
Technische Universität München
TUM School of Natural Sciences

Reactivity and catalytic application of NHC
stabilized stannyliumylidenes and stannylenes

Dechuang Niu

Vollständiger Abdruck der von der TUM School of Natural Sciences der Technischen

Universität München zur Erlangung

Doktors der Naturwissenschaften

eines

(Dr. rer. nat.)

genehmigten Dissertation.

Vorsitz: Prof. Dr. Christopher Stein

Prüfende der Dissertation:

1. Prof. Dr. Shigeyoshi Inoue

2. Assoc. Prof. Dr. Moumita Majumdar

Die Dissertation wurde am 07. 04. 2025 bei der Technischen Universität München

eingereicht und durch die TUM School of Natural Sciences am 02. 05. 2025 angenommen.



I

Abstract

Tetryliumylidenes (RE:+) are mono-substituted compounds with the central element EII (E =

Si, Ge, Sn, Pb) containing a lone pair of electrons and two vacant orbitals. Due to their

unsaturated and ambiphilic nature, they are highly reactive and are of increasing interest for

catalytic applications. To date, many tetryliumylidenes have been reported, however, the

reactivity investigations and catalytic applications of stannyliumylidenes are still scarce

compared to Si and Ge analogues. This thesis comprises the isolation and characterization

of the N-heterocyclic carbene (NHC)-stabilized stannyliumylidenes, including three-

coordinated and two-coordinated variants based on diverse coordination number by NHC.

Their fascinating reactivities towards small molecules and catalytic applications are

investigated. Additionally, an amido/terphenyl-stannylene–NHC adduct was isolated, which

not only activates ketones and aldehydes in stoichiometric reactions but also catalyzes the

hydrosilylation of these carbonyl compounds.

Kurzusammenfassung

Tetryliumylidene (RE:+) sind monosubstituierte Verbindungen mit einem Element der Gruppe

14 in der Oxidationsstufe +2 (E = Si, Ge, Sn, Pb), das ein freies Elektronenpaar und zwei

unbesetzte Orbitale besitzt. Aufgrund ihrer ambiphilen und ungesättigten Natur sind sie

hochreaktiv und gewinnen zunehmend an Bedeutung in der Katalyse. Während zahlreiche

Tetryliumylidene untersucht wurden, ist die Chemie der Stannyliumylidene im Vergleich zu

ihren Silicium- und Germanium-Analoga noch wenig erforscht. Diese Arbeit konzentriert sich

auf die Isolierung und Charakterisierung von NHC-stabilisierten Stannyliumylidenen,

einschließlich drei- und zweifach koordinierten Spezies, die durch die NHC-Koordination

beeinflusst werden. Ihre Reaktivität gegenüber kleinen Molekülen sowie ihre katalytischen

Anwendungen. Zusätzlich wurde ein Amido/Terphenyl-Stannylen–NHC-Addukt isoliert, das

nicht nur Ketone und Aldehyde in stöchiometrischen Reaktionen aktiviert, sondern auch als

Katalysator für die Hydrosilylierung dieser Carbonylverbindungen dient.
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1 Introduction

Tin (Sn), a soft, silvery-white metal, has played a significant role in human history.1 It is one

of the earliest known metals, valued for its versatility and unique properties. Since around

3500 BC, tin has been a key additive in alloy production, including bronze and pewter.

Following the Industrial Revolution, its demand surged due to applications in iron and steel

coatings, food preservation, and other industries.2, 3

In nature, tin is primarily found as cassiterite (SnO2) (Figure 2, (a)). The ore is extracted

through dredging, open-cast mining, or gravel-washing, where high-pressure water jets

separate it from deposits. The extracted ore is then concentrated by gravity separation,

leveraging its higher density compared to sand. Subsequently, it undergoes roasting to

remove arsenic and sulfur and to convert metal sulfides into oxides before being reduced by

smelting in reverberatory, rotary, or electric furnaces (Figure 1).4

Figure 1. Reduction of SnO2 with CO.

Figure 2. (a) Photograph of cassiterite crystals; (b) the electronic configuration of Sn; (c) Typical geometry of
Sn(II) and Sn(IV) complexes.

Tin (Sn) belongs to Group 14 of the Periodic Table and has the electronic configuration [Kr]

4d105s25p2 (Figure 2, (b)).2 It primarily exhibits two valence states, Sn(IV) and Sn(II). In the

Sn(IV) state, tin typically forms tetrahedral compounds (e.g., SnX4, X = halide) (Figure 2, (c)).

In contrast, Sn(II) compounds (e.g. SnX2) generally adopt a bent geometry due to the

presence of a lone pair of electrons (Figure 2, (c)). The lone pair of electrons significantly

affects the electronic and steric properties of Sn(II) complexes, making their structures more

flexible than their Sn(IV) counterparts. Additionally, both Sn(IV) and Sn(II) can adopt higher

coordination numbers beyond their typical tetrahedral and bent geometries due to

electrostatic and steric effects. Trigonal pyramidal (Sn(II)) occurs in three-coordinate species

with a lone pair, while distorted see-saw (Sn(II)) structures arise when Sn(II) coordinates to
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additional ligands. A square planar (Sn(IV)) is found in certain ligand-stabilized complexes,

such as tetracyanostannate(IV) [Sn(CN)4]2-. Trigonal bipyramidal (Sn(IV)) and octahedral

(Sn(IV)) geometries appear in hypercoordinate tin species with strong donor ligands. The

stannyl radical was found to have a trigonal planar structure like the corresponding cation.

The first organotin compound is diethyltin diiodide (CH3CH2)2SnI2), discovered by Edward

Frankland in 1849 via tin reacted with iodoethane in temperatures regions of 150 to 200 ºC.

The area grew rapidly after the discovery of the Grignard reagents, which are useful for

producing Sn-C bonds. The first application of organotin compounds came in about 1943

when they were used for stabilizing polyvinyl chloride (PVC) against heat during processing.

In this regard, dibutyltin dilaurate (DBTDL) is a typical additive to improve PVC's heat and

light stability, making the polymer more durable and suitable for industrial applications.

Afterward, various industrial and biological applications were developed.5 Tin oxide (SnO2),

one of the most common inorganic tin compounds, has been used in glass coatings,

catalysis, sensors, semiconductors, cognitive remediation, and lithium-ion batteries.6, 7

Additionally, tin has gained attention as a promising alternative to lead in organic-inorganic

halide perovskite solar cells (PSCs), offering lower toxicity while achieving high power

conversion efficiency (PCE).8, 9

2 Tetrylenes and Tetryliumylidenes

2.1 N-Heterocyclic Carbenes (NHCs)

The classical N-heterocyclic carbenes (NHCs) are a class of stable singlet carbenes with a

neutral divalent carbon atom directly attached to two nitrogen atoms within a heterocyclic

scaffold (Figure 3, (a)).10 The cyclic (alkyl)(amino)carbenes (cAACs), the replacement of one

of the electronegative and π-donating amino substituents of NHCs by a strong σ-donor alkyl

group, exhibit enhanced amphiphilicity compared to NHCs (Figure 3, (b)).11 Additionally,

mesoionic carbenes (iMICs) are a subclass of the family of NHCs with the carbonic carbon

atom at the unusual C4 (or C5) position, which are stronger σ-donors than classical NHCs

(Figure 3, (c)).12-15 However, a profound discussion of iMICs would exceed the scope of this

introduction.
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Figure 3. Schematic representation of electronic effects in (a) NHCs (b) CAACs, and (c) first NHC.

Since the first crystalline NHC, 1,3-di(adamantyl)imidazole-2-ylidene (IAd) (Figure 3(d), L1),
which was isolated and identified in 1991 by Arduengo et al.,16 NHCs have garnered

significant academic interest as one of the most powerful tools in organometallic chemistry,

demonstrating substantial commercial utility.

The primary application of NHCs is their use as ligands for coordination to transition metals.

Due to their strong σ-donor ability and weak π-acceptor properties, NHCs are comparable to

phosphines and were initially seen as an alternative.17 However, NHCs have several

advantages over phosphines, such as a stronger σ-donor ability that leads to stronger metal-

ligand bonds, making NHC-metal bonds generally more stable.18 The steric and electronic

properties of NHCs can also be easily varied, allowing them to compete with phosphines as

supporting ligands in organometallic chemistry.

Figure 4. Selected early carbene transition-metal complexes.

Twenty years before the isolation of free carbene, NHC transition metal complexes had been

reported. In 1968, Wanzlick synthesized mercury salt-carbene complex by treating 1,3-

dimethylimidazolium perchlorate with mercury (II) acetate (Figure 4, L2).19 In the same year,
Öfele reported the synthesis of NHC chromium (0) complex (L3) via heating 1,3-

dimethyliumidazolium hydrogen pentacarbonylchromate under high vacuum at 120 ºC.20

Since then, numerous NHC-metal complexes have been synthesized, leading to a wide

range of applications, especially in homogeneous catalysis. One of the most extensively
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studied classes of catalytic reactions is ruthenium-based catalysts for olefin metathesis.

Notably, Grubbs catalysts demonstrate how ligand exchange can improve catalytic activity.

Grubbs’ second-generation catalyst (Figure 5, L5) with NHC ligand shows greater stability

and higher activity in olefin metathesis compared to first-generation catalyst (L4) featuring
two PCy3 (Cy = cyclohexyl) ligands bound to ruthenium. Mechanistic studies reveal that the

L5 binds alkenes much more effectively than L4, due to the more electron-rich metal center,
improving catalytic performance by a factor of 10,000.21

Figure 5. Structures of First-generation Grubb's catalyst L4 and Second-generation Grubb's catalyst L5, as well
as a proposed mechanism of transition-metal alkene metathesis. (Cy = cyclohexyl)

As excellent ligands for transition metals, it has also been demonstrated that NHCs can

effectively stabilize main group compounds in low oxidation states. The key feature of the

carbene-main group element bond is the σ-donation of the carbene into an empty σ-

accepting orbital of the low-valent p-block element. Pioneering work in this area was done by

Robinson and colleagues in 2008, who demonstrated that NHCs could stabilize a silicon(0)

species (Figure 6, L8) and a phosphorus(0) species (L9).22, 23 Braunschweig et al. stabilized

a boron-boron triple bond (L10) with carbenes.24 NHCs have also been used to stabilize

elemental carbon species (L11), described as a ‘bent allene’ with an electronic structure

featuring two lone pairs at the central carbon.25 NHCs have also proven to be highly useful in

synthesizing parent systems, which contain hydrogen substituents instead of bulky groups

and are crucial for understanding low-valent main group compounds. A notable example is

the parent borylene (L12) from Bertrand et al., stabilized by cAACs.26 These examples

highlight the versatility of NHCs in stabilizing various main group element compounds.
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Figure 6. Stabilization of p-block species by NHCs.

2.1.1 NHCs in Small Molecule Activation

With the lone pair of carbene electrons, both NHCs and cAAC behave as nucleophiles and

can activate CO2 to form imidazolium carboxylates (Figure 7, L13-L15)27-29, which has been

proved to be an important intermediate in the CO2 hydrosilylation reaction catalyzed by

NHCs.

Figure 7. Selected examples of CO2 activation by NHCs.

Carbon monoxide (CO) activation by NHCs has attracted attention since the 1990s. However,

during the first decade, the existence of an isolated NHC-ketene complex remained a

subject of debate.30-32 This uncertainty was finally resolved in 2006 when Guy Bertrand and

colleagues reported the reaction of stable alkyl amino carbenes (L16) with CO, yielding

stable ketenes (L17) (Figure 8, (a)).33 Later, in 2009, a study by the Bielawski group

demonstrated that a cyclic diamidocarbene (cDAC) (L18) could capture CO molecules

(Figure 8, (b)), leading to the first example of a diamidoketene (L19).34 This process was
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found to be thermally reversible, with equilibrium parameters of Keq = 2.62 M−1 at 30 °C, ΔH

= −35.33 kJ mol−1, and ΔS = −109.5 J mol−1 K−1. Comparing these findings, a ferrocene-

based NHC (L20) was also shown to activate CO, forming a zwitterionic product (L21)
(Figure 8, (c)).35 A similar reaction model was observed by Guy Bertrand in 2013 (Figure 8,

(d)), where an anti-Bredt carbene (L22) facilitated the preparation and isolation of oxyallyl

radical cations (L23).36

Figure 8. Examples of CO activation by NHCs.

NHCs are able to capture N2O to give stable adducts under ambient conditions (Figure 9,

(a)), which display a bent N2O group, bonded to the heterocycle through the N atom (L25).28,
37 L25 is stable at room temperature but decomposes to urea (L26) upon heating. L27
underwent alkylation with MeI to induce a rupture of the N-N bond (L27). Similar to N2O,

NHCs have been confirmed as a potential candidate to fix nitric oxide (NO), an important

small radical molecule.32 Eunsung Lee and colleagues (2015) reported the preparation of

NHC nitric oxide (L28) by direct addition of nitric oxide to NHC in toluene (Figure 9, (b)).38

L28 can be thermally transformed to another N-heterocyclic carbene, forming urea (L26)
with the release of NO and N2O.
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Figure 9. Examples of N2O or NO activation by NHCs.

As shown in Figure 10, the nucleophilic behaviours allow some carbene to activate ammonia

by splitting the N-H bond. The first example of ammonia activation was reported by the

Betrand group in 2007 (L29).39 Later, the synthesis of N,N′-dimesityl-4,6-diketo-5,5-

dimethylpyrimidin-2-ylidene was reported by Bielawski (2010), which activates NH3 to afford

L30.40 Additionally, a typical NHC 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-

ylidene (SIMes) (L31), was found to be an organic reagent to reversibly activate ammonia

(Figure 10, (b)).41

Figure 10. (a) Selected products from activation of NH3 by NHCs; (b) reversible activation of NH3 by SIMes.
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In addition, a rare example of NHC-mediated H2 activation was reported by the Bertrand

group in 2007 as shown in Figure 11.39 More nucleophilic and electrophilic

(alkyl)(amino)carbenes (L16) were found to split the H–H bond under mild conditions,

whereas typical cyclic bis(amino)carbenes remained inert toward dihydrogen. The proposed

mechanism involves the lone pair of the NHC interacting with the antibonding orbital of H2,

facilitating bond cleavage.

Figure 11. H2 activation by NHCs and its proposed mechanism.

Until now, N2 fixation using NHCs has remained largely limited to theoretical investigations.

Studies suggest that N2 activation at a carbon center could be achieved through the design

of either thermodynamically stable ambiphilic amino carbenes or amino carbenes capable of

one-electron reduction. These strategies could provide a promising entry point for non-metal-

based nitrogen fixation systems.

2.1.2 Catalytic Applications of NHCs

Free NHCs are highly valuable as nucleophilic organic catalysts, and the isolation of NHC

activation products provides key insights into their reaction mechanisms.29 The use of NHCs

as catalysts for the hydrosilylation of CO2 was first reported by Zhang, Ying, and

coworkers.42 Subsequent experimental and theoretical studies revealed that the NHC–CO₂

adduct (L13a) serves as the active catalytic species in CO2 hydrosilylation, where the Si–H

bond is activated through coordination with the oxygen atom of the NHC–CO2 adduct (L34)
as shown in Figure 12.43, 44
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Figure 12. The mechanism of NHC-catalyzed CO2 hydrosilylation.

The second major application of NHCs, organocatalysis, stems from their nucleophilicity

toward carbonyl groups in organic compounds.45 Organocatalysis is often associated with

high selectivity and environmental compatibility. Most NHC-organocatalyzed reactions

involve the attack of NHCs on aldehydes. As early as 1943, Ukai et al. reported that

thiazolium salts could catalyze benzoin condensation, though the mechanism remained

unclear.46 In 1958, Breslow and colleagues proposed that a carbene species (Figure 13(a),

L36) serves as the catalyst, initially attacking the aldehyde to form a zwitterionic intermediate

(L37).47 Due to the electron-withdrawing effect of the cationic azolium group, the aldehydic

proton becomes significantly more acidic, facilitating the formation of the Breslow

intermediate (L38) via a 1,2-proton shift. In 2012, Berkessel and colleagues successfully

isolated this intermediate.48 This process achieves an inversion of reactivity, allowing the

previously electrophilic carbonyl carbon to react with electrophiles. In benzoin condensation,

the Breslow intermediate reacts with a second aldehyde molecule, forming intermediate

(L39), which subsequently eliminates benzoin and regenerates the catalyst (L36).



10

Figure 13. (a) The mechanism of carbene-catalyzed benzoin condensation; (b) Examples of carbene-catalyzed
reactions with aldehydes.

Due to the reversibility of benzoin condensation, other electrophiles, such as activated

alkenes, can also participate in the reaction, as seen in Figure 13 (b).49 NHCs also play a

catalytic role in cyclization reactions involving α,β-unsaturated aldehydes and in azolium

substitution when a leaving group is present at the α-position.50-52

2.2 Heavier Tetrylenes

Heavier tetrylenes (R2E:, E = Si, Ge, Sn, Pb) are singlet species of divalent silicon,

germanium, tin, or lead, characterized by a non-bonding electron pair in the ground state

and a vacant p-orbital. Unlike carbon, heavier Group 14 elements have a lower tendency to

form hybrid orbitals and favor an (ns)²(np)² valence electron configuration in their divalent

state.53 This trend is supported by theoretical calculations of the singlet-triplet energy
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difference (ΔEST = E(triplet) − E(singlet)). While methylene (H2C:) is a triplet species with

ΔEST = −14.0 kcal/mol, heavier tetrylenes exhibit singlet ground states with increasing

stability: 16.7 kcal/mol (Si), 21.8 kcal/mol (Ge), 24.8 kcal/mol (Sn), and 34.8 kcal/mol (Pb).54

However, without steric or electronic stabilization, tetrylenes are thermally unstable and

readily undergo reactions leading to tetravalent compounds or elemental metal deposition,

even for plumbylenes. This high reactivity stems from their vacant p-orbitals and the electron

deficiency relative to the octet rule. These characteristics make tetrylenes promising

candidates for small-molecule activation, catalytic applications, and materials science.

To isolate tetrylenes, appropriate thermodynamic and/or kinetic stabilization strategies are

required to protect their highly reactive vacant p-orbitals.55 Thermodynamic stabilization

generally involves intra- or intermolecular electron donation, which partially compensates for

the electron deficiency through coordination or mesomeric effects. Kinetic stabilization, on

the other hand, employs sterically demanding groups to shield the vacant p-orbital,

preventing self-oligomerization or nucleophilic attack. A variety of isolable tetrylenes have

been synthesized by incorporating bulky substituents and heteroatoms such as N, O, P, or

other Lewis bases for additional stabilization. Figure 14 illustrates their typical primary

synthesis routes: (a) Utilizing a photo-reduction approach from R2E(SiR'3)2. (b) Implementing

a reduction method, either photochemically or thermally, from three-membered metalliranes

or metallirenes. (c) Reducing dihalides (R2EX2) using a reducing agent such as KC8,

NaNaph, or alkali metals. Depending on the compound, this can yield either the tetrylene or

its respective dimeric dimetallene. (d) Splitting dimetallene through photochemical or thermal

means or by introducing an additional Lewis base, such as IMe4 or dioxane. (e) Conducting

substitution reactions from a halide-salt EX2 (E = Si, Ge, Sn, Pb; X = Cl, Br, I) with an

organometallic nucleophile, such as RLi or RMgBr.
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Figure 14. 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).

Tetrylenes have been extensively investigated due to their unique electronic structures and

reactivity, which systematically down Group 14. Seminal contributions by the Lappert group,

diamino ligand tetrylenes [(TMS)2N]2E: (Figure 15(a), L50) and [(TMS)(CMe3)N]2E: (L51)
were isolated.56 In terms of silicon, West found that [(TMS)2N]2Sn: (L50a) was only stable at
low temperatures in solution.57 In 1986, the first acyclic silylene Cp*2Si: (L52a)was reported
by Jutzi via the reduction of dichloro(bis-pentamethylcyclopentadienyl)silane with alkali metal

naphthalenides.58 This stabilized system was also extended to heavier tetrylenes (Ge, Sn,

Pb) (L52b-c).59, 60 It was shown that heavier germylenes, stannylenes, and plumbylenes are

more stable in the +II state. Further notable developments include cyclic tetrylenes (L54)
reported by Veith,61, 62 as well as Kira’s dialkyl-substituted carbocyclic tetrylenes (L53),63 and
Lappert’s pioneering NHSi species (L55a) containing conjugated π-frameworks.64
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Figure 15. (a) Literature known examples of tetrylenes; (b) Reported CO silylene complexes reported by Inoue
and Schulz.

Reactivity studies have shown tetrylenes can activate substrates such as CO2, N2O, alkenes,

and alkynes. Notably, heavier congeners such as germylenes and stannylenes favor

insertion or rearrangement reactions to preserve the +II state, exemplified by CO2 insertion

into Ge–H bonds65 and Sn–C bonds.66, 67 Their reactivity mimics transition metal-like

behaviour in three-membered ring formation with olefins and C–H/C–C activation of

alkynes.68-71 The examples of CO coordination to Group 14 centers are rare, which are

limited to silylene-CO complexes(Figure 15(b), L57 and L59) reported by the Inoue group

and the Schulz group in 2020.72, 73

The following section will explore stannylenes' structural diversity, bonding features, and

applications in detail.

2.2.1 Stannylene

Stannylenes, as part of the tetrylene family (divalent group 14 elements), exhibit unique

chemical behavior due to the heavier atomic nature of tin. Their lone pair of electrons and

empty p-orbital render them a fascinating subject of studies for understanding bonding,
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reactivity, and applications in catalysis. Since the milestone reports on stable acyclic

stannylene (Figure 15, L50c) prepared by Lappert group in 1974,56 several ligands tailored

with appropriate electronic and steric attributes, such as the N-heterocyclic analogues, bulky

aryl ligands, and heteroatom-substituted ligands, have been devised and utilized for

stannylenes stabilization. To better understand the diversity of stannylenes, we categorize

them into cyclic and acyclic stannylenes.

Figure 16 summarises a selection of reported cyclic stannylenes. Veith sets the first

milestone in regard to stable cyclic stannylene (L54c) with the structure of four silicon-

nitrogen rings.74 In the wake of this, a multitude of four-membered cyclic stannylenes

emerged with various structural characters, such as the use of bulky nitrogen-bound

substituents or a silicon entity substituted by alternate heteroatoms. Rivard’s group reported

the new bis(amido) chelates bearing very hindered flanking groups at nitrogen, [NSiN]Dipp

and [NSiN]SiPh3, to use to access tetrylenes (L60a, L60b).75 Subsequently, a similar tetrylene
(L60c) was reported by the Zheng group, in which the isopropyl group of silicon substituents
was replaced by a methyl group.76 The novel stannylenes (L60d) were isolated from the

reactions of alkali metal bis(imino)phosphides and SnCl2, in which the silicon entity was

substituted by phosphorus compared to L54c.77 In addition, both five-membered and six-

membered stannylenes have been reported. Rivard (2012) reported a bis(amido)disilyl

([NSiSiN]) stannylene (L61).78 The Aldridge group has synthesized five- (L62) and six-

membered (L63) stannylenes, featuring the diazaborolyl group as the N-bound

substituents.79 The reaction of the 1,2-diaminobenzenes with one equivalent of [(TMS)2N]2Sn:

(L50c) (TMS = trimethylsilyl) gave the benzannulated stannylenes (L64). The steric bulk of

N,N’-substituents determines the mode of aggregation of stannylenes in the solid state.80
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Figure 16. (a) Selected examples of cyclic stannylenes; (b) The effect of Lewis base for the synthesis of
stannylene.

As shown in Figure 16(b), Müller undertook a series of efforts to synthesize cyclic disilylated

stannylenes and discovered that, in the presence of the Lewis base triethylphosphine (PEt3),

a stannylene-PEt3 adduct (L67) was formed. In contrast, an endocyclic distannene (L65)
was obtained in the absence of PEt3.81

Like cyclic stannylenes, amino ligands are also efficient tools for preparing acyclic

stannylenes as shown in Figure 17. Lappert and coworkers reported several bis-amides

substituted stannylenes such as [(TMS)2N]2Sn: (L50c),56 and Sn[NC(Me)2(CH2)3CMe2)]2
(L68).82 An extremely bulky boryl-amide ligand was utilized in the preparation of acyclic

diiminostannylene (L69).83 In 2012, Aldridge introduced an (amido)(boryl)stannylene (L70)
by the reaction of lithium (thf)2Li{B(NDippCH2)2} and [Sn{N(SiMe3)Dipp}(µ-Cl)].84 Use of

extremely bulky amido substituents could minimize another substituent to a simple hydrogen

atom, yielding stannylene hydride (L71).85, 86 Jones reported the first example of two

coordinated amido/alkyl stannylenes (L72), which used amido-/hydrido-stannylene as

precursors (L71) for reaction with unactivated cyclic and acyclic alkenes, and one internal
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alkyne.87 In 2022, the Aldridge group described a series of amido terphenyl stannylenes

bearing different silyl substituents (L73).88 The Inoue group has reported several cases of

cyclic N-heterocyclic imine (NHI)-stannylenes, including aryl(imino)stannylene
MesTer[N(IDipp)]Sn (See Figure 14, L74) (MesTer = 2,6-Mes2C6H3, IDipp = C[N-(2,6-

iPr2C6H3)CH]), amino(imino)stannylene (TMS2N)(ItBuN)Sn (L75) (ItBu = C[(N-tBu)CH]), and

the homoleptic NHI-stabilized stannylene (ItBuN)2Sn (L76).

Figure 17. Selected examples of acyclic stannylenes reported.

Acyclic aryl or alkyl stannylenes have been extensively developed. Less bulky C-substituted

stannylenes were stabilized by intramolecular contacts between the tin atom and

neighboring fluorine atom or were dimeric in the solid state. In contrast, the use of more

sterically hindered substituents can lead to the formation of stable stannylenes. Some

notable examples of aryl stannylenes are shown in Figure 18. The first diarylstannylene
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monomeric (L77) in the solid state was isolated by the reaction L50c with lithiated ligand

precursor by Weidenbruch and co-workers in 1994.89 In the wake of this, Power embarked

on comprehensive studies on terphenyl-substituted stannylenes, such as diaryl stannylenes

(L79),90 heterolepic stannylenes (L78)91. A noteworthy example of Sn(II) hydride, [ArSn(µ-

H)]2 (L80), was reported by Power, by the reaction of chloride stannylene (2,6-Trip2C6H3SnCl)

with diisobutylaluminum hydride (DIBAL). Sn(II) hydrides [ArSn(µ-H)]2 can be used as

precursors to readily generate the alkyl-/alkenyl-substituted stannylenes by the reactions

with norbornene (NB) or norbornadiene (NBD)92, or diphenyl acetylene.93

Figure 18. Selected examples of aryl substituted stannylenes.

Some heteroatoms-substituted stannylenes have been reported (Figure 19), which possess

several unusual features. For example, an extensive series of acyclic, monomeric

dichalcogenolate stannylenes (L81), which incorporate an array of bulky terphenyl ligands.94

Izod later synthesized a P-substituted stannylene (L82). The structure was

crystallographically authenticated, revealing a P=Sn bond resulting from the P-Sn π

interaction between the lone pair of the planar P center and the vacant p orbital at the Sn

center.95 N-heterocyclic boryloxy (NHBO) ligands have been used to stabilize the

corresponding stannylene (L83) by the Aldridge group.96 Notably, Aldridge developed an N-

heterocyclic boryl stannylene (L84) by employing strong σ-donating boryl ancillary ligands.97

The Inoue group reported silyl supported stannylenes (L85) which enable activation of white
phosphorus under mild conditions.98
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Figure 19. Selected examples of heteroatom-substituted stannylenes.

2.2.2 Reactivities and Catalytic Applications of Stannylenes

With the development of various stannylenes, their unique reactivity has been explored,

including interactions with gaseous compound small molecules (CO2, H2, NH3, etc.), organic

molecules (alkenes, alkynes, and aromatic compounds), and their catalytic applications,

particularly in hydroboration, hydrosilylation, and cyanosilylation reactions.55, 99

Treatment of the stannylenes (L79a) with H2 under mild conditions (1 atm, 65 ℃) afforded

the product [ArSn(µ-H)]2 (L80) with arene (Ar-H) elimination (Figure 20, (a)).90, 100 In contrast,
less crowded stannylenes, L50c (See Figure 17) and L79b (See Figure 18), remained

unreacted towards H2. The difference between their reactivity was attributed to the enhanced

triplet character of L79a. Both L79a and L79b could undergo the reaction with NH3, giving

the Sn(II) amide [ArSn(µ-NH2)]2 (L86, L87) featuring symmetrically bridged NH2 moieties.101

A systematic study on taming stannaimines (R2Sn=NR) (L88) is reported by identifying a

suitable supporting ligand framework for stannylenes in combination with organic azides

(Figure 21).88
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Figure 20. Reactivities of diaryl stannylenes with hydrogen and ammonia.

Figure 21. The synthesis of a Sn=N bond containing compound.

The bis-borylstannylenes L84 (See Figure 19) exhibit good reactivities towards various small
molecules (Figure 22). For example, it can undergo the oxidative addition reaction with H2,

generating (boryl)2SnH2 (L89), which was achieved for the first time by a single site Sn(II)

(Figure 19, (a)).97 Similar chemistry has been achieved for hydridic H-E bonds (E = H, Si, O,

B, and N) (Figure 22, (a)). L84 underwent alkyne insertions yielding divinyl-stannylenes (L90)
(Figure 22, (b)).71 The reactions of both CO2 and N2O were demonstrated by the Aldridge

group (Figure 22, (c), (d)), which resulted in Sn-B insertion products, retaining the formal

Sn(II) oxidation state.67 In the presence of CO2, sequential insertion into the Sn-B bonds

produced hetero-(L91) and homolepic- (L92) Tin(II) borylcarboxylate compounds.

Compound L91 was thermally unstable in the absence of excess CO2 and then generated

boryl borylcarboxylate ester (L93). With N2O, the insertion of an oxygen atom into one of the

Sn-B bonds of L84 produced heterolepic boryl(boryloxy)stannylene L94, which would

undergo slow ligand redistribution to lead to the N-heterocyclic boryloxyl stannylenes (L83)
and L84.
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Figure 22. Reactivities of bis-borylstannylene with various E-H bonds, phenylacetylenes, CO2, and N2O.

The two homoleptic NHI-stabilized stannylene L76 undergo the insertion of CO2 into each of

the Sn-N bonds, forming the doubly κ2O,O’ coordinated bis-carbamate (L95) (Figure 23,

(a)).102 Furthermore, the reactivity of L76 towards N2O was also demonstrated, which results

in partial oxidation to form stannylene dimer (L96). In comparison to L76, the

aryl(imino)stannylene (L74) undergoes the insertion of one molecule of CO2 into Sn-N bond

to give a tin carboxylate (L97) (Figure 23, (b)).66 Theoretical calculations and experimental

study revealed that L97 was the resting state and rate-determining step during

hydrosilylation of CO2 by L74.
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Figure 23. Reactivities towards CO2 and N2O of NHI-stabilized stannylene ; (b) CO2 activation, and catalytic
hydroboration activity of NHI-stabilized stannylene.

A notable example of a catalytic application is the hydroboration of aldehydes and ketones

using bulky amido-substituted two-coordinated tin hydrides (L71), as reported by Jones and

coworkers.85 The proposed mechanism is shown in Figure 24. The pre-catalyst, stannylene

alkoxide (L98), generates L71 in situ in the presence of HBpin. L71 facilitates the insertion of
the aldehyde or ketone moiety into the Sn–H bond, forming alkoxide intermediates (L100).
Kinetic experiments and theoretical studies suggest that L100 serves as the resting state in

the hydroboration of aldehydes and ketones. Furthermore, L71 has been confirmed as an

effective and selective catalyst for the reduction of CO2 to methanol equivalent (MeOBR2),

using HBpin or HBcat as the hydrogen source.103
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Figure 24. Proposed mechanism for the catalytic hydroboration of ketone with L51 and HBpin.

The Power group reported the catalytic dehydrocoupling of boranes and amines using

terphenyl tin(II) methoxides (Figure 25, L103a and L103b) as pre-catalysts, forming

aminoborane.104

Figure 25. Dehydrocoupling of boranes and amines by L103.

Aldehydes and ketones were hydroborated by an intramolecular stannylene Lewis pairs

(Figure 26, L104).105 During the catalysis, L104 forms a reactive tin hydride, which can act

as an active catalyst in this transformation. A monomeric stannylene-phosphinidene

compound (L105) was achieved by taking advantage of NHC coordination to the low-valent

phosphorus center, which can be utilized for the hydroboration of aromatic ketones and

aldehydes with HBpin under mild conditions.106 A three-coordinated stannylene chloride
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(L106), supported by an N’,N’-di-tert-butyliminophosphoamide, can act as an efficient pre-

catalyst for the hydroboration of a wide variety of aldehydes, ketones, and imines.107 In 2021,

Sen and co-workers reported the hypersilylstannylene (L107), which can catalyze the

hydroboration of aldehyde, ketones, alkenes, and alkynes.108

Figure 26. Selected stannylene catalysts for hydroboration.

Nagendran and co-workers introduced benzannulated N-heterocyclic stannylene (L108) and
stannylene cyanide (L109), using them for the cyanosilylation of aldehydes (Figure 27).109, 110

Stoichiometric reactions of L109 with aldehydes led to the isolation of the corresponding

cyanostannylated product (L110), considered as intermediates in the cyanosilylation cycle.

Figure 27. Selected stannylene catalysts for cyanosilylation of carbonyls.
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2.3 Tetryliumylidene

Tetryliumylidenes (RE:+) represent a class of low-valent Group 14 compounds characterized

by a lone pair of electrons, two unoccupied orbitals, and a formal positive charge as shown

in Figure 28.55, 99, 111 As a result, they combine the high electrophilicity of tetrylium cations

with the Lewis ambiphilicity of tetrylenes. Due to these unique electronic properties,

tetryliumylidenes have garnered significant interest in fundamental research, particularly for

their potential in small molecule activation and catalytic applications.

Figure 28. Electronic features of tetryliumylidenes.

2.3.1 Silyliumylidene

The first example of a silyliumylidene, (Me5C5)Si⁺[B(C6F5)4] (Figure 29, L112), was reported
by Jutzi and colleagues. It was obtained via the reaction of decamethylsilicocene (L111),
(Me5C5)2Si:, with a proton-transfer reagent ([Me5C5H2]+[B(C6F5)4]-).112 This compound was

stabilized via a cationic π complex with an η5-pentamethylcyclopentadienyl ligand bound to a

bare silicon center. Later, Jutzi et al. also reported a derivative penta-iso-

propylcyclopentadienylsilicon(II) cation, iPr5C5Si+ by the reaction of mixed silicocene

(iPr5C5)(Me5C5)Si with H(OEt2)2+Al[OC(CF3)3]4−.113 A superior alternative route was reported

by Filippou group (2018), via the selective protonolysis of SiCp*2 (Cp* = C5Me5) with

[H(Et2O)2][B(C6F5)4] facile to [Si(η5-Cp*)][B(C6F5)4] in multigram scale and high yield.114
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Figure 29. The first example of silyliumylidene cation.

A notable example of quasi-mono-coordinated silyliumylidene (L114) was found by Hinz in

2020 (Figure 30).115 It was prepared by halide abstraction from an iodosilylene (L113) with
an extremely bulky carbamoyl substituent, with Ag[Al(OC{CF3})4]. The XRD structure

revealed that it bears no other σ-donors except for the carbazolyl substituent and an

interaction between the Si atom and the arena with a stabilization energy of 181.2 KJ/mol.

Figure 30. The synthesis of quasi-coordinated silyliumylidene.

Some two-coordinated silyliumylidenes are shown in Figure 31. The application of sterically

encumbered β-diketiminate ligands by Driess and colleagues enabled the isolation of the

first two-coordinate silyliumylidene (Figure 31, L115a), obtained via the electrophilic attack of
a silylene by Jutzi’s oxonium acid [H(Et2O)2][B(C6F5)4].116 Similarly, in 2020, β-diketiminate

ligands featuring a backbone NMe4 group were employed to access a silyliumylidene

(L115b).117 Notably, the introduction of transition metals has emerged as an effective

strategy for stabilizing two-coordinate silyliumylidenes, where the metal can act as a Lewis

base or substituent. For instance, the carbonylation of a silylidyne complex leads to the

formation of a four-legged piano-stool complex cation (L116), in which the Si–Cr bond is a

single bond (bond length: 2.393 Å, Wiberg Bond Index: 0.50).118 Furthermore, in 2022 Kato

and colleagues reported the synthesis of a silyliumylidene cation complex (L117) stabilized
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by a Ni(0)-based donating ligand.119 Experimental and theoretical studies indicate that the

highly electrophilic Si(II) center is stabilized by a dative Ni→Si σ-interaction and π-donation

from both the amino and Ni-moieties.

Figure 31. Selected two-coordinated silyliumylidenes.

Most of the reported silyliumylidene ions are three-coordinated, both stabilized kinetically, via

sterically demanding ligands, and thermodynamically, via electron donation to the silicon

center by Lewis bases (Figure 32). In this regard, NHCs play an important role in the

stabilization of these low-valent silicon cations. An exchange of a sterically more demanding

NHC (IiPr) to NHC stabilized SiI2 led to the first example by Filippou in 2013 (L118).120 The
Inoue group utilized dichloroarylsilanes or dichlorosilylsilanes and three equivalents of NHCs

in a facile one-pot reaction to the corresponding silyliumylidene ions (L120, L121).121, 122 It is
an important strategy to synthesize silyliumylidene directly from Si(IV) precursors. The group

of Tokitoh treated dibromodisilenes with an excess of NHCs to afford the bis-NHCs adduct

[ArSi(NHC)2][Br] (L119), which involves two steps: 1) formation of NHC-arylbromosilylene

adducts; 2) the second NHC replaces bromide to attach Si center.123 In a similar approach,

Masto reported another three coordinated silyliumylidene, bearing a fused-ring bulky Eind

substituent (L123).124
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Figure 32. Selected three-coordinated silyliumylidenes (EMind = 1,1,7,7-tetraethyl-3,3,5,5-tetramethyl-s-
hydrindacen-4-yl; Eind = 1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl).

In addition, cAAC, bis-NHC ligand (L124), bis-NHI, and bis(iminophosphorane) have been

reported as powerful systems to stabilize the three coordinated stannyliumylidenes (Figure

32). Treatment of cAAC-diiodosilylene with one equivalent of the IiPr afforded NHC-cAAC-

silyliumylidene (L125) reported by the So group in 2016.125 Bis-NHI silyliumylidene (L126)
chloride was prepared by the reaction of the neutral bis-NHI ligand (1,2-(MesNHI)2-C2H4

(MesNHI=1,3-bis(mesityl)-imidazolin-2-imine, mesityl=2,4,6-trimethylphenyl) with an equimolar

amount of IDipp-stabilized dichloro-silylene (IDipp = 1,3-bis(2,6-diisopropylphenyl)imidazole-

2-ylidene).122, 126 A silyliumylidene cation (L128) stabilized by an amidinate ligand and 4-

dimethylamidopyridine (DMAP) was described by So et. al in 2013.127 The

chlorosilyliumylidene salt (L127) with a three-coordinate silicon(II) atom is accessible

through ligand exchange between NHCSiCl2 and bis(iminophosphorane) chelate ligand.128 In

addition, the same group reported the first NHC-parent-silyliumylidene cation ([IMe4SiH]+[I]-,
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L122) by the reaction IiPr–iodosilicon(I) dimer [IiPr(I)Si:]2 with 4 equiv different NHC, IMe4,

which proceeded through the formation of a silicon(I) radical intermediate.129 Very recently,

Kato group synthesized various base-stablized silyliumylidene ions (L129) with different

ligands, such SMe2, PMes3, and DMAP, and even a silylene.130

2.3.2 Reactivities and Catalytic Applications of Silyliumylidenes

The ambiphilic behavior of silyliumylidenes was applied to activate small molecules, wherein

they undergo salt-metathesis reaction with metal salts, coordinate with transition metals, and

thereby accelerate the catalytic process. The first isolable silyliumylidene (L112) undergoes
reaction with metal salts, leading to silylenes (Figure 33). Reaction of L112 with lithium

bis(trimethylsilyl)amide performed at −78°C afforded the silylene (Me5C5)SiN(TMS)2 (L132),
which is in dynamic equilibrium with the disilene (L131), because of the low energy barrier

between silylene and disilene.112 The first aryl-substituted monomeric silicon (II) species

(L134) was isolated by Jutzi in 2009 through the reaction of L112 with the lithium salt

L133.131 The Inoue group reported the bulky imino-substituted acyclic silylene (L136) from
the reaction of Li[NC{N(Dipp)CH}2] and L112.132

Figure 33. Silyliumylidene L112 as a precursor to low valent silicon compounds (TMS = SiMe3).
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Despite the bulkiness of the carbazolyl moiety, the silyliumylidene cation (L114) retains high
reactivity. L114 was shown to react with an amine to form three bonds at the silicon atom in

one reaction, which conforms with the notion of a “supersilylene”.115

Three coordinate aryl-, silyl-, or amido-substituted silyliumylidenes showed a plethora of

reactivities, such as gaseous compound small molecules (CO2, N2O, H2S), chalcogen, E-H

bond (E = H, C, N, Si, B, P), and transition metal adducts.111 Some examples of

silyliumylidene activation towards various molecules are illustrated in Figure 34. The

activation of CO2 with aryl-, silyl substituted silyliumylidenes L116, L121 and L129 to give a

silicon-oxygen double bonds of the general structure R-+Si=O (L137, L138, L139), the
heavier analogues of ketones.133, 134 L120, L121 and L126 show the formation of the heavier

silaacylium ions with sulphur, selenium, and tellurium via chalcogen-atom transfer.126, 135

L126 can activate sulphur via the same reaction mode.128 Interestingly, L120 and L121 can

undergo S-H bond activation in hydrogen sulfide to form the thiosilaaldehyde (L143),136 while
it reacted with water in the presence of GaCl3, leading to the first donor-acceptor complex of

a silaaldehyde (L144).137
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Figure 34. Selected silyliumylidenes reaction with CO2; N2O and chalcogen.

Some silyliumylidenes exhibit a typical silylene character in reaction with alkenes, alkynes,

and dienes (Figure 35). Both L117 and L129 show abilities for the activation of

diphenylacetylene and 2,3-dimethyl-1,3-butadiene, which gave the cycloaddition products

(L145-L148).119, 130 L129 can undergo the [1+2] cycloaddition with ethylene at the silicon

centre to form the silacyclopropyl cation (L149). In a noticeable example by the Inoue group,
L120a activates C-H bond of phenyl acetylene to yield 1-alkenyl-1,1-dialkynylsilane

(L150).121
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Figure 35. Activation of olefines by silyliumylidenes.

Owing to the presence of a lone pair of electrons, these silyliumylidenes react with coinage

metals (copper, silver, and gold), or transition metal carbonyls (Cr, Wo, W, Fe) to form

general silyliumylidene adducts (L151, L152, and L153) as shown in Figure 36.126, 138, 139 Bis-
NHI stabilized silyliumylidene undergoes a consecutive reaction with PPh3AuCl and

K2Fe(CO)4, which gives rise to the heterobimetallic gold-iron complex (L154).126 For Ru and

Rh chloride adducts, L120 and L121 undergo an insertion of the SiII cation into M-Cl bond

with 1,2-migration of silicon-bound NHC moiety to metal (L155), through an initially formed

silyliumylidene transition metal complex observed at low temperature.
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Figure 36. Silyliumylidene transition metal complexes.

Halido-substituted silyliumylidenes could be used as precursors for forming silylone and

silaallene as shown in Figure 37. The chelating bis(carbene) stabilized silyliumylidene (L124)
underwent dichlorination with sodium naphthalenide (NaC10H8) to give a silylone (L156)
(Figure 37, (a)). As a comparison of L125, mixed NHC-cAAC stabilized silyliumylidene (L112)
reacted with KC8 to furnish a bent silaallene (Figure 37(b), L157) with a perturbed electronic
structure, owing to the remarkably different electronic properties of cAAC (stronger σ-donor

and better π-acceptor) in comparison with NHC (stronger σ-donor and weaker π-

acceptor).125
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Figure 37. Formation of silylone (a) and silaallene (b) from different silyliumylidenes.

To date, there are only a few examples of silyliumylidenes used as catalysts. The first

example of a silyliumylidene being employed in an organic transformation was reported by

Jutzi and co-workers in 2011, where Cp*Si:+ (L112) served as a catalyst for the specific

degradation of oligo(ethyleneglycol) diethers.140 In addition, L112 was proved to be a very

efficient non-metallic catalyst for the hydrosilylation of olefins at low catalyst amounts of

<0.01 mol% (Figure 38). The proposed mechanism proceeds through initial coordination of

the Si-H bond to the Lewis acidic Si center (L158) in L112, forming a hydrogen-bridged

complex, followed by the insertion of alkene/alkyne (L159) and release of the product.141

Figure 38. Hydrosilylation of alkenes and alkynes by silyliumylidene L112.
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Another noticeable example of catalytic application was reported by So and co-workers

(Figure 39). The NHC-parent-silyliumylidene cation ([(IMe4)2SiH]+I-, L122) can catalyse

hydroboration of CO2, aldehydes, ketones, and pyridines with a catalyst loading of 10 mol%,

as well as isocyanates with a catalyst loading of 1 mol% (Figure 39, (a)). Additionally, L122
was confirmed as a catalyst for the chemoselective N-formylation of primary and secondary

amines using CO2 and PhSiH3 under mild conditions to afford the corresponding formamides

(Figure 39, (b)). Mechanistic studies show L122 sequentially activates CO2, PhSiH3, and

amines (L167), which proceeds via a dihydrogen elimination mechanism, to form

formamides, siloxanes, and dihydrogen gas.129

Figure 39. Multiple reactions catalyzed by silyliumylidene (L122) (a) hydroboration of aldehydes, ketones, CO2,
pyridines, and isocyanates with pinacolborane (HBpin). (b) N-formylation of amines using CO2 and phenylsilane.

2.3.3 Germyliumylidene

Among them, germyliumylidenes have the richest examples reported. In the 1980s, the first

reported germyliumylidene [(n5-C5Me5)Ge]+[BF4]- (Figure 40, L168) was isolated by reaction

of decamethylgermanocene (Cp*)2Ge: with HBF4.59 Following this seminal work, there have

been a growing number of reports of these compounds. Synthetic routes involve halide

abstraction, methyl abstraction, protonation, and metal-assisted approaches. The synergistic

effect of thermodynamic and kinetic stabilization can achieve the purpose of stabilizing these

compounds. Many types of donor ligands have been utilized in the preparation of

germyliumylidene, such as carbenes, weak coordinating arenes, and N-donor ligands.111



35

Figure 40. The first example of germyliumylidene.

NHCs have been extensively used to stabilize germyliumylidene as shown in Figure 41. A

chlorogermyliumylidene (L169) was prepared by the Driess group in 2013 by employing the

chelate dicarbene.142 Subsequently, the same group reported the first germyliumlidene

hydride (L170) through two steps, the formation of bis(NHC)borate-stabilized

chlorogermyliumylidene, following by Cl/H exchange reaction using potassium trisec.-

butylborhydride (K[HB(s-Bu)3]) as a hydride source.143 A single NHC together with the

substituent can be used to isolate the two coordinated germyliumylidenes. Aldrige and

colleagues (2015) isolated the two coordinated germyliumylidene (L172a) bearing a silyl

group substituent, stabilized by a dipp-substituted NHC (dipp = 2,6-diisopropylphenyl), which

lacks π-donor stabilization of the metal center and consequently has a very small HOMO–

LUMO gap (187 kJ mol−1).144 In 2021, they reported the synthesis of the same model

germyliumylidene (L172b, c, d), but bearing a larger terphenyl-substituent.145 An extremely

bulky NHC featuring a sterically shielding umbrella-shaped trityl (CPh3) group has been

confirmed to be a powerful ligand to prepare single chloride-substituted germyliumylidene

(L171) via a metal-assisted approach.146 By the addition of two equivalents of IMe4 to an aryl
chloro-germylene, the Inoue group isolated the corresponding three-coordinated

germyliumylidene (L173).147
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Figure 41. Various NHCs stabilization of germyliumylidenes.

The combination of a single carbene and an imino group as stabilization systems has also

been utilized to prepare germyliumylidenes (Figure 42). In 2014, Kinjo et al. reported the

autoionization of a germanium dichloride/dioxane complex with an imino-N-heterocyclic

carbene ligand, yielding a chlorogermyliumylidene ion (L174a).148 Additionally, the Kinjo

group demonstrated the preparation of a methyl-substituted Ge(II) cation (L174b) via the

reaction of germylone with one equivalent of MeOTf.149 In a study by Glorius and Hahn in

2017, intramolecularly NHC-stabilized three-coordinated chlorogermylene underwent a

chloride abstraction with NaBArF to give rise to cyclic two-coordinate germyliumylidene

(L175).150 A bisimino-carbene was utilised by Nikonov et al. to prepare L176 by a metal-

assisted approach, which involves the form of the zinc salt, followed by transmetalation with

GeCl2-dioxane.151 Deprotonation of 1-mesityl-4,5-diphenyl-2-imidazole with n-BuLi, followed

by salt metathesis reaction with GeCl2-dioxane complex, led to the formation of the

chlorogermyliumylidene (L177) bearing two Ge–Cl units.152 The experimental data in

conjunction with DFT calculations suggest that the positive charge mainly resides on the Ge

atom between two nitrogen atoms.
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Figure 42. NHC-amido and NHC-imino ligands stabilization of germyliumylidenes.

N-donor ligand is the largest group to stabilize the germyliumylidene, which consists of

amidinates, β-diketiminates, N-heterocyclic imines, cryptands, bipyridines, imine-substituted

pyridines or other substituents. Some selected N-substituted ligand-stabilized

germyliumylidenes are shown in Figure 43. Aminotroponiminate ligand was used by Dias

group in 1997 to stabilize the first example of cyclic two coordinated germyliumylidene

(Figure 43(a), L178a) without halide substituent.153 Similar compounds were reported by

Nagendran group in 2019 (L178b).154 Compared to the case of silyliumylidene, the β-

diketiminate ligand (Nacnac) was earlier found to be suitable for the stabilizing

Germyliumylidene. A two coordinated germyliumylidene cation was prepared by Power et al.

by reaction of Ge(Cl)Dipp2nacnac (Dipp2nacnac = {N(C6H3-2,6-iPr2)C(Me)}2CH) with

B(C6F5)3 in the presence of H2O (L179a).155 Recently, the β-diketiminate ligands featuring

backbone NMe2 groups have been exploited by the Aldridge group to access Ge(II) cations

of the same type (L179b).156 Müller reported the same fashion of germyliumylidene (L180),
which is stabilized by an intramolecular interaction with a distant imido group.157
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Figure 43. Selected examples of amido ligand stabilized germyliumylidenes: (a) cyclic species; (b) acyclic
species.

Extremely bulky amido ligands have been confirmed to be a good candidate for stabilizing

mono-coordinated germyliumylidene. A report by Jones and Krossing in 2012, mono Ge(II)

cation was stabilized by an extremely bulky amido ligand and a very weakly coordinating

anion. The Ge center exhibited weak intramolecular η2-arene interactions, and the

interaction could be broken by the addition of one equivalent of DMAP, leading to a two-

coordinated germyliumylidene (Figure 43(b), L181).158 Recently, the cholorgermylene

bearing bulky carbamoyl substituent was subjected to halide abstraction reactions, affording

the corresponding germylium salts (L182) stabilized by arene coordination, consistent with

silicon analogy.159

Inoue group reported a variety of NHI stabilized germyliumylidene (Figure 44). The

amino(imino)germylene reacted with B(C6F5)3 to afford the borate salt L183 in a methyl-

abstraction and ring-closing reaction.160 One year later, another four-membered

amino(imino)germyliumylidene (L184) was isolated by the reaction of

amino(imino)germylene with BF3⋅OEt2 in a ring-closing reaction.161 The synthesis of neutral

bis-NHI (NHI = N-heterocyclic imine) ligands and their application for the stabilization of

chlorogermyliumylidends (L185) were reported by the Inoue group in 2020 and 2022.162, 163

The ligands’ scaffold consists of either saturated or methylated imidazoline backbones, and

the bridge is either flexible ethylene or more rigid o-phenylene.
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Figure 44. NHI stabilization of germyliumylidenes.

The germyliumylidenes bearing halide substituents are a notable class of compounds

formed by halide abstraction of starting neutral complexes Lewis’s base stabilized GeX2 (X =

halide) in an amido ligand system. Some typical examples are provided in Figure 45.

Bis(chlorogermyliumylidene) (L186) has been obtained by the reaction of 2,7-bis(2-pyridyl)-

3,6-diazaocta-2,6-diene germylene with one equivalent of GeCl2-dioxane.164 In 2012, Roesky

and Stalke groups treated the substituted Schiff base as Lewis base (LB) with GeCl2.dioxane

to give the germyliumylidene L187.165 The Ge analogue (L188) of chlorosilyliumylidene salt

(L127) was isolated by Driess group (2012) from the reaction of 1,8-bis(tri-n-

butylphosphanzenyl)naphthalene) with GeCl2-dioxane.166 In a report by Jambor group (2013),

treatment of the neutral 2-[C(CH3)═N(C6H3-2,6-iPr2)]-6-(CH3O)C6H3N ligand GeCl2 provided

the ionic germanium(II) complexes [LGeIICl]+[GeIICl3]− (L189).167 The

chlorogermyliumylidenes (L190) have been stabilized by the two imino nitrogen coordinating
sites, featuring acyclic flexible diiminodi(furan) and diiminodi(thiophene) ligands.168
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Figu
re 45. Selected N-ligand stabilized chlorogermyliumylidenes.

2.3.4 Reactivities and Catalytic Applications of Germyliumylidene

Several examples of the reactivity of germyliumylidene ions have been reported, as well as a

few catalytic applications that are known (Figure 46). L188 underwent an oxidation reaction

with elemental sulfur to afford germathionium [ClGe=S]+ cation (L191) containing species

(Figure 46, (a)).166 L172a can undergo a variety of facile oxidative bond-forming reactions,

oxidative addition of dichloromethane (L192), [2+1] cycloaddition with phenylacetylene

(L193), and formation of multiple bonds (L194) by reacting with Me3SiN3 or Me3SiCHN2

(Figure 46, (b)).144 L173 can react with N2O to the germa-acylium (L195) (2020, Inoue), an
efficient catalyst in CO2 hydrosilylation and reduction N-functionalization of amines using

CO2 as a C1 source.147
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Figure 46. Oxidation reactions of germyliumylidenes.

Chlorogermyliumylidenes can undergo further reduction to yield germylone (Figure 47, (a)).

Dechlorination of L169 with sodium naphthalenide furnished the first isolable germylone

(L196) coordinated by the bis-carbene chelate ligand.142 Its character was confirmed by DFT
calculation with two proton affinities (PA), PA(1) 279.6 kcal/mol and PA(2) 175.0 kcal/mol.

Reduction of the chlorogermyliumylidene ion (L174a) with potassium graphite also produced

the corresponding germylone (L197).169 The germylone dimNHCGe (L198, dimNHC =

diimino N-heterocyclic carbene) was successfully prepared via the reduction of L176 with

KC8.170
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Figure 47. Reduction of germyliumylidenes (a) the formation of germylones (b) the formation of Ge-Ge bond.

Additionally, reduction of L177 with an excess amount of lithium metal resulted in Ge–Ge

bond formation concomitant with elimination of one of the Ge atoms of L177, to give rise to

the digermylenedilithium compound (Figure 47(b), L199) involving intramolecular

coordination of the imines and the lone pairs to the Li atoms.152

Compared to its Si analogue, the reaction of β-diketiminate stabilized germyliumylidene

(L179b) and tBuNH2 led to a simple adduct formation (Figure 48(a), L200).117 In comparison
to L179b, two coordinate amido/NHC- (L201) or amido/phosphine (L203) stabilized

germyliumylidenes can undergo a facile cleavage of N-H bonds in 1,2-fashion (Figure 48,

(b)): the products resulting from reactions with carbazole feature a tethered secondary amine

donor bound to a three-coordinate carbazolyl-Ge(II) center (L202 and L204).171
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Figure 48. Cooperative N-H bond activation by germyliumylidenes.

Bis-NHI stabilized chlorogermyliumylidene was found to undergo transmetalation as shown

in Figure 49. Reaction of L185 with NaBH4 led to the formation of a push-pull-stabilized

hydrogermyliumylidene complex (L205) by Cl/H exchange while reaction with LiAlH4

afforded the transmetalation product (L206).163

Figure 49. Reactivities of Bis-NHI germyliumylidene.

Despite the unique electronic features and reactivities of germyliumylidenes, their catalytic

applications have only rarely been reported. Rivard and co-workers demonstrated the two-

coordinated germyliumylidene (L207) promoted catalytic hydroborylation of sterically

hindered ketones under mild conditions (Figure 50).172 This is the first example of catalysis

using a germyliumylidene, but the authors didn’t discuss a proposed mechanism.
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Figure 50. Hydroborylation of ketones by L207.

In 2019, Nagendran et al. reported that L178b catalyzed the hydroboration of various

aldehydes and ketones (Figure 51).173 In the proposed mechanism, L178b is a pre-catalyst

and its reaction with HBpin produces an intermediate hydridogermylene (L208) as an active
catalytic species. Then L208 reacts with the carbonyl substrate to give the germylene

alkoxide intermediate L210 through a four-membered heterocyclic transition state (L209).
Subsequent reaction with HBpin through σ-bond metathesis leads to the formation of

hydroboration product (L212) and regeneration of the catalyst.

Figure 51. Proposed mechanism of hydroboration of carbonyls catalysed by L178b.

L173 can catalyse the reduction of CO2 with amines and phenylsilane, the cyanosilylation of

carbonyls with Trimethylsilyl cyanide (TMSCN), and the hydrosilylation of aldehydes with
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HBPin (Figure 52).174 DFT studies revealed that L173 acts as Lewis base towards silane due
to the presence of a lone pair on the germanium atom (L213) in N-methylation, while L173
exhibits its electrophilic nature due to the accessible Ge-CNHC σ* orbital in cyanosilylation

(L214) and hydroboration (L215) reactions.

Figure 52. Selected reactions catalysed by germyliumylidene L173.

2.3.5 Stannyliumylidene

Since the seminal work on the half-sandwich stannyliumylidene (Figure 53, L216), several
examples of these compounds have been reported.59, 112, 175-177 Similar to germanium,

monoanionic bulky N-donor and neutral chelating ligands with nitrogen atoms or phosphine

have been applied to stabilize the stannyliumylidenes featuring cyclic structure (See Figure

53), such as aminotroponiminate (L217),178 bidentate β-diketiminate ligands (L218),156, 179 N-
heterocyclic imine (NHI) (L219, L220),163, 180 iminopyridine (L221),167 bisiminopyridine

(L222),165 and bis(α-iminopyridine) (L223),181 Bisphosphinidene (L224),182 N-heterocyclic

carbene-phosphindene (NHCP) (L225).183
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Figure 53. Selected examples of stannyliumylidenes.

There are still a few examples reported featuring acyclic structures, compared to

germyliumylidenes. A noteworthy example from the Jones and Krossing groups is the first
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quasi mono-coordinate Sn(II) cation (Figure 53, L226), [SnN(Ar*)(SiMe3)][PF] (Ar* = (2,6-

CHPh2-4-MeC6H2), PF = Al[OC(CF3)3]4)-, using an extremely bulky amido ligand, in which an

intramolecular n2 arene interaction to the Sn center was present. The addition of 4-

dimethylaminopyridine (DMAP) led to the displacement of Carene-Sn interaction, forming two-

coordinated stannyliumylidene (L227).66, 184 Another example of pseudo-one-coordinate

stannyliumylidenes (L228) was prepared by the reaction of a bulky carbamoyl substituent

chlorostanylene with Li[Al[OC(CF3)3]4].159

2.3.6 Reactivities and Catalytic Applications of Stannyliumylidene

The reactivity of stannyliumylidenes is scarcely reported, and only a few examples of

transmetalation, coordination of tBuNH2, and activation towards elemental sulphur are

known. The organo-phosphane oxide substituted stannyliumylidene (Figure 54(a), L229) can
activate elemental sulphur to form the four-membered-ring species (L230) containing a

dinuclear dication, through the formation of intermediate [R-(DMAP)Sn=S]+.185 Similar to its

Ge analogue, the reaction of β-diketiminate stabilized stannyliumylidene (L218b) with

NH2tBu and led to a simple adduct formation (L231) (Figure 54, (b)).117

Figure 54 Reactions of stannyliumylidene with S8 (a) or tBuNH2 (b).

The Inoue group has reported some reactivities of bis-NHI-stabilized

chlorostannyliumylidene as shown in Figure 55, including transmetalation of the Sn centre

with other elements and ligand exchange.186, 187 Reaction of L220 with NaBH4 led to
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transmetalation, yielding the corresponding dihydroboronium complex (L231). Also, the

reaction with LiAlH4 afforded the transmetalation product (L232). The transmetalation of

L220 with GeCl2-dioxane in acetonitrile at room temperature led to a germyliumylidene

(L233). Two new bidentate ferrocene-bridged bis(N-heterocyclic carbene–phospinidenes)

(bis-NHCPs) stannyliumylidene (L225a) can undergo a transmetalation to a CuCl complex

(L234) and ligand exchange with bis-NHI ligand to form L220.

Figure 55. The reactivies of bis-NHI stannyliumylidenes.

In comparison with silyliumylidene and germyliumylidene, catalytic applications of

stannyliumylidene are limited to two examples of hydroboration of carbonyl compounds

(Figure 56). A tin(II) cation ([L†Sn(II)][OTf], L = aminotroponate ) (L235) is reported as an

efficient catalyst for the hydroboration of aldehydes and ketones.188 A DFT analysis revealed

that hydridostannylene (L236) is the active catalytic species and the H atom transfer from

the Sn–H bond to the carbonyl carbon is the rate-determining step. The Inoue group

reported L237 tin cation, which could catalyze the hydroboration of ketones and aldehydes

in the presence of HBpin.
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Figure 56. Hydroboration of aldehydes and ketones by stannyliumylidenes.

2.3.7 Plumbyliumylidenes and Catalytic Applications

Isolable plumbyliumylidenes remain rare, particularly for the heaviest congeners. Similar to

their lighter analogues, the first example of a stabilized plumbyliumylidene (Figure 57, L238)
was reported by Jutzi’s group, featuring stabilization by a pentamethylcyclopentadienyl

ligand.189 In 2004, the Power group reported a quasi-one-coordinate lead cation (L239)
bound to the 2,6-Trip2C6H3 moiety and weakly solvated by toluene, generated via

demethylation of [PbMe(2,6-Trip2C6H3)] (Trip = 2,4,6-iPr3C6H2) with

tris(perfluorophenyl)borane in toluene.190 A three-coordinate Pb complex (L240) featuring an
N2S(alkanethiolate) ligand was later isolated by Godwin in 2006.191 The bulky β-diketiminate

ligand has proven to be a powerful tool for stabilizing plumbyliumylidenes (L241), facilitating
their isolation via both halide abstraction and methyl group abstraction. Additionally, the

bulky carbamoyl substituent, previously employed for Si, Ge, and Sn analogues, was

successfully applied to stabilize the corresponding plumbyliumylidene (L242).159 The

incorporation of an electron-rich transition metal enabled by Braunschweig to isolate a

dimeric plumbyliumylidene complex (L243).192 However, these compounds have exhibited

limited reactivity to date.
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Figure 57. Selected examples of plumbyliumylidenes.

In 2022, Nakata synthesized the N,N’-di-tert-butyl-iminophosphonamide ligand-stabilized

plumbyliumylidene (Figure 58, L244) by reacting the corresponding chloroplumbylene with

NaBArF.193 L244 functions as a Lewis acid catalyst for the hydroboration of benzophenone

and benzaldehyde, exhibiting high efficiency with catalyst loadings as low as 0.1 mol% under

ambient conditions. In the proposed mechanism, L244 captures a carbonyl compound,

forming the plumbyliumylidene complex intermediate L245. Subsequently, L245 reacts with

HBpin, leading to the formation of a boronate ester (L247) and regenerating L244 via a four-
membered intermediate, L246.
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Figure 58. Plumbyliumylidene-catalysed hydroboration of benzaldehydes.

Figure 59. Reaction of L120 with phenylacetylene and catalytic hydroamination of phenylacetylene.

Phosphine-stabilized Pb(II) cations (Figure 59, L248)194 generated via chloride abstraction

from chloroplumbylene, readily react with Lewis bases, such as phosphines and amines, to

form the corresponding donor–acceptor complexes. These complexes (L248) undergo

alkyne insertion into the Pb–L bond upon reaction with phenylacetylene, yielding the

corresponding vinylplumbylenes (L249). Notably, the secondary amine adduct L248 serves

as an effective catalyst for the hydroamination of phenylacetylene.
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3 Scope of this work

Heavier tetryliumylidenes (RE:+) are a class of low-valent Group 14 compounds, which are

characterized by the presence of a lone pair of electrons, two unoccupied orbitals, and a

positive charge.111 They combine the characteristics of highly electrophilic tetrylium cations

and Lewis ambiphilicity of tetrylenes and have been attractive targets for fundamental

research for small molecule activation and catalytic applications. As elaborated in the

previous chapter, lighter tetryliumylidenes – e.g. silyliumylidenes and germyliumylidenes –

have demonstrated various reactivities and catalytic applications. In comparison, a heavier

tetryliumylidene analogue, stannyliumylidene cations, are also an emerging class of low

valent Sn species that may have the potential for molecular activations and catalysis

applications. However, examples of utilization of stannyliumylidene in the activation of small-

molecule reactions are rare. This limitation may stem from the restricted structural diversity

of stannyliumylidenes. Nearly all isolable stannyliumylidenes are stabilized through N-

substitution, which provides π-donor stabilization to the Sn center, and they predominantly

adopt cyclic structures. Thus, a major focus of this thesis concerns the isolation of acyclic

stannyliumylidenes which lack π-stabilization, followed by the investigation into their

activities and catalytic application.

Recently, our group has successfully isolated di-NHCs-stabilized bulky aryl-substituted

silyliumylidenes and germyliumylidenes, which have shown remarkable capabilities in small

molecule activation and catalysis. Building on this work, we aimed to develop the Sn

analogue, featuring one bulky aryl substituent and two NHC ligands coordinated to the Sn

center. Following a similar synthetic approach to that which was used for the Ge analogue,

we reacted chlorostannylene (MesTerSnCl) (A) with two equivalents of NHC in toluene,

followed by the addition of one equivalent of Na[BArF] (BArF = (3,5-(CF3)2-C6H3)4B) in a one-

pot procedure as shown in Figure 60(a). This yielded the di-NHC-stabilized

stannyliumylidene (B). Inspired by the activation of CO2 by stannyliumylidenes and the

catalytic hydrosilylation of CO2 by germyliumylidenes, we explored the catalytic potential of B
in the same reaction. A notable finding was that the reaction products (C, D) derived from B
and CO2 function as active catalytic species in the catalytic hydrosilylation of CO2 (Figure 60,

(b)).
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Figure 60. (a) Synthesis of di-NHCs stannyliumylidene; (b) Activation CO2 and hydrosilylation of CO2 by di-NHCs
stannyliumylidene.

To further access a single Lewis base-supported stannyliumylidene, the reaction of A with

one equivalent of NHC was conducted, followed by the addition of NaBArF (Figure 61). This

species is expected to have enhanced reactivity due to the presence of one vacant p-orbital.

Following the successful synthesis of two-coordinated stannyliumylidene, a detailed

reactivity study will be performed towards small molecules, such as H2, NH3, N2O, CO2,

TMS-N3, and transition metal (Ni(0)).

Figure 61. Synthesis of mono-NHC coordinated stannyliumylidene.

NHC has been confirmed to be a powerful tool to prepare the stannyliumylidene. To expand

its application in low-valent tin chemistry, an amido/terphenyl stannylene supported by NHC

was isolated and its reactivity towards ketones and aldehydes was explored (Figure 62).

Figure 62. Synthesis of amido/terphenyl stannylene-NHC adducts.
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Overall, this thesis aims to study the isolation of novel NHC-supported low valent tin(II)

compounds, especially stannyliumylidenes, and gain a deeper understanding of their

chemistry. It seeks to reveal the fundamental differences and/or similarities between tin and

its lighter congeners—carbon, silicon, and germanium. The knowledge obtained from this

project could open new avenues for developing novel catalytic processes and small

molecule activation using these low-valent tin compounds.
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4. CO2 Hydrosilylation Catalyzed by an N-Heterocyclic Carbene
(NHC)-Stabilized Stannyliumylidene

Title: CO2 Hydrosilylation Catalyzed by an N-Heterocyclic Carbene (NHC)-Stabilized
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[MesTerSn(IMe4)2][BArF], (MesTer = 2,6-Mes2C6H3, Mes = 2,4,6-Me3-C6H2, IMe4 = 1,3,4,5-

tetramethylimidazol-2-ylidene, BArF = (3,5-(CF3)2-C6H5)4B), was isolated from the reaction of

(MesTer)SnCl with two equivalents of IMe4, followed by one equivalent of Na[BArF]. This

stannyliumylidene acts as a precatalyst for the homogeneous hydrosilylation of CO2.

Experimental mechanistic studies and quantum chemical calculations have been conducted

to elucidate the catalytically active species and the mechanism for the transformation,

revealing the stannyliumylidene [MesTerSn(CO2IMe4)2][BArF], which is formed in the presence

of CO2, as the catalytically active species.
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5. Terphenyl Amido Stannylene-NHC Adduct: A Catalyst for the
Hydrosilylation of Aldehydes and Ketones

Title: Amido Stannylene-NHC Adduct: A Catalyst for the Hydrosilylation of Aldehydes and

Ketones

Status: Research Article published online 24 September 2024.

Journal: Z. Anorg. Allg. Chem. 2024, 650, e202400143

Publisher:Wiley-VCH GmbH

DOI: 10.1002/zaac.202400143

Author: Dechuang Niu, John A. Kelly, Fiona J. Kiefer, Arseni Kostenko, and Shigeyoshi

Inoue*

Content: The terphenyl amido stannylene-NHC adducts, HMDS(MesTer)Sn(NHC), (MesTer =

2,6-Mes2C6H3, Mes = 2,4,6-Me3-C6H2, HMDS = N(SiMe3)2, NHC = IMe4, IEt, IMe4 = 1,3,4,5-

tetramethylimidazol-2-ylidene, IEt = 1,3-diethyl-4,5-dimethylimidazol-2-ylidene), were

reacted with benzaldehyde resulting forming HMDS(MesTer)Sn(OCH(Ph)NHC). In the

presence of acetophenone, deprotonation occurs to afford the tin enolate,

(MesTer)Sn(NHC)(OPhC=CH2), via the release of hexamethyldisilamine. This stannylene-

NHC adduct is a catalyst for the homogeneous hydrosilylation of aldehydes and ketones

under ambient conditions.
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6. Summary and Outlook

Tetryliumylidenes combine the characteristics of highly electrophilic tetrylium cation and

Lewis ambiphilicity of tetrylenes and have been attractive targets for fundamental research

for small molecule activation and catalytic applications. N-heterocyclic carbenes (NHCs)

proved to be an effective tool for the stabilization of low-coordinate elements in different

oxidation states in main group elements and transition-metal chemistry. In previous studies

by our group, aryl-substituted silyliumylidene and germyliumylidene supported by di-NHCs

coordination were isolated, and they could undergo various reactivities, including small

molecules activation, transition-metal coordination, and catalytic applications. This PhD

thesis started with the initial goal to isolate the di-NHCs stabilized stannyliumylidene, a tin

analogue of silyliumylidene and germyliumylidene.

A di-N-heterocyclic carbene (NHCs) stabilized stannyliumylidene, [MesTerSn(IMe4)2][BArF]

([2][BArF]), (MesTer = 2,6-Mes2C6H3, Mes = 2,4,6-Me3-C6H2, IMe4 = 1,3,4,5-

tetramethylimidazol-2-ylidene, BArF = (3,5-(CF3)2-C6H3)4B), was isolated from the reaction of

(MesTer)SnCl (1) with two equivalents of IMe4, followed by one equivalent of Na[BArF] (Figure
63). DFT calculations indicate that the anion-cation interaction in [2][BArF] is weak, requiring
only 10.4 kcal mol⁻¹ and 0.0 kcal mol⁻¹ to fully separate the ions in benzene and 1,2-

difluorobenzene, respectively (Figure 63). The Sn–IMe4 bonding is also quite labile, with a

dissociation free energy of 12.0 and 9.3 kcal mol−1 in benzene and difluorobenzene,

respectively for the conversion of [2][BArF] to form [2a][BArF] and free NHC (Figure 63). This

bond lability may imply that [2][BArF] may react as a two coordinated stannyliumylidene,

upon dissociation of an IMe4 ligand in solution. This stannyliumylidene [2][BArF] acts as a

pre-catalyst for the homogeneous hydrosilylation of CO2.

Figure 63. Synthesis of di-NHCs stabilized stannyliumylidenes [2][BArF] and calculated free energies for anion
cation interaction and NHC dissociation in [2][BArF].
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To study the mechanism of the hydrosilylation of CO2 catalyzed by [2][BArF], stoichiometric
reactivity studies were conducted (Figure 64). In the presence of excess CO2, sequential

insertion into Sn-C (NHC) bonds produced mono-insertion product

[MesTerSn(CO2IMe4)IMe4][BArF] ([3][BArF]) and doubly CO2 inserted product

[MesTerSn(CO2IMe4)2][BArF] ([4][BArF]). The activation mode for CO2 by [2][BArF] differs from
that of its silicon and germanium analogues. It indicates that the Sn center exhibits a

stronger Lewis base character and an inert lone pair of electrons, which is consistent with

the increased singlet-triplet energy difference of Sn(II).

Figure 64. Reactions of di-NHCs stabilized stannyliumylidene [2][BArF] with CO2.

Notably, a comparison of the 1H NMR spectroscopic data of [3][BArF] and [4][BArF] with the
1H NMR of the catalytic progress indicated that [3][BArF] and [4][BArF] formed during the

[2][BArF] catalyzed hydrosilylation of CO2. Furthermore, [4][BArF] could be converted to

[3][BArF] by adding Ph2SiH2 under an argon atmosphere, with the simultaneous formation of

silyl formate (Ph2SiH(OCHO)) (Figure 64). Based on experimental mechanistic studies and

quantum chemical calculations, we confirmed that [4][BArF] is the catalytically active species
for CO2 hydrosilylation, which is distinct from those previously proposed for the lighter

germyliumylidenes.

A rare two-coordinate aryl-substituted stannyliumylidene supported by a single NHC was

successfully isolated (Figure 65), by the reaction of (MesTer)SnCl (1) with one equivalent of

NHC IiPr (1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene), followed by one equivalent of

NaBArF. It is found to undergo various activities owing to the presence of both one vacant

orbital and a lone pair of electrons, including coordination, splitting the N-H bond of NH3, and

activation of N2O and TMS-N3. Treating a solution of [5][BArF] with H2 (1 bar) resulted in no

reaction, even when conducted at elevated temperatures (80 ºC). Notably, [5][BArF] does
not react with CO2 and cannot catalyze CO2 hydrosilylation at room temperature, which

shows obvious differences with di-NHCs stabilized stannyliumylidene ([2][BrF]). This

stannyliumylidene undergoes a reaction with bis(cyclooctadiene)nickel(0), Ni(COD)2, yielding
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the stannyliumylidene-Ni complex (Figure 65, [10][BArF]) via the replacement of 1,5-

cyclooctadiene (1,5-COD) from Ni center and migration of IiPr from Sn to Ni atom.

Figure 65. (a) Synthesis of mono-NHC stabilized stannyliumylidenes ([5][BArF]) and its reactivities.

The terphenyl amido stannylene-NHC adducts (Figure 66, 11-IMe4, 11-IEt),
HMDS(MesTer)Sn(NHC), (MesTer = 2,6-Mes2C6H3, Mes = 2,4,6-Me3-C6H2, HMDS = N(SiMe3)2,

NHC = IMe4, IEt, IMe4 = 1,3,4,5-tetramethylimidazol-2-ylidene, IEt = 1,3-diethyl-4,5-

dimethylimidazol-2-ylidene), were reacted with benzaldehyd forming

HMDS(MesTer)Sn(OCH(Ph)NHC) (12-IEt). In the presence of acetophenone, deprotonation

occurs to afford the tin enolate, (MesTer)Sn(NHC)(OPhC=CH2) (11-IMe4, 11-IEt), via the

release of hexamethyldisilamine (HMDS). This stannylene-NHC adduct also acts as a

catalyst for the homogeneous hydrosilylation of aldehydes and ketones under ambient

conditions.
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Figure 66. (a) The reactivity of 11-IMe4/11-IEt with benzaldehyde and acetophenone; (b) 11-IMe4/11-IEt
catalyzed hydrosilylation of carbonyls.

As a conclusion, this thesis describes a systematic and detailed research on synthesis,

characterization, and reactivities of low valent tin compounds, stannyliumylidenes and

stannylene-NHC adduct, through experimental work and theoretical calculation and

significantly extends the scope of catalytic applications of molecular tin compounds, as well

as our general understanding of tin chemistry.
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