22)
C(20)-Si(4)-C(22)
C(14)-Si(4)-C(21)
C(20)-Si(4)-C(21)
C(22)-Si(4)-C(21)
C(23)-Si(5)-C(28)
C(23)-Si(5)-C(30)
C(28)-Si(5)-C(30)
C(23)-Si(5)-C(29)
C(28)-Si(5)-C(29)
C(30)-Si(5)-C(29)
C(25)-Si(6)-C(33)
C(25)-Si(6)-C(32)
C(33)-Si(6)-C(32)
C(25)-Si(6)-C(31)
C(33)-Si(6)-C(31)
C(32)-Si(6)-C(31)
C(2)-C(1)-C(5)
C(2)-C(1)-Si(1)
C(5)-C(1)-Si(1)
C(2)-C(1)-Th(L)
C(5)-C(1)-Th(1)
Si(1)-C(1)-Th(1)
C(1)-C(2)-C(3)
C(1)-C(2)-Th(L)
C(3)-C(2)-Th(1)

105.8(4)
108.2(5)
107.8(4)
112.1(3)
106.2(4)
112.6(3)
106.9(4)
110.9(4)
112.7(3)
106.5(3)
107.0(4)
112.6(3)
110.6(5)
106.9(4)
110.9(3)
113.2(3)
111.0(3)
108.2(3)
108.3(4)
105.0(3)
117.5(3)
108.7(3)
109.5(3)
108.1(3)
105.3(4)
107.3(4)
104.0(5)
126.1(5)
127.1(5)

72.9(3)

75.6(3)
130.6(3)
112.3(5)

77.6(3)

76.7(3)
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C(4)-C(3)-C(2)
C(4)-C(3)-Si(2)
C(2)-C(3)-Si(2)
C(4)-C(3)-Th(1)
C(2)-C(3)-Th(1)
Si(2)-C(3)-Th(1)
C(5)-C(4)-C(3)
C(5)-C(4)-Th(1)
C(3)-C(4)-Th(1)
C(4)-C(5)-C(1)
C(4)-C(5)-Th(1)
C(1)-C(5)-Th(1)
C(16)-C(12)-C(13)
C(16)-C(12)-Si(3)
C(13)-C(12)-Si(3)
C(16)-C(12)-Th(1)
C(13)-C(12)-Th(1)
Si(3)-C(12)-Th(L)
C(14)-C(13)-C(12)
C(14)-C(13)-Th(1)
C(12)-C(13)-Th(1)
C(15)-C(14)-C(13)
C(15)-C(14)-Si(4)
C(13)-C(14)-Si(4)
C(15)-C(14)-Th(1)
C(13)-C(14)-Th(1)
Si(4)-C(14)-Th(1)
C(16)-C(15)-C(14)
C(16)-C(15)-Th(1)
C(14)-C(15)-Th(1)
C(15)-C(16)-C(12)
C(15)-C(16)-Th(1)
C(12)-C(16)-Th(1)
C(24)-C(23)-C(27)
C(24)-C(23)-Si(5)

103.3(6)
129.0(5)
124.3(5)
75.5(4)
73.4(3)
131.4(3)
110.3(6)
76.5(4)
74.9(3)
110.1(6)
75.0(3)
75.0(3)
104.5(6)
125.4(5)
125.4(5)
76.0(3)
73.4(3)
134.4(3)
111.2(6)
76.8(3)
76.7(3)
104.5(5)
125.9(5)
124.5(5)
76.0(3)
73.4(3)
135.0(3)
110.0(6)
75.6(3)
74.6(3)
109.8(6)
75.8(3)
74.6(3)
105.1(5)
125.2(4)



C(27)-C(23)-Si(5)
C(24)-C(23)-Th(1)
C(27)-C(23)-Th(1)
Si(5)-C(23)-Th(L)
C(23)-C(24)-C(25)
C(23)-C(24)-Th(1)
C(25)-C(24)-Th(1)
C(26)-C(25)-C(24)
C(26)-C(25)-Si(6)
C(24)-C(25)-Si(6)
C(26)-C(25)-Th(1)
C(24)-C(25)-Th(1)
Si(6)-C(25)-Th(L)
C(27)-C(26)-C(25)
C(27)-C(26)-Th(1)
C(25)-C(26)-Th(1)
C(26)-C(27)-C(23)
C(26)-C(27)-Th(1)
C(23)-C(27)-Th(1)
0(12)-Na(1)-0(6)
0(12)-Na(1)-0(2)
0(6)-Na(1)-0(2)
0(6)-Na(1)-O(7B)
0(2)-Na(1)-O(7B)
0(12)-Na(1)-0(7)
0(6)-Na(1)-0(7)
0(2)-Na(1)-0(7)
0(12)-Na(1)-0(4)
0(6)-Na(1)-0(4)
0(2)-Na(1)-0(4)
0(7B)-Na(1)-0(4)
0(7)-Na(1)-0(4)
0(12)-Na(1)-0(1)
0(6)-Na(1)-0(1)
0(2)-Na(1)-0(1)

125.7(5)
72.8(3)
75.6(3)

133.9(3)

110.8(5)
77.8(3)
75.8(3)

104.2(5)

129.3(4)

122.2(4)
76.6(3)
74.0(3)

132.2(3)

110.1(5)
76.3(3)
74.0(3)

109.8(5)
75.2(3)
75.2(3)

149.4(3)
83.8(3)
99.38(17)
99.9(3)

135.8(4)
65.6(3)
92.7(3)

135.1(3)
79.8(3)

123.22(19)

118.0(2)
82.5(4)
89.2(3)
90.4(3)
64.70(16)
63.96(16)
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0(7B)-Na(1)-O(1)
0(7)-Na(1)-0(1)
0(4)-Na(1)-0(1)
0(6)-Na(1)-O(12B)
0(2)-Na(1)-0(12B)
0(7B)-Na(1)-0(12B)
0(4)-Na(1)-0(12B)
0(1)-Na(1)-0(12B)
0(12)-Na(1)-0(3)
0(6)-Na(1)-0(3)
0(2)-Na(1)-0(3)
0(7B)-Na(1)-0(3)
0(7)-Na(1)-0(3)
0(4)-Na(1)-0(3)
0(1)-Na(1)-0(3)
0(12B)-Na(1)-0(3)
0(12)-Na(1)-0(5)
0(6)-Na(1)-0(5)
0(2)-Na(1)-0(5)
0(7B)-Na(1)-0(5)
0(7)-Na(1)-0(5)
0(4)-Na(1)-0(5)
0(1)-Na(1)-0(5)
0(12B)-Na(1)-0(5)
0(3)-Na(1)-0(5)
C(34)-0(1)-C(45)
C(34)-0(1)-Na(1)
C(45)-O(1)-Na(1)
C(35)-0(2)-C(36)
C(35)-0(2)-Na(1)
C(36)-0(2)-Na(1)
C(38)-0(3)-C(37)
C(38)-0(3)-Na(1)
C(37)-0(3)-Na(1)
C(39)-0(4)-C(40)

89.6(4)
83.4(3)
169.57(19)
148.1(4)
76.8(3)
66.0(5)
84.7(4)
85.9(4)
101.7(3)
106.8(2)
62.85(17)
144.0(4)
151.6(3)
62.88(18)
123.42(18)
99.5(4)
124.0(3)
62.89(16)
150.22(18)
73.3(4)
72.5(3)
63.88(18)
120.20(18)
131.2(4)
97.9(2)
113.1(5)
106.6(4)
109.7(4)
114.6(5)
121.8(4)
120.6(4)
106.2(9)
116.0(5)
118.4(7)
112.1(7)



C(39)-0(4)-Na(1)
C(40)-O(4)-Na(1)
C(42)-0(5)-C(41)
C(42)-0(5)-Na(1)
C(41)-0(5)-Na(1)
C(44)-0(6)-C(43)
C(44)-0(6)-Na(1)
C(43)-0(6)-Na(1)
0(1)-C(34)-C(35)
0(2)-C(35)-C(34)
0(2)-C(36)-C(37)
0(3)-C(37)-C(36)
0(3)-C(38)-C(39)
0(4)-C(39)-C(38)
O(4)-C(40)-C(41)
0(5)-C(41)-C(40)
0(5)-C(42)-C(43)
0(6)-C(43)-C(42)
0(6)-C(44)-C(45)
O(1)-C(45)-C(44)
C(57)-0(7)-C(46)
C(57)-0(7)-Na(1)
C(46)-0(7)-Na(1)
C(47)-0(8)-C(48)
C(50)-0(9)-C(49)
C(52)-0(10)-C(51)
C(54)-0(11)-C(53)
C(56)-0(12)-C(55)
C(56)-0(12)-Na(1)
C(55)-0(12)-Na(1)
O(7)-C(46)-C(47)
O(8)-C(47)-C(46)

113.9(5)
110.4(5)
113.7(6)
110.3(4)
117.7(5)
112.1(5)
118.0(4)
121.3(4)
113.1(6)
107.6(6)
112.3(8)
111.2(10)
112.5(9)
111.8(9)
113.0(7)
108.2(7)
108.9(6)
108.6(6)
108.8(6)
107.2(5)
116.2(12)
114.2(10)
125.6(10)
107.4(10)
111.3(10)
116.8(10)
132.5(10)
111.4(11)
114.9(9)
115.2(9)
114.2(12)
109.0(11)

0(8)-C(48)-C(49)
0(9)-C(49)-C(48)
0(9)-C(50)-C(51)
0(10)-C(51)-C(50)
0(10)-C(52)-C(53)
0(11)-C(53)-C(52)
0(11)-C(54)-C(55)
0(12)-C(55)-C(54)
0(12)-C(56)-C(57)
0(7)-C(57)-C(56)
C(57B)-O(7B)-C(46B)
C(57B)-O(7B)-Na(1)
C(46B)-0(7B)-Na(1)
C(47B)-O(8B)-C(48B)
C(50B)-O(9B)-C(49B)
C(52B)-O(10B)-C(51B)
C(54B)-O(11B)-C(53B)
C(56B)-0(12B)-C(55B)
C(56B)-O(12B)-Na(1)
C(55B)-0(12B)-Na(1)
O(7B)-C(46B)-C(47B)
0(8B)-C(47B)-C(46B)
0(8B)-C(48B)-C(49B)
0(9B)-C(49B)-C(48B)
0(9B)-C(50B)-C(51B)
0(10B)-C(51B)-C(50B)
0(10B)-C(52B)-C(53B)
0(11B)-C(53B)-C(52B)
0(11B)-C(54B)-C(55B)
0(12B)-C(55B)-C(54B)

0(12B)-C(56B)-C(57B)
0(7B)-C(57B)-C(56B)

106.0(11)
128.5(11)
113.1(10)
105.8(9)

126.0(11)
117.0(11)
119.8(11)
120.9(12)
107.9(13)
109.0(12)
113.3(17)
115.3(15)
123.4(14)
120.4(15)
104.8(13)
137.1(15)
111.5(15)
108.2(16)
107.4(14)
115.5(14)
113.3(17)
109.7(16)
123.3(17)
119.1(16)
104.4(12)
109.7(13)
112.3(16)
113.7(15)
118.6(16)
113.4(17)

108(2)
108.2(18)

X-ray Data Collection, Structure Solution and Refinement for [Rb(crypt)][Cp”'3Th].



A blue crystal of approximate dimensions 0.296 x 0.316 x 0.435 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX I diffractometer. The APEX2%® program
package was used to determine the unit-cell parameters and for data collection (10 sec/frame scan
time). The raw frame data was processed using SAINT®* and SADABS® to yield the reflection
data file. Subsequent calculations were carried out using the SHELXTL®® program package. There

were no systematic absences nor any diffraction symmetry other than the Friedel condition. The

centrosymmetric triclinic space group P1 was assigned and later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®’ for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model.

Least-squares analysis yielded wR2 = 0.0475 and Goof = 1.019 for 622 variables refined

against 15844 data (0.73 A), R1 = 0.0212 for those 14524 data with | > 2.05(l).

Table 3.8: Bond lengths [A] and angles [°] for [Rb(crypt)][Cp”3Th].

Th(1)-Cntl 2536 Th(1)-C(4) 2.8567(19)
Th(1)-Cnt2 2.509 Th(1)-C(23) 2.860(2)
Th(1)-Cnt3 2,522 Si(1)-C(1) 1.848(2)
Th(1)-C(13) 2.739(2) Si(1)-C(8) 1.868(2)
Th(1)-C(25) 2.7453(19) Si(1)-C(7) 1.873(2)
Th(1)-C(24) 2.7556(19) Si(1)-C(6) 1.886(2)
Th(1)-C(2) 2.7607(19) Si(2)-C(3) 1.849(2)
Th(1)-C(12) 2.770(2) Si(2)-C(9) 1.868(2)
Th(1)-C(1) 2.7774(19) Si(2)-C(11) 1.877(2)
Th(1)-C(26) 2.7825(19) Si(2)-C(10) 1.885(2)
Th(1)-C(16) 2.8029(19) Si(3)-C(12) 1.842(2)
Th(1)-C(14) 2.8087(19) Si(3)-C(19) 1.873(2)
Th(1)-C(5) 2.8139(19) Si(3)-C(18) 1.874(2)
Th(1)-C(15) 2.8208(19) Si(3)-C(17) 1.880(2)
Th(1)-C(3) 2.8502(19) Si(4)-C(14) 1.850(2)
Th(1)-C(27) 2.853(2) Si(4)-C(20) 1.869(2)
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Si(4)-C(21)
Si(4)-C(22)
Si(5)-C(23)
Si(5)-C(30)
Si(5)-C(29)
Si(5)-C(28)
Si(6)-C(25)
Si(6)-C(32)
Si(6)-C(33)
Si(6)-C(31)
C(1)-C(5)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(12)-C(16)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(23)-C(27)
C(23)-C(24)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)
Rb(1)-0(1)
Rb(1)-0(2)
Rb(1)-O(5)
Rb(1)-O(6)
Rb(1)-O(3)
Rb(1)-0(4)
Rb(1)-N(1)
Rb(1)-N(2)
0(1)-C(35)
0(1)-C(36)

1.870(2)
1.880(2)
1.852(2)
1.867(2)
1.870(2)
1.882(2)
1.848(2)
1.869(2)
1.875(2)
1.878(2)
1.439(3)
1.440(3)
1.432(3)
1.426(3)
1.401(3)
1.437(3)
1.447(3)
1.434(3)
1.430(3)
1.401(3)
1.426(3)
1.431(3)
1.439(3)
1.443(3)
1.401(3)
2.8662(15)
2.8717(15)
2.8743(14)
2.8822(15)
2.8890(15)
2.8918(15)
3.0535(17)
3.0564(19)
1.424(3)
1.434(3)
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0(2)-C(38)
0O(2)-C(37)
O(3)-C(41)
0(3)-C(42)
O(4)-C(43)
O(4)-C(44)
O(5)-C(47)
O(5)-C(48)
O(6)-C(50)
0O(6)-C(49)
N(1)-C(34)
N(1)-C(40)
N(1)-C(46)
N(2)-C(51)
N(2)-C(39)
N(2)-C(45)
C(34)-C(35)
C(36)-C(37)
C(38)-C(39)
C(40)-C(41)
C(42)-C(43)
C(44)-C(45)
C(46)-C(47)
C(48)-C(49)
C(50)-C(51)

Cnt1-Th(1)-Cnt2
Cnt1-Th(1)-Cnt3
Cnt2-Th(1)-Cnt3
C(13)-Th(1)-C(25)
C(13)-Th(1)-C(24)
C(25)-Th(1)-C(24)
C(13)-Th(1)-C(2)
C(25)-Th(1)-C(2)
C(24)-Th(1)-C(2)

1.425(3)
1.428(3)
1.421(3)
1.430(3)
1.423(3)
1.430(3)
1.427(2)
1.428(2)
1.423(3)
1.432(3)
1.469(3)
1.473(3)
1.479(3)
1.468(3)
1.475(3)
1.480(3)
1.505(3)
1.496(3)
1.490(4)
1.511(3)
1.506(3)
1.506(3)
1.505(3)
1.497(3)
1.514(3)

1227
119.7
117.6
132.68(6)
118.07(6)
30.32(6)
121.78(6)
100.74(6)
120.05(6)



C(13)-Th(1)-C(12)
C(25)-Th(1)-C(12)
C(24)-Th(1)-C(12)
C(2)-Th(1)-C(12)
C(13)-Th(1)-C(1)
C(25)-Th(1)-C(1)
C(24)-Th(1)-C(1)
C(2)-Th(1)-C(1)
C(12)-Th(1)-C(1)
C(13)-Th(1)-C(26)
C(25)-Th(1)-C(26)
C(24)-Th(1)-C(26)
C(2)-Th(1)-C(26)
C(12)-Th(1)-C(26)
C(1)-Th(1)-C(26)
C(13)-Th(1)-C(16)
C(25)-Th(1)-C(16)
C(24)-Th(1)-C(16)
C(2)-Th(1)-C(16)
C(12)-Th(1)-C(16)
C(1)-Th(1)-C(16)
C(26)-Th(1)-C(16)
C(13)-Th(1)-C(14)
C(25)-Th(1)-C(14)
C(24)-Th(1)-C(14)
C(2)-Th(1)-C(14)
C(12)-Th(1)-C(14)
C(1)-Th(1)-C(14)
C(26)-Th(1)-C(14)
C(16)-Th(1)-C(14)
C(13)-Th(1)-C(5)
C(25)-Th(1)-C(5)
C(24)-Th(1)-C(5)
C(2)-Th(1)-C(5)
C(12)-Th(1)-C(5)

30.46(6)
125.95(6)
99.49(6)
131.61(6)
98.38(6)
128.26(6)
136.88(6)
30.13(6)
101.64(6)
162.92(6)
30.24(6)
48.36(6)
73.21(6)
145.89(6)
98.43(6)
48.53(6)
96.17(6)
71.67(6)
150.86(6)
29.87(6)
129.99(6)
120.00(6)
29.92(6)
104.82(6)
100.12(6)
134.53(6)
50.36(6)
122.26(6)
134.01(6)
48.79(6)
73.75(6)
145.41(6)
166.59(6)
48.14(6)
88.29(6)
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C(1)-Th(1)-C(5)
C(26)-Th(1)-C(5)
C(16)-Th(1)-C(5)
C(14)-Th(1)-C(5)
C(13)-Th(1)-C(15)
C(25)-Th(1)-C(15)
C(24)-Th(1)-C(15)
C(2)-Th(1)-C(15)
C(12)-Th(1)-C(15)
C(1)-Th(1)-C(15)
C(26)-Th(1)-C(15)
C(16)-Th(1)-C(15)
C(14)-Th(1)-C(15)
C(5)-Th(1)-C(15)
C(13)-Th(1)-C(3)
C(25)-Th(1)-C(3)
C(24)-Th(1)-C(3)
C(2)-Th(1)-C(3)
C(12)-Th(1)-C(3)
C(1)-Th(1)-C(3)
C(26)-Th(1)-C(3)
C(16)-Th(1)-C(3)
C(14)-Th(1)-C(3)
C(5)-Th(1)-C(3)
C(15)-Th(1)-C(3)
C(13)-Th(1)-C(27)
C(25)-Th(1)-C(27)
C(24)-Th(1)-C(27)
C(2)-Th(1)-C(27)
C(12)-Th(1)-C(27)
C(1)-Th(1)-C(27)
C(26)-Th(1)-C(27)
C(16)-Th(1)-C(27)
C(14)-Th(1)-C(27)
C(5)-Th(1)-C(27)

29.82(6)
121.20(6)
117.63(6)

93.26(6)

48.20(6)

85.26(6)

72.33(6)
163.26(6)

49.05(6)
146.42(6)
115.13(6)

28.86(6)

29.42(6)
120.65(6)
109.19(6)

97.55(6)
126.30(6)

29.52(5)
133.89(6)

49.73(6)

79.79(6)
156.80(6)
109.28(6)

48.17(6)
134.68(6)
154.35(6)

49.12(6)

47.64(6)

75.44(6)
124.05(6)

89.64(6)

28.76(6)
108.51(6)
147.75(6)
118.97(6)



C(15)-Th(1)-C(27)
C(3)-Th(1)-C(27)
C(13)-Th(1)-C(4)
C(25)-Th(1)-C(4)
C(24)-Th(1)-C(4)
C(2)-Th(1)-C(4)
C(12)-Th(1)-C(4)
C(1)-Th(1)-C(4)
C(26)-Th(1)-C(4)
C(16)-Th(1)-C(4)
C(14)-Th(1)-C(4)
C(5)-Th(1)-C(4)
C(15)-Th(1)-C(4)
C(3)-Th(1)-C(4)
C(27)-Th(1)-C(4)
C(13)-Th(1)-C(23)
C(25)-Th(1)-C(23)
C(24)-Th(1)-C(23)
C(2)-Th(1)-C(23)
C(12)-Th(1)-C(23)
C(1)-Th(1)-C(23)
C(26)-Th(1)-C(23)
C(16)-Th(1)-C(23)
C(14)-Th(1)-C(23)
C(5)-Th(1)-C(23)
C(15)-Th(1)-C(23)
C(3)-Th(1)-C(23)
C(27)-Th(1)-C(23)
C(4)-Th(1)-C(23)
C(1)-Si(1)-C(8)
C(1)-Si(1)-C(7)
C(8)-Si(1)-C(7)
C(1)-Si(1)-C(6)
C(8)-Si(1)-C(6)
C(7)-Si(1)-C(6)

119.18(6)
94.61(6)
80.63(6)

122.02(6)

152.34(6)
47.63(6)

105.39(6)
48.65(6)

108.58(6)

129.09(6)
86.90(6)
28.60(6)

116.04(6)
28.93(6)

121.70(6)

127.02(6)
50.02(6)
29.44(5)

103.04(6)
98.57(6)

109.80(6)
48.32(6)
79.64(6)

122.22(6)

138.83(6)
92.81(6)

123.39(6)
28.91(5)

150.35(6)

110.90(10)

112.46(10)

112.23(11)

108.11(10)

106.35(11)

106.42(10)
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C(3)-Si(2)-C(9)
C(3)-Si(2)-C(11)
C(9)-Si(2)-C(11)
C(3)-Si(2)-C(10)
C(9)-Si(2)-C(10)
C(11)-Si(2)-C(10)
C(12)-Si(3)-C(19)
C(12)-Si(3)-C(18)
C(19)-Si(3)-C(18)
C(12)-Si(3)-C(17)
C(19)-Si(3)-C(17)
C(18)-Si(3)-C(17)
C(14)-Si(4)-C(20)
C(14)-Si(4)-C(21)
C(20)-Si(4)-C(21)
C(14)-Si(4)-C(22)
C(20)-Si(4)-C(22)
C(21)-Si(4)-C(22)
C(23)-Si(5)-C(30)
C(23)-Si(5)-C(29)
C(30)-Si(5)-C(29)
C(23)-Si(5)-C(28)
C(30)-Si(5)-C(28)
C(29)-Si(5)-C(28)
C(25)-Si(6)-C(32)
C(25)-Si(6)-C(33)
C(32)-Si(6)-C(33)
C(25)-Si(6)-C(31)
C(32)-Si(6)-C(31)
C(33)-Si(6)-C(31)
C(5)-C(1)-C(2)
C(5)-C(1)-Si(1)
C(2)-C(1)-Si(1)
C(5)-C(1)-Th(1)
C(2)-C(1)-Th(1)

111.74(10)
114.91(9)
111.04(10)
106.88(10)
108.62(12)
103.03(11)
107.34(10)
114.96(10)
111.38(10)
109.78(10)
106.66(12)
106.43(11)
110.80(10)
114.44(9)
108.68(11)
107.51(9)
107.34(11)
107.80(10)
112.94(10)
113.14(10)
110.06(11)
106.83(10)
105.97(11)
107.44(11)
117.87(10)
109.48(10)
106.61(10)
106.99(10)
107.11(11)
108.47(10)
104.38(17)
127.10(15)
124.23(15)
76.50(11)
74.29(10)



Si(1)-C(1)-Th(1)
C(3)-C(2)-C(1)
C(3)-C(2)-Th(1)
C(1)-C(2)-Th(1)
C(4)-C(3)-C(2)
C(4)-C(3)-Si(2)
C(2)-C(3)-Si(2)
C(4)-C(3)-Th(1)
C(2)-C(3)-Th(1)
Si(2)-C(3)-Th(1)
C(5)-C(4)-C(3)
C(5)-C(4)-Th(1)
C(3)-C(4)-Th(1)
C(4)-C(5)-C(2)
C(4)-C(5)-Th(1)
C(1)-C(5)-Th(1)
C(16)-C(12)-C(13)
C(16)-C(12)-Si(3)
C(13)-C(12)-Si(3)
C(16)-C(12)-Th(1)
C(13)-C(12)-Th(1)
Si(3)-C(12)-Th(L)
C(14)-C(13)-C(12)
C(14)-C(13)-Th(1)
C(12)-C(13)-Th(1)
C(15)-C(14)-C(13)
C(15)-C(14)-Si(4)
C(13)-C(14)-Si(4)
C(15)-C(14)-Th(1)
C(13)-C(14)-Th(1)
Si(4)-C(14)-Th(1)
C(16)-C(15)-C(14)
C(16)-C(15)-Th(1)
C(14)-C(15)-Th(1)
C(15)-C(16)-C(12)

132.21(9)
111.03(17)
78.71(11)
75.58(11)
105.17(17)
126.10(15)
124.74(15)
75.79(11)
71.77(10)
134.76(9)
109.74(17)
74.01(11)
75.28(11)
109.69(17)
77.40(11)
73.69(11)
104.37(16)
127.27(15)
126.14(15)
76.32(11)
73.56(11)
127.91(9)
110.98(17)
77.75(11)
75.98(11)
104.98(17)
125.52(15)
126.21(15)
75.76(11)
72.34(11)
132.60(9)
109.90(17)
74.86(11)
74.82(11)
109.77(17)
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C(15)-C(16)-Th(1)
C(12)-C(16)-Th(L)
C(27)-C(23)-C(24)
C(27)-C(23)-Si(5)
C(24)-C(23)-Si(5)
C(27)-C(23)-Th(L)
C(24)-C(23)-Th(L)
Si(5)-C(23)-Th(L)
C(23)-C(24)-C(25)
C(23)-C(24)-Th(L)
C(25)-C(24)-Th(L)
C(24)-C(25)-C(26)
C(24)-C(25)-Si(6)
C(26)-C(25)-Si(6)
C(24)-C(25)-Th(L)
C(26)-C(25)-Th(1)
Si(6)-C(25)-Th(L)
C(27)-C(26)-C(25)
C(27)-C(26)-Th(L)
C(25)-C(26)-Th(1)
C(26)-C(27)-C(23)
C(26)-C(27)-Th(L)
C(23)-C(27)-Th(L)
0(1)-Rb(1)-0(2)
O(1)-Rb(1)-0(5)
0(2)-Rb(1)-0(5)
O(1)-Rb(1)-0(6)
0(2)-Rb(1)-0(6)
0(5)-Rb(1)-0(6)
O(1)-Rb(1)-0(3)
0(2)-Rb(1)-0(3)
0(5)-Rb(1)-0(3)
0(6)-Rb(1)-0(3)
O(1)-Rb(1)-0(4)
0(2)-Rb(1)-0(4)

76.28(11)
73.82(11)
105.04(17)
126.28(15)
123.24(14)
75.26(11)
71.24(11)
138.55(10)
111.52(17)
79.32(11)
74.44(11)
103.87(17)
122.62(14)
129.28(15)
75.24(11)
76.30(11)
131.11(9)
109.94(17)
78.40(11)
73.45(11)
109.63(17)
72.84(11)
75.83(11)
61.10(4)
95.33(4)
117.99(4)
135.12(4)
95.55(4)
60.48(4)
96.57(4)
136.43(4)
99.82(4)
122.98(4)
120.16(4)
97.57(4)



0(5)-Rb(1)-0(4)
0(6)-Rb(1)-0(4)
0(3)-Rb(1)-0(4)
O(1)-Rb(1)-N(1)
0(2)-Rb(1)-N(1)
0(5)-Rb(1)-N(1)
0(6)-Rb(1)-N(1)
0(3)-Rb(1)-N(1)
O(4)-Rb(1)-N(1)
O(1)-Rb(1)-N(2)
0(2)-Rb(1)-N(2)
0(5)-Rb(1)-N(2)
0(6)-Rb(1)-N(2)
0(3)-Rb(1)-N(2)
O(4)-Rb(1)-N(2)
N(L)-Rb(1)-N(2)
C(35)-0(1)-C(36)
C(35)-0(1)-Rb(1)
C(36)-O(1)-Rb(1)
C(38)-0(2)-C(37)
C(38)-0(2)-Rb(1)
C(37)-0(2)-Rb(1)
C(41)-0(3)-C(42)
C(41)-0(3)-Rb(1)
C(42)-0(3)-Rb(1)
C(43)-0(4)-C(44)
C(43)-0(4)-Rb(1)
C(44)-0(4)-Rb(1)
C(47)-0(5)-C(48)
C(47)-0(5)-Rb(1)
C(48)-0(5)-Rb(1)
C(50)-0(6)-C(49)
C(50)-0(6)-Rb(1)
C(49)-0(6)-Rb(1)
C(34)-N(1)-C(40)

139.35(4)
99.32(4)
59.79(4)
59.84(5)

120.20(5)
60.40(4)

120.02(5)
59.96(4)

119.09(4)

120.45(5)
60.17(5)

119.91(5)
60.19(5)

119.48(5)
60.36(5)

179.43(5)

112.31(17)

115.76(12)

112.11(12)

111.11(17)

114.71(13)

110.12(12)

111.21(16)

115.91(12)

112.69(12)

111.87(17)

113.56(12)

114.19(12)

111.66(16)

112.71(11)

113.69(11)

111.15(17)

115.59(13)

110.58(12)

110.42(17)
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C(34)-N(1)-C(46)
C(40)-N(1)-C(46)
C(34)-N(1)-Rb(1)
C(40)-N(1)-Rb(1)
C(46)-N(1)-Rb(1)
C(51)-N(2)-C(39)
C(51)-N(2)-C(45)
C(39)-N(2)-C(45)
C(51)-N(2)-Rb(1)
C(39)-N(2)-Rb(1)
C(45)-N(2)-Rb(1)
N(L)-C(34)-C(35)
0(1)-C(35)-C(34)
0(1)-C(35)-Rb(1)
C(34)-C(35)-Rb(1)
0(1)-C(36)-C(37)
0(1)-C(36)-Rb(1)
C(37)-C(36)-Rb(1)
0(2)-C(37)-C(36)
0(2)-C(37)-Rb(1)
C(36)-C(37)-Rb(1)
0(2)-C(38)-C(39)
0(2)-C(38)-Rb(1)
C(39)-C(38)-Rb(1)
N(2)-C(39)-C(38)
N(L)-C(40)-C(41)
0(3)-C(41)-C(40)
0(3)-C(41)-Rb(1)
C(40)-C(41)-Rb(1)
0(3)-C(42)-C(43)
0(3)-C(42)-Rb(1)
C(43)-C(42)-Rb(1)
0(4)-C(43)-C(42)
O(4)-C(43)-Rb(1)
C(42)-C(43)-Rb(1)

110.20(17)
109.25(17)
109.23(12)
109.09(12)
108.61(12)
110.90(19)
110.51(19)
109.86(19)
108.43(13)
108.67(13)
108.40(13)
113.95(18)
108.94(18)
44.03(9)
81.67(12)
108.68(18)
46.58(9)
76.80(12)
109.94(17)
48.15(9)
79.47(12)
109.77(19)
44.81(10)
82.10(13)
114.5(2)
114.17(18)
109.26(17)
44.07(9)
80.80(11)
109.13(17)
46.33(9)
78.73(12)
109.05(18)
45.79(9)
77.73(12)



O(4)-C(44)-C(45) 108.91(19) 0(5)-C(48)-Rb(1) 45.54(9)

O(4)-C(44)-Rb(1) 45.25(9) C(49)-C(48)-Rb(1) 76.49(12)
C(45)-C(44)-Rb(1) 81.38(12) 0(6)-C(49)-C(48) 109.76(18)
N(2)-C(45)-C(44) 114.33(19) 0(6)-C(49)-Rb(1) 47.82(9)

N(1)-C(46)-C(47) 113.85(17) C(48)-C(49)-Rb(1) 79.96(12)
O(5)-C(47)-C(46) 108.76(16) 0(6)-C(50)-C(51) 109.36(18)
0(5)-C(47)-Rb(1) 46.26(9) 0(6)-C(50)-Rb(1) 44.25(10)
C(46)-C(47)-Rb(1) 83.05(11) C(51)-C(50)-Rb(1) 80.64(12)
0(5)-C(48)-C(49) 109.25(18) N(2)-C(51)-C(50) 113.90(19)

X-ray Data Collection, Structure Solution and Refinement for [Cs(crypt)][Cp”'sTh].

A blue crystal of approximate dimensions 0.082 x 0.110 x 0.182 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX I diffractometer. The APEX2%® program
package was used to determine the unit-cell parameters and for data collection (120 sec/frame scan
time). The raw frame data was processed using SAINT>* and SADABS® to yield the reflection
data file. Subsequent calculations were carried out using the SHELXTL>® program package. There

were no systematic absences nor any diffraction symmetry other than the Friedel condition. The

centrosymmetric triclinic space group P1 was assigned and later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®” for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model.

Least-squares analysis yielded wR2 = 0.0866 and Goof = 1.024 for 622 variables refined

against 16125 data (0.75 A), R1 = 0.0382 for those 13147 data with | > 2.05(l).

Table 3.9: Bond lengths [A] and angles [°] for [Cs(crypt)][Cp”sTh].

Th(1)-Cnt1 2.534 Th(1)-C(24) 2.731(4)
Th(1)-Cnt2 2522 Th(1)-C(12) 2.749(4)
Th(1)-Cnt3 2.507 Th(1)-C(13) 2.756(4)
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Th(1)-C(2)
Th(1)-C(25)
Th(1)-C(3)

Th(1)-C(16)
Th(1)-C(26)
Th(1)-C(23)
Th(1)-C(4)

Th(1)-C(27)
Th(1)-C(15)
Th(1)-C(1)

Th(1)-C(5)

Th(1)-C(14)
Si(1)-C(1)

Si(1)-C(8)

Si(1)-C(7)

Si(1)-C(6)

Si(2)-C(3)

Si(2)-C(9)

Si(2)-C(10)
Si(2)-C(11)
Si(3)-C(12)
Si(3)-C(19)
Si(3)-C(17)
Si(3)-C(18)
Si(4)-C(14)
Si(4)-C(22)
Si(4)-C(20)
Si(4)-C(21)
Si(5)-C(23)
Si(5)-C(28)
Si(5)-C(29)
Si(5)-C(30)
Si(6)-C(25)
Si(6)-C(33)
Si(6)-C(32)

2.759(4)
2.769(4)
2.776(4)
2.782(4)
2.795(4)
2.804(4)
2.807(4)
2.816(4)
2.843(4)
2.848(4)
2.853(4)
2.854(4)
1.844(4)
1.867(5)
1.872(5)
1.887(5)
1.843(4)
1.860(5)
1.866(5)
1.880(5)
1.846(4)
1.867(5)
1.873(5)
1.876(5)
1.851(4)
1.866(5)
1.868(5)
1.887(5)
1.847(4)
1.853(5)
1.862(5)
1.883(5)
1.837(5)
1.862(5)
1.865(5)
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Si(6)-C(31)
C(1)-C(5)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(12)-C(16)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(23)-C(27)
C(23)-C(24)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)
Cs(1)-0(6)
Cs(1)-0(5)
Cs(1)-0(1)
Cs(1)-0(2)
Cs(1)-0(3)
Cs(1)-0(4)
Cs(1)-N(2)
Cs(1)-N(1)
0(1)-C(35)
0(1)-C(36)
0(2)-C(37)
0(2)-C(38)
0(3)-C(42)
0(3)-C(41)
0(4)-C(44)
0(4)-C(43)
0(5)-C(47)
0(5)-C(48)
0(6)-C(49)

1.870(5)
1.424(6)
1.425(6)
1.438(6)
1.439(6)
1.398(6)
1.438(6)
1.440(6)
1.421(6)
1.423(6)
1.389(6)
1.418(6)
1.432(6)
1.435(6)
1.433(6)
1.392(6)
2.931(3)
2.933(3)
2.933(3)
2.941(3)
2.942(3)
2.947(3)
3.073(4)
3.073(4)
1.414(5)
1.426(5)
1.426(6)
1.429(6)
1.420(5)
1.421(6)
1.418(6)
1.427(6)
1.421(6)
1.431(6)
1.425(6)



O(6)-C(50)
N(1)-C(34)
N(1)-C(46)
N(1)-C(40)
N(2)-C(39)
N(2)-C(51)
N(2)-C(45)
C(34)-C(35)
C(36)-C(37)
C(38)-C(39)
C(40)-C(41)
C(42)-C(43)
C(44)-C(45)
C(46)-C(47)
C(48)-C(49)
C(50)-C(51)

Cnt1-Th(1)-Cnt2
Cnt1-Th(1)-Cnt3
Cnt2-Th(1)-Cnt3
C(24)-Th(1)-C(12)
C(24)-Th(1)-C(13)
C(12)-Th(1)-C(13)
C(24)-Th(1)-C(2)
C(12)-Th(1)-C(2)
C(13)-Th(1)-C(2)
C(24)-Th(1)-C(25)
C(12)-Th(1)-C(25)
C(13)-Th(1)-C(25)
C(2)-Th(1)-C(25)
C(24)-Th(1)-C(3)
C(12)-Th(1)-C(3)
C(13)-Th(1)-C(3)
C(2)-Th(1)-C(3)
C(25)-Th(1)-C(3)

1.426(6)
1.469(6)
1.471(6)
1.474(6)
1.473(7)
1.475(7)
1.476(6)
1.515(7)
1.501(7)
1.514(7)
1.508(7)
1.501(7)
1.502(7)
1.508(7)
1.490(8)
1.497(8)

119.7
122.7
117.6
132.66(12)
117.94(12)
30.33(12)
121.81(13)
100.86(13)
120.14(13)
30.24(13)
126.02(13)
99.55(13)
131.41(13)
98.37(12)
128.34(13)
136.89(12)
30.11(13)
101.48(13)
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C(24)-Th(1)-C(16)
C(12)-Th(1)-C(16)
C(13)-Th(1)-C(16)
C(2)-Th(1)-C(16)
C(25)-Th(1)-C(16)
C(3)-Th(1)-C(16)
C(24)-Th(1)-C(26)
C(12)-Th(1)-C(26)
C(13)-Th(1)-C(26)
C(2)-Th(1)-C(26)
C(25)-Th(1)-C(26)
C(3)-Th(1)-C(26)
C(16)-Th(1)-C(26)
C(24)-Th(1)-C(23)
C(12)-Th(1)-C(23)
C(13)-Th(1)-C(23)
C(2)-Th(1)-C(23)
C(25)-Th(1)-C(23)
C(3)-Th(1)-C(23)
C(16)-Th(1)-C(23)
C(26)-Th(1)-C(23)
C(24)-Th(1)-C(4)
C(12)-Th(1)-C(4)
C(13)-Th(1)-C(4)
C(2)-Th(1)-C(4)
C(25)-Th(1)-C(4)
C(3)-Th(1)-C(4)
C(16)-Th(1)-C(4)
C(26)-Th(1)-C(4)
C(23)-Th(1)-C(4)
C(24)-Th(1)-C(27)
C(12)-Th(1)-C(27)
C(13)-Th(1)-C(27)
C(2)-Th(1)-C(27)
C(25)-Th(1)-C(27)

162.80(12)
30.15(12)
48.30(12)
73.40(12)

145.92(13)
98.59(12)
48.13(13)
96.27(13)
71.84(13)

150.78(13)
29.85(12)

129.90(13)

120.12(12)
29.96(12)

104.84(12)

100.12(12)

134.52(12)
50.35(12)

122.23(12)

133.93(12)
48.49(12)
73.85(12)

145.38(12)

166.64(12)
48.05(12)
88.25(13)
29.87(12)

121.28(12)

117.51(13)
93.21(12)
47.97(12)
85.41(12)
72.52(12)

163.09(12)
49.06(12)



C(3)-Th(1)-C(27)
C(16)-Th(1)-C(27)
C(26)-Th(1)-C(27)
C(23)-Th(1)-C(27)
C(4)-Th(1)-C(27)
C(24)-Th(1)-C(15)
C(12)-Th(1)-C(15)
C(13)-Th(1)-C(15)
C(2)-Th(1)-C(15)
C(25)-Th(1)-C(15)
C(3)-Th(1)-C(15)
C(16)-Th(1)-C(15)
C(26)-Th(1)-C(15)
C(23)-Th(1)-C(15)
C(4)-Th(1)-C(15)
C(27)-Th(1)-C(15)
C(24)-Th(1)-C(1)
C(12)-Th(1)-C(1)
C(13)-Th(1)-C(1)
C(2)-Th(1)-C(1)
C(25)-Th(1)-C(1)
C(3)-Th(1)-C(1)
C(16)-Th(1)-C(1)
C(26)-Th(1)-C(1)
C(23)-Th(1)-C(1)
C(4)-Th(1)-C(1)
C(27)-Th(1)-C(1)
C(15)-Th(1)-C(1)
C(24)-Th(1)-C(5)
C(12)-Th(1)-C(5)
C(13)-Th(1)-C(5)
C(2)-Th(1)-C(5)
C(25)-Th(1)-C(5)
C(3)-Th(1)-C(5)
C(16)-Th(1)-C(5)

146.21(12)
115.19(12)
28.73(12)
29.22(12)
120.43(12)
154.28(13)
48.83(12)
47.46(12)
75.59(12)
124.23(13)
89.87(12)
28.57(12)
108.78(12)
147.57(12)
119.20(12)
119.24(12)
109.50(12)
97.55(12)
126.27(12)
29.39(12)
133.90(13)
49.70(12)
79.73(12)
156.69(12)
109.48(12)
48.11(12)
134.72(12)
94.44(12)
80.91(12)
121.91(12)
152.24(13)
47.54(12)
105.45(13)
48.73(12)
108.50(12)
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C(26)-Th(1)-C(5)
C(23)-Th(1)-C(5)
C(4)-Th(1)-C(5)
C(27)-Th(1)-C(5)
C(15)-Th(1)-C(5)
C(1)-Th(1)-C(5)
C(24)-Th(1)-C(14)
C(12)-Th(1)-C(14)
C(13)-Th(1)-C(14)
C(2)-Th(1)-C(14)
C(25)-Th(1)-C(14)
C(3)-Th(1)-C(14)
C(16)-Th(1)-C(14)
C(26)-Th(1)-C(14)
C(23)-Th(1)-C(14)
C(4)-Th(1)-C(14)
C(27)-Th(1)-C(14)
C(15)-Th(1)-C(14)
C(1)-Th(1)-C(14)
C(5)-Th(1)-C(14)
C(1)-Si(1)-C(8)
C(1)-Si(1)-C(7)
C(8)-Si(1)-C(7)
C(1)-Si(1)-C(6)
C(8)-Si(1)-C(6)
C(7)-Si(1)-C(6)
C(3)-Si(2)-C(9)
C(3)-Si(2)-C(10)
C(9)-Si(2)-C(10)
C(3)-Si(2)-C(11)
C(9)-Si(2)-C(11)
C(10)-Si(2)-C(11)
C(12)-Si(3)-C(19)
C(12)-Si(3)-C(17)
C(19)-Si(3)-C(17)

128.95(12)
86.98(12)
28.59(12)

115.91(12)

121.64(12)
28.93(12)

126.84(13)
49.87(12)
29.28(12)

103.15(12)
98.67(13)

109.92(12)
48.25(13)
79.88(12)

122.13(12)

139.06(12)
92.92(12)
28.92(12)

123.25(12)

150.32(12)

115.2(2)

111.6(2)

110.8(2)

106.6(2)

102.7(2)

109.3(2)

112.4(2)

110.8(2)

112.7(2)

108.2(2)

105.8(2)

106.6(2)

117.8(2)

106.6(2)

107.2(2)



C(12)-Si(3)-C(18)
C(19)-Si(3)-C(18)
C(17)-Si(3)-C(18)
C(14)-Si(4)-C(22)
C(14)-Si(4)-C(20)
C(22)-Si(4)-C(20)
C(14)-Si(4)-C(21)
C(22)-Si(4)-C(21)
C(20)-Si(4)-C(21)
C(23)-Si(5)-C(28)
C(23)-Si(5)-C(29)
C(28)-Si(5)-C(29)
C(23)-Si(5)-C(30)
C(28)-Si(5)-C(30)
C(29)-Si(5)-C(30)
C(25)-Si(6)-C(33)
C(25)-Si(6)-C(32)
C(33)-Si(6)-C(32)
C(25)-Si(6)-C(31)
C(33)-Si(6)-C(31)
C(32)-Si(6)-C(31)
C(5)-C(1)-C(2)
C(5)-C(1)-Si(1)
C(2)-C(1)-Si(1)
C(5)-C(1)-Th(1)
C(2)-C(1)-Th(1)
Si(1)-C(1)-Th(1)
C(1)-C(2)-C(3)
C(1)-C(2)-Th(1)
C(3)-C(2)-Th(1)
C(2)-C(3)-C(4)
C(2)-C(3)-Si(2)
C(4)-C(3)-Si(2)
C(2)-C(3)-Th(1)
C(4)-C(3)-Th(1)

109.5(2)
106.8(2)
108.7(2)
113.0(2)
113.2(2)
110.0(3)
106.7(2)
106.0(2)
107.5(3)
114.9(2)
110.7(2)
109.1(2)
107.5(2)
107.4(2)
106.8(2)
115.2(2)
107.3(2)
111.0(2)
109.9(2)
106.4(2)
106.7(3)
105.2(4)
125.8(3)
124.9(3)

75.7(2)

71.8(2)
134.8(2)
111.4(4)

78.8(2)

75.6(2)
104.0(4)
124.2(3)
127.4(3)

74.3(2)

76.3(2)
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Si(2)-C(3)-Th(1)
C(5)-C(4)-C(3)
C(5)-C(4)-Th(1)
C(3)-C(4)-Th(1)
C(4)-C(5)-C(1)
C(4)-C(5)-Th(1)
C(1)-C(5)-Th(1)
C(16)-C(12)-C(13)
C(16)-C(12)-Si(3)
C(13)-C(12)-Si(3)
C(16)-C(12)-Th(1)
C(13)-C(12)-Th(1)
Si(3)-C(12)-Th(L)
C(14)-C(13)-C(12)
C(14)-C(13)-Th(1)
C(12)-C(13)-Th(1)
C(13)-C(14)-C(15)
C(13)-C(14)-Si(4)
C(15)-C(14)-Si(4)
C(13)-C(14)-Th(1)
C(15)-C(14)-Th(1)
Si(4)-C(14)-Th(1)
C(16)-C(15)-C(14)
C(16)-C(15)-Th(1)
C(14)-C(15)-Th(1)
C(15)-C(16)-C(12)
C(15)-C(16)-Th(1)
C(12)-C(16)-Th(1)
C(27)-C(23)-C(24)
C(27)-C(23)-Si(5)
C(24)-C(23)-Si(5)
C(27)-C(23)-Th(1)
C(24)-C(23)-Th(1)
Si(5)-C(23)-Th(L)
C(23)-C(24)-C(25)

132.5(2)
109.9(4)
77.5(2)
73.9(2)
109.5(4)
73.9(2)
75.3(2)
103.8(4)
129.6(3)
122.6(3)
76.2(2)
75.1(2)
130.75(19)
111.4(4)
79.2(2)
74.5(2)
104.9(4)
123.3(3)
126.2(3)
71.6(2)
75.1(2)
138.6(2)
110.1(4)
73.3(2)
76.0(2)
109.8(4)
78.2(2)
73.7(2)
104.7(4)
125.6(3)
126.4(3)
75.9(2)
72.2(2)
132.6(2)
111.6(4)



C(23)-C(24)-Th(1)
C(25)-C(24)-Th(1)
C(26)-C(25)-C(24)
C(26)-C(25)-Si(6)
C(24)-C(25)-Si(6)
C(26)-C(25)-Th(1)
C(24)-C(25)-Th(1)
Si(6)-C(25)-Th(1)
C(27)-C(26)-C(25)
C(27)-C(26)-Th(1)
C(25)-C(26)-Th(1)
C(26)-C(27)-C(23)
C(26)-C(27)-Th(1)
C(23)-C(27)-Th(1)
0(6)-Cs(1)-0(5)
0(6)-Cs(1)-0(1)
0(5)-Cs(1)-0(1)
0(6)-Cs(1)-0(2)
0(5)-Cs(1)-0(2)
0(1)-Cs(1)-0(2)
0(6)-Cs(1)-0(3)
0(5)-Cs(1)-0(3)
0(1)-Cs(1)-0(3)
0(2)-Cs(1)-0(3)
0(6)-Cs(1)-0(4)
0(5)-Cs(1)-0(4)
0(1)-Cs(1)-0(4)
0(2)-Cs(1)-0(4)
0(3)-Cs(1)-0(4)
0(6)-Cs(1)-N(2)
0(5)-Cs(1)-N(2)
0(1)-Cs(1)-N(2)
0(2)-Cs(1)-N(2)
0(3)-Cs(1)-N(2)
0(4)-Cs(1)-N(2)

77.8(2)
76.3(2)
103.6(4)
127.4(3)
126.8(3)
76.1(2)
73.4(2)
127.8(2)
110.3(4)
76.5(2)
74.1(2)
109.8(4)
74.8(2)
74.9(2)
60.88(10)
117.03(9)
95.39(9)
95.79(9)
135.79(9)
60.38(9)
137.09(9)
96.65(9)
100.03(9)
122.23(9)
97.59(9)
119.05(9)
140.46(9)
99.77(9)
59.79(9)
60.24(11)
120.16(11)
119.84(10)
60.42(11)
119.56(10)
60.60(10)
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0(6)-Cs(1)-N(1)
0(5)-Cs(1)-N(1)

O(1)-Cs(1)-N(1)

0(2)-Cs(1)-N(1)

0(3)-Cs(1)-N(1)

0(4)-Cs(1)-N(1)

N(2)-Cs(1)-N(1)

C(35)-0(1)-C(36)
C(35)-0(1)-Cs(1)
C(36)-O(1)-Cs(1)
C(37)-0(2)-C(38)
C(37)-0(2)-Cs(1)
C(38)-0(2)-Cs(1)
C(42)-0(3)-C(41)
C(42)-0(3)-Cs(1)
C(41)-0(3)-Cs(1)
C(44)-0(4)-C(43)
C(44)-0(4)-Cs(L)
C(43)-0(4)-Cs(1)
C(47)-0(5)-C(48)
C(47)-0(5)-Cs(1)
C(48)-0(5)-Cs(1)
C(49)-0(6)-C(50)
C(49)-0(6)-Cs(1)
C(50)-0(6)-Cs(1)
C(34)-N(1)-C(46)
C(34)-N(1)-C(40)
C(46)-N(1)-C(40)
C(34)-N(1)-Cs(L)
C(46)-N(1)-Cs(L)
C(40)-N(1)-Cs(L)
C(39)-N(2)-C(51)
C(39)-N(2)-C(45)
C(51)-N(2)-C(45)
C(39)-N(2)-Cs(1)

119.77(10)
59.81(10)
60.35(9)

119.75(10)
60.28(9)

119.22(9)

179.80(11)

112.5(3)

110.0(2)

111.6(3)

111.7(4)

108.7(3)

112.3(3)

112.3(4)

110.8(3)

112.9(3)

112.8(4)

110.5(3)

111.3(3)

113.1(4)

113.1(3)

110.0(3)

111.6(4)

108.2(3)

112.0(3)

110.3(4)

110.0(4)

110.5(4)

108.5(3)

109.1(3)

108.3(3)

111.0(4)

110.6(4)

110.6(4)

108.3(3)



C(51)-N(2)-Cs(1) 108.6(3) C(43)-C(42)-Cs(1) 79.02)

C(45)-N(2)-Cs(1) 107.6(3) 0(4)-C(43)-C(42) 109.3(4)
N(1)-C(34)-C(35) 114.0(4) 0(4)-C(43)-Cs(1) 47.7(2)
N(1)-C(34)-Cs(1) 50.0(2) C(42)-C(43)-Cs(2) 77.6(2)
C(35)-C(34)-Cs(1) 73.3(2) 0(4)-C(44)-C(45) 109.7(4)
0(1)-C(35)-C(34) 109.5(4) 0(4)-C(44)-Cs(1) 48.4(2)
0(1)-C(35)-Cs(1) 48.72(19) C(45)-C(44)-Cs(2) 82.2(3)
C(34)-C(35)-Cs(1) 83.4(3) N(2)-C(45)-C(44) 114.9(4)
0(1)-C(36)-C(37) 109.6(4) N(2)-C(45)-Cs(1) 50.6(2)
0(1)-C(36)-Cs(1) 47.4(2) C(44)-C(45)-Cs(2) 74.7(3)
C(37)-C(36)-Cs(1) 76.6(3) N(1)-C(46)-C(47) 114.2(4)
0(2)-C(37)-C(36) 109.9(4) N(1)-C(46)-Cs(1) 49.6(2)
0(2)-C(37)-Cs(1) 49.6(2) C(47)-C(46)-Cs(1) 75.1(3)
C(36)-C(37)-Cs(1) 79.9(3) 0O(5)-C(47)-C(46) 109.3(4)
0(2)-C(38)-C(39) 110.0(4) O(5)-C(47)-Cs(1) 46.4(2)
0(2)-C(38)-Cs(1) 46.9(2) C(46)-C(47)-Cs(1) 81.8(3)
C(39)-C(38)-Cs(1) 81.3(3) 0(5)-C(48)-C(49) 109.1(4)
N(2)-C(39)-C(38) 113.8(4) 0(5)-C(48)-Cs(1) 48.6(2)
N(2)-C(39)-Cs(1) 50.1(2) C(49)-C(48)-Cs(1) 76.8(3)
C(38)-C(39)-Cs(1) 75.5(3) 0(6)-C(49)-C(48) 110.5(4)
N(1)-C(40)-C(41) 114.8(4) 0(6)-C(49)-Cs(1) 50.0(2)
N(1)-C(40)-Cs(1) 50.1(2) C(48)-C(49)-Cs(1) 79.7(3)
C(41)-C(40)-Cs(1) 75.8(3) 0(6)-C(50)-C(51) 110.0(4)
0(3)-C(41)-C(40) 109.9(4) 0(6)-C(50)-Cs(1) 47.2(2)
0(3)-C(41)-Cs(1) 46.6(2) C(51)-C(50)-Cs(1) 82.3(3)
C(40)-C(41)-Cs(1) 81.1(3) N(2)-C(51)-C(50) 114.8(4)
0(3)-C(42)-C(43) 109.7(4) N(2)-C(51)-Cs(1) 49.9(2)
0(3)-C(42)-Cs(1) 48.2(2) C(50)-C(51)-Cs(1) 74.7(3)
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Chapter 4:
C-H Bond Activation via U(l1) in the Reduction of

Heteroleptic Bis(Trimethylsilyl)amide U(111) Complexes

Introduction®

Following the original report of the synthesis of [K(crypt)][Cp'sU'"]* described in the
Introduction, U(I1) was subsequently identified by X-ray diffraction in eight ligand environments
via reduction of a U(I1) precursor.>® Two different electron configurations were observed, and
based on the results in Chapter 2, it appeared the local coordination geometry around the uranium
center can explain the resulting configuration.

Reduction of (CsMes)sU"' %10 was reported since this sterically crowded
tris(pentamethylcyclopentadienyl) complex reacts with THF,'° the common solvent for alkali
metal reductions. An option to make U(Il) complexes with CsMes ancillary ligands is to reduce
heteroleptic (CsMes)nU'""X3., complexes (X = anion; n = 1,2) that are stable to THF. However,
reduction of heteroleptic rare earth and actinide complexes is an underdeveloped area in general .

In this Chapter, the reductive chemistry of the heteroleptic pentamethylcyclopentadienyl
amide complexes (CsMes)U"(NR2)***® and (CsMes)U"(NR2)2* (R = SiMes) is described in
efforts to synthesize U(Il) complexes with CsMes ancillary ligands. Surprisingly, this led to C—H

bond activation chemistry that could be an important aspect of U(II) reactivity.

T Portions of this Chapter have been published: Wedal, J. C.; Bekoe, S.; Ziller, J. W.; Furche, F.; Evans, W. J. C-H
Bond Activation via U(Il) in the Reduction of Heteroleptic Bis(Trimethylsilyl)Amide U(IIl) Complexes.
Organometallics 2020, 39, 3425-3432, DOI: 10.1021/acs.organomet.0c00496.
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Results

Reduction of (CsMes)2U'"'(NRz2). Reaction of excess KCg with (CsMes),U"(NRy) in the
presence of 2.2.2-cryptand (crypt) in THF at —35 °C generates a dark blue solution as is commonly
observed in reactions forming U(Il) compounds.® The UV-visible spectrum of this solution
shows a broad absorption at 750 nm (¢ = 4000 Mtcm™), Figure 4.1. This absorption band
compares well with the observed spectrum for [(CsMesH)sU'"]'~, which had a broad absorption
band at 790 nm (¢ = 1800 M *cm™). In comparison, (CsMes)U"(NR2) shows only weak
absorptions (¢ < 250 M 'cm™) in the visible region, Figure 4.2. The relatively large molar
attenuation coefficient supports the 5f%6d* electronic assignment, which has been assigned for
[Cp'sU"'"t [Cp”sU"'",2 [(CsMesH)sU"'™ 5 [U"(NR2)3]'",® and (Cs'Prs),U".2 Other U(II)
compounds, [K(crypt)[{[(**MeArO)smes]U"}* and U"(NHAr'"®),5 have weak (s < 1000
M~tem™) electronic transitions in the visible region and were described as having 5f* electron
configurations.

The dark blue solution generated by reduction of (CsMes)2U"(NR2) was layered under
hexane at —35 °C for crystallization, but after two hours, the solution had changed to a red-brown
color. Overnight, dark brown crystals formed and were identified by X-ray diffraction as the
cyclometallated U(111) product [K(crypt)][(CsMes)U"(CH,SiMe2NSiMes—«C,xN)], 4.1, Figure
4.4,in 97% yield, in which a C—H bond of the silylamide had been activated by the uranium center.
Activation of this ligand to form cyclometallated products has been observed previously,'®2!
although most often the mechanism of the cyclometallation occurs via deprotonation with a source
of (NR2)!". However, here it is possible that the C—H bond is activated by the U(11) center with
concomitant formation of H» due to the high isolated yield of 4.1. This activation pathway has

been observed in the U"'(TrenR) examples under photolytic conditions.?? Indeed, when the
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Figure 4.1: UV-visible spectrum of the reaction product of (CsMes),U"'(NR2) with KCs in the
presence of crypt in THF (black) and the theoretical UV-visible spectrum of [(CsMes)2U"(NR2)]'™
(violet) with computed TDDFT oscillator strengths shown as vertical lines. A Gaussian line
broadening of 0.20 eV was applied and the computed excitation energies were empirically blue-
shifted by 0.2 eV. The computed intensities were scaled by a factor 0.4 to ease comparison with
the experimental spectrum.
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Figure 4.2: UV-visible spectrum of (CsMes).U"'(NR2) (black), (CsMes)U"(NRy) (red), 4.1

(blue), and 4.2 (green).
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conversion of (CsMes),U(NRy) to 2.1 was followed by *H NMR spectroscopy in THF-ds in a J-
Young tube, a peak at J 4.53 attributable to Hz formation? was observed, Figure 4.3.

Compound 4.1 crystallizes in the P1 space group. The [K(crypt)]** cation is well-separated
from the metallocene unit. The uranium center was disordered across two positions. The data
were modelled with 91% occupancy at Ul above the plane that is created by the two (CsMes)
centroids and nitrogen donor atom and 9% at U2 below the plane. For the predominant component
of the crystal, the 2.354(5) A U1-N1 and 2.558(6) A U1-C21 distances and the 99.4(2)° U1-N1-
Sil and 102.0(3) N1-Si1-C21(CH>) angles are all consistent with a cyclometallated product. In
comparison, the U1-N1-Si2 angle is 131.2(3)° and N1-Si2—-C(Me) angles are 111.6(3)°,
113.9(3)°, and 114.0(3)°. The bond distances in 4.1 are compared to those in the previously-
characterized U(IV) analog, (CsMes)U"Y(CH2SiMezNSiMes—«C,xN),%* in Table 2.1. The
2.354(5) A U-N1 distance in 4.1 is longer than the U-N distance in the U(IV) analog, 2.221(8) A
which is consistent with the larger ionic radius of U(I11) compared to U(1V).2> However, the U—
(CsMes ring centroid) and U-CH2 distances are similar.

The disordered locations of U1 and U2 differ by 0.576 A which leads to a significant
change in the bond distances. For example, the 2.959 A U2-C21 distance is much longer than the
2.558(6) A U1-C21 bond length. The former distance is too long for a U2—C21 single bond which
raises the possibility that the crystal contains 9% of a disordered U(11) anion, [(CsMes)2U'(NR2)]™
at the U2 site. The dark color of the crystals also could suggest the presence of U(ll), even in very
low amounts due to the large & values of U(IT).1® However, there was no disorder in the rest of the

crystal structure that would suggest a U(11) compound exists within the crystal.
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Figure 4.3: 'H NMR in THF-dg spectrum 30 min after passing a (CsMes)2U(NRy) / crypt solution
through a KCg column into a J-Young tube. The peak at ¢ 4.53 is attributed to H, formation. The

peak at 0 0.02 does not match HNR2, which appears at 6 0.05 in THF-ds.

Figure 4.4: Thermal ellipsoid plot of [K(crypt)][(CsMes)U"(CH2SiMezNSiMes—«C,xN)], 4.1,
with selective atom labelling. Ellipsoids are drawn at the 50% probability level. Hydrogen atoms

and disorder in the U center have been omitted for clarity.
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Table 4.1: Selected bond lengths (A) and angles °) for
[K(crypt)][(CsMes)U"(CH2SiMe2NSiMes—«C,xN)], 4.1, (CsMes)2U"Y(CH2SiMezNSiMes—
xC,xN),2* and [K(crypt)(THF)][(CsMes)U"(NR2)(CH2SiMe2NSiMes—«C,xN)], 4.2. For 4.1 and

4.2, only values involving U1 are given. Cnt is the CsMes ring centroid.

4.1 (CsMes)2U"(CH2SiMe;NSiMes—xC, xIN) 4.2

U—cnt 2.559, 2.584 2.608 2.533
U-N1 2.354(5) 2.221(8) 2.363(4)
U-N2 2.399(4)
U-CH; 2.558(6) 2.52(2) 2.500(5)
Cnt-U-cnt 132.5 138.20

Cnt-U-N1 114.6, 109.8 109.28 119.5
Cnt-U-N2 123.3
N1-U-N2 114.1(1)
U-N1-Si1 99.4(2) 100.7(4) 96.0(2)
U-N1-Si2 131.2(3) 114.4(2)
U-CH,-Si1 89.3(3) 86.6(7) 88.9(2)
N1-Si1-CH, 102.0(3) 102.2(8) 103.9(2)

Electronic Structure Calculations on [(CsMes)2U"(NR2)]'"~. In collaboration with Sam
Bekoe and Filipp Furche, the viability of a U(11) complex like [(CsMes).U"(NR2)]'" as the initial
reduction product was probed with geometry optimization calculations using the TPSSh hybrid
meta-generalized gradient density functional approximation.?® Scalar relativistic effective core
potentials (ECPs)?’ with the def-TZVP basis set?® were used for uranium and polarized split-
valence basis sets def2-SV(P)?’ were used for other atoms. All calculations were completed with
TURBOMOLE v7.4.1.2 The solvent optimized ground state structure suggests a 5f6d*
configuration with the highest occupied molecular orbital, HOMO resembling a 6dz? orbital,
Figure 4.5, and the first three diffused lowest unoccupied molecular orbitals (LUMO) indicating
mixing of 7p of U with bound p-type Rydberg states, Figure 4.6. This ground state provides good

modeling of the UV-visible spectrum by time-dependent DFT (TDDFT) calculations as shown in
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Figure 4.1. All absorptions between 1000-300 nm originate from either the 5f or 6d orbitals on
the uranium center. The bands between 1000-450 nm are predominantly 6d/5f to 7p and 6d to 5f
transitions. Bands between 450-300 nm arise from metal to ligand charge transfer (MLCT)
transitions. Further computational details can be found in Table 4.6.

These results are analogous to previous observations for [Cp’sU"]'".Y In [Cp'sU"]', the
trigonal arrangement (pseudo-Ds symmetry) of the ligands allows the 6dz? orbital to be similar in
energy to the 5f shell. This has been observed in the lanthanide series [Cp'sLn]'~.2%? The ligand
field of the heteroleptic complex, [(CsMes)2U"(NR2)]', also allows population of the 6dz? orbital
upon reduction.

While most of the electron density resides on the U center, there is a small amount that
resides on two amide methyl groups, Figure 4.5. This electron density is in a 6* C—H antibonding
orbital. Hence, population of this orbital could lead to activation of the C—H bond to form 4.1,
Scheme 4.1. There is no comparable electron density on the methyl groups in the HOMO of
(CsMes)2U"(NRy): the three highest occupied orbitals for the neutral compound are purely 5f
orbitals with essentially no contribution from the ligands, Figure 4.6. The calculated LUMO of
(CsMes)2U"(NRy), Figure 4.7, was similar to the HOMO of [(CsMes)2U"(NR2)]'", with electron
density on the methyl groups.

( r 1= [K(erypt)] [~
: KC : H,C—SiMe
\ /SlMe3 8 /&\ /S]M93 Cosm, % / Lvie;

2.2.2-cryptand

%UHI_N\SM% %UH_N\SM% % _ \SiMes

4.1

Scheme 4.1: Possible route to 4.1 via a U(Il) complex.
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Figure 4.5: Calculated 6dz*-like HOMO of [(CsMes)2U"(NR2)]'", plotted with a contour value of

0.05 with hydrogen atoms omitted for clarity.

Figure 4.6: (From left to right) LUMO +1 (contour value of 0.02), LUMO +2 (contour value of
0.02), LUMO +3 (contour value of 0.02), and LUMO +8 (contourvalue of 0.05) of

[(CsMes)2U(NR2)]!", with hydrogen atoms excluded for clarity.
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Figure 4.7: (from left to righty HOMO —2, HOMO —1, HOMO, LUMO of (CsMes).U"'(NRy),
plotted with contour value of 0.05. Hydrogen atoms have been omitted for clarity.

Reduction of (CsMes)U'"'(NR2)2. In a reduction reaction identical to that described above,
the bis(amide) complex, (CsMes)U"(NR2)2, was reduced with KCg in THF at —35 °C in the
presence of crypt. This generated a dark blue solution analogous to the above reaction, suggestive
of the formation of a U(I1) species. However, by the time the UV-visible spectrum of this solution
could be collected (within ~60 s), the color had changed to brown and the observed spectrum was
nearly identical to the product ultimately isolated from this  reaction,
[K(crypt)(THF)][(CsMes)U"(NR2)(CH2SiMe2NSiMes—«C,xN)], 4.2. A spectrum of the dark
solution ultimately was collected by executing all manipulations at =78 °C in a cold well in the

glovebox and by keeping the cuvette submerged in a dry ice/isopropanol bath during transfer. The

spectrum had a broad feature at 684 nm, Figure 4.8, with an estimated attenuation coefficient ¢ =
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1300 M~tecm™. This value is likely an underestimation because it assumes quantitative conversion

with no decomposition and it was collected through an isopropanol film.
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Figure 4.8: UV-visible spectrum of the reaction product of (CsMes)U"(NR2)2 with KCs in the
presence of crypt in THF, collected through an isopropanol film (black) and theoretical UV-visible
spectrum of [(CsMes)U"(NR2)2]'~ with computed TDDFT oscillator strengths shown as vertical
lines. A Gaussian line broadening of 0.20 eV was applied and the computed excitation energies
were empirically blue-shifted by 0.2 eV. The computed intensities were scaled by a factor 0.4.
The reaction solution was layered under hexane at —35 °C and black crystals suitable for
X-ray diffraction deposited at the bottom of the vial overnight. These were identified as the
cyclometallated product 2 isolated in 82% yield as shown in Figure 4.9. A possible route to 4.2

through a U(l1) intermediate, similar to that in Scheme 4.1, is shown in Scheme 4.2.
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Scheme 4.2: Possible route to 4.2 via initial reduction to a U(Il) complex.
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Figure 4.9: Thermal ellipsoid plot of [K(crypt)(THF)][(CsMes)U"(NR2)(CH2SiMe;NSiMes—
xC,xN)], 4.2 with selective atom labelling. Ellipsoids are drawn at the 50% probability level and
hydrogen atoms have been omitted for clarity.

Compound 4.2 crystallizes in the P21/c space group as a distinct ion pair like compound 4.1.
The potassium is encapsulated by crypt, but also binds one molecule of THF in the solid state.

This cation has been observed in complexes of the type

[K(crypt)(THF){[(CsMesH)oLn" (THF)J2(u-7*1>-N2)} (Ln = Gd, Tb, Dy).*®

As in 4.1, the uranium center in 4.2 is disordered over two positions. In this case, there is
96% occupancy at U1 above the plane created by the CsMes ring centroid and the two nitrogen
donor atoms and 4% occupancy at U2 below this plane. Asin 4.1, these two centers are separated

by a large distance, 0.586 A, which leads to different bond lengths and the possibility that the 4%
118



component is a U(Il) species that has not yet converted to the cyclometallate. However, no other
crystallographic evidence was observed that would suggest the presence of a U(Il) species. As
with 4.1, the dark color of the crystals could suggest the presence of a U(Il) species in low
concentration. However, compound 4.2 forms a brown solution when dissolved, as expected for
a U(I1I) species.

Selected bond distances and angles in 4.2 are shown in Table 2.1. Considering the
difference in formal coordination numbers of 4.1 vs 4.2, i.e. 8 vs 6, the bond distances are quite
similar. The 2.500(5) A U1-C11 distance in 4.2 is slightly shorter than that in 4.1 and the U1-N1
distance of the metallated amide ligand is equivalent to that in 4.1. The 2.533 A U—(CsMes ring
centroid) distance is not far from the 2.559 and 2.584 A analogs in 4.1. As expected for a
cyclometallated amide ligand, the 96.0(2)° U1-N1-Sil angle in 2.2 is much smaller than the other
U-N-Si angles in the molecule, 114.4(2)°, 123.4(2)°, and 137.6(2)°.

Electronic Structure Calculations on [(CsMes)U"(NR2)2]'". In collaboration with Sam
Bekoe and Filipp Furche, geometry optimization calculations on [(CsMes)U'"(NR2)2]'~ were
carried out at the density functional level of theory in an identical manner as described above for
[(CsMes)2U"(NR2)]'". An electronic structure consistent with a U ground state configuration of
5f36d* was found with the HOMO again resembling a 6dz? orbital, Figure 4.10. The calculations
showed that even in the mono-cyclopentadienyl heteroleptic complex (CsMes)U"(NR2)2, the 6dz?
orbital is energetically accessible upon reduction.

As in [(CsMes)2U"(NR2)]!~, most of the electron density resides on the uranium, but there
exists some electron density that resides on two of the methyl groups of the amide ligand. As with
[(CsMes)2U"(NR2)]', this orbital is a 0* C—H antibonding orbital that could be responsible for the

activation of the C—H bond to form 4.2. Also paralleling the (CsMes)2U"'(NRy) system, the three
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highest occupied orbitals of (CsMes)U'"'(NR2). are almost purely 5f in character, Figure 4.11, with
no electron density on the methyl groups. In contrast to the (CsMes):U"'(NR2) system, the
calculated LUMO of (CsMes)U'"'(NR2), is a 5f orbital with contribution from the z system of the

CsMes ligand, Figure 4.11, and not a 6dz? orbital.

Figure 4.10: Calculated 6dz-like HOMO of [(CsMes)U"(NR2)2]'", plotted with a contour value
of 0.05 with hydrogen atoms omitted for clarity.

The simulated TDDFT UV-visible spectrum of [(CsMes)U'"(NR2)2]', Figure 4.7, is similar
to that of [(CsMes)U"(NR2)]'", Figure 4.1. The bands between 1000-300 nm originate
predominantly from excitations out of the 6d and some 5f orbitals on the uranium center, Figure
4.8. The bands between 1000-450 nm are predominantly 6d to 7p transitions, whereas the higher-
energy absorptions between 450-300 nm arise from metal to ligand charge transfer (MLCT)
transitions. Compared to the UV-visible spectrum of [(CsMes).U"(NR2)]'", the relatively intense
transitions at ~800 nm are blue-shifted by about ~100 nm, while the intense transition at 497 nm
is red-shifted by ~100 nm compared to the transition in [(CsMes)2U"(NR2)]!". Complete details

can be found in Table 4.7.
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Figure 4.11: (From left to righty HOMO—-2, HOMO—-1, HOMO, LUMO of (CsMes)U(NRz)2,
plotted with a contour value of 0.05. Hydrogen atoms have been omitted for clarity.
Discussion

Reduction of the heteroleptic complexes (CsMes)U"(NR2) and (CsMes)U"(NR2):
generates dark solutions with UV-visible spectral properties consistent with [(CsMes)U"(NR2)]'
and [(CsMes)U"(NR2)2]'", respectively, based on TDDFT calculations. Although the reactions
initially appear to form U(ll) species, these products are thermally unstable even at —35 °C. The
isolated products of these reductions are not U(Il) species, but instead the cyclometallated
compounds [K(crypt)][(CsMes).U"(CH,SiMe;NSiMes—«C,xN)], 41, and
[K(crypt)][(CsMes)U"(NR2)(CH2SiMe;NSiMes—«C,xN), 4.2. Hence, the goal of making a
pentamethylcyclopentadienyl U(11) complex, which is difficult with the homoleptic (CsMes)sU""!

due to its high reactivity,® was complicated by the C—H bond activation reactivity of the
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bis(trimethylsilyl) amide ligand. C—H bond activation has been previously observed in reduction
of [(AYMeArO)smes]U", 434 and is often observed in higher-valent uranium chemistry.34

Interestingly, the DFT calculations on the U(I11) complexes showed some electron density
in the HOMO on the C-H bonds of the silylamide groups that could facilitate the observed
metallation. In addition to the [(**MeArO)smes]U"" system*3* cited above, examples of C—H bond
activation with Ln(11) complexes also have been reported previously. These include the metallated
tert-butyl group in [(CsH2'Bus)(;°—C3H2'Bu2CMe,CHo—xC)Nd"!(u—1)K (18-crown-6)], obtained
from a Nd(ll) reaction®* and {[CsH3(SiMes)2].Y (u-H)}. formed in the reduction of
[CsH3(SiMes)2]2Y,* the unusual (CoHe)?~ indenyl dianion in a Dy(ll) reduction,!! the isolation of
hydrides, [(**MeArO)smes)Ln'""H]'~ (Ln = Gd, Dy, Er, Y) from reactions designed to generate
Ln(11) compounds,*5-48 and reduction of the (CsMes)2Y (NR2) system that forms a mixture of Y(II)
and Y(l11) products analogous to the present U compound 4.1.%°

The DFT calculations also are consistent with 5f%6d! configurations for U(Il) in
[(CsMes)U"(NR2)2]'™ and [(CsMes).U"(NR2)]'", as previously observed for the homoleptic,
pseudo-Ds symmetric tris(cyclopentadienyl) and tris(amide) species.’® In the homoleptic
lanthanide and actinide complexes, it has been well established by simple molecular orbital theory,
dating back to Hoffmann’s classic 1976 bent metallocene paper,*® that dz? is the d-orbital lowest
energetically.2293250-53  Degpite the lowered symmetry in [(CsMes)U"(NR2)]'™ and
[(CsMes)U"(NR2)2]', the HOMO still has 6dz2-like character. The ordering of the d manifold in
[(CsMes).U"(NR2)]'™ is necessarily the same as that in the bent metallocene, [(CsHs)2TiH]*",
described in Hoffmann’s paper,*® with the 6dz? orbital lowest in energy followed by the 6dxy

orbital (LUMO+8), Figure 4.6.
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Similarly, the d orbital ordering in the mono(cyclopentadienyl) bis(amide)
[(CsMes)U"(NR2)2]'™ matches the 1976 molecular orbital calculations of Mingos on the platinum
borane, [B1:H11]Pt(PHs)2, which has either 5dz? or 5dxy lowest, depending on the orientation of
the Pt(PRs), fragment.>* The frontier orbitals for the [B1:H11]*>~ fragment are nearly identical to
those of the cyclopentadienide which allows this comparison to be made.>>® These calculations
show that heteroleptic complexes with the proper ligands in a trigonal planar geometry will have
a d orbital ordering with dz? lowest.

The color of the dark solution generated upon reduction of the mono(cyclopentadienyl)
complex, (CsMes)U"(NRy),, fades much faster than the reduction product of
bis(cyclopentadienyl) (CsMes),U"'(NR2). This could be related to the fact that close interactions
between the uranium center and two methyl groups of the amide ligand have been observed in the
solid state structure of (CsMes)U"'(NR2)2,** which were not seen in (CsMes);U"'(NR2). This
interaction was not observed in the DFT-optimized structure of [(CsMes)U(NR2)2]!". The putative
“[(CsMes)U'"(NR2)2]'™ could also have enhanced reactivity simply because it has twice the
number of C-H bonds that can be activated or that the amide ligand is a stronger donor than the
CsMes ligand. However, the U(I1) ion has previously been isolated in [K(crypt)][U"(NR2)s] under
similar reduction conditions as 4.1 and 4.2,° so it is not clear how the number of available bonds
and ligand donor strength affects the C—H activation pathway.

The lower stability of “[(CsMes)U'"(NR2)2]' " is also consistent its smaller degree of steric
saturation of the metal center, 82.7% compared to 85.7% for “[(CsMes).U"(NR2)]!™”, as measured
by the Solid-G method of Guzei®"*°® using the structures determined for these species by DFT
calculations, Table 2.2.%° However, these G values are in the range of the isolable compounds 4.1

and 4.2, so steric factors are also not the only ones involved in the stability in this case.
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Table 4.2: G-parameters for U compounds. Structures for [(CsMes).U"(NR2)]'"" and

[(CsMes)U"(NR2)2]' are taken from DFT optimized geometries.

| Guzei G-parameter

(CsMes),U"(CH2SiMe2NSiMes &N, xC)?* 91.3
(CsMes)2U"'(NR2)™ 85.9
[(CsMes)2U"(NR2)] ™ 85.7
4.1 85.7
(CsMes)U'"(NR), 88.9
[(CsMes)U"(NR2)2]"~ 82.7
4.2 82.7

Conclusion

Reduction of the heteroleptic uranium complexes (CsMes)2U"(NR2) and (CsMes)U"(NR2).
with KCg generates dark solutions that appear to contain U(I) complexes based on UV-visible
spectroscopy and DFT analysis.  Calculations on possible U(Il) reduction products,
[(CsMes)2U"(NR2)]'™ and [(CsMes)U"(NR2)2]'~, indicate 5f%6d* electronic configurations with a
6dz%-like HOMO, similar to those found for previously isolated homoleptic tris(cyclopentadienyl)
and tris(amide) complexes, despite the lowered symmetry of the heteroleptic species. However,
the proposed U(I1) species are not stable with respect to C—H bond activation in the amide ligands,
and the cyclometallated products [K(crypt)][(CsMes).U"(CH2SiMe2NSiMes—«C,xN)], 4.1, and
[K(crypt)][(CsMes)U"(NR2)(CH2SiMe2NSiMes—«C,kN), 4.2, were isolated and characterized by
X-ray crystallography. If C—H activation is a common reaction of U(Il) species, ligands with
accessible C—H bonds may not be innocent ancillary ligands in low-valent uranium chemistry.
Experimental

All syntheses and manipulations were conducted under an Ar atmosphere with rigorous

exclusion of air and water using standard glovebox techniques. Solvents were sparged with UHP
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argon and dried by passage through columns containing Q-5 and molecular sieves prior to use.
Deuterated NMR solvent were dried over NaK alloy, degassed by three freeze-pump-thaw cycles,
and vacuum transferred prior to use. 'H and ?°Si{*H} NMR spectra were collected at room
temperature on an AVANCEG600 MHZ spectrometer. UV-visible spectra were collected on a
Varian Cary 50 Scan UV-visible spectrophotometer in 1 mm quartz cuvette. Infrared spectra were
collected as compressed solids on an Agilent Cary 630 ATR-FTIR. Elemental analyses were
conducted on a PerkinElmer 2400 Series 1l CHNS elemental analyzer. (CsMes)2U(NR2),
(CsMes)U(NR2)2,* and KCs® were synthesized following literature procedures. 2.2.2-cryptand
(crypt) (Aldrich) was dried under 10~ Torr for 12 h before use.

Synthesis of 4.1. (CsMes)2U(NRz2) (44 mg, 0.066 mmol) and crypt (25 mg, 0.066 mmol)
were dissolved in THF (1 mL) in a vial and chilled to —35 °C. In a separate vial, hexane (18 mL)
was chilled —35 °C. A pipet was packed with KCg (~20 mg, excess) to form a KCg reduction
column and also chilled to —35 °C. The solution of (CsMes)U(NR2) and crypt was passed through
the KCg column to form a dark blue/black solution. This solution was immediately filtered and
layered under the chilled hexane and placed in the freezer at —35 °C. Overnight, dark brown X-
ray quality crystals of 4.1 deposited (70 mg, 97%). Due to the low symmetry and paramagnetism
of 4.1, the *H NMR spectra could not be confidently assigned. 2°Si{*H} (THF-ds): § 5.08, —44.63
ppm. IR: 2881s, 2844s, 2716sh, 1476m, 1442m, 1354s, 1295m, 1259m, 1231s, 1173w, 1102s,
1078m, 1007m, 980m, 949s, 830m, 749m, 706m, 652m cm . Anal Calcd for C44HgsKN3O6SioU:
C 48.78, H 7.72, N 3.88. Found: C 46.57, H 7.47, N 3.31. Incomplete combustion and low C
values were found across multiple samples, but the experimental C:H:N ratio of C4sHgaN2.7 is close

to the expected value 56
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Synthesis of 4.2. In a similar synthesis as above, (CsMes)U(NR2). (53 mg, 0.076 mmol),
crypt (29 mg, 0.077 mmol) and KCg (excess) were reacted to form a dark brown solution. Layering
this solution under chilled hexane overnight yielded black X-ray quality crystals of 4.2 (74 mg,
82%). Due to the low symmetry and paramagnetism of 4.2, the *H NMR spectra could not be
confidently assigned. 2°Si{*H} (THF-ds): 6 302.55 ppm. IR: 2944m, 2881m, 1476m, 1443m,
1354s, 1294m, 1235s, 1101s, 949s, 820s, 751m, 659m cm ™. Anal Calcd for C4oHgsKN4OgSisU:
C 43.34, H 7.82, N 5.05. Found: C 39.28, H 7.02, N 4.00. Incomplete combustion and low C
values were found across multiple samples, but the experimental C:H:N ratio of CsHss2N3s is
close to the expected value.5-5
Crystallographic Data
X-ray Data Collection, Structure Solution and Refinement for 4.1. A black crystal of
approximate dimensions 0.109 x 0.165 x 0.183 mm was mounted in a cryoloop and transferred to
a Bruker SMART APEX Il diffractometer. The APEX2% program package and the
CELL_NOWS®® were used to determine the unit-cell parameters. Data was collected using a 120
sec/frame scan time. The raw frame data was processed using SAINT® and TWINABS™ to yield
the reflection data file (HKLF5 format).”® Subsequent calculations were carried out using the

SHELXTL™ program. There were no systematic absences nor any diffraction symmetry other

than the Friedel condition. The centrosymmetric triclinic space group P1 was assigned and later
determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors’2 for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. The uranium atom was disordered

(0.91/0.09) and included using multiple components and partial site-occupancy-factors.
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Least-squares analysis yielded wR2 = 0.0910 and Goof = 1.054 for 539 variables refined
against 10446 data (0.80 A), R1 = 0.0445 for those 9263 with | > 2.05(l). The structure was
refined as a two-component twin, BASF! = 0.1749.

Table 4.3. Crystal data and structure refinement for 4.1 and 4.2.

4.1 4.2
Identification code jew27 jew30
Empirical formula Ca4 Hgs K N3 Og Si2 U Ca4 Hos KN4 O7 Sig U
Formula weight 1083.44 1180.72
Temperature (K) 133(2) 93(2)
Wavelength (A) 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space group P1 P2i/c
a(A) 9.2058(9) 11.1961(7)
b (A) 16.3697(16) 29.3529(18)
c(A) 16.9560(16) 17.8199(11)
o (°) 93.4572(17) 90
B (°) 92.9995(17) 93.8794(11)
v (°) 90.7046(16) 90
Volume (A% 2546.8(4) 5842.9(6)
Z 2 4
Calculated density (mg/m®) 1.413 1.342
Absorption Coefficient (mm™, 3.360 2.975
F(000) 1110 2436
Crystal color Black Black
Crystal size (mm?®) 0.183 x 0.165 x 0.109 0.280 x 0.183 x 0.168
0 range for data collection (°) 1.205 to 26.372 1.339 to 26.372

Index ranges

—-11<h<11,-20<k <20,
0<I<21

—13<h<13,-36 <k<36,
—22<1<22

Reflections collected 10446 70405

Completeness to ¢ = 25.500° 100.0% 100.0%

Absorption correction Semi-empirical from equivalents | Semi-empirical from equivalents
Max. and min. transmission 0.4311 and 0.3086 0.7457 and 0.5874

Refinement method

Full-matrix least-squares on F?

Full-matrix least-squares on F?

Data / restraints / parameters

10446 /0/539

11941/0574

Goodness-of-fit on F2

1.054

1.022

Final R indices [1>24(1)]

R1 =0.0445, wR2 = 0.0869

R1 = 0.0400, wR2 = 0.0804

R indices (all data)

R1 = 0.0556, wR2 = 0.0910

R1 = 0.0645, wR2 = 0.0891

Data cutoff (A)

0.80

0.80

Largest diff. peak and hole (e.A®)

1.367 and —1.314

1.283 and —0.701
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Table 4.4. Bond lengths [A] and angles [°] for 4.1.

U(1)-Cntl
U(1)-Cnt2
U(L)-N(L)
U(1)-C(21)
U(1)-C(4)
U(1)-C(12)
U(1)-C(5)
U(1)-C(3)
U(1)-C(11)
U(1)-C(1)
U(1)-C(13)
U(1)-C(2)
U(1)-C(14)
U(1)-C(15)
Si(1)-N(1)
Si(1)-C(21)
Si(1)-C(23)
Si(1)-C(22)
Si(2)-N(1)
Si(2)-C(24)
Si(2)-C(25)
Si(2)-C(26)
C(1)-C(2)
C(1)-C(5)
C(1)-C(6)
C(2)-C(3)
C(2)-C(7)
C(3)-C(4)
C(3)-C(8)
C(4)-C(5)
C(4)-C(9)
C(5)-C(10)
C(11)-C(12)
C(11)-C(15)
C(11)-C(16)

2.559

2.584

2.354(5)
2.558(6)
2.793(5)
2.798(5)
2.810(5)
2.826(5)
2.830(5)
2.846(5)
2.854(5)
2.871(5)
2.881(5)
2.881(5)
1.733(5)
1.856(7)
1.888(6)
1.891(7)
1.676(5)
1.871(6)
1.878(7)
1.887(7)
1.415(7)
1.417(7)
1.507(8)
1.415(8)
1.508(8)
1.427(8)
1.510(7)
1.414(7)
1.504(8)
1.505(7)
1.410(8)
1.419(8)
1.504(7)
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C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(14)-C(19)
C(15)-C(20)
K(1)-O(6)
K(1)-0(3)
K(1)-0(2)
K(1)-O(1)
K(1)-O(4)
K(1)-0(5)
K(1)-N(2)
K(1)-N(3)
0(1)-C(29)
0(1)-C(28)
0(2)-C(30)
0(2)-C(31)
0(3)-C(35)
0(3)-C(34)
0(4)-C(36)
0(4)-C(37)
0(5)-C(40)
0(5)-C(41)
0(6)-C(42)
0(6)-C(43)
N(2)-C(33)
N(2)-C(27)
N(2)-C(39)
N(3)-C(44)
N(3)-C(38)
N(3)-C(32)
C(27)-C(28)
C(29)-C(30)

1.407(8)
1.490(8)
1.401(8)
1.516(7)
1.419(7)
1.508(8)
1.494(7)
2.789(4)
2.790(4)
2.818(4)
2.820(4)
2.853(4)
2.854(4)
3.028(4)
3.045(5)
1.426(7)
1.438(6)
1.424(7)
1.428(6)
1.412(7)
1.424(7)
1.421(8)
1.429(8)
1.418(7)
1.427(7)
1.417(7)
1.430(7)
1.466(7)
1.467(7)
1.475(7)
1.457(8)
1.467(7)
1.473(7)
1.498(8)
1.488(8)



C(31)-C(32)
C(33)-C(34)
C(35)-C(36)
C(37)-C(38)
C(39)-C(40)
C(41)-C(42)
C(43)-C(44)

Cnt1-U(1)-N(1)
Cnt1-U(1)-C(21)
Cnt2-U(1)-N(1)
Cnt2-U(1)-C(21)
Cnt1-U(1)-Cnt2
N(1)-U(1)-C(21)
N(1)-U(1)-C(4)
C(21)-U(1)-C(4)
N(1)-U(1)-C(12)
C(21)-U(1)-C(12)
C(4)-U(1)-C(12)
N(1)-U(1)-C(5)
C(21)-U(1)-C(5)
C(4)-U(1)-C(5)
C(12)-U(1)-C(5)
N(1)-U(1)-C(3)
C(21)-U(1)-C(3)
C(4)-U(1)-C(3)
C(12)-U(1)-C(3)
C(5)-U(1)-C(3)
N(1)-U(1)-C(11)
C(21)-U(1)-C(11)
C(4)-U(1)-C(11)
C(12)-U(1)-C(11)
C(5)-U(1)-C(11)
C(3)-U(1)-C(11)
N(1)-U(1)-C(1)
C(21)-U(1)-C(1)

1.495(9)
1.508(8)
1.493(10)
1.502(9)
1.512(9)
1.487(8)
1.497(8)

114.6
101.9
109.8
109.1
132.5
69.1(2)
95.02(16)
111.55(18)
126.60(16)
96.09(19)
136.64(16)
91.92(15)
83.26(18)
29.24(15)
138.65(16)
122.92(16)
126.85(18)
29.42(15)
107.23(15)
48.01(14)
97.61(16)
84.32(18)
162.54(15)
29.00(16)
160.50(16)
134.35(15)
116.60(15)
79.74(18)
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C(4)-U(1)-C(2)
C(12)-U(1)-C(1)
C(5)-U(1)-C(2)
C(3)-U(1)-C(2)
C(11)-U(1)-C(1)
N(L)-U(1)-C(13)
C(21)-U(1)-C(13)
C(4)-U(1)-C(13)
C(12)-U(1)-C(13)
C(5)-U(1)-C(13)
C(3)-U(1)-C(13)
C(11)-U(1)-C(13)
C(1)-U(1)-C(13)
N(1)-U(1)-C(2)
C(21)-U(1)-C(2)
C(4)-U(1)-C(2)
C(12)-U(1)-C(2)
C(5)-U(1)-C(2)
C(3)-U(1)-C(2)
C(11)-U(1)-C(2)
C(1)-U(1)-C(2)
C(13)-U(1)-C(2)
N(L)-U(1)-C(14)
C(21)-U(1)-C(14)
C(4)-U(1)-C(14)
C(12)-U(1)-C(14)
C(5)-U(1)-C(14)
C(3)-U(1)-C(14)
C(11)-U(1)-C(14)
C(1)-U(1)-C(14)
C(13)-U(1)-C(14)
C(2)-U(1)-C(14)
N(L)-U(1)-C(15)
C(21)-U(1)-C(15)
C(4)-U(1)-C(15)
C(12)-U(1)-C(15)

48.02(15)
109.98(16)
29.00(15)
47.64(15)
133.20(16)
130.95(16)
124.88(19)
115.36(15)
28.80(16)
133.18(15)
87.86(15)
47.24(14)
112.31(15)
139.08(15)
105.07(18)
47.87(16)
93.94(15)
47.55(15)
28.76(15)
122.63(16)
28.65(14)
86.71(15)
104.05(16)
130.72(18)
117.70(15)
47.32(16)
145.67(14)
98.59(15)
47.23(15)
136.89(15)
28.28(16)
108.61(15)
85.31(15)
104.03(17)
142.02(15)
47.49(16)



C(5)-U(1)-C(15)
C(3)-U(1)-C(15)
C(11)-U(1)-C(15)
C(1)-U(1)-C(15)
C(13)-U(1)-C(15)
C(2)-U(1)-C(15)
C(14)-U(1)-C(15)
N(1)-Si(1)-C(21)
N(L)-Si(1)-C(23)
C(21)-Si(1)-C(23)
N(L)-Si(1)-C(22)
C(21)-Si(1)-C(22)
C(23)-Si(1)-C(22)
N(L)-Si(1)-U(1)
C(21)-Si(1)-U(1)
C(23)-Si(1)-U(1)
C(22)-Si(1)-U(1)
N(L)-Si(2)-C(24)
N(1)-Si(2)-C(25)
C(24)-Si(2)-C(25)
N(L)-Si(2)-C(26)
C(24)-Si(2)-C(26)
C(25)-Si(2)-C(26)
Si(2)-N(1)-Si(1)
Si(2)-N(1)-U(1)
Si(1)-N(1)-U(1)
C(2)-C(1)-C(5)
C(2)-C(1)-C(6)
C(5)-C(1)-C(6)
C(2)-C(1)-U(1)
C(5)-C(1)-U(1)
C(6)-C(1)-U(1)
C(1)-C(2)-C(3)
C(1)-C(2)-C(7)
C(3)-C(2)-C(7)
C(1)-C(2)-U(1)

170.61(15)
127.08(14)
28.75(16)
157.12(16)
46.87(15)
133.55(14)
28.52(14)
102.0(3)
112.5(3)
112.6(3)
111.6(3)
115.8(3)
102.7(3)
47.67(16)
54.5(2)
124.4(2)
132.5(2)
114.0(3)
113.9(3)
105.7(3)
111.6(3)
105.2(3)
105.6(3)
129.4(3)
131.2(3)
99.4(2)
108.0(5)
124.6(5)
127.0(5)
76.7(3)
74.1(3)
120.8(4)
108.1(5)
124.5(5)
126.7(5)
74.7(3)
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C(3)-C(2)-U(1)
C(7)-C(2)-U(1)
C(2)-C(3)-C(4)
C(2)-C(3)-C(8)
C(4)-C(3)-C(8)
C(2)-C(3)-U(1)
C(4)-C(3)-U(1)
C(8)-C(3)-U(1)
C(5)-C(4)-C(3)
C(5)-C(4)-C(9)
C(3)-C(4)-C(9)
C(5)-C(4)-U(1)
C(3)-C(4)-U(1)
C(9)-C(4)-U(1)
C(4)-C(5)-C(1)
C(4)-C(5)-C(10)
C(1)-C(5)-C(10)
C(4)-C(5)-U(1)
C(1)-C(5)-U(1)
C(10)-C(5)-U(L)
C(12)-C(11)-C(15)
C(12)-C(11)-C(16)
C(15)-C(11)-C(16)
C(12)-C(11)-U(1)
C(15)-C(11)-U(1)
C(16)-C(11)-U(1)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(11)-C(12)-C(17)
C(13)-C(12)-U(1)
C(11)-C(12)-U(1)
C(17)-C(12)-U(1)
C(14)-C(13)-C(12)
C(14)-C(13)-C(18)
C(12)-C(13)-C(18)
C(14)-C(13)-U(1)

73.8(3)
125.0(3)
108.0(4)
127.7(5)
124.1(5)
77.4(3)
74.0(3)
118.9(3)
107.6(5)
125.0(5)
127.0(5)
76.0(3)
76.6(3)
119.7(3)
108.3(5)
125.1(5)
126.3(5)
74.7(3)
76.9(3)
119.2(3)
108.0(4)
126.2(5)
125.5(5)
74.2(3)
77.6(3)
119.9(3)
107.9(5)
126.7(5)
125.3(5)
77.8(3)
76.8(3)
114.1(4)
108.6(5)
126.0(5)
124.7(5)
76.9(3)



C(12)-C(13)-U(1)
C(18)-C(13)-U(1)
C(13)-C(14)-C(15)
C(13)-C(14)-C(19)
C(15)-C(14)-C(19)
C(13)-C(14)-U(1)
C(15)-C(14)-U(1)
C(19)-C(14)-U(1)
C(11)-C(15)-C(14)
C(11)-C(15)-C(20)
C(14)-C(15)-C(20)
C(11)-C(15)-U(1)
C(14)-C(15)-U(1)
C(20)-C(15)-U(1)
Si(1)-C(21)-U(1)
0(6)-K(1)-0(3)
0(6)-K(1)-0(2)
0(3)-K(1)-0(2)
0(6)-K(1)-0(1)
0(3)-K(1)-0(1)
0(2)-K(1)-0(1)
0(6)-K(1)-0(4)
0(3)-K(1)-0(4)
0(2)-K(1)-0(4)
O(1)-K(1)-0(4)
0(6)-K(1)-0()
0(3)-K(1)-0()
0(2)-K(1)-0(5)
0(1)-K(1)-0()
0(4)-K(1)-0()
0(6)-K(1)-N(2)
0(3)-K(1)-N(2)
0(2)-K(1)-N(2)
O(1)-K(1)-N(2)
0(4)-K(1)-N(2)
0(5)-K(1)-N(2)

73.4(3)
123.3(4)
108.0(5)
126.2(5)
125.5(5)

74.8(3)

75.7(3)
120.3(3)
107.5(5)
125.3(5)
126.8(5)

73.7(3)

75.7(3)
121.9(3)

89.3(3)
123.88(12)

99.42(12)
130.54(12)
137.37(12)

94.35(12)

59.98(11)

98.11(12)

59.91(11)

94.31(12)
118.90(13)

60.24(11)

99.17(11)
124.53(12)

99.00(11)
136.49(13)
120.52(12)

60.09(12)
119.57(12)

59.92(12)
119.58(12)

60.78(12)
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0(6)-K(1)-N(3)
0(3)-K(1)-N(3)
0(2)-K(1)-N(3)
O(1)-K(1)-N(3)
O(4)-K(1)-N(3)
0(5)-K(1)-N(3)
N(2)-K(1)-N(3)
C(29)-O(1)-C(28)
C(29)-0(1)-K(1)
C(28)-0(1)-K(1)
C(30)-0(2)-C(31)
C(30)-0(2)-K(1)
C(31)-0(2)-K(1)
C(35)-0(3)-C(34)
C(35)-0(3)-K(1)
C(34)-0(3)-K(1)
C(36)-0(4)-C(37)
C(36)-0(4)-K(1)
C(37)-0(4)-K(1)
C(40)-0(5)-C(41)
C(40)-0(5)-K(1)
C(41)-0(5)-K(1)
C(42)-0(6)-C(43)
C(42)-0(6)-K(1)
C(43)-0(6)-K(1)
C(33)-N(2)-C(27)
C(33)-N(2)-C(39)
C(27)-N(2)-C(39)
C(33)-N(2)-K(1)
C(27)-N(2)-K(1)
C(39)-N(2)-K(1)
C(44)-N(3)-C(38)
C(44)-N(3)-C(32)
C(38)-N(3)-C(32)
C(44)-N(3)-K(1)
C(38)-N(3)-K(1)

60.33(12)
119.51(12)

60.01(12)
119.57(12)

59.94(12)
120.07(12)
179.15(13)
111.1(4)
114.8(3)
116.8(3)
111.5(4)
114.3(3)
117.9(3)
111.6(5)
117.2(3)
120.0(3)
110.9(5)
112.4(3)
115.5(3)
111.1(4)
115.3(3)
111.3(3)
112.2(4)
116.7(3)
116.7(3)
110.1(5)
110.0(4)
109.7(4)
108.8(3)
109.8(3)
108.5(3)
110.8(5)
110.2(5)
109.5(4)
108.5(3)
109.5(3)



C(32)-N(3)-K(1) 108.4(3) 0(4)-C(36)-C(35) 109.5(6)

N(2)-C(27)-C(28) 113.8(5) O(4)-C(37)-C(38) 109.1(5)
0(1)-C(28)-C(27) 108.4(4) N(3)-C(38)-C(37) 113.8(5)
0(1)-C(29)-C(30) 108.6(5) N(2)-C(39)-C(40) 113.8(5)
0(2)-C(30)-C(29) 109.0(5) 0(5)-C(40)-C(39) 109.7(4)
0(2)-C(31)-C(32) 109.0(4) 0(5)-C(41)-C(42) 109.1(5)
N(3)-C(32)-C(31) 113.5(5) 0(6)-C(42)-C(41) 109.6(5)
N(2)-C(33)-C(34) 114.1(5) 0(6)-C(43)-C(44) 109.2(5)
0(3)-C(34)-C(33) 109.0(5) N(3)-C(44)-C(43) 114.1(5)
0(3)-C(35)-C(36) 109.0(6)

X-ray Data Collection, Structure Solution and Refinement for 4.2. A black crystal of
approximate dimensions 0.168 x 0.183 x 0.280 mm was mounted in a cryoloop and transferred to
a Bruker SMART APEX Il diffractometer. The APEX2%" program package was used to determine
the unit-cell parameters and for data collection with 30 sec/frame scan time. The raw frame data
was processed using SAINT® and SADABS” to vyield the reflection data file. Subsequent
calculations were carried out using the SHELXTL™ program. The diffraction symmetry was 2/m
and the systematic absences were consistent with the monoclinic space group P2i/c that was later
determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors’2 for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. The uranium atom and C(41) were
disordered and included using multiple components with partial site-occupancy-factors.

Least-squares analysis yielded wR2 = 0.0891 and Goof = 1.022 for 574 variables refined

against 11941 data (0.80 A), R1 = 0.0400 for those 8996 data with 1 > 2.0c(l).

Table 4.5. Bond lengths [A] and angles [°] for 4.2.
U(1)-Cnt 2.533 U(1)-N(2) 2.363(4)
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U(1)-N(2)
U(1)-C(11)
U(1)-C(5)
U(1)-C(4)
U(1)-CE)
U(1)-C(1)
U(1)-C(2)
Si(1)-N(1)
Si(1)-C(11)
Si(1)-C(12)
Si(1)-C(13)
Si(2)-N(2)
Si(2)-C(18)
Si(2)-C(19)
Si(2)-C(17)
Si(3)-N(2)
Si(3)-C(21)
Si(3)-C(20)
Si(3)-C(22)
Si(4)-N(1)
Si(4)-C(16)
Si(4)-C(14)
Si(4)-C(15)
C(1)-C(2)
C(1)-C()
C(1)-C(6)
C(2)-C3)
C(2)-C(7)
C(3)-C(4)
C(3)-C(8)
C(4)-C()
C(4)-C(9)
C(5)-C(10)
K(1)-0(2)
K(1)-0(5)
K(1)-0(6)

2.399(4)
2.500(5)
2.784(4)
2.789(4)
2.802(5)
2.813(5)
2.813(5)
1.744(4)
1.850(5)
1.867(5)
1.879(5)
1.714(4)
1.871(5)
1.876(5)
1.883(6)
1.699(4)
1.867(6)
1.880(5)
1.886(5)
1.687(4)
1.865(5)
1.887(5)
1.890(6)
1.393(7)
1.406(7)
1.511(7)
1.409(7)
1.523(7)
1.397(7)
1.509(8)
1.408(7)
1.523(7)
1.499(7)
2.757(3)
2.796(3)
2.812(3)
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K(1)-O(1)
K(1)-O(4)
K(1)-0(3)
K(1)-N(3)
K(1)-N(4)
K(1)-0(7)
0(1)-C(35)
0(1)-C(34)
0(2)-C(37)
0(2)-C(36)
0(3)-C(29)
0(3)-C(28)
0(4)-C(30)
0(4)-C(31)
0(5)-C(23)
0(5)-C(44)
0(6)-C(25)
0(6)-C(24)
0(7)-C(42)
0(7)-C(39)
N(3)-C(26)
N(3)-C(38)
N(3)-C(27)
N(4)-C(43)
N(4)-C(33)
N(4)-C(32)
C(23)-C(24)
C(25)-C(26)
C(27)-C(28)
C(29)-C(30)
C(31)-C(32)
C(33)-C(34)
C(35)-C(36)
C(37)-C(38)
C(39)-C(40)
C(40)-C(41)

2.838(3)
2.883(3)
2.915(3)
3.007(4)
3.038(4)
3.314(4)
1.417(6)
1.433(6)
1.406(7)
1.429(7)
1.416(5)
1.422(5)
1.421(5)
1.428(5)
1.411(6)
1.420(6)
1.419(6)
1.427(6)
1.408(7)
1.426(7)
1.459(8)
1.473(8)
1.489(6)
1.463(6)
1.464(6)
1.470(6)
1.493(7)
1.511(8)
1.498(7)
1.488(6)
1.492(7)
1.491(8)
1.474(8)
1.486(9)
1.467(9)
1.48(2)



C(40)-C(41B)
C(41)-C(42)
C(41B)-C(42)
C(43)-C(44)

Cnt-U(1)-N(1)
Cnt-U(1)-N(2)
Cnt-U(1)-C(21)
N(1)-U(1)-N(2)
N(1)-U(1)-C(11)
N(2)-U(1)-C(11)
N(1)-U(1)-C(5)
N(2)-U(1)-C(5)
C(11)-U(1)-C(5)
N(1)-U(1)-C(4)
N(2)-U(1)-C(4)
C(11)-U(1)-C(4)
C(5)-U(1)-C(4)
N(1)-U(1)-C(3)
N(2)-U(1)-C(3)
C(11)-U(1)-C(3)
C(5)-U(1)-C(3)
C(4)-U(1)-C(3)
N(1)-U(1)-C(1)
N(2)-U(1)-C(1)
C(11)-U(1)-C(1)
C(5)-U(1)-C(1)
C(4)-U(1)-C(1)
C(3)-U(1)-C(1)
N(1)-U(1)-C(2)
N(2)-U(1)-C(2)
C(11)-U(1)-C(2)
C(5)-U(1)-C(2)
C(4)-U(1)-C(2)
C(3)-U(1)-C(2)
C(1)-U(1)-C(2)

1.619(12)
1.45(2)
1.474(11)
1.500(7)

1195
123.3
1115
114.09(12)
71.12(14)
101.77(15)
108.41(13)
119.20(13)
132.61(16)
137.61(14)
98.90(13)
128.79(16)
29.26(14)
138.94(14)
106.95(14)
99.89(16)
48.14(14)
28.95(15)
94.60(13)
146.18(13)
104.34(16)
29.10(14)
47.61(14)
47.56(15)
110.10(15)
135.37(15)
86.49(16)
47.99(14)
47.73(14)
29.06(15)
28.67(15)
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N(L)-Si(1)-C(11)
N(L)-Si(1)-C(12)
C(11)-Si(1)-C(12)
N(L)-Si(1)-C(13)
C(11)-Si(1)-C(13)
C(12)-Si(1)-C(13)
N(L)-Si(1)-U(1)
C(11)-Si(1)-U(1)
C(12)-Si(1)-U(1)
C(13)-Si(1)-U(1)
N(2)-Si(2)-C(18)
N(2)-Si(2)-C(19)
C(18)-Si(2)-C(19)
N(2)-Si(2)-C(17)
C(18)-Si(2)-C(17)
C(19)-Si(2)-C(17)
N(2)-Si(3)-C(21)
N(2)-Si(3)-C(20)
C(21)-Si(3)-C(20)
N(2)-Si(3)-C(22)
C(21)-Si(3)-C(22)
C(20)-Si(3)-C(22)
N(L)-Si(4)-C(16)
N(L)-Si(4)-C(14)
C(16)-Si(4)-C(14)
N(L)-Si(4)-C(15)
C(16)-Si(4)-C(15)
C(14)-Si(4)-C(15)
Si(4)-N(1)-Si(1)
Si(4)-N(1)-U(1)
Si(1)-N(1)-U(1)
Si(3)-N(2)-Si(2)
Si(3)-N(2)-U(1)
Si(2)-N(2)-U(1)
C(2)-C(1)-C(5)
C(2)-C(1)-C(6)

103.9(2)
112.6(2)
110.4(2)
110.7(2)
113.1(2)
106.3(2)
49.71(12)
54.21(15)
125.12(17)
128.48(16)
109.5(2)
115.0(2)
104.3(3)
113.2(2)
106.9(3)
107.3(3)
112.3(2)
112.9(2)
105.3(3)
113.6(2)
106.5(3)
105.6(3)
112.0(2)
114.6(2)
104.2(2)
111.8(2)
107.5(2)
106.3(3)
125.7(2)
137.64(19)
96.04(16)
122.0(2)
123.4(2)
114.38(19)
108.8(4)
126.3(5)



C(5)-C(1)-C(6)
C(2)-C(1)-u()
C(5)-C(1)-u()
C(6)-C(1)-U(1)
C(1)-C(2)-C(3)
C(1)-C(2)-C(7)
C(3)-C(2)-C(7)
C(1)-C(2)-u()
C(3)-C(2)-u(1)
C(7)-C(2)-U(1)
C(4)-C(3)-C(2)
C(4)-C(3)-C(8)
C(2)-C(3)-C(8)
C(4)-C(3)-U(1)
C(2)-C(3)-U(1)
C(8)-C(3)-U(1)
C(3)-C(4)-C(5)
C(3)-C(4)-C(9)
C(5)-C(4)-C(9)
C(3)-C(4)-U(1)
C(5)-C(4)-U(1)
C(9)-C(4)-U(1)
C(1)-C(5)-C(4)
C(1)-C(5)-C(10)
C(4)-C(5)-C(10)
C(1)-C(5)-U(1)
C(4)-C(5)-U(1)
C(10)-C(5)-uU(1)
Si(1)-C(11)-U(1)
0(2)-K(1)-0(5)
0(2)-K(1)-0(6)
O(5)-K(1)-0(6)
0(2)-K(1)-0(1)
O(5)-K(1)-0(1)
0O(6)-K(1)-0(1)
0(2)-K(1)-0(4)

124.8(6)
75.7(3)
74.3(3)

116.9(3)

107.8(4)

125.7(6)

126.2(6)
75.6(3)
75.0(3)

120.6(3)

107.8(5)

126.4(6)

125.6(6)
75.0(3)
75.9(3)

119.1(4)

108.6(4)

125.7(5)

125.6(5)
76.0(3)
75.2(3)

116.8(3)

106.9(4)

125.4(5)

127.0(5)
76.6(3)
75.6(3)

121.4(3)
88.90(18)

129.22(10)

104.30(11)
61.33(10)
61.36(12)

102.46(10)

146.34(10)

133.04(10)

135

O(5)-K(1)-0(4)
0(6)-K(1)-0(4)
O(1)-K(1)-0(4)
0(2)-K(1)-0(3)
O(5)-K(1)-0(3)
0(6)-K(1)-0(3)
O(1)-K(1)-0(3)
O(4)-K(1)-0(3)
0(2)-K(1)-N(3)
O(5)-K(1)-N(3)
O(6)-K(1)-N(3)
O(1)-K(1)-N(3)
O(4)-K(1)-N(3)
O(3)-K(1)-N(3)
O(2)-K(1)-N(4)
O(5)-K(1)-N(4)
O(6)-K(1)-N(4)
O(1)-K(1)-N(4)
O(4)-K(1)-N(4)
O(3)-K(1)-N(4)
N(3)-K(1)-N(4)
0(2)-K(1)-0(7)
O(5)-K(1)-0(7)
0O(6)-K(1)-0(7)
O(1)-K(1)-0(7)
O(4)-K(1)-0(7)
O(3)-K(1)-0(7)
N(3)-K(1)-0(7)
N(4)-K(1)-0(7)

C(35)-0(1)-C(34)

C(35)-0(1)-K(1)
C(34)-0(1)-K(1)

C(37)-0(2)-C(36)

C(37)-0(2)-K(1)
C(36)-0(2)-K(1)

C(29)-0(3)-C(28)

93.35(9)
114.58(10)
94.56(10)
95.16(10)
131.63(10)
93.26(10)
117.14(10)
58.65(8)
60.94(13)
121.66(12)
60.90(11)
121.28(13)
117.19(10)
59.25(10)
120.73(12)
60.12(11)
120.30(11)
59.84(10)
59.36(10)
117.27(10)
176.52(11)
63.67(10)
65.69(9)
70.94(10)
75.49(11)
153.39(10)
147.77(10)
88.64(11)
94.85(11)
111.5(4)
110.8(3)
115.1(3)
112.2(5)
120.6(3)
114.8(3)
110.6(3)



C(29)-0(3)-K(1) 113.4(2) C(32)-N(4)-K(1) 110.2(3)

C(28)-0(3)-K(1) 117.4(3) 0(5)-C(23)-C(24) 109.7(4)
C(30)-0(4)-C(31) 111.4(4) 0(6)-C(24)-C(23) 108.7(4)
C(30)-0(4)-K(1) 115.6(2) 0(6)-C(25)-C(26) 108.8(4)
C(31)-0(4)-K(1) 117.3(3) N(3)-C(26)-C(25) 113.8(5)
C(23)-0(5)-C(44) 112.1(4) N(3)-C(27)-C(28) 113.4(4)
C(23)-0(5)-K(1) 112.6(3) 0(3)-C(28)-C(27) 108.7(4)
C(44)-0(5)-K(1) 119.9(3) 0(3)-C(29)-C(30) 109.0(4)
C(25)-0(6)-C(24) 111.3(4) 0(4)-C(30)-C(29) 109.6(4)
C(25)-0(6)-K(1) 113.8(3) 0(4)-C(31)-C(32) 109.2(4)
C(24)-0(6)-K(1) 112.5(3) N(4)-C(32)-C(31) 114.2(4)
C(42)-0(7)-C(39) 106.6(5) N(4)-C(33)-C(34) 113.1(5)
C(42)-0(7)-K(1) 122.6(4) 0(1)-C(34)-C(33) 109.3(4)
C(39)-0(7)-K(1) 129.6(4) 0(1)-C(35)-C(36) 109.8(4)
C(26)-N(3)-C(38) 112.1(5) 0(2)-C(36)-C(35) 110.0(4)
C(26)-N(3)-C(27) 109.7(5) 0(2)-C(37)-C(38) 109.2(5)
C(38)-N(3)-C(27) 108.9(4) N(3)-C(38)-C(37) 115.9(5)
C(26)-N(3)-K(1) 108.9(3) 0(7)-C(39)-C(40) 110.0(6)
C(38)-N(3)-K(1) 106.2(3) C(39)-C(40)-C(41) 99.2(10)
C(39)-C(40)-C(41B) 98.5(6)
C(27)-N(3)-K(1) 110.9(3) C(42)-C(41)-C(40) 105.5(14)
C(43)-N(4)-C(33) 109.9(4) C(42)-C(41B)-C(40) 97.9(7)
C(43)-N(4)-C(32) 110.4(4) 0(7)-C(42)-C(41) 102.9(10)
C(33)-N(4)-C(32) 109.0(4) 0(7)-C(42)-C(41B) 108.0(6)
C(43)-N(4)-K(1) 107.5(3) N(4)-C(43)-C(44) 113.4(4)
C(33)-N(4)-K(1) 109.9(3) 0(5)-C(44)-C(43) 109.8(4)

Computational Details

Theoretical calculations on [(CsMes)2U(NR2)]'~ and [(CsMes)U(NR2)]'~ were carried out
at the density functional level of theory using the TPSSh?® functional with Grimme’s D3 dispersion
correction™7 in C; symmetry. Scalar relativistic effective core potentials (ECPs)?’ with the def-
TZVP'® basis set were used for U and polarized split-valence basis sets with diffuse functions

def2-SV(P)"" were used for the other atoms. Quadrature grids of size 4 were used throughout.”
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The continuum solvation model COSMO? was included to model solvent effects with a dielectric
constant of 7.52% and a refractive index of 1.3 for THF. Geometry optimizations were computed
starting from X-ray structures with geometry convergence thresholds of 10 a.u. and energy
convergence of 108 a.u. Ground state geometries were confirmed by the lack of imaginary
frequencies in the vibrational spectrum. Time dependent density functional theory (TDDFT)
calculations of vertical excitations and oscillator strengths were carried out on the solvent-
optimized structures of [(CsMes).U(NR2)]'" and [(CsMes)U(NR2)2]'~ using def2-SVPD?! basis
sets for the ligands and def-TZVP basis set for U. An additional diffuse p primitive (Gaussian
exponent 0.91577408313 x 1072) was added to the U basis set by downward extrapolation. Diffuse
p augmentation is essential for accurate computational modeling of d to p excitations in similar f-
element compounds with trigonal ligand fields.8? UV-Vis spectra were simulated using Gaussian
line profiles with a root mean-square width of 0.20 eV, and excitation energies were empirically
shifted by 0.2 eV to account for systematic errors inherent in the functional, basis sets, and
solvation model. Molecular orbitals and electronic transitions and states were analyzed with
VMD?® and Mulliken population analysis (MPA). All computations were completed using the
TURBOMOLE program suite, Version \V/7.4.1.848

[(CsMes)2U(NR2)]'=. The solvent optimized structure of [(CsMes)2U(NR2)]'™ resulted in
a C1 symmetric minimum, a quintet (S = 2) state with 5f36d* occupation. Molecular orbital plots
and population analysis revealed a highest occupied molecular orbital with 6dz?-like character.
The structure is in qualitative agreement with the X-ray data with the U-N distance being ~0.06 A
longer, consistent with the experimental observed increase in bond distance upon reduction of
U(I11) to U(II). The average distance of U to the closest C in the amide methyl groups is 3.744 A,

approximately 1 A larger than would be expected to form a bond. The average distance of U to the
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corresponding closest H on the amide methyl groups is 3.256 A, outside the typical M—H bond
distance for any considerable interaction.

(CsMes)2U(NR2).  Structure optimization of the neutral compound (CsMes).U(NRy2)
resulted in a triplet (S = 3/2), C1-symmetric ground state. The three highest occupied orbitals are
almost pure 5f orbitals. The calculated LUMO was a 6dz2-like orbital with contribution from the
CsMes « system. There was electron density observed on the methyl groups of the silylamide
ligand, similar to what was found for U(Il) species above.

[(CsMes)U(NR2)2]*~. Structure optimization of [(CsMes)U(NR2)2]' " also resulted in a in a
C1 symmetric minimum, a quintet (S = 2) state with 5f%6d* occupation. Molecular orbital plots and
population analysis revealed a highest occupied molecular orbital with 6dz*-like character. The
structure is in qualitative agreement with the X-ray data with the average U-N distance being ~0.2
pm shorter. The average distances of U to the closest C in the amide methyl groups are 3.699 and

3.757 A with their corresponding closest H being 3.337 and 3.220 A away from the U center.

Table 4.6: Electronic excitation summary for [(CsMes).U(NR2)]'" computed using the TPSSh
functional with the def2-SVPD basis set for ligand atoms. All excitations computed are single
excitations involving alpha spin to alpha spin transitions. Oscillator strengths are reported in the

length gauge. Only transitions above 10% contribution to the overall excitation are listed.

Wavelength Oscillator Dominant Contributions
(nm) Stre  Occupied Virtual % weight Assignment
ngth
(len)
876.5 0.037 138a 140a 25.0 6d,°—7p;
138a 148a 23.0 6d,°— 51y,
1363. 1423. 155 5fz(x2-y2)—>7pz+6dyz+f
137a 148a 15.5 5fy(y%-3x)— Sfy
852.5 0.019 138a 141a 97.1 6d,°—7px
673.2 0.022 138a 144a 60.4 6d,°— Tp,+6dy,+f
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142a 228 6dzz—>7pz+6dyz+f
605.0 0.010 138a 150a 43.9 60,°— 5fxx-3y9)

149a 229 6dzz—>5fz(x2-y2)+5f23

137a 149a 16.5 5":y(y2-3x2)—>5fz(xz-y2)+5fz3

442.0 0.023 138a 1443 914 60,2 Tp,+60+f
413.4 0.046 138a 158a 70.0 6d,°—ligand

156a 20.4 6d.°—7p-+ligand
378.0 0.021 136a 162a 218 5f,0)—ligand

154a 18.8 5fz(x2-y2)—> 5fy(y2-3x2)+ 5f23

160a 163 5fz(x2-y2)—>7py+5fz3
333.3 0.022 138a 169a 66.5 6d,2— Tpx+5fy,?

168a 13.1 6d,"—7px+5fy-a)

(CsMes)U(NR2)2.  Structure optimization of the neutral compound (CsMes)U(NR2)2

resulted in a triplet (S = 3/2), C1-symmetric ground state. The three highest occupied orbitals are

almost pure 5f orbitals. The calculated LUMO was a 5f orbital with contribution from the CsMes

7 system. There was no observed electron density on the methyl groups of the silylamide ligand,

unlike what was found for the U(11) species above.

Table 4.7: Electronic excitation summary for [(CsMes)U(NR2)2]!~ computed using the TPSSh

functional with the def2-SVPD basis set for ligand atoms. All excitations computed are single

excitations involving alpha spin to alpha spin transitions. Oscillator strengths are reported in the

length gauge.

Wavelength Oscillator

Dominant Contributions

(nm) Stre  Occupied Virtual % weight Assignment
ngth
(len)
796.6 0.017 145a 148a 71.3 6d,>—7p;
145a 147a 19.4 6d.°—7px
794.6 0.020 145a 147a 40.9 6d,°—7px
1523. 230 6dzz—)5fz(x2-y2)
148a 10.3 6d,>—7p;
607.7 0.004 144a 148a 87.3 5fy°-3A—7pz
497.2 0.040 145a 156a 67.7 60,°—6dx%.,?
160a 17.2 6d,°—ligand
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390.4 0.027 145a 163a 71.1 6d,2—ligand

162a 15.0 6d.>—7p.+ligand

383.5 0.023 145a 166a 57.3 6d,°—ligand
144a 155a 13.9 5fy%aA— 6dxy

346.0 0.029 145a 172a 48.9 6d,°—ligand
1433. 1623. 94 5fx(x2-3y2)—>ligand
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Chapter 5:
Synthesis and Reduction of Heteroleptic
Bis(cyclopentadienyl) Uranium(l11) Complexes
Introduction®

The previous Chapter reported reduction studies of the heteroleptic bis- and mono-
(cyclopentadienyl) complexes, (CsMes)2U(NR2) and (CsMes)U(NR2)2.  The putative U(II)
products had 5f36d* configurations, but were unstable with respect to C—H bond activation
reactivity of the bis(trimethylsilyl)amide ligands.?

It was therefore desirable to explore reduction of other heteroleptic U(111) cyclopentadienyl
complexes that had functional groups other than amide ligands to circumvent ligand activation as
a decomposition pathway for U(I1) compounds. It was also of interest to explore other heteroleptic
systems to further understand the electronic impact of the ligands and their coordination geometry
on the stability and the electronic structure of the U(Il) ion. One additional desirable aspect of
heteroleptic [(CsMes).U"(A)]'~ compounds in which A is an alkyl group is that this could provide
the basis for coupling of metal-based electron transfer with alkyl-like reactivity at the U-C bond.

Surprisingly, relatively few fully characterized heteroleptic U(I11) metallocenes were in the
literature except for halides.>** This Chapter reports new synthetic and crystallographic data on
this class of complexes. Electrochemical data were collected on six heteroleptic U(I11) complexes
to examine them as precursors for reduction to U(I1). The suitability for forming U(Il) compounds
chemically was also evaluated. Density functional theory (DFT) and solid-G*? analysis were

employed to evaluate the electronic and steric properties of the expected products.

T Portions of this Chapter have been published: Wedal, J. C.; Ziller, J. W.; Furche, F.; Evans, W. J. Synthesis and
Reduction of Heteroleptic Bis(cyclopentadienyl) Uranium(lll) Complexes Inorg. Chem. 2022, DOI:
10.1021/acs.inorgchem.2¢00322.
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Results

Synthesis of Bis(cyclopentadienyl)uranium(aryloxide) Complexes. (CsMes)U(OAr"),
5.1-U (OAr’ = OCsH2'Bu2-2,6-Me-4). Reaction of (CsMes)UI(THF)'® with KOAr' in THF,
followed by extraction into hexane, afforded (CsMes)U(OAr’), 5.1-U, as a dark brown solid in
76% yield, eq 5.1. The *H NMR spectrum of 5.1-U in C¢Ds displays a broad signal at —8.69 ppm
for the CsMes ligand, and three signals at —3.40, —8.80, and —20.54 ppm for the methyl group,
aromatic hydrogens, and tert-butyl group, respectively. NMR shifts for all compounds included

in this report are summarized in Table 5.1.

% THF  KOCH;Buy2.6-Me-4 ’&‘ Bu
B THF : u—090 5.1

%U\I -KI

Brown crystals of 5.1-U suitable for X-ray diffraction were grown by a slow evaporation

of a pentane solution at —35 °C, Figure 5.1. Compound 5.1-U crystallized in the Cmc2; space
group with two independent molecules in the asymmetric unit. One molecule had a U-O-C bond
angle of 166.0(5)° and the other had a much more acute U-O-C bond angle of 115.7(5)°.
However, the corresponding U-O distances of 2.201(6) and 2.225(6) A, respectively, are similar.
It is well established that M—O-R angles do not necessarily correlate with M—O distances'**° and
this provides another excellent example with the two variants in the same crystal. The U-O
distances in 5.1-U are in the range of other U(Ill) aryloxide compounds: 2.144(8) A in
[(CsMes)(OATr")U]2(CeHe);?° 2.229(2), 2.253(2), and 2.256(2) A in [(ArO)stacn]U;? 2.242(2) A in
(trans-calix[2]benzene[2]pyrrolide)U(OAr);?? 2.136(6), 2.154(6), and 2.168(7), and 2.169(7) A in

[U(OAN]2(C7Hs);% 2.151(3), 2.175(3), and 2.177(3) A in U(OCeH2Ad2-2,6-Me-4)3;%* 2.161(2),
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2.165(2), and 2.166(2) A in U(OAr)s® (OAr = OCsH3'Buz-2,6). The metrical data of all
compounds included in this study are summarized in Table 5.2.

Table 5.1: *H NMR shifts (6, ppm) of compounds in this study (OAr’ = O-CsHz-'Buz-2,6-Me-4,

OAr* = 0-CeH2-Ad-2,6-'Bu-4, R = SiMes)

CsMes | CsMesH | aryl Me '‘Bu Ad Other
CH
(CsMes),U(OAr’), | —8.69 880 |340 |-2054
5.1-U?
(CsMes),Ce(OAT), | 2.71 846 |337 |-697
5.1-Ce?
(CsMeqH)UI(THF)® 18.93,
—20.69
(CsMesH)2U(OATr'), ~157, |845 |2.64 ~17.55
5.28 —27.38
(CsMes),U(OAr*), | -8.74 13.76 400 | 1.80,
5.3% —9.74,
—12.34,
—15.72,
—17.94
(CsMesH),U(OAr*), ~17.84 | 15.29 461 |-11.05, | -8.19,
5.42 -16.70, | —8.85
~18.89 | (CsMes-
H or
Ad)
(CsMes)2U(CHR2), | —5.56 2238
5,523 (SiMes)
(CsMes)2U(CsHs), | —4.42 —23.04
5.62 (CsHs)
(CsMes)2U(CsMegH), | —3.87
5.72
(CsMes)U(x2-0,0" | 13.12, | 4.89,
0,C-CsMesH), 5.82 | 0.29 4.01

a: CeDs
b: THF-ds

The U-cnt (cnt = CsMes ring centroid) distances in 5.1-U were in the range of 2.498 to
2.560 A, and the cnt—-U—cnt angles were 131.4 and 135.2°. These values are within the common

range for bent metallocenes containing the (CsMes),U'"" fragment.5? The metrical data of the
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metallocene components of all of the compounds included in this report are not unusual for the
bent metallocene motif. These data are included in Table 5.12 and will not be discussed further.
(CsMes)2Ce(OAr’), 5.1-Ce. To determine the influence of the 5f orbitals on the structure
of 5.1-U, the synthesis of the 4f cerium analog 5.1-Ce, was attempted because Ce** has a similar
six-coordinate ionic radius to U3*.2” The cerium complex was prepared by the salt metathesis route

of eq 5.2. Dark pink crystals of 5.1-Ce suitable for X-ray diffraction were isolated from a

Figure 5.1: Molecular structure of 5.1-U with selective atom labelling. Ellipsoids are drawn at
the 50% probability level. Disordered CsMes rings and hydrogen atoms have been omitted for

clarity. 5.1-U and 5.1-Ce are isomorphous.
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Table 5.2: Selected distances (A) and angles (°) for compounds 5.1-M, 5.2, and 5.5 (OAr’ = O-

CsH2-'Buz-2,6-Me-4, R = SiMe3).

M—cnt M-O, M-C | Cnt—-M- | Cnt—-M-0O, | M-O-Cipso
cnt Cnt—-M-C
(CsMes)2U(OAr'), 5.1-U | 2.498, 2.201(6), 131.4, | 114.1,128.6 | 115.7(5),
2.502, 2.225(6) 135.2 166.0(5)
2.560
(CsMes)2Ce(OAr"), 5.1- | 2.525, 2.213(3), 1315, ]96.2, 114.1, | 115.4(3),
Ce 2.531, 2.246(3) 135.3 128.5 166.5(3)
2.585
(CsMesH)2U(OAr"), 5.2 | 2.517, 2.268(4), 124.2, | 112.7, 99.7, | 159.5(4)
2.549, 2.269(4) 126.2 100.2, 133.6 | 111.5(3)
2.472,
2.511
(CsMes)2U(CHR2), 5.5 | 2.505, 2.502(7) 133.9 109.3, 111.6
2.5647

concentrated hexane solution at —35 °C, following reaction of bright yellow (CsMes).Ce(u—
CI)2K(THF),%2 with KOAr' in THF at 60 °C. The resonances in the *H NMR spectrum of 5.1-
Ce are shifted significantly from 5.1-U, Table 5.1. For example, the CsMes resonance in 5.1-Ce
IS 2.71 ppm while it occurs at —8.69 ppm in 5.1-U.

5.1-Ce is isomorphous with 5.1-U and has two distinct molecules in the asymmetric unit
with Ce—O-C angles of 115.4(3)° and 166.5(3)° and corresponding Ce—O distances of 2.246(3)
and 2.213(3) A, respectively. These distances are very close to the U-O distances in 5.1-U which
is consistent with the similar six-coordinate Shannon ionic radii of U(l11) and Ce(I11), 1.025 A and

1.01 A%

<l KOCgH,'Bu,-2,6-Me-4 ‘Bu
N\

RN THEF, 60 °C Cce—O @)
Ce K(THF),
~,.~ -2 KCl
Cl
‘Bu
Me

1-Ce
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(CsMesH)2U(OATY'), 5.2. A tetramethylcyclopentadienyl analog of 5.1-U was prepared to
compare the effect of the ancillary cyclopentadienyl ligand on structure. Following the synthesis
of 5.1-U, reaction of Uls with 2 equivalents of KCsMesH in THF afforded dark green needles of
(CsMesH)2UI(THF) in 63% vyield, eq 5.3. (CsMesH)2UI(THF) adopts a bent metallocene motif
analogous to (CsMes),UI(THF),%*® Figure 5.2, but the crystals obtained were not of high enough

quality to discuss metrical parameters.

t
é ; é ; B
WTHF  KOC¢H,Buy-2,6-Me-4 u
Lt o THF u—~o0
Ul; +2KCsMegH ——— > U |
—2KI ~, T .
‘Bu Me

5.2

Figure 5.2: Connectivity plot of (CsMesH)2UI(THF) with selective atom labelling. Hydrogen
atoms are omitted for clarity.

Reaction of (CsMesH).UI(THF) with KOAr', followed by crystallization from hexane,
afforded 5.2 as a dark brown solid in 62% yield, eq 5.3. Compound 5.2 had two resonances in the

'H NMR spectrum in CeDs at —1.57 and —27.38 ppm that are assigned to the CsMesH methyl
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groups and one resonance at —15.02 ppm for the CsMesH ring proton. Additional resonances at
8.45,2.64, and —17.38 ppm are assigned to the ring protons, methyl group, and tert-butyl groups,
respectively, of the OAr’ ligand. Hence, the *H NMR spectrum of 2 had resonances analogous to
those of 5.1-U, but the shifts were substantially different, Table 5.1. The *H NMR resonances of
the OAr’ ligand in 5.2 are significantly different than those in 5.1-U, Table 5.2. For example, the
aromatic C—H resonance in5. 1-U occurs at —8.80 ppm while the analogous resonance in 5.2 occurs
at +8.45 ppm. The two CsMesH methyl resonances are significantly split at —1.57 and —27.38 ppm
compared to the single methyl resonance of 5.1-U at —8.69 ppm. This appears to be a general
trend, further exemplified by (CsMesH)sU*® with resonances at 7.4 and —35.5 ppm and (CsMes)sU
at —0.93 ppm.>!

An X-ray diffraction study on 5.2 revealed a structure different from that of 5.1-U in that
one of the two metallocene units in the unit cell was a THF adduct. Compound 5.2 crystallizes in
the P1 space group with (CsMesH)U(OAr"), (CsMesH),U(OAr"')(THF), and a molecule of hexane
in the asymmetric unit. The two molecules had significantly different U-O—Cipso angles, as in 5.1-
U: 110.98 in (CsMesH)U(OAr') and 158.92° in (CsMesH).U(OAr")(THF), Figure 5.3. THF was
not observed in the *H NMR spectrum of 5.2 and was most likely introduced during crystallization.
The U—cnt distances of the (CsMesH)U(OA1") molecule were 2.472 and 2.511 A while the U—cnt

distances were 2.517 and 2.549 A for the (CsMesH):U(OAr')(THF) molecule.
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Figure 5.3: Molecular structure of 5.2 and co-crystallized (CsMesH).U(OAr')(THF), with
ellipsoids drawn at the 50% probability level. Hydrogen atoms have been omitted for clarity.

(CsMes)2U(OAr*), 5.3 (OAr* = OCsH2Ad2-2,6-'Bu-4). A complex similar to 5.1-U
which has adamanty| instead of tert-butyl groups in the 2,6-positions, (CsMes).U(OAr*), 5.3, was
synthesized as shown for5. 1-U in eq 5.1. Green/brown solids of 5.3 were isolated in 51% yield
after extraction with hexane and removal of HOAr* by crystallization of HOAr* from THF. The
formation of phenol in KOAr* reactions has been observed previously in the case of the
lanthanides.®23 The CsMes ligand in compound 5.3 resonates at —8.74 ppm, which is similar to
compound 5.1-U and other (CsMes)U"" metallocenes.® Peaks at 13.76 and 4.00 ppm are assigned
to the aromatic hydrogen and tert-butyl group, respectively. Five peaks at 1.80, —9.74, —12.34,
—15.72, and —17.94 ppm were observed for the adamantyl groups, where one set of methylene
protons are inequivalent presumably due to the close contact with the metal center. Unfortunately,
single crystals of 5.3 suitable for X-ray diffraction were not obtained.

(CsMesH)2U(OAr*), 5.4. Reaction of (CsMe4H)UI(THF) (see above) with KOAr* in

THF, a synthesis similar to that of 5. 2 in eq 5.3, afforded brown solids of (CsMesH)U(OAr*),
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5.4, in 62% yield. The *H NMR spectrum of 5.4 had resonances at 15.29 and 4.61 ppm, that are
assigned to the aromatic and tert-butyl groups, respectively. Other resonances at —11.05, —16.70,
and —18.89 ppm are assigned to the adamantyl groups. The aryl C—H and tert-butyl resonances for
the aryloxide moieties are similar in 5.3 and 5.4, but the adamanty| resonances are over a much
broader range in 5.3, Table 5.1. The direct comparison is made difficult since four other
resonances at —8.19, —8.85, and —17.84 ppm integrate to twelve protons and can be assigned to
either the CsMesH methyl groups or adamantyl groups. The resonance at —17.84 ppm is likely due
to CsMegH, based on the chemical shifts of compound 5.2. In general, the resonances of
compounds 5.1-U and 5.2 are similar as are the resonances in 5.3 and 5.4, but the chemical shifts
in 5.1-U and 5.3 are not comparable. Brown crystals could be grown from concentrated hexane
solutions at —35 °C but were not of high enough quality for X-ray diffraction.

(CsMes)2U[CH(SiMes)2], 5.5.2 For a comparison with our previous studies on
(CsMes)2U[N(SiMes).], the alkyl analog (CsMes),U[CH(SiMes)2], 5.5, was synthesized from
(CsMes)2UI(THF) and KCH(SiMes)2 in Et.O in 87% yield in a variation of a previously reported
synthesis,® eq 5.4. It was necessary to use the alkyl-potassium reagent since the reaction of
(CsMes)2UI(THF) and LiCH(SiMes) in our hands did not form 5.5,° although the La, Nd, and Lu
analogs can be synthesized using the lithium reagent.?® Brown crystals of 5.5 suitable for X-ray
diffraction were grown from a concentrated hexane solution at —35 °C, Figure 5.4.

The structure of 5.5 was solved as a multi-component twin and displays disorder in both
CsMes rings and both SiMes arms of the alkyl ligand. The structure is isomorphous with that of
(CsMes)2Nd[CH(SiMes),], ® The alkyl group is not attached to uranium symmetrically. Instead,
one SiMes group is oriented toward the metal with a 97.3(4)° U-C(21)—Si(1) angle more acute

than the 151.5(6)° U-C(21)—Si(2) angle. This puts the C(22) methyl group closer to the uranium
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than any other silyl methyl moieties. This structural motif was also found in
(CsMes)2Nd[CH(SiMe3)2] and (CsMes)2U[N(SiMes).] and was described as a M...C interaction.
The 2.502(7) A U-C(alkyl) distance in 5.5 is similar to the 2.51(1) A Nd—C and 2.535(5) A Ce-C
distances in (CsMes),Ln[CH(SiMes3).], when the difference in ionic radius is considered.?’” The

U—C distance in 5.5 is shorter than the 2.352(4) A U-N distance in (CsMes)2U[N(SiMe3)2].2

QTHF KCH(SiMej), % SlMez
o Et,0
U U—CH (54
N, _KI % SiMe;,

/\/ /,/\;/

U/\éz/

_ /\
1"'/\ >

Figure 5.4: Molecular structure of 5.5 with ellipsoids drawn at the 50% probability level.
Hydrogen and disordered atoms have been omitted for clarity.

(CsMes)2U(CsHs), 5.6. The reaction between (CsMes)2UI(THF) and NaCsHs in toluene
generated (CsMes)U(CsHs), 5.6, as a brown solid in 76% vyield, eq 5.6. Compound5. 6 can also
be synthesized using KCsHs in toluene, but using THF as a solvent produces multiple products

and 5.6 was not formed, as assessed by 'H NMR spectroscopy. The analogous samarium
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compound was previously synthesized from (CsMes)>Sm or (CsMes).Sm(THF), and CsHs,>* while
the (CsMes)2Ln(CsHs) complexes for Ln = La, Nd, Sm were synthesized from (CsHs)sLn and
(CsMes)2Ca.® The *H NMR spectrum of 5.6 in C¢Ds had two broad resonances at —4.42 and
—23.04 ppm for the CsMes and CsHs ligand, respectively. Brown crystals could be grown from a
slow evaporation of a hexane or pentane solution at —35 °C but were not of high enough quality

for X-ray diffraction.

R
THF KCsRH
\\\\
U"\\ toluene U—@ R (.5)
-Nal '
\I R
R

R=H; 5.6
R =Me; 5.7

(CsMes)2U(CsMesH), 5.7. An analog of 5.6 with a larger cyclopentadienyl ligand,
(CsMes)2U(CsMe4H), 5.7, was synthesized from (CsMes)UI(THF) and KCsMesH in toluene and
isolated as a brown solid in 57% vyield, eq 5.5. Brown crystals of 5.7 could be grown from a
concentrated solution of Et2O at =35 °C or from slow evaporation of a hexane or pentane solution
at —35 °C. The X-ray diffraction data on 5.7 were not high enough quality to report, but showed
a tris(;>-cyclopentadienyl) structure around the metal. The substituents on each ring could not be
precisely determined from the data. The *H NMR spectrum of 5.7 in CsDs at 298K had a single,
broad peak at —3.87 ppm attributed to the CsMes resonance while the resonances for the CsMesH
ligand were not observed.

Previously, the Ln = Y and Lu compounds (#°-CsMes)2Ln(;°-CsMe4H) were synthesized

from [(CsMes).Ln][BPh4] and KCsMesH.*® These compounds exhibited an extra absorption in
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their UV-visible spectra compared to their homoleptic analogs that were photoactive. The UV-
visible spectrum of 5.7 in THF displayed weak absorptions in the visible region and did not display
any unusual bands that could allow for photoreduction as was observed for the rare-earth metal
analogs.®” This is most likely because the CsMesH ring binds as #°~CsMesH and not 7°*~CsMesH,
which was analyzed as the source of the photochemistry in the rare-earth metal compounds.
Complex 5.7 could be considered quite crowded and a candidate for sterically induced reduction
(SIR). However, it does not react with THF to form the ring-opened products common in SIR
chemistry.®® Moreover, (CsMes).U(CsMesH)Me and (CsMes).U(CsMesH)CI can be synthesized®
showing that (CsMes).U(CsMesH) is not at the steric limit.

A second route to compound 5.7 was investigated starting from (CsMes)U(u—Ph)2BPhy.?
A new route to this tetraphenylborate precursor was explored that proved to be more efficient than
the literature method.?° (CsMes),U[CH(SiMes).], 5.5, reacts with [HNEts][BPh4] in benzene to

form (CsMes)2U(u—Ph)2BPh; in 44% yield, eq 5.6.

5.6
CHz(SlMe3)2, - NEt3 ( )

Me
/N
y SiMe, [HNEt;][BPh,]
/! / CeHe ,

The reaction of (CsMes)2U(u—Ph)2BPh, with KCsMesH in benzene afforded compound 5.7 in 58%

yield, eq 5.7.
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u-- B, » UAE) 5.7

Further evidence on the composition of 5.7 was obtained by reacting it with CO,. Complex
5.7 reacts with CO; to form a dark red solution, from which the insertion product (CsMes)U(x*—
0,0'-0,C-CsMesH), 5.8, was isolated in 38% yield as dark red microcrystals, eq 5.8. The H
NMR spectrum contained resonances at 13.12 and 0.29 ppm assigned to two magnetically
inequivalent CsMes rings and resonances at 4.89 and 4.01 ppm for the methyl groups of CsMesH.
A broad, intense absorption in the infrared spectrum at 1432 cm™* was observed, characteristic of

the carboxylate moiety.*#2

% CO, (1 atm)
toluene
U‘@ >

57 5.8

(5.8)

Electrochemistry. Electrochemical data on U(Ill) compounds have been reported only
sporadically.***> This may be due to the reactivity of U(I11) compounds with common electrolytes
such as ["BusN][PFs].*¢4" Moreover, most of the investigations have reported just the U(IV)/U(111)
redox couple. The first electrochemical reports on U(II/U(Il) couples involved
[(A9MeArO)smes]U (—2.495 V vs Fc*/Fc)! and (Cs'Prs).U (—2.33 V vs Fc*/Fc)® [Fc = (CsHs)2Fe].

Chapter 3 reported electrochemical measurements on a series of tris(cyclopentadienyl) uranium
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complexes, (CsRs)3U, and the U(111)/U(11) reduction potentials for Cp”3U, Cp’sU, and (CsMesH)sU
were found to be —2.79 V, —2.43 V, and —3.11 V, respectively.*

Before the electrochemistry of the new heteroleptic systems was examined,
electrochemical studies were conducted on (CsMes).U(NR3),? 5.9, and (CsMes)U(NR2)].*3, 5.10,
since these two compounds were previously shown to form U(I1) complexes.® Electrochemical
data on all the compounds in this study were collected with a 100 mM ["BusN][BPh4] supporting
electrolyte in THF. The voltammogram of 5.9 is shown in Figure 5.5 (see Figure 5.11 for data on
5.10). Two events, centered at —3.22 V and —1.29 V vs Fc¢*/Fc, are assigned to the U(111)/U(11)
and U(IV)/U(I1I) couples, respectively. A minor event centered at —2.50 V was present and cannot
be confidently assigned. Another minor anodic process was observed at —1.58 V that could be a
ligand-based event.*446

To determine if the other U(IIl) compounds reported here were good candidates for
reduction to U(Il) species, the voltammograms of compounds (CsMes);U(OAr’), 5.1-U,
(CsMes)U(OAr*), 52,  (CsMesH)UOAr), 5.3,  (CsMesH):U(OAr*), 54,
(CsMes)2U[CH(SiMe3)2], 5.5, and (CsMes).U(CsMesH), 5.7, were collected in THF with 100 mM
["BusN][BPh4] as the supporting electrolyte. Both the U(IV)/U(111) and U(I11)/U(11) couples were
observed in the voltammograms of all compounds except for (CsMes).U(CsHs), 5.6, which
displayed multiple events suggestive of decomposition or ligand rearrangement during data
collection. The results are compiled in Tables 5.3 and 5.4 along with some literature values,
arranged in order of decreasing U(I11)/U(I1) and U(IV)/U(I1) reduction potentials, respectively.

The full sets of electrochemical measurements can be found in Figures 5.9-5.14.
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Table 5.3: U(IIN/U(Il) Reduction potentials of some compounds in this study and previously

reported compounds in order of decreasing reduction potential (R = SiMe3)

Epc (V) Epra (V) E1o U(HIN/U(IN)

(Cs'Prs),U —2.33%82
[(A9MeArO)smes]U —2.586 —2.405 —2.49511
[CsH3(SiMes);]sU —2.79 —2.67 —2.73%
(CsMes)2U(CsMesH), 5.7 -3.15 —2.98 -3.07
(CsMesH)sU -3.18 —3.04 -3.11%
(CsMes),U(OAr*), 5.3 -3.23 —3.04 -3.14
(CsMes)2U[CH(SiMes)], 5.5 | —3.21 -3.09 -3.15
(CsMes),U(OAr"), 5.1-U —3.40 —3.06 -3.23
(CsMes)2U(NRy), 5.9 -3.30 -3.23 -3.27
(CsMes)U(NR2),, 5.10 -3.36 —3.27 -3.32

a: Epc and Epa values not reported

Table 5.4: U(IV)/U(I11) Reduction potentials of some compounds in this study and previously

reported compounds in order of decreasing reduction potential (R = SiMe3s)

Erc (V) Era (V) Ew2 U(IV)/U(IID)
[CsH3(SiMes)2]sU —1.04 —0.83 —0.94*
(CsMes)2U[CH(SiMes)], 5.5 | —1.26 -1.12 -1.19
(CsMes)U(OAr*), 5.3 -1.31 -1.18 -1.25
(CsMes)U(OAr'), 5.1-U —1.44 —-1.10 -1.27
(CsMes)2U(NRy), 5.9 —1.39 —-1.18 -1.29
(CsMes)U(NR2)2, 5.10 —1.42 —1.23 -1.33
(CsMes)2U(CsMesH), 5.7 —1.44 -1.31 —1.38
(CsMe4H)3U —1.54 -1.39 —1.46*
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Figure 5.5: Voltammogram of 16 mM (CsMes)2U(NR), 5.9, at v = 200 mV/s in 100 mM
["BusN][BPhs] / THF (R = SiMes). The events centered at —3.22 V and —1.29 V are assigned to
the U(IT)/U(1T) and U(IV)/U(I1) couples, respectively. The other two events cannot be assigned
with confidence.

As shown in Tables 5.3 and 5.4, the U(111)/U(II) reduction potential for these heteroleptic
compounds spans the relatively narrow range of —3.07 V to —3.32 V which corresponds to an
energy difference of 5.8 kcal/mol (24 kJ/mol). In general, the U(IV)/U(111) reduction potentials
follow a similar trend as for the U(I11)/U(I1) reduction potentials and span an even narrower range
of —1.19 V to —1.38 V. Itis interesting to note that the trend in U(111)/U(II) reduction potential is
not identical to the U(IV)/U(111) reduction potential. For example, (CsMes).U(CsMesH), 5.7, has
the least negative U(IV)/U(111) reduction potential of the compounds tabulated, but the most
negative U(111)/U(I1) reduction potential. It has been observed that reduction potentials for
cyclopentadienyl complexes are sensitive to the specific system?*® and the present results should be

used carefully. Nevertheless, this set of compounds further shows that the U(I11)/U(1) reduction
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potential can be observed with appropriate experimental conditions and electrochemistry can be
used to guide the synthesis of U(Il) complexes.

Chemical Reduction Attempts. Chemical reduction of 5.1-U, 5.3, and 5.5-5.7 in THF at
—78 °C with KCg in the presence of 2.2.2-cryptand generated dark blue solutions, suggestive of
5f36d* U(I1) species>®2 in all cases. However, in each case the blue color quickly faded, and all
attempts to isolate and crystallographically characterize the putative U(I1) species have so far been
unsuccessful. The dark blue color of solutions generated by reduction of 5.1-U, 5.5, and 5.7
appeared to last the longest, but even in these cases, useful UV-visible spectra were not obtained.
The color change is ambiguous and could indicate the presence of [K(crypt)][e].>® However, EPR
studies on frozen solutions immediately following reaction with KCg do not show a sharp feature
attributable to electride.®*>® These spectra are discussed in Chapter 6.

Multiple attempts were made to collect the UV-visible spectra of the putative U(II)
compounds generated by reduction of 5.1-U and 5.2-5.7 both at —78 °C through a dry
ice/isopropanol film and at —35 °C inside the glovebox. Although spectra of reduction products
from 5.9 and 5.10 were obtainable as previously reported,**® the reduced heteroleptic products in
the present study were too unstable to provide useful optical spectra. A reduction was also
examined at —90 °C using (CsMes)2U(CHR?2), 5.5, because its solutions appeared to last longer,
but even at this temperature, clean UV-visible spectra were not observed (see Figure 5.8).

Electronic Structure Calculations. Electronic structure calculations were performed to
evaluate the possibility that the dark blue solutions formed on reduction were viable U(Il)
complexes. Calculations were performed on the bis(pentamethylcyclopentadienyl) uranium(ll)
species 5.1-U and 5.5-5.7 and their one-electron reduced U(Il) analogs using the TPSSh hybrid

meta-generalized gradient density functional approximation.” The continuum solvation model

168



COSMO?®® with a dielectric constant ¢ = 7.52 for THF>® was used for the anionic U(Il) compounds.
Time dependent DFT calculations of vertical excitations and oscillator strengths®® were carried out
with an additional diffuse p primitive added to the uranium basis set by downward extrapolation
which is necessary for accurate modelling of d to p transitions.>®* All computations were
completed using TURBOMOLE V7.4.1.5283 See the methods section for complete details.

The electronic ground states for [(CsMes):U(OAr)]', {(CsMes)U[CH(SiMes)2} ",
[(CsMes)2U(CsHs)]', and [(CsMes)2U(CsMesH)]'™ are consistent with 5f36d* configurations. The
ground-state structure of [(CsMes).U(OAr')]'” was found to have a 145.5° U-O-C angle, in
between the 110.98° and 158.92° angles found in the solid state structure of the neutral species
(CsMes)2U(OAT'), 5.1-U. For comparison, the neutral species 5.1-U was also optimized and the
ground state structure had a U-O-C angle of 119.3° indicating that, in the absence of crystal
packing forces, a bent orientation is preferred. The calculated 2.233 A U-O distance in
(CsMes)2U(OAr’) is close to the 2.201(6) and 2.225(6) A values in the two different molecules in
the unit cell of the structure. The highest occupied molecular orbital (HOMO) of
[(CsMes)U(OAr")]'" is a non-bonding, 6dz2-like orbital, Figure 5.6. This electronic configuration
is consistent with previous results! on [(CsMes)2U(NR2)]!™ and (Cp'sU)!".%° Clearly, a 6dz*-like
orbital is energetically accessible upon reduction within the trigonal framework of

[(CsMes),U(A)]! .8
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Figure 5.6: HOMO of (a) [(CsMes)U(OAr)]'", (b) [(CsMes)U(CHR2)]'", (c)
[(CsMes)2U(CsHs)]', and (d) [(CsMes).U(CsMesH)]!", plotted with a contour value of 0.05.
Hydrogen atoms have been removed for clarity.
Discussion

The number of heteroleptic (CsMesR)2U(A) complexes (R = Me, H; A = anion) was
increased by the synthesis of (CsMes)U(OAr’), 5.1-U, (CsMesH)U(OAr'),5. 2,
(CsMes)2U(OAr*), 5.3, (CsMesH)2U(OAr*), 5.4, (CsMes)U(CsHs), 5.6, (CsMes)2U(CsMegH),
5.7, and (CsMes)2U(k*—0,0'-0,C—-CsMe4H), 5.8. Compounds 5.1-5.7 were synthesized via salt-
metathesis routes from (CsMesR)UI(THF) starting materials and the corresponding (alkali-
metal)(anion) salt. Complex 5.7 was also synthesized from (CsMes)2U(u—Ph)2BPh2, which was
generated by an improved method, eq 5.7. The newly developed synthesis of (CsMes)2U(u—
Ph)2BPh. is more efficient as it begins with Uls and only requires three steps, while the previous

route involves four steps starting from UCl4.12
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Previously known (CsMes),U[CH(SiMes).], 5.5, was structurally characterized for the
first time. It was found to have the alkyl group bound asymmetrically to allow a close contact of
one methyl group with the uranium as also found with isomorphous Nd and Ce complexes. The
aryloxides 5.1-U and 5. 2 were structurally unusual in that they displayed two different U-O-C
angles in each crystal structure as did the cerium analog, (CsMes).Ce(OAr’), 5.1-Ce. The
isomorphous nature of the U and Ce complexes indicates that the angle is not affected by 5f vs 4f
orbital properties. DFT studies on (CsMes)2U(OAr’), 5.1-U, predicted a U-O-C angle of 119.3°
in between the 110.98° and 158.92° angles found in the solid-state structure. Although a bent
structure may be preferred, the energy surface between bent and linear M—O-C angles in these
metallocene aryloxides must be shallow such that crystal packing effects give the two disparate
angles.

Electrochemical analysis of the U(II1)/U(Il) couple in the (CsMes),U(A) complexes
showed a potential range between —3.07 V to —3.32 V. These values are more negative than the
reduction potentials reported for (Cs'Prs).U* and [(*“MeArO)smes]U,* but are similar to —3.11 V
couple of the homoleptic, tris(cyclopentadienyl) complex (CsMesH)sU.** The relatively small
range suggests that the electron donation strength of the ligand does not play a significant role in
determining the reduction potential in this series of complexes.

Chemical reduction of the heteroleptic uranium compounds 5.1-U, 5.3, and 5.5-5.7
generated dark blue solutions, but no U(1l) compounds could be crystallographically characterized.
Although these heteroleptic complexes are electrochemically similar to (CsMes).U(NR2), 5.9,%
they are no better precursors to isolable U(Il) products. DFT analysis of four targeted
[(CsMes)2U(A)]' complexes indicates that formation of complexes of U(11) with a 5f36d* electron

configuration is reasonable, as found in isolated [K(crypt)][Cp'sU], [Li(THF)s][Cp”sU],®°
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{[(THF)2Cs(u—n>1°-Cp")2Cp"U,®® and [K(crypt)][(CsMesH)sU].>2  The 5f%6d* electron
configuration appears to be the common ground state for these tris(ligand) complexes.®

The HOMO-LUMO energy gap for U(I1) complexes does not appear to be a great indicator
for stability either. Unstable heteroleptic U(Il) species have HOMO-LUMO energy gaps both
larger and smaller than those of isolable U(Il) complexes, Table 5.5.

Table 5.5. Calculated HOMO and LUMO energies of U(11) compounds

HOMO (eV) |LUMO (eV) | AE (eV) Total Energy (eV)
[(CsMes).U(CHR2)]'~  |-1.188 0.565 1.753 —57513.6250630
[(CsMes)2U(CsHs)]' -1.133 0.466 1.599 —39458.9918878
[(CsMes),U(CsMeqH)]'™ | -1.112 0.560 1.672 —43734.8807130
[(CsMes)2U(OAr)]™ —0.928 0.588 1.516 —52164.037525
[Cp"sU]' 4032 —1.453 0.092 1.545 —95468.4964571
[(CsMesH)sU]' 3241 —1.069 0.555 1.624 —41597.5772726
[U(NR2)s]'~ 324! —1.689 —0.007 1.696 —84245.4330163
[(CsMes)U(NR2)]' 2®  |-1.061 0.669 1.730 —57951.8944421
[(CsMes)U(NR2)2]' % |-1.263 0.310 1.573 —71098.4936726
{[(A*MeArO)smes]U " | -1.602 —1.414 0.188 a
(NHATrPre),l 2843 -3.132 -1.869 1.263 a

a: Value not reported
Furthermore, there is no correlation between the measured U(111)/U(I1) E1/2 values from Table 5.3
with the calculated HOMO-LUMO energy gap of the U(Il) compound, the HOMO-LUMO energy
gap of the U(I11) compound, or the calculated U(I1) HOMO energy, Figures 5.15-5.17. The energy
difference between the U(I11) and U(I1) compound does correlate well with the measured reduction
potentials, Table 5.6 and Figure 5.7, where the larger energy difference correlates with a more

negative reduction potential.
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Table 5.6. Calculated HOMO and LUMO energies and measured U(I11)/U(I) E12 of U(lII)

compounds

HOMO LUMO AE Total energy Measured

(eV) (eV) (eV) (eV) Eiwz (V)
(CsMes),U(CHR,) | —3.234 ~1.108 2.126 | -57512.2391927 | -3.15
(CsMes)2U(CsMe4H) | —3.126 —1.377 1.749 | —43733.4485022 | —3.07
(CsMes)2U(OAr) ~3.166 —0.978 2.188 | -52162.7951511 | —3.23
Cp"sut032 —3.528 -1.814 1.714 | —95466.7519212 | —2.73
(CsMeqH)sU324 —-3.026 —1.267 1.759 | -41597.5772726 | -3.11
(CsMes)U(NR2)® | —3.020 —1.010 2.010 | —-57950.6278114 | —3.27
(CsMes)U(NR2), 2 | —3.132 —0.805 2.327 | -71097.3322362 | —3.32

The energy difference between the two compounds determined by DFT methods can approximate
the ionization potential or electron affinity of the species, which can explain why the reduction
potentials are correlated with such a value.

The low stability of the dark blue reduction products was also evaluated in terms of steric
saturation. This has been shown to be an important factor in the stabilization of other low oxidation
state f element complexes.®3°%% The steric factors of the ligands can be analyzed using the method
of Guzei,*>%” where the G parameter (as a percent) denotes the coverage of the metal center by the
ligands.®? A larger G parameter indicates a more sterically crowded metal center. As shown in
Table 5.7, the G parameter for the U(Il) compounds fall within the range of 81.5 to 85.7%. The
isolable U(11) compound [(CsMesH)sU]' has a G parameter of 82.0% and a U(111)/U(11) reduction
potential of —3.11 V,* while the putative U(I1) compound [(CsMes).U(CsMesH)]' compound has

a G parameter of 81.7% and an E12 of =3.07 V, but cannot be isolated.
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Figure 5.7: Plot of measured U(I11)/U(I1) E12 vs the calculated energy difference between U(I11)

and U(I1) compounds.

Since ligand redistribution is possible for these heteroleptic species and not for the more
stable homoleptic complexes, this could be a point of difference for the (CsMes)2UA reduction
products. While we do not see evidence for ligand rearrangement in the (CsMes).UA compounds
based on NMR studies, Table 5.1, ligand rearrangement cannot be ruled out for the U(II)
compounds to form species such as [(CsMes)xUAs«]'" (x = 1, 2, 3). However, the high G values
for these complexes suggest that the usual driving force of steric saturation is not operable here,
Table 5.7. In addition, the difficulty of forming the sterically crowded (CsMes)sU%%% argues

against ligand redistribution.
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Table 5.7: Calculated G Parameters. R= SiMes

G Parameter (%)
(CsMes);U(CHRy), 5.5 89.2,287.3°
(CsMes)2U(CsHs), 5.6 82.4°
(CsMes)2U(CsMesH), 5.7 | 82.92
(CsMes),U(OAr"),5.1-U | 86.9,>" 89.8,¢
(CsMe4H)U(OAr"), 5.2 87.6°
(CsMesH)3U 83.7°
[(CsMes),U(CHR).]"™ 84.7¢
[(CsMes)U(CsHs)]'™ 81.5¢
[(CsMes)U(CsMeqH)] ™ 81.7¢
[(CsMes)U(OAr")]~ 85.7¢¢
(CsMes)U(NR2),, 5.10 89,513
(CsMes)U(NRy), 5.9 85.9°2
“[(CsMes)2U(NR2)]' ™ 85.7%1
“I(CsMes)U(NR2)2]' ™ 82.7%1
[(CsMesH)sU]'~ 82.0%°2

a: linear U-O-C structure
b: Value computed from solid-state structure
c: bent U-O-C structure
d: Value computed from DFT-optimized structure
The fact that reduction products from (CsMes)2U(CsHs), 5.6, and (CsMes).U(CsMesH), 5.7, could
not be isolated is particularly surprising considering that crystal structures of other
tris(cyclopentadienyl) U(I1) complexes [Cp'sU]Y > [Cp”sUTY % and [(CsMesH)sUTr 2 are
known.
From the present results, it appears that heteroleptic U(I1) compounds, at least those within
the (CsMes)UA ligand environment, are less stable than homoleptic tris(cyclopentadienyl) U(11)
compounds such as [Cp'sU]'", [Cp"sU]'", and [Cp™5U]' . Clearly, neither steric saturation, orbital
energy, nor reduction potential alone can explain the relative instability of these U(Il) compounds.
Although the decomposition products for the compounds reported in this Chapter were not able to

be determined, previous reduction studies on (CsMes)U(NR2) and (CsMes)U(NRz)2 showed C-H

activation by the U(Il) center as a facile decomposition route which be occurring in the
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[(CsMes)2UA]'™ compounds.'® Under photolytic conditions, (Tren®)U (TrenR = N(CH2CH2NR)3)
also decomposes via C—H bond activation to form cyclometallated species.”* Furthermore, C—H
activation by U(Il) has been observed in the [(**MArO)smes]U system® and with
[K(crypt)][[U(NR2)3].%>%8  The previous results suggest that C—H activation is a likely
decomposition route for U(ll) compounds, even for those without the N(SiMes)2 ligand.
Conclusion

The range of fully characterized heteroleptic (CsMesR)2U(A) (R = Me, H; A = anion)
complexes has been expanded by salt metathesis syntheses from (CsMesR).UI(THF) and the
corresponding alkali-metal salt of anion A. The solid-state structures of (CsMes)U(OAr’),
(CsMes)2Ce(OAT'), and (CsMesH)U(OAr) indicate that conformations with both linear and bent
M-O-C angles are accessible in these systems. U(I11)/U(I1) reduction potentials were determined
for these heteroleptic species by cyclic voltammetry and were found to vary only slightly as the
ligands changed. Chemical reduction generated dark blue solutions characteristic of 5f36d* U(I1)
compounds as established by DFT analysis. Despite the similar reduction potentials and steric
saturation of these systems, none of the heteroleptic U(I1) species were stable enough for isolation
and crystallographic characterization.
Experimental Details

All syntheses and manipulations described below were conducted with rigorous exclusion
of air and water using standard glovebox and vacuum line techniques. Solvents were sparged with
UHP argon and dried by passage through columns containing Q-5 and molecular sieves prior to
use. Deuterated NMR solvents were dried over NaK alloy, degassed by three freeze-pump-thaw
cycles, and vacuum transferred before use. *H NMR spectra were recorded on either a CRY 0500

MHz or AVANCEG600 MHz at 298 K and referenced to residual protio-solvent resonances. UV-
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visible spectra were collected at 298 K using a Varian Cary 50 Scan UV-visible spectrophotometer
in a 1 mm cuvette for Methods A and B. Method C used an 8453 Agilent UV-visible spectrometer
equipped with an Unisoku Unispeks cryostat in a 1 cm cuvette; red Play-Doh was placed around
the cuvette to minimize moisture collection in the cryostat. Infrared spectra were recorded as
compressed solids on an Agilent Cary 630 ATR-FTIR. Electrochemistry were collected in THF
with 100 mM ["BusN][BPh4] supporting electrolyte with a glassy carbon working electrode,
platinum wire counter electrode, and silver wire pseudoreference electrode with
decamethylferrocene as an internal reference (—0.495 V vs Fc*/Fc under these conditions).**

2.2.2-Cryptand (crypt) (Aldrich) was used as received. KN(SiMes), (Aldrich) was
dissolved in minimal toluene and the solution was centrifuged to remove a yellow oil. The solution
was then dried to yield a white solid of KN(SiMes)2. HOAr' (Aldrich) were sublimed prior to use.
Electrochemical grade ["BusN][BPh4] (Sigma) was recrystallized three times from acetone and
dried under 10~ Torr at 80 °C before use.

KCH(SiMes)2,%° LiCH(SiMes)2, Uls,”* Cp*U(NPhy)(THF),® NaCp,2 KCsMesH,”
UOATr3,"* (CsMes)2UI(THF),'® (CsMes)2U(NR2),? (CsMes)U(NR2)2,*2 and KCs'® were synthesized
following literature procedures. KOAr' was synthesized following an adaptation from literature
route using KN(SiMes)2 and HOAT' in toluene.”® KCsMes and KOAr* were synthesized from
KN(SiMe3), and HCsMes (Sigma) or HOAr*,” respectively, in toluene.

Synthesis of (CsMes)2U(OAr’), 5.1-U. (CsMes)UI(THF) (80 mg, 0.11 mmol) was
dissolved in toluene (7 mL) to give a dark green solution. KOAr' (29 mg, 0.11 mmol) was added
as a solid and the solution was stirred overnight. Brown solids were removed via centrifugation
and the solution was filtered and dried under vacuum. Hexane (7 mL) was added and the solution

was filtered and dried to afford 5.1-U as a red-brown solid (73 mg, 76%). The solids were
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sometimes contaminated with HOAr" which can be removed by crystallization of 5.1-U from
pentane. Brown X-ray quality crystals were grown by slow evaporation of a pentane solution at
—35°C. 'H NMR (CsDe): 6 8.80 (s, 2 H, Ar), 3.40 (s, 3 H, Me), —8.69 (s, 30 H, CsMes), —20.54
ppm (s, 18 H, 'Bu). IR: 2896s, 2846s, 1438s, 1358m, 1306m, 1243s, 1116w, 1053m, 1018m,
878w, 821m, 721m, 659w cm™*. Anal Calcd for CssHssOU: C, 57.76; H, 7.34. Found: C, 55.16;
H, 7.17. Low C values were found across multiple runs and suggests incomplete combustion or
carbide formation. The observed C:H ratio of CssHsa. is close to the calculated value.

Synthesis of (CsMes)2Ce(OAr’), 5.1-Ce. In a Schlenk flask with a grease-free Teflon
stopcock, (CsMes)2Ce(u—Cl)2K(THF)2 (130 mg, 0.196 mmol) and KOAr' (51 mg, 0.197 mmol)
were dissolved in THF (30 mL) to form a bright yellow solution. The flask was attached a vacuum
line and heated to 60 °C and allowed to stir overnight. As the reaction progressed, the solution
became dark orange in color. The flask was cooled to room temperature and the solvent was
removed under vacuum. The flask was brought into a glovebox and the product was extracted into
hexane to afford a deep red/purple solution. The solvent was removed under vacuum to yield 1-
Ce as a dark pink solid (82 mg, 85%). Dark pink crystals suitable for X-ray crystallography were
grown from a concentrated hexane solution at =35 °C. *H NMR (CesDs): & 8.46 (s, 2H, Ar), 3.37
(s, 3H, Me), 2.71 (s, 30H, CsMes), —6.97 ppm (s, 18H, 'Bu). *C NMR (CeDs): 163.2, 151.1,
36.17,22.08, 5.36 ppm. IR: 2957m, 2902m, 2854m, 1418s, 1380m, 1356w, 1256s, 1236s, 1118m,
1063m, 1020m, 945m, 862m, 824s, 803s, 774w cm 1. Anal Calcd for C3sHs3sOCe: C, 66.74; H,
8.48. Found: C, 66.44; H, 8.86.

Synthesis of (CsMesH)UI(THF). Uls (105 mg, 0.170 mmol) and KCsMesH (54 mg,
0.337 mmol) were dissolved in THF (15 mL) to form a green solution and stirred overnight.

Solvent was removed under vacuum and the product was extracted into toluene (15 mL). Solids
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were removed via centrifugation and the solvent was removed to yield a green/brown solid. THF
(5 mL) was added to dissolve all the material, then solvent was removed under vacuum to afford
dark green solids of (CsMesH)UI(THF) (73 mg, 63%). Dark green X-ray quality crystals were
grown by layering a concentrated THF solution with hexane at =35 °C. The data provided
connectivity of the molecule but were not of high enough quality to discuss metrical parameters.
IH NMR (THF-dg): 6 18.93 (br s, 6H, CsMesH), —20.69 (br s, 6H, CsMesH) ppm. IR: 2893,
2854s, 1438m, 1380s, 1321w, 1005s, 851m, 768s cm™X. Anal Calcd for C22H34OIU: C, 38.89; H,
5.04. Found: C, 37.75; H, 5.56. Found: C, 39.45; H, 5.72.

(CsMesH)2UOATY', 5.2. (CsMesH)UI(THF) (82 mg, 0.12 mmol) and KOAr' (31 mg, 0.12
mmol) were dissolved in THF (5 mL) to form a green solution. The solution was stirred overnight
at which point it had turned brown. Solvent was removed under vacuum and the product was
extracted into hexane (10 mL). White solids were removed via centrifugation and the solvent was
removed under vacuum to afford 7 as a green/brown solid (62 mg, 73%). In some instances,
(CsMe4H)sU was observed in the *H NMR® which can be removed by crystallization from a
concentrated toluene solution at —35 °C. *H NMR (CsDe): 6 8.45 (s, 2H, Ar), 2.64 (s, 3H, Me),
—1.57 (s, 6H, CsMesH), —15.02 (s, 2H, CsMesH), —17.55 (s, 18H, 'Bu), —27.38 ppm (s, 6H,
CsMeqH). IR: 2899s, 2854s, 1419s, 1381m, 1244s, 1019m, 770s cm 1. Anal Calcd for C33Ha9OU:
C, 56.64; H, 7.06. Found: C, 53.21; H, 5.97. Incomplete combustion was observed across multiple
runs. The calculated ratio was CasHaas.

Synthesis of (CsMes)2UOATr*, 5.3. (CsMes).UI(THF) (80 mg, 0.11 mmol) was dissolved
in toluene (7 mL) to give a dark green solution. KOAr* (52 mg, 0.11 mmol) was added as a solid
and the solution was stirred overnight. White solids were removed via centrifugation and the

solution was filtered and dried under vacuum. Hexane (7 mL) was added, the solution was filtered
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and dried to afford a brown solid. The solids were washed with cold (=35 °C) pentane (1 mL) to
remove HOAr* and dried to yield 5.3 as a brown solid (53 mg, 51%). *H NMR (C¢Ds): 5 13.76
(s, 2H, Ar), 4.00 (s, 9H, ‘Bu), 1.80 (s, 6H, Ad), —8.74 (s, 30 H, CsMes), —9.74 (d, 6 H, Ad), —12.34
(d, 6 H, Ad), —15.72 (s, 12 H, Ad), —17.94 ppm (s, 6 H, Ad). IR: 2959m, 2871m, 2813m, 1566m,
1512s, 1352s, 1294m, 1257w, 1130m, 1099s, 1075m, 948s, 930m, 751m cm™. Anal Calcd for
CsoH7:0U: C, 64.84; H, 7.73. Found: C, 56.26; H, 6.63. Found: C, 52.43; H, 6.24. Low C and
H values were found across multiple runs and suggest incomplete combustion. The observed C:H
ratios of CsoH7o.2 and CsoHro.9 are close to the calculated value.

Synthesis of (CsMesH)UOAr*, 5.4. (CsMesH)UI(THF) (55 mg, 0.081 mmol) and
KOAr* (37mg, 0.081 mmol) were dissolved in THF (5 mL) to form a green solution. The solution
was stirred overnight at which point it had turned brown. Solvent was removed under vacuum and
the product was extracted into toluene (10 mL). White solids were removed via centrifugation and
the solvent was removed under vacuum. The solids were dissolved in a minimal amount of THF
and placed in the freezer overnight at —35 °C to crystallize HOAr*. The mother liquor was
decanted, and solvent was removed under vacuum to afford 5.4 as a green/brown solid (45 mg,
62%). In some instances, (CsMesH)sU was observed in the *H NMR*® which can be removed by
crystallization from a concentrated toluene solution at =35 °C. H NMR (CeDs): & 15.29 (2H,
Ar), 4.61 (s, 9H, 'Bu), —8.19 (s, 12H, Ad or CsMesH), —8.85 (12H, Ad or CsMe4H), —11.05 (s, 6H,
Ad), —16.70 (s, 6H, Ad), —17.84 (s, 12H, CsMesH), —18.89 (s, 6H, Ad). IR: 2899s, 2847s, 1445m,
1359w, 1278w, 1241m, 1101w, 873w, 838m, 773m cm*. Anal Calcd for C4sHe7OU: C, 64.19;
H, 7.52. Found: C, 60.79; H, 7.79. Found: C, 60.32; H, 7.53. Found: C, 55.14; H, 7.34. Low C

values were observed across multiple runs and suggests formation of carbide species.
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Synthesis of (CsMes)2U[CH(SiMes):], 5.5. (CsMes)2UI(THF) (50 mg, 0.071 mmol) was
dissolved in Et2O (5 mL) to give a dark green solution. KCH(SiMe3z)2 (14 mg, 0.071 mmol) was
added as a solid and the solution was stirred overnight. White solids were removed via
centrifugation and the solution was filtered and dried under vacuum. Hexane (5 mL) was added
and the solution was filtered and dried to afford a brown solid (41 mg, 87%), identified as 5.5 by
'H NMR spectroscopy.> Brown X-ray quality crystals were grown from a concentrated hexane
solution at —35 °C and provided connectivity of the molecule.

Synthesis of (CsMes)2U(CsHs), 5.6.  (CsMes)UI(THF) (50 mg, 0.071 mmol) was
dissolved in toluene (5 mL) to give a dark green solution. Na(CsHs) (6.2 mg, 0.071 mmol) was
added as a solid and the solution was stirred overnight. White solids were removed via
centrifugation and the solution was filtered and dried under vacuum to afford a dark brown/green
solid (31 mg, 76%). Brown crystals could be grown by slow evaporation of a pentane solution at
—35 °C but were not high enough quality for X-ray diffraction. *H NMR (CsD¢): § —4.42 (s, 30 H,
CsMes), —23.04 ppm (s, 5 H, CsHs). IR: 2900m, 2851m, 1434s, 1375s, 1243m, 1079w, 1012s,
902m, 755s cm ™. Anal Calcd for CosHssU: C, 52.35; H, 6.15. Found: C, 42.25; H, 4.98. Found:
C, 41.52; H, 4.89. Low C and H values were found across multiple runs and suggest incomplete
combustion. The observed C:H ratio of C2sHss 1 in both cases is identical to the calculated value.

Synthesis of (CsMes)2U(CsMesH), 5.7. (CsMes)2UI(THF) (50 mg, 0.071 mmol) was
dissolved in toluene (5 mL) to give a dark green solution. KCsMesH (11 mg, 0.071 mmol) was
added as a solid and the solution was stirred overnight. Brown solids were removed via
centrifugation and the solution was filtered and dried under vacuum. Hexane (5 mL) was added,
the solution was filtered and dried to afford a brown/red solid (25 mg, 57%). Dark brown crystals

could be grown from a concentrated Et,O solution at —35 °C or by slow evaporation of a pentane
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solution at —35 °C. The X-ray data provided connectivity but were not high enough quality to
discuss metrical parameters. 'H NMR (CsDs): J —3.87 ppm (s, 30 H, CsMes). The CsMesH
resonances could not be identified. IR: 2987s, 2848s, 1436s, 1377m, 1244m, 1017m, 879m,
832w, 771m, 660m cmt. Anal Calcd for CasHssU: C, 55.32; H, 6.88. Found: C, 47.09; H, 6.35.
Found: C, 46.57; H, 6.15. Low C values were observed across multiple runs and suggests
formation of carbide species. The observed C:H ratio of CogHase and CagHass is close to the
calculated value.

Synthesis of (CsMes)U(u—Ph)2BPh2 from 5.5. (CsMes)U(CHR?), 5.5, (72 mg, 0.11
mmol) was dissolved in benzene (5 mL) to form a brown solution. [HNEt3][BPh4] (45 mg, 0.11
mmol) was added and the brown slurry was stirred overnight. White solids were removed via
centrifugation and the solvent was removed under vacuum. The solids were washed with hexane
and dried under vacuum to yield light brown solids of (CsMes).U(u—Ph).BPh,, identified by 'H
NMR spectroscopy (39 mg, 44%).?

Synthesis of (CsMes)2U(CsMesH), 5.7, from (CsMes)U(u—Ph)2BPh2. KCsMesH (5 mg,
0.03 mmol) was added to a brown solution of (CsMes).U(u—Ph)2BPh2 (25 mg, 0.030 mmol) in
benzene (5 mL) and was allowed to stir overnight. Solvent was removed under vacuum. The
product was extracted into hexane (5 mL) and green solids were removed via filtration. The
solvent was removed under vacuum to yield 5.7 as a brown solid and identified by *H NMR
spectroscopy (11 mg, 58%).

(CsMes)2U(xk>—0,0’-02CCsMesH), 5.8. In a Schlenk flask with a grease-free Teflon
stopcock, (CsMes)U(CsMe4H), 5.7, (66 mg, 0.11 mmol) was dissolved in toluene (5 mL) to form
a brown solution. The flask was attached to a vacuum line and the solution was degassed by one

freeze-pump-thaw cycle. CO> (1 atm) was introduced to the flask and the brown solution turned
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red/brown as the solution was stirred for 30 min. The remaining CO2 was removed and the flask
was brought into a glovebox. Solvent was removed under vacuum and the product was extracted
into hexane (5 mL) and placed in the freezer at —35 °C. Red crystals of 5.8 formed overnight (27
mg, 38%). *H NMR (CsD¢): 6 13.12 (s, 15H, CsMes), 4.89 (s, 6H, CsMesH), 4.01 (s, 6H, CsMesH),
0.29 (s, 15H, CsMes). IR: 2902s, 2855s, 1432s, 1376s, 1258w, 1077m, 1019m, 883w, 788w,
725s, 694m cmt. Anal Calcd for CsoHa302U: C, 53.49; H, 6.43. Found: C, 49.15; H, 6.43.
Found: C, 48.09; H, 6.12. Found: C, 48.57; H, 6.10. Low C values were observed across multiple
runs and suggests formation of carbide species.

General Method for UV-Visible measurements

Method A. Approximately 10-15 mg of the U(IlIl) compound of interest and one
equivalent of crypt was dissolved in approximately 1 mL of THF in a vial and chilled to —35 °C.
A cuvette with a greaseless Teflon stopcock, a pipet filter packed with KCs, two empty pipets, and
an empty vial were also chilled to —35 °C. After a few hours, the uranium and crypt solution was
passed through the KCsg filter into the cold receiving vial or directly into the cuvette. The cuvette
was sealed and brought quickly to the spectrometer. Scans were taken sequentially until the
spectrum did not change. Using Et,0O as a solvent yielded no better results.

Method B. The samples were prepared as described above in Method A, except the spectra
were collected inside the glovebox via a fiber-optic cable coupler attachment to the
spectrophotometer. The solutions were passed directly through the KCs filter pipet immediately
into the pre-chilled cuvette and spectra were collected. These resulting spectra were similar to
those from Method A.

Method C. A 1 cm cuvette, equipped with a greaseless Teflon stopcock and side arm, was

charged with 5 (5 mg), crypt (3 mg), and KCg (~5 mg) and a stir bar. The stopcock was closed
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and the side arm was sealed with a septum. The cuvette was placed in the sample holder cryostat
and chilled to =90 °C for 15 minutes. Then, THF pre-cooled at —78 °C was syringed into the side
arm and the stopcock was opened to allow the THF to mix and reaction to take place. Spectra
were collected every 2 seconds until the spectrum did not change.

2.5

TDDFT
Experimental

1.5

Absorbance (a.u.)

0.5 |

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 5.8: UV-visible spectra collected from the reduction of 5 (black) collected at —90 °C using
Method C described above. Simulated UV-visible spectrum of [(CsMes).U(CHR2)]!™ (green) with
a Gaussian line broadening of 0.15 eV.
General Method for Electrochemistry

Inside the glovebox, a stock electrolyte solution was freshly prepared in THF. Between 1—
2 mL of this solution was transferred to a 20 mL scintillation vial and a voltammogram of this
solution was collected to verify the electrolyte solution was free of impurities. Roughly 10-300 mg
of U(I11) compound was dissolved in the same electrolyte solution to yield approximately a 10
mM solution. Electrodes were placed into the vial and the vial was left open to the box atmosphere
during data collection. The internal resistance was measured, and cyclic voltammetry experiments
were recorded. (CsMes)2Fe was added to the same solution following all data collection, and a
single scan was recorded to measure the internal standard redox event. All scans were in the

cathodic direction.

184



© o oo
O P N W
o1 o1 o1 O1
| I N B

é
-0.05 - — i
-0.15 -
-0.25 -
-0.35 -

-3.7 -3.2 -2.7 -2.2 -1.7 -1.2 -0.7
Potential vs Fc*/Fc (V)

Figure 5.9. Voltammogram of (CsMes)2U(NR?), 5.9, at 200 (black), 400 (red), 600 (green), and

800 (orange) mV/s in THF. The event centered at —2.53 is likely due to decomposition or an

impurity.
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Figure 5.10. Voltammogram of (CsMes).U(CsMesH), 5.7, at 200 (black), 400 (red), 600 (green),
800 (orange), and 1000 (blue) mV/s in THF. The anodic event at —1.98 V is likely due to

decomposition or an impurity.
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Figure 5.11. Voltammogram of (CsMes)U(NR2)., 5.10, at 200 (black), 400 (red), 600 (green),
800 (orange), and 1000 (blue) mV/s in THF. The event centered at —2.45 is likely due to

decomposition or an impurity.
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Figure 5.12. Voltammogram of (CsMes)2U(CHR>), 5.5, at 200 (black), 400 (red), 600 (green),
800 (orange), and 1000 (blue) mV/s in THF. The event centered at —2.45 is likely due to

decomposition or an impurity.
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Figure 5.13. Voltammogram of (CsMes)U(OAr*), 5.3, at 200 (black), 400 (red), 600 (green),

800 (orange), and 1000 (blue) mV/s in THF.
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Figure 5.14. Voltammogram of (CsMes)U(OAr"), 5.1-U, at 200 (black), 400 (red), 600 (green),

800 (orange), and 1000 (blue) mV/s in THF.
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Electronic Structure Calculations

Electronic structure calculations were performed on bis(pentamethylcyclopentadienyl)
uranium species using the TPSSh hybrid meta-generalized gradient density functional
approximation®’ with Grimme’s D3 dispersion correction’® and the resolution of the identity (RI-
J) approximation.” Scalar relativistic effective core-potentials (ECPs)® with polarized triple-
basis sets def-TZVP8! were used for uranium and split-valence basis sets with polarization on non-
hydrogen atoms def2-SV/(P)® were used for other atoms. Quadrature grids of size m4 were used
throughout.23 The continuum solvation model COSMO®® with a dielectric constant & = 7.52 for
THF®® was used for the anionic U(I1) compounds. Geometry optimizations of the putative U(I1)
species were computed starting from the X-ray structure of the U(Ill) analog with a geometry
convergence threshold of 10~* a.u. and energy convergence of at least 107 a.u. and confirmed to
be ground state geometries by lack of imaginary frequencies in the vibrational spectrum.®* Time
dependent DFT calculations of vertical excitations and oscillator strengths® were carried out with
identical basis sets as described above, with an added primitive p function to the def-TZVP basis
set on uranium which is necessary for accurate modelling of d to p transitions.»®! UV-visible
spectra were simulated using Gaussian line profiles with a root mean-square width of 0.15 eV.
Molecular orbitals were analyzed with VMD® and Mulliken population analysis. Al
computations were completed using TURBOMOLE V7.4.1.6%63

Time-dependent DFT calculations on all four compounds analyzed revealed broad, intense
transitions centered between 700-900 nm, Figure S24, that could explain the observed dark blue
colors as was previously observed for [(CsMesH)sU]'"%* [(CsMes):U(NR2)]'",} and

[(CsMes)U(NR2)2]'".1 These are predominantly 6d to 7p transitions. Electronic transitions at
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higher energy are attributed to metal-to-ligand charge transfer. Complete details can be found in

Tables 5.8-5.11.

0 -
E-o.s -
o
L -1 -
g
S -15 -
n Py
S 25 y = -0.5128x - 2.2897
= ° R2=0.0576
S 3
o) A A [ . 0, o [ ]

‘3.5 T T T T T 1
15 1.55 1.6 1.65 1.7 1.75 1.8
U(ll) HOMO-LUMO gap (eV)
Figure 5.15: Plot of U(I11)/U(II) E12 vs U(11) HOMO-LUMO gap.
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Figure 5.16: Plot of U(I11)/U(I1) Ex2 vs U(1I1) HOMO-LUMO gap.
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Figure 5.17:

e (M'em™)

Figure 5.18. Simulated UV-visible spectrum of [(CsMes)2.U(CHR2)]"" (red), [(CsMes)2U(CsHs)]'

(green), [(CsMes)2U(CsMeqH)]'™ (blue), and [(CsMes).U(OAr")]'~ (cyan).
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broadening of 0.15 eV was applied.
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Table 5.8. Electronic excitation summary for [(CsMes).U(CHR2)]!". Oscillator strengths are
reported in the length gauge. Only the dominant contributions to the overall excitation and only
excitations with oscillator strengths above 0.001 are reported. 138a is the 6dz?-like HOMO and
1364, 137a, and 138a are 5f orbitals. The assignment “n” is the 7 system of the CsMes rings with

contributions from the CHR: ligand.

Wavelength (nm)  Oscillator Strength Dominant contribution Assignment

Occupied  Virtual % weight

943 0.039 138 144 36.4 6d-5f
913 0.008 138 140 84.3 6d-7p
911 0.009 138 141 27.2 6d-7p
905 0.015 138 141 59.7 6d-7p
805 0.003 135 146 35.6 5f-5f
757 0.003 138 145 48.8 6d-5f
745 0.001 135 142 354 5f-6d
733 0.001 138 146 69.9 6d-5f
698 0.007 138 145 28.4 6d-5f
693 0.001 137 14 29.6 5f-6d
664 0.003 136 139 63.7 5f-7p
663 0.001 137 141 89.6 5f-7p
662 0.003 136 140 78.5 5f-7p
658 0.002 136 141 94.3 5f-7p
581 0.002 138 147 93.1 6d-7s
445 0.046 138 148 61.1 6d-nt
436 0.046 138 149 60.4 6d-7p
402 0.029 136 148 75.6 5f-n
386 0.001 135 148 59.4 5f-n
384 0.025 137 150 54.2 5f-n
381 0.001 136 150 50.3 5f-n
378 0.002 135 150 45.6 5f-n
376 0.002 137 149 69.4 5f-7p
363 0.004 138 152 86.8 6d-n
356 0.001 137 151 79.9 5f-n
351 0.001 138 153 78.9 6d-n
346 0.014 135 151 81.3 5f-n
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344 0.009 138 154 73.2 6d-nt

343 0.006 136 151 75.7 5f-n
338 0.050 138 155 48.3 6d-n
333 0.017 138 157 58.9 6d-n
330 0.005 134 142 67.7 5f-6d
328 0.004 138 155 35.7 6d-nt
323 0.001 133 142 26.7 5f-6d

Table 5.9. Electronic excitation summary for [(CsMes),U(CsHs)]'". Oscillator strengths are
reported in the length gauge. Only the dominant contributions to the overall excitation and only
excitations with oscillator strengths above 0.001 are reported. 111a is the 6dz2-like HOMO and

108a, 109a, and 110a are 5f orbitals. The assignment “n” is the w system of the CsHs rings.

Wavelength (nm)  Oscillator Strength Dominant contribution Assignment

Occupied  Virtual % weight

1016 0.005 109a 115a 23.8 5f-5f
981 0.006 108a 116a 20.3 5f-5f
969 0.015 111a 112a 28.0 6d-7p
933 0.014 111a 113a 87.2 6d-7p
899 0.012 111a 114a 98.8 6d-7p
789 0.003 111a 117a 69.7 6d-5f
695 0.001 108a 113a 47.6 5f-7p
631 0.001 111a 118a 88.1 6d-7s
525 0.001 109a 118a 70.6 5f-7s
517 0.003 108a 118a 73.4 5f-7s
503 0.015 111a 120a 75.7 6d-n
480 0.004 109a 120a 53.1 5f-n
476 0.001 111a 121a 25.0 6d-n
461 0.015 108a 120a 46.2 5f-n
453 0.008 110a 120a 40.4 5f-n
447 0.003 110a 121a 313 5f-n
437 0.032 111a 122a 31.8 6d-n
431 0.010 111a 122a 30.3 6d-n
427 0.001 109a 121a 28.7 5f-n
419 0.027 111a 123a 62.1 6d-n
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395 0.012 111a 124a 83.8 6d-nt

384 0.001 110a 122a 28.9 5f-n
381 0.001 110a 123a 40.0 5f-n
379 0.008 109a 122a 21.2 5f-n
374 0.013 108a 123a 58.7 5f-n
374 0.002 108a 122a 20.4 5f-n
371 0.009 111a 125a 80.6 6d-n
367 0.012 111a 126a 88.4 6d-n
363 0.001 110a 124a 40.9 5f-n
360 0.006 109a 124a 32.2 5f-n
356 0.014 108a 124aa 52.1 5f-n
349 0.007 111a 127a 425 6d-n
347 0.007 111a 127 47.3 6d-n
337 0.001 109a 126a 67.4 5f-n
335 0.001 110a 125a 35.3 5f-n
334 0.001 107a 112a 46.8 n-1p
333 0.004 106b 108b 27.9 -1

Table 5.10. Electronic excitation summary for [(CsMes),U(CsMesH)]'". Oscillator strengths are
reported in the length gauge. Only the dominant contributions to the overall excitation and only
excitations with oscillator strengths above 0.001 are reported. 127a is the 6dz2-like HOMO and
124a, 125a, and 126a are 5f orbitals. The assignment “z” is the 7 system of the CsMes/CsMesH

rings.

Wavelength (nm)  Oscillator Strength Dominant contributions Assignment

Occupied  Virtual % weight

1108 0.007 127a 131a 68.6 6d-5f
1090 0.002 127a 132a 73.7 6d-5f
1067 0.047 127a 128a 82.5 6d-7p
1004 0.003 125a 131a 12.2 5f-5f
956 0.003 127a 132a 114 6d-5f
961 0.002 124a 133a 46.1 5f-5f
948 0.013 127a 129a 76.1 6d-7p
933 0.010 127a 130a 73.1 6d-7p

193



800 0.002 127a 133a 80.1 6d-5f
743 0.001 126a 135a 46.2 5f-5f
709 0.001 124a 128a 79.1 5f-7p
687 0.002 124a 129a 91.1 5f-7p
680 0.002 124a 130a 91.1 5f-7p
614 0.001 127a 134a 80.3 6d-7s
509 0.001 125a 134a 74.2 5f-7s
503 0.024 127a 136a 65 6d-5f/n
488 0.004 127a 137a 46.5 6d-5f/n
478 0.024 127a 138a 26.7 6d-5f/n
461 0.012 127a 137a 22.9 6d-5f/n
460 0.014 127a 138a 25.3 6d-5f/n
437 0.025 127a 139 70.7 6d-5f/n
433 0.020 127a 140a 64.4 6d-5f/n
409 0.001 126a 136a 21.9 5f-5f/n
403 0.008 124a 136a 45.3 5f-5f/n
394 0.002 126a 139 39.7 5f-5f/n
391 0.001 125a 138a 28.4 5f-5f/n
386 0.013 124a 139 38.9 5f-5f/n
384 0.012 124a 140a 37.2 5f-5f/n
380 0.005 124a 140a 25.1 5f-5f/n
356 0.001 123b 127b 35.2 n-73
353 0.014 127a 143a 68.5 6d-n
352 0.005 123a 128a 70.2 n-7p
346 0.010 127a 144a 72 6d-nt
346 0.002 123a 129a 40.8 n-7p
344 0.001 123b 125b 64.9 n-7p
342 0.008 126a 141a 67.6 5f-n
342 0.004 125a 141a 34.1 5f-n
342 0.010 125a 141a 44.4 5f-n
341 0.001 123b 1270 33.8 n-73
339 0.003 123a 132a 41.7 n-5f
338 0.003 126a 142a 86.6 5f-n
337 0.002 125a 142a 75.5 5f-n
331 0.007 122b 127b 40.7 n-7S
330 0.023 127a 145a 73.5 6d-n
327 0.002 124a 142a 77.1 5f-n
325 0.001 122a 128a 91.5 n-7p
325 0.022 127a 146a 74.9 6d-n
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322 0.001 122b 124b 89.4 n-1p

Table 5.11. Electronic excitation summary for [(CsMes),U(OAr")]'". Oscillator strengths are
reported in the length gauge. Only the dominant contributions to the overall excitation and only
excitations with oscillator strengths above 0.001 are reported. 127a is the 6dz2-like HOMO and
124a, 125a, and 126a are 5f orbitals. The assignment “z” is the 7 system of the CsMes rings with

contribution from the OAr’ ligand.

Wavelength (nm)  Oscillator Strength Dominant contributions Assignment

Occupied  Virtual % weight

1137 0.009 154a 155a 36.9 6d-7p
1136 0.009 154a 157a 98.5 6d-7p
995 0.003 154a 158a 50.7 6d-pi
934 0.001 154a 160a 31.5 6d-5f/n
925 0.004 154a 162a 15.2 6d-5f
902 0.001 151a 162a 29.9 5f-5f
819 0.002 151a 164a 35.6 5f-5f
720 0.001 153a 155a 62.8 5f-7p
719 0.003 154a 164a S1.7 6d-5f
708 0.001 153a 157a 97.7 5f-7p
675 0.001 152a 157a 88.2 5f-7p
673 0.002 151a 155a 77.5 5f-7p
673 0.002 152a 156a 85.1 5f-7p
671 0.005 154a 163a 37.4 6d-7s
630 0.004 154a 165a 58.0 6d-5f/n
593 0.010 153a 159a 245 5f-5f/n
588 0.001 151a 159a 26.0 5f-5f/n
570 0.001 152a 159a 22.2 5f-5f/n
555 0.001 153a 165a 30.8 5f-5f/n
534 0.001 152a 165a 30.8 5f-5f/n
528 0.004 151a 160a 17.9 5f-5f/n
488 0.009 153a 163a 41.3 5f-7s
480 0.058 154a 166a 81.9 6d-7p/n
468 0.002 151a 163a 31.6 5f-7s
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464 0.060 154a 167a 87.9 6d-nt
438 0.003 154a 168a 91.9 6d-nt
409 0.001 154a 169a 78.1 6d-7p/n
406 0.002 153a 167a 52.4 5f-n
397 0.019 152a 167a 49.7 5f-n
384 0.001 151a 167a 30.6 5f-n
379 0.003 154a 170a 37.5 6d-nt
378 0.033 153a 168a 44.7 5f-n
375 0.014 153a 166a 23.6 5f-Tp/n
371 0.009 154a 171a 84.5 6d-nt
370 0.003 152a 168a 58.5 5f-n
369 0.001 152a 166a 31.0 5f-Tp/n
367 0.001 151a 166a 32.5 5f-Tp/n
366 0.005 154a 172a 54.0 6d-n
363 0.001 151a 168a 46.8 5f-n
352 0.026 154a 173a 69.5 6d-nt
350 0.002 153 169a 37.6 5f-Tp/n
349 0.004 154a 174a 61.6 6d-nt
344 0.018 154a 175a 58.3 6d-7p/n
338 0.017 151a 169a 55.8 5f-7p/n
333 0.005 154a 176a 66.1 6d-nt
332 0.010 152a 169a 47.2 5f-Tp/n
330 0.002 154a 177a 64.0 6d-nt
322 0.011 150b 151b 36.6 n-7p
320 0.001 150b 151b 38.4 n-7p
319 0.001 153a 170a 41.9 5f-n
315 0.003 150b 153b 46.0 n-7p
315 0.005 150b 153b 44.8 n-7p
313 0.002 152a 170a 41.0 5f-n
311 0.001 150a 155a 41.6 n-7p
310 0.004 154a 179a 69.1 6d-nt
Table 5.12: Crystal data and structure refinement for 5.1-M, 5.2, and 5.5.
5.1-U 5.1-Ce 5.2 5.5
Identification | jcewb1 jewe7 jew74 jew50
code
Empirical CssHs30U C3sHs530Ce [C37H5702U] Co7H49SiU
formula [C33H490U]
15(CeH14)
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Formula 727.80 629.89 1514.69 667.87

weight

Temperature | 133(2) 133(2) 93(2) 133(2)

(K)

VXaveIength 0.71073 0.71073 0.71073 0.71073

(A)

Crystal Orthorhombic Orthorhombic Triclinic Monoclinic
system

Space group | Cmc2; Cmc2; P-1 P21/n

a(A) 14.6962(12) 14.7118(10) 10.1439(17) 11.0237(8)

b (A) 17.3369(15) 17.3650(12) 18.262(3) 23.4044(17)
c(A) 24.750(2) 24.7819(17) 19.588(3) 11.6386(9)

a (°) 90 90 106.125(3) 90

B (°) 90 90 100.743(3) 1102.8982(12)
v (°) 90 90 98.801(3) 90

Volume (A% | 6306.1(9) 6331.0(8) 3343.2(10) 2927.0(4)

Z 8 8 2 4

Density 1.533 1.322 1.505 1516

(mg/m?®)

Absorption 5.172 1.462 4.882 5.639
coefficient

(mm™)

F(000) 2904 2632 1518 1324

Crystal color | brown pink black brown

Crystal size | 0.342x0.128x0.119 | 0.501x0.285x0.224 | 0.402x0.173x0.119 | 0.213x0.149x0.138
Theta range | 1.646 to 31.117 1.643 to 30.583 1.869 to 27.103 1.740 to 28.281
for data

collection (°)

Index ranges

-20<h<20,-23<

-21<h<20,-24<

-13<h<12,-23<

-14<h<14,0<k

k<24,-35<1<35|k<23,-34<1<34 | k<22,0<1<25 |<31,0<1<15
Independent | 9829 9752 15120 7274
Reflections
collected
Completeness | 100.0 100.0 99.6 100.0
to theta =
25.242°
Absorption Semi-empirical Semi-empirical Semi-empirical Semi-empirical
correction from equivalents from equivalents from equivalents from equivalents
Max. and | 0.4335and 0.3410 | 0.7461 and 0.6173 | 0.2673 and 0.1423 | 0.2657 and 0.1827
min.
transmission
Refinement Full-matrix least- | Full-matrix least- | Full-matrix least- | Full-matrix least-
method squares on F2 squares on F? squares on F? squares on F?
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Data /19829/1/420 9752 /11473 15120/0/ 736 727410/ 189
restraints  /

parameters

Goodness-of- | 1.001 1.024 1.061 1.049

fit on F2

Final R | R1 = 0.0326, wR2 | R1 = 0.0248, wR2 | R1 = 0.0417, wR2 | R1 = 0.0429, wR2
indices =0.0613 =0.0547 =0.1015 =0.1012
[I>2sigma(l)]

R indices (all | R1 = 0.0411, wR2 | R1 = 0.0266, wR2 | R1 = 0.0570, wR2 | R1 = 0.0583, wR2
data) =0.0638 = 0.0555 =0.1090 =0.1092

Data cutoff | 0.69 0.70 0.78 0.75

A)

Absolute 0.019(5) 0.009(7) N/A N/A

structure

parameter

Largest diff. | 2.008 and —1.521 0.530 and —0.920 2.559 and —1.514 1.761 and —1.362
peak and hole

(eA%)

X-ray Data Collection, Structure Solution and Refinement for 1-U.

A brown crystal of approximate dimensions 0.119 x 0.128 x 0.342 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer system. The APEX2%
program package was used to determine the unit-cell parameters and for data collection (20
sec/frame scan time). The raw frame data was processed using SAINT®” and SADABS® to yield
the reflection data file. Subsequent calculations were carried out using the SHELXTL?®® program
package. The diffraction symmetry was mmm and the systematic absences were consistent with
the orthorhombic space group Cmc2: which was later determined to be correct.

The structure was phased using the coordinates of the cerium analog and refined on F2 by
full-matrix least-squares techniques. The analytical scattering factors® for neutral atoms were
used throughout the analysis. Hydrogen atoms were included using a riding model. There were
One

two molecules of the formula-unit present; each was located on a mirror plane.

pentamethylcyclopentadienyl ligand was modeled as a 50:50 disorder.
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Least-squares analysis yielded wR2 = 0.0638 and Goof = 1.001 for 420 variables refined
against 9829 data (0.69 A), R1 = 0.0326 for those 8848 data with | > 2.05(l). The absolute

structure was assigned by refinement of the Flack parameter.®

Table 5.13. Bond lengths [A] and angles [°] for 5.1-U.

U(1)-Cntl 2.498 C(1B)-C(5B) 1.389(18)
U(1)-0(1) 2.201(6) C(1B)-C(6B) 1.512(19)
U(1)-C(4) 2.717(12) C(2B)-C(3B) 1.422(19)
U(L)-C(4)#1 2.717(12) C(2B)-C(7B) 1.55(2)
U(L)-C(5) 2.733(11) C(3B)-C(4B) 1.45(2)
U(L)-C(5)#1 2.733(11) C(3B)-C(8B) 1.51(2)
U(1)-C(1B)#1 2.744(11) C(4B)-C(5B) 1.40(2)
U(1)-C(1B) 2.744(11) C(4B)-C(9B) 1.51(2)
U(1)-C(4B)#1 2.762(14) C(5B)-C(10B) 1.48(2)
U(1)-C(4B) 2.762(14) C(11)-C(16) 1.400(11)
U(1)-C(5B)#1 2.773(12) C(11)-C(12) 1.431(11)
U(1)-C(5B) 2.773(12) C(12)-C(13) 1.371(12)
U(1)-C(1)#1 2.779(12) C(12)-C(17) 1.547(11)
U(1)-C(1) 2.779(12) C(13)-C(14) 1.401(12)
U(1)-C(3) 2.785(13) C(14)-C(15) 1.362(11)
U(1)-C(3)#1 2.785(13) C(14)-C(20) 1.499(13)
U(1)-C(3B) 2.796(13) C(15)-C(16) 1.397(11)
U(1)-C(3B)#1 2.796(13) C(16)-C(21) 1.532(11)
U(1)-C(2B)#1 2.811(13) C(17)-C(18)#1 1.516(8)
U(1)-C(2B) 2.811(13) C(17)-C(18) 1.516(8)
U(1)-C(2)#1 2.832(12) C(17)-C(19) 1.546(13)
U(1)-C(2) 2.832(12) C(21)-C(22) 1.539(9)
0(1)-C(11) 1.361(10) C(21)-C(22)#1 1.539(9)
C(1)-C(5) 1.403(16) C(21)-C(23) 1.556(13)
C(1)-C(2) 1.413(18) U(2)-Cnt2 2.560
C(1)-C(6) 1.48(2) U(2)-Cnt2 2.502
C(2)-C(3) 1.413(19) U(2)-0(2) 2.225(6)
C(2)-C(7) 1.499(17) U(2)-C(29)#2 2.755(6)
C(3)-C(4) 1.441(19) U(2)-C(29) 2.755(5)
C(3)-C(8) 1.50(2) U(2)-C(28)#2 2.782(6)
C(4)-C(5) 1.43(2) U(2)-C(28) 2.783(6)
C(4)-C(9) 1.49(2) U(2)-C(25) 2.801(6)
C(5)-C(10) 1.51(2) U(2)-C(25)#2 2.801(6)
C(1B)-C(2B) 1.381(18) U(2)-C(27) 2.816(9)
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U(2)-C(24)
U(2)-C(26)#2
U(2)-C(26)
0(2)-C(36)
C(24)-C(25)#2
C(24)-C(25)
C(24)-C(30)
C(25)-C(26)
C(25)-C(31)
C(26)-C(26)#2
C(26)-C(32)
C(27)-C(28)#2
C(27)-C(28)
C(27)-C(33)
C(28)-C(29)
C(28)-C(34)
C(29)-C(29)#2
C(29)-C(35)
C(36)-C(37)
C(36)-C(37)#2
C(37)-C(38)
C(37)-C(40)
C(38)-C(39)
C(39)-C(38)#2
C(39)-C(44)
C(40)-C(41)
C(40)-C(42)
C(40)-C(43)

O(1)-U(1)-Cntl
Cnt1-U(1)-Cnt1#1
O(1)-U(1)-C(4)
0(1)-U(1)-C(4)#1
C(4)-U(1)-C(4)#1
0(1)-U(1)-C(5)
C(4)-U(1)-C(5)
C(4)#1-U(1)-C(5)
O(1)-U(1)-C(5)#1
C(4)-U(1)-C(5)#1
C(4)#1-U(1)-C(5)#1

2.840(9)
2.848(6)
2.848(6)
1.368(10)
1.411(9)
1.411(9)
1.511(14)
1.409(8)
1.517(10)
1.425(12)
1.498(9)
1.420(8)
1.420(8)
1.498(13)
1.424(8)
1.503(9)
1.415(12)
1.500(9)
1.405(7)
1.405(7)
1.397(8)
1.542(9)
1.386(8)
1.386(8)
1.535(13)
1.532(9)
1.535(8)
1.544(8)

114.1
131.4
102.3(3)
102.3(3)
117.7(6)
86.6(3)
30.4(4)
147.5(5)
86.6(3)
147.5(5)
30.4(4)

C(5)-U(1)-C(5)#1
0(1)-U(1)-C(1B)#1
0(1)-U(1)-C(1B)
C(1B)#1-U(1)-C(1B)
O(1)-U(1)-C(4B)#1

C(1B)#1-U(1)-C(4B)#1

C(1B)-U(1)-C(4B)#1
0(1)-U(1)-C(4B)
C(1B)#1-U(1)-C(4B)
C(1B)-U(1)-C(4B)
C(4B)#1-U(1)-C(4B)
0(1)-U(1)-C(5B)#1

C(1B)#1-U(1)-C(5B)#1

C(1B)-U(1)-C(5B)#1

C(4B)#1-U(1)-C(5B)#1

C(4B)-U(1)-C(5B)#1
0(1)-U(1)-C(5B)
C(1B)#1-U(1)-C(5B)
C(1B)-U(1)-C(5B)
C(4B)#1-U(1)-C(5B)
C(4B)-U(1)-C(5B)
C(5B)#1-U(1)-C(5B)
O(1)-U(1)-C(1)#1
C(4)-U(1)-C(L)#1
C(4)#1-U(L)-C(L)#1
C(5)-U(L)-C(L)#1
C(5)#1-U(L)-C(L)#1
O(1)-U(1)-C(1)
C(4)-U(1)-C(1)
C(4)#1-U(1)-C(1)
C(5)-U(1)-C(1)
C(5)#1-U(1)-C(1)
C(L)#1-U(1)-C(1)
0(1)-U(1)-C(3)
C(4)-U(1)-C(3)
C(4)#1-U(1)-C(3)
C(5)-U(1)-C(3)
C(5)#1-U(1)-C(3)
C(L)#1-U(1)-C(3)
C(1)-U(1)-C(3)

171.4(6)
117.5(3)
117.5(3)
107.0(5)
95.8(3)
48.2(4)
146.4(4)
95.8(3)
146.4(4)
48.2(4)
137.7(7)
92.7(3)
29.2(4)
135.5(5)
29.4(4)
165.8(4)
92.7(3)
135.5(5)
29.2(4)
165.8(4)
29.4(4)
161.3(7)
102.9(3)
153.9(4)
49.6(4)
158.6(5)
29.5(3)
102.9(3)
49.6(4)
153.9(4)
29.5(3)
158.6(5)
129.2(6)
132.3(3)
30.3(4)
107.5(4)
49.3(4)
134.8(4)
124.8(4)
48.9(4)



0(1)-U(1)-C(3)#1
C(4)-U(1)-C(3)#1
C(4)#1-U(1)-C(3)#1
C(5)-U(1)-C(3)#1
C(5)#1-U(1)-C(3)#1
C(L)#1-U(1)-C(3)#1
C(1)-U(1)-C(3)#1
C(3)-U(1)-C(3)#1
0(1)-U(1)-C(3B)
C(1B)#1-U(1)-C(3B)
C(1B)-U(1)-C(3B)
C(4B)#1-U(1)-C(3B)
C(4B)-U(1)-C(3B)
C(5B)#1-U(1)-C(3B)
C(5B)-U(1)-C(3B)
0(1)-U(1)-C(3B)#1
C(1B)#1-U(1)-C(3B)#1
C(1B)-U(1)-C(3B)#1
C(4B)#1-U(1)-C(3B)#1
C(4B)-U(1)-C(3B)#1
C(5B)#1-U(1)-C(3B)#1
C(5B)-U(1)-C(3B)#1
C(3B)-U(1)-C(3B)#1
O(1)-U(1)-C(2B)#1
C(1B)#1-U(1)-C(2B)#1
C(1B)-U(1)-C(2B)#1
C(4B)#1-U(1)-C(2B)#1
C(4B)-U(1)-C(2B)#1
C(5B)#1-U(1)-C(2B)#1
C(5B)-U(1)-C(2B)#1
C(3B)-U(1)-C(2B)#1
C(3B)#1-U(1)-C(2B)#1
0(1)-U(1)-C(2B)
C(1B)#1-U(1)-C(2B)
C(1B)-U(1)-C(2B)
C(4B)#1-U(1)-C(2B)
C(4B)-U(1)-C(2B)
C(5B)#1-U(1)-C(2B)
C(5B)-U(1)-C(2B)
C(3B)-U(1)-C(2B)

132.3(3)
107.5(4)
30.3(4)
134.8(4)
49.3(4)
48.9(4)
124.8(4)
85.7(5)
124.2(3)
118.0(4)
48.2(4)
116.9(4)
30.2(4)
137.5(4)
49.0(4)
124.2(3)
48.2(4)
118.0(4)
30.2(4)
116.9(4)
49.0(4)
137.5(4)
89.8(5)
140.6(3)
28.8(4)
98.3(4)
48.7(4)
121.5(4)
48.2(4)
125.9(4)
91.4(4)
29.4(4)
140.6(3)
98.3(4)
28.8(4)
121.5(4)
48.7(4)
125.9(4)
48.2(4)
29.4(4)
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C(3B)#1-U(1)-C(2B)
C(2B)#1-U(1)-C(2B)
O(1)-U(1)-C(2)#1
C(4)-U(1)-C(2)#1
C(4)#1-U(1)-C(2)#1
C(5)-U(1)-C(2)#1
C(5)#1-U(1)-C(2)#1
C(L#1-U(1)-C(2)#1
C(1)-U(1)-C(2)#1
C(3)-U(1)-C(2)#1
C(3)#1-U(1)-C(2)#1
0(1)-U(1)-C(2)
C(4)-U(1)-C2)
C(4)#1-U(1)-C(2)
C(3)-U1)-C2)
C(5)#1-U(1)-C(2)
C(1#1-U(1)-C(2)
C(1)-U(D)-C)
C(3)-U(1)-C(2)
C(3)#1-U(1)-C(2)
C(2)#1-U(1)-C(2)
C(11)-0(1)-U(1)
C(5)-C(1)-C(2)
C(5)-C(1)-C(6)
C(2)-C(1)-C(6)
C(3)-C(H)-UQ)
C(2-C(H)-U()
C(6)-C(1)-U(D)
C(3)-C(2)-C(2)
C(3)-C(2)-C(7)
C(1)-C(A)-C(7)
C(3)-C(2)-U()
C(1)-C(2)-u()
C(7)-C(2)-U()
C(2)-C3)-C(4)
C(2)-C(3)-C(8)
C(4)-C(3)-C(8)
C(2)-C3)-U(D)
C(4)-C3)-U(D)
C(8)-C(3)-U(D)

91.4(4)
78.8(6)
131.6(3)
124.8(4)
48.9(4)
139.9(4)
48.2(4)
29.2(4)
115.1(4)
95.9(4)
29.1(4)
131.6(3)
48.9(4)
124.8(4)
48.2(4)
139.9(4)
115.1(4)
29.2(4)
29.1(4)
95.9(4)
91.7(5)
166.0(5)
107.7(11)
127.8(15)
123.4(14)
73.4(7)
77.5(7)
124.6(10)
109.1(11)
126.7(16)
123.9(15)
73.6(7)
73.3(7)
125.0(8)
107.4(12)
130.4(16)
121.0(16)
77.3(7)
72.2(7)
125.3(10)



C(5)-C(4)-C(3)
C(5)-C(4)-C(9)
C(3)-C(4)-C(9)
C(5)-C(4)-U(1)
C(3)-C(4)-U(1)
C(9)-C(4)-U(1)
C(1)-C(5)-C(4)
C(1)-C(5)-C(10)
C(4)-C(5)-C(10)
C(1)-C(5)-U(1)
C(4)-C(5)-U(1)
C(10)-C(5)-U(1)
C(2B)-C(1B)-C(5B)
C(2B)-C(1B)-C(6B)
C(5B)-C(1B)-C(6B)
C(2B)-C(1B)-U(1)
C(5B)-C(1B)-U(1)
C(6B)-C(1B)-U(1)
C(1B)-C(2B)-C(3B)
C(1B)-C(2B)-C(7B)
C(3B)-C(2B)-C(7B)
C(1B)-C(2B)-U(1)
C(3B)-C(2B)-U(1)
C(7B)-C(2B)-U(1)
C(2B)-C(3B)-C(4B)
C(2B)-C(3B)-C(8B)
C(4B)-C(3B)-C(8B)
C(2B)-C(3B)-U(1)
C(4B)-C(3B)-U(1)
C(8B)-C(3B)-U(1)
C(5B)-C(4B)-C(3B)
C(5B)-C(4B)-C(9B)
C(3B)-C(4B)-C(9B)
C(5B)-C(4B)-U(1)
C(3B)-C(4B)-U(1)
C(9B)-C(4B)-U(1)
C(1B)-C(5B)-C(4B)
C(1B)-C(5B)-C(10B)
C(4B)-C(5B)-C(10B)
C(1B)-C(5B)-U(1)

106.6(11)
126.1(15)
127.2(17)
75.4(7)
77.47)
115.1(11)
109.1(11)
124.5(17)
126.2(16)
77.1(7)
74.2(7)
118.6(10)
110.9(11)
126.7(15)
122.0(16)
78.3(7)
76.6(7)
118.5(9)
107.7(11)
122.3(15)
129.6(15)
72.9(7)
74.7(7)
123.6(9)
106.2(12)
123.8(16)
129.3(17)
75.9(7)
73.6(7)
123.9(11)
108.1(12)
133.1(19)
117.9(18)
75.7(7)
76.2(8)
122.8(11)
107.1(12)
132(2)
121.3(19)
74.2(7)

C(4B)-C(5B)-U(1)
C(10B)-C(5B)-U(1)
O(1)-C(11)-C(16)
0(1)-C(11)-C(12)
C(16)-C(11)-C(12)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(11)-C(12)-C(17)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(15)-C(14)-C(20)
C(13)-C(14)-C(20)
C(14)-C(15)-C(16)
C(15)-C(16)-C(11)
C(15)-C(16)-C(21)
C(11)-C(16)-C(21)
C(18)#1-C(17)-C(18)
C(18)#1-C(17)-C(19)
C(18)-C(17)-C(19)
C(18)#1-C(17)-C(12)
C(18)-C(17)-C(12)
C(19)-C(17)-C(12)
C(16)-C(21)-C(22)
C(16)-C(21)-C(22)#1
C(22)-C(21)-C(22)#1
C(16)-C(21)-C(23)
C(22)-C(21)-C(23)
C(22)#1-C(21)-C(23)
0(2)-U(2)-Cnt2
0(2)-U(2)-Cnt3
Cnt2-U(2)-Cnt3
0(2)-U(2)-C(29)#2
0(2)-U(2)-C(29)
C(29)#2-U(2)-C(29)
0(2)-U(2)-C(28)#2

C(29)#2-U(2)-C(28)#2

C(29)-U(2)-C(28)#2
0(2)-U(2)-C(28)
C(29)#2-U(2)-C(28)
C(29)-U(2)-C(28)

74.8(8)
117.8(11)
120.7(7)
119.3(7)
120.0(7)
118.1(7)
119.2(7)
122.7(7)
123.5(7)
116.4(8)
122.0(8)
121.6(8)
124.5(8)
117.6(7)
114.2(7)
128.2(7)
111.2(8)
106.2(5)
106.2(5)
110.2(5)
110.2(5)
112.8(7)
109.7(5)
109.7(5)
109.0(9)
117.2(7)
105.5(5)
105.5(5)
128.6

96.2
135.2
116.8(2)
116.8(2)

29.8(2)

87.93(19)

29.79(18)

48.98(17)

87.93(19)

48.98(17)

29.79(18)



C(28)#2-U(2)-C(28)
0(2)-U(2)-C(25)
C(29)#2-U(2)-C(25)
C(29)-U(2)-C(25)
C(28)#2-U(2)-C(25)
C(28)-U(2)-C(25)
0(2)-U(2)-C(25)#2
C(29)#2-U(2)-C(25)#2
C(29)-U(2)-C(25)#2
C(28)#2-U(2)-C(25)#2
C(28)-U(2)-C(25)#2
C(25)-U(2)-C(25)#2
0(2)-U(2)-C(27)
C(29)#2-U(2)-C(27)
C(29)-U(2)-C(27)
C(28)#2-U(2)-C(27)
C(28)-U(2)-C(27)
C(25)-U(2)-C(27)
C(25)#2-U(2)-C(27)
0(2)-U(2)-C(24)
C(29)#2-U(2)-C(24)
C(29)-U(2)-C(24)
C(28)#2-U(2)-C(24)
C(28)-U(2)-C(24)
C(25)-U(2)-C(24)
C(25)#2-U(2)-C(24)
C(27)-U(2)-C(24)
0(2)-U(2)-C(26)#2
C(29)#2-U(2)-C(26)#2
C(29)-U(2)-C(26)#2
C(28)#2-U(2)-C(26)#2
C(28)-U(2)-C(26)#2
C(25)-U(2)-C(26)#2
C(25)#2-U(2)-C(26)#2
C(27)-U(2)-C(26)#2
C(24)-U(2)-C(26)#2
0(2)-U(2)-C(26)
C(29)#2-U(2)-C(26)
C(29)-U(2)-C(26)
C(28)#2-U(2)-C(26)

48.7(3)
131.88(18)
97.43(17)
109.71(18)
115.21(18)
139.45(18)
131.88(19)
109.71(18)
97.43(17)
139.45(18)
115.21(18)
47.8(3)
70.7(2)
48.8(2)
48.8(2)
29.39(16)
29.39(16)
144.10(18)
144.10(18)
153.7(2)
88.5(2)
88.5(2)
115.8(2)
115.8(2)
28.95(17)
28.95(17)
135.5(3)
107.32(19)
135.86(17)
126.10(17)
162.29(18)
138.28(18)
47.71(17)
28.88(17)
165.45(13)
47.6(2)
107.32(19)
126.10(17)
135.86(17)
138.28(18)
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C(28)-U(2)-C(26)
C(25)-U(2)-C(26)
C(25)#2-U(2)-C(26)
C(27)-U(2)-C(26)
C(24)-U(2)-C(26)
C(26)#2-U(2)-C(26)
C(36)-0(2)-U(2)
C(25)#2-C(24)-C(25)
C(25)#2-C(24)-C(30)
C(25)-C(24)-C(30)
C(25)#2-C(24)-U(2)
C(25)-C(24)-U(2)
C(30)-C(24)-U(2)
C(26)-C(25)-C(24)
C(26)-C(25)-C(31)
C(24)-C(25)-C(31)
C(26)-C(25)-U(2)
C(24)-C(25)-U(2)
C(31)-C(25)-U(2)
C(25)-C(26)-C(26)#2
C(25)-C(26)-C(32)
C(26)#2-C(26)-C(32)
C(25)-C(26)-U(2)
C(26)#2-C(26)-U(2)
C(32)-C(26)-U(2)
C(28)#2-C(27)-C(28)
C(28)#2-C(27)-C(33)
C(28)-C(27)-C(33)
C(28)#2-C(27)-U(2)
C(28)-C(27)-U(2)
C(33)-C(27)-U(2)
C(27)-C(28)-C(29)
C(27)-C(28)-C(34)
C(29)-C(28)-C(34)
C(27)-C(28)-U(2)
C(29)-C(28)-U(2)
C(34)-C(28)-U(2)
C(29)#2-C(29)-C(28)
C(29)#2-C(29)-C(35)
C(28)-C(29)-C(35)

162.29(18)
28.87(17)
47.71(17)

165.45(13)
47.6(2)
29.0(3)

115.7(5)

107.1(8)

126.2(4)

126.2(4)
74.0(4)
74.0(4)

123.9(7)

108.9(6)

125.0(7)

125.2(7)
77.4(3)
77.0(4)

120.5(4)

107.4(4)

127.5(6)

124.0(4)
73.7(3)
75.51(12)

125.6(4)

107.6(8)

126.1(4)

126.1(4)
74.0(4)
74.0(4)

121.5(6)

108.2(6)

125.9(6)

125.0(6)
76.6(4)
74.0(3)

123.8(4)

108.0(4)

127.8(4)

123.6(6)



C(29)#2-C(29)-U(2) 75.12(12) C(38)#2-C(39)-C(38)  119.2(8)

C(28)-C(29)-U(2) 76.2(3) C(38)#2-C(39)-C(44)  120.4(4)
C(35)-C(29)-U(2) 122.1(4) C(38)-C(39)-C(44) 120.4(4)
0(2)-C(36)-C(37) 118.8(4) C(41)-C(40)-C(42) 107.5(5)
0(2)-C(36)-C(37)#2  118.8(4) C(41)-C(40)-C(37) 112.0(5)
C(37)-C(36)-C(37)#2  122.3(8) C(42)-C(40)-C(37) 109.5(5)
C(38)-C(37)-C(36) 117.3(6) C(41)-C(40)-C(43) 106.4(5)
C(38)-C(37)-C(40) 120.9(5) C(42)-C(40)-C(43) 108.2(5)
C(36)-C(37)-C(40) 121.7(5) C(37)-C(40)-C(43) 112.9(5)
C(39)-C(38)-C(37) 121.8(6)

Symmetry transformations used to generate equivalent atoms:
#1 -x-1y,z #2-X\y,2

X-ray Data Collection, Structure Solution and Refinement for 1-Ce.

A pink crystal of approximate dimensions 0.224 x 0.285 x 0.501 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer system. The APEX2%
program package was used to determine the unit-cell parameters and for data collection (10
sec/frame scan time). The raw frame data was processed using SAINT®” and SADABS® to yield
the reflection data file. Subsequent calculations were carried out using the SHELXTL®® program
package. The diffraction symmetry was mmm and the systematic absences were consistent with
the orthorhombic space group Cmc2: which was later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®™ for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. There were two molecules of the formula-
unit present; each was located on a mirror plane. One pentamethylcyclopentadienyl ligand was

modeled as a 50:50 disorder.
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Least-squares analysis yielded wR2 = 0.0555 and Goof = 1.024 for 473 variables refined
against 9752 data (0.70 A), R1 = 0.0248 for those 9376 data with | > 2.05(l). The absolute
structure was assigned by refinement of the Flack parameter.®

Table 5.14. Bond lengths [A] and angles [°] for 5.1-Ce.

Ce(1)-Cntl 2.531 C(1B)-C(2B) 1.394(14)
Ce(1)-O(1) 2.213(3) C(1B)-C(5B) 1.403(14)
Ce(1)-C(4)#1 2.75(2) C(1B)-C(6B) 1.516(12)
Ce(1)-C(4) 2.75(2) C(2B)-C(3B) 1.413(14)
Ce(1)-C(5) 2.766(12) C(2B)-C(7B) 1.536(12)
Ce(1)-C(5)#1 2.766(12) C(3B)-C(4B) 1.44(3)
Ce(1)-C(1B)#1 2.781(7) C(3B)-C(8B) 1.49(2)
Ce(1)-C(1B) 2.781(7) C(4B)-C(5B) 1.374(18)
Ce(1)-C(5B) 2.784(11) C(4B)-C(9B) 1.53(2)
Ce(1)-C(5B)#1 2.784(11) C(5B)-C(10B) 1.484(13)
Ce(1)-C(4B) 2.79(2) C(11)-C(16) 1.412(6)
Ce(1)-C(4B)#1 2.79(2) C(11)-C(12) 1.437(6)
Ce(1)-C(3)#1 2.802(16) C(12)-C(13) 1.384(6)
Ce(1)-C(3) 2.802(16) C(12)-C(17) 1.544(6)
Ce(1)-C(1)#1 2.812(9) C(13)-C(14) 1.389(6)
Ce(1)-C(1) 2.812(9) C(14)-C(15) 1.383(6)
Ce(1)-C(2B) 2.823(8) C(14)-C(20) 1.503(7)
Ce(1)-C(2B)#1 2.823(8) C(15)-C(16) 1.404(6)
Ce(1)-C(3B) 2.841(18) C(16)-C(21) 1.538(6)
Ce(1)-C(3B)#1 2.841(18) C(17)-C(18)#1 1.526(4)
Ce(1)-C(2) 2.854(9) C(17)-C(18) 1.527(4)
Ce(1)-C(2)#1 2.854(9) C(17)-C(19) 1.533(7)
0(1)-C(11) 1.347(5) C(21)-C(23) 1.542(6)
C(1)-C(5) 1.397(13) C(21)-C(22)#1 1.547(5)
C(1)-C(2) 1.408(14) C(21)-C(22) 1.547(5)
C(1)-C(6) 1.505(13) Ce(2)-Cnt2 2.585
C(2)-C(3) 1.418(15) Ce(2)-Cnt3 2.525
C(2)-C(7) 1.505(11) Ce(2)-0(2) 2.246(3)
C(3)-C(4) 1.45(3) Ce(2)-C(29)#2 2.776(3)
C(3)-C(8) 1.520(16) Ce(2)-C(29) 2.776(3)
C(4)-C(5) 1.387(17) Ce(2)-C(28) 2.802(3)
C(4)-C(9) 1.47(2) Ce(2)-C(28)#2 2.802(3)
C(5)-C(10) 1.517(17) Ce(2)-C(25) 2.834(3)
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Ce(2)-C(25)#2
Ce(2)-C(27)
Ce(2)-C(24)
Ce(2)-C(26)
Ce(2)-C(26)#2
Ce(2)-C(36)
0(2)-C(36)
C(24)-C(25)
C(24)-C(25)#2
C(24)-C(30)
C(25)-C(26)
C(25)-C(31)
C(26)-C(26)#2
C(26)-C(32)
C(27)-C(28)
C(27)-C(28)#2
C(27)-C(33)
C(28)-C(29)
C(28)-C(34)
C(29)-C(29)#2
C(29)-C(35)
C(36)-C(37)
C(36)-C(37)#2
C(37)-C(38)
C(37)-C(40)
C(38)-C(39)
C(39)-C(38)#2
C(39)-C(44)
C(40)-C(41)
C(40)-C(42)
C(40)-C(43)

Cnt1-Ce(1)-0(2)
Cntl-Ce(1)-Cntl#1
O(1)-Ce(1)-C(4)#1
0O(1)-Ce(1)-C(4)
C(4)#1-Ce(1)-C(4)
0O(1)-Ce(1)-C(5)
C(4)#1-Ce(1)-C(5)
C(4)-Ce(1)-C(5)

2.834(3)
2.838(5)
2.838(5)
2.873(3)
2.873(3)
3.078(4)
1.351(5)
1.410(5)
1.410(5)
1.511(7)
1.417(5)
1.504(5)
1.409(7)
1.507(5)
1.419(4)
1.419(4)
1.493(7)
1.418(5)
1.498(5)
1.418(7)
1.505(5)
1.418(4)
1.418(4)
1.400(4)
1.543(5)
1.385(4)
1.385(4)
1.526(7)
1.533(5)
1.535(4)
1.543(4)

114.1
1315
102.3(5)
102.3(5)
118.4(6)
87.2(3)
147.1(6)
29.1(4)

O(1)-Ce(1)-C(5)#1
C(4)#1-Ce(1)-C(5)#1
C(4)-Ce(1)-C(5)#1
C(5)-Ce(1)-C(5)#1
O(1)-Ce(1)-C(1B)#1
0(1)-Ce(1)-C(1B)
C(1B)#1-Ce(1)-C(1B)
0(1)-Ce(1)-C(5B)
C(1B)#1-Ce(1)-C(5B)
C(1B)-Ce(1)-C(5B)
O(1)-Ce(1)-C(5B)#1

C(1B)#1-Ce(1)-C(5B)#1

C(1B)-Ce(1)-C(5B)#1
C(5B)-Ce(1)-C(5B)#1
0(1)-Ce(1)-C(4B)
C(1B)#1-Ce(1)-C(4B)
C(1B)-Ce(1)-C(4B)
C(5B)-Ce(1)-C(4B)
C(5B)#1-Ce(1)-C(4B)
O(1)-Ce(1)-C(4B)#1

C(1B)#1-Ce(1)-C(4B)#1

C(1B)-Ce(1)-C(4B)#1
C(5B)-Ce(1)-C(4B)#1

C(5B)#1-Ce(1)-C(4B)#1

C(4B)-Ce(1)-C(4B)#1
O(1)-Ce(1)-C(3)#1
C(4)#1-Ce(1)-C(3)#1
C(4)-Ce(1)-C(3)#1
C(5)-Ce(1)-C(3)#1
C(5)#1-Ce(1)-C(3)#1
0(1)-Ce(1)-C(3)
C(4)#1-Ce(1)-C(3)
C(4)-Ce(1)-C(3)
C(5)-Ce(1)-C(3)
C(5)#1-Ce(1)-C(3)
C(3)#1-Ce(1)-C(3)
O(1)-Ce(1)-C(1)#1
C(4)#1-Ce(1)-C(1)#1
C(4)-Ce(1)-C(L)#1
C(5)-Ce(1)-C(L)#1

87.2(3)
29.1(4)
147.1(6)
171.3(6)
116.6(4)
116.6(4)
108.2(6)
92.5(3)
136.9(6)
29.2(3)
92.5(3)
29.2(3)
136.9(6)
163.4(8)
97.3(4)
145.7(5)
47.1(4)
28.5(3)
164.2(5)
97.3(4)
47.1(4)
145.7(5)
164.2(5)
28.5(3)
136.9(7)
132.0(3)
30.3(6)
108.9(4)
134.8(5)
47.7(4)
132.0(3)
108.9(4)
30.3(6)
47.7(4)
134.8(5)
87.5(6)
102.4(3)
48.7(4)
154.3(5)
159.6(6)



CB#L-Ce(l)-C(L#l  29.0(3) C(4B)-Ce(1)-C(3B)#1  115.7(5)

C)#1-Ce(l)-C(L)#l  47.6(3) C(4B)#1-Ce(1)-C(3B)#1  29.6(6)
C(3)-Ce(1)-C(L)#1 125.6(4) C(2B)-Ce(1)-C(3B)#L  91.2(4)
O(1)-Ce(1)-C(1) 102.4(3) C(2B)#1-Ce(1)-C(3B)#1  28.9(3)
C(4)#1-Ce(1)-C(1) 154.3(5) C(3B)-Ce(1)-C(3B)#L  89.0(9)
C(4)-Ce(1)-C(1) 48.7(4) 0(1)-Ce(1)-C(2) 130.9(3)
C(5)-Ce(1)-C(1) 29.0(3) C(4)#1-Ce(1)-C(2) 125.8(6)
C(5)#1-Ce(1)-C(1) 159.6(6) C(4)-Ce(1)-C(2) 49.2(5)
C(3)#1-Ce(1)-C(1) 125.6(4) C(5)-Ce(1)-C(2) 47.7(3)
C(3)-Ce(1)-C(1) 47.6(3) C(5)#1-Ce(1)-C(2) 139.8(4)
C(L)#1-Ce(1)-C(1) 130.7(7) C(3)#1-Ce(1)-C(2) 97.0(4)
O(1)-Ce(1)-C(2B) 140.1(2) C(3)-Ce(1)-C(2) 29.0(3)
C(1B)#1-Ce(1)-C(2B)  99.2(4) C(1)#1-Ce(1)-C(2) 115.7(5)
C(1B)-Ce(1)-C(2B) 28.8(3) C(1)-Ce(1)-C(2) 28.8(3)
C(5B)-Ce(1)-C(2B) 47.8(3) 0(1)-Ce(1)-C(2)#1 130.9(3)
C(5B)#1-Ce(1)-C(2B)  126.5(4) C(4)#1-Ce(1)-CQ#L  49.2(5)
C(4B)-Ce(1)-C(2B) 47.1(4) C(4)-Ce(1)-C(2)#1 125.8(6)
C(4B)#1-Ce(1)-C(2B)  120.7(5) C(5)-Ce(1)-C(2)#1 139.8(4)
O(1)-Ce(1)-C(2B)#L  140.1(2) C(B)#1-Ce(1)-CQ#L  47.7(3)
C(1B)#1-Ce(1)-C(2B)#1  28.8(3) C(3)#1-Ce(1)-CQ#L  29.0(3)
C(1B)-Ce(1)-C(2B)}#1  99.2(4) C(3)-Ce(1)-C(2)#1 97.0(4)
C(5B)-Ce(1)-C(2B)#1  126.5(4) C(#1-Ce(1)-CQ#1  28.8(3)
C(5B)#1-Ce(1)-C(2B)#1  47.8(3) C(1)-Ce(1)-C(2)#1 115.7(4)
C(4B)-Ce(1)-C(2B)y#1  120.7(5) C(2)-Ce(1)-C(2)#1 92.2(5)
C(4B)#1-Ce(1)-C(2B)#1  47.1(4) C(11)-O(1)-Ce(1) 166.5(3)
C(2B)-Ce(1)-C(2B)#1  79.6(4) C(5)-C(1)-C(2) 108.2(11)
0(1)-Ce(1)-C(3B) 125.2(5) C(5)-C(1)-C(6) 129.5(15)
C(1B)#1-Ce(1)-C(3B)  117.9(5) C(2)-C(1)-C(6) 121.5(14)
C(1B)-Ce(1)-C(3B) 48.1(4) C(5)-C(1)-Ce(1) 73.7(7)
C(5B)-Ce(1)-C(3B) 48.7(4) C(2)-C(1)-Ce(1) 77.3(5)
C(5B)#1-Ce(1)-C(3B)  136.6(5) C(6)-C(1)-Ce(1) 123.1(6)
C(4B)-Ce(1)-C(3B) 29.6(6) C(1)-C(2)-C(3) 106.7(10)
C(4B)#1-Ce(1)-C(3B)  115.7(5) C(1)-C(2)-C(7) 126.4(14)
C(2B)-Ce(1)-C(3B) 28.9(3) C(3)-C(2)-C(7) 126.4(15)
C(2B)#1-Ce(1)-C(3B)  91.2(4) C(1)-C(2)-Ce(1) 74.0(5)
O(1)-Ce(1)-C(3B)#L  125.2(5) C(3)-C(2)-Ce(1) 73.5(7)
C(1B)#1-Ce(1)-C(3B)#1  48.1(4) C(7)-C(2)-Ce(1) 124.8(6)
C(1B)-Ce(1)-C(3B)#1  117.9(5) C(2)-C(3)-C(4) 109.0(12)
C(5B)-Ce(1)-C(3B)#1  136.6(5) C(2)-C(3)-C(8) 129.0(14)
C(5B)#1-Ce(1)-C(3B)#1  48.7(4) C(4)-C(3)-C(8) 121.3(13)
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C(2)-C(3)-Ce(1)
C(4)-C(3)-Ce(1)
C(8)-C(3)-Ce(1)
C(5)-C(4)-C(3)
C(5)-C(4)-C(9)
C(3)-C(4)-C(9)
C(5)-C(4)-Ce(1)
C(3)-C(4)-Ce(1)
C(9)-C(4)-Ce(1)
C(4)-C(5)-C(1)
C(4)-C(5)-C(10)
C(1)-C(5)-C(10)
C(4)-C(5)-Ce(1)
C(1)-C(5)-Ce(1)
C(10)-C(5)-Ce(1)
C(2B)-C(1B)-C(5B)
C(2B)-C(1B)-C(6B)
C(5B)-C(1B)-C(6B)
C(2B)-C(1B)-Ce(1)
C(5B)-C(1B)-Ce(1)
C(6B)-C(1B)-Ce(1)
C(1B)-C(2B)-C(3B)
C(1B)-C(2B)-C(7B)
C(3B)-C(2B)-C(7B)
C(1B)-C(2B)-Ce(1)
C(3B)-C(2B)-Ce(1)
C(7B)-C(2B)-Ce(1)
C(2B)-C(3B)-C(4B)
C(2B)-C(3B)-C(8B)
C(4B)-C(3B)-C(8B)
C(2B)-C(3B)-Ce(1)
C(4B)-C(3B)-Ce(1)
C(8B)-C(3B)-Ce(1)
C(5B)-C(4B)-C(3B)
C(5B)-C(4B)-C(9B)
C(3B)-C(4B)-C(9B)
C(5B)-C(4B)-Ce(1)
C(3B)-C(4B)-Ce(1)
C(9B)-C(4B)-Ce(1)
C(4B)-C(5B)-C(1B)

77.5(7)
73.0(10)
123.2(9)
104.9(16)
128(2)
126.8(15)
76.0(10)
76.7(11)
114.9(11)
111.1(18)
126.6(17)
122.2(15)
74.9(11)
77.3(6)
117.6(8)
108.8(9)
124.6(14)
126.5(16)
77.3(5)
75.5(6)
117.2(5)
109.6(12)
125.1(13)
124.9(16)
73.9(5)
76.3(8)
122.6(5)
103.9(13)
128(2)
127.5(16)
74.9(8)
73.3(11)
123.7(10)
111.1(15)
126.0(17)
122.2(15)
75.5(9)
77.2(10)
122.3(11)
106.6(12)
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C(4B)-C(5B)-C(10B)
C(1B)-C(5B)-C(10B)
C(4B)-C(5B)-Ce(1)
C(1B)-C(5B)-Ce(1)
C(10B)-C(5B)-Ce(1)
0(1)-C(11)-C(16)
0(1)-C(11)-C(12)
C(16)-C(11)-C(12)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(11)-C(12)-C(17)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(15)-C(14)-C(20)
C(13)-C(14)-C(20)
C(14)-C(15)-C(16)
C(15)-C(16)-C(11)
C(15)-C(16)-C(21)
C(11)-C(16)-C(21)
C(18)#1-C(17)-C(18)
C(18)#1-C(17)-C(19)
C(18)-C(17)-C(19)
C(18)#1-C(17)-C(12)
C(18)-C(17)-C(12)
C(19)-C(17)-C(12)
C(16)-C(21)-C(23)
C(16)-C(21)-C(22)#1
C(23)-C(21)-C(22)#1
C(16)-C(21)-C(22)
C(23)-C(21)-C(22)
C(22)#1-C(21)-C(22)
Cnt2-Ce(2)-0(2)
Cnt3-Ce(2)-0(2)
Cnt2-Ce(2)-Cnt3
0(2)-Ce(2)-C(29)#2
0(2)-Ce(2)-C(29)
C(29)#2-Ce(2)-C(29)
0(2)-Ce(2)-C(28)
C(29)#2-Ce(2)-C(28)
C(29)-Ce(2)-C(28)

126.4(18)
126.7(18)
76.0(9)
75.3(5)
119.3(7)
121.1(4)
119.8(4)
119.1(4)
118.8(4)
119.3(4)
121.9(4)
123.2(4)
116.9(4)
121.3(4)
121.7(4)
123.7(4)
118.2(4)
114.0(4)
127.8(4)
110.4(4)
106.2(3)
106.2(3)
110.5(2)
110.5(2)
112.9(4)
116.9(4)
109.0(3)
106.4(3)
109.0(3)
106.4(3)
108.9(5)
1285
96.2
135.3
116.55(10)
116.55(10)
29.60(13)
88.01(10)
48.53(9)
29.45(9)



0(2)-Ce(2)-C(28)#2

C(29)#2-Ce(2)-C(28)#2

C(29)-Ce(2)-C(28)#2
C(28)-Ce(2)-C(28)#2
0(2)-Ce(2)-C(25)
C(29)#2-Ce(2)-C(25)
C(29)-Ce(2)-C(25)
C(28)-Ce(2)-C(25)
C(28)#2-Ce(2)-C(25)
0(2)-Ce(2)-C(25)#2

C(29)#2-Ce(2)-C(25)#2

C(29)-Ce(2)-C(25)#2
C(28)-Ce(2)-C(25)#2

C(28)#2-Ce(2)-C(25)#2

C(25)-Ce(2)-C(25)#2
0(2)-Ce(2)-C(27)
C(29)#2-Ce(2)-C(27)
C(29)-Ce(2)-C(27)
C(28)-Ce(2)-C(27)
C(28)#2-Ce(2)-C(27)
C(25)-Ce(2)-C(27)
C(25)#2-Ce(2)-C(27)
0(2)-Ce(2)-C(24)
C(29)#2-Ce(2)-C(24)
C(29)-Ce(2)-C(24)
C(28)-Ce(2)-C(24)
C(28)#2-Ce(2)-C(24)
C(25)-Ce(2)-C(24)
C(25)#2-Ce(2)-C(24)
C(27)-Ce(2)-C(24)
0(2)-Ce(2)-C(26)
C(29)#2-Ce(2)-C(26)
C(29)-Ce(2)-C(26)
C(28)-Ce(2)-C(26)
C(28)#2-Ce(2)-C(26)
C(25)-Ce(2)-C(26)
C(25)#2-Ce(2)-C(26)
C(27)-Ce(2)-C(26)
C(24)-Ce(2)-C(26)
0(2)-Ce(2)-C(26)#2

88.01(10)
29.45(9)
48.52(9)
48.18(13)
131.84(10)
97.85(9)
110.01(10)
139.41(10)
115.53(9)
131.84(10)
110.01(10)
97.85(9)
115.53(10)
139.41(10)
47.44(15)
70.92(12)
48.39(11)
48.38(11)
29.13(9)
29.13(9)
144.16(10)
144.16(10)
153.59(12)
88.92(11)
88.92(11)
115.91(11)
115.91(11)
28.79(9)
28.79(9)
135.49(13)
107.46(10)
126.41(9)
135.96(9)
162.08(10)
138.70(10)
28.74(9)
47.19(10)
165.76(7)
47.25(11)
107.46(10)
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C(29)#2-Ce(2)-C(26)#2

C(29)-Ce(2)-C(26)#2
C(28)-Ce(2)-C(26)#2

C(28)#2-Ce(2)-C(26)#2

C(25)-Ce(2)-C(26)#2

C(25)#2-Ce(2)-C(26)#2

C(27)-Ce(2)-C(26)#2
C(24)-Ce(2)-C(26)#2
C(26)-Ce(2)-C(26)#2
0(2)-Ce(2)-C(36)
C(29)#2-Ce(2)-C(36)
C(29)-Ce(2)-C(36)
C(28)-Ce(2)-C(36)
C(28)#2-Ce(2)-C(36)
C(25)-Ce(2)-C(36)
C(25)#2-Ce(2)-C(36)
C(27)-Ce(2)-C(36)
C(24)-Ce(2)-C(36)
C(26)-Ce(2)-C(36)
C(26)#2-Ce(2)-C(36)
C(36)-0(2)-Ce(2)
C(25)-C(24)-C(25)#2
C(25)-C(24)-C(30)
C(25)#2-C(24)-C(30)
C(25)-C(24)-Ce(2)
C(25)#2-C(24)-Ce(2)
C(30)-C(24)-Ce(2)
C(24)-C(25)-C(26)
C(24)-C(25)-C(31)
C(26)-C(25)-C(31)
C(24)-C(25)-Ce(2)
C(26)-C(25)-Ce(2)
C(31)-C(25)-Ce(2)
C(26)#2-C(26)-C(25)
C(26)#2-C(26)-C(32)
C(25)-C(26)-C(32)
C(26)#2-C(26)-Ce(2)
C(25)-C(26)-Ce(2)
C(32)-C(26)-Ce(2)
C(28)-C(27)-C(28)#2

135.96(9)
126.41(9)
138.70(10)
162.08(10)
47.20(10)
28.74(9)
165.76(7)
47.25(11)
28.39(14)
23.37(11)
138.62(10)
138.62(10)
109.26(10)
109.27(10)
111.32(10)
111.32(10)
94.29(12)
130.22(12)
84.82(10)
84.82(10)
115.4(3)
107.9(4)
125.6(2)
125.6(2)
75.4(2)
75.4(2)
124.3(3)
108.1(3)
125.6(4)
125.7(4)
75.8(2)
77.18(18)
120.0(2)
107.9(2)
124.4(2)
126.7(3)
75.80(7)
74.08(18)
125.0(2)
107.4(4)



C(28)-C(27)-C(33)
C(28)#2-C(27)-C(33)
C(28)-C(27)-Ce(2)
C(28)#2-C(27)-Ce(2)
C(33)-C(27)-Ce(2)
C(29)-C(28)-C(27)
C(29)-C(28)-C(34)
C(27)-C(28)-C(34)
C(29)-C(28)-Ce(2)
C(27)-C(28)-Ce(2)
C(34)-C(28)-Ce(2)
C(28)-C(29)-C(29)#2
C(28)-C(29)-C(35)
C(29)#2-C(29)-C(35)
C(28)-C(29)-Ce(2)
C(29)#2-C(29)-Ce(2)
C(35)-C(29)-Ce(2)
0(2)-C(36)-C(37)

126.2(2)
126.2(2)
74.02)
74.02)
121.2(3)
108.4(3)
125.1(3)
125.7(3)
74.27(17)
76.9(2)
122.7(2)
107.84(19)
123.6(3)
128.0(2)
76.28(18)
75.20(7)
121.2(2)
119.4(2)

0(2)-C(36)-C(37)#2
C(37)-C(36)-C(37)#2
0(2)-C(36)-Ce(2)
C(37)-C(36)-Ce(2)
C(37)#2-C(36)-Ce(2)
C(38)-C(37)-C(36)
C(38)-C(37)-C(40)
C(36)-C(37)-C(40)
C(39)-C(38)-C(37)
C(38)-C(39)-C(38)#2
C(38)-C(39)-C(44)
C(38)#2-C(39)-C(44)
C(41)-C(40)-C(42)
C(41)-C(40)-C(43)
C(42)-C(40)-C(43)
C(41)-C(40)-C(37)
C(42)-C(40)-C(37)
C(43)-C(40)-C(37)

Symmetry transformations used to generate equivalent atoms:

#1 -x+3)y,z #2-x+2y,z

X-ray Data Collection, Structure Solution and Refinement for 5.2.

A black crystal of approximate dimensions 0.119 x 0.173 x 0.402 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer system. The APEX28%
program package and the CELL_NOW?®? were used to determine the unit-cell parameters. Data
was collected using a 30 sec/frame scan time. The raw frame data was processed using SAINT®’
and TWINABS® to yield the reflection data file (HKLF5 format).*® Subsequent calculations were
carried out using the SHELXTL® program package. There were no systematic absences nor any

diffraction symmetry other than the Friedel condition. The centrosymmetric triclinic space group

P1 was assigned and later determined to be correct.
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119.4(2)
121.3(4)
41.24(19)
111.2(2)
111.2(2)
117.6(3)
121.0(3)
121.4(3)
122.3(3)
118.9(4)
120.6(2)
120.6(2)
107.6(3)
106.4(3)
107.8(3)
112.1(3)
109.6(3)
113.1(3)



The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. There were two different independent
molecules and one-half molecule of n-hexane solvent present.

Least-squares analysis yielded wR2 = 0.1090 and Goof = 1.061 for 736 variables refined
against 15120 data (0.78 A), R1 = 0.0417 for those 12344 with | > 2.05(l). The structure was

refined as a three-component twin (BASF values 0.37652, 0.04644).

Table 5.15: Bond lengths [A] and angles [°] for 5.2.

U(1)-Cntl 2517 C(10)-C(11) 1.414(8)
U(1)-Cnt2 2.549 C(10)-C(15) 1.525(8)
U(1)-0(1) 2.268(4) C(11)-C(12) 1.430(8)
U(1)-0(2) 2.562(4) C(11)-C(16) 1.509(8)
U(L)-C(5) 2.728(5) C(12)-C(13) 1.413(8)
U(1)-C(1) 2.775(6) C(12)-C(17) 1.525(8)
U(1)-C(14) 2.788(6) C(13)-C(14) 1.413(8)
U(1)-C(10) 2.790(6) C(13)-C(18) 1.503(8)
U(L)-C(4) 2.792(6) C(19)-C(24) 1.427(8)
U(1)-C(11) 2.814(6) C(19)-C(20) 1.433(8)
U(L)-C(2) 2.823(7) C(20)-C(21) 1.395(8)
U(1)-C(3) 2.825(6) C(20)-C(25) 1.552(8)
U(1)-C(13) 2.838(6) C(21)-C(22) 1.386(9)
U(1)-C(12) 2.862(6) C(22)-C(23) 1.400(9)
0(1)-C(19) 1.356(7) C(22)-C(29) 1.510(9)
0(2)-C(34) 1.466(8) C(23)-C(24) 1.393(9)
0(2)-C(37) 1.475(7) C(24)-C(30) 1.544(9)
C(1)-C(5) 1.397(8) C(25)-C(28) 1.535(8)
C(1)-C(2) 1.427(9) C(25)-C(27) 1.547(8)
C(1)-C(6) 1.517(9) C(25)-C(26) 1.547(8)
C(2)-C(3) 1.413(9) C(30)-C(31) 1.543(8)
C(2)-C(7) 1.509(9) C(30)-C(32) 1.548(8)
C(3)-C(4) 1.419(9) C(30)-C(33) 1.549(9)
C(3)-C(8) 1.513(8) C(34)-C(35) 1.464(10)
C(4)-C(5) 1.406(8) C(35)-C(36) 1.513(9)
C(4)-C(9) 1.500(8) C(36)-C(37) 1.522(9)
C(10)-C(14) 1.406(9) U(2)-Cnt3 2.472
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U(2)-Cnt4
U(2)-0(3)
U(2)-C(42)
U(2)-C(41)
U(2)-C(38)
U(2)-C(51)
U(2)-C(47)
U(2)-C(50)
U(2)-C(40)
U(2)-C(39)
U(2)-C(49)
U(2)-C(48)
U(2)-C(56)
0(3)-C(56)
C(38)-C(42)
C(38)-C(39)
C(38)-C(43)
C(39)-C(40)
C(39)-C(44)
C(40)-C(41)
C(40)-C(45)
C(41)-C(42)
C(41)-C(46)
C(47)-C(51)
C(47)-C(48)
C(47)-C(52)
C(48)-C(49)
C(48)-C(53)
C(49)-C(50)
C(49)-C(54)
C(50)-C(51)
C(50)-C(55)
C(56)-C(61)
C(56)-C(57)
C(57)-C(58)
C(57)-C(62)
C(58)-C(59)
C(59)-C(60)
C(59)-C(66)
C(60)-C(61)

2511
2.269(4)
2.697(6)
2.717(7)
2.743(6)
2.759(6)
2.774(6)
2.775(6)
2.789(7)
2.795(7)
2.802(6)
2.816(6)
3.037(6)
1.352(7)
1.400(9)
1.429(9)
1.499(9)
1.422(9)
1.491(10)
1.417(10)
1.520(10)
1.389(9)
1.537(10)
1.415(9)
1.423(9)
1.509(8)
1.417(8)
1.510(8)
1.408(9)
1.503(8)
1.416(9)
1.501(9)
1.421(8)
1.426(8)
1.401(8)
1.546(8)
1.387(8)
1.380(8)
1.516(8)
1.396(8)
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C(61)-C(67)
C(62)-C(64)
C(62)-C(65)
C(62)-C(63)
C(67)-C(69)
C(67)-C(70)
C(67)-C(68)
C(71)-C(72)
C(72)-C(73)
C(73)-C(73)#1

Cnt1-U(1)-O(1)
Cnt1-U(1)-0(2)
Cnt2-U(1)-0(1)
Cnt2-U(1)-0(2)
Cnt1-U(1)-Cnt2
0(1)-U(1)-0(2)
0(1)-U(1)-C(5)
0(2)-U(1)-C(5)
0(1)-U(1)-C(1)
0(2)-U(1)-C(1)
C(5)-U(1)-C(1)
0(1)-U(1)-C(14)
0(2)-U(1)-C(14)
C(5)-U(1)-C(14)
C(1)-U(1)-C(14)
0(1)-U(1)-C(10)
0(2)-U(1)-C(10)
C(5)-U(1)-C(10)
C(1)-U(1)-C(10)
C(14)-U(1)-C(10)
0(1)-U(1)-C(4)
0(2)-U(1)-C(4)
C(5)-U(1)-C(4)
C(1)-U(1)-C(4)
C(14)-U(1)-C(4)
C(10)-U(1)-C(4)
0(1)-U(1)-C(11)
0(2)-U(1)-C(11)
C(5)-U(1)-C(11)

1.545(8)
1.526(9)
1.533(8)
1.565(8)
1.530(9)
1.533(9)
1.539(9)
1.535(9)
1.520(9)
1.517(12)

112.7
112.3
99.7
103.9
124.2
99.16(14)
90.76(16)
117.65(16)
91.83(16)
88.51(16)
29.41(17)
130.66(17)
112.10(15)
105.96(17)
124.85(18)
101.66(17)
129.48(15)
107.57(18)
135.68(17)
29.19(18)
116.80(17)
121.62(16)
29.48(17)
48.81(17)
78.20(17)
88.04(17)
86.92(16)
108.56(15)
133.48(18)



C(1)-U(1)-C(11)
C(14)-U(1)-C(11)
C(10)-U(1)-C(11)
C(4)-U(1)-C(11)
O(1)-U(1)-C(2)
0(2)-U(1)-C(2)
C(5)-U(1)-C(2)
C(1)-U(1)-C(2)
C(14)-U(1)-C(2)
C(10)-U(1)-C(2)
C(4)-U(1)-C(2)
C(11)-U(1)-C(2)
0(1)-U(1)-C(3)
0(2)-U(1)-C(3)
C(5)-U(1)-C(3)
C(1)-U(1)-C(3)
C(14)-U(1)-C(3)
C(10)-U(1)-C(3)
C(4)-U(1)-C(3)
C(11)-U(1)-C(3)
C(2)-U(1)-C(3)
0(1)-U(1)-C(13)
0(2)-U(1)-C(13)
C(5)-U(1)-C(13)
C(1)-U(1)-C(13)
C(14)-U(1)-C(13)
C(10)-U(1)-C(13)
C(4)-U(1)-C(13)
C(11)-U(1)-C(13)
C(2)-U(1)-C(13)
C(3)-U(1)-C(13)
0(1)-U(1)-C(12)
0(2)-U(1)-C(12)
C(5)-U(1)-C(12)
C(1)-U(1)-C(12)
C(14)-U(1)-C(12)
C(10)-U(1)-C(12)
C(4)-U(1)-C(12)
C(11)-U(1)-C(12)
C(2)-U(1)-C(12)

162.88(18)
47.97(17)
29.24(17)

117.27(17)

119.34(16)
74.71(16)
48.10(18)
29.52(17)

105.53(18)

129.12(18)
48.17(18)

153.16(18)

137.88(16)
94.05(17)
48.19(18)
48.55(18)
78.35(18)

100.13(18)
29.26(18)

126.11(18)
28.99(18)

132.32(16)
84.42(15)

129.64(18)

135.85(18)
29.06(17)
48.21(18)

100.16(18)
48.10(18)

107.53(18)
88.50(17)

104.13(16)
82.54(15)

153.01(17)

162.73(18)
47.44(16)
47.89(17)

125.47(17)
29.17(17)

133.22(18)
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C(3)-U(1)-C(12)
C(13)-U(1)-C(12)
C(19)-0(1)-U(1)
C(34)-0(2)-C(37)
C(34)-0(2)-U(1)
C(37)-0(2)-U(1)
C(5)-C(1)-C(2)
C(5)-C(1)-C(6)
C(2)-C(1)-C(6)
C(3)-C(1)-U)
C(2)-C(1)-U()
C(6)-C(1)-U(D)
C(3)-C(2)-C(2)
C(3)-C(2)-C(7)
C(1)-C(A)-C(7)
C(3)-C(2)-U()
C(1)-C(2)-u()
C(7)-C(2)-U(1)
C(2)-C(3)-C(4)
C(2)-C(3)-C(8)
C(4)-C(3)-C(8)
C(2)-C3)-U(D)
C(4)-C3)-U(D)
C(8)-C(3)-U(D)
C(5)-C(4)-C(3)
C(5)-C(4)-C(9)
C(3)-C(4)-C(9)
C(5)-C(4)-U(1)
C(3)-C(4)-U(D)
C(9)-C(4)-U(D)
C(1)-C(5)-C(4)
C(D)-CG)-U@)
C(4)-C(3)-U(1)
C(14)-C(10)-C(11)
C(14)-C(10)-C(15)
C(11)-C(10)-C(15)
C(14)-C(10)-U(1)
C(11)-C(10)-U(1)
C(15)-C(10)-U(1)
C(10)-C(11)-C(12)

117.20(17)
28.70(16)
159.5(4)
107.8(5)
129.4(4)
121.7(3)
106.5(5)
126.6(6)
126.7(6)
73.4(3)
77.1(3)
119.2(4)
108.3(6)
124.4(6)
126.5(6)
75.6(4)
73.4(4)
125.1(4)
108.0(5)
124.5(6)
126.5(6)
75.5(3)
74.1(3)
125.3(4)
106.9(5)
126.5(6)
126.1(6)
72.7(3)
76.6(3)
122.6(4)
110.3(5)
77.2(3)
77.8(3)
107.7(5)
125.1(6)
126.0(6)
75.4(3)
76.4(3)
124.1(4)
107.5(5)



C(10)-C(11)-C(16)
C(12)-C(11)-C(16)
C(10)-C(11)-U(1)
C(12)-C(11)-U(1)
C(16)-C(11)-U(1)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(11)-C(12)-C(17)
C(13)-C(12)-U(1)
C(11)-C(12)-U(1)
C(17)-C(12)-U(1)
C(14)-C(13)-C(12)
C(14)-C(13)-C(18)
C(12)-C(13)-C(18)
C(14)-C(13)-U(1)
C(12)-C(13)-U(1)
C(18)-C(13)-U(1)
C(10)-C(14)-C(13)
C(10)-C(14)-U(1)
C(13)-C(14)-U(1)
0(1)-C(19)-C(24)
0(1)-C(19)-C(20)
C(24)-C(19)-C(20)
C(21)-C(20)-C(19)
C(21)-C(20)-C(25)
C(19)-C(20)-C(25)
C(22)-C(21)-C(20)
C(21)-C(22)-C(23)
C(21)-C(22)-C(29)
C(23)-C(22)-C(29)
C(24)-C(23)-C(22)
C(23)-C(24)-C(19)
C(23)-C(24)-C(30)
C(19)-C(24)-C(30)
C(28)-C(25)-C(27)
C(28)-C(25)-C(26)
C(27)-C(25)-C(26)
C(28)-C(25)-C(20)
C(27)-C(25)-C(20)
C(26)-C(25)-C(20)

125.4(6)
127.0(5)

74.4(3)

77.3(3)
116.3(4)
108.2(5)
125.2(5)
126.1(5)

74.7(3)

73.6(3)
124.3(4)
107.2(5)
125.2(5)
127.0(5)

73.5(3)

76.6(3)
122.7(4)
109.3(5)

75.5(3)

77.4(3)
120.5(5)
121.7(5)
117.8(5)
119.0(6)
119.6(5)
121.3(5)
123.3(6)
116.9(6)
121.3(6)
121.7(6)
122.8(6)
119.3(5)
118.6(5)
121.8(6)
106.2(5)
112.3(5)
106.7(5)
111.2(5)
112.6(5)
107.8(5)
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C(31)-C(30)-C(24)
C(31)-C(30)-C(32)
C(24)-C(30)-C(32)
C(31)-C(30)-C(33)
C(24)-C(30)-C(33)
C(32)-C(30)-C(33)
C(35)-C(34)-0(2)
C(34)-C(35)-C(36)
C(35)-C(36)-C(37)
0(2)-C(37)-C(36)
Cnt3-U(2)-0(3)
Cnt4-U(2)-0(3)
Cnt3-U(2)-Cnit4
0(3)-U(2)-C(42)
0(3)-U(2)-C(41)
C(42)-U(2)-C(41)
0(3)-U(2)-C(38)
C(42)-U(2)-C(38)
C(41)-U(2)-C(38)
0(3)-U(2)-C(51)
C(42)-U(2)-C(51)
C(41)-U(2)-C(51)
C(38)-U(2)-C(51)
0(3)-U(2)-C(47)
C(42)-U(2)-C(47)
C(41)-U(2)-C(47)
C(38)-U(2)-C(47)
C(51)-U(2)-C(47)
0(3)-U(2)-C(50)
C(42)-U(2)-C(50)
C(41)-U(2)-C(50)
C(38)-U(2)-C(50)
C(51)-U(2)-C(50)
C(47)-U(2)-C(50)
0(3)-U(2)-C(40)
C(42)-U(2)-C(40)
C(41)-U(2)-C(40)
C(38)-U(2)-C(40)
C(51)-U(2)-C(40)
C(47)-U(2)-C(40)

113.3(5)
105.0(5)
112.3(5)
107.2(5)
107.7(5)
111.3(5)
106.9(5)
105.0(5)
102.0(5)
106.0(5)
100.2
133.6
126.2
125.93(18)
107.25(19)
29.7(2)
107.23(17)
29.82(19)
49.83(19)
159.01(17)
74.8(2)
89.8(2)
93.02)
138.70(18)
90.1(2)
113.7(2)
95.13(19)
29.6(2)
133.13(17)
93.4(2)
95.4(2)
118.6(2)
29.64(18)
49.00(19)
79.59(18)
48.4(2)
29.8(2)
49.17(19)
119.1(2)
138.5(2)



C(50)-U(2)-C(40)
0(3)-U(2)-C(39)

C(42)-U(2)-C(39)
C(41)-U(2)-C(39)
C(38)-U(2)-C(39)
C(51)-U(2)-C(39)
C(47)-U(2)-C(39)
C(50)-U(2)-C(39)
C(40)-U(2)-C(39)
0(3)-U(2)-C(49)

C(42)-U(2)-C(49)
C(41)-U(2)-C(49)
C(38)-U(2)-C(49)
C(51)-U(2)-C(49)
C(47)-U(2)-C(49)
C(50)-U(2)-C(49)
C(40)-U(2)-C(49)
C(39)-U(2)-C(49)
0(3)-U(2)-C(48)

C(42)-U(2)-C(48)
C(41)-U(2)-C(48)
C(38)-U(2)-C(48)
C(51)-U(2)-C(48)
C(47)-U(2)-C(48)
C(50)-U(2)-C(48)
C(40)-U(2)-C(48)
C(39)-U(2)-C(48)
C(49)-U(2)-C(48)
0(3)-U(2)-C(56)

C(42)-U(2)-C(56)
C(41)-U(2)-C(56)
C(38)-U(2)-C(56)
C(51)-U(2)-C(56)
C(47)-U(2)-C(56)
C(50)-U(2)-C(56)
C(40)-U(2)-C(56)
C(39)-U(2)-C(56)
C(49)-U(2)-C(56)
C(48)-U(2)-C(56)
C(56)-0(3)-U(2)

123.3(2)
79.45(17)
48.6(2)
49.3(2)
29.88(19)

121.47(19)

124.16(19)

141.5(2)
29.5(2)

110.72(16)

121.31(19)

123.8(2)

140.79(18)
48.41(18)
48.69(17)
29.25(18)

148.4(2)

169.77(18)

113.24(16)

119.09(19)

138.1(2)

122.71(18)
48.37(18)
29.49(18)
48.37(18)

167.16(19)

148.40(18)
29.22(16)
24.46(15)

150.32(19)

127.85(19)

129.38(18)

134.65(18)

117.86(18)

112.04(18)

102.82(18)

103.42(18)
86.80(17)
89.94(17)

111.5(3)
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C(42)-C(38)-C(39)
C(42)-C(38)-C(43)
C(39)-C(38)-C(43)
C(42)-C(38)-U(2)
C(39)-C(38)-U(2)
C(43)-C(38)-U(2)
C(40)-C(39)-C(38)
C(40)-C(39)-C(44)
C(38)-C(39)-C(44)
C(40)-C(39)-U(2)
C(38)-C(39)-U(2)
C(44)-C(39)-U(2)
C(41)-C(40)-C(39)
C(41)-C(40)-C(45)
C(39)-C(40)-C(45)
C(41)-C(40)-U(2)
C(39)-C(40)-U(2)
C(45)-C(40)-U(2)
C(42)-C(41)-C(40)
C(42)-C(41)-C(46)
C(40)-C(41)-C(46)
C(42)-C(41)-U(2)
C(40)-C(41)-U(2)
C(46)-C(41)-U(2)
C(41)-C(42)-C(38)
C(41)-C(42)-U(2)
C(38)-C(42)-U(2)
C(51)-C(47)-C(48)
C(51)-C(47)-C(52)
C(48)-C(47)-C(52)
C(51)-C(47)-U(2)
C(48)-C(47)-U(2)
C(52)-C(47)-U(2)
C(49)-C(48)-C(47)
C(49)-C(48)-C(53)
C(47)-C(48)-C(53)
C(49)-C(48)-U(2)
C(47)-C(48)-U(2)
C(53)-C(48)-U(2)
C(50)-C(49)-C(48)

106.2(6)
127.5(6)
126.0(6)
73.3(4)
77.1(4)
119.8(5)
107.7(6)
124.9(6)
127.1(6)
75.0(4)
73.0(4)
122.5(5)
108.2(6)
127.8(7)
123.8(7)
72.3(4)
75.5(4)
121.4(5)
106.7(6)
127.5(7)
125.6(7)
74.3(4)
77.9(4)
117.3(5)
111.1(6)
75.9(4)
76.9(4)
107.2(5)
126.0(6)
126.7(6)
74.6(4)
76.9(4)
118.2(4)
108.0(5)
125.8(6)
125.4(6)
74.8(4)
73.6(4)
125.1(4)
108.3(5)



C(50)-C(49)-C(54) 126.8(5) C(59)-C(58)-C(57) 122.1(6)

C(48)-C(49)-C(54) 124.0(6) C(60)-C(59)-C(58) 118.9(6)
C(50)-C(49)-U(2) 74.3(4) C(60)-C(59)-C(66) 120.8(5)
C(48)-C(49)-U(2) 75.9(4) C(58)-C(59)-C(66) 120.1(6)
C(54)-C(49)-U(2) 124.4(4) C(59)-C(60)-C(61) 122.6(6)
C(49)-C(50)-C(51) 107.7(5) C(60)-C(61)-C(56) 118.0(5)
C(49)-C(50)-C(55) 126.5(6) C(60)-C(61)-C(67) 121.4(5)
C(51)-C(50)-C(55) 125.2(6) C(56)-C(61)-C(67) 120.5(6)
C(49)-C(50)-U(2) 76.4(3) C(64)-C(62)-C(65) 108.6(5)
C(51)-C(50)-U(2) 74.6(3) C(64)-C(62)-C(57) 108.3(5)
C(55)-C(50)-U(2) 121.8(5) C(65)-C(62)-C(57) 111.4(5)
C(47)-C(51)-C(50) 108.7(6) C(64)-C(62)-C(63) 108.8(5)
C(47)-C(51)-U(2) 75.8(4) C(65)-C(62)-C(63) 107.0(5)
C(50)-C(51)-U(2) 75.8(3) C(57)-C(62)-C(63) 112.7(5)
0(3)-C(56)-C(61) 119.9(5) C(69)-C(67)-C(70) 109.9(6)
0(3)-C(56)-C(57) 119.7(5) C(69)-C(67)-C(68) 107.0(5)
C(61)-C(56)-C(57) 120.4(6) C(70)-C(67)-C(68) 106.3(6)
0(3)-C(56)-U(2) 44.0(2) C(69)-C(67)-C(61) 113.1(5)
C(61)-C(56)-U(2) 112.0(4) C(70)-C(67)-C(61) 108.5(5)
C(57)-C(56)-U(2) 109.8(4) C(68)-C(67)-C(61) 111.9(6)
C(58)-C(57)-C(56) 117.9(5) C(73)-C(72)-C(71) 113.4(6)
C(58)-C(57)-C(62) 121.2(5) C(73#1-C(73)-C(72)  112.7(7)
C(56)-C(57)-C(62) 120.6(5)

Symmetry transformations used to generate equivalent atoms: #1 -x+2,-y,-z+2

X-ray Data Collection, Structure Solution and Refinement for 5.5.

A brown crystal of approximate dimensions 0.138 x 0.149 x 0.213 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer system. The APEX28%
program package and the CELL_NOW?®? were used to determine the unit-cell parameters. Data
was collected using a 45 sec/frame scan time. The raw frame data was processed using SAINT®
and TWINABS® to yield the reflection data file (HKLF 5 format).%® Subsequent calculations were

carried out using the SHELXTL® program package. The diffraction symmetry was 2/m and the
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systematic absences were consistent with the monoclinic space group P2:i/n that was later
determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®™ for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. The hydrogen atom associated with carbon
C(21) could not be located or placed in a reasonable fixed location so was not included in the
refinement. Several atoms were disordered and included using multiple components, partial site-
occupancy-factors, geometric and displacement constraints.

Least-squares analysis yielded wR2 = 0.1092 and Goof = 1.049 for 189 variables refined
against 7274 data (0.75A), R1 = 0.0429 for those 6048 with | > 2.05(l). The structure was refined
as a two-component twin, BASF®® = 0.39.

Table 5.16: Bond lengths [A] and angles [°] for 5.5.

U(1)-Cntl 2.505 U(1)-C(13B) 2.843(7)
U(1)-Cnt2 2.547 U(1)-C(11B) 2.870(7)
U(1)-C(21) 2.502(7) U(1)-C(12B) 2.872(7)
U(1)-C(4B) 2.680(7) U(1)-C(1) 2.884(7)
U(1)-C(2B) 2.696(6) U(1)-C(5) 2.884(7)
U(1)-C(3B) 2.712(7) U(1)-Si(1) 3.286(2)
U(1)-C(5B) 2.724(7) Si(1)-C(21) 1.835(9)
U(1)-C(13) 2.737(7) Si(1)-C(24) 1.88(2)
U(1)-C(12) 2.756(7) Si(1)-C(23) 1.864(10)
U(1)-C(1B) 2.777(7) Si(1)-C(22) 1.894(11)
U(1)-C(14) 2.788(7) Si(1)-C(24B) 1.90(2)
U(1)-C(3) 2.805(7) C(21)-Si(2) 1.778(14)
U(1)-C(11) 2.818(7) C(21)-Si(2B) 1.896(14)
U(1)-C(14B) 2.824(7) Si(2)-C(26) 1.81(4)
U(1)-C(2) 2.835(7) Si(2)-C(25) 1.86(3)
U(1)-C(4) 2.835(6) Si(2)-C(27) 1.90(3)
U(1)-C(15) 2.837(7) Si(2B)-C(27B) 1.81(3)
U(1)-C(22) 2.844(9) Si(2B)-C(26B) 1.86(3)
U(1)-C(15B) 2.841(7) Si(2B)-C(25B) 1.93(4)
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C(1)-C(5)
C(1)-C(2)
C(1)-C(6)
C(2)-C(3)
C(2)-C(7)
C(3)-C(4)
C(3)-C(8)
C(4)-C(5)
C(4)-C(9)
C(5)-C(10)
C(1B)-C(5B)
C(1B)-C(2B)
C(1B)-C(6B)
C(2B)-C(3B)
C(2B)-C(7B)
C(3B)-C(8B)
C(3B)-C(4B)
C(4B)-C(9B)
C(4B)-C(5B)
C(5B)-C(10B)
C(11)-C(15)
C(11)-C(12)
C(11)-C(16)
C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(14)-C(19)
C(15)-C(20)
C(11B)-C(15B)
C(11B)-C(12B)
C(11B)-C(16B)
C(12B)-C(13B)
C(12B)-C(17B)
C(13B)-C(14B)
C(13B)-C(18B)
C(14B)-C(15B)
C(14B)-C(19B)
C(15B)-C(20B)

1.403(4)
1.403(4)
1.492(4)
1.403(4)
1.492(4)
1.404(4)
1.492(4)
1.403(4)
1.491(4)
1.493(4)
1.371(4)
1.381(4)
1.499(4)
1.381(4)
1.513(4)
1.467(4)
1.543(4)
1.457(4)
1.460(4)
1.532(4)
1.416(4)
1.416(4)
1.506(4)
1.416(4)
1.505(4)
1.416(4)
1.505(4)
1.416(4)
1.505(4)
1.506(4)
1.411(4)
1.411(4)
1.499(4)
1.411(4)
1.500(4)
1.411(4)
1.500(4)
1.411(4)
1.499(4)
1.499(4)
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Cnt1-U(1)-C(21)
Cnt2-U(1)-C(21)
Cnt1-U(1)-Cnt2
C(21)-U(1)-C(4B)
C(21)-U(1)-C(2B)
C(4B)-U(1)-C(2B)
C(21)-U(1)-C(3B)
C(4B)-U(1)-C(3B)
C(2B)-U(1)-C(3B)
C(21)-U(1)-C(5B)
C(4B)-U(1)-C(5B)
C(2B)-U(1)-C(5B)
C(3B)-U(1)-C(5B)
C(21)-U(1)-C(13)
C(21)-U(1)-C(12)
C(13)-U(1)-C(12)
C(21)-U(1)-C(1B)
C(4B)-U(1)-C(1B)
C(2B)-U(1)-C(1B)
C(3B)-U(1)-C(1B)
C(5B)-U(1)-C(1B)
C(21)-U(1)-C(14)
C(13)-U(1)-C(14)
C(12)-U(1)-C(14)
C(21)-U(1)-C(3)
C(13)-U(1)-C(3)
C(12)-U(1)-C(3)
C(14)-U(1)-C(3)
C(21)-U(1)-C(11)
C(13)-U(1)-C(11)
C(12)-U(1)-C(11)
C(14)-U(1)-C(11)
C(3)-U(1)-C(11)
C(21)-U(1)-C(14B)
C(4B)-U(1)-C(14B)
C(2B)-U(1)-C(14B)
C(3B)-U(1)-C(14B)
C(5B)-U(1)-C(14B)
C(1B)-U(1)-C(14B)

109.3
111.6
133.9
137.8(3)
89.1(3)
50.89(16)
115.3(3)
33.26(11)
29.59(10)
113.7(3)
31.34(10)
47.74(15)
50.93(16)
94.5(3)
90.2(3)
29.88(10)
87.8(3)
51.16(16)
29.18(9)
50.21(15)
28.84(9)
123.1(3)
29.68(10)
48.81(16)
102.9(3)
114.9(2)
144.27(19)
97.55(19)
114.9(3)
48.70(16)
29.41(10)
48.24(15)
138.76(19)
128.3(3)
86.2(2)
114.62(19)
86.7(2)
116.07(19)
134.90(19)



C(21)-U(1)-C(2)
C(13)-U(1)-C(2)
C(12)-U(1)-C(2)
C(14)-U(1)-C(2)
C(3)-U(1)-C(2)
C(11)-U(1)-C(2)
C(21)-U(1)-C(4)
C(13)-U(1)-C(4)
C(12)-U(1)-C(4)
C(14)-U(1)-C(4)
C(3)-U(1)-C(4)
C(11)-U(1)-C(4)
C(2)-U(1)-C(4)
C(21)-U(1)-C(15)
C(13)-U(1)-C(15)
C(12)-U(1)-C(15)
C(14)-U(1)-C(15)
C(3)-U(1)-C(15)
C(11)-U(1)-C(15)
C(2)-U(1)-C(15)
C(4)-U(1)-C(15)
C(21)-U(1)-C(22)
C(4B)-U(1)-C(22)
C(2B)-U(1)-C(22)
C(3B)-U(1)-C(22)
C(5B)-U(1)-C(22)
C(13)-U(1)-C(22)
C(12)-U(1)-C(22)
C(1B)-U(1)-C(22)
C(14)-U(1)-C(22)
C(3)-U(1)-C(22)
C(11)-U(1)-C(22)
C(14B)-U(1)-C(22)
C(2)-U(1)-C(22)
C(4)-U(1)-C(22)
C(15)-U(1)-C(22)
C(21)-U(1)-C(15B)
C(4B)-U(1)-C(15B)
C(2B)-U(1)-C(15B)
C(3B)-U(1)-C(15B)

84.2(3)
139.1(2)
167.3(2)
126.32(19)

28.80(9)
160.26(18)
130.2(3)
114.20(19)
134.43(19)

87.29(19)

28.82(9)
114.62(19)

47.21(14)
138.3(3)

48.51(15)

48.34(15)

29.14(10)
109.83(18)

28.99(9)
135.14(18)

87.98(18)

68.7(3)
114.2(3)
117.4(3)
137.9(3)

88.0(3)
119.6(3)

90.5(3)

89.9(3)
133.5(2)
125.2(3)

85.4(2)
125.2(2)

98.0(3)
120.6(3)
109.4(2)
129.0(3)

93.1(2)
137.07(19)
107.5(2)
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C(5B)-U(1)-C(15B)
C(1B)-U(1)-C(15B)
C(14B)-U(1)-C(15B)
C(22)-U(1)-C(15B)
C(21)-U(1)-C(13B)
C(4B)-U(1)-C(13B)
C(2B)-U(1)-C(13B)
C(3B)-U(1)-C(13B)
C(5B)-U(1)-C(13B)
C(1B)-U(1)-C(13B)
C(14B)-U(1)-C(13B)
C(22)-U(1)-C(13B)
C(15B)-U(1)-C(13B)
C(21)-U(1)-C(11B)
C(4B)-U(1)-C(11B)
C(2B)-U(1)-C(11B)
C(3B)-U(1)-C(11B)
C(5B)-U(1)-C(11B)
C(1B)-U(1)-C(11B)
C(14B)-U(1)-C(11B)
C(22)-U(1)-C(11B)
C(15B)-U(1)-C(11B)
C(13B)-U(1)-C(11B)
C(21)-U(1)-C(12B)
C(4B)-U(1)-C(12B)
C(2B)-U(1)-C(12B)
C(3B)-U(1)-C(12B)
C(5B)-U(1)-C(12B)
C(1B)-U(1)-C(12B)
C(14B)-U(1)-C(12B)
C(22)-U(1)-C(12B)
C(15B)-U(1)-C(12B)
C(13B)-U(1)-C(12B)
C(11B)-U(1)-C(12B)
C(21)-U(1)-C(1)
C(13)-U(1)-C(1)
C(12)-U(1)-C(1)
C(14)-U(1)-C(1)
C(3)-U(1)-C(1)
C(11)-U(1)-C(1)

114.40(19)
142.56(19)
28.84(10)
97.1(2)
99.8(3)
109.3(2)
116.3(2)
96.8(2)
140.59(19)
145.13(19)
28.82(10)
124.6(3)
47.35(15)
101.0(3)
121.2(2)
161.61(19)
133.61(19)
136.7(2)
163.89(19)
47.25(15)
80.8(2)
28.59(9)
47.09(15)
84.8(3)
133.4(2)
140.6(2)
125.3(2)
161.3(2)
167.6(2)
47.24(15)
96.5(3)
47.10(15)
28.57(10)
28.45(9)
97.1(3)
160.48(19)
164.3(2)
133.56(19)
47.02(14)
136.36(19)



C(2)-U(1)-C(1)
C(4)-U(1)-C(1)
C(15)-U(1)-C(1)
C(22)-U(1)-C(1)
C(21)-U(1)-C(5)
C(13)-U(1)-C(5)
C(12)-U(1)-C(5)
C(14)-U(1)-C(5)
C(3)-U(1)-C(5)
C(11)-U(1)-C(5)
C(2)-U(1)-C(5)
C(4)-U(1)-C(5)
C(15)-U(1)-C(5)
C(22)-U(1)-C(5)
C(1)-U(1)-C(5)
C(21)-U(1)-Si(1)
C(4B)-U(1)-Si(1)
C(2B)-U(1)-Si(1)
C(3B)-U(1)-Si(1)
C(5B)-U(1)-Si(1)
C(13)-U(1)-Si(1)
C(12)-U(1)-Si(1)
C(1B)-U(1)-Si(1)
C(14)-U(1)-Si(1)
C(3)-U(1)-Si(1)
C(11)-U(1)-Si(1)
C(14B)-U(1)-Si(1)
C(2)-U(1)-Si(1)
C(4)-U(1)-Si(1)
C(15)-U(1)-Si(1)
C(22)-U(1)-Si(1)
C(15B)-U(1)-Si(1)
C(13B)-U(1)-Si(1)
C(11B)-U(1)-Si(1)
C(12B)-U(1)-Si(1)
C(1)-U(1)-Si(1)
C(5)-U(1)-Si(1)
C(21)-Si(1)-C(24)
C(21)-Si(1)-C(23)
C(24)-Si(1)-C(23)

28.39(9)
46.78(14)
124.01(18)
79.4(3)
125.3(3)
137.07(19)
142.68(19)
107.48(19)
47.03(14)
113.89(19)
46.78(14)
28.39(9)
96.15(19)
92.3(3)
28.17(9)
33.6(2)
134.96(15)
105.79(14)
135.32(15)
103.63(14)
109.52(14)
89.88(14)
89.13(14)
137.67(14)
119.20(14)
101.72(14)
135.97(14)
91.75(14)
135.02(14)
130.69(14)
35.1(2)
116.99(14)
115.78(14)
90.75(14)
90.10(14)
88.63(13)
112.78(14)
120.9(8)
116.3(5)
109.2(8)
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C(21)-Si(1)-C(22)
C(24)-Si(1)-C(22)
C(23)-Si(1)-C(22)

C(21)-Si(1)-C(24B)
C(23)-Si(1)-C(24B)
C(22)-Si(1)-C(24B)

C(21)-Si(1)-U(1)
C(24)-Si(1)-U(1)
C(23)-Si(1)-U(1)
C(22)-Si(1)-U(1)
C(24B)-Si(1)-U(1)
Si(2)-C(21)-Si(1)
Si(1)-C(21)-Si(2B)
Si(2)-C(21)-U(1)
Si(1)-C(21)-U(1)
Si(2B)-C(21)-U(1)
Si(1)-C(22)-U(1)
C(21)-Si(2)-C(26)
C(21)-Si(2)-C(25)
C(26)-Si(2)-C(25)
C(21)-Si(2)-C(27)
C(26)-Si(2)-C(27)
C(25)-Si(2)-C(27)

C(27B)-Si(2B)-C(26B)
C(27B)-Si(2B)-C(21)
C(26B)-Si(2B)-C(21)
C(27B)-Si(2B)-C(25B)
C(26B)-Si(2B)-C(25B)
C(21)-Si(2B)-C(25B)

C(5)-C(1)-C(2)
C(5)-C(1)-C(6)
C(2)-C(1)-C(6)
C(5)-C(1)-U()
C(2)-C(1)-U(1)
C(6)-C(1)-U(1)
C(3)-C(2)-C(1)
C(3)-C(29)-C(7)
C(1)-C(29)-C(7)
C(3)-C(29)-U(1)
C(1)-C(29)-U(1)

108.6(4)
94.1(8)
104.1(5)
108.7(8)
102.3(9)
117.0(9)
49.0(2)
120.5(7)
127.8(4)
59.6(3)
129.8(8)
111.1(5)
128.1(5)
151.5(5)
97.3(3)
134.5(5)
85.3(3)
118.4(15)
114.3(11)
105.7(17)
107.9(12)
107.4(18)
101.7(14)
109.1(14)
117.6(12)
111.9(12)
107.3(16)
101.2(16)
108.4(13)
108.0
126.0
126.0
75.9(2)
73.9(2)
116.3(2)
108.0
126.0
126.0
74.4(2)
77.7(2)



C(7)-C(2)-u (1)
C(2)-C(3)-C(4)
C(2)-C(3)-C(8)
C(4)-C(3)-C(8)
C(2)-C(3)-u()
C(4)-C(3)-u(1)
C(8)-C(3)-U(1)
C(5)-C(4)-C3)
C(5)-C(4)-C(9)
C(3)-C(4)-C(9)
C(5)-C(4)-u(2)
C(3)-C(4)-U(1)
C(9)-C(4)-U(2)
C(4)-C(5)-C(1)
C(4)-C(5)-C(10)
C(1)-C(5)-C(10)
C(4)-C(5)-u()
C(1)-CG)-UQ)
C(10)-C(5)-U(1)
C(5B)-C(1B)-C(2B)
C(5B)-C(1B)-C(6B)
C(2B)-C(1B)-C(6B)
C(5B)-C(1B)-U(1)
C(2B)-C(1B)-U(1)
C(6B)-C(1B)-U(1)
C(1B)-C(2B)-C(3B)
C(1B)-C(2B)-C(7B)
C(3B)-C(2B)-C(7B)
C(1B)-C(2B)-U(1)
C(3B)-C(2B)-U(1)
C(7B)-C(2B)-U(1)
C(2B)-C(3B)-C(8B)
C(2B)-C(3B)-C(4B)
C(8B)-C(3B)-C(4B)
C(2B)-C(3B)-U(1)
C(8B)-C(3B)-U(1)
C(4B)-C(3B)-U(1)
C(9B)-C(4B)-C(5B)
C(9B)-C(4B)-C(3B)
C(5B)-C(4B)-C(3B)

114.2(2)
108.0
126.0
126.0
76.8(2)
76.8(2)
112.9(2)
108.0
126.0
126.0
77.7(2)
74.4(2)
114.2(2)
108.0
126.0
126.0
73.92)
75.9(2)
116.3(2)
105.7
123.1
131.2
73.4(2)
72.1(2)
118.3(2)
115.0
127.8
116.9
78.7(2)
75.8(2)
118.9(2)
126.6
104.2
127.2
74.6(2)
129.8(2)
72.2(2)
127.1
125.7
102.2
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C(9B)-C(4B)-U(1)
C(5B)-C(4B)-U(1)
C(3B)-C(4B)-U(1)
C(1B)-C(5B)-C(4B)
C(1B)-C(5B)-C(10B)
C(4B)-C(5B)-C(10B)
C(1B)-C(5B)-U(1)
C(4B)-C(5B)-U(1)
C(10B)-C(5B)-U(1)
C(15)-C(11)-C(12)
C(15)-C(11)-C(16)
C(12)-C(11)-C(16)
C(15)-C(11)-U(1)
C(12)-C(11)-U(1)
C(16)-C(11)-U(1)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(11)-C(12)-C(17)
C(13)-C(12)-U(1)
C(11)-C(12)-U(1)
C(17)-C(12)-U(1)
C(14)-C(13)-C(12)
C(14)-C(13)-C(18)
C(12)-C(13)-C(18)
C(14)-C(13)-U(1)
C(12)-C(13)-U(1)
C(18)-C(13)-U(1)
C(15)-C(14)-C(13)
C(15)-C(14)-C(19)
C(13)-C(14)-C(19)
C(15)-C(14)-U(1)
C(13)-C(14)-U(1)
C(19)-C(14)-U(1)
C(11)-C(15)-C(14)
C(11)-C(15)-C(20)
C(14)-C(15)-C(20)
C(11)-C(15)-U(1)
C(14)-C(15)-U(1)
C(20)-C(15)-U(1)

133.1(2)
76.0(2)
74.5(2)

112.8

132.3

114.9
77.7(2)
72.7(2)

118.6(2)

108.0

126.0

126.0
76.3(2)
72.9(2)

116.9(2)

108.0

126.0

126.0
74.3(2)
77.7(2)

114.3(2)

108.0

126.0

126.0
77.1(2)
75.8(2)

113.5(2)

108.0

126.0

126.0
77.4(2)
73.2(2)

115.6(2)

108.0

126.0

126.0
74.7(2)
73.5(2)

117.7(2)

C(15B)-C(11B)-C(12B) 108.0



C(15B)-C(11B)-C(16B) 126.0 C(14B)-C(13B)-U(1) 74.8(2)
C(12B)-C(11B)-C(16B) 126.0 C(18B)-C(13B)-U(1) 114.6(2)
C(15B)-C(11B)-U(1) 74.6(2) C(13B)-C(14B)-C(15B) 108.0
C(12B)-C(11B)-U(1) 75.8(2) C(13B)-C(14B)-C(19B) 126.0
C(16B)-C(11B)-U(1)  115.8(2) C(15B)-C(14B)-C(19B) 126.0
C(13B)-C(12B)-C(11B) 108.0 C(13B)-C(14B)-U(1) 76.3(2)
C(13B)-C(12B)-C(17B) 126.0 C(15B)-C(14B)-U(1) 76.3(2)
C(11B)-C(12B)-C(17B) 126.0 C(19B)-C(14B)-U(1) 113.8(2)
C(13B)-C(12B)-U(1) 74.6(2) C(11B)-C(15B)-C(14B) 108.0
C(11B)-C(12B)-U(1) 75.7(2) C(11B)-C(15B)-C(20B) 126.0
C(17B)-C(12B)-U(1) 115.8(2) C(14B)-C(15B)-C(20B) 126.0
C(12B)-C(13B)-C(14B) 108.0 C(11B)-C(15B)-U(1) 76.8(2)
C(12B)-C(13B)-C(18B) 126.0 C(14B)-C(15B)-U(1) 74.9(2)
C(14B)-C(13B)-C(18B) 126.0 C(20B)-C(15B)-U(1)  114.5(2)
C(12B)-C(13B)-U(1) 76.8(2)
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Chapter 6:

EPR Spectroscopy of 5f36d* U(I1) Complexes

Introduction

The use of EPR spectroscopy to analyze the electronic structure of uranium compounds is
challenging. U(I1) compounds have a 5f% electron configuration which affords an overall “I
ground state (S = 3/2, L = 6, J = 9/2). However, significant spin-orbit coupling mixes other states'-2
which complicates magnetic analysis.> EPR spectra of U(l11) compounds have been reported and
quite significant differences are observed across different molecular systems. For example, the
U(NHATrP®),1 complex of Boncella and Odom displays two well-defined peaks at g = 5.17 and
4.56,% whereas the EPR spectrum of Cp”3U reported by Lukens has two discernable g values of
2.44 and 2.06.!

EPR spectroscopy has also been collected on U(Il) compounds. Both
[K(crypt)[{[(**MeArO)smes]U} and U(NHAr™®), are EPR silent in both perpendicular and
parallel modes.*® Both of these compounds have been assigned 5f* electron configurations, and
to a simple approximation it can be understood that a diamagnetic ground state is isolated at low
temperatures where all four electrons spin-pair. However, EPR studies have not been performed
on U(I1) compounds that have mixed-principal quantum number 5f36d* electron configurations. It
would be useful to have a definitive EPR spectrum of a 5f%6d* U(I1) compound, as has been done
for 6d* Th(l1l) compounds, so that these compounds can be recognized by EPR and UV-visible
spectroscopy before crystallographic confirmation. To this end, this Chapter reports EPR studies
of ten U(IIl) complexes and their analogous U(I1) reduction products, along with comparison

studies on lanthanide compounds and a discussion of superhyperfine interactions of uranium
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compounds with nitrogen-containing ligands. All samples were prepared at UCI. Data were
collected either at UC Irvine with the assistance of Meghen Goulet and Professor A. S. Borovik,
or at Lawrence Berkeley National Laboratory (LBNL) by Dr. Wayne Lukens, or at UC Davis by
David Villareal, Wen Fu, and Professor Dave Britt.

Results

Sample preparation. The homoleptic U(Il) compounds [K(crown)(THF)2][Cp”sU],°
[K(crypt)][Cp'sU],” [K(crypt)][Cp®sU],8 and [K(crypt)][U(NR2)s]® (R = SiMes) were synthesized
via literature routes®® and isolated as crystalline material. For solid samples, these crystalline
solids were ground in a mortar and pestle and placed in the EPR tube for data collection. For
solution measurements, the crystalline solids were dissolved in THF, placed in the EPR tube, and
immediately frozen at 77 K. The heteroleptic U(I1) compounds [K(crypt)][(CsMes)2U(NR2)],
[K(crypt)][(CsMes)U(NR2)2], [K(crypt)][(CsMes)U(Cp™)], [K(crypt)][(CsMes)2U(CsHs)], and
[K(crypt)][(CsMes).U(NPh2)] were generated via reduction of the trivalent species with KCg and
cryptand at low temperature in THF (see Chapter 4 and 5)°° and immediately placed in the EPR
sample tube for data collection since the compounds decompose readily. U(OAr)s'! (OAr =
OC¢H3'Buz-2,6) was reduced similarly with crypt and KCs in THF to generate the species
“[K(crypt)][U(OAr)3]” and immediately frozen.

U(Il) spectra. The EPR spectra of the crystallographically confirmed U(Il) compounds
and the solutions of the reduction products were collected at 10 K and 77 K at UCI. None of the
samples displayed a signal in parallel mode. The perpendicular mode spectra of nine U(II)
compounds at 77 K are shown below in Figure 6.1. Individual spectra at 10 K and 77 K are shown
in the following Figures 6.2-6.11. The same sample was used to collect the spectra at both

temperatures. Interestingly, each compound displays a similar two-line, pseudoaxial spectrum
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with g values of approximately 2.04 and 2.00, Table 6.1. Many of these spectra were better
resolved at 77 K than at 10 K.

Table 6.1: g values for U(Il) compounds from EPR at 77 K (R = SiMes, OAr = OCsH3'Bu-2,6)

g values
[K(crypt)][Cp™U] 3.005, 2.04, 2.01
[K(crown)(THF)2][Cp"3U] 2.04,2.01
[K(crypt)][Cp'sU] 2.04,2.01

[K(crypt)][(CsMes)UCp™ 2.04,2.00
[K(crypt)][(CsMes)U(NR2)] | 2.04, 2.00
[K(crypt)][U(OAn)s] 2.04,2.00
[K(crypt) [U(NR2)3] 2.04, 2.00
[K(crypt)][(CsMes),U(CsHs)] | 2.04, 2.00
[K(crypt)][(CsMes)2U(NPh,)] | 2.04, 2.00
[K(crypt)][(CsMes)U(NR2)2] | 2.04, 2.00

U(I11) spectra. Most of the U(I11) compounds, the precursors to the U(I1) species above,
showed no signal at 77 K. This is consistent with literature reports and has been explained due to
the rapid spin-lattice relaxation of the f electrons where lower temperatures are needed to observe
aspectrum. Indeed at 5 K Cp*'sU displays a weak feature at low field and a strong signal at higher
field, Figure 6.12. The data were modelled with g values of 2.380, 2.195, and 1.985. This signal
is clearly different than the spectrum of [K(crypt)][Cp®';U] in Figure 6.2.

Ln(I11) and Ln(ll) spectra. For comparison with the uranium spectra, the EPR spectra
of Cp®isLn and [K(crypt)][Cp®sLn] (Ln = Ce, Pr, Nd) were collected.!>®® The Ce(l11) compound
is a 4f system, while Pr(111) is 4f2 and Nd(l11) is 4f. The Ce(ll) compound is 4f'5d* and the Pr(11)
is 4f25d'. The Nd(II) compound is 4f35d* and is the congener of the U(Il) compound. The
lanthanide comparisons can provide more insight into the electronic structure and help determine
the influence of the 4f vs 5f and 5d vs 6d orbitals.*

The spectrum of Cp®5Ce at 5 K, Figure 6.13, is similar to that of Cp®*U, with a single

intense feature at g = 2.15 in perpendicular mode. However, [K(crypt)][Cp*sCe] is EPR silent in
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both perpendicular and parallel mode, Figure 6.14. The EPR spectrum of Cp®™3Pr has a single
transition at g = 2.54, Figure 6.15. The Pr(11) compound [K(crypt)][Cp®*Pr] had a spectrum with
two g values very close together, around g = 2.00, Figure 6.16. Similarly, Cp*3Nd has a single
intense feature at g = 2.15 in perpendicular mode, Figure 6.17, and [K(crypt)][Cp*'sNd] is EPR
silent in both modes. Signals were observed for [K(crypt)][Cp*sNd], Figures 6.18, but these
features are likely due to sample decomposition, as they were not consistent across multiple
samples and disappeared as the temperature was raised during data collection. Cp™3Nd also
showed a signal in parallel mode, but this signal is the same as the perpendicular mode signal as it
was so intense.

Table 6.2: Cp'3M and [K(crypt)][Cp®'sM] g values from EPR

Electron configuration | g values

Cp™'sCe 4t 2.54
[K(crypt)][Cp™sCe] 4f154* silent

Cp™sPr 4f2 2.54
[K(crypt)][Cp™sPr] 4f25(* 2.00

Cp®sNd 47 2.15
[K(crypt)][Cp™'sNd] 41350t silent

Cp™isU 5f3 2.380, 2.195, 1.985
[K(crypt)][Cp'5U] 5f%6d* 3.005, 2.04, 2.00

Nitrogen-based ligands. Many of the uranium species discussed above had nitrogen-
based ligands. Since N has a nuclear spin | = 1, the potential for superhyperfine interactions, the
coupling of the electronic spin to the nuclear spin, is present. Previous EPR spectra of U(NR2)z,*
U(NHArP®), 4 UNHArP®),14 and [U(NHAIP™®)][BArFx4]* did not observe any nitrogen
superhyperfine interactions. Consistent with previous reports, the X-band EPR spectra of
(CsMes)2U(NRy), Figure 6.19, and (CsMes)U(NR2)2, Figure 6.20 showed no obvious nitrogen

superhyperfine interactions. It was possible that these interactions are so weak that X-band
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frequency (9 GHz) may not be able to resolve these features. However, even at Q-band frequency
(34 GHz), the spectrum of (CsMes)U(NRy)2, Figure 6.21, displayed no nitrogen-based interactions.
Table 6.3: X-band EPR g values of U(I111) compounds with nitrogen ligands (R = SiMes, BArF24

= B(CeH3(CF3)2-3,5)4)

Electronic Configuration g values
U(NR2)3 5f ~34
(CsMes)2U(NR?) 5 4.23
(CsMes)U(NR2)2 5f 3.12,2.11,0.822
[K(crypt)][U(NR?)s] 5f36d* 2.04, 2.00
[K(crypt)][(CsMes)U(NR2)] 5f%6d?! 2.04, 2.00
[K(crypt)][(CsMes)U(NR2):] 5f%6d! 2.04,2.00
[K(crypt)][(CsMes)U(NPhy)] 5f%6d?! 2.04, 2.00
U(NHArP), 5 silent 4
U(NHAr"™),l 5f 5.17, 4.56 *
[U(NHAIP®),][BArF24] 5f 4.3,3.6,2.003*

32l00 32l50 33l00 33l50 34l00 34l50 35l00
Magnetic Field (G)
Figure 6.1: X-band, perpendicular mode EPR spectrum of [K(crown)(THF)2][Cp”3U] (black),
[K(erypt)][Cp'sU] (red), [K(crypt)][(CsMes)2U(CsMesH)] (blue), [K(crypt)][(CsMes)2U(NR2)]
(green), [K(crypt)][U(OA)s] (purple), [K(crypt)][U(NR2)s] (orange),
[K(crypt)][(CsMes)2U(CsHs)] (black, dotted), [K(crypt)][(CsMes)2U(NPh2)] (black, dashed), and
[K(crypt)][(CsMes)U(NR2)2] (black, dashed dot dot) taken as a frozen THF solution at 77 K.
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Figure 6.2: X-band, perpendicular mode EPR spectrum of [K(crypt)][Cp'*sU], taken as powdered
sample at 5 K. The U(Il) compound was crystallized then ground in a mortar before being loaded

into the EPR tube and shipped at =196 °C to UC Dauvis.

_M
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Magnetic Field (G) Magnetic Field (G)

Figure 6.3: X-band, perpendicular mode EPR spectrum of [K(crown)(THF)2][Cp”3U], taken as a
frozen solution in THF at 10 K (left) and at 77 K (right). The U(Il) product was crystallized then

dissolved in THF and immediately frozen for data collection.
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3100 3300 3500 3100 3300 3500
Magnetic Field (G) Magnetic Field (G)
Figure 6.4: X-band, perpendicular mode EPR spectrum of [K(crypt)][Cp’'3U], taken as a frozen
solution in THF at 10 K (left) and at 77 K (right). The U(II) product was crystallized then dissolved

in THF and immediately frozen for data collection.

3100 3300 3500 3100 3300 3500
Magnetic Field (G) Magnetic Field (G)
Figure 6.5: X-band, perpendicular mode EPR spectrum of [K(crypt)][(CsMes).UCp™], taken as
a frozen solution in THF at 10 K (left) and at 77 K (right). The U(ll) was freshly prepared via
reduction and expressed directly into the EPR tube and frozen for data collection.

242



Y

3100 3300 3500 3100 3300 3500
Magnetic Field (G) Magnetic Field (G)
Figure 6.6: X-band, perpendicular mode EPR spectrum of [K(crypt)][(CsMes)2U(NR2)], taken as
a frozen solution in THF at 10 K. The U(Il) was freshly prepared via reduction and expressed

directly into the EPR tube and frozen for data collection.

3100 3300 3500 3100 3300 3500
Magnetic Field (G) Magnetic Field (G)
Figure 6.7: X-band, perpendicular mode EPR spectrum of [K(crypt)][U(OAr)s], taken as a frozen
solution at 10 K (left) and at 77 K (right). The U(ll) was freshly prepared via reduction and
expressed directly into the EPR tube and frozen for data collection.
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Magnetic Field (G) Magnetic Field (G)
Figure 6.8: X-band, perpendicular mode EPR spectrum of [K(crypt)][U(NRz2)3], taken as a frozen
solution at 10 K (left) and at 77 K (right). The U(ll) product was crystallized then dissolved in

THF and immediately frozen for data collection.

3100 3300 3500 3100 3300 3500
Magnetic Field (G) Magnetic Field (G)
Figure 6.9: X-band, perpendicular mode EPR spectrum of [K(crypt)][(CsMes).U(CsHs)], taken
as a frozen solution at 10 K (left) and at 77 K (right). The U(ll) was freshly prepared via reduction
and expressed directly into the EPR tube and frozen for data collection.
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Figure 6.10: X-band, perpendicular mode EPR spectrum of [K(crypt)][(CsMes)2U(NPhy)], taken
as a frozen solution at 10 K (left) and at 77 K (right). The U(Il) was freshly prepared via reduction

and expressed directly into the EPR tube and frozen for data collection.

3100 3300 3500 3100 3300 3500
Magnetic Field (G) Magnetic Field (G)
Figure 6.11: X-band, perpendicular mode EPR spectrum of [K(crypt)][(CsMes)U(NRz)2], taken
as a frozen solution at 10 K (left) and at 77 K (right). The U(ll) was freshly prepared via reduction
and expressed directly into the EPR tube and frozen for data collection.
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Figure 6.12: X-band, perpendicular mode EPR spectrum of Cp®5U, taken as powdered sample
at 5 K. The U(Ill) compound was crystallized then ground in a mortar before being loaded into

the EPR tube and shipped at =196 °C to UC Davis.
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Figure 6.13: X-band, perpendicular mode spectrum of Cp*;Ce, taken as a powdered sample at 5

K. The different colored spectra are different samples.
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Figure 6.14: X-band, parallel mode spectrum of [K(crypt)][Cp™sCe], taken as a powdered sample

at 5 K. The different colored spectra are different samples.
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Figure 6.15: X-band, perpendicular mode EPR spectrum of Cp''Pr, taken as a powdered sample

at 5 K.
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Figure 6.16: X-band, perpendicular mode EPR spectrum of [K(crypt)][Cp™Pr], taken as a

powdered sample at 5 K.

5K 30dB Perpendicular mode

m— Nd3+ - 020322
= Nd3+ - 020722

dx IdB

L L L L L L L L L
0 100 200 300 400 500 600 700 800 900 1000
B o(mT)

Figure 6.17: X-band, perpendicular mode EPR spectrum of Cp*;sNd, taken as a powdered sample
at 5 K. The different colored spectra are separate samples.
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Figure 6.18: X-band, perpendicular mode EPR spectrum of [K(crypt)][Cp™sNd], taken as a

powdered sample at <10 K. The different colored spectra are different samples. The features are

likely due to sample decomposition, as they are not consistent.
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Figure 6.19: X-band, perpendicular mode EPR spectrum of (CsMes)U(NR2)2, taken as a

powdered sample at 3 K.
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Figure 6.20: X-band, perpendicular mode EPR spectrum of (CsMes).U(NR2), taken as a

powdered sample at 3 K.
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Figure 6.21: Q-band, perpendicular mode EPR spectrum of (CsMes)U(NR2)2, taken as a
powdered sample at 10 K.
Discussion

EPR data collected on U(Il) compounds with 5f%6d* electron configurations show very

similar two-line spectra with g values of 2.04 and 2.00. These spectral features were observed
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across ten compounds at both 10 K and 77 K and stand in direct contrast to the EPR-silent, 5f*
U(11) compounds [K(crypt)[{[("*MeArO)smes]U} and U(NHArP™®),. It was interesting to note that
the spectra were better resolved at 77 K than at 10 K, but this could simply be due to the inherent
sensitivity of the EPR spectrometer at various temperatures. Since  both
[K(crypt)[{[(**MeArO)smes]U} and U(NHAr™®), have been assigned as 5f* electron
configurations, a simple interpretation of the silent EPR spectra could be that a diamagnetic ground
state is isolated at low temperatures, where all four electrons spin pair in two 5f orbitals. The same
situation could be expected to occur for the 5f36d* U(11) compounds, where a diamagnetic ground
state is isolated at low temperatures since the 5f orbitals are lower in energy than the 6d orbitals.
Previous magnetic susceptibility measurements on [K(crypt)][Cp'sU] and [K(crypt)][Cp”3U]
revealed lower room temperature magnetic moments compared to the trivalent compound Cp’sU,
and the magnetic moment for both U(I1) compounds trends towards zero at lower temperature.’
Hence, a more in-depth theoretical analysis is needed to provide an explanation of the magnetic
data. Since these are the first EPR spectra measured for mixed principal quantum number
molecular compounds, the data are difficult to interpret.

One way to gain further insight is to compare the U(ll) spectra with spectra of Ln(ll)
compounds that also have a mixed principal quantum number 4f"5d* configuration. Data were
collected on Cp®3M and [K(crypt)][Cp™sM] for M = U, Ce, Pr, and Nd, where U and Nd are
congeners and a direct comparison between the principal quantum number nf and nd orbitals could
be provided. Both 4f5d! [K(crypt)][Cp®sCe] and 4f35d* [K(crypt)][Cp®™'sNd] are EPR-silent,
whereas 4f25d* [K(crypt)][Cp™*sPr] and 5f%6d* [K(crypt)][Cp®'sU] has a EPR signal. Theoretical
analysis by Wayne Lukens at LBNL suggests that the ground states for [K(crypt)][Cp*'sCe] and

[K(crypt)][Cp™sNd] are singlet states, under the assumption that the presence of an electron in the
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dz? orbital does not alter the f orbital energetic ordering. The same analysis for Nd(lI) can be
applied to U(Il) and would suggest that a singlet state is the energetic ground state for
[K(crypt)][Cp™5U], but this conclusion is not supported since transitions are observed in the EPR
spectrum. The 425d* Pr(11) compound [K(crypt)][Cp®sPr] is predicted to have a doublet ground
state by these methods and should have an EPR spectrum.

If the population of the dz? orbital altered the energy ordering of the f orbitals, a different
ground state could be preferred. Alternatively, if the energy difference between the valence f and
d orbitals (due to ligand field effects, for example) are sufficiently small, thermal population of
higher energy states could be observed. However, the Ln compounds should have even smaller
ligand field splitting effects than U due to the smaller extension of the 4f vs 5f orbitals.
Furthermore, the Ce(Il) and Nd(11) compounds are EPR-silent, which does not support the orbital
energy splitting hypothesis. However, it should be noted that all of these arguments use a
simplistic single-electron approximation model. Another option is that the features observed in
the EPR spectra of the U(I) compounds are due to U(IIl) impurities due to decomposition.
However, this seems extremely unlikely to occur over ten separate samples.

The observation that the EPR signal is practically unchanged over the different U(II)
compounds (g = 2.04, 2.00) is interesting and suggests some consistency across all samples. Since
the 5f6d! U(Il) compounds appear to have a diagnostic EPR signal at 77 K, the analogous 5f°
U(lI) compounds are mostly silent at 77 K, and the 5f* U(ll) compounds
[K(crypt)[{[(A*MeArO)smes]U} and U(NHArP™), are EPR silent, it seems that EPR spectroscopy
may be a technique, in addition to UV-visible spectroscopy, to quickly identify the electron
configuration of U(Il) compounds; 5f%6d* vs 5f* If this is the case, this method would be

extremely effective since a compound can be flash-frozen upon formation and decomposition
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would be minimal. This is in stark contrast to X-ray crystallography, SQUID magnetometry, and
UV-visible spectroscopy that require moderate stability of the compound (see Chapters 4 and 5 for
examples of unstable U(II) species that cannot be easily analyzed by these methods).

The axial shape of the EPR spectra of the 5f36d* U(I1) compounds is the same as the spectra
of other (dz?)! (CsRs)sM compounds (M =Y, Zr, La, Th).121522 While the g values differ across
metals and ligand systems and hyperfine interactions are possible with Y, %1Zr, and *8La, the
two-line pattern is apparent. These similarities further suggest that the EPR spectra observed for
the 5f%6d* U(I1) compounds might be due to the 6d* electron.

No superhyperfine interactions were observed for either U(I11) or U(Il) compounds that
had nitrogen ligands bound directly to the uranium center, even at Q-band frequency, which
strongly suggests there is little spin density on the nitrogen ligands. This is consistent with the
contracted nature of the 5f orbitals and how the U-ligand interactions are mostly ionic in nature.
Population of the 6d orbital could allow for covalent metal-ligand interactions, however, all of the
6dz%-like HOMOs of the 5f36d* U(I1) compounds are calculated to be non-bonding and thus no
density resides on the nitrogen atoms that would give rise to superhyperfine interactions observed
in the EPR spectrum.

The lack of observed N interactions in the U systems is in direct contrast to transition
metal species with M—N bonds. For example, the X-band EPR spectrum of [N,N’-bis(2,6-
diisopropylphenyl)-2,6-pyridinedicarboxamide] Cu(NCMe) shows superhyperfine interactions to
all three nitrogen atoms bound to the copper center.?®> This difference is likely a result of the

covalent nature of the Cu—N bond and the ionic nature of the U-N bond.
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Conclusion

X-band EPR spectra of ten 5f3%6d* U(11) compounds have been collected and show a similar
two-line pattern at both 10 K and 77 K. It appears that EPR could be a spectroscopic technique to
quickly identify the electron configurations of U(Il) compounds, since the 5f* U(I1) compounds
are EPR silent and the analogous 5f2 U(I1) compounds are often EPR silent at 77 K. No
superhyperfine interactions were observed for U(I11) or U(Il) compounds that contain nitrogen-
bound ligands.

Experimental

All syntheses and manipulations described below were conducted under Ar with rigorous
exclusion of air and water using standard glovebox and vacuum line techniques. Solvents were
sparged with UHP argon and dried by passage through drying columns prior to use. X-band EPR
spectra were recorded on a Bruker EMX spectrometer equipped with an ER041Xg microwave
bridge and calibrated with DPPH (g = 2.0036) at UC Irvine, at LBNL by Wayne Lukens, or at UC
Davis by David Villareal, Wen Fu, and Dave Britt. Cp®sM (M = U, Ce, Pr, Nd),}21324
[K(crypt)][Cp*sM] (M = U, Ce, Pr, Nd)?®2 [K(crown)(THF)2][Cp"sU],® Cp"sU,2*
[K(crypt)][Cp'sU],” Cp'sU,® (CsMes)UCP®,° (CsMes),UCp,® (CsMes),UN*26 U(OAr)s,*®
[K(crypt)][[U(NR2)s],2  (CsMes)U(NPh2)(THF),?” and (CsMes)U(NR2)2?® were synthesized
following literature routes.

EPR samples were prepared as powdered solids or as frozen THF solutions. Powdered
samples were prepared from crystalline material, ground with a mortar and pestle, and then
transferred to the EPR tube. Solution samples were prepared from crystalline material if possible,
otherwise the U(I1) species was synthesized via a KCs reduction column? and the solution was

eluted directly into the EPR tube. Samples sent to UC Davis and LBNL were flame-sealed under
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vacuum and shipped in a liquid nitrogen dewar. All samples were kept frozen in liquid nitrogen

between preparation and data collection to minimize decomposition.
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Chapter 7:
Characterization of the U(V) Complex (CsMes)2UVI(=NSiMe3)
via Reaction of (CsMes)U"I(THF) with N3SiMes
Introduction
Reaction of uranium complexes with azides and oxygen-transfer reagents have been
heavily studied due to interest in actinide-ligand multiple bonding.*® Uranium oxo and imido
species are of interest for theoretical and reactivity studies.”*® To generate uranium-nitrogen
multiple bonds, often a uranium complex is reacted with an RNz organic azide or PhN=NPh
azobenzene reagent to oxidize the metal center and install the imido ligand (=NR).
For example, U(I11) compounds within the [(CsMes).U""1** bent metallocene framework
will react with azide or azo reagents to generate U(VI) products. This is exemplified by the
reaction of (CsMes)U"!CI,Na with adamantyl azide or azobenzene led to the isolation of

(CsMes),UY'(=NR): (R = Ad, Ph),% eq 7.1.

B 7] [Na]
‘\\\\Cl RN; P NR
i — U‘{ (7.1
¢ SNk
R=Ad, Ph

Similarly, (CsMes)sU" reacts with azobenzene to form (CsMes).U"!(=NR). with a byproduct of

(CsMes)2, eq 7.2.1°
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Another example involves reaction of (CsMes).U"'[P(SiMes)(Mes)](THF) (Mes = C¢H.Mes-2,4,6)

with organoazides to form (CsMes)2UY'(=NR). (R = SiMes, Ad) and dimeric [P(SiMes)(Mes)],*¢

é Ulll

eq7.3.

\\

UV' (7.3)

//

/SlMe3 —[P(SlMe3)(M€S)]2

Mes

The one exception to these U(I11) to U(VI) reactions is the isolation of a U(V) imido species during
reaction of (CsMes).U"(hpp) (hpp = 1,3,4,6,7,8-hexahydro-2H-pyrimido-[1,2-a]pyrimidinato)
with N3SiMes to form (CsMes) UV (hpp)(=NSiMes),}” eq 7.4. The isolation of the U(V) species is
likely due to the inability of the hpp ligand to oxidatively dimerize, like the CsMes and

P(SiMes)(Mes) ligands in eq 7.2 and 7.3,

% é?- LY
SN

W Me;SiN; >/

- s

11X

U >—N — UY ] (7.4)
NN
NSiMe3

U(V) imido species can be generated in ligand frameworks beyond [(CsMes).U"']**, including
Cp"2UVY(=NSiMes)Cl, formed from Cp”2UCl, [Cp” = CsH3(SiMes)2] and N3SiMes,*® Cp™U(=NR)
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formed from Cp™UMe, and RNH; (Cp™ = Cs'BusHz; R = Me, p-tolyl, p-MeOCesHa, p-
MezNCsHa),*° CpMesUY(=NR) from CpMesU"(THF) (CpMe = CsMeH.) and RN3 (R = SiMes, Ph),%°
UY[N(SiMes)2]3(=NR) from U"[N(SiMes);]s and NsR (R = SiMes, CPhs, naphthyl),2??
[(A4BUArO)stacn]UY(=NSiMes) from [(A4BUArO)stacn]U" and N3SiMes,?® and [K(18-crown-
6)][UY(OSiR3)4(=NR")] from [K(18-crown-6)][U"'(OSiRs)4] and N3R' (R = O'Bu; R’ = SiMes,
Ad).8

Furthermore, the U(IV) imido complex (CsMes)U"(=NAr)(THF) reacts with CuX and
PhE—EPh to form (CsMes)2UY(=NAr)(X) (Ar = 2,6-Pr,CsHs; X = F, Cl, Br, I, OTf, C=CPh, SPh,
SePh, TePh) via oxidation of the uranium center.?*2" The (CsMes)2UY(=NAr)(X) complex can be
further derivatized with MX' (M = Li, K; X' = NPhz, OPh, Me, Ph) via salt metathesis reactions to
form (CsMes)2UY(=NAr)(X").%

In the initial report of (CsMes).U"'CI.Na reacting with azide reagents, a mechanism was
proposed in which an unobserved U(IV) intermediate (CsMes).U'"Y(=NR) reacts with N3R to
generate the observed U(VI) product (CsMes)UY'(=NR)2,'* Scheme 7.1. Another possible
intermediate (CsMes),UYCI(RN-NR) could react with the starting complex (CsMes),U"'Cl,Na to
form the observed product, Scheme 7.1.

To my knowledge, no U(V) intermediate has been observed in reactions of uranium
compounds with organic azides. In this Chapter, the crystal structure of such a U(V) intermediate,
(CsMes),UV1(=NSiMes), is reported along with the reaction of (CsMes)U"'I(THF) with N3SiMe3
which formed it. This U(V) intermediate appears to be unstable with respect to disproportionation
into (CsMes)2UV!(=NSiMe3s), and (CsMes).U'V1, which explains why these intermediates were not
observed before. This study provides direct evidence that U(l11) reactions with organoazides can

form U(VI) bis-imido products via U(V) intermediates.
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Scheme 7.1: Original proposed mechanisms for the reaction of (CsMes).U"'Cl,Na azides.**

Results

Initially, the reaction of (CsMes)U"'I(THF) and MesSiN3 was performed in an attempt to
generate (CsMes)2U"(N3)?82° by elimination of MesSil. However, the U(lII) reduction of the
organic azide took place. The first time this reaction was performed, brown X-ray quality crystals
were isolated from hexane upon workup. These were identified as the U(V) mono-imido species
(CsMes)2UVI(=NSiMes), 7.1, by X-ray crystallography, Figure 7.1.

Reduction of the azide by the U(IIl) center is not surprising, but isolation of the mono-
imido species was unexpected given the previous reactions of [(CsMes).U""]** complexes with
organic azides that often afford U(V1) bis-imido species, eq 7.1-7.4. Complex 7.1 maintains the
bent metallocene motif with the iodide and imido ligand occupying the metallocene wedge
positions. The CsMes rings are crystallographically equivalent by symmetry. The crystal data
were not very high quality, so the following metrical discussion should be considered preliminary

at best. The U-Cnt distance was 2.496 A and the U—I distance was 3.1135(12) A.
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(CsMes)2UV!(=NSiMes)..1® During these reactions, a second signal was identified in the *H NMR
spectrum that formed in nearly equal amounts to (CsMes)UV!(=NSiMes).. This second species
was identified as the U(1V) product, (CsMes)2U'"V1,,24%* and its presence can be explained by the
disproportionation of 7.1 into (CsMes).UV'(=NSiMes). and (CsMes),U"l,. In other words,

compound 7.1 can be an intermediate in the reaction of (CsMes).U"'I(THF) and Me3sSiNs, eq 7.5.

THF Me;SiN,
N toluene e //NR M
pli —_ oY —_— 12 oYl +1/2 oY (7.5)
N N N\ :
% Vv, %\ NSiMe; \NR |

The reaction in eq 7.5 was followed by NMR with excess (CsMes)U"'I(THF) in hopes of
identifying the resonances attributable to 7.1. Multiple new resonances were observed, more than
would be expected for compound 7.1, and definitive assignment of the spectrum was not possible.

The reactivity of (CsMes).U"'I(THF) with adamantyl azide was investigated to determine
if the reaction above was unique to a trimethylsilyl azide and if an analogous U(V) compound to
7.1 could be identified. However, only (CsMes),U"!(=NAd).'* and (CsMes).U'VI, were isolated
from this reaction, eq 7.6, and no U(V) intermediate could be definitively identified. However,

the formation of (CsMes).U'V 1, suggests that a disproportionation reaction is active as in eq 7.5.

TH [RN;]
N toluene //NR \\\\I
2 L —_— vt UI\} (7.6)
\ ®
| SNr V|

[RN;] = Me;SiN3, AdN;, PAN=NPh
R = SiMe;, Ad, Ph
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(CsMes)2UV!(=NSiMes)..1® During these reactions, a second signal was identified in the *H NMR
spectrum that formed in nearly equal amounts to (CsMes)UV!(=NSiMes).. This second species
was identified as the U(1V) product, (CsMes)2U'"V1,,24%* and its presence can be explained by the
disproportionation of 7.1 into (CsMes).UV'(=NSiMes). and (CsMes),U"Vl,. In other words,

compound 7.1 can be an intermediate in the reaction of (CsMes).U"'I(THF) and Me3sSiNs, eq 7.5.

THF Me;SiN,
N toluene e //NR M
pli —_ oY —_— 12 oYl +1/2 oY (7.5)
N N N\ :
% Vv, %\ NSiMe; \NR |

The reaction in eq 7.5 was followed by NMR with excess (CsMes)U"'I(THF) in hopes of
identifying the resonances attributable to 7.1. Multiple new resonances were observed, more than
would be expected for compound 7.1, and definitive assignment of the spectrum was not possible.

The reactivity of (CsMes).U"'I(THF) with adamantyl azide was investigated to determine
if the reaction above was unique to a trimethylsilyl azide and if an analogous U(V) compound to
7.1 could be identified. However, only (CsMes),UY!(=NAd).'* and (CsMes).U'VI, were isolated
from this reaction, eq 7.6, and no U(V) intermediate could be definitively identified. However,

the formation of (CsMes).U'V 1, suggests that a disproportionation reaction is active as in eq 7.5.

TH [RN;]
N toluene //NR \\\\I
2 ! —_— vt UI\} (6.6)
\ M
| SNr I

[RN;] = Me;SiN3, AdN;, PhN=NPh
R = SiMe;, Ad, Ph
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Similar results were observed in the reaction of (CsMes)U"'I(THF) with azobenzene.
(CsMes)2UY'(=NPh)21** and (CsMes)U'V1, were isolated from the reaction mixture, eq 7.6.
Although azobenzene is not formally an azide reagent, the reaction is assumed to again follow a
disproportionation mechanism due to the formation of the U(IV) byproduct (CsMes)2UV 1.
Discussion

The original mechanisms!* for the reaction of (CsMes).U"'CI,Na with adamantyl azide, eq
7.1, proposed U(IV) intermediates (CsMes).U'"Y(=NAd) or (CsMes).U"V(RN-NR), which could
further react to form (CsMes).U'"Y(=NAd),, Scheme 7.1 The original report does state that
(CsMes):U'VCl; is formed during the reaction, but the authors claimed that this underwent
subsequent reduction to the U(111) compound to reenter the proposed reaction cycle.*  The
crystallographic characterization of the U(V) species (CsMes)2UVI(=NSiMes), 7.1, from the
reaction of (CsMes),U"'I(THF) and N3SiMejs in this Chapter provides insight into the mechanism
of the reaction. Further studies on the reaction system showed that the overall reaction proceeds
to (CsMes)UY!(=NSiMes), and (CsMes).U'VI,, which suggests that 7.1 is an intermediate.
Disproportionation of 7.1 would yield the two products (CsMes),UV(=NSiMes), and
(CsMes)2UV1,, eq 7.5. Instead of the two reactions proposed in Scheme 7.1, it seems that a
disproportionation mechanism is likely active in this reaction with a U(V) intermediate.
Conclusion

Reaction of (CsMes),U"I(THF) with azide reagents can form a U(V) intermediate
(CsMes):UVI(=NR), which was crystallographically identified in the case of
(CsMes)2UVI(=NSiMes). It is likely that this intermediate undergoes disproportionation to form a

U(IV) product (CsMes).U'VI2 and a U(VI) product (CsMes),UY!(=NR).. This study provides a
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clear mechanism for the apparent four-electron transformation of a U(111) species into a U(V1) bis-
imido product.
Experimental

Crystallization of 7.1. (CsMes)UI(THF) (50 mg, 0.071 mmol) was dissolved in toluene
(2 mL) to form a dark green solution. N3SiMes (9 mg, 0.078 mmol) was dissolved in toluene (0.5
mL) and added to the stirring solution. The solution became a brown color. The solution was
stirred for two hours then dried under vacuum. Hexane (5 mL) was added to form a brown
suspension. The mixture was centrifuged to remove the solids and dried under vacuum. *H NMR
and IR spectroscopy showed the presence of a new paramagnetic compound and suggested the
presence of an azide with a stretching frequency of 2114 cm™. Brown X-ray quality crystals of
7.1 were grown from a concentrated hexane solution at —35 °C.

Reaction of (CsMes)2UI(THF) and N3SiMes. (CsMes)UI(THF) (100 mg, 0.141 mmol)
was dissolved in toluene (5 mL) to form a dark green solution. N3SiMes (18 mg, 0.16 mmol) was
dissolved in toluene (0.5 mL) and added to the stirring solution by pipet. The solution became
dark brown immediately. The solution was stirred for 30 minutes then dried under vacuum.
Hexane (8 mL) was added and the solution was stirred for one hour. Red solids were removed by
filtration and the solution was dried to yield brown solids (68 mg, 67%). The *H NMR spectrum
in CsDs showed equal amounts of (CsMes)U(=NSiMes)2 (5 4.91 ppm, CsMes)® and (CsMes),Ul2
(5 17.99 ppm, CsMes).%*

Reaction of (CsMes)2UI(THF) and NsAd. As above, (CsMes).UI(THF) (50 mg, 0.071
mmol) and N3Ad (13 mg, 0.073 mmol) were combined in toluene (5 mL) to form a brown solution.
Slight gas evolution was observed. The solution was dried and the products were extracted into

hexane (47 mg, 85%). The H NMR spectrum in CsDs showed equal amounts of
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(CsMes)U(=NAd), (8 4.07 ppm, CsMes)™* and (CsMes)zUl, (5 18.00 ppm, CsMes).3* Brown
crystals of (CsMes),U(=NAd), were grown from a concentrated toluene solution at —35 °C and
identified by X-ray diffraction.'*

Reaction of (CsMes)UI(THF) and PhN=NPh. As above, (CsMes)UI(THF) (50 mg,
0.071 mmol) and PhN=NPh (6.5 mg, 0.036 mmol) were combined in toluene (5 mL) to form a
red/brown solution. The solution was stirred for 30 minutes then dried. The products were
extracted into hexane, filtered, and dried to yield dark brown solids (39 mg, 76%). The *H NMR
spectrum in CeDs showed equal amounts of (CsMes)2U(=NPh). (5 4.11 ppm, CsMes)'* and
(CsMes)2Ul2 (8 17.95 ppm, CsMes).3
X-ray Data Collection, Structure Solution and Refinement for 7.1.

A brown crystal of approximate dimensions 0.213 x 0.091 x 0.059 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer system. The APEX23%
program package was used to determine the unit-cell parameters and for data collection (120
sec/frame scan time). The raw frame data was processed using SAINT®” and SADABS® to yield
the reflection data file. Subsequent calculations were carried out using the SHELXTL3® program
package. The diffraction symmetry was 2/m and the systematic absences were consistent with the
monoclinic space group P21/m that was later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors*® for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. There were two halves of the molecule in
the asymmetric unit. The pentamethylcyclopentadienyl carbons were refined using equivalent

anisotropic displacement parameters.
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Least-squares analysis yielded wR2 = 0.2141 and Goof = 1.020 for 179 variables refined

against 9606 data (0.70 A), R1 = 0.0766 for those 5680 data with | > 2.05(1).

Table 7.1: Crystal data and structure refinement for 7.1.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal color

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

jew104

CsH INSIU

722.57

133(2) K

0.71073 A

Monoclinic

P21/m

a=10.0201(14) A o =90°.
b =15.855(2) A B =101.636(2)°.
c=19.994(3) A y =90°.
3111.2(7) A3

4

1.543 mg/m®

6.255 mm?

1372

brown

0.213 x 0.091 x 0.059 mm?®

1.653 to 30.595°
-13<h<14,-22<k<22,-28<1<28
47956

9606 [R(int) = 0.0995]

100.0 %

Semi-empirical from equivalents
0.4330 and 0.3383

Full-matrix least-squares on F?
9606 /0/179

1.020
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Final R indices [I>2sigma(l) = 5680 data] R1 =0.0766, wR2 =0.1894
R1=0.1288, wR2 = 0.2141
2.919 and -1.797 e A2

R indices (all data, 0.70 A)
Largest diff. peak and hole

Table 7.2: Bond lengths [A] and angles [] for 7.1.

U(1)-Cnt
U(1)-N(2)
U(1)-C(1)#1
U(1)-C(2)
U(1)-C(2)#1
U(1)-C(2)
U(1)-C(5)#1
U(1)-C(5)
U(1)-C(3)
U(1)-C(3)#1
U(1)-C(4)#1
U(1)-C(4)
U(1)-1(2)
Si(1)-N(1)

Si(1)-C(11)#1

Si(1)-C(11)
Si(1)-C(12)
C(2)-C(3)
C(2)-C(1)
C(29)-C(7)
C(1)-C(O)
C(1)-C(6)
C(3)-C(4)
C(3)-C(8)
C(4)-C(5)
C(4)-C(9)

2.496
2.060(9)
2.701(19)
2.701(8)
2.741(7)
2.741(7)
2.75(2)
2.746(8)
2.810(7)
2.81(2)
2.81(2)
2.813(7)
3.1135(12)
1.668(11)
1.81(2)
1.81(2)
1.81(3)
1.392(5)
1.393(5)
1.480(5)
1.394(5)
1.480(5)
1.392(5)
1.480(5)
1.392(5)
1.482(5)
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C(5)-C(10)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)
C(8)-H(8A)
C(8)-H(8B)
C(8)-H(8C)
C(9)-H(9A)
C(9)-H(9B)
C(9)-H(9C)
C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
U(2)-N(2)
U(2)-C(14)
U(2)-C(14)#2
U(2)-C(13)

1.481(5)
0.9802
0.9802
0.9802
0.9841
0.9841
0.9841
0.9802
0.9802
0.9802
0.9802
0.9802
0.9802
0.9805
0.9805
0.9805
0.9801
0.9801
0.9801
1.0157
1.0158
1.0159
2.104(12)
2.673(8)
2.67(2)
2.719(7)



U(2)-C(13)#2
U(2)-C(15)
U(2)-C(15)#2
U(2)-C(17)#2
U(2)-C(17)
U(2)-C(16)
U(2)-C(16)#2
UR)-1(2)
Si(2)-N(2)
Si(2)-C(23)
Si(2)-C(24)#2
Si(2)-C(24)
C(17)-C(16)
C(17)-C(13)
C(17)-C(18)
C(13)-C(14)
C(13)-C(19)
C(14)-C(15)
C(14)-C(20)
C(15)-C(16)
C(15)-C(21)
C(16)-C(22)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)
C(19)-H(19A)
C(19)-H(19B)
C(19)-H(19C)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)

2.72(2)
2.735(8)
2.74(2)
2.807(7)
2.807(7)
2.817(8)
2.82(2)
3.1086(12)
1.615(13)
1.862(18)
1.863(18)
1.863(18)
1.371(5)
1.371(5)
1.457(6)
1.371(5)
1.457(6)
1.371(5)
1.457(6)
1.371(5)
1.457(6)
1.457(6)
0.9799
0.9799
0.9799
1.0037
1.0037
1.0037
0.9799
0.9799
0.9799
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C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(22)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23)-H(23A)
C(23)-H(23B)
C(23)-H(23C)
C(24)-H(24A)
C(24)-H(24B)
C(24)-H(24C)

Cnt-U(1)-Cnt
Cnt-U(1)-N(2)
Cnt-U(1)-1(2)

N(1)-U(1)-C(1)#1

N(1)-U(1)-C(1)

C(L)#1-U(1)-C(1)
N(1)-U(1)-C(2)#1
C(L)#1-U(1)-C(2)#1
C(1)-U(1)-C(2)#1

N(1)-U(1)-C(2)

C(1)#1-U(1)-C(2)

C(1)-U(L)-C(2)

C(2)#1-U(1)-C(2)
N(1)-U(1)-C(5)#1
C(L)#1-U(1)-C(5)#1
C(1)-U(1)-C(5)#1
C(2)#1-U(1)-C(5)#1
C(2)-U(L)-C(5)#1

0.9807
0.9807
0.9807
0.9799
0.9799
0.9799
0.9886
0.9886
0.9886
0.9800
0.9800
0.9800

130.77
103.83
111.68
90.7(5)
90.67(17)
175.7(5)
120.29(16)
29.7(5)
148.9(3)
120.29(16)
148.9(5)
29.65(12)
119.4(3)
78.7(5)
29.6(3)
154.7(5)
48.5(5)
150.4(5)



N(1)-U(1)-C(5)
C(L)#1-U(1)-C(5)
C(1)-U(1)-C(5)
C(2)#1-U(1)-C(5)
C(2)-U(1)-C(5)
C(5)#1-U(1)-C(5)
N(1)-U(1)-C(3)
C(L)#1-U(1)-C(3)
C(1)-U(1)-C(3)
C(2)#1-U(1)-C(3)
C(2)-U(1)-C(3)
C(5)#1-U(1)-C(3)
C(5)-U(1)-C(3)
N(1)-U(1)-C(3)#1
C(L#1-U(1)-C(3)#1
C(1)-U(1)-C(3)#1
C(2)#1-U(1)-C(3)#1
C(2)-U(1)-C(3)#1
C(B)#1-U(1)-C(3)#1
C(5)-U(1)-C(3)#1
C(3)-U(1)-C(3)#1
N(1)-U(1)-C(4)#1
C(L)#1-U(1)-C(4)#1
C(1)-U(1)-C(4)#1
C(2)#1-U(1)-C(4)#1
C(2)-U(1)-C(4)#1
C(B)#1-U(1)-C(4)#1
C(5)-U(1)-C(4)#1
C(3)-U(1)-C(4)#1
C(3)#1-U(1)-C(4)#1
N(1)-U(1)-C(4)

78.7(2)
154.7(5)
29.63(12)
150.4(3)
48.50(18)
125.1(5)
125.9(2)
133.2(5)
48.23(18)
107.0(3)
29.02(11)
121.9(5)
47.84(18)
125.9(4)
48.2(5)
133.2(3)
29.0(4)
107.0(4)
47.8(5)
121.9(4)
85.1(5)
99.4(5)
48.2(5)
135.5(4)
47.8(4)
121.4(4)
29.0(3)
110.5(4)
93.2(4)
28.7(3)
99.4(3)
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C(1)#1-U(1)-C(4)
C(1)-U®)-C4)
C(2)#1-U(1)-C(4)
C(2)-U(L)-C(4)
C(5)#1-U(1)-C(4)
C(5)-UL)-C(4)
C(3)-UL)-C(4)
C(3)#1-U(1)-C(4)
C(4)#1-U(1)-C(4)
N(1)-U(1)-1(2)
C(L#1-U(1)-1(1)
C(1)-U@)-1(2)
C(2)#1-U(1)-1(1)
C(2)-U)-1(2)
C(5)#1-U(1)-1(1)
C)-U@)-1(2)
CE3)-U®)-1(2)
C(3)#1-U(1)-1(1)
C(4#1-U(1)-1(1)
C(4)-U)-1(2)
N(1)-Si(1)-C(11)#1
N(1)-Si(1)-C(11)
C(11)#1-Si(1)-C(11)
N(1)-Si(1)-C(12)
C(11)#1-Si(1)-C(12)
C(11)-Si(1)-C(12)
Si(1)-N(1)-U(1)
C(3)-C(2)-C(D)
C(3)-C(2)-C(7)
C(1)-C(2)-C(7)
C(3)-C(2)-U(1)

135.5(5)
48.18(18)
121.4(3)
47.83(18)
110.5(5)
28.97(11)
28.67(11)
93.2(4)
87.4(5)
82.5(3)
88.0(5)
88.04(17)
93.17(17)
93.17(17)
112.8(5)
112.85(18)
121.30(18)
121.3(4)
136.0(4)
136.03(17)
111.3(8)
111.3(8)
112.2(19)
110.6(10)
105.6(8)
105.6(8)
163.9(7)
108.0
126.0
126.0
78.3(3)



C(1)-C(2)-u(1)
C(7)-C(2)-u(1)
C(2)-C(1)-C(5)
C(2)-C(1)-C(6)
C(5)-C(1)-C(6)
C(2)-C(1)-u(1)
C(5)-C(1)-u()
C(6)-C(1)-U(1)
C(2)-C(3)-C(4)
C(2)-C(3)-C(8)
C(4)-C(3)-C(8)
C(2)-C(3)-U(1)
C(4)-C(3)-U(1)
C(8)-C(3)-U(1)
C(5)-C(4)-C(3)
C(5)-C(4)-C(9)
C(3)-C(4)-C(9)
C(5)-C(4)-U(1)
C(3)-C(4)-U(1)
C(9)-C(4)-U(1)
C(4)-C(5)-C(1)
C(4)-C(5)-C(10)
C(1)-C(5)-C(10)
C(4)-C(5)-U(1)
C(1)-C(5)-U(1)
C(10)-C(5)-U(1)
C(1)-C(6)-H(6A)
C(1)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(1)-C(6)-H(6C)
H(6A)-C(6)-H(6C)

73.6(3)
114.5(3)
108.0
126.0
126.0

76.7(3)

77.03)
112.7(3)
108.0
126.0
126.0

72.7(3)

75.8(3)
117.5(3)
108.1
125.9
126.0

72.8(3)

75.5(3)
117.6(3)
108.0
126.1
126.0

78.2(3)

73.4(3)
114.7(3)
109.5
109.5
109.5
109.5
109.5
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H(6B)-C(6)-H(6C)
C(2)-C(7)-H(7A)
C(2)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(2)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(3)-C(8)-H(8A)
C(3)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(3)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
C(4)-C(9)-H(9A)
C(4)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(4)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
C(5)-C(10)-H(10A)
C(5)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(5)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
Si(1)-C(11)-H(11A)
Si(1)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
Si(1)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)

109.5
109.9
109.9
109.1
109.9
109.1
109.1
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.4
109.5
109.4
109.4
109.5
109.5
109.5
109.4
109.5
109.5



Si(1)-C(12)-H(12A)
Si(1)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
Si(1)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
N(2)-U(2)-C(14)
N(2)-U(2)-C(14)#2
C(14)-U(2)-C(14)#2
N(2)-U(2)-C(13)
C(14)-U(2)-C(13)
C(14)#2-U(2)-C(13)
N(2)-U(2)-C(13)#2
C(14)-U(2)-C(13)#2
C(14)#2-U(2)-C(13)#2
C(13)-U(2)-C(13)#2
N(2)-U(2)-C(15)
C(14)-U(2)-C(15)
C(14)#2-U(2)-C(15)
C(13)-U(2)-C(15)
C(13)#2-U(2)-C(15)
N(2)-U(2)-C(15)#2
C(14)-U(2)-C(15)#2
C(14)#2-U(2)-C(15)#2
C(13)-U(2)-C(15)#2
C(13)#2-U(2)-C(15)#2
C(15)-U(2)-C(15)#2
N(2)-U(2)-C(17)#2
C(14)-U(2)-C(17)#2
C(14)#2-U(2)-C(17)#2
C(13)-U(2)-C(17)#2

112.3
112.3
106.5
112.3
106.5
106.5
90.47(18)
90.5(5)
178.5(6)
119.92(17)
29.45(12)
149.6(6)
119.9(4)
149.6(5)
29.5(3)
120.2(5)
79.5(2)
29.34(12)
152.1(5)
48.00(19)
148.5(5)
79.5(5)
152.1(5)
29.3(3)
148.5(5)
48.0(5)
122.8(5)
126.3(2)
132.3(3)
47.7(6)
106.8(3)

274

C(13)#2-U(2)-C(17)#2
C(15)-U(2)-C(17)#2
C(15)#2-U(2)-C(17)#2
N(2)-U(2)-C(17)
C(14)-U(2)-C(17)
C(14)#2-U(2)-C(17)
C(13)-U(2)-C(17)
C(13)#2-U(2)-C(17)
C(15)-U(2)-C(17)
C(15)#2-U(2)-C(17)
C(17)#2-U(2)-C(17)
N(2)-U(2)-C(16)
C(14)-U(2)-C(16)
C(14)#2-U(2)-C(16)
C(13)-U(2)-C(16)
C(13)#2-U(2)-C(16)
C(15)-U(2)-C(16)
C(15)#2-U(2)-C(16)
C(17)#2-U(2)-C(16)
C(17)-U(2)-C(16)
N(2)-U(2)-C(16)#2
C(14)-U(2)-C(16)#2
C(14)#2-U(2)-C(16)#2
C(13)-U(2)-C(16)#2
C(13)#2-U(2)-C(16)#2
C(15)-U(2)-C(16)#2
C(15)#2-U(2)-C(16)#2
C(L7)#2-U(2)-C(16)#2
C(17)-U(2)-C(16)#2
C(16)-U(2)-C(16)#2
N(2)-U(2)-1(2)

28.7(5)
120.1(3)
47.2(6)
126.3(2)
47.68(19)
132.3(5)
28.67(12)
106.8(5)
47.17(19)
120.1(5)
84.6(4)
100.5(3)
47.6(2)
133.3(5)
47.20(19)
120.0(5)
28.54(12)
108.4(5)
92.0(3)
28.22(12)
100.5(5)
133.3(4)
47.6(6)
120.0(4)
47.2(5)
108.4(5)
28.5(3)
28.2(4)
92.0(5)
85.8(5)
81.4(3)



C(14)-U(2)-1(2)
C(14)#2-U(2)-1(2)
C(13)-U(2)-1(2)
C(13)#2-U(2)-1(2)
C(15)-U(2)-1(2)
C(15)#2-U(2)-1(2)
C(17)#2-U(2)-1(2)
C(17)-U(2)-1(2)
C(16)-U(2)-1(2)
C(16)#2-U(2)-1(2)
N(2)-Si(2)-C(23)
N(2)-Si(2)-C(24)#2

C(23)-Si(2)-C(24)#2

N(2)-Si(2)-C(24)
C(23)-Si(2)-C(24)

C(24)#2-Si(2)-C(24)

Si(2)-N(2)-U(2)
C(16)-C(17)-C(13)
C(16)-C(17)-C(18)
C(13)-C(17)-C(18)
C(16)-C(17)-U(2)
C(13)-C(17)-U(2)
C(18)-C(17)-U(2)
C(17)-C(13)-C(14)
C(17)-C(13)-C(19)
C(14)-C(13)-C(19)
C(17)-C(13)-U(2)
C(14)-C(13)-U(2)
C(19)-C(13)-U(2)
C(15)-C(14)-C(13)
C(15)-C(14)-C(20)

89.49(18)
89.5(5)
94.16(17)
94.2(5)
114.3(2)
114.3(5)
121.85(18)
121.85(18)
136.8(2)
136.8(4)
111.4(8)
112.0(6)
107.9(7)
112.0(6)
107.9(7)
105.4(15)
164.2(6)
108.0
126.0
126.0
76.3(3)
72.1(3)
117.6(3)
108.0
126.0
126.0
79.2(3)
73.4(3)
113.6(3)
108.0
126.0
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C(13)-C(14)-C(20)
C(15)-C(14)-U(2)
C(13)-C(14)-U(2)
C(20)-C(14)-U(2)
C(16)-C(15)-C(14)
C(16)-C(15)-C(21)
C(14)-C(15)-C(21)
C(16)-C(15)-U(2)
C(14)-C(15)-U(2)
C(21)-C(15)-U(2)
C(15)-C(16)-C(17)
C(15)-C(16)-C(22)
C(17)-C(16)-C(22)
C(15)-C(16)-U(2)
C(17)-C(16)-U(2)
C(22)-C(16)-U(2)
C(17)-C(18)-H(18A)
C(17)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(17)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
C(13)-C(19)-H(19A)
C(13)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(13)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(14)-C(20)-H(20A)
C(14)-C(20)-H(20B)
H(20A)-C(20)-H(20B)

126.0
77.8(3)
77.1(3)

111.6(3)

108.0

126.0

126.0
79.0(3)
72.8(3)

114.4(3)

108.0

126.0

126.0
72.4(3)
75.5(3)

118.0(3)

109.5

109.5

109.5

109.5

109.5

109.5

112.0

112.0

106.9

112.0

106.9

106.9

109.5

109.5

109.5



C(14)-C(20)-H(20C)  109.5 H(22B)-C(22)-H(22C)  109.5

H(20A)-C(20)-H(20C)  109.5 Si(2)-C(23)-H(23A)  110.2
H(20B)-C(20)-H(20C)  109.5 Si(2)-C(23)-H(23B) 110.1
C(15)-C(21)-H(21A)  109.6 H(23A)-C(23)-H(23B)  108.8
C(15)-C(21)-H(21B)  109.6 Si(2)-C(23)-H(23C) 110.1
H(21A)-C(21)-H(21B)  109.4 H(23A)-C(23)-H(23C)  108.8
C(15)-C(21)-H(21C)  109.6 H(23B)-C(23)-H(23C)  108.8
H(21A)-C(21)-H(21C)  109.4 Si(2)-C(24)-H(24A) 1095
H(21B)-C(21)-H(21C)  109.4 Si(2)-C(24)-H(24B) 109.5
C(16)-C(22)-H(22A)  109.5 H(24A)-C(24)-H(24B)  109.5
C(16)-C(22)-H(22B)  109.5 Si(2)-C(24)-H(24C) 109.5
H(22A)-C(22)-H(22B)  109.5 H(24A)-C(24)-H(24C) 1095
C(16)-C(22)-H(22C)  109.5 H(24B)-C(24)-H(24C)  109.5

H(22A)-C(22)-H(22C)  109.5

Symmetry transformations used to generate equivalent atoms:
#1 X,-y+1/2,z #2 X,-y+3/2,z
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Chapter 8:

Structural Variations in Cyclopentadienyl Uranium(l11) lodide Complexes

Introduction’

Investigating the chemistry of U(IIl) and U(IV) is challenging for many reasons.!?
Complexes of U(111) and U(IV) often have brown colors that are not distinctive and their NMR
spectra are affected by the paramagnetism of the metal ions. In addition, these two oxidation states
have similar room temperature magnetic moments with p; values of 3.62 pgs for U(I11) and 3.58 ps
for U(IV).3* As a consequence, X-ray crystallography plays an important role in the
characterization of these complexes.

Crystallographic characterization not only allows a complex to be definitively identified,
but it also can reveal unusual bonding modes and minor variations in coordination environments
that could not be observed by other methods. These variations provide information on the many
structural options that exist in the reactions of these species. To the extent that these variations
represent minimum energy structures under some conditions, they also represent possible
minimum energy intermediates in subsequent reaction chemistry.> This was demonstrated long
ago by examining structural variations of MLs complexes which followed the trigonal bipyramidal
to square pyramidal isomerization trajectory of Berry pseudo-rotation rather than other
mechanisms.® It is also important to define structural variations crystallographically if a sample is

to be characterized by unit cell determination before use.

T Portions of this chapter have been published: Wedal, J. C.; Windorff, C. J.; Huh, D. N.; Ryan, A. J.; Ziller, J. W_;
Evans, W. J. Structural variations in cyclopentadienyl uranium(l11) iodide complexes. J. Coord. Chem. 2021, 74, 74-
91. DOI: 10.1080/00958972.2020.1856824.

282



This Chapter reports numerous structural options for U(IIl) iodide complexes with
cyclopentadienyl ligands. These data are reported both to help identify these species if they are
found in other reaction systems and to show the structural diversity possible with this simple
combination of ligands and a single uranium oxidation state.

Results

Synthesis. Complexes (CsMes)UI(THF), 8.1, and {[K(OEt2)2][(CsMes)2U(u—1)(us—1)]}2,

8.2, are variations of the possibilities that can crystallize from reactions of two equivalents of

KCsMes and Ulz in THF and Et20, eq 8.1 and 8.2, respectively.

JTHF
\\\\
THF
I;+2 KC:M —_— U .
Ul; CsMes > KI \I 8.1
8.1
Et,0 .
EtzO\\K/ \U
Et,0 7
Ul;+2 KCsMes ——2—>» 1/2 (3.2)
- KI /
I
- \K OEt
U —
\]/ \ 2
OEt,
8.2

Complex 8.1, Figure 8.1, is the product if the ionic metathesis eliminates the KI byproduct
cleanly. It is a classic monometallic uranium bent metallocene with two terminal ligands in the

wedge formed by the rings. In the absence of THF that coordinates to the uranium center, Kl is
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incorporated into the final product. Compound 8.2, Figure 8.2, is much more complicated than
compound 8.1 in that it incorporates one equivalent of KI per uranium and crystallizes as a dimer
with two metallocene units connected by doubly- and triply-bridging iodide ligands. The second
half of the molecule is generated by a crystallographic inversion center at the center of the two
potassium atoms and the two ps—I atoms. Complex 8.2 contains the “(CsMes)U(u—
X)2M(solvent),” (X = halide, M = alkali metal) “ate-salt” motif that is commonly seen with THF
solvating the alkali metal cation,”® but is also observed with Et;0.1%** In this case, the
“(CsMes)2U(u—1)2K (Et20)2” unit does not crystallize alone, but as a dimer. The H and 3C NMR

spectra of 8.2 are consistent with retention of the Et2O molecules in solution.

S \, - ‘ \ N
< /K{ . ‘\\é’ . < )

)
U1
!
NN =
) o e

Figure 8.1: Thermal ellipsoid plot of 8.1 with selective atom labelling. Ellipsoids are drawn at

50% probability level. Hydrogen atoms have been omitted for clarity.
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Figure 8.2: Thermal ellipsoid plot of 8.2 with selective atom labelling. Ellipsoids are drawn at
50% probability level. Hydrogen atoms, disorder in the K atom and the ether molecule have been
omitted for clarity.

Addition of 18-crown-6 to 8.2 generates yet another variation in which Kl is incorporated
into the complex, [K(18-crown-6)][(CsMes)2U(u—1)2], 8.3, eq 8.3, Figure 8.3. In this case, the
crown ether is bent back to allow the potassium atom to interact with both bridging iodides. There
is one other crystallographically-characterized example that has this “U(p—X)2M(18-crown-6)”
motif (X = halide; M = alkali metal): the uranyl compound [(18-crown-6)K(u—Br)2].UO. which
has two [K(18-crown-6)]** units that cap bridging bromides.'® The 18-crown-6 molecules in this
uranyl compound are also bent back from the potassium ion as in 8.3. Compound 8.3 is also
similar to dysprosium and neodymium “ate” complexes [(Cp™)2Dy(u—Cl)2K(18-crown-6)] and

(Cp™)(CsH2'Bu2CMe2CH2)Nd(p—1)K(18-crown-6) (Cp'™ = Cs'BusHy).16:7
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Et,0 y
™~

7.2 + 18-crown-6 ————> 1/2 U 8.3)

8.3

A fourth type of pentamethylcyclopentadienyl U(Ill) bent metallocene incorporating
iodide was crystallized inadvertently from an attempt to synthesize a U(Il) complex from
(CsMes)2UI(THF). The mixture obtained from combining Uls and 2 equivalents of KCsMes in
THF was treated with 2.2.2-cryptand and KCs. The compound that crystallized was not a U(II)
complex, but instead the U(I111) compound, [K(2.2.2-cryptand)][(CsMes).Ul], 8.4, eq 8.4. In 8.4,
Figure 8.4, the potassium ion is completely encapsulated by the cryptand and there are no K-I
interactions. Complex 8.4 has the classic, formally eight-coordinate structure of bent uranium
metallocenes, but with two anionic ligands in the wedge compared to the iodide and THF in
complex 8.1. It is the second example of an anionic [(CsMes).UX2]'~ (X = halide) structure after

[(CsMes)2U(terpy)][(CsMes) U] .18

Figure 8.3: Thermal ellipsoid plot of 8.3 with selective atom labelling. Ellipsoids are drawn at

50% probability level and hydrogen atoms have been omitted for clarity.
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[K(2.2.2-cryptand)] [

1) 2.2.2-cryptand

2) KCyq /1

8.4

Figure 8.4: Thermal ellipsoid plot of 8.4 with selective atom labelling. Ellipsoids are drawn at
50% probability level. Co-crystallized toluene molecules and hydrogen atoms have been omitted
for clarity.

An analog of 8.4 with a different counter-cation, [Li(THF)s][(CsMes)2Ul2], 8.5, was
isolated from reactions of (CsMes)UI(THF), 8.1, and LiCH2SiMes or LICH(SiMes),, eq 8.5,
which were attempted for the synthesis of (CsMes)UR products. Addition of THF to the reaction
mixtures in hexane precipitated bright green solids which were recrystallized to afford 8.5, Figure
8.5. The anion in 8.5 is identical to that in 8.4. The [Li(THF)4]** cation has been crystallized

repeatedly in actinide chemistry.%-2°
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1) LICH(R)SiMe THF
toluene | \\\I
N ™
2) THF wLi U
U\ > THF\\\/ \THF \I
| . THF
R= H, SlMe3
8.1 8.5

Figure 8.5: Thermal ellipsoid plot of 8.5 with selective atom labelling. Ellipsoids are drawn at
50% probability level and hydrogen atoms have been omitted for clarity.

In one attempt to synthesize (CsMes)U[CH(SiMes).], a crystal of
[Li(THF)3][(CsMes) Ul (u-1)], 8.6, Figure 8.6, was isolated. This is a variation of 8.5 in which
lithium binds to a bridging iodide and three THF molecules instead of existing as a stand-alone
[Li(THF)4]** counter-cation. The crystal data on 8.6 were poor, however, and provided only the
connectivity of the complex. The desired (CsMes)2UR products were not formed via this route

and these reactions were not pursued further.
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Figure 8.6: Connectivity plot of 8.6 with selective atom labelling.

Equation 8.6 shows the isolation of an analog of [K(18-crown-6)][(CsMes)U(u—I1)2], 8.3,
with the CsH3(SiMes). ligand. The bis(trimethylsilyl)cyclopentadienyl ligand has a size
comparable to pentamethylcyclopentadienyl,?® but with steric bulk on two substituents instead of
all five as in CsMes. This complex, {[K(18-crown-6)].(u—toluene) }{[CsHs(SiMes) ]2Ul(p—1)}2,
8.7, Figure 8.7, was made directly from KCsH3(SiMez)2 and Uls in the presence of 18-crown-6 in

toluene, eq 8.6, rather than by addition of 18-crown-6 to 8.2, which formed 8.3, eq 8.3.

SiMe;
fﬁ Me;Si
fo
Ul + 2 KCsHy(SIM MeSi LB
3 sH3(SiMe3);  toluene U 3 U/I\(K;JN O SiMe;  (g.6)

(o
2 .
+ 18-crown-6 -KI Me;Si [ K \ U
(O

\“§§:§§L -\~1—«" SiMe,
e, L) i 578

Me;Si

8.7
In contrast to 8.3, which crystallized with isolated [K(18-crown-6)][(CsMes)U(u—1)2] units
containing two potassium-iodide interactions per uranium, complex 8.7 crystallizes with two
[K(18-crown-6)][CsH3(SiMe3)2]2UI(u—1)} units bridged by toluene and each unit has only one

potassium-iodide interaction per uranium. Evidently, the potassium is not sterically saturated in
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the [K(18-crown-6)](u—I1) unit and coordinates to toluene. Numerous structures with [K(18-
crown-6)]** cations interacting with toluene are in the literature.?”3® It is possible that the
localization of the steric bulk of the CsH3(SiMes)2 ring in two places allows room for a terminal
iodide in 8.6, but the structure is sufficiently complicated that this feature alone would not generate
the structure. It also seems quite possible that a “[K(18-crown-6)]{[CsH3(SiMe3)2].U(p—1)2}”

direct analog of 8.3 could also crystallize under other conditions.

Figure 8.7: Thermal ellipsoid plot of 8.7 with selective atom labelling. Ellipsoids are drawn at
30% probability level. Hydrogen atoms and co-crystallized toluene molecules have been omitted
for clarity.

One additional structure is included in this compilation to demonstrate the complexity that
can arise if there is a deficiency of CsMes such that the ratio to iodide is 1:2, eq 8.7. In this case,
the trimetallic complex [(CsMes)U]s(ps—1)2(p—1)3l(THF)2, 8.8, was observed to form, Figure 8.8.
Compound 8.8 is isomorphous with the Sm analog [(CsMes)SmI](pz—1)s(ps—

|)2[(C5M€5)Sm(THF)2]2.37
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Compound 8.8 differs from 8.1-8.7 in that it is a mono(cyclopentadienyl) di-iodide instead
of a bis(cyclopentadienyl) mono-iodide. Complex 8.8 was isolated from the known monometallic
compound of this stoichiometry, (CsMes)UIz(THF)3° in a reaction with NaBPhs. Monometallic
(CsMes)Ulo(THF)3 has been known and structurally characterized since 20018 and was crystallized
from THF/hexane. In contrast, trimetallic 8.8 crystallized from toluene which emphasizes the
importance of crystallization conditions. The formation of compound 8.8 could be viewed as
partial desolvation of the starting material (CsMes)Ul2(THF)s.

The three vertices of the triangle in 8.8 are occupied by two (CsMes)U(THF) units and one
(CsMes)UI moiety. The Usls core adopts a distorted hexagonal bipyramidal structure with the five
iodide ions defining a trigonal bipyramid. Three iodides are doubly-bridging while two are triply-
bridging. The internal M"'3(u—X)s(us—X)2 core has been frequently observed.*®* In addition,

there is one terminal iodide ligand. The X-ray diffraction data were not of high enough quality to

discuss structural parameters.
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Figure 8.8: Connectivity plot of 8.8 with selective atom labelling.

Structural Comparisons. The metrical parameters of these cyclopentadienyl U(III)
iodides are compared in Table 1. The dark green complexes 8.1-8.5 and 8.7, Figures 8.1-8.7, all
have the conventional 8-coordinate bent metallocene structures. The U-(CsMes ring centroid) and
(CsMes ring centroid)-U—(CsMes ring centroid) angles are similar in the compounds falling in the
narrow ranges 2.486-2.521 A and 133.4-136.7°, respectively. The (CsMes ring centroid)-U
distances are similar to other crystallographically-characterized U(I1l) bent metallocenes, e.g.
2.522 A in (CsMes)2U(NPh2)(THF),* 2.522 A in (CsMes)2U[(P(Mes)(SiMes)](THF),* 2.523 Ain
(CsMes)2U1(CaMesN2),% 2.461 A in [(CsMes):U(THF)2][BPh4],*” 2.508 A in [(CsMes)2Ul2]' 28
and 2.467 A in [Na(18-crown-6)][(CsMes),U(S'Pr);].#8 The U—(CsMes) centroid and U-I
distances and centroid—U—centroid and centroid—-U-I angles in 8.4 and 8.5 which both contain
[(CsMes)2Ul,]' anions, are identical within error.

The uranium center in the CsH3(SiMes3)2 complex, {[K(18-crown-6)]>(u—
toluene)]H[CsHs(SiMes)2]2UI(u-1)}2, 8.7, has 2.497 and 2.513 A U—[(CsHs(SiMes)] ring
centroid distances. These are in the range of the U—(CsMes) ring centroid distances of 8.1-8.5
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which reinforces the steric similarity of CsHz(SiMes). and CsMes. However, the 124.5° (ring
centroid)-U—(ring centroid) angle is much smaller than the 133.4-136.7° values for 8.1-8.5.
Differences between CsHs(SiMes)2 and CsMes appear to be typical for these ligands. For example,
the (ring centroid)-U—(ring centroid) angle in [CsHa(SiMes)2]2UMe2*° is 130.77° while the
analogous angle in (CsMes),UMe; is 140.53°.°° The smaller angle is likely possible due to the
localization of steric bulk on the cyclopentadienyl substituents in just two sites and not five. The
124.5° (ring centroid)-U—(ring centroid) angle in 8.7 is similar to other bent metallocenes with the
CsH3(SiMes), ligand, e.g. 124.11° in [CsH3(SiMes)2].U(U—CI)2Li(THF)2,°t and 123.37° in
{[CsH3(SiMes)2].U(—0)}2.%2 although it is 130.84° in {[CsH3(SiMes)2]oU(u—Cl)},.2

Complex 8.7 has both terminal and bridging iodide ligands which allows a comparison
between the two types of iodides to be made in a single compound. As is typical for terminal vs
bridging, the 3.0711(3) A terminal U—I distance is shorter than the 3.1206(2) A bridging U-I
distance. However, the two terminal U—I distances in 8.4 differ by similar amounts, 3.0770(9) and
3.1147(9) A, and the 3.0955(6) A terminal U-I distance in 8.1 and the 3.0846(6)-3.1096(4) A
bridging U-I distances in 8.2 and 8.3, are in between. Hence, the U-I distances in these complexes
all in a relatively narrow range regardless of their terminal or bridging nature. However, the triply
bridging iodide in 8.2 has the longest U-I distance of 3.182(1) A. The U—terminal iodide distance
in 8.7 is longer than the analogous distance of 2.953(2) A in the tetravalent [CsH3(SiMes)2]2UV 12
which is consistent with the difference in oxidation state.>

(CsMes)UI(THF), 8.1, is the simplest example of a bis(cyclopentadienyl) U(I11) iodide
which attains the common eight-coordinate environment with the THF solvent so heavily used in

this area. The 2.486(4) A U-O(THF) distance is similar to those in other U(I11)-THF complexes,
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e.g. 2.573(4) A in (CsMes):U(NPh2)(THF),* 2.516(2) A in (CsMes)2U[(P(Mes)(SiMes)](THF),*®
and 2.511(8) A in [(CsMes)2U(THF)2][BPhs].*’

The potassium ions in 8.2, 8.3, 8.4, and 8.7 exhibit a variety of coordination environments.
In {[K(OEt2)2][(CsMes)2U(u—1)(ps-1)]}2, 8.2, each potassium is five-coordinate and adopts a
distorted square pyramidal geometry (75 = 0.15).>* In (CsMes).U(u—1).K(18-crown-6), 8.3, the
potassium is formally eight coordinate with two ligands on the same side of the crown ether ring.
The distances are irregular with significantly different K—I distances, 3.666(2) and 3.560(2) A, for
K—I1 and K-I12, respectively, and six K—O distances that span a wide range, 2.780(7)-2.918(7) A.
Two of the shorter distances in this range are for 03 [2.780(7) A] and 06 [2.820(7) A] which are
across the ring from each other and have an O3-K1-O6 angle of 175.9(2)°. In contrast, the
potassium in {[CsH3(SiMe3)2]oUI(p—1)K(18-crown-6)}»(p—toluene), 8.7, is in the center of the
crown ether ring with an iodide on one side and a meta-carbon of a toluene ring, C35, oriented
toward potassium on the other at a distance of 3.408(4) A. The other two unique K—C(toluene)
distances are longer at 3.672(6) and 3.919(6) A. The potassium has a hexagonal bipyramidal
structure with a 178.4(1)° 11-K—C35 angle. The potassium and the six oxygen atoms of the crown
are co-planar to 0.186 A. The potassium ion in 8.4, [K(2.2.2-cryptand)][(CsMes).Ul], is also
eight coordinate and has conventional metrical parameters for this entity.>>°" The 1.90(1)-

1.94(1)A Li—O distances in 8.5 are similar to those of other Li(THF)s moieties.**2*
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Table 8.1: Selected distances (A) and angles (°) for (CsMes)UI(THF), 8.1,
{[K(OEt2)2][(CsMes)oU(u-1) (us—]}2, 8.2, [K(18-crown-6)][(CsMes)U(u-1)2], 8.3, [K(2.2.2-
cryptand)][(CsMes)2Ul2], 8.4, [Li(THF)4][(CsMes):Ul2], 8.5, and {[K(18-crown-6)]2(p—

toluene)]H{[CsHs(SiMes)2].Ul(u-1)}2, 8.7. Cnt is the cyclopentadienyl ring centroid.

8.1 8.2 8.3 8.4 8.5 8.7
U-Cnt 2.491, | 2.508,2.497 | 2.517,2.510 | 2.518, 2.521 2.515, 2.497,2.513
2.486 2.518
U- 3.0955(6) 3.0770(9), | 3.1098(7), | 3.0711(3)
lterminal 3.1147(9) 3.1242(7)
U—(p— 3.1096(4) | 3.0846(6), 3.1206(2)
) 3.0964(6)
U—(us— 3.182(1)
1)
U-O 2.486(4)
Cnt-U-| 1357 134.9 136.7 133.4 133.7 124.5
Cnt
Cnt-U-| 107.7, 105.9, 101.6, 109.0, 104.4, 104.2,
I 105.3 104.0, 106.0, 104.4, 105.4, 110.9,
106.2, 106.5, 104.7 | 103.5, 107.4 105.8, 114.7,103.7
105.2, 106.0
104.1, 107.6
I-U—1 86.32(2), 93.02(2) 91.11(2) 95.05(2) | 94.948(8)
96.37(2)
Cnt-U-| 103.9,
o 103.9
O-U-1 | 91.70(9)

Discussion

The results presented here show how small changes in crystallization conditions can have
major effects on the structure of U(111) bent metallocenes. The reaction of Ulz with two equivalents
of KCsMes in ethereal solvents should ideally eliminate two equivalents of KI and form the classic
bent metallocene complex, (CsMes) UI(L), where L is the solvent. This occurs in THF and

(CsMes)UI(THF), 8.1, Figure 8.1, is isolated. However, in Et,O a much more complicated
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structure can form that retains Kl with bridging iodides, {[K(OEt2)2][(CsMes)U(u—1)(us—1)]}2,
8.2, Figure 8.2.

The presence of a chelate like 18-crown-6, would be expected to change the nature of the
product and in Et2O, a mono-uranium complex can be isolated. However, it still has two potassium
iodide bridging linkages, [K(18-crown-6)][(CsMes)2U(u—1)2], 8.3, Figure 8.3. A similar reaction
with 18-crown-6 but in toluene with the CsH3(SiMes). ligand results in a much more complicated
structure, {[K(18-crown-6)]>(u—toluene)}{[CsHs(SiMe3)2]Ul(pu—1)}2, 8.7, Figure 8.7, with
bridging and terminal iodide ligands. When the more encapsulating chelate 2.2.2-cryptand is used
a simple bent metallocene diiodide anion is formed, [CsMes).Ul]'" in [K(2.2.2-
cryptand)][(CsMes) Ul2], 8.4, Figure 84. The same anion can form in the absence of chelate when
lithium is the alkali metal, [Li(THF)4][(CsMes)2Ul2], 8.5, Figure 8.5. In addition, a variation of
8.5 can crystallize with one less THF in the formula as [Li(THF)3][(CsMes) UI(u—1)], 8.6, Figure
8.6. This variation of structure in bis(cyclopentadienyl) complexes extends to
mono(cyclopentadienyl) species that can crystallize as a monomer in (CsMes)UI2(THF)3,% or as a
trimer, [(CsMes)U]a(ps—1)2(p—1)31(THF)2, 8.8, Figure 8.8.

The structural variations identified here would not be readily discernible by H or 3C
NMR, UV-visible, or infrared spectroscopy. The compounds are likely to be dynamic in solution
and the possibility that these compounds have different structures in solution than in the solid state
must also be considered. The presence of lithium could be detected by ‘Li NMR spectroscopy or
possibly a flame test, but these methods are not routinely applied to these complexes. Elemental
analysis is rarely precise enough to distinguish many of these variations as shown in Table 8.2.
All eight compounds have C:H ratios that fall within the small range of 0.5267-0.5909. In some

cases, the compounds differ only by one molecule of THF and analytical data is frequently
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interpreted in terms of loss of some coordinated solvent. Hence, X-ray crystallography is crucial
to identify these variations.

Table 8.2: Analytical Data. Calculated values for compounds 8.1-8.8.

Calcd C (%) | Calcd H (%) | C:H ratio
8.1]42.34 6.01 0.5909
8.2 |36.78 5.76 0.5357
8.3 |37.27 5.52 0.5667
8.4 | 39.77 6.01 0.5556
8.5|41.96 6.30 0.5588
8.6 | 40.21 5.95 0.5667
8.7 | 36.80 5.86 0.5267
8.8 | 23.78 3.41 0.5857

It is worthwhile to consider the existence of these multiple variations since they could well
indicate possible reaction pathways in solution as discussed in the introduction. To the extent that
these species represent energy minima under some conditions, they could provide mechanistic
insight into how reactions occur or why some reactions do not occur.® For example, one could
expect a metallocene like (CsMes)UI(THF), 8.1, to undergo ionic metatheses with alkyllithium
reagents, RLi, to make (CsMes):UR(THF) by loss of THF, coordination of the alkyl anion,
elimination of Lil, and coordination of THF. However, if the uranium complex has two anionic
iodide ligands, i.e. it contains a [(CsMes)2Ul2]'~ unit as in complexes 8.2-8.7, then coordination
of the alkyl anion prior to metathesis is much less favorable. Consistent with this idea, the complex
(CsMes)U(u—Ph),BPh, is an effective precursor in metathesis reactions® because the
tetraphenylborate anion is weakly coordinating and is easily displaced.>® The variety of ways in
which the (CsMes) Ul core components of these compounds can interact with solvents and alkali
metal iodides could explain why variable yields are sometimes observed for literature preparations.
The formation of alkali metal halide adducts depends on experimental details like concentration,

temperature, and reaction time. If a coordinating solvent like THF is in high concentration in the
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glovebox atmosphere when a reaction is set up, the presence of that solvent could affect which
alkali metal halide variation is present in solution.
Conclusion

Eight different coordination modes for uranium(lll) complexes containing
cyclopentadienyl and iodide ligands have been identified via X-ray crystallography. Slight
changes in reaction or crystallization conditions allow for isolation of a variety of coordination
modes within the molecule. Changing the solvent from THF to Et,O affords a dimeric structure
with bound Et,O molecules in {[K(OEt2).][(CsMes)U(u—1)(us—1)]}2, 8.2, in contrast to a
monometallic metallocene in (CsMes)UI(THF), 8.1. The inclusion of 18-crown-6 as a chelating
agent to 7.2 led to a simpler, monomeric structure in [K(18-crown-6)][(CsMes)U(p—1)2], 8.3. The
difference in the binding modes of 2.2.2-cryptand and 18-crown-6 is exemplified in compounds
8.3 and [K(2.2.2-cryptand)][(CsMes) U], 8.4; while the potassium ion still interacts with the
iodides in 8.3, the cryptand completely encapsulates the potassium ion in 8.4. Lithium analogs of
8.3 and 8.4 can form without the need for chelate as shown in [Li(THF)4][(CsMes)2Ul;], 8.5, and
[Li(THF)3][(CsMes)2UI(u—-1)], 8.6. Changing the ligand from CsMes to CsH3(SiMes)2 allowed for
inclusion of a bridging toluene molecule in {[K(18-crown-6)]2(p—
toluene)] H[CsHs(SiMes)2]2Ul(u-1)}2, 8.7. A simple change of crystallization solvent altered the
composition of mono(cyclopentadienyl)diiodide, [(CsMes)U]s(us—1)2(u—1)3I(THF)2, 8.8, which
exists as a trimetallic species in comparison to the known monometallic (CsMes)Ul(THF)s. All
of these structures represent energy minima in a shallow energy surface and could be accessed in

solution depending on the local concentrations and components.
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Experimental

All syntheses and manipulations described below were conducted under Ar with rigorous
exclusion of air and water using standard glovebox techniques. Solvents were sparged with UHP
argon and dried by passage through columns containing Q-5 and molecular sieves prior to use.
Deuterated NMR solvents were dried over NaK alloy, degassed by three freeze—pump-thaw
cycles, and vacuum transferred before use. H and *C{*H} NMR spectra were recorded on an
AVANCEG00 MHz spectrometer (3C{‘*H} operating at 150 MHz) at 298 K and referenced to
residual protio-solvent resonances. Infrared spectra were recorded as compressed solids on an
Agilent Cary 630 ATR-FTIR. Elemental analyses were conducted on a PerkinEImer 2400 Series
Il CHNS elemental analyzer. 18-Crown-6 (Alfa-Aesar) was sublimed before use. 2.2.2-Cryptand
(Aldrich) was dried under 10™° Torr for 12 h before use. Ul3,% KCsH3(SiMes)2,® and
(CsMes)UIz(THF)3® were synthesized according to literature routes. KCsMes was prepared from
HCsMes (Strem) and KN(SiMes)2 (Sigma) in toluene. LiCH2SiMes (Sigma) was purchased as a
solution in hexane and dried to a white solid. LiCH(SiMes), was synthesized via published
procedures.®?

Synthesis of (CsMes)UI(THF), 8.1. (CsMes)UI(THF), 8.1, was synthesized from
KCsMes and Ulsin THF following literature routes and identified by *H NMR spectroscopy.® Dark
green X-ray quality crystals were grown by layering a concentrated THF solution with hexane at
—35°C.

Synthesis of {[K(OEt2)2]2[(CsMes)2U(u—1)(pns—1)]}2, 8.2. KCsMes (77 mg, 0.44 mmol)
was added to a stirred solution of Ulz (137 mg, 0.220 mmol) in EtoO (10 mL). After the forest
green solution was stirred overnight, white solids were removed by centrifugation and the

supernatant was dried. The product was extracted into Et,O and dried to yield 8.2 as a dark green
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solid (96 mg, 46%). X-ray quality crystals were grown by layering a concentrated Et,O solution
with hexane at =35 °C. 'H NMR (THF-ds, § ppm): 3.40 (q, 16H, OCH,CHs3), 1.13 (t, 24H,
OCH,CHs), —0.88 (br's, 60H, CsMes). *C{*H} NMR (THF-ds, 6 ppm): 66.15 (OCH,CHjs), 15.50
(OCH2CHzs). Only the ether resonances were observed between ¢ 230 and —120 ppm. FT-IR
(cm™Y): 2965(m), 2891(s), 2852(s), 2721(w), 1489(m), 1441(m), 1382(s), 1284(w), 1148(s),
1091(s), 1043(m), 1020(m), 928(m), 840(m), 798(w). Anal. Calcd. for C2oHaoUI2K (%): C 29.98,
H 3.77. Found: C, 26.31; H, 3.31. Incomplete combustion was observed across multiple runs,
but the experimentally determined C/H ratio, C20H29.98, matches expected values.

Synthesis of [K(18-crown-6)][(CsMes)2U(p—1)z], 8.3. Complex 8.2 (36 mg, 0.038 mmol)
and 18-crown-6 (10 mg, 0.037 mmol) were stirred in Et2O (10 mL) overnight. The solution was
concentrated and layered with hexane at —35 °C. Dark green crystals of 8.3 suitable for X-ray
diffraction were grown overnight (39 mg, 99%). *H NMR (CsDs, 6 ppm): —0.58 (s, 30H, CsMes).
The crown ether resonances were not observed. 3C NMR (CsDs, 6 ppm): 65.88 (OCH2CH:0).
Only the crown ether resonances were observed between +200 and —200 ppm. FT-IR (cm™):
2878(m), 2847(m), 1449(m), 1431(m), 1349(s), 1284(w), 1247(m), 1105(s), 1022(w), 959(m),
837(m), 727(w). Anal. Calcd. for C32H3406UI2K (%): C, 36.07; H, 5.11. Found: C, 34.64; H,
4.87. Incomplete combustion and low C values were found across multiple attempts and can be
attributed to carbide formation.®3% The C:H ratio Cs2Hass is close to the expected value.

Synthesis of [K(2.2.2-cryptand)][(CsMes)2Ul2], 8.4. KCsMes (28 mg, 0.16 mmol) was
added to a blue THF (5 mL) solution of Uls (50 mg, 0.08 mmol) and was stirred overnight. The
resulting green mixture was filtered to remove white solids, presumably Kl, and the solvent was
removed in vacuo. The dried residue (presumably 8.1) was redissolved in toluene (5 mL) to form

a green solution and 2.2.2-cryptand (30 mg, 0.08 mmol) was added. The green solution was then
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added to excess KCg (15 mg) to form a brown mixture. The brown mixture was then filtered to
remove black solids, presumably graphite. The desired U(Il) complex was not isolated. Instead,
green X-ray quality crystals of the U(II1) complex, 8.4, were grown overnight by layering into
hexanes (10 mL) at —35 °C.

Synthesis of [Li(THF)4][(CsMes)2Ul2], 8.5, and [Li(THF)3][(CsMes)2Ul(u-1)], 8.6. A
toluene solution of LiCH2SiMes (6.6 mg, 0.071 mmol) was added to a green toluene (5 mL)
solution of (CsMes)UI(THF), 8.1, (50 mg, 0.071 mmol). The solution was stirred overnight
during which time the color had changed to brown. The solvent was removed under vacuum and
the solids extracted with hexane (5 mL). The resulting brown solution was centrifuged to remove
white solids. THF (1 mL) was added to the supernatant and green solids precipitated. The solvent
was removed under vacuum, and the product was dissolved in THF and layered under hexane at
—35 °C to afford dark green crystals of 8.5 suitable for X-ray diffraction. Compound 8.5 was also
isolated in a similar manner when LiCH(SiMes)> was used instead of LiCH2SiMes. In one
instance, green crystals of compound 8.6 were isolated instead of compound 8.5 in a reaction with
8.1 and LiCH(SiMes).. The composition of the complex 8.6 was established by X-ray
crystallography, but the quality of the data was not high enough to report.

Synthesis of {[K(18-crown-6)]2(u—toluene){[CsH3(SiMes)2]2Ul(u-D}2, 8.7. In a
glovebox free of coordinating solvents, KCsH3(SiMe3)2 (49 mg, 0.20 mmol) was added to a stirring
slurry of purple Uls (75 mg, 0.12 mmol) and 18-crown-6 (32 mg, 0.12 mmol) in toluene (5 mL).
The total volume was brought to 10 mL. After about 1 h, the solution began to turn a brown/green
color. After the mixture was stirred overnight, the solvent was removed and the residue was
extracted with toluene. Solids were removed by centrifugation and the solution was concentrated

and placed in the freezer at —35 °C. Overnight, bright green crystals of 8.7 suitable for X-ray
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diffraction were grown (111 mg, 73%). Due to the paramagnetism and low solubility of 8.7, the

'H NMR spectra could not be confidently assigned. **C NMR (Ce¢Ds, 6 ppm): 68.52
(OCH2CH20), —0.67 (SiMes). FT-IR (cm™): 2948(m), 2890(m), 1469(w), 1437(w), 1350(m),
1283(w), 1241(s), 1208(w), 1103(s), 1080(s), 962(m), 920(m), 828(s), 750(m), 688(m). Anal.
Calcd. for C75H14014K2012SigU2 (%): C, 35.74; H, 5.60. Found: C, 35.50; H, 5.68.

Synthesis of [(CsMes)U]s(ps—1)2(p—1)3l(THF)2, 8.8. Compound 8.8 was isolated from a
reaction of (CsMes)UI2(THF)s® and NaBPhs in THF. X-ray quality crystals were grown from a
concentrated toluene solution at —35 °C which allowed the compound to be identified by X-ray
crystallography. The composition of the complex was established by X-ray crystallography, but
the quality of the data was not high enough to report.

X-ray Crystallographic Data

Table 8.3: Crystal data and structure refinement for 8.1-8.5 and 8.7.

8.1 8.2 8.3 8.5 8.6 8.7
L‘i%g“f'ca“on Jow24 Ciw13 Cijw22 Jow3? Dnh93 | Cjwi6
CrsHu40l4
Empirical CosHaOIU CssH100l4K20 832H54I2K06 CseHezLiO4|2 ﬁ:;leSGIZ Kzolzsig
formula 24T7es U2 U 275 Upe2(Cr
U'C7Hg
He)
Formula 707.47 1899.21 1065.68 1057.62 1269.99 | 2704.71
weight
(Tgnperat“re 133(2) 88(2) 88(2) 133(2) 133(2) | 173(2)
\(’X";“’e'ength 0.71073 0.71073 0.71073 0.71073 0.71073 | 0.71073
Crystal Triclinic Monoclinic Orthorhombi Monoclinic Triclinic | Triclinic
system c
Space group | pP1 P2i/c Pna2; P2i/n P1 P1
a(A) 8.6932(14) | 12.5367(7) | 16.5005(10) | 17.753(3) ;"466( (15;’"3143(
b (A) 17.384(3) | 17.8717(10) | 13.3976(9) | 13.278(3) é;”m( %’"5434(
c(A) 18.382(3) 15.330009) | 17.1295(11) | 18.919(4) 2)1'750( é)Y -3810(
o (°) 622782) | 90 90 90 ;)1'854( %5)3'0980
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B () 87.126(3) | 93.3864(7) | 90 114.412(3) ;)1'994( 2;3'1515(
v ©) 84.556(3) 90 90 90 89.521( | 106.4164
3) (6)
Volume (A% | 2448.0(7) | 34287(3) | 3815.0(4) | 4061.0(13) %go'o( 2856.2(2)
Z 4 2 4 4 4 1
Calculated
density 1.920 1.840 1.855 1.730 1.654 1.572
(mg/m?)
Absorption
Coefficient | 7.902 6.676 6.019 5.550 4,518 4,118
(mm™
F(000) 1340 1804 2044 2044 2492 1332
Crystal color | Green Dark green Green Green Green green
. 0.207 x | 0.320 x
Crystal size | 0.274x0.231 | 0.182 x 0.156 | 0.257 x 0.168 | 0.241 x 0.131
(mm?) X 0.219 X 0.078 X 0.155 X 0.082 0.111x 10.198 x
' ' ' ' 0.078 0.088
g;&”ge for | 132810 1.627 to 1.921 to 1.324 o 1.195t0 | 1.633 to
. o | 29.210 28.319 27.103 25.347 25.347 29.052
collection (°)
-16 <h -17<h<
oEnEal [aes<n<ie, | ZIERNE | oicn<on, <17, | 17,718<
Index ranges 0<]<25 > 10<k<23,0 _21;|<—21’ -15<k<15, |20<k< | k<17, -
- <1<20 - - 22<1<22 21,0<1 | 23<I<
<26 23
Reflections | 1 539q 48952 40878 43962 19504 | 35457
collected
Independent 8321 8414 7433 17733 | 13992
Reflections
Somp'ew”es 100.0 100.0 100.0 100.0 96.9 99.8
Semi- Semi- Semi- Semi- Semi- Semi-
. . . . L empiric | empirical
Absorption | empirical empirical empirical empirical
- al from | from
correction from from from from . .
. . . . equivale | equivalen
equivalents equivalents equivalents equivalents nts s
0.4318
r':]"ﬁ]x' and | go63gand | 0.2627and | 0.4318and | 0.3343 and 262(1602 and
o 0.1443 0.2095 0.2934 0.1785 0.3192
transmission 0.1752
Full- Full-
. Full-matrix Full-matrix Full-matrix Full-matrix matrix matrix
Refinement
least-squares | least-squares | least-squares | least-squares | least- least-
method p 2 2 2
onF onF onF onF squares | squares
on F? on F?
ctaints/ | 13099100 g0 ace | aata 1 a0 | 7433 /07407 | 17733 | 13992
508 3/1018 | 20/584
parameters
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Goodness-of-| 1 g 1.065 1.025 1.031 1047 | 1.045
fiton F
Final R R1=00377, |R1=00287, | R2=0.0298, | p1 — 00409, |RL= = |RLZ
Fin: 0 0 WR2 = 0 0.0502, | 0.0261,
indices WR2 = WR2 = 0.0647 WR2 = WR2= | WR2=
[I>26()] | 0.0846 0.0499 0.0891 00002 | 00600
- - - - Rl= |RL=
R indices (all | RL=0.0480, | RL=00464, | R1=00382, |RL=00730, | fooo, | (oo
data) WR2 = WR2 = WR2 = WR2 = WR2 = WR2 =
0.0895 0.0548 0.0685 0.1033 00500 | 0.06a1
(D;)ta cutoff 0.73 0.75 0.78 0.83 0.83 0.73
;:;Ee:;é"ﬁ 1658and- | 11l5and- |2187and- |3452and- | 223 | 1309
e (o) | 1858 1614 0.867 1.426 A

X-ray Data Collection, Structure Solution and Refinement for 8.1.

A green crystal of approximate dimensions 0.219 x 0.231 x 0.274 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX I diffractometer. The APEX2%" program
package and the CELL_NOW?® were used to determine the unit-cell parameters. Data was
collected using a 20 sec/frame scan time for a sphere of diffraction data. The raw frame data was
processed using SAINT® and TWINABS'™ to yield the reflection data file (HKLF5 format).”
Subsequent calculations were carried out using the SHELXTL™ program. There were no
systematic absences nor any diffraction symmetry other than the Friedel condition. The
centrosymmetric triclinic space group P1 was assigned and later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors’ for neutral atoms were used throughout the

analysis. Hydrogen atoms were included using a riding model. There were two molecules of the

formula-unit present.
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Least-squares analysis yielded wR2 = 0.0895 and Goof = 1.028 for 508 variables refined
against 13099 data (0.73 A), R1 = 0.0377 for those 11492 with | > 2.05(l). The structure was
refined as a two-component twin.

Table 8.4: Bond lengths [A] and angles [°] for 8.1.

U(1)-Cntl 2.491 C(12)-C(17) 1.507(8)
U(1)-Cnt2 2.486 C(13)-C(14) 1.429(9)
U(1)-0(1) 2.486(4) C(13)-C(18) 1.500(8)
U(1)-C(13) 2.748(6) C(14)-C(15) 1.447(9)
U(1)-C(3) 2.749(6) C(14)-C(19) 1.503(9)
U(1)-C(2) 2.753(5) C(15)-C(20) 1.500(8)
U(1)-C(11) 2.755(6) C(21)-C(22) 1.500(9)
U(1)-C(12) 2.761(5) C(22)-C(23) 1.503(11)
U(1)-C(4) 2.772(6) C(23)-C(24) 1.512(9)
U(1)-C(1) 2.781(6) U(2)-Cnt3 2.476
U(1)-C(14) 2.783(6) U(2)-Cnt4 2.494
U(1)-C(15) 2.785(6) U(2)-0(2) 2.496(4)
U(L)-C(5) 2.791(5) U(2)-C(38) 2.739(6)
U(L)-1(1) 3.0955(6) U(2)-C(25) 2.741(6)
0(1)-C(24) 1.457(7) U(2)-C(26) 2.742(6)
0(1)-C(21) 1.472(7) U(2)-C(37) 2.751(6)
C(1)-C(2) 1.425(8) U(2)-C(29) 2.756(6)
C(1)-C(5) 1.427(8) U(2)-C(28) 2.759(6)
C(1)-C(6) 1.503(8) U(2)-C(36) 2.760(6)
C(2)-C(3) 1.415(8) U(2)-C(27) 2.761(7)
C(2)-C(7) 1.511(8) U(2)-C(39) 2.791(6)
C(3)-C(4) 1.424(8) U(2)-C(35) 2.808(6)
C(3)-C(8) 1.492(8) UQ)-1(2) 3.0636(6)
C(4)-C(5) 1.418(8) 0(2)-C(48) 1.448(8)
C(4)-C(9) 1.501(8) 0(2)-C(45) 1.457(8)
C(5)-C(10) 1.501(8) C(25)-C(26) 1.400(9)
C(11)-C(15) 1.414(8) C(25)-C(29) 1.427(10)
C(11)-C(12) 1.433(8) C(25)-C(30) 1.509(10)
C(11)-C(16) 1.500(9) C(26)-C(27) 1.425(9)
C(12)-C(13) 1.406(8) C(26)-C(31) 1.508(8)
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C(27)-C(28)
C(27)-C(32)
C(28)-C(29)
C(28)-C(33)
C(29)-C(34)
C(35)-C(36)
C(35)-C(39)
C(35)-C(40)
C(36)-C(37)
C(36)-C(41)
C(37)-C(38)
C(37)-C(42)
C(38)-C(39)
C(38)-C(43)
C(39)-C(44)
C(45)-C(46)
C(46)-C(47)
C(47)-C(48)

Cnt1-U(1)-1(1)
Cnt1-U(1)-0(1)
Cnt2-U(1)-1(1)
Cnt2-U(1)-0(1)
Cnt1-U(1)-Cnt2
0(1)-U(1)-C(13)
0(1)-U(1)-C(3)
C(13)-U(1)-C(3)
0(1)-U(1)-C(2)
C(13)-U(1)-C(2)
C(3)-U(1)-C(2)
0(1)-U(1)-C(11)
C(13)-U(1)-C(11)
C(3)-U(1)-C(11)
C(2)-U(1)-C(11)
0(1)-U(1)-C(12)
C(13)-U(1)-C(12)

1.405(9)
1.491(10)
1.402(10)
1.500(9)
1.497(9)
1.402(9)
1.412(9)
1.519(9)
1.411(9)
1.527(9)
1.442(9)
1.487(9)
1.411(9)
1.504(9)
1.496(9)
1.491(9)
1.494(12)
1.491(10)

107.7
103.9
105.3
103.9
135.7
124.25(16)
129.31(16)
105.87(18)
115.71(16)
108.20(17)
29.81(17)
94.67(16)
49.44(18)
114.56(17)
92.95(17)
124.09(16)
29.57(17)
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C(3)-U(1)-C(12)
C(2)-U(1)-C(12)
C(11)-U(1)-C(12)
0(1)-U(1)-C(4)
C(13)-U(1)-C(4)
C(3)-U(1)-C(4)
C(2)-U(1)-C(4)
C(11)-U(1)-C(4)
C(12)-U(1)-C(4)
0(1)-U(1)-C(1)
C(13)-U(1)-C(1)
C(3)-U(1)-C(1)
C(2)-U(1)-C(1)
C(11)-U(1)-C(1)
C(12)-U(1)-C(1)
C(4)-U(1)-C(1)
0(1)-U(1)-C(14)
C(13)-U(1)-C(14)
C(3)-U(1)-C(14)
C(2)-U(1)-C(14)
C(11)-U(1)-C(14)
C(12)-U(1)-C(14)
C(4)-U(1)-C(14)
C(1)-U(1)-C(14)
0(1)-U(1)-C(15)
C(13)-U(1)-C(15)
C(3)-U(1)-C(15)
C(2)-U(1)-C(15)
C(11)-U(1)-C(15)
C(12)-U(1)-C(15)
C(4)-U(1)-C(15)
C(1)-U(1)-C(15)
C(14)-U(1)-C(15)
0(1)-U(1)-C(5)
C(13)-U(1)-C(5)
C(3)-U(1)-C(5)

95.24(17)
85.25(16)
30.11(17)
104.86(15)
130.03(17)
29.89(16)
49.08(16)
141.83(17)
125.05(17)
86.39(15)
134.72(17)
49.13(18)
29.84(17)
101.54(17)
107.04(17)
48.79(18)
94.97(16)
29.93(18)
135.62(18)
134.27(17)
49.31(18)
49.03(17)
154.36(19)
150.85(18)
77.92(16)
49.49(18)
143.07(18)
122.14(18)
29.57(17)
49.13(17)
171.20(17)
123.91(18)
30.13(18)
80.18(15)
154.82(18)
49.22(17)



C(2)-U(1)-C(5)
C(11)-U(1)-C(5)
C(12)-U(1)-C(5)
C(4)-U(1)-C(5)
C(1)-U(1)-C(5)
C(14)-U(1)-C(5)
C(15)-U(1)-C(5)
O(1)-U(®)-1(2)
C(13)-U(1)-1(1)
C(3)-U(1)-1(1)
C(2)-U(1)-1(1)
C(11)-U(1)-1(1)
C(12)-U(1)-1(1)
C(4)-U(1)-1(1)
C(1)-U(1)-1(1)
C(14)-U(1)-1(1)
C(15)-U(1)-1(1)
C(5)-U(1)-1(1)
C(24)-0(1)-C(21)
C(24)-0(1)-U(1)
C(21)-0(1)-U(1)
C(2)-C(1)-CG)
C(2)-C(1)-C(6)
C(5)-C(1)-C(6)
C(2)-C(1)-u(1)
C(5)-C(1)-u()
C(6)-C(1)-U(1)
C(3)-C(2)-C(2)
C(3)-C(2)-C(7)
C(1)-C(2)-C(7)
C(3)-C(2)-u(1)
C(1)-C(2)-u(1)
C(7)-C(2)-U(1)
C(2)-C(3)-C(4)
C(2)-C(3)-C(8)
C(4)-C(3)-C(8)

49.21(16)
130.71(18)
134.14(17)

29.53(17)

29.68(16)
175.15(18)
146.92(19)

91.70(9)

87.52(12)

97.99(13)
127.39(12)
130.58(12)
116.57(12)

81.98(12)
127.78(12)

81.34(13)
106.43(13)

98.67(13)
109.1(4)
129.4(3)
121.5(3)
108.1(5)
124.1(5)
127.2(5)

74.03)

75.5(3)
123.8(4)
108.1(5)
126.9(6)
123.6(6)

74.9(3)

76.2(3)
125.9(4)
107.8(5)
125.0(5)
127.1(6)
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C(2)-C(3)-U(1)
C(4)-C(3)-U(1)
C(8)-C(3)-U(1)
C(5)-C(4)-C3)
C(5)-C(4)-C(9)
C(3)-C(4)-C(9)
C(5)-C(4)-U(1)
CE3)-C(4)-U(1)
C(9)-C(4)-U(1)
C(4)-C(5)-C(D)
C(4)-C(5)-C(10)
C(1)-C(5)-C(10)
C(4)-C(5)-U(1)
C(1)-CG)-U()
C(10)-C(5)-U(1)
C(15)-C(11)-C(12)
C(15)-C(11)-C(16)
C(12)-C(11)-C(16)
C(15)-C(11)-U(1)
C(12)-C(11)-U(1)
C(16)-C(11)-U(1)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(11)-C(12)-C(17)
C(13)-C(12)-U(1)
C(11)-C(12)-U(1)
C(17)-C(12)-U(1)
C(12)-C(13)-C(14)
C(12)-C(13)-C(18)
C(14)-C(13)-C(18)
C(12)-C(13)-U(1)
C(14)-C(13)-U(1)
C(18)-C(13)-U(1)
C(13)-C(14)-C(15)
C(13)-C(14)-C(19)
C(15)-C(14)-C(19)

75.3(3)
76.0(3)
117.3(4)
108.5(5)
124.7(5)
126.1(6)
76.0(3)
74.1(3)
123.5(4)
107.5(5)
124.7(5)
127.8(6)
74.5(3)
74.8(3)
118.1(4)
108.2(5)
123.9(6)
127.7(5)
76.4(3)
75.2(3)
119.2(4)
108.3(5)
123.7(5)
126.7(5)
74.7(3)
74.7(3)
126.9(4)
108.5(5)
126.0(6)
125.2(6)
75.7(3)
76.4(3)
119.2(4)
107.3(5)
126.8(6)
125.5(6)



C(13)-C(14)-U(1)
C(15)-C(14)-U(1)
C(19)-C(14)-U(1)
C(11)-C(15)-C(14)
C(11)-C(15)-C(20)
C(14)-C(15)-C(20)
C(11)-C(15)-U(1)
C(14)-C(15)-U(1)
C(20)-C(15)-U(1)
0(1)-C(21)-C(22)
C(21)-C(22)-C(23)
C(22)-C(23)-C(24)
0(1)-C(24)-C(23)
Cnt3-U(2)-1(2)
Cnt3-U(2)-0(2)
Cnt4-U(2)-1(2)
Cnt4-U(2)-0(2)
Cnt3-U(2)-Cnt4
0(2)-U(2)-C(38)
0(2)-U(2)-C(25)
C(38)-U(2)-C(25)
0(2)-U(2)-C(26)
C(38)-U(2)-C(26)
C(25)-U(2)-C(26)
0(2)-U(2)-C(37)
C(38)-U(2)-C(37)
C(25)-U(2)-C(37)
C(26)-U(2)-C(37)
0(2)-U(2)-C(29)
C(38)-U(2)-C(29)
C(25)-U(2)-C(29)
C(26)-U(2)-C(29)
C(37)-U(2)-C(29)
0(2)-U(2)-C(28)
C(38)-U(2)-C(28)
C(25)-U(2)-C(28)

73.7(3)
75.0(3)
122.8(4)
107.7(5)
127.2(6)
124.7(6)
74.1(3)
74.9(3)
122.8(4)
104.9(5)
103.3(6)
102.7(6)
105.3(5)
105.7
105.8
107.5
104.5
135.6
88.85(17)
119.77(18)
139.5(2)
130.06(17)
110.2(2)
29.6(2)
119.21(17)
30.45(19)
113.3(2)
87.16(19)
89.84(18)
146.6(2)
30.1(2)
49.08(19)
135.19(19)
81.33(18)
117.8(2)
49.0(2)
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C(26)-U(2)-C(28)
C(37)-U(2)-C(28)
C(29)-U(2)-C(28)
0(2)-U(2)-C(36)

C(38)-U(2)-C(36)
C(25)-U(2)-C(36)
C(26)-U(2)-C(36)
C(37)-U(2)-C(36)
C(29)-U(2)-C(36)
C(28)-U(2)-C(36)
0(2)-U(2)-C(27)

C(38)-U(2)-C(27)
C(25)-U(2)-C(27)
C(26)-U(2)-C(27)
C(37)-U(2)-C(27)
C(29)-U(2)-C(27)
C(28)-U(2)-C(27)
C(36)-U(2)-C(27)
0(2)-U(2)-C(39)

C(38)-U(2)-C(39)
C(25)-U(2)-C(39)
C(26)-U(2)-C(39)
C(37)-U(2)-C(39)
C(29)-U(2)-C(39)
C(28)-U(2)-C(39)
C(36)-U(2)-C(39)
C(27)-U(2)-C(39)
0(2)-U(2)-C(35)

C(38)-U(2)-C(35)
C(25)-U(2)-C(35)
C(26)-U(2)-C(35)
C(37)-U(2)-C(35)
C(29)-U(2)-C(35)
C(28)-U(2)-C(35)
C(36)-U(2)-C(35)
C(27)-U(2)-C(35)

48.79(19)
116.8(2)
29.4(2)
128.31(16)
49.13(18)
111.90(19)
96.19(18)
29.68(19)
141.82(19)
140.0(2)
103.83(18)
99.2(2)
49.3(2)
30.01(19)
88.99(19)
49.1(2)
29.5(2)
110.5(2)
79.96(16)
29.53(19)
160.2(2)
136.27(19)
49.20(18)
168.6(2)
141.9(2)
48.46(18)
128.6(2)
102.51(17)
48.64(19)
134.7(2)
125.06(18)
48.75(18)
161.6(2)
165.1(2)
29.15(18)
137.38(19)



C(39)-U(2)-C(35)
0(2)-U(2)-1(2)
C(38)-U(2)-1(2)
C(25)-U(2)-1(2)
C(26)-U(2)-1(2)
C(37)-U(2)-1(2)
C(29)-U(2)-1(2)
C(28)-U(2)-1(2)
C(36)-U(2)-1(2)
C(27)-U(2)-1(2)
C(39)-U(2)-1(2)
C(35)-U(2)-1(2)
C(48)-0(2)-C(45)
C(48)-0(2)-U(2)
C(45)-0(2)-U(2)
C(26)-C(25)-C(29)
C(26)-C(25)-C(30)
C(29)-C(25)-C(30)
C(26)-C(25)-U(2)
C(29)-C(25)-U(2)
C(30)-C(25)-U(2)
C(25)-C(26)-C(27)
C(25)-C(26)-C(31)
C(27)-C(26)-C(31)
C(25)-C(26)-U(2)
C(27)-C(26)-U(2)
C(31)-C(26)-U(2)
C(28)-C(27)-C(26)
C(28)-C(27)-C(32)
C(26)-C(27)-C(32)
C(28)-C(27)-U(2)
C(26)-C(27)-U(2)
C(32)-C(27)-U(2)
C(29)-C(28)-C(27)
C(29)-C(28)-C(33)
C(27)-C(28)-C(33)

29.21(19)
87.30(11)
128.36(14)
84.11(15)
111.25(15)
126.45(14)
84.86(16)
112.42(16)
96.93(14)
131.68(14)
99.51(14)
82.25(13)
108.5(5)
128.4(4)
123.0(4)
107.8(6)
123.8(7)
128.2(7)
75.2(3)
75.5(4)
119.8(4)
108.6(6)
124.9(7)
125.7(7)
75.2(3)
75.7(4)
122.8(4)
106.8(6)
125.3(7)
127.2(7)
75.2(4)
74.3(4)
123.2(5)
109.4(6)
125.1(7)
124.9(8)
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C(29)-C(28)-U(2)
C(27)-C(28)-U(2)
C(33)-C(28)-U(2)
C(28)-C(29)-C(25)
C(28)-C(29)-C(34)
C(25)-C(29)-C(34)
C(28)-C(29)-U(2)
C(25)-C(29)-U(2)
C(34)-C(29)-U(2)
C(36)-C(35)-C(39)
C(36)-C(35)-C(40)
C(39)-C(35)-C(40)
C(36)-C(35)-U(2)
C(39)-C(35)-U(2)
C(40)-C(35)-U(2)
C(35)-C(36)-C(37)
C(35)-C(36)-C(41)
C(37)-C(36)-C(41)
C(35)-C(36)-U(2)
C(37)-C(36)-U(2)
C(41)-C(36)-U(2)
C(36)-C(37)-C(38)
C(36)-C(37)-C(42)
C(38)-C(37)-C(42)
C(36)-C(37)-U(2)
C(38)-C(37)-U(2)
C(42)-C(37)-U(2)
C(39)-C(38)-C(37)
C(39)-C(38)-C(43)
C(37)-C(38)-C(43)
C(39)-C(38)-U(2)
C(37)-C(38)-U(2)
C(43)-C(38)-U(2)
C(38)-C(39)-C(35)
C(38)-C(39)-C(44)
C(35)-C(39)-C(44)

75.2(4)
75.3(4)
122.8(5)
107.4(6)
126.4(7)
126.0(7)
75.4(3)
74.4(3)
119.8(5)
108.1(6)
125.3(6)
126.1(6)
73.5(3)
74.8(3)
124.2(4)
109.3(6)
124.4(6)
126.2(6)
77.3(3)
74.8(3)
117.9(4)
106.5(5)
127.5(6)
124.3(7)
75.5(3)
74.3(3)
126.9(4)
108.0(6)
127.5(6)
123.9(6)
77.3(4)
75.2(3)
120.8(4)
108.1(6)
127.3(6)
124.4(6)



C(38)-C(39)-U(2) 73.2(3) C(45)-C(46)-C(47) 103.7(6)

C(35)-C(39)-U(2) 76.0(3) C(48)-C(47)-C(46) 102.5(7)
C(44)-C(39)-U(2) 120.6(4) 0(2)-C(48)-C(47) 106.1(6)
0(2)-C(45)-C(46) 105.6(6)

X-ray Data Collection, Structure Solution and Refinement for 8.2.

A dark green crystal of approximate dimensions 0.078 x 0.156 x 0.182 mm was mounted
on a glass fiber and transferred to a Bruker SMART APEX II diffractometer. The APEX2°
program package and the CELL_NOW?®8 were used to determine the unit-cell parameters. Data
was collected using a 30 sec/frame scan time for a sphere of diffraction data. The raw frame data
was processed using SAINT® and TWINABS™ to yield the reflection data file (HKLF 4/5
format).”® Subsequent calculations were carried out using the SHELXTL™ program. The
diffraction symmetry was 2/m and the systematic absences were consistent with the monoclinic
space group P2:/c that was later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors’2 for neutral atoms were used throughout the analysis.
The molecule was located about an inversion center. Hydrogen atoms were included using a riding
model. Disordered atoms were included using multiple components with partial site-occupancy-
factors.

Least-squares analysis yielded wR2 = 0.0548 and Goof = 1.065 for 356 variables refined
against 8321 data (0.75 A), R1 = 0.0287 for those 7115 with | > 2.0c(I). The structure was refined
as a two component twin, BASF® = 0.456.

Table 8.5: Bond lengths [A] and angles [°] for 8.2.

U(1)-Cntl 2.508 U(1)-C(14) 2.758(5)
U(1)-Cnt2 2.497 U(1)-C(1) 2.762(4)
U(1)-C(13) 2.753(4) U(1)-C(12) 2.770(4)
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U(1)-C(2)
U(1)-C(15)
U(1)-CE)
U(1)-C(5)
U(1)-C(11)
U(1)-C(4)
U(1)-1(3)
U(1)-1(1)
U(1)-1(2)
I(1)-K(2)
1(1)-K(1)
1(2)-K(1)#1
1(2)-K(1)
1(3)-K(2)
1(3)-K(2)#1
K(1)-0(2)
K(1)-0(1)
K(1)-1(2)#1
K(1)-K(1)#1
K(2)-0(2)
K(2)-0(1)
K(2)-1(3)#1
0(1)-C(22)
0(1)-C(23)
0(2)-C(27B)
0(2)-C(26)
0(2)-C(26B)
0(2)-C(27)
C(1)-C(5)
C(1)-C(2)
C(1)-C(6)
C(2)-C3)
C(2)-C(7)
C(3)-C(4)
C(3)-C(8)
C(4)-C(5)

2.771(4)
2.779(5)
2.787(4)
2.792(4)
2.798(4)
2.803(4)
3.0540(15)
3.1096(4)
3.1824(12)
3.384(3)
3.719(3)
3.140(3)
3.471(3)
3.510(3)
4.083(3)
2.787(5)
2.843(5)
3.140(3)
4.962(6)
2.542(5)
2.548(4)
4.083(3)
1.426(6)
1.438(6)
1.223(13)
1.430(10)
1.488(12)
1.579(10)
1.414(7)
1.426(6)
1.507(7)
1.416(7)
1.500(6)
1.418(7)
1.495(7)
1.411(7)
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C(4)-C(9)
C(5)-C(10)
C(11)-C(15)
C(11)-C(12)
C(11)-C(16)
C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(14)-C(19)
C(15)-C(20)
C(21)-C(22)
C(23)-C(24)
C(25)-C(26B)
C(25)-C(26)
C(28)-C(27)
C(28)-C(27B)

Cnt1-U(1)-1(1)
Cnt1-U(1)-1(2)
Cnt1-U(1)-1(3)
Cnt2-U(1)-1(1)
Cnt2-U(1)-1(2)
Cnt2-U(1)-1(3)
Cnt1-U(1)-Cnt2
C(13)-U(1)-C(14)
C(13)-U(1)-C(1)
C(14)-U(1)-C(1)
C(13)-U(1)-C(12)
C(14)-U(1)-C(12)
C(1)-U(1)-C(12)
C(13)-U(1)-C(2)
C(14)-U(1)-C(2)
C(1)-U(1)-C(2)
C(12)-U(1)-C(2)

1.491(7)
1.500(7)
1.415(7)
1.422(7)
1.517(7)
1.406(7)
1.501(7)
1.414(6)
1.506(6)
1.419(7)
1.501(7)
1.522(7)
1.490(9)
1.497(7)
1.382(13)
1.536(11)
1.381(11)
1.562(16)

105.9
104.0
106.2
105.2
104.1
107.6
134.9
29.73(13)
113.97(13)
142.32(13)
29.50(14)
49.01(15)
106.17(15)
87.76(12)
113.47(13)
29.88(13)
90.56(13)



C(13)-U(1)-C(15)
C(14)-U(1)-C(15)
C(1)-U(1)-C(15)
C(12)-U(1)-C(15)
C(2)-U(1)-C(15)
C(13)-U(1)-C(3)
C(14)-U(1)-C(3)
C(1)-U(1)-C(3)
C(12)-U(1)-C(3)
C(2)-U(1)-C(3)
C(15)-U(1)-C(3)
C(13)-U(1)-C(5)
C(14)-U(1)-C(5)
C(1)-U(1)-C(5)
C(12)-U(1)-C(5)
C(2)-U(1)-C(5)
C(15)-U(1)-C(5)
C(3)-U(1)-C(5)
C(13)-U(1)-C(11)
C(14)-U(1)-C(11)
C(1)-U(1)-C(11)
C(12)-U(1)-C(11)
C(2)-U(1)-C(11)
C(15)-U(1)-C(11)
C(3)-U(1)-C(11)
C(5)-U(1)-C(11)
C(13)-U(1)-C(4)
C(14)-U(1)-C(4)
C(1)-U(1)-C(4)
C(12)-U(1)-C(4)
C(2)-U(1)-C(4)
C(15)-U(1)-C(4)
C(3)-U(1)-C(4)
C(5)-U(1)-C(4)
C(11)-U(1)-C(4)
C(13)-U(1)-1(3)

48.70(13)
29.70(14)
154.18(15)
48.71(14)
135.82(13)
90.25(14)
105.15(13)
48.91(13)
106.43(15)
29.52(13)
134.69(14)
135.76(13)
152.90(14)
29.49(14)
135.45(14)
48.80(13)
175.37(14)
48.65(13)
48.65(13)
48.90(14)
125.84(16)
29.59(14)
118.61(15)
29.39(15)
135.69(14)
152.51(15)
118.04(15)
124.56(15)
48.45(14)
135.55(15)
48.47(14)
151.35(14)
29.40(14)
29.22(14)
165.06(15)
117.30(9)
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C(14)-U(1)-1(3)
C(1)-U(D)-1(3)
C(12)-U(1)-1(3)
C(2)-U(1)-1(3)
C(15)-U(1)-1(3)
C(3)-U(D)-1(3)
C(5)-U(D)-1(3)
C(11)-U(1)-1(3)
C(4)-U(D)-1(3)
C(13)-U(1)-1(1)
C(14)-U(1)-1(1)
C(1)-U(D)-1(1)
C(12)-U(1)-1(1)
C(2)-U(1)-1(1)
C(15)-U(1)-1(1)
C(3)-U(1)-1(1)
C(3)-U(1)-1(1)
C(11)-U(1)-1(1)
C(4)-U(1)-1(1)
1(3)-U(D)-1(1)
C(13)-U(1)-1(2)
C(14)-U(1)-1(2)
C(1)-U(D)-1(2)
C(12)-U(1)-1(2)
C(2)-U(1)-1(2)
C(15)-U(1)-1(2)
C(3)-U(D)-1(2)
C(3)-U(D)-1(2)
C(11)-U(1)-1(2)
C(4)-U(1)-1(2)
I(1)-U(D)-1(2)
U(1)-1(1)-K(2)
U(1)-1(1)-K(2)

K(L)#1-1(2)-U(L)
K(L)#1-1(2)-K (1)

U(L)-1(2)-K(1)

88.56(10)
120.81(11)
133.00(11)
129.91(10)

84.64(11)
103.35(11)

91.39(10)
109.82(12)

81.69(10)
127.46(9)
122.63(9)

85.14(9)

99.69(11)
113.09(10)

92.96(11)
131.59(9)

84.38(10)

79.92(10)
111.07(11)

86.32(2)
109.97(9)

82.51(10)
122.41(11)
129.81(11)
125.39(10)

83.40(11)

97.08(10)

93.12(11)
110.87(12)

78.77(10)

96.372(19)

96.95(5)

86.79(4)
160.59(7)

97.15(7)

90.08(5)



U(L)-1(3)-K(2)
U(L)-1(3)-K(2)#1
K(2)-1(3)-K(2)#1
0(2)-K(1)-0(1)
0(2)-K(1)-1(2)#1
O(1)-K(1)-1(2)#1
0(2)-K(1)-1(2)
O(1)-K(1)-1(2)
12)#1-K(1)-1(2)
0(2)-K(1)-1(1)
O(1)-K(1)-1(1)
1(2)#1-K(1)-1(1)
12)-K(1)-1(1)
0(2)-K(1)-K(1)#1
O(1)-K(1)-K(1)#1
12)#1-K (1)-K (1)#1
12)-K(1)-K(1)#1
1(1)-K(1)-K(1)#1
0(2)-K(2)-0(1)
0(2)-K(2)-1(1)
0(1)-K(2)-1(1)
0(2)-K(2)-1(3)
0(1)-K(2)-1(3)
1(1)-K(2)-1(3)
0(2)-K(2)-1(3)#1
O(1)-K(2)-1(3)#1
1(1)-K(2)-1(3)#1
13)-K(2)-1(3)#1
C(22)-0(1)-C(23)
C(22)-0(1)-K(2)
C(23)-0(1)-K(2)
C(22)-0(1)-K(1)
C(23)-0(1)-K(1)

C(27B)-0(2)-C(26B)

C(26)-0(2)-C(27)
C(27B)-0(2)-K(2)

95.41(6)
141.01(5)
113.96(6)

98.30(13)

99.36(12)

90.64(10)
135.38(13)
126.30(12)

82.85(7)

90.63(11)
100.23(11)
164.07(10)

81.33(6)
126.93(14)
114.91(13)

43.96(5)

38.89(5)
120.20(9)
113.57(15)
103.15(13)
116.62(13)
125.14(13)
115.42(13)

75.39(6)

92.64(12)

88.30(11)
140.53(9)

66.04(6)
112.4(4)
125.4(3)
117.8(3)
129.4(3)
117.9(3)
123.1(9)
104.7(6)
151.0(8)
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C(26B)-0(2)-K(2)
C(26)-0(2)-K(1)
C(27)-0(2)-K(1)
C(5)-C(1)-C(2)
C(5)-C(1)-C(6)
C(2)-C(1)-C(6)
C(5)-C(1)-U()
C(2)-C(1)-u()
C(6)-C(1)-U(1)
C(3)-C(29)-C(1)
C(3)-C(2)-C(7)
C(1)-C(2)-C(7)
C(3)-C(29)-U(1)
C(1)-C(29)-U(1)
C(7)-C(29)-U(1)
C(2)-C(3)-C(4)
C(2)-C(3)-C(8)
C(4)-C(3)-C(8)
C(2)-C(3)-U(1)
C(4)-C(3)-U(1)
C(8)-C(3)-U(1)
C(5)-C(4)-C(3)
C(5)-C(4)-C(9)
C(3)-C(4)-C(9)
C(5)-C(4)-U(1)
C(3)-C(4)-U(1)
C(9)-C(4)-U(1)
C(4)-C(5)-C(1)
C(4)-C(5)-C(10)
C(1)-C(5)-C(10)
C(4)-C(5)-U(1)
C(1)-C(5)-U(1)
C(10)-C(5)-U(1)
C(15)-C(11)-C(12)
C(15)-C(11)-C(16)
C(12)-C(11)-C(16)

85.9(5)
146.0(5)
107.2(4)
108.0(4)
126.9(5)
124.8(5)

76.4(3)

75.4(3)
118.7(3)
107.8(4)
126.0(4)
125.2(5)

75.9(3)

74.7(2)
124.2(3)
107.7(4)
127.3(5)
124.2(5)

74.6(2)

75.9(3)
123.3(3)
108.6(4)
125.6(5)
125.1(5)

75.0(3)

74.7(2)
123.9(3)
107.9(4)
126.4(5)
125.6(5)

75.8(3)

74.1(2)
119.6(3)
107.5(4)
125.9(5)
125.7(5)



C(15)-C(11)-U(1) 74.6(3) C(15)-C(14)-C(19) 127.2(4)

C(12)-C(11)-U(1) 74.1(2) C(13)-C(14)-U(1) 74.9(3)
C(16)-C(11)-U(1) 125.2(3) C(15)-C(14)-U(1) 76.0(3)
C(13)-C(12)-C(11) 107.9(4) C(19)-C(14)-U(1) 118.8(3)
C(13)-C(12)-C(17) 128.1(5) C(11)-C(15)-C(14) 108.5(4)
C(11)-C(12)-C(17) 123.7(5) C(11)-C(15)-C(20) 125.1(5)
C(13)-C(12)-U(1) 74.6(3) C(14)-C(15)-C(20) 126.0(5)
C(11)-C(12)-U(1) 76.3(3) C(11)-C(15)-U(1) 76.0(3)
C(17)-C(12)-U(1) 120.4(3) C(14)-C(15)-U(1) 74.3(3)
C(12)-C(13)-C(14) 108.8(4) C(20)-C(15)-U(1) 121.5(3)
C(12)-C(13)-C(18) 126.7(4) 0(1)-C(22)-C(21) 109.7(5)
C(14)-C(13)-C(18) 123.6(4) 0(1)-C(23)-C(24) 108.8(4)
C(12)-C(13)-U(1) 75.9(3) 0(2)-C(26)-C(25) 108.7(7)
C(14)-C(13)-U(1) 75.3(3) C(28)-C(27)-0(2) 108.5(6)
C(18)-C(13)-U(1) 123.9(3) C(25)-C(26B)-0(2) 114.2(8)
C(13)-C(14)-C(15) 107.2(4) 0(2)-C(27B)-C(28) 119.0(11)
C(13)-C(14)-C(19) 125.4(4)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y,-2+2

X-ray Data Collection, Structure Solution and Refinement for 8.3.

A green crystal of approximate dimensions 0.155 x 0.168 x 0.257 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX I diffractometer. The APEX2%" program
package was used to determine the unit-cell parameters and for data collection (30 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINT® and
SADABS" to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL™ program. The diffraction symmetry was mmm and the systematic absences were
consistent with the orthorhombic space groups Pnma and Pna2;. It was later determined that space

group Pna2; was correct.
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The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors’2 for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model.

Least-squares analysis yielded wR2 = 0.0685 and Goof = 1.025 for 390 variables refined
against 8414 data (0.78 A), R1 = 0.0298 for those 7412 data with | > 2.05(l). The structure was

refined as a two-component inversion twin.

Table 8.6: Bond lengths [A] and angles [] for 8.3.

U(1)-Cntl 2510 C(4)-C(9) 1.488(16)
U(1)-Cnt2 2517 C(5)-C(10) 1.506(15)
U(1)-C(3) 2.760(10) C(11)-C(15) 1.401(14)
U(1)-C(4) 2.764(10) C(11)-C(12) 1.423(13)
U(1)-C(13) 2.782(9) C(11)-C(16) 1.489(13)
U(1)-C(2) 2.785(11) C(12)-C(13) 1.426(13)
U(1)-C(15) 2.786(10) C(12)-C(17) 1.508(13)
U(1)-C(14) 2.788(9) C(13)-C(14) 1.415(13)
U(L)-C(5) 2.791(9) C(13)-C(18) 1.516(14)
U(1)-C(11) 2.794(10) C(14)-C(15) 1.415(14)
U(1)-C(12) 2.801(9) C(14)-C(19) 1.502(14)
U(1)-C(1) 2.808(9) C(15)-C(20) 1.517(15)
U(L)-1(2) 3.0846(6) K(1)-0(3) 2.780(7)

U(L)-1(1) 3.0964(6) K(1)-0(5) 2.805(7)

1(1)-K(1) 3.6656(18) K(1)-O(6) 2.820(7)

12)-K(1) 3.5600(18) K(1)-0(1) 2.844(7)

C(1)-C(5) 1.397(15) K(1)-0(4) 2.858(7)

C(1)-C(2) 1.414(16) K(1)-0(2) 2.918(7)

C(1)-C(6) 1.511(15) 0(1)-C(21) 1.415(13)
C(2)-C(3) 1.388(16) 0(1)-C(32) 1.420(12)
C(2)-C(7) 1.526(15) 0(2)-C(22) 1.404(11)
C(3)-C(4) 1.448(17) 0(2)-C(23) 1.417(13)
C(3)-C(8) 1.524(15) 0(3)-C(24) 1.422(12)
C(4)-C(5) 1.398(15) 0(3)-C(25) 1.429(12)
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0(4)-C(26)
0(4)-C(27)
0(5)-C(29)
0(5)-C(28)
0(6)-C(31)
0(6)-C(30)
C(21)-C(22)
C(23)-C(24)
C(25)-C(26)
C(27)-C(28)
C(29)-C(30)
C(31)-C(32)

Cntl-U(1)-1(1)
Cntl-U(L)-1(2)
Cnt2-U(1)-1(1)
Cnt2-U(1)-1(2)
Cnt1-U(1)-Cnt2
C(3)-U(1)-C(4)
C(3)-U(1)-C(13)
C(4)-U(1)-C(13)
C(3)-U(1)-C(2)
C(4)-U(1)-C(2)
C(13)-U(1)-C(2)
C(3)-U(1)-C(15)
C(4)-U(1)-C(15)
C(13)-U(1)-C(15)
C(2)-U(1)-C(15)
C(3)-U(1)-C(14)
C(4)-U(1)-C(14)
C(13)-U(1)-C(14)
C(2)-U(1)-C(14)
C(15)-U(1)-C(14)
C(3)-U(1)-C(5)
C(4)-U(1)-C(5)
C(13)-U(1)-C(5)

1.402(12)
1.428(14)
1.409(13)
1.414(12)
1.414(12)
1.419(12)
1.498(16)
1.506(16)
1.475(16)
1.479(18)
1.493(16)
1.507(15)

106.0
101.6
104.7
106.5
136.7
30.4(4)
127.5(3)
97.6(3)
29.0(3)
48.9(3)
139.1(3)
153.3(3)
137.7(3)
48.3(3)
172.4(3)
156.8(3)
126.6(3)
29.4(3)
154.9(3)
29.4(3)
48.5(3)
29.1(3)
91.1(2)

C(2)-U(1)-C(5)
C(15)-U(1)-C(5)
C(14)-U(1)-C(5)
C(3)-U(1)-C(11)
C(4)-U(1)-C(11)
C(13)-U(1)-C(11)
C(2)-U(1)-C(11)
C(15)-U(1)-C(11)
C(14)-U(1)-C(11)
C(5)-U(1)-C(11)
C(3)-U(1)-C(12)
C(4)-U(1)-C(12)
C(13)-U(1)-C(12)
C(2)-U(1)-C(12)
C(15)-U(1)-C(12)
C(14)-U(1)-C(12)
C(5)-U(1)-C(12)
C(11)-U(1)-C(12)
C(3)-U(1)-C(1)
C(4)-U(1)-C(1)
C(13)-U(1)-C(1)
C(2)-U(1)-C(1)
C(15)-U(1)-C(1)
C(14)-U(1)-C(1)
C(5)-U(1)-C(1)
C(11)-U(1)-C(1)
C(12)-U(1)-C(1)
C(3)-U(1)-1(2)
C(4)-U(1)-1(2)
C(13)-U(1)-1(2)
C(2)-U(1)-1(2)
C(15)-U(1)-1(2)
C(14)-U(1)-1(2)
C(5)-U(1)-1(2)
C(11)-U(1)-1(2)
C(12)-U(1)-1(2)

48.1(3)
139.3(3)
113.9(3)
124.7(3)
111.9(3)
48.6(3)
153.3(3)
29.1(3)
48.6(3)
126.6(3)
113.0(3)
89.6(3)
29.6(3)
138.5(3)
48.2(3)
48.7(3)
97.9(3)
29.5(3)
48.1(3)
48.3(3)
113.1(3)
29.3(3)
155.2(3)
126.0(3)
28.9(3)
155.4(3)
126.2(3)
114.0(3)
126.5(2)
105.0(2)
85.3(2)
90.7(2)
81.99(19)
101.9(2)
119.5(2)
130.6(2)



C()-UD)-1(2)
C(3)-U)-1(1)
C(4)-U(D)-1(1)
C(13)-U(1)-1(2)
C(2)-UD)-1(1)
C(15)-U(1)-1(2)
C(14)-U(1)-1(2)
C(5)-U(D)-1(1)
C(11)-U(2)-1(2)
C(12)-U(1)-1(2)
C(1)-U(1)-1(1)
1(2)-U(1)-1(1)
U(D)-1(1)-K()
U(1)-1(2)-K(1)
C(5)-C(1)-C(2)
C(5)-C(1)-C(6)
C(2)-C(1)-C(6)
C(5)-C(1)-U(1)
C(2)-C(1)-U(1)
C(6)-C(1)-U(1)
C(3)-C(2)-C(1)
C(3)-C(2)-C(7)
C(1)-C(2)-C(7)
C(3)-C(2)-U(1)
C(1)-C(29)-u(1)
C(7)-C(2)-u(1)
C(2)-C(3)-C(4)
C(2)-C(3)-C(8)
C(4)-C(3)-C(8)
C(2)-C(3)-U(1)
C(4)-C(3)-U(1)
C(8)-C(3)-U(1)
C(5)-C(4)-C(3)
C(5)-C(4)-C(9)
C(3)-C(4)-C(9)
C(5)-C(4)-U(1)

78.2(2)
82.5(2)
108.3(3)
130.02(19)
87.6(3)
86.2(2)
114.6(2)
130.7(2)
81.8(2)
107.3(2)
116.1(2)
93.020(16)
93.98(3)
96.30(3)
107.9(9)
124.6(11)
126.9(11)
74.9(6)
74.5(6)
123.7(7)
108.2(10)
126.8(12)
124.9(11)
74.5(6)
76.3(6)
117.8(7)
108.1(10)
126.0(12)
125.2(11)
76.5(6)
75.0(6)
122.5(7)
106.3(9)
128.6(12)
123.4(11)
76.5(6)
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C(3)-C(4)-U(1)
C(9)-C(4)-U(1)
C(1)-C(5)-C(4)
C(1)-C(5)-C(10)
C(4)-C(5)-C(10)
C(1)-C(5)-U(1)
C(4)-C(5)-U(1)
C(10)-C(5)-U(1)
C(15)-C(11)-C(12)
C(15)-C(11)-C(16)
C(12)-C(11)-C(16)
C(15)-C(11)-U(1)
C(12)-C(11)-U(1)
C(16)-C(11)-U(1)
C(11)-C(12)-C(13)
C(11)-C(12)-C(17)
C(13)-C(12)-C(17)
C(11)-C(12)-U(1)
C(13)-C(12)-U(1)
C(17)-C(12)-U(1)
C(14)-C(13)-C(12)
C(14)-C(13)-C(18)
C(12)-C(13)-C(18)
C(14)-C(13)-U(1)
C(12)-C(13)-U(1)
C(18)-C(13)-U(1)
C(13)-C(14)-C(15)
C(13)-C(14)-C(19)
C(15)-C(14)-C(19)
C(13)-C(14)-U(1)
C(15)-C(14)-U(1)
C(19)-C(14)-U(1)
C(11)-C(15)-C(14)
C(11)-C(15)-C(20)
C(14)-C(15)-C(20)
C(11)-C(15)-U(1)

74.6(6)
125.8(7)
109.4(10)
124.5(10)
125.6(11)
76.2(6)
74.3(6)
121.9(6)
107.7(9)
126.7(10)
124.8(10)
75.1(6)
75.5(5)
123.3(7)
107.5(8)
124.9(10)
126.9(9)
75.0(5)
74.5(5)
124.1(7)
108.3(8)
124.4(10)
126.2(10)
75.5(5)
75.9(5)
124.0(6)
107.2(9)
125.0(9)
127.3(9)
75.0(5)
75.2(6)
122.3(6)
109.3(9)
126.4(10)
124.2(9)
75.8(6)



C(14)-C(15)-U(1) 75.4(6) C(21)-0(1)-C(32) 111.4(8)
C(20)-C(15)-U(1) 118.0(7) C(21)-0(1)-K(1) 117.2(6)
0(3)-K(1)-0(5) 119.6(2) C(32)-0(1)-K(1) 112.4(6)
0(3)-K(1)-0(6) 175.9(2) C(22)-0(2)-C(23) 113.8(8)
0(5)-K(1)-0(6) 60.6(2) C(22)-0(2)-K(1) 115.3(6)
0(3)-K(1)-0(1) 116.2(2) C(23)-0(2)-K(1) 115.6(6)
0(5)-K(1)-0(1) 103.3(2) C(24)-0(3)-C(25) 112.9(8)
0(6)-K(1)-O(1) 60.3(2) C(24)-0(3)-K(1) 115.7(6)
0(3)-K(1)-0(4) 60.5(2) C(25)-0(3)-K(1) 116.0(6)
0(5)-K(1)-0(4) 59.6(2) C(26)-0(4)-C(27) 113.0(8)
0(6)-K(1)-O(4) 119.0(2) C(26)-0(4)-K(1) 110.0(6)
0(1)-K(1)-0(4) 124.9(2) C(27)-0(4)-K(1) 110.8(6)
0(3)-K(1)-0(2) 59.6(2) C(29)-0(5)-C(28) 114.9(9)
0(5)-K(1)-0(2) 143.94(18) C(29)-0(5)-K(1) 117.0(6)
0(6)-K(1)-0(2) 117.5(2) C(28)-0(5)-K(1) 118.7(6)
0(1)-K(1)-0(2) 57.97(19) C(31)-0(6)-C(30) 112.1(8)
0(4)-K(1)-0(2) 103.6(2) C(31)-0(6)-K(1) 114.9(6)
0(3)-K(1)-1(2) 79.27(14) C(30)-0(6)-K(1) 112.3(6)
0(5)-K(1)-1(2) 142.41(14) 0(1)-C(21)-C(22) 108.3(9)
0(6)-K(1)-1(2) 102.94(16) 0(2)-C(22)-C(21) 109.3(8)
O(1)-K(1)-1(2) 94.61(14) 0(2)-C(23)-C(24) 107.5(8)
O(A)-K(1)-1(2) 132.18(15) 0(3)-C(24)-C(23) 112.9(9)
0(2)-K(1)-1(2) 73.26(13) 0(3)-C(25)-C(26) 108.2(9)
0(3)-K(1)-1(1) 95.75(15) O(4)-C(26)-C(25) 110.8(9)
0(5)-K(1)-1(1) 69.63(13) O(4)-C(27)-C(28) 110.4(9)
0(6)-K(1)-1(1) 88.16(16) 0(5)-C(28)-C(27) 109.2(8)
O(1)-K(1)-1(1) 144.91(15) 0(5)-C(29)-C(30) 108.1(9)
O(A)-K(1)-1(1) 82.40(14) 0(6)-C(30)-C(29) 113.0(9)
0(2)-K(1)-1(1) 144.00(14) 0(6)-C(31)-C(32) 108.2(9)
12)-K(1)-1(1) 76.71(4) 0(1)-C(32)-C(31) 109.3(8)

X-ray Data Collection, Structure Solution and Refinement for 8.4.

A green crystal of approximate dimensions 0.078 x 0.111 x 0.207 mm was mounted in a

cryoloop and transferred to a Bruker SMART APEX I diffractometer. The APEX2%" program
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package and the CELL_NOWS® were used to determine the unit-cell parameters. Data was
collected using a 120 sec/frame scan time for a sphere of diffraction data. The raw frame data was
processed using SAINT® and TWINABS' to yield the reflection data file (HKLF5 format).”
Subsequent calculations were carried out using the SHELXTL™ program. There were no
systematic absences nor any diffraction symmetry other than the Friedel condition The
centrosymmetric triclinic space group P1 was assigned and later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors’2 for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. There were two molecules of the formula-
unit present and two molecules of toluene solvent. One toluene solvent was disordered and
included using multiple components, partial site-occupancy-factors, restraints and constraints. It
was necessary to assign C(3) and C(4) equivalent anisotropic displacement parameters.

Least-squares analysis yielded wR2 = 0.0999 and Goof = 1.047 for 1018 variables refined
against 17733 data (0.83A), R1 = 0.0502 for those 13835 with | > 2.05(l). The structure was
refined as a two-component twin, BASF’! = 0.16715.

Table 8.7: Bond lengths [A] and angles [°] for 8.4.

U(D)-1(2) 2518 U(1)-C(2) 2.836(9)

U(1)-1(2) 2.521 U(1)-1(2) 3.0770(9)
U(1)-C(4) 2.743(9) U(1)-1(2) 3.1147(9)
U(1)-C(5) 2.767(9) C(1)-C(2) 1.426(13)
U(1)-C(11) 2.769(9) C(1)-C(5) 1.430(13)
U(1)-C(13) 2.773(9) C(1)-C(6) 1.495(14)
U(1)-C(12) 2.784(9) C(2)-C(3) 1.419(14)
U(1)-C(2) 2.806(9) C(2)-C(7) 1.494(14)
U(1)-C(15) 2.814(9) C(3)-C(4) 1.423(14)
U(1)-C(3) 2.814(9) C(3)-C(8) 1.489(13)
U(1)-C(14) 2.816(9) C(4)-C(5) 1.412(14)
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C(4)-C(9)
C(5)-C(10)
C(11)-C(12)
C(11)-C(15)
C(11)-C(16)
C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(14)-C(19)
C(15)-C(20)
U(2)-1(3)
U(2)-1(4)
U(2)-C(33)
U(2)-C(34)
U(2)-C(32)
U(2)-C(23)
U(2)-C(25)
U(2)-C(24)
U(2)-C(22)
U(2)-C(31)
U(2)-C(21)
U(2)-C(35)
U(2)-1(4)
U(2)-1(3)
C(21)-C(22)
C(21)-C(25)
C(21)-C(26)
C(22)-C(23)
C(22)-C(27)
C(23)-C(24)
C(23)-C(28)
C(24)-C(25)
C(24)-C(29)
C(25)-C(30)

1.509(14)
1.498(13)
1.395(14)
1.422(14)
1.506(14)
1.391(14)
1.535(14)
1.401(14)
1.512(14)
1.429(14)
1.496(14)
1.487(13)
2,519
2513
2.750(10)
2.773(10)
2.781(9)
2.782(9)
2.784(9)
2.789(9)
2.804(9)
2.807(10)
2.812(10)
2.812(10)
3.0944(9)
3.1127(9)
1.402(14)
1.418(14)
1.514(14)
1.432(14)
1.506(13)
1.437(13)
1.469(14)
1.413(14)
1.499(14)
1.520(13)
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C(31)-C(35)
C(31)-C(32)
C(31)-C(36)
C(32)-C(33)
C(32)-C(37)
C(33)-C(34)
C(33)-C(38)
C(34)-C(35)
C(34)-C(39)
C(35)-C(40)
K(1)-0(2)
K(1)-0(4)
K(1)-0(6)
K(1)-0(1)
K(1)-003)
K(1)-0(5)
K(1)-N(D)
K(1)-N(2)
0(1)-C(43)
0(1)-C(42)
0(2)-C(45)
0(2)-C(44)
0(3)-C(49)
0(3)-C(48)
0(4)-C(50)
0(4)-C(51)
0(5)-C(55)
0(5)-C(54)
0(6)-C(57)
0(6)-C(56)
N(1)-C(47)
N(1)-C(41)
N(1)-C(53)
N(2)-C(46)
N(2)-C(58)
N(2)-C(52)

1.398(15)
1.428(14)
1.494(14)
1.406(14)
1.515(15)
1.407(15)
1.511(14)
1.416(15)
1.520(15)
1.508(14)
2.743(7)

2.829(7)

2.833(9)

2.846(8)

2.873(8)

2.890(8)

3.014(10)
3.016(9)

1.410(13)
1.420(15)
1.412(13)
1.439(12)
1.429(13)
1.436(13)
1.401(12)
1.409(12)
1.433(15)
1.440(15)
1.409(14)
1.415(13)
1.468(16)
1.484(14)
1.495(15)
1.458(13)
1.479(14)
1.484(13)



C(41)-C(42)
C(43)-C(44)
C(45)-C(46)
C(47)-C(48)
C(49)-C(50)
C(51)-C(52)
C(53)-C(54)
C(55)-C(56)
C(57)-C(58)
K(2)-0(9)
K(2)-O(11)
K(2)-0(8)
K(2)-O(10)
K(2)-0(12)
K(2)-0(7)
K(2)-N(3)
K(2)-N(4)
0(7)-C(61)
0(7)-C(60)
0(8)-C(62)
0(8)-C(63)
0(9)-C(67)
0(9)-C(66)
0(10)-C(68)
0(10)-C(69)
0(11)-C(72)
0(11)-C(73)
0(12)-C(74)
0(12)-C(75)
N(3)-C(65)
N(3)-C(59)
N(3)-C(71)
N(4)-C(64)
N(4)-C(70)
N(4)-C(76)
C(59)-C(60)

1.515(16)
1.505(16)
1.502(16)
1.507(17)
1.522(15)
1.502(15)
1.47(2)
1.482(17)
1.526(17)
2.793(7)
2.819(7)
2.827(7)
2.840(6)
2.844(7)
2.879(7)
2.992(9)
2.995(8)
1.426(11)
1.437(11)
1.417(11)
1.428(11)
1.426(11)
1.426(11)
1.427(11)
1.439(11)
1.429(12)
1.431(12)
1.398(12)
1.420(12)
1.455(12)
1.465(13)
1.484(13)
1.456(13)
1.476(12)
1.479(12)
1.486(15)
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C(61)-C(62)
C(63)-C(64)
C(65)-C(66)
C(67)-C(68)
C(69)-C(70)
C(71)-C(72)
C(73)-C(74)
C(75)-C(76)
C(77)-C(82)
C(77)-C(78)
C(77)-C(83)
C(78)-C(79)
C(79)-C(80)
C(80)-C(81)
C(81)-C(82)
C(84)-C(85)
C(84)-C(89)
C(84)-C(90)
C(85)-C(86)
C(86)-C(87)
C(87)-C(88)
C(88)-C(89)
C(84B)-C(85B)
C(84B)-C(89B)
C(84B)-C(90B)
C(85B)-C(86B)
C(86B)-C(87B)
C(87B)-C(88B)
C(88B)-C(89B)

Cnt1-U(1)-1(1)
Cnt1-U(1)-1(2)
Cnt2-U(1)-1(1)
Cnt2-U(1)-1(2)
Cnt1-U(1)-Cnt2
C(4)-U(1)-C(5)

1.492(14)
1.506(14)
1.518(14)
1.502(13)
1.486(13)
1.502(14)
1.490(15)
1.496(15)
1.367(18)
1.374(18)
1.459(18)
1.392(19)
1.397(18)
1.345(18)
1.450(19)
1.39(2)
1.44(3)
1.498(10)
1.35(2)
1.33(3)
1.42(3)
1.33(3)
1.3900
1.3900
1.495(10)
1.3900
1.3900
1.3900
1.3900

109.0
104.4
103.5
107.4
133.4
29.7(3)



C(4)-U(1)-C(11)
C(5)-U(1)-C(11)
C(4)-U(1)-C(13)
C(5)-U(1)-C(13)
C(11)-U(1)-C(13)
C(4)-U(1)-C(12)
C(5)-U(1)-C(12)
C(11)-U(1)-C(12)
C(13)-U(1)-C(12)
C(4)-U(1)-C(1)
C(5)-U(1)-C(1)
C(11)-U(1)-C(1)
C(13)-U(1)-C(1)
C(12)-U(1)-C(1)
C(4)-U(1)-C(15)
C(5)-U(1)-C(15)
C(11)-U(1)-C(15)
C(13)-U(1)-C(15)
C(12)-U(1)-C(15)
C(1)-U(1)-C(15)
C(4)-U(1)-C(3)
C(5)-U(1)-C(3)
C(11)-U(1)-C(3)
C(13)-U(1)-C(3)
C(12)-U(1)-C(3)
C(1)-U(1)-C(3)
C(15)-U(1)-C(3)
C(4)-U(1)-C(14)
C(5)-U(1)-C(14)
C(11)-U(1)-C(14)
C(13)-U(1)-C(14)
C(12)-U(1)-C(14)
C(1)-U(1)-C(14)
C(15)-U(1)-C(14)
C(3)-U(1)-C(14)
C(4)-U(1)-C(2)

136.9(3)
114.5(3)
110.9(3)
113.0(3)
48.3(3)
139.4(3)
132.8(3)
29.1(3)
29.0(3)
49.1(3)
29.7(3)
116.4(3)
138.6(3)
144.7(3)
107.4(3)
87.0(3)
29.5(3)
48.5(3)
48.2(3)
98.0(3)
29.6(3)
48.5(3)
162.8(3)
134.5(3)
161.8(3)
48.4(3)
134.9(3)
94.4(3)
86.7(3)
48.2(3)
29.0(3)
47.6(3)
109.7(3)
29.4(3)
123.7(3)
48.6(3)
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C(5)-U(1)-C(2)
C(11)-U(1)-C(2)
C(13)-U(1)-C(2)
C(12)-U(1)-C(2)
C(1)-U(D)-C@)
C(15)-U(1)-C(2)
C(3)-U(D)-C()
C(14)-U(1)-C(2)
C(4)-U(D)-1(2)
C()-U(D)-1(2)
C(11)-U(1)-1(2)
C(13)-U(1)-1(2)
C(12)-U(1)-1(2)
C(1)-U(D)-1(2)
C(15)-U(1)-1(2)
C(3)-U(D)-1(2)
C(14)-U(1)-1(2)
C(2)-U(1)-1(2)
C(4)-U(1)-1(1)
C(3)-U(1)-1(1)
C(11)-U(1)-1(1)
C(13)-U(1)-1(1)
C(12)-U(1)-1(1)
C(1)-U(D)-1(1)
C(15)-U(1)-1(1)
C(3)-U(1)-1(1)
C(14)-U(1)-1(1)
C(2)-U(1)-1(1)
1(2)-U(D)-1(1)
C(2)-C(1)-C()
C(2)-C(1)-C(6)
C(5)-C(1)-C(6)
C(2)-C(1)-U(@)
C()-C(H)-U@)
C(6)-C(1)-U(D)
C(3)-C(2)-C(2)

48.4(3)
141.3(3)
159.3(3)
169.2(3)
29.3(3)
127.3(3)
29.1(3)
135.1(3)
128.8(2)
118.6(2)
83.1(2)
120.2(2)
91.5(2)
88.9(2)
106.1(2)
102.7(2)
131.3(2)
80.3(2)
96.7(2)
126.4(2)
112.5(2)
81.1(2)
84.6(2)
130.68(19)
128.9(2)
83.8(2)
106.8(2)
102.6(2)
91.11(2)
107.3(9)
125.8(9)
126.8(9)
76.5(5)
73.6(5)
119.3(7)
108.2(9)



C(3)-C(2)-C(7)
C(1)-C(2)-C(7)
C(3)-C(2)-U(1)
C(1)-C(2)-U(1)
C(7)-C(2)-U(1)
C(2)-C(3)-C(4)
C(2)-C(3)-C(8)
C(4)-C(3)-C(8)
C(2)-C(3)-U(1)
C(4)-C(3)-u(1)
C(8)-C(3)-U(1)
C(5)-C(4)-C(3)
C(5)-C(4)-C(9)
C(3)-C(4)-C(9)
C(5)-C(4)-u(1)
C(3)-C(4)-u(1)
C(9)-C(4)-u(1)
C(4)-C(5)-C(2)
C(4)-C(5)-C(10)
C(1)-C(5)-C(10)
C(4)-C(5)-u(1)
C(1)-C()-u()
C(10)-C(5)-U(1)
C(12)-C(11)-C(15)
C(12)-C(11)-C(16)
C(15)-C(11)-C(16)
C(12)-C(11)-U(1)
C(15)-C(11)-U(1)
C(16)-C(11)-U(1)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(11)-C(12)-C(17)
C(13)-C(12)-U(1)
C(11)-C(12)-U(1)
C(17)-C(12)-U(1)
C(12)-C(13)-C(14)

126.1(9)
124.8(9)
74.6(5)
74.2(5)
125.3(7)
108.0(9)
126.1(9)
125.6(9)
76.3(5)
72.4(5)
121.9(6)
108.1(9)
125.9(9)
126.1(9)
76.1(5)
78.0(5)
112.5(6)
108.4(9)
127.0(9)
123.5(9)
74.2(5)
76.6(5)
125.0(6)
108.4(9)
127.8(9)
122.9(9)
76.0(5)
77.0(5)
121.8(6)
108.9(9)
126.3(10)
124.8(10)
75.1(5)
74.8(5)
116.0(6)
108.0(9)
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C(12)-C(13)-C(18)
C(14)-C(13)-C(18)
C(12)-C(13)-U(1)
C(14)-C(13)-U(1)
C(18)-C(13)-U(1)
C(13)-C(14)-C(15)
C(13)-C(14)-C(19)
C(15)-C(14)-C(19)
C(13)-C(14)-U(1)
C(15)-C(14)-U(1)
C(19)-C(14)-U(1)
C(11)-C(15)-C(14)
C(11)-C(15)-C(20)
C(14)-C(15)-C(20)
C(11)-C(15)-U(1)
C(14)-C(15)-U(1)
C(20)-C(15)-U(1)
Cnt3-U(2)-1(3)
Cnt3-U(2)-1(4)
Cnt4-U(2)-1(3)
Cnt4-U(2)-1(4)
Cnt3-U(2)-Cnt4
C(33)-U(2)-C(34)
C(33)-U(2)-C(32)
C(34)-U(2)-C(32)
C(33)-U(2)-C(23)
C(34)-U(2)-C(23)
C(32)-U(2)-C(23)
C(33)-U(2)-C(25)
C(34)-U(2)-C(25)
C(32)-U(2)-C(25)
C(23)-U(2)-C(25)
C(33)-U(2)-C(24)
C(34)-U(2)-C(24)
C(32)-U(2)-C(24)
C(23)-U(2)-C(24)

127.8(9)
123.5(10)
75.9(6)
77.2(5)
121.1(6)
108.4(9)
124.6(10)
126.3(9)
73.8(5)
75.2(5)
124.5(6)
106.1(9)
126.1(9)
127.3(9)
73.5(5)
75.4(5)
123.0(6)
104.7
104.6
106.3
103.9
133.3
29.5(3)
29.4(3)
48.2(3)
84.2(3)
94.1(3)
106.3(3)
132.6(3)
138.4(3)
146.3(3)
48.8(3)
110.0(3)
109.1(3)
135.6(3)
29.9(3)



C(25)-U(2)-C(24)
C(33)-U(2)-C(22)
C(34)-U(2)-C(22)
C(32)-U(2)-C(22)
C(23)-U(2)-C(22)
C(25)-U(2)-C(22)
C(24)-U(2)-C(22)
C(33)-U(2)-C(31)
C(34)-U(2)-C(31)
C(32)-U(2)-C(31)
C(23)-U(2)-C(31)
C(25)-U(2)-C(31)
C(24)-U(2)-C(31)
C(22)-U(2)-C(31)
C(33)-U(2)-C(21)
C(34)-U(2)-C(21)
C(32)-U(2)-C(21)
C(23)-U(2)-C(21)
C(25)-U(2)-C(21)
C(24)-U(2)-C(21)
C(22)-U(2)-C(21)
C(31)-U(2)-C(21)
C(33)-U(2)-C(35)
C(34)-U(2)-C(35)
C(32)-U(2)-C(35)
C(23)-U(2)-C(35)
C(25)-U(2)-C(35)
C(24)-U(2)-C(35)
C(22)-U(2)-C(35)
C(31)-U(2)-C(35)
C(21)-U(2)-C(35)
C(33)-U(2)-1(4)

C(34)-U(2)-1(4)

C(32)-U(2)-1(4)

C(23)-U(2)-1(4)

C(25)-U(2)-1(4)

29.4(3)
88.7(3)
110.3(3)
98.3(3)
29.7(3)
48.4(3)
48.8(3)
48.9(3)
48.2(3)
29.6(3)
133.0(3)
171.5(3)
156.9(3)
127.7(3)
116.6(3)
139.0(3)
118.7(3)
48.4(3)
29.4(3)
48.4(3)
28.9(3)
143.0(3)
48.6(3)
29.4(3)
48.0(3)
123.3(3)
159.7(3)
133.0(3)
137.0(3)
28.8(3)
165.0(3)
119.5(2)
90.0(2)
127.1(2)
107.5(2)
85.7(2)

324

C(24)-U(2)-1(4)
C(22)-U(2)-1(4)
C(31)-U(2)-1(4)
C(21)-U(2)-1(4)
C(35)-U(2)-1(4)
C(33)-U(2)-1(3)
C(34)-U(2)-1(3)
C(32)-U(2)-1(3)
C(23)-U(2)-1(3)
C(25)-U(2)-1(3)
C(24)-U(2)-1(3)
C(22)-U(2)-1(3)
C(31)-U(2)-1(3)
C(21)-U(2)-1(3)
C(35)-U(2)-1(3)
1(4)-U(2)-1(3)
C(22)-C(21)-C(25)
C(22)-C(21)-C(26)
C(25)-C(21)-C(26)
C(22)-C(21)-U(2)
C(25)-C(21)-U(2)
C(26)-C(21)-U(2)
C(21)-C(22)-C(23)
C(21)-C(22)-C(27)
C(23)-C(22)-C(27)
C(21)-C(22)-U(2)
C(23)-C(22)-U(2)
C(27)-C(22)-U(2)
C(22)-C(23)-C(24)
C(22)-C(23)-C(28)
C(24)-C(23)-C(28)
C(22)-C(23)-U(2)
C(24)-C(23)-U(2)
C(28)-C(23)-U(2)
C(25)-C(24)-C(23)
C(25)-C(24)-C(29)

81.59(19)
129.8(2)
100.4(2)
114.2(2)

79.4(2)
119.8(2)
130.4(2)

90.6(2)
127.9(2)

91.1(2)
120.4(2)
100.5(2)

82.2(2)

80.0(2)
104.8(2)

99.17(2)
108.6(9)
124.6(9)
126.3(9)

75.2(6)

74.2(6)
123.2(6)
108.2(9)
124.8(10)
126.9(9)

75.8(6)

74.3(5)
119.9(6)
107.2(9)
129.2(9)
122.4(10)

76.0(5)

75.3(5)
124.3(7)
107.7(9)
127.6(9)



C(23)-C(24)-C(29)
C(25)-C(24)-U(2)
C(23)-C(24)-U(2)
C(29)-C(24)-U(2)
C(24)-C(25)-C(21)
C(24)-C(25)-C(30)
C(21)-C(25)-C(30)
C(24)-C(25)-U(2)
C(21)-C(25)-U(2)
C(30)-C(25)-U(2)
C(35)-C(31)-C(32)
C(35)-C(31)-C(36)
C(32)-C(31)-C(36)
C(35)-C(31)-U(2)
C(32)-C(31)-U(2)
C(36)-C(31)-U(2)
C(33)-C(32)-C(31)
C(33)-C(32)-C(37)
C(31)-C(32)-C(37)
C(33)-C(32)-U(2)
C(31)-C(32)-U(2)
C(37)-C(32)-U(2)
C(32)-C(33)-C(34)
C(32)-C(33)-C(38)
C(34)-C(33)-C(38)
C(32)-C(33)-U(2)
C(34)-C(33)-U(2)
C(38)-C(33)-U(2)
C(33)-C(34)-C(35)
C(33)-C(34)-C(39)
C(35)-C(34)-C(39)
C(33)-C(34)-U(2)
C(35)-C(34)-U(2)
C(39)-C(34)-U(2)
C(31)-C(35)-C(34)
C(31)-C(35)-C(40)

124.4(9)
75.1(5)
74.8(5)

121.0(7)

108.2(8)

126.4(9)

125.1(10)
75.5(5)
76.4(5)

119.2(6)

107.3(9)

127.0(10)

125.3(10)
75.8(6)
74.2(5)

122.1(7)

108.5(9)

125.7(9)

125.7(10)
74.1(6)
76.2(5)

117.3(7)

107.4(9)

124.2(10)

126.3(10)
76.5(6)
76.1(6)

126.4(7)

108.5(9)

127.1(10)

124.2(11)
74.4(6)
76.9(6)

119.1(7)

108.3(9)

123.2(10)
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C(34)-C(35)-C(40)
C(31)-C(35)-U(2)
C(34)-C(35)-U(2)
C(40)-C(35)-U(2)
0(2)-K(1)-0(4)
0(2)-K(1)-0(6)
O(4)-K(1)-0(6)
0(2)-K(1)-0(1)
O(4)-K(1)-0(1)
0O(6)-K(1)-0(1)
0(2)-K(1)-0(3)
O(4)-K(1)-0(3)
0O(6)-K(1)-0(3)
O(1)-K(1)-0(3)
0(2)-K(1)-0(5)
O(4)-K(1)-0(5)
0O(6)-K(1)-0(5)
O(1)-K(1)-0(5)
O(3)-K(1)-0(5)
O(2)-K(1)-N(1)
O(4)-K(1)-N(1)
O(6)-K(1)-N(1)
O(1)-K(1)-N(1)
O(3)-K(1)-N(1)
O(5)-K(1)-N(1)
O(2)-K(1)-N(2)
O(4)-K(1)-N(2)
O(6)-K(1)-N(2)
O(1)-K(1)-N(2)
O(3)-K(1)-N(2)
O(5)-K(1)-N(2)
N(1)-K(1)-N(2)
C(43)-0(1)-C(42)
C(43)-0(1)-K(1)
C(42)-0(1)-K(1)
C(45)-0(2)-C(44)

127.8(11)
75.4(6)
73.8(6)

124.4(7)

100.3(2)
92.2(2)
99.8(2)
60.6(2)

136.1(2)

118.7(2)

124.6(2)
60.0(2)

139.0(2)
96.9(2)

127.1(2)

125.8(2)
58.7(3)
93.7(2)

102.2(2)

120.4(2)

119.0(3)

120.0(3)
60.0(2)
59.7(3)
61.5(3)
60.3(2)
61.0(2)
59.4(2)

120.7(2)

120.4(2)

117.9(3)

179.2(3)

110.9(8)

111.5(6)

115.0(6)

112.0(8)



C(45)-0(2)-K(1)
C(44)-0(2)-K(1)
C(49)-0(3)-C(48)
C(49)-0(3)-K(1)
C(48)-0(3)-K(1)
C(50)-0(4)-C(51)
C(50)-0(4)-K(1)
C(51)-0(4)-K(1)
C(55)-0(5)-C(54)
C(55)-0(5)-K(1)
C(54)-0(5)-K(1)
C(57)-0(6)-C(56)
C(57)-0(6)-K(1)
C(56)-0(6)-K(1)
C(47)-N(1)-C(41)
C(47)-N(1)-C(53)
C(41)-N(1)-C(53)
C(47)-N(1)-K(1)
C(41)-N(1)-K(1)
C(53)-N(1)-K(1)
C(46)-N(2)-C(58)
C(46)-N(2)-C(52)
C(58)-N(2)-C(52)
C(46)-N(2)-K(1)
C(58)-N(2)-K(1)
C(52)-N(2)-K(1)
N(1)-C(41)-C(42)
0(1)-C(42)-C(41)
O(1)-C(43)-C(44)
0(2)-C(44)-C(43)
0(2)-C(45)-C(46)
N(2)-C(46)-C(45)
N(L)-C(47)-C(48)
0(3)-C(48)-C(47)
0(3)-C(49)-C(50)
O(4)-C(50)-C(49)

121.2(6)
118.1(6)
110.2(8)
114.0(6)
114.3(7)
110.8(8)
114.2(6)
115.6(6)
112.3(10)
109.2(6)
112.9(7)
113.7(9)
117.5(7)
119.5(8)
108.9(10)
109.9(10)
109.9(9)
111.1(6)
110.1(7)
106.8(7)
110.1(8)
110.8(8)
108.8(8)
107.8(6)
111.5(7)
107.9(6)
113.0(9)
107.5(10)
110.7(9)
107.1(9)
109.7(9)
113.8(10)
113.7(10)
107.6(9)
108.3(9)
109.1(9)
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0(4)-C(51)-C(52)
N(2)-C(52)-C(51)
C(54)-C(53)-N(1)
0(5)-C(54)-C(53)
0(5)-C(55)-C(56)
0(6)-C(56)-C(55)
0(6)-C(57)-C(58)
N(2)-C(58)-C(57)
0(9)-K(2)-0(11)
0(9)-K(2)-0(8)
0(11)-K(2)-0(8)
0(9)-K(2)-0(10)
0(11)-K(2)-0(10)
0(8)-K(2)-0(10)
0(9)-K(2)-0(12)
O(11)-K(2)-0(12)
0(8)-K(2)-0(12)
0(10)-K(2)-0(12)
0(9)-K(2)-0(7)
0(11)-K(2)-0(7)
0(8)-K(2)-0(7)
0(10)-K(2)-0(7)
0(12)-K(2)-0(7)
0(9)-K(2)-N(3)
O(11)-K(2)-N(3)
0(8)-K(2)-N(3)
0(10)-K(2)-N(3)
0(12)-K(2)-N(3)
O(7)-K(2)-N(3)
0(9)-K(2)-N(4)
O(11)-K(2)-N(4)
0O(8)-K(2)-N(4)
0(10)-K(2)-N(4)
0(12)-K(2)-N(4)
O(7)-K(2)-N(4)
N(3)-K(2)-N(4)

110.1(8)
112.9(8)
114.3(11)
109.9(11)
109.5(9)
108.6(10)
108.6(9)
112.4(9)
94.1(2)
119.4(2)
142.5(2)
60.02(19)
115.2(2)
97.07(19)
130.1(2)
58.7(2)
103.6(2)
92.5(2)
98.98(19)
101.5(2)
59.67(19)
137.8(2)
125.4(2)
61.1(2)
60.6(2)
119.4(2)
120.3(2)
118.7(2)
60.8(2)
120.0(2)
118.6(2)
60.5(2)
60.7(2)
60.4(2)
118.9(2)
178.9(2)



C(61)-0(7)-C(60)
C(61)-0(7)-K(2)
C(60)-0(7)-K(2)
C(62)-0(8)-C(63)
C(62)-0(8)-K(2)
C(63)-0(8)-K(2)
C(67)-0(9)-C(66)
C(67)-0(9)-K(2)
C(66)-0(9)-K(2)
C(68)-0(10)-C(69)
C(68)-0(10)-K(2)
C(69)-0(10)-K(2)
C(72)-0(11)-C(73)
C(72)-0(11)-K(2)
C(73)-0(11)-K(2)
C(74)-0(12)-C(75)
C(74)-0(12)-K(2)
C(75)-0(12)-K(2)
C(65)-N(3)-C(59)
C(65)-N(3)-C(71)
C(59)-N(3)-C(71)
C(65)-N(3)-K(2)
C(59)-N(3)-K(2)
C(71)-N(3)-K(2)
C(64)-N(4)-C(70)
C(64)-N(4)-C(76)
C(70)-N(4)-C(76)
C(64)-N(4)-K(2)
C(70)-N(4)-K(2)
C(76)-N(4)-K(2)
N(3)-C(59)-C(60)
0(7)-C(60)-C(59)
0(7)-C(61)-C(62)
0(8)-C(62)-C(61)
0(8)-C(63)-C(64)
N(4)-C(64)-C(63)

110.7(7)
111.9(5)
115.4(6)
110.5(7)
116.4(5)
114.9(5)
110.6(7)
116.5(5)
117.4(5)
110.8(7)
113.9(5)
115.5(5)
110.9(8)
115.4(6)
118.0(6)
112.3(8)
115.1(6)
119.5(6)
110.4(8)
110.1(8)
109.3(8)
108.2(5)
109.0(6)
109.8(6)
109.2(8)
110.2(8)
111.1(8)
109.7(6)
109.0(5)
107.7(6)
115.2(9)
109.8(8)
108.7(8)
109.8(8)
108.6(8)
113.2(8)
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N(3)-C(65)-C(66)

0(9)-C(66)-C(65)

0(9)-C(67)-C(68)

0(10)-C(68)-C(67)
0(10)-C(69)-C(70)
N(4)-C(70)-C(69)

N(3)-C(71)-C(72)

0(11)-C(72)-C(71)
0(11)-C(73)-C(74)
0(12)-C(74)-C(73)
0(12)-C(75)-C(76)
N(4)-C(76)-C(75)

C(82)-C(77)-C(78)
C(82)-C(77)-C(83)
C(78)-C(77)-C(83)
C(77)-C(78)-C(79)
C(78)-C(79)-C(80)
C(81)-C(80)-C(79)
C(80)-C(81)-C(82)
C(77)-C(82)-C(81)
C(85)-C(84)-C(89)
C(85)-C(84)-C(90)
C(89)-C(84)-C(90)
C(86)-C(85)-C(84)
C(87)-C(86)-C(85)
C(86)-C(87)-C(88)
C(89)-C(88)-C(87)
C(88)-C(89)-C(84)

113.9(8)
108.6(8)
108.7(8)
109.0(8)
108.5(8)
114.2(8)
113.6(8)
108.4(8)
108.9(8)
109.0(8)
109.7(9)
114.4(9)
117.3(14)
120.8(14)
121.8(14)
122.7(14)
119.8(14)
119.0(14)
120.3(14)
120.8(13)
116.7(14)
123.7(16)
119.5(17)
123.6(16)
118(2)
123(2)
119(2)
120(2)

C(85B)-C(84B)-C(89B) 120.0
C(85B)-C(84B)-C(90B) 119.9(4)
C(89B)-C(84B)-C(90B) 120.1(4)
C(84B)-C(85B)-C(86B) 120.0
C(87B)-C(86B)-C(85B) 120.0
C(86B)-C(87B)-C(88B) 120.0
C(89B)-C(88B)-C(87B) 120.0
C(88B)-C(89B)-C(84B) 120.0



X-ray Data Collection, Structure Solution and Refinement for 8.5.

A green crystal of approximate dimensions 0.082 x 0.131 x 0.241 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX I diffractometer. The APEX2%" program
package was used to determine the unit-cell parameters and for data collection (90 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINT® and
SADABS" to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL" program. The diffraction symmetry was 2/m and the systematic absences were
consistent with the monoclinic space group P2:/n that was later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors’2 for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model.

Least-squares analysis yielded wR2 = 0.1033 and Goof = 1.031 for 407 variables refined
against 7433 data (0.83 A), R1 = 0.0409 for those 5344 data with | > 2.05(1).

Table 8.8: Bond lengths [A] and angles [°] for 8.5.

U(1)-Cntl 2518 C(1)-C(5) 1.423(10)
U(1)-Cnt2 2515 C(1)-C(2) 1.426(10)
U(1)-C(3) 2.764(7) C(1)-C(6) 1.495(10)
U(1)-C(11) 2.769(7) C(2)-C(3) 1.388(10)
U(1)-C(12) 2.770(7) C(2)-C(7) 1.506(11)
U(1)-C(2) 2.777(7) C(3)-C(4) 1.407(10)
U(1)-C(15) 2.789(7) C(3)-C(8) 1.545(10)
U(1)-C(13) 2.793(7) C(4)-C(5) 1.434(11)
U(1)-C(4) 2.797(7) C(4)-C(9) 1.498(10)
U(1)-C(1) 2.801(7) C(5)-C(10) 1.505(10)
U(1)-C(5) 2.817(7) C(11)-C(12) 1.419(10)
U(1)-C(14) 2.830(7) C(11)-C(15) 1.422(11)
U(L)-1(2) 3.1098(7) C(11)-C(16) 1.501(11)
U(L)-1(1) 3.1242(7) C(12)-C(13) 1.410(10)
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C(12)-C(17)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(14)-C(19)
C(15)-C(20)
Li(1)-0(2)
Li(1)-0(3)
Li(1)-0(4)
Li(1)-0(1)
0(1)-C(24)
0(1)-C(21)
0(2)-C(25)
0(2)-C(28)
0(3)-C(29)
0(3)-C(32)
O(4)-C(36)
0(4)-C(33)
C(21)-C(22)
C(22)-C(23)
C(23)-C(24)
C(25)-C(26)
C(26)-C(27)
C(27)-C(28)
C(29)-C(30)
C(30)-C(31)
C(31)-C(32)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)

Cnt1-U(1)-1(1)
Cnt1-U(1)-1(2)
Cnt2-U(1)-1(1)
Cnt2-U(1)-1(2)
Cnt1-U(1)-Cnt2

1.507(10)
1.423(11)
1.528(10)
1.428(11)
1.494(11)
1.501(11)
1.899(14)
1.904(14)
1.921(14)
1.939(14)
1.440(10)
1.456(9)

1.437(10)
1.441(9)

1.437(9)

1.447(9)

1.411(10)
1.446(10)
1.527(11)
1.506(11)
1.500(11)
1.484(12)
1.500(11)
1.526(12)
1.513(12)
1.522(11)
1.500(10)
1.484(15)
1.530(14)
1.495(14)

105.8
104.4
105.4
106.0
133.7
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C(3)-U(1)-C(11)
C(3)-U(1)-C(12)
C(11)-U(1)-C(12)
C(3)-U(1)-C(2)
C(11)-U(1)-C(2)
C(12)-U(1)-C(2)
C(3)-U(1)-C(15)
C(11)-U(1)-C(15)
C(12)-U(1)-C(15)
C(2)-U(1)-C(15)
C(3)-U(1)-C(13)
C(11)-U(1)-C(13)
C(12)-U(1)-C(13)
C(2)-U(1)-C(13)
C(15)-U(1)-C(13)
C(3)-U(1)-C(4)
C(11)-U(1)-C(4)
C(12)-U(1)-C(4)
C(2)-U(1)-C(4)
C(15)-U(1)-C(4)
C(13)-U(1)-C(4)
C(3)-U(1)-C(1)
C(11)-U(1)-C(1)
C(12)-U(1)-C(1)
C(2)-U(1)-C(1)
C(15)-U(1)-C(1)
C(13)-U(1)-C(1)
C(4)-U(1)-C(1)
C(3)-U(1)-C(5)
C(11)-U(1)-C(5)
C(12)-U(1)-C(5)
C(2)-U(1)-C(5)
C(15)-U(1)-C(5)
C(13)-U(1)-C(5)
C(4)-U(1)-C(5)
C(1)-U(1)-C(5)

141.6(2)
115.0(2)
29.7(2)
29.0(2)
147.0(2)
134.0(2)
159.5(2)
29.6(2)
48.9(2)
171.0(2)
111.1(2)
48.5(2)
29.4(2)
139.4(2)
48.4(2)
29.3(2)
112.4(2)
87.5(2)
48.7(2)
136.2(2)
92.5(2)
48.0(2)
117.7(2)
113.3(2)
29.6(2)
144.0(2)
134.3(2)
48.6(2)
48.1(2)
100.6(2)
86.7(2)
48.7(2)
130.2(2)
105.0(2)
29.6(2)
29.3(2)



C(3)-U(1)-C(14)
C(11)-U(1)-C(14)
C(12)-U(1)-C(14)
C(2)-U(1)-C(14)
C(15)-U(1)-C(14)
C(13)-U(1)-C(14)
C(4)-U(1)-C(14)
C(1)-U(1)-C(14)
C(5)-U(1)-C(14)
C(3)-U(1)-1(2)
C(11)-U(1)-1(2)
C(12)-U(1)-1(2)
C(2)-U(1)-1(2)
C(15)-U(1)-1(2)
C(13)-U(1)-1(2)
C(4)-U(1)-1(2)
C(1)-U(D)-1(2)
C(5)-U(1)-1(2)
C(14)-U(1)-1(2)
C(3)-U(1)-1(1)
C(11)-U(1)-1(1)
C(12)-U(1)-1(1)
C(2)-U(1)-1(1)
C(15)-U(1)-1(1)
C(13)-U(1)-1(1)
C(4)-U(1)-1(1)
C(1)-U(1)-1(1)
C(5)-U(1)-1(1)
C(14)-U(1)-1(1)
1(2)-U(D)-1(1)
C(5)-C(1)-C(2)
C(5)-C(1)-C(6)
C(2)-C(1)-C(6)
C(5)-C(1)-u(1)
C(2)-C(1)-u(1)
C(6)-C(1)-U(1)

132.2(2)
48.6(2)
48.7(2)

159.5(2)
29.4(2)
29.3(2)

120.6(2)

161.9(2)

133.5(2)

117.68(16)
87.42(15)

116.23(15)
88.76(16)
82.84(16)

130.95(15)

128.75(15)
80.18(15)

103.10(16)

108.08(17)
82.87(15)

125.88(16)

124.97(14)
87.10(15)
96.95(16)
95.98(15)

107.51(15)

115.94(15)

130.77(15)
79.96(15)
95.05(2)

108.2(7)

123.8(7)

127.2(7)
76.0(4)
74.3(4)

124.0(5)

330

C(3)-C(2)-C(1)
C(3)-C(2)-C(7)
C(1)-C(2)-C(7)
C(3)-C(2)-U(1)
C(1)-C(2)-U(1)
C(7)-C(2)-U(1)
C(2)-C(3)-C(4)
C(2)-C(3)-C(8)
C(4)-C(3)-C(8)
C(2)-C(3)-U(1)
C(4)-C(3)-U(1)
C(8)-C(3)-U(1)
C(3)-C(4)-C(5)
C(3)-C(4)-C(9)
C(5)-C(4)-C(9)
C(3)-C(4)-U(1)
C(5)-C(4)-U(1)
C(9)-C(4)-U(1)
C(1)-C(5)-C(4)
C(1)-C(5)-C(10)
C(4)-C(5)-C(10)
C(1)-C(5)-U(1)
C(4)-C(5)-U(1)
C(10)-C(5)-U(L)
C(12)-C(11)-C(15)
C(12)-C(11)-C(16)
C(15)-C(11)-C(16)
C(12)-C(11)-U(1)
C(15)-C(11)-U(1)
C(16)-C(11)-U(1)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(11)-C(12)-C(17)
C(13)-C(12)-U(1)
C(11)-C(12)-U(1)
C(17)-C(12)-U(1)

107.0(7)
127.0(7)
125.9(7)
75.0(4)
76.1(4)
115.6(5)
110.7(7)
125.5(7)
123.5(7)
76.0(4)
76.7(4)
119.9(5)
106.5(6)
125.9(7)
126.9(7)
74.0(4)
76.0(4)
122.5(5)
107.5(6)
123.5(7)
128.2(7)
74.7(4)
74.4(4)
124.5(5)
108.2(6)
125.6(7)
125.9(7)
75.2(4)
75.9(4)
119.6(5)
107.6(6)
125.9(7)
125.4(7)
76.2(4)
75.1(4)
124.0(5)



C(12)-C(13)-C(14) 109.2(7) C(21)-0(1)-Li(1) 122.7(6)

C(12)-C(13)-C(18) 126.7(7) C(25)-0(2)-C(28) 106.3(6)
C(14)-C(13)-C(18) 123.8(7) C(25)-0(2)-Li(1) 124.7(6)
C(12)-C(13)-U(1) 74.4(4) C(28)-0(2)-Li(1) 126.9(6)
C(14)-C(13)-U(1) 76.8(4) C(29)-0(3)-C(32) 108.4(6)
C(18)-C(13)-U(1) 120.9(5) C(29)-0(3)-Li(1) 122.9(6)
C(13)-C(14)-C(15) 106.9(6) C(32)-0(3)-Li(1) 125.5(6)
C(13)-C(14)-C(19) 125.9(8) C(36)-0(4)-C(33) 105.5(7)
C(15)-C(14)-C(19) 126.6(8) C(36)-0(4)-Li(1) 128.6(6)
C(13)-C(14)-U(1) 73.9(4) C(33)-0(4)-Li(1) 121.1(7)
C(15)-C(14)-U(1) 73.7(4) 0(1)-C(21)-C(22) 105.4(6)
C(19)-C(14)-U(1) 125.2(5) C(23)-C(22)-C(21) 104.3(7)
C(11)-C(15)-C(14) 108.1(7) C(24)-C(23)-C(22) 102.1(7)
C(11)-C(15)-C(20) 126.3(7) 0(1)-C(24)-C(23) 105.5(7)
C(14)-C(15)-C(20) 125.1(7) 0(2)-C(25)-C(26) 107.2(7)
C(11)-C(15)-U(1) 74.4(4) C(25)-C(26)-C(27) 107.1(8)
C(14)-C(15)-U(1) 76.9(4) C(26)-C(27)-C(28) 103.1(7)
C(20)-C(15)-U(1) 121.5(5) 0(2)-C(28)-C(27) 105.2(7)
0(2)-Li(1)-0(3) 108.5(7) 0(3)-C(29)-C(30) 104.5(7)
0(2)-Li(1)-0(4) 111.7(7) C(29)-C(30)-C(31) 102.7(7)
0(3)-Li(1)-0(4) 105.1(6) C(32)-C(31)-C(30) 103.9(6)
0(2)-Li(1)-0(1) 110.9(7) 0(3)-C(32)-C(31) 107.8(6)
0(3)-Li(1)-0(1) 114.0(7) 0(4)-C(33)-C(34) 106.7(8)
O(4)-Li(1)-0(1) 106.6(7) C(33)-C(34)-C(35) 105.4(9)
C(24)-0(1)-C(21) 109.2(6) C(36)-C(35)-C(34) 102.5(8)
C(24)-0(1)-Li(1) 119.9(6) 0(4)-C(36)-C(35) 105.8(8)

X-ray Data Collection, Structure Solution and Refinement for 8.7.

A green crystal of approximate dimensions 0.088 x 0.198 x 0.320 mm was mounted on a
glass fiber and transferred to a Bruker SMART APEX Il diffractometer. The APEX2%" program
package was used to determine the unit-cell parameters and for data collection (20 sec/frame scan
time for a sphere of diffraction data). The raw frame data was processed using SAINT® and

SADABS" to yield the reflection data file. Subsequent calculations were carried out using the
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SHELXTL" program. There were no systematic absences nor any diffraction symmetry other
than the Friedel condition. The centrosymmetric triclinic space group P1 was assigned and later
determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors’2 for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. The molecule was located about an inversion
center. C(38) and H(37A) were disordered and included with partial site-occupancy-factors.
There were two molecules of toluene solvent present. The toluene solvents were disordered and
included using multiple components with partial site occupancy factors.

Least-squares analysis yielded wR2 = 0.0631 and Goof = 1.045 for 584 variables refined
against 13992 data (0.73 A), R1 = 0.0261 for those 12561 data with | > 2.05(l).

Table 8.9: Bond lengths [A] and angles [°] for 8.7.

U(1)-Cntl 2.497 Si(1)-C(8) 1.870(4)
U(1)-Cnt2 2513 Si(1)-C(6) 1.871(3)
U(1)-C(5) 2.753(3) Si(3)-C(12) 1.862(3)
U(1)-C(1) 2.758(3) Si(3)-C(17) 1.862(4)
U(1)-C(15) 2.767(3) Si(3)-C(18) 1.865(4)
U(1)-C(2) 2.770(3) Si(3)-C(19) 1.865(4)
U(1)-C(16) 2.774(3) Si(2)-C(3) 1.863(3)
U(1)-C(4) 2.779(3) Si(2)-C(11) 1.865(4)
U(1)-C(14) 2.788(3) Si(2)-C(9) 1.867(4)
U(1)-C(13) 2.800(3) Si(2)-C(10) 1.881(4)
U(1)-C(12) 2.810(3) Si(4)-C(21) 1.858(4)
U(1)-C(3) 2.812(3) Si(4)-C(22) 1.861(5)
U(L)-1(2) 3.0711(3) Si(4)-C(14) 1.866(3)
U(L)-1(2) 3.1206(2) Si(4)-C(20) 1.872(5)
1(1)-K (1) 3.5777(8) C(1)-C(2) 1.425(4)
Si(1)-C(1) 1.860(3) C(1)-C(5) 1.429(4)
Si(1)-C(7) 1.870(3) C(2)-C(3) 1.414(4)
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C(3)-C(4)
C(4)-C(5)
C(12)-C(13)
C(12)-C(16)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
K(1)-O(6)
K(1)-0(2)
K(1)-O(4)
K(1)-0(3)
K(1)-0(5)
K(1)-O(1)
K(1)-C(35)
0(1)-C(23)
0(1)-C(34)
0(2)-C(25)
0(2)-C(24)
0(3)-C(27)
0(3)-C(26)
0(4)-C(29)
O(4)-C(28)
0(5)-C(31)
0(5)-C(30)
0(6)-C(33)
0(6)-C(32)
C(23)-C(24)
C(25)-C(26)
C(27)-C(28)
C(29)-C(30)
C(31)-C(32)
C(33)-C(34)
C(35)-C(36)

C(35)-C(37)#1

C(36)-C(37)

C(37)-C(35)#1

1.431(4)
1.406(4)
1.416(4)
1.432(4)
1.426(4)
1.425(5)
1.404(4)
2.750(3)
2.774(2)
2.781(3)
2.792(2)
2.821(3)
2.833(2)
3.408(4)
1.414(4)
1.416(4)
1.414(4)
1.426(5)
1.414(5)
1.442(5)
1.412(6)
1.431(5)
1.407(6)
1.443(6)
1.399(5)
1.423(5)
1.490(6)
1.477(6)
1.488(8)
1.471(8)
1.490(7)
1.498(6)
1.354(7)
1.383(7)
1.385(7)
1.383(7)
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C(37)-C(38)
C(39)-C(47)
C(39)-C(48)
C(39)-C(40)
C(39)-C(44)
C(39)-C(45)
C(39)-C(46)
C(39)-C(49)
C(39)-C(51)
C(39)-C(50)
C(40)-C(51)
C(40)-C(50)
C(40)-C(41)
C(40)-C(46)
C(40)-C(49)
C(41)-C(51)
C(41)-C(42)
C(41)-C(46)
C(42)-C(52)
C(42)-C(46)
C(42)-C(43)
C(42)-C(51)
C(43)-C(52)
C(43)-C(46)
C(43)-C(44)
C(43)-C(47)
C(44)-C(47)
C(44)-C(46)
C(44)-C(48)
C(45)-C(48)
C(45)-C(49)
C(45)-C(47)
C(46)-C(47)
C(46)-C(51)
C(46)-C(52)
C(47)-C(48)

1.405(9)
0.984(11)
1.013(9)
1.3900
1.3900
1.457(7)
1.458(9)
1.498(11)
1.829(9)
1.844(11)
0.791(12)
1.039(11)
1.3900
1.556(10)
1.825(12)
0.919(13)
1.3900
1.505(9)
0.760(13)
1.348(9)
1.3900
1.945(11)
0.822(12)
1.234(10)
1.3900
1.799(11)
0.501(13)
1.295(9)
1.852(12)
0.629(16)
1.144(17)
1.994(14)
1.3900
1.3900
1.467(7)
1.3900



C(48)-C(49)
C(49)-C(50)
C(50)-C(51)

Cnt1-U(1)-1(1)
Cnt1-U(1)-1(2)
Cnt2-U(1)-1(1)
Cnt2-U(L)-1(2)
Cnt1-U(L)-Cnt2
C(5)-U(1)-C(1)
C(5)-U(1)-C(15)
C(1)-U(1)-C(15)
C(5)-U(1)-C(2)
C(1)-U(1)-C(2)
C(15)-U(1)-C(2)
C(5)-U(1)-C(16)
C(1)-U(1)-C(16)
C(15)-U(1)-C(16)
C(2)-U(1)-C(16)
C(5)-U(1)-C(4)
C(1)-U(1)-C(4)
C(15)-U(1)-C(4)
C(2)-U(1)-C(4)
C(16)-U(1)-C(4)
C(5)-U(1)-C(14)
C(1)-U(1)-C(14)
C(15)-U(1)-C(14)
C(2)-U(1)-C(14)
C(16)-U(1)-C(14)
C(4)-U(1)-C(14)
C(5)-U(1)-C(13)
C(1)-U(1)-C(13)
C(15)-U(1)-C(13)
C(2)-U(1)-C(13)
C(16)-U(1)-C(13)
C(4)-U(1)-C(13)

1.3900
1.3900
1.3900

104.2
110.9
114.7
103.7
1245
30.06(8)
73.67(8)
85.40(9)
48.44(8)
29.86(8)
115.16(9)
91.65(9)
89.61(9)
29.35(9)
116.58(9)
29.45(9)
49.30(9)
95.35(9)
48.09(8)
118.99(9)
89.45(8)
110.39(9)
29.73(10)
137.53(9)
49.10(10)
99.29(8)
118.21(8)
133.07(9)
48.00(9)
162.90(9)
48.04(9)
127.62(8)
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C(14)-U(1)-C(13)
C(5)-U(1)-C(12)
C(1)-U(1)-C(12)
C(15)-U(1)-C(12)
C(2)-U(1)-C(12)
C(16)-U(1)-C(12)
C(4)-U(1)-C(12)
C(14)-U(1)-C(12)
C(13)-U(1)-C(12)
C(5)-U(1)-C(3)
C(1)-U(1)-C(3)
C(15)-U(1)-C(3)
C(2)-U(1)-C(3)
C(16)-U(1)-C(3)
C(4)-U(1)-C(3)
C(14)-U(1)-C(3)
C(13)-U(1)-C(3)
C(12)-U(1)-C(3)
C(5)-U(1)-1(2)
C(1)-U(1)-1(2)
C(15)-U(1)-1(2)
C(2)-U(1)-1(2)
C(16)-U(1)-1(2)
C(4)-U(1)-1(2)
C(14)-U(1)-1(2)
C(13)-U(1)-1(2)
C(12)-U(1)-1(2)
C(3)-U(1)-1(2)
C(5)-U(1)-1(1)
C(1)-U(1)-1(1)
C(15)-U(1)-1(1)
C(2)-U(1)-1(1)
C(16)-U(1)-1(1)
C(4)-U(1)-1(1)
C(14)-U(1)-1(1)
C(13)-U(1)-1(1)

29.56(8)
120.27(8)
118.18(9)

48.81(8)
141.07(9)

29.70(8)
144.07(8)

49.43(9)

29.25(9)

49.10(9)

49.77(9)
122.32(9)

29.34(9)
138.27(9)

29.66(8)
128.69(8)
155.08(9)
167.83(9)
118.05(6)
137.34(6)
116.85(7)
114.83(6)
128.12(7)

90.68(6)

87.25(7)

80.08(7)
102.96(6)

88.56(6)
125.24(6)

96.36(6)
130.24(7)

79.03(6)
100.92(7)
123.04(6)
137.53(6)
109.15(6)



C(12)-U(1)-1(1)
C(3)-U(1)-1(1)
12)-U(1)-1(2)
U(L)-1(1)-K(1)
C(1)-Si(1)-C(7)
C(1)-Si(1)-C(8)
C(7)-Si(1)-C(8)
C(1)-Si(1)-C(6)
C(7)-Si(1)-C(6)
C(8)-Si(1)-C(6)
C(12)-Si(3)-C(17)
C(12)-Si(3)-C(18)
C(17)-Si(3)-C(18)
C(12)-Si(3)-C(19)
C(17)-Si(3)-C(19)
C(18)-Si(3)-C(19)
C(3)-Si(2)-C(11)
C(3)-Si(2)-C(9)
C(11)-Si(2)-C(9)
C(3)-Si(2)-C(10)
C(11)-Si(2)-C(10)
C(9)-Si(2)-C(10)
C(21)-Si(4)-C(22)
C(21)-Si(4)-C(14)
C(22)-Si(4)-C(14)
C(21)-Si(4)-C(20)
C(22)-Si(4)-C(20)
C(14)-Si(4)-C(20)
C(2)-C(1)-C(5)
C(2)-C(1)-Si(1)
C(5)-C(1)-Si(1)
C(2)-C(1)-U(1)
C(5)-C(1)-U(1)
Si(1)-C(1)-U(1)
C(3)-C(2)-C(1)
C(3)-C(2)-U(1)

89.15(6)
93.78(6)
94.948(8)
167.385(14)
110.24(15)
110.75(15)
110.72(19)
108.86(16)
109.09(17)
107.10(17)
108.97(16)
109.50(15)
108.1(2)
109.71(16)
107.8(2)
112.71(17)
109.81(15)
111.44(16)
111.2(2)
107.70(17)
108.40(18)
108.2(2)
109.2(2)
112.95(15)
108.57(17)
108.4(2)
108.9(3)
108.7(2)
105.1(2)
125.0(2)
129.3(2)
75.53(15)
74.78(15)
121.65(13)
111.3(3)
76.95(15)
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C(1)-C(2)-u(1)
C(2)-C(3)-C(4)
C(2)-C(3)-Si(2)
C(4)-C(3)-Si(2)
C(2)-C(3)-U(1)
C(4)-C(3)-U(1)
Si(2)-C(3)-U(1)
C(5)-C(4)-C(3)
C(5)-C(4)-U(1)
C(3)-C(4)-U(1)
C(4)-C(5)-C(2)
C(4)-C(5)-U(2)
C(1)-C(5)-U(2)
C(13)-C(12)-C(16)
C(13)-C(12)-Si(3)
C(16)-C(12)-Si(3)
C(13)-C(12)-U(1)
C(16)-C(12)-U(1)
Si(3)-C(12)-U(1)
C(12)-C(13)-C(14)
C(12)-C(13)-U(1)
C(14)-C(13)-U(1)
C(15)-C(14)-C(13)
C(15)-C(14)-Si(4)
C(13)-C(14)-Si(4)
C(15)-C(14)-U(1)
C(13)-C(14)-U(1)
Si(4)-C(14)-U(1)
C(16)-C(15)-C(14)
C(16)-C(15)-U(1)
C(14)-C(15)-U(1)
C(15)-C(16)-C(12)
C(15)-C(16)-U(1)
C(12)-C(16)-U(1)
0(6)-K(1)-0(2)
0(6)-K(1)-0(4)

74.61(15)
105.2(3)
126.6(2)
127.2(2)

73.70(15)

73.91(15)
125.56(14)
109.2(3)

74.27(15)

76.44(16)
109.1(2)

76.28(16)

75.16(15)
105.6(3)
125.0(2)
128.0(2)

74.99(16)

73.76(16)
126.52(13)
110.9(3)

75.76(15)

74.76(16)
105.2(3)
128.0(2)
126.1(2)

74.29(16)

75.68(16)
122.74(14)
109.6(3)

75.63(16)

75.98(17)
108.7(3)

75.02(17)

76.53(17)
120.50(8)
119.76(9)



0(2)-K(1)-0(4)
0(6)-K(1)-0(3)
0(2)-K(1)-0(3)
0(4)-K(1)-0(3)
0(6)-K(1)-0(5)
0(2)-K(1)-0(5)
0(4)-K(1)-0(5)
0(3)-K(1)-0(5)
0(6)-K(1)-0(1)
0(2)-K(1)-0(1)
O(4)-K(1)-0(1)
0O(3)-K(1)-0(1)
0(5)-K(1)-0(1)
0(6)-K(1)-C(35)
0(2)-K(1)-C(35)
O(4)-K(1)-C(35)
0(3)-K(1)-C(35)
0(5)-K(1)-C(35)
0(1)-K(1)-C(35)
O(6)-K(1)-1(1)
0(2)-K(1)-1(1)
O(4)-K(1)-1(1)
O(3)-K(1)-1(1)
O(5)-K(1)-1(1)
O(1)-K(1)-1(1)
C(35)-K(1)-1(1)
C(23)-0(1)-C(34)
C(23)-0(1)-K(1)
C(34)-0(1)-K(1)
C(25)-0(2)-C(24)
C(25)-0(2)-K(1)
C(24)-0(2)-K(1)
C(27)-0(3)-C(26)
C(27)-0(3)-K(1)
C(26)-0(3)-K(1)
C(29)-0(4)-C(28)

119.73(9)
170.85(8)
60.55(8)
59.95(9)
60.25(10)
175.20(8)
59.70(10)
117.85(10)
61.07(8)
60.16(7)
171.05(8)
117.61(8)
119.55(9)
94.56(10)
92.62(11)
82.35(10)
76.29(10)
82.58(11)
88.71(10)
86.67(5)
85.91(5)
97.88(6)
102.46(6)
98.88(6)
91.05(5)
178.43(10)
112.0(3)
111.7(2)
109.9(2)
111.4(3)
116.6(2)
117.5(2)
111.6(3)
114.9(2)
112.2(2)
113.8(4)

336

C(29)-0(4)-K(1)
C(28)-0(4)-K(1)

C(31)-0(5)-C(30)
C(31)-0(5)-K(1)

C(30)-0(5)-K(1)

C(33)-0(6)-C(32)
C(33)-0(6)-K(1)

C(32)-0(6)-K(1)

0(1)-C(23)-C(24)
0(2)-C(24)-C(23)
0(2)-C(25)-C(26)
0(3)-C(26)-C(25)
0(3)-C(27)-C(28)
0(4)-C(28)-C(27)
0(4)-C(29)-C(30)
0(5)-C(30)-C(29)
0(5)-C(31)-C(32)
0(6)-C(32)-C(31)
0(6)-C(33)-C(34)
O(1)-C(34)-C(33)

C(36)-C(35)-C(37)#1

C(36)-C(35)-K(1)

C(37)#1-C(35)-K(1)

C(35)-C(36)-C(37)

C(35)#1-C(37)-C(36)
C(35)#1-C(37)-C(38)

C(36)-C(37)-C(38)
C(47)-C(39)-C(48)
C(47)-C(39)-C(40)
C(48)-C(39)-C(40)
C(47)-C(39)-C(44)
C(48)-C(39)-C(44)
C(40)-C(39)-C(44)
C(47)-C(39)-C(45)
C(48)-C(39)-C(45)
C(40)-C(39)-C(45)

118.7(3)
116.3(2)
113.3(4)
113.0(3)
111.2(3)
113.7(3)
116.1(2)
116.7(3)
109.4(3)
108.5(3)
108.5(3)
109.0(3)
108.7(4)
108.4(4)
108.7(4)
109.0(4)
108.3(4)
109.1(3)
109.0(3)
109.1(3)
118.9(4)
90.2(3)
101.2(3)
121.1(5)
120.0(4)
116.7(6)
123.1(6)
88.2(8)
130.3(6)
140.3(9)
14.4(7)
99.6(9)
120.0
108.1(7)
21.1(10)
119.3(4)



C(44)-C(39)-C(45)
C(47)-C(39)-C(46)
C(48)-C(39)-C(46)
C(40)-C(39)-C(46)
C(44)-C(39)-C(46)
C(45)-C(39)-C(46)
C(47)-C(39)-C(49)
C(48)-C(39)-C(49)
C(40)-C(39)-C(49)
C(44)-C(39)-C(49)
C(45)-C(39)-C(49)
C(46)-C(39)-C(49)
C(47)-C(39)-C(51)
C(48)-C(39)-C(51)
C(40)-C(39)-C(51)
C(44)-C(39)-C(51)
C(45)-C(39)-C(51)
C(46)-C(39)-C(51)
C(49)-C(39)-C(51)
C(47)-C(39)-C(50)
C(48)-C(39)-C(50)
C(40)-C(39)-C(50)
C(44)-C(39)-C(50)
C(45)-C(39)-C(50)
C(46)-C(39)-C(50)
C(49)-C(39)-C(50)
C(51)-C(39)-C(50)
C(51)-C(40)-C(50)
C(51)-C(40)-C(39)
C(50)-C(40)-C(39)
C(51)-C(40)-C(41)
C(50)-C(40)-C(41)
C(39)-C(40)-C(41)
C(51)-C(40)-C(46)
C(50)-C(40)-C(46)
C(39)-C(40)-C(46)

120.3(4)
66.1(5)
153.5(11)
66.2(4)
54.0(4)
174.2(6)
151.3(9)
63.9(5)
78.3(6)
157.9(6)
45.5(6)
140.3(8)
114.4(7)
155.1(10)
23.8(4)
101.4(4)
137.4(6)
48.4(3)
92.2(5)
157.8(8)
111.5(8)
33.9(5)
143.5(4)
93.0(6)
92.9(5)
47.8(3)
44.5(2)
97.9(12)
111.0(8)
97.7(8)
38.8(10)
128.6(8)
120.0
63.1(6)
135.2(10)
59.0(3)

337

C(41)-C(40)-C(46)
C(51)-C(40)-C(49)
C(50)-C(40)-C(49)
C(39)-C(40)-C(49)
C(41)-C(40)-C(49)
C(46)-C(40)-C(49)
C(51)-C(41)-C(40)
C(51)-C(41)-C(42)
C(40)-C(41)-C(42)
C(51)-C(41)-C(46)
C(40)-C(41)-C(46)
C(42)-C(41)-C(46)
C(52)-C(42)-C(46)
C(52)-C(42)-C(43)
C(46)-C(42)-C(43)
C(52)-C(42)-C(41)
C(46)-C(42)-C(41)
C(43)-C(42)-C(41)
C(52)-C(42)-C(51)
C(46)-C(42)-C(51)
C(43)-C(42)-C(51)
C(41)-C(42)-C(51)
C(52)-C(43)-C(46)
C(52)-C(43)-C(44)
C(46)-C(43)-C(44)
C(52)-C(43)-C(42)
C(46)-C(43)-C(42)
C(44)-C(43)-C(42)
C(52)-C(43)-C(47)
C(46)-C(43)-C(47)
C(44)-C(43)-C(47)
C(42)-C(43)-C(47)
C(47)-C(44)-C(46)
C(47)-C(44)-C(43)
C(46)-C(44)-C(43)
C(47)-C(44)-C(39)

61.1(3)
129.6(12)
49.2(5)
53.5(5)
167.0(5)
110.4(6)
32.6(8)
113.2(7)
120.0
64.8(5)
64.9(4)
55.3(4)
83.2(9)
29.7(9)
53.5(4)
149.7(9)
66.7(4)
120.0
127.1(11)
45.6(3)
98.4(3)
25.8(4)
88.7(9)
147.3(9)
58.8(4)
27.3(9)
61.5(4)
120.0
137.8(11)
50.4(4)
10.5(5)
110.7(3)
90.2(11)
139.2(15)
54.6(4)
29.2(12)



C(46)-C(44)-C(39)
C(43)-C(44)-C(39)
C(47)-C(44)-C(48)
C(46)-C(44)-C(48)
C(43)-C(44)-C(48)
C(39)-C(44)-C(48)
C(48)-C(45)-C(49)
C(48)-C(45)-C(39)
C(49)-C(45)-C(39)
C(48)-C(45)-C(47)
C(49)-C(45)-C(47)
C(39)-C(45)-C(47)
C(43)-C(46)-C(44)
C(43)-C(46)-C(42)
C(44)-C(46)-C(42)
C(43)-C(46)-C(47)
C(44)-C(46)-C(47)
C(42)-C(46)-C(47)
C(43)-C(46)-C(51)
C(44)-C(46)-C(51)
C(42)-C(46)-C(51)
C(47)-C(46)-C(51)
C(43)-C(46)-C(39)
C(44)-C(46)-C(39)
C(42)-C(46)-C(39)
C(47)-C(46)-C(39)
C(51)-C(46)-C(39)
C(43)-C(46)-C(52)
C(44)-C(46)-C(52)
C(42)-C(46)-C(52)
C(47)-C(46)-C(52)
C(51)-C(46)-C(52)
C(39)-C(46)-C(52)
C(43)-C(46)-C(41)
C(44)-C(46)-C(41)
C(42)-C(46)-C(41)

65.7(4)
120.0
19.6(15)
98.3(6)
152.6(4)
32.6(4)
99.2(17)
35.5(12)
69.1(7)
13.2(18)
96.4(7)
28.0(3)
66.6(5)
65.0(5)
131.3(8)
86.4(6)
21.1(6)
148.4(6)
152.6(6)
137.9(6)
90.5(6)
120.0
126.7(7)
60.3(4)
164.4(9)
40.3(4)
79.8(4)
34.1(5)
100.6(6)
31.0(5)
119.7(4)
120.3(4)
159.6(6)
122.8(7)
166.2(8)
58.0(4)
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C(47)-C(46)-C(41)
C(51)-C(46)-C(41)
C(39)-C(46)-C(41)
C(52)-C(46)-C(41)
C(43)-C(46)-C(40)
C(44)-C(46)-C(40)
C(42)-C(46)-C(40)
C(47)-C(46)-C(40)
C(51)-C(46)-C(40)
C(39)-C(46)-C(40)
C(52)-C(46)-C(40)
C(41)-C(46)-C(40)
C(44)-C(47)-C(39)
C(44)-C(47)-C(46)
C(39)-C(47)-C(46)
C(44)-C(47)-C(48)
C(39)-C(47)-C(48)
C(46)-C(47)-C(48)
C(44)-C(47)-C(43)
C(39)-C(47)-C(43)
C(46)-C(47)-C(43)
C(48)-C(47)-C(43)
C(44)-C(47)-C(45)
C(39)-C(47)-C(45)
C(46)-C(47)-C(45)
C(48)-C(47)-C(45)
C(43)-C(47)-C(45)
C(45)-C(48)-C(39)
C(45)-C(48)-C(47)
C(39)-C(48)-C(47)
C(45)-C(48)-C(49)
C(39)-C(48)-C(49)
C(47)-C(48)-C(49)
C(45)-C(48)-C(44)
C(39)-C(48)-C(44)
C(47)-C(48)-C(44)

145.8(6)
36.8(5)
108.7(6)
88.9(6)
170.5(9)
114.9(6)
111.8(6)
94.2(4)
30.5(5)
54.8(3)
142.4(7)
54.0(3)
136.4(19)
68.7(10)
73.6(5)
153(2)
46.7(5)
120.0
30.3(11)
116.7(7)
43.2(4)
162.2(4)
159(3)
44.0(5)
117.5(5)
5.9(9)
160.7(6)
123(2)
161(3)
45.0(6)
54.3(15)
75.3(6)
120.0
168(3)
47.7(6)
7.0(6)



C(49)-C(48)-C(44) 121.3(3) C(41)-C(51)-C(50) 142.9(10)
C(45)-C(49)-C(50) 143.7(8) C(40)-C(51)-C(46) 86.4(7)
C(45)-C(49)-C(48) 26.5(8) C(41)-C(51)-C(46) 78.4(7)
C(50)-C(49)-C(48) 120.0 C(50)-C(51)-C(46) 120.0
C(45)-C(49)-C(39) 65.3(7) C(40)-C(51)-C(39) 45.2(5)
C(50)-C(49)-C(39) 79.3(4) C(41)-C(51)-C(39) 118.6(8)
C(48)-C(49)-C(39) 40.9(4) C(50)-C(51)-C(39) 68.4(3)
C(45)-C(49)-C(40) 109.6(9) C(46)-C(51)-C(39) 51.7(3)
C(50)-C(49)-C(40) 34.5(3) C(40)-C(51)-C(42) 116.8(10)
C(48)-C(49)-C(40) 88.4(3) C(41)-C(51)-C(42) 41.1(5)
C(39)-C(49)-C(40) 48.2(3) C(50)-C(51)-C(42) 162.5(4)
C(40)-C(50)-C(51) 34.3(7) C(46)-C(51)-C(42) 43.9(3)
C(40)-C(50)-C(49) 96.3(6) C(39)-C(51)-C(42) 94.9(4)
C(51)-C(50)-C(49) 120.0 C(42)-C(52)-C(43) 123.0(16)
C(40)-C(50)-C(39) 48.3(5) C(42)-C(52)-C(46) 65.8(9)
C(51)-C(50)-C(39) 67.2(3) C(43)-C(52)-C(46) 57.2(8)
C(49)-C(50)-C(39) 52.9(3)

C(40)-C(51)-C(41) 108.5(16) Symmetry transformations used to generate
C(40)-C(51)-C(50) 47.8(8) equivalent atoms: #1 -x+2,-y-1,-z
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Chapter 9:
Exploring the Use of the Pentaphenylcyclopentadienyl Ligand in Uranium

Chemistry: The Crystal Structure of (CsPhs)Ul2(THF):2

Introduction’

The largest cyclopentadienyl ligand described in previous Chapters has been the CsMes
ligand, which is ubiquitous in actinide chemistry as it is sterically demanding enough to stabilize
a variety of complexes across many oxidation states.)® The larger, penta-substituted ligand,
Cs'Prs, has been shown to form the uranium complex (Cs'Prs)2U, but the use of even larger penta-
aryl ligands in actinide chemistry has been limited. There are no uranium examples and only two
related Cs(CsH3'Buz)s thorium complexes’ are in the literature.

The pentaphenylcyclopentadienyl ligand has been found to form linear complexes of Ca,
Ba, Sm, Eu, and Yb.2 As shown in Scheme 9.1, the Deacon group has used the redox-
transmetallation/protonolyis (RTP) reaction protocol to make CsPhs complexes of these metals.?®
In some cases, solvent-separated ion pairs (SSIPs) [M'(THF)s][CsPhs]2 (M’ = Ca, Ba, Yb)%® and
[Yb(diglyme)s][CsPhs]2*° could be isolated and crystallographically characterized. Reported in
this Chapter are synthetic efforts to generate CsPhs complexes of uranium via conventional ionic
metathesis to examine their reduction chemistry'*1® and the X-ray crystal structures of one

uranium complex and two alkali metal complexes that were obtained.

T Portions of this Chapter have been published: Wedal, J. C.; Ziller, J. W.; Evans, W. J. Exploring the Use of the
Pentaphenylcyclopentadienyl Ligand in Uranium Chemistry: The Crystal Structure of (CsPhs)Ul2(THF)2. Aust. J.
Chem. 2022. DOI: 10.1071/CH21318.
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g oy
THF toluene Ph | Ph
M + HgPh, + 2 HC:Phs = [M(THF),][C:Phc]; - M
Hg, PhH Ph Ph
= ra
M = Ca, Ba, 5m, Eu, Yb Ph—~a— —Ph

Scheme 9.1: Synthesis of (7°-CsPhs).M via RTP.%°
Results

Uls / NaCsPhs Reactions. Reaction of Uls with one equivalent of NaCsPhs in THF
resulted in a deep purple solution. Extraction into toluene and crystallization from THF/hexane
resulted in dark purple/brown crystals. The *H NMR spectra in C¢Ds and in THF-dg displayed
multiple broadened resonances due to the paramagnetic U(IIl) center such that definitive
assignments were not possible. However, the crystals could be analyzed by X-ray crystallography
and were identified as the four-legged piano stool compound (7°-CsPhs)Ul(THF)2, 9.1, Figure

9.1, which was isolated in 63% yield, eq 9.1.

Ph Ph
THF Ph ; Ph
UlL; + NaCsPhy —— > ["Ph 9.1)
— Nal Uy,
4 N\
THF I/ \THF
9.1
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Figure 9.1: Molecular structure of (7°-CsPhs)Ul2(THF)2-(C7Hs), 9.1:(C7Hs), with ellipsoids
drawn at the 50% probability level and selective atom labelling. Hydrogen atoms have been
omitted for clarity.

(17°-CsPhs)UI2(THF),, 9.1, crystallizes in the P1 space group with a molecule of toluene.
The five phenyl substituents are canted into a propeller shape to minimize the steric interactions.
The ipso-carbon atoms of the phenyl substituents are bent up out of the Cs plane, away from the
uranium atom, as is typical for penta-substituted cyclopentadienyl f element complexes.'’ The
five displacements from the plane, 0.315, 0.039, 0.254, 0.198, and 0.181 A, for C6, C12, C18,
C24, and C30, respectively, do not have a regular pattern. The 2.539 A U—centroid distance is
slightly larger than the 2.504 A distance in (77°-CsMes)UI2(THF)s'® and the 2.506 A distance in
(17°-CsHsCMez2Ph)UI(THF)3,° even though the latter two complexes have larger formal
coordination numbers. However, the 3.0644(3) A and 3.1231(3) A U-iodide distances in 9.1 are
shorter than the 3.162 A and 3.168 A distances in (7°-CsMes)UI2(THF)3, which is consistent with
the coordination number difference. The 2.492(3) A and 2.524(3) A U-O distances in 9.1 overlap

with the range of U-O distances in (7°-CsMes)UI2(THF)s: 2.507, 2.533, and 2.569 A (see Chapter
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8). The two pairs of legs in the piano stool complex are arranged in a transoid fashion, but the
angles to the cyclopentadienyl ring are not symmetrical: the centroid—U-O angles of 9.1 are 110.7°
and 117.4° while the centroid—U-I angles are 109.0° and 121.9°. The O-U-I angles are 74.54(7)°,
78.80(7)°, 79.97(7)° and 86.92(7)°.

Given the facile synthesis of 9.1, the extension of this chemistry to the synthesis of (7°-
CsPhs) Ul from two equivalents of NaCsPhs and Ulz was attempted. However, this stoichiometry
gave complex mixtures of products and no new crystallographically characterizable uranium
products.  Addition of Lewis bases such as PhsPO, pyridine, or N,N,N-trimethyl-1,3,5-
triazacyclohexane? to potentially increase crystallinity did not aid in product identification. Upon
further reaction with KN(SiMez)2, white solid precipitated but no uranium-containing products
could be identified. In one instance, colorless crystals of [Na(THF)s][7>-CsPhs], 9.2, were

isolated, Figure 9.2. The structure is discussed below.

g
(SN

TN

Figure 9.2: Molecular structure of [Na(THF)3][77°>-CsPhs], 9.2, with ellipsoids drawn at the 50%

probability level with selective atom labelling. Hydrogen atoms have been omitted for clarity.
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Reduction Reactions. Following the recent studies of reduction of U(I11) complexes,**6

treatment of the Ulz / 2 NaCsPhs product with KCg and 18-crown-6 or 2.2.2-cryptand was
examined. In both cases, the KCg reacts, as evidenced by a color change from bronze to black, but
no further evidence for U(I1) products could be obtained. Attempts were also made to examine
reduction of lanthanide analogs generated in situ from Lnlz and two equivalents of NaCsPhs. When
Ln = Nd, the only product that could be definitively characterized was the SSIP*? [K(18-crown-
6)(THF)2][CsPhs]. Dark purple crystals of [K(18-crown-6)(THF)2][CsPhs], 9.3, were grown from

THF/hexane and identified by X-ray crystallography, Figure 3.

Figure 9.3: Molecular structure of [K(18-crown-6)(THF)2][CsPhs], 9.3, with ellipsoids drawn at
the 50% probability level. Hydrogen atoms have been omitted for clarity.

X-ray Crystal Structures of 9.2 and 9.3. The crystal structures of [Na(THF)s][7>-CsPhs],
9.2, and [K(18-crown-6)(THF)2][CsPhs], 9.3, are the first X-ray crystal structures of alkali metal
salts of the pentaphenylcyclopentadienyl ligand without substituted aryl rings. The crystal

structures of the Li, K, and Cs salts of M[7°-Cs(CsH4R)s] complexes where R = n-Bu, t-Bu, or i-
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Pr,2422 and of the Li salt, Li[7°>-Cs(CsH3sRz2)s] where R = Me and t-Bu,?® have been reported, but
complex 2 is the first Na salt of a [7°-CsArs]'~ complex of any kind. There are many more
examples of crystal structures of these penta-aryl cyclopentadienides with alkaline earth metals,
Ae(1°-CsArs), (Ar = Ph, substituted aryl; Ae = Mg, Ca, Sr, Ba)®1021.222425 and Ba(7°-CsPhs),,° as
well as SSIPs [M'(THF)s][CsPhs]. (M’ = Ca, Ba, Yb)®® and [Yb(diglyme)s][CsPhs]..1°

The metrical parameters in the [CsPhs]*™ anions in 9.2 and 9.3 are not unusual, but the
displacements of the ipso-C atoms from the C5 plane are smaller than those in 9.1. The ipso-C
atoms in 9.2 are above the C5 plane, toward the Na atom, by 0.014, 0.017, 0.037, 0.061, and 0.129
A. Inthe SSIP complex 9.3, the displacements out of the plane are 0.003, 0.014, 0.018, 0.052, and
0.181 A.

The 2.563 A Na—(CsPhs centroid) distance in 9.2 is slightly longer than the 2.539 A U-
(CsPhs centroid) distance in 9.1, even though the U atom in 9.1 is eight-coordinate while the Na
atom in 9.2 is six-coordinate. The 1.02 A six-coordinate ionic radius for Na'* is very close to that
of U%, 1.025 A% The Na atom is slightly off-center of the C5 ring centroid in 9.2: the (O3
centroid)-Na—(C5 centroid) angle is 172.47°. There are no supramolecular features in 9.1-9.3.
Discussion

In this Chapter, the synthesis of a mono-cyclopentadienyl uranium CsPhs complex could
be achieved using the conventional ionic metathesis reaction of Uls and one equivalent of the
cyclopentadienyl salt, NaCsPhs. (7°-CsPhs)Ul(THF)2, 9.1, was isolated in 63% yield and could
be structurally characterized by X-ray crystallography. This is the first crystal structure of a CsPhs-
ligated uranium compound. However, attempts to introduce two pentaphenylcyclopentadienyl

ligands to the metal center via salt metathesis were unsuccessful, in contrast to the RTP method
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applicable to Ca, Ba, Sm, Eu, and Yb, Scheme 9.1. Only the alkali metal starting material,
[Na(THF)s][7°-CsPhs], 9.2, could be definitively identified.

Attempts to isolate a U(Il) complex of CsPhs by reduction of Uls / NaCsPhs were
unsuccessful, but a KCg reduction with an analogous Ndlz / NaCsPhs system gave a new SSIP,
namely, [K(18-crown-6)(THF)2][CsPhs], 9.3. The [CsPhs]!™ ligand clearly differs from other
(CsRs)! ligands in its propensity to crystallize on its own.

Conclusion

Uls reacts with NaCsPhs in THF to form a mono(cyclopentadienyl) complex, (7°-
CsPhs)UI2(THF)2, in good yield, but efforts to use ionic metathesis to make bis(cyclopentadienyl)
complexes were unsuccessful.  The (CsPhs)™ ligand readily forms a crystalline mono-
cyclopentadienyl complex with sodium, [Na(THF)s][7°-CsPhs], but in the presence of potassium
and 18-crown-6, a solvent-separated ion pair, [K(18-crown-6)(THF)2][CsPhs], is isolated.
Experimental Methods

All syntheses and manipulations were conducted under an Ar atmosphere with rigorous
exclusion of air and water using standard vacuum line and glovebox techniques. Solvents were
sparged with UHP argon and dried by passage through columns containing a copper-based oxygen
scavenger and alumina prior to use. Deuterated NMR solvent were dried over NaK alloy, degassed
by three freeze-pump-thaw cycles, and vacuum transferred prior to use. Infrared spectra were
collected as compressed solids on an Agilent Cary 630 ATR-FTIR. Elemental analyses were
conducted on a PerkinElmer 2400 Series 11 CHNS elemental analyzer. HCsPhs (Sigma) was dried
at 80 °C at 10~ Torr prior to use. 18-Crown-6 (Alfa) was sublimed prior to use. NaH was

purchased covered in oil. The oil was removed by washing with copious amounts of hexane and
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toluene over a frit, and the NaH was dried under vacuum to yield a free-flowing grey powder.
NdlIs(THF)s5,2" KCs? and Uls? were synthesized following literature routes.

Synthesis of NaCsPhs. This is an alternative route to that previously reported.®® Inside
the glovebox, HCsPhs (3.40 g, 7.6 mmol) and NaH (0.220 g, 9.2 mmol) were added to a Schlenk
flask equipped with a greaseless Teflon stopcock and stir bar. THF (50 mL) was added and the
flask was brought out of the glovebox and attached to the Schlenk line. The pale yellow solution
was stirred under a positive flow of Ar and gas evolution was observed. After stirring overnight,
the solution had turned red. Volatiles were removed under vacuum and the flask was brought into
the glovebox. THF (50 mL) was added and grey solids were removed via centrifugation. The
deep yellow/orange supernatant was dried to yield off-white solids of NaCsPhs (3.025 g, 85%).

Synthesis of (CsPhs)UI2(THF)2, 9.1. Inside the glovebox, Uls (72 mg, 0.12 mmol) was
dissolved in THF (5 mL) to form a deep blue solution. NaCsPhs (55 mg, 0.12 mmol) was dissolved
in THF (5 mL) and added slowly to the stirred solution of Uls. The resulting deep-purple solution
was stirred overnight. Grey solids (presumably Nal) were removed via centrifugation and the
supernatant was filtered and dried. The product was extracted into toluene (10 mL) and black
solids were removed via centrifugation. The resulting purple supernatant was dried under vacuum
to yield dark purple/brown solids. The solids were redissolved in THF (5 mL) and dried to yield
dark purple, almost black solids of (CsPhs)UI(THF)2, 9.1 (79 mg, 63%). X-ray quality crystals
were grown by layering a concentrated THF solution of (CsPhs)Ul2(THF)2 under hexane at —35
°C. Due to the paramagnetism of the U(I11) center, the *H NMR spectra could not be confidently
assigned. IR: 3023m, 2966m, 2875m, 1597m, 1486m, 1441m, 1329w, 1275w, 1156w, 1069m,
1027m, 908m, 834m, 768s, 693s cm™. Anal. Calcd for C43Hs1021oU: C, 47.75; H, 3.82. Found:

C, 47.15; H, 4.22.
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Crystallization of [Na(THF)s][CsPhs], 9.2. Colorless X-ray quality crystals of
[Na(THF)3][CsPhs] were grown by layering a concentrated THF solution of NaCsPhs under hexane
at —35 °C. Crystals of 9.2 were also isolated from the reaction of Uls with two equivalents of
NaCsPhs.

Crystallization of [K(18-crown-6)(THF)2][CsPhs], 9.3. Ndls (100 mg, 0.128 mmol) and
NaCsPhs (121 mg, 0.257 mmol) were stirred in THF overnight, then dried and extracted into
toluene. Removal of solvent afforded pale green solids (43 mg). These solids were dissolved in
THF along with 18-crown-6 (10 mg, 0.037 mmol), followed by KCg (12 mg, 0.089 mmol), causing
a color change from pale green to purple. Purple X-ray quality crystals of [K(18-crown-
6)(THF)2][CsPhs], 9.3, were grown from a THF solution layered under hexane at —35 °C.
Crystallography Data.

Table 9.1: X-ray diffraction data for 9.1-9.3. Data was collected with Mo Ka radiation (0.71073

A) with a graphite monochromator

9.1 9.2 9.3
Internal identifier jew25 jew26 jew4l
Formula CsoHa9l202U Ca7H4903Na Cs5Hes0sK
Formula weight | 1173.72 684.85 893.17
(g/mol)
Temperature (K) 88(2) 93(2) 133(2)
Crystal system Triclinic Orthorhombic Monoclinic
Space group P1 P212121 P21/n
Crystal color Brown Colorless Purple
Crystal size (mm?®) | 0.138 x 0.214 x 0.532 | 0.146 x 0.178 x 0.359 | 0.260 x 0.274 x 0.291
a(A) 10.8115(7) 9.0566(8) 13.7325(14)
b (A) 11.5194(7) 19.3468(16) 17.7160(18)
c(A) 19.1426(12) 21.5360(18) 21.728(2)
a(°) 77.1972(9) 90.0 90.0
B(°) 80.5665(9) 90.0 105.802(2)
v (°) 71.1332(9) 90.0 90.0
V (A% 2188.9(2) 3773.5(6) 5086.4(9)
Z 2 4 4
pealed (Mg/m?®) 1.781 1.205 1.166
u (mm™) 5.156 0.083 0.156
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F2

R1 [l > 26(1)]? 0.0352 0.0495 0.0701
WR2 0.0839 0.1110 0.2038
Goodness-of-fit on | 1.044 1.027 1.039

Range of
transmission factors

0.2532-0.4330

0.7833-0.8621

0.6847-0.7454

26 range (°)

1.899-29.130

1.415-28.311

1.507-25.350

Independent

11742

9383

9041

reflections
measured
Reflections 11742 9383 9041
included
refinement
a: R =Y |Fo[-|Fcll/XFol; WR2 = {T[W(Fo’~FA)?]/y[w(Fo?)*]}

X-ray Data Collection, Structure Solution and Refinement for 9.1.

A brown crystal of approximate dimensions 0.138 x 0.214 x 0.532 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer. The APEX2! program
package was used to determine the unit-cell parameters. Data was collected using a 15 sec/frame
scan. The raw frame data was processed using SAINT? and SADABS? to yield the reflection data
file. Subsequent calculations were carried out using the SHELXTL* program. There were no
systematic absences nor any diffraction symmetry other than the Friedel condition. The
centrosymmetric triclinic space group P1 was assigned and later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors® for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model. There was one molecule of toluene
solvent present.

Least-squares analysis yielded wR2 = 0.0839 and Goof = 1.044 for 492 variables refined

against 11742 data (0.73 A), R1 = 0.0352 for those 9981 data with 1 > 2.0c(1).
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Table 9.2: Bond lengths [A] and angles [°] for 9.1.

U(1)-Cntl 2.539 C(15)-C(16) 1.387(6)
U(1)-0(1) 2.492(3) C(16)-C(17) 1.377(6)
U(1)-0(2) 2.524(3) C(18)-C(19) 1.393(5)
U(1)-C(3) 2.744(4) C(18)-C(23) 1.399(6)
U(L)-C(2) 2.771(4) C(19)-C(20) 1.392(5)
U(1)-C(4) 2.816(4) C(20)-C(21) 1.390(6)
U(L)-C(5) 2.875(4) C(21)-C(22) 1.381(6)
U(L)-C(1) 2.883(4) C(22)-C(23) 1.388(6)
U(L)-1(2) 3.0644(3) C(24)-C(25) 1.388(6)
U(L)-1(1) 3.1231(3) C(24)-C(29) 1.400(6)
0(1)-C(39) 1.456(5) C(25)-C(26) 1.391(6)
0(1)-C(36) 1.471(5) C(26)-C(27) 1.388(6)
0(2)-C(43) 1.461(5) C(27)-C(28) 1.384(6)
0(2)-C(40) 1.477(5) C(28)-C(29) 1.397(6)
C(1)-C(5) 1.431(5) C(30)-C(35) 1.391(6)
C(1)-C(2) 1.446(5) C(30)-C(31) 1.398(6)
C(1)-C(6) 1.480(5) C(31)-C(32) 1.379(6)
C(2)-C(3) 1.437(5) C(32)-C(33) 1.385(7)
C(2)-C(12) 1.485(5) C(33)-C(34) 1.383(7)
C(3)-C(4) 1.440(5) C(34)-C(35) 1.400(6)
C(3)-C(18) 1.485(5) C(36)-C(37) 1.515(6)
C(4)-C(5) 1.429(5) C(37)-C(38) 1.501(7)
C(4)-C(24) 1.483(5) C(38)-C(39) 1.520(7)
C(5)-C(30) 1.487(5) C(40)-C(41) 1.514(7)
C(6)-C(7) 1.397(5) C(41)-C(42) 1.531(7)
C(6)-C(11) 1.406(5) C(42)-C(43) 1.500(6)
C(7)-C(8) 1.391(6) C(44)-C(45) 1.291(10)
C(8)-C(9) 1.393(6) C(44)-C(49) 1.341(11)
C(9)-C(10) 1.386(6) C(44)-C(50) 1.498(11)
C(10)-C(11) 1.382(6) C(45)-C(46) 1.419(11)
C(12)-C(13) 1.402(6) C(46)-C(47) 1.324(11)
C(12)-C(17) 1.411(5) C(47)-C(48) 1.457(11)
C(13)-C(14) 1.383(6) C(48)-C(49) 1.418(11)
C(14)-C(15) 1.387(6)
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Cnt1-U(1)-1(1)
Cnt1-U(1)-1(2)
Cntl1-U(1)-0(1)
Cntl1-U(1)-0(2)
0(1)-U(1)-0(2)
O(1)-U(1)-C(3)
0(2)-U(1)-C(3)
O(1)-U(D)-C(2)
0(2)-U(1)-C(2)
C(3)-U(1)-C(2)
O(1)-U(1)-C(4)
O(2)-U(1)-C(4)
C(3)-U(1)-C(4)
C(2)-U(1)-C(4)
O(1)-U(1)-C(5)
0(2)-U(1)-C(5)
C(3)-U(1)-C(5)
C(2)-U(1)-C(5)
C(4)-U(1)-C(5)
O(1)-U(1)-C(1)
0(2)-U(1)-C(1)
C(3)-U(1)-C(1)
C(2)-U(1)-C(1)
C(4)-U(1)-C(1)
C(5)-U(1)-C(1)
O(1)-U(D)-1(2)
0(2)-U(1)-1(2)
C(3)-U(1)-1(2)
C(2)-U(1)-1(2)
C(4)-U(1)-1(2)
C(5)-U(1)-1(2)
C(1)-U1)-1(2)
O(1)-U)-1(1)
0(2)-U(D)-1(1)
C(3)-U(1)-1(1)
C(2)-U(1)-1(1)

121.9
109.0
110.7
117.4
131.83(10)
118.56(11)
104.15(11)
136.78(11)
91.40(11)
30.21(11)
90.62(11)
134.13(10)
29.98(11)
49.23(11)
89.04(10)
138.19(10)
48.64(11)
48.45(11)
29.06(11)
114.20(11)
110.27(10)
48.89(11)
29.54(11)
48.19(11)
28.79(11)
86.92(7)
79.97(7)
131.84(8)
103.18(8)
125.60(8)
96.54(8)
84.14(8)
78.80(7)
74.54(7)
97.25(8)
120.61(8)
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C(4)-U(1)-1(2)
C(5)-U(1)-1(2)
C()-U)-1(2)
1(2)-U(1)-1(1)

C(39)-0(1)-C(36)

C(39)-0(1)-U(1)
C(36)-0(1)-U(1)

C(43)-0(2)-C(40)

C(43)-0(2)-U(1)
C(40)-0(2)-U(1)
C(5)-C(1)-C(2)
C(5)-C(1)-C(6)
C(2)-C(1)-C(6)
C(5)-C(1)-U(1)
C(2)-C(1)-U(1)
C(6)-C(1)-U(1)
C(3)-C(2)-C(D)
C(3)-C(2)-C(12)
C(1)-C(2)-C(12)
C(3)-C(2)-U(1)
C(1)-C(2)-U(1)
C(12)-C(2)-U(1)
C(2)-C(3)-C(4)
C(2)-C(3)-C(18)
C(4)-C(3)-C(18)
C(2)-C(3)-U(1)
C(4)-C(3)-U(1)
C(18)-C(3)-U(1)
C()-CH-CE)
C(5)-C(4)-C(24)
C(3)-C(4)-C(24)
C(5)-C(4)-U(1)
C(3)-C(4)-U(1)
C(24)-C(4)-U(1)
C(4)-C(5)-C(D)
C(4)-C(5)-C(30)

103.45(8)
131.36(8)
146.14(8)
129.011(9)
108.4(3)
123.8(3)
126.3(2)
108.1(3)
131.9(2)
113.7(2)
107.4(3)
125.6(3)
125.7(3)
75.3(2)
70.9(2)
129.6(3)
108.0(3)
126.7(4)
125.4(3)
73.8(2)
79.5(2)
113.0(3)
108.0(3)
125.5(3)
125.4(3)
75.9(2)
77.8(2)
122.2(3)
107.7(3)
126.5(3)
125.2(3)
77.8(2)
72.2(2)
122.7(3)
108.9(3)
125.1(3)



C(1)-C(5)-C(30) 125.1(3) C(29)-C(24)-C(4) 121.3(4)

C(4)-C(5)-U(1) 73.2(2) C(24)-C(25)-C(26) 121.2(4)
C(1)-C(5)-U(1) 75.9(2) C(27)-C(26)-C(25) 120.1(4)
C(30)-C(5)-U(1) 126.0(3) C(28)-C(27)-C(26) 119.6(4)
C(7)-C(6)-C(11) 117.4(4) C(27)-C(28)-C(29) 120.2(4)
C(7)-C(6)-C(1) 122.8(4) C(28)-C(29)-C(24) 120.6(4)
C(11)-C(6)-C(1) 119.5(3) C(35)-C(30)-C(31) 117.6(4)
C(8)-C(7)-C(6) 121.3(4) C(35)-C(30)-C(5) 122.5(4)
C(7)-C(8)-C(9) 120.2(4) C(31)-C(30)-C(5) 119.7(4)
C(10)-C(9)-C(8) 119.4(4) C(32)-C(31)-C(30) 121.7(4)
C(11)-C(10)-C(9) 120.2(4) C(31)-C(32)-C(33) 120.0(4)
C(10)-C(11)-C(6) 121.5(4) C(34)-C(33)-C(32) 119.8(4)
C(13)-C(12)-C(17) 118.1(4) C(33)-C(34)-C(35) 119.8(4)
C(13)-C(12)-C(2) 120.4(3) C(30)-C(35)-C(34) 121.1(4)
C(17)-C(12)-C(2) 121.5(4) 0(1)-C(36)-C(37) 104.9(4)
C(14)-C(13)-C(12) 120.7(4) C(38)-C(37)-C(36) 101.9(4)
C(13)-C(14)-C(15) 120.5(4) C(37)-C(38)-C(39) 103.3(4)
C(16)-C(15)-C(14) 119.5(4) 0(1)-C(39)-C(38) 106.0(4)
C(17)-C(16)-C(15) 120.7(4) 0(2)-C(40)-C(41) 105.6(4)
C(16)-C(17)-C(12) 120.5(4) C(40)-C(41)-C(42) 102.2(4)
C(19)-C(18)-C(23) 118.1(4) C(43)-C(42)-C(41) 101.4(4)
C(19)-C(18)-C(3) 122.6(4) 0(2)-C(43)-C(42) 105.3(4)
C(23)-C(18)-C(3) 119.2(4) C(45)-C(44)-C(49) 117.3(8)
C(20)-C(19)-C(18) 121.5(4) C(45)-C(44)-C(50) 125.6(8)
C(21)-C(20)-C(19) 119.3(4) C(49)-C(44)-C(50) 116.9(8)
C(22)-C(21)-C(20) 120.1(4) C(44)-C(45)-C(46) 124.8(8)
C(21)-C(22)-C(23) 120.4(4) C(47)-C(46)-C(45) 122.3(8)
C(22)-C(23)-C(18) 120.7(4) C(46)-C(47)-C(48) 112.8(8)
C(25)-C(24)-C(29) 118.3(4) C(49)-C(48)-C(47) 122.0(9)
C(25)-C(24)-C(4) 120.3(4) C(44)-C(49)-C(48) 120.4(8)

X-ray Data Collection, Structure Solution and Refinement for 9.2.
A colorless crystal of approximate dimensions 0.146 x 0.178 x 0.359 mm was mounted in

a cryoloop and transferred to a Bruker SMART APEX Il diffractometer system. The APEX2!
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program package was used to determine the unit-cell parameters. Data was collected using a 60
sec/frame scan. The raw frame data was processed using SAINT2 and SADABS? to yield the
reflection data file. Subsequent calculations were carried out using the SHELXTL* program
package. The diffraction symmetry was mmm and the systematic absences were consistent with
the orthorhombic space group P2:2:2; that was later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors® for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model.

Least-squares analysis yielded wR2 = 0.1110 and Goof = 1.027 for 461 variables refined
against 9383 data (0.75 A), R1 = 0.0495 for those 7658 with | > 2.05(l). The absolute structure
could not be assigned by refinement of the Flack parameter.® The structure was refined as a two-

component inversion twin.

Table 9.3. Bond lengths [A] and angles [°] for 9.2.

Na-cnt 2.563 C(2)-C(3) 1.424(3)
Na(1)-0(2) 2.345(2) C(2)-C(12) 1.486(3)
Na(1)-O(1) 2.362(2) 0(3)-C(44) 1.433(3)
Na(1)-0(3) 2.374(2) 0(3)-C(47) 1.454(3)
Na(1)-C(1) 2.708(3) C(3)-C(4) 1.419(3)
Na(1)-C(5) 2.749(3) C(3)-C(18) 1.478(3)
Na(1)-C(2) 2.844(3) C(4)-C(5) 1.425(3)
Na(1)-C(4) 2.911(3) C(4)-C(24) 1.486(3)
Na(1)-C(3) 2.960(3) C(5)-C(30) 1.479(3)
0(1)-C(39) 1.442(3) C(6)-C(7) 1.398(4)
0(1)-C(36) 1.450(3) C(6)-C(11) 1.402(4)
C(1)-C(2) 1.428(3) C(7)-C(8) 1.390(3)
C(1)-C(5) 1.431(3) C(8)-C(9) 1.391(4)
C(1)-C(6) 1.486(3) C(9)-C(10) 1.387(4)
0(2)-C(43) 1.431(3) C(10)-C(11) 1.383(4)
0(2)-C(40) 1.445(4) C(12)-C(17) 1.399(4)
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C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(18)-C(23)
C(18)-C(19)
C(19)-C(20)
C(20)-C(21)
C(21)-C(22)
C(22)-C(23)
C(24)-C(29)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)
C(27)-C(28)
C(28)-C(29)
C(30)-C(35)
C(30)-C(31)
C(31)-C(32)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(36)-C(37)
C(37)-C(38)
C(38)-C(39)
C(40)-C(41)
C(41)-C(42)
C(42)-C(43)
C(44)-C(45)
C(45)-C(46)
C(46)-C(47)

0(2)-Na(1)-0(1)
0(2)-Na(1)-0(3)
0(1)-Na(1)-0(3)

1.401(4)
1.387(4)
1.387(4)
1.393(4)
1.382(4)
1.394(4)
1.405(3)
1.388(4)
1.382(4)
1.383(4)
1.390(4)
1.394(4)
1.395(4)
1.390(4)
1.385(4)
1.388(4)
1.390(4)
1.398(4)
1.405(4)
1.381(4)
1.379(4)
1.379(4)
1.391(4)
1.530(4)
1.530(4)
1.512(4)
1.510(4)
1.512(5)
1.521(5)
1.515(4)
1.527(5)
1.517(4)

92.20(8)
92.64(8)
91.51(8)

0(2)-Na(1)-C(1)
O(1)-Na(1)-C(1)
0(3)-Na(1)-C(1)
0(2)-Na(1)-C(5)
O(1)-Na(1)-C(5)
0(3)-Na(1)-C(5)
C(1)-Na(1)-C(5)
0(2)-Na(1)-C(2)
0(1)-Na(1)-C(2)
0(3)-Na(1)-C(2)
C(1)-Na(1)-C(2)
C(5)-Na(1)-C(2)
0(2)-Na(1)-C(4)
O(1)-Na(1)-C(4)
0(3)-Na(1)-C(4)
C(1)-Na(1)-C(4)
C(5)-Na(1)-C(4)
C(2)-Na(1)-C(4)
0(2)-Na(1)-C(3)
0(1)-Na(1)-C(3)
0(3)-Na(1)-C(3)
C(1)-Na(1)-C(3)
C(5)-Na(1)-C(3)
C(2)-Na(1)-C(3)
C(4)-Na(1)-C(3)
C(39)-O(1)-C(36)
C(39)-O(1)-Na(1)
C(36)-O(1)-Na(1)
C(2)-C(1)-C(5)
C(2)-C(1)-C(6)
C(5)-C(1)-C(6)
C(2)-C(1)-Na(1)
C(5)-C(1)-Na(1)
C(6)-C(1)-Na(1)
C(43)-0(2)-C(40)
C(43)-0(2)-Na(1)

130.51(8)
104.69(8)
131.95(8)
147.83(8)
115.63(8)
101.89(8)
30.40(7)
103.21(8)
123.15(8)
140.51(8)
29.69(7)
48.78(7)
122.60(8)
144.38(8)
93.97(7)
48.25(7)
28.98(7)
47.07(7)
100.32(8)
150.91(8)
113.79(7)
47.84(7)
47.56(7)
28.32(7)
27.97(7)
107.3(2)
112.27(16)
140.31(17)
107.9(2)
124.6(2)
127.6(2)
80.44(14)
76.39(14)
108.43(16)
106.1(2)
126.16(17)



C(40)-0(2)-Na(1)
C(3)-C(2)-C(1)
C(3)-C(2)-C(12)
C(1)-C(2)-C(12)
C(3)-C(2)-Na(1)
C(1)-C(2)-Na(1)
C(12)-C(2)-Na(1)
C(44)-0(3)-C(47)
C(44)-0(3)-Na(1)
C(47)-0(3)-Na(1)
C(4)-C3)-C(2)
C(4)-C(3)-C(18)
C(2)-C(3)-C(18)
C(4)-C(3)-Na(1)
C(2)-C(3)-Na(1)
C(18)-C(3)-Na(1)
C(3)-C(4)-C()
C(3)-C(4)-C(24)
C(5)-C(4)-C(24)
C(3)-C(4)-Na(1)
C(5)-C(4)-Na(1)
C(24)-C(4)-Na(1)
C(4)-C(3)-C(D)
C(4)-C(5)-C(30)
C(1)-C(5)-C(30)
C(4)-C(5)-Na(1)
C(1)-C(5)-Na(1)
C(30)-C(5)-Na(1)
C(7)-C(6)-C(11)
C(7)-C(6)-C(1)
C(11)-C(6)-C(1)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
C(10)-C(11)-C(6)

127.55(17)
108.1(2)
126.9(2)
125.0(2)
80.37(14)
69.87(14)
117.69(16)
108.9(2)
132.05(17)
118.77(16)
107.9(2)
123.9(2)
128.2(2)
74.11(14)
71.31(14)
121.60(16)
108.6(2)
125.4(2)
125.7(2)
77.92(14)
69.19(13)
123.11(16)
107.6(2)
123.2(2)
129.3(2)
81.83(14)
73.21(14)
112.83(16)
116.9(2)
122.4(2)
120.7(2)
121.5(2)
120.4(2)
119.1(2)
120.2(3)
121.9(2)
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C(17)-C(12)-C(13)
C(17)-C(12)-C(2)

C(13)-C(12)-C(2)

C(14)-C(13)-C(12)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
C(17)-C(16)-C(15)
C(16)-C(17)-C(12)
C(23)-C(18)-C(19)
C(23)-C(18)-C(3)

C(19)-C(18)-C(3)

C(20)-C(19)-C(18)
C(21)-C(20)-C(19)
C(20)-C(21)-C(22)
C(21)-C(22)-C(23)
C(22)-C(23)-C(18)
C(29)-C(24)-C(25)
C(29)-C(24)-C(4)

C(25)-C(24)-C(4)

C(26)-C(25)-C(24)
C(27)-C(26)-C(25)
C(26)-C(27)-C(28)
C(27)-C(28)-C(29)
C(28)-C(29)-C(24)
C(35)-C(30)-C(31)
C(35)-C(30)-C(5)

C(31)-C(30)-C(5)

C(32)-C(31)-C(30)
C(33)-C(32)-C(31)
C(32)-C(33)-C(34)
C(33)-C(34)-C(35)
C(34)-C(35)-C(30)
0(1)-C(36)-C(37)

C(36)-C(37)-C(38)
C(39)-C(38)-C(37)
0(1)-C(39)-C(38)

117.6(2)
121.0(2)
121.3(2)
121.0(3)
120.7(3)
118.8(3)
120.6(3)
121.2(2)
117.3(2)
122.4(2)
120.3(2)
121.5(2)
119.9(2)
119.7(2)
120.4(2)
121.2(2)
117.6(2)
121.9(2)
120.5(2)
121.1(2)
120.7(2)
118.9(2)
120.3(2)
121.4(2)
116.8(2)
123.4(2)
119.7(2)
121.7(2)
120.6(3)
118.8(3)
121.1(3)
120.9(3)
107.2(2)
103.4(2)
101.2(2)
104.9(2)



0(2)-C(40)-C(41) 104.3(2) 0(3)-C(44)-C(45) 105.6(2)

C(40)-C(41)-C(42) 103.4(3) C(44)-C(45)-C(46) 101.9(2)
C(41)-C(42)-C(43) 105.3(3) C(47)-C(46)-C(45) 103.3(3)
0(2)-C(43)-C(42) 106.5(2) 0(3)-C(47)-C(46) 106.9(2)

X-ray Data Collection, Structure Solution and Refinement for 9.3.

A purple crystal of approximate dimensions 0.260 x 0.274 x 0.291 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX Il diffractometer system. The APEX2?
program package was used to determine the unit-cell parameters and for data collection (120
sec/frame scan time for 519 frames of data). The raw frame data was processed using SAINT?
and SADABS? to yield the reflection data file. Subsequent calculations were carried out using the
SHELXTL* program package. The diffraction symmetry was 2/m and the systematic absences
were consistent with the monoclinic space group P21/n that was later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors® for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. One tetrahydrofuran ligand was disordered
and included using multiple components, partial site-occupancy-factors, geometric and
displacement constraints.

Least-squares analysis yielded wR2 = 0.2038 and Goof = 1.036 for 550 variables refined
against 9041 data (0.83A), R1 = 0.0701 for those 5780 data with | > 2.05(l). The low bond
precision may have been a result of disorder and the incomplete, low multiplicity data set.

There were high residuals present in the final difference-Fourier map. It was probable
that additional tetrahydrofuran solvent was present. The SQUEEZE routine in the PLATON™

program package was used to account for the electrons in the solvent accessible voids.
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Table 9.4. Bond lengths [A] and angles [°] for 9.3.

C(1)-C(5) 1.414(5) C(30)-C(35) 1.395(5)
C(1)-C(2) 1.424(4) C(31)-C(32) 1.382(5)
C(1)-C(6) 1.471(5) C(32)-C(33) 1.382(5)
C(2)-C(3) 1.416(5) C(33)-C(34) 1.391(5)
C(2)-C(12) 1.475(4) C(34)-C(35) 1.376(5)
C(3)-C(4) 1.430(5) K(1)-0(8) 2.659(8)
C(3)-C(18) 1.478(5) K(1)-0(7) 2.748(3)
C(4)-C(5) 1.414(5) K(1)-O(4) 2.752(3)
C(4)-C(24) 1.481(5) K(1)-0(6) 2.783(3)
C(5)-C(30) 1.485(5) K(1)-0(2) 2.793(3)
C(6)-C(11) 1.390(5) K(1)-0(1) 2.796(3)
C(6)-C(7) 1.413(5) K(1)-0(5) 2.811(3)
C(7)-C(8) 1.382(5) K(1)-0(3) 2.834(3)
C(8)-C(9) 1.374(5) K(1)-O(8B) 2.901(8)
C(9)-C(10) 1.384(5) 0(1)-C(36) 1.419(4)
C(10)-C(11) 1.389(5) 0(1)-C(47) 1.429(4)
C(12)-C(13) 1.396(5) 0(2)-C(37) 1.421(4)
C(12)-C(17) 1.397(5) 0(2)-C(38) 1.425(4)
C(13)-C(14) 1.380(5) 0(3)-C(39) 1.419(4)
C(14)-C(15) 1.388(5) 0(3)-C(40) 1.427(4)
C(15)-C(16) 1.376(5) 0(4)-C(42) 1.422(4)
C(16)-C(17) 1.378(5) 0(4)-C(41) 1.437(4)
C(18)-C(19) 1.387(5) 0(5)-C(44) 1.419(4)
C(18)-C(23) 1.402(5) 0(5)-C(43) 1.426(5)
C(19)-C(20) 1.383(5) 0(6)-C(45) 1.420(5)
C(20)-C(21) 1.375(5) 0(6)-C(46) 1.433(5)
C(21)-C(22) 1.371(6) C(36)-C(37) 1.489(5)
C(22)-C(23) 1.393(5) C(38)-C(39) 1.490(6)
C(24)-C(29) 1.396(5) C(40)-C(41) 1.491(6)
C(24)-C(25) 1.403(5) C(42)-C(43) 1.496(6)
C(25)-C(26) 1.380(5) C(44)-C(45) 1.503(6)
C(26)-C(27) 1.371(7) C(46)-C(47) 1.488(6)
C(27)-C(28) 1.376(6) 0(7)-C(48) 1.418(5)
C(28)-C(29) 1.388(5) 0(7)-C(51) 1.419(6)
C(30)-C(31) 1.394(5) C(48)-C(49) 1.478(7)
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C(49)-C(50)
C(50)-C(51)
0(8)-C(55)
0(8)-C(52)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)
0(8B)-C(52B)
0(8B)-C(55B)
C(52B)-C(53B)
C(53B)-C(54B)
C(54B)-C(55B)

C(5)-C(1)-C(2)
C(5)-C(1)-C(6)
C(2)-C(1)-C(6)
C(3)-C(2)-C(1)
C(3)-C(2)-C(12)
C(1)-C(2)-C(12)
C(2)-C(3)-C(4)
C(2)-C(3)-C(18)
C(4)-C(3)-C(18)
C(5)-C(4)-CE3)
C(5)-C(4)-C(24)
C(3)-C(4)-C(24)
C(1)-C()-C(4)
C(1)-C(5)-C(30)
C(4)-C(5)-C(30)
C(11)-C(6)-C(7)
C(11)-C(6)-C(1)
C(7)-C(6)-C(1)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(8)-C(9)-C(10)
C(9)-C(10)-C(11)
C(10)-C(11)-C(6)

1.494(8)
1.523(8)
1.4100
1.4152
1.5245
1.5149
1.5169
1.4152
1.5242
1.4100
1.5170
1.5148

107.9(3)
125.3(3)
126.8(3)
107.6(3)
125.6(3)
126.8(3)
108.5(3)
124.7(3)
126.8(3)
107.1(3)
127.6(3)
125.3(3)
108.9(3)
123.3(3)
127.4(3)
116.6(3)
122.5(3)
120.9(3)
121.4(3)
120.6(3)
119.4(3)
120.2(4)
121.8(3)
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C(13)-C(12)-C(17)
C(13)-C(12)-C(2)
C(17)-C(12)-C(2)
C(14)-C(13)-C(12)
C(13)-C(14)-C(15)
C(16)-C(15)-C(14)
C(15)-C(16)-C(17)
C(16)-C(17)-C(12)
C(19)-C(18)-C(23)
C(19)-C(18)-C(3)
C(23)-C(18)-C(3)
C(20)-C(19)-C(18)
C(21)-C(20)-C(19)
C(22)-C(21)-C(20)
C(21)-C(22)-C(23)
C(22)-C(23)-C(18)
C(29)-C(24)-C(25)
C(29)-C(24)-C(4)
C(25)-C(24)-C(4)
C(26)-C(25)-C(24)
C(27)-C(26)-C(25)
C(26)-C(27)-C(28)
C(27)-C(28)-C(29)
C(28)-C(29)-C(24)
C(31)-C(30)-C(35)
C(31)-C(30)-C(5)
C(35)-C(30)-C(5)
C(32)-C(31)-C(30)
C(33)-C(32)-C(31)
C(32)-C(33)-C(34)
C(35)-C(34)-C(33)
C(34)-C(35)-C(30)
0(8)-K(1)-0(7)
0(8)-K(1)-0(4)
0(7)-K(1)-0(4)
0(8)-K(1)-0(6)

116.7(3)
122.2(3)
121.1(3)
121.6(3)
120.6(3)
118.6(3)
120.9(3)
121.7(3)
116.8(3)
122.1(3)
121.1(3)
121.7(4)
120.6(4)
119.3(3)
120.3(4)
121.3(4)
116.8(3)
121.7(3)
121.6(3)
121.5(4)
120.5(4)
119.6(4)
120.3(4)
121.3(4)
117.4(3)
123.0(3)
119.6(3)
120.9(3)
120.9(3)
119.1(3)
119.8(3)
122.0(3)
164.54(18)
80.68(18)
85.20(9)
99.22(19)



O(7)-K(1)-0(6)
0(4)-K(1)-0(6)
0(8)-K(1)-0(2)
O(7)-K(1)-0(2)
0(4)-K(1)-0(2)
0(6)-K(1)-0(2)
0(8)-K(1)-0(1)
O(7)-K(1)-0(1)
0(4)-K(1)-0(1)
0(6)-K(1)-0(1)
0(2)-K(1)-0(1)
0(8)-K(1)-0(5)
O(7)-K(1)-0()
0(4)-K(1)-0(5)
0(6)-K(1)-0(5)
0(2)-K(1)-0(5)
O(1)-K(1)-0()
0(8)-K(1)-0(3)
O(7)-K(1)-0(3)
0(4)-K(1)-0(3)
0(6)-K(1)-0(3)
0(2)-K(1)-0(3)
0(1)-K(1)-0(3)
0(5)-K(1)-0(3)
O(7)-K(1)-O(8B)
O(4)-K(1)-0(8B)
0(6)-K(1)-O(8B)
0(2)-K(1)-0(8B)
O(1)-K(1)-O(8B)
0(5)-K(1)-0(8B)
0(3)-K(1)-0(8B)
C(36)-O(1)-C(47)
C(36)-O(1)-K(1)
C(47)-0(1)-K(1)
C(37)-0(2)-C(38)
C(37)-0(2)-K(1)

82.63(9)
120.81(8)
98.70(18)
93.63(9)
119.06(8)
119.37(8)
96.22(18)
97.99(9)
176.74(8)
60.54(8)
60.23(7)
79.71(17)
88.08(9)
61.62(7)
60.27(8)
178.20(8)
118.98(8)
79.81(19)
98.67(9)
60.44(7)
178.35(8)
59.61(7)
118.15(8)
120.70(7)
171.54(15)
99.24(19)
101.00(18)
77.93(14)
77.50(19)
100.36(14)
77.58(18)
111.6(3)
115.2(2)
115.2(2)
112.2(3)
115.4(2)
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C(38)-0(2)-K(1)
C(39)-0(3)-C(40)
C(39)-0(3)-K(1)
C(40)-0(3)-K(1)
C(42)-0(4)-C(41)
C(42)-0(4)-K(1)
C(41)-0(4)-K(1)
C(44)-0(5)-C(43)
C(44)-0(5)-K(1)
C(43)-0(5)-K(1)
C(45)-0(6)-C(46)
C(45)-0(6)-K(1)
C(46)-0(6)-K(1)
0(1)-C(36)-C(37)
0(2)-C(37)-C(36)
0(2)-C(38)-C(39)
0(3)-C(39)-C(38)
0(3)-C(40)-C(41)
0(4)-C(41)-C(40)
0(4)-C(42)-C(43)
0(5)-C(43)-C(42)
0(5)-C(44)-C(45)
0(6)-C(45)-C(44)
0(6)-C(46)-C(47)
O(1)-C(47)-C(46)
C(48)-0(7)-C(51)
C(48)-0(7)-K(1)
C(51)-0(7)-K(1)
0(7)-C(48)-C(49)
C(48)-C(49)-C(50)
C(49)-C(50)-C(51)
0(7)-C(51)-C(50)
C(55)-0(8)-C(52)
C(55)-0(8)-K(1)
C(52)-0(8)-K(1)
0(8)-C(52)-C(53)

116.52(19)
112.8(3)
113.7(2)
113.5(2)
111.9(3)
114.7(2)
115.6(2)
111.8(3)
112.3(2)
111.0(2)
112.4(3)
116.5(2)
114.9(2)
109.2(3)
109.4(3)
108.8(3)
107.9(3)
108.4(3)
108.1(3)
108.5(3)
109.2(3)
108.3(3)
107.9(3)
109.4(3)
108.6(3)
108.3(4)
118.7(3)
118.2(3)
105.3(4)
102.6(4)
103.7(4)
106.6(4)
103.7
129.9(5)
117.9(5)
105.4



C(54)-C(53)-C(52) 102.3 C(53B)-C(52B)-0(8B)  103.7

C(53)-C(54)-C(55) 103.7 C(52B)-C(53B)-C(54B) 108.2
0O(8)-C(55)-C(54) 108.2 C(55B)-C(54B)-C(53B) 103.7
C(52B)-0O(8B)-C(55B) 105.4 C(54B)-C(55B)-O(8B) 102.3
C(52B)-0(8B)-K(1) 127.1(5) C(54B)-C(55B)-K(1)  102.3(4)
C(55B)-0(8B)-K(1) 94.5(5) 0O(8B)-C(55B)-K(1) 58.8(4)
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Chapter 10:

Synthesis of Tris(trimethylsilylcyclopentadienyl) Thorium, Cp’sTh

Introduction®

Complexes of Th(lll) ions are difficult to synthesize due to the extremely negative
reduction potential of Th(IV)/Th(lI1), which was originally estimated to be between —3.00 and
—3.82 V vs NHE'® (=3.40 and —4.22 V vs Fc'/Fc),* which is in line with the electrochemical
results in Chapter 3.°> Although careful choice of ligand environment and synthetic procedures can
allow isolation of Th(lll) complexes, only thirteen crystallographically-characterized Th(lll)
complexes were in the literature as of March 2022.5% There were synthetic reports of (CsHs)sTh,
(CsMeH.)sTh, and (indenyl)sTh from p-hydride elimination!” and {[(CsMes),ThH].}!~ from
reduction of [(CsMes)2ThH2)2,*2 but these compounds were not characterized by X-ray diffraction.
A review of these complexes and the difficulties associated with their syntheses has been
published.®

Th(I1l) complexes are of interest not only as strong reductants, but also as precursors to
Th(Il) compounds. As described in the Introduction, the first molecular example of Th(ll) was
isolated as [K(chelate)][Cp”3Th] via reduction of Cp”3Th [Cp” = CsH3(SiMes)2, chelate = 2.2.2-
cryptand or (18-crown-6)(THF)2].1° Previously, the first example of U(IT) was isolated with Cp’
[Cp’ = CsH4(SiMes)] ligands via reduction of Cp’sU,? but this route could not be applied to
thorium since Cp'sTh is not known. In efforts to find additional coordination environments

suitable for the synthesis of other Th(ll) complexes, the isolation of Cp'sTh was pursued.

T Portions of this Chapter have been published: Wedal, J. C.; Bekoe, S.; Ziller, J. W.; Furche, F.; Evans, W. J. In
Search of Tris(trimethylsilylcyclopentadienyl) Thorium. Dalton Trans. 2019, 48, 16633-16640. DOI:
10.1039/C9DT03674A
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Spectroscopic and reactivity evidence for Cp'sTh is presented in this Chapter. To support these
studies, the syntheses of Cp’sThl and Cp’sTh(C=CPh) were developed and X-ray crystal structures
of Cp'sThMe?'?? and (Cp'sTh)2(u-O) were obtained.
Results

Three Cp'3ThX compounds (X = CI, Br, I) were synthesized to examine their reduction
chemistry. Cp’sThCl and Cp'3ThBr were prepared according to the literature from ThCls(DME)2
or ThBry(THF)s and KCp', respectively.? Cp'sThl was synthesized from Cp'sThMe?*?? and
MesSil, which also generated MesSi as a product, eq 10.1. The Cp'sThMe precursor in eq 10.1

was prepared from Cp’sThBr and MeLi and was crystallographically characterized (see below).

ﬁ % MesSil ﬁ %
SiMe; hexane i SiMe;

Me;Si T Me;Si Th

AN

Me I

+Me,Si  (10.1)

SiMe; SiMe;
Reaction of Cp'sThBr with KCg in THF at —35 °C generates a dark blue solution, A, and a
black precipitate, presumably graphite, eq 10.2. The solution displays an axial EPR signal at 77
K with gi=1.98 and g+ = 1.89, and an isotropic signal at room temperature with giso = 1.90, Figure
10.1. The g values are consistent with all other crystallographically-characterized

tris(cyclopentadienyl) Th(111) compounds as shown in Table 10.1.
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B SiMe; N
KCg SiMe;
THF
Me;Si Th SiMe, ——>°C, Th (10.2)
\X — graphite
SiMe; SiMe;
X =Cl,Br, I

The UV-visible absorption spectrum of A in THF is very similar to previously
characterized Cp”sTh® and has three main features between 490 and 650 nm, Figure 10.2. The
measured 100-200 M~'cm™' extinction coefficients are significantly lower than all other
crystallographically-characterized tris(cyclopentadienyl) Th(Ill) species, which have extinction
coefficients in the thousands.®1* The measured values assume complete conversion of Cp'sThBr
to Cp’sTh with no decomposition and hence the minimum values. Further studies showed that

Cp’sTh decomposes rapidly, and the measured extinction coefficients are not likely to be accurate.
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Figure 10.1. X-band EPR of A in THF at room temperature (top; mode: perpendicular, v =
9.816566 GHz, P = 2.021, modulation amplitude = 2 mT) and at 77 K (bottom; mode:
perpendicular, v = 9.45551 GHz, P = 2.138; modulation amplitude = 2 mT). *The feature at g =
2.00 is attributed to electride.?

Table 10.1: Room temperature and 77 K EPR g values of (CsRs)3Th compounds.

Room temperature giso | 77 K gi, gL
[CsH3(SiMe2Bu)2]sTh? | 1.91 1.98, 1.89°
[CsH3(SiMes)2]sTh® 1.91 1.97, 1.882
((:5|\/|E4H)3Th11 1.92 1.98, 1.86
(CsMes)sTh 1.88 1.97,1.85
(Cs'BuzHs)sTh™? Not reported 1.97, 1.882
A 1.90 1.98, 1.89

8 Collected at 100 K
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Figure 10.2: UV-visible spectrum of A (blue) in THF and Cp”sTh® (red) in THF. The spectrum
of Cp”3Th was scaled down by a factor of 30 to ease comparison.

Reduction of Cp'sThCIY and Cp’sThl with KCg in THF also yields dark blue solutions.
The EPR spectra at 77 K, as well as the UV-visible spectrum at room temperature, are
indistinguishable from the reduction of Cp’3ThBr, which indicates that this reaction scheme is
independent of the halide ligand, eq 10.2. The reduction of Cp'sThBr can also be done in Et,O
and toluene with KCs. However, crystallization attempts at —35 °C immediately following
synthesis yield intractable solids and colorless solutions within approximately two hours
regardless of the crystallization technique or the toluene, Et.O, or THF solvent used. When
solution A in THF was placed under vacuum immediately after synthesis in attempts to isolate
solids, the blue color faded to grey within 15 minutes as the mixture was warmed to room
temperature from —35 °C. Decomposition of A could be monitored by the decrease in absorbance
at 496 nm in THF, and a half-life of 5.5 min was estimated for A in THF at room temperature,

Figure 10.3.
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Figure 10.3: Decomposition of A by monitoring absorbance at 496 nm in THF.

The cyclic voltammogram of Cp’3ThCI exhibits a quasi-reversible redox process at — 3.17
V vs Fc*/Fc, Figure 10.4, using ["BusN][BPha] as supporting electrolyte. The process occurs at an
identical potential at a scan rate of 200 mV/s, 500 mV/s, and 1000 mV/s, but reversibility is not
improved at higher scan rates. The irreversibility of this redox couple might suggest some
chemical process occurring once the reduced species is formed, highlighting the highly reactive

nature of Th(I1l) compounds.

381



ol
=N
1

&
(o]
1

=]
1

Current (uA)
=
(]

S
N
1

-3.8 -3.3 -2.8 -2.3 -1.8 -1.3
Potential vs Fc*/Fc (V)

Figure 10.4: Cyclic voltammogram of Cp’sThCI in 50 mM ["BusN][BPh4] / THF at v = 1000
mV/s. A glassy carbon working electrode, platinum wire counter electrode, and silver wire

pseudoreference electrode were used. (CsMes)2Fe was used as an internal standard.

A common product observed in the reactions with A is Cp’sThH.?2 Stirring A in THF for
90 min at room temperature leads to complete decomposition to a grey solution. The *H NMR
spectrum of this mixture in CeDs displays peaks consistent with Cp’sThH as well as at least five
other sets of Cp’ resonances suggestive of multiple Cp" environments. When the same reaction
was done in THF-ds, Cp'sThH was still observed in the *H NMR spectrum and no Th-D resonance
was observed in the 2H NMR spectrum, which suggests the hydride does not come from the
solvent. Cp’sThH also appears as a byproduct in reactions with A as described below.

In collaboration with Sam Bekoe and Filipp Furche, geometry optimization calculations on

Cp'sTh, Cp'sThBr, and Cp'sThBr!™ were carried out at the density functional level of theory using
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the TPSSh functional.?® Scalar relativistic effective core potentials (ECPs)?’ with the def-TZVP?
basis set were used for thorium and polarized split-valence basis sets with diffuse functions def2-
SVPD? were used for the other atoms. DFT calculations on Cp’sThBr matched the known
structure within 0.009 A in bond distances and within degrees in angles. The calculations yielded
a Cp'aTh minimum structure that has a trigonal planar arrangement of the cyclopentadienyl rings
as found in crystallographically characterized Cp”sTh.>® Two SiMes substituents point the
direction opposite the third, which is consistent with structure of other Cp’sM complexes (M = Y,*
La-Nd 332 Sm—Lu,*% U,2% Np*). In order to directly compare the geometry of Cp'sTh with
previously analyzed Cp”3Th,'? Cp'sTh was also optimized with the def2-SV/(P) basis set.?® The
average optimized Th—Cp’ ring centroid distance was 0.04 A shorter than the 2.520 A distance in
Cp"3Th, as expected for a smaller ligand. For comparison, the average U-ring centroid distances
are 2.508 and 2.542 A in the structures of Cp’sU*® and Cp”3sU,% respectively.

The highest-occupied molecular orbital (HOMO) calculated for Cp'sTh had significant
6dz?> character, Figure 10.5, which is consistent with the EPR spectra of all other

crystallographically-characterized tris(cyclopentadienyl) Th(I11) compounds.®1t1314

Figure 10.5: Calculated 6dz2-like HOMO of Cp'sTh obtained using DFT with the TPSSh

functional, plotted with a contour value of 0.06.
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Time dependent DFT (TDDFT) calculations predicted a UV-visible spectrum for Cp’3Th
in good agreement with the experimental spectrum, Figure 10.6. In contrast, the predicted
spectrum of the possible reduction product, [Cp’sThBr]}", has only a single excitation between
300-800 nm, and an excitation between 900-1000 nm, neither of which are observed in the
experimental spectrum. The electronic transitions of Cp’zTh between 400-1000 nm are
predominantly 6d to 5f in character, in agreement with analyses of previous Th(lll)
Complexesllo,13—16,37

The optimized structure of (Cp’sThBr)!~ shows that it is less stable than Cp’sTh by 2.2
kcal/mol. Further thermochemical calculations indicate that [Cp’sThBr]*~ is unstable with respect

to Cp'sTh and Br!~. Hence, these calculations are consistent with CpsTh being the product of the

reduction of Cp’3ThBr.
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Figure 10.6: Experimental UV-visible spectrum of A in THF (red) scaled up by a factor of 50
compared to the simulated TDDFT spectrum of Cp’sTh (blue). The computed electronic excitation
spectrum was empirically blue-shifted by 0.4 eV and broadened using Gaussians with root mean

squared width of 0.12 eV.
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Further reduction of A to Th(ll) was attempted. However, no green color was observed in
reactions of Cp’sThBr with excess KCg or K in THF or toluene, or with A and another equivalent
of KCg in THF, which would suggest the formation of Th(ll) based on previous studies of

[Cp"?,Th] 1*l9,19

I
— 2 > Cp';Thl
B SiMe;, ]
HCCPh Cp'sTh(CCPh)
SiMe,
Mel
Nh »  Cp';ThMe + Cp'sThl
Me;SiCl Cp'sThC
SiMe;,
- - o)
A L O o (cpyThy,(0)

Scheme 10.1: Reactivity of solution A.

The reactivity of solution A was investigated. Addition of MesSiCl to the dark blue
solution A formed by KCsg reduction of Cp’sThBr gave Cp’sThCl as the major product, along with
Cp'sThH in an 8:1 ratio and at least three other sets of unique Cp’ resonances.

Reaction of A with excess I>!* gave a color change to orange from which Cp'sThl and
Cp'sThBr were identified by *H NMR spectroscopy in a 10:1 ratio, along with at least two other
Cp’ environments. No Cp’sThH was observed in this reaction.

Addition of HC=CPh to the dark blue solution A gave an immediate color change to
orange. Cp’sTh(C=CPh), Cp'sThBr, and Cp’sThH were identified in approximately 9:8:1 ratio by

'H NMR spectroscopy. Small signals consistent with other Cp’ environments were also observed.
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Cp'3Th(C=CPh) was synthesized independently from Cp’sThBr and LiC=CPh in Et,0 to allow this
characterization.

Addition of 1 drop of neat Mel to A immediately formed a colorless solution. The ‘H
NMR spectrum contained numerous Cp’ resonances. Cp’sThMe, Cp’sThl, Cp’sThH, and Cp'3ThBr
could be identified in approximately a 4:1.5:1:9 ratio. This differs from the reactivity of
(CsMes)sTh with Mel, which cleanly affords a 2:3 mixture of (CsMes)sThMe and (CsMes)sThl in
an overall yield of 75%.'* All of these reactions are summarized in Scheme 10.1.

Although Cp'sThMe was reported in the literature in 1987, it had not been characterized
by X-ray crystallography. The structure was determined as part of this study, Figure 10.7.
Cp'sThMe crystallizes in the P3 space group and is another example of a
tris(cyclopentadienyl)thorium methyl structure after Cp”3sThMe® and (CsMes)sThMe.*
Cp'sThMe is isomorphous with Cp'sThBr? just as Cp”sThMe is isomorphous with Cp”"3ThCI.%
Interestingly, Cp’3ThCI does not readily crystallize in our hands. In the course of these studies,
Cp'sThBr was crystallized in the space group P2i/c, a different unit cell from the P3 space group
of the literature.?®

An interesting structural feature of Cp’3sThMe and Cp’sThBr in both space groups is that
the three trimethylsilyl groups in each complex point in the same direction and form a pocket
around the fourth ligand, Br or Me, Figure 10.7. The 2.559 A Th—centroid distance in Cp’sThMe
is surprisingly similar to the 2.569 A Th—centroid distance in Cp”3ThMe. Even more unusual is
that the 2.518(3) A Th—C(Me) distance of Cp'sThMe is longer than the 2.477(5) A Th-C(Me)

distance in Cp”3ThMe, a complex with larger ligands.
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Figure 10.7: Thermal ellipsoid plot of Cp'sThMe with selective atom labelling. Ellipsoids are
drawn at 50% probability level and hydrogen atoms have been omitted for clarity.

An oxide decomposition product was isolated from the reaction of A with CgHg. This
reaction gave an immediate color change from blue to orange to yellow, but only colorless crystals
of (Cp'3Th)2(u—0) could be isolated from this reaction, Figure 10.8. The origin of the oxygen is
unknown. Attempts to synthesize (Cp'3Th)2(u—0) directly from Cp’sThMe and H-O, or from A
and H,0,°% TEMPO, pyridine-N-oxide,**%?> and epoxybutane***> were unsuccessful. In the
reactions with H.O or TEMPO, the *H NMR spectrum showed peaks consistent with a single Cp’
environment, but these products were not consistent across each reaction. The reactions with
pyridine N-oxide and epoxybutane produced a complex mixture of products and were not pursued
further.

(Cp'3Th)2(u—0) is isomorphous with the uranium analog, (Cp'sU)2(u—0).** The Th-O-Th

angle is rigorously 180°, as the oxygen atom sits at an inversion center of the crystal. The
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trimethylsilyl substituents are staggered when observed down the Th—-O-Th axis. The Th-O
distance in (Cp’sTh)2(u—O) is approximately 0.04 A larger than the U analog, while the Th—
centroid distances are all approximately 0.06 A larger than in (Cp’3U)2(u—0O). For comparison, the
difference in the six-coordinate radii between Th(1V) and U(IV) is 0.08 A.** The centroid-Th—
centroid and centroid—-Th—O angles are all similar to (Cp'sU)2(u—0). Selected bond metrics are

given in Table 10.2, while full details are given in Table 10.3 and 10.6.

\ P < :l\?\ /3

{

Figure 10.8: Thermal ellipsoid plot of (Cp'3Th)2(«—O) with selective atom labelling. Ellipsoids

are drawn at 50% probability level and hydrogen atoms have been omitted for clarity.

388



Table 10.2: Selected bond distances and angles of (Cp'sTh)2(u—0) and (Cp'sU)2(u—0).% Cnt is

the Cp’ centroid.

(Cp'3Th)2(u—0) (Cp'3U)2(u—0)
M-0 (A) 2.1460(1) 2.1053(2)
M—cnt (A) 2.595 2.527
2.587 2.534
2.594 2.536
Cnt-M-cnt (°) | 117.6 117.2
117.4 116.9
117.5 117.7
Cnt-M-O (°) | 98.6 99.4
8.8 99.0
100.1 100.4

Discussion

Reduction of Cp'sThX (X = ClI, Br, or I) with KCg yields a dark blue solution, A, that has
the properties expected for Cp’sTh. However, the instability of the complex in A precludes
isolation and full crystallographic characterization. In contrast to other Th(lll) complexes which
are stable enough to be characterized by single crystal X-ray crystallography or solid-state methods
such as elemental analysis, A decomposes within two hours at —35 °C with an approximate half-
life of 5.5 min at room temperature and was not isolated.

EPR and UV-visible spectroscopy and DFT analysis support the proposed tris-
cyclopentadienyl formulation. The EPR spectrum of A at 77 K in THF is consistent with a 6d*
ground state with g values gi= 1.98 and g+ = 1.89. The absorption spectrum of A in THF displays
three strong features between 490 and 650 nm. TDDFT analysis on Cp'sTh indicates that these
transitions are mainly d-f transitions, consistent with theoretical analyses of other Th(lll)

Complexe5.10,13—16,19,37
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Investigation of the reaction chemistry showed that A was not a viable precursor to
(Cp'sTh)!". However, solutions of A are extremely reactive. The dark blue solution quickly loses
color upon addition of substrate and the reactions produce multiple thorium-containing products.
These products were difficult to separate due to the high solubility imparted by the Cp' ligand.
However, NMR evidence was observed for the products expected from reactions of Cp’3Th with
MesSiCl, 12, HC=CPh, and Mel, Scheme 10.1.

The instability of Cp’sTh can most likely be explained by the fact that the Cp’ ligands
cannot stabilize the highly reactive Th(lll) center due to their small size. The analogous actinide
complexes Cp'sU*® and Cp'sNp3* can be isolated and fully characterized. This is presumably
because the complexes are more sterically saturated, as U and Np are 0.08 and 0.10 A smaller than
Th, respectively,** and also because these An(I11) ions are less reducing.

Conclusion

Reduction of Cp'3ThCl, Cp’sThBr, and Cp'3Thl with KCgaffords a dark blue solution with
properties consistent with the presence of Cp’sTh as indicated by EPR and UV-visible
spectroscopy, DFT calculations, and reactivity studies. Isolation of this complex has not been
achieved, in contrast to Cp”3Th.>® Evidently, the smaller Cp’ ligand does not stabilize the Th(III)
center well enough to allow isolation.

Experimental

Unless specifically stated, all syntheses and manipulations described below were
conducted under Ar with rigorous exclusion of air and water using standard glovebox techniques.
Solvents were sparged with UHP argon and dried by passage through columns containing Q-5 and
molecular sieves prior to use. Deuterated NMR solvents were dried over NaK alloy, degassed by

three freeze-pump-thaw cycles, and vacuum transferred before use. *H and **C{*H} NMR spectra
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were recorded on a CRYO500 MHz spectrometer (**C{*H} operating at 125 MHz) at 298 K and
referenced to residual protio-solvent resonances. UV-visible spectra were collected at 298 K using
a Varian Cary 50 Scan UV-visible spectrophotometer in a 1 mm quartz cuvette. X-band EPR
spectra were recorded on a Bruker EMX spectrometer equipped with an ER041Xg microwave
bridge and calibrated with DPPH (g = 2.0036). Infrared spectra were recorded as compressed
solids on an Agilent Cary 630 ATR-FTIR. Elemental analyses were conducted on a PerkinElmer
2400 Series Il CHNS elemental analyzer. Electrochemical measurements were recorded with a
Princeton Applied Research PARSTAT 2273 Advanced Electrochemical System. MeLi (Sigma)
was purchased as a 1.6 M solution in diethyl ether, and solvent was removed to yield MeL.i as a
bright white solid. MesSiCl (Alfa Aesar) was used as received. I> was sublimed prior to use. Mel
was dried over molecular sieves and vacuum transferred before use. MesSil (Sigma) was dried
over molecular sieves, distilled twice under vacuum, and kept under dinitrogen until use. KCg*
and Cp'sThCI?® were synthesized following literature procedures. Electrochemical-grade
["BusN][BPh4] (99%) was purchased from Sigma and used as received.

Synthesis of Cp’sThBr. This complex was prepared according to literature procedures.?
'H NMR (toluene-ds): & 6.47 (m, 6H, CsHaSiMes), 6.36 (m, 6H, CsHaSiMes), 0.37 ppm (s, 27H,
SiMes). *C NMR (CeDs): 8 128.67 (CsHaSiMes), 128.35 (CsH4SiMes), 121.72 (CsH4SiMes), 0.80
ppm (SiMes). Colorless X-ray quality crystals grown from a concentrated toluene solution at
—35°C crystallized in the space group P21/c, different from the P3 space group in the literature.

Synthesis of Cp’sThMe.??2 A full experimental section is included here since it was not
previously reported in the literature. MeLi (15 mg, 0.68 mmol) was tapped into a solution of
Cp'3ThBr (203 mg, 0.280 mmol) in Et2O (5 mL). The colorless solution was stirred overnight at

which point it had turned brown. Brown solids were removed via filtration and the solution was
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dried under vacuum. The mixture was extracted into hexane and dried under vacuum to yield
white solids of Cp'sThMe (130 mg, 70%). This reaction can also be run in toluene with similar
yields, but requires 72 h to reach completion. Colorless X-ray-quality crystals were grown from a
concentrated hexane solution at —35 °C. H NMR (C¢De): & 6.25 (m, 12H, CsH4SiMes), 0.77 (s,
3H, Th-Me), 0.34 ppm (s, 27H, SiMes). 3C NMR (CeDs): & 124.9 (CsHiSiMes), 124.2
(CsH4SiMes), 118.9 (CsH4SiMes), 37.0 (Th-Me), 0.40 ppm (SiMes). IR: 2949m, 1443m, 1402m,
1310w, 1246s, 1174s, 1086w, 1041s, 901s, 826s, 776s, 744s, 685m cm™'. Anal. Calcd for
CasH42SisTh: C, 45.57; H, 6.43. Found: C, 42.24; H, 5.94. Low combustion analysis was persistent
across multiple samples and suggests incomplete combustion, which has been well-documented
with some organoactinide complexes.®121938:46-48 The C to H ratio in the analytical data gives a
formula of C2sHa1.89 which is close to the calculated value of C2sHao.

Synthesis of Cp’3ThCl from Cp’sThMe and MesSiCl. Cp’sThMe (38 mg, 0.058 mmol)
was dissolved in hexane (3 mL) to yield a colorless solution. Neat MesSiCl (3 drops, excess) was
added and the colorless solution was stirred for 72 h. Volatiles were removed under vacuum to
yield Cp'sThCI (35 mg, 89%), which was identified by *H NMR spectroscopy.?

Synthesis of Cp'sThl from Cp’sThMe and MesSil. Inside the glovebox, Cp'sThMe (59
mg, 0.090 mmol) was dissolved in hexane (10 mL) and filtered into a side-arm Schlenk flask to
give a pale yellow solution. The flask was brought out of the glovebox and attached to a Schlenk
line. Under a flow of nitrogen, doubly-distilled MesSil (15 xL, 0.11 mmol) was added to the
stirring solution via microsyringe and the solution immediately became colorless. The solution
was stirred for 40 h, at which point a tan precipitate had formed. Volatiles were removed under
vacuum and the flask was brought into the glovebox. The solids were extracted with hexane and

brown solids were removed via filtration. Removal of solvent yielded Cp’sThl as a colorless solid
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(31 mg, 45%). 'H NMR (CsDe): 6.63 (m, 6H, CsH4SiMes), 6.37 (m, 6H, CsH4SiMes), 0.38 ppm
(s, 27H, SiMes). *H NMR (THF-dg): 6.79 (m, 6H, CsH4SiMes), 6.58 (m, 6H, CsH4SiMes), 0.37
ppm (s, 27H, SiMes). °C NMR (THF-ds): 130.50 (CsH4SiMes), 128.41 (CsH4SiMes), 122.34
(CsH4SiMes), 1.23 ppm (SiMes). IR: 3063w, 2949m, 2922m, 2893m, 2850m, 1442w, 1404w,
1366m, 1310w, 1244s, 1172s, 1117w, 1039s, 900s, 828s, 783s, 748s, 689m cm!. Anal. Calcd for
C24H30SisThl: C, 37.40; H, 5.10. Found: C, 37.82; H, 5.36.

Synthesis of Cp’sTh(C=CPh). LiC=CPh (22 mg, 0.20 mmol) was tapped into a solution
of Cp’sThBr (126 mg, 0.174 mmol) in Et2O (5 ml). The colorless solution was stirred overnight.
The solution was dried under vacuum, the mixture was extracted into hexane, and insoluble
material was removed via filtration before drying under vacuum to yield Cp’sTh(C=CPh) as a
colorless oil, which solidifies at —35 °C (101 mg, 78%). *H NMR (CsDs): & 7.69 (d, 2H, 0—Ph),
7.17 (t, 2H, m—Ph), 7.03 (t, 1H, p—-Ph), 6.46 (m, 6H, CsH4SiMes), 6.34 (m, 6H, CsH4SiMes), 0.44
ppm (s, 27H, SiMes). 3C NMR (CsDe): & 157.01 (Th-C=CPh), 131.77 (CsHaSiMes), 128.60,
127.64, 127.06, 126.25, 125.17 (CsHaSiMes), 122.24, 120.00 (CsHaSiMes), 0.83 ppm (SiMes). IR:
3076w, 2949m, 2891m, 2062m (C=C), 1591m, 1482s, 1441m, 1404m, 1364s, 1310w, 1241s,
1195m,1173s, 1042s, 902s, 826s, 778s, 749s, 689s cm*. Anal. Calcd for C32HasSisTh: C, 51.59;
H, 5.95. Found: C, 51.99; H, 6.35.

In situ synthesis of Cp’sTh. Cp'sThBr (50 mg, 0.069 mmol) was dissolved in THF (1 mL)
and chilled to —35 °C. KCg (12 mg, 0.089 mmol) was chilled in a separate vial to —35 °C. KCg
was tapped into the stirring solution of Cp’3ThBr. Thisimmediately generated a dark blue solution,
A. KCgwas removed either by filtration or centrifugation after stirring for no longer than 15 min,
at which time the solution begins to visibly fade in intensity. Spectroscopic data were collected

immediately from these solutions, but rapid decomposition occurs and hence the extinction
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coefficients are probably not accurate. UV-visible (THF) Amaxnm (approx e, M~tcm™): 639 (150),
562 (110), 496 (180). EPR (THF, room temperature): giso = 1.90, (THF, 77 K): g1 =1.98, gL =
1.89.

Synthesis of Cp’sThCl from A and MesSiCl. Cp’sThBr (51 mg, 0.070 mmol) in THF (1
mL) and KCg (11 mg, 0.081 mmol) were chilled in separate vials at =35 °C for two hours. The
KCs was tapped into the colorless stirring solution of Cp’sThBr to form the dark blue solution A.
MesSiCl (3 drops, excess) was added. No immediate color change occurred, so the solution was
stirred for 40 min at which point the solution had become colorless. Black solids were removed
via centrifugation and the colorless supernatant was dried under vacuum. Extraction into hexane
and removal of solvent yielded white solids (36 mg). Cp'sThCl and Cp'sThH?? were identified by
1H NMR spectroscopy in an 8:1 ratio.

Synthesis of Cp’sThl from A and l2. Following a similar procedure for the synthesis of
Cp’sThClIfrom A, Cp’sThBr (48 mg, 0.066 mmol) and KCg (11 mg, 0.081 mmaol) were combined
to form the solution A. A solution of 1> (18 mg, 0.071 mmol) in THF (1 mL) was added dropwise.
The mixture immediately turned orange. After stirring for 5 min, the solution was dried and the
solids were extracted into hexane. The solvent was removed under vacuum to yield as yellow
solids (47 mg), Cp'sThl and Cp'sThBr were identified by *H NMR spectroscopy in a 10:1 ratio,
along with a small amount of other unidentifiable peaks.

Synthesis of Cp’3Th(C=CPh) from A and HC=CPh. Following a similar procedure for
the synthesis of Cp’sThCI from A, Cp’3ThBr (50 mg, 0.069 mmol) and KCg (12 mg, 0.089 mmol)
were combined to form solution A. HC=CPh (1 drop) was added and the solution immediately
became dark orange. After the solution was stirred for 5 min, volatiles were removed under

vacuum to yield a dark oil. The oil was extracted into hexane to yield a green-brown solution.
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This solution was filtered and dried to yield brown oily solids. Cp'sTh(C=CPh) was identified by
'H NMR spectroscopy.

Reaction of A and Mel. Following a similar procedure for the synthesis of Cp’3ThCI from
A, Cp'3ThBr (51 mg, 0.070 mmol) and KCg (11 mg, 0.081 mmol) were combined to form the
solution A. Mel (1 drop) was added and the solution immediately turned colorless. After stirring
for 5 min, the solution was dried and the solids were extracted into hexane. The solvent was
removed under vacuum to yield white solids (44 mg). The mixture contained Cp'sThMe and
Cp'sThl in an approximate 2:3 ratio as determined by *H NMR spectroscopy. Cp'sThH and
Cp’sThBr were also observed in the spectrum. Other unidentifiable peaks were also present.

Decomposition of A. Cp'sThBr (24 mg, 0.033 mmol) was dissolved in THF (1 mL). KCs
(excess) was added and the solution immediately became the dark blue color of A. The solution
was stirred at room temperature for 90 min at which point the solution had become colorless with
black solids, presumably graphite. The solids were removed via centrifugation and the grey
solution was dried under vacuum. The *H NMR spectrum in CeDs displayed multiple
unidentifiable peaks, along with Cp’sThH.22 When the same reaction was done in THF-ds, a
similar *H NMR spectrum was observed. The 2H spectrum displayed only THF-ds peaks.

Crystallization of (Cp’3Th)2(#—0O). Cp'sThBr (28 mg, 0.039 mmol) was dissolved in THF
(2 mL) and chilled to =35 °C. In a separate vial, cyclooctatetrene (8.7 mg, 0.064 mmol) was
dissolved in THF (1 mL) and chilled to —35 °C. A pipette was packed with KCs (9 mg, 0.064
mmol) and chilled to —35 °C. The colorless solution of Cp'sThBr was passed through the KCs
pipette to form A and was directly eluted into the yellow stirring solution of CgsHs. The mixture
turned orange briefly before fading to yellow while it stirred. After stirring for 5 min, the solution

was dried under vacuum to yield yellow and orange solids. The mixture was washed with hexane
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then extracted into THF. Several colorless X-ray-quality crystals were grown from a concentrated
THF solution of the mixture at —35 °C, which allowed (Cp'sTh)2(«—O) to be identified by X-ray
crystallography.

X-ray Data Collection, Structure Solution and Refinement for Cp'3ThBr. A colorless
crystal of approximate dimensions 0.194 x 0.199 x 0.258 mm was mounted on a glass fiber and
transferred to a Bruker SMART APEX Il diffractometer. The APEX2* program package was
used to determine the unit-cell parameters and for data collection with a 25 sec/frame scan time.
The raw frame data was processed using SAINT*and SADABS® to yield the reflection data file.
Subsequent calculations were carried out using the SHELXTL®? program. The diffraction
symmetry was 2/m and the systematic absences were consistent with the monoclinic space group
P2:/c that was later determined to be correct.

The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®? for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. There were two molecules of the formula-
unit present.

Least-squares analysis yielded wR2 = 0.0687 and Goof = 1.073 for 541 variables refined
against 13207 data (0.76 A), R1 = 0.0286 for those 10983 data with | > 2.0c(l).

Table 10.3: Crystal data and structure refinement for Cp'sThBr, Cp’sThMe, and (Cp’sTh)2(p—

0).
Cp'sThBr Cp'sThMe (Cp'sTh)2(u—0O)

Identification code jew6 jew4 jewb
Empirical formula C24 H39 Br Siz Th C25 Ha2 Siz Th Casg H7s O Sig Thy
Formula weight 723.77 658.89 1303.72
Temperature (K) 133(2) 88(2) 88(2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Trigonal Monoclinic
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Space group P2i/c P3 P2i/c

a(A) 21.7256(15) 15.740(2) 9.5444(6)

b (A) 16.9264(12) 15.740(2) 18.4598(11)
c(A) 15.1850(10) 6.7581(9) 15.7099(1)

a (°) 90 90 90

B (°) 91.1625(8) 90 103.9575(7)

v (°) 90 120 90

Volume (A%) 5582.9(7) 1450.0(4) 2686.2(3)

z 8 2 2

Calc. Density 1.722 1.509 1.612

(mg/m?)

Absorption 6.911 5.275 5.695
coefficient (mm™)

F(000) 2800 648 1276

Crystal color Colorless Colorless Colorless
Crystal size (mm?) 0.258 x 0.199 x 0.194 0.247 x 0.145 x 0.143 | 0.329 x 0.205 x 0.112
6 range for data 1.525t0 27.894 1.494 t0 29.104 1.732 to 29.155

collection (°)

Index ranges

-28<h<28,-21 <k<

-21<h<20,-20<k

-13<h<12,-24<k

22,-19<1<19 <20,-8<1<9 <23,-20<1<20
Reflections collected | 65691 17774 32844
Independent 13207 2483 6849
reflections
Completenessto 6 = | 99.9% 100.0% 100.0%

25.500°

Absorption correction

Semi-empirical from
equivalents

Semi-empirical from
equivalents

Semi-empirical from
equivalents

Max. and min.
transmission

0.4308 and 0.2963

0.4318 and 0.3061

0.4319 and 0.3096

Refinement method

Full-matrix least-
squares on F?

Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

Data / restraints / 13207 /0/541 2483/0/91 6849/0/415
parameters

Goodness-of-fit on F? | 1.073 1.046 1.037

Final R indices R1=0.0286, wR2 = R1=0.0143,wR2= | R1=0.0162, wR2 =
[1>24(1) = 10983 0.0656 0.0298 0.0320

data]
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R indices (all data)

R1=0.0372, wR2 =
0.0687

R1=0.0162, wR2 =
0.0303

R1=0.0201, wR2 =
0.0331

Data cutoff (A)

0.76

0.73

0.73

Largest diff. peak and
hole

3.725and -1.641 e. A3

0.664 and —0.424
e A3

0.565 and —0.498
e A3

Table 9.4: Bond lengths [A] and angles [°] for Cp'sThBr.

Th(1)-Cntl
Th(1)-Cnt2
Th(1)-Cnt3
Th(1)-C(19)
Th(1)-C(3)
Th(1)-C(11)
Th(1)-C(4)
Th(1)-C(20)
Th(1)-C(12)
Th(1)-C(13)
Th(1)-C(5)
Th(1)-C(2)
Th(1)-C(10)
Th(1)-C(21)
Th(1)-C(18)
Th(1)-C(9)
Th(1)-C(1)
Th(1)-Br(1)
Th(1)-C(17)
Si(1)-C(7)
Si(1)-C(6)
Si(1)-C(1)
Si(1)-C(8)
Si(2)-C(15)
Si(2)-C(14)
Si(2)-C(16)
Si(2)-C(9)
Si(3)-C(23)
Si(3)-C(22)

2.537
2.539
2.546
2.775(4)
2.776(4)
2.788(4)
2.792(4)
2.792(4)
2.798(4)
2.803(4)
2.811(4)
2.819(4)
2.819(4)
2.826(4)
2.826(4)
2.834(4)
2.840(4)
2.8515(4)
2.864(4)
1.854(4)
1.858(4)
1.874(4)
1.874(5)
1.853(4)
1.864(4)
1.867(5)
1.884(4)
1.853(5)
1.859(6)
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Si(3)-C(24)
Si(3)-C(17)
C(1)-C(2)
C(1)-C(5)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(9)-C(13)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(17)-C(21)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(20)-C(21)
Th(2)-Cnt4
Th(2)-Cnt5
Th(2)-Cnt6
Th(2)-C(43)
Th(2)-C(27)
Th(2)-C(35)
Th(2)-C(36)
Th(2)-C(26)
Th(2)-C(44)
Th(2)-C(42)
Th(2)-C(28)
Th(2)-C(37)

1.861(5)
1.868(4)
1.425(6)
1.432(5)
1.405(6)
1.414(6)
1.401(6)
1.422(5)
1.423(6)
1.406(6)
1.412(6)
1.391(6)
1.423(5)
1.433(6)
1.408(6)
1.418(6)
1.395(6)
2.544

2.547

2.544

2.772(4)
2.776(4)
2.784(4)
2.798(4)
2.803(4)
2.808(4)
2.817(4)
2.822(4)
2.823(4)




Th(2)-C(34)
Th(2)-C(29)
Th(2)-C(45)
Th(2)-C(25)
Th(2)-Br(2)
Th(2)-C(41)
Th(2)-C(33)
Si(4)-C(31)
Si(4)-C(30)
Si(4)-C(32)
Si(4)-C(25)
Si(5)-C(39)
Si(5)-C(33)
Si(5)-C(40)
Si(5)-C(38)
Si(6)-C(48)
Si(6)-C(46)
Si(6)-C(41)
Si(6)-C(47)
C(25)-C(29)
C(25)-C(26)
C(26)-C(27)
C(27)-C(28)
C(28)-C(29)
C(33)-C(34)
C(33)-C(37)
C(34)-C(35)
C(35)-C(36)
C(36)-C(37)
C(41)-C(45)
C(41)-C(42)
C(42)-C(43)
C(43)-C(44)
C(44)-C(45)

Cnt1-Th(1)-Br(1)

2.827(4)
2.828(4)
2.831(4)
2.839(4)
2.8450(4)
2.846(4)
2.853(4)
1.854(6)
1.857(5)
1.858(6)
1.869(4)
1.857(5)
1.865(4)
1.866(4)
1.875(5)
1.858(5)
1.866(5)
1.873(4)
1.874(4)
1.421(6)
1.422(6)
1.411(6)
1.413(6)
1.402(6)
1.422(5)
1.434(6)
1.408(6)
1.409(6)
1.398(6)
1.424(5)
1.428(6)
1.414(6)
1.411(6)
1.400(6)

101.2

Cnt2-Th(1)-Br(1)
Cnt3-Th(1)-Br(1)
Cnt1-Th(1)-Cnt2
Cnt1-Th(1)-Cnt3
Cnt2-Th(1)-Cnt3
C(19)-Th(1)-C(3)
C(19)-Th(1)-C(11)
C(3)-Th(1)-C(11)
C(19)-Th(1)-C(4)
C(3)-Th(1)-C(4)
C(11)-Th(2)-C(4)
C(19)-Th(1)-C(20)
C(3)-Th(1)-C(20)
C(11)-Th(1)-C(20)
C(4)-Th(1)-C(20)
C(19)-Th(1)-C(12)
C(3)-Th(1)-C(12)
C(11)-Th(1)-C(12)
C(4)-Th(1)-C(12)
C(20)-Th(1)-C(12)
C(19)-Th(1)-C(13)
C(3)-Th(1)-C(13)
C(11)-Th(1)-C(13)
C(4)-Th(1)-C(13)
C(20)-Th(1)-C(13)
C(12)-Th(1)-C(13)
C(19)-Th(1)-C(5)
C(3)-Th(1)-C(5)
C(11)-Th(2)-C(5)
C(4)-Th(1)-C(5)
C(20)-Th(1)-C(5)
C(12)-Th(2)-C(5)
C(13)-Th(1)-C(5)
C(19)-Th(2)-C(2)
C(3)-Th(1)-C(2)
C(11)-Th(2)-C(2)

1015
100.8
116.2
116.8
116.0
90.66(12)
88.20(13)
87.98(13)
92.41(12)
29.42(13)
117.38(12)
29.51(12)
120.02(12)
92.16(13)
116.11(12)
117.34(13)
90.59(13)
29.29(13)
115.44(12)
115.74(12)
121.97(12)
117.76(12)
47.88(12)
137.23(12)
105.25(12)
28.76(11)
119.42(12)
47.99(12)
123.74(12)
28.96(11)
136.55(12)
106.61(11)
116.80(11)
116.46(12)
29.07(12)
76.57(12)



C(4)-Th(1)-C(2)
C(20)-Th(1)-C(2)
C(12)-Th(1)-C(2)
C(13)-Th(1)-C(2)
C(5)-Th(1)-C(2)
C(19)-Th(1)-C(10)
C(3)-Th(1)-C(10)
C(11)-Th(1)-C(10)
C(4)-Th(1)-C(10)
C(20)-Th(1)-C(10)
C(12)-Th(1)-C(10)
C(13)-Th(1)-C(10)
C(5)-Th(1)-C(10)
C(2)-Th(1)-C(10)
C(19)-Th(1)-C(21)
C(3)-Th(1)-C(21)
C(11)-Th(1)-C(21)
C(4)-Th(1)-C(21)
C(20)-Th(1)-C(21)
C(12)-Th(1)-C(21)
C(13)-Th(1)-C(21)
C(5)-Th(1)-C(21)
C(2)-Th(1)-C(21)
C(10)-Th(1)-C(21)
C(19)-Th(1)-C(18)
C(3)-Th(1)-C(18)
C(11)-Th(1)-C(18)
C(4)-Th(1)-C(18)
C(20)-Th(1)-C(18)
C(12)-Th(1)-C(18)
C(13)-Th(1)-C(18)
C(5)-Th(1)-C(18)
C(2)-Th(1)-C(18)
C(10)-Th(1)-C(18)
C(21)-Th(1)-C(18)
C(19)-Th(1)-C(9)

47.96(12)
145.50(12)
67.51(12)
91.27(12)
47.63(12)
75.31(13)
113.64(13)
29.03(12)
142.12(12)
68.04(12)
47.72(12)
47.54(12)
152.40(12)
105.60(12)
47.91(12)
123.90(12)
119.75(12)
105.24(12)
28.76(12)
137.89(11)
116.53(11)
114.40(12)
152.12(12)
92.89(12)
29.10(12)
77.66(12)
113.32(12)
68.30(12)
47.84(12)
142.03(12)
150.77(12)
92.12(12)
106.74(12)
104.37(12)
47.33(11)
95.06(12)
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C(3)-Th(1)-C(9)
C(11)-Th(1)-C(9)
C(4)-Th(1)-C(9)
C(20)-Th(1)-C(9)
C(12)-Th(1)-C(9)
C(13)-Th(1)-C(9)
C(5)-Th(1)-C(9)
C(2)-Th(1)-C(9)
C(10)-Th(1)-C(9)
C(21)-Th(1)-C(9)
C(18)-Th(1)-C(9)
C(19)-Th(1)-C(1)
C(3)-Th(1)-C(1)
C(11)-Th(1)-C(1)
C(4)-Th(1)-C(1)
C(20)-Th(1)-C(1)
C(12)-Th(1)-C(1)
C(13)-Th(1)-C(1)
C(5)-Th(1)-C(1)
C(2)-Th(1)-C(1)
C(10)-Th(1)-C(1)
C(21)-Th(1)-C(1)
C(18)-Th(1)-C(1)
C(9)-Th(1)-C(1)
C(19)-Th(1)-Br(1)
C(3)-Th(1)-Br(1)
C(11)-Th(1)-Br(1)
C(4)-Th(1)-Br(1)
C(20)-Th(1)-Br(1)
C(12)-Th(1)-Br(1)
C(13)-Th(1)-Br(1)
C(5)-Th(1)-Br(1)
C(2)-Th(1)-Br(1)
C(10)-Th(1)-Br(1)
C(21)-Th(1)-Br(1)
C(18)-Th(1)-Br(1)

135.62(12)
48.42(11)
163.53(12)
76.05(12)
48.17(11)
29.21(11)
145.34(11)
115.68(12)
29.16(11)
90.61(11)
122.44(12)
138.26(12)
48.52(12)
97.25(12)
48.52(11)
164.54(12)
77.27(11)
90.14(11)
29.36(11)
29.15(11)
124.11(12)
142.82(11)
116.81(11)
119.31(11)
125.46(9)
126.24(9)
126.30(9)
103.01(9)
100.68(8)
102.44(9)
78.49(8)
78.45(8)
112.34(8)
113.37(8)
77.55(8)
113.70(8)



C(9)-Th(1)-Br(1)
C(1)-Th(1)-Br(1)
C(19)-Th(1)-C(17)
C(3)-Th(1)-C(17)
C(11)-Th(1)-C(17)
C(4)-Th(1)-C(17)
C(20)-Th(1)-C(17)
C(12)-Th(1)-C(17)
C(13)-Th(1)-C(17)
C(5)-Th(1)-C(17)
C(2)-Th(1)-C(17)
C(10)-Th(1)-C(17)
C(21)-Th(1)-C(17)
C(18)-Th(1)-C(17)
C(9)-Th(1)-C(17)
C(1)-Th(1)-C(17)
Br(1)-Th(1)-C(17)
C(7)-Si(1)-C(6)
C(7)-Si(1)-C(1)
C(6)-Si(1)-C(1)
C(7)-Si(1)-C(8)
C(6)-Si(1)-C(8)
C(1)-Si(1)-C(8)
C(15)-Si(2)-C(14)
C(15)-Si(2)-C(16)
C(14)-Si(2)-C(16)
C(15)-Si(2)-C(9)
C(14)-Si(2)-C(9)
C(16)-Si(2)-C(9)
C(23)-Si(3)-C(22)
C(23)-Si(3)-C(24)
C(22)-Si(3)-C(24)
C(23)-Si(3)-C(17)
C(22)-Si(3)-C(17)
C(24)-Si(3)-C(17)
C(2)-C(1)-C(5)

84.49(8)
83.58(8)
48.54(12)
96.91(12)
136.32(12)
76.28(12)
48.18(11)
163.81(12)
145.06(11)
88.97(11)
123.54(12)
116.13(12)
28.96(11)
29.16(11)
119.41(11)
118.30(11)
84.67(8)
108.1(2)
115.99(18)
107.19(19)
108.1(2)
110.2(2)
107.32(19)
108.6(2)
107.5(2)
111.3(2)
115.53(18)
107.8(2)
106.14(19)
106.7(3)
108.3(3)
109.3(3)
116.1(2)
107.8(2)
108.5(2)
105.4(3)
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C(2)-C(1)-Si(1)
C(5)-C(1)-Si(1)
C(2)-C(1)-Th(1)
C(5)-C(1)-Th(1)
Si(1)-C(1)-Th(1)
C(3)-C(2)-C(1)
C(3)-C(2)-Th(1)
C(1)-C(2)-Th(1)
C(2)-C(3)-C(4)
C(2)-C(3)-Th(1)
C(4)-C(3)-Th(1)
C(5)-C(4)-C(3)
C(5)-C(4)-Th(1)
C(3)-C(4)-Th(1)
C(4)-C(5)-C(1)
C(4)-C(5)-Th(1)
C(1)-C(5)-Th(1)
C(13)-C(9)-C(10)
C(13)-C(9)-Si(2)
C(10)-C(9)-Si(2)
C(13)-C(9)-Th(1)
C(10)-C(9)-Th(1)
Si(2)-C(9)-Th(1)
C(11)-C(10)-C(9)
C(11)-C(10)-Th(1)
C(9)-C(10)-Th(1)
C(10)-C(11)-C(12)
C(10)-C(11)-Th(1)
C(12)-C(11)-Th(1)
C(13)-C(12)-C(11)
C(13)-C(12)-Th(1)
C(11)-C(12)-Th(1)
C(12)-C(13)-C(9)
C(12)-C(13)-Th(1)
C(9)-C(13)-Th(1)
C(21)-C(17)-C(18)

130.3(3)
122.8(3)
74.6(2)
74.2(2)
126.68(17)
109.3(4)
73.7(2)
76.2(2)
108.0(4)
77.2(2)
75.9(2)
107.7(4)
76.3(2)
74.7(2)
109.5(4)
74.8(2)
76.4(2)
105.6(3)
123.4(3)
129.2(3)
74.2(2)
74.9(2)
127.73(18)
109.2(4)
74.3(2)
76.0(2)
107.5(4)
76.7(2)
75.7(2)
108.1(4)
75.8(2)
75.0(2)
109.6(4)
75.4(2)
76.6(2)
105.2(4)



C(21)-C(17)-Si(3)
C(18)-C(17)-Si(3)
C(21)-C(17)-Th(2)
C(18)-C(17)-Th(1)
Si(3)-C(17)-Th(1)
C(19)-C(18)-C(17)
C(19)-C(18)-Th(1)
C(17)-C(18)-Th(1)
C(18)-C(19)-C(20)
C(18)-C(19)-Th(1)
C(20)-C(19)-Th(1)
C(21)-C(20)-C(19)
C(21)-C(20)-Th(1)
C(19)-C(20)-Th(1)
C(20)-C(21)-C(17)
C(20)-C(21)-Th(1)
C(17)-C(21)-Th(1)
Cnt4-Th(2)-Br(2)
Cnt5-Th(2)-Br(2)
Cnt6-Th(2)-Br(2)
Cnt4-Th(1)-Cnts
Cnt4-Th(1)-Cnt6
Cnt5-Th(1)-Cnt6
C(43)-Th(2)-C(27)
C(43)-Th(2)-C(35)
C(27)-Th(2)-C(35)
C(43)-Th(2)-C(36)
C(27)-Th(2)-C(36)
C(35)-Th(2)-C(36)
C(43)-Th(2)-C(26)
C(27)-Th(2)-C(26)
C(35)-Th(2)-C(26)
C(36)-Th(2)-C(26)
C(43)-Th(2)-C(44)
C(27)-Th(2)-C(44)
C(35)-Th(2)-C(44)

123.4(3)
129.1(3)
74.0(2)
74.0(2)
130.13(18)
109.4(4)
73.4(2)
76.9(2)
107.4(4)
77.5(2)
75.9(2)
107.9(4)
77.0(2)
74.6(2)
110.1(4)
74.3(2)
77.0(2)
102.7
100.0
100.9
116.1
115.4
117.5
85.37(13)
89.65(13)
91.03(13)
118.89(13)
92.68(12)
29.24(13)
110.62(13)
29.30(12)
76.97(13)
67.84(12)
29.28(13)
114.64(12)
90.21(13)
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C(36)-Th(2)-C(44)
C(26)-Th(2)-C(44)
C(43)-Th(2)-C(42)
C(27)-Th(2)-C(42)
C(35)-Th(2)-C(42)
C(36)-Th(2)-C(42)
C(26)-Th(2)-C(42)
C(44)-Th(2)-C(42)
C(43)-Th(2)-C(28)
C(27)-Th(2)-C(28)
C(35)-Th(2)-C(28)
C(36)-Th(2)-C(28)
C(26)-Th(2)-C(28)
C(44)-Th(2)-C(28)
C(42)-Th(2)-C(28)
C(43)-Th(2)-C(37)
C(27)-Th(2)-C(37)
C(35)-Th(2)-C(37)
C(36)-Th(2)-C(37)
C(26)-Th(2)-C(37)
C(44)-Th(2)-C(37)
C(42)-Th(2)-C(37)
C(28)-Th(2)-C(37)
C(43)-Th(2)-C(34)
C(27)-Th(2)-C(34)
C(35)-Th(2)-C(34)
C(36)-Th(2)-C(34)
C(26)-Th(2)-C(34)
C(44)-Th(2)-C(34)
C(42)-Th(2)-C(34)
C(28)-Th(2)-C(34)
C(37)-Th(2)-C(34)
C(43)-Th(2)-C(29)
C(27)-Th(2)-C(29)
C(35)-Th(2)-C(29)
C(36)-Th(2)-C(29)

115.68(12)
138.86(12)
29.31(12)
74.52(12)
116.51(13)
144.59(12)
103.80(12)
47.76(12)
89.87(13)
29.22(12)
119.97(13)
115.54(12)
47.79(12)
114.66(12)
66.98(12)
126.82(12)
119.38(12)
47.87(12)
28.79(11)
91.54(12)
108.53(12)
155.32(12)
135.38(12)
79.66(13)
116.97(13)
29.06(13)
47.64(12)
106.03(12)
68.25(12)
108.87(12)
145.95(12)
47.41(12)
117.66(13)
47.79(12)
122.92(13)
104.07(12)



C(26)-Th(2)-C(29)
C(44)-Th(2)-C(29)
C(42)-Th(2)-C(29)
C(28)-Th(2)-C(29)
C(37)-Th(2)-C(29)
C(34)-Th(2)-C(29)
C(43)-Th(2)-C(45)
C(27)-Th(2)-C(45)
C(35)-Th(2)-C(45)
C(36)-Th(2)-C(45)
C(26)-Th(2)-C(45)
C(44)-Th(2)-C(45)
C(42)-Th(2)-C(45)
C(28)-Th(2)-C(45)
C(37)-Th(2)-C(45)
C(34)-Th(2)-C(45)
C(29)-Th(2)-C(45)
C(43)-Th(2)-C(25)
C(27)-Th(2)-C(25)
C(35)-Th(2)-C(25)
C(36)-Th(2)-C(25)
C(26)-Th(2)-C(25)
C(44)-Th(2)-C(25)
C(42)-Th(2)-C(25)
C(28)-Th(2)-C(25)
C(37)-Th(2)-C(25)
C(34)-Th(2)-C(25)
C(29)-Th(2)-C(25)
C(45)-Th(2)-C(25)
C(43)-Th(2)-Br(2)
C(27)-Th(2)-Br(2)
C(35)-Th(2)-Br(2)
C(36)-Th(2)-Br(2)
C(26)-Th(2)-Br(2)
C(44)-Th(2)-Br(2)
C(42)-Th(2)-Br(2)

47.36(12)
138.00(12)
91.61(12)
28.73(12)
112.89(12)
150.86(12)
47.94(12)
121.68(12)
116.55(13)
136.35(12)
150.92(12)
28.75(11)
47.42(12)
106.50(12)
116.84(11)
90.35(12)
118.74(12)
133.67(13)
48.64(12)
95.59(13)
75.05(12)
29.18(11)
162.22(12)
115.13(12)
48.21(12)
87.61(11)
122.05(12)
29.05(11)
147.51(11)
126.26(9)
127.07(9)
125.19(9)
102.74(8)
115.94(8)
103.48(9)
111.36(8)
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C(28)-Th(2)-Br(2)
C(37)-Th(2)-Br(2)
C(34)-Th(2)-Br(2)
C(29)-Th(2)-Br(2)
C(45)-Th(2)-Br(2)
C(25)-Th(2)-Br(2)
C(43)-Th(2)-C(41)
C(27)-Th(2)-C(41)
C(35)-Th(2)-C(41)
C(36)-Th(2)-C(41)
C(26)-Th(2)-C(41)
C(44)-Th(2)-C(41)
C(42)-Th(2)-C(41)
C(28)-Th(2)-C(41)
C(37)-Th(2)-C(41)
C(34)-Th(2)-C(41)
C(29)-Th(2)-C(41)
C(45)-Th(2)-C(41)
C(25)-Th(2)-C(41)
Br(2)-Th(2)-C(41)
C(43)-Th(2)-C(33)
C(27)-Th(2)-C(33)
C(35)-Th(2)-C(33)
C(36)-Th(2)-C(33)
C(26)-Th(2)-C(33)
C(44)-Th(2)-C(33)
C(42)-Th(2)-C(33)
C(28)-Th(2)-C(33)
C(37)-Th(2)-C(33)
C(34)-Th(2)-C(33)
C(29)-Th(2)-C(33)
C(45)-Th(2)-C(33)
C(25)-Th(2)-C(33)
Br(2)-Th(2)-C(33)
C(41)-Th(2)-C(33)
C(31)-Si(4)-C(30)

101.95(9)
77.70(8)
110.41(8)
79.30(9)
78.65(8)
86.87(8)
48.72(12)
96.09(12)
136.64(13)
163.81(12)
123.80(12)
48.18(11)
29.21(11)
77.50(12)
144.46(11)
116.18(12)
91.87(12)
29.06(11)
120.79(11)
82.71(8)
100.79(13)
138.42(12)
48.41(12)
48.21(12)
116.05(12)
79.37(12)
126.87(12)
163.53(12)
29.26(11)
28.99(11)
141.25(12)
89.94(11)
116.83(11)
81.92(8)
118.96(11)
109.2(3)



C(31)-Si(4)-C(32)
C(30)-Si(4)-C(32)
C(31)-Si(4)-C(25)
C(30)-Si(4)-C(25)
C(32)-Si(4)-C(25)
C(39)-Si(5)-C(33)
C(39)-Si(5)-C(40)
C(33)-Si(5)-C(40)
C(39)-Si(5)-C(38)
C(33)-Si(5)-C(38)
C(40)-Si(5)-C(38)
C(48)-Si(6)-C(46)
C(48)-Si(6)-C(41)
C(46)-Si(6)-C(41)
C(48)-Si(6)-C(47)
C(46)-Si(6)-C(47)
C(41)-Si(6)-C(47)
C(29)-C(25)-C(26)
C(29)-C(25)-Si(4)
C(26)-C(25)-Si(4)
C(29)-C(25)-Th(2)
C(26)-C(25)-Th(2)
Si(4)-C(25)-Th(2)
C(27)-C(26)-C(25)
C(27)-C(26)-Th(2)
C(25)-C(26)-Th(2)
C(26)-C(27)-C(28)
C(26)-C(27)-Th(2)
C(28)-C(27)-Th(2)
C(29)-C(28)-C(27)
C(29)-C(28)-Th(2)
C(27)-C(28)-Th(2)
C(28)-C(29)-C(25)
C(28)-C(29)-Th(2)
C(25)-C(29)-Th(2)
C(34)-C(33)-C(37)

110.0(3)
107.1(3)
111.5(2)
106.6(2)
112.3(2)
107.9(2)
107.2(2)
115.33(19)
110.1(2)
108.2(2)
108.0(2)
109.1(3)
115.3(2)
107.0(2)
107.5(2)
109.4(3)
108.41(19)
105.4(4)
122.9(3)
128.5(3)
75.1(2)
74.02)
131.70(18)
109.5(4)
74.3(2)
76.8(2)
107.6(4)
76.4(2)
77.2(2)
107.5(4)
75.9(2)
73.6(2)
109.9(4)
75.4(2)
75.9(2)
105.4(4)
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C(34)-C(33)-Si(5)

C(37)-C(33)-Si(5)

C(34)-C(33)-Th(2)
C(37)-C(33)-Th(2)
Si(5)-C(33)-Th(2)

C(35)-C(34)-C(33)
C(35)-C(34)-Th(2)
C(33)-C(34)-Th(2)
C(34)-C(35)-C(36)
C(34)-C(35)-Th(2)
C(36)-C(35)-Th(2)
C(37)-C(36)-C(35)
C(37)-C(36)-Th(2)
C(35)-C(36)-Th(2)
C(36)-C(37)-C(33)
C(36)-C(37)-Th(2)
C(33)-C(37)-Th(2)
C(45)-C(41)-C(42)
C(45)-C(41)-Si(6)

C(42)-C(41)-Si(6)

C(45)-C(41)-Th(2)
C(42)-C(41)-Th(2)
Si(6)-C(41)-Th(2)

C(43)-C(42)-C(41)
C(43)-C(42)-Th(2)
C(41)-C(42)-Th(2)
C(44)-C(43)-C(42)
C(44)-C(43)-Th(2)
C(42)-C(43)-Th(2)
C(45)-C(44)-C(43)
C(45)-C(44)-Th(2)
C(43)-C(44)-Th(2)
C(44)-C(45)-C(41)
C(44)-C(45)-Th(2)
C(41)-C(45)-Th(2)

127.6(3)
125.1(3)
74.5(2)
74.2(2)
128.49(18)
109.6(4)
73.8(2)
76.5(2)
107.5(4)
77.2(2)
75.9(2)
108.3(4)
76.6(2)
74.8(2)
109.2(4)
74.6(2)
76.5(2)
105.5(3)
122.8(3)
129.9(3)
74.9(2)
74.3(2)
127.53(18)
109.2(4)
73.6(2)
76.5(2)
107.4(4)
76.8(2)
77.1(2)
108.2(4)
76.5(2)
73.9(2)
109.6(4)
74.7(2)
76.1(2)



X-ray Data Collection, Structure Solution and Refinement for Cp'sThMe. A colorless
crystal of approximate dimensions 0.143 x 0.145 x 0.247 mm was mounted in a cryoloop and
transferred to a Bruker SMART APEX Il diffractometer. The APEX2* program package was
used to determine the unit-cell parameters and for data collection with 20 sec/frame scan time.
The raw frame data was processed using SAINT*® and SADABS®! to yield the reflection data file.
The systematic absences were consistent with the trigonal space groups P3 and P3. The
centrosymmetric space group P3 was assigned and later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors® for neutral atoms were used throughout the
analysis. Hydrogen atoms were included using a riding model. The molecule was located on a
three-fold rotation axis.

Least-squares analysis yielded wR2 = 0.0303 and Goof = 1.046 for 91 variables refined
against 2483 data (0.73 A), R1 = 0.0143 for those 2357 data with | > 2.05(1).

There were several high residuals present in the final difference-Fourier map. It was not
possible to determine the nature of the residuals although it was probable that diethyl ether solvent
was present. The SQUEEZE® routine in the PLATON?® program package was used to account

for the electrons in the solvent accessible voids.

Table 9.5: Bond lengths [A] and angles [°] for Cp'sThMe. Symmetry transformations used to
generate equivalent atoms: #1 -y+1,x-y,z #2 -x+y+1,-x+1,z

Th(1)-Cnt 2,559 Th(1)-C(5)#2 2.8081(17)
Th(1)-C(1) 2.518(3) Th(1)-C(3)#2 2.8307(17)
Th(1)-C(4) 2.7923(16) Th(1)-C(3)#1 2.8307(17)
Th(1)-C(4)#1 2.7923(17) Th(1)-C(3) 2.8307(17)
Th(1)-C(4)#2 2.7923(17) Th(1)-C(6) 2.8409(16)
Th(1)-C(5) 2.8081(17) Th(1)-C(6)#1 2.8409(16)
Th(1)-C(5)#1 2.8081(17) Th(1)-C(6)#2 2.8409(16)
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Th(1)-C(2)
Th(1)-C(2)#1
Si(1)-C(7)
Si(1)-C(8)
Si(1)-C(9)
Si(1)-C(2)
C(2)-CE3)
C(2)-C(6)
C(3)-C(4)
C(4)-C()
C(5)-C(6)

Cnt-Th(1)-C(2)
Cnt-Th(1)-Cnt
C(1)-Th(1)-C(4)
C(1)-Th(1)-C(4)#1
C(4)-Th(1)-C(4)#1
C(1)-Th(1)-C(4)#2
C(4)-Th(1)-C(4)#2
C(4)#1-Th(1)-C(4)#2
C(1)-Th(2)-C(5)
C(4)-Th(1)-C(5)
C(4)#1-Th(1)-C(5)
C(4)#2-Th(1)-C(5)
C(1)-Th(1)-C(5)#1
C(4)-Th(1)-C(5)#1
C(4)#1-Th(1)-C(5)#1
C(4)#2-Th(1)-C(5)#1
C(5)-Th(1)-C(5)#1
C(1)-Th(2)-C(5)#2
C(4)-Th(1)-C(5)#2
C(4)#1-Th(1)-C(5)#2
C(4)#2-Th(1)-C(5)#2
C(5)-Th(1)-C(5)#2
C(5)#1-Th(1)-C(5)#2
C(1)-Th(1)-C(3)#2

2.8713(17)
2.8714(17)
1.8667(19)
1.868(2)

1.8798(19)
1.8825(17)

1.425(2)
1.429(2)
1.408(2)
1.414(2)
1.407(2)

97.7
118.2
121.64(4)
121.64(4)

95.00(5)
121.64(4)

95.00(5)

95.00(5)

96.51(4)

29.24(5)
123.30(5)

98.35(5)

96.51(4)

98.35(5)

29.24(5)
123.30(5)
118.733(15)

96.51(4)
123.29(5)

98.35(5)

29.24(5)
118.732(15)
118.732(14)
112.05(4)

C(4)-Th(1)-C(3)#2
C(4)#1-Th(1)-C(3)#2
C(4)#2-Th(1)-C(3)#2
C(5)-Th(1)-C(3)#2
C(5)#1-Th(1)-C(3)#2
C(5)#2-Th(1)-C(3)#2
C(1)-Th(1)-C(3)#1
C(4)-Th(1)-C(3)#1
C(4)#1-Th(1)-C(3)#1
C(4)#2-Th(1)-C(3)#1
C(5)-Th(1)-C(3)#1
C(5)#1-Th(1)-C(3)#1
C(5)#2-Th(1)-C(3)#1
C(3)#2-Th(1)-C(3)#1
C(1)-Th(1)-C(3)
C(4)-Th(1)-C(3)
C(4)#1-Th(1)-C(3)
C(4)#2-Th(1)-C(3)
C(5)-Th(1)-C(3)
C(5)#1-Th(1)-C(3)
C(5)#2-Th(1)-C(3)
C(3)#2-Th(1)-C(3)
C(3)#1-Th(1)-C(3)
C(1)-Th(1)-C(6)
C(4)-Th(1)-C(6)
C(4)#1-Th(1)-C(6)
C(4)#2-Th(1)-C(6)
C(5)-Th(1)-C(6)
C(5)#1-Th(1)-C(6)
C(5)#2-Th(1)-C(6)
C(3)#2-Th(1)-C(6)
C(3)#1-Th(1)-C(6)
C(3)-Th(1)-C(6)
C(1)-Th(1)-C(6)#1
C(4)-Th(1)-C(6)#1
C(4)#1-Th(1)-C(6)#1

77.99(5)
119.47(5)
28.99(5)
72.01(5)
148.65(5)
47.71(5)
112.05(4)
119.47(5)
28.99(5)
77.99(5)
148.65(5)
47.71(5)
72.01(5)
106.77(4)
112.05(3)
29.00(5)
77.99(5)
119.47(5)
47.71(5)
72.01(5)
148.65(5)
106.77(4)
106.77(4)
74.01(3)
47.68(5)
121.74(5)
125.50(5)
28.83(5)
103.09(5)
138.02(5)
97.19(5)
149.76(5)
47.24(5)
74.01(3)
125.50(5)
47.68(5)



C(4)#2-Th(1)-C(6)#1
C(5)-Th(1)-C(6)#1
C(5)#1-Th(1)-C(6)#1
C(5)#2-Th(1)-C(6)#1
C(3)#2-Th(1)-C(6)#1
C(3)#1-Th(1)-C(6)#1
C(3)-Th(1)-C(6)#1
C(6)-Th(1)-C(6)#1
C(1)-Th(1)-C(6)#2
C(4)-Th(1)-C(6)#2
C(4)#1-Th(1)-C(6)#2
C(4)#2-Th(1)-C(6)#2
C(5)-Th(1)-C(6)#2
C(5)#1-Th(1)-C(6)#2
C(5)#2-Th(1)-C(6)#2
C(3)#2-Th(1)-C(6)#2
C(3)#1-Th(1)-C(6)#2
C(3)-Th(1)-C(6)#2
C(6)-Th(L)-C(6)#2
C(6)#1-Th(1)-C(6)#2
C(1)-Th(1)-C(2)
C(4)-Th(1)-C(2)
C(4)#1-Th(1)-C(2)
C(4)#2-Th(1)-C(2)
C(5)-Th(1)-C(2)
C(5)#1-Th(1)-C(2)
C(5)#2-Th(1)-C(2)
C(3)#2-Th(1)-C(2)
C(3)#1-Th(1)-C(2)
C(3)-Th(1)-C(2)
C(6)-Th(1)-C(2)
C(6)#1-Th(1)-C(2)
C(6)#2-Th(1)-C(2)
C(1)-Th(1)-C(2)#1
C(4)-Th(1)-C(2)#1
C(4)#1-Th(1)-C(2)#1

121.74(5)
138.02(5)
28.83(5)
103.09(5)
149.76(5)
47.24(5)
97.19(5)
112.72(3)
74.01(3)
121.74(5)
125.50(5)
47.68(5)
103.09(5)
138.02(5)
28.83(5)
47.24(5)
97.19(5)
149.76(5)
112.72(3)
112.72(3)
83.12(3)
48.18(5)
93.34(5)
142.86(5)
48.11(5)
74.72(5)
166.40(5)
119.88(5)
120.79(5)
28.94(5)
28.97(5)
89.92(5)
141.01(5)
83.12(3)
142.86(5)
48.18(5)

407

C(4)#2-Th(1)-C(2)#1
C(5)-Th(1)-C(2)#1
C(5)#1-Th(1)-C(2)#1
C(5)#2-Th(1)-C(2)#1
C(3)#2-Th(1)-C(2)#1
C(3)#1-Th(1)-C(2)#1
C(3)-Th(1)-C(2)#1
C(6)-Th(1)-C(2)#1
C(6)#1-Th(1)-C(2)#1
C(6)#2-Th(1)-C(2)#1
C(2)-Th(L)-C(2)#1
C(7)-Si(1)-C(8)
C(7)-Si(1)-C(9)
C(8)-Si(1)-C(9)
C(7)-Si(1)-C(2)
C(8)-Si(1)-C(2)
C(9)-Si(1)-C(2)
C(3)-C(2)-C(6)
C(3)-C(2)-Si(1)
C(6)-C(2)-Si(1)
C(3)-C(2)-Th(1)
C(6)-C(2)-Th(1)
Si(1)-C(2)-Th(1)
C(4)-C(3)-C(2)
C(4)-C(3)-Th(1)
C(2)-C(3)-Th(1)
C(3)-C(4)-C(5)
C(3)-C(4)-Th(1)
C(5)-C(4)-Th(1)
C(6)-C(5)-C(4)
C(6)-C(5)-Th(1)
C(4)-C(5)-Th(1)
C(5)-C(6)-C(2)
C(5)-C(6)-Th(1)

93.34(5)
166.40(5)
48.11(5)
74.72(5)
120.79(5)
28.94(5)
119.88(5)
141.01(5)
28.97(5)
89.92(5)
118.584(14)
110.61(10)
108.85(9)
107.00(9)
107.27(8)
106.69(8)
116.40(8)
105.53(14)
126.23(13)
125.83(13)
73.95(9)
74.33(9)
130.42(7)
109.44(15)
73.99(9)
77.11(9)
107.84(15)
77.02(9)
76.00(9)
107.69(15)
76.88(9)
74.76(9)
109.49(15)
74.29(9)



C(2)-C(6)-Th(L) 76.70(9)

X-ray Data Collection, Structure Solution and Refinement for (Cp’3Th)2(#-0O). A
colorless crystal of approximate dimensions 0.112 x 0.205 x 0.329 mm was mounted in a cryoloop
and transferred to a Bruker SMART APEX Il diffractometer. The APEX2*° program package was
used to determine the unit-cell parameters and for data collection with 15 sec/frame scan time.
The raw frame data was processed using SAINT® and SADABS®! to yield the reflection data file.
Subsequent calculations were carried out using the SHELXTL®? program. The diffraction
symmetry was 2/m and the systematic absences were consistent with the monoclinic space group
P21/c that was later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-
squares techniques. The analytical scattering factors® for neutral atoms were used throughout the
analysis. Hydrogen atoms were located from a difference-Fourier map and refined (x,y,z and Uiso).
The molecule was located on an inversion center.

Least-squares analysis yielded wR2 = 0.0331 and Goof = 1.037 for 415 variables refined

against 6849 data (0.73 A), R1 = 0.0162 for those 6208 data with | > 2.05(1).

Table 9.6: Bond lengths [A] and angles [°] for (Cp'sTh)2(u—0). Symmetry transformations used
to generate equivalent atoms: #1 -x+1,-y+1,-z+1

Th(1)-Cntl 2.594 Th(1)-C(3) 2.842(2)

Th(1)-Cnt2 2.595 Th(1)-C(5) 2.8419(19)
Th(1)-Cnt3 2.587 Th(1)-C(13) 2.8453(19)
Th(1)-O(1) 2.14604(12) Th(1)-C(18) 2.8752(19)
Th(1)-C(4) 2.803(2) Th(1)-C(10) 2.884(2)

Th(1)-C(20) 2.8053(19) Th(1)-C(2) 2.8865(19)
Th(1)-C(12) 2.809(2) Th(1)-C(17) 2.9034(19)
Th(1)-C(21) 2.8386(19) Th(1)-C(9) 2.9217(19)
Th(1)-C(19) 2.8401(19) Th(1)-C(1) 2.9229(18)
Th(1)-C(11) 2.841(2) Si(1)-C(7) 1.863(2)

408



Si(1)-C(6) 1.866(2)

Si(1)-C(2) 1.867(2)
Si(1)-C(8) 1.867(2)
Si(2)-C(9) 1.861(2)
Si(2)-C(14) 1.864(2)
Si(2)-C(16) 1.866(2)
Si(2)-C(15) 1.872(2)
Si(3)-C(24) 1.861(2)
Si(3)-C(23) 1.863(2)
Si(3)-C(22) 1.867(3)
Si(3)-C(17) 1.869(2)
O(1)-Th(1)#1 2.14611(12)
C(1)-C(5) 1.422(3)
C(1)-C(2) 1.428(3)
C(2)-C(3) 1.403(3)
C(3)-C(4) 1.406(3)
C(4)-C(5) 1.415(3)
C(9)-C(13) 1.424(3)
C(9)-C(10) 1.429(3)
C(10)-C(11) 1.401(3)
C(11)-C(12) 1.407(3)
C(12)-C(13) 1.410(3)
C(17)-C(21) 1.423(3)
C(17)-C(18) 1.425(3)
C(18)-C(19) 1.403(3)
C(19)-C(20) 1.405(3)
C(20)-C(21) 1.409(3)
Cnt1-Th(1)-0(1) 100.1
Cnt2-Th(1)-0(1) 98.6
Cnt3-Th(1)-0(1) 98.8
Cnt1-Th(1)-Cnt2 117.4
Cnt1-Th(1)-Cnt3 117.5
Cnt2-Th(1)-Cnt3 117.6
O(1)-Th(1)-C(4) 93.17(4)
O(1)-Th(1)-C(20) 92.25(4)

409

C(4)-Th(1)-C(20)
O(1)-Th(1)-C(12)
C(4)-Th(1)-C(12)
C(20)-Th(1)-C(12)
O(1)-Th(1)-C(21)
C(4)-Th(1)-C(21)
C(20)-Th(1)-C(21)
C(12)-Th(1)-C(21)
O(1)-Th(1)-C(19)
C(4)-Th(1)-C(19)
C(20)-Th(1)-C(19)
C(12)-Th(1)-C(19)
C(21)-Th(1)-C(19)
O(1)-Th(1)-C(11)
C(4)-Th(1)-C(11)
C(20)-Th(1)-C(11)
C(12)-Th(1)-C(11)
C(21)-Th(1)-C(11)
C(19)-Th(1)-C(11)
O(1)-Th(1)-C(3)
C(4)-Th(1)-C(3)
C(20)-Th(1)-C(3)
C(12)-Th(1)-C(3)
C(21)-Th(1)-C(3)
C(19)-Th(1)-C(3)
C(11)-Th(1)-C(3)
O(1)-Th(1)-C(5)
C(4)-Th(1)-C(5)
C(20)-Th(1)-C(5)
C(12)-Th(1)-C(5)
C(21)-Th(1)-C(5)
C(19)-Th(1)-C(5)
C(11)-Th(1)-C(5)
C(3)-Th(1)-C(5)
O(1)-Th(1)-C(13)
C(4)-Th(1)-C(13)

119.96(6)
92.62(4)
119.88(6)
119.50(6)
119.51(4)
122.32(6)
28.91(6)
105.60(6)
73.92(4)
141.11(6)
28.81(6)
97.62(6)
47.13(6)
73.80(4)
98.59(6)
139.89(6)
28.83(6)
133.89(6)
111.97(6)
75.23(4)
28.83(6)
97.73(6)
141.47(6)
112.25(6)
113.11(6)
113.86(6)
120.67(4)
29.02(6)
106.21(6)
121.90(6)
97.37(6)
134.71(6)
113.30(6)
47.12(6)
119.58(4)
105.04(6)



C(20)-Th(1)-C(13)
C(12)-Th(1)-C(13)
C(21)-Th(1)-C(13)
C(19)-Th(1)-C(13)
C(11)-Th(1)-C(13)
C(3)-Th(1)-C(13)
C(5)-Th(1)-C(13)
O(1)-Th(1)-C(18)
C(4)-Th(1)-C(18)
C(20)-Th(1)-C(18)
C(12)-Th(1)-C(18)
C(21)-Th(1)-C(18)
C(19)-Th(1)-C(18)
C(11)-Th(1)-C(18)
C(3)-Th(1)-C(18)
C(5)-Th(1)-C(18)
C(13)-Th(1)-C(18)
O(1)-Th(1)-C(10)
C(4)-Th(1)-C(10)
C(20)-Th(1)-C(10)
C(12)-Th(1)-C(10)
C(21)-Th(1)-C(10)
C(19)-Th(1)-C(10)
C(11)-Th(1)-C(10)
C(3)-Th(1)-C(10)
C(5)-Th(1)-C(10)
C(13)-Th(1)-C(10)
C(18)-Th(1)-C(10)
O(1)-Th(1)-C(2)
C(4)-Th(1)-C(2)
C(20)-Th(1)-C(2)
C(12)-Th(1)-C(2)
C(21)-Th(1)-C(2)
C(19)-Th(1)-C(2)
C(11)-Th(1)-C(2)
C(3)-Th(1)-C(2)

123.05(6)
28.86(6)
98.05(6)

113.28(6)
47.05(6)

133.58(6)
96.44(6)
88.77(4)

167.12(6)
47.19(6)
72.69(6)
46.81(6)
28.40(6)
94.18(6)

141.38(6)

143.62(6)
84.92(6)
88.15(4)
73.38(6)

166.58(6)
47.09(6)

144.43(6)

140.24(6)
28.32(6)
95.35(6)
84.98(6)
46.62(6)

119.43(6)
90.26(4)
47.14(6)
73.11(6)

166.89(6)
83.96(6)
95.46(6)

142.08(6)
28.34(6)

410

C(5)-Th(1)-C(2)
C(13)-Th(1)-C(2)
C(18)-Th(1)-C(2)
C(10)-Th(1)-C(2)
O(1)-Th(1)-C(17)
C(4)-Th(1)-C(17)
C(20)-Th(1)-C(17)
C(12)-Th(1)-C(17)
C(21)-Th(1)-C(17)
C(19)-Th(1)-C(17)
C(11)-Th(1)-C(17)
C(3)-Th(1)-C(17)
C(5)-Th(1)-C(17)
C(13)-Th(1)-C(17)
C(18)-Th(1)-C(17)
C(10)-Th(1)-C(17)
C(2)-Th(1)-C(17)
O(1)-Th(1)-C(9)
C(4)-Th(1)-C(9)
C(20)-Th(1)-C(9)
C(12)-Th(1)-C(9)
C(21)-Th(1)-C(9)
C(19)-Th(1)-C(9)
C(11)-Th(1)-C(9)
C(3)-Th(1)-C(9)
C(5)-Th(1)-C(9)
C(13)-Th(1)-C(9)
C(18)-Th(1)-C(9)
C(10)-Th(1)-C(9)
C(2)-Th(1)-C(9)
C(17)-Th(1)-C(9)
O(1)-Th(1)-C(1)
C(4)-Th(1)-C(1)
C(20)-Th(1)-C(1)
C(12)-Th(1)-C(1)
C(21)-Th(1)-C(1)

46.61(6)
142.60(6)
120.18(6)
120.31(6)
116.99(4)
145.58(6)

47.71(6)

77.28(6)

28.68(6)

47.29(6)
105.23(6)
140.90(6)
116.83(6)

75.37(6)

28.55(5)
120.80(6)
112.64(6)
116.39(4)

77.01(6)
146.88(6)

47.62(6)
118.27(6)
141.72(6)

47.22(5)
105.15(6)

74.42(6)

28.55(5)
113.44(6)

28.48(5)
120.04(6)
101.47(5)
118.39(4)

47.71(6)

78.02(6)
144.83(6)

74.63(6)



C(19)-Th(1)-C(1)
C(11)-Th(1)-C(1)
C(3)-Th(1)-C(1)
C(5)-Th(1)-C(1)
C(13)-Th(1)-C(1)
C(18)-Th(1)-C(1)
C(10)-Th(1)-C(1)
C(2)-Th(1)-C(1)
C(17)-Th(1)-C(1)
C(9)-Th(1)-C(1)
C(7)-Si(1)-C(6)
C(7)-Si(1)-C(1)
C(6)-Si(1)-C(1)
C(7)-Si(1)-C(8)
C(6)-Si(1)-C(8)
C(1)-Si(1)-C(8)
C(9)-Si(2)-C(14)
C(9)-Si(2)-C(16)
C(14)-Si(2)-C(16)
C(9)-Si(2)-C(15)
C(14)-Si(2)-C(15)
C(16)-Si(2)-C(15)
C(24)-Si(3)-C(23)
C(24)-Si(3)-C(22)
C(23)-Si(3)-C(22)
C(24)-Si(3)-C(17)
C(23)-Si(3)-C(17)
C(22)-Si(3)-C(17)

Th(1)-O(1)-Th(1)#1

C(5)-C(1)-C(2)
C(5)-C(1)-Si(1)
C(2)-C(1)-Si(1)
C(5)-C(1)-Th(1)
C(2)-C(1)-Th(1)
Si(1)-C(1)-Th(1)
C(3)-C(2)-C(2)

106.25(6)
141.79(6)
47.23(6)
28.51(5)
116.11(6)
120.70(5)
113.48(5)
28.46(5)
100.30(5)
100.29(5)
108.11(12)
110.96(11)
107.35(10)
111.51(13)
107.16(11)
111.52(10)
106.84(10)
110.40(10)
106.99(12)
112.55(10)
108.42(11)
111.36(11)
111.69(11)
108.81(14)
107.38(13)
112.43(10)
110.92(10)
105.26(11)
180.0
105.39(17)
124.30(15)
127.08(15)
72.58(10)
74.36(11)
133.66(9)
109.39(18)

411

C(3)-C(2)-Th(1)
C(1)-C(2)-Th(1)
C(2)-C(3)-C(4)
C(2)-C(3)-Th(1)
C(4)-C(3)-Th(1)
C(3)-C(4)-C(5)
C(3)-C(4)-Th(1)
C(5)-C(4)-Th(1)
C(4)-C(5)-C(1)
C(4)-C(5)-Th(1)
C(1)-C(5)-Th(1)
C(13)-C(9)-C(10)
C(13)-C(9)-Si(2)
C(10)-C(9)-Si(2)
C(13)-C(9)-Th(1)
C(10)-C(9)-Th(1)
Si(2)-C(9)-Th(1)
C(11)-C(10)-C(9)
C(11)-C(10)-Th(1)
C(9)-C(10)-Th(1)
C(10)-C(11)-C(12)
C(10)-C(11)-Th(1)
C(12)-C(11)-Th(1)
C(11)-C(12)-C(13)
C(11)-C(12)-Th(1)
C(13)-C(12)-Th(1)
C(12)-C(13)-C(9)
C(12)-C(13)-Th(1)
C(9)-C(13)-Th(1)
C(21)-C(17)-C(18)
C(21)-C(17)-Si(3)
C(18)-C(17)-Si(3)
C(21)-C(17)-Th(1)
C(18)-C(17)-Th(1)
Si(3)-C(17)-Th(L)
C(19)-C(18)-C(17)

74.05(11)
77.19(11)
108.28(18)
77.61(11)
74.05(11)
107.31(18)
77.12(11)
77.02(11)
109.62(18)
73.96(11)
78.91(11)
105.31(17)
123.93(15)
127.21(15)
72.75(11)
74.31(11)
134.29(9)
109.37(18)
74.13(11)
77.22(11)
108.26(18)
77.55(11)
74.33(11)
107.39(18)
76.84(12)
76.98(11)
109.65(18)
74.16(11)
78.70(11)
105.66(18)
123.43(15)
127.02(15)
73.13(11)
74.63(11)
134.58(9)
109.17(18)



C(19)-C(18)-Th(1) 74.41(11) C(19)-C(20)-Th(1) 76.97(11)

C(17)-C(18)-Th(1) 76.82(11) C(21)-C(20)-Th(L) 76.86(11)
C(18)-C(19)-C(20) 108.25(18) C(20)-C(21)-C(17) 109.32(18)
C(18)-C(19)-Th(1) 77.19(11) C(20)-C(21)-Th(L) 74.24(11)
C(20)-C(19)-Th(1) 74.22(11) C(17)-C(21)-Th(L) 78.19(11)
C(19)-C(20)-C(21) 107.58(18)

Computational Details. Density functional theory (DFT) using the TPSSh? functional
with Grimme’s D3 dispersion correction®®°’ was employed to study Cp'sThBr, (Cp'sThBr)!~ and
Cp'sTh species. Scalar relativistic effective core potentials (ECPs)?’ with the def-TZVP? basis
set was used for the thorium and polarized split-valence basis sets with diffuse functions def2-
SVPD? was used for the other atoms. A grid size of m4 was used. Solvent effects were accounted
for using the continuum solvent model (COSMO)*® with a dielectric constant of THF (¢ =
7.52).%° All structures were computed in the C1 symmetry with geometry convergence of 10~ a.u
and energy convergence of 107 a.u. Vibrational frequencies were computed for all the optimized
structures and were confirmed to be ground state structures with the absence of imaginary
frequencies. Free energies and equilibrium constants at 298.15 K were obtained within the rigid
rotor-harmonic oscillator approximation.  All calculations were carried out with the
TURBOMOLE V7.2.1 molecular package.505!

The solvent optimized structure of Cp’sTh shows a 6dz2-like HOMO orbital, consistent
with previous calculations on Cp”3Th.® For comparison, Cp'sTh was also optimized with def2-
SV(P) basis set?® for the lighter atoms. The average Th-Cp ring centroid distance was shortened
by 0.04 A for Cp'sTh. The HOMO of 