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feature at 105.37 ppm. 
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Figure 

2.82 

31P{ 1H} NMR spectrum of 2-CeK at 3 mM concentration in 50 

mM [nBu4N][BPh4] in THF-d8. FWHM = 80 Hz. 
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Figure 

2.83 

Oxidation potential (Epa) plotted vs. A: Ű4 calculated using angles 

extracted from the Ce-N coordination sphere in the SC-XRD 

structures. B: Ű4 calculated using angles extracted from the Ce-P 

coordination sphere in the SC-XRD structures. C: Ɇȹ109.5 

calculated using angles extracted from the Ce-N coordination 

sphere in the SC-XRD structures. D: Ɇȹ109.5 calculated using 

angles extracted from the Ce-P coordination sphere in the SC-

XRD structures. E: pKa of [M(H2O)x]
+. F: Ionic volume. Note: 

For 2-CeLi  and 2-CeCs two crystallographically unique 

molecules are in the asymmetric unit, parameters were calculated 

independently for each molecule and then averaged. a Calculated 

from Shannon ionic radius.  
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Figure 

2.84 

AdNDP analysis of the CeïNïP interactions of 2-Ce- displaying 

(A) an unpaired Ce 4f electron as one-center one-electron 

element, (B) two-center two-electron PïN ů bond, (C) two-

center two-electron CeïN ů bond, (D) three-center two-electron 

CeïNïP ˊ bonds. Side groups of the ligands (tBu, Et2) are 

omitted for simplicity. An equivalent set of bonds (B-D) is 

identified for the other three ligands. ON stands for the 

occupation number. 
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Figure 

2.85 

AdNDP analysis of the CeïNïP interactions of 2-CeLi  (1) 

displaying (A) an unpaired Ce 4f electron as one-center one-

electron element, (B) two-center two-electron PïNcapped/terminal ů 

bonds, (C) two-center two-electron CeïNcapped/terminal ů bonds, 

(D) three-center two-electron CeïNcapped/terminalïP ˊ bonds. Side 

groups of the ligands (tBu, Et2) are omitted for simplicity. 

Another equivalent set of bonds (B-D) is identified for each 

Ncapped and Nterminal atom. Qualitatively similar bonds are found 

in all other 2-CeM complexes. ON values for all other complexes 

are listed in the complimentary table below. 
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Figure 

2.86 

Ŭ and ɓ MO energy levels for both crystallographically unique 

2-CeLi  complexes. 
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Figure 

2.87 

Ŭ and ɓ MO energy levels for the 2-CeNa complex. 132 

Figure 

2.88 

Ŭ and ɓ MO energy levels for the 2-CeK  complex. 133 

Figure 

2.89 

Ŭ and ɓ MO energy levels for the 2-CeRb complex. 134 

Figure 

2.90 

Ŭ and ɓ MO energy levels for both crystallographically unique 

2-CeCs complexes 
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Figure 

2.91 

Ŭ and ɓ MO energy levels for the 2-CeK18c6 complex. 136 

Figure 

2.92 

Ŭ and ɓ MO energy levels for the 2-Ce- complex. 137 

Figure 

2.93 

Correlation between the optimized CeïM+ distance and HOMO 

energy level. 
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Figure 

2.94 

Calculated TD-DFT spectra overlayed with bars representing 

oscillator strength values. The half-width at half height is set to 

0.15 eV. For clarity, the TD-DFT spectrum of only 2-CeLi  (1) 

and 2-CeCs (1) are shown for the complexes with 

crystallographically unique structures. 
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Figure 

2.95 

Overlap of TD-DFT and UV-Vis spectrum for 2-CeLi  (1). 140 

Figure 

2.96 

Overlap of TD-DFT and UV-Vis spectrum for 2-CeLi  (2). 141 

Figure 

2.97 

Overlap of TD-DFT and UV-Vis spectrum for 2-CeNa. 142 

Figure 

2.98 

Overlap of TD-DFT and UV-Vis spectrum in for 2-CeK. 143 

Figure 

2.99 

Overlap of TD-DFT and UV-Vis spectrum for 2-CeRb. 144 

Figure 

2.100 

Overlap of TD-DFT and UV-Vis spectrum for 2-CeCs (1). 145 

Figure 

2.101 

Overlap of TD-DFT and UV-Vis spectrum for 2-CeCs (2). 146 

Figure 

2.102 

Overlap of TD-DFT and UV-Vis spectrum for 2-CeK18c6. 147 

Figure 

2.103 

Dominant NTO pairs (ñholeò (on the left) Ÿ ñparticleò (on the 

right)) corresponding to the 4f Ÿ 5d transitions with the highest 

oscillator strength values within the ~340-450 nm range of 2-

CeLi  (1). Cylinders connecting atoms do not necessarily 

represent bonds between atoms, here and in subsequent NTO 

figures. Atom colors are as follows here and in subsequent NTO 

figures: C, gray; N, dark blue; P, green; Ce, sky blue. The Li 

atom is colored pink. 

150 



 xix 

Figure 

2.104 

Dominant NTO pairs (ñholeò (on the left) Ÿ ñparticleò (on the 

right)) corresponding to the 4f Ÿ 5d transitions with the highest 

oscillator strength values within the ~340-450 nm range of 2-

CeLi  (2). 
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Figure 

2.105 

Dominant NTO pairs (ñholeò (on the left) Ÿ ñparticleò (on the 

right)) corresponding to the 4f Ÿ 5d transitions with the highest 

oscillator strength values within the ~340-450 nm range of 2-

CeNa. The Na atom is colored rose. 

152 

Figure 

2.106 

Dominant NTO pairs (ñholeò (on the left) Ÿ ñparticleò (on the 

right)) corresponding to the 4f Ÿ 5d transitions with the highest 

oscillator strength values within the ~340-450 nm range of 2-

CeK. The K atom is colored blue. 
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Figure 

2.107 

Dominant NTO pairs (ñholeò (on the left) Ÿ ñparticleò (on the 

right)) corresponding to the 4f Ÿ 5d transitions with the highest 

oscillator strength values within the ~340-450 nm range of 2-

CeRb. The Rb atom is colored dark yellow. 
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Figure 

2.108 

Dominant NTO pairs (ñholeò (on the left) Ÿ ñparticleò (on the 

right)) corresponding to the 4f Ÿ 5d transitions with the highest 

oscillator strength values within the ~340-450 nm range of 2-

CeCs (1). The Cs atom is colored purple. 
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Figure 

2.109 

Dominant NTO pairs (ñholeò (on the left) Ÿ ñparticleò (on the 

right)) corresponding to the 4f Ÿ 5d transitions with the highest 

oscillator strength values within the ~340-450 nm range of 2-

CeCs (2). 
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Figure 

2.110 

Dominant NTO pairs (ñholeò (on the left) Ÿ ñparticleò (on the 

right)) corresponding to the 4f Ÿ 5d transitions with the highest 

oscillator strength values within the ~340-450 nm range of 2-

CeK18c6. The K atom is colored blue, and the oxygen atoms are 

colored red. 
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Figure 

2.111 

Asymmetric unit of 2-CeLi . C atoms are shown in black, N in 

blue, O in red, P in orange, Li in green, and Ce in light blue. H 

atoms are omitted for clarity. Thermal ellipsoids drawn at 50% 

probability level. 
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Figure 

2.112 

Truncated asymmetric unit of 2-CeLi . N atoms are shown in blue, 

P in orange, Li in green, and Ce in light blue. H atoms are omitted 

for clarity. Thermal ellipsoids drawn at 50% probability level. 
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Figure 

2.113 

Asymmetric unit of 2-CeNa (left) and truncated asymmetric unit 

of 2-CeNa (right). C atoms are shown in black, N in blue, O in 

red, P in orange, Na in green, and Ce in light blue. H atoms are 
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omitted for clarity. Thermal ellipsoids drawn at 50% probability 

level. 

Figure 

2.114 

Asymmetric unit of 2-CeK18c6 (left) and truncated asymmetric 

unit of 2-CeK18c6 (right). C atoms are shown in black, N in blue, 

O in red, P in orange, K in green, and Ce in light blue. Hydrogen 

atoms are omitted for clarity. Thermal ellipsoids drawn at 50% 

probability level. 
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Figure 

2.115 

Asymmetric unit of 2-CeRb (left) and truncated asymmetric unit 

of 2-CeRb (right). C atoms are shown in black, N in blue, O in 

red, P in orange, Rb in green, and Ce in light blue. H atoms are 

omitted for clarity. Thermal ellipsoids drawn at 50% probability 

level. 
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Figure 

2.116 

Asymmetric unit of 2-CeCs. C atoms are shown in black, N in 

blue, O in red, P in orange, Cs in purple, and Ce in light blue. H 

atoms are omitted for clarity. Thermal ellipsoids drawn at 50% 

probability level. 
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Figure 

2.117 

Truncated asymmetric unit of 2-CeCs. N atoms are shown in blue, 

P in orange, Cs in purple, and Ce in light blue. H atoms are 

omitted for clarity. Thermal ellipsoids drawn at 50% probability 

level. 
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Figure 3.1 Synthetic scheme. 178 

Figure 3.2 SC-XRD determined molecular structures of 1-Pr and 2-PrCs. 

Thermal ellipsoids displayed at 50% probability. Average 

nitrogen-metal bond lengths displayed below with comparison to 

isotypic Ce congeners, 1-Ce and 2-CeCs. Legend: Purple = Cs, 

Lilac = Pr, Orange = P, Red = O, Blue = N, Black = C. Ligand 

disorder and H atoms omitted for clarity. 
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Figure 3.3 (A) Transmission L3-edge XANES spectra of 1-Pr and 2-PrCs. (B) 

X-band EPR spectrum of 1-Pr in a 2-methyl-THF glass at 5 K. (C) 

ʔMT vs. temperature for 1-Pr, 2-PrCs, and 2-CeCs under DC field 

of 1 T. Dotted lines represent calculated ʔMT values for 4f1 (0.80 

emu K mol-1 ) and 4f2 (1.6 emu K mol-1) configurations. 
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Figure 3.4 1H NMR of 1-Pr in C6D6. * = C6D5H, ^ = n-pentane. 194 

Figure 3.5 13C{1H} NMR of 1-Pr in C6D6. * = C6D6. 195 

Figure 3.6 31P{1H} NMR of 1-Pr in C6D6. 196 

Figure 3.7 1H NMR of 1-Ce in C6D6. * = C6D5H, ^ = n-pentane. 197 
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Figure 3.8 13C{ 1H} NMR of 1-Ce in C6D6. * = C6D6, ^ = n-pentane. 198 

Figure 3.9 31P{1H} NMR of 1-Ce in C6D6. 199 

Figure 3.10 1H NMR of 2-PrCs in THF-d8. * = THF-d7, ^ = HNPtBu3. 200 

Figure 3.11 13C{1H} NMR of 2-PrCs in THF-d8. * = THF-d8. 201 

Figure 3.12 31P{1H} NMR of 2-PrCs in THF-d8. 202 

Figure 3.13 1H NMR of 2-CeCs in C6D6. * = C6D5H, ^ = HNPtBu3, 1-Ce. 203 

Figure 3.14 13C{1H} NMR of 2-CeCs in THF-d8. * = THF-d8, ^ = THF. 204 

Figure 3.15 31P{1H} NMR of 2-CeCs in C6D6. 205 

Figure 3.16 31P{1H} NMR monitoring of 1-Pr in C6D6 solution stored in a J. 

Young NMR tube in a glovebox over 33 d at ambient temperature, 

without protection from light. After 8 d, a signal at 296 ppm, 

similar to that of 2-PrCs appears with a relative ratio to the signal 

of 1-Pr of about 0.1:1. After 33 d, several signals appear, with the 

signal at 296 ppm present relative to 1-Pr in a 2:1 ratio. No signal 

corresponding to free HNPtBu3 was identified. 
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Figure 3.17 UV-vis-NIR spectrum of 1-Pr in THF at multiple concentrations 

(left) and linear regression analysis to determine molar absorptivity 

coefficients (right). An instrument grating change at 850 nm is the 

source of the small discrepancy in absorbance at that wavelength. 
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Figure 3.18 NIR region of a concentrated (~5 mM) sample of 1-Pr. No 4f-4f 

transitions were identified in this region. 
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Figure 3.19 UV-vis spectrum of 2-PrCs in THF at multiple concentrations (left) 

and linear regression analysis to determine molar absorptivity 

coefficients (right). 
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Figure 3.20 UV-vis-NIR spectrum of 1-Ce in THF at multiple concentrations 

(left) and linear regression analysis to determine molar absorptivity 

coefficient (right). 
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Figure 3.21 UV-vis-NIR spectrum of 2-CeCs in THF at multiple concentrations 

(left) and linear regression analysis to determine molar absorptivity 

coefficient (right). 
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Figure 3.22 L3-edge XANES fit for 1-Pr. p1 = purple trace, p2 = pink, p3 = 

blue, p4 = beige, p5 = EXAFS shoulder. 
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Figure 3.23 L3-edge XANES fit for 1-Ce. p1 = purple trace, p2 = pink, p3 = 

blue, p4 = beige, p5 = EXAFS shoulder 
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Figure 3.24 L3-edge XANES fit for 2-PrCs. p1 = pink 214 

Figure 3.25 L3-edge XANES of 2-CeCs p1 = pink. 215 

Figure 3.26 Experimental (black) and simulated (red) EPR spectrum of 1-Pr 

recorded at 9.38 GHz and 5 K. The parameters for the simulation 

were: gz = 2.74, gy = 1.43, gx = 0.96, Az = 4170 MHz, Ay = 2240 

MHz, and Ax = 1720 MHz. 
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Figure 3.27 Comparison between the previously studied 1-Pr*  compound 

(green, top) and 1-Pr (blue, bottom). Note, the spectra are plotted 

with an x-axis of 1/g to compensate for slight frequency differences 

between experiments. The g-values referenced on the top axis are 

rounded to the first decimal place. 
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Figure 3.28 Experimental (black) and simulated (red) EPR spectrum of 2-CeCs 

(bottom) 9.40 GHz and 5 K. The parameters for the simulations 

were: g = 3.4 for 2-CeCs 
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Figure 3.30 ɢMT for 1-Pr from 1.8 to 300 K at 0.1, 0.5, and 1.0 T zero-field 

cooled and 0.1 T field cooled. 
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Figure 3.29 Molar magnetization for 1-Pr at 2, 4, 6, 8, and 10 K from 0 to 7 T 

applied field. 
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Figure 3.31 . ɢMT for 2-CeCs from 1.8 to 300 K at 0.1, 0.5, and 1.0 T zero-field 

cooled and 0.1 T field cooled. 
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Figure 3.32 Molar magnetization for 2-CeCs at 2, 4, 6, 8, and 10 K from 0 to 7 

T applied field. 
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Figure 3.34 ɢMT for 2-PrCs from 1.8 to 300 K at 0.1, 0.5, and 1.0 T zero-field 

cooled and 0.1 T field cooled. 
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Figure 3.33 Molar magnetization for 2-PrCs at 2, 4, 6, 8, and 10 K from 0 to 7 

T applied field. 
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Figure 3.36 Crystallographic asymmetric unit of 1-Pr. Legend: Lilac, Pr; 

Orange, P; Blue, N; Black, C. Thermal ellipsoids drawn at 50% 

probability. H atoms omitted for clarity. 
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Figure 3.35 Crystallographic asymmetric unit of 1-Ce. Legend: Lilac, Ce; 

Orange, P; Blue, N; Black, C. Thermal ellipsoids drawn at 50% 

probability. H atoms omitted for clarity. 
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Figure 3.37 Crystallographic asymmetric unit of 2-PrCs. Legend: Lilac, Pr; 

Purple, Cs; Orange, P; Red, O; Blue, N; Black, C. Thermal 

ellipsoids drawn at 50% probability. tert-Butyl and THF disorder, 

and H atoms omitted for clarity. 
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Figure 3.38 Crystallographic asymmetric unit of 2-CeCs. Legend: Lilac, Ce; 

Purple, Cs; Orange, P; Red, O; Blue, N; Black, C. Thermal 

ellipsoids drawn at 50% probability. tert-Butyl and THF disorder, 

and H atoms omitted for clarity. 
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Figure 3.39 Crystallographic asymmetric unit of K[NPtBu3], which adopts a 

toluene-capped heterocubane tetrameric structure. Thermal 

ellipsoids drawn at 50% probability. tert-Butyl disorder and H 

atoms omitted for clarity. 
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Figure 3.40 RASSCF active natural orbitals and the corresponding occupation 

numbers from the (17e,1h,1e;8o,7o,5o) active space. 
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Figure 3.41 The experimental UV-vis-NIR spectrum of 1-Pr (in red) together 

with computed spectra (in teal). A shift of 24nm is used to align the 

computed and experimental absorption maxima, which appear at 

526 and 550 nm, respectively. A broadening parameter of 85nm 

was used to the broad computed spectrum, while a width of 2nm 

was used for the sharp spectra. The intensities of both the computed 

and experimental absorption maxima were normalized to 1. 
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Figure 4.1 (A) Synthetic scheme (B) Resonance representations of 1ï 248 

Figure 4.2 (A) Synthetic overview, conditions as follows: (i.) diethyl ether 16 

h, -2KI (ii.) toluene 16 h, -3KI (iii.) diethyl ether 16 h, -3KI (iv.) 

diethyl ether 16 h, -3KI (v.) THF 1 h, ï196°C to rt. Structure 

derived from SC-XRD data of (B) 2-LaI  (C) 2-LaBn (D) 3-La (E) 

4-LaI  (F) 4-La-pF. Thermal ellipsoids displayed at 50% 

probability. Hydrogen atoms bound to carbon and C atom disorder 

omitted for clarity. Legend: La: lilac, I: purple, P: orange, F: 

yellow, O: red, N: blue, C: black, H: white. 
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Figure 4.3 Attempted deprotonation of 4-La-pF. 252 

Figure 4.4 Structure of 1-K  derived from SC-XRD data. Asymmetric unit is 

half of the tetrameric structure shown. Green = K, Orange = P, Red 

= O, Blue = N, Black = C. Thermal ellipsoids displayed at 50% 

probability. Hydrogen atoms and C atom disorder omitted for 

clarity. 
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Figure 4.5 Visual depiction of ɆNÁ input angles. 256 
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Figure 4.21 13C{ 1H} NMR of 2-LaI  in C6D6. * = C6D6. 288 

Figure 4.22 31P{ 1H} NMR spectrum of 2-LaI  in C6D6. 289 
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Figure 4.28 31P{ 1H} NMR spectrum of 3-La in C6D6. 295 

Figure 4.29 1H NMR spectrum of 4-LaI  in C6D6. * = C6D5H, ^ = toluene, n-

pentane. 
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Figure 4.30 13C{ 1H} NMR spectrum of 4-LaI  in C6D6. * = C6D6, ^ = toluene, 

n-pentane. Note: Broad feature is present near 40.5 ppm that 

corresponds to a CH2 (see 13C 135-DEPT) backbone carbon that 
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Figure 4.31 31P{ 1H} NMR spectrum of 4-LaI  in C6D6. 298 

Figure 4.32 13C DEPT-135 NMR spectrum of 4-LaI  in C6D6. 299 

Figure 4.33 HSQC (1H-13C) NMR spectrum of 4-LaI  in C6D6. ^ = toluene, n-
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Figure 4.34 1H NMR spectrum of 4-La-pF in C6D6. * = C6D5H ^ = THF, n-

pentane, silicone grease, HMDSO. 
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Figure 4.35 13C{ 1H} NMR spectrum of 4-La-pF in C6D6. * = C6D6, ^ = THF. 302 

Figure 4.36 31P{ 1H} NMR spectrum of 4-La-pF in C6D6. 303 

Figure 4.37 Crude 1H NMR spectrum of reaction between 3-La and KBn after 

removal of volatiles in C6D6.* = C6D5H, ^ = THF, toluene & = 3-

La. 
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Figure 4.38 Crude 31P{ 1H} NMR spectrum of reaction between 3-La and KBn 

after removal of volatiles and dissolution in C6D6. & = 3-La. The 

signal around 18 ppm is similar to that of 2-LaBn (17.5 ppm in 

C6D6). 
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Figure 4.40 Crystallographic asymmetric unit of 1-Cl. Thermal ellipsoids 

drawn at 50% probability level. Hydrogen atoms omitted for 

clarity. Light green: Cl, orange: P, red: O, blue: N, black: C. 
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Figure 4.39 Crystallographic asymmetric unit of 1-H. Thermal ellipsoids 

drawn at 50% probability level. Hydrogen atoms omitted for 

clarity. Orange: P, red: O, blue: N, black, C. 
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Figure 4.41 Crystallographic asymmetric unit of 1-K . Thermal ellipsoids 

drawn at 50% probability level. Hydrogen atoms omitted for 

clarity. Green: K, orange: P, red: O, blue: N, black: C. 
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Figure 4.42 Crystallographic asymmetric unit of 2-LaI . Thermal ellipsoids 

drawn at 50% probability level. Hydrogen atoms omitted for 

clarity. Lilac: La, purple: I, orange: P, red: O, blue: N, black: C. 
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Figure 4.43 Crystallographic asymmetric unit of 2-LaBn. Thermal ellipsoids 

drawn at 50% probability level. Hydrogen atoms omitted for 

clarity. Lilac: La, orange: P, red: O, blue: N, black: C. 
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Figure 4.44 Crystallographic asymmetric unit of 2-La-pF. Thermal ellipsoids 

drawn at 50% probability level. Carbon-bound hydrogen atoms 

omitted for clarity. Lilac: La, orange: P, yellow: F,  red: O, blue: 

N, black: C, white: H. 
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Figure 4.45 Crystallographic asymmetric unit of 3-La. Thermal ellipsoids 

drawn at 50% probability level. Hydrogen atoms omitted for 

clarity. Lilac: La, orange: P, red: O, blue: N, black: C. 
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Figure 4.46 Crystallographic asymmetric unit of 4-LaI . Thermal ellipsoids 

drawn at 50% probability level. Carbon-bound hydrogen atoms 

omitted for clarity. Lilac: La, purple: I, orange: P, yellow: F,  red: 

O, blue: N, black: C, white: H. 
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Figure 4.47 Crystallographic asymmetric unit of 4-La-pF. Thermal ellipsoids 

drawn at 50% probability level. Carbon-bound hydrogen atoms 

omitted for clarity. Liliac: La, orange: P, yellow: F, red: O, blue: 

N, black: C, white: H. 
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Figure A.1 Synthetic scheme 321 

Figure A.2 1H NMR (400 MHz, THF-d8) of 2-Pr18c6 * denotes THF-d7, ^ 

denotes THF-H8. 
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Figure A.3 13C{1H} NMR (101 MHz, THF-d8) of 2-Pr18c6. * denotes THF-d8, 

^ denotes THF-H8. 
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Figure A.4 31P{1H} NMR (162 MHz, THF-d8) of 2-Pr18c6. 325 
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Figure B.1 (A) Synthetic route to 1-CeI, 2-CeNpt, and 2-CeBn. Truncated 

molecular structures determined by SC-XRD of (B) 1-CeI, (C) 2-

CeNpt, (D) 2-CeBn with thermal ellipsoids (Ce: purple, C: black, 
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P: orange, N: blue) shown at 50% probability. All hydrogen atoms 

and CH3 groups on ligand tBu groups are omitted for clarity. 

Figure B.2 Cyclic voltammograms of 1-CeI (3mM in 0.1M [nBu4N][BPh4] in 

THF), 2-CeBn and 2-CeNpt (3mM in in 0.2M [nBu4N][PF6] in 

PhF) at 298K. All potentials are referenced against Fc/Fc+ in THF 

(1-CeI) and PhF (2-CeBn and 2-CeNpt). 
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SUMMARY  

The lanthanides were traditionally observed primarily in the 3+ oxidation state, 

particularly under ambient/aqueous conditions. In 2019 our research group introduced one 

of the first examples of Tb4+ in a molecular complex, complete with thorough magnetic 

and physical characterization. Extending this method to Pr4+ resulted in a fleeting complex 

which was thermally unstable and only characterizable in solution. Due to these restraints, 

the full characterization of its physical properties was not achievable.  

Chapter 1 consists of an introduction to the field of high-valent lanthanide 

chemistry, including earlier examples from our research group. To understand the factors 

that modulate the potential of the lanthanide 3+/4+ redox couple in imidophosphorane 

complexes, a complete alkali metal series was synthesized and rigorously studied (Chapter 

2). To address the stability of Pr4+ in an imidophosphorane ligand framework, the reported 

[NPtBu3]
1- ligand was employed, resulting in a thermally robust Pr4+ imidophosphorane 

complex (Chapter 3). In addition to structural characterization, the Pr4+ complex was 

magnetically characterized and crystal field effects compared to the isoelectronic Ce3+ 

congener were evaluated. 

In addition to imidophosphorane frameworks, the utility of an anionic 

phosphoramide ligand was explored. The synthesis of the novel phosphoramide ligand, as 

well as a broad variety of coordination chemistry at diamagnetic La3+ is detailed (Chapter 

4). Overall, significant advancements in non-aqueous tetravalent lanthanide chemistry are 

covered, and the thorough characterization of Pr4+ in a molecular complex is reported.  
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CHAPTER 1. INTRODUCTION  

1.1 Motivation  

The lanthanide elements (LaïLu) have become critical components in a range of 

technological uses.1 Uses of the lanthanides span nearly all modern technologies, and 

largely take advantage of their unique magnetic and optical properties. The lanthanides, in 

addition to Sc and Y, make up the ñrare earthò elements, although this is somewhat of a 

misnomer, as all lanthanide elements are more naturally abundant than elements such as 

Ag, Au, Hg, and even I.1 However, the rare earth elements are found in minerals which 

consist of a mixture of rare earth elements with low concentrations of each individual 

element.With ionic radius being the primary differentiation among the series in aqueous 

conditions, separations can be difficult, particularly between neighboring elements of 

nearly identical size. The aqueous-stable tetravalent oxidation state in Ce4+ is critical in the 

facile separation of Ce from the rest of the rare earth elements early on in the purification 

from mineral sources.2 A thorough understanding of the factors that modulate the Ln3+/4+ 

redox couple has potential in expanding redox-based lanthanide separations of Ln4+ ions 

beyond Ce4+. 

Historically, lanthanides were described as exhibiting similar behavior, with the 

trivalent oxidation state being the thermodynamically most preferred.3 Notable exceptions 

to this generalization are Ce4+,3, 4 which adopts a formally closed-shell 4f0 electronic 

configuration, and Eu2+, which exhibits the particularly-stable half-filled 4f7 electronic 

configuration. Similarly, Yb2+, with a full 4f14 electronic configuration is accessible, in part 

due to the special exchange stabilization of half and full orbital sub-shells. The tetravalent 



 2 

state is also of interest due to effects on metal-ligand bonding and the electronic structure 

of Ln4+ ions, as it accompanies an increase in metal 4f and 5d mixing with ligand orbitals 

(i.e. covalency).5 The expansion of molecular oxidation states is a rapidly growing field, 

and the work presented herein encompasses developments in Pr4+ chemistry, as well as 

insights into the modulation of the Ce3+/4+ couple by alkali metal cations in an 

imidophosphorane ligand framework. 

1.2 Tetravalent Lanthanide Chemistry 

The molecular divalent oxidation state has been document for the entire lanthanide 

series (save radioactive Pm)6-8 for at least a decade, and the breadth of ligands supporting 

the 2+ oxidation state is a rapidly developing field.9-12 In contrast, high-valent (e.g. 4+) 

lanthanides have only been reported much more recently, independently in Tb by La Pierre 

and co-workers, and Mazzanti and co-workers in 2019 (Figure 1.1).12-14 These seminal 

examples use complementary methodologies  in which an anionic potassium salt of the 

Figure 1.1 First reports of tetravalent terbium and praseodymium, where tBu = tert-butyl and Ph = 

phenyl. 
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Tb3+ complex is oxidized to a charge-neutral Tb4+ complex. The stability of the Tb4+ is 

quite different between the two systems, with the imidophosphorane framework introduced 

by La Pierre & co-workers producing a Tb4+ complex which has much higher solution 

stability than the siloxide framework introduced by Mazzanti and co-workers. In 2020, 

Mazzanti & co-workers extended this methodology to Pr4+ [Pr4+(OSiPh3)4L2] (1-Prsilox), 

which is the next most readily oxidizable Ln3+ after Tb, measured to be about 0.1 V more 

difficult .15, 16 In contrast to the thermally robust Tb4+ complex, the NP* ligand framework 

at Pr4+ produced a dark blue, highly thermally-sensitive Pr4+ complex, [Pr4+(NP(N,Nô-di-

tert-butylethylenediamide)(diethylamide))4] (1-Pr* ), which could only be characterized in 

situ (Figure 1.2). The UV-vis spectrum17, acquired at low temperature, is consistent with 

that of the Pr4+ complex reported by Mazzanti & co-workers, and the electron paramagnetic 

resonance (EPR) spectrum demonstrates the large hyperfine coupling to the 100% 

abundant, spin 5/2 141Pr nucleus (Figure 1.2B). Notably, 1-Prsilox  was reported by Mazzanti 

and co-workers to be EPR silent at X-band (~9.5 GHz) frequency. Comparison of the 

Figure 1.2 (A) Representation of 1-Pr*  and (B) X-band EPR spectrum of 1-Pr*  in toluene  
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electronic and magnetic properties of 1-Pr*  and 1-Prsilox is complicated by the lack of 

magnetic data for 1-Pr*  and EPR data for 1-Prsilox. 1-Prsilox is noted to have nearly identical 

magnetic properties to the Ce3+, 4f1 congener. 

A thorough comparison of the original reports of Pr4+ in siloxide and 

imidophosphorane frameworks required overcoming the synthetic hurdle of the poor 

thermal stability of 1-Pr* . Chapter 3 of this thesis documents the development of a 

thermally robust, molecular Pr4+ complex, supported by the [NPtBu3]
1- ligand. The 

exceptional thermal stability of Pr4+(NPtBu3)4 (1-Pr) allowed for extensive 

characterization, which was not possible given the thermal constraints of 1-Pr* , by 

magnetic measurements and L3-edge X-ray absorption near-edge spectroscopy (XANES), 

as well as structural authentication by single-crystal X-ray diffraction (SC-XRD). This 

work demonstrated the modulation of the Pr4+ magnetic properties by the crystal field, and 

supports the assignment of 1-Pr*  as the tetrahomoleptic Pr4+ complex that was 

characterized in situ. 

1.3 Alkali Metal Effects  

The alkali metal in the Ln3+ precursors to Ln4+ complexes was demonstrated to 

modulate the redox properties of Ce3+ by Schelter and co-workers.4, 18, 19 The alkali metal 

is an important part of the thermodynamic driving force to produce Ln4+ complexes, by 

taking advantage of the lattice stabilization energy of the salt that generally eliminated 

upon oxidation.14, 20 Imidophosphorane complexes of the lanthanides are not extensively 

studied, and the particular impact of the alkali metal cation had not been delineated, until 

the work that is covered in Chapter 2 of this thesis.21 The in-depth understanding of the 
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effect of the alkali metal is important in the context of targeting the expansion of the 

tetravalent oxidation state. While seminal studies by Schelter and co-workers shed light on 

these effects in BINOLate complexes (BINOL = binapthol), there are some key distinctions 

between the BINOLate complexes and the imidophosphorane complexes. Notably, the 

imidophosphorane complexes impart significant steric bulk around the metal center, and 

inner-sphere functionalization has not been documented in tetrahomoleptic complexes. 

1.4 Ligand Design for Lanthanides 

Due to the largely ionic metal-ligand bonding in the lanthanides, the criteria for 

ligands which stabilize unusual oxidation states and moieties differs from those in the 

transition metals, and to some extent, the actinides.5 For example, ligands such as 

phosphines and N-heterocyclic carbenes (NHCs), which are ubiquitous in transition metal 

coordination and organometallic chemistry, have a reduced affinity for the lanthanides, 

though there are exceptions.22 For lanthanides, sterically encumbering ligands which have 

a hard anion (weak-field ligands in the context of the spectrochemical series defined for 

the transition metals) generally have a stabilizing effect on tetravalent lanthanides.13-15, 17, 

20, 23-25  

Figure 1.3 Resonance representations of 1- 
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Encouraged by the increased basicity conferred on imidophosphorane ligands by the 

chelating N,Nô-di-tert-butylethylenediamide backbone in NP*, a related ligand was 

prepared. Various resonance contributions can be drawn for the phosphoramide ligand 

developed, and studies at the diamagnetic La3+ were conducted to probe the binding 

preferences for the phosphoramide ligand.  

1.5 Conclusion 

The following chapters demonstrate developments in the non-aqueous chemistry of 

tetravalent lanthanides. The effect of the alkali metal cation on the redox properties of the 

Ce3+ imidophosphorane complexes supported by the NP* ligand framework. Further 

studies at Tb and Pr could demonstrate the transferability of the effects determined at Ce. 

The modulation of the potential by alkali metal cations may be useful in search of the 

tetravalent oxidation state in the lanthanides Nd and Dy, which have been identified as 

Nd4+ and Dy4+ in extended solid systems.  
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CHAPTER 2. ALKALI METAL CATION EFFECTS IN C e3+ 

IMIDOPHOSPHORANE COMPLEXES  

A portion of this chapter is adapted with permission from an article co-written by the 

author: Boggiano, A. C.; Studvick, C. M.; Steiner, A.; Bacsa, J.; Popov, I. A.; La Pierre, 

H. S. Structural distortion by alkali metal cations modulates the redox and electronic 

properties of Ce3+ imidophosphorane complexes. Chemical Science 2023, 14, 11708-

11717.  

2.1 Introduction  

The Ce3+/4+ redox potential is remarkably sensitive to ligand coordination 

environment, spanning a uniquely large range of potentials for a single metal-based redox 

couple.4 This dependence on coordination chemistry and solvation is demonstrated by the 

range of redox properties exhibited in cerium systems. For example, Ce4+ ammonium 

nitrate (CAN) is among the strongest isolable chemical oxidants.26 At the other extreme, 

Ce3+ imidophosphorane (ïN=PR3, R = alkyl/amido) complexes exhibit redox potentials 

among those of the most potent chemical reductants.20, 23, 26 

Over the past few decades, the molecular chemistry of the lanthanides has seen a 

rapid expansion, with developments revealing that the lanthanides exhibit a wider range of 

molecular oxidation states than previously thought possible.6-11, 13-15, 17, 24, 25, 27-33 However, 

the number of ligand systems and synthetic pathways supporting tetravalent lanthanides, 

except for Ce4+, is very limited. Rational control of the Ln3+/4+ (Ln = lanthanide) redox 

potential through ligand design is a powerful tool for expanding Ln4+ chemistry. Seminal 
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studies18, 19, 34 by Schelter and co-workers shed light on the critical role that ligand 

reorganization takes in Ce3+/4+ redox kinetics and thermodynamics. Identity of the cation 

results in divergent rates, potentials, and reactivity patterns among analogous complexes. 

In aggregate, this body of work demonstrated the critical role of structural aspects of the 

coordination sphere in Ce3+/4+ redox chemistry. Comprehensive studies of tuning the 

molecular Ln3+/4+ potential within a given ligand framework are limited to BINOLate 

(BINOLate = 1,1ô-bi-2-naphtholate) complexes. Rationally leveraging characteristics of 

the outer coordination sphere to modulate metal redox properties of a metal center is noted 

as a challenging, but promising approach to control metal speciation.35 

Imidophosphorane ligands dramatically shift the redox potentials of f-block 

complexes, and have demonstrated accessibility of molecular tetravalent Tb14 & Pr17 and 

the most reducing Ce3+ complexes reported.3, 4, 20, 23 The factors that modulate the redox 

potentials of Ln imidophosphorane complexes have yet to be delineated, though the alkali 

metal is shown to be influential in the oxidation.20 The isolation of new tetravalent Ln 

complexes requires a thorough understanding of the factors that modulate the oxidation 

potential. Herein, an alkali metal series of Ce3+ imidophosphorane complexes is presented. 

The comparison of cyclic voltammetry data and structural parameters derived from the 

solid-state structures demonstrate a positive, linear correlation between the degree of ligand 

sphere distortion and the measured oxidation potential (Epa). Lewis acidity of redox-

inactive metals has previously shown to best describe the modulation of the redox potential 

in transition metal36-43 and uranyl44, 45 systems, however, structural aspects of the 

coordination sphere and the size of the alkali metal cation display better correlation in the 

imidophosphorane system reported here. Analysis of Ce3+ alkali metal series indicates that 
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structural distortion can play a critical role in modulating the Ce3+/4+ potential across 

diverse ligand frameworks,4, 18, 19, 34 however, in this imidophosphorane ligand system, Epc 

is relatively unperturbed and Epa spans 600 mV. The electronic effects of the structural 

Figure 2.1 General synthetic scheme with conditions as follows: (a) Li wire, Et2O, 14 h. (b) Na0 , 

Et2O, 3 h. (c) KC8, hexanes, 20 min. (d) RbC8, hexanes, 20 min. (e) CsC8, Et2O, 15 min. (f) KC8, 2 

equivalents 18- crown-6, Et2O, 15 min. (g) KC8, [2.2.2]-cryptand, Et2O, 15 min. 
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perturbations on Epa are amplified by the unique binding of each alkali cation in the 

secondary coordination sphere of the zwitterionic imidophosphorane ligands.  

2.2 Results 

2.2.1 Synthesis 

All Ce3+ alkali metal complexes were prepared via reduction of the previously 

reported23 tetravalent cerium complex, [Ce4+(NP(N,Nô-di-tert-

butylethylenediamide)(diethylamide))4] (1-Ce, [N=P(N,Nô-di-tert-

butylethylenediamide)(diethylamide)]ï = NP*). The trivalent complexes, 

[M][Ce3+(NP(N,Nô-di-tert-butylethylenediamide)(diethylamide))4] (M = Li + (2-CeLi ), Na+ 

(2-CeNa), K+ (2-CeK), Rb+ (2-CeRb), Cs+ (2-CeCs), K+([2.2.2]-cryptand) (2-CeK222), K+(18-

crown-6)2 (2-CeK18c6), span the alkali metal series (LiïCs), with the outer-sphere potassium 

analogues (2-CeK222, 2-CeK18c6) serving as controls for minimal interaction with the 

counter cation. 2-CeLi  and 2-CeNa were prepared via reduction of 1-Ce in the presence of 

excess Li or Na metal, respectively. An alternative method for the synthesis of the 

previously reported23 2-CeK using the potassium graphite intercalation compound, KC8, is 

reported here with improved yield (69%). The compounds 2-CeK18c6 and 2-CeK222
 were 

prepared in an analogous manner to 2-CeK, with the addition of 2 equivalents of 18-crown-

6 or 1 equivalent of [2.2.2]-cryptand, respectively. The rubidium and cesium congeners, 2-

CeRb and 2-CeCs, were prepared using the corresponding alkali metal graphite intercalation 

compound. A new direct synthesis of 1-Ce is reported, providing an improved crystalline 

yield of 85%, compared to the 48% total yield in the previously reported, step-wise 

preparation.23 
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2.2.2 Cyclic Voltammetry 

Cyclic voltammograms were measured in tetrahydrofuran (THF) with either 50 

mM [nBu4N][BPh4] or 100 mM [nBu4N][PF6] as the supporting electrolyte. Analyte 

concentration was generally 3 mM, except for 2-CeRb and 2-CeCs, which were measured 

at 1 mM concentration. 2-CeRb and 2-CeCs in solutions of 100 mM [nBu4N][BPh4] 

generated a colorless precipitate, so 50 mM electrolyte concentration was used in all 

experiments for consistency. Only [nBu4N][BPh4] allowed for measurement of all analytes 

in the series. The values measured in [nBu4N][PF6] solution are reported where possible 

(Table 2.1), though the following discussion is limited to values measured with 

[nBu4N][BPh4] as the supporting electrolyte.Except for 2-CeLi , the features in the cyclic 

voltammograms are electrochemically irreversible, with peak-to-peak separation (ȹEpp) 

ranging approximately 0.7ï1.2 V. In 2-CeLi, ȹEpp is much smaller at ~250 mV, indicating 

a quasi-reversible event. Epa is modulated across a range of ~600 mV by the identity of the 

alkali metal. The electrochemical reduction (Epc) shows a smaller response to the alkali 

metal, occurring within a <200 mV range, excluding 2-CeLi . The anodic feature occurs at 

more positive potentials traversing the alkali metal series from Cs to Li. 2-CeLi  is the least 

reducing compound, measured by Epa at ï1.37 V vs. Fc+/Fc. The most reducing compound 

is 2-CeCs, with Epa = ï1.98 V. The Na, K, and Rb congeners display intermediate Epa
 values, 

progressing to more negative values as the size of the cation increases. 2-CeNa and 2-CeK 

display secondary features around ï1.9 V. The secondary feature is well resolved for 2-

CeNa in both electrolytes, however, it is unresolved for 2-CeK with [nBu4N][PF6] as the 

supporting electrolyte. The ratio of the current response at the primary and secondary 

events varies with scan rate for both 2-CeNa and 2-CeK (Figures 2.54-2.56).2-CeK18c6 and 
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2-CeK222 serve as controls in which structural distortion by the cation is minimized. 2-

CeK18c6 and 2-CeK222 are among the stronger reductants of the series, with Epa  values of ï

1.92 V and ï1.94 V, respectively. Their oxidation potentials are close to that of the 

tetravalent complex, 1-Ce (Epa = ï1.83 V), where no alkali metal counter cation is present. 

The similarity of the oxidation potentials of 2-CeK18c6, 2-CeK222, and 1-Ce validate 2-

CeK18c6 and 2-CeK222 as models for studying redox processes with minimal interaction with 

the alkali metal.  
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Figure 2.2 Cyclic voltammograms collected in a 50 mM [nBu4N][BPh4] solution in THF. Analyte 

concentration is 3 mM for all complexes, except for 2-CeRb and 2-CeCs, which were measured at 1 

mM analyte concentration. 
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Table 2.1 Redox potentials (V vs. Fc+/Fc) measured by cyclic voltammetry.a 

a Tabulated anodic (Epa) and cathodic (Epc) potentials measured by cyclic voltammetry in THF. 

Electrolyte cation is [nBu4N]+ in all experiments. Electrolyte concentrations = 50 mM for 

[nBu4N][BPh4] and 100 mM for [nBu4N][PF6]. All analyte concentrations = 3 mM, except for 2-

CeRb and 2-CeCs, which were measured in 1 mM analyte concentration in 50 mM [nBu4N][BPh4].  

b Features are not as well defined, see Figure 2.61. 

 

2.2.3 Chemical Oxidation 

Chemical redox reactions were performed with both benzophenone (EÁô = ï2.30 V 

in THF)26 and decamethylcobaltocenium hexafluorophosphate ([Co3+Cp*2][PF6], EÁô = ï

1.91 V in MeCN)26 to probe the divergent Epc measured for 2-CeLi . The irreversibility of 

many of the redox features complicates estimating chemical redox potential, but the 

potential was approximated to lie between Epa and Epc for each complex. Initially, 

benzophenone was chosen for its EÁô that is substantially more negative than the E1/2 of 2-

CeLi  (ï1.56 V), and more positive than Epc of 2-CeK18c6 (ï2.78 V), suggesting capability 

of being reduced by 2-CeK18c6, but not 2-CeLi . At room temperature, addition of a solution 

of 1 equiv. of benzophenone with 2-CeK18c6 in THF-d8 results in an immediate color change 

from light yellow to dark green. The corresponding reaction with 2-CeLi  does not effect a 

color change. Nuclear magnetic resonance (NMR) analysis indicates complete 

consumption of benzophenone in the case of 2-CeK18c6, while benzophenone signals in the 

 2-CeLi 2-CeNa 2-CeK 2-CeRb 2-CeCs 1-Ce 2-CeK18c6 2-CeK222 

Epa [BPh4] ï1.37 ï1.45 ï1.71 ï1.87 ï1.98 ï1.83 ï1.92 ï1.94 

Epc [BPh4] ï1.74 ï2.71 ï2.76 ï2.82 ï2.73 ï2.87 ï2.78 ï2.74 

Epa [PF6] ï1.23 ï1.44 ï1.44 ï1.31b  ï1.63 ï1.63 ï1.62 

Epc [PF6] ï1.47 ï2.84 ï2.86 ï3.00b  ï2.86 ï2.80 ï2.89 
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aryl region of the 1H NMR are present with 2-CeLi  (Figure 2.73, Figure 2.77). Heating the 

reaction mixtures for 1 h at 60°C led to complex degradation, however, the major species 

in the reaction of 2-CeLi  was the trivalent starting material (Figure 2.79Figure 2.80).  

[Co3+Cp*2][PF6] (EÁô = ï1.91 V in MeCN)26 was identified as a more chemically inert 

reagent with EÁô in the targeted range. At room temperature, addition of [Co3+Cp*2][PF6] 

to a solution of 2-CeK18c6 in THF-d8 results in an immediate color change to a red/orange 

color characteristic of 1-Ce. The corresponding reaction with 2-CeLi  does not produce a 

visually apparent change at room temperature. Both reactions were subjected to heating at 

60°C and analyzed via NMR, demonstrating the production of [Co2+Cp*2] by oxidation of 

2-CeK18c6, but not 2-CeLi  (Figures 2.65ï2.72). Reactions with both benzophenone and 

Figure 2.3 Ball and stick model overlay of 2-CeLi , 2-CeNa, 2-CeK , 2-CeRb, and 2-CeCs generated 

from SC-XRD data. C and H atoms omitted, and N atoms not bound to the Ce center are drawn 

hollow for clarity. Where more than one molecule is present in the asymmetric unit, the least 

disordered was selected. 
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[Co3+Cp*2][PF6] indicate the reducing power of 2-CeLi  is significantly less than 2-CeK18c6, 

in agreement with the CV data. Divergent behavior in the Li analogue is consistent with 

the Ce3+ BINOLate complexes reported by Schelter and co-workers.19 The steric bulk of 

the imidophosphorane ligand differentiates the series presented here compared to the Ce3+ 

BINOLate complexes, as inner-sphere functionalization is unlikely due to the 

inaccessibility of the Ce center. Density functional theory (DFT) analysis of the molecular 

orbitals (MOs) composition and energy levels of the metal-dominant MOs in the 2-CeM 

series (vide infra) supports the result that 2-CeLi  is a much less-potent reductant compared 

to the rest of the series. 

2.2.4 Structural Analysis 

The crystallographically characterized complexes (2-CeLi , 2-CeNa, 2-CeK, 2-

CeK18c6, 2-CeRb, and 2-CeCs) exhibit pseudo-tetrahedral geometry in the primary 

coordination sphere. Two adjacent ligands form a pocket in which the alkali metal is bound 

(except for 2-CeK18c6 where the alkali cation is outer sphere). There are two distinct types 

of CeïN bonds, those binding the alkali metal (CeïNcapped) and those only bound to the 

metal center (CeïNterminal). The differences in bond lengths between CeïNcapped and Ceï

Nterminal are about 0.1 Å, measuring approximately 2.3 and 2.4 Å, respectively, across the 

series. The contraction to about 2.2 Å in the structure of 1-Ce is consistent with the ~0.14 

Å contraction46 of the Ce ionic radius upon oxidation. The PïNimido distance is, on average, 

1.53(3) Å across all trivalent complexes. 2-CeLi  exhibits notable deviations, with PïNimido 

bond lengths ranging from 1.495(8) to 1.59(1) Å, with an average of 1.54(4) Å. 2-CeK18c6 

exhibits shorter PïNimido bonds, including the shortest PïNimido bond among the Ce3+ 

complexes at 1.44(1) Å.  



 20 

Table 2.2 Ce···M+ distances and distortion parameters of the Ce3+ complexes derived from SC-

XRD dataa 

a Numbers in parentheses are estimated standard deviations of the last digit. 

b More than one crystallographically unique molecule is present in the asymmetric unit, metrics for each 

molecule are presented. 

 

 

  

 2-CeLib 2-CeNa 2-CeK 2-CeRb 2-CeCsb 2-CeK18c6 

CeĿĿĿM+ 

Distance (¡) 

3.02(1) 

2.97(2) 
3.367(6) 3.785(7) 3.947(1) 

4.131(2) 

4.061(2) 
9.56(15) 

Ű4 ɗNïCeïN 
0.928 

0.889 
0.915 0.929 0.945 

0.941 

0.903 
0.948 

Ű4 ɗPïCeïP 
0.906 

0.919 
0.957 0.923 0.935 

0.956 

0.980 
0.970 

Ɇȹ109.5 ɗNïCeïN 

(Á) 

49.4 

53.4 
37.3 34.0 29.5 

28.5 

30.9 
15.7 

Ɇȹ109.5 ɗPïCeïP 

(Á) 

43.6 

31.2 
25.9 23.0 18.4 

13.4 

6.1 
8.71 
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The structures were examined for connections between the degree of distortion and 

the redox potentials measured by cyclic voltammetry ( 

Table 2.2). The Ű4 index47 was calculated as a measure of structural distortion 

present, defined as (360° ï (Ŭ+ɓ))/141Á (where Ŭ and ɓ are the two largest angles in the 

coordination tetrahedron). The parameter Ɇȹ109.5 was also considered and is defined as the 

sum of the absolute difference between the ideal 109.5° and each of the six angles that 

compose the tetrahedral coordination sphere. Ɇȹ109.5 is a component to an equation48 

previously used to describe distortion of the geometry around boron in complexes with 

NŸB moieties and has been implemented for similar Ln imidophosphorane complexes.49 

The Ű4 and Ɇȹ109.5 values were calculated with the terminal N atoms constructing the 

primary coordination sphere, as well as the P atoms of the ligands. In the case of Ű4, the 

values using the N coordination sphere show linear correlation with Epa, however, 2-CeCs 

breaks the trend with an anomalously low Ű4 value (Figure 2.83A). Calculating Ű4 using the 

secondary P coordination sphere results in linear correlation with Epa, and 2-CeCs does not 

return an anomalous value (Figure 2.83). When using the primary N coordination sphere, 

Ɇȹ109.5 displays linear correlation with Epa (Figure 2.83C). When calculating Ɇȹ109.5 using 

the secondary P coordination sphere, remarkable linear correlation is observed with Epa (R
2 

 2-CeLib 2-CeNa 2-CeK 2-CeRb 2-CeCsb 2-CeK18c6 

CeĿĿĿM+ 

Distance (¡) 

3.02(1) 

2.97(2) 
3.367(6) 3.785(7) 3.947(1) 

4.131(2) 

4.061(2) 
9.56(15) 

Ű4 ɗNïCeïN 
0.928 

0.889 
0.915 0.929 0.945 

0.941 

0.903 
0.948 

Ű4 ɗPïCeïP 
0.906 

0.919 
0.957 0.923 0.935 

0.956 

0.980 
0.970 

Ɇȹ109.5 ɗNïCeïN 

(Á) 

49.4 

53.4 
37.3 34.0 29.5 

28.5 

30.9 
15.7 

Ɇȹ109.5 ɗPïCeïP 

(Á) 

43.6 

31.2 
25.9 23.0 18.4 

13.4 

6.1 
8.71 
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= 0.981 excluding 2-CeK18c6, R2 = 0.958 including 2-CeK18c6, Figure 2.83). See Discussion 

for further analysis. 

2.2.5 Electronic Absorption Spectroscopy 

The UV-Vis spectra are consistent with previously reported20, 23, 50 Ce3+
 

imidophosphorane complexes, featuring 4f-5d transitions at the edge of the UV-visible 

spectral window. The position of ɚmax for the 4f-5d transitions varies over a 53 nm (0.43 

eV) range, from 361 nm in 2-CeK18c6 to 414 nm in the lower-energy feature in the spectrum 

of 2-CeLi . The molar extinction coefficients are generally 500ï1000 M-1cm-1, consistent 

with those of similar complexes.20, 23, 50 The spectra of 2-CeLi  and 2-CeNa diverge from the 

rest of the series, with two distinguishable features (Figure 2.4A). The spectrum of the 

previously reported 2-CeK displays one feature, identified as a 4f-5d transition.23 The 

spectra of 2-CeK, 2-CeRb, and 2-CeCs appear remarkably similar. Computational studies 

(vide infra) predict subtle differences between the K, Rb, and Cs congeners, however, they 

are not visually identifiable given the resolution of the measurement. The observation of 

two 4f-5d transitions in the spectra of 2-CeLi  and 2-CeNa is due to crystal field splitting of 

the 5d orbitals due to lower molecular symmetry.51-53
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2.2.6 Density Functional Theory 

DFT calculations were employed to assess the effects of incorporating alkali metal 

cations, M+ (M = Li, Na, K, Rb, Cs, K(18c6)2), in the Ce3+ imidophosphorane complex. 

Specifically, changes in the metal-ligand bonding as a function of structural distortion 

induced by M+ were evaluated, the nature of electronic excitations were assigned, the 

energy shift of the 4f-5d transitions in this series were examined, and the degree of 

structural rearrangement occurring upon oxidation was assessed. Overall, the optimized 

structures show good agreement with the bond metrics from the XRD data (Table 2.3), 

Figure 2.4 (A) Experimental UV-vis spectra measured in toluene, except for 2-CeK18c6, which was 

measured in THF. (B) Calculated spectra from TD-DFT, with half width at half height at 0.15 eV. 

Direct comparison of TD-DFT and UV-vis spectra for each complex is shown separately in Fig. 

2.95ï 2.102. 
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with the average CeĀĀĀM+ distances, CeïN bond lengths, and the average CeïNïP angles 

deviating less than 2.4%, 2.9%, and 3.7%, respectively, validating the theoretical models. 

In all complexes where M+ occupies a binding pocket in between the ligands, the 

CeïNcapped distances are distinct from CeïNterminal, e.g., 2.405 Å vs. 2.294 Å in 2-CeNa, 

respectively. This result agrees with the smaller total participation of Ce atomic orbitals 

(AOs) in the CeïNcapped bonds relative to CeïNterminal in the entire series from Li+ to Cs+: 

7.7ï7.9% vs. 11.0ï12.0%, respectively (Table 2.4). In both types of CeïN bonds, there is 

little variation in the Ce AOs contribution throughout the series, in accordance with the 

minimal bond length changes: within 0.011 Å exp./0.006 Å theor. for CeïNcapped and 0.030 

Å exp./0.030 Å theor. for CeïNterminal. Despite this, there is a recognizable trend, showing 

that, as the degree of structural distortion from the approximate tetrahedral symmetry 

decreases, there is a commensurate decrease in the disparity of bond lengths between Ceï

Ncapped and CeïNterminal (Table 2.3). This trend is also supported by the decreasing 

difference of the %Ce AOs participating in the CeïNcapped and CeïNterminal bonds, e.g., from 

4.1% in 2-CeLi  to 3.2% in 2-CeCs.  

Adaptive Natural Density Partitioning (AdNDP54, 55) analysis of the alkali metal-

coordinated complexes revealed a chemical bonding pattern (Figures 2.84, 2.85, Tables 

2.4ï2.6) which is qualitatively similar to the one previously reported for 

[Ce(NP(NMe2)3)4]
ï.20 The Ce contribution in the CeïN ů bonding is comparable between 

CeïNcapped (7.0ï7.2%) and CeïNterminal (8.0ï8.2%), and is appreciably larger than in the 

CeïNïP ˊ bonding, where it is smaller for the CeïNcappedïP ˊ bonds (0.6ï0.7%) compared 

to CeïNterminalïP ˊ bonds (3.0ï3.7%). The difference in the %Ce AOs in the bonding with 

Ncapped vs. Nterminal is due to the presence of M+, where the ˊ electron clouds of two N 2p 
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lone pairs extending to Ce and P are appreciably disrupted at the Ncapped atom compared to 

Nterminal, resulting in longer CeïNcapped bonds. 

The average %Ce AOs, considering all CeïN ů+ˊ bonds in the M+-stabilized Ce3+ 

imidophosphorane complexes (9.4ï9.8%), is slightly higher than in the bare 2-Ceï (9.0%). 

The overall stabilizing effect of coordinating M+ cations is also tracked in their MO energy 

levels relative to that of 2-Ceï (Figure 2.92). The decreasing contribution of the Ce AOs in 

the averaged CeïN bonds goes in tandem with the increasing energy level of the Ce 4f-

dominant highest occupied molecular orbital (HOMO) through the series: from ï3.92 eV 

in 2-CeLi  to ï3.81 eV in 2-CeCs, increasing to ï3.40 eV in 2-CeK18c6, and reaching the most 

positive value of ï3.32 eV in 2-Ceï (Figure 2.86Figure 2.92). 

The increasing HOMO energy levels linearly correlate with increasing Ce···M+ 

distances in the series from Li+ to [K(18c6)2]
+, with R2 = 0.985 Figure 2.93). The close 

proximity of Li+ to the Ce3+ center enables the strongest Ce···M+ interactions, substantially 

stabilizing the HOMO level in 2-CeLi . On the other hand, the significantly increased 

Ce···M+ charge separation in 2-CeK18c6 brings about the smallest changes in the geometric 

and electronic structure, with its HOMO energy deviating by only ~0.09 eV from the ñbareò 

2-Ceï. The appreciably distinct MO energy levels of the complexes with the least (2-

CeK18c6) and most (2-CeLi ) distorted tetrahedral structures support their chemical reactivity 

patterns (vide supra). The higher HOMO energy level (ȹ = 0.51 eV) as well as the larger 

energy gap between the 4f-dominant HOMO and ligand-dominant HOMOï1 (ȹ = 0.20 eV) 

in 2-CeK18c6 vs. 2-CeLi  explains a greater likelihood of the 4f unpaired electron in 2-CeK18c6 

to participate in reactions, in accordance with its observed reactivity in reactions with 

benzophenone and [Co3+Cp*2][PF6]. 
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The stepwise trends in the MO energy levels that appear as a result of decreasing 

structural distortion from Li+ to [K(18c6)2]
+ also manifest into a series of changes in the 

computed absorption spectra. The time-dependent DFT (TD-DFT) spectra show an 

excellent agreement with the UV-Vis features (Figures 2.4, 2.94ï2.102), very well 

reproducing the absorption peak positions of the expected 4f-5d transitions and splitting 

between them, where they are experimentally observed (Table 2.7). The two distinct UV-

Vis absorption features of 2-CeLi  and 2-CeNa found at 360ï363 nm and 393ï414 nm are 

identified as the most predominant 4f-5d transitions by natural transition orbital (NTO) 

analysis, with 84ï87% probability for a single electron excitation from one orbital to 

another for each peak (Table 2.7, Figures 2.103ï2.105). The splitting between the lower 

and higher energy 4f-5d transitions is slightly smaller in 2-CeNa than in 2-CeLi , i.e., 31 nm 

exp./33 nm theor. vs. 51 nm exp./48ï54 nm theor., respectively (Figure 2.5). This manifold 

of two 4f-5d transitions is maintained for the complexes with larger M+ (M = K, Rb, Cs) 

and 2-CeK18c6 as well, albeit, with decreased splitting as the distortion in the complexes 

lessens, i.e., dropping to 22 nm in 2-CeK, then to 13ï16 nm in the 2-CeRb and 2-CeCs, and 

further to 4 nm in 2-CeK18c6 (Tables 2.7, 2.8, Figures 2.95ï2.102).  

Vertical and adiabatic detachment energies (further referred to as VDE and ADE, 

respectively) were calculated to assess the degree of structural rearrangement (VDE, none; 

ADE, total) and probability of the retention/ejection of M+ upon oxidation in the series 

(Table 2.10). Comparing VDE values for the M+ ejected (2-CeMŸ1-Ce) and M+ retained 

(2-CeMŸ1-CeM) redox reactions, two qualitatively different pictures are noted. For 2-

CeLi , the more negative VDE value corresponding to the M+ retained reaction relative to 

the M+ ejected reaction (ï0.69 V vs. ï0.35 V) suggests that the retention of Li+ is favored 
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upon oxidation. In contrast, for all other inner-sphere M+ counterparts (M = Na, K, Rb, 

Cs), the VDE for the ejection of M+ is appreciably more negative than for its retention 

(ranging from ï1.30 V to ï1.83 V vs. ï0.76 V to ï0.80 V). The difference between VDE 

values corresponding to the retention/ejection of M+ abruptly increases from 0.54 V/0.63 

V in 2-CeNa/ 2-CeK to 1.00 V/1.05 V in 2-CeRb/2-CeCs. This gap indicates that 2-CeRb/2-

CeCs are much more likely to eject the alkali metal cation upon oxidation than 2-CeNa/2-

CeK. 

The VDE values of the M+ ejected reactions of 2-CeRb / 2-CeCs are very close to their 

experimental Epa values with [nBu4N4][BPh4] as the supporting electrolyte (ï1.79 V 

theor./ï1.87 V exp for Rb+ and ï1.83 V theor./ï1.98 V exp. for Cs+), indicating minimal 

structural changes occurring upon oxidation. Conversely, the VDE for the retention of M+ 

in 2-CeLi  (ï0.69 V) is substantially different from the experimental oxidation potential of 

ï1.37 V. The corresponding ADE value of ï1.33 V matches the Epa value implying large 

structural rearrangement upon oxidation, in agreement with the largest deviation from the 

tetrahedral symmetry of 2-CeLi  in the series. The VDE values for the M+ ejected redox 

reactions of 2-CeNa/2-CeK (ï1.30 V/ï1.40 V) suggest less structural rearrangement than 2-

CeLi , but appreciably more than 2-CeRb, 2-CeCs, and 2-CeK18c6. Furthermore, the ADE 

values for the 2-CeMŸ1-CeM redox reaction of 2-CeNa (ï1.38 V) and 2-CeK (ï1.43 V), 

which are close to their respective Epa values, imply that the M+-retained oxidation is also 

possible. However, this would require a larger structural rearrangement than for the 2-

CeMŸ1-Ce redox reaction as the VDE values for the M+-retained redox reactions (ca. ï

0.76 V) are significantly more positive than their experimental Epa values. This suggests a 

possibility of both inner- and outer-sphere complexes for 2-CeNa/2-CeK. 
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2.3 Discussion 

Quantification of structural distortion for 4-coordinate metal complexes is often 

quantified by the ʐ4 index.47 Given the flexibility of the imidophosphorane coordination 

sphere, the absence of consideration of the smallest angles renders ʐ4 less reliable in 

describing structural distortion. Ɇȹ109.5 provides a more complete description of the ligand 

Figure 2.5 TD-DFT spectra accentuating the splitting between the higher and lower energy 4fï5d 

transitions in the Ce3+ complexes. Vertical bars depict the theoretical oscillator strength of single-

electron excitations. Half-width at half height is 0.15 eV. 
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sphere by including all six tetrahedral angles. Based on size of the alkali metal and 

proximity to the Ce center, structural distortion could be predicted to increase as follows: 

2-CeK18c6 < 2-CeCs < 2-CeRb < 2-CeK < 2-CeNa < 2-CeLi . PïCeïP angles were used to 

quantify distortion, as NïCeïN angles returned anomalously low ʐ4 value for 2-CeCs 

because it fails to capture the distortion of the secondary coordination sphere. The 

improved performance of using PïCeïP angles could be expected, due to the distortion 

largely affecting the secondary coordination sphere, rather than the primary CeïN 

coordination sphere. Using PïCeïP angles, the amount of structural distortion is 

proportional to the size of the alkali metal cation in the inner-sphere complexes (Figure 

3B). Structural metrics of 2-CeK18c6 are similar to those of 2-CeCs, indicating minimal 

structural influence of the alkali metal cation in 2-CeCs. 

The modulation of Epa by the alkali metal cation spans a range of about 600 mV, 

which is comparable to the reported series of Ce BINOLate complexes.18, 19 The 

electrochemical reduction (Epc) is less sensitive to alkali metal identity spanning less than 

200 mV, except for 2-CeLi  (Epc = ï1.74 V), which is about 1 V more positive than the rest 

of the series. The more positive Epc and quasi-reversibility of 2-CeLi  suggest the 

electrochemically oxidized product diverges from the rest of the series. NMR experiments 

demonstrate that the geometry of 2-CeLi  is constrained and intramolecular Li+ mobility is 

relatively slow at room temperature by the presence of two 31P{1H} signals (Figures 2.13, 

2.14). Computational studies support the retention of Li+ in the electrochemical oxidation 

of 2-CeLi . The VDE for 2-CeLi  was calculated for the case of alkali metal ejection and 

retention upon oxidation. In contrast to the rest of the series, the VDE for retention of the 

Li+ ion is more negative than that considering ejection (ï0.69 V vs. ï0.35 V, Table 2.10). 
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The VDE for ejection of the alkali metal for the rest of the series (where applicable) was 

calculated to be much more negative than that of retention. For example, the VDE of 2-

CeCs is calculated to be ï1.83 V in the case of ejection vs. ï0.80 V for retention of the Cs+ 

ion. The VDE for the ejection of Cs+ is much closer to the experimentally measured value 

(ï1.98 V), suggesting 2-CeCsŸ1-Ce redox reaction with minimal structural rearrangement 

upon oxidation. 

Within this framework, the larger alkali metal cations exert less influence on the 

ligand coordination sphere as they lie toward the outer edge of the secondary coordination 

sphere. The similarities between the cyclic voltammograms of 2-CeRb and 2-CeCs 

compared to 2-CeK222 and 2-CeK18c6 suggest that less interaction with the secondary 

coordination sphere facilitates Ce3+ oxidation, i.e., results in more negative Epa values. The 

Lewis acidity of the alkali metal cation unequivocally influences the Ce3+ oxidation 

potential, however, the relationship between M+(H2O)x pKa (as a measure of M+ Lewis 

acidity) and Epa is not as well correlated compared to examples in the transition metals and 

uranyl complexes (Figure 2.83E).36-39, 44, 45, 56-58  

A secondary feature is observed at ca. ï1.9 V in the cyclic voltammograms of 2-CeNa 

and 2-CeK (Figure 2.2). Differential pulse voltammetry (DPV) demonstrates that two 

features are indeed present for the anodic event of 2-CeK (Figure 2.64). This behavior is 

attributable to an equilibrium between the inner- and outer-sphere complexes in solution. 

The potential of the secondary features is close to those of the outer sphere congeners 2-

CeK18c6 and 2-CeK222, as well as the predicted potential for the hypothetical 2-Ceï (Table 

2.10). The similarity between the potentials of the secondary features and the outer-sphere 

congeners supports that some of 2-CeNa and 2-CeK may dissociate into the corresponding 
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charge-separated, outer sphere complexes in electrolyte solution. NMR studies in cyclic 

voltammetry conditions in THF-d8 display a broadened 31P{ 1H}  signal for 2-CeK (FWHM 

= 80 Hz, Figure 2.82) and a small secondary signal for 2-CeNa (Figure 2.81), supporting 

exchange between inner- and outer-sphere complexes in solution. These data suggest that 

the alkali metals of intermediate size (Na, K) can dissociate from the coordination sphere 

without Ce3+ oxidation in THF electrolyte solutions. Evidence for such a process does not 

present itself for 2-CeRb and 2-CeCs, which is likely due to the larger ionic radii of Rb+ and 

Cs+ precluding significant perturbation of the coordination sphere that is observed for 

smaller cations. 

The NMR spectra of all complexes, except for 2-CeLi , indicate that the cation is 

mobile within the secondary coordination sphere on the NMR timescale, and a single 

31P{1H} signal is observed in these systems at room temperature. Solution state UV-Vis 

data demonstrate that the structural distortion of the coordination sphere is indeed present 

in the solution state, despite intramolecular mobility of the cation. The UV-Vis spectra of 

2-CeLi  and 2-CeNa display two features, which are assigned as 4f-5d transitions through 

NTO analysis. The observation of two 4f-5d transitions in the solution-state measurements 

is an important piece of evidence supporting the presence of structural distortion in 

solution. The splitting of the 5d orbitals can be rationalized through crystal field theory as 

a splitting of the E state in the reduction of the symmetry of the complex from tetrahedral. 

This splitting would not be observed if the structural distortion is not maintained in 

solution. That is, if the solution structure was not distorted by the alkali metal cation due 

to exchange or diffusion of the alkali metal from the coordination sphere, the UV-Vis 

spectra should resemble that of 2-CeK18c6. A good linear relationship (R2 = 0.953, Figure 
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2.83) between measured Epa and the calculated HOMO energies of the geometry-optimized 

complexes further supports that the electronic structure of Ce3+ is modulated by the alkali 

metal cation in solution. 

While variable-temperature NMR (VT-NMR) data indicate that the cations have 

intra-molecular mobility in solution at temperatures > ï60°C, the room temperature UV-

Vis, CV, as well as computational results support that the structural effect of the alkali 

metal is present, despite exchange of the cation between different pairs of ligands. A clear 

relationship between the coalescence temperature (Tc) and structural metrics and/or Epa is 

not readily identifiable. This result suggests intramolecular mobility is a related, but 

distinct, phenomenon to structural distortion. The match in size between the secondary 

coordination sphere and the alkali metal is likely important, with K+ uniquely exhibiting 

mobility down to ï80°C in 2-CeK (Figure 2.39).  

Cyclic voltammetry studies in solution reveal the modulation of the Ce3+ oxidation 

potential by the identity of the alkali metal cation. Distortion parameters from SC-XRD 

data provide good linear correlation with Epa, demonstrating that structural aspects of the 

coordination sphere and size of the alkali metal cation influence the oxidation potential. 

Solution-state UV-Vis data further demonstrate that the structural distortion measured in 

the solid-state is reflected in solution spectroscopic data. This effect is indicated by the 

presence of two 4f-5d transitions in 2-CeLi  and 2-CeNa. This splitting of the f-d transition 

is due to 5d crystal field splitting caused by reduction of symmetry at the Ce center. TD-

DFT results and NTO analysis support this assignment of the UV-Vis spectra, and good 

correlation between Epa and the calculated HOMO energies provide additional evidence 

that the distortion by the alkali metal modulates the Ce3+ oxidation potential. 
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2.4 Conclusion 

The correlation between the shift in Epa
 and electrostatic/Lewis acidic properties of 

the redox-inactive metal cation is well established in the literature across multiple classes 

of transition metal and uranyl complexes.36-45, 56-58 The data presented herein demonstrates 

the impact of structural distortion by alkali metal bound in the secondary coordination 

sphere on the Ce3+ oxidation potential within an imidophosphorane framework. 

Quantification of the distortion of the ligand sphere by means of Ɇȹ109.5 elucidates a linear, 

positive relationship between structural distortion and oxidation potential. Specifically, 

structural distortion by the alkali metal cation modulates the electronic structure of the 

ligand and Ce3+ ion, making oxidation more difficult as the coordination geometry deviates 

from the ideal pseudo-tetrahedral geometry. This distortion observed in the solid-state is 

reflected in solution electronic absorption spectroscopy, which reveals the reduced 

molecular symmetry at Ce3+ as a function of the alkali metal. The effect of alkali metal 

binding on the donation properties of the zwitterionic ligand and electronic structure of the 

trivalent lanthanide establishes a new ligand design consideration. Similar effects of 

zwitterionic ligands have been reported on Cu redox properties and small molecule 

activation chemistry.59-62 In this imidophosphorane system, optimization of alkali metal 

binding can be used to tune the potential of anionic metal complexes through the counter 

cation. This approach could be implemented across the periodic table, and potentially be 

applied to expand the range of molecular tetravalent lanthanides. 
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2.5 Experimental Details 

Unless otherwise noted, all reagents were obtained from commercial suppliers and 

used as received. All manipulations were performed with rigorous exclusion of oxygen and 

water using Schlenk techniques under UHP argon, or in a glovebox (Vigor) under a 

dinitrogen atmosphere (<0.1 ppm O2/H2O). The glovebox is equipped with two -35 ęC 

freezers and a cold well. All glassware and cannulas/needles were stored in an oven 

overnight (>8h) at ca. 160 ęC prior to use.  

Materials:  Celite and molecular sieves were dried under vacuum at a temperature >250 ęC 

for a minimum of 24 h. C6D6 (Cambridge Isotope Laboratories or Sigma-Aldrich) was pre-

dried over 3 Å molecular sieves then vacuum-transferred from purple 

sodium/benzophenone and stored over 3 Å molecular sieves prior to use. THF-d8 

(Cambridge) was degassed by 3 freeze-pump-thaw cycles and dried over sodium metal, 

then vacuum transferred stored over 3 Å molecular sieves prior to use. n-Pentane, hexanes, 

diethyl ether, toluene, and tetrahydrofuran (THF) were purged with UHP-grade argon 

(Airgas) and passed through columns containing Q-5/alumina and molecular sieves in a 

commercial solvent purification system (JC Meyer Solvent Systems, Pure Process 

Technology). All solvents in the glovebox were stored in media bottles over 10% v/v 3 Å 

molecular sieves. Fluorobenzene was distilled from P2O5 and stored over 3 Å molecular 

sieves inside the glovebox. Methanol was dried by refluxing over magnesium turnings 

activated with iodine overnight under argon and then distilled and stored over 3 Å 

molecular sieves. Supporting electrolytes for electrochemical analysis were purified as 

follows: [nBu4N][BPh4] (Sigma-Aldrich, 99% or electrochemical grade >99%)ᶫ was 

recrystallized twice from 10:90 water:acetone followed by a final recrystallization from 
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30:70 diethyl ether:acetone, then dried under vacuum at 100ęC for a minimum of 24 h prior 

to use. [nBu4N][PF6] (Oakwood) was recrystallized three times from absolute ethanol, then 

dried under vacuum at 85ęC for a minimum of 24 h prior to use. Ferrocene and 

decamethylferrocene were sublimed prior to use. [K][NP(N,Nô-di-tert-

butylethylenediamide)(diethylamide)]1 (KNP* ), CeI3(THF)4
2, KC8

3, and benzyl 

potassium4 were prepared according to the published procedures. RbC8 and CsC8 were 

prepared analogously to KC8. Graphite was flame dried in a Schlenk flask several times 

under vacuum on a Schlenk line prior to use. Potassium tert-butoxide was sublimed prior 

to use in the synthesis of benzyl potassium. Immersion oils (Paratone-N, Cargille Type 

NVH) were degassed on a Schlenk line by stirring under active vacuum with gentle heating 

(to facilitate stirring, ca. 40°C) overnight prior to use.  

Analytical: NMR spectra were obtained on a Bruker Avance III 400 or 500 MHz 

spectrometer at 298 K, unless otherwise noted. 1H, 13C{1H}, and 31P{1H} NMR chemical 

shifts are reported in ŭ, parts per million. 1H NMR are referenced to the residual 1H 

resonances of the solvent. 13C{1H} NMR are referenced to the resonance of the deuterated 

solvent. 13C DEPT-135 NMR spectra are referenced to the standard 13C{1H} spectra. Peak 

position is listed, followed by peak multiplicity, integration value, and proton assignment, 

where applicable. Multiplicity and shape are indicated by one or more of the following 

abbreviations: s (singlet); d (doublet); t (triplet); q (quartet);dd (doublet of doublets); td 

(triplet of doublets); m (multiplet); br (broad). UV-visible-NIR spectroscopy was 

performed in small-volume screw-cap quartz cuvettes (Starna Scientific) with a 1 cm path 

length on a Hitachi UH4150 UV-vis-NIR scanning spectrophotometer from 1100 to 280 

nm. ATR infrared measurements were performed on a Bruker ALPHA FTIR spectrometer 
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from 400 to 4000 cm-1 inside a dinitrogen glovebox. Elemental analyses were determined 

at the University of California Berkeley Microanalytical Facility (Berkeley, CA). X-ray 

structural determinations were performed at the Georgia Institute of Technology X-ray 

Crystallography Facility on a Bruker D8 Venture diffractometer. Crystals for X-ray 

analysis were coated in either Paratone N or Cargille Type NVH immersion oil inside a 

glovebox and brought out in a capped 20 mL scintillation vial.  

ᶫStandard and electrochemical grade [nBu4N][BPh4] were examined for use in cyclic 

voltammetry experiments. Even electrochemical grade displayed a small impurity in the 

background scan and required recrystallization. There was no observable difference 

between the standard or electrochemical grades after 3x recrystallization. 

[Ce(NP(N,Nô-di-tert-butylethylenediamide)(diethylamide))4], 1-Ce: This a modification of a 

previously reported procedure.1 Inside a glovebox, KNP*  (1.55 g, 4.7 mmol, 4 eq.) was 

transferred to a scintillation vial and dissolved in 18 mL of diethyl ether. This solution was 

then transferred to a scintillation vial charged with a glass-coated stir bar and CeI3(THF)4 

(0.962 g, 1.2 mmol, 1 eq.). The reaction mixture was allowed to stir at room temperature 

for 2 h, then AgI (0.293 g, 1.2 mmol, 1.05 eq.) was added as a solid. Any remaining AgI 

was suspended in 1 mL diethyl ether and transferred to the reaction vial via pipette. The 

reaction mixture was stirred overnight (14 h) at room temperature. The precipitates were 

removed via filtration through a fine frit packed with Celite. The filter cake was washed 

with diethyl ether until the filtrate ran clear (about 80 mL), then the bright-red filtrate was 

brought to an orange solid in vacuo. The crude product was extracted with 25 mL of n-

pentane and filtered through a pipette packed with a glass fiber filter and Celite. The 

volume of the filtrate was concentrated in vacuo to a volume of 15 mL, after which red 
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crystals started to form. The solution was placed in a -35°C freezer overnight during which 

time red crystals formed. The supernatant was then decanted off, and residual volatiles 

were removed in vacuo to give the title compound as a bright-red crystalline solid (1.31 g, 

85%). All spectroscopic data are consistent with the previously reported data (Figures 2.6ï

2.8) 

[LiCe(NP(N,Nô-di-tert-butylethylenediamide)(diethylamide))4], 2-CeLi . 1-Ce (425 mg, 

0.2 mmol, 1.0 equiv.) was dissolved in 15 mL of diethyl ether and transferred to a 50 mL 

Schlenk flask equipped with a glass-coated stir bar and a glass stopper. The vessel was 

removed from the glovebox and connected to a Schlenk line. The red solution was sparged 

with argon for 3 min and, under a flow of argon, coarsely divided lithium wire (ca. 140 

mg, 20 mmol, excess, approximately a 3 cm piece) was added. The reaction mixture was 

stirred vigorously at room temperature for 14 h. The resulting pale-yellow solution was 

then decanted via cannula and the volatiles were removed in vacuo. The vessel was 

transferred to a glovebox, and the pale-yellow solid was taken up in 5 mL of diethyl ether 

and filtered through a pipette packed with a glass-fiber filter. The solution was concentrated 

to 2 mL volume, then placed in a -35°C freezer overnight during which time yellow crystals 

grew (suitable for XRD analysis). The mother liquor was decanted off and the volatiles 

were removed in vacuo to give the title compound as a bright yellow solid (250 mg). The 

supernatant was concentrated to <1 mL and placed in a -35°C freezer overnight to yield a 

second crop of crystals (344 mg combined mass, 81% total isolated yield).  

1H NMR (400 MHz, toluene-d8) T = 80ÁC ŭ 4.45 (s, 8H, FWHM = 16 Hz), 3.85 (s, 8H, 

FWHM = 22 Hz), 1.49 (s, 72H), 0.66 (br, 16H, FWHM = 220 Hz), -1.00 (br, 24H, FWHM 

= 56 Hz). 13C{1H} NMR (101 MHz, toluene-d8) T = 80ÁC ŭ 53.65, 43.17, 37.57, 29.40, 
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12.11. 31P{1H} NMR (162 MHz, toluene-d8) T = 80ÁC ŭ 74.17 (br). IR (ATR): ɜ [cm-1] = 

2965 (m), 1474 (vw), 1460 (vw), 1376 (w), 1355 (w), 1265 (w), 1249 (w), 1194 (m), 1144 

(s), 1094 (m), 1050 (m), 1022 (s), 973 (m), 925 (m), 867 (w), 794 (m), 692 (s), 628 (m), 

593 (vw), 498 (s), 447 (w). Elemental analysis, C56H128CeLiN16P4, found(calculated): C 

52.14(51.87), H 9.95(9.95), N 17.08(17.28). 

[NaCe(NP(N,Nô-di-tert-butylethylenediamide)(diethylamide))4], 2-CeNa: 1-Ce (228 mg, 

0.18 mmol, 1.0 equiv.) was dissolved in 10 mL of diethyl ether and transferred to a 20 mL 

scintillation vial charged with a glass-coated stir bar and a smear of Na metal (51.1 mg, 2.2 

mmol, excess). After stirring at room temperature for 3 h, the pale-yellow solution was 

filtered through a pipette packed with a glass fiber filter and Celite. The volume of the 

filtrate as concentrated in vacuo to 2 mL and the solution was placed in a -35°C freezer. 

Yellow crystals grew overnight, and the supernatant was decanted off. The residual 

volatiles were removed in vacuo to give the title compound as a pale-yellow solid (135 mg, 

59%). Crystals suitable for XRD analysis were grown via slow evaporation of a 

concentrated n-pentane solution at -35°C over several days. 

1H NMR (400 MHz, C6D6) ŭ 5.29 (s, 8H, FWHM = 15 Hz), 4.28 (d, J = 9.3 Hz, 8H, FWHM 

= 19 Hz), 1.62 (s, 72H), 0.06 (br, 16H, FWHM = 120 Hz), -1.43 (s, 24H, FWHM = 55 Hz) 

13C{1H} NMR (101 MHz, C6D6) ŭ 53.58, 43.65, 36.08, 28.74, 11.27. 
31P{1H} NMR (162 

MHz, C6D6) ŭ 111.53. IR (ATR): ɜ [cm-1] = 2966 (m), 1477 (vw), 1375 (w), 1355 (w), 

1248 (m), 1195 (m), 1148 (s), 1092 (m), 1051 (m), 1023 (m), 971 (m), 925 (m), 865 (m), 

793 (m), 691 (m), 628 (w), 519 (m), 497 (m), 468 (w), 452 (w). Elemental analysis, 

C56H128CeNaN16P4, found(calculated): C 51.32(51.24), H 9.92(9.83), N 16.78(17.07). 
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[KCe(NP(N,Nô-di-tert-butylethylenediamide)(diethylamide))4], 2-CeK: 1-Ce (122 mg, 

0.095 mmol, 1.0 equiv.) was added as a solid to a vial charged with 7 mL hexanes, KC8 

(13.4 mg, 0.010 mmol, 1.05 equiv.), and a glass-coated stir bar. The bronze suspension 

rapidly turned black, concomitant with the bleaching of the bright red color of the 

supernatant to a pale yellow. The reaction mixture was allowed to stir at room temperature 

for 20 min and was then filtered through a pipette packed with a glass-fiber filter and Celite. 

The filtrate was concentrated to 2 mL in vacuo and placed in a -35°C freezer. Yellow 

crystals grew overnight, and the supernatant was decanted off. The residual volatiles were 

removed in vacuo to give the title compound as a pale-yellow solid (87 mg, 69%). All 

spectroscopic data are consistent with the previously reported data (Figures 2.18ï2.20). 

Note: This reaction proceeds in diethyl ether, however, crystallization of the crude product 

provides higher yield in hexanes. To simplify reaction work-up, the reaction is performed 

in hexanes. 

[K(18-crown-6)2][Ce(NP(N,Nô-di-tert-butylethylenediamide)(diethylamide))4], 2-

CeK18c6: 1-Ce (271 mg, 0.2 mmol, 1.0 equiv.) and 18-crown-6 (111 mg, 0.4 mmol, 2.0 

equiv.) were dissolved in 15 mL of diethyl ether. The solution was then transferred to a 20 

mL scintillation vial charged with KC8 (29.8 mg, 0.22 mmol, 1.05 equiv.) and a glass-

coated stir bar. The bronze suspension rapidly turned black, concomitant with the bleaching 

of the bright red color of the supernatant to a pale yellow. The reaction was allowed to stir 

at room temperature for 15 min, then the mixture was filtered through a pipette packed 

with a glass-fiber filter and Celite. The solution was concentrated to 3 mL in vacuo and 

placed in a -35°C freezer. Overnight, nearly colorless crystals grew, and the supernatant 
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was decanted off. The volatiles were removed in vacuo to give the product as a pale-yellow 

solid (313 mg, 80%).  

1H NMR (400 MHz, THF-d8) ŭ 3.75 (s, 16H, FWHM = 20 Hz), 3.60 (s, 48H), 2.84 (d, J = 

12.1 Hz, 8H, FWHM = 19 Hz), 2.48 (s, 8H, FWHM = 11 Hz), 1.06 (s, 96H, FWHM = 6.6 

Hz). 13C{1H} NMR (101 MHz, THF-d8) ŭ 71.56, 52.52, 41.61 (d, J = 8.1 Hz), 40.63, 28.36, 

15.26. 31P{1H} NMR (162 MHz, THF-d8) ŭ 107.28. IR (ATR): ɜ [cm-1] = 2957 (m), 2895 

(m), 1456 (w), 1382 (w), 1295 (vw), 1251 (m), 1210 (m), 1195 (m), 1175 (s), 1147 (m), 

1107 (s), 1049 (m), 1025 (m), 969 (m), 914 (m), 861 (w), 838 (w), 791 (m), 686 (m), 623 

(m), 592 (w), 569 (vw), 518 (m), 495 (m), 469 (m), 449 (w). Elemental analysis, 

C80H176CeKN16O12P4, found(calculated): C 51.47(51.73), H 9.60(9.55), N 12.34(12.07). 

[K([2.2.2]-cryptand)][Ce(NP(N,Nô-di-tert-butylethylenediamide)(diethylamide))4] 2-

CeK222: 1-Ce (179 mg, 0.14 mmol, 1.0 equiv.) and [2.2.2]-cryptand (52.2 mg, 0.14 mmol, 

1.0 equiv.) were dissolved in 10 mL of diethyl ether and transferred to a 20 mL scintillation 

vial charged with KC8 (19.7 mg, 0.15 mmol, 1.05 equiv.) and a glass-coated stir bar. The 

bronze suspension rapidly turned black, concomitant with the bleaching of the bright red 

color of the supernatant to a pale yellow. The reaction mixture was stirred for 15 min at 

room temperature, then filtered through a glass pipette packed with Celite and a glass fiber 

filter. The volatiles were removed in vacuo to give the crude product as a pale-yellow 

powder. The powder was taken up in 2 mL of fluorobenzene and filtered through a glass 

pipette packed with a glass fiber filter into a 4 mL shell vial. The solution was layered with 

2 mL of n-pentane and placed in a -35°C freezer. Overnight, a pale-yellow powder 

precipitated out, which was collected on a fine-porosity frit and washed with 1 mL pentane. 

Residual volatiles were removed in vacuo to give the title compound as a pale-yellow 
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powder (210 mg, 89%). Growth of crystals suitable for XRD analysis was not readily 

achievable. 

 1H NMR (400 MHz, THF-d8) ŭ 3.76 (br, 16H, FWHM = 22 Hz), 3.60 (s, 12H), 3.56 (t, J 

= 4.4 Hz, 12H), 2.84 (d, J = 12.0 Hz, 8H, FWHM = 21 Hz), 2.58 (t, J = 4.7 Hz, 12H), 2.47 

(s, 8H, FWHM = 10 Hz), 1.06 (s, 96H, FWHM = 6.0 Hz). 13C{1H} NMR (101 MHz, THF-

d8) ŭ 71.51, 68.67, 54.95, 52.54, 41.62 (d, J = 8.8 Hz), 40.64, 28.37, 15.27. 31P{1H} NMR 

(162 MHz, THF-d8) ŭ 107.78. IR (ATR): ɜ [cm-1] = 2959 (m), 2890 (m), 2822 (m), 1477 

(w), 1458 (w), 1382 (w), 1354 (m), 1298 (vw), 1251 (m), 1210 (m), 1195 (m), 1174 (s), 

1149 (m), 1134 (m), 1105 (m), 1079 (m), 1046 (m), 1026 (m), 970 (m), 951 (m), 916 (m), 

862 (w), 833 (vw), 791 (m), 754 (vw), 687 (m), 623 (m), 592 (vw), 572 (vw), 520 (m), 495 

(m), 470 (w), 450 (w). Note: Since isolation of this compound in crystalline form was not 

readily achievable, elemental analysis was not performed, however, NMR spectra are free 

of impurities and no insoluble solids are observed upon compound dissolution in organic 

solvents. 

[RbCe(NP(N,Nô-di-tert-butylethylenediamide)(diethylamide))4], 2-CeRb: 1-Ce (168 mg, 

0.13 mmol, 1 equiv.) was added as a solid to a 20 mL scintillation vial charged with RbC8 

(26.0 mg, 0.14 mmol, 1.05 equiv.), 8 mL of hexanes, and a glass-coated stir bar. Any 

remaining 1-Ce was dissolved in 2 mL hexanes and transferred to the reaction vial. The 

bronze suspension rapidly turned black, concomitant with the bleaching of the bright red 

color of the supernatant to a pale yellow. After stirring at room temperature for 20 min, the 

reaction mixture was filtered through a pipette packed with a glass fiber filter and Celite. 

The pale-yellow filtrate was concentrated to 5 mL in vacuo and placed in a -35°C freezer. 

Nearly colorless, pale-yellow crystals grew overnight. The supernatant was decanted off 
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and the residual volatiles were removed in vacuo to give the title compound as a nearly 

colorless, pale-yellow solid (145 mg, 81%). Crystals suitable for XRD analysis were grown 

from a concentrated hexanes solution with 1 drop of diethyl ether at -35°C. 

1H NMR (400 MHz, C6D6) ŭ 4.76 (s, 8H, FWHM = 14 Hz), 3.98 (d, J = 8.5 Hz, 8H,FWHM 

= 17 Hz), 1.69 (s, 72H), -1.17 (s, 24H, FWHM = 36 Hz), -1.63 (br, 16H, FWHM = 230 

Hz). 13C{1H} NMR (101 MHz, C6D6) ŭ 53.07, 43.01, 33.92, 28.86, 11.36. 
31P{1H} NMR 

(162 MHz, C6D6) ŭ 109.08. IR (ATR): ɜ [cm-1] = 2967 (m), 1476 (vw), 1374 (w), 1355 

(w), 1249 (m), 1207 (m), 1194 (m), 1145 (s), 1093 (m), 1051 (m), 1022 (m), 973 (m), 918 

(m), 864 (m), 794 (m), 687 (m), 623 (w), 517 (m), 497 (m), 468 (m), 449 (m). Elemental 

analysis, C56H128CeN16P4Rb, found(calculated): C 48.95(48.91), H 9.41(9.38), N 

16.14(16.30). Note: This reaction proceeds in diethyl ether, however, crystallization of the 

crude product provides higher yield in hexanes. To simplify reaction work-up, the reaction 

is performed in hexanes. 

[CsCe(NP(N,Nô-di-tert-butylethylenediamide)(diethylamide))4], 2-CeCs: 1-Ce (123 mg, 

0.095 mmol, 1.0 equiv.) was dissolved in 6 mL of diethyl ether and transferred to a 20 mL 

scintillation vial charged with a glass-coated stir bar and CsC8 (22.9 mg, 0.10 mmol, 1.05 

equiv.). The bronze suspension rapidly turned black, concomitant with the bleaching of the 

bright red color of the supernatant to a pale yellow. After stirring at room temperature for 

15 min, the reaction mixture was filtered through a pipette packed with a glass fiber filter 

and Celite. The volume of the yellow supernatant was concentrated to 4 mL in vacuo and 

the solution was placed in a -35°C freezer. Overnight, nearly colorless, XRD-quality 

crystals grew. The supernatant was decanted off, and the residual volatiles were removed 

in vacuo to give the title compound as a nearly colorless, pale-yellow solid (98.6 mg, 73%).  
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1H NMR (500 MHz, C6D6) ŭ 4.30 (s, 8H, FWHM = 15 Hz), 3.78 (d, J = 8.3 Hz, 8H, FWHM 

= 18 Hz), 1.62 (s, 72H), -0.93 (s, 24H, FWHM = 46 Hz), -1.28 (br, 16H, FWHM = 540 

Hz). 13C{1H} NMR (101 MHz, C6D6) ŭ 52.88, 42.48, 34.18, 28.82, 11.62. 
31P{1H} NMR 

(162 MHz, C6D6) ŭ 107.26. IR (ATR): ɜ [cm-1] = 2967 (m), 1477 (vw), 1375 (w), 1355 

(w), 1250 (m), 1208 (m), 1193 (m), 1145 (s), 1095 (m), 1050 (m), 1021 (m), 974 (m), 918 

(m), 864 (m), 794 (m), 686 (m), 623 (w), 516 (m), 496 (m), 467 (m), 448 (m). Elemental 

analysis, C56H128CeCsN16P4, found(calculated): C 47.16(47.28), H 8.94(9.07), N 

15.49(15.75). 
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Figure 2.6 1H NMR of 1-Ce in C6D6. * = C6D5H, ^ = n-pentane. 
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Figure 2.7 13C{1H} NMR of 1-Ce in C6D6. * = C6D6, ^ = n-pentane. 
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Figure 2.8 31P{1H} NMR of 1-Ce in C6D6. 
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Figure 2.9 1H NMR of 2-CeLi  in tol-d8, T = +80°C. *=tol-d7, ^=Et2O. 
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Figure 2.10 13C{1H} NMR of 2-CeLi  in tol-d8, T = +80°C. * = tol-d8. 
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Figure 2.11 31P{1H} NMR of 2-CeLi  in tol-d8, T = +80°C. 
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Figure 2.12 1H-13C HSQC NMR of 2-CeLi  in tol-d8, T = +80°C. * = tol-d8. 
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Figure 2.13 1H NMR of 2-CeLi  in C6D6, T = +25°C . * = C6D5H, ^ = n-pentane, Et2O. 
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Figure 2.14 31P{1H} NMR of 2-CeLi  in C6D6, T = +25°C. 
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Figure 2.15 1H NMR of 2-CeNa in C6D6, * = C6D5H, ^ = Et2O. 
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Figure 2.16 13C{1H} NMR of 2-CeNa in C6D6, * = C6D6, ^ = Et2O. 
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Figure 2.17 31P{1H} NMR of 2-CeNa in C6D6. 
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Figure 2.18 1H NMR of 2-CeK in C6D6. * = C6D5H, ^ = hexane. 
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Figure 2.19 13C{1H} NMR of 2-CeK in C6D6. 



 58 

  

Figure 2.20 31P{1H} NMR of 2-CeK in C6D6. 
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Figure 2.21 1H NMR of 2-CeK18c6 in THF-d8. * = THF-d7, ^ = Et2O. 
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Figure 2.22 13C{1H} NMR of 2-CeK18c6 in THF-d8. * = THF-d8. 
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Figure 2.23 31P{1H} NMR of 2-CeK18c6 in THF-d8. 
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Figure 2.24 13C DEPT-135 NMR of 2-CeK18c6 in THF-d8. 
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Figure 2.25 1H-13C HSQC NMR of 2-CeK18c6 in THF-d8. Note: the 1H signal at 1.06 ppm is shown 

to be composed of two signals overlapping, assigned as the N-tBu protons and the N-CH2-CH3 

protons.*=THF-d8 ^ = n-pentane, H grease. 
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Figure 2.26 1H NMR of 2-CeK222 in THF-d8. * = THF-d7, ^ = H grease. 
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Figure 2.27 13C{1H} NMR of 2-CeK222 in THF-d8. * = THF-d8. 
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Figure 2.28 31P{1H} NMR of 2-CeK222 in THF-d8. 
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Figure 2.29 13C DEPT-135 NMR of 2-CeK222 in THF-d8. 
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Figure 2.30 1H-13C NMR of 2-CeK222 in THF-d8. Notably, the 1H signal at 1.06 ppm is shown to 

be composed of two signals overlapping, assigned as the N-tBu protons and the N-CH2-CH3 protons 

*=THF-d8. 
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Figure 2.31 1H NMR of 2-CeRb in C6D6. * = C6D5H, ^ = n-pentane, Et2O, silicone grease. 
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Figure 2.32 13C{1H} NMR of 2-CeRb in C6D6. * = C6D6. 
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Figure 2.33 31P{1H} NMR of 2-CeRb in C6D6. 
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Figure 2.34 1H NMR of 2-CeCs in C6D6. * = C6D5H, ^ = n-pentane, silicone grease. 
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Figure 2.35 13C{1H} NMR of 2-CeCs in C6D6. * = C6D6. 
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Figure 2.36 31P{1H} NMR of 2-CeCs in C6D6. 
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Figure 2.37 Variable-Temperature 31P{1H} NMR of 2-CeLi  in  tol-d8. ^ = 1-Ce. 
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Figure 2.38 Variable-Temperature 31P{1H} NMR of 2-CeNa in tol-d8. 
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Figure 2.39 Variable-Temperature 31P{1H} NMR of 2-CeK in tol-d8. * = HNP*, ^ = 1-Ce. 
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Figure 2.40 Variable-temperature 31P{1H} NMR of 2-CeK18c6 in THF-d8. * = HNP*, ^ = 1-Ce. 
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Figure 2.41 Variable-temperature 31P{1H} NMR of 2-CeRb. *= HNP*, ^ = 1-Ce. 
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Figure 2.42 Variable-temperature 31P{1H} NMR of 2-CeCs. *= HNP*, ^ = 1-Ce. 
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Figure 2.43 UV-Vis-NIR spectra at multiple concentrations (left) and linear regression analysis 

of absorbance at ɚmax (right) for 2-CeLi  (top), 2-CeNa (middle), 2-CeK (bottom) in toluene. 
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Figure 2.44 UV-Vis-NIR spectra at multiple concentrations (left) and linear regression analysis 

of absorbance at ɚmax (right) for 2-CeK18c6 in THF (top), 2-CeRb (middle) and 2-CeCs (bottom) in 

toluene. 
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Figure 2.45 Gaussian fitting of UV-Vis spectrum of 2-CeLi  in toluene. 
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Figure 2.46 Gaussian fitting of UV-Vis spectrum of 2-CeNa in toluene. Note: A satisfactory fit for 

this spectrum is complicated by large features on the edge of the UV window, in addition to trace 

amounts of highly absorbing 1-Ce. Rather than over-parametrizing, a crude fit is presented showing 

two features present. 
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Figure 2.47 Variable-temperature UV-Vis spectra of 2-CeLi  in toluene. 
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Figure 2.48 Variable-temperature UV-Vis spectra of 2-CeNa in toluene. 
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Figure 2.49 Cyclic voltammogram displaying electrochemical window of 50 mM [nBu4N][BPh4] 

in THF with internal reference decamethylferrocene, scan rate = 200 mV/s. Reference lines at -3.5 

V and 0 V. 
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Figure 2.50 Cyclic voltammogram of decamethylferrocene vs. ferrocene in 50 mM [nBu4N][BPh4] 

in THF, scan rate = 200 mV/s. 
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Figure 2.51 Scan-rate dependence of 3 mM 1-Ce in 50 mM [nBu4N][BPh4] in THF (top) and 

Randles-Sevcik plot (bottom). 
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Figure 2.52 Scan-rate dependence of 3 mM 2-CeLi  in 50 mM [nBu4N][PF6] in THF (top) and 

Randles-Sevcik plot (bottom). 










































































































































































































































































































































































































































































































