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Abstract 

Artificial lighting serves as a fundamental necessity to the daily lives of the global 

population, and consumes around 20% of universal energy production. Although significant 

progress has been made to the design, fabrication, and synthesis of blue light emitting diodes 

(LEDs) since their first discovery in the 1990s, the efficiency and quality of these light sources has 

yet to reach a limit. As an advancement to inorganic LEDs, organic light emitting diodes (OLEDs) 

produce thinner and more flexible display technologies. Therefore, increasing attention in both the 

synthetic and materials chemistry communities has been dedicated towards the synthesis of new 

molecular scaffolds for application in OLED technologies. Boron-based molecules are some of the 

most promising and highlight the importance of heteroatom-doping in new OLED structures. Due 

to its inherent electrophilicity, the inclusion of neutral boron moieties into carbon-based materials 

entirely perturbs the overall electronics of the system and transforms the molecules into much 

better electron acceptors. In chapter one, an overview of strategies for developing novel main-

group materials is highlighted, and relevant seminal discoveries are detailed.  

The work highlighted in this dissertation spans a five-year effort to further understand and 

expand the known chemistry of p-block element-based polycyclic aromatic hydrocarbons. Chapter 

two of this dissertation focuses on the synthesis and characterization of pyrene-fused N-

heterocyclic germylenes (NHGe). These extremely twisted and bent NHGes laid the preliminary 

synthetic foundation for our subsequent studies on luminescent N-heterocyclic boranes featured in 

chapter three. The tunability of their fluorescence color designates these fused NHBs as promising 

candidates for functional main-group materials. 

While electron deficient boron-based compounds are quite common, nucleophilic species 

are exceedingly rare, and the majority are highly reactive. However, with the optimum conditions, 
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anionic species can be stabilized and their reactivity can be harnessed as powerful nucleophiles in 

synthetic chemistry. Chapter four of this dissertation details the challenging synthesis and 

structural characterization of 9-carbene-9-borafluorene monoanions. Notably, we prepared six 

novel carbene-coordinated borafluorene monoanions via two electron chemical reduction of their 

corresponding neutral tetracoordinate starting materials. Furthermore, the 9-carbene-9-

borafluorenes were demonstrated to react as nucleophiles with metal halide substituents. 

Alternatively, when the borafluorene anions are introduced to diketones, the carbene ligands are 

displaced and new boron-based spirocycles are accessed. In chapter five, the redox chemistry of 

the borafluorene monoanions was probed with elemental selenium which resulted in the formation 

of new boryl-substituted selenides and diselenides, many of which resulted from 2,6-

diisopropylphenyl migration.  

Chapter six of this dissertation focuses on expanding the structural and electronic tuning 

of the 9-carbene-9-borafluorene monoanions by modulation of the cation-boron distances. When 

encapsulating the potassium cations with chelating ligands, the electron rich-ness of the boron 

center is increased. Therefore, unique optical properties of novel spirocycles can be accessed by 

introducing the charge-separated 9-carbene-9-borafluorene monoanions to diketones. Reaction 

modelling via density functional theory supports the formation of the spirocycles to proceed via a 

single-electron transformation from the boron atom to the diketone, thus demonstrating the 

ambiphilic nature of the 9-carbene-9-borafluorene monoanions. Furthermore, chapter seven details 

the activation of carbon dioxide by a 9-carbene-9-borafluorene monoanion which produces the 

novel trioxaborinanone. Remarkably, photolysis or thermolysis of the trioxaborinanone releases 

carbon monoxide and a fluorescence response is turned on.  
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50% probability and H atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): 

Ge1–N1: 1.871(3); Ge1–N2: 1.868(3); C1-C2-C8-C9: 49; N1-N2-N3-N4: 64. 

Figure 2.3. Molecular structure of 2.3: a) cis-sIPr coordinated NHGe, b) top view with 

C6D6 molecule, c) sIPr side view, and d) crystal packing view with Me—sIPr centroid 

interaction. Thermal ellipsoids shown at 50% probability and H atoms were omitted for 

clarity. Selected bond lengths (Å) and angles (°): Ge1–N1: 1.9430(14); Ge1–N2: 

1.9489(14); Ge1–C21: 2.1321(18); N4–C21: 1.359(2); N3–C21: 1.356(2); C2-C1-C2’-

C1’: 5; N2-N1-N2’-N1’: 7; C21-Ge1-Ge1’-C21’: 15. 

Figure 2.4. UV-vis absorption spectra of 2.1-2.3 in toluene at room temperature. 

Figure 2.5. LUMO (top) and HOMO (bottom) orbital representations of 2.2 and 2.3 

depicting the delocalization on pyrene. 
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Figure 3.1. a) Pyracene-fused N-heterocyclic borane with redox properties; b) boryl-linked 

tetraazaolefin that oxidizes to the radical cation; c) methylated benzene-fused bis(diazaborole)      

d) This work: neutral pyrene- and benzene-fused N-heterocyclic boranes featuring structural 

distortions and luminescent properties. 

Figure 3.2. Molecular structure of 3.2: a) front view, b) side view. Thermal ellipsoids shown at 

50% probability and H atoms (except B-H) were omitted for clarity. Selected bond lengths (Å) 

and angles (°): B1–H1: 1.15(3); B1–N1: 1.421(7); B1–N2: 1.433(7); C2–C1–C2ʹ–C1ʹ: 40; N2–

N1–N2ʹ–N1ʹ: 52. 

Figure 3.3. Molecular structure of 3.3: a) front view, b) side view. Thermal ellipsoids shown at 

50% probability and H atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): 

B1–F1: 1.335(4); B1–N1: 1.419(5); B1–N2: 1.423(5); C1–C2–C1ʹ–C2ʹ: 0; N1-N2-N1ʹ-N2ʹ: 0, C3–

C2–C1–C7: 20.  

Figure 3.4. Molecular structure of 3.4: a) front view, b) side view. Thermal ellipsoids shown at 

50% probability. H atoms and co-crystallized solvent were omitted for clarity. Selected bond 

lengths (Å) and angles (°): B1–C21: 1.573(4); B1–N1: 1.453(4); B1–N2: 1.448(5); C1–C2–C1ʹ–

C2ʹ: 0; N1–N2–N1ʹ–N2ʹ: 0, C3–C2–C1–C7: 28; C22–C21–B1–N2: 60. 

Figure 3.5. Molecular structure of 3.6: a) front view, b) view showing planarity of benzene. 

Thermal ellipsoids shown at 50% probability and H atoms except for boron bound H were omitted 

for clarity. Selected bond lengths (Å): B1–H1: 1.140(17); B1–N1: 1.426(2); B1–N2: 1.426(2); 

N1–C2: 1.4166(18); C1–C2: 1.395(2); C1–C3ʹ: 1.398(2).  
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Figure 3.6. Molecular structure of 3.7: a) front view, b) view showing planarity of benzene. 

Thermal ellipsoids shown at 50% probability and H atoms were omitted for clarity. Selected bond 

lengths (Å): B1–F1: 1.3906(12); B1–F2: 1.3853(12); B1–N1: 1.5690(13), B1–N2: 1.5678(13), 

C1–N1: 1.3266(11); C1–C2: 1.3968(12); C1–C3ʹ: 1.5062(12). 

Figure 3.7. Molecular structure of 3.8: a) front view, b) view showing planarity of benzene. 

Thermal ellipsoids shown at 50% probability and H atoms were omitted for clarity. Selected bond 

lengths (Å) and angles (°): B1–N1: 1.4436(19), B1–N2: 1.440(2), B1–C12: 1.609(6); C13–C12–

B1–N1: 93. 

Figure 3.8. Molecular structure of 3.9: a) front view, b) view showing planarity of benzene. 

Thermal ellipsoids shown at 50% probability and H atoms were omitted for clarity. Selected bond 

lengths (Å): B1–N1: 1.439(7), B1–N2: 1.460(7), B1–C12: 1.589(8). 

Figure 3.9. a) UV-vis absorption of 2.1, 3.2-3.4; b) emission of 2.1, 3.2-3.4; c) UV-vis absorption 

of 5-9; d) emission of 6-9. All samples were dissolved in toluene and ran at room temperature. 

Compounds 2.1, 3.2-3.4 were excited at 380 nm and 3.5-3.9 were excited at 310 nm.  

Figure 3.10. Molecular structure of 3.11: a) front view, b) side view. Thermal ellipsoids shown at 

50% probability and H atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): 

B1–C15: 1.5669(19); B1–N1: 1.4291(18); B1–N2: 1.4272(18); C1–C2–C1ʹ–C2ʹ: 0; N1–N2–N1’–

N2’: 0, C3–C2–C1–C7: 11; C22–C21–B1–N2: 49.  

Figure 3.11. a) UV-vis absorption of 3.10 and 3.11; b) emission of 3.10 and 3.11. Samples were 

dissolved in toluene and run at room temperature. Compound 3.10 was excited at 365 nm and 3.11 

was excited at 380 nm. 
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Figure 4.1. a) Reported boryl anions with cation contacts; b) hydrogen atom abstraction under 

reducing conditions; c) borafluorene dianion; and d) Lewis base-stabilized borafluorene 

monoanions (this work). 

Figure 4.2. Molecular structures of CAAC-BF-anions [4.3 (a), 4.4 (b), 4.5 (c)] and NHC-BF-

anions [4.6 (d), 4.7 (e), 4.8 (f)]. Thermal ellipsoids shown at 50% probability and H atoms were 

omitted for clarity.  

Figure 4.3. Solid state structures of 4.5 (a) and 4.8 (b) depicting polymeric and cyclohexameric 

structures.  

Figure 4.4. Plot of HOMO of (a) [NHC-BF]- and (b) [CAAC-BF]-. EDA-NOCV deformation 

densities (c) Δρ(1) and (d) Δρ(2) associated with orbital interactions ΔEorb(1) and ΔEorb(2) for 

[NHC-BF]-. Charge flow red→blue (isosurface = 0.003).  

Figure 4.5. Bonding models considered for EDA, a) Singlet fragment donor-acceptor model, b) 

Triplet fragment electron-sharing model. 

Figure 4.6.  Calculated isotropic out-of-plane NICS(1)ZZ values (ppm) at the B3LYP-D3(BJ)/def2-

TZVP level of theory. 

Figure 4.7. ACID plots of (a) [NHC-BF]- and (b) [NHC-Borole]- (isosurface = 0.03). 
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Figure 4.8. Molecular structures of reactivity products of 9-12 (a-d respectively). Thermal 

ellipsoids shown at 50% probability and H atoms were omitted for clarity. Selected bond lengths 

[Å] and angles [°]: 4.9: B1–Au1 2.223(6), P1–Au1 2.2969(13), B1–Au1– P1 164.85(16); 4.10: 

B1–Ge1 2.2079(10); 4.11:  B1–Se1 2.103(6), Se1–C35 1.926(5); 4.12: B1–Au1 2.184(3), P1–Au1 

2.3361(7), B1–Au1– P1 175.04(8).  

Figure 4.9. Molecular structures of 4.13 (a) and 4.14 (b). Thermal ellipsoids shown at 50% 

probability and H atoms were omitted for clarity. Selected bond lengths [Å]: 13: B1–O1 

1.5103(15); B1–O2 1.5156(15); O1–C13 1.3796(14); O2–C20 1.3801(14); C13–C20 1.3565(16); 

14: B1–O1 1.52(3); B1–O2 1.57(3); O1–C13 1.42(2); O2–C14 1.35(2); C13–C14 1.30(3). 

Figure 4.10. Normalized absorption (solid) and emission (dashed) spectra of 4.13 (red) and 4.14 

(blue). Solutions were dissolved in THF and ran at room temperature. Compound 4.13 was excited 

at 410 nm and compound 4.14 was excited at 370 nm.  

Figure 5.1. a) PhSe–SePh cleavage by N-heterocyclic gallyl anion; b) reaction of diboraanthracene 

dianion with Se2Ph2; c) activation of elemental selenium by diazaborinine; d) synthesis of a group 

13 metal analogue of CO containing an Al=Se multiple bond.  

Figure 5.2. Digital images of the samples of single-crystals: a (5.2); b (mixture of 5.2 (orange) and 

5.3 (colorless)); c (5.4); d (5.5); e (5.6); f (mixture of 5.2 (orange) and 5.5 (red)). Crystals of a-e 

are magnified by 40x on an optical microscope while f is not magnified.  

Figure 5.3. Molecular structures of 5.2-5.6 (a-e, respectively). Thermal ellipsoids set at 50% 

probability with H atoms and non-coordinated solvent omitted for clarity.  
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Figure 5.4. Molecular structures of 5.7 (a) and 5.8 (b). Thermal ellipsoids set at 50% probability 

with H atoms omitted for clarity.  

Figure 5.5. Calculated relative free energies (ΔG, kJ mol-1) for the reaction of 4.5 and elemental 

selenium at the RI-SCS-MP2/def2-TZVP//B3LYP-D3(BJ)/def2-SVP (SMD, Toluene) level of 

theory. 

Figure 5.6. Plots of the HOMO (a) and HOMO-1 (b) of 5.5. Deformation densities ∆ρ (c) and (d) 

of the pairwise orbital interactions for the electron-sharing model of 5.5. The direction of charge 

flow for the deformation densities is red → blue. Associated interaction energies given in kcal mol-

1. Only the α-pair is shown, see ESI for β-pair. Hydrogen atoms omitted for clarity. 

Figure 6.1. a) Examples of structurally unique cyclic boryl anions; b) Borafluorene-based 

spirocycles obtained from 9-carbene-9-borafluorene monoanion and diketones; c) Frustrated 

Lewis pair-stabilized boracyclic radicals. 

Figure 6.2. Plots of the electrostatic potential (ESP) of 6.1 (a) and 6.3 (b), B3LYP-D3(BJ)/TZ2P 

(COSMO, THF), isosurface from -2.5e-2 (red) to +8.0e-2 (blue). Plot of the calculated isotropic 

11B nuclear shielding of 6.1 with respect to BF--K(THF)3 distance (TPSSh/pcSseg-2 (CPCM, 

THF)) (c). 
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Figure 6.3. Molecular structures of 6.1 (a), 6.2 (b), 6.3 (c), and 6.4 (d). Hydrogen atoms omitted 

for clarity and thermal ellipsoids shown at 50% probability. Selected bond lengths [Å]: 6.1: B1–

C1 1.505(3), B1–C23 1.609(2), B1–C34 1.598(3), B1–K1 3.2363(19); 6.2: B1–C1 1.519(7), B1–

C23 1.586(8), B1–C34 1.617(8), B1---K1 5.911(6); 6.3: B1–C1 1.495(2), B1–C23 1.601(2), B1–

C34 1.616(2) B1---K1 6.891(2); 6.4: B1–C1 1.504(3), B1–C23 1.607(3), B1–C34 1.600(3), B1---

K1 8.095(2).  

Figure 7.1. a) Boron nucleophiles react with CO2 to form borylcarboxylic acid; b) CO2 capture by 

Frustrated Lewis Pairs; c) activation of CO2 by nonpolar double multiple bonds; d) This Work: 

synthesis of trioxaborinanone by borafluorene monoanion activation of CO2, and elimination of 

CO to form the fluorescent dioxaborinanone. 

Figure 7.2. Molecular structures of 7.2 (a) and 7.3 (b). Hydrogen atoms omitted for clarity and 

thermal ellipsoids shown at 50% probability. Selected bond lengths [Å]: 2: B1–O1 1.478(4), B1–

O3 1.535(3), C1–O1 1.350(3), C1–O2 1.410(3), C2–O2 1.351(3), C2–O3 1.298(3), C2–O4 

1.210(3), C1–C3 1.340(4); 3: B1–O2 1.5429(18), B1–O3 1.4746(17), C1–O1 1.2223(17), C1–O2 

1.3113(16), C1–C2 1.5517(18), C2–O3 1.3945(16).  

Figure 7.3. Calculated relative free energies (ΔG, kJ mol-1) for the reaction of 6.1 with CO2 to 

form 7.2 at the B3LYP-D3(BJ)/def2-TZVP//B3LYP-D3(BJ)/def2-SVP (SMD, Toluene) level of 

theory. All thermochemical values computed at 298.15 K and 3.4 atm. 
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Figure 7.4. Plots of the reactant fragment orbitals for TS1 (a) and (b). Plot of the deformation 

density Δρ(1) (c) indicating charge flow between NOCVs for TS1 and the associated contribution 

to the total orbital interaction (ΔE(1), kJ mol-1). Eigenvalue ν(1) quantifies the amount of transferred 

electron density (red: charge depletion, blue: charge accumulation), isosurface = 0.001.  

Figure 7.5. Normalized absorption (solid line) and emission (dashed line) spectra of 3. Solutions 

were dissolved in THF and ran at room temperature, and excited at 300 nm. 
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Scheme 5.4. Proposed mechanism for the direct synthesis of 5 (top). Calculated free energies (∆G, 

kJ mol-1) relative to reactants (RI-SCS-MP2/def2-TZVP//B3LYP-D3(BJ)/def2-SVP, (SMD, 

THF)). Reaction of CAAC-borafluorene radical with Se2Cl2 in THF also produces 5.5. 

Scheme 6.1. Synthesis of [K][9-carbene-9-borafluorene] complexes (6.1-6.4).  

Scheme 6.2. Displacement of CAAC ligand by 9,10 phenanthrenequinone and 1,10-

phenanthroline-5,6-dione to form spirocyclic borafluorenes 6.5 and 6.6.  

Scheme 7.1. Reaction of 1 with CO2 yields new 6-membered trioxaborinanone (7.2). Heating a 

solution of 7.2 releases CO and produces 5-membered dioxaborinanone (7.3). 
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1.1 Overview of Main-Group Materials Chemistry 

Situated on the outer edges of the periodic table, main-group elements have predominantly 

been the focus of fundamental research for the past 150 years.1 However, in the past two decades, 

there has been a tremendous shift towards expanding main-group chemistry into the horizon of 

advanced materials chemistry. The main-group elements comprise the s- and p-blocks of the 

periodic table (Figure 1.1).  Due to their inherently different electronic properties, main-group 

molecules have been shown to adopt unique structures that have given rise to new or unusual 

bonding modes that are not commonly observed in carbon-based compounds. Many of the early 

studies on main-group chemistry were exclusively aimed at investigating and further 

understanding the structure and bonding of such elements.1 For example, elements below the third 

row of the periodic table were once believed to not be able to exhibit multiple bonding. However, 

numerous studies have since shown that heavier main-group elements can demonstrate double and 

triple bonding.2-4 Multiple bonding between p-block elements is vital for materials applications in 

order to achieve the extended π-conjugated networks that are necessary for electron transfer. Now 

that more is known about the main-group elements, researchers in the field are aware that the 

different structural and bonding environments represent promising targets as functional materials 

that possess unique electronic features thus leading to significantly enhanced properties.  
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Figure 1.1. Main-group elements that comprise the s- and p-blocks of the periodic table.  

 

Furthermore, one foundational goal of main-group chemistry research has been the 

development and discovery of new trends within the groups of the periodic table. Specifically, 

studies which explore the differences in reactivity, structural geometries, and electronic 

environments of elements within a certain group are of high interest to synthetic main-group 

chemists. As an example of this, carbon can be considered an outlier to group 14 since its valence 

orbitals are very close in size, and therefore hybridize very easily. However, silicon, germanium, 

tin, and lead all have differently sized valence orbitals thus mixing is more difficult (Figure 1.2).5-

6 Because of this, the lone pair of divalent Si, Ge, Sn, and Pb has high s-character and is essentially 

inert while the lone pair of carbon(II) is highly reactive. Therefore, the empty p-orbital on the 

heavy tetrylenes is more reactive, and can be filled with a donor ligand. Chapter two of this 

p-block s-block 
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dissertation focuses on a more detailed discussion of the differences between N-heterocyclic 

carbenes and germylenes.  

Figure 1.2. Differences in the orbitals and stability of divalent carbon vs heavier group 14 

elements.   

  

1.2 Motivation and Strategies for Incorporating Main-Group Elements into Aromatic Systems 

Due to the aforementioned drastic differences in electronics and structural properties that 

can be observed with main-group elements, researchers have been interested in incorporating them 

into carbon-based aromatic systems.7-8 The replacement or “doping” of one carbon atom for a 

different p-block element has been shown to dramatically alter the electronic properties of aromatic 

systems and result in unusual photophysical properties (e.g. phosphorescence, thermally activated 

delayed fluorescence, aggregation induced emission). Therefore, this strategy of p-block element 

“doping” has been heavily used in synthetic chemistry as a means to access novel molecules for 

materials applications.1 For example, Rivard et. al. have shown that incorporation of bismuth into 

a carbon-based heterocycle results in dual emission via fluorescence and phosphorescence 

promoted by the enhanced spin-orbit coupling available within the excited states of bismuth.9 

While this just represents one example of the photophysical properties that can be achieved with 
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main-group elements, many other studies exist which feature p-block elements within polycyclic 

aromatic hydrocarbon (PAH) systems.10 Due to the distinctly different commercially available 

reagents, “doping” PAH systems with p-block elements can be extremely challenging and creative 

synthetic routes are necessary.  

There are three common routes to synthesize main-group element “doped” heterocycles: 

A) Fagan-Nugent reaction (metallacycle transfer), B) Sn/Si-B exchange, and C) salt elimination 

via lithiation (Figure 1.3). While other strategies exist for isolating such main-group species, these 

are the most common within the field. Route A consists of the formation of a zirconium heterocycle 

bearing cyclopentadienyl (Cp) substituents, and subsequent addition of a main-group halide 

electrophile (EXn; E = p-block element, X = halide) to yield the new heterocycle.11-12 Route B is 

commonly used in boron chemistry for the formation of new boron-based heterocycles, and 

involves the synthesis of a tin or silicon inorganic ring. The addition of a boron trihalide to the 

Sn/Si heterocycle then generates the desired boron-based system via elimination of R2YXn (Y = 

Si or Sn).13-15 In Route C, an initial lithiation takes place at the desired positions for the main-

group element placement, and sequential addition of an EXn reagent eliminates LiX and yields the 

new heterocycle. Although there are specific benefits to using certain p-block elements for 

particular materials-based applications, this thesis only focuses on the chemistries of germanium 

and boron.  
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Figure 1.3. Three different routes to synthesizing new p-block element containing heterocycles.  

  

1.3 Common Ligands used in Main-Group Chemistry  

In main-group chemistry, there are two different carbon-based ligands that are commonly 

used for stabilizing new molecules. N-heterocyclic carbenes (NHC)16-20 and cyclic(alkyl)(amino) 

carbenes (CAAC)21-23 are both popular strong σ-donor ligands that have been shown to stabilize a 

plethora of both main-group and transition metal complexes (Figure 1.4). Due to the presence of a 

quaternary carbon in CAAC ligands instead of the second nitrogen atom, the lowest unoccupied 

molecular orbitals (LUMOs) of these carbenes are lower, and thus are better π-accepting ligands. 

The absence of one nitrogen atom decreases the electron donation into the empty p-orbital of the 

carbene carbon and therefore destabilizes the LUMO. In some instances, CAACs have been 

capable of stabilizing low oxidation state main-group species that NHCs have been unable to.24-25 

These ligands are also highly tunable, and the R-groups can be optimized based on the steric bulk 

necessary to stabilize the desired low valent species. Although these carbene ligands are less 
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common in main-group materials chemistry, they were essential for isolating reduced borafluorene 

species and will be further discussed in chapters four and five of this dissertation.  

Figure 1.4. Structures of electron donating carbon-based ligands. N-heterocyclic carbene (left) 

and cyclic(alkyl)(amino) carbene (right).  

 

1.4 Germanium-Based Materials 

This subsection describes the importance and motivation for designing novel germanium 

materials and serves as a brief introduction to chapter two of this dissertation. Due to its 

semiconducting properties, elemental germanium has been used in a variety of electronic 

applications including fiber-optic systems, photovoltaics, and light emitting diodes.26 Germanium 

has also been widely used as a main-group catalyst for the formation of organic polymers.27-29 

Given the minimal difference in electronegativity between germanium (2.01) and silicon (1.90), 

in comparison to carbon (2.55) studies on germanium have been limited.30 Therefore, the high 

natural abundance and low cost have allowed silicon to be used more extensively for commercial 

applications. However, there has been an ongoing demand for regulating the electronic properties 

of organic materials for their specific applications, thus it is important to consider a wide range of 

elements for tuning the electronic states of functional materials. Given the lower ionization energy 

of germanium (7.900 eV) than silicon (8.15168 eV) and higher bond dissociation energy of a Ge–
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C bond (298 kJ mol-1) than a Si–C bond (290 kJ mol-1), germanium-containing organic 

heterocycles should be sufficiently stable for materials applications.1  

Within the last two decades, numerous novel germanium-based heterocycles have been 

prepared and have had drastically different photophysical properties than their carbon or silicon 

analogues.31-33 Rivard et al. reported a tetrathienylgermole that displayed enhanced emission via 

the formation of aggregates in mixed solvents.34 Moreover, dithienogermoles have proven to be 

promising targets for photoluminescent materials due to their higher stability. In 2016, Oshita and 

coworkers synthesized a trimethylsilyl-substituted cyclogermoxane which was highly 

photoluminescent in solution and as a solid with quantum yields up to 80%. Additionally, it also 

acts as a nitroaromatic sensor due to its decreased luminescence intensity upon exposure to the 

aromatic vapors.35  

While NHCs have been used for a wide range of applications, their heavier analogues, N-

heterocyclic germylenes (NHGes) have gained attention in catalysis and supramolecular chemistry 

due to their stronger π-accepting abilities.6, 36-39 In order to access different degrees of electron 

accepting abilities, several types of NHGes have been prepared (Figure 1.5). NHGes of type A40 

and B41-42 have one germanium atom available for binding and most closely resemble Arduengo’s 

NHC ligand.16-17 Bidentate NHGes of type C43 have been shown to be able to bind transition metal 

chelate complexes. As a means to build extended π-conjugated networks, Hahn et al. prepared a 

rigid ditopic NHGe (D).44 Most recently, Yang and coworkers prepared a triphenylene-based 

tritopic germylene with three divalent germanium atoms (E).45 Notably, this system could be used 

to prepare supramolecular materials. While all the aforementioned NHGes with the exception of 
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type C are planar, structurally flexible NHGes are rare. Our work on highly twisted pyrene-fused 

N-heterocyclic germylenes is described in chapter two of this dissertation.   

Figure 1.5. Reported examples of mono-, di-, and tri-nuclear N-heterocyclic germylenes.  

 

1.5 Pyrene-Based Materials 

This subsection highlights the PAH pyrene, its use in organic electronics, and lays the 

foundation for our interest in novel pyrene-based main-group materials.  In photochemistry, pyrene 

is the epitome of chromophores for photochemical research due to its unique luminescent 

properties. Under ambient light, pyrene exists has a yellow crystalline solid, however when 

irradiated with UV light, pyrene fluoresces blue (Figure 1.6 – right). The modernization of the 

distillation process of coal tar and the hydrogenation of hard coal has produced large amounts of 

pyrene, making it readily accessible and inexpensive for commercial use.46 In addition, the 

functionalization of pyrene at 1-10 positions has been the focus of many studies and has facilitated 
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the development of an entire library of pyrene-based organic electronics for uses such as organic 

light emitting diodes,47-49 organic field effect transistors,50 and photovoltaics.51-52 Positions 1-3 and 

6-8 are designated as the “non-K-region” and are easier to modify via electrophilic substitution 

with the exception of the 2 and 7 positions (Figure 1.6 – left). 1,3,6,8-tetrabromopyrene can be 

isolated in high yields and used as a precursor to an array of new carbon-functionalized pyrenes 

by Suzuki or Sonogashira coupling reactions.53  

Figure 1.6. Numbering system of pyrene shown in red. The non-K-region and K-region are 

highlighted in green and blue respectively (left). The color of pyrene under room light and UV 

light (right).  

However, due to the 2- and 7-positions lying within a node, substitution at these positions 

is more difficult. In an effort to bypass these challenges, pyrene can be reduced to 4,5,9,10-

tetrahydropyrene followed by electrophilic substitution and subsequent rearomatization, but these 

are multistep and low-yielding processes. The 4-, 5-, 9-, and 10-positions of pyrene are considered 

the “K-region” and are substantially more challenging to functionalize, but are interesting as a 

means to prepare extended π-conjugated systems. One key route for reaching pyrenes with “K-
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region” functionalization involves the oxidation of pyrene by ruthenium(III) chloride and sodium 

periodate to access pyrene-4,5-dione and pyrene-4,5,9,10-tetraone.54 An alternative approach to 

generate 4,5,9,10-functionalized pyrenes is by the protection of the 2- and 7-postitions by tert-

butyl groups to force bromination at the “K-region”.55-56 This method of substitution was essential 

for the isolation of the pyrene-fused N-heterocyclic germylenes and boranes discussed in chapters 

two and three.  

 

1.6 Boron-Based Materials 

In this subsection, boron-based materials are introduced, and our motivation for designing 

the new molecules that are described within chapters three-five of this dissertation are highlighted 

here. Recently, boron has garnered significant attention from both the synthetic and materials 

chemistry fields due to its promising properties desirable for electronic applications.57-61 When 

boron exists in a tricoordinate state, an empty pz-orbital is available for accepting electrons and it 

can then participate in π-conjugation (Figure 1.7).62-64 Because of this, the replacement of carbon 

with boron in PAH materials results in lower LUMO levels and renders the system to be better 

electron acceptors. This is exceptionally useful when designing organic systems which require an 

electron acceptor moiety for accessing thermally activated delayed fluorescence in organic light 

emitting diodes.65-71  In congruence with their electron accepting abilities, boron-based units have 

been combined with nitrogen-containing electron donor groups to access donor-acceptor materials. 

BN-doped molecules have been targeted by synthetic chemists due to their B–N bonds being 

isoelectronic to a C–C bond.72 Therefore, the replacement of a C–C bond in an organic system 

with a B–N bond results in the same overall electron valency, however imparts novel 

photophysical properties on the material.73-80 Furthermore, boron-based materials have been used 
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for a variety of other electronic applications including organic field effect transistors,81-84 

sensors,85-87 and photovoltaics.88-91     

Figure 1.7. Schematic depicting the empty pz-orbital of boron accepting electrons.  

 

1.7 Introduction to Borafluorene Chemistry 

 

Herein, the chemistry of borafluorene will be introduced which is the focus of chapters 

four and five of this dissertation. One key example of an instance when the replacement of a 

tetracoordinate carbon atom with a tricoordinate boron that results in drastically different 

photophysics is that of borafluorene. The all-carbon analogue, fluorene, exists as a white solid that 

emits violet under UV light while borafluorene is a yellow solid that emits a yellow-green color 

under UV light. Because of its unique photophysical properties, borafluorene has become a popular 

building block in materials chemistry.60, 92-97 Borafluorene is an antiaromatic 5-membered ring that 

is flanked by two phenyl rings (Figure 1.8).98 From a fundamental standpoint, the chemistry of 

borafluorene has gained interest due to its existence as an antiaromatic species, and studies which 

encompass changing its electronics to be more aromatic have been high impact.99  

Figure 1.8. Structures of fluorene (left) and borafluorene (right). The numbering of borafluorene 

is shown in red.  
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The presence of the empty pz-orbital on tricoordinate boron species renders them to be 

exceptionally reactive, and strategies to stabilize these materials are imperative for further 

understanding the chemistry of borafluorene. One key way to stabilize borafluorene moieties and 

render them air-stable for photophysical studies is by using a bulky carbon-based group (e.g. 1,3,5-

tri-isopropylphenyl or 1,3,5-tri-tert-butylphenyl) to sterically prohibit undesired reactivity from 

occurring at boron.96, 100-101 Although these borafluorene species are isolable, they limit other 

electronic tuning that can be explored because of their sterically crowded boron center. Unlike the 

tetracoordinate fluorene, borafluorene can accept two electrons from a Lewis base into its empty 

pz-orbital and form adducts which display distinctly different luminescent properties than the 

tricoordinate borafluorenes.102 This also allows for the stabilization of electron deficient or electron 

rich borafluorene species due to the kinetic stabilization achieved from filling the p-orbital with a 

donor ligand. The 9-bromo-9-borafluorene is the most commonly used starting material for 

borafluorene chemistry since it can easily be isolated in high yields via lithiation of 2,2’-dibromo-

1,1’-biphenyl and subsequent salt elimination with boron tribromide. In addition, having a halide 

at the 9-position of borafluorene opens up the potential for many possible reactions to occur at 

boron.103 Several studies have also been reported for methods to attach other functional groups 

(fluorine, methoxy, amine, and thiophene) to the 1-8 positions on the flanking phenyl rings for 

imparting different degrees of Lewis acidity on the boron center.101, 104-108  

Borenium ions represent a class of positively charged tricoordinate boron species with the 

general formula of [LBR2]
+ (L = ligand; R = generic functional group).63, 109-113 Due to their strong 

Lewis acidity, borenium ions have been used in chemical synthesis and catalysis.113-118 Although 

their electronic properties have been studied in terms of synthesis, the optical properties of 

borenium ions have only gained attention in recent years.119-122 The use of neutral two-electron 
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Lewis bases instead of one-electron covalent carbon-based groups (e.g. 1,3,5-trimethylphenyl or 

1,3,5-triisopropylphenyl) as ligands allows for the accessible synthesis of borenium ions. By this 

strategy, the boron center is both electronically and sterically satisfied, rendering electron-poor 

boron-based cations isolable. In 2019, Gilliard et al. isolated a new class of carbene stabilized 

borafluorenium ions by halide abstraction from the tetracoordinate borafluorene adducts.107  The 

presence of a bulky NHC or CAAC on the 9-bromo-9-borafluorene is essential for stabilizing 

borafluorene cations (Figure 1.9 – left).107 Notably, the methoxy substituted 9-carbene-9-

borafluorene cation displays thermochromic properties. At room temperature in solution, the 

cation is red, however at -37 °C the cation turns colorless. This color change is a result of the 

oxygen atom from the methoxy substituent interacting with the empty pz-orbital of the boron atom 

of the borafluorene cation (Figure 1.9 – right). In the case of the borafluorenium heterocycles, they 

exist as colorful solids that have red-shifted absorption properties from the neutral tetracoordinate 

carbene-coordinated borafluorene starting materials (Figure 1.9 – left). 

Figure 1.9. Molecular structure and optical tuning of the borafluorenium ions (left); mechanism 

of thermochromism and colorimetrics observed in the boraluorenium ions (right). The 

hexafluoroantimonate counteranions are omitted from structures for clarity.  
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Alternatively, one electron chemical reduction of the neutral tetracoordinate carbene-

coordinated borafluorenes with potassium graphite results in stable borafluorene radicals.123 

Notably in this study, the presence of an NHC or a CAAC yields tunable colors of the radical 

species. The NHC-borafluorene radical is a deep blue color while the CAAC-borafluorene radical 

is a deep purple color (Figure 1.10). A more detailed discussion on the two-electron reduction 

chemistry of borafluorene and its reactivity with several substrates can be found in chapters four 

and five.   

Figure 1.10. Molecular structures of neutral tetracoordinate and radical tricoordinate 

borafluorenes (top). Reaction solutions depicting the tunable colors of the radical species that are 

dependent on the carbene ligand (bottom).  
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Chapter Two: Pyrene-Fused N-Heterocyclic Germylenes 

 

Containing work that was originally published in: 

 

Krantz, K. E.; Weisflog, S. L.; Yang, W.; Dickie, D. A.; Frey, N. C.; Webster, C. E.; Gilliard, R. 

J., Extremely twisted and bent pyrene-fused N-heterocyclic germylenes. Chem. Commun. 2019, 

55, 14954-14957. 
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2.1 Introduction to Pyrene-Based Materials 

Polycyclic aromatic hydrocarbons (PAHs) have gained significant attention in materials 

chemistry for their unique photophysical properties useful for organic light emitting diodes 

(OLEDs),124 photovoltaics,124-126 field-effect transistors,127-128 organic electronics,129-131 and 

sensors.132-133 Pyrene,46 a highly aromatic molecule comprised of four fused benzene rings, is a 

ubiquitous building block for synthesizing exceptionally conjugated compounds,134-137 or 

polymeric materials.138-142 While many of these fused-ring systems are planar, nonplanar or twisted 

conjugated molecules are rapidly emerging due to new applications in nonlinear optics,143-144 

semiconductors,145 OLEDs,146 and electronic devices.147 Notably, twisted molecules have 

displayed improved stability, enhanced solubility, and provide chiroptical properties148-149 

deeming them versatile in new materials. A new category of distorted ribbon-like PAHs termed 

pyrene-fused twistacenes have recently been developed and show imminent promise towards 

incorporation in OLED devices.150 Twisted pyrene-fused molecules are often characterized by the 

degree of their torsion angle at the carbon atoms in the K-region of pyrene.150-151 

Until recent years, the investigation of the electronic properties, utility, and applications of 

nonplanar aromatic compounds have been limited due to challenging synthetic routes. Several 

approaches exist for twisting aromatic systems with multiple linearly fused-rings,151-156 while 

methods for synthesizing nonplanar pyrene-based molecules of 2-rings or less remains sparse. 

Although synthetic strategies to yield twisted or bent pyrene-based molecules have been reported, 

all of the examples are exclusively organic.153, 157 By incorporating bulky phenyl rings to the silyl 

substituents on pyrene-fused azaacenes, Mateo-Alonso has established overall twist angles up to 

24° (Figure 2.1a).150, 158 Conversely, Bodwell has developed a strategy of tethering substituents at 

the 2- and 7-postions on pyrene to produce a negative curve in the structure with bend angles159 

up to 109° (Figure 2.1b).157, 160 As the number of fused-rings increase, molecules become more 
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flexible and acenes of 4 or more fused-rings display large twist angles up to 170°.151-152, 161-162 

However, promoting high degrees of structural twisting in PAHs with 3 or fewer linearly fused-

rings is rare and highly challenging from a synthetic perspective. 

 Within the last decade, multinuclear germylenes40, 44-45, 163 have been isolated, and all 

conform to a planar molecular geometry. Unlike the strongly σ-donating N-heterocyclic carbenes 

(NHC), N-heterocyclic germylenes (NHGe) display less nucleophilic character and perform better 

as electrophiles.6, 164-165 Owing to the less effective valence orbital overlap between germanium’s 

s and p orbitals, hybridization is minimal,5-6 and therefore the electronics at the germanium atom 

are vastly different from the lighter carbene analogues. Inspired by the pyrene-linked bis-carbene 

chemistry by Peris,166 we initially targeted this ligand for coordination to main-group elements 

(Figure 2.1c). Unfortunately, the free bis-carbene linked by pyrene is not stable and in situ 

deprotonation was necessary for coordination to Rh and Ir. We found this method to be 

unsuccessful for bis-carbene coordination to a significant number of main-group Lewis acids. We 

then desired to isolate a stable free “heavy” bis-carbene analogue with germanium instead of 

carbon (Figure 2.1d).  
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Figure 2.1. a) Twisted pyrene by incorporation of bulky silyl substituents; b) Tethered substituents 

to produce a bent pyrene; c) Planar, pyrene-fused bis-carbene; d) This work: Extremely twisted 

pyrene-fused germylene. 

 

Herein we report a new synthetic strategy, molecular structures, and computations of a 

dual-faced pyrene-fused NHGe. Remarkably, these molecules represent the first examples of 

highly twisted pyrene-fused germylenes, and they demonstrate the largest reported twist angles 

spanning only two linearly connected aromatic rings of pyrene. 
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2.2 Synthesis of Pyrene-Fused N-Heterocyclic Germylene 

The starting tetramine (2.1) was synthesized using a Buchwald-Hartwig amination.166 

Lithiation of 2.1 with n-butyllithium and subsequent salt elimination with germanium dichloride 

dioxane adduct gave the pyrene-fused germylene (2.2) in 75% yield (Scheme 2.1). The 1H NMR 

spectrum of 2.2 revealed a downfield shift in resonance from 1.26 to 1.85 ppm for the protons on 

the N-(tert-butyl) substituents. This can be attributed to a decrease in electronic shielding by the 

nitrogen-based electrons that are now involved in a π-symmetric interaction with the germanium 

atoms. 

Scheme 2.1. Synthesis of highly twisted pyrene-fused N-heterocyclic germylene. 

 

To elucidate the structural properties of compound 2.2 single crystal X-ray diffraction 

studies were performed. Yellow rod-shaped air- and moisture-sensitive crystals of 2.2 were 

obtained from a concentrated toluene solution at −37 °C (Figure 2.2a). Surprisingly, both the 

NHGe rings and the pyrene linker display a severe distortion from planarity (Figure 2.2b). 

Significantly, twist angles of 49° and 64° were observed for C1−C2−C8−C9 and N1−N2−N3−N4, 

respectively (Figure 2.2c). The twisting of 2.2 at the pyrene core is completely different than that 

of 2.1, which show 0° twist angles. Unfavorable steric interactions between the N-(tert-butyl) 

substituents and the hydrogen atoms on pyrene influence the twisting. Notably, the degree of 
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twisting at the aromatic core with only two linearly fused benzene rings is substantially larger than 

the longer pyrene-fused azaacenes (twist angles up to 24°).153, 158, 167 

 

Figure 2.2. a) Pyrene-fused NHGe, b) view showing non-planarity of both the pyrene linker and 

N-heterocycle, and c) view down N atoms depicting twist angles. Thermal ellipsoids shown at 

50% probability and H atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): 

Ge1–N1: 1.871(3); Ge1–N2: 1.868(3); C1-C2-C8-C9: 49; N1-N2-N3-N4: 64. 

In addition, the 64° N1-N2-N3-N4 twist angle is significantly larger than the reported 20-

32° angles of phenyl-substituted heptacenes168 and tetracene diimides.151, 169 The severe degree of 

twisting in 2.2 is also much more substantial than the slight bow-shaped distortion observed in the 

bis-carbene-Ir compound with the same pyrene core.166 The Ge1–N1 [1.871(3) Å] and Ge1–N2 

[1.868(3) Å] bond lengths are within the range of reported Ge–N single bonds (1.833-2.118 Å).40, 

44-45 

2.3 Reactivity of Pyrene-Fused N-Heterocyclic Germylene 

Due to the electrophilic nature of the germanium atoms, we were interested in how changes 

to the electronics would affect the twisting of the pyrene core. Lewis basic trimethyl phosphine 
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(PMe3), 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr),17 and (2,6-diisopropylphenyl)-

4,4-diethyl-2,2-dimethyl-pyrrolidin-5-ylidene (Et2CAAC)170 were screened as possible donor 

ligands. However, no coordination to Ge was observed due to weak donor strength or sterics. Thus, 

the smaller, yet strongly σ-donating NHC, 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene (sIPr), 

was selected which readily coordinated to the electrophilic Ge atoms to afford compound 2.3 as a 

yellow solid in 41% yield (Scheme 2.2). In the 1H NMR spectrum, a downfield shift in resonance 

from 1.85 to 1.99 ppm was observed for the protons on nitrogen bound tert-butyl groups. A broad 

singlet resonance at 6.68 ppm was attributed to the methine protons on the sIPr ligands. The 

significant downfield shift compared to 3.96 ppm for the free carbene supported coordination to 

the germylene. 

Scheme 2.2. Synthetic route to cis-sIPr coordinated bis-germylene complex. 

 

Yellow block-shaped air- and moisture-sensitive single crystals of 2.3 sufficient for X-ray 

diffraction were grown from deuterated benzene. Interestingly, the structural distortion of 2.3 is 

completely different than 2.2 and coordination of the carbenes flatten out the end-to-end twisting 

(Figure 2.3a). Rather than an overall twisted structure, a negatively curved pyrene core with a bend 

angle of 141° is observed. A bend of the pyrene core to this extent is remarkable since there are 

no linkers distorting the planarity as shown in the bent tied-back pyrenophanes reported by 
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Bodwell.157, 160, 171 Additionally, this concave shape is unique because the pyrene core is tilted out-

of-plane towards the carbene ligands rather than away. Notably, the sIPr ligands add cis to each 

other on the same face of pyrene which induces an unusual out-of-plane distortion of the tert-butyl 

groups on the nitrogen atoms to accommodate steric repulsion. The cis-addition produces a pocket 

for a benzene solvent molecule and allows for interaction with the sIPr ligands in the solid-state 

packing diagram (Figure 2.3b). Twist angles are observed [C2-C1-C2’-C1’ and N2-N1-N2’-N1’ 

were 5° and 7° respectively] but significantly less than 2.2. A torsion angle of 15° for the C21-

Ge1-Ge1’-C21’ atoms indicated that the sIPr ligands are nearly parallel to each other (Figure 2.3c). 

The Ge1–N1 (1.9430(14) Å) interaction is slightly longer than 2.2. This was attributed to a 

decreased inductive effect of the nitrogen atoms as the empty p-orbital on the germanium atoms is 

now occupied by carbenes. The Ge1–C21 (2.1321(18) Å) bond length is within the reported range 

for typical Ge–C single bonds (1.965-2.192 Å).172-174 An intermolecular interaction between one 

methyl group on the sIPr ligand to the ring of a neighboring molecule’s carbene ligand is observed 

[Me---sIPr centroid = 3.43 Å ] in the crystal packing diagram (Figure 2.3d). 
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Figure 2.3. Molecular structure of 2.3: a) cis-sIPr coordinated NHGe, b) top view with C6D6 

molecule, c) sIPr side view, and d) crystal packing view with Me—sIPr centroid interaction. 

Thermal ellipsoids shown at 50% probability and H atoms were omitted for clarity. Selected bond 

lengths (Å) and angles (°): Ge1–N1: 1.9430(14); Ge1–N2: 1.9489(14); Ge1–C21: 2.1321(18); N4–

C21: 1.359(2); N3–C21: 1.356(2); C2-C1-C2’-C1’: 5; N2-N1-N2’-N1’: 7; C21-Ge1-Ge1’-C21’: 

15. 
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2.4 Photophysical Properties of Pyrene-Fused N-Heterocyclic Germylenes 

 To gain insight into the absorption properties of 2.2 and 2.3 UV-vis studies were 

performed. Absorption maxima for 2.1-2.3 were exhibited at 369, 378, 384 nm respectively 

(Figure 2.4).  

Figure 2.4. UV-vis absorption spectra of 2.1-2.3 in toluene at room temperature. 

 A slight bathochromic shift in λmax was observed from 2.1 to 2.3. In order to acquire a 

better understanding of the electronics, computations were performed at the B3LYP/BS1 level of 

theory. Based on TD-DFT, the λmax of 2.2 was assigned to the π→Ge p + π* transition, while the 

λmax of 2.3 was assigned to the π→π* transition. The broad shifts in the UV-vis spectra of 2.2 and 

2.3 were attributed to fluxional behavior in solution, and the inversion barriers for twisting were 

further studied by computations (Figure A4.11-12). Analysis of MO results indicate that the 

HOMO for compounds 2.2 and 2.3 is mostly delocalized across the pyrene linker, with some 

2.1 

2.2 

2.3 



55 

 

extension to the N atoms of the heterocycle (Figure 2.5). The LUMO in 2.2 is a Ge p-type orbital, 

while the LUMO in 2.3 is delocalized on pyrene. The Ge lone pair orbital of 2.2 is HOMO-4, 

which is consistent with the experimental observations. In 2.3, the Ge lone pair is HOMO-2, due 

to enhanced nucleophilicity resulting from NHC coordination. Additional MOs and TD-DFT 

results are provided in Appendix IV (Figures A4.1-A4.3). To explore how the twisting of the 

structures affect the aromaticity of 2.2 and 2.3, nucleus independent chemical shift (NICS(0)) 

calculations were conducted at the B3LYP/BS2 level of theory. NICS(0) values for the pyrene 

rings that link the NHGe heterocycles in 2.2 were less negative (-3.66 and -2.86) than 2.3 (–3.87 

and –3.87) and free pyrene (-3.99 and -4.03), which supports decreased aromatic character due to 

twisting (Figure A4.8-10).  

 

Figure 2.5. LUMO (top) and HOMO (bottom) orbital representations of 2.2 and 2.3 depicting the 

delocalization on pyrene. 
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2.5 Summary and Outlook 

 In conclusion, we have prepared the first examples of pyrene-fused N-heterocyclic 

germylenes. Notably, compounds 2 and 3 possess exceptional twist or bend angles as a result of 

unfavorable steric interactions between the pyrene core and the N-(tert-butyl) groups. We envision 

that these molecules can be utilized as functional building blocks for main-group element 

molecular materials chemistry where the Ge atoms participate in electron transfer or bind to other 

metals/element centers. We also expect that this new strategy will be successful for isolating 

distorted PAH compounds which incorporate other main-group elements and these studies are 

currently underway in our laboratory.  

 Future investigations in this area would need to explore the steric effects that larger N-

substituents (e.g. phenyl or 2,6-diisopropylphenyl) would have on the structures of the pyrene-

fused NHGes. Increasing the size of substituent bound to the N atoms is expected to result in more 

twisted and structurally distorted pyrene cores. Additionally, it would be important to explore 

pyrene-fused NHGes with smaller N-substituents (e.g. methyl or ethyl) in effort to flatten the 

pyrene core out. Furthermore, studies with a wider range of substrates would also give more insight 

into the reactivity profile of the pyrene-fused NHGes. For example, reactions between the pyrene-

fused NHGe and transition metal carbonyl compounds would be important in order to compare 

with previously reported monomeric NHGes.39  
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Chapter Three: Pyrene- and Benzene-Fused N-Heterocyclic 

Boranes 

 

Containing work that was originally published in: 

 

Krantz, K. E.; Weisflog, S. L.; Frey, N. C.; Yang, W.; Dickie, D. A.; Webster, C. E.; Gilliard Jr., 

R. J., Planar, Stair-Stepped, and Twisted: Modulating Structure and Photophysics in Pyrene- and 

Benzene-Fused N-Heterocyclic Boranes. Chem. Eur. J. 2020, 26, 10072-10082. 
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3.1 Introduction to N-Heterocyclic Boranes 

 The dramatic increase in the synthesis of chemical compounds that contain N-heterocyclic 

borane (NHB) (C2N2B-R, also called diazaborole) moieties may be traced to the seminal discovery 

of boryllithium.175-176 Since then, anionic NHBs177 (i.e., boryl ligands) have been widely used as 

ligands in main-group178-185 and transition metal chemistry,186-190 particularly in the synthesis of 

compounds featuring new heteronuclear bonds. Additionally, diazaboroles and their polymeric 

analogues191-192 have been synthesized for their photoluminescent properties potentially useful for 

optoelectronic devices.193-195 Fusing multiple NHB units together in a "Janus-type" fashion, and 

thus adding an element of bifunctionality, has received significantly less attention. These types of 

compounds are extremely rare, mostly due to synthetic difficulty and thermodynamic instability.196 

Cowley and coworkers isolated a cationic pyracene-fused NHB that displayed multielectron redox 

behavior due to the ligand’s ability to readily undergo reduction (Figure 3.1a).197-198 More recently, 

Kinjo et al. reported boron-based tetraaminoethylene radical cations derived from the boryl-linked 

tetraazaolefin (Figure 3.1b).199 Last year, Weber et. al isolated and structurally characterized a 

methylated benzene-fused bis(diazaborole) (Figure 3.1c).200 Notably, this was the first example of 

a benzene-fused bis(diazaborole) that was characterized structurally by X-ray diffraction. 

However, photophysical data was unable to be obtained due to rapid decomposition of UV-vis 

samples. Other examples of fused-NHBs with benzene201 and quinone202 cores have been 

incorporated into field effect transistors, but their structural properties were not studied. Despite 
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these advances, a comprehensive study of both the structural and photophysical properties of 

fused-NHBs linked by polycyclic aromatic hydrocarbons (PAHs) is hitherto unknown.  

Figure 3.1. a) Pyracene-fused N-heterocyclic borane with redox properties; b) boryl-linked 

tetraazaolefin that oxidizes to the radical cation; c) methylated benzene-fused bis(diazaborole) d) 

This work: neutral pyrene- and benzene-fused N-heterocyclic boranes featuring structural 

distortions and luminescent properties. 

 

Owing to boron’s empty pz-orbital, the incorporation of boron into aromatic systems can 

result in π-conjugation, important for inducing electronic properties useful in optoelectronics,61, 

203-205 sensor technology,60, 62, 86-87, 206 and fluorescent dyes.207-208 Pyrene, a blue-chromophore, has 

served as a ubiquitous building block in electronic devices.46 In recent years, boron-doped pyrene-

based molecules have become popular with main-group chemists, with the goal of understanding 
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structure-property relationships in new functional materials.10, 58, 63, 209-219 For example, tethering 

boron to pyrene is known to reduce the LUMO energy and increase the acceptor character by 

lowering the energy needed for absorption and emission.49, 209, 220-223 However, studies of 

compounds containing boron bound to pyrene have been limited due to challenging synthetic 

routes associated with modifying pyrene.224-226 Indeed, functionalization at the K-region of pyrene 

often requires multi-step syntheses with low overall yields, and electrophilic substitution at the 1-, 

3-, 6-, and 8-positions is preferred (i.e, where the HOMO lies).46, 227-228 Recently, we have been 

exploring doping PAHs with boron,99, 107, 123 and attaching main-group element fragments to the 

K-region of pyrene. This lead to the first pyrene-fused N-heterocyclic germylenes (NHGe), which 

display extremely twisted molecular structures.229 

Herein we report the syntheses, molecular structures, photophysical properties, and 

extensive computational studies of pyrene- and benzene-fused NHBs (Figure 3.1d). Remarkably, 

the pyrene derivatives 3.2-3.4 and 3.11 are the first examples of compounds in which an NHB 

moiety is fused to the K-region of pyrene, and they display twisted or stair-stepped structures. In 

contrast, the benzene-fused compounds 3.6-3.9 are planar and possess tunable optical properties 

based on the electronics of the NHB moieties. It is noteworthy that these are the first fused-NHBs 

that exhibit fluorescent properties spanning the full visible spectrum. 

 

3.2 Synthesis of Pyrene-Fused N-Heterocyclic Boranes 

We began our studies by synthesizing a tetramine with sterically demanding N-(2,6-

diisopropylphenyl) groups. However, due to low yields in the multi-step synthetic route we 

switched to the less bulky N-(tert-butyl) tetramine (1), prepared using a Buchwald-Hartwig 

amination (Scheme 3.1).166 Dehydrogenation of 1 and BH3•THF at 110 °C gave compound 2 as a 

pale-yellow solid in 77% yield. In the 1H NMR spectrum, a downfield shift in the resonance (1.26 
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to 1.66 ppm) assigned to the N-(tert-butyl) protons represent the decrease in electron density at the 

nitrogen atoms, where the lone pairs fill the p-orbital of boron. A resonance was not observed in 

the 11B{1H} NMR spectrum, which was attributed to quadrupolar line broadening.  

Scheme 3.1. Synthesis of pyrene-fused N-heterocyclic boranes. 

 



62 

 

Yellow plate-shaped air- and moisture-sensitive single crystals of 3.2 suitable for X-ray 

diffraction studies were obtained from a concentrated toluene solution at -37 °C. An overall twisted 

structure of 3.2 was observed, comparable to our pyrene-fused NHGe,229 but with smaller "twist 

angles"150 [C2–C2–C2ʹ–C1ʹ (40°) and N2–N1–N2ʹ–N1ʹ (52°)] (Figure 2.2a). However, the twist 

angles of 3.2 are still substantial compared to known pyrene-fused molecules which span two 

benzene rings (Figure 2.2b).153, 158, 167 

Figure 3.2. Molecular structure of 3.2: a) front view, b) side view. Thermal ellipsoids shown at 

50% probability and H atoms (except B-H) were omitted for clarity. Selected bond lengths (Å) 

and angles (°): B1–H1: 1.15(3); B1–N1: 1.421(7); B1–N2: 1.433(7); C2–C1–C2ʹ–C1ʹ: 40; N2–

N1–N2ʹ–N1ʹ: 52. 

Compound 3.3 was isolated by in-situ lithiation of 2.1 and subsequent salt elimination with 

BF3•Et2O to give a green solid in 32% yield (Scheme 3.1). A downfield shift in resonance from 

1.26 to 1.79 ppm for the N-(tert-butyl) protons was observed in the 1H NMR spectrum. In the 

11B{1H} NMR spectrum, a broad singlet at 25.7 ppm was attributed to the two chemically 

equivalent boron atoms. In the 19F NMR spectrum, two broad resonances separated by 0.06 ppm 
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(-125.64 and -125.70 ppm) were observed in approximately 20:80 ratio. These peaks were 

assigned to both 10B (I = 3) and 11B (I = 3/2) coupling to 19F. However, due to rapid quadrupolar 

relaxation the coupling constants could not be determined.  

Figure 3.3. Molecular structure of 3.3: a) front view, b) side view. Thermal ellipsoids shown at 

50% probability and H atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): 

B1–F1: 1.335(4); B1–N1: 1.419(5); B1–N2: 1.423(5); C1–C2–C1ʹ–C2ʹ: 0; N1-N2-N1ʹ-N2ʹ: 0, C3–

C2–C1–C7: 20.  

Pale green plate-shaped air- and moisture-sensitive single crystals of 3.3 suitable for X-ray 

studies were obtained from a concentrated toluene/hexane (1:1) mixture at -37 °C (Figure 3.3a). 

Unlike the twisted structure of 3.2, 0° “twist angles” are observed, and the middle four rings of 3.3 

are distorted out of plane in a stair-step fashion with a 20° C3–C2–C1–C7 torsion angle (Figure 

3.3b). The 6-membered rings of pyrene not interacting with nitrogen atoms remain coplanar. It is 

noteworthy that 3.3 is the first structurally characterized NHB bearing a terminal boron 

monofluoride unit. 

Lithiation and subsequent salt elimination of 2.1 with PhBCl2 afforded a light orange solid 

of 3.4 in 47% yield (Scheme 3.1). The 1H NMR spectrum showed a downfield shift in resonance 

from 1.26 to 1.61 ppm which integrated to 36, and was attributed to the N-(tert-butyl) protons. In 
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the 11B{1H} NMR, a broad singlet at 33.1 ppm was assigned to the two chemically equivalent 

boron atoms. 

Yellow rod-shaped air- and moisture-sensitive single-crystals of 3.4 suitable for X-ray 

diffraction studies were obtained from a concentrated hexanes solution at -37 °C (Figure 3.4a). 

Compound 3.4 displayed a distorted pyrene core similar to 3.3 (Figure 3.4b), but with a larger 

torsion angle [28° for C3–C2–C1–C7 plane]. Additionally, the boron-bound phenyl rings are 

twisted away from the 5-membered rings, yielding a 60° C22–C21–B1–N2 torsion angle, while 

the geometry around the boron atoms remains trigonal planar. 

 Figure 3.4. Molecular structure of 3.4: a) front view, b) side view. Thermal ellipsoids shown at 

50% probability. H atoms and co-crystallized solvent were omitted for clarity. Selected bond 

lengths (Å) and angles (°): B1–C21: 1.573(4); B1–N1: 1.453(4); B1–N2: 1.448(5); C1–C2–C1ʹ–

C2ʹ: 0; N1–N2–N1ʹ–N2ʹ: 0, C3–C2–C1–C7: 28; C22–C21–B1–N2: 60.  

 

3.3 Synthesis of Benzene-Fused N-Heterocyclic Boranes 

We were then interested in obtaining fused boranes in which the entire molecule is planar, 

to study how the linker and topography of the structure affects the photophysical properties. Due 

to its tunable pH-dependent colorimetric properties, we targeted fused systems based on an N-alkyl 

substituted benzene tetramine.230 Using the tetramine (3.5)231 and similar reaction conditions used 
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for making compounds 3.2-3.4, the benzene-fused compounds 3.6-3.8, (Scheme 2) were 

synthesized in 62, 48, and 50% yields respectively. In the 1H NMR spectra, a downfield shift from 

1.29 to 1.65 (for 3.6), 1.43 (for 3.7), and 1.54 ppm (for 3.8) for the N-tert-butyl protons were 

consistent with the formation new products. In the 11B{1H} NMR spectra, chemical shifts of 5.4 

(for 3.7), 28.4 (for 3.8), 30.0 ppm (for 3.9) were attributed to the chemically equivalent boron 

environments. Similar to 3.2, no 11B{1H} NMR chemical shift was observed for 3.6 due to 

quadrupolar line broadening. In the 19F NMR spectrum of 3.7, a standard 1:1:1:1 quartet resonance 

was observed at -151.8 ppm which was attributed to the presence of two BF2 units (1JBF = 56.4 

Hz). Compound 3.7 forms via loss of LiH after the first deprotonation due to the resonance 

structure that can be obtained when the nitrogen-based electrons are delocalized onto the benzene 

ring of 3.5. The loss of LiH prohibits all four deprotonation events occurring, and accordingly, 

only two equivalents of LiF are eliminated. Though the specific reasons for the mechanistic 

differences between 3.3 and 3.7 are unclear, this underscores the ability of the two linking π-

systems to facilitate the formation of diverse structural arrangements. 

 

Scheme 3.2. Synthesis of benzene-fused N-heterocyclic boranes. 
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Air- and moisture-sensitive colorless rod-shaped crystals of 3.6 suitable for X-ray studies 

were obtained from a concentrated solution in toluene at 110 °C and subsequent cooling to room 

temperature (Figure 3.5a). Unlike 3.2, compound 3.6 displayed a completely planar structure 

(Figure 3.5b). The B1–H1 [1.140(17) Å] bond lengths were comparable to those in 3.2 [1.15(3) 

Å]. 

Figure 3.5. Molecular structure of 3.6: a) front view, b) view showing planarity of benzene. 

Thermal ellipsoids shown at 50% probability and H atoms except for boron bound H were omitted 

for clarity. Selected bond lengths (Å): B1–H1: 1.140(17); B1–N1: 1.426(2); B1–N2: 1.426(2); 

N1–C2: 1.4166(18); C1–C2: 1.395(2); C1–C3ʹ: 1.398(2).  

Pink cube-shaped crystals of 3.7 suitable for X-ray studies were obtained from a 

concentrated THF solution at room temperature (Figure 3.6a). Similar to 3.6, compound 3.7 

displayed a planar structure (Figure 3.6b). The system, which indeed contains two BF2 units, can 

be best described as a zwitterionic molecule with two positive charges delocalized over the 

benzene core and a negative charge localized on each boron atom. This interpretation is further 

supported by the bond lengths of C1–C2 [1.3968(12) Å] and C1–C3ʹ [1.5062(12) Å] which suggest 

that the π-electrons are delocalized across the N1–C1–C2–C3–N2 atoms and not within the central 

6-membered ring. This description is also consistent with reported bis(boron difluoride) complex 

[(BF2)2(μ-4-EtAp)] (Ap = azophenine),232 platinum N’,N’,N’,N”-diboronazophenine 
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complexes,233 and the [(ttmgb)(BF2)2](BF4)2 (ttmgb = 1,2,3,4-

tetrakis(tetramethylguanidinyl)benzene) salt.234 Additionally, the B–F bond lengths [1.3906(12) 

and 1.3853(12) Å] are slightly longer than the B1–F1 bond [1.335(4) Å] in the pyrene complex 

3.3. 

Figure 3.6. Molecular structure of 3.7: a) front view, b) view showing planarity of benzene. 

Thermal ellipsoids shown at 50% probability and H atoms were omitted for clarity. Selected bond 

lengths (Å): B1–F1: 1.3906(12); B1–F2: 1.3853(12); B1–N1: 1.5690(13), B1–N2: 1.5678(13), 

C1–N1: 1.3266(11); C1–C2: 1.3968(12); C1–C3ʹ: 1.5062(12). 

Colorless plate-shaped single crystals of 3.8 suitable for X-ray studies were obtained from 

a concentrated toluene solution at -37 °C (Figure 3.6a). The molecular structure showed a planar 

benzene-fused NHB with orthogonal phenyl groups bound to boron (Figure 3.6b). In contrast to 

3.4, the phenyl groups in compound 3.8 are perpendicular to the boron plane, with a C13–C12–

B1–N1 torsion angle of 93°. 



68 

 

Figure 3.7. Molecular structure of 3.8: a) front view, b) view showing planarity of benzene. 

Thermal ellipsoids shown at 50% probability and H atoms were omitted for clarity. Selected bond 

lengths (Å) and angles (°): B1–N1: 1.4436(19), B1–N2: 1.440(2), B1–C12: 1.609(6); C13–C12–

B1–N1: 93. 

Probing the acidity of compound 3.6 was then of interest, and we explored this by the 

addition of a strong base (Scheme 3.2). Two equivalents of n-butyllithium were added to a mixture 

of 3.6 in THF. The absence of a resonance in the 7Li NMR spectrum supported the elimination of 

LiH rather than the formation of a tetracoordinate Li borate salt. Further analysis of the reaction 

revealed that the B–H substituent on 3.6 is more hydridic than acidic, and thus compound 3.9 was 

isolated as a white crystalline solid (50% isolated yield). A broad resonance at 30.0 ppm was 

observed in the 11B{1H} NMR spectrum which was very similar to the shift of 3.8 (28.4 ppm).  
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Plate-shaped colorless single crystals of 3.9 suitable for X-ray analysis were grown from a 

concentrated toluene solution at -37 °C (Figure 3.8a). Compound 3.9 exhibited a planar structure 

with the n-butyl groups oriented trans to each other (Figure 3.8b). The B1–C12 bond length 

[1.589(8) Å] was comparable to the B1–C12 bond [1.609(6) Å] of 3.8. 

Figure 3.8. Molecular structure of 3.9: a) front view, b) view showing planarity of benzene. 

Thermal ellipsoids shown at 50% probability and H atoms were omitted for clarity. Selected bond 

lengths (Å): B1–N1: 1.439(7), B1–N2: 1.460(7), B1–C12: 1.589(8). 

 

3.4 Photophysical Properties of Fused NHBs 

To gain insight into the photophysical properties of 3.2-3.4 and 3.6-3.9, UV-vis and 

fluorescence studies were performed.  Absorption maxima of 3.2-3.4 were exhibited at 395, 377, 

and 405 nm, respectively, assignable to π-π* transitions (Figure 3.9a). Emission maxima for the 

pyrene-fused NHBs (3.2-3.4) were shown at 442, 456, and 457 nm, respectively (Figure 3.9b), 

which were all hypsochromically shifted with respect to the tetramine starting material (2.1). Due 

to the high contribution of the pyrene core in these excitations, they all emit blue fluorescence 

under UV-light. The benzene-fused molecules (3.6-3.9) have absorption maxima at 326, 384, 387, 
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and 320 nm, respectively, which were all assignable to π-π* transitions (Figure 3.9c). Emission 

maxima for the benzene-fused NHBs (3.6-3.9) were shown at 346, 415, 489, and 350 nm, 

respectively, and were attributed to π*-π transitions (Figure 3.9d). Compounds 3.7 and 3.8 were 

bathochromically shifted with respect to the tetramine starting material (3.5) while compounds 3.6 

and 3.9 were hypsochromically shifted. In addition to the experimental studies, the electronic 

structure and transitions of the fused-NHBs were investigated by DFT calculations (B3LYP/BS1 

level of theory), which supported the aforementioned assignments. (see Appendix 4 for details). 

In the benzene-fused NHBs, the color of emission varies significantly based on the substituent 

bound to boron. This major difference is due to the NHB rings contributing more hole to particle 

(3.6, 88%-30%, see Figure A4.33), while the NHB rings in the pyrene-fused compounds contribute 

much less (3.2, 49%-24%). Notably, 3.6-3.9 all emit in the NIR region (750 nm) which is 

promising for optoelectronic materials, specifically fluorescent probes.235-236 
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Figure 3.9. a) UV-vis absorption of 2.1, 3.2-3.4; b) emission of 2.1, 3.2-3.4; c) UV-vis absorption 

of 3.5-3.9; d) emission of 3.6-3.9. All samples were dissolved in toluene and ran at room 

temperature. Compounds 2.1, 3.2-3.4 were excited at 380 nm and 3.5-3.9 were excited at 310 nm.  

 

3.5 Synthesis of Pyrene-Fused N-Heterocyclic Borane with Methyl Substituents 

We then desired to explore the photophysical properties of a planar pyrene-fused NHB to 

test if the fluorescence could be tuned in a manner similar to the benzene-fused NHBs. Therefore, 

we replaced the N-(tert-butyl) substituents with less bulky N-methyl groups to limit steric 

interactions with the pyrene-C-H. Compound 3.10 was isolated in 45% yield via Buchwald-
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Hartwig amination (see Appendix 1 for details). Lithiation of 3.10 and successive salt elimination 

with PhBCl2 gave 3.11 as a yellow solid in 66% yield (Scheme 3.3).  

Scheme 3.3. Synthesis of pyrene-fused N-heterocyclic borane (N-methyl).  

Yellow rod-shaped single crystals of 3.11 were obtained from a concentrated toluene/THF 

(10:1) mixture at room temperature (Figure 3.10a). As expected, the overall structure revealed a 

more planar pyrene core, albeit not completely flat (Figure 3.10b). Examination of the space-filling 

model (Figure A3.11) clearly shows that the methyl protons still interact with the hydrogen atoms 

on pyrene to yield a slight distortion from planarity. The C3-C2-C1-C7 torsion angle in 3.11 (11°) 

is significantly smaller than that in 3.4 (28°). The decrease in steric bulk at nitrogen also impacts 

the rotation of the B-Ph group. Consequently, compound 3.11 displayed the smallest torsion angle 

for the C20-C15-B1-N2 plane (49°) compared to the same angle in 3.4 (60°) and benzene-fused 

3.8 (93°).  
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Figure 3.10. Molecular structure of 3.11: a) front view, b) side view. Thermal ellipsoids shown at 

50% probability and H atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): 

B1–C15: 1.5669(19); B1–N1: 1.4291(18); B1–N2: 1.4272(18); C1–C2–C1ʹ–C2ʹ: 0; N1–N2–N1’–

N2’: 0, C3–C2–C1–C7: 11; C22–C21–B1–N2: 49.  

The absorption (366 nm) and emission maxima (487 nm) of 3.10 were comparable to that 

of 2.1 (λabs = 369 nm, λem = 493 nm)229 (Figure 3.11). Conversely, a significant difference in the 

appearance of the absorption and emission features of 3.11 (λabs = 392 nm, λem = 419 nm) was 

observed in contrast to 3.4. Additionally, the emission maximum was substantially blue-shifted 

from 3.4.  Since the blue emission color of 3.11 is not drastically different from 3.2-3.4, it supports 

the use of pyrene-based molecules as blue emitters in organic light emitting diodes. However, this 

also highlights the benefit of the benzene-fused materials (i.e., in terms of tunable optical by eye 

properties).  
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Figure 3.11. a) UV-vis absorption of 3.10 and 3.11; b) emission of 3.10 and 3.11. Samples were 

dissolved in toluene and run at room temperature. Compound 3.10 was excited at 365 nm and 3.11 

was excited at 380 nm. 

 

3.6 Computational Comparison of Pyrene- and Benzene-Fused NHBs 

In the pyrene-fused molecules, the HOMO and LUMO are all delocalized throughout the 

pyrene core with minimal electron density at boron (Figure 3.12). However, benzene-fused 3.6, 

3.8, and 3.9 all have HOMOs that are localized on boron and the benzene core (Figure 3.13). Nodal 

planes pass directly through the middle of the compounds, parallel to the boron atoms. In contrast, 

the HOMO and LUMO of compound 3.7 are delocalized on the carbon and nitrogen backbone 

with no localization on boron, which is consistent with its zwitterionic structure. Unlike 3.6 and 

3.9, the LUMO of compound 3.8 is localized on the outer phenyl rings rather than the boron atoms 

and benzene core. These results validate the boron-dependent electronics and the substantial 

difference in emission colors observed under UV light. In the pyrene-fused NHBs (3.2-3.4, and 

3.11) the frontier orbitals are only pyrene-based whereas the HOMO/LUMOs of the benzene-fused 
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NHBs (3.6-3.9) include the 5-membered boron heterocyclic rings. Notably, the LUMO of 

compound 3.8 is the only example where the frontier orbitals are extended to the boron-bound 

substituent outside of the ring (phenyl groups). Additionally, the fused NHBs possess large 

HOMO-LUMO gaps that cover a broad range of energies (2.88-4.84 eV) that could be promising 

for materials applications that require wide band gaps.237-241 

Figure 3.12. Frontier orbitals of pyrene-fused NHBs 3.2-3.4 and 3.11. 

3.2 

3.3 

3.4 

3.11 
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Figure 3.13. Frontier orbitals of benzene-fused NHBs 3.6-3.9. 

  To further investigate the electronic contributions to aromaticity in the fused NHBs and 

how this was affected by structural distortions, Nucleus Independent Chemical Shifts (NICS(0)) 

were computed for each ring (Table 3.1). For the pyrene-fused NHBs, the NICS(0) values for B/B' 

and C/C' rings in the pyrene core are consistent across all compounds. As expected, the C/C' rings 

are the most aromatic in the pyrene core, and maintain their status as π-electron sextets as 

supported by Clar’s theory.242-243 However, the NICS(0) values for ring A/A', the 5-membered 

boron-containing rings, change dramatically throughout all molecules. These changes can be 

attributed to the differences in the electronic and geometric structures influenced by nitrogen-alkyl 

group, boron-functional group, and the fused aromatic core. An overall trend of more negative 

values for the A/A' rings in the benzene-fused NHBs is observed in comparison to the pyrene-

fused analogues (with the exception of 3.7). This can be attributed to the electronic contribution 

and delocalization of the HOMO on the NHB in 3.6, 3.8, and 3.9 unlike 3.2-3.4, and 3.11. Notably, 

the NICS(0) values for ring A/A' in 3.7 are significantly higher than those found in the other  

3.6 3.7 3.8 3.9 
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compounds due to the borate drastically altering the electronics and removing all aromatic 

character from the center 6-membered ring (E). Consequently, the NICS(0) value for ring E in 3.7 

is positive, a major contrast from any other molecule in this study. Compounds 3.6, 3.8, and 3.9 

all retain aromaticity in ring E as justified by the negative values. 

 

3.7 Summary and Outlook 

In conclusion, we have isolated, fully characterized, and investigated the photophysical 

properties of the first pyrene-fused NHBs, which display unique twisted or stair-stepped structures. 

Table 3.1. NICS(0) values (B3LYP/BS2 level of theory) of compounds 3.2-3.11. 

Compound A/A' B/B' C/C' D/D' E 

3.2 -6.39 -4.95 -10.47 – – 

3.3 -5.80 -5.29 -10.78 – – 

3.4 -4.84 -4.44 -10.56 -7.09 – 

3.6 -7.98 – – – -11.77 

3.7 -1.70 – – – 4.08 

3.8 -7.56 – – -7.33 -11.44 

3.9 -7.87 – – – -11.51 

3.10 – -5.07 -11.65 – – 

3.11 -4.84 -4.44 -10.56 -7.09 – 
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We have also compared them to structurally related benzene-fused materials, which are all planar. 

The tunable optical properties of the benzene-fused NHBs make them promising candidates for 

functional materials due to their emission in the near-infrared region. The structural properties of 

the fused-NHBs confirm that the aromatic core (pyrene vs. benzene) plays a significant role in the 

overall electronic structure of the molecules. We believe that these new synthetic routes to 

molecules that would otherwise be challenging to access, as well as the tunability of this system, 

will spark new research efforts regarding the use of these compounds as main-group functional 

materials. Moreover, similar strategies may be successful for unraveling the chemistry of distorted 

aromatic systems that incorporate other p-block elements and these efforts are currently underway 

in our laboratory.  

Key future studies in this area include complete analysis of solid-state and solution-phase 

absolute quantum yields to gain a insight into the degree of luminescence compares within the 

pyrene-and benzene-fused NHBs. Additionally, it would be important to work towards isolating 

fused NHBs with halides (X = Cl, Br, or I) other than fluoride to render the B–X bond weaker. 

These species will be vital for extending the monomeric molecules into linearly fused polymeric 

materials. Furthermore, the ability to remove a halide from the boron atoms would allow for many 

new possibilities for potential reactivity studies.  
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Chapter Four: Carbene-Coordinated Borafluorene 

Monoanions 

 

Containing work that was originally published in: 

 

Wentz, K. E.; Molino, A.; Weisflog, S. L.; Kaur, A.; Dickie, D. A.; Wilson, D. J. D.; Gilliard Jr., 

R. J., Stabilization of the Elusive 9-Carbene-9-Borafluorene Monoanion. Angew. Chem. Int. Ed. 

2021, 60, 13065-13072.  
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4.1 Introduction to Boryl Anions and Borafluorene Chemistry 

Organoboranes are well-known as quintessential Lewis acids, a result of the empty pz 

orbital at the boron center. However, with the appropriate ligand system, electron-deficient boron 

compounds can undergo chemical reduction; and the additional electrons transform these species 

into powerful nucleophiles. Indeed, since the seminal reports of boryllithium by Yamashita and 

Nozaki,175-176, 185-186, 189-190, 244  boron-centered anions have become valuable synthons in 

organometallic chemistry, and have afforded the isolation of a wide range of unique boron–element 

chemical bonds245-246 (element = s-, d-, p-block element) (Figure 4.1a). Very recently, Aldridge 

reported a boron complex that approaches the "naked" boryl anion (Figure 4.1a).247 Despite the 

high reactivity of these types of compounds, they can be used in situ to generate boron species that 

cannot be prepared using higher oxidation state starting materials. For example, anionic 

organoboranes have been shown to activate the C=O, H–H, Csp–H, O–O, and C–F bonds of 

catalytically relevant small molecules.244, 246, 248-254 Braunschweig reported an N-heterocyclic 

carbene-stabilized borole anion which reacts with organotetrel halides via nucleophilic substitution 

or single-electron transfer.255-256 While the donor-supported borole anion represents an example 

where the added electron density primarily resides in the pz orbital of boron, the central 6π-electron 

C4B ring is not conjugated by flanking phenyl rings. Therefore, less electron delocalization occurs 

throughout the π-system of free borole anions (vide infra).  

The incorporation of boron into polycyclic aromatic hydrocarbon (PAH) systems has 

gained immense attention as a creative strategy for the development of  chromogenic and light-

emitting materials technologies.58, 61-62 Recently, substantial progress has been made in the 

synthesis of boron-based heterocycles (Figure 4.1), and  borafluorene has become a popular 

building block in molecular chemistry.98, 257-259 Indeed, neutral borafluorene compounds have been 

used extensively as redox-flexible emissive materials93-97 and polymer-based sensors.60, 260-263 
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Despite the widespread applications of borafluorene, and the profound interest in accessing novel 

redox chemistry, isolated examples of reduced borafluorene compounds are exceptionally rare. 

Understanding the chemistry of borafluorenes featuring low-valent boron centers is not only 

important for the advancement of redox-dependent device applications, but could also led to new 

materials with unique bonding or optical properties that would otherwise be inaccessible. 

     

Figure 4.1. a) Reported boryl anions with cation contacts; b) hydrogen atom abstraction under 

reducing conditions; c) borafluorene dianion; and d) Lewis base-stabilized borafluorene 

monoanions (this work). 
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Recently, we have utilized carbenes to isolate a range of boracyclic materials,99, 107 

including the first examples of borafluorene radicals.123 The successful synthesis of carbene-

stabilized borafluorene radicals, and the appearance of reversible reduction waves in the cyclic 

voltammograms, led us to hypothesize that the elusive monoanionic borafluorene should be 

attainable under specific conditions. This compound type has been desired for years, but the 

increased reactivity of borafluorene anions compared to their neutral counterparts makes the 

synthesis quite challenging. It is noteworthy that Rivard and coworkers targeted the tricoordinate 

borafluorene anion by chemical reduction of the N-heterocyclic carbene (NHC)-9-bromo-9-

borafluorene adduct (NHC-BF-Br). However, the tetracoordinate hydridoboron adduct (NHC-BF-

H) was observed by 11B NMR (confirmed by NMR spectral matching with NHC-BF-H isolated 

from the direct reaction of NHC-BF-Br and LiAlH4). The reaction was reported to proceed via 

hydrogen atom abstraction, which highlights the high reactivity of the reduced species (Figure 

4.1b).102 Wagner et al. recently reported the synthesis of a borafluorene dianion bearing the non-

sterically encumbered hydride ligand (Figure 4.1c).264 Although this example represents a 

significant stride towards nucleophilic borafluorene, the existence of an isolable borafluorene 

monoanion remains elusive, and the chemical reactivity of reduced BFs as a building block for 

boron–element-containing materials is hitherto unknown.  

Herein we report the synthesis, molecular structures, theoretical studies, and reactivity of 

NHC16-20- and CAAC21-23, 265-266-stabilized borafluorene monoanions (Figure 4.1d). Notably, these 

compounds represent the first successful two-electron reduction of carbene-supported 9-bromo-9-

borafluorenes and the first isolation of the elusive 9-carbene-9-borafluorene monoanions. In 

addition, these anions react as nucleophilic boryl anions towards metal halides and ketones to 

generate new B–Au/Se/Ge/O bonded species that are unattainable using known starting materials. 
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Thus, 9-carbene-9-borafluorene monoanions are not only isolable, but they may be utilized as a 

chemical synthon.  

 

4.2 Synthesis of 9-Carbene-9-Borafluorene Monoanions 

Due to the reported challenges associated with the chemical reduction of NHC-coordinated 

(NHC = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) 9-bromo-9-borafluorene (Figure 

4.1b),102 we selected the CAAC (CAAC = 2,6-diisopropylphenyl)-4,4-diethyl-2,2-dimethyl-

pyrrolidin-5-ylidene) analogue (CAAC-BF-Br) as a starting material, which was synthesized 

according to methods established by our laboratory.102, 107 The addition of excess reducing agent 

[lithium naphthalenide (LiNp), sodium metal (Na), or potassium graphite (KC8)] to a solution of 

4.1 immediately resulted in a deep purple solution consistent with the previously reported CAAC-

borafluorene radical.123 Vigorous stirring at room temperature overnight produced a deep red 

solution, and the corresponding borafluorene anions 4.3-4.5 were obtained as deep red crystalline 

solids in 47-73% isolated yields (Scheme 4.1). The red solids are stable in solution at room 

temperature up to one week, and at least three months in the solid-state. Compounds 4.3-4.5 were 

characterized by their distinct downfield chemical shift [14.5 (4.3), 3.5 (4.4), and 1.5 ppm (4.5)] 

in the 11B{1H} NMR spectra, which was attributed to increased electron density and shielding at 

the boron center.  
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Scheme 4.1. Synthesis of Lewis base-stabilized borafluorene monoanions. 

 

Due to the surprising storability of the CAAC-stabilized borafluorene anions, we sought to 

make direct comparisons with reactions to produce the NHC analogues, and speculated that cation 

effects, reaction conditions, and work-up method would be critical in their potential isolation. 

Compound 4.2 was reacted with the same reducing agents (LiNp, Na, KC8), and during the course 

of the reaction, the solution remained deep purple in color, which would support the formation of 

a reduced species. Accordingly, deep indigo solids were obtained, which were identified as 

compounds 4.6-4.8 by X-ray crystallography, vide infra (60-79% isolated yields). While solutions 

of compounds 4.7 and 4.8 were stable to excess Na and K, for the LiNp reduction of 4.2, excess 

reducing agent resulted in NHC ligand activation (Figure A3.11). As expected, the NHC-stabilized 

borafluorene anions were significantly less stable in solution than the CAAC analogues. We 

attribute the highly reactive nature of these compounds to the lower electrophilicity of NHCs, 

resulting in a more electron rich boron center. In fact, even after rigorous drying of NMR solvent, 

rapid conversion to the hydridoborafluorene product was supported by a doublet in the 11B NMR 

spectra (-15.8 to -19.2 ppm). Thus, only NMR data for compound 4.8, which was the most stable 

of the NHC analogues, is reported. Even in that case, sample prep required distillation of THF-d8 
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over Na, storage over Na/K alloy overnight, and immediately completing NMR studies after 4.8 

was dissolved.  In the 11B NMR spectrum of 4.8, a singlet at 5.3 ppm was indicative of an anionic 

tricoordinate boron environment, in the range of CAAC compounds 4.3-4.5. However, 4.6-4.8 can 

be stored in the solid state under an inert atmosphere for several weeks. The NMR challenges 

observed with the NHC compounds are consistent with reported boryl anions,247 and thus 

highlights the value of CAAC compounds 4.3-4.5. 

In an effort understand the solid-state structures of the reduced borafluorenes, X-ray 

diffraction studies were performed. Red single crystals of 4.3-4.5 and violet crystals of 4.6-4.8 

were obtained from concentrated diethyl ether solutions. The solid-state structures of the 

borafluorene anions varied drastically based on the ligand and cation (Figure 4.2).267 Compounds 

4.3 and 4.6 display solvated lithium cations with no contact to the central borafluorene ring. 

Generally, the solid-state structures of boryl anions have boron- and/or cation-π interactions and 

remarkably 4.3 and 4.6 represent examples of free boryl anions (Figure A3.18), with B---Li 

distances of 6.33 and 6.58 Å (>4.21 Å longer than the sum of the covalent radii (R(B-Li) = 2.12 

Å)268 and significantly longer than boryllithium (2.291 Å) (Figure 4.1a).175 Conversely, the sodium 

cation of 4.4 was coordinated by two THF molecules, and maintained contact to the central 5-

membered boron-containing ring [Na---centroid, 2.5109(13) Å]. In order to obtain a single crystal 

of 4.6 and 4.7, one equivalent of 18–crown–6 was added to stabilize the Li and Na cations. 

Therefore, 4.7 displays a structure in which the sodium cation is encapsulated by 18–crown–6 and 

has no contact with the borafluorene unit [B---Na, 7.35 Å], (4.85 Å longer than the sum of the 

covalent radii (R(B–Na) = 2.50 Å).268 When the syntheses of 4.5 and 4.8 are carried out in Et2O, 

the crystals grown from that reaction display structures with no solvent contacts. Instead, the 

reduced borafluorene moieties are linked by potassium cations in a polymeric (for 4.5) and 
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cyclohexameric (for 8) fashion (Figure 4.3). In compound 4.5, the potassium cations interact with 

the 5-membered boron-containing ring, forming a coordination polymer with K---centroid 

distances between 2.8721(18) and 2.9649(19) Å. In contrast, the primary interaction in compound 

4.8 is between the potassium cation and the six-membered rings of the reduced borafluorene 

system and between the potassium and the 2,6-diisopropylphenyl rings on the NHC ligand. The 

K---centroid distances for these interactions span a larger range than those in 4.5, measuring 

between 2.8032(15) – 3.4647(13) Å. 

Figure 4.2. Molecular structures of CAAC-BF-anions [4.3(a), 4.4(b), 4.5(c)] and NHC-BF-anions 

[4.6(d), 4.7(e), 4.8(f)]. Thermal ellipsoids shown at 50% probability and H atoms were omitted for 

clarity.  
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Figure 4.3. Solid state structures of 4.5 (a) and 4.8 (b) depicting polymeric and cyclohexameric 

structures.  

 

In all of the Lewis base-stabilized borafluorene anions (4.3-4.8), the B1–C1 bond lengths 

[1.502(5)-1.527(4) Å] are significantly shorter than the reported borafluorenium ions [1.581(10) 

and 1.567(5) Å], radical species [1.551(2) and 1.550(2)], and neutral carbene-coordinated 9-

bromo-9-borafluorenes [4.1 = 1.640(4), and 4.2 = 1.639(3) Å] (Table 1).102, 107, 123 The B1–C1 bond 

distances of the borafluorene anions are in range of reported B=C double bonds [1.45-1.58 Å].105 

Additionally, the boron atom in each anion occupies a distorted trigonal planar geometry as the 

angles range from 100.8-132.8°. Due to the superior π-accepting ability of CAAC, the B–C bonds 

in the central boron-containing ring were significantly longer in 4.3-4.5 [1.599(3)-1.621(5) Å] 

compared to 4.6-4.8 [1.533(4)- 1.576(11)Å]. Notably, the carbene ligand N-heterocycles are not 

coplanar with the borafluorene moiety, and the NHC analogues possess the largest interplanar 

angles (14-32°) while the CAAC anions had angles ranging from 7.5-14°.  

 

 

a 

b 
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Table 4.1. Selected bond distances obtained from crystallographic data and observed chemical 

shifts of the 11B nuclei of compounds 4.3-4.14. 

 

The electronic structure and bonding of the bare anions [L-BF]- (L= CAAC, NHC) was 

investigated with DFT calculations. Computed geometries are in agreement with the X-ray 

structures, with B1−C1 bond distances of 1.501 Å (WBI = 1.153) for [NHC-BF]- and 1.502 Å 

(WBI = 1.381) for [CAAC-BF]-. It is appropriate to compare the electronic structure of the anionic 

complexes with our previously reported carbene-stabilized borafluorene radicals.123 The additional 

electron in the anion system results in a decrease in the B−C(carbene) bond distance (and increase in 

WBI). In both anion and radical complexes, the HOMO (SOMO for radical) is delocalized across 

the L-BF system (Figure 4.4), with significant B−C(carbene) π-bonding character. CM5 atomic 

charges yield negative charges on the boron atoms of -0.324e [NHC-BF]- and -0.302e [CAAC-

BF]-. The carbene C atom carries a positive charge, which is greater in the NHC system (0.195e) 

than in the CAAC system (0.081e). 

Compound B1–C1 (Å) B–Cendo (Å) B–Cendo (Å) 11B (ppm) 

4.3 1.506(3) 1.599(3) 1.614(3) 14.45 

4.4 1.512(3) 1.606(3) 1.618(3) 3.51 

4.5 1.502(5) 1.603(5) 1.621(5) 1.46 

4.6 1.527(4) 1.575(4) 1.585(4) - 

4.7 1.513(11) 1.573(11) 1.576(11) - 

4.8 1.508(4) 1.533(4) 1.534(4) 5.29 

4.9 1.555(8) 1.627(8) 1.644(8) 3.01 

4.10 1.6186(14) 1.6337(14) 1.6578(14) -10.75 

4.11 1.635(7) 1.617(8) 1.630(8) -5.40 

4.12 1.601(4) 1.624(4) 1.640(4) -3.42 

4.13 - 1.6319(18) 1.6383(18) 13.71 

4.14 - 1.56(3) 1.62(4) 16.27 
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Figure 4.4. Plot of HOMO of (a) [NHC-BF]- and (b) [CAAC-BF]-. EDA-NOCV deformation 

densities (c) Δρ(1) and (d) Δρ(2) associated with orbital interactions ΔEorb(1) and ΔEorb(2) for 

[NHC-BF]-. Charge flow red→blue (isosurface = 0.003).  

 

Energy decomposition analysis in combination with natural orbitals for chemical valence 

(EDA-NOCV) was performed in order to probe the [L-BF]- bond and to compare with the 

previously reported [NHC-Borole]- (Figure 4.4). Both donor-acceptor, and electron-sharing 

bonding models were explored. For the donor-acceptor model, fragments of singlet anion BF and 

neutral singlet L were examined, while triplet configurations for BF and L were used to model the 

electron-sharing model (Figure 4.5). Both models represent a B=C bonding motif.  

Figure 4.5. Bonding models considered for EDA, a) Singlet fragment donor-acceptor model, b) 

Triplet fragment electron-sharing model. 

 

Δρ
(1)

 Δρ
(2)

 

a b 

c d 
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The overall interaction energy (ΔEint) between L and BF is greater for CAAC (-153.9 

kcal/mol) than NHC (-132.4 kcal/mol) (Table 4.2). In comparison, ΔEint for [NHC-Borole]- is -

128.5 kcal/mol, which is indicative of a stronger B-C bond in the borafluorene systems. The 

preferred bonding model – either donor-acceptor or electron-sharing – is indicated by the smallest 

orbital interaction (ΔEorb), which favors a donor-acceptor description of the B-C bond for [NHC-

BF]-, [CAAC-BF]- and [NHC-Borole]- (Table A4.25). In both complexes, dispersion interactions 

account for 12-14% of the total attractive interactions. For [NHC-BF]- there are nearly equal 

contributions from covalent (ΔEorb, 50%) and electrostatic (ΔEelstat, 43%) interactions, whereas 

[CAAC-BF]- has a larger covalent contribution (52%). NOCV analysis was utilized to decompose 

the attractive orbital interactions into pairwise orbital interactions (Figure 4.5). The largest orbital 

interaction in both [L-BF]- systems is σ-donation [L]→[BF]-, which accounts for 53% of ΔEorb in 

[NHC-BF]- and 50% in [CAAC-BF]-. The second most significant orbital interaction is π-

backdonation, accounting for 33% of ΔEorb in [NHC-BF]- and 38% in [CAAC-BF]-. 

 

Table 4.2. EDA-NOCV results for [NHC-Borole]- and [L-BF]- (L = NHC, CAAC) at the B3LYP-

D3(BJ)/TZTP level of theory for the donor-acceptor bonding model. Energies given in kcal mol-1. 

 [NHC-Borole]- [NHC-BF]- [CAAC-BF]- 

ΔEint -128.5 -132.4 -153.9 

ΔEPauli +216.8 +219.9 +223.1 

ΔEelstat 
[a] -151.7 (44%) -151.7 (43%) -157.9 (42%) 

ΔEorb 
[a] -165.5 (48%) -176.7 (50%) -198.1 (52%) 

ΔEdisp 
[a] -28.5   (8%) -23.9   (7%) -21.1   (6%) 

ΔEorb(1) 
[b] (σ) -97.1   (59%) -94.1   (53%) -99.0   (50%) 

ΔEorb(2)
 [b] (π) -46.9   (28%) -58.2   (33%) -75.4   (38%) 

ΔErest -21.5   (13%) -24.4   (14%) -23.7   (12%) 

[a] Values in parentheses give the percentage contribution to the total attractive interactions ΔEelstat 

+ ΔEorb + ΔEdisp. [b] Values in parentheses give the percentage contribution to the total orbital 

interactions ΔEorb. 
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The aromatic character of [L-BF]- was assessed using nucleus-independent chemical shifts 

(NICS) and through visualization of the anisotropy of the induced current density (AICD). 

Negative values of NICS(1) (calculated 1 Å perpendicular to the plane of the ring) are indicative 

of aromatic character (Figure 4.6). For reference, the NICS(1) value for the Ph groups of the BF 

moiety is approximately -24 ppm in both the [NHC-BF]- and [CAAC-BF]- complexes. Comparison 

of NICS(1) values for the neutral, cationic, and anionic BFs highlight the tunable electronic 

structure of the BF moiety. Our recently reported carbene-stabilized borafluorene cations exhibit 

4π antiaromatic character.107 The neutral radical [L-BF]• complexes are nonaromatic with 5π-

electrons and a positive NICS(1) value.123 Reduction of these radicals affords the aromatic 6π-

electron anion. The difference in magnitude of the NICS(1) value between the [NHC-BF]- and 

[CAAC-BF]-  is due to the enhanced electron-donating ability of the in-plane σ lone-pair of CAAC 

over NHC that distorts the ring current. This is also observed in the NICS(1) values of the NHC 

(Table A4.28) whereby the magnitude of the shielding decreases going from the [NHC-BF]• (-18.6 

ppm) to the [NHC-BF]- (-9.7 ppm). The spin-density in [NHC-BF]• was found to be localized to 

the N-C-B π-system, therefore a decrease in magnitude of the NICS(1) shielding for the NHC in 

the anion suggests further delocalization (enhanced π-interaction), which is consistent with results 

from EDA. Notably, the NICS(1) value for the boron-containing ring in [NHC-BF]- (-21.4 ppm) 

is significantly larger than the borole analogue (-10.1 ppm) due to the additive ring currents of the 

neighboring phenyl groups in [NHC-BF]-, indicating a drastic increase in aromaticity. The dianion 

synthesized by Wagner et al.264 was found to be a highly localized 6π-electron aromatic system, 

as a result of having no Lewis base to disrupt the uniformity of the ring current. 
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Figure 4.6.  Calculated isotropic out-of-plane NICS(1)ZZ values (ppm) at the B3LYP-D3(BJ)/def2-

TZVP level of theory. 

ACID plots provide further insight into the aromatic character of [NHC-BF]- and [CAAC-

BF]- in comparison with [NHC-Borole]- (Figure 4.7 and A4.40). All systems exhibit a diatropic 

(clockwise) aromatic π-electron circulation, with greater delocalization and uniformity of the 

current density vectors across boron of the BF complexes than that observed in [NHC-Borole]-. 

The magnitude of the critical isosurface value (CIV) indicates the extent of delocalization between 

two atoms. The CIV for heterocylic B-C bonds was found to be 0.063, 0.058 and 0.056 for [NHC-

BF]-, [NHC-Borole]- and [CAAC-BF]- respectivly (for reference the CIV between two carbon 

atoms in benzene is 0.074). Both NICS and ACID results indicate that [NHC-BF]- exhibits greater 

aromatic character than [CAAC-BF-] or [NHC-Borole]-. 

 

Figure 4.7. ACID plots of (a) [NHC-BF]- and (b) [NHC-Borole]- (isosurface = 0.03). 

 

b a 
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4.3 Reactivity of 9-Carbene-9-Boralfuorene Monoanions with Metal Halides 

 After isolating the borafluorene anions, we were interested in probing their ability to react 

as nucleophiles with various substrates. The addition of one equivalent of PPh3AuCl, Et3GeCl, or 

PhSeCl to 4.5 resulted in KCl salt elimination and afforded tetracoordinate compounds 4.9-4.11 

in 41-58% yields (Scheme 4.2). In the 11B{1H} NMR spectra, chemical shifts at 3.0 (for 4.9), -

10.8 (for 4.10), and -5.4 ppm (for 4.11) were consistent with the structures containing a single 

boron-containing product. After adding one equivalent of Ph3PAuCl to a solution of 8, the crude 

1H NMR spectrum revealed a complex mixture of new products due to the highly reactive nature 

of 4.8 in solution.  However, yellow crystals of 4.12 were obtained. The 11B{1H} NMR spectrum 

of the single crystals of 4.12 showed a signal at -3.4 ppm, which is similar to that of 4.9 (Scheme 

4.2). 

 

 

Scheme 4.2. Reactivity of borafluorene anions with transition metal and main-group halides. 
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Compounds 4.9-4.12 were characterized by X-ray crystallography, all of which displayed 

a tetracoordinate boron center (Figure 4.8). In all cases, the B1–C1 bond in 4.9-4.12 [1.555(8)-

1.635(7)] was elongated in comparison to 4.5 and 4.8. the B1–C1 interactions [4.9: 1.555(8) Å; 

4.12: 1.601(4) Å] were similar in both borafluorene-[gold] analogues. The bulky N-

diisopropylphenyl substituents on NHC in 4.12 have the effect of distorting the planarity between 

the [L-BF]- system (N1-C1-B1-C23; 24.5° for 4.9 and 34.3° 4.12 respectively) thereby reducing 

the B1-C1 π-interaction. This same trend was observed computationally with interplanar angles of 

21.5° (4.9) and 35.8° (4.12).  

Figure 4.8. Molecular structures of reactivity products of 4.9-12 (a-d respectively). Thermal 

ellipsoids shown at 50% probability and H atoms were omitted for clarity. Selected bond lengths 

[Å] and angles [°]: 4.9: B1–Au1 2.223(6), P1–Au1 2.2969(13), B1–Au1– P1 164.85(16); 4.10: 

B1–Ge1 2.2079(10); 4.11:  B1–Se1 2.103(6), Se1–C35 1.926(5); 4.12: B1–Au1 2.184(3), P1–Au1 

2.3361(7), B1–Au1– P1 175.04(8).  



95 

 

4.4 Reactivity of 9-Carbene-9-Borafluorene Monoanions with Diketones 

To understand the reactivity of the BF anions with unsaturated substrates, one equivalent 

of benzil was added to 5 or 8 in THF. An immediate loss of the deep colors was observed in 

addition to their solutions becoming fluorescent. Interestingly, the carbene ligands are displaced 

to yield the new spirocyclic compound 4.13 in 44% (4.8) and 58% (4.5) isolated yields (Scheme 

3). In a similar fashion, one equivalent of 9,10-phenanthrenequinone was added to 4.5 in THF, 

which afforded compound 4.14 in 55% isolated yield. It is noteworthy that both of these reactions 

cleanly eliminate free carbene and essentially serves as a means to transfer [BF]− for the 

construction of complex heterocycles. Thus, the size of the ligand does not prohibit the formation 

of new B–centered materials. These reactions illustrate a clear difference in reactivity compared 

to the hydride-protected dianionic BF and highlights a potential benefit for the utilization of BF 

monoanions stabilized by neutral ligands. In addition, this novel reactivity with diketones 

showcases an instance in which the borafluorene monoanions can be transformed into O–B–O 

containing materials.269 Spirocycles 4.13 and 4.14 were characterized by distinct downfield shifts 

in the 11B{1H} NMR spectra (13.7 ppm for 4.13; 16.3 ppm for 4.14), compared to 4.5 (1.5 ppm). 

Scheme 4.3. Synthesis of O–B–O spirocyclic materials (4.13 and 4.14) from borafluorene anions. 

Single crystals of 4.13 and 4.14 were obtained from concentrated THF/toluene mixtures at -

37 °C. In contrast to the nucleophilic substitution products 4.9-4.12, the boron atom in 4.13 and 
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4.14 remain anionic and maintain contact with the potassium cation (Figure 4.9). In 4.14 the 

phenanthrene moiety is planar, while the phenyl groups of 4.13 are not bound, and therefore twist 

out of plane.  These O–B–O compounds also exist as a coordination polymers in the solid state 

(Figures A3.24 and A3.26). 

Figure 4.9. Molecular structures of 4.13 (a) and 4.14 (b). Thermal ellipsoids shown at 50% 

probability and H atoms were omitted for clarity. Selected bond lengths [Å]: 13: B1–O1 

1.5103(15); B1–O2 1.5156(15); O1–C13 1.3796(14); O2–C20 1.3801(14); C13–C20 1.3565(16); 

14: B1–O1 1.52(3); B1–O2 1.57(3); O1–C13 1.42(2); O2–C14 1.35(2); C13–C14 1.30(3). 

 

The photophysical properties of compounds 4.13 and 4.14 were explored by UV/vis and 

fluorescence spectroscopy. Absorption maxima for 4.13 and 4.14 were exhibited at 411 nm and 

374 nm respectively, with emission maxima for 4.13 and 4.14 red-shifted to 513 nm and 520 nm 

(Figure 4.10). Both spirocyclic boron heterocycles (4.13 and 4.14) display bright green 

fluorescence under UV light. Time-dependent density functional theory (TD-DFT, ωb97X/def2-

SVP) analysis indicates that the first excited state (S1) centred at 410 nm and 450 nm 

for 4.13 and 4.14, respectively, correspond to π→π* transitions on the benzil and 

phenanthrenequinone moieties (see ESI for plots of frontier molecular orbitals). Excited state 
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dynamics calculations reproduced the emission spectra with only the first root (S1) for both 

compounds. This indicates that although the absorbance maxima for 4.14 is observed at 374 nm, 

an internal conversion process (S2→S1) results in a π*→π emission (S1→S0) in accordance with 

Kasha’s rule.270 This was confirmed via experiment whereby excitation wavelengths at 370 nm 

and 450 nm result in the same emission spectra. 

 

Figure 4.10. Normalized absorption (solid) and emission (dashed) spectra of 4.13 (red) and 4.14 

(blue). Solutions were dissolved in THF and ran at room temperature. Compound 4.13 was excited 

at 410 nm and compound 4.14 was excited at 370 nm.  

 

4.5 Summary and Outlook 

We have synthesized and structurally characterized the first examples of borafluorene 

monoanions, and the first reduced borafluorenes isolated using neutral ligands−a feat that has 

proved extremely challenging. DFT calculations support the anionic character of the borafluorenes 

and the nucleophilicity was probed by various reactions with metal halides and diketones. Now 
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that a tricoordinate boron anion is "doped" within a rigid polycyclic aromatic hydrocarbon, these 

compounds are well-suited to be used as a building block for the synthesis of new materials. This 

is supported by the preliminary reactivity studies presented herein, including the synthesis of 

boron-element chemical bonds and spirocycles. Efforts to expand the reactivity of these anions 

towards other small molecule substrates and chemically inert bonds are currently under 

investigation in our laboratory. 

Moving forward, it will be important to explore the reactivity of the borafluorene 

monoanions with lithium and sodium countercations (4.3 and 4.4). With the presence of smaller 

cations, it is expected that a new variety of borafluorene-containing products can be obtained. 

Additionally, it will be essential try to isolate borafluorene monoanions with a less π-accepting and 

more σ-donating carbene ligand (e.g. yilidic diaminocarbenes)20, 271 than the CAAC and NHC 

ligands used in this study. By using these 6-membered yilidic diaminocarbenes to stabilize 

borafluorene monoanions, more electron-rich boron environments should be obtained than those 

of the CAAC-borafluorene monoanions. Additionally, due to the superior σ-donor ability of yilidic 

diaminocarbenes in comparison to the 5-membered NHCs studied herein, these new borafluorene 

monoanions should be more stable and easier to work with for develop a new reactivity profile.  
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Chapter Five: Boryl-Substituted Selenides and Diselenides 

 

Containing work that was originally published in: 

 

Wentz, K. E.; Molino, A.; Freeman, L. A.; Dickie, D. A.; Wilson, D. J. D.; Gilliard, R. J., Reactions 

of 9-Carbene-9-Borafluorene Monoanion and Selenium: Synthesis of Boryl-Substituted Selenides 

and Diselenides. Inorg. Chem. 2021, 60, 13941-13949. 
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5.1 Introduction to Group 13 Reactivity with Selenium 

Traditional tricoordinate boranes, possessing an empty pz-orbital, are well-known as Lewis 

acids due to their ability to readily accept an electron pair.272 However, chemical reduction of these 

borane moieties generates a class of potent nucleophiles, which have been shown to activate 

various small molecules176, 190, 244, 246, 248, 252-253, 264 and form numerous transition metal 

coordination complexes.186-189 Low-coordinate, anionic group 13 element-centered heterocycles 

that feature a lone pair are isoelectronic to N-heterocyclic carbenes (NHC),16-17, 273-275 however, 

they are stronger σ-donors and weaker π-acceptors.177 Even though several studies on NHC-

stabilized heavy chalcogens exist,276-280 and the anionic group 13 analogues of NHC have been 

known for over two decades, the reactivity of these anions with heavy chalcogens has been limited 

to only two examples.281-282  

Reactions with selenium give valuable insight into the electronics and redox behavior of a 

given molecular system because of its ability to exist in a variety of oxidation states.283-287 In 

addition, selenides and diselenides are useful synthetic targets and play a vital role in the 

development of organic oxidations288-289 and functionalized alkenes.283-285, 287, 290-292 Owing to the 

poor solubility of elemental selenium in common organic solvents, most reactions involve the use 

of organochalogenide starting materials (e.g., Ph2Se2). One key account involving the N-

heterocyclic gallyl (NHGa) anion activating the Se–Se bond of diphenyl diselenide was reported 

by Jones et al. wherein they isolated a [NHGa(SePh)2] anion (Figure 5.1a).282In addition, Coles 

reacted the aluminyl anion {K[Al(NONAr]} with elemental selenium to generate a group 13 metal 

analogue of a carbonyl group, containing an Al=Se multiple bond (Figure 5.1b).282 While several 

studies by Braunschweig involving the reactivity of NHC-borylene moieties and heavy chalcogens 

are known,293-296 it was not until recently that anionic boryl heterocycles were shown to activate 

selenium. Kinjo demonstrated that aromatic diazaborinine can oxidatively add elemental selenium 
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across the 6-membered core to yield a heavier analogue of dibora-peroxide (Figure 5.1c).297 

Wagner and coworkers used a doubly-reduced diboraanthracene (DBA) dianion to cleave the σSe–

Se bond of Se2Ph2 to furnish the oxidized DBA as the first example of boron heterocycle mediated 

Se–Se bond activation (Figure 5.1d).253 

Figure 5.1. a) PhSe–SePh cleavage by N-heterocyclic gallyl anion; b) reaction of diboraanthracene 

dianion with Se2Ph2; c) activation of elemental selenium by diazaborinine; d) synthesis of a group 

13 metal analogue of CO containing an Al=Se multiple bond.  

 

Recently we isolated 9-carbene-9-borafluorene monoanions and described initial reactions 

with metal halides and diketones, which produced a series of new compounds with B–E bonds (E 

= Au, Se, Ge, and O).298 We remain interested in gaining a deeper understanding of the reactivity 

trends for these boracyclic anions and herein we report reactions of 9-carbene-9-borafluorene 
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monoanion with elemental selenium and selenium-containing reagents. Notably, we have 

synthesized and structurally characterized the first examples of boryl-substituted selenides and 

diselenides.  

 

5.2 Reactivity of 9-Carbene-9-Borafluorene Monoanion with Grey Selenium 

After the addition of grey selenium powder to a solution of 9-CAAC-9-borafluorene 

monoanion (4.5) [CAAC = 2,6-diisopropylphenyl)-4,4-diethyl-2,2-dimethyl-pyrrolidin-5-

ylidene]21-23 in THF, an immediate color change from deep red to orange was observed (Scheme 

1). The crude 1H NMR spectrum showed a mixture of various products which was supported by 

the appearance of four new ligand methine environments. Numerous reaction trials under similar 

conditions and multiple recrystallizations gave differing mixtures of single-crystals which were 

identified by X-ray crystallography (vide infra) as selenium-containing products 5.2-5.6 (Figure 

5.2). In one instance, a few single-crystals were used to characterize compounds 5.2-5.4 via 

multinuclear NMR, however, it was not enough to establish bulk purity by elemental analysis. 

Surprisingly, in compounds 5.3 and 5.4, migration of the N-Dipp group to the selenium was 

observed, while in 5.2, the N-Dipp group was not a part of the structure. The isolation of these 

compounds is consistent with the formation of the potassium organoselenide 5.6, which was 

isolated from the same reaction mixture, but has ether coordination due to additional workup 

procedures and crystallization conditions. In the unsymmetrical diselenide (5.4), the N-Dipp group 

stayed intact with the nitrogen atom and another Dipp group migrated to the second selenium atom. 

A sufficiently resolved 77Se{1H} chemical shift for compound 5.2 could not be observed. Due to 

the symmetry present in compound 5.3 only one selenium environment was observed at 0.2 ppm 

in the 77Se{1H} NMR spectrum. However, in the 77Se{1H} NMR spectrum of 5.4, two resonances 

at 144 and 299 ppm correspond to the two chemically inequivalent selenium atoms.  
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Scheme 5.1. Reaction of 9-CAAC-9-borafluorene monoanion and grey selenium yields multiple 

selenium-containing products.  

 

Figure 5.2. Digital images of the samples of single-crystals: a (5.2); b (mixture of 5.2 (orange) and 

5.3 (colorless)); c (5.4); d (5.5); e (5.6); f (mixture of 5.2 (orange) and 5.5 (red)). Crystals of a-e 

are magnified by 40x on an optical microscope while f is not magnified.  
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Single-crystals of compounds 5.2-5.6 were grown and X-ray diffraction studies were 

performed to explore the structural properties of the selenium-containing products (Figure 3).49 

The molecular geometries of 5.2, 5.4, and 5.5 are all consistent with a trans-bent B–Se–Se–B core 

structure with torsion angles for B–Se–Se–B ranging from 146° (5.4) to 180° (5.2 and 5.5). The 

B-Se-Se angles are 103.92(18)° (5.2), 98.23(8)° (5.4), and 95.56(4)° (5.5), consistent with the 

presence of lone pairs on the Se atoms. Compounds 5.2, 5.3, and 5.6 have Se–K bonds ranging 

from 3.2174(14) to 3.303(2) Å, which are within the reported range of single bonds between 

selenium and potassium (Table 1).267 The Se–Se bonds in compounds 5.2, 5.4, and 5.5 [2.3612(4)-

2.3807(11) Å] are slightly shorter than the reported sum of the single bond covalent radii, R(Se–

Se) = 2.40 Å.268 In compound 5.3, the distance between the two selenium atoms is 4.411 Å, which 

is significantly longer than the Se–Se bonds in 5.2, 5.4, and 5.5, indicating that no significant Se-

Se interaction exists in 5.3. 
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Figure 5.3. Molecular structures of 5.2-5.6 (a-e, respectively). Thermal ellipsoids set at 50% 

probability with H atoms and non-coordinated solvent omitted for clarity.  

 

Table 5.1. Selected bond distances (Å) in compounds 5.2-5.8.  

Compound B1–C1 C1–N1 B1–Se1 Se1–K1 Se1–Se1′/2 

5.2 1.613(9) 1.301(8) 2.131(7) 3.2745(14) 2.3807(11) 

5.3 1.627(8) 1.285(7) 2.126(6) 3.2174(14) – 

5.4 1.617(4) 1.312(4) 2.141(3) – 2.3685(4) 

5.5 1.634(2) 1.3139(17) 2.0937(15) – 2.3612(4) 

5.6 – – – 3.303(2) – 

5.7 1.624(4) 1.283(3) 2.129(3) 3.5103(6) – 

5.8 – – – 3.3326(5) – 
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5.3 Effect on Reactivity in Presence of 18-crown-6 

In order to decrease the number of products obtained from Se activation, 18-crown-6 was 

added to 4.5 to aid solubilization in non-polar solvent and to promote product stability. The 

potassium cation was encapsulated by the crown ether thereby rendering the borafluorene 

monoanion soluble in toluene. After the addition of one equivalent of selenium to the reaction 

mixture, the reaction was stirred for 20 hours and analysis of the resulting solid by a 1H NMR 

experiment in C6D6 showed a new resonance at 4.22 ppm, which was assigned to the N-Dipp 

methine environment of 5.7 (Scheme 5.2). After reducing the volume of the solution and storing 

at -37 °C two different sizes of colorless crystals were obtained. The larger colorless blocks were 

determined to be 5.7 by X-ray crystallography while the smaller crystals were characterized as 5.8. 

A 1H NMR spectrum of crystalline 5.8 in THF-d8, which was not soluble in the original C6D6 NMR 

sample, revealed a different methine environment at 4.64 ppm.  

 

Scheme 5.2. Reaction of 9-CAAC-9-borafluorene monoanion and grey selenium in the presence 

of 18-crown-6 prohibits dimerization and yields boryl-substituted selenide and potassium 

organoselenide. 

 

To compare the geometrical parameters of the selenium-containing products, single-

crystals of 5.7 and 5.8 were grown and X-ray diffraction studies were performed (Figure 5.4). The 
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B1–Se1 bond distance of 5.7 [2.129(3) Å] is within the range of compounds 5.2-5.5 [2.094-2.141 

Å] (Table 1). In 5.7, the Se1–K1 bond distance is longer [3.5103(6) Å] than that of 5.8 [3.3326(5)], 

which suggests a weaker interaction in compound 5.7. Theoretical studies were carried out to 

rationalize the observed Dipp migration from CAAC to Se in 5.7 (Figure 5.5). Nucleophilic attack 

of elemental selenium by 4.5 is energetically favorable, forming a selenolate anion intermediate 

(Int1a). A subsequent transition state (TS1) was located where the Dipp group is centered between 

the nitrogen and selenium atoms. The calculated barrier for Dipp migration is ∆G‡ = +81 kJ mol-

1. Analysis of the bonding in 5.7 indicates that the most appropriate description of the CAAC 

structure is a single lone-pair on nitrogen and a double bond between N1 and C1 (WBIN1-C1 = 1.81, 

WBI = Wiberg Bond Index). For comparison, the unmodified CAAC (with an N-Dipp group) 

possesses a C1–N1 single bond. The nature of the CAAC-boron interaction in 5.7 was investigated 

with energy decomposition analysis in combination with natural orbitals for chemical valence 

(EDA-NOCV), which indicated a slight preference for a donor-acceptor description (∆Eorb = -187 

kcal mol-1) over an electron-sharing description (∆Eorb = -200 kcal mol-1), where the smaller 

magnitude of orbital interaction (∆Eorb) indicates the preferred bonding description. However, the 

small difference in ∆Eorb for the two models indicates that either description could reasonably be 

employed. For consistency, throughout the paper an electron-sharing C–B bonding description has 

been used for compounds with the loss of Dipp (5.2, 5.3, 5.7), while a donor-acceptor C–B bonding 

interaction has been used for CAAC-based compounds (5.4, 5.5).  
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Figure 5.4. Molecular structures of 5.7 (a) and 5.8 (b). Thermal ellipsoids set at 50% probability 

with H atoms omitted for clarity.  

 

Figure 5.5. Calculated relative free energies (ΔG, kJ mol-1) for the reaction of 4.5 and elemental 

selenium at the RI-SCS-MP2/def2-TZVP//B3LYP-D3(BJ)/def2-SVP (SMD, Toluene) level of 

theory. 
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5.4 Direct Synthesis of Boryl-Substituted Selenide 

Due to the absence of Dipp migration in 5.5, we were interested in devising a synthetic 

method to directly synthesize the boryl-substituted diselenide in higher yield as a single product. 

The addition of dichlorodiselenide (Se2Cl2) to a solution of 4.5 in THF produced 5.5 in 79% yield 

as a yellow solid (Scheme 5.3). A resonance at 3.16 ppm in the 1H NMR spectrum was observed 

for the N-Dipp methine protons, while a singlet at -2.8 ppm in the 11B NMR spectrum and a singlet 

at 16.5 ppm in the 77Se NMR spectrum are consistent with the structure.     

 

Scheme 5.3. Direct synthesis of boryl-substituted diselenide. 

 

Theoretical calculations were also carried out to determine the mechanism for the 

formation of 5.5. Typically, addition of electrophilic selenium to alkenes and diboranes proceed 

through a highly reactive seleniranium ion intermediate.299-300 However, attempts to locate a 

seleniranium ion intermediate associated with addition across the B-Ccarbene bond in 4.5 were 

unsuccessful, despite a comprehensive search of the potential energy surface. It was subsequently 

proposed that a radical process was occurring via reduction of Se2Cl2 by 4.5. To assess this 

hypothesis, a solution of the CAAC-borafluorene radical [BF = borafluorene]123 was reacted with 

Se2Cl2, which cleanly converted to 5.5 in 76% yield. We therefore propose that formation of 5 

occurs via two successive radical additions to Se2Cl2 proceeding through a chlorodiselaneyl 
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intermediate Int1b (Scheme 5.4). Calculated free energies indicate that each step is favorable with 

an overall reaction Grxn = -473 kJ mol-1. This type of single electron transfer is comparable to 

observations made by Braunschweig et al. with the anionic NHC-borole.255-256 

 

Scheme 5.4. Proposed mechanism for the direct synthesis of 5 (top). Calculated free energies (∆G, 

kJ mol-1) relative to reactants (RI-SCS-MP2/def2-TZVP//B3LYP-D3(BJ)/def2-SVP, (SMD, 

THF)). Reaction of CAAC-borafluorene radical with Se2Cl2 in THF also produces 5.5. 

 

The bonding and electronic structure of 5.5 was investigated with molecular orbital (MO), 

natural bond orbital (NBO), and EDA-NOCV. The HOMO and HOMO-1 of 5.5 are both π 

symmetric and localized to the diselenide moiety (Figure 6). NBO calculations reveal each 

selenium atom in 5.5 possesses two lone-pairs, with an Se−Se single bond (WBI = 0.93). Similarly, 

both B−Se bonds are single bonds (WBI = 0.90). The boron centers in 5.5 retain a large negative 

natural population analysis (NPA) charge relative to the selenium atoms (B = -0.119e, Se = -

0.038e). To determine the nature of the CAAC-borafluorene-diselenide interaction in 5.5, EDA-

NOCV calculations were carried out with both electron-sharing and donor-acceptor bonding 
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descriptions (Table 5.2). The electron-sharing model used triplet fragments (triplet CAAC-

borafluorene dimer with each CAAC-BF having one unpaired electron, and Se2 in the 3Σu
+ state), 

while the donor-acceptor description utilized fragments of singlet CAAC-BF+ dimer and singlet 

Se2
2-. Numerical EDA-NOCV results indicate that an electron-sharing approach is the favored 

description (smaller magnitude ∆Eorb term). For the electron-sharing description, the total 

interaction energy (∆Eint, -168.9 kcal mol-1) is composed of almost equal contributions from 

covalent (∆Eorb, 50%) and electrostatic (∆Eelstat, 42%) interactions. The two most important 

pairwise orbital interactions arise from the singly-occupied in-phase (+,+) and out-of-phase (+,-) 

orbital interactions between boron and selenium (Figure 5.6). Both NBO and EDA-NOCV 

calculations indicate that the ligand-diselenide interaction is best described as covalent single 

bonds between boron and selenium. 
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Figure 5.6. Plots of the HOMO (a) and HOMO-1 (b) of 5.5. Deformation densities ∆ (c) and (d) 

of the pairwise orbital interactions for the electron-sharing model of 5.5. The direction of charge 

flow for the deformation densities is red → blue. Associated interaction energies given in kcal mol-

1. Only the α-pair is shown, see ESI for β-pair. Hydrogen atoms omitted for clarity. 
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Table 5.2. EDA-NOCV results for 5.5 at the B3LYP-D3(BJ)/TZ2P//B3LYP-D3(BJ)/def2-SVP 

level of theory. Energies given in kcal mol-1. 

 2CAACBF (T) + Se2 [
3Σu

+] 2[CAACBF]+ (S) + [Se2]
2- [1Σu

+] 

ΔE
Int

  -168.9 -419.5 

ΔEPauli +331.8 +406.0 

ΔEelstat
[a]  -208.1 (42%) -478.7 (58%) 

ΔEorb
[a]  -252.4 (50%) -306.5 (37%) 

ΔEdisp
[a]  -40.2 (8%) -40.2 (5%) 

ΔEorb(1) (+,-) 
[b]  -116.4 (46%) -113.2 (37%) 

ΔEorb(2) (+,+)
[b]  -101.5 (40%) -100.1 (33%) 

ΔEorb(rest)  -34.5 (14%) -93.2 (30%) 

 

[a] Values in parentheses give the percentage contribution to the total attractive interactions ∆Eelstat 

+ ∆Eorb + ∆Edisp. 

[b] Values in parentheses give the percentage contribution to the total orbital interactions ∆Eorb. 

 

5.5 Summary and Outlook 

We have reported the first reactivity study of the 9-carbene-9-boraafluorene monoanion 

and elemental selenium. While the reaction in THF produces multiple products, the reaction is 

controlled using toluene as a solvent with the addition of 18-crown-6, producing the boryl-

substituted organoselenide. During the course of the reaction the Dipp group migrates from the 

carbene to selenium, and this process was modelled using density functional theory. While the 

reaction between 9-carbene-9-borafluorene monoanion and grey selenium yields 5.5 and multiple 
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side products, the boryl-substituted diselenide 5.5 was isolated on a preparative scale from a 

reaction of the monoanion and Se2Cl2. Theoretical modelling of this reaction supports a radical 

mechanism, which was assessed via an experimental reaction between CAAC-borafluorene radical 

and Se2Cl2, which cleanly gave compound 5.5. This study highlights the fundamental reactivity of 

the 9-CAAC-9-borafluorene monoanion with chalcogen reagents, and investigations with small 

gaseous molecules are currently underway in our laboratory.  

Future studies in this area would involve an exploration of the reactivity between the 9-

CAAC-9-borafluorene monoanion with sulfur and tellurium as a means to unravel new chemistry 

with other elements in group 16. Additional experiments with the CAAC-borafluorene radical and 

elemental selenium would provide more insight into the mechanism of formation of the 

aforementioned Dipp-group migration products.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 

 

 

 

Chapter Six: Electron-Rich Borafluorene Monoanions 

 

Containing work that was originally published in: 

 

Wentz, K. E.; Molino, A.; Freeman, L. A.; Dickie, D. A.; Wilson, D. J. D.; Gilliard, R. J., 

Systematic Electronic and Structural Studies of 9-Carbene-9-Borafluorene Monoanions and 

Transformations into Luminescent Boron Spirocycles. Submitted. 
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6.1 Introduction to Cyclic Boryl Anions and Their Structural Diversity 

Tricoordinate Lewis acidic boron complexes have long been utilized in synthetic chemistry 

as strong electrophilic reagents for the formation of new olefin polymers,301-304 substituted 

aromatics,305-307 and the functionalization of C–H bonds308 which have all been essential in 

materials-relevant chemical synthesis. However, through chemical reduction reactions, boron-

based compounds can be designed such that they become electron-rich nucleophiles. The initial 

reports on boron nucleophiles (or boryl anions)175-176, 244, 246, 256, 264, 275, 298, 309 spawned new 

investigations into understanding the chemistry and reactivity of group 13 Lewis bases (Figure 

6.1a). These compounds are isoelectronic to N-heterocyclic carbenes (NHC) but are weaker sigma-

donors,177 and are generally used for the formation of novel B–E bonds (E = transition metal, main-

group element, or lanthanide). By stabilizing the E element in low oxidation states, reactivity 

occurring at the E atom or within the B–E bond can be explored.185-187, 189, 245, 255, 310-312 Since the 

first isolation of the unsaturated boryllithium,175 structurally unique boryl anions have been 

reported which have benzannulated backbones, and potassium cation interactions with the 

electron-rich boron atom.244, 256, 313-317 Despite this class of compound being identified nearly 15 

years ago, much less is known concerning the chemical reactivity of these species with small 

molecules compared to the chemistry of the related aluminyl anions,282, 318-320 which is rapidly 

emerging. Because of the drastically different positioning and nature of the bonding within the ion 

pair (e.g., binding of weakly coordinating atoms, cation-π or other non-covalent interactions, fully 

charge-separated ions), diverse reactivity can occur. Accordingly, there is still a need for the 

realization and isolation of electronically and sterically different anionic boryl species as a means 

to probe reactivity and donor strength at the boron center, and their use as a platform for the 

development of novel boron-containing materials. 
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Figure 6.1. a) Examples of structurally unique cyclic boryl anions; b) Borafluorene-based 

spirocycles obtained from 9-carbene-9-borafluorene monoanion and diketones; c) R2BO2 

zwitterions prepared via nucleophilic addition to Frustrated Lewis pair-stabilized boracyclic 

radicals. 

 

Recently, we have been investigating the structure and bonding, reactivity, and materials 

properties 9-carbene-9-borafluorenes.99, 107, 122-123, 311 While 9-borafluorene has become a popular 

building block in molecular chemistry,98 studies of chemically reduced borafluorenes are still 

rare.123, 264, 275, 298 We reported the formation of borafluorene-based spirocycles resulting from the 

reaction of diketones and 9-carbene-9-borafluorene monoanion (Figure 6.1b).298 Although the 

electronic structures differ significantly, the R2BO2 moiety of our closed-shell compounds bear 

resemblance, in terms of connectivity, to open-shell boracyclic radicals and zwitterions 

synthesized by Stephan (Figure 1c).269, 321 Most notably, the incorporation of borafluorene in the 

zwitterionic spirocycle produces fluorescent materials. In light of the novelty of the R2BO2 

spirocyclic fragment, and luminescent properties that can be accessed, we sought to investigate 

reactions of borafluorene monoanions with other diketones in order to study their optical properties 
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in more detail. This resulted in a need to understand how the spatial arrangement of the alkali metal 

in 9-carbene-9-borafluorene monoanions affect chemical reactions and the crystallization of 

various products. Herein we report a study on the structural and electronic properties of [K][9-

CAAC-9-borafluorene] complexes (6.1-6.4) (CAAC = cyclic(alkyl)(amino) carbene). Charge-

separated [K(2.2.2-cryptand)][9-CAAC-9-borafluorene] is used as a building block for the 

synthesis of boron-oxygen heterocycles 6.5-6.6. The optical properties of 6.5-6.6 demonstrate that 

changes in the alkali metal coordination environment in the spirocycles results in significant 

differences in the emission behavior and quantum yields. 

 

6.2 Synthesis of Electron-Rich Borafluorene Monoanions 

During our initial studies on the isolation and reactivity of 9-carbene-9-borafluorene 

monoanions, we often observed solvent- or cation-dependent stability differences and variations 

in the selectivity for specific products, even in cases where the carbene ligand and alkali metal 

cation were the same.298, 311 To systematically investigate the possibility of different bonding 

modes of [K][9-CAAC-9-borafluorene monoanion] (CAAC = (2,6-diisopropylphenyl)-4,4-

diethyl-2,2-dimethyl-pyrrolidin-5-ylidene;21-22, 322 BF = borafluorene) and the role coordination 

environment plays in chemical reactions, we first sought to understand the solution-phase behavior 

of our previously reported [K][9-CAAC-9-BF]  monoanion coordination polymer.298 When 

CAAC-BF-P is dissolved in THF (Scheme 6.1), the 11B{1H} NMR spectrum shows a singlet at 

1.5 ppm. Single crystal X-ray diffraction studies of 6.1 reveal a [K(THF)3][9-CAAC-9-BF] 

structure in which the K atom is binding to the central BF ring in an ƞ5-fashion. In contrast, when 

compound 6.1 is reacted with 18-crown-6, 2.2.2-cryptand, or phenanthroline, charge-separated ion 

pairs 6.2-6.4 are formed as red solids, which display downfield chemical shifts in the 11B{1H} 
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NMR spectra (14.2 -15.4 ppm, THF-d8). The significant differences in the 11B NMR data suggest 

that the structure of 6.1 is persistent in solution (THF) and the boron center of 6.2-6.4 are more 

electron-rich.  

Scheme 6.1. Synthesis of [K][9-carbene-9-borafluorene] complexes (6.1-6.4).  

 

Theoretical studies were performed to gain insight into the altered electronic properties of 

BF with respect to contact ion distance. Comparison of the calculated partial charges at boron and 

Wiberg bond indices (WBI) for B1-C1 in 6.1 (-0.119 e-, WBI = 1.299) and 3 (-0.155, WBI=1.423) 

highlight the increased anionic character of the charge-separated species. Plots of the electrostatic 

potentials of 6.1 and 6.3 are shown in Figure 6.2, with large negative values in the regions 

surrounding boron in 6.3 compared to 6.1. Calculated 11B nuclear shielding values of 6.1 (1.89 
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ppm) and 6.3 (11.60 ppm) are in agreement with the observed experimental trends. Additionally, 

constrained scan calculations varying the potassium contact distance of 6.1 from the central BF 

ring resulted in an increasing downfield chemical shift (BF--K(3.1 Å) = 1.89 ppm, BF--K(6.6 Å) 

= 3.95 ppm) (Figure 6.2c).  

 

Figure 6.2. Plots of the electrostatic potential (ESP) of 6.1 (a) and 6.3 (b), B3LYP-D3(BJ)/TZ2P 

(COSMO, THF), isosurface from -2.5e-2 (red) to +8.0e-2 (blue). Plot of the calculated isotropic 

11B nuclear shielding of 6.1 with respect to BF--K(THF)3 distance (TPSSh/pcSseg-2 (CPCM, 

THF)) (c). 

Comparison of the single crystal X-ray diffraction data for 6.1-6.4 show that the bond 

metrics for 6.1 are similar to free boryl anions (6.2-6.4) in the solid state (Figure 6.3). The B1–C1 

bond lengths for 6.1 [1.505(3)], 6.2 [1.519(7)], 6.3 [1.495(2)], and 6.4 [1.504(3)] are also similar 

to the previously reported CAAC-BF-P [1.502(5)],298 and all indicate double bond character 

between the boron and carbon atoms.  

a b c 
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Figure 6.3. Molecular structures of 6.1 (a), 6.2 (b), 6.3 (c), and 6.4 (d). Hydrogen atoms omitted 

for clarity and thermal ellipsoids shown at 50% probability. Selected bond lengths [Å]: 6.1: B1–

C1 1.505(3), B1–C23 1.609(2), B1–C34 1.598(3), B1–K1 3.2363(19); 6.2: B1–C1 1.519(7), B1–

C23 1.586(8), B1–C34 1.617(8), B1---K1 5.911(6); 6.3: B1–C1 1.495(2), B1–C23 1.601(2), B1–

C34 1.616(2) B1---K1 6.891(2); 6.4: B1–C1 1.504(3), B1–C23 1.607(3), B1–C34 1.600(3), B1---

K1 8.095(2).  
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6.3 Reactivity of Charge Separated Borafluorene Monoanion with Diketones 

Because of the drastic difference in electronics between 6.1 and 6.3, we hypothesized that 

the use of the charge-separated borafluorene monoanion 6.3 as a starting material for reactions 

with 9,10-phenanthrenequinone and 1,10-phenanthroline-5,6-dione would generate borafluorene 

spirocycles with different photophysical properties. In order to ensure solvent-free potassium 

cations in reaction products, compound 6.3 was used for these studies. Upon addition of 9,10-

phenanthrenequinone and 1,10-phenanthroline-5,6-dione to 6.3, immediate color changes from 

deep red to orange were observed which were indicative of the formation of 6.5 and 6.6 (Scheme 

6.2). In both cases, the CAAC ligand was displaced and borafluorene spirocycles 6.5 and 6.6 were 

characterized by distinct downfield chemical shifts in the 11B NMR spectra at 16.2 and 16.6 ppm 

respectively.  

 

Scheme 6.2. Displacement of CAAC ligand by 9,10 phenanthrenequinone and 1,10-

phenanthroline-5,6-dione to form spirocyclic borafluorenes 6.5 and 6.6.  
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Yellow and orange air-stable single crystals of 6.5 and 6.6 were grown from concentrated 

solutions in THF with a couple drops of hexanes added. In both molecules, charge-separated 

boron-based spirocycles with no potassium contacts were observed, which differ from our 

previously reported borafluorene spirocycles that exist as coordination polymers (Figure 6.4).298 

Additionally, the B–O bonds of 6.5 and 6.6 range from 1.513(14) to 1.533(2) Å, and are close in 

length to the sum of the covalent radii (R(B–O) = 1.50 Å)268 indicative of single bond character.  

The placement of the nitrogen atoms on 6.6 leaves a site for potential binding to other elements to 

generate mixed metal systems. Compound 6.6 is particularly interesting as 1,10-phenanthroline 

complexes have been used for various technologies including analytical probes.323-325 Due to the 

higher quantum yields of 6.6 (Φsolution = 4%) in comparison to the weakly luminescent parent 

phenanthroline (Φsolution = 0.8%),323 complexes similar to 6.6 should open up new possibilities in 

molecular materials applications.  

Figure 6.4. Molecular structures of 6.5 (a) and 6.6 (b). Hydrogen atoms omitted for clarity and 

thermal ellipsoids shown at 50% probability. Selected bond lengths [Å]: 6.5: B1–O1 1.525(13), 

B1–O2 1.513(14), O1–C13 1.362(11), O2–C14 1.356(12), C13–C14 1.352(14). 6.6: B1–O1 

1.533(2), B1–O2 1.532(2), O1–C13 1.348(2), O2–C24 1.49(2), C13–C24 1.364(2).   
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Theoretical calculations were used to determine the possible mechanism for the formation 

of spirocycles 6.5 and 6.6. Recently, we have shown that 6.1 may act as a single-electron donor 

with diselenides to undergo subsequent radical coupling.311 The reactivity of quinones with 

electron-rich species has been reported to proceed via the same route, resulting in cyclization 

products similar to those described herein.326-330 We first sought to model the electron-transfer 

pathway using broken-symmetry density functional theory. Single-electron transfer (SET) from 

the borafluorene monoanion (BFA) to 9,10-phenanthrenequinone forming open-shell singlet 

complex (RC1) was found to be energetically favorable relative to reactants (ΔGrxn = -95 kJ mol-

1). An alternative nucleophilic addition pathway was also examined. All attempts to optimize an 

intermediate adduct with boron bound to one of the carbonyl carbons (Figure S18) reorganized to 

the boron oxygen adduct Int1 (ΔGrxn = -154 kJ mol-1). No transition state could be located for the 

formation of Int1. A scan of the reaction energy surface of Int1 on a series of B-O bond distances 

converged smoothly (Figure S19), suggesting that adduct formation may proceed through a 

shallow potential energy surface. Such shallow potential energy surfaces are commonly associated 

with radical or barrierless processes; however, barrierless adduct formation is not expected to 

occur due to the significant geometry reorganization between BFA and Int1. Although both SET 

and nucleophilic addition pathways are exergonic, given the previously reported reversible redox 

properties of 6.1, we postulate adduct formation Int1 proceeds through the radical coupling of 

RC1.123, 311 Concerted intramolecular cyclization of Int1 and loss of CAAC results in products 6.5 

and 6.6 (Figure 6.5). 
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Figure 6.5. Proposed reactivity pathways for the synthesis of 6.5 and 6.6. Calculated free energies 

(ΔG, kJ mol-1) relative to reactants (B3LYP-D3(BJ)/def2-SVP (CPCM, THF)). Values in 

parentheses correspond to the reactivity of BFA with 1,10-phenanthroline-5,6-dione. 

 

6.4 Photophysical Properties of Luminescent Borafluorene Spirocycles 

In order to explore the photophysical properties of the borafluorene spirocycles, UV-vis, 

fluorescence, and quantum yield measurements were carried out. Absorption maxima for 6.5 and 

6.6 are observed at 390 nm and 414 nm, respectively, with red-shifted emission wavelengths for 

6.5 and 6.6 at 517 nm and 569 nm (Figure 6.6). These absorption and emission values are in line 

with what was observed for the previously reported potassium coordinated borafluorene 

spirocycles (4.13 and 4.14).298 However, under UV light, 6.5 displays a bright green color while 

6.6 is orange. Time-dependent density functional theory (ωB97X/def2-TZVP, CPCM(THF)) 
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analysis indicates the the absorption maxima for 6.5 and 6.6 are associated with π→π* transitions 

centered on the quinone moieties (Figures A4.46-A4.47). 

 

Figure 6.6. Normalized absorption (solid line) and emission (dashed line) spectra of 4.13 (red) 

4.14 (blue), 6.5 (green), and 6.6 (orange). Samples were dissolved in THF and ran at room 

temperature. Compounds 4.13 and 6.6 were excited at 410 nm, 4.14 was excited at 370 nm, and 

6.5 was excited at 390 nm. 

 

To quantify luminescence, quantum yield studies were performed in the solution and solid-

states of the borafluorene spirocycles. As expected, 4.14 has the highest QY in solution phase due 

to the more rigid structure than 4.13 (Table 6.1). However, compound 6.5 has a higher QY in the 

solid state than the solution phase due to crystal packing. These data clearly indicate that the nature 

of the K atom position play a role in the optical properties of the spirocycles. 
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6.5 Summary and Outlook 

In summary, we report structurally different charge-separated 9-CAAC-9-borafluorene 

monoanions (6.1-6.4). Charge-separated compounds 6.2-6.4 with potassium counteranions 

captured by 18-crown-6, 2.2.2-cryptand, and 1,10-phenanthroline are significantly more electron-

rich at the boron center which is supported by significant differences in the 11B NMR chemical 

shifts. Theoretical modelling has provided evidence that the enhanced anionic character in 

compounds 6.2-6.4 is distance-dependent with the potassium counterions. The ability to easily 

tune the nucleophilicity of the boron atom of the 9-carbene-9-borafluorene monoanions is not only 

a way to modify the electronic structure of the anions but may also prove useful as a means to 
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control reaction pathways. Moreover, when reacting 6.3 with 9,10-phenanthrenequinone and 1,10-

phenanthroline-5,6-dione, novel charge-separated boron spirocycles (6.5 and 6.6) are synthesized 

via carbene elimination, with computational mechanistic studies suggesting this reactivity 

proceeds via an electron-transfer mechanism. Compounds 6.5 and 6.6 display bright yellow and 

orange luminescence under UV light, and are air-stable in the solid state. Due to the absence of 

potassium interactions with the boron center in 6.5, the crystal packing is affected, and the solid-

state quantum yield (Φsolid = 15%) is drastically higher than in the solution state (Φsolution = 1%). 

The presence of nitrogen atoms on the phenanthroline moiety of 6.6 leads to a red-shifted emission 

color. Because of the open biding site, compounds similar to 6.6 may be useful in the preparation 

of other metal complexes. Additional reactivity studies with the charge-separated borafluorene 

monoanions and spirocycles are currently underway in our laboratory and will be reported in due 

course.  

Studies in the future with other aromatic diketones will be imperative for expanding the 

emission properties to different wavelengths. Additional experiments to evaluate scalability and 

photophysical properties of the spirocycles as thin films will be key for fabrication into 

optoelectronic devices. Coordination reactions between 6.6 and metals will also be of interest to 

the materials, main-group, and inorganic chemistry communities. Specifically, studies with 

germanium, platinum, and iron will be explored for the development of new coordination 

complexes with fluorescent properties.  
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Chapter Seven: Trioxiborinanone and Dioxaborinanone 

 

Containing work that was originally published in: 

 

Wentz, K. E.; Molino, A.; Freeman, L. A.; Dickie, D. A.; Wilson, D. J. D.; Gilliard, R. J., 

Activation of Carbon Dioxide by 9-Carbene-9-Borafluorene Monoanion: Carbon Monoxide-

Releasing Transformation of Trioxaborinanone to Luminescent Dioxaborinanone. Manuscript in 

Preparation. 

 

  



130 

 

7.1 Introduction to Activation of Carbon Dioxide by Boron-Based Species 

Given the overabundance of greenhouse gases such as carbon dioxide (CO2) in the Earth’s 

atmosphere, scientists have been interested in understanding chemical transformations of these 

small molecules, and their modification into higher value chemical feedstocks.331-333 Although the 

complete conversion of CO2 into desirable materials is quite complex, a key first step is the 

activation of their inert chemical bonds. Because of the high thermodynamic stability of CO2, 

reactive species are often required to break their strong bonds. Transition metal complexes have 

been widely used for the activation of these small molecules, but some of these elements remain 

costly and susceptible to potential supply chain issues.334-336 Therefore, researchers are interested 

in designing inexpensive main-group compounds that can activate inert gases.  However, due to 

the inherent disposition of energetically accessible molecular orbitals, the synthesis of suitable 

main-group compounds that interact with small molecules remain an ongoing challenge. 

Owing to its ability to exist as both a strong electrophile or nucleophile, boron has been an 

element of choice for several small molecule activation studies.252, 337 Elegant work by Kinjo and 

coworkers highlighted the ambiphilic nature of diazadiborinines in which one boron atom acts as 

a Lewis base and the other as a Lewis acid to undergo a [4+2] cycloaddition reaction with CO2 

(Figure 1a).338-339 Yamashita and Nozaki reported that the reaction of the Lewis basic boryllithium 

with carbon dioxide, followed by protonation yields a borylcarboxylic acid (Figure 1a).244 Stephen 

has shown that the combination of a frustrated phosphine---borane Lewis pair results in the 

reversible insertion of carbon dioxide  (Figure 1b).340-341  Most recently, Braunschweig 

demonstrated that nonpolar B=B double bonds can activate CO2 to form novel dibora-β-lactones 

and diboraoxetanones.342 In contrast, introducing a diboracumulene with partial triple bond 

character to carbon dioxide results in the formation  of a dioxaborinanone (Figure 1c).343 Although 
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these examples represent significant strides in main- group chemistry, studies of boryl anions 

activating small molecules are still limited.244, 252, 264, 344 

Figure 7.1. a) Boron nucleophiles react with CO2 to form borylcarboxylic acid; b) CO2 capture by 

Frustrated Lewis Pairs; c) activation of CO2 by nonpolar double multiple bonds; d) This Work: 

synthesis of trioxaborinanone by borafluorene monoanion activation of CO2, and elimination of 

CO to form the fluorescent dioxaborinanone. 

 

Due to the reduced, electron-rich nature of 9-carbene-9-borafluorene monoanions that were 

recently isolated by our laboratory,298, 311 we hypothesized that they would be a suitable platform 
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for small molecule activation chemistry. Herein, we report the reactions of the 9-CAAC-9-

borafluorene monoanion with CO2 (CAAC = (2,6-diisopropylphenyl)-4,4-diethyl-2,2-dimethyl-

pyrrolidin-5-ylidene)21-22, 322 (Figure 1d). Notably, the activation of CO2 produces the first example 

of a trioxaborinanone. Thermolysis or photolysis of trioxaborinanone results in CO release to yield 

a luminescent dioxaborinanone. Carbon monoxide is essential physiologically as a messenger for 

various neurological pathways, however is fatal if inhaled in high concentrations.345 Accordingly, 

materials which can deliver stoichiometric amounts of CO in a controlled manner [e.g., carbon 

monoxide releasing molecules (CORMs)] have gained significant attention for anti-inflammatory 

therapies and other medicinal applications.346-349   Furthermore, it is rare for the products yielded 

from the CO2 activation to be heterocyclic materials with desirable luminescent responses.  

 

7.2 Synthesis of Trioxaborinanone and Dioxaborinanone 

We began our studies by pressurizing a solution of CAAC-borafluorene monoanion (6.1) 

to 50 psi with carbon dioxide and an immediate color change from deep red to yellow was 

observed. A crude 1H NMR spectrum of the solid obtained from the reaction showed the formation 

of a complex mixture of intractable products. However, when 18-crown-6 was added to a solution 

of 6.1 before pressurizing with CO2, the 6-membered trioxaborinanone (7.2) was cleanly isolated 

as a colorless solid in 71% yield. Heating a solution of 7.2 in toluene to 70 °C for 18 hours results 

in CO release and the air-stable 5-membered dioxaborinanone (7.3) was obtained in 55% isolated 

yield. Photolysis of 2 under UV light also promotes CO release to form 3 and the CAAC-CO2 

adduct, albeit with free CAAC and unidentified species as minor products (2:1 ratio, 3:CAAC-

CO2). Compounds 2 and 3 are characterized by distinct 11B{1H} NMR chemical shifts at 8.0 and 
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11.8 ppm, respectively. Analysis of the heterocycles by infrared spectroscopy indicates that 7.2 

and 7.3 exhibit C=O stretching bands at 1693 and 1690 cm-1, respectively.  

Scheme 7.1. Reaction of 6.1 with CO2 yields new 6-membered trioxaborinanone (7.2). Heating a 

solution of 7.2 releases CO and produces 5-membered dioxaborinanone (7.3). 

 

7.3 Structural Properties of Trioxaborinanone and Dioxaborinanone 

In the solid state, both 7.2 and 7.3 feature unique structures with spirocyclic cores 

containing boron and oxygen heteroatoms (Figure 7.2). Although spirocyclic molecules have 

received great attention in drug discovery for their three dimensionality, spirocycles featuring 

heteroatoms have historically been less explored.350-354 Remarkably, compound 7.3 possesses two 

spirocyclic moieties, which both contain oxygen atoms. In addition, 7.3 adopts an unusual structure 

by which the oxidized carbene carbon forms a spirocycle, representing one of only a few 

examples.343, 355-358 The 5-membered ring of 7.3 is planar while the 6-membered ring of 7.2 is 

puckered. The B1–O1 and B1–O3 bond lengths of 7.2 are 1.478(4) Å and 1.535(3) Å respectively 

and are close to the sum of the covalent radii (R(B–O) = 1.50 Å)268 for a single bond. In the 6-
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membered ring of 7.2 the endocyclic C–O bond lengths range from 1.298(3) to 1.410(3) Å while 

the length of the exocyclic C2–O4 bond is significantly shorter [1.210(3) Å] and indicative of 

double bond character. In compound 7.3, the B–O bond lengths [1.5429(18) Å and 1.4746(17) Å] 

are comparable to those of 7.2.  

Figure 7.2. Molecular structures of 7.2 (a) and 7.3 (b). Hydrogen atoms omitted for clarity and 

thermal ellipsoids shown at 50% probability. Selected bond lengths [Å]: 2: B1–O1 1.478(4), B1–

O3 1.535(3), C1–O1 1.350(3), C1–O2 1.410(3), C2–O2 1.351(3), C2–O3 1.298(3), C2–O4 

1.210(3), C1–C3 1.340(4); 3: B1–O2 1.5429(18), B1–O3 1.4746(17), C1–O1 1.2223(17), C1–O2 

1.3113(16), C1–C2 1.5517(18), C2–O3 1.3945(16).  
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7.4 Mechanism for the Formation of Trioxaborinanone  

The mechanism for the formation of 7.2 was investigated using density functional theory 

(Figure 7.3). The addition of electron-rich boron 6.1 to the carbon center of CO2 forms 

borylcarboxylate adduct Int1. The nature of the formation of Int1, described by TS1, was further 

examined using energy decomposition analysis in conjunction with the natural orbitals for 

chemical valence method (EDA-NOCV). The boron center in TS1 adopts sp3 hybridization. The 

highest occupied fragment orbital describes a lone-pair centered at boron, with the complimentary 

π* lowest occupied fragment orbital on bent CO2. The resultant NOCV identifies charge-transfer 

from boron to the carbon atom of CO2, indicating the initial adduct formation proceeds via 

nucleophilic addition (Figure 7.4).  The CO2 adduct undergoes a concerted migration from boron 

to the carbene carbon forming β-lactone intermediate Int2. The calculated barrier height for the 

[2+2] cycloaddition of CO2 to the B-Carbene bond of 1 forming the β-lactone intermediate similar 

to that observed in Braunschweig’s diboranes,342 was found to be energetically unfavorable 

(ΔG‡=+216.4 kJ mol-1). This observation highlights the π nucleophilic character of boron in 1 as 

predicted by the donor-acceptor bonding interactions between borafluorene and CAAC.298 

Dissociation of the boron-carbene bond in Int2 yields Int3 possessing a nucleophilic site at the 

singly coordinated oxygen. Int3 readily undergoes nucleophilic addition with CO2 (Int4) and 

subsequent intramolecular cyclization to form 7.2 (ΔGrxn = -68.2 kJ mol-1). 
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Figure 7.3. Calculated relative free energies (ΔG, kJ mol-1) for the reaction of 6.1 with CO2 to 

form 7.2 at the B3LYP-D3(BJ)/def2-TZVP//B3LYP-D3(BJ)/def2-SVP (SMD, Toluene) level of 

theory. All thermochemical values computed at 298.15 K and 3.4 atm.

 

Figure 7.4. Plots of the reactant fragment orbitals for TS1 (a) and (b). Plot of the deformation 

density Δρ(1) (c) indicating charge flow between NOCVs for TS1 and the associated contribution 

to the total orbital interaction (ΔE(1), kJ mol-1). Eigenvalue ν(1) quantifies the amount of transferred 

electron density (red: charge depletion, blue: charge accumulation), isosurface = 0.001.  

 

Δρ
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ΔE
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7.5 Photophysical Properties of Luminescent Dioxaborinanone 

Spirocyclic 7.2 can be considered among carbon monoxide-releasing molecules (CORMs) 

that are important for their ability to deliver specific amounts CO, reducing the risk of CO 

poisoning.348-349 Monitoring the reaction of 7.2 to 7.3 by 1H NMR indicates that after 2 hrs of 

heating compound 7.2 at 60 °C in THF-d8, it is completely converted to 7.3 and CAAC-CO2
359 

(2:1 ratio, 7.3:CAAC-CO2). It is noteworthy that dioxaborinanone 7.2 emits blue light under UV 

excitation. Therefore, compound 7.2 is an especially promising CORM with the ability to deliver 

CO under both thermal or photochemical conditions with a simultaneous optical response (i.e., 

fluorescence turn-on due to the formation of 7.3). The absorption maximum for 7.3 in THF was 

observed at 318 nm, with a red shifted emission maximum at 352 nm (Figure 7.5). In order to 

quantify luminescence, an absolute quantum yield of 7% in solution was determined for 7.3. 

Theoretical modelling of the electronic excitations for 7.3 at the CAM-B3LYP-D3(BJ)/def2-

TZVP(-f) level of theory identifies the lowest energy transition to be a mixed HOMO→LUMO 

(44%) and HOMO-1→LUMO (34%) configuration. These transitions describe π→π* transitions 

centered on the borafluorene moiety with minor charge-transfer character from CAAC to 

borafluorene (Figure A4.48). 
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Figure 7.5. Normalized absorption (solid line) and emission (dashed line) spectra of 7.3. Solutions 

were dissolved in THF and ran at room temperature, and excited at 300 nm. 

 

7.6 Summary and Outlook 

In conclusion, we report the first structurally authenticated example of a trioxaborinanone 

(7.2), which was synthesized from the activation of CO2 by the 9-CAAC-9-borafluorene 

monoanion. Notably, compound 7.2 functions as a CO releasing molecule when heated or 

irradiated, and forms the luminescent dioxaborinanone (7.3) via loss of CO. Thus, a fluorescent 

response is initiated, and can be observed optically when one equivalent of CO is released. 

Theoretical mechanistic studies reveal the reactivity of 9-CAAC-9-borafluorene monoanion with 

CO2 proceeds via a nucleophile addition pathway. Other studies to investigate the reactivity of the 

9-carbene-9-borafluorene monoanions with different small molecules are currently underway in 

our laboratory.  

Future studies in this area include reactions with carbon disulfide to investigate if any 

differences in bonding and structure exist with a heavier analogue of carbon dioxide. Additional 

experiments with other solvents for the reaction would be screened to gain a better understanding 

of what temperature and reaction time is needed for complete CO release. For CORM applications, 
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it is essential to deliver pure CO quickly, therefore the shortest reaction time is ideal. It is also 

necessary to examine the role the potassium interaction plays on the formation of the CO2 inserted 

product, thus experiments with compound 6.3 instead of 6.2 will be vital.  
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Appendix I – Experimental Details  

 

General Procedures 

All experiments were carried out under an inert atmosphere of argon using an MBRAUN 

LABmaster glovebox equipped with a -37 °C freezer. The solvents were purified by distillation 

over sodium and benzophenone. THF-d8 for NMR experiments was purified by distillation over 

sodium and stored over Na/K under an inert atmosphere. CD3CN was purified by distillation over 

CaH2. Glassware was oven-dried at 190 °C overnight. The NMR spectra were recorded at room 

temperature on a Varian 600 MHz spectrometer. Proton and carbon chemical shifts are reported in 

ppm and referenced using the residual proton and carbon signals of the deuterated solvent (1H: 

C6D6 - δ = 7.16; 13C: C6D6 - δ = 128.1; 1H: THF-d8 - δ = 3.58; 13C: THF-d8 - δ = 67.6; 1H: CD3CN 

- δ = 1.94; 13C: CD3CN - δ = 118.3), while lithium, boron, fluorine, phosphorus, and selenium 

chemical shifts are referenced to external standards (7Li: 9.7 M LiCl in D2O - δ = 0.0; 11B: 

BF3•Et2O - δ = 0.0; 19F: C6F6 - δ = 164.9 ; 31P: 85% H3PO4 in H2O - δ = 0.0; 77Se: Ph2Se2 in C6D6 

- δ = 459). Due to the borosilicate NMR probe, a large broad peak is observed at approximately 

25 to -25 ppm in the 11B NMR spectra. Reactions with CO2 were carried out in Fisher-Porter 

reaction vessels with gas that was dried over P2O5 for 4 hrs. The UV-visible and fluorescence 

spectra were recorded on a Cary 60 UV-vis Spectrophotometer and a Cary Eclipse Fluorescence 

Spectrophotometer. Sample solutions were prepared in toluene or THF in 1 cm square air-free 

quartz cuvettes. Absolute fluorescence quantum yields were obtained using a Hamamatsu C11347-

11 Quantaurus-QY Absolute PL Quantum Yield Spectrometer. Samples were prepared in the 

glovebox using quartz petri dishes (single crystals) or 1 cm square quartz cuvettes (solutions). The 

solutions were prepared in THF and the data was collected with absorbance values less than 0.1. 

Elemental analyses were performed on a Perkin-Elmer 2400 Series II analyzer. 18-crown-6 was 
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purchased from Sigma Aldrich and was recrystallized from minimal toluene at -37 °C and dried 

under reduced pressure before use. All other chemicals were purchased from Sigma Aldrich or 

Strem Chemicals and used as received.  The 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride 

(IPr•HCl)17, 4,5,9,10-tetrabromo-2,7-ditert-butylpyrene,56 4,5,9,10-tetrabromo-2,7-di-tert-

butylpyrene,56 and 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene (sIPr),170 2.1,166, 229 4.1,107 

4.2,102 and CAAC-BF•123 were prepared according to the literature procedures. 
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Chapter Two 

Synthesis of 2.1 

In a 50 mL flask, 1,3-bis(2,6-diiso-propylphenyl)imidazolium chloride (IPr•HCl, 0.471 g, 1.11 

mmol), [Pd(OAc)2] (0.124 g, 0.554 mmol), and NaOtBu (0.160 g, 1.66 mmol) were stirred in 20 

mL of toluene at room temperature for 1 hr until a clear orange solution was observed. In a Schlenk 

tube 4,5,9,10-tetrabromo-2,7-di-tert-butylpyrene (5.00 g, 7.91 mmol) and NaOtBu (3.65 g, 38.0 

mmol) were dissolved in anhydrous toluene (100 mL). The previous solution was added to the 

Schlenk tube, and tert-butylamine (3.99 mL, 38.0 mmol) was added under positive argon pressure. 

The resulting dark orange solution was stirred at 110 °C for 16 hrs. The mixture was cooled to 

room temperature and filtered over Celite®. The solvent was removed from the filtrate to leave a 

dark orange solid. The crude solid was washed with hexanes (3 x 20 mL) to yield the pure yellow 

product (4.41 g, 93% yield). Colorless block-shaped crystals suitable for X-ray diffraction studies 

were obtained from a concentrated hexane solution at -37 °C. 1H NMR (600 MHz, C6D6, 298 K) 

δ = 8.85 (s, 4H, CHpyr), 4.23 (br. s, 4H, NH), 1.65 (s, 18H, C(CH3)3), 1.26 ppm (s, 36H, 

N(C(CH3)3). 
13C{1H} NMR (150.90 MHz, C6D6, 298 K) δ = 146.3, 136.9, 132.1, 120.8, 119.6, 

56.0, 35.9, 32.3, 31.8 ppm. 

 

Synthesis of 2.2 

Compound 2.1 (1.00 g, 1.67 mmol) was dissolved in freshly distilled Et2O (10 mL) in a 100 mL 

Schlenk flask to yield a yellow solution. n-BuLi (2.5 M in hexanes, 2.84 mL, 7.02 mmol) was 

added dropwise under argon at -78 °C, and a color change to red was observed. The reaction was 

slowly warmed to room temperature and stirred for 22 hrs. The solvent was removed under reduced 

pressure, and the orange residue was redissolved in toluene (60 mL). GeCl2•dioxane (0.774 g, 3.34 
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mmol) was added, and the reaction was stirred for 17 hrs. The mixture was filtered over Celite® 

to leave a dark orange filtrate. The solvent was removed from the filtrate under reduced pressure 

to leave a dark orange solid. The crude solid was washed with hexane (3 x 10 mL) to leave the 

pure orange compound 2.2 (0.517 g, 46% yield). Yellow rod-shaped crystals suitable for X-ray 

diffraction studies were obtained from a concentrated toluene solution at -37 °C. 1H NMR (600 

MHz, C6D6, 298 K) δ = 8.50 (s, 4H, CHpyr), 1.85 (s, 36H, N(C(CH3)3)) 1.59 ppm (s, 18H, C(CH3)3). 

13C{1H} NMR (150.90 MHz, C6D6, 298 K) δ = 143.7, 136.8, 126.7, 117.2, 116.3, 59.3, 37.5, 36.4, 

32.6 ppm. Anal. Calcd for C40H58Ge2H4: C, 64.91; H, 7.90; N, 7.57%. Found: C, 64.38; H, 8.14; 

N, 7.24%. 

 

Synthesis of 2.3 

To a solution of compound 2.2 (0.200 g, 0.270 mmol) in toluene (25 mL), sIPr (0.0974 g, 0.540 

mmol) was added. After addition, the reaction was stirred at room temperature for 3.5 hrs. The 

yellow precipitate was then collected through filtration and washed with hexane (3 x 5 mL), and 

the remaining solid was dried under reduced pressure to yield compound 2.3 (0.122 g, 41% yield). 

Yellow block-shaped crystals suitable for X-ray diffraction were obtained from a concentrated 

NMR sample in C6D6. 
1H NMR (600 MHz, C6D6, 298 K) δ = 8.57 (s, 4H, CHpyr), 6.68 (br. s, 4H, 

CH(CH3)2), 1.99 (s, 36H, N(C(CH3)3)), 1.72 (s, 18H, C(CH3)3), 1.49 (s, 12H, CCH3), 1.05 ppm (s, 

24H, CH(CH3)2). 
13C{1H} NMR (150.90 MHz, C6D6, 298 K) δ = 188.4, 141.9, 120.1, 119.3, 111.8, 

58.4, 48.4, 36.2, 35.8, 33.0, 21.4, 9.8 ppm.  
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Chapter Three  

Synthesis of 3.2 

To a solution of compound 2.1 (0.300 g, 0.501 mmol) in toluene (15 mL), BH3•THF (1 M in THF, 

1.75 mL, 1.75 mmol) was added under argon. The yellow slurry was heated to 110 °C for 2 days 

until a yellow solution was observed. The reaction was cooled to room temperature and the pale-

yellow solid was collected via filtration and washed with hexanes (5 mL) and the remaining solid 

was dried under reduced pressure to leave compound 3.2 (0.239 mg, 77% yield). 1H NMR (600 

MHz, C6D6, 298 K) δ = 8.83 (s, 4H, CHpyr), 1.88 (s, 36H, N(C(CH3)3)), 1.66 ppm (s, 18H, 

C(CH3)3). Unable to observe the BH due to the quadrupolar effect. 13C{1H} NMR (150.90 MHz, 

C6D6, 298 K) δ = 132.3, 129.3, 125.7, 125.2, 117.5, 54.5, 34.8, 32.6, 30.2 ppm. 11B{1H} NMR 

(C6D6, 192.55 MHz): No shift was observed. Anal. Calcd for C40H60B2N4: C, 77.67; H, 9.78; N, 

9.06%. Found: C, 77.18; H, 9.75; N, 9.02%.   

 

Synthesis of 3.3 

To a -78 °C solution of compound 2.1 (0.200 mg, 0.334 mmol) in Et2O (20 mL), n-BuLi (2.5 M 

in hexanes, 0.560 mL, 1.40 mmol) was added slowly. The orange solution was slowly warmed to 

room temperature and stirred for 20 hrs. The reaction mixture was cooled to -78 °C, and BF3• Et2O 

(0.0825 mL, 0.668 mmol) was added. The reaction was slowly warmed to room temperature and 

the light green solution was stirred at room temperature for 22 hrs. The solvent was removed under 

reduced pressure, and the product was extracted from the green residue with toluene (30 mL). The 

mixture was filtered over Celite® to remove LiF salt. The solvent was removed from the filtrate 

to leave a crude green solid. The solid was washed with hexanes (3 x 5 mL) to leave compound 

3.3 as a light green solid (0.0698 g, 32% yield). Single crystals were obtained via 1:1 mixture of 
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toluene/hexane at -37 °C. 1H NMR (600 MHz, C6D6, 298 K) δ = 8.57 (s, 4H, CHpyr), 1.79 (s, 36H, 

N(C(CH3)3)), 1.60 ppm (s, 18H, C(CH3)3). 
13C{1H} NMR (150.90 MHz, C6D6, 298 K) δ = 144.0, 

131.0, 125.5, 117.2, 116.8, 55.1, 36.1, 33.2, 32.4 ppm. 11B{1H} NMR (C6D6, 192.55 MHz): δ 25.7 

ppm. 19F NMR (C6D6, 564.69 MHz): δ -125.7 ppm (d, J = 33.9 Hz, 1F). 

 

Synthesis of 3.4 

To a -78 °C solution of compound 2.1 (500 mg, 0.835 mmol) in Et2O (20 mL), n-BuLi (2.5 M in 

hexanes, 1.40 mL, 3.51 mmol) was added slowly. The orange solution was slowly warmed to room 

temperature and stirred for 17 hrs. The solvent was removed under reduced pressure and the orange 

residue was dissolved in toluene (50 mL), and PhBCl2 (0.218 mL, 1.67 mmol) was added slowly. 

The reaction was stirred at room temperature for 21 hrs. The red mixture was filtered over Celite®  

to remove LiCl salt, and the solvent was removed from the filtrate to leave a crude red solid. The 

solid was washed with hexane (3 x 5 mL) to leave compound 3.4 as a pale orange solid (303.8 mg, 

47% yield). 1H NMR (600 MHz, C6D6, 298 K) δ = 8.65 (s, 4H, CHpyr), 7.96 (d, 4H, o-PhH), 7.37 

(t, 4H, m-PhH), 7.29 (t, 2H, p-PhH), 1.64 (s, 18H, C(CH3)3), 1.61 ppm (s, 36H, N(C(CH3)3)). 

13C{1H} NMR (150.90 MHz, C6D6, 298 K) δ = 144.1, 134.6, 134.3, 126.4, 116.7, 116.0, 56.4, 

36.2, 35.2, 32.4 ppm. 11B{1H} NMR (C6D6, 192.55 MHz): δ 33.1 ppm. 

 

Synthesis of 3.5 

Synthesis of compound 3.5 was modified from the reported literature.231 In a Schlenk tube 1,3-

bis(2,6-diiso-propylphenyl)imidazolium chloride (IPr•HCl, 0.189 g, 0.444 mmol), [Pd(OAc)2] 

(0.0513 g, 0.229 mmol), and NaOtBu (0.0646 g, 0.673 mmol) were stirred in toluene (30 mL) at 
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room temperature until a clear orange solution was observed. 1,2,4,5-tetrabromobenzene (5.00 g, 

12.7 mmol) and NaOtBu (5.98 g, 62.2 mmol) were then added to the orange solution. Under 

positive argon pressure, tert-butylamine (5.61 mL, 53.3 mmol) was added, and the resulting orange 

mixture was heated to 110 °C for 15 hrs. The mixture was cooled to room temperature and filtered 

over Celite®  to remove NaBr salt. The solvent was removed from the filtrate to leave a brown 

solid. The crude solid was washed with hexane (3 x 20 mL) to leave compound 3.5 as a tan solid 

(3.93 g, 85% yield). 1H NMR (600 MHz, C6D6, 298 K) δ = 6.68 (s, 2H, CHbenz), 3.61 (s, 4H, NH), 

1.29 ppm (s, 36H, N(C(CH3)3).  

 

Synthesis of 3.6 

To a solution of compound 3.5 (1.00 g, 2.76 mmol) in toluene (100 mL), BH3•THF (1 M in THF, 

5.79 mL, 5.79 mmol) was added dropwise. The resulting yellow mixture was heated to 110 °C for 

2 days. The mixture was then cooled to room temperature and the product was collected via 

filtration. The solid was washed with hexane (3 x 5 mL) to leave compound 3.6 as a white 

crystalline solid (0.650 g, 62% yield). Single crystals suitable for X-ray studies were grown from 

a refluxing toluene solution and slow cooling to room temperature. 1H NMR (600 MHz, C6D6, 298 

K) δ = 7.66 (s, 2H, CHbenz), 1.65 ppm (s, 36H, N(C(CH3)3). Unable to observe the BH due to 

quadrupolar effect. 13C{1H} NMR (150.90 MHz, C6D6, 298 K) δ = 130.7, 100.6, 67.8, 52.4, 30.9 

ppm. 11B{1H} NMR (C6D6, 192.55 MHz): No shift was observed. Anal. Calcd for C22H40B2N4: C, 

69.14; H, 10.55; N, 14.66%. Found: C, 68.64; H, 10.62; N, 14.54%.   
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Synthesis of 3.7 

To a -78 °C solution of compound 3.5 (0.200 g, 0.552 mmol) in THF (40 mL) n-BuLi (2.5 M in 

hexanes, 0.927 mL, 2.32 mmol) was added slowly. The red solution was slowly warmed to room 

temperature and stirred for 20 hrs. The solution was cooled to -78 °C, and BF3• Et2O (0.136 mL, 

1.10 mmol) was added. The dark purple solution was stirred at room temperature for 24 hrs. The 

solvent was removed under reduced pressure, and the product was extracted from the purple solid 

residue with toluene (40 mL). The mixture was filtered over Celite®  to remove LiF salts. The 

solvent was removed from the filtrate to leave a crude purple solid. The solid was recrystallized 

from a concentrated THF solution at room temperature to leave compound 3.7 as a purple 

crystalline solid (120 mg, 48% yield). 1H NMR (600 MHz, C6D6, 298 K) δ = 5.43 (s, 2H, CHbenz), 

1.43 ppm (s, 36H, N(C(CH3)3). 
13C{1H} NMR (150.90 MHz, C6D6, 298 K) δ = 155.9, 128.9, 55.2, 

29.0, 28.3 ppm. 11B{1H} NMR (C6D6, 192.55 MHz): δ 5.4 ppm. 19F NMR (C6D6, 564.69 MHz): δ 

-151.8 ppm (q, J = 56.4 Hz, 2F). Anal. Calcd for C22H38B2F4N4: C, 57.92; H, 8.40; N, 12.28%. 

Found: C, 58.03; H, 8.46; N, 11.84%. 

 

Synthesis of 3.8 

To a -78 °C solution of compound 3.5 (0.500 g, 1.38 mmol) in Et2O (40 mL), n-BuLi (1.6 M in 

hexanes, 3.62 mL, 5.79 mmol) was added slowly. The red solution was slowly warmed to room 

temperature and stirred for 20 hrs. The solvent was removed under reduced pressure and the red 

solid residue was dissolved in toluene (40 mL), and PhBCl2 (0.365 mL, 2.76 mmol) was then 

added. The reaction was stirred at room temperature for 24 hrs. The reaction mixture was filtered 

over Celite® to remove LiCl salt. The solvent was removed from the filtrate to leave a crude pink 

solid. The solid was washed with hexane (3 x 5 mL) to leave compound 3.8 as a light pink solid 
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(0.373 g, 51% yield). Single crystals suitable for X-ray studies were obtained from a concentrated 

toluene solution at -37 °C. 1H NMR (600 MHz, C6D6, 298 K) δ = 7.81 (s, 2H, CHbenz), 7.56 (d, 

4H, o-PhH), 7.20 (m, 6H, m-PhH/p-PhH overlapped), 1.54 ppm (s, 36H, N(C(CH3)3)). 
13C{1H} 

NMR (150.90 MHz, C6D6, 298 K) δ = 133.9, 130.1, 127.3, 127.0, 102.8, 54.5, 32.4 ppm. 11B{1H} 

NMR (C6D6, 192.55 MHz): No shift was observed, hidden behind probe. 

 

Synthesis of 3.9 

To a -78 °C mixture of compound 3.6 (0.200 g, 0.5233 mmol) in THF (20 mL), n-BuLi (1.6 M in 

hexanes, 0.719 mL, 1.15 mmol) was added slowly. The resulting green mixture was warmed to 

room temperature and stirred for 4 hrs. The solvent was removed under reduced pressure to leave 

a green residue. The product was extracted with toluene (5 mL) and recrystallized at -37 °C to 

leave compound 3.9 as a white crystalline solid (0.130 g, 50% yield). 1H NMR (600 MHz, C6D6, 

298 K) δ = 7.64 (s, 2H, CHbenz), 1.77 (s, 36H, N(C(CH3)3), 1.73 (t, 4H, CH2CH2CH2CH3), 1.68 

(m, 4H, CH2CH2CH2CH3), 1.50 (m, 4H, CH2CH2CH2CH3), 1.02 ppm (t, 6H, CH2CH2CH2CH3). 

13C{1H} NMR (150.90 MHz, C6D6, 298 K) δ = 129.9, 103.0, 54.4, 32.1, 31.8, 26.6, 14.3 ppm. 

11B{1 NMR (C6D6, 192.55 MHz): 30.0 ppm. Anal. Calcd for C30H56B2N4: C, 72.88; H, 11.42; N, 

11.33%. Found: C, 72.41; H, 11.42; N, 11.16%.   

 

Synthesis of 3.10 

In a Schlenk tube 1,3-bis(2,6-diiso-propylphenyl)imidazolium chloride (IPr•HCl, 0.0861 g, 0.202 

mmol), [Pd(OAc)2] (0.0227 g, 0.101 mmol), and NaOtBu (0.0292 g, 0.304 mmol) were stirred in 

toluene (40 mL) at room temperature until a clear orange solution was observed. 4,5,9,10-
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tetrabromo-2,7-ditert-butylpyrene (0.914 g, 1.45 mmol) and NaOtBu (0.667 g, 6.94 mmol) were 

then added to the orange solution. Under positive argon pressure, methylamine (2 M in THF, 3.47 

mL, 6.94 mmol) was added, and the resulting tan mixture was heated to 110 °C for 18 hrs. The 

mixture was cooled to room temperature and filtered over Celite®  to remove NaBr salt. The 

solvent was removed from the filtrate to leave a brown solid. The crude solid was washed with 

hexane (3 x 5 mL) to leave compound 3.10 as an orange solid (0.281 g, 45% yield). 1H NMR (600 

MHz, C6D6, 298 K) δ = 8.43 (s, 4H, CHpyr), 4.02 (q, 4H, NH), 2.28 (d, 12H, NCH3), 1.60 ppm (s, 

18H, C(CH3)3). 
13C{1H} NMR (150.90 MHz, C6D6, 298 K) δ = 147.8, 137.0, 129.0, 120.6, 116.5, 

37.4, 35.6, 32.3 ppm. 

 

Synthesis of 3.11 

To a -78 °C solution of compound 3.10 (200 mg, 0.464 mmol) in Et2O (40 mL), n-BuLi (1.6 M in 

hexanes, 1.22 mL, 1.95 mmol) was added slowly. The dark red solution was slowly warmed to 

room temperature and stirred for 20 hrs. The solvent was removed under reduced pressure and the 

red residue was dissolved in toluene (40 mL), and PhBCl2 (0.121 mL, 0.929 mmol) was added 

slowly. The reaction was stirred at room temperature for 27 hrs. The dark yellow mixture was 

filtered over Celite® to remove LiCl salt, and the solvent was removed from the filtrate. The crude 

yellow-green solid was washed with hexanes (3 x 5 mL) to leave compound 3.11 as a yellow solid 

(184 mg, 66% yield). Single crystals suitable for X-ray studies were obtained from a concentrated 

toluene/THF mixture (10:1) at room temperature. 1H NMR (600 MHz, C6D6, 298 K) δ = 9.05 (s, 

4H, CHpyr), 7.73 (d, 4H, o-PhH), 7.46 (t, 4H, m-PhH), 7.38 (t, 2H, p-PhH), 3.94 (s, 12H, NCH3), 

1.63 ppm (s, 18H, C(CH3)3). 
13C{1H} NMR (150.90 MHz, C6D6, 298 K) δ = 146.1, 136.0, 135.1, 
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129.7, 128.8, 128.4, 126.1, 117.8, 113.4, 35.8, 35.7, 32.2 ppm. 11B{1H} NMR (C6D6, 192.55 

MHz): δ 29.8 ppm. 
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Chapter Four 

Synthesis of 4.3 

In a 100 mL Schlenk flask, Li metal (24.9 mg, 3.58 mmol) and naphthalene (9.18 mg, 0.0716 

mmol) were stirred in THF (40 mL) at room temperature for 40 minutes until a deep green solution 

was observed. Compound 4.1 (200 mg, 0.358 mmol) was then added and the reaction immediately 

became purple in color. The reaction was stirred at room temperature for 18 hrs, during which the 

solution became deep red in color. The solvent was removed under reduced pressure and the 

product was extracted with Et2O (30 mL). The deep red mixture was filtered through a 0.45 μm 

PTFE syringe filter and the solvent was removed to leave the product as a deep red solid (131 mg, 

47% yield). Single crystals were grown from a concentrated solution in Et2O at -37 °C. 1H NMR 

(600 MHz, THF-d8, 298 K) δ = 7.91 (d, 1H, ArH), 7.47 (d, 1H, ArH), 7.34 (d, 1H, ArH), 7.22 (t, 

1H, ArH), 7.10 (d, 2H, ArH), 6.67 (t, 1H, ArH), 6.48 (t, 1H, ArH), 6.29 (t, 1H, ArH ), 6.00 (t, 1H, 

ArH ),  4.72 (d, 1H, ArH), 3.70 (hept, 2H, CH(CH3)2), 2.54 (q, 2H, CH2CH3), 2.37 (q, 2H, 

CH2CH3) 2.02 (s, 2H, CH2), 1.18 (s, 6H, CH3), 1.17 (d, 6H, CH(CH3)2), 1.08 (t, 6H, CH2CH3), 

0.82 ppm (d, 6H, CH(CH3)2); 
13C{1H} NMR (151 MHz, THF-d8, 298 K) δ = 153.9 (ArC), 144.6 

(ArC), 144.2 (ArC), 143.8 (ArC), 143.3(ArC), 134.2 (ArC), 133.2 (ArC), 126.7 (ArC), 124.7 

(ArC), 121.7 (ArC), 121.0 (ArC), 117.2 (ArC), 116.9 (ArC), 116.3 (ArC), 116.2 (ArC), 68.4 

(OCH2CH2), 65.5 (OCH2CH2), 53.0 (NC), 51.0 (Cq), 32.0 (CH(CH3)2), 31.6 (CH(CH3)2),  29.6 

(CH2CH3), 27.2 (CH2CH3), 26.5 (CH3), 25.0 (CH2), 10.9 ppm (CH(CH3)2); 
11B NMR (193 MHz, 

THF-d8, 298 K) δ = 14.45 ppm; 7Li NMR (233 MHz, THF-d8, 298 K) δ = 1.26 ppm. 
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Synthesis of 4.4 

To a solution of compound 4.1 (200 mg, 0.358 mmol) in THF (40 mL), Na metal (18.1 mg, 0.788 

mmol) was added. The reaction was stirred at room temperature for 23 hrs. The deep red solution 

was filtered through a 0.45 μm PTFE syringe filter, and the solvent was removed under reduced 

pressure. Red crystals were obtained from a concentrated Et2O/hexanes (10:1) mixture at room 

temperature (129 mg, 55% yield). 1H NMR (600 MHz, THF-d8, 298 K) δ = 7.91 (d, 1H, ArH), 

7.43-7.37 (m, 3H, ArH), 7.09 (td, 2H, ArH), 7.01 (t, 1H, ArH), 6.96 (t, 1H, ArH), 6.92 (m, 2H, 

ArH), 6.87 (t, 1H, ArH), 4.82 (hept, 1H, CH(CH3)2), 4.00 (s, 1H, CH2), 3.71 (hept, 1H, CH(CH3)2), 

2.47 (s, 1H, CH2), 1.62 (d, 3H, CH(CH3)2), 1.45 (s, 3H, CH3), 1.36 (d, 3H, CH(CH3)2), 1.29 (dd, 

6H, CH(CH3)2), 1.09 (q, 2H, CH2CH3), 0.86 (s, 3H, CH3), 0.71 (t, 3H, CH2CH3), 0.67 (q, 2H, 

CH2CH3), 0.37 ppm (t, 3H, CH2CH3); 
13C{1H} NMR (151 MHz, THF-d8, 298 K) δ = 183.1 (ArC), 

179.3 (ArC), 152.6 (ArC), 151.5 (ArC), 149.6 (ArC), 149.1 (ArC), 132.7 (ArC), 132.7 (ArC), 

130.9 (ArC), 126.1 (ArC), 126.0 (ArC), 126.0 (ArC), 125.9 (ArC), 124.9 (ArC), 124.7 (ArC), 

118.9 (ArC), 118.9 (ArC), 68.4 (OCH2CH2), 62.6 (OCH2CH2), 50.7 (NC), 49.8 (Cq), 47.4 

(CH(CH3)2), 33.6 (CH(CH3)2), 32.7 (CH2CH3), 32.2 (CH2CH3), 30.1 (CH2CH3), 30.0 (CH2CH3), 

27.9 (CH(CH3)2), 27.5 (CH(CH3)2), 26.8 (CH3), 26.6 (CH3), 25.0 (CH2), 11.1 (CH(CH3)2), 10.3 

ppm (CH(CH3)2); 
11B NMR (193 MHz, THF-d8, 298 K) δ = 3.51 ppm. 

 

Synthesis of 4.5 

To a solution of compound 4.1 (1.34 g, 2.40 mmol) in THF (100 mL), KC8 (0.973 g, 7.20 mmol) 

was added and the solution immediately turned purple in color. The reaction was stirred at room 

temperature for 23 hrs. The deep red reaction mixture was filtered over Celite® to remove graphite, 
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and the solvent was removed from the filtrate under reduced pressure. The crude solid was washed 

with Et2O (3 x 30 mL) to leave the pure product as a red crystalline solid (0.904 g, 73% yield). 

Single crystals suitable for X-ray crystallography were obtained from the combined and 

concentrated Et2O washes at -37 °C. 1H NMR (600 MHz, THF-d8, 298 K) δ = 8.02 (d, 1H, ArH), 

7.66 (d, 2H, ArH), 7.52 (d, 1H, ArH), 7.30 (t, 1H, ArH), 7.17 (d, 2H, ArH), 6.84 (t, 1H, ArH), 6.66 

(t, 1H, ArH), 6.45 (t, 1H, ArH), 6.13 (t, 1H, ArH), 4.81 (d, 1H, ArH) 3.59 (hept, 2H, CH(CH3)2), 

2.52 (m, 2H, CH2CH3), 2.41 (m, 2H, CH2CH3), 2.07 (s, 2H, CH2), 1.21 (m, 12H, CH3/CH(CH3)2), 

1.11 (m, 6H, CH2CH3), 0.81 ppm (d, 6H, CH(CH3)2); 
13C{1H} NMR (151 MHz, THF-d8, 298 K) 

δ = 183.2 (ArC), 152.6 (ArC), 151.4 (ArC), 149.0 (ArC), 149.0 (ArC), 147.4 (ArC), 133.0 (ArC), 

131.4 (ArC), 126.0 (ArC), 125.8 (ArC), 125.8 (ArC), 125.8 (ArC), 124.7 (ArC), 124.7 (ArC), 

124.7 (ArC), 119.0 (ArC), 119.0 (ArC), 62.5 (OCH2CH2), 50.0 (NC), 47.5 (Cq), 33.7 (CH(CH3)2), 

33.7 (CH(CH3)2), 32.7 (CH2CH3), 32.7 (CH2CH3), 32.3, 30.1 (CH2CH3), 30.0 (CH2CH3), 27.9 

(CH(CH3)2), 27.5 (CH(CH3)2), 27.1 (CH3), 26.7 (CH2), 11.1 (CH(CH3)2), 10.3 ppm (CH(CH3)2); 

11B NMR (193 MHz, THF-d8, 298 K) δ = 1.46 ppm. Anal. Calcd for C34H43BKN•3/2(Et2O): C, 

75.64; H, 8.87; N, 2.26%. Found: C, 75.27; H, 8.50; N, 2.65%. 

 

Synthesis of 4.6 

In a 100 mL Schlenk flask, Li metal (6.58 mg, 0.958 mmol) and naphthalene (12.2 mg, 0.0948 

mmol) were stirred in THF (40 mL) at room temperature for 20 minutes until a deep green solution 

was observed. Compound 4.2 (300 mg, 0.474 mmol) was then added and the reaction immediately 

became deep blue in color. The reaction was stirred at room temperature for 23 hrs, during which 

the solution became deep yellow-brown in color. The solvent was removed under reduced pressure 

and the product was extracted with Et2O (20 mL). The mixture was filtered through a 0.45 μm 
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PTFE syringe filter, and the solvent was removed to leave the product as a deep brown solid (257 

mg, 79% yield). 18-crown-6 (125 mg, 0.474 mmol) was added to a concentrated solution of 4.6 in 

Et2O to yield single crystals suitable for X-ray studies. Dark blue single crystals were grown from 

a concentrated solution in Et2O at -37 °C. Due to the highly reactive nature of 4.6 and rapid 

conversion to the hydridoborafluorene product we relied on X-ray studies for characterization. 

*Note: For the LiNp reduction of 4.2, excess reducing agent resulted in NHC ligand activation 

and a mixture of products were observed from which a molecule showing loss of the N-

diisopropylphenyl group on NHC was crystallized and characterized via X-ray crystallography 

(Figure A3.11). Thus, stoichiometric amounts (2 eq.) of LiNp were used for the isolation of 4.6. 

 

Synthesis of 4.7 

To a solution of compound 4.2 (200 mg, 0.316 mmol) in THF (40 mL), Na metal (21.8 mg, 0.948 

mmol) was added. The reaction was stirred at room temperature for 22 hrs. The solvent was 

removed under reduced pressure and the product was extracted with Et2O (40 mL). The deep 

purple mixture was filtered through a 0.45 μm PTFE syringe filter, and the solvent was removed 

under reduced pressure. 18-crown-6 ether (83.5 mg, 0.316 mmol) was added to yield single 

crystals suitable for X-ray studies. Deep purple crystals were obtained from a concentrated Et2O 

solution at -37 °C (136 mg, 60% yield). Due to the highly reactive nature of 4.7 and rapid 

conversion to the hydridoborafluorene product we relied on X-ray studies for characterization.  
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Synthesis of 4.8  

To a solution of compound 4.2 (2.00 g, 3.16 mmol) in THF (125 mL), KC8 (1.28 g, 9.48 mmol) 

was added and the solution immediately turned blue in color. The reaction was stirred at room 

temperature for 25 hrs. The deep indigo reaction mixture was filtered over Celite® to remove the 

graphite and the solvent was removed from the filtrate under reduced pressure. The crude solid 

was washed with hexanes (3 x 20 mL) to leave the pure product as a deep indigo solid (1.20 g, 

64% yield). Deep purple single crystals were obtained from a concentrated Et2O solution at -37 

°C. 1H NMR (600 MHz, THF-d8, 298 K) δ = 7.55 (d, 2H, ArH), 7.28 (t, 2H, ArH), 7.21(d, 4H, 

ArH), 6.43 (s, 2H, ArH), 6.27 (2, 2H, ArH), 6.06 (t, 2H, ArH), 5.91 (d, 2H, ArH), 3.66 (hept, 4H, 

CH(CH3)2), 1.19 (d, 12H, CH(CH3)2), 0.97 ppm (d, 12H, CH(CH3)2); 
13C{1H} NMR (151 MHz, 

THF-d8, 298K) δ = 185.1 (ArC), 149.3 (ArC), 141.8 (ArC), 136.6 (ArC), 128.7 (ArC), 128.4 

(ArC), 125.0 (ArC), 121.2 (ArC), 119.6 (ArC), 117.8 (ArC), 113.4 (ArC), 29.4 (CH(CH3)2), 25.0 

(CH(CH3)2), 23.4 ppm (CH(CH3)2); 
11B{1H} NMR (193 MHz, THF-d8, 298 K) δ = 7.20 ppm.  

 

Synthesis of 4.9 

To a solution of compound 4.5 (100 mg, 0.193 mmol) in THF (25 mL), PPh3AuCl (95.6 mg, 0.193 

mmol) was added. The deep red solution immediately turned orange in color. The reaction was 

stirred at room temperature for 1.5 hrs, and then the solvent was removed under reduced pressure. 

The yellow solid product was washed with Et2O (20 mL), and collected via filtration. The pure 

product was further dried under reduced pressure to leave compound 4.9 as a yellow solid (105 

mg, 58% yield). Yellow plate-shaped single crystals were grown from a concentrated Et2O solution 

at room temperature. 1H NMR (600 MHz, THF-d8, 298 K) δ = 8.10 (d, 1H, ArH), 7.61 (d, 1H, 
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ArH), 7.52 (d, 1H, ArH), 7.39 (tq, 3H, ArH), 7.35 (t, 1H ArH), 7.30 (tt, 7H, ArH), 7.25 (m, 6H, 

ArH), 5.13 (d, 1H, ArH), 3.63 (hept, 1H, CH(CH3)2), 3.44 (hept, 1H, CH(CH3)2), 2.86 (m, 1H, 

CH2CH3), 2.77 (m, 1H, CH2CH3), 2.42 (m, 1H, CH2CH3), 2.15 (m, 2H, CH2CH3/CH2), 1.99 (d, 

1H, CH2), 1.65 (s, 3H, CH3), 1.14 (d, 3H, CH(CH3)2), 1.10 (m, 6H, CH(CH3)2/ CH2CH3), 1.04 (d, 

3H, CH(CH3)2) 0.91 (s, 3H, CH3), 0.71 (t, 3H, CH2CH3), 0.26 ppm (d, 3H, CH(CH3)2); 
13C{1H} 

NMR (151 MHz, THF-d8, 298K) δ = 183.7 (ArC), 152.0 (ArC), 149.2 (ArC), 147.5 (ArC), 146.7 

(ArC), 140.2 (ArC), 135.2 (ArC), 135.1 (ArC), 134.7 (ArC), 133.7 (ArC), 132.8 (ArC), 132.5 

(ArC), 131.7 (ArC), 131.7 (ArC), 129.8 (ArC), 129.7 (ArC), 128.8 (ArC), 126.3 (ArC), 126.0 

(ArC), 124.2 (ArC), 123.2 (ArC), 123.2 (ArC), 123.0 (ArC), 119.1 (ArC), 118.0 (ArC), 69.5 (NC), 

56.7 (Cq), 49.8 (CH(CH3)2), 39.8 (CH(CH3)2), 32.9 (CH2CH3), 31.2 (CH2CH3),  29.7 (CH2CH3),  

29.5 (CH2CH3), 28.9 (CH3), 26.1 (CH3),  25.2 (CH2), 24.5 (CH(CH3)2), 11.5 (CH(CH3)2), 11.0 

ppm (CH(CH3)2); 
11B{1H} NMR (193 MHz, THF-d8, 298 K) δ = 3.01 ppm; 31P{1H} NMR (243 

MHz, THF-d8, 298 K) δ = 39.77 ppm. Anal. Calcd for C56H68AuBNOP: C, 66.74; H, 6.25; N, 

1.50%. Found: C, 66.38; H, 6.25; N, 1.66%. 

 

Synthesis of 4.10 

In a Schlenk tube, 4.5 (50.0 mg, 0.0966 mmol) was dissolved in THF (4 mL), and Et3GeCl (0.0160 

mL, 0.0966 mmol) was added. The reaction was heated to 70 °C for 24 hrs, and then the solvent 

was removed under reduced pressure. The product was extracted with Et2O (4 mL) and KCl was 

removed via 0.45 μm PTFE syringe filter. The filtrate was concentrated under reduced pressure 

and pink single crystals were obtained at room temperature (25.4 mg, 41% yield). 1H NMR (600 

MHz, THF-d8, 298 K) δ = 7.50 (d, 2H, ArH), 7.32 (t, 1H, ArH), 7.13 (d, 2H, ArH), 7.04 (d, 2H, 
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ArH), 6.86 (t, 2H, ArH), 6.63 (t, 2H, ArH), 3.09 (b-hept, 2H, CH2CH3), 2.69 (hept, 2H, CH2CH3), 

2.27 (s, 2H, CH2), 1.90 (hept, 2H, CH(CH3)2), 1.38 (s, 6H, CH3), 1.16 (d, 12H, 

CH(CH3)2/CH2CH3), 0.79 (d, 6H, CH(CH3)2), 0.47 ppm (br-s, 15H, Ge(CH2CH3); 
13C{1H} NMR 

(151 MHz, THF-d8, 298K) δ = 147.6 (ArC), 147.1 (ArC), 137.5 (ArC), 134.5 (ArC), 130.5 (ArC), 

126.6 (ArC), 124.5 (ArC), 124.1 (ArC), 118.9 (ArC), 79.3 (NC), 62.8 (Cq), 45.6 (CH(CH3)2), 33.0 

(CH2CH3), 30.8 (CH2CH3), 29.9 (CH2CH3), 26.7 (CH3), 11.6 (CH(CH3)2) 10.5 (GeCH2CH3), 10.1 

ppm (GeCH2CH3);  
11B{1H} NMR (193 MHz, THF-d8, 298 K) δ = -10.75 ppm. Anal. Calcd for 

C40H58BGeN: C, 75.50; H, 9.19; N, 2.20%. Found: C, 75.75; H, 9.24; N, 2.24%. 

 

Synthesis of 4.11 

In a 50 mL Schlenk flask, 4.5 (80.0 mg, 0.155 mmol) was dissolved in THF (10 mL), and then 

PhSeCl (29.6 mg, 0.155 mmol) was added. The deep red solution immediately turned yellow in 

color. The reaction was stirred at room temperature for 1 hr. The solvent was removed under 

reduced pressure and the product was extracted with Et2O (25 mL). KCl and other insoluble solids 

were removed via 0.45 μm PTFE syringe filter. The yellow filtrate was concentrated under reduced 

pressure and colorless single crystals were obtained at room temperature (42.8 mg, 44% yield). 1H 

NMR (600 MHz, THF-d8, 298 K) δ = 7.60 (d, 1H, ArH), 7.54 (d, 1H, ArH), 7.58 (m, 2H, ArH), 

7.40 (m, 2H, ArH), 7.34 (d, 1H, ArH), 7.19 (m, 1H, ArH), 7.09 (t, 1H, ArH), 7.02 (d, 1H, ArH), 

6.98 (t, 1H, ArH), 6.93 (t, 1H, ArH), 6.85 (t, 1H, ArH), 6.52 (t, 1H, ArH), 6.22 (t, 1H, ArH), 5.98 

(t, 1H, ArH), 3.28 (hept, 1H, CH(CH3)2), 3.16 (hept, 1H, CH(CH3)2), 2.07 (s, 1H, CH2), 2.05 (d, 

3H, CH(CH3)2), 2.01 (s, 1H, CH2), 1.65 (d, 3H, CH(CH3)2), 1.47 (m, 10H, CH(CH3)2/CH3/ 

CH2CH3), 1.39 (m, 1H, CH2CH3), 1.35 (s, 3H, CH3), 1.27 (m, 1H, CH2CH3), 1.19 (m, 1H, 

CH2CH3), 0.63 ppm (m, 6H, CH2CH3); 
13C{1H} NMR (151 MHz, THF-d8, 298K) δ = 149.3 (ArC), 
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149.0 (ArC), 147.5 (ArC), 145.7 (ArC), 137.8 (ArC), 133.3 (ArC), 132.9 (ArC), 131.3 (ArC), 

130.0 (ArC), 127.1 (ArC), 126.6 (ArC), 126.5 (ArC), 126.3 (ArC), 125.7 (ArC), 125.7 (ArC), 

124.6 (ArC), 120.1 (ArC), 119.5 (ArC), 81.4 (ArC), 80.9 (ArC), 66.5 (ArC), 64.2 (ArC), 63.4 

(NC), 42.2 (Cq), 41.4 (CH(CH3)2), 34.8 (CH(CH3)2), 34.4 (CH2CH3), 30.6 (CH2CH3), 30.5 

(CH2CH3), 29.9 (CH2CH3), 29.6 (CH2), 28.9 (CH3), 28.4 (CH3), 26.5 (CH(CH3)2), 15.9 

(CH(CH3)2), 11.6 (CH(CH3)2), 11.6 ppm (CH(CH3)2); 
11B{1H} NMR (193 MHz, THF-d8, 298 K) 

δ = -5.40 ppm.  Anal. Calcd for C40H48NBSe: C, 75.95; H, 7.65; N, 2.21%. Found: C, 75.97; H, 

8.09; N, 2.29%. 

 

Synthesis of 4.12 

To a solution of compound 4.8 (50.0 mg, 0.0845 mmol) in THF (4 mL), PPh3AuCl was then added. 

The deep purple solution immediately turned green in color. The reaction was then mixed at room 

temperature for 2 hrs. The insoluble solids were then removed through a 45 μm PTFE syringe 

filter. The solvent was removed from the filtrate to yield an inseparable mixture of 4.12 and other 

unidentifiable products. Single crystals of 4.12 were obtained from a concentrated Et2O solution 

at -37 °C. 1H NMR (600 MHz, THF-d8, 298 K) δ = 7.37 (m, 4H, ArH), 7.32 (m, 9H, ArH), 7.27 

(m, 6H, ArH), 7.12 (d, 4H, ArH), 6.98 (s, 2H, ArH), 6.60 (t, 2H, ArH), 6.22 (t, 2H, ArH), 6.04 (d, 

2H, ArH), 3.04 (hept, 4H, CH(CH3)2), 1.02 (d, 12H, CH(CH3)2), 0.66 ppm (d, 12H, CH(CH3)2); 

13C{1H} NMR (151 MHz, THF-d8, 298K) δ = 174.9 (ArC), 135.6 (ArC), 134.8 (ArC), 131.0 

(ArC), 130.3 (ArC), 129.4 (ArC), 125.0 (ArC), 124.1 (ArC), 121.8 (ArC), 117.9 (ArC), 30.1 

(CH(CH3)2), 25.5 (CH(CH3)2), 22.9 ppm (CH(CH3)2); 
11B{1H} NMR (193 MHz, THF-d8, 298 K) 

δ = -3.42 ppm; 31P NMR (243 MHz, THF-d8, 298 K) δ = 45.64 ppm. 
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Synthesis of 4.13 

To a solution of compound 4.5 (80.0 mg, 0.155 mmol) in THF (4 mL), benzil (32.5 mg, 0.155 

mmol) was added. The deep red solution immediately turned yellow-green in color, and was stirred 

at room temperature for 1.5 hrs. The solvent was removed under reduced pressure, and the crude 

yellow solid was precipitated out of a concentrated toluene/hexanes mixture (2 mL toluene: couple 

drops of hexanes) at room temperature. Yellow block-shaped single crystals were grown from a 

toluene/THF (1:1) mixture at room temperature (50.3 mg, 58% yield). Compound 4.13 can also 

be obtained following the same procedure, but starting from compound 4.8 the yield is 44%. 1H 

NMR (600 MHz, THF-d8, 298 K) δ = 7.55 (dt, 4H, ArH), 7.51 (d, 2H, ArH), 7.46 (d, 2H, ArH), 

7.11 (t, 4H, ArH), 7.04 (td, 2H, ArH), 6.97 ppm (m, 4H, ArH); 13C{1H} NMR (151 MHz, THF-

d8, 298K) δ = 149.7, 139.4, 138.2, 131.3, 128.4 (ArC), 127.3 (ArC), 127.1 (ArC), 25.6 (ArC), 

119.0 (ArC), 68.4 (OCH2CH2), 26.6 ppm (OCH2CH2); 
11B{1H} NMR (193 MHz, THF-d8, 298 K) 

δ = 13.71 ppm. Anal. Calcd for C34H34BKO4: C, 73.38; H, 6.16%. Found: C, 73.63; H, 6.04%.  

 

Synthesis of 4.14 

To a solution of 4.5 (100 mg, 0.193 mmol) in THF (10 mL), 9,10-phenanthrenequionone (40.2 

mg, 0.193 mmol) was then added. The deep red solution immediately lost its darkness and turned 

red in color. The reaction was stirred at room temperature for 5.5 hrs. The solvent was removed 

under reduced pressure, and the crude solid was washed with Et2O (10 mL), redissolved in THF 

(2 mL), and precipitated out with hexanes (5 mL). The pure yellow solid was collected via filtration 

(58.8 mg, 55% yield). Yellow needle-shaped single crystals were grown from a toluene/THF (1:1) 

mixture at -37 °C. 1H NMR (600 MHz, THF-d8, 298 K) δ = 8.66 (d, 2H, ArH), 7.91 (d, 2H, ArH), 
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7.54 (d, 2H, ArH), 7.33 (m, 6H, ArH), 7.09 (t, 2H, ArH), 6.94 ppm (t, 2H, ArH); 13C{1H} NMR 

(151 MHz, THF-d8, 298K) δ = 185.9 (ArC), 149.7 (ArC), 145.3 (ArC), 131.2 (ArC), 127.8 (ArC), 

127.3 (ArC), 126.1 (ArC), 126.0 (ArC), 125.7 (ArC), 123.8 (ArC), 121.8 (ArC), 121.0 (ArC), 

119.3 (ArC), 68.4 (OCH2CH2), 26.5 ppm (OCH2CH2); 
11B NMR (193 MHz, THF-d8, 298 K) δ = 

16.27 ppm. Anal. Calcd for C26H16BKO2•1/2(THF): C, 74.02; H, 4.44%. Found: C, 74.21; H, 

4.06%.  
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Chapter Five  

Synthesis of 5.2-5.6 

In a vial, compound 4.5 (92.0 mg, 0.178 mmol) was dissolved in THF (4 mL) and Se powder (28.1 

mg, 0.355 mmol) was then added. The deep red solution immediately turned orange in color and 

was stirred at room temperature for 2.5 hrs. The insoluble solids were then removed via filtration 

through a 0.45 μm PTFE syringe filter. The solvent was removed under reduced pressure and a 

crude solid containing a mixture of 5.2-5.6 was isolated. Numerous recrystallizations from a THF 

solution with a couple drops of hexanes yielded differing ratios of 5.2-5.4 which were fully 

characterized via multinuclear NMR. Compounds 5.5 and 5.6 were identified by X-ray 

crystallography. 

Compound 5.2: 1H NMR (600 MHz, THF-d8, 298 K) δ = 7.58 (d, J = 7.4 Hz, 4H, ArH), 7.51 (d, 

J = 6.7 Hz, 4H, ArH), 7.02 (td, J = 7.3 Hz,  4H, ArH), 6.91 (td, J = 7.1 Hz, 4H, ArH), 3.62 (m, 8H, 

OCH2CH2), 1.77 (m, 8H, OCH2CH2), 1.25 (s, 4H, CH2), 1.18 (s, 12H, (CH3)2), 0.86 (dq, J = 14.7, 

7.3 Hz, 4H, CH2CH3), 0.69 (dq, 14.6, 7.3 Hz, 4H, CH2CH3), 0.46 (t, 7.4 Hz, 12H, CH2CH3) ppm; 

13C{1H} NMR (151 MHz, THF-d8, 298 K) δ = 186.1, 147.8, 131.6, 125.4, 125.3, 119.8, 72.1, 68.4, 

45.1, 31.9, 31.9, 26.6, 11.0 ppm; 11B{1H} NMR (193 MHz, THF-d8, 298 K) No resonance was 

observed; 77Se{1H} NMR (114 MHz, THF-d8, 298 K) No resonance was observed. Anal. Calcd 

for C60H84B2K2N2O4Se: C, 63.05; H, 6.35; N, 2.45%. Found: C, 62.83; H, 6.56; N, 2.48%.  

Compound 5.3: 1H NMR (600 MHz, THF-d8, 298 K) δ = 7.35 (d, J = 7.3 Hz, 4H, ArH), 7.31 (d, 

J = 7.1 Hz, 4H, ArH), 6.83 (td, 7.3, 1.3 Hz, 4H, ArH), 6.76 (td, 7.2, 1.1 Hz, 4H, ArH), 6.69 (t, 7.5 

Hz, 2H, ArH), 6.58 (d, J = 7.6 Hz, 4H, ArH), 3.74 (hept, J = 6.8 Hz, 4H, CH(CH3)2), 3.62 (m, 4H, 

OCH2CH2), 1.77 (m, 4H, OCH2CH2), 1.33 (s, 4H, CH2), 1.30 (s, 12H, (CH3)2), 1.14 (m, 4H, 
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CH2CH3), 0.91 (m, 4H, CH2CH3), 0.81 (d, J = 6.8 Hz, 24H, CH(CH3)2), 0.57 ppm (t, J = 7.4 Hz, 

12H, CH2CH3); 
13C{1H} NMR (151 MHz, THF-d8, 298 K) δ = 184.1, 154.1, 149.3, 136.4, 132.3, 

125.9, 125.3, 125.0, 121.8, 119.1, 72.3, 68.4, 44.9, 34.5, 32.1, 31.5, 26.6, 24.7, 24.4, 10.8 ppm; 

11B{1H} NMR (193 MHz, THF-d8, 298 K) No resonance was observed; 77Se{1H} NMR (114 

MHz, THF-d8, 298 K) δ = 0.18 ppm. Elemental analysis could not be obtained due to the difficulty 

in separating 3 from the mixture of crystals (Figure S13).  

Compound 5.4: 1H NMR (600 MHz, THF-d8, 298 K) δ = 7.61 (m, 4H, ArH), 7.39 (t, J = 7.7 Hz, 

1H, ArH), 7.27 (d, J = 7.7 Hz, 2H, ArH), 7.10 (td, J = 7.4, 1.2 Hz, 2H, ArH), 7.02 (td, J = 7.3, 1.2 

Hz, 2H, ArH), 6.88 (t, J = 7.6 Hz, 1H, ArH), 6.70 (d, J = 7.6 Hz, 2H, ArH), 3.17 (m, 4H, 

CH(CH3)2), 2.05 (s, 2H, CH2), 1.86 (d,  J = 7.6 Hz, 6H, CH(CH3)2), 1.41 (m, 12H, 

CH(CH3)2/(CH3)2), 1.20 (m, 4H, CH2CH3), 0.78 (d, J = 6.8 Hz, 12H, CH(CH3)2), 0.65 ppm (t,  J 

= 7.5 Hz, 6H, CH2CH3); 
13C{1H} NMR (151 MHz, THF-d8, 298 K) δ = 185.9, 154.9, 149.9, 147.8, 

133.5, 131.5, 128.6, 126.6, 126.1, 122.9, 119.6, 80.8, 64.2, 42.2, 34.7, 34.5, 30.6, 29.9, 29.3, 26.3, 

25.1, 11.6 ppm; 11B{1H} NMR (193 MHz, THF-d8, 298 K) δ = -7.86 ppm; 77Se{1H} NMR (114 

MHz, THF-d8, 298 K) δ = 299.0, 143.7 ppm. Elemental analysis could not be obtained due to the 

difficulty in separating 5.3 from the mixture of crystals (Figure A2.77).  

 

Direct Synthesis of 5.5 

In a vial, 4.5 (50 mg, 0.0966 mmol) was dissolved in THF (5 mL), and Se2Cl2 (0.1 M in THF, 

0.483 mL, 0.0483 mmol) was slowly added dropwise. The brick red mixture was stirred at room 

temperature for 4 hrs. The insoluble red solids were removed via a 0.45 μm PTFE syringe filter 

and the solvent was removed from the yellow filtrate to leave compound 5.5 (42.5 mg, 79% yield). 
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1H NMR (600 MHz, THF-d8, 298 K) δ = 7.55 (d, J = 7.5 Hz, 4H, ArH), 7.47 (d, J = 7.2 Hz, 4H, 

ArH), 7.41 (t, J = 8.4 Hz, 2H, ArH), 7.35 (d, J = 8.0 Hz, 4H, ArH), 7.09 (td, J = 7.4, 1.0 Hz, 4H, 

ArH), 6.98 (td, J = 7.3, 1.0 Hz, 4H, ArH), 3.17 (hept, J = 6.5 Hz, 4H, CH(CH3)2), 2.02 (s, 4H, 

CH2), 1.65 (d, J = 6.6 Hz, 12H, CH(CH3)2), 1.47 (d, J = 6.5 Hz, 12H, CH(CH3)2), 1.36 (m, 16H, 

CH2CH3/(CH3)2), 1.19 (m, 4H, CH2CH3), 0.63 ppm (t, J = 7.5 Hz, 12H, CH2CH3); 
13C{1H} NMR 

(151 MHz, THF-d8, 298 K) δ = 185.6, 169.8, 149.3, 145.7, 135.6, 132.9, 130.0, 127.1, 126.5, 

125.7, 120.1, 81.4, 41.4, 34.4, 30.5, 29.6, 28.4, 11.6 ppm; 11B{1H} NMR (193 MHz, THF-d8, 298 

K) δ = -2.84 ppm; 77Se{1H} NMR (114 MHz, THF-d8, 298 K) No resonance was observed. Anal. 

Calcd for C69H90B2N2Se2: C, 73.53; H, 8.05; N, 2.49%. Found: C, 73.45; H, 7.75; N, 2.48%. 

 

Synthesis of 5.5 from CAAC-BF• 

In a vial, CAAC-BF• (50.0 mg, 0.105 mmol) was dissolved in THF (4 mL), and Se2Cl2 (4.32 μL, 

0.0522 mmol) was then added. The deep purple solution immediately turned orange in color and 

was stirred at room temperature for 4 hrs. The insoluble solids were removed via a 0.45 μm PTFE 

syringe filter and the solvent was removed from the orange filtrate. A 1H NMR spectrum showed 

full conversion to 5.5 (44.3 mg, 76% yield).  

 

Synthesis of 5.7 and 5.8 

In a vial, compound 4.5 (100 mg, 0.193 mmol) was suspended in toluene (8 mL), and 18-crown-6 

(51.0 mg, 0.193 mmol) was added. Upon addition, compound 4.5 fully dissolved in toluene and 

after 5 mins of stirring, grey Se powder (15.3 mg, 0.193 mmol) was then added. The reaction was 

stirred at room temperature for 20 hrs. The solvent was concentrated to ~1 mL and stored at -37 

°C to yield two sizes of colorless block shaped crystals. The large colorless blocks are the major 
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product, compound 5.7 (70.2 mg, 42% yield) and the smaller crystals are the minor product, 

compound 5.8. Compound 5.7 can be purified by washing the mixture of crystals with small 

amounts of toluene. Only a few crystals of 5.8 could be isolated for NMR characterization.  

Compound 5.7: 1H NMR (600 MHz, C6D6, 298 K) δ = 7.88 (d, J = 7.4 Hz, 2H, ArH), 7.83 (d, J 

= 7.1 Hz, 2H, ArH), 7.29 (td, J = 7.3, 1.3 Hz, 2H, ArH), 7.16 (m, 2H, ArH), 7.05 (m, 3H, ArH), 

4.22 (hept, ,J = 6.8 Hz, 2H, CH(CH3)2), 3.17 (s, 24H, 18-c-6–CH2), 1.67 (m, 2H, CH2CH3) 1.55 

(s, 2H, CH2), 1.47 (s, 6H, (CH3)2), 1.35 (m, 2H, CH2CH3), 1.24 (d, J = 6.8 Hz, 12H, CH(CH3)2), 

0.91 ppm (t, J = 7.4 Hz, 6H, CH2CH3); 
13C{1H} NMR (151 MHz, C6D6, 298 K) δ = 153.8, 149.5, 

137.7, 132.6, 125.6, 124.7, 121.8, 119.0, 71.8, 69.5, 67.7, 44.7, 34.3, 31.8, 31.2, 25.1, 10.8 ppm; 

11B{1H} NMR (193 MHz, C6D6, 298 K) No resonance was observed; 77Se NMR (114 MHz, C6D6, 

298 K) δ = 16.5 ppm. Anal. Calcd for C46H67BKNO6Se: C, 64.33; H, 7.86; N, 1.63%. Found: C, 

64.29; H, 7.86; N, 1.69%.  

Compound 5.8: 1H NMR (600 MHz, THF-d8, 298 K) δ = 6.63 (d, J = 7.4 Hz, 2H, ArH), 6.52 (t, 

J = 7.4 Hz, 1H, ArH), 4.64 (hept, J = 6.9 Hz, 2H, CH(CH3)2), 3.58 (s, 24H, 18-c-6–CH2), 1.14 

ppm (d, J = 6.9 Hz, 12H, CH(CH3)2; 
13C{1H} NMR (151 MHz, THF-d8, 298 K) δ = 183.9, 151.8, 

120.4, 118.8, 71.2, 35.1, 24.4 ppm; 77Se NMR (114 MHz, THF-d8, 298 K) δ = 17.4 ppm. Elemental 

analysis was not obtained for 5.8 due to the small amount produced, therefore we relied on NMR 

studies for purity. 
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Chapter Six 

Synthesis of 6.2 

In a vial, 4.5 (25.0 mg, 0.0483 mmol) and 18-crown-6 (12.8 mg, 0.0483 mmol) were dissolved in 

toluene (5 mL). The solution was then filtered through a 0.45 μm PTFE syringe filter to remove 

any residual solids. Dark red rod-shaped crystals were obtained and further dried under vacuum 

(13.3 mg, 35% yield). 1H NMR (600 MHz, THF-d8, 298 K) δ = 7.90 (d, J = 7.4 Hz, 1H, ArH), 

7.49 (d, J = 8.4 Hz, 1H, ArH), 7.36 (d, J = 7.5 Hz, 1H, ArH), 7.22 (t, J = 7.7 Hz, 1H, ArH), 7.10 

(d, J = 7.7 Hz, 2H, ArH), 6.69 (t, J = 7.4 Hz, 1H, ArH), 6.50 (t, J = 7.0 Hz, 2H, ArH), 6.29 (t, J = 

7.0 Hz, 1H, ArH), 6.00 (t, J = 8.0 Hz, 1H, ArH), 4.75 (d, J = 8.4 Hz, 1H, ArH), 3.68 (hept, J = 7.0 

Hz, 2H, CH(CH3)2), 3.24 (s, 24H, 18-c-6), 2.52 (m, 2H, CH2CH3), 2.38 (m, 2H, CH2CH3), 2.01 (s, 

2H, CH2) 1.17 (m, 12H, CH(CH3)2/(CH3)2), 1.08 (t, J = 7.3 Hz, 6H, CH2CH3), 0.81 ppm (d, J = 

6.6 Hz, 6H, CH(CH3)2); 
13C{1H} NMR (151 MHz, THF-d8, 298K) δ = 153.9, 144.2, 133.2, 126.8, 

124.7, 121.7, 121.0, 117.6, 117.0, 116.6, 116.3, 71.1, 53.06, 51.00, 32.0, 31.7, 29.7, 27.2, 11.0 

ppm; 11B{1H} NMR (193 MHz, THF-d8, 298 K) δ = 14.2 ppm. Anal. Calcd for C53H75BKNO6: C, 

72.99; H, 8.67; N, 1.61%. Found: C, 72.88; H, 8.66; N, 1.70%. 

 

Synthesis of 6.3 

In a vial, 4.5 (25.0 mg, 0.0483 mmol) and 2.2.2 cryptand (18.2 mg, 0.0483 mmol) were dissolved 

in toluene (5 mL). The solution was then filtered through a 0.45 μm PTFE syringe filter to remove 

any residual solids. The deep red solution was concentrated to ~2 mL under reduced pressure, and 

stored at room temperature for recrystallization. Dark red block shaped crystals were obtained and 

further dried under vacuum (34.3 mg, 79% yield). 1H NMR (600 MHz, THF-d8, 298 K) δ = 7.90 
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(d, J = 7.9 Hz, 1H, ArH), 7.51 (d, J = 8.3 Hz, 1H, ArH), 7.37 (d, J = 8.5 Hz, 1H, ArH), 6.68 (t, J 

= 7.9 Hz, 1H, ArH), 6.51 (t, J = 7.0 Hz, 1H, ArH), 6.30 (t, J = 7.0 Hz, 1H, ArH), 6.00 (t, J = 8.0 

Hz, 1H, ArH), 4.75 (d, J = 7.9 Hz, 1H, ArH), 3.69 (hept, J = 6.7 Hz, 2H, CH(CH3)2), 3.23 (m, 

24H, crypt), 2.53 (m, 2H, CH2CH3), 2.39 (m, 2H, CH2CH3), 2.23 (br s, 12H, crypt), 2.02 (s, 2H, 

CH2), 1.18 (m, 12H, CH(CH3)2/(CH3)2), 1.09 (t, J = 7.3 Hz, 6H, CH2CH3), 0.83 ppm (d, J = 6.6 

Hz, 6H, CH(CH3)2); 
13C{1H} NMR (151 MHz, THF-d8, 298K) δ = 154.0, 138.6, 134.1, 133.2, 

129.8, 129.1, 126.8, 126.2, 124.7, 121.7, 121.2, 121.1, 117.7, 117.0, 116.6, 116.4, 71.3, 68.5, 65.6, 

54.7, 53.0, 51.0, 32.0, 31.7, 29.7, 27.3, 11.0 ppm; 11B{1H} NMR (193 MHz, THF-d8, 298 K) δ = 

14.2 ppm. Anal. Calcd for C52H79BKN3O6: C, 70.01; H, 8.93; N, 4.71%. Found: C, 70.06; H, 9.20; 

N, 4.61%. 

 

Synthesis of 6.4 

In a vial, 4.5 (50.0 mg, 0.0966 mol) was dissolved in THF (4 mL), and 1,10-phenanthroline (34.8 

mg, 0.193 mmol) was then added. The reaction was stirred at room temperature for 4 hrs. A few 

drops of hexanes were added to the solution and after storage at -37 °C red needle-shaped single 

crystals were obtained (55.0 mg, 56%). 1H NMR (600 MHz, THF-d8) δ 8.72 (d, J = 2.7 Hz, 4H, 

ArH), 8.24 (br s, 4H, ArH) 8.03 (d, J = 7.5 Hz, 1H), 7.78 (s, 4H, ArH) 7.49 (m, 6H, ArH), 7.28 (t, 

J = 7.7 Hz, 1H, ArH), 7.13 (d, J = 8.0 Hz, 2H, ArH), 6.79 (t, J = 8.0 Hz, 1H, ArH), 6.55 (t, J = 7.2 

Hz, 1H, ArH), 6.41 (t, J = 7.7 Hz, 1H, ArH), 6.16 (t, J = 7.9 Hz, 1H, ArH), 4.84 (d, J = 7.8 Hz, 

1H, ArH), 3.62 (m, 8H, OCH2CH2), 2.51 (m, 2H, CH2CH3), 2.37 (m, 2H, CH2CH3), 2.01 (s, 2H, 

CH2), 1.77 (m, 8H, OCH2CH2), 1.16 (m, 12H, CH(CH3)2/(CH3)2), 1.01 (t, J = 7.3 Hz, 6H, 

CH2CH3), 0.76 (d, J = 6.6 Hz, 6H, CH(CH3)2); 
13C{1H} NMR (151 MHz, THF-d8, 298K) δ = 

185.8, 153.6, 150.96, 147.3, 137.1, 134.5, 133.3, 127.6, 127.3, 125.0, 122.4, 121.8, 118.3, 117.6, 
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117.3, 117.0, 111.2, 99.9, 50.5, 32.0, 31.6, 29.7, 27.0, 24.8, 10.8; 11B{1H} NMR (193 MHz, THF-

d8, 298 K) δ = 15.4 ppm. Anal. Calcd for C66H75BKN5O2: C, 77.70; H, 7.41; N, 6.86%. Found: C, 

77.48; H, 7.70; N, 6.72%. 

 

Synthesis of 6.5 

In a vial, 4.5 (50.0 mg, 0.0966 mmol) and 2.2.2 cryptand (36.4 mg, 0.0966 mmol) were dissolved 

in THF (5 mL), and 9,10-phenanthrenequinone (20.1 mg, 0.0966 mmol) was then added. The deep 

red solution immediately turned orange in color and was stirred at room temperature for 2 hrs. 

During that time, yellow fluorescent crystals precipitated out of solution. The yellow crystals were 

collected via filtration, washed with hexanes (5 mL), and dried under reduced pressure (53.2 mg, 

70% yield). Single crystals were grown from a concentrated THF solution and with a few drops of 

hexanes added.  1H NMR (600 MHz, THF-d8, 298 K) δ = 8.57 (d, J = 8.2 Hz, 2H, ArH), 7.99 (dd, 

J = 8.1, 1.4 Hz, 2H, ArH), 7.42 (d, J = 7.6 Hz, 2H, ArH), 7.30 (m, 4H, ArH), 7.16 (ddd, J = 8.2, 

6.7, 1.3 Hz, 2H, ArH), 6.96 (td, J = 7.4, 1.3 Hz, 2H, ArH), 6.83 (td, J = 7.1, 0.9 Hz, 2H, ArH), 

3.45 (s, 12H, crypt), 3.38 (m, 12H, crypt), 2.38 (m, 12H, crypt). 13C{1H} NMR (151 MHz, THF-

d8, 298K) δ = 183.9, 131.5, 126.5, 126.4, 125.0, 123.4, 121.8, 120.6, 118.4, 118.2, 71.4, 68.6, 54.9 

ppm. 11B{1H} NMR (193 MHz, THF-d8, 298 K) δ = 16.2 ppm. Anal. Calcd for C44H52BKN2O8: 

C, 67.17; H, 6.66; N, 3.56%. Found: C, 66.95; H, 6.95; N, 3.26%. 

 

Synthesis of 6.6 

In a vial, 4.5 (50.0 mg, 0.0966 mmol) and 2.2.2 cryptand (36.4 mg, 0.0966 mmol) were dissolved 

in THF (4 mL). 1,10-phenanthroline-5,6-dione (20.3 mg, 0.0966 mmol) was then added. The deep 
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red solution quickly turned orange in color and was stirred at room temperature for 4 hrs. The 

insoluble solids were removed via filtration through a 0.45 μm PTFE syringe filter. A few drops 

of hexanes were added to the filtrate and orange single crystals were grown at room temperature 

after slow evaporation (38.4 mg, 50%). 1H NMR (600 MHz, THF-d8, 298 K) δ = 8.68 (dd, J = 4.1, 

1.8 Hz, 2H, ArH), 8.28 (dd, J = 8.1, 1.8 Hz, 2H, ArH), 7.43 (d, J = 7.5 Hz, 2H, ArH), 7.30 (m, 2H, 

ArH), 6.99 (td, J = 7.4, 1.3 Hz, 2H, ArH), 6.84 (td, J = 7.1, 1.0 Hz, 2H, ArH), 3.45 (s, 12H, crypt), 

3.39 (m, 12H, crypt), 2.39 ppm (m, 12H, crypt). 13C NMR (151 MHz, THF-d8, 298 K) δ = 149.9, 

145.9, 144.2, 141.9, 131.3, 128.3, 126.8, 126.5, 121.3, 118.5, 71.4, 68.6, 54.9 ppm. 11B{1H} NMR 

(193 MHz, THF-d8, 298 K) δ = 16.6 ppm. Anal Calcd for C42H50BKN4O8•1/2(hexanes): C, 64.89; 

H, 7.02; N, 6.73%. Found: C, 65.00; H, 6.74; N, 6.48%.  
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Chapter Seven 

Synthesis of 7.2 

In a Fisher-Porter reaction vessel, 4.5 (200 mg, 0.386 mmol) and 18-crown-6 (102 mg, 0.386 

mmol) were dissolved in toluene (10 mL) and pressurized to 50 psi with CO2 (dried over P2O5). 

The deep red solution immediately turned yellow in color. The solution was then filtered through 

a 0.45 μm PTFE syringe filter. Colorless crystals were grown from the toluene solution at -37 °C 

(238 mg, 71% yield). 1H NMR (600 MHz, THF-d8, 298 K) δ = 7.41 (d, J = 7.5 Hz, 1H, ArH), 7.35 

(d, J = 7.3 Hz, 1H, ArH), 7.22 (d, J = 7.4 Hz, 1H, ArH), 7.13 (t, J = 6.7 Hz, 2H, ArH), 7.05 (m, 

1H, ArH), 6.97 (td, J = 7.4, 1.3 Hz, 1H, ArH), 6.89 (m, 2H, ArH), 6.77 (m, 2H, ArH), 3.61 (m, 

1H, CH(CH3)2), 3.36 (m, 1H, CH(CH3)2), 3.24 (s, 24H, 18-crown-7), 2.05 (dq, J = 13.6, 6.3 Hz, 

2H, CH2CH3), 1.94 (s, 1H, CH2), 1.88 (s, 1H, CH2), 1.76 (m, 1H, CH2CH3), 1.67 (m, 1H, CH2CH3), 

1.28 (dd, J = 6.7, 4.6 Hz, 6H, CH(CH3)2), 1.14 (s, 3H, (CH3)2), 1.09 (m, 9H, (CH3)2/CH(CH3)2), 

0.83 (t, J = 7.3 Hz, 6H, CH2CH3); 
13C{1H} NMR (151 MHz, THF-d8, 298K) δ = 152.5, 151.1, 

150.1, 140.5, 137.1, 131.2, 127.0, 126.6, 126.4, 123.9, 118.6, 116.6, 70.8, 63.3, 48.8, 47.9, 32.3, 

31.0, 29.3, 26.6, 10.5 ppm; 11B{1H} NMR (193 MHz, THF-d8, 298 K) δ = 8.0 ppm. Anal. Calcd 

for C48H67BKNO10: C, 66.42; H, 7.78; N, 1.61%. Found: C, 66.21; H, 7.88; N, 1.60%. 

 

Synthesis of 7.3 

In a Schlenk tube, 7.2 (75.0 mg, 0.0864 mmol) was dissolved in toluene (8 mL) and heated to 70 

°C for 18 hrs. After cooling to room temperature, the insoluble solids were filtered off through a 

0.45 μm PTFE syringe filter. The filtrate was evaporated to dryness, and colorless crystals were 

grown from a 2:1 mixture of toluene/THF at room temperature (38.9 mg, 55% yield). 1H NMR 
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(600 MHz, THF-d8, 298 K) δ = 7.53 (d, J = 6.4 Hz, 1H, ArH), 7.27 (d, J = 7.2 Hz, 1H, ArH), 7.19 

(m, 2H, ArH), 7.14 (d, J = 7.4 Hz, 1H, ArH), 7.01 (dd, J = 7.0, 2.5 Hz, 1H, ArH), 6.90 (td, J = 7.3, 

1.3 Hz, 1H, ArH), 6.85 (td, J = 7.2, 1.2 Hz, 1H, ArH), 6.70 (td, J = 7.3, 1.3 Hz, 1H), 6.34 (td, J = 

7.2, 1.1 Hz, 1H, ArH), 4.96 (d, J = 7.1 Hz, 1H, ArH), 4.16 (sept, J = 6.7 Hz, 1H, CH(CH3)2), 3.89 

(sept, J = 6.7 Hz, 1H, CH(CH3)2), 3.30 (s, 24H, 18-crown-6), 2.62 (m, 1H, CH2CH3), 2.29 (m, 2H, 

CH2CH3/CH2), 1.97 (m, 1H, CH2CH3), 1.91 (d, J = 12.0 Hz, 1H, CH2), 1.68 (m, 1H, CH2CH3), 

1.32 (s, 3H, (CH3)2), 1.22 (d, J = 6.7 Hz, 3H, CH(CH3)2), 1.09 (m, 15H, 

CH(CH3)2/CH2CH3/(CH3)2), 0.73 (d, J = 6.5 Hz, 3H, CH(CH3)2); 
13C{1H} NMR (151 MHz, THF-

d8, 298K) δ = 185.7, 182.8, 156.9, 154.9, 151.2, 149.1, 138.4, 132.2, 132.1, 127.1, 126.6, 126.2, 

125.9, 125.7, 124.8, 118.3, 117.3, 105.1, 70.9, 60.7, 51.9, 49.4, 34.0, 31.1, 30.1, 29.6, 29.0, 29.0, 

28.5, 26. 6, 117, 11.2; 11B{1H} NMR (193 MHz, THF-d8, 298 K) δ = 11.8 ppm. Anal. Calcd for 

C47H67BKNO9: C, 67.21; H, 8.04; N, 1.67%. Found: C, 67.21; H, 8.33; N, 1.70%. 
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Appendix II – Spectral Data 

Chapter Two: 

 

Figure A2.1. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 2.1.

 

Figure A2.2. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 2.1. 
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Figure A2.3. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 2.2. 

 

Figure A2.4. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 2.2. 

toluene 
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Figure S2.5. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 2.3. 

 

Figure A2.6. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 2.3. 

 

toluene 

toluene 

toluene 

toluene 
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Chapter Three: 

 

Figure A2.7. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 3.2. 

 

Figure A2.8. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 3.2. 

grease 
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Figure A2.9. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 3.3. 

 

Figure A2.10. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 3.3. 

grease 
hexanes 

toluene 

hexanes 
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Figure A2.11. 11B{1H} NMR spectrum (192.55 Hz, C6D6, 298 K) of 3.3. 

 

Figure A2.12. 19F NMR spectrum (564.69 Hz, C6D6, 298 K) of 3.3. 
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Figure A2.13. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 3.4. 

 

Figure A2.14. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 3.4. 

hexanes 

hexanes 

hexanes 
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Figure A2.15. 11B{1H} NMR spectrum (192.55 Hz, C6D6, 298 K) of 3.4. 

 

Figure A2.16. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 3.5. 
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Figure A2.17. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 3.6. 

 

Figure A2.18. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 3.6. 

grease 
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Figure A2.19. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 3.7. 

 

 

Figure A2.20. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 3.7. 

THF 

THF 
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Figure A2.21. 11B{1H} NMR spectrum (192.55 Hz, C6D6, 298 K) of 3.7. 

 

 

Figure A2.21. 19F NMR spectrum (564.69 Hz, C6D6, 298 K) of 3.7. 
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Figure A2.22. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 3.8. 

 

Figure A2.23. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 3.8. 

Et2O 

Et2O 

hexanes 
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Figure A2.24. 11B{1H} NMR spectrum (192.55 Hz, C6D6, 298 K) of 3.8. 

 

Figure A2.24. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 3.9. 
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Figure A2.25. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 3.9. 

 

Figure A2.26. 11B{1H} NMR spectrum (192.55 Hz, C6D6, 298 K) of 3.9. 
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Figure A2.27. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 3.10. 

 

Figure A2.28. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 3.10. 



186 

 

 

Figure A2.29. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 3.11. 

 

Figure A2.30. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 3.11. 
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Figure A2.31. 11B{1H} NMR spectrum (192.55 Hz, C6D6, 298 K) of 3.11. 
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Chapter Four: 

 

Figure A2.32. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 4.3. 

 

Figure A2.33. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298K) of 4.3. 
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Figure A2.34. 11B NMR spectrum (193 MHz, THF-d8, 298 K) of 4.3.  

 

Figure A2.35. 7Li NMR spectrum (233 MHz, THF-d8, 298 K) of 4.3.  
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Figure A2.36. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 4.4. 

 

Figure A2.37. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298K) of 4.4. 
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Figure A2.38. 11B NMR spectrum (193 MHz, THF-d8, 298 K) of 4.4.  

 

Figure A2.39. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 4.5 
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Figure A2.40. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298K) of 4.5. 

 

Figure A2.41. 11B NMR spectrum (193 MHz, THF-d8, 298 K) of 4.5. 
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Figure A2.42. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 4.8. 

Figure A2.43. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298K) of 4.8.   
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Figure A2.43. 11B NMR spectrum (193 MHz, THF-d8, 298 K) of 8.  

 

Figure A2.44. Stacked 11B NMR spectra of borafluorene anions 4.3-4.5 and 4.8.  
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Figure A2.45. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 4.9. 

 

Figure A2.46. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298K) of 4.9. 
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Figure A2.47. 11B NMR spectrum (193 MHz, THF-d8, 298 K) of 4.9.  

 

Figure A2.48. 31P NMR spectrum (243 MHz, THF-d8, 298 K) of 4.9.  
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Figure A2.49. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 4.10. 

 

 

Figure A2.50. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298K) of 4.10. 
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Figure A2.51. 11B{1H} NMR spectrum (193 MHz, THF-d8, 298 K) of 4.10.  

 

 

Figure A2.52. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 4.11. 
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Figure A2.53. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298K) of 4.11. 

 

Figure A2.54. 11B NMR spectrum (193 MHz, THF-d8, 298 K) of 4.11.  
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Figure A2.55. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 4.12. 

 

 

Figure A2.56. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298K) of 4.12. 
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Figure A2.57. 11B NMR spectrum (193 MHz, THF-d8, 298 K) of 4.12.  

 

Figure A2.58. 31P NMR spectrum (243 MHz, THF-d8, 298 K) of 4.12.  
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Figure A2.59. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 4.13. 

 

Figure A2.60. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298K) of 4.13. 
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Figure A2.61. 11B{1H} NMR spectrum (193 MHz, THF-d8, 298 K) of 4.13.  

 

Figure A2.62. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 4.14. 
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Figure A2.63. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298K) of 4.14. 

 

Figure A2.64. 11B NMR spectrum (193 MHz, THF-d8, 298 K) of 4.14.  
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Chapter Five:  

 

Figure A2.65. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 5.2.  

 

Figure A2.66. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298 K) of 5.2.  
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Figure A2.67. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 5.3.  

 

 

Figure A2.68. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298 K) of 5.3. 
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Figure A2.69. 77Se{1H} NMR spectrum (114 MHz, THF-d8, 298K) of 5.3. 

 

 

Figure A2.70. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 5.4.  
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Figure A2.71. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298 K) of 5.4. 

 

 

Figure A2.72. 11B{1H} NMR spectrum (193 MHz, THF-d8, 298 K) of 5.4.  
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Figure A2.73. 77Se{1H} NMR spectrum (114 MHz, THF-d8, 298K) of 5.4. 

 

 

Figure A2.74. 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 5.5.  
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Figure A2.75. 13C NMR spectrum (151 MHz, THF-d8, 298 K) of 5.5. 

 

 

Figure A2.76. 11B{1H} NMR spectrum (193 MHz, THF-d8, 298 K) of 5.5.  
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Figure A2.77. Stacked 1H NMR spectra of compounds 5.2-5.5 and a mixture of the single crystals 

grown from THF at -37 °C (bottom).  

 

Figure A2.78. 1H NMR spectrum (600 MHz, C6D6, 298 K) of 5.7.  
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Figure A2.79. 13C{1H} NMR spectrum (151 MHz, C6D6, 298 K) of 5.7. 

 

 

Figure A2.80. 77Se{1H} NMR spectrum (114 MHz, C6D6, 298 K) of 5.7. 
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Figure A2.81 1H NMR spectrum (600 MHz, THF-d8, 298 K) of 5.8. 

 

 

Figure A2.82. 13C{1H} NMR spectrum (151 MHz, THF-d8, 298 K) of 5.8. 
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Figure A2.83. 77Se{1H} NMR spectrum (114 MHz, THF-d8, 298K) of 5.8. 
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Chapter Six:  

 

Figure A2.84. 1H NMR (600 MHz, THF-d8, 298 K) of 6.2.  

 

Figure A2.85. 13C{1H} NMR (151 MHz, THF-d8, 298K) of 6.2.  
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Figure A2.86. 11B{1H} NMR (193 MHz, THF-d8, 298 K) of 6.2. 

 

Figure A2.87. 1H NMR (600 MHz, THF-d8, 298 K) of 6.3.  
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Figure A2.88. 13C{1H} NMR (151 MHz, THF-d8, 298K) of 6.3.  

 

Figure A2.89. 11B{1H} NMR (193 MHz, THF-d8, 298 K) of 6.3. 
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Figure A2.90. 1H NMR (600 MHz, THF-d8, 298 K) of 6.4.  

 

 

Figure A2.91. 13C{1H} NMR (151 MHz, THF-d8, 298K) of 6.4.  
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Figure A2.92. 11B{1H} NMR (193 MHz, THF-d8, 298 K) of 6.4. 

 

 

Figure A2.93. Stacked 11B{1H} NMR spectra of 4.5, 6.2-6.4.  
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Figure A2.94. 1H NMR (600 MHz, THF-d8, 298 K) of 6.5.  

 

 

Figure A2.95. 13C{1H} NMR (151 MHz, THF-d8, 298K) of 6.5.  
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Figure A2.96. 11B{1H} NMR (193 MHz, THF-d8, 298 K) of 6.5. 

 

 

Figure A2.97. 1H NMR (600 MHz, THF-d8, 298 K) of 6.6.  
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Figure A2.98. 13C{1H} NMR (151 MHz, THF-d8, 298K) of 6.6.  

 

 

Figure A2.99. 11B{1H} NMR (193 MHz, THF-d8, 298 K) of 6.6. 
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Chapter Seven:  

 

Figure A2.100. 1H NMR (600 MHz, THF-d8, 298 K) of 7.2.  

 

Figure A2.101. 13C{1H} NMR (151 MHz, THF-d8, 298K) of 7.2.  
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Figure A2.102. 11B{1H} NMR (193 MHz, THF-d8, 298 K) of 7.2. 

 

 

Figure A2.103. 1H NMR (600 MHz, THF-d8, 298 K) of 7.3.  
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Figure A2.104. 13C{1H} NMR (151 MHz, THF-d8, 298K) of 7.3.  

 

 

Figure A2.105. 11B{1H} NMR (193 MHz, THF-d8, 298 K) of 7.3. 
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Appendix III – Molecular Structures 

Chapter Two 

 

Figure A3.1. Molecular structure of 2.2. Thermal ellipsoids shown at 50% probability and H 

atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): Ge1–N1: 1.871(3); 

Ge1–N2: 1.868(3); C1-C2-C8-C9: 49; N1-N2-N3-N4: 64. 
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Figure A3.2. Molecular structure of 2.3. Thermal ellipsoids shown at 50% probability and H atoms 

were omitted for clarity. Selected bond lengths (Å) and angles (°): Ge1–N1: 1.9430(14); Ge1–N2: 

1.9489(14); Ge1–C21: 2.1321(18); N4–C21: 1.359(2); N3–C21: 1.356(2); C2-C1-C2’-C1’: 5; N2-

N1-N2’-N1’: 7; C21-Ge1-Ge1’-C21’: 15. 
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Chapter Three 

 

Figure A3.3. Molecular structure of 3.2. Thermal ellipsoids shown at 50% probability and H atoms 

(except B-H) were omitted for clarity. Selected bond lengths (Å) and angles (°): B1–H1: 1.15(3); 

B1–N1: 1.421(7); B1–N2: 1.433(7); C2–C1–C2ʹ–C1ʹ: 40; N2–N1–N2ʹ–N1ʹ: 52. 
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Figure A3.4. Molecular structure of 3.3. Thermal ellipsoids shown at 50% probability and H atoms 

were omitted for clarity. Selected bond lengths (Å) and angles (°): B1–F1: 1.335(4); B1–N1: 

1.419(5); B1–N2: 1.423(5); C1–C2–C1ʹ–C2ʹ: 0; N1-N2-N1ʹ-N2ʹ: 0, C3–C2–C1–C7: 20.  
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Figure A3.5. Molecular structure of 3.4. Thermal ellipsoids shown at 50% probability. H atoms 

and co-crystallized solvent were omitted for clarity. Selected bond lengths (Å) and angles (°): B1–

C21: 1.573(4); B1–N1: 1.453(4); B1–N2: 1.448(5); C1–C2–C1ʹ–C2ʹ: 0; N1–N2–N1ʹ–N2ʹ: 0, C3–

C2–C1–C7: 28; C22–C21–B1–N2: 60. 
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Figure A3.6. Molecular structure of 3.6. Thermal ellipsoids shown at 50% probability and H atoms 

except for boron bound H were omitted for clarity. Selected bond lengths (Å): B1–H1: 1.140(17); 

B1–N1: 1.426(2); B1–N2: 1.426(2); N1–C2: 1.4166(18); C1–C2: 1.395(2); C1–C3ʹ: 1.398(2).  
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Figure A3.7. Molecular structure of 3.7. Thermal ellipsoids shown at 50% probability and H atoms 

were omitted for clarity. Selected bond lengths (Å): B1–F1: 1.3906(12); B1–F2: 1.3853(12); B1–

N1: 1.5690(13), B1–N2: 1.5678(13), C1–N1: 1.3266(11); C1–C2: 1.3968(12); C1–C3ʹ: 

1.5062(12). 
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Figure A3.8. Molecular structure of 3.8. Thermal ellipsoids shown at 50% probability and H atoms 

were omitted for clarity. Selected bond lengths (Å) and angles (°): B1–N1: 1.4436(19), B1–N2: 

1.440(2), B1–C12: 1.609(6); C13–C12–B1–N1: 93. 
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Figure A3.9. Molecular structure of 3.9. Thermal ellipsoids shown at 50% probability and H atoms 

were omitted for clarity. Selected bond lengths (Å): B1–N1: 1.439(7), B1–N2: 1.460(7), B1–C12: 

1.589(8). 
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Figure A3.10. Molecular structure of 3.11. Thermal ellipsoids shown at 50% probability and H 

atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): B1–C15: 1.5669(19); 

B1–N1: 1.4291(18); B1–N2: 1.4272(18); C1–C2–C1ʹ–C2ʹ: 0; N1–N2–N1’–N2’: 0, C3–C2–C1–

C7: 11; C22–C21–B1–N2: 49.  
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Figure A3.11. a) Space-filling model of 3.11 with H atoms omitted and b) different perspective 

showing N-methyl steric clash with pyrene ring. 
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Chapter Four 

 

Figure A3.12. Molecular structure of ligand activation product obtained from reduction of 4.2 

with excess Li-naphthalenide. 
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Figure A3.13. Molecular structure of 4.3. Thermal ellipsoids shown at 50% probability and H 

atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): B1–C1: 1.506(3); B1–

C23: 1.614(3); B1–C34: 1.599(3). 
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Figure A3.14. Molecular structure of 4.4. Thermal ellipsoids shown at 50% probability and H 

atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): B1–C1: 1.512(3); B1–

C23: 1.618(3); B1–C26: 1.606(3).  

 

 

 

 



240 

 

 

Figure A3.15. Molecular structure of 4.5. Thermal ellipsoids shown at 50% probability and H 

atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): B1–C1: 1.502(5); B1–

C23: 1.603(5); B1–C34: 1.621(5). 
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Figure A3.16. Molecular structure of 4.6. Thermal ellipsoids shown at 50% probability and H 

atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): B1–C1: 1.527(4); B1–

C28: 1.585(4); B1–C39: 1.575(4).  
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Figure A3.17. Molecular structure of 4.7. Thermal ellipsoids shown at 50% probability and H 

atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): B1–C1: 1.513(11)    B1–

C28: 1.576(11); B1–C39: 1.573(11). 
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Figure A3.18. Molecular structure of 4.8. Thermal ellipsoids shown at 50% probability and H 

atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): B1–C1: 1.508(4); B1–

C28: 1.534(4); B1–C34: 1.533(4). 
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Figure A3.19. Charge separated borafluorene anions 4.3 (a), 4.6 (b), and 4.7 (c) with their B—M 

bond lengths shown. 
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a 

 

b c 



245 

 

                

Figure A3.20. Molecular structure of 4.9. Thermal ellipsoids set at 50 % probability and H atoms 

were omitted for clarity. Selected bond lengths [Å] and angles [°]: B1–C1: 1.555(8); B1–Au1 

2.223(6), P1–Au1 2.2969(13); B1-Au1-P1 164.85(16). 
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Figure A3.21. Molecular structure of 4.10. Thermal ellipsoids set at 50 % probability and H atoms 

were omitted for clarity. Selected bond lengths [Å]: B1–C1: 1.6186(14); B1–Ge1 2.2079(10). 
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Figure A3.22. Molecular structure of 4.11. Thermal ellipsoids set at 50 % probability and H atoms 

were omitted for clarity. Selected bond lengths [Å]: B1–C1: 1.635(7); B1–Se1 2.103(6); Se1–C35 

1.926(5).  
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Figure A3.23. Molecular structure of 4.12. Thermal ellipsoids set at 50 % probability and H atoms 

were omitted for clarity. Selected bond lengths [Å] and angles [°]: B1–C1: 1.601(4); B1–Au1 

2.184(3); P1–Au1 2.3361(7); B1-Au1-P1 175.04(8). 
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Figure A3.24. Molecular structures of 4.13. Thermal ellipsoids set at 50 % probability and H 

atoms were omitted for clarity. Selected bond lengths [Å]: B1–O1: 1.5103(15); B1–O2: 

1.5156(15); O1–C13: 1.3796(14); O2–C20: 1.3801(14); C13–C20: 1.3565(16).  
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Figure A3.25. Coordination polymer of 4.13.  
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Figure A3.26. Molecular structures of 4.14. Thermal ellipsoids set at 50 % probability and H 

atoms were omitted for clarity. Selected bond lengths [Å]: B1–O1: 1.52(3); B1–O2: 1.57(3); O1–

C13: 1.42(2); O2–C14: 1.35(2); C13–C14: 1.30(3). 
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Figure A3.27. Coordination polymer of 4.14.  
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Chapter Five 

 

Figure A3.28. Molecular structure of 5.2. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–C1: 1.613(9); C1–

N1: 1.301(8); B1–Se1: 2.131(7); Se1–K1 3.2745(14); Se1–Se1´ 2.3807(11). 
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Figure A3.29. Molecular structure of 5.3. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–C1: 1.627(8); C1–

N1: 1.285(7); B1–Se1: 2.126(6); Se1–K1 3.2174(14). 
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Figure A3.30. Molecular structure of 5.4. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–C1: 1.613(9); C1–

N1: 1.301(8); B1–Se1: 2.131(7); Se1–K1 3.2745(14); Se1–Se1´ 2.3807(11). 
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Figure A3.31. Molecular structure of 5.5. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–C1: 1.634(2); C1–

N1: 1.3139(17); B1–Se1: 2.0937(15); Se1–Se1´ 2.3612(4). 
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Figure A3.32. Molecular structure of 5.6. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: Se1–K1: 3.303(2). 
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Figure A3.33. Molecular structure of 5.7. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–C1: 1.624(4); C1–

N1: 1.283(3); B1–Se1: 2.129(3); Se1–K1 3.5103(6). 
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Figure A3.34. Molecular structure of 5.8. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: Se1–K1 3.3326(5). 
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Chapter Six 

Figure A3.35. Molecular structure of 6.1. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–C1 1.505(3); B1–

C23 1.609(2); B1–C34 1.598(3); B1–K1 3.2363(19). CCDC Deposition Number 2157309  
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Figure A3.36. Molecular structure of 6.2. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–C1 1.519(7); B1–

C23 1.586(8); B1–C34 1.617(8); B1---K1 5.911(6). CCDC Deposition Number 2157310 
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Figure A3.37. Molecular structure of 6.3. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–C1 1.495(2); B1–

C23 1.601(2); B1–C34 1.616(2); B1---K1 6.891(2). CCDC Deposition Number 2157311  
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Figure A3.38. Molecular structure of 6.4. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–C1 1.504(3); B1–

C23 1.607(3); B1–C34 1.600(3); B1---K1 8.095(2). CCDC Deposition Number 2157312 
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Figure A3.39. Molecular structure of 6.5. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–O1 1.525(13); B1–

O2 1.513(14); O1–C13 1.362(11); O2–C14 1.356(12); C13–C24 1.352(14). CCDC Deposition 

Number 2157313  
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Figure A3.40. Molecular structure of 6.6. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–O1 1.533(2), B1–

O2 1.532(2), O1–C13 1.348(2), O2–C24 1.49(2), C13–C24 1.364(2). CCDC Deposition Number 

2157314 
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Chapter Seven 

Figure A3.41. Molecular structure of 7.2. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–O1 1.478(4), B1–

O3 1.535(3), C1–O1 1.350(3), C1–O2 1.410(3), C2–O2 1.351(3), C2–O3 1.298(3), C2–O4 

1.210(3), C1–C3 1.340(4). CCDC Deposition Number 2166590 
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Figure A3.42. Molecular structure of 7.3. Thermal ellipsoids set at 50% probability with H atoms 

and non-coordinated solvent omitted for clarity. Selected bond lengths [Å]: B1–O2 1.5429(18), 

B1–O3 1.4746(17), C1–O1 1.2223(17), C1–O2 1.3113(16), C1–C2 1.5517(18), C2–O3 

1.3945(16). CCDC Deposition Number 2166591 
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Appendix IV – Computational Details 

 

Chapter Two and Three 

All computational data reported herein were obtained, analyzed, and prepared by Nathan Frey and 

Edwin Webster at Mississippi State University in Mississippi. Further information on TD-DFT 

excitation outputs, overlayed simulated absorption spectra, natural transition orbitals, calculated 

NICS values for other PAH systems, and details on the fluxionality of the twisted systems can be 

found in the original manuscripts.229, 360 The starting geometries of compounds 2.2 and 2.3 were 

extracted from the X-ray crystal structures. Hydrogen positions were optimized using the 

Universal Force Field (UFF) freezing the location of all other atoms. The geometry of structure of 

2.1 was generated from the molecular geometry of compound 2.2 from the X-ray crystal structure 

(the valency of the four amine nitrogens were satisfied with hydrogen atoms) and subsequently 

optimizing the structure at the B3LYP/BS1 level of theory. All computations were carried out 

using Gaussian 16 Revision B.01. Nucleus-Independent Chemical Shift (NICS) values361 were 

computed for each aromatic ring of the compounds by computing gas phase magnetic shielding 

tensors of ghost atoms placed at the centroid of each ring [NICS(0)] using the Gauge Independent 

Atomic Orbital (GIAO)362 method at the B3LYP/BS2 level of theory.363-364  To simulate absorption 

and emission spectra using TD-DFT, the first twenty vertical transitions were computed for 

corresponding optimized geometries of each compound with B3LYP/BS1 (for absorption) and 

TD-B3LYP/BS1 (for emission).365  Simulated absorption and emission spectra were obtained 

using an in-house Fortran program by convoluting the computed excitation energies and oscillator 

strengths with a Gaussian line-shape and a broadening of 20 nm. Orbital pictures were generated 

using Chemcraft with a contour value of 0.05.  
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Chapter Two 

Frontier Molecular Orbitals  

 

MO 166  LUMO   –0.03729 Ha 

 

 

MO 165  HOMO  –0.16233 Ha 

 

Figure A4.1. Frontier orbitals for the DFT-optimized geometry of 2.1.  
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MO 168  LUMO   –0.03933 Ha 

 

MO 167  HOMO  –0.15373 Ha 

 

MO 163  HOMO – 4  –0.23229 Ha 

 

MO 162  HOMO – 5  –0.23563 Ha 

 

Figure A4.2. Selected molecular orbitals for the DFT-optimized geometry of 2.2. 
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MO 268  LUMO   –0.01988 Ha 

 

MO 267  HOMO  –0.13473 Ha 

 

MO 265  HOMO – 2  –0.16555 Ha 

 

MO 264  HOMO – 3   –0.16776 Ha 

 

Figure A4.3. Selected molecular orbitals for the DFT-optimized geometry of 2.3. 
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Simulated UV-vis Spectra 

 

Figure A4.4. Simulated UV-vis absorption spectra of 2.1-2.3. 

 

Figure A4.5. Simulated UV-vis absorption spectrum from TDDFT excitations for 2.1. 

Table A4.1. Electronic transitions for the calculated transitions of 2.1 and their orbital 

contributions. 

λ (nm) Character % NTO 

Contribution 

399 π → π* 96% 

350 π → π* 90% 

312 π → π*
  59% 

 π → π*
  37% 

 

2.1 

2.2 

2.3 
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Figure A4.6. Simulated UV-vis absorption spectrum from TDDFT excitations for 2.2. 

 

 

 

Table A4.2. Electronic transitions for the calculated transitions of 2.2 and their orbital 

contributions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

λ (nm) Character % NTO 

Contribution 

464 π → Ge p + π* 98% 

411 π → π* 92% 

383 π → Ge p + π* 99% 

309 π → π* 52% 

 π → π* 41% 
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Figure A4.7. Simulated UV-vis absorption spectrum from TDDFT excitations for compound 2.3. 

 

Table A4.3. Electronic transitions for the calculated transitions of 2.3 and their orbital 

contributions. 

λ (nm) Character % NTO 

Contribution 

446 π → π* 96% 

404 π → π* 87% 

335 π → π* 81% 
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Nucleus Independent Chemical Shifts NICS(0) values (B3LYP/BS2) 

 2.1 

Bq2 –3.89 

Bq3 –10.66 

Bq4 –3.95 

Bq5 –10.45 

 

Figure A4.8. NICS(0) values for 2.1. 

 

 2.2 2.2-H 

Bq1 –5.90 –7.91 

Bq2 –3.66 –4.91 

Bq3 –9.98 –11.52 

Bq4 –2.86 –4.92 

Bq5 –9.99 –11.52 

Bq6 –5.83 –7.91 

(Expt) and computed distances of Ge-N bond given in Å. 

Figure A4.9. NICS(0) values for 2.2 and 2.2-H (where tert-butyl groups were replaced with 

hydrogens). 

 2.3 2.3-H 

Bq1 –0.56 –2.57 

Bq2 –3.87 –5.20 

Bq3 –10.26 –10.45 

Bq4 –3.87 –5.10 

Bq5 –10.26 –10.27 

Bq6 –0.56 –2.44 

Bq7 –11.83 –12.51 

Bq8 –11.83 –12.49 

 

 

Figure A4.10. NICS(0) values for 2.3 and 2.3-H (where iso-propyl and tert-butyl groups were 

replaced with hydrogens). 



276 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure A4.11. Potential Energy Surface (ΔEe) for 2.2. All energies reported in kcal mol–1. 

The potential energy surface above depicts various fluxional and higher-energy processes for 

compound 2. The two lowest-energy structures for compound 2.2 are 2.2a and 2.2b. Structures 2.2a 

and 2.2b are connected by a low-energy transition state 2.2TS-a-b. While both 2.2a and 2.2b are C2 

symmetric, 2.2a has the same "twisting" of the germylene units where those units are staggered as 

observed in the geometry of the X-ray crystal structure. In 2.2b, the germylene units are eclipsed, 

i.e., they are rotating in the same direction. Structures 2.2b and 2.2b' are mirror images that are 

connected by a high-energy C2v-symmetric fourth-order saddle point (2.24-OSP). Structures 2.2c and 

2.2d are relatively low-energy Cs- and C2-symmetric local minima, respectively, that buckle the 

pyrene core to form bowl-shaped structures, as opposed to the twisting of the pyrene in 2.2a. The 

only difference between 2.2c and 2.2d is a low-energy t-butyl rotation. It is notable that the structure 

of 2.2c is similar to the Ge-pyrene core part of the geometry of 2.36-OSP. Two other higher-order 

saddle points (2.22-OSP and 2.25-OSP) exist, and the relative energy of 2.22-OSP is only 9.2 kcal mol-

1 above the lowest energy structure 2.2a. Structure 2.22-OSP connects mirror image enantiomers of 

2.2d and 2.2d'. Structure 2.25-OSP is 26.1 kcal mol-1 above 2.2a.  
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Figure A4.12. Potential Energy Surface for 2.3 (ΔEe). All energies reported in kcal mol–1. 

The potential energy surface above depicts various fluxional and higher-energy processes for 

compound 2.3. The lowest-energy structure for compound 2.3 is 2.3a, which has CNHC-Ge 

distances of 2.21 Å. Structure 2.32-OSP-1 is a low-energy C2v-symmetric second-order saddle point 

that connects two enantiomeric C2 structures (2.3a and 2.3a'). Structure 2.3b is C1-symmetric where 

one of the NHCs has significantly lengthened away from the Ge-pyrene core (CNHC-Ge distance 

of 4.12 Å), while the other NHC remains bound to the second germylene (CNHC-Ge distance of 

2.21 Å). Structures 2.3c and 2.3c' are high-energy local minimum enantiomers (CNHC-Ge distances 

of 2.51 Å) that are connected through a fourth-order saddle point (2.34-OSP in which the Ge-CNHC 

distances are 2.56 Å) by the double rotation of the NHCs about the Ge-CNHC bond. Structure 2.3d 

is a Cs-symmetric structure in which both NHCs are significantly lengthened away from the Ge-

pyrene core (CNHC-Ge distances of 5.68 Å). A high-energy second-order saddle point (2.32-OSP-2) 

connects two equivalent structures of 2.3d through a motion of t-butyl rotation. Structure 2.36-OSP 

is a C2v-symmetric high-energy sixth-order saddle point with significantly lengthened CNHC-Ge 

distances of 5.59 Å. Interestingly, the geometry of the Ge-pyrene core in 2.36-OSP has a strong 

resemblance to the geometry observed in 2.2d. 
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Chapter Three 

Frontier Molecular Orbitals  

MO 118  LUMO   –0.04153 Ha 

 

 

MO 117  LUMO   –0.17243 Ha 

 

Figure A4.13. Selected molecular orbitals for the DFT-optimized geometry of 3.10. 
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Simulated UV-vis and Fluorescence Spectra  

 

Figure A4.14. Simulated emission spectrum from TDDFT excitations for 2.1. 

 

Table A4.4. Electronic transitions for the calculated transitions for the emission of 2.1 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

513 π* → π 95% 

 

Figure A4.15. Simulated absorption spectrum from TDDFT excitations for 3.2. 
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Table A4.5. Electronic transitions for the calculated transitions for the absorption of 3.2 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

389 π → π* 93% 

304 π → π* 

π → π* 

73% 

22% 

 

 

Figure A4.16. Simulated emission spectrum from TDDFT excitations for compound 3.2.  

 

Table A4.6. Electronic transitions for the calculated transitions for the emission of 3.2 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

423 π* → π 95% 

315 π* → π 

π* → π 
 

68% 

26% 
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Figure A.17. Simulated UV-vis absorption spectrum from TDDFT excitations for compound 3.3. 

Table A4.7. Electronic transitions for the calculated transitions for the absorption of 3.3 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

402 π → π* 94% 

312 π → π* 

π → π* 

73% 

22% 
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Figure A4.18. Simulated emission spectrum from TDDFT excitations for compound 3.3. 

 

Table A4.8. Electronic transitions for the calculated transitions for the emission of 3.3 and their 

orbital contributions. 

 

 

 

 

 

 

 

Figure A4.19. Simulated UV-vis absorption spectrum from TDDFT excitations for compound 3.4. 
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λ (nm) Character % NTO 

Contribution 
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Table A4.9. Electronic transitions for the calculated transitions for the absorption of 3.4 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

400 π → π* 93% 

313 π → π* 

π → π*
 
 

67% 

27% 

 

 

Figure A4.20. Simulated emission spectrum from TDDFT excitations for compound 3.4. 

 

Table A4.10. Electronic transitions for the calculated transitions for the emission of 3.4 and their 
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λ (nm) Character % NTO 

Contribution 

438 π* → π 95% 

328 π* → π 

π* → π 
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Figure A4.21. Simulated UV-vis absorption spectrum from TDDFT excitations for 3.5. 

Table A4.11. Electronic transitions for the calculated transitions for the absorption of 3.5 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

292 π/p → π* 88% 
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Figure A4.22. Simulated emission spectrum from TDDFT excitations for 3.5. 

 

Table A4.12. Electronic transitions for the calculated transitions for the emission of 3.5 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

390 π* → π 98% 
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Figure A4.23. Simulated UV-vis absorption spectrum from TDDFT excitations for 3.6. 

 

Table A4.13. Electronic transitions for the calculated transitions for the absorption of 3.6 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

285 π → π* 91% 
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Figure A4.24. Simulated emission spectrum from TDDFT excitations for 3.6. 

 

Table A4.14. Electronic transitions for the calculated transitions for the emission of 3.6 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

309 π* → π 93% 
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Figure A4.25. Simulated UV-vis absorption spectrum from TDDFT excitations for 3.7. 

 

Table A4.15. Electronic transitions for the calculated transitions for the absorption of 3.7 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

362 p → π* 94% 

282 π → π* 99% 
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Figure A4.26. Simulated emission spectrum from TDDFT excitations for 3.7. 

 

Table A4.16. Electronic transitions for the calculated transitions for the emission of 3.7 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

388 π* → p 96% 

310 π* → π 99% 
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Figure A4.27. Simulated UV-vis absorption spectrum from TDDFT excitations for 3.8. 

 

Table A4.17. Electronic transitions for the calculated transitions for the absorption of 3.8 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

290 π → π* 91% 

 

 

Figure A4.28. Simulated emission spectrum from TDDFT excitations for 3.8. 

 

Table A4.18. Simulated emission spectrum from TDDFT excitations for 3.8. 

λ (nm) Character % NTO 

Contribution 

309 π* → π 93% 
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Figure A4.29. Simulated absorption spectrum from TDDFT excitations for 3.9. 

 

Table A4.19. Electronic transitions for the calculated transitions for the absorption of 3.9 and 

their orbital contributions. 

λ (nm) Character % NTO 

Contribution 

286 π → π* 91% 

 

 

Figure A4.30. Simulated emission spectrum from TDDFT excitations for 3.9. 

Table A4.20. Electronic transitions for the calculated transitions for the emission of 3.9 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

309 π* → π 93% 
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Figure A4.31. Simulated absorption spectrum from TDDFT excitations for 3.10. 

 

Table A4.21. Electronic transitions for the calculated transitions for the absorption of 3.10 and 

their orbital contributions. 

λ (nm) Character % NTO 

Contribution 

374 π → π* 94% 
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Figure A4.32. Simulated emission spectrum from TDDFT excitations for 3.10. 

 

Table A4.22. Electronic transitions for the calculated transitions for the emission of 3.10 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

504 π* → π 99% 
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Figure A4.33. Simulated absorption spectrum from TDDFT excitations for 3.11. 

 

 

Table A4.23. Electronic transitions for the calculated transitions for the absorption of 3.11 and 

their orbital contributions. 

λ (nm) Character % NTO 

Contribution 

379 π → π* 92% 

375 π → π* 87% 
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Figure A4.34. Simulated emission spectrum from TDDFT excitations for 3.11. 

 

 

Table A4.24 Electronic transitions for the calculated transitions for the emission of 3.11 and their 

orbital contributions. 

λ (nm) Character % NTO 

Contribution 

405 π* → π 94% 

388 π* → π 88% 
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Figure A4.35. Hole-particle contributions in compounds 3.6 (top) and 3.2 (bottom), depicting 

more contribution of NHB in benzene-fused molecules than pyrene-fused analogues. 
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Chapters Four-Seven 

All computational data reported herein were obtained, analyzed, and prepared by Andrew Molino 

and David Wilson at LaTrobe University in Melbourne, Australia. Further information on 

calculated atomic coordinates, bond distances, WBI values, and Mulliken charges, can be found 

in the original manuscripts.298, 311 All calculations were performed using ADF2020.102 unless 

noted. Geometry optimizations were carried out with the B3LYP density functional utilizing the 

TZ2P basis set.366 Grimme’s D3 dispersion with Becke-Johnson damping was included, labelled 

D3(BJ).367-368 Harmonic vibrational frequencies were calculated analytically at the same level of 

theory in order to characterize the stationary points as minima on the potential energy surface. All 

optimizations included solvent effects using the conductor like screening model of solvation 

(COSMO) with parameters for Toluene (ε = 7.4257). Nucleus-independent chemical shift (NICS) 

calculations were performed using the Aroma plug-in package and run using Gaussian16 at the 

B3LYP-D3(BJ)/def2-TZVP//B3LYP-D3(BJ)/TZ2P level of theory.369 Excited state dynamic 

(ESD) calculations were performed using Orca 4.2.1 at the ωb97X-D3/def2-SVPD level of theory. 

ACID plots were generated using ACID 3.0.2. 

 

 

 

 

 

 

 

 

 

 



298 

 

Chapter Four 

 

Energy Decomposition Analysis 

Table A4.25. EDA-NOCV results [L-Bf]- (L=NHC, CAAC) at the B3LYP-D3(BJ)/TZ2P level of 

theory for the electron sharing bonding model. Energy values given in kcal mol-1. 

  Fragments 

Energy Terms 
Orbital  

Interaction 

[Bf]- (Triplet Anion)  + 

NHC (Triplet) 

[Bf]- (Triplet Anion)  + 

CAAC (Triplet) 

ΔEint  -194.3 -169.4 

ΔEPauli  +374.1 +299.2 

ΔEelstat
(a)  -244.9 (43%) -214.3 (46%) 

ΔEorb
(a)  -299.6 (53%) -233.3  (50%) 

ΔEdisp
(a)  -23.3    (4%) -21.1    (4%) 

ΔEorb(1)
(b) [Bf]-[L] σ-electron sharing -206.6  (69%) -168.4  (72%) 

ΔEorb(2)
(b) [Bf]-[L] π-electron sharing -59.2     (20%) -39.9     (17%) 

ΔErest  -33.9     (11%) -25.0     (11%) 

[a] The values in parentheses give the percentage contribution to the total attractive interactions ΔEelstat+ ΔEorb + ΔEdisp. 

[b] The values in parentheses give the percentage contribution to the total orbital interactions ΔEorb. 

 

Table A4.26. EDA-NOCV results [NHC-Borole]- at the B3LYP-D3(BJ)/TZ2P//B3LYP/6-31G(d) 

level of theory for the donor-acceptor and electron sharing bonding models. Energy values given 

in kcal mol-1. 

  Fragments 

Energy Terms Orbital Interaction Donor-Acceptor Electron-sharing 

  [Borole]- (Singlet) + NHC 

(Singlet) 

[Borole]- (Triplet) + 

NHC (Triplet) 

ΔEint  -128.5 -196.2 

ΔEPauli  +216.8 +368.6 

ΔEelstat
(a)  -151.7 (44%) -236.9 (42%) 

ΔEorb
(a)  -165.5 (48%) -299.8 (53%) 

ΔEdisp
(a)  -28.5   (8%) -28.1   (5%) 

ΔEorb(1)
(b) [Bf]-[L] σ -97.1   (59%) -212.5 (71%) 

ΔEorb(2)
(b) [Bf]-[L] π -46.9   (28%) -55.4   (18%) 

ΔErest  -21.5   (13%) -31.8   (11%) 

[a] The values in parentheses give the percentage contribution to the total attractive interactions ΔEelstat+ ΔEorb + ΔEdisp. 

[b] The values in parentheses give the percentage contribution to the total orbital interactions ΔEorb. 
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Natural Orbitals of Chemical Valence 

Figure A4.36. EDA-NOCV deformation densities (a/c) Δρ(1) and (b/d) Δρ(2) associated with 

orbital interactions ΔEorb(1) and ΔEorb(2) for [CAAC-BF]- and [NHC-Borole]-. Charge flow 

red→blue (isosurface = 0.003).  

 

Excited State Dynamics 

Absorbance 

Figure A4.37. Frontier molecular orbitals of 4.13 and 4.14 calculated at the ωb97X-D3/def2-

SVPD level of theory. Isovalue = 0.0200. 

HOMO 

LUMO+1 
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Table A4.27. Calculated vertical transition energies (ωB97X-D3/def2-SVPD//B3LYP-

D3(BJ)/TZ2P). 

 State Energy (eV) Fosc. Orbital Transitions Assignment 

4.13 S(1) 3.144 3.74x10-1 S(1) = 97 → 98, n = 0.97 HOMO → LUMO (π → π*) 

4.14 S(1) 3.235 6.99x10-2 S(1) = 96 → 97, n = 0.90 HOMO → LUMO (π → π*) 

 S(2) 3.723 2.35x10-1 S(2) = 96 → 98, n = 0.87 HOMO → LUMO+1 (π → π*) 

 

Emission 

 

Emission spectra were simulated using the excited state hessian S(1) computed at the ωB97X-

D3/def2-SVPD level of theory. The potential energy surface was approximated using the vertical 

gradient (VG) model. For compound 4.13 only the S(1) (394.3 nm) state was evaluated, while for 

4.14 the S(1) (383.3 nm) and S(2) (333.1 nm) excited states were evaluated as a multi-state 

spectrum.  

 

 

Figure A4.38. Calculated absorbance and emission spectra for 4.13. 
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Figure A4.39. Calculated absorbance and emission spectra for 4.14. 

 

Nucleus Independent Shift Calculations 

 

Table A4.28. Calculated isotropic out-of-plane NICS(1)ZZ values (ppm) at the B3LYP/def2-TZVP 

(SMD, THF) level of theory. 

Compound B Ring Ph Ring L[a] 

[NHC-BF]
+

 +34.2 -8.8 -26.4 

[CAAC-BF]
+

 +32.2 -11.3 NA 

[NHC-BF]
•

 +6.0 -17.8 -18.6 

[CAAC-BF]
•

 +12.1 -18.6 NA 

[NHC-BF]
-

 -21.4 -23.9 -9.7 

[CAAC-BF]
-

 -8.1 -23.1 NA 

[NHC-Borole]- -10.1 NA -8.8 

[H-BF]2- -45.7 -20.4 NA 

[a] NICS(1)ZZ values only available for planar rings ±15˚. 
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Additional ACID Plots 

 

 

 

Figure A4.40. ACID plot for [CAAC-BF]-. Isosurface = 0.03. 
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Chapter Five 

Energy Decomposition Analysis 

 

 

Figure A4.41. Plots of the β-pair deformation densities ∆ρ for 5.5. Hydrogen atoms omitted for 

clarity. 
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Table A4.29. Additional RI-MP2/def2-TZVP//B3LYP-D3(BJ)/def2-SVP (SMD, THF) calculated 

energies for the proposed formation of 5.5, and Dipp migration in 5.7. 

 

 ΔG (kJ mol-1) 

Reaction RI-

MP2/def2-TZVP 

RI-SCS-

MP2/def2-TZVP 

1 + Se2Cl2 → [CAACBF]· + SeCl2 + Cl- +87.8 +61.3 

1 + Se2Cl2 → [CAACBF-SeCl2] + Cl- -259.5 -254.0 

(2)1 + Se2Cl2 → 5 + 2Cl- -504.2 -472.5 

1 + Se → [CAACBF-Se]- -421.6 -464.2 

1 + Se → [CAACBF-Se-Dipp] -563.3 -586.9 

[CAACBF-Se]- → TS1 +64.4 +81.0 

[CAACBF-Se]- → [CAACBF-Se-Dipp] -103.5 -114.9 

 

Figure A4.42. Calculated transition state for N-Dipp migration to selenium forming 5.7. Hydrogen 

atoms omitted for clarity. 
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Chapter Six 

 

Figure A4.43. a) Intermediate structure (Int1a) for the nucleophilic addition of BFA to one of the 

carbonyl carbons of 9,10-phenanthrenequinone. b) Stable intermediate Int1a could only be located 

with protonated oxygen atoms (simulated acidic conditions). 

 

Figure A4.44. Scan of the potential energy surface for the adduct formation of Int1. Calculations 

were performed at ± 0.05 Å from the equilibrium bond distance. 

a b 
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Table A4.30. Mullikan spin populations for the triplet and open-shell singlet (OSS) reactant 

complexes. 

[BFA phenanthrene-9,10-dione] RC1 (Anion, Triplet) RC1 (Anion, Open-Shell Singlet) 

B(1) +0.368997 +0.367111 

O(1) +0.253177  -0.251917 

O(2) +0.241448  -0.236243 

[BFA phenanthrene-9,10-dione]   

B(1) +0.382838 +0.295316 

O(1) +0.249130  -0.212418 

O(2) +0.243944  -0.178443 
 

 

 
Figure A4.45. Comparison of the theoretical and experimental absorption spectra of 5.5 and 5.6. 

Electronic transition energies corrected by –0.02 eV to account for systematic errors. 

 

Table A4.31. Calculated vertical excitation energies of 6.5 and 6.6 at the ωB97X/def2-TZVP 

(CPCM, THF) level of theory. 

6.5 Wavelength (nm) f Excitation 

S1 380.4 0.149455358 HOMO→LUMO 

S2 338.4 0.097171308 HOMO→LUMO+1 

S3 321.1 0.000888937 HOMO→LUMO+2 

6.6    

S1 410.3 0.282976974 HOMO→LUMO 

S2 356.3 0.047672609 HOMO→LUMO+1 

S3 311.4 0.000000007 HOMO→LUMO+2 
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Figure A4.46. Plot of the S1 HOMO→LUMO transition of 6.5 ωB97X/def2-TZVP (CPCM, THF). 

 

 

 

Figure A4.47. Plot of the S1 HOMO→LUMO transition of 6.6 ωB97X/def2-TZVP (CPCM, THF). 
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Chapter Seven 

 
EDA-NOCV 
 
 

Table A4.32. EDA-NOCV results for TS1 calculated at the B3LYP-D3(BJ)/TZ2P/B3LYP-

D3(BJ)/def2-SVP level of theory. Reactants used as fragments in the neutral singlet electronic 

configurations. 

 Energy (kcal mol-1) 

ΔEint -29.0 

ΔEPauli +77.5 

ΔEelstat
a -44.1 (41.5%) 

ΔEorb
a -51.2 (48.1%) 

ΔEdisp
a -11.1 (10.5%) 

ΔEorb(1)
b B(LP) → CO2 π* -42.0 (82.0%) 

ΔEorb(rest) -9.2 (18.0%) 

[a] The values in parentheses give the percentage contribution to the total attractive interactions ΔEelstat+ ΔEorb + ΔEdisp. 

[b] The values in parentheses give the percentage contribution to the total orbital interactions ΔEorb. 

 
 
 
TD-DFT and ESD 
 

Table A4.33. Calculated TD-DFT excitations for the first 5 singlet excited states of 7.2. 

State Energy (nm) f |<i|μ|j>|2 Transition 

S1 268.2 0.3399 3.0004 HOMO→LUMO, HOMO-1→LUMO 

S2 262.9 0.0990 0.8563 HOMO-1→LUMO+1 

S3 258.1 0.0058 0.0492 HOMO→LUMO+2 

S4 250.1 0.0317 0.2610 HOMO-2→LUMO 

S5 241.0 0.0029 0.0233 HOMO→LUMO+4 
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Figure A4.48. HOMO-1 (a), HOMO (b) and LUMO(c) of 7.2 calculated at the CAM-B3LYP-

D3(BJ)/def2-TZVP(-f). 

 

 

 

Figure A4.49. Calculated adiabatic transitions for the S0→S1 and S1→S0 electronic transitions for 

7.2. CAM-B3LYP-D3(BJ)/def2-TZVP(-f) (σ = 300 cm-1). 

  

a b c 
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