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ABSTRACT. Treatment of toluene solutions of the 

silylenes Si(SArMe6)2 (ArMe6 = C6H3-2,6(C6H2-2,4,6-

Me3), 1) or Si(SArPri
4)2 (ArPri

4 = C6H3-2,6(C6H3-2,6-

Pri
2), 2) with excess ethylene gas affords the siliranes 

(ArMe6S)2SiCH2CH2 (3) and (ArPri
4S)2SiCH2CH2 (4). 

Silirane 4 evolves ethylene spontaneously at room 

temperature. A Van’t Hoff analysis by variable 

temperature 1H NMR spectroscopy showed that 

ΔGassn is –24.9 (2.5) kJ mol-1 for 4. A computational 

study of the reaction mechanism using a model 

silylene Si(SPh)2
 (Ph = C6H5) was in harmony with 

the Van’t Hoff analysis and yields ΔGassn = –24 kJ mol-

1 and an activation energy G‡ of 54 kJ mol-1. 

The reactions of silylenes with unsaturated 

carbon-carbon bonded molecules have been studied 

extensively because of their fundamental nature and 

their importance for the synthesis of small silicon-

containing rings.1 Several groups have shown that 

transient silylenes generated either photochemically 

or via reduction of precursor 

diorganosilicon(IV)dihalides afforded silirane 

products in a stereospecific manner and  in 

agreement with the singlet ground state of the 

silylene.2 However, the reverse reaction to regenerate 

the silylene with olefin elimination can only be 

observed at higher temperatures. In general, 

reversible reactions between olefins and main group 

molecules are rare. The only currently published 

examples (Scheme 1) involve reversible cyclization of 

ethylene or norbornadiene with the distannynes 

ArPri
4SnSnArPri

4 and ArPri
8SnSnArPri

8 (ArPri
4 = C6H3-

2,6(C6H3-2,6-Pri
2)2; ArPri

8 = C6H-2,6(C6H2-2,4,6-

Pri
3)2-3,5-Pri

2)3 to generate the 1,4-

distannabicyclo[2.2.0]butanes, as exemplified in 

Scheme 1 (1), or the reversible binding of ethylene by 

the silylene-phosphine complex (also described as a 

phosphonium sila-ylide), as shown in Scheme 1 (2), 

to give the corresponding silirane product with a 

penta-coordinate silicon atom.4 

 

Scheme 1. Illustration of reversible reactions of main 

group compounds with ethylene near room 

temperature. 

The stability of the product was found to be 

strongly related to the nucleophilic character of the 

phosphine ligand and irreversible binding was 

observed when PR2 = PPh2. Herein, we report on the 

first examples of reversible ethylene binding by 

stable, two-coordinate silylenes. We demonstrate 

that Si(SArMe6)2 (ArMe6 = C6H3-2,6(C6H2-2,4,6-Me3)2), 

1)5 and Si(SArPri
4)2 (ArPri

4 = C6H3-2,6(C6H3-2,6-Pri
2)2, 

2)6 react reversibly with ethylene at room 

temperature, and show that the reaction is strongly 

affected by the steric properties of the silylene and 

olefin type.  
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 Exposure of toluene solutions of 1 or 2 to 

ethylene gas under anaerobic and anhydrous 

conditions results in a discharge of the yellow color 

of 1 (within a few seconds) or 2 (within one minute), 

and the formation of the siliranes 3 and 4 as shown 

in Scheme 2. 

 

Scheme 2. Equilibrium reactions for compounds 1 

and 2 with ethylene in toluene at ambient 

temperature to form the siliranes 3 and 4. 

The products were characterized by 1H, 13C{1H}, 

and 29Si NMR spectroscopy (3 and 4), and by X-ray 

crystallography (4). The 29Si NMR spectra of 3 and 4 

in d8-toluene reveal an upfield signal at –44.08 ppm 

(3) and –42.22 ppm (4) that display splitting into a 

quintet pattern with a 1:4:6:4:1 intensity ratio owing 

to coupling to the hydrogens of the bound ethylene. 

The J29Si-1H coupling constant is 5.62 (3) and 5.89 Hz 

(4). The 29Si NMR spectrum of 4 also displays a 

signal at +270.7 ppm, due to free silylene 2,6 owing to 

the existence of a dissociation equilibrium in 

solution. The 1H NMR spectrum 4 in d8-toluene 

solutions display signals at 5.25 ppm due to 

uncomplexed ethylene and at 0.64 (3) and 0.4 ppm 

(4) due to bound ethylene in addition to the signals 

of the arylthiolate substituents. A Van’t Hoff analysis 

of the association of ethylene with 2 using variable 

temperature 1H NMR spectroscopy afforded a ΔHassn 

of –83.61 (8.4) kJ mol-1, and a ΔGassn = –24.9 (2.5) kJ 

mol-1 at 300 K, which is somewhat more favorable 

than the ca. –3 kJ mol-1 reported for the reaction in 

Scheme 1 (2) with the phosphine group A.4 A Van’t 

Hoff analysis of the association of ethylene with 1 

using an ethylene-saturated solution up to 343 K has 

not been possible to date due to the solubility 

characteristics of 1 and 3. 

 The structural details of 4 were determined 

by X-ray crystallography, and are illustrated by the 

structure of 4 shown in Figure 1. It can be seen that 

the silicon atom is four-coordinate, being complexed 

to two sulfur and two carbon atoms with very 

distorted silicon coordination geometry (cf. C-Si-C = 

50.75(9) °; S-Si-S = 117.84(3) °). The S-Si-S angle is 

over 30 ° wider than the 85.08(5) ° observed in the 

precursor silylene 2.6 The Si-S distance (2.1179(7) Å in 

4) is slightly shorter than those (2.158(3) Å in 1 and 

2.137(1) Å in 2) in the free silylenes,5,6 and the Si-C 

bond length, 1.829(2) Å, is similar to those in other 

siliranes.2c,4,7 The C-C bond length within the silirane 

ring (1.560(3) Å) is consistent with single C-C 

bonding, and is similar to those in previously 

reported silirane structures.4,7 The silylene 1 also 

reacts readily with excess norbornadiene (NBD) to 

generate a silirane 5 with a similar SiS2C core 

geometry to 3, in which one of the double bonds of 

NBD has reacted with the silicon atom in 1 (see 

Supporting Information). This reaction, however, is 

irreversible up to 162 °C, at which temperature 5 

decomposes. No reaction was observed between 2 

and NBD (probably for steric reasons), even when 

they were refluxed together in toluene.  

 

Figure 1. Thermal ellipsoid plot (50%) of one of the two 

crystallographically independent molecules of 4. 

Hydrogen atoms and cocrystallized toluene molecules 

are not shown. Selected bond distances (Å) and angles 

(deg.): C1-C2, 1.569(2); C1-Si1, 1.8399(17); C2-Si1, 

1.8332(16); Si1-S1, 2.1181(5); Si1-S2, 2.1167(5); S1-C3, 

1.7911(15); S1-C33, 1.7953(15); C1-Si1-C2, 50.58(7); C1-C2-

Si1, 64.94(8); C2-C1-Si1, 64.49(8), S1-Si1-S2, 116.49(2). 

The mechanism for the reaction of 1 and 2 with 

ethylene (Scheme 2) was studied computationally 

(PBE1PBE/TZVP level)8 using a model system in 

which the bulky ArMe6 and ArPri
4 substituents were 

replaced with phenyl (Ph = C5H6) to reduce 

computational costs; our previous studies on related 

systems have shown that this simplification is well 

justified.9 The optimized geometries of Si(SPh)2 (6) 

and (PhS)2SiCH2CH2 (7) reproduce well most of the 

experimental structural parameters of 1 and 2. For 
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example, the calculated Si-S distances are 2.160 Å 

and 2.149 Å for 6 and 7, respectively, whereas the Si-

C bonds in 7 are each 1.846 Å long, and therefore 

very similar to those in the experimentally 

characterized siliranes (see above). The calculated C-

Si-C angle in 7 (50.4°), is a perfect match with the 

experimental data for 4, but the theoretically 

predicted S-Si-S angle in 7 (105.2°) differs 

significantly from the crystallographically 

determined structure, mainly because the simplified 

model system experiences low steric repulsion and 

dispersion effects between its phenyl groups.6 

The transition state for the association of ethylene 

with 6 (6-TS) was located computationally and it 

shows that the olefin approaches the silylene in an 

asymmetric fashion from one side of the S-Si-S plane 

(Si-C distances of 2.309 and 2.630 Å). The activation 

energy (G‡) calculated for this process is 54 kJ mol-1, 

whereas the calculated Hassn and Gassn for the 

formation of 7 are –68 kJ and  –24 kJ mol-1, 

respectively, in very good agreement with the 

numbers obtained from the Van’t Hoff analysis.  

The bonding interactions within 6-TS were 

analyzed with the ETS-NOCV approach that 

combines the extended transition state method for 

energy decomposition analysis (EDA) with the 

theory of natural orbitals of chemical valence.10 The 

results show that the transition state can be 

described as a synergic donor-acceptor interaction 

between 6 and ethylene wherein the HOMO of the 

silylene (silicon-sulfur bond lone-pair combination) 

interacts with the LUMO (π*-orbital) of ethylene 

and vice versa (Figure 2, left). The effect of these 

interactions on the deformation density (the density 

of 6-TS minus the sum of separate densities for 6 and 

ethylene) shows clearly the transfer of electrons 

(from green to yellow) to generate the Si-C bonding 

interaction (Figure 2, middle). It is of interest to note 

that when the geometry of 6-TS changes to that of 

the complex 7, the key orbital interactions are 

effectively ‘reversed’ in the process: for 7, the HOMO 

is a bonding combination between the LUMOs of 

ethylene and 6, whereas the HOMO-7 orbital 

involves an interaction between the HOMOs of the 

corresponding molecular fragments (Figure 2, right). 

The reversible reactions of 1 and 2 with ethylene 

are the first such examples for a two-coordinate 

group 14 element carbene analogue and, apart from 

the aforementioned distannynes and silylene-

phosphine complex, are the only instances of 

reversible complexation of olefins at room 

temperature by a main group element compound. 

However, a reversible reaction with an unsaturated 

C-C multiple-bonded compound has been observed 

for the reaction of the stannylene :Sn{CH(SiMe3)2}2 

with the strained cyclic acetylene 

SCH2CMe2C≡CCMe2CH2, which affords the first 

example of a stannacyclopropene. In this case, the 

strained cis-bent structure of the alkyne moiety 

promotes the reactivity, as well as the reversibility of 

the overall reaction.11 

 

Figure 2. Top: the most important Si-C bonding orbital 

interactions between 6 (Si(SPh)2) and ethylene (left), 

and in 7 ((PhS)2SiCH2CH2), right) along with the two 

most important NOCV deformation densities  of 6-

TS showing the charge flow to form Si-C bonding 

interactions (middle). Bottom: calculated energy 

profile for the reaction of ethylene with 6 to afford the 

silirane 7.  

We note that ethylene is now known to react under 

ambient conditions with an ever-increasing number 

of classes of stable main-group compounds without 

external stimuli, such as photolysis. These include 

disilynes,12 digermynes,3 frustrated Lewis-pair 

borane-phosphine molecules,13 silylenes,14 silylene 

precursors,7k and digallenes,15 but reversibility in 

ethylene binding, which is key for the development 

of possible catalysts, remains rare.3,4 Further studies 

of the electronic factors that govern the reversibility 

of ethylene complexation by silylenes and their 

heavier group 14 element congeners are in hand.  
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