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Abstract 

The work in this Thesis describes significant progress made in the field of 

frustrated Lewis pairs (FLPs) at the intersection between modern main group chemistry 

and materials chemistry. Mainly, this work focuses on the use of an intramolecular 

phosphine-borane FLP (namely, o-iPr2P(C6H4)BCy2 or PB) for the isolation of 

“bottleable” single-source molecular precursors to valuable materials. 

Initially, new Group 14 element-based dihydrides (E = SiH2, GeH2) were 

prepared via E(II) dihalide capture by PB to form [PB{SiCl2}] and [PB{GeCl2}], and 

subsequent X/H group exchange gives their respective [PB{EH2}] (E = Si or Ge) 

adducts in high yields. Upon gentle heating of [PB{EH2}] (> 100 °C) in solution, the 

formation of H2 gas and free PB ligand were confirmed by multinuclear (1H, 31P, 11B) 

NMR spectroscopy, along with observed Si or Ge deposition. The deposited Si or Ge 

materials were studied by SEM/EDX, XPS and Raman spectroscopy to confirm that: 

(1) elemental Si(0) and Ge(0) could be deposited; and (2) broad amorphous Si–Si and 

Ge–Ge stretching could be observed using Raman spectroscopy at 485 cm-1 and 480 

cm-1, respectively. Consistently, PB could be re-collected after Group 14 element 

deposition with ~70 % recovery and re-used, allowing for a closed loop process. 

Isolation and thermolysis of a polymer precursor, [PB{SiMe2}], was studied, showing 

that well-defined polydimethylsilane, [SiMe2]n, could be formed at < 110 °C. 

Next, the development of FLP-chelated boron nitride precursors was explored 

by targeting the BN complex, [PB{BN}]. First, a [PB{H2BNH2}] adduct was accessed 

in high yield by dehydrogenation of ammonia-borane (H3B•NH3) and binding of 
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{H2BNH2} using PB. Unlike free amine-boranes, [PB{H2BNH2}] (and new related 

FLP-aminoborane complexes) did not undergo catalytic dehydrogenation with 

transition metal complexes, likely due to low polarity of the Bδ+–Hδ- linkages that would 

otherwise serve as initiation sites for catalysis. Instead, a step-wise 

halogenation/dehalogenation route was used to afford [PB{HBNH}], an FLP-chelate of 

the parent iminoborane HBNH. Unfortunately, due to low reactivity of the B–H and N–

H linkages, [PB{HBNH}] did not undergo catalytic dehydrogenation to form 

[PB{BN}]. Upon addition of strong chlorinating agents to [PB{HBNH}], towards the 

useful intermediate [PB{ClBNH}], B–Cy bond activation in the ligand was observed. 

Finally, a closer look at the reactivity of [PB{SiX2}] (X = Cl, Br) adducts was 

performed in the hopes that subsequent reduction would yield [PB{E=E}PB] species; 

however, only free PB was formed according to NMR spectroscopy. To see if the 

related [PB{C=C}PB] dimer could be accessed, [PB{CH2}] was isolated; however, 

deprotonation attempts resulted in P–C bond cleavage in the ligand. New phosphine-

borane FLP chelates were synthesized, although these ligands were met with limited 

success in the binding of Group 14 element centers (Si, Ge). The work in this Thesis 

demonstrates that FLPs can be used to access valuable main group element motifs, as 

well as molecular precursors for the low temperature deposition of industrially relevant 

materials from the nano-scale to the bulk.  
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Chapter 1 – Introduction  

1.1 Study of Reactive Group 14 Element Species 

Until the 1970s, the prevailing view of main group element chemistry was that 

all observed reactivity was well-understood and general interest had shifted onto 

organometallic chemistry, a shift that gave rise to major advances in metal-mediated 

catalysis.1,2 Key developments, such as the Fischer-Tropsch process for converting CO 

into hydrocarbons using heterogeneous transition metals (e.g., Co, Fe, and Ru) or the 

large-scale synthesis of methanol over a ZnO surface, had likewise spurred the parallel 

advancement of homogeneous catalysis.3,4 This was reflected by the emergence of the 

[HCo(CO)4]-catalyzed carbonylation of methanol and other industrial-scale syntheses 

of valuable chemicals.3,4 

The study of main group element chemistry continued with the underlying 

philosophy that s- or p-block elements could not mediate chemical transformations in a 

similar manner as transition metals, largely due to the lack of energetically accessible 

d-orbitals and limitations in frontier orbital symmetries within the resulting 

compounds.5 Another limiting concept prior to the 1980s was the “double-bond rule”, 

the idea that only the p-block elements from B to O (principal quantum number of two) 

could form stable π-bonds.1,2,6 The first example of a “double-bond rule” exception was 

reported by Lappert in 1973, wherein the distannene 

{(Me3Si)2CH}2Sn=Sn{CH(SiMe3)2}2 (1) was obtained from salt metathesis between 

two equiv. of {(Me3Si)2CH}Li and SnCl2 (Scheme 1.1).7 In solution, the distannene (1) 

dissociates into the monomeric stannylene units {(Me3Si)2CH}2Sn: (2), as confirmed 



2 

 

by cryoscopy and mass spectrometry (MS).7 The ambiphilic nature of the stannylene 

can be demonstrated by adding metal carbonyls (and light to induce CO loss) to form 

compound 3 or by adding a neutral N-donor to form compound 4 (Scheme 1.1).7 

 

Scheme 1.1. Isolation and reactivity of the first distannene 

{(Me3Si)2CH}2Sn=Sn{CH(SiMe3)2}2 (1) by the Lappert Group. 

 

Despite Lappert’s advances in breaking the “double-bond rule”, there still 

remained confidence in the validity of this concept.6 The “double-bond” rule was 

further disproved by three major achievements in 1981: the isolation of stable Si=C, 

Si=Si and P=P bonded species by Brook, West, and Yoshifuji, respectively (Scheme 

1.2).8-10 Upon photolytic Si–Si bond activation of either Brook’s (Me3Si)3Si-C(O)Ad 

(Ad = 1-adamantyl; 5) or West’s Mes2Si(SiMe3)2 (7) precursors, their respective Si=E 
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(E = C or Si) species (Me3Si)2Si=C(OSiMe3)Ad (6) or Mes2Si=SiMes2 (Mes = 2,4,6-

Me3C6H2) (8) could be accessed.8,9 Using a milder route, Yoshifuji’s Mes*PCl2 (9; 

Mes* = 2,4,6-tBu3C6H2) precursor could be reacted with two equiv. of Mg metal at 

room temperature to afford the diphosphene10 Mes*P=PMes* (10); this work has 

inspired other mild routes to diphosphenes and related species due to its synthetic ease.11 

 

Scheme 1.2. The first isolated (a) Si=C; (b) Si=Si and (c) P=P bonded compounds. 

 

With the exception of Brook’s disilene (which likely occurs through a concerted 

1,3-trimethylsilyl shift), the doubly-bonded species introduced above (compounds 6, 8, 

and 10) are proposed to be the result of dimerization of reactive RP̈: or R2Si: species.9,10 



4 

 

Of note, the R groups present have enough steric bulk to enable the formation of well-

defined diphosphene or disilene products (as opposed to oligomeric mixtures). To show 

that intermediate Si(II) species could be observed under ambient conditions, the 

isolation of the first Si(II) species by Jutzi, Cp*2Si (Cp* = [C5Me5]
–) (12), is shown in 

Equation 1.1.12 By applying alkali metal-mediated reduction of Cp*2SiCl2 (11), 

compound 12 can be obtained, which has a slightly distorted “metallocene”-type 

structure in the solid-state (Equation 1.1).12 A distinction must be made here between 

compounds featuring E(II) centers and tetrelenes (R2E); a compound must be two-

coordinate to be classified as a tetrelene (R2E). Since the Si(II) environment in Jutzi’s 

Cp*2Si (12) contains two [η5-Cp*]– ligands,12 it cannot be classified as a silylene. 

Expanding further on these definitions, low-oxidation state Group 14 element (tetrel) 

compounds are often classified as tetrelynes (REER; R = anionic ligand), ditetrelenes 

(R2EER2; R = anionic ligand), tetrelenes (R2E; R = anionic ligand), ditetrelones 

(LxEELx; L = neutral ligand) or tetrelones (LxE); these different compound classes will 

be discussed with examples in later sections. 

 

Although the isolation of Cp*2Si (12) demonstrated that molecular complexes 

of silicon can exist in lower oxidation states under ambient conditions, Lappert’s 
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distannene {(Me3Si)2CH}2Sn=Sn{CH(SiMe3)2}2 (1) demonstrated dynamic behavior 

between monomeric and dimeric forms, adding validity to the proposed transient R2Si: 

silylene in the synthesis of West’s disilene Mes2Si=SiMes2 (8).7,9,12 As the next sections 

will demonstrate, there are now many examples of highly reactive main group element 

species, which challenge the notion that main group elements cannot behave similarly 

to transition metals. Today, the field of modern main group element chemistry includes 

fundamentally intriguing and catalytically-active main group element-based complexes 

that were prepared with kinetic stabilization and/or electronic stabilization; both 

strategies will be discussed now using selected examples involving Si- and Ge-based 

compounds.  

 

1.1.1 Kinetic and Electronic Stabilization of Low-oxidation State 

Group 14 Elements within Molecular Species 

All examples of isolable compounds featuring low-oxidation state Group 14 

elements in Section 1.1 used bulky groups to provide chemical stability. This is known 

as “kinetic stabilization”: the use of sterically hindered, often organic, groups to prevent 

uncontrolled reactivity (e.g., oligomerization or ligand activation) and/or further redox 

degradation of the compound.13 In some cases studied by the Power Group, kinetic 

stabilization has been shown to involve cumulative intramolecular London dispersion 

effects within the C–H bonds, which can help block kinetic pathways that would 

otherwise result in degradation.13 As a specific example of kinetic stabilization, it is 

possible to compare West’s Mes2Si=SiMes2 (8) (Scheme 1.2) with the unstable (not 
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isolable) species Ph2Si=SiPh2 (14), which was targeted by F. S. Kipping in the early 

1900s by sodium reduction of Ph2SiCl2 (13) (Scheme 1.3a).14 Whereas West’s 

Mes2Si=SiMes2 (8) is isolable at room temperature, the reactive Si=Si double bond at 

the core of the disilene Ph2Si=SiPh2 (14) does not have sufficient steric protection and 

rapidly forms a mixture of oligomers that likely includes some linear polymer 

[Ph2Si]n.
14 Still, both the free silylene Ph2Si: (16; λmax = 515 nm) and Ph2Si=SiPh2 (14; 

λmax = 460 nm) have been observed as transient species by UV-vis spectroscopy from 

the laser flash pyrolysis of [{(H2C)4(Me2Si)2}]SiPh2 (15), albeit with µs-scale lifetimes 

(Scheme 1.3b).15 By performing the photolysis of 15 in the absence of trapping agent, a 

C–H/Si–Si bond activation product (18) can be isolated from nucleophilic attack on the 

extruded disilane {(CH2)4(Me2Si)2} (17) by-product by Ph2Si (15) (Scheme 1.3). 

Alternatively, upon addition of MeOH as a trapping agent to compound 16 oxidative 

addition occurs to give Ph2Si(H)OMe (19) (Scheme 1.3b).  
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Scheme 1.3. (a) Kipping’s attempt to prepare Ph2Si=SiPh2 (14) via reduction; (b) laser 

flash pyrolysis of [{(H2C)4(Me2Si)2}]SiPh2 (15) to generate Ph2Si: (16) in-situ. 

 

By taking full advantage of steric protection, the Power group has been able to 

use terphenyl groups (based on meta-diphenylbenzene) to isolate a variety of heavy 

element analogues to alkenes and alkynes, with the general formulas ArEEAr and 

Ar2E′=E′Ar2 (E′ = Ge–Pb).16 When bound by highly bulky groups, the tetrel centers in 
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these species retain their reactivity and can cooperatively activate substrates, such as H2 

gas or olefins.16 Of relevance to this Thesis, both terphenyl-supported digermynes 

(ArGeGeAr) and distannynes (ArSnSnAr) are able to activate H2 at ambient conditions 

to form a variety of hydrogenated products (Schemes 1.4 and 1.5).16 Using 

AriPr4GeGeAriPr4 (20; AriPr4 = 2,6-Dipp2C6H3; Dipp = 2,6-iPr2C6H3), monohydrogenated 

(AriPr4(H)Ge=Ge(H)AriPr4; 21), dihydrogenated (AriPr4H2Ge-GeH2AriPr4; 22) and triply 

hydrogenated (AriPr4GeH3; 23) species can be formed in varying yields depending on 

the number of equiv. of H2 added (Scheme 1.4).16 Alternatively, upon addition of one 

equiv. of H2 the distannynes ArSnSnAr (Ar = AriPr4 for 24; Ar = AriPr8 for 25; AriPr8 = 

C6H-2,6-Trip2-3,5-iPr2; Trip = 2,4,6-iPr3C6H2) can either form the Sn(II) hydride dimer 

ArSn(µ-H)2SnAr (26; Ar = AriPr4) or the unsymmetric product ArSn-SnH2Ar (27; Ar = 

AriPr8), depending on the degree of ligand steric bulk (Scheme 1.5).16 These are some 

of the earliest reports of H2 oxidative addition localized at a Group 14 element center 

under ambient conditions and highlight the promising reactivity that is available among 

low-oxidation state Group 14 element-based compounds. 
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Scheme 1.4. Activation of H2 by the digermyne AriPr4GeGeAriPr4 (20). 

 



10 

 

 

Scheme 1.5. Activation of H2 by the distannynes AriPr4SnSnAriPr4 (24) and 

AriPr8SnSnAriPr8 (25). 

 

The planar conformation (D2h symmetry) observed in Ar2C=CAr2 species, and 

even some Ar2SiSiAr2 complexes (e.g., 8), is often not found in the heavier element 

alkene analogues (Ge–Pb). Specifically, a trans-bent conformation (C2h symmetry) is 

found often in the heavier element alkene/alkyne analogues.17 For example, Lappert’s 

trans-bent distannene {(Me3Si)2CH}2Sn=Sn{CH(SiMe3)2}2 (1) features an out-of-

plane angle (Sn–Sn–CH) of 41° whereas West’s disilene Mes2Si=SiMes2 (8) exhibits a 

planar geometry about the central Si=Si unit (Schemes 1.1 and 1.2).7,9 The propensity 
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to form trans-bent over planar geometries is the result of added orbital mixing in the 

frontier molecular orbitals (FMOs) of the ditetrelynes (REER) and ditetrelenes 

(R2EER2), known as pseudo second-order Jahn-Teller distortion.17 Since complexes of 

tetrelenes (R2E) and ditetrelenes (R2EER2) are the targets of Chapter 4 of this Thesis, 

discussion of Jahn-Teller distortion will be centered around the MO diagram of 

ditetrelenes. Accordingly, Figure 1.1 shows the MO diagram for both D2h and C2h 

symmetric ditetrelenes (R2EER2) to demonstrate how this phenomenon ties in with the 

expected increase in p-character within the E–E bond as the Group 14 element (E) 

becomes heavier.17 The conformational change from planar (D2h) to trans-bent (C2h) for 

R2EER2 complexes allows for the HOMO (initially of E-E π character) to decrease in 

energy and form a mostly non-bonding bu-symmetric HOMO in the trans-bent form, 

while raising the energy of the LUMO (initially of E-E π* character) to give a mostly 

non-bonding LUMO (ag) upon bending (Figure 1.1).17  
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Figure 1.1. Molecular orbital (MO) diagram of planar (D2h) and trans-bent (C2h) 

conformations for ditetrelenes (R2EER2). Figure adapted from Figure 5 in ref. 17. 

 

To predict whether a ditetrelene (R2EER2) will exhibit a trans-bent or planar 

geometry, the Carter-Goddard-Malrieu-Trinquier (CGMT) model was developed. This 

model relates the singlet-triplet energy gap (ΔES-T) of tetrelenes (R2E) to the combined 

energies of the adjacent E–E σ bonds and E–E π-bonds [the sum of which is shown as 
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E(σ+π)] (Figure 1.2).18 The MO diagram of a generic R2E compound shows that ΔES-T 

can be calculated from the total energy difference between the computed triplet and 

singlet states (Figures 1.3 and 1.4).18 Subsequently, both E(σ+π) and ΔES-T terms can 

be calculated and compared, such that if (2 × ΔES-T) is greater in magnitude than E(σ+π), 

a trans-bent geometry can be expected in the ditetrelene complex (R2EER2). 

Alternatively, if (2 × ΔES-T) is lesser in magnitude than E(σ+π), a planar (D2h) geometry 

can be expected (Figure 1.3).18 To further illustrate this point, Figure 1.3 compares the 

planar (D2h symmetry) H2C=CH2 with the trans-bent conformation observed in 

Lappert’s distannene 1, which exhibits organic groups that fold below/above the Sn-Sn 

bond axis by 41° in its single-crystal X-ray crystal structure.18 In addition, if ΔES-T itself 

is positive, a singlet ground state is expected; if ΔES-T is negative, a triplet ground state 

is expected (Figures 1.3 and 1.4). Similarly to ethylene (H2C=CH2), tetrafluoroethylene 

(F2C=CF2) exhibits a planar conformation; and their monomeric units (CH2 vs. CF2) 

will be compared below.18  
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Figure 1.2. General molecular orbital (MO) diagram for tetrelenes (EH2) in C2v 

symmetry (E = Si–Pb). 
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Figure 1.3. CGMT model equations and their relevance to the observed geometry of 

ditetrelenes, by comparison of H2C=CH2 and Lappert’s distannene 

{(Me3Si)2CH}2Sn=Sn{CH(SiMe3)2}2 (1). 

 

 

Figure 1.4. Molecular orbital diagram for tetrelenes (EH2), depicting the frontier 

molecular orbitals for singlet vs. triplet ground states.  

 

Based on the general MO diagram shown in Figure 1.2 for tetrelenes (EH2; C2v 

symmetry) in a singlet ground state, the LUMO consists of an empty p-orbital (non-

bonding, b2 symmetry) orthogonal to the filled HOMO (sp2-character lone pair, a1 
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symmetry).18b By comparison of the FMOs for a tetrelene (EH2) in the triplet ground 

state (Figures 1.3 and 1.4), the ΔES-T can be related to the energy difference between the 

aforementioned b2 and a1 symmetric FMOs (although the energy values are not the 

same).18 From this, two general trends can be discerned: (1) electron-donating groups 

lower the energy of the b2 symmetric MO (empty p-orbital) and (2) substitution of E in 

R2E with heavier elements (compared to C) lowers the energy of the a1 symmetry MO 

(non-bonding “sp2” lone pair) as a result of lower energy s-character and p-character 

orbitals.18 Practically, this means electron-donating groups in R2E decrease the triplet-

singlet energy gap (ΔES-T), whereas electron-withdrawing groups increase ΔES-T.18 

Heavy element substitution (descending the Periodic Table) in R2E increases the triplet-

singlet energy gap (ΔES-T).18 This is consistent with the observation that CH2 has a 

triplet ground state, while both CF2 and the parent silylene, SiH2, have a singlet ground 

state.18 As will be discussed in the next section, the CGMT model can be applied to 

explain the reactivity of acyclic silylenes (R2Si), specifically in relation to the oxidative 

addition of H2 to these species.19  

The study of parent tetrelenes (EH2) is fundamentally intriguing and of great 

value in understanding the growth of Si and Ge thin films in industry, particularly in 

computer chips, where transient EH2 species are thought to be formed en route to bulk 

Si and Ge via the pyrolysis of SiH4 and GeH4, respectively. Towards understanding the 

underlying mechanism behind controlled decomposition of EH4 gases, laser-ablation of 

Si and Ge in the presence of H2 have led to the identification of SiH2 and GeH2 as 

intermediates (after their isolation in cryogenic matrices).21 In particular, work by the 
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Andrews Group21 has been essential in the observation of EH1,2,3 species, dimetallynes 

E2H2 and ditetrelenes E2H4 (E = Si and Ge); ligand-stabilized low-oxidation state Group 

14 element hydrides will be discussed in the next sections. 

Expanding from the terphenyl-stabilized ditetrylenes (ArEEAr) and ditetrelenes 

(Ar2EEAr2) examined thus far, alternative ligand systems may be used to coordinate 

reactive Group 14 element motifs via a combination of kinetic and electronic 

stabilization. As an overview, electronic stabilization involves the use of σ- and/or π- 

donating or withdrawing groups to protect reactive sites on a molecule; the most 

reactive sites being empty p-orbitals and lone pairs in tetrelenes (ER2), since they can 

readily accept or donate electron pairs.22 Since the concept of electronic stabilization 

can be complicated (depending on the exact MO diagram of the species), a simplified 

example using the bis-amide [{(Me3Si)2N}2Ge] (28) complex from Lappert and co-

workers is presented here (Figure 1.5).23 Based on the FMOs in compound 28 (Figures 

1.2 and 1.4), the energy of the LUMO (non-bonding empty p-orbital on Ge, formally b2 

symmetry) on the Ge center is raised by π-donation from an adjacent π-symmetry 

nitrogen lone pair. The energy of the HOMO (non-bonding Ge lone pair, formally a1 

symmetry) is lowered as a result of the σ-withdrawing character of the more 

electronegative nitrogen centers (Figure 1.5).22,23 Carbenes, which are dicoordinate 

R2C: electron-pair donors, often feature flanking N-aryl groups to provide steric 

protection while the empty orthogonal p-orbital on the carbon center allows for π-

donation from the bound motif (Figure 1.6).24  
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The most popular carbon-based ligands used in the area of main group element 

coordination are NHCs (N-heterocyclic carbenes) and CAACs (cyclic alkyl amino 

carbenes) (Figure 1.6).24 Partly, this is because precursors to NHCs and CAACs 

(imidazolium and iminium salts, respectively) are easy to synthesize on a gram scale 

via condensation routes.24 NHCs, which are of particular relevance to this Thesis, have 

flanking aryl groups that can be changed to tune the σ-donating and/or π-accepting 

ability of the NHC center, although IPr or IMes [IMes = (HCNMes)2C:] are typically 

sufficient for most stabilization protocols in the main group (vide infra).24  

 

Figure 1.5. FMOs of [{(Me3Si)2N}2Ge] (28), depicting π-donation and σ-withdrawal 

by neighboring N ligands. 
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Figure 1.6. Diagram showing the σ-donating and π-accepting orbital interactions for N-

heterocyclic carbenes (NHCs) and cyclic alkyl amino carbenes (CAACs). Figure 

adapted from Figure 1 in ref. 24. 

 

Selected examples of NHC-bound ditetrelones (LxEELx; E = Si or Ge; L = 

neutral ligand) are shown in Scheme 1.6, which demonstrate the effectiveness in using 

both kinetic and electronic stabilization strategies.25 Upon reduction of IPr•SiCl4 (29) 

with four equiv. of KC8, the intended IPr•Si=Si•IPr (30) product was obtained by 

Robinson and co-workers in a 23 % isolated yield (Scheme 1.6a).25a Alternatively, the 

addition of the Mg(I) dimer reducing agent, {(MesNacnac)Mg}2,
26 (MesNacnac = 

[(HC(MeCNMes)2]
–) to IPr•GeCl2 (31) afforded access to Jones’ adduct IPr•Ge=Ge•IPr 

(32) in a 20 % isolated yield (Scheme 1.6b).25b These are the first molecular examples 
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of LSi(0)=Si(0)L and LGe(0)=Ge(0)L complexes, which has since sparked greater 

interest in monomeric tetrelones with higher coordination numbers (e.g., L2E; L = 

neutral ligand).27 Although dative σ-donation from IPr to each E center helps to stabilize 

the central E=E unit, the π-accepting ability of IPr is also crucial to the isolation of the 

IPr•E=E•IPr complexes under ambient conditions. The following section will expand 

on the use of both kinetic and electronic stabilization to intercept reactive silylenes, 

germylenes and related hydrides (e.g., SiH2 and GeH2). 

 

Scheme 1.6. Isolation of (a) IPr•Si=Si•IPr (30) using KC8 as a reducing agent, and (b) 

IPr•Ge=Ge•IPr (32) by using {(MesNacnac)Mg}2 as a reducing agent. 
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1.1.1.1 Synthesis of Silylenes and Related Hydrides 

The aforementioned ditetrelenes (R2EER2) and ditetrelynes (REER) were 

accessed via alkali metal-mediated reduction of element halide precursors, which 

remains the most common route to low-oxidation state Group 14 compounds to date.2 

In contrast with Ge(II) sources, such as Cl2Ge•dioxane and GeI2, there are no 

commercially available Si(II) compounds, since silicon exhibits a distinct preference 

for +4 oxidation states. Thus, LB•SiX4 and/or R2SiX2 (LB = Lewis base; X = Cl, Br, I) 

species are often isolated first, followed by reduction to break the Si–X bonds and form 

the desired low-oxidation state species.2 For example, in 1994 the West Group used 

potassium reduction of a (HCNtBu)2SiCl2 precursor (33) to afford the first stable 

molecular silylene (HCNtBu)2Si: (34) which contains a rigorously two-coordinate Si(II) 

center (Equation 1.2).28 Of added note, a common source of Si(II) is IPr•SiCl2 (35), the 

synthesis of which is depicted in Scheme 1.7.29a The synthesis of IPr•SiCl2 requires the 

use of two equiv. IPr, since the deprotonation of HSiCl3 by IPr results in loss of one 

equiv. as the imidazolium salt [IPrH]Cl;29a Alternatively, Filippou and co-workers were 

able to reduce IPr•SiBr4 (36) with two equiv. of KC8 to access IPr•SiBr2 (37) in a 48 % 

isolated yield.29b The backbone-protected MeIPr•SiBr2 [38; MeIPr = (MeCNDipp)2C:] 

was recently reported by the Rivard group and was prepared from a mixture of free 

MeIPr, SiBr4 and [K(THF)2][Si(SiMe3)3] as a reducing agent.29c Of relevance to Chapter 

4 in this Thesis, the use of higher halosilanes, such as Si2Cl6 and Si2Br6, as SiX2 

synthons in the presence of IPr or MeIPr has also been explored by the Holthausen and 

Ghadwal groups (to give 29 and 35 from Si2Cl6; and 36-39 from Si2Br6; Scheme 1.8).30 
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Scheme 1.7. Synthesis of Si(II) precursors (a) IPr•SiCl2 (35); (b) NHC•SiBr2 [IPr (37), 

MeIPr (38)]. Yields are listed in red. 
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Scheme 1.8. Lewis base-induced disproportionation of (a) Si2Cl6 to form Si(II) and 

Si(IV) adducts, 29 and 35; (b) Si2Br6 to form Si(II) and Si(IV) adducts, 36-39. 

 

Starting from precursors with Si–X bonds (X = halogen), salt metathesis with 

MH (M = Li, K), Li[BH4], Li[AlH4], Super-Hydride® (Li[HBEt3]) or K-Selectride® 

(K[HBsBu3]) are widely used to access targeted silicon hydrides (vide infra).2,31 As an 

example of this synthetic protocol, the Rivard group has reported previously the 

reaction between Li[AlH4] and IPr•SiCl2•BH3 (40) to access the Si(II) hydride, 

IPr•SiH2•BH3 (41), which features a SiH2 unit stabilized by IPr as a Lewis basic σ-

donor and BH3 as a Lewis acidic σ-acceptor (Scheme 1.9).22,32 Using a similar “donor-

acceptor” stabilization strategy, the Rivard Group has reported previously mixed 

tetrahydridoditetrelene (H2EEH2) complexes, such as IPr•H2SiGeH2•W(CO)5 (44) and 

IPr•H2SiSnH2•W(CO)5 (45), from their respective chloride precursors (E = Ge, 42; E = 
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Sn, 43) (Scheme 1.10).33 While IPr•H2SiGeH2•W(CO)5 (44) did not undergo hydride 

transfer chemistry with phenylacetylene (HC≡CPh) or CNXyl (Xyl = 2,6-Me2C6H4), it 

was able to undergo hydrosilylation with acetylacetone to yield the salt 

[IPrH][{MeC(O)H-CH=C(Me)O}SiH-GeH2•W(CO)5]
 (46), which features a rare 

anionic {H(OR)2Si-GeH2} unit (Scheme 1.10).33 

 

Scheme 1.9. Synthesis of IPr•SiH2•BH3 (41) starting from IPr•SiCl2 (35).  
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Scheme 1.10. Synthesis of IPr•H2SiGeH2•W(CO)5 (44) and IPr•H2SiSnH2•W(CO)5 

(45). 

 

Notably, reactive disilynes (RSiSiR), disilenes (R2SiSiR2) and silylenes (R2Si) 

can be used to prepare new Si hydrides by oxidative addition of H–H bonds, as shown 

by the selected examples in Scheme 1.11.2,31,34 As highlighted in this section, R2Si: 

species can be quite reactive, further emphasized by the observed activation of H2 gas 

at temperatures < 100 °C (Scheme 1.11).2,31,34 Using CGMT as a model (Figures 1.2-

1.4),18 the substitution of hydride with electron-donating substituents (such as –SiR3, –

BR2, –NR2) lowers the ΔES-T for silylenes (SiR2) by lowering the energy of the b2 
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symmetry MO (Scheme 1.11).2,19,31,34 Thus, H2 oxidative addition occurs readily under 

ambient (or near-ambient) conditions for silylenes with a low (computationally derived) 

ΔES-T.2,19,31,34 As shown in Scheme 1.11, most reports of H2 oxidative additions at a 

silicon center involve acyclic silylenes.2,19,31,34 Computations have uncovered that the 

three-membered SiH2 transition state involved in H2 addition is much lower in energy 

(ΔE‡) for acyclic (e.g., 13.3 kcal/mol for Me2Si) compared to cyclic silylenes (e.g., 53.1 

kcal/mol for {HC=CH}Si) (Figure 1.7).19 It should be noted that {HC=CH}Si is used 

for comparison with Me2Si since cyclic silylenes often exhibit resonance in the cyclic 

ligand backbone (e.g., with aryl groups). For acyclic silylenes, the H–H σ MO can 

directly donate into the empty pz (b2 symmetry LUMO) orbital directly above the Si 

center, while the Si lone pair (a1 symmetry HOMO) can donate into the H–H σ* MO to 

mediate oxidative addition (Figure 1.7).18,19 In the case for cyclic silylenes, the three-

membered SiH2 transition state is greatly strained, as the flanking organic groups do not 

easily fold back below the plane of the forming Si–H bond axes.19 
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Scheme 1.11. Selected examples of H2 activation by silylenes. 
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Figure 1.7. Computational (B3LYP/6-311+G** level of theory) potential energy 

surface with energies in kcal/mol for the oxidative addition of H2 by Me2Si and 

{HC=CH}Si. Figure adapted from Figure 2 in ref. 19 and Figure 1 in ref. 2. 

 

Since the dehydrogenation of amine-boranes is relevant to Chapter 3 in this 

Thesis, selected examples of N–H and B–H bond oxidative addition, as well as 

synergistic H+/H– addition by highly reactive Si complexes is shown in Scheme 

1.12.2,31,35 To start, N−H bond activation is shown in Scheme 1.12a, where the addition 

of tBuNH2 to the cationic Si(II) Nacnac complex [{Dipp/NMe2Nacnac}Si][Al(ORF)4] (55) 

[Dipp/NMe2Nacnac = {HC(Me2NCNDipp)2}
–; RF = C(CF3)3] afforded the salt 
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[{Dipp/NMe2Nacnac}Si(H){N(H)tBu}][Al(ORF)4] (56).35a Using the aforementioned 

IPr•Si=Si•IPr (35), addition of H3B•THF allowed Robinson and co-workers to access 

IPr•SiH2-BH2-SiH(B3H7)•IPr (57) via the formal insertion of a BH2 unit into the Si–Si 

bond; a minor product (58) was also isolated from ligand backbone activation of in-situ 

generated IPr•BH3 (Scheme 1.12b).35b Finally, the Si hydride complex 

[(DippNacnac)SiH•Ni(CO)3] (60) (DippNacnac = [(HC(MeCNDipp)2]
–) can be formed via 

the synergistic addition of H+/H– from ammonia-borane (H3B•NH3) to 

[{DippNC(Me)CHC(=CH2)NDipp}Si•Ni(CO)3] (59) (Scheme 1.12c).35c The 

dehydrogenation of H3B•NH3 occurs as a result of polarized Bδ+–Hδ- and Nδ-–Hδ+ 

linkages. H3B•NH3 reacts with compound 59 via hydride transfer onto the 

electropositive Si center from the B–H linkage and nucleophilic attack by the olefin 

(H2C=) unit in 59 onto the N–H site of ammonia-borane (Scheme 1.12c).35c Presently, 

the use of silylenes (R2Si) and germylenes (R2Ge) in stoichiometric and catalytic 

chemical transformations is emerging as a result of the preliminary reactivity discussed 

in this section. While section 1.1.4 will highlight the reactivity of silylenes (R2Si) in 

more detail, the next section will expand on the synthesis of germylenes (R2Ge) and 

related Ge hydride complexes. 
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Scheme 1.12. Selected examples of (a) N–H bond activation; (b) B–H bond activation 

or; (c) synergistic H+/H– addition by silylenes and related low-oxidation state silicon 

species. 
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1.1.1.2. Synthesis of Germylenes and Related Hydrides 

In general, the synthetic routes to germylenes (R2Ge and related hydrides) are 

nearly identical to those already discussed above. However, easy access to 

commercially available Ge(II) sources, such as Cl2Ge•dioxane and GeI2, simplifies 

these synthetic methods.2,31 Selected examples of germylenes (61-70) relevant to this 

Thesis are shown in Figure 1.8, a portion of which are direct structural analogues to 

their silylene counterparts.2,29c,31,36 

 

Figure 1.8. Selected examples of germylenes (R2Ge) and related low-oxidation state 

Ge(II) species (61-70). 

 

A synthetic protocol involving σ-bond metathesis may be used to generate Ge 

hydrides, as reported by Jones and co-workers, where they combined highly bulky 
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amido-stabilized Ge(II) tert-butoxide precursors (71) and (72) with HBcat (HBcat = 

catecholborane) to afford [Ar*Me{(tBuO)3Si}N]GeH (73) (Ar*Me = 2,6,4-

(Ph2CH)2MeC6H2) and [Ar*iPr{(tBuO)3Si}N]GeH (74) (Ar*iPr = 2,6,4-(Ph2CH)2
iPrC6H2) 

(Equation 1.3).36g Subsequent hydride transfer chemistry using pre-catalyst 74 will be 

discussed in the next two sections. Expanding into materials chemistry, a significant 

example of σ-bond metathesis with Ge hydrides was reported from the Rivard group 

involving [Ge(OtBu)2] (75) (Scheme 1.13).37 Whereas addition of Me2S•BH3 to 75 

induces the rapid release of elemental Ge (at 70 °C), the combination of excess (10 

equiv.) HBpin (HBpin = pinacolborane) and 75 yields an orange metastable hydride 

with a chemical formula of [GeH1.92(O
tBu)0.08]x (76); this species is a suitable precursor 

to Ge films (Scheme 1.13).37 Furthermore, the first structurally characterized Pb(II) 

hydride complex, AriPr6Pb(µ-H)2PbAriPr6 (78) was reported from a σ-bond metathesis 

(similar to Jones’ route) between {Ph2PC(H)(Ph)}AriPr6Pb: (77) and HBcat (Equation 

1.14).38 The isolation of compound 78 suggests that this synthetic protocol may allow 

for access to other thermally-sensitive Group 14 element-based species. 
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Scheme 1.13. Divergent reactivity of [Ge(OtBu)2] (75) with Me2S•BH3 or HBpin. 
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1.1.2 Small Molecule Activation Involving Group 14 Element 

Hydrides (Si and Ge) 

The stoichiometric reactivity discussed in the next section will focus on 

hydrosilylation and hydrogermylation of alkenes and alkenes by hydridic Si(II) and 

Ge(II) species to highlight that effective hydride transfer is possible with small 

substrates; however, their reactivity is not limited to these examples and other chemical 

transformations (CO2 reduction, hydrodefluorination, dehydrocoupling, and ring-

opening polymerization) with Group 14 element hydrides (Si–Pb) have been reported 

in the literature.31 Selected examples will involve stoichiometric or catalytic reactivity 

where the tetrel center (often in a low-oxidation state) acts as a site for the observed 

transformation. 
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1.1.2.1. Stoichiometric Reactivity of Group 14 Element Tetrelenes 

and Related Hydrides (Si and Ge) 

To demonstrate the high reactivity of low-oxidation state silicon centers in 

organic transformations,2,31 Kato, Baceiredo, and co-workers used amidophosphine 

ligands to synthesize PLSi(H)Cl2 precursors (PL = amidophosphine donors, 79 and 80) 

as shown in Scheme 1.14.31,39 Following the isolation of 79 and 80, Mg metal reduction 

of 79 and 80 afforded the Si(II) hydride complexes 

[{Me2Si(NtBu)2P}(C7H10)N(Dipp)]SiH (81) and 

[{Me2Si(NtBu)2P}(C8H12)N(Dipp)]SiH (82), respectively (Scheme 1.14).39 The 

combination of compound 81 with alkenes gave way to efficient hydrosilylation 

chemistry, albeit in a non-stereoselective fashion. In higher temperature (70 °C) 

reactions involving the α-olefins RC(H)=CH2 (R = SiMe3, Bn, or CH2SiMe3), 

compound 81 readily forms mixtures of Markovnikov and anti-Markovnikov addition 

products (83-86); similarly, compound 81 and cyclopentene form diastereomeric 

products (87) derived from hydrosilylation onto the central olefinic unit.39 At room 

temperature, reversible hydrosilylation occurs between compound 81 and 

Me3SiC(H)=CH2 to form a three-membered silirane (88).39 Expanding on this reversible 

process, the combination of compounds 81 or 82 with phenylsilane (PhSiH3), 

diphenylsilane (Ph2SiH2), or diphenylphosphine (Ph2PH) leads to reversible Si–H or P–

H activation, respectively, to form the hydrogenated compound 89.39 
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Scheme 1.14. Synthesis of the amidophosphine-ligated Si(II) complexes (81 and 82) 

and their reactivity with olefins, silanes, or phosphines. 

 

Returning to the bulky amido(hydrido)germylenes first reported by Jones and 

co-workers, [Ar*iPr{(tBuO)3Si}N]GeH (74) is able to undergo hydrogermylation 

reactions (Scheme 1.15) in a similar manner as demonstrated by Kato and Baceiredo, 

as outlined above.36g Expanding from hydride transfer to terminal alkenes, the 



37 

 

combination of PhC≡CMe with compound 74 yields the cis-hydrogermylation product, 

[{Ar*iPr(iPr3Si)N}Ge{C(Ph)=C(Me)H}] (90) (Scheme 1.15).40 In the presence of 

olefinic substrates with more than one reactive site (e.g., 1,5-cyclooctadiene or COD), 

compound 74 forms 91, the product from single hydride transfer and rapid 

isomerization (Scheme 1.15).40 Similarly to the Si(II) complexes 81 and 82, compound 

74 can activate internal alkenes, such as H2C=CH2, H2C=C(H)Ph or H2C=C(H)tBu, to 

yield the hydrogermylation products 92-94 (Scheme 1.15).40 

 

Scheme 1.15. Stoichiometric hydrogermylation of alkenes and alkynes with 

amido(hydrido)germylenes. 

 

Overall, the stoichiometric hydrosilylation and hydrogermylation of industrially 

relevant substrates by Si(II) and Ge(II) centers, respectively, demonstrate the advantage 

of using highly bulky ligands. The next section will describe the catalytic reactivity of 
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tetrelenes in hydride transfer processes, largely focused on the two-coordinate 

amido(hydrido)germylenes developed by Jones and co-workers. Alongside mention of 

some related Sn and Pb species, the history/development of Group 14 element-mediated 

catalysis will be highlighted, the future of which is moving toward Si-based catalysts. 

 

1.1.2.2. Catalytic Hydride Transfer (Hydroboration, 

Hydrosilylation, and Hydrocyanation) 

The first well-defined examples of Group 14 element-mediated catalytic hydride 

transfer were reported in 2014 using the previously introduced bulky 

amido(hydrido)germylene {Ar*iPr(iPr3Si)N}GeH (74).36g,40,41 Of note, compound 74 is 

in equilibrium in solution with its dimeric analogue 

[{Ar*iPr(iPr3Si)N}Ge(H)=Ge(H){N(SiiPr3)Ar*iPr}] (95) by NMR spectroscopy.41 In 

addition, a similar dimeric Sn(II) hydride [{Ar*iPr(iPr3Si)N}Sn(µ-

H)2Sn{N(SiiPr3)Ar*iPr}] (96) was used for hydride transfer catalysis, which also 

exhibited an equilibrium with the monomeric Sn(II) complex {Ar*iPr(iPr3Si)N}SnH 

(97).41 Once isolated, both E(II) compounds (Ge; 95) and (Sn; 96) were used as pre-

catalysts for the effective hydroboration of ketones and aldehydes, with the lowest 

reported pre-catalyst loading of 0.05 mol % (per tetrel atom) (Scheme 1.16).41 Based 

on both computations and NMR spectroscopy,42,43 the active catalysts in these 

hydroborations were proposed to be the monomeric Ge(II) and Sn(II) complexes, 74 

and 97, respectively. Higher turnover frequencies (TOFs) are obtained with the Sn(II) 
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hydride catalysts (96/97), the highest of which was > 13300 hr-1 for the hydroboration 

of RC(O)H substrates (R = Et, iPr, and Cy).41 

 

Scheme 1.16. Hydroboration of aldehydes and ketones with the pre-catalysts 95 and 

96. 

 

Another example of catalytic hydride transfer involves the hydroboration of 

ketones and aldehydes with HBpin using terphenyl-supported tetrelenes AriPr6E-

C(H)Ph-PPh2 [E = Ge (98), Sn (99), and Pb (100)] (Scheme 1.17a).44 Using identical 

reaction conditions (hexanal, HBpin, C6D6, 25 °C, 0.1 mol % loading of pre-catalyst), 

the Wesemann group was able to determine that the Pb(II) species (100) was the most 

active catalyst, as it showed quantitative formation of the intended hydroboration 

product (Me(CH2)5OBpin) after 7 min of reaction time.44 In contrast, compounds 98 
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and 99 required 30 min of reaction time to afford 79 % and 96 % yields of borylated 

product, according to NMR spectroscopy.44 Focusing on the Ge(II) pre-catalyst (98), 

effective hydroborations were observed after 1 hr with ferrocenyl aldehyde [FcC(O)H], 

benzaldehyde, and acetophenone with a 1 mol % pre-catalyst loading of AriPr6Ge-

C(H)Ph-PPh2 (98) in each case.44 Furthermore, the active catalyst in hydroboration 

catalysis starting with 98 appears to be the hydridogermane [AriPr6GeH{C(H)Ph-

PPh2}(Bpin)] (101), which was isolated upon stoichiometric addition of pinacolborane, 

HBpin, to compound 98 (Scheme 1.17b).44 While these hydroboration pre-catalysts are 

not as active as Jones’ amido(hydrido)germylenes (and stannylenes), Wesemann’s 

report further confirms that Ge–H linkages can allow catalytic hydride transfer at room 

temperature. 
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Scheme 1.17. (a) Catalytic hydroboration using the terphenyl-supported pre-catalysts 

(98-100); (b) stoichiometric oxidative addition of HBpin with 98 to form 

[AriPr6GeH{C(H)Ph-PPh2}(Bpin)] (101).  

 

Thus far, discussion of catalytic hydride transfer in this Introduction has focused 

on compounds of Ge, Sn and Pb; however, important progress has also been made in 

the use of Si(II) catalysts in these chemical transformations (Scheme 1.18a).45a As an 

example, the cationic carbene-supported Si(II) species [(ImMe4)2SiH]I (102) [ImMe4 = 

(MeCNMe)2C:] demonstrated significant hydroboration activity with pyridine 

substrates, in the presence of both HBpin and ketones/aldehydes at 90 °C (Scheme 

1.18a).45a Although the obtained TOF values using catalyst 102 were lower (0.4 to 116 

hr-1) than those found with Jones’ Ge(II) (95) and Sn(II) (96) pre-catalysts, high 
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spectroscopic yields were observed (> 90%; 10 mol % loading of 102), along with 

increased functional group tolerance, which allowed for the selective hydroboration of 

furanyl, thiophenyl, and olefinic-substituted substrates.45a 

 

Scheme 1.18. (a) Si-catalyzed pyridine hydroboration using a Si(II) species (102); (b) 

hydrocyanation of aldehydes by a Si(IV) hydride (103). 

 

To demonstrate that catalytic hydride transfer reactivity is not limited to Si(II) 

species, a pentacoordinate silicon(IV) hydride catalyst [{PhC(NtBu)2}SiCl(H)Me] 

(103) is shown in Scheme 1.18b; compound 103 (at a 3 mol % loading) was able to 

mediate the efficient hydrocyanation of aldehydes at 25 °C, albeit with low TOF values 
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of 3-6 hr-1.45b Similar to the catalytic behavior demonstrated by compound 102, catalytic 

hydrocyanations using compound 103 showed high functional group tolerance by 

allowing efficient reaction with substrates that featured C(sp2)–X and –OMe linkages, 

furanyl/pyridinyl moieties, and olefinic groups.45b Upon combination of 

[{PhC(NtBu)2}SiCl(H)Me] (103) with Me3SiCN, the cyanosilane 

[{PhC(NtBu)2}Si(CN)H(Me)] (104) formed, implicating compound 104 as an active 

“on-cycle” intermediate in hydrocyanation (Scheme 1.18b).45b 

The stoichiometric and catalytic reactivity of Si and Ge compounds 

demonstrates that the activity of these catalysts is, thus far, not high enough to compete 

with transition metals, especially on an industrial scale; however, there is strong 

potential in this chemistry upon further ligand design and optimization. Fundamentally, 

these studies have shown that transient or isolable Si–H and Ge–H linkages can be 

crucial to the reactivity observed. Within Chapters 2 and 4 in this Thesis, hydridic and 

low-oxidation state Group 14 element complexes (Si and Ge) were targeted using 

frustrated Lewis pairs (FLPs) as ligands. Thus, the following section discusses the 

origin, history and current state of molecular FLPs in relevant chemical transformations. 
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1.2 Frustrated Lewis Pairs (FLPs): History and Chemistry 

The term frustrated Lewis pairs (FLPs) was coined by the Stephan Group, to 

define a geometrically or sterically constrained Lewis base (LB)/Lewis acid (LA) pair 

that cannot form a coordinative single bond between the LB and LA sites, as opposed 

to classical zwitterionic LB-LA adduct formation.46,47 In many FLP-mediated 

transformations, boranes featuring fluorinated aryl groups, such as B(C6F5)3,
48 are used 

as the highly acidic and bulky LAs, paired with commercially available R3P (R = aryl 

or alkyl) as their LB counterparts.46,47 In recent years, the term FLP has been expanded 

to include LB/LA pairs that exhibit single bonds in solution and/or in the solid-state (a 

so-called “closed” conformation), since the “open” conformation is kinetically 

accessible by an equilibrium derived dissociation of the LB-LA single bond in 

solution.46,47 Of added note, recent electron paramagnetic resonance (EPR) 

spectroscopic studies by the Melen, Slootweg and Müller groups show that the final 

addition products from the combination of FLPs with small substrates can be formed 

through either one- or two-electron transfers, opening the door to future radical-

mediated FLP chemistry.49 A clear model reaction for the divergent mechanisms was 

reported by the Stephan Group, which involved changing the substituents on R3P (R = 

Mes or tBu) in the presence of B(C6F5)3, as Ph3SnH can be activated by either one- or 

two- electron transfer to form either [Mes3P-H][H-B(C6F5)3] or [tBu3P-SnPh3][H-

B(C6F5)3], respectively (Scheme 1.19).49a 
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Scheme 1.19. Divergent one- or two-electron reactivity pathways using Mes3P or tBu3P 

in the presence of B(C6F5)3 and Ph3SnH. 

 

As a result of their versatility, FLPs have found their place in polymers,50 

nanomaterials,51 transition metal complexes52 and even rare-earth complexes.53 The 

following sections (1.2.1 and 1.2.2) will focus on the origin and development of early 

FLPs, as well as their activation of chemical transformations relevant to this Thesis. 

 

1.2.1 Traditional Lewis Base/Lewis Acid Chemistry and Early Studies 

of FLPs 

The most common example of classical LB/LA adduct formation is the electron-

pair donation from water (neutral σ-donor) to a transition metal to form hydrated 

transition metal complexes, such as [Cu(SO4)(OH2)6]
2+.54,55 Transition metal hydrates 

are implicated in many biological processes55 and often serve as useful models for the 

teaching of valence electron-counting in the d-block.56 Extending into the p-block, 

classical LB/LA examples often involve datively-bound mixed Group 13/15 element 
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adducts. In particular, readily available amine-boranes (H3B•NHR2) and phosphine-

boranes (H3B•PHR2) have garnered significant interest as their catalytic 

dehydropolymerization can yield processable polymers with attractive properties (see 

Section 1.4).57 

While the aforementioned examples are key to synthetic chemistry, separating 

the LB from the LA gives way to unquenched sites of reactivity that are requisite for 

FLP behavior.46,47 The first glimpses of FLP chemistry were noted by H. C. Brown and 

G. Wittig, both of which would later share the 1979 Nobel Prize in Chemistry for their 

work in the development of boron- and phosphorus-containing compounds.58 In 1942, 

while studying the steric strain between boranes and 2,6-lutidine, H. C. Brown observed 

that no adduct formation was observed when BMe3 was combined with 2,6-lutidine.59 

Furthermore, even though 2,6-lutidine is able to deprotonate pyridine hydrochloride to 

form 2,6-lutidine hydrochloride and free pyridine (Scheme 1.20), the displacement of 

2,6-lutidine by pyridine in BF3 adducts was observed to form free 2,6-lutidine and 

pyridine•BF3 (Scheme 1.20); this study highlighted the effect of steric hinderance in 

classical LB-LA adduct formation (or lack thereof).59 These observations by Brown 

were followed by work in 1959 from G. Wittig, where the combination of in-situ formed 

benzyne with a Ph3P/BPh3 mixture afforded the addition product, o-Ph3P(C6H4)BPh3, 

instead of the Ph3P•BPh3 adduct (Scheme 1.21).60 
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Scheme 1.20. (a) Deprotonation of pyridine hydrochloride by 2,6-lutidine; (b) 

displacement of 2,6-lutidine by pyridine in the BF3-adduct. 

 

Scheme 1.21. Cooperative activation of a benzyne by Ph3P and BPh3. 

 

The subsequent emergence of FLPs as highly reactive species for catalytic 

and/or energetically uphill chemical transformations was the result of landmark work 

by the Piers and Stephan Groups starting in the 1990s.47,61 Piers’ in-depth study of the 

B(C6F5)3-catalyzed hydrosilylation of ketones (R′(R′′)C=O; R′ and R′′ = alkyl or aryl) 

revealed an “encounter complex” between the R3Si–H···B(C6F5)3 units that makes the 

Si center more electropositive; subsequent concerted nucleophilic attack by ketones 

R′(R′′)C=O and hydride transfer by the [H-B(C6F5)3]
– anion generated yields the final 

R′(R′′)C(H)-OSiR3 product (Scheme 1.22).61 Using 1–4 mol % B(C6F5)3 and one equiv. 
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of Ph3SiH with a variety of ketones at room temperature resulted in > 76 % isolated 

yields of the hydrosilylated products with the highest turn-over frequency (TOF) being 

637 hr-1.61 

 

Scheme 1.22. (a) Initial activation of the R3Si–H bond by B(C6F5)3; (b) nucleophilic 

attack onto R3Si by a ketone; (c) final hydride transfer from [HB(C6F5)3]
– to form the 

hydrosilylated product, R′(R′′)(H)CO-SiR3. 

 

In 2006, the Stephan Group demonstrated that a C6F4-bridged FLP, 

Mes2P(C6F4)B(C6F5)2 (105) could cleave the robust H–H single bond (bond 

dissociation enthalpy = 435.7 kJ/mol)62 at room temperature to afford the zwitterionic 

product [Mes2HP(C6F4)BH(C6F5)2] (106) (Scheme 1.23).47 By heating 

[Mes2HP(C6F4)BH(C6F5)2] (106) at 150 °C, regeneration of Mes2P(C6F4)B(C6F5)2 

(105) was observed via H2 gas evolution.47 Prior to this work, the only examples of a 

Group 13 element involved in H2 activation were from low temperature (10 to 200 K) 



49 

 

matrix or hot plasma experiments using BBr3/H2, Cp*Al/H2, and vaporized Ga/H2 

mixtures.63 While main group elements lack energetically accessible d-orbitals for the 

activation of dihydrogen,5 landmark work by the Stephan Group showed that synergistic 

(FLP) activation could be used as a substitute for d-orbital-based reactivity.47 The 

following section highlights subsequent FLP work since the 2006 discovery. 

 

Scheme 1.23. Reversible dihydrogen activation by Mes2P(C6F4)B(C6F5)2 (105). 

 

1.2.2 Cooperative Activation of Small Molecules via FLPs 

Spurred by the H2 activation described above, the range of chemical 

transformations accessible by FLPs has grown drastically, such that all examples cannot 

be discussed here; however, comprehensive and recent reviews are listed as part of 

references 46 and 47. To gain an understanding of the specific work outlined in this 

Thesis (particularly in Chapter 3), related examples of FLPs in dehydrocoupling and 

transfer hydrogenations using amine-boranes as sources of H2 will be discussed. 

Stoichiometric examples of FLP-mediated dehydrocoupling began in 2010 with 

work by the Miller and the Manners Groups.64,65 The Miller Group used an 

intermolecular FLP, tBu3P and B(C6F5)3, to induce the dehydrocoupling of the 

ammonia-borane H3B•NH3 and H3B•NHMe2 at room temperature (Scheme 1.24).64 By 
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combining a mixture of tBu3P/H3B•NHMe2 with B(C6F5)3, the nearly quantitative 

formation of [tBu3PH][HB(C6F5)3] and [H2BNMe2]2 was observed according to 

multinuclear (1H, 31P, 11B) NMR spectroscopy.64 In the same manner, the combination 

of tBu3P/B(C6F5)3 with H3B•NH3 afforded [tBu3PH][HB(C6F5)3] and [H2BNH2]n 

(according to 11B NMR spectroscopy).64  

 

Scheme 1.24. Stoichiometric dehydrocoupling of amine-boranes using tBu3P/B(C6F5)3 

mixtures. 

 

Moving towards mixed Group 14/15 element-based FLPs, the Manners Group 

used intermolecular Sn/N- and Si/N-containing pairs for the dehydrocoupling of both 

H3B•NHMe2 and H3B•PHPh2 (Scheme 1.25).65 Combining the FLP Me3SiOTf/TMP 

(TMP = 2,2,6,6-tetramethylpiperidine) with H3B•NHMe2 proved to be less controlled 

than in the examples by Miller,64 affording a mixture of [H2BNMe2]2, H2B=NMe2, and 

[H2B(µ-NMe)(µ-H)BH2] alongside the expected Me3SiH and [TMP-H][OTf] by-

products (Scheme 1.25a).65 In an attempt to dehydrocouple H3B•PHPh2, 

Me3SiOTf/TMP and nBu3SnOTf/TMP were tested as FLPs, and gave the P–H bond 

activation products H3B•P(ER3)Ph2 (ER3 = SiMe3 or SnnBu3) (Scheme 1.25b);65 the 

products formed suggested that the competing concerted P–H deprotonation/E–O 

substitution process is more favorable than dehydrocoupling. The difficulty in the 



51 

 

attempted FLP-mediated P–H/B–H dehydrocoupling by Manners is consistent with 

previous reports of slower dehydropolymerization of phosphine-borane adducts in 

comparison to the amine-borane complexes in the presence of transition metal-based 

catalysts.57 

 

Scheme 1.25. (a) Stoichiometric dehydrocoupling of dimethylamine-borane into a 

mixture of products; (b) attempted dehydrocoupling of diphenylphosphine-borane by 

the FLPs R3EOTf/TMP (ER3 = SiMe3 or SnnBu3). 

 

Expanding into catalytic amine-borane dehydrogenation, many examples of 

catalysis mediated by intramolecular FLPs have been reported (Figure 1.9, 107-110).66-

69 Upon exposure to 10 mol % trans-Mes2P(H)C=C(Me)B(C6F5)2 (107), transfer 

hydrogenation was possible between H3B•NH3 and an enamine, forming the cyclic 
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borazine (HBNH)3 by-product alongside the amine derived from hydrogenation (Figure 

1.9, 107).66 it should be noted that compound 107 is unable to activate H2 directly, so 

H3B•NH3 is used as a source of H+/H– in this reaction.66 Subsequent collaborative work 

by Slootweg, Uhl and co-workers showed that a germinal FLP 

Mes2P(AltBu2)C=C(H)Ph (108) (0.4 mol %) can dehydrocouple neat H2B•NHMe2 into 

[H2BNMe2]2 with a 77 % isolated yield (Figure 1.9).67 Furthermore, by using a 

xanthene-based FLP catalyst, 109 (Figure 1.9), the Aldridge Group demonstrated the 

catalytic dehydrocoupling of H2B•NHMe2 at 55 °C into [H2B(µ-NMe)(µ-H)BH2] and 

H3B•NH3 or H3B•NH2Me into their corresponding borazine trimers.68 Mechanistic 

studies showed that the stoichiometric complex, [109{H2BNH2}], is an unreactive “off-

cycle” species for dehydrocoupling; this observation is further reinforced by related 

FLP-aminoborane work discussed in Chapter 3.68 Of particular relevance to this Thesis, 

Bourissou and co-workers explored the reactivity of the phosphine-borane 

intramolecular FLP, o-iPr2P(C6H4)B(Fxyl)2 (Fxyl = 3,5-(F3C)2C6H3) (110), which is in 

equilibrium between closed and open conformations (ΔG = +1.6 kcal/mol from closed 

to open).69 Specifically, compound 110 can effectively dehydrocouple acyclic and 

cyclic amine-boranes as well as diamine-boranes at temperatures below 100 °C (Figure 

1.9).69 As will be discussed further in this Thesis (Chapters 2-4), related iPr2P(C6H4)BR2 

compounds can exhibit equilibria between closed and open forms, which can greatly 

affect their reactivity; in addition, they can participate in similar dehydrogenation 

reactivity with amine-boranes. 
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Figure 1.9. Selected examples of amine-borane dehydrocoupling FLP catalysts (107-

110), including structures of the amine-borane substrates tested. 

 

The FLP-mediated dehydrocoupling strategies have also been extended to 

include Group 14 element hydrides, as shown by recent work from the Wesemann 

group,70 where they demonstrated the dehydrogenation of AriPr6SnH3 (111) by the 

tBu3P/B(C6F5)3 FLP to yield a mixture of cationic products, [AriPr6SnH2(P
tBu3)]

+ (112) 

and [AriPr6Sn(PtBu3)]
+ (113), alongside [tBu3PH]+ and [HB(C6F5)3]

– ions in varying 

ratios, depending on the number of FLP equiv. used and reaction time (Scheme 1.26).70 
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Minor amounts of the intended dehydrocoupled distannane [AriPr6H2Sn]2 (114) were 

observed, suggesting that tuning of the FLP system may be possible to induce more 

controlled homoatomic dehydrocoupling.70  

 

Scheme 1.26. Attempted dehydrocoupling of AriPr6SnH3 (111) by a mixture of 

tBu3P/B(C6F5)3. 

 

Building from the observed H2 splitting and dehydrocoupling chemistry of 

FLPs, catalytic asymmetric transfer hydrogenation using a 10 mol % mixture of 

HB(C6F5)2 (Piers’ borane)/(R)-tert-butylsulfinamide (tBu3S(O)NH2), pyridine (10 mol 

%) as an additive and H3B•NH3 as a H2 source has been reported for a variety of imines, 

as summarized in Scheme 1.27.71 By performing control reactions and mechanistic 

studies (via NMR spectroscopy), the active catalyst was revealed to be an encounter 

complex with a central contact between the B···O=S unit, similar to the one observed 

in Piers’ catalytic hydrosilylation of ketones discussed earlier (Scheme 1.22). Using the 

FLP HB(C6F5)2/(R)-tBu3S(O)NH2, 78-99 % yields with 84-95 % ee (ee = enantiomeric 

excess) were achieved for aryl-substituted imines, with a high tolerance for electron-

withdrawing or electron-donating groups noted.71 Not only can the combination of H2 
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or amine-boranes (either as substrates or sources of H2) and FLPs offer new insight into 

dehydrocoupling processes, it has also opened the door for asymmetric hydrogenation-

based routes to pharmaceutically relevant compounds, that were generally obtained 

with transition metal catalysts.  

 

Scheme 1.27. Asymmetric transfer hydrogenation of imines using a borane/sulfinamide 

FLP system. 

 

1.3 Silicon (Si) and Germanium (Ge) Films 

1.3.1 Properties and Applications 

So far in this Introduction, the importance and properties of silicon and 

germanium as semi-conductors have gone largely unmentioned. For example, the 

incorporation of semi-conducting silicon has been a major focus in the field of 

photovoltaics, although lead halide perovskite cells are gaining attention as components 

of solar cells as well.20 Lead halide perovskite APbX3 solar cells (typically A+ = 

MeNH3; X
– = Cl–I)72 have been able to achieve 25.7 % power conversion efficiencies 
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(PCEs) as of 2021;73 however, they are based on the element lead, which presents long-

term supply issues (natural abundance of 14 mg/kg in the Earth’s crust)62 and toxicity 

concerns, the latter is heightened by solar cell instability leading to lead leaching.72 In 

contrast to lead, silicon is ca. 20,000 times more abundant in the Earth’s crust,62 is non-

toxic, and is generally highly stable within photovoltaic systems.62, 20 Motivated by its 

advantages, bulk silicon has been studied extensively, particularly after the discovery 

of the Czochralski method for pulling pure monocrystalline silicon crystals.74 With a 

similar band gap to silicon (1.1 eV),20 germanium (band gap = 0.8 eV) has also been 

tested in solar cells, while GeO2 has been used in fiber optic cables.75 However, the low 

natural abundance of Ge (1.5 mg/kg)62 has limited its use in comparison to silicon.20 

Regardless, both silicon and germanium films have been studied thoroughly in light-

emitting diodes (LEDs) and transistors.20 To cover all applications of silicon and 

germanium in electronics within this Thesis would be impossible. Instead, the 

ubiquitous industrial-scale method of Si and Ge film growth, chemical vapor deposition 

(CVD), is discussed below to highlight the motivation behind the low temperature Si 

and Ge film deposition protocols described in Chapter 2.  

In general, CVD can be simply described as follows:76,77 gaseous reactants are 

introduced into a heated reactor at a controlled gas flow rate (Figure 1.10a). Inside the 

reactor, reactants undergo either: (1) gas diffusion into the boundary layer and 

subsequent adsorption onto the substrate surface (Figures 1.10b and c); or (2) they can 

react in the gas phase above the substrate surface (Figure 1.10d), followed by 

diffusion/adsorption onto the substrate. Whether the reactant gases undergo reaction in 



57 

 

the gas phase (Figure 1.10d) or on the substrate surface (Figure 1.10e), intermediates 

and by-products are released which undergo desorption to escape the reactor (Figure 

1.10f). Subsequently, heterogeneous reactions between the reactant gas and the 

substrate leads to controlled film growth on the surface (Figure 1.10e). For greater 

control, film thicknesses are monitored over time, such that the desired thickness can 

be selected with the correct reaction time. Once the desired film thickness has been 

achieved, high vacuum can be introduced to remove intermediates and left-over by-

products. The film-covered substrate can be recovered and fully characterized to 

measure its physical and electronic properties, such as roughness or conductivity. CVD 

can allow for controlled tuning of film properties, as the introduction of added energy 

(plasma, hot wire, laser, etc…) or changes in loading method, reactant gas identity and 

concentration, substrate, temperature differentials, pressure, gas flow rate, and reaction 

time can all be used to optimize the desired film conditions.76 The high degree of control 

makes CVD a powerful technique, albeit at the cost of expensive equipment and the use 

of toxic/reactive gaseous precursors.76  
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Figure 1.10. Representative schematic for a typical CVD process, depicting: (a) mass 

transport; (b) gas diffusion; (c) adsorption; (d) gas phase reaction; (e) 

heterogeneous/surface reaction; (f) desorption and mass transport. Adapted from Figure 

1 in ref. 76. 

 

Post-World War II, the demand for silicon-based computer chips led to the 

development of new CVD methods for semi-conducting films, allowing 

plasma/photo/laser-assisted CVD (PCVD) and hot filament/wire CVD (HF-CVD) 

methods to emerge.76 In PCVD, an intense energy source (plasma, high intensity lamp 

or laser) is used to instigate CVD, which allows for lower reaction temperatures but 

increases the equipment cost and complexity.76 Alternatively, HF-CVD uses a metallic 

filament (often W, Ta, or Mo) that is heated to temperatures much higher than the 

reactor temperature above the substrate, such that the input gases begin to react along 

the filament, adsorb onto the substrate and react at lower reactor temperatures overall.76 

The following sections (1.3.2 and 1.3.3) describe selected examples of Si and Ge CVD 

precursors. 
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1.3.2 Chemical Vapor Deposition (CVD) for the Growth of Si Films 

Generally, examples of silicon thin film CVD precursors can be broken down 

into four categories: halosilanes, mixed halo/hydridosilanes, hydridosilanes, and 

organosilanes (Figure 1.11). Starting with the halosilanes and mixed 

halo/hydridosilanes (generally called Si-H-Cl systems due to the addition of H2 and 

release of HCl), the deposition of amorphous Si thin films is possible above ca. 450 °C 

using either SiCl4
78a or Si2Cl6,

78b although the film growth is slow below 800 °C. In 

order to obtain silicon in high purity, the presence of H2 gas is required since the SiCl2 

intermediate (produced via the gas-phase reaction SiCl4 + H2 → SiCl2 + 2 HCl) can 

introduce structural defects by attacking the film surface of deposited silicon without 

another equiv. of H2 to react with (vide infra).78 After SiCl2 gas generation, the 

surrounding H2 environment allows for the formation of other HxSiCly species (via 

release of HCl) and then hydrogenated SiH1,2,3,4  (Si2H4, Si2H6, etc…) intermediates 

which undergo the final degradation step into elemental Si and elimination of H2 gas.78 

The related mixed halo/hydridosilanes, HSiCl3,
78c

 and H2SiCl2,
78a exhibit nearly 

identical CVD behavior (Figures 1.11a and b). 
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Figure 1.11. Selected examples of elemental Si film CVD precursors: (a) halosilanes; 

(b) mixed halo/hydridosilanes; (c) hydridosilanes; (d) organosilanes. 

 

The most popular precursors for industrial Si CVD film growth are 

hydridosilanes SiH4
79 or Si2H6

80; these compounds can be used as a pure feedstock or 

they can be diluted and even mixed with controlled amounts of NH3 gas (or N2H4),
78d 

light hydrocarbons79b or even diluted O2
79c to provide silicon nitride (Si3N4), silicon 

carbide (SiC) or SiO2 thin films, respectively (Figure 1.11c). Both hydridosilanes, SiH4 

or Si2H6, require heating above 600 °C to induce effective Si deposition in traditional 

CVD methods and ca. > 400 °C in more complicated approaches (e.g., PCVD). Si 
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deposition below 600 °C often yields hydrogenated amorphous Si (a-Si:H) film surfaces 

(5-20 % hydrogen content within ca. 200-600 °C) which are typically used in solar cell 

devices as the presence of surface Si–H bonds increases the overall efficiency.20 

However, both hydridosilanes SiH4 or Si2H6 are extremely pyrophoric and can 

autoignite under ambient conditions, leading to safety risks upon accidental gas leakage.  

As mentioned above, the lowest temperature used for CVD of Si films is ca. 400 

°C with added equipment complexity. To further lower the required deposition 

temperatures in film growth and increase the ease of precursor handling, higher 

hydridosilanes, such as cyclopentasilane81b,c (CPS or [H2Si]5), have been studied as 

liquid precursors for Si film growth (Figure 1.11c). In particular, CPS can undergo 

polymerization to give [H2Si]n oligomers upon heating above ca. 100 °C, upon extended 

exposure to ambient light, or more rapidly upon irradiation at 405 nm with a lamp.81b 

These [H2Si]n oligomers were highly branched, with number average molecular weights 

(Mn) of 2.6 kDa and a polydispersity index (PDI) above 2.81b The high processability of 

CPS allows for drop-casting, spin-coating, and ink-jet printing methods to first deposit 

a CPS layer, which can then be thermally dehydrogenated above 540 °C to give a-Si:H 

films (ca. 19-50 nm thick).81b,c These a-Si:H films can subsequently be exposed to a 

high energy 308 nm XeCl laser (345 mJ/cm2) to induce a change from a-Si into highly 

polycrystalline Si films (confirmed by transmission electron microscopy, TEM).81b,c 

Furthermore, ink-jet printing allows for deposition of bulk a-Si (30-40 µm) from CPS 

in specific pre-programmed detailed patterns in a similar manner to 

photolithography.81b,c While the transistor devices tested using CPS as a Si precursor 
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currently exhibit poor performance as a result of surface defects, these oligomeric 

silanes offer high potential as Si thin film precursors with higher processability at 

similar deposition temperatures compared to the traditional SiH4/H2 CVD methods. A 

related liquid oligomeric silane, cyclohexasilane (CHS or [H2Si]6), has been reported81d 

for which preliminary studies suggested full decomposition into elemental Si occurs at 

170 °C. Recently, CHS was used in a similar drop-casting route as for CPS81b,c to form 

60 nm a-Si:H films, although temperatures above 550 °C were required.81e 

The thermal behavior of silanes suggests usage of any precursor (liquid or 

gaseous) with pre-installed Si–Si and Si–H linkages may still lead to the formation of 

light-weight and pyrophoric intermediates, but this phenomenon may be minimized by 

stabilization from carbon-based ligands. Careful monitoring of elemental composition 

in Si films derived from the CVD of carbon-ligated precursors must be performed to 

confirm minimal carbon content for pure amorphous or crystalline Si surfaces. Carbon-

substituted CVD precursors fall within the organosilanes category and have been 

studied to increase the degree of safety associated with handling the reactants. Selected 

examples of organosilane precursors include: SiMe4,
82a SiEt4,

82b RSiH3
82c (R = Cp* 

(115), Cp4M (116); Cp4M = [C5Me4H]–) and disilanes RSi2H5
82d,e (R′ = Cp* (117), Cp3M 

(118), Cp4M (119), Cp4ME (120), CpTMS (121); Cp3M = [C5Me3H2]
–, Cp4ME = [C5Me4Et]–

, CpTMS = [C5(Me3Si)H4]
–) (Figure 1.11d). Of note, SiMe4 and SiEt4 are commonly used 

to deposit amorphous silicon carbide (SiC) films, but the carbon content can be 

minimized (< 5 %) upon added annealing at 425 °C in the presence of H2 gas, such that 

its composition is primarily a-Si (according to XPS, Raman and FT-IR).82a,b  
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The Cp-based silanes (115-121) isolated by Jutzi and co-workers are safe to 

handle and require temperatures above 550 °C in CVD for nm-scale high-purity a-Si 

film growth.82c,d,e Fundamentally, these Cp*-stabilized silanes have been useful in 

confirming the release of SiH2 and SiH3 intermediates at temperatures above 400 °C by 

mass spectrometry (MS) monitoring of the desorbed gases generated during CVD.82c 

This is consistent with previously mentioned results from cold matrices of laser-ablated 

Si in the presence of H2 gas that show formation of SiH1,2,3 intermediates by IR 

spectroscopy (see above).21a  

Since the CVD of SiO2 films is crucial to the function of current silicon chips 

(as an insulating layer),20,76 selected examples of SiO2 film precursors are shown in 

Figure 1.12, depicting the structures of tetraethylorthosilicate [TEOS or Si(OEt)4],
83 

hexamethylcyclotrisiloxane ([Me2SiO]3 or D3),
84a octamethylcyclotetrasiloxane 

([Me2SiO]4 or D4),
84a and hexamethyldisiloxane (HMDSO or Me3SiOSiMe3).

84b For 

TEOS, traditional CVD methods require temperatures above 700 °C for the deposition 

of amorphous SiO2 films and these high temperatures are not compatible for deposition 

of SiO2 onto most solar cell junctions; however, the mixture of TEOS/O3 can lower the 

CVD temperatures to a suitable magnitude (400 °C) to afford amorphous SiO2 films 

ranging in thickness from 200 nm to 1 µm, depending on the feedstock ratio and 

deposition time.83 Both cyclic siloxanes D3 and D4 can be used as SiO2 precursors at 

filament temperatures above 800 °C (HF-CVD), yielding amorphous SiO2 films with 

an average thickness of 150 nm; this film thickness is not yet within the desired range 

for computer chips (ca. 1-5 nm).84a Alternatively, HMDSO/O2 mixtures can be used in 
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a Ar plasma (> 5000 °C local temperatures) CVD set-up with the reactor itself heated 

to near 200–300 °C to deposit 2-8 nm thick amorphous SiO2 films.84b These siloxane 

precursors are safer to handle than mixtures of hydridosilanes with O2, despite the need 

for expensive equipment (e.g., Ar plasma). Once deposited, these Si thin films often 

exhibit amorphous character; however, recrystallization from a-Si to polycrystalline Si 

is possible by thermal annealing for extended time (> 20 hrs) near ca. 450 °C or shorter 

time (4 min at ca. 700 °C per step) depending on the desired properties.20,79e Ideally, 

silicon CVD precursors should be safe to handle, able to withstand long-term storage, 

and with low deposition temperatures (ca. < 200 °C) to minimize energy costs, which 

inspired the motivation behind work in Chapter 2 within this Thesis.  

 

Figure 1.12. Selected examples of siloxanes used in SiO2 film CVD. 

 

1.3.3 Chemical Vapor Deposition (CVD) for the Growth of Ge Films 

Thus far, the development of precursors for the CVD of Ge films is similar to 

those for silicon, with typical precursors including halogermanes, hydridogermanes, 

and organogermanes (Figure 1.13). Out of the three categories, the use of halogermane 

precursors for the deposition of elemental germanium is the earliest. In 1887, Winkler 
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studied the heating of GeCl4 inside a glass bulb, which he noted resulted in a 

“germanium mirror”, although the exact temperature and by-products were not 

specified.85a A more detailed example was reported by Voegelen in 1921 using GeCl4 

and H2 gas that was generated from a mixture of zinc and sulfuric acid.85b The 

combination of in-situ formed H2 and GeCl4 generated volatile gases (likely GeH4 

and/or HxGeCly species) which deposited bulk germanium as it passed through the 

heated glass tube (temperature not reported).85b In a similar manner to the deposition of 

halosilanes, halogermanes undergo reduction reactions at temperatures above 400 °C in 

the presence of H2 gas (e.g., GeCl4 + H2 → GeCl2 + 2 HCl); subsequently, the GeCl2 

intermediate is proposed to react with more H2 to give short-lived GeH1,2,3 and 

Ge2H2/Ge2H4 species, which then deposit bulk Ge and regenerate H2 gas.21b,85,86 Further 

disproportionation (via 2 GeCl2 ⇌ Ge + GeCl4) is a possible reaction pathway; however, 

this equilibrium was found to favor the formation of GeCl2 at temperatures above 350 

°C in the 1970s.86d In fact, sublimation of GeCl2 (and polymeric [GeCl2]x) can be 

achieved by the reduction of GeCl4 with elemental Ge above 350 °C (e.g., GeCl4 + Ge 

→ 2 GeCl2).
86e Common sources of halogermanes in CVD film growth include GeCl4 

and GeI2 (Figure 1.13a).86 The CVD of GeCl4 occurs in the presence of H2 at 

temperatures greater than > 460 °C to form 100-700 nm thick monocrystalline Ge 

films.86a,c In contrast, the deposition mechanism from GeI2 relies accessing the 

following equilibrium in order to proceed: 2 GeI2 ⇌ Ge + GeI4; deposition of 

polycrystalline Ge films from GeI2 has been observed to occur at temperatures ranging 

from 210 °C to 260 °C inside a sublimation chamber at 330 mTorr.86b Furthermore, 
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GeI2/GeI4 mixtures have recently been microwave-heated in the presence of RNH2 (R 

= alkyl) capping ligands to release [RNH3]I and yield Ge nanoparticles.87 The exact 

mechanism of Ge nanoparticle formation through this route is not yet known since 

disproportionation, redox and radical-based reaction pathways have all been 

implicated.87  

Hydridogermanes, such as GeH4 and Ge2H6, are toxic yet ubiquitously used 

precursors for the industrial preparations of Ge via CVD (Figure 1.13b).88 For GeH4, 

reactor temperatures ranging from 250 to 350 °C are sufficient for low-pressure (300-

600 mTorr) CVD of ca. 20 nm thick polycrystalline Ge films.88a Using much lower 

pressures (< 10-5 mTorr) and GeH4 as a feedstock, the controlled formation of nm-scale 

Ge films can be achieved such that amorphous Ge can be deposited at temperatures 

below 225 °C, monocrystalline Ge can be deposited from 225 °C to 400 °C, and 

polycrystalline Ge can be deposited above 450 °C.88b Similarly, using Ge2H6, the low-

pressure CVD (< 3 × 10-3 mTorr) of amorphous (< 300 °C) or monocrystalline (< 500 

°C) Ge films has been achieved.88d 

To address safety concerns and increase the ease of handling, organogermanes 

have been reported in recent years that are less volatile, less dangerous to handle, and 

more soluble than their halo- or hydrido- analogues.89 Selected examples of 

organogermanes in CVD film growth include GeR4 [R = Me, Et, HC=CH2], R′2GeH2 

[R′ = Cp4M (122), Cp* (123)], R′′GeH3 [R′′ = tBu (124), Cp4M (125), Cp* (126)] (Figure 

1.13c).89 In the case of GeEt4, CVD of nm-scale polycrystalline Ge films was achieved 

at ambient pressures (760 Torr) and a 500–560 °C temperature range.89b Interestingly, 
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the onset of decomposition for GeEt4 is reduced from ca. 450 °C to ca. 350 °C in the 

presence of H2 gas vs. He is used as a carrier gas.89b The inclusion of H2 gas also has an 

influence on the by-products released, according to gas chromatography: CVD 

GeEt4/He mixtures show the formation of ethylene (C2H4) upon increasing deposition 

time, while GeEt4/H2 mixtures show both C2H4 and ethane (C2H6), from olefin 

hydrogenation of C2H4 by H2 at high temperatures. D2 labelling experiments revealed 

the following β-hydride elimination pathway occurs: GeEt4 → Ge + 4 C2H4 + 2 H2.
89b 

While β-hydride elimination has been consistently reported as a major pathway in the 

Ge deposition using GeEt4, a gas chromatography-supported methyl radical-based 

mechanism has been implicated for GeMe4, with the overall reaction: GeMe4 → 2 C2H6 

+ Ge.89g Full consumption of Ge(HC=CH2)4 in CVD has been observed at temperatures 

above 700 °C; however, the crystallinity or thickness of these Ge films were not 

reported.89c The ambient pressure (760 Torr) CVD of R′2GeH2 (122 and 123) exhibited 

temperature ranges (ca. 275-400 °C) for the deposition of 100-200 nm thick amorphous 

Ge films; the deposited films could be annealed into polycrystalline Ge films by 

irradiating with a 514.5 nm Ar laser (used for Raman spectroscopy).89e Similarly, the 

CVD of tBuGeH3 (124) occurred at 320 °C (30 Torr), affording 30 nm thick amorphous 

Ge films.89d  

The CVD behavior of the R′′GeH3 complexes (124–126) was studied by Jutzi 

and co-workers, and is similar to that of Cp*SiH3 (115), where ambient pressure CVD 

near ca. 350 °C yields 20 nm thick amorphous Ge films.82c Since the MS chamber 

attached to the reactor vessel for the CVD of compound 126 showed a significant 
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increase in the 76GeH2 m/z peak upon heating over time, the formation of GeH2 as an 

intermediate in the thermolysis (above 200 °C) was postulated.89f According to MS, the 

m/z peaks for Cp*-H species was also observed to increase over time, and is proposed 

to be the result of hydride transfer onto the Cp* group from the GeH3 unit in 126.89f By 

combining this observation with the formation of GeH2 from laser-ablated Ge/H2 

mixtures by the Andrews Group,21b the generation of a GeH2 intermediate in the release 

of elemental Ge and H2 gas from GeH4 or other organogermanes (122-126) has some 

experimental support. 

 

Figure 1.13. Selected examples of Ge CVD film precursors: (a) halogermanes; (b) 

hydridogermanes; (c) organogermanes. 
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In exploring the kinetic stabilization of GeH2, several examples of low 

temperature, solution-based Ge film deposition without the need for CVD equipment 

have been reported.37,90 In particular, the GeH2 complex ImMe2•GeH2•BH3 [127; 

ImMe2 = (HCNMe)2C:]90 and [Ge(OtBu)2] (75)37 (see Section 1.1.2.2). were both used 

in the Rivard Group to deposit bulk germanium (as aggregates or thin films) upon 

heating in toluene at 110 °C (127) or at 70 °C (75) upon addition of H3B•SMe2.
37,90 

Motivated by recent progress in the field of main group element chemistry, FLPs have 

been studied as ligands for the development of new precursors (such as stabilized SiH2 

and GeH2 complexes) and this work is discussed in Chapter 2.  

 

1.4 BN-Containing Polymers and Precursors to Bulk Boron Nitride 

Compared to the analogous polyolefins [H2C-C(H)R]n (R = alkyl or aryl), 

polyaminoboranes with the general formula [H2B-NHR]n have historically been 

understudied despite being first observed nearly 90 years ago by Schlesinger and 

Burg.57 Without solubilizing groups, these polyaminoboranes are highly insoluble, as 

observed in the parent [H2B-NH2]x, which was identified via solid-state 11B NMR and 

IR spectroscopy.57 Another challenge is the attainment of kinetic/thermodynamic 

control over the formation of linear polymers vs. cyclic dehydrogenated products.57,91 

Despite these challenges, amine-borane monomers and their resulting polymers remain 

of high interest for hydrogen storage applications due to their high hydrogen weight % 

(i.e., 19.6 % for the parent ammonia-borane H3B•NH3).
57,91,92 Of note, a related cyclic 
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amine-borane species 128 (Scheme 1.28), an air-stable and moisture-stable liquid, was 

shown to be able to undergo catalytic dehydrogenation in the presence of inexpensive 

FeCl2 (< 5 mol %) at mild temperatures (< 80 °C) to yield the dehydrogenated product 

129.93a Regeneration (by returning from 129 to 128) required addition of two equiv. of 

MeOH to form a methoxy-containing intermediate 130.93a Cleavage of the B–O bonds 

in compound 130 was achieved using two equiv. of Li[AlH4] to afford the monomer 

128 in a 92 % overall yield.93a Thus, this reversible hydrogenation/dehydrogenation 

route is high yielding and based on commercially available precursors.93a Other related 

cyclic amine-borane precursors are currently emerging as promising fuels for hydrogen-

based transportation.93 

 

Scheme 1.28. Dehydrogenation and regeneration of a cyclic amine-borane (128) in 

search of regeneratable hydrogen storage materials. 
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1.4.1 BN-Containing Polymers: Properties and Applications 

Over the last two decades, pioneering work by the Manners Group has accessed 

polyaminoboranes through the discovery of new dehydrocoupling catalysts and the 

underlying mechanisms to achieve control over polymer growth.57 Landmark work by 

the Manners Group was reported in the early 2000s, where well-defined 

dehydrocoupling of H3B•NH2R (R = H, Me, or Ph) was first observed using 0.5 mol % 

[Rh(COD)Cl]2 (COD = 1,5-cyclooctadiene) to produce cyclic borazines [HBNR]3 (R = 

H, Me, or Ph) and insoluble oligomeric mixtures [HxB-NRHy]n (Equation 1.5).94a-c This 

work inspired further examination of other transition metal catalysts for the controlled 

dehydropolymerization of amine-boranes. In this regard, Goldberg, Heinekey and co-

workers first showed that the parent ammonia-borane, H3B•NH3 could be 

dehydropolymerized into the cyclic pentamer, [H2B-NH2]5, by a Brookhart-type iridium 

catalyst [(POCOP)IrH2] (POCOP = [1,3-(tBu2PO)2C6H3]
–) at room temperature 

(Scheme 1.29a).94d Although the cyclic pentamer [H2B-NH2]5 is highly insoluble (thus, 

difficult to characterize), the dehydropolymerization of H3B•NH3 was corroborated by 

Manners and co-workers using lower catalyst loadings of [(POCOP)IrH2] (0.3 mol %) 

and higher monomer concentrations (10 M) (Scheme 1.29b).94e Furthermore, Manners’ 

dehydropolymerization protocol ([(POCOP)IrH2], 0.3 mol %, 10 M monomer 

concentration) was extended to the primary amine-boranes H3B•NH2R (R = Me or nBu) 

to form their respective soluble homopolymers [H2B-NHR]n (R = Me or nBu), and 

copolymers from mixtures of monomers H3B•NH3, H3B•NH2Me and H3B•NH2
nBu, Mn 
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(Mn = number average molecular weight) values ranging from 47 kDa (e.g., a 1:1 [H2B-

NH2]x[H2B-NHMe]y co-polymer) to 405 kDa (e.g., homopolymer [H2B-NHnBu]n).
94e 

 

 

Scheme 1.29. Ir-catalyzed dehydropolymerization of: (a) ammonia-borane; (b) primary 

amine-borane adducts. 

 

As a result of early investigations on Ir-catalyzed dehydropolymerization, the 

catalytic dehydrocoupling of primary (H3B•NH2R) and secondary (H3B•NHR2) amine-

boranes by way of transition metals (either via heterogeneous or homogenous 

pathways) has been realized to access mono-substituted polyaminoboranes and cyclic 

oligomers, respectively.57,91 As noted in Section 1.2.2., FLPs can induce 
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dehydrocoupling and may one day be catalysts of choice for dehydropolymerization. 

Metal-free dehydrocoupling of amine-boranes is also possible by the use of other B-N-

containing species or even amines.95,96 For example, the synergistic transfer of H+/H– 

units from H3B•NHR (R = H or Me) can be induced by the addition of iminoborane 

H2B=NiPr2 to generate H3B•NHiPr2 and the dehydrogenation by-products [HBNH]3 and 

[H2B-NHMe]n, respectively (Scheme 1.30a).95 As an extension of this work, Alcaraz 

and co-workers demonstrated that the BH2 unit within H2B=NiPr2 could be exchanged 

(in a formal sense) upon the addition of primary amines RNH2 at -40 °C (R = H, Me, 

Et, iPr, nBu, or allyl) to afford the polymers [H2B-NHR]n and loss of iPr2NH.96 The 

isolated yields for these BN-containing polymers were above 48 %, with Mn values 

ranging from 17 kDa to ca. 2000 kDa (Scheme 1.30b).96 However, these polymers 

exhibited highly variable polydispersity indices (PDIs) ranging from 1.2 to 10.2, 

reflecting a lack of controlled polymer growth in many cases. Of note, the isolation of 

the allyl-substituted polymer [H2B-NH(allyl)]n (48 % yield, Mn = 580 kDa) using this 

protocol suggests higher functional group tolerance compared to traditional catalytic 

dehydrocoupling methods since the extruded H2 from the latter route would 

hydrogenate the allyl unit in [H2B-NH(allyl)]n if metal catalysts were present.96 The 

BH2 transfer between H2B=NiPr2 and RNH2 likely occurs as shown in Scheme 1.30b, 

with the initial formation of a B-N(R) bond (and loss of B-N double bond character), 

then subsequent loss of iPr2NH due to removal of N–H proton from -N(H)R unit.96 
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Scheme 1.30. (a) Synergistic H+/H– exchange between primary amine-boranes and the 

iminoborane H2B=NiPr2; (b) low temperature (-40 °C) amine-induced 

dehydropolymerization of primary amine-boranes. 

 

While catalytic dehydrocoupling mechanisms for both primary (H3B•NH2R) 

and secondary (H3B•NHR2) amine-boranes can feature similar overall transformations, 

the exact steps can differ depending on the precise environment on the transition metal 

center and its coordination/ligand environment (e.g., Ir, Rh, Ru, Ti, etc…).57,91 Scheme 

1.31 depicts two representative catalytic cycles for the dehydropolymerization of 

ammonia-borane by [(POCOP)IrH2] (Scheme 1.31a);97a and the dehydrocoupling of 

H3B•NHMe2 by in-situ formed [Cp2Ti]97b into the cyclic dimer [H2B-NMe2]2 (via 

Me2HN-BH2-NMe2-BH3) (Scheme 1.31b). Starting with the dehydropolymerization of 
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H3B•NH3 (Scheme 1.31a), the mechanism begins with initial reorganization from 

[(POCOP)IrH2] to transition state I due to attractive electrostatic forces between the 

electropositive Ir center in [(POCOP)IrH2] and the hydridic Bδ+–Hδ- linkages within 

H3B•NH3.
97a Subsequently, the H+/H– unit within H3B•NH3 binds to the Ir center to give 

complex II ([POCOP]IrH2•H3BNH3), which allows for the dehydrogenation of the 

H3B•NH3 unit and formation of III, a tetrahydride [(POCOP)IrH4] complex.97a 

Intermediate III is not stable over time (vide infra) and releases H2 gas to regenerate 

[(POCOP)IrH2] after proceeding through a η2-H2 [Ir] transition state (IV).97a Thus, this 

dehydropolymerization mechanism suggests that the metal center is predominantly 

involved in the initial dehydrogenation of H3B•NH3 and subsequent polymer growth is 

based on the instability of the transient iminoborane, H2B=NH2.
97a It is worth noting 

that this mechanism is supported by DFT computations (using a less bulky model of 

[(POCOP)IrH2] with flanking PMe2 groups) that demonstrated reasonable energy 

barriers (ΔE‡) for the first step ([(POCOP)IrH2] to I; 8.7 kcal/mol) and the final step 

(IV to [(POCOP)IrH2]; 9.5 kcal/mol).97a In addition, intermediate III was detected as a 

major species by kinetic NMR spectroscopy experiments; the independent syntheses of 

[(POCOP)IrH4] (III) by Brookhart and co-workers corroborate that this species is 

highly unstable and cannot be isolated in pure form due to constant extrusion of H2 

under ambient conditions.97a,c 



76 

 

 

Scheme 1.31. Catalytic dehydrocoupling mechanisms for: (a) the polymerization of 

parent ammonia-borane using [(POCOP)IrH2]; (b) the formation of cyclic dimer [H2B-

NMe2]2 from [Cp2Ti]. Adapted from Schemes 5.7 and 5.14 in ref 57. 
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The mechanism for dehydrocoupling of H3B•NHMe2 by [Cp2Ti] into the cyclic 

dimer [H2B-NMe2]2 is different to that of Ir-catalyzed dehydropolymerization (Scheme 

1.31b). Once the active catalyst is formed, the Ti center initially removes a proton from 

the NMe2 unit on H3B•NHMe2 to form intermediate I′.97b Subsequently, another 

molecule of H3B•NHMe2 approaches intermediate I′, and the Ti center acts as a 

mediator for dehydrogenation and oligomerization of H3B•NHMe2 into the linear 

complex Me2HN-BH2-NMe2-BH3.
97b,d This step re-forms the [Cp2Ti] catalyst, which in 

turn binds the newly generated Me2HN-BH2-NMe2-BH3 to form intermediate II′′.97b,d 

In an identical fashion to intermediates II and I′, polarized Bδ+–Hδ- linkages allow for 

the stabilization of the Ti metal environment within intermediate II′′.97b,d Finally, 

simultaneous dehydrogenation of Me2HN-BH2-NMe2-BH3 yields the observed product 

[H2B-NMe2]2.
97b,d Although the intermediates I′ and I′′ have not been isolated, the 

depicted pathway was concluded to be the most favorable by DFT computations and 

the structure of intermediates (I′ and I′′) are similar to isolated [(iBu3P)2Rh{H3B-

NHMe2}]+[BArF
4]

– [ArF = 3,5-(F3C)2C6H3]
91b salts formed in other dehydrocoupling 

studies.57 

As will be discussed in Chapter 3, catalytic dehydrogenation can be effectively 

shut down by decreased hydridic character within the B–H unit in isolated aminoborane 

complexes, which is consistent with mechanistic studies that propose initial Bδ+–Hδ- 

bond activation is crucial to dehydropolymerization (Scheme 1.31).91 Currently, mono-

substituted polyaminoboranes (e.g., [H2B-NHMe]n) can now be accessed in processable 

amounts (multi-gram scale, ca. > 50 kDa) through catalytic dehydrogenation of 
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commercially available amine-boranes, representing a major advancement in this 

field.57,91 For the preparation of less common amine-boranes, salt metathesis between 

Li[BH2R] (R = H or organic group) and [R′(R′′)NH2]Cl (R, R′, R′′ = H or organic group) 

has been used (Scheme 1.32).57,91 

 

Scheme 1.32. General route to a variety of amine-boranes by salt metathesis and 

subsequent dehydropolymerization. 

 

Once isolated, organo-substituted polyaminoboranes generally display 

amorphous character (as seen in [H2B-N(H)R]n where R = alkyl or aryl), in contrast to 

the parent [H2B-NH2]n polymer which was confirmed by wide-angle X-ray scattering 

(WAXS) to be semi-crystalline.96,97 Furthermore, the solid-state packing of these 

repeating B–N units often results in glass transition temperature (Tg) values that can 

range from ca. 50-90 °C,98 meaning the polymers behave as brittle glasses at room 

temperature. While the brittleness of polyaminoboranes may limit their use in 

applications that require flexible films, they could be employed in a similar manner as 

polycarbonates, which are used ubiquitously as high resistance glass panes or lenses.98 

Controlled tuning of carbon-based commodity polymers has been studied extensively 

to afford either flexible films (low Tg’s) or brittle glasses (high Tg’s) primarily via 
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changes to the polymer backbone, but this has not yet been achieved with the same 

degree of control with polyaminoboranes.57,91,99 Compared to polyolefins, organic-

substituted polyaminoboranes generally have better solubility for drop-casting or 

solution-based processing, such that they could be used in molds for polymer 

shaping.57,91,99 A general comparison between polypropylene [H2C-C(H)Me]n and 

poly(N-methylaminoborane) [H2B-N(H)Me]n demonstrates this solubility trend, as well 

as thermal stability and chemical stability differences (Table 1.1).57,91,96 The lower 

thermal decomposition temperature for poly(N-methylaminoborane) (< 160 °C) may 

allow for use of polyaminoboranes as boron nitride (BN) ceramic precursors (see below 

for preliminary studies).96 

 

Table 1.1. Comparison of polypropylene [H2C-C(H)Me]n and poly(N-

methylaminoborane) [H2B-N(H)Me]n. Adapted from Table 1 in ref. 96b. 

Polymer Solvents Tdecomp.  Relative stability 

[H2C-C(H)Me]n Xylene > 400 °C Air-/Water-stable 

[H2B-N(H)Me]n THF, CH2Cl2, CHCl3, DMSO > 160 °C Slow decomp. (air) 

 

Testing polyaminoboranes as BN preceramics, the Manners Group reported the 

pyrolysis of [H2B-NH2]n and [H2B-N(H)Me]n. Heating polymers [H2B-NH2]n or [H2B-

N(H)Me]n above 1000 °C resulted in divergent thermal behavior depending on the 

substrate used. On Si wafers, amorphous hexagonal BN (h-BN) nanostructures could 

be observed from either [H2B-NH2]n or [H2B-N(H)Me]n; however, on Al2O3 wafers, the 

formation of Al5BO9 could be observed and thermolysis conditions could be tuned to 

form Al5BO9 nanowires.100  
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A related BN-containing material, polyborazylene, is derived from the parent 

borazine (HBNH)3 and features a cyclic B-N backbone instead of the linear B-N 

environment seen in polyaminoboranes (Equation 1.6).101 Thus far, polyborazylene 

(and its partially N-functionalized variants) have seen more success for use as BN 

ceramics than polyaminoboranes.101 Upon heating borazine (HBNH)3 at 70 °C under 

vacuum for extended times (48 hrs) or > 45 °C in a Ar-filled autoclave, polyborazylene 

can be prepared with the general formula, [B3.0N3.0-4.0H4.0-4.5]n as a result of linear and 

branched repeating units (Equation 1.6).101 The syntheses of polyborazylene offers high 

potential for low temperature methods to boron nitride (BN) since the parent borazine 

(HBNH)3 is highly volatile and polymerizable at temperatures below 100 °C, and the 

resulting polyborazylene exhibits low viscosity for spin-coating.101 In the presence of 

Ar or NH3 gas at 900-1450 °C, polyborazylene can yield amorphous BN (a-BN) with 

high ceramic yields (> 80 %).101 The following section (1.4.2) discusses the attractive 

properties of bulk BN to highlight why the development of gentler routes to bulk BN 

are under active study. 
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1.4.2 Bulk BN: Properties and Applications 

Depending on the solid-state phases, boron nitride (BN) can exhibit different 

physical and electronic properties (Table 1.2).102,103 The forms discussed here include: 

amorphous BN (a-BN), hexagonal (h-BN) and cubic (c-BN), which are the most 

common in materials applications; however, a wurtzite (w-BN) phase exists as a 

metastable material produced at very high pressures (> 11 GPa).102 The related 

rhombohedral (r-BN) phase is not as well-studied as the c-BN or h-BN phases but recent 

DFT computations suggest it is the more stable phase compared to h-BN under CVD 

conditions (> 1100 °C, > 1 kPa).104  

 

Table 1.2. Structural data and properties for boron nitride phases. 

Forms Unit cell 

dimension 

a [Å] 

Unit cell 

dimension  

c [Å] 

Eg 

[eV]
a 

Hardness [GPa] Thermal 

conductivity.b 

[W/m·K] 

a-BN - - 5.05 10c 3 

h-BN 2.50428(5) 6.6562(10) 5.2 1.3-1.5d 600 

c-BN 3.6153(1) - 6.4 45c 740 
aelectronic bandgap; bthermal conductivity; cKnoop hardness; dVickers hardness. 

 

Focusing on properties, all three selected forms in Table 1.2, show wide band 

gap values (Eg > 5 eV; indirect for c-BN, direct for h-BN), with both h-BN and c-BN 

phases showing excellent thermal conductivity (> 600 W/m·K). For reference, diamond 

leads the field in thermal conductivity under ambient conditions at 2000 W/m·K.105-107 

In addition, the c-BN exhibits hardness values that are roughly one order of magnitude 

higher than h-BN, classifying it as a “superhard” material, second only to 
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diamond.103,105,106 Although diamond can be extracted from mining, supply issues 

necessitate the synthesis and manufacturing of diamond under high temperatures (> 

1000 °C) and/or high pressures (> 2 GPa); even the explosive detonation of graphite 

has been used to access diamond.105-108 Of added note for tooling and drilling 

applications, c-BN can survive oxidation in air near 1200 °C whereas diamond is stable 

up to 600 °C in air.109 

It should also be mentioned that h-BN has been studied in the field of 

optoelectronic materials, particularly as part of UV-light emitting diodes and 

piezoelectric materials.103 In addition, BN-based nanomaterials have also found their 

place in biomedical applications, as they exhibit favorable dispersion/wetting behavior 

towards water alongside high biocompatibility for implants or drug delivery.103 In 

recent years, lower temperature syntheses of BN (discussed in detail in Section 1.4.3.) 

have been explored to make BN more accessible over diamond. 

 

1.4.3 Known Preparations of Bulk Boron Nitride 

One of the earliest preparations for BN was performed in 1842 where the 

combination of molten (> 240 °C) boric acid [B(OH)3] and potassium cyanide (KCN) 

yielded a white powder with a 1:1 B:N composition.110 Since then, many synthetic 

routes to BN have been developed, the majority of which are based combining 

B(OR)3/NH3 mixtures at high temperatures (> 900 °C).111 A notable contribution by 

Wentorf reported well-defined “borazon”, the cubic form of BN (c-BN), by heating 

mixtures of boron and nitrogen at temperatures above 1350 °C and pressures above 6 
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GPa; although it should be noted that the exact conditions and reagents of the original 

preparation were not reported, only the final properties of c-BN were described by 

Wentorf.112 

To gain an overview of BN synthetic protocols, selected examples of the bulk 

preparations for crystalline h-BN and c-BN, along with an industrial route to a-BN, are 

shown in Scheme 1.33.109,111 The preparation of crystalline h-BN and c-BN is necessary 

for their incorporation in optoelectronics, whereas a-BN and microcrystalline BN 

exhibit large grain sizes with inconsistent roughness that hinders its attractive 

properties, such as increased thermal conductivity and charge carrier mobilities, and 

efficient luminescence. In contrast, large single crystals of h-BN or c-BN feature 

smooth crystal faces that allow for optimal properties in photovoltaics.109,111 

Commercially, a-BN can be made by a solid-state protocol called the HT-HP (high 

temperature-high pressure) method using inexpensive reagents, such as B2O3 and 

NH3.
112 If needed, purification of commercial a-BN to remove B2O3 (and other BxOy 

oxides) at temperatures ranging from 900-1500 °C for short time (1-2 hrs) under Ar can 

be performed.109 This purification process can yield high purity a-BN.109,111 Although 

annealing of a-BN into c-BN or h-BN may be possible above > 800 °C, it does not 

produce the well-defined and large-domained crystalline BN material needed for 

optoelectronics. Furthermore, there are even a few reports of purifying a-BN from BxOy 

using extreme temperatures (2000 °C) for 2 hr under dynamic vacuum (exact pressure 

not specified).109,111 The “uncatalyzed” routes shown in Scheme 1.33 are HT-HP 

methods that have been explored to access c-BN from either a-BN or h-BN.109,111  
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The motivation behind the development of “catalyzed” routes [including the Ni-

Cr flux and a mixture of elemental Mg, B and a-BN (Mg:B:BN) methods; see below] 

shown in Scheme 1.33 is to access large-size (mm-scale), single crystals of either h-BN 

or c-BN, which notoriously prefer to form semi-crystalline and/or multi-crystalline 

materials.109,111 In these “catalyzed” methods, a solvent/catalyst, such as alkali metal 

nitrides, is used that can mediate more controlled nucleation and growth of BN single 

crystals. These catalysts are often composed of alkali metal nitrides (shown as “cat.” in 

Scheme 1.33), which in turn leads to long-term safety risks since small amounts of 

dispersed and heated alkali metal (e.g., lithium or barium) are flammable in air. For this 

reason, these “catalyzed” methods must be rigorously kept air-free.109,111 

To bypass the need for a strict air-free methodology, both transition metal alloys 

(e.g., Ni-Cr) and less air-sensitive mixtures (e.g., Mg-B-BN mixtures generated from 

solid Mg, B and BN) have been studied (Scheme 1.33). In the Ni-Cr flux example, 

Hoffman and co-workers used a mixture of Ni:Cr (53 wt. % Cr) powders in a 1:20 ratio 

with a-BN loaded under N2 inside a BN crucible. At near ambient pressures (860 Torr), 

the temperature inside the furnace chamber is ramped up to either 1600 °C or 2000 °C 

(depending on the batch), then cooled to 1200 °C and held for extended time (< 48 hrs) 

to generate slowly highly pure, crystalline h-BN (40 µM to 5 mm).109 In the Mg-B-BN 

system, a mixture of magnesium flakes, amorphous B and a-BN were ground together 

(1:1.2:0.1) inside a boron nitride crucible and heated to 1900-2100 °C under high 

pressure (3 GPa) for < 2 hrs to produce h-BN single crystals, up to 2.5 mm in size.109 

While both of the specified examples produced moderately-sized single crystals of h-
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BN, optimization of these systems is still underway since they still require higher 

temperatures than those used in the HT-HP routes (> 1900 °C) and/or prolonged 

reaction times (> 40 hrs).109,111 In addition to the synthetic routes of bulk BN discussed 

above, explosive shock detonations of h-BN (similarly to that used to yield diamond) 

have been used to induce a phase change into c-BN or w-BN.113 

 

Scheme 1.33. Selected examples of routes to bulk crystalline BN forms (h-BN or c-

BN) using a-BN as a reagent. 

 

Presently, the largest (mm-sized) and highest purity single crystals of both h-

BN and c-BN are produced by a specific alkali-metal/nitride catalyzed route developed 

by Taniguchi and Watanabe at the National Institute of Materials Science (Tsukuba, 

Japan); the resulting batches are in turn shared collaboratively with research 

laboratories around the world.114 For h-BN, their synthetic protocol involves extended 

annealing (20-80 hrs) of oxide-purified h-BN in the presence of Ba3B2N4 at 

temperatures of 1500–1750 °C with pressures ranging from 4.0-5.5 GPa.114 Similarly, 
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the growth of large c-BN single crystals was reported by Taniguchi and Watanabe using 

similar reaction conditions with Li3BN2 as their catalyst/solvent.114 

The development of h-BN or c-BN thin films is currently underway. The 

deposition of BN thin films allows access to controlled surfaces that can be used as 

thermally conductive films or wide band gap semi-conducting layers in transistors. 

Largely, this field is focused on uncovering lower temperature methods for obtaining 

high purity BN thin films via CVD, which have been reported using expensive 

instrumentation (see below).109,111 For both h-BN and c-BN thin film deposition, a 

suitable substrate with a similar lattice structure is often required for the proper 

nucleation and growth of well-defined BN thin films. In this regard, diamond and/or 

Si(001) surfaces are often used as substrates since both lattices are nearly identical to 

that of c-BN. Alternatively, the substrate of choice for h-BN thin films is often sapphire 

(Al2O3; hexagonal).109  

A notable example of c-BN film CVD was reported by Bello and co-workers, 

wherein they used a specific PCVD technique, electron-cyclotron-resonance 

microwave plasma (ECR-MP) of a He-Ar-N2-BF3-H2 gas mixture to yield crystalline 

c-BN thin films ranging from 200 nm to 2 µm.115 Briefly, ECR-MP CVD describes a 

CVD reactor in which reactant gases (in this case, N2, BF3, and H2) are introduced at a 

constant flow into a heated chamber filled with a high energy plasma (Ar or He) and 

microwave frequencies (in resonance with electron cyclotron systems; ca. 2 GHz) to 

afford the slow, controlled growth of well-defined thin films. In their investigation, 

Bello and co-workers used a He/Ar plasma with a 1400 W microwave source at a 
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reduced pressure of 2 × 10-3 Torr with a constant flow of N2:BF3:H2 (1:1:1) at a reactor 

temperature of 950 °C.115 Overall, the lowest reported CVD temperature for crystalline 

c-BN thin films is 430 °C using an Ar plasma discharge with a N2:elemental B ratio of 

1:1 as the reagent gas mixture to yield 1.5 µm-thick films.109  

For the generation of crystalline h-BN thin films, a straight-forward example 

was reported by Lin, Jiang and co-workers, where ca. 1 µm-thick films were grown 

onto sapphire substrates from CVD of NH3 and BEt3 at temperatures > 1300 °C and 

ambient pressures.116 A major disadvantage of this route is the need for the initial CVD 

of buffer layer of 10-20 nm BN or AlN onto the sapphire substrate at 600-800 °C prior 

to CVD of the h-BN film.116 The lowest reported CVD temperature for accessing 

crystalline h-BN thin films is 850 °C, although it should be noted that these films were 

polycrystalline with a very slow growth rate (150 Å/hr) from NH3:elemental B (1:1) 

mixtures using a high energy electron beam at low pressures (10-3 Torr).117 Thus far, 

CVD methods of c-BN or h-BN are still limited by the need for high temperatures and/or 

high pressures, along with the need for substrates with similar lattices or buffer layers 

(e.g., BN or AlN) for the controlled growth of crystalline BN films.109 

1.5 Thesis Objectives  

As noted in the sections pertaining to Si/Ge films or bulk BN syntheses, much 

of the work in these areas rely on synthetic routes that can be harsh, both in terms of the 

temperatures and/or pressures required, as well as risks associated with handling of 

corrosive starting materials (e.g., BF3). Since FLPs can mediate a variety of chemical 
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transformations (e.g., dehydrocoupling, hydrogen transfer), the integration of FLPs as 

precursors in materials chemistry should be explored to lower the need for harsh 

conditions by using easier-to-handle FLP-based precursors. In addition, FLP-main 

group element complexes have been largely unexplored thus far, as the focus of FLPs 

has historically been centered on the catalysis of organic substrates. The main objective 

in this Thesis is to demonstrate that FLPs can be used as suitable ligands for the 

stabilization of fundamentally valuable main group element moieties, with subsequent 

low temperature deposition of industrially relevant materials. Specifically, Chapter 2 in 

this Thesis outlines the isolation of FLP-Group 14 element complexes, which can 

deposit semi-conducting Si or Ge films at low (< 110 °C) temperatures. Subsequently, 

Chapter 3 describes the access to rare main group element moieties (such as HBNH) 

using phosphine-borane FLPs. Finally, the work in Chapter 4 reports the unexpected 

ligand activation that may occur in intramolecular phosphine-borane FLP-methylene 

complexes, as well as new modified ligand backbones for the future development of 

FLP main group element complexes. 
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Chapter 2 – Frustrated Lewis Pair Chelation as a Vehicle for 

Low Temperature Semi-conductor Element and Polymer 

Deposition 

2.1 Introduction 

Main group element chemistry represents one of the pillars of molecular 

synthesis, with the ongoing discovery of new inorganic multiple bonds, non-metal-

mediated catalytic transformations, and even the recent fixation of nitrogen by the light 

element boron receiving widespread attention.1 Despite such breakthroughs, it is rare 

that modern synthetic chemistry makes a deep impact in the realm of materials science, 

a field that often relies upon decades-to-centuries old methods and harsh reaction 

conditions for synthesis. In this Chapter, a general, solution-based route to semi-

conducting Si or Ge films and a σ-conjugated polysilane is reported that harnesses labile 

frustrated Lewis pair (FLP) chelation2 to access the storable precursors [FLP{ER2}] (E 

= Si or Ge; R = H or Me). 

Frustrated Lewis pairs (FLPs) contain unquenched Lewis basic and acidic sites, 

leading to the cooperative activation of typically inert substrates, such as H2, CO, or 

CO2.
2 Furthermore, FLPs are being explored as next generation main group element-

based catalysts.3 In this Chapter, the intramolecular FLP iPr2P(C6H4)BCy2 (PB; Cy = 

cyclohexyl)4 was explored to stabilize silicon(II) and germanium(II) dihydrides, with 

the expectation that the singlet EH2 units (E = Si or Ge) would engage in synergistic 

donor-acceptor interactions with PB.5 Knowing that the Ge(II) dihydride donor-

acceptor complex Ph3PCMe2•GeH2•BH3 can afford luminescent Ge nanoparticles from 
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solution, albeit at high temperature of 190 °C under microwave irradiation,6 it was 

anticipated that the new [PB{EH2}] chelates would release bulk Si or Ge and H2 (via 

free EH2) at much lower temperatures, enabling the eventual recycling of PB. This 

Chapter documents the success of this approach, leading to the low temperature (≤ 110 

°C) deposition of semi-conducting Si and Ge films onto substrates from solution. In 

addition, the storable dialkylsilicon(II) adduct7 [PB{SiMe2}] was prepared and used to 

generate polydimethylsilane [SiMe2]n, an inorganic polymer precursor to silicon 

carbide.8 

2.2 Results and Discussion 

As a starting point, a previously reported FLP, iPr2P(C6H4)BMes2 (PBMes; Mes 

= 2,4,6- Me3C6H2)
9 was explored initially for this study; however, PBMes did not exhibit 

any reactivity with a variety of Ge(II), Sn(II) and Pb(II) sources; thus, iPr2P(C6H4)BCy2 

(PB) became the main ligand for this study. First reported by Bourissou and co-workers 

for the isolation of monomeric transition metal complexes,4 PB was chosen in this study 

since its high degree of steric bulk should allow for effective kinetic stabilization of 

main group element moieties. PB was obtained via a modification of a previous 

procedure by.4 In order to obtain PB in high purity, the precursor o-iPr2P(C6H4)Br was 

lithiated using nBuLi and the corresponding salt, [iPr2P(C6H4)Li(OEt2)x] (x = 0.7-0.8) 

was isolated and characterized by single-crystal X-ray crystallography (Scheme 2.1 and 

Figure 2.1). Notably, PBMes was synthesized in a similar manner via initial isolation of 

[iPr2P(C6H4)Li(OEt2)x] and subsequent addition of Mes2BF (Scheme 2.1). 
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Scheme 2.1. Step-wise syntheses of PBMes and PB. 

 

Figure 2.1. Molecular structure of [iPr2P(C6H4)Li(OEt2)]2 (left) and PB (right) with 

thermal ellipsoids at a 30 % probability level. All hydrogen atoms have been omitted 

for clarity. Selected bond lengths [Å] and angles [°], with values corresponding to a 

second molecule in the asymmetric unit in square brackets: [iPr2P(C6H4)Li(OEt2)]2: P1–

C1 1.8337(16), P1–C7 1.8685(16), P1–C10 1.8535(16), P1–Li1A 2.652(3), O1–C13 

1.474(3), O1–C15 1.405(3), O1–Li1 1.954(3), Li1A–C1 2.784(3), Li1–C2 2.185(3); 

C1–P1–C7 100.91(7), C7–P1–Li1A 120.01(7). PB: Only C31A to C36A atoms are 

shown on the disordered cyclohexyl ring attached to B(1A). Selected bond lengths [Å] 

and angles [°]: P1A–B1A 2.2771(14) [2.1964(13)], P1A–C1A 1.8015(12) [1.8033(12)], 

B1A–C2A 1.6265(16) [1.6317(16)]; C1A–P1A–B1A 73.06(5) [74.63(5)], P1A–B1A–

C2A 77.17(7) [78.48(6)]. 
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Upon addition of ClBCy2 to [iPr2P(C6H4)Li(OEt2)x] (x = 0.7-0.8) in toluene, PB 

can be isolated as a spectroscopically pure oil in a 87 % yield. In addition, X-ray quality 

crystals of PB were isolated upon cooling a solution of PB in Et2O to -30 °C, confirming 

the presence of an elongated P–B bond in the solid-state, with a length of 2.2771(14) Å 

(Figure 2.1). Although PB exhibits weak intramolecular P–B bonding in the solid-state, 

it could still react with Cl2E sources (E = Si, Ge) (Figures 2.1 and 2.2). The solid-state 

structure of PBMes exhibits a P∙∙∙B distance of 3.203(4) Å, confirming a trigonal planar 

boron center (sum of bond angles = 359.9(12)°).; thus, no appreciable P–B 

intramolecular bonding is present. However, the high steric bulk from the flanking 

mesityl rings hinders any cooperative FLP trapping of Cl2E (E = Si, Ge). 

 

Figure 2.2. Molecular structure of PBMes with thermal ellipsoids at a 30 % probability 

level. All hydrogen atoms have been omitted for clarity. Selected bond lengths [Å] and 

angles [°]: P1–C1 1.868(2), P1–C4 1.8584(19), P1–C11 1.8468(18), B1–C12 1.578(3), 

B1–C21 1.580(3), B1–C31 1.582(3); C1–P1–C4 105.56(9), C1–P1–C11 100.45(9), 

B1–C11–C12 125.37(15), C12–B1–C21 121.93(15). 
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Addition of Cl2Ge•dioxane to PB in toluene afforded the FLP adduct 

[PB{GeCl2}] (1), which was then converted into the target Ge(II)-dihydride adduct 

[PB{GeH2}] (2) upon treatment of 1 with two equiv. of Li[HBEt3] in Et2O (Scheme 

2.2); Compound 2 can also be synthesized in a one-pot procedure starting from PB. 

 

Scheme 2.2. Step-wise and one-pot syntheses of [PB{GeH2}] (2). 

 

As expected, [PB{GeH2}] (2) gave a 11B{1H} NMR resonance at 2.9 ppm in 

C6D6, consistent with a four-coordinate boron environment. For comparison, the three-

coordinate boron center in free PB in C6D6 solution resonates at 75.6 ppm. The GeH2 

unit in 2 yields a 1H NMR signal at 3.80 ppm and a ν(Ge-H) IR band at 1990 cm-1.10 

The solid-state structures of [PB{GeCl2}] (1) and 2 have been determined by single-

crystal X-ray crystallography and are depicted in Figure 2.3. The Ge–P distance in 2 

[2.3447(3) Å] is the same within experimental error as the coordinative Ge–P length in 

Marschner’s disilylgermylene adduct Me3P•[Ge{Si(SiMe3)3}2] [2.3484(6) Å].11 The 



110 

 

Ge–B distance in 2 [2.1490(15) Å] is slightly longer than in the corresponding Ge–B 

bond in Kinjo’s (boryl)germylene Me3P•[GeB(Mes)N(Ad)CH=CHC(SiMe3)2] 

[2.121(2) Å] (Ad = adamantyl).12 

 

Figure 2.3. Molecular structure of [PB{GeCl2}] (1) (left) and [PB{GeH2}] (2) (right) 

with thermal ellipsoids at a 30 % probability level. All hydrogen atoms have been 

omitted for clarity. Selected bond lengths [Å] and angles [°]: 1: Ge1–P1 2.3942(5), 

Ge1–B1 2.198(2), Ge1–Cl1 2.2023(7), Ge1–Cl2 2.1975(7); P1–Ge1–B1 94.62(6), Cl1–

Ge1–Cl2 99.16(3), C11–Ge1–P1 94.85(7), Ge1–B1–C12 100.28(13). 2: Ge1–P1 

2.3447(3), Ge1–B1 2.1490(15), Ge1–H1A 1.49(2), Ge1–H1B 1.58(2); P1–Ge1–B1 

92.32(4), H1A–Ge1–H1B 102.99(11).  

 

Two routes to the Si(II)-FLP complex [PB{SiCl2}] (3) were developed, each 

involving the in-situ generation of SiCl2 (Scheme 2.3).13 The highest isolated yield of 

pure 3 was 35 % starting from iPr2P(H)(C6H4)BCy2(Cl) [PB{HCl}] (solid-state 

structure shown in Figure 2.4) and 100 equiv. of both Et3N and HSiCl3; [PB{HCl}] is 

prepared by independent synthesis from PB and HCl (see Section 2.4.2.). The solid-

state structure of [PB{SiCl2}] (3) was confirmed by single-crystal X-ray 
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crystallography (Figure 2.5). Conversion of 3 into the Si(II) dihydride [PB{SiH2}] (4) 

was accomplished in a 86 % isolated yield via the addition of two equiv. of Li[HBEt3] 

in Et2O (Scheme 2.3).  

 

 

Scheme 2.3. Syntheses of [PB{SiH2}] (4) using different SiCl2 sources; MeIPr = 

(MeCNDipp)2C:; Dipp = 2,6-iPr2C6H3. 
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Figure 2.4. Molecular structure of [PB{HCl}] with thermal ellipsoids at a 30 % 

probability level. All hydrogen atoms, except the one at P(1) have been omitted for 

clarity. Only C31A to C36A atoms are shown on the disordered cyclohexyl ring 

attached to B1. Selected bond lengths [Å] and angles [°]: Cl1–B1 2.014(2), P1–H(1P) 

1.26(3), P1–C1 1.822(3), B1–C12 1.644(3); C1–P1–C4 112.58(13), C1–P1–H(1P) 

109.8(12), C11–P1–H(1P) 111.4(12), Cl1–B1–C12 108.09(12), Cl1–B1–C21 

103.96(12).  

 

The NMR spectra of [PB{SiH2}] (4) are consistent with the assigned structure, 

including the presence of a diagnostic triplet 29Si NMR resonance at -80.4 ppm [1JSiH = 

158 Hz]. The SiH2 unit appears as a ν(Si-H) IR band at 2107 cm-1.14 The solid-state 

structure of 4 is depicted in Figure 2.5 (right), which shows a similar C2PBSi 

heterocyclic structure as in 3. The coordinative Si–P bond in 4 [2.2787(5) Å] is slightly 

shorter than in Baceiredo’s silicon(II) hydride [(Me2Si(NtBu)2)P](C8H10)N(Dipp)]SiH 

[2.318(15) Å].1b While the Si–B distance in 4 [2.0769(15) Å] is longer than in Cui’s 
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Si(II)-hydride adduct ImMe4•Si(H)[{N(Boryl)CH2}2] (Boryl = [B(NDippCH2)2]; 

ImMe4 = (MeCNMe)2C:) [2.014(5) Å].15 

 

 

Figure 2.5. Molecular structure of [PB{SiCl2}] (3) (left) and [PB{SiH2}] (4) (right) 

with thermal ellipsoids at a 30 % probability level. All hydrogen atoms have been 

omitted for clarity. Selected bond lengths [Å] and angles [°]: 3: Si1–P1 2.3058(4), Si1–

B1 2.0597(13), Si1–Cl1 2.0777(5), Si1–Cl2 2.0818(5); P1–Si1–B1 96.94(4), Cl1–Si1–

Cl2 102.79(2), C11–Si1–P1 95.03(4), Si1–B1–C12 101.49(7). 4: Si1–P1 2.2787(5), 

Si1–B1 2.0769(15), Si1–H1 1.414(19), Si1–H2 1.415(19); P1–Si1–B1 94.09(4), H1–

Si1–H2 102.9(11). 

 

A major goal of this study was to use the newly prepared FLP-EH2 complexes 

(2 and 4) as single-source precursors for the deposition of the bulk semi-conductors Ge 

and Si. To start, [PB{GeH2}] (2) was subjected to thermal gravimetric analysis (TGA), 

which showed an onset of decomposition at 115 °C, with a residual mass after heating 

to 550 °C of 15 wt. % (Figure 2.6); this value corresponds very well to the expected wt. 
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% Ge of 16 % in 2. For [PB{SiH2}] (4), the onset of decomposition was significantly 

lower (67 °C), with 14 wt. % remaining after heating to 550 °C (Figure 2.7). The 

expected remaining weight % of Si in 4 is ca. 7 %, suggesting incomplete degradation 

of 4 in the solid-state and/or partial oxidation of the reactive Si(0) surface. To confirm 

that the free PB ligand would volatilize upon heating, a TGA on PB was conducted 

(Figure 2.8), which showed an onset of volatilization (temperature at which 99.5 % 

weight loss is observed) at 134 °C, with a 3 wt. % residual mass after heating to 550 

°C. 

 

Figure 2.6. TGA profile of [PB{GeH2}] (2), ranging from 25 °C to 600 °C in a N2 

atmosphere at a heating rate of 10 °C/min. 
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Figure 2.7. TGA profile of [PB{SiH2}] (4), ranging from 25 °C to 600 °C in a N2 

atmosphere at a heating rate of 10 °C/min. 

 

Figure 2.8. TGA profile of PB, ranging from 25 °C to 600 °C in a N2 atmosphere at a 

heating rate of 10 °C/min. 

 

Encouraged by the low decomposition temperatures for the [PB{EH2}] adducts 

2 and 4, two possible general thermolytic pathways for the decomposition of 2 or 4 into 
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PB, E(solid) and H2 were evaluated computationally at a M06-2X16/cc-pVTZ17 level of 

theory (Figures 2.9 and 2.10). Decomposition of these hydrides into PB, E (solid) and 

H2 was calculated to be exergonic (ΔG) in toluene by -25.5 kcal/mol (Ge) and -13.7 

kcal/mol (Si) through either Pathway 1 (direct dehydrogenation; Figure 2.9) or Pathway 

2 (initial loss of EH2; Figure 2.10). The toluene-solvated computations suggest that 

direct dehydrogenation (Pathway 1) is favored over loss of EH2 (Pathway 2) by 3.8 

kcal/mol for 4 and 7.7 kcal/mol for 2 (Figures 2.9 and 2.10). 
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Figure 2.9. Computed relative Gibbs free energies in kcal/mol for Pathway 1 in the 

thermolysis of [PB{EH2}] (E = Si (red lines) and Ge (black lines)) in the gas phase; 

values in parentheses correspond to those obtained with a toluene polarizable 

continuum model (PCM). Pathway 1 involves E–H bond cleavage and loss of H2 with 

subsequent E–P and E–B bond breakage to release H2, PB and E (E= Si and Ge). For 

IMSi (PB + Si(g) + H2), silicon was optimized as a triplet state in the gas phase. Likewise, 

for IMGe (PB + Ge(g) + H2), germanium was optimized as a triplet state in the gas phase. 

No transition states could be located; attempts to locate transition states optimized to 

intermediate structures (PB, PB{E}, [PB{EH2}]). Thus, the P–E/E–B bond breakage 

may be a barrierless concerted process. Gibbs free energy formation for germanium and 

silicon are included in the last step, as obtained from the NIST.18 
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Figure 2.10. Computed relative Gibbs free energies in kcal/mol for Pathway 2 in the 

thermolysis of [PB{EH2}] (E = Si (red lines) and Ge (black lines)) in the gas phase; 

values in parentheses correspond to those obtained with a toluene polarizable 

continuum model (PCM). Pathway 2 involves P–E and E–B bond cleavage, leading to 

loss of EH2 with subsequent E–H bond breakage to release H2, PB and E (E= Si and 

Ge). For IMSi (PB + Si(g) + H2), silicon was optimized as a triplet state in the gas phase. 

Likewise, for IMGe (PB + Ge(g) + H2), germanium was optimized as a triplet state in the 

gas phase. No transition states could be located; attempts to locate transition states 

optimized to intermediate structures (PB, PB{E}, [PB{EH2}]). Thus, the P–E/E–B 

bond breakage may be a barrierless concerted process. Gibbs free energy formation for 

germanium and silicon are included in the last step, as obtained from the NIST.18 

 

Heating solutions of 2 or 4 inside a J-Young NMR tube in toluene-d8 to 110 °C 

(8 hrs) deposited Ge or Si on the glass surface, respectively, with the sole species 

detected by multinuclear NMR spectroscopy (1H, 11B, 31P) in solution being dissolved 

H2 and the free ligand, PB. When element deposition was conducted on a preparative 
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scale, ca. 70 % of PB could be recovered and re-used, thus forming a “closed loop” 

cycle for element deposition (Schemes 2.2 and 2.3). Notably, the solution-phase 

deposition of Si from 4 at 110 °C represents, to my knowledge, the lowest temperature 

deposition of this ubiquitous semi-conductor from a storable single-source molecular 

precursor.19 

 

To characterize the morphology and elemental composition of the deposited 

bulk Ge (and films) from the thermolysis of [PB{GeH2}] (2), SEM imaging and EDX 

maps were obtained (Figures 2.11 - 2.14). Figure 2.11 confirms deposition of bulk Ge 

with a globular morphology, similarly to the previously reported thermolysis of 

Ph3PCMe2•GeH2•BH3 to deposit bulk Ge.6b EDX mapping (Figures 2.12 and 2.13) 

further corroborates that the bulk sample composition is largely Ge (from the detected 

Ge Lα emission) with minimal oxidation (Figure 2.13(d)) observed. 

 

Figure 2.11. Secondary-electron SEM image showing Ge from the thermolysis of 2 on 

top of an aluminum stub. 
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Figure 2.12. An overlaid energy dispersive X-ray (EDX) map showing the distribution 

of C, O, P and Ge in a sample of deposited Ge (same sample as in Figure 2.11). 

 

Figure 2.13. EDX mapping images that show the spatial distribution of (a) P; (b) C; (c) 

Ge; (d) O in a deposited sample of Ge (same as in Figures 2.11 and 2.12). 
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Figure 2.14. Angled (54°) secondary-electron SEM image of a Ge film deposited onto 

a Si wafer via thermolysis of 2 in toluene (1.06 × 10-2 M, 20 hrs, 110 °C). The “X” 

pattern in the film was scratched using the tip of a stainless steel (1.2 mm diameter) 

needle. 

 

In the same manner, SEM imaging and EDX mapping was performed on bulk 

Si (and films) derived from the thermolysis of [PB{SiH2}] (4) (Figures 2.15 to 2.20). 

In contrast to bulk Ge samples deposited from 2, the bulk Si samples often showed 

sample charging, which required the use of carbon tape as the substrate to minimize 

imaging distortion (Figure 2.15). Regardless, high quality SEM/EDX imaging could be 

collected, confirming the formation of fused Si nanoparticle clusters with minimal 

oxidation, alongside strong Si Kα emission in EDX (Figures 2.16 and 2.17). 
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Figure 2.15. Secondary-electron SEM image showing Si deposited from the 

thermolysis of 4 onto carbon tape. 

 

Figure 2.16. An overlaid energy dispersive X-ray (EDX) map showing the distribution 

of C, O, P and Si in a sample of deposited Si (same sample as in Figure 2.15). 
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Figure 2.17. EDX mapping images that show the spatial distribution of (a) P; (b) C; (c) 

Si; (d) O (same sample as in Figures 2.15 and 2.16 above). 

 

Figure 2.18. Angled (52°) secondary-electron SEM image of a Si film deposited onto 

a Ge wafer via thermolysis of 4 in toluene (3.22 × 10-2 M, 20 hrs, 110 °C). The “X” 

pattern was scratched into the film using the tip of a stainless steel (1.2 mm diameter) 

needle. 
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Figure 2.19. An overlaid EDX map of patterned Si film on a Ge wafer, showing the 

distribution of C, O, Ge and Si (same sample as in Figure 2.18). 

 

 

Figure 2.20. EDX mapping images to show the spatial distribution of (a) C; (b) O; (c) 

Si; (d) Ge (same sample as in Figures 2.18 and 2.19 above). 
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When element deposition was repeated onto Si or Ge wafers from solution, SEM 

revealed the presence of Si and Ge films with thicknesses of 110(15) nm and 14(4) μm, 

respectively (Figures 2.14 (Ge), and 2.18-2.20 (Si)). In all collected EDX imaging, EDX 

showed negligible P atom content in all cases, thus sample contamination with PB or 

starting PB[{EH2}] complex (E = Si or Ge) was minimal. The oxidation state of the 

deposited Si and Ge was probed by XPS, which showed both Ge(0) and Ge(II) 

environments for the Ge films (Figures 2.21 and 2.22), while only one Si(0) 

environment was shown for the Si films (Figures 2.23 and 2.24). Oxidation of deposited 

Ge is likely due to brief exposure to air during sample transfer.20 
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Figure 2.21. Survey XPS spectra of deposited Ge. Sample preparation required 

temporary exposure of Ge to atmosphere prior to XPS analysis, resulting in partial 

oxidation of Ge. Although the B 1s and P 2p peaks have been identified using the 

CasaXPS (VAMAS) software, the B 1s and P 2p peaks are too close to the instrument 

baseline for reliable interpretation. 
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Figure 2.22. High-resolution XPS spectra of a sample of bulk Ge with (a) C 1s; (b) O 

1s; (c) Ge 2p; (d) Ge 3d regions shown. 

 

Figure 2.23. Survey XPS spectrum of deposited Si. 
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Figure 2.24. High-resolution XPS spectra of bulk Si with (a) C 1s; (b) O 1s; (c) Si 2p 

regions shown (Si 2p3/2 and Si 2p1/2 peaks are separated by 0.68 eV). Note: The O 1s 

peaks matched well with previously reported surface and lattice Cu–O environments 

from the copper stubs.21 

 

Raman spectroscopy was performed on bulk Ge (from the thermolysis of 2) and 

bulk Si (from the thermolysis of 4) to probe the degree of crystallinity in their respective 

Raman spectra. (Figures 2.25 and 2.26). To minimize oxidation, Raman spectra were 

collected on Ge and Si samples that were packed into flame-sealed melting point tubes 

under N2 for analysis. While crystalline Ge and Si samples exhibit well-defined Ge–Ge 

peaks at 300 cm-1 and Si–Si peaks at 520 cm-1,22 the deposited Ge and Si samples 

exhibited broad Ge–Ge (280 cm-1) (Figure 2.25) and Si–Si (485 cm-1) peaks (Figure 

2.26), which are well in accordance with previously reported Raman spectra of 

amorphous Ge23 and Si.24  
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Figure 2.25. Raman spectrum of deposited Ge using a 632.8 nm laser at 100 % power 

(5 mW) in static mode (10 seconds, 18 accumulations), showing the expected broad 

amorphous Ge–Ge stretching near 280 cm-1. The large broad peak at higher 

wavenumbers is due to background fluorescence of the sample.  

 

Figure 2.26. Raman spectrum of deposited Si using Ge using a 632.8 nm diode laser at 

100 % power (5 mW) in static mode (10 seconds, 15 accumulations), showing the 

expected broad amorphous Si–Si stretching near 485 cm-1. The large broad peak at 

higher wavenumbers is due to background fluorescence of the sample.  
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The reported FLP chelation strategy also enables the formation of a FLP-

diorganosilylene complex, as demonstrated by the synthesis of [PB{SiMe2}] (5) in a 70 

% yield from the reaction between [PB{SiCl2}] (3) and two equiv. of MeLi (Equation 

2.1). The single-crystal X-ray structure of 5 (Figure 2.27) exhibits a similar P–Si–B bite 

angle (93.63(5)°) as in 4 (94.09(4)°), as well as an elongated Si–P bond length 

(2.3055(6) Å) vs. the value of 2.2787(5) Å in 4, suggesting that low temperature release 

of the [SiMe2] moiety should be possible. 

 

 

Figure 2.27. Molecular structure of [PB{SiMe2}] (5) with thermal ellipsoids at a 30 % 

probability level. All hydrogen atoms have been omitted for clarity. Selected bond 

lengths [Å] and angles [°]: Si1–P1 2.3055(6), Si1–B1 2.0746(17), Si1–C1 1.890(2), 

Si1–C2 1.8902(19); P1–Si1–B1 93.63(5), C1–Si1–C2 104.21(10). 
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Heating 5 in toluene at 110 °C for 15 hrs yielded predominantly free PB (by 

31P{1H} NMR) and an orange mixture. Dissolution of the products in THF and 

precipitation into cold (-30 °C) pentane afforded polydimethylsilane [SiMe2]n as a white 

solid, which was identified using FT-IR (Figure 2.28)25,26, 1H-29Si HSQC/HMBC NMR 

spectroscopies (Figure 2.29),27 and gel permeation chromatography (Figure 2.30).  

 

Figure 2.28. FT-IR spectrum for deposited polydimethylsilane [SiMe2]n after 

precipitation from cold methanol and dried under high vacuum. ν = stretching mode; δ 

= deformation; as = asymmetric; s = symmetric. Assignments were made via 

comparison with previously reported polysilanes.25,26 
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Figure 2.29. GPC elution profile for deposited polydimethylsilane [SiMe2]n. Note that 

negative peaks in the refractive index (RI) detector are artifacts of sample injection. 

 

Figure 2.30. 1H-29Si HMBC 2D NMR spectrum of deposited polydimethylsilane 

[SiMe2]n in C6D6.
27 Peaks labelled with an asterisk (*) are due to residual pentane. 
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1H-29Si HMBC analysis is consistent with a predominantly linear polymer 

structure,28 while GPC data shows unimodal distribution with a number average 

molecular weight (Mn) of 2.7 kDa (45 repeat units), and a polydispersity index (PDI) of 

2.2. Zybill and co-workers have previously observed the extrusion of oligomeric 

[SiMe2]x (molecular weight = 550±10 Da by cryoscopy) upon heating their silicon-iron 

adduct [(Me2N)3PO•Me2Si•Fe(CO)4] to 120 °C, releasing toxic OP(NMe2)3 and metal 

carbonyls in the process.29 The current route to [SiMe2]n, a demonstrated precursor to 

silicon carbide,8 is a promising new direction for FLP chemistry. The synthetic protocol 

introduced here should provide future access to a wide range of 

poly(diorganotetrelanes) [GeR2]n and [SiR2]n of tuneable composition, where R = alkyl 

or aryl groups; this includes R groups that are incompatible with pre-existing harsh 

Wurtz coupling routes to poly(diorganotetrelanes), such as alkynyl groups. 

2.3 Conclusions 

This Chapter introduces the FLP-stabilized dihydrotetrelene adducts 

[PB{GeH2}] (2) and [PB{SiH2}] (4), and the diorganosilylene complex [PB{SiMe2}] 

(5). The E(II) dihydride complexes represent bottleable single-source precursors for the 

deposition of bulk Ge and Si upon mild heating in solution. Another hallmark of this 

work is the ability to isolate/recycle the FLP ligand (PB) after element deposition. To 

my knowledge, the deposition of Si at 110 °C from the single-source molecular Si(II) 

dihydride precursor 4 in solution represents the lowest temperature for such a process. 
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Finally, polydimethylsilane [SiMe2]n (a precursor to silicon carbide) can be deposited 

from the diorganosilylene adduct [PB{SiMe2}] (5). Future work will involve 

development of new FLP-chelated substrates for low temperature deposition of other 

industrially relevant materials, such as boron nitride (BN). 

2.4 Experimental Details 

2.4.1 General Considerations 

All reactions were performed using Schlenk and glovebox (Innovative 

Technology, Inc.) techniques. All solvents (except hexamethyldisiloxane and petroleum 

ether) were dried using a solvent purification system provided by Innovative 

Technology, Inc., degassed (freeze-pump-thaw method), and stored under nitrogen 

prior to use. Hexamethyldisiloxane and petroleum were refluxed over calcium hydride 

overnight under a N2 atmosphere, distilled, and stored over 4 Å molecular sieves prior 

to use. Chlorodicyclohexylborane (ClBCy2), chlorodiisopropylphosphine (ClPiPr2), 

Li[HBEt3] (1.0 M solution in THF), Mes2BF (Mes = 2,4,6-Me3C6H2), trichlorosilane, 

MeLi (1.6 M solution in Et2O), HCl (2.0 M solution in Et2O), and Cl2Ge•dioxane were 

obtained from Sigma-Aldrich and used as received. 1,2-Dibromobenzene was obtained 

from Oakwood Chemicals and used as received. nBuLi (2.5 M solution in hexanes) was 

obtained from Sigma-Aldrich and titrated with N-benzyl benzamide prior to use.30 

Triethylamine was obtained from Sigma-Aldrich, degassed via three freeze-pump-thaw 

cycles, and stored in a Teflon-capped Schlenk flask over 4 Å molecular sieves prior to 

use. 1-1-Diisopropylphosphine-2-bromobenzene31,32 and MeIPr33 [(MeCNDipp)2C:; 
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Dipp = 2,6-iPr2C6H3] were made according to literature procedures. 1H, 11B, 13C{1H}, 

29Si and 31P NMR spectra were recorded at room temperature using a Varian Inova-400, 

VNMRS-500, or VNMRS-700 spectrometer and referenced to Me4Si (1H, 13C{1H}, 

29Si), 85 % H3PO4 (
31P), and 15 % F3B•OEt2 (

11B). Chemical shifts are reported in parts 

per million (ppm) and coupling constants (J) are reported in Hertz (Hz). Elemental 

analyses and thermal gravimetric analyses were performed at the Analytical and 

Instrumentation Laboratory at the University of Alberta using the Thermo Flash 2000 

Elemental Analyzer and the Perkin Elmer Pyris 1, respectively. Melting points were 

measured in sealed glass capillaries under nitrogen using MelTemp apparatus. Infrared 

(IR) spectra were recorded as Nujol mulls on a Nicolet IR100 FTIR spectrometer for 

PB, 2, and 4. FT-IR spectra of deposited polydimethylsilane [SiMe2]n samples were 

recorded as solids with a Thermo Nicolet 8700 FTIR Spectrometer and Continuum 

Microscope. Raman spectroscopy on deposited Ge and Si was performed by analysis of 

the samples in sealed melting point tubes (20× objective lens) using a Renishaw inVia 

Raman microscope (laser excitation source was RL633 5 mW HeNe laser). Raman 

spectral acquisition settings were 632.8 nm laser, at 100 % power (5 mW), in static 

mode (10 seconds, with 18 accumulations for the deposited Ge Raman spectra and 15 

accumulations for the deposited Si Raman spectra). All spectra were normalized for 

power, time and intensity. Raman data was acquired using Wire 3.4 software and plots 

were prepared using Origin 2020 software without the use of baseline correction.  

 



136 

 

 Scanning electron microscopy (SEM) was carried out with a JEOL 6301F field 

emission SEM operated at an acceleration voltage of 5 kV. SEM samples of deposited 

Ge were prepared by drop-casting a slurry (~2 mg/mL) of the bulk element in hexanes 

onto an aluminum stub under N2, followed by evaporation of the solvent under vacuum. 

SEM samples of deposited Si were prepared by drop-casting a slurry of Si in hexanes 

onto carbon tape, followed by insertion of tape into SEM stage and removal of the 

hexanes under vacuum. SEM of samples of Ge or Si films were prepared by thermolysis 

of 2 or 4 in a sealed microwave tube at 110 °C in toluene for 20 hrs; specific details 

regarding sample preparation and purification can be found in Section 2.4.2. X-ray 

photoelectron spectroscopy (XPS) was performed using the following parameters: 

Kratos Axis Ultra instrument, 210 W, 10-7 Pa operating chamber pressure, with a 

monochromatic Al K source (λ = 8.34 Å) at an electron takeoff angle of 90°. XPS 

samples were prepared by drop-casting the bulk elements from slurries (~2 mg/mL) in 

petroleum ether onto copper stubs. All XPS spectra were processed using the CasaXPS 

(VAMAS) software package and referenced to advantageous carbon at C 1s = 284.8 

eV. After calibration, a Shirley-type background correction was applied to all high-

resolution peaks, except for the Ge 2p peaks, which were interpreted using a linear 

background. Gel permeation chromatography (GPC) was performed with a Viscotek 

VE 2001 autosampler, Viscotek T6000M column and a GPC 270 Max dual and 

Viscotek VE 3580 detectors [right and low angle light scattering and refractive index 

detection] using THF as an eluent at a flow rate of 0.5 mL/min. GPC calibration was 

performed before every sample batch with 99 kDa and 235 kDa polystyrene standards 
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obtained from Malvern. GPC analysis was performed using the OmniSEC 4.6 software 

package. 

2.4.2 Synthetic Procedures 

 

Synthesis of [iPr2P(C6H4)Li(OEt2)x]. This compound was made according to a 

modified literature procedure.4 nBuLi (2.5 M solution in hexanes, 4.98 mL, 12 mmol) 

was added drop-wise to a solution of 1-diisopropylphosphino-2-bromobenzene (3.293 

g, 12.05 mmol) in 10 mL of Et2O at room temperature, resulting in a dark red solution. 

After stirring for 10 min at room temperature, the mixture was cooled to -30 °C for 16 

hrs. This afforded [iPr2P(C6H4)Li(OEt2)]2 as yellow X-ray quality crystals, which 

yielded a final Et2O solvate content of [iPr2P(C6H4)Li(OEt2)0.72] after drying the crystals 

to constant weight (1.807 g, 59 %). 1H NMR spectroscopy was used to determine the 

amount of coordinated Et2O present; typical values of x in the formula above ranged 

from 0.7 to 0.8 equiv. The NMR data for [iPr2P(C6H4)Li(OEt2)x] matched those in the 

literature.4 

 

Synthesis of iPr2P(C6H4)BMes2 (PBMes).9 nBuLi (2.80 M solution in hexanes, 3.50 mL, 

9.80 mmol) was added drop-wise to a solution of 1-diisopropylphosphino-2-

bromobenzene (2.703 g, 9.895 mmol) dissolved in 5 mL of Et2O, cooled to -40 °C. This 

resulted in a dark red-brown solution over a white precipitate. After decanting away the 

supernatant, the remaining solid, containing iPr2P(C6H4)Li, was dissolved in 5 mL of 

Et2O, and a solution of Mes2BF (2.768 g, 10.32 mmol) in 5 mL of Et2O was added to 
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the reaction mixture at room temperature. After stirring the mixture for 8 hrs, the 

volatiles were removed under vacuum, the crude product was combined with 8 mL of 

toluene, and the mixture filtered through Celite. Removal of the solvent from the filtrate 

under vacuum yielded iPr2P(C6H4)BMes2 (PBMes) as a yellow solid (2.872 g, 63 %). X-

ray quality crystals were grown by dissolving PBMes in hexanes, followed by cooling to 

-30 °C for 16 hrs. 1H NMR spectra were collected at -30 °C to minimize rotational 

broadening from Mes groups; NMR spectra at room temperature matched those 

reported previously:9 1H NMR (399.9 MHz, -30 °C, CDCl3): δ = 7.51 (d, 3JHH = 7.2 Hz, 

1H, ArH), 7.34-7.37 (m, 1H, ArH), 7.22-7.26 (m, 1H, ArH), 7.16-7.18 (m, 1H, ArH), 

6.79 (s, 2H, Mes-CH), 6.75 (s, 1H, Mes-CH), 6.63 (s, 1H, Mes-CH), 2.29 (s, 3H, Mes-

CH3), 2.25 (s, 3H, Mes-CH3), 2.22 (s, 3H, Mes-CH3), 2.14 (s, 3H, Mes-CH3), 2.00 (s, 

3H, Mes-CH3), 1.68 (s, 3H, Mes-CH3), 1.27-1.32 (m, 2H, CH(CH3)2), 1.06 (dd, 3JHH = 

6.4 Hz, 3JHP = 13.9 Hz, 3H, CH(CH3)2), 0.93-0.96 (m, 3H, CH(CH3)2), 0.77 (dd, 3JHH = 

6.8 Hz, 3JHP = 13.6 Hz, 3H, CH(CH3)2), 0.49 (dd, 3JHH = 7.2 Hz, 3JHP = 16.5 Hz, 3H, 

CH(CH3)2). 
13C{1H} NMR (100.6 MHz, -30 °C, CDCl3; assignments made via 2D 1H-

13C HSQC and HMBC experiments): δ = 157.8 (d, 1JCP = 40.6 Hz, Cipso-P), 144.3 (s, 

Cipso-B), 143.3 (s, CMes-B), 141.8 (s, MesC), 141.7 (s, MesC), 141.6 (s, MesC), 140.7 

(d, JPC = 3.1 Hz, ArC), 140.1 (s, MesC), 139.5 (s, MesC), 138.9 (d, JCP = 8.6 Hz, ArC), 

132.5 (s, ArC), 132.4 (s, ArC), 131.1 (d, JCP = 1.8 Hz, ArC), 128.9 (s, ArC), 128.2 (s, 

MesCH), 128.1 (s, MesCH), 128.0 (s, MesCH), 127.8 (s, MesCH), 25.6 (d, 1JCP = 15.7 

Hz, CH(CH3)2), 24.5 (d, 2JCP = 5.4 Hz, CH(CH3)2), 23.9 (s, MesCH3), 23.2 (d, 1JCP = 

10.1 Hz, CH(CH3)2), 22.6 (s, MesCH3), 22.5 (s, MesCH3), 22.3 (s, MesCH3), 21.9 (s, 
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MesCH3), 21.8 (s, MesCH3), 20.8 (d, 2JCP = 12.2 Hz, CH(CH3)2), 20.6 (d, 2JCP = 17.0 

Hz, CH(CH3)2), 16.6 (s, CH(CH3)2). 
31P{1H} NMR (161.9 MHz, -30 °C, CDCl3): δ = 

3.9 (s, iPr2P) [Note: this resonance shifts to 5.5 ppm at room temperature]. 11B{1H} 

NMR (128.3 MHz, -30 °C, CDCl3; FWHM = 50 Hz): δ = -12.4 (s, Mes2B) [Note: this 

resonance shifts to 75.6 ppm at room temperature]. Anal. Calcd. for C30H40PB (%): C 

81.44, H 9.11; Found: C 80.24, H 9.01. M.p. 139-142 °C. 

 

Synthesis of iPr2P(C6H4)BCy2 (PB). This ligand was prepared according to a modified 

literature procedure.4 Chlorodicyclohexylborane (1.718 mL, 7.839 mmol) was added 

drop-wise over 5 min at room temperature to a solution of [iPr2P(C6H4)Li(Et2O)x] (x 

= 0.72, 1.807 g, 7.1 mmol) in 10 mL of toluene, and the reaction mixture was stirred 

for 8 hrs at room temperature before removing the volatiles under vacuum. The product 

was extracted into 20 mL of Et2O and the mixture was filtered through Celite. The 

solvent from the filtrate was then removed under vacuum to afford PB as a colorless 

air- and moisture-sensitive oil (2.29 g, 87 %). The NMR data for PB matched those 

reported previously.4 Colorless crystals of PB of suitable quality for single-crystal X-

ray crystallography were grown from a concentrated solution of cold (-30 °C) Et2O.  

 

Synthesis of [PB{GeCl2}] (1). A solution of Cl2Ge•dioxane (144.3 mg, 0.6229 mmol) 

in 10 mL of toluene was added to a solution of iPr2P(C6H4)BCy2 (PB) (230.6 mg, 0.6226 

mmol) in 5 mL of toluene. After stirring the mixture for 12 hrs at room temperature, the 

volatiles were removed under vacuum. The resulting product was washed with 2 × 2 
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mL of petroleum ether and dried under vacuum to give [PB{GeCl2}] (1) as a white solid 

(0.3013 g, 94 %). Colorless X-ray quality crystals of 1 were grown from a concentrated 

solution in cold (-30 °C) hexanes. 1H NMR (699.8 MHz, C6D6): δ = 7.51 (dd, 3JHH = 

7.7 Hz, 3JHP = 4.8 Hz, 1H, ArH), 7.21 (virtual t of d, 3JHH = 7.8 Hz, 4JHP = 1.4 Hz, 1H, 

ArH), 6.86-6.95 (m, 2H, ArH), 2.22 (d of septets, 3JHH = 6.9 Hz, 2JHP = 11.2 Hz, 2H, 

CH(CH3)2), 2.13-2.15 (m, 2H, HCy), 1.75-1.86 (m, 8H, HCy), 1.48-1.54 (m, 2H, HCy), 

1.35-1.44 (m, 10H, HCy), 0.97 (dd, 3JHH = 6.9 Hz, 3JHP = 17.5 Hz, 6H, CH(CH3)2), 0.86 

(dd, 3JHH = 6.9 Hz, 3JHP = 16.1 Hz, 6H, CH(CH3)2). 
13C{1H} NMR (100.6 MHz, C6D6): 

δ = 133.8 (d, JCP = 10.4 Hz, ArC), 131.2 (d, JCP = 4.3 Hz, ArC), 131.1 (d, JCP = 2.6 Hz, 

ArC), 125.2 (d, JCP = 7.7 Hz, ArC), 124.5 (s, ArC), 123.9 (s, ArC), 34.4 (s, BCy2), 33.4 

(br, BCy2), 32.1 (s, BCy2), 29.6 (s, BCy2), 29.1 (s, BCy2), 27.9 (s, BCy2), 24.9 (d, 1JCP 

= 19.8 Hz, CH(CH3)2), 17.9 (s, CH(CH3)2), 17.6 (s, CH(CH3)2). 
31P{1H} NMR (161.9 

MHz, C6D6): δ = -2.1 (s, iPr2P). 11B{1H} NMR (128.3 MHz, C6D6): δ = 17.7 (s, Cy2B; 

FWHM = 22 Hz). Anal. Calcd. for C24H40BCl2GeP (%): C 56.09, H 7.85; Found: C 

56.01, H 7.78. M.p. 119-122 °C.  

 

Synthesis of iPr2P(H)(C6H4)BCy2(Cl) or [PB{HCl}]: A solution of HCl (2.0 M 

solution in Et2O, 270 μL, 0.54 mmol) was added drop-wise to a solution of PB (205.7 

mg, 0.5554 mmol) in 20 mL of toluene while stirring at -78 °C. After the reaction 

mixture was stirred at -78 °C for 1 hr, the mixture was warmed to room temperature, 

and the volatiles were removed under vacuum. The resulting solid was washed with 2 

× 5 mL of petroleum ether and dried to give [PB{HCl}] as a white solid (0.1572 g, 70 
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%). Colorless X-ray quality crystals were grown from a concentrated solution of 

[PB{HCl}] in cold (-30 °C) hexanes. 1H NMR (699.8 MHz, CDCl3): δ = 8.22 (br d, 

1JPH = 518 Hz, 1H, PH), 7.53-7.55 (m, 1H, ArH), 7.33-7.35 (m, 1H, ArH), 7.14-7.18 

(m, 1H, ArH), 7.07-7.09 (m, 1H, ArH), 2.72 (br, 2H, CH(CH3)2), 1.71-1.74 (m, 2H, 

HCy), 1.50-1.59 (m, 6H, CH(CH3)2), 1.38-1.40 (m, 6H, CH(CH3)2), 1.22-1.29 (m, 6H, 

HCy), 1.10-1.14 (m, 4H, HCy), 0.99-1.02 (m, 2H, HCy), 0.87-0.89 (m, 4H, HCy), 0.78-

0.80 (m, 4H, HCy). 
13C{1H} NMR (175.9 MHz, CDCl3): δ = 136.1 (br, ArC), 130.9 (br, 

ArC), 130.3 (br, ArC), 124.2 (d, JCP = 13.2 Hz, ArC), 119.3 (s, ArC), 118.9 (s, ArC), 

34.6 (br, BCy2), 30.5 (br, BCy2), 29.2 (br, BCy2), 27.9 (s, BCy2), 23.9 (br d, 1JCP = 42.5 

Hz, CH(CH3)2), 19.0 (br, CH(CH3)2), 17.7 (br, CH(CH3)2). 
31P NMR (161.9 MHz, 

CDCl3): δ = 30.5 (d, 1JHP = 526 Hz, iPr2PH). 11B{1H} NMR (128.3 MHz, CDCl3): δ = 

12.2 (br, Cy2BCl; FWHM = 42 Hz). Anal. Calcd. for C24H41BPCl (%): C 70.86, H 

10.16; Found: C 69.99, H 10.17. M.p. 162-164 °C. 

 

Syntheses of [PB{GeH2}] (2):  

Step wise route to [PB{GeH2}] (2), starting from 1. Li[HBEt3] (1.0 M solution in 

THF, 147.8 μL, 0.1 mmol) was added to a solution of [PB{GeCl2}] (1) (30.8 mg, 0.0599 

mmol) in 10 mL of Et2O, resulting in a color change from colorless to orange. The 

reaction mixture was stirred for 1 hr at room temperature before the volatiles were 

removed under vacuum. The crude reaction mixture was then combined with 5 mL of 

hexanes, the mixture filtered through Celite, and the filtrate concentrated to a volume 

of 2 mL. Storage of this concentrated solution at -30 °C for 16 hrs gave [PB{GeH2}] 
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(2) as a white microcrystalline solid (0.0197 g, 59 %). Colorless X-ray quality crystals 

of 2 were grown from a concentrated solution of cold (-30 °C) Me3SiOSiMe3. 
1H NMR 

(399.9 MHz, C6D6): δ = 7.82 (dd, 3JHH = 7.8 Hz, JHP = 3.2 Hz, 1H, ArH), 7.26-7.30 (m, 

1H, ArH), 6.96-7.00 (m, 1H, ArH), 6.87-6.90 (m, 1H, ArH), 3.81 (s, 2H, GeH2), 2.19-

2.22 (m, 2H, HCy), 1.83 (septet, partially buried, 3JHH = 7.1 Hz, 2H, CH(CH3)2), 1.81-

1.96 (m, 8H, HCy), 1.24-1.65 (m, 10H, HCy), 1.00-1.12 (m, 2H, HCy), 0.85 (dd, 3JHH = 

7.3 Hz, 3JHP = 16.2 Hz, 6H, CH(CH3)2), 0.72 (dd, 2JHH = 7.3 Hz, 3JHP = 16.2 Hz, 6H, 

CH(CH3)2). 
13C{1H} NMR (125.7 MHz, C6D6): δ = 135.2 (d, JCP = 13.8 Hz, ArC), 130.6 

(d, JCP = 2.5 Hz, ArC), 129.8 (d, JCP = 6.3 Hz, ArC), 129.5 (s, ArC), 128.9 (s, ArC), 

124.7 (d, JCP = 7.5 Hz, ArC), 35.4 (s, BCy2), 34.2 (br, BCy2), 32.8 (s, BCy2), 30.0 (s, 

BCy2), 29.8 (s, BCy2), 28.6 (s, BCy2), 24.8 (d, 1JCP = 22.6 Hz, CH(CH3)2), 18.7 (s, 

CH(CH3)2), 18.4 (s, CH(CH3)2). 
31P{1H} NMR (161.9 MHz, C6D6): δ = 34.1 (s, iPr2P). 

11B{1H} NMR (128.3 MHz, C6D6): δ = 2.8 (br, Cy2B; FWHM = 51 Hz). IR (Nujol mull, 

cm-1): 1990 (s, νGe-H). Anal. Calcd. for C24H42BGeP (%): C 64.78, H 9.51; Found: C 

64.96, H 9.49. M.p. 98-99 °C. 

 

One-pot procedure to [PB{GeH2}] (2), starting from PB. A solution of 

Cl2Ge•dioxane (316.8 mg, 1.367 mmol) in 10 mL of Et2O was added to a solution of 

1,2-iPr2P(C6H4)BCy2 (PB) (505.4 mg, 1.365 mmol) in 300 mL of Et2O. The reaction 

mixture was stirred for 12 hrs and then Li[HBEt3] (1.0 M solution in THF, 2.75 mL, 2.7 

mmol) was added drop-wise. After stirring the mixture at room temperature for 3 hrs, 

the precipitate was allowed to settle for 30 min and the mother liquor was decanted and 
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filtered through a Celite-packed frit. The volatiles were removed from the filtrate under 

vacuum, and the resulting solid was then washed 3 × 2 mL of cold (-30 °C) hexanes to 

yield [PB{GeH2}] (2) as a white powder (0.2354 g, 39 %). NMR data for this product 

matched that obtained in the step wise procedure described above. 

 

Syntheses of [PB{SiCl2}] (3): 

Procedure A (from PB and MeIPr/HSiCl3). HSiCl3 (41.5 μL, 0.411 mmol) was added 

to a rapidly stirring solution containing iPr2P(C6H4)BCy2 (PB) (152.0 mg, 0.4104 

mmol) and MeIPr (171.1 mg, 0.4110 mmol) in 18 mL of toluene, resulting in the 

immediate precipitation of [MeIPrH]Cl. After 15 min, 0.5 g of pre-dried silica gel was 

added and the mixture was stirred for 5 min. The precipitate/silica gel was allowed to 

settle and the mother liquor was filtered through a 2 cm plug of silica gel in a glass 

fiber-packed pipette. The volatiles were removed from the filtrate to give [PB{SiCl2}] 

(3) as an analytically pure white solid (0.0328 g, 17 %). Colorless X-ray quality crystals 

of [PB{SiCl2}] (3) were grown from a concentrated solution of cold (-30 °C) hexanes. 

1H NMR (399.9 MHz, C6D6): δ = 7.78 (dd, 3JHH = 7.6 Hz, JHP = 4.0 Hz, 1H, ArH), 7.23-

7.26 (m, 1H, ArH), 6.90-6.92 (m, 1H, ArH), 6.84-6.86 (m, 1H, ArH), 2.00-2.15 (m, 4H, 

CH(CH3)2 and HCy), 1.86-1.94 (m, 8H, HCy), 1.66-1.74 (m, 4H, HCy), 1.35-1.61 (m, 5H, 

HCy), 1.08-1.32 (m, 3H, HCy), 0.86 (dd, 3JHH = 6.8 Hz, 3JHP = 16.0 Hz, 6H, CH(CH3)2), 

0.82 (dd, 3JHH = 7.2 Hz, 3JHP = 16.0 Hz, 6H, CH(CH3)2). 
13C{1H} NMR (175.9 MHz, 

C6D6): δ = 135.6 (d, JCP = 11.4 Hz, ArC), 131.2 (d, JCP = 2.8 Hz, ArC), 130.4 (d, JCP = 

6.2 Hz, ArC), 129.1 (s, ArC), 128.5 (s, ArC), 124.5 (d, JCP = 8.6 Hz, ArC), 34.5 (s, 
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BCy2), 32.8 (br, BCy2), 32.0 (s, BCy2), 30.1 (s, BCy2), 29.7 (s, BCy2), 28.5 (s, BCy2), 

24.2 (d, 1JCP = 24.5 Hz, CH(CH3)2), 17.8 (s, CH(CH3)2), 17.5 (s, CH(CH3)2). 
31P{1H} 

NMR (161.9 MHz, C6D6): δ = -5.4 (s, iPr2P). 11B{1H} NMR (128.3 MHz, C6D6): δ = -

4.3 (br, Cy2B; FWHM = 163 Hz). 29Si{1H} (79.4 MHz, C6D6): δ = 53.8 (d, 1JPSi = 117 

Hz, SiCl2). Anal. Calcd. for C24H40BCl2SiP (%): C 61.42, H 8.59; Found: C 62.19, H 

8.81. M.p. 111-113 °C. 

 

Procedure B (from [PB{HCl}] and excess Et3N/HSiCl3). HSiCl3 (5.14 mL, 50.8 

mmol) was added at room temperature to a solution of iPr2P(H)(C6H4)BCy2(Cl) 

[PB{HCl}] (206.8 mg, 0.5083 mmol) in 100 mL of a 1:4 toluene:Et2O mixture. Then, 

Et3N (7.10 mL, 50.9 mmol) was added quickly to the reaction mixture, leading to the 

precipitation of a yellow solid over the span of 10 min. After stirring at room 

temperature for another 8 hrs, the reaction mixture was subjected to cannula filtration 

to give a colorless solution. The volatiles were removed from the filtrate under vacuum, 

then the product was extracted with 2 × 5 mL of toluene, followed by 2 × 5 mL of Et2O. 

The extracts were combined and the solvents were then removed under vacuum to give 

a white solid. This product was dissolved in 10 mL of hexanes, filtered, and then the 

filtrate was concentrated to a final volume of 1 mL. Cooling this solution for 16 hrs at 

-30 °C gave colorless crystals of [PB{SiCl2}] (3) (0.0832 g, 35 %). The NMR data for 

[PB{SiCl2}] (3) synthesized using this procedure (B) matched the data listed above for 

Procedure A.  
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Synthesis of [PB{SiH2}] (4). Li[HBEt3] (1.0 M solution in THF, 81.0 μL, 0.081 mmol) 

was added to a stirring solution of [PB{SiCl2}] (3) (19.0 mg, 0.0405 mmol) in 10 mL 

of Et2O, resulting in the formation of a white precipitate after 5 min. The reaction 

mixture was then stirred for another 1 hr and the volatiles were removed under vacuum. 

5 mL of hexanes was then added and the mixture was filtered through Celite. The filtrate 

was concentrated to a volume of 2 mL and cooled to -30 °C for 16 hrs to yield 

[PB{SiH2}] (4) as colorless crystals of suitable quality for single-crystal X-ray 

crystallography (0.0139 g, 86 %). 1H NMR (399.9 MHz, C6D6): δ = 7.87 (dd, 3JHH = 

7.6 Hz, JHP = 2.8 Hz, 1H, ArH), 7.28-7.31 (m, 1H, ArH), 6.97-6.99 (m, 1H, ArH), 6.84-

6.86 (m, 1H, ArH), 3.59 (d, 2JHP = 3.6 Hz with 29Si–1H satellites 1JHSi = 161 Hz, 2H, 

SiH2), 2.19-2.22 (m, 2H, HCy), 1.81-2.00 (m, 10H, CH(CH3)2 and HCy), 1.60-1.69 (m, 

2H, HCy), 1.24-1.55 (m, 6H, HCy), 1.08-1.23 (m, 4H, HCy), 0.81 (dd, 3JHH = 7.2 Hz, 3JHP 

= 16.0 Hz, 6H, CH(CH3)2), 0.72 (dd, 3JHH = 7.2 Hz, 3JHP = 16.4 Hz, 6H, CH(CH3)2). 

13C{1H} NMR (175.9 MHz, C6D6): δ = 135.7 (d, JCP = 14.8 Hz, ArC), 130.8 (d, JCP = 

2.8 Hz, ArC), 129.7 (s, ArC), 129.5 (d, JCP = 6.9 Hz, ArC), 129.1 (br, ArC), 124.7 (d, 

JCP = 8.4 Hz, ArC), 35.7 (s, BCy2), 34.3 (br, BCy2), 33.1 (s, BCy2), 30.2 (s, BCy2), 30.0 

(s, BCy2), 28.7 (s, BCy2), 24.3 (d, 1JCP = 26.7 Hz, CH(CH3)2), 18.5 (s, CH(CH3)2), 18.0 

(s, CH(CH3)2).
 31P{1H} NMR (161.9 MHz, C6D6): δ = 29.7 (s, iPr2P). 11B{1H} NMR 

(128.3 MHz, C6D6): δ = -4.2 (br, Cy2B; FWHM = 106 Hz). 29Si (79.4 MHz, C6D6): δ = 

-84.0 (t, 1JHSi = ca. 158 Hz, SiH2). IR (Nujol mull, cm-1): 2107 (s, νSi-H). Anal. Calcd. 

for C24H42BSiP (%): C 71.98, H 10.57; Found: C 71.63, H 10.42. M.p. 93-95 °C. 
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Synthesis of [PB{SiMe2}] (5). MeLi (1.6 M solution in Et2O, 187 μL, 0.29 mmol) was 

added to a solution of [PB{SiCl2}] (3) (70.2 mg, 0.149 mmol) in 50 mL of Et2O at -78 

°C, resulting in a small amount of white precipitate. The reaction mixture was stirred 

for 25 min at -78 °C before warming up to room temperature. At this point, the volatiles 

were removed (under vacuum) from the white slurry. The crude reaction mixture was 

combined with 5 mL of hexanes and filtered through Celite; the filtrate was then 

concentrated to a volume of 2 mL. Storage of this concentrated solution at -30 °C for 

16 hrs gave [PB{SiMe2}] (5) as a white microcrystalline solid (0.0446 mg, 70 %). X-

ray quality crystals of 5 were grown from a concentration solution in cold (-30 °C) 

hexanes. 1H NMR (399.9 MHz, C6D6): δ = 7.94 (dd, 3JHH = 7.6 Hz, JHP = 2.8 Hz, 1H, 

ArH), 7.28-7.32 (m, 1H, ArH), 6.97-7.00 (m, 1H, ArH), 6.89-6.93 (m, 1H, ArH), 1.88-

2.00 (m, 12H, HCy and CH(CH3)2), 1.51-1.64 (m, 4H, HCy), 1.40-1.46 (m, 2H, HCy), 

1.29-1.36 (m, 3H, HCy), 0.88-0.97 (m, 3H, HCy), 0.79 (dd, 3JHH = 6.4 Hz, 3JHP = 17.6 

Hz, 6H, CH(CH3)2), 0.78 (dd, 3JHH = 6.8 Hz, 3JHP = 15.6 Hz, 6H, CH(CH3)2), 0.56 (d, 

3JHP = 9.9 Hz, 6H, Si(CH3)2). 
13C{1H} NMR (175.9 MHz, C6D6): δ = 135.7 (d, JCP = 

13.4 Hz, ArC), 130.2 (s, ArC), 129.8 (d, JCP = 5.9 Hz, ArC), 128.9 (s, ArC), 128.5 (s, 

ArC), 123.9 (d, JCP = 8.1 Hz, ArC), 35.4 (s, BCy2), 34.1 (s, BCy2), 32.8 (s, BCy2), 30.5 

(s, BCy2), 30.1 (s, BCy2), 28.9 (s, BCy2), 24.2 (d, 1JCP = 22.5 Hz, CH(CH3)2), 18.6 (s, 

CH(CH3)2), 18.1 (s, CH(CH3)2), 0.4 (d, 2JCP = 8.1 Hz, Si(CH3)2). 
31P{1H} NMR (161.9 

MHz, C6D6): δ = 10.2 (br, iPr2P). 11B{1H} NMR (128.3 MHz, C6D6): δ = -9.0 (br, Cy2B; 

FWHM = 60 Hz). 29Si{1H} (79.4 MHz, C6D6): δ = 15.9 (br, Si(CH3)2). Anal. Calcd. for 

C26H46BSiP (%): C 72.88, H 10.82; Found: C 71.58, H 10.31. M.p. 165-167 °C. 
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Thermolysis of [PB{GeH2}] (2): 

Procedure A – For SEM/EDX/IR/Raman analysis of bulk Ge(0). A sample of 

[PB{GeH2}] (2) (23.1 mg, 0.0449 mmol) was dissolved in 600 μL of toluene. Then, the 

solution was transferred into a Teflon-capped J-Young NMR tube, sealed under N2 and 

heated to 110 °C using an oil bath. After 10 hrs, the reaction mixture was examined by 

31P{1H} NMR to confirm full conversion from [PB{GeH2}] (2) to PB. Afterwards, the 

mixture was transferred to a vial, and a further 3 × 5 mL of hexanes was used to extract 

the slurried contents of the NMR tube. The extracts were combined and the precipitate 

allowed to settle. The mother liquor (containing PB) was decanted away from the 

deposited Ge(0), and the remaining precipitate was further washed with 2 × 5 mL of 

hexanes (allowing the precipitate to settle for 30 min in between washes). Drying under 

high vacuum gave bulk Ge(0) as a light brown solid. Recovery of PB from combined 

organic fractions: 14.3 mg, 74 %. Mass of Ge(0) recovered: 3.4 mg, 90 %.  

 

Procedure B – For SEM/EDX analysis of Ge films: A sample of [PB{GeH2}] (2) 

(23.6 mg, 0.0530 mmol) was dissolved in 5.00 mL of toluene in a glovebox. The 

resulting solution of 2 (1.06 × 10-2 M) was filtered through a piece of glass fiber filter 

paper into a microwave tube containing a <100> oriented N-type Si wafer substrate 

(University Wafer, 4” size, 500 μm thickness with surface oxide). The microwave tube 

was then sealed with a Teflon cap, brought outside of the glovebox and heated to 110 

°C for 20 hrs using an oil bath. Once cooled to room temperature, the microwave tube 



148 

 

was brought inside of the glovebox, unsealed and the mother liquor decanted. The 

remaining Ge-coated Si substrate was washed with 3 × 5 mL of hexanes (to remove 

residual PB) and dried under high vacuum. The surface of the Ge-covered Si wafer was 

then scratched with an “X” pattern using the tip of a stainless steel (1.2 mm diameter) 

needle. 

 

Thermolysis of [PB{SiH2}] (4): 

Procedure A – For SEM/EDX/IR analysis of bulk Si(0): A sample of [PB{SiH2}] 

(4) (21.6 mg, 0.0490 mmol) was dissolved in 0.600 mL of toluene in a glovebox. The 

solution was then transferred into to a Teflon-capped J-Young NMR tube and heated to 

110 °C using an oil bath. After 10 hrs, the reaction mixture was analyzed by 31P{1H} 

NMR to confirm full conversion of [PB{SiH2}] (4) to PB. Afterwards, the contents of 

the NMR tube were transferred into a vial in a glovebox; further extraction of the 

material in the NMR tube was accomplished using 3 × 5 mL of hexanes. The extracts 

were combined and the precipitate was allowed to settle. The mother liquor was 

decanted away (to separate PB from the deposited Si(0)), and the precipitate was 

washed again with 2 × 5 mL of hexanes, each time allowing 30 min for the Si(0) 

precipitate to settle. The sample of Si(0) was then dried under high vacuum to give Si(0) 

as a light yellow solid. Recovery of PB from the organic fractions: 13.3 mg, 73 %. Mass 

of Si(0) recovered: 1.1 mg, 80 %.  
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Procedure B – For SEM/EDX analysis of Si films. A sample of [PB{SiH2}] (4) (42.5 

mg, 0.114 mmol) was dissolved in 3.00 mL of toluene in a glovebox. The solution (3.22 

× 10-2 M) was filtered through a piece of glass fiber filter paper into a microwave tube 

containing a <100> oriented P-type Ge wafer substrate (University Wafer, 4” size, 175 

μm thickness with surface oxide). The microwave tube was sealed with a Teflon cap, 

brought outside of the glovebox and heated to 110 °C for 20 hrs using an oil bath. Once 

cooled to room temperature, the microwave tube was brought inside of the glovebox, 

unsealed and the remaining solution decanted away from the Si-coated wafer. The wafer 

was washed with 3 × 5 mL of hexanes (solvent filtered beforehand through a pipette 

packed with Celite on top of a piece of glass fiber filter paper) in order to remove 

residual PB, and the Si-covered Si wafer was dried under high vacuum. Lastly, the Si-

covered wafer was scratched with an “X” pattern using the tip of a stainless steel (1.2 

mm diameter) needle. 

 

Thermolysis of [PB{SiMe2}] (5). A solution of [PB{SiMe2}] (5) (46.3 mg, 0.108 

mmol) in 0.600 mL of toluene was prepared in a glovebox and transferred into a Teflon-

capped J-Young NMR tube. The sample was then heated to 110 °C using an oil bath, 

after 15 hrs, the mixture was analyzed by 31P{1H} NMR spectroscopy, which showed a 

77 % conversion of [PB{SiMe2}] (5) into PB. Afterwards, the yellow mixture in the 

tube was slurried together and transferred to a vial in a glovebox, followed by the 

removal of the volatiles under vacuum. The remaining solid in the vial was washed with 

3 × 5 mL of hexanes in order to remove PB and any remaining/unreacted [PB{SiMe2}] 
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(5). The remaining precipitate, containing [SiMe2]n, was dissolved in 1 mL of THF and 

the polymer was into 20 mL of rapidly stirring pentane at -30 °C. Drying the isolated 

precipitate under vacuum gave [SiMe2]n as a white solid (0.0018 g, 29 %). 1H NMR 

(399.9 MHz, C6D6): δ = 0.55 (br, terminal Si(CH3)3), 0.53 (br, linear Si(CH3)2), 0.31 

(br, linear Si(CH3)2). 
29Si{1H} (79.4 MHz, C6D6): δ = -11.8 to -16.7 (br, terminal 

Si(CH3)3), -18.5 to -24.2 (br, linear Si(CH3)2), -26.0 to -31.3 (br, linear Si(CH3)2); these 

resonances were detected by a 2D 1H-29Si HMBC experiment. IR (neat, cm-1): 2918 (s, 

νasC-H), 2848 (m, νsC-H), 1445 (m, δasSi-CH3), 1386 (s, δsSi-CH3). GPC (in THF): Mn 

= 2.7 kDa (45 repeat units), PDI = 2.2.  

2.4.3 X-ray Crystallography 

Appropriate X-ray quality crystals were coated with a small amount of 

hydrocarbon oil (Paratone-N) and removed from the glovebox in a vial. Crystals were 

quickly mounted onto a glass fiber and placed in a low temperature stream of nitrogen 

on the X-ray diffractometer. All data was collected using a Bruker APEX II CCD 

detector/D8 or PLATFORM diffractometer using Mo Kα (0.71073 Å) or Cu Kα 

(1.54178 Å) radiation, with the crystals cooled to -80 °C or -100 °C. The data was 

corrected for absorption through Gaussian integration from the indexing of crystal 

faces.34 Crystal structures were solved using intrinsic phasing (SHELXT)35 and refined 

using SHELXL-2014.36 The assignment of hydrogen atom positions are based on the 

sp2- or sp3-hybridization geometries of their attached carbon atoms and were given 

thermal parameters 20 % greater than those of their parent atoms. Molecular structures 
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are shown with thermal ellipsoids at a 30 % probability level and have been generated 

using SHELXP. 
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Table 2.1. X-ray crystallographic data for [iPr2P(C6H4)Li(OEt2)]2, PBMes and PB. 

Compound [iPr2P(C6H4)Li(OEt2)]2 PBMes PB 

Formula C32H56Li2O2P2 C30H40BP C24H40BP 

Formula weight 548.58 442.40 370.34 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/c (No.14) P21/c (No. 14) P21/c (No.14) 

Crystal dimensions (mm) 0.370.300.19 0.350.200.06 0.210.240.34 

a (Å) 9.7585(12) 19.8298(7) 23.2790(5) 

b (Å) 15.3613(19) 8.0265(3) 9.7656(2) 

c (Å) 12.4399(16) 17.8198(6) 21.3411(4) 

α (°) 90 90 90 

β (°) 109.819(2) 108.756(3) 111.8493(8) 

γ (°) 90 90 90 

V (Å3) 1754.3(4) 2685.65(17) 4503.04(16) 

Z 2 4 8 

ρ (g/cm3) 1.039 1.094 1.093 

Abs coeff (mm-1) 0.147 0.990 1.085 

T (°C) –80 –100 –100 

2θmax (°) 106.52 140.10 148.32 

Total data 15724 16110 23449 

Unique data 4054 (0.0262) 5117 (0.0489) 9153 (0.0179) 

Obs data [I>2σ(I)]a 3367 4080 8643 

Params 172 295 524b 

R1 [I>2σ(I)]a 0.0464 0.0447 0.0382 

wR2 [all data]a 0.1372 0.1214 0.1061 

Max/min Δρ (e- Å-3) 0.369/-0.340 0.257/-0.250 0.302/-0.235 
aR1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo

2 – Fc
2)2/Σw(Fo

4)]1/2. 

bDue to disorder in the cyclohexyl rings, C31C–C32C, C32C–C33C, C33C–C34C, 

C34C–C35C, C35C–C36C, C36C–C31C were restrained to be approximately the same 

as C31A–C32A, C32A–C33A, C33A–C34A, C34A–C35A, C35A–C36A, C36A–

C31A by use of SHELXL SAME instruction (total of twelve restraints). In addition, 

C31C to C36C were refined isotropically. 
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Table 2.2. X-ray crystallographic data for [PB{HCl}], [PB{GeCl2}] (1) and 

[PB{GeH2}] (2). 

Compound [PB{HCl}] [PB{GeCl2}] (1) [PB{GeH2}] (2) 

Formula C24H41BClP C24H40BCl2GeP C24H42BGeP 

Formula weight 444.94 513.83 444.94 

Crystal system Orthorhombic Orthorhombic Orthorhombic 

Space group Pbca (No. 61) P212121 (No.19) Pbca (No. 61) 

Crystal dimensions (mm) 0.230.140.05 0.350.200.06 0.230.140.05 

a (Å) 21.4197(5) 10.3795(3) 21.4197(5) 

b (Å) 9.6386(2) 13.8844(4) 9.6386(2) 

c (Å) 23.2674(6) 17.6615(5) 23.2674(6) 

α (°) 90 90 90 

β (°) 90 90 90 

γ (°) 90 90 90 

V (Å3) 4803.69(19) 2545.25(13) 4803.69(19) 

Z 8 4 8 

ρ (g/cm3) 1.230 1.341 1.230 

Abs coeff (mm-1) 2.381 4.208 2.381 

T (°C) –100 –100 –100 

2θmax (°) 144.79 147.78 144.79 

Total data 31381 11116 31381 

Unique data 4747 (0.0194) 4981 (0.0265) 4747 (0.0194) 

Obs data [I>2σ(I)]a 4496 4916 4496 

Params 252b 262 252 

R1 [I>2σ(I)]a 0.0242 0.0222 0.0242 

wR2 [all data]a 0.0703 0.0572 0.0703 

Max/min Δρ (e- Å-3) 0.314/-0.338 0.453/-0.650 0.314/-0.338 
aR1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo

2 – Fc
2)2/Σw(Fo

4)]1/2. 

bThe B1–C31A and B1–C31B distances were restrained to be approximately the same 

by use of the SHELXL SADI instruction. 
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Table 2.3. X-ray crystallographic data for [PB{SiCl2}] (3), [PB{SiH2}] (4), and 

[PB{SiMe2}] (5). 

Compound [PB{SiCl2}] (3) [PB{SiH2}] (4) [PB{SiMe2}] (5) 

Formula C24H40BCl2SiP C24H42BSiP C26H46BSiP 

Formula weight 469.33 400.44 428.50 

Crystal system Monoclinic Orthorhombic Monoclinic 

Space group P21/n (No.14) Pbca (No.61) P21/n (No.14) 

Crystal dimensions (mm) 0.220.200.16 0.210.090.05 0.130.130.04 

a (Å) 9.8646(2) 21.3338(4) 9.8524(2) 

b (Å) 15.4576(3) 9.6408(2) 15.3657(3) 

c (Å) 17.0757(4) 23.2679(5) 17.3786(4) 

α (°) 90 90 90 

β (°) 102.3442 (10) 90 100.8580(10) 

γ (°) 90 90 90 

V (Å3) 2543.56(9) 4785.62(17) 2583.83(9) 

Z 4 8 4 

ρ (g/cm3) 1.226 1.112 1.102 

Abs coeff (mm-1) 3.390 1.517 1.433 

T (°C) –100 –80 –100 

2θmax (°) 148.13 148.44 140.68 

Total data 110565 151723 17029 

Unique data 5110 (0.0341) 4792 (0.1072) 4928 (0.0345) 

Obs data [I>2σ(I)]a 4866 4154 4237 

Params 266 256 264 

R1 [I>2σ(I)]a 0.0275 0.0339 0.0382 

wR2 [all data]a 0.0741 0.0917 0.1082 

Max/min Δρ (e- Å-3) 0.297/-0.384 0.275/-0.309 0.344/-0.265 
aR1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo

2 – Fc
2)2/Σw(Fo

4)]1/2. 
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Chapter 3 – Frustrated Lewis Pair Chelation and Reactivity 

of Complexed Parent Iminoborane and Aminoborane 

3.1 Introduction 

Boron nitride (BN) is of great interest due to its enhanced hardness (in its cubic 

form, c-BN), thermal conductivity, electronically insulating properties, and thermal 

stability compared to its corresponding isoelectronic carbon allotropes, such as 

diamond.1 Unfortunately, most syntheses of BN involve extreme synthetic 

conditions,2.3 such as temperatures above 900 °C, which make these protocols 

incompatible with most device fabrication methods (Scheme 3.1a). As a result, the 

synthesis of new precursors to bulk boron nitride under milder conditions is of great 

value, with the generation of reactive BN units through dehydrogenation4 of pre-formed 

HBNH complexes as a possible strategy (Scheme 3.1). Free HBNH contains highly 

polarized B-N - and π-linkages, thus, rapid oligomerization of this parent species 

occurs under non-cryogenic conditions.5,6 In 2015, the first formal complex of HBNH, 

IPr•HBNH•BArF
3 was reported (A in Scheme 3.1b; IPr = (HCNDipp)2C: ; Dipp = 2,6-

iPr2C6H3; ArF = 3,5-(F3C)2C6H3), although attempts to yield a molecular BN complex 

via dehydrogenation failed.7 More recently, frustrated Lewis pair (FLP)8 chelation by a 

phosphine-borane ligand iPr2P(C6H4)BCy2 or PB was used as a means to intercept low-

oxidation state element hydride complexes of SiH2 and GeH2 (B and C; Scheme 3.1c; 

see Chapter 2), demonstrating that these complexes were viable precursors for the mild 

(< 100 °C) deposition of films of silicon and germanium, respectively.9,10  



161 

 

 

Scheme 3.1. (a) Large-scale synthesis of boron nitride (BN); (b) first isolated complex 

of HBNH (A); (c) previous work using FLP-chelated EH2 (Si, Ge) complexes (B and 

C) and their use to deposit films of silicon and germanium, respectively.  

 

Herein, the formation of related FLP-chelates, [PB{H2BNH2}] and 

[PB{HBNH}],11 is documented along with experimental efforts to yield boron nitride 

via dehydrogenation. The reactivity of the iminoborane complex [PB{HBNH}], 

towards nucleophilic and electrophilic reagents is examined. Finally, the chelating 

ability of an FLP with alternate (geometrically constrained) alkyl substituents at the 

Lewis acidic boron center is investigated. 
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3.2 Results and Discussion 

Access to the unsaturated B–N systems in this Chapter began with combining 

the intramolecular FLP PB8b,9 with one equiv. of H3B•NH3 in THF for 12 hrs, leading 

to the loss of H2 and formation of the aminoborane adduct [PB{H2BNH2}] (1) in a 75 

% isolated yield (Equation 3.1).11 The formation of 1 parallels the known frustrated 

Lewis pair (FLP)-instigated dehydrogenation of ammonia-borane by the groups of 

Aldridge and Slootweg to yield FLP{H2BNH2} complexes and dihydrogen.4b,8e This 

transformation is proposed to proceed through the protio–hydrido complex 

[iPr2P{H}(C6H4)B{H}Cy2], [PB{H2}]; however, this species could not be detected in-

situ by NMR tracking of the reaction progress, nor did this species form from the direct 

reaction of PB with H2 gas. The single-crystal X-ray structure of 1 (Figure 3.1) features 

a B–N single bond length of 1.573(2) Å for the H2B–NH2 moiety, which is identical, 

within experimental error to the dative B–N bond length in H3B•NH3 [1.599(8) Å].12 
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Figure 3.1. Molecular structure of [PB{H2BNH2}] (1) with thermal ellipsoids at a 30 

% probability level. The asymmetric unit of 1 contains two molecules (A and B); only 

molecule A is shown above. All carbon-bound hydrogen atoms have been omitted for 

clarity. H atoms bound to boron and nitrogen were located in the difference Fourier 

maps and refined isotropically. Selected bond lengths [Å] and angles [°] for molecules 

A and [B]: 1: P1A–C1A 1.8022(16) [1.8019(16)], P1A–B1A 1.9418(19) [1.9425(19)], 

N1A–B1A 1.573(2) [1.574(2)], N1A–B2A 1.630(2) [1.626(2)], C2A–B2A 1.649(2) 

[1.650(2)], N1A–H1NA 0.95(2) [0.89(2)], N1A–H2NA 0.91(2) [0.88(2)], B1A–H1BA 

1.17(2) [1.145(19)], B2A–H2BA 1.122(19) [1.139(19)]; C1A–P1A–B1A 111.76(7) 

[111.71(7)], B1A–N1A–B2A 120.45(12) [120.98(12)], B1A–N1A–H1NA 108.3(12) 

[106.8(12)]. 
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To better understand the underlying mechanism behind the formation of 1, the 

energetics associated with the formation of [PB{H2BNH2}] (1) from PB and H3B•NH3 

were examined via computations at the M06-2X13/cc-pVTZ14 level with a THF 

polarized continuum model (PCM). The initial dehydrogenation event to yield 

monomeric (transient) H2B=NH2 and the hydrogenated FLP 

[iPr2P{H}(C6H4)B{H}Cy2], [PB{H2}] (Scheme 3.2) was computed to be endergonic 

[G = 6.8 kcal/mol]. However, subsequent loss of H2 from [PB{H2}] provides added 

free energy impetus, as evidenced by a computed G of -14.9 kcal/mol for this process; 

this data is in line with the failed attempts to directly hydrogenate PB into [PB{H2}] 

with molecular H2 (1-4 atm). The final step in the formation of 1, coordination of 

H2B=NH2 with PB to give [PB{H2BNH2}] (1) is exergonic by -23.1 kcal/mol, making 

the overall dehydrogenation process to yield 1 from PB and H3B•NH3 exergonic with 

G = -31.2 kcal/mol. While efforts to find a transition state in the dehydrogenation of 

H3B•NH3 with PB have not been successful so far, other groups have postulated the 

direct and synergistic transfer of H-/H+ units from H3B•NH2R to the respective Lewis 

basic and acidic centers of an FLP as a favorable path towards amine-borane 

dehydrogenation.15 
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Scheme 3.2. Proposed reaction sequence leading to the formation of [PB{H2BNH2}] 

(1) and computed energetics (THF polarized continuum model, M06-2X/cc-pVTZ). 

 

When the reaction between PB and H3B•NH3 was repeated at elevated 

temperatures (50 °C, 2 days) in THF, a new minor product (33 %) could be observed 

by in-situ 11B and 31P NMR spectroscopy, in addition to the major species (67 %) 

[PB{H2BNH2}] (1). Upon fractional crystallization of the product mixture from cold (-

35 °C) hexanes, the minor product could be isolated and identified by single-crystal X-

ray diffraction as the borane adduct [PB{BH3}] (2) featuring a coordinative P–B bond 

[1.9309(12) Å] involving the BH3 unit (Figure 3.2) and a 2-H atom that bridges both 

of the -BH2 and -BCy2 units. Of note, [PB{BH3}] (2) can be prepared independently 

from PB and Me2S•BH3 in C6H6 room temperature (Equation 3.2) and isolated in a 78 
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% yield as a colorless solid. Thus, it appears that elevated temperatures facilitate Lewis 

base exchange of ammonia in H3B•NH3 with the Lewis basic -PiPr2 site in PB (likely 

via initial B–N bond cleavage in H3B•NH3), in a similar fashion as the reported 

displacement of the ammonia from H3B•NH3 in the presence of 1,4-

diazabicyclo[2.2.2]octane (DABCO).16 

 

 

Figure 3.2. Molecular structure of [PB{BH3}] (2) with thermal ellipsoids at a 30 % 

probability level. All carbon-bound hydrogen atoms have been omitted for clarity. The 

H atoms bound to boron located in the difference Fourier maps and refined isotropically. 

Selected bond lengths [Å] and angles [°]: P1–C1 1.8092(10), P1–B1 1.9309(12), C2–

B2 1.6058(15), B1–H1B 1.156(15), B1–H2B 1.100(16), B1–H3B 1.101(16), H1B–B2 

1.156(15); C1–P1–B1 108.33(5), C2–B2–C21 116.61(9). 
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To examine the effect of added steric hinderance on the binding of 

aminoboranes with the FLP chelate, PB was combined with H3B•NH2Me in THF at 

room temperature. After 24 hrs, formation of the expected adduct [PB{H2BN(Me)H}] 

(3) occurred, and this species was isolated as colorless crystals of suitable quality for a 

single-crystal X-ray diffraction (61 % yield, Equation 3.3, Figure 3.3). Overall, the 

metrical parameters of [PB{H2BN(Me)H}] (3) are similar to those observed previously 

for [PB{H2BNH2}] (1) with an internal B-N distance [B2-N1] of 1.581(2) Å, and a 

dative B-N distance involving the -BCy2 unit [B1-N1] of 1.662(2) Å; notably, the latter 

B-N bond length in [PB{H2BN(Me)H}] (3) is ca. 0.03 Å longer than in the 

corresponding adduct [PB{H2BNH2}] (1) [1.628(3) Å, avg. of two independent 

molecules in the unit cell], reflecting the steric impact of the methyl group at N in 3. 

Since it was observed that a longer reaction time was needed to afford 3 in similar yields 

to 1 (24 hrs vs. 12 hrs11), the formation of [PB{H2BN(Me)H}] (3) from the combination 

of PB and H3B•NH2Me was explored computationally at a M06-2X13/cc-pVTZ14 level 

of theory with a THF polarized continuum model. As with the formation of 1 from PB 

and H3B•NH3 (Scheme 3.2), the initial dehydrogenation event to yield the mono-

substituted aminoborane H2B=NHMe and the hydrogenated FLP 

[iPr2P{H}(C6H4)B{H}Cy2] [PB{H2}] was computed to be endergonic [ΔG = 8.5 

kcal/mol]. The second step in the proposed mechanism, loss of H2 from [PB{H2}], was 

already computed to be ΔG = -14.9 kcal/mol (see above), however, the final step in the 

formation of 3, coordination of H2B=NHMe with PB to give [PB{H2BN(Me)H}] (3) is 

now significantly less exergonic [ΔG = -14.7 kcal/mol] than the coordination of 
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H2B=NH2 to PB [ΔG = -23.1 kcal/mol] (Scheme 3.2). Thus, the overall formation of 3 

from PB and H3B•NH2Me is less exergonic [ΔG = -22.8 kcal/mol; Scheme 3.3] as 

compared to the computed formation of 1 from PB and H3B•NH3 [ΔG = -31.2 kcal/mol] 

(Scheme 3.2). 

 

 

Figure 3.3. Molecular structure of [PB{H2BN(Me)H}] (3) with thermal ellipsoids at a 

30 % probability level. All carbon-bound hydrogen atoms have been omitted for clarity. 

H atoms bound to boron and nitrogen were located in the difference Fourier maps and 

refined isotropically. Selected bond lengths [Å] and angles [°]: P1–C1 1.8075(15), P1–

B2 1.9784(17), N1–C7 1.4924(19), N1–B1 1.662(2), N1–B2 1.581(2); P1–B2–N1 

108.82(10), C7–N1–B1 112.26(12), C7–N1–B2 111.48(12). 
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Scheme 3.3. Proposed reaction sequence leading to the formation of 

[PB{H2BN(Me)H}] (3) and computed energetics (THF polarized continuum model, 

M06-2X/cc-pVTZ). 

 

Given that the aminoborane adduct [PB{H2BNH2}] (1) formally bears hydridic 

B–H and acidic N–H hydrogen atoms, it was hoped that dehydrogenation could be 

induced to form the target iminoborane adduct [PB{HBNH}]. Thus, [PB{H2BNH2}] 

(1) was subjected to a series of known catalytic dehydrocoupling protocols, including 

combining 1 with 5 mol % (per metal atom) of [Rh(COD)Cl]2, [Rh(COD)Cl]2/2 

Li[HBEt3], [(dppp)Rh(CH2Ph)], Cp2TiCl2/2 nBuLi, [Ir(COE)Cl]2/2 Li[HBEt3], 10 mol 

% Ph3P/B(C6F5)3 and [CpFe(CO)2I]/h in toluene with heating to 110 °C (COD = 1,5-

cyclooctadiene; COE = cyclooctene; dppp = bis(diphenylphosphino)propane); in all 
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cases, no reaction was observed by in-situ 11B and 31P NMR spectroscopic analysis. 

These observations were surprising given that related conditions easily convert the 

amine-boranes H3B•NH2R (R = aryl or alkyl groups) into cyclic dehydrogenated 

products, such as borazanes [H2B-NHR]3, borazines [HBNR]3, and linear polymers 

[H2B-NHR]n.
17 Computations provide a partial reason for the failed dehydrogenation of 

1, since the dehydrogenation of [PB{H2BNH2}] (1) to give H2 and [PB{HBNH}] was 

computed to be unfavorable in a THF polarized continuum model [H = 16.1 kcal/mol; 

G = 7.9 kcal/mol; M06-2X13/cc-pVTZ14]. To probe further the effect of substitution 

on FLP amine-borane adduct dehydrogenation, [PB{H2BN(Me)H}] (3) was also 

combined with 5 mol % [Rh(COD)Cl]2 in THF. After stirring the mixture at room 

temperature for 8 hrs, no reaction was observed by NMR spectroscopy; however, 

heating the same mixture at 60 °C for 8 hrs led to the partial formation of PB, 

[HBNMe]3 and [H2B-NHMe]3. The control reaction, heating a THF solution of 3 at 60 

°C for 8 hrs in the absence of a possible dehydrocoupling catalyst, produced nearly 

identical 31P and 11B NMR spectral profiles; thus, the dehydrogenation of 3 is not 

accelerated to any substantial degree in the presence of the metal complexes 

investigated. While the desired iminoborane adduct [PB{HBNMe}] was not isolated, 

these results are encouraging as it shows that release of B-N products from the FLP 

chelate may be possible under mild heating, a process that would be eventually required 

in the formation/release of bulk boron nitride from an FLP-chelated molecular 

precursor. As a final test of amine-borane dehydrogenation, PB was combined with 

H3B•NHiPr2 in THF. After stirring the reagents at room temperature for 2 days, only a 
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ca. 9 % conversion of PB to [PB{BH3}] (2) could be observed by 1H NMR 

spectroscopy. Furthermore, combining the monomeric aminoborane H2B=NiPr2 with 

PB at room temperature in THF for 8 hrs followed by analysis by multinuclear (1H, 31P, 

11B) NMR spectroscopy indicated that no reaction transpired, thus, there is a clear steric 

limitation for the complexation of H2B=NR2 (R = alkyl) species with PB.  

Motivated by the recent publication of an intramolecular FLP bearing a 

sterically constrained bicyclic 9-borabicyclo(3.3.1)nonane (BBN) unit, 

[iPr2P(C6H4)BBN], by Bontemps and co-workers,18 this ligand (termed herein as P9B) 

was combined with one equiv. of H3B•NH3 in THF. As expected, the target 

aminoborane adduct [P9B{H2BNH2}] (4) was obtained as a colorless solid in a 93 % 

isolated yield (Equation 3.4); in-situ NMR spectroscopy also showed that the borane 

adduct [P9B(BH3)] (5) was also formed in a 5 % yield. Spectroscopically pure 5 can be 

made in a 98 % yield by combining Me2S•BH3 with P9B in THF for 8 hrs at room 

temperature. It should be noted that conversion of P9B to 4 requires heating to 65 °C in 

C6H6, while PB can activate H3B•NH3 at room temperature, likely due to the enhanced 

intramolecular P–B bonding within P9B.18 Specifically, a substantially shielded 

11B{1H} NMR resonance for free P9B is observed in solution at 28.7 ppm in C6D6, 

while the -BCy2 environment in PB appears at 75.6 ppm.11 Furthermore, intramolecular 

P–B coordination was noted in the solid-state structure of P9B [P–B distance = 2.181(3) 

Å].18 The solid-state molecular structure of [P9B{H2BNH2}] (4) is depicted in Figure 

3.4, which features a B2–N1 bond length of 1.5721(15) Å within the H2BNH2 unit, 
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which is identical within experimental error to the corresponding B–N single bond 

within the H2B-NH2 array in 1 [1.573(2) Å].11  

 

 

Figure 3.4. Molecular structure of [P9B{H2BNH2}] (4) with thermal ellipsoids at a 30 

% probability level. All carbon-bound hydrogen atoms have been omitted for clarity. H 

atoms bound to boron and nitrogen were located in the difference Fourier maps and 

refined isotropically. Selected bond lengths [Å] and angles [°]: P1–C1 1.8086(1), P1–

B2 1.9658(13), N1–B1 1.6319(14), N1–B2 1.5721(15), B1–H2A 1.130(5), B1–H2B 

1.104(15), N1–H1A 0.905(16), N1–H1B 0.886(16), B1–C6 1.6484(16); C1–P1–B2 

109.07(5), P1–B2–N1 108.64(7), B2–N1–B1 118.65(8), N1–B1–C6 103.72(8). 

 

A major reason for targeting the synthesis of [P9B{H2BNH2}] (4) was that the 

presence of the less hindered Lewis acidic BBN group in relation to the -BCy2 unit in 
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[PB{H2BNH2}] (1) might encourage favorable metal-mediated dehydrogenation 

chemistry. However, all attempts to promote the catalytic dehydrogenation of 

[P9B{H2BNH2}] (4) using 3 (metal atom) mol % of [Rh(COD)Cl]2 or 0.6 mol % of 

[(dppp)Rh(CH2Ph)] led to no reaction after heating the mixtures to 65 °C in THF for 8 

hrs. This lack of reactivity can be traced (partly) to the neutral computed19 charge at the 

boron-bound hydrogen atoms in the -BH2-NH2- unit in 4 BH2 [QNPA = -0.00] (Figure 

3.5). Of added note, computations show that the negative QNPA values exist at the ipso-

carbon atoms of the BBN unit in 4, each -0.49, hinting at possible nucleophilic character 

within the -BR2 unit (vide infra). 

 

Figure 3.5. Optimized gas phase geometry of [P9B{H2BNH2}] (4) computed at a M06-

2X13/cc-pVTZ14 level of theory with (a) calculated and experimental bond lengths [Å], 

and (b) Wiberg bond indices (WBI)19 and natural charges (QNPA). 

 

Returning to the search for an FLP-chelated HBNH, an alternate 

halogenation/dehydrohalogenation route was explored to access a molecular complex 
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of HBNH using PB. As a first step, H/I exchange at boron was accomplished by treating 

[PB{H2BNH2}] (1) with Me2S•BI3,
20 leading to the iodoborane complex 

[PB{H(I)BNH2}] (6) as colorless crystals in a 22 % isolated yield (Scheme 3.4). The 

low isolated yield for 6 was due to the persistence of the Me2S•BI2H by-product, which 

had to be removed via fractional crystallization, as both this by-product and 6 are 

soluble in hexanes and pentane. The solid-state structure of 6 features a four-coordinate 

boron center with typical B–I and B–H bond lengths of 2.290(7) Å and 1.03(6) Å, 

respectively. (Figure 3.6).  

 

Scheme 3.4. Synthesis of [PB{HBNH}] (7) from [PB{H2BNH2}] (1) via B–H/B–I 

exchange and subsequent dehalogenation with K[N(SiMe3)2]. 
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Figure 3.6. Molecular structure of [PB{H(I)BNH2}] (6) with thermal ellipsoids at a 30 

% probability level. All carbon-bound hydrogen atoms have been omitted for clarity. H 

atoms bound to boron and nitrogen were located in the difference Fourier maps and 

refined isotropically. Selected bond lengths [Å] and angles [°]: P–C11 1.807(5), P–B1 

1.944(7), B1–H1B 1.03(6), I–B1 2.290(7), N–B1 1.523(7), N–B2 1.657(8), C12–B2 

1.633(8); C11–P–B1 107.5(3), B1–N–B2 118.1(4), I–B1–P 110.7(3). 

 

After treating BI3 with Me2S in hexanes, Me2S•BI3 was isolated as a colorless 

solid in a 65 % yield. By cooling (-35 °C) a hexanes solution of Me2S•BI3 for 16 hrs, 

colorless X-ray quality crystals of Me2S•BI3 were obtained (Figure 3.7). While the 

solid-state structure of Me2S•BI3 was first reported in 1987,21 detailed characterization 

of Me2S•BI3 by multinuclear NMR, elemental analysis, and a high-quality 

crystallography structure refinement was not reported prior to this work (see Section 

3.4.2. and Figure 3.7). 
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Figure 3.7. Molecular structure of Me2S•BI3 with thermal ellipsoids at a 30 % 

probability level. All carbon-bound hydrogen atoms have been omitted for clarity. 

Selected bond lengths [Å] and angles [°]: I1–B1 2.232(5), I2–B1 2.219(5), I3–B1 

2.212(5), S1–C1 1.803(6), S1–B1 1.937(6); C1–S1–C2 100.8(3), C1–S1–B1 105.2(3), 

S1–B1–I2 104.5(2). 

 

With [PB{H(I)BNH2}] (6) in hand, dehydrohalogenation of 6 with 

K[N(SiMe3)2] proceeded smoothly to give the target iminoborane complex 

[PB{HBNH}] (7) as colorless crystals in a 48 % yield (Scheme 3.4). In contrast to the 

structure of IPr•HB=NH•BArF
3 (Scheme 3.1b),7 compound 7 adopts a cis-HBNH 

configuration, contained within a nearly planar C2B2NP heterocycle (Figure 3.8). The 

formally dative P1–B2 and N1–B1 linkages in 7 are both shorter than the corresponding 

bonds in 1 [1.927(2) and 1.579(3) vs. 1.9418(19) and 1.630(2) Å], reflecting the change 

in N and B hybridization from sp3 in [PB{H2BNH2}] (1) to sp2 in [PB{HBNH}] (7).  
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Figure 3.8. Molecular structure of [PB{HBNH}] (7) with thermal ellipsoids at a 30 % 

probability level. All carbon-bound hydrogen atoms have been omitted for clarity. H 

atoms bound to boron and nitrogen were located in the difference Fourier maps and 

refined isotropically. Selected bond lengths [Å] and angles [°]: P1–C1 1.7945(18), P1–

B2 1.927(2), B2–N1 1.347(3), B2–H2 1.13(2), N1–H1 0.88(3), B1–N1 1.579(3), B1–

C2 1.645(3); C1–P1–B2 108.35(9), N1–B1–C2 111.29(14), B1–N1–B2 133.91(17), 

P1–B2–N1 114.80(15).  

 

The B2–N1 distance [1.347(3) Å] in 7 is elongated compared to that of gas phase 

HB=NH (1.2381 Å, as determined by IR diode laser spectroscopy),5b and only slightly 

shorter than the B=N bond in IPr•HB=NH•BArF
3 [1.364(2) Å].7 The FT-IR spectrum 

of 7 (as a powder) showed well-defined N–H and B–H stretching bands at 3343 cm-1 

and 2465 cm-1, respectively, which are lower in wavenumber by 27 cm-1 (N–H) and 46 

cm-1 (B–H) compared to the corresponding vibrations in IPr•HB=NH•BArF
3

7 (Figure 

3.9, red trace). This trend suggests that stronger N–H and B–H bonds are present in 

IPr•HB=NH•BArF
3 compared to those in 7, which may be promising for the catalytic 

dehydrogenation of H–B/N–H bonds in 7 to afford the target [PB{BN}] complex. Since 



178 

 

B=N stretching modes can range from 1100 cm-1 to 1500 cm-1, the B=N stretching band 

in 7 has been tentatively assigned at 1443 cm-1 by comparison with the computed IR 

spectrum for 7 at a M06-2X13/cc-pVTZ14 level of theory (Figure 3.9, black trace).22 The 

B=N stretching band for 7 could not be compared to that found in IPr•HB=NH•BArF
3,

7 

as the reported IR spectrum for the latter species was collected in Nujol, which has IR 

stretches in this region. Notably, the B=N stretching for 7 (1443 cm-1) was significantly 

shifted by ca. 200 cm-1 from that of gas phase HB≡NH (1770 cm-1),5b as a consequence 

of the LB/LA stabilization in 7, leading to weakened B-N multiple bonding in the 

HBNH unit. 

 

Figure 3.9. Computed (black trace; at a M06-2X13/cc-pVTZ14 level of theory) and 

measured (red trace) IR spectra (powder, KBr plate) of [PB{HBNH}] (7). Computed 

IR frequencies were corrected by a scaling factor of 0.946.22 Selected measured IR 

bands (cm-1) are labelled on the graph in grey: 1443 (s, νB=N), 2465 (s, νB-H), 3343 

(s, νN-H). 
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The DFT-computed HOMO and LUMO of 7 show B–N π and B–N π* orbital 

contributions, respectively (Figure 3.10). In particular, the expected B=N π and π* 

MOs19 are shown in Figure 3.11a/b, alongside a computed Wiberg bond index (WBI) 

of 1.41 for the B=N unit in 7, which is consistent with double bond character; a similar 

WBI of 1.32 for the B=N unit was reported earlier in IPr•HB=NH•BArF
3 (Figure 3.11).7 

 

Figure 3.10. Computed natural bond orbitals (NBOs; at a M06-2X13/cc-pVTZ14 level 

of theory) of [PB{HBNH}] (7) depicting [with e- occupancy]:19 (a) the B–N π orbital 

[2.0 e-]; (b) the B–N π* orbital [0.0 e-]; (c and d) B–N σ and σ* orbitals [2.0 and 0.0 e-

]; (e and f) B–N and P–B σ-orbital [each 2.0 e-] involving the PB ligand. 
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Figure 3.11. Optimized gas phase geometry of [PB{HBNH}] (7) computed at a M06-

2X13/cc-pVTZ14 level of theory with (a) calculated and experimental bond lengths [Å], 

and (b) Wiberg bond indices (WBI)19 and natural charges (QNPA) for [PB{HBNH}] (7). 

 

Similar to [PB{H2BNH2}] (1), all dehydrogenation attempts involving 7 using 

5 mol % [Rh(COD)Cl]2, 5 mol % [Rh(COD)Cl]2/Li[HBEt3] or 6 mol % (dppp)Rh(η3-

CH2Ph) as catalysts led to no reaction (up to 110 °C in toluene). The stoichiometric 

dehydrogenation of 7 with [(MesNacnac)Mg-Mg(MesNacnac)] (MesNacnac = 

[(HC(MeCNMes)2]
–)23 was attempted, but led to no reaction. Attempted coordination 

of 7 by the Lewis bases DMAP, Me3P and ImMe4 (DMAP = 4-dimethylaminopyridine, 

ImMe4 = (MeCNMe)2C:) at room temperature in THF led to no reactions. While 

treating 7 with the iron carbonyls, Fe(CO)5 and Fe3CO12, followed by photolysis with a 

125 W Hg lamp in THF for 8 hrs led to a complicated mixture of products by NMR 

monitoring. It should be noted that an analogue of 7, [PB{NBH2}], was prepared by 

Brandon L. Frenette (Ph.D. student, Rivard lab), which undergoes rapid coordination 

by DMAP at the BH2 unit to form the adduct [PB{NBH2}•DMAP].11 
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Given that the adducts [PB{H2BNH2}] (1) and [PB{HBNH}] (7) bear hydridic 

B–H and acidic N–H hydrogen atoms, it was hoped that dehydrogenation could be 

induced to yield 7 from 1, and further H2 loss from 7 would yield a FLP-complexed 

(BN)x unit en route to the deposition to bulk boron nitride. When 7 was heated in toluene 

for 110 °C for 12 hrs, no observable change was noted by in-situ 11B and 31P NMR 

analysis; however, heating 7 at 110 °C in toluene for 5 days, afforded ca. 20 % of free 

PB with the remaining soluble product being unreacted [PB{HBNH}] (7). This is in 

stark contrast to the previously reported [PB{EH2}] (E = Si, Ge) complexes (B and C)9 

that cleanly release bulk E(0), PB and H2 gas at 110 °C, likely due to weaker intraring 

P–E/E–B bonds in comparison to the P–B and B–N linkages in 7 (Scheme 3.1c). 

Moreover, computations show that the B–H bond in [PB{HBNH}] (7) is essentially 

non-polar, with a computed charge at the hydride [QNPA] of only -0.04 (Figure 3.11); 

the lack of substantial hydridic character within the B–H unit in 7 would suppress its 

activation by metal centers, as B–H bond cleavage is often postulated as an important 

step towards metal-mediated amine-borane dehydrogenation.4,24 

To examine further the thermal properties of [PB{H2BNH2}] (1) and 

[PB{HBNH}] (7), thermal gravimetric analysis (TGA) data were collected (Figures 

3.12 and 3.13). For [PB{H2BNH2}] (1), an onset of decomposition (temperature at 

which 95 % weight loss is observed) was observed at 201 °C, with 5.6 wt. % residual 

mass after heating to 500 °C (Figure 3.12). For [PB{HBNH}] (7), an onset of 

decomposition was observed at the same temperature of 201 °C, with 19.9 wt. % 

residual mass after heating to 500 °C (Figure 3.13). Notably, free PB begins to show a 
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weight loss of 5.0 % at 191 °C, thus one cannot rule out loss of PB during the 

decomposition of 1 and 7 above 200 °C.9 If compounds 1 and 7 each liberated volatile 

PB and all equiv. of H2 to yield bulk BN, then a residual mass of ca. 6 wt. % is expected 

in each case. While 1 affords a remaining mass that fits the expected trend, the much 

larger residual mass of 20 wt. % when 7 is heated to 500 °C suggests that a different 

path of degradation is transpiring vs. 1, possibly via activation of the PB ligand. 

 

Figure 3.12. TGA profile of [PB{H2BNH2}] (1), ranging from 25 °C to 500 °C in a N2 

atmosphere at a heating rate of 10 °C/min. 
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Figure 3.13. TGA profile of [PB{HBNH}] (7), ranging from 25 °C to 500 °C in a N2 

atmosphere at a heating rate of 10 °C/min. 

 

The aforementioned reactivity of [PB{HBNH}] (7) centered on B–H bond 

activation, however, possible activation of the N–H linkage in this complex was also 

probed by combining 7 with BnK25 (Bn = CH2Ph) (Equation 3.5). In contrast to the 

targeted deprotonation at N, nucleophilic addition of BnK to 7 gave the nucleophilic 

addition product [PB{H(Bn)BNH}{K(THF)2}] (8), which was isolated as analytically 

pure colorless X-ray quality crystals in a 51 % yield.  
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The solid-state structure of [PB{H(Bn)BNH}{K(THF)2}] (8) is shown in Figure 

3.14, and reveals twisting of the HBNH array into a gauche arrangement, supported by 

N···K coordination [N1···K1 = 2.7855(13) Å]. Addition of the Bn group at boron led 

to the expected loss of B–N π-bonding, as evidenced by the elongation of the N1–B2 

bond length to a value of 1.5019(17) Å; for comparison, the internal B=N distance that 

belongs to the HBNH unit in 7 is 1.347(3) Å.11 Lastly, K···arene interactions [avg. K–

C(Ar) = 3.2206(16) Å] can be observed which help anchor the K(THF)2 unit into close 

proximity to the complexed amido-borane {Bn(H)B-NH} unit. 
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Figure 3.14. Molecular structure of [PB{H(Bn)BNH}{K(THF)2}] (8) with thermal 

ellipsoids at a 30 % probability level. All carbon-bound hydrogen atoms have been 

omitted for clarity. H atoms bound to boron and nitrogen were located in the difference 

Fourier maps and refined isotropically. Only one orientation of each disordered THF 

molecule is shown for clarity. Selected bond lengths [Å] and angles [°]: K1···O2B 

2.681(8), K1···N1 2.7855(13), P1–B2 2.0070(15), N1–B1 1.5653(17), N1–B2 

1.5019(17), N1–H1 0.826(19), B2–H2 1.175(17); O1B–K1–O2B 105.1(2), O2B–K1–

N1 120.51(15), C1–P1–B2 110.40(6). 

 

In a final attempt to isolate a viable precursor to molecular (BN)x complex(es), 

the formation of the unknown B-chloroiminoborane adduct [PB{ClBNH}] was 

targeted, which could be formed by treatment of [PB{HBNH}] (7) with a suitable 

chlorinating agent. From [PB{ClBNH}], it may be possible to instigate HCl loss with 

addition of base or even alkali metal to give [PB{BN}]x. In pursuit of this goal, 

[PB{HBNH}] (7) was treated with the strong chlorinating agent TCCA (TCCA = 

trichloroisocyanuric acid). While 11B{1H} NMR analysis of the new product formed (in 
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C6D6) showed distinct resonances at -1.4 and 42.1 ppm, assigned to the four- and three-

coordinate boron environments, respectively; however, only the four-coordinate 

resonance at -1.4 ppm showed (unexpected) coupling to phosphorus (1JBP = 153 Hz). 

Growth of colorless crystals of suitable quality for single-crystal X-ray crystallography 

(70 % yield) revealed the formation of the ligand-activated product 

[iPr2P(C6H4)BCy{Cl2BNH}] (9) (Equation 3.6), wherein loss of a cyclohexyl group 

from the initial -BCy2 unit transpired with generation of a intraring Cl2BNH unit.  

 

The solid-state structure of 9 is depicted in Figure 3.15, showing a B–N single 

bond that joins the four-coordinate -BCl2- center [B2-N1 = 1.481(2) Å] and a shorter 

B1–N1 bond [1.397(2) Å] that suggests partial B-N π-character (computed Wiberg bond 

index,19 WBI = 1.11 at a M06-2X13/cc-pVTZ14 level of theory). Furthermore, evidence 

for B–N multiple bonding between within the -B(Cy)NH- unit in 9 emerged from the 

computed HOMO and LUMO of 9, wherein B–N π and π* contributions could be 

discerned (Figure 3.16).  
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Figure 3.15. Molecular structure of [iPr2P(C6H4)BCy{Cl2BNH}] (9) with thermal 

ellipsoids at a 30 % probability level. All carbon-bound hydrogen atoms have been 

omitted for clarity. H atom bound to nitrogen was located in the difference Fourier maps 

and refined isotropically. Selected bond lengths [Å] and angles [°]: Cl1–B2 1.893(2), 

Cl2–B2 1.874(2), N1–H1N 0.81(2), P1–B2 1.9781(19), N1–B1 1.397(2), N1–B2 

1.481(2); B1–N1–B2 131.31(15), P1–B2–N1 108.14(11), Cl1–B2–N1 111.81(13), P1–

B1–Cl2 108.20(10). 

 

Figure 3.16. Computed molecular orbitals for [iPr2P(C6H4)BCy{Cl2BNH}] (9) at a 

M06-2X13/cc-pVTZ14 level of theory depicting: (a) HOMO with B-N π orbital 

character; (b) LUMO with B-N π* orbital character. 
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The path by which [iPr2P(C6H4)BCy{Cl2BNH}] (9) is formed could involve the 

intended, yet unselective, chlorination at boron in 7 with TCCA to yield [PB{ClBNH}], 

followed by Cy/Cl exchange at boron to give the reactive intermediate 

[iPr2P(C6H4)B(Cl)Cy{ClBNH}] (9INT, Scheme 3.5). Notably, the required 1,3-chloride 

migration to convert 9INT into the final product 9 has been computed to be exergonic 

(ΔG) by -12.6 kcal/mol in the gas phase (M06-2X13/cc-pVTZ14 level of theory), adding 

some support to the proposed mechanism shown in Scheme 3.5. The reactivity between 

[PB{HBNH}] (7) and TCCA highlights that these phosphine-borane FLP chelates are 

prone to ligand cleavage in the presence of chlorination agents, a process that is 

facilitated by the nucleophilic character of the Cy groups bound to boron. 

 

Scheme 3.5. Proposed route involved in the chlorination of [PB{HBNH}] (7) by TCCA 

to yield [iPr2P(C6H4)BCy{Cl2BNH}] (9), and the computed energies associated with 

the isomerization of intermediate 9INT into 9 via a 1,3-chloride shift. 
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3.3 Conclusions 

The reactivity of the aminoborane and iminoborane adducts [PB{H2BNH2}] (1) 

and [PB{HBNH}] (7) was examined, with focus on potentially releasing bulk boron 

nitride via dehydrogenation and ligand (PB) loss. It appears that for these adducts, a 

low degree of hydridic character within the B–H bonds is suppressing metal-mediated 

dehydrogenation. Moreover, formation of an FLP-H2BNH2 complex (4) bearing a less 

hindered Lewis acidic BBN borane group failed to release H2 for a similar reason. Rapid 

nucleophilic attack and ligand activation was observed upon combining [PB{HBNH}] 

(7) with BnK and TCCA, respectively, yield [PB{H(Bn)BNH}{K(THF)2}] (8) and 

[iPr2P(C6H4)BCy{Cl2BNH}] (9). Future work will involve the development of new 

intramolecular FLP constructs, including those with strongly donating N-heterocyclic 

olefin (NHO) units,26 to promote the loss of H2 and yield viable (BN)x precursors for 

the low temperature deposition of boron nitride.  
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3.4 Experimental Details 

3.4.1 General Considerations 

All reactions were performed using Schlenk and glovebox (Innovative 

Technology, Inc.) techniques. All solvents were dried (except heptane, 

hexamethyldisiloxane, fluorobenzene and pentane) using a solvent purification system 

provided by Innovative Technology, Inc., degassed (freeze-pump-thaw method), and 

stored under nitrogen prior to use. Heptane was sparged with N2 for 30 min prior to use. 

Pentane was degassed via three freeze-pump-thaw cycles and dried over 4 Å molecular 

sieves prior to use. Hexamethyldisiloxane (Me3SiOSiMe3) and fluorobenzene were 

refluxed over calcium hydride overnight under a N2 atmosphere, distilled, and stored 

over 4 Å molecular sieves prior to use. Ammonia-borane (H3B•NH3), Me2S•BH3 (2.0 

M solution in THF), H3B•NH2Me, H3B•NHiPr2, Li[HBEt3] (1.0 M solution in THF), 

nBuLi (2.5 M solution in hexanes), [Ir(COE)Cl]2, CpFe(CO)2I, DMAP, Me3P (1.0 M 

solution in THF) and trichloroisocyanuric acid (TCCA) were purchased from Sigma-

Aldrich and used as received. [Rh(COD)Cl]2 was purchased from Pressure Chemical 

Co. and used as received. Cp2TiCl2 was purchased from Arapahoe Chemicals Inc. and 

used as received. Fe(CO)5 was purchased from Alfa Aesar and used as received. 

Fe3CO12 was purchased from Strem Chemicals and used as received. Potassium 

bis(trimethylsilyl)amide (K[N(SiMe3)2]) was purchased from Sigma-Aldrich and 

recrystallized from a saturated toluene solution at -35 °C prior to use. Dimethylsulfide 

(Me2S) was purchased from Sigma-Aldrich and stored over 4 Å molecular sieves at -35 

°C under N2. PB,8b,9 BnK25 (Bn = benzyl), [(dppp)Rh(CH2Ph)],24 ImMe4
27 (ImMe4 = 
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(MeCNMe)2C:), H2B=NiPr2,
28 P9B25 (P9B = iPr2P(C6H4)BBN) were synthesized 

according to literature procedures. BI3
29 and Me2S•BI3

30 were synthesized according to 

modified synthetic procedures with specific additional details provided in Section 

3.4.2.. 1H, 11B, 13C{1H}, and 31P NMR spectra were recorded at room temperature using 

a Varian Inova-400, VNMRS-500, or VNMRS-700 spectrometer and referenced to 

Me4Si (1H, 13C{1H}), 85 % H3PO4 (
31P), and 15 % F3B•OEt2 (

11B). Chemical shifts are 

reported in parts per million (ppm) and coupling constants (J) are reported in Hertz 

(Hz). Elemental analyses and thermal gravimetric analyses were performed at the 

Analytical and Instrumentation Laboratory at the University of Alberta using the 

Thermo Flash 2000 Elemental Analyzer and the Perkin Elmer Pyris 1, respectively. 

Melting points were measured in sealed glass capillaries under nitrogen using MelTemp 

apparatus. Infrared (IR) spectra were recorded either as Nujol mulls on KBr plates with 

a Nicolet IR100 FTIR spectrometer or as powders in an air-free (N2-filled) KBr plate 

chamber with a Thermo Nicolet 8700 FTIR Spectrometer and Continuum Microscope.  

3.4.2 Synthetic Procedures 

 

Synthesis of [PB{H2BNH2}] (1). A solution of H3B•NH3 (0.0117 g, 0.379 mmol) in 5 

mL of THF was added to a solution of iPr2P(C6H4)BCy2 (PB)8b,9 (0.138 g, 0.373 mmol) 

in 5 mL of THF. After stirring the mixture for 12 hrs at room temperature, the volatiles 

were removed under vacuum. 5 mL of hexanes were then added to the crude reaction 

product and the resulting mixture was filtered through Celite. Afterwards, volatiles were 

removed from the filtrate to give [PB{H2BNH2}] (1) as a white solid (0.1125 g, 75 %). 
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Colorless X-ray quality crystals of 1 were grown from a concentrated solution of cold 

(-35 °C) hexanes. 1H{11B} NMR (498.1 MHz, C6D6): δ = 7.77 (dd, 3JHP = 3.6 Hz, 3JHH 

= 8.4 Hz, 1H, ArH), 7.26-7.28 (m, 1H, ArH), 6.95-6.97 (m, 1H, ArH), 6.88-6.91 (m, 

1H, ArH), 2.42 (br d, 1JBH = ca. 138 Hz, 2H, BH2), 2.00 (pseudo-d, 2H, HCy), 1.87-1.95 

(m, 6H, HCy), 1.76-1.82 (m, 2H, CH(CH3)2), 1.64-1.72 (m, 2H, HCy), 1.43-1.61 (m, 4H, 

HCy), 1.32-1.37 (m, 2H, HCy), 1.02-1.08 (m, 2H, HCy), 0.81-0.92 (m, 4H, HCy), 0.86 (dd, 

3JHH = 8.4 Hz, 3JHP = 15.4 Hz, 6H, CH(CH3)2), 0.80 (dd, 3JHH = 6.9 Hz, 3JHP = 13.9 Hz, 

6H, CH(CH3)2). Note: the resonance for the NH2 protons could not be located. 13C{1H} 

NMR (176.0 MHz, C6D6): δ = 135.1 (d, JCP = 14.1 Hz, ArC), 130.5 (d, JCP = 3.7 Hz, 

ArC), 130.0 (d, JCP = 2.6 Hz, ArC), 123.6 (d, JCP = 7.9 Hz, ArC), 120.9 (d, JCP = 50.5 

Hz, ArC), 34.6 (br, BCy2), 31.7 (s, BCy2), 30.9 (s, BCy2), 30.2 (s, BCy2), 29.9 (s, BCy2), 

28.5 (s, BCy2), 23.1 (d, 1JCP = 36.8 Hz, CH(CH3)2), 17.1 (s, CH(CH3)2), 16.9 (s, 

CH(CH3)2). Note: the resonance for the ArC bound to boron could not be located. 

31P{1H} NMR (161.9 MHz, C6D6): δ = 3.5 (br, iPr2P). 11B{1H} NMR (128.3 MHz, 

C6D6): δ = -6.0 (br, BCy2, FWHM = 180 Hz), -24.6 (br, BH2, FWHM = 160 Hz). 

Selected IR bands (Nujol mull, cm-1): 2727 (s, νB-H), 3280 (s, νN-H), 3322 (s, νN-H). 

Anal. Calcd. for C24H44B2NP (%): C 72.21, H 11.11, N 3.51; Found: C 72.16, H 11.06, 

N 3.55. M.p. 110-112 °C. 

 

Independent synthesis of [PB{BH3}] (2). Me2S•BH3 (2.0 M solution in THF, 213.7 

μL, 0.43 mmol) was added quickly to a stirring solution of PB (158.3 mg, 0.4274 mmol) 

in 5 mL of C6H6 and the mixture was stirred at room temperature for 8 hrs. Afterwards, 
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the volatiles were removed under vacuum and the reaction mixture was extracted into 

5 mL of hexanes. After filtering the reaction mixture, the filtrate was concentrated to a 

final volume of ca. 2 mL under vacuum and the solution was cooled to -35 °C for 8 hrs 

to yield [PB{BH3}] (2) as clear colorless X-ray quality crystals (0.1282 g, 78 %). 

1H{11B} NMR (498.1 MHz, C6D6): δ = 7.33 (dd, 3JHP = 2.5 Hz, 3JHH = 7.5 Hz, 1H, 

ArH), 7.24 (t, 3JHH = 7.5 Hz, 1H, ArH), 7.03 (t, 3JHH = 6.9 Hz, 1H, ArH), 6.95-6.97 (m, 

1H, ArH), 2.16 (pseudo-d, 2H, HCy), 1.78-1.94 (m, 9H, HCy and CH(CH3)2), 1.30-1.44 

(m, 9H, HCy), 1.19-1.27 (m, 4H, HCy), 0.92 (dd, 3JHH = 6.9 Hz, 3JHP = 7.9 Hz, 6H, 

CH(CH3)2), 0.85 (dd, 3JHH = 6.9 Hz, 3JHP = 7.9 Hz, 6H, CH(CH3)2), 0.33 (s, 3H, BH3). 

13C{1H} NMR (175.9 MHz, C6D6): δ = 131.1 (d, JCP = 14.6 Hz, ArC), 130.6 (d, JCP = 

4.7 Hz, ArC), 130.4 (d, JCP = 2.6 Hz, ArC), 127.6 (s, ArC), 127.3 (s, ArC), 125.3 (d, 

JCP = 8.1 Hz, ArC), 34.6 (s, BCy2), 32.4 (s, BCy2), 32.2 (s, BCy2), 29.5 (s, BCy2), 29.2 

(s, BCy2), 28.1 (s, BCy2), 23.6 (d, 1JCP = 36.6 Hz, CH(CH3)2), 17.7 (s, CH(CH3)2), 17.2 

(s, CH(CH3)2).
 31P{1H} NMR (201.6 MHz, C6D6): δ = 25.0 (br, iPr2P). 11B{1H} NMR 

(159.8 MHz, C6D6): δ = 34.4 (s, BCy2), -31.1 (s, BH3). Anal. Calcd. for C24H43B2P (%): 

C 75.03, H 11.28; Found: C 74.61, H 11.11. M.p. 73-75 °C. 

 

Synthesis of [PB{H2BN(Me)H}] (3). A solution of H2(Me)N•BH3 (0.0054 g, 0.12 

mmol) in 5 mL of THF was added to a solution of iPr2P(C6H4)BCy2 (PB) (0.0443 g, 

0.119 mmol) in 5 mL of THF. After stirring the mixture for 24 hrs at room temperature, 

the volatiles were removed under vacuum. 5 mL of hexanes were then added to the 

product, then the mixture was filtered through Celite, and the volatiles were removed 
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from the filtrate to give [PB{H2BN(Me)H}] (3) as a white solid (0.0301 g, 61 %). 

Colorless X-ray quality crystals of 3 were grown from of a concentrated solution of cold 

(-35 °C) hexanes. 1H{11B} NMR (498.1 MHz, C6D6): δ = 7.96 (dd, 3JHP = 4.4 Hz, 3JHH 

= 7.9 Hz, 1H, ArH), 7.31 (pseudo-t, 1H, ArH), 6.98 (pseudo-t, 1H, ArH), 6.91 (pseudo-

t, 1H, ArH), 2.49 (br s, 3H, NCH3), 2.35 (br s, 1H, NH), 2.21 (pseudo-d, 1H, HCy), 2.03 

(pseudo-d, 1H, HCy), 1.89-1.97 (m, 6H, HCy and CH(CH3)2), 1.81 (septet, 3JHH = 8.9 Hz, 

1H, CH(CH3)2), 1.49-1.56 (m, 4H, HCy), 1.34-1.46 (m, 4H, HCy), 1.27-1.34 (m, 2H, 

HCy), 1.19-1.24 (m, 2H, HCy), 1.10-1.17 (m, 2H, HCy), 1.04 (pseudo-d, 1H, HCy), 0.80-

0.91 (m, 12H, CH(CH3)2). Note: the BH2 resonance could not be located by 1H NMR, 

even upon 11B decoupling. 13C{1H} NMR (175.9 MHz, C6D6): δ = 135.8 (d, JCP = 14.8 

Hz, ArC), 130.3 (d, JCP = 3.8 Hz, ArC), 129.9 (d, JCP = 2.6 Hz, ArC), 123.8 (d, JCP = 

7.9 Hz, ArC), 41.3 (d, JCP = 15.3 Hz, NCH3), 35.9 (s, BCy2), 33.3 (s, BCy2), 32.9 (s, 

BCy2), 32.5 (s, BCy2), 31.7 (s, BCy2), 30.7 (s, BCy2), 30.6 (s, BCy2), 30.4 (s, BCy2), 

30.0 (s, BCy2), 28.7 (s, BCy2), 28.6 (s, BCy2), 25.1 (d, 1JCP = 35.5 Hz, CH(CH3)2), 21.3 

(d, 1JCP = 38.5 Hz, CH(CH3)2), 17.4 (s, CH(CH3)2), 17.3 (s, CH(CH3)2), 17.0 (s, 

CH(CH3)2), 16.3 (s, CH(CH3)2). Note: the resonances for the ArC bound to boron and 

phosphorus could not be located by 13C{1H} NMR spectroscopy. 31P{1H} NMR (201.6 

MHz, C6D6): δ = 3.9 (s, iPr2P). 11B{1H} NMR (159.8 MHz, C6D6): δ = -2.5 (s, BCy2), -

20.5 (s, BH2). Selected IR bands (powder, KBr plate, cm-1): 2352 (s, νB-H), 2427 (s, 

νB-H), 3276 (s, νN-H). Anal. Calcd. for C25H46B2NP (%): C 72.66, H 11.22, N 3.39; 

Found: C 73.58, H 11.36, N 3.95. M.p. 105-107 °C. 
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Synthesis of [P9B{H2BNH2}] (4). A solution of H3B•NH3 (34.6 mg, 1.12 mmol) in 2 

mL of C6H6 was added to a stirring solution of P9B (351.0 mg, 1.117 mmol) in 10 mL 

of C6H6. The reaction mixture was then heated to 65 °C for 24 hrs. The reaction mixture 

was then cooled to room temperature and the volatiles were removed under vacuum. 15 

mL of toluene were then added and the mixture was filtered through Celite. The filtrate 

was evaporated to dryness to yield [P9B{H2BNH2}] (4) as a white solid (0.3552 g, 93 

%). Colorless X-ray quality crystals of 4 were grown from a concentrated solution in 

cold (-35 °C) hexanes after 16 hrs. 1H{11B} NMR (498.1 MHz, C6D6): δ = 8.30 (dd, 

3JHH = 7.9 Hz, 3JHP = 11.8 Hz, 1H, ArH), 7.31 (pseudo-t, 1H, ArH), 7.05 (pseudo-t, 1H, 

ArH), 6.97 (pseudo-t, 1H, ArH), 2.55 (br s, 2H, BH2), 2.28-2.37 (m, 3H, BCH and CH2), 

2.18-2.27 (m, 2H, CH2), 2.04-2.09 (m, 4H, CH2), 1.89-1.98 (m, 4H, CH(CH3)2 and 

CH2), 1.75 (pentet, 3JHH = 6.9 Hz, 1H, BCH), 1.12 (br, 2H, CH2), 0.88 (dd, 3JHH = 6.5 

Hz, 3JHP = 14.4 Hz, 6H, CH(CH3)2), 0.82 (dd, 3JHH = 6.9 Hz, 3JHP = 14.9 Hz, 6H, 

CH(CH3)2). Note: the resonance for the NH2 protons could not be located by 1H NMR. 

13C{1H} NMR (175.9 MHz, C6D6): δ = 136.5 (d, JCP = 13.4 Hz, ArC), 130.9 (d, JCP = 

3.3 Hz, ArC), 129.8 (d, JCP = 2.6 Hz, ArC), 124.7 (d, JCP = 7.9 Hz, ArC), 124.4 (s, ArC), 

124.2 (s, ArC), 32.9 (s, CH2), 32.6 (s, CH2), 25.5 (br, BCH), 25.2 (s, CH2), 23.8 (d, 1JCP 

= 35.7 Hz, CH(CH3)2), 23.7 (s, CH2), 17.5 (s, CH(CH3)2), 16.6 (s, CH(CH3)2). 
31P{1H} 

NMR (201.6 MHz, C6D6): δ = 4.0 (br, iPr2P). 11B{1H} NMR (159.8 MHz, C6D6): δ = -

7.7 (s, BCH), -26.1 (br, BH2). Selected IR bands (powder, KBr plate, cm-1): 2328 (s, 

νB-H), 2390 (s, νB-H), 3274 (s, νN-H), 3315 (s, νN-H). Anal. Calcd. for C20H36B2NP 

(%): C 70.01, H 10.58, N 4.08; Found: C 69.97, H 10.48, N 4.06. M.p. 163-164 °C. 
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Independent synthesis of [P9B{BH3}] (5). Me2S•BH3 (2.0 M solution in THF, 14.0 

μL, 0.028 mmol) was added quickly to P9B (0.0083 mg, 0.026 mmol) in 5 mL of THF 

and the mixture was stirred at room temperature for 8 hrs. Afterwards, the volatiles were 

removed under vacuum to yield [P9B{BH3}] (5) as a spectroscopically pure white 

powder (0.0085 g, 98 %). 1H{11B} NMR (498.1 MHz, C6D6): δ = 8.03 (dd, 3JHP = 2.9 

Hz, 3JHH = 7.9 Hz, 1H, ArH), 7.25 (pseudo-t, 1H, ArH), 7.02 (pseudo-t, 1H, ArH), 6.91 

(pseudo-t, 1H, ArH), 2.59-2.62 (m, 4H, CH2), 2.38-2.43 (m, 2H, CH2), 2.20-2.26 (m, 

4H, CH2), 2.09 (br, 1H, BCH), 1.92 (br, 1H, BCH), 1.75 (septet, 3JHH = 6.9 Hz, 2H, 

CH(CH3)2), 1.53-1.56 (m, 2H, CH2). 0.81 (dd, 3JHP = 16.4 Hz, 3JHH = 5.4 Hz, 6H, 

CH(CH3)2), 0.71 (dd, 3JHP = 14.4 Hz, 3JHH = 6.4 Hz, 6H, CH(CH3)2), 0.56 (br, 3H, BH3). 

13C{1H} NMR (125.6 MHz, C6D6): δ = 132.2 (d, JCP = 13.8 Hz, ArC), 131.0 (d, JCP = 

5.0 Hz, ArC), 131.3 (d, JCP = 2.5 Hz, ArC), 125.0 (d, JCP = 8.8 Hz, ArC), 124.6 (s, ArC), 

124.1 (s, ArC), 36.7 (s, CH2), 32.6 (s, CH2), 28.7 (s, BCH), 25.4 (s, CH2), 24.5 (s, CH2), 

21.6 (d, 1JCP = 36.4 Hz, CH(CH3)2), 16.7 (s, CH(CH3)2), 16.4 (s, CH(CH3)2). 
31P{1H} 

NMR (201.6 MHz, C6D6): δ = 24.8 (br, iPr2P). 11B{1H} NMR (159.8 MHz, C6D6): δ = 

32.6 (s, BCH), -27.8 (pseudo-d, 1JBP = ca. 92 Hz, BH3).  

 

Synthesis of BI3. This compound was made according to a modified literature 

procedure.29 Iodine (I2, 25.0 g, 98.5 mmol) was added quickly to a stirring solution of 

Li[BH4] (1.07 g, 49.3 mmol) in 40 mL of heptane, resulting in a purple-colored reaction 

mixture. The reaction mixture was then heated to reflux for 1 hr, leading to the 
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consumption of I2, which was observed by a color change of the reaction mixture from 

purple to yellow. After cooling the mixture to room temperature and removing the 

volatiles under vacuum, the crude product was loaded into a sublimation apparatus, 

followed by heating at 40 °C for 24 hrs at 0.020 mbar to afford pure colorless crystals 

of BI3 on the water-cooled sublimation finger. The recovered crystals (8.06 g, 42 %) 

were stored in the freezer at -35 °C prior to use. 11B{1H} NMR (159.8 MHz, C6D6): δ 

= -7.5 (s, BI3). 

 

Synthesis of Me2S•BI3. This compound was made according to a modified literature 

procedure.30 Dimethylsulfide (Me2S, 280 μL, 3.78 mmol) was added quickly to a 

stirring solution of BI3 (1.44 g, 3.67 mmol) in 10 mL of hexanes, resulting in the 

formation of a white crystalline precipitate after 1 min. After stirring for 1 hr at room 

temperature, the precipitate was allowed to settle for 5 min and the mother liquor was 

subsequently decanted. Removal of the volatiles from the remaining solid afforded 

Me2S•BI3 (1.08 g, 65 %) as a colorless solid. In addition, the decanted hexanes solution 

(mother liquor) was stored in the freezer (-35 °C) for 16 hrs to afford colorless X-ray 

quality crystals of Me2S•BI3. 
1H NMR (699.7 MHz, C6D6): δ = 1.44-1.45 (m, 6H, 

(H3C)2S). 13C{1H} NMR (175.9 MHz, C6D6): δ = 25.3 (s, (H3C)2S). 11B{1H} NMR 

(128.3 MHz, C6D6): δ = -68.5 (s, BI3). Anal. Calcd. for C2H6BI3S (%): C 5.30, H 1.33, 

S 7.07; Found: C 6.02, H 1.46, S 7.09. 
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Synthesis of [PB{H(I)BNH2}] (6). A solution of Me2S•BI3 (0.4361 g, 0.9624 mmol) in 

2 mL of toluene was added to a solution of [PB{H2BNH2}] (1) (0.3838 g, 0.9614 mmol) 

in 10 mL of toluene, resulting in the formation of a white precipitate. The reaction 

mixture was then stirred for 8 hrs and the volatiles were removed under vacuum. The 

product was then washed with 3 × 2 mL of pentane, followed by the addition of 5 mL 

of C6H6. The C6H6 solution was then frozen and placed under high vacuum to lyophilize 

the product. Once the C6H6 was removed, 5 mL of hexanes were added and the extracted 

mixture was filtered through a 2 cm plug of silica gel in a glass Pasteur pipette. The 

filtrate was concentrated to a volume of ca. 1 mL and cooled to -35 °C for 16 hrs to 

yield [PB{H(I)BNH2}] (6) as colorless crystals of suitable quality for single-crystal X-

ray crystallography (0.1135 g, 22 % yield, 92 % purity by 1H NMR spectroscopy). Note: 

6 could not be isolated in high enough purity to obtain suitable elemental analyses due 

to a persistent Me2S•BI2H by-product that could not be removed. 1H{11B} NMR (498.1 

MHz, C6D6): δ = 7.64 (dd, 3JHP = 3.9 Hz, 3JHH = 7.9 Hz, 1H, ArH), 7.20-7.24 (m, 1H, 

ArH), 6.88-6.92 (m, 1H, ArH), 6.74-6.78 (m, 1H, ArH), 4.20 (br 1H, BH), 3.00-3.08 

(m, 1H, NH), 2.78 (br s, 1H, NH), 2.66 (septet, 3JHH = 6.9 Hz, 1H, CH(CH3)2), 1.98 

(septet, 3JHH = 6.9 Hz, 1H, CH(CH3)2), 1.76-1.89 (m, 8H, HCy), 1.62-1.69 (m, 1H, HCy), 

1.44-1.53 (m, 1H, HCy), 1.32-1.39 (m, 6H, HCy), 1.18-1.28 (m, 2H, HCy), 1.15 (dd, 3JHH 

= 6.9 Hz, 3JHP = 8.5 Hz, 3H, CH(CH3)2), 0.90-0.97 (m, 1H, HCy), 0.78-0.88 (m, 6H, 

CH(CH3)2), 0.63-0.72 (m, 5H, CH(CH3)2 and HCy), 0.46-0.52 (m, 1H, HCy). 
13C{1H} 

NMR (175.9 MHz, C6D6): δ = 134.9 (d, JCP = 14.6 Hz, ArC), 130.6 (d, JCP = 2.6 Hz, 

ArC), 130.4 (d, JCP = 4.9 Hz, ArC), 124.0 (d, JCP = 8.6 Hz, ArC), 117.6 (d, JCP = 55.5 
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Hz, ArC), 34.8 (br, BCy2), 33.7 (br, BCy2), 31.9 (s, BCy2), 31.8 (s, BCy2), 31.3 (s, BCy2), 

30.4 (s, BCy2), 30.3 (s, BCy2), 29.6 (s, BCy2), 29.4 (s, BCy2), 28.3 (s, BCy2), 28.1 (s, 

BCy2), 24.1 (d, 1JCP = 39.1 Hz, CH(CH3)2), 21.7 (d, 1JCP = 41.3 Hz, CH(CH3)2), 17.6 (s, 

CH(CH3)2), 17.1 (s, CH(CH3)2), 17.0 (s, CH(CH3)2), 15.4 (s, CH(CH3)2). Note: the 

resonance for the ArC bound to boron could not be located. 31P{1H} NMR (161.9 MHz, 

C6D6): δ = -8.0 (s, iPr2P). 11B{1H} NMR (128.3 MHz, C6D6): δ = -3.2 (br, BCy2, FWHM 

= 25 Hz), -21.9 (br, BH, FWHM = 55 Hz). Selected IR bands (Nujol mull, cm-1): 2730 

(s, νB-H), 3271 (s, νN-H), 3314 (s, νN-H). M.p. 170-172 °C. 

 

Synthesis of [PB{HBNH}] (7). A solution of K[N(SiMe3)2] (0.0214 g, 0.107 mmol) in 

1 mL of toluene was added to a solution of [PB{H(I)BNH2}] (6) (0.0563 g, 0.107 mmol) 

in 5 mL of toluene, resulting in the formation of a white precipitate. The reaction 

mixture was then stirred for 1 hr and the volatiles were removed under vacuum. 5 mL 

of hexanes were then added and the mixture was filtered through Celite. The filtrate 

was concentrated to a volume of ca. 2 mL under vacuum and cooled to -35 °C for 16 

hrs to yield [PB{HBNH}] (7) as colorless crystals of suitable quality for single-crystal 

X-ray crystallography (0.0205 g, 48 %). 1H{11B} NMR (498.1 MHz, C6D6): δ = 8.01 

(dd, 3JHP = 2.9 Hz, 3JHH = 7.9 Hz, 1H, ArH), 7.29-7.33 (m, 1H, ArH), 6.94-6.97 (m, 1H, 

ArH), 6.80-6.84 (m, 1H, ArH), 6.60 (br d, 3JHP = 29.9 Hz, 1H, NH), 4.97 (br d, 2JHP = 

59.8 Hz, 1H, BH), 1.93-2.00 (m, 10H, HCy), 1.78-1.81 (m, 2H, HCy), 1.68-1.75 (m, 1H, 

CH(CH3)2), 1.52-1.65 (m, 3H, CH(CH3)2 and HCy), 1.35-1.42 (m, 2H, HCy), 1.19-1.28 

(m, 2H, HCy), 0.82-0.95 (m, 4H, HCy), 0.79 (dd, 3JHH = 7.0 Hz, 3JHP = 15.9 Hz, 6H, 
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CH(CH3)2), 0.73 (dd, 3JHH = 7.0 Hz, 3JHP = 15.4 Hz, 6H, CH(CH3)2). 
13C{1H} NMR 

(175.9 MHz, C6D6): δ = 135.2 (d, JCP = 14.1 Hz, ArC), 130.2 (d, JCP = 3.5 Hz, ArC), 

129.8 (d, JCP = 5.3 Hz, ArC), 123.5 (d, JCP = 10.5 Hz, ArC), 118.0 (d, JCP = 65.0 Hz, 

ArC), 35.0 (br, BCy2), 31.8 (s, BCy2), 31.0 (s, BCy2), 30.3 (s, BCy2), 30.2 (s, BCy2), 

28.8 (s, BCy2), 22.8 (d, 1JCP = 40.4 Hz, CH(CH3)2), 17.8 (s, CH(CH3)2), 17.6 (s, 

CH(CH3)2). Note: the resonance for the ArC bound to boron could not be located. 

31P{1H} NMR (161.9 MHz, C6D6): δ = -11.8 (s, iPr2P). 11B{1H} NMR (128.3 MHz, 

C6D6): δ = 28.2 (br s, BH, FWHM = 32 Hz), -5.8 (s, Cy2B). Selected IR bands (powder, 

KBr plate, cm-1): 1443 (s, νN=B), 2465 (s, νB-H), 3343 (s, νN-H). Anal. Calcd. for 

C24H42B2NP (%): C 72.57, H 10.66, N 3.53; Found: C 72.06, H 10.41, N 3.24. M.p. 

118-120 °C. 

 

Synthesis of [PB{H(Bn)BNH}{K(THF)2}] (8). A solution of BnK (8.3 mg, 0.064 

mmol) in 1 mL of THF was added to a stirring solution of [PB{HBNH}] (7) (22.6 mg, 

0.0569 mmol) in 10 mL of THF, resulting in the formation of a turbid yellow mixture. 

The reaction mixture was stirred for 1 hr and then filtered through Celite. The filtrate 

was concentrated to a volume of ca. 2 mL, layered with 2 mL of Me3SiOSiMe3 and 

cooled to -35 °C for 16 hrs to yield [PB{H(Bn)BNH}{K(THF)2}] (8) as colorless 

crystals (0.0196 g, 51 %). 1H{11B} NMR (399.9 MHz, C6D6): δ = 8.05-8.08 (m, 1H, 

ArH), 7.41 (t, 3JHH = 7.8 Hz, 1H, ArH), 7.17-7.19 (m, 2H, ArH), 7.09 (pseudo-t, 2H, 

ArH), 6.89 (pseudo-t, 2H, ArH), 6.72 (pseudo-t, 1H, ArH), 3.50-3.53 (m, 8H, 

coordinated THF CH2), 2.14-2.19 (m, 4H, benzyl-CH2 and CH(CH3)2), 2.08 (pseudo-d, 
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2H, HCy), 1.94-1.97 (m, 6H, HCy), 1.74-1.86 (m, 4H, HCy), 1.48-1.57 (m, 4H, HCy), 1.39-

1.43 (m, 8H, coordinated THF CH2), 1.28-1.38 (m, 4H, HCy), 1.04-1.13 (m, 12H, 

CH(CH3)2), 0.72-0.82 (m, 2H, HCy), 0.34 (br s, 1H, BH). Note: The resonance for the 

NH proton could not be located. 13C{1H} NMR (175.9 MHz, C6D6): δ = 152.2 (d, JCP 

= 19.3 Hz, ArC), 134.7 (d, JCP = 10.6 Hz, ArCH), 130.7 (s, ArCH), 128.5 (s, ArCH), 

127.8 (s, ArCH), 127.7 (s, ArCH), 125.5 (s, ArC), 125.3 (s, ArC), 122.9 (s, ArCH), 

122.0 (d, 1JCP = 6.9 Hz, ArCH), 67.9 (s, CH2, coordinated THF), 36.2 (br s, BCy2), 32.2 

(s, BCy2), 32.0 (s, BCy2), 31.7 (s, BCy2), 31.1 (s, BCy2), 31.0 (s, BCy2), 29.1 (s, CH2, 

BCH2(C6H5)), 25.8 (s, CH2, coordinated THF), 21.6 (d, 1JCP = 19.7 Hz, CH(CH3)2), 

18.5 (s, CH(CH3)2), 17.5 (s, CH(CH3)2). 
31P{1H} NMR (161.9 MHz, C6D6): δ = -24.7 

(s, iPr2P). 11B{1H} NMR (128.3 MHz, C6D6): δ = -7.9 (s, Cy2B), -10.1 (s, BH). Anal. 

Calcd. for C39H65B2KNO2P (%): C 69.74, H 9.76, N 2.09; Found: C 69.58, H 9.36, N 

2.18. M.p. 133-134 °C. 

 

Synthesis of [iPr2P(C6H4)BCy{Cl2BNH}] (9). A solution of TCCA (14.6 mg, 0.0628 

mmol) in 1 mL of toluene was added to a stirring solution of [PB{HBNH}] (7) (40.4 

mg, 0.102 mmol) in 5 mL of toluene, leading to the formation of a white slurry. The 

reaction mixture was then stirred for 1 hr and the volatiles were removed under vacuum. 

20 mL of hexanes were then added, and the mixture was filtered through Celite. The 

filtrate was concentrated to a volume of ca. 2 mL and cooled to -35 °C for 16 hrs to 

yield [iPr2P(C6H4)BCy{Cl2BNH}] (9) as a white microcrystalline solid (0.0274 g, 70 
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%). Colorless X-ray quality crystals of 9 were grown out of a concentrated solution of 

a cold (-35 °C) 1:1 fluorobenzene:Me3SiOSiMe3 solvent mixture. 1H NMR (499.7 

MHz, C6D6): δ = 7.79 (dd, 3JHP = 3.9 Hz, 3JHH = 7.6 Hz, 1H, ArH), 7.18-7.21 (m, 1H, 

ArH), 7.03-7.06 (m, 1H, ArH), 6.82-6.85 (m, 1H, ArH), 5.18 (br d, 3JHP = 19.9 Hz, 1H, 

NH), 2.31 (septet, 3JHH = 6.9 Hz, 1H, CH(CH3)2), 2.29 (septet, 3JHH = 6.9 Hz, 1H, 

CH(CH3)2), 1.71 (pseudo-d, 2H, HCy), 1.63 (pseudo-d, 2H, HCy), 1.36-1.42 (m, 2H, 

HCy), 1.28-1.33 (m, 2H, HCy), 1.14 (dd, 3JHH = 6.8 Hz, 3JHP = 15.9 Hz, 6H, CH(CH3)2), 

0.98-1.04 (m, 3H, HCy), 0.91 (dd, 3JHH = 7.2 Hz, 3JHP = 13.9 Hz, 6H, CH(CH3)2). 

13C{1H} NMR (125.7 MHz, C6D6): δ = 136.3 (d, JCP = 11.8 Hz, ArC), 132.6 (d, JCP = 

2.6 Hz, ArC), 131.7 (d, JCP = 2.6 Hz, ArC), 129.2 (d, JCP = 8.0 Hz, ArC), 122.2 (s, ArC), 

121.8 (s, ArC), 29.8 (s, BCy), 29.0 (br, BCy), 28.4 (s, BCy), 27.3 (s, BCy), 20.9 (d, 1JCP 

= 34.8 Hz, CH(CH3)2), 16.9 (s, CH(CH3)2), 16.3 (s, CH(CH3)2). 
31P{1H} NMR (161.9 

MHz, C6D6): δ = -5.7 (br quartet, iPr2P, 1JBP = ca. 161 Hz). 11B{1H} NMR (128.3 MHz, 

C6D6): δ = 42.1 (s, BCy), -1.4 (pseudo-d, Cl2B, 1JBP = ca. 153 Hz). Anal. Calcd. for 

C18H30B2Cl2NP (%): C 56.31, H 7.88, N 3.65; Found: C 56.94, H 7.67, N 3.89. M.p. 

96-97 °C. 

 

3.4.3 X-ray Crystallography 

Appropriate X-ray quality crystals were coated with a small amount of 

hydrocarbon oil (Paratone-N) and removed from the glovebox in a vial. Crystals were 

quickly mounted onto a glass fiber and placed in a low temperature stream of nitrogen 
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on the X-ray diffractometer. All data was collected using a Bruker APEX II CCD 

detector/D8 or PLATFORM diffractometer using Mo Kα (0.71073 Å) or Cu Kα 

(1.54178 Å) radiation, with the crystals cooled to -80 °C or -100 °C. The data was 

corrected for absorption through Gaussian integration from the indexing of crystal 

faces.31 Crystal structures were solved using intrinsic phasing (SHELXT)32 and refined 

using SHELXL-2014.33 The assignment of hydrogen atom positions are based on the 

sp2- or sp3-hybridization geometries of their attached carbon atoms and were given 

thermal parameters 20 % greater than those of their parent atoms. Molecular structures 

are shown with thermal ellipsoids at a 30 % probability level and have been generated 

using SHELXP.  
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Table 3.1. X-ray crystallographic data for [PB{H2BNH2}] (1), [PB{BH3}] (2), and 

[PB{H2BN(Me)H}] (3). 

Compound 1b 2b 3b 

Formula C24H44B2NP C24H43B2P C25H46B2NP 

Formula weight 399.19 384.17 413.22 

Crystal system Monoclinic Orthorhombic Monoclinic 

Space group P21/c (No. 14) Pbca (No. 61) P21/n 

Crystal dimensions (mm) 0.290.180.10 0.260.230.23 0.13×0.05×0.02 

a (Å) 19.7455(6) 21.1816(4) 11.7168(5) 

b (Å) 10.9680(3) 9.5950(2) 9.3707(4) 

c (Å) 23.1511(7) 23.2387(5) 22.5993(9) 

α (°) 90 90 90 

β (°) 102.217(2) 90 91.399(3) 

γ (°) 90 90 90 

V (Å3) 4900.3(3) 4722.97(17) 2480.54(18) 

Z 8 8 4 

ρ (g/cm3) 1.082 1.081 1.106 

Abs coeff (mm-1) 1.032 1.042 1.034 

T (°C) –100 –100 –100 

2θmax (°) 148.42 145.09 148.38 

Total data 112848 178745 42610 

Unique data 9929 (0.1008) 4681 (0.0479) 4995 (0.0698) 

Obs data [I>2σ(I)]a 7806 4422 3944 

Params 545 260 275 

R1 [I>2σ(I)]a 0.0432 0.0333 0.0372 

wR2 [all data]a 0.1175 0.0931 0.0986 

Max/min Δρ (e- Å-3) 0.390/-0.330 0.310/-0.354 0.230/-0.225 
aR1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo

2 – Fc
2)2/Σw(Fo

4)]1/2. 

bHydrogen atoms bound to boron or nitrogen were located in the difference maps and 

refined isotropically; all other H atoms were placed in idealized positions and refined 

using a riding model. 
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Table 3.2. X-ray crystallographic data for [P9B{H2BNH2}] (4), Me2S•BI3, and 

[PB{H(I)BNH2}] (6). 

Compound 4b Me2S•BI3 6b 

Formula C20H32B2NP C2H6BSI3 C27H50B2NPI 

Formula weight 357.14 453.64 568.17 

Crystal system Triclinic Monoclinic Monoclinic 

Space group P-1 P21/c (No.14) P21/c (No. 14) 

Crystal dimensions (mm) 0.15×0.13×0.07 0.070.060.11 0.12×0.05×0.04 

a (Å) 9.5254(2) 7.0765(4) 18.2679(5) 

b (Å) 10.5750(3) 7.2293(3) 11.4128(4) 

c (Å) 11.1920(3) 18.9898(9) 14.6131(4) 

α (°) 117.2440(10) 90 90 

β (°) 95.4150(10) 92.749(2) 107.048(2) 

γ (°) 92.8900(10) 90 90 

V (Å3) 992.25(4) 970.36(8) 2912.78(15) 

Z 2 4 4 

ρ (g/cm3) 1.148 3.105 1.296 

Abs coeff (mm-1) 1.201 77.20 9.241 

T (°C) –100 –100 –100 

2θmax (°) 159.39 149.46 147.90 

Total data 41320 37103 38672 

Unique data 3854 (0.0291) 1973 (0.0628) 5714 (0.1170) 

Obs data [I>2σ(I)]a 3719 1912 4015 

Params 237 67 276c,d 

R1 [I>2σ(I)]a 0.0309 0.0297 0.0539 

wR2 [all data]a 0.0838 0.0787 0.1380 

Max/min Δρ (e- Å-3) 0.276/-0.248 1.551/-1.295 1.238/-0.995 
aR1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo

2 – Fc
2)2/Σw(Fo

4)]1/2. 

bHydrogen atoms bound to boron or nitrogen were located in the difference maps and 

refined isotropically; all other H atoms were placed in idealized positions and refined 

using a riding model. 

cAttempts to refine peaks of residual electron density as disordered or partial-occupancy 

solvent hexane atoms were unsuccessful. The data were corrected for disordered 

electron density through use of the SQUEEZE procedure as implemented in 

PLATON.34 A total solvent-accessible void volume of 444 Å3 with a total electron count 

of 107 (0.5 hexane molecules per formula unit of 6) was found in the unit cell. 

dThe bond lengths of N‒H1N and N‒H2N are restrained to be similar by SHELXL 

command SADI (total of 2 restraints).  
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Table 3.3. X-ray crystallographic data for [PB{HBNH}] (7), 

[PB{H(Bn)BNH}{K(THF)2}] (8), and [iPr2P(C6H4)BCy{Cl2BNH}] (9). 

Compound 7b 8b 9b 

Formula C24H42B2NP C39H65B2KNO2P C24H35B2Cl2FNP 

Formula weight 397.17 671.61 480.02 

Crystal system Monoclinic Monoclinic Triclinic 

Space group P21/c (No. 14) P21/c (No. 14) P1̅ (No. 2) 

Crystal dimensions (mm) 0.27×0.27×0.13 0.29×0.28×0.20 0.24×0.15×0.02 

a (Å) 11.1624(4) 15.7833(8) 9.0010(2) 

b (Å) 9.3546(3) 12.1282(6) 11.2467(3) 

c (Å) 23.6269(8) 20.9485(10) 13.4916(3) 

α (°) 90 90 83.2092(10) 

β (°) 99.5776(19) 93.981(2) 89.9913(9) 

γ (°) 90 90 71.6062(10) 

V (Å3) 2432.73(14) 4000.3(3) 1285.91(5) 

Z 4 4 2 

ρ (g/cm3) 1.084 1.115 1.240 

Abs coeff (mm-1) 1.039 1.769 3.001 

T (°C) –100 –100 –100 

2θmax (°) 145.55 148.42 148.51 

Total data 92836 157905 56310 

Unique data 4766 (0.0584) 8123 (0.0416) 5015 (0.0427) 

Obs data [I>2σ(I)]a 4438 7633 4554 

Params 261 514 324e 

R1 [I>2σ(I)]a 0.0519 0.0401d,a 0.0375 

wR2 [all data]a 0.1376 0.1185d 0.1140 

Max/min Δρ (e- Å-3) 0.605c/-0.231 0.374/-0.563 0.696/-0.407 
aR1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo

2 – Fc
2)2/Σw(Fo

4)]1/2. 

bHydrogen atoms bound to boron or nitrogen were located in the difference maps and 

refined isotropically; all other H atoms were placed in idealized positions and refined 

using a riding model. 

cThe largest peak (0.605 e- Å-3) in the difference map was located 1.5 Å from C21 (of a 

cyclohexyl group) and likely arises from a small amount of unresolved disorder of the 

Cy group (atoms C21 to C26). Given that the largest Ueq for any of the carbon atoms in 

that Cy group was only 0.072 and that there were no anomalies with the bond distances 

or angles, it was decided that it was not worth pursuing a highly restrained/constrained 

disorder model for that group. 
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d
S = [∑w(Fo

2
 – Fc

2
)
2
/(n – p)]

1/2
 (n = number of data; p = number of parameters varied; 

w = [σ
2
(Fo

2
) + (0.0991P)

2
 + 0.9680P]

-1
 where P = [Max(Fo

2
, 0) + 2Fc

2
]/3); S = 1.031 

for 8. 

e
The disordered fluorobenzene molecule was constrained to be an idealized hexagon 

and the C–F and C…F distances within both components were restrained to be 

approximately the same by use of the SHELXL SADI instruction. Additionally, the 

ADPs of the atoms of the fluorobenzene were restrained by use of the SHELXL RIGU 

(rigid-bond) restraint (total of 97 restraints). 
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Chapter 4 – Frustrated Lewis Pair-ligated Tetrelenes  

4.1 Introduction 

Motivated by the reactivity of transition metal complexes, the study of main 

group elements has seen a recent “renaissance”, particularly in the synthesis of new 

kinetically-stabilized main group metal hydrides1,2 as well as low-valent main group 

element species in general.3 As a result of their often low HOMO-LUMO energy gaps,3a 

tetrelenes (ER2; E = Group 14 element, R = anionic ligand) can activate and 

functionalize industrially valuable molecules, such as H2, CO, or CO2.
2 Furthermore, 

related Group 14 element hydride complexes (REH) have also been targeted as catalysts 

for controlled hydride transfer to unsaturated substrates.2 

Examples of highly reactive tetrelenes (Si or Ge) feature predominantly C- or 

N-ligands (Figure 4.1a, I-V).4 The most active Group 14 element (Si or Ge) hydride 

catalysts take advantage of kinetic stabilization (i.e., use of bulky ligands) to prevent 

degradative pathways that eventually release E(0); kinetic stabilization also provides 

access to the low-coordinate environments required for catalysis (Figure 4.1b, VI-VII).5 
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Figure 4.1. Selected examples of: (a) C-/N-donor-stabilized tetrelenes and EH2 

complexes (E = Si or Ge); (b) miscellaneous/mixed donor Si and Ge hydride complexes. 

 

In Chapter 2, the use of frustrated Lewis pairs (FLPs)6 to isolate rare examples 

of “donor-acceptor” stabilized dihydridotetrelenes (EH2) was documented.7,8 

Specifically, the intramolecular FLP, iPr2P(C6H4)BCy2
9 (Cy = cyclohexyl) or PB 

afforded the [PB{EH2}] complexes [E = Si or Ge].7 These hydride complexes can be 
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used to deposit films of elemental silicon and germanium, respectively, upon mild 

heating (< 110 °C) in toluene (Scheme 4.1).7 

 

Scheme 4.1. Syntheses of [PB{EH2}] [E = Si, Ge (3 and 4)] and their use as precursors 

to bulk Si and Ge, respectively. 

 

This Chapter documents an alternative synthetic route to FLP-supported SiCl2 

and SiBr2 complexes via Lewis base-assisted disproportionation of higher halosilanes 

(Si2Cl6 or Si2Br6) in the presence of PB. Salt metathesis between [PB{ECl2}] [E = Si 

(1), Ge (2)] and Cp*Li (Cp* = [C5Me5]
–) was observed to form Cp*2E complexes in 

high yields. In addition, lighter [PB{CR2}] (R = H or Cl) analogues were isolated such 

that a partial FLP-dihydridotetrelene series (EH2 = CH2, SiH2, and GeH2) can be 

compared. Finally, new intramolecular phosphine-borane chelates featuring methylene 

linkers are reported, which exhibit differing reactivity with Cl2Ge•dioxane in 

comparison to PB. 
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4.2 Results and Discussion 

To begin, low-valent FLP-stabilized tetrelones or tetrelylones of the general 

formulas [PB{E:}] or [PB{E=E}PB] (E = Si, Ge),7 were targeted by the alkali metal-

mediated reduction of [PB{SiCl2}] (1) and [PB{GeCl2}] (2) with either K or KC8 in 

toluene (from -78 °C to room temperature) (Scheme 4.2). Multinuclear (1H, 31P, 11B) 

NMR spectroscopy of the crude reaction mixtures showed only free PB ligand, which 

suggests that elimination/release of element Si or Ge transpired. To facilitate more 

gentle reduction chemistry, [PB{SiBr2}] (5) was chosen as a target precursor since the 

LUMO (consisting of Si–Br σ* character) has been computed to be lower in energy by 

0.11 eV than the corresponding Si–Cl σ* MO in 1. Initially, the synthesis of 5 involved 

combining PB, Khyp10 (Khyp = [K(THF)2][Si(SiMe3)3]) and SiBr4 in THF; however, 

this route did not afford 5 in sufficient purity to allow its reactivity to be explored 

(Scheme 4.3). A variety of solvents (Et2O, toluene, or THF), temperatures (-78 °C to 

room temperature), reaction times (30 min, 1 hr, 1-3 days) and stoichiometric ratios (1-

3 equiv. SiBr4) were attempted, but the highest conversion (13 % according to 1H NMR 

integration) from PB to 5 was achieved using one equiv. of SiBr4 in THF at room 

temperature for 1 hr (Scheme 4.3). In-situ reduction of the PB/SiBr4 reaction mixture 

by addition of KC8 was also attempted (Scheme 4.3), but multinuclear (1H, 31P, 11B) 

NMR spectroscopy showed only free PB ligand alongside insoluble material, which is 

proposed to consist of KCl, elemental silicon, and graphite. 
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Scheme 4.2. Potassium-mediated reduction of [PB{SiCl2}] (1) and [PB{GeCl2}] (2). 

 

 

Scheme 4.3. Synthesis of [PB{SiBr2}] (5) from Khyp (Khyp = [K(THF)2][Si(SiMe3)3]) 

and SiBr4 and attempted reductions using two equiv. of KC8. 

 

Despite the abovementioned synthetic barriers to [PB{SiBr2}] (5), a few X-ray 

quality single crystals of this SiBr2 adduct were isolated by cooling the recovered 

reaction mixture (from PB/Khyp/SiBr4) in cold (-35 °C) hexanes. The solid-state 

structure of 5 is depicted in Figure 4.2, which features a Si1–P1 bond length of 

2.3008(12) Å that is the same value within experimental error as the Si1–P1 distance of 

2.3058(4) Å in [PB{SiCl2}] (1).7 In addition, the intraring P1–Si1–B1 bond angle 
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[96.81(11)°] in 5 is identical within experimental error to the P1–Si1–B1 bond angle 

[96.94(4)°] in 1. Compared to the Si–Br bond lengths in Filippou’s landmark 

dibromosilylene complex, IPr•SiBr2
11 (IPr = (HCNDipp)2C:), [avg. Si–Br 2.3493(8) Å] 

the Si–Br bond lengths in 5 are significantly shortened [avg. Si–Br 2.2478(11) Å], likely 

as a result of increased s-orbital character within the Si–Br bonds that join the four-

coordinate Si center in 5. 

 

Figure 4.2. Molecular structure of [PB{SiBr2}] (5) with thermal ellipsoids at a 30 % 

probability level. All hydrogen atoms have been omitted for clarity. Selected bond 

lengths [Å] and angles [°]: Si1–P1 2.3008(12), Si1–B1 2.082(4), Si1–Br1 2.2480(11), 

Si1–Br2 2.2477(11); P1–Si1–B1 96.81(11), Br1–Si1–Br2 102.53(4). 

 

In order to isolate [PB{SiCl2}] (1) and [PB{SiBr2}] (5) in pure form and in 

higher yields, the Lewis base-assisted disproportionation of higher halosilanes12 (Si2X6; 

X = Cl, Br) in the presence of PB was explored. Addition of the N-heterocyclic carbene 
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IPr to Si2X6 in the presence of PB gave pure [PB{SiCl2}] (1) and [PB{SiBr2}] (5) in a 

41 % and 32 % isolated yield, respectively (Scheme 4.4). It should be noted that PB 

itself does not induce the disproportionation of Si2X6 into SiX4 and SiX2; a strong σ-

donor, such as IPr, is needed to facilitate transfer of SiX2 to PB. In both of these 

successful disproportionation reactions, the by-products IPr•SiX2 and IPr•SiX4 (X = 

Cl13 or Br11) could be identified in a ca. 2:1 ratio by 1H NMR analysis of the crude 

product mixture. Now that [PB{SiBr2}] (5) could be isolated on a preparative scale, this 

allowed for the collection of 29Si{1H} NMR data, which shows a doublet resonance at 

41.9 ppm with a 1JPSi
 value of 106 Hz; for comparison, the 29Si{1H} NMR resonance 

for [PB{SiCl2}] (1) [1JPSi = 117 Hz] is located at 53.8 ppm in C6D6.
7 

 

Scheme 4.4. Lewis base-induced disproportionation of higher halosilanes, Si2Cl6 or 

Si2Br6, with IPr in the presence of PB, leading to the formation of [PB{SiCl2}] (1) and 

[PB{SiBr2}] (5). 

 

With [PB{SiBr2}] (5) in hand, its reduction was attempted using two equiv. of 

sodium naphthalenide [THF:toluene (1:2), -78 °C, 1 hr], two equiv. of KC8 [toluene, rt, 

1 hr], Zn/xs. PMe3 [toluene, rt, 1 hr], or Zn/B(C6F5)3 [toluene, rt, 1 hr]; however, in all 

cases, free PB was formed as the major FLP-containing product (ca. > 90 % by 1H 
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NMR integration). These abovementioned results suggest that the degradative loss of a 

tetrel center from the FLP adducts 1, 2, and 5 is highly favorable. 

To obtain a sense of the P–E and B–E bond strengths within the FLP-stabilized 

SiCl2, SiBr2, and GeCl2 adducts, computations were performed on the release of 

singlet14 EX2 (E = Si, Ge; X = Cl, Br) from 1, 2 and 5 in the gas phase. The energy 

barrier in these reactions (ΔG‡) cannot be directly discussed since transition states for 

P–E/E–B bond scission could not be located.7 For both 1 and 5, the propensity to release 

singlet14 SiX2 (X = Cl for 1, Br for 5) alongside free PB appears to be identical in 

magnitude and endergonic (ΔG) by 20.3 kcal/mol, respectively (gas phase computations 

at a M06-2X15/cc-pVTZ16 level of theory; Equation 4.1). It is expected that the P–Ge 

and Ge–B bonds in [PB{GeCl2}] (2) should be easier to break compared to the P–Si 

and Si–B bonds in [PB{SiCl2}] (1). Accordingly, the energy penalty (ΔG) associated 

with the release of singlet GeCl2 from [PB{GeCl2}] (2) was computed to be lower than 

the loss of SiX2 from either 1 or 5 by 8.4 kcal/mol (Equation 4.2). Thus, the release of 

dihalotetrelenes by PB via P–E/E–B bond breakage has been examined 

computationally, confirming that release of the singlet GeCl2 from 2 is more favorable 

than the release of singlet SiCl2 or SiBr2 from 1 or 5, respectively.  
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To probe the reactivity of these [PB{ECl2}] [E = Si (1) or Ge (2)] adducts 

further, Cp*Li (Cp* = [C5Me5]
–) was chosen to induce salt metathesis within 

[PB{SiCl2}] (1), and combining these reactants in a 2:5 THF:toluene mixture afforded 

Jutzi’s Cp*2Si17 complex in a 61 % isolated yield (Equation 4.3). The first report of 

Cp*2Si includes two synthetic routes: (1) reduction of Cp*2SiCl2 with sodium 

naphthalenide at -50 °C (41 % isolated yield) and, (2) reduction of Cp*2SiBr2 with 

potassium anthracenide at -20 °C (95 % isolated yield).17 While the synthesis of Cp*2Si 

from 1 only offers a moderate isolated yield (61 %), it can be done at room temperature 

while avoiding the use of highly reactive alkali metals.17 Similarly, rapid salt metathesis 

was observed by combining [PB{GeCl2}] (2) with two equiv. of Cp*Li at room 

temperature to afford Cp*2Ge18 in a 77 % isolated yield (Equation 4.3). This isolated 

yield is comparable to that found in the first synthesis of Cp*2Ge (74 %) via combining 

Cp*Li with Cl2Ge•dioxane at -78 °C.18a Notably, quantitative formation of Cp*2Ge 

(CH3 resonance at 1.67 ppm in C6D6; see section 4.4.2. for independent synthesis) was 

observed by 1H NMR spectroscopic analysis of the crude mixture (i.e., from 2 and two 

equiv. of Cp*Li) after 1 hr.  
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Since [PB{Si}] does not appear to be isolable, cationic [PB{SiR}]+ (R = Cl or 

H) salts were targeted next in the hope that they would behave similarly to silylium 

[R3Si]+ species, which have been reported to be highly reactive catalysts.19 Moreover, 

the cationic [PB{SiH}]+ target was expected to be very Lewis acidic (due to an empty 

p-orbital on Si), while the remaining polarized Siδ+–Hδ- bond could be used for effective 

hydride transfer to small substrates (i.e., in hydrosilylation catalysis). Alternatively, the 

analogous [PB{SiCl}]+ species could be of interest as pre-catalysts in the 

abovementioned hydrosilylation catalysis after initiation with R3SiH or R2SiH2 

feedstocks. To start, hydride abstraction to access possible [PB{SiH}]+ species was 

attempted by combining [PB{SiH2}] (3) with five equiv. of MeOTf in C6D6 at 80 °C 

for 7 days. This led to the formation of one new product with a 31P NMR resonance at 

41.2 ppm (22 % conversion by 1H NMR integration alongside 51 % of free PB and 27 

% remaining 3). Unfortunately, this new product could not be separated from unreacted 

3 or PB. Si–Cl bond activation was also attempted to access a [PB{SiCl}]+ salt, by 

combining [PB{SiCl2}] (1) with one equiv. of AgOTf in toluene at room temperature 

for 12 hrs; however, one new product was observed by 1H and 31P{1H} NMR 

spectroscopy in a ca. 49 % in-situ yield with a 31P resonance at 37.8 ppm (doublet of 
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doublets). Repeating this reaction using two equiv. of AgOTf (toluene, 1 hr, room 

temperature) converted 1 efficiently into the silver complex [PB{AgOTf}]2 (6) in a 95 

% in-situ yield according to 1H NMR spectroscopy (Scheme 4.5). Compound 6 can also 

be prepared independently in an 88 % isolated yield from PB and AgOTf (Scheme 4.5) 

and its solid-state structure is depicted in Figure 4.3. Compared to the previously 

reported silver phosphine-borane complex (structure included in Scheme 4.5 for clarity) 

by Ozerov and co-workers, the Ag1–P1 bond length in 6 is significantly shorter 

[2.3571(5) Å vs. 2.4342(6) Å in Ozerov’s complex].20a The Ag1···B1 distance in 6 is 

greater than > 3 Å [ca. Ag···B distance = 2.7 Å in related silver halide phosphine-borane 

complexes]20b with a trigonal planar B center (∑B1 = 359.7(8)°), confirming a lack of 

significant bonding between these two centers. Although the intended cationic 

[PB{SiR}]+ (R = H or Cl) products were not observed, the abovementioned studies 

show that controlled hydride abstraction is difficult from [PB{SiH2}] (3) and formation 

of strong Ag–P bonds (alongside release of undefined SixClyOTfz species) in 6 is 

favored as opposed to the expected formation of [PB{SiCl}]+[OTf].  
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Scheme 4.5. Synthesis of [PB{AgOTf}]2 (6) from PB or [PB{SiCl2}] (1). 

 

Figure 4.3. Molecular structure of [PB{AgOTf}]2 (6) with thermal ellipsoids at a 30 % 

probability level. All hydrogen atoms have been omitted for clarity. Only one 

orientation of the disordered cyclohexyl rings is shown. Selected bond lengths [Å] and 

angles [°]: Ag1–P1 2.3571(5), Ag1–O1 2.3005(14), S1–O1 1.4526(16), S1–O2 

1.4496(16), S1–O3 1.4305(17), P1–C1 1.825(2); P1–Ag1–O1 141.13(4), O1–S1–O3 

114.70(10), Ag1–P1–C1 115.31(7).  
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Expanding from the previously discussed FLP silylene and germylene chemistry 

in this Thesis, the isolation of the lighter analogues, [PB{CCl2}] (7) and [PB{CH2}] 

(8), was targeted. This was inspired partially from a previous reported phosphine-

borane [Ph2P(C6H4)Bpin{CF2}] (Bpin = pinacolborate) adduct by Dilman and co-

workers.21 [PB{CR2}] (R = H, X, or organic group) adducts may be able to release CR2 

upon mild heating7,21 and hence could be useful synthetic reagents in organic chemistry. 

In addition, [PB{CR2}] adducts may be of use in the isolation of C2 complexes (via 

PB{C=C}PB), which are of high interest for the development of “bottom-up” routes to 

carbon-based nanomaterials, in particular graphene.22 To start, the dihalomethylene 

adduct [PB{CCl2}] (7), was isolated as a white solid (37 % yield) from the 

deprotonation of CHCl3 with K[N(SiMe3)2] in the presence of PB (Scheme 4.6). While 

7 has been characterized by multinuclear NMR spectroscopy and elemental analyses, a 

single-crystal X-ray structure of 7 has not been obtained thus far. The aforementioned 

[PB{C=C}PB] dimer was targeted by combining 7 with one equiv. of Mg turnings in 

THF at room temperature for 1 hr; however, this only led to a mixture of inseparable 

products according to multinuclear NMR (1H, 31P, 11B) spectroscopy (Scheme 4.6).  
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Scheme 4.6. Preparation of the methylene complex [PB{CCl2}] (7) and attempted 

reduction. 

 

Following a related deprotonation strategy as used to form [PB{CCl2}] (7), PB 

was combined with MeOTf and K[N(SiMe3)2] to afford [PB{CH2}] (8) in a 61 % yield 

(Equation 4.4). The solid-state structure of [PB{CH2}] (8) (Figure 4.4) features a central 

C2PCB heterocyclic moiety with typical P–C and B–C single bond lengths of 1.778(5) 

Å and 1.641(8) Å, respectively. With a partial FLP-dihydridotetrelene (EH2) series (E 

= C–Ge) in hand, some general comments with respect to their structures can be made 

(Table 4.1). Descending from C to Ge, there is an expected elongation in both the P–E 

and B–E bond lengths, which is accompanied by a narrowing of the P–E–B bond angle 

to approach 90° in the GeH2 adduct. 
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Table 4.1. Notable crystallographic features in the partial FLP-dihydridotetrelene series 

isolated so far. 

Compound P–E [Å] E–B [Å] P–E–B [°] 

[PB{CH2}] (8) 1.778(5)* 1.641(8)* 107.7(4)* 

[PB{SiH2}] (3)7 2.3058(4) 2.0597(4) 94.09(4) 

[PB{GeH2}] (4)7 2.3942(5) 2.198(2) 92.32(4) 
*For molecule A (occupancy of 89 %) in the unit cell. 

 

Figure 4.4. Molecular structure of [PB{CH2}] (8) with thermal ellipsoids at a 30 % 

probability level. All hydrogen atoms were refined isotropically in idealized positions 

and only those bound to C(1A) are shown for clarity. 8 exhibited whole molecule 

disorder, such that two distinct molecules (89 % occupancy for molecule A, shown 

above, and 11 % occupancy for molecule B) were refined in the unit cell. Selected bond 

lengths [Å] and angles [°] for molecules A and [B]: P1–C1 1.778(5) [2.059(10)], C1–

B1 1.694(8) [1.671(10)], P1–C2 1.790(6) [1.775(9)], B1–C7 1.641(8) [1.633(10)]; P1–

C1–B1 107.7(4) [107.0(6)], C2–P1–C11 109.6(5) [115.4(7)]. 

 

Compared to its heavier congeners, [PB{SiH2}] (3) and [PB{GeH2}] (4), 

[PB{CH2}] (8) is air-stable, silica-stable and does not react with water in toluene at 110 

°C after 8 hrs. In contrast with previously reported dihydridotetrelene adducts, 
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[PB{SiH2}] (3) and [PB{GeH2}] (4),7 8 does not appear to release PB and CH2 units 

upon heating in toluene at 110 °C. Turning to computations, the energy penalty for the 

release of triplet CH2
14 and free PB from 8 appears to be highly endergonic (ΔG) by 

88.1 kcal/mol (gas phase computations at a M06-2X15/cc-pVTZ16 level of theory). The 

enhanced stability of 8 is consistent with stronger P–C and C–B bonds in 8 compared 

to its heavier congeners, 3 and 4 (Table 4.1).7  

A possible avenue to access FLP-stabilized element carbides would be to first 

deprotonate [PB{CH2}] (8) to give [PB{CHLi}], which could be subsequently reacted 

with ECl2 (E = Si or Ge) sources to yield precursors for the low temperature deposition 

of silicon carbide or germanium carbide, namely [PB{C=E=C}PB] complexes (Scheme 

4.7).7 To probe whether deprotonation of 8 is a viable reaction pathway, natural bonding 

orbital (NBO)23 analysis on 8 was conducted (Figure 4.5), showing a slightly positive 

charge (QNPA = 0.25) at each hydrogen atom of the CH2 unit, whereas a highly protic 

site is expected to have QNPA values much closer to the ideal value of 1.0. In addition, 

the LUMO in 8 shows little orbital (σ*) contribution from the C–H units (Figure 4.6); 

instead, significant P–C(iPr) σ* character is observed, suggesting bond breakage at that 

site may be a viable pathway in the presence of nucleophiles.  
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Scheme 4.7. Proposed route to silicon or germanium carbide precursors 

[PB{C=E=C}PB] (E = Si or Ge). 

 

Figure 4.5. Optimized gas phase geometry of [PB{CH2}] (8) computed at a M06-

2X15/cc-pVTZ16 level of theory with (a) calculated and experimental bond lengths for 

molecule A in the crystallographic unit cell of 8 [Å], and (b) Wiberg bond indices 

(WBI)23 and natural charges (QNPA) for [PB{CH2}] (8). 
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Figure 4.6. Lowest unoccupied molecular orbital (LUMO; at a M06-2X15/cc-pVTZ16 

level of theory) of [PB{CH2}] (8) depicting significant P–C(iPr) σ* character. 

 

As a first attempt to deprotonate [PB{CH2}] (8), nBuLi was combined with 8 

and the mixture was stirred for 8 hrs at room temperature in THF. This only showed ca. 

21 % conversion of 8 into a new product with a 31P{1H} NMR resonance at 16.0 ppm, 

which was inseparable from 8. As a second attempt, a mixture of tBuLi and TMEDA 

(TMEDA = N,N,N′,N′-tetramethylethylenediamine) was added to 8 in THF and stirred 

for 8 hrs at room temperature, but this procedure resulted in a low conversion (ca. 30 

%) of 8 into a mixture of unidentifiable products according to 1H and 31P{1H} NMR 

spectroscopy. Alternatively, the addition of three equiv. of nBuLi or heating 

stoichiometric nBuLi/8 mixtures up to 60 °C in THF led to degradation of 8 into a 

mixture of inseparable products, as determined by (1H, 31P, 11B) NMR spectroscopy. 

In a final attempt to deprotonate [PB{CH2}] (8), excess Li metal and catalytic 

(19 mol %) naphthalene (a well-known electron transfer agent)24 were added. In place 

of forming [PB{CHLi}], P–C bond breakage was observed, affording 



231 

 

[{(THF)3Li}iPrP(C6H4)BCy2{CH2}] (9) in a 73 % isolated yield (Equation 4.5). While 

P–C bond activation in the presence of lithium25 has been reported previously for an 

alternative route to (2-pyridinyl)phosphine pincer ligands26 commonly used for 

transition metal complexation, this type of ligand activation has not been observed in 

FLP adducts thus far. Previous electron paramagnetic resonance (EPR) studies on the 

reaction between Ph2P(CH2)nPPh2 (n = 1-5) and Li metal in THF confirm that P–C bond 

breakage proceeds predominantly through red-colored radical dianionic [R2P]·- 

intermediates.27 The combination of Li metal and naphthalene allows for more effective 

one-electron transfer,24 which may explain why this route offers higher conversions and 

product purity from 8 to 9 compared to using nBuLi or nBuLi/TMEDA mixtures. 

 

The single-crystal X-ray structure of 9 (Figure 4.7) shows a typical coordinative 

P1–Li1 bond length of 2.616(8) Å, as well as an elongated intraring P1–C1 bond length 

of 1.859(5) Å when compared to the P1–C1 bond in 8 [1.778(5) Å]. As expected, the 

B1–C1 bond length of 1.694(6) Å in 9 is identical within experimental error to the B1–

C1 bond length of 8 [1.694(8) Å], in line with the retention of a four-coordinate sp3-

hybridized B environment in both 8 and 9. 
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Figure 4.7. Molecular structure of [{(THF)3Li}iPrP(C6H4)BCy2{CH2}] (9) with 

thermal ellipsoids at a 30 % probability level. All hydrogen atoms were refined 

isotropically in idealized positions and only those bound to C1 are shown for clarity. 

Only one orientation of the disordered THF molecules is shown. Selected bond lengths 

[Å] and angles [°]: P1–C1 1.825(4), P1–Li1 2.616(8), P1–C2 1.826(4), B1–C1 

1.694(6); C1–P1–Li1 115.9(2), B1–C1–P1 109.6(3). 

 

While the isolated [PB{CR2}] [R = Cl (7) or H (8)] species do not show promise 

as CR2 transfer materials (thus far), the observed PB ligand activation in the attempted 

deprotonation of 8 points towards some electrophilic character at the P center within 

the PB adducts. Combined with the observed B–Cy bond cleavage studied in Chapter 

3, the development of new phosphine-borane ligands would be of great interest for FLP 

chelation so as to avoid unwanted ligand activation. 
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To tease out the steric and thermodynamic factors behind effective FLP-adduct 

formation and to potentially suppress ligand activation via P–C bond cleavage, an 

alternative FLP was investigated featuring a methylene linker adjacent to the 

phosphorus center (Scheme 4.8). As a first step, o-iPr2PCH2(C6H4)Br was prepared as 

a viscous colorless oil in 68 % yield from the sequential combination of 2-bromobenzyl 

bromide, Mg metal, and ClPiPr2 in Et2O (Scheme 4.8). Addition of nBuLi to o-

iPr2PCH2(C6H4)Br then yielded pure [iPr2PCH2(C6H4)Li(OEt2)]2 (10) in a 42 % yield; 

the single-crystal X-ray structure of 10 is shown in Figure 4.8 and features an identical 

dimeric C2Li2 motif as in [iPr2P(C6H4)Li(OEt2)]2
7 with typical P–Li bond lengths [P2–

Li1 = 2.650(5) Å; P1–Li2 = 2.747(5) Å]. Finally, [iPr2PCH2(C6H4)Li(OEt2)]2 (10) was 

then combined with ClBCy2 to yield iPr2PCH2(C6H4)BCy2 (CH2PB) as a white powder 

in a 61 % yield (Scheme 4.8). Of note, PB shows a 31P{1H} NMR resonance at 7.8 ppm 

and a 11B{1H} NMR resonance at 75.8 ppm in C6D6 (consistent with a three-coordinate 

boron center).7 However, CH2PB affords a deshielded 31P{1H} NMR resonance at 34.3 

ppm and a 11B{1H} NMR resonance at -0.6 ppm, suggesting a strong P–B interaction is 

present in solution, since the latter resonance is consistent with a four-coordinate boron 

center. As expected, the single-crystal X-ray structure of CH2PB (Figure 4.9) confirms 

the presence of a shorter P–B distance [2.0754(15) Å] compared to PB [2.2771(14) Å 

and 2.1964(13) Å, two independent molecules in the unit cell].7  
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Scheme 4.8. Synthetic route to a new methylene-linked FLP, CH2PB. 

 

Figure 4.8. Molecular structure of [iPr2PCH2(C6H4)Li(OEt2)]2 (10) with thermal 

ellipsoids at a 30 % probability level. All hydrogen atoms have been omitted for clarity. 

Selected bond lengths [Å] and angles [°]: P1–Li2 2.747(5), P2–Li1 2.650(5), Li2–C1 

2.232(5), Li2–C14 2.202(5), Li1–C1 2.241(5), Li1–C14 2.217(5); C1–Li1–C14 

66.52(19), C1–Li1–O1 126.9(3). 
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Figure 4.9. Molecular structure of CH2PB with thermal ellipsoids at a 30 % probability 

level. All carbon-bound hydrogen atoms have been omitted for clarity. Selected bond 

lengths [Å] and angles [°]: P1–C1 1.8249(15), P1–B1 2.0754(15), B1–C7 1.6398(19); 

C1–P1–B1 97.18(6), P1–B1–C7 94.71(8), C7–C2–C1–P1 18.52(15). 

 

CH2PB was initially proposed as an FLP ligand for ER2 complexation since the 

methylene unit should allow the phosphorus center to adopt narrower ligand bite angles 

that may be more suitable for the isolation of heavier element tetrelenes (based on Sn 

or Pb), while the P center in CH2PB is expected to be a better σ-donor than the P center 

in PB. However, the strong P–B interaction present in CH2PB, does not allow for 

reaction with SnCl2, PbCl2, PbBr2, or transient Si(II) sources (via IPr/HSiCl3 mixtures). 

To sterically separate the phosphorus and boron centers from interacting, a new PB 

chelate, iPr2PCH2(C6H4)BMes2 (CH2PBMes) was synthesized in a 60 % yield from 10 

with Mes2BF (Equation 4.6). While CH2PBMes was characterized by multinuclear NMR 

spectroscopy, elemental analyses and HR-MS (see section 4.4.2), crystals of suitable 

quality for single-crystal X-ray crystallography have not been isolated thus far.  
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While CH2PB shows a 31P{1H} NMR resonance at 34.3 ppm and a 11B{1H} NMR 

resonance at -0.6 ppm in C6D6 (vide supra), CH2PBMes affords a more shielded 31P{1H} 

NMR resonance at 13.0 ppm and a 11B{1H} NMR resonance at 73.1 ppm in CDCl3, 

suggesting that there is minimal P–B interaction in solution. Unfortunately, in a similar 

manner as iPr2P(C6H4)BMes2 (PBMes), CH2PBMes did not react with SnCl2, PbCl2, or 

transient Si(II) sources (via IPr/HSiCl3
 mixtures). The quantitative formation of a new 

product was observed upon mixing of CH2PBMes with Cl2Ge•dioxane in C6H6 for 8 hrs 

(Scheme 4.9). The resulting analytically pure product is formulated as 

[iPr2PCH2(C6H4)BMes2{GeCl2}] (11) (41 % isolated yield) on the basis of NMR data 

(see below). 

 

Scheme 4.9. Synthesis of [iPr2PCH2(C6H4)BMes2{GeCl2}] (11) and attempted 

synthesis of [iPr2PCH2(C6H4)BMes2{GeH2}] (12). 

 

In contrast with other PB-bound tetrelene complexes, 

[iPr2PCH2(C6H4)BMes2{GeCl2}] (11) retains a three-coordinate boron environment 
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with a 11B{1H} NMR signal at 74.1 ppm in CDCl3, compared to the 11B{1H} NMR 

resonance at 73.1 ppm in CDCl3 for CH2PBMes. Of note, there is a shifted 31P{1H} NMR 

resonance for 11 located at 10.4 ppm; however, 11B NMR spectroscopic studies suggest 

that coordination of GeCl2 occurs only through the phosphorus center. Elemental 

analyses confirmed the presence of a 1:1 Cl2Ge:CH2PBMes adduct and attempts to 

structurally authenticate this product by single-crystal X-ray crystallography are 

ongoing. To further confirm the presence of a GeCl2 center in 11, this complex was 

combined with two equiv. of Cp*Li at room temperature for 1 hr leading to the 

formation of Cp*2Ge as a white powder in a yield of 89 % (Equation 4.7).  

 

In an attempt to access the GeH2 adduct, [iPr2PCH2(C6H4)BMes2{GeCl2}] (11) 

was combined with two equiv. of Li[HBEt3] in Et2O at room temperature (Scheme 4.9). 

In contrast with the reported synthetic route to [PB{GeH2}] (4),7 multinuclear (1H, 31P, 

11B) NMR spectroscopy confirmed the quantitative conversion of 11 into free CH2PBMes, 

suggesting that the intended product [iPr2PCH2(C6H4)BMes2{GeH2}] (12) is 

significantly less stable than [PB{GeH2}] (4). The release of CH2PBMes was 

accompanied by the formation of an orange solid, which is tentatively assigned as the 

metastable hydride [GeH2]x.
28 

The gas phase structures of CH2PBMes and [iPr2PCH2(C6H4)BMes2{GeH2}] (12), 

were optimized (at a M06-2X15/cc-pVTZ16 level of theory) and confirmed to be local 
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energy minima by frequency analysis. Next, the ΔG for the following ligand 

displacement reaction (12 + PB → [PB{GeH2}] (4) + CH2PBMes; Equation 4.8) was 

computed, and this process is exergonic by -14.4 kcal/mol; thus, [PB{GeH2}] (4) is 

significantly more stable than the target complex [iPr2PCH2(C6H4)BMes2{GeH2}] (12). 

This is in line with the observed reactivity of 11 upon combination with Li[HBEt3], and 

suggests that further ligand modification will be necessary to stabilize EH2 adducts with 

a methylene-linked phosphine-borane chelate.  

 

4.3 Conclusions 

This Chapter explores the alkali metal-mediated reduction and Cp*Li-mediated 

salt metathesis of [PB{EX2}] complexes [EX2 = SiCl2 (1), GeCl2 (2), or SiBr2 (5)]. In 

addition, the isolation of the lighter Group 14 element congeners [PB{CCl2}] (7), 

[PB{CH2}] (8) and subsequent ligand activation via reductive P–C bond breakage to 

form [{(THF)3Li}iPrP(C6H4)BCy2{CH2}] (9) was noted. Finally, new phosphine-

borane FLPs, CH2PB and CH2PBMes, featuring methylene linkers were synthesized. As a 

result of a strong intramolecular P–B interaction, CH2PB was unable to bind in-situ 

formed SiCl2, Cl2Ge•dioxane, SnCl2, or PbCl2. In contrast, the bulkier CH2PBMes readily 
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reacted with Cl2Ge•dioxane to form [iPr2PCH2(C6H4)BMes2{GeCl2}] (11), as 

confirmed by NMR spectroscopy and elemental analyses. The presence of a three-

coordinate boron center in 11, according to 11B{1H} NMR spectroscopy, suggests that 

a coordinative Ge–B interaction is not present, which may explain why the desired 

[iPr2PCH2(C6H4)BMes2{GeH2}] (12) adduct does not form upon reaction of 11 with 

Li[HBEt3]. Since it appears that any modification of the PB ligand can have drastic 

effects on the FLP reactivity, future work will involve more careful screening of 

different organic groups on the P center, as well as substitution of the B center with 

heavier Group 13 element-based Lewis acids (Al or Ga) to form stronger chelates with 

ER2 units, including cases where E = Pb. 

4.4 Experimental Details 

4.4.1 General Considerations 

All reactions were performed using standard Schlenk and glovebox (Innovative 

Technology, Inc.) techniques. All solvents were dried using a solvent purification 

system provided by Innovative Technology, Inc., degassed (freeze-pump-thaw 

method), and stored under nitrogen prior to use. nBuLi (2.5 M solution in hexanes), 

chlorodicyclohexylborane (ClBCy2), SiBr4, Cl2Ge•dioxane, AgOTf, and Mes2BF (Mes 

= 2,4,6-Me3C6H2) were purchased from Sigma-Aldrich and used as received. 

Hexachlorodisilane (Si2Cl6) was purchased from Gelest and used as received. 

Chloroform was obtained from Sigma-Aldrich, degassed via three freeze-pump-thaw 

cycles, and stored in a Teflon-capped Schlenk flask over 4 Å molecular sieves prior to 
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use. Chlorodiisopropylphosphine (ClPiPr2) was purchased from Acros Organics and 

used as received. Methyl triflate (MeOTf) and 2-bromobenzyl bromide (o-

BrCH2(C6H4)Br) were purchased from Oakwood Chemicals and used as received. 

K[N(SiMe3)2] was purchased from Sigma-Aldrich and recrystallized from a saturated 

toluene solution at -35 °C prior to use. PB,7,9 [PB{SiCl2}] (1),7 [PB{GeCl2}] (2),7 

Si2Ph6,
29 Si2Br6,

30 Khyp10 (Khyp = [K(THF)2][Si(SiMe3)3]), Cp*Li31 (Cp* = [C5Me5]
–

), and IPr32 (IPr = (HCNDipp)2C:; Dipp = 2,6-iPr2C6H3) were synthesized as reported 

previously. 1H, 7Li, 11B, 13C{1H}, 19F{1H}, 29Si, and 31P{1H} NMR spectra were 

recorded at room temperature using a Varian Inova-400, VNMRS-500, or VNMRS-700 

spectrometer and referenced to Me4Si (1H, 13C{1H}, and 29Si), a 9.7 M solution of LiCl 

in D2O (7Li), 85 % H3PO4 (31P{1H}), 15 % F3B•OEt2 (11B), and CFCl3 (19F{1H}). 

Chemical shifts are reported in parts per million (ppm) and coupling constants (J) are 

reported in Hertz (Hz). Elemental analyses and thermal gravimetric analyses were 

performed at the Analytical and Instrumentation Laboratory at the University of Alberta 

using the Thermo Flash 2000 Elemental Analyzer and the Perkin Elmer Pyris 1, 

respectively. High-resolution mass spectra were obtained on an Agilent 6220 

spectrometer or Kratos Analytical MS-50G instrument by the Mass Spectrometry 

Facility at the University of Alberta. Melting points were measured in sealed glass 

capillaries under nitrogen using MelTemp apparatus.  
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4.4.2 Synthetic Procedures 

 

Attempted synthesis of [PB{SiBr2}] (5) from SiBr4 and [K(THF)2][Si(SiMe3)3]. A 

solution of [K(THF)2][Si(SiMe3)3] (0.1190 g, 0.2761 mmol) in 1.5 mL of THF was 

added to PB (0.1000 g, 0.2700 mmol) in 2 mL of THF. Afterwards, SiBr4 (33.5 μL, 

0.289 mmol) was added quickly to the reaction mixture, resulting in a brown 

suspension. After stirring for 30 min at room temperature, the reaction mixture was 

evaporated to dryness and re-dissolved in ca. 0.7 mL of C6D6 to verify the degree of 

conversion from PB to [PB{SiBr2}] (5). By comparing one ArH resonance of PB (7.29 

ppm) with one ArH resonance of [PB{SiBr2}] (5) (7.73 ppm in C6D6) in 1H NMR 

spectrum, the % conversion from PB to [PB{SiBr2}] (5) in the crude reaction mixture 

was estimated to be 13 % as leftover free PB and the BrSi(SiMe3)3 by-product could 

not be removed. After the crude NMR spectrum was collected, the volatiles were then 

removed from the NMR sample and the product was extracted into 2 mL of hexanes. 

The mixture was filtered through a plug of Celite and the filtrate was concentrated to a 

final volume of ~1 mL before cooling to -35 °C to yield [PB{SiBr2}] (5) as colorless 

X-ray quality crystals (0.0024 g, 33 % bulk purity according to 1H NMR spectroscopy). 

The NMR data for pure [PB{SiBr2}] (5) is provided below. 

 

Synthesis of [PB{SiBr2}] (5) from Si2Br6 and IPr. A solution of IPr (0.0338 g, 0.0869 

mmol) in 1 mL of toluene was added rapidly over 5 seconds, to a stirring solution of 

PB (0.0290 g, 0.0783 mmol) and Si2Br6 (0.0462 g, 0.0862 mmol) in 15 mL of toluene, 



242 

 

resulting in a yellow solution. After stirring this mixture at room temperature for 1 hr, 

the slightly opaque yellow mixture was exposed to vacuum to remove the volatiles. 

Afterwards, 10 mL of hexanes was added and the mixture was filtered. The filtrate was 

then concentrated to a volume of ~2 mL and cooled to -35 °C for 8 hrs to yield colorless 

crystals of [PB{SiBr2}] (5), which were washed with cold (-35 °C) acetonitrile (2 × 1 

mL) and cold (-35 °C) pentane (2 × 1 mL) to further remove residual free PB (final 

yield of 5 = 0.0141 g, 32 %). 1H NMR (399.9 MHz, C6D6): δ = 7.73 (dd, 3JHP = 3.9 Hz, 

3JHH = 7.6 Hz, 1H, ArH), 7.26-7.21 (m, 1H, ArH), 6.90-6.93 (m, 1H, ArH), 6.79-6.82 

(m, 1H, ArH), 2.20 (d of septets, 3JHH = 6.8 Hz, 2JHP = 9.9 Hz, 2H, CH(CH3)2), 2.02 

(pseudo-d, 2H, HCy), 1.94 (pseudo-d, 4H, HCy), 1.87 (pseudo-d, 4H, HCy), 1.52-1.60 (m, 

4H, HCy), 1.42-1.50 (m, 4H, HCy), 0.99-1.20 (m, 4H, HCy), 0.84-0.88 (m, 12H, 

CH(CH3)2). 
13C{1H} NMR (125.6 MHz, C6D6): δ = 135.3 (d, JCP = 11.7 Hz, ArC), 131.2 

(d, JCP = 2.7 Hz, ArC), 130.4 (d, JCP = 6.0 Hz, ArC), 125.0 (s, ArC), 124.6 (d, JCP = 8.5 

Hz, ArC), 124.5 (s, ArC), 34.5 (s, BCy2), 33.1 (s, BCy2), 31.8 (s, BCy2), 30.1 (s, BCy2), 

29.6 (s, BCy2), 28.3 (s, BCy2), 24.8 (d, 1JCP = 24.9 Hz, CH(CH3)2), 17.8 (d, 2JCP = 2.9 

Hz, CH(CH3)2), 17.5 (s, CH(CH3)2). 
31P{1H} NMR (201.6 MHz, C6D6): δ = -8.3 (s, 

with 29Si-31P satellites 1JPSi = 106 Hz, iPr2P). 11B{1H} NMR (128.3 MHz, C6D6): δ = -

1.9 (s, Cy2B). 29Si{1H} NMR (79.4 MHz, C6D6): δ = 41.9 (d, 1JPSi = 105.9 Hz, SiBr2). 

Anal. Calcd. for C24H40BBr2PSi (%): C 51.64, H 7.22; Found: C 52.16, H 6.91. M.p. 

179-180 °C (decomp.). 
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Synthesis of [PB{SiCl2}] (1) from Si2Cl6 and IPr. A solution of IPr (0.0416 g, 0.107 

mmol) in 1 mL of toluene was added rapidly over 5 seconds, to a stirring solution of 

PB (0.0395 g, 0.107 mmol) and Si2Cl6 (18.4 μL, 0.107 mmol) in 10 mL of toluene, 

leading to a yellow solution. After stirring at room temperature for 1 hr, the solution 

turned opaque. The volatiles were then removed under vacuum. Then 10 mL of hexanes 

was added to the reaction mixture and the extract was filtered. The filtrate was then 

concentrated to a volume of ~2 mL and cooled to -35 °C for 8 hrs to yield [PB{SiCl2}] 

(1) as a white microcrystalline solid, which was washed with cold (-35 °C) pentane (2 

× 1 mL) (final yield of 1 = 0.0206 g, 41 %). The NMR data for [PB{SiCl2}] (1) 

synthesized using this procedure matched those reported previously (see section 2.4.2).7 

 

Independent synthesis of Cp*2Ge. Since the 1H NMR spectrum of Cp*2Ge has not 

been reported in C6D6, this compound was synthesized independently according to a 

modified literature procedure.18a A solution of Cp*Li (0.0128 g, 0.178 mmol) in 2 mL 

of THF was added to a stirring solution of Cl2Ge•dioxane (0.0201 g, 0.0867 mmol) in 

5 mL of toluene. The reaction mixture was then stirred for 1 hr at room temperature. 

Subsequently, the reaction mixture was evaporated to dryness, 2 mL of hexanes was 

added and the mixture was filtered. Removal of the volatiles from the filtrate under 

vacuum afforded Cp*2Ge as white microcrystalline needles (0.0115 g, 65 %). 1H NMR 

(699.7 MHz, C6D6): δ = 1.67 (s, 30H, CH3). 
13C{1H} NMR (175.9 MHz, C6D6): δ = 

120.2 (s, Me5C5), 9.5 (s, Me5C5). 
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Synthesis of Cp*2Si from [PB{SiCl2}] (1) and Cp*Li. A solution of Cp*Li (0.0099 g, 

0.14 mmol) in 2 mL of THF was added to a stirring solution of [PB{SiCl2}] (1) (0.0319 

g, 0.0679 mmol) in 5 mL of toluene. The reaction mixture was then stirred for 1 hr at 

room temperature. Subsequently, the reaction mixture was evaporated to dryness, 5 mL 

of hexanes was added, and the mixture was filtered. The filtrate was concentrated to a 

volume of ~2 mL and cooled to –35 °C to yield Cp*
2Si as a white microcrystalline 

powder (0.0124 g, 61 %).17 

 

Synthesis of Cp*2Ge from [PB{GeCl2}] (2) and Cp*Li. A solution of Cp*Li (0.0088 

g, 0.12 mmol) in 2 mL of THF was added to a stirring solution of [PB{GeCl2}] (2) 

(0.0315 g, 0.0613 mmol) in 5 mL of toluene. The reaction mixture was then stirred for 

1 hr at room temperature. Subsequently, the reaction mixture was evaporated to dryness, 

5 mL of hexanes was added, and the mixture was filtered. The filtrate was concentrated 

to a volume of ~2 mL and cooled to –35 °C to yield Cp*
2Ge as a white microcrystalline 

powder (0.0161 g, 77 %).  

 

Independent synthesis of [PB{AgOTf}]2 (6). A solution of AgOTf (0.0155 g, 0.0603 

mmol) was added to a stirring solution of PB (0.0175 g, 0.0472 mmol) in 5 mL of 

toluene. The reaction mixture was then stirred for 1 hr. Afterwards, the volatiles were 

removed under vacuum, 5 mL of fluorobenzene was added, and the mixture was 

filtered. The volatiles were removed from the filtrate under vacuum to afford 

[PB{AgOTf}]2 (6) as a white powder (0.0262 g, 89 %). Colorless X-ray quality crystals 
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of 6 were grown from a concentrated mixture of cold (-35 °C) 1:1:1 THF:Et2O:hexanes. 

1H NMR (699.8 MHz, C6D6): δ = 7.14-7.19 (m, 2H, ArH), 6.99-7.05 (m, 4H, ArH), 

6.77 (pseudo-d, 2H, ArH), 2.22 (pseudo-d, 4H, HCy), 2.06-2.09 (m, 4H, HCy), 1.98-2.02 

(m, 4H, CH(CH3)2), 1.93 (pseudo-d, 4H, HCy), 1.86 (pseudo-d, 4H, HCy), 1.73 (d, 3JHH 

= 11.2 Hz, 6H, CH(CH3)2), 1.44-1.55 (m, 8H, HCy), 1.26-1.34 (m, 8H, HCy), 1.16-1.21 

(m, 8H, HCy), 1.10 (dd, 3JHH = 7.0 Hz, 3JHP = 19.4 Hz, 12H, CH(CH3)2), 1.02-1.06 (m, 

4H, HCy), 0.87 (dd, 3JHH = 7.1 Hz, 3JHP = 16.2 Hz, 6H, CH(CH3)2). 
13C{1H} NMR (175.9 

MHz, C6D6): δ = 157.7 (s, JCP = 30.4 Hz, ArC), 133.3 (d, JCP = 10.2 Hz, ArC), 132.4 

(s, ArC), 131.8 (d, JCP = 7.4 Hz, ArC), 129.6 (s, ArC), 128.6 (s, ArC), 128.3 (s, ArC), 

127.6 (d, JCP = 9.5 Hz, ArC), 127.5 (d, JCP = 9.8 Hz, ArC), 126.6 (s, ArC), 126.5 (s, 

ArC), 126.3 (s, ArC), 121.5 (q, 1JCF = 319.9 Hz, CF3), 39.6 (s, BCy2), 30.7 (s, BCy2), 

28.8 (s, BCy2), 28.3 (s, BCy2), 27.9 (s, BCy2), 27.3 (s, BCy2), 26.3 (d, 1JCP = 20.1 Hz, 

CH(CH3)2), 20.0 (d, 2JCP = 8.5 Hz, CH(CH3)2), 19.5 (s, CH(CH3)2). 
31P{1H} NMR 

(161.9 MHz, C6D6): δ = 37.8 (dd, 1J107AgP = 700.7 Hz, 1J109AgP = 810.8 Hz, iPr2P). 

11B{1H} NMR (128.3 MHz, C6D6): δ = 81.1 (br s, Cy2B). 19F{1H} NMR (376.1 MHz, 

C6D6): δ = -76.7 (s, OTf). Anal. Calcd. for C51H83Ag2B2F5O6P2S2 (%): C 48.98, H 6.69; 

S 5.13; Found: C 49.51, H 7.01, S 4.03. M.p. 49-50 °C (decomp.). 

 

Synthesis of [PB{CCl2}] (7). To a solution of PB (0.1696 g. 0.4579 mmol) and 

K[N(SiMe3)2] (0.0911 g, 0.457 mmol) stirring at -35 °C in 8 mL of toluene, was added 

CHCl3 at -35 °C (38.5 µL, 0.480 mmol) drop-wise over 1 min, whereupon the initially 

colorless solution turned orange-red and a white precipitate formed. After warming the 
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mixture to room temperature and stirring for 4 hrs, the mixture was filtered and 

concentrated under vacuum to a volume of ~2 mL. Upon concentrating, an off-white 

precipitate slowly formed and it was allowed to settle. Subsequently, the mother liquor 

was decanted away, and the remaining solid was dried under vacuum. This solid was 

washed with 2 × 1.5 mL of toluene and subsequently washed with 2 × 1 mL of 

Me3SiOSiMe3, 2 × 1 mL of pentane to afford [PB{CCl2}] (7) as a white powder (0.0759 

g, 37 %). 1H{31P} NMR (399.9 MHz, C6D6): δ = 7.89 (d, 3JHH = 7.6 Hz, 1H, ArH), 7.22 

(t, 3JHH = 7.5 Hz, 1H, ArH), 6.91 (t, 3JHH = 7.0 Hz, 1H, ArH), 6.83-6.85 (m, 1H, ArH), 

2.71 (pseudo-d, 2H, HCy), 2.54 (septet, 3JHH = 7.3 Hz, 2H, CH(CH3)2), 2.11-2.14 (m, 

2H, HCy), 2.04 (pseudo-d, 2H, HCy), 1.90-1.97 (m, 6H, HCy), 1.76-1.87 (m, 2H, HCy), 

1.43-1.63 (m, 8H, HCy), 1.04 (d, 3JHH = 7.0 Hz, 1H, CH(CH3)2), 0.92 (d, 3JHH = 7.3 Hz, 

1H, CH(CH3)2). 
13C{1H} NMR (125.7 MHz, C6D6): δ = 135.7 (d, JCP = 14.9 Hz, ArC), 

131.3 (d, JCP = 3.1 Hz, ArC), 130.0 (d, JCP = 11.8 Hz, ArC), 124.5 (d, JCP = 11.3 Hz, 

ArC), 122.6 (s, ArC), 121.9 (s, ArC), 37.1 (br, BCy2), 33.2 (s, BCy2), 32.8 (s, BCy2), 

31.0 (s, BCy2), 30.9 (s, BCy2), 28.8 (s, BCy2), 27.1 (d, 1JCP = 36.1 Hz, CH(CH3)2), 18.4 

(d, 2JCP = 3.9 Hz, CH(CH3)2), 17.9 (d, 2JCP = 3.3 Hz, CH(CH3)2). Note: The CCl2 

resonance could not be located in 13C{1H} NMR spectrum. 31P{1H} NMR (201.6 MHz, 

C6D6): δ = 56.6 (s, iPr2P). 11B{1H} NMR (159.8 MHz, C6D6): δ = -3.6 (s, BCy2). Anal. 

Calcd. for C25H40BCl2P (%): C 66.24, H 8.89; Found: C 65.88, H 8.86. M.p. 97-99 °C. 

 

Synthesis of [PB{CH2}] (8). A solution of MeOTf (50.2 μL, 0.458 mmol) was added 

to a stirring solution of PB (0.1130 g, 0.3050 mmol) in 10 mL of toluene. The reaction 
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mixture was then stirred for 2 hrs. Then a solution of K[N(SiMe3)2] (0.0913 g, 0.458 

mmol) in 5 mL of toluene was added drop-wise over 5 min to the reaction mixture, 

resulting in a white slurry. After stirring for 2 hrs, the precipitate was allowed to settle, 

the supernatant decanted away, and 5 mL of toluene were added; this procedure was 

repeated a total of 4 times (giving 20 mL total of decanted solution). Afterwards, the 

decanted solutions were combined and concentrated under vacuum to a volume of ca. 

5 mL and cooled to -35 °C for 8 hrs to yield [PB{CH2}] (8) as a white microcrystalline 

solid (0.0715 g, 61 %). Colorless X-ray quality crystals of 8 were grown from a 

concentrated solution of cold (-35 °C) 2:1 hexanes:THF. 1H NMR (499.7 MHz, C6D6): 

δ = 7.89 (d, 3JHH = 7.6 Hz, 1H, ArH), 7.32 (t, 3JHH = 7.6 Hz, 1H, ArH), 6.98-7.03 (m, 

1H, ArH), 7.86 (pseudo-t, 3JHH = 7.2 Hz, 1H, ArH), 1.97-2.11 (m, 8H, HCy), 1.82-1.91 

(m, 4H, HCy overlapping with CH(CH3)2), 1.47-1.69 (m, 6H, HCy),1.24-1.34 (m, 2H, 

HCy), 1.13-1.22 (m, 2H, HCy), 1.00-1.07 (m, 2H, HCy), 0.72 (dd, 3JHH = 6.4 Hz, 3JHP = 

7.2 Hz, 6H, CH(CH3)2), 0.68 (dd, 3JHH = 6.4 Hz, 3JHP = 7.2 Hz, 6H, CH(CH3)2), 0.65 

(d, 2JHP = 6.3 Hz, 2H, CH2). 
13C{1H} NMR (175.9 MHz, C6D6): δ = 133.7 (s, ArC), 

133.6 (s, ArC), 131.2 (d, JCP = 2.9 Hz, ArC), 128.7 (s, ArC), 128.6 (s, ArC), 124.6 (d, 

JCP = 10.9 Hz, ArC), 32.7 (s, BCy2), 32.5 (s, BCy2), 30.5 (s, BCy2), 30.3 (s, BCy2), 28.9 

(s, BCy2), 24.0 (d, 1JCP = 40.8 Hz, CH(CH3)2), 17.4 (d, 2JCP =1.4 Hz, CH(CH3)2), 16.4 

(d, 2JCP = 2.3 Hz, CH(CH3)2), 0.60 (br s, PCH2). Note: The resonance for the cyclohexyl 

CH bound to boron could not be located. While the P–CH2 resonance could not be 

located directly by 13C{1H} NMR spectroscopy (likely due to quadrupolar broadening 

from neighbouring B atom), 1H-13C gHSQC NMR confirms the CH2 moiety is located 
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at 0.60 ppm. 31P{1H} NMR (161.9 MHz, C6D6): δ = 63.1 (s, iPr2P). 11B{1H} NMR 

(128.3 MHz, C6D6): δ = -4.6 (s, Cy2B). Anal. Calcd. for C25H42BP (%): C 78.12, H 

11.01; Found: C 77.82, H 10.99. M.p. 141-143 °C. 

 

Synthesis of [{(THF)3Li}iPrP(C6H4)BCy2{CH2}] (9). Excess lithium metal (0.0531 g, 

7.38 mmol) was added to a stirring solution of naphthalene (0.0046 g, 0.036 mmol) in 

5 mL of THF. After stirring at room temperature for 30 min, a permanent dark green 

color was observed and a solution of [PB{CH2}] (8) (0.0731 g, 0.190 mmol) in 2 mL 

of THF was added quickly over 10 seconds. The reaction mixture rapidly turned dark 

red and then light red-orange, and this mixture was left stirring at room temperature for 

2 days. Afterwards, the reaction mixture was filtered and the volatiles were removed 

from the filtrate under vacuum. Once dry, 10 mL of a 2:1 mixture of hexanes:THF was 

added and the resulting solution was cooled to -35 °C for 8 hrs to yield 

[{(THF)3Li}iPrP(C6H4)BCy2{CH2}] (9) as a yellow microcrystalline solid (0.0789 g, 

73 %). 1H NMR spectroscopy was used to determine the amount of coordinated THF, 

which showed three THF equiv. by integration. X-ray quality colorless crystals of 9 

were grown from a cold (-35 ºC) solution of 1:1 hexanes:THF. 1H NMR (498.1 MHz, 

C6D6): δ = 7.96 (d, 3JHH = 6.9 Hz, 1H, ArH), 7.37 (t, 3JHH = 6.9 Hz, 1H, ArH), 7.28 (t, 

3JHH = 5.9 Hz, 1H, ArH), 7.19-7.22 (m, 1H, ArH), 3.33-3.35 (m, 12H, coordinated THF, 

CH2), 2.53 (pseudo-d, 1H, HCy), 2.36 (pseudo-d, 1H, HCy), 2.24 (pseudo-d, 1H, HCy), 

2.15 (pseudo-d, 1H, HCy), 2.04-2.11 (m, 3H, HCy), 1.93-2.00 (m, 2H, HCy and 

CH(CH3)2), 1.87 (pseudo-d, 1H, HCy), 1.79 (pseudo-d, 2H, HCy), 1.51-1.71 (m, 6H, 
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HCy), 1.41 (pseudo-d, 2H, HCy), 1.29-1.32 (m, 12H, coordinated THF, CH2), 1.22 (dd, 

3JHH = 7.5 Hz, 3JHP = 14.4 Hz, 3H, CH(CH3)2), 1.16 (dd, 3JHH = 4.9 Hz,  3JHP = 11.9 Hz, 

3H, CH(CH3)2), 1.00-1.03 (m, 1H, HCy), 0.84-0.91 (m, 2H, HCy), 0.63 (dd, 3JHH = 6.5 

Hz, 3JHP = 20.4 Hz, 2H, CH2). 
13C{1H} NMR (175.9 MHz, C6D6): δ = 132.8 (d, JCP = 

8.3 Hz, ArC), 127.1 (d, JCP = 20.4 Hz, ArC), 126.2 (s, ArC), 122.7 (d, JCP = 7.7 Hz, 

ArC), 68.5 (s, coordinated THF, CH2), 33.5 (s, BCy2), 33.4 (s, BCy2), 33.3 (s, BCy2), 

32.3 (s, BCy2), 31.5 (s, BCy2), 31.2 (s, BCy2), 31.1 (s, BCy2), 31.0 (s, BCy2), 30.8 (s, 

BCy2), 29.7 (s, BCy2), 29.4 (s, BCy2), 29.0 (s, CH(CH3)2), 25.4 (s, coordinated THF, 

CH2), 20.5 (d, 2JCP = 11.3 Hz, CH(CH3)2), 19.4 (d, 2JCP = 5.3 Hz, CH(CH3)2), 11.9* (br, 

CH2). Note: Resonances for the ArC bound to P, the ArC bound to B and the cyclohexyl 

CH bound to boron could not be located. *While the P–CH2 resonance could not be 

located directly by 13C{1H} NMR spectroscopy (likely due to quadrupolar broadening 

from neighbouring B atom), 1H-13C gHSQC NMR confirms the CH2 moiety is located 

at 11.9 ppm. 31P{1H} NMR (201.6 MHz, C6D6): δ = 15.6 (s, iPrP). 11B{1H} NMR (159.8 

MHz, C6D6): δ = -4.2 (s, BCy2). 
7Li{1H} NMR (193.6 MHz, C6D6): δ = -0.2 (s, 

Li(THF)). Anal. Calcd. for C34H59BLiO3P (%): C 72.33, H 10.53; Found: C 71.13, H 

10.45. M.p. 192-193 °C (decomp.).  

 

Synthesis of iPr2PCH2(C6H4)Br. Under N2, solid 2-bromobenzyl bromide (4.47 g, 17.9 

mmol) was heated gently to melt (M.p = 29-32 °C) and added drop-wise over 10 min 

to an ice-bath cooled (0 °C) mixture of dried magnesium shavings (0.4400 mg, 18.10 

mmol) dispersed in 250 mL of Et2O. The reaction mixture was left stirring at room 
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temperature for 8 hrs. Afterwards, the reaction mixture was once again cooled to 0 °C 

and ClPiPr2 (2.88 mL, 18.1 mmol) was added drop-wise over 5 min. The reaction 

mixture was warmed up to room temperature and left stirring for 4 hrs, resulting in a 

yellow slurry. The volatiles were then removed under vacuum and the crude product 

was combined with 20 mL of hexanes and filtered through a 5 cm plug of silica gel in 

a glass fiber-packed pipette. The volatiles were removed from the filtrate under vacuum 

to yield iPr2PCH2(C6H4)Br as a viscous yellow oil (3.50 g, 68 %). 1H NMR (699.7 MHz, 

C6D6): δ = 7.38-7.40 (m, 2H, ArH), 6.91 (t, 3JHH = 8.4 Hz, 1H, ArH), 6.65 (t, 3JHH = 7.7 

Hz, 1H, ArH), 2.86 (s, 2H, CH2), 1.65 (septet, 3JHH = 6.9 Hz, 2H, CH(CH3)2), 1.00 (d, 

3JHH = 6.9 Hz, 6H, CH(CH3)2), 0.98 (dd, 3JHH = 6.9 Hz, 3JHP = 12.1 Hz, 6H, CH(CH3)2). 

13C{1H} NMR (175.9 MHz, C6D6): δ = 140.3 (s, ArC), 133.2 (s, ArC), 131.9 (d, JCP = 

11.1 Hz, ArC), 127.4 (d, JCP = 1.9 Hz, ArC), 127.3 (s, ArC), 125.3 (d, JCP = 3.7 Hz, 

ArC), 29.9 (d, 1JCP = 22.7 Hz, CH2), 23.9 (d, 1JCP = 16.4 Hz, CH(CH3)2), 19.8 (d, 2JCP 

= 13.9 Hz, CH(CH3)2), 19.5 (d, 2JCP = 12.1 Hz, CH(CH3)2). 
31P{1H} NMR (201.6 MHz, 

C6D6): δ = 10.2 (s, iPr2P). Anal. Calcd. for C13H20BrP (%): C 54.37, H 7.02; Found: C 

54.34, H 6.88. HR-MS (EI): m/z calcd. for [C13H21BrP]+: 287.0486; found: 287.0559 

(Δppm = 0.06). 

 

Synthesis of [iPr2PCH2(C6H4)Li(OEt2)]2 (10). nBuLi (2.5 M solution in hexanes, 1.09 

mL, 2.7 mmol) was added drop-wise over 2 min to a solution of iPr2PCH2(C6H4)Br 

(0.7840 g, 2.732 mmol) in 10 mL of Et2O at room temperature, resulting in a light 

yellow solution. After stirring for 10 min at room temperature, the mixture was cooled 
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to -35 °C for 16 hrs to afford [iPr2PCH2(C6H4)Li(OEt2)]2 (10) as colorless X-ray quality 

crystals. After vacuum drying the crystals to constant weight, 10 was determined to be 

a monoetherate lithium salt according to 1H NMR spectroscopy (0.5389 g, 42 %). 1H 

NMR (399.9 MHz, C6D6): δ = 8.22-8.25 (m, 1H, ArH), 7.23-7.26 (m, 2H, ArH), 7.18-

7.20 (m, 1H, ArH), 3.12 (d, 2JHP = 4.4 Hz, 2H, CH2), 3.07 (q, 3JHH = 6.8 Hz, 4H, 

coordinated Et2O, CH2), 1.69 (d of septets, 3JHH = 7.2 Hz, 3JHP = 9.6 Hz, 2H, CH(CH3)2), 

1.04 (dd, 3JHH = 7.2 Hz, 3JHP = 9.6 Hz, 6H, CH(CH3)2), 0.98 (dd, 3JHH = 7.2 Hz, 3JHP = 

12.8 Hz, 6H, CH(CH3)2), 0.93 (t, 3JHH = 7.2 Hz, 6H, coordinated Et2O, CH3). 
13C{1H} 

NMR (175.9 MHz, C6D6): δ = 182.6 (d, JCP = 17.6 Hz, ArC), 152.4 (d, JCP = 6.1 Hz, 

ArC), 142.9 (s, ArC), 126.3 (d, JCP = 4.2 Hz, ArC), 125.7 (s, ArC), 123.1 (d, JCP = 2.6 

Hz, ArC), 65.8 (s, O(CH2CH3)2), 37.3 (d, 1JCP = 1.6 Hz, CH2), 22.8 (d, 2JCP = 6.1 Hz, 

CH(CH3)2), 20.0 (d, 1JCP = 11.1 Hz, CH(CH3)2), 19.7 (d, 2JCP = 8.1 Hz, CH(CH3)2), 15.0 

(s, O(CH2CH3)2). 
31P{1H} NMR (201.6 MHz, C6D6): δ = 9.9 (s, iPr2P). 7Li NMR (193.6 

MHz, C6D6): δ = 2.9 (s, Li(OEt2)). Anal. Calcd. for C17H30LiOP (%): C 70.81, H 10.49; 

Found: C 70.25, H 10.22. M.p. 58-59 °C. 

 

Synthesis of iPr2PCH2(C6H4)BCy2 (CH2PB). ClBCy2 (370 μL, 1.69 mmol) was added 

drop-wise over 5 min at 0 °C to a solution of [iPr2PCH2(C6H4)Li(Et2O)] (10) (0.4830 g, 

1.671 mmol) in 10 mL of toluene. The reaction mixture was stirred for 2 hrs at 0 °C 

before removing the volatiles under vacuum. The product was extracted into 20 mL of 

Et2O and the mixture was filtered through Celite. The filtrate was concentrated under 

vacuum to a volume of ca. 5 mL and cooled to -35 °C to afford CH2PB as colorless X-
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ray quality crystals (0.3955 g, 61 %). Note: CH2PB is stable in air as a C6D6 solution 

for at least 2 days. 1H NMR (399.9 MHz, C6D6): δ = 7.54 (d, 3JHH = 7.6 Hz, 1H, ArH), 

7.25 (t, 3JHH = 7.2 Hz, 1H, ArH), 7.14-7.18 (m, 1H, ArH overlapping with C6D5H), 

7.07-7.09 (m, 1H, ArH), 2.65 (d, 2JHP = 8.4 Hz, 2H, CH2), 1.95-2.02 (m, 6H, HCy and 

CH(CH3)2), 1.85-1.93 (m, 6H, HCy), 1.42-1.55 (m, 4H, HCy), 1.29-1.39 (m, 4H, HCy), 

1.09-1.20 (m, 4H, HCy), 0.91 (dd, 3JHH = 7.2 Hz, 3JHP = 13.2 Hz, 6H, CH(CH3)2), 0.79 

(dd, 3JHH = 7.2 Hz, 3JHP = 11.9 Hz, 6H, CH(CH3)2). 
13C{1H} NMR (175.9 MHz, C6D6): 

δ = 140.3 (s, ArC), 140.2 (s, ArC), 132.4 (d, JCP = 16.5 Hz, ArC), 126.2 (d, JCP = 2.1 

Hz, ArC), 125.4 (d, JCP = 10.5 Hz, ArC), 125.3 (d, JCP = 1.9 Hz, ArC), 33.3 (d, JCP = 

5.8 Hz, BCy2), 32.3 (d, JCP = 7.4 Hz, BCy2), 31.6 (br s, BCy2), 30.2 (s, BCy2), 29.9 (s, 

BCy2), 29.4 (d, 1JCP = 33.4 Hz, CH2), 28.2 (s, BCy2), 22.4 (d, 1JCP = 15.5 Hz, CH(CH3)2), 

19.3 (d, 2JCP = 2.5 Hz, CH(CH3)2), 18.9 (s, CH(CH3)2). 
31P{1H} NMR (201.6 MHz, 

C6D6): δ = 34.3 (s, iPr2P). 11B{1H} NMR (128.3 MHz, C6D6): δ = -0.6 (s, Cy2B). Anal. 

Calcd. for C25H42BP (%): C 78.12, H 11.01; Found: C 77.82, H 10.73. M.p. 160-161 

°C. 

 

Synthesis of iPr2PCH2(C6H4)BMes2 (CH2PBMes). Mes2BF (0.1465 g, 0.5463 mmol) 

was added as a solid to a stirring solution of [iPr2PCH2(C6H4)Li(Et2O)] (10) (0.1575 g, 

0.5462 mmol) in 20 mL of hexanes. The reaction mixture was stirred for 2 hrs at room 

temperature before being heated to 70 °C for 5 min. Once hot, the reaction mixture was 

filtered through Celite and the volatiles were removed from the filtrate to afford 

iPr2PCH2(C6H4)BMes2 (CH2PBMes) as a white powder (0.1494 g, 60 %). Note: 
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Multinuclear NMR spectra (1H, 1H{31P}, 13C{1H}, 31P{1H}) were collected at -40 °C to 

minimize rotational broadening from Mes groups. At -40 °C, VT-NMR showed no 

11B{1H} resonance; therefore, the 11B{1H} resonance at 25 °C is reported below. 

1H{31P} NMR (399.9 MHz, -40 °C, CDCl3): δ = 7.27-7.32 (m, 2H, ArH), 7.12 (t, 3JHH 

= 7.2 Hz, 1H, ArH), 7.17-7.19 (m, 1H, ArH), 6.83 (s, 1H, Mes-CH), 6.77 (s, 1H, Mes-

CH), 6.74 (s, 1H, Mes-CH), 6.71 (s, 1H, Mes-CH), 3.05 (d, 2JHH = 13.2 Hz, 1H, CH2), 

2.47 (d, 2JHH = 13.2 Hz, 1H, CH2), 2.30 (s, 3H, Mes-CH3), 2.23 (s, 3H, Mes-CH3), 2.17 

(s, 3H, Mes-CH3), 2.16 (s, 3H, Mes-CH3), 1.92 (s, 3H, Mes-CH3), 1.82 (s, 3H, Mes-

CH3), 1.45 (septet, 3JHH = 7.2 Hz, 2H, CH(CH3)2), 0.92 (d, 3JHH = 6.8 Hz, 3H, 

CH(CH3)2), 0.85-0.88 (m, 6H, CH(CH3)2), 0.54 (d, 3JHH = 6.8 Hz, 3H, CH(CH3)2). 

13C{1H} NMR (100.6 MHz, -40 °C, CDCl3): δ = 146.7 (s, ArC), 145.8 (s, ArC), 145.7 

(d, JCP = 6.4 Hz, ArC), 143.8 (s, ArC), 141.6 (s, ArC), 141.5 (s, ArC), 140.2 (d, JCP = 

39.5 Hz, ArC), 138.6 (d, JCP = 40.7 Hz, ArC), 136.3 (s, ArC), 130.8 (s, ArC), 129.9 (d, 

JCP = 6.0 Hz, ArC), 129.4 (s, ArC), 128.1 (s, ArC), 127.9 (s, ArC), 127.8 (s, ArC), 125.8 

(s, ArC), 31.2 (d, 1JCP = 18.1 Hz, PCH2), 25.1-25.2 (m, MesCH3), 23.8-24.0 (m, 

MesCH3), 23.6-23.7 (m, MesCH3), 22.7 (s, MesCH3), 21.7-21.9 (m, MesCH3), 21.3-

21.4 (m, MesCH3), 20.1-20.4 (m, CH(CH3)2), 18.7-18.9 (m, CH(CH3)2), 17.6-17.7 (m, 

CH(CH3)2). 
31P{1H} NMR (161.9 MHz, -40 °C, CDCl3): δ = 13.0 (s, iPr2P). 11B{1H} 

NMR (128.3 MHz, 25 °C, CDCl3): δ = 73.1 (br, Mes2B). Anal. Calcd. for C31H42BP 

(%): C 81.57, H 9.27; Found: C 79.92, H 9.19. HR-MS (EI): m/z calcd. for 

[C30H39
11BP]+: 441.28824; found: 441.28874 (Δppm = 0.05). M.p. 124-125 °C. 
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Synthesis of [iPr2PCH2(C6H4)BMes2{GeCl2}] (11). Cl2Ge•dioxane (0.1098 g, 0.4739 

mmol) was added as a solid to a stirring solution of CH2PBMes (0.2004 g, 0.4390 mmol) 

in 10 mL of C6H6. The reaction mixture was stirred for 8 hrs at room temperature. After 

removal of the volatiles under vacuum, the reaction mixture was extracted using 2 × 20 

mL of hexanes and filtered. The combined filtrates were concentrated under vacuum 

and 5 mL of C6H6 was added. The C6H6 solution was then frozen and placed under high 

vacuum to lyophilize the product, affording [iPr2PCH2(C6H4)BMes2{GeCl2}] (11) as an 

off-white powder (0.1092 g, 41 %). Note: Multinuclear NMR spectra (1H, 13C{1H}, 

31P{1H}) were collected at -40 °C to minimize rotational broadening from Mes groups. 

At -40 °C, VT-NMR showed no 11B{1H} resonance; therefore, the 11B{1H} resonance at 

25 °C is reported below. 1H{31P} NMR (399.9 MHz, -40 °C, CDCl3): δ = 7.41-7.47 (m, 

2H, ArH), 7.36 (d, 3JHH = 7.3 Hz, 1H, ArH), 7.23 (t, 3JHH = 5.5 Hz, 1H, ArH), 6.83 (s, 

1H, ArH), 6.79-6.81 (m, 3H, ArH), 3.29 (s, 2H, CH2), 2.35-2.47 (m, 2H, CH(CH3)2), 

2.30 (s, 3H, Mes-CH3), 2.25 (s, 3H, Mes-CH3), 2.08 (s, 3H, Mes-CH3), 2.02 (s, 3H, 

Mes-CH3), 2.01 (s, 3H, Mes-CH3), 1.79 (s, 3H, Mes-CH3), 1.18 (d, 3JHH = 7.3 Hz, 3H, 

CH(CH3)2), 1.04 (d, 3JHH = 7.1 Hz, 3H, CH(CH3)2), 0.95 (d, 3JHH = 7.1 Hz, 3H, 

CH(CH3)2), 0.76 (d, 3JHH = 7.1 Hz, 3H, CH(CH3)2). 
13C{1H} NMR (100.6 MHz, -40 

°C, CDCl3): δ = 147.3 (d, JCP = 2.0 Hz, ArC), 142.5 (s, ArC), 142.3 (s, ArC), 141.1 (s, 

ArC), 140.8 (s, ArC), 140.0 (s, ArC), 139.6 (s, ArC), 139.5 (s, ArC), 138.6 (s, ArC), 

138.1 (s, ArC), 136.9 (s, ArCH), 132.1 (s, ArCH), 129.9 (d, JCP = 4.1 Hz, ArCH), 129.0 

(s, ArCH), 128.9 (s, ArCH), 128.5 (s, ArCH), 128.3 (s, ArCH), 127.3 (s, ArCH), 24.6 

(s, MesCH3), 23.6 (s, MesCH3), 23.0 (s, MesCH3), 22.8 (d, 1JCP = 13.9 Hz, CH(CH3)2), 
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22.6 (s, MesCH3), 22.5 (s, PCH2), 22.0 (d, 1JCP = 12.3 Hz, CH(CH3)2), 21.4 (s, 

MesCH3), 21.3 (s, MesCH3), 18.4 (s, CH(CH3)2), 18.2 (s, CH(CH3)2), 17.5 (s, 

CH(CH3)2), 17.3 (s, CH(CH3)2). 
31P{1H} NMR (161.9 MHz, -40 °C, CDCl3): δ = 10.4 

(s, iPr2P). 11B{1H} NMR (128.3 MHz, 25 °C, CDCl3): δ = 74.2 (br, Mes2B). Anal. 

Calcd. for C31H42BCl2GeP (%): C 62.06, H 7.06; Found: C 61.82, H 7.15. M.p. 122-

124 °C. 

 

Synthesis of Cp*2Ge from [iPr2PCH2(C6H4)BMes2{GeCl2}] (11) and Cp*Li. A 

solution of Cp*Li (0.0052 g, 0.072 mmol) in 2 mL of THF was added to a stirring 

solution of [iPr2PCH2(C6H4)BMes2{GeCl2}] (11) (0.0215 g, 0.0358 mmol) in 5 mL of 

toluene. The reaction mixture was then stirred for 1 hr at room temperature. 

Subsequently, the reaction mixture was concentrated under vacuum, 5 mL of hexanes 

was added, and the mixture was filtered. The filtrate was concentrated to a volume of 

~2 mL and cooled to –35 °C for 8 hrs to yield Cp*
2Ge as a white microcrystalline 

powder (0.0109 g, 89 %).  

 

4.4.3 X-ray Crystallography 

Appropriate X-ray quality crystals were coated with a small amount of 

hydrocarbon oil (Paratone-N) and removed from the glovebox in a vial. Crystals were 

quickly mounted onto a glass fiber and placed in a low temperature stream of nitrogen 

on the X-ray diffractometer. All data was collected using a Bruker APEX II CCD 

detector/D8 or PLATFORM diffractometer using Mo Kα (0.71073 Å) or Cu Kα 
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(1.54178 Å) radiation, with the crystals cooled to -80 °C or -100 °C. The data was 

corrected for absorption through Gaussian integration from the indexing of crystal 

faces.33 Crystal structures were solved using intrinsic phasing (SHELXT)34 and refined 

using SHELXL-2014.35 For [PB{CH2}] (8), [{(THF)3Li}iPrP(C6H4)BCy2{CH2}] (9), 

[iPr2PCH2(C6H4)Li(OEt2)]2 (10) and CH2PB, Olex2 was used as a Graphical User 

Interface (GUI).36 The assignment of hydrogen atom positions are based on the sp2- or 

sp3-hybridization geometries of their attached carbon atoms and were given thermal 

parameters 20 % greater than those of their parent atoms. Molecular structures are 

shown with thermal ellipsoids at a 30 % probability level and have been generated using 

SHELXP.  
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Table 4.2. X-ray crystallographic data for [PB{SiBr2}] (5), [PB{AgOTf}]2 (6), and 

[PB{CH2}] (8). 

Compound 5 6 8 

Formula C24H40BBr2PSi C64H96Ag2B2F6O6P2S2 C25H42BP 

Formula weight 558.25 1438.82 384.36 

Crystal system Monoclinic Triclinic Monoclinic 

Space group P21/c (No. 14) P1 ̅(No. 2) P21/c (No. 14) 

Crystal dimensions (mm) 0.150.120.06 0.170.150.04 0.1540.1130.045 

a (Å) 9.9653(2) 11.0509(3) 10.5854(3) 

b (Å) 15.4219(4) 11.8386(3) 9.8043(2) 

c (Å) 17.1801(4) 14.3836(4) 22.5734(5) 

α (°) 90 99.1129(11) 90 

β (°) 105.5652(13) 105.9672(11) 91.2950(10) 

γ (°) 90 108.6188(9) 90 

V (Å3) 2586.70(10) 1650.69(8) 2342.12(10) 

Z 4 1 4 

ρ (g/cm3) 1.433 1.447 1.090 

Abs coeff (mm-1) 5.053 6.350 1.058 

T (°C) –100 –100 –80 

2θmax (°) 140.41 148.16 147.81 

Total data 13910 72300 88291 

Unique data 4905 (0.0260) 6441 (0.0333) 4607 (0.0637) 

Obs data [I>2σ(I)]a 4172 6261 4070 

Params 262 445b 496c,d 

R1 [I>2σ(I)]a 0.0444a 0.0263b 0.0479c,d 

wR2 [all data]a 0.1394 0.0725 0.1356 

Max/min Δρ (e- Å-3) 1.441/-1.029 0.770/-0.521 0.87/-0.34 
aR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo

2 – Fc

2
)
2
/w(Fo

4
)]

1/2
. 

bThe disordered cyclohexyl group (atoms C21A to C26A and C21B to C26B) were 

restrained to have approximately the same bond lengths by using the SHELXL SADI 

instruction on the following: B1–C21A and B1–C21B; all C–C distances. Additionally, 

the anisotropic displacement parameters were restrained by use of the SHELXL SIMU 

instruction. Finally, the disordered solvent toluene molecule was constrained to have an 

idealized phenyl group, the methyl carbon to ipso-carbon distance was restrained to be 

approximately 1.50 Å by use of a SHELXL DFIX instruction, and the angles about the 

ipso carbon atoms were restrained to be approximately 120°. Further, the anisotropic 

displacement parameters of carbon atoms of the major orientation of the toluene were 

restrained by use of the SHELXL RIGU instruction. 
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cData were collected with the detector set at three different positions. Low-angle 

(detector 2 = –33 °) data frames were collected using a scan time of 5 s, medium-angle 

(detector 2 = 75 °) frames using a scan time of 5 s, and high-angle (detector 2 = 117 

°) frames using a scan time of 10 s. 

dDue to whole molecule disorder, molecule was split into two parts (using PART 

keywords); both refined anisotropically. SIMU, RIGU and DELU restraints were 

added, alongside SAME P1 > C25. 

  



259 

 

Table 4.3. X-ray crystallographic data for [{(THF)3Li}iPrP(C6H4)BCy2{CH2}] (9), 

[iPr2PCH2(C6H4)Li(Et2O)]2 (10), and CH2PB. 

Compound 9 10 CH2PB 

Formula C34H59BLiO3P C17H28.17LiOP C25H42BP 

Formula weight 564.53 288.49 384.36 

Crystal system Orthorhombic Monoclinic Monoclinic 

Space group P212121 (No. 19) P21/n P21/c (No. 14) 

Crystal dimensions (mm) 0.2350.1730.132 0.1740.1470.061 0.0650.1640.253 

a (Å) 9.9428(10) 12.7778(6) 10.7112(4) 

b (Å) 16.8849(17) 18.1916(8) 11.6101(4) 

c (Å) 20.512(2) 15.8870(7) 18.4751(6) 

α (°) 90 90 90 

β (°) 90 95.1640(10) 90.8680(10) 

γ (°) 90 90 90 

V (Å3) 3443.6(6) 3676.1(3) 2297.28(14) 

Z 4 8 4 

ρ (g/cm3) 1.089 1.043 1.111 

Abs coeff (mm-1) 0.110 0.144 0.127 

T (°C) –80 –100 –100 

2θmax (°) 102.76 102.9 107.6 

Total data 28282 56424 26118 

Unique data 6531 (0.0730) 7023 (0.0715) 4835 (0.0397) 

Obs data [I>2σ(I)]a 4451 7023 3947 

Params 410c 393b 248 

R1 [I>2σ(I)]a 0.0579d 0.0607b 0.0377 

wR2 [all data]a 0.1595 0.1769b 0.0997 

Max/min Δρ (e- Å-3) 0.42/-0.26 0.74/-0.48 0.31/-0.22 
aR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo

2 – Fc

2
)
2
/w(Fo

4
)]

1/2
. 

bThe disorder in the coordinated Et2O solvent molecules for 10 could not be fully 

resolved by splitting into parts, as they are disordered over more than three locations. 

Thus, only SIMU, RIGU, DELU restraints were applied to the Et2O molecules. 

cDue to disordered THF molecules, RIGU, SADI and EADP restraints were used for 

C23 to C26, C31 to C34. 

dRefined as an inversion twin: Ic = (1-x)Is
+ + xIs

-. The Flack parameter (x) was 

determined to be 0.29(19); therefore, the absolute configuration of 9 cannot be 

conclusively determined and it must be considered a racemic mixture. 
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Chapter 5 – Summary and Future Directions 

Starting with Chapter 2, an intramolecular frustrated Lewis pair (FLP), 

iPr2P(C6H4)BCy2 or PB, was used to isolate [PB{SiH2}] and [PB{GeH2}] adducts, 

which proved to be useful precursors for the low temperature deposition of amorphous 

Si and Ge films, respectively. By heating at moderate temperatures (> 110 °C) in toluene 

for 8 hrs, [PB{SiH2}] and [PB{GeH2}] showed the release of H2 gas and free PB ligand 

by NMR spectroscopy, allowing for a “closed-loop” approach where PB could be 

recovered (73-74 %) and re-used. Furthermore, SEM/EDX, XPS and Raman 

spectroscopy of the deposited material confirmed the identity of amorphous bulk Si(0) 

and Ge(0), respectively. Repeating this process in the presence of a substrate 

(germanium wafer for [PB{SiH2}] or a silicon wafer for [PB{GeH2}]) showed the 

growth of uncontaminated (from P or B) Si and Ge films with thicknesses of 110(15) 

nm and 14(4) μm, respectively. 

The solution-based, recyclable deposition method described above is useful as 

a “proof-of-concept” towards the development of bottleable precursors for Si and Ge 

film growth, as opposed to the hazardous SiH4/H2 or GeH4/H2 gas mixtures commonly 

used in industry.1 Subsequently, a new monomer, [PB{SiMe2}] was reported, the 

thermolysis of which deposited polydimethylsilane [number average molecular weight 

(Mn) = 2.7 kDa, polydispersity index (PDI) = 2.2]. Thus, the deposition of both 

amorphous Si films and a polysilane at low temperatures (< 110 °C) have been 

demonstrated using FLP-chelated single-source Si precursors.  
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Future work to expand the scope of FLP-mediated recyclable deposition 

methods should focus on the synthesis of mixed silicon-element precursors. A proposed 

route to a SixGe1-x
2 precursor is outlined in Scheme 5.1. As opposed to previously 

reported {H2Si-GeH2} complexes3 from the Rivard group, [PB{Si(GeH3)2}] would 

allow for retention of high atom economy by recycling of the free PB ligand by-product 

after heating (Scheme 5.1). In addition, salt metathesis of [PB{SiCl2}] could be used to 

isolate [PB{Si(C≡CSiMe3)2}], a possible precursor to silicon carbide4 films via the in-

situ formation of poly(dialkynylsilane) (Scheme 5.1).  
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Scheme 5.1. Proposed routes to SixGe1-x and SiC precursors. 

 

Continuing to Chapter 3, PB was used to dehydrogenate H3B•NH3 and bind a 

monomeric {H2BNH2} fragment, which was followed by a 

halogenation/dehydrohalogenation route to access [PB{HBNH}], a rare adduct of the 

parent iminoborane HBNH. With these adducts in hand, the hope was that they would 

behave as suitable precursors for the low temperature deposition of valuable (BN)x 

materials; however, thus far, the thermolysis and attempted catalytic dehydrogenations 

of [PB{H2BNH2}] and [PB{HBNH}] have failed to yield well-defined (BN)x materials. 
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Computations on the H2BNH2 and HBNH adducts showed low hydridic and protic 

character within the B–H and N–H linkages, in line with the aforementioned failed 

catalytic dehydrogenation attempts. A partial factor in their divergent thermolytic 

behavior (as compared to [PB{SiH2}] and [PB{GeH2}]) may be the stronger P–B/B–N 

bonds involving the PB-chelates in [PB{H2BNH2}] and [PB{HBNH}]. The target 

complex [PB{BN}]x might be an ideal (BN)x precursor as the central BN unit should 

exhibit stronger B–N bonding (i.e., weaker P–B/B(Cy)–N bonding) with less chance of 

degradative pathways as a result of the absence of B–H and N–H bonds (Scheme 5.2). 

As described in Chapter 3, attempts to access a potentially useful BN precursor, 

[PB{ClBNH}], from [PB{HBNH}] resulted in B–Cy bond breakage, hindering further 

progress to the target [PB{BN}2PB] dimer (Scheme 5.2). 
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Scheme 5.2. Attempted route to the dimeric species [PB{BN}2PB] (dashed arrows) and 

B–Cy ligand activation of [PB{HBNH}] from Chapter 3. 

 

Through the exploration of PB-chelated tetrelenes [PB{ER2}] (E = Si, Ge; R = 

organic group) in Chapter 4 (vide infra), P–C(iPr) bond cleavage has also been 

observed, which suggests that both Lewis basic P and Lewis acidic B sites within the 

PB chelates must be protected to prevent ligand activation. A possible strategy to 

enhance PB-chelate stability could be to isolate a FLP ligand that features both 

bidentate-bound –PR2 and –BR2 centers (Scheme 5.3).5,6 Subsequently, isolation of the 

resulting {HBNH} complex and application of a halogenation/dehydrohalogenation 

strategy may afford the target [FLP{BN}]x complex, as shown in Scheme 5.4. 
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Scheme 5.3. Proposed route to new sterically protected FLPs.  

 

Scheme 5.4. Proposed synthesis of a dimeric FLP-stabilized BN precursor. 

 

Finally, Chapter 4 focused on the largely unexplored reactivity of the 

[PB{ECl2}] and [PB{EH2}] species (E = Si or Ge) from Chapter 2. A major target of 

this Chapter was FLP-stabilized [PB{E}]x (E = C, Si, Ge) adducts by the attempted 

reductions of [PB{CCl2], [PB{SiX2}] (X = Cl or Br) and [PB{GeCl2}]. Rapid 

degradation of the products into free PB and insoluble materials might be the result of 
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insufficient kinetic stabilization by the PB chelate in each case. As mentioned above, 

Chapter 4 also includes the lithium-mediated P–C(iPr) bond cleavage of the new 

methylene complex, [PB{CH2}] into [{(THF)3Li}iPrP(C6H4){CH2}BCy2]. As shown 

in Scheme 5.5, further attempts to isolate ER2 species using the methylene-bridged FLP 

chelates CH2PB and CH2PBMes ligands were not successful, aside from the observed 

formation of the phosphine-coordinated Ge(II) dichloride adduct [CH2PBMes{GeCl2}]. 

 

Scheme 5.5. Syntheses of CH2PB, CH2PBMes and [CH2PBMes{GeCl2}]. 
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Regarding the (thus far) unsuccessful isolation of FLP-stabilized [PB{E}]x 

complexes, increased kinetic stabilization may be provided by using a dimeric FLP 

ligand to give [FLP{E=E}FLP] adducts (Scheme 5.6a). P–C bond cleavage of Caryl-P 

bonds in Ph2P(CH2)3PPh2 using lithium is well-documented, and can be used to form 

the dilithio species Ph(Li)P(CH2)3P(Li)Ph.7a In separate steps, Ph(Li)P(CH2)3P(Li)Ph 

could be combined with C2Cl6, o-Li(C6H4)Br, nBuLi and ClBCy2 to yield the dimeric 

FLP (Scheme 5.6a). In support of this synthetic route, the reported preparation of a 

benzyl-linked bis(2-pyridinyl)phosphine pincer ligand is shown in Scheme 5.6b. As a 

first step in this reported route, tris(2-pyridinyl)phosphine was combined with excess 

lithium metal, forming both bis(2-pyridinyl)phosphidolithium and 2-lithiopyridine in-

situ.7b Subsequently, the 2-lithiopyridine was reacted with [NH4]Cl to precipitate the 

[C5H5NH]Cl salt and the left-over bis(2-pyridinyl)phosphidolithium in solution was 

carefully combined with dibromo-m-xylene to yield the final bis(2-pyridinyl)phosphine 

pincer ligand (Scheme 5.6b).7b By using an extended methylene linker instead, the σ-

donating P centers should be flexible enough to adopt different ligand bite angles with 

the absence of a formal P–B single bond (as in CH2PB) since the linker should restrict 

formation of an intramolecular P–B interaction (Scheme 5.6a). Finally, via addition of 

“Cl2E” (E = C-Pb; formed in-situ for both C and Si) and subsequent potassium-mediated 

reduction, the complete tetrelene series of [FLP{E=E}FLP] adducts may be accessed 

and their reactivity with substrates (such as H2 activation or catalytic hydroboration of 

CO2) may be studied. As an added note, these [FLP{E=E}FLP] adducts are expected to 

be chiral, which might give way to chiral products in catalytic processes. 
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Scheme 5.6. (a) Proposed route to dimeric FLP ligands and their target 

[FLP{E=E}FLP] complexes; (b) reported route to 2-pyridinyl-phosphine ligands. 
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This Thesis focused on the use of FLPs as suitable ligands for the isolation of 

highly reactive Group 14 and mixed Group 13/15 element species, the likes of which 

are largely observed as fleeting intermediates in highly controlled plasma or extremely 

cold matrices (e.g., SiH2). Historically, a large portion of main group element chemistry 

has focused on the use of anionic carbon- and nitrogen-based σ-donors as ligands; 

however, the work presented here illustrates that stabilization using neutral 

heteronuclear donor and acceptor pairs can unlock unique properties and reactivity 

pathways not accessible using traditional ligands. While the development of new 

synthetic routes or precursors in materials chemistry presents many challenges, the 

combination of FLPs and main group element chemistry may provide a crucial toolset 

for the future. 
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