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Abstract 

 The field of catalysis is dominated by transition metals. In industry, these metals are often 

used as catalysts for the transformation of simple small molecules into value-added commodities. 

Many of these catalytic systems feature expensive and geologically scarce precious metals such as 

platinum, palladium, rhodium, and iridium. Therefore, there is a growing synthetic effort to 

develop the chemistry of geologically abundant and inexpensive main-group elements. Such well-

defined processes are difficult to many main-group elements, thus mimicking the reactivity of 

transition metals is an enormous synthetic challenge. Access to d-orbitals allows for multiple 

coordination sites and variable redox states for transition metals, while main-group elements are 

limited to s- and p-orbitals. Therefore, it is important to study fundamental reaction pathways for 

main-group elements to discover chemistry that both mimics and diverges those known for 

transition metals. Herein, beryllium and bismuth chemistry is studied through the scope of neutral 

carbene and carbone ligands. This research uses a neutral carbon-based ligand (i.e., carbenes and 

carbones) scaffolding as an approach to develop new bonding modes, oxidation states, and 

reactivity for main-group elements.  

Beryllium, the lightest member of the alklaine earth series, is one of the least explored elements 

on the periodic table. This is, in part, due to the presumed toxicity of its complexes. Nevertheless, 

studying beryllium is important for developing a better understanding of periodic trends and 

synthetic strategies for the alkaline earth elements. Chapter 2 discusses the isolation and study of 

the first examples of carbodicarbene beryllium complexes. The isolation of these compounds led 

to the first example of a beryllium mediated C(sp3)–H activation event, which is promoted by 

either a base or a one-electron reducing agent. A new class of five-membered beryllacycles was 

also developed, and the coordination chemistry of carbenes led to the first example of a 



beryllacycle ring-expansion reaction mechanism. A series of carbene-beryllium complexes were 

also developed and is discussed in chapter 3. These include carbene-supported aryl- and alk-oxo 

beryllium complexes and doubly reduced carbene-beryllium(α-diamide) molecules. 

 The chemistry of bismuth has exhibited a remarkable transition-metal-like reactivity 

profile in recent years. For example, bismuth is capable of both Bi(III/V) and Bi(I/III) redox cycles. 

Chemists are also interested in bismuth cations for their applications in Lewis acid catalysis. In 

chapter 4, a new class of bismuth cations (bismaalkene cations) were developed by the 

complexation of carbodicarbene, followed by halide abstractions. These molecules were studied 

using X-ray crystallography, NMR spectroscopy, and DFT to investigate the bonding. In chapter 

5, the first reactions of organometallic bismuth complexes with sodium 2-phosphaethynolate, the 

P-analogue of cyanate, were studied. In this study, carbene transfer and thermal reduction of the 

bismuth center (BiIII to BiII) was observed. The same reactivity profile was observed for analogous 

antimony complexes. 
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1.1 Introduction to Beryllium 
 

1.1.1 Origin and Isolation of Beryllium 

 

 The beautiful shades of gemstones such as emerald green or the blue of aquamarine have 

long captivated mankind. Although the colors of these gems differ, they are both made of the same 

mineral, beryl, which is composed of beryllium aluminum cyclosilicate. Beryl is colorless in its 

purest form, but impurities in its composition give it a variety of colors, as seen in these stones. 

Emerald green, for example, results from chromium and vanadium impurities,1 while iron 

impurities give aquamarine its blue color.2  

 Louis Nicolas Vauquelin, a French pharmacist, studied beryl in 1798 and successfully 

separated the beryllium salts from aluminum salts.3 Because of the sweet taste of the beryllium-

containing salts, he proposed the term glucinium (Gl), but German scientists replaced it with 

beryllium (Be). It was subsequently discovered that the consumption of beryllium can lead to 

serious health risks. Indeed, beryllium has been classified as the most toxic non-radioactive 

element on the periodic table (vide infra).4 In 1828, Friedrich Wöhler and Antoine Bussy isolated 

beryllium metal by the reduction of beryllium dichloride with potassium.3 Currently, elemental 

beryllium is made from heating a mixture of BeF2 with magnesium metal at 1300 °C, or by 

electrolysis of BeCl2.
1  

 In comparison to the heavier alkaline earth metals such as magnesium, the number of 

commercially available beryllium reagents are extremely limited. Therefore, beryllium chemists 

initially focused on synthesizing necessary reagents directly from beryllium metal, with the most 

common reagents being beryllium halides.5-6 The most popular beryllium starting material, BeCl2, 



can be synthesized using a small amount of metal with the addition of two molar equivalents of 

HCl in diethyl ether. This cleanly generates the crystalline dietherate complex (Et2O)2BeCl2.
7  

1.1.2 Physical and Chemical Properties of Beryllium 

 

 The reactivity of beryllium is fascinating as its atomic properties set it apart from the rest 

of the alkaline earth metals. Beryllium dichloride, for example, reacts vigorously with water to 

give Be(OH)2 and 2 HCl. The heavier alkaline earth dichlorides MCl2 (M = Mg, Ca, Sr, Ba) 

dissolve and ionize into M2+ and 2 Cl– in water. Beryllium posesses the highest electronegativity 

(Be: 1.57; Mg: 1.31; Ca: 1.00; Sr: 0.95; Ba: 0.89)8 and the smallest ionic radius of group 2 (Be2+: 

0.34 Å; Mg2+: 0.78 Å; Ca2+: 1.06 Å; Sr2+: 1.27 Å; Ba2+ 1.43 Å).9 Therefore, Be2+ is regarded as 

the most charge dense metal ion. As a result, while Mg2+–Ba2+ form ionic interactions with 

chloride, beryllium produces polar covalent bonds with chlorine. Beryllium also has the highest 

reduction potential of the alkaline earth metals (Be2+/Be0 –1.85 eV),10 therefore, beryllium is the 

easiest group 2 element to reduce to subvalent states. Perhaps resulting from the latter property, 

two new formal oxidation states (Be0 and BeI)  have been uncovered within the last five years.11-

12  

1.1.3 Applications of Beryllium 

 

 Beryllium has several industrial applications. When alloyed with other metals, materials 

with improved properties can be obtained. For instance, when copper is mixed with 2% beryllium, 

the resulting alloy has sixfold-increased strength with respect to unadulterated copper as well as 

non-sparking and non-magnetic properties.1, 3 Because they do not produce sparks, beryllium-

copper alloys are used to make tools for explosive atmospheres such as oil rigs. Beryllium-copper 

tools are also used for maintenance of magnetic resonance imaging devices because of their non-



magnetic properties.3 Beryllium-aluminum alloys have found applications in the aerospace 

industry because of their high strength and light weight.13 Beryllium also serves as a neutron 

reflector in nuclear fission power plants and nuclear weapons.3 Because of its transparency to X-

rays, beryllium is used to construct radiation windows in X-ray tubes.3 Due to the relatively 

unexplored nature of this element, it is likely that many of beryllium’s applications have yet to be 

discovered. As such, pioneering research in this field is imperative for realizing new chemistry 

and applications for beryllium. In the past 5 years, there have been several review articles 

discussing the structure and reactivity of beryllium coordination complexes.4, 14-15  

1.1.4 Toxicity of Beryllium 

 

 Handling beryllium and its compounds requires additional safety precautions including 

ensuring proper disposal of waste, the utilization of a well-ventilated fume hood during synthetic 

operations, and possibly respirators or masks depending on the specific applications. Chemists 

should always check reputable safety data sheets before using any beryllium-containing 

compound. Inhalation of small amounts of beryllium compounds (2 µg m–3) may result in chronic 

beryllium disease (CBD), which can develop within one to twenty years after exposure.16 Reports 

suggest that after lung cells are exposed to beryllium, an autoimmune response is initiated, which 

may result in respiratory damage by scarring the lungs because the body is unable to get rid of the 

beryllium particulates.17-19  

 Currently, it is not well understood how beryllium coordinates to biomolecules inside the 

body. In order to better understand how Be2+ binds with biomolecules in vivo, Buchner performed 

a study where the coordination of biomimetic ligands to beryllium was assessed.20 The results in 

this work showed that only κ3 and κ4 ligating cites in peptides and polysaccharides can reversibly 

coordinate beryllium. It was found that multinuclear beryllium complexes (i.e., more than one 



beryllium atom in a single molecular complex) frequently formed. Therefore, it was postulated 

that the latency time for CBD could result from the necessity to form such multinuclear complexes 

with low concentrations of beryllium. Furthermore, beryllium coordination increases the 

concentration of Brønsted acids, which is a possible cause for beryllium-induced cell death.  

1.1.5 9Be NMR Spectroscopy 

 

 One of the most useful techniques for characterizing organometallic beryllium compounds 

is indubitably 9Be NMR spectroscopy. Beryllium’s spin active nuclei (s = 3/2) is quadrupolar, thus, 

its coordination environment affects the 9Be NMR peak width. In general, highly symmetric 

coordination environments around beryllium result in sharp peaks in a 9Be NMR spectrum.21 

Beryllium tends to adopt either trigonal planar (three-coordinate) or tetrahedral (four-coordinate) 

geometries, with the latter being the most symmetric. Distortions from these geometries that 

compromise symmetry result in peak broadening.  

 In 2004, John et al. published a table of 9Be NMR chemical shifts for beryllium complexes 

that were categorized by coordination environment.22 These categories are, cyclopentadienyl 

complexes (δ = –27.7 to –20.8 ppm), four-coordinate complexes (δ = –1.2 to 12.3 ppm), and 

two/three-coordinate complexes (δ > 5.8 ppm). Nearly 16 years later, Plieger published an update 

to these trends to include more than 54 publications containing NMR data for beryllium 

complexes.21 The respective ranges for 9Be NMR shifts have increased for cyclopentadienyl 

complexes (–27.7 to –14.8 ppm), four-coordinate (–5.3 to 13.7 ppm), and two/three-coordinate 

complexes (0.93 to 44 ppm). There is now significant overlap between these three trends, which 

is likely due to the utilization of a range of new ligands (vide infra) which has resulted in 

compounds with unusual electronic structures. Nevertheless, the peak width at half height is a good 



indication of the coordination number with three-coordinate complexes being broad and four-

coordinate compounds showing sharp signals. 

1.2 Introduction to Bismuth 
 

1.2.1 Origin and Isolation of Bismuth 

 

 Bismuth, derived from the German word ‘wismuth’ (white mass), is one of the most unique 

main-group metals on the periodic table. Elemental bismuth can often be found as crystals with 

elegant colors that result from a reflective oxide layer over the surface. Bismuth can be obtained 

from the ores bismuthinite and bismute, which chemically is bismuth sulfide and bismuth oxide, 

respectively. In earlier times, people would often confuse bismuth with lead and tin. A French 

chemist by name of Claude François Geoffroy eventually demonstrated that bismuth is distinct 

from these elements and is credited with the discovery of bismuth in 1753.23  

 Bismuth starting materials are widely available for purchase through chemical vendors. 

One of the most popular bismuth starting materials used in the work described herein is bismuth 

trichloride, BiCl3, which is highly moisture sensitive. As a result, BiCl3 purchased from chemical 

vendors usually contains trace ammounts of its water product, bismuth oxychloride. Bismuth 

trichloride can be purified by refluxing in in toluene to make the crystalline toluene adduct 

(toluene)BiCl3, which can then be used as a pure form of bismuth trichloride. In addition, THF 

supported phenylbismuth dichloride (THF)Bi(Ph)Cl2 and diphenylbismuth chloride Ph2BiCl can 

be synthesized from 1:2 and 2:1 mixtures of triphenylbismuth and bismuth trichloride, 

respectively.24 

 



1.2.2 Physical and Chemical Properties of Bismuth 

 

 Due to its position on the periodic table, bismuth, a 6th period element, exhibits a 

remarkable reactivity profile and has demonstrated transition-metal-like behavior in recent 

years.25-26 This is important to the main-group community because the low toxicity and respectible 

geological abundance of bismuth renders it a promising candiadate for green industrial catalysis. 

Bismuth is electronically limited in its frontier orbitals as it cannot access d-orbitals and is 

restricted to its 6s and three 6p orbitals, thus, the isolation of redox active organometallic bismuth 

complexes requires clever synthetic design. The 6s orbital is usually occupied by a lone pair, 

resulting in the ubiquitous +3 oxidation state seen in many of its complexes, while the three 6p 

orbitals are largely responsible for facilitating the molecular geometry around the bismuth metal 

center. These valence orbitals are large, diffuse, and polarizable, leading to weak bonds (single 

and multiple) between Bi and 2nd period atoms. 

 Compared to its lighter group 15 congeners (N, P, As, Sb), bismuth is the only metal. 

Bismuth is the most diamagnetic metal known, as it is highly repelled by a magnetic field. 

Although its naturally occuring isotope bismuth-209 is notably stable it is nevertheless slightly 

radioactive, with a half-life of 1.9 x 1019 years.23 Posessing the lowest electronegativity (N: 3.04; 

P: 2.19; As: 2.18; Sb: 2.05; Bi: 2.02) and largest ionic radius (N3+: 0.16 Å; P3+: 0.44 Å; As3+: 0.58 

Å; Sb3+: 0.76 Å; Bi3+: 1.03 Å)9 out of group 15, the Bi3+ ion exhibits a charge/radius ratio of 2.91 

Å–1 and has found significant applications in Lewis acid catalysis.26-27 

1.2.3 Applications of Bismuth 

 

 There are numerous applications of bismuth due to its non-toxic profile and diverse 

chemical properties. Bismuth subsalicylate is the primary component of the common over-the-



counter heartburn medication, Pepto-Bismol. Due to its excepionally good diamagnetic properties 

(vide supra), bismuth has found use in maglev trains, which can reach speeds to 250+ mph. 

Bismuth oxide is used in dragon egg fireworks to make the crackling sound upon explosion, this 

used to be lead oxide before knowledge of its toxicity. Bismuth oxide is perhaps the most 

industrially important synthon, which is used to make a variety of bismuth compounds. Recent 

efforts from the chemical community to push non-toxic main-group elements towards catalytic 

activity reminiscent of the transition-metals has uncovered several redox catalytic pathways with 

bismuth, including Bi(I/III) and Bi(III/V) catalysis. 

1.3 Ligand Design for Main-Group Complexes 
 

1.3.1 Anionic vs. Neutral Ligands 

 

 At the roots of synthesizing highly reactive main-group complexes is ligand design. For 

decades, synthetic chemists have focused largely on designing bulky anionic ligands such as β-

diketiminate (NacNac),28 amidinate,29 or meta-terphenyl derivatives30 that can provide steric and 

electronic stability towards highly reactive motifs. These ligands can be tuned (i.e., sterically and 

electronically) by interchanging their functional groups. However, a major limitation of complexes 

containing anionic ligands is that one-electron is consumed in metal-ligand bonding. When neutral 

ligands are used, there is potential to increase the reactivity at the main-group center, since no 

electrons are consumed in metal-ligand binding. For example, as there is only one M–Cl motif per 

metal center, only one halide can be abstracted from the generic NacNac-supported metal halide 

complex [(NacNac)M(µ-Cl)]2 to give a monocationic complex (Figure 1.3.1A). When neutral 

ligands such as N-heterocyclic carbenes (vide infra) are coordinated to metal dihalides, the 



 

Figure 1.3.1 A: One halide abstraction from an anionic NacNac ligand metal halide; B: Two halide 

abstractions from a neutral carbene ligand metal dihalide.abstraction of two M–Cl units becomes 

a possibility allowing for the formation of a dicationic complex (Figure 1.3.1B). 

1.3.2 Brief History and Electronic Nature of Carbenes and Carbones 

 

 Our lab is particularly interested in utilizing neutral carbon-based ligands (i.e. carbenes and 

carbones) with unique electron morphologies (Figure 1.3.2). N-heterocyclic carbenes (NHCs), 

isolated in 1991 by Arduengo,31 are one of the most ubiquitous ligands in organometallic 

chemistry. NHCs have been heavily utilized in stabilizing a plethora of low-coordinate, low-

oxidation state main-group compounds, owing to NHCs σ-donating (HOMO) and π-accepting 

(LUMO) frontier orbitals.32-33 Fourteen years after the isolation of NHCs, cyclic(alkyl)amino 

carbenes (CAAC) were synthetically realized by Bertrand in 2005.34 Replacing a nitrogen on NHC 

with a quaternary carbon makes CAACs better σ-donors and π-acceptors.33 CAACs have proven 

their ability in stabilizing subvalent elements which traditional NHCs could not. For example, 

Braunschweig demonstrated that two CAACs were sufficient in stabilizing subvalent Be(0),11 



while initial computational reports proposed three NHCs.10, 35 Nearly three years after synthesizing 

CAACs, Bertrand synthesized the first carbodicarbene (CDC) in 2008.36 CDCs are superior σ-

donors to NHCs and CAACs, and are π-donating rather than π-accepting. CDCs are formally 

considered C(0) complexes stabilized by two flanking NHCs,37 thus accounting for two lone pairs 

of electrons localized on the central carbon atom. Prior to the work described herein, there were 

examples of NHC and CAAC complexes with group 2 elements and bismuth, however, there were 

no examples with CDCs. Hence, we used the unique electronic nature of CDCs to develop a novel 

class of beryllacycles and bismaalkene cations. 

 

Figure 1.3.2 Carbenes: N-heterocyclic carbene and cyclic(alkyl)(amino) carbene and respective 

energies of frontier orbitals; Carbone: carbodicarbene and respective energies of frontier orbitals. 

1.3.3 Synthetic Procedure for Carbodicarbene Ligand 

 

 The decision was made to synthesize the CDC ligand with sterically demanding side arms 

in order to provide steric protection to the coordinating metal center. The synthesis of this ligand 



is shown in Scheme 1.3.3. Alkylation of the amine group in 2-nitroaniline followed by 

hydrogenation affords N-isopropyl-1,2-phenylenediamine in nearly quantitative yield. Refluxing 

this compound with diethyl malonate produces bis(benzimidazole- 2-yl)methane in 60% yield. 

Bis-methylation forms the corresponding triflate salt. After the deprotonation of the methylene 

protons, the free CDC ligand is produced in good yield. This procedure is discussed in detail below. 

 

Scheme 1.3.3 Synthetic route to carbodicarbene ligand with isopropyl groups. 

Synthesis of N-isopropyl-2-nitroaniline: To a 3000 

mL Schlenk flash, 2-nitroaniline 

was added (92.08 g, 667 mmol). 

Subsequently, 200 mL 

dichloromethane, 750 mL glacial acetic acid, and 

acetone (150 mL, 2043 mmol) were added. (Note: the 

isopropyl group comes from the conjugate acid of 

aceton in the equilibrium of acetone and acetic acid.) 

The solution was stirred for 5 minutes, then cooled to 

0 ºC. BH3(THF) (800 mL, 800 mmol) was added 

dropwise for 3 hours. (Note: in order to avoid decomposition with air, BH3(THF) is canula 



transferred over argon to the addition funnel.) The final product was obtained by extracting with 

DCM, then drying in vacuo.  

Synthesis of N-isopropylbenzene-1,2-diamine: To a stainless-

steel reactor, N-isopropyl-2-nitroaniline (114.2 

g, 57.5 mmol) was dissolved in ethanol (200 

mL). 0.5 g of Pd/C was added to the reactor 

along with a stir bar. The reaction proceeded over a course of 1 

to 2 weeks under hydrogen pressure (700 PSI). (Note: please 

refer to proper safety protocols when using the high-pressure 

line.) After the reaction was complete (indicated by a loss of 

yellow color), the solution was filtered, the dried in vacuo. 

Synthesis of bis(1-isopropyl-benzimidazol-2-

yl)methane: A 2-necked round bottom flask was fitted 

with a dean-stark 

apparatus and a 

dripping funnel. N-

isopropyl-1,2-phenylenediamine (30 g, 167 mmol) 

dissolved in 100 mL 2,6-dichlorotoluene was added to 

the flask, and stirred. The attached dripping funnel was 

charged with diethyl malonate (36 grams, 167 mmol). 

The reaction mixture was heated to 170 ºC, then the 

diethyl malonate was added dropwise to the stirring mixture. The dripping process proceeded 

while the temperature was allowed to increase to and maintained between 190 and 200 ºC for 16 



hours. Upon cooling to room temperature, a purple precipitate formed from solution. This 

precipitate was collected via filtration and washed with hexanes before drying under reduced 

pressure. 

Synthesis of 2,2'-methylenebis(1-isopropyl-3-methyl-benzimidazolium)trifluoromethane-

sulfonate: To a 250 mL Schlenk flask bis(1-isopropyl-benzimidazole-2-yl)methane (20.0 grams, 

60.2 mmol) was added and dissolved in 100 mL of 

anhydrous acetonitrile, then stirred. Methyl triflate (31.9 

grams, 19.4 mmol) was added dropwise to the flask. The 

reaction continued to stir for 1 hour. The product was obtained as a white powder by precipitation 

with ether.  

Synthesis of bis(1-isopropyl-3-methyl-benzimidazol-2-ylidene)methane: To a 100 mL round 

bottom flask, 2,2’-methylenebis(1-isopropyl-3-methyl-

benzimidazolium) trifluoromethanesulfonate (10 g, 15 mmol) was 

dissolved in 40 mL THF. A slight excess of K[N(SiMe3)2] (6.60 

g, 33.1 mmol) dissolved in 20 mL THF was added dropwise to the stirring solution. The solution 

was stirred for 3 hours, the volume was reduced to approximately 10-20 mL THF and filtered. The 

crude product was washed in diethyl ether, then dried in vacuo to give pure CDC ligand. 
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2.1 Introduction to Carbone Beryllium Chemistry 
 

2.1.1 Synthesis of Monodentate Carbodiphosphorane Beryllium Complexes 

 

 When compared to carbene–beryllium chemistry (discussed in chapter 3), the analogous 

chemistry with carbones is in its infancy. Indeed, the first carbone–beryllium complex was 

synthesized in 2011,38 whereas the first carbene-beryllium complex [(NHC)3BeCl]Cl was 

synthesized 26 years ago by Herrmann.39 In their 2011 report, Petz, Frenking, and Neumüller 

aimed to answer the question “how does the double Lewis base (LB) 

hexaphenylcarbodiphosphorane (Ph3P)2C react with a double Lewis acid (LA) BeCl2?” The LA–

LB adduct (Ph3P)2C–BeCl2 (2.1) was isolated from the reaction of CDP with BeCl2 (Figure 2.1.1). 

It was reported that 2.1 is unstable in DCM and THF,38 leading to both mono- and di-protonated 

CDP ligand. However, isolation of 2.1 is feasible with the halogenated solvent 2-

bromofluorobenzene. The CDPC–Be bond length (1.742 Å) of 2.1 is notably shorter than those of 

carbeneC–Be bonded complexes  (1.773−1.779 Å). Calculations demonstrate that the CDPC–Be bond 

mostly comes from the σ-donor lone pair on CDP, while π-donation is weak. It was also calculated 

that the coordination of two BeCl2 should be possible as the second lone pair is only partially 

involved in the binding interactions with just one BeCl2.   

 Braunschweig and coworkerkers considered that geminal coordination of two BeCl2 units 

could be a result of steric hinderence.40 Therefore, two smaller carbodiphosphorane ligands, 

(Ph2MeP)2C and (Cy2MeP)2, were prepared and initially reacted with with equimolar amounts of 

BeCl2 to give [(Ph2MeP)2C–BeCl2] (2.2) and [(Cy2MeP)2–BeCl2] (2.3), respectively.  The addition 

of an additional equivalent of BeCl2 to 2.2 or 2.3 did not result in geminal coordination. The CDPC–

Be bond lengths are 1.742(9) Å (2.2) and 1.720(3) Å (2.3), which is comparable to that of 2.1. The 



torsion angles between the BeCl2 and CP2 planes are 43° (2.2) and 60° (2.3), suggesting nominal 

π-interaction similar to that in (Ph3P)2C–BeCl2. 

 

Figure 2.1.1 Isolation of carbodiphosphorane beryllium dichloride adducts. 

2.1.1 Synthesis of a Tridentate Carbodiphosphorane Beryllium Complex 

 

 In order to force p-orbital overlap between carbodiphosphorane (CDP) and beryllium, 

Buchner and coworkers aimed to decrease the torsion angle between R3P=C=PR3 and beryllium.41 

Hexaphenylcarbodiphosphorane was reacted with two equivalents of n-butyllithium, which leads 

to the formation of ortho-lithiated carbodiphosphorane.42 The reaction of ortho-lithiated 

carbodiphosphorane with one equivalent of BeCl2 yields the di-ortho-beryllated CDP complex 

(2.4), where the beryllium is bound by two phenyl groups and the carbone carbon (Figure 2.1.2). 

Compound 2.4 exhibits a short CDCC–Be bond distance (1.704 Å), which is comparable to CAACC–

Be bond in beryllium(I) radical cations (1.691 – 1.694 Å) and shorter than those in CDP–BeCl2 



complexes 2.1–2.3. A broad signal at 26.3 ppm was observed by 9Be NMR spectroscopy, which 

is characteristic of a three-coordinate beryllium system. The double bond character of 2.4 was 

studied using computational methods.41  

Figure 2.1.2 Isolation of an s-block–carbon double bond using carbodiphosphorane. 

 While group 2 carbodicarbene complexes have been studied computationally by 

Frenking,43 there have been no molecular examples of organoberyllium compounds that feature a 

carbodicarbene. Herein, the first examples of CDC s-block complexes are described. Notably, a 

heteroleptic (CDC)BeCl[N(SiMe3)2] complex undergoes a formal C–H bond activation to form a 

five-membered beryllacycle, which is the first examples of beryllium formally activating a C–H 

bond. This new class of carbodicarbene beryllacycles were shown to undergo a ring expansion 

reaction from five- to six-membered beryllacycles.   

2.2 Synthesis of Carbodicarbene-Supported Beryllium Dichloride and Salt 

Metathesis Reactions 
 

2.2.1 Synthesis of Carbodicabrnene Beryllium Dichloride 

 

 The addition of a benzene solution of (Et2O)2BeCl2 to a solution of CDC at room 

temperature resulted in the formation of a yellow solid, which immediately precipitated from 

solution. Apart from dichloromethane (DCM), the yellow solid was insoluble in most organic 

solvents. The 1H NMR spectrum in CD2Cl2 revealed a heptet at 4.71 ppm, which was attributed to 

the methine protons on CDC-BeCl2 (2.5) (Scheme 2.2.1). Compound 2.5 was isolated in 97% 



yield. The 13C NMR showed a shift at 160.34 ppm attributed to the carbene carbons on the CDC 

ligand. There was no shift observed for the the carbone carbon in the 13C NMR spectrum. While 

2.5 is relatively stable in DCM, free CDC ligand decomposes as ascertained by an unintelligible 

1H NMR spectrum. Notably, unlike the carbodiphosphorane (CDP) analogues [(PPh3)2C-BeCl2],
38, 

40 the CDC-BeCl2 complex is stable in halogenated solvents which allowed for spectroscopic 

analysis by NMR. 

 

Scheme 2.2.1 Synthesis of carbodicarbene-beryllium dichloride, (CDC)BeCl2. 

 Yellow block-shaped single crystals of compound 2.5 suitable for a single crystal X-ray 

diffraction study were obtained from a DCM/hexanes mixture (1:1) at −37 °C. The structure 

reveals CDC bound to monomeric beryllium dichloride, and the tricoordinate beryllium atom 

adopts trigonal planar molecular geometry (Figure 2.2.1). The C1−Be1 bond distance of 2.5 

[1.748(6) Å] is shorter than the comparable carbeneC–Be bond in known carbene–BeCl2 adducts 

(1.773–1.779 Å),11, 40, 44 but slightly longer than those known for carbodiphosphorane–BeCl2 

(1.720–1.743 Å).38, 40 The Be1−Cl1 bond in 2.5 [1.941(3) Å] is longer than the Be−Cl bonds in the 

NHC-BeCl2 complex (1.881-1.884 Å)44 and CAAC-BeCl2 complexes (1.901-1.912 Å)11, but 

marginally shorter than the Be−Cl bonds in (PPh3)2C-BeCl2 (1.947-1.961 Å).38 This suggest 

substantial activation of beryllium chloride facilitated by the CDC, an overall superior donor 

ligand relative to NHCs and CAACs. The C2−C1−C2ʹ allenic moiety of 2.5 is significantly 



elongated (1.405(3) Å) with respect to the free CDC (1.335(5) Å),45 indicating electron donation 

from the central allenic carbon to an electrophilic beryllium center. DFT calculations for 2.5 yield 

a geometry that is consistent with the crystal structure, with Be−Ccarbone and Be−Cl bond distances 

(Wiberg bond index, WBI) of 1.764 Å (0.200) and 1.925 Å (0.348), respectively. Compound 2.5 

with equivalent isopropyl groups is the lowest energy conformation; a structure with inequivalent 

isopropyl groups was found to be 4.5 kJ mol-1 higher in energy. The B3LYP-D3(BJ)/def2-TZVP 

calculated ΔG binding energy of BeCl2 in 2.5 is 145.1 kJ mol−1, which is comparable to 151.3 kJ 

mol−1 in the [(PPh3)2C-BeCl2].  

2.1.2 Salt Metathesis Reactions of Carbodicarbene Beryllium Dichloride 

 

 One equivalent of potassium bis(trimethylsilyl)amide (K[N(SiMe3)2]) was added dropwise 

to a suspension of 2.5 in toluene (Scheme 2.2.2). The 1H NMR spectrum revealed a broad septet 

at 4.80 ppm for the methine proton and the appearance of a N(SiMe3) group at 0.33 ppm, which 

was consistent with compound 2.6. The 13C NMR showed a shift at 160.8 ppm which was 

attributed to the carbene carbon. There was also no chemical shift for the carbone atom for this 

compound. Compound 2.6 was obtained in 75% isolated yield. The formation of heteroleptic 

tricoordinate compound 2.6 occurs in a 100% conversion. Broad bands representative of the allene 

asymmetric stretching frequency were observed at 1483 cm-1 and 1481 cm-1 for compounds 2.5 

and 2.6 respectively. Yellow air- and moisture-sensitive block-shaped crystals of 2.6 suitable for 

a single crystal X-ray diffraction study were obtained from a hexanes/toluene (3:1) mixture at room 

temperature. The lack of ligand scrambling can be attributed to a combination of sterics from the 

bulky [N(SiMe3)2]
– group and the CDC ligand. In a similar fashion, compound 2.5 can be reacted 

with one equivalent of LiBH4 to synthesize (CDC)BeCl(BH4) (2.7). After the reaction was allowed 

to stir overnight, the product was extracted with toluene and concentrated. Yellow block-like 



crystals of 2.7 suitable for X-ray diffraction were obtained from the concentrated solution at –37 

°C. We attempted this reaction with two equivalents and a large excess of LiBH4, however, only 

one Cl– is exchanged for a [BH4]
–. Both halides in 2.5 can be substituted by using anionic ligands 

less sterically demanding than [N(SiMe3)2]
– and [BH4]

–. The salt metathesis of 2.5 with two 

equivalents of methyllithium in toluene gives the bis-substituted CDC-supported 

dimethylberyllium, (CDC)BeMe2 (2.8). Crystals of 2.8 suitable for X-ray diffraction can be 

obtained from a concentrated benzene solution. 

 

Scheme 2.2.2 Synthesis of carbodicarbene-beryllium compounds, (CDC)BeCl[N(SiMe3)2] (2.6), 

(CDC)BeCl(BH4) (2.7), and (CDC)Be(CH3)2 (2.8). 

 



2.1.3 Crystallographic Analysis of Carbodicarbene Beryllium Complexes 2.5 – 2.8 

 

 The structure of 2.6 shows a tricoordinate beryllium atom in a trigonal planar environment 

(Figure 2.2.1). The C1−Be1 bond in 2.6 [1.766(3) Å] is longer than that in 2.5 [1.748(6) Å].  The 

C1−Be1 [1.766(3) Å] and Cl1–Be1 [1.996(2) Å] bonds in 2.6 are each slightly longer than those 

in 2.5 [1.748(6) and 1.941(3) Å, respectively]. The C2−C1 [1.409(2) Å] and C1−C13 [1.385(2) Å] 

bonds of the allenic moiety in 2.6 is in accordance with the related C2−C1 bond in 2.5 (1.405(3) 

Å). The allenic C2−C1−C13 angle in 2.6 is 117.60(14)°, representing less electron donation from 

C1 to Be1 compared to that of 2.5 [(C2−C1−C2ʹ) is 116.6(3)°]. DFT calculations for 2.6 yield 

Be−Ccarbone and Be−Cl bond distances (WBI) of 1.779 Å (0.196) and 1.983 Å (0.312), respectively. 

Both Be−Ccarbone and Be−Cl bond distances are longer, with smaller WBIs, in 2.6 compared to 2.5. 

The calculated ΔG binding energy of BeCl(HDMS) in 2.6 is 93.2 kJ mol−1, which is less than the 

binding energy of BeCl2 in 2.5 [145.1 kJ mol−1].  

 The crystal structure of 2.7 revealed a distorted tetrahedral beryllium center (Figure 2.2.1), 

with the largest deviations from the idealized 109.5° being C1–Be1–Cl1 [123.6(3)°] and H1A-

Be1-H1B [72.7(19)°]. There are two three-center two-electron bonds (B1–H1A–Be1 and B1–

H1B–Be1) between boron and beryllium. Surprisingly, there is no statistically significant 

difference in the bond lengths between the bridging B-H bonds [B1-H1A = 1.13(3) Å; B1-H1B = 

1.23(4) Å] and the terminal B-H bonds [B1-H1C = 1.14(5) Å; B1-H1D = 1.07(5) Å].  The CDC–

beryllium bond, C1–Be1, is 1.750(6) Å, which is within the known range for other carbone–Be 

bonded compounds [1.742(9)–1.862(4) Å].38, 40, 46-47 The carbodicarbene allene bond lengths C1–

C2 [1.388(5) Å] and C1–C13 [1.414(5) Å] have elongated from its starting material (1.335 Å),45 

which results from electron donation from the carbone carbon (C1) to beryllium and lessened back-

donation to the flanking carbene carbons (C2 and C13). 



 The crystal structure of 2.8 features beryllium in a trigonal planar geometry. The CDC–

beryllium bond distance, Be1–C1, is 1.817(2) Å, which is considerably longer than those in 2.5 

(1.748(6) Å), 2.6 (1.766(3) Å), and 2.7 (1.750(6) Å). This longer bond length is a result of the 

better σ-donor capabilities of the methyl groups compared to the chloride, hexamethyldisilazide, 

and borohydride ligands in 2.5–2.7. The lessened electron donation from CDC is corroborated by 

the allenic bond lengths (1.3949(19) and 1.386(2) Å), which are shorter than those in 2.5–2.7. 

Figure 2.2.1 Molecular structures of 2.5: (thermal ellipsoids at 50% probability; H atoms were 

omitted for clarity). Selected bond distances (Å) and angles (deg): Be1−C1: 1.748(6); Be1−Cl1: 

1.941(3); N1−C2: 1.375(3); N2−C2: 1.383(3): C1−C2: 1.405(3). C1−Be1−Cl1’: 121.39(13); 

Cl1−Be1−Cl1: 117.2(3). C2−C1−C2’: 116.6(3); C2−C1−Be1: 121.72(16); Cl1−Be1−C1−C2: 

57.24(12). 2.6: (thermal ellipsoids at 50% probability; H atoms and a non-coordinated toluene 



solvent were omitted for clarity). Selected bond distances (Å) and angles (deg): N5−Be1: 1.605(2); 

Cl1−Be1: 1.996(2); C1−Be1: 1.766(3); C1−C2: 1.409(2); C1−C13: 1.385(2); N2−C2: 1.372(2); 

N1−C2: 1.372(2); N4−C13: 1.391(2); N3−C13: 1.3867(19). C13−C1−C2: 117.60(14); 

C13−C1−Be1: 124.09(14); C2−C1−Be1: 118.29(13); N5−Be1−C1: 129.51(14); N5−Be1−Cl1: 

120.77(13); C1−Be1−Cl1: 109.71(12); C2−C1−Be1−Cl1: 46.07(18). 2.7: (thermal ellipsoids at 

30% probability; H atoms (except B-H) and non-coordinating solvent omitted for clarity). Selected 

bond distances (Å) and angles (deg): Be1–Cl1: 1.933(5); Be1–C1: 1.750(6); C1–C2: 1.388(5); 

C2–N1: 1.386(5); N1–C3: 1.443(5); C1–C13: 1.414(5). C1–Be1–H1A: 109.7(12); C1–Be1–H1B: 

118.0(15); C1–Be1–Cl1: 123.6(3); C2–C1–C13: 115.0(3). 2.8: (thermal ellipsoids at 50% 

probability; H atoms and a non-coordinated toluene solvent were omitted for clarity). Selected 

bond distances (Å) and angles (deg): Be1–C25: 1.756(3); Be1–C24: 1.758(3); Be1–C1: 1.817(2); 

C1–C2: 1.3949(19); C1–C13: 1.386(2); N1–C2: 1.3801(18); N2–C2: 1.3842(18); N3–C13: 

1.3834(18); N4–C13: 1.3949(19). C25–Be1–C24: 124.18(14); C25–Be1–C1: 116.04(13); C24–

Be1–C1: 119.78(14). 

2.1.4 Theoretical Analysis of Carbodicarbene Beryllium Complexes 2.5 and 2.6 

 

 The electronic structure and bonding of 2.5 and 2.6 were investigated with DFT 

calculations. In both complexes, the HOMO (Figure 2.2.2) is associated with a lone-pair on the 

carbone carbon from CDC, which suggests that CDC is acting as a 2-electron donor to the Be 

species with a remaining π lone-pair from the central C(0) carbone carbon atom. The torsion angle 

of Cl1−Be1−C1−C2 in 2.5 is 57.3°, which supports unfavorable π overlap. Due to the steric 

crowding of the isopropyl groups on 2.6, the torsion angle is greater than Cl1−Be1−C1−P1 in the 

reported (PPh3)2C-BeCl2 complex (43.8°).38   



 Bader’s QTAIM analysis supports a closed-shell donor-acceptor description of the Be-C 

bond (minimal electron density ρ at the bond critical point (BCP) and positive values of the 

Laplacian of ρ at the BCP). The nature of the carboneC−Be bonding was also analyzed with energy 

decomposition analysis (EDA) combined with natural orbitals of chemical valence (EDA-NOCV) 

calculations using BeClR (R = Cl, HDMS) and the ligand (L) as interacting fragments at the BP86-

D3(BJ)/TZ2P level of theory. CDP–BeCl2 was included for comparison. The L-Be bonding in 2.5, 

2.6 and CDP-BeCl2 is best described as a donor-acceptor interaction. The numerical results (Table 

2.2.1) give total interaction energies ΔEint between the fragments within the frozen geometry of 

the complexes 2.5 and 2.6 of −319.2 and −332.0 kJ mol−1, respectively. The orbital contribution 

ΔEorb is greater in 2.5 (-304.5 kJ mol−1, 41.3%) than in 2.6 (-296.3 kJ mol−1, 37.0%), both in 

absolute and percentage terms. This is consistent with the allenic C2−C1−C13 angle in 2.6, which 

is greater than in 2.5 (less Be-C electron donation in 2.6). While the electrostatic interaction energy 

ΔEelstat is smaller in 2.6, the greater dispersion interaction ΔEdispersion in 2.6 ensures that the total 

interaction energy ΔEint in 2.6 is greater than in 2.5. The EDA results for CDP-BeCl2 are consistent 

with published work, noting that dispersion was not previously considered.38 The ΔEint 

contribution in 2.5 is smaller than in CDP-BeCl2 due to a smaller ΔEorb and ΔEdisp, and larger 

ΔEPauli contribution. In percentage attractive contributions, the difference between 2.5 and CDP-

BeCl2 largely arises from the greater ΔEdisp in CDP-BeCl2. From EDA-NOCV results (Figure 

2.2.3), the stabilization in 2.5 and 2.6 arises principally from C to Be σ-donation (65-69%), with 

minimal π-back donation (8-9%). There is a minor contribution from Be to C σ-donation (5%). 



 

Figure 2.2.2 Plots of the HOMO of 2.5 (left) and 2.6 (right), indicating a lone pair MO on the 

central carbone carbon.  

Table 2.2.2: EDA calculations at BP86-D3(BJ)/TZ2P (kJ mol-1). 

[a] The values in parentheses are the percentage contributions to the total attractive interactions 

Eelsat + Eorbital + Edispersion. 

Figure 2.2.3 Plot of EDA-NOCV deformation densities (Δρ1) of the largest sigma donation orbital 

interaction in 2.5 (left) and 2.6 (right). The charge flows from red to blue. 

 2.5 2.6 CDP-BeCl2 

ΔEint -319.2 -332.0 -344.9 

ΔEPauli 418.4 469.4 407.6 

ΔEElstat
a -375.4 (50.9%) -385.4 (48.1%) -363.8 (48.3%) 

ΔEorb
a -304.5 (41.3%) -296.3 (37.0%) -310.0 (41.2%) 

ΔEdisp
a -57.6 (7.8%) -119.7 (14.9%) -78.7 (10.5%) 



2.3 Intramolecular CH Activation of (CDC)BeCl[N(SiMe3)2] 
 

2.3.1 Beryllium Mediated C(sp3)–H Activation and Cyclization Reaction   

 

 The reaction of 2.6 with one equivalent of K[N(SiMe3)2] (Scheme 2.3.1) resulted in the 

emergence of two new septet environments (5.57 and 3.36 ppm) by 1H NMR. These peaks are 

characteristic of the methine protons of an unsymmetrical CDC-containing product. Along with 

these compounds, peaks that correspond to free CDC ligand, Be[N(SiMe3)2]2,
48 K[N(SiMe3)2], and 

H[N(SiMe3)2] were also observed. We independently prepared Be[N(SiMe3)2]2 and reacted it with 

free CDC in C6D6 at temperatures up to 60 °C, however, no reaction was observed. Compound 2.9 

can be obtained in 51% yield by the direct reaction of 2.5 with two equivalents of K[N(SiMe3)2]. 

Interestingly, a broad band at 1552 cm-1 is attributed to the allene asymmetric stretching frequency 

in compound 2.9. This higher frequency may be a result of the added ring strain. 

 

Scheme 2.3.1 Synthesis of carbodicarbene-beryllium metallacycle. 



 Though the exact mechanism for the formation of compound 2.9 is unknown, it may 

proceed by C(sp3)−H deprotonation where the protons of the methyl group are rendered more 

acidic due to close proximity to a highly polarizing Be2+ center. Subsequent cyclization and 

metathesis of the chloride gives compound 2.9 where the isopropyl groups are inequivalent. The 

reaction also forms bis(trimethylsilyl)amine, H[N(SiMe3)2], the expected product for a reaction 

involving deprotonation. The formation of Be[N(SiMe3)2]2 in the reaction is likely a result of the 

N(SiMe3)2 anion outcompeting coordinated CDC ligand. 

 Due to the formal loss of a chloride, we reasoned that the cyclization could also be initiated 

by a one-electron reducing agent. Therefore, we reacted pure compound 2.6 with potassium 

graphite (KC8) and observed a greater conversion to compound 2.9 by NMR, negating the 

necessity of a strong base (Figure 2.3.1). This suggests that the conversion of 2.6 to 2.9 can also 

proceed via a radical based cyclization initiated by the formation of a highly reactive Be(I) 

intermediate. We also observed peaks at 4.34 and 0.49 ppm, which integrate to a ratio of 1H and 

18H, respectively. These peaks were tentatively assigned to BeH[N(SiMe3)2], which was not 

isolated . The side product can be explained by a hydrogen radical obtained from cyclization 

combining with a Be[N(SiMe3)2] radical. Substantially less ligand dissociation was observed in 

the presence of KC8 compared to K[N(SiMe3)2].  

 

 

 

 



Figure 2.3.1 Reaction of pure compound 2.6 reaction with 1 equivalent of KC8 at different time 

intervals. 

2.3.2 Crystallographic Analysis of Carbodicarbene Beryllacycle 2.9 

 

 Yellow rod-shaped crystals of 2.9 suitable for X-ray diffraction were obtained from a 

hexanes/toluene (10:1) solution of the reaction mixture at −37 °C. The molecular structure reveals 

a five-membered beryllium metallacycle (Figure 2.3.2). The beryllium atom resides in a distorted 

trigonal planar environment with two carbon−beryllium bonds [C3−Be1: 1.790(5) Å] and one 

nitrogen−beryllium bond [N5−Be1: 1.615(5) Å]. The C1−Be1 bond in 2.9 [1.796(5) Å] is slightly 

longer than in 2.6 [1.766(3) Å]. While the C2−C1−Be1 angle in 2.6 is [118.29(13)], the 

C3−Be1−C1 angle is significantly smaller [97.4(3)°] as the Be atom is incorporated into a five-

membered ring. The C2−C1−C13 allenic angle in 2.9 is 126.7(3)°, which is larger than the 

comparable angle in both 2.5 [116.6(3)] and 2.6 [117.60(14)]. DFT calculations for 2.9 yield 



Be1−C1 and Be1−C3 bond distances (WBI) of 1.785 (0.184) and 1.792 (0.254) Å, respectively. 

The Be1–C1 bond distance is slightly longer than in both 2.5 and 2.6. Bader’s QTAIM analysis 

supports a closed-shell donor-acceptor description of the Be1–C1 bond, but a covalent Be1–C3 

bond. The larger WBI for the Be1–C3 bond compared to Be1–C1 is consistent with an electron-

sharing Be1–C3 description.  

Figure 2.3.2 Molecular structure of 2.9 (thermal ellipsoids at 50% probability; H atoms and co-

crystallized K[N(SiMe3)2]·0.5toluene omitted for clarity). Selected bond distances (Å) and angles 

(deg): N5−Be1: 1.615(5); C1−C2: 1.373(4); C1−C13: 1.412(4); C1−Be1: 1.796(5); C3−Be1: 

1.790(5); N1−C2: 1.374(4); N1−C3: 1.462(4); N2−C2: 1.395(4); N3−C14: 1.460(4); N4−C13: 

1.366(4). N5−Be1−C3: 131.3(3); N5−Be1−C1: 131.0(3); C3−Be1−C1: 97.4(3); C2−C1−C13: 

126.7(3); C2−C1−Be1: 104.7(3). 

2.3.3 9Be NMR Comparison of Compounds 2.5, 2.6, and 2.9 

 

 Analysis of the 9Be NMR chemical shifts for compounds 2.5 (11.39 ppm), 2.6 (10.41 ppm), 

and 2.9 (17.73 ppm) reveal that the peaks become more broad, respectively (Figures A2S3, A2S6, 

and A2S9). This line broadening is due to the trigonal planar geometry around the beryllium nuclei 

becoming less symmetric and more distorted. The 9Be NMR resonances of 2.5, 2.6, and 2.9 are in 



the range of tricoordinate (NHC)BeR2 compounds (10.95 ppm, 21.05 ppm),49-51 (R3P)nBenBu2 

complexes (18.4 ppm, 23.2 ppm),52 and the [BenBu2]2 dimer (18.3 ppm).52 It is noteworthy that the 

9Be chemical shift of compound 2.9 is one of the first reported for a five-membered berylla 

heterocycle. 

2.4 Carbodicarbene Beryllacycle and Ring Expansion Chemistry 
 

2.4.1 Synthesis of Carbodicarbene(Chloro)Beryllacycle 2.10 

 

 NHC and CAAC do not react with compound 2.9 due to the larger steric bulk, therefore a 

solution of compound 2.9 in a toluene/hexanes mixture was treated with beryllium dichloride 

dietherate, (Et2O)2BeCl2, and allowed to stir (Scheme 2.4.1). This metathesis reaction formed 

BeCl[N(SiMe3)2],
7 which was confirmed by 9Be NMR (Figure A2S28). After two days, compound 

2.10 was isolated as a yellow solid in 76% yield. The 1H NMR in C6D6 showed two heptets at 5.58 

and 3.31 ppm, which were shifted slightly from the starting material 2.9 (5.57 and 3.36 ppm).46 

Interestingly, the two doublets (2.84 and 2.79 ppm), attributed to the enantiotopic methylene 

protons on the carbon atom adjacent to beryllium, were shifted downfield from 2.9 (2.75 and 2.60 

ppm) and had merged significantly (Figure A2S19).46 This can be explained by the less sterically 

demanding chloride allowing for facile rotation of the N-heterocyclic carbene (NHC) moiety in 

compound 2.10 with respect to 2.9, which is hindered by the bulky [N(SiMe3)2]
– group. The 13C 

NMR showed a singlet at 164.9 ppm which was attributed to the carbone carbon. This is consistent 

with our previously reported CDC beryllium complexes (160.3-164.4 ppm).46  



Scheme 2.4.1 Beryllacycle salt metathesis with (Et2O)2BeCl2. 

2.4.2 Crystallographic Analysis of Beryllacycle 2.10 

 

 Yellow block-shaped crystals of compound 2.10 suitable for X-ray diffraction were 

obtained from a toluene/hexanes mixture at –37 °C (Figure 2.4.1). The beryllium atom resides in 

a distorted trigonal planar environment with two carbon–beryllium bonds [Be1–C3: 1.769(3) Å 

and Be1–C1: 1.743(3) Å] and one beryllium–chloride bond [Be1–Cl1: 1.916(2) Å]. The C1–Be1 

bond in 2.10 [1.743(3) Å] is significantly shorter than that in 2.9 [1.796(5) Å] suggesting a stronger 

carboneC–Be interaction for 2.10. In support of this greater electronic contribution from the carbone 

to the beryllium, the C1–C2 bond distance in 2.10 [1.391(2) Å] is longer than that in 2.9 [1.373(4) 

Å]. 

2.4.3 Carbene Coordination Chemistry to Beryllacycle 2.10 

 

 Due to the open coordination site on compound 2.10, we were motivated to explore its 

coordination chemistry with carbenes. In toluene, a solution of Et2CAAC was added to a stirring 

suspension of 2.10 (Scheme 2.4.2). Immediately upon addition, a yellow product formed in 

solution. After workup, compound 2.11 was isolated as a yellow solid in 84% yield. The 1H NMR 

showed two doublets at 2.98 and 2.25 ppm, attributed to diastereotopic methylene protons of the 

five-membered CAAC ring. This is in contrast to a singlet at 1.71 ppm for free Et2CAAC. 



Interestingly, two heptets at 4.96 and 4.79 ppm for the methine protons of the diisopropylphenyl 

(Dipp) moiety suggest that the rotation of the Dipp group is hindered by steric crowding.  

 

Scheme 2.4.2 CAAC-promoted ring expansion and NHC coordination to beryllium. 

 Yellow rod-shaped crystals of 2.11 were obtained by slow evaporation of toluene. The 

structure revealed that the Et2CAAC carbene carbon (C24) inserted into the Be1–C3 bond of 2.10 

to form a six-membered beryllacycle (Figure 2.4.1). The trigonal planar geometry surrounding 

beryllium is significantly less distorted than in 2.10 with a C1–Be1–C24 angle of 114.46(17)°, 

compared to 101.01(14)° for 2.10 (C1–Be1–C3). The Be1–C1 bond (1.754(3) Å) is longer than 

that of 2.10, indicating less electron donation from carboneC to Be. While CAAC has been shown to 

insert into d-block metal–carbon bonds,53-54 this is the first example where CAAC inserts into an 

s-block metal–carbon bond. 

 We considered that the carbene insertion into the Be1–C1 bond of compound 2.10 might 

be related to the enhanced electrophilicity of Et2CAAC. Therefore, we reacted 2.10 with sIPr, a 

traditional NHC. A solution of sIPr was added to a stirring suspension of 2.10 in toluene. 

Immediately upon addition, a yellow product formed in solution. After workup, compound 2.12 

was isolated as a yellow solid in 86% yield. The peaks in the 1H NMR of compound 2.12 in C6D6 

were broadened significantly; therefore, the 1H NMR spectrum was obtained in CD2Cl2. Two 

heptets at 5.35 and 3.77 ppm are attributed to the methine protons of the isopropyl groups on the 

CDC moiety. A heptet at 5.16 ppm was attributed to the methine protons of the isopropyl groups 



for a coordinated sIPr ligand. The 13C NMR revealed a peak at 181.5 ppm which was attributed to 

the carbene carbon of the coordinated sIPr, which is comparable to the tetrahedral [(sIMe)3BeCl]Cl 

(sIMe = 1,3-dimethylimidazolin-2-ylidene) and [BeCl2(I
iPr)2] (I

iPr = 1,3-diisopropylimidazolin-

2-ylidene) (174.9 and 176.6 ppm, respectively).39-40  

 Yellow rod-shaped crystals of 2.12 were obtained by slow evaporation of a toluene/hexanes 

mixture (Figure 2.4.1). The structure features a beryllium atom in a distorted tetrahedral geometry, 

with the C1–Be1–C3 angle (94.65(17)°) being the largest deviation from 109.5°. The carboneC–Be 

bond of 2.12 is 1.862(4) Å, which is significantly longer than those of the beryllacycles 2.9-2.11. 

In support of this significantly elongated carboneC–Be dative bond, the allenic bond lengths C1–C2 

and C1–C13 (1.387(3) Å and 1.373(4) Å, respectively) are in agreement with greater carboneC to 

carbeneC π-donation. The Be1–Cl1 bond distance is 2.084(3) Å, which is close to 2.091 Å for 

[(sMe)3BeCl]Cl.39 The C24–Be1 bond distance in 2.12 (1.856(4) Å) is the longest reported 

carbeneC–Be bond to date, while previously reported carbeneC–Be bonds are within the range of 1.765–

1.822 Å.55  

Figure 2.4.1 Molecular structure of 2.10 (thermal ellipsoids at 50% probability; H atoms and non-

coordinating solvent omitted for clarity). Selected bond distances (Å) and angles (deg): Be1–Cl1: 

1.916(2); Be1–C1: 1.743(3); C1–C2: 1.391(2); C2–N1: 1.378(2); N1–C3: 1.471(2); Be1–C3: 

1.769(3); C1–C13: 1.403(2). C1–Be1–C3: 101.01(14); C1–Be1–Cl1: 129.41(14); C3–Be1–Cl1: 



129.56(14); C2–C1–C13: 125.28(15) C2–C1–Be1: 103.55(14). 2.11 (thermal ellipsoids at 50% 

probability; H atoms omitted for clarity). Selected bond distances (Å) and angles (deg): Be1–Cl1: 

1.973(3); Be1–C1: 1.754(3); C1–C2: 1.387(3); C2–N1: 1.392(2); N1–C3: 1.467(2); C3–C24: 

1.531(3); Be1–C24: 1.791(3); C1–C13: 1.428(3). C1–Be1–C24: 114.46(17); C1–Be1–Cl1: 

119.13(16); C24–Be1–Cl1: 126.13(16); C2–C1–C13: 118.63(17); C2–C1–Be1: 115.70(18).  

2.12 (thermal ellipsoids at 50% probability; H atoms omitted for clarity). Selected bond distances 

(Å) and angles (deg): Be1–Cl1: 2.084(3); Be1–C24: 1.856(4); Be1–C1: 1.862(4); C1–C2: 

1.387(3); C2–N1: 1.361(3); N1–C3: 1.474(3); Be1–C3: 1.833(4); C1–C13: 1.373(3). C1–Be1–C3: 

94.65(17); C1–Be1–Cl1: 106.38(15); C3–Be1–Cl1: 106.89(16); C3–Be1–C24: 113.08(18); C24–

Be1–C1: 118.46(19); C24–Be1–Cl1: 115.07(16); C2–C1–C13: 125.3(2). 

 Compounds 2.10–2.12 were also analyzed by infrared spectroscopy (Figures A2S29–

A2S31). Broad bands representative of the allene asymmetric stretching frequency were observed 

at 1548 cm-1 and 1541 cm-1 for compounds 2.10 and 2.12, which is only slightly less than 1552 

cm-1 for compound 2.9.46 A broad band at 1518 cm-1 was assigned to the allene asymmetric 

stretching mode for compound 2.11. This shift to lower wavenumbers is a result of decreased ring 

strain. It is noteworthy that these trends were reproduced by calculations at the B3LYP-

D3(BJ)/def2-TZVP level of theory.47  

 

2.4.4 9Be NMR Analysis of Beryllacycles 2.10 – 2.12 

 

 The 9Be NMR data were obtained for the tricoordinate compounds 2.10 and 2.11, as well 

as the tetracoordinate compound 2.12. These gave resonances at 18.2, 14.0, and 5.3 ppm, 

respectively. The 9Be NMR spectra for compounds 2.10 and 2.11 show broad signals, which are 

consistent with reported tricoordinate beryllium complexes.11, 40, 46, 49-50, 56-57 The 9Be NMR signal 



for compound 2.12 falls within the range of known tetrahedral beryllium compounds (0.8–5.5 

ppm),39-40, 57-60 and is notably sharper than the tricoordinate complexes 2.10 and 2.11. This 

broadening is attributed to the quadrupolar coupling effect associated with the anisotropic 9Be 

nuclei, which is expected to be zero for perfectly symmetric tetrahedral beryllium complexes.57 

Distortion from this ideal geometry or lower coordination numbers results in broadened chemical 

shifts. 

2.4.5 Theoretical Analysis for the Ring Expansion Reaction of 2.10 

 

 A theoretical exploration of the mechanism for the ring expansion of 2.10 with both CAAC 

(observed) and NHC (unobserved) was carried out. Model NHC and CAAC ligands with N–Me 

substituents (labelled MeNHC and MeCAAC, Figure 2.4.2) were utilized for computational 

efficiency, which has been demonstrated to yield equivalent results to bulky substituents.61-62  

 The expected difference in reactivity between NHC and CAAC is shown in the reaction 

energy profile for the ring expansion reaction (RER) of 2.10 (Figure 2.4.2). Initial adduct 

formation is favorable between 2.10 and both MeNHC 2.12 and MeCAAC 5 (∆G = -24.5 and -33.2 

kJ mol-1, respectively). However, the barrier for Be–C bond activation with MeNHC TS1NHC is 

199.1 kJ mol-1, which was inaccessible under the given experimental conditions. Moreover, the 

ring expanded product with MeNHC is 58.3 kJ mol-1 higher in free energy relative to the free 

reactants (2.10 and MeNHC). Clearly, RER of 2.10 by NHC is both kinetically and 

thermodynamically unfavorable, which is consistent with the lack of observed RER with NHC. In 

contrast, with MeCAAC the TS1CAAC barrier for Be–C bond activation is low (14.0 kJ mol-1), which 

readily leads to the thermodynamically favorable ring expanded product 2.11 (-40.9 kJ mol-1). The 

low barrier is consistent with non-forcing experimental conditions for the reaction to produce 2.11. 



Figure 2.4.2 Ring expansion pathway for 2.10 with MeNHC and MeCAAC. Calculated relative free 

energies (∆G, kJ mol-1) at the B3LYP-D3(BJ)/def2-TZVPP/B3LYP-D3(BJ)/def2-SVP (SMD, 

toluene) level of theory.  

 Consideration of the molecular and electronic structure provides further insight into the 

observed reactivity. The B3LYP-D3(BJ)/def2-SVP (SMD, toluene) optimized geometries are 

consistent with the crystal structures, with C1–Be1 bond distances of 1.801 Å (2.9), 1.760 Å (2.10), 

1.751 Å (2.11) and 1.865 Å (2.12). The shorter C1–Be1 bond in 2.10 compared to 2.9 is reflected 

in the NBO Wiberg bond index (WBI) values of 0.18 (2.9) and 0.20 (2.10). Quantum theory of 

atoms in molecules (QTAIM) analysis also supports the stronger interaction in 2.10, with the 

electron density at the C1-Be1 bond critical point (BCP) being greater in 2.10 (0.073 e/Å3) 

compared to 2.9 (0.069 e/Å3). The QTAIM charge on the carbone carbon is also higher in 2.10 (-

0.54) than in 2.9 (-0.50), reflecting a larger contribution from the carbone in 2.10 that is consistent 

with the analysis described above. 

 For compounds 2.9 and 2.10 the HOMO is a π-symmetric lone-pair centered on the carbone 

carbon (Figure 2.4.3), which is suggestive of a dative carboneC–Be bonding interaction. The LUMO 
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of 2.10 is situated primarily on the NHC moiety of the CDC with sizable coefficients at the carbene 

C, which suggests potential for π-accepting behavior on the carbene C, and is consistent with recent 

experimental observations with CDC.63 The LUMO of 2.9 is calculated to be 0.17 eV higher in 

energy than for 2.10 (Table 2.4.1), making 2.9 less electrophilic and less reactive towards the 

carbenes. Indeed, both the electronic structure and the steric repulsion of the bulky N(SiMe3)2 

group opposes the potential for reactivity of 2.9 with carbenes. Similarly, the lower energy LUMO 

of MeCAAC compared to MeNHC results in the interaction between 2.10 and MeCAAC being more 

favorable, as expected.  

(a) 

 

(b) 

  

Figure 2.4.3 Plots of HOMO (left) and LUMO (right) of 2.9 (a) and 2.10 (b). 



 

 

 

 

 

 

 

 

Table 2.4.1 B3LYP-D3(BJ)/def2-SVP (toluene) calculated MO energies (eV) and vertical singlet-

triplet gap (kcal/mol). 

 It is instructive to compare the nature of the carbene adducts, 2.12 (NHC) and 2.13 

(CAAC), to explore why the RER is observed for 2.13 but not for 2.12. While the HOMO and 

LUMO energies of both carbene adducts are similar in character, both the HOMO-LUMO gap and 

EST are larger in 2.12, providing greater electronic stability in 2.12 compared to 2.13. EDA and 

ETS-NOCV analysis of 2.12 and 2.13 highlights the interaction between the carbene and the 

beryllacycle (Table 2.4.2). The bonding interaction in both 2.12 and 2.13 is well-described by a 

dative bonding model, with 63-65% electrostatic character and 36% orbital character. The 

interaction energy of the carbene, Eint, is greater in 2.12 (NHC), which largely arises from 

reduced Pauli repulsion (EPauli). ETS-NOCV analysis indicates that the dominant pairwise orbital 

interaction 1 arises from -donation from the carbene C to the Be atom, as illustrated in Figure 

2.4.4. Back-donation to the empty p orbital of the carbene C atom (2) is significantly weaker 

in energy.  

Compound HOMO LUMO HOMO-LUMO ΔEST 

NHCMe -6.07   0.42 6.49 93.1 

CAACMe -5.35   0.11 5.25 56.6 

CDC -4.32 -0.42 3.91 65.2 

2.9 -4.62 -1.00 3.62 60.3 

2.10 -4.87 -1.17 3.70 47.3 

2.11 

2.12 

2.13 

-4.09 

-4.39 

-4.37 

-1.26 

-0.90 

-0.95 

2.83 

3.49 

3.42 

45.5 

40.3 

39.0 



 

 

 

 

Table 2.4.2 EDA analysis of carbene adducts 2.12 and 2.13, and transition state structures TS1 

(kcal/mol). Transition state structures TS1 (kcal/mol). 

aValues in parentheses give the percentage contribution to the attractive interactions, ΔEelec + ΔEorb. 

b Values in parentheses give the percentage contribution to the orbital interaction, ΔEorb.  

(a) 

 

1, ΔE1= -32.8 kcal/mol 2, ΔE2 = -4.61 kcal/mol 

(b) 

 

1, ΔE1 = -103.6 kcal/mol 2, ΔE2 = -21.6 kcal/mol 

 2.12 (NHC) 2.13 (CAAC) TS1a NHC TS1b CAAC 

Eint -40.1 -36.2 -35.3 -36.6 

EPauli 94.8 105.7 321.7 275.3 

Eelec 
a -86.2 (63.9) -90.4 (63.7) -192.5 (53.9) -172.2 (55.2) 

Eorb 
a -48.7 (36.1) -51.5 (36.3) -164.4 (46.1) -139.6 (44.8) 

E1 (σ)b -31.4 (64.6) -32.8 (63.7) -131.0 (79.7) -103.6 (74.2) 

E2 (π)b -3.69 (7.6) -4.61 (9.0) -19.9 (12.1) -21.6 (15.5) 



Figure 2.4.4 Plots of the deformation densities of the interactions for the pair-wise orbital 

interactions of the two strongest orbital interactions with the associated interaction energies for (a) 

theoretical compound 2.13 (interaction between MeCAAC and 2.10), and (b) TS1b. Charge flow 

is from red to blue. 

2.5 Summary of Carbodicarbene Beryllium Chemistry 
 

 The first carbone–beryllium complex was isolated in 2011. This chapter discusses the first 

examples of carbodicarbene beryllium complexes. CDC is reacted with BeCl2 to give the LA–LB 

adduct (CDC)BeCl2 (2.5). Salt metathesis reactions of 2.5 with K[N(SiMe3)2], LiBH4, and LiMe 

gave the corresponding products (CDC)BeCl[N(SiMe3)2] (2.6), (CDC)BeCl(BH4) (2.7), and 

(CDC)Be(CH3)2 (2.8). Due to the steric crowing around 2.5, the metathesis of two Be–Cl bonds 

was only possible with the small LiMe reagent.  

 The carbodicarbene−beryllium complex 2.6 forms a five-membered beryllium 

metallocycle (2.9) upon reaction with K[N(SiMe3)2] or KC8, highlighting the unprecedented 

C(sp3)−H activation and cyclization involving beryllium. Thus, this work illustrates an expansion 

of the emerging activation chemistry of the CDC ligand framework, demonstrating that CDC can 

be transformed from a neutral monodentate ligand to an anionic chelating ligand. C−H bond 

activation by the formation of a radical has shown to be a promising approach toward molecular 

construction with high atom- and step-economy. However, most examples exist only within the 

realm of transition metal chemistry. An example involving carbenes reported by Whittlesey 

showed that a Ru(IMes)(PPh3)3(CO)H2 complex undergoes C−H activation on IMes during the 

reaction with (trimethylsilyl)ethane. The utilization of main group elements in C−H activation 

processes remains rather elusive and we are currently exploring methods to stabilize and isolate 

the Be(I) intermediate.  



 The beryllacycle 2.9 can be reacted with BeCl2 to give the tricoordinate beryllacycle with 

a terminal chloride (2.10). This complex is less sterically hindered around the tricoordinate 

beryllium center and can easily coordinate a Lewis base. While a small carbene coordinated to Be 

gives a tetrahedral beryllium complex (2.12), Et2CAAC inserted into a beryllium–carbon bond to 

form a ring expanded product (2.11). This represents the first example of CAAC promoting a ring 

expansion reaction. DFT calculations on the transition states for CAAC (14.0 KJ mol-1) and NHC 

(199.1 kJ mol-1) insertion corroborate the experimental data. In addition, the HOMO-LUMO gap 

for the NHC adduct 2.12 was found to be larger than that of a CAAC adduct. These results 

highlight a new bond activation event involving beryllium and the first example of a beryllium 

ring expansion reaction, which contributes to a better understanding of s-block CDC chemistry. 
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3.1 Introduction to Carbene Beryllium Chemistry 
 

3.1.1 N-Heterocyclic Carbene Beryllium Complexes 

 

 As discussed in chapter 1, N-heterocyclic carbenes are some of the most ubiqutous ligands 

in organometallic main-group chemistry. The first example of a published NHC beryllium 

complex dates back to 1995, where Herrmann isolated the ionic [(NHC)3BeCl]Cl complex by the 

addition of three small NHC ligands to one equivalent of BeCl2 (Scheme 3.1.1A). This complex 

contains NHCC–Be bonds (1.807(3) and 1.822(3) Å) that are within the range of other C–Be bonds. 

Nearly 10 years later, Gottfriedsen published the first example of an NHC-supported 

organoberyllium complex by the complexation reaction of NHC and diphenyl beryllium in toluene 

(Scheme 3.1.1B). The complex (NHC)BePh2 exhibits a NHCC–Be bond length (1.807(4) Å) 

comparable to those in [(NHC)3BeCl]Cl.  

 In 2012, Hill and coworkers attempted to isolate an NHC-supported beryllium dihydride.50 

This was motivated by recent efforts towards synthesizing alkaline earth hydrides and utilizing 

these M–H motifs in metathesis reactions.64-66 In this work, an NHC containing bulky 

diisopropylphenyl (Dipp) functional groups was used (IPr). The starting material (IPr)BeMe2 (3.3) 

was synthesized by the addition of free IPr ligand to a stirring mixture of BeCl2 followed by two 

equivalents of methyllithium in toluene (Scheme 3.1.1C). The insoluble LiCl precipitate was 

removed via filtration and crystals of 3.3 were obtained from a saturated toluene solution. 

Compound 3.3 was reacted with phenylsilane (PhSiH3) to give the bridging hydride complex 

[(IPr)Be(Me){µ-H}]2 (3.4). When 3.4 was reacted with PhSiH3 in THF, (IPr)BeH2 was not 

observed. Instead, the ring expanded product 3.5 was obtained. The authors noted that while the 

precise mechanism is unknown, the conversion from 3.4 to 3.5 may occur through a putative 



(IPr)BeH2 intermediate. The reaction of 3.4 with PhSiD3 was also performed and product 3.5 was 

obtained with a ‘CHD’ methylene motif.  

Scheme 3.1.1 A. Synthesis of the first NHC-beryllium complex, [(NHC)3BeCl]Cl. B. Synthesis 

of the first NHC supported organoberyllium complex, (NHC)BePh2. C. Reaction of 

dimethylberyllium with phenylsilane leads to beryllium insertion into the C–N bonds of an 

imidazole ring. IPr (R = 2,6-diisopropylphenyl); IMes (R = 2,4,6-trimethylphenyl). 

 Nearly 3 years later, Hill published a mechanistic study for this reaction.49 To better 

enhance solubility for NMR experiments a similar NHC ligand with mesityl groups (Mes) was 

utilized (IMes). The isostructural (IMes)BeMe2 (3.6), [(IMes)Be(Me){µ-H}]2 (3.7), and ring 



expanded product (3.8) were synthesized in a similar fashion to compounds 3.3, 3.4, and 3.5. 

Interestingly, use of the smaller IMes ligand resulted in the activation of both C–N bonds in the 

imidazole ring, forming Complex 3.9, which was obtained from heating a toluene-d8 solution of 5 

for 1 week at 150 °C. After the in situ formation of (NHC)BeH2, it was found to be 

thermodynamically favorable for a second NHC to bind and form the intermediate (NHC)2BeH2. 

The next three steps involve: (1) hydride transfer from ‘BeH2’ to the carbenoid carbon of one of 

the NHCs, (2) insertion of beryllium hydride and activation of the C–N bond of the imidazole ring, 

(3) hydride transfer from beryllium to form the -CH2- motif.  

3.1.2 Cyclic(Alkyl)Amino Carbene Beryllium Complexes 

 

 Over the past 15 years cyclic(alkyl)amino carbenes (CAAC) have demonstrated their utility 

in stabilizing an assortment of subvalent main-group complexes where traditional NHCs were 

unsuccessful.  By utilizing the highly π-acidic nature of CAAC (Me2CAAC and Cy2CAAC), 

Braunschweig and coworkers successfully isolated the first examples of molecular beryllium(0) 

complexes (Scheme 3.1.2).11 The reaction proceeds by reducing a mixture of (Me2CAAC)BeCl2 

and one equivalent of either Me2CAAC or Cy2CAAC with two equivalents of potassium graphite 

(KC8) to form, respectively, (Me2CAAC)2Be0 (3.10) and (Cy2/Me2CAAC)Be0 (3.11). Not only are 

these the first examples of beryllium in the oxidation state of zero, but 3.11 represents the first 

example of a bis(carbene) heteroleptic main-group complex.11 Our lab has synthesized a derivative 

of this beryllium(0) complex by reducing a mixture of (Et2CAAC)BeCl2 and Et2CAAC to synthesize 

(Et2CAAC)2Be0 (3.12) and studied its utility as a 2 electron reductant (vide infra).  



 

Scheme 3.1.2 Synthesis of CAAC stabilized beryllium(0) species.  

 An interesting aspect of the geometric structure for (CAAC)2Be0 is that the two CAAC 

ligands are perfectly coplanar. Indeed, there is a torsion angle of 180° between the two CAAC 

ligand rings. This geometric feature can be explained by considering the electron configuration of 

the Be0 center, which was reported to be 1s22s02p2. The two electrons in beryllium’s p orbital are 

involved in a three-center two-electron π-bond spanning the CAACC–Be–CCAAC central framework. 

This bonding situation is illustrated in Figure 3.1.1. The Be–Ccarbene bond lengths for (CAAC)2Be0 

compounds range from 1.657(4) Å to 1.664(2) Å,11, 56 which is notably shorter than those known 

for (CAAC)BeIICl2 (1.773–1.802(3) Å).11, 40, 56 This bond shortening can be explained by the 

partial double-bonding character of carbeneC–Be in (CAAC)2Be0.  

 



 

Figure 3.1.1 Illustration of orbital overlap involved in (CAAC)2Be0. 

 The reactivity of these bis-CAAC beryllium complexes reveals elemental beryllium 

behavior for the complex. For example it was found that 3.10 reacts with CO2 to yield the 

zwitterionic complex Me2CAAC-CO2 (3.13, Figure 3.1.3), which has been shown in other reports 

to form by the direct reaction of CAAC with CO2.
67-68 The reaction of (Me2CAAC)2Be0 with 

elemental selenium (Se) forms the adduct Me2CAAC-Se (3.14, Figure 3.1.3), which is similarly 

known to form by the direct reaction of Me2CAAC with Se.69 In both cases a black solid attributed 

to beryllium(0) metal precipitated from solution. As a result, the authors claimed that 

(Me2CAAC)2Be0, as well as (Cy2/Me2CAAC)Be0, can both be considered bis(CAAC) adducts of 

elemental beryllium.11 

Scheme 3.1.3 Reactivity of (Me2CAAC)2Be0 towards CO2 and selenium (Se). 



 Our lab has further investigated the reactivity of beryllium(0) and discovered that 3.12 can 

reduce Bi(III) to Bi(I) to synthesize the first carbene–bismuthinidene complex (3.15, Scheme 

3.1.4).56. Because beryllium(0) is soluble in most organic solvents, it should exhibit a much 

different reactivity profile compared to surface area reducing agents such potassium graphite. 

While this soluble reductant chemistry has been well documented for sub-valent Mg(I)–Mg(I), this 

work represents beryllium(0) as a reducing agent for the first time. In this regard, we have also 

found that (Et2CAAC)2Be0 will reduce trimethylsilyl azide (TMSN3) to give compound 3.16. 

Featuring the shortest Be–N bond (1.464 Å), 3.16 represents the first s-block metal–nitrogen 

multiple bond and can be described best as a beryllium imido motif.  

 

Scheme 3.1.4 (Et2CAAC)2Be0 as a soluble reducing agent. 

 In a similar context, chemists have been fascinated with the possibility of beryllium(I) 

species, mainly the elusive beryllium(I)–beryllium(I) bond which is discussed later in this review. 

It has already been demonstrated that a plausible beryllium(I) intermediate facilitates the activation 

of a C(sp3)–H bond (Chapter 2.3), foreshadowing the reactivity of a beryllium radical species. In 

that case the beryllium(I) intermediate was not able to be isolated and immediately reacts upon 

formation. Other groups also report the reduction of certain Be(II) species fail to give Be(I).70-71 



Contrasting the idea of reducing Be(II) to Be(I) is to oxidize the known (CAAC)2Be0 by one 

electron. Our lab succeeded with the strategy by oxidation of 3.12 with TEMPO (a one electron 

oxidizing agent), realizing the first beryllium(I) charged radical cation (3.17, Scheme 3.1.5A). The 

product [(CAAC)2BeI][Be(OR)3] complex is completely insoluble in organic solvents, but can 

undergo anion exchange to with Na[BArF
4] to form the ether soluble complex 

[(CAAC)2BeI][BArF
4] (3.17′).  

Scheme 3.1.5 Synthesis of (CAAC)2BeI by oxidation of (CAAC)2Be0  

 Recently, Braunschweig reported the first neutral Be(I) radical (3.18, Scheme 3.1.5B).72 

The starting material (CAAC–H)BeX(CAAC) (X = Cl, Br) is synthesized by the reaction of 

CAAC-BeX2 with L-selectride in the presence of free CAAC. The reduction of (CAAC–

H)BeCl(CAAC) to form the neutral Be(I) radical, (CAAC–H)BeI(CAAC) was achieved in Et2O 

with Li sand, while the analogous reaction of (CAAC–H)BeBr(CAAC) with various reducing 

agents produced [CAACH]Br. The neutral radical is stabilized by both a protonated and neutral 



CAAC ligand and possesses 23% spin density on the metal center. Interestingly, hyperfine 

coupling to 9Be (spin = 3/2) is observed in (CAAC-H)BeI(CAAC) (4.1 G), which is not the case 

for 3.17′ (0.32 G). 

 A trend can be observed for the CAACC–Be bond lengths in the solid-state structure for all 

of the previously discussed CAAC-beryllium systems (Figure 3.1.2). The CAACC–Be bond lengths 

decreases in the order beryllium(II) (1.779 – 1.794 Å) > beryllium(I) cation (1.691 – 1.694 Å) > 

beryllium(0) (1.659 – 1.664 Å). This trend results from a greater π-interaction within the CAACC–

Be bond for the reduced bis(CAAC) beryllium systems compared to the divalent (CAAC)BeCl2. 

The neutral beryllium(I) complex CAACC–Be bond (1.661 Å) is comparable to that of beryllium(0) 

because of a 2-center-1-electron interaction in 3.18. 

 

Figure 3.1.2 Bond length comparison for CAAC–BeIICl2 (top left), [(CAAC)2BeI]+ (top right), 

(CAAC)2Be0 (bottom left), and (CAACH)BeI(CAAC) (bottom right). 



3.2 Carbene-Supported Beryllium Aryl- and Alkoxide Complexes 
 

3.2.1 Introduction to Alkaline Earth Oxides 

 

 The chemistry of alkaline earth metal oxides has historically been associated with materials 

of high thermal stability and poor solubility.73 For example, beryllium and magnesium oxide melt 

at extremely high temperatures (up to 2852 °C) and are completely insoluble in organic solvents.74 

Indeed, the inherent chemical and physical properties of Ae-O (Ae = alkaline earth) heterogeneous 

materials preclude the use of these types of compounds as precursors for molecular chemistry. As 

such, chemists routinely employ synthetic strategies to decorate Ae-O bonds with various aryl or 

alkyl functionalities and/or bulky ligands to impart both stability and solubility. Even under these 

strict conditions, Ae-O moieties have a propensity to form insoluble polymeric structures, 

particularly after loss of stabilizing ligands.15, 75 Consequently, the literature contains a relatively 

small number of structurally characterized compounds containing Ae-O fragments beyond weakly 

bound Ae<---O dative interactions resulting from coordination of ethereal solvents.76-80 

 Early work by Bell on the reactions of beryllium chloride with lithium salts led to the 

reactive beryllium alkoxide dimer (ClBeOtBu•OEt)2 and tetrameter (ClBeOtBu)4.
77 Power 

reported a beryllium aryloxide [Be(OMes*)2(OEt2)] (Mes* = 2,4,6-tBu3C6H2) which is protected 

by sterically demanding groups.81  More recently, Hill reported a series of beryllium aryl- and alk-

oxides (NacNac-BeOR; R = Me, tBu, Ph) stabilized by the bulky β-diketiminate (NacNac) ligand, 

as well as the first tricoordinate beryllium hydroxide (NacNac-BeOH).70 In a subsequent report, 

Hill detailed the synthesis of tricoordinate β-diketiminato beryllium alkoxide species, [NacNac-

BeO(CH2)4I], which was generated by ring opening insertion of tetrahydrofuran into a beryllium-

iodide bond.82 



3.2.2 Synthesis and Isolation of Beryllium Aryl- and Alkoxides 

 

 The chemistry of beryllium continues to be severely understudied relative to the heavier 

group 2 elements and NHC-beryllium oxides are hitherto unknown. Herein, the synthesis of 

(sIPr)2BeCl2 (3.19), [(sIPr)Be(OEt)Cl]2 (3.20), and (sIPr)Be(ODipp)2 (3.21) is described. The 

reaction of 1,3-diisopropyl-4,5-dimethylimidizol-2-ylidine (sIPr) and (Et2O)2BeCl2 in THF 

produces a white suspension after stirring for 1 h at room temperature. After workup, compound 

3.19 is isolated as a white solid in 84% yield.  The 1H NMR spectrum revealed a new septet at 6.34 

ppm which was attributed to the methine protons of compound 3.20. Due to the strongly 

deshielding Be center, this peak is significantly downfield from free ligand (3.96 ppm). 

 Two equivalents of lithium diisopropylphenoxide (LiODipp) were stirred with 3.19 in THF 

for 18 h at room temperature (Scheme 3.2.1). After workup, (sIPr)Be(ODipp)2 (3.20) was obtained 

as a white solid in 34% yield. The 1H NMR spectra shows two new heptets at 4.87 ppm and 3.55 

ppm, representative of new methine environments for sIPr and ODipp, respectively. We also 

performed the reaction of 3.19 with one equivalent of LiODipp. The 1H NMR spectrum revealed 

peaks for 3.19, 3.20, and uncoordinated sIPr (Figure 3.2.1). It is clear that the reaction is highly 

selective for producing 3.20, and therefore no heteroleptic monosubstituted molecules could be 

isolated. 



 

Scheme 3.2.1 Synthesis of a complex containing two untethered NHCs bound to a mononuclear 

beryllium halide (3.19). Reactions of 3.19 with LiODipp and NaOEt to produce (sIPr)Be(ODipp)2 

(3.20) and [(sIPr)BeCl(EtO)]2 (3.21), respectively.  

Figure 3.2.1 1H NMR spectrum (500.13 MHz, C6D6, 298 K) of compound 3.19 reaction with one 

equivalent of LiODipp. Free sIPr methine (3.96 ppm). 



 It was reasoned that the reaction of 3.19 with a less sterically demanding alkoxide salt 

would give the heteroleptic halo-beryllium alkoxide dimer. Therefore, 3.19 was reacted with 

sodium ethoxide in THF for two days. After removing insoluble NaCl and concentration of the 

filtrate, compound 3.21 was obtained as colorless block-like crystals at –37 °C from a toluene 

solution. The 1H NMR spectra revealed a septet at 6.47 ppm for a methine environment of a new 

sIPr containing product, which is downfield from the starting material 3.19 (6.34 ppm). Due to 

very similar solubilities, crystals of compounds 3.19 and 3.21 were obtained in the bulk product 

and could not be separated despite considerable effort.  

3.2.3 Crystallographic Analysis of Beryllium Aryl- and Alkoxides 

 

 Colorless crystals of compound 3.19 were obtained from toluene at –37 °C . The structure 

features a unit of BeCl2 coordinated by two sIPr ligands. The beryllium atom is featured in a 

distorted tetrahedral environment with the widest bond angle being C1−Be1−Cl1 at 118.13(6)°, 

with two NHC ligands bound to BeCl2 (Figure 3.2.2). The carbeneC−Be bond distance of 3.19 is 

1.849(3) Å falls within the range of other carbeneC−Be bonds (1.779–1.856(4)).11, 39-40, 44, 47, 49, 56, 70  

Additionally, the carbeneC−Be bond of 3.19 is longer than those of (CDC)BeCl2 (1.748 Å),46 and 

(CDP)BeCl2 (1.742 Å).38 Compound 3.19 is structurally similar to the recently reported 

(PMe3)2BeCl2 and (NHC)2BeCl2 complexes.40, 83   

 Colorless, needlelike crystals of 3.20 were obtained at –37 °C from a toluene solution 

(Figure 3.2.2). The crystal structure revealed one sIPr ligand bound to beryllium 

bis(diisopropylphenoxide), (sIPr)Be(ODipp)2. The beryllium is centered in a distorted trigonal 

planar geometry, with the largest angle being O1−Be1−C1 at 124.99(17)°. The carbeneC−Be bond 

(1.797 Å) falls within the range of known carbeneC−Be bond distances.39-40, 44   



 The crystal structure revealed a bridging ethoxide beryllium complex, 3.21, where one 

chloride remains on each beryllium atom (Figure 3.2.2). These complexes represent the first 

examples of beryllium alkoxide species stabilized by a neutral carbene ligand. The beryllium 

atoms are each in a distorted tetrahedral environment. The carbeneC−Be bond length is 1.855(4) Å, 

which is slightly longer than the starting material 1. The Be−O bond distances (1.621(4) Å and 

1.641(4) Å) are within the range of the Be−O bond distances of the known amidinate supported 

[Be(μ-OEt)]2 dimer (1.602 Å and 1.631 Å),84 and the ketiminate supported [Be(OEt)Cl]2 dimer 

(1.631 Å and 1.666 Å).5  

Figure 3.2.2 Molecular structure of 3.19 (thermal ellipsoids at 50% probability; H atoms and 

toluene solvent molecules omitted for clarity). Selected bond distances (Å) and angles (deg): 

Cl1−Be1: 2.0445(19); C1−Be1: 1.849(3); N1−C1: 1.367(2); N1−C2: 1.397(2); C2−C4: 1.354(3); 

N2−C4: 1.397(2); N2−C1: 1.357(2). N2−C1−Be1: 132.29(14); N1−C1−Be1: 123.10(14); 

C1−Be1−C1: 105.37(19); C1−Be1−Cl1: 118.13(6); C1−Be1−Cl1: 103.79(6). 3.20 (thermal 

ellipsoids at 50% probability; H atoms omitted for clarity). Selected bond distances (Å) and angles 

(deg): Be1−O2: 1.497(3); Be1−O1: 1.507(3); Be1−C1: 1.797(3); N1−C2: 1.393(2); N1−C1: 

1.353(2): N1−C2: 1.359(2); N2−C4: 1.391(2); C2−C4: 1.362(3). O2−Be1−O1: 122.34(17); 

O2−Be1−C1: 112.66(15); O1−Be1−C1: 124.99(17). 3.21 (thermal ellipsoids at 50% probability; 

H atoms omitted for clarity). Selected bond distances (Å) and angles (deg): Be1−O1: 1.621(4); 



Be1−O1: 1.641(4); Be1−C1: 1.855(4); Be1−Cl1: 2.044(3); N1−C1: 1.362(3); N1−C2: 1.391(3); 

1.362(3); N2−C4: 1.393(3); C2−C4: 1.355(4). O1−Be1−O1: 89.99(18); O1−Be1−C1: 113.9(2); 

O1−Be1−C1: 119.0(2); C1−Be1−Cl1: 109.11(18). 

3.3 Reduction of Carbene–Beryllium Dihalides in the Presence of a Redox Non-

Innocent Bipyridene  
 

3.3.1 Introduction to Beryllium Complexes with Redox Non-Innocent Ligands 

 

 As discussed in 3.1.2, The CAAC ligand system was ideal in stabilizing subvalent 

beryllium (BeI and Be0). While reducing the beryllium metal center represents a difficult synthetic 

challenge, a more viable method is to reduce the beryllium complex, where a redox non-innocent 

ligand accepts the electrons instead of the metal. Thiele found that the treatment of beryllium 

chloride with diazadiene (DAD) and sodium produced the highly stable [Be(DAD)2] (3.22, Figure 

3.3.1A), where each DAD ligand has been singly reduced.85 When this paramagnetic complex is 

dissolved in THF an intramolecular disproportionation takes place, where one of the singly 

reduced anionic ligands transfers its electron to the other DAD ligand forming a doubly-reduced 

[(THF)Be(DAD)]2 complex (3.23). Wang showed that reacting beryllium dichloride with an 

unsymmetrical 2-(2-pyridyl)indole (2-py-in) ligand and butyllithium produces a non-radical 

bis(N,N′-chelating)beryllium complex (3.24, Figure 3.3.1B), where N is bound as an amide and N′ 

is a pendant datively bound pyridine.86 Complex 3.24 was demonstrated as an efficient and 

promising emitter for electroluminescent devices. Moreover, paramagnetic character, as seen in 

3.23, can be avoided by utilizing an unsymmetric ligand, such as 2-py-in in 3.24, which forces the 

charge to localize on one nitrogen. 



 

Figure 3.3.1 A. Synthesis of a (DAD)2Be complex and equilibrium with THF; B. synthesis of an 

electroluminescent (2-py-in)2Be compound.  

 Hill found that heating (IMes)Be(CH3)2 (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-

2-ylidene) with excess phenylsilane yields (IMes)Be(mesDAB) (mesDAB = bis(2,4,6-

trimethylphenyl)-1,4-diazabutadiene)), where mesDAB is a doubly reduced diamine ligand 

(compound 3.9, 3.1.1).49 An interesting geometric feature for the solid-state structure of 

(IMes)Be(mesDAB) is the near coplanarity of the NHC and mesDAB rings, with a torsion angle of 

nearly 36° between the two motifs. The sterically demanding mesityl group would lead one to 

suspect a torsion angle closer to 90°. Therefore, there must be an electronic reason for this 

geometric structure. 

3.3.2 Synthesis and Characterization of Double Reduced Carbene-Beryllium Bipyridene 

Complexes  

 

 The starting material (Et2CAAC)2BeCl2 (3.25) was previously reported by our lab. The SIPr 

adduct of BeCl2 was prepared under similar conditions, in which BeCl2·2(Et2O) was added to a 



solution of free SIPr in dry toluene to yield the desired solvent-free coordination compound, 3.26,  

as a white solid after 16 h at room temperature. The 1H NMR spectrum of 3.26 in C6D6 showed a 

heptet at 3.26 ppm attributed to the methine proton of a new SIPr coordination compound, 

compared to 3.28 ppm for free SIPr. The CH2 protons of the five-membered heterocyclic ring were 

shifted from 3.37 to 3.51 ppm. The 13C NMR spectrum showed a shift at 188.1 ppm, attributed to 

the carbene carbon of coordinated SIPr. This is within the range of known NHC−beryllium 

dichloride complexes. The 9Be NMR spectrum showed a broad signal at 10.0 ppm, which is 

slightly upfield from the range of terphenyl−beryllium complexes reported by Power (11.4−17.4 

ppm). The 9Be NMR shift of 3.26 is also slightly upfield from (MesDAC)BeCl2 [MesDAC = 

bis(2,4,6-trimethylphenyl) cyclic diamidocarbene] which gives a resonance at 11.6 ppm. There are 

no 9Be NMR data reported for tricoordinate adducts of BeCl2 with Arduengo-type NHCs for direct 

comparison. However, the 9Be NMR resonances for tetracoordinate (sIPr)2BeCl2 (3.4 ppm) and 

[(sIMe)3BeCl]+[Cl]− (0.9 ppm) are both substantially upfield from that of 3.26 (sIPr = 1,3-

diisopropylimidazol-2- ylidine, sIMe = 1,3-dimethylimidazol-2-ylidine). These differences are 

consistent with the general trends observed in the 9Be NMR data of tetracoordinate and 

tricoordinate beryllium complexes.  

 Et2CAAC– and SIPr–beryllium congeners were synthesized by the addition of KC8 (2 eq) 

to mixtures of bpy with either (Et2CAAC)BeCl2 or (SIPr)BeCl2 (Scheme 3.3.2). The resulting 

mixtures were stirred vigorously for 16 hours, yielding the products (Et2CAAC)Be(bpy) (3.27) and 

(SIPr)Be(bpy) (3.28) as dark blue and dark orange solids, respectively. The 1H NMR spectrum of 

3.27 in C6D6 revealed a characteristic singlet at 1.54 ppm for the CH2 protons of the five-membered 

heterocyclic ring, compared to 1.71 ppm for the free Et2CAAC. The 9Be NMR showed a broad 

signal at 4.8 ppm, which is similar to that reported for (IMes)Be(MesDAB) (4.4 ppm).87 The 1H 



NMR spectrum of 3.28 in C6D6 showed a septet at 3.11 ppm attributed to the methine proton of a 

new SIPr coordination compound, compared to 3.26 ppm for 3.26. The CH2 protons of the five-

membered heterocyclic ring were shifted from 3.51 ppm to 3.36 ppm. The 9Be NMR showed a 

broad signal at 4.50 ppm, which is within range of both 3.28 and (IMes)Be(MesDAB).87 Notably, 

both 3.27 and 3.28 gave 9Be NMR resonances substantially upfield for tricoordinate complexes. 

This is likely because of a positive electromeric contribution from the π-symmetric lone pairs of 

the diimine nitrogen atoms. 

 

Scheme 3.3.2 Synthesis of doubly-reduced beryllium complexes. 

 B3LYP-D3(BJ)/def2-TZVP calculations for 3.26 yield Be−C (1.779 Å) and Be−Cl (1.914 

Å) bond distances. Natural bond orbital (NBO) and energy decomposition analysis (EDA) results 

are consistent with a donor−acceptor bonding description of NHCC−Be (60% electrostatic, 35% 

orbital, and 4% dispersion contribution to Be−C bond). DFT similarly yields three-coordinate 

geometries for 3.27NMe and 3.28NMe, with Be-C bond distances of 1.731 and 1.747 Å, respectively 

(for further details see SI – Tables S7-S8). The HOMOs for 3.27NMe and 3.28NMe reveal π-

symmetrc delocalization over bpy and Be, with some contribution to a Be=C double bond. 



 

Figure 3.3.2 Plot of HOMOs for compound 3.27NMe (left) and 3.28NMe (right). 

 The UV-Vis spectrum for 3.27 (Figure A2S51) in toluene showed a strong absorption band 

(ε = 14931 M-1cm-1) at 385 nm, two weak signals at 482 nm, 507 nm (ε = 5034 M-1cm-1 and 4949 

M-1cm-1), and a broad, weak absorption band (ε = 2377 M-1cm-1) at 805 nm. The corresponding 

energy of the transition at 805 nm is low at 35.5 kcal/mol. The UV-Vis spectrum for 3.28 (Figure 

A2S52) in toluene showed a strong absorption band (ε = 9183 M-1cm-1) at 385 nm, three weak 

bands at 483 nm, 509 nm, 552 nm (ε = 4537 M-1cm-1, 5154 M-1cm-1, and 3799 M-1cm-1), and a 

strong, broad band (ε = 17075 M-1cm-1) at 1020 nm. 

 TD-DFT (ωB97XD/def2-TZVP) calculations of 3.27NMe yield strong bands at 307 and 498 

nm (LC π-π* on bpy), with weaker bands at 381 nm (LMCT; bpy to Be) and 593 nm (LC π-π* on 

bpy). The long wavelength band (732 nm) is associated with a HOMO-LUMO transition 

principally characterized as π-π* LCT (bpy to CAAC). TD-DFT calculations of 3.28NMe yield a 

strong band at 301 nm (LC π-π* on bpy), with weaker bands at 387 nm (LMCT; bpy to Be), 489 

nm (LC π-π* on bpy), 495 nm (LCT π-π* bpy to NHC), and 593 nm (LC π-π* on bpy). No band 

was identified from the calculations that corresponded to the high-intensity band observed 

experimentally at 1020 nm. 

 

 



3.3.3 Crystallographic Study of Double Reduced Carbene-Beryllium Bipyridene Complexes  

 

 Colorless plate-like crystals of 3.26 suitable for single crystal X-ray diffraction analysis 

were obtained from a toluene solution at −37 °C. The molecular structure (Figure 3.3.3) shows a 

tricoordinate beryllium center adopting a trigonal planar geometry. The NHCC−Be bond distance 

of 3.26 is 1.786(3) Å, which is in agreement with the NHCC−Be bonds of IPrBeCl2 (1.773 Å),44 the 

[(IMe)3BeCl]Cl salt (1.807 and 1.822 Å),39 and (sIPr)2BeCl2 (1.839 Å)40 (IPr = 1,3-bis(2,6- 

diisopropylphenyl)imidazole-2-ylidene); IMe = 1,3-dimethylimidazolin-2-ylidene; sIPr = 1,3-

diisopropyl-4,5-dimethylimidizol-2-ylidine). The Be−Cl bond distances in 3.26 [1.888(2) Å and 

1.904(2) Å] are longer than those of the isostructural three-coordinate IPrBeCl2 (1.881 and 1.884 

Å), but shorter than those of the four-coordinate NHC compounds [(IMe)3BeCl]Cl (2.091 and 

2.076 Å) and (sIPr)2BeCl2 (2.039 and 2.052 Å). The shorter NHCC−Be bond lengths in the 

tricoordinate complexes are a result of greater electron donation from NHC to Be when compared 

with fourcoordinate NHC−Be analogs. 

Figure 3.3.3 Molecular structures of 3.26, 3.27, and 3.28 with H atoms omitted for clarity. Selected 

bond distances (Å) and angles (°) – 3.26: C1–Be1: 1.786(3); C1–N1: 1.330(2); Be1–Cl1: 1.904(2); 

Be1–Cl2: 1.888(2); C1–Be1–Cl1: 115.30(13); C1–Be1–Cl2: 121.85(14); Cl1–Be1–Cl2: 



122.82(11). 3.27: Be1−C1: 1.799(6); Be1−N2: 1.631(6); N2–C27: 1.430(5); C27–C28: 1.382(5); 

N3–C28: 1.430(5); Be1−N3: 1.621(5); N1−C1: 1.321(5); N2–C23: 1.358(5); N3–C32: 1.383(5). 

N2−Be1−N3: 99.2(3); N3−Be1−C1: 128.6(3); N2−Be1−C1: 132.2(3); N1–C1–Be1: 128.8(3); C4–

C1–Be1: 122.2(3). N1–C1–Be1–N2: 18.7(7); Be1–N3–C28–C27: 1.1(4). 3.28: Be1−C1: 1.781(5); 

Be1−N3: 1.592(5); N3–C32: 1.429(4); C32–C33: 1.384(6); N4–C33: 1.429(4); Be1−N4: 1.581(5); 

N1−C1: 1.327(4); N2−C1: 1.346(4); N4–C37: 1.372(5); N3–C28: 1.374(5). N4−Be1−N3: 

100.8(3); N3−Be1−C1: 135.0(3); N4−Be1−C1: 124.1(3); N2–C1–Be1: 124.8(3); N1–C1–Be1: 

126.8(3). N2–C1–Be1–N4: 57.5(5); Be1–N3–C32–C33: 1.0(4). 

 Blue plate-like crystals suitable for X-ray diffraction were obtained from a saturated 

toluene solution of 3.27 at –37 °C. The structure reveals a tricoordinate beryllium center in a 

distorted trigonal planar environment, where the N2–Be1–N3 angle is 99.2(3)°. Interestingly, the 

N2–Be1–C1–N1 torsion angle of 3.27 is smaller than expected (18.7(7)°). The CAACC−Be bond 

distance is 1.799(6) Å, which is slightly longer than the starting material (Et2CAAC)BeCl2 (1.794 

Å). The N2–C27 and N3–C28 bonds (both 1.430(5) Å) are single-bond-like, while C32–C33 

(1.382(5) Å) is nearly the length of a C–C double bond. Orange plate-like crystals of 3.28 suitable 

for X-ray diffraction were obtained from a toluene solution at –37 °C. The molecular structure of 

3.28 reveals a tricoordinate beryllium center in a distorted trigonal planar environment, where the 

N3–Be–N4 angle is 99.2(3)°. The NHCC−Be bond distance of 3.28 is 1.781(5) Å, which is 

comparable to 1.768 Å for the isostructural (IMes)Be(MesDAB)49 (IMes = 1,3-bis(2,4,6-

trimethylphenyl)imidazol-2-ylidene MesDAB = bis(2,4,6-trimethylphenyl)-1,4-diazabutadiene)). 

The bond distances in the five-membered beryllacycle are in agreement with a doubly reduced bpy 

ligand coordinated to a Be(II) center. The N4–C33 and N3–C32 bonds (1.429(4) Å) are single 

bond like, while C32–C33 (1.384(6) Å) is nearly the length of a C–C double bond. 



3.4 Summary of Carbene Beryllium Chemistry  
 

 A series of molecular alkoxo-bridged dimers of beryllium were prepared. The reaction of 

beryllium chloride dietherate with two equivalents of 1,3-diisopropyl-4,5-dimethylimidizol-2-

ylidine resulted in the formation of a bis(N-heterocyclic carbene) (NHC) beryllium dichloride 

complex, (sIPr)2BeCl2 (3.19). Compound 3.19 was reacted with lithium diisopropylphenoxide 

(LiODipp) or sodium ethoxide (NaOEt)  to form the terminal aryloxide (sIPr)Be(ODipp)2 (3.20) 

and alkoxide bridged dimer [(sIPr)Be(OEt)Cl]2 (3.21), respectively. Compounds 3.20 and 3.21 

represent the first beryllium alkoxo and aryloxo species coordinated by NHCs.  

 In order to expand the scope of redox chemistry known for beryllium, a set of reduced 

beryllium complexes were synthesized and their resulting structural and electronic properties were 

studied. The carbene-coordinated alkaline earth−halides, (Et2CAAC)BeCl2 (3.25) and (SIPr)BeCl2 

(3.26), were combined with an α-diimine 2,2-bipyridine (bpy) and a stoichiometric amount of 

potassium graphite to form the doubly-reduced compounds (Et2CAAC)Be(bpy) (3.27) and 

(SIPr)Be(bpy) (3.28). The doubly-reduced compounds 3.27 and 3.28 exhibit substantial π-bonding 

interactions across the diimine core, metal center, and π-acidic carbene. In the original manuscript 

these compounds were compared to magnesium analogues to highlight the differences in the 

organometallic chemistry of the lightest alkaline earth metals, magnesium and beryllium, in an 

otherwise identical chemical environment. 

 

 

 



Chapter 4: Carbodicarbene-Stabilized Bismaalkene Cations: 

Unravelling the Complexities of Carbene versus Carbone in 

Heavy Pnictogen Chemistry 

• Walley, J. E.; Warring, L.; Wang, G.; Dickie, D. A.; Pan, S.; Frenking, G.; Gilliard, R. J., 

Angew. Chem., Int. Ed. 2021, 60, 6682-6690. 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.1 Introduction to Bismuth Cation Chemistry 
 

4.1.1 Carbene-Bismuth Complexes and other Bismuth Cations 

 

 The chemistry of bismuth has recently seen a surge in interest due in part to the stabilization 

of reactive bismuth complexes with novel electronic structure,88-89 and the utilization of low-valent 

and/or low-coordinate bismuth compounds in catalysis.88-94 Bismuth compounds have also been 

the subject of green chemistry efforts as its non-toxic nature sets it apart from the lighter pnictogen 

elements (i.e., P, As, Sb).23   

 In low-coordinate bismuth chemistry, the discovery of homometallic Bi=Bi bonds and 

monometallic Bi complexes has dominated the chemical literature.90-91, 94-107 A number of groups 

have pursued stabilizing reactive Bi centers using carbenes to access both electrophilic and 

subvalent Bi complexes. It is noteworthy that while the carbene chemistry of the lighter pnictogen 

elements is well-established and continues to lead to new avenues of research, carbene-bismuth 

chemistry has presented significant experimental challenges.32 Indeed, Dutton and coworkers 

reported the first N-heterocyclic carbene-bismuth complexes only six years ago, while those of 

phosphorus have been known for decades.108-109 Recently, our laboratory has been exploring the 

coordination chemistry of bismuth with various carbene ligands, which led to the synthesis of the 

first cyclic (alkyl)(amino)carbene (CAAC)-coordinated Bi compounds.110 While the reaction of 

CAAC-Bi(Ph)Cl2 with traditional reducing agents (e.g.. Na, K, KC8) resulted in rapid 

decomposition, utilization of the subvalent (CAAC)2Be complex afforded the first carbene-

bismuthinidene.56 The bonding interaction between the carbene carbon and the large Bi atom 

renders the carbene-bismuthinidene extremely reactive in solution, decomposing to Bi metal and 



free carbene. The high reactivity of the complex largely results from the destabilization of the 2pπ-

6pπ interaction (i.e., weak backdonation of the π-symmetric Bi lone pair to the carbene p-oribital).  

Mebs and Beckmann recently described the synthesis of the first bismuthenium monocation, 

representing a bismuth carbene analogue (Figure 4.1.1, 4.1).111 The cation was formed by chloride 

abstraction with a silylium cation species generated in situ.  Okuda showed that protonolysis of a 

tris(allyl)bismuth species results in the formation of a bis(allyl)bismuth monocation, which has 

been used as a stoichiometric allyl transfer reagent and inhibitor for controlled radical 

polymerization (Figure 4.1.1, 4.2).112 The first carbene-bismuthenium cation was reported by 

Goicoechea, which was formed by halide abstraction with AlBr3 (Figure 4.1.1, 4.3).113 A 

bismuthenium dication was isolated by Venugopal utilizing a multi-dentate 

hydridotris(pyrazolyl)borate ligand (Figure 4.1.1, 4.4).27 The three orthogonally facing nitrogen 

donor atoms result in Lewis acid sites trans to the Bi–N bonds, affording a highly electrophilic 

bismuth center. Recently, Burford and coworkers reported a series of bis(bipyridine)pnictinium 

complexes. All of the pnictogen complexes were ionic with the exception of bismuth, which was 

described as a bis(bipyridine) adduct of bismuth trifluoromethanesulfonate (Figure 4.1.1, 4.5).114  

 



Figure 4.1.1 Representative examples of bismuth cations (4.1-4.5).  

4.1.2 The Potential of Carbodicarbenes in Pnictaalkene Cation Chemistry 

 

 Carbodicarbenes,37, 115 a type of carbone,43, 116-117 are ideal ligands for stabilizing low-

coordinate electrophilic bismuth cations because of their strong nucleophilic character, which is 

superior to both NHCs and CAACs.33 Unlike carbenes, carbones can serve as two- or four-electron 

donors.118-119 While the first carbone was isolated in 1961 by Ramirez,120 CDCs were first 

theorized by Frenking37 and their synthesis was achieved by Bertrand.115 Since the original report 

the library of available CDC ligands has been expanded,45, 121 however, the utilization of this ligand 

framework in main-group chemistry remains scarce.46-47, 122-125 Herein, we describe the first 

complexation reactions of CDC with bismuth, namely phenylbismuth dichloride, PhBiCl2, and 

bismuth tribromide, BiBr3. These complexes undergo halide abstraction reactions to give mono-, 

di-, and tri-positve bismuthenium ions. Notably, the CDC-bismuth cations represent a new carbon–

bismuth bonding motif, with a double dative bond from carbon to bismuth. To the best of our 

knowledge, the C⇉Bi interaction in compound 4.14 is the shortest known C–Bi+ bond, 



representing an unprecedented cationic bismaalkene. Moreover, the formation of the dications and 

trication demonstrate a non-reductive method to achieve heteronuclear C=Bi double bond 

character. Neutral pnictaalkenes C=E (E = pnictogen) are well-established for C=P126-130 and 

C=As131-137 multiple bonds. However, for the heavier elements, compounds containing C=Sb138-

142 and C=Bi56, 102, 141, 143-144 multiple bonds are rare and synthetically challenging. For pnictaalkene 

monocations there are reports for [C=P]+ and [C=As]+,129, 145-151 but to the best of our knowledge 

there are no structurally characterized examples pnictaalkene dications, [C=E]2+ (Figure 4.1.2). 

Interestingly, there is one example of a phosphaallene trication.123 In this chapter, the first 

examples of [C=Bi]+ (4.13, 4.16), [C=Bi]2+ (4.14, 4.17), and [C=Bi=C]3+ (4.18) bismaalkene 

cations have been synthesized. 

 In addition to the CDC-[Bi] complexes (4.12-4.18), we have prepared the first examples of 

carbene-supported di(organo)bismuthenium ions (4.8-4.10), which form through a THF-promoted 

rearrangement pathway, or by direct coordination of a sterically demanding carbene ligand. 

Experimental and theoretical analyses of NHC/CAAC- and CDC-bismuth cations clearly highlight 

the observed differences in stability and chemical bonding between carbene- and carbone-

stabilized bismuth species.  

Figure 4.1.2 Structurally characterized examples of neutral and cationic pnictaalkenes. 



4.2 Synthesis of NHC-Supported Bismuthenium Complexes 

4.2.1 Synthesis of Carbene-Supported Pseudo Monocations 

Scheme 4.2.1 Synthesis of bismuth cations supported by N-heterocyclic carbenes and a 

cyclic(alkyl)amino carbene. 

 We hypothesized that a strong monodentate neutral donor ligand would aid in the 

preparation of low-coordinate bismuth cations. Our group recently reported 4.6 (Compound 5.2 in 

preceeding chapter), which is supported by two N-heterocyclic carbene (NHC) 4,5-dimethyl-1,3-

diisopropylimidazolin-2-ylidene ligands. In an effort to synthesize an NHC supported monocation, 

we reacted [(NHC)(Ph2)Bi(µ-Cl)]2 with silver hexafluoroantimonate (AgSbF6). Instead of the 

expected halide abstraction, the NHC transferred from Bi to Ag to give compound 4.7 (Scheme 

4.2.1). Notably, this represents an unprecedented case of reverse-transmetalation,152 where the 

carbene transfers to the silver halide abstracting reagent. The formation of compound 4.7 was 

ascertained by single-crystal X-ray diffraction and 1H NMR (Figure A3S15). Interestingly, 

recrystallization of [(NHC)(Ph2)Bi(µ-Cl)]2 from a THF/hexanes mixture lead to the formation of 

our target bismuthenium cation, [(NHC)(Ph2)Bi]+, which contains a dichlorodiphenylbismuthate 

counteranion, [(Ph2)BiCl2]
– (4.8). Accordingly, THF allows for the rearrangement of 4.6 into 4.8 

by facilitating NHC ligand dissociation and chloride abstraction to form the [(Ph2)BiCl2]
– anion. 



The reaction of more sterically crowded carbene ligands, 1,3-bis(2,6-diisopropylphenyl)-4,5-

dihydroimidazole-2-ylidene (SIPr) and (2,6-diisopropylphenyl)-4,4-diethyl-2,2-dimethyl-

pyrrolidin-5-ylidene (CAAC), with [(Ph2Bi(µ-Cl)]2 lead to cationic complexes isostructural to that 

of compound 4.8. Indeed, no reaction occurs when [(SIPr)Bi(Ph2)][(Ph2)BiCl2] (4.9) or 

[(CAAC)Bi(Ph2)][(Ph2)BiCl2] (4.10) is reacted with one extra equivalent of carbene. 

 The solid-state structures of compounds 4.8-4.10 are shown in Figure 4.2.1. Colorless 

crystals of 4.8 and 4.9 were grown from a THF/hexanes (2:1) layered mixture, while colorless 

crystals of 4.10 crystalized from toluene at –37 °C. The structures reveal cationic 

[(carbene)Bi(Ph2)]
+ units with an [(Ph2)BiCl2]

– anion coordinating through Cl to the Bi. These 

ionic interactions (Bi1---Cl1) increase in the order of 4.9 [3.0405(13) Å] < 4.10 [3.090(2) Å] < 4.8 

[3.1092(8) Å]. Comparing these interactions to the sum of covalent radii for bismuth and chloride 

(2.5 Å),153 compounds 4.8-4.10 can all be considered ionic. The longer Bi1---Cl1 interaction in 

4.9 (3.0405(13) Å) compared to 4.8 (3.1092(8) Å) and 4.10 (3.090(2) Å) can be reasoned by the 

small size of the NHC ligand in 4.9, which is in close proximity to the Bi center and thus exhibits 

stronger binding. The carbene–Bi bond distances decrease in the same order, 4.9 [2.431(5) Å] > 

4.10 [2.393(9) Å] > 4.8 [2.383(2) Å], corroborating the observed ionic interactions. 

 



Figure 4.2.1 Molecular structures – 4.8 (a): (thermal ellipsoids at 50% probability; H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): C1–Bi1: 2.383(2); Bi1---Cl1: 

3.1092(8); Cl1–Bi2: 2.8039(7); Bi2–Cl2: 2.6832(7). C1–Bi1–Cl1: 175.45(11); Cl2–Bi2–Cl1: 

178.24(4). 4.9 (b): (thermal ellipsoids at 50% probability; H atoms were omitted for clarity). 

Selected bond distances (Å) and angles (deg): C1–Bi1: 2.431(5); Bi1---Cl1: 3.0405(13); Cl1–Bi2: 

2.8347(13); Bi2–Cl2: 2.6392(14). C1–Bi1–Cl1: 167.194(66); Cl2–Bi2–Cl1: 176.258(18). 4.10 

(b): (thermal ellipsoids at 30% probability; H atoms were omitted for clarity). Selected bond 

distances (Å) and angles (deg): C1–Bi1: 2.393(9); Bi1---Cl1: 3.090(2); Cl1–Bi2: 2.818(3); Bi2–

Cl2: 2.649(3). C1–Bi1–Cl1: 179.2(2); Cl2–Bi2–Cl1: 174.12(8). 

4.2.2 Carbene vs Carbone in Stabilizing Phenylbismuth Dichloride 

 

 We hypothesized that the stronger electron donor properties of CDC compared to NHC 

would promote significant Bi–Cl bond elongation, allowing for facile halide abstraction. To draw 

comparisons between the two ligands and to test our hypothesis, we synthesized an NHC complex 

of phenylbismuth dichloride, [(NHC)Bi(Ph)Cl2]2, as well as the CDC analogue, (CDC)Bi(Ph)Cl2. 

NHC was allowed to react with (THF)Bi(Ph)Cl2 for 1 hour at room temperature in benzene 

(Scheme 4.2.2). After purification, compound 4.11 was obtained as a white solid in 75% yield. 

The 1H NMR spectrum revealed a well-defined heptet at 4.95 ppm (J = 7.0 Hz), representing the 

methine environment of a coordinated NHC ligand. Similarly, CDC was reacted with 



(THF)Bi(Ph)Cl2 in THF at room temperature, which forms a deep yellow precipitate upon 

addition. After filtration and drying under vacuum, (CDC)Bi(Ph)Cl2 (4.12) is obtained in 69% 

yield. A broad peak at 5.22 ppm was observed in the 1H NMR spectrum for 4.12 in CD2Cl2, 

representing the methine proton of a new CDC coordination environment. In the 13C NMR, a sharp 

singlet at 189.3 ppm is representative of the carbone carbon atom, this is only slightly downfield 

of the carbene carbon in compound 4.11 (185.6 ppm).  

 

Scheme 4.2.2 Synthesis of NHC- and CDC- supported phenylbismuth dichloride (NHC = 4,5-

dimethyl-1,3-diisopropylimidazolin-2-ylidene; CDC = bis(1-isopropyl-3-methyl-benzimidazol-2-

ylidene)methane. 

 Colorless single-crystals of compound 4.11 were obtained from a saturated benzene 

solution at room temperature, while yellow crystals of compound 4.12 were obtained from a 

THF/hexanes (1:2) layered mixture at room temperature (Figure 4.2.2). There are two notable 

differences between the solid-state structures of 4.11 and 4.12. (1) The NHC-supported bismuth 



complex 4.11 is dimeric and the CDC coordinated compound 4.12 is monomeric, suggesting that 

the strong electron donor properties of CDC negates the necessity for dimerization due to an 

electronically saturated bismuth atom. (2) The carboneC–Bi bond length in 4.12 [2.249(6) Å] is 

significantly shorter than the carbeneC–Bi bond length in 4.11 [2.346(2) Å]. This is a result of a 

partial π-donation from CDC to Bi in the former. As predicted, the average Bi–Cl bond lengths for 

4.12 (2.734 Å) are longer than those in 4.11 (2.694 Å). Due to the observed differences in the 

metrical data we reasoned that CDC should lead to bismuth compounds with multiple bond 

character and enhanced stability. Thus, CDC-Bi cations were targeted as a platform to access 

bismaalkene-type species, which unlike the lighter pnictogen congers are extremely rare.  

Figure 4.2.2 Molecular structures of 4.11 and 4.12 (thermal ellipsoids at 50% probability; H atoms 

omitted for clarity). 4.11: C1–Bi1: 2.346(2); Bi1---Cl2ˈ: 3.2473(7); Bi1–Cl1: 2.6857(6); Bi1–Cl2: 

2.7031(6). Cl1–Bi1–Cl2: 166.081(18); Cl2–Bi1–C1: 99.21(8); Cl1–Bi1–C1: 84.96(5); C12–Bi1–

Cl1: 92.21(6); C12–Bi1–Cl2: 91.65(6); C12–Bi1–C1: 99.21(8). 4.12: C1–Bi1: 2.249(6); Bi1–Cl1: 

2.7693(14); Bi1–Cl2: 2.6989(15); Bi1–C24: 2.275(12); C1–C2: 1.393(8); C1–C13:1.445(8). Cl1–

Bi1–Cl2: 176.21(5); Cl2–Bi1–C1: 90.52(15); Cl1–Bi1–C1: 93.23(15); C24–Bi1–Cl1: 89.8(5); 

C24–Bi1–Cl2: 89.2(5); C24–Bi1–C1: 97.2(6).  

 



4.3 Synthesis of CDC-Stabilized Mono-, Di-, and Tri-Positive Bismuthenium 

Ions 
 

4.3.1 Synthesis of CDC-Stabilized Phenylbismuth Bismaalkene Mono- and Dications  

 

 In order to test our hypothesis that CDC would enable the formation of electropositive 

bismuth cations with increasing double bond character, we probed the reaction of 4.12 with one 

equivalent of AgSbF6 in dichloromethane (DCM) (Scheme 4.3.1). Orange needle-like X-ray 

quality crystals of the monocation (4.13) were obtained in 78% yield from a THF/hexanes (1:1) 

layered mixture at room temperature. The 1H NMR spectrum of 4.13 in THF-d8 revealed a broad 

resonance at 5.03 ppm for the methine proton of the coordinated CDC ligand which is slightly 

downfield compared to its starting material 4.12. Due to the more deshielding electrophilic bismuth 

center, the 13C NMR spectrum reveals a singlet downfield from that in 4.12 at 191.6 ppm attributed 

to the carbone carbon of 4.13. In pursuit of a dicationic species via a second halide abstraction, we 

added in an additional equivalent of AgSbF6 to 4.13 in DCM. Dark red X-ray quality crystals of 

the bismuthenium complex 4.14 were obtained in 43% yield from a DCM/hexanes (1:1) layered 

mixture at room temperature. A broad resonance attributed to the methine proton of coordinated 

CDC ligand in 4.14 is observed at 4.57 ppm in CD2Cl2, which is consistent with the trend observed 

for complexes 4.12 and 4.13. In this respect, the 13C NMR shows a peak at 209.7 ppm for the 

carbone carbon of 4.14, which is downfield from that of both 4.12 and 4.13, supporting substantial 

electron donation from CDC to bismuth.  



Scheme 4.3.1 Synthesis of CDC-stabilized bismuth mono- and di-cations with increasing 

bismaalkene character. 

The solid-state structures of cations 4.13 and 4.14 are shown in Figure 4.3.1. Both cations contain 

coordinating [SbF6]
– counter anions, with Bi---F interaction distances of 2.904(2) Å (4.13) and 

2.603(8) - 2.740(7) Å (4.14). The CDC–bismuth bond length decreases in the order of 4.12 

[2.249(6) Å] > 4.13 [2.226(3) Å] > 4.14 [2.157(11) Å], and these data support an increase in π-

donor character from CDC as the bismuth center becomes increasingly electrophilic. Notably, the 

C1–Bi1 bonds are significantly shorter than those in their NHC-bismuthenium congeners. Since 

carbones are π-basic rather than π-acidic, and the bismuth center is electrophilic, the C–Bi bond 

lengths are shortened due to substantial π-donation from the carboneC to Bi. The carboneC–Bi bond 

length in 4.14 is shorter than the CAACC–Bi bond in the subvalent carbene-bismuthindene [2.199(2) 

Å] and even rivals that of the bismuthio ylide (2.16 Å),102 and the aromatic C–Bi bonds of a 

bismabenzene (2.154 - 2.160(4) Å).143 Thus, 4.14 may be regarded a stabilized dicationic 

bismaalkene, which is unprecedented. It is noteworthy that while phosphaalkene species have been 

widely studied,127-128, 154 structurally characterized examples of heavy bismuth analogues are 

virtually unexplored.  



 

Figure 4.3.1 Molecular structures of 4.13 and 4.14 (thermal ellipsoids at 50% probability; H atoms 

were omitted for clarity). 4.13: C1–Bi1: 2.226(3); Bi1–Cl1: 2.5573(9); C24–Bi1: 2.242(3); C1–

C2: 1.417(5); C1–C13: 1.427(5); Bi1---F1: 2.904(2). C1–Bi1–Cl1: 102.82(9); C1–Bi1–C24: 

93.60(13); C24–Bi1–Cl1: 93.86(10). 4.14: C1–Bi1: 2.157(11); Bi1–C24: 2.223(12); C1–C2: 

1.444(15); C1–C13: 1.426(15); Bi1---F1: 2.603(8); Bi1---F7: 2.740(7); C1–Bi1–C24: 96.7(4). 

4.3.1 Synthesis of CDC-Stabilized Bismaalkene Mono-, Di- and Trications  

 

 In order to synthesize bismuthenium ions without weakly coordinating anion contacts, we 

reacted CDC with bismuth tribromide in THF overnight (Scheme 4.3.2). After workup, compound 

4.15 was obtained as a red solid in 86 % yield. The 1H NMR spectrum of 4.15 shows a well-defined 

heptet (J = 6.7 Hz) at 5.01 ppm representative of a sterically unrestricted CDC coordination 

environment; this is in contrast to the broad signals observed for 4.12, 4.13, and 4.14. Red single 

crystals of 4.15 suitable for X-ray diffraction analysis were obtained from a THF/hexanes (2:1) 

layered mixture at room temperature.  

 The solid-state structure of compound 4.15 shows a dimeric [(CDC)BiBr3]2 complex with 

bridging bromides (Figure 4.3.2). Each bismuth atom has adopted a distorted square pyramidal 



geometry when considering the bromide contacts. The CDC–bismuth bond [C1–Bi1: 2.292(9) Å] 

is shorter than that in compound 4.12 [2.249(6) Å]. The bismuth–bromide bond in the apical 

position of 4.15, [Bi1–Br2: 2.6629(16) Å], is shorter than the sum of ionic radii for Bi and Br (2.68 

Å).153 The other two bismuth–bromide bonds are substantially longer [Bi1–Br1: 2.9196(12) Å and 

Bi1–Br3: 2.8390(12) Å], which support weaker Bi–Br interactions.  

 

Scheme 4.3.2 Synthesis of a bis-CDC-supported tribromobismuth dimer. 

While halide abstraction from compound 4.12 will only yield mono- and di-positive bismuthenium 

ions (4.13 and 4.14), compound 4.15 is a suitable starting material for synthesizing a tri-positive 

bismuthenium ion. Our initial synthetic approach involved the use of THF, which would provide 

additional support to the bismuth center by readily filling the coordination sphere upon halide 

abstraction. Interestingly, when compound 4.15 is reacted with AgSbF6, THF solvent polymerized 

into a tough insoluble solid material uncharacterizable by traditional spectroscopic methods. In an 

effort to circumvent this polymerization process, but still allow for THF coordination, we 

performed the reaction of 4.15 with two equivalents of AgSbF6 in DCM and added an aliquot of 

THF in situ (Scheme 4.3.3). Thus, the monocation 4.16 was isolated in 67% yield. Unlike the 

monocation 4.13, compound 4.16 does not contain any anion interactions due to the coordination 

of THF solvent molecules to Bi. Attempts to form the dicationic product from the reaction of 4.15 

with four equivalents of AgSbF6 and a variety of other halide abstraction reagents proved to be 



unsuccessful. This is in accordance with the observed difference in Bi–Br bond distances, which 

suggest that one Br atom is more tightly bound to Bi. However, facile halide abstraction was 

observed to generate the dication 4.17 when four equivalents of silver (bis-

trifluoromethylsulfonyl)imide (AgNTf2) were reacted with 4.15. Similar to 4.16, compound 4.17 

does not contain any anion contacts to the bismuth center. The 1H NMR integrations suggested 

that a third equivalent of THF coordinated to bismuth with respect to the monocation 4.16, to give 

a 1:3 THF to CDC ratio. Several attempts were made to synthesize a trication using this THF 

addition method, but all proved to be unsuccessful. We therefore hypothesized that the 

coordination of a second CDC ligand would render the last Bi–Br bond more labile due to the 

strong donor effect, thus weakening the Bi–Br bond. As such, the reaction 4.15 and two equivalents 

of CDC with six equivalents of AgNTf2 successfully gave the bis(CDC)bismuthenium trication 

4.18 in 73% yield. The shift pattern in the 1H NMR spectrum of 4.18 closely resembles that of a 

bis(CDC) dicationic(hydrido)boron complex,125 further supporting that two CDC ligands have 

coordinated to the Bi center. 



 

Scheme 4.3.3 Synthesis of CDC mono-, di-, and tri-positive bismuthenium ions. Note: similar to 

compound 4.14, compounds 4.17 and 4.18 can be represented as resonance structures with their 

respective zwitterions analogous to those shown in Scheme 4.3.1. 

 Red needle-like crystals of 4.16 suitable for X-ray diffraction were obtained from a 

THF/hexanes (1:1) layered mixture at room temperature. The crystal structure reveals a 

monocationic [(CDC)BiBr2(THF)2]
+ core, and the bismuth center has adopted a square pyramidal 

geometry. The carboneC–bismuth bond of 4.16 [C1–Bi1: 2.226(12) Å] is slightly longer than that of 

4.13, which is expected for a higher coordination number. Red plate-like crystals of compound 

4.17 were obtained from a DCM/ether (2:1) mixture at room temperature. Similar to 4.16, the 

structure reveals a square pyramidal dicationic [(CDC)BiBr(THF)3]
2+ core, with an additional THF 

occupying a coordination site. As a result of three coordinating THF molecules, the carboneC –Bi 



bond of 4.17 [C1–Bi1: 2.199(5) Å] is longer than 4.14 [C1–Bi1: 2.157(11) Å]. Dark blue plate-

like crystals of compound 4.18 were obtained from a chlorobenzene/hexanes (10:1) mixture. The 

crystal structure of 4.18 revealed two CDC ligands coordinated to a BiIII center, with three [NTf2]
–
 

counter anions. The carboneC–bismuth bonds [Bi1–C24: 2.166(2) and Bi1–C1: 2.197(2) Å] are only 

slightly shorter than that in 4.17. The average allenic bond length has increased from 1.335 Å in 

the free ligand to 1.437 Å suggesting substantial electron donation from the carbone carbon to 

BiIII, and less back donation to the NHC moiety. 

Figure 4.3.2 Molecular structures of 4.15-4.18 (thermal ellipsoids at 50% probability; H atoms, 

counteranions and non-coordinating solvent omitted for clarity). 4.15: Bi1–C1: 2.292(9); Bi1–Br1: 

2.9196(12); Bi1–Br2: 2.6483(11); Bi1–Br3: 2.8390(12); Bi1---Br1ˈ: 3.4829(15); C1–C13: 

1.367(13); C1–C2: 1.438(12). 4.16: Bi1–C1: 2.226(12); Bi1–Br2: 2.6629(16); Bi1–Br1: 

2.7052(18); C1–C13: 1.395(17); C1–C2: 1.447(15). 4.17: Bi1–Br1: 2.6439(6); Bi1–C1: 2.199(5); 



C1–C2: 1.441(6); C1–C13: 1.433(6). 4.18: Bi1–C24: 2.166(2); Bi1–C1: 2.197(2); C1–C13: 

1.424(3); C1–C2: 1.443(3); C24–C25: 1.436(3); C24–C36: 1.444(3). C24–Bi1–C1: 111.23(9). 

4.4 Bonding Analysis of Bismuth and Bismuthenium Complexes 
 

 CDC-stabilized bismuthenium complexes 4.12-4.18 were calculated with quantum 

chemical methods using density functional theory (DFT) at the BP86-D3(BJ)/def2-TZVPP 

level.155-160 The nature of the chemical bonds between the CDC ligand and the remaining 

bismuthenium fragments [Bi] was investigated with energy decomposition analysis (EDA)161 in 

conjunction with natural orbitals for chemical valence (NOCV).162-163 The EDA-NOCV method161-

163 has been proven to give deep insights into the nature of the chemical bond in a variety of main-

group compounds and transition metal complexes.164-171 

 The calculated and experimental geometries of 4.12-4.18 are in agreement except for some 

Bi---F distances for the weakly coordinating anions in 4.13 and 4.14, which are considerably 

shorter than the experimental distances.172 This is also observed when the M06-2X functional is 

used for the geometry optimization.173 These differences are most likely due to intermolecular 

forces in the solid state. Therefore, the bonding analysis was carried out with the EDA-NOCV 

method using the calculated and the experimental geometries.172 The computed bond dissociation 

free energy (ΔG298) of the CDCC–Bi bond at 298 K ranges from 27.2-62.3 kcal/mol, which indicates 

that the molecules are thermodynamically quite stable. The geometries of compound 4.18 

(CDC)2Bi[NTf2]3  and the free trication [(CDC)2Bi]3+ were optimized. The agreement of the 

theoretical values of (CDC)2Bi[NTf2]3  with the experimental data is reasonably good, the deviation 

between the calculated and X-ray values is likely to be caused by solid-state forces. The calculated 

geometry of the free trication [(CDC)2Bi]3+
 is only slightly different from the geometry in the 



presence of the counter ions in (CDC)2Bi[NTf2]3. The bond strength of the CDC ligands to bismuth 

in (CDC)2Bi[NTf2]3 has been estimated by calculating the bond dissociation energy for the reaction 

(CDC)2Bi[NTf2]3  → 2CDC + Bi[NTf2]3. The computed value of D0 (ΔG298) = 128.6 (88.2) 

kcal/mol suggests that the bonds are quite strong. 

 The calculated intrinsic interaction energy (∆Eint) values are similar except for structures 

4.13, 4.14 and 4.17, where the energy values using the experimental geometries are somewhat 

larger. However, the percentage contributions of the four components to the CDC-[Bi] interaction, 

i.e., Pauli repulsion ∆EPauli, dispersion forces ∆Edisp, electrostatic attraction ∆Eelstat and orbital 

(covalent) interaction ∆Eorb are very similar. This indicates that the bonding analysis using the 

calculated structures may safely be used for the experimentally observed species. The breakdown 

of the ∆Eorb term into pairwise interactions ∆Eorb(1) -  ∆Eorb(3)  shows that the major contribution 

∆Eorb(1) comes from the σ donation of the CDC ligand [CDC]→[Bi]. The donation ∆Eorb(2) of the π 

lone pair of the CDC ligand14 [CDC]→[Bi] is significantly weaker. It becomes stronger when the 

experimental geometries are used, because the measured carbon-bismuth distances are shorter than 

the calculated values.172 The largest contribution of the [CDC]→[Bi] π donation is found for 4.14 

where it amounts to 19% of the total orbital interactions when the experimental geometry is used. 

The third pairwise orbital contribution ∆Eorb(3) is due to weak [CDC]←[Bi]  σ backdonation. This 

is the complementary part of the overall σ bond. For the trication 4.18, the lowest values were 

provided by using the triplet states of [(CDC)2]
2+ and Bi+ with the electron configuration 

(6s26py
16pz

1) for the atomic ion.  

 The results of the bonding analysis suggest that  the NHCPh substituents of the CDC ligand 

serve as a sink for the electronic charge, because they are rotated out of the molecular frame so 

that the vacant π orbitals of NHCPh can interact with the occupied orbitals of the [Bi] donor. The 



related molecular orbitals representing double dative interaction is provided in the supporting 

information of the original paper.172 Note that in moving from 4.12→4.13→4.14 or 

4.15→4.16→4.17, with the increase in electrophilic character of Bi, both the absolute values of 

[CDC]→[Bi]  and  donation gradually increases (from 4.15→4.16 the σ donation remains 

essentially the same), which agrees with the increasingly shorter carboneC–Bi bond lengths. 

 The pairwise orbital interactions ∆Eorb(1) - ∆Eorb(3)  can be assigned to specific donations 

with the help of the associated deformation densities ∆ρ. The shape of ∆ρ(1)- ∆ρ(3) of the pairwise 

interactions ∆Eorb(1) -  ∆Eorb(3)  in 4.14 is shown in the supporting information of the original 

paper.172 The color of the charge flow is red→blue. It becomes obvious that besides the σ-donation 

and π-backdonation, there is also polarization within the fragments. 

 The bonding interactions in 4.12-4.18 were compared with that in carbene-stabilized 

bismuthenium 4.8-4.10 and bismuth CAAC-Bi(Ph)Cl2 complexes.7 The numerical results of the 

EDA-NOCV calculations shows that the intrinsic interaction in the CDC complexes is larger than 

that in the carbene adducts. The most important information comes from the breakdown of ∆Eorb 

into the pairwise orbital interactions between the ligands and the metal fragments. There is only 

one dominating σ donation ∆Eorb(1) in the carbene complexes [carbene]→[Bi]  besides the π 

backdonation [carbene][Bi] ∆Eorb(2). In contrast, the CDC complexes exhibit two notable donor 

components from the ligand to the metal fragment. The remaining orbital interactions ∆Erest consist 

of a large number of weak polarization terms within the fragments. Thus, the EDA-NOCV 

calculations signal a clear difference in the donor-acceptor interactions between the carbone and 

carbene ligands. This is best exemplified by comparing the results of the carbone complex CDC-

Bi(Ph)Cl2  (4.12) with the analogous carbene adduct  CAAC-Bi(Ph)Cl2. The total interaction 

energy ∆Eint of 4.12 is only slightly higher (-81.5 kcal/mol) than that of the carbene complex (-



78.4 kcal/mol) but the orbital interactions ∆Eorb of the former carbone complex are much larger (-

108.0 kcal/mol) than for the latter carbene species (-98.0 kcal/mol), which is mainly due to the 

additional contribution of the π bond (-7.3 kcal/mol). The further strengthening of the orbital 

interactions is partly compensated by weaker electrostatic attraction in the carbone complex. It 

requires the analysis of the electronic structure in order to find that 4.12 and the other carbone 

complexes possess a double dative C⇉Bi bond, which consists of a strong σ and a significantly 

weaker π component, whereas the carbene complexes exhibit only a σ bond C→Bi. 

4.5 Summary of Carbodicarbene Bismaalkene Cations 
 

In this study a series of carbene- and carbone-stabilized bismuthenium ions are reported. 

The CDC-Bi(Ph)Cl2 and [CDC-BiBr3]2 complexes were used as starting materials to afford 

structurally diverse bismuth monocations, dications, and trication. The dication 4.14 and trication 

4.18 possess short Bi=C bonds due to the low-coordinate, double dative-type interaction to Bi. 

Thus, compounds 4.14 and 4.18 may be viewed as bismaalkene cations, which are hitherto 

unprecedented. The enhanced stability of the CDC-[Bi] complexes, compared to NHC-[Bi] 

species, clearly highlights the superior donor ability of CDC and the importance of single atom σ- 

and π-donation in stabilization strategies employing neutral carbon-donor ligands. These 

interactions are also studied in detail with charge and energy decomposition analyses, which 

provide clear evidence that the carbone complexes CDC-[Bi] possess a double donor bond C⇉Bi, 

which consists of a strong σ and a significantly weaker π component, whereas the carbene 

complexes exhibit only a σ bond C→Bi. Due to the highly electrophilic nature of the CDC-bismuth 

cations, they are expected to possess interesting reactivity toward energy-relevant small molecules 

(CO, CO2, H2, etc.), and these studies are currently under investigation in our laboratory. 
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5.1 Introduction to Phosphaketene Chemistry 
 

5.1.1 The Diverse Reactivity of the 2-Phosphaethynolate Anion  

 

 Due to their unique electron distribution, heteroketenes show versatile and fascinating 

chemistry. Phosphorus-containing members of this family are phosphaketenes, R–P=C=O.174-175 

Although the first stable phosphaketene was reported nearly four decades ago,176 the synthetic 

chemistry was experimentally challenging, and various products were thermally unstable. 

However, in the last decade, simple synthetic routes towards such compounds have emerged, 

which has resulted in the rapid development of the field. The utilization of the 2-phosphaethynolate 

anion,177-179 [OCP]–, as a synthon has proved to be an effective way to access phosphaketenes via 

nucleophilic substitution.180-184 However, these synthetic processes are not always straightforward, 

and phosphaketene stability and reactivity may be hampered by a number of complications. The 

most important of these are summarized as follows: i) Dimer formation: the P=C bond of 

phosphaketenes is prone to cycloaddition, which results in 4-membered rings; however, this 

process can be minimized with the incorporation of bulky substituents, or with heteroatoms.185-186 

ii) Formation of constitutional isomers: due to its ambident reactivity, the [OCP]– anion may bind 

through the P or the O center.  Highly oxophilic elements, such as Mg,187 B,128 Al,182 or U,188 favor 

the oxyphosphaalkyne isomer, while soft Lewis acidic elements for example the heavy group 14 

elements, (Ge, Sn, Pb),181, 189-193 Ga,182, 194 favor the phosphaketene isomer. iii) Redox chemistry: 

the OCP anion is prone to oxidation by many metals due to its reductive nature and the electrophilic 

character of the metals. .177, 195-197 While point i) can be circumvented by using sterically 

demanding substituents to stabilize the phosphaketene, points ii) and iii) are more challenging to 

avoid because the inherent electrophilic properties of the binding metal will differ widely across 

the periodic table. Nevertheless, phosphaketene isomers R–P=C=O are usually more stable than 



their oxyphosphaalkyne R–O–C≡P analogues; thus ii) is a less common problem in synthetic 

routes. In this chapter, we aim to offer a solution to the problem described in point iii). Since the 

heavier pnictogens are easily reduced, neutral donor ligands such as N-heterocyclic carbenes 

(NHC) can be employed to stabilize the phosphaketene motif, thereby preventing reduction at the 

pnictogen center. 

5.1.2 Select Examples in Main-Group Phosphaketene Chemistry  

 

 Phosphaketenes show rich and often unprecedented chemistry. In recent years, the 

phosphanyl and tetrel substituted phosphaketenes have attracted special interest. Bertrand, Su, and 

Grützmacher discovered a unique reaction where OCP rearranges to OPC when an N-heterocyclic 

phosphane (NHP)−phosphaketene adduct is reacted with NHC (Figure 5.1.1A).184 Nucleophilic 

attack on the OCP carbon atom by the NHC results in a zwitterionic intermediate, which is 

followed by migration of the NHP unit to oxygen. Grützmacher et. al. showed that the CO unit of 

the phosphaketene can be substituted by a carbene, demonstrating similar phosphaketene reactivity 

with NHCs (Figure 5.1.1B).183 Addition of NHC to a triphenylgermanium– or tin–phosphaketene 

led to the formation of NHC-phosphaketene adducts. When heated, the NHC transfers to 

phosphorus to release CO thereby forming NHC–phosphinidene germanium and tin complexes. 

Similarly, the C≡O unit of a phosphaketene can be exchanged by another donor. Bertrand and 

Hansmann et al. observed loss of CO from NHP-phosphaketenes when a Lewis-basic phosphine 

was introduced with moderate heating (Figure 5.1.1C).198 The reaction proceeds via an associative 

mechanism, whereby the phosphine binds to the -PCO unit first, followed by loss of CO.  



 

Figure 5.1.1 (A) OCP to OPC rearrangement; (B) phosphine-promoted CO dissociation; (C) 

Thermal loss of CO from NHC-phosphaketene adducts of triphenyl-germanium or -tin to form 

NHC-phosphinidenes.  

 Within the realm of main-group elements, the reactivity of Na[OCP] has been established 

for group 2,187, 199 group 13,128, 182 group 14,5, 181, 184, 189-192, 200-201 and group 15.184, 202-203 For the 

lattermost, these examples are limited to phosphorous, with no current reports describing reactions 

of Na[OCP] with the heavier pnictogens (Sb and Bi). Nevertheless, the chemistry of the heavier 

two Pn elements (Sb, Bi) has seen a substantial increase in interest recently as novel bonding motifs 

and new applications in catalysis continue to be discovered.88-89, 92, 97-98, 102, 104, 107, 140, 204-213  



 In this chapter, the first reactions of Na[OCP] with the antimony and bismuth compounds, 

[NHC–Sb(Ph)2Cl]2 (5.1) and [NHC–Bi(Ph)2Cl]2 (5.2) (compound 4.6 in previous chapter), are 

investigated. When the [NHC–PnPh2Cl]2 is combined with [Na[OCP]•(dioxane)x], Sb and Bi–

phosphaketene complexes can be isolated (5.3 and 5.4). Notably, compounds 5.3 and 5.4 undergo 

a thermal reduction process where the PnIII center is reduced to PnII to form either 

tetraphenyldistibine or tetraphenyldibismuthine and the [(NHC)2OCP][OCP] salt (5.5). Compound 

5.5 is the first example of a salt with 2-phosphaethynolate embodying both the cation and the 

anion. DFT calculations demonstrate that the formation of the cationic unit in 5.5 occurs in a 

mechanistic step where nucleophilic attack of a dissociated NHC on one unit of 5.4 leads to the 

loss of [Ph2Bi]–.  

5.2 Synthesis of NHC Diphenylpnictogen Halide Complexes 
 

5.2.1 Synthesis of NHC-Supported Diphenylpnictogen Chloride Dimers 

 

 Initially, the reaction of Na[OCP] with Ph2PnCl (Pn = Sb or Bi) was performed and the 

formation of either tetraphenyldistibine or tetraphenyldibismuthine species and an insoluble OCP-

containing precipitate were observed. Extending the scope of this reaction, NHC ligand 4,5-

dimethyl-1,3-diisopropylimidazolin-2-ylidene was reacted with diphenylantimony chloride 

(Ph2SbCl) or diphenylbismuth chloride (Ph2BiCl) in THF for 1 hour at room temperature (Scheme 

5.2.1). Compounds 5.1 (Sb) and 5.2 (Bi) were obtained as white solids in 94% and 85% yield, 

respectively. The 1H NMR spectrum of 5.1 in C6D6 shows a broad heptet at 4.69 ppm, attributed 

to the NHC methine proton. This is shifted downfield from the methine of the NHC ligand (3.96 

ppm). Due to poor solubility in C6D6, the 1H NMR spectrum of compound 5.2 was recorded in 



THF-d8, which showed a broadened heptet at 4.51 ppm attributed to the methine protons of 

coordinated NHC.  

Scheme 5.2.1 Synthesis of diphenylpnictogen halide N-heterocyclic carbene complexes. 

5.2.2 Crystallographic Analysis of NHC-Supported Diphenylpnictogen Chloride Dimers 

 

 Colorless crystals suitable for X-ray diffraction of both 5.1 and 5.2 were obtained from 

toluene/hexanes (10:1) mixtures at –37 °C. The molecular structures of both compounds 5.1 and 

5.2 reveal dimers with distorted square pyramidal geometry around the metal center (Figure 5.2.1). 

The C1–Sb1 bond distance in compound 5.1 [2.356(3) Å] is outside the range of other NHCC–Sb 

bonds (2.144–2.268 Å);113, 140, 210, 212, 214-215 likewise, the C1–Bi1 bond in compound 5.2 [2.489(6)] 

is slightly longer than the range for known NHCC–Bi bonds (2.339–2.428 Å).109-110, 113 The Pn–Cl 

bond lengths are 2.8006(8) Å (5.1) and 2.8696(16) Å for (5.2), which are also significantly longer 

than those reported for other known NHC supported Sb–Cl (2.332–2.402 Å)214-215 and NHC 

supported Bi–Cl (2.437–2.705 Å)109-110 complexes. The longer NHCC–Pn bonds results from the 

weak lewis acidity of Ph2PnCl compared to PhBiCl2 and BiCl3. The Pn–Cl distances corresponding 

to the dimeric interaction in 5.1 [3.9544(10) Å] is longer than that in 5.2 [3.7211(17) Å], which is 

caused by greater electronic saturation at antimony compared to bismuth.  

  



Figure 5.2.1 Molecular structures – 5.1 (a): (thermal ellipsoids at 50% probability; H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): Sb1–C1: 2.356(3); Sb1–Cl1: 

2.8006(8); Sb1–Cl1ˈ: 3.9544(10); Sb1–C18: 2.168(3); Sb1–C12: 2.171(4). C18–Sb1–C12: 

102.19(14); C18–Sb1–C1: 87.58(12); C12–Sb1–C1: 86.33(12); C18–Sb1–Cl1: 87.00(8); C12–

Sb1–Cl1: 85.24(9); C1–Sb1–Cl1: 168.80(9). 5.2 (b): (thermal ellipsoids at 50% probability; H 

atoms were omitted for clarity). Selected bond distances (Å) and angles (deg): Bi1–C1: 2.489(6); 

Bi1–Cl1: 2.8696(16); Bi1–Cl1ˈ: 3.7211(17); Bi1–C18: 2.257(6); Bi1–C12: 2.267(6). C18–Bi1–

C12: 99.0(2); C18–Bi1–C1: 86.3(2); C12–Bi1–C1: 88.1(2); C18–Bi1–Cl1: 86.26(16); C12–Bi1–

Cl1: 88.26(16); C1–Bi1–Cl1: 171.05(15).   

5.3 Isolation of NHC-Phosphaketene Adducts of Diphenylpnictogen 
 

5.3.1 Reaction of Na[OCP] with NHC-Supported Diphenylpnictogen Chloride Dimers 

 

 For both compounds 5.1 and 5.2, it was hypothesized that a combination of electronic 

stabilization from the coordinated NHC and steric protection from the two phenyl groups may 

suitably stabilize their OCP adducts. Based on the reactivity known for [OCP]– with other main 

group elements,177 the formation of a pnictogen–phosphaketeneadduct, Pn–PCO should be 

possible. Therefore, we reacted compounds 5.1 and 5.2 with Na[OCP] at –37 °C in THF (Scheme 

5.3.1). The 31P NMR spectra of the isolated complexes revealed shifts at 58.2 ppm (antimony) and 

82.2 ppm (bismuth), which are downfield from other known main-group element Pn–PCO 



compounds (–441 to –225.8 ppm).177 Two doublets were observed in the 13C NMR for both the 

antimony [203.1 ppm (J = 76.0 Hz ) and 148.8 ppm (J = 52.8 Hz)] and bismuth [203.6 ppm (J = 

81.7) and 152.0 ppm (J = 49.6 Hz)] Pn–PCO complexes, which are assigned to two 13C–31P 

coupling environments. 

Scheme 5.3.1 Synthesis of bismuth and antimony phosphaketene adducts.  

5.3.2 Crystallographic Analysis of NHC-Phosphaketene Adducts of Diphenylpnictogen  

 

 Crystals of both the antimony and bismuth compounds 5.3 and 5.4 were obtained from 

layering the filtrate of the original reaction mixture in THF with hexanes in a 1:1 ratio at –37 °C. 

Interestingly, the crystal structure revealed that the NHC transferred from the pnictogen center to 

the phosphaketene (Figure 5.3.1). The formation of these products corroborates the two doublets 

observed by 13C NMR as 13C‒31P coupling can be expected for both the carbonyl and carbene 

carbon atoms. We did not observe a stretching frequency for the carbonyl group in the IR spectrum. 

However, this is consistent with reported NHC-phosphaketenyl species.183 The solid-state 

structures of 5.3 and 5.4 reveal pnictogen centers in a see-saw geometry with Pn–Pn interactions 

at 3.9619(17) Å and 3.8204(6) Å, respectively. Indeed, the Bi–Bi interaction in 5.4 is more 

substantial than the Sb–Sb interaction in 5.3, this results from the lower energy of the interacting 

orbitals on Bi compared to Sb.  The Pn–P bond lengths for both 5.3 (2.5042(16) Å) and 5.4 



(2.589(2)–2.594(2) Å) are close to the sum of covalent radii for antimony and phosphorous (2.50 

Å), as well as bismuth and phosphorous (2.61 Å).216 

 

Figure 5.3.1 Molecular structures – 5.3 (a): (thermal ellipsoids at 50% probability; H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): Sb1–C13: 2.154(6); Sb1–C19: 

2.155(6); Sb1–P1: 2.5042(16); Sb1–Sb1ˈ: 3.9619(17) P1–C12: 1.748(6); O1–C12: 1.264(7); C1–

C12: 1.529(7). C13–Sb1–C19: 97.7(2); C13–Sb1–P1: 99.79(15); C19–Sb1–P1: 91.77(15); Sb1ˈ–

Sb1–P1: 94.602(40); Sb1ˈ–Sb1–C19: 97.237(158); Sb1ˈ–Sb1–C13: 158.899(168). 5.4 (b): 

(thermal ellipsoids at 50% probability; H atoms were omitted for clarity). Selected bond distances 

(Å) and angles (deg): Bi1–C19: 2.229(6): Bi1–C13: 2.272(7) Bi1–P1: 2.589(2); Bi1–Bi2: 

3.8204(6); Bi2–C37: 2.251(7); Bi2–C43: 2.257(8): Bi2–P2: 2.594(2); P1–C12: 1.736(7); P2–C36: 

1.746(8); O1–C12: 1.255(8); O2–C36: 1.258(8); C1–C12: 1.525(11); C25–C36: 1.515(11). C19–

Bi1–C13: 94.2(2); C19–Bi1–P1: 97.38(19); C13–Bi1–P1: 87.26(19); C37–Bi2–C43: 94.8(3); 

C37–Bi2–P2: 98.56(19); C43–Bi2–P2: 90.99(19); Bi2–Bi1–P1: 86.913(49); Bi2–Bi1–C13: 



101.940(176); Bi2–Bi1–C19: 163.528(178); Bi1–Bi2–P2: 89.365(43); Bi1–Bi2–C43: 

104.176(179); Bi1–Bi2–C37: 159.346(177). 

5.4 Thermal Reduction at Sb and Bi Centers 
 

5.4.1 Thermal Reactivity of NHC-Phosphaketene Adducts of Diphenylpnictogen 

 

 Recently, Grützmacher and coworkers demonstrated that N-heterocyclic carbene (NHC)-

phosphaketene adducts of Ph3Sn–P=C=O and Ph3Ge–P=C=O undergo a decarbonylation reaction 

when heated to form the phosphenidinyl complexes NHC–P–SnPh3 and NHC–P–GePh3.
183 We 

were therefore interested in probing the thermal reactivity of compounds 5.3 and 5.4 (Scheme 

5.4.1), which can be considered group 15 analogues of the aforementioned Sn and Ge 

phosphaketene complexes. Compound 5.3 was heated to 90 °C for 24 hours in a J. Young NMR 

tube. The peaks in this 1H NMR matched those reported in the literature for tetraphenyldistibine 

(Figure A2S105).213 Compound 5.4, being less stable that 5.3, was heated at 70 °C for 3 hours in 

C6D6 and observed the emergence of free NHC along with a 100% conversion to 

tetraphenyldibismuthine (Figure A2S106). Crystals suitable for X-ray diffraction were grown from 

C6D6 inside the NMR tube. The solid-state structure revealed a new polymorph of 

tetraphenyldibismuthine (5.6) (Figure A3S32).  

Scheme 5.4.1 Thermal reduction at Sb or Bi center to tetraphenyldipnoctogen compounds.  



Along with the formation of either tetraphenyldibismuthine or tetraphenyldistibine, an orange solid 

formed from the C6D6 solution. The orange solid is insoluble in most common organic solvents 

except for dichloromethane but decomposes within an hour after dissolution. The 1H NMR 

spectrum of the orange solid revealed one broad and one well-defined heptet, suggesting two 

distinct NHC ligand environments. The 31P NMR showed a broad singlet at 22.1 ppm and a sharp 

singlet at –395.1 ppm. This latter shift closely resembles the resonance of 2-phosphaethynolate in 

D2O (-396.4 ppm).178 Four doublets (δ = 200.7, 170.2, 150.2, 146.0) were observed in the 13C 

NMR spectrum. Further supporting our suspicions, the signal at 170.2 ppm (J = 63.4 Hz) agrees 

well with other known 13C NMR for 2-phosphaethynolate, while the others signals are attributed 

to three new 13C–31P coupling environments. Similar to compounds 5.3 and 5.4, no signals were 

observed in the IR spectrum for the CO stretch in the cationic unit of 5.5. Two different signals 

were observed for the phosphaalkyne at 1788 cm-1 and 1768 cm-1, which results from the different 

orientations of [OCP]– in the solid-state structure. 

5.4.2 Crystallographic Analysis of [(NHC)2OCP][OCP] Complex 5.5  

 

 Orange single-crystals of compound 5.5 suitable for X-ray diffraction were obtained by 

heating an undisturbed THF solution of 5.3 at 55 °C overnight. The crystal structure shows two 

NHCs coordinated to a phosphaethynium [OCP]+ cationic core with an [OCP]– counter-anion 

(Figure 5.4.1). A two-fold rotation axis perpendicular to the P1–C12 bond in the cation causes the 

two halves of the molecule to be disordered by symmetry in the solid state. This symmetry results 

in identical bond lengths and angles for both NHC ligands. A similar disorder exists in the anion. 

There are currently only eight other molecular structures containing uncoordinated [OCP]– 

counter-anions reported in the CSD database.182, 217-220 The NHC–phosphorous bond (C1–P1) is 



1.890(6) Å, which is longer than those known for neutral NHC2P2 complexes (1.750–1.754 Å)221-

223 and those known for cationic [NHC2P2]
+ complexes (1.795–1.841 Å).215, 221, 224-226  

Figure 5.4.1 Molecular structure of 5.5 (thermal ellipsoids at 50% probability; H atoms omitted 

for clarity, only one orientation of the symmetry disordered [OCP]– anion is shown.). Selected 

bond distances (Å) and angles (deg): C1–P1: 1.890(6); P1–C12: 1.755(14); C12–O1: 1.268(12); 

C12–C1ˈ: 1.421(16). C1–P1–C12: 98.3(5); O1–C12– C1ˈ: 117.0(14).  

5.5 Computational Analysis of Thermal Reduction at Sb and Bi 
 

 To gain insights into the formation mechanism leading to the new compounds and the 

bonding situation thereof, we carried out DFT calculations employing the ωB97XD range 

separated functional with the def2-SVP and def2-TZVP basis sets, which is similar to the level of 

theory used previously to describe the bonding in carbene complexes of bismuth. Relevant 

energies and structural parameters are collected in Table 5.5.1. 



Table 5.5.1 Complex formation energies (∆E) and Gibbs free energies (∆G) in kcal/mol, 

geometrical parameters (bond length in Å/Wiberg Bond Indicies), NPA partial charges of Pn (q) 

in electrons and net charge transfer in electrons (∆q) at the ωB97XD/def2-TZVP level. 

 The complex formation energy leading to adduct 5.2 is –26.2 kcal/mol (calculated with 

respect to the isolated carbene and diphenyl bismuth chloride). This value is greater than the values 

of –35.9 to –44.6 kcal/mol reported for NHC and CAAC complexes of PhBiCl2,
110 a stronger 

Lewis acid owing to the presence of two chlorine atoms instead of one in Ph2BiCl. This agrees 

nicely with the observations above on the solid-state structures, which revealed rather long NHCC–

Pn bonds as a result of a weaker interaction. Compared to 5.2, the antimony analogue 5.1 is slightly 

less stable (ΔE = –23.9 kcal/mol), explainable by the weaker electron pair accepting property of 

antimony than that of bismuth. The same phenomenon is observed for the NHC–Ph2PnPCO 

Compound 1 2 NHC–

SbPh2PCO 

NHC–

BiPh2PCO 

3 4 

∆E –23.9 –26.2 –19.2 –21.5 –29.7 –29.2 

∆G –9.4 –11.7 –3.0 –7.1 –12.4 –12.0 

d(Pn–Ccarbene/C–

Ccarbene) 

2.572 2.715 2.638 2.801 1.513 1.513 

WBI(Pn–Ccarbene/C–

Ccarbene) 

0.37 0.31 0.32 0.26 0.93 0.93 

q(Pn) 1.182 1.246 1.058 1.121 0.899 0.936 

∆q 0.235 0.202 0.226 0.186 0.755 0.751 



complexes, which are assumed as possible intermediates during the replacement of the chlorides 

of 5.1 and 5.2 by phosphaethynolate anion. However, the phosphaketene complexes are 

destabilized compared to their chloro analogues, due to the lower electronegativity of P compared 

to Cl. Indeed, the partial charge at the Bi center in the uncomplexed Ph2BiPCO and Ph2BiCl is 

+1.010 and +1.226 e, respectively, in line with the lower Lewis acidity of the former compared to 

the latter. The reduced stability of the phosphaketene complexes compared to analogous chloro-

complexes is accompanied by the weakening of the NHCC–Pn bonds: these bonds are longer and 

their Wiberg Bond Indices (WBI) accounting for the covalent character are lower, thus the net 

charge transfer is smaller. The LUMO of Ph2BiPCO (Figure 5.5.1) shows main contributions both 

at the Bi center and the carbon atom of the PCO moiety, explaining why this species may be 

complexed either at Bi or on the phosphaketenyl carbon center. The rearranged phosphaketene 

carbene adducts 5.3 and 5.4, in which the carbene is coordinated to the PCO carbon atom, are 

significantly more stable than the Pn-coordinated analogues. Thus, the driving force for the 

carbene migration is the formation of stronger a C–C bond instead of a dative C–Pn bond. These 

C–C bonds show a high covalent character (WBI: 0.93) and remarkable net charge transfer from 

the carbene to the PCO moiety of Δq = 0.751 and 0.755, meaning that the carbenic unit possesses 

a large partial positive charge. Furthermore, the WBIs of PC/CO bonds (1.41/1.48 and 1.42/1.47 

for 5.3 and 5.4, respectively) indicate delocalization in the PCO fragment. Hence, the structure of 

the C-coordinated Ph2PnPCO adducts 5.3 and 5.4 can be best described as a superposition of two 

zwitterionic resonance structures shown in Figure 5.5.2A. We also studied the electronic structure 

and bonding of the cationic fragment of compound 5.5. Even though [OCP(NHC)2]
+ can be 

regarded formally as an adduct of a cationic OCP+ unit and two carbenes, the NPA charges and 

WBI values suggest rather a description shown in Figure 5.5.2B. While the sum of charges in the 



OCP core is –0.375e, both NHC fragments possess high partial charges of 0.804 and 0.571 e. The 

WBI of the P–C(carbene) and C–C(carbene) bonds of 0.93 indicate covalent character, and the 

PC/CO bonds show a delocalization in the OCP moiety. The bis-zwitterionic charge distribution 

of the [OCP(NHC)2]
+ cation is also visible on the molecular electrostatic potential shown in Figure 

5.5.3. 

Figure 5.5.1 LUMO and HOMO of Ph2BiPCO. 

 

Figure 5.5.2 Resonance structures for compounds 5.3 / 5.4 (A) and the cation of 5.5 (B). 



 

Figure 5.5.3 Molecular electrostatic potential for the cationic moiety of 5.5. 

 We also aimed to understand the formation of the Ph2PnPnPh2 dimers and compound 5.5; 

therefore, we investigated possible reaction mechanisms by means of DFT. As the reactivity of 5.3 

and 5.4 are rather similar, we focused on the bismuth analogue. Because this reaction proceeds in 

C6D6, the gas phase approximation seems to be appropriate without solvent effects. In the 

following, we discuss the energies obtained at the ωB97XD/def2-SVP level. 

 The formation of the tetraphenyldibismuthine may indicate a radical mechanism, in which 

the first step would be the homolytic dissociation at the P–Bi bond of adduct 5.4, or alternatively, 

the free Ph2BiPCO. However, both reactions are highly endothermic (ΔH = 53.0 and 51.7 kcal/mol, 

respectively); thus, they are unlikely to happen even at higher temperature. We considered further 



alternative pathways, and a plausible mechanism is presented in Figure 5.5.4. The first step of the 

reaction is the partial dissociation of adduct 5.4, resulting in the free carbene and Ph2BiPCO. This 

reaction is rather endothermic and proceeds via an activation barrier of 27.9 kcal/mol, resulting in 

a weakly bound complex of NHC and Ph2BiPCO at the energy of 27.2 kcal/mol. Even though this 

reaction is likely shifted towards the side of the starting adduct, the formation of small amounts of 

free carbene is expected, especially if the entropy factor is taken into account (dissociation Gibbs 

free energy: 12.0 kcal/mol). This is further supported by the experimental observation of 

uncoordinated NHC during the reaction. The second step of the reaction is an attack of the free 

carbene onto the P center of adduct 5.4, delivering the contact ion pair of the [OCP(NHC)2]
+ cation 

with a diphenyl bismuthide ([BiPh2]
–) counter anion. The nucleophilic substitution at the 

phosphaketene P center is known in the literature, and it has been shown that the attack of Lewis 

bases (LB) on the phosphorus center of phosphanyl phosphaketenes R–P=C=O results in the 

adduct R–P–LB and carbon monoxide. In our case, however, the C of the PCO unit is occupied by 

the carbene fragments; thus, the decarbonylation is hampered. Instead, the bismuthide anion is 

released in a practically thermoneutral reaction (ΔE = 2.4 kcal/mol). Since all of our attempts to 

locate the transition state of step 2 failed, we performed a relaxed optimization scan connecting 

the structures at the two sides of the equation and estimated a barrier of 12.6 kcal/mol via this 

approach. Thus, based on the low barrier and negligible reaction energy, step 2 is most likely 

reversible. The thermodynamic sink is obtained in reaction step 3, which is strongly exothermic 

with a reaction energy of ∆E = –31.7 kcal/mol (in a practically barrier-less process). In this final 

step, the attack of the [BiPh2]
– anion at the Bi center of Ph2BiPCO formed in step 1 delivers the 

dibismuthine Ph2BiBiPh2 as well as the [OCP]– anion for compound 5.5. 



Figure 5.5.4 Proposed mechanism for the formation of [NHC2OCP]+[OCP]–. 

5.6 Summary of Sb and Bi Thermal Reduction Chemistry 
 

 We initially found that the reaction of Ph2PnCl with Na[OCP] results in the formation of 

tetraphenyldistibine or tetraphenyldibismuthine. We therefore prepared NHC supported antimony 

and bismuth complexes with Pn–Cl bonds and explored their reactivity with Na[OCP] in order to 

support the Pn–P=C=O moiety. In both cases, the NHC transfers from the pnictogen center to the 

phosphaketene carbon atom. The crystal structures of these two OCP complexes reveal significant 

metal-metal interactions. Heating the NHC–phosphaketene adducts 5.3 and 5.4 results in a formal 

reduction at the pnictogen center, PnIII to PnII, resulting in the formation of either 

tetraphenyldistibine or tetraphenylsibismuthine and a bis-carbene supported phosphaethynium salt 

(5.5). Notably, compound 5.5 represents the first example of an ionic compound where the cation 

and anion each possess an OCP unit. This result contrasts with the chemistry observed for the 



group 14 (Sn and Ge) analogues, which undergo decarbonylation to yield phosphinidenyl species, 

and further demonstrates the utility of the 2-phosphaethynolate ion as a reductant.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 1: Experimental 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 Synthetic Procedures 

Synthesis of Compound 2.5 To a 100 mL Schlenk flask bis(1-isopropyl-3-methyl-benzimidazol-

2-ylidene)methane (1.00 grams, 2.77 mmol) was stirred in dry benzene (25 mL). A solution of 

(Et2O)2BeCl2 (633 mg, 2.77 mmol) dissolved in benzene (10 mL) was added dropwise to the 

stirring solution, which formed a yellow precipitate immediately upon addition. After filtration 

and drying in vacuo, compound 2.5 was isolated as an air- and moisture-sensitive yellow solid 

(1.18 g, 97% yield). Yellow block-shaped crystals suitable for a single crystal X-Ray diffraction 

were obtained from a DCM/hexanes mixture (1:1) at −37 °C. 1H NMR (500.13 MHz, CD2Cl2, 

298K) δ 7.45-7.44 (m, 2H, Hortho-Ph-N-ipr), 7.24-7.15 (m, 6H, Aryl), 4.73-4.68 (m, 2H, 

CH(CH3)2), 3.24 (s, 6H, N-CH3), 1.64-1.56 (dd, 12H, CH(CH3)2); 
13C NMR (800.13 MHz, 

CD2Cl2) δ 160.34 (Carbone), 134.59, 131.40, 122.98, 112.03, 109.56, 51.68, 32.82, 20.55, 20.21; 

9Be NMR (600 MHz, ,CD2Cl2) δ 11.39. m.p.: decomposes at 170 °C. 

Synthesis of Compound 2.6 A suspension of compound 2.5 (200 mg, 0.454 mmol) was stirred in 

dry toluene (5 mL). A solution of potassium bis(trimethylsilyl)amide (75.4 mg, 0.378 mmol) in 

dry toluene (5 mL) was added dropwise to the stirring suspension. Upon addition, a yellow product 

went into solution. The reaction mixture was stirred for 15 minutes. After filtering and drying in 

vacuo, compound 6 was obtained as an air- and moisture-sensitive yellow solid (161 mg, 75.3 % 

yield). Yellow block-shaped crystals suitable for X-ray diffraction were obtained from a 

hexanes/toluene (3:1) mixture at room temperature. 1H NMR (500.13 MHz, C6D6, 298K) δ 6.97-

6.95 (m, 2H, Aryl), 6.92-6.86 (m, 4H, Aryl), 6.53-6.52 (m, 2H, Aryl), 4.80 (m, 2H, CH(CH3)2), 

2.75 (s, 6H, N-CH3), 1.40 (d, 6H, C(CH3)2), 1.25 (d, 6H, C(CH3)2), 0.57 (d, 18H, N[Si(CH3)3]2); 

13C NMR (800.13 MHz, C6D6) δ 160.81 (Carbone), 134.24, 131.09, 128.19, 122.15, 111.10, 

108.66, 50.15, 32.23, 20.12, 19.60, 6.53; 9Be NMR (600 MHz, C6D6) δ 10.41. m.p.: 65-69 °C. 



Synthesis of Compound 2.7 (CDC)BeCl2 (100 mg, 0.227 mmol) was suspended in dry toluene 

and stirred. LiBH4 (9.9 mg, 0.454 mmol) was added to the stirring suspension. The reaction was 

stirred vigorously for 16 hours. After the filtration, the yellow solution was concentrated in vacuo. 

The concentrated solution was stored at −37 °C and yellow block-like crystals suitable for X-Ray 

diffraction formed after three days.  

Synthesis of Compound 2.8 (CDC)BeCl2 (106 mg, 0.24 mmol) was suspended and stirred in dry 

toluene. An ether solution of 1.6M methyl lithium (0.3 mL, 0.48 mmol) was added slowly to the 

stirring suspension. As a result of ether competition, free CDC ligand was produced in during the 

reaction. Therefore, CDC ligand was removed by complexing with (Et2O)2BeCl2 to form 

compound 2.8, which is insoluble in toluene. After filtering to remove compound 2.8 and drying 

the filtrate in vacuo, compound 7 was produced as an air- and moisture-sensitive yellow solid. 

Crystals suitable for X-ray diffraction were obtaind from a concentrated benzene solution. 1H 

NMR (500.13 MHz, C6D6, 298K) δ 6.95-6.94 (m, 2H, Aryl), 6.92-6.86 (m, 4H, Aryl), 6.47-6.45 

(m, 2H, Aryl), 4.91 (septet, 2H, CH(CH3)2), 2.47 (s, 6H, N-CH3), 1.48 (d, 6H, CH(CH3)2), 1.22 

(d, 6H, CH(CH3)2), 0.08 (s, 6H, Be-CH3). 

Synthesis of Compound 2.9 Compound 2.5 (178 mg, 0.404 mmol) was suspended in dry toluene 

(5 mL) and stirred vigorously. A dry toluene (5 mL) solution of potassium bis(trimethylsilyl)amide 

(161 mg, 0.808 mmol) was added dropwise to the stirring suspension, a product was formed in 

solution upon addition. Free CDC ligand is produced during the reaction and cannot be removed 

by washing or extraction due to the solubility of compound 7. Therefore, CDC ligand was removed 

by complexing with (Et2O)2BeCl2 (19.4 mg, 0.085 mmol) to form compound 5, which is insoluble 

in toluene. After filtering to remove compound 5 and drying the filtrate in vacuo, compound 7 was 

produced as an air- and moisture-sensitive yellow solid (109.8 mg, 51.4% yield). Yellow rod-



shaped crystals suitable for X-ray diffraction were obtained at −37 °C from a hexanes/toluene 

mixture (10:1). 1H NMR (800.13 MHz, C6D6, 298K) δ 7.15-7.14 (m, 1H, Aryl), 7.08-7.06 (m, 2H, 

Aryl), 6.92-6.89 (m, 4H, Aryl), 6.58 (m, 1H, Aryl), 5.57 (m, 1H, CH(CH3)2), 3.35 (m, 1H, 

CH(CH3)2), 2.85 (s, 3H, N-CH3), 2.76 (d, 1H, Be-CHH-N), 2.61 (d, 1H, Be-CHH-N), 2.95 (d, 3H, 

CH(CH3)2), 1.18 (d, 3H, CH(CH3)2), 1.03 (d, 3H, CH(CH3)2), 0.68 (d, 3H, CH(CH3)2), 0.33 (s, 

18H, N[Si(CH3)3]2); 
13C NMR (800.13 MHz, C6D6)  δ 164.38, 160.14, 138.58, 133.77, 133.47, 

131.38, 122.78, 122.38, 122.22, 119.14, 111.41, 110.33, 108.96, 108.42, 49.69, 49.02, 33.71, 

31.56, 21.42, 21.29, 20.20,19.12, 5.31, 1.46; 9Be NMR (600 MHz, C6D6) δ 17.73. m.p.: 183-185 

°C. 

Synthesis of Compound 2.10 To a 20 mL scintillation vial (carbodicarbene)-

(hexamethyldisilazide)beryllacycle (7) (558 mg, 1.055 mmol) was stirred in dry toluene (5 mL). 

A solution of (Et2O)2BeCl2 (132 mg, 0.633 mmol) in toluene was added to the stirring solution. 

After filtration and drying in vacuo, compound 2.10 was isolated as an air- and moisture-sensitive 

yellow solid (324 mg, 76% yield). Yellow block-shaped  (crystals suitable for a single crystal X-

Ray diffraction were obtained from a toluene/hexanes mixture (5:1) at −37 °C. 1H NMR (500.13 

MHz, C6D6, 298K) δ 7.07 (m, 1H, Aryl), 7.02 (m, 2H, Aryl), 6.90 (m, 4H, Aryl), 6.52 (m, 1H, 

Aryl), 5.58 (hept, J =7.1 Hz, 1H, N-CH(CH3)2), 3.31 (hept, J =7.1 Hz, 1H, N-CH(CH3)2), 2.85 (d, 

J = 15 Hz, 1H, N-CHH-Be), 2.78 (d, J =15 Hz, 1H, N-CHH-Be), 2.59 (s, 3H, N-CH3), 1.82 (d, J 

=7.1 Hz, 3H, CH(CH3)2), 1.09 (d, J=7.0 Hz, 3H, CH(CH3)2), 0.99 (d, J =7.1 Hz, 3H, CH(CH3)2), 

0.74 (d, J =7.0 Hz, 3H, CH(CH3)2). 
13C NMR (151 MHz, C6D6, 298K) δ 164.9 (Carbone), 159.1, 

137.7, 133.5, 132.9, 130.9, 122.3, 122.1, 121.8, 118.9, 111.3, 110.1, 108.9, 108.1, 49.5, 48.9, 31.8, 

31.2, 20.8, 20.5, 19.7, 18.9. 9Be NMR (84.28 MHz, ,C6D6, 298K) δ 18.2. m.p.: decomposed at 174 

°C. 



Synthesis of Compound 2.11 A suspension of compound 2.10 (50 mg, 0.124 mmol) in dry toluene 

(5 mL). A solution of Et2CAAC (39 mg, 0.124 mmol) in dry toluene (5 mL) was added to the 

stirring suspension. Upon addition, a yellow product went into solution. The reaction mixture was 

stirred for 15 minutes. After filtering, drying in vacuo and triturating with hexanes, compound 2.11 

was obtained as an air- and moisture-sensitive yellow solid (75 mg, 84 % yield). Yellow block-

shaped crystals suitable for X-ray diffraction were obtained from a saturated toluene solution at 

room temperature. 1H NMR (500.13 MHz, C6D6, 298K) δ 7.44 (m, 1H, Aryl), 7.29 (m, 4H, Aryl), 

7.01 (m, 1H, Aryl), 6.90 (m, 2H, Aryl), 6.80 (m, 1H, Aryl), 6.72 (m, 1H, Aryl), 6.53 (m, 1H, Aryl), 

5.73 (hept, J = 6.7 Hz, 1H, N–CH(CH3)2), 4.96 (hept, J = 6.7 Hz, 1H, Dipp-CH(CH3)2), 4.79 (hept, 

J = 6.4 Hz, 1H, Dipp-CH(CH3)2), 4.55 (d, J = 12.6 Hz, 1H, N-CHH-CR2Be), 3.52 (d, J = 12.6 Hz, 

1H, N-CHH-CR2Be), 3.10 (hept, J = 6.7 Hz, 1H, N–CH(CH3)2), 2.98 (d, J = 13.1 Hz, 1H, Et2RC–

CHH–CNMe2), 2.73 (m, 1H, R2C(CHH–CH3)2), 2.25 (d, J = 13.1 Hz, 1H, Et2RC–CHH–CNMe2), 

2.19 (m, 1H, R2C(CHH–CH3)2), 2.07 (m, 1H, R2C(CHH–CH3)2), 1.99 (m, 1H, R2C(CHH–CH3)2), 

1.97 (d, , J = 6.9 Hz, 3H, CH(CH3)2), 1.73 (s, 3H, R2C(CH3)2), 1.56 (d, J = 6.7 Hz, 3H, CH(CH3)2), 

1.52 (d, J = 6.7 Hz, 3H, CH(CH3)2), 1.47 (d, J = 6.5 Hz, 3H, CH(CH3)2), 1.39 (s, 3H, R2C(CH3)2), 

1.15 (t, J = 7.5 Hz, 3H, R2C(CH2–CH3)2), 1.10 (d, J = 6.9 Hz, 3H, CH(CH3)2), 0.98 (d, J = 7.0 Hz, 

3H, CH(CH3)2), 0.87 (d, J = 6.8 Hz, 3H, CH(CH3)2), 0.74 (t, J = 7.5 Hz, 3H, R2C(CH2–CH3)2), 

0.64 (d, J = 7.0 Hz, 3H, CH(CH3)2). 
13C NMR (151 MHz, C6D6) δ 161.6 (carbone), 157.6, 154.8, 

154.4, 141.0, 136.2, 133.1, 131.6, 130.7, 126.0, 124.6, 124.5, 123.1, 122.8, 122.0, 120.0, 112.5, 

110.1, 109.4, 108.4, 74.3, 59.9, 52.0, 51.1, 51.0, 49.0, 48.6, 31.5, 31.1, 31.0, 30.4, 28.2, 27.7, 27.4, 

27.0, 24.7, 23.7, 22.8, 22.7, 19.6, 19.5, 19.4, 10.2, 9.6. 9Be NMR (84.28 MHz, C6D6, 298K) δ 14.0. 

m.p.: 179-180 °C. 



Synthesis of Compound 2.12 Compound 2.10 (50 mg, 0.124 mmol) was suspended in dry toluene 

(5 mL) and stirred vigorously. A dry toluene (5 mL) solution of sIPr (22.3 mg, 0.124 mmol) was 

added to the stirring suspension Upon addition, a yellow product went into solution. After drying 

the filtrate in vacuo, compound 2.12 was isolated as an air- and moisture-sensitive yellow solid 

(68 mg, 94% yield). Yellow crystals suitable for X-ray diffraction were obtained from a toluene 

mixture at −37 °C prior to purification. 1H NMR (500.13 MHz, CD2Cl2, 298K) δ 7.36 (m, 1H, 

Aryl), 7.20 (m, 5H, Aryl), 7.04 (m, 2H, Aryl), 6.91 (m, 1H, Aryl), 5.37 (hept, J = 6.5 Hz, 1H, N–

CH(CH3)2), 5.22 (hept, J = 6.8 Hz, 1H, N–CH(CH3)2), 3.78 (hept, J = 6.7 Hz, 1H, N–CH(CH3)2), 

3.42 (s, 3H, N–CH3), 2.36 (s, 2H, N-CH2-Be), 2.18 (s, 6H, C(backbone)–CH3), 1.64 (d, J = 7.0 

Hz, 2H, N–CH(CH3)2), 1.41 (d, J = 7.0 Hz, 2H, N–CH(CH3)2), 1.28 (m, 12H, (sIPr–N–CH(CH3)2), 

1.24 (d, J = 7.1 Hz, 2H, N–CH(CH3)2), 1.20 (d, J = 6.4 Hz, 2H, N–CH(CH3)2). 
13C NMR (151 

MHz, C6D6, 333K) δ 181.5(carbene), 162.8(carbone), 138.8, 135.3, 123.8, 121.5, 121.1, 120.4, 

118.5, 109.6, 108.0, 49.1, 35.7, 22.0, 20.6, 20.3, 19.6, 19.2, 9.8. 9Be NMR (84.28 MHz, C6D6, 

333K) δ 5.3. m.p.: decomposes at 165 °C, further melts at 192-196 °C. 

Chapter 3 Synthetic Procedures 

Synthesis of Compound 3.19 To a 100 mL round bottom flask, (Et2O)2BeCl2 (63.2 mg, 0.277 

mmol) was suspended dry THF. 1,3-diisopropyl-4,5-dimethylimidizol-2-ylidine (100 mg, 0.554 

mmol) was dissolved in dry THF and added to the stirring suspension. The reaction was allowed 

to stir for 1 hour before filtration to obtain a crude solid. After subsequent filtration drying in 

vacuo, compound 3.19 was obtained white air- and moisture- sensitive solid (103 mg, 84% yield). 

Colorless block-like crystals suitable for X-Ray diffraction were obtained from a THF/Hexanes 

mixture at −37 °C. 1H NMR (800.13 MHz, C6D6, 298K) δ 6.34 (Br, 4H, CH(CH3)2), 1.69 (s, 12H, 



C-CH3), 1.20 (d, 24H, CH(CH3)2); 
13C NMR (800.13 MHz, C6D6, 298K) δ 177.75, 124.37, 50.33, 

21.67, 10.16 

Synthesis of Compound 3.20 To a 20 mL scintillation vial, lithium diisopropylphenoxide (83.6 

mg, 0.454 mmol) was added and stirred in dry THF. A slurry of compound 1 (100 mg, 0.227 

mmol) in dry THF was added to the stirring suspension. The reaction was allowed to stir for 18 

hours. After filtration, the crude solid was washed with hexanes to remove uncoordinated sIPr 

ligand. Compound 2 was obtained as a white solid after drying in vacuo for 1 hour (42 mg, 34% 

yield). Colorless rod-shaped crystals suitable or X-Ray diffraction were obtained from a toluene 

solution at −37 °C. 1H NMR (800.13 MHz, C6D6, 298K) δ 7.20 (d, 4H, Hmeta-2,6-

diisopropylphenyl), 6.98 (t, 2H, Hpara-2,6-diisopropylphenyl), 4.87 (Br, 2H, N-CH(CH3)2), 3.55 

(hept, J = 6.7 Hz), 4H, C-CH(CH3)2), 1.44 (s, 6H, C-CH3), 1.28 (d, J = 6.8 Hz, 24H, C-CH(CH3)2), 

1.25 (d, J = 6.8 Hz, 12H, N-CH(CH3)2); 
13C NMR (201.19 MHz, C6D6, 298K) δ 156.16, 136.74, 

128.35, 123.13, 117.94, 52.12, 27.85, 23.64, 22.12, 9.41; 9Be NMR (84.28 MHz, C6D6) δ 3.14. 

Synthesis of Compound 3.21 To a 20 mL vial, a slurry of compound 3.19 (200 mg, 0.554 mmol) 

was added to a stirring suspension of sodium ethoxide (31 mg, 0.554 mmol) in dry THF. The 

reaction was allowed to stir for two days before dying in vacuo. The resulting white crude solid 

was washed with hexanes, then extracted with toluene. Colorless crystals of compound 3.21 were 

obtained from a toluene solution at −37 °C. 1H NMR (500.13 MHz, C6D6, 298K) δ 6.46 (hept, J = 

7.0 Hz, 4H, N-CH(CH3)2), 4.30 (m, 4H, OCH2CH3), 3.96 (m, 4H, OCH2CH3), 1.71 (s, 12H, C-

CH3), 1.47 (t, J = 7.0 Hz, 6H, OCH2CH3), 1.44 (d, J = 7.0 Hz, 24H, C-CH(CH3)2). 

Synthesis of Compound 3.26 To a 20 mL scintillation vial, (Et2O)2BeCl2 (292 mg, 1.28 mmol) 

was stirred in dry toluene (5 mL). A solution of SIPr (500 mg, 1.28 mmol) dissolved in toluene (5 

mL) was added dropwise to the stirring solution, which formed a white precipitate immediately 



upon addition. After filtration and drying in vacuo, compound 3.26 was isolated as an air- and 

moisture-sensitive yellow solid (505 mg, 84% yield). Colorless plate-like crystals suitable for X-

Ray diffraction were obtained from a saturated toluene solution at –37 °C.  1H NMR (500.13 MHz, 

C6D6, 298K) δ 7.13 (m, 2H, Hortho-Dipp), 7.03 (m, 4H, Hmeta-Dipp), 3.51 (s, 4H, CH2–backbone), 

3.26 (hept, J = 3.26 Hz, 4H, CH(CH3)2), 1.51 (d, 12H, CH(CH3)2), 1.11(d, 12H, CH(CH3)2);
 13C 

NMR (150.9 MHz, C6D6) δ 188.1 (Ccarbene), 146.9, 133.3, 130.3, 124.8, 53.8, 28.9, 26.1, 23.7; 9Be 

NMR (84.28 MHz, C6D6) δ 9.97. 

Synthesis of Compound 3.27 (Et2CAAC)BeCl2 (127.0 mg, 0.320 mmol) and Bpy (50.0 mg, 0.320 

mmol) were combined in a scintillation vial and dissolved in toluene, yielding a blue solution. KC8 

(95.2 mg, 0.704 mmol) was added while the solution was at r.t., and the vial was stirred at r.t. 

overnight. The resulting dark purple suspension was filtered, and the dark purple filtrate reduced 

to incipient recrystallization under vacuum and kept at -37 °C. The resulting dark purple solid were 

collected and washed with n-hexanes (2 mL) to yield the product as a dark purple solid (110.0 mg, 

72%). Single crystals suitable for X-ray diffraction were obtained from a saturated toluene/hexanes 

mixture at -37 °C. 1H NMR (500.13 MHz, C6D6, 298K) δ 7.27 (m, 2H, H-Bpy), 7.22 (m, 1H, Hpara-

Dipp), 7.10 (m, 2H, Hmeta-Dipp), 6.49 (m, 2H, H-Bpy), 6.14 (m, 2H, H-Bpy), 5.70 (m, 2H, H-Bpy) 

2.89 (hept, J = 2.89 Hz, 2H, CH(CH3)2-Dipp), 2.02 (m, 4H, CH2CH3), 1.54 (s, 2H, CH2(CAAC 

backbone)), 1.08 (m, 12H, CH3-Dipp(CAAC)), 0.92 (s, 6H, (CH3)2), 0.87 (t, J = 0.87 Hz, 

6H(CH3)2);
 13C NMR (150.9 MHz, C6D6) δ 246.0 (Ccarbene), 148.5, 140.1, 136.2, 129.6, 128.1, 

126.5, 125.4, 120.4, 114.3, 105.8, 78.6, 62.0, 43.5, 29.7, 29.4, 29.2, 25.4, 23.3, 9.7; 9Be NMR 

(84.28 MHz, C6D6) δ 4.80. 

Synthesis of Compound 3.28 Compound 3.26 (151.0 mg, 0.320 mmol) and Bpy (50.0 mg, 0.320 

mmol) were combined in a scintillation vial and dissolved in toluene, yielding a pink solution. KC8 



(95.2 mg, 0.704 mmol) was added while the solution was at r.t., and the vial was stirred at r.t. 

overnight. The resulting dark red suspension was filtered, and the dark red filtrate reduced to 

incipient recrystallization under vacuum and kept at -37 °C. The resulting dark red solid were 

collected and washed with n-hexanes (2 mL) to yield the product as a dark red solid (124.5 mg, 

70%). Single crystals suitable for X-ray diffraction were obtained from a saturated toluene/hexanes 

mixture at -37 °C.  1H NMR (500.13 MHz, C6D6, 298K) δ 7.04 (m, 6H, Aryl), 5.88 (m, 4H, Aryl), 

5.24 (m, 2H, Aryl), 3.36 (s, 4H, CH2–backbone), 3.11 (hept, J = 3.11 Hz, 4H, CH(CH3)2-Dipp), 

1.17 (d, J = 1.17 Hz, 12H, CH(CH3)2), 1.10 (d, J = 1.17 Hz, 12H, CH(CH3)2);
 13C NMR (150.9 

MHz, C6D6) δ 185.1(Ccarbene), 146.5, 138.3, 135.3, 129.9, 125.1, 122.6, 119.6, 112.1, 102.5, 54.4, 

28.9, 25.0, 23.2; 9Be NMR δ 4.50. 

Chapter 4 Synthetic Procedures 

Synthesis of Compound 4.7 In a scintillation vial, a mixture of [sIPrBiPh2Cl]2 (30 mg, 25.8 µmol) 

and AgSbF6 (18 mg, 51.6 µmol) were dissolved in CD2Cl2 and shaken. A white solid was removed 

by filtration. Colorless block-like crystals of [(sIPr)2Ag][SbF6] were obtained from the solution 

(See Figure A3S15). Spectral data matched previous reports for [(sIPr)2Ag]+.227-228 

Synthesis of Compound 4.8 A solution of sIPr (50 mg, 0.277 mmol) in THF was added to a 

solution of [BiPh2Cl]2 (221 mg, 0.277 mmol) in THF and stirred for 30 minutes at room 

temperature. Solvent was removed and under reduced pressure to afford a white solid. After 

washing with THF (3 x 2 mL) then drying in vacuo, compound 4.8 was obtained as a white solid 

(125 mg, 46% yield). Crystals suitable for X-ray diffraction were obtained from a THF/Hexanes 

(2:1) layered mixture. 1H NMR (500.13 MHz, THF-d8) δ 8.33 (br, 6H, Aryl), 7.43 (t, J = 7.4 Hz, 

8H, Aryl), 7.23 (t, J = 7.4 Hz, 4H), 4.60 (hept, J =6.8 Hz, 2H, N-CH(CH3)2), 2.20 (s, 6H, C-CH3), 



1.14 (d, J = 6.9 Hz, 12H, N-CH(CH3)2).
 13C NMR (201.19 MHz, THF-d8) δ 139.12 (br, CAryl), 

131.70 (CAryl), 128.17(br, CAryl), 55.72 (N-CH(CH3)2), 30.82 (N-CH(CH3)2), 22.14 (N-CH(CH3)2), 

10.52 (CAryl-CH3). Anal. Calcd for C35H40Bi2Cl2N2: C, 43.00; H, 4.12; N, 2.87%. Found: C, 43.37; 

H, 4.31; N, 2.89%. 

Synthesis of Compound 4.9 In a 20 mL scintillation vial, a mixture of SIPr (250 mg, 0.64 mmol) 

and Ph2BiCl (513 mg, 1.28 mmol) were dissolved in dry toluene and allowed to stir overnight. 

After filtration, SIPr[BiPh2Cl]2 was collected as a white solid (725 mg, 95% yield). Crystals 

suitable for X-ray diffraction were obtained from a THF/Hexanes (2:1) layered mixture. 1H NMR 

(800.13 MHz, CD2Cl2) δ 8.03 (br, 8H), 7.41 (br, 10H), 7.31 – 7.21 (m, 4H, Aryl), 7.18 (d, J = 7.7 

Hz, 4H, Aryl), 4.20 (s, 4H, CH2-backbone), 3.08 (hept, J = 6.4 Hz, 4H, CH(CH3)2-Dipp), 1.29 (d, 

J = 6.8 Hz, 12H, CH(CH3)2-Dipp), 1.09 (d, J = 6.8 Hz, 12H, CH(CH3)2-Dipp). 13C NMR (201.19 

MHz, CD2Cl2) δ 199.31 (Ccarbene), 146.16 (CAryl), 138.48 (CAryl), 133.54 (CAryl), 131.22 (CAryl), 

130.95 (CAryl), 127.61 (CAryl), 125.14 (CAryl), 55.04 (CH2-backbone), 29.17 (CH(CH3)2-Dipp), 

26.22 (CH(CH3)2-Dipp), 22.73 (CH(CH3)2-Dipp). Anal. Calcd for C51H58Bi2Cl2N2: C, 51.57; H, 

4.92; N, 2.36%. Found: C, 51.62; H, 5.07; N, 2.39%. 

Synthesis of Compound 4.10 A suspension of [(Ph2)BiCl]2 (254 mg, 0.317 mol) was stirred in 

toluene (5 mL) for 5 minutes in a 20 mL scintillation vial. A toluene solution of CAAC (100 mg, 

0.317 mol) was added to the stirring solution. The reaction was allowed to stir for 1 hour. After 

filtration and drying in vacuo, compound 5 was obtained as a white solid (300 mg, 85% yield). 

Colorless block-like crystals of 26 were obtained from a toluene/hexanes mixture at –37 °C. 1H 

NMR (800.13 MHz, CD2Cl2) δ 8.39 (br, 4H, Aryl), 7.87 (br, 3H, Aryl), 7.66 (t, J = 7.8 Hz, 1H, 

Dipp-Hpara), 7.49 (br, 9H, Aryl), 7.43 (d, J = 7.8 Hz, 2H, Dipp-Hmeta), 7.27 (br, 4H, Aryl), 2.75 

(hept, J = 6.6 Hz, 2H, Dipp-CH(CH3)2), 2.10 (s, 2H, C–CH2–C), 1.58-1.54 (m, 2H, (CH2CH3)2), 



1.49-1.44 (m, 2H, (CH2CH3)2), 1.47 (s, 6H, C(CH3)2),  1.36 (d, J = 6.5 Hz, 6H, CH(CH3)2-Dipp), 

1.12 (d, J = 6.7 Hz, 6H, CH(CH3)2-Dipp), 0.78 (t, J = 7.4 Hz, 6H, (CH2CH3)2). 
13C NMR (201.19 

MHz, CD2Cl2) δ 244.99 (Ccarbene), 183.90 (CAryl), 169.01 (CAryl), 144.50 (CAryl), 139.40 (CAryl), 

138.12 (CAryl), 131.13 (CAryl), 129.12 (CAryl), 127.07 (CAryl), 126.78 (CAryl), 85.72 (C(CH3)2), 68.63 

(C–CH2–C), 41.56 (C(CH2CH3)2), 31.40 (C(CH2CH3)2), 29.57 (CH(CH3)2-Dipp), 29.15 

(CH(CH3)2-Dipp), 27.06 (C(CH3)2),, 24.40 (CH(CH3)2-Dipp), 9.77 ((CH2CH3)2). Suitable 

elemental analysis could not be obtained due to decomposition of the sample during shipping; thus, 

purity was assessed by 1H and 13C NMR.  

Synthesis of Compound 4.11 (THF)Bi(Ph)Cl2 (222 mg, 0.555 mmol) was suspended in dry 

toluene and stirred for 10 minutes. An aliquot of THF was added to help solubilize 

(THF)Bi(Ph)Cl2. A solution of sIPr (100 mg, 0.555 mmol) in toluene was added to the stirring 

suspension. After stirring for 16 hours, the suspended white solid was obtained via filtration and 

dried in vacuo. Compound 27 was obtained in good yield (212 mg, 75% yield). Colorless rod-

shaped crystals suitable for X-ray diffraction were obtained from a supersaturated benzene solution 

at room temperature. 1H NMR (500.13 MHz, CD2Cl2) δ 9.20 (d, J = 7.6 Hz, 2H, Aryl), 7.79 (t, J 

= 7.5 Hz, 2H, Aryl), 7.45 (t, J = 7.6 Hz, 1H, Aryl), 4.95 (hept, J = 7.0 Hz, 2H, N-CH(CH3)2), 2.24 

(s, 6H, C-CH3), 1.36 (d, J = 7.0 Hz, 12H, N-CH(CH3)2). 
13C NMR (201.19 MHz, CD2Cl2) δ 185.64 

(Ccarbene), 185.03 (CAryl), 139.61 (CAryl), 132.91 (CAryl), 129.19 (CAryl), 128.76 (CAryl), 56.40 (N-

CH(CH3)2), 21.80 (N-CH(CH3)2), 10.89 (CAryl-CH3). Anal. Calcd for C17H25BiCl2N2: C, 38.00; H, 

4.69; N, 5.21%. Found: C, 38.22; H, 4.96; N, 5.45%. 

Synthesis of Compound 4.12 To a 20 mL scintillation vial, CDC (318 mg, 881 µmol) and 

(THF)BiPhCl2 (378 mg, 881 µmol) were added and stirred in THF. A yellow precipitate formed 

from solution. After stirring for 1 hour the reaction was filtered, then the yellow solid was dried in 



vacuo. (CDC)BiPhCl2 was obtained as a yellow (434 mg, 69% yield). Crystals suitable for X-ray 

diffraction were obtained from a THF/hexanes (1:2) layered mixture. 1H NMR (500.13 MHz, 

CD2Cl2) δ 8.45 (d, J = 7.8 Hz, 2H, Aryl), 7.55 (d, J = 7.4 Hz, 2H, Aryl), 7.30 (m, 6H, Aryl), 7.21 

(t, J = 7.7 Hz, 1H, Aryl), 7.01 (d, J = 8.6 Hz, 2H, Aryl), 5.22 (hept, 2H, N-CH(CH3)2), 3.16 (s, 6H, 

N-CH3), 1.61 (d, J = 6.1 Hz, 12H, N-CH(CH3)2).
 13C NMR (201.19 MHz, CD2Cl2) δ 189.31 

(Ccarbone), 158.29 (Ccarbene), 139.82 (CAryl), 133.95 (CAryl), 131.00 (CAryl), 130.54 (CAryl), 128.19 

(CAryl), 124.04 (CAryl), 113.39 (CAryl), 110.65 (CAryl), 93.79 (CAryl), 51.54 (N-CH(CH3)2), 33.45 (N-

CH3), 21.62 (N-CH(CH3)2). Anal. Calcd for C29H33N4BiCl2: C, 48.55; H, 4.64; N, 7.81%. Found: 

C, 48.18; H, 4.58; N, 7.52%. 

Synthesis of Compound 4.13 To a 20 mL scintillation vial, (CDC)BiPhCl2 (100 mg, 139 µmol) 

was added and stirred in THF. A solution of AgSbF6 (48 mg, 139 µmol) in THF was added to the 

stirring suspension, a white precipitate attributed to AgCl formed from solution. Crystals suitable 

for X-ray diffraction were obtained from a THF/hexanes (1:1) layered mixture (100 mg, 78% 

yield). 1H NMR (800.13 MHz, THF-d8) δ 8.09 (d, J = 7.3 Hz, 0H), 7.76 (d, J = 7.7 Hz, 2H, Aryl), 

7.43 (t, J = 7.4 Hz, 2H, Aryl), 7.36–7.30 (m, 4H, Aryl), 7.28 (d, J = 7.6 Hz, 2H, Aryl), 7.22 (t, J = 

7.5 Hz, 1H, Aryl), 5.03 (br, 2H, N-CH(CH3)2), 3.26 (s, 6H, N-CH3), 1.60 (d, 12H, N-CH(CH3)2).
 

13C NMR (201 MHz, THF-d8) δ 191.63 (Ccarbone), 159.52 (Ccarbene), 138.58 (CAryl), 134.34 (CAryl), 

132.25 (CAryl), 130.82 (CAryl), 129.45 (CAryl), 125.13 (CAryl), 125.10 (CAryl), 114.26 (CAryl), 112.02 

(CAryl), 52.47 (N-CH(CH3)2), 33.32 (N-CH3), 21.44, 21.09 (N-CH(CH3)2). Anal. Calcd for 

C29H33N4ClF6BiSb: C, 37.95; H, 3.62; N, 6.10%. Found: C, 37.99; H, 3.86; N, 6.08%.  

Synthesis of Compound 4.14 To a 20 mL scintillation vial, (CDC)BiPhCl2 (300 mg, 418 µmol) 

was added and stirred in DCM. A solution of AgSbF6 (288 mg, 837 µmol) was added to the stirring 

solution, a white precipitate attributed to AgCl formed from solution. Crystals suitable for X-ray 



diffraction were obtained from a DCM/hexanes (1:1) layered mixture at –37 °C (200 mg, 43% 

yield). 1H NMR (500.13 MHz, THF-d8) δ 8.04 (d, J = 7.9 Hz, 2H, Aryl), 7.94 (d, J = 7.8 Hz, 2H, 

Aryl), 7.76 (t, J = 7.7 Hz, 2H, Aryl), 7.56 (d, J = 5.8 Hz, 2H, Aryl), 7.52 – 7.46 (m, 4H, Aryl), 

7.44 (t, J = 8.1 Hz, 2H, Aryl), 4.57 (br, 2H, N-CH(CH3)2), 3.60 (br, 6H, N-CH3), 1.53 (br, 12H, 

N-CH(CH3)2).
 13C NMR (201.19 MHz, THF-d8) δ 209.74 (Ccarbone), 159.85 (Ccarbene), 147.96 

(CAryl), 137.99 (CAryl), 134.44 (CAryl), 133.89 (CAryl), 131.18 (CAryl), 130.33 (CAryl), 126.62 (CAryl), 

126.50 (CAryl), 115.06 (CAryl), 113.37 (CAryl), 53.03 (N-CH(CH3)2), 33.25 (N-CH3), 20.97 (N-

CH(CH3)2). Anal. Calcd for C29H33N4F12BiSb2: C, 31.15; H, 2.98; N, 5.01%. Found: C, 31.04; H, 

3.20; N, 4.93%. 

Synthesis of Compound 4.15 To a 20 mL scintillation vial, CDC (200 mg, 555 µmol) and BiBr3 

(250 mg, 555 µmol) were added and stirred in THF. The solution turned red and a red solid 

precipitated from solution. After filtration and drying in vacuo, [(CDC)BiBr3]2 was obtained as a 

red solid (388 mg, 86% yield). Red single crystals suitable for Xray diffraction were obtained from 

a THF/hexanes layered mixture at –37 °C. 1H NMR (500.13 MHz, CD2Cl2) δ 7.60 (d, J = 8.7 Hz, 

2H, Aryl), 7.38 (m, J = 7.4 Hz, 6H, Aryl), 5.01 (hept, J = 6.7 Hz, 2H, N-CH(CH3)2), 3.89 (s, 6H, 

N-CH3), 1.63 (d, J = 7.0 Hz, 12H, N-CH(CH3)2).
 13C NMR (201.19 MHz, CD2Cl2) δ 159.03 

(Ccarbene), 133.76 (CAryl), 130.35 (CAryl), 124.73 (CAryl), 113.71 (CAryl), 111.08 (CAryl), 51.63 (N-

CH(CH3)2), 33.72 (N-CH3), 22.07 (N-CH(CH3)2). Anal. Calcd for C29H33N4F12BiSb: C, 34.14; H, 

3.49; N, 6.92%. Found: C, 33.57; H, 3.50; N, 6.86%. Despite multiple EA trials with compound 

4.15, the C always deviated from the acceptable standard deviation. 

Synthesis of Compound 4.16 To a 20 mL scintillation vial, [CDCBiBr3]2 (100 mg, 124 µmol) 

was stirred in THF (5 mL). A THF solution of AgSbF6 (42 mg, 124 µmol) was added slowly to 

the stirring solution. Upon addition, the solution turned dark red and the reaction was allowed to 



stir for 30 minutes. After filtration, the dark red solution was layered with hexanes and red needle-

like crystals of compound 4.16 were obtained within 24 hours (80 mg, 67% yield). 1H NMR 

(800.13 MHz, CD2Cl2) δ 7.63 (d, J = 8.1 Hz, 2H, Aryl), 7.45 (m, 2H, Aryl), 7.44–7.39 (m, 2H, 

Aryl), 4.68 (hept, J = 6.7 Hz, 2H, N-CH(CH3)2), 3.89 (s, 6H, N-CH3), 3.73–3.46 (m, 8H, THF), 

1.90–1.69 (m, 8H, THF), 1.55 (d, J = 6.9 Hz, 12H, N-CH(CH3)2).
 13C NMR (201.19 MHz, CD2Cl2) 

δ 159.06 (Ccarbene), 133.39 (CAryl), 129.97 (CAryl), 125.62 (CAryl), 125.58 (CAryl), 114.05 (CAryl), 

111.81 (CAryl), 68.34 (THF), 52.17 (N-CH(CH3)2), 33.68 (N-CH3), 26.13 (THF), 21.74 (N-

CH(CH3)2). Anal. Calcd for C31H44BiSbBr2F6N4O2: C, 33.57; H, 4.00; N, 5.05%. Found: C, 33.23; 

H, 3.90; N, 5.29%. 

Synthesis of Compound 4.17 To a 20 mL scintillation vial, [CDCBiBr3]2 (500 mg, 61.8 µmol) 

was stirred in DCM (5 mL) with an aliquot of THF. A solution of Silver 

bis(trifluoromethylsulfonyl)imide AgNTf2 (480 mg, 124 µmol) in DCM was added slowly to the 

stirring suspension. Upon addition, the solution turned dark red and the reaction was allowed to 

stir for 5 minutes. The solvent was then removed under reduced pressure to give compound 4.17 

as a dark red solid (550 mg, 56% yield). After filtration, the dark red solution was layered with 

Hexanes and cooled to –37 °C. Red plate-like crystals were obtained in 24 hours. 1H NMR (500.13 

MHz, CD2Cl2) δ 7.73 (d, J = 8.2 Hz, 2H, Aryl), 7.63 (d, J = 8.1 Hz, 2H, Aryl), 7.59 – 7.48 (m, 4H, 

Aryl), 4.54 (br, 2H, N-CH(CH3)2), 4.16 (s, 6H, N-CH3), 3.77 – 3.68 (m, 12H, THF), 1.87 – 1.81 

(m, 12H, THF), 1.50 (d, J = 6.1 Hz, 12H, N-CH(CH3)2).
 13C NMR (201.19 MHz, CD2Cl2) δ 202.99 

(Ccarbone), 157.97 (Ccarbene), 132.87 (CAryl), 129.60 (CAryl), 127.02 (CAryl), 126.88 (CAryl), 121.01 (q, 

J = 320.7 Hz, CF3), 114.64 (CAryl), 112.84 (CAryl), 68.62 (THF), 52.54 (N-CH(CH3)2), 33.37 (N-

CH3), 26.14 (THF), 21.64 (N-CH(CH3)2). Suitable elemental analysis could not be obtained due 

to decomposition of the sample during shipping; thus, purity was assessed by 1H and 13C NMR. 



Synthesis of Compound 4.18 To a 20 mL scintillation vial, [CDCBiBr3]2 (50 mg, 30.9 µmol) and 

CDC (22 mg, 61.8 µmol) were added and stirred in 5 mL chlorobenzene. In the dark, solid AgNTf2 

(72 mg, 185 µmol) was added to the stirring solution, which resulted in an immediate color change 

of the solution from red to dark blue. After stirring for 1 hour the reaction mixture was filtered and 

dried in vacuo to give compound 4.18 as a dark blue solid (53 mg, 73% yield). Dark blue crystals 

of 4.18 suitable for X-ray diffraction were obtained from a chlorobenzene/hexanes (10:1) mixture 

at –37 °C. 1H NMR (800.13 MHz, CD2Cl2) δ 7.92 (m, 2H, Aryl), 7.79 (d, J = 8.3 Hz, 2H, Aryl), 

7.65 (t, J = 7.8 Hz, 2H, Aryl), 7.53 (m, 4H, Aryl), 7.44 (m, 2H, Aryl), 7.34 (m, 2H, Aryl), 6.55 (d, 

J = 8.3 Hz, 2H, Aryl), 5.58 (hept, J = 6.8 Hz, 2H, N-CH(CH3)2), 4.45 (hept, J = 6.4 Hz, 2H, N-

CH(CH3)2), 3.39 (s, 6H, N-CH3), 3.18 (s, 6H, N-CH3), 2.10 (d, J = 7.0 Hz, 6H), 1.77 (d, J = 6.6 

Hz, 6H), 1.77 (d, J = 6.9 Hz, 6H), 1.09 (d, J = 7.1 Hz, 6H). 13C NMR (201.19 MHz, CD2Cl2) δ 

160.67 (Ccarbene), 154.33 (Ccarbene), 133.24 (CAryl), 132.25 (CAryl), 130.63 (CAryl), 130.36 (CAryl), 

129.08 (CAryl), 128.62 (CAryl), 128.04 (CAryl), 127.30 (CAryl), 127.11 (CAryl), 126.72 (CAryl), 126.51 

(CAryl), 119.84 (q, J = 321.0 Hz, CF3), 114.95 (CAryl), 114.89 (CAryl), 112.58 (CAryl), 112.46 (CAryl), 

53.14 (N-CH(CH3)2), 52.17 (N-CH(CH3)2), 33.62 (N-CH3), 32.16 (N-CH3), 24.17 (N-CH(CH3)2), 

21.21 (N-CH(CH3)2), 20.69 (N-CH(CH3)2), 20.56 (N-CH(CH3)2). Anal. Calcd for 

C52H56BiF18N11O12S6: C, 35.28; H, 3.19; N, 8.70%. Found: C, 35.65; H, 3.27; N, 8.40%. 

Chapter 5 Synthetic Procedures 

Synthesis of Compound 5.1 To a 20 mL scintillation vial, Ph2SbCl (690 mg, 2.22 mmol) was 

added and stirred in toluene (5 mL).  A toluene solution (5 mL) of NHC (400 mg, 2.22 mmol) was 

added, then the reaction was allowed to stir for 1 hour. After the filtration, the crude solid was 

washed with hexanes, then dried in vacuo. Compound 1 was obtained as a white solid (925 mg, 

85%). Crystals suitable for X-ray diffraction studies were obtained from a toluene/hexanes mixture 



at –37 °C. 1H NMR (C6D6, 500.13 MHz): δ 8.17 (t, 4H, CHortho), 7.22 (t, 4H, CHmeta), 7.12 (t, 2H, 

CHpara), 4.69 (Br, 2H, CH(CH3)2), 1.56 (s, 6H, C(backbone)–CH3), 0.81 (s, 12H, CH(CH3)2). 

13C175 NMR (THF-d8, 201.193 MHz): δ 146.53, 136.50, 128.51, 128.23, 125.33, 52.34, 21.23, 

9.74. Anal. Calcd for C23H30N2SbCl: C, 56.18; H, 6.15; N, 5.70%. Found: C, 55.95; H, 6.22; N, 

5.68%.  

Synthesis of Compound 5.2 (Also referred to as 4.6) To a 20 mL scintillation vial, Ph2BiCl (1.111 

g, 2.77 mmol) was added and stirred in toluene (5 mL).  A toluene solution (5 mL) of NHC (500 

mg, 2.77 mmol) was added, then the reaction was allowed to stir for 1 hour. After the filtration, 

the crude solid was washed with hexanes, then dried in vacuo. Compound 2 was obtained as a 

white solid (1.51 g, 94%). Colorless crystals suitable for X-ray diffraction studies were obtained 

from a toluene/hexanes mixture at –37 °C. 1H NMR (THF-d8, 500.13 MHz): δ 8.35 (br, 4H, 

CHortho), 7.41 (t, J = 7.6 Hz, 4H, CHmeta), 7.21 (t, J = 7.3 Hz, 2H, CHpara), 4.51 (hept, J = 6.7 Hz, 

2H, CH(CH3)2), 2.15 (s, 6H, C(backbone)–CH3), 1.17 (d, J = 7 Hz, 12H, CH(CH3)2). 
13C{1H} 

NMR (THF-d8, 201.19 MHz): δ 139.35, 131.45, 128.08, 126.48, 54.12, 22.75, 10.28. Anal. Calcd 

for C23H30N2BiCl: C, 47.72; H, 5.22; N, 4.84%. Found: C, 47.37; H, 5.41; N, 4.77%.  

Synthesis of Compound 5.3 To a 20 mL vial, (NHC)BiPh2Cl (97 mg, 0.197 mmol) was added 

and stirred in THF. Na[OCP]•2.5Dioxane (65 mg, 0.217 mmol) was added to the stirring solution. 

Immediately upon addition, the solution turned yellow. After stirring for 5 minutes at room 

temperature, insoluble NaCl was removed by filtration and the yellow THF solution was layered 

with hexanes in a 1:1 ratio and allowed to sit for one day at –37°C. After removal of the solvent 

and drying in vacuo, the product was obtained as a yellow crystalline solid (50 mg, 49% yield). 1H 

NMR (C6D6, 500.13 MHz) δ 8.18 (d, J = 7.9 Hz, 4H, CHortho), 7.21 – 7.15 (m, 4H, CHmeta), 7.12 

(t, J = 7.3 Hz, 2H CHpara), 5.10 (hept, J = 6.9 Hz, 2H, CH(CH3)2), 1.34 (s, 6H, C(backbone)–CH3), 



1.06 (d, J = 7.1 Hz, 12H, CH(CH3)2). 
13C NMR (201.19 MHz, C6D6) δ 203.13 (d, J = 76.0 Hz), 

148.84 (d, J = 52.8 Hz), 141.01, 137.73, 128.28, 127.28, 123.30, 51.16, 21.08, 9.25. 31P{1H} NMR 

(202.46 MHz, C6D6) δ 58.18 (s, 1P).  

Synthesis of Compound 5.4 To a 20 mL vial, (NHC)BiPh2Cl (200 mg, 0.344 mmol) was added 

and stirred in THF. Na[OCP]•2.5Dioxane (302 mg, 0.344 mmol) was added to the stirring solution. 

Immediately upon addition, the solution turned yellow. After stirring for 5 minutes at room 

temperature, insoluble NaCl was removed by filtration and the yellow THF solution was layered 

with hexanes in a 1:1 ratio and allowed to sit for one day at –37°C. After removal of the solvent 

and drying in vacuo, the product was obtained as a yellow crystalline solid (92 mg, 48% yield). 1H 

NMR (C6D6, 500.13 MHz): δ 8.51 (d, J = 7.6 Hz, 4H, CHortho), 7.25 (t, J = 7.5 Hz, 4H, CHmeta), 

7.20 – 7.13 (m, 2H, CHpara), 5.13 (hept, J = 6.9 Hz, 2H, CH(CH3)2), 1.33 (s, 6H, C(backbone)–

CH3), 1.06 (d, J = 7.1 Hz, 12H, CH(CH3)2). 
13C NMR (201.19 MHz, C6D6) δ 203.58 (d, J = 81.7 

Hz), 152.03 (d, J = 49.6 Hz), 151.04, 140.05, 130.15, 126.75, 123.45, 51.36, 21.37, 9.46. 31P{1H} 

NMR (202.46 MHz, C6D6) δ 82.17 (s, 1P).  

Synthesis of Compound 5.5 To a 20 mL scintillation vial, (NHC)BiPh2Cl (505 mg, 869 µmol) 

was added and suspended in 10 mL dry THF. Na[OCP]•2.5Dioxane (262 mg, 869 µmol) was 

added to the suspension and the suspension was shaken vigorously for 1 minute. The reaction 

mixture was then extracted into a 100 mL Schlenk tube. Orange crystals of [(NHC)2OCP][OCP] 

formed from the solution after sitting undisturbed overnight at 55 °C (106 mg, 51%). 1H NMR 

(500.13 MHz, CD2Cl2) δ 5.35 (br, 4.99, 2H, CH(CH3)2) (hept, J = 7.0 Hz, 2H, CH(CH3)2), 2.38 (s, 

6H, C(backbone)–CH3), 2.35 (s, 6H, C(backbone)–CH3),  1.62 (d, J = 7.1 Hz, 12H, CH(CH3)2), 

1.58 (d, J = 7.1 Hz, 12H, CH(CH3)2). 
13C NMR (201.19 MHz, CD2Cl2) ) δ 200.71 (d, J = 64.2 Hz), 

170.20 (d, J = 63.0 Hz), 150.24 (d, J = 86.9 Hz), 146.04 (d, J = 67.5 Hz), 128.8, 126.5, 53.9, 52.5, 



21.9, 21.8, 11.0, 10.7. 31P{1H} NMR (242.94 MHz, CD2Cl2) δ 22.72 (br, 1P, [OCP]+), -395.09 (s, 

1P, [OCP]–). Anal. Calcd for C24H40N4O2P2: C, 60.24; H, 8.43; N, 11.71%. Found: C, 60.09; H, 

8.52; N, 11.70%.  
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Chapter 2 Spectral Data 

 Figure A2S1. 1H NMR of compound 2.5. 

Figure A2S2.13C NMR of compound 2.5. 



Figure A2S3. 9Be NMR of compound 2.5. 

Figure A2S4. 1H NMR of compound 2.6. 

 



Figure A2S5.13C NMR of compound 2.6. 

Figure A2S6. 9Be NMR of compound 2.6. 

 



 

Figure A2S7. 1H NMR of compound 2.9. 

Figure A2S8.13C NMR of compound 2.9. 



Figure A2S9. 9Be NMR of compound 2.9. 

Figure A2S10. Reaction of CDC with Be[N(SiMe3)2]2. In the reaction of 2.6 with K[N(SiMe3)2], 

Be[N(SiMe3)2]2 is a side product. Therefore, we synthesized Be[N(SiMe3)2]2 independently and 

confirmed that it does not react with CDC, there was no reaction even at elevated temperatures. 



Figure A2S11. Reaction of compound 2.5 with 1.1 equivalents of K[N(SiMe3)2]. 1.1 equivalents 

of K[N(SiMe3)2] was added to compound 2.5. This generated approximately 8% of compound 2.9 

with respect to compound 2.6 (major product). The uncoordinated CDC was approximately 8%. 

Figure A2S12. Reaction from Figure A2S11 with 1 equivalent of KC8. The reaction mixture from 

Figure A2S11 was combined with KC8 and stirred overnight. The ratio of metallocycle to free 

CDC increased.  

   

   

   



Figure A2S13. Stacked spectra, comparison of the methine region from Figure A2S11 and 

A2S12. With the reaction from Figure A2S11, we added a slight excess (1.1 eq) of K[N(SiMe3)2], 

which partially converted to compound 2.9. We then want to see if KC8 could make the same 

compound (Reaction 3). Relative to free ligand, compound 2.9 increased substantially in the 

reaction from Figure A2S12, confirming that KC8 results in the formation of the same compounds.  

 

 

 

 

 

 

          

          

                

                

   

   



Figure A2S14. Reaction of pure compound 2.6 reaction with 1 equivalent of KC8 at different 

time intervals. 

 

 

          

        

        

       

   

   



Figure A2S15. Reaction of compound 2.6 with 1 equivalents of K[N(SiMe3)2]. The reaction of 

2.6 with 1 equivalent of K[N(SiMe3)2] shows a smaller ratio of 2.9 to free CDC (2:1) than with the 

reaction of 2.6 with KC8 (3:1). The crystal structure for 2.9 was obtained from a similar reaction 

mixture with toluene as the solvent. Therefore, 2.9 co-crystallized as a 1:1 mixture with a toluene 

adduct of K[N(SiMe3)2].  

  

 

 

 

 

   



IR Spectra (Compounds 2.5, 2.6, and 2.9) 

Figure A2S16. IR spectra of (CDC)BeCl2 (Compound 2.5).  

 

Table A2S1: Computed B3LYP-D3(BJ)/def2-TZVP vibrational frequencies of (CDC)BeCl2. 

Scaled Freq Intensity Vib. 

17.142 198.572 Cl-Be-Cl Rock 

119.044 135.798 Cl-Be-Cl Scissoring 

259.009 44.623 Cl-Be-Cl Scissoring 

360.747 8.411 Cl-Be-Cl Wag 



414.980 116.761 Cl-Be-Cl Wag 

423.330 58.261 Cl-Be-Cl Wag 

517.331 111.678 Cl-Be-Cl Symm. Stretch 

653.308 227.178 Cl-Be-Cl Symm. Stretch 

720.740 165.501 Cl-Be-Cl Symm. Stretch 

653.308 227.178 Cl-Be-Cl Symm. Stretch 

720.740 165.501 Cl-Be-Cl Symm. Stretch 

1480.226 401.498 C-C-C Symm. Stretch 

1507.253 6186.954 C-C-C Asymm. Stretch 

 

 

 

 

 

 

 

 

 



Figure A2S17. IR spectra of (CDC)BeCl[N(SiMe3)2] (Compound 2.6). 

 

Table A2S2: Computed B3LYP-D3(BJ)/def2-TZVP vibrational frequencies of 

(CDC)BeCl[N(SiMe3)2]. 

Scaled Freq Intensity Vib. 

336.452 95.634 Si-N-Si Scissoring 

357.526 47.096 Si-N-Si Scissoring 

447.280 13.560 CDC-Be Wag 

452.749 22.654 CDC-Be Wag 



476.508 270.573 CDC-Be Wag 

509.633 37.481 CDC-Be Symm. Stretch 

525.891 15.104 CDC-Be Symm. Stretch 

566.745 87.099 CDC-Be Asymm. Stretch 

570.847 72.355 CDC-Be Asymm. Stretch 

635.501 199.827 CDC-Be Symm. Stretch 

684.955 43.350 CDC-Be Symm. Stretch 

767.718 53.978 CDC-Be Symm. Stretch 

906.936 1104.208 N-Be Asymm. Stretch 

939.083 1261.513 N-Be Asymm. Stretch 

996.322 1830.127 N-Be Asymm. Stretch 

1365.075 388.692 C-C-C Symm. Stretch 

1479.911 619.670 C-C-C Symm. Stretch 

1509.380 5469.159 C-C-C Asymm. Stretch 

 

 



Figure A2S18. IR spectra of (CDC)Be[N(SiMe3)2] (Compound 2.9).  

 

Table A2S3: Computed B3LYP-D3(BJ)/def2-TZVP vibrational frequencies of 

(CDC)Be[N(SiMe3)2]. 

Scaled Freq Intensity Vib. 

342.226 7.204 Si-N-Si Symm. Stretch 

352.362 37.572 Si-N-Si Scissoring 

497.421 17.125 CDC-Be Wag 

544.246 46.720 CDC-Be Wag 

577.181 15.376 CDC-Be Wag 



586.575 25.151 CH2-Be-C Twist 

593.636 35.019 CH2-Be-C Symm. Stretch 

646.027 66.287 CH2-Be-C Asymm. Stretch 

664.223 71.288 C-Be-N Scissoring 

685.161 27.049 C-Be-N Scissoring 

709.169 232.907 CH2-Be-N Scissoring 

756.578 243.886 CH2-Be-CDC Asymm. Stretch 

900.849 68.548 Be-CDC Stretch 

968.822 715.072 Be-N Stretch 

972.870 218.745 Be-N Stretch 

978.599 1491.082 Be-N-Si Symm. Stretch 

993.115 1254.196 Be-N-Si Symm. Stretch 

1363.470 355.180 C-C-C Symm. Stretch 

1559.873 5685.994 C-C-C Asymm. Stretch 

 

 

 

 



 

Figure A2S19. 1H NMR spectrum (500.13 MHz, C6D6, 298 K) of compound 2.10. 

 

Figure A2S20. 13C{1H}NMR (150.9 MHz, C6D6, 298 K) of compound 2.10. 



 

Figure A2S21. 9Be{1H} NMR (84.28 MHz, C6D6, 298 K) of compound 2.10. 

 

Figure A2S22. 1H NMR spectrum (500.13 MHz, C6D6, 298 K) of compound 2.11. 



 

Figure A2S23. 13C{1H}NMR (150.9 MHz, C6D6, 298 K) of compound 2.11. 

 

Figure A2S24. 9Be{1H} NMR (84.28 MHz, C6D6, 298 K) of compound 2.11. 



 

Figure A2S25. 1H NMR spectrum (500.13 MHz, CD2Cl2, 298 K) of compound 2.12. 

 

Figure A2S26. 13C{1H}NMR (150.9 MHz, C6D6, 298 K) of compound 2.12. 



Figure A2S27. 9Be{1H} NMR (84.28 MHz, C6D6, 298 K) of compound 2.12. 

Figure A2S28. 9Be {1H} NMR (84.28 MHz, C6D6, 298 K) of compound 2.9 + (Et2O)2BeCl2 

reaction mixture. The shift δ 6.81 is in agreement with (Cl)Be[N(SiMe3)2].
1 The broad shift at δ 

18.44 is a mixture of 2.9 and 2.10. 



 

Figure A2S29. FTIR spectrum of compound 2.10 

 

Figure A2S30. FTIR spectrum of compound 2.11 

 



 

Figure A2S31. FTIR spectrum of compound 2.12 

 

 

 

 

 

 

 

 

 

 



Chapter 3 Spectral Data 

Figure A2S32. 1H NMR spectrum (800.13 MHz, C6D6, 298 K) of compound 3.19. 

Figure A2S33. 13C{1H}NMR (201.19 MHz, C6D6, 298 K) of compound 3.19. 



 

Figure A2S34. 9Be NMR (84.28 MHz, C6D6, 298 K) of compound 3.19. 

Figure A2S35. 1H NMR spectrum (800.13 MHz, C6D6, 298 K) of compound 3.20. 



 

Figure A2S36. 13C{1H}NMR (201.19 MHz, C6D6, 298 K) of compound 3.20. 

Figure A2S37. 9Be NMR (84.28 MHz, C6D6, 298 K) of compound 3.20. 



 

Figure A2S38. 1H NMR spectrum (500.13 MHz, C6D6, 298 K) of compound 3.21 mixed with 

compound 3.19. 

Figure A2S39. 1H NMR spectrum (600 MHz, C6D6, 298 K) of compound 3.26. 

 



 

Figure A2S40. 13C{1H} NMR (150.9 MHz, C6D6, 298 K) of compound 3.26. 

Figure A2S41. 9Be{1H} NMR (84.28 MHz, C6D6, 298 K) of compound 3.26. 



Figure A2S42. 1H NMR spectrum (600 MHz, C6D6, 298 K) of compound 3.27. 

Figure A2S43. 13C229 NMR (150.9 MHz, C6D6, 298 K) of compound 3.27. 



Figure A2S44. 9Be{1H} NMR (84.28 MHz, C6D6, 298 K) of compound 3.27. 

Figure A2S45. 1H NMR spectrum (600 MHz, C6D6, 298 K) of compound 3.28. 



Figure A2S46. 13C{1H} NMR (150.9 MHz, C6D6, 298 K) of compound 3.28. 

 

Figure A2S47. 9Be{1H} NMR (84.28 MHz, C6D6, 298 K) of compound 3.28. 



Figure A2S48. FT-IR spectrum of compound 3.26. 

Figure A2S49. FT-IR spectrum of compound 3.27. 



Figure A2S50. FT-IR spectrum of compound 3.28.  

Figure A2S51. UV-Vis spectrum of compound 3.27 in toluene (0.1 mg mL-1) 



Figure A2S52. UV-Vis spectrum of compound 3.28 in toluene (0.05 mg mL-1) 
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Figure A2S53. 1H NMR spectrum (600.13 MHz, CD2Cl2, 298 K) of compound 4.8. 

 

Figure A2S54. 13C NMR spectrum (150.903 MHz, CD2Cl2, 298 K) of compound 4.8. 



 

Figure A2S55. 1H-13C HSQC 2D NMR spectrum of compound 4.8. 

 

Figure A2S56. 1H NMR spectrum (800.13 MHz, CD2Cl2, 298 K) of compound 4.9. 



 

Figure A2S57. 13C NMR spectrum (201.19 MHz, CD2Cl2, 298 K) of compound 4.9. 

 

Figure A2S58. 1H-13C HSQC 2D NMR spectrum of compound 4.9. 



 

 

Figure A2S59. 1H NMR spectrum (800.13 MHz, CD2Cl2, 298 K) of compound 4.10. 

 

Figure A2S60. 13C NMR spectrum (201.19 MHz, CD2Cl2, 298 K) of compound 4.10. 



 

Figure A2S61. 1H-13C HSQC 2D NMR spectrum of compound 4.10. 

 

Figure A2S62. 1H NMR spectrum (500.13 MHz, CD2Cl2, 298 K) of compound 4.11. 



 

Figure A2S63. 13C NMR spectrum (201.19 MHz, CD2Cl2, 298 K) of compound 4.11. 

 

Figure A2S64. 1H-13C HSQC 2D NMR spectrum of compound 4.11. 



 

Figure A2S65. 1H NMR spectrum (500.13 MHz, CD2Cl2, 298 K) of compound 4.12. 

 

Figure A2S66. 13C NMR spectrum (201.19 MHz, CD2Cl2, 298 K) of compound 4.12. 



 

Figure A2S67. 1H-13C HSQC 2D NMR spectrum of compound 4.12. 

 

Figure A2S68. 1H NMR spectrum (800.13 MHz, THF-d8, 298 K) of compound 4.13. 



 

Figure A2S69. 13C NMR spectrum (201 MHz, THF-d8, 298 K) of compound 4.13. 

 

Figure A2S70. 1H-13C HSQC 2D NMR spectrum of compound 4.13. 



 

Figure A2S71. 1H NMR spectrum (500.13 MHz, THF-d8, 298 K) of compound 4.14. 

 

Figure A2S72. 13C NMR spectrum (201.19 MHz, THF-d8, 298 K) of compound 4.14. 



 

Figure A2S73. 1H-13C HSQC 2D NMR spectrum of compound 4.14. 

 

Figure A2S74. 1H NMR spectrum (800.13 MHz, CD2Cl2, 298 K) of compound 4.15. 



 

Figure A2S75. 13C NMR spectrum (201.19 MHz, CD2Cl2, 298 K) of compound 4.15. 

 

Figure A2S76. 1H-13C HSQC 2D NMR spectrum of compound 4.15. 



 

Figure A2S77. 1H NMR spectrum (800.13 MHz, CD2Cl2, 298 K) of compound 4.16. Note: 

Attempts to dissolve the single X-ray quality crystals in CD2Cl2 resulted in substantial ligand 

protonation. Suitable NMR spectra were obtained from generating compound 4.16 in CD2Cl2 and 

taking the NMR spectrum directly. 



  

Figure A2S78. 13C NMR spectrum (201.19 MHz, CD2Cl2, 298 K) of compound 4.16. Note: 

Attempts to dissolve the single X-ray quality crystals in CD2Cl2 resulted in substantial ligand 

protonation. Suitable NMR spectra were obtained from generating compound 4.16 in CD2Cl2 and 

taking the NMR spectrum directly. 



 

Figure A2S79. 1H-13C HSQC 2D NMR spectrum of compound 4.16. 

 

Figure A2S80. 1H NMR spectrum (800.13 MHz, CD2Cl2, 298 K) of compound 4.17. 



 

Figure A2S81. 13C NMR spectrum (201.19 MHz, CD2Cl2, 298 K) of compound 4.17. 

 

Figure A2S82. 1H-13C HSQC 2D NMR spectrum of compound 4.17. 



 

Figure A2S83. 1H NMR spectrum (800.13 MHz, CD2Cl2, 298 K) of compound 4.18. 

 

Figure A2S84. 13C NMR spectrum (201.19 MHz, CD2Cl2, 298 K) of compound 4.18. 



 

Figure A2S85. 1H-13C HSQC 2D NMR spectrum of compound 4.18. 

 

Figure A2S86. 1H-1H NOESY 2D NMR spectrum of compound 4.18. 



 

Figure A2S87. 1H-1H COSY 2D NMR spectrum of compound 4.18. 

 

Figure A2S88. UV-Vis spectrum of compound 4.13. 



 

Figure A2S89. UV-Vis spectrum of compound 4.14. 

 

Figure A2S90. UV-Vis spectrum of compound 4.16. 



 

Figure A2S91. UV-Vis spectrum of compound 4.17. 

 

 

 

 

 

 

 

 

 



Chapter 5 Spectral Data 

Figure A2S92: 1H NMR spectrum (500.13 MHz, C6D6, 298 K) of complex 5.1.  

 

Figure A2S93: 13C{1H} NMR spectrum (201.19 MHz, C6D6, 298 K) of complex 5.1. 

 



Figure A2S94: 1H NMR spectrum (500.13 MHz, C6D6, 298 K) of complex 5.2 (also identified as 

4.6). 

 

Figure A2S95: 13C{1H} NMR spectrum (201.19 MHz, C6D6, 298 K) of complex 5.2 (also 

identified as 4.6). 

 



 

Figure A2S96: 1H NMR spectrum (500.13 MHz, C6D6, 298 K) of complex 5.3.  

 

Figure A2S97: 13C{1H} NMR spectrum (201.193 MHz, C6D6, 298 K) of complex 5.3. 

 

 



Figure A2S98: 31P{1H} NMR spectrum (202.46 MHz, 298 K) of complex 5.3.  

 

Figure A2S99: 1H NMR spectrum (500.13 MHz, C6D6, 298 K) of complex 5.4.  

 

 



Figure A2S100: 13C{1H} NMR spectrum (201.193 MHz, C6D6, 298 K) of complex 5.4.  

 

Figure A2S101: 31P{1H} NMR spectrum (202.46 MHz, 298 K) of complex 5.4.  

 

 



Figure A2S102: 1H NMR spectrum (500.13 MHz, C6D6, 298 K) of complex 5.5.  

 

Figure A2S103: 13C{1H} NMR spectrum (201.193 MHz, C6D6, 298 K) of complex 5.5.  

 

 



 

Figure A2S104: 31P{1H} NMR spectrum (242.94 MHz, 298 K) of complex 5.5.  

 

Figure A2S105: 1H NMR spectrum (500.13 MHz, C6D6, 298 K) of the reaction mixture after 

heating compound 5.3 at 90 °C for 24 hours.  

 



Figure A2S106: 1H NMR spectrum (500.13 MHz, C6D6, 298 K) of the reaction mixture after 

heating compound 5.4 at 70 °C for 3 hours.  

 

Figure A2S107: FT-IR Spectrum of compound 5.3. 

 



 

Figure A2S108: FT-IR Spectrum of compound 5.4. 

 

Figure A2S109: FT-IR Spectrum of compound 5.5. 
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Chapter 2 Crystal Structures 

Figure A3S1: Molecular structure of 2.5 (thermal ellipsoids at 50% probability; H atoms omitted 

for clarity). Selected bond distances (Å) and angles (deg): Be1−C1: 1.748(6); Be1−Cl1: 1.941(3); 

N1−C2: 1.375(3); N2−C2: 1.383(3): C1−C2: 1.405(3). C1−Be1−Cl1’: 121.39(13); Cl1−Be1−Cl1: 

117.2(3). C2−C1−C2’: 116.6(3); C2−C1−Be1: 121.72(16). 

 

 

 



 

Figure A3S2: Molecular structure of 2.6 (thermal ellipsoids at 50% probability; H atoms and a 

non-coordinated toluene solvent omitted for clarity). Selected bond distances (Å) and angles (deg): 

N5−Be1: 1.605(2); Cl1−Be1: 1.996(2); C1−Be1: 1.766(3); C1−C2: 1.409(2); C1−C13: 1.385(2); 

N2−C2: 1.372(2); N1−C2: 1.372(2); N4−C13: 1.391(2); N3−C13: 1.3867(19). C13−C1−C2: 

117.60(14); C13−C1−Be1: 124.09(14); C2−C1−Be1: 118.29(13); N5−Be1−C1: 129.51(14); 

N5−Be1−Cl1: 120.77(13); C1−Be1−Cl1: 109.71(12). 

 

 



 

Figure A3S3: Molecular structure of 2.7. Displacement ellipsoids at 30% probability; H atoms 

(except B–H) and non-coordinating solvent omitted for clarity. Selected bond distances (A) and 

angles (deg): Be1–Cl1: 1.933(5); Be1–C1: 1.750(6); C1–C2: 1.388(5); C2–N1: 1.386(5); N1–C3: 

1.443(5); C1–C13: 1.414(5). C1–Be1–H1A: 109.7(12); C1–Be1–H1B: 118.0(15); C1–Be1–Cl1: 

123.6(3); C2–C1–C13: 115.0(3). 

 



Figure A3S4: Molecular structure of 2.8 (thermal ellipsoids at 50% probability; H atoms and a 

non-coordinated toluene solvent were omitted for clarity). Selected bond distances (Å) and angles 

(deg): Be1–C25: 1.756(3); Be1–C24: 1.758(3); Be1–C1: 1.817(2); C1–C2: 1.3949(19); C1–C13: 

1.386(2); N1–C2: 1.3801(18); N2–C2: 1.3842(18); N3–C13: 1.3834(18); N4–C13: 1.3949(19). 

C25–Be1–C24: 124.18(14); C25–Be1–C1: 116.04(13); C24–Be1–C1: 119.78(14). 

 

 

 

 



 

Figure A3S5: Molecular structure of 2.9 (thermal ellipsoids at 50% probability; H atoms and co-

crystallized K[N(SiMe3)2]·0.5toluene omitted for clarity). Selected bond distances (Å) and angles 

(deg): N5−Be1: 1.615(5); C1−C2: 1.373(4); C1−C13: 1.412(4); C1−Be1: 1.796(5); C3−Be1: 

1.790(5); N1−C2: 1.374(4); N1−C3: 1.462(4); N2−C2: 1.395(4); N3−C14: 1.460(4); N4−C13: 

1.366(4). N5−Be1−C3: 131.3(3); N5−Be1−C1: 131.0(3); C3−Be1−C1: 97.4(3); C2−C1−C13: 

126.7(3); C2−C1−Be1: 104.7(3). 

 



Figure A3S6: Molecular structure of 2.10 (thermal ellipsoids at 50% probability; H atoms and 

noncoordinating solvent omitted for clarity). Selected bond distances (Å) and angles (deg): Be1–

Cl1: 1.916(2); Be1–C1: 1.743(3); C1–C2: 1.391(2); C2–N1: 1.378(2); N1–C3: 1.471(2); Be1–C3: 

1.769(3); C1–C13: 1.403(2). C1–Be1–C3: 101.01(14); C1–Be1–Cl1: 129.41(14); C3–Be1–Cl1: 

129.56(14); C2–C1–C13: 125.28(15) C2–C1–Be1: 103.55(14). 

 

 

 

 



Figure A3S7: Molecular structure of 2.11 (thermal ellipsoids at 50% probability; H atoms omitted 

for clarity). Selected bond distances (Å) and angles (deg): Be1–Cl1: 1.973(3); Be1–C1: 1.754(3); 

C1–C2: 1.387(3); C2–N1: 1.392(2); N1–C3: 1.467(2); C3–C24: 1.531(3); Be1–C24: 1.791(3); 

C1–C13: 1.428(3). C1–Be1–C24: 114.46(17); C1–Be1–Cl1: 119.13(16); C24–Be1–Cl1: 

126.13(16); C2–C1–C13: 118.63(17); C2–C1–Be1: 115.70(18). 

 



 

Figure A3S8: Molecular structure of 2.12 (thermal ellipsoids at 50% probability; H atoms omitted 

for clarity). Selected bond distances (Å) and angles (deg): Be1–Cl1: 2.084(3); Be1–C24: 1.856(4); 

Be1–C1: 1.862(4); C1–C2: 1.387(3); C2–N1: 1.361(3); N1–C3: 1.474(3); Be1–C3: 1.833(4); C1–

C13: 1.373(3). C1–Be1–C3: 94.65(17); C1–Be1–Cl1: 106.38(15); C3–Be1–Cl1: 106.89(16); C3–

Be1–C24: 113.08(18); C24–Be1–C1: 118.46(19); C24–Be1–Cl1: 115.07(16); C2–C1–C13: 

125.3(2). 

 



Chapter 3 Crystal Structures 

 

Figure A3S9: Molecular structure of 3.19 (thermal ellipsoids at 50% probability; H atoms and 

toluene solvent molecules omitted for clarity). Selected bond distances (Å) and angles (deg): 

Cl1−Be1: 2.0445(19); C1−Be1: 1.849(3); N1−C1: 1.367(2); N1−C2: 1.397(2); C2−C4: 1.354(3); 

N2−C4: 1.397(2); N2−C1: 1.357(2). N2−C1−Be1: 132.29(14); N1−C1−Be1: 123.10(14); 

C1−Be1−C1: 105.37(19); C1−Be1−Cl1: 118.13(6); C1−Be1−Cl1: 103.79(6). 

 

 



Figure A3S10: Molecular structure of 3.20 (thermal ellipsoids at 50% probability; H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): Be1−O2: 1.497(3); Be1−O1: 

1.507(3); Be1−C1: 1.797(3); N1−C2: 1.393(2); N1−C1: 1.353(2): N1−C2: 1.359(2); N2−C4: 

1.391(2); C2−C4: 1.362(3). O2−Be1−O1: 122.34(17); O2−Be1−C1: 112.66(15); O1−Be1−C1: 

124.99(17). 

 

 

 



Figure A3S11: Molecular structure of 3.21 (thermal ellipsoids at 50% probability; H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): Be1−O1: 1.621(4); Be1−O1: 

1.641(4); Be1−C1: 1.855(4); Be1−Cl1: 2.044(3); N1−C1: 1.362(3); N1−C2: 1.391(3); 1.362(3); 

N2−C4: 1.393(3); C2−C4: 1.355(4). O1−Be1−O1: 89.99(18); O1−Be1−C1: 113.9(2); 

O1−Be1−C1: 119.0(2); C1−Be1−Cl1: 109.11(18). 

 

 

 

 



Figure A3S12: A) Molecular structures of 3.26 (with H atoms omitted for clarity). Selected bond 

distances (Å) and angles (°): C1–Be1: 1.786(3); C1–N1: 1.330(2); Be1–Cl1: 1.904(2); Be1–Cl2: 

1.888(2); C1–Be1–Cl1: 115.30(13); C1–Be1–Cl2: 121.85(14); Cl1–Be1–Cl2: 122.82(11); 

 

 

 

 

 

 



 

Figure A3S13: Molecular structures of 3.27 with H atoms omitted for clarity. Selected bond 

distances (Å) and angles (°): Be1−C1: 1.799(6); Be1−N2: 1.631(6); N2–C27: 1.430(5); C27–C28: 

1.382(5); N3–C28: 1.430(5); Be1−N3: 1.621(5); N1−C1: 1.321(5); N2–C23: 1.358(5); N3–C32: 

1.383(5). N2−Be1−N3: 99.2(3); N3−Be1−C1: 128.6(3); N2−Be1−C1: 132.2(3); N1–C1–Be1: 

128.8(3); C4–C1–Be1: 122.2(3). N1–C1–Be1–N2: 18.7(7); Be1–N3–C28–C27: 1.1(4).  

 

 

 



 

Figure A3S14: Molecular structures of 3.28 with H atoms omitted for clarity. Selected bond 

distances (Å) and angles (°): Be1−C1: 1.781(5); Be1−N3: 1.592(5); N3–C32: 1.429(4); C32–C33: 

1.384(6); N4–C33: 1.429(4); Be1−N4: 1.581(5); N1−C1: 1.327(4); N2−C1: 1.346(4); N4–C37: 

1.372(5); N3–C28: 1.374(5). N4−Be1−N3: 100.8(3); N3−Be1−C1: 135.0(3); N4−Be1−C1: 

124.1(3); N2–C1–Be1: 124.8(3); N1–C1–Be1: 126.8(3). N2–C1–Be1–N4: 57.5(5); Be1–N3–

C32–C33: 1.0(4). 

 

 

 



Chapter 4 Crystal Structures 

Figure A3S15: Molecular structure of compound 4.7 (thermal ellipsoids at 50% probability; H 

atoms and minor position of disordered anion omitted for clarity). Selected bond distances (Å) and 

angles (deg): C1–Ag1: 2.086(6); N1–C1: 1.365(5); N1–C2: 1.384(5); C2–C2: 1.350(7). 

 

 

 

 

 



 

 

Figure A3S16: Molecular structures of 4.8 (thermal ellipsoids at 50% probability; H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): C1–Bi1: 2.383(2); Bi1---Cl1: 

3.1092(8); Cl1–Bi2: 2.8039(7); Bi2–Cl2: 2.6832(7). C1–Bi1–Cl1: 175.45(11); Cl2–Bi2–Cl1: 

178.24(4).  

 

 

 

 

 

 



 

Figure A3S17: Molecular structures of 4.9 (thermal ellipsoids at 50% probability; H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): C1–Bi1: 2.431(5); Bi1---Cl1: 

3.0405(13); Cl1–Bi2: 2.8347(13); Bi2–Cl2: 2.6392(14). C1–Bi1–Cl1: 167.194(66); Cl2–Bi2–Cl1: 

176.258(18).  

 

 

 

 

 



 

Figure A3S18: Molecular structures of 4.10 (thermal ellipsoids at 50% probability; H atoms and 

minor position of disordered atoms omitted for clarity): C1–Bi1: 2.393(9); Bi1---Cl1: 3.090(2); 

Cl1–Bi2: 2.818(3); Bi2–Cl2: 2.649(3). C1–Bi1–Cl1: 179.2(2); Cl2–Bi2–Cl1: 174.12(8). 

 

 

 

 

 

 

 



 

Figure A3S19: Molecular structures of 4.11 (thermal ellipsoids at 50% probability; H atoms 

omitted for clarity): C1–Bi1: 2.346(2); Bi1---Cl2ˈ: 3.2473(7); Bi1–Cl1: 2.6857(6); Bi1–Cl2: 

2.7031(6). Cl1–Bi1–Cl2: 166.081(18); Cl2–Bi1–C1: 99.21(8); Cl1–Bi1–C1: 84.96(5); C12–Bi1–

Cl1: 92.21(6); C12–Bi1–Cl2: 91.65(6); C12–Bi1–C1: 99.21(8).  

 

 

 

 

 

 



 

 

Figure A3S20: Molecular structures of 4.12 (thermal ellipsoids at 50% probability; H atoms 

omitted for clarity): C1–Bi1: 2.249(6); Bi1–Cl1: 2.7693(14); Bi1–Cl2: 2.6989(15); Bi1–C24: 

2.275(12); C1–C2: 1.393(8); C1–C13:1.445(8). Cl1–Bi1–Cl2: 176.21(5); Cl2–Bi1–C1: 90.52(15); 

Cl1–Bi1–C1: 93.23(15); C24–Bi1–Cl1: 89.8(5); C24–Bi1–Cl2: 89.2(5); C24–Bi1–C1: 97.2(6).  

 

 

 

 

 

 



 

Figure A3S21: Molecular structures of 4.13 (thermal ellipsoids at 50% probability; H atoms and 

coordinating [SbF6]
– anions were omitted for clarity): C1–Bi1: 2.226(3); Bi1–Cl1: 2.5573(9); 

C24–Bi1: 2.242(3); C1–C2: 1.417(5); C1–C13: 1.427(5). C1–Bi1–Cl1: 102.82(9); C1–Bi1–C24: 

93.60(13); C24–Bi1–Cl1: 93.86(10).  

 

 

 

 

 

 



 

Figure A3S22: Molecular structures of 4.14 (thermal ellipsoids at 50% probability; H atoms and 

coordinating [SbF6]
– anions were omitted for clarity): C1–Bi1: 2.157(11); Bi1–C24: 2.223(12); 

C1–C2: 1.444(15); C1–C13: 1.426(15).C1–Bi1–C24: 96.7(4). 

 

 

 

 

 

 

 

 



 

Figure A3S23: Molecular structures of 4.15 (thermal ellipsoids at 50% probability; H atoms, 

counteranions and non-coordinating solvent omitted for clarity): Bi1–C1: 2.292(9); Bi1–Br1: 

2.9196(12); Bi1–Br2: 2.6483(11); Bi1–Br3: 2.8390(12); Bi1---Br1ˈ: 3.4829(15); C1–C13: 

1.367(13); C1–C2: 1.438(12).  

 

 

 

 

 

 



 

 

Figure A3S24: Molecular structures of 4.16 (thermal ellipsoids at 50% probability; H atoms, 

counter-anions and non-coordinating solvent omitted for clarity): Bi1–C1: 2.226(12); Bi1–Br2: 

2.6629(16); Bi1–Br1: 2.7052(18); C1–C13: 1.395(17); C1–C2: 1.447(15).  

 

 

 

 

 

 



 

Figure A3S25: Molecular structures of 4.17 (thermal ellipsoids at 50% probability; H atoms, 

counteranions and non-coordinating solvent omitted for clarity): Bi1–Br1: 2.6439(6); Bi1–C1: 

2.199(5); C1–C2: 1.441(6); C1–C13: 1.433(6).  

 

 

 

 

 

 

 



Figure A3S26: Molecular structures of 4.18 (thermal ellipsoids at 50% probability; H atoms, 

counteranions and non-coordinating solvent omitted for clarity): Bi1–C24: 2.166(2); Bi1–C1: 

2.197(2); C1–C13: 1.424(3); C1–C2: 1.443(3); C24–C25: 1.436(3); C24–C36: 1.444(3). C24–

Bi1–C1: 111.23(9). 

 

 

 

 

 

 

 



Chapter 5 Crystal Structures 

Figure A3S27: Molecular structure of 5.1 (thermal ellipsoids at 50% probability; H atoms omitted 

for clarity). Selected bond distances (Å) and angles (deg): Sb1–C1: 2.356(3); Sb1–Cl1: 2.8006(8); 

Sb1–Cl1ˈ: 3.9544(10); Sb1–C18: 2.168(3); Sb1–C12: 2.171(4). C18–Sb1–C12: 102.19(14); C18–

Sb1–C1: 87.58(12); C12–Sb1–C1: 86.33(12); C18–Sb1–Cl1: 87.00(8); C12–Sb1–Cl1: 85.24(9); 

C1–Sb1–Cl1: 168.80(9).  

 

 

 

 

 



 

Figure A3S28: Molecular structure of 5.2 (also known as 4.6) (thermal ellipsoids at 50% 

probability; H atoms were omitted for clarity). Selected bond distances (Å) and angles (deg): Bi1–

C1: 2.489(6); Bi1–Cl1: 2.8696(16); Bi1–Cl1ˈ: 3.7211(17); Bi1–C18: 2.257(6); Bi1–C12: 

2.267(6). C18–Bi1–C12: 99.0(2); C18–Bi1–C1: 86.3(2); C12–Bi1–C1: 88.1(2); C18–Bi1–Cl1: 

86.26(16); C12–Bi1–Cl1: 88.26(16); C1–Bi1–Cl1: 171.05(15). 

 

 

 

 

 



 

Figure A3S29: Molecular structure of 5.3 (thermal ellipsoids at 50% probability; H atoms omitted 

for clarity). Selected bond distances (Å) and angles (deg): Sb1–C13: 2.154(6); Sb1–C19: 2.155(6); 

Sb1–P1: 2.5042(16); Sb1–Sb1ˈ: 3.9619(17) P1–C12: 1.748(6); O1–C12: 1.264(7); C1–C12: 

1.529(7). C13–Sb1–C19: 97.7(2); C13–Sb1–P1: 99.79(15); C19–Sb1–P1: 91.77(15); Sb1ˈ–Sb1–

P1: 94.602(40); Sb1ˈ–Sb1–C19: 97.237(158); Sb1ˈ–Sb1–C13: 158.899(168).  

 



 

Figure A3S30 Molecular structure of 5.4 (thermal ellipsoids at 50% probability; H atoms were 

omitted for clarity). Selected bond distances (Å) and angles (deg): Bi1–C19: 2.229(6): Bi1–C13: 

2.272(7) Bi1–P1: 2.589(2); Bi1–Bi2: 3.8204(6); Bi2–C37: 2.251(7); Bi2–C43: 2.257(8): Bi2–P2: 

2.594(2); P1–C12: 1.736(7); P2–C36: 1.746(8); O1–C12: 1.255(8); O2–C36: 1.258(8); C1–C12: 

1.525(11); C25–C36: 1.515(11). C19–Bi1–C13: 94.2(2); C19–Bi1–P1: 97.38(19); C13–Bi1–P1: 

87.26(19); C37–Bi2–C43: 94.8(3); C37–Bi2–P2: 98.56(19); C43–Bi2–P2: 90.99(19); Bi2–Bi1–

P1: 86.913(49); Bi2–Bi1–C13: 101.940(176); Bi2–Bi1–C19: 163.528(178); Bi1–Bi2–P2: 

89.365(43); Bi1–Bi2–C43: 104.176(179); Bi1–Bi2–C37: 159.346(177). 

 



 

 

Figure A3S31: Molecular structure of 5.5 (thermal ellipsoids at 50% probability; H atoms omitted 

for clarity, only one orientation of the symmetry disordered OCP anion is shown.). Selected bond 

distances (Å) and angles (deg): C1–P1: 1.890(6); P1–C12: 1.755(14); C12–O1: 1.268(12); C12–

C1ˈ: 1.421(16). C1–P1–C12: 98.3(5); O1–C12– C1ˈ: 117.0(14).  

 

 



 

Figure A3S32: Molecular structure of 5.6. Ellipsoids represent 50% probability and all hydrogen 

atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Bi1–Bi2: 2.9867(7); 

Bi1–C1: 2.274(13); Bi1–C7: 2.267(12); Bi2–C13: 2.261(13); Bi2–C19: 2.261(12). C1–Bi1–Bi2: 

90.5(3); C7–Bi1–Bi2: 94.0(3); C7–Bi1–C1: 92.3(4); Bi1–Bi2–C13: 95.0(3); Bi1–Bi2–C19: 

91.9(3); C13–Bi2–C19: 93.0(5).  
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