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Abstract. 

Singlet N-heterocyclic carbenes and cyclic(alkyl)(amino) carbenes have transformed many 

aspects of modern organic and organometallic chemistry. These ligands have been used to 

support and stabilize a wide array of highly reactive molecular fragments. Carbenes have proven 

especially useful in stabilizing electron-rich or hydridic main group organometallic compounds 

that would be otherwise inaccessible. In the s-block, the isolation and study of such compounds 

is a highly sought-after goal at the forefront of the field. As such, much effort has been placed on 

developing appropriate ligand platforms to allow for reliable synthetic chemistry with s-block 

elements under mild conditions. Success toward this goal has been achieved when a strongly 

coordinating, anionic supporting ligand was used, as will be discussed in Chapter 1. These 

ligands afford a high degree of control over the many decomposition pathways known for 

alkaline earth compounds; however, this stability comes at the price of somewhat restricting the 

chemistry that can occur at the metal center. By contrast, carbene-supported systems allow for a 

high degree of coordinative flexibility at the metal center, but using singlet carbenes to support 

alkali and alkaline earth chemistry has proved difficult. A number of synthetic challenges remain 

in this area, but solving these difficulties with well-designed synthetic protocols is critical to 

unlocking new reaction motifs for alkaline earth systems. 

The doctoral research presented herein covers a multi-year effort to expand the known 

coordination chemistry of carbene-supported alkaline earth fragments. In work presented in 

chapter 2, the reduction chemistry of carbene–magnesium complexes was studied in detail. This 

effort resulted in a series of magnesium–diimine compounds that can be reduced in a stepwise 

fashion to yield highly sought-after electron-rich alkaline earth compounds with unusual 

electronic structures. Moreover, these reduced compounds were compared with their beryllium 
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analogs, yielding a rare opportunity to comparatively study the first two alkaline earth elements 

in a combined synthetic and computational investigation. 

Described in chapter 3, a reliable and high-yielding synthetic method was discovered for 

obtaining hydrocarbon-soluble, low-nuclearity, carbene-supported magnesium hydride 

complexes. Despite their high synthetic utility, it is notoriously challenging to synthesize alkaline 

earth hydride compounds which can be studied in solution and maintain discrete stable molecular 

structures without ligand dissociation or exchange. This is especially true when using neutral 

donor ligands such as carbenes, so there is substantial value associated with reliable synthetic 

procedures like those presented in chapter 3. 

Chapter 4 details the investigation of direct reduction chemistry of carbene–CO2 adducts, 

known as carbene-2-carboxylates, resulting in both metal-free and alkali-mediated reduction of 

C═O bonds of carbon dioxide. In electrochemical systems, a CAAC-2-carboxylate can accept on 

electron to form a radical anion which itself can undergo further reaction with free CO2. The 

result of this transformation is the reductive disproportionation of two units of CO2 to CO and 

CO3
2-. When alkali metal reductants were used in place of electrochemical reduction, one- and 

two-electron reduced CAAC–CO2 clusters incorporating alkali cations were obtained. Notably, 

these reduced compounds were soluble, crystalline, and thermally stable thanks to the presence 

of the carbene fragment. These results represent a substantial addition to the known chemistry of 

these popular synthetic reagents. Prior to this study, no reports existed focused on solely on the 

electron-acceptor capabilities of carbene-2-carboxylates, despite their common use in systems 

focused on CO2 reduction. 
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List of Figures 

Figure 1.1. Overview of important atomic trends in the alkaline earth group. Cartoon atomic 

orbitals (colored spheres) represent their relative sizes, but they are not drawn to scale. 

 

Figure 1.2. Structure of solvent-free and diethyl ether-coordinated alkaline earth bis-silylamides. 

 

Figure 2.1. Molecular structure of compound 2.1 (thermal ellipsoids set at 50% probability, H 

atoms omitted for clarity). Selected bond distances (Å) and angles (deg): Cl1-Mg1: 2.2772(9); 

Cl2-Mg1: 2.3767(9); Cl2-Mg2: 2.5489(6); Mg1-C1: 2.234(2); Mg2-O1: 2.0573(15); N1-C1: 

1.301(3); Mg1-Cl2-Mg2: 86.91(2); C1-Mg1-Cl1: 118.67(7); C1-Mg1-Cl2: 110.85(7); Cl2-Mg1-

Cl3: 93.75(3). 

 

Figure 2.2. Molecular structure of 2.4. (thermal ellipsoids set at 50% probability, H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): C1–Mg1:2.231(3); C1–

N1:1.293(4); Mg1–Br1:2.5531(12); Mg1–Br2:2.4249(12); Mg1–Br1′: 2.5800(12); C1–Mg1–

Br1:110.90(10); C1–Mg1–Br2:123.19(9); Br1–Mg1–Br2:107.82(5); Br1–Mg1–Br1′: 93.16(4). 

 

Figure 2.3. Molecular structures of 2.7 (A) and 2.8 (B) with H atoms omitted for clarity. 

Selected bond distances (Å) and angles (°) – 2.7: Mg1–C1: 2.293(5); C1–N1: 1.3000(6); Mg1–
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Br1: 2.4642(14); Mg1–N2: 2.097(4); Mg1–N3: 2.140(5); C35–N2: 1.341(7); C36–N3: 1.347(4); 

C35–C36: 1.404(7); C1–Mg1–Br1: 114.68(12); C35–N2–Mg1: 105.6(3). 2.8: Mg1–C1: 

2.246(4); C1–N1: 1.301(5); Mg1–Br1: 2.4724(15); Mg1–N2: 2.073(4); Mg1–N3: 2.069(4); C27–

N2: 1.383(5); C28–N3: 1.389(5); C27–C28: 1.409(6); C1–Mg1–Br1: 108.92(11); C27–N2–Mg1: 

112.8(3). 

 

Figure 2.4. Plot of frontier molecular orbitals for singly-reduced magnesium complexes. 

 

Figure 2.7. Molecular structure of 2.9 (H atoms omitted for clarity). Selected bond distances (Å) 

and angles (°): Mg1–C1: 2.194(2); Mg1–N2: 1.9644(16); Mg1–N3: 1.9682(16); C23–N2: 

1.410(2); C24–N3: 1.410(2); C23–C24: 1.342(3); C1–Mg1–N2: 144.38(7); N2–Mg1–N3: 

90.79(7). 

 

Figure 2.8. Plot of HOMO (left) and HOMO-1 (right) for compound 2.9NMe. 

 

Figure 2.9. Molecular structure of 2.10 (H atoms and Dipp-isopropyl groups omitted for clarity). 

Selected bond distances (Å) and angles (°): Mg1–N2: 2.000(2); Mg1–N1: 2.157(2); Mg1–C1: 

2.138(3); Mg1–C1’: 2.284(3); Mg1–C2: 2.629(3); Mg1–Mg1’: 3.1017(16); N2–Mg1–N1: 

85.02(8); N2–Mg1–C1: 120.65(9). 

 

Figure 3.1. Syntheses of carbene-coordinated magnesium hydride complexes. 
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Figure 3.2. Molecular structure of 3.2 (a) and 3.3 (b) (thermal ellipsoids at 50% probability; H 

atoms omitted for clarity with the exception of those located on C10 in 3.3); only the major 

occupied position is shown for disordered N-isopropyl substituents in (b).  Selected bond 

distances (Å) and angles (deg): 3.2: Mg1–C1: 2.2120(19); Mg1–N3: 1.9920(16); Mg1–N4: 

1.9944(16); C1–N1: 1.360(2); C1–N2: 1.361(2); N3–Mg1–C1: 111.75(7); N4–Mg1–C1: 

117.82(7); N4–Mg1–N3: 130.27(7). 3.3: Mg1–C1: 2.2118(13); Mg1–H10A: 2.429(16); Mg1–

N3: 1.9855(10); Mg1–N4: 1.9755(11); C1–N1: 1.3572(16); C1–N2: 1.3583(15); N3–Mg1–C1: 

113.92(4); N4–Mg1–C1: 115.06(4); N4–Mg1–N3: 130.62(4); C1–Mg1–H10A: 78.4(4); C10–

H10A–Mg1: 121.1(11). 

 

Figure 3.3. Molecular structures of 3.4 (a) and 3.5 (b) [thermal ellipsoids set at 50%; H atoms 

omitted for clarity with the exception of H1 and H2 which were isotropically refined; only the 

major occupied position is shown for disordered N-isopropyl substituents in (b)]. Selected bond 

distances (Å) and angles (deg): 3.4: Mg1–C1: 2.2239(17); Mg2–C18: 2.2250(16); Mg1–H1: 

1.828(18); Mg1–H2: 1.933(18); Mg2–H1: 1.861(17); Mg2–H2: 1.865(18); Mg1–Mg2 2.8269(9); 

Mg1–N3: 2.0098(14); Mg2–N6: 2.0144(14); N3–Mg1–C1: 118.02(6); C1–Mg1–H1: 105.3(6); 

H1–Mg1–H2: 81.4(8). 3.5: Mg1–C1: 2.230(4); Mg2–C12: 2.228(4); Mg1–H1: 1.93(4); Mg1–

H2: 1.93(4); Mg2–H1: 1.97(4); Mg2–H2: 1.82(4); Mg1–Mg2; 2.8163(19); Mg1–N3:  1.994(4); 

Mg2–N6: 2.000(4); N3–Mg1–C1: 119.27(16); C1–Mg1–H1: 107.1(12); H1–Mg1–H2: 84.4(17). 
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Figure 4.1. (A) Molecular structure of compound 4.1 (thermal ellipsoids at 40% probability; 

only one of the two chemically equivalent but crystallographically distinct molecules is shown). 

H atoms and co-crystallized THF solvent molecules omitted for clarity. Selected bond distances 

(Å) bond angles (°) and torsion angles (°): C1–C24: 1.526(4); C1–N1: 1.297(4); O1–C24 

1.236(4); O2–C24: 1.234(4); N1–C1–C24: 123.9(3); O2–C24–O1: 131.5(3); O1–C24–C1: 

113.7(3); N1–C1–C24–O2: 101.2(4). (B) Stick representations of the DFT optimized structures 

of 4.1 (gray, blue and red) and [4.1]– (light blue). ORCA 4.0.1 B3LYP/G, def2-TZVP, 

CPCM(THF). 

 

Figure 4.2. CV response of 4.1 at reducing potentials under an inert atmosphere (black) and CO2 

saturation (red) in THF. Conditions: 5 mM 4.1, 0.1 M TBAPF6/THF glassy carbon working 

electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode, referenced to 

internal ferrocene standard. 

 

Figure 4.3. (A) Disappearance of the CO2 adduct at 1670 cm-1 as the reduced species [4.1]– 

grows in and disappears at 1531 cm-1 at reducing conditions under Ar saturation monitored by 

IR-SEC. Presumptive ketene 4.2 degradation products appear at 1660 and 1603 cm-1. (B) 

Comparable experiments under CO2 saturation conditions show the loss of the CO2 adduct upon 

the formation of CO3
2- (1690 and 1635 cm-1). 
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Figure 4.4. Previous methods used to study highly reactive alkali-CO2 salts (Top). Method of 

synthesizing stable alkali CO2 salts utilizing carbene stabilization reported herein (Bottom); Dipp 

= 2,6-diisopropylphenyl. 

 

Figure 4.5. Solid state molecular structures of 4.4 (A), 4.5 (B), and 4.6 (C). All H atoms and 

carbon atoms not directly attached to the CAAC core ring are omitted for clarity. Selected bond 

distances (Å) and angles (deg): 4.4: O1–C1: 1.2732(12); O2–C1: 1.2778(12); C1–C2: 

1.4533(13); N1–C2: 1.3802(12); O1–C1–O2: 123.71(9); O1–C1–C2: 119.84(9); O2–C1–C2: 

116.45(9); N1–C2–C1: 124.85(9); N1–C2–C3: 110.81(8). 4.5: O1–C1: 1.286(3); O2–C1: 

1.266(3); C1–C2: 1.458(3); N1–C2: 1.385(3); O2–C1–O1: 122.9(2); O2–C1–C2: 118.7(2); O1–

C1–C2: 118.3(2); N1–C2–C1: 124.7(2); N1–C2–C3: 109.7(2). 4.6: O1–C1: 1.276(6); O2–C1: 

1.265(7); C1–C2: 1.451(7); N1–C2: 1.384(6); O2–C1–O1: 123.0(5); O2–C1–C2: 119.1(5); O1–

C1–C2: 117.9(5); N1–C2–C1: 123.3(5); N1–C2–C3: 110.2(4). 

 

Figure 4.6. Continuous Wave X-band EPR spectra of 4.4-4.6 taken on a 250 μM toluene 

solution at RT. 

 

Figure 4.7. Plots of the SOMOs of 4.4 (A), 4.5 (B), and 4.6 (C). H atoms and THF (in B and C) 

omitted for clarity. 
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Figure 4.8. Digital image of the mixture of compounds 4.7 (red crystals) and 4.8 (yellow 

crystals) (A), 4.9 (B), and 4.10 (C) viewed at 40x magnification on an optical microscope. 

 

Figure 4.9. Solid state molecular structure of 4.7 (A) and 4.8 (B). All H atoms and carbon atoms 

not directly attached to the CAAC core ring are omitted for clarity. Selected bond distances (Å) 

and angles (deg): 4.7: O1–C1: 1.354(7); O2–C1: 1.332(7); C1–C2: 1.379(8); N1–C2: 1.463(7); 

O2–C1–O1: 114.1(5); O1–C1–C2: 121.2(5); O2–C1–C2: 124.6(5); C1–C2–N1: 120.0(5); N1–

C2–C3: 109.6(5). 4.8: O1–C1: 1.365(2); O2–C1: 1.360(2); C1–C2: 1.343(3); N1–C2: 1.452(2); 

O2–C1–O1: 114.20(15); C2–C1–O1: 120.63(16); C2–C1–O2: 125.16(16); C1–C2–N1: 

121.20(16); N1–C2–C3: 110.58(15). 

 

Figure 4.10. Solid state molecular structures of 4.9 (A) and 4.10 (B). All H atoms and all carbon 

atoms not directly attached to the CAAC core ring are omitted for clarity. Selected bond 

distances (Å) and angles (deg): 4.9: O1–C1: 1.364(4); O2–C1: 1.336(4); C1–C2: 1.365(5); N1–

C2: 1.452(4); O2–C1–O1: 113.4(3); O1–C1–C2: 124.0(3); C1–C2–N1: 122.9(3); N1–C2–C3: 

107.9(3). 4.10: O9–C93: 1.342(10); O10–C93: 1.304(9); C93–C94: 1.385(11); N5–C94: 

1.455(9); O10–C93–O9: 115.8(7); O9–C93–C94: 120.0(7); C93–C94–N5: 119.5(6); N5–C94–

C95: 108.7(6). 

List of Schemes 

Scheme 2.1. Reactions of Et2CAAC with MgCl2. 

 

Scheme 2.2. Reactions of IPr with MgCl2. 

 

Scheme 2.3. Reactions of SIPr and Et2CAAC with MgBr2. 
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Scheme 2.4. Attempted reductions of 2.4 with KC8 

 

Scheme 2.5. Synthesis of Singly-Reduced Magnesium Complexes. 

 

Scheme 2.7. Synthesis of Doubly-Reduced Magnesium Complexes. 

 

Scheme 2.8. Reactivity Screening of Singly- and Doubly-Reduced Magnesium Complexes. 

 

Scheme 3.1. Syntheses of IiPrMe2-coordinated magnesium bis-amides. 

 

Scheme 3.2. Syntheses of IiPrMe2-coordinated heteroleptic magnesium hydrido complexes. 

 

Scheme 4.1. Complexes observed and proposed electrochemical reaction pathway. 

 

Scheme 4.2. Synthesis of singly-reduced CAAC–CO2 compounds 4.4-4.6. 

 

Scheme 4.3. Synthesis of doubly reduced CAAC–CO2 compounds 4.7-4.10. 
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1.1. Overview of Group 2 Organometallic Chemistry – Historical to Modern-Day 

Over the past two decades, the field of main group chemistry has received dramatic growth 

as chemists the world over have made a concerted effort to more fully develop the synthetic 

chemistry that is possible with main group elements (i.e., the s- and p-blocks). One of the 

primary reasons for this growth – aside from the goal of expanding the known chemistry of the 

entire periodic table – has been a paradigm shift in modern chemistry towards a set of principles 

and practices known as “Green Chemistry.”1 This core set of tenets has become a necessary 

framework around which to redesign the chemical academia and industry in order to build a 

more sustainable system. Many main group elements are inexpensive, non-toxic and Earth-

abundant – desirable characteristics around which to build a robust modern synthetic platform. 

This is especially true of the alkaline earth elements. The elements of group 2 are inexpensive, 

earth-abundant, and non-toxic (with the notable exceptions of Be and Ra). Magnesium (2.33 

wt.%) and calcium (4.15 wt.%) are the #5 and #7 most abundant elements in the Earth’s crust, 

and magnesium oxide (MgO, 35.07%) and calcium oxide (CaO, 4.37%) place at #2 and #5 

respectively in the 10 most abundant compounds in the Earth’s crust.2 Despite their natural 

predisposition towards being “green” elements for chemical synthesis, common compounds of 

group 2 elements are either extremely inert (e.g., CaCO3, MgSO4, CaCl2, etc.) or highly reactive 

(e.g., CaH2,
3 RMgCl,4 etc.) under ambient conditions, which has made their chemistry relatively 

daunting to study. As such, applications of alkaline earth metals have historically been confined 

to stoichiometric reagents for reductive nucleophilic substitutions with organic electrophiles.4-8 

These more traditional applications are discussed briefly in the following section. Thereafter a 

glimpse is given of how group 2 chemistry of the past two decades has built upon the foundation 
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of the 20th century and unlocked completely new frontiers of reactivity with the elements first 

favored by German chemists in the late 1800’s/early 1900’s. 

Organometallic compounds of s-block elements have been studied since as early as the mid 

1800’s, when pioneering chemists such as E. Frankland, and J. A. Wanklyn were pursuing alkyl 

radicals by reacting ethyl iodide first with alkali metals before, famously, choosing less reactive 

zinc metal.9, 10 These initial discoveries were followed shortly thereafter by the important studies 

of alkyllithium and alkylmagnesium compounds by V. Grignard, W. Schlenk,11, 12 and their 

protégés. s-Block organometallic compounds are now among the most fundamental and 

ubiquitous tools in chemical synthesis. Indeed, the molecular compounds of groups 1 and 2 have 

substantially impacted each of the other “blocks” of the periodic table. These reagents serve as 

some of the most potent bases and reducing agents used in organic synthesis,13, 14 substrates in 

transition metal-catalyzed coupling reactions,15-19 and templates for expanding our understanding 

of divalent f-block organometallic compounds.20 In the past two decades, as the global chemical 

community has made a concerted push towards more sustainable chemical practices, alkaline 

earth compounds have reestablished themselves as popular targets for intensive synthetic 

investigation.21, 22 The renewed interest in these compounds has additionally been fueled by the 

potential of light s-block hydrides to serve as solid-state hydrogen storage materials.3, 23-26 The 

recent resurgence in the chemistry of group 2 has precipitated several dramatic shifts in the 

traditional paradigms associated with the compounds, including most notably the isolation of 

thermally stable molecular group 2 hydrides,3, 27-35 low valent alkaline earth complexes,36-41 and 

the use of these compounds as molecular catalysts in organic transformations.42-50 Much of the 

recent work in the field of molecular group 2 chemistry has focused on exploiting the high 

reactivity of the metal centers in the aforementioned new structural paradigms to activate and 
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functionalize energy-relevant targets such as O2,
51 H2,

52 CO,53 CO2
30, 54-57 and even recently to 

achieve the unprecedented nucleophilic alkylation of benzene.34, 58 The majority of the work 

presented in this dissertation will be focused on group 2 hydrides, reduced group 2 complexes, 

their corresponding synthons, and related reactivity products. 

1.2. Important Atomic Properties of Group 2 Elements and their Effects on Molecular 

Chemistry 

When comparing the known coordination chemistry of organometallic alkaline earth 

compounds, it becomes abundantly clear that the first three elements, Be, Mg, and Ca, exhibit 

substantial variances in their bonding and structural characteristics, consequently giving them 

markedly different reactivity profiles. It is worth noting that the heaviest non-radioactive 

elements, Ca, Sr, and Ba, tend to behave more similarly to one another, and exhibit more 

consistent trends in accordance with the changes in size between them. As a result, the first three 

elements are often treated separately in synthetic investigations, and few comparative studies 

exist. The striking differences in the chemistry of the alkaline earth elements is attributable to 

notable variances in several important properties: atomic radius and electronegativity, reduction 

potential, and the resulting “preferred” chemical bonding (Figure 1.1). 
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Figure 1.1. Overview of important atomic trends in the alkaline earth group. Cartoon atomic 

orbitals (colored spheres) represent their relative sizes, but they are not drawn to scale. 

1.2.1. Atomic Radius and Electronegativity. 

First and foremost, the atomic radii of the group 2 elements exhibit a dramatic increase from 

beryllium to calcium, followed by only moderate changes in size from calcium to barium (Be, 

1.05 Å; Mg, 1.50 Å; Ca, 1.80 Å; Sr, 2.00 Å; Ba, 2.15 Å). Two major changes in the core electron 

configurations leading to a large difference in the effective nuclear charge, Zeff, are primarily 

responsible for this trend. Filled 2p and 3s shells are added from Be to Mg, and a full 4s and 4p 

shell is added from Mg to Ca. This change from the smallest and most charge-dense metal (Be) 

to one of the largest and least charge-dense (Ca) has a dramatic effect on how these elements 

form chemical bonds with other atoms. Specifically, the distance of a typical M–X bond (M = 

metal, X = halide, Oalkoxide, Namide, Calkyl) increases substantially down the group, concomitantly 

decreasing the strengths (and increasing the lability in reactions) of these bonds. The remarkably 

different electronegativity values for the alkaline earth metals also have an impact upon the 

bonding behavior (Be, 1.57; Mg, 1.31; Ca, 1.00; Sr, 0.95; Ba, 0.89). If the difference in 

electronegativity (ΔEN) between two bonded atoms is between 0 and 1.6, the bond is considered 

predominantly covalent in character, e.g., formally M–X. However, a bond between two atoms 

with an electronegativity difference greater than 1.6 is considered ionic in character, e.g., 

[M]+[X]–. The high electronegativity of beryllium relative to the other group 2 elements, allows 

it to participate in covalent bonding with organic fragments bound through either a nitrogen atom 

(ΔENBeN = 1.47) or especially with a carbon atom (ΔENBeC = 0.98). In contrast, Mg and Ca both 

form ionic bonds with nitrogen and highly polar covalent bonds with carbon, (ΔENMN = 

1.73(Mg) and 2.04(Ca), ΔENMC = 1.24 and 1.55, respectively). 
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1.2.2. Reduction Potentials and Redox Properties. 

Many modern catalytic processes have key steps involving a facile redox process at a metal 

center, such as the oxidative addition of an alkylhalide to a Pd0 complex or the reductive 

elimination of adjacent alkyl ligands to form a new C–C bond.59 The metals involved in such 

processes must have the ability to easily (and reversibly) undergo changes to their oxidation state 

(e.g., Pd(0)/Pd(II)).60-64 This type of behavior, which is relatively easy to achieve with transition 

metals, is considerably more difficult to elicit from main-group elements, with reversible redox 

processes at s-block elements being by far the most challenging.65 As a result of their extremely 

low reduction potentials (Be: −1.85, Mg: −2.37, Ca: −2.87, Sr: −2.90, Ba: −2.91),66 the alkaline 

earth metals heavily favor the +2 oxidation state. For this reason, group 2 metals (i.e., M0) are 

highly active reducing agents, second only to the alkali group. With a few notable exceptions,37, 

67, 68 nearly all stable (isolable) group 2 complexes exhibit a metal center in its +2 oxidation state. 

Therefore, one major effort in modern main-group organometallic chemistry is stabilizing 

alkaline earth metals in low oxidation states (“subvalent” or “low-valent,” i.e., M1+ and M0). In 

correlation with the trend in reduction potentials, this challenge becomes increasingly more 

difficult with larger group 2 elements. 

1.2.3. Bonding and Structural Trends. 

The properties of the M2+ ion have a substantial effect on the molecular geometry that the 

atom adopts when bonding to ligands. Useful examples are bulky alkaline earth metal 

bis(hexamethyldisilazide) (hexamethyldisilazide = HMDS) compounds, which are shown in 

Figure 2. Be(HMDS)2 has a linear geometry and does not exhibit any coordination by ethereal 

solvents.69 Mg(HMDS)2 crystalizes as a dimer in the solid state in the absence of donor solvents, 

and can accommodate two ethereal donors, adopting a tetrahedral geometry.70-72 Ca(HMDS)2 
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crystalizes as a dimer in the absence of donor solvents and accommodates two coordinated 

ethereal solvent molecules as well.73-75 Detailed studies of these compounds have revealed that 

the small size of the beryllium center along with favorable symmetry for orbital overlap allows 

for multiple bonding character across the N–Be–N moiety.76 In contrast, the M–N bonds for 

Mg[N(SiMe3)2]2 and Ca[N(SiMe3)2]2 are predominately ionic and exhibit negligible π-character. 

These observations agree with the change in the M–N bond lengths, which increase from 1.56 Å 

in Be[N(SiMe3)2]2 to 1.98–2.15 Å and 2.27–2.52 Å for the magnesium and calcium analogs, 

respectively. This trend in bonding can be explained by the atomic radii and electronegativity 

values for the metals. The smaller, more electronegative Be atom is capable of forming shorter, 

stronger bonds with each HMDS ligand, whereas the Mg and Ca atoms engage in the ionic 

bonding we typically expect for s-block elements. 

 

Figure 1.2. Structure of solvent-free and diethyl ether-coordinated alkaline earth bis-silylamides. 
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In addition to structural characteristics in group 2 compounds, the nature of the M–X bond is 

highly dependent on the atomic properties of the M2+ ion. For instance, compared to the ionic 

compounds MgCl2 and CaCl2, which readily dissociate into their component ions in water, BeCl2 

is considered a polar covalent compound and reacts violently with water to form Be(OH)2 and 

gaseous HCl. Alkaline earth metal compounds of the type MX2 also exhibit extremely high 

lattice energies. These lattice energies are dependent on the size of the M2+ ion, as larger M2+ 

ions generally result in weaker lattice energies. Alkaline earth dihydrides, for example, have 

overall high lattice energies (BeH2, 3205 KJ/mol; MgH2, 2791 KJ/mol; CaH2, 2410 KJ/mol; 

SrH2, 2250 KJ/mol; BaH2, 2171 KJ/mol)66 which decrease substantially after beryllium and 

magnesium. This property makes AeH2 compounds (Ae = alkaline earth metal) insoluble in most 

organic solvents. The high lattice energies and resultant thermodynamic stabilities of alkaline 

earth MX2 compounds, coupled with mostly ionic character of the M–X bonds (excepting 

beryllium) give rise to notorious ligand exchange and decomposition pathways for group 2 

compounds, driven by precipitation of [MX2]∞. 

1.3. Stabilizing Ligands for Reactive Molecular Group 2 Chemistry 

Arguably the most critical component of preparing an isolable complex of any reactive 

organometallic fragment is the stabilizing ligand. Good stabilizing ligands for reactive 

complexes typically exhibit have two main properties: (a) relatively high steric demand for 

kinetic stabilization, and (b) “correct” electronic structure for stabilization. Which ligand 

electronic structure is “correct” for stabilization depends on the fragment to which the ligand is 

bound. For electron-deficient complexes, as most divalent group 2 compounds are, an electron-

rich ligand is typically preferred (strong 2e– or 4e– donors, e.g. RO–, R2N
–, etc.). For electron-rich 

fragments, including a low valent group 2 fragment such as Be0 or [Mg2]
2+, a combination of σ-
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basicity and π-acidity is usually ideal (e.g., CO, RCN, NHCs, CAACs, etc.). Since these high-

energy ground state fragments, usually favored for their synthetic utility, are more reactive even 

with relatively inert molecules (e.g., the surrounding solvent, coproducts, or the complex itself), 

the ligand system around this center must have sufficiently high steric demand to prevent 

meaningful interactions between frontier orbitals and any potential substrates that could cause 

unwanted reactivity. For group 2 elements, this kinetic stabilization is also crucial to prevent 

Schlenk equilibria or oxidation state disproportionation among both the starting materials and 

target species. The electronic stabilization afforded by the ligand typically comes in the form of 

(a) strong bonds to the metal center, preventing ligand dissociation, and (b) lowering the energy 

of the dominant frontier orbital (i.e. the HOMO and LUMO for electron-rich and -deficient 

species, respectively), which typically both drives decomposition pathways and makes them such 

useful reagents. 

With these general considerations in mind, two broad categories of ligand can be imagined 

for successful attempts at isolating reactive group 2 fragments: those which are either neutral or 

monoanionic. Within these two broad groupings there is an immense degree of diversity, 

however, a few specific classes of ligand (not including donor solvents) have emerged as the 

most frequently successful choices for group 2 chemistry: chelating, monoanionic N-donors 

(e.g., β-diketiminate, guanidinate, etc.) and neutral, monodentate C-donors [e.g., N-heterocyclic 

carbenes and cyclic (alkyl)(amino)carbenes]. A third, slightly different class of ligand from those 

listed above are redox-noninnocent ligands such as bipyridine, α-diimines, or azo compounds. As 

an alternative to stabilizing a reduced alkaline earth center, for example, in which the bulk of the 

electron density resides on the metal itself, these ligands can easily undergo multiple complete 

redox events using unoccupied, low-energy π-systems. These redox events shift the electron 
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density from being predominantly metal-localized to predominately ligand-localized, 

dramatically increasing the overall stability and still maintaining a large degree of the behavior 

desirable from electron-rich complexes. 

Overall, there are drastically more known complexes of group 2 elements supported by 

anionic stabilizing ligands than supported by neutral carbon donors. The clear advantage in 

binding strength and the kinetic stabilization that results from anionic ligands have led to more 

stable – and more synthetically viable – molecular platforms around which group 2 chemistry 

has grown. However, there are a number of cases in which a neutral carbon donor ligand must be 

used to stabilize certain group 2 species (e.g., neutral zero valent compounds) and still more 

potential applications that are yet to be discovered. As such, there is much work to be done 

towards understanding the chemistry of neutral carbon donors with the elements of group 2. The 

following sections will discuss these scenarios in detail. 

1.4. Singlet Carbenes and Their Applications in Modern Main Group Chemistry 

Since the discovery of stable N-Heterocyclic Carbenes (NHCs) by Arduengo, et al. in 1991 

and cyclic (alkyl)(amino) carbenes (CAACs) by Bertrand, et al. in 2005, these two closely 

related classes of ligand have since proliferated across all areas of chemical synthesis and have 

affected most of modern chemistry. Within the field of “main group” chemistry, i.e., the study of 

elements in the s- and p-blocks of the periodic table, these ligands have completely transformed 

the types of bonding, reactivity, and structures that were thought possible for these elements. 

 By definition, a “carbene” is a divalent carbon atom (i.e., covalently bonded to two other 

atoms) which has six valence electrons instead of the usual eight. As a specific subclass of 

carbene, NHCs and CAACs have unique structural features which give the carbene center some 

important chemical properties. Most importantly, these two types of carbenes have N atoms 
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bound to the carbene carbon, and these atoms are all part of a ring, locking the relative 

geometries in place. The adjacent N atoms stabilize the reactive carbene center via both σ-

induction through the N-C σ bond and π-donation from N2p nonbonding electrons into the empty 

C2p orbital. The result is that NHCs and CAACs are – generally speaking – much more stable 

than their predecessors (classical Fischer and Schrock carbenes) which could not be isolated in 

their “free” form, i.e., not bound to a metal center. 

The combination of the forward-facing, nonbonding pair of electrons and orthogonally 

oriented, vacant C2p orbital gives the carbene carbon an ambiphilic nature, i.e., both nucleophilic 

and electrophilic in character. Between NHCs and CAACs the subtle change in the carbene-

adjacent atoms (i.e., N versus C) leads to important differences in the energy of the two orbitals 

that drive the chemistry of these species. The replacement of one N atom of a classical NHC with 

a tertiary C atom, as seen in CAACs, both raises the energy of the HOMO (lone pair) and lowers 

the energy of the LUMO (the vacant C2p). This makes CAACs both stronger σ donors (more 

nucleophilic) and stronger π acids (more electrophilic). Because of these differences, there are 

often markedly distinct reaction outcomes when using NHCs compared to CAACs in otherwise 

identical syntheses. 

The degree of synthetic versatility allowed by carbene’s unique frontier orbitals, especially in 

such a highly tunable ligand framework, has led to a wide variety of applications for both NHCs 

and CAACs. Through the Lewis basic lone pair, the carbene carbon can coordinate to Lewis 

acidic metal complexes or other electrophilic non-metallic species. In any instance where an 

energetically accessible vacant orbital is available for bonding, an NHC or CAAC can form 

strong covalent bonds thereto using its lone pair electrons. Due to the relatively high energy of 

these electrons, even some typically inaccessible molecular orbitals can become potential σ-bond 
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acceptors with certain types of free singlet carbenes (the H–H and N–H σ* orbitals of H2 and 

NH3, for example). In addition to their reactivity through the carbenic lone pair, NHCs and 

CAACs can use their vacant C2p orbital – to varying degrees depending on the specific ligand – 

to stabilize electron-rich species as well. To a large extent, the improved electrophilicity of 

NHCs and CAACs has been the primary advantage of these ligands as a gold-standard neutral 

donor ligand, as opposed to trisubstituted phosphines (PR3) which have comparatively limited 

electrophilicity through their P–R σ* orbitals. 

In main group chemistry, the advent of singlet carbenes allowed for a complete rewriting of 

established stability and reactivity rules through the isolation of dozens of complexes which 

would be unobservable using other ligands. Specifically, the synthesis and isolation of main 

group complexes with either unusual valence shell configurations and/or highly reactive 

functional groups was revolutionized with the use of carbenes as stabilizing ligands. In the s- and 

p-blocks, there is very little natural flexibility in oxidation states compared to the d- and f- block 

elements, due to the high energy of incomplete s and p-subshells. There is great synthetic utility 

for a complex having two or more valence configurations that are close in energy [e.g. 

Pd(0)/Pd(II) or Rh(I)/Rh(III)], and the ability to achieve this redox flexibility in stable main 

group complexes would open up a completely new landscape of “transition metal-like” reactivity 

for these elements, e.g., catalytic bond activations.77 Indeed, singlet carbenes were the key 

component in isolating many new complexes featuring formally “reduced” molecular fragments, 

i.e. a complex wherein the central element(s) exhibit(s) an oxidation state lower than that in its 

predominant natural compounds. In the p-block, for example, multiply bonded homometallic (or 

“homometalloidic”) molecules such as (L)Si=Si(L)78 and (L)B≡B(L)79 were isolable at room 

temperature where L=NHCs. In group 15, examples include a number of pnictinidenes [i.e. E(I)–
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R, E = P,80 As,81 Sb,82 Bi83] which were found to form highly stable adducts with carbenes [i.e. 

(L)E–R, L = CAAC, NHC]. Current research in this area is focused on isolating new reduced 

species of p-block elements and studying the potential electron transfer reactivity of currently 

known complexes, such as those discussed above. 

When compared to the proliferation of singlet carbenes as stabilizing ligands for p-block 

chemistry, NHCs and CAACs have been markedly slower to establish themselves in synthetic s-

block chemistry. This is largely due to the combined effect of inherent ligand exchange 

processes of group 2 compounds (e.g. Schlenk equilibria) and thermodynamically weak carbene–

metal bonds making it difficult to isolate well-defined complexes (as discussed in section 1.2.). 

However, steady progress has been made in the past decade, specifically in the isolation of 

hydridic, subvalent, or cationic molecular group 2 fragments. 

1.5. Molecular Alkaline Earth Hydride Chemistry 

Metal–hydride bonds are of fundamental importance to numerous synthetic processes, 

usually as on-cycle catalytic intermediates which can readily facilitate hydrogen transfer 

reactions involving organic substrates. In addition, there can be an incredible degree of 

variability in the M–H bond polarization from [M+][H−] to [M−][H+] depending upon the nature 

of M and its ancillary ligands. As a result, hydridic organometallic complexes have been shown 

to exhibit remarkably diverse reactivities and physical properties and remain a critical focus of 

synthetic organometallic chemistry. The isolation of molecular main-group hydride complexes 

has become an important point of focus for researchers, due to a renewed interest in these 

compounds as earth-abundant molecular catalysts and candidates for chemical storage of 

hydrogen. For example, some of the popular candidates being studied for solid-state hydrogen 

storage include the main-group compounds MgH2, Mg(BH4)2, and Ca(NH2BH3)2 because of 
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their high gravimetric hydrogen contents (7.6%, 15.0%, 10.1%, respectively). These compounds 

in their unadulterated, bulk states are plagued by extremely high lattice energies which give the 

compounds a correspondingly high thermodynamic stability to H2 elimination (described by the 

value of the “enthalpy of decomposition”). One possible method of lowering the required 

desorption temperature is by decreasing the cluster size, i.e., the number of connected units of 

MX2, through forcing the bulk material into smaller discrete clusters using carefully selected 

supporting ligands. For example, prior reports have proposed that extremely small clusters of 

MgH2 (nMg < 19) should have a substantially decreased enthalpy of decomposition, such that as 

the cluster size is further decreased, the H2 elimination temperature decreases dramatically. For 

this reason, low nuclearity “molecular” group 2 hydrides, borohydrides and 

amidotrihydroborates have recently become high-value synthetic targets. To create 

thermodynamically stable and isolable low nuclearity group 2 hydrides, synthetic chemists select 

strong, kinetically stabilizing supporting ligands which can force the formation of smaller cluster 

sizes of [MnXm](2n−m)+ (X = H–, H4B
–, (H3B)(H)2N

–) and prevent decomposition to insoluble 

MgH2 via ligand exchange (i.e. Schlenk equilibrium). By far the largest number of isolable small 

cluster-size group 2 hydride complexes have been supported by strongly-binding, usually 

chelating, anionic ligands with extreme steric demand. Common examples include – but are not 

limited to – β-diketiminate (NacNac), tris(pyrazolyl)methanide, tris[((1-isopropylbenzimidazol-

2-yl)-dimethylsilyl)]methanide, or macrocyclic amidopolyamine ligands. There are also some 

examples in which polydentate neutral ligands such as pentamethyldiethylenediamine were used 

to stabilize heavier s-block hydrides. It is clear that kinetic stabilization afforded by the ligands 

due to their physical size along with a strong L–M bond strength are the most critical factors 

controlling the stability and structures of the complexes. 
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1.6 Molecular Alkaline Earth Reduction Chemistry 

The isolation and study of subvalent alkaline earth complexes has led to new reaction 

archetypes for these elements as soluble organometallic reducing agents for both organic and 

inorganic compounds. The members of group 2 strongly favor the 2+ oxidation state, and 

molecular alkaline earth complexes containing a reduced metal center were unknown until the 

synthesis of amidinate and guanidinate-stabilized Mg(I) dimers by Jones and Stasch in 

2007.37 Since this seminal report, diligent synthetic research has yielded more other examples of 

stable, dimeric Mg(I) compounds. Despite their relative scarcity in number, Mg(I) species have 

proven to be robust synthetic reagents which can insert olefinic bonds,39 cleave C–H 

bonds,84 and reduce both organic and inorganic substrates.36 In addition to Mg(I) dimers – by far 

the most numerous class of reduced group 2 complexes – landmark discoveries of isolable 

Be(0),68, 83 Be(I),85, 86 Mg(I),37 Mg(0)87 and subvalent Ca compounds67 have also been published. 

The development of highly stabilizing neutral ligands such as Arduengo’s N-heterocyclic 

carbenes (NHCs) and Bertrand’s cyclic(alkyl)(amino) carbenes (CAACs) have allowed synthetic 

chemists to isolate a variety of low-valent main group compounds. Thus far, CAACs have 

proven sufficient to stabilize formally zero-valent s-block complexes as well. The first such 

complex, of the formula (CAAC)2Be,68 was reported in 2016 by Braunschweig, and exhibits 

strong multiple bonding between the Be center and the highly π-acidic carbene ligands. This 

initial discovery has been extended to allow the isolation of the first Be(I) radical cation85 and a 

neutral Be(I) radical.86 It is notable that the heavier analog containing Mg (i.e. CAAC2Mg) has 

thus far eluded chemists. 

As an alternative to the aforementioned low-valent alkaline earth complexes, which contain a 

highly reactive formally reduced metal center, substantial progress has been achieved in the 
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study of alkaline earth complexes containing redox non-innocent ligands including α-

diimines and azobenzene. The use of redox active proxy ligands allows the metal center to 

maintain its strongly preferred 2+ oxidation state while allowing facile, reversible electron 

transfers at the ligand. The ability to shuttle between multiple redox states under mild conditions 

is an important characteristic of many catalytically active metal complexes and is a primary goal 

for contemporary main group chemistry. Thus far, redox-active alkaline earth compounds 

featuring non-innocent ligands have exhibited promising reactivity including C–H88 bond 

activation, C–C bond formation,88, 89 and O2 reduction.51 

1.7. Overview of Synthetic Chemistry with CO2 Anions (CO2
– and CO2

2–) 

Carbon dioxide is one of the primary greenhouse gases present in the Earth’s atmosphere, 

and, in addition to methane, is one of the main drivers of the anthropogenic climate change of the 

20th and 21st centuries. From a chemical perspective, CO2 is a naturally abundant and relatively 

inexpensive C1 synthon, however it is difficult to utilize when compared to industrial favorite C1 

sources such as methanol, formic acid, or formaldehyde, because it is gaseous and chemically 

inert to many common synthetic transformations. As such, there has been a concerted effort by 

modern chemists to unlock inexpensive, robust processes to utilize CO2 as an organic building 

block that can be carried out at near-ambient conditions (i.e. low pressures and temperatures). 

Because of their unique electronic structures (discussed in sec. 1.4.), NHCs and CAACs have 

been found to be well-suited for CO2 activation and functionalization chemistry at ambient 

temperature and pressure.90-92 A number of synthetic investigations have been reported in which 

the carbene reacts with CO2 at room temperature and 1 atm of pressure, forming a carbene–CO2 

zwitterion (i.e. carbene carboxylate). Carbene-carboxylates have a distinct predisposition toward 

energy-relevant applications in CO2 reduction and conversion chemistry, and a number of 



39 

 

reported studies have focused on functionalizing or selectively transferring the carboxylate motif. 

However, little is known about the ability of carbene-2-carboxylates to accept electrons in 

“direct” reductions. In Chapter 4, results from this doctoral research toward understanding the 

reduction chemistry of carbene–CO2 adducts is discussed. 
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Chapter 2: Carbene-Coordinated Magnesium Halides and Reduction 

Chemistry 

 

 

Containing work that was originally published in the following: 

Wong, Y. O.;  Freeman, L. A.;  Agakidou, A. D.;  Dickie, D. A.;  Webster, C. E.; Gilliard, R. J., 

Organometallics 2019, 38, 688-696. 

 

Freeman, L. A.;  Walley, J. E.;  Obi, A. D.;  Wang, G.;  Dickie, D. A.;  Molino, A.;  Wilson, D. J. 

D.; Gilliard, R. J., Inorg. Chem. 2019, 58, 10554-10568. 
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2.1 Background on carbene-group 2 coordination chemistry. 

The majority of results achieved thus far in the study of molecular alkaline earth complexes 

have used chelating anionic ancillary ligands such as guanidinates,93 amidinates,33, 94 or 

diketiminates36, 95-97 to stabilize a wide variety of organometallic alkaline earth fragments. These 

ligand classes are desirable primarily for their strong binding and highly tunable steric 

environment and have proved extremely useful in advancing our understanding of group 2 

coordination chemistry. However, the use of a formally anionic stabilizing ligand comes with the 

primary drawback of limiting the possible redox chemistry of a group 2 complex to only single-

electron reductions, whether the reduction is occurring at the metal center or at a redox active 

ligand. Formally neutral ligands such as N-heterocyclic carbenes and cyclic(alkyl)(amino) 

carbenes are relatively scarce in group 2 chemistry, but have been shown to stabilize a number of 

polar group 2 fragments.28, 98-105 Recently, we reported the first series of compounds where two 

NHCs are bound to a single Mg center, resulting in a range of molecular magnesium reagents 

such as a carbene-stabilized terminal Grignard, (IiPrMe2)2Mg(Me)Br.106 Additionally, Mulvey, 

Hevia and others have extensively studied the roles of mesoionic and dianionic carbenes in 

support of s-block bimetallic systems.107-111 

Thiele reported that the treatment of beryllium chloride with diazadiene (DAD) and sodium 

produced the highly stable [Be(DAD)2], where each DAD has been singly reduced.112 Wang 

showed that the reaction of beryllium chloride with an unsymmetrical 2-(2-pyridyl)indole ligand 

and butyllithium produces a diamagnetic bis(N,N′-chelating)beryllium complex, where the indole 

N atom is bound as an amide and N′ is a pendant datively bound pyridine.113 Interestingly, Hill 

noted that heating (IMes)Be(CH3)2 (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) 
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with excess phenylsilane yields (IMes)Be(MesDAB) (MesDAB = bis(2,4,6-trimethylphenyl)-1,4-

diazabutadiene), where MesDAB is a doubly-reduced diamine ligand.114 

Magnesium complexes containing reduced diimines such as 1,2-bis[(2,6-

diisopropylphenyl)imino]acenaphthene (DippBIAN) and 1,4-diazabutadienes have been the 

subjects of a number of investigations.88, 89, 115-119 Yang, et al reported that one- and two-electron 

reductions of various N,N-diaryldiazabutadienes followed by reaction with MgCl2 gave highly 

varied magnesium-diimine complexes depending on the ligand steric demand and reagent 

stoichiometry.120 Among the isolated products was the Mg–Mg bonded species 

K2[(L
iPr)MgMg(LiPr)] (LiPr = [(2,6-iPr2C6H3)NC(Me)]2. The chemistry of group 2–(RBIAN) 

complexes has been studied extensively in the literature. Fedushkin, et al. demonstrated that a 

magnesium salt of DippBIAN, [Mg(DippBIAN)(THF)3] can act as a reducing agent for unsaturated 

organic substrates, as well as mediate a remarkable Csp–H bond cleavage and C–C bond 

formation in the coupling of PhC≡CH with Ph2CO.88 It is notable, however, that in this system 

the coordination number of magnesium is at least four throughout the entire reaction sequence 

due to the coordination of multiple THF molecules. If donor solvents are avoided, the 

coordination sphere is filled either by dimerization or by ligand exchange to form a homoleptic 

(DippBIAN)2Mg complex, in which each ligand is singly reduced.116 These examples highlight a 

significant challenge in molecular group 2 chemistry: the preparation and isolation of monomeric 

and solvent-free group 2 complexes. As such, our group has begun to explore the synthesis of 

well-defined, solvent-free carbene–alkaline earth complexes as molecular precursors.106, 121 

Based on the existing work with both Mg and Be, we sought to support a redox-active Ae–

diimine fragment with a neutral donor ligand in order to obtain well-defined, solvent-free, 

monomeric reduced alkaline earth complexes. 
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2.2 Carbene coordination to group 2 halides 

The synthesis of low oxidation state main group complexes typically utilizes a radical-based 

halide abstraction promoted by an alkali metal reducing agent such as potassium graphite (KC8). 

For this type of reaction, a ligand-coordinated main group element halide is needed.31, 68, 122 For 

the chemical reduction of magnesium complexes, this requires a ligand-coordinated MgX2 

complex (X = halide). The isolation of a CAAC-supported Mg halide complex had not yet been 

reported in the chemical literature at the time of this investigation. Initial attempts to prepare the 

first CAAC magnesium halide complexes focused on the reactions of a 3,3-diethyl-substituted 

CAAC (Et2CAAC) with MgCl2 in both the coordinating solvent THF and non-coordinating 

toluene (scheme 2.1). 

Scheme 2.1. Reactions of Et2CAAC with MgCl2. 

 

Surprisingly, an excess of THF completely inhibits the coordination of the CAAC ligand 

(determined via 1H NMR in THF-d8), and a complex can only be obtained by removal of the 

donor solvent under vacuum. Upon removal of excess THF, compound 2.1 was obtained as a 

bright white solid. Recrystallization of the product from a saturated toluene solution yielded 
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colorless block-like crystals of compound 2.1 suitable for X-ray diffraction. The molecular 

structure of 2.1 (Figure 2.1.) shows that even after extended periods (days) under reduced 

pressure, THF coordination persists. Additionally, attempts to isolate a pure sample of 2.1 were 

unsuccessful due to the presence of THF-coordinated products of the type (THF)nMgCl2 which 

exhibited similar solubility to the desired product. 

 

Figure 2.1. Molecular structure of compound 2.1 (thermal ellipsoids set at 50% probability, H 

atoms omitted for clarity). Selected bond distances (Å) and angles (deg): Cl1-Mg1: 2.2772(9); 

Cl2-Mg1: 2.3767(9); Cl2-Mg2: 2.5489(6); Mg1-C1: 2.234(2); Mg2-O1: 2.0573(15); N1-C1: 

1.301(3); Mg1-Cl2-Mg2: 86.91(2); C1-Mg1-Cl1: 118.67(7); C1-Mg1-Cl2: 110.85(7); Cl2-Mg1-

Cl3: 93.75(3). 

Although two of the MgCl2 units in the structure are coordinated by Et2CAAC ligands, the 

center unit of MgCl2 does not have a coordinated CAAC, which is critical to stabilize a potential 

reduced product. To circumvent the complications created by the presence of THF, the same 
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reaction was carried out in toluene, which yielded no reaction after 14 days, due to the extremely 

poor solubility of MgCl2 in the solvent. 

For comparison to this CAAC–MgCl2 system, the reaction of the ubiquitous 1,3-bis(2,6-

diisopropylphenyl)imidazole-2-ylidine (IPr) with MgCl2 was also studied in both THF and 

toluene. In THF, the reaction of MgCl2 with IPr proceeds cleanly at room temperature to yield a 

homogeneous, pale-yellow solution after 16 h (Scheme 2.2.). Upon removal of the solvent under 

vacuum and trituration with hexanes, compound 2.2 is obtained in 80% yield as a white solid. 

However, in toluene, the reaction requires 5 days of vigorous stirring to yield a heterogeneous 

mixture of 2.3 After the removal of toluene under vacuum and washing with hexanes, 2.3 is 

obtained as a white solid in 96% yield. Compound 2.3 exhibits a high affinity for THF and is 

readily converted to 2.2 in the presence of the donor solvent. 

Scheme 2.2. Reactions of IPr with MgCl2. 

 

An analysis of compound 2.2 via 1H NMR in THF-d8 shows only slight shifts in the 

characteristic resonances of the IPr ligand. The methine protons on the diisopropylphenyl 
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substituents shift from 2.82 ppm in the free ligand to 2.81 ppm for compound 2.2 A similar 

change was observed in the 1H NMR resonance for the imidazolium backbone protons, which 

shifted from 7.17 to 7.18 ppm and exhibited slight broadening relative to the same peak for free 

IPr. Even at 0 °C, 1H NMR analysis of 2.2 in THF-d8 showed only slight changes (methine, 2.79 

ppm; backbone protons, 7.29 ppm). These small shifts indicate that there is, at best, an extremely 

weak interaction between the carbene and metal center in solution and, at worst, that competitive 

THF coordination is predominant. An analysis of 2.3 via 1H NMR proved difficult because of the 

poor solubility of the dimeric complex in noncoordinating solvents. Once the complex is formed, 

it cannot be dissolved in C6D6 in sufficient concentrations to obtain a 1H NMR spectrum. If 

THF-d8 is used, then the complex immediately converts to 2.3, which exhibits coordination of 

the deuterated solvent and thus yields only resonances for 2.2 in the 1H NMR spectrum. 

Trituration in hexanes and removal of the solvent gives partial conversion to a C6D6-insoluble 

white solid, which was attributed to compound 2.3 A disadvantage to 2.2 and 2.3 is that it can be 

difficult to quantify and control dynamic THF coordination. 

Colorless block-shaped air- and moisture-sensitive crystals of 2.2 suitable for a single-crystal 

X-ray diffraction study were obtained from a saturated THF solution of the complex layered with 

hexanes (2:1 THF/hexanes) at room temperature. The four-coordinate magnesium center exhibits 

a distorted tetrahedral coordination environment with a THF molecule occupying the fourth 

coordination site (Figure A2.2). The Mg–OTHF distance of this interaction [2.018(5) Å] is only 

marginally longer than the IMes analogue [2.014(2) Å] and is shorter than the bis-THF analogue, 

(THF)2MgCl2 (2.129 Å). The nature of the bonding around magnesium in these complexes, 

along with the observed difficulty in removing coordinated THF, indicates that the Mg center is 

highly electron-deficient with only a single carbene ligand, and as a result, the Mg–THF 
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interaction is relatively strong. When THF is removed, the complex dimerizes to 

yield 2.3 instead of existing as the tricoordinate (IPr)MgCl2 adduct. 

Colorless block-shaped crystals of 2.3 suitable for X-ray diffraction studies were obtained 

from refluxing a toluene suspension of the product and cooling the filtrate to room temperature. 

The molecular structure of 2.3 (Figure A2.3) is isostructural with the iodinated analog, 

[(IPr)MgI2]2 and shows a dimer with two (IPr)MgCl2 units containing two tetravalent magnesium 

centers in distorted tetrahedral coordination environments. Three coordination sites are occupied 

by chlorine atoms – one terminal and two bridging – and one coordination site is occupied by the 

carbene carbon of an IPr ligand. The Cl–Mg1 bond [2.213(4) Å] is only marginally longer than 

that in 2.2 [2.202(6) Å], indicating that the replacement of the THF in 2.2 with a bridging 

chloride has little effect on the carbene–magnesium interaction. The coordination behavior of the 

sterically demanding NHC used in 2.2. and 2.3. was compared to a smaller NHC, IiPrMe2 

(IiPrMe2 = N,N′-diisopropyl-2,3-dimethylimidazol-2-ylidine), in this report from our group.106 

These results strongly suggest that MgCl2 is not an easily accessible and viable halide 

precursor for magnesium reduction chemistry supported by neutral carbene-type ligands. A 

viable starting material would need to be prepared in a non-coordinating solvent such as toluene 

to eliminate competitive coordination from THF, so both the CAAC complex and the bulk 

magnesium halide must be at least moderately soluble in such solvents. Following the results 

obtained with MgCl2, it was hypothesized that the heavier congeners MgBr2 or MgI2, which have 

generally higher solubility in hydrocarbon solvents than MgCl2, might allow the preparation of 

CAAC and NHC complexes that were soluble in non-donor hydrocarbon solvents such as 

toluene. Indeed, the reaction of MgBr2 with either free Et2CAAC or 1,3-bis(2,6-

diisopropylphenyl)-4,5-dihydroimidazole-2-ylidene (SIPr) in toluene gives the desired products 



48 

 

2.4 and 2.5 in 74% and 68% yield respectively after only 16 hours at room temperature (scheme 

2.3.). 

Scheme 2.3. Reactions of SIPr and Et2CAAC with MgBr2. 

 

The 1H NMR spectrum of 2.4 in C6D6 showed a shift in the characteristic resonance of the 

Dipp methine protons from 3.17 to 2.78 ppm, indicating a substantial change to the chemical 

environment of the ligand. Further evidence of coordination was given by the change to the 

diastereotopic methylene protons of the CAAC from two distinguishable multiplets of two 

protons each (δ = 1.88, 1.80 ppm) to a single overlapping multiplet signal (δ = 2.23 ppm) 

integrating to four protons. The 13C NMR of the product showed a characteristically weak signal 

for the carbene carbon at 257.5 ppm, which is significantly upfield from the carbene resonance in 

the spectrum of free Et2CAAC at 317.5 ppm. Similarly, the 1H NMR spectrum of 2.5 in 

C6D6 showed a shift in the methine resonance from 3.29 to 3.27 ppm, as well as a shift in the 

singlet resonance for the protons of the imidazole backbone from 3.37 to 3.48 ppm. These small 

shifts are consistent with those observed in other instances of coordination of NHCs to 

magnesium dihalides. 
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Figure 2.2. Molecular structure of 2.4. (thermal ellipsoids set at 50% probability, H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): C1–Mg1:2.231(3); C1–

N1:1.293(4); Mg1–Br1:2.5531(12); Mg1–Br2:2.4249(12); Mg1–Br1′: 2.5800(12); C1–Mg1–

Br1:110.90(10); C1–Mg1–Br2:123.19(9); Br1–Mg1–Br2:107.82(5); Br1–Mg1–Br1′: 93.16(4). 

Single crystals of 2.4 and 2.5 suitable for X-ray diffraction were grown at −37 °C from 

saturated solutions of the product in a 5:1 toluene/hexane mixture. The molecular structure 

of 2.4 (Figure 2.2.) revealed a dimer composed of two (Et2CAAC)MgBr2 units linked by two 

bridging bromide ligands. The C1–Mg1 bond distance of 2.231(3) Å is within the range of 

known CAAC–Mg complexes. To the best of our knowledge, 2.4 was the first structurally 

characterized CAAC–magnesium halide complex. The shortened C1–N1 bond in 2.4 [1.293(4) 

Å] is indicative of significant donation of the N1 lone pair into the unoccupied 2p orbital of C1. 

The DFT (B3LYP-D3(BJ)/def2-TZVP) optimized structure of 2.4 (modeled with N-Me in place 

of N-Dipp) is consistent with the crystal structure, with a C1–Mg1 distance of 2.193 Å (for 

further details see original manuscript123). 
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2.3 Attempts at Direct Reduction of Carbene Magnesium Halides 

Complex 2.4 was used in attempts to synthesize a magnesium analog of the first structurally 

characterized Ae(0) complex, (MeCAAC)2Be.68 The reaction of 2.4 with a second equivalent 

Et2CAAC as well as 2.2 equivalents of KC8 in toluene consistently yielded a deeply red-orange 

solution under a variety of temperatures and reaction times (scheme 2.4.).  Recrystallization of 

this product from hexanes at -37 °C yielded red-orange crystals suitable for X-ray diffraction. 

The molecular structure of these crystals showed the ligand activation product 2.6 (Figure A2.6). 

Scheme 2.4. Attempted reductions of 2.4 with KC8 

 

In this product, two Et2CAAC ligands have been coupled at the former carbene carbons to 

form a C–C double bond. Product 2.6 is similar in structure to the ligand activation products 

reported when using Me2CAAC by Turner, et al.,100 indicating that Et2CAAC may be simply 

incapable of stabilizing the highly reactive magnesium species involved in these reactions. 

2.4. Stepwise Reduction at Magnesium and Beryllium: Cooperative Effects of Carbenes 

with Redox Non-Innocent α-Diimines 

Based on the results of the direct reductions of (Et2CAAC)MgBr2, attention was shifted to the 

reactions of 2.4 and 2.5 with the redox-active ligands 2,2-bipyridine (bpy) and N,N-bis(2,6-

diisopropylphenyl)-1,4-diaza-1,3-butadiene (DippDAB). Both ligand subclasses are ubiquitous in 

main-group and transition metal chemistry,112, 124-129 and are highly variable scaffolds which can 
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be prepared with a variety of N-substituted groups and backbone substituents. In bpy, the diimine 

moiety is contained within the aromatic system of the bipyridine core, and the steric demand 

around a bound metal center is relatively low. The diimine moiety of DippDAB, by contrast, is not 

part of an aromatic core, and has much higher steric demand when bound to a metal center. The 

use of these two ligands allows us to quickly and comprehensively elucidate the effect of ligand 

sterics and backbone electronic structure on the properties of the resulting reduced complexes. 

2.4.1. Reaction of Carbene–Group 2 Dihalides with Singly-Reduced α-Diimines 

Complexes 2.7 and 2.8 were prepared via the addition of the appropriate diimine to a solution 

of 2.4, yielding a homogenous solution colored by the free diimine (yellow for DippDAB, faintly 

pink for bpy). The addition of one equivalent of KC8 to these solutions at room temperature 

yielded a rapid change in color to that of the resulting singly reduced products whose structures 

are shown in scheme 2.5. Compounds 2.7 and 2.8 were obtained in 28 and 67% yields, 

respectively. 

Scheme 2.5. Synthesis of Singly-Reduced Magnesium Complexes. 
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In contrast to the colorless magnesium starting material, the singly-reduced products were 

vibrantly colored. Complex 2.7 was bright orange in color, and compound 2.8 was dark red. 

Interestingly, while the reaction of 2.4 with either redox-active ligand and one equivalent of KC8 

gave clean conversions to the thermally stable 2.7 and 2.8, singly-reduced products stabilized by 

SIPr could not be obtained. The reactions of 2.5 with KC8 and either DippDAB or bpy under a 

variety of reaction conditions consistently yielded intractable product mixtures containing both 

diamagnetic and paramagnetic species. This is most likely a result of the differences in binding 

of SIPr to magnesium when compared with Et2CAAC. In this case, it appears that the subtle 

change in the binding behaviors leads to the formation of a mixture of products and precludes the 

isolation of the desired compounds. 

 

 

Figure 2.3. Molecular structures of 2.7 (A) and 2.8 (B) with H atoms omitted for clarity. 

Selected bond distances (Å) and angles (°) – 2.7: Mg1–C1: 2.293(5); C1–N1: 1.3000(6); Mg1–

Br1: 2.4642(14); Mg1–N2: 2.097(4); Mg1–N3: 2.140(5); C35–N2: 1.341(7); C36–N3: 1.347(4); 
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C35–C36: 1.404(7); C1–Mg1–Br1: 114.68(12); C35–N2–Mg1: 105.6(3). 2.8: Mg1–C1: 

2.246(4); C1–N1: 1.301(5); Mg1–Br1: 2.4724(15); Mg1–N2: 2.073(4); Mg1–N3: 2.069(4); C27–

N2: 1.383(5); C28–N3: 1.389(5); C27–C28: 1.409(6); C1–Mg1–Br1: 108.92(11); C27–N2–Mg1: 

112.8(3). 

The reduction of α-diimines decreases the bond order of both backbone C–N bonds, as the 

added electrons occupy a C–N antibonding molecular orbital. The addition of electrons to 

DippDAB and bpy concomitantly increases the bond order of the backbone C–C bond. The 

sensitivity of these bonds allows the reduction to be monitored structurally through changes in 

bond length around the N2–C35–C36–N3 backbone of the diimine. The backbone C–C bond 

changes from a formal single bond in the free diimine to a formal double bond in the dianionic 

form. The molecular structure of compound 2.7 (Figure 2.3A) reveals that a monoanionic 

[DippDAB]•– ligand has displaced a bromide from compound 2.4, giving the desired singly-

reduced product. The magnesium center is now contained within a five-membered metallacycle, 

however the metal center is positioned slightly out of the N2–C35–C36–N3 plane [Mg1–N2–

C35–C36: 14.6(6)°]. This distortion is observable in some cases for similar Mg(II)–DAB·– 

complexes.120 Compound 2.8 (Figure 2.3B) exhibits an analogous core structure to 2.7, with 

[bpy]•– replacing [DippDAB]•–. There is a shortening of the C27–C28 bond from 1.483 Å for free 

bpy130 to 1.409(6) Å in 6, indicating the expected increase in bond order resulting from reduction 

of the diimine core. As previously noted, the magnesium atom in 2.7 does not lie in the plane of 

the diimine core, but slightly above it. This contrasts with the magnesacycle of 2.8, in which all 

of the bpy atoms are coplanar with the magnesium center. 

The B3LYP-D3(BJ)/def2-TZVP optimized geometries of model 2.7NMe and 2.8NMe 

compounds (with N-Me substituents, see original manuscript for details123) both yield planar 5-
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membered magnesacycles, with C-C-N-Mg dihedral angles of only 1-2°. There are insignificant 

differences in key bond distances (Mg-C, Mg-N, Mg-Br) between 2.7NMe and 2.8NMe. 

Calculations with the full compounds (N-Dipp substituents) provided longer Mg-N and Mg-C 

bond distances, which suggests that the N-Me model compounds will yield a lower-bound to the 

geometries of the full complex (with greater steric bulk). Modeling the experimental structure for 

2.7 (N-Dipp) yielded a larger dihedral angle of 7°, which suggests that the non-planarity results 

from steric effects due to the bulky Dipp groups. 

Analysis of the DFT-calculated frontier molecular orbitals (MOs) indicates that the singly-

occupied MOs (SOMO) for both complexes are π-symmetric MOs centered on the diimine 

ligand (Figure 2.4). However, the doubly-occupied SOMO-1 differs between 2.7 and 2.8; it is a 

π-symmetric MO located on the bpy ligand in 2.8, while in 2.7 it is a lone-pair orbital on the Br 

atom. The SOMO-2 for both compounds is a lone-pair Br orbital. This suggests that the doubly-

occupied SOMO-1 (the highest doubly occupied MO) influences the planarity of the 5-

membered magnesacycles; the extended bpy π-system in 2.8 results in greater planarity, while 

the absence of such a π-symmetric MO in 2.7 allows the Mg atom to reside above the plane of 

the diimine core. 
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Figure 2.4. Plot of frontier molecular orbitals for singly-reduced magnesium complexes. 

 Each of the paramagnetic complexes 2.7 and 2.8 contained a persistent ligand-based 

radical electron. To determine the chemical environment of these unpaired electrons, the 

continuous-wave X-band EPR spectrum was obtained at room temperature of each compound in 

toluene. (Figure 2.5). 
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Figure 2.5. Room temperature CW X-band EPR spectra of complexes 2.7 (A) and 2.8 (B) in 

toluene (250 μM, 5 scans averaged). 

The EPR spectrum of 2.7 (Figure 2.5A) shows a single resonance with observable hyperfine 

splitting by two 14N and two backbone 1H nuclei, yielding a 15-line spectrum with equal 1H and 

14N hyperfine splitting constants. This data further confirms the delocalization of this electron 

across the four nuclei of the DAB backbone but not onto the N-aryl groups. There is no 

observable hyperfine interaction with 25Mg (I = 5/2, 10% natural abundance). As such the 

absence of this interaction in the EPR spectrum suggests that there is minimal delocalization of 

the electron across the Mg center. Similar behavior was observed in the EPR spectrum of 2.8 

(Figure 2.5B) in toluene at 298 K. A hyperfine interaction was observed between the unpaired 

electron and two 14N nuclei, as well as a slightly weaker 1H hyperfine interaction with two 1H 

atoms on C26 and C29. Because of this weak coupling, the full number of theoretical lines (15) 

could not be observed. 
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Figure 2.6. Spin density contour plots of 2.7NMe and 2.8NMe. 

B3LYP-D3(BJ)/def2-TZVP DFT calculations indicate that the spin density of the unpaired 

electron in 2.7NMe (Figure 2.6, left) is predominantly limited to the N2–C27–C28–N3 backbone 

(89% of spin density), while in 2.8NMe (Figure 2.6, right) the N3-C28-C27-N2 backbone contains 

only 49% of the spin density. An additional 37% is located on bipyridyl C24, C25, C30, C31 

atoms. This suggests some delocalization of the unpaired electron in the bipyridyl system in 2.8 

but not on the Dipp substituents of 2.7 In both cases less than 3% of the spin density is located 

on the Mg atom, which is consistent with the lack of an observable hyperfine interaction with 

25Mg in the EPR spectra. 

On account of the strong absorption of visible light by compounds 2.7 and 2.8, the UV-Vis 

spectrum of each product was obtained in toluene (0.1 mg/mL, Figures A3.42-43). The UV-Vis 

spectrum of 2.7 (Figure A3.42) gives a narrow absorbance band at 458 nm (ε = 3167 M-1cm-1) 

corresponding to a ΔE of 62.4 kcal mol-1. Compound 2.8 (Figure A3.43) exhibited multiple 

absorbances at 388 nm (ΔE = 73.7 kcal mol-1, ε = 11902 M-1cm-1), 513 nm (ΔE = 55.7 kcal mol-

1, ε = 3963 M-1cm-1), 541 nm (ΔE = 52.8 kcal mol-1, ε = 3740 M-1cm-1), and 830 nm (ΔE = 34.4 

kcal mol-1, ε = 449 M-1cm-1). 
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MO analysis and TD-DFT (ωB97XD/def2-TZVP) results illustrate the difference in 

absorbance between 2.7 and 2.8. The SOMO and LUMO of both compounds are similar 

(diimine-based π SOMO and Mg-C based π-symmetric LUMO), however 2.8 possesses a 

bipyridyl system with low-lying π* MOs located on the bpy ligand that are not present in 2.7. As 

a result, ligand-centered (LC) π-π* transitions are only present in 2.8, which are calculated to 

occur at longer wavelengths (SOMO to LUMO+1 and LUMO+2 transitions at 799 and 702 nm, 

respectively). Transitions from SOMO to LUMO are calculated at 368 and 449 nm for 2.7 and 

2.8, respectively, and may be matched with the experimental absorbances at 458 (2.7) and 541 

nm (2.8). The TD-DFT absorbance wavelengths are consistently shorter than the experimentally 

observed values. 

2.4.2. Reaction of Carbene–Group 2 Dihalides with Doubly-Reduced α-Diimines 

We next sought to obtain tricoordinate, doubly-reduced magnesium and beryllium 

compounds containing only a cyclic carbene and a dianionic diimine ligand. The reaction of 

either DippDAB or bpy with complex 2.4 and two equivalents of KC8, yielded the doubly-reduced 

product (2.9) in 60% yield as a dark green solid (Scheme 2.7). 

Scheme 2.7. Synthesis of Doubly-Reduced Magnesium Complexes. 
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Notably, multiple attempts to obtain (Et2CAAC)Mg(bpy) were unsuccessful. When 2.2 eq of 

KC8 were used, the singly-reduced compound 2.8 was the only product obtained. Regardless of 

the stoichiometric ratio of KC8 used, the reaction mixtures consistently showed an intractable 

mix of products, including free Et2CAAC. While the exact reason(s) for this result is unknown, it 

clearly indicates that the formation of the Mg–bpy2– complex is less favorable than the Mg–

DAB2– compound. 

 

Figure 2.7. Molecular structure of 2.9 (H atoms omitted for clarity). Selected bond distances (Å) 

and angles (°): Mg1–C1: 2.194(2); Mg1–N2: 1.9644(16); Mg1–N3: 1.9682(16); C23–N2: 

1.410(2); C24–N3: 1.410(2); C23–C24: 1.342(3); C1–Mg1–N2: 144.38(7); N2–Mg1–N3: 

90.79(7). 
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The molecular structure of 2.9 (Figure 2.7) exhibits a tricoordinate magnesium in a highly 

distorted trigonal planar geometry enabled by the combined steric demand of the Et2CAAC and 

DippDAB N-aryl groups. This steric repulsion manifests itself in the 144.38(7)° C1–Mg1–N2 

bond angle, a deviation of 24.38(7)° from the ideal 120°. In the DippDAB complexes 2.7 and 2.9, 

the backbone C–C bond distance exhibits an incremental shortening from 1.467(5) Å for the free 

diimine131 to 1.404(7) Å in compound 2.7, to 1.342(3) Å in compound 7. This provides further 

evidence that the ligand is reduced by two electrons in compound 2.9 and one electron in 

compound 2.7. 

DFT results yield a tricoordinate magnesium atom with co-planar rings for 2.9NMe with a Mg-

C bond distance of 2.161 Å (WBI 0.19), which is suggestive of some double-bond character. 

Calculated MOs (shown in Figure 2.8) are consistent with partial double-bond Mg-C character, 

with the π-symmetry HOMO delocalized over the diimine N atoms, Mg, and carbene C (for 

further details see appendix III and original manuscript).123  

 

Figure 2.8. Plot of HOMO (left) and HOMO-1 (right) for compound 2.9NMe. 

The UV-Vis spectrum of 2.9 (Figure A3.44) in toluene showed an extremely broad, weak 

absorption band (ε = 540.0 M-1cm-1) at 783 nm, corresponding to a π-π* transition. TD-DFT 

(ωB97XD/def2-TZVP) calculations also yield a long wavelength band (676 nm), characterized 

as ligand-centered charge-transfer (LCT) from DAB to CAAC. The band is associated almost 
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exclusively with a HOMO-LUMO π-π* transition. The corresponding energy of this electronic 

transition is exceptionally low at 36.5 kcal mol-1. The HOMO, HOMO-1 and HOMO-2 of 2.9 are 

centered on DAB, and hence most absorbance bands correspond to charge transfer from the 

DAB ligand. In addition to the long wavelength LCT transition, TD-DFT results give two low-

intensity transitions (444 and 311 nm) characterized as ligand-to-metal charge-transfer (LMCT) 

from DAB to Mg, while shorter wavelength bands are characterized as π-π* LCT transitions and 

have greater oscillator strength. The large difference between the electronic transitions between 

the singly- and doubly-reduced complexes of the same metal and ligand combination indicates 

that small changes to the ligand redox state by the addition or removal of one electron can 

drastically change the nature of the frontier orbitals and thus affect the potential reactivity of the 

complexes. 

2.4.3. Insights into Reactivity of Doubly-Reduced Carbene–Mg–diimine Complexes 

Scheme 2.8. Reactivity Screening of Singly- and Doubly-Reduced Magnesium Complexes. 

 

 



62 

 

To begin to understand the reactivity of this molecular scaffold (CAAC–Mg–diimine), 

compounds 2.7 and 2.9 [(CAAC)Mg(Br)(DAB) and (CAAC)Mg(DAB)] were investigated in 

reactions with various E-H bonds (E = B, Csp, Csp2, Csp3) or electron acceptors (e.g. 

benzophenone). The summary of these reactivity studies are shown in Scheme 2.8. The first 

substrate that was screened was the phenyl-substituted terminal alkyne, phenylacetylene (pKa = 

28.7 in DMSO).132 When phenylacetylene was added to a toluene solution of compound 2.9 at 

RT, the dark green solution turned rapidly to orange as an immediate reaction occurred. Single 

crystals of the product of this reaction were obtained from a saturated toluene solution at –39 °C. 

The molecular structure of compound 2.10 (Figure 2.9) shows a dimerized molecule 

connected via two πC≡C–Mg contacts in which the terminal C–H bond of phenylacetylene has 

been heterolytically cleaved by one of the Mg–N bonds of the starting material, resulting in a 

new Mg–C and N–H covalent bonds. The N–Mg bond across which the C–H was added is now a 

donor-acceptor bond between the nitrogen lone pair and electropositive Mg center. The 

difference in the Mg–N bonding is supported experimentally by the difference in bond distance 

between N1–Mg1 [2.157(2) Å] and N2–Mg2 [2.000(2) Å]. 
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Figure 2.9. Molecular structure of 2.10 (H atoms and Dipp-isopropyl groups omitted for clarity). 

Selected bond distances (Å) and angles (°): Mg1–N2: 2.000(2); Mg1–N1: 2.157(2); Mg1–C1: 

2.138(3); Mg1–C1’: 2.284(3); Mg1–C2: 2.629(3); Mg1–Mg1’: 3.1017(16); N2–Mg1–N1: 

85.02(8); N2–Mg1–C1: 120.65(9). 

Based upon the evidence (discussed above) of compound 2.9’s potential to heterolytically 

cleave weakly acidic E–H bonds, this reactivity was further investigated. The reaction of 2.9 

with a neutral substrate containing a sterically accessible B–H bond, pinacolborane (HBpin), was 

carried out (Scheme 2.8). After a solution of 2.9 and HBpin in toluene was heated at 70 °C for 7 

days, a dark brown solution was observed. When this solution was allowed to slowly cool to 
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room temperature, deeply red, block-like single crystals suitable for X-ray diffraction were 

obtained. The molecular structure of the product revealed a neutral molecule featuring one 

tetrahedral magnesium center coordinated by two monoanionic DAB ligands (Figure A2.11). 

This structural motif – e.g. (DAB)2Mg – is well-known for alkaline complexes coordinated by α-

diimines and is often seen as a Schlenk equilibrium side product in solutions containing alkaline 

earth elements coordinated by doubly reduced diimine ligands. The result of this experiment 

indicates that the dissociation of CAAC and redistribution of the DAB ligands to form 2.11 is 

favored instead of the heterolytic cleavage of the B–H bond in HBpin. 

To conclude, we have reported the synthesis and characterization of a series of new carbene-

coordinated magnesium and beryllium dihalides, including the first structurally characterized 

CAAC–magnesium halide complex. We used these compounds to obtain reduced magnesium 

and beryllium species coordinated by a carbene and either a singly-reduced or doubly-reduced α-

diimine. Interestingly, the doubly-reduced magnesium and beryllium species exhibit strong π-

bonding interactions across the entire carbene–metal–diimine core. This represents a rare 

example of alkaline earth metals participating in π-bonding in an s-block heterocycle. 

Additionally, diverse structural and electronic characteristics were observed in the reduced 

products which varied in accordance with the specific combination of α-diimine, carbene, and 

metal center that was chosen. The relationship between ligand steric demand, ligand electronic 

structure, and metal identity was thoroughly investigated. We expect that the high variability of 

the structural and electronic properties of this ligand system will greatly expand the redox 

chemistry of group 2 elements. The reactivity of these systems toward bond activations and 

reoxidation was explored.  The propensity of the CAAC to dissociate from the metal center upon 

reaction with labile substrates such as terminal alkynes limits the utility of 2.9 for further bond 
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activation systems, so future studies will focus on developing a similar scaffold (i.e. carbene–

Mg–diimine) with less sterically demanding ligands.133 Additionally, future work should explore 

the reactivity of 2.9 with oxidizing substrates such as O2, O3, etc. towards obtaining useful Mg–

O bonded molecular species. 
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Chapter 3: Low-Nuclearity Magnesium Hydride Complexes Stabilized 

by N-heterocyclic Carbenes 

 

 

 

 

Containing work that was originally published in the following: 

Freeman, L. A.; Walley, J. E.; Dickie, D. A.; Gilliard, R. J. Dalton Trans. 2019, 48, 17174-

17178. 
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The isolation of molecular main-group hydride complexes has become an important point of 

focus for researchers, due to a renewed interest in these compounds as earth-abundant molecular 

catalysts and candidates for chemical storage of hydrogen.3, 23, 25, 26, 29, 30, 43, 50, 134-139 One popular 

candidate for solid-state hydrogen storage is MgH2, because of its high gravimetric hydrogen 

content (7.66% by mass). The extremely high lattice energy of bulk MgH2 (α–MgH2), however, 

gives the compound a correspondingly high thermodynamic stability to H2 elimination.25, 134, 140-

142 One possible method of lowering the required desorption temperature is by decreasing the 

Mg–H cluster size. For this reason, low nuclearity “molecular” magnesium hydride clusters have 

recently become high-value synthetic targets. Prior reports have highlighted that extremely small 

clusters of MgH2 (nMg<19) should have a substantially decreased enthalpy of decomposition, 

such that as the cluster size is further decreased, the H2 elimination temperature decreases 

dramatically.134, 143, 144 For this reason, synthetic chemists select strong, kinetically stabilizing 

supporting ligands which can force the formation of smaller cluster sizes of [MgnHm](2n–m)+ and 

prevent decomposition to insoluble MgH2 via ligand exchange (i.e. Schlenk equilibrium). By far 

the largest proportion of isolated group 2 hydrides have been supported by strongly-binding, 

usually chelating, anionic ligands with extreme steric demand. Common examples include – but 

are not limited to – β-diketiminate (NacNac), tris(pyrazolyl)methanide, tris[(1-

isopropylbenzimidazol-2-yl)-dimethylsilyl)]methanide, or macrocyclic amidopolyamine 

ligands.145 There are also some examples in which polydentate neutral ligands such as 

pentamethyldiethylenediamine were used to stabilize heavier s-block hydrides.32 The kinetic 

stabilization afforded by the ligands due to their physical size is arguably the most critical 

characteristic controlling the stability and structure of the complex.29, 146 These stringent 

stabilization requirements have made monodentate, neutral N-heterocyclic carbenes (NHCs) 
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substantially less common in group 2, because these neutral donors generally exhibit much 

weaker coordination than a chelating anionic ligand of the same size. Despite this, the number of 

isolated NHC-magnesium complexes has recently begun to grow.98, 101, 108, 110, 147-149 

 

  

Figure 3.1. Syntheses of carbene-coordinated magnesium hydride complexes. 

Thus far, there has only been one reported example of a magnesium hydride complex which 

utilizes a neutral donor as the primary source of kinetic stabilization for the complex (Fig. 1a, 

vide supra).28 This remarkable work utilized the sterically demanding bis(2,6-

diisopropylphenyl)imidazol-2-ylidine (IPr) to kinetically stabilize a [Mg4H6]
2+ cluster which still 

(10 years later) exhibits the highest H:Mg ratio (1.5:1) of any molecular magnesium hydride 
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compound reported to date. This result clearly highlights the value of strongly donating carbenes 

to magnesium hydride chemistry. However, the formation of this complex requires a 

stoichiometric loss of 0.5 eq of the carbene ligand, and two of the four magnesium centers are 

not coordinated by a carbene. We were inspired by this report to further explore the role of 

ligand steric demand on the structure of carbene-stabilized magnesium hydride complexes, as we 

have recently found that smaller carbenes can yield more persistent binding to magnesium 

centers than their larger counterparts.106, 123 Herein, we report the synthesis and characterization 

of two [Mg2(μ-H)2]
2+ species, [(IiPrMe2)Mg(μ-H)(HMDS)]2 [3.4, IiPrMe2 = N,N’-diisopropyl-2,3-

dimethylimidazol-2-ylidine, HMDS = hexamethyldisilazide] and [(IiPrMe2)Mg(μ-H)(ASCP)]2 

(3.5, ASCP = 2,2,5,5-tetramethyl-2,5-disila-1-azacyclopent-1-yl), supported by a monodentate 

silyl amide and an NHC (Fig. 1b, vide supra). Notably, these are only the second and third 

examples of a carbene-coordinated magnesium-hydride complex and are the lowest nuclearity 

Mg–H complexes stabilized by carbenes to date. 

Traditionally successful routes to access magnesium hydride compounds utilize a bond 

metathesis reaction between a Mg–Y bond (e.g., Y = NR2 or CH2R) and a covalent hydride 

source such as PhSiH3.
29 For the investigations reported herein, the anionic amides ASCP and 

HMDS were selected as the metathesis precursor, as they are practically electronically identical 

but have significantly different cone angles (ASCP = 123°, HMDS = 145°). The difference in the 

steric profile of these two ligands has been shown to elicit divergent reactivities in other divalent 

main group complexes.150, 151 We therefore synthesized solvent-free, dimeric magnesium bis-

amides, [Mg(HMDS)2]2,
152-154 and the previously unreported [Mg(ASCP)2]2 (3.1, molecular 

structure given in Fig. A2.13). These compounds were prepared via the reaction of 2 eq of the 

respective free silylamine with di-n-butyl magnesium in heptanes. The subsequent combination 
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of 1 eq of IiPrMe2 with either [Mg(HMDS)2]2 or 3.1 in n-hexane gave the desired coordination 

complexes 3.2 and 3.3 in 86% and 89% yields as bright white amorphous solids (Scheme 3.1). 

Scheme 3.1. Syntheses of IiPrMe2-coordinated magnesium bis-amides. 

 

 

Figure 3.2. Molecular structure of 3.2 (a) and 3.3 (b) (thermal ellipsoids at 50% probability; H 

atoms omitted for clarity with the exception of those located on C10 in 3.3); only the major 

occupied position is shown for disordered N-isopropyl substituents in (b).  Selected bond 

distances (Å) and angles (deg): 3.2: Mg1–C1: 2.2120(19); Mg1–N3: 1.9920(16); Mg1–N4: 

1.9944(16); C1–N1: 1.360(2); C1–N2: 1.361(2); N3–Mg1–C1: 111.75(7); N4–Mg1–C1: 

117.82(7); N4–Mg1–N3: 130.27(7). 3.3: Mg1–C1: 2.2118(13); Mg1–H10A: 2.429(16); Mg1–

N3: 1.9855(10); Mg1–N4: 1.9755(11); C1–N1: 1.3572(16); C1–N2: 1.3583(15); N3–Mg1–C1: 
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113.92(4); N4–Mg1–C1: 115.06(4); N4–Mg1–N3: 130.62(4); C1–Mg1–H10A: 78.4(4); C10–

H10A–Mg1: 121.1(11). 

Single crystals of 3.2 and 3.3 suitable for X-ray diffraction studies were obtained from a 

saturated solution of the respective complex in n-hexane at –39 °C. The molecular structure of 

3.2 (Fig. 3.2a) shows the desired carbene-coordinated product, which exhibits a tricoordinate 

magnesium center ligated by one IiPrMe2 and two silylamides. In the solid-state structure of 3.2, 

the coordinatively unsaturated magnesium center does not exhibit dimerization or intramolecular 

anagostic interactions. 

The molecular structure of 3.3 (Fig. 3.2b), the “tied-back” analog of 3.2, shows an intriguing 

deviation from the structures of other NHC–Mg(HMDS)2 complexes. The magnesium center is 

coordinated by two silylamides and one carbene, and the sum of the angles between these three 

ligands equals 359.6 deg. However, the reduced steric demand from the silylamides allow the N-

isopropyl substituent of IiPrMe2 to “flip” forward, resulting in a substantial electrostatic (i.e. 

anagostic) interaction in the solid-state structure between the methylC–H bond and the highly 

Lewis acidic Mg center. The H10A–Mg1 distance [2.429(16) Å] and C10–H10A–Mg1 angle 

[121.1(11)] fall well within the typical range for anagostic interactions of C–H bonds with 

electron-deficient metal centers proposed by Brookhart, Green and Parkin (2.3-2.9 Å, 110-170 

deg).155 The 1H NMR spectrum of 3.3 shows only one resonance for the N-isopropyl methyl 

groups of the IiPrMe2 ligand; a well-resolved doublet at 1.30 ppm. This peak is shifted slightly 

downfield from the analogous peak in the 1H NMR spectrum of 3.2 (1.19 ppm) which agrees 

with the expected behavior for a time-averaged signal of eleven non-anagostic protons and one 

anagostic proton. These data indicate that if indeed there is an anagostic interaction in solution at 

RT, the exchange of the anagostic protons through rotation is a rapid fluxional process in 
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solution on the NMR timescale. VT-NMR experiments were carried out in toluene-d8 to resolve 

the anagostic proton resonance, however no peak separation was observed down to –35 C. 

We next sought to investigate the propensity of 3.2 and 3.3 to react with a hydride source to 

yield magnesium hydride clusters. Heating a benzene-d6 solution of 4 eq of PhSiH3 with either 

3.2 or 3.3 in a J. Young-tap NMR tube for 16 h showed gradual formation of the desired σ-

metathesis product. Similar to the reactivity observed for Hill’s (IPr)Mg(HMDS)2,
28 the reaction 

of PhSiH3 with 3.2 yielded no conversion below 60 °C. The metathesis of one Mg–N bond with 

a Si–H bond to form a complex of the type (IiPrMe2)Mg(NR2)(H) was subsequently characterized 

by the appearance of a new Si–1H resonance at 5.17 ppm [1JSiH = 102 Hz, attributable to 

(SiMe3)2N–Si(Ph)(H)2], along with the appearance of a sharp singlet for an Mg–1H resonance at 

4.29 ppm. Relative integrations of the resonances indicated that there was one Mg–1H moiety per 

IiPrMe2 ligand, and no further conversion to a more hydride rich compound could be induced. An 

analogous NMR experiment with 3.3 showed a substantially more facile conversion to a similar 

Mg–H complex. In this case, substantial conversion to the expected hydride product was 

observed after just 30 minutes at room temperature. Subsequent heating to 40 °C for 16 h gave 

complete conversion to a monohydride complex exhibiting a sharp Mg–1H resonance at 4.31 

ppm. As in the previous experiment, no further conversion to a higher order complex could be 

induced. 
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Scheme 3.2. Syntheses of IiPrMe2-coordinated heteroleptic magnesium hydrido complexes. 

 

Based on the results of these NMR experiments, the carbene coordinated magnesium 

hydrides 3.4156 and 3.5 were prepared in 73% and 66% yields, respectively, via the reaction of 

3.2 and 3.3 with 2 eq of PhSiH3 in n-hexane at 65 °C (3.4) and 45 °C (3.5) for 16 h (Scheme 

3.2). Colorless, block-like single crystals of 3.4 and 3.5 suitable for X-ray diffraction were 

obtained from saturated n-hexane solutions at –39 °C, which vigorously emit H2 gas when 

exposed to trace amounts of moisture. The solid-state molecular structures of 3.4 and 3.5 (Fig. 

3.3a-b) proved to be the same mono(hydrido) magnesium species observed in NMR experiments. 

These compounds exist in the solid state as centrosymmetric dimers which may be regarded as a 

[Mg2(μ-H)2]
2+ core in which each of the magnesium centers is stabilized by one NHC and one 

silylamide. This is in stark contrast to the first NHC-stabilized magnesium hydride cluster, Hill’s 
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[Mg4H6]
2+ in which half of the magnesium atoms did not exhibit any interaction with an NHC 

ligand.28 The carbeneC–Mg bond lengths in 3.4 [C1–Mg1: 2.2239(17) Å, C18–Mg2: 2.2250(16) Å] 

are similar in length to the starting material, 3.2 [C1–Mg1: 2.2120(19) Å]. The Mg–H 

[1.828(18)-1.933(18) Å] and Mg–Mg [2.8269(9)] interatomic distances in 3.4 are consistent with 

other structurally similar [Mg2(μ-H)2]
2+ complexes that have been reported.31, 94, 157-160 

 

Figure 3.3. Molecular structures of 3.4 (a) and 3.5 (b) [thermal ellipsoids set at 50%; H atoms 

omitted for clarity with the exception of H1 and H2 which were isotropically refined; only the 

major occupied position is shown for disordered N-isopropyl substituents in (b)]. Selected bond 

distances (Å) and angles (deg): 3.4: Mg1–C1: 2.2239(17); Mg2–C18: 2.2250(16); Mg1–H1: 

1.828(18); Mg1–H2: 1.933(18); Mg2–H1: 1.861(17); Mg2–H2: 1.865(18); Mg1–Mg2 2.8269(9); 

Mg1–N3: 2.0098(14); Mg2–N6: 2.0144(14); N3–Mg1–C1: 118.02(6); C1–Mg1–H1: 105.3(6); 

H1–Mg1–H2: 81.4(8). 3.5: Mg1–C1: 2.230(4); Mg2–C12: 2.228(4); Mg1–H1: 1.93(4); Mg1–

H2: 1.93(4); Mg2–H1: 1.97(4); Mg2–H2: 1.82(4); Mg1–Mg2; 2.8163(19); Mg1–N3:  1.994(4); 

Mg2–N6: 2.000(4); N3–Mg1–C1: 119.27(16); C1–Mg1–H1: 107.1(12); H1–Mg1–H2: 84.4(17). 
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The molecular structure of 3.5 exhibits largely the same bonding and structural 

characteristics as its HMDS analog. The Ccarbene–Mg interatomic distances [Mg1-C1: 2.230(4) Å, 

Mg2–C12: 2.228(4) Å] are similar to the same bonds in 3.4 [C1–Mg1: 2.2239(17) Å, C18–Mg2: 

2.2250(16) Å]. As with compound 3.4, the Mg–H distances of 5 are within range of a typical 

Mg–H bond,31, 94, 157-160 and the Mg–Mg distance in 3.5 [2.8163(19) Å] is only marginally shorter 

than in 3.4 [2.8269(9) Å]. These data clearly indicate that reducing the steric demand of the 

amide has a significant impact on the reactivity of the compounds, but imparts a negligible 

impact on the structure of the resulting hydride. One notable structural anomaly in 3.5 is the 

partial orientation of the IiPrMe2 N-isopropyl groups toward the core, instead of all four pointing 

away. As observed in 3.3, there is a fluxional anagostic interaction between the IiPrMe2 sidearms 

and the electropositive magnesium center. This interaction appears to be weaker in 3.5 than in 

3.3, and the mixture of anagostic (N-isopropyl pointing forward) and non-contacted (N-isopropyl 

pointing away) isomers contributes to a significant degree of disorder in the crystal lattice. 

With the exception of the anagostic interactions in 3.5, the hydride complexes 3.4 and 3.5 

appear to be remarkably static in solution insofar as ligand coordination and oligomerization is 

concerned. The carbene-coordinated dimers appear stable in solutions of C6D6 up to 70 °C, 

above which temperature discoloration and an intractable mixture of products was observed. 

In summary, we have isolated stable IiPrMe2-coordinated magnesium hydride dimers 3.4 and 

3.5, which are the lowest nuclearity carbene-stabilized Mg–H complexes reported thus far. 

Furthermore, the formation of 3.4 and 3.5 does not result in stoichiometric loss of the neutral 

stabilizing ligand during the formation of the product. Taken in this context, we expect the 

results of this investigation will guide ligand selection in future studies of molecular group 2 
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hydride complexes. Further investigations into the reactivity of these compounds and the effect 

of the carbene on the H2 release properties of the [Mg2H2]
2+ core are currently underway. 
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Chapter 4: Reduction Chemistry of Cyclic (Alkyl)(Amino) Carbene-2-

Carboxylates 

 

 

Containing work that was originally published in the following: 

Lieske, L. E.;  Freeman, L. A.;  Wang, G.;  Dickie, D. A.;  Gilliard, R. J., Jr.; Machan, C. W. 

Chem. Eur. J. 2019, 25, 6098-6101. 

 

Freeman, L. A.; Obi, A. D.; Machost, H. R.; Molino, A.; Nichols, A. W.; Dickie, D. A.; Wilson, 

D. J. D.; Machan, C. W.; Gilliard, R. J. Chem. Sci. 2021, 12, 3544-3550. 
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4.1. Metal-Free Electrochemical Reduction of CO2 Mediated by Cyclic(Alkyl)(Amino) 

Carbenes 

Carbenes, particularly cyclic(alkyl)(amino) carbenes (CAACs), have unique reactivity with 

transition metals, organic small molecules and main-group elements.161-170 These properties have 

been harnessed to stabilize low-coordinate organic and inorganic species, and mediate 

organocatalytic transformations.147, 167, 168 While both N-heterocyclic carbenes (NHCs) and 

cyclic(alkyl)(amino) carbenes (CAACs) are known to stabilize carbon dioxide (CO2) adducts as 

a zwitterion, only the more nucleophilic and electrophilic CAAC forms a ketene species with 

carbon monoxide (CO).171 Previous reports have demonstrated that NHC-CO2 complexes can act 

as a source of activated CO2 for electrocatalytic reduction by transition metal compounds.172 

Additionally, NHC-CO2 adducts can participate in organically-mediated transformations of CO2 

to form methanol equivalents, further hinting at the potential utility of these molecules for CO2 

reduction chemistry.173, 174 Roesky et al. reacted a Zn biradicaloid with CO2 to form CAAC-CO2 

and Zn metal, however, the reactivity of the adduct toward reduction was not investigated.175 

Based on these precedents, we were interested in examining the electrochemical behavior of 

CAAC-CO2 adducts. Herein, we describe the synthesis, molecular structure, and electrochemical 

behavior of CyCAAC-CO2 adduct (4.1). Notably, compound 4.1 demonstrates reversible one-

electron redox properties at E1/2 = -2.15 V vs Fc+/Fc under Ar saturation conditions and can 

mediate the stoichiometric reductive disproportionation to CO and carbonate (CO3
2-) under CO2 

saturation without any additional organic or inorganic reagents. 

Bubbling CO2 through a solution of CyCAAC169  in anhydrous THF or Et2O resulted in 

immediate precipitation of a white solid which was isolated via filtration and determined to be 

the zwitterionic CO2 adduct, compound 4.1 (Scheme 4.1). Characterization by 1H and 13C NMR 
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(Figure A3.19-20) were consistent with the molecular structure in Scheme 4.1. Colorless block-

shaped crystals of 4.1 suitable for a single crystal X-ray diffraction study were grown from a 

saturated THF solution at −37 °C (Figure 4.2A). 

Scheme 4.1. Complexes observed and proposed electrochemical reaction pathway. 

 

 

Figure 4.1. (A) Molecular structure of compound 4.1 (thermal ellipsoids at 40% probability; 

only one of the two chemically equivalent but crystallographically distinct molecules is shown). 

H atoms and co-crystallized THF solvent molecules omitted for clarity. Selected bond distances 

(Å) bond angles (°) and torsion angles (°): C1–C24: 1.526(4); C1–N1: 1.297(4); O1–C24 
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1.236(4); O2–C24: 1.234(4); N1–C1–C24: 123.9(3); O2–C24–O1: 131.5(3); O1–C24–C1: 

113.7(3); N1–C1–C24–O2: 101.2(4). (B) Stick representations of the DFT optimized structures 

of 4.1 (gray, blue and red) and [4.1]– (light blue). ORCA 4.0.1 B3LYP/G, def2-TZVP, 

CPCM(THF). 

Cyclic voltammetry (CV) experiments conducted in acetonitrile (MeCN) and tetrahydrofuran 

(THF; Figure 4.2) showed reversible one-electron redox behavior under Ar saturation (Figure 

4.2, black trace) with E1/2 at -2.08 V and -2.15 V vs Fc+/Fc, respectively. Under CO2 saturation 

conditions (Figure 4.2 red trace), this reduction wave became irreversible, and a new oxidation 

feature was observed on the return sweep at Epa = -1.50 V vs Fc+/Fc in THF and -1.40 V vs 

Fc+/Fc in MeCN. The shift to irreversible redox behavior is suggestive of an EC mechanism, 

with an initial reduction of 4.1 preceding a chemical reaction step with free CO2.
176 Importantly, 

these results also suggest that in the absence of inorganic components, the organic CO2 adduct 

was capable of electrochemically mediating a reduction reaction of unquantified efficiency. CVs 

taken in blank solutions show no redox response in under either Ar or CO2 saturation in the 

absence of 4.1 in this potential range for both MeCN and THF. For full data sets and analyses of 

electrochemical experiments see original publication and supporting information package 

therein.177 
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Figure 4.2. CV response of 4.1 at reducing potentials under an inert atmosphere (black) and CO2 

saturation (red) in THF. Conditions: 5 mM 4.1, 0.1 M TBAPF6/THF glassy carbon working 

electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode, referenced to 

internal ferrocene standard. 

Infrared spectroelectrochemical178, 179 (IR-SEC) and electrolysis experiments were 

undertaken to elucidate the products of this electrochemical reaction under Ar and CO2 

saturation (Figure 4.2; For full data sets and analyses of IR-SEC experiments see original 

publication and supporting information package therein177). At resting potentials under Ar 

saturation in THF, a strong IR absorbance mode corresponding to the CO2 adduct is observed at 

1670 cm-1. If the cell potential is moved stepwise to more reducing potentials, this absorbance 

mode disappears with the concomitant appearance of weaker modes at 1660 and 1603 cm-1, 

which peak in intensity around -1.9 V vs Fc+/Fc. A weaker absorbance mode at 1531 cm-1 also 
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forms upon the initial reduction of 4.1, but disappears at potentials more negative than -1.8 V vs 

Fc+/Fc. Although the CV data are consistent with a reversible redox process, on the relatively 

longer timeframe of the microscale electrolysis occurring during IR-SEC, there is sufficient time 

for the reduced species to undergo a chemical reaction. To analyze and quantify any gaseous 

products produced, controlled potential electrolysis experiments were conducted. Applying a 

potential of -2.4 V vs Fc+/Fc with 5 mM of 4.1 in THF under Ar saturation showed CO in the 

headspace when analyzed by GC, corresponding to a Faradaic efficiency of 0.44% with the 

passage of 0.83 per electron equivalents per molecule of 4.1. These results suggest that the 

electrochemical reduction reaction is stoichiometric in nature under Ar saturation conditions. 

Assignment of the new species is possible through literature precedent180 and DFT 

calculations. The calculated IR spectrum at the same level of theory for the one-electron 

reduction product [4.1]– in THF predicts a value of 1525 cm-1 for an asymmetric vibration mode 

of the bent CO2 moiety, in agreement with the absorbance mode observed experimentally at 

1531 cm-1 (Figure 4.3A). New IR absorbance modes are observed experimentally at 1660 and 

1603 cm-1, which are not predicted by DFT calculations for [4.1]–. One possible product of the 

reduction reaction is the ketene 4.2 (Scheme 4.1). DFT calculations predict an intense 

absorbance mode at 2127 cm-1 in THF (2097 cm-1, 0.986 scaling factor)181 for 4.2, corresponding 

to the CO group. Direct synthesis of 4.2 showed an in situ IR absorbance of 2064 cm-1 in THF. 

No IR absorbance more consistent with the ketene species is observed under Ar saturation 

experimentally. Given the observed instability of 4.2, it is possible that the CO moiety is more 

activated in THF than predicted in the DFT methods using CPCM. Direct synthesis of 

tetrabutylammonium oxalate [(TBA)2(ox)] as an additional experimental control shows two 

absorbance modes at 1550 and 1286 cm-1; we propose that the absence of a correlation with the 
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experimentally observed modes at 1660 and 1603 cm-1 is consistent with these absorbances 

corresponding to degradation products of [4.1]– or 4.2. 

 

Figure 4.3. (A) Disappearance of the CO2 adduct at 1670 cm-1 as the reduced species [4.1]– 

grows in and disappears at 1531 cm-1 at reducing conditions under Ar saturation monitored by 

IR-SEC. Presumptive ketene 4.2 degradation products appear at 1660 and 1603 cm-1. (B) 
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Comparable experiments under CO2 saturation conditions show the loss of the CO2 adduct upon 

the formation of CO3
2- (1690 and 1635 cm-1). 

In MeCN, the loss of the zwitterionic CO2 adduct 4.1 also occurs at reducing potentials under 

Ar saturation conditions, similar to the results obtained in THF. An absorbance mode consistent 

with the radical intermediate [4.1]– is observed at 1224 cm-1 upon initial reduction in the IR-SEC 

experiment, with subsequent loss in absorbance intensity with the appearance of the presumptive 

ketene product 4.2 at 2118 cm-1 (2121 cm-1 predicted). Although an asymmetric wagging IR 

absorption mode is predicted at ~1500 cm-1, similar to the transient species observed and 

predicted in THF above, the strong background solvent absorbances in MeCN preclude its 

observation. DFT calculations suggest this experimentally absorbance mode at 1224 cm-1 (1227 

cm-1 predicted) corresponds to weak symmetric rocking by the CO2 group, with contributions 

from scissoring of the CyCAAC core. An IR absorption mode suggestive of the decomposition of 

[4.1]– or 4.2 is again observed at 1603 cm-1. 

Repeating IR-SEC experiments under CO2 saturation conditions in THF resulted in several 

noteworthy differences from the data obtained with Ar. Neither the radical anion intermediate 

[4.1]–, nor the ketene 4.2 were observed; instead, two bands at 1635 and 1690 cm-1 appeared and 

grew in intensity upon the disappearance of the symmetric CO2 stretch of 4.1 at 1670 cm-1 

(Figure 4.3B). Electrolysis experiments at -2.4 V vs. Fc+/Fc showed CO with 0.2% Faradaic 

efficiency for the passage of charge corresponding to 0.95 electron equivalents per 4.1. Although 

CO dissociation from 4.2 could facilitate additional CO2 binding and electrochemical reduction 

cycles, it is clear that the degradation products of 4.2 do not involve regeneration of the free 

carbene or CO release, rendering the process stoichiometric in nature. The control compound 

TBA(HCO3) shows good agreement with the IR absorption bands at 1635 and 1690 cm-1, 
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suggesting carbonate/bicarbonate formation is occurring with CO2 present; the basicity of 

carbonate is such that protonation from adventitious water is feasible. Analogous IR-SEC and 

electrolysis experiments in MeCN under CO2 saturation show that carbonate is again observed at 

1686 and 1647 cm-1 across the same potential range. If 13CO2 is introduced to a THF solution of 

4.1, rapid exchange of the predominantly 12CO2 from the as-synthesized adduct with the 

isotopically labeled substrate occurs; upon reduction, the decomposition products are shifted to 

lower wavenumbers as well, confirming that these arise from reactions involving the CO2 

moiety. 

To better understand the results of the IR-SEC and electrolysis studies, spectrochemical 

experiments with the in situ generated carbene-CO adduct were conducted. In order to prepare 

CyCAAC–CO, a THF solution of free CyCAAC was generated in a Schlenk pressure tube under 

an Ar atmosphere. The headspace of the reaction vessel was evacuated and subsequently refilled 

with CO(g), immediately generating an intensely-colored royal blue solution. The color of this 

solution is consistent with the distinctive color observed for the MenthylCAAC–CO adduct 

reported by Bertrand et al.171, 182 In contrast to the stability observed for the bulkier menthyl-

analog, the diminished steric protection afforded by CyCAAC (absence of iPr and Me groups) 

was insufficient to stabilize the ketene, and this blue product was observed to decompose rapidly 

above -78 °C. Rapid decomposition was observed in all attempts to isolate 4.2 in the solid-state, 

even under rigorously air-free conditions under a headspace of CO (Figure A1.1). As a result, the 

putative ketene species could only be studied in situ immediately after preparation. Monitoring a 

solution of CyCAAC–CO by IR spectroscopy over the course of an hour revealed that the IR 

absorbance band corresponding to 4.2 at 2064 cm-1 diminishes in intensity, with an estimated 

half-life of ~8 mins. 
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The DFT-optimized structure of [4.1]– showed several important differences with the starting 

species 4.1. There is a lengthening of the N–C bond distance of the carbene core (1.292 to 1.388 

Å), consistent with a decrease in double-bond character. The bent CO2 is predicted to rotate ~90° 

to be in plane with the central ring of the CAAC (NCCO dihedral 94.98 to 171.17). A shortening 

of the CAACC−CO2 bond length also occurs with this rotation (1.518 to 1.462 Å), suggestive of a 

π-symmetric interaction. Significant radical character is also predicted on the central C atom of 

the carbene in [4.1]– (Figure 4.1B). Natural Bond Order (NBO) analysis183, 184 is consistent with 

double bond character between the N–C atoms of the carbene in 4.1, which diminishes to a 

single bond upon reduction to [4.1]–. A lengthening of both C–O bond distances is also predicted 

for [4.1]– relative to 4.1 (1.242 to 1.270 Å), consistent with increased C–O antibonding character. 

NBO analyses in MeCN show a minimal difference with the results obtained for THF. For 

complete computational details, analysis, and data sets, see original manuscript.177 

These data allow us to propose a mechanism for the electrochemical reduction of CO2 

mediated by CyCAAC. The electronic structure of the CO2 adduct is best described as a 

zwitterion, with double bond character between the carbene N and C atoms and anionic charge 

on the O atoms of the CO2 moiety, made equivalent by resonance. Upon one electron reduction, 

the added electron density populates the vacant p orbital on the carbene C atom. The net result 

predicted by DFT methods is a lengthening of the N–C bond distance and a shortening of the 

carbene-CO2 bond distance. There is a concomitant shift in the N–C–C–O dihedral bond angle as 

the activated CO2 group rotates in plane with the carbene core from the starting perpendicular 

arrangement. The radical anion [4.1]– is observable by IR-SEC at reducing potentials. 

Conceptually, it is useful to think of this species as a carbene-stabilized pseudo-CO2 radical 

anion, as this explains the observed products: (free CO), ketene 4.2, and CO3
2-. The net reaction 
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results in a reductive disproportionation of two equivalents of 4.1, generating one equivalent 

each of CO and CO3
2-. The propensity of the ketene 4.2 to decompose via further side reactions 

is reflected in the observation of minimal CO in the reaction headspace. 

NBO analysis of the ketene 4.2 suggests that this instability is the result of two different 

contributing resonance structures. Natural Resonance Theory (NRT) calculations show a 2:1 

contribution of structures, with the larger contributor best described as a ketene. The lesser 

contributor is best described as the carbene accepting the CO lone pair, with triple bond character 

retained; the electron balance is satisfied by a π-symmetric lone pair on the carbene C atom. The 

CyCAAC–CO adduct is intensely colored, the lowest energy absorbance is predicted to 

correspond to a HOMO-LUMO transition according to TD-DFT; the LUMO is anti-bonding 

with respect to the carbene-CO interaction.  

This system represents a promising example of CAACs acting as organic mediators for a 

stoichiometric electrochemical reduction of CO2. The observed instability of the resulting 

reaction products suggests further development may access a catalytic system in future studies. 

New derivatives and co-catalysts are currently being explored to control the destabilization of the 

CO adduct and decrease the required reduction potential. 

4.2. Soluble, Crystalline, and Thermally Stable Alkali CO2
− and Carbonite (CO2

2−) Clusters 

Supported by cyclic(Alkyl)(Amino) carbenes. 

Oxycarbanions, polyatomic ions of the general formula [CxOy]
z-, are some of the most 

fundamentally important chemical entities in chemistry, with applications ranging from organic 

synthesis to battery technologies.185-188 Among the most important oxycarbanions are the anions 

of carbon dioxide, CO2
- and CO2

2- (i.e. carbonite), due to their critical relevance in CO2 

reduction/conversion chemistry and chemical synthesis. Due the high instability of CO2
- and 
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CO2
2-, stable compounds featuring these moieties are exceedingly rare, and typically involve 

metalation of the reactive anion to stabilize the electron-rich CO2 fragment.189, 190 In contrast to 

the extremely stable alkali carbonates (M2CO3 M = alkali metal), alkali salts of carbon dioxide 

(i.e. MCO2 and M2CO2) formed via the reduction of CO2(g) by alkali metals are highly reactive 

species that have only been detected under specialized conditions. The Li, Na, K and Cs salts of 

CO2
- and CO2

2- were previously detected using matrix isolation IR spectroscopy, where they 

were observed to decompose to more stable alkali oxalates (M2C2O4) at temperatures above 15 K 

(Figure 4.4, top).191-193 We hypothesized that to synthesize isolable alkali-CO2 compounds 

containing CO2
- and CO2

2-, the metalloxycarbene resonance forms of the anions could be 

stabilized using a singlet carbene (Figure 4.4, bottom). 
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Figure 4.4. Previous methods used to study highly reactive alkali-CO2 salts (Top). 

Method of synthesizing stable alkali CO2 salts utilizing carbene stabilization reported herein 

(Bottom); Dipp = 2,6-diisopropylphenyl. 

Since the isolation of stable N-heterocyclic carbenes (NHCs) by Arduengo,194 and cyclic 

(alkyl)(amino)carbenes (CAACs) by Bertrand,195 these ligands have had a profound impact on 

synthetic chemistry.147, 167, 196-200 Notably, the ambiphilic nature of stable singlet carbenes has 

allowed the development of a rich body of organic chemistry which is distinct from their utility 

in metal-based systems.201-208 In such transformations, a common reaction step involves the 

carbene functioning as a neutral carbon nucleophile with the desired electrophilic substrate(s). A 

significant example of this class of reaction is the behavior of free carbenes in the presence of 

CO2, where the carbene lone pair forms a covalent bond with the electrophilic carbon atom of 

CO2. This results in the formation of highly stable zwitterionic adducts (i.e. N,N’-disubstituted 

imidazolium-2-carboxylates or, more generally, carbene-2-carboxylates). It is noteworthy that 

although CO2 is estimated to be a comparable electrophile to benzaldehyde, similar products of 

electrophilic reactivity are generally thermodynamically unfavored.209 These adducts have 

become an important subclass of “masked” carbene due to their high air and moisture stability 

compared to the free carbene.210 Indeed, a substantial number of imidazolium-2-carboxylate 

compounds are known, and their reactivity has been studied with organic nucleophiles,201 

organic electrophiles,211, 212 and organometallic complexes {e.g. [Rh(COD)Cl]2}.210 

Carbene-carboxylates have a distinct predisposition toward energy-relevant applications in 

CO2 reduction/conversion chemistry, and a number of reported studies have focused on 

functionalizing or selectively transferring the carboxylate motif.92, 175, 177, 201, 213-220 However, the 

ability of carbene-carboxylates to participate in direct electron transfer reactions with reducing 
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metals (e.g. the alkali elements) in order to access stable compounds with CO2 anions is hitherto 

unknown. To begin studying the potential redox chemistry of CAAC–CO2 adducts, we published 

the first evidence that carbene–CO2 adducts display redox activity under electrochemically 

reducing conditions (see chapter 4, section 1).177 In this initial report, we studied the 

electrochemical reduction of a CAAC–CO2 adduct under both argon and CO2 saturation 

conditions, and found spectroscopic evidence of reductive chemistry centered around the 

CAAC–CO2 species at potentials where free CO2 is inert. Most importantly, reduction of 

CAAC–CO2 under argon saturation showed that the CAAC–CO2 adduct is not only able to 

readily accept electrons, but that this electron transfer is a reversible redox couple on the CV 

timescale at –2.15 V (vs. Fc+/Fc). This promising result led us to investigate the ability of 

carbenes to induce the reaction of CO2 with main group elements under mild conditions. 

Herein we report that CAAC adducts of CO2 can undergo a facile reaction with alkali metals 

at ambient temperature and pressure. A diverse array of both singly reduced and doubly reduced 

CAAC–CO2 complexes have been synthesized. These compounds may also be prepared via the 

one-pot reaction of free CO2, alkali metal, and free CAAC. Compounds 4.4-4.10 were isolated as 

structurally diverse organoalkali metal clusters, which exhibited high stability and solubility at 

room temperature in both polar and non-polar solvents. The reaction sequence consists of the 

carboxylation of a carbene at room temperature and 1 atm of pressure, followed by the stepwise 

reduction of CAAC-carboxylate to a CAAC-diolate dianion using two electrons from alkali 

metals. In contrast to established CO2 reduction reactions which require anionic organic 

nucleophiles and alkali elements to reduce CO2,
221, 222 the reactions reported herein are the first 

examples of a reductive synthetic protocol which results in the cleavage of CO2 π-bonds at 
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atmospheric pressures and room temperature by elemental alkali metals without using 

carbanions, organometallic reagents, or catalysts. 

We selected the (diethylCAAC)-2-carboxylate zwitterion, 4.3, as the subject of this synthetic 

investigation due to the improved solubility and ease of preparation compared to the spirocyclic 

(cyclohexylCAAC)-2-carboxylate we previously reported.177 Compound 4.3 possesses an 

isostructural CAAC-carboxylate core geometry in the solid-state molecular structure (Figure S1) 

along with nearly identical electronic properties. 

Our initial studies focused on the isolation and structural characterization of the chemical 

reduction products resulting from the reaction of 4.3 with Li, Na, and K. Upon the addition of 

one equivalent of metal shavings (or KC8 in the case of 4.6) to a vigorously stirring solution of 

4.3, an immediate coloring of the mixture was observed (Li, Na, or K reducing agent yielded 

bright red, orange, or red colors, respectively). With vigorous stirring under inert conditions, the 

time necessary for complete consumption of the metal shavings scaled with the relative activity 

of the alkali metals (Li: 36 h; Na: 16 h; K: 6 h). The isolation of the products of these reactions 

via recrystallization from saturated THF or THF/hexane solutions at –39 °C yielded single 

crystals suitable for X-ray diffraction studies. The crystallographically determined structures of 

the monoanionic products (THF)3Li2(CAAC–CO2)2 (4.4), (THF)4Na4(CAAC–CO2)4 (4.5), and 

(THF)4K4(CAAC–CO2)4 (4.6) (Scheme 4.2, Dipp = 2,6-diisopropylphenyl) revealed a series of 

ion-contacted clusters incorporating the respective alkali metal cations in a CAAC–CO2:M ratio 

of 1:1 (M = Li, Na, or K). 

Scheme 4.2. Synthesis of singly-reduced CAAC–CO2 compounds 4.4-4.6. 
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In all three cases, precise control of reaction stoichiometry and times were critical, as 

reactions were frequently complicated by the presence of either residual CAAC–CO2 starting 

material which co-crystallizes with the desired products, or overreduction to a doubly-reduced 

complex.  
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Single crystals of compounds 4.4-4.6 suitable for X-ray diffraction studies were grown from 

saturated solutions of the complexes in either THF (4.5) or saturated THF/hexane mixtures (4.4, 

4.6) the molecular structures obtained from these data are shown in Figure 4.5. Interestingly, the 

CAAC–CO2 core is completely planar in each singly-reduced species, which matches the 

predictions of our previously reported DFT calculations.177 The N2–C2 bonds [1.3802(12), 

1.385(3), and 1.384(6) Å for 4.4-4.6 respectively] and C1–O bonds [1.2732(12) Å, 4.4; 1.286(3) 

Å, 4.5; 1.276(6), 4.6] in each species are significantly longer than those of the neutral zwitterion 

[C1–N2 = 1.282(5) Å, C1–O1 = 1.236(5) Å]. Concomitantly, there is a substantial contraction of 

the C1–C2 bond from 1.516(5) Å in 4.3 to 1.4533(13) Å, 1.458(3) Å, and 1.451(7) Å in 4.4-4.6, 

respectively. These changes are consistent with the addition of one electron from the alkali metal 

into a π-symmetric molecular orbital, increasing the bonding character between C1 and C2, and 

decreasing the bond order of the C2–N1, C1–O1, and C1–O2 bonds. Notably, the CAAC 

nitrogen atom remains planar in its geometry, indicating that the Nnon-bonding electrons are still 

involved in a π-symmetric interaction with the C2 center. The cumulative effects of these 

bonding metrics explain the observed planarity across the CAAC–CO2 core. It is worth noting 

that the solid-state structures of 4.4-4.6 exhibit similar geometries and binding modes to those 

known for isoelectronic metal-carbamate compounds (R2NCO2M2)n.
223 For example, in the case 

of the lithium carbamate [(TMPCO2) Li·TMEDA]2 (TMP = 2,2,6,6-tetramethylpiperidide), 

similar binding and C–O bond lengths [1.261(2) and 1.255(2) Å]224 were observed compared to 

those in 4.4 [1.2732(12) and 1.2778(12) Å]. 
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Figure 4.5. Solid state molecular structures of 4.4 (A), 4.5 (B), and 4.6 (C). All H atoms and 

carbon atoms not directly attached to the CAAC core ring are omitted for clarity. Selected bond 

distances (Å) and angles (deg): 4.4: O1–C1: 1.2732(12); O2–C1: 1.2778(12); C1–C2: 

1.4533(13); N1–C2: 1.3802(12); O1–C1–O2: 123.71(9); O1–C1–C2: 119.84(9); O2–C1–C2: 

116.45(9); N1–C2–C1: 124.85(9); N1–C2–C3: 110.81(8). 4.5: O1–C1: 1.286(3); O2–C1: 

1.266(3); C1–C2: 1.458(3); N1–C2: 1.385(3); O2–C1–O1: 122.9(2); O2–C1–C2: 118.7(2); O1–

C1–C2: 118.3(2); N1–C2–C1: 124.7(2); N1–C2–C3: 109.7(2). 4.6: O1–C1: 1.276(6); O2–C1: 

1.265(7); C1–C2: 1.451(7); N1–C2: 1.384(6); O2–C1–O1: 123.0(5); O2–C1–C2: 119.1(5); O1–

C1–C2: 117.9(5); N1–C2–C1: 123.3(5); N1–C2–C3: 110.2(4). 
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In order to further probe the electronic structure of the reduced CAAC–CO2 species, CW X-

band EPR data were collected for compounds 4.4-4.6 in toluene solutions at RT (Figure 4.6). In 

spite of the differences in their solid-state molecular structures, the EPR spectra were all nearly 

identical exhibiting weak splitting by two 13C nuclei, with little to no observable 14N interactions. 

 

Figure 4.6. Continuous Wave X-band EPR spectra of 4.4-4.6 taken on a 250 μM toluene 

solution at RT. 

Theoretical calculations were carried out for compounds 4.4-4.6, with geometries optimized 

using a QM/MM approach including a solvent model for THF (see original publication for 

complete details of computational investigation).225 Key bond distances and angles of the QM 

domain are consistent with SC-XRD studies (C1-C2 1.447, 1.469, 1.471 Å for 4.4-4.6, 
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respectively). The CAAC–CO2 core is planar, with optimized N1-C2-C1-O1 dihedral angles are 

5.4°, 3.6°, and 2.6° for compounds 4.4-4.6, respectively, with NCAAC planar in all three singly 

reduced compounds. 

B3LYP-D3(BJ)/def2-SVP (THF solvent) calculations were carried out at the QM/MM 

optimized geometries for the full complexes. Molecular orbital (MO) plots of 4.4-4.6 indicate 

that the singly occupied MO (SOMO) largely resides on the carbon atoms that bond the CO2 and 

carbene units while the LUMO is concentrated on the Dipp substituents of CAAC (Figure 4.7). 

The calculated spin density (see Figure A4.4-5) is mostly located on CCAAC, with smaller 

contributions from CCO2, NCAAC, and OCO2. X-band EPR simulations of 4.4-4.6 were found to be 

in good agreement with experiment (See Appendix IV). Calculated hyperfine coupling constants 

(aiso) were notably weaker for NCAAC relative to CCAAC (4.4 NCAAC aiso = 5.55 MHz, CCAAC aiso = 

26.36 MHz), indicating that spin density is localized to the CCAAC. 
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Figure 4.7. Plots of the SOMOs of 4.4 (A), 4.5 (B), and 4.6 (C). H atoms and THF (in B and C) 

omitted for clarity. 

The addition of two or more equivalents of metal to a THF suspension of 4.3 gave gradual 

conversion (Li: 3 d, Na: 16 h, K: 6 h) to deeply colored, strongly absorbing (i.e. relatively high 

absorptivity values), homogeneous mixtures containing new reduced species. Completely 

evaporating this solution under reduced pressure, followed by extraction and recrystallization in 

hexanes produced single crystals suitable for X-ray diffraction studies. These revealed the 

respective solid-state structures of the doubly-reduced complexes (THF)2Li6(CAAC–CO2)3 (4.7), 

Li12(CAAC–CO2)6 (4.8), Na12(CAAC–CO2)6 (4.9), K10(CAAC–CO2)5 (4.10) in high yields (Li: 

70%;226 Na: 86%; K: 96%), which were observed to be highly stable, crystalline, analytically 

pure solids at room temperature under inert atmosphere (Scheme 4.3). Interestingly, as was 

observed in compounds 4.4-4.6, the identity of the alkali metal used for reduction had a dramatic 

effect on reaction time, color, and solid-state structure of the products. This behavior 

corroborates the observations reported in other investigations of alkali metal reductions which 

have recently been reviewed.227 
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Scheme 4.3. Synthesis of doubly reduced CAAC–CO2 compounds 4.7-4.10. 
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Notably, when lithium metal is used, the complete removal of THF from the crude reaction 

residue proved difficult. Even after multiple triturations with hexanes and prolonged drying 

under reduced pressure, a sticky red-orange semi-solid was obtained. Upon recrystallization of 

the highly soluble, red-orange bulk material from hexanes, two distinguishable crystalline 

species – one dark red and one bright yellow – were observed which crystallized from the same 

solution (Figure 4.8A). Surprisingly, similar behavior was not observed when Na or K was used, 

for which only one crystalline product was obtained in multiple trials [Figure 4.8B (Na) and 4C 

(K)]. 

 

Figure 4.8. Digital image of the mixture of compounds 4.7 (red crystals) and 4.8 (yellow 

crystals) (A), 4.9 (B), and 4.10 (C) viewed at 40x magnification on an optical microscope. 

From the mixture of crystals obtained from the Li reduction, two distinct dilithiated CAAC–

CO2 clusters (4.7, Figure 4.8A; 4.8, Figure 4.8B) were structurally characterized. Despite 

exhibiting drastically different crystal habits and colors, both compounds contained an equal 

ratio of lithium ions to CAAC–CO2 units (2:1). However, the size of the cluster varies. 

Compound 4.7 can be described as a hexanuclear cluster in the solid state, while compound 4.8 

crystallizes as a dodecanuclear cluster. Also, compound 4.7 is the only doubly reduced species 
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observed in this study which exhibited THF coordination in the solid-state. Combustion 

microanalysis performed on a bulk sample of this mixture more closely matched the calculated 

CHN content for 4.7, suggesting this is the major species present in the bulk material. 

 

Figure 4.9. Solid state molecular structure of 4.7 (A) and 4.8 (B). All H atoms and carbon atoms 

not directly attached to the CAAC core ring are omitted for clarity. Selected bond distances (Å) 

and angles (deg): 4.7: O1–C1: 1.354(7); O2–C1: 1.332(7); C1–C2: 1.379(8); N1–C2: 1.463(7); 

O2–C1–O1: 114.1(5); O1–C1–C2: 121.2(5); O2–C1–C2: 124.6(5); C1–C2–N1: 120.0(5); N1–

C2–C3: 109.6(5). 4.8: O1–C1: 1.365(2); O2–C1: 1.360(2); C1–C2: 1.343(3); N1–C2: 1.452(2); 

O2–C1–O1: 114.20(15); C2–C1–O1: 120.63(16); C2–C1–O2: 125.16(16); C1–C2–N1: 

121.20(16); N1–C2–C3: 110.58(15). 

As in the cases of the singly-reduced species, the structural features of the CAAC–CO2 core 

yield information about the extent of reduction. Perhaps the most notable structural change 

between 4.4 and 4.7/4.8 is the pyramidal geometry of the CAAC nitrogen atom in the doubly-

reduced complexes. This geometric change, along with a shortening of the C1–C2 bonds from 

1.4533(13) Å in 4.4 to 1.379(8) Å (4.7) and 1.343(3) Å (4.8) clearly supports the existence of a 
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nonbonding lone pair on the NCAAC atom and a formal π-bond between C1 and C2. Moreover, 

the C1–O1 and C1–O2 bond distances in 4.7 [1.354(7) Å, 1.332(7) Å] and 4.8 [1.365(2) Å, 

1.360(2) Å] indicate C–O bond orders of 1. The only major structural differences between 4.7 

and 4.8 are in the nature of the non-covalent ion contacts between the electron-rich π-system of 

the CAAC–CO2 core and nearby lithium cations. Perturbations in the π-π* energy gap by these 

nearby charges presumably lead to the observed differences in the absorption of visible light by 

complexes 4.7 and 4.8 (UV-Vis spectroscopic data for the bulk mixture are given in Appendix 

III). 

Similar reactions conducted with sodium and potassium yielded highly pure single 

crystals suitable for X-ray diffraction studies from a saturated hexane extract of the crude 

product mixture. SC-XRD data collected on crystals of the Na and K products revealed the 

structures shown in Figure 4.6A and 4.6B. 

 

Figure 4.10. Solid state molecular structures of 4.9 (A) and 4.10 (B). All H atoms and all carbon 

atoms not directly attached to the CAAC core ring are omitted for clarity. Selected bond 

distances (Å) and angles (deg): 4.9: O1–C1: 1.364(4); O2–C1: 1.336(4); C1–C2: 1.365(5); N1–
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C2: 1.452(4); O2–C1–O1: 113.4(3); O1–C1–C2: 124.0(3); C1–C2–N1: 122.9(3); N1–C2–C3: 

107.9(3). 4.10: O9–C93: 1.342(10); O10–C93: 1.304(9); C93–C94: 1.385(11); N5–C94: 

1.455(9); O10–C93–O9: 115.8(7); O9–C93–C94: 120.0(7); C93–C94–N5: 119.5(6); N5–C94–

C95: 108.7(6). 

The solid-state molecular structure of 4.9 shows an oblong Na12(CO2)6 core “capped” by six 

bound CAACs, which is pseudo-S4 symmetric (S4 axis containing Na2 and Na9). The ratio of 

Na ions to CAAC–CO2 units (2:1) and the bond distances across the CAAC–CO2 core [N1–C2: 

1.452(4) Å; C1-C2: 1.365(5) Å; O1-C1: 1.364(4) Å; O2-C1: 1.336(4) Å] indicate that each unit 

is doubly-reduced, analogous to 4.7 and 4.8. This description is further supported by pyramidal 

geometries exhibited by all NCAAC atoms in the cluster. In the solid-state structure of 4.10, a C1-

symmetric K10(CO2)5 core was observed. All of the core structural features noted for complexes 

4.7-4.9 were also observed in 4.10, however all five Dipp substituents in this complex exhibited 

substantial K–(η6-Dipp) interactions with externally oriented K ions. These interactions were 

present in 4.9 but weak, and not observed in 4.7 or 4.8. Notably, the products 4.7-4.10 were 

observed to be NMR silent, and gave no signal in a parallel mode EPR experiment (which only 

detects species with S=1/2, 3/2, …, etc.). These experimental data are consistent with the 

possibility of a significant population of an S=1 (i.e. non-Kramers’) paramagnetic electronic state 

for all doubly reduced compounds, which is supported by computational analysis (vide infra) and 

indicates some degree of chemical fluxionality at room temperature.228-231 

Theoretically optimized geometries of 4.7-4.10 follow the trends observed of the crystal 

structures, with the optimized bond distances in general slightly greater than in the crystal 

structures. In all doubly reduced species, the NCAAC is pyramidal and the C1–C2 bond distance is 

shorter than in the singly reduced analogue. The pyramidal geometry of NCAAC is suggestive of a 
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non-bonding lone-pair on the nitrogen atom and a C1–C2 π-bond, which is supported by intrinsic 

bonding orbital (IBO) results (Figure 4.11). The NCAAC atom of the doubly-reduced species each 

possess a π lone pair and a N1–C2 σ bond. There is no N1–C2 π-bond observed in 4.7-4.10, 

unlike the singly-reduced species 4.4-4.6. 

 

Figure 4.11. B3LYP-D3(BJ)/def2-SVP intrinsic bonding orbitals (IBOs) of 4.4 (top) and 4.7 

(bottom). Numbers in parentheses indicate the partial charge distribution of the IBO. Orbital iso-

surfaces enclose 80% of the integrated electron densities of the orbital. H atoms, Dipp and THF 

substituents omitted for clarity. 

The synthetic protocols reported herein result in the carboxylation of CAAC at RT and 1 atm 

of pressure, followed by the stepwise one- and two-electron alkali metal reduction of CAAC-

4.4 N1-C2 σ-bond 

(N1 = 1.169; C2 = 0.813) 

4.4 N1-C2 π-bond 

(N1 = 1.603 C2 = 0.180) 

4.7 N1-C2 σ-bond 

(N1 = 1.147; C2 = 0.822) 

4.7 N1 p lone-pair 

(N1 = 1.866 C2 = 0.00) 
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carboxylate to monoanionic radical clusters and dianionic diolate clusters. The reduced products 

are isolable as soluble, crystalline products with diverse electronic properties dependent on the 

nature of the cation and cluster topology. Notably, this represents the first example of the 

chemical reduction of a carbene-CO2 adduct, and provides a facile method for the cleavage of 

CO2 π-bonds by alkali metals. Moreover, this work highlights the ability of CAAC to mediate a 

reductive process between base alkali metals and CO2−a reaction that does not occur in the 

absence of carbene. The newfound redox behavior of carbene-carboxylates will facilitate the 

development of new chemistries using these compounds as simple and efficient electron-transfer 

platforms in both stoichiometric and catalytic CO2 conversion chemistry. 
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Chapter 5: Summary and Outlook 
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5.1. Overview of Completed Research 

Chapter two of the research described in this dissertation detailed the expansion of the known 

coordination chemistry of NHCs and CAACs with magnesium halides, as well as progress 

towards reduction chemistry at magnesium supported by these ligands. The behavior of novel 

carbene–Mg–halides under both “direct” reduction conditions (section 2.3) and via the reduction 

of a coordinated redox-noninnocent diimine ligands (2.4) was studied in detail and reported 

herein. Detailed investigation into the coordination of singlet cyclic carbenes to magnesium 

halides indicated that in coordinating solvents such as THF, it is difficult to obtain the desired 

carbene–Mg–halide due to competition from the donor solvent.106 As such, non-donor solvents 

were chosen for further syntheses. However, the poor solubility of MgCl2 in non-donor solvents 

led to the selection of MgBr2 as the halide precursor of choice, as it allowed for the isolation of 

both NHC- and CAAC-coordinated MgBr2 complexes which were soluble in toluene. 

Attempts at the direct reduction of CAAC–MgBr2 consistently resulted in the reduction of 

the carbene ligand giving a CAAC activation/rearrangement product in which the Mg center was 

still in its 2+ oxidation state. Various combinations of reaction conditions still gave this species 

as the only isolable product. As an alternative to this “direct” reduction (i.e., at the metal center), 

the reduction of a mixture of redox active ligands and carbene–Mg–halides yielded a series of 

redox-flexible carbene–Mg–diimine complexes which were stable in solution at room 

temperature, soluble in hydrocarbon solvents and isolable as crystalline solids. The series of 

singly- and doubly-reduced complexes bearing the carbene–metal–diimine structural motif was 

studied in detail using experimental and computational methods, and compared to the beryllium 

analogs.123 Interestingly, it was found that the electrons occupying the π system of the diimine 

upon reduction are delocalized across the magnesium center to interact with the π system of the 
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CAAC. This cooperativity between the diimine and carbene cores is an unusual and notable 

feature of the specific structural motif developed during this dissertation work. 

The third chapter of the research presented in this dissertation focused on the convenient 

preparation of low nuclearity, carbene-coordinated magnesium hydride compounds. The utility 

of group 2 hydrides is expansive, and the synthesis of structurally discrete, hydrocarbon-soluble 

magnesium hydride compounds is highly desirable. The dissertation work in this area focused on 

the use of “small” NHCs (i.e., NHCs with a low steric demand at the metal center) and 

magnesium amide precursors with varied amide steric demand towards preparing structurally 

unique carbene–Mg–hydride complexes. The results of this investigation232 gave a convenient 

synthesis for carbene–magnesium(amido)hydride dimers. Furthermore, this work indicated that 

NHCs with a low steric demand could be used to support the desired metal hydrides, and that 

varying the size of the amide ligand yielded subtle changes to the coordination at the magnesium 

center and requisite reaction conditions. 

The fourth portion of this doctoral research focused on the reduction chemistry of 

zwitterionic carbene–CO2 adducts known as “carbene-2-carboxylates.” Electrochemical 

reduction studies (section 4.1) indicated that the π–system of the CAAC–CO2 core is able to 

accept an electron at milder overpotentials than free CO2. Additionally, the one-electron reduced 

species was able to react irreversibly in situ with carbon dioxide under CO2 saturation conditions 

to yield CO3
2– and a CAACC═C═O adduct in THF and MeCN. Using the information gained 

during these electrochemical experiments, the reduction of a CAAC-2-carboxylate adduct with 

alkali metal reductants Li(s), Na(s), and K(s) was subsequently studied. The aforementioned 

reduction resulted in a diverse array of singly- and doubly-reduced CAAC–CO2–alkali clusters 

which were hydrocarbon soluble, stable in solution at room temperature under inert atmosphere, 
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and isolable as crystalline solids. The electronic structure of the clusters were studied with a 

combination of experimental and computational methods. Notably, the singlet-triplet gap of the 

doubly reduced clusters proved to be close enough in energy to have thermally accessible excited 

states. At room temperature, it was observed that the doubly-reduced clusters were both NMR 

and EPR silent, which led us to conclude, with support from computational data, that at room 

temperature there is significant population of both possible electron configurations (i.e., singlet 

and triplet-diradical). 

5.2. Extensions Beyond Completed Work and Outlook on the Field 

From the results described in chapter 2, it is clear that the cooperativity between the π-acidic 

carbene and π-basic diimine confers unusual electronic structures to molecules such as 

(CAAC)Mg(DippDAB)(2.9). Future investigations would need to uncover the reactivity profiles 

of these complexes as either reagents or catalysts. Fortunately there are reports that hint at the 

reactivity of reduced Mg–diimine functionalities (without a coordinated carbene) in redox-

neutral sigma bond metatheses/deprotonation events88, 89, 115, 116 and in electron-transfer events 

such as dioxygen reduction.51 Although the electronic structures of the related compounds 

presented in this work are notably different, the aforementioned investigations offer a good 

foundation for developing a reactivity profile. 

In chapter 3, the observed structural differences between the “HMDS” and “ASCP” amide 

ligands, as well as their effects on temperatures required to synthesize a magnesium hydride 

complex should allow for further development of magnesium precursors that allow ultra-mild 

temperature synthetic protocols. In an industrial setting, even a decrease in reaction temperature 

of 20 °C (similar to that observed between the HMDS and ASCP precursors in Ch. 3) would 

translate to dramatic energy and overhead cost savings at production scale. Further work using 
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the hydrides from chapter 3 could optimize the combination of carbene and amide ligand to 

obtain an even more hydride-rich complex (e.g. carbene–MgH2), and additionally study the 

viability of compounds 3.4-3.5 as molecular catalysts.43 Alkaline hydrides have demonstrated 

high competency in a variety of catalytic transformations including hydrogenations of small 

molecules such as simple alkenes and imines30, 49, 50, 233, 234 or carbon dioxide.30, 57 It remains to 

be discovered whether carbene-coordinated alkaline earth hydrides can participate in similar 

transformations. 

For reduced carbene-2-carboxylates of the type described in chapter 4, there is much to learn 

regarding the electron-transfer abilities of these compounds. Traditionally, organic bi- and 

diradicals228, 230, 231 have found numerous applications in both carbon–carbon bond formation 

reactions and materials applications. Given that the natures of the highest energy orbitals in the 

reduced CAAC–CO2 clusters are closely dependent on the counterion (e.g., Li, Na, or K), the 

replacement of these ions with other metals such as Zn, Mg, Cu, etc. should yield dramatic 

variation in the electronic nature of the organic orbitals. These variations could lead to a number 

of new applications for carbene-2-carboxylates that are now available thanks to the research 

conducted as a part of this doctoral work. 
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Appendix I – Experimental Details 

General Considerations 

All manipulations were carried out with the rigorous exclusion of air and moisture under an 

atmosphere of argon using standard Schlenk techniques or a MBRAUN LABmaster glovebox 

operating at <0.1 ppm H2O and O2 and equipped with a −39 °C freezer. All glassware used for 

experiments or measurements was oven-dried at 190 °C overnight before use. All reaction 

solvents were distilled over sodium/benzophenone and stored over 3 Å molecular seives. 

Deuterated acetonitrile was purchased from Cambridge Isotope Laboratories and purified by 

heating over calcium hydride for at least 48 h under followed by distillation under an argon 

atmosphere. NMR spectra were recorded at room temperature on a Bruker Avance 600 MHz 

(1H: 600.13 MHz, 13C: 150.90 MHz). Proton and carbon chemical shifts are reported in ppm and 

are referenced using the residual proton and carbon signals of the deuterated solvent (1H; 

CD3CN, δ 1.94, 13C; CD3CN, δ 1.32). Continuous wave (CW) EPR spectra were collected at 

room temperature using an X-band Bruker EMX spectrometer equipped with an ER 4123D 

dielectric resonator. Solid-state FTIR spectra were recorded on an Agilent Cary 630 FT-IR 

equipped with a diamond ATR unit in an argon-filled glovebox. Combustion microanalyses were 

performed using a PerkinElmer Series 2400 II CHNS/O Analyzer. Crystallographic data for 1-5 

are summarized in Table S1. CO2 used for the synthesis of 1 was purchased from Praxair (99.9% 

purity, part no. CD 3.0-T) and used as recieved without any further drying or purification. 

Diethyl- and cyclohexyl-substituted cyclic (alkyl)(amino) carbene (Et2CAAC and CyCAAC) was 

prepared according to literature235 and recrystallized from hexanes before use. Phenylsilane 

(PhSiH3) was purchased from Millipore Sigma and used as received. Free IiPrMe2 was prepared 

according to a literature procedure and recrystallized from n-hexane prior to use.236 In cases 
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where alkali metals are used, shavings were taken off of commercially available metal ingots or 

rods by removing the oxidized outer layer and shaving the fresh surface as finely as possible with 

a blade. 

 

Synthetic Methodology 

Chapter 2. 

Synthesis of IPrMgCl2·THF (2.2). In a 100 mL Schlenk flask, a solution of IPr (2.05 g, 5.15 

mmol) was prepared in freshly distilled THF (50 mL). To this solution, MgCl2 (0.5 g, 5.15 

mmol) was added and allowed to react for 16 hours at room temperature until a homogenous, 

pale yellow solution was obtained. All volatiles were removed under vacuum to yield sticky 

yellow solids. Hexanes (30 mL) was added and the resulting suspension stirred for 16 hours. 

This suspension was filtered over medium frit, and the hexane trituration repeated once more to 

yield 1 as a white powder (2.33 g, 80% yield). Crystals suitable for X-ray diffraction were 

obtained by layering a saturated THF solution of 1 with hexanes (2:1 THF/hexanes). 1H NMR 

(800.13 MHz, THF-d8, 298 K) δ 7.35 (t, J=7.7 Hz, 1H) 7.25 (d, J=7.7 Hz, 4H) 7.18 (s, 2H, 

backbone CH) 3.62 (m, 4H, THF) 2.81 (hept, J=6.8 Hz, 4H, Dipp-(CH3)2CH) 1.77 (m, 4H, THF) 

1.18 (d, J=6.9 Hz, 6H, Dipp-CH3) 1.16 (d, J=6.1 Hz, 6H, Dipp-CH3) 
13C{1H} NMR (201.193 

MHz, THF, 298 K) δ 220.8 (Ccarbene), 146.5 (Cipso), 129.0, 125.2 (Cbackbone) 123.7, 122.3, 67.2 

(THF), 29.0 (Cmethyl), 25.1 (THF), 23.6 (Cmethyl). Satisfactory elemental analysis results could not 

be obtained (see note in general procedures). 
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Synthesis of [IPrMgCl2]2 (2.3). In a 100 mL Schlenk flask, a solution of IPr (1.04 g, 2.70 mmol) 

was prepared in freshly distilled toluene (75 mL). To this solution, MgCl2 (0.245 g, 2.57 mmol) 

was added and allowed to react for 5 days at room temperature. All volatiles were removed 

under vacuum to yield yellow solids. Hexanes (30 mL) was added and the resulting suspension 

was allowed to stir overnight. This suspension was filtered over medium frit, and the hexane 

trituration repeated once more to yield 2 as a white powder (1.20 g, 96% yield). Crystals suitable 

for X-ray diffraction were obtained by extracting the product with refluxing toluene, filtering 

through a 0.45 μm PTFE syringe filter, and cooling slowly to room temperature. NMR data 

could not be obtained due to the poor solubility of the complex in non-donor solvents. Upon 

addition of 2 to THF-d8 the complex slowly dissolves and converts to 1 with coordinated THF-

d8. The NMR spectrum of the resulting solution shows the same resonances for 1 without the 

presence of coordinated protio-THF (Figure S4). Anal. Calcd. for C27H32Cl2MgN2: C, 67.59; H, 

6.72; N, 5.84%. Found: C, 69.07; H, 7.60; N, 5.79%. Note: compounds 1 and 2 exhibit extreme 

water sensitivity, notably more so than the free carbene. In the presence of any trace proton 

source such as residual H2O in solvents, or trace amounts of HCl impurities in the MgCl2 starting 

material, complexes 1 and 2 decompose into a protonated product of the type [IPrH]+[MgCl3]
 −. 

This side product exhibits similar solubility to 1 and 2, and crystallizes out under similar 

conditions as colorless, needle-like crystals. In THF, this complex adopts the structure shown in 

Figure S1. The protonated salt was observed as the primary side product in all reactions to form 

complexes 1 and 2. 

 

Synthesis of (Et2CAAC)MgBr2 (2.4). Free Et2CAAC (500 mg, 1.580 mmol) and anhydrous MgBr2 

(292 mg, 1.580 mmol) were combined in a 100 mL round-bottom flask. Dry toluene (80 mL) 
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was added and the suspension was stirred for 16 h at r.t. The resulting mixture was filtered 

through a pad of Celite to remove the small amount of insoluble material. The filtrate was 

concentrated to incipient crystallization of solids before n-hexane (50 mL) was added, 

precipitating white solids which were collected via filtration to yield the product as an off-white 

solid (583 mg, 74%). 1H NMR (600 MHz, C6D6) δ 7.19 (t, J = 7.7 Hz, 1H, Hpara-Dipp), 7.07 (d, J 

= 7.7 Hz, 2H, Hmeta-Dipp), 2.78 (hept, J = 6.8 Hz, 2H, CH(CH3)2-Dipp), 2.23 (m, 4H, CH2CH3), 

1.60 (d, J = 6.7 Hz, 6H, CH3-Dipp), 1.35 (s, 2H, CH2(backbone)), 1.04 (d, J = 6.6 Hz, 6H, CH3-

Dipp), 0.95 (t, J = 7.4 Hz, 6H, CH2CH3), 0.85 (s, 6H, (CH3)2). 
13C NMR (150.9 MHz, C6D6) δ 

257.5 (Ccarbene), 145.0, 134.8, 130.4, 125.9, 82.6, 66.1, 41.1, 31.3, 29.2, 29.1, 28.3, 24.0, 10.5. 

 

Synthesis of (SIPr)MgBr2 (2.5). To a solution of SIPr (250 mg, 0.640 mmol) in dry toluene (85 

mL) was added anhydrous MgBr2 (120 mg, 0.652 mmol). The resulting mixture was stirred 

vigorously at r.t. for 16 h and filtered through a Celite pad. The volume of the resulting pale 

bronze filtrate was reduced under vacuum to incipient crystallization, then hexanes were added 

(approx. 50 mL) precipitating a white solid. These solids were collected via filtration, washed 

with hexanes (15 mL) and dried under vacuum to yield the product as an off-white solid (235 

mg, 68%). Colorless plate-like crystals suitable for X-ray diffraction were obtained from a 

saturated toluene solution at –37 °C. 1H NMR (600 MHz, C6D6, 333 K) δ 7.13 (m, 2H, Hortho-

Dipp), 7.05 (m, 4H, Hmeta-Dipp), 3.48 (s, 4H, CH2–backbone), 3.27 (hept, J = 6.20 Hz, 4H, 

CH(CH3)2), 1.59 (d, 12H, CH(CH3)2), 1.06 (d, 12H, CH(CH3)2);
 13C NMR (150.9 MHz, C6D6, 

333 K) δ 206.93 (Ccarbene), 147.4, 134.9, 130.2, 125.1, 124.9, 54.3, 29.1, 28.9, 26.4, 25.1, 24.8, 

24.5. 
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Synthesis of (SIPr)BeCl2. 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 4 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, 298 K) δ 7.13 (m, 2H, Hortho-Dipp), 7.03 (m, 4H, Hmeta-Dipp), 3.51 (s, 4H, CH2–

backbone), 3.26 (hept, J = 6.7 Hz, 4H, CH(CH3)2), 1.51 (d, J = 6.8 Hz, 12H, CH(CH3)2), 1.11(d, 

J = 6.8 Hz 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 10.0. 

 

Synthesis of (Et2CAAC)MgBr(DippDAB) (2.7). Compound 1 (100 mg, 0.200 mmol) and DippDAB 

(75 mg, 0.200 mmol) were combined in a scintillation vial and dissolved in toluene, yielding a 

homogeneous yellow solution. KC8 (28 mg, 0.210 mmol) was added at RT and the vial was 

stirred at for 16 h. The resulting bright orange suspension was filtered, and the filtrate reduced to 

incipient recrystallization under vacuum and kept at -37 °C. The resulting solids were collected 

to yield bright orange crystals of the product suitable for X-ray diffraction (45 mg, 28 %). EPR 

(X-band) 3515 G (m, aN = aH = 2.54 G). 

 

Synthesis of (Et2CAAC)MgBr(bpy) (2.8). Procedure followed for the preparation of 5, using 1.1 eq 

of KC8 (28 mg, 0.210 mmol) and 2,2-bipyridyl (31 mg, 0.200 mmol) instead of DippDAB. The 

reaction mixture and subsequent filtrate exhibits a deep cabernet-red color characteristic of 6. 
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The toluene filtrate was not reduced under vacuum, but instead recrystallized directly after 

filtering at -37 °C, yielding dark red needle-like crystals of 7 suitable for X-ray diffraction (66 

mg, 67%). EPR (X-band) 3515 G (m, aN = aH = 2.98 G). 

 

Synthesis of (Et2CAAC)Mg(DippDAB) (2.9). Compound 1 (100 mg, 0.200 mmol) and DippDAB (75 

mg, 0.200 mmol) were combined in a scintillation vial and dissolved in toluene, yielding a 

homogeneous yellow solution. KC8 (56 mg, 0.420 mmol) was added while the solution was at 

r.t., and the vial was stirred at r.t. for 16 h. The resulting dark green suspension was filtered, and 

the dark green filtrate reduced to incipient recrystallization under vacuum and kept at -37 °C. 

The resulting dark green solids were collected and washed with n-hexane (2 mL) to yield the 

product as a dark green solid (85 mg, 60%). Single crystals suitable for X-ray diffraction were 

obtained from a saturated hexane mixture at -37 °C. 1H NMR (600 MHz, C6D6) δ 7.26 (d, J = 7.5 

Hz, 4H, Hmeta-Dipp(DAB)), 7.19 (m, 2H), 7.13 (m, 1H), 7.03 (m, 3H), 6.82 (d, J = 7.8 Hz, 2H), 

5.80 (s, 2H, CH(DAB backbone)), 3.80 (hept, J = 6.9 Hz, 4H, CH(CH3)2-Dipp(DAB)), 2.54 

(hept, J = 6.8 Hz, 2H, CH(CH3)2-Dipp(CAAC)), 1.56 (m, 2H, CH2CH3), 1.51 (d, J = 6.8 Hz, 

12H, CH3-Dipp(DAB)), 1.41 (m, 2H, CH2CH3), 1.25 (d, J = 7.0 Hz, 12H, CH3-Dipp(DAB)), 

1.14 (s, 2H, CH2(CAAC backbone)), 0.98 (d, J = 6.7 Hz, 6H, CH3-Dipp(CAAC)), 0.87 (d, J = 

6.8 Hz, 6H, CH3-Dipp(CAAC)), 0.62 (s, 6H, (CH3)2), 0.59 (t, J = 7.4 Hz, 6H, CH2CH3(CAAC)). 

13C NMR (151 MHz, C6D6) δ 234.5 (Ccarbene), 154.2, 145.2, 144.5, 130.5, 128.9, 128.1, 124.5, 

122.3, 121.7, 121.0, 83.6, 63.9, 39.5, 29.3, 28.9, 28.1, 27.0, 25.8, 23.7, 21.5, 8.8. 
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Synthesis of (Et2CAAC)Be(bpy). (Et2CAAC)BeCl2 (127 mg, 0.320 mmol) and bpy (50 mg, 0.320 

mmol) were combined in a scintillation vial and dissolved in toluene, yielding a blue solution. 

KC8 (95 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-hexane (2 mL) to yield the product as a dark purple solid (110 

mg, 72%). Single crystals suitable for X-ray diffraction were obtained from a saturated 

toluene/hexane 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) 2.88 (hept, J = 6.7 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 = 7.4 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 4.8. 

 

Synthesis of (SIPr)Be(bpy). Compound 4 (151 mg, 0.320 mmol) and bpy (50 mg, 0.320 mmol) 

were combined in a scintillation vial and dissolved in toluene, yielding a pink solution. KC8 (95 

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 solids were 

collected and washed with n-hexane (2 mL) to yield the product as a dark red solid (124 mg, 

70%). Single crystals suitable for X-ray diffraction were obtained from a saturated 

toluene/hexane mixture at -37 °C. 1H NMR (500.13 MHz, C6D6, 298K) δ 7.04 (m, 6H, Aryl), 
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5.88 (m, 4H, Aryl), 5.24 (m, 2H, Aryl), 3.36 (s, 4H, CH2–backbone), 3.11 (hept, J = 6.7 Hz, 4H, 

CH(CH3)2-Dipp), 1.17 (d, J = 6.9 Hz, 12H, CH(CH3)2), 1.10 (d, J = 6.9 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 (84.28 MHz, C6D6) δ 4.5. 

 

Chapter 3. 

 

Synthesis of [Mg(N(SiMe3)2)2]2 - Hexamethyldisilazane (25 mL, 120 mmol) was added to a 250 

mL Schlenk round-bottomed flask fitted with a reflux condenser. To this flask, a 1.0 M solution 

of di-n-butylmagnesium (60 mL, 60 mmol) was added slowly at RT. The resulting solution was 

stirred vigorously and heated to 75 °C for 3 d. All volatiles were removed under vacuum at 40 °C 

(to remove as much unreacted amine and heptane as possible) until a sticky white solid was 

obtained. The solid was redissolved in minimal n-hexane and kept at –39 °C, yielding the 

product as a highly pure, completely colorless crystalline solid. Further reduction in volume and 

recrystallization of the supernatant was necessary to retrieve remaining product (13.455 g, 65%). 

1H NMR (600 MHz, C6D6) δ 0.45 (s, 36H), 0.37 (s, 36H). 

 

Synthesis of [Mg(N[SiMe2(CH2)]2)2]2, (3.1) – Compound 3.1 was prepared via a similar 

procedure to [Mg(N(SiMe3)2)2]2, using 2 eq of HN[SiMe2(CH2)]2)2 (10 mL, 52.83 mmol). The 

product was obtained after recrystallization from hexane at –39 °C as a colorless crystalline 

solid. Further reduction in volume and recrystallization of the supernatant was necessary to 

retrieve remaining product (6.296 g, 70%). 1H NMR (600 MHz, C6D6) δ 0.95 (s, 8H, 
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Si(CH3)2(CH2)2), 0.81 (s, 8H, Si(CH3)2(CH2)2), 0.36 (s, 24H, Si(CH3)2(CH2)2) 0.32 (s, 24H, 

Si(CH3)2(CH2)2); 
13C NMR (150.90 MHz, C6D6) δ 12.0, 10.0, 5.8, 5.2. m.p.: 138-140 °C. 

 

Synthesis of (IiPrMe2)Mg(HMDS)2 (3.2) - Crystalline IiPrMe2 (0.523 g, 2.9 mmol) and 

Mg(HMDS)2 (1.000 g, 2.9 mmol) were combined in a 100 mL Schlenk round-bottomed flask, 

dissolved in a minimal amount of n-hexane (approx. 40 mL), yielding a colorless solution which 

was stirred for 16 h at RT. All volatiles were removed under vacuum and the resulting solids 

collected, yielding the product (1.305 g, 86% yield) as a bright white free-flowing powder. 1H 

NMR (600 MHz, C6D6) δ 5.25 (hept, 2H, (CH3)2CH), 1.49 (s, 6H, Cbackbone(CH3)), 1.23 (d, 12H, 

(CH3)CH), 0.29 (s, 36H, Si(CH3)3); 
13C NMR (150.90 MHz, C6D6) δ 179.7 (Ccarbene), 125.5, 53.0, 

22.4, 10.0, 6.5. m.p.: 116-118 °C. 

 

Synthesis of (IiPrMe2)Mg(ASCP)2 (3.3) - Crystalline IiPrMe2 (0.500 g, 2.77 mmol) and 3.1 (0.946 

g, 2.77 mmol) were combined in a 100 mL Schlenk round-bottomed flask, dissolved in a 

minimal amount of n-hexane (approx. 40 mL), yielding a colorless solution which was stirred for 

16 h at RT. All volatiles were removed under vacuum and the resulting solids collected, yielding 

the product (1.278 g, 89% yield) as a bright white free-flowing powder. 1H NMR (600 MHz, 

C6D6) δ 4.19 (hept, J= 6.8 Hz, 2H, (CH3)2CH), 1.41 (s, 6H, Cbackbone(CH3)), 1.30 (d, J = 6.8 Hz, 

12H, (CH3)CH), 1.07 (s, 8H, Si(CH3)2(CH2)2), 0.32 (s, 24H, Si(CH3)2(CH2)2); 
13C NMR (150.90 

MHz, C6D6) δ 177.0 (Ccarbene), 125.0, 51.8, 23.3, 12.3, 9.1, 5.1. m.p.: 149-151 °C. 
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Synthesis of [(IiPrMe2)Mg(μ-H)(HMDS)]2  (3.4) – Compound 3.2 (133 mg, 0.25 mmol) was 

added to a small Schlenk pressure tube equipped with a stir bar and dissolved in minimal n-

hexane (8 mL). PhSiH3 (58 mg, 0.54 mmol) was added at RT, and the tube was sealed before 

heating at 65 C for 16 h. A small amount of white precipitate was observed, which was removed 

via filtration through a 0.45 μm PTFE syringe filter. The filtrate was kept at –39 °C to yield 

clear, colorless, rectangular block-like crystals of the product suitable for X-ray diffraction (68 

mg, 73%). 1H NMR (600 MHz, C6D6) δ 5.30 (hept, J= 6.9 Hz, 4H, (CH3)2CH), 4.29 (s, 2H, 

MgH), 1.64 (s, 12H, Cbackbone(CH3)), 1.42 (d, J = 7.0 Hz, 36H, (CH3)CH) 0.37 (s, 36H, 

Si(CH3)3); 
13C NMR (150.90 MHz, C6D6) δ 182.0 (Ccarbene), 125.0, 53.4, 22.6, 9.9, 6.4. m.p.: 

178-180 °C. 

 

Synthesis of [(IiPrMe2)Mg(μ-H)(ASCP)]2  (3.5) – Compound 3.3 (521 mg, 1.00 mmol) was added 

to a Schlenk pressure tube along with a stir bar and dissolved in a minimal amount of n-hexane 

(approx. 25 mL). PhSiH3 (217 mg, 2.00 mmol) was added to the solution at RT. The flask was 

sealed and heated while stirring at 40 °C for 16 h, yielding a bright white precipitate. The 

suspension was filtered over a medium frit and the solids were collected, yielding the product as 

a highly pure, bright white powder (241 mg, 66%). Clear, colorless, rhombohedral single crystals 

suitable for X-ray diffraction were obtained by keeping the filtrate at –39 °C. 1H NMR (600 

MHz, C6D6) δ 4.93 (hept, J = 6.8 Hz, 4H, (CH3)2CH), 4.31 (s, 2H, MgH), 1.59 (s, 12H, 

Cbackbone(CH3)), 1.45 (d, J = 7.0 Hz, 24H, (CH3)CH), 1.10 (s, 8H, Si(CH3)2(CH2)2)), 0.22 (s, 24H, 

Si(CH3)2(CH2)2); 
13C NMR (150.90 MHz, C6D6) δ 180.9 (Ccarbene), 124.8, 52.9, 23.0, 12.6, 9.6, 

4.7. m.p.: 218-220 °C. 
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Chapter 4. 

Synthesis of  CyCAACCO2 (4.1) – In a Schlenk round bottomed flask under argon, a solution of 

CyCAAC (0.500 g, 1.54 mmol) was prepared in freshly distilled Et2O (20 mL) to yield a clear, 

colorless solution. The flask sidearm was opened to a flow of argon. CO2 was allowed to bubble 

rapidly into the solution for 30 minutes via a balloon fitted with a needle adapter, which was 

purged with argon 3 times prior to being filled. The flask sidearm remained open to the Schlenk 

manifold during the entire reaction to maintain approximately 1 atm of pressure and air-free 

conditions. White precipitate immediately began to form upon the initial introduction of CO2 and 

continued over the course of the reaction. The resulting white solids were filtered via cannula, 

washed with hexanes (20 mL) and dried under vacuum to yield 1 as a bright white solid. Single 

crystals suitable for Xray diffraction were obtained by cooling a saturated THF solution of the 

product to -37 °C (0.375 g, 66%). 1H NMR (800 MHz, CD2Cl2) δ 7.44 (t, J = 7.8 Hz, 1H, CHpara) 

7.29 (d, J = 7.8 Hz, 2H, CHmeta) 2.74 (hept, J = 6.4 Hz, 2H, CHmethine) 2.33 (s, 2H, (CH2)backbone) 

2.16 (td, J = 13.3, 3.3 Hz, 2H, (CH2)Cy) 1.88 (d, J = 12.2 Hz, 2H, (CH2)Cy) 1.83 (dt, J = 13.2, 2.9 

Hz, 2H, (CH2)Cy) 1.73 (d, J = 12.4 Hz, 1H, (CH2)Cy) 1.46 (s, 6H, (CH3)backbone) 1.41 (m, 2H, 

(CH2)Cy) 1.36 (m, 1H, (CH2)Cy) 1.32 (d, J = 6.5 Hz, 6H, (CH3)Dipp) 1.29 (d, J = 6.7 Hz, 6H, 

(CH3)Dipp) 
13C NMR (201 MHz, CD2Cl2) δ 193.4 (CC=N), 158.6 (CCO2), 146.3 (Cipso), 130.9, 

129.5, 125.9, 79.6, 53.8, 53.1, 45.5, 36.2, 30.1, 29.6, 26.5, 25.0, 24.5, 22.2. Anal. Calcd. for 

CyCAACCO2·0.5THF: C, 76.99; H, 9.69; N, 3.45. Found: C, 76.84; H, 9.48; N, 3.65. 

 

Synthesis of CyCAAC=C=O (4.2) and Decay Experiment 
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A solution of CyCAAC (30 mg, 92 μmol) in THF (1 mL) was prepared in a Schlenk pressure tube 

under an argon atmosphere. The clear solution was completely frozen in a bath of liquid N2, and 

the flask headspace was evacuated. A balloon of CO was attached to the sidearm via a glass 

three-way valve, allowing rigorously air-free conditions to be maintained during the introduction 

of CO. The balloon and flask sidearm were opened, allowing the CO to refill the evacuated 

headspace of the pressure tube. Once pressure had equilibrated, the pressure tube was sealed 

completely, and the cold bath removed. No reaction was observed until the contents of the tube 

had thawed, at which point the solution rapidly gained a deep blue color, which exactly matched 

that of the reported menthylCAAC171 of compound 4.2 (a photograph of this solution immediately 

after thawing is shown in Figure A1.1A). At temperatures above the freezing point of THF (-

108.4 °C), the blue color is extremely short lived, and fades over the course of minutes. This 

short lifetime precluded the isolation of a pure sample of 4.2, so its presence was confirmed, and 

decay monitored, via solution-phase IR spectroscopy. The solution of 4.2 was immediately 

brought into a glovebox and transferred to an Omnicell with CaF2 windows and PTFE spacer. 

The IR spectrum of this solution showed a characteristic band for the C=O stretch of 4.2 at 2056 

cm-1, the disappearance of which was monitored over the course of 8 min at intervals of 2 min. 

(these data are given in supporting information of the original publication).177 1H NMR of the 

decay products in THF-d8 showed multiple carbene-containing products, none of which were 

free CyCAAC, further supporting the existence of multiple active decomposition pathways for 

4.2. 
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Figure A1.1 (A) Solution of 2 in THF under a CO atmosphere at t = 0 min after preparation. (B) 

The same solution of 4.2 in THF at t = 4 min after preparation. (C) Same solution of 4.2 in THF 

at t = 10 min after preparation. 

 

Synthesis of tetrabutyl-n-ammonium oxalate [(TBA)2(ox)] 

A round bottom flask equipped with a stir bar was charged with 1.00 g of oxalic acid dihydrate 

and 10.4 ml of tetrabutylammonium hydroxide and stirred for 45 minutes. The resulting solution 

was condensed under reduced pressure at 65-70 ˚C for 30 mins and then dried under vacuum at 

70 ˚C for 48 hours to yield a white solid. Due to the hygroscopic nature of this material a yield 

was not obtained. The acetonitrile solution IR spectrum gave strong absorbances at 1552 cm-1 

and 1288 cm-1 and the THF solution IR gave a weak absorbance at 1550 cm-1 and 1286 cm-1.  13C 

NMR (600 MHz, (CD3)2SO) δ 174.8 (CC=O), 57.3, 23.1, 19.0 (C-CH2-), 13.3 (C-CH3), Anal. Calcd. 

for [(TBA)2(ox)]: C, 71.21; H, 12.67; N, 4.89. Found: C, 70.99; H, 12.48; N, 4.29. 

 

Synthesis of Et2CAACCO2 (4.3) – Free diethyl CAAC (0.867 g, 2.77 mmol) was added to a 100 

mL Schlenk tube and dissolved in a minimal amount of freshly dried THF (approx. 30 mL). The 

flask sidearm was attached directly to a mineral oil bubbler via flexible PVC tubing. A small gas 
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sample bag was purged thoroughly with CO2 before being filled with CO2 fitted with a stainless-

steel needle long enough to easily reach the solution. The needle was introduced through the 

septum of the Schlenk flask, the flask sidearm was opened, and CO2 was allowed to bubble into 

the solution while maintaining steady positive pressure within the system (as indicated by the oil 

bubbler). Almost immediately after the introduction of the CO2, a fine, bright-white precipitate 

was observed. Upon the depletion of the entire sample bag (approximately 5 min), the flask 

sidearm was closed, the needle was removed, and the flask connected to a Schlenk manifold. The 

white precipitate was isolated via cannula filtration, washed with dry hexanes (approx. 30 mL) 

and dried completely under reduced pressure. The remaining solids were collected yielding the 

product (0.800 g, 81%) as a highly pure white solid which is insoluble in non-polar hydrocarbon 

solvents, but increasingly soluble in THF, MeCN and CH2Cl2, respectively. Colorless, plate-like 

single crystals of the product suitable for X-ray diffraction were obtained by keeping a saturated 

THF solution of 4.3 at –39 °C. 1H NMR: (600 MHz, CD3CN) δ 1.13 (t, J = 7.3 Hz, 6H, 

C(CH2CH3)2), 1.29 (t, J = 6 Hz, 12H, CH(CH3)2), 1.45 (s, 6H, C(CH3)2), 1.89 (m, 2H, 

C(CH2CH3)2), 2.02 (m, 2H, C(CH2CH3)2), 2.27 (s, 2H, backbone-CH2), 2.80 (hept, J = 6.2 Hz, 

2H, CH(CH3)2), 7.35 (d, J = 7.8 Hz, 2H, meta-H), 7.47 (t, J = 7.9 Hz, 1H, para-H); 13C NMR 

(150.90 MHz, CD3CN) δ 195.3, 159.2, 147.0, 131.5, 130.7, 126.6, 80.7, 57.5, 42.0, 32.2, 30.5, 

29.5, 26.5, 24.6, 9.6; FTIR (solid state): ν 2968, 2925, 2874, 1664 (s), 1600 (m), 1470, 1353 (m), 

1144, 1055 (w), 898 (w), 805 (s), 751 (m), 682 (w). Anal. Calc’d. for C23H35NO2 (MW: 357.54 g 

mol-1): C, 77.27; H, 9.87; N, 3.92; Found: 77.47, 10.11, 3.87. m.p.: 106 °C – 115 °C. 

 

Synthesis of (THF)3Li2(CAACCO2)2 (4.4) – Compound 4.3 (150 mg, 0.420 mmol) was added to a 

20 mL scintillation vial along with a stir bar and suspended in dry THF (approx. 15 mL). Freshly 
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cut Li shavings (3.5 mg, 0.504 mmol) were added at RT and the resulting mixture was stirred 

vigorously for 36 h. The red-orange reaction mixture was filtered through a 0.45 μm PTFE 

syringe filter and the filtrate concentrated to a dark red oil under reduced pressure. The residue 

was dissolved in hexanes (approx. 3 mL) and stored in a -37 oC freezer yielding X-ray quality 

red block-like crystals after 2 days. After removal of supernatant, the crystals were dried under 

vacuum to yield 2 as paramagnetic crystalline red solids (103 mg, 52%). NOTE: This reaction is 

highly sensitive to the amount of reductant used. Precise control of the stoichiometry in this 

reaction is extremely important to ensure the successful isolation of pure product.  EPR (CW, X-

band) g = 1.99782 (a13C = 2.24 G); FTIR (solid state): ν 2958, 2867, 1533 (s), 1341 (s), 1233 (s), 

1196 (s), 1151(s), 1053 (s), 1053 (s), 911 (m), 798 (s), 742 (m). Anal. Calc’d. for Li2C58H94N2O7 

(MW: 945.28 g mol-1): C, 73.70; H, 10.02; N, 2.96; Found: 73.07, 10.14, 3.02. m.p.: 73 °C – 82 

°C. 

 

Synthesis of (THF)4Na4(CAACCO2)4 (4.5) – Compound 4.3 (75 mg, 0.210 mmol) was added to a 

20 mL scintillation vial along with a stir bar and dissolved in dry THF (approx. 8 mL). Sodium 

metal shavings (5.3 mg, 0.231 mmol) were added at RT, and the resulting mixture was stirred 

vigorously at RT for 16 h. The bright orange reaction mixture was filtered through a 0.45 μm 

PTFE syringe filter, and the resulting filtrate concentrated under reduced pressure until orange 

precipitate was observed. This precipitate was redissolved by agitation and gentle warming. The 

resulting saturated bright orange solution was kept at –39 °C to yield large, bright orange crystals 

of the product (43 mg, 45%). NOTE: This reaction is extremely sensitive to the amount of 

reductant used. Precise control of the stoichiometry in this reaction is extremely important to 

ensure the successful isolation of pure product. EPR (CW, X-band) g = 1.99782 (a13C = 2.24 G); 
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FTIR (solid state): ν 2964, 2867, 1517 (s), 1465 (m), 1297 (m), 1222 (m), 1055 (s), 902 (m), 798 

(m), 743 (m); Anal. Calc’d for NaC27H43NO3 (MW: 452.63 g mol-1): C, 71.65; H, 9.58; N, 3.09; 

Found: C, 71.14; H, 9.91; N, 2.92. m.p.: 74 °C – 80 °C. 

 

Synthesis of (THF)4K4(CAACCO2)4 (4.6) – Compound 4.3 (75 mg, 0.210 mmol) was added to a 

20 mL scintillation vial along with a stir bar and dissolved in dry THF (approx. 8 mL). KC8 

flakes (34 mg, 0.252 mmol) were added at RT, and the resulting mixture was stirred vigorously 

for 36 h. The purple-red mixture was filtered through a 0.45 μm PTFE syringe filter and 

concentrated to ca. 3 mL under reduced pressure. Hexanes (approx. 1 mL) were added and the 

mixture subsequently filtered. Red block-like crystals suitable for X-ray diffraction studies were 

obtained from keeping the filtrate at RT. The supernatant was stored at -37 oC yielding a second 

crop of crystals which were recovered after 3 days and dried under vacuum (total isolated yield: 

84 mg, 85%). NOTE: This reaction is extremely sensitive to the amount of reductant used. 

Precise control of the stoichiometry in this reaction is extremely important to ensure the 

successful isolation of pure product. FTIR (solid state): ν 2958, 2863, 1517 (s), 1463 (m), 1297 

(s), 1226 (s), 1153 (m), 1055 (m), 926 (w), 798 (m), 742 (m). Satisfactory elemental analysis 

results could not be obtained for this compound. m.p.: 94 °C – 99 °C. 

 

Synthesis of (THF)nLi2(CAACCO2) 0<n<0.333 [4.7 (n=0.333) and 4.8 (n=0.0)] – Compound 

4.3 (100 mg, 0.280 mmol) was added to a Schlenk tube along with a stir bar and dissolved in dry 

THF (approx. 20 mL). Lithium metal shavings (7.8 mg, 1.12 mmol) were added at RT, and the 

resulting mixture was stirred vigorously at RT for 3 d, yielding a deep red/orange solution. The 
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reaction mixture was dried to a sticky residue under reduced pressure, extracted with toluene (10 

mL) and filtered. The deep red/orange extract was dried completely under reduced pressure and 

triturated twice with hexanes (2 x 4 mL) to yield a deep red/orange glassy solid which was 

collected and confirmed to be an inseperable mixture of 5 and 6. This mixture apparently results 

from the incomplete removal of THF from the molecular structure of the product. This mixture 

can be accurately described as one species with the general formula (THF)nLi2(CAACCO2) 

0<n<0.333 with a molar mass between 371.422 g/mol (n = 0) and 395.456 g/mol (n = 0.333). 

The true amount of THF (value of n) in this bulk sample was analyzed by elemental analysis. 

The results of this analysis gave an experimental CHN content closer to the expected values for 

(THF)0.333Li2(CAACCO2) (77 mg, 70 %). FTIR (solid state): ν 2960, 2930, 2865, 1679 (m), 

1599 (s), 1467 (s), 1438 (s), 1381 (s), 1250 (s), 1176 (s), 1129 (s), 1051 (s), 803 (s), 754 (s); 

Anal. Calc’d for C76H113Li6N3O8 (MW: 1238.26 g mol-1): C, 73.49; H, 9.69; N, 3.34; Found: C, 

72.06; H, 9.77; N, 3.53; m.p.: 118 °C – 125 °C. 

 

Synthesis of Na12(CAACCO2)6 (4.9) – Compound 4.3 (100 mg, 0.280 mmol) was added to a 

Schlenk tube along with a stir bar and dissolved in dry THF (approx. 20 mL). Sodium metal 

shavings (26 mg, 1.12 mmol) were added, and the resulting mixture was stirred vigorously for 16 

h, yielding a dark orange solution. The reaction mixture was dried completely under reduced 

pressure and extracted with hexane (15 mL). The filtrate was dried completely under vacuum to 

yield the product as a dark orange crystalline solid. A saturated hexane solution of the product 

was kept at –39 °C to yield orange plate-like crystals of the product suitable for X-ray diffraction 

(97 mg, 86%). NOTE: This reaction can also be performed successfully using a 5% sodium 

dispersion on sodium chloride (5 wt. % Na/NaCl) reported by Jones et al.237 in place of sodium 
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shavings. FTIR (solid state): ν 2956, 2923, 2865, 1584 (m), 1433 (s), 1246 (s), 1120 (s), 1062 

(s), 799 (m), 753 (m). Anal. Calc’d for Na2C23H35NO2 (MW: 403.52 g mol-1): C, 68.46; H, 8.74; 

N, 3.47; Found: C, 68.16; H, 8.74; N, 3.22; m.p.: decomposition at 151 °C. 

 

Synthesis of K10(CAACCO2)5 (4.10) – Compound 4.3 (100 mg, 0.280 mmol) was added to a 

Schlenk tube along with a stir bar and dissolved in dry THF (approx. 20 mL). Potassium metal 

shavings (33 mg, 0.836 mmol) were added, and the resulting mixture was stirred vigorously for 6 

h, yielding a dark red-purple solution. The reaction mixture was dried completely under reduced 

pressure and extracted with hexane (15 mL). The filtrate was dried completely under vacuum to 

yield the product as a dark red-purple crystalline solid. A saturated hexane solution of the 

product was kept at –39 °C to yield dark red-purple plate-like crystals of the product suitable for 

X-ray diffraction (116 mg, 96%). NOTE: This reaction can also be performed successfully using 

potassium graphite (KC8) in place of potassium shavings with comparable yields. FTIR (solid 

state): ν 2956, 2927, 2863, 1502 (m), 1461 (m), 1431 (m), 1246 (s), 1062 (s), 796 (m), 751 (m); 

Anal. Calc’d for K2C23H35NO2 (MW: 435.73 g mol-1): C, 63.40; H, 8.10; N, 3.21; Found: C, 

62.90; H, 8.59; N, 2.94; m.p.: 162 °C – 171 °C. 
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Appendix II – Molecular Structures 

 

Molecular Structure Data 

 

Chapter 2 

 

 

Figure A2.1 Molecular structure of compound 2.1. (thermal ellipsoids set at 50% probability, H 

atoms omitted for clarity). Selected bond distances (Å) and angles (deg): Cl1-Mg1: 2.2772(9); 

Cl2-Mg1: 2.3767(9); Cl2-Mg2: 2.5489(6); Mg1-C1: 2.234(2); Mg2-O1: 2.0573(15); N1-C1: 

1.301(3); Mg1-Cl2-Mg2: 86.91(2); C1-Mg1-Cl1: 118.67(7); C1-Mg1-Cl2: 110.85(7); Cl2-Mg1-

Cl3: 93.75(3). 
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Figure A2.2 Molecular structure of 2.2. (thermal ellipsoids set at 50% probability). Only one of 

the two chemically equivalent but crystallographically distinct molecules is shown. H atoms and 

two cocrystallized THF molecules are omitted for clarity. Selected bond distances (Å) and angles 

(deg): C1–Mg1: 2.202(6); C1–N1: 1.350(8); C1–N2: 1.377(8); Mg1–Cl1: 2.270(3); Mg1–Cl2: 

2.310(4); Mg1–O1: 2.018(5); N1–C1–Mg1: 125.7(4); C1–Mg1–Cl1: 105.66(17); C1–Mg1–Cl2: 

110.32(19); Cl1–Mg1–Cl2: 122.43(16). 
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Figure A2.3. Molecular structure of 2.3. (thermal ellipsoids set at 50% probability, H atoms and 

three cocrystallized toluene molecules omitted for clarity). Selected bond distances (Å) and 

angles (deg): C1–Mg1: 2.213(4); C1–N1: 1.373(5); C1–N2: 1.371(5); Mg1–Cl1: 2.403(2); Mg1–

Cl2: 2.2912(19); Mg1–Cl3: 2.408(2); Mg2–Cl4: 2.2855(19); N1–C1–Mg1: 129.9(3); C1–Mg1–

Cl1: 115.98(13); Cl1–Mg1–Cl2: 113.42(8). 
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Figure A2.4. Molecular structure of 2.4. (thermal ellipsoids set at 50% probability, H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): C1–Mg1:2.231(3); C1–

N1:1.293(4); Mg1–Br1:2.5531(12); Mg1–Br2:2.4249(12); Mg1–Br1′: 2.5800(12); C1–Mg1–

Br1:110.90(10); C1–Mg1–Br2:123.19(9); Br1–Mg1–Br2:107.82(5); Br1–Mg1–Br1′: 93.16(4). 
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Figure A2.5. Molecular structure of 2.5. (thermal ellipsoids set at 50% probability, H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): C1–Mg1: 2.2102(45); C1–N1: 

1.3361(54); Mg1–Br1: 2.5574(16); Mg1–Br2: 2.5324(16); Mg1–Br3: 2.4272(15); C1–Mg1–Br3: 

101.17(12); C1–Mg1–Br2:118.02(12); Br1–Mg1–Br2:93.359(51). 
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Figure A2.6. Preliminary solution to the X-ray crystallographic data showing the molecular 

structure of 2.6 (Dipp groups attached to N1 and N3 and CAAC-ethyl groups omitted for clarity) 

Due to the low crystal quality, the accuracy of interatomic distances/angles is too low to merit 

meaningful discussion. The attachments do, however, support the existence of the structure 

described in chapter 2, section 3. 
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Figure A2.7. Molecular structure of 2.7 (thermal ellipsoids set at 50% probability, H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): Mg1–C1: 2.293(5); C1–N1: 

1.3000(6); Mg1–Br1: 2.4642(14); Mg1–N2: 2.097(4); Mg1–N3: 2.140(5); C35–N2: 1.341(7); 

C36–N3: 1.347(4); C35–C36: 1.404(7); C1–Mg1–Br1: 114.68(12); C35–N2–Mg1: 105.6(3). 
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Figure A2.8. Molecular Structure of 2.8 (thermal ellipsoids set at 50% probability, H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): Mg1–C1: 2.246(4); C1–N1: 

1.301(5); Mg1–Br1: 2.4724(15); Mg1–N2: 2.073(4); Mg1–N3: 2.069(4); C27–N2: 1.383(5); 

C28–N3: 1.389(5); C27–C28: 1.409(6); C1–Mg1–Br1: 108.92(11); C27–N2–Mg1: 112.8(3). 
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Figure A2.9. Molecular Structure of 2.9 (thermal ellipsoids set at 50% probability, H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): Mg1–C1: 2.194(2); Mg1–N2: 

1.9644(16); Mg1–N3: 1.9682(16); C23–N2: 1.410(2); C24–N3: 1.410(2); C23–C24: 1.342(3); 

C1–Mg1–N2: 144.38(7); N2–Mg1–N3: 90.79(7). 
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Figure A2.10. Molecular Structure of 2.10 (thermal ellipsoids set at 50% probability, H atoms 

omitted for clarity). Selected bond distances (Å) and angles (deg): Mg1–N2: 2.000(2); Mg1–N1: 

2.157(2); Mg1–C1: 2.138(3); Mg1–C1’: 2.284(3); Mg1–C2: 2.629(3); Mg1–Mg1’: 3.1017(16); 

N2–Mg1–N1: 85.02(8); N2–Mg1–C1: 120.65(9). 
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Figure A2.11. Molecular Structure of 2.11 (thermal ellipsoids set at 50% probability, H atoms 

and Dipp-isopropyl groups omitted for clarity). Selected bond distances (Å) and angles (deg): 

Mg1–N1: 2.085(2); Mg1–N2: 2.080(2); N1–C1: 1.381(10); C14–C14’: 1.400(6); N2–Mg1–N2: 

82.36(12); N2–Mg1–N1: 146.87(9); N2–Mg1–N1: 106.80(8). 
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Figure A2.12. Molecular structure of compound 2.X., [(IPrH)][(THF2)MgCl3] (thermal 

ellipsoids set at 30% probability) 
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Figure A2.13. Molecular Structure of 3.1 (thermal ellipsoids set at 50% probability, H atoms 

omitted for clarity.) 
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Figure A2.14. Molecular structure of 3.2 (thermal ellipsoids at 50% probability; H atoms 

omitted for clarity Selected bond distances (Å) and angles (deg): Mg1–C1: 2.2120(19); Mg1–

N3: 1.9920(16); Mg1–N4: 1.9944(16); C1–N1: 1.360(2); C1–N2: 1.361(2); N3–Mg1–C1: 

111.75(7); N4–Mg1–C1: 117.82(7); N4–Mg1–N3: 130.27(7). 
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Figure A2.15. Molecular structure of 3.3 (thermal ellipsoids at 50% probability; H atoms 

omitted for clarity with the exception of those located on C10). Only the major occupied position 

is shown for disordered N-isopropyl substituents. Selected bond distances (Å) and angles (deg): 

Mg1–C1: 2.2118(13); Mg1–H10A: 2.429(16); Mg1–N3: 1.9855(10); Mg1–N4: 1.9755(11); C1–

N1: 1.3572(16); C1–N2: 1.3583(15); N3–Mg1–C1: 113.92(4); N4–Mg1–C1: 115.06(4); N4–

Mg1–N3: 130.62(4); C1–Mg1–H10A: 78.4(4); C10–H10A–Mg1: 121.1(11). 
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Figure A2.16. Molecular Structures of 3.4 (thermal ellipsoids set at 50%; H atoms omitted for 

clarity with the exception of H1 and H2 which were isotropically refined). Selected bond 

distances (Å) and angles (deg): Mg1–C1: 2.2239(17); Mg2–C18: 2.2250(16); Mg1–H1: 

1.828(18); Mg1–H2: 1.933(18); Mg2–H1: 1.861(17); Mg2–H2: 1.865(18); Mg1–Mg2 2.8269(9); 

Mg1–N3: 2.0098(14); Mg2–N6: 2.0144(14); N3–Mg1–C1: 118.02(6); C1–Mg1–H1: 105.3(6); 

H1–Mg1–H2: 81.4(8). 
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Figure A2.17. Molecular structure of 3.5 (thermal ellipsoids set at 50%; H atoms omitted for 

clarity with the exception of H1 and H2 which were isotropically refined. Only the major 

occupied position is shown for disordered N-isopropyl substituents.) Selected bond distances (Å) 

and angles (deg): Mg1–C1: 2.230(4); Mg2–C12: 2.228(4); Mg1–H1: 1.93(4); Mg1–H2: 1.93(4); 

Mg2–H1: 1.97(4); Mg2–H2: 1.82(4); Mg1–Mg2; 2.8163(19); Mg1–N3:  1.994(4); Mg2–N6: 

2.000(4); N3–Mg1–C1: 119.27(16); C1–Mg1–H1: 107.1(12); H1–Mg1–H2: 84.4(17). 
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Figure A2.18. Molecular structure of compound 4.1 (thermal ellipsoids at 40% probability; only 

one of the two chemically equivalent but crystallographically distinct molecules is shown). H 

atoms and co-crystallized THF solvent molecules omitted for clarity. Selected bond distances 

(Å) bond angles (°) and torsion angles (°): C1–C24: 1.526(4); C1–N1: 1.297(4); O1–C24 

1.236(4); O2–C24: 1.234(4); N1–C1–C24: 123.9(3); O2–C24–O1: 131.5(3); O1–C24–C1: 

113.7(3); N1–C1–C24–O2: 101.2(4). 
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Figure A2.19. Molecular Structure of 4.3 (thermal ellipsoids set at 50% probability, H atoms 

omitted for clarity). Selected bond distances (Å) bond angles (°) and torsion angles (°): O1–C1: 

1.236(5); O2–C1: 1.248(5); C1–C2: 1.516(5); N1–C2: 1.282(5); C2–N1–C5: 114.8(3); O1–C1–

O2: 131.9(4); O1–C1–C2: 112.9(4); N1–C2–C3: 113.2(4); O2–C1–C2–N1: 86.5(5); O1–C1–

C2–N1: –95.4(5). 
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Figure A2.20. Solid state molecular structures of 4.4 (All H atoms and carbon atoms not directly 

attached to the CAAC core ring are omitted for clarity). Selected bond distances (Å) and angles 

(deg): O1–C1: 1.2732(12); O2–C1: 1.2778(12); C1–C2: 1.4533(13); N1–C2: 1.3802(12); O1–

C1–O2: 123.71(9); O1–C1–C2: 119.84(9); O2–C1–C2: 116.45(9); N1–C2–C1: 124.85(9); N1–

C2–C3: 110.81(8). 
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Figure A2.21. Solid state molecular structures of 4.5 (All H atoms and carbon atoms not directly 

attached to the CAAC core ring are omitted for clarity). Selected bond distances (Å) and angles 

(deg): O1–C1: 1.286(3); O2–C1: 1.266(3); C1–C2: 1.458(3); N1–C2: 1.385(3); O2–C1–O1: 

122.9(2); O2–C1–C2: 118.7(2); O1–C1–C2: 118.3(2); N1–C2–C1: 124.7(2); N1–C2–C3: 

109.7(2). 
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Figure A2.22. Solid state molecular structures of 4.6 (All H atoms and carbon atoms not directly 

attached to the CAAC core ring are omitted for clarity). Selected bond distances (Å) and angles 

(deg): O1–C1: 1.276(6); O2–C1: 1.265(7); C1–C2: 1.451(7); N1–C2: 1.384(6); O2–C1–O1: 

123.0(5); O2–C1–C2: 119.1(5); O1–C1–C2: 117.9(5); N1–C2–C1: 123.3(5); N1–C2–C3: 

110.2(4). 
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Figure A2.23. Solid state molecular structure of 4.7 (All H atoms and carbon atoms not directly 

attached to the CAAC core ring are omitted for clarity). Selected bond distances (Å) and angles 

(deg): O1–C1: 1.354(7); O2–C1: 1.332(7); C1–C2: 1.379(8); N1–C2: 1.463(7); O2–C1–O1: 

114.1(5); O1–C1–C2: 121.2(5); O2–C1–C2: 124.6(5); C1–C2–N1: 120.0(5); N1–C2–C3: 

109.6(5). 
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Figure A2.24. Solid state molecular structure of 4.8 (All H atoms and carbon atoms not directly 

attached to the CAAC core ring are omitted for clarity). Selected bond distances (Å) and angles 

(deg): O1–C1: 1.365(2); O2–C1: 1.360(2); C1–C2: 1.343(3); N1–C2: 1.452(2); O2–C1–O1: 

114.20(15); C2–C1–O1: 120.63(16); C2–C1–O2: 125.16(16); C1–C2–N1: 121.20(16); N1–C2–

C3: 110.58(15). 
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Figure A2.25. Solid state molecular structure of 4.9. All H atoms and all carbon atoms not 

directly attached to the CAAC core ring are omitted for clarity. Selected bond distances (Å) and 

angles (deg): O1–C1: 1.364(4); O2–C1: 1.336(4); C1–C2: 1.365(5); N1–C2: 1.452(4); O2–C1–

O1: 113.4(3); O1–C1–C2: 124.0(3); C1–C2–N1: 122.9(3); N1–C2–C3: 107.9(3). 
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Figure A2.26. Solid state molecular structure of 4.10. All H atoms and all carbon atoms not 

directly attached to the CAAC core ring are omitted for clarity. Selected bond distances (Å) and 

angles (deg): O9–C93: 1.342(10); O10–C93: 1.304(9); C93–C94: 1.385(11); N5–C94: 1.455(9); 

O10–C93–O9: 115.8(7); O9–C93–C94: 120.0(7); C93–C94–N5: 119.5(6); N5–C94–C95: 

108.7(6). 
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Appendix III – Spectral Data 

Nuclear Magnetic Resonance (NMR) Data 

Chapter 2. 

 

Figure A3.1. 1H NMR spectrum of 2.2 in (600 MHz, THF-d8, 298 K) showing stoichiometric 

THF-H8 coordination. 
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Figure A3.2. 1H NMR spectrum of a sample of complex 2.3 dissolved in THF-d8 (600 MHz, 298 

K) showing identical peaks to complex 2.2 in the same solvent (figure S3). This supports the 

tendency for 2.3 to convert to 2.2 in the presence of THF. 
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Figure A3.3. 1H NMR spectrum (600 MHz, C6D6, 298 K) of compound 2.4. 

 

 

 

Figure A3.4. 13C{1H}NMR (150.9 MHz, C6D6, 298 K) of compound 2.4.  
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Figure A3.5. 1H NMR spectrum (600 MHz, C6D6, 333 K) of compound 2.5. 
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Figure A3.6. 13C{1H} NMR (150.9 MHz, C6D6, 333 K) of compound 2.5. 

 

 

Figure A3.7. 1H NMR spectrum (600 MHz, C6D6, 298 K) of compound 2.9. 

 



161 

 

 

Figure A3.8. 13C{1H} NMR (150.9 MHz, C6D6, 298 K) of compound 2.9. 
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Chapter 3. 

 

Figure A3.9. 1H NMR spectrum of 3.1 in C6D6 at 298 K. 

 

 

Figure A3.10. 13C{1H} NMR spectrum of 3.1 in C6D6 at 298 K. 
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Figure A3.11. 1H NMR spectrum of 3.2 in C6D6 at 298 K. 
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Figure A3.12. 13C NMR spectrum of 3.2 in C6D6 at 298 K. 
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Figure A3.13. 1H NMR spectrum of 3.3 in C6D6 at 298 K. 

 

Figure A3.14. 13C{1H} NMR spectrum of 3.3 in C6D6 at 298 K. 
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Figure A3.15. 1H NMR spectrum of 3.4 in C6D6 at 298 K. 

Figure A3.16. 13C NMR spectrum of 3.4 in C6D6 at 298 K. 
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Figure A3.17. 1H NMR spectrum of 3.5 in C6D6 at 298 K. 

Figure A3.18. 13C NMR spectrum of 3.5 in C6D6 at 298 K. 
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Figure A3.19. 1H NMR spectrum of 4.1 in CD3CN at 298 K. 
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Figure A3.20. 1H NMR spectrum of 4.1 in CD3CN at 298 K. 
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Figure A3.21. 1H NMR spectrum of 4.3 in CD3CN at 298 K. 

 

 

Figure A3.22. 13C{1H} NMR spectrum of 4.3 in CD3CN at 298 K. 
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EPR Spectra 

Chapter 4. 

 

Figure A3.23. EPR spectrum of 4.4 in toluene solution at 298 K. 

 

Figure A3.24. EPR spectrum of 4.5 in toluene solution at 298 K. 
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Figure A3.25. EPR spectrum of 4.6 in toluene solution at 298 K. 
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FTIR Spectra 

Chapter 2 

 

Figure A3.26. FTIR spectrum of compound 2.4. 
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Figure A3.27. FTIR spectrum of compound 2.5. 
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Figure A3.28. FTIR spectrum of compound 2.7. 
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Figure A3.29. FTIR spectrum of compound 2.8. 

 

 

Figure A3.30. FTIR spectrum of compound 2.9. 
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Figure A3.31. FTIR spectrum of 3.2. 

 

 

 

Figure A3.32. FTIR spectrum of 3.3. 
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Figure A3.33. FTIR spectrum of 3.4. 

 

 

Figure A3.34. FTIR spectrum of 3.5. 
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Figure A3.35. FTIR (solid state) of 4.3 at 298 K. 
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Figure A3.36. FTIR (solid state) of 4.4 at 298 K. 

 

Figure A3.37. FTIR (solid state) of 4.5 at 298 K. 
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Figure A3.38. FTIR (solid state) of 4.6 at 298 K. 

 

Figure A3.39. FTIR (solid state) of mixture of 4.7 (n=0.333) and 4.8 (n=0.0) at 298 K. 
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Figure A3.40. FTIR (solid state) of 4.9 at 298 K. 

 

 

Figure A3.41. FTIR (solid state) of 4.10 at 298 K. 
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Electronic Absorption (UV/Vis) Spectra 

 

Chapter 2. 

 

Figure A3.42. Normalized electronic absorption spectrum of compound 2.7 in toluene (0.1 mg 

mL-1). 
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Figure A3.43. Normalized electronic absorption spectrum of compound 2.8 in toluene (0.1 mg 

mL-1). 

 

Figure A3.44. Normalized electronic absorption spectrum of compound 2.9 in toluene (0.1 mg 

mL-1). 
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Figure A3.45. Stacked electronic absorption spectra of compounds 4.4-4.6 in toluene (0.5 

mg/mL). 
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Figure A3.46. Stacked electronic absorption spectra of compounds 4.4-4.6 in THF (0.5 mg/mL). 

 

 

Figure A3.47. Stacked electronic absorption spectra of 4.4 in toluene and THF (0.5 mg/mL). 
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Figure A3.48. Stacked electronic absorption spectra of 4.5 in toluene and THF (0.5 mg/mL). 

 

Figure A3.49. Stacked electronic absorption spectra of 4.6 in toluene and THF (0.5 mg/mL). 
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Figure A3.50. Stacked electronic absorption spectra of compounds 4.7-4.10 in toluene (0.5 

mg/mL). 
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Figure A3.51. Stacked electronic absorption spectra of compounds 4.7-4.10 in THF (0.5 

mg/mL). 

 

 

Figure A3.52. Stacked electronic absorption spectra of 4.7/4.8 in toluene and THF (0.5 mg/mL). 
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Figure A3.53. Stacked electronic absorption spectra of 4.9 in toluene and THF (0.5 mg/mL). 
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Figure A3.54. Stacked electronic absorption spectra of 4.10 in toluene and THF (0.5 mg/mL). 
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Appendix IV. Computational Data 

 

 

Chapter 2.  

All computational data given herein were obtained, analyzed and prepared by Andrew Molino 

and David Wilson at La Trobe University in Melbourne, Australia. Further information on 

calculated atomic coordinates, bond distances, WBI values, Mulliken charges, etc. can be found 

in the original manuscript.123 All calculations were performed using Gaussian 16 revision A.03 

unless noted.238 Geometry optimizations were performed using the B3LYP density functionals 

utilizing both def2-SVP and def2-TZVP basis sets.239-241 Grimme’s D3 dispersion with Becke-

Johnson damping was included, labelled D3(BJ).242 A restricted-open-shell formalism was 

employed for open-shell systems. Harmonic vibrational frequencies were computed at the same 

level of theory in order to characterise the stationary points as minima on the potential energy 

surface. Calculations were computed with the inclusion of solvent effects using the polarisable 

continuum model (IEF-PCM) with Truhlar’s SMD model with parameters for toluene (ε = 

2.3741).243 NBO analysis was performed using NBO 6.0.244 TD-DFT calculations were carried 

out to elucidate the UV-Vis absorbance profile using the ωB97XD/def2-TZVP level of theory in 

an unrestricted formalism and inclusive of toluene solvation. EDA analysis was conducted using 

the ADF package at the BP86-D3(BJ)/DZP level of theory (including ZORA relativistic 

effects).245 
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Calculated Molecular Orbitals 

 

Compound 2.7  

LUMO 

 

SOMO 

 

SOMO-1 
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Figure A4.1. Calculated frontier molecular orbitals (along with the SOMO-1) of compound 2.7. 

 

 

 

 

 

 

 

 

Compound 2.8  

LUMO 

 

SOMO 
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SOMO-1 

 

 

Figure A4.2. Calculated frontier molecular orbitals (along with the SOMO-1) of compound 2.8. 

 

 

 

 

 

 

 

Compound 7  

LUMO 
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HOMO 

 

HOMO-1 

 

 

 

Figure A4.3. Calculated frontier molecular orbitals (along with the HOMO-1) of compound 2.9. 

 

 

 

Chapter 4.  

All computational data given herein were obtained, analyzed and prepared by Andrew Molino 

and David Wilson at La Trobe University in Melbourne, Australia. Further information on 

calculated coordinates of optimized geometries, etc. can be found in the original manuscript.225 
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Geometry Optimizations and population analyses were performed using Gaussian 16 rev. 

A.03.238 Hybrid quantum mechanics/molecular mechanics (QM/MM) optimizations using 

B3LYP-D3(BJ)/def2-SVP for QM and universal force field (UFF) parameters for MM. All core 

CAAC-CO2 and M (M = Li, Na, K) atoms were treated in the QM domain, while Dipp groups 

and explicit THF molecules were treated in the MM domain UFF. All calculations were 

inclusive of solvent effects using the polarizable continuum model (IEF-PCM) with Truhlar’s 

SMD model with parameters for THF (ε = 7.25).  

 

All subsequent property and electronic structure calculations employed the QM/MM optimized 

geometries with a full QM treatment of the entire system. Molecular orbital (MO) and intrinsic 

bonding orbital (IBO) analysis was performed using single-point B3LYP-D3(BJ)/def2-SVP 

calculations (inclusive of THF solvation). Hyperfine couplings (HFC) were computed using 

ORCA 4.2.1 at the B3LYP-D3(BJ)/EPR-II level of theory inclusive of solvent (CPCM(THF)).246 

X-band EPR spectra were simulated with EasySpin 6.0.0-dev.26, using the esfit least-squares 

fitting function. The Nelder/Mead downhill simplex local optimization algorithm was employed, 

with an integral target function varying parameters for aiso, and g, starting with theoretically 

computed values, fitting to the experimental spectra. 

 

 

 

Spin Populations 
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 4.4 (Li) 4.5 (Na)  4.7 (K) 

Figure A4.4. Spin density surface plots of compounds 4.4-4.6. B3LYP-D3(BJ)/def2-

SVP//B3LYP-D3(BJ)/def2-SVP/UFF inclusive of THF solvent model. 

 

 2(Li) 3(Na) 4(K) 

 Atoms           Fragment Atoms           Fragment Atoms           Fragment 

CAAC Carbon 51% 
73% 

61% 
76% 

58% 
78% 

CAAC Nitrogen 22% 16% 13% 

CO2 Carbon 4% 
18% 

6% 
19% 

8% 
18% 

CO2 Oxygen 14% 14% 15% 

Alkali Metal 0.4%  0.5%  0.6%  

Sum (Heavy Atoms) 97%  99.6%  99.2%  

Figure A4.5. Computed spin population percentages of singly reduced 4.4-4.6 for specific atoms 

and summed for CAAC (except Dipp) and CO2 fragments. The remaining spin population is 

located on the Dipp (NCAAC) substituents. 
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Simulated EPR Spectra 

Figure A4.6. Simulated EPR spectra for 4.4 (Li), 4.5 (Na) and 4.6 (K). 

Molecular Orbitals 

2(Li) 3(Na) 4(K) 

  

 

SOMO SOMO SOMO 

  

 

LUMO LUMO LUMO 

Figure A4.7. Frontier molecular orbitals of compounds 4.4-4.6. B3LYP-D3(BJ)/def2-

SVP//B3LYP-D3(BJ)/def2-SVP/UFF inclusive of THF solvent model. 
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Intrinsic Bonding Orbitals (IBOs) 

4.4 Singly-Reduced 4.7 Doubly-Reduced 

 

 

 

NCAAC sigma bonds        

N1- CCarbene σ (N1=1.169; CCarbene=0.813) 

N1- CDipp σ (N1=1.128; CDipp=0.855) 

N1- CCAAC σ (N1=1.143; CCAAC=0.819) 

NCAAC sigma bonds 

N1- CCarbene σ (N1=1.099; CCarbene=0.873) 

N1- CDipp σ (N1=1.156; CDipp=0.818) 

N1- CCAAC σ (N1=1.042; CCAAC=0.930) 

 

 

 

 

C-C sigma bond 

CCarbene-CCO2 σ (CCarbene =1.020; CCO2=0.962) 

C-C sigma bond 

CCarbene-CCO2 σ (CCarbene =1.008; 

CCO2=0.973) 
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C-C pi bond 

CCarbene-CCO2 π (CCarbene =1.386; CCO2=0.503) 

 

C-C pi bond 

CCarbene-CCO2 π (CCarbene =1.199; CCO2=0.768) 

 

 

C-O sigma bond 

CCO2-OCO2 π (CCO2 =1.223; OCO2=0.771) 

 

C-O sigma bond 

CCO2-OCO2 π (CCO2 =1.177; OCO2=0.812) 

Figure A4.8. Carbene and CO2 IBOs of compounds 4.4 and 4.7. B3LYP-D3(BJ)/def2-

SVP//B3LYP-D3(BJ)/def2-SVP/UFF inclusive of THF solvent model. 
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