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ABSTRACT 

Heavier tetrylenes, such as germylenes and stannylenes, display a unique reactivity due to 

their ambiphilic nature. With their filled s-orbital and empty p-orbital, they can engage in donor-

acceptor type reactivity and are capable of activating a range of strong bonds in small 

molecules such as CO2, NH3, H2, ethylene, and so on. Promising research has already been 

done, that showcases the potential of heavier tetrylenes for small molecule activation and 

catalysis, but there is still lots of work to be done to demonstrate the full potential of those 

complexes. This doctoral thesis attempts to contribute a small part to this endeavor by 

presenting the synthesis and reactivity of N-heterocyclic imine (NHI) stabilized germanium and 

tin complexes. 

 

To begin with, the reactivity of aryl(imino)stannylene MesTer(IDippN)Sn: with CO2 is considered. 

By reacting equimolar amounts of the lithiated ligand precursor (IDippN)Li with the chloro-

stannylene MesTer(Cl)Sn:, the heteroleptic stannylene MesTer(IDippN)Sn: was obtained in good 

yields. Reaction with CO2 revealed the unique stabilization capability of the NHI ligand, which 

allows the oxidation state +II of the tin center to stay intact upon activation of the small 

molecule. Instead of oxidation of the metal center, a tin-carboxylate is formed, which then can 

release C1 feedstock upon reduction with HBpin stoichiometrically and catalytically. 

Experimental and computational comparison of MesTer(IDippN)Sn:, MesTer(IDippP)Sn:, and 

MesTer(Ph2N)]Sn: reveals the inherent character of the Sn-L bond to be the deciding factor that 

enables reversible CO2 uptake. While the Sn–N bond in the aryl(imino)stannylene is a strongly 

polarized single bond, the Sn–P bond of MesTer(IDippP)Sn: exhibits double-bond character and 

is too stable to allow CO2 insertion. In contrast, MesTer(Ph2N)Sn: does react with CO2, but the 

Sn–N bonds affinity to re-form the stannylene upon reduction with HBpin is too low due to the 

low bond order single bond. Instead, the ammine-borane Ph2N–Bpin is formed. Only 

MesTer(IDippN)Sn: is capable of reversible dissociation of the Sn–N bond, enabling efficient 

catalytic hydroboration of CO2 with HBpin under mild conditions. 

 

Secondly, the synthesis of ItBuN stabilized tetrylenes [(Me3Si)2N](ItBuN)Sn:, (ItBuN)2Sn:, and 

(ItBuN)2Ge: as well as their reactivity towards CO2 and N2O are discussed. While  

[(Me3Si)2N](ItBuN)Sn: can be obtained via ligand exchange reaction of [(Me3Si)2N]2Sn: with 

free (ItBuN)H, the homoleptic tetrylenes are synthesized by reacting (ItBuN)Li with the 

respective ECl2·dioxane salt (E = Ge, Sn). While (ItBuN)2Sn: forms a dimer in solid-state as 

well as in solution at −80 °C, as determined by SC-XRD and VT-NMR, the other tetrylenes 
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could only be observed as monomers. Upon reaction of CO2 with the germylene, one molecule 

of CO2 bridges each of the Ge–N bonds respectively, while they themselves stay intact, forming 

4-rings. In the case of the homoleptic stannylene, the Sn–N bonds dissociate and form 

carbamato groups upon insertion of CO2. Upon reaction of (ItBuN)2Sn: with N2O, partial 

oxidation can be observed, giving a bis-stannylene with a central Sn2N2 ring coordinated by 

stannanolate moieties. In contrast, the heteroleptic stannylene [(Me3Si)2N](ItBuN)Sn: does not 

react selectively with CO2 or N2O. 
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ZUSAMMENFASSUNG 

Schwere Tetrylene wie Germylene und Stannylene weisen aufgrund ihres ambiphilen 

Charakters eine einzigartige Reaktivität auf. Aufgrund eines gefüllten s-Orbitals und eines 

leeren p-Orbital können sie Donor-Akzeptor-Reaktivität mit einer Reihe starker Bindungen in 

kleinen Molekülen wie CO2, NH3, H2, Ethylen usw. zeigen. Es wurden bereits 

vielversprechende Forschungsarbeiten durchgeführt, die das Potenzial schwerer Tetrylene für 

die Aktivierung und Katalyse kleiner Moleküle demonstrieren, aber es bleibt noch viel zu tun, 

um das volle Potenzial dieser Komplexe auszuschöpfen. Diese Doktorarbeit versucht, einen 

kleinen Teil zu diesem Unterfangen beizutragen, indem sie die Reaktivität von N-

heterozyklisch-Imin (NHI) stabilisierten Germanium- und Zinnkomplexen zeigt. 

 

Zunächst wird die Reaktivität des Aryl(imino)stannylens MesTer(IDippN)Sn: mit CO2 betrachtet. 

Durch Reaktion äquimolarer Mengen des lithiierten Ligandenvorläufers (IDippN)Li mit dem 

Chlorostannylen MesTer(Cl)Sn: wurde das heteroleptische Stannylen MesTer(IDippN)Sn: in 

guten Ausbeuten erhalten. Die Reaktion mit CO2 offenbarte die bemerkenswerte 

Stabilisierungsfähigkeit des NHI-Liganden, der es ermöglicht, dass der Oxidationszustand +II 

des Zinnzentrums bei Aktivierung des kleinen Moleküls erhalten bleibt. Anstelle der Oxidation 

des Metallzentrums wird ein Zinncarboxylat gebildet. Das Stannylen ist zudem in der 

katalytischen Hydroborierung von CO2 mit Pinacolboran als Reduktionsmittel aktiv. Der 

Vergleich mit MesTer(IDippN)Sn:, MesTer(IDippP)Sn: und MesTer(Ph2N)]Sn: zeigt, dass der  

Charakter der Sn–L Bindung der entscheidende Faktor ist, der eine reversible CO2-Aufnahme 

und somit Katalyse ermöglicht. Während die Sn–N Bindung im Aryl(imino)stannylen eine stark 

polarisierte Einfachbindung ist, weist die Sn–P Bindung von MesTer(IDippP)Sn: 

Doppelbindungscharakter auf und ist zu stabil, um eine CO2-Insertion zu ermöglichen. 

MesTer(Ph2N)Sn: reagiert zwar mit CO2, hier ist jedoch die Sn–N Bindung zu schwach und die 

Affinität zur Neubildung des Stannylens bei Reduktion mit HBpin zu gering. Stattdessen wird 

das Amminboran Ph2N–Bpin gebildet. Nur MesTer(IDippN)Sn: ist zur reversiblen Dissoziation 

der Sn–N Bindung fähig, was eine effiziente katalytische Hydroborierung von CO2 mit HBpin 

unter milden Bedingungen ermöglicht. 

 

Zweitens werden die Synthesen der ItBuN-stabilisierten Tetrylene [(Me3Si)2N](ItBuN)Sn:, 

(ItBuN)2Sn: und (ItBuN)2Ge: sowie deren Reaktivität gegenüber CO2 und N2O diskutiert. 

Während [(Me3Si)2N](ItBuN)Sn: durch Ligandenaustauschreaktion von [(Me3Si)2N]2Sn: mit 

freiem (ItBuN)H erhalten wird, werden die homoleptischen Tetrylene durch Reaktion von 
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(ItBuN)Li mit dem jeweiligen Chlorid-salz (ECl2·dioxane, E = Ge, Sn) synthetisiert. Während 

(ItBuN)2Sn: sowohl als Feststoff als auch in Lösung bei −80 °C ein Dimer bildet, wie durch SC-

XRD und VT-NMR verifiziert, konnten die anderen Tetrylene nur als Monomere beobachtet 

werden. Bei der Reaktion von CO2 mit dem Germylen überbrückt jeweils ein Molekül CO2 die 

Ge–N Bindungen, während die Bindungen selbst intakt bleiben, wodurch sich 4-Ringe bilden. 

Im Fall des homoleptischen Stannylens dissoziieren die Sn–N Bindungen und bilden bei 

Insertion von CO2 Carbamatogruppen. Bei der Reaktion von (ItBuN)2Sn: mit N2O kann eine 

partielle Oxidation beobachtet werden, bei der ein Bis-Stannylen mit einem zentralen Sn2N2-

Ring gebildet wird.  
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1. INTRODUCTION 

In research, as well as the chemical industry, catalytic processes are an established 

cornerstone that receives continuing attention and study. While already utilized in the 

enzymatic fermentation to drinking alcohol and vinegar for thousands of years, the chemical 

concept behind catalysis was first described by Elizabeth Fulhame in 1794 in her book on 

oxidation-reduction reactions.[1-3] Almost 40 years later, in 1836, Berzelius coined the term 

catalysis based on his research. The word is derived from the Greek word καταλύειν (katalū́ō), 

meaning “to loosen”.[1] Followed by several breakthroughs in the early 20th century, such as 

the Haber-Bosch- or the Ostwald-process, which both utilize catalytic processes, industrial 

chemistry is no longer imaginable without them.[4-6] 

 

“Anyone who knows about Mozart, Ravel, and Gershwin  

should know about catalysis as well.  

There is no life without the miracles of catalytic reactions in  

plants, animals, and human beings.” 

Excerpt from 

Catalysis from A to Z: A Concise Encyclopedia[7] 

 

In the last decades, however, arguments for environmentally friendly and more cost-effective 

chemistry have become an increasingly more burning topic. Transition metals and their 

catalytically active complexes are often toxic and hard to source. Naturally, an effort to utilize 

more abundant elements and ecological alternatives has been made and continues to be 

explored. One effort to create novel catalytic systems is to move away from transition metals 

to other elements in the periodic table.  

As such, elements of the p-block have received increasing attention. Among them are 

elements that are much more abundant and more eco-friendly than many industrially relevant 

transition metals (e.g. platinum, vanadium, etc.).[8-11] Long overlooked, however, was their 

potential to exist in previously unobserved oxidation states and coordination environments, 
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enabling them to perform outstanding reactivity. Before several seminal breakthroughs in the 

late 1970s and 80s, chemists believed that heavier p-block elements followed quite rigid and 

predictable patterns. For example, it was generally believed that they could not form stable 

double bonds (known as the “double bond rule”).[12-13] This rule was, however, thoroughly 

refuted by the early pioneers in this field. As such, Lappert presented the first heavy alkene 

analogs of germanium and tin, followed by the synthesis of disilene, diphosphene, and 

silaethene by West, Yoshifuji, and Brook.[14-18] 

With the previously untapped potential of those elements now made clear, the rush towards 

new developments picked up and has not slowed down since. In the last 40 years, many 

milestones were reached, and heavier main-group compounds showed reactivity in small 

molecule and bond activation as well as in an increasing number of catalytic applications, 

slowly attempting to close the gap toward transition-metal organometallic chemistry.  

Special attention has been given to heavier elements of group 14 (i.e. Si, Ge, Sn, Pb). While 

the high reactivity of low-coordinate and low-oxidation-state congeners (e.g., tetrylenes, 

tetrylones, tetryliumylidene ions, etc.) of this group makes them challenging to stabilize, it is 

also crucial for enabling activation of enthalpically strong bonds. With deliberately constructed 

ligands, highly active but stable complexes with free coordination sites can be created and 

utilized in small molecule activation and catalysis.[19-22] Especially germanium and tin 

complexes, whose central elements contain an inherent flexibility between the +II and +IV 

oxidation states, have resulted in big strides in that field.[23-25] Facile switching between 

oxidation states is imperative for enabling redox-based catalysis (i.e. oxidative addition and 

reductive elimination).[26]
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2. STATE OF THE ART 

2.1. CARBENES 

BASICS 

Carbon, the lightest element of group 14 in the periodic table, can be observed in a virtually 

unmatched diversity of structures. The range of appearances of the pure element alone, such 

as graphite, diamond, or fullerene, already demonstrates this. The variety is further expanded 

exponentially once hydrogen and other heteroatoms (i.e. N, O) are introduced, giving way to 

the entire field of organic chemistry.[27]  

One class of carbon compounds that is now indispensable in organic and organometallic 

chemistry is the carbenes. Here, a neutral carbon atom forms two covalent bonds, leaving two 

free valence electrons. While they initially have only been observed as highly reactive transient 

intermediates, a wide variety of persistent carbenes are known today and are applied as 

catalysts and ligands.[28-30] Due to their electronic configuration, carbenes can be observed in 

the singlet (spin-paired) as well as triplet (unpaired) ground state (Figure 1).  

 

Figure 1. Non-bonding orbital depiction of the singlet and triplet states of carbenes.  

While the simplest congener, transient methylene (H2C:), is a ground state 

triplet (ΔEST =  – 14.0 kcal mol−1)[31], persistent carbenes are more often observed in the singlet 

ground state, significantly influenced by the electronic and steric environment around the 

central carbon.[31-32] Consequently, carbenes can be stabilized by introducing strong electron 

donors and sterically demanding moieties as substituents.[29, 33-34] 
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Initial attempts to isolate a stable carbene employed amino moieties.[33, 35-36] The most 

promising first attempt was presented by Wanzlick in 1962 with a bis-(1,3-diphenyl-2-

imdazolinylidene). The compound can be interpreted as a dimer with a considerable tendency 

to dissociate into the respective carbenes. In fact, reactivity studies revealed a carbene-like 

reactivity, indicating an equilibrium between monomer and dimer.  

 

Scheme 1. Left: Dissociation of bis-(1,3-diphenyl-2-imdazolinylidene) to respective un-isolated carbene 
monomer.[33] Right: first stable carbene.[37] 

Still, it took over 20 years until the first instance of a persistent carbene was reported in 1988. 

Bertrand et al. isolated a (phosphino)(silyl)carbene, presumably stabilized by a strong P–C 

multiple bond character and a push-pull effect between the phosphine and the silyl  

moiety.[36-38] 

N-HETEROCYCLIC CARBENES – STRUCTURE AND SYNTHESIS 

Remarkably stable N-heterocyclic carbenes (NHCs), discovered in 1991 by Arduengo et al., 

are arguably the most popular and widely applied carbenes. While other types of NHCs are 

known, the term is usually understood to refer to imidazoline-2-ylidenes. NHCs are ground-

state singlets, where the carbene carbon is neighbored by nitrogen atoms in a five-membered 

heterocycle (Scheme 2, middle).  

Thermodynamic stabilization is provided on the one hand by the N-lone-pairs, donating 

electron density into the empty carbon p-orbital perpendicular to the ring plane, resulting in 6π 

aromaticity.[29-30] On the other hand, σ-donation from the carbene to the nitrogen centers also 

contributes to thermodynamic stability. Additionally, kinetic stability can be influenced by the 

steric bulk of substituents on the imine moieties, which can be varied relatively easily 

depending on the required properties. This results in a stable but electron-rich, nucleophilic 

carbene that is suitable as a ligand for a wide variety of organometallic complexes as well as 

an organocatalyst on its own.[29-30, 39-41]  
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Scheme 2. Synthesis of Arduengo-type NHCs from thione[42] (left) or imidazolium salt[43-44] (right). [red] = reducing 
agent (e.g., KOtBu, NaH). 

Depending on the steric bulk of the amine substituents, two synthesis pathways towards NHCs 

are applied most frequently. Smaller NHCs, such as IMe4 (1,3,4,5-tetramethyl­imidazol-2-

ylidene), can be obtained via reductive desulfurizing of the respective imidazole-2-(3H)-

thiones.[42] Larger congeners are usually synthesized by reduction of imidazolium salts 

(Scheme 2).[43, 45] 

2.2. N-HETEROCYCLIC IMINES 

STRUCTURE 

As the name suggests, N-heterocyclic imines (NHIs) are a structural evolution from NHCs, in 

which an exocyclic imine nitrogen is introduced at the 2-position of the ring. Along the ylidic 

C=N bond, the nitrogen atom accepts σ- and π-electron density. At the same time, due to the 

orthogonal orientation of the nitrogen lone pair, no π-back-donation can occur. Therefore, the 

electron-rich aromatic cycle pushes further electron density into the terminal imino-nitrogen. 

NHIs can act as 2σ,2π-electron donors as well as 2σ,4π-electron donors (Figure 2). All this 

results in a more basic and stronger donor ligand than the parent NHC, making them ideal 

candidates for stabilizing early transition metals and other more electrophilic metal centers.[46-

49]  
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Figure 2. Canonical resonance structures of the anionic NHI Ligand (R = organyl). Adapted from Inoue et al.[49]  

Besides anionic monodentate NHIs, donor-functionalized, neutral imine moieties can also act 

as ligands. Consequently, this opens up the possibility of bi- or even tri-dentate ligand 

systems.[50] 

SYNTHESIS 

While the seemingly most clear-cut synthesis towards N-heterocyclic imines - introducing NH3 

to parent carbene - does not lead to the desired product, several pathways to NHIs with varying 

steric composition have been reported.[51] The first established synthesis of 1,3-dimethyl-2-

imino-imidazoline with satisfactory yield ensues by reaction of 1-methyl-1H-imidazole-2-amine 

with iodomethane and subsequent reduction with potassium hydride (Scheme 3, top).[52] This 

route is, however, not transferable to longer iodoalkanes.  
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Scheme 3. Top: Synthesis of 1,3-dimethyl-2-imino-imidazoline.[51-53] Bottom: Synthesis of commonly used NHI-

ligand transfer reagents (R1 = alkyl, aryl; R2 = CH3, H) and introduction to various metal centers as a ligand. 

MLn
(a) = e.g., GeCl4, CpTiCl3, Re2O7, V(N-2,6-Me2C6H3)Cl3; MLn

(b) = e.g., [(Me3Si)2N]2Sn:; MLn
(c) = e.g., 

SnCl2·Dioxane, Me3CC≡W(OCCMe3)3.[54-60] 

The most versatile route for bigger NHIs up to date was first established by Tamm et al. and 

involves a Staudinger-type mechanism of the respective NHC with trimethylsilylazide, giving 

N-silylated imines (Scheme 3, bottom).[55, 61] Via this approach, it is possible to generate NHIs 

with a wide variety of substituents on the endocyclic nitrogen moieties, ranging from small 

methyl groups up to much more sterically demanding substituents, such as Dipp (2,6-di-

isopropyl-phenyl). These N-silylated precursors can then either be introduced directly to a 

variety of metal centers or desilylated with methanol to give free NHI–H, which opens up further 

reaction pathways to organometallic complexes.[55, 61] If silylated or free NHIs do not show 

sufficient reactivity to be introduced to a metal center, additional lithiation of the ligand can be 

interposed.[60, 62] 
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NHI SUPPORTED COMPLEXES 

Due to the 2σ and up to 4π electron-donating nature of the NHI, metal complexes can display 

a degree of metalla-2-aza-allene or metalimide character (Figure 3). In terms of structure, this 

can be observed in a wide C–N–M bond angle, approaching 180°, and an elongation of the  

C–N bond alongside a respective shortening of the N–M bond.[49] 

 

Figure 3. Selected resonance structures of a model complex of anionic NHI Ligand with M+ (R = organyl). Adapted 

from Inoue et al.[49]  

As a result of their exceptional donor properties, NHIs have been employed as ligands in many 

compounds. In fact, examples of transition metal complexes with NHIs can be found along the 

whole d-block of the periodic table, as well as among lanthanides and actinides (e.g., Figure 

4, 1-3).[50, 63-65] The first NHI-supported organometallic compound, the dimeric titanium complex 

(1), was published in 1997 by Kuhn et al.[66] 

Since then, a number of transition metal complexes that utilize NHIs have been developed for 

catalysis.[50, 67] Examples include transfer hydrogenation by actinidine complexes, alkyne 

metathesis by tungsten and molybdenum compounds (e.g., PhCM[OC(CF3)2Me]2(ItBuN); 

M = Mo, W; Figure 4, 2a,b), hydroboration by hafnium complexes, and more.[60, 62, 68-70]  

Especially titanium complexes seem to benefit from the stabilization by NHIs and were shown 

to enable various polymerization as well as the catalytic synthesis of urea derivates.[71-74] 



 2.2. N-HETEROCYCLIC IMINES  

7 
 

 

Figure 4. Selected examples of NHI-supported transition metal complexes.[66, 68, 75] 

Besides application in transition-metal compounds, NHIs have proven to be particularly 

suitable for stabilizing a considerable selection of electron-deficient low-valent p-block 

complexes. It could be shown that the electrophilic main-group-metal center benefits from 

kinetic and thermodynamic stabilization by NHIs.  

Pertinent group 13 complexes span for examples from dimeric aluminum-hydride [μ-

IDippNAlH2]2, capable of catalytic reduction of CO2, and bis-Ga(I) [IDippN-Ga]2, both with a 

central E2N2 ring (E = Al, Ga), to cyclic five-membered E(I) carbenoids (E = Ga, In, Tl).[76-78] 

Moving further to group 14, a compelling number of homo- and heteroleptic tetrel compounds 

can be mentioned. The selected examples 4-9 [54, 59, 79-85] (Figure 5) illustrate the structural 

influence of a sterically demanding substituent at the endocyclic N-moieties. While the use of 

bulky ligands tends to result in the formation of monomeric structures with one coordination 

center, smaller NHIs can lead to dimerization, as in disilene 7. Besides that, dimerization can 

also occur via bridging of two element centers by the NHI, such as in compounds 1 and 6.  
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Figure 5. Selected examples of low valent group 14 complexes stabilized by N-heterocyclic imines.[54, 59, 79-85] 

In some cases, further stabilization by silylene ligands has proven beneficial. For example, the 

homoleptic IDippN2Si: (the silylene congener of 5) could not be isolated but instead undergoes 

an irreversible ligand rearrangement after N–C bond cleavage on the side-arms.[54] However, 

upon the introduction of a silyl moiety to form heteroleptic silylenes, 4a-d were described.[79-82, 

86] Here, it should be mentioned that the NHI's backbone significantly affects the complex’s 

structure. While transient silylenes 4a-c, which bear ligands with unsubstituted backbones, 

undergo reversible intramolecular C–C bond activation to the respective silepins (i.e. sila-2,4,6-

heptatrienes), complex 4d, which is ligated by an NHI with a methylated backbone, can be 

isolated in acyclic form. Notably, 4d can still undergo C–C bond activation. In fact, reversible 

intermolecular C–C insertion of the silicon center can be observed with benzene and 

fluorobenzene as well as ring opening of pyridine and DMAP.[82] The first Ge(0) π-complex 8 

was recently reported, utilizing a modified NHI ligand with imino-moieties on the wingtips, 

allowing additional σ-donation towards the germanium center.[85]
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2.3. HEAVIER TETRYLENES 

BASICS 

As carbenes (vide supra), heavier analogs of group 14 contain a central atom in the oxidation 

state +II, coordinated by two ligands. In contrast to the lightest congener, heavier tetrylenes 

R2E: (E = Si, Ge, Sn, Pb) show markedly different electronic and chemical behavior (cf. Figure 

6). This aspect can be best explained by taking a step back and looking at quantum-mechanic 

considerations of the bonding nature in heavier carbon analogs. 

 

Figure 6. Trend of the singlet/triplet gap (ΔEST), hybridization energy (ΔEhyb), and stability of the +II oxidation state 

along group 14 from carbon to lead. 

Unlike carbon, which shows very effective hybridization, s-p mixing becomes increasingly less 

efficient descending group 14.[87] This can be traced back to an increasing difference in 

diffusion (i.e. “size”) of the valence s- and p-orbitals (Figure 7). In the case of carbon, the 

valence s- and p-orbital are close in energy due to them experiencing a similar amount of 

attraction towards the nucleus. This results in a very similar amount of diffusion of the valence 

2s and 2p orbitals in the carbon atom, enabling facile hybridization.[88]  
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Moving on to heavier elements, relativistic effects lead to a contraction of the s-orbitals, 

resulting in a larger energy separation between np- and ns- valence orbitals. In other words, 

the valence p-orbital becomes “bigger” faster than the respective valence s-orbital, hindering 

hybridization. This effect increases the further the respective valence shell is from the core, i.e. 

the heavier the element becomes. 

 

Figure 7. Similar size of 2s- and 2p- valence orbitals in carbon (left) compared to an increased size separation of 
ns- and np- valence orbitals in heavier group 14 elements (right). Adapted from Gernot et al.[88] 

Returning to tetrylenes, the consequence is increasing the stability of the singlet ground state 

with growing energy difference of the valence orbitals going down the group. This can, for 

example, be observed in the trend of singlet-triplet gaps of parent tetrylenes H2E: (E = C, Si, 

Ge, Sn, Pb). While the carbene is a ground-state triplet with a negative ΔEST (c.f. chapter 2.1), 

the heavier congeners are ground-state singlets with increasing singlet-triplet energy 

differences (Table 1). In regards to structure, this can be observed in a narrowing of the L–E–

L angle with increased ΔEST due to the lone pair occupying more space.[89]  

Table 1. Calculated singlet-triplet energy gaps (ΔEST) for tetrylenes H2E: (E = group 14 element) and their respective 

ground states.[31] 

tetrylene ΔEST [kcal/mol-1] ground state 

H2C: – 12.7 triplet 

H2Si: 16.7 

singlet 
H2Ge: 21.8 

H2Sn: 24.8 

H2Pb: 34.8 
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Another consequence of the s-orbital being so much lower in energy is the so-called inert-pair-

effect.[23-25] This relativistic effect describes the increased hesitancy of the lone pair to 

participate in bonding, which can, for example, be observed in the decreasing tendency of 

tetrylenes to dimerize with the increasing size of the central element. While disilenes form 

strong Si=Si bonds, which have been observed to persist in solution, digermenes already tend 

to dissociate at least partially to form an equilibrium between the monomer and the dimer. 

Going down the group, this inertia increases and the E=E bonds get longer and weaker.  

With the lone pair (predominantly s-character) capable of electron donation, and the vacant 

orbital (predominantly p-character) being electrophilic in ground-state triplet tetrylenes, they 

can display ambiphilic reactivity and are capable of multifaceted follow-up reactivity.[23, 89] In 

turn, tetrylenes are highly reactive and require deliberate ligand stabilization. 

LIGAND INFLUENCES 

The rational synthesis of tetrylenes is a balancing act between stabilization and ensuring 

selective reactivity. The electronic and steric properties of the ligands have a significant 

influence on the reactivity of the compound.  

So far, a combination of both thermodynamic and kinetic stabilization, often realized in the 

same ligand, has been proven effective (cf. Figure 8). On the one hand, thermodynamic 

stabilization can be achieved by the inductive effect of σ-accepting groups, which increase the 

s-character of the non-bonding σ-orbital (i.e. lowering the HOMO energy level). On the other 

hand, electronegative, π-donating moieties push electron density into the vacant p-orbital, 

thereby increasing the energy of the LUMO, providing a mesomeric effect. Similarly, the LUMO 

energy can be increased by employing additional Lewis bases, donating electron density into 

the vacant p-orbital. In all cases, the result is a widened HOMO-LUMO gap and, therefore, 

increased stability of the tetrylene. [23, 28]  
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Figure 8. Thermodynamic and kinetic approaches to stabilize heavier tetrylenes in their singlet state and protect 

the empty p-orbital from nucleophilic attack (nuc = nucleophile) Adapted from Tokitoh et al.[23] 

Kinetic stabilization can be achieved by shielding the metal center with sterically encumbering 

substituents. Bulky Ligands protect the empty p-orbital from nucleophilic attacks by steric 

repulsion. This can also prevent the tetrylene from reacting with itself and prevents dimerization 

or oligomerization, which is often observed for smaller E(II) complexes or salts, such as 

ECl2dioxane.[60, 89] Another thing to consider with bulky ligands is their influence on the  

L–E–L angle and, therefore, the singlet-triplet gap due to changes in geometry. With the 

widening of the L–E–L angle, the p-character of the lone pair increases, lowering ΔEST.[90-91] 

While stabilizing the central atom is of fundamental importance to obtain an isolable tetrylene, 

ligand properties that potentially increase reactivity can also be incorporated into the design of 

suitable ligands. Especially for heavier tetrylenes, where the singlet ground state is inherently 

more stable and ΔEST is larger, increasing reactivity by utilizing ligands that decrease the 

HOMO-LUMO or singlet-triplet gap can enable follow-up reactivity. One approach that seems 

to be a productive middle ground is using strongly σ-donating but sterically demanding ligands, 

such as bulky boryls[92-94] and silyls[95], to provide kinetic stabilization but increased reactivity at 

the same time. The NHI-Ligands combine these aspects by providing (activating) σ-donation 

and (stabilizing) π-donation with sterically demanding wingtips. 
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SYNTHESIS 

Tetrylenes are most commonly synthesized by the following pathways, with their respective 

efficacy depending on the central atom (Scheme 4).[23, 96-97] The first method is the reduction 

of a precursor in the +IV oxidation state. This can be achieved by reductive elimination via 

photochemical or thermal reduction or with the use of a reducing agent.  

The Photochemical reduction can be applied to silyl-substituted precursors R2E(SiR’3)2 via 

liberation of a disilene (route (a), Scheme 4). Furthermore, metalliranes or metallirenes 

(3-membered heterocycles resembling the [2+1] cycloaddition product of a tetrylene and an 

alkene or alkyne) can be driven to photochemical or thermal reductive elimination by means 

of releasing the respective olefin or alkyne (route (b), Scheme 4). Using an additional reducing 

agent, such as KC8, NaNaph or alkali metals, halide substituted species R2EX2 (E = Si, Ge, 

Sn, Pb; X = Cl, Br, I) can be reduced as well (route (c), Scheme 4). Depending on the 

compound, this can lead to the tetrylene or the respective dimeric dimetallene. 

 

Scheme 4. Common synthetic routes to generate stable tetrylenes ([red] = reducing agent (e.g. KC8, NaNaph, alkali 

metals), LB = Lewis base (e.g. polar solvent, NHC, dioxane, etc.), Nuc = Li, MgBr, SiMe3, X = Cl, Br, I).[23, 96-97] 
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The second pathway starts from precursors already in the +II oxidation state. As such, the 

splitting of dimetallene can be achieved by photochemical or thermal means, or using an 

additional Lewis base, such as IMe4 or dioxane (route (d), Scheme 4). Another route starting 

from +II precursors is the salt-metathesis reaction from a halide-salt EX2 (E = Si, Ge, Sn, Pb; 

X = Cl, Br, I) with an organometallic nucleophile, such as RLi or RMgBr (route (e), Scheme 4). 

This method was initially only used for germanium, tin, and lead since their di-halides are easily 

accessible. Silicon(II)-halides are highly reactive and require bulky donors for stabilization. Still, 

since the synthesis of Lewis base stabilized compounds, such as IDipp→SiCl2 or CAAC→SiI2, 

this route also became accessible for silylenes.[98-100] Generally, using additional Lewis bases 

for heavier halides can improve solubility and aid in stabilizing potential transition states. 

Similar to silicon, but to a lesser degree, the +II oxidation state of germanium also profits from 

additional stabilization by a donor.[101] 

SMALL MOLECULE ACTIVATION AND CATALYSIS BY HEAVIER TETRYLENES 

The reason why transition metals are so predestined for small molecule activation and 

catalysis is their flexibility to switch between oxidation states and their reactivity on multiple 

coordination sites, due to their access to (partially occupied) valence d-orbitals of low energy 

difference.[26, 102] This made them the prime target for the exploration of new catalytic routes 

and applications in organometallic chemistry. However, the research on (heavier) tetrylenes 

for small molecule activation and catalysis was long neglected and only gradually got more 

widespread attention. This is due to the initial motivation of imitating bonding motifs found in 

carbon chemistry, such as double or triple bonds. Chemists at that time were more interested 

in the similarities with the lightest element of the group than exploring the potential in the 

marked differences from it. 

Power first highlighted the potential and similarities of tetrylenes with transition metal catalysts 

in his seminal 2010 review “Main-group elements as transition metals”.[102] Due to their 

ambiphilic nature and low HOMO-LUMO or singlet-triplet energy gaps, they can react similarly 

to transition metals. 
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Figure 9. Frontier orbital interaction of tetrylenes (left) and transition metal complexes (right) with small molecules, 

specifically H2. Adapted from Power et al. and Inoue et al.[26, 102] 

Their reactivity towards small molecules can be illustrated by looking at the frontier orbital 

interaction of tetrylenes as well as transition metals with H2 (Figure 9).[20, 26, 102] Adding H2 to 

transition metal complexes can occur under mild conditions and signify the first step in a 

catalytic cycle, the oxidative addition. In the case of a tetrylene, the filled s-orbital attacks the 

antibonding σ*-orbital of H2, weakening and polarizing the H-H bond. In turn, the electrophilic 

p-orbital of the tetrylene accepts electron density from the H2 σ-orbital. Under the right 

conditions, the H2 bond is sufficiently weakened, and oxidative addition occurs. Pertinent to 

this, the first activation of H2 by a stable main-group complex was achieved in 2005 by Power 

and coworkers with a germanium alkyne analog.[103] The digermyne was irreversibly oxidated 

to a mixture Ge(II) and Ge(IV) compounds under mild conditions. In terms of stable heavier 

tetrylenes, H2 could first be activated by the diaryl-stannylene DippTer2Sn: giving bridged 

(DippTerSn(µ-H))2 dimer via ligand elimination in 2008 (c.f. Scheme 17).[104]  

A persistent challenge of applying tetrylenes in catalysis is their lack of coordinative or oxidative 

flexibility in contrast to transition metals. While they have proven capable of oxidative addition 

in many instances, closing the catalytic cycle and recovering the low oxidation state is still a 

significant obstacle. The oxidized product tends to be very stable, and reductive elimination is 

unfavored. Because of this, progress has primarily been made in redox-based catalytic cycles 

that utilize external, stochiometric reducing agents that are strong enough to provide the 

required driving force to close the cycle and release the product. As such, hydroboration or 

cyanosilylation has been successfully achieved by heavier tetrylenes (c.f. Scheme 5).[19, 105-108]
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Scheme 5. Schematic catalytic cycle for the cyanosilylation or hydroboration of carbonyl compounds by tetrylenes 

(R = alkyl, aryl; R’ = alkyl, aryl, H). 

Since those first discoveries, the number of examples of small molecule activation and 

catalysis by tetrylenes has grown steadily and the drive towards more efficient and novel 

catalytic applications is still going strong. In the following chapters, a selection of acyclic 

germylenes and stannylenes and their reactivity will be illuminated in more detail, since the 

results of this present work concerns tetrylenes of germanium and tin. 

2.3.1. GERMYLENES 

In the infancy of germylene chemistry, the generation of transient, small germylenes as a proof 

of concept was the contemporary research focus. They were more seen as starting materials 

or precursors for other compounds, not only owing to limited synthetical and characterization 

methods.[109-111] The first stable germylenes were reported in 1974 by Lappert et al. with the 

amido-germylenes [(Me3Si)2N]2Ge: (10) and [(Me3Si)(Me3C)N]2Ge: (11) (Scheme 6, top).[112] 

The complexes were obtained via the aforementioned salt-metathesis route (c.f. route (e), 

Scheme 4) with the lithiated amides [(Me3Si)2N]Li or [(Me3Si)(Me3C)N]Li respectively. 
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Scheme 6. Top: Synthesis of the first stable germylenes (10 and 11), published by Lappert et al. in 1974 (R = SiMe3, 

tBu).[112] Bottom: Synthesis of germylene 12, which can be observed as dimer in solid state.[14, 113] 

Shortly after, the same group isolated the homoleptic alkyl derivative [(Me3Si)2CH]2Ge: by 

reacting complex 10 with [(Me3Si)2CH]Li. The resulting germylene 12 is monomeric in solution 

and the gas phase, but dimerizes in solid state to the digermene 

[(Me3Si)2CH]2Ge=Ge[CH(SiMe3)2]2 (Scheme 6, bottom).[14, 113] Increasing the steric bulk of one 

of the alkyl ligands by an additional trimethylsilyl-group (i.e. (Me3Si)3C vs. (Me3Si)2CH), 

prevents this dimerization.[97, 111] 
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Figure 10. A selection of aryl-stabilized germylenes (Eind = 1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl).[114-118] 

Thermodynamically stabilized aryl-germylenes also belong to one of the earlier congeners of 

the compound class and continue to show interesting reactivity towards small molecules 

(Figure 10). The first upon them, 2,4,6-tri-t-butylphenyl-stabilized germylene 13, was prepared 

in 1987 by du Mont et al. via the by now familiar salt-metathesis route from GeCl2·dioxane and 

the lithiated ligand precursor.[114]  

  

Figure 11. Reactivity of aryl-germylene 13 with sulfur and trimethylamine N-oxide (Ch = O, S).[114, 119] 

They observed reactivity towards sulfur, giving a transient germathion, which undergoes 

intermolecular C–H insertion by the germanium center into one of the ortho-tert-butyl groups. 

Later, Jutzi and coworkers observed the formation of a germaindanol upon treatment of 
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complex 13 with trimethylamine N-oxide, postulated via an intermediate germanone similar to 

the reaction with sulfur.[119] 

 

Scheme 7. Contrasting reactivity of germylenes 14a (R = Mes) and 14b (R = Dipp) with NH3 and H2.[115-116] 

Complexes 14a and 14b, which were again obtained via salt metathesis, were investigated on 

their reactivity towards NH3 and H2.[115-116] While both compounds reacted with NH3 at elevated 

temperatures to the oxidative addition products L2GeH(NH2) (L = Mes or Dipp respectively), 

they showed contrasting reactivity towards hydrogen (Scheme 7). On one hand, the sterically 

less encumbered metal center in complex 14a reacts with hydrogen in the same fashion as 

with ammonia, giving the oxidative addition product. Germylene 14b on the other hand 

decomposes to DippTer–GeH3 and free ligand. Theoretical calculations revealed, that ligand 

elimination to give hydrido-germylene DippTer–GeH is more favored than the oxidative addition 

to DippTer2GeH2 due to the increased steric bulk. The intermediate then reacts further to DippTer–

GeH3 with an additional equivalent of H2. Compound 14a also showed oxidative addition 

reactivity towards Methanol and H2O as well as reversible activation of P4.[120-121] 
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Scheme 8. Contrasting reactivity of germylenes 15a and 15b with CO.[117] 

The first reactivity towards CO at room temperature was observed with the heteroleptic 

germylenes 15a and 15b.[117] In both cases, the authors observed the insertion of two 

equivalents of CO into one of the respective Ge–C bonds. Calculations propose the formation 

of an intermediate germaketene with a weak Ge–CO bond. Pertinently, this bonding motif is 

similar to the later discovered room-temperature stable silicon-carbonyl complexes 

[(Me3Si)3Si](tBu3Si)Si:–CO and [L(Br)Ga]2Si:–CO (L = HC[C(CH3)N(2,6-iPr2-C6H3)]2) by our 

group and Schulz et al. respectively.[122-123] Reaction with another CO molecule and 

rearrangement subsequently leads to the formation of cyclic decomposition products (Scheme 

8). The authors also observed reactivity of previously discussed germylenes 14a and 14b 

towards CO, however no selective product formation was reported. 

 

Scheme 9. Synthesis of the first stable germanone from germylene 16 with trimethylamine N-oxide.[118] 

A milestone in mimicking common carbon bonding motives with heavier congeners was 

achieved with Eind (Eind = 1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl)-stabilized germylene 

16.[118] The rigid and bulky Eind ligand enabled the formation of a stable germanone upon 

reaction of complex 16 with trimethylamine N-oxide (Scheme 9). While the Ge=O bond is highly 
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polarized, the shortened bond length compared to a single bond and theoretical calculations 

support the existence of a double bond. 

 

Figure 12. Selected examples of amine- and imine-stabilized germylenes.[94, 124-127] 

Since the discovery of Lappert’s amido-germylene, the use of amine- and imine-type ligands 

continues to be a lucrative approach to stabilizing germylenes (17-20, Figure 12; 5, Figure 5). 

[54, 94, 96, 105, 124-130] The N-moieties’ σ-accepting and π-donating properties make them a suitable 

target for stabilization, as discussed earlier. Most amido-ligands are also markedly bulky, using 

Mes, Dipp or even larger substituents, and therefore also provide thermodynamic stabilization. 

As such, (IDippN)2Ge: (5, Figure 5), stabilized by two bulky NHI ligands, reacts with H2 to give 

(IDippN)H, presumed by the authors via the oxidative addition product (IDippN)2GeH2, which 

could however not be observed (Scheme 10).[54] 

 

Scheme 10. Reaction of the NHI-stabilized germylene 5 with H2 via the proposed intermediate oxidative addition 
product (IDippN)2GeH2.

[54] 
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The first heteroleptic NHI-stabilized germylene was synthesized by our group with complex 

17.[124] The compound was obtained by a ligand exchange reaction using Lappert’s germylene 

(10) and the free ligand (IDippN)H. While no small molecule activation was presented, the 

nucleophilicity of the germanium center could be demonstrated by its use as a ligand to form 

the respective iron carbonyl complex. 

   

Scheme 11. Selected reacitivty of imino(boryl)germylene 18b.[125-126] 

Nevertheless, combining amido-ligands with other substituents, to give heteroleptic 

compounds, opens the possibility to fine-tune certain properties, such as increased reactivity, 

of the complex and the element-ligand bonds. For example, boryl-substituted amido germylene 

18b irreversibly inserts one equivalent of phenylacetylene into the Ge–B bond under mild 

conditions (Scheme 11).[126] The authors proposed an activation route via a [2+1] cycloaddition 

to a Ge(IV) intermediate, followed by reduction back to Ge(II) in the insertion product. While 

they could not isolate the germanium intermediate, they were able to isolate said [2+1] 

cycloaddition product with the respective silylene analog. In that case, however, reduction of 

the Si(IV) center and insertion of the substrate into the Si–B bond, could not be observed. 

Complex 18b was also found to activate hydrogen and other E–H bonds.[125] In the reaction 

with compounds with polarized E–H bonds, such as SiH3 and BH2·NMe3, oxidative addition 

took place to give the respective Ge(IV) product. Upon reaction with H2 however, an 

unsymmetrical digermane forms.  
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Scheme 12. Activation of NH3 and H2 by aryl(silyl)germylene 21 via oxidative addition.[125] 

In the case of germylenes 19a,b an amine- alongside a bulky aryl-moiety does not provide 

sufficient activation of the germanium center.[125] This was investigated in a reactivity study of 

a number of mesityl-terphenyl-stabilized germylenes with a variety of additional ligands 

possessing weak to strong π-donor capabilities. While boryl-substituted germylene 

MesTer[B(NDippCH)2]Ge: is too reactive to be isolated and undergoes intramolecular C–H 

activation, the silyl-substituted compound MesTer[(Me3Si)3Si]Ge: (21) selectively forms 

oxidative addition products with H2 and NH3 (Scheme 12).[125] 

The use of germylenes for catalytic applications is still a relatively young field, nevertheless 

noteworthy examples can be named.[19] While the first instance of a germylene-based catalysis 

– a cyanosilylation – was achieved by a N-heterocyclic germylene, the first hydroboration was 

achieved by an acyclic germylene and stannylene (vide infra) with impressive TOF.[131] Using 

22, the authors first observed hydrogermylation of carbonyl substrates at a much faster rate 

and under milder conditions than with previously reported three-coordinate 

(DipNacnac)GeH.[105, 132] Subsequently, they explored hydroboration using HBpin and a 

selection of aldehydes and ketones. They could observe TOFs up to 6000 h-1 with least 

sterically encumbered cyclohexane-carboxaldehyde. As expected, more sterically demanding 

substrates required a higher catalyst loading and longer reaction times for quantitative yields 

and aldehydes generally performed better than ketones. While the reactions were overall 

slower than with the respective stannylene, 22 was more stable under catalytic conditions. 

Also, significant cis/trans selectivity was observed in the hydroboration of 

2-methylcyclohexanon, which could not be achieved with the corresponding stannylene-

hydride (vide infra) as the catalyst.  
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Scheme 13. One of the two proposed reaction mechanisms for the catalytic hydroboration of CO2 with hydrido-

germylene 2.[129] 

The substrate scope was later expanded to CO2, catalytically accessing methanol equivalents 

(>99 % MeOBpin and O(Bpin)2) upon hydroboration with HBpin.[129] Here, the mechanism was  

investigated using DFT calculations. The authors found two main viable pathways. In both 

cases, the first two steps are the insertion of CO2 into the Ge–H bond of the germylene to give 

a germanium-formate, followed by reaction with HBpin to give an acetal intermediate (Scheme 

13). The following steps either involve the release of formaldehyde from the intermediate or 

the introduction of another HBpin molecule to release MeOBpin. In both cases, the resulting 

borate ester then releases (pinB)2O with a last equivalent of HBpin and re-forms germylene 

22. Both routes have a similar energy profile and can be assumed to take place simultaneously. 
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Scheme 14. Reactivity of hydrido-germylene 22 towards acyclic and cyclic alkenes. Valorization of 

hydrogermylation products with cyclic alkenes by reacting with H2 or hydridic reagents was unsuccessful.[128] 

Germylene 22 is also active in the hydrometalation of various alkenes (Scheme 14).[128] While 

reactions with acyclic alkenes and alkynes irreversibly led to anti-Markovnikov insertion 

products, hydrogermylation of cyclohexene and cyclooctene were reversible. The authors 

observed a temperature-dependent equilibrium of the germylene, the cycloalkene, and the 

hydrogermylation product. DFT calculations and experimental confirmation revealed a β-

hydride elimination mechanism for the reverse reaction. Despite this reversibility, none of the 

hydrogermylation products further reacted with hydrogen, boranes or silanes, preventing 

further catalytic utilization.  

  

Scheme 15. Resonance structures of NHCP-stabilized germylene 23, illustrating the partial double bond character 

of the Ge–P bond.[133] 

A N-heterocyclic carbene-phosphinidene (NHCP) stabilized germylene 23 was presented by 

our group in 2019 (Scheme 15).[133] While the ligand class is structurally very similar to NHIs, 

the decreased electronegativity and hardness of phosphor compared to nitrogen leads to a 

more pronounced double bond character between germanium and phosphor according to DFT 

calculations. Consequently, calculations also revealed a strong dative character of the  

NHC–P bond.  Despite this, efforts to remove the carbene from the complex by a strong Lewis 

acid were unsuccessful. The complex was however moderately active in the hydroboration of 

benzaldehyde (5 mol% cat. loading, r.t., 3h, 67% conversion) with HBpin. 
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More and more instances mainly of catalytic cyanosilylation and hydroboration by different 

types of Ge(II) species have been published in recent years and efforts to improve reaction 

conditions and develop new applications are ongoing.[19, 106-107, 133-135] 

2.3.2. STANNYLENES 

As with germylenes, Lappert et al. set the first milestone in regards to stable acyclic 

stannylenes with several alkyl- and amine-stannylenes published in 1974 and 1976 (Figure 

13).[14, 112, 136] The compounds were either obtained via salt metathesis of SnCl2 and the 

respective lithiated ligand precursor (24 and 25) or from ligand exchange of the previously 

isolated amine-stannylene (26). 

 

Figure 13. The first stable stannylenes, published by Lappert et al. in 1974 and 1976.[14, 112, 136-137] 

While the focus was not yet on small molecule activation at that time, their high reactivity was 

already recognized. Lappert and coworkers reported insertion-, redistribution-, photochemical- 

and metathesis-reactions as well as oxidative addition with the methyl iron complex 

Cp(OC)2FeMe upon reaction with stannylene 24.[112] Similar to the respective alkyl germylene 

(12), stannylene 26 could be observed as a dimer in solid state.[14] Furthermore, the weak 

Lewis-acid and strong Lewis-base properties of complex 26 could be illustrated upon reaction 

with a selection of transition metal complexes. Also, oxidative addition reactivity could be 

demonstrated with a number of alkyl-halides as well as 2,3-dimethylbuta-1,3-diene.[136] The 

reactivity of 26 with H2O and MeOH was later investigated, resulting in the respective Sn(IV) 

oxidative addition products (Scheme 16.).[120] 
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Scheme 16. Oxidative addition of stannylene 26 upon reaction with methanol or water as well as DBU catalyzed 

and reversible H2 activation.[120, 138] 

Stannylene (Me3Si)2CH]2Sn: (26) was also investigated regarding its reactivity towards 

hydrogen.[138] While the compound alone did not react with the small molecule, the addition of 

amines as catalysts enables oxidative addition at the metal center. When DBU 

(1,8-Diazabicyclo[5.4.0]undec-7-en) was used, the reaction was observed to be reversible, 

therefore also enabling reductive elimination. The authors proposed a mechanism involving 26 

as a Lewis acid in a frustrated Lewis pair. Respective hydrogenation catalysis has not yet been 

reported. 

 

Figure 14. A selection of aryl-stabilized stannylenes.[104, 115, 139-140] 

Following a similar pattern as the previous chapter, the next iteration of acyclic stannylenes 

were aryl-ligated ones (Figure 14). Complex 27 was the first aryl stannylene that did not 

dimerize to the distannene due to the extremely bulky 2,4,6-tri-tert-butylphenyl ligands.[139] The 

compound was obtained by ligand exchange reaction of stannylene 24 with the lithiated ligand 

precursor. The heteroleptic stannylenes 28a and 28b were obtained by reacting the 

terphenyl-substituted chloro-stannylene precursor with MeLi or tBuLi respectively.[140] 28a 

could then be further reacted to a valence isomer of an alkene, TippTerSn–SnMe2MesTipp. 28b 

did not show further reactivity, presumably due to the increased steric bulk of the tBu- 

compared to the methyl-group.  
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The first account of reactivity towards hydrogen with an acyclic tetrylene was observed with 

the DippTer-stabilized stannylene 29a (Scheme 17).[104] In contrast to the previously discussed 

terphenyl-substituted germylenes 14a and 14b, the oxidation state +II of the tin center stays 

intact and a bridging hydride is formed alongside arene elimination. 

 

Scheme 17. Reactivity of stannylene DippTer2Sn: (29a) with hydrogen and ammonia.[104]  

Reacting 29a with ammonia, a similar bonding pattern is observed, giving a dimeric structure 

with symmetrically bridged NH2 moieties. This bonding motif has also been reported earlier, 

however not via direct synthesis from the stannylene.[141-142] Interestingly, 29b[115] did not show 

any reactivity towards H2, in contrast to the respective germylene MesTer2Ge: (14a). The 

authors presumed the wider bite angle of 29a necessary to sufficiently lower the HOMO-LUMO 

gap in order to enable reactivity with hydrogen.[141-142]  

Power et al. continued to explore the reactivity of 29b and again observed the formation of 

bridged [MesTerSn(μ-OH)]2 and [MesTerSn(μ-OMe)]2 upon reaction with water or methanol 

respectively.[120] Furthermore, alkene- and alkyne-arylstannylation of 29a could be achieved 

with terminal and non-terminal alkynes as well as ethylene.[143-144] Here, the mono-insertion 

into the Sn–L bond is observed for ethylene, phenylacetylene, diphenylacetylene and 

1-hexyne. If trimethylsilyl acetylene is used, ligand exchange takes place giving distannene 

[(DippTer)Sn(CCSiMe3)]2. 
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Figure 15. Selected examples of imino-, boryl- and silyl-substituted stannylenes.[58, 92, 126, 145-147] 

Pertinent to this work, some examples of homo- and heteroleptic NHI-stabilized stannylenes 

have been reported in our group (6, Figure 5; 30a-c, Figure 15), however, no small molecule 

activation could be achieved with these compounds at that point.[58, 83, 145-146] 

 

Scheme 18. Reactivity of bis-borylstannylene 31a with various E-H bonds and phenylacetylenes. [92, 126] 

In terms of reactivity, other heteroatom-substituted stannylenes showed more potential. As 

such, Aldridge et al. showcased the oxidative addition capability of bis-borylstannylene 31a 

with H2, NH3, and H2O as well as silanes and amineborane BH3–NMe3 (Scheme 18).[92] Upon 

reaction with ammonia, adduct formation takes place first, followed by oxidative addition as 

with the other RnEH-type substrates. After 4 days, reductive elimination products 

(HCDippN2)B–H and (HCDippN2)B–NH2 alongside the reduction of the metal center to mostly 
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elemental tin could be observed. Furthermore, 31a as well as 31b cleanly insert 

phenylacetylene into the respective Sn–B bond(s) to give vinylstannylenes without oxidizing 

the metal center.[126] 

 

Scheme 19. Insertion reaction of CO2 with bis-borylstannylene 31a.[93]  

The reaction of CO2 and N2O with 31a was also investigated.[93] Rather than oxidative addition 

taking place, the molecule inserts into one of the Sn–B bonds, initially giving a mono-

carboxylate (Scheme 19). If the solution is left under a CO2 atmosphere, the double insertion 

product is formed. Reductive elimination is observed however, when the mono-carboxylate is 

left in hexane for 14 days in the absence of CO2. Similarly, upon the reaction of complex 31a 

with N2O, the initial insertion of one oxygen atom into the Sn–B bond is observed. The 

compound slowly dissociates in solution to again give stannylene 31a alongside the 

bis(boryloxy)stannylene product. 
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Scheme 20. Reversible activation of P4 by heteroleptic silyl-stannylene 32 and irreversible P-atom transfer to a 

silylene chloride.[147]  

Silyl-substituted stannylene 32 can activate P4 and displays phosphorus transfer reactivity 

(Scheme 20).[147] Upon reaction of 32 with white phosphorus, oxidative addition takes place, 

coordinating a P4 cluster at the metal center. The reaction proved to be reversible with the use 

of UV light. Attempts to further utilize the activated phosphorus were successful in the P-atom 

transfer with the silylene chloride PhC(NtBu)2SiCl. Theoretical calculations revealed a higher 

nucleophilicity and a more electron rich metal center compared to the homoleptic stannylene 

29a, rationalizing the increased reactivity of 32. 
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Scheme 21. Proposed mechanism for the catalytic hydroboration of diisopropylketone with hydrido-stannylene 33 

and HBpin.[105] 

Moving on to catalytic applications, the parallels to germylenes are again apparent. A hydrido-

stannylene presented by Jones et al. in the same course as the previously discussed 

germylene showed hydroboration capability as well.[105, 129] Compared to the germylene (22), 

hydrido-stannylene 33 L(H)Sn: (L = N(Ar†)[SiiPr3], Ar† = C6H2-2,6-[C(H)Ph2]2-4-iPr) showed a 

significantly faster reaction rate in the hydroboration of utilized ketones, aldehydes, and CO2. 

With a catalyst loading of only 0.5 mol% they achieved a TOF of up to 1330 h-1, which is similar 

to commonly used transition metal complexes for those types of reactions. Due to 33 slowly 

decomposing in solution, pre-catalyst L(OtBu)Sn: was used after initial investigations (Scheme 

21). While the mechanism for the CO2 reduction could not be identified conclusively by DFT 

calculations, they suggested a mechanism for hydroboration of the bulky ketone O=CiPr2. 

Here, the authors propose an initial attack of the substrate’s oxygen moiety on the stannylene 

center, forming an alkoxide via a four-membered transition state. In the next step, HBpin and 

the alkoxide react in a σ-bond metathesis to give borate ester as the product and regenerate 

the hydrido-stannylene (33). 
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Analogously to the respective hydrido-germylene (22), complex 33 also displayed 

hydroelementation activity.[128]  While the hydrostannylation of acyclic alkenes irreversibly gave 

isolable products, the reversible hydrostannylation of cyclopentene showed the slow formation 

of decomposition products over time. Since no decomposition can be observed when an 

excess of cyclopentene is used, this observation can be attributed to the instability of the 

hydrido stannylene. Again, the hydrostannylation products could not be utilized in any follow 

up reactivity. 

 

Scheme 22. NHCP stabilized stannylene 34 (left) and catalytic hydroboration of aldehydes and ketones  

by 34 (right).[133] 

NHCP-substituted stannylene MesTer(IDippP)Sn: (34), the tin analog of germylene 23, shows 

very similar structural properties with a partial double bond character of the Sn–P bond. 

Theoretical calculations revealed a slightly lower Wiberg bond index of the element-phosphor 

bond (Ge–P in 23: 1.300, Sn–P in 34: 1.063) and slightly smaller HOMO-LUMO gap (23 = 3.49 

eV, 34 = 3.34 eV) of 34, which is in accordance to the higher reactivity of the stannylene (41) 

in hydroboration. Full conversion could be achieved in the hydroboration of several aldehydes 

and ketones in ≤ 2.5 hours with a catalyst loading of ≤ 0.5 mol% with HBpin as reducing agent. 

While 23 was only active towards benzaldehyde with conversion of 67 % after three hours, 34 

fully consumed (> 99% conversion) the compound in less than 15 minutes with a catalyst 

loading of 0.1 mol%. 

As with germylenes, investigations into broader and more effective applications of stannylenes 

and other Sn(II) species for small molecule activations and catalysis continue to be published 

and indicate ongoing interest and further development in the future.[19, 107, 148-151] 
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3. SCOPE OF THIS WORK 

As elaborated in the previous chapter, heavier tetrylenes – especially germylenes and 

stannylenes – bear an inherent potential for application in small molecule activation and 

catalysis. While a lot of early work has been done and showed great promise, there is still 

much room for further exploration. As such, deliberately designed ligands can enhance the 

desired properties of novel tetrylenes, and the resulting complexes could display more efficient 

or new applications than previously observed. As such, this work aims to design novel, imine-

ligand stabilized germylenes and stannylenes and explore their suitability for small molecule 

activation and catalysis. 

The goal of the present work can be separated into multiple parts. The first step is synthesizing 

a library of NHI-stabilized germanium and tin complexes. The choice of N-heterocyclic imines 

(NHIs) as ligand types comes down to their strong donor abilities and their variability in steric 

bulk, providing thermodynamic and kinetic stabilization of the metal center. Selected ligands 

35 and 36 were the most promising candidates (Figure 16).[55-56, 61, 152] 

 

Figure 16. Selected examples of applied ligands with leaving groups –SiMe3, –H, and –Li. 

A few avenues can be explored to introduce the ligand to the metal center. Suitable leaving 

groups on the ligand include –SiMe3 and –Li. The free ligand (NHI–H) can also be utilized in 

some cases, given a strong enough driving force to form the new complex. Generally, 

trimethylsilyl as a leaving group provides the best reaction economy since the free and the 

lithiated ligands are generated from it (Scheme 23).  
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Scheme 23. Synthesis of free and lithiated ligand precursors NHI ligands from trimethylsilyl-substituted 

congener.[55, 60-61, 153] 

This ligand class has previously been utilized in similar low-valent group 14 complexes as well 

as late transition metal complexes, showcasing their suitability.[49, 55-56, 59-61, 79, 84, 146, 152-153] 

Introduction of the ligand to the metal center can occur by metathesis reactions of a tetrylene 

salt or complex (Scheme 24). Preferably, a compound with the oxidation state +II is utilized, 

such as ECl2·dioxane, MesTer(Cl)Sn: or [(Me3Si)2N]2E: (E = Ge, Sn), to obtain novel complexes 

in a one-step synthesis. In the case of ECl2·dioxane or [(Me3Si)2N]2E:, homo- or heteroleptic 

complexes can be obtained depending on the equivalents of the ligand used.  

 

Scheme 24. Synthesis of NHI and stabilized homo- and heteroleptic germylenes and stannylenes. 

Alternatively, the ligand can be introduced to a +IV germanium or tin precursor, such as the 

respective halide salts, to first obtain a tetravalent complex. The following reduction, for 
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example, by common reducing agents KC8 or NaNaph, leads then to the desired low-oxidation 

state compound. 

With the imine-stabilized tetrylenes in hand, the next step is the exploration of their reactivity 

towards small molecules. For that, different bonding types and molecules can be considered. 

Of the most interest are industrially relevant compounds, such as H2, CO2, ethylene, NH3, N2O, 

and more. 

 

Scheme 25. Selected potential pathways of activation and catalytic utilization of small molecules with tetrylenes. 

Activation should occur either by the metal center's oxidative addition or by insertion into the 

metal-ligand bond (Scheme 25). In both cases, the reversibility of the reaction is an important 

aspect of the potential future utilization of the activated small molecule. If a selective activation 

can be observed, catalytic applications such as hydroboration or hydrosilylation must be 

considered. For that, suitable reducing substrates, such as boranes or silanes of varying steric 

demand and reactivity, must be compared. Ideally, a tetrylene that can activate and 

catalytically metabolize small molecules under mild conditions and with high selectivity should 

be obtained. 
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CONTENT:  

Aryl(imino)stannylene MesTer(IDippN)Sn: was obtained by the metathesis reaction of cloro-

stannylene MesTer(Cl)Sn: with lithiated ligand (IDippN)–Li. In many previous instances where 

activation of CO2 via insertion into the ligand–metal bond of an acyclic stannylene could be 

observed, the resulting Sn(II)carboxylates quickly decomposed due to the relatively high 

oxophilicity of the corresponding ligands. In the case of MesTer(IDippN)Sn: however, with the 

introduction of a strongly donating and nucleophilic NHI-ligand to the Sn-center, a highly 

polarized but stable (Löwdin’s Partial Charges, Sn: +0.4 a.u., N: –0.4 a.u.; Mayer Bond Order 
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Sn–N: 1.1) Sn–N bond was formed, enabling formation of a persistent Sn(II)carboxylate upon 

CO2 insertion and regeneration of the complex via catalytic conversion.  

Insertion of CO2 into the Sn–N bond takes place under mild conditions and leads to the 

quantitative formation of a thermodynamically stable Sn(II)-carboxylate within 10 minutes. 

Addition of HBpin led to the formation of hydroboration products, indicating catalytic activity. In 

fact, the optimal conditions for CO2 hydroboration by MesTer(IDippN)Sn: with HBpin as 

reductant (5 mol% cat. Loading, THF, 50 °C, 1 bar CO2) lead to complete conversion of HBpin 

to MeOBpin and pinBOBpin with a TOF of 4.2 h-1. 

 Theoretical and experimental comparison of the catalyst with aryl(amido)stannylene 

MesTer(Ph2N)Sn: and aryl(phosphinidene)stannylene MesTer(IDippP)Sn:, revealed the intrinsic 

properties of the Sn–N bond in the catalyst to be the deciding factor for the observed reactivity.
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CONTENT:  

This paper expands the library of highly reactive but stably acyclic heavier tetrylenes by three 

new compounds. Firstly, the heteroleptic stannylene [(Me3Si)2N](ItBuN)Sn: could be obtained 

via ligand exchange reaction of [(Me3Si)2N]2Sn: with the free ligand (ItBuN)H. Secondly, the 

homoleptic congeners (ItBuN)2E: (E = Ge, Sn) were isolated from the reaction of ECl2·dioxane  

and (ItBuN)Li. While [(Me3Si)2N](ItBuN)Sn: and (ItBuN)2Ge: appear monomeric in solid state 

as well as in solution (determined by SC-XRD and NMR-spectroscopy), the solid state 

structure of (ItBuN)2Sn: is dimeric according to SC-XRD. However, solution state VT-NMR 

experiments (1H- and 119Sn-NMR) reveal an approximate 1:1 ratio of monomer and dimer at  

– 80 °C with the monomer being the predominant state at room temperature. 
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While [(Me3Si)2N](ItBuN)Sn: did not show selective reactivity towards CO2 or N2O, the 

homoleptic congeners showed interesting and contrasting reactivity with CO2. Stannylene 

(ItBuN)2Sn: activates CO2 by inserting one equivalent of the molecule into each Sn–N bond, to 

give two carbamato groups. In contrast, the metal-ligand bonds in germylene stay intact upon 

reaction with CO2. Instead, the small molecule bridges each of the Ge–N bonds in an N,O 

coordination mode, giving two 4-membered metallacycles. 

Upon reaction of (ItBuN)2Sn: with N2O, partial oxidation takes place, giving a bis-stannylene 

with a central Sn2N2 ring ligated by two stannanolate-type ligands ((ItBuN)3SnO–). Germylene 

(ItBuN)2Ge: showed no selective reactivity towards N2O and gave only free ligand as 

determinable decomposition product.  
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6. SUMMARY AND OUTLOOK 

NHI ligands have long been discussed for their inherent suitability to stabilize electron-deficient 

metal centers since their introduction to the scientific community by Tamm et al. [49-50, 55, 60-61, 64, 

153] Nevertheless, instances of NHI-stabilized heavier tetrylenes, especially those active in 

small molecule activation, have mostly been reserved for silylenes.[20, 80, 86, 156] NHI-stabilized 

germylenes and stannylenes, on the other hand, often did not show activity towards small 

molecules or have simply not been explored for that purpose.[58, 83, 124, 145-146] This is somewhat 

surprising since the increased stability of the +II oxidation state going down group 14 should 

facilitate the synthesis of those complexes as well as reductive elimination, which is a crucial 

step in redox-based catalysis. NHIs can support this reactivity by providing strong σ- as well 

as π-donation to the metal center, which can stabilize and increase the reactivity of the 

compound at the same time. With this work, this gap could be partially bridged, and a collection 

of NHI-stabilized germylenes and stannylenes active in small molecule activation and/or 

catalysis were presented. 

6.1. HYDROBORATION OF CO2 BY AN NHI-STABILIZED TETRYLENE 

The aryl(imino)stannylene MesTer(IDippN)Sn: (I) was synthesized as a dark red solid via salt 

metathesis of (IDippN)Li and MesTer(Cl)Sn: in a 75 % yield. The compound was thoroughly 

characterized by 1H-, 13C{1H}-, and 119Sn-NMR, as well as elemental analysis and SC-XRD. 

The length of the Sn–N bond is in the range of a short single bond (2.042(2) Å), and density 

functional theory calculations identified a highly polarized single bond with a weak 

π-component. The compound was also compared theoretically with the known NHCP-

stabilized stannylene MesTer(IDippP)Sn: (34)[133] as well as amido stannylene MesTer(Ph2N)Sn: 

(III), which was also synthesized and fully characterized for this account. The calculations 

revealed the lowest HOMO-LUMO gap in III (3.56 eV) and similar values for stannylenes 34 

and I (3.88 eV and 3.83 eV respectively). Furthermore, Löwdin’s Partial Charges and Mayer’s 

Bond Orders indicated a strong covalent Sn–P bond with double bond character in 

MesTer(IDippP)Sn: and a weak and polarized single bond in MesTer(Ph2N)Sn:. 

The reactivity of I towards CO2 was then examined. It turned out that the stannylene reacts 

readily with CO2 (1 bar) at room temperature in less than 10 minutes, and the product 

[MesTerSn(CO2)N(IDipp)] (II) could be isolated in a 96 % yield as a colorless solid. 13C{1H}-NMR 

revealed a signal at 175.6 ppm characteristic for a carbamate carbon and SC-XRD confirmed 
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the identity of the compound. One molecule of CO2 inserts into the Sn–N bond of 

MesTer(IDippN)Sn: (I) to give a tetrahedral tin center. Calculations of the mechanism suggest a 

1,2-addition of CO2 across the Sn–N bond followed by a barrierless dissociation of the 

metal-ligand bond. Comparing this to MesTer(IDippP)Sn: (34), which does not react with CO2, 

a similar 1,2-addition is theoretically feasible, however the bond dissociation is unfavored. This 

indicates that the nature of the Sn–N is the deciding factor that allows CO2 activation with the 

imino-stannylene. 

 

Figure 17. Synthesis, CO2 activation, and catalytic hydroboration activity of NHI-stabilized stannylene (I) and 
comparison with amine-stabilized stannylene (III). 

This rapid and mild activation of CO2 gave impetus to explore the utilization of the activated 

molecule in follow-up reactivity. While the direct release of CO2 from compound II could not be 

observed, even at reduced pressure or elevated temperatures, it reacted with stoichiometrical 

amounts of pinacolborane (Figure 17). In fact, alternating between addition of 1 bar of CO2 and 

one equivalent of HBpin three times led to the formation of 31 % yield of MeOBpin. Under 



6.2. SMALL MOLECULE ACTIVATION BY HEAVIER BIS-NHI-TETRYLENES 

55 
 

optimized catalytic conditions (THF, 50 °C, 5 mol% catalyst loading), 1 bar of CO2 and 

equimolar amounts of HBpin led to the full conversion of CO2 to MeOBpin and O(Bpin)2 with a 

TOF of 4.2 h–1. Theoretical calculations revealed the tin carboxylate (II) to be the resting state 

of the catalytic cycle and the rate-determining step to be the hydrogenation of the reduced 

products by HBpin. Overall, three equivalents of HBpin are consumed per equivalent of CO2 

in one cycle, and the calculated mechanism is in agreement with the applied reaction 

conditions. 

The importance of the NHI ligand for the observed catalysis could further be illustrated by 

comparing the reactivity of MesTer(Ph2N)Sn: (III) with CO2. The –NPh2 moiety was chosen for 

its similarly low oxophilicity compared to the NHI ligand. While stannylene III reacts with CO2 

to presumably give a tin-carboxylate analogously to the NHI-stabilized congener (not isolated, 

but in line with 1H- and 13C-NMR as well as mass spectroscopic measurements), the addition 

of HBpin to the reaction mixture led to the formation of Ph2N–Bpin and O(Bpin)2. This is in 

good agreement with the calculated weak Sn–N bond and low HOMO–LUMO gap of complex 

III. While reactivity can be observed, the regeneration of the tetrylene is unfavored upon the 

addition of HBpin, giving the respective decomposition products. 

 

6.2. SMALL MOLECULE ACTIVATION BY HEAVIER BIS-NHI-TETRYLENES 

The differences in structure and reactivity of heteroleptic stannylene [(Me3Si)2N](ItBuN)Sn: (IV) 

homoleptic tetrylenes (ItBuN)2Ge: (V) and (ItBuN)2Sn: (VI) have been discussed in this chapter. 

Stannylene IV readily forms upon treatment of Lappert’s stannylene [(Me3Si)2N]2Sn:[112, 137] with 

the free NHI ligand (ItBuN)H (Scheme 26). In the case of the bis-NHI-stabilized tetrylenes V 

and VI, a salt metathesis route via treating ECl2·dioxane (E = Ge, Sn) with the lithiated ligand 

precursor (ItBuN)Li gave the best results. All compounds have been fully characterized by 

multinuclear NMR experiments, SC-XRD, as well as elemental analysis. According to NMR 

experiments, all tetrylenes appear monomeric in solution at room temperature. SC-XRD 

spectroscopy, however, showed a dimeric structure for stannylene VI in the solid state. Due to 

this observation, 1H and 119Sn VT-NMR experiments were performed, which revealed an 

equilibrium between the monomeric and dimeric form with about a 1:1 ratio of both at – 80 °C 

(according to 1H integral ratios). 
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Scheme 26. Synthesis and molecular structure of heteroleptic stannylene IV. 

Next, the tetrylenes were evaluated regarding their reactivity towards CO2 and N2O. While IV 

reacted with both small molecules, no selective product formation could be observed. In 

Contrast, homoleptic tetrylenes V and VI both reacted selectively with CO2 in swift reactions at 

room temperature. The activations are irreversible, and even under elevated temperatures or 

reduced pressure, no release of CO2 could be observed in both cases. Germylene V 

undergoes a [2+2]-cycloaddition alongside each of the Ge–N bonds of the complex to give a 

doubly N,O-coordinated germylene (VII). In the case of stannylene VI, insertion of CO2 into 

each of the Sn–N bonds take place and the doubly κ2O,O’ coordinated bis-carbamate (VIII) is 

formed. The difference between these activation modes is presumed to be due to a stronger 

Ge–N bond than the Sn–N bond in the respective complexes.  
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Scheme 27. Synthesis and reactivity towards CO2 of NHI-stabilized tetrylenes V and VI. 

While the reaction of germylene V led to decomposition upon exposure to N2O, stannylene VI 

reacted selectively with N2O in a partial oxidation. The compound can be described as a 

stannanolate-ligated bis-stannylene with a central Sn2N2 ring, confirmed by SC-XRD 

measurements. The mechanism potentially follows the transient formation of a stannone 

followed by a reaction with another equivalent of unreacted stannylene and rearrangement. 

6.3. OUTLOOK 

UNEXPLORED REACTIVITY 

As a first step into further research, the scope of small molecule activation and catalysis with 

the presented tetrylenes should be expanded (Scheme 28). As such, other industrially relevant 

small molecules (e.g. H2, NH3, or CO) should be explored in regard to their reactivity with the 

tetrylenes. If the reactivity of the respective tetrylene is not high enough, the introduction of an 

amine or another Lewis base could increase activity. In previous accounts, for example in the 
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case of dialkyl-stannylene 33 (c.f. chapter 2.3.2, Scheme 16) or a cyclic alkylsilylene (2,2,5,5-

tetrakis(trimethylsilyl)silacyclopentane-1,1-diyl), frustrated Lewis pairs of a tetrylene with an 

amine enabled activation of hydrogen.[138, 157]  

 

Scheme 28. Unexplored reactivity with NHI-stabilized tetrylenes V and VI. 

Since aryl(imino)stannylene I showed activity in hydroboration of CO2, the homoleptic 

tetrylenes (ItBuN)2Ge: (V) and (ItBuN)2Sn: (VI) should also be investigated in that regard. As 

such, the reactivity of the respective carbamates (VII and VIII) towards HBpin or other boranes 

should be investigated. Besides hydroboration, (catalytic) silylation of CO2 or cyanosilylation 

of aldehydes and ketones should also be investigated not only for tetrylenes V and VI, but also 

for stannylene I. 

LIGAND MODIFICATION 

Modification of the NHI ligand, not only on the endocyclic N-substituents but also in the 

backbone area, could lead to interesting new compounds (Figure 18). Introducing a methylated 

backbone to the NHI has proven to have a notable impact on the structure and reactivity of 

silylenes. While (IDippN)(silyl)silylenes with an unmodified backbone (c.f. 4a-c, Figure 5) react 

with the aromatic wingtip moiety to form silepins, (MeIDippN)(SitBu3)Si: (4d) is stable as an 

acyclic silylene.  
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Figure 18. Potential ligand modifications of the backbone or wingtips of the NHI ligand. 

It would be interesting to see, what impact backbone modification could have on the respective 

germylene or stannylene analog. Modification of the wingtips would mostly change the steric 

bulk of the ligand and therefore the geometry around the metal center of a potential tetrylene. 

This could have an influence on dimerization tendencies as well as the HOMO–LUMO gap 

(and therefore the reactivity) of the compound as well, as previously observed in similar 

silylenes and silepins.[79-82, 86] 

ALTERNATIVE SYNTHESIS ROUTE AND LIGANDS 

While the previously presented accounts all utilize the direct synthesis of tetrylenes via 

introduction of a ligand precursor to a metal source of the oxidation state +II (i.e. EX2·dioxane, 

[(Me3Si)2N]2Sn:, MesTer(Cl)Sn:), using reagents where the group 14 element is in the +IV 

oxidation state can also lead to useful precursor compounds. While this route requires a multi-

step synthesis, that ultimately leads to the desired tetrylene via reduction (c.f. Scheme 4), 

intermediary compounds can be more stable and easier to handle. This is especially the case 

for germanium (and silicon) complexes, where hybridization is still more effective than for tin 

or led, making the tetravalent compound generally more stable. The stoichiometric introduction 

of ligands to the metal center tends to be more selective, allowing a potentially more facile 

synthesis of heteroleptic compounds.  

 

Figure 19. CAAI and Silyl moieties as secondary ligands for the synthesis of heteroleptic tetrylenes (R = SiMe3, 
tBu, Me, etc). 



6.3. OUTLOOK 

60 
 

The introduction of silyl or cyclic alkyl(amino)iminate (CAAI) groups as secondary ligands could 

for example be considered (Figure 19). As mentioned above (c.f. chapter 2.3), silyl ligands are 

strong σ-donors and can be varied in steric bulk relatively easily. By this, they can theoretically 

increase reactivity and provide thermodynamic stabilization to the metal center at the same 

time. CAAIs are a newer evolution of imine ligands derived from the respective parent 

carbenes. First published in 2019 by Braunschweig et al., this compound class has found quick 

acceptance in the scientific community.[152] As in NHIs, CAAIs bear a terminal imine introduced 

at the former carbene position. The presence of only one endocyclic nitrogen leads to a less 

electron-rich heterocycle with a weaker inductive effect on the 2-position of the ring, just as in 

the parent CAAC. Looking at the structure and comparing earlier accounts regarding NHIs, 

one can expect CAAIs to be weaker π-donors and stronger σ-donors, respectively.[158] 

Nevertheless, CAAIs can also be described as 2σ- and up to 4π-electron donors, visualized 

by the resonance structures. Synthesizing heteroleptic tetrylenes with one NHI and one CAAI 

ligand could also lead to new highly reactive compounds. 

 

Scheme 29. Proposed synthesis routes to NHI- and silyl- or CAAI-substituted heteroleptic tetrylenes.  

Both silyl and CAAI moieties could be introduced as alkali metal salts (e.g. R3Si–K or  

CAAI–Li) to an NHI-substituted E(IV) halide via salt metathesis (Scheme 29), followed by 

reduction to give a tetrylene. Reduction of L2EX2 type compounds to the respective tetrylenes 

L2E: could for example successfully demonstrated for a number of silyl ligated silylenes and 

disilenes, such as [(Me3Si)3Si](tBu3Si)Si: and (tBu2MeSi)2Si=Si(SiMetBu2)2 as well as 

(IDippN)2Ge: (5, Figure 5).[54, 159-160] Furthermore, if the secondary ligand is a strong enough 

reductant, which is often the case for silanides, introduction of the secondary ligand and 

reduction can occur in one step. In situ reduction and ligand exchange using LEX3 complexes 

and silanides as ligand precursor and reducing agent proved successful in NHI-stabilized 
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silylenes and disilenes, such as 4a-c (Figure 5) and (RSi)(ItBuN)Si=Si(ItBuN)(SiR) 

(R = (SiMe3)3, tBu3, tBu2Me).[84, 161] 

In conclusion, the obtained NHI-stabilized tetrylenes and stannylenes showcased their 

capability in small molecule activation and catalysis. The introduction of modified NHIs or other 

new ligands in combination with NHIs to low-valent germanium and tin centers could further 

advance the field and give more insights into the yet unrealized possibilities of these 

compounds.
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