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List of Symbols, Nomenclature, or Abbreviations 

Å  Angstrom (10-10 m) 

AriPr4  C6H3-2,6-(C6H3-2,6-iPr2)2 

AriPr6  C6H3-2,6-(C6H2-2,4,6-iPr3)2 

ArMe6  C6H3-2,6-(C6H2-2,4,6-Me3)2   

ca.  approximately 
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DFT  Density Functional Theory 

Dipp  C6H3-2,6-iPr2 

DMAP 4-Dimethylaminopyridine

Ether   Diethyl Ether 

ENDOR Electron Nuclear Double Resonance 

EPR  Electron Paramagnetic Resonance 

IR  Infrared 

iPr  isopropyl 

Mes  C6H2-2,4,6-Me3 

NMR  Nuclear Magnetic Resonance 

nBu n-butyl

PhMe  Toluene 



iii 
 

 

Trip                                               C6H2-2,4,6-iPr3                    

THF                                              Tetrahydrofuran 

tBu                                                t-butyl  

UV-vis                                        Ultraviolet–visible 

VMT                                       Variable mixing-time 

VT                                               Variable Temperature 

ΔG                                           Gibbs Free-Energy Change 

ΔH                                           Enthalpy Change 

ΔS                                            Entropy Change 

                                                    chemical shift  
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Abstract 

 This dissertation describes the reactivity a series of terphenyl-supported heavier group 

14 germylenes and stannylenes toward fundamentally important small molecules. The 

germylenes and stannylenes that are used in this thesis are Ge(ArMe6)2, Ge(AriPr4)2, 

Ge(AriPr6)2, Sn(ArMe6)2, Sn(AriPr4)2, and Ge(AriPr6)2 (ArMe6 = C6H3-2,6(C6H2-2,4,6-Me3)2, 

AriPr4 = C6H3-2,6(C6H3-2,6-iPr2)2 and AriPr6 = C6H3-2,6(C6H2-2,4,6-iPr3)2). The solid-state 

structures of their reaction procuts were determined by single X-ray spectroscopy. Other 

characterization method includes nuclear magnetic resonance spectroscopy, UV-visible 

spectroscopy, infrared spectroscopy, melting point analysis, and electron paramagnetic 

spectroscopy. All operations were carried out under anaerobic and anhydrous conditions 

using modified Schlenk techniques. All solvents were dried over alumina columns, stored 

over a sodium or potassium mirror, and degassed before use. A summary of the previous 

investigations of the synthesis and reactivity of tetrylenes is described in Chapter 1.  

Chapter 2: The diarylstannylene, :Sn(AriPr4)2 (AriPr4 = C6H3-2,6-(C6H3-2,6-iPr 
2)2), undergoes 

C-H metathesis with toluene, m-xylene or mesitylene in solutions of these solvents at 80 °C. 

The products afforded [AriPr4Sn(CH2Ar)]2 (Aryl= C6H5 (1a), C6H4-3-Me (1b), C6H3-3,5-

Me2(1c)) were characterized via 1H , 13C and 119Sn NMR, UV-vis and IR spectroscopy, and 

by X-ray crystallography for 1a and 1b. A stoichiometric amount of the arene, Ar iPr4H, was 

also produced in these reactions. The use of EPR spectroscopy indicated the presence of a 

new type of one-coordinate, tin-centered radical, ꞏSnAriPr4, resulting from Sn-C bond 

cleavage in :Sn(AriPr4)2.  

Chapter 3: It is shown that the tin-tin triple bond in the distannyne AriPr4SnSnAriPr4 (AriPr4 = 

C6H3-2,6-(C6H3-2,6-iPr 
2)2), undergoes reversible cleavage in deuterated toluene to afford two 



vii 
 

 

ꞏSnAriPr4 radicals as shown by 1H NMR and EPR spectroscopy. Variable temperature 1H 

NMR data afforded an enthalpy of dissociation of ΔHdiss=17.2±1.7 kcal mol-1 via van‘t Hoff 

analysis. The EPR and 1H NMR data indicated that the Sn-Sn bond in AriPr4SnSnAripr4 is 

weak and is consistent with the Sn-Sn bond being a charge-shift bond. 

Chapter 4: In this Chapter, the detection of tin and germanium radicals during the 

photolysis/thermolysis of diarylstannylene SnR2 and diarylgermylene GeR2 (R = AriPr4 = 

C6H3-2,6-(C6H3-2,6-iPr2)2 or AriPr6 = C6H3-2,6-(C6H2-2,4,6-iPr3)2 ),  by using EPR 

spectroscopy complemented with theoretical calculations are described. The trapped tin 

radical is a one-coordinated S = 1/2 Sn(I) radical, i.e., : SṅR  (R = AriPr4 or AriPr6), with g 

tensor values of [2.031, 1.980, 1.940] (giso = 1.984). In contrast, the trapped germanium 

radical is a pseudo-planar S = 1/2 Ge(III)-hydride species, i.e., ꞏGeHRR’ (R = AriPr4 or AriPr6, 

R’ is a quaternary carbon), with g tensor values of [2.029, 2.003, 1.989] (giso = 2.007) and a 

strong 1H-hyperfine tensor [-23.0, -20.5, -31.5] MHz for the hydride. The generation of this 

Ge(III)-hydride could be due to the greater reactivity Ge(I) radical intermediate ( : GėR) and 

the greater strength of a Ge-H bond. The Ge(III)-hydride species arise from the insertion of 

the active Ge(I) radical intermediate in a C-H bond. This chapter provides insights into the 

radical mechanistic understanding of the heavier group 14 element tetrylenes chemistry.   

Chapter 5: It is shown that the diarylstannylenes, Sn(AriPr4)2 and Sn(AriPr6)2, (AriPr4 = C6H3-

2,6-(C6H3-2,6-iPr 
2)2, AriPr6 = C6H3-2,6-(C6H2-2,4,6-iPr3)2), undergo a facile migratory 

insertion reaction with ethylene at 60 °C to afford the alkyl aryl stannylenes 

AriPr4SnCH2CH2AriPr4 and AriPr6SnCH2CH2AriPr6 these products were characterized via 1H , 

13C and 119Sn NMR, UV-vis and IR spectroscopy, as well as by X-ray crystallography. 

Quantum mechanical calculations were performed by our collaborator Dr. Guo, and two 

potential mechanisms were identified. 
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Chapter 6: The diarylgermylenes Ge(ArMe6)2 and Ge(AriPr4)2 (ArMe6=C6H3-2,6-(C6H3-2,4,6-

Me3)2), AriPr4=C6H3-2,6-(C6H3-2,6-iPr2)2) were shown to react reversibly with ethylene. It is 

shown that the more sterically crowded Ge(Ar iPr4)2 also reversibly binds propylene. The 

germirane products Ar2GeCH2CHR) (Ar,R = ArMe6, H (1a), AriPr4, H (1b)  and AriPr4, Me 

(1c) were characterized via 1H and 13C NMR spectroscopy and by X-ray crystallography in 

the case of 1b. Thermolysis of Ge(AriPr4)2 under ethylene resulted in Ge-C bond homolysis 

and the formation of the digermene [(AriPr4)Ge(Et)]2(1d). The thermodynamic parameters of 

the reactions were determined by variable temperature 1H NMR spectroscopy. 

Chapter 7: The diarylgermylene, Ge(ArMe6)2 (ArMe6 = C6H3-2,6-(C6H2-2,4,6-Me3)2), were 

shown to react reversibly with the four unstrained alkynes: 3-hexyne, diphenylacetylene, 

trimethylsilylacetylene and phenylacetylene at ambient temperature in toluene. The 

germirene products, (ArMe6)2GeC(R)=C(R’) (R, R’ = Et, Et (1a), Ph,Ph (1b), H, SiMe3 (1c) 

and H, Ph (1d)  were characterized via 1H and 13C NMR spectroscopy and by X-ray 

crystallography in the case of 1a and 1d. The thermodynamic parameters of the reactions 

were determined by variable temperature 1H NMR spectroscopy and the experimental Gibbs 

free energies indicated their near thermoneutrality. 

Chapter 8: The facile heterodehydrocoupling of a range of primary or secondary amines and 

even ammonia with pinacolborane (HBPin) was accomplished using {ArMe6Sn(μ-OMe)}2 (1, 

ArMe6 = C6H3-2,6-(C6H2-2,4,6-Me3)2) as a pre-catalyst for a catalytically active tin(II) hydride. 

The more sterically hindered pre-catalyst {2, AriPr4Sn(μ-OMe)}2 (AriPr4 = C6H3-2,6-(C6H3-2,6-

iPr2)2) facilitated the dehydrocoupling only of primary amines with HBPin, but at an increased 

rate relative to the less crowded {ArMe6Sn(μ-OMe)}2. Also presented is {ArMe6Sn(μ-NEt2) (3), 

which can be converted into the structurally characterizable {ArMe6Sn(μ-NEt2)(μ-H)SnArMe6} 



ix 
 

 

(4) via the addition of pinacol borane. This, alongside stoichiometric studies, gives insight into 

the mechanism of the catalysis. 

Chapter 9: The diarylgermylene Ge(ArMe6)2 (ArMe6=C6H3-2,6-(C6H2-2,4,6-Me3)2) was 

shown to react with azobenzene at room temperature to yield the Ge(IV) diamido products, 

(ArMe6)2Ge{N(H)(Ph)-o(Ph)(H)N}(1a)  and (ArMe6)2Ge{N(H)-o-C6H4N(Ph)}(1b) which were 

characterized via 1H and 13C NMR spectroscopy and by X-ray crystallography. Treatment of 

Ge(ArMe6)2 with bulkier diazenes,1,2-bis(2,6-diethylphenl)diazene or 1,2-bis(1,3,5-

trimetylphenyl)diazene, even at elevated temperature did not afford N-N bond cleavage and 

only C-H activation of the germylene was observed. Use of the analogous tin species 

Sn(ArMe6)2 under the same condition afforded no reactions. 
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Chapter 1: The Synthesis and Reactivity of Heavier 

Element Tetrylenes 

1.1: General Introduction  

Main group chemistry has undergone very rapid growth since the mid-1970s that has 

largely followed from numerous reports investigating the “double bond rule” and the 

recognition that sterically encumbering bulky substituents could stabilize many reactive low 

coordinate main group molecules featuring multiple bonds.   

From the early to mid-20th century, several experimental failures1 in attempts to 

synthesize double bonds between main group elements having a principal quantum number 

greater than 2 and the seminal theoretical calculation by Pitzer2 and Mulliken3 had led to the 

formulation of the “double bond rule”.4 The theory was debunked upon the synthesis and 

single X-ray analysis of a distannene R2SnSnR2 by Lapper et. al. in 1976,5 a double-bonded 

disilene, Mes2Si=SiMes2 (Mes = C6H2- 2,4,6-Me3) in 1981,6 by West et. al. and diphosphene, 

ArP=PAr (Ar = C6H2-2,4,6-tBu3),7 by Yoshifuji et. al. in 1981.   

The isolation of an Sn analog of an alkene, R2SnSnR2 (R=CH(SiMe3)2)5a by Lappert et. 

al. in 1973 showed that a large substituent can be employed to prevent association and 

oligomerization of a multiple bonded derivatives of a low coordinate heavier main group 

element. These species were once thought to be unstable.1 The X-ray analysis results5b were 

highly unusual where the structure features a trans-pyramidalized tetrel coordination 

illustrating the fundamental difference between carbon and its heavier group 14 analogs in 

their bonding properties. 
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1.2: Carbon and its Heavier Congeners 

The remarkable chemical differences between carbon and its heavier congeners arise from 

the difference in the average radii of their valence ns and np atomic orbitals. The atomic radii 

of the maximum radial density of ns and np orbitals are shown in Figure 1.8 Going from C to 

Si, both the sizes of the ns and np orbitals increase as the principal quantum number 

increases. For carbon, however, there are core 1s electrons but no core (1p) electrons. This 

the core 1s electron renders the 2s electrons to have an Rmax value near to that of the 2p 

electron such that the 2s and 2p orbitals have similar radii which facilitates their 

hybridization.9 Moving forward, the slight decrease in the Rmax of the 4s orbitals of 

germanium is due to the filling of the 3d shell electrons which do not shield the 3s or 4p 

electron efficiently. This causes the 4s electron Rmax to contract. This is also known as the d-

block contraction or scandide contraction.10 The contraction of the 6s orbital compared to the 

5s is due to the combined influence of the lanthanide contraction and relativistic effects.11  

 

Figure 1. The atomic radius of ns and np orbitals of group 14 atoms in angstrom. 
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In respect of the bonding, the assumptions of valence orbital hybridization are only valid 

when orbitals to be hybridized have comparable radial radii.9,12 In contrast to carbon, the 

difference in the Rmax values of the heavier tetrels Si-Pb causes them to have a lower 

tendency to hybridize and preserves the distinction between the valence s and p orbitals. The 

orbital binding energy of ns and np orbitals are shown in Figure 2.8  

 

Figure 2. The orbital binding energy of ns and np orbitals of group 14 atoms in eV. 

 

1.3: Synthesis of Tetrylenes 

The challenges in synthesizing heavier tetrylene can be explained by the increasingly 

preferred ground states of these species. In contrast to carbenes (:CH2), which have a triplet 

ground state(3B1) with the singlet(1A1) lying 14.0 kcal/mol higher in energy, the heavier 

analogs (:EH2 ; E= Si, Ge, Sn, and Pb) prefer to have in ground state singlets. Thus the lower 

valency of the group 14 elements becomes more preferred on descending the group.13 The 
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calculated singlet-triplet energy separation (ΔEST) steadily increases going down the group 

shown in Table 1.13  

 

Table 1. Singlet-triplet energy separation and bond angles of H2C and H2E.  

Tetrylenes are thus characterized by a relatively inert lone pair with high s-character and a 

vacant p orbital. Isolation of stable tetrylenes is often effected via thermodynamic 

stabilization or kinetic stabilization of the reactive vacant p orbitals to prevent dimerization, 

oligomerization, or decomposition.  Thermodynamic stabilizations are usually accomplished 

by π-electron donating ligands or by intramolecular or intermolecular coordinating ligands, 

whereas kinetic stabilization is effected by incorporating bulky ligands as shown in Figure 

3.14  
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Figure 3. Kinetic and thermodynamic stabilization of tetrylenes. 

1.3.1: Silylenes 

In 1986, Jutzi and coworkers isolated a decamethylsilicocene, Si(η5 -C5Me5)2 (Figure 

4, I-1),15 which was the first divalent monomeric silicon (II) compound that was stable at 

room temperature. The silicon atom is coordinated by ten carbon atoms of the Cp* rings.  

 The first stable two coordinate silylene, Si(N(tBu)CH)2 (Figure 4, I-2)16 was reported 

by West and coworkers in 1994. The silylene was synthesized from the reduction of the 

corresponding dichlorosilane with potassium at 65°C in THF.  The first dialkyl silylene 

(Figure 4, I-3) was isolated as a cyclic species 17 by Kira et. al. in 1999. It was synthesized 

from the reduction of the corresponding dibromosilane with KC8 at -50°C in THF. The 

silylene was stable at 0°C but it slowly isomerized into the corresponding silaethene in 

solution via a 1,2-migration of the trimethylsilyl group. In 1998 the same group reported a 

acyclic bisamidosilyene, {Si(NiPr2)2}2,18 which exist in a monomer/dimer equilibrium with 

the corresponding disilene. The silylene was generated photochemically by the irradiation of 

3,3-bis(diisopropylamino)-1,2-bis(trimethylsilyl)-3-silacyclopropene.  

The first stable acyclic silylene was reported simultaneously by Aldridge/Jones and 

our group in 2012. Aldridge and Jones synthesized the acyclic heteroleptic silylene, 

Si{B(NDippCH)2}{N-(SiMe3)Dipp}(Figure 4, I-4),19 via the reaction of the silicon(IV) 

tribromide, Si{N(SiMe3)Dipp}Br3, with 2 equivalents of the boryl lithium reagent, 

(thf)2Li{B(NDippCH)2}. The silylene is stable in the solid state up to 130°C but slowly 

decomposes at 50°C in benzene. On the other hand, Brian Rekken of our group synthesized 

the first stable homoleptic two-coordinate silylene, Si(SArMe6)2 (ArMe6 = C6H3-2,6(C6H2-

2,4,6-Me3)2 (Figure 4, I-5),20 by the reduction of the corresponding dibromosilane, 

Br2Si(SArMe6)2, with a Mg(I) reductant, (IMesMg)2 (IMes = [(2,4,6- 
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trimethylphenyl)NC(CH3)]2CH).21 The silylene is stable in the solid state up to 130°C and is 

indefinitely stable at 70°C in benzene.22 

 

Figure 4. Selected example of divalent silicon.15,16,17,19,20 

1.3.2: Germylenes 

The common germanium (II) halide precursors, GeCl2(1,4- dioxane) and 

GeCl2(benzothiazole), were prepared and characterized in the early 1960s.23 The first stable 

amidogermylene, Ge[N(SiMe3)2]2 (Figure 5, I-6)24 were prepared by Lappert and Harris in 

197424a and was structurally characterized by our group in 1992.24b The germylene was 

synthesized by salt metathesis of LiN(SiMe3)2(OEt2) and GeCl2(1,4-dioxane) in ether at 0°C. 

The first stable dialkylgermylene (Figure 5, I-7)5b was reported by the same group in 1976. 

The germylene is known to equilibrate with its corresponding dimer in the solution and the 

X-ray analysis revealed that the dialkylgermylene exists as a dimer in the solid state.5c  

 In 1982, Veith and coworkers reported a cyclic four-membered ring N-heterocyclic 

germylene, Ge[(NtBu)2SiMe2] (Figure 5, I-8),25 whereas in 1992, Herrmann and coworkers 

reported a five-membered ring N-heterocyclic germylene Ge(NtBuCH)2 (Figure 5, I-9).26 

They are both isolated from the reaction of GeCl2(1,4-dioxane) with the lithiated ligand. Jutzi 

et al. isolated an acyclic dialkylgermylene Ge[C(SiMe3)3][CH(SiMe3)2] (Figure 5, I-10)27 

that is shown to be monomeric in the solid states. The dialkylgermylene was synthesized 
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from a nucleophilic substitution of (THF)2LiC(SiMe3)3 with [C5Me5]Ge[CH(SiMe3)2].  The 

first stable cyclic dialkylgermylene (Figure 5, I-11)28 was presented by Kira and coworkers 

in 1999. The germylene was synthesized by the reduction of the corresponding cyclic 

dichlorogermane with sodium in toluene at room temperature.  

In 1987 du Mont et al. reported a diarylgermylene, Ge(C6H2-2,4,6-tBu3)2 (Figure 5, I-

12),
29

 which was prepared by reacting with two equivalents of the aryl lithium salt with 

GeCl2(1,4-dioxane). The germylene was originally thought to be unstable at room 

temperature and it undergoes a C-H insertion into one of the o-tbutyl groups of the aryl 

substituent. However, a subsequent investigation by Jutzi et al.30 showed that the germylene 

only C-H inserts when a Lewis acid is present in solution. Another aryl-substituted germylene 

was reported by Richard Simons of our group in 1997. The diarylgermylene Ge(C6H3-2,6-

Mes2)2 (Mes = C6H2-2,4,6-Me3) (Figure 5, I-13)31 was prepared by the reaction of aryl 

lithium with GeCl2(1,4-dioxane) in diethyl ether. The first germylene bearing an 

electropositive substituent Ge(C6H3-2,6-Mes2)(GetBu3) (Figure 5, I-14)32 was synthesized by 

Kira in collaboration with our group via the reaction of GeCl(C6H3-2,6-Mes2) with LiGetBu3. 

 

Figure 5. Selected example of germylenes.24-32,5b 
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1.3.3: Stannylenes   

The first isolable amidostannylene, Sn[N(SiMe3)2]2 (Figure 6, I-15), was reported by 

Lappert and Harris in 1974.24 It was prepared by salt metathesis of SnCl2 with 

LiN(SiMe3)2(OEt2) in ether.  The first dialkylstannylene, Sn[CH(SiMe)2]2 (Figure 6, I-16), 

was first reported in 19735a and structurally characterized as described in a subsequent 

manuscript in 1976.5b The dialkylstannylene is shown to be a monomer in solution and X-ray 

analysis revealed that it is a dimer in the solid state. The first cyclic dialkylstannylene 

(Figure 6, I-17)33 was synthesized by Kira in 1999 by the reaction of SnCl2 with the lithiated 

alkyl ligand.  Klinkhammer and coworkers reported the first silyl stannylene, 

Sn[Si(SiMe3)3]2,34
  featuring an electropositive silyl substituent. This hypersilylstannylene 

(Figure 6, I-18) was prepared by the reaction of Sn[N(SiMe3)2]2 and (Me3Si)3SiK. The 

stannylene was found to be monomeric in solution and dimeric in the solid state.  

The first monomeric diarylstannylene, Sn(C6H2-2,4,6-(CF3)3) (Figure 6, I-19),35 was 

published by Grutzmacher in 1991 where the stannylene is stabilized by a 2,6-

bis(trifluoromethyl)phenyl ligand and features a stabilizing Sn--F interaction. The stannylene 

was synthesized from the reaction of two equivalent of the corresponding aryl lithium with 

SnCl2. The solid-state structure revealed that it has a short (2.8Å) Sn-F contact demonstrating 

some degree of intramolecular donor stabilization. The first diarylstannylene, Sn(C6H2-2,4,6-

tBu3)2 (Figure 6, I-20)36 without further ligand donor stabilization was demonstrated by 

Weidenbruch and coworkers in 1994. X-ray analysis confirms that the compound is 

monomeric in the solid state and no agostic interaction of the neighboring C-H bond with the 

Sn atom was observed. The molecule undergoes a thermo-isomerization at 50°C with the 

flanking o-tert-butyl group. Another aryl-substituted stannylene, Sn(C6H3-2,6-Mes2)2 (Figure 

6, I-21),31 was reported by our group in 1997.  
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Figure 6. Selected example of stannylenes.5,24,31,33-36 

1.3.4: Plumbylenes 

The first isolable organoplumbylene, Pb[CH(SiMe3)2]2 (Figure 7, I-22), was reported 

by Lappert and coworkers in 1973.5a,5b
 The plumbylene was synthesized by salt metathesis of  

LiCH(SiMe3)2 and PbCl2. In a subsequent report in 1974, the same group synthesized the first 

amidoplumbylene Pb[N(SiMe3)2]2 (Figure 7, I-23).24 The plumbylenes was also synthesized 

via the salt metathesis of LiN(SiMe3)2 with PbCl2. 

The first structurally characterized diarylplumbylene, Pb(C6H2-2,4,6-(CF3)3) (Figure 

7, I-24),37 was demonstrated by Edelmann et al. in 1990. Klinkhammer and coworkers 

reported the first plumbylene featuring an electropositive silyl substituent in 1995.34 The 

hypersilylstannylene, Pb[Si(SiMe3)3]2 (Figure 7, I-25),  was prepared by transmetallation of 

Pb[N(SiMe3)2]2 and (Me3Si)3SiK.  

The first structurally characterized dialkylplumbylene, Pb{(Me3Si)2CSiMe2CH2}2 

(Figure 7, I-26),38 was reported by Eaborn and coworkers in 1997, which was synthesized 
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via the reaction of [Li(TMEDA)2][CH2SiMe2C(SiMe3)2LiC-(SiMe3)2SiMe2CH2] with PbCl2 

in THF. In 1997 our group also reported another aryl-substituted plumbylene Pb(C6H3-2,6-

Mes2)2 (Figure 7, I-27),31 via the reaction of two equivalent of the corresponding aryl lithium 

with PbCl2. Okazaki and coworkers describe a series of diarylplumbylene (Figure 7, I-28),39 

via transmetallation of Pb[N(SiMe3)2]2 and two equivalents of the corresponding aryl lithium.  

 

Figure 7. Selected example of plumbylenes.5, 24, 31, 34, 37-39 

1.4: Reactivity of Tetrylenes 

The reactivity of tetrylenes is strongly governed by the presence of a vacant p orbital and 

lone pair of electrons in their valence s shell.14 However, as mentioned above, this lone pair is 

relatively inert, hence most tetrylene reactivity is initiated by the interaction of the reagents 

with the vacant p orbitals. Nonetheless, the small energy gaps (<4eV)40 between the occupied 

s lone pair orbital (HOMO) and the vacant p orbital (LUMO) have allowed tetrylenes to 

activate classical small molecules such as H2, NH3, alkene, alkynes, CO2, and CO. 
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1.4.1: Reactions with H2 

The activation of dihydrogen is important due to its industrial relevance in catalytic 

transformations, such as hydrogenation and hydrofuncationalization.41 The challenges of the 

activation of dihydrogen originates from its high bond enthalpy (103 kcal mol-1).42 There 

have only been a handful of tetrylenes that have been shown to react with H2 by overcoming a 

small HOMO-LUMO gap. The strategy can be summarized into 2 categories: 1. Changing 

the symmetry of the molecular energy levels in the compounds via manipulating the 

electronic and steric properties of the substituents. or 2. Utilizing a frustrated Lewis pair 

system to simultaneously have access to a high-lying HOMO and low-lying LUMO. 

The reaction of tetrylene with hydrogen was first accomplished by our group in 

2008.43 This followed an earlier report of a reaction of hydrogen with the digermyne 

AriPr4GeGeAriPr4 in 2005.43bThe reaction of germylene Ge(ArMe6)2 I-13 with H2 afforded the 

tetravalent germanium dihydride GeH2(ArMe6)2 I-29. Whereas the more sterically bulky 

Ge(AriPr4)2 gave the trihydride, H3GeAriPr4, with an aryl elimination (HAriPr4). In the same 

report, we demonstrated that the bulkier Sn(AriPr4)2 I-30 reacts with H2 to give a tin hydride 

species, HSnAriPr4 I-31, along with the elimination of HAriPr4 shown in Scheme 1b. The 

sterically less crowded Sn(ArMe6)2 displayed no reaction with H2. This is likely due to the 

difference in higher energy gap between the Sn(AriPr4)2(553nm; ∆E(HOMO-LUMO)=64.55 kcal 

mol-1)44
 and Sn(ArMe6)2 (600m; ∆E(HOMO-LUMO)= 61.57 kcal mol-1).31 
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Scheme 1. Reaction of diarylgermylene and stannylene I-13 and I-30 with H2.43 

In 2012 and 2013, Aldridge reported the first activation of dihydrogen by a stable 

silylene. They demonstrated that a amido boryl silylene or boryl silyl silylene, 

Si(B(N(Dipp)CH)2)(N(SiMe3)Dipp)19 I-4 and Si(B(N(Dipp)CH)2)(Si(Si(SiMe3)3)45 I-32 

reacts with H2 to give the corresponding dihydrosilane (I-33 or I-34). The reaction is allowed 

by the relatively small HOMO-LUMO energy gap (1.96eV). The small energy gap is due to 

the strong σ-donor boryl ligand and a large bond angle around the silicon core.  In 2016, the 

same group showed that a bis(boryl) stannylene, Sn(B(N(Dipp)CH)2)2, reacts with 

dihydrogen and gives the dihydrostannane H2Sn(B(N(Dipp)CH)2)2.46 

 

Scheme 2. Reaction of boryl silylene I-4 and I-32 with H2.19,45 

In 2017, Inoue and Rieger reported that an N-heterocyclic imino-ligated silepin I-35,47 

a masked silylene Si(NC((Dipp)CH)2(Si(SiMe3)3) I-35T, activates dihydrogen at 50°C to 

give the corresponding dihydrosilane I-36. In 2019, the same group demonstrated that a 
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disilene I-37 which is in equilibrium with the silylene I-37T was also found to activate H2 at -

40°C shown in Scheme 3b.48 

 

Scheme 3. Reaction of I-35 and I-37 with H2.47, 48 

 Driess and coworkers reported that a FLP system of a N-heterocyclic silylene–borane 

complex, LSi-R-BMes2 (L = PhC(NtBu)2; R = 1,12-xanthendiyl-9,9-dimetyl),49 I-39 can split 

H2 in a FLP manner affording a dihydrosilane I-40. It is interesting to note that the H2 did not 

react with LSiPh or the combination of LSiPh and BMes2Ph in solution, indicating the 

necessity of a pre-organized Si-B system. In 2018, Ashley and coworkers reported an FLP 

system of Lappert’s stannylene, Sn[CH(SiMe3)2]2 I-16, and NEt3 reacts with H2 at 4 atm 

to yield the dihydrostanne H2Sn[CH(SiMe3)2]2 I-41.50 Interestingly, the addition of a 

stronger base, DBU (1,8-diazabicyclo[5.4.0]undec-7-ene), enables an equilibrium of the 

stannylene with the corresponding dihydrostanne under H2 atmosphere as shown in Scheme 

4b. 



14 
 

 

 

Scheme 4. Reaction of FLP system I-39 and I-16/DBU with H2.49,50 

1.4.2: Reaction with NH3 

The activation of ammonia is similar to dihydrogen where the challenge arises from 

its high bond enthalpy (95 kcal mol-1)42 and a similar activation strategy has been employed. 

In 2008, our group reported that the diarylgermylenes and diarylstannylenes, 

E(ArMe6)2 and E(AriPr4)2 (E= Ge or Sn)43 activates NH3 at room temperature. Both gremylenes 

gives the respective oxidative addition product, (ArMe6)2GeH(NH2)I-43 and 

(AriPr4)2GeH(NH2)I-44. DFT calculation showed that the reaction was initiated by the 

coordination of the ammonia to the empty 4p orbital on the germanium followed by the 

solvation of the complexed NH3 via a second NH3. The intermediate then goes on and form 

the facile oxidative addition product.  In contrast, the stannylenes react with ammonia to give 

the bridge amido compounds, ArMe6Sn(μ-NH2)2SnArMe6I-45 and AriPr4Sn(μ-NH2)2SnAriPr4I-

46 with the elimination of HArMe6
 and HAriPr4 respectively.  
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Scheme 5. Reaction of diarylgermylene and stannylene I-13 and I-30 reaction with NH3.43 

In 2009, Roesky reported that a NacNac derived silylene and germylene, 

E[CH(C=CH2)(CMe)(2,6-iPr2C6H3N)2] (E= Si,51Ge52) I-47/I-49 reacts with ammonia at 

room temperature. The silylene gave the 1,1, addition product I-48, whereas the germylene 

give the 1,4-addition product I-50 as shown in Scheme 6a and 6b. The selectivity is shown to 

be the difference in the bond strength of the Ge−H bond in the hypothetical 1,1-addition 

product versus the formation of the stronger C−H bond in the 1,4-addition product. In 2011, 

Driess also showed a NacNac germylene I-51,53 reacts with ammonia and gave the similar 

1,4 addition product I-52 that was presented by Roesky (Scheme 6c).    
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Scheme 6. Reaction of N-heterocyclic silylene and germylene with NH3.51-53 

In 2016, Aldridge and Jones demonstrated that an acyclic diamidosilylne, 

Si[N(SiMe3)(B(CHN-C6H3-2,6-iPr2))]2 I-53,54 reacts with excess ammonia in toluene 

and gives a triaminosilane [N(SiMe3)(B(CHN-C6H3-2,6-iPr2))]SiH(NH2)2 I-55. The 

authors proposed that the transient diamido silylene, Si[N(SiMe3)(B(CHN-C6H3-2,6-

iPr2))](NH2) I-54, formed via a σ-bond metathesis between the starting silylene with NH3, 

followed by oxidative addition of a second ammonia to give the final triaminosilane product 

I-55. In the same year, Aldridge demonstrated that a diborylstannylene, Sn(B(N(Dipp)CH)2)2 

I-56,46 reacts with NH3 and give an oxidative addition product (NH2)(H)Sn(B(N(Dipp)CH)2)2 

I-57. 
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Scheme 7. Reaction of I-53 and I-56 with NH3.46, 54 

In 2020, Inoue reported amido(siloxy)silylene I-58 that reacted with 1 equivalent of 

ammonia at -80°C to give the hydroamination product I-59 identified by 1H NMR 

spectroscopy.55 I-59 reacts further with an excess amount of ammonia afforded an as yet 

unidentified product.    

 

Scheme 7. Reaction of a amido(siloxy)silylene with NH3.55 

1.4.3: Reaction with Alkene and Alkynes 

The relatively small HOMO-LUMO energy gap of tetrylenes has generated numerous 

reports of the reactions of heavier tetrylenes with alkenes and alkynes to afford either 

insertion or cycloaddition products.56 However, examples of reversible reactions of alkenes 
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and alkynes with heavier tetrylenes remain extremely rare,57 in part because the product 

metallocyclopropanes and propenes are relatively stable which hinders the reverse reaction. 

The background and reactivity of tetrylenes with unsaturated hydrocarbons will be discussed 

extensivity in Chapters 5, 6, and 7. 

1.4.4: Reaction with CO2 

The activation and reduction of CO2 have gained much attention over the last 

few decades due to growing environmental issues on global warming.58 The reaction 

of CO2 with lighter group 14 tetrylenes tend to result in facile deoxygenation with the 

reduction of CO2 into CO and followed by the formation of an E=O moiety (E = Si, 

Ge). Ligand insertion is a more common reaction pattern for the heavier congeners.59 

Driess and coworkers demonstrated that a siloxysilylene60 I-60 reacts with CO2 

to give a silanoic silyl ester I-61 via deoxygenation as shown in Scheme 8a. Kato and 

Baceiredo demonstrated that a phosphine-stabilized silylene61 I-62 reduces CO2 at 

room temperature affording a Si-O-P bridge product I-63. The mechanism was 

proposed to involve a phosphine-centered sila-Wittig reaction followed by the release 

of a CO molecule.  
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Scheme 8. Reaction of I-60 and I-62with CO2.60, 61 

Kira and coworkers showed that a cyclic dialkylsilylene I-3 reacts with CO2 at 

room temperature.62 After hydrolysis, the product was structurally characterized as a 

bis(silyl)carbonate I-67. DFT calculations showed that the reaction is initiated by the 

deoxygenation of CO2 forming a silanone I-64, followed by an [2+2] addition with a 

second equivalent of CO2 giving a cyclic carbonate I-65. The cyclic carbonate I-65 

then dimerizes with the silanone I-64 to give the carbonate product I-66. A subsequent 

aqueous workup resulted in the bis(silyl)carbonate I-67. 

 

Scheme 9. Reaction of cyclic dialkylsilylene I-3 with CO2.62 
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Bickelhaupt and Tacke showed that a bis(amidinato)silylene I-68 and the 

analogous bis(guanidinato)silylene I-69 react with two equivalents of CO2 to give a 

silicon carbonate product I-72 and I-73.63 Similar reactivity was also observed by 

Inoue et. al. with the N-heterocyclic imino-ligated silepin I-35.48 

 

Scheme 10. Reaction of amido silylene with CO2.48, 63 

Kemp and coworkers showed that the reaction of diamido stannylene, Sn(NMe2)2 

reacts with CO2 to give an Sn-N insertion product, [Sn(CO2NMe2)2]2.64 Similar insertion 

chemistry was observed by Fulton and coworkers for a reaction of CO2 with N-heterocyclic 

stannylene, [CH(CMeNDipp)2]SnNR (N(iPr)2 or NHDipp)65 or [CH(CMeNDipp)2]SnOR (R 

= iPr, sBu or tBu)66 leading to the formation of a tin(II) carbamate shown in Scheme 11.  

 

Scheme 11. Reaction of N-heterocyclic tin amide or alkoxide with CO2.65, 66 
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Recently Aldridge and coworkers reported that a boryl substituted silylene I-4 reacts 

with CO2 at room temperature resulted in the formation of the(trimethylsiloxy)iminosilane I-

85.67 The proposed mechanism is that a silanone is generated in situ via deoxygenation of 

CO2 followed by a silyl migration giving the carbonate product. The same group also 

reported a boryl substituted stannylene, Sn(B(N(Dipp)CH)2)2 I-56,68 reacts with CO2 forming 

an insertion product I-86. Storage of the insertion product under CO2 for 10 days resulted in 

the insertion of the second equivalent of CO2 to give Sn[O2CB(NDippCH)2]2 I-87. 

Scheme 12. Reaction of boryl silylene and stannylene with CO2.67, 68 

1.4.5: Reaction with CO 

The activation of CO molecules has drawn significant interest in recent years due to 

the imminent shortage of fossil fuels.69 CO has the potential to serve as a carbon feedstock to 

produce essential organic building blocks.70 Due to the insufficient π back-bonding (lone 

pairs are fairly inert), the reaction of tetrylenes with carbon monoxide tends to result in the 

insertion of the ligand into the carbon monoxide moiety.71  

The first CO activation by the stable germylene was reported by our group in 2009.72 

Stirring the diarylgermylene I-88/I-90 under a CO atmosphere led to the isolation of a CO 

coupling product I-89/I-91. The product contains 2 coupled CO moieties which were inserted 
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into the CAryl-Ge bond followed by a migration of an isopropyl group to form a six-membered 

ring. In the case when a bulkier germylene, Ge(ArMe6)(AriPr8) I-90 when exposed to CO, the 

two CO fragments were inserted into the less bulky ArMe6
 ligand. 

 

Scheme 13. Reaction of diarylgermylene with CO.72 

In 2019, Driess and coworkers reported two chelated bis-silylene, Xant(SiL)2 [1,12-

xanthendiyl-9,9-dimetyl; L= PhC(NtBu)2]73 I-92 and  Fc(SiL)2  (Fc=1,1’-ferrocenyl)73 I-94  

react and splits two equivalent of CO to give a ketene species I-93 and I-95 shown in 

Scheme 14. The same group reported another chelated bis-silylene, [(SiL)C]2B10H10 (L= 

(NtBu)2CPh)74 I-96 reacts with CO to give a dimeric C-O cleavage product I-97 shown in 

Scheme 14a.  
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Scheme 14. Reaction of chelated silylenes with CO.73,74 

In 2019, Aldridge and coworkers reported an amidoboryl silylene, 

Si{B(NDippCH)2}{N(SiMe3)Dipp}67 I-4, that reductively couples two CO molecules to 

afford a dimeric structure I-98. The product contains a six-membered ring with two bridging 

CO moieties.  

 

Scheme 15. Reaction of amido boryl silylene I-4 with CO.67 
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Recently, Schulz and Inoue’s group independently reported the isolation of two 

silylene-carbonyl complexes. Schulz group reported that stirring a silylene intermediate I-

101/I-102, supported by a bulky and strongly electron-donating gallium based N-heterocyclic 

ligand (Ga(X)L, L = HC[C(Me)NDipp]2/ X = Br,75 I76
 ), under CO atmosphere gives a 

silylene-carbonyl compound I-103/I-104. Inoue and coworkers reported a silylene I-37T with 

bulky silicon substituent Si(SiMe3)3 and SitBu3 which also forms a silylene -carbonyl 

compound I-106 when exposed to CO.77  DFT computations76-78 revealed that the presence of 

electron-rich L(X)Ga and SitBu3 substituent increases the electron density at the silicon atom. 

This enables the π-back bonding into the π*-orbital of CO, resulting in a bonding model 

similar to the Dewar-Chatt Duncanson model for transition metals.79 These examples show 

the importance of back bonding in tetrylenes for stabilizing multiple bonded small molecules 

such as CO, and reveal the potential for tetrylenes to activate N2. 

 

Scheme 16. Isolation of a silylene-carbonyl complex.65-67 
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Chapter 2 

Facile C-H Bond Metathesis Mediated by a Stannylene 

 

This work is published in the Journal of the American Chemistry Society, DOI: 
10.1021/jacs.8b01878 

Lai, T. Y.; Fettinger J. C.; Power, P. P. J. Am. Chem. Soc. 2018, 140, 5674-5677.  

 

2.1 Introduction 

The chemistry of the heavier group 14 element tetrylenes (:ER2, E = Si, Ge, Sn, or Pb; R = 

bulky substituent) has been the subject of widespread interest1-4 since stable examples were first 

discovered in the mid 1970s.1 They are characterized by a singlet ground state in which a non-bonding 

electron pair occupies one of the two remaining valence orbitals; thus they can function both as an 

electron pair donor and acceptor. The existence of an adjacent occupied orbital, mainly s in character, 

and an unoccupied p-orbital allows the tetrylenes to behave as ambiphilic species which facilitates 

synergistic reactivity with small molecules such as hydrogen,5-9 olefins,10-12 carbon monoxide,13 

ammonia,8,9,14,15
, carbon dioxide16 and related species. In contrast C-H bond activation by main group 

compounds under ambient, or near ambient, conditions are much less studied. Nonetheless, several 

reactive group 14 element species, generated either at high temperature or as intermediates are known 

to react with C-H bonds.17-21 For example the highly reactive silylene SiN(1-Ad)CH2CH2C(SiMe3)2 

(1-Ad = 1-adamantyl) has been shown to react with toluene under pressurized reflux conditions at 

150° C.21  There are few instances of direct reaction of stable main group molecules with C-H bonds 

at ambient conditions. The known examples usually involve reactions with relatively acidic C-H 

bonds in phenylacetylene,22 pentafluorobenzene23 or cyclopentadiene.24,25  

For stable group 14 metal species, reactions with relatively unreactive C-H bonds are rare. 

The first example was reported by Banaszak Holl and coworkers,26 where a combination of a 
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stannylene/germylene/silylene and an aryl halide, i.e. an :EL2/PhX (E = Si, Ge or Sn, L = N(SiMe3)2, 

CH(SiMe3)2) system, homolytically abstracts the most weakly bonded hydrogen from a substrate such 

as an alkane, alkene, alkyne, arene, or ether. However, the reaction has to be carried out in a high 

dilution due to the formation of an undesired aryl halide (ArX) oxidative addition product 

(L2E(Ar)X). 

 

 

Scheme 1. C-H activation by an :EL2/PhX complex26f 

With use of iodobenzene, the reaction is believed to occur via the formation of an active 

intermediate involving two equivalents of the germylene/stannylene coordinated to one equivalent of 

an aryl iodide (Scheme 1). Electron transfer from the EL2 donor to the phenyl ring initiates the 

breaking of the Ph-I bond and a simultaneous H radical abstraction from RH occurs at the ipso-carbon 

of the phenyl ring with formation of benzene while L2EI and R• recombine to form L2E(R)I.  

Despite the foregoing, the direct reaction of :EL2 species with aliphatic hydrocarbons under 

ambient or near ambient conditions is unknown. In this chapter, we report the direct reaction of the 

diarylstannylene, :Sn(AriPr4)2 (AriPr4 = C6H3-2,6-(C6H3-2,6-iPr 
2)2), with toluene, m-xylene or 

mesitylene at 80 °C. The isolated products did not result from the direct insertion of the 

stannylene, :Sn(AriPr4)2, into a C-H bond however; instead the C-H metathesis products, the 

distannenes [AriPr4Sn(CH2Ar)]2 (Aryl = C6H5, C6H4-3-Me, C6H3-3,5-Me2), which dissociate into 

AriPr4Sn(CH2Ar) monomers in solution, were obtained with elimination of AriPr4H. (Scheme 2) 
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Scheme 2. The reaction of :Sn(AriPr4)2 with arenes 

 

 

2.2 Experimental Details 

General Procedures. All operations were carried out under anaerobic and anhydrous conditions 

using modified Schlenk techniques. All solvents were dried over alumina columns, stored over an Na 

mirror and degassed prior to use. The 1H, 13C and 119Sn NMR spectroscopic data were collected on a 

Bruker 400MHz spectrometer. 1H chemical shifts are assigned by 13C, 13C-DEPT, 1H-1H COSY and 

1H-13C HSQC NMR spectroscopic data. 119Sn NMR data were referenced to SnBun
4 (−11.7 ppm). 

Infrared spectra were collected as a Nujol mull using a Bruker Tensor 27 IR spectrometer. UV−visible 

spectroscopy was carried out as dilute hexane solutions in 3.5 mL quartz cuvettes using an Olis 17 

Modernized Cary 14 UV/vis/NIR spectrophotometer. Sn(AriPr4 )2 was synthesized according to 

literature methods.  

[AriPr4Sn(CH2C6H5)]2 (1a): A solution of Sn(AriPr4 )2 (5.00 g, 5.47 mmol) in toluene (ca. 50 mL) was 

heated to 80 °C with stirring for 12 h. The solution was filtered using a filter-tipped cannula and 

concentrated to ca. 20 mL under reduced pressure. Storage of the solution at ca. -30°C for 12 h 

afforded 1a as red crystals. Yield (2.09g, 62%) Mp: 140-145°C, 1H NMR (600 MHz, C6D6, 298 K): δ 

=1.06 (d, 12H CH(CH3)2), 1.29(d, 12H CH(CH3)2)  2.12 (d, 2H, SnCH2Ar), 3.23 (m, 4H, CH(CH3)2), 

6-7.4(m, 14H, aromatic Hs) 13C{1H} NMR (126 MHz, C6D6, 298 K): δ = 22.65, 26.15, 30.62, 62.06, 

123.65, 126.39, 126.65, 127.43, 127.68, 127.43, 127.68, 127.68, 127.92, 128.52, 128.84, 128.95, 

128.95, 129.41, 146.79 119Sn{1H} NMR (186.36 MHz, C6D6, 298 K): δ = 1660. UV-vis:  λmax (nm), ϵ 
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(M-1 cm-1) = 486nm, (2108). IR (CsI, nujol, mineral oil; selected, cm−1 ) : 2900, 2700, 1450, 1350, 

1250, 1100, 1050, 730 

 [AriPr4Sn(CH2C6H4-3-Me)]2 (1b): A solution of Sn(AriPr4 )2 (2.00 g, 2.88mmol) in m-xylene (ca. 40 

mL) was heated to 80 °C with stirring for 12 h. The solution was filtered using a filter-tipped cannula. 

The solvent was removed under reduced pressure and ca.10 mL of hexane was added. Storage of the 

solution at ca. -30°C for 12 h afforded 2a as red crystals. Yield (0.775g, 43.32%) Mp: 155-160°C, 1H 

NMR (600 MHz, C6D6, 298 K): δ = 1.06 (d, 12H, CH(CH3)2), 1.30 (d, 12H, CH(CH3)2), 2.07 (s, 3H, 

m-CH3), 2.13 (d, 2H, SnCH2Ar), 3.23 (m, 4H, CH(CH3)2), 6.2-7.4(m, 13H, aromatic Hs). 13C{1H} 

NMR (126 MHz, C6D6, 298 K): 21.25, 22.65, 26.16, 30.64, 57.64 123.64, 124.09, 127.44, 127.68, 

127.92, 128.87, 129.42, 136.98, 137.79, 144.08, 146.83. 119Sn{1H} NMR (186.36 MHz, C6D6, 298 

K): δ = 1670. UV-vis:  λmax (nm), ϵ (M-1 cm-1) = 490nm, (2202).  IR (CsI, nujol, mineral oil; selected, 

cm−1 ) : 2900, 2700, 1450, 1350, 1250, 1100, 1050, 800, 730 

[AriPr4Sn(CH2C6H3-3,5-Me2)]2 (1c): A solution of Sn(AriPr4 )2 (2.00 g, 2.88mmol) in mesitylene (ca. 

40 mL) was heated to 80 °C with stirring for 12 h. The solution was filtered using a filter-tipped 

cannula and concentrated to ca. 10 mL under reduced pressure. The solvent was removed under 

reduced pressure, and 10mL of hexane was added. Storage of the solution at ca. -30°C afforded 3a as 

red crystals. Yield ( 0.94g, 53.12%) Mp: 151-159 °C, 1H NMR (600 MHz, C6D6, 298 K): δ = 1.06 (d, 

12H, CH(CH3)2), 1.29 (d, 12H, CH(CH3)2), 2.03 (s, 6H, m-CH3), 2.31 (d, 2H, SnCH2Ar), 2.31 (m, 4H, 

CH(CH3)2), 6.2-7.4(m, 12H, aromatic Hs) 13C{1H} NMR (126 MHz, C6D6, 298 K): 21.15, 22.65, 

24.09, 26.16, 30.63, 122.446, 123.56, 127.41, 127.64, 127.89, 128.87, 139.32, 140.71, 146.47, 146.62, 

146.83, 147.26 119Sn{1H} NMR (186.36 MHz, C6D6, 298 K): 1669  UV-vis:  λmax (nm), ϵ (M-1 cm-1): 

492nm, (2332). IR (CsI, nujol, mineral oil; selected, cm−1 ) 2900, 2700, 1450, 1350, 1300, 1250, 

1100 , 820, 730 
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2.3 Results and Discussion 

The blue-purple diarylstannylene, :Sn(AriPr4)2 (ca. 0.99 g, 1.09 mmol) was heated to ca. 80 °C for 12 h 

in either toluene, m-xylene, or mesitylene (ca. 40 mL) to yield red solutions. Concentration to ca. 

10mL followed by storage at ca. -18 °C afforded red crystals of the distannenes 1a-c in 43-62% yield 

(Scheme 2). The X-ray crystal structures of compound 1a and 1b are shown in Figure 1. Although the 

reaction of :Sn(AriPr4)2 with mesitylene proceeded similarly to yield 1c, no crystals suitable for X-ray 

crystallography have been isolated to date. 

The crystal structures of 1a and 1b show that they crystallize as distannenes with 

pyramidalized tin coordination and a center of symmetry at the midpoint of the Sn-Sn bond. The inter-

substituent angular sums at the tin atoms are ∑ =o
𝑆𝑛  330.71(3)°(1a) and 338.31(2)° (1b) and the C-Sn-

C angles are 101.55(5)° and 101.363(2)° respectively. These values are similar to those in the 

previously reported [AriPr4Sn(CH2C6H4-4-But)]2 (∑ =o
𝑆𝑛 329.574 and C-Sn-C angle, 101.47(2)°) which 

was synthesized by reacting one equiv AriPr4SnCl with one equiv of BrMgCH2C6H4-4-But.27  The C-

Sn-C bond lengths are 2.211(16) Å and 2.197(13) Å in 1a and 2.8844(19) Å and 2.199(2) Å in 1b and 

are similar to the 2.171(5)-2.184(6) Å values reported previously for [AriPr4Sn(CH2C6H4-4-But)]2.  

These distances are all close to the sum (2.17 Å) of the single bond radii of carbon (0.77 Å) and tin 

(1.40 Å).28 The Sn1-Sn1' distances and the trans-bending out of the plane angles of 2.782(3) Å(1a), 

2.787(1) Å(1b) and 41.2° (1a), 43.0° (1b) are near those of the earlier reported distannenes 

[Sn{CH(SiMe3)2}2]2 (2.764(2) Å and 41.6°),29 [AriPr4Sn(CH2CH3)]2 (2.732(5) Å and 57.4°),30
 and 

[AriPr4Sn(CH2C6H4-4-Bu t)]2 (2.7705(8) Å and 50.0°).27 
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                                       1a                                                                                1b 

Figure 1.  X-ray Crystal structures of [AriPr4Sn(CH2C6H5)]2 (1a, left) and [AriPr4Sn(CH2C6H4-3-Me)]2 

(1b, right). Hydrogen atoms and co-crystallized solvent molecules are not shown for clarity. Selected 

bond lengths [Å] and angles [°]: 1a: Sn1-Sn1': 2.782(3), Sn1-C1: 2.211(16), Sn1-C31: 2.197(13), C1-

Sn-C31: 101.55(5), C1-Sn1-Sn1': 116.32(2), C31-Sn1-Sn1': 112.84(6); 1b: Sn1-Sn1': 2.750(2), Sn1-

C1: 2.1844(19), Sn1-C31: 2.199(2), C1-Sn1-Sn1': 111.944(3), C31-Sn1-Sn1': 117.245(2), C1-Sn1-

C31: 101.363(2). 

The solution 119Sn{1H} NMR spectra of 1a-c display a single downfield resonance at 

1660 ppm (1a), 1671 ppm (1b) or 1669 ppm (1c). These chemical shifts fall well within the range 

(1200-2600 ppm) observed for two-coordinate diorganostannylenes and related species.31 The 

similarly substituted distannene AriPr4SnCH2C6H4-4-Bu t was reported to have a 119Sn NMR resonance 

further upfield at 1205.7 ppm and was initally assigned a dimeric structure in solution. However, 

since that publication in 2004,27 several other related alkyl/aryl monomeric stannylenes have been 

characterized and their 119Sn NMR chemical shifts determined.30-32 These include AriPr4SnCH2CH2But 

and AriPr6SnCH2CH2But which have 119Sn NMR chemical shifts of 1875 and 1832 ppm and AriPr4SnR 

(R = norbornyl, 1530 ppm; norbornenyl, 1709 ppm) and AriPr4Sn(norbornyl)SnAriPr4 (1484 ppm). 

Thus, the majority of reported chemical shifts for stannylenes support monomeric structures for 1a-c 

in solution.  
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The UV-vis spectra show one absorption at 486 nm(1a), 490 nm(1b) and 492 nm(1c), 

consistent with an n→p transition for a divalent organotin species having a monomeric sturcture in 

solution.30-32 These absorption wavelengths are also consistent with those of the stannylenes 

mentioned above. These include AriPr4SnCH2CH2Bu t (486 nm),30 AriPr6SnCH2CH2But (484 nm), 30 and 

AriPr4SnR (R = norbornyl, 494 nm; norbornenyl, 502 nm)32 and AriPr4Sn(norbornyl)SnAriPr4 

(496 nm).32 

The reaction depicted in Scheme 2 shows direct cleavage of Sn-C and C-H bonds for which a 

radical mechanism is a possibility.33 The observed ready cleavage of the Sn-C bond, apparently under 

steric pressure, receives support from the decomposition, under similar reaction conditions,34,35 of the 

distannyne AriPr4SnSnAriPr4 to form the cluster Sn7(AriPr4)2 in which five of the seven tins no longer 

carry an AriPr4 substituent.34  

Attempts to trap a possible radical intermediate in the reaction sequence with organic spin -

traps (TEMPO, AIBN) have so far been unsuccessful. However, EPR spectroscopy of a benzene 

solution of :Sn(AriPr4)2 after ca. 1 h of photolysis or of thermolysis at 80 °C followed by flash freezing 

in liquid N2 afforded the low-temperature (58.5 K) X-band spectrum shown in Figure 2. An intense 

signal centered at a magnetic field of 340 mT displays an average hyperfine coupling to 117/119Sn 

isotopes (119Sn: I = 1/2, 8.59% abundance; 117Sn: I = 1/2, 7.68% abundance) of 57.2 mT (1603 MHz) 

which suggests significant s-character36
 in the unpaired electron orbital. However, this coupling value 

is much lower than that typically observed in the •SnR3 stannyl radicals which have  a(117Sn) and 

a(119Sn) values in the range 130-340 mT.33 In fact it is much closer to the 117/119Sn hyperfine coupling 

value of 59.8 mT (117Sn) or 62.4 mT(119Sn) observed for •Sn(SiMe3)3,37 or the 32.9 mT, observed in 

•Sn(SiMeBu t
2)3, which have planar tin coordination where the unpaired electron resides in a 5p 

orbital.38 Thus the EPR parameters suggests a unique one-coordinate39 :SnAriPr4 radical, generated by 

cleavage of one of the Sn-C bonds in :Sn(AriPr4)2 in which the unpaired electron is in a valence 5p 

orbital.40 This radical exhibits a rhombic g tensor with [g1, g2, g3] = [2.033, 1.983, 1.947] and a 

giso=1.987.  
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Figure 2. X-band CW EPR spectra of the radical intermediate trapped by UV photolysis 

of :Sn(AriPr4)2 in benzene for 1 h at 58.5 K. The spectrometer settings were as follows: 0.02 mW 

power (no Saturation), microwave frequency, 9.38 GHz, conversion time 40.96 ms, modulation 

amplitude, 0.5 mT, modulation frequency, 100 kHz. The EPR parameters are as follow: g= [2.033, 

1.983, 1.947] and a(119Sn) =1603 MHz. 

The generation of the :Sn(AriPr4) radical by photolysis may be contrasted with the generation 

of the radical •Sn{CH(SiMe3)2}3,41
 as well as an unidentified coproduct [Sn{CH(SiMe3)}2]n obtained 

via photolysis of the stannylene :Sn{CH(SiMe3)2}2 (Scheme 3a). For :Sn(AriPr4) however this course is 

likely prevented by the size of the AriPr4 substituent. Instead the proposed mechanism for the 

photolysis of :Sn(AriPr4)2 is shown in Scheme 3b. In essence, the reaction of :Sn(AriPr4)2 with toluene is 

initiated by thermal or photolytic cleavage of one of the Sn-C bonds to afford the radicals :Sn(AriPr4) 

and •AriPr4. This results in an abstraction of hydrogen from the weakest C-H bond available,42 forming 

the C-H metathesis product (Scheme 3b). 
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Scheme 3. Proposed Mechanism for the C-H metathesis.  

2.4 Conclusions 

In summary, the reaction of :Sn(AriPr4)2 with toluene, xylene or mesitylene at 80 °C has 

afforded the distannene C-H metathesis products 1a, 1b or 1c as red solids in good yields. The 

downfield 119Sn NMR chemical shifts at 1660, 1671 and 1669 ppm and X-ray crystallography shows 

that the distannene products, [Sn(CH2Ar)AriPr4]2, are dissociated to monomeric stannylenes in 

solution. A mechanism for the metathesis of :Sn(AriPr4)2 with the arene solvents is proposed to occur 

via a new type of tin(I) radical intermediate which has been characterized by EPR spectroscopy.  

Further investigations on this new class of radicals and their reactions are underway. 
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Chapter 3 

Reversible Sn-Sn Triple Bond Dissociation in a Distannyne: 

Support for Charge Shift Bonding Character 

 

This work is published in the Journal of the American Chemistry Society, DOI: 

10.1021/jacs.9b06845 

Lai, T.Y.; Tao, L.; Britt, R.D.; Power, P.P. J. Am. Chem. Soc. 2019, 141, 12527-12530. 

 

3.1 Introduction 

Heavier group 14 element analogues of alkynes, the dimetallynes REER (E= Si, Ge, 

Sn, Pb; R= terphenyl or hindered aryl group), have attracted wide interest due to their unusual 

bonding and high reactivity.1 Their X-ray crystal structures show that they have a trans-bent 

geometry in contrast to the familiar linear structures found for their lighter carbon 

homologues.2 The trans-bent structures can be rationalized in several ways: the simplest 

relies on the lower hybridization tendency of the heavier main group p-block elements as a 

result of the increased spatial disparity of the s- and p- orbital radii with increasing atomic 

number.3 Another view is that the EE triple bond consists of  two weak donor- acceptor 

bonds and a π-bond as shown in Scheme 1(a). The trans-bending can also be viewed in terms 

of a second order Jahn-Teller (SOJT) interaction4 of an empty σ* and a filled, in-plane π-

orbital which have the same symmetry designation (bu) in bent C2h local symmetry Scheme 

1(b). This results in an E-E bond orbital with variable bonding character affording group 14 

atoms by a connected σ-, a π- and an in -plane non-bonding or ’slipped’1d π- molecular 

orbital.  
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Scheme 1. Two major bonding models for distannyne. 

The SOJT effect occurs in the heavier element species due to weaker bonding which 

affords lower energy differences and, hence a stronger interaction, between filled and empty 

molecular energy levels of like symmetry. This results in non-bonded electron density at the 

group 14 atoms which results in bending and also a change in the relative energies and 

symmetries of the frontier orbitals from π (HOMO) and π* (LUMO) in the linear form to a π 

(HOMO) and n+ (LUMO) in the trans-bent configuration.4 This allows matching of the 

symmetry of the frontier orbitals of the dimetallynes with those of several important small 

molecules such as H2
5-7 and ethylene8 and also facilitates reactions with other molecules  such 

as cyclopentadiene9 and metal carbonyls10 under mild conditions to yield products in which 

the E-E bonds are broken. Thus, the bonding models in Scheme 1 and the observed reaction 

patterns suggest that the E-E triple bonds are relatively weak despite the fact that the Sn-Sn 

bond distance in AriPr4SnSnAriPr4, 2.6675(4)Å,2d is shorter than the sum (2.8Å)11 of the 

single-bond covalent radii of tin (cf. 2.780(4) Å Sn-Sn distance in single bonded 

Ph3SnSnPh3)12. The relative weakness of the E-E triple bonds has been corroborated by 
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calculations13 which gave E-E triple bond strengths of 33.8, 25.9 and 17.6 kcal mol-1 in the 

terphenyl germanium, tin and lead AriPr6EEAriPr6 dimetallynes.13a These numbers are only 

about 50% of the values (67.0, 61.6 and 54.6 kcalmol-1) for ‘normal’ single bonds between 

the tetravalent elements in Me3EEMe3 molecules.14 

Parallel investigations of the related sterically hindered stannylene, :Sn(Ar iPr4)2 (which 

also features two-coordinate tin) showed that it unexpectedly reacted with toluene to give the 

benzyl derivative AriPr4SnCH2Ph in quantitative yield with elimination of Ar iPr4H.15 EPR 

spectroscopy of the reaction solution revealed that a Sn(I) radical : SṅAr𝑖𝑃𝑟4  was formed.  In 

addition, a trace amount of its dimer, the distannyne Ar iPr4SnSnAriPr4,2d was detected by 1H 

NMR spectroscopy. These results indicate that cleavage of the Sn-C bond in :Sn(AriPr4)2 has 

readily occurred to generate a : SṅAr𝑖𝑃𝑟4   and Aṙ iPr4 radical pair which then reacts with toluene 

solvent to afford the benzyl product. This conclusion is also supported by the facile insertion 

of ethylene into an Sn-C bond in :Sn(AriPr4)2 or :Sn(AriPr6)2 at 60℃ in benzene.16 Related 

two-coordinate germanium(I) radicals was also observed and trapped by Jones and  Roesky.17  

The relatively weak tin-tin bonds calculated for the terphenyl substituted 

distannynes13 and the ready detection of the : SṅAriPr4 radical in solutions of  :Sn(AriPr4)2  

suggested that dissociation of AriPr4SnSnAriPr4 into the corresponding Sn(I) radicals in 

accordance with the equilibrium AriPr4SnSnAriPr4 ⇌ 2 : SṅAriPr4 might also be a possibility. 

Accordingly, we investigated the dissociation of Ar iPr4SnSnAriPr4 in solution and now present 

the experimental evidence from 1H NMR and EPR spectroscopy which demonstrates that 

AriPr4SnSnAriPr4dissociates reversibly to : SṅAriPr4 radicals in solution.   
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3.2 Experimental Details 

General Procedures. All operations were carried out under anaerobic and anhydrous 

conditions using modified Schlenk techniques. All solvents were dried over alumina 

columns, stored over an Na mirror and degassed prior to use. AriPr4SnSnAriPr4 was 

synthesized via reported literature. The 1H NMR spectroscopic data were collected on a 

Bruker 500MHz spectrometer. van’t Hoff analysis was calculated with reported procedure.  

 

Variable temperature 1H NMR spectroscopy and Van’t Hoff analysis of 

AriPr4SnSnAriPr4 

Derivation of VT-NMR/van’t Hoff Analysis: 

Consider the following equilibrium in solution 

 

Where the equilibrium constant is 

 

Scaling the concentration by a total concentration resulting in 

 (𝐶0= total conc., 𝑥1= conc. ratio of A, 𝑥2= conc. ratio of A2 and I= Intensity) 
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Therefore,  

 

Since 

   

Equation (4) can be written as 

 

By Plotting 𝑓(𝑇)𝑣𝑠. (
1

𝑇
) with a guessed 𝐼0 and iteratively adjustment of 𝐼0 to 

make a best customary linear fit, would result in a slope that equals to −
∆𝐻𝑑

298𝐾

𝑅
 

Once, 𝐼0 and ∆𝐻𝑑
298𝐾   were gained, a posteriori van’t Hoff analysis can be used to obtain   

∆𝐺𝑑
298𝐾 . 

VT-NMR/van’t Hoff Analysis 

The integral for the signal atoms of the, meta-aromatic hydrogen of the central ring were used 

for the determination of the equilibrium constant for dissociation.  

𝑓(𝑇) = ln [
(𝐼0 − 𝐼2)2

𝐼2

] = −
𝛥𝐻𝑑

298𝐾

𝑅
(

1

𝑇
) + ln (

𝐼0𝐾0

4𝐶0

) 
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3.3 Result and Discussion 

The work herein consists of a collaborative effect between Dr. Lizhi Tao and myself. I am 

responsible for the synthesis of the compounds and reaction used throughout the experiment 

and Dr. Lizhi Tao carried out the EPR experiments and the DFT calculations.  

An examination of the 1H NMR and 1H-1H correlation spectra of the distannyne, 

AriPr4SnSnAriPr4 in d8-toluene showed that the meta- and para- hydrogens of the central aryl 

ring C6H3 moiety of the terphenyl ligand AriPr4 have chemical shifts of 7.51 and 6.22 ppm 

respectively in C7D8 at 298K. Heating the solution to 367K (Figure 1) afforded relatively 

large changes in these chemical shifts to 8.3 and 4.55 ppm. Cooling the solution to the 

starting point at 298K restores the chemical shifts of the signals to their original values at 

7.51 and 6.22 ppm. 

 

Figure 1. VT 1H NMR Spectra of AriPr4SnSnAriPr4 in C7D8.  
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These relatively large chemical shift movements with temperature can be rationalized 

by postulating the generation of paramagnetic character as a result of the incipient 

dissociation of the distannyne to : SṅAriPr4 radicals at higher temperature. The opposite 

temperature coefficients of the two signals are consistent with a contact shift resulting from 

the spin polarization through the molecular orbitals of the molecule.18 Further analysis of the 

VT 1H NMR data by van ‘t Hoff analysis (SI)19 led to the ΔHdiss value of 17.2 kcal mol-1 for 

the Sn-Sn bond enthalpy. The ΔGdiss(298)= 7.84 kcal mol-1 which leads to a Kdiss value of 

1.778x10-6.    

The experimental value 17.2±1.7 kcal mol-1 for the Sn-Sn bond enthalpy is somewhat 

lower than the calculated value13a and may be regarded as very low in view of the short Sn-Sn 

distance 2.6675(4) Å and the 51.4 kcal mol-1 measured for the longer (2.789(4)Å) single bond 

in Ph3SnSnPh3
20 and the 51.5 kcal mol-1 in the sterically more crowded Mes3SnSnMes3 

(Mes= C6H2-2,4,6-Me3).21 Recall that Nagase, Ziegler and their coworkers have calculated11 

the triple bonds in distannynes with the aryl substituents Ar iPr6 and AriPr4 to be 25.911a and 

28.7 kcal mol-1
,
11b are about half the experimental values for tetra-valent tin-tin single bonds. 

The computational data were deemed to imply that the REER species did not dissociate to the 

two ER fragments in solution.13b However, the dissociation of the AriPr4SnSnAriPr4 to two 

: SṅAriPr4 radicals is supported by EPR spectroscopy. The low-temperature (15 K) X-band 

(9.38 GHz) EPR spectrum of a solid-state solution sample prepared by UV photolysis or 

thermolysis at 80 °C of AriPr4SnSnAriPr4 in toluene for ca. 30 mins displays a radical signal 

(burgundy trace, Figure 2A) with the g-values = [2.030, 1.977, 1.934]. The signal for this 

radical is very similar to that of the tin(I) radical : SṅAriPr4 obtained by dissociation of the 

Sn-C bond in Sn(AriPr4)2
13 (green trace, Figure 2A) which is also generated by UV photolysis 

or thermolysis of Sn(AriPr4)2 at 80 °C in benzene for ca. 30 mins. The temperature 
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dependence of the EPR spectrum (Figure 2B) suggests that this radical species is monomeric, 

as the signal intensity behaves according to the Curie law. A large hyperfine splitting of 

approximately 1687 MHz (61.0 mT) at a magnetic field of 339.1 mT (corresponding to g 

value 1.977) shows that it is a Sn-centered radical (119Sn: I = 1/2, 8.59% abundance; 117Sn: I 

= 1/2, 7.68% abundance), due to the strong Fermi contact and spin-dipolar interactions of 

electron spin with 117/119Sn nuclear spin.22 This hyperfine coupling value falls within the 

range (32.9 – 342.6 mT)23 of mononuclear Sn-centered radicals, and far exceeds the coupling 

(ca, 0.8 mT) in the ditin radical anion, [AriPr4SnSnAriPr4]-
,
24,25where the unpaired electron 

resides in an out-of-plane π-orbital delocalized over two tin atoms.  

 

Figure 2. (A) The X-band (9.38 GHz) CW EPR spectrum of the radical obtained by UV 

photolysis/thermolysis at 80 °C of AriPr4SnSnAriPr4 (burgundy trace, a) in PhMe for ca. 30 

mins. The green trace (b) is the Sn(I) radical intermediate from by UV photolysis/ thermolysis 

at 80 °C of Sn(AriPr4)2 in benzene for ca. 30 mins.10 Spectrometer settings: 15 K, 0.1 mW 

power (no saturation), microwave frequency, 9.38 GHz, conversion time, 40 ms, modulation 

amplitude, 0.8 mT, modulation frequency, 100 kHz. (B) Temperature dependence (15 - 60 K) 

of the EPR spectrum of the radical obtained by UV photolysis/thermolysis of AriPr4SnSnAriPr4 

at 80°C. 

30 K
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45 K
60 K

A B
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Figure 3. Some resonance structures of AriPr4SnSnAriPr4 

The EPR and 1H NMR data clearly indicate that the Sn-Sn bond in AriPr4SnSnAripr4 is 

weak. However the weakness is not consistent with the short Sn-Sn distance or the simple 

bonding picture in Scheme 1 or with the resonance structures I-V drawn schematically in 

Figure 3 which collectively suggest a bond order greater than one (the biradical structure II 

was not detected by EPR spectroscopy.) 

The unique character of the Sn-Sn bonds in AriPr4SnSnAriPr4 is consistent charge-shift 

Sn-Sn bonding26 and the AIM Calculations of Meng and coworkers which supports this 

view27 for the AriPr4EEAriPr4 (E=Si-Pb) series. These indicate that the electronic properties are 

manifested as low electron density between the E atoms, ELF basin centroids not in the 

region between the E atoms are split into two separate ones and Laplacians of the electron 

density at the center of the bond that are near zero or slightly positive. All such characteristics 

are consistent with EE charge shift bonding.27,28 

3.4 Conclusions 

In conclusion, AriPr4SnSnAriPr4 was shown to dissociate into two corresponding Sn(I) 

radicals : SṅAriPr4 by EPR spectroscopy. The AriPr4SnSnAriPr4 ⇌ 2 : SṅAriPr4  equilibrium 
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was also quantified to be 17.2±1.7 kcal mol-1 via van’t hoff analysis of 1H VT NMR 

spectroscopy. The EPR and 1H NMR data clearly indicate that the Sn-Sn bond in 

AriPr4SnSnAripr4 is weak and is consistent with the Sn-Sn bond being a charge-shift bond. 
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difference in values was attributed to the higher degree of twisting calculated for the core 

array C(ipso)Sn-SnC(ipso) in AriPr6SnSnAriPr4 
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Chapter 4 

EPR Spectroscopic Identification of Sn(I) and Ge(III)-hydride 

Radicals: a Related Radical Mechanism in Heavier Group 14 
Element Tetrylene Chemistry 

 

This work is published in Inorganic Chemistry, DOI: 10.1021/acs.inorgchem.9b02504 

Tao, L.; Lai, T.Y.; Britt, R.D.; Power, P.P. Inorg. Chem. 2019, 58, 15034-15038. 

 

4.1 Introduction 

The heavier group 14 element tetrylenes (:ER2, E = Si, Ge, Sn, or Pb; R = bulky organic 

group), as carbene analogues, have garnered much interest given their extensive chemistry and 

reactivity towards small molecules, such as H2, CO, NH3, CO2, C2H4 etc. However, 

mechanistic understanding the chemistry of these tetrylenes is still limited, although a radical 

mechanism was first proposed by Lappert and coworkers back to early 1970s.1 As shown in 

Scheme 1, during the photolysis of :SnIIR2 (R = CH(SiMe3)2) that has a singlet (S = 0) 

configuration with a nonbonding electron pair occupying one of the two valence orbitals, an S 

= 1/2 paramagnetic species of ꞏSnIIIR3 was generated and identified by using electron 

paramagnetic resonance (EPR) spectroscopy.1 This ꞏSnIIIR3 is the first reported persistent 

radical of heavier group 14 element.1 The overall reaction can be viewed as a photochemical 

disproportionation, and a Sn(I) radical intermediate : SṅR was hypothesized to be generated via 

Sn−C bond cleavage during the photolysis reaction.  
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Scheme 1. Photochemical disproportionation of :SnR2 (R = CH(SiMe3)2). 

However, this one-coordinated radical intermediate, i.e. a tetrelyne : ĖR, has never been 

isolated. The most probable reason is that such species dimerize rapidly to form a range of 

heavier alkyne analogues ditetrelynes REER (R = bulky substituent) or higher oligomer (ER)n 

(n = 4, 6, 8 etc). Besides Lappert and coworkers’ early work (vide supra),1 an : ĖR radical 

intermediate was later suggested by a number of reports2 where a tetrylene (:ER2) is heated, or 

during the reaction of Si2Cl6 or GeI2 with an organolithium reagent3, or during the reduction of 

an aryl tetrel halide with KC8 to afford ditetrylynes (Scheme 2),3,4 which describe instances of 

reactions in which radicals were proposed as intermediates.  

 

Scheme 2. Reactions in which tertelyne molecules (: ĖR radical, E = Ge, Sn, Pb) have been proposed 

as intermediates.  
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On the other hand, several groups have used the extremely bulky ligand R which can 

both chelate and provide considerable steric shielding to the E center to isolate an electronically 

and kinetically stabilized mononuclear two-coordinated radicals. In 2011, Jones and coworkers 

reported the first monomeric Ge(I) radical that is stabilized by nitrogen coordination from the 

bidentate β-diketiminato ligand, as illustrated in Scheme 3.6 This radical was synthesized by 

the reduction of a β-diketiminato Ge(II) chloride with sodium napthalenide or with a 

magnesium(I) dimer LMgMgL (L= [(MesNCMe)2CH]-; Mes= mesityl), thus, affording 

crystals of the neutral Ge(I) compound, as shown in Scheme 3. This Ge(I) species was 

characterized by using X-ray crystallography, EPR spectroscopy as well as theoretical 

calculations, which supported a neutral, monomeric Ge(I) π radical.7-9  

 

Scheme 3. Synthesis of a mononuclear Ge(I) germyne radical. 

Recently, we reported the detection of a one-coordinated Sn(I) radical (: SṅR) during 

the photolysis or thermolysis at 80 °C of the stannylene Sn(Ar iPr4)2, AriPr4 = C6H3-2,6-(C6H3-

2,6-iPr2)2 by using EPR spectroscopy.10 This Sn(I) radical is an intermediate in facile C-H bond 

metathesis that involves the stannylene Sn(Ar iPr4)2 and alkyl arenes.10 Herein we extend the 

study and report a series of germanium and tin radicals that are generated during the 

photolysis/thermolysis of the tetrylenes, including Sn(Ar iPr4)2, Sn(AriPr6)2, Ge(AriPr4)2, and 

Ge(AriPr6)2. Both tin and germanium radical species were trapped and identified by using EPR 

spectroscopy complemented with theoretical calculations. The tin radical intermediate we 

trapped during the photolysis/thermolysis of diarylstannylene of Sn(AriPr4)2 or Sn(AriPr6)2 is a 
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one-coordinated S = 1/2 Sn(I) radical, i.e., : SṅR   (R = AriPr4 or AriPr6). In contrast, the 

germanium radical that we trapped during the photolysis/thermolysis of diarylgermylene of 

Ge(AriPr4)2 or Ge(AriPr6)2 is an S = 1/2 Ge(III)-hydride species, i.e., ꞏGeHRR’ (R = AriPr4 or 

AriPr6, R’ is a quaternary carbon). This could be due to the greater reactivity Ge(I) radical 

intermediate (: GėR) id and the greater strength of a Ge-H bond. The Ge(III)-hydride species 

we trapped arises from the insertion of the active Ge(I) radical intermediate in a C-H bond. 

This work provides insights into the radical mechanistic understanding of the heavier group 14 

element tetrylenes chemistry.   

4.2 Experimental Details 

Sample preparations. All operations were carried out under anaerobic and anhydrous 

conditions using modified Schlenk techniques. All solvents were dried over alumina columns, 

stored over an Na mirror and degassed prior to use. Synthesis of Ge(Ar iPr4)2 and Ge(AriPr6)2 

followed the procedures that have been described in the literature. A Rayonet -200 

photochemical reactor with a wavelength range of 253–570 nm at approximately 35 W was 

used for photolysis reaction. The EPR samples were prepared by UV light exposure at room 

temperature for ~30 min in benzene before being flash frozen in liquid nitrogen. The 

thermolysis treated samples are prepared by heating at 80 °C for ~30 min in benzene before 

being flash frozen in liquid nitrogen.  

X-band CW EPR spectroscopy. The X-band (9.38 GHz) continuous-wave (CW) EPR spectra 

were recorded on a Bruker (Billerica, MA) EleXsys E500 spectrometer which is equipped with 

a super-high Q resonator (ER4122SHQE). Cryogenic temperatures were achieved and 

controlled using an ESR900 liquid helium cryostat in conjunction with a temperature controller 

(Oxford Instruments ITC503) and gas flow controller. CW EPR data were collected under 
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slow-passage, non-saturating conditions at 15 K. The spectrometer settings were as follows: 

conversion time = 40ms, modulation amplitude = 0.3mT, and modulation frequency = 100 kHz; 

other settings are given in corresponding figure captions. Spectral simulations were performed 

using the Easyspin 5.1.10 toolbox within the MatLab software suite (The Mathworks Inc., 

Natick, MA).  

 

Q-band EPR spectroscopy. Q-band two pulse electron spin-echo (ESE)-detected field swept 

EPR spectrum (π/2-τ-π-τ-echo) was collected at 34.220 GHz using a Bruker (Billerica, MA) 

EleXsys E580 spectrometer equipped with a 10 W amplifier and a R.A. Isaacson cylindrical 

TE011 resonator in an Oxford CF935 cryostat. Pulse sequences were programmed with the 

PulseSPEL programmer via the XEPR interface. Experiment parameters: 10 K, microwave 

frequency = 34.220 GHz, π/2 = 12ns and τ = 300 ns.  

 

Q-band pulse ENDOR spectroscopy. Q-band (~34.0 GHz) pulse Davies-ENDOR 

experiments were performed on a Bruker Biospin EleXsys 580 spectrometer equipped with a 

10 W amplifier and a R.A. Isaacson cylindrical TE011 resonator in an Oxford CF935 cryostat. 

ENDOR measurements were performed at 10 K by employing the Davies pulse sequence (π-

RF-π/2-τ-π-τ-echo) for larger hyperfine couplings. ENDOR spectra were collected 

stochastically by randomly 4 hopping the RF excitation frequency. Pulse sequences were 

programmed with the PulseSPEL programmer via the XEPR interface.  

For a single molecular orientation with respect to the applied magnetic field, a nucleus 

(N) with nuclear spin of I = 1/2 (e.g., 1H) that is hyperfine coupled to an S = 1/2 electron spin 

will give rise to two ENDOR transitions appearing at positions that are a function of νN, the 
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nuclear Larmor frequency, and A, the orientation-dependent hyperfine coupling value. If νN > 

A/2, the observed ENDOR transitions are centered at the νN of the nucleus and split by the 

hyperfine coupling A.  

A variable mixing-time (VMT) ENDOR experiment was conducted to determine the 

absolute sign of the hyperfine coupling A at a given field position. As shown in Figure S2 in 

the Appendix III, the pulse sequence of VMT Davies-ENDOR is π-RF-tmix-π/2-τ-π-τ-echo. 

Various mixing-times tmix ranging from 1 μs to 200 μs were used and the default delay time for 

the microwave pulse after RF was 1 μs for the regular ENDOR experiment. For an S = 1/2, I = 

1/2 spin system, as the mixing time tmix is increased to a length on the order of the electron-spin 

relaxation time, the ENDOR response corresponding to Ms = +1/2 (α) electron spin manifold 

decreases more rapidly than the response corresponding to M s = -1/2 (β) manifold. By 

comparing the relative intensity of the ν+ (the high RF frequency peak) and ν- (the low RF 

frequency peak) ENDOR transitions for the ENDOR spectra acquired at different tmix, we can 

match each transition to their corresponding electron spin manifold and determine the sign of 

A.  

 

Density functional theory (DFT) computations. All calculations were carried out using the 

ORCA 4.0.1 quantum chemistry program. Unrestricted Kohn-Sham geometry optimizations 

were carried out using BP86 density functional  along with the zero-order regular approximation 

(ZORA) to include the scalar relativistic effects. The ZORA-def2-TZVP basis sets were used 

for the heavier atom, Ge, while the basis set of SVP was used for light atoms (hydrogen and 

carbon). The calculations were sped up by employing the resolution of identity (RI) 

approximation along with the segmented all-electron relativistically contracted (SARC/J) 

coulomb-fitting auxiliary basis set which is implemented in ORCA 4.0.1. Increased integration 
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grids (Grid5) and tight SCF convergence were used throughout the calculations. Solvent effects 

have been considered with conductor-like screening model (COSMO) with a dielectric constant 

ε of 2.3 for benzene. 

EPR parameters for GeIII -hydride model was calculated by using Unrestricted Kohn-

Sham (UKS) formalism and employing the hybrid meta-GGA TPSSh wave functional. The 

ZORAdef2-TZVP basis set was used for Ge, while the basis set of EPR-II was used for C and 

H. The calculations were sped up by employing the resolution of identity (RI) approximation 

along with the segmented all-electron relativistically contracted (SARC/J) coulomb-fitting 

auxiliary basis set. Increased integration grids (Grid5) and tight SCF convergence were used 

throughout the calculations. 

4.3 Results and Discussion 

The work herein consists of a collaborative effort between Dr. Lizhi Tao and myself. I am 

responsible for the synthesis of the compounds and reaction used throughout the experiment 

and Dr. Lizhi Tao did the EPR experiments and the DFT calculations.  

Sn(I) radical intermediate. Previously we reported the EPR spectrum of a Sn(I) radical : SṅR 

that is generated by UV photolysis of Sn(AriPr4)2 or thermolysis at 80 °C in benzene for ca. 30 

mins. Herein, photolysis or thermolysis of Sn(AriPr6)2 in benzene resulted in a similar radical 

intermediate, with the corresponding low-temperature (15 K) X-band (9.40 GHz) and Q-band 

(34.34 GHz) EPR spectra given in Figure 1. One paramagnetic species is evident in the spectra 

and is well simulated by using a rhombic g tensor of [g1, g2, g3] = [2.031, 1.980, 1.940] with 

giso = 1.984 (giso
2 = (g1

2 + g2
2 + g3

2)/3), which is slightly below the usual range (giso = 1.988 ~ 

2.027) of typical SnIII-centered radicals (see Table 1). Especially, a significant large hyperfine 

splitting of approximate 1680 MHz (corresponding to 60.6 mT) centered at the magnetic field 
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of 339.1 mT (corresponding to g2 value 1.980) is observed in the X-band spectrum. This large 

hyperfine splitting is characteristic of a heavier element Sn-centered radical due to the strong 

Fermi-contact (FC) and spin-dipolar interactions of electron spin with 117/119Sn nuclear spin 

(119Sn: I = 1/2, 8.59% abundant; 117Sn: I = 1/2, 7.68% abundant). The Fermi-contact and spin-

dipolar interactions of electron spin with 119Sn nuclear spin that refer to the isotropic hyperfine 

interaction of unit spin in 5s orbital and the anisotropic hyperfine interaction of unit spin in 5p 

orbital are as strong as aFC(119Sn) = -43920 MHz and P(119Sn) = -1831 MHz, respectively.  

By spectral simulations of both X-band and Q-band EPR spectra (see Figures 1 and S1), 

the hyperfine tensor A of 119Sn in this radical intermediate is determined as [A1, A2, A3] = [±400, 

±1680, ±300] MHz. This total 119Sn hyperfine tensor includes three contributions: (i) the 

isotropic Fermi-contact term aiso; (ii) the anisotropic electron-nuclear spin dipolar term T; (iii) 

the anisotropic orbital term which describes the electron orbital angular momentum dipolar 

coupling with the nuclear spin and is proportional to the g-value deviations from g-free electron 

(ge = 2.0023). The third-term contribution can be computed by using the P(119Sn)[∆g1, ∆g2, 

∆g3], i.e., [52, 41, 114] MHz, which is relative small. If we solely consider the first and the 

second term, the hyperfine tensor can be decomposed as A = aiso + T, where T = ρ5pP(119Sn) 

[-2/5, +4/5, -2/5] and aiso = ρ5saFC(119Sn) with ρ5s and ρ5p describing the corresponding spin 

density residing in 5s and 5p orbital, respectively. Although we do not know the signs of the 

principle A-values, we noted that the maximum principle T-value Tmax (T = [T1, T2, T3], 

2T ≡ Tmax = −T1 – T3 = +4/5ρ5pP(119Sn) with the slight rhombicity of the tensor neglected) has 

to be negative, due to gn 119Sn < 0 and the corresponding P(119Sn) < 0 (vide supra). Based on 

the negative Tmax, the sign of the principle A-value is reasonable as [±400, -1680, ±300] MHz 

(four possibilities, see SI for details), resulting in aiso and T in the range of -316 ~ -793 MHz 

and -443 ~ -677 MHz, respectively. Now the spin density on 119Sn can be calculated to be ρ5s = 

1.2 ~ 1.8% and ρ5p = 60.4 ~ 92.4%, respectively. The spin-density analysis revealing most of 
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the electron spin residing in Sn 5p orbital suggests that this tin radical is a π-type radical.  

Although tin has two magnetic isotopes, i.e., 119Sn and 117Sn both with nuclear spin I = 

1/2, we did not observe two distinct sets of hyperfine splitting which are expected from the 

couplings of one unpaired electron with these two isotopes. The reason could be a result of 

their close gyromagnetic ratios (γ) of these two isotopes, with γ(119Sn)/γ(117Sn) ~1.046, which 

affords a small difference between A(119Sn) and A(117Sn). Therefore, the hyperfine peaks are 

broad, as shown in Figure 1, which have the overlap of hyperfine features from two different 

isotope nuclei.  

The 119Sn aiso (-316 ~ -793 MHz) of this trapped radical intermediate is much smaller 

than that of those typical ꞏSnIIIR3 radicals (see Table 1), with the aiso in the range of 926 MHz 

to 9547 MHz (corresponding to 32.9 mT to 342.6 mT). We rule out the possibility that this 

trapped tin radical intermediate is a Sn(III) radical, i.e., ꞏSnIIIR3, based on the following 

considerations. First, due to the steric pressure, it is impossible to form a ꞏSnR3 species where 

R = AriPr4 or AriPr6. Second, we obtained a same EPR spectrum by employing either benzene 

or ether as the solvent, suggesting that the solvent does not affect the radical species. Therefore, 

the tin radical should not be ꞏSnAriPr4R2 or ꞏSnAriPr6R2, where R = solvent-based ligand. 

Because if this were the case, the g tensor and Sn-hyperfine tensor would be altered, resulting 

in a different EPR spectrum. In addition, we did not detect other magnetic nuclei (e.g., 1H with 

I = 1/2) that are superhyperfine strongly-coupled to the tin radical (i.e, as ligands to the tin-

center) either from CW EPR or pulse Electron Nuclear Double Resonance (ENDOR) spectra. 

This is in contrast to the Ge(III)-hydride radical species we will describe in next section. 

Taken together, we conclude that a π-type Sn(I) radical intermediate is generated by 

UV photolysis or thermolysis at 80 °C of Sn(AriPr4)2 or Sn(AriPr6)2 in benzene or ether for ca. 
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30 min. The corresponding EPR analysis supports that it is a Sn(I) radical, formed via Sn−C 

bond cleavage during the UV photolysis/thermolysis reaction.  
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Figure 1. X-band CW EPR spectrum (A) and Q-band (34.0 GHz) pseudo-modulated electron 

spin-echo detected field-swept EPR spectra (B) of the radical intermediate trapped by UV 

photolysis of Sn(AriPr6)2 in benzene for ~30 min. The spectrometer settings are as follows: 15 

K, 0.1 mW power (no saturation), microwave frequency, 9.38 GHz, conversion time, 40 ms, 

modulation amplitude, 0.8 mT, modulation frequency, 100 kHz. The Q-band EPR spectra were 

recorded at 10 K by using a two-pulse sequence of π/2-τ-π-τ-echo, with π/2 = 12 ns and τ = 

300 ns. The modulation amplitude of 3.0 mT was used to convert the absorption spectra to the 

pseudo-modulated spectra in (B). 

The simulation (red trace) parameters are as follows: g = [2.031, 1.980, 1.940], A119
Sn 

= [-400, -1680, -300] MHz.   
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Ge(III)-hydride radical species. Solutions of the compound Ge(AriPr4)2 or Ge(AriPr6)2 were 

subjected to ca. 30 mins of UV photolysis or thermolysis at 80 °C in benzene, and then frozen 

in order to trap any potential radical intermediates. Analysis by using EPR spectroscopy 

revealed that photolysis/thermolysis of these two Ge-compounds resulted in the formation of a 

similar Ge radical, with the low-temperature (15 K) X-band as well as Q-band EPR spectra 

shown in Figure 2. One paramagnetic component is observed and is well-simulated by using a 

slightly rhombic g tensor of [g1, g2, g3] = [2.029, 2.003, 1.989] with giso = 2.007, which falls in 

the range (giso = 1.999 ~ 2.010) of typical GeIII-centered radicals (see Table 2) but is larger than 

the giso = 1.988 of the reported neutral Ge(I) radical with a g tensor of [g1, g2, g3] = [2.001, 

1.997, 1.968].  

In addition to the central signal at g ~ 2.0 region, satellite signals split by 90 MHz 

(corresponding to 3.2 mT) are observed, which is a very characteristic feature arising from the 

hyperfine coupling interaction with 73Ge nuclear spin (I = 9/2, 7.8% abundance). As shown in 

the zoom-in insets of Figure 2A, the observable six hyperfine peaks are part of the 73Ge-

hyperfine pattern displaying total 2I + 1 = 10 hyperfine splittings, with the remaining four 

hyperfine peaks buried in the central signal. By spectral simulations of both X-band and Q-

band EPR spectra, the 73Ge hyperfine tensor A of this radical is determined as an axial tensor 

[A1, A2, A3] = [-10, -90, -10] MHz, with the signs of the principle A-values adopted from DFT 

predictions described below. As the anisotropic orbital term P(73Ge)[∆g1, ∆g2, ∆g3] (here, 

P(73Ge) = -120 MHz) is computed to be very small as [3.2, 0.1, 1.6] MHz, its contribution to 

the hyperfine tensor A can be neglected. Then the hyperfine tensor can be decomposed as A = 

aiso + T, where T = [-T, 2T, -T], giving aiso = -36 MHz and T = -26 MHz. The negative signs 

are reasonable as gn 73Ge < 0 (also see above 119Sn hyperfine analysis). Now the spin density 

on 73Ge can be determined by using aiso = ρ4saFC(73Ge) and T = 2/5ρ4pP(73Ge), where the 

aFC(73Ge) and P(73Ge) referring to the Fermi-contact and spin-dipolar interactions of electron 
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spin with 73Ge nuclear spin are -2363 MHz and -120 MHz, respectively. The spin density 

localized in 4s orbital (ρ4s) and 4p orbital (ρ4p) are computed as ca. 1.5% and 55%, respectively, 

with most of the spin density residing in Ge 4p orbital. This suggests that the trapped Ge radical 

is a π-type radical, similar as the tin π radical we described above. 

 Of considerable interest, in the X-band EPR spectrum (Figure 2A) we observed 

significant doublet with a superhyperfine splitting ca. 1.0 mT (corresponding to ~28 MHz) 

superimposed in the Ge-EPR signal. The splitting is too small to be resolved at higher 

microwave frequency Q-band EPR spectrum, as seen in Figure 2B. This significant doublet 

splitting indicates that there is one I = 1/2 nuclear spin coupled to the Ge-centered electron spin, 

with the hyperfine interaction strong enough to be resolved by X-band CW EPR spectrum.  

To identify the type of this I = 1/2 nuclei spin, we pursued pulse EPR studies ENDOR 

for this trapped Ge radical. Figure 3 presents the orientation-selected 1H (I = 1/2) Davies-

ENDOR spectra, which means the ENDOR spectra were recorded at the field positions across 

the whole EPR envelope. The reason for the orientation-selected pulse EPR study is that the 

sample is a frozen solution of paramagnets with a g tensor of [2.029, 2.003, 1.989] that are 

anisotropic as revealed by Q-band spectrum (Figure 2B). Orientation-selected ENDOR spectra 

can capture the full span of the hyperfine interaction tensor A and orient the tensor elements to 

the g tensor via a set of experimentally determined Euler angles [α, β, γ]° (zyz convention). In 

the 1H-ENDOR spectra (Figure 3), besides the central weakly-coupled 1H with the hyperfine 

couplings < 6 MHz, a distinguishable doublet with the splitting of ~25 MHz is observable in 

the outer region, which is consistent with the superhyperfine doublet displayed in the X-band 

CW EPR spectrum (vide supra). Taken together, we conclude that there is one 1H strongly-

coupled to the Ge-centered π radical, with the weakly-coupled 1H signals (< 6 MHz) arising 

from those distant protons (e.g., phenyl ring or solvent).  
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Simulations of the orientation-selected 1H-ENDOR spectra enable us to determine a 

near-isotropic hyperfine tensor A of this strongly-coupled 1H, i.e. [A1, A2, A3] = [-23.0, -20.5, -

31.5] MHz, with an Euler angle of [27, 53, -10]° relative to the g frame. The relative signs of 

principal A-values are identified from ENDOR spectral simulation; the absolute sign is 

determined via variable mixing-time (VMT) ENDOR experiment by recording ENDOR 

spectra at the magnetic field (1223.7 mT) corresponding to g2 2.007, as shown in Figure 4.  As 

the mixing time tmix is increased from 1 μs (black trace) to 200 μs (red trace), the high RF 

frequency peak (ν+ = |νN − MsA|) of 1H decreases, suggesting that the ν+ ENDOR transition is 

corresponding to the α electron spin manifold (Ms = +1/2), giving a negative hyperfine coupling 

A. 

Decomposition of the A tensor of this strongly-coupled 1H gives a major contribution 

of aiso = -25 MHz and a small anisotropic dipolar component T = [2.0, 4.5, -6.5] MHz. The 

spin density on the 1s orbital of 1H can be calculated via aiso = ρ1saFC(1H), where the Fermi-

contact interaction of unit electron spin with 1H nuclear spin aFC(1H) is +1420 MHz, giving ρ1s 

= -1.8%. The negative spin population on 1H 1s orbital suggests that the electron spin residing 

on the strongly-coupled 1H arises from spin polarization that gives excess beta spin (spin down). 

Taken considerations of both the magnitude and the sign of aiso, this strongly-coupled 1H is a 

hydride directly coordinated to germanium center. This assignment is corroborated by the 

following discussion on the unique dipolar component T of 1H = [2.0, 4.5, -6.5] MHz, in which 

Tmax < 0.  

The dipolar component T of 1H hyperfine tensor arises solely from the through-space 

dipolar interaction between the electron spin on Ge and the 1H nuclear spin, as there are no 

local contributions arising from the spin density residing in p-, d- or f-type orbital for 1H. 

Therefore, by using point-dipole approximation that applies to the case where the distance (r) 

between the electron spin and nuclear spin is longer than 2.5 Å, the T = [-T, -T, 2T] can be 
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computed as T = ρGegegnβeβn(μ0/4πℎ)/r3 (ρGe is the spin density on Ge). Here, as both gn 1H and 

ρGe are positive, the Tmax ≡ 2T should be positive, which contrasts with the negative -6.5 MHz 

obtained from ENDOR experiment. This suggests that the point-dipole approximation (r > 2.5 

Å) does not hold in the case of Ge-hydride. Instead, we employed an empirical approximation 

model by assuming that the 4pπ spin density concentrated at two effective spin centers (A and 

B) of two p-orbital lobes, as illustrated in Figure 5. The spin density residing on either A (0, 0, 

d) or B (0, 0, -d) is ρA = ρB = 0.5ρGe, where d is the distance between the Ge nucleus and each 

effective lobe center. If the 1H is in the plane of p-orbital node (out-of-plane angle θ = 0°) with 

a planar geometry, the dipolar hyperfine tensor Tcal = ρATA + ρBTB is computed to be  

 

Tcal = ρGegegnβeβn(μ0/4πℎ)/(r2 + d2)5/2[–r2 + 2d2, 2r2 – d2, -r2 – d2] 

 

Here, r is the Ge-H bond length (1. 57 Å based on DFT model described below) and ρGe ≈ 

0.80 (taken from DFT calculation). By varying the d value, it was found that the best-match 

Tcal = [2.47, 4.01, -6.48] MHz with Tmax < 0 is obtained when d = 1.45 Å, very close to the 

experimental tensor T = [2.0, 4.5, -6.5] MHz. The slight rhomibicity can be adjusted by using 

θ = 3.8° (see two-point point-dipole approximation model in SI, and it is noted that the T tensor 

is very sensitive to the out-of-plane angle θ), which yields Tcal = [2.02, 4.50, -6.53] MHz 

matching the experimental tensor T exactly. Analysis of the unique dipolar component T of 1H 

not only suggests that the Ge-hydride radical is pseudo-planar (θ < 3.8°), but also provides us 

insights into various radial distributions of the effective spin center of different p orbitals, e.g., 

d = 1.45 Å for germanium 4pπ orbital, while d = 0.68 Å for carbon 2pπ orbital in previous 

studies, as shown in Figure 5. 

Identification of a hydride coordinated to the Ge center with a pseudo-planar geometry 

suggests that the trapped Ge radical should reasonably be a Ge(III)-hydride radical rather than 



79 
 

 

a one-coordinated Ge(I) radical. We reasoned that the one-coordinated Ge(I), as an analogue 

of the Sn(I) radical, generated during photolysis/thermolysis via Ge−C bond cleavage could be 

too active to be trapped. Instead, the Ge(III)-hydride radical species we detected via EPR 

spectroscopy arises from the insertion of the active Ge(I) radical intermediate in a C-H bond., 

i.e., ꞏGeHRR’ (R = AriPr4 or AriPr6, R’ is unknown). At this point, we do not know the origin of 

this C-H insertion. However, based on the 1H-ENDOR experiment we did not detect any signal 

from beta-proton, as the hyperfine coupling of beta-proton arising from spin hyperconjunction 

is as strong as the value of hydride but with positive signs that are distinct from the hydride 

ENDOR described above. This is corroborated by the following DFT calculation. Therefore, 

the C-H insertion reaction is most likely the tertiary carbon of the isopropyl in phenyl ring (see 

DFT calculation section for details.) We rule out the possibility from the solvent benzene, as 

the hydride EPR/ENDOR signal was not affected by using the solvent of C6D6.    

 



80 
 

 

 

Figure 2. X-band CW EPR spectrum (A) and Q-band (34.0 GHz) pseudo-modulated electron 

spin-echo detected field-swept EPR spectra (B) of the radical trapped by UV photolysis of 

Ge(AriPr4)2 in benzene for ~30 min. The spectrometer settings are as follows: 15 K, 0.1 mW 

power (no saturation), microwave frequency, 9.38 GHz, conversion time, 40 ms, modulation 

amplitude, 0.8 mT, modulation frequency, 100 kHz. The Q-band EPR spectra were recorded 

at 10 K by using a two-pulse sequence of π/2-τ-π-τ-echo, with π/2 = 12 ns and τ = 300 ns. The 

modulation amplitude of 3.0 mT was used to convert the absorption spectra to the pseudo-

modulated spectra in (B). 

The simulation (red trace) parameters are as follows: g = [2.029, 2.003, 1.990], A73
Ge = 

[-10, -90, -10] MHz, A1H = [-23.0, -20.5, -31.5] MHz.  
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Figure 3. Orientation-selected Q-band (34.30 GHz) 1H-ENDOR spectra of the radical trapped 

by UV photolysis of Ge(AriPr4)2 in benzene for ~30 min. All the experimental spectra are in 

black, while the simulated spectra are in red. Simulation parameters for the hydride is A(1H) = 

[-23.0, -20.5, -31.5] MHz, Euler angle = [27, 53, -10]°. Spectrometer settings for 1H-ENDOR 

are 10 K, microwave frequency = 34.30 GHz, microwave inversion pulse π = 80 ns, π/2 = 12 

ns, τ = 300 ns and RF pulse = 20 µs. 
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Figure 4.  1H VMT Davies-ENDOR spectra of the radical trapped by UV photolysis of 

Ge(AriPr4)2 in benzene for ~30 min recorded at magnetic field of 1223.7 mT (g = 2.003) and T 

= 10 K. The ENDOR transitions corresponding to β electron spin manifold in the spectra 

acquired by using various tmix are normalized, with the decreases in the ENDOR transitions 

corresponding to α spin manifold. Other spectrometer settings are microwave frequency = 

34.30 GHz, microwave inversion pulse π = 80 ns, π/2 = 12 ns, τ = 300 ns and RF pulse = 20 

µs.  

tmix = 1 μs 

tmix = 200 μs 
tmix = 150 μs 
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Figure 5. Illustration of the two-point dipole approximation model by assuming that the Ge 

4pπ spin density concentrated at two effective spin centers (A and B) of two p-orbital lobes of 

Ge radical we trapped. d is the distance between the Ge nucleus and each effective lobe center 

and r is the Ge-H bond length. Here, the out-of-plane angle θ = 0° (see Figure 7). Previous 

studies on carbon 2pπ orbital are also presented for comparison to provide insights into various 

radial distributions of the effective spin center of different p orbitals.  

 

 

 

 

 

 

 

 

  

A

B

1.55 Å

d = 1.45 Å

r

d
TB

TA

1.08 Å

d = 0.68 Å

r
d

Ge 4pπ C 2pπ



84 
 

 

DFT Calculations. Sn(I) radical intermediate model. Based on the crystal structure of 

Sn(AriPr4)2, we generated a : SṅR (R = AriPr4) intermediate model and performed geometry 

optimization by using all-electron relativistic calculations, as shown in Figure 6. The calculated 

Lӧwdin spin populations shows that the spin density of this Sn(I) radical model is primarily 

metal tin-based, with most of the spin density (ρ = 82%) residing on Sn and minor spin density 

(ρ = 9.5%) delocalized to the phenyl ring. The singly occupied molecular orbital (SOMO) for 

this one-coordinated Sn(I) radical model is a non-bonding molecular orbital dominated by Sn 

5pz (spin density ρ = 56%) character, suggesting that this is a π-type radical involving a Sn 5pz 

orbital and is consistent with the experiment data of the trapped Sn(I) radical intermediate (vide 

supra).  

Ge(III)-hydride radical model. As described above, the Ge(III)-hydride radical is most likely 

formed via a C-H insertion reaction of the : GėR (R = AriPr4) radical that is the Sn(I) analogue 

but more active. Therefore, we were only able to trap the Ge(III) species rather than Ge(I) 

intermediate.  Based on EPR analysis of the Ge(III)-hydride radical, the C-H insertion reaction 

is most likely on the tertiary carbon of the isopropyl group in phenyl ring. We therefore built 

up a corresponding Ge(III)-hydride model, with the optimized geometry shown in Figure 7A. 

We noted that geometry optimization results in a pyramidal geometry, with the out-plane-angle 

θ = 22° and the Ge-H bond length r = 1.55 Å. However, the predicted hydride hyperfine 

coupling tensor A =  [+101, +108, +112] MHz (Figure 7B) does not match the experimental 

A-values (i.e. [-23.0, -20.5, -31.5] MHz) either in the magnitude or the sign of A-values. The 

predicted positive 1H hyperfine value suggests that it mainly arises from spin delocalization 

due to the dominant s-p hybridization in this pyramidal Ge(III)-hydride model, which is 

obvious not the case of our trapped Ge(III)-hydride radical. 
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Yonezawa and coworkers’ early work employed theoretical calculations to study the 

relationship between the geometry of ·CH3, ·SiH3 and ·GeH3 radicals and the corresponding 

hyperfine coupling values. It is suggested that the hyperfine value for hydride is very sensitive 

to the out-plane-angle θ: with the θ decreasing, the spin-polarizaiton contribution which yields 

negative hyperfine coupling becomes larger and is dominant in a planar geometry when θ = 0°. 

Based on their work and our two-point diploe approximation model which suggests θ < 3.8° 

(vide supra), we built up a corresponding Ge(III)-hydride model with a trigonal planar 

geometry by constraining the dihedral angle between H-Ge-Cisopropyl and H-Ge-Cphenyl as 180° 

on the above optimized pyramidal geometry, as shown in Figure 7C. The predicted 1H 

hyperfine coupling tensor A is [-40, -43, -58] MHz, with the negative sign arising from spin 

polarization matching the experimental value. The magnitude of the predicted hyperfine is 

slightly higher than the experimental value, which could be due to the spin population of the 

hydride in this model is slightly higher than the trapped radical. The calculated Lӧwdin spin 

populations shows that this planar Ge(III)-hydride model are primarily metal germanium-based, 

with most of the spin density (ρ = 80%) residing on Ge. The SOMO for this planar Ge(III)-

hydride model is a non-bonding molecular orbital dominated by Ge 4pz character, suggesting 

a π-type radical. 

Altogether, DFT calculations support that the Ge radical we trapped is a pseudo-

planar Ge(III)-hydride radical, which could arise from the C-H insertion reaction of the Ge(I) 

radical intermediate. Although we do not exactly know the origin of the C-H insertion 

reaction, it is on a tertiary carbon as no strongly-coupled beta-protons were detected. As 

shown in a planar Ge(III)-hydride model with a methyl ligand to Ge(III) (Figure Sxx), the 

predicted hyperfine coupling values of two beta-1H ([+42, +49, +43] MHz and [+37, +39, 

+33] MHz) are comparable to that of the hydride ([-41, -43, -58] MHz) in the magnitude but 
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with positive signs that origin from the spin-hyperconjunction mechanism. We did not detect 

any beta-proton signal from ENDOR experiment. 

 

Figure 6.  (A) The optimized geometry of : SṅR (R = AriPr4) radical intermediate model and the 

calculated Lӧwdin spin populations on tin center and the phenyl ring. (B) DFT calculated 

SOMO of the left Sn(I) radical intermediate model (isosurface value = 0.05 a.u.)  
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Figure 7.  (A) The optimized geometry of Ge(III)-hydride model by presenting a pyramidal 

geometry for Ge center, with the out-plane-angle θ = 22° and the Ge-H bond length r = 1.55 

Å. (B) The DFT-predicted hyperfine coupling values for Ge and the hydride 1H. (C) A trigonal 

planar geometry of Ge(III)-hydride model by constraining the dihedral angle between H-Ge-

Cisopropyl and H-Ge-Cphenyl as 180° on the above optimized pyramidal geometry shown in Figure 

A. (D) DFT calculated SOMO of the planar Ge(III)-hydride model shown in Figure C 

(isosurface value = 0.05 a.u.). 
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4.4 Conclusions 

In summary, photolysis/thermolysis of the tetrylenes, Sn(Ar iPr4)2, Sn(AriPr6)2, 

Ge(AriPr4)2, and Ge(AriPr6)2,  led to a Sn(I) intermediate and Ge(III)-hydride radicals which 

were trapped and characterized by EPR spectroscopy complemented with theoretical 

calculations. The reason that the Ge(III) radical is trapped instead of a Ge(I) radical 

intermediate could be due to that the Ge(I) radical (: GėR) is more reactive than the Sn(I) radical 

and affords a C-H insertion product, i.e. the Ge(III)-hydride. The new class of tin and 

germanium radicals characterized in this work provides insights into the radical mechanism 

pathway of heavier group 14 element tetrylenes chemistry.  
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Chapter 5  

Facile Insertion of Ethylene into a Sn-C Bond: Effects of the 

HOMO-LUMO Energy Gap on Reactivity 

 

This work is published in Chemical Communications, DOI: 10.1039/C8CC08488B 

Lai, T.Y.; Guo, J.D.; Fettinger, J.C; Nagase, S.; Power, P.P. Chem Commun. 2019, 55, 405-

407. 

 

5.1 Introduction 

 

The reactions of heavier divalent group 14 element species (tetrylenes) with unsaturated C-

C bonds have attracted increasing interest because of their potential relevance for catalysis 

involving the group 14 molecules.1 Their relatively low HOMO-LUMO gaps, generate 

sufficiently high reactivity such that they can often interact with alkenes or alkynes under mild 

conditions.2 Several researchers have shown that tetrylenes (ER2; E= Si, Ge, Sn or Pb), 

tetrlynes (REER) and tetrylenoids (species in which tetrylenes are stabilized by coordination 

with a carbene) react with alkynes affording either insertion or cycloaddition products.2 

However, examples of direct reactions between olefins and heavier tetrylenes remain relatively 

rare in part because of increased HOMO-LUMO energy separations with increasing atomic 

number, and none has led to insertion into an E-C bond.3  

In 1994, Ando and coworkers showed that the germylene, (GeR2, R= -CH(SiMe3)2) reacted 

with ethylene to give a 1,2-digermacyclobutane probably via a germirane intermediate 

(Scheme 1, top).4 More recently, it was shown that a silylene-phosphine complex5 and a 

bis(arylthiolato) silylene6 reacted in a reversible fashion with ethylene (Scheme 1, middle). The 

silyl silylene, :Si{N(C6H3-2,6-iPr2)SiMe3}{Si(SiMe3)3}, was shown to undergo migratory 

insertion of ethylene into a Si-Si bond by Rieger and coworkers in 2015 (Scheme 1).7 However, 
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no examples of a simple insertion of ethylene or other olefins into group 14 element-carbon 

bonds has been reported. 

For stannylenes, calculations on the reaction of SnH2 with ethylene suggest that it involves 

a two-step mechanism to give upon binding a metallocyclopropane with subsequent insertion 

into the Sn-H bond having a barrier of 12.66 kcal mol-1.8 In 2008 Banasak-Holl and coworkers9 

reported that a stannylene and a iodobenzene reacted with olefins under mild conditions. The 

olefin addition products display regioselectivity consistent with a radical induced migratory 

insertion into a C-H bond.10  

Nonetheless, the direct reaction of a organostannylene with ethylene or other olefins under 

ambient or near ambient conditions remained unknown. Herein we report the direct reaction of 

the diarlystannylenes Sn(AriPr4)2 and Sn(AriPr6)2, (AriPr4 = C6H3-2,6-(C6H3-2,6-iPr 
2)2, AriPr6 = 

C6H3-2,6-(C6H2-2,4,6-iPr3)2) with ethylene at 60°C which afford products in which one 

equivalent of ethylene is inserted into one of the Sn-C bonds.  

Scheme 1. Reactions of tetrylenes with olefins4-7  
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5.2 Experimental Details 

General Procedures. All operations were carried out under anaerobic and anhydrous 

conditions using modified Schlenk techniques. All solvents were dried over alumina columns 

and degassed prior to use. The 1H, 13C and 119Sn NMR spectroscopic data were collected on a 

Bruker 400MHz spectrometer. 119Sn NMR data were referenced to SnnBu4 (−11.7 ppm). 

Infrared spectroscopy was collected as a Nujol mull using a Bruker Tensor 27 IR 

spectrometer. UV−visible spectroscopy was carried out as dilute hexane solutions in 3.5 mL 

quartz cuvettes using an Olis 17 Modernized Cary 14 UV/vis/NIR spectrophotometer. 

Sn(Ar
iPr4)2 and Sn(Ar

iPr6)2 were synthesized according to literature methods. Ethylene gas 

was dried via a P2O5/Sieves drying column prior to use. 

 

 Ar
iPr4Sn(C2H4Ar

iPr4) (1a) A rapidly stirred solution of Sn(Ar
iPr4)2 (1.00 g, 1.09 mmol) in 

benzene ca. 30 mL was treated with an excess of ethylene gas over one hour at 25 °C. The 

temperature was elevated to 60 °C and stirred for 12h. Upon cooling the solution was filtered 

using a filter-tipped cannula and concentrated under reduced pressure. Storage of the solution 

at room temperature afforded 1. Yield (0.53 g, 51.23%) Mp: 171-176°C, 1H NMR (400 MHz, 

C6D6, 298 K): δ = 0.68 (t, 2H, 3JH,H=9.6Hz CH2CH2Ar), 1.04 (d, 12H 3JH,H=1.6Hz 

CH(CH3)2), 1.05 (d, 12H 3JH,H=1.6Hz CH(CH3)2), 1.08 (d, 12H 3JH,H=4Hz CH(CH3)2), 

1.14(d, 12H 3JH,H=3.6Hz CH(CH3)2), 2.17 (t, 2H, 3JH,H=6.8Hz, CH2CH2Ar), 2.71 (m, 4H 

3JH,H=7Hz CH(CH3)2), 3.07 (m, 4H 3JH,H=7Hz CH(CH3)2), 7.03-7.28 (m, 18H m-C6H3, p-

C6H3, m-Dipp and p-Dipp; Dipp = 2,6-iPr2-C6H3); 13C{1H} NMR (126 Hz, C6D6, 298 K): 

22.85, 23.26, 25.49, 25.90, 30.50, 30.58, 122.97, 123.41, 126.08, 128.61, 129.23, 129.50, 

135.87, 139.24, 139.50, 143.58, 143.81, 146.39, 146.49 ;119Sn{1H} NMR (186.36 Hz, C6D6, 
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298 K): δ=1806 ppm UV-vis:  λmax (nm), ϵ (M-1 cm-1) = 482nm, 2130. IR (CsI, nujol, mineral 

oil; selected, cm−1) :  2950, 1480, 1280, 1100, 1040, 820 

Ar
iPr6Sn(C2H4Ar

iPr6) (1b) A rapidly stirred solution of Sn(Ar
𝑖Pr6)2 (1.00g,0.924mmol) in 

benzene ca. 30 mL was treated with an excess of ethylene gas over one hour at 25 °C. The 

temperature was elevated to 60 °C and stirred for 12h. The solution was filtered using a filter-

tipped cannula and concentrated under reduced pressure. Storage of the solution at room 

temperature afforded 1b. Yield (0.42 g, 40.9%) Mp: 167-175 °C, 1H NMR (400 MHz, C6D6, 

298 K): δ = 0.95 (t, 2H, 3JH,H=5.8 Hz CH2CH2Ar), 1.09 (d, 24H 3JH,H= 4.8Hz CH(CH3)), 

1.21, (d, 24H 3JH,H= 4.8Hz CH(CH3), 1.29 (d, 12H 3JH,H=3.6Hz CH(CH3)), 1.31  (d, 12H 

3JH,H=4Hz CH(CH3)), 2.60 (t, 2H, 3JH,H= 4.7Hz, CH2CH2Ar), 2.78 (m, 4H 3JH,H= 4.7Hz 

CH(CH3)2), 2.86 (m, 4H 3JH,H= 4.8Hz CH(CH3)2), 2.97 (m, 2H 3JH,H= 4.8Hz CH(CH3)2), 3.18 

(m, 4H 3JH,H= 4.8Hz CH(CH3)2), 7.05-2.25 (m, 14H m-C6H3, p-C6H3, and m-Trip; Trip = 

2,4,6-iPr2-C6H2) 13C{1H} NMR (126 Hz, C6D6, 298 K): 23.21, 23.71, 24.10, 25.50, 25.92, 

30.51, 30.59, 34.14, 34.41, 50.10, 120.34, 120.88, 121.03, 124.45, 25.86, 129.85, 130.10, 

133.32, 136.95, 139.57, 143.66, 144.32, 146.05, 147.69, 148.42. 119Sn{1H} NMR (186.36 Hz, 

C6D6, 298 K): δ=1946 ppm. UV-vis:  λmax (nm), ϵ (M-1 cm-1) = 489nm, 2200 IR (CsI, nujol, 

mineral oil; selected, cm−1 ) :  2970, 1470, 1260, 1080, 1040 

5.3 Results and Discussion 

The work herein consists of a collaborative effort of Dr. Jing-Dong Guo and myself. Dr. Guo 

peformed the DFT calculation. The synthesis, characterization, reaction, and the construction 

of the paper was carried out by me. 

The blue diarylstannylenes, :Sn(AriPr4)2 (1.00 g, 1.09 mmol),11 or Sn(AriPr6)2 (1.00g, 

0.924 mmol)12
 in benzene or heptane ca. 30 mL were treated with an excess of ethylene gas 
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over one hour at 25 °C. The temperature was raised to 60 °C and the mixture was stirred for 

12h to give a red solution (Scheme 2). Benzene was removed under reduced pressure and 

replaced by toluene (ca. 20mL). Concentration to ca. 10mL followed by storage at ca. -18 °C 

afforded red crystals of the stannylenes 1a and 1b in moderate yield (0.53g, 51.23%) and (0.42 

g, 40.9%). The X-ray crystal structures of compounds 1a and 1b are shown in Figure 1. 

 Scheme 2. The reaction of SnAr2 species with ethylene. 

The crystal structures illustrate that one ethylene molecule has inserted into one of the Sn-

C bonds of each stannylene. The tin atoms have a bent two-coordinate configuration with C-

Sn-C angles of 94.7(5)°(1a) and 99.06°(1b). These are considerably narrower to than those in 

previously reported, related stannylenes which span the range 107.61(9)° to 123.55(14)°.11-17 

In particular, the C-Sn-C angles may be compared to those of the precursor Sn(Ar iPr4)2 

(112.77(9)°) and Sn(AriPr6)2 (112.55(6)) which are significantly wider because of the greater 

steric repulsion between the two large terphenyl substituents. The Sn-C bond lengths in 1a and 

1b span the range 2.145(4)-2.210(12)Å which is similar to what is found in other stannylenes 

and distannenes11-17 (cf. sum, 2.17Å of the single bond radii of carbon, 0.77 Å, and tin ,1.40 

Å).18 
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                       1a                                                                  1b 

Figure 1. X-ray crystal structure of AriPr4SnCH2CH2AriPr4 (1a, left) and 

AriPr6SnCH2CH2AriPr6 (1b, right). Hydrogen atoms and co-crystallized solvent molecules are 

not shown. Selected bond lengths [Å] and angles [°]: 1a: C1-Sn1: 2.145(4), Sn1-C10: 

2.210(12), C10-C11: 1.542(13), C11-C12: 1.50(17), C1-Sn1-C10: 94.7(5), Sn1-C10-C11: 

112.6(12), C10-C11-C12: 119.9(14). 1b: C1-Sn1: 2.1992(12), Sn1-C14: 2.205(2), C14-C15: 

1.549(3), C15-C16: 1.492, C1-Sn1-C14: 99.22(1), Sn1-C14-C15: 109.90(18), C14-C15-C16: 

116.224 

The solution 119Sn{1H} NMR spectra of 1a and 1b display a single downfield resonance at 

1809 and 1946 ppm respectively. These chemical shifts lie within the range (1200-2600ppm) 

observed for other two-coordinate diorganostannylenes and related species,19 and may be 

compared with the 119Sn NMR chemical shifts of Sn(ArMe6)2 (1971ppm),16 Sn(AriPr4)2 

(2245ppm)17 and Sn(AriPr6)2 (2129ppm).12 The UV-vis spectra show one absorption at 482 

nm (1a) or 489 nm (1b), consistent with an n→p transition for alkyl/aryl stannylene species 

having a monomeric formulation in solution.11,12,16,20-22 These values may be compared to 

those of AriPr4SnCH2C6H5 (486nm),20 AriPr4SnCH2C6H4-3-Me (490nm),20 
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AriPr4SnCH2CH2But (486nm),21 AriPr6SnCH2CH2But (484nm), 21 and AriPr4SnR (R= 

norbornyl, 494nm; norbornenyl, 502nm)22 and AriPr4Sn(norbornyl)SnAriPr4 (496nm) 22 which 

were prepared by the reactions of the respective olefins with the corresponding aryl tin (II) 

hydrides. 

The reaction of Sn(AriPr4)2 or Sn(AriPr6)2 to yield 1a and 1b was found to be limited to one 

equivalent of ethylene even in the presence of a large excess of the olefin and extended 

reaction periods up to 3 days. Cooling the solution to −80°C also afforded no evidence of 

further ethylene complexation or reaction with 1a or 1b on the basis of 1H NMR 

spectroscopy.  We also tested the reactivity of the related tetrylene, Sn(ArMe6)2, where the tin 

environment is less hindered. However, no reaction with ethylene was observed under 

identical conditions to those used for 1a and 1b. The counter intuitive reactivity pattern 

toward ethylene may be compared to the reactions of Sn(ArMe6)2 and Sn(AriPr4)2 toward H2, 

where the less bulky Sn(ArMe6)2 was also found to be unreactive toward H2 even at elevated 

temperature. Inspection of the UV-vis spectra of Sn(ArMe6)2, Sn(AriPr4)2 and Sn(AriPr6)2 

reveals absorptions at 553, 600 and 612 nm respectively which shows that the absorption 

maximum is shifted to longer wavelengths, hence lower energies, for the more crowded 

stannylenes and is consistent with a decreasing HOMO-LUMO energy separation as the size 

of the ligands increase. Attempted reactions of Sn(Ar iPr4)2 and Sn(AriPr6)2 with propene, 2-

butene or styrene under similar conditions to those described for ethylene yielded no 

evidence of reaction apparently for steric reasons.  

In contrast to the UV-vis absorptions mentioned above for Sn(AriPr4)2 (600nm) and 

Sn(AriPr6)2 (612nm), 1a (482nm) and 1b (489nm), have the significantly shorter wavelength 

values indicating a larger HOMO-LUMO separation. They display no further reactivity with 

ethylene (cf, Sn(ArMe6)2 has an absorption at 553nm and also does not react with ethylene). 
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The initial step of the reaction of Sn(Ar iPr4)2 with ethylene is calculated to involve the 

approach of the ethylene molecule at an angle to the Sn{C(ipso}2 plane to interact 

approximately  face-on with the Sn 4p-orbital. This is similar to interaction with other small 

molecules such as H2, CO and isocyanide. 23,24 This produces a weak ethylene complex (INT-

1) (enthalpy of stabilization = -4.7 kcal-1) and a slight lengthening of the ethylene C-C double 

bond. The ethylene is not symmetrically coordinated (the Sn-C distance to the two ethylene 

differs by over 0.2 Å). The INT-1 complex can further react by two routes involving the 

transition state TS 1 (ΔH= -2.6 kcal mol-1, ΔG= +10.0kcal mol-1 ) in which the Sn-C 

distances to the ethylene become at most equal (2.213 and 2.328 Å) en route to a 

cyclostannapropane intermediate INT-2 (with equal Sn-C bond lengths to C2H4 and a single 

C-C bond of 1.528 Å). This complex has a positive ΔG value and is thus unstable (ΔH= -3.6 

kcal mol-1, ΔG= +9.0kcal mol-1) and does not lead to an inserted product. A somewhat higher 

energy transition state TS2 (ΔH= +4.8 kcal mol-1, ΔG= +15.3kcal mol-1)  in which the 

ethylene is displaced toward one of the Sn-C(ipso) bonds which is lengthened to Sn-C1 = 

2.601 Å (cf. Sn-C2 = 2.28 Å) and simultaneous initial formation of an Sn-C bond to one of 

the ethylene carbons (ie Sn--C4 = 2.376Å) and a C-C bond to the other ethylene carbon (C1--

C3 = 2.72Å) is also calculated. This leads eventually to the formation of the inserted product 

(PRO) corresponding to the structurally characterized 1a. This is enthalpically favoured by 

47.4 kcal mol-1
 (cf ΔG= -34.8 kcal mol-1). Attempts to observe the interaction of ethylene and 

tin in solution (INT-1) at ca.  −80°C were unsuccessful consistent with the calculated 

instability of INT-2.  

The possibility that the reaction might proceed by a different mechanism, involving 

homolytic cleavage of an Sn-C bond followed by the reaction of the •SnAriPr4/•AriPr4 or 

•SnAriPr6/•AriPr6 radical pairs with ethylene to yield the products as shown (Scheme 3b) was 
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also investigated. The •SnAriPr4 radical has recently been detected in the metathesis reactions 

of :Sn(AriPr4)2 with alkyl benzenes in refluxing toluene. However, the calculations at the 

B3PW91-D3BJ level indicate a quite high activation barrier (ca. 40.6 kcal mol-1) for such a 

process shown in Scheme 3b 

Scheme 3. Two possible ethylene insertion mechanisms for the reactions of the diaryl tin 

with ethylene.  

 

5.4 Conclusions 

In summary, the reaction of Sn(AriPr4)2 or Sn(AriPr6)2 with ethylene at 60°C proceeds via a 

facile migratory insertion route to afford products 1a and 1b The downfield 119Sn NMR 

chemical shifts at 1809 and 1946 ppm. X-ray crystallography confirm these monomeric 

stannylene structure in the solid state and in solution.  Further investigation of the reactivity 

of this open-shell species in underway.  
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Chapter 6  

Reversible Binding of Ethylene and Propylene by Germylenes 

 

This work is published in Organometallics, DOI: 10.1021/acs.organomet.9b00109 

Lai, T.Y.; Chen, C.Y.; Fettinger, J.C.; Power, P.P. Organometallics 2019, 38, 1425-1428.  

 

 

6.1 Introduction 

Apart from insertion reactions with their hydride derivatives, the direct reactions of 

simple olefins with main group compounds, either under ambient or near-ambient conditions, 

remain relatively rare.1 For group 14 species, early reports described the cyclo-addition of 

tetra-tert-butyldisilene with ortho-methylstyrene to yield the [2+2] cycloaddition species 

1,1,2,2-tetra-tert-butyl-3-(2-methylphenyl)-1,2-disilacyclobutane,2 and of tetramesityldisilene 

and digermene with styrene to yield the corresponding [2+2] cycloaddition products.3 Later, 

the silyl substituted disilene {(t-BuMe2)Si}2SiSi{Si(t-BuMe2)2}2was shown to react with 

styrene to give a 1,2-disilacyclobutane species.4 Similarly, the disilynes {(Me3Si)2CH}2}2(i-

Pr)SiSiSiSi(i-Pr){CH(SiMe3)2}2]5 and {(t-Bu3Si)2MeSi}SiSi{SiMe{Si(t-Bu3)2}6 were shown 

to react with 2-butene or ethylene respectively to afford cyclic [2+2] disilene addition 

products.  

 In contrast to these simple cyclizations, the reaction of the disilyne BbtSiSiBbt (Bbt= 

C6H2-2,6-{CH(SiMe3)2}2-4-{C(SiMe3)3} ) with ethylene was more complex and the major 

product featured an ethylene molecule inserted into the SiSi triple bond while two other 

ethylenes formed a silacylopropane unit at each silicon, ie, a bis(siliranyl)ethane.7 The 

reaction of the corresponding digermyne BbtGeGeBbt (Bbt = C6H2-2,4,6-(CH(SiMe3)2)3)  
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with ethylene yielded a 1,2-digermacyclobutene and, upon reaction with a further equivalent 

of ethylene, a 1,4-digermabicyclo[2.2.0]hexane or a bis(germiranyl)ethane.8  

Reversibility in reactions with small molecules is of importance for further possible 

applications in catalytic process.9 The common feature of the reactions discussed above is 

that under ambient conditions they are all irreversible. However, in 2009 it was shown10 that 

the distannynes AriPr4SnSnAriPr4 and AriPr8SnSnAriPr8 (AriPr4=C6H3-2,6-(C6H3-2,6-iPr2)2 and 

AriPr8= C6H-2,6-(2,4,6-C6H2-iPr3)2-3,5-iPr2) (Scheme 1a) reversibly bind two ethylene 

molecules at room temperature although the ethylene reactions with the corresponding 

digermynes proved irreversible. In addition, a very recent report has demonstrated 

reversibility for the addition of some terminal alkenes to the digermyne BbtGeGeBbt in 

which one alkene molecule forms a 1,2-digermacyclobutane product (Scheme 1b).11 

Reversible reactions of ethylene with certain phosphine complexed silylenes (Scheme 1c) 12 

and dithiolatosilylenes were also described and the silacyclopropane intermediates were 

isolated and structurally characterized (Scheme 1d).13 Nonetheless, no reversible olefin 

complexation by simple tetrylene derivatives of the heavier elements, germanium, tin or lead 

has been reported.  
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Scheme 1. Illustration of the known reversible reactions of main group compounds with 

ethylene at or near room temperature.10-13  

 Herein, we report the first examples of reversible olefin binding by stable, two-

coordinate germylenes, presumably via an intermediate π-complex.14 We demonstrate that 

Ge(ArMe6)2
15 and Ge(AriPr4)2

16 react reversibly with ethylene, and that Ge(Ar iPr4)2 also 

reversibly binds propylene at room temperature in toluene (Scheme 2, top). We show also 

that at elevated temperature Ge(AriPr4)2 reacts with ethylene to yield the ethyl substituted 

digermene {Ge(Et)(AriPr4)}2 with elimination of one equivalent of  AriPr4H (Scheme 2, 

bottom). The products were analyzed via X-ray crystallography and 1H NMR Spectroscopy.  



110 
 

 

 

Scheme 2. Reactions of diarylgermylenes with olefins 

 

6.2 Experimental Details 

General Procedures. All operations were carried out under anaerobic and anhydrous 

conditions using modified Schlenk techniques. All solvents were dried over alumina columns 

and degassed prior to use. The 1H and 13C NMR spectroscopic data were collected on a 

Bruker 400/500MHz or a Varian 600MHz spectrometer. VT 1H NMR data were recorded on 

a Bruker 500 instrument.  Ge(Ar
Me6 )2 and Ge(Ar

iPr4)2 were synthesized according to literature 

methods. Ethylene and propylene gas were dried via a P2O5/Sieves drying column prior to 

use. 

 (Ar
𝐌𝐞𝟔)2Ge(C2H4) (1a) In a J. Young NMR tube, Ge(ArMe6)2 (0.033g 0.047mmol) was 

added and dissolved in  d8-toluene ca. 0.5ml . The solution was degassed twice and 

backfilled with ethylene. To ensure complete reaction of the NMR sample, the NMR was left 

at RT for a day prior to NMR spectroscopy. 1H NMR (500MHz, C7D8, 248K): 0.53(s, 4H, 

CHGe), 1.76(s, 24H, o-Me), 2.24(s, 12H, p-Me), 6.5-7.5(14H aromatic Hs) 
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(Ar
iPr4)2Ge(C2H4) (1b) A rapidly stirred solution of Ge(AriPr4)2 (1.00 g, 1.15 mmol) in 

toluene ca. 30 mL was degassed 3 times then treated with ethylene gas.  Storage of the 

solution at -30°C afforded 1b. Yield (0.3g, 29%) Mp: 112°C (turned blue),  1H NMR 

(500MHz, C7D8, 248K): -0.04/0.51(t, 4H, GeCH), 0.66(d, 6H, CH3CH), 0.97/0.98/1.64/1.25 

(d, 48H, CH3CH), 1.66(m, 4H, CH3CH), 3.32(m, 4H, CH3CH). 13C NMR (126MHz, C6D6, 

298K):  5.94, 11.46, 27.23, 28.39, 28.48, 29.75, 30.82, 30.97, 31.23, 31.64, 34.17, 34.89, 34.96, 

36.74, 127.19, 127.6, 128.46, 130.51, 132.96, 134.29, 138.65, 139.04, 140.03, 146.53, 147.74, 

149.96, 151.22, 152.13, 152.91, 153.09, 153.34.  

(Ar
iPr4)2Ge(C3H6) (1c) In a J. Young NMR tube, Ge(AriPr4)2 (0.03g mmol) added was 

dissolved in  d8-toluene and the solution is degassed twice and backfilled with propylene. To 

ensure complete reaction the NMR sample, the NMR was left at RT for a day prior the NMR 

recording. However, the resulting broadening makes it difficult for NMR recording. The 

germirane signals are hidden in the isopropyl signals. 1H NMR (500MHz, C7D8, 248K): 

0.38/0.54/0.73/0.99/1.21(d, 48Hs CH3CH) 3.28(m, 4H, CH3CH), 4.02(m, 4H, CH3CH) 

[(Ar
iPr4)Ge(C2H5)]2 (2) A rapidly stirred solution of Ge(AriPr4)2 (0.68 g, 0.78 mmol) in 

toluene ca. 30 mL was degassed 3 times then treated with ethylene gas. The solution was 

heated to 80°C for 12 h. The solution is concentrated to ca. 20mL and storage at -30°C 

afforded 2. Yield: (0.125g, 32%). 

Variable temperature 1H NMR spectroscopy and Van’t Hoff analysis of 1a 

 

The integral atoms of the, o-Me group of Ge(ArMe6)2,  free ethylene and Me of the germirane 

in compound 1a were used for the determination of the equilibrium constant for the 

conversion of the germylene with ethylene to give the germirane.  
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The equilibrium constant was calculated according to equation 1.  

𝐾𝑒𝑞 =
[𝐺𝑒𝑟𝑚𝑖𝑟𝑎𝑛𝑒]

[𝐺𝑒𝑟𝑚𝑦𝑙𝑒𝑛𝑒][𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒]
  (eq1) 

The Van’t Hoff equation, equation 2, was used in order to determine ΔH and ΔS from the 

slope and the intercept of the plot of ln Keq against 1/T. 

𝑙𝑛𝐾𝑒𝑞 = −
ΔH

𝑅
(

1

𝑇
) +

ΔS

𝑅
 (eq. 2) 

 

6.3 Results and Discussion 

The work herein consists of a collaborative effort of Ms. Kelly L. Gullett, Ms. Chia-Yuan 

Chen and myself. Ms. Gullett initiated the study and carried out the variable temperature UV-

visible spectroscopy. I am responsible for the synthesis, reaction, X-ray crystallography, 1H 

NMR spectroscopy, variable temperature 1H NMR spectroscopy and the construction of the 

paper. Ms. Chen assisted me with the characterization of the products. 
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Figure 1. Two views of the thermal ellipsoid (30%) of (Ar iPr4)2GeCH2CH2 (1b).  Hydrogen 

atoms and cocrystallized toluene molecules are not shown. Selected bond distances (Å) and 

angles (deg): Ge1-C62: 1.944(7), Ge1- C61: 1.946(6), Ge1-C1:1.970(6), Ge1-C41: 1.972(7), 

C62-C61: 1.514(9), C61-Ge1-C62: 45.8(3), C1-Ge1-C31: 121.6(2). 

The reaction with the olefins were carried out by dissolving the germylene in toluene 

to give a purple (Ge(ArMe6)2) or blue (Ge(AriPr4)2) solution. Exposure of these solutions under 

an olefin atmosphere at room temperature results in very pale solution in 30 minutes. 

Colorless crystals of the germirane, (Ar iPr4)2GeCH2CH2, 1b were obtained by cooling a 

toluene solution to ca. -30°C (crystals of 1a were also obtained but they were unsuitable for 

X-ray crystallographic studies.) and storage for 12 h at that temperature. The germanium 

atom is four coordinate and has an irregular tetrahedral coordination geometry (Figure 1, 

left). The C1-Ge1-C31 angle and the C61-Ge1-C62 angle between the two aryl ligands are 

121.6(2)° and 45.8(3)° respectively. The torsion angles between the two planes defined by 
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the Ge1-C1-C31 and Ge1-C61-C63 arrays are 86.2(4)° (Figure 1, right). Within the girmirane 

ring the C-Ge-C and Ge-C parameters are similar to those in other girmiranes which spans 

the range 1.931-2.069Å.8,15 The C-C bond length within the germirane ring (1.514(9) Å) is 

similar to those in compound, BbtGe(C2H4)C2H4Ge(C2H4)BbT (1.546(4) Å).8 On the other 

hand it is shorter than the C-C distance in {(Me3Si)2HC}Ge(N-phenylmaleimide) (1.63(4))17 

as a result of steric hindrance and is longer than that in 

{(Me3Si)2HC}Ge(tetramethylbutatriene) (1.470(15))17 where there is conjugation with the 

two doubly bonded substituents.  

 The 1H NMR spectrum of (ArMe6)2GeCH2CH2 in toluene-d8 solution displays a signal 

due to uncomplexed ethylene at 5.30 ppm and a signal at 0.55 ppm corresponding to the 

complexed molecule. A variable temperature 1H NMR study was performed and a Van‘t Hoff 

analysis of the reaction of ethylene with Ge(ArMe6)2 afforded ΔHassn= -44.69kJ mol-1, 

ΔSassn= -159.82 JK-1 and ΔGassn = -6.3 kJ mol-1 at 298K. Similarly, a Van’t Hoff analysis of 

the reaction of Ge(AriPr4)2 with ethylene yields the parameters ΔHassn= -1.36 kJ mol-1, ΔS= 

19.78 J K-1 and ΔGassn = -7.25 kJ mol-1 at 298K. The corresponding data for the reaction of 

Ge(AriPr4)2 and propylene are ΔHassn= -1.362 kJ mol-1, ΔSassn= 2.579 J K-1 and ΔGassn= -2.1 kJ 

mol-1 at 298K. For the reaction of Ge(ArMe6)2 and propylene, the 1H NMR spectrum of the 

reaction solution displays little change up to 203K.  

  For the previously known reversible reaction of the silylene Si(SAriPr4)2 with 

ethylene,13 the experimentally determined thermodynamic parameters via 1H variable 

temperature NMR spectroscopy are ΔHassn= -83.61±8.4 kJ mol-1 and ΔGassn= -24.9±2.5 kJ 

mol-1 at 300 K. In the case of the phosphine complexed silylenes (Scheme 1c) with 

ethylene,12 experimentally determined thermodynamic parameters by VT 31P NMR 



115 
 

 

spectroscopy are ΔHassn = -37.7 kJ mol-1
, ΔSassn = -118.6 J mol-1K-1 and ΔGass= 2.3 kJ mol-1 at 

337 K. 

 In comparison, our compounds have generally low values: cf 1a, ΔGass= -6.3 kJ mol-1 

(298K), 1b ΔGass= -7.25 kJ mol-1(298K), and 1c ΔG = -2.1 kJ mol-1. Thus the interaction of 

the germylene with olefins (- 6.3. kJ mol-1) is only slighter stronger than the corresponding 

interaction with bulkier alkynes: 3-hexyne (-5.11kJ mol-1).18 The calculated ΔG values for the 

reaction of Si(SAriPr4)2 with ethylene and acetylene are -24 kJ mol-1(experimental) and -75 kJ 

mol-1(DFT) respectively.19 

 The lack of reactivity of Ge(ArMe6)2 with propylene can be explained on the basis of 

the increased steric repulsion of that olefin in comparison to ethylene.  However the more 

sterically hindered germylene, Ge(AriPr4)2, reacted with both ethylene and propylene. This 

counter-intuitive reactivity pattern toward propylene brings to mind the reaction of 

Sn(ArMe6)2 and Sn(AriPr4)2 with ethylene, where the less bulky species Sn(ArMe6)2 also did not 

react with ethylene even at elevated temperature whereas Sn(Ar iPr4)2 reacted readily.20  

Inspection of the UV-vis spectra of Sn(ArMe6)2 and Sn(AriPr4)2 reveals absorptions at 553 and 

600 nm respectively showing that the more crowded stannylene has a decreased HOMO-

LUMO energy separation. In the case of Ge(ArMe6)2 and Ge(AriPr4)2 the UV absorptions are 

578 and 608,15,16 again showing a smaller HOMO-LUMO gap for the more sterically 

crowded Ge(AriPr4)2. Upon reaction with ethylene the more reactive Ge(Ar iPr4)2 , also yielded a 

slightly more negative ΔG in comparison to that of Ge(ArMe6)2 (1b (ΔGassn = -6.85 kJ mol-1 at 

298K) vs 1a (ΔGassn = -6.3 kJ mol-1 at 298K)). 

 Previously, our group reported that Sn(AriPr4)2 undergoes a facile migratory insertion 

reaction with ethylene at 60 °C to afford the alkyl aryl stannylene, Ar iPr4SnCH2CH2AriPr4.20  
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In an attempt to observe a similar reaction for the germanium species, Ge(Ar iPr4)2 was 

heated under ethylene to 60 °C in hexane.  The resulting product (Scheme 2, bottom) 

proceeded via an insertion of the ethylene into a Ge-H bond that was generated via Ge-C 

cleavage of a Ge-AriPr4 bond, followed by a H abstraction from the :GeAr iPr4 radical.21 

Compound 2 and its crystal structure had been previously reported.22 However, in that case it 

was synthesized by the reaction of EtMgBr with Ge(Ar iPr4)Cl.  

 

6.4 Conclusions 

 In conclusion, the diarylgermylenes, Ge(ArMe6)2 and Ge(AriPr4)2, have been shown to 

reversibly coordinate ethylene.23 The more sterically crowded, but more reactive Ge(Ar iPr4)2, 

was shown to bind propylene as well. The thermodynamic parameters were experimentally 

determined by VT 1H NMR spectroscopy which provide values that are consistent with the 

observed reversibility in these reactions. The reaction of Ge(AriPr4)2 with ethylene at 60°C in 

hexane resulted in the hydrogermylation product 2 by Ge-C bond cleavage and H abstraction.  
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Chapter 7  

Reversible Complexation of Alkynes by a Germylene  

 

This work is published in Organometallics, DOI: 10.1021/acs.organomet.9b00077 

Lai, T.Y.; Gullett, K.L.; Chen, C.Y.; Fettinger, J.C.; Power, P.P. Organometallics, 2019, 38, 

1421-1424. 

 

7.1 Introduction 

The reactions of heavier group 14 tetrylenes (ER2; E= Si, Ge, Sn) with alkynes have 

attracted increasing interest due to their potential relevance for catalysis involving group 14 

species.1 The relatively modest energy gap between the occupied lone pair and empty valence 

frontier p-orbitals of the tetrylenes facilitate high reactivity so that reactions with alkynes 

may occur under ambient conditions (Scheme 1).2 Several groups have shown that the 

heavier tetrylenes react with alkynes to afford either insertion or cycloadditon products.3 

However, examples of reversible reactions of alkynes with heavier tetrylenes remain 

extremely rare, in part because the product metallocyclopropenes are relatively stable, 

thereby hindering the reverse reaction. Calculations for the reaction of Si(SAr iPr4)2
4 with 

alkenes and alkynes show that the product of its reaction with acetylene 

(AriPr4S)2SiC(H)=C(H) is 51 kJ mol-1; more favored than the product, (AriPr4S)2SiCH2-CH2, 

AriPr4 = C6H3-2,6(C6H3-2,6-iPr2)2, from its reaction with ethylene.5 The activation barriers for 

both reactions were calculated to be 54 kJ mol−1 (Gibbs free energy of reactants set at zero) 

and the relative energy of the product is −75 kJ mol−1. In addition, Ohshita and coworkers6 

reported high stability for the silacyclopropene, Mes2SiC(Ph)=C(Ph), which releases 

diphenylacetylene only upon heating at 250° C for 24h. Sekiguchi and coworkers7 showed 

that the germacyclopropene (iPr3Si)2GeC(SiMe3)=C(SiMe3), releases 
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bis(trimethylsilyl)acetylene only upon reduction with lithium metal with formation of a 1,1-

dilithiogermane (iPr3Si)2GeLi2.   

 

Scheme 1. Some reactions of tetrylenes with alkynes2 

The only known reversible complexation of an alkyne by a tetrelyene was described by 

Sita and cowokers in 1988. In this case it involved a reaction with a strained alkyne 3,3,6,6-

tetramethyl-1-thiacyclohept-4-yne which afforded the stannacyclopropene product as indicated in 

Scheme 2.8  
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Scheme 2. Reversible complexation of a strained cyclic alkyne with a diorganostannylene.8  

The reaction is believed to occur as a result of the increased reactivity of the 

thiocycloheptyne arising from its strained structure. Calculations for the reaction of SnH2 

with HC≡CH to form the parent stannacyclopropene H2SnC(H)=C(H), show that it has a 

relatively low activation energy barriers (37.6 kJ mol -1) for the forward and reverse reactions. 

It should be kept in mind that stannylenes are inherently more stable than their lighter 

congeners which also tends to favor olefin or alkyne dissociation.9 

 In contrast, reversible complexation of a strain free alkyne with heavier tetrylenes 

under ambient or near ambient conditions is currently unknown. In this chapter we report the 

reversible complexation of a diarylgermylene, Ge(ArMe6)2, (ArMe6= C6H3-2,6(C6H2-2,4,6-

Me3)2) to four unstrained alkynes 3-hexyne, diphenylacetylene, trimethylsilylacetylene and 

phenylacetylene (Scheme 3). The germacyclopropene (germirene) products (Scheme 3) were 

isolated and the thermodynamic parameters for the reactions were analyzed by 1H NMR 

spectroscopy. In addition, the structures of 1a and 1d were determined by X-ray 

crystallography.  
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Scheme 3. Reversible complexation of alkynes by diarylgermylene.  

 

7.2 Experimental Details 

General Procedures. All operations were carried out under anaerobic and anhydrous 

conditions using modified Schlenk techniques. All solvents were dried over alumina 

columns, stored over an Na mirror and degassed prior to use. 3-hexyne, diphenylacetylene, 

trimethylsilylacetylene and phenylacetylene are stirred over sieves and distilled prior to use. 

Ge(ArMe6)2, (ArMe6= C6H3-2,6(C6H2-2,4,6-Me3)2) was prepared according to literature 

procedures.S1 VT 1H NMR data were recorded on a Bruker 500 instrument. The 1H and 13C 

NMR spectra were referenced to residual d8-toluene. 

(ArMe6)2GeC(CH2CH3)C(CH2CH3) (1a): Ge(ArMe6)2 (0.5g 0.71mmol) was dissolved in 

hexane (ca. 15mL) and excess 3-hexyne ( 0.8mL, 7.1mmol) was added. The resulting 

colorless solution was stored at RT for 2 days affording 1a as colorless crystals. Yield 

( 0.31g, 55.9 %) Mp: 124°C (turned purple), 1H NMR  (400MHz, C6D6, 298K): 1.06 (t, 6H, 

CH2CH3), 1.53 (s, 4H, CH3) , 1.89 (s, 4H, CH3), 2.02 (s, 4H, CH3), 2.12 (m, 4H, CH2CH3), 

2.17 (s, 4H, CH3), 2.28 (s, 4H, CH3), 2.36 (s, 4H, CH3), 6-8(m, 14H, aromatic Hs). 13C NMR 

(126MHz, C6D6, 298K): 14.50, 20.82, 22.53, 23.02, 23.52, 128.60, 129.89, 130.81, 136.26, 

137.81, 139.15, 142.55, 150.51. 
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(ArMe6)2GeC(Ph)= CPh)(1b): In a J. Young NMR tube, Ge(ArMe6)2 (0.033g 0.047mmol) 

added was dissolved in  d8-toluene and 1 equivalent of diphenylacetylene (0.047mmol) was 

added. To ensure complete reaction the NMR sample, the NMR was left at RT for a day prior 

the NMR recording. 1H NMR (500MHz, C7D8, 248K): 1.62 (s, 4H, CH3), 1.66 (s, 4H, CH3), 

1.74 (s, 4H, CH3), 1.92 (s, 4H, CH3), 2.12 (s, 4H, CH3), 2.34 (s, 4H, CH3), 6-8, (m, 24H, 

aromatic Hs) 

(ArMe6)2GeC(H)=C(SiMe3)(1c): In a J. Young NMR tube, Ge(ArMe6)2 (0.033g 0.047mmol) 

added was dissolved in  d8-toluene and 1 equivalent of trimethylsilylacetylene (0.047mmol) 

was added. To ensure complete reaction the NMR sample, the NMR was left at RT for a day 

prior the NMR recording. 1H NMR (500MHz, C7D8, 218K): 0.06(s, 9H, SiMe3), 1.79 (s, 24H, 

o-Me), 2.35 (s, 12H, p-Me), 6-8, (m, 14H, aromatic Hs), 8.62 (s, 1H, HC-Ge-CMe3)  

(ArMe6)2GeC(H)=C(Ph)(1d): Ge(ArMe6)2 (0.5g 0.71mmol) was dissolved in hexane (ca. 

15mL) and excess phenylacetylene ( 0.8mL, 7.1mmol) was added. The resulting colorless 

solution was stored at RT for 2 days affording 1d as colorless crystals. Yield ( 0.41g, 72%) 

Mp: 160°C (turned orange), 1H NMR  (400MHz, 298K): 1.77 (s, 24H, o-Me), 2.21 (s, 12H, 

p-Me), 6-7.3, (m, 19H, aromatic Hs), 7.51 (s, 1H, HC-Ge-CPh) 13C NMR (126MHz, C6D6, 

298K): 21.22, 22.38, 127.30, 127.51, 128.40, 128.81, 129.04, 130.44, 132.96, 136.56, 136.96, 

137.61, 138.67, 141.22, 149.11, 153.89 
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Variable temperature 1H NMR spectroscopy and Van’t Hoff analysis of 1a 

 

The integration for the signal atoms of the, o-Me group of Ge(ArMe6)2,  terminal methyl 

groups for 3-hexyne and compound 1a were used for the determination of the equilibrium 

constant for the conversion of the germylene with 3-hexyne to give the germirene.  

The equilibrium constant was calculated according to equation 1.  

𝐾𝑒𝑞 =
[𝐺𝑒𝑟𝑚𝑖𝑟𝑒𝑛𝑒]

[𝐺𝑒𝑟𝑚𝑦𝑙𝑒𝑛𝑒][3−ℎ𝑒𝑥𝑦𝑛𝑒]
  (eq1) 

The Van’t Hoff equation, equation 2, was used in order to determine ΔH and ΔS from the 

slope and the intercept of the plot of ln Keq against 1/T. 

𝑙𝑛𝐾𝑒𝑞 = −
ΔH

𝑅
(

1

𝑇
) +

ΔS

𝑅
 (eq. 2) 

 

7.3 Results and Discussion 

The work herein consists of a collaborative effort of Ms. Kelly L. Gullett, Ms. Chia-Yuan 

Chen and myself. Ms. Gullett initiated the study. The synthesis, reaction characterization, and 

variable temperature 1H NMR was carried out by me with the assistance of Ms. Chen. I am 

responsible for the construction of the paper.  

 The diarylgermylene, Ge(ArMe6)2 (ArMe6 = C6H3-2,6-(C6H2-2,4,6-Me3)2),10 was 

reacted with an excess of the alkyne in hexanes. The color of the solution immediately 

changed from purple to colorless. Concentration of the solutions under reduced pressure, and 

storage at room temperature overnight resulted in colorless crystals in moderate yields. 

Crystals of 1a and 1d proved amenable for X-ray crystallographic studies. The structures 

(Figure 1) of 1a and 1d illustrate that the alkyne forms a [1+2] cycloaddition product with the 
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germylene. The resulting germirenes have C=C distances of 1.33(3)Å(1a) and 1.3351(2)Å 

(1d) which are in the typical range for a carbon-carbon double bond (cf. 1.339 Å in 

ethylene).11 The Ge-C bonds in the germirene span the range 1.92-1.97 Å which is slightly 

shorter than the sum (1.98 Å) of the covalent radii of carbon (0.77Å) and germanium 

(1.21Å).12 The C-Ge-C germirene angles are 40.573(9)°(1a) and 40.672(9)°(1d) and the C-

Ge-C angles between the two aryl ArMe6 ligands are 115.079(2)° and 117.483(10)°.    

 

                                     1a                                                                    1d 

Figure 1. Stick drawing of the crystal structures of 1a and 1d. Hydrogen atoms are not 

shown. Selected bond distances (Å) and angles (deg): 1a: Ge1-C1:1.970(2), Ge1-C26: 

1.9730(19), Ge1-C52: 1.91928(6) Ge1-C53: 1.92611(5) C52-C53: 1.33(3) C11-Ge1-C17: 

40.573(9), C3-Ge1-C7:115.079(2) 1d: Ge1-C1: 1.9680(16), Ge1-C26:1.9670(13), Ge1-C51: 

1.9277(3) Ge1-C50: 1.9139(3) C51-C50: 1.3351(2) C51-Ge1-C50: 40.672(9) C1-Ge1-

C26:117.483(10). 

 The Ge-C and C=C bond distances are similar to those in the small number of known 

germirenes which span the range 1.88-1.929 Å and 1.324-1.39 Å.13-16 The C-Ge-C 
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germacyclopropene ring angle is also in close agreement with those in the reported 

germirenes Me2Ge(C10H16S) (40.5(3)°),2a Ar2GeC(CF3)=C(CF3) (Ar= 2-tert-butyl-4,5,6-

trimethyl-phenyl) (39.94(13)°),13 {(Me3Si)2CH}2Ge(C14H17N3O) (43.3(6)°),14 and 

[(IDipp){(SiMe3)CH}GeC(H)=C(Ph))][BArF
4] (40.79(15)°).15 

 The angles between the two terphenyl ligands in the germirene 1a (115.079(2)°) and 

1d (117.483(10)°), display only small changes from that in the precursor germylene 

(114.4(2)°). It seems likely that this small difference facilitates the reversibility of the 

reaction since the C-Ge-C angle remains almost unchanged during the process. 

 The 1H NMR spectrum of 1a (cf Figure AVI1.) shows that the signal for terminal 

methyl group of the uncomplexed 3-hexyne molecule (1.00 ppm) is shifted upfield to 0.94 

ppm upon binding the alkyne. A Van’t Hoff analysis of the association of 3-hexyne using 

variable temperature (276- 318 K) 1H NMR spectroscopy affords the values ΔHassn= -16±1.12 

kJmol-1, ΔSassn= -36.62±2.56 J K-1 mol-1 and ΔGassn= -5.11±0.36 kJ mol-1 at 298K. Similarly, a 

Van’t Hoff analysis of the association of diphenylacetylene using variable temperature (258- 

298 K) 1H NMR spectroscopy affords ΔHassn= -6.47±0.61 kJ mol-1, ΔSassn= -2.65±0.25 J K-1 

and ΔGassn= -5.65±0.536 kJ mol-1 at 298K. The corresponding data for the reaction (208- 248 

K) with trimethylsilylacetylene are ΔHassn= -42.48±2.97 kJ mol-1, ΔSassn= -159.9±11.2 J K-1 

mol-1 and a positive ΔGassn(calculated)= 5.16±0.36 kJ mol-1 at 298K and ΔGassn(observed)= -

2.83±0.20 kJ mol-1 at 248K. For the reaction with phenylacetylene the 1H NMR spectrum 

displays little change up to 353K. However, when 1d was dissolved in toluene at room 

temperature, the solution displayed a very pale purple color (Figure S10) indicating that there 

is a small amount of dissociation, but the concentration of pure germylene was not high 

enough to be observed by 1H NMR spectroscopy. 
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 For the previously known irreversible reaction of Si(SAr iPr4)2 with an alkyne, 

calculations for the reaction with acetylene yielded the aforesaid activation barrier of 54 kJ 

mol-1, and ΔGassn= -75 kJ mol-1 4a as well as a reverse reaction barrier of 129 kJ mol -1. 

Furthermore, calculations for the reaction of GeH2 with acetylene at the B3LYP level, shows 

that ΔGassn= -132 kJ mol-1.17 The bonding arises from the relatively strong interaction of 

germylene and acetylene orbitals, to form the germirene, and diminution of the repulsion 

from the lone pair thereby overcomes the steric repulsion between the two nearby reactants.  

For our compounds, the experimental Gibbs free energies are relatively low:  1a has a 

ΔGassn value of -5.11 kJ mol-1(298K). For 1b and 1c the corresponding values are -5.65 kJ 

mol-1(298K) and -2.82 kJ mol-1(248K). The relatively small differences in energy may be a 

reflection of the lack of requirement to distort the geometry of the Ge(ArMe6)2 moiety upon 

reaction with the alkynes. It is also noteworthy that it is the reactions with the larger alkynes 

diphenylacetylene, trimethylsilylacetylene and 3-hexyne that are the most reversible perhaps 

for steric reasons although there may be countered by attractive London dispersion forces. 

These reactions have ΔGassn values that are slightly negative for 1a and 1b and slightly 

positive for 1c (ΔGassn= -2.83 kJ mol-1 at 248K and ΔGassn= 5.165 kJ mol-1 at 298K) at room 

temperature. In contrast the reaction with the smaller alkyne phenylacetylene approaches 

irreversiblility with sufficiently limited dissociation in solution that the concentration of 

Ge(ArMe6)2  is not easily observable by 1H NMR spectroscopy. 

 

7.4 Conclusions 

 In conclusion, diarylgermylene Ge(ArMe6)2 has been shown to react reversibly with 

diphenylacetylene, trimetylsilylacetylene and 3-hexyne. Tighter binding was observed with 
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the less bulky alkyne phenylacetylene although a small equilibrium concentration of the free 

germylene is apparent from the very faint purple color that appears on dissolving 1d in 

toluene.  
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Chapter 8 

Catalytic Dehydrocoupling of Amines and Boranes by an 

Incipient Tin(II) Hydride 

 

This work is published in Chemical Communication, DOI: 10.1039/C6CC06963K 

Erickson, J. D.; Lai, T. Y.; Liptrot, D. J.; Olmstead, M. M.; Power, P. P. Chem. Commun. 

2016, 52, 13656-13659. 

 

 

8.1 Introduction 

 Aminoboranes, R2N-BR´2, have a growing utility in modern synthetic chemistry. 

Suginome and coworkers have documented their use as efficient but mild sources of iminium 

cations that may be used in the reductive amination of aldehydes,1 in Mannich-type couplings 

of aldehydes, secondary amines, and silyl ketene acetals.2 Strecker-type aminative cyanation 

of aldehydes and ketones to α-amino nitriles through the use of bis(dialkylamino)cyanoboranes 

has also been explored.3 Sole and coworkers have further shown aminoboranes may be 

effective sources of amide ions for β-aminations of α,β-unsaturated carbonyl compounds and 

cyclic vinyl epoxides.4 Nikonov and co-workers described a chemoselective imine formation 

via the reaction of bisborylamines with C=O bonds.5  

 Aminoboranes have previously been synthesized through the action of silicon-

nitrogen6-8 and tin-nitrogen9-11 bonds upon boranes and haloboranes. Salt metathesis of lithium 

amides (R3-nHnNLi) (n = 1, 2, 3) with BCl3 has also been used to afford (R3-nHnN)mBCl3-m (m 

= 1, 2, 3) species.12, 13 Transamination of triaminoboranes, B(NR2)3 with secondary amines, 
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R´2NH, affords unsymmetrical triaminoboranes, (R2N)2BNR´2.14 The production of 

stoichiometric by-products such as potentially toxic group 14 halides and amines in the 

aforementioned syntheses, however, makes them unfavorable. Aminoborane production using 

dehydrogenative coupling between 9-borabicyclo[3.3.1]nonane (9-BBN) and protic amines has 

been reported,15-18 and reactivity exists between amines and pinacolborane,19 but these 

synthetic routes have not been applied to the parent amine- ammonia. 

 Catalytic hydroboration of imines has been shown to give access to bisborylamines.5, 

20, 21 The catalytic dehydrocoupling of amine-boranes, RnNH3-n·BH3 (n = 0, 1, 2), has been a 

subject of broad study due to their potential use in hydrogen storage applications.22-28 These 

reactions are traditionally catalyzed by transition-metal complexes22, 29 to produce a range of 

oligoborazane products, although some examples of main-group catalyzed dehydrocouplings 

also exist.30, 31 The catalytic dehydrocouplings of amines with monohydrido boranes, however, 

are limited to a handful of examples. 

 The sole transition-metal catalyzed dehydrocoupling of amines with 

monohydridoboranes is Westcott and coworkers’ rhodium-based dehydrocoupling.32 Hill and 

coworkers have reported a dehydrocoupling of pinacolborane (HBPin) or 9-

borabicyclo[3.3.1]nonane (9-BBN) with a range of primary and secondary amines to produce 

both aminoboranes and amino(diboranes) using the magnesium species β-diketiminate species 

[(HC{(CMe)(N{C6H3-2,6-iPr)}2)MgBu].33 More recently, Roesky and coworkers have used 

the aluminum dihydride species (HC{CMe(N{C6H3-2,6-Et}2)AlH2 for the dehydrocoupling of 

HBPin with a range of amines, thiols, and alcohols.34 Herein we demonstrate catalytic 

dehydrocoupling for the first time by group 14 compounds, herein the using terphenyl tin(II) 

methoxides ({ArMe6Sn(μ-OMe)}2 , 1, and {AriPr4Sn(μ-OMe)}2), 2, as pre-catalysts.  
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8.2 Experimental Details 

General experimental procedures. 

All manipulations were performed under strictly anhydrous and anaerobic conditions by use of 

modified Schlenk techniques. All solvents were initially dried using a Grubbs-style solvent 

purification system and further dried over NaK. Pinacolborane was purchased from Synquest 

and distilled prior to use. All amines were dried over calcium hydride and distilled prior to use. 

All NMR spectroscopy was carried out on a Bruker 400 MHz spectrometer. 119Sn NMR was 

referenced to SnBu4 (-11.7 ppm). Infrared spectroscopy was collected as a Nujol mull using a 

Bruker Tensor 27 IR spectrometer. Melting points were measured using a Mel-Temp II 

apparatus using capillary tubes sealed under a nitrogen atmosphere and 1 was synthesized as 

below and compared to literature.  

{𝐀𝐫𝐌𝐞𝟔SnOMe}2 (1). {ArMe6SnCl}2 (1.545 g, 3.30 mmol) in Et2O (ca. 50 mL) was cooled to 

0 °C and NaOMe (0.1785 g, 3.30 mmol) as a slurry in Et2O (ca. 30 mL) was added dropwise 

over 30 minutes. The mixture was allowed to warm to room temperature overnight. The 

resultant yellow solution was filtered and the Et2O removed under reduced pressure. The 

remaining yellow powder was washed with cold hexanes (ca. 5 mL) to afford 1 as a fine yellow 

powder. Yield: 1.33 g, 87%. 

{𝐀𝐫𝒊𝐏𝐫𝟒SnOMe}2 (2). {Ar 𝑖Pr4SnCl}2 (0.5155 g, 0.4672 mmol) in Et2O (ca. 60 mL) was cooled 

to 0 °C and NaOMe (0.0505 g, 0.9343 mmol) as a slurry in Et2O (ca. 25 mL) was added 

dropwise over 30 minutes. The mixture was allowed to warm to room temperature overnight. 

The Et2O was removed under reduced pressure and hexane (ca. 50 mL) was added. The mixture 

was filtered via cannula, its volume reduced to ca. 20 mL, and stored at ca. -28 °C overnight 

to afford orange/yellow crystals. Yield: 0.355 g, 70%. M.p.: 159-166 °C. 1H NMR (400 MHz, 
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C6D6, 25 ºC, ppm): 1.13 (m, 24H, CH(CH3)2), 2.11 (s, 6H, OMe), 2.91 (sept, 4H, CH(CH3)2), 

7.05 (m, 2H), 7.12 (m, 4H), 7.19 (d, 8H, m-C6H3), 7.31 (t, 4H, p-C6H3). 13C{1H} NMR 

(126MHz, C6D6, 25° C, ppm): 24.37, 24.48, 30.79, 122.90, 129.34, 131.47, 139.73, 141.11, 

146.90. IR: 2920 (br), 2850 (s), 1590 (w), 1560 (w), 1450 (m), 1370 (m), 1250 (w), 1050 (br), 

800 (w), 750 (w), 710 (w). 

{𝐀𝐫𝐌𝐞𝟔Sn(μ-NEt2)}2 (3). {ArMe6SnCl}2 (0.7902 g, 0.8450 mmol) in Et2O (ca. 35 mL) was 

cooled to 0 °C and LiNEt2 (0.1236 g, 0.9343 mmol) in Et2O (ca. 30 mL) was added dropwise 

over 30 minutes. The mixture was allowed to warm to room temperature overnight. The Et 2O 

was removed under reduced pressure and toluene (ca. 50 mL) was added. The mixture was 

filtered via cannula to afford a copper-colored solution which was reduced in volume to ca. 10 

mL. Storage at -28 °C for three days afforded copper-colored powder of 3. Yield:0.176 g, 

22.2%. M.p.: 139-144 °C,  1H NMR (400 MHz, C6D6, 25 ºC, ppm): 0.81 (t, JHH = 7.0 Hz, 12H, 

NCH2CH3), 2.12 (s, 12H, p-Me), 2.27 (s, 24H, o-Me), 3.47 (m, 8H, NCH2CH3), 6.84 (s, 8H, 

C6H2), 7.12 (d, JHH = 7.5 Hz, 4H, m-C6H3), 7.31 (t, JHH = 7.5 Hz, 2H, p-C6H3). 13C{1H} NMR 

(126MHz, C6D6, 25° C, ppm): 20.63, 20.72, 20.89, 21.12, 21.56, 21.71, 128.71, 128.87, 135.24, 

135.96, 136.23, 136.65, 138.71, 146.82, 148.60, 175.52. IR: 2950(s), 2900(s), 2850(s), 2650 

(br), 1450(m), 1375(m), 1260(s), 1100(m), 1000(m), 800(s), 700(s). 

𝐀𝐫𝐌𝐞𝟔Sn(μ-NEt2)(μ-H)Sn𝐀𝐫𝐌𝐞𝟔 (4). {ArMe6SnCl}2 (0.255g, 0.253mmol) in Et2O (ca. 20 mL) 

was cooled to -78 °C and HBPin (36.4μl, 0.253mmol ) in Et2O (ca. 40 mL) was added dropwise 

over 30 minutes. The mixture was stirred for 30 min and Et2O was removed under reduced 

presssure and toluene (ca. 70 mL) was added. The resulting mixture was filtered via cannula 

to afford a copper-colored solution. The toluene was removed under reduced pressure and 

pentane (ca. 30 mL) was added. The mixture was sonicated briefly (ca. 5 minutes) and then 

allowed to sit until all solid settled. The standing liquor was decanted and the remaining solid 
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dried under reduced pressure to afford 4 as a yellow powder. Yield: 20%. M.p.: 139-144 ºC. 

1H NMR (400 MHz, C6D6, 25 ºC, ppm): 0.63 (t, JHH = 7.0 Hz, 6H, NCH2CH3), 2.04 (s, 12H, 

p-Me), 2.18 (s, 12H, o-Me), 2.26 (s, 12H, o-Me), 2.34 (dq, JHH = 13.5/6.7 Hz, 1H, NCH2CH3), 

2.86 (dq, JHH = 13.5/6.7 Hz, 1H, NCH2CH3), 4.10 (s, 1H, SnHSn, 119Sn satellites JH119Sn = 64 

Hz), 6.85 (s, 4H, m-C6H2), 6.87 (s, 4H, m-C6H2), 6.92 (d, JHH = 7.5 Hz, 4H, m-C6H3), 7.12 (t, 

JHH = 7.5 Hz, 2H, p-C6H3). 13C{1H} NMR (126MHz, C6D6, 25° C, ppm): 16.73 (NCH2CH3), 

21.28 (p-Me), 21.95 (o-Me), 22.10 (o-Me), 45.50 (NCH2CH3), 128.58, 129.09, 129.59, 135.62, 

136.35, 136.62, 148.99, 169.37 IR: 2920 (br), 2720 (s), 1450 (s), 1370 (s), 1300 (m), 1255 (s), 

1090 (br), 1015 (s), 950 (w), 800 (s), 720 (s),  

 

8.3 Results and Discussion 

The work herein consists of a collaborative effort between Jeremy D. Erickson, Dr. David J. 

Liptrot and myself. I was responsible for the synthesis, characterization, and catalytic study 

of {AriPr4Sn(μ-OMe)}2, whereas Dr. Erickson carried out the experiments with ArMe6Sn(μ-

OMe)}2.  The paper was written in collaboration with J.D. Erickson, Dr. D.J. Liptrot and 

Prof. P.P. Power.  

 In an initial investigation, addition of the islolated hydrides {ArMe6SnH}4
35 and 

{AriPr4SnH}2
36 to a solution of diethylamine and pinacolborane yielded no discernable N-B 

coupled product. However, Jones and coworkers have previously used a tin(II) alkoxide as a 

pre-catalyst, which is converted to a tin(II) hydride in situ, for the hydroboration of carbonyls.37 

Gratifyingly, addition of one equivalent of HBPin to {ArMe6Sn(μ-OMe)}2, 1,38 produced 

resonances in the 1H and 11B NMR spectra which indicated formation of {ArMe6SnH}4 and 

PinBOMe.37 Addition of a catalytic amount of {ArMe6Sn(μ-OMe)}2 to a solution of Et2NH and 
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HBPin afforded visible gas evolution and the 11B NMR spectrum indicated the disappearance 

of the doublet HBPin signal at 28 ppm and the appearance of a singlet at 24 ppm, that matched 

the reported chemical shift of PinBNEt2 (See SI).33  

 To investigate the scope of the catalytic activity accessible with the pre-catalysts 1 and 

2, the reactions of HBPin with a range of primary and secondary amines were carried out using 

2.5 mol % of the pre-catalysts in C6D6 at ca. 298 K (Table 1).   
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Table 1. Amines dehydrocoupled with HBPin catalyzed by 1 and 2 (Scheme 1). 

 

 Catalyst: {ArMe6Sn(μ-OMe)}2 (1) {AriPr4Sn(μ-OMe)}2 (2) 

Amine Product 
Reactio

n 
t(h) 

Conv. 

(%) 

Reactio

n 
t(h) 

Conv. 

(%) 

nBuNH2 PinBN(H)nBu 1a 10 99 1b 1 99 

sBuNH2 

 

PinBN(H)sBu 2a 13 99 2b 48 30 

Aniline PinBN(H)Ph 3a 12 99 3b 2 99 

4-Fluoroaniline PinBN(H)(4-F-Ph) 4a 5 99 4b 1 99 

4-Chloroaniline PinBN(H)(4-Cl-Ph) 5a 9 99 5b 2 99 

4-Bromoaniline PinBN(H)(4-Br-Ph) 6a 9 99 6b 2 99 

4-Ethylaniline PinBN(H)(4-C2H5-

Ph) 

7a 26 95 7b 3 99 

2,6-

Diisopropylaniline 

PinBN(H)Dipp 8a 78 70 8b - - 

3,5-

Dichloroaniline 

 

PinBN(H)(3,5-Cl-

Ph) 

9a 7 99 9b 2 99 

Et2NH PinBNEt2 10a 9 99 10b - - 

iPr2NH PinBNiPr2 11a 10 99 11b - - 

Cy2NH PinBNCy2 12a 49 99 12b - - 

Ph2NH  PinBNPh2 13a 100 15 13b - - 
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(Me3Si)2NH 

 

No reaction 14a - - 14b - - 

NH3 PinBNH2 15a 12* 99 15b 12* 99 

PinBNH2 (PinB)2NH 16a 12* 99 16b 12* 99 

Reaction conditions: {ArMe6Sn(μ-OMe)}2 (1.85 μmol) or {AriPr4Sn(μ-OMe)}2 (1.85 μmol) 

with amines (74.1 μmol) and pinacolborane (74.1 μmol) in C6D6 (0.60 mL) at room temperature, 

determined by 1H NMR and 11B spectroscopy. See SI for 1H, 11B, and 13C spectra of products. 

*Reactions with NH3 were carried out at low temperature and warmed slowly overnight (ca. 

12h), precluding the accurate assessment of reaction times. 

 The majority of reactions proceeded with >99% conversion to the aminoborane, most 

within 24 hours, slowing or failing only with bulky amines (Scheme 1). For example, the 

dehydrocoupling of dicyclohexylamine and HBPin {ArMe6Sn(μ-OMe)}2 (entry 14a) required 

49 hours to reach completion, and the dehydrocoupling of diphenylamine or 2,6-

diisopropylaniline with HBPin (entries 10a, 15a) did not reach completion after 3-4 days. The 

dehydrocoupling of hexamethyldisilazane (entry 16a) with HBPin was not observed. No 

evidence of dehydrocoupling was observed when {Ar iPr4Sn(μ-OMe)}2 was added to HBPin 

and these amines (entries 14b, 15b, 16b). Furthermore, no reaction was observed for 2,6- 

diisopropylaniline, iPr2NH, or diethylamine with HBPin (entries 10b, 12b, and 13b) with this 

catalyst. We attribute this difference in reactivity to the greater steric demands of the Ar iPr4 

ligand. The dehydrocoupling rate of HBPin and anilines (entries 4-7) was also dependent on 

the aryl ring substituents. Para-fluorine, -bromine, and -chlorine substituents all increase the 

rate of reaction relative to aniline, whereas para-ethylaniline displayed a slower rate of 

dehydrocoupling with HBPin.  
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 The background reaction for a number of these dehydrocouplings was assessed at  the 

concentrations used for the catalytic study; in each case after 12 hours the conversion was very 

low (n-butylamine 32%; diethylamine, 20%; 4-ethylaniline, 26%) or non-existent (ammonia) 

indicating the importance of 1 and 2 as precatalysts. Hill and coworkers reported 

dehydrocoupling of amines and boranes using a 10% loading of [(HC{(CMe)(N{C6H3-2,6-

iPr2})}2)MgBu] and observed full conversion to the aminoborane within one hour.33 While 

dehydrocoupling reactions using {ArMe6Sn(μ-OMe)}2 and {AriPr4Sn(μ-OMe)}2 also largely 

reach full conversion, the reaction times are notably slower. Furthermore, attempts to 

synthesize aminodi(boranes) from the primary amines of entries 1-9 by the addition of two-

fold excess of HBPin were unsuccessful at room temperature. We again attribute these 

difference to the steric demands of the terphenyl ligands. However, the conversion times by 

{ArMe6Sn(μ-OMe)}2 and {AriPr4Sn(μ-OMe)}2 are shorter than the aluminum-catalyzed 

dehydrocoupling of amines and boranes observed by Roesky and coworkers.34 

 Both {ArMe6Sn(μ-OMe)}2 and {AriPr4Sn(μ-OMe)}2 were observed to dehydrocouple 

NH3 and HBPin. The reactions with ammonia were carried out at low temperature and allowed 

to warm slowly overnight, precluding accurate assessment of reaction times (see Table 1). The 

appearance of a methyl-proton signal at 1.10 ppm and an amine-proton signal at 1.75 ppm in 

the 1H spectrum, accompanied by a singlet 11B NMR chemical shift at 25 ppm, supports the 

successful synthesis of PinBNH2 (See SI). The precipitation of black solid was observed using 

both pre-catalysts along with signals attributed to Ar
Me6H or AriPr4H in the 1H NMR spectrum, 

suggesting decomposition of the catalyst. The addition of a second equivalent of HBPin and 

1.85 μmol of {ArMe6Sn(μ-OMe)}2 or {AriPr4Sn(μ-OMe)}2 led to the disappearance of the 

aforementioned signals and the appearance of a broad singlet at 25 ppm in the 11B NMR 

spectrum, and in the 1H NMR spectrum a new pinacol signal at 1.04 ppm and a broad signal at 
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3.31 ppm corresponding to the N-bound proton. The tri-borylated product N(BPin)3 was not 

observed, even with a 5-fold excess of HBPin. Heating these reaction mixtures resulted in the 

appearance of black precipitate and the observation of ArMe6H or AriPr4H in 1H NMR spectra 

of the resulting mixtures. Nevertheless, this is a striking result bearing in mind the commercial 

significant of ammonia and the transformations to which bisborylamines can be subjected. 

 In order to provide insight into the mechanism, a number of stoichiometric studies 

were undertaken. The isolated tin hydride, {ArMe6SnH}4 did not prove catalytically 

competent for B-N dehydrocoupling (vide supra) and was not seen to react with an equimolar 

amount of Et2NH. Addition of a one or two equivalents of aniline to {Ar
iPr4Sn(μ-H)}2 

showed no evidence of protonolysis by 1H NMR spectroscopy, however in the presence of a 

tenfold excess of both aniline and pinacolborane, dehydrocoupling was observed to proceed. 

To assess the possible effects of hydride formation in situ, 1 was reacted with equimolar 

amounts of Et2NH and PinBH, whereupon formation of {ArMe6SnH}4 and no consumption of 

Et2NH was the sole observable reaction. These observations indicate that well defined tin 

hydrides of high molecularity (i.e. >2) are not catalytically relevant intermediates.  

In order to assess the viability of tin(II) amide intermediates, {ArMe6Sn(μ-NEt2)}2 (3) was 

synthesised via salt metathesis from {ArMe6Sn(μ-Cl)}2 and LiNEt2. In the presence of excess 

iPr2NH no discernible transamination occurred, however addition of one equivalent of PinBH 

resulted in 11B NMR resonances indicating the consumption of the borane and formation of 

PinBNEt2. Reinvestigation of this reaction on a larger scale allowed isolation of crystals of 

{ArMe6Sn(μ-NEt2)(μ-H)SnArMe6} (4). Addition of a second equivalent of PinBH yielded the 

off-cycle {ArMe6SnH}4. 
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Figure 1 A plot of the crystallographically characterized structure of 4 showing the planar 

core, ellipsoid probability at 50% for core atoms, hydrogens not bound to tin atoms and two 

toluene molecules are not shown for clarity. Selected bond lengths (Å) and angles (°): Sn1-

N1 2.246(3), Sn2-N1 2.256(3), Sn1-H1 1.73(1), Sn2-H1 1.734(8), Sn1-N1-Sn2 91.4(1), Sn1-

H1-Sn2 136(1), N1-Sn1-H1 66.1(7), N1-Sn2-H1 65.9(7). 

It is thus reasonable to suggest that whilst well defined, high molecularity tin hydrides 

are not catalytic intermediates herein, oligomeric mixed amide hydride and amide species are 

likely to be. Furthermore, it is evident that addition of the Lewis acidic borane is essential for 

activity and addition of 1 to an equimolar mixture of phenylsilane and Et2NH gave no 

indication of dehydrocoupling activity. Thus borates derived from the interaction of Sn-H or 

Sn-NR2 moieties with PinBH are essential to catalytic activity. 

Finally, the investigation of 1 and 2 as precatalysts allows evaluation of the effect of 

ancillary ligation on the catalysis. Remarkably, whilst 1 is more tolerant of substrate bulk, 2 

consistently provides faster catalysis for amines where it shows any competence. This 

H1 

Sn1 
Sn2 

N1 

C2 
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strongly indicates that the formation of a lower molecularity or more open oligomer is 

essential to activity, a situation favoured by the bulkier Ar
iPr4. Thus, the catalysis is likely to 

be predicated on a series of σ-bond metathesis steps wherein formation of hydrido- and 

amidoborates facilitates cleavage of tightly-bound tin clusters and yields dehydrocoupling 

activity, a mechanism not dissimilar to that derived for the magnesium catalysed N-B 

dehydrocoupling postulated by Hill and co-workers. 

8.4 Conclusions 

 In conclusion, the facile dehydrocoupling of primary or secondary amines with HBPin 

was accomplished through the use of the pre-catalysts {Ar
Me6Sn(μ-OMe)}2 and {Ar

iPr4Sn(μ-

OMe)}2. The rate and scope of aminoborane production showed a strong dependence upon the 

identity of the ancillary ligands at the metal center, and also the electronic nature of the amine, 

as is especially apparent in reactions with substituted anilines. The potential intermediate 

{ArMe6Sn(μ-NEt2)}2 was obtained from the reaction of {ArMe6Sn(μ-Cl)}2 and LiNEt2 which 

was also competent as a pre-catalyst for amine and borane dehydrocoupling and could be 

converted into {ArMe6Sn(μ-NEt2)(μ-H)SnArMe6} via the addition of pinacol borane. These, 

combined with stoichiometric studies indicate the importance of the Lewis acid partner in 

dehydrocoupling. Finally, this work describes the first report of amine-borane dehydrocoupling 

for ammonia, a significant step in the activation of this utility chemical.  
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Chapter 9 

N-N Double Bond Cleavage and Azobenzene Rearrangement 

with C-C Bond Formation Induced by a Germylene 

 

This work is submitted to Organometallics 

 

9.1 Introduction 

The reactivity of heavier group 14 element tetrylenes (:ER2, E = Si, Ge, Sn, or Pb; R = 

bulky organic group) with unsaturated species has attracted much interest owing to their 

applications in the synthesis of heterocyclic compounds and related derivatives.1 In 

particular, the interaction of main group metal compounds with diazenes RN=NR and their 

further reactions2 are of interest since they may provide new species as well as a greater 

understanding of the mechanism of enzymatic dinitrogen reduction by nitrogenase where it 

has been shown that hydrazines, hydrazide, and diazenes are important intermediates.3   In 

this respect, azobenzene is the most studied organic diazene since it is one of the simpler 

derivatives of the parent diamine (HN=NH), which is an important intermediate in the 

reduction sequence.4  

In 2012, Roesky and coworkers. reported the synthesis of the main group diaziridine 

via the reaction of a silylene, L1SitBu (L1 = PhC(NtBu2), with azobenzene(Scheme 1, a).5  

The same group also showed that the silylene L1SiNPh2  reacts with azobenzene via the 

activation of the ortho C-H moiety of the phenyl substituent of the azobenzene the subsequent 

migration of the hydrogen atom from the phenyl ring to one of the nitrogen atoms (Scheme 1, 

b).6 The stannylene  SnR2  [R  =  2-(Me2NCH2)C6H4] and silylene (L1SiCl) were 
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demonstrated independently by Růžička7 and Roesky8 to react with azobenzene to afford in 

polycyclic products via the activation of two phenyls C-H bonds (Scheme 1, c and d).  

 

Scheme 1. Some known reactions of tetrylenes with azobenzene (Mes= C6H2-2,4,6-

Me3).5-8 

The N-N bond is preserved in all these reactions. The sole example of N-N bond 

cleavage in azobenzene by a tetrylene was described by Weidenbruch and coworkers in 1998 

(Scheme 2).9 They observed the formation of a 1,2 diaza-sila-indane derivative, which was 

proposed to proceed via the reaction of a photolytically generated silylene with azobenzene to 
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generate an intermediate siladiaziridine followed by the insertion of the N-N single bond into 

the o-C-H bond of the phenyl ring.  

 

Scheme 2. N-N bond cleavage of azobenzene by a silylene intermediate.9 

Reactions of germylenes with azobenzene are currently unknown and in general N-N 

double bond cleavage by main group species is rare.10 In this chapter we show that 

germylene, Ge(ArMe6)2
 (ArMe6 = C6H3-2,6-(C6H2-2,4,6-Me3)2),11 reacts with azobenzene at 

room temperature to form the GeIV diamido products 1a and 1b (Scheme 3). In contrast, 

heating the reaction with bulkier diazenes such as 1,2-bis(2,6-diethylphenl)diazene or 1,2-

bis(1,3,5-trimetylphenyl)diazene, for 2 days resulted in the decomposition of the starting 

germylene via activation of a methyl group from a flanking mesityl ring of the ArMe6 ligand 

(Scheme 3) to give the Ge(IV) hydride species 2 illustrated in Figure AVIII6 and AVIII8 in 

the Appendix p322 and p324.  The products were characterized by X-ray crystallography and 

1H NMR spectroscopy. 
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Scheme 3. N=N double bond cleavage of azobenzene via reactions with a diarylgermylene. 

9.2 Experimental Details 

General Experimental Details. 

All operations were carried out under anaerobic and anhydrous conditions using modified 

Schlenk techniques. All solvents were dried over alumina columns and degassed prior to use. 

The 1H and 13C NMR spectroscopic data were collected on a Bruker 400MHz spectrometer. 

Azobenzene, 1,2-bis(2,6-diethylphenl)diazene and 1,2-bis(1,3,5-trimetylpehnyl)diazene were 

purchased from Sigma-Aldrich and purified via sublimation. Ge(Ar
Me6)2 and Sn(Ar

Me6 )2 were 

synthesized according to literature methods. 

 

Ge(ArMe6)2{N(H)(Ph)-o(Ph)(H)N}(1a): A Et2O solution (30mL) of Ge(ArMe6)2 (0.80g, 

1.14mmol)  and  azobenzene (0.208g, 1.14mmol) was stirred at room temperature for 3 days. 

Et2O was removed under reduced pressure and the resulting solid was washed with 5mL of 

cold Et2O twice. The resulting solid was redissolved in toluene. Storage of solution at -30oC 
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for 3 days results in 1a as colorless crystals. Yield (0.42g, 46%) Mp: 132-136°C, 1H NMR 

(400MHz, C6D6, 298K): 1.43 (s, 6H, CH3), 1.54 (s, 6H, CH3), 1.84 (s, 6H, CH3), 1.87 (s, 6H, 

CH3), 1.90 (s, 6H, CH3), 2.25 (s, 6H, CH3), 2.55 (s, 2H, NH) 6-8(m, 21H, aromatic Hs). 13C{1H} 

NMR (126MHz, C6D6, 298K): 20.26, 20.60, 20.80, 21.24, 22.28, 23.62, 119.02, 120.55, 126.57, 

126.79, 128.20, 128.71, 128.96, 129.53, 130.84, 130.98, 131.23, 133.26, 134.41, 136.64, 

141.13, 146.52, 148.86, 149.76. 

Ge(ArMe6)2{N(H)-o-C6H4N(Ph)}(1b): A Et2O solution (30mL) of Ge(ArMe6)2 (0.80g, 

1.14mmol)   and  azobenzene was stirred at room temperature for 3 days. Et2O was removed 

under reduced pressure and the resulting solid was washed with 5mL of cold Et2O twice. The 

two washed solution was combined, and the solvents was removed in vacuo. The resulting 

solid was redissolved in THF. Reduced in volume and storage of solution at room temperature 

for 2 days gave 1b as pale yellow crystals. Yield ( 92 mg, 9.2%) Mp: 139-143°C. 1H NMR  

(400MHz, C6D6, 298K): 1.12 (s, 3H, CH3), 1.34 (s, 3H, CH3), 1.58 (s, 3H, CH3), 1.64 (s, 3H, 

CH3), 1.70 (s, 3H, CH3), 1.85 (s, 3H, CH3), 1.87 (s, 3H, CH3), 1.89 (s, 3H, CH3), 1.91 (s, 3H, 

CH3), 2.05 (s, 3H, CH3), 2.24 (s, 3H, CH3), 2.29 (s, 3H, CH3), 2.90 (s, 1H, NH). 13C{1H} NMR 

(126MHz, C6D6, 298K): 20.41, 20.54, 20.60, 21.41, 21.53, 21.79, 22.21, 22.28, 22.46, 22.57, 

23.01, 110.24, 112.61, 114.77, 118.75, 119.29, 119.81, 128.90, 129.23, 129.40, 130.05, 130.38, 

131.09, 131.25, 131.81, 132.00, 133.80, 134.86, 135.10, 135.37, 135.94, 136.20, 136.24, 

136.59, 136.70, 137.39, 137.87, 138.52, 138.59, 139.82, 140.66, 141.08, 141.63, 141.81, 

143.95, 146.98, 148.07, 150.68, 151.34 
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9.3 Results and Discussion 

The diarylgermylene, Ge(ArMe6)2, reacted with one equivalent of azobenzene upon 

stirring in diethyl ether at ambient temperature. Over 3 days there was a color change of the 

solution from the dark purple of the germylene to the bright yellow of the products. After 

filtration, concentration of the solution under reduced pressure and storage at room 

temperature for 2 days give pale yellow crystals were obtained. These crystals incorporated 

the products 1a and 1b in good overall yield (72%). X-ray diffraction studies afforded the 

structure shown in Figure AVIII7 p323. which results from a co-crystallizing 1a and 1b in a 

2:1 ratio. Separation of 1a and 1b was accomplished by washing the yellow crystals with cold 

ether which removes 1b from 1a.  Pure crystals were obtained by recrystallizing 1a from 

toluene and 1b from THF. 

 The crystal structures (Figure 1) of 1a and 1b were also determined, and these 

illustrate the different rearrangements undergone by azobenzene upon reaction with the 

germylene. The resulting aza-germa-indane has a Ge-N distance of 1.826(10)/1.822(10) 

Å(1a) and 1.822(7)/1,871(7) Å(1b) which are in the typical range for a Ge-N single bond12 

and agree with the sum (1.92 Å) of the covalent single bond radii of nitrogen (0.71 Å) and 

germanium (1.21 Å).13 The Ge-C bonds to the aryl ligands in 1a and 1b span the range 1.97-

2.02 Å which is similar to the sum (1.98 Å) of the covalent radii of carbon (0.77Å) and 

germanium (1.21Å).13 The N-Ge-N angles are 102.85(5)° for 1a and 86.87(14)° for 1b while 

the C(Ar)-Ge-C(Ar) angles in 1a (113.11(4)°) and 1b (111.77(8)°), display only small 

changes from that in the precursor germylene (114.4(2)°).11 The torsion angle between the 

two-phenyl rings in the terphenyl moiety of  1a is 44.73(4)°, which is in close agreement with 

the structure of the only other known main group 2,2-biphenyldiamide complex, 6,7-dibenzo-

1,3,2-diazaphosphepanes(46.06(12)°).14 In comparison to an uncomplexed 2,2-
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biphenyldiamine, which has a torsion angle of 58.24(15)°,15 the structures of 1a and 1b show 

a significantly greater degree of steric congestion. 

       

                            1a                                                                     1b 

Figure 1.  Molecular structure of 1a and 1b. Hydrogen atoms and solvent molecules are not 

shown. Carbon atoms are shown in pale gray.  Selected bond length(Å) and bond angles(°). 

1a:   Ge1-N1: 1.826(10), Ge1-N2: 1.822(10), Ge1-C1: 2.00(4), Ge1-C25: 2.00(4), C-25-Ge1-

C1: 113.11(4) and N1-Ge1-N2: 102.85(5). 1b: Ge1-C1: 2.03(2), Ge1-C25: 1.97(19), Ge1-

N1:1.822(7), Ge1-N2: 1.871(7), C1-Ge1-C25: 111.77(8) and N1-Ge1-N2: 86.87(14).  

The 1H NMR spectrum of 1a displays six signals corresponding to six methyl protons 

of the ArMe6 ligands that range from 1.48 to 2.25 ppm. A singlet at 2.55 ppm is due to the two 

chemically equivalent N-H protons. The 1H NMR spectrum of 1b features 12 singlets for the 

methyl protons of equal intensity that range from 1.12 to 2.29. A signal at 2.90 corresponds to 

the single amine proton.  

A proposed mechanism for these reactions is shown in Scheme 4. The reaction is 

initiated by the complexation of diarylgermylene with azobenzene forming a 

germadiaziridine intermediate species via a [1+2] cycloaddition.16 The resulting 

germadiaziridine in path 1 and path 2 in Scheme 4 may then undergo two different 
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rearrangements by the cleavage of the N-N bond.17 It should be noted that no EPR signal was 

detected and attempts to trap a possible radical intermediate in the reaction sequence with 

organic spin-traps (TEMPO, AIBN) have so far been unsuccessful.  We propose that the 

reaction proceeds through a five-membered (Scheme 4, Path I) or four-membered (Scheme 

4, Path II) ring intermediate, followed by a [1,3]-H shift reestablishing aromaticity.6,10,18 The 

instability of the diaziridine combined with the steric congestion produced by the bulky m-

terphenyl substituents at germanium on azobenzene which forces the two-phenyl rings into 

proximity facilitates the N=N bond cleavage to yield the mixture of products 1a and 1b.   

 

Scheme 4. Proposed mechanisms for the formation of 1a and 1b (Ar= C6H3-2,6-(C6H2-2,4,6-

Me3)2).  

In attempts to selectively synthesize the reaction products, a range of reaction 

conditions was screened. The solvent was demonstrated to not affect the selectivity and 

changing the reaction temperature does not afford a reaction.  Heating the reaction mixture to 

60°C in THF or toluene for 3 days resulted in the decomposition of the germylene. Crude 1H 

NMR displays a Ge-H signal at 4.43ppm which suggests a C-H activation at the mesityl 

flanking ring. A similar reaction was observed by Aldridge for [ArMe6Ge(B(NDippCH)2)]20 

where the germylene was stirred at room temperature for 12 hours. Reaction with more 
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sterically demanding organic diazene compounds such as 1,2-bis(2,6-diethylphenl)diazene or 

1,2-bis(1,3,5-trimetylphenyl)diazene did not yield a reaction at room temperature.  

We also investigated the reaction of the analogous tin species, Sn(ArMe6)2, with 

azobenzene in a similar manner to Ge(ArMe6)2. However, no reaction was observed under 

similar reaction conditions. This may be due to the increased HOMO-LUMO energy 

separation with increasing atomic number (Ge vs Sn) and the weaker bonds to tin in the 

products.21 The reactivity difference may be compared to the reaction of Ge(Ar iPr4)2 and 

Sn(AriPr4)2 with ethylene and alkynes, where Ge(ArMe6)2 forms metallocyclopropane22 and 

propenes23 at room temperature, whereas Sn(AriPr4)2 resulted in migratory insertion products 

under elevated temperatures and with no metallacycles being observed.24  

9.4 Conclusions  

In summary, the reaction of Ge(ArMe6)2
 with azobenzene at room temperature resulted 

in two GeIV diamide products 1a and 1b. Compound 1a represents a new type of 

rearrangement for azobenzene. Attempts to change the ratio of the two products by heating 

the solution gave an intramolecular C-H activation of the ortho-methyl group in the flanking 

mesityl ring.  1H NMR spectroscopy and X-ray crystallography confirm these observations. 

Further investigation of this reaction in potential catalysis is underway.  
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Appendix I 

Supporting Information for Chapter 2: Facile C-H Bond Metathesis 

Mediated by a Stannylene 

 

Figure AI1. 1H NMR Spectrum of 1a (400 MHz, C6D6, 298K, ppm)------------------------------------163                                                                                        

Figure AI2. 13C NMR Spectrum of 1a (126 MHz, C6D6, 298 K, ppm)----------------------------------164                                                                                                                

Figure AI3. 119Sn NMR Spectrum of 1a (186.36 MHz, C6D6, 298K, ppm)-----------------------------165                                                                             

Figure AI4. 1H NMR Spectrum of 1b (400 MHz, C6D6, 298K, ppm)------------------------------------166                                                                                                    

Figure AI5. 13C NMR Spectrum of 1b (126 MHz, C6D6, 298 K, ppm)----------------------------------167                                                                                                                       

Figure AI6. 119Sn NMR Spectrum of 1b (186.36 MHz, C6D6, 298K, ppm)-----------------------------168                                                                                                        

Figure AI7. 1H NMR Spectrum of 1c (400 MHz, C6D6, 298K, ppm)------------------------------------169                                                                                                       

Figure AI8. 13C NMR Spectrum of 1c (126 MHz, C6D6, 298K, ppm)-----------------------------------170                                                                                                            

Figure AI9. 119Sn NMR Spectrum of 1c (186.36 MHz, C6D6, 298K, ppm)-----------------------------171                                       

Table AI1. Selected X-ray Crystallographic Data for 1a and 1b------------------------------------------172                                    
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Figure AI1. 1H NMR Spectrum of 1a (400 MHz, C6D6, 298K, ppm) 
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Figure AI2. 13C NMR Spectrum of 1a (126 MHz, C6D6, 298K, ppm) 
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Figure AI3. 119Sn NMR Spectrum of 1a  (186.36 MHz, C6D6, 298K, ppm) 
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Figure AI4. 1H NMR Spectrum of 1b (400 MHz, C6D6, 298K, ppm) 
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Figure AI5. 13C NMR Spectrum of 1b (126 MHz, C6D6, 298K, ppm) 
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Figure AI6. 119Sn NMR Spectrum of 1b  (186.36 MHz, C6D6, 298K, ppm) 
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Figure AI7. 1H NMR Spectrum of 1c (400 MHz, C6D6, 298K, ppm) 

*=Residual Mesitylene  
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Figure AI8. 13C NMR Spectrum of 1c (126 MHz, C6D6, 298K, ppm) 
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Figure AI9. 119Sn NMR Spectrum of 1b  (186.36 MHz C6D6, 298K, ppm) 
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Table AI1. Selected X-ray Crystallographic Data for 1a and 1b 

Compound 1a 1b 

Formula weight, gmol-1 C88 H104 Sn2 ꞏ C7H8 C76 H92 Sn2 ꞏ C6H14 

T (K) / l (Å) 90(2) K / 0.71073 Å 100(2) K / 0.71073 Å 

Crystal system Triclinic Monoclinic 

Space group / Z P-1 P21/n 

a, Å 11.7763(7) Å 16.0453(11) Å 

b, Å 12.8319(7) Å 11.7131(8) Å 

c, Å 13.7749(8) Å 19.0503(13) Å 

α, ° 110.6153(8)° 90° 

β, ° 101.7165(8)° 93.4712(17) 

γ, ° 96.6480(8)° 90° 

V, Å3 1867.42(19) Å3 3573.7(4) Å3 

 mg m −3 1.244 Mg/m3 1.155 Mg/m3 

Abs. coeff., mm−1 0.712 mm-1 0.736 mm-1 

F(000) 732 1296 

Crystal size, mm3 
0.451 x 0.309 x 0.246 mm3 0.608 x 0.229 x 0.146 mm3 

θ range, ° 1.637 to 30.641° 2.371 to 30.569° 

Reflns collected 22365 20613 

Ind. reflns 11466 10866 

R(int) 0.0135 0.0209 

Obs. reflns [I > 2σ(I)] 10639 9366 

Completeness to 2θ 100.0 99.8 

Goodness-of-fit F2 1.054 1.105 

Final R [I > 2σ(I)] R1 = 0.0235  

wR2 = 0.0597 

R1 = 0.0416 

wR2 = 0.1021 

R (all data) R1 = 0.0261 

wR2 = 0.0608 

R1 = 0.0491 

wR2 = 0.1053 
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Appendix II 

Supporting Information for Chapter 3: Reversible Sn-Sn Triple Bond 

Dissociation in a Distannyne: Support for Charge Shift Bonding 

Character 

 

Figure AII1. VT 1H NMR Spectrum of AriPr4SnSnAriPr4 (500 MHz, C6D6, 298K to 358K)----------174                                                                                                                                              

van’t Hoff Analysis Figure AII1-------------------------------------------------------------------------------175                                                                                                                             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure AII1. VT 1H NMR Spectrum of AriPr4SnSnAriPr4 (500 MHz, C6D6, 298K to 358K ppm)                                                                                                                                                       
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Variable temperature 1H NMR spectroscopy and Van’t Hoff analysis of AriPr4SnSnAriPr4 

 

The integral for the signal atoms of the, meta aromatic hydrogen of the central ring were used for the 

determination of the equilibrium constant for dissociation.  

𝑓(𝑇) = ln [
(𝐼0 − 𝐼2)2

𝐼2

] = −
𝛥𝐻𝑑

298𝐾

𝑅
(

1

𝑇
) + ln (

𝐼0𝐾0

4𝐶0

) 

 

I0 T I2 f(T) 1/T f(T) 

2.335 298 2.275 -6.4488 0.003356 -6.4488 

2.335 317 2.2197 -5.1178 0.003155 -5.117 

2.335 328 2.08425 -3.5010 0.003049 -3.501 

2.335 338 1.9272 -2.4500 0.002959 -2.450 

2.335 358 1.8261 -1.953 0.002793 -1.953 

 

 

 

 

 

 

y = -8654.6x + 22.608

R² = 0.9497

-7

-6

-5

-4

-3

-2

-1

0

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004

f(T) v 1/T
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K lnK 1/T 

1.74845E-06 -13.256 0.003356 

6.61755E-06 -11.925 0.003155 

3.33323E-05 -10.309 0.003049 

9.53456E-05 -9.258 0.002959 

0.000156702 -8.7611 0.002793 

 

 

𝛥𝐻𝑑
298𝐾= 17.2±1.7 kcal mol-1  

 𝛥𝑆𝑑= 31.4±3.14 cal mol-1 K-1 

 𝛥𝐺𝑑
298𝐾 = 7.84±0.78 kcal mol-1 

 

Estimate of Error:  

The uncertainty in the integration was estimated to be 10% due to broadening. The VT apparatus 

indicated an uncertainty in the temperature of 1°C. The concentration is accurate ca. 5%. 

 

 

y = -8654.6x + 15.8

R² = 0.9497
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Appendix III 

Supporting Information for Chapter 4: A Novel Germanium Hydride 

Radical Trapped During the Photolysis/Thermolysis of 

Diarylgermylene 

 

Figure AIII1. Q-band EPR spectrum of the GeIII-hydride radical.----------------------------------------178  

Figure AIII2. 1H VMT Davies-ENDOR spectra of the GeIII-hydride radical.--------------------------179  

Figure AIII3. DFT calculations of a GeIII-hydride model with a methyl ligand to GeIII.--------------183  

Figure AIII4. X-band (15 K) CW-EPR spectrum of the radical trapped by UV photolysis of 

Ge(AriPr4)2   in C6D6 for ~30 min.------------------------------------------------------------------------------184 

Figure AIII5. DFT calculations of the GeIII-hydride radical model.--------------------------------------185 

Table AIII1.   EPR parameters for selected mononuclear germanium-centered radicals.-------------178  

Table AIII2.   The calculated dipolar-component T of 1H-hyperfine tensor by using two-point dipole 

approximation model.----------------------------------------------------------------------------182 

Table AIII3. Cartesian coordinates of the optimized geometry of the GeIII-hydride radical model by 

presenting a pyramidal geometry for germanium center (shown in Figure AIII5).-------186  

Table AIII4. Cartesian coordinates of the geometry of the GeIII-hydride radical model by presenting a 

planar geometry for germanium center (shown in Figure 4). -------------------------------188 

Table AIII5. Cartesian coordinates of the optimized geometry of the GeIII-hydride radical model by 

presenting a pyramidal geometry for germanium center (shown in Figure AIII3A).----190 

Table AIII6. Cartesian coordinates of the geometry of the GeIII-hydride radical model by presenting a 

planar geometry for germanium center (shown in Figure AIII3C).-------------------------192 

Reference for Appendix III.-------------------------------------------------------------------------------------194 
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Table AIII1.  EPR Parameters for Selected Mononuclear Germanium-centered Radicals.  

Radical 
g-values =  

[g1, g2, g3] 
giso

a 
aiso 73Ge 

Ref. 
mT MHz 

·GeH3 [2.017, 2.017, 2.003] 2.012 7.5 211 1-2 

·GeMe3 - 2.010 8.47 238 3 

·GePh3 [2.009, 2.007, 2.001] 2.005 -8.4e -236e 4 

·Ge[CH(SiMe3)2]3 - 2.0078 9.2 258 5 

·Ge[N(SiMe3)2]3 - 1.999 17.1 478 5 

·Ge(SiMeBu t
2)3  2.0229 2.0 56 6 

{:Ge[CH(SiMe3)2]2}·- - 2.0125 1.25 35 7 

Cy-cAAC:GeN(SiMe3)Dipb [2.016, 2.004, 1.9975] 2.003 - 8 

Me-cAAC:GeN(SiPh3)Mesb [2.018, 2.004, 1.995] 2.005 - 8 

neutral Ge(I) radicalc [2.001, 1.997, 1.968] 1.988 

A = [±82.5, ±37.5, ±42.0] 

MHz,  

|aiso| = 54 MHz 

9 

GeIII-hydrided [2.029, 2.003, 1.990] 2.007 
A = [-10, -90, -10] MHz,e  

aiso = -37 MHz 

this 

chapte

r 

agiso
2 = (g1

2 + g2
2 + g3

2)/3. 

bcAAC = cyclic alkyl(amino) carbenes. 

c[(ButNacnac)Ge:]·, where ButNacnac = {[N(Dip)C(Bu t)]2CH}-, Dip = C6H3Pri
2-2,6.  

dg values from both X-band and Q-band EPR; A values from X-band EPR. This radical is retained 

upon warming up to room temperature and re-cooled down to cryo-temperature. 

eThe sign of the hyperfine is determined, with the others undetermined.  
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Figure AIII1.  Q-band (34.22 GHz) pseudo-modulated electron spin-echo detected field-swept EPR 

spectrum of the radical trapped by UV photolysis of Ge(AriPr4)2 in benzene for ~30 min, with the 

corresponding X-band CW-EPR spectrum shown in Figure 1. The 1H-hyperfine splitting is masked by 

greater effects of g-anisotropy in the higher microwave-frequency/magnetic field Q-band EPR 

spectrum. The simulation (red trace) parameters are as follows: g = [2.029, 2.003, 1.990], A73Ge = [-

10, -90, -10] MHz (7.8% abundance), A1H = [-23.0, -20.5, -31.5] MHz. The parameters are taken 

from X-band EPR and ENDOR simulations.  

  

Q-band g1 = 2.029

g2 = 2.003

sim
exp

g3 = 1.990
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The absolute sign of  1Hhydride 

The absolute sign is determined via variable mixing-time (VMT) ENDOR experiment6 by recording 

ENDOR spectra at the magnetic field (1223.7 mT) corresponding to g2 2.003, as shown in Figure S2.  

As the mixing time tmix is increased from 1 μs (black trace) to 200 μs (red trace), the high RF 

frequency peak (ν+ = |νN − MsA|) of 1H decreases, suggesting that the ν+ ENDOR transition 

corresponds to the α electron spin manifold (Ms = +1/2), giving a negative hyperfine coupling A. 

 

 

Figure AIII2.  1H VMT Davies-ENDOR spectra of the radical trapped as a result of UV photolysis of 

Ge(AriPr4)2 in benzene for ~30 min recorded at magnetic field of 1223.7 mT (g = 2.003) and T = 10 K, 

acquired by using various tmix. The ENDOR transitions corresponding to β electron spin manifold (Ms 

= -1/2) are normalized, with the decrease in the ENDOR transitions corresponding to α spin  manifold 

(Ms = +1/2). Other spectrometer settings are microwave frequency = 34.30 GHz, microwave inversion 

pulse π = 80 ns, π/2 = 12 ns, τ = 300 ns and RF pulse = 20 µs. 

  

tmix = 1 μs 

tmix = 200 μs 
tmix = 150 μs 
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Matlab code for two-point dipole approximation model  

% displaced point dipole for 1H with p orbital treating as two points 

  

clear all;  

TH =@(r) gfree*nucgval('1H')*bmagn*nmagn*1e-7/planck/((r/1e9)^3);  

   

 rho = 0.80; % population of Ge 4p orbital 

disp = 1.45; % displacement of 4p lobes in angstroms 

% coordinates of up and down lobes of pi orbitals   

Geu = [0 0 disp].'; 

Ged = [0 0 -disp].'; 

Genode = [ 0 0 0].'; 

   

PDBZ = [0; 0; 1]; %reference axis for rotation matrix 

  

%population of p orbital 

p1 = [0.5, 0.5, 0].'; %divided into three fragments [lobe lobe node]; 

proj = rho*p1; 

j = 1; 

  

rGeH = 1.57; % Ge --- H internuclear distance in angstroms 

theta = 0*pi/180; % angle between Ge --- H vector and 4p orbital node plane  

NucPos = [0, rGeH*cos(theta), rGeH*sin(theta)].'; %coordinates of hyperfine coupled nucleus in 3-D 

space 

%vectors between nucleus and lobes of pi orbitals in PDB frame 

GeHu = (NucPos-Geu); 

GeHd = (NucPos-Ged); 

GeHnode = (NucPos-Genode); 

  

ZC = [GeHu GeHd GeHnode]; 

   

Anet1 = 0; %initialize Anet 

for i = 1:3; 

    rA = ZC(:,i); 

    zA = rA/norm(rA); 

    yA = cross(zA,PDBZ); yA = yA/norm(yA); 

    xA = cross(yA,zA); xA = xA/norm(xA); 

    R_A = [xA yA zA]; 

    Adip = [-1 0 0; 0 -1 0; 0 0 2]*TH(norm(rA)); 

    Aint = R_A*Adip*R_A.'; % transform point-dipole frame into PDB frame 

    Anet1 = (proj(i)*Aint) + Anet1; % weight intrinsic Adip by projection factor and add to total 

effective anisotropic hyperfine 

end 

[R1, A1] = eig(Anet1); % diagonalization of the summed Adip matrix 

sort(diag(A1)) 
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The out-of-plane angle θ 

By using the two-point dipole approximation model (the above Matlab code), the corresponding 

dipolar-component tensor Tcal can be obtained by varying the out-of-plane angle θ. As shown in Table 

S2, the Tcal for the hydrides are very sensitive to the out-plane-angle θ. Tcal is close to the 

experimental tensor when θ is in the range of 0 ~ 5°, suggesting the GeIII-hydride radical we trapped is 

in a pseudo-planar geometry.  

 

Table AIII2.  The calculated dipolar-component T of 1H-hyperfine tensor for the hydride with 

varying out-of-plane angle θ by using the above two-point dipole approximation model. 

 

 

  

Out-of-plane angle (θ) T (MHz) 

0° [2.47, 4.01, -6.48] 

1° [2.43, 4.05, -6.48] 

2° [2.32, 4.17, -6.49] 

3° [2.17, 4.34, -6.51] 

4° [1.99, 4.55, -6.54] 

5° [1.79, 4.78, -6.57] 

6° [1.57, 5.04, -6.61] 

7° [1.36, 5.30, -6.66] 

8° [1.14, 5.58, -6.72] 

9° [5.88, 0.90, -6.78] 

10° [6.18, 0.67, -6.85] 

exp. [2.0, 4.5, -6.5] 



183 
 

 

 

Figure AIII3.  (A) The optimized geometry of GeIII-hydride model with a methyl ligand to GeIII by 

presenting a pyramidal geometry for Ge center, with the out-plane-angle θ = 17° and the Ge-Hhydride 

bond length r = 1.57 Å. (B) The DFT-predicted hyperfine-coupling values for Ge, the hydride and 

beta-1H. (C) A trigonal-planar geometry of GeIII-hydride model by constraining the dihedral angle 

between H-Ge-Cmethyl and H-Ge-Cphenyl as 180° on the above optimized pyramidal geometry shown in 

Figure A. (D) DFT calculated SOMO of the planar GeIII-hydride model shown in Figure C (isosurface 

value = 0.05 a.u.). 

The calculated hyperfine coupling constants of two beta-1H ([+42, +49, +43] MHz and [+37, +39, 

+33] MHz) of the planar-germanium model are comparable in magnitude to that observed for the 

hydride ([-41, -43, -58] MHz), but with positive signs that originate from a spin-hyperconjunction 

mechanism. We did not detect any signals in the ENDOR experiment that would correspond to these 

calculated hyperfine values from beta-1H. 

  

BA

DC

pyramidal model  

planar model  

out-of-plane 

angle (θ)
A 73Ge, MHz A 1Hhydride, MHz

pyramidal 

model 
17 [-186, -283, -187] [+39, +48, +52]

planar 

model 
0 [-37, -144, -38]

[-41, -43, -58]hydride

[+42, +43, +49]β-1Ha

[+37, +33, +39]β-1Hb

exp. ≈ 0 [-10, -90, -10] [-23.0, -20.5, -31.5] 

SOMO of planar model  

β-1Ha

β-1Hb

hydride

hydride
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Figure AIII4. X-band (15 K) CW-EPR spectrum of the radical trapped by UV photolysis of 

Ge(AriPr4)2 in benzene (blue trace: C6H6; red trace: C6D6) for ~30 min.  

 

 

 

C6D6

C6H6
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Figure AIII5.  (A) The optimized geometry of the GeIII-hydride radical model by presenting a 

pyramidal coordination for the germanium atom (no beta-proton in this model), with the out-plane-

angle θ = 22° and the Ge-H bond length r = 1.57 Å. (B) The DFT-predicted hyperfine coupling values 

for germanium and the hydride 1H. (C) A trigonal planar geometry of the GeIII-hydride radical model 

by constraining the dihedral angle between H-Ge-Cisopropyl and H-Ge-Cphenyl as 180° on the above 

optimized pyramidal geometry shown in Figure A. (D) DFT calculated SOMO of the planar the GeIII-

hydride radical model shown in Figure C (isosurface value = 0.05 a.u.). 

Yonezawa and coworkers10 employed theoretical calculations to study the relationship between the 

geometry of •CH3, •SiH3 and •GeH3 radicals and the corresponding hyperfine coupling values of the 

hydrides. They suggested that these hyperfine-coupling values are very sensitive to the out-plane-

angle θ: as θ decreases, the spin-polarization contribution, which yields negative hyperfine coupling, 

becomes larger and is dominant in a planar geometry when θ = 0°, as is approximately the case here 

for the GeIII-hydride radical. 

BA

DC

pyramidal model  

planar model  

out-of-plane 

angle (θ)
A 73Ge, MHz A 1Hhydride, MHz

pyramidal 

model 
22 [-214, -216, -306] [+101, +108, +112]

planar 

model 
0 [-46, -162, -49] [-40, -43, -58] 

exp. ≈ 0 [-10, -90, -10] [-23.0, -20.5, -31.5] 

SOMO of planar model  
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Table AIII3. Cartesian coordinates of the optimized geometry of the GeIII-hydride radical model by 

presenting a pyramidal geometry for Ge center (shown in Figure S5A). 

Atom x y z 

  Ge     0.896286   -1.483529    0.306499 

  H      2.352041   -1.368852   -0.286240 

  H     -2.203062   -5.481734   -0.526697 

  H     -3.373405   -4.352445   -2.441315 

  H     -2.520858   -2.181050   -3.326677 

  H      2.467544   -6.681698    1.718716 

  H      1.793196   -5.978515    4.012978 

  H     -0.066157   -4.347232    4.331740 

  H      0.568170   -5.679636   -1.368563 

  H      2.239442   -3.851946   -1.192529 

  H      2.877045   -5.177363   -2.217200 

  H      3.455004   -4.990676   -0.525999 

  H      1.046228   -7.988709   -0.428219 

  H      2.772940   -7.539255   -0.249902 

  H      2.032300   -7.581346   -1.872279 

  H     -1.751404   -2.580738    1.458618 

  H     -0.436812   -1.557125    3.346143 

  H     -1.324553   -2.583444    4.520872 

  H     -2.214022   -1.379222    3.547980 

  H     -3.127123   -4.626756    1.794849 

  H     -3.791913   -3.254674    2.743322 

  H     -2.852102   -4.548456    3.564008 

  H      0.925486    2.303547   -1.589968 

  H      1.312247    2.449924   -4.036325 

  H      0.800140    0.494338   -5.498723 

  H      0.391417    1.260040    1.728131 

  H      1.593877    1.525840    0.427676 

  H     -1.704462   -0.013479    1.368875 

  H     -2.108716   -0.739348   -0.219973 

  H     -2.150465    1.037962   -0.014523 

  H     -0.472335   -2.801746   -4.241527 

  H     -2.183921   -1.419064   -5.463977 

  H     -1.335187   -2.556531   -6.564473 

  H     -0.913106   -0.814941   -6.568096 

  H      1.972726   -2.532389   -4.681173 

  H      1.616101   -1.524841   -6.120042 

  H      1.101593   -3.239059   -6.083351 

  H      0.017424    2.383379    0.389729 

  C     -0.253889   -2.663036   -0.790800 

  C     -0.730772   -3.896533   -0.294329 

  C     -1.837493   -4.517206   -0.911768 

  C     -2.484418   -3.888616   -1.987165 

  C     -2.001754   -2.669545   -2.488501 

  C     -0.863021   -2.055335   -1.920936 
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  C     -0.059844   -4.505981    0.898833 

  C      0.991185   -5.444482    0.709830 

  C      1.646661   -5.960241    1.845291 

  C      1.269788   -5.564840    3.136933 

  C      0.226645   -4.645811    3.313969 

  C     -0.451024   -4.100559    2.205467 

  C      1.436539   -5.839581   -0.696168 

  C      2.565737   -4.910862   -1.185850 

  C      1.841595   -7.317727   -0.811873 

  C     -1.623211   -3.144295    2.405608 

  C     -1.382370   -2.112476    3.517660 

  C     -2.923588   -3.938086    2.639305 

  C     -0.276519   -0.804229   -2.497216 

  C      0.079371    0.300072   -1.640333 

  C      0.658183    1.448847   -2.224039 

  C      0.881188    1.533725   -3.604053 

  C      0.578869    0.441807   -4.421646 

  C      0.024431   -0.742356   -3.888448 

  C     -0.123723    0.251088   -0.129169 

  C      0.510545    1.417275    0.637349 

  C     -1.603595    0.113151    0.272150 

  C     -0.136078   -1.931967   -4.836548 

  C     -1.201444   -1.666139   -5.915806 

  C      1.215402   -2.325293   -5.464113    
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Table AIII4. Cartesian coordinates of the geometry of the GeIII-hydride radical model by presenting a 

planar geometry for Ge center (shown in Figure 4 of Chapter 4). 

Atom x y z 

  Ge     0.896000   -1.484000    0.306000 

  H      2.158000   -1.779000    1.203000 

  H     -2.203000   -5.482000   -0.527000 

  H     -3.373000   -4.352000   -2.441000 

  H     -2.521000   -2.181000   -3.327000 

  H      2.468000   -6.682000    1.719000 

  H      1.793000   -5.979000    4.013000 

  H     -0.066000   -4.347000    4.332000 

  H      0.568000   -5.680000   -1.369000 

  H      2.239000   -3.852000   -1.193000 

  H      2.877000   -5.177000   -2.217000 

  H      3.455000   -4.991000   -0.526000 

  H      1.046000   -7.989000   -0.428000 

  H      2.773000   -7.539000   -0.250000 

  H      2.032000   -7.581000   -1.872000 

  H     -1.751000   -2.581000    1.459000 

  H     -0.437000   -1.557000    3.346000 

  H     -1.325000   -2.583000    4.521000 

  H     -2.214000   -1.379000    3.548000 

  H     -3.127000   -4.627000    1.795000 

  H     -3.792000   -3.255000    2.743000 

  H     -2.852000   -4.548000    3.564000 

  H      0.925000    2.304000   -1.590000 

  H      1.312000    2.450000   -4.036000 

  H      0.800000    0.494000   -5.499000 

  H      0.391000    1.260000    1.728000 

  H      1.594000    1.526000    0.428000 

  H      0.017000    2.383000    0.390000 

  H     -1.704000   -0.013000    1.369000 

  H     -2.109000   -0.739000   -0.220000 

  H     -2.150000    1.038000   -0.015000 

  H     -0.472000   -2.802000   -4.242000 

  H     -2.184000   -1.419000   -5.464000 

  H     -1.335000   -2.557000   -6.564000 

  H     -0.913000   -0.815000   -6.568000 

  H      1.973000   -2.532000   -4.681000 

  H      1.616000   -1.525000   -6.120000 

  H      1.102000   -3.239000   -6.083000 

  C     -0.254000   -2.663000   -0.791000 

  C     -0.731000   -3.897000   -0.294000 

  C     -1.837000   -4.517000   -0.912000 

  C     -2.484000   -3.889000   -1.987000 

  C     -2.002000   -2.670000   -2.489000 

  C     -0.863000   -2.055000   -1.921000 
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  C     -0.060000   -4.506000    0.899000 

  C      0.991000   -5.444000    0.710000 

  C      1.647000   -5.960000    1.845000 

  C      1.270000   -5.565000    3.137000 

  C      0.227000   -4.646000    3.314000 

  C     -0.451000   -4.101000    2.205000 

  C      1.437000   -5.840000   -0.696000 

  C      2.566000   -4.911000   -1.186000 

  C      1.842000   -7.318000   -0.812000 

  C     -1.623000   -3.144000    2.406000 

  C     -1.382000   -2.112000    3.518000 

  C     -2.924000   -3.938000    2.639000 

  C     -0.277000   -0.804000   -2.497000 

  C      0.079000    0.300000   -1.640000 

  C      0.658000    1.449000   -2.224000 

  C      0.881000    1.534000   -3.604000 

  C      0.579000    0.442000   -4.422000 

  C      0.024000   -0.742000   -3.888000 

  C     -0.124000    0.251000   -0.129000 

  C      0.511000    1.417000    0.637000 

  C     -1.604000    0.113000    0.272000 

  C     -0.136000   -1.932000   -4.837000 

  C     -1.201000   -1.666000   -5.916000 

  C      1.215000   -2.325000   -5.464000    

  



190 
 

 

Table AIII5. Cartesian coordinates of the optimized geometry of the GeIII-hydride radical model by 

presenting a pyramidal geometry for Ge center (shown in Figure AIII3A). 

Atom x y z 

  Ge     1.580544    0.789507    0.725189 

  H      2.283364    1.630708   -0.373278 

  H     -2.222882   -2.676975    0.488049 

  H     -3.412945   -1.531565   -1.404544 

  H     -2.444400    0.573350   -2.385057 

  H      2.167943   -4.596293    2.357839 

  H      1.958939   -3.662081    4.655514 

  H      0.524026   -1.664486    5.075946 

  H      0.021987   -3.512959   -0.474821 

  H      1.813935   -1.846161   -0.884658 

  H      2.103470   -3.332023   -1.839670 

  H      3.062662   -3.024945   -0.354616 

  H      0.537007   -5.752804    0.611757 

  H      2.286367   -5.439615    0.369078 

  H      1.206518   -5.573982   -1.044279 

  H     -1.171606    0.260710    2.293760 

  H      0.665093    1.174483    3.734293 

  H     -0.101721    0.450211    5.188386 

  H     -0.957567    1.720230    4.265003 

  H     -2.805110   -1.411215    3.149418 

  H     -2.993776    0.158762    4.001617 

  H     -2.169126   -1.214909    4.813696 

  H     -0.247021    5.248751   -1.007003 

  H      1.241230    5.232286   -3.009100 

  H      1.827371    3.076123   -4.121553 

  H     -1.580931    2.066723    0.572665 

  H     -1.555462    3.842369    2.290887 

  H      0.109849    3.517950    1.704040 

  H     -0.768504    4.990340    1.167404 

  H     -3.556314    3.594430    0.686082 

  H     -3.288100    2.991948   -0.984710 

  H     -2.814059    4.664528   -0.550051 

  H      0.631844   -0.282025   -2.799657 

  H     -0.706273    0.500545   -4.756189 

  H      0.642140   -0.561245   -5.285943 

  H      0.758740    1.216149   -5.498811 

  H      3.015425    0.419834   -2.471846 

  H      3.055833    1.101527   -4.129151 

  H      2.818690   -0.657908   -3.895334 

  H      2.525204   -0.755111    2.578931 

  H      3.255915   -1.138822    0.981723 

  H      3.794030    0.331858    1.882021 

  C      2.928008   -0.317726    1.648137 

  C     -0.022803   -0.076900   -0.020817 
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  C     -0.587894   -1.255876    0.542463 

  C     -1.800206   -1.765851    0.036515 

  C     -2.466028   -1.124169   -1.018787 

  C     -1.926455    0.050048   -1.566582 

  C     -0.724333    0.586601   -1.068716 

  C      0.087111   -1.950637    1.681163 

  C      0.873258   -3.111725    1.436903 

  C      1.543879   -3.706254    2.523117 

  C      1.426360   -3.182453    3.819618 

  C      0.624320   -2.057648    4.052826 

  C     -0.053498   -1.423010    2.992332 

  C      0.999662   -3.682105    0.022835 

  C      2.054614   -2.924850   -0.808828 

  C      1.270335   -5.193955   -0.004443 

  C     -0.959064   -0.224870    3.267694 

  C     -0.298973    0.833314    4.165572 

  C     -2.308993   -0.699666    3.840095 

  C     -0.199364    1.872045   -1.626025 

  C     -0.528474    3.091987   -0.978119 

  C     -0.000524    4.292448   -1.493718 

  C      0.836502    4.285491   -2.618757 

  C      1.162016    3.073103   -3.244000 

  C      0.658434    1.851469   -2.755897 

  C     -1.461688    3.114916    0.229695 

  C     -0.884722    3.913459    1.409927 

  C     -2.859284    3.619520   -0.177372 

  C      1.042689    0.535980   -3.426155 

  C      0.397650    0.415654   -4.819178 

  C      2.568132    0.341465   -3.483526    
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Table AIII6. Cartesian coordinates of the geometry of the GeIII-hydride radical model by presenting a 

planar geometry for Ge center (shown in Figure AIII3C). 

Atom x y z 

  Ge     1.672000    0.649000    0.671000 

  H      2.509000    1.891000    0.265000 

  H      1.983000   -0.233000    3.088000 

  H      2.739000   -1.342000    1.891000 

  H      3.558000    0.212000    2.314000 

  H     -2.223000   -2.677000    0.488000 

  H     -3.413000   -1.532000   -1.405000 

  H     -2.444000    0.573000   -2.385000 

  H      2.168000   -4.596000    2.358000 

  H      1.959000   -3.662000    4.656000 

  H      0.524000   -1.664000    5.076000 

  H      0.022000   -3.513000   -0.475000 

  H      1.814000   -1.846000   -0.885000 

  H      2.103000   -3.332000   -1.840000 

  H      3.063000   -3.025000   -0.355000 

  H      0.537000   -5.753000    0.612000 

  H      2.286000   -5.440000    0.369000 

  H      1.207000   -5.574000   -1.044000 

  H     -1.172000    0.261000    2.294000 

  H      0.665000    1.174000    3.734000 

  H     -0.102000    0.450000    5.188000 

  H     -0.958000    1.720000    4.265000 

  H     -2.805000   -1.411000    3.149000 

  H     -2.994000    0.159000    4.002000 

  H     -2.169000   -1.215000    4.814000 

  H     -0.247000    5.249000   -1.007000 

  H      1.241000    5.232000   -3.009000 

  H      1.827000    3.076000   -4.122000 

  H     -1.581000    2.067000    0.573000 

  H     -1.555000    3.842000    2.291000 

  H      0.110000    3.518000    1.704000 

  H     -0.769000    4.990000    1.167000 

  H     -3.556000    3.594000    0.686000 

  H     -3.288000    2.992000   -0.985000 

  H     -2.814000    4.665000   -0.550000 

  H      0.632000   -0.282000   -2.800000 

  H     -0.706000    0.501000   -4.756000 

  H      0.642000   -0.561000   -5.286000 

  H      0.759000    1.216000   -5.499000 

  H      3.015000    0.420000   -2.472000 

  H      3.056000    1.102000   -4.129000 

  H      2.819000   -0.658000   -3.895000 

  C      2.578000   -0.279000    2.158000 

  C     -0.023000   -0.077000   -0.021000 
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  C     -0.588000   -1.256000    0.542000 

  C     -1.800000   -1.766000    0.037000 

  C     -2.466000   -1.124000   -1.019000 

  C     -1.926000    0.050000   -1.567000 

  C     -0.724000    0.587000   -1.069000 

  C      0.087000   -1.951000    1.681000 

  C      0.873000   -3.112000    1.437000 

  C      1.544000   -3.706000    2.523000 

  C      1.426000   -3.182000    3.820000 

  C      0.624000   -2.058000    4.053000 

  C     -0.053000   -1.423000    2.992000 

  C      1.000000   -3.682000    0.023000 

  C      2.055000   -2.925000   -0.809000 

  C      1.270000   -5.194000   -0.004000 

  C     -0.959000   -0.225000    3.268000 

  C     -0.299000    0.833000    4.166000 

  C     -2.309000   -0.700000    3.840000 

  C     -0.199000    1.872000   -1.626000 

  C     -0.528000    3.092000   -0.978000 

  C     -0.001000    4.292000   -1.494000 

  C      0.837000    4.285000   -2.619000 

  C      1.162000    3.073000   -3.244000 

  C      0.658000    1.851000   -2.756000 

  C     -1.462000    3.115000    0.230000 

  C     -0.885000    3.913000    1.410000 

  C     -2.859000    3.620000   -0.177000 

  C      1.043000    0.536000   -3.426000 

  C      0.398000    0.416000   -4.819000 

  C      2.568000    0.341000   -3.484000  
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Appendix IV 

Supporting Information for Chapter 5: Facile Insertion of Ethylene 

into a Group 14 Element-Carbon Bond: Effects of the HOMO-LUMO 

Energy Gap on Reactivity  

 

 
Figure AIV1. 1H NMR Spectrum of 1a (400 MHz, C6D6, 298K, ppm)-----------------------196                                                                                                    

Figure AIV2. 13C{1H}NMR Spectrum of 1a (126 MHz, C6D6, 298 K, ppm)----------------197                                                                             

Figure AIV3. 119Sn{1H} NMR Spectrum of 1a (186.36 MHz, C6D6, 298K, ppm)----------198                               

Figure AIV4. 1H NMR Spectrum of 1b (400 MHz, C6D6, 298K, ppm)-----------------------199                                                                                                     

Figure AIV5. 13C{1H} NMR Spectrum of 1b (126 MHz, C6D6, 298 K, ppm)---------------200                                                                                                                 

Figure AIV6. 119Sn{1H} NMR Spectrum of 1b (186.36 MHz, C6D6, 298K, ppm)----------201                                       

Table AIV1. Selected X-ray Crystallographic Data for 1a and 1b-----------------------------202                                        

Figure AIV7. Calculation Details of the Reaction of Sn(Ar iPr6)2 and Ethylene---------------203                                                                                                          

Figure AIV8. Calculation Details of the Reaction of Sn(AriPr4)2 involving Sn-C bond 

homolysis------------------------------------------------------------------------------------------------204     
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Figure AIV1. 1H NMR spectrum for AriPr4 SnC2H4AriPr4  (400 MHz, C6D6, 298K, ppm)                                                                                                      
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Figure AIV2. 13C{1H} NMR spectrum for AriPr4 SnC2H4AriPr4  (126 MHz, C6D6, 298 K, ppm)                                                                                                                  
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Figure AIV3. 119Sn{1H} NMR spectrum for AriPr4 SnC2H4AriPr4  (186.36 MHz, C6D6, 298K, ppm)                                                                                                            
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Figure AIV4. 1H NMR spectrum for AriPr6 SnC2H4AriPr6  (400 MHz, C6D6, 298K, ppm)                                                                                                      

 

0.29= Silicon grease impurity 
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Figure AIV5. 13C{1H} NMR spectrum for AriPr6 SnC2H4AriPr6  (126 MHz, C6D6, 298 K, ppm)                                                                                                                  
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Figure AIV6. 119Sn{1H} NMR spectrum for AriPr6 SnC2H4AriPr6  (186.36 MHz, C6D6, 298K, ppm)                                                                                                            
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Table AIV1. Selected X-ray Crystallographic Data for 1a and 1b 

Compound         1a                       1b 

Formula weight, gmol-1 C62 H78 Sn  C84 H126 Sn 

T (K) / l (Å) 90(2) K / 0.71073 Å 100(2)K/ 0.71073 

Crystal system Orthorhombic Monoclinic 

Space group / Z Pna21 P2/n 

a, Å 16.2901(9) Å 15.3139(10) Å  

b, Å 15.1083(8) Å 12.2886(8) Å 

c, Å 21.8016(12) Å 20.4790(14) Å 

α, ° 90° 90° 

β, ° 90° 92.374(3)° 

γ, ° 90° 90° 

V, Å3 5365.7(5) Å3 3850.6(4) Å3 

 mg m −3 1.166Mg/m3 1.082 Mg/m3 

Abs. coeff., mm−1 0.512 mm-1 0.372 mm-1 

F(000) 2000 1360 

Crystal size, mm3 
0.385 x 0.258 x 0.257 mm3 0.560 x 0.490 x 0.314 mm3 

θ range, ° 2.248 to 30.628° 2.324 to 27.524° 

Reflns collected 63919 32439 

Ind. reflns 16425 8853 

R(int) 0.0249 0.0207 

Obs. reflns [I > 2σ(I)] 15193 8015 

Completeness to 2θ 99.9% 99.9% 

Goodness-of-fit F2 1.122 1.034 

Final R [I > 2σ(I)] R1 = 0.0419  

wR2 = 0.0928 

R1 = 0.0326 

wR2 = 0.0799 

R (all data) R1 = 0.0458 

wR2 = 0.0942 

R1 = 0.0370, 

wR2 = 0.0824 

 



203 
 

 

Figure AIV7. Calculation Details of the Reaction of Sn(AriPr6)2 and Ethylene                                                                                                            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Optimization/freq: TPSSTPSS-D3(BJ)/Lanl2dz+d(Sn)/6-31G(d) (others) 

Single point calc.: TPSSTPSS-D3(BJ)/[4333111/433111/43]+2d (Sn)/6-311G(d,p) (others) 
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Figure AIV8. Calculation Details of the Reaction of Sn(AriPr4)2 and Toluene                                           
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Appendix V 

Supporting Information for Chapter 6: Reversible Binding of 

Ethylene and Propylene by Germylenes 

 

Figure AV1. 1H NMR Spectrum of 1a (600 MHz, C7D8, 273K, ppm)-----------------------------------206 

Figure AV2.  1H NMR Spectrum of 1b (500 MHz, C7D8, 298K, ppm)----------------------------------207                                                                                                                
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Figure AV4. 1H NMR Spectrum of 1c (500 MHz, C7D8, 248K,, ppm)----------------------------------209 
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Figure AV1. 1H NMR Spectrum of 1a (600 MHz, C7D8, 273K, ppm) 
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Figure AV2. 1H NMR Spectrum of 1b (500 MHz, C7D8, 298K, ppm) 
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Figure AV3. 13C NMR Spectrum of 1b (126 MHz, C6D6, 298K, ppm) 
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Figure AV4. 1H NMR Spectrum of 1c (500 MHz, C7D8, 248K, ppm) 
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Variable temperature 1H NMR spectroscopy and van’t Hoff analysis of 1a 

 

The integral atoms of the, o-Me group of Ge(ArMe6)2,  free ethylene and Me of the germirane in 

compound 1a were used for the determination of the equilibrium constant for the conversion of the 

germylene with ethylene to give the germirane.  

The equilibrium constant was calculated according to equation 1.  

𝐾𝑒𝑞 =
[𝐺𝑒𝑟𝑚𝑖𝑟𝑎𝑛𝑒 ]

[𝐺𝑒𝑟𝑚𝑦𝑙𝑒𝑛𝑒] [𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 ]
  (eq1) 

The Van’t Hoff equation, equation 2, was used in order to determine ΔH and ΔS from the slope and 

the intercept of the plot of ln Keq against 1/T. 

𝑙𝑛𝐾𝑒𝑞 = −
ΔH

𝑅
(

1

𝑇
) +

ΔS

𝑅
 (eq. 2) 
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Figure AV5.1H NMR spectrum for 1a at various temperatures from 257 to 298 K (500 MHz, C7D8) 
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T Ge(ArMe6)2 Ethylene complex 
  

298 249.4 26.76 4 
 

Intensity 

286 245.64 27.41 6.02 
  

278 239.72 25.67 12.68 
  

268 228.85 24.28 23.63 
  

      

      

T Ge(ArMe6)2 Ethylene complex 
 

Scale to number of 

Hydrogens 

298 10.39166667 6.69 1 
  

288 10.235 6.8525 1.505 
  

278 9.988333333 6.4175 3.17 
  

268 9.535416667 6.07 5.9075 
  

      

      

T Ge(ArMe6)2 Ethylene complex 
  

298 0.000228617 0.00014718 0.000022 
 

mol 

288 0.00022517 0.000150755 0.00003311 
  

278 0.000219743 0.000141185 0.00006974 
  

268 0.000209779 0.00013354 0.000129965 
  

      

      

      

T Ge(ArMe6)2 Ethylene complex 
 

Concentration Volume 

298 0.457233333 0.29436 0.044 
 

5.00E-04 

288 0.45034 0.30151 0.06622 
  

278 0.439486667 0.28237 0.13948 
  

268 0.419558333 0.26708 0.25993 
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van’t Hoff analysis of Figure AV5. 

T Keq lnK 1/T 

298 0.326 -1.118 0.0033 

288 0.488 -0.718 0.0035 

278 1.124 0.1168 0.00362 

268 2.319 0.841 0.0037 

 

 

ΔHass= -44.69 kJ mol-1
 

ΔSass= -159.82 J K-1 mol-1
 

ΔGass(298K)= -6.3 kJ mol-1 

Estimate of Error:  

The uncertainty in the integration was estimated to be 5%. The VT apparatus indicated an uncertainty 

in the temperature of 1°C. The concentration is accurate ca. 5% and 2% for the germylene. 

 

y = 5375.5x - 19.244

R² = 0.9877

-1.5

-1

-0.5

0

0.5

1

0.0033 0.00335 0.0034 0.00345 0.0035 0.00355 0.0036 0.00365 0.0037 0.00375 0.0038
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Variable temperature 1H NMR spectroscopy and Van’t Hoff analysis of 1b 

 

The integral atoms of the, iPr group of Ge(AriPr4)2,  free ethylene and Me of the germirane in 

compound 1b were used for the determination of the equilibrium constant for the conversion of the 

germylene with ethylene to give the germirane.  
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Figure AV6.1H NMR spectrum for 1b at various temperatures from 258 to 298 K (500 MHz, C7D8) 
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T Ge(AriPr4)2 Ethylene complex 
   

298 3.97 9.69 4 
 

Intensity 
 

288 3.85 10.19 4.1 
   

278 3.77 10.53 4.2 
   

268 3.68 10.81 4.4 
   

258 3.51 11.69 4.61 
   

  
 

    

T Ge(AriPr4)2      Ethylene complex 
 

Scale to number of Hydrogens 
 

298 0.49625 2.4225 1 
   

288 0.48125 2.5475 1.025 
   

278 0.47125 2.6325 1.05 
   

268 0.46 2.7025 1.1 
   

258 0.43875 2.9225 1.1525 
   

  

 

    

T Ge(AriPr4)2 Ethylene complex 
   

298 1.09175E-05 0.000053295 0.000022 
 

mol 
 

288 1.05875E-05 0.000056045 0.00002255 
   

278 1.03675E-05 0.000057915 0.0000231 
   

268 0.00001012 0.000059455 0.0000242 
   

258 9.6525E-06 0.000064295 0.000025355 
   

  

 

    

  

 

    

T Ge(AriPr4)2 Ethylene complex 
 

Concentration Volume 
 

298 0.021835 0.10659 0.044 
 

5.00E-04 
 

288 0.021175 0.11209 0.0451 
   

278 0.020735 0.11583 0.0462 
   

268 0.02024 0.11891 0.0484 
   

258 0.019305 0.12859 0.05071 
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van’t Hoff analysis of Figure AV6. 

T Keq lnK 1/T 

298 18.9 2.93 0.00335 

288 19.0 2.94 0.00347 

278 19.23 2.956 0.0036 

268 20.11 3.0 0.0037 

258 20.42 3.01 0.0039 

 

 

ΔHass= -1.36 kJ mol-1
 

ΔSass= 19.78 J K-1 mol-1
 

ΔGass(298K)= -7.25 kJ mol-1 

Estimate of Error:  

The uncertainty in the integration was estimated to be 10% due to broadening. The VT apparatus 

indicated an uncertainty in the temperature of 1°C. The concentration is accurate ca. 5% and 2% for 

the germylene. 

y = 163.95x + 2.3805

R² = 0.9253

2.92

2.93

2.94

2.95

2.96

2.97

2.98

2.99

3

3.01

3.02

3.03

0.0033 0.0034 0.0035 0.0036 0.0037 0.0038 0.0039 0.004
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Variable temperature 1H NMR spectroscopy and Van’t Hoff analysis of 1c 

 

The integral atoms of the, iPr group of Ge(AriPr4)2,  free ethylene and iPr of the germirane in 

compound 1c were used for the determination of the equilibrium constant for the conversion of the 

germylene with ethylene to give the germirane.  
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Figure AV7.1H NMR spectrum for 1c at various temperatures from 218 to 268 K (500 MHz, C7D8) 
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T Ge(AriPr4)2 Propylene complex 
  

268 10.3 7.04 4 
 

Intensity 

258 10.1 7.43 4.3 
  

248 9.92 8.2 4.68 
  

238 9.5 8.64 4.87 
  

228 9.02 8.93 4.99 
  

      

T Ge(AriPr4)2 Propylene complex 
 

Scale to number of 

Hydrogens 

268 1.2875 7.04 1 
  

258 1.2625 7.43 1.075 
  

248 1.24 8.2 1.17 
  

238 1.1875 8.64 1.2175 
  

228 1.1275 8.93 1.2475 
  

      

T Ge(AriPr4)2 Propylene complex 
  

268 0.000028325 0.00015488 0.000022 
 

mol 

258 0.000027775 0.00016346 0.00002365 
  

248 0.00002728 0.0001804 0.00002574 
  

238 0.000026125 0.00019008 0.000026785 
  

228 0.000024805 0.00019646 0.000027445 
  

      

T Ge(AriPr4)2 Propylene complex 
 

Concentration Volume 

268 0.05665 0.30976 0.044 
 

5.00E-04 

258 0.05555 0.32692 0.0473 
  

248 0.05456 0.3608 0.05148 
  

238 0.05225 0.38016 0.05357 
  

228 0.04961 0.39292 0.05489 
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van’t Hoff analysis of Figure AV7 

T Keq lnK 1/T 

268 2.51 0.919 0.0037 

258 2.60 0.957 0.00387 

248 2.615 0.961 0.00403 

238 2.697 0.992 0.00420 

228 2.816 1.035 0.004386 

 

ΔHass= -1.362 kJ mol-1
 

ΔSass= 2.579 J K-1 mol-1
 

ΔGass(298K)= -2.1 kJ mol-1 

Estimate of Error: The uncertainty in the integration was estimated to be 10% due to broadening. The 

VT apparatus indicated an uncertainty in the temperature of 1°C. The concentration is accurate ca. 5% 

and 2% for the germylene. 

 

 

y = 163.85x + 0.3102

R² = 0.9568

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

0.0036 0.0037 0.0038 0.0039 0.004 0.0041 0.0042 0.0043 0.0044 0.0045
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Table AV1. Selected X-ray Crystallographic Data for 1b. 

Compound         1b 

Formula weight, gmol-1 C145 H180 Ge2 

T (K) / l (Å) 90(2) K / 0.71073 Å 

Crystal system Triclinic 

Space group / Z P-1 

a, Å 12.408(2) Å 

b, Å 19.126(4) Å 

c, Å 26.398(5) Å 

α, ° 93.954(4)° 

β, ° 91.913(4)° 

γ, ° 108.740(3)° 

V, Å3 5908.3(19) Å3 

 mg m −3 1.162 Mg/m3 

Abs. coeff., mm−1 0.560 mm-1 

F(000) 2228 

Crystal size, mm3 0.804 x 0.678 x 0.670 mm3 

θ range, ° 1.859 to 25.416°. 

Reflns collected 19267 

Ind. reflns 19267  

Obs. reflns [I > 2σ(I)] 18482 

Completeness to 2θ 87.3% 

Goodness-of-fit F2 1.133 

Final R [I > 2σ(I)] R1 = 0.0664 

wR2 = 0.1863 

R (all data) R1 = 0.0684 

wR2 = 0.1875 

Completeness statistics refer to single and composite reflections containing twin component 1 only.  
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Videos: 

https://youtu.be/a1wrfESMbWQ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



224 
 

 

Appendix VI 

Supporting Information for Chapter 7: Reversible Complexation of 

Alkynes by a Germylene 

 

Figure AVI1. 1H NMR Spectrum of 1a (400 MHz, C6D6, 298K, ppm)----------------------------------225 

Figure AVI2. 13C NMR Spectrum of 1b (126 MHz, C6D6, 298K, ppm)---------------------------------226                                                                                                                 

Figure AVI3. 1H NMR Spectrum of 1b (500 MHz, C7D8, 248K, ppm)----------------------------------227                                                                                               

Figure AVI4. 1H NMR Spectrum of 1c (500 MHz, C7D8, 218K, ppm)----------------------------------228 

Figure AVI5. 1H NMR Spectrum of 1d (400 MHz, C6D6, 298K, ppm)----------------------------------229                                                                                                                        

Figure AVI6. 13C NMR Spectrum of 1d (126MHz, C6D6, 298K, ppm)---------------------------------230                                                                                                       
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Figure AVI1. 1H NMR Spectrum of 1a (400 MHz, C6D6, 298K, ppm) 

 

Uncomplexed Ge(ArMe6)2 signals appear at 1.95 and 2.3ppm 
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Figure AVI2. 13C NMR Spectrum of 1b (126 MHz, C6D6, 298K, ppm) 
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Figure AVI3. 1H NMR Spectrum of 1b (500 MHz, C7D8, 248K, ppm) 

 

Uncomplexed Ge(ArMe6)2 signals appear at 1.95 and 2.3ppm 
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Figure AVI4. 1H NMR Spectrum of 1c (500 MHz, C7D8, 218K, ppm) 

 

Uncomplexed Ge(ArMe6)2 signals appear at 1.95 and 2.3ppm 
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Figure AVI5. 1H NMR Spectrum of 1d (400 MHz, C6D6, 298K, ppm) 
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Figure AVI6. 13C NMR Spectrum of 1d (126MHz, C6D6, 298K, ppm) 
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Variable temperature 1H NMR spectroscopy and Van’t Hoff analysis of 1a 

 

The integral for the signal atoms of the, o-Me group of Ge(ArMe6)2,  terminal methyl groups for 3-

hexyne and compound 1a were used for the determination of the equilibrium constant for the 

conversion of the germylene with 3-hexyne to give the germirene.  

The equilibrium constant was calculated according to equation 1.  

𝐾𝑒𝑞 =
[𝐺𝑒𝑟𝑚𝑖𝑟𝑒𝑛𝑒]

[𝐺𝑒𝑟𝑚𝑦𝑙𝑒𝑛𝑒] [3−ℎ𝑒𝑥𝑦𝑛𝑒]
  (eq1) 

The Van’t Hoff equation, equation 2, was used in order to determine ΔH and ΔS from the slope and 

the intercept of the plot of ln Keq against 1/T. 

𝑙𝑛𝐾𝑒𝑞 = −
ΔH

𝑅
(

1

𝑇
) +

ΔS

𝑅
 (eq. 2) 
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Figure AVI7. 1H NMR spectrum for 1a at varrious temperatures from 276 to 318 K (500 MHz, C7D8) 

 

Uncomplexed Ge(ArMe6)2 signals appear at 1.95 and 2.3ppm 
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T Ge(ArMe6)2 3-hexyne complex 
  

318.9 24 13.55 2.87 
 

Intensity 

308 21.57 13.17 3.56 
  

294.9 19.25 12.59 4.64 
  

283.9 19.05 12.5 4.93 
  

276 18.81 12.22 5.23 
  

      

T Ge(ArMe6)2 3-hexyne complex 
 

Scale to number of 

Hydrogens 

318.9 1 2.258333333 0.478333333 
  

308 0.89875 2.195 0.593333333 
  

294.9 0.802083333 2.098333333 0.773333333 
  

283.9 0.79375 2.083333333 0.821666667 
  

276 0.78375 2.036666667 0.871666667 
  

      

T Ge(ArMe6)2 3-hexyne complex 
  

318.9 0.00002287 5.16481E-05 1.09395E-05 
 

mol 

308 2.05544E-05 5.01997E-05 1.35695E-05 
  

294.9 1.83436E-05 4.79889E-05 1.76861E-05 
  

283.9 1.81531E-05 4.76458E-05 1.87915E-05 
  

276 1.79244E-05 4.65786E-05 1.9935E-05 
  

      

T Ge(ArMe6)2 3-hexyne complex 
 

Concentration Volume 

318.9 0.04574 0.103296167 0.021878967 
 

5.00E-04 

308 0.041108825 0.1003993 0.027139067 
  

294.9 0.036687292 0.095977767 0.035372267 
  

283.9 0.036306125 0.095291667 0.037583033 
  

276 0.035848725 0.093157133 0.039870033 
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van’t Hoff analysis of Figure AVI7. 

T Keq lnK 1/T 

318.9 4.63 1.533 0.00313 

308 6.5755 1.88 0.00325 

294.9 10.0456 2.31 0.0034 

283.9 10.863 2.385 0.0035 

276 11.939 2.48 0.00362 

 

 

ΔHassn= -16.025 kJ mol-1
 

ΔSassn= -36.619 J K-1 mol-1
 

ΔGassn(298K)= -5.11 kJ mol-1 

Estimate of Error:  The uncertainty in the integration was estimated to be 5%. The VT apparatus 

indicated an uncertainty in the temperature of 1°C. The concentration is accurate ca. 5% and 2% for 

Tetrylene and 3-hexyne. 

y = 1927.5x - 4.4046

R² = 0.9166

0

0.5

1

1.5

2

2.5

3

0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 0.0037

ln
K

eq

1/T
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Figure AVI8. 1H NMR spectrum for 1b at various temperatures from 258 to 298 K (500 MHz, C7D8) 

 

Uncomplexed Ge(ArMe6)2 signals appear at 1.95 and 2.3ppm 
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Variable temperature 1H NMR spectroscopy and Van’t Hoff analysis of 1b 

 

The integral for the signal atoms of the, o-Me of Ge(ArMe6)2, and p-Me of one of the flanking aryl ring 

from compound 1b  were used for the determination of the equilibrium constant for the conversion of 

the germylene with diphenylacetylene to give the germirene.  

Note: Unfortunately the uncoordinated diphenylacetylene peak is hidden in the aromatic region, so an 

assumption was made that the concentration of diphenylacetylene is in equivalent to the concentration 

of the starting germylene Ge(ArMe6)2. Diphenylacetylene solution was prepared from a serial dilution.  
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T Ge(ArMe6)2 complex 
  

298 12 2.63 
 

Intensity 

289.3 11.91 2.99 
  

278.6 11.85 3.23 
  

268.6 11.78 3.43 
  

258.6 11.75 3.86 
  

     

T Ge(ArMe6)2 complex 
 

Scale to number of 

Hydrogens 

298 1 0.438333333 
  

289.3 0.9925 0.498333333 
  

278.6 0.9875 0.538333333 
  

268.6 0.981666667 0.571666667 
  

258.6 0.979166667 0.643333333 
  

     

T Ge(ArMe6)2 complex 
  

298 0.00002287 1.00247E-05 
 

mol 

289.3 2.26985E-05 1.13969E-05 
  

278.6 2.25841E-05 1.23117E-05 
  

268.6 2.24507E-05 1.3074E-05 
  

258.6 2.23935E-05 1.4713E-05 
  

     

T Ge(ArMe6)2 /PhCCPh complex 
 

Concentration Volume 

298 0.04574 0.020049367 
 

5.00E-04 

289.3 0.04539695 0.022793767 
  

278.6 0.04516825 0.024623367 
  

268.6 0.044901433 0.026148033 
  

258.6 0.044787083 0.029426067 
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van’t Hoff analysis of Figure AVI8. 

T Keq lnK 1/T 

298 9.583 2.26 0.00335 

289.3 11.06 2.40 0.00345 

278.6 12.07 2.491 0.00359 

268.6 12.969 2.562 0.00372 

258.6 14.67 2.686 0.00387 

 

 

ΔHassn= -6.47 kJ mol-1
 

ΔSassn= -2.65 J K-1 mol-1
 

ΔGassn(298K)= -5.65 kJ mol-1 

Estimate of Error: The uncertainty in the integration was estimated to be 5%. The VT apparatus 

indicated an uncertainty in the temperature of 1°C. The concentration is accurate ca. 5% and 5% for 

Tetrylene and diphenylacetylene. 

 

 

y = 777.99x - 0.319
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Figure AVI9. 1H NMR spectrum for 1c at various temperatures from 208 to 248 K (500 MHz, C7D8) 

 

Uncomplexed Ge(ArMe6)2 signals appear at 1.95 and 2.3ppm 
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Variable temperature 1H NMR spectroscopy and Van’t Hoff analysis of 1c 

 

The integral for the signal atoms of the, o-Me of Ge(ArMe6)2,  terminal methyl groups for 

trimethylsilylacetylene and compound 1c were used for the determination of the equilibrium constant 

for the conversion of the germylene with trimethylacetylene to give the germirene.  
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T Ge(ArMe6)2 Me3SiCCH complex 
  

248 24 4.96 0.58 
 

Intensity 

238 11.79 2.22 0.59 
  

228 10.92 1.49 1.16 
  

218 10.16 1.44 1.91 
  

208 9.3 0.96 2.69 
  

      

T Ge(ArMe6)2 Me3SiCCH complex 
 

Scale to number of 

Hydrogens 

318.9 1 0.551111111 0.064444444 
  

308 0.49125 0.37 0.098333333 
  

294.9 0.455 0.248333333 0.193333333 
  

283.9 0.423333333 0.24 0.318333333 
  

276 0.3875 0.16 0.448333333 
  

      

T Ge(ArMe6)2 Me3SiCCH complex 
  

318.9 0.00002287 1.26039E-05 1.47384E-06 
 

mol 

308 1.12349E-05 8.4619E-06 2.24888E-06 
  

294.9 1.04059E-05 5.67938E-06 4.42153E-06 
  

283.9 9.68163E-06 5.4888E-06 7.28028E-06 
  

276 8.86213E-06 3.6592E-06 1.02534E-05 
  

      

T Ge(ArMe6)2 Me3SiCCH complex Concentration Volume 

318.9 0.04574 0.025207822 0.002947689 
 

5.00E-04 

308 0.022469775 0.0169238 0.004497767 
  

294.9 0.0208117 0.011358767 0.008843067 
  

283.9 0.019363267 0.0109776 0.014560567 
  

276 0.01772425 0.0073184 0.020506767 
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van’t Hoff analysis of Figure AVI9. 

T Keq lnK 1/T 

248 2.56 0.938 0.0040 

238 11.828 2.47 0.0042 

228 37.40 3.62 0.004386 

218 68.50 4.226 0.004587 

208 158.1 5.063 0.0048 

 

 

ΔHassn= -42.485 kJ mol-1
 

ΔSassn= -159.9 J K-1 mol-1
 

ΔGassn(298K)= 5.165 kJ 

ΔGassn(248K, observed)= -2.83 kJ mol-1 

Estimate of Error:  The uncertainty in the integration was estimated to be 5%. The VT apparatus 

indicated an uncertainty in the temperature of 1°C. The concentration is accurate ca. 5% and 2% for 

Tetrylene and trimethylsilylacetylene. 

 

y = 5110.1x - 19.235

R² = 0.9505

0
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Table AVI1. Selected X-ray Crystallographic Data for 1a and 1d                                

Compound         1a                       1d 

Formula weight, gmol-1 C53.88 H59.82 Ge I0.02 C56 H56 Ge 

T (K) / l (Å) 90(2) K / 0.71073 Å 90(2)K/ 0.71073 

Crystal system Triclinic Triclinic 

Space group / Z P-1 P-1 

a, Å 9.9517(3) Å 11.139(2) Å  

b, Å 12.4503(4) Å 12.049(2) Å 

c, Å 17.3364(5) Å 18.956(4) Å 

α, ° 95.6342(13)° 78.079(2)° 

β, ° 90.0826(13)° 73.863(2)° 

γ, ° 96.1859(12)° 65.561(2)° 

V, Å3 2125.03(11) Å3 2212.6(8) Å3 

 mg m −3 1.223Mg/m3 1.203 Mg/m3 

Abs. coeff., mm−1 0.771 mm-1 0.728 mm-1 

F(000) 832.3 848 

Crystal size, mm3 
0.450 x 0.290 x 0.102 mm3 0.836 x 0.771 x 0.703 mm3 

θ range, ° 1.653 to 27.639° 1.867 to 27.693° 

Reflns collected 17801 20139 

Ind. reflns 9459 10243 

R(int) 0.0329 0.0194 

Obs. reflns [I > 2σ(I)] 7610 9710 

Completeness to 2θ 97.2% 99.8% 

Goodness-of-fit F2 1.048 1.051 

Final R [I > 2σ(I)] R1 = 0.0435  

wR2 = 0.1010 

R1 = 0.0311 

wR2 = 0.0821 

R (all data) R1 = 0.0590 

wR2 = 0.1095 

R1 = 0.0329 

wR2 = 0.0835 
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Images and Videos: 

Figure AVI10. Dissolving 1d in toluene.  

 

A video recording of the reversible reaction between Ge(ArMe6)2 with 3-hexyne 

https://youtu.be/7SUWaJVadTU 

 

 

 

 

 

 

https://youtu.be/7SUWaJVadTU
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Crystal Structure of {Ar 𝑖Pr4SnOMe}2 (2). 

 

Figure AVII1. Thermal ellipsoid (30%) plot of 2. Hydrogen atoms are not shown for clarity. Selected 

bond lengths (Å) and angles (deg): Sn(1)-O(1) 2.1379(11), Sn(1)-O(1A) 2.2081(10), O(1)-C(1) 

1.4268(17), Sn(1)-C(2) 2.2720(14), Sn(1)-O(1)-Sn(1A) 108.33(4), O(1)-Sn(1)-O(1A) 71.67(4), O(1)-

Sn(1)-C(2) 94.14(4).  
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Table AVII1. Crystal Data and Refinement Summary for 2. 

Identifier JE81 

Formula C62H80O2Sn2 

fw (g mol−1) 1094.64 

Crystal system monoclinic 

Space group P21/n 

a (Å) 13.542(3) 

b (Å) 13.931(3) 

c (Å) 14.562(3) 

α (°) 90 

β (°) 97.201(3) 

γ (°) 90 

V (Å3) 2725.6(10) 

Z 2 

Radiation MoKα (λ = 0.71073) 

T (K) 90.15 

cryst. size (mm) 0.311 x 0.310 x 0.128 

F(000) 1136.0 

ρcalc (g cm−3) 1.334 

μ (mm−1) 0.957 

2θmax (°) 3.872 to 55.09 

reflns. collected 36174 

unique reflns. 6261 

Rint 0.0236 

reflns. [I>2(I)]  5778 

R1 [I>2(I)]  0.0179 

wR2 (all data) 0.0488 

GoF (F2) 1.045 
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Figure AVII2. 1H NMR Spectra of 1. 
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Figure AVII3. 1H NMR Spectra of 2. 

 

1H NMR (400 MHz, C6D6, 25 ºC, ppm): 1.13 (m, 24H, CH(CH3)2), 2.11 (s, 6H, OMe), 2.91 (sept, 4H, 

CH(CH3)2), 7.05 (m, 2H), 7.12 (m, 4H), 7.19 (d, 8H, m-C6H3), 7.31 (t, 4H, p-C6H3). 
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Figure AVII4. 13C NMR Spectrum of 2. Small hexane impurity. 

 

13C{1H} NMR (126MHz, C6D6, 25° C, ppm): 24.37, 24.48, 30.79, 122.90, 129.34, 131.47, 139.73, 

141.11, 146.90. 
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Figure AVII5. IR Spectrum of 2 

  



253 
 

 

Figure AVII6. UV-Vis Spectrum of 2. 
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Figure AVII7. 1H NMR Spectra of 3. Some residual toluene. 

 

1H NMR (400 MHz, C6D6, 25 ºC, ppm): 0.81 (t, JHH = 7.0 Hz, 12H, NCH2CH3), 2.12 (s, 12H, p-Me), 

2.27 (s, 24H, o-Me), 3.47 (m, 8H, NCH2CH3), 6.84 (s, 8H, C6H2), 7.12 (d, JHH = 7.5 Hz, 4H, m-C6H3), 

7.31 (t, JHH = 7.5 Hz, 2H, p-C6H3) 
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Figure AVII8. 13C NMR Spectrum of 3. 

 

13C{1H} NMR (126MHz, C6D6, 25° C, ppm): 20.63, 20.72, 20.89, 21.12, 21.56, 21.71, 128.71, 

128.87, 135.24, 135.96, 136.23, 136.65, 138.71, 146.82, 148.60, 175.52.  

  



256 
 

 

Figure AVII9. 119Sn Spectrum of 3. 

 

119Sn{1H} NMR (186.36 MHz, C6D6, 25 °C): −155.23 ppm. 
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Figure AVII10. IR Spectrum of 3. 
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Figure AVII11. UV-Vis Spectrum of 3. 
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Figure AVII12. 1H Spectrum of 4. 

 

1H NMR (400 MHz, C6D6, 25 ºC, ppm): 0.63 (t, JHH = 7.0 Hz, 6H, NCH2CH3), 2.04 (s, 12H, p-Me), 

2.18 (s, 12H, o-Me), 2.26 (s, 12H, o-Me), 2.34 (dq, JHH = 13.5/6.7 Hz, 1H, NCH2CH3), 2.86 (dq, JHH 

= 13.5/6.7 Hz, 1H, NCH2CH3), 4.10 (s, 1H, SnHSn, 119Sn satellites JH119Sn = 64 Hz), 6.85 (s, 4H, m-

C6H2), 6.87 (s, 4H, m-C6H2), 6.92 (d, JHH = 7.5 Hz, 4H, m-C6H3), 7.12 (t, JHH = 7.5 Hz, 2H, p-C6H3). 
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Figure AVII13. 13C Spectrum of 4. 

 

13C{1H} NMR (126MHz, C6D6, 25° C, ppm): 16.73 (NCH2CH3), 21.28 (p-Me), 21.95 (o-Me), 22.10 

(o-Me), 45.50 (NCH2CH3), 128.58, 129.09, 129.59, 135.62, 136.35, 136.62, 148.99, 169.37. 
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Figure AVII14. 119Sn Spectrum of 4. 

 

119Sn{1H} NMR (186.36 MHz, C6D6, 25 °C): −150.33 ppm. 
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Figure AVII15. IR of 4. 
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Figure AVII16. UV-Vis of 4. 
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Initial Investigation into Catalytic Activity. 

To test if {ArMe6SnH}4 was able to catalyze the dehydrocoupling of Et2NH and HBPin, 1 (0.047 g, 

0.0515 mmol) was first reacted with HBPin in an NMR scale experiment to synthesize {ArMe6SnH}4, 

which was confirmed by its 1H NMR spectrum. An excess of Et2NH and HBPin was then added, but 

no reaction was found to occur over 48 hours and the 1H NMR resonances of {ArMe6SnH}4 were still 

readily visible. This same method was used in an initial testing of the catalytic activity of {Ar iPr4Sn(μ-

H)}2 towards Et2NH and HBPin, which also gave no dehydrocoupled product. This was eventually 

found to be due to the narrower scope of the AriPr4Sn pre-catalyst species. The addition of HBPin to a 

mixture of aniline and {AriPr4Sn(μ-H)}2 resulted in the production of PhN(H)BPin. 

 

Catalytic NMR Experiments. 

Standard solutions of 1 and 2 were made and used throughout all catalytic experiments. Pinacolborane 

and all amines were distilled prior to use. All substance were added directly to a Youngs tap NMR 

tube under an inert atmosphere, which were then inverted repeated to ensure a homogeneous solution. 

All liquids and the stock solutions of 1 and 2 were measured with Eppendorf pipettes. Aminoboranes 

presented in Table were identified by comparison to published data and their 1H NMR spectra are 

shown below. Novel compounds were characterized by 1H, 11B and 13C NMR and are also presented 

below. 

 

 

sBuNH2:HBPin: 1H NMR (400 MHz, C6D6, 25 ºC, ppm): 0.85 (t, 3H, CH2CH3), 0.96 (d, 3H, 

CHCH3), 1.14 (s, 12H, Pin)), 1.27 (m, 1H, C(H)HCH3), 1.90 (s, 1H, NH), 3.23 (m, 1H, C(H)HCH3). 
11B NMR ( 128.26 MHz, C6D6, 25 ºC, ppm): 24.55 (sBuNHBPin). 13C{1H} NMR (126MHz, C6D6, 

25° C, ppm): 10.56 (CH2CH3), 23.97 (CHCH3), 24.38 (Me-Pin), 24.49 (Me-Pin), 32.76 (CH2CH3), 

47.90 (CH), 48.36 (CH), 81.32 (Pin). 

4-fluoroaniline:HBPin: 1H NMR (400 MHz, C6D6, 25 ºC, ppm): 0.84 (s, 12H, Pin), 4.04 (s, 1H, 

NH), 6.53 (t, 2H, o-C6H4), 6.60 (t, 2H, m-C6H4). 11B NMR ( 128.26 MHz, C6D6, 25 ºC, ppm):  24.07 

(4-fluoroanilineBPin) 13C{1H} NMR (126MHz, C6D6, 25° C, ppm): 24.52 (Me-Pin), 83.26 (Pin), 

116.46, 120.38, 135.49, 146.12 (Ar). 

4-Chloroaniline:HBPin: 1H NMR (400 MHz, C6D6, 25 ºC, ppm): 1.05 (s, 12H, Pin), 4.27 (s, 1H, 

NH), 6.80 (d, 2H, o-C6H4), 7.05 (d, 2H, m-C6H4). 11B NMR ( 128.26 MHz, C6D6, 25 ºC, ppm):  24.05 

(4-chloroanilineBPin) 13C{1H} NMR (126MHz, C6D6, 25° C, ppm): 24.66 (Me-Pin), 82.89 (Pin), 

116.11, 119.28, 129.17, 129.30 (Ar). 

4-bromoaniline:HBPin:  1H NMR (400 MHz, C6D6, 25 ºC, ppm): 1.05 (s, 12H, Pin), 4.26 (s, 1H, 

NH), 6.75 (d, 2H, o-C6H4), 7.19 (d, 2H, m-C6H4). 11B NMR ( 128.26 MHz, C6D6, 25 ºC, ppm):  24.03 

(4-bromoanilineBPin) 13C{1H} NMR (126MHz, C6D6, 25° C, ppm): 24.66 (me-Pin), 82.91 (Pin), 

116.38, 119.29, 129.16, 128.32 (Ar). 
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4-ethylaniline:HBPin: 1H NMR (400 MHz, C6D6, 25 ºC, ppm): 1.04 (t, 3H, CH2CH3), 1.10 (s, 12H, 

Pin) 2.42 (q, 2H, CH2CH3), 6.98 (d, 2H, o-C6H4), 7.07 (d, 2H, m-C6H4). 11B NMR ( 128.26 MHz, 

C6D6, 25 ºC, ppm):  24.22 (4-ethylanilineBPin) 13C{1H} NMR (126MHz, C6D6, 25° C, ppm): 15.88 

(CH2CH3), 24.35 (Me-Pin), 28.13 (CH2CH3), 82.24 (Pin), 114.97, 117.80, 128.24, 128.42 (Ar). 

3,5-dichloroaniline:HBPin: 1H NMR (400 MHz, C6D6, 25 ºC, ppm): 0.99 (s, 12H, Pin), 4.26 (s, 1H, 

NH), 6.84 (s, 1H, p-C6H3), 6.85 (s, 2H, o-C6H3). 11B NMR ( 128.26 MHz, C6D6, 25 ºC, ppm):  23.88 

(3,5-dichloroanilineBPin) 13C{1H} NMR (126MHz, C6D6, 25° C, ppm): 24.52 (Me-Pin), 83.26 (Pin), 

116.46, 120.38, 135.49, 146.12 (Ar). 

NH2BPin: 1H NMR (400 MHz, C6D6, 25 ºC, ppm): 0.13 (NH3), 1.07 (s, 12H, H2NBPin), 2.60 (s, 2H, 

H2NBPin). 11B NMR ( 128.26 MHz, C6D6, 25 ºC, ppm) 25.05 (NH2BPin) 13C{1H} NMR (126MHz, 

C6D6, 25° C, ppm): 24.58 (Me-Pin), 81.66 (Pin). 

PinNH2:HBPin. Excess HBPin: 1H NMR (400 MHz, C6D6, 25 ºC, ppm): 0.99 (HBPin), 1.05 

(HN{BPin}2), 3.33 (HN{BPin}2). 11B NMR ( 128.26 MHz, C6D6, 25 ºC, ppm) 25.60 (NH2BPin)  
13C{1H} NMR (126MHz, C6D6, 25° C, ppm): 24.76, 24.66 (Me-Pin), 82.93, 82.47  (Pin). 

  



266 
 

 

Figure AVII17. 1H NMR, Table 1, Entry 1: nBuNH2:HBPin. 10% excess HBPin 
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Figure AVII18. 11B NMR, Table 1, Entry 1: nBuNH2:HBPin. 10% excess HBPin.  

 

* PinBOBPin 
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Figure AVII19. 1H NMR, Table 1, Entry 2: sBuNH2:HBPin.  
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Figure AVII20. 11B NMR, Table 1, Entry 2: sBuNH2:HBPin.  

 

* PinBOBPin 
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Figure AVII21. 13C NMR, Table 1, Entry 2: sBuNH2:HBPin.  

 

  



271 
 

 

Figure AVII22.1H NMR, Table 1, Entry 3: PhNH2:HBPin. 
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Figure AVII23.11B NMR, Table 1, Entry 3: PhNH2:HBPin. 

 

* PinBOBPin 

 

  

* 
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Figure AVII24.1H NMR, Table 1, Entry 4: 4-fluoroaniline:HBPin. 
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Figure AVII25.13C NMR, Table 1, Entry 4: 4-fluoroaniline:HBPin. 

 

* slight excess of 4-fluoroaniline 

  

* * 



275 
 

 

Figure AVII26.11B NMR, Table 1, Entry 4: 4-fluoroaniline:HBPin. 
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Figure AVII27.1H NMR, Table 1, Entry 5: 4-Chloroaniline:HBPin. 
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Figure AVII28. 13C NMR, Table 1, Entry 5: 4-Chloroaniline:HBPin. 
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Figure AVII29. 11B NMR, Table 1, Entry 5: 4-Chloroaniline:HBPin. 

 

* PinBOBPin 
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Figure AVII30. 1H NMR, Table 1, Entry 6: 4-bromoaniline:HBPin. 
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Figure AVII31. 13C NMR, Table 1, Entry 6: 4-bromoaniline:HBPin. 

 

* Excess 4-bromoaniline 

  

* * 
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Figure AVII32. 11B NMR, Table 1, Entry 6: 4-bromoaniline:HBPin. 

 

* PinBOBPin 
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Figure AVII33. 1H NMR, Table 1, Entry 7: 4-ethylaniline:HBPin. 
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Figure AVII34. 13C NMR, Table 1, Entry 7: 4-ethylaniline:HBPin. 

 

* Excess 4-ethylaniline 

  

* 
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Figure AVII35. 11B NMR, Table 1, Entry 7: 4-ethylaniline:HBPin. 

 

* PinBOBPin 
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Figure AVII36. 1H NMR, Table 1, Entry 8: 2,6-diisopropylaniline:HBPin. 
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Figure AVII37. 11B NMR, Table 1, Entry 8: 2,6-diisopropylaniline:HBPin. 

 

* PinBOBPin 
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Figure AVII38. 1H NMR, Table 1, Entry 9: 3,5-dichloroaniline:HBPin. 
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Figure AVII39. 13C NMR, Table 1, Entry 9: 3,5-dichloroaniline:HBPin. 

 

* Excess 3,5-dichloroaniline 

  

* * 
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Figure AVII40. 11B NMR, Table 1, Entry 9: 3,5-dichloroaniline:HBPin. 

 

* PinBOBPin 
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Figure AVII41. 1H NMR, Table 1, Entry 10: Et2NH:HBPin. 
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Figure AVII42. 11B NMR, Table 1, Entry 10: Et2NH:HBPin. 

 

* PinBOBPin 
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Figure AVII43. 1H NMR, Table 1, Entry 11: iPr2NH:HBPin. 
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Figure AVII44. 11B NMR, Table 1, Entry 11: iPr2NH:HBPin. 

 

* PinBOBPin 
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Figure AVII45. 1H NMR, Table 1, Entry 12: Cy2NH:HBPin. 
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Figure AVII46. 11B NMR, Table 1, Entry 12: Cy2NH:HBPin. 

 

* PinBOBPin 
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Figure AVII47. 1H NMR, Table 1, Entry 13: Ph2NH:HBPin. 
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Figure AVII48. 11B NMR, Table 1, Entry 13: Ph2NH:HBPin. 

 

* PinBOBPin 
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Figure AVII49. 1H NMR, Table 1, Entry 15: NH3:HBPin. Excess NH3. 

 

* {JSnH}4 

 

  

* * * * * 
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Figure AVII50. 13C NMR, Table 1, Entry 15: NH3:HBPin. 
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Figure AVII51. 11B NMR, Table 1, Entry 15: NH3:HBPin. 

 

* PinBOBPin 
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Figure AVII52. 1H NMR, Table 1, Entry 16: PinNH2:HBPin. Excess HBPin. 
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Figure AVII53. 11B NMR, Table 1, Entry 16: PinNH2:HBPin. Excess HBPin. 

 

* PinBOBPin 
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Figure AVII54. 13C NMR, Table 1, Entry 16: PinNH2:HBPin. 
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Supporting Information for Chapter 9: N-N Double Bond Cleavage 

and Azobenzene Rearrangement with C-C Bond Formation Induced 

by a Germylene 

 

Figure AVIII1. 1H NMR Spectrum of 1a (400 MHz, C6D6, 298K)--------------------------------------305                                                                                                     

Figure AVIII2. 13C{1H} NMR Spectrum of 1b (126 MHz, C6D6, 298K)-------------------------------306 

Figure AVIII3. 1H NMR Spectrum of 1b (400 MHz, C6D6, 298K)--------------------------------------307                                                                                                           

Figure AVIII4. 13C{1H} NMR Spectrum of 1b (126 MHz, C6D6, 298K)-------------------------------308                                                                                                     

Figure AVIII5. 1H NMR Spectrum of the Reaction of Ge(ArMe6)2 with Azobenzene.----------------309 

Figure AVIII6. 1H NMR Spectrum of a product of the decomposition of Ge(ArMe6)2.----------------310 
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Figure AVIII1. 1H NMR Spectrum of 1a (400 MHz, C6D6, 298K) 

 

 

 *2.1ppm residual toluene from single crystal.  
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Figure AVIII2. 13C{1H} NMR Spectrum of 1b (126 MHz, C6D6, 298K) 

 

 

 

 

 

 

 

 

 

 

 



307 
 

 

Figure AVIII3. 1H NMR Spectrum of 1b (400 MHz, C6D6, 298K) 
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Figure AVIII4. 13C{1H} NMR Spectrum of 1b (126 MHz, C6D6, 298K) 
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Figure AVIII5 1H NMR Spectrum of the Reaction of Ge(ArMe6)2 with Azobenzene (400 MHz, C6D6, 

298K) 

 

*= 1b  

1a:1b has a ratio of  8:1 
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Figure AVIII6. 1H NMR Spectrum of a product of the decomposition of Ge(ArMe6)2 (400 MHz, C6D6, 

298K) 
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Figure AVIII7. Illustration of the structure of 1a and 1b co-crystallized with ether. 

 

The molecule appears to be in the space group P1 because only one of the molecules is disordered 

with two different ligands and is also racemically twinned about 10% of the time.  
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Figure AVIII8. Illustration of product of the decomposition of Ge(ArMe6)2 

 

 

A detailed discussion of bond lengths and angles of this structure is not included due to the poor 

quality of the obtained crystals. Nevertheless, the connectivity could be easily established. 

Table AVIII1. Selected X-ray Crystallographic Data for 1a and 1b 
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Compound         1a                       1b 

Formula weight, gmol-1 C67 H68 Ge N2 C120 H120 Ge2 N4 

T (K) / l (Å) 190(2) K/0.71073 Å 90(2) K/0.71073 Å 

Crystal system Monoclinic Monoclinic 

Space group / Z P21/c P21/c 

a, Å 20.4815(6) Å 23.9089(7) Å 

b, Å 12.2472(3) Å  18.9706(6) Å 

c, Å 21.1132(5) Å 20.9483(6) Å 

α, ° 90° 90° 

β, ° 93.8024(11)°. 92.5214(18)°. 

γ, ° 90° 90° 

V, Å3 5284.4(2) Å3 9492.2(5) Å3 

 mg m −3 1.224 Mg/m3 1.234 Mg/m3 

Abs. coeff., mm−1 0.623 mm-1 0.687 mm-1 

F(000) 2064 3728 

Crystal size, mm3 
0.366 x 0.320 x 0.279 mm3 0.763 x 0.317 x 0.276 mm3 

θ range, ° 2.137 to 30.528°. 1.659 to 27.503°. 

Reflns collected 53524 73508 

Ind. reflns 16137  21762 

R(int) 0.0192 0.0504 

Obs. reflns [I > 2σ(I)] 13713 14870 

Completeness to 2θ 99.9% 100.0 % 

Goodness-of-fit F2 1.035 1.013 

Final R [I > 2σ(I)] R1 = 0.0318, wR2 = 0.0851 R1 = 0.0461, wR2 = 0.1042 

R (all data) R1 = 0.0397, wR2 = 0.0886 R1 = 0.0800, wR2 = 0.1185 

 




