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The chemistry of the f-block is relatively unknown when compared to the rest of the 

periodic table. Transition metals and main group elements have enjoyed thorough study and 

development over the last 200 years, while many of the lanthanides and actinides weren’t even 

discovered until the 1940’s. This is troublesome, as knowledge of these elements is critical for 

environmental, industrial and technological advances. Understanding bonding motifs and 

reactivity pathways is fundamental to advancing the field of f-block chemistry. The use of redox-

active ligands has aided in the construction of new bonding modes and discovery of new reaction 

pathways by providing electrons for these transformations. A particularly successful partnership 

is formed when redox-active ligands are combined with lanthanides, as these elements are usually 

considered redox-restricted. A series of lanthanide complexes featuring the iminoquinone ligand 

in three oxidation states will be discussed. The use of the ligands as a source of electrons for 

reactivity is also described, with new bonding motifs for lanthanides being realized. The 

iminoquinone ligand can also serve to break bonds. The uranyl (UO22+) ion is notoriously difficult 

to handle due to its strong U-O multiple bonds. To overcome this, we developed a series of uranyl 

complexes and studied the ability of the iminoquinone ligand to serve as an electron source for 

reduction of uranium, with concomitant U-O bond cleavage.  
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CHAPTER 1. SYNTHESIS, CHARACTERIZATION AND 
REACTIVITY OF LANTHANIDE IMINOQUINONE COMPLEXES 

1.1 Introduction 

Nuclear energy operates without major greenhouse gas emission, which makes it an 

attractive option for clean energy. Harnessing heat from nuclear reactions is well established but 

there exist many challenges associated with production of nuclear fuels and reprocessing their 

waste. Uranium ore purification prior to use requires extraction based on chemical properties, such 

as solubility and bonding preference. After fuel is used, separating into recyclable and non-

recyclable portions requires chemical understanding of the mixture of elements that are present in 

used fuel. This complex mixture is not well understood, yet the reprocessing steps must be able to 

separate these species. This is where a fundamental understanding of the chemistry of the elements 

in these mixtures is crucial. 

Early research of f-block elements (lanthanides and actinides) was focused on their physical 

properties.1 Since then, the elements have primarily been studied for their characteristic magnetic, 

luminescent, and Lewis acidic properties giving rise to their essential roles in medicine, energy, 

and technology.1 Unfortunately, much less attention has been paid to their chemical properties, in 

part due to toxicity and radioactivity considerations. For these reasons, the chemistry of the f- 

block of the periodic table is much less explored when compared to other elements of the periodic 

table (such as elements in the s-, p- or d-blocks). The top half of the f-block, the lanthanides, 

commonly exist in the trivalent form (Ln3+), and typically do not engage in redox chemistry 

because of thermodynamic stability. With few exceptions (Ce, Sm, Eu, Dy, Yb), these 14 elements 

are generally considered redox-restricted.2 Consequently, lanthanides are typically unable to 

perform typical two- electron, organometallic transformations such as oxidative addition and 
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reductive elimination. This limitation has precluded the study of exotic bonding motifs, as the 

synthetic routes used by transition metal chemists for years do not exist to access them. An 

effective strategy to circumvent the redox-inactivity of lanthanides is the use redox-active ligands, 

which have been established to facilitate multi-electron transfer with metals of the p,3,4 d,5 and f 

blocks of the periodic table.6,7 

While redox-active ligands have been proven to impart interesting magnetic8,9 or 

electrochemical10-12 properties to the rare earth elements due to their ability to stabilize ligand 

radicals,13,14 fewer examples exist that demonstrate productive electron movement for new bond 

formation. Mazzanti et al reported tetradentate Schiff base complexes of Nd, Eu, Tb, Yb that, upon 

reduction, store two electrons in a new C-C s bond.15 Oxidation of these species can be achieved 

using AgOTf or I2, highlighting the reversibility of this redox process, as seen by C-C bond 

cleavage. Reactivity with 9,10-phenanthrenequinone shows reduction to the corresponding 

potassium catecholate. Thus, this approach is effective for small molecule activation. Application 

of redox-active ferrocene diamide ligands has also led to productive polymerization chemistry as 

demonstrated by Diaconescu and co-workers with their redox switchable rare earth catalysts.16  

 

 
Figure 1.1.: Redox chemistry of the iminoquinone ligand.  

Blue denotes neutral atoms while red indicates anionic ones. The iminoquinone (iq0) (left), 
iminosemiquinone (isq1-) (middle) and amidophenolate (ap2-) (right). 
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equivalents in conjugated p systems. We have recently demonstrated this principle with the 

synthesis, characterization, and reactivity of uranium(IV) amidophenolate complexes, (Rap)2-

2U(THF)2 [R = t-Bu, Ad, dipp (dipp = 2,6-diisopropylphenyl)], supported by two redox-active 4,6-

di-tert-butyl-2-(R)- amidophenolate ([ap)]2-) ligands.17 These species readily undergo oxidative 

addition with PhICl2, forming the bis-(4,6-di-tert-butyl-2-(R)iminosemiquinone) ([Risq]1-) 

uranium(IV) dichloride dimer, [(Risq)1-2UCl]2(µ2-Cl)2. In these cases, the redox chemistry is 

relegated to the ligands, which act a source of electrons, converting the amidophenolate ligands to 

iminosemiquinone ligands. This exciting, multi-electron reactivity prompted investigation of these 

ligands for supporting rare earth complexes. This chapter will present the synthesis and 

characterization of a family of lanthanide complexes where the redox active ligand is featured in 

multiple oxidation states. A thorough study of the electronic structure and reactivity of the 

neodymium analogues is described. Reversible, multi-electron redox chemistry is demonstrated 

with oxidation of the electron-rich bis(amidophenolate) neodymium derivative by elemental 

chalcogens and other substrates. In addition, reactivity of ytterbium iminoquinone complexes with 

aryl azides is discussed, with evidence of transient trivalent lanthanide imido formation. 

1.2 Experimental 

1.2.1 General Considerations 

All air- and moisture-sensitive manipulations were performed using standard Schlenk 

techniques or in an MBraun inert atmosphere drybox with an atmosphere of purified nitrogen. The 

MBraun drybox was equipped with two −35 °C freezers for cooling samples and crystallizations. 

Solvents for sensitive manipulations were dried and deoxygenated using literature procedures with 

a Seca solvent purification system.18 Benzene-d6 was purchased from Cambridge Isotope 

Laboratories, dried with molecular sieves and sodium, and degassed by three freeze–pump–thaw 
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cycles. NdI3THF3.519 4,6-di-tert-butyl-2-[(2,6-diisopropylphenyl)imino]quinone (dippiq)20, KC821 

were prepared according to literature procedures. 18-crwon-6, sublimed sulfur and selenium 

powder were purchased from Sigma Aldrich and dried on a Schlenk line overnight prior to use. 

1H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at 299.992 

MHz. All chemical shifts are reported relative to the peak for SiMe4, using 1H (residual) chemical 

shifts of the solvent as a secondary standard. The spectra for all molecules were obtained by using 

an acquisition time of 0.5 s, thus the peak widths reported have an error of ±2 Hz. For all molecules, 

the 1H NMR data are reported with the chemical shift, followed by the peak width at half height 

in Hz, the integration value, and, where possible, the peak assignment. All voltammetric data were 

obtained under inert atmosphere conditions using external electrical ports of the MBraun inert 

drybox. All data were obtained using a Gamry Instruments Interface 1000 model potentiostat using 

the Gamry Instruments Laboratory software. All samples were collected in THF with 0.1 M 

[Bu4N][PF6] supporting electrolyte concentration and a substrate concentration of 2.7 mM. Data 

were collected using internal resistance compensation of approximately 2000 ohms. Solutions 

were analyzed in 20 mL vials, consisting of a 3 mm glassy carbon working electrode, a Pt wire 

counter electrode, and an Ag0 wire quasi-reference electrode. The Fc/Fc+ couple was used as an 

external standard measured under the experimental conditions. Electronic absorption 

measurements were recorded at 294 K in toluene in sealed 1 cm quartz cuvettes with Cary 100 

Scan UV-Visible spectrophotometer. Elemental analyses were performed by Robertson Microlit 

Laboratories (Ledgewood, NJ). 

Single crystals of Nd-ap and Nd-ap crown, suitable for X-ray diffraction, were coated 

with poly(isobutylene) oil in a glovebox and quickly transferred to the goniometer head of a 

Nonius KappaCCD diffractometer equipped with a graphite crystal incident beam monochromator 
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and examined with Mo Ka radiation (λ = 0.71073 Å). Data from the KappaCCD instrument were 

collected using the Nonius Collect software.22 Crystals of Nd-isq, Nd-isq-S5 crown and Nd-isq-

Se5 crown were coated with poly(isobutylene) and quickly transferred to the goniometer head of 

a Rigaku Rapid II image plate diffractometer equipped with a MicroMax002+ high intensity 

copper X-ray source with confocal optics and examined with Cu Ka radiation (λ = 1.54184 Å). 

Data were collected using the dtrek option of CrystalClear.23 Data from both the Nonius 

KappaCCD and the Rigaku Rapid II were processed using HKL300024 and data were corrected for 

absorption and scaling using Scalepack.24 Single crystals of Nd-iq were coated with 

poly(isobutylene) and quickly transferred to the goniometer head of a Bruker Quest diffractometer 

with a fixed chi angle, a sealed tube fine focus X-ray tube, single crystal curved graphite incident 

beam monochromator and a Photon200 CMOS area detector. Examination and data collection 

were performed with Mo Ka radiation (l = 0.71073 Å). Data were collected, reflections were 

indexed and processed, and the files scaled and corrected for absorption using APEX3.25 All data 

were collected with Oxford Cryosystems low temperature devices operating at 100 K. 

Data for Nd-iq were collected, reflections were indexed and processed, and the files scaled 

and corrected for absorption using APEX3. The space groups were assigned and the structures 

were solved by direct methods using XPREP within the SHELXTL suite of programs and refined 

by full matrix least squares against F2 with all reflections using Shelxl201426 using the graphical 

interface Shelxle.27 If not specified otherwise, H atoms attached to carbon and nitrogen atoms and 

hydroxyl hydrogens were positioned geometrically and constrained to ride on their parent atoms, 

with carbon hydrogen bond distances of 0.95 Å for and aromatic C-H, 1.00, 0.99 and 0.98 Å for 

aliphatic C-H, CH2 and CH3 moieties, respectively. Methyl H atoms were allowed to rotate but not 
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to tip to best fit the experimental electron density. Uiso(H) values were set to a multiple of Ueq(C) 

with 1.5 for CH3, and 1.2 for CH2 and C-H units, respectively. 

1.2.2 Synthetic Details 

Synthesis of (dippiq)2NdI3 (Nd-iq). A 20-mL scintillation vial was charged with NdI3(THF)3.5 

(0.100 g, 0.129 mmol) and 10 mL toluene. A separate 20 mL scintillation vial was charged with 

dippiq (0.098 g, 0.257 mmol), dissolved in 5 mL toluene and added dropwise to the pale blue stirring 

NdI3(THF)3.5 slurry. A reddish-brown solution was observed. After 3 hours, the solution was 

filtered over Celite and volatiles were removed in vacuo. The resulting reddish-brown solid with 

cold n-pentane (3 × 5 mL) to afford red powder (0.093 g, 0.072 mmol, 64% yield) assigned as 

NdI3(dippiq)2 (Nd-iq). X-ray quality crystals were obtained from a concentrated diethyl ether 

solution layered with pentane (5:1) at -35 °C. Elemental analysis of C52H74N2I3NdO2: Calculated, 

C, 48.64; H, 5.81; N, 2.18. Found, C, 48.03; H, 6.51; N, 2.06. 1H NMR (C6D6, 25 °C): d = -6.64 

(44, 4H, CH(CH3)2 ), -0.97 (6, 12H, CH(CH3)2), -0.19 (12, 12H, CH(CH3)2), 0.71 (3, 18H, 

C(CH3)3), 5.13 (7, 2H, CH), 6.25 (8, 18H, C(CH3)3), 8.40 (11, 6H, CH), 10.59 (6, 2H, CH). 

Synthesis of (dippisq)2NdI (Nd-isq) from Nd-iq. A 20-mL scintillation vial was charged with 

Nd-iq (0.100 g, 0.078 mmol) and 5 mL THF. While stirring, potassium graphite (0.021 g, 0.156 

mmol) was added, resulting in a rapid color change from red to dark green. After 1 hour, the 

solution was filtered over Celite and volatiles were removed in vacuo. The crude mixture was 

recrystallized from n-pentane to afford dark green powder (0.071 g, 0.065 mmol, 83%) assigned 

as (dippisq)2NdI (Nd-isq). Single, X-ray quality crystals were obtained from a concentrated pentane 

solution at -35 °C. Elemental analysis of C52H74N2INdO2: Calculated, C, 60.62; H, 7.24; N, 2.72. 

Found, C, 59.74; H, 7.48; N, 2.48.1H NMR (C6D6, 25 ºC): δ = -119.14 (600, 2H, CH), -5.42 (189, 

6H, CH(CH3)2), -3.04 (241, 2H, CH(CH3)2), -2.30 (76, 6H, CH(CH3)2), 2.25 (47, 18H, C(CH3)3), 
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3.31 (535, 6H, CH(CH3)2), 7.93 (395, 2H, CH), 8.26 (395, 2H, CH), 14.53 (179, 6H, CH(CH3)2), 

16.29 (66, 18H, C(CH3)3), 37.38 (381, 2H, CH), 40.90 (271, 2H, CH), 50.71 (387, 2H, CH). 

Synthesis of [K(THF)2][(dippap)2Nd(THF)2] (Nd-ap) from Nd-isq. A 20-mL scintillation vial 

was charged with Nd-isq (0.100 g, 0.091 mmol) and 5 mL THF. While stirring, potassium graphite 

(0.025 g, 0.181 mmol) was added resulting in a rapid color change from dark green to faint green. 

After 1 hour, the solution was filtered over Celite and volatiles were removed in vacuo. The crude 

mixture was washed with cold n-pentane to afford pale blue powder (0.097 g, 0.079 mmol, 87%) 

assigned as [K(THF)2] [(dippap)2Nd(THF)2] (Nd-ap). Single, X-ray quality crystals were obtained 

from a concentrated pentane solution at -35 °C. 1H NMR (C6D6, 25 °C): d = -38.27 (82, 4H, 

K(THF)), -22.07 (168, 2H, CH(CH3)2), -15.83 (112, 4H, K(THF)), -13.13 (38, 4H, K(THF)), -

11.53 (23, 6H, CH(CH3)2), -11.05 (41, 4H, K(THF), -9.68 (26, 18H, C(CH3)3), 1.27 (68, 8H, 

THF)), 3.06 (102, 8H, THF), 4.76 (30, 6H, CH(CH3)2), 4.97 (42, 6H, CH(CH3)2), 8.41 (4, 18H, 

C(CH3)3), 9.14 (25, 2H, CH), 10.74 (21, 2H, CH), 11.40 (16, 2H, CH), 18.53 (27, 6H, CH(CH3)2), 

18.68 (26, 2H, CH), 38.92 (38, 2H, CH), 71.58 (110, 2H, CH). 

Synthesis of [K(18-crown-6)(THF)2][(dippap)2Nd(THF)2] (Nd-ap crown) from Nd-ap. A 20-

mL scintillation vial was charged with Nd-ap (0.100 g, 0.081 mmol) and 5 mL THF. While 

stirring, 18-crown-6 (0.022 g, 0.081 mmol) was added. After 1 hour, volatiles were removed in 

vacuo. The crude mixture was washed with 10 mL cold n-pentane to afford colorless powder 

(0.112 g, 0.075 mmol, 92%) assigned as [K(18-crown-6)(THF)2][(dippap)2Nd(THF)2] (Nd-ap 

crown). Single, X-ray quality crystals were obtained from vapor diffusion of pentane into a 

concentrated THF solution stored at -35 °C. 1H NMR (C6D6, 25 °C): d = -44.05 (168, 2H, 

CH(CH3)2), -23.76 (212, 4H, K(THF)), -13.13 (264, 4H, K(THF)), -12.16 (255, 4H, K(THF)), -

10.44 (76, 4H, K(THF)), -10.44 (76, 6H, CH(CH3)2), -4.21 (44, 24H, CH2), -3.70 (15, 18H, 
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C(CH3)3), -1.95 (62, 6H, CH(CH3)2), 4.53 (72, 6H, CH(CH3)2), 4.88 (71, 2H, CH), 7.46 (18, 2H, 

CH), 8.30 (5, 18H, C(CH3)3), 14.87 (62, 2H, CH), 15.32 (10, 2H, CH), 19.05 (59, 6H, CH(CH3)2), 

34.35 (25, 2H, CH), 72.63 (16, 2H, CH). 

Synthesis of [K(18-crown-6)][(dippisq)2Nd(S5)] (Nd-isq-S5 crown) from Nd-ap crown. A 

20-mL scintillation vial was charged with Nd-ap crown (0.100 g, 0.067 mmol) and 8 mL toluene. 

While stirring, 5/8 equivalents of S8 (0.011 g, 0.042 mmol) was weighed by difference and added 

to the colorless solution. An immediate color change to teal was observed. After 0.5 hours, the 

solution was filtered over Celite and volatiles were removed in vacuo. The teal solid was washed 

with 8 mL cold n-pentane. The teal solid was weighed (0.074 g, 0.054 mmol, 81%) and assigned 

as [K(18-crown-6)][(dippisq)2Nd(S5)] (Nd-isq-S5 crown). Single, X-ray quality crystals were 

obtained by vapor diffusion of pentane into a concentrated THF solution stored at -35 °C. 

Elemental analysis of C64H98N2NdKO8S5: Calculated, C, 56.23; H,7.23; N, 2.05. Found, C, 55.87; 

H,7.06; N, 1.97. 1H NMR (C6D6, 25 ºC): δ = -97.68 (330, 2H, CH(CH3)2 ), -18.16 (206, 2H, 

CH(CH3)2), -2.70 (95, 2H, CH(CH3)2), -2.25 (123, 6H, CH(CH3)2), -0.28 (117, 6H, CH(CH3)2), 

2.77 (9, 24H, CH2), 5.33 (65, 18H, C(CH3)3), 7.00 (52, 2H, CH(CH3)2), 7.22 (64, 6H, CH(CH3)2), 

10.53 (19, 6H, CH(CH3)2), 13.50 (23, 18H, C(CH3)3), 23.12 (184, 2H, CH), 28.86 (163, 2H, CH), 

40.21 (128, 2H, CH). 

Synthesis of [K(18-crown-6)(THF)][(dippisq)2Nd(Se5)] (Nd-isq-Se5 crown) from Nd-ap 

crown. A 20-mL scintillation vial was charged with Nd-ap crown (0.100 g, 0.067 mmol) and 8 

mL toluene. While stirring, 5 equivalents of selenium powder (0.026 g, 0.334 mmol) was weighed 

by difference and added to the colorless solution. A gradual color change to teal was observed. 

After 0.5 hours, the solution was filtered over Celite and volatiles were removed in vacuo. The teal 

solid was washed with 8 mL of cold n-pentane The teal solid was dried and weighed (0.101 g, 
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0.060 mmol, 90%) assigned as [K(18-crown-6)(THF)][(dippisq)2Nd(Se5)] (Nd-isq-Se5 crown). 

Single, X-ray quality crystals were obtained by vapor diffusion of pentane into a concentrated 

toluene solution at -35 °C. Elemental analysis of C68H106N2NdKO9Se5: Calculated, C, 48.80; H, 

6.38; N, 1.67. Found, C, 48.84; H, 6.57; N, 1.62. 1H NMR (C6D6, 25 ºC): δ = -91.16 (161, 2H, 

CH(CH3)2 ), -18.27 (134, 2H, CH(CH3)2), -3.20 (13 6H, CH(CH3)2), -2.20 (17, 2H, CH(CH3)2), -

0.91 (22, 6H, CH(CH3)2), 2.88 (12, 24H, CH2), 4.87 (11, 18H, C(CH3)3), 7.17 (25, 2H, CH(CH3)2), 

7.54 (12, 6H, CH(CH3)2), 11.12 (8, 6H, CH(CH3)2), 13.55 (6, 18H, C(CH3)3), 26.06 (106, 2H, 

CH), 28.33 (41, 2H, CH), 39.68 (20, 2H, CH). 

1.3 Lanthanide Iminoquinone Complexes 

1.3.1 Synthesis of Neodymium Iminoquinone Complexes 

To baseline our studies, we sought to coordinate neutral ligands to a lanthanide metal ion. 

neodymium was chosen as the lanthanide to begin with because of its similar ionic radii to U(IV) 

and Am(III), allowing for better comparison of bonding. This neutral ligand neodymium species 

was generated by stirring two equivalents of the dipp-substituted iminoquinone (dippiq) with 

NdI3(THF)3.5 in diethyl ether. Ligation in THF was unsuccessful, likely due to its coordinating 

nature. Using the less-coordinating diethyl ether afforded the metallated product, (dippiq)2NdI3 (Nd-

iq) as a red powder in moderate yield after workup.  
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Figure 1.2: Synthesis of the neodymium bis(iminoquinone) complex, Nd-iq.  

 

Upon confirming the synthesis of Nd-iq, reduction of this species was performed to engage 

the redox activity of the iminoquinone ligands using two equivalents of KC8. Workup and isolation 

of the product of this reaction resulted in the reduced species, (dippisq)2NdI(THF) (Nd-isq), as a 

dark green powder. Interestingly, this species can also be generated directly from NdI3(THF)3.5, 

two equivalents of ligand and two equivalents of KC8, in a one-pot reaction. The latter synthetic 

route is more useful, as it is one step and only requires one purification step. 

 

 

Figure 1.3: Synthesis of the neodymium bis(iminosemiquinone) complex (Nd-isq).  

Synthesis by (1) reduction of Nd-iq or (2) in situ metalation and reduction. 
 

Further reduction of Nd-isq leads to the formation of the bis(amidophenolate) containing, 

[K(THF)2][(dippap)2Nd(THF)2] (Nd-ap). The neodymium center remains in the trivalent oxidation 

state, with two dianionic ligands (4- overall), and a potassium ion to balance the overall charge. 
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This species can also be generated via in situ metalation of dippiq to NdI3 and reduction with KC8. 

For Nd-ap, filtration and washing of the product resulted in isolation of a pale blue solid. Initial 

attempts to synthesize this complex were alarming, as the filtrate was colorless (typically, metal 

complexes are highly colored, thus indicating loss of metal during the reaction). 

 

 

Figure 1.4: Synthesis of the neodymium bis(amidophenolate) species (Nd-ap).  
Synthesis via either (1) reduction of Nd-isq using potassium graphite (left) or (2) in situ ligation 

and reduction of NdI3THF3.5 (right). 
 

1.3.2 Synthesis of Lanthanide Iminoquinone Complexes 

With the synthesis (vide supra) and characterization (vide infra) of the neodymium 

iminoquinone reduction series established, we sought to generalize this synthesis to other 

neodymium halides besides NdI3THF3.5. While NdI3THF3.5 provides access to the series, it is not 

commercially available, requiring a multi-step synthesis to prepare. Additionally, it tends to form 

cation-anion species, leading to an ambiguous solvation sphere that (potentially) affects 

stoichiometry of reactions. To circumvent these issues, an alternative neodymium source was 

explored. Neodymium trichloride is an attractive choice, as it is an anhydrous, trivalent 

neodymium starting material that is commercially available and does not have any bound solvent. 

Ligation of the neodymium trichloride with the neutral iminoquinone ligand was unsuccessful in 

a variety of solvents (likely due to the insolubility of neodymium trichloride). This highlights a 

benefit of the neodymium triiodide material, which is more soluble in organic solvents. 
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Although the neutral ligand complex was not generated from NdCl3, we aimed to 

synthesize the iminosemiquinone and amidophenolate-containing complexes. We hypothesized 

that creating anionic ligands would be the driving force for metalation of the ligands. The 

iminosemiquinone species, [(dippisq)2Nd(Cl)(THF)]2, was successfully generated by in situ 

reduction of NdCl3 and two equivalents of the iminoquinone ligand with KC8. Interestingly, the 

smaller, harder chloride ion causes dimerization in the solid state, unlike the monomeric iodide-

analog, Nd-isq. The amidophenolate complex was generated in a similar way, with loss of KCl, 

producing Nd-ap. Since all halides are removed during this reaction, this material is identical to 

that from the synthesis using NdI3. 

 

 

Figure 1.5: Synthesis of [(dippisq)2Nd(Cl)(THF)]2 (right) and Nd-ap (left) from neodymium 
trichloride (NdCl3). 

 

By establishing the ability of neodymium chloride to act as a suitable substitute for 

neodymium iodide in the synthesis of the iminosemiquinone and amidophenolate complexes, we 

were able to expand our synthesis to a variety of the lanthanides, as the lanthanide trichloride 

(LnCl3) materials are commercially available. The amidophenolate ligand set displays the most 

interesting reactivity (vide infra) and is, therefore, the most interesting to study. With this in mind, 

we aimed to synthesize other lanthanide amidophenolate complexes. Namely, we chose 

gadolinium(III) (f7) and ytterbium(III) (f13) in addition to our neodymium(III) (f3) system to round 
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out this study. This selection provides early, mid and late lanthanides with varying ionic radii and 

electronic structure, while maintaining the +3 oxidation state. Successful synthesis was achieved 

by in situ metalation of the iminoquinone and reduction with KC8 of the lanthanide trichloride. 

 

 

Figure 1.6: Synthesis of Ln-ap (Ln = Nd, Gd and Yb) from LnCl3. 
 

1.3.3 Potassium Ion Sequestration 

 

 

Figure 1.7: Synthesis of Nd-ap crown from Nd-ap. 

 

As inner-sphere/outer-sphere cation coordination can change characteristics of metal 

complexes, we sought to create a charge-separated species that prevents any coordination of the 

potassium ion to the lanthanide complex. To remove the potassium from the coordination sphere, 

Nd-ap was treated with 18-crown-6 (18-C-6), yielding [K(18-C-6)][(dippap)2Nd(THF)2] (Nd-ap 

crown). Given that the solution 1H NMR spectra of Nd-ap and Nd-ap crown are distinct (vide 

infra), the potassium likely retains its coordination to the ligands in the absence of the crown ether. 
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Analogous reactions with the ytterbium amidophenolate complex (Yb-ap) yield a new set of 

resonances by 1H NMR analysis, suggesting that this method can be generalized to the series of 

amidophenolate-containing species. 

1.4 Characterization of Neodymium Iminoquinone Complexes 

 

 

Figure 1.8: Metal-Ligand oxidation state ambiguity with redox-active ligands. 
The metal oxidation state ranges from 0 to +2, while the ligand balances the charge of the 

molecule by changing from 0 to -2.  
 

Oxidation state ambiguity (ligand and metal) is commonly discussed when researching 

organometallic complexes of redox-active ligands. In mid- to late-transition metals, a degree of 

covalency tends to cloud these discussions. For earlier transition metals such as titanium and 

zirconium, more polar bonds are favorable, leading to more ionic character and allowing for easier 

oxidation state assignment. Lanthanides are commonly considered to be most similar to the early 

transition metals, preferring ionic bonds with hard sigma-donors (nitrogen, oxygen, halides). For 

all metal complexes, rigorous characterization using a variety of analytical techniques provides the 

best insight into the electronic structure. We examine our series of lanthanide iminoquinone 

complexes using NMR, UV-Vis, X-ray crystallography, EPR, electrochemistry and elemental 

analysis. 
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1.4.1 Nuclear Magnetic Resonance 

For organometallic complexes that can stabilize unpaired electrons, paramagnetism causes 

shifts and broadening of resonances from the 0-10 ppm range commonly observed. While 

lanthanides typically exist in the +3 oxidation state, their f-electron count varies greatly (from 0-

14). Moving from left to right across the lanthanide series, the valence electrons fill the 7 f-orbitals, 

producing species with 0-7 unpaired electrons. Consequently, lanthanides produce NMR spectra 

with varying degrees of paramagnetism. 
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Figure 1.9: 1H NMR spectrum of Nd-iq in C6D6 at 25 °C.  
 

The NMR spectrum for Nd-iq in benzene features slightly broadened signals in the range 

of -7 to 11 ppm. The number of signals and integration values confirm C2v symmetry in solution. 

This relatively narrow spread of resonances suggests only a weak interaction with the 

paramagnetic lanthanide center, especially when compared to the spectrum of Nd-ap. The 

resonances for this species range from -40 to 75 ppm, indicating greater effect of paramagnetism 

experienced by the protons of the ligands. This is likely a result of tighter binding of the dianion 

ligands in Nd-ap than the neutral ligands in Nd-iq.  
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Figure 1.10: 1H NMR spectrum of Nd-ap in C6D6 at 25 °C.  
 

 Further complicating the spectra of these species are the unpaired electrons of the 

iminosemiquinone ligand. For lanthanide complexes containing the iminosemiquinone ligand, 

there two sources of paramagnetism. In the spectrum of Nd-isq, resonances are extremely broad 

and range from -120 to 52 ppm. These effects are from a combination of the two unpaired electrons 

of the ligands and the three unpaired electrons of the Nd3+ (f3) ion.  
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Figure 1.11: 1H NMR spectrum of Nd-isq in C6D6 at 25 °C.  

 

1.4.2 Single Crystal X-Ray Diffraction 

Structural characterization of the neodymium reduction series was performed. This not only 

provides insight into the geometry and binding modes, but also metrical parameters can be a clear 

indicator of ligand oxidation state.18 A discussion of representative distances from Nd-iq, Nd-isq, 

and Nd-ap crown are presented. Data for Nd-ap shows similar trends but intraligand bond 

distances may be affected by the potassium coordination to the ligands. 
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Figure 1.12: Molecular structures of Nd-iq, Nd-isq, and Nd-ap crown.  
Nd-iq (top), Nd-isq (bottom left), and Nd-ap crown (bottom right) are shown at 30% probability 
ellipsoids with hydrogen atoms, co-crystallized solvent molecules, and the potassium cation with 

coordinated 18-C-6 removed for clarity. 
 

Compound Nd-iq features a 7-coordinate, distorted pentagonal bipyramidal neodymium 

center. The respective Nd-O and Nd-N of 2.479(3) and 2.702(4) Å are consistent with dative 

interactions between neodymium and iminoquinone ligand, as expected from the oxidized form. 

This is corroborated by the C-N (1.300(6) Å) and C-O (1.238(6) Å) bond distances that are on the 

order of double bonds. Reduction of the ligand in octahedral Nd-isq is supported by contraction 

of the Nd-O bond to 2.317(9) Å as compared to Nd-iq, as would be expected from changing a 

dative bond to an anionic one, and by an elongation of the C-O bond. The Nd-N and C-N bond 

lengths change very little as compared to Nd-iq, since both maintain dative linkages with imine 
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functionalities. The most reduced species, Nd-ap crown, maintains the short Nd-O bond of 

2.2648(16) Å, but now displays a short Nd-N bond (2.4378(19) Å) as well, expected for anionic 

bonds to the distorted octahedral neodymium. Examination of the intraligand distances shows an 

aromatic ring, with similar distances throughout, and C-O and C-N bond distances that signify 

single bonds. In Nd-ap, where the crown is absent, the ligand distances are similar, but the 

potassium is bound to the oxygen atoms of the amidophenolate ligand blocking access to the Nd 

atom.  

 

 

Figure 1.13: Bond distance (Å) comparison for Nd-iq, Nd-isq, and Nd-ap crown.  
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1.4.3 Electron Paramagnetic Resonance Spectroscopy 

 

 

Figure 1.14: EPR Spectrum of Nd-isq (toluene, 2.04 mM) recorded at 25 °C.  

giso: 2.0026. Frequency: 9.850 GHz. Power: 0.502 mW. Modulation: 0.1 G/100 kHz.  
 

The ligand radical in Nd-isq was further confirmed by EPR spectroscopy, which showed a 

g-value of 2.0026 at 25 °C in toluene solution. This spectrum is reminiscent of that previously 

observed for 4,6-di-tert-butyl-2-tert-butyl-iminosemiquinone, an iminosemiquinone organic 

radical species reported by Heyduk, which featured a g-value of 2.0061 (DMSO, 25° C). The 

hyperfine splitting is a result of interaction of the unpaired electron with one nitrogen (I = 1) and 

one hydrogen atom (I = ½) of the ligand. This hyperfine pattern agrees with previously noted 

results19. Thus, these measurements support the presence of an iminosemiquinone ligand radical 

with only a weak interaction with the neodymium metal center.  
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1.4.4 UV-Vis Spectroscopy 

 

 

Figure 1.15: Electronic absorption spectra of Nd-iq, Nd-isq, and Nd-ap crown recorded in 
toluene at 25 °C.  

 

The energies associated with the electronic transitions for the intensely colored family of 

neodymium complexes were quantified using electronic absorption spectroscopy. Data were 

collected from 300 to 900 nm in toluene at 25° C. Both Nd-iq and Nd-isq absorb strongly in the 

visible region, while colorless Nd-ap crown does not. Compound Nd-iq shows an intense 

absorption at 484 nm (6000 M-1cm-1), giving rise to the observed deep red color, whereas Nd-isq 

shows a color-producing band at 779 nm (2000 M-1cm-1), responsible for the dark green hue. Based 

on the lack of d electrons and the constant f3 ground state in this neodymium series, the ligand 
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oxidation state dictates the appearance, making color a useful metric for ligand oxidation state 

identification. 

1.5 Reactivity with Chalcogenide-Containing Substrates 

1.5.1 Introduction 

The synthesis and characterization of Nd-iq, Nd-isq, Nd-ap, and Nd-ap crown 

demonstrate that lanthanide-containing molecules can undergo multi-electron reduction chemistry 

in the appropriate ligand environments. This is facilitated the p*-orbitals of the ligands being able 

to accept electrons upon reduction. To determine the lability of the ligand and f-electrons for the 

most reduced species, Nd-ap crown, the reverse multi-electron oxidation was tested. Elemental 

chalcogens were chosen to study first, due to their strongly oxidizing nature and the utility of Ln-

chalcogen bonds in Ln/An separations. Further investigation of these species revealed that other 

oxidants, such as diphenyl dichalcogenides and molecular oxygen, are suitable for bond forming 

reactions with these species.  

1.5.2 Reactivity with Elemental Chalcogenides 

 

 

Figure 1.16: Two electron oxidation of Nd-ap crown with sulfur or selenium. 
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Exposure of Nd-ap crown to 5/8 equivalents of S8 or 5 equivalents of Se powder 

immediately turned the colorless solution to dark blue-green, consistent with formation of 

iminosemiquinone-containing products. Following workup, the products, identified as [K (18-C-

6)][(dippisq)2Nd(S5)] (Nd-isq-S5 crown) and [K(18-C-6) (THF)][(dippisq)2Nd(Se5)] (Nd-isq-Se5 

crown), respectively, were isolated in high yields. Paramagnetically broadened and shifted 1H 

NMR spectra were observed in the range of -100 to +40 ppm (C6D6, 25 ºC); this range is most 

similar to that observed for Nd-isq, suggesting that two ligand-based one-electron oxidations had 

occurred during the reaction. This formulation is corroborated by EPR spectroscopy, which 

showed g-values of 2.0026 in the spectra of Nd-isq-S5 crown and Nd-isq-Se5 crown, consistent 

with the presence of organic radicals. 

 

 

Figure 1.17: Molecular structures of Nd-isq-S5 crown and Nd-isq-Se5 crown.  
Nd-isq-S5 crown (left) and Nd-isq-Se5 crown (right) shown with 30% probability ellipsoids. 

Hydrogen atoms, co-crystallized solvent molecules and potassium cations with coordinated 18-
C-6 have been omitted for clarity. 
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Structural support of the iminosemiquinone ligands in Nd-isq-S5 crown and Nd-isq-Se5 

crown was obtained using X-ray crystallography. Analysis and refinement of the data showed 

analogous structures, with the S5 and Se5 fragments forming 6-membered twist-boat metallocycles 

with the neodymium ion. Examination of the ligand distances show average Nd-O bonds of 2.359 

Å (Nd-isq-S5 crown) and 2.348 Å (Nd-isq-Se5 crown) as well as average Nd-N bonds of 2.529 Å 

(Nd-isq-S5 crown) and 2.537 Å (Nd-isq-Se5 crown), all confirming the assignment as 

iminosemiquinone ligands. The C-N and C-O bond distances track accordingly. Thus, Nd-isq-S5 

crown and Nd-isq-Se5 crown are formed from two-electron oxidation of the ligands in Nd-ap 

crown. 

 

 

Figure 1.18: Bond distance (Å) comparison for Nd-isq-S5 crown and Nd-isq-Se5 crown. 
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When compared to similar reactions of f-elements with chalcogenides, interesting trends 

were observed. Elemental chalcogen activation has been previously noted with uranium, but 

generally persulfide (S22-) compounds result.30,31 Furthermore, the unusual twist-boat metallacycle 

noted here for Nd is unique to the bottom of the Periodic Table; transition metal counterparts do 

not display this conformer. Previously, Ryan and co-workers reported formation of twist-boat 

Cp*2Th(S5) by treating Cp*2ThCl2 with Li2S5.32 An analogous Sm(III) derivative, TpiPr2Sm(k1-

3,5-iPr2Hpz)(S5) (TpiPr2 = hydrotris(3,5-di-isopropylpyrazolyl)borate), was identified by Takats and 

Edelmann as one of the oxidation products from exposing divalent (TpiPr2)2Sm to one equivalent 

of S8. 33 Surprisingly, the selenium metallacycle reported here is the first for an f-element, despite 

being previously known for the d-block.24,25 Overall, we have demonstrated the controlled, rational 

formation of these 6-membered metallocycles via 2 e- oxidation–something lanthanides are 

typically thought to do. 

 

 

Figure 1.19: Comparison of 6-membered metallocycles for transition metals (TM) and 
lanthanides (Ln). 

 
Interestingly, reactivity of the neodymium amidophenolate derivatives with Se is only 

observed in the presence of the crown ether, although both Nd-ap and Nd-ap crown react with 

sulfur. Performing the analogous experiment with Nd-ap results in no reaction; however, upon 

addition of the crown ether to the mixture, immediate procession of the reaction is noted. We 

hypothesized that this is either due to 1) blocking of the neodymium center by the potassium ion 

that is held in place by interaction with the ligand, or 2) that the oxidation potential of Nd-ap was 

E

TM E E

EE E
Ln E

E
E

E



39 
 

sufficiently higher such that elemental selenium was not a strong enough oxidant to remove an 

electron from the ligand p* orbitals. To test the latter idea, electrochemical measurements of Nd-

ap and Nd-ap crown were performed in THF solution with a supporting electrolyte ([NBu4][PF6]). 

Cyclic voltammetric data for Nd-ap showed a quasi-reversible oxidation, E1/2 = -0.864 V (vs 

Fc/Fc+), corresponding to formation of Nd-isq in solution. Further oxidation showed an 

irreversible wave, consistent with oxidation of the ligand to iminoquinone. The loss of anionic 

linkages between the ligand and Nd facilitates ligand substitution with THF, explaining the 

irreversible nature of this wave. Cyclic voltammetric data for Nd-ap crown displayed very similar 

oxidations with the first quasi-reversible oxidation, E1/2 = -0.772 V. These data suggest that Nd-

ap crown is more difficult to oxidize, thus the lack of reactivity is likely due to blocking of the 

neodymium by the potassium; thus, sequestration of the potassium ion is necessary for the reaction 

to proceed. 

1.5.3 Reactivity with Diphenyl Dichalcogenides 

 

 

 

Figure 1.20: Oxidation of Nd-ap crown with diphenyl dichalcogenides. 
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diselenide were added to Nd-ap crown, instantly producing a dark blue-green solution, consistent 

with formation of iminosemiquinone-containing products. Upon workup, one electron oxidation 

was confirmed by spectroscopic and crystallographic techniques. 

 

 

Figure 1.21: Molecular structures of Nd-iq/isq-SPh crown and Nd-iq/isq-SePh crown. 
Nd-iq/isq-SPh crown (left) and Nd-iq/isq-SePh crown (right) shown with 30% probability 
ellipsoids and hydrogen atoms, co-crystallized solvent molecules and potassium cations with 

coordinated 18-C-6 have been omitted for clarity. 

 

Crystals of Nd-iq/isq-SPh crown and Nd-iq/isq-SePh crown were obtained from 

concentrated toluene solutions stored at -35 ºC. Each structure features the neodymium center 

bound by two iminoquinone ligands, as well as an “E-Phenyl” fragment. The size of the chalcogen 

plays a role in the coordination sphere of the neodymium, with Nd-iq/isq-SPh crown complex 

having room for a THF molecule to bind. For the larger Nd-iq/isq-SePh crown complex, no THF 

binding is observed. 

The Nd-Se distance of 2.8958(15) Å is quite long, likely due to the large ionic radius of 

selenium. By comparison, the smaller sulfur atom shortens the bond in Nd-iq/isq-SPh crown to 

2.8134(18) Å. The Nd-E-Ph (E = S, Se) angles of 100.5(2)º (E = S) 98.2(5)º (E = Se) are rather 
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acute, considering that the hybridization of the E-atom is sp3, with expected angles of 109.5. This 

decrease in angle can be a result of a few factors. According to VSEPR theory, having multiple 

lone pairs can cause a decrease in the Nd-E-Ph, as the lone pairs are held closer to the E atom, 

pushing the two bonds together. Another reason could be the ionic nature of the Nd-E bond, which 

doesn’t retain a strong bond angle preference like one would expect for a covalent bond. 

Having a closer look at the intraligand bond distances of Nd-iq/isq-SPh crown and Nd-

iq/isq-SePh crown confirm one-electron oxidation of the neodymium complex, with asymmetric 

ligands in different oxidation states. For example, Nd-iq/isq-SePh crown shows two distinct 

ligand environments. The Nd-N distance of the ap2- is quite short at 2.343(4) Å, especially when 

compared to the analogous distance of 2.487(4) Å for the isq1- ligand. A similar trend of shorter 

bonds for the ap2- ligand is observed for the Nd-O distances (2.185(6) Å vs. 2.313(3) Å). The ap2- 

ligand displays lengthened C-O (1.346(6) Å) and C-N (1.396(6) Å) bonds when compared to the 

isq1- C-O (1.307(11) Å) and C-N (1.365(11) Å) bonds. Additional evidence can be found in the C-

C bonds of the ring, with the similar distances of the ap2- ligand suggesting aromaticity. One can 

also compare these intraligand distances to those of the reduction series (Nd-iq, Nd-isq and Nd-

ap crown) and come to the same conclusion. 
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Figure 1.22: Bond distance (Å) comparison for the asymmetric ligands of Nd-iq/isq-SePh 
crown. 

 

 The ability to oxidize just one ligand using diphenyl dichalcogenides to create new Nd-E 

bonds is demonstrated. Corroborating evidence of the one-electron oxidation was provided by 

single crystal X-ray crystallography. These structures show two distinct ligand environments, with 

one ligand in the ap2- form and the other in the isq1- form. 

1.6 Reactivity with Aryl Azides 

1.6.1 Introduction 

The chemistry of the f-block is underexplored when compared to other elements of the 

periodic table. The lanthanides commonly exist in the Ln3+ form, and typically do not engage in 

redox chemistry. Consequently, lanthanides are generally unable to perform multi-electron 

organometallic transformations and support multiply-bonded species. For transition metals, metal-

element multiple bonds have proven to be some of the most challenging, yet fruitful interactions 

to study (i.e. olefin metathesis catalysis). Despite thorough investigation of metal-element multiple 

bonds, no examples of such bonding motifs exist with the trivalent lanthanides. 
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The first part of this chapter demonstrates the iminoquinone ligand can mediate multi-

electron transformations at a lanthanide metal center. Specifically, the electrons stored in the 

iminoquinone ligand can be used to activate elemental chalcogenides, displaying multi-electron 

chemistry is possible with lanthanides through ligand mediation. Building on these results, we 

sought to construct lanthanide-element multiple bonds through redox-active ligand meditated 

processes. This novel approach could extend the study of multiple bonds to new elements on the 

periodic table – allowing for rich comparison of bonding and reactivity of lanthanides to that of 

the other groups of the periodic table.  

To form these metal-ligand multiple bonds, we have activated a variety of small molecules, 

attempting to form imido, phosphido, oxo and silylene ligands. Thus far, the most promising 

reactions have been the activation of organic azides. These reactions use the electrons stored in the 

ligands to produce lanthanide imido complexes. The reactive imido bonding moiety can be trapped 

using a variety of approaches including cycloaddition, Lewis acid capping and extraction. 

Trivalent lanthanides, which do not have the ability to undergo the redox processes, have never 

been examined in this manner. These exciting new reactivity pathways for lanthanides provide 

promise for the synthesis of a trivalent lanthanide imido complex. 
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1.6.2 Neodymium Bis(amidophenolate) Reactivity with Aryl Azides 

 

 

Figure 1.23: Attempted reaction of Nd-ap crown with dipp azide. 

 

We initially examined the reactivity of the well-established reduction series of neodymium 

complexes (Nd-iq, Nd-isq, Nd-ap and Nd-ap crown) with aryl azides. Nd-ap and Nd-ap crown 

were targeted because of their highly reduced ligands that have shown to be reactive towards 

chalcogenides. As our group has had success in the past with the stability of the dipp imido 

fragment, we first screened the reactivity of the DIPP azide with these complexes. Unfortunately, 

neither of these complexes reacted with the DIPP-substituted azide, N3DIPP. This is likely a result 

of steric hindrance preventing the necessary interaction of the Nd center with the nitrogen atom. 

We then shifted our focus to the sterically smaller the p-tolyl azide. At room temperature, 

reaction of Nd-ap with the azide proceeds slowly and does not consume all of the neodymium 

starting material. Hypothesizing that an unstable intermediate is being formed, we aimed to 

stabilize this species by changing the lanthanide to one with a smaller ionic radius.  

1.6.3 Ytterbium Bis(amidophenolate) Reactivity with Aryl Azides 

The ionic radius of ytterbium(III) is 0.86 Å. That is 14% smaller than the ionic radius of 

neodymium(III) (1.00 Å). By using the isostructural Yb-ap and Yb-ap crown, we hoped to help 

stabilize the reactive intermediates that were being formed during the activation of aryl azides. 
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Figure 1.24: 1H NMR spectrum of the crude reaction of Yb-ap crown with p-tolyl azide. 

 

 Addition of p-tolyl azide to a solution of the pink Yb-ap results in no color change or 

reaction. However, upon addition of 18-crown-6, an immediate color change from pink to green 

is observed. 1H NMR spectroscopic analysis in C6D6 reveals a mixture of two organic products 

and one organometallic products. The coupled nitrene product, p-tolyl diazene, is observed with 

three resonances shifted from those of the azide. The second organic product is observed, with 

resonances assignable as one dippiq ligand and one p-tolyl group. The assignment of this “modified-

ligand product” remained a mystery until X-ray crystallographic data (vide infra) proved the 

connectivity of this species.  
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Figure 1.25: Proposed reaction scheme of Yb-ap crown with p-tolyl azide. 

 

The production of diazene is expected, with previous reports of metal-imidos producing 

this product catalytically. Notably, typical metal systems use their accessible redox couples to 

make and break bonds. In our case, the ligand is providing the electrons but can still be produced 

catalytically. The “modified ligand product” was identified in attempts to crystallize the transient 

imido. Refinement of the data revealed that the imido fragment had inserted into a C-C bond of 

the ligand, creating a seven-membered ring. Interestingly, the ligand retains its redox-active nature, 

still able to shuttle up to two electrons. 
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Figure 1.26: Molecular structures of the inserted ligand complex and one of its inserted rings. 
Inserted ligand complex (left), truncated view (right), and one of its inserted rings (bottom) 

shown with 30% probability ellipsoids and hydrogen atoms, co-crystallized solvent molecules, 
tert-butyl groups, dipp groups and potassium cations with coordinated 18-C-6 omitted for clarity. 

 

A closer look at each ligand reveals that the new, seven membered ring has three double 

bonds and four single bonds, alternating about the ring. The single bonds range in length from 

1.450(18) to 1.474(18) Å, while the double bonds are between 1.35(2) to 1.39(2) Å. The C-O 

distance is 1.319(19) Å and the C-N distance is 1.359(16) Å. These are relatively long bonds and 

would be considered single bonds, but do not trend well with the distances from the reduction 

series, possibly because of the transformation of the ring shape.  
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Figure 1.27: Intraligand bond distances and Chemdraw interpretation of the inserted ligand 
complex. 

Inserted ligand ytterbium complex with bond distances(left) and Chemdraw representation 
(right) shown with 30% probability ellipsoids and hydrogen atoms, co-crystallized solvent 
molecules, tert-butyl groups, dipp groups and potassium cations with coordinated 18-C-6 

omitted for clarity. 
 

1.6.4 Ytterbium Tetrazine Synthesis 

 

 

Figure 1.28: Synthesis of ytterbium tetrazine molecules. 
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Interested in creating a new bonding motif for lanthanides, we sought to trap the transient 

imido species using a [2+3] dipolar cyclo-addition. After screening a number of molecules with 

unsaturated pi systems (nitriles, alkenes, alkynes) we found that our transient imido reacted with 

azides to form a tetrazine moiety. 1H NMR spectroscopic analysis in C6D6 shows a C2v symmetric 

molecule, with resonances ranging from -250 to 250 ppm. Formation of the tetrazine is 

hypothesized to go through an imido-intermediate, after loss of N2. As previously observed 

products (diazene and ligand-inserted products) has shown this intermediate to be quite reactive, 

careful reaction conditions were developed.  

p-Tolyl azide does not react with Yb-ap crown below -35 ºC, however, successful 

conversion can be achieved at 0 ºC for 3 hours. The reaction was found to proceed smoothly in 

diethyl ether, with THF and toluene giving a mixture of products. Notably, the yield of the tetrazine 

product was increased by using an excess (~10 equivalents) of azide. This excess of azide increases 

the chances of the imido fragment interacting with an azide molecule and cycloadding to form the 

tetrazene before it can find an alternative way to decompose (diazene, ligand insertion). 

 

 

Figure 1.29: Aryl azide resonance structures.  

Substitution of the phenyl ring can influence the electronic structure of the N3 fragment. 
 

It was hypothesized that the thermodynamic barrier of the reaction was azide activation 

(loss of N2). To test this theory, an azide that is easier to activate was examined. p-CF3 azide, with 

N
N

N

R

N
N

N

R



50 
 

its electron withdrawing group, activates the azide by stabilizing electron density on the nearest 

nitrogen (the favored resonance structure for loss of N2). Indeed, the reaction of with Yb-ap crown 

proceeded immediately at -108 ºC, producing a blue/green solution in seconds. Upon workup, a 

brown material was isolated in good (73%) yield. 1H NMR analysis in C6D6 shows a C2v symmetric 

molecule, with resonances almost identical to that of Yb-isq-PTol-Tet. Notably, one resonance at 

10.30 ppm is missing, with integration of 6 protons, identified at the p-tolyl group. By 19F NMR, 

a resonance is observed at 52.95 ppm that is assignable as the p-CF3 group of the tetrazine. These 

spectroscopic data suggest the isostructural product Yb-isq-PCF3-Tet is being produced. To 

confirm this theory, further characterization was carried out. 

1.6.5 X-Ray Crystallography of Yb-isq-pTol-Tet and Yb-isq-pCF3-Tet 

To aid in product assignment and examine bonding structure, single crystal X-ray 

diffraction was carried out on Yb-isq-pTol-Tet and Yb-isq-pCF3-Tet. We hypothesized that each 

ligand was oxidized by one electron to form the iminosemiquinone form, featuring ligand radicals. 

To confirm this, we examined the intraligand bond distances to help assign the oxidation states of 

the ligands. 
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Figure 1.30: Molecular structure of Yb-isq-PTol-Tet and Yb-isq-PCF3-Tet. 
Molecular structure of Yb-isq-PTol-Tet (left) and Yb-isq-PCF3-Tet (right) shown with 30% 

probability ellipsoids and hydrogen atoms, co-crystallized solvent molecules, tert-butyl and dipp 
groups omitted for clarity. 

 

 Single crystals of Yb-isq-PTol-Tet and Yb-isq-PCF3-Tet were both obtained from 

concentrated diethyl ether solutions stored at -35 ºC. Both structures crystallize in the P21/n space 

group with identical unit cell parameters. Each structure features two ligands and a 5 membered 

metallocycle with 4 nitrogen atoms. The 18-crown-6 chelated potassium ion interacts with the 

electron rich N-N bond of the tetrazine moiety, literally crowning each complex. 
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Figure 1.31: Molecular structure of Yb-isq-pTol-Tet and Yb-isq-pCF3-Tet. 

Molecular structure of Yb-isq-PTol-Tet (left) and Yb-isq-PCF3-Tet (right) shown with 30% 
probability ellipsoids and hydrogen atoms, co-crystallized solvent molecules, tert-butyl and dipp 

groups omitted for clarity. 
 

 Of particular interest is the N3-N4, N6-N5 and N4-N5 distances, as these can be used to 

assign the tetrazine moiety as neutral, mono- or dianionic. For Yb-isq-PTol-Tet, the N3-N4 and 

N5-N6 distances are 1.384(3) and 1.378(3) Å, respectively. These are on the order of single bonds, 

especially when compared to the shorter N4-N5 distance of 1.280(3) Å, suggesting a double bond. 
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These distances suggest that the tetrazine motif is dianionic. A similar trend is observed for Yb-

isq-PCF3-Tet, with only minor differences (within error) between the structures.  

 

 

Figure 1.32: Electronic structures of the tetrazine moiety. 
Blue denotes neutral bonding atoms while red indicates anionic bonding ones. 

 

 As with other iminoquinone containing complexes, intraligand bond distances provide a 

measure of the oxidation state of the ligand. In Yb-isq-PTol-Tet and Yb-isq-PCF3-Tet, the 

ligands appear crystallographically symmetric, with C-O, C-N and C-C bond distances indicating 

the ligands are in the monoanionic, iminosemiquinone form. One interesting observation in bond 

lengths in the Yb-O and Yb-N distances. For Yb-isq-PTol-Tet, the Yb-N distances for each ligand 

are 2.4104(19) and 2.3929(19) Å, which are longer than those for the Yb-isq-PCF3-Tet 

(2.3828(18) and 2.3696(19) Å). This shortening of the Yb-N bonds are likely a result of the 

electron deficient Yb center, as a result of the electron-withdrawing CF3 groups of the tetrazine 

fragment. This allows the anionic ligands to get closer to the ytterbium center. A similar shortening 

is noted for the Yb-O distances of Yb-isq-PTol-Tet and Yb-isq-PCF3-Tet. 
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Figure 1.33: Bond distance (Å) comparison for the symmetric ligands of Yb-isq-PTol-Tet (top) 
and Yb-isq-PCF3-Tet (bottom). 

 

1.7 Conclusion 

In summary, a series of bis(ligand) neodymium complexes was synthesized featuring ligands 

in three different oxidation states. These species were fully characterized and the most electron-

rich derivative, Nd-ap crown, was used as a potent reductant towards elemental chalcogens. 

Products from these reaction are complexes that feature rare 6-membered metallacycles (Nd-isq-
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S5 crown and Nd-isq-Se5 crown) in a twist-boat conformation. The selenium example is the first 

for an f-element. The redox chemistry noted here is significant, as rare earth element complexes 

are not commonly known to participate in multi-electron processes. With this in mind, we 

expanded our scope to include other lanthanides (Gd and Yb) and examined reactivity with aryl 

azides. We have isolated the first two lanthanide tetrazine molecules and have evidence for the 

first trivalent lanthanide imido. These feats highlight the cooperative electron movement using 

redox-active ligands that has been exploited to facilitate organometallic processes and metal-

element multiple bond formation in the d-block and actinide series. Future work will focus on 

extending this principle to other Rare Earth elements to help expand their utility past their typical 

Lewis acidic, magnetic, and luminescent properties. 
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CHAPTER 2. ELECTRONIC STRUCTURE AND U-O BOND 
ACTIVATION OF URANYL (UO22+) IMINOQUINONE COMPLEXES 

2.1 Introduction 

The uranyl ion, [UO2]2+, is the most recognizable actinide containing species due to its 

prevalence in aqueous environments and in the solid state.1 Characterized by its robust trans-oxo 

ligands and +6 oxidation state, derivatives of this ion form naturally from interactions of water 

with uranium ore deposits, as well as anthropogenically from depleted uranium targets,2 nuclear 

waste streams,3 and uranium mining.4 The high solubility of this ion in water is problematic as its 

increased mobility in this form causes environmental contamination. In anaerobic environments, 

uranyl can be reduced to its +5 (unstable) and +4 (stable) forms, greatly reducing its water 

solubility and facilitating removal from the environment.5  

The persistence of uranyl is attributed to its strong uranium-oxygen bonds, which are not 

easily functionalized or cleaved. Taking inspiration from Nature, recent work in non-aqueous 

uranyl chemistry has demonstrated that transformation of U-Ouranyl bonds may be facilitated by 

reduction events to generate U(IV) ions, in which pentavalent intermediates are likely involved. 

One strategy, demonstrated by Duval and co-workers, involves the photochemical reduction of 

hexavalent [UO2(dppmo)2(OPPh3)][ OTf]2 (dppmo = Ph2P(O)CH2P(O)Ph2) in the presence of BF4- 

anions, producing the corresponding uranium(IV) difluoride species.6 Reductive silylation of the 

uranyl ion has also been studied7-13 and optimized,7 while strongly Lewis acidic titanium14 and 

borane15 compounds have also proven to be potent reductants for the generation of uranium (IV) 

via U-Ouranyl bond activation. P. Arnold and co-workers have pioneered the use of a specialized 

dipyrrin ligand and strongly Lewis acidic atoms to facilitate uranyl functionalization by shifting 

the U(V) – U(IV) reduction into an accessible redox range. More recently, work from their lab has 
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also demonstrated reduction of the terminal oxos in uranyl using silanes or boranes.16 In each case, 

the corresponding silyl and boryl ethers are released, showing full U-Ouranyl bond scission.  

The Bart lab has reported the utility of redox-active ligands in uranyl functionalization and 

U-Ouranyl bond scission as well. Treating Cp*UO2(MesPDIMe) (Cp* = 1,2,3,4,5-

pentamethylcyclopentadienide; MesPDIMe = 2,6-((Mes)N=CMe)2-C5H3N; Mes = 2,4,6-

trimethylphenyl), which contains a singly reduced pyridine(diimine) ligand and a hexavalent 

uranyl ion, with stoichiometric equivalents of Me3SiI results in stepwise oxo silylation to form 

tetravalent (Me3SiO)2UI2(MesPDIMe).17 Additional equivalents of Me3SiI results in full uranium-

oxo bond cleavage and the formation of UI4(1,4-dioxane)2 with extrusion of hexamethyldisiloxane. 

The necessary electron equivalents derive from the reduced pyridine(diimine) ligand and loss of 

the Cp* ring in this example.  

Much of the work in uranyl functionalization is based on silylation and borylation of U-

Ouranyl bonds, with formation of O-Si and O-B bonds acting as a strong thermodynamic driving 

force. Currently, there are no examples of transformations of U-Ouranyl bonds where O-C bonds are 

formed. We hypothesized that U-Ouranyl bonds could undergo such a conversion with electrophilic 

carbon-containing substrates when mediated by reduced redox-active ligands. The iminoquinone 

family would be effective for such a task, as this ligand set has mediated multi-electron reactions 

with low-valent metals18-23 and would obviate the need for an external reductant by its ability to 

exist in a reduced state (Figure 1). The most oxidized form of this ligand, the iminoquinone (iq0), 

can be reduced to the iminosemiquinone (isq1-), which is characterized by a ligand radical. Further 

reduction results in the formation of the amidophenolate ligand (ap2-), which stores two electrons 

in its p* orbitals.24 
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Figure 2.1: Redox chemistry demonstrated by the iminoquinone/amidophenolate ligand.  

Red atoms denote anionic bonds, while blue atoms engage in dative (neutral) bonding. 
 

Herein, we report a new series of uranyl derivatives containing redox-active 

iminoquinone/amidophenolate ligands. Storing electrons in this ligand framework generates 

uranyl complexes with unprecedented electronic structures, including an unusual diradical species. 

These ligands facilitate multi-electron chemistry at uranyl centers, allowing the complete 

functionalization and removal of the robust trans-oxo ligands through borylation and acylation 

reactions. Full spectroscopic, structural, and magnetic characterization is provided, as well as 

isotopic labeling experiments to highlight the transformation of the uranyl moiety. 

2.2 Experimental 

2.2.1 General Considerations 

All air- and moisture-sensitive manipulations were performed using standard Schlenk 

techniques or in an MBraun inert atmosphere drybox with an atmosphere of purified nitrogen. The 

MBraun drybox was equipped with a cold well used for freezing samples in liquid nitrogen as well 

as two -35 °C freezers for cooling samples and crystallizations. Solvents for sensitive 

manipulations were dried and deoxygenated using literature procedures with a Seca solvent 

purification system.25 Water (18O, 97%) was purchased from Cambridge Isotope Laboratories and 

used as received. Benzene-d6 was purchased from Cambridge Isotope Laboratories, dried with 

molecular sieves and sodium and degassed by three freeze–pump–thaw cycles. Chloroform-d and 

pyridine-d5 were purchased from Cambridge Isotope Laboratories, dried with molecular sieves, 

N

O

R

tBu

tBu N

O

R

tBu

tBu N

O

R

tBu

tBu

+ e-

- e-

+ e-

- e-



61 
 

and degassed by three freeze–pump–thaw cycles. 4,6-di-tert-butyl-2-[(2,6-

diisopropylphenyl)imino]quinone (dippiq)23, potassium graphite (KC8)26, uranyl dichloride 

([UO2Cl2(THF)2]2)27, uranyl triflate UO2(OTf)2(THF)328, and uranium tetrachloride (UCl4)29 were 

prepared according to literature procedures. 18-crown-6 (18-C-6) and B-chlorocatecholborane (Cl-

BCat) were purchased from Sigma Aldrich and dried under vacuum on a Schlenk line overnight 

prior to use. Pivaloyl chloride (Piv-Cl) was purchased from Sigma Aldrich, degassed by three 

freeze–pump–thaw cycles, and dried with molecular sieves prior to use. 

1H NMR spectra were recorded on a Varian Inova 300 or Bruker AV-III-400-HD 

spectrometer operating at 299.99 and 400.13 MHz, respectively. All chemical shifts are reported 

relative to the peak for SiMe4, using 1H (residual) chemical shifts of the solvent as a secondary 

standard. 13C{1H} NMR spectra were recorded on a Bruker AV-III-HD spectrometer operating at 

100.61 MHz. 19F NMR spectra were recorded on a Bruker AV-III-HD spectrometer operating at 

376.50 MHz. 11B NMR spectra were recorded on a Varian Inova 300 spectrometer operating at a 

frequency of 96.24 MHz. 11B chemical shifts are reported relative to the peak for BF3•Et2O (0.0 

ppm). The spectra for all paramagnetic molecules were obtained by using an acquisition time of 

0.5 s, thus, the peak widths reported have an error of ±2 Hz. For all paramagnetic molecules, the 

1H NMR data are reported with the chemical shift, followed by the peak width at half height in 

Hz, the integration value, and, where possible, the peak assignment. All voltammetric data were 

obtained under inert atmosphere conditions using external electrical ports of the MBraun inert 

drybox. All data were obtained using a Gamry Instruments Interface 1000 model potentiostat using 

the Gamry Instruments Laboratory software. All data were collected on samples in THF with 0.1 

M [Bu4N][PF6] supporting electrolyte concentration, and using an internal resistance 

compensation of approximately 2000 ohms. Solutions were analyzed in 10 mL beakers, with a 3 
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mm glassy carbon working electrode, a Pt wire counter electrode, and an Ag wire quasi-reference 

electrode. Potential corrections were performed at the end of the experiment using the Fc/Fc+ 

couple as an internal standard. X-Band EPR spectra were recorded on a Bruker EMX EPR 

spectrometer and simulated using the EasySpin toolbox in MATLAB. Electronic absorption 

measurements were recorded at 294 K in THF in sealed, 1 cm quartz cuvettes with a Cary 6000i 

UV-vis-NIR spectrophotometer. Elemental analyses were performed by Midwest Microlab 

(Indianapolis, IN). Solid state infrared spectra were recorded using a Thermo Nicolet 6700 

spectrophotometer. 

2.2.2 Synthetic Details 

Synthesis of (dippiq)UO2(OTf)2THF (UO2-iq). A 20-mL scintillation vial was charged with 

UO2(OTf)2(THF)3 (0.100 g, 0.176 mmol) and 5 mL diethyl ether. A separate 20-mL scintillation 

vial was charged with dippiq (0.067 g, 0.176 mmol), dissolved in 5 mL diethyl ether and added 

dropwise to the stirring UO2(OTf)2(THF)3 slurry. A reddish-brown solution was observed. After 6 

hours, the volatiles were removed in vacuo. The resulting reddish-purple solid was washed with 

cold diethyl ether (3 × 10 mL) to afford a red powder (0.106 g, 0.132 mmol, 75% yield) assigned 

as UO2-iq. X-ray quality crystals were obtained from a concentrated toluene solution stored at -35 

°C. Elemental analysis of C32H45NO10F6S2U: Calculated, C, 37.69; H, 4.45; N, 1.37. Found, C, 

38.07; H, 4.80; N, 1.29. 1H NMR (C6D6, 300MHz, 25 °C): d = 0.64 (s, 9H, C(CH3)3), 0.84 (d, 7, 

6H, CH(CH3)2), 1.21 (d, 7, 6H, CH(CH3)2), 1.44 (s, 9H, C(CH3)3), 1.93 (br s, 4H, THF), 2.70 (sept, 

7, 2H, CH(CH3)2), 5.26 (br s, 4H, THF), 6.17 (d, 2, 1H, CH), 7.28 (d, 2, 1H, CH), 7.31 (s, 2H, 

CH), 7.28 (s, 1H, CH). 1H NMR (CDCl3, 400 MHz, 25 °C): d = 1.03 (d, 6.8, 6H, CH(CH3)2), 1.04 

(d, 6.8, 6H, CH(CH3)2), 1.19 (s, 9H, C(CH3)3), 1.72 (s, 9H, C(CH3)3), 2.46 (br s, 4H, THF), 2.53 

(sept, 6.8, 2H, CH(CH3)2), 5.21 (br s, 4H, THF), 6.21 (s, 1H, CH), 7.45 (d, 7.7, 2H, CH), 7.53 (t, 
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7.7, 2H, CH), 7.28 (s, 1H, CH). 13C{1H} NMR (CDCl3, 100 MHz, 25 °C): d = 22.66, 24.99, 26.35, 

27.89, 29.10, 36.16, 36.50, 116.36, 124.85, 129.64, 138.11, 143.90, 145.39, 150.40, 160.90, 

169.15, 195.99. 19F NMR (CDCl3, 376.5 MHz, 25 °C): d = -78.10.  

Synthesis of (dippisq)2UO2THF (UO2-isq). A 20-mL scintillation vial was charged with 

[UO2Cl2 (THF)2]2 (0.100 g, 0.103 mmol) and 5 mL THF. A separate 20-mL scintillation vial was 

charged with dippiq (0.156 g, 0.412 mmol), dissolved in 5 mL THF and added dropwise to the 

stirring [UO2Cl2(THF)2]2 slurry. After stirring for 15 minutes, KC8 (0.056 g, 0.412 mmol) was 

weighed by difference and added over 5 minutes, resulting in a rapid color change from red to dark 

green. After 2 hours, the slurry was filtered through Celite and volatiles were removed in vacuo. 

The remaining mixture was recrystallized from n-pentane to afford a green powder (0.152 g, 0.138 

mmol, 67% yield) assigned as UO2-isq. Single, X-ray quality crystals were obtained from a 

concentrated diethyl ether solution at -35 °C. Elemental analysis of C56H82N2O5U: Calculated, C, 

61.07; H, 7.51; N, 2.54. Found, C, 60.94; H, 7.70; N, 2.22. 1H NMR (C6D6, 300MHz, 25 °C): d = 

0.05 (br s), 1.50 (br s), 2.47 (br s), 3.68 (br s), 3.89 (br s), 6.86 (br s), 7.70 (br s), 16.47 (br s), 53.64 

(br s). 

Synthesis of [[(dippap)2U][K(THF)2]2]2 (UO2-ap) from UO2-isq. A 20-mL scintillation vial 

was charged with UO2-isq (0.100 g, 0.091 mmol) and 10 mL THF. While stirring, KC8 (0.025 g, 

0.181 mmol) was weighed by difference and added over 5 minutes, resulting in a rapid color 

change from dark green to black. After 1 hour, the solution was filtered through Celite and volatiles 

were removed in vacuo. The crude mixture was washed with 10 mL cold n-pentane to afford a tan 

powder (0.140 g, 0.056 mmol, 62% yield) assigned as UO2-ap. Single, X-ray quality crystals were 

obtained from a concentrated diethyl ether solution at -35 °C. Elemental analysis of 

C120H180N4O12K4U2: Calculated, C, 57.58; H, 7.25; N, 2.24. Found, C, 57.84; H, 7.34; N, 2.34. 1H 
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NMR (NC5D5, 300MHz, 25 °C): d = 0.82 (d, 7, 12H, CH(CH3)2), 1.29 (d, 7, 12H, CH(CH3)2), 1.40 

(s, 18H, C(CH3)3), 1.83 (s, 18H, C(CH3)3), 4.37 (sept, 7, 4H, CH(CH3)2), 5.73 (s, 2H, CH), 6.49 

(s, 2H, CH), 6.80 (t, 8, 2H, CH), 7.02 (d, 8, 4H, CH). 13C{1H} NMR (NC5D5, 100 MHz, 25 °C): d 

= 23.28, 25.48, 26.20, 26.95, 30.80, 32.39, 34.26, 34.81, 67.50, 107.69, 110.48, 122.19, 122.78, 

130.77, 137.50, 148.31, 154.09, 156.96. 

Synthesis of [(dippap)2UO2THF][K(18-crown-6)(THF)2]2 (UO2-ap crown) from UO2-ap. A 

20-mL scintillation vial was charged with UO2-ap (0.100 g, 0.040 mmol) and 5 mL THF. While 

stirring, 18-crown-6 (0.042 g, 0.160 mmol) was weighed by difference and added. After 1 hour, 

volatiles were removed in vacuo. The crude mixture was washed with 10 mL cold diethyl ether to 

afford a white powder (0.121 g, 0.061 mmol, 76% yield) assigned as UO2-ap crown. Single, X-

ray quality crystals were obtained from a concentrated THF/toluene (1:1) solution stored at -35 

°C. Elemental analysis of C96H162N2O21K2U: Calculated, C, 57.75; H, 8.18; N, 1.40. Found, C, 

57.27; H, 8.07; N, 2.14. The EA values for C and N are off by more than 0.4%, which may be an 

indication of decomposition as a result of the reactive nature of this complex. 1H NMR (NC5D5, 

300MHz, 25 °C): d = 1.24 (d, 7, 12H, CH(CH3)2), 1.37 (d, 7, 12H, CH(CH3)2), 1.44 (s, 18H, 

C(CH3)3), 1.55 (s, 18H, C(CH3)3), 3.43 (s, 24H, CH2), 4.87 (sept, 7, 4H, CH(CH3)2), 5.90 (d, 2, 

2H, CH), 6.56 (d, 3, 2H, CH), 7.06 (t, 8, 2H, CH), 7.38 (d, 8, 4H, CH). 13C{1H} NMR (NC5D5, 

100 MHz, 25 °C): d = 23.74, 24.67, 25.49, 26.53, 26.90, 30.92, 31.33, 32.63, 33.94, 34.27, 34.96, 

67.50, 70.08, 106.69, 108.35, 121.58, 122.64, 130.49, 135.82, 148.59, 153.97, 156.48, 159.31. 

Synthesis of (dippiq)(dippisq)UO2Cl (UO2-iq/isq). A 20-mL scintillation vial was charged with 

[UO2Cl2(THF)2]2 (0.275 g, 0.283 mmol) and 8 mL THF. A separate 20-mL scintillation vial was 

charged with dippiq (0.430 g, 1.133 mmol), dissolved in 10 mL THF and added dropwise to the 

stirring [UO2Cl2(THF)2]2 slurry. After stirring for 15 minutes, KC8 (0.077 g, 0.567 mmol) was 
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weighed by difference and added over 5 minutes, resulting in a rapid color change from red to 

brown. After 2 hours, the slurry was filtered through Celite and volatiles were removed in vacuo. 

The brown solid was triturated with diethyl ether (2 × 10 mL) and n-pentane (2 × 10 mL) then 

dried in vacuo. The resulting black powder was washed with cold n-pentane (3 × 10 mL) to afford 

a greenish brown powder (0.400 g, 0.376 mmol, 66% yield) assigned as UO2-iq/isq. Single, X-ray 

quality crystals were obtained from a concentrated diethyl ether solution at -35 °C. Elemental 

analysis of C52H74N2O4ClU: Calculated, C, 58.66; H, 7.01; N, 2.63. Found, C, 58.91; H, 7.13; N, 

2.53. 1H NMR (C6D6, 300MHz, 25 °C): d = 2.09 (br s), 3.10 (br s), 4.90 (br s). 

Reaction of UO2-isq with 4 eq. Cl-BCat. A 20-mL scintillation vial was charged with UO2-

isq (0.100 g, 0.091 mmol) and 10 mL of THF. The vial was placed in the coldwell and the solution 

was frozen. Upon thawing, Cl-BCat (0.056 g, 0.363 mmol) was weighed by difference and added 

to the stirring solution. After warming to room temperature for 1 hour, volatiles were removed in 

vacuo. The products of the reaction were identified to be UCl4dippiq2(THF)2 and BOBCat2 by 1H 

and 11B NMR. The reaction mixture was washed with cold n-pentane (2 × 5 mL) to separate 

organics from the uranium product, producing a black powder (0.057 g, 0.063 mmol, 69% yield). 

Independent synthesis of dippiqUCl4(THF)2 (UCl4-iq). A 20-mL scintillation vial was 

charged with UCl4 (0.100 g, 0.263 mmol) and 10 mL THF. In a separate vial, dippiq (0.100 g, 0.263 

mmol) was dissolved in 5 mL of THF and added dropwise to the stirring UCl4 solution. The 

solution immediately changed color from green to black. After 8 hours the solvent was removed 

in vacuo and washed with n-pentane (2 × 5 mL) to yield a black powder (0.184 g, 242 mmol, 92% 

yield). This sample was submitted for elemental analysis. Single, X-ray quality crystals were 

obtained from a concentrated THF solution at -35 °C. Elemental analysis of C26H37N1O1Cl4U 

(solvent free): Calculated, C, 41.12; H, 4.91; N, 1.84. Found, C, 40.83; H, 5.02; N, 1.64. 1H NMR 
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(C6D6, 300MHz, 25 °C): d = -14.89 (4, 1H, CH), -6.49 (3, 9H, C(CH3)3), -5.16 (103, 3H, 

CH(CH3)), -5.07 (35, 4H, THF), -3.79 (106, 3H, CH(CH3)),-3.61 (35, 4H, THF), -1.07 (4, 9H, 

C(CH3)3), -0.54 (4, 1H, CH), 1.98 (32, 2H, CH), 9.11 (t, J = 7 Hz, 1H, CH), 10.87 (37, 4H, THF), 

11.65 (36, 4H, THF), 12.29 (115, 3H, CH(CH3)), 13.99 (118, 3H, CH(CH3)), 19.44 (10, 2H, CH). 

Reaction of UO2-isq with 4 eq. Piv-Cl. A 20-mL scintillation vial was charged with UO2-

isq (0.080 g, 0.073 mmol), dissolved in 10 mL benzene and transferred to a 25 mL receiving flask. 

Pivaloyl chloride (0.035 g, 0.290 mmol) was weighed by difference and added to the green, stirring 

solution. The flask was sealed and then heated to 50 °C for 8 hours, producing a red solution. After 

cooling to room temperature for 1 hour, volatiles were removed in vacuo. The products of the 

reaction were identified by 1H NMR to be pivaloyl anhydride, and UCl4-iq2. The reaction mixture 

was washed with cold n-pentane (2 × 5 mL) to separate organics from the uranium product, 

producing a brown powder (0.061 g, 0.053 mmol, 73% yield).  

Independent synthesis of dippiq2UCl4 (UCl4-iq2). A 20-mL vial was charged with UCl4 

(0.056 g, 0.142 mmol) and 8 mL benzene. In a separate vial, dippiq (0.119 g, 0.312 mmol) was 

dissolved in benzene (8 mL) and added dropwise to the stirring UCl4 slurry. The reddish-brown 

mixture was then transferred to a receiving flask, sealed, and heated to 50 °C for 16 hours. The 

solvent was removed in vacuo and the resulting brown powder washed with n-pentane (2 × 10 

mL), leaving UCl4-iq2 (0.144 g, 0.126 mmol, 89% yield). Elemental analysis of C52H74N2O2Cl4U: 

Calculated, C, 54.83; H, 6.55; N, 2.46. Found, C, 55.64; H, 6.37; N, 2.59. 1H NMR (C6D6, 

300MHz, 25 °C): d = -75.30 (19, 2H, CH), -5.66 (t, J = 7 Hz, 2H, CH), -2.36 (12, 18H, C(CH3)3), 

7.03 (8, 12H, CH(CH3)2), 7.25 (8, 2H, CH), 8.81 (10, 12H, CH(CH3)2), 19.07 (7, 18H, C(CH3)3), 

28.96 (27, 4H, CH(CH3)2), 56.68 (d, J = 7 Hz, 4H, CH). 
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Synthesis of 18O-Labeled [UO2Cl2(THF)2]2. This procedure was developed by adapting 

literature procedures.27, 30 A 25-mL, borosilicate glass Schlenk flask was charged with 

approximately 1 g of UO2Cl2(H2O)x (x = 1-3) and purged with argon. Against a flow of argon, 1 

mL of H218O was added via pipette. After 1 minute of purging with argon, the flask was sealed. 

The yellow solution was gently stirred in front of a UV lamp (365 nm). Note, using 

[UO2Cl2(THF)2]2 as the uranium source leads to decomposition of the material, as evidenced by 

color change from yellow to green and precipitation. After 12 days, the water was removed from 

the yellow slurry in vacuo, yielding a yellow powder. From this material, anhydrous 18O-labeled 

[UO2Cl2(THF)2]2 was obtained via a previously published procedure.27 IR spectroscopy was 

employed to confirm the incorporation of 18O into the U-Ouranyl (Figure S20). 

2.3 Uranyl Iminoquinone Complex 

2.3.1 Synthesis of UO2-iq 

 

 

 

Figure 2.2: Synthesis of the uranyl iminoquinone complex UO2-iq. 

 

Initially, a neutral dippiq U(VI) complex was synthesized to provide a baseline for studies 

of more reduced species and allow comparison of spectroscopic data. Ligation of uranyl triflate, 

UO2(OTf)2(THF)3, was accomplished by stirring with an equimolar amount of dippiq in diethyl 

ether (Eq. 1). Upon workup, a red-purple powder was obtained in good yield (76%). The 1H NMR 
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spectrum (Figure S1) displayed 9 resonances slightly shifted from those observed for the free 

ligand, indicative of binding to the diamagnetic, U(VI), f0 ion. Two additional, broad resonances, 

assignable as one bound THF molecule, were also observed at 1.93 and 5.26 ppm. 

2.3.2 X-Ray Crystallography of UO2-iq 

 

 

Figure 2.3: Molecular structure of UO2-iq.  
Sturcture shown with 30% probability ellipsoids and hydrogen atoms, co-crystallized solvent 
molecules, and bound triflate ions (except coordinated oxygen atoms) are omitted for clarity. 

 

To unequivocally determine the number of coordinated ligands and examine the structural 

parameters of the complex, single crystals of UO2-iq, grown from toluene, were analyzed using 

X-ray diffraction. Refinement of the data revealed a seven-coordinate pentagonal bipyramidal 

uranyl coordination complex with one dippiq ligand, one THF molecule, and two bound triflate 

anions in the equatorial plane along with the oxo ligands in axial positions (Figure 2, left; Table 

1). The U-Ouranyl distance of 1.745(5) Å and Ouranyl-U-Ouranyl angle of 179.1(2)° are as expected 

based on similar uranyl compounds.31 If the reaction is performed with excess dippiq ligand, 
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formation of UO2-iq is still observed, suggesting the triflate anions are not subject to substitution 

by neutral dippiq despite the chelation effect of the bidentate ligand. 

 

Table 2.1 Selected uranyl bond distances (Å) and angles (°) for UO2-iq, UO2-isq, UO2-ap, UO2-
ap crown and UO2-iq/isq. 

 UO2-iq UO2-isq UO2-ap UO2-ap crown UO2-iq/isq 

U-OUranyl 1.745(5) 1.762(4) 1.824(3) 1.812(2) 1.757(3) 

U-OUranyl 1.745(5) 1.786(3) 1.834(3) 1.814(2) 1.758(3) 

OUranyl-U-OUranyl 179.1(2) 175.42(17) 172.22(12) 174.54(10) 175.09(13) 

 

2.4 Uranyl Iminosemiquinone Complex 

2.4.1 Synthesis of UO2-isq 

 

 

Figure 2.4: Synthesis of the bis(iminosemiquinone) complex UO2-isq. 
 

After successful metalation of the neutral dippiq ligand, the redox-active nature of the ligand 

was engaged by stirring two equivalents of dippiq with one equivalent of UO2Cl2(THF)3 followed 

by slow addition of two equivalents of potassium graphite (Scheme 1), causing a color change 

from red/brown to dark green. After workup, a green powder was isolated in moderate yield (67%). 

The 1H NMR spectrum (Figure S5) displays broad, paramagnetically-shifted signals ranging from 
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0 – 55 ppm. In this case, the paramagnetism can arise either from 1) reduction of the uranium (VI) 

(f 0) center to uranium (V) (f 1) while maintaining a neutral iminoquinone ligand, or 2) from ligand 

reduction to generate two radical-containing iminosemiquinone ligands.  

2.4.2 X-Ray Crystallography of UO2-isq 

 

 

Figure 2.5: Molecular structure UO2-isq. 
Structure shown with 30% probability ellipsoids and hydrogen atoms and co-crystallized solvent 

molecules are omitted for clarity. 

 

To further elucidate the electronic structure of UO2-isq,17, 32, 33 X-ray crystallography was 

employed as structural parameters, including intraligand bond distances, can often aid in ligand 

oxidation state assignment.34 Crystals of UO2-isq grown from diethyl ether at -35 °C were 

analyzed. Refinement of the data revealed a seven coordinate uranyl species, with two dippiq ligands 

and a THF molecule coordinated in the equatorial plane (Figure 2, middle). As with UO2-iq, a 

pentagonal bipyramidal geometry with the uranyl oxygen atoms in axial positions was observed. 

Additionally, the U-Ouranyl bond distances of 1.762(4) and 1.786(3) Å are within the range of 1.76 
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– 1.79 Å observed for U(VI) uranyl molecules.31, 32, 35 These U-Ouranyl distances suggest the 

reduction is ligand-based rather than occurring at the uranium.  

2.4.3 EPR of UO2-isq 

 

 

Figure 2.6: EPR spectrum of UO2-isq. 
Solution sample (n-pentane, 5.8 mM) recorded at 25 °C. giso = 1.993. Frequency: 9.852 GHz. 

Power: 10 mW. Modulation: 0.5 G/100 kHz. 
 

To further confirm the presence of ligand radicals, EPR spectroscopy was performed. The 

EPR spectrum of UO2-isq (Figure 3) displays an isotropic signal at g = 1.993, which is shifted 

from that of 2.0061 observed for 4,6-di-tert-butyl-2-tert-butyl-iminosemiquinone (HtBuisq•)36. 

This value agrees well with the g-value previously observed for hexavalent uranyl species 

featuring redox-active ligands, such as Cp*UO2(MesPDIMe) (giso = 1.974), Cp*UO2(tBu-MesPDIMe) 

(giso =1.936) and [UO2(salophen)tBu(H2O)]+ (gav =1.997) (tBu-MesPDIMe = 2,6-((Mes)-N=CMe)2-p-

C(CH3)3C5H2N; salophen = N,N’-bis(3-tBu-(5tBu)-salicylidene)-1,2-phenylenediamine).17 Spin-
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orbit coupling of the ligand-based radical with the empty f-orbitals of the uranium center is likely 

the cause of the high-field shift from the g-value observed for HtBuisq•. Simulation of the spectrum 

was accomplished with one nitrogen (I = 1) and one hydrogen atom (I = ½) of the ligand, yielding 

hyperfine coupling constants of AN = 19.48 and AH = 13.97 MHz. These values suggest a stronger 

interaction with the nitrogen atom than the hydrogen atom of the ligand. This hyperfine pattern 

agrees with previously noted results18, 36. Thus, these measurements support the presence of an 

iminosemiquinone ligand radical with only a weak interaction with uranium. 4,6-di-tert-butyl-2-

tert-butyl-iminosemiquinone (HtBuisq•) 

2.4.4 SQUID Magnetometry of UO2-isq 

 

 

Figure 2.7: Variable temperature molar magnetic data (µeff) for UO2-isq and variable field data 
collected at 2 K (inset) 

 

Variable-temperature and field-dependent magnetic measurements were performed to 

elucidate the uranium and ligand oxidation states in UO2-isq (Figure 4). At room temperature, the 

µeff value (2.45 µB) was consistent with that expected for two isolated, unpaired electrons with g = 
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2.0 (theoretical µeff value = 2.45 µB).37 Upon cooling, the µeff value slightly increased to 2.52 µB at 

4 K. The increase in moment resulted from the ferromagnetic coupling of the two unpaired 

electrons. The data were fitted by the Bleaney−Bowers equation38 with g = 2.00 and exchange 

coupling constant J = 0.4 cm−1 (see the supporting information for details). The magnetization in 

the field dependent measurement saturated at 1.94 µB at 2 K, also characteristic of two isolated S 

= 1/2 spins.37 Overall, these magnetic data indicated the presence of one U(VI) cation and two 

ligand-centered radicals with negligible ferromagnetic coupling in UO2-isq. This value supports 

the presence of two non-communicating ligand radicals that were measured by EPR and predicted 

with the metrical parameters deduced by X-ray crystallography (vide infra). The radicals in UO2-

isq are relegated to the ligand at all temperatures, with little interaction with the uranium. This 

rules out alternate potential electronic structures for UO2-isq. These magnetic data also eliminate 

formation of pentavalent (isq1-)(iq0)UVO2, which would have both uranium based and ligand based 

radicals, as well as (iq0)2UIVO2, which would have closed-shell ligands with only uranium based 

electrons unpaired. 

 

 

Figure 2.8:Possible electronic structures of UO2-isq. 
 

2.5 Uranyl Amidophenolate Complexes 

2.5.1 Synthesis of UO2-ap 

To probe the ability of our system to accommodate additional electrons beyond 

monoreduction of both ligands, electrochemical measurements of UO2-isq were performed in THF 
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(Figure S19). The cyclic voltammetric data for UO2-isq showed a quasi-reversible reduction at -

1.58 V, which could be attributed to the reduction of the two ligands from isq1- to ap2- or reduction 

of uranium from +6 to +5.  

 

 

Figure 2.9: Synthesis of the bis(amidophenolate) complex, UO2-ap. 
 

Encouraged by the electrochemical results, UO2-isq was reduced chemically by stirring 

with two equivalents of KC8 in THF. Following workup, a tan powder that is poorly soluble in 

hydrocarbon solvents was isolated. 1H NMR spectroscopic analysis (pyridine-d5) showed a 

spectrum (Figure S6) with 11 resonances. Of these, nine signals were assigned to the ligand and 

two signals as bound THF, none of which were drastically shifted from the diamagnetic region. 

These data suggest a closed-shell U(VI), f 0 ion with dippap ligands bound to uranium. 

2.5.2 Synthesis of UO2-ap crown 

 

 

Figure 2.10: Synthesis of the bis(amidophenolate) complex, UO2-ap crown. 
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Because solution behavior can be complicated by dynamic inner-sphere and outer-sphere 

cation exchange, a crown ether was employed to encapsulate the potassium ion for further 

studies.18, 39, 40 To achieve this, two equivalents of 18-crown-6 were added to a stirring solution of 

UO2-ap in THF. After workup, a white powder was isolated in good yield (76%). The 1H NMR 

spectrum is quite similar to that of UO2-ap, with minor differences, including an additional 

resonance at 3.43 ppm corresponding to the 24 protons associated with 18-crown-6. 

2.5.3 X-Ray Crystallography of UO2-ap and UO2-ap crown 

 

 

Figure 2.11: Molecular structure and Chemdraw representation of UO2-ap. 
Structure shown with 30% probability ellipsoids and co-crystallized solvent molecules and H 
atoms are omitted for clarity. Schematic representation of UO2-ap (right), with interactions 

between potassium ions and various parts of the molecule shown as dashed lines. 
 

Comparison of the structural changes that accompany reduction and examination of the 

effect of potassium ion sequestration in UO2-ap and UO2-ap crown were examined using X-ray 

UN

O
N

O

dipp

dipp
tBu tBu

tBu

tBu

O

O

K

K

Et2O

UN

O
N

O

dipp

dipp

tBu tBu

tBu

tBu

O

O

K

K

OEt2

OEt2Et2O



76 
 

crystallography. UO2-ap crystallizes as a dimer from diethyl ether or toluene at -35 °C with the 

oxygen atom and aromatic ring of the dippiq ligand, and uranyl oxygen atoms interacting with the 

potassium ions. This dimerization causes out of plane bending of the ligand with the N and O 

atoms appearing to be sp3 hybridized to allow for lone pair interaction with the nearby potassium 

ions. Additionally, the uranyl bond distances of 1.824(3) and 1.834(3) Å (Table 1) are quite long,31 

appearing to result from the potassium binding to the Ouranyl. This cation-capping effect has been 

thoroughly studied by P. Arnold and coworkers who employed a large, compartmental, N8-

macrocyclic ligand.41 In these studies, reduction of uranyl was facilitated by coordination of a 

cation, held in place by the specialized “Pacman” type ligand, to the Ouranyl. 

 

 

Figure 2.12: Molecular structure of UO2-ap crown.  
Structure shown with 30% probability ellipsoids and hydrogen atoms, co-crystallized solvent 

molecules, potassium ions and crown ether molecules are omitted for clarity. 

 

The structure of UO2-ap crown shows that sequestering the potassium ions with crown 

ethers permits the amidophenolate ligands to return to their planar geometry, isostructural to UO2-

isq. Interestingly, despite the absence of the interaction of potassium atoms with the uranyl moiety 

in UO2-ap crown, the U-Ouranyl bond distances remain long (1.814(2) and 1.812(2) Å), suggesting 
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ligand reduction plays a role in the elongation of the U-Ouranyl bond. This implies that cation 

coordination is not the only contributing factor in the U-Ouranyl bond elongation observed in UO2-

ap. U-Ouranyl bond lengthening has been previously observed by Hayton and co-workers when they 

described tris- and tetrakis-ketimide complexes [Li(THF)(TMEDA)][UO2(N=CtBuPh)3] and 

[Li(THF)(Et2O)]2[UO2(N=CtBuPh)4].42 These ketimide uranyl molecules display U-Ouranyl bond 

lengths of 1.830(5) and 1.804(5) Å (tris-ketimide) and 1.838(4) Å (tetrakis-ketimide). The authors 

attribute this elongation to the presence of four strong donors in the equatorial plane, which act to 

weaken the U-Ouranyl bonds via electrostatic repulsion and p-donation to the uranium center. 

Further evidence of this elongation can be found in the imido family of uranyl analogues. Studies 

of uranium tris-43 and tetrakis(imidos)44 – featuring strong p-donating imido groups in the 

equatorial plane – have shown that imido bonds lengthen and weaken with each additional p-

donor. The dippap2- ligand has been studied as a p-donating ligand for high valent metals 

previously.24 As its high-lying p orbitals have the appropriate symmetry to donate electron density 

to the uranium VI center, this is likely a factor in U-Ouranyl bond elongation and activation in UO2-

ap crown. 

2.6 Uranyl Reduction Series Comparison 

2.6.1 Bond Distance Comparison of UO2-iq, UO2-isq, UO2-ap, and UO2-ap crown 
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Figure 2.13: Bond distance comparison (Å) for UO2-iq, UO2-isq, and UO2-ap crown.  
Carbon atoms shown in black, nitrogen atoms shown in blue, oxygen atoms shown in red, and 

uranium atom shown in magenta. 

 

The bond metrics vary based on the ligand oxidation state and can therefore provide insight 

into the electronic structure of UO2-iq, UO2-isq, and UO2-ap crown (Figure 7). The neutral dippiq 

ligand of UO2-iq displays relatively long uranium-oxygen (2.432(4) Å) and uranium-nitrogen 

(2.630(4) Å) bonds that are indicative of a datively bound ligand. Furthermore, the short C-O 

(1.237(7) Å) and C-N (1.287(8) Å) bonds suggest the ligand retains double bond character. In 

contrast, the iminosemiquinone ligands of UO2-isq feature shortened U-O bonds (2.295(3) and 

2.362(3) Å) and U-N bonds (2.563(4) and 2.536(4)) accompanied by longer C-O (1.313(5) and 

1.296(6) Å) and C-N bonds (1.339(5) and 1.337(6) Å), indicating reduction of the ligand. 
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Figure 2.14: Structural comparison of UO2-iq, UO2-isq and UO2-ap crown. 
UO2-iq (left), UO2-isq (middle) and UO2-ap crown (right) shown with 30% probability 

ellipsoids and hydrogen atoms, co-crystallized solvent molecules, potassium ions, crown ether 
molecules and bound triflate ions (except coordinated oxygen atoms) are omitted for clarity. 
 

The bond distances of UO2-ap crown are not as simple to analyze as those of the other 

compounds of the series. While the expected shortening trend of the U-E (E = O, N) bond is 

observed for one “E” atom of each ligand, the other “E” atom bond distance is nearly identical to 

that of UO2-isq. This could be attributed to steric hindrance with the bulky dipp or tBu groups that 

prevent the U-E bonds from contracting towards the metal center upon reduction. In this case, a 

stronger indication of reduction can be found in the intraligand bond distances (Figure 7). The C-

O and C-N bonds in each ligand lengthen, signifying the conversion from a double bond to a single 

bond. Corroborating evidence can also be found in the C-C bond distances of the rings in the 

ligands. As the ligand is reduced, the distances throughout the ring become more similar, 

suggesting aromaticity is present. 

2.6.2 Bond Angle Comparison of UO2-iq, UO2-isq, and UO2-ap crown 

As the bond distances in molecules UO2-iq, UO2-isq and UO2-ap crown change with 

ligand oxidation state, the bond angles also indicate ligand reduction. In particular, this effect is 

noticeable in the Niq-U-Oiq angles of the iminoquinone ligand. As the ligand becomes more 
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reduced, the shortening of the U-Oiq and U-Niq bonds causes the Niq-U-Oiq bite angle of the ligand 

to increase from 61.83° (UO2-iq) to 64.44° (UO2-isq) and finally to 65.26° (UO2-ap crown).  

2.6.3 UV-Vis/NIR spectroscopy of UO2-iq, UO2-isq, UO2-iq/isq, and UO2-ap 

 

Figure 2.15: Electronic absorption spectra (UV-Vis region) of UO2-iq, UO2-isq, UO2-ap and 
UO2-iq/isq. 

Data recorded in THF at 25 °C 
 

Another useful technique for examining the ligand and metal oxidation states in 

uranium/uranyl systems is electronic absorption spectroscopy. For the current study, this technique 

is particularly advantageous as UO2-iq, UO2-isq, and UO2-ap all exhibit distinctly different colors 

(Figure S16 and S17). Spectra were recorded in THF at 25 °C from 375 – 1800 nm. The spectrum 

of UO2-iq displays an intense absorption at 385 nm (41,711 M-1cm-1) with a weaker absorption at 

511 nm (4,075 M-1cm-1), giving rise to the observed red-purple color. UO2-isq shows an intense 

absorption at 310 nm (26,600 M-1cm-1) and a much less intense, broad absorption at 747 nm (2,130 

M-1cm-1), responsible for the observed green color. Finally, UO2-ap shows only one absorption at 
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313 nm (15,313 M-1cm-1) and does not absorb significantly in the visible region, consistent with 

its pale color. Interpretation of these data suggests that the major, color-producing peaks of the 

spectra can be attributed to the ligand oxidation state, as similar colors have been observed for 

complexes of early transition metals20, lanthanides18, and low valent uranium.21 

 

Figure 2.16: Electronic absorption spectra (NIR region) of UO2-iq, UO2-isq, UO2-ap and UO2-
iq/isq.  

Data recorded in THF at 25 °C THF overtones and blank subtraction errors observed at 1200, 
1400 and 1700 nm. Notably, sharp f-f transitions are absent, corroborating the assignment of a 

U(VI) oxidation state for each molecule. UO2-isq and UO2-iq/isq display absorbance beginning 
around 1000 nm, which contribute to their green colors. 
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2.7 A Uranyl Mixed Ligand Species 

2.7.1 Synthesis 

 

 

Figure 2.17: Synthesis of the mixed ligand species, UO2-iq/isq. 

 

The extent of radical delocalization in the uranyl iminoquinone complexes was tested by 

synthesizing a mixed iminoquinone/iminosemiquinone ligand species. We hypothesized that 

rather than full delocalization of the radical across both ligands, the radical would remain localized 

on one of the iminosemiquinone ligands and not the other. Preparation of (dippiq)(dippisq)UO2Cl 

(UO2-iq/isq) was achieved by stirring two equivalents of the iminoquinone ligand with one 

equivalent of uranyl chloride in the presence of one equivalent of potassium graphite (Eq. 2). Upon 

workup, a greenish-brown powder was isolated in moderate yield (66%). 
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2.7.2 X-Ray Crystallography of UO2-iq/isq 

 

 

Figure 2.18: Molecular structure of UO2-iq/isq. 
Structure shown with 30% probability ellipsoids and co-crystallized solvent molecules and H 

atoms are omitted for clarity. 
 

X-ray crystallographic analysis of green-brown crystals grown from diethyl ether show a 

pentagonal bipyramidal uranium center similar to that of UO2-isq but with a chloride atom instead 

of a THF molecule (Figure 8, Table 1). Compound UO2-iq/isq shows asymmetric ligands in the 

solid state, with each ligand’s oxidation state undoubtedly assignable based on bond distances 

(Figure 9). The U-O distances of 2.493(3) and 2.312(3) Å and U-N distances of 2.670(3) and 

2.498(3) Å highlight the asymmetric nature of the two ligands, with the shorter contact belonging 

to the isq ligand and the longer to the iq ligand. Further evidence can be found in the C-O and C-

N distances, as well as the intraligand C-C distances. For the iminoquinone ligand, C-O and C-N 

bonds of 1.230(5) and 1.290(5) Å are indicative of double bond character, as observed for UO2-

iq. However, the C-O and C-N bonds of the other ligand are significantly longer at 1.297(5) and 

1.341(5) Å, agreeing well with the ligands of UO2-isq. Additional evidence can be found in the C-

C bonds of each ring, with the iminoquinone ligand featuring two short bonds and three long ones, 
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whereas the iminosemiquinone ligand has bonds more similar in length. Both of these trends match 

well with the ligands of compounds UO2-iq and UO2-isq, respectively.  

 

 

Figure 2.19: Bond distance comparison (Å) for UO2-iq/isq.  
Carbon atoms shown in black, nitrogen atoms shown in blue, oxygen atoms shown in red, 

chloride atoms shown in green and uranium atom shown in magenta. 
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2.7.3 EPR, SQUID and UV-Vis of UO2-iq/isq 

 

Figure 2.20: EPR spectra of UO2-isq and UO2-iq/isq.  
Solution samples recorded in toluene at 25 °C Spectrum of UO2-isq (top) (2.2 mM) displays a g-

value of 1.993 and hyperfine (AN = 14.205, AH = 19.147 MHz) similar to that observed in 
pentane (Figure 3). Spectrum of UO2-iq/isq (bottom) (2.2 mM) displays a g-value of 1.989. 
Frequency: 9.852 GHz. Power: 10 mW. Modulation: 5.0 G/100 kHz. Small organic radical 

observed at approximately 3505 G is attributed to decomposition to Hdippisq•. 
 

The presence of a ligand radical in UO2-iq/isq was confirmed using EPR spectroscopy 

(Figure S18). In a toluene solution, an isotropic signal is observed at g = 1.989. This is comparable 

to the g-value of UO2-isq (1.993). Variable temperature SQUID magnetometry provides additional 
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evidence of the ligand radical, which establishes a room temperature µeff value of 1.86 µB. The UV-

Vis/NIR spectrum of UO2-iq/isq displays absorbance in multiple regions, which explains the 

observed brown color. Intense absorbances are noted at 307 nm (15,188 M-1cm-1) and 388 nm 

(5759 M-1cm-1), while signals at 528 nm (259 M-1cm-1) and 800 nm (839 M-1cm-1) are broad and 

less intense. The number of absorbance maxima is likely the product of the ligands existing in two 

oxidation states, absorbing at different wavelengths. 

2.8 Uranyl Functionalization 

2.8.1 Reactivity of UO2-isq with B-Chlorocatecholborane 

 

 

Figure 2.21: Reductive borylation of UO2-isq with Cl-BCat. 

 

Boron is well-known for its Lewis acidic properties, making it an excellent candidate to 

examine reactivity with electron-rich UO2-isq. B-chlorocatecholborane (Cl-BCat) features a B-Cl 

bond that can be heterolytically cleaved by the chlorophilic uranium. Treating UO2-isq with four 

equivalents of Cl-BCat causes the solution to change color from green to brown immediately. 

Resonances in the 1H NMR spectrum of the reaction mixture (Figure S11) range from -20 to +20 

ppm, suggesting that the uranyl was reduced to paramagnetic U(IV), f2, a transformation that likely 

involves uranyl U-Ouranyl bond activation (Eq. 3). Further inspection of the data, coupled with 11B 

NMR data (Figure S12), revealed that dicatecholatobisborylether (BOBCat2) was produced during 
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the reaction. In sealed-tube NMR experiments in benzene-d6 and THF-d8, free ligand is also 

observed, but does not integrate to one full equivalent. Based on the stoichiometry of Cl-BCat and 

the number and integration values of resonances in the 1H NMR spectrum, the resulting uranium 

product was hypothesized to be UCl4(dippiq0)n (n = 1, 2). 

 

 

Figure 2.22: Molecular structure of UCl4-iq.  
Structure shown with 30% probability ellipsoids and co-crystallized solvent molecules and 

hydrogen atoms are omitted for clarity. Isometric view (left) and top view (right). Light green 
blocks were grown from a concentrated THF solution stored at -35° C.  

 

Identification of the U(IV) product from borylation of UO2-isq was achieved by an 

independent synthesis. Treating UCl4 with an equivalent of dippiq in THF produced a dark green 

solution (Eq. 4), and 1H NMR data confirmed the product was the same as that observed in the 

uranyl borylation reaction (Figure S14). The material from the independent synthesis was 

crystallized from THF and subsequent X-ray analysis revealed the identity to be UCl4dippiq(THF)2 

(UCl4-iq) (Figure S23). The ligands are confirmed to be in the iminoquinone form with C-O and 

C-N distances of 1.234(3) and 1.298(3) Å, signifying double bonds and matching the distances 

observed in UO2-iq and UO2-iq/isq. Further evidence can be found in the U-O and U-N distances 
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of 2.4878(16) and 2.8283(18) Å, which are longer than the contacts reported for 

iminosemiquinone-containing U(IV) complexes (tBuisq)2UI2(THF) (U-O = 2.160(10) and 

2.164(10), U-N = 2.514(12) and 2.567(14) Å).21 These longer contacts highlight the dative nature 

of the ligand binding in UCl4-iq. The U(IV) metal center has U-Cl bond distances ranging from 

2.0651(5) to 2.6257(6) Å. The geometry is best described as trigonal dodecahedral, with the 

chloride ions in sterically favored sites (None of the Cl-U-Cl bond angles are less than 90°). 

 

 

Figure 2.23: Independent synthesis of UCl4-iq from U(IV)Cl4. 
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2.8.2 18O Labeling of UO2-isq  

 

 

Figure 2.24: Solid state infrared (IR) spectra of U16O2dippisq2THF and U18O2dippisq2THF. 
Data recorded from benzene solutions evaporated onto on KBr salt plates at 25 °C.  

 

To corroborate that the organic products observed were the result of U-Ouranyl bond 

cleavage and that the extracted oxygen atoms had originated from the U-Ouranyl, isotopic labeling 

studies were performed. 18O-labeled uranyl dichloride ([U18O2Cl2(THF)2]2) was synthesized 

through photolysis of uranyl chloride hydrate in 18O-labeled water.31 18O incorporation was 

confirmed by IR spectroscopy, with the expected OUO asymmetric stretching frequency reducing 

from 942.4 cm-1 ([U16O2Cl2(THF)2]2) to 892.3 cm-1 ([U18O2Cl2(THF)2]2) (Figure S20). Synthesis 

of (dippisq)2U18O2THF (UO2-isq18) was accomplished in an analogous manner to UO2-isq, using 

[U18O2Cl2(THF)2]2 as the uranyl source. Successful incorporation was confirmed by IR 



90 
 

spectroscopy. All corresponding absorption maxima are within 1 cm-1 between each sample except 

one. For the 18O labeled sample, the ν3 asymmetric O-U-O absorption band is observed at 866.9 

cm-1. This absorption is shifted from the value of 910.6 cm-1 for the unlabeled uranyl. This shift in 

the ν3 asymmetric absorption is indicative of isotopic incorporation. 
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2.8.3 18O Labeling of BOBCat2  

 

 

Figure 2.25: Electron ionization mass spectra (EI-MS) of BOBCat2.  
Data from the reaction mixtures of ClBCat and UO2-isq (top) and UO2-isq18 (bottom). 

 

Treating UO2-isq18 with Cl-BCat under the same conditions as previously described for 

the unlabeled isotopomer yielded analogous results as identified by 1H and 11B NMR 

spectroscopies. Analysis of the organic bisborylether, B18OBCat2, by EI-MS gave an increase in 



92 
 

the M•+ peak appearing at m/z = 256, corresponding to the incorporation of one 18O-labeled oxygen 

atom. BOBCat2, obtained from the borylation of UO2-isq, shows an analogous peak at m/z = 254 

(Figure 10, top). The shift from m/z of 254 to 256 is indicative of 18O incorporation and supports 

that the source of the oxygen atom in BOBCat2 is from the labeled uranyl U-Ouranyl. 

2.8.4 Reactivity of UO2-isq with Pivaloyl Chloride 

 

 

Figure 2.26: Reductive acylation of UO2-isq with pivaloyl chloride. 

 

Upon establishing that UO2-isq could mediate U-Ouranyl bond cleavage with Cl-BCat, we 

hypothesized that an analogous electrophilic carbon could be used to activate the uranyl ion. 

Pivaloyl chloride (Piv-Cl) was an attractive choice, as the tert-butyl group provides steric pressure 

to aid product dissociation. Treating UO2-isq with four equivalents of pivaloyl chloride in benzene 

results in no observable reaction. Heating this solution to 50 °C for four hours causes a color 

change from green to brown. Analysis of the reaction mixture by 1H NMR revealed a singlet at 

1.04 ppm and disappearance of the resonance at 0.89 ppm, suggesting conversion of pivaloyl 

chloride to pivalic anhydride. Additionally, resonances ranging from -80 to +60 ppm (Figure S13) 

show that a paramagnetic product is formed; however, these resonances do not match that of UCl4-

iq. We hypothesized that in the non-coordinating benzene solution, ligand displacement would not 

occur as in the borylation, which was performed in THF. To confirm this, UCl4 was treated with 

two equivalents of iminoquinone in benzene and heating to 50 °C for 18 hours yields an NMR 
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spectrum matching that of the acylation reaction, with no free ligand observed. In the absence of 

THF, a bis-ligand U(IV) complex, UCl4(dippiq0)2 (UCl4-iq2), is formed. These spectroscopic results 

suggest that the two pivaloyl chloride molecules were able to exchange their chloride atoms for 

the oxygen atom of a uranyl ion, producing pivalic anhydride (Eq. 5), which is then displaced from 

the uranium ion.  

2.8.5 18O Labeling of Pivalic Anhydride  

Reactions of UO2-isq and UO2-isq18 were performed with pivaloyl chloride, and the 

organic anhydrides isolated and examined using CI-MS. The labile nature of the C-O bonds in 

pivalic anhydride causes dissociation in the mass spectrometer, thus, only the protonated 

carboxylic acid was detected. In the case of the unlabeled sample, a [M+H]+ peak at m/z = 103 

was observed. The data for the 18O-labeled sample display an additional [M+H]+ peak m/z = 105, 

assignable as the 18O-labeled isotopomer. Based on the ratio of these peaks in the labeled sample, 

the percent incorporation of 18O was calculated to be about 35%. These results, along with the 

spectroscopic data (vide supra), support that U-Ouranyl bonds are broken in the process of borylation 

and acylation, and the oxygen atoms in the organic byproducts originate from the U-Ouranyl bond.  
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Figure 2.27: CI-MS of Pivalic Anhydride. 
Samples from Sigma Aldrich (top) and from the reaction mixture of Cl-Piv and U18O2dippisq2THF 

(bottom).  
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2.9 Conclusion 

In summary, a family of uranyl complexes bearing redox-active ligands has been isolated in 

three different oxidation states. Thorough characterization has provided insight into their 

electronic structures. Upon reduction, electrons are stored in the ligand p* orbitals rather than in 

uranium-based orbitals, retaining the U(VI) oxidation state throughout the series. Notably, UO2-

isq has two isolated, ligand-based radicals that can be harnessed for U-Ouranyl bond activation. U-

Ouranyl bond functionalization and scission was carried out with B-chlorocatecholborane or pivaloyl 

chloride, furnishing either mono- or bis-iminoquinone U(IV) products and the corresponding 

organic ethers. The origin of the oxygen atom was established by isotopic labeling experiments. 

Formation of a C-O bond followed by complete U-O cleavage from a uranyl species is 

unprecedented, with previous examples limited to typical Lewis acidic atoms. 

The expansion and understanding of ligand bonding and electronic structure in uranyl 

compounds is a crucial part of the processing and remediation of uranium in the environment. We 

have examined this bonding thoroughly with a variety of analytical techniques and exploited the 

activation of U-Ouranyl bonds to convert U(VI) to U(IV) with electrons stored in the iminoquinone 

ligand. The ability to convert U(VI) to U(IV) is an important requirement in manipulating uranium 

in the environment and would be a fundamental step in any catalytic cycle featuring high valent 

uranium. Future experiments will aim to generalize the coordination environment and expand the 

family of reagents capable of U-Ouranyl bond functionalization.  
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CHAPTER 3. SYNTHESIS, CHARACTERIZATION, AND 
ELECTRONIC STRUCTURE OF COPPER IMINOQUINONE 

COMPLEXES 

3.1 Introduction 

Copper iminoquinone complexes have come to the forefront of redox-active ligand research 

over the past 20 years, with interest in their electronic structure1-4, reactivity5-9 and bonding2,10. 

While these studies have provided good evidence for the neutral (iminoquinone) and monoanionic 

(iminosemiquinone) complexes, little attention has been paid to the dianionic ligand 

(amidophenolate) bound to copper. This is likely a result of its highly reduced nature, and thus 

instability. One study by Wieghardt and co-workers electrochemically generated a copper 

amidophenolate species in situ.4 They measured the electronic absorption spectrum of the species 

and compared it to other copper complexes with the same ligand in different oxidation states. 

While other studies have advanced the understanding of reactivity and bonding preferences for the 

neutral and monoanionic forms of the ligand, these aspects of the copper amidophenolate species 

have not been examined. Herein, we present a study of the dippiq ligand on copper, isolated in 3 

oxidation states. To study the electronic structure, bonding preferences, and reactivity of these 

complexes, characterization including multinuclear NMR, EPR, UV-Vis, and X-ray 

crystallography is discussed. In particular, the effect of potassium binding to the complexes was 

evaluated, showing that interactions have drastic effect on the color of the complexes. 
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Figure 3.1: Redox chemistry of the iminoquinone ligand.  

Blue denotes neutral atoms while red indicates anionic ones. The iminoquinone (iq0) (left), 
iminosemiquinone (isq1-) (middle) and amidophenolate (ap2-) (right) exists in three oxidation 

states. 
 

3.2 Experimental 

3.2.1 General Considerations 

All air- and moisture-sensitive manipulations were performed using standard Schlenk 

techniques or in an MBraun inert atmosphere drybox with an atmosphere of purified nitrogen. The 

MBraun drybox was equipped with two −35 °C freezers for cooling samples and crystallizations. 

Solvents for sensitive manipulations were dried and deoxygenated using literature procedures with 

a Seca solvent purification system.11 Benzene-d6 and pyridine-d5 were purchased from Cambridge 

Isotope Laboratories, dried with molecular sieves and sodium, and degassed by three freeze–

pump–thaw cycles. 4,6-di-tert-butyl-2-[(2,6-diisopropylphenyl)imino]quinone (dippiq)12, potassium 

graphite (KC8)13, were prepared according to literature procedures. CuI, [(CuOTf)2tol]2 18-crown-

6 (18-C-6) was purchased from Sigma Aldrich and dried on a Schlenk line overnight prior to use. 

1H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at 299.992 

MHz. All chemical shifts are reported relative to the peak for SiMe4, using 1H (residual) chemical 

shifts of the solvent as a secondary standard. The spectra for all paramagnetic molecules were 

obtained by using an acquisition time of 0.5 s, thus the peak widths reported have an error of ±2 

Hz. For all diamagnetic molecules, the 1H NMR data are reported with the chemical shift, followed 

by the multiplicity, coupling constant in Hz, the integration value, and, where possible, the peak 

N

O

R

tBu

tBu N

O

R

tBu

tBu N

O

R

tBu

tBu

+ e-

- e-

+ e-

- e-



102 
 

assignment. For all paramagnetic molecules, the 1H NMR data are reported with the chemical shift, 

followed by the peak width at half height in Hz, the integration value, and, where possible, the 

peak assignment. 11B NMR spectra were recorded on a Varian Inova 300 spectrometer operating 

at a frequency of 96.24 MHz. 11B chemical shifts are reported relative to the peak for BF3Et2O (0.0 

ppm). All voltammetric data were obtained under inert atmosphere conditions using external 

electrical ports of the MBraun inert drybox. All data were obtained using a Gamry Instruments 

Interface 1000 model potentiostat using the Gamry Instruments Laboratory software. All data were 

collected on samples in THF with 0.1 M [Bu4N][PF6] supporting electrolyte concentration, and 

using an internal resistance compensation of approximately 2000 ohms. Solutions were analyzed 

in 10 mL beakers, with a 3 mm glassy carbon working electrode, a Pt wire counter electrode, and 

an Ag wire quasi-reference electrode. Potential corrections were performed at the end of the 

experiment using the Fc/Fc+ couple as an internal standard. X-Band EPR spectra were recorded 

on a Bruker EMX EPR spectrometer. Electronic absorption measurements were recorded at 294 

K in THF in sealed, 1 cm quartz cuvettes with a Cary 6000i UV-vis-NIR spectrophotometer. 

Elemental analyses were performed by Midwest Microlab (Indianapolis, IN). Solid state infrared 

spectra were recorded using a Thermo Nicolet 6700 spectrophotometer. 

Crystals of Cu-isq suitable for X-ray diffraction, were coated with poly(isobutylene) oil in 

a glovebox and quickly transferred to the goniometer head of a Bruker Quest diffractometer with 

a fixed chi angle, a sealed tube fine focus X-ray tube, single crystal curved graphite incident beam 

monochromator and a Photon100 CMOS area detector. Examination and data collection were 

performed with Mo Ka radiation (l = 0.71073 Å). Crystals of Cu-iq, Cu-ap and Cu-ap crown 

suitable for X-ray diffraction, were coated with poly(isobutylene) oil in a glovebox and quickly 

transferred to the goniometer head of a Bruker Quest diffractometer with kappa geometry, an I-µ-
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S microsource X-ray tube, laterally graded multilayer (Goebel) mirror single crystal for 

monochromatization, a Photon2 CMOS area detector and an Oxford Cryosystems low temperature 

device. Examination and data collection were performed with Cu Kα radiation (λ = 1.54184 Å). 

Data were collected, reflections were indexed and processed, and the files scaled and corrected for 

absorption using APEX3.14 All data were collected with Oxford Cryosystems low temperature 

devices operating at 100 or 150 K. 

Data were collected, reflections were indexed and processed, and the files scaled and 

corrected for absorption using APEX3. The space groups were assigned and the structures were 

solved by direct methods using XPREP within the SHELXTL suite of programs and refined by 

full matrix least squares against F2 with all reflections using Shelxl201415 using the graphical 

interface Shelxle.16 If not specified otherwise, H atoms attached to carbon and nitrogen atoms were 

positioned geometrically and constrained to ride on their parent atoms, with carbon hydrogen bond 

distances of 0.95 Å for and aromatic C-H, 1.00, 0.99 and 0.98 Å for aliphatic C-H, CH2 and CH3 

moieties, respectively. Methyl H atoms were allowed to rotate, but not to tip, to best fit the 

experimental electron density. Uiso(H) values were set to a multiple of Ueq(C) with 1.5 for CH3, 

and 1.2 for CH2 and C-H units, respectively. 

3.2.2 Synthetic Details 

Synthesis of (dippiq)2Cu(OTf) (Cu-iq). A 20-mL scintillation vial was charged with 

[(CuOTf)2Tol]2 (0.075 g, 0.145 mmol) and 10 mL diethyl ether. A separate 20-mL scintillation 

vial was charged with dippiq (0.220 g, 0.580 mmol), dissolved in 8 mL diethyl ether and added 

dropwise to the stirring [CuOTf)Tol]2 slurry. A reddish-brown solution was observed. After 24 

hours, the solution was filtered over Celite and volatiles were removed in vacuo. The resulting 

reddish-black solid was washed with cold pentane (3 × 10 mL) to afford a dark red powder (0.209 
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g, 0.215 mmol, 74% yield) assigned as Cu-iq. X-ray quality crystals were obtained from a 

concentrated toluene solution stored at -35 °C. Elemental analysis of C53H74N2O5F3S1Cu1: 

Calculated, C, 65.51; H, 7.68; N, 2.88. Found, C, 64.88; H, 7.83; N, 2.73. 1H NMR (C6D6, 25 °C): 

d = 1.09 (s, 18H, C(CH3)3), 1.24 (s, 18H, C(CH3)3), 1.34 (s, 12H, CH(CH3)2), 1.49 (s, 12H, 

CH(CH3)2), 3.97 (s, 4H, CH(CH3)2), 4.29 (s, 2H, CH), 6.06 (t, 7, 2H, CH), 7.31 (d, 6 4H, CH). 19F 

NMR (C6D6, 25 °C): d = -78.47 (s, 3F, -OTf). 

Synthesis of (dippisq)2Cu (Cu-isq). A 20-mL scintillation vial was charged with CuI (0.140 

g, 0.735 mmol) and 10 mL THF. A separate 20-mL scintillation vial was charged with dippiq (0.558 

g, 1.470 mmol), dissolved in 8 mL THF and added dropwise to the stirring CuI slurry. After stirring 

for 15 minutes, KC8 (0.099 g, 0.735 mmol) was weighed by difference and added, resulting in a 

rapid color change from brown to dark green. After 2 hours, the solution was filtered over Celite 

and volatiles were removed in vacuo. The remaining mixture was washed with cold n-pentane (1 

× 10 mL) to afford a green powder (0.526 g, 0.639 mmol, 87% yield) assigned as Cu-isq. Single, 

X-ray quality crystals were obtained from a concentrated toluene solution at -35 °C. Elemental 

analysis of C52H74N2O2Cu: Calculated, C, 75.92; H, 9.07; N, 3.41. Found, C, 75.42; H, 9.28; N, 

3.52. 1H NMR (C6D6, 25 °C): d = -107.77 (1023, 2H, CH), -29.68 (34, 2H, CH), -6.13 (32, 2H, 

CH), 1.90 (37, 18H, C(CH3)3), 3.59 (37, 12H, CH(CH3)2), 3.96 (22, 12H, CH(CH3)2), 6.51 (22, 

18H, C(CH3)3), 13.08 (152, 4H, CH(CH3)2), 28.33 (43, 4H, CH). 

Synthesis of [(dippap)2Cu][K(THF)2]2 (Cu-ap) from Cu-isq. A 20-mL scintillation vial was 

charged with Cu-isq (0.100 g, 0.122 mmol) and 10 mL THF. While stirring, KC8 (0.033 g, 0.243 

mmol) was weighed by difference and added, resulting in a rapid color change from dark green to 

purple. After 1 hour, the solution was filtered over Celite and volatiles were removed in vacuo. 

The crude mixture was washed with cold n-pentane (2 × 5 mL) to afford a purple powder (0.099 
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g, 0.095 mmol, 78% yield) assigned as Cu-ap. Single, X-ray quality crystals were obtained from 

a concentrated diethyl ether solution at -35 °C. Elemental analysis of C60H90N2O4K2Cu1: 

Calculated, C, 68.95; H, 8.68; N, 2.68. Found, C, 68.44; H, 8.54; N, 2.57. 

Synthesis of [(dippap)2Cu][K(18-crown-6)(THF)2]2 (Cu-ap crown) from Cu-ap. A 20-mL 

scintillation vial was charged with Cu-ap (0.330 g, 0.316 mmol) and 15 mL THF forming a red 

solution. While stirring, 18-crown-6 (0.167 g, 0.632 mmol) was weighed by difference and added. 

Immediately, A tan precipitate forms, suspended in the THF solution. After stirring the slurry for 

3 hours, volatiles were removed in vacuo. The crude mixture was washed with cold diethyl ether 

(2 × 10 mL) to afford a tan powder (0.472 g, 0.275 mmol, 87% yield) assigned as Cu-ap crown. 

X-ray quality crystals were obtained from a concentrated THF solution stored at -35 °C. Elemental 

analysis of C92H154N2O18K2Cu1: Calculated, C, 64.32; H, 9.04; N, 1.63. Found, C, 64.05; H, 8.89; 

N, 1.50. 

3.3 Copper Iminoquinone Complexes 

3.3.1 Synthesis of Cu-iq 

 

 

Figure 3.2: Synthesis of the copper iminoquinone complex, Cu-iq. 

 

Studies initially targeted a copper iminoquinone complex featuring two neutral ligands. 

Attempted synthesis with copper monohalides yielded mono-ligand species with dimeric 
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structures that bridge through halide anions. In order to attain a bis(ligand) complex, a more labile 

anionic group was employed. Cuprous triflate was treated with two equivalents of ligand, resulting 

in a darkening of solution to red. After workup, a reddish-black solid was attained in good yield 

(74%). Proton NMR analysis revealed 8 diamagnetic resonances corresponding to the 

iminoquinone ligand. Fluorine NMR confirmed the presence of a triflate ion with a single peak at 

-78 ppm. Crystals suitable for X-ray crystallography were grown from a concentrated toluene 

solution and confirmed the presence of two ligands in a pseudo-pentagonal bipyramidal 

orientation.  

3.3.2 X-Ray Crystallography of Cu-iq 

 

 

Figure 3.3: Molecular structure of Cu-iq.  
Structure shown with 30% probability ellipsoids and hydrogen atoms and co-crystallized solvent 

molecules have been omitted for clarity. 

 

Structure determination is one of the most rewarding techniques for the inorganic chemist, 

thus all copper iminoquinone complexes were analyzed using single-crystal X-ray diffraction. Cu-

iq crystallizes from toluene in the monoclinic space group P21/c, revealing a five-coordinate 
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copper complex. Two iminoquinone ligands and one triflate ion are bound in a pseudo-trigonal 

bipyramidal geometry (t5=0.61). The interaction of the triflate ion with the copper atom is weak, 

as demonstrated by the relatively long linkage of 2.1977(13) Å. For comparison, the copper-

oxygen bonds of the iminoquinone ligands are shorter, 2.1688(12) and 2.1832(12) Å, despite being 

dative interactions. Indeed, the nitrogen atoms of the iminoquinone ligands are the shortest bonds 

to copper at 1.9345(14) and 1.9352(14) Å. 

3.4 Copper Iminosemiquinone Complexes 

3.4.1 Synthesis of Cu-isq 

 

 

Figure 3.4: Synthesis of the copper iminosemiquinone complex, Cu-isq. 
 

The copper bis(iminosemiquinone) complex, Cu-isq, was generated via salt metathesis of 

copper iodide with one equivalent of potassium graphite in the presence of two equivalents of 

ligand. The solution changes color from brown/red to green with addition of reductant, 

corresponding to the change in oxidation state of the ligand. The proton NMR spectrum features 

broad, paramagnetic resonances ranging from -30 to +30 ppm. This paramagnetism is not unusual 

for the iminosemiquinone ligand, and has been observed with other metals, even diamagnetic ones.  

Cu
N

O

dipp

tBu

tBu
N

O

dipp

tBu

tBu

K

Et2O

K

Et2O

Cu N
O

dipp

tBu
tBu

N
O

dipp

tBu
tBu

Et2O
- 2 C8

+ 2 KC8

2-isq
3-ap

Et2O
- 1 KI, C8

+ 1 KC8N

O

dipp

tBu

tBu
CuI + 2

THF
3 Hrs

+ 2 18-Crown-6
Cu N

O

dipp

tBu
tBu

N
O

dipp

tBu
tBu

O
O

O

O

O
OK

2

3-ap crown



108 
 

3.4.2 X-Ray Crystallography of Cu-isq 

 

 

Figure 3.5: Molecular structure of Cu-isq. 
Structure shown with 30% probability ellipsoids and hydrogen atoms and co-crystallized solvent 

molecules have been omitted for clarity. 

 

The confirmation of structure was accomplished by analysis of crystals grown from 

toluene, showing a square planar coordination with nitrogen atoms trans from each other, in the 

sterically favorable conformation.  

Crystals of Cu-isq, grown from toluene, were analyzed and found to be in the monoclinic 

space group Pn. This square planar complex (t4’=0.04) has two iminoquinone ligands bound to the 

copper center, with nitrogen atoms trans to each other, in sterically favorable positions. The 

copper-oxygen bond distances are short, at 1.909(3) and 1.905(3) Å, signifying anionic linkages. 

On the other hand, the copper-nitrogen bond distances of 1.938(3) and 1.933(3) Å are on par with 

those of Cu-iq, suggesting they maintain their dative bonding.  
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3.4.3 Cyclic Voltammetry of Cu-isq 

 

 

Figure 3.6: Cyclic Voltammetry of Cu-isq vs. Fc/Fc+.  

Data recorded in 4 mL 1.0 M [(n-Bu)4N][PF6] THF solutions at 25 °C. 
 

Cu-isq was examined using electrochemistry to study the nature of oxidation and reduction 

of the complex. In a THF solution, analysis of cathodic scans revealed one reversible oxidation at 

-0.51 V. However, further scanning yielded poor reversibility and rapid decay of signal. The 

observed phenomenon is likely due to the iminoquinone ligand dissociating from the complex and 

undergoing deleterious side reactions. This behavior has been noted previously for the ligand, 

forming unidentifiable polymerization products. Anodic scans proved much more rewarding. Two, 

quasi-reversible reductions were observed at -1.59 and -2.40 V. These signals correspond to the 

sequential reduction of each ligand by one electron, forming the bis(amidophenolate) species in 

situ. The quasi-reversible nature, along with crystallographic results suggest that the molecule has 
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some sort of re-arrangement upon reduction. Based on these reversible, accessible electrochemical 

reductions, further reduction of the ligands of our copper complexes was explored. 

3.5 Copper Amidophenolate Complexes 

3.5.1 Synthesis of Cu-ap and Cu-ap crown 

 

 

Figure 3.7: Synthesis of the copper amidophenolate (Cu-ap) complex by reduction of Cu-isq. 
 

Interested in pushing the limits of the iminoquinone ligand, reduction of the copper 

bis(iminosemiquinone) was accomplished with two equivalents of potassium graphite. The green 

solution immediately changed color to purple. Upon workup, a purple solid was attained in good 

yield (78%). The molecular structure was determined using X-ray crystallography, showing 

potassium coordination to the dianionic ligands, bending them into a pseudo-tetrahedral geometry. 

This is not unlike the coordination of the potassium ions to the ligands in Ln-ap, with two solvent 

molecules bound.  
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Figure 3.8: Synthesis of the copper bis(amidophenolate) dipotassium crown ether complex (Cu-
ap crown). 

 

To extract the potassium ions and prevent the conformational bending observed in Cu-ap, 

18-crown-6 (18-C-6) was employed. Upon adding the crown ether to a light red THF solution of 

Cu-ap, an immediate change in solubility is observed. A shimmering suspension of brown powder 

forms and does not easily settle. Upon workup, a tan powder is obtained (87% yield) that is poorly 

soluble in non-polar solvents. Once again, X-ray crystallography was employed to determine the 

connectivity and identity of the species. Initially, crystals from THF or ACN provided subpar data, 

with large amounts of disorder. Finally, after several attempts, a suitable sample was found. 
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3.5.2 X-Ray Crystallography of Cu-ap and Cu-ap crown 

 

 

Figure 3.9: Molecular structure of Cu-ap. 
Structure shown with 30% probability ellipsoids and hydrogen atoms and co-crystallized solvent 

molecules have been omitted for clarity. 

 

The bis(amidophenolate) complex (Cu-ap) crystallized from diethyl ether in the 

orthorhombic space group Pbcn. The copper center is located on a 2-fold rotation center, creating 

crystallographically symmetric ligands. The diethyl ether-bound potassium ions coordinate to the 

oxygen atoms of the ligands and appear to bend them into a pseudo-tetrahedral geometry (t4=0.67, 

t4’=0.65). The copper-oxygen bond distances of 1.9813(16) Å are quite long, while the copper-

nitrogen bond distances of 1.9332(18) Å are similar to those of Cu-isq. The observed lengthening 

of the copper-oxygen bonds can be attributed to the potassium ion “pulling” the oxygen atom away 

from the copper. 
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Figure 3.10: Molecular structure of Cu-ap crown. 
Structure shown with 30% probability ellipsoids and hydrogen atoms, co-crystallized solvent 

molecules and potassium-bound crown ether molecules have been omitted for clarity. 

 

Cu-ap crown crystallizes from THF in the triclinic space group P-1 as a 1:1 rotational 

twin. Refinement of the data reveal two potassium ions sequestered by crown ether molecules and 

with coordinated tetrahydrofuran molecules completing their coordination sphere. The copper 

center is ligated by two iminoquinone ligands in a square planar geometry (t4’=0.00), similar to 

Cu-isq. The copper atom is located on an inversion center, producing crystallographically 

symmetric ligands, with nitrogen atoms trans to each other. The copper oxygen bond distances of 

1.940(3) Å are shorter than those of Cu-ap, with potassium ions completely removed from the 

coordination sphere. The copper-nitrogen distances of 1.923(3) Å are only slightly contracted 

compared to Cu-isq and Cu-ap.  
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3.6 UV-Vis/NIR of Cu-iq, Cu-isq, Cu-ap and Cu-ap crown 

 

 

Figure 3.11: Electronic absorption spectra for Cu-iq, Cu-isq and Cu-ap. 

Data recorded in toluene at 25 °C. 
 

Given the distinctive colors of copper iminoquinone complexes, electronic absorption 

spectroscopy was employed to examine the effect of reduction on electronic transitions. The 

spectrum of Cu-iq in toluene shows two strong absorptions at 452 (4099 M-1 cm-1) and 734 nm 

(6646 M-1 cm-1), responsible for the observed dark green color. Green, Cu-isq displays 5 

absorbance maxima at 1009 (4,049 M-1 cm-1), 796 (7,933 M-1 cm-1), 452 (5,969 M-1 cm-1), 415 

(6,049 M-1 cm-1) and 308 (23,838 M-1 cm-1) nm. Cu-ap displays 3 absorbance at 891 (4,634 M-1 

cm-1), 569 (1,574 M-1 cm-1) and 310 nm (13,036 M-1 cm-1), producing a bright purple color. 
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Figure 3.12: Electronic absorption spectra of Cu-isq, Cu-ap and Cu-ap crown. 
Data recorded in THF at 25 °C. 

 

Cu-ap was noted to change color when dissolved in different solvents. Non-polar solvents 

such as pentane, toluene and benzene made purple solutions of Cu-ap, similar to the color of the 

powder. When Cu-ap was dissolved in THF, a bleaching of solution was noted with only a faint 

red color was observed. Hypothesizing that this solvatochromism was due to the potassium binding 

to the copper iminoquinone complex and causing a structural distortion, 18-crown-6 was used to 

sequester the potassium ions. Upon addition of the crown ether, a tan powder was obtained that is 

insoluble in non-polar solvents, and faintly red-colored in polar ones. The electronic absorption 

spectrum of Cu-ap and Cu-ap crown in THF show almost identical features (or lack of), only one 

strong absorption at ~375 nm. In contrast, the spectrum of Cu-isq collected in THF retains its five, 

strong absorption features from 308 to 1009 nm. Notably, the spectra of Cu-ap in toluene and THF 

are very different, with toluene solutions featuring many more absorptions, giving rise to its 

observed purple color. 
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Figure 3.13: Proposed equilibrium responsible for the purple and colorless forms of Cu-ap. 

Coordinating solvents result in a bleaching of the purple Cu-ap. 
 

3.7 Intraligand Bond Distance Comparison of Cu-iq, Cu-isq, Cu-ap and Cu-ap crown 

Intraligand bond distances can aid in oxidation state assignment (ligand and metal) and the 

iminoquinone has a robust library of organometallic complexes available for comparison. This 

popular ligand has been studied enough that an equation has been developed to predict the 

oxidation state of the ligand based on structural changes. The output of the equation (MOS or 

Metrical Oxidation State) of each of the ligands will be discussed, along with other effects. 

Each of the complexes Cu-iq, Cu-isq and Cu-ap crown feature the iminoquinone ligand 

in different oxidation state and intraligand bond distance vary accordingly. A good indication of 

reduction can be found in the C-O and C-N bonds of the ligands. When reduced, the bonds begin 

to lose their double-bond character, converting to a single-bond with occupation of the low-lying 

p*–orbital. Cu-iq features short C-O (1.238(2) and 1.236(2) Å) and C-N (1.238(2) and 1.236(2) 

Å) bond lengths, which are close to those of the free ligand (C-O = 1.221(2) and C-N = 1.287(2) 

Å). In Cu-isq, single reduction at each ligand lengthens the C-O bonds to 1.294(5) and 1.292(5) 

Å and C-N bonds to 1.334(5) and 1.342(5) Å, indicating more single bond character. Further 

reduction of the ligand lengthens the C-O bonds to 1.328 Å and C-N bonds to 1.369(5) Å, as 

measured in Cu-ap crown. 
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Figure 3.14: Bond distance comparison for Cu-iq, Cu-isq and Cu-ap crown. 
 

Applying these C-O and C-N lengths (and the C-C bond lengths of the ring) to the MOS 

calculator, we are able to get a number representing the amount of reduction of the ligands. For 

Cu-iq, the MOS values for each ligand are -0.06 and -0.07. These numbers correspond well with 

our other characterization and assignment as two, neutral ligands. The MOS of Cu-isq was 

calculated to be -0.77 and -0.81. These values are close to -1 and could be slightly too high because 

the model is based on all iminoquinone complexes, and not just the dipp-substituted ligands. For 

Cu-ap crown, the MOS calculation produces a value of -1.61 for each ligand. While this could 

suggest that one ligand is -1 and one is -2 (averaging to -1.5), it is more likely the model is slightly 

off for this specific ligand set (as observed in Cu-isq). 
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3.8 EPR of Cu-isq and Cu-ap 

 

Figure 3.15: EPR spectra of Cu-isq and Cu-ap. 
Data recorded in toluene at -168 °C. Frequency: 9.501 GHz. Power: 100 mW. Modulation: 10 

G/100 kHz. 
 

The iminoquinone ligand has been well studied for its ability to stabilize radicals in its 

monoanionic (iminosemiquinone) form. Additionally, Cu2+ is a d9 species that contains an 

unpaired d-electron. Interested in studying the nature of these radical species, EPR spectroscopy 
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was carried out in toluene at 105 K and room temperature for each sample. At low temperature, 

Cu-ap shows an axial signal with hyperfine coupling to the Cu2+ nucleus. This is not uncommon 

for Cu2+ species. On the other hand, Cu-isq shows additional features at low temperature, located 

at approximately g = 2, with sharper features. This aides in the assignment of the ligand radical. 

Both of these spectra are consistent with the assignment of a Cu2+, d9 species and, in the case of 

Cu-isq, a ligand-based radical. 

3.9 Conclusion 

The synthesis and characterization of a series of copper complexes bearing the redox-active, 

iminoquinone ligand has been described. The iminoquinone species (Cu-iq) features a five-

coordinate copper(I) center ligated by a triflate ion and two iminoquinone ligands. Upon removal 

of the triflate, the copper is oxidized by one electron to copper(II), forming a complex with two 

monoanionic, iminosemiquinone ligands (Cu-isq). This species features two ligand radicals, as 

observed by EPR spectroscopy. Further reduction with KC8 allows access to the 

bis(amidophenolate) copper(II) complex (Cu-ap), with two dianionic ligands. This complex is of 

note, as previous literature has isolated the neutral and mono-anionic ligand species, but not the 

dianionic species. This highly reduced complex is stabilized by potassium coordination to the 

ligands, bending the species into a pseudo-tetrahedral geometry. Extracting the potassium ion (as 

in Cu-ap crown) from the coordination sphere has several effects. It bleaches the color of the 

complex from purple to tan, decreases its solubility in organic solvents, and returns the ligands to 

a square planer geometry, as in Cu-isq. 

The work discussed here provides a study of the iminoquinone ligand, isolated in 3 oxidation 

states, on a copper metal center. The ability to isolate all three oxidation states allows for 

comparisons not noted in previous studies. The electronic structure, bonding preferences, and 
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reactivity was studied using multinuclear NMR, EPR, UV-Vis, and X-ray crystallography. Of 

particular interest is Cu-ap crown, which has four “stored” electrons that can be used to make 

new bonds with oxidants. Future studies aim to harness these electrons to make new bonding 

motifs and facilitate difficult reactions. 
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