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Abstract 

This thesis comprises of the synthesis and characterization of the bis(N-heterocyclic imine)-

stabilized chlorotetrylenes and their reactivity towards various reagents. This led to the synthesis 

of tetrylene-tetrylone-iron complexes, Li/Sn/Fe trimetallic complex, and bis(imino)tetrylenes. 

Moreover, the synthesis and reactivity of a novel three-coordinate bis(imino)germanone was 

described. Initial application of the bis(N-heterocyclic imine)-stabilized binuclear tin(II) cations in 

the catalytic hydroboration of carbonyls demonstrates their potential as alternatives to expensive 

transition-metals. In addition, a novel stannylenoid was isolated by using a bulky amido ligand.  

Kurzusammenfassung 

Diese Dissertation umfasst die Synthese und Charakterisierung der Bis(N-heterocyclischen Imin)-

stabilisierten Chlorotetrylenen und ihre Reaktivität mit verschiedenen Reagenzien. Dies führte zur 

Synthese von Tetrylen-Tetrylon-Eisen-Komplexen, Li/Sn/Fe-Trimetallkomplexen und 

Bis(imino)tetrylenen. Darüber hinaus wurde die Synthese und Reaktivität eines neuen dreifach 

koordinierten Bis(imino)germanons beschrieben. Erste Anwendung der Bis(N-heterocyclischen 

Imin)-stabilisierten zweikernigen Zinn(II)-kationen in der katalytischen Hydroborierung von 

Carbonylen demonstriert ihr Potenzial als Alternative zu teuren Übergangsmetallen. Außerdem 

wurde ein neuartiges Stannylenoid unter Verwendung eines sterisch anspruchsvollen 

Amidoliganden isoliert. 
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1. Introduction 

One of the fundamental interests in chemistry is to understand the similarities and differences of 

the elements/compounds, particularly comparing those in the same periodic group. Carbon (C), 

silicon (Si), germanium (Ge), tin (Sn), and lead (Pb) belong to Group 14 in the periodic table. 

Carbon dioxide (CO2) possesses two C=O double bonds and is a monomeric gaseous material. In 

contrast, silicon dioxide (SiO2) is a solid material, and consists of polymeric Si–O single bond 

frameworks. Furthermore, upon comparison of methane (CH4) and silane (SiH4): silane 

decomposes explosively upon contact with air whilst methane is stable. This indicates that the 

properties of carbon and its heavier homologue silicon diverge drastically: the electronegativity 

(Pauling electronegativity scale) decreases from 2.55 to 1.90, silicon is more polarizable, and its 

atomic radius is significantly increased (C: 0.70 Å, Si: 1.10 Å).[1]  

Low-coordinate compounds of carbon play an integral role in chemistry and have been the subject 

of intense study for nearly 200 years. However, the first low-coordinate compound of silicon 

(disilene) was reported on in 1981. Since the isolation of Lappert’s stannylene (Sn[N(SiMe3)2]2),[2] 

and West’s disilene (Mes2Si=SiMes2, Mes = 2,4,6-Me3C6H2),[3] followed by the isolation of P=P 

and Si=C containing complexes by Yoshifuji[4] and Brook[5], respectively. These reports disproved 

the so-called “double-bond rule”[6], which relates to the supposed inability of elements (principal 

quantum number ≥3) to form multiple bonds.[7] Using kinetic and/or thermodynamic stabilization 

has provided access to various low-coordinate species (Figure 1). Heavier element analogues of 

low-coordinate organic compounds have fascinated chemists both in the field of organic and 

inorganic chemistry because they often have unique chemical features.[8,9] 

 

Figure 1. Overview of low-coordinate carbon and its heavier analogues (E = Si, Ge, Sn, Pb; R or 

L = supporting ligand). 

Low-valent main group compounds have shown their ability to mimic transition-metals in the 

activation of small molecules and cleavage of strong σ-bonds under mild conditions.[10] In 2005, 
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Power and coworkers reported that the “digermyne” ArTippGe≡GeArTipp (ArTipp = 2,6-Tipp2-C6H3, 

Tipp = 2,4,6-tri-iso-propyl3-C6H2) reacts directly with H2 in hexane at room temperature at 

atmospheric pressure to yield the mixture of a “digermene (ArTipp(H)Ge=Ge(H)ArTipp)”, a 

digermane (ArTipp(H)2Ge−Ge(H)2ArTipp), and a primary germane (ArTippGeH3).[11] Computational 

studies revealed that this was possible through synergistic interaction of its frontier orbitals with 

H2, which is analogous reactivity to that observed for transition-metals.[12] Electron donation from 

the s-orbital of H2 into the LUMO of the Ge species as well as a synergic electron donation from 

the π-HOMO orbital of ArTippGe≡GeArTipp into the σ*-orbital of H2 weakens the H−H bond, 

reminiscent of interactions between H2 and a transition-metal complex (Figure 2). Small molecule 

activation with singlet tetrylenes, in which the main group element possesses a lone pair of 

electrons and a vacant p-orbital, also show similar reactivity to transition-metals and multiply 

bonded main group species.[13, 14] 

 

Figure 2. Frontier orbital interactions of H2 with transition-metals (TMs) (A), carbenes and its 

heavier congeners (tetrylenes) (B), as well as multiply bonded main group compounds (C).  

In catalysis, main group compounds also exhibit transition-metals-like behavior.[15] Different with 

transition-metals, low-valent main group species tend to form relatively stable addition products 

(Figure 3).[9] In 2009, Power and coworkers showed the reversible reactions of ethylene with 

distannynes (AriPrSn≡SnAriPr, AriPr = C6H3-2,6-(C6H3-2,6-iPr2)2 or C6H-2,6-(C6H2-2,4,6-iPr3)2-3,5-

iPr2) under ambient conditions.[16] Moreover, in 2019, Fritz-Langhals revealed the Si(II) cation 

(Cp*Si:+[BArF
4]-) to be an active catalyst in the hydrosilylation of terminal olefins with a variety 

of silanes or siloxanes yielding the anti-Markovnikov products as well as internal olefins and 

terminal alkynes.[17] The suggested mechanism is outlined in Figure 3. 
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Figure 3. Catalytic cycle for the functionalization of small molecules (left). E = main group 

elements; n = oxidation state; X = small molecules; Y = reagents; Proposed mechanism for the 

hydrosilylation catalyzed by Cp*Si+[BArF
4]- (right). 

 

2. Low-Coordinate Group 14 Compounds  

2.1 N-Heterocyclic Carbenes (NHCs) 

Carbenes are neutral compounds featuring a divalent carbon atom with only six electrons in its 

valence shell.[18] Methylene, which is referred to as the simplest parent carbene with the chemical 

formula H2C:, possesses a triplet ground state with singlet-triplet energy separation (ES-T = 

Etriplet−Esinglet) of -14.0 kcal mol-1. As for triplet carbenes, two nonbonding electrons are in the two 

different orbitals with parallel spins, which are regarded as diradicals (Figure 4, left).  

 

Figure 4. Electronic structures of the triplet carbene and the singlet carbene. 

On the other hand, singlet carbenes have the paired electrons located in the sp2 orbital due to the 

lower energy level of sp2-orbital than pπ-orbital (Figure 4, right). Generally, electron-withdrawing 

groups increase the s-character of the carbon lone pair via inductive effects. In combination with 

π-donor properties, e.g. as being the case for nitrogen-, phosphorous- or sulphur-based ligands, the 
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empty p-orbital at the carbon center becomes partially occupied, thereby reducing the Lewis acidity 

of the respective carbenes (Figure 5, left). On the other hand, kinetic stabilization can be achieved 

by introducing sterically demanding ligands (Figure 5, right). 

 

Figure 5. Orbital interactions for stabilization via intramolecular electron donation and steric 

protection of the empty p-orbital. 

Although carbenes were elusive species for decades, they were efficiently generated in situ and 

used in multiple organic transformations and transition-metal mediated reactions (such as Fischer 

and Schrock carbenes).[19] Among them, N-heterocyclic carbenes (NHCs) represent the most 

important and investigated class of compound, widely used as ligands in transition-metal chemistry 

and catalysis, in f-block element chemistry, as organo-catalysts, and beyond.[20] In 1968, Öfele 

reported the application of the N-heterocyclic carbene as a ligand for chromium complex L1 

(Figure 6).[21] Within the same year, Wanzlick and Schönherr described the direct synthesis of a 

mercury salt-carbene complex L2.[22] Eventually, Bertrand and coworkers reported the isolation of 

phosphinocarbene L3 in 1988,[23] and Arduengo et al. published the first stable crystalline N-

heterocyclic carbene L4 in 1991.[24] Initially regarded as laboratory curiosities, stable carbenes, 

constitute a booming field of research in organic,[25] main group element chemistry,[26] transition-

metal homogeneous catalysis,[27] and medicinal applications of NHC-metal complexes.[28] There 

are many types of stable carbenes isolated in the solid state. In all cases, stabilization is provided 

with a heteroatom directly attached to the ylidene center or communicating with it through the 

cyclic aromatic system in combination with steric shielding. 
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Figure 6. Selected early carbene transition-metal complexes and isolable carbenes. 

In main group element and transition-metal chemistry, NHCs proved to be an effective tool for the 

stabilization of low-coordinate elements in different oxidation states, which are difficult to access 

using alternative approaches. This provided wide opportunities to not only characterize and gain 

insights into the bonding of these reactive species, but also to explore their unique reactivity and 

their potential in synthesis and catalysis. 

Electronic structures of NHCs have been discussed in depth. The σ-electron-withdrawing and π-

electron-donating effects of N atoms within the ring of NHCs (Figure 7, left) decrease the HOMO 

and increase the LUMO energies, thus increasing the energy gap between the singlet and triplet 

ground states. This suggests that the properties of NHCs are very different from other classes of 

carbenes. However, in cyclic (alkyl)(amino)carbenes (CAACs), one N atom adjacent to the carbene 

atom is replaced by a σ-donor carbon, decreasing the HOMO−LUMO as well as the singlet-triplet 

gap (Figure 7, right).[29] 

 

Figure 7. Representation of electronic effects in NHCs and CAACs. 

The best-known example of NHC applications is the development of the ruthenium-based Grubb’s 

olefin metathesis catalysts: Grubb’s 1st generation catalyst L5[30] offers simpler handling and higher 

compatibility with functional groups of substrates compared than previous transition-metal 

catalysts (Figure 8). However, this phosphine complex suffers low thermal stability which arises 

from its weak P−C bond. Herrmann and coworkers substituted the phosphine with two NHC ligands, 
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and a similar catalytic reactivity was observed but with improved stability and more potential for 

modification (Figure 8, middle).[31] 

 

Figure 8. Structures of First-generation Grubb’s catalyst L5 and Second-generation Grubb’s 

catalyst L6, as well as proposed mechanism of transition-metal alkene metathesis. 

Extensive studies revealed that the activation of First-generation Grubb’s catalyst in olefin 

metathesis relies on the phosphine dissociation progress from the ruthenium. Later in 1999, inspired 

by earlier insightful studies conducted by Herrmann et al., the Second-generation Grubb’s catalyst 

L6[32] substituted one phosphine with one NHC ligand. The stronger σ-donating and weaker π-

accepting properties of the NHC ligand render their binding stronger to the metal center and results 

in a significant improvement in air and moisture stability. Furthermore, the increased σ-donor 

character of the NHC ligand enhances the affinity of olefin substrates to the ruthenium center, as 

well as it may aid in the dissociation of the phosphine ligand, leading to improved catalytic ability. 

 

2.2 N-Heterocyclic Imines (NHIs) 

A different type of ligand used in low-valent main group chemistry is the variant of the well-

established NHC ligands, such as N-heterocyclic imines (NHIs)[33] and N-heterocyclic olefins 

(NHOs).[34] The NHI ligands with a lone pair of electrons at the exocyclic nitrogen atom are strong 

electron donors (2σ+4π) (Figure 9). They are the ideal candidates to stabilize the electron-deficient 

low-valent element centers. The steric demand is adjustable via modification of the wingtips in the 

imidazoline moiety with the ability to delocalize a positive charge within this ring being an 

additional advantage of NHIs over amine ligands. 
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Figure 9. Selected N-donor ligands and the related N-heterocyclic olefins (R = organyl or H). 

Due to the presence of the nominally vacant pπ-orbital, NHCs still possess some π-accepting ability, 

which may vary significantly depending on the carbene structure. Thus, dependent on the element 

E and its coordination number, NHC adducts with main group elements possess either single dative 

covalent CNHC−E bonds (π-back-donation from E is negligible or absent) or double bonds. The π-

back-donation ability of E and the π-accepting property of the used NHC determine the relative 

contributions of the possible resonance Lewis structures. The classical C=E double bonds are often 

formed by lighter elements such as C, N and O. The varying nature of these bonds can generally 

be presented by the ylene structure with a CNHC−E double bond (A, E = N, Figure 10), and by the 

ylide resonance structure with two formal anionic charges at the E atom and positive charge 

delocalized over the heterocycle (B, E = N, Figure 10). For heavier elements, a decreased tendency 

towards hybridization leads to increased contribution of the ylide resonance structure when 

descending the group in the periodic table. NHI-metal complexes (Ⅰ) may exhibit significant 

metalla-2-aza-allene (Ⅱ) or metalimide (Ⅲ) character (Figure 10). 

 

Figure 10. Selected resonance structures for NHI ligands, as well as a model complex with M+ (R 

= substituted group). 
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The NHI ligands were introduced to the chemical community by the Kuhn group in 1995.[35] Today 

the NHI ligand is an efficient tool for the thermodynamic stabilization of electron-poor species in 

the modern main group chemistry. For example, in 2012, Bertrand and Dielmann et al. reported on 

the synthesis of a bis(NHI)phosphinonitrene L9,[36] which is stable at room temperature in solution 

and can also be isolated in the solid state (Figure 11). The bonding between phosphorus and 

nitrogen is analogous to that observed for metallonitrenes. L9 reacts with isopropyl isocyanide 

(iPrNC), affording carbodiimide L10. Addition of isopropyltriflate (iPrOTf) completes the nitrogen 

atom transfer synthetic cycle, giving back the starting phosphenium salt L7 and a mixture of 

cyanamide L11 and carbodiimide L12. 

 

Figure 11. Synthesis of the phosphinonitrene L9, and its reaction with isopropyl isocyanide (iPrNC) 

to afford cyanamide L11 and carbodiimide L12. 

More recently, Aldridge and coworkers described the isolation and structural characterization of a 

rare singly protonated carbonyl mono-cation L16 and the first example of a doubly protonated 

carbonyl dication (superelectrophile) L17 by successive protonation of an NHI-derived carbonyl 

species L15 (Figure 12).[37] The isolation of these compounds has been attributed to the strongly 

donating and sterically demanding nature of the NHI ligands. 
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Figure 12. Synthesis of the NHI-substituted carbonyl species L15 and its protonation. 

 

2.3 Tetrylenes 

In contrast to the triplet parent carbene H2C: (methylene), a parent heavier Group 14 element 

congener of carbene, H2E: (E = Si, Ge, Sn, Pb), possesses a singlet ground state.[38] The ES-T values 

of H2Si:, H2Ge:, H2Sn:, and H2Pb: are found to be 16.7, 21.8, 24.8, and 34.8 kcal mol-1 (Table 1), 

respectively, which are sharp contrast to methylene H2C: (ES-T = -14.0 kcal mol-1).[39] In addition, 

the H–E–H bond angle steadily decreases with increasing atomic number of the tetrel atoms (H2Si: 

92.7o, H2Ge: 91.5o, H2Sn: 91.1o, and H2Pb: 90.5o) demonstrating the trend of the increased s-orbital 

character of the lone pair in singlet H2E: as the Group 14 element becomes heavier. The tetrylenes, 

R2E: have the central atom of the oxidation state +II and their stability increases as the principal 

quantum number (n) increases due to the inert pair effect. Because tetrylenes have both a vacant 

orbital and a lone pair of electrons, they can act as Lewis acids and Lewis bases (ambiphilic 

character). 
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Table 1. Electronic features of tetrylenes (ground state). 

H2E: H2C: H2Si: H2Ge: H2Sn: H2Pb: 

ΔES-T (kcal mol-1) -14.0 16.7 21.8 24.8 34.8 

∡H–E–H (o) 134.0  92.7 91.5 91.1 90.5 

 

Tetrylenes have been widely investigated since the seminal reports on [(TMS)2N]2E (E = Ge, Sn, 

Pb): L19-21,[2] [(TMS)2CH]2E (E = Ge, Sn, Pb): L22-24[40] and Cp*2E (E = Si, Ge, Sn, Pb): L25-

28,[41] prepared by Lappert and Jutzi et al., respectively (Figure 13). In terms of silicon, West et al. 

found that [(TMS)2N]2Si: L18,[42] although stable at low temperatures in solution, undergoes rapid 

decomposition above ∼0 °C. It is noteworthy to add that [(TMS)2CH]2Sn: L23[40b] exists as a dimer 

[(TMS)2CH]2Sn=Sn[CH(TMS)2]2 [Sn–Sn bond length: 2.764(2) Å] in the solid state. A milestone 

in the chemistry of carbocyclic tetrylenes was reached by Kira and coworkers with the isolation of 

the dialkyl-substituted tetrylenes L29-31.[43] In 1982, Veith and Grosser synthesized a series of 

cyclic tetrylenes L32-34.[44] The group of Lappert reported the silylene L35,[45] the first N-

heterocyclic silylene (NHSi) containing a phenyl ring in the backbone (conjugated π-framework). 

In 2019, Khan and Pati et al. reported the N‑heterocyclic germylene L36 and stannylene L37 

catalyzed cyanosilylation and hydroboration of aldehydes.[46] 

 

Figure 13. Literature known examples of tetrylenes. 

The mechanistic pathway of the hydroboration proceeds via the formation of a donor-acceptor 

complex between HBpin and the catalyst followed by the attack of aldehydes (Figure 14). The 

catalytic activity of both the germanium and tin derivatives (L36’ and L37’) can be attributed to 

the higher Lewis acidity of Group 14 heavier congeners. 
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Figure 14. Catalytic cycle and proposed mechanism for the hydroboration of benzaldehyde using 

model catalyst L36’ or L37’. 

Several stable acyclic tetrylenes have been reported by taking advantage of bulky ligands. The 

isolation of thiolate-, boryl-, silyl-, and amido-substituted acyclic tetrylenes was successfully 

achieved by steric protection and/or electronic stabilization (Figure 15). Thanks to the smaller 

HOMO−LUMO gap relative to cyclic systems, the acyclic tetrylenes can activate small molecules 

(H2, CO2, NH3, P4, etc.).[47] The groups of Power and Tuononen found that silylene L38 reacts with 

ethylene or alkynes to afford the [1+2]-cycloaddition products.[48] The groups of Aldridge, Jones, 

Kaltsoyannis, and Mountford reported two thermally stable acyclic silylenes L39[49] and L40.[50] 

These silylenes undergo facile oxidative addition reactions with dihydrogen or with alkyl C−H 

bonds of the ligands, demonstrating fundamental modes of reactivity more characteristic of 

transition-metal systems. In 2016, the same groups isolated an acyclic di(amino)silylene L41 by 

using an extremely bulky boryl-amide ligand, thereby isolating di(amino)stannylene L42 and 

di(amino)plumbylene L43.[51] As for germanium, only the amidogermylene chloride was isolated 

from the reaction with approximately half of the starting materials remaining unreacted. Aldridge 
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and coworkers also reported on the development of a new class of strongly donating N-heterocyclic 

boryloxy (NHBO) ligands, isoelectronic with the well-known NHI ligands. Employment of this 

ligand enables the successful stabilization of the first two-coordinate acyclic dioxysilylene L44 

together with its heavier congeners L45-47.[52] 

 

Figure 15. Selected examples of two-coordinate acyclic tetrylenes. 

In 2019, Rivard et al. reported on the synthesis of a thermally stable, two-coordinate acyclic silylene 

L48,[53] supported by an NHO ligand and the strongly s-donating hypersilyl group. This compound 

exhibits high reactivity towards small molecules (e.g. MeOTf, HBpin, HSiCl3, P4, and tBuCN). 

Subsequently, they synthesized a complete di(vinyl)tetrylene series L49-52.[54] Similarly, in 2015, 

they reported on the synthesis of a two-coordinate acyclic germylene L53 supported by two bulky 

and electron donating NHI ligands.[55] However, their attempts to isolate the corresponding silylene 

[IPrN]2Si: INT-L54A led to the complex L55 via an unexpected ligand activation/rearrangement 

process involving N−C(aryl) bond cleavage within the NHI ligand (Figure 16). This transformation 

was also studied by computational methods. 



13 
 

 

Figure 16. Possible pathway for the formation of L55. 

Rivard and coworkers also reported that the reduction of a dimeric [NHOGeCl]2 species (NHO = 

[(MeCNDipp)2C=CH]−) did not give the expected acyclic RGeGeR analogue of an alkyne INT-

L56B, but rather ligand migration/disproportionation transpired to yield the known 

bis(imino)germylene R2Ge: L57 and Ge metal (Figure 17).[56] This process was examined 

computationally. They started with the assumption that the reduction of L56 would initially yield 

the cyclic Ge(I) dimer cyclic-Ge(μ-R)2Ge INT-L56A. A plausible isomer of INT-L56A would be 

the open digermylene form, acyclic-RGeGeR INT-L56B, which was computed to be only +3.8 

kcal mol−1 higher in energy. The digermavinylidene R2Ge=Ge: INT-L56D is formed via 1,2-ligand 

migration. Decomposition of R2Ge=Ge: into R2Ge: L57 and Ge(s) was predicted to be an 

exothermic process [ΔH = -33.9 kcal mol−1]. 
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Figure 17. Computed pathway for the formation of L57 from INT-L56A. 

Our group commenced work on main group element complexes of the imidazolin-2-iminato ligand 

a few years ago and described its complex with a Si(II) center in 2012 (L58, Figure 18).[57] We also 

reported the highly reactive acyclic silylene L59 stabilized by an NHI ligand.[58] It readily 

undergoes an intramolecular C=C insertion into its aromatic ligand framework, affording the room 

temperature stable silacycloheptatriene (silepin) L60. Moreover, variable temperature UV-vis 

measurements and DFT calculations were conducted and suggested thermally accessible 

interconversion between L59 and L60 at higher temperatures (e.g. 100 oC). This equilibrium was 

also evidenced by the isolation of a silylene-borane adduct upon addition of B(C6F5)3. Therefore, 

silepin L60 acts as a “masked” silylene and takes part in the H2 bond activation process. In addition, 

treatment of the analogue of L59 (with a supersilyl group) towards N2O led to the formation of 

imino-siloxy-silylene L61 via rearrangement of the proposed silanone intermediate.[59]  
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Figure 18. Examples of tetrylenes reported by our group. 

Reductive debromination of [(TMS)3Si](tBu3Si)SiBr2 with two molar equivalents of potassium 

graphite (KC8) at low temperatures results in the formation of tetrasilyldisilene L63, the isomer of 

(hypersilyl)(supersilyl)silylene L62.[60] An equilibrium between L62 and L63 in solution is 

suggested, and the disilene/silylene equilibrium mixture is capable of H2 activation at low 

temperatures. We also described the synthesis and electronic structures of germylene- and 

stannylene-phosphinidenes L64 and L65 stabilized by NHC at the phosphorus atom.[61] These 

compounds contain reactive P–E bonds (E = Ge, Sn), and allow access to zwitterionic heavier imine 

analogues, as demonstrated for the tin derivative. Notably, the latter (L65) showed higher catalytic 

activity in the hydroboration of aromatic aldehydes and ketones, drastically different to that of the 

germanium congener. Use of a silyl-supported stannylene L66 enables activation of white 

phosphorus (P4) under mild conditions, which is reversible under UV light.[62] 

 

2.4 Tetrylenoids 

Metal@MX complexes (M = alkali metal, X = leaving group) are common organometallic 

reagents.[63] For example, Luo and coworkers reported the rare-earth metal complexes L68,[64] 

L69,[65] and L70[66] bearing the bulky amido ancillary ligands (Figure 19). These complexes are 
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thermally stable at ambient temperature. In contrast, Group 14-element@MX complexes are 

relatively unstable and elusive. 

 

Figure 19. Selected examples of rare-earth-metal@LiCl complexes. 

As for main group elements, carbenoids with the formula R2CMX (M = alkali metal, X = leaving 

group) have attracted much attention owing to their unique reactivity.[67] In recent years, there have 

been important developments in the search for stable Li–Cl carbenoid species.  

In 1993, Boche and coworkers reported on the isolation of a lithium/halogen alkylidenecarbenoid 

L71,[68] which was stable up to -60 ºC (Figure 20). Later, Niecke and coworkers synthesized more 

stable phosphanylcarbenoid L72 stabilized by delocalization of the anionic charge over the π 

system.[69] Afterwards, they reported on the preparation of the phosphavinylidene carbenoid L73 

containing a P(III) atom,[70] which decomposed on warming to room temperature. In 2007, Le Floch 

and coworkers isolated the first example of room temperature stable carbenoid L74 by chlorination 

of the corresponding dianion by mild oxidation of stable geminal dianions.[71] 

 

Figure 20. Examples of reported carbenoids. 

In sharp contrast, heavier analogues of carbenoids, that are tetrylenoids with the general formula 

R2EMX (E = Si, Ge, Sn, Pb; M = alkali metal, X = leaving group), have been studied only 

marginally. Dependent on the property of the leaving group, the high ambiphilic character ascribed 

to tetrylenoids is exhibited when X is a good leaving group, such as halide, alkoxide, etc.; the 

compound acts as a typical metallyl anion when X is a poor leaving group, e.g. organyl, amide. 
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Like carbenoids, the isolation of tetrylenoids is hampered by their inherent instability leading to α-

elimination of MX or self-condensation (Figure 21). 

 

Figure 21. Interconversion between tetrylenoids and tetrylenes. 

The pioneering work of silylenoids was performed by Tamao and coworkers.[72] In 1997, they 

investigated the alkoxyl-substituted silylenoid (tBuO)Ph2SiLi L75 (Figure 22),[73] which underwent 

bimolecular self-condensation at 0 ºC. In 1999, they also studied the intramolecular amine-

stabilized silylenoild L76.[72] Within the same year, lithium/halogen silylenoid Tbt(Dipp)Si@LiBr 

L77 was generated by the reduction of the dibromosilane with lithium naphthalide reported by 

Tokitoh and coworkers.[74] In 2004, Lee and coworkers have been widely investigated the reactivity 

of metal/halogen silylenoids (M = Li, K; Hal. = Cl, Br) L78.[75] 

 

Figure 22. Selected examples of reported silylenoids. 

The field of the heavier Group 14 element congeners (e.g. Ge, Sn) remains largely unexplored 

mainly due to the increased stability of the divalent Ge(II) and Sn(II) atom in comparison to the 

lighter congeners. As a consequence, the elimination of metal halide from the high-coordinate 

germanium or tin center is strongly favored. In 1996, Ando and Ohtaki described the synthesis of 

a trisyl-substituted chlorogermylenoid L79,[76] however, the molecular structure of this compound 

in the solid state was not reported (Figure 23). In 2016, Sasamori and coworkers successfully 

synthesized the chlorogermylenoid L80 that was studied by X-ray crystallography.[77] 
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Figure 23. Examples of reported germylenoids and stannylenoids. 

As for the stannylenoids, in 1987, Cowley and coworkers reported the silyl-substituted 

stannylenoid L81.[78] With the help of crown ethers, stannylenoids L82[79] and L83[80] were isolated 

and characterized by X-ray crystallography. In 2016, we reported a rare example of a lithium 

stannylenoid L84 prepared by using an imidazolin-2-iminato ligand and verified the high 

stannylenoid character of this compound by demonstrating its ambiphilic reactivity.[81] 

 

2.5 Tetryliumylidenes 

Tetryliumylidene ions are E(II) cations of the type [R−E:]+ (E = Si, Ge, Sn, Pb), and can be 

considered to be related to both tetrylenes, R2E:, and tetrylium ions, [R3E]+ (Figure 24).[82] They 

possess only four valence electrons, two as a localized lone pair, and two degenerate vacant p-

orbitals on the E center (Figure 24). No mono-coordinate tetryliumylidene ions have been isolated 

in the condensed phase, although the parent [H−E:]+ ion has been observed experimentally as a 

short-lived intermediate in the gas phase and has been observed spectroscopically in astrochemical 

processes. 
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Figure 24. Electronic structures of tetryliun ions, tetrylenes, and tetryliumylidenes (E = Si, Ge, Sn, 

Pb; R = supporting ligand). 

To date, donor stabilization has been required for the isolation of tetryliumylidene ions in the 

laboratory. In 1979, the first reported stannyliumylidene ion [Cp*Sn][BF4] L85 came from Jutzi 

and coworkers (Figure 25).[83] The penta-coordinate compound L85 relies on the delocalized 

electronic structure of the SnC5 skeleton for stabilization and required a very weakly coordinating 

anion (WCA) for successful isolation. In 1990, the Sn(II) complex, [2.2.2]-paracyclophane L86 

was reported by Schmidbaur and coworkers.[84] Notably, the compound was embedded with 

threefold internal η6-coordination. Later, several groups have stabilized low-valent Sn(II) centered 

cations by employing various mono-anionic bulky N-donor ligands, such as aminotroponiminato 

L87[85] and β-diketiminato L88.[86] In 2012, Jones and Krossing et al. synthesized the quasimono 

coordinate Sn(II) cation L89 by using a bulky amido ligand, which are intramolecularly stabilized 

by weak η2-arene interactions.[87] Within the same year, the groups of Baines and Macdonald 

published the crown ethers and cryptand complexes of Sn[OTf]+, (L90)[88] and SnX+ (X = Cl, Br, 

I; L91).[89] In 2013, Fischer and Flock et al. isolated the Sn(II) cation L92 stabilized by a 2,6-

diaminopyridine ligand.[90] Jambor and coworkers prepared the cationic complex L93 using a 

neutral chelating ligand.[91] Moreover, the synthesis of a [L→SnCl]+ structure L94 has been isolated 

as a dimer by employing hexaphenylcarbodiphosphorane as a neutral monodentate ligand, able to 

donate two electron pairs.[92] More recently, the pseudo-one-coordinated Sn(II) cation L95 

stabilized by a bulky carbazolyl ligand was reported by Hinz.[93] 
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Figure 25. Selected examples of reported tin(II) cations. 

Recently, our group has described a variety of NHC- or NHI-stabilized tetryliumylidenes [R−E:]+ 

(E = Si,[94] Ge,[95] Sn[96]). We have shown the synthesis of a cyclic Ge(II) cation L96,[97] and tin(II) 

cation L97[98] from the corresponding amino(imino)tetrylenes (Figure 26). Moreover, the imino 

ligand can also be implemented in the isolation of the triflate-bridged germanium complex L98,[99] 

which has significant bis(germyliumylidene) dication character. Bis(NHC)-stabilized bulky aryl-

substituted tetryliumylidenes L99[100] and L100,[101] of general formula [Ar−E(NHC)2]+X- (Ar = 

aryl group; E = Si, Ge; X = Cl-, [BArF
4]-), represent the most suitable candidates for fulfilling the 

desired electronic features to enable versatile small molecule activation (such as CO2,[102] N2O,[101] 

H2O,[103] etc.). In addition, by using the ethylene-bridged bidentate bis(NHI) ligand towards the 

complexation of ECl2·(donor) (E = Si, Ge, Sn; donor = NHC or dioxane, etc.), the synthesis of the 

bis(NHI)-stabilized chlorotetryliumylidenes L101-103 were achieved recently.[96a, 104] 
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Figure 26. Examples of tetryliumylidene ions reported by our group. 

 

2.6 Tetrylones 

It has been shown that there is a class of organic compounds with the general formula EL2 (E = Si, 

Ge, Sn, Pb), in which the tetrel atom retains its four valence electrons as two lone pairs of electrons, 

and in which the tetrel atom is bonded to the ligands L through donor-acceptor interactions 

(L→E←L).[105] The term “tetrylone” has been suggested for these compounds because they possess 

a different bonding situation than tetrylenes R2E:, which have only one lone pair of electrons and 

two electron-sharing bonds E–R.[106] 

2.6.1 Multinuclear zero-valent Group 14 element complexes  

Over the past two decades, the isolation and reactivity of tetrylones has garnered much attention.[107] 

The synthesis of the tristannaallene L104 by Wiberg et al. in 1999 could be described as the first 

example of a heavier tetrylone (Figure 27).[108] In 2005, Kira and coworkers reported on the 

synthesis of the thermally stable, crystalline trisilaallene L105,[109] and trigermaallene L106.[110] In 

2008, utilizing a bulky NHC as strong σ-donor, Robinson and coworkers successfully isolated the 

first NHC-stabilized diatomic zero-valent silicon compound L107 with a lone pair of electrons on 

each silicon atom, representing a landmark and paving the way for zero-valent silicon chemistry.[111] 

One year later, the germanium and tin analogues of this compound (L108[112] and L109[113]) were 

reported by the groups of Jones, Stasch, and Frenking. In 2013, the first sila-, and germa-dicarbene 

complexes L110[114] and L111[115] were reported by Roesky, Stalke, and Frenking et al. In 2014, 

Roesky et al. also reported the CAAC-supported dinuclear Si species L112,[116] comprising a Si=Si 

bond. In the same year, by taking a similar synthetic strategy, the first NHSi-stabilized dinuclear 

Ge(0) complex L113 was isolated by the So group.[117] In 2016, a triatomic Si(0) cluster L114 

stabilized by a CAAC ligand was synthesized by Mondal, Dittrich, Frenking, and Roesky et al.[118] 
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Within the same year, a simple monomeric digermavinylidene compound, (boryl)2Ge=Ge: (L115, 

boryl = (HCDippN)2B), was synthesized by Aldridge and coworkers.[119] 

 

Figure 27. Selected examples of reported multinuclear zero-valent Group 14 compounds. 

2.6.2 Mononuclear zero-valent Group 14 element complexes 

In 2013, Driess and coworkers synthesized the first examples of cyclic silylone L116[120] and 

germylone L117[121] employing a chelating bis(NHC) ligand (Figure 28). Later, a coordination 

compound of Ge(0) L118 stabilized by a di(imino)pyridine ligand was reported by Nikonov and 

coworkers.[122] Employing a similar ligand, Flock and co-workers achieved the complex L119 

containing a tin atom in the oxidation state of zero.[90] In 2016, Kinjo and coworkers reported on 

the synthesis of a Ge(0) species L120 supported by a bidentate imino-N-heterocyclic carbene.[123] 

Within the same year, Saito and coworkers reported on the (η4‑butadiene)Sn(0) complexes L121 

and L122 that uses butadiene as a 4π-electron donor to stabilize zero-valent tin center.[124] In 2017, 

a 1,3-digerma-2-silaallene L123 incorporated into a five-membered ring system, was synthesized 

by Sasamori and Tokitoh.[125] In 2019, a novel Si(0) species L124 with a bis(NHC)-stabilized four-

membered Si ring was synthesized by Lips and coworkers.[126] In 2020, a Ge(0) compound L125 

stabilized by a di(imino)-carbene ligand was successfully prepared by the Nikonov group.[127] 
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Figure 28. Selected examples of monoatomic zero-valent Group 14 compounds. 

NHSis with strongly σ-donating nature have been widely utilized as powerful tools to stabilize 

zero-valent Group 14 elements.[128] In 2016, Driess and coworkers reported the 

bis(silylenyl)pyridine-stabilized germylone iron carbonyl complex L126 (Figure 29).[129] Utilizing 

the strongly donating bis(NHSi) ligands, they developed the bis(NHSi)-stabilized zero-valent 

silicon L127,[130] germanium L128,[131] and tin L129.[132] Very recently, utilizing the C,C’-

dicarborandiyl-substituted bis(NHSi) ligand, they also achieved the synthesis of the bis(NHSi)-

supported silylone L130[133] and germylone L131.[134] 

 

Figure 29. Examples of tetrylones reported by the Driess group. 
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2.7 Heavier Ketones  

Carbonyl compounds are one of the most important building blocks in organic synthetic chemistry, 

and its chemistry has been well-established. In contrast, the analogous compounds R2E=O (E = Si, 

Ge, Sn, Pb) have been much less explored. This is mainly because of the weaker and more polar 

E=O double bonds based on less effective sp-hybridization in the heavier E elements and the greater 

difference in the electronegativity between O and E atoms (Figure 30).[135] For example, silanones 

possess a highly reactive Si=O double bond, which tends to undergo rapid head-to-tail 

polymerization to form stable Si–O σ-bonds with no activation barrier.[136] Based on the 

thermodynamic and kinetic stabilization concept, some of stable heavier ketones (R2E=X) with a 

terminal heavier Group 16 element (X = S, Se, Te) have already been synthesized successfully and 

structurally characterized. Meanwhile, much effort has also been devoted to achieving heavier 

ketone homologues (R2E=O; E = Si, Ge, Sn, Pb) with a terminal oxygen atom.[137] 

 

Figure 30. Comparison of ketones and heavier ketones. 

At the beginning of the 20th century, organosilicon pioneer Frederic S. Kipping thought he had 

synthesized the first silanone, Ph2Si=O (Ph = phenyl),[138] but it turned out to be the polysiloxanes 

(R2SiO)n, one of the most important organic-inorganic hybrid polymers. Since then, the isolation 

of a truly monomeric silanone that is stable at room temperature has inspired generations of silicon 

chemists. However, the last three decades have witnessed several attempts to tame the polarized 

Si=O double bond by additional coordination to Lewis acids or bases, giving a variety of isolable 

donor-acceptor-[139] or donor-stabilized[140] complexes. The unique donor-acceptor stabilized 

silaformamide L132 was accessible by treating the six-membered NHSi with an equimolar amount 

of the water-borane adduct H2O@BCF (Figure 31).[141] Subsequent oxygenation with N2O or CO2 

selectively provided the four-coordinate silanoic ester derivative L133 via concomitant liberation 
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of gaseous N2 or CO.[142] Driess and coworkers also reported the NHC-stabilized silanone L134.[140] 

In addition, related cationic silanones and germanones, such as the NHC-stabilized sila-acylium 

ion L135[102] and germa-acylium ion L136[101] were synthesized by our group. 

 

Figure 31. Examples of reported compounds containing a Si=O bond, as well as the NHC-

stabilized germa-acylium ion L136. 

Some recent approaches to form a three coordinate silylone rely on the basic idea of kinetic and 

thermodynamic stabilization of the Si=O moiety by only two adjacent ligands. The isolation of the 

NHC-stabilized cationic chromiosilanone L137 bearing a three-coordinate silicon center was 

presented by Filippou and coworkers in 2014.[143] Iwamoto and Kira et al. investigated the synthesis 

of the cyclic donor-free dialkylsilanone L138 stable at -80 °C.[144] However, due to the insufficient 

kinetic and thermodynamic stabilization of the generated silanone, only the corresponding 1,3-

dioxadisiletane was observed. Moreover, Baceiredo, Kato and coworkers isolated the first cyclic 

three-coordinate silanones L139[145] and L140[146], which are stable at room temperature in the solid 

state. In 2019, Iwamoto et al. also synthesized the first room temperature stable, three-coordinate 
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dialkylsilanone L141 by the oxygenation of the corresponding silylene with N2O in quantitative 

yield.[147] 

For a long time, germanones and stannanones have often been postulated as reactive 

intermediates.[148] In fact, the first evidence for germanones was reported by Satgé and coworkers 

in 1971.[149] Since then, considerable efforts have been devoted to the isolation of germanones by 

the introduction of bulky protecting groups on the Ge atom.[150] For example, in 1995, Tokitoh et 

al. employed a sterically congested diarylgermylene L142 to prepare the diarylgermanone L143 

(Tbt)(Tipp)Ge=O (Tbt = 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl, Tipp = 2,4,6-

triisopropylphenyl), which is only moderately stable in solution at room temperature and undergoes 

intramolecular cyclization to form benzogermacyclobutenes L144 and L145 (Figure 32).[151] 

 

Figure 32. Formation of L144 and L145 via intramolecular cyclization of the possible intermediate 

L143. 

Furthermore, in 2001, Schmidbaur and coworkers described the mass spectrometric evidence for 

two diarylgermanones (Bisap)2Ge=O (Bisap = 2,6-bis(1-naphtyl)phenyl) and (Triph)2Ge=O (Triph 

= 2,4,6-triphenylphenyl), resulted from oxygenation of the corresponding diarylgermylenes with 

N2O.[152] Although the two compounds have been obtained as solids, their molecular structures have 

not been confirmed by X-ray diffraction analysis yet.  

As for the stannanones, in 1996, Schleyer et al. investigated the relative stability of R2Sn=O (R = 

H, CH3) by DFT pseudopotential calculations, which revealed that the formation of 

dimethylstannanone is unfavorable, and unsaturated species with double bonds between oxygen 

and tin are not likely to exist, whatever the substituents or conditions might be.[153] Despite the 

significant advances made in the field, the synthesis of stable germanones and stannanones is 

notoriously difficult and challenging.[154] 
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During the last decade, several germylenes have been synthesized and probed for their applicability 

in the synthesis of germanones. A breakthrough towards four-coordinate germanones was achieved 

by Driess and coworkers, stabilizing the Ge=O moiety using a Lewis base that coordinated to the 

electron-deficient Ge center to form a distorted geometry. For example, in 2009, they reported the 

facile synthesis and structural characterization of the first NHC-stabilized germanones L148 and 

L149, starting from the corresponding NHC-germylene precursors L146 and L147 through 

oxygenation with N2O (Figure 33).[155] 

 

Figure 33. Synthesis of the NHC-stabilized germanones L148 and L149. 

Two years later, they also reported on the synthesis of the first germanone-pyridine complex L151, 

which resulted from oxygenation of the DMAP-germylene precursor L150.[156] Furthermore, they 

also described the unexpected reactivity of L151 towards trimethylaluminum (AlMe3), which 

solely gives the adduct product L152 (Figure 34). 

 

Figure 34. Synthesis of the DMAP-stabilized germanone L151, and its addition reaction with 

AlMe3. 
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In 2012, Tamao et al. reported the first isolation of a “genuine” germanone L154 with the planar 

three-coordinate Ge atom and a terminal oxygen atom, which was stabilized by two rigid and bulky 

1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl (Eind) groups (Figure 35).[157] As expected, the 

resulted germanone L154 can be reduced by LiAlH4 and undergo addition reactions with diverse 

substrates (such as H2O, Me2CO, PhSiH3, CO2) to furnish the corresponding addition products 

L157-160. 

 

Figure 35. Synthesis and reacrivity of the first three-coordinate germanone L154. 

In 2019, Aldridge et al. reported on the synthesis of N-heterocyclic germylene L161 featuring two 

diazaborolyl groups, {(HCDippN)2B}, as the N-bound substituents (Figure 36).[158] The reactivity 

of L161 towards oxygen atom transfer agents was examined, with 2:1 reaction stoichiometries 

being observed for both Me3NO and pyridine N-oxide (pyO), leading to the formation of products 

L162 and L163 thought to be derived from the activation of the C–H bonds by a transient 

germanone. 
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Figure 36. Proposed mechanism for the reaction of L161 with Me3NO or pyridine N-oxide. 

In 2020, our group reported the first acceptor-free heavier germanium analogue of an acylium ion 

L165 (Figure 37).[101] The polarized terminal GeO bond in the germa-acylium ion L165 was utilized 

to activate CO2 and silane, with the former found to be an example of reversible activation of CO2, 

thus mimicking the behavior of transition-metal oxides. Furthermore, its transition-metal like 

nature is demonstrated as it was found to be an active catalyst in both CO2 hydrosilylation and 

reductive N-functionalization of amines using CO2 as the C1 source. Mechanistic studies were 

undertaken both experimentally and computationally, which revealed that the reaction proceeds via 

an NHC-siloxygermylene [(NHC)ArGe(OSiHPh2)] L166. 
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Figure 37. Synthesis of NHC-stabilized germa-acylium ion L165, as well as proposed mechanism 

for the germanium-catalyzed N-functionalization of amine with CO2. 

Compared with silanones and germanones, investigations on stable stannanones have been scarcely 

reported to date. The only experimental evidence for the existence of Sn=O double bond was 

obtained by Hahn and coworkers through the intramolecular trapping reaction in 2008.[159] They 

prepared a lutidine-linked bisstannylene ligand L168 with pincer topology, which is capable of 

binding and stabilizing Sn=O moiety to form isolable molecular complex L169 (Figure 38). Like 

the donor- and acceptor-stabilized silanones and germanones mentioned above, the divalent species 

L169 features a formal Sn=O subunit with the tin atom and the oxygen atom stabilized by Lewis 

bases and acids, respectively. 

 

Figure 38. Synthesis of the species L169 with a formal Sn=O subunit. 
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3. Scope of This Work 

Main group chemistry has been well developed in recent times, which has even garnered much 

attention from industry. As highlighted in the prior chapters, low-valent germanium and tin 

compounds can mimic transition-metals. Thus, this thesis aims to synthesize low-valent germanium 

and tin compounds, namely tetrylenes, tetrylenoids, tetrylones, and tetryliumylidenes. The study 

here is to understand the effect of different ligands on the stability and reactivity of the resulting 

complexes. A particular emphasis is laid on the activation of small molecules (H2, CO, CO2, N2O, 

NH3, etc.), as this is a fundamental elementary step in catalytic cycles. The obtained knowledge of 

how these low-valent species activate bonds can then be further applied towards catalysis (Figure 

39). 

 

Figure 39. Scope of this thesis on N-donor substituted low-valent germanium and tin compounds. 

Another major goal of this work is the isolation of a room temperature stable, three-coordinate 

germanone and stannanone by using NHI ligands. In contrast to the ubiquitous lighter homologous 

carbonyls, a donor and/or acceptor-free germanone or stannanone is still less explored. Particularly 

because of their high reactivity (decomposition or favorable polymerization), the synthesis of 

germanone and stannanone remains a challenge for main group chemists. A potential approach to 

gain access to these elusive species will be the oxygenation of the corresponding tetrylenes with 

various oxidizing agents, such as CO2, N2O, and Me3NO et al. (Figure 40, right). Isolation could 

be feasible with a suitable ligand framework that ensures adequate stabilization. Following the 

successful synthesis, a detailed reactivity study of the unique heavy ketones will be performed. 
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Similar with the sila-wittig reaction, it is possible to study the reactivity of germanones and 

stannanones in terms of germa- and stanna-wittig type reactions (Figure 40, left). At the beginning 

of the investigations, it will focus on the oxygen transfer reactions of the prepared germanones and 

stannanones. Based on this stage, it will attempt the catalytic oxygenation of organic substrates in 

the presence of oxidants. For example, the oxygen atom of E=O compounds can be transferred to 

alkene, alkyne, or other unsaturated compounds, resulting the either epoxides or heterocycle 

containing oxygen (Figure 40, right). In addition, it is also possible to oxidize other general organic 

molecules to produce the corresponding oxidation products in the presence of this catalytic system. 

 

Figure 40. Targeted synthetic approach for unprecedented acyclic, two-coordinate germanone or 

stannanone via oxygenation of the corresponding tetrylenes, and planned reactivity including a 

potential catalytic cycle. 

Overall, this work is intended to gain a deeper understanding of the chemistry of low-coordinate 

germanium and tin compounds. The fundamental differences and/or similarities between 

germanium/tin and its lighter congener carbon/silicon should be revealed, which could eventually 

facilitate the synthesis of novel compounds and applications in homocatalysis. Moreover, the 

potential of these low-coordinate germanium and tin compounds as mimics of transition-metal 

complexes will be further investigated. The knowledge obtained in this project could open new 
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avenues, which ideally make the development of novel catalytic processes with these low-

coordinate germanium and tin compounds. 
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4. An Isolable Three-Coordinate Germanone and Its Reactivity 

 

Title: An Isolable Three-Coordinate Germanone and Its Reactivity 

Status: Communication, published online September 16, 2021 

Journal: Chemistry - A European Journal, 2021, 27, 15914-15917.  

Publisher: John Wiley & Sons, Inc.  

DOI: 10.1002/chem.202102972 

Authors: Xuan-Xuan Zhao, Tibor Szilvási, Franziska Hanusch, Shigeyoshi Inoue* 

Content: 

A rare three-coordinate germanone [IPrN]2Ge=O (IPrN = bis(2,6-diisopropylphenyl)imidazolin-2-

imino) was successfully isolated. The germanone has a rather high thermal stability in arene solvent, 

and no detectable change was observed at 80 °C for at least one week. However, high thermal 

stability of [IPrN]2Ge=O does not prevent its reactivity toward small molecules. Structural analysis 

and initial reactivity studies revealed the highly polarized nature of the terminal Ge=O bond. 

Besides, the addition of phenylacetylene, as well as O-atom transfer with 2,6-dimethylphenyl 

isocyanide make it a mimic of nucleophilic transition-metal oxides. Mechanism for O-atom transfer 

reaction was investigated via DFT calculations, which revealed that the reaction proceeds via a 

[2+2]-cycloaddition intermediate. 

 
* X.-X. Zhao planned and executed all experiments including analysis and wrote the manuscript. F. 

Hanusch conducted all SC-XRD measurements and managed the processing of the respective data. 

T. Szilvási designed and performed the theoretical analysis and contributed to the manuscript. All 

work was performed under the supervision of S. Inoue. 
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5. Isolation and Reactivity of Tetrylene-Tetrylone-Iron Complexes Supported by Bis(N-

Heterocyclic Imine) Ligands 

 

Title: Isolation and Reactivity of Tetrylene-Tetrylone-Iron Complexes Supported by Bis(N-

Heterocyclic Imine) Ligands 

Status: Research Article, published online August 04, 2022 

Journal: Angewandte Chemie International Edition, 2022, e202208930.  

Publisher: John Wiley & Sons, Inc.  

DOI: 10.1002/anie.202208930 and 10.1002/ange.202208930 

Authors: Xuan-Xuan Zhao, Tibor Szilvási, Franziska Hanusch, John A. Kelly, Shiori Fujimori, 

Shigeyoshi Inoue* 

Content: 

The germanium iron carbonyl complex 3 was prepared by the reaction of dimeric 

chloro(imino)germylene [IPrNGeCl]2 (IPrN = bis(2,6-diisopropylphenyl)imidazolin-2-iminato) 

with one equivalent of Collman’s reagent (Na2Fe(CO)4) at room temperature. Similarly, reaction 

of the chloro(imino)stannylene [IPrNSnCl]2 with Na2Fe(CO)4 (1 eq.) resulted in the Fe(CO)4-

bridged bis(stannylene) complex 4 . We observed reversible manifestation of bis(tetrylene) and 

tetrylene-tetrylone character in complexes 3 vs. 5 and 4 vs. 6, which was supported by DFT 

calculations. Moreover, the Li/Sn/Fe trimetallic complex 12 has been isolated from the reaction of 

[IPrNSnCl]2 with cyclopentadienyl iron dicarbonyl anion. The computational analysis further 

rationalizes the reduction pathway from these chlorotetrylenes to the corresponding complexes. 

 
* X.-X. Zhao planned and executed all experiments including analysis and wrote the manuscript. F. 

Hanusch, J. A. Kelly, and S. Fujimori conducted all SC-XRD measurements and managed the 

processing of the respective data. T. Szilvási designed and performed the theoretical analysis and 

contributed to the manuscript. All work was performed under the supervision of S. Inoue. 
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6. N-Heterocyclic Imine-Stabilized Binuclear Tin(II) Cations: Synthesis, Reactivity, and 

Catalytic Application 

 

Title: N-Heterocyclic Imine-Stabilized Binuclear Tin(II) Cations: Synthesis, Reactivity, and 

Catalytic Application  

Status: Research Article, published online August 04, 2022 

Journal: Zeitschrift für Anorganische und Allgemeine Chemie, 2022, e202200220.  

Publisher: John Wiley & Sons, Inc.  

DOI: 10.1002/zaac.202200220 

Authors: Xuan-Xuan Zhao, John A. Kelly, Arseni Kostenko, Shiori Fujimori, Shigeyoshi Inoue* 

Content: 

The reaction of Cp*Sn[OTf] (Cp* = C5Me5; OTf = O3SCF3) with one equivalent of IPrNLi (IPrN 

= bis(2,6-diisopropylphenyl)imidazolin-2-iminato) resulted in the binuclear [OTf]-bridged tin 

complex 1. Similarly, the [BF4]-bridged bimetallic complex 2 was synthesized by the reaction of 

Cp*Sn[BF4] with IPrNLi (1 eq.). It was also possible to prepare 1 from 2 via an anion exchange 

reaction. The high-yield conversion of 2 into the binuclear iodostannylene [IPrNSnI]2 3 was 

accomplished by treatment with LiI. The catalytic potential of 1 and 2 was demonstrated in the 

hydroboration of carbonyls. 

 
* X.-X. Zhao planned and executed all experiments including analysis and wrote the manuscript. S. 

Fujimori conducted all SC-XRD measurements and managed the processing of the respective data. 

J. A. Kelly and A. Kostenko contributed to the manuscript. All work was performed under the 

supervision of S. Inoue. 
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7. Isolation and Reactivity of Stannylenoids Stabilized by Amido/Imino Ligands 

 

Title: Isolation and Reactivity of Stannylenoids Stabilized by Amido/Imino Ligands 

Status: Draft (Research Article) 

Authors: Xuan-Xuan Zhao, Shiori Fujimori, John A. Kelly, Shigeyoshi Inoue* 

Content: 

The reaction of the lithium aryl(silyl)amide Dipp(iPr3Si)NLi (Dipp = 2,6-iPr2C6H3) with one 

equivalent of SnCl2 in THF gave a novel stannylenoid 1. Heating up the solution of 1 in toluene at 

80 oC resulted in the dimeric amido(chloro)stannylene 2, which can be converted to the 

bis(amido)stannylene 3 and amido(imino)stannylene 4. Treatment of bis(imino)stannylenoid J with 

N2O resulted in the dimeric complex [IPrNSn(Cl)OLi]2 5 (IPrN = bis(2,6-

diisopropylphenyl)imidazolin-2-imino). All compounds were characterized by NMR, elementary 

analysis, and X-ray structural determination. 

 

 

 
* X.-X. Zhao planned and executed all experiments including analysis and wrote the manuscript. S. 

Fujimori conducted all SC-XRD measurements and managed the processing of the respective data. 

J. A. Kelly contributed to the manuscript. All work was performed under the supervision of S. 

Inoue. 
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8. Summary and Outlook 

N-heterocyclic imine (NHI) ligands may act as a 2σ- and either 2π- or 4π electron donors. Therefore, 

the imino group is an excellent choice for thermodynamic stabilization of electron-deficient species. 

Low-valent and low-oxidation state germanium and tin complexes have attracted much attention 

due to their unique electronic properties and reactivity. Recently, we have developed facile 

synthetic methods to stabilize low-coordinate Group 14 compounds using NHIs as supporting 

ligands. To expand this chemistry, this thesis presents low-coordinate germanium and tin 

compounds and its reactivity towards bond activation and catalysis.  

The germanium iron carbonyl complex 3 was prepared by the reaction of dimeric 

chloro(imino)germylene [IPrNGeCl]2 (IPrN = bis(2,6-diisopropylphenyl)imidazolin-2-iminato) 

with one equivalent of Collman’s reagent (Na2Fe(CO)4) at room temperature (Scheme 1). Similarly, 

the reaction of the chloro(imino)stannylene [IPrNSnCl]2 with Na2Fe(CO)4 (1 eq.) resulted in the 

Fe(CO)4-bridged bis(stannylene) complex 4. We observed reversible manifestation of bis(tetrylene) 

and tetrylene-tetrylone character in these complexes, by variable temperature (VT) NMR analysis. 

Moreover, the Li/Sn/Fe trimetallic complex 9 has been isolated from the reaction of [IPrNSnCl]2 

with cyclopentadienyl iron dicarbonyl anion. The computational analysis further rationalizes the 

reduction pathway from these chlorotetrylenes to the corresponding complexes. The mixed 

tetrylene-tetrylone complexes represent a new and interesting structure type in main group element 

chemistry. These metal complexes may provide new opportunities for main group metal mediated 

cooperative catalytic applications in the future. 
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Scheme 1. Synthesis and reactivity of tetrylene-tetrylone-iron complexes 3 and 4, as well as the 

synthesis of bis(imino)germanone 10. 

A rare three-coordinate germanone [IPrN]2Ge=O 10 was successfully isolated (Scheme 1). The 

germanone has a high thermal stability in arene solvent, with no detectable change observed at 80 

oC for at least one week. Structural analysis and initial reactivity studies revealed the highly 

polarized nature of the terminal Ge=O bond (Scheme 2). The addition of phenylacetylene, as well 

as O-atom transfer with 2,6-dimethylphenyl isocyanide mimics that of nucleophilic transition-

metal oxides. The mechanism for O-atom transfer reaction was investigated via DFT calculations, 

which revealed that the reaction proceeds via a [2+2]-cycloaddition intermediate 17. 
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Scheme 2. Reactivity of bis(imino)germanone 10. 

The reaction of Cp*Sn[OTf] (Cp* = C5Me5; OTf = O3SCF3) with one equivalent of IPrNLi resulted 

in the binuclear [OTf]-bridged tin complex 19 (Scheme 3). Similarly, the [BF4]-bridged bimetallic 

complex 20 was synthesized by the reaction of Cp*Sn[BF4] with IPrNLi (1 eq.). It was also possible 

to prepare 19 from 20 via an anion exchange reaction. The high-yield conversion of 20 into the 

binuclear iodostannylene [IPrNSnI]2 21 was accomplished by treatment with LiI. The catalytic 

potential of 19 and 20 was demonstrated with the hydroboration of carbonyls. 

 

Scheme 3. Synthesis and reactivity of binuclear tin(II) cations 19 and 20. 
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The reaction of the lithium silyl(aryl)amide Dipp(iPr3Si)NLi (Dipp = 2,6-iPr2C6H3) with one 

equivalent of SnCl2 in THF gave a novel stannylenoid 22 (Scheme 4). Heating up the solution of 

22 in toluene at 80 oC resulted in the dimeric amido(chloro)stannylene 23, which can be converted 

into the bis(amido)stannylene 24 and amido(imino)stannylene 25. All compounds were 

characterized by NMR, elementary analysis, and X-ray structural determination. 

 

Scheme 4. Synthesis and reactivity of amidostannylenoid 22. 
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9. Appendix 

9.1 Supporting Information for Chapter 4 
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