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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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OFET     organic field effect transistor  

OPV     organic photovoltaic 

PAH     polycyclic aromatic hydrocarbon 

PPh3     triphenyl phosphine 

ppm     parts per million 

sIPr        1,3-diisopropylimidazolin-2-ylidene 

SET     single-electron transfer 

THF     tetrahydrofuran 

THF-d8    deuterated tetrahydrofuran 

UV-vis     ultraviolet-visible 
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probability with H atoms and non-coordinated solvent omitted for clarity.  



24 

 

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 (ȹG, 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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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: B1ï

C1 1.505(3), B1ïC23 1.609(2), B1ïC34 1.598(3), B1ïK1 3.2363(19); 6.2: B1ïC1 1.519(7), B1ï
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thermal ellipsoids shown at 50% probability. Selected bond lengths [¡]: 2: B1ïO1 1.478(4), B1ï
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Figure 7.3. Calculated relative free energies (ȹG, 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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density ȹɟ(1) (c) indicating charge flow between NOCVs for TS1 and the associated contribution 
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-1). Eigenvalue ɜ(1) quantifies the amount of transferred 
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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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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 ˊ-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 ñdopingò 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 

ñdopingò 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, ñdopingò 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 ñdopedò 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 ů-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 ˊ-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 Geï
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C bond (298 kJ mol-1) than a SiïC 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 ˊ-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 Arduengoôs 

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 ́-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 



38 

 

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 ï 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 ñnon-K-regionò and are easier to modify via electrophilic substitution 

with the exception of the 2 and 7 positions (Figure 1.6 ï 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 ñK-regionò and are substantially more challenging to functionalize, but are interesting as a 

means to prepare extended ˊ-conjugated systems. One key route for reaching pyrenes with ñK-
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regionò 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 ñK-regionò.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 ˊ-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 BïN bonds being 

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

with a BïN 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 2,2ô-dibromo-

1,1ô-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 ï 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 ï 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 ï 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 ů-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 germaniumôs 

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 ñheavyò 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 -́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 ī37 ÁC (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 49Á and 64Á were observed for C1īC2īC8īC9 and N1īN2īN3īN4, 

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 (°): 

Ge1ïN1: 1.871(3); Ge1ïN2: 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 Ge1ïN1 [1.871(3) Å] and Ge1ïN2 

[1.868(3) Å] bond lengths are within the range of reported GeïN 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 ů-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-C2ô-C1ô and N2-N1-N2ô-N1ô 

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

Ge1-Ge1ô-C21ô atoms indicated that the sIPr ligands are nearly parallel to each other (Figure 2.3c). 

The Ge1ïN1 (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 Ge1ïC21 (2.1321(18) Å) bond length is within the reported range 

for typical GeïC 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 moleculeôs 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 MeðsIPr centroid interaction. 

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

lengths (Å) and angles (°): Ge1ïN1: 1.9430(14); Ge1ïN2: 1.9489(14); Ge1ïC21: 2.1321(18); N4ï

C21: 1.359(2); N3ïC21: 1.356(2); C2-C1-C2ô-C1ô: 5; N2-N1-N2ô-N1ô: 7; C21-Ge1-Ge1ô-C21ô: 

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 ɚmax 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 ɚmax of 2.2 was assigned to the ˊŸGe p + ˊ* transition, while the 

ɚmax of 2.3 was assigned to the ˊŸˊ* 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 
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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 (ï3.87 

and ï3.87) 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 ligandôs 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 boronôs empty pz-orbital, the incorporation of boron into aromatic systems can 

result in ́ -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 BH3ÅTHF at 110 ÁC gave compound 2 as a 

pale-yellow solid in 77% yield. In the 1H NMR spectrum, a downfield shift in the resonance (1.26 



61 

 

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. 

 


