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Abstract 

The research described in this thesis is focused on studying the use of phosphinoamidinato 

ligand VI-4 to stabilize low-valent main group element compounds. 

Reduction of silane (NP)SiCl3 VI-5 by magnesium allows for the high-yield preparation of 

base-stabilized disilylene [(NP)Si-]2 (VI-6). Although VI-6 is stable at room temperature, upon 

heating it rearranges into the silylene VI-7. The reactivity of VI-6 in the single bond activation of 

pinacolborane, phenylsilane and diphenylphosphine was tested and yielded compounds VI-8, VI-

9 and VI-11, respectively. Additionally, the phosphidosilylene VI-11 was found to perform P-P 

coupling when reacted with diphenylphosphine. Experimental pursuits were taken to elucidate the 

mechanism of formation of disilylene VI-6, and some insights into its fluxionality in solution were 

obtained. 

Disilylene VI-6 was reacted with Si(II) and Ge(II) chlorides to yield the products of 

tetrylene insertion into the Si-Si bond, the low-valent compounds VII-1, VII-5 and VII-6. 

Compound VII-1 is the kinetic product of the direct insertion of SiCl2 fragment into Si-Si bond of 

VI-6. The thermodynamic product of the insertion of silicon dichloride is disilylene VII-5 that is 

the consequence of migration of chlorides to terminal Si center. The reaction of VI-6 with GeCl2 

produced only one compound VII-6 that is a rear example of germylene-silylene. Interaction of 

VI-6 with SiCl4 and SiHCl3 produced a new example of acyclic disilyl silylene VII-7. 

Reduction of (NP)PCl2 VIII-1 with potassium graphite allowed isolation of the base-

stabilized phosphinidene VIII-2. Its reactivity was studied. The use of substrates with E-H bonds 

like pinacolborane, phenylsilane and diphenylphosphine yielded compounds VI-4 and VI-8, VIII-

5, VIII-6, respectively, which are the result of N-P and E-H bond metathesis. Upon reaction with 

tetrachlorobenzoquinone both phosphorus atoms of VIII-2 underwent oxidation to produce VIII-



 

7. VIII-2 reacted with benzaldehyde and phenylisocyanate as a phospha-Wittig reagent to produce 

VIII-8 and VIII-9. Additionally, VIII-2 was transformed into phosphinidene oxide IX-2, 

iminophosphine IX-4 and phosphinidene sulfide IX-8. Transient IX-2 and IX-4 were captured by 

para-tolyl isocyanate to form compound IX-3.  

All the compounds were fully characterized by NMR and for most of them single crystal 

X-ray structure was obtained. 
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I. Introduction 

Historically, the field of catalysis has been dominated by transition metals complexes, 

which is largely due to the presence of partially occupied d-subshells giving rise to the accessibility 

of several oxidation states and the separation of frontier orbitals of less than 4 eV. In contrast, the 

common main group element compounds do not have these features, and until recently have not 

been considered to be potent catalysts outside the narrow subfield of Lewis acid catalysis. 

However, recent discoveries in the main group element chemistry tend to prove that some of  

classes of these compounds can resemble transition metals.1-2 Following with the formerly 

unknown bond activation of small molecules were the examples of insertion reactions, reversable 

bond activations, reductive eliminations and the first examples of catalysis demonstrated for main 

group element compounds.1-4 The possibility to substitute transition metals by main group 

elements as catalysts is very appealing as many of the latter are nontoxic, reasonably priced and 

abundant. 

Many of the discoveries in the main group element chemistry were initially made with the 

purpose of synthesizing heavier analogues of organic compounds.5 The design of heavy alkyne 

analogues turned out to be quite challenging, with the first example being reported only in 2000 

upon the discovery of diplumbyne6. Other representatives based on tin,7 germanium8 and silicon9-

10 followed by 2004. The prominent feature of multiply-bonded tetrel compounds is the closely 

lying frontier orbitals, which brings about the high reactivity of these species.1 The first part of 

this Thesis (Section II) will focus on the historical background of ditetrelynes including the nature 

of bonding, synthesis and reactivity. 

Apart from the dimeric multiply-bonded species, monomeric low-valent species have 

proven to have high potency in activation of small molecules.3 In this regard, synthesis and 
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reactivity of phosphinidenes and other phosphorus (I) compounds (Section III) as well as 

phosphinidene derivatives (iminophosphines (Section IV), phosphinidene oxides and sulfides 

(Section V)) will be discussed in the second part of the historical section. 

The Results and Discussion Chapter of this Thesis consists of two parts. The first one is 

dedicated to the synthesis and bond activation of base-stabilized disilylene VI-6 (Section VI) along 

with the insertion reactions into the Si-Si bond of VI-6 (Section VII). In the second part, synthesis 

and reactivity of base-stabilized phosphinidene VIII-2 is described (Section VIII). Furthermore, 

its use in the synthesis of base stabilized phosphinidene oxide IX-2, iminophosphine IX-4 and 

phosphinidene sulfide IX-8 will be illustrated (Section IX). 
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Part A. Historical 

II Compounds of heavier group 14 elements in oxidation state (I) 

II.1 Introduction  

Elements in carbon group possess four electrons in the outer shell. Thus, in the oxidation 

state +1 the number of electrons equals three, making compounds with one tetrel atom 

paramagnetic. There have been reported several examples of this kind of germanium and tin 

compounds. Jones11 and coworkers utilized the bulkiness and chelating effect of a -diketiminate 

ligand to sterically protect the Ge(I) radical II-1 that was proven to be stable in the solid state for 

months (Scheme II-1). Its nature was established with the help of crystallographic, spectroscopic, 

computational, and reactivity studies. Roesky12 and colleagues used strong -accepting properties 

of cyclic alkyl(amino) carbenes and bulky aryl group to stabilize the acyclic monomeric 

germanium (I) radical II-2. According to the Density Functional Theory calculations, it has the 

doublet ground state. Furthermore, the chances of electron to reside on the germanium atom or 

carbene carbon are approximately the same according to theoretical calculations and EPR 

spectroscopic studies. The only precedent of a tin (I) monomeric radical was reported recently by 

Britt and Power13. In their study the radical species were not isolated, but dissociation of 

distannyne ArSnSnAr (Ar = 2,6-(2,6-iPr2-C6H3)2C6H3) into II-3 in toluene solution was proved by 

EPR spectroscopy and 1H VT NMR spectroscopy studies. 
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Scheme II-1. Reported examples of germanium (I) and tin (I) monomeric radicals 

These examples are so rare because the radical species are extremely reactive and prone to 

aggregate, for instance to form cyclotrigermenyl radicals.14  A significantly richer chemistry has 

been reported for dimeric heavier group 14 compounds in the oxidation state +1. In this section 

heavy alkyne analogues, that is ditetrelynes, will be discussed. 

Ditetrelynes have long been thought as unachievable, despite the vast number of 

compounds with a triply bonded carbon. The poor overlap between the p orbitals with the principal 

quantum number greater than two was initially suggested to be the reason why multiple bonds 

between Si, Ge, Sn and Pb atoms are unfeasible.15 However, the difficulty has been overcome and 

the ditetrelyne examples for each of the above-mentioned elements have been reported as of today 

(see Schemes II-5 – II-9).  

While for carbon-based compounds the linear form of H-CC-H is known to be a global 

minimum on the potential energy scale, it is not the case for the heavier analogues. According to 

theoretical investigations16-17 the energy of the bent structure B is lower than that for the linear A 

and the difference increases upon going down the group (Scheme II-2). The bent structure of the 

parent hydrogen-substituted ditetrelynes B is a local minimum and was shown to isomerize via a 

small activation energy into the global minimum, a doubly-bridged structure C, or local minima 

achievable by 1,2-H-shift, D and E. The presence of silicon-based species C and D has been proven 

experimentally with the use of spectroscopic methods.18-21 The isomerization of B is suppressed 
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upon hydrogen substitution, and it can be prevented with the use of bulky groups. Another reason 

to use sterically protecting groups is to prevent dimerization, which was detected for disilyne 

species.22 Thus, the substituents shown in Scheme II-5 allowed isolation of ditetrelynes. The 

analogues of alkyne possess planar bent structures, with the degree of bending increasing and the 

bond order decreasing upon going down the group (Table II-1). The explanation for this can be 

found while discussing the bonding features. 

 

Scheme II-2. Potential isomers of E2H2 (E= Si, Ge, Sn and Pd) 

Table II-1. Structural data of selected examples of disilyne,23 digermyne,8 distannyne7 

and diplumbyne6 to illustrate the trends in lengthening the EE bond and increasing the 

bending going down the group. (Ar1= 2,6-(CH(SiMe3)2)2-4-(C(SiMe3)3)-C6H2; Ar2 = 2,6-(2,6-

iPr2-C6H3)2-2,6-C6H3; Ar3 = 2,6-(2,4,6-iPr3-C6H2)2-C6H3) 

 “EE” bond length, Å E-E-Ar bending angle, Shortening relative 

to single bond, % 

 

2.108(5) 133.0(3) 9.8924 

 

2.285(6) 128.67(8) 6.3525 

 

2.6675(4) 125.1(2) 5.0725 

 

3.1811(1) 94.26(4) -12.0826 
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II.2 Bonding features 

The major difference between the carbon-based ditetrelynes and heavier analogues lies in 

the difference in their core electronic structures. For carbon, 2s and 2p orbitals are close in size 

and energy, that is why they tend to undergo hybridization. The sp3 orbitals are degenerate thus 

making quartet state more accessible. The efficiency of hybridization decreases down the group, 

which is the consequence of the p orbitals becoming more extended in space relative to the s 

orbitals.27 This disparity between carbon and heavier group 14 elements causes considerable 

differences in the geometric parameters and reactivity of alkyne analogues. In this section several 

approaches will be described to explain the bonding in ditetrelynes.  

In terms of Valence Bond Theory (Carter–Goddard–Malrieu–Trinquier model28), the 

bonding in REER can be considered as an interaction of two RE fragments (Scheme II-3). The 

model (a) of Scheme II-3 is characteristic for a carbon-based species as the quartet state is 

accessible and the gain in energy after quaret-quaret coupling makes the process energetically 

favorable.29 In the case of heavier tetrels quartet state lies higher in energy than the doublet state 

and gain in energy after the potential quartet-quartet coupling is much lower making the linear 

structure unfavourable.17 Interaction of two ER fragments in the doublet state can be represented 

by the mode (b) (Scheme II-3) . However, the repulsion of electron pairs causes twisting and 

consequently a bent structure will be obtained. The multiple bond in (b) can be described as two 

donor-acceptor bonds (donation of a lone pair of electrons to a vacant p orbital of the neighboring 

tetrel atom (illustrated by arrows)) and one  bond as a result of coupling of two unpaired electrons 

on p orbitals of each tetrel atom (dashed line).22, 30 Going down the group, the stability of an 

electron pair on a tetrel atom increases, thus a single bonded mode comes into effect (Scheme II-

3, mode (c)). In this case, electron pairs are not used for the bond formation.29-30 This feature is 
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characteristic for the diplumbyne reported by the Power group that has an acute bond angle 94.3 

and the Pb-Pb bond distance of 3.188Å, which was suggested to be a single bond.6 

 

Scheme II-3. Valence bond theory models 

Molecular orbital theory provides another way to explain the bending in ditetrelyne 

structures30. Going down the group the size of atoms increases, and bonds become weaker. 

Consequently, the energy difference between molecular orbitals decreases and the second order 

Jahn-Teller affect comes into play, being caused by the proximity in energy between the filled and 

empty molecular orbitals of the same symmetry) (Scheme II-4). In this case, the decrease of 

symmetry upon bending allows one of the  orbitals to mix with the * orbital (mode A in Scheme 

II-4), which converts the first one into a non-bonding orbital bu(n-) (mode B in Scheme II-4). The 

E-E bond order changes from triple to double and the lone pair character increases. Additionally, 

the -bonding molecular orbital interacts with *, thus weakening the -bond.1 According to the 

Scheme II-4, for the linear mode A the  and * orbitals are HOMO (the highest occupied 

molecular orbital) and LUMO (the lowest unoccupied molecular orbital), respectively; in the 

bending mode HOMO is the out-of-plane  orbital (au), while LUMO is a relatively low-lying in-

plain orbital ag(n+). The latter is responsible for the related class of base-stabilized dislilylenes that 

will be discussed later.31  
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The degree of interaction between the * and  orbitals (from the linear mode A) depends 

on the energy separation between the orbitals and is the highest for the heaviest congeners. These 

molecules have a significant bending close to 90 (mode B’, Scheme II-4) and because of a 

significant second order Jahn-Teller orbital mixing, the topology of HOMO and LUMO swaps 

yielding the molecular orbital diagram shown in Scheme II-4, right. Starting from the lowest 

energy, the orbitals ag and bu carry the lone pairs of electrons, the next in energy bu orbital is E-H 

-bonding and E-E -bonding, while the following ag is E-H -bonding and E-E -antibonding. 

The next ag orbital with some E-E -bonding character is the HOMO. The LUMO is a -type 

orbital with au symmetry that is perpendicular to the plane of molecule. The Scheme II-4 illustrates 

that species in the B’ mode possess a single -bond between the tetrel atoms.30 Furthermore, the 

lone electron pairs on metals become nonbonding and the compounds of that type can be regarded 

as ditetrelylenes. 

Another approach to describing the bonding in ditetrelynes considers radical species. The 

small HOMO-LUMO gap of ditetrelynes increases the chances of forming diradicals. In this case, 

one electron should be promoted to the n+ orbital, which in fact should result in weakening the 

bond. Quantum chemical calculations32 revealed that in the bent form B the silicon, germanium 

and tin species should have a substantial singlet diradical character. 

The above-described bonding theories were developed to explain the structural 

characteristics and reactivity of ditetrelynes. The synthesis and structural parameters of these 

compounds will be described in the next section. 
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Scheme II-4. Molecular orbital diagram of linear mode A (left), second order Jahn-

Teller effect on orbitals of heavier group 14 alkyne analogues upon bending into form B 

(middle), molecular orbital scheme for mode B’ (E=Si, Ge, Sn, Pb).  

II.3 Synthesis and structural parameters 

The synthetic approaches to prepare heavier ditetrelynes are rather diverse, but the common 

feature of most of them is that they involve reduction of group 14 halides, in particular dimetallanes 

(X2REERX2), dimetallenes (XREERX) and metallylenes (XRE:) (X= halide, R= ligand). The 

common reducing reagents used for these transformations are KC8, alkali metals, metal 

naphtalenides, LiAlH4, [(MesNacnac)Mg]2 (MesNacnac = (MesNCMe)2CH; Mes = 2,4,6-(CH3)3-

C6H2), and tBuLi. For tin and lead, elimination of dihydrogen from tetrelhydrides has proven to be 

an alternative way to ditetrelynes.6, 33-34 In this section the information on synthesis and structural 
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parameters of heavier alkyne analogues will be organized according to the type of the ligand used 

for stabilization. 

m-Terphenyl ligands 

Steric demand creates kinetic stabilization which is crucial for isolation of heavier 

ditetrelyne analogues to prevent undesired processes of isomerization17 into species C, D and E 

(Scheme II-2) or dimerization/oligomerization22, 27, 35. The Power group fully employed this 

concept and with the use of extremely bulky m-terphenyl ligands (Scheme II-5) managed to 

synthesize the first examples of diplumbyne,6 distannyne,7 and digermyne.8 

The first example6 of diplumbyne was prepared upon reduction of plumbylene ArBrPb: 

(Ar = TpiPriPrH) with LiAlH4. It was suggested that ArHPb: was formed as an intermediate that 

further underwent dehydrogenation to yield II-4.36 For diplumbynes with other substitution, e.g. 

II-6 - II-8 DIBALH (diisobutylaluminium hydride) was used and for the TpiPrHH-substituted one 

(II-5) Mg(I) -diketiminate showed better yields ([(MesNacnac)Mg]2 (MesNacnac = 

(MesNCMe)2CH; Mes = 2,4,6-(CH3)3-C6H2)).
34 
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Scheme II-5. Synthesis of m-terphenyl-supported ditetrelynes  

Preparation of distannyne and digermyne was also performed via reduction of 

haloarylmetallylenes, but potassium or potassium graphite were employed as the reducing 

reagent.7 This provided a wide range of tin (II-9 – II-19) and germanium (II-20 – II-23) 

ditetrelynes with modified central aryl ring in the fourth or third and fifth positions. An alternative 

strategy with the use of DIBALH was proposed for the preparation of distannyne II-19 supported 

by an extremely bulky TptButBuH group.33 The use of an m-terphenyl ligand for stabilization of 

disilyne was not successful, as C-C activation of the ligand by the low-valent silicon center 

occurred.37 
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Silyl ligands 

While m-terphenyl groups provide the kinetic stabilization, the use of bulky silyl groups 

also introduces the thermodynamic contribution by decreasing the doublet-quartet gap, thus 

shortening the tetrel element-element bond.38 This was successfully employed in the stabilization 

of disilyne species II-24 and II-25 – II-26 by Wiberg10, 39 and Sekiguchi,9, 40 respectively. The 

former was prepared from the trans dihalodisilene RSi1(X)Si=Si(X)RSi1 upon reduction with alkali 

metal naphtalenides. II-25 and II-26 were obtained upon treatment of tetrahalodisilane with 

potassium graphite. 

 

Scheme II-6. Synthesis of silyl-supported disilynes II-24 – II-26 

Aryl ligands 

As has been mentioned above, the use of m-terphenyl ligands did not result in successful 

isolation of a disilyne.37 However, the group of Tokitoh designed an aryl ligand that provided 

sufficient steric bulk to stabilize the low-valent core. While the Dis groups (CH(SiMe3)2) in the 

ortho positions were providing kinetic stabilization, the para substituents like C(SiMe3)3 or tBu 

were suggested to modulate the solubility and crystallinity of the material. 
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The synthetic strategy is resembling the one for m-terphenyl congeners (Scheme II-7). 

Dibromoditetrelenes were reduced by potassium graphite or tert-butyllithium to produce disilynes 

II-27,23, 41 II-2942 and digermynes II-28,43 II-30.44 As a starting material, bromostannylenes did 

not show sufficient stability, so the distannyne species have not been obtained. 

 

Scheme II-7. Synthesis of aryl-supported ditetrelynes II-27 – II-30 

Alkyl ligand 

Alkyl ligand was used for stabilization of disilyne II-31 by the Iwamoto group.45 It was 

prepared by reduction of tetrabromodisilane with potassium graphite (Scheme II-8). 

 

Scheme II-8. Synthesis of alkyl-supported disilyne II-31 

N-containing ligands 

Jones, Frenking et al. showed that a bulky amido group is capable of stabilizing the 

germanium analogues of alkynes. Digermynes II-32-II-35 were synthesized upon treatment of 

chloroamidogermylene with the Mg(I) reagent [(MesNacnac)Mg]2 (
MesNacnac = (MesNCMe)2CH; 

Mes = 2,4,6-(CH3)3-C6H2), Scheme II-9). 46-48 When the same strategy was used to prepare a 
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distannyne congener from chloroamidostannylene, it resulted in tin metal and the protonated 

ligand.46 However, with the use of bromoamidostannylene as the starting material it was possible 

to decrease the reaction temperature, which made isolation of II-36 and II-37 possible.48-49 

 

Scheme II-9. Synthesis of amido-substituted ditetrelynes II-32 – II-37 

Structural considerations 

The first example of diplumbyne II-4 has the following structural parameters: the Pb-Pb 

bond length of 3.1881(1) Å, and the Pb-Pb-C angle of 94.26(4) (Table II-2). Moreover, the tetrel-

tetrel bond length is 0.35 Å longer than the single bond in diplumbanes (Pb-Pb 2.844(4) Å, 

Ph3PbPbPh3).
26 This illustrates the B’ mode of alkyne heavier analogues. Even though it is 

formally addressed as diplumbyne, it should be regarded as a diplumbylene (a single-bonded 

species with each of the Pb atoms bearing a lone pair of electrons). However, according to the 

calculations performed by Frenking,50 the single bonded structure is partially stabilized by the 

crystal packing forces. Additionally, Nagase and Takagi51 showed via calculations that in solution 

diplumbyne possesses a less bent form with a higher multiple bond character. That was also 

supported by a UV-Vis experiment that showed two bands characteristic for a multiply bonded 

species whereas only one band should have been observed for the single-bonded one. 
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Isopropyl groups stabilize the ditetrelyne systems. It was rationalized that it is due to their 

dispersive van der Waals attractions and hyperconjugation via donation to the * of the isopropyl 

group. Ziegler and coworkers calculated the former to be −27.5 kcal/mol (Si), −29.1 kcal/mol (Ge), 

−26.2 kcal/mol (Sn), and −44.0 kcal/mol (Pb) for the ditetrelynes (Si, Ge, Sn) with TpiPrHH 

substitution and the diplumbyne with TpiPriPrH groups. Despite the lower bond order in the latter 

the Pd-Pb bond is stronger than E-E bonds of other congeners listed above and one of the reasons 

for this is the higher dispersive attraction within the greater number of isopropyl groups of the 

ligands.52 

Consequently, aiming to obtain a diplumbyne with a higher multiple bond character in solid 

state the Power group34 searched m-terphenyl ligands (II-5 – II-8). The one bearing the highest 

number of isopropyl groups, that is II-6, possessed a shortened Pb-Pb bond (3.0382(6)Å; cf. 

3.1881(1) Å in II-4) and a widened bend angle (114.73(7) -116.02(6); cf. 94.26(4) in II-4). This 

implies that II-6 has a higher contribution of the B mode with a multiple bond character, which 

was calculated to be around 1.5-1.2. This provides the first example of a multiply bonded Pb 

congener. 

While it was challenging to access a multiply bonded diplumbyne, it is completely different 

for its tin analogue. According to the calculations by Nagase and Takagi,53 the difference in energy 

of distannynes in the B and B’ mode is only about 5 kcal/mol. That means that even a slight change 

in the structure of substituents can make one of the forms more favorable. Even though ArSnSnAr 

(Ar = aryl) are called distannynes, the Sn-Sn bond length in II-9 is 2.6675(4) Å, which is shorter 

than the single bond but longer than the double bond.7, 54 The R-Sn-Sn angle is 125.24(7), which 

implies that the structure is in the multiply-bonded B mode, or it might be regarded as an 

intermediate form between B and B’ with the bond order between 1.5 and 2.0.7 Other examples 
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II-10 – II-14 and II -17 – II-19 in solid state resemble the compound II-9 in their structural 

parameters. However, when the ligand was modified by introducing the SiMe3 and GeMe3 groups 

in the para position of the central phenyl ring of terphenyl ligands (compounds II-15 and II-16, 

respectively), the length of the element-element bond increased from 2.6675(4) Å in II-9 to 

3.0577(2) Å and 3.077(12) Å in II-15 and II-16, respectively and the R-Sn-Sn bending became 

more acute from 125.24(7)  to 99.07(3)  and 97.79(17), respectively, suggesting the B’ form of 

the distannyne.7 

The difference in energy between the B and B’ modes for digermynes was calculated to be 

significantly higher (14.7 kcal/mol) than for distannynes.53 Thus, digermynes tend to stay in the 

more favorable B mode with relatively wide bending angles. The Ge-Ge distance in II-20 is 

2.2850(6) Å, which falls in the shorter half of the range of doubly-bonded germanium compounds. 

This implies that the Ge-Ge bond order is at least two. Introduction of the SiMe3 group in the para 

position of the central phenyl ring did not cause significant structural changes in contrast to the 

distannyne analogue. The use of a very bulky terphenyl ligand TpiPr8 or aryl ligand Bbt gave rise 

to the congeners with the shortest Ge-Ge bond and the widest bending angle for this type of 

ligands.43, 55 

Silicon analogues of alkynes have wide bending angles and short Si-Si bond lengths. For 

the first reported disilyne II-24, the structural parameters were not determined.10, 39 For the first 

structurally characterized example II-25 the values are 137.44(4) and 2.0622(9)Å, respectively. 

The element-element bond is shorter than a typical silicon double bond by 3.8%.24 The calculated 

Wiberg bond index is 2.618 suggesting a triple bond character. Aryl substituted disilynes II-27 

and II-29 have lengthening of the multiple bond and more acute bending angles, which is in 

agreement with quantum chemical calcutaions.38 In terms of structural and spectroscopic 
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parameters, the alkyl substituted representative II-31 falls in-between the silyl- and aryl-

substituted species. This can be explained by the superior -donation of the alkyl over aryl group. 

For disilynes, the chemical shift in 29Si NMR provides an additional tool to characterize 

these species. According to Apeloig, Nagase et al. small alteration in bending causes significant 

deviations in the silicon chemical shift.56 Indeed, the values for the reported examples of silicon 

analogues of alkyne differ a lot (Table II-2). The Sekiguchi group performed calculations of the 

chemical shift for the asymmetric disilyne II-26, which showed its dependence on the bending 

angle. They concluded that the more acute angle increases the contribution of the 3s orbital into 

the in-plane -molecular orbital bu (n_), as a result the 29Si NMR signal is observed in a higher 

field (see Table II-2).40 

The effect of the nature of substituents at silicon has also been investigated. Aryl and alkyl 

substituted disilynes (II-27, II-29 and II-31) have resonances in a higher field, which is 

counterintuitive. The reason for that is the higher contribution of paramagnetic currents into 

deshielding of low-valent silicon in the silyl-substituted disilynes.56 

Amido ligands have a dramatic effect on the E-E bond. It can be explained by the 

interaction of lone pairs on nitrogen with the  out-of-plane orbital au, which increases its energy. 

Therefore, the ag (n+) molecular orbital accommodates electrons and becomes the HOMO and the 

empty au becomes LUMO. Thus, the multiple bond character reduces and bending increases 

making the B’ mode more favorable (II-32: the Ge-Ge distance is 2.7093(7) Å; Ge-Ge-N angle 

equals 100.09(6)).47 Therefore, the species can be classified as digermylene, the first example of 

a single-bonded digermyne. However, introduction of a bulkier amido group disrupts the 

interaction with nitrogen lone pair creating digermyne II-33, which according to structural 

parameters is in-between the highly bent II-32 and aryl-digermynes. The calculated Wiberg bond 
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index equals 1.75.46 Subsequently, II-33 can be addressed as the first multiply bonded amido-

digermyne. Jones, Frenking and coworkers also tried to modulate the donating ability of the 

nitrogen lone pair by introducing a boryl moiety into amido ligand. The boron with its -accepting 

ability was intended to compete for the electron pair of nitrogen to reduce its effect on the multiple 

bonds of dimetallynes. However, the strategy did not work, yielding the digermyne II-34 that 

resembles the single-bonded amido-digermyne II-32. The suggested explanation was based on the 

poor orbital overlap because the B2C2N2 and NGeSi fragments are not coplanar.48 

When an amido ligand was applied for the stabilization of the tin analogue of alkyne II-

36, it resulted in a trans-bent structure with the longest Sn-Sn bond (3.1429(7) Å) for this class of 

compounds. The lengthening of the bond can be explained by the strong -donation from nitrogen 

due to the good overlap between N-lone pair orbital and the Sn  out-of-plane orbital, because the 

Sn2NSiC fragment is close to planarity.49 
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Table II-2. Selected structural and NMR data. For compounds II-6 and II-7 the two 

values of EER angles result from noncentrosymmetric structure. Unit cell of II-28 contains 

two molecules with different parameters. 

REER EE bond length, Å REE angle,  E, ppm 

E = Pb 

R = TpiPriPrH II-4 3.1811(1) 94.26(4) - 

TpiPr8 II-6 3.0382(6) 114.73(7), 116.02(6) - 

E=Sn 

R= TpiPrHH II-9 2.6675(4) 125.24(7) - 

TpiPrHSiMe3 II-15 3.0577(2) 99.07(3) - 

TpiPrHGeMe3 II-16 3.077(12) 97.79(17) - 

RN2 II-36 3.1429(7) 104.53(10), 103.48(11)  

E=Ge 

R= TpiPrHH II-20 2.2850(6) 128.37(8) - 

TpiPrHSiMe3 II-22 2.2438(8) 128.44(16) - 

TpiPr8 II-23 2.2125(13) 136.13(17) - 

Bbt II-28 2.2060(7), 2.2260(7) 123.60(8) – 138.66(14) - 

RN1 II-32 2.7093(7) 100.09(6) - 

RN2 II-33 2.3568(3) 120.39(4), 121.03(4) - 

RN3 II-34 2.6003(6) 103.09(9), 102.43(9)  

E=Si 

R= RSi1 II-24   91.5 

R= RSi2 II-25 2.0622(9) 137.44(4) 89.9 

R= RSi2, RSi3 II-26 2.0569(12) 137.89(5) (RSi2), 138.78(5)  62.6 (RSi2), 106.3 

Bbt, II-27 2.108(5) 133.0(3) 18.7 

Rs II-31 2.0863(13) 132.05(7) 31.8 

Donor-coordinated dimetallynes 

The salient features of the unique bonding in heavier analogues of alkynes are the presence 

of a low-lying LUMO and the lone-pair character of the HOMO-1 (spread over both group 14 

elements), both imparting a carbenoid character to these species and the ability to interact with 

small molecules. Another consequence is that unlike alkynes, dimetallynes are Lewis acids, and 

introduction of additional intramolecular or intermolecular donors gives rise to the related class of 

base-stabilized adducts, the dimetallylenes (XL)Si-Si(XL) (II-38, Scheme II-10). The most 

intriguing class is the Si-Si bound disilylenes, which unlike the known isolable disilynes, usually 

feature an electronegative one-electron substituent X (X = halogen or N) and a two-electron donor 
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L that is typically a carbene, imine, or phosphine (Scheme II-10). In this section synthesis and 

structural features of base stabilized disilylenes as well as other ditetrelylenes will be discussed. 

 

Scheme II-10. Base-stabilized disilylenes: II-38 – general structure, synthesis of the 

representatives of base-stabilized dimetallylenes II-39 – II-44. 

The first disilylene II-39 stabilized by an external Lewis base was prepared by Robinson 

and co-workers as a co-product from the reduction of the NHC adduct IPr*SiCl4 (IPr= 

:C[N(Ar)CH]2) by potassium graphite (Scheme II-10).57 Alternatively, the halogen-substituted 
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disilylenes II-39 – II-41 were prepared by oxidation of the Si(0) dimer Si2(IPr)2 with 1,2-

dihaloethanes, but the starting Si(0) compound could only be isolated in low yield.58 According to 

single-crystal X-ray diffraction analysis, the Si-Si bond is 2.393(3) Å, which is 0.05 Å longer than 

the average value for the silicon-silicon single bond.59 The sum of the bond angles around the 

silicon atom in base-stabilized disilylenes is used to assess the lone electron pair on the silicon 

atom. In II-39, it equals 308 suggesting a considerable lone-pair character. Compound II-39 was 

studied by means of density functional theory (DFT) calculations. They revealed a Wiberg bond 

index of 0.94, suggesting a single  Si-Si bond. Furthermore, the natural bonding orbital (NBO) 

analysis indicated 87.4% of the p-character of the bond, and 68.3% of the s-character for the 

nonbonding electron pairs on the silicon atoms.57 These findings correlate with the B’ mode of 

single-coordinated ditetrelynes. 

For the amido-substituted ditetrellylenes, i.e. for X=N in II-38, two ligand classes have 

emerged in recent years that depend on the nature of the donating ligand, L. The amidinato group 

gave rise to a rich family of ditetrelylenes stabilized by an internal base (L=imine; E = Ge, Si and 

Sn), landmark representatives will be discussed below.60-63 The first example, digermyne II-42 

was reported by Jones60 et al. in 2006 (Scheme II-8). It was prepared from an 

amidinatochlorogermylene by reduction with excess potassium. In 2009, the Roesky group61 

reported the amidinato-supported disilylene II-43 by controlled reduction of (NN)SiCl3 using three 

equivalents of potassium. Higher yields were obtained when a Si(IV) precursor with a different 

substitution on the amidinate ligand was reduced by the Jones Mg(I) reagent [MesNacNacMg]2 

(MesNacNac = [(MesN=CMe)2CH]−, Mes = 2,4,6-Me3C6H2).
64 The exact same strategy turned out 

to be efficient for isolation of amidinato-supported distannylene II-44, where a chloroamidinato 

precursor was reacted with the Jones Mg(I) reagent.  
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The E-E bonds in II-42-II-44 fall in the range or exceed the respective single bonds (the 

Ge-Ge bond length in II-42 is 2.6380(8) vs the average single bond of 2.61 Å,60; the Si-Si bond 

length in II-43 is 2.413(2) vs the average single bond of 2.34 Å,24; the Sn-Sn bond length in II-44 

is 3.0141(8) vs the average single bond of 2.81 Å).25 Furthermore, all these representatives possess 

the gauche-bent conformation. Frenking et al.63 performed DFT calculations for the Si-Pb 

ditetrelylenes supported by the same amidinato ligand, where the diplumbylene was hypothetical, 

as it have not been isolated. According to these calculations, the HOMO is related to the  E-E 

bond and is of substantial p-character (81.74% for Si up to 96.4% for Pb). The lone pair MOs 

(molecular orbitals) possess a high s-character (72.6% - 94.0% for Si-Pb). The LUMO+2 for the 

silicon species and the LUMO for its heavier congeners are basically -bonding E-E molecular 

orbitals. The resulting MO scheme resembles the one of the B’ mode of dimetallynes (Scheme II-

4). It also explains the length and weakness of the E-E bond as it is roughly based on the -overlap 

of p-orbitals. Additionally, in the series Si-Sn of analogous ditetrelylenes from E=Si to Sn it was 

observed that the sum of the angles around the group 14 element decreases, thus the s-character of 

the lone pair increases, which is in line with the inert pair effect.63 

Another representative of intramolecularly stabilized group 14 dimetallylenes with X=N 

and L = pyridine (see the general structure in Scheme II-10) is pyridyl-1-azaallyl supported 

digermylene II-45 (Scheme II-11).65 It was prepared from the corresponding chlorogermylene 

upon reduction with potassium graphite.66 The Ge-Ge bond is 2.6021(8) Å and is similar to the 

amidinato congener II-42. Similarly, it possesses the gauche-bent geometry. 

Phosphine groups (L=PR3) are also known to be used as parts of ligands for ditetrelylenes. 

The Kato group reported an amido/phosphine-supported disilylene II-46 that was prepared by the 

Li-reduction of the trichloride (NP)SiCl3 precursor (Scheme II-11). 64 The Si-Si bond distance in 
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II-46 is 2.3306(12) Å, which is shorter than in disilylenes II-39 2.393(3) Å and II-43 2.413(2) Å. 

This is in agreement with calculated Wiberg bond indexes, which is 1.262 for II-46, suggesting a 

certain degree of multiplicity, whereas the value for II-39 equals 0.94, which corresponds to a 

single bond. The authors explained it by increased negative hyperconjugation between two Si 

atoms (nSi-*Si) over the interaction between silicon and phosphorus (nSi-*P). Furthermore, the 

silicon centers are less pyramidalized than in II-39 and II-43 (the sum of angles is 330, 308 and 

282, respectively) suggesting the lowest s-character of the lone pair. Disilylene II-46 has a bent 

geometry with the nitrogen atoms in the cis orientation. 

Another NP ligand (X=N, L=PR3) has recently utilized by So and co-workers to stabilize 

the digermylene II-47.67 It was prepared by reduction of chlorophosphinoamidinatogermylene 

with potassium graphite. The resultant compound takes the gauche-bent conformation. The 

element-element bond length of 2.6533(13) Å is longer than in the pyridyl-1-azaallyl-supported 

and amidinato congeners II-46 and II-42 (2.6021(8) Å and 2.6380(8) Å, respectively) and is 

shorter than amido-substituted digermyne II-32 (2.7093(7) Å). Thus, no multiple character is 

anticipated. 
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Scheme II-11. Synthesis of base-stabilized dimetallylenes II-45 – II-47 

In donor-coordinated ditetrelyne, there is a sub-class of molecules that stands out. It can be 

illustrated by the general formula II-48 (Scheme II-12). These are aryl-substituted dimetallynes 

with one or two chelating groups attached to the ligand. This family is very rich with germanium 

and tin compounds. 
68-72 Pincer type ligands (like the ligand in II-48 with two side arms) are found 

to be in two coordination modes, with one donor coordination in the first mode, usually observed 

for bulky groups attached (L = 2,6-iPr2-C6H3N=C(CH3)),
68 and with two donor coordinations, 

which happens for the less crowded ones (Me2NCH2;
72 tBuN=CH; 2,6-Me2-C6H3N=CH69). 

Compounds of the type II-48 are prepared from the respective chloroaryltetrelynes upon reduction 

with potassium graphite68-71, potassium selectride,72 potassium triethylborohydride,69 or metallic 

potassium.69 To illustrate the main trends, two distannylenes, II-49 and II-50, that possess similar 

one or two coordinating side arms will be discussed.69 The Sn-Sn bonds of II-49 and II-50 are 
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very similar (2.9393(6) Å and 2.9250(5)/2.9086(5) Å, respectively). They are shorter than the 

single bond in amido-substituted distannyne II-3649 (3.1429(7) Å) and terphenyl-substituted 

compound II-1555 (3.0577(2) Å) that is also lacking the multiple bond character, but it is still much 

longer than the multiple bond in II-97 (2.6675(4) Å). Furthermore, both distannylenes II-49 and 

II-50 occupy the gauche-bent conformation, which suggests the single Sn-Sn bond order. It is also 

confirmed by the calculated WBI that are 0.79 and 0.77 for II-49 and II-50, respectively. The fact 

that the values are close suggests that removal of one donor does not affect the nature of the Sn-

Sn bond. However, according to the X-ray crystallographic studies the change in the coordination 

number (from 4 to 3 in II-50 and II-49) affects the length of the Sn-N bond (changes from 2.4-2.7 

Å to 2.2 Å). This means that displacement of one donor group is compensated by a stronger 

donation from the remaining one. Finally, according to DFT calculations the aryl-substituted 

donor-stabilized ditetrelynes can be assigned the B’ bonding mode with a high p-character of the 

-bond and a significant s-character of the lone pairs (for instance, 81% for II-50 and II-49 vs 

88% for the related amidinato-distannylene II-4463). 

 

Scheme II-12. General formula of base-stabilized aryl-ditetrelylenes II-48, examples 

of base stabilized aryl distannylenes II-49 and II-50. 

Finally, there have been reported asymmetric dimetallynes. They can ether contain two 

different ligands, two different group 14 elements or both. Asymmetrically substituted disilyne II-
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26 synthesized by the Sekiguchi group40 has already been discussed above. Driess and co-workers 

reported asymmetrical digermylene II-51 that was obtained via interaction of potassium 

germylenide II-52 with -diketiminatochlorogermylene II-53 (Scheme II-13). 73 The Ge-Ge bond 

is 2.5498(8) Å, which is slightly shorter than other digermylenes.60, 65 Another asymmetric 

compound, synthesized by the same group was germylene-stannylene II-54. It was prepared in a 

similar fashion (Scheme II-13). The Ge-Sn bond of II-54 (2.7210(4) Å) is shorter than the single 

bond in germylstannanes.74 II-54 and II-51 crystallize in the guache-bend conformation 

suggesting the absence of a multiple bond character of the Ge-E bond for both of them. 

Additionally, calculations suggest that the five-membered ring has a negative charge, while the 

six-membered ring is positively charged, implying an ionic contribution to the Ge-E bond. 

The first example of a base-stabilized silylene-germalene II-55 was reported in 2020 

(Scheme II-13).75 It was prepared the same way as two previous examples via a salt metathesis of 

a germylene anion and a N-heterocyclic chlorosilylene. II-55 adopts gauche-bent conformation. 

The Ge-Si distance is 2.4498(9) Å, which falls in the range of Ge-Si single bonds.76-77 Another 

attempt to obtain an analogous species was performed by the So group.78 The desired base-

stabilized silylene-germylene II-56 was only observed as a transient species (Scheme II-13) that 

decomposed in solution even at -30C. 
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Scheme II-13. Synthesis of base-stabilized asymmetric dimetallylenes II-51, II-54 - II-

56 

II.4 Chemical reactivity 

The previous section illustrated the richness of group 14 dimeric species in the oxidation 

state +1. These compounds are moisture and air sensitive, and they are prone to undergo 

isomerization. To allow their isolation, bulky groups were used for kinetic stabilization. The 

presence of close-in-energy empty and filled orbitals makes the species resemble transition metal 

complexes. Oxidative addition, reductive elimination, and insertion reactions are the key steps in 

catalysis by d-block species but have been long uncommon for p-block compounds. The 

breakthrough was done when Power and co-workers in 2005 discovered the direct addition of 

dihydrogen to a digermyne TpiPrHHGeGeTpiPrHH (Scheme II-5) that afforded a mixture of 
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hydrogenated digermene II-57, digermane II-58 and germane II-59 (Scheme II-14),79 a reaction 

impossible for alkynes and the first example of such reactivity in main-group chemistry. This was 

followed by the Stephan’s discovery of reversible H2 addition to a tethered phosphine-borane 

compound and the advent of the FLP chemistry.80-83 Further discoveries in the field of multiple 

bonded main group element compounds showed the possibility of some of the key catalytic steps 

to be done by compounds different from transition metal complexes. 

In the following section, activation of small molecules by ditetrelyne and base-stabilized 

ditetrelylenes will be discussed. The insertions into the E-E bond or addition reactions are quite 

abundant in the field, but processes that keep the E-E bond intact are still a challenge. Additionally, 

reversible reactions that can regenerate the multiply bonded starting material are still limited, 

which is the hindrance in the development of catalytic processes. 

Reactions with H2 

Some representatives of terphenyl-dimetallynes showed reactivity towards dihydrogen at 

room temperature at 1 atm pressure. The outcome of the reactions turns out to be dependent on the 

tetrel element and the bulkiness of substituent. Digermyne II-20 reacts unselectively yielding three 

products II-57, II-58 and II-59 (Scheme II-14). The ratio of products depends on the amount of 

H2 used. With excess of it only products II-58 and II-59 are obtained, which is the result of addition 

of three equivalents of dihydrogen.79 

When distannyne II-9 with the same terphenyl substituent was exposed to the H2 gas, the 

reaction was selectively giving different type of product, the bridged compound II-60.84 Heating 

the product at 80C resulted in the formation of the starting material, suggesting the reversibility 

of the process.85 Remarkably, when distannyne II-17 with a bulkier substituent was used, it 

provided a different outcome (a non-bridged product II-61).84 In both cases, only one equivalent 
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of H2 was activated, even in the presence of excess of gas. The difference was explained with the 

use of quantum chemical calculations,85 according to which the outcome depends on the reactivity 

of TpiPrHHEE(H2)TpiPrHH and TpiPrHHEH with dihydrogen. The Ge-based compounds are eager to 

react further, while the tin ones stay unreactive most likely due to the inert pair effect and the 

difficulty of going to higher oxidation state tin hydrides. Furthermore, it was calculated that the 

first step of the reaction involves synergic interaction of frontier orbitals of reactants (Figure II-1). 

The electron pair from the  orbital of dihydrogen is donated to the “slipped” nonbonding ag orbital 

of ditetrelyne. At the same time, the HOMO of the latter donates electron density towards the * 

of H2.
84 

 

Scheme II-14. Reaction of terphenyl-substituted ditetrelynes II-20, II-9 and II-17 with 

dihydrogen 

 

Figure II-1. Synergic orbital interaction in the addition of H2 to aryl-ditetrelynes 
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Amido-substituted digermynes have also shown reactivity towards dihydrogen. The 

activation happens at -10C and the products are different for the single-bonded II-3247 and 

multiply-bonded II-33.46 The former forms the germyl-germylene II-62, while the letter results in 

digermene II-63 with a remarkably long Ge-Ge bond (2.4864(4) Å), which is longer than the 

Ge=Ge bond in II-57 by 0.18 Å and even longer than the single bond in the cyclic (Ph2Ge)6 (2.458 

Å).86 It was explained in terms of the frustration of the -bonding upon the interaction of the N-

electron pair with the Ge p-orbital. For these germanium species, the addition of the second 

equivalent of dihydrogen did not happen even upon changing the reaction conditions. To explain 

the difference in the outcome of these reactions theoretical calculation were performed. They 

revealed that in both cases the digermene product (the type of compound II-63) is formed initially, 

but the one with a less bulky substituent rearranges into the more thermodynamically stable 

compound II-62 as this transformation has a low activation energy.4, 87-88 Singly-bonded amido-

substituted distannyne II-36 reacts with H2 at room temperature to produce the H-bridging 

compound II-64 (Scheme II-15).49   

 

Scheme II-15. Reaction of amido-substituted ditetrelynes II-32, II-33 and II-36 with 

dihydrogen 
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C-H activation 

The examples of C-H activation by main-group compounds are quite limited. When the 

Sekiguchi group89 used DMAP (Dimethylaaminopyridine) as a base to coordinate to the silyl-

substituted disilyne II-25, instead of the desired coordination complex II-65, the product of C-H 

activation in the DMAP ortho-protons, II-66, was obtained (Scheme II-16). However, it was 

suggested that the first step of the transformation was indeed the coordination of DMAP to the 

disilyne with further C-H activation by the neighboring low-valent silicon center. Compound II-

66 is not stable at room temperature: the DMAP fragment decoordinates, which induces a 1,2-H-

shift and after recombination of the pyridyl moiety, the zwitterion II-67 forms. 

 

Scheme II-16. C-H activation of DMAP by the silyl-supported disilyne II-25 

Another precedent of C-H activation occurred when the Power group reacted 

cyclopentadiene with the terphenyl-substituted digermyne II-20 and distannyne II-9 (Scheme II-

17).90 The reaction proceeded at room temperature, two equivalents of olefine were consumed and 

dihydrogen gas was produced. The reaction took less than five minutes for the germanium species 

and twelve hours for the distannyne. The proposed mechanism involved the C-H / tetrel-tetrel bond 

metathesis with the formation of an unsymmetric ditetrelene II-68. The latter dissociates to form 

two types of E(II) species: the hydride- and cyclopentadienyl-substituted metallylenes. The former 
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reacts with another equivalent of cyclopentadiene to form one more cyclopentadienyl-substituted 

metallylene, II-69 (E=Ge) or II-70 (E=Sn), and releases dihydrogen gas.91 

 

Scheme II-17. C-H activation of cyclopentadiene by terphenyl-substituted digermyne 

II-20 and distannyne II-9 

N-H and B-H bond activation 

Sekiguchi et al.92 showed the reactivity of their silyl-disilyne II-25 towards excess of 

secondary amines (Scheme II-18). Diethylamine reacts upon warming up from -78C to room 

temperature yielding disilene II-71. In contrast, it took a month at room temperature for the 

reaction with diphenylamine to form disilene II-72 to complete. In II-71, the Si=Si and N-C bonds 

lie in the same plane, suggesting delocalization of the lone pair along the Si-Si -system. In the 

case of bulky phenyl groups of II-72 this interaction does not occur. Conjugation in solution was 

proved by the chemical shifts in 29Si NMR, the SiH signal of II-71 is significantly upfield (−39.3 

ppm) in comparison to the one of II-72 (66.6 ppm) suggesting a substantial contribution of the 

zwitterionic resonance form II-71a into the structure. Later, other amines (secondary – pyrrolidine, 

primary - tert-butylamine) were used for the same transformations, yielding products II-73 and II-

74 with delocalization over the NSiSi plane. Two equivalents of the smallest cyclic amine, 

pyrrolidine, managed to add to the disilyne moiety to form disilane II-75.92 
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Similar delocalization with the p-orbital of substituent was observed in II-76, the product 

of addition of the H-B bond of 9-borabicyclo[3.3.1]nonane (9-BBN) to the SiSi bond of II-25.92 

Only one equivalent of reagent was applied in that case, and as in II-72, in II-76  the Si=Si and 

boryl-substituent were close to coplanarity. In solution, 29Si NMR showed a significant downfield 

shift of SiH (=150.5 ppm), which proves delocalization on the empty orbital on boron and 

contribution of the resonance form II-76a. When catecholborane was used, no conjugation in the 

product II-77 was observed (the 29Si NMR signal SiH =123.4 ppm). According to DFT 

calculations, the reaction starts with the interaction of the out of plane au () HOMO of disilyne 

with the empty p-orbital of borane. Further, B-H is activated via a close-to-cyclic 4-membered 

transition state to form a cis-disilene, which isomerizes into the trans one due to the steric repulsion 

between the ligands.93 

 

Scheme II-18. Reactions of silyl-disilyne II-25 with diethylamine, diphenylamine, 

pyrrolidine, tert-butylamine, 9-BBN and catecholborane 

O-H activation 

Tokitoh and coworkers43 tested the reactivity of aryl-digermyne II-28 with methanol and 

water (Scheme II-19). The former produces the 1,1-dimethoxydigermane product II-78 in a high 

yield. In the case of water, the analogous 1,1-dihydroxy species II-79 was produced. The products 
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suggest a double addition to the GeGe moiety, which illustrates the triple character of the bond. 

The reaction with H2O was suggested to proceed either via the hydoxydigermyne II-80a or the 

keto tautomer II-80b. The latter was calculated to be 9.9 kcal/mole lower in energy than the 

former. 

 

Scheme II-19. O-H activation of methanol and water by aryl-substituted digermyne 

II-28 

N2O activation 

N2O is used in synthetic chemistry as mono-oxygen transfer reagent. In reactions with 

dimetallynes, it results in different outcomes. When a single-bonded amidodigermyne II-32 was 

oxidized by N2O, the single-bridged compound II-81 was obtained (Scheme II-20).94 However, 

when representative with a higher multiple bond character II-20 was treated with N2O, it reacted 

with five equivalents of nitrous oxide to yield II-82 that contains oxy- and peroxy-bridges and 

each Ge atom bears a terminal hydroxy group.95 When only two equivalents of N2O were used, a 

dimeric germanium hydroxide II-83 was formed.96 Hydrogen atoms of the hydroxo groups were 

suggested to be derived from dehydrogenation of the solvent. 

Base-stabilized disilylene II-43 consumes three equivalents of nitrous oxide to produce a 

complicated double-decker structure II-84. It contains two Si2O2 rings interconnected via two oxy 

bridges (Scheme II-18). The proposed mechanism involves initial insertion of oxygen into the Si-
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Si bond (II-85) with concomitant oxidation of both silicon centers to form II-86, which is unstable 

due to the high polarity of Si=O bond. Thus, it dimerizes to form II-84.97 

 

Scheme II-20. Reactions of digermynes II-32 and II-20 and base-stabilized disilylene 

II-43 with N2O 

CO2 and CS2 activation 

There is no information on reactions of multiply bonded dimetallynes with carbon dioxide. 

However, the amido-digermyne II-32 is known to swiftly react with CO2 and form the oxo-bridged 

species II-81 and CO gas (Scheme II-21). The presence of the latter was confirmed by analysis of 

the head space gas of the reaction flask with IR spectroscopy. Additionally, the quantitative nature 

of reduction of CO2 was confirmed by the reaction of the produced carbon monoxide with a 

rhodium complex. Analogous product, bis(germylene) sulfide II-87, was obtained when CS2 was 

applied.94 

Spectroscopic and computational techniques were used to determine the mechanism of this 

transformation. Reaction starts at -60C when one of the germanium atoms coordinates to a side 

of the CO2 molecule. Subsequent Ge-Ge bond cleavage and rearrangement results in intermediate 

II-81a. It is stable upon warming up to -40C after which carbon monoxide is eliminated to furnish 

the final product II-81.88, 94 
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Another example of a carbon dioxide reduction was reported by Baceiredo, Kato et al. 

(Scheme II-21). Disilylene II-46 stabilized by phosphine as a base was instantaneously reacting 

with the CO2 gas at room temperature. One molecule of substrate reacts with 4 molecules of CO2 

to form aminosilicate II-88 with two oxo and one carbonate bridges and 3 molecules of carbon 

monoxide. In that case the authors also used the technique of capturing carbon monoxide via 

quantitative ligand substitution in a rhodium complex.64 

Recently, two new papers on reversible CO2 capture by a digermylenes and distannylene 

have been reported by So, Su et al.67 and by the Aldridge group.98 Phosphinoamidinato-supported 

digermylene II-47 undergoes C=O insertion into the Ge-Ge bond at room temperature over 4 hours 

to give product II-89. The observed trigonal pyramidal geometry around the germanium atoms 

denotes the presence of lone-electron pairs. Upon heating to 90C, CO2 is released to reform the 

staring material II-47. The authors determined the enthalpy and Gibbs free energy of the 

equilibrium by performing the van’t Hoff analysis of the reverse reaction, that is CO2 elimination. 

The determined values (29.8 and 5.9 kcal /mol, respectively) correlate well with the computed 

Gibbs free activation energy of the reductive elimination, which is 6.2 kcal /mol. The Gibbs free 

energy of activation for the oxidative addition was calculated to be 4.9 kcal/mol. Furthermore, 

theoretical calculations suggest that the first step of the reaction involves coordination of a 

germanium lone pair to the CO2 molecule with concomitant carbon insertion into the Ge-Ge bond. 

When a less crowded digermylene II-90 was used, reaction with carbon dioxide took place 

immediately to form the insertion product II-91, which decomposed into the staring material II-

90 under reduced pressure.67 
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Scheme II-21. Reactions of digermyne II-32 and ditetrelylenes II-46, II-47 and II-90 

with CO2 

Aldridge and co-workers98 have shown that germanium II-92 and tin II-93 dimetallynes 

supported by a hemilabile pincer ligand undergo reversible insertion of CO2 into the element-

element bond to form II-94 and II-95, respectively (Scheme II-22). The bonding of the bridging 

product was dependent on the nature of the metal, with the bigger tin atom to adopt the 2 mode 

of the carboxylate bridge in II-95.99 The reversibility of the process was shown when II-94 was 

treated with 13CO2 at room temperature and 1 atm pressure. Complete exchange occurred withing 

a 15-minute time frame. Thermodynamic parameters were determined for the transformation of 

II-94 into II-92 with the help of variable temperature 1H NMR (H=+24.6(2.3) kJ/mol, 

S=+64.9(3.8) J mol-1 K-1, G298=+5.3(1.9) kJ/mol). Upon extended exposure of II-94 and II-
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95 to CO2, and for the former one to an elevated temperature, they transform into the carbonate 

species II-96 and II-97, respectively. 

 

Scheme II-22. Reactions of digermylene II-92 and distannylene II-93 with CO2 

Activation of CO 

Just recently the first example of a dimetallylene interaction with carbon monoxide has 

been reported by Jones and coworkers (Scheme II-23).100 Two hours after subjecting the disilylene 

II-98 to 1 atm of CO at room temperature, it transformed into compound II-99. According to DFT 

calculations, first, CO coordinates to one of the silicon atoms, and then inserts into the Si-N bond 

while the oxygen end attacks the so far untouched silicon center, thus cleaving the Si-Si bond. II-

99 is the first silicon analogue of an “abnormal” N-heterocyclic carbene. 

 

Scheme II-23. Reaction of base-stabilized disilylene II-98 with CO 

Activation of C=C and CC bonds 

Dimetallynes are prone to undergo cycloaddition reactions with unsaturated compounds. 

Thus, many results have been published on this topic. Based on the reported findings, the general 
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schemes can be illustrated for the cycloaddition reactions with alkenes and alkynes (Scheme II-24 

and II-25, respectively). Theoretical calculations suggest that in the first step the LUMO ag (n+) of 

ditetrelyne interacts with the HOMO of alkene, and the HOMO of dimetallyne (the au ( out-of-

plane orbital)) donates electron density to the LUMO of olefin to form a [1+2] cycloaddition 

product II-100a (Scheme II-24 and Figure II-2).101-102 Ring expansion releases a 4-membered, 

formal [2+2] cycloaddition product II-100b. Another equivalent of olefin can react with the cyclic 

ditetrelene II-100b to form tetrylene II-100c, which can either yield the bicyclic product II-100d 

or react with one more molecule of olefin to yield a compound with two tetrelcyclopropyl rings, 

II-100e.103-104 The outcome of the reaction depends on the conditions, alkene, group 14 element, 

and supporting ligand used. 

 

Scheme II-24. General reaction route for the reaction of ditetrelynes (E=Si, Ge, Sn) 

with olefins (L - ligand) 

 

Figure II-2. Synergic orbital interaction of ditetrelynes and ethylene 
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A similar pathway is likely in reactions with alkynes (Scheme II-25). After [1+2] 

cycloaddition and ring expansion a 4-membered cycle of 1,2-ditetrelcyclobutadiene II-101a is 

obtained. It can do the formal [2+4] cycloaddition with another molecule of alkyne to give a 

ditetrel-Dewar-benzene derivative II-101b, which upon isomerization forms the 1,2-ditetrel-

benzene II-101c.42, 101 Alternatively, II-101a can react via a [1+2] cycloaddition pathway with 

alkyne to cleave the E=E bond and form analogous to II-100b tetrelyne II-101d, which rearranges 

into the 1,4-ditetrel-benzene II-101e.105-106 The last one can be attacked by the third molecule of 

alkyne to yield the 1,4-ditetrelbicyclo-[2.2.2]octa-2,5,7-triene compound II-101f.107 

 

Scheme II-25. General reaction route for the reaction of ditetrelynes (E=Si, Ge, Sn) 

with alkynes (L - ligand) 

Most of the cyclization reaction of ditetrelynes are irreversible, with the example reported 

by the Power group being a striking exception.102 Distannylenes II-9 and II-17 react with 1 atm of 

ethylene at room temperature to yield products of addition of two molecules of olefin II-102 and 

II-103 (II-100d type from Scheme II-24) (Scheme II-26). In solution or under reduced pressure, 

they undergo a reverse reaction to produce the starting material. In products II-102 and II-103, the 

bulky ligands are in the cis position, which causes repulsion, whereas the bicyclic structure gains 

an additional ring strain. The above-mentioned factors, plus the loss of the C-C -bonds during the 
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reaction, are balanced by the energy gained upon the Sn-C -bond formation. Thus, the 

equilibrium strongly depends on the entopic factor and its position can be significantly influenced 

by a small change in conditions. One more example of a reversible cycloaddition is illustrated by 

the reaction of II-9 with two molecules of norbornadiene to furnish II-104 (Scheme II-26). 

 

Scheme II-26. Reaction of distannynes II-20 and II-23 with ethylene and 

norbornadiene 

Terphenyl-substituted digermynes also display reactivity towards olefins and alkynes 

(Scheme II-27). The TpiPriPrH substituted digermyne II-105 was reacted with 2,3-dimethyl-

butadiene. Upon consumption of three equivalents of olefin, the Ge centers got fully oxidized to 

form the bridged compound II-106.108 When digermyne II-20 was treated with an internal alkyne, 

the formal [2+2] cycloaddition product II-107 was obtained. But 2 equivalents of the less bulky 

terminal alkyne were required to give product II-108.109 According to an experimental study of 

the reaction pathway, it is most likely to proceed via the formation of a Dewar benzene derivative 

II-108a that inserts into the C=C bond of the diisopropylphenyl ring of the ligand.106 
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Scheme II-27. Reaction of digermynes II-105 and II-20 with 2,3-dimethylbutadiene, 

diphenylacetylene and trimethylsilyl acetylene 

Silyl-substituted disilyne was also revealed to undergo cycloaddition reactions with 

alkenes and alkynes (Scheme II-28).101 II-25 was reacted with cis- and trans-butene-2, which 

resulted in stereospecific products cis- and trans-3,4-dimethyl-1,2-disilacyclobutene II-109 and 

II-110, respectively. The former reaction was complete in 30 minutes, while it took one day for 

the trans isomer to reach full conversion. The difference was rationalized by the increased energy 

barrier of the rate determining step for the trans-butene-2 caused by the repulsion of methyl group 

of the alkene and the ligand of disilyne II-25. When II-25 was exposed to an excess of 

phenylacetylene, it yielded a mixture of isomeric 1,2-disilabenzenes II-111 and II-112. There was 

no reactivity of II-25 towards diphenylacetylene. 
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Scheme II-28. Reaction of disilyne II-25 with phenylacetylene, cis- and trans-butene-

2 

Aryl-substituted (Bbt and Tbb groups) disilyne and digermynes showed a wide range of 

reactivities towards unsaturated carbon-based compounds (Schemes II-29 and II-30). Disilyne II-

27 consumes three equivalents of olefin when reacted with ethylene to produce compound II-113 

and only one equivalent, when reacted with a bulky cyclohexene to yield a formal [2+2] 

cycloaddition product II-114. When 2,3-dimethylbutadiene is used, a complex mixture of products 

is formed, and one of them was isolated to be the tricyclic species II-115.110 Two disilynes with 

different substitutions, II-27 and II-29, were tested towards several alkyne compounds. The use 

of acetylene and terminal alkynes, such as trimethylsilylacetylene and phenylacetylene, yielded 

1,2-disilabenzenes like in the case of II-25, but only one isomer (3,5-disubstituted-1,2-

disilabenzene) was found as a major product (products II-116/ II-116a, II-117, II-118/ II-118a).42, 

111 In case of internal alkyne hexyne-3, an isomeric 1,4-disilabenzene II-119 was obtained. It 

undergoes photochemical isomerization into the disilabenzvalene II-120.105 
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Scheme II-29. Reactions of aryl-supported disilynes II-27 and II-29 with alkenes and 

alkynes 

Germanium analogues of II-28 and II-30 have also been tested in the reactions with 

unsaturated hydrocarbons (Scheme II-30). II-28 reacts with ethylene to form the intermediate 

compound II-121, which is a formal [2+2] cycloaddition product. Further transformations of II-

121 depend on conditions. When a high pressure of C2H4 is applied, the kinetic product II-122 is 

obtained. As soon as the pressure of ethylene is removed, it transforms back to II-121. When 1 

atm pressure is kept over a solution of II-121 at room temperature for a day, the thermodynamic 

product II-123 is formed.103 When terminal alkenes were used, only the formal [2+2] cycloaddition 

products II-124, II-125 and II-126 were obtained. The process was found to be reversible for 

species with the Bbt substitution (II-124 and II-125).104 Acetylene reacts with digermyne II-30 to 

yield two products: the result of cycloaddition with two molecules of alkyne, 1,2-digermabenzene 

II-127, and a molecule that contains three added C2H2 fragments, the 1,4-digermabarrelene II-

128. According to the calculations, the 1,4-digermabenzene II-101e (E=Ge; L=Tbb) should be an 
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intermediate en route to product II-128, which is illustrated in Scheme II-25.44, 107 The use of 

terminal alkynes resulted in the first example of catalytic application of ditetrelynes,112 which will 

be discussed later in this section. Two equivalents of internal alkynes (hexyne-3 and 

diphenylacetylene) were reacting with digermyne II-30 to produce 1,4-digermabenzenes II-129a 

and II-129b, correspondingly. For the latter it was possible to isolate the intermediate species II-

130 that is a product of formal [2+2] cycloaddition. When 1,4-digermabenzenes II-129a and II-

129b were irradiated with 410-490 nm light, isomerization into the 1,4-digerma-Dewar-benzenes 

(II-131a and II-131b, respectively) happened, which was proved to be fully reversible for the 

ethyl-substituted species II-131a upon heating of its toluene solution at 100C for two hours.113 

 

Scheme II-30. Reactions of aryl-supported digermynes II-28 and II-30 with alkenes 

and alkynes 
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Ditetrelynes that lack the multiple bond character were also evidenced to react with 

unsaturated hydrocarbons (Scheme II-31). For instance, the amido substituted digermyne II-32 

consumes two equivalents of ethylene to form the product II-132 that is equivalent to the 

thermodynamic product II-123 of the multiply bonded Bbt-substituted digermyne II-28. A formal 

[2+2] cycloaddition product II-133 was also obtained with cyclooctadiene, but only one molecule 

of olefin was added. In the case of norbornadiene and propyne, one equivalent of an unsaturated 

hydrocarbon undergoes reductive insertion into the Ge-Ge bond to form bridged digermylenes II-

134 and II-135.114 

 

Scheme II-31. Reactions of amido-substituted digermyne II-32 with alkenes and 

alkynes 

As in the case of multiply bonded ditetrelynes, the first step of the reaction involves the 

[1+2] cycloaddition to one of the group 14 atoms. According to quantum chemical calculations 

(energy partitioning analysis), each of the synergic orbital interactions illustrated in Figure II-3 

have approximately equal input. Singly-bonded amido-digermynes can be described by the B’ 

bonding model. Thus, the HOMO ag orbital of ditetrelyne donates electron density to the * of the 

olefin, while the  orbital of alkene supplies electrons to the au, which is a LUMO of dimetallyne. 
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After the [1+2] addition, the rearrangement into a 4-membered cycle that contains a weak E=E 

bond happens. In compound II-133 it remained intact, but for the species II-134 and II-135 the 

cycloaddition resulted in breaking the Ge-Ge bond.114-115 

 

Figure II-3. Synergic orbital interaction of single-bonded ditetrelynes and ethylene 

Similarly, base-stabilized disilylene II-43 reacts with phenylacetylene to form a formal 

[2+2] addition product II-136 that bears two silylene fragments attached to an alkene bridge 

(Scheme II-32). The suggested mechanism involves a [1+2] cycloaddition to one of the silylene 

centers and a subsequent insertion of another silylene into the silacyclopropene ring. In the case of 

internal phenyl-substituted acetylene, two equivalents of alkyne are consumed to form a singlet 

diradical compound II-137 that is stabilized by delocalization over the six-membered ring and by 

amidinate ligands that are perpendicular to the plane of the central ring.116-117 

 

Scheme II-32. Reactions of base stabilized disilylene II-43 with alkynes 
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Activation of N=N and N=O bonds 

Diazenes have shown two types of reactivity with ditetrelynes (Scheme II-33). When silyl-

substituted disilyne II-25 was treated with cis- and trans- 3,3′,5,5′-tetramethylazobenzenes, the 

product II-138 with a four-membered ring and non-Kekule singlet diradical character was 

obtained. The Si2N2 cycle was found to be planar. No EPR signal was observed, but chemical 

reactivity towards tetrachloromethane served as a proof of the radical character of II-138.118 Its 

germanium analogue was prepared upon a reaction of aryl-substituted digermyne II-20 with 

trimethylsilylazide.119-120 Another diradicaloid species, II-139, was obtained when the same 

digermyne II-20 was added to nitrosoarene (Ar= ortho-methylphenyl). The proposed mechanism 

suggests initial coordination of the nitrogen electron pair to one of the germanium atoms, 

subsequent interaction of oxygen with another germanium atom leading to a [2+2] cycloaddition 

of the N=O and GeGe fragments. Cleavage of the Ge-Ge bond and rotation over the N-O bond and 

isomerization allows for the formation of the product II-139.121 

Another type of products was obtained with azobenzene when it was reacted with 

arylsubstituted digermyne II-20 and distannyne II-9 and amido-digermyne II-32. The compounds 

II-140 – II-142, that were generated in these transformations, are the result of formal [2+2] 

addition of E-E (E – group 14 atom) bonds to N=N bonds and can be regarded as dimetallylene 

substituted hydrazines.119 In a similar fashion, the less substituted nitrosobenzene was yielding 

formal [2+2] and [2+2+2] cycloaddition products II-143 and II-144 with digermyne II-20.119 
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Scheme II-33. Reaction of disilyne II-25, digermynes II-20 and II-32 and distannyne 

II-9 with diazenes and nitroso compounds 

Activation of RCN 

Because of the low lying LUMO ag (n+) of dimetallynes, bases are expected to coordinate 

to that in-plane orbital to form adducts. Nitriles are weak bases, and when trimethylsilylcyanide or 

bis(silylcyanide) II-145 are reacted with disilyne II-25, 2,3-disilapyrazine products II-146 and II-

147 (Scheme II-34) form.122 DFT calculations for the TMS-substituted cyanide showed the 

favorability of the process that involved coordination of a nitrile to each of the low-valent silicon 

atoms and subsequent C-C coupling to form II-146.123 In the case of acetonitrile, the calculations 

suggest that consecutive formal [2+2] cycloadditions are more favorable. Thus, in the reactions of 

disilyne II-25 with acetonitrile and benzonitrile the corresponding formal [2+2+2+2] addition 

products II-148 and II-149 were obtained.124 
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Scheme II-34. Reaction of disilyne II-25 with nitriles 

Other relevant reactions 

Some of the reactions of ditetrelynes and their derivatives relevant to the thesis did not fit 

the above sections. For instance, the reaction of the amidinato disilylene II-43 with AlH3NEtMe2 

represents Al-H bond activation that yields an aluminum-silicon heterocycle II-150 as one of the 

products (Scheme II-35). The six-membered ring adopts the chair conformation. According to 

DFT calculations, the proposed mechanism involves initial coordination of silicon atoms to the 

AlH3 moieties (II-150a), subsequent insertion of silicon into the Al-H bond (II-150b), and finally 

migration of hydride from Al to Si to from II-150c. Subsequent interaction with AlH3 and II-43 

results in the formation of product II-150 and L2AlH (L = PhC(NtBu)2).
125 
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Scheme II-35. Reaction of base stabilized disilylene II-43 with AlH3NEtMe2 

A B-Cl bond activation product II-151 was obtained, when the amidinato-supported 

disilylene II-43 was treated with dichlorophenylborane (Scheme II-36). The mechanism was 

suggested to involve a donor-acceptor adduct formation (similar to II-150a). Further, donation of 

nitrogen electron pair to the * of B-Cl bond as well as shifting of electron density from the  

orbital of B-Cl to the empty orbital of silicon leads to II-151. Subsequent isomerization, like in the 

case of II-150b - II-150c, does not happen suggesting that 1,2-migration of Cl from boron to 

silicon is not possible.126 

 

Scheme II-36. Reaction of base stabilized disilylene II-43 with PhBCl2 

Different outcomes were observed for the activation of dibromine. The silyl-disilyne II-25 

reacts with two equivalents of halogen to form disilane II-152.9 But when the base-stabilized 
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amidinato-disilylene II-43 is treated with one equivalent of Br2, two molecules of heteroleptic 

bromo-silylene II-153 form where the silicon electron pair remains intact.127 This difference in 

reactivity likely comes as the consequence of the bonding in the substrate, which is considered to 

be triple in II-25 and single in II-43. 

 

Scheme II-37. Activation of Br2 by silyl-disilyne II-25 and base-stabilized disilylene 

II-43  

Base-stabilized distannylene II-154 was shown to activate the Sn-H bond of compound II-

155 upon dissociation of a hemilabile donor ligand of II-154 to form II-156 (Scheme II-38). The 

activation of the Sn-H bond of the second equivalent of stannylene II-155 was found to be 

reversible. Further Sn-H activation by the terminal stannylene centers of the product II-157 

(elongation of the Sn chain) was prevented by the electron-withdrawing character of the Sn(Ar)H 

fragments. For the first step, two possible mechanisms were considered: Sn-H activation by the 

Sn(I) center and insertion of II-155 into the Sn-Sn bond. Evidence in favor of the former was 

obtained with the use of 1H NMR saturation transfer experiments, which show similarities between 

the rate of saturation transfer of hydrides of II-155 and II-156 with that of the para-H of the ligand 

of II-155 and lateral ligand of II-156.128 
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Scheme II-38. Activation of Sn-H bond by base stabilized distannylene II-154 

So et al. showed that silyliumylidene cation II-158 inserts into Si-Si bond of II-43 to form 

a bridged disilylene II-159 (Scheme II-39). Two possible pathways were proposed: oxidative 

addition of the Si-Si bond to the cation or coordination of one of the Si(I) atoms to the cation as a 

base.129 

 

Scheme II-39. Insertion of silyliumylidene cation II-158 into Si-Si bond of stabilized 

disilylene II-43 

Catalysis 

Aryl-substituted digermyne II-30 was reported to act as a pre-catalyst in the 

cyclotrimerization of terminal alkynes (an analogue of the Reppe reaction).112 Upon a reaction 

with two equivalents of phenylacatylene, 1,2-digermabenzene II-160 is formed (Scheme II-40). 

According to a theoretical investigation, it is suggested to be a part of the catalytic cycle (Scheme 

II-41. Addition of one more equivalent of a terminal alkyne to II-160 leads to compound II-161, 

subsequent treatment of which with excess of alkyne triggers a highly regioselective catalytic 
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generation of 1,2,4-triphenylbenzene. The parameters of the catalytic process were 4 mol% loading 

of digermyne II-30 as a pre-catalyst and heating a benzene solution at 60C for eight hours. Aryl-

acetylenes with electron-donating or electron-withdrawing groups in the para-positions, ortho-

substituted benzyls as well as thienyl-substituted acetylene were tolerated (Scheme II-40) and 

showed a TON in the range of 15–35. The only germanium species detected by NMR spectroscopy 

during the catalytic process was compound II-161, suggesting it to be the resting state of the 

catalyst. It was also confirmed by the values of the energy barriers calculated for the catalytic steps 

of the proposed mechanism, which has the following steps (Scheme II-41): a) II-161 undergoes a 

retro [1+4] cycloaddition (the step with the highest energy barrier) to form germylene II-161a; b) 

insertion of phenylacetylene into the Ge-C bond of germylene II-161a (intermediate II-161b); c) 

[1+2] cycloaddition between germylene II-161b and one more molecule of arylacetylene (II-

161c); d) intramolecular [4+2] cycloaddition to form the intermediate II-161d; e) retro [1+2] 

cycloaddition to form the intermediate II-161e; f) retro [1+4] cycloaddition to form the 1,2-

digermabenzene II-160 and to release 1,2,4-triphenybenzene product. 
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Scheme II-40. Reaction of digermyne II-30 with phenylacetylene (top); germanium-

catalyzed Reppe reaction, the isolated yields of 1,2,4-triarylbenzenes and the time of the 

reaction if different from 8 hours are listed below the aryl substituents list (bottom). 
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Scheme II-41. Proposed catalytic cycle of germanium-catalyzed cyclotrimerization of 

terminal alkynes 

To sum up, in this part of the literature review the variety of ditetrelynes and their 

derivatives have been demonstrated. Furthermore, the trends in their reactivity towards small 

molecules have been highlighted. In the first part of the discussion chapter (Section VI-VII) our 

contribution to the field will be discussed. 

III Phosphorus compounds in the oxidation state (I) 

III.1 Introduction 

Monomeric phosphorus (I) compounds are called phosphinidenes. These are 6 electron 

species with the general formula R-P. While the parent phosphinidene H-P can be widely found in 

interstellar clouds, its high reactivity and that of its derivatives hindered their isolation for 
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decades.130 The parent phosphinidene has an incomplete electron shell and the triplet ground state, 

in which it has two non-bonding electrons with parallel spins. Thus, it can be regarded as biradical 

species that is highly unstable.131-132 

The valence orbitals of singlet and triplet phosphinidenes are shown on Scheme III-1. The 

phosphorus atom has four nonbonding electrons. One electron pair occupies an sp-orbital, which 

is stabilized by the contribution of the s-character. The other two p-orbitals are degenerate, thus 

electrons can either occupy two separate orbitals generating the triplet state A or they can pair up 

to yield the singlet state B. Electron repulsion in the latter case, as well as the entropic factor, 

favour the triplet state. The difference in energy between the two states for the parent 

phosphinidene H-P was calculated to be 28 kcal/mol. Furthermore, for phosphinidenes bearing 

boryl-, alkyl-, and silyl-substituents the triplet state remains lower in energy, while groups with 

lone pair electrons (like -NR2 or -PR2) stabilize the singlet state and sometimes even make it the 

ground stated.131 It can be rationalized by the model C in Scheme III-1. Electron density from an 

X-group is delocalized to the p-orbital on phosphorus, making it higher in energy, thus the pairing 

of electrons (the singlet state) becomes more favourable. 

 

Scheme III-1. Frontier valence orbitals of triplet A and singlet B-D phosphinidenes 

This review will focus on the different ways to achieve the isolation of P(I) species by 

discussing representatives of different classes of compounds, which will also be accompanied by 

a summary of their reactivity studies. It is important to note that the big class of Lewis acid-
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stabilized phosphinidenes that belong to the transition metal chemistry is outside of the scope of 

this review.133-135 

III.2 Ways used to stabilize low-valent phosphorus 

Many attempts of isolating phosphinidene have been unsuccessful. However, in some cases 

the detection of this species was achieved or/and their interception with special reagents served as 

a prove of their formation. In the absence of trapping reagents, intramolecular bond activations or 

oligomerizations were happening. 

For instance, Schmidt and coworkers determined the presence of phenylphosphinidene Ph-

P by means of pyrolysis-mass spectroscopy of pentaphenylcyclopentaphosphane.136 Another 

strategy was to reduce phosphorus-halides with alkali, alkali-earth metals or phosphines. The 

substituents in the starting material were ranging from the methyl group to tert-butyl and the 

oligomerization of transient phosphinidenes resulted in the isolation of cyclic polyphosphines 

(RP)n.
137 Gaspar and coworkers used retro-addition to generate phosphinidenes. Irradiation of 3-

methyl-1-phenyl-3-phospholene III-1 with 254 nm light in the presence of 2,3-dimethylbutadiene 

resulted in phosphinidene transfer to form a mixture of products III-2 and III-3 (Scheme III-2). 

When the concentration of the trapping reagent was lower, the yield of the latter product was 

increasing, suggesting that phosphinidene was dimerizing prior to the reaction with butadiene.138 

 

Scheme III-2. Reaction of 3-methyl-1-phenyl-3-phospholene III-1 with 2,3-

dimethylbutadiene under UV light 

Gaspar and coworkers were the first one to observe a triplet phosphinidene with the help 

of EPR spectrometry.139 It was generated at 77 K upon irradiation of mesityl-substituted 
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phosphirane II-4 with a 254 nm light (Scheme III-3). The strong and broad EPR signal in the high 

field at 11492 Gauss was obtained at 4K and assigned to the triplet phosphinidene III-5. Warming 

up of the solution resulted in the formation of cyclic polyphosphine II-6, addition of 3-hexyne as 

a trapping reagent yielded phosphirene III-7. 

 

Scheme III-3. Generation of phosphinidene III-5, its oligomerization into III-6 and 

reaction with hexyne-3 

Kinetic stabilization 

Kinetic stabilization via introduction of bulky groups was successfully used in main group 

element chemistry to stabilize low-valent core. For example, the ditetrelynes discussed in the 

previous section were mostly isolated with the help of very bulky substituents. Steric protection 

was also applied as a tool to isolate phosphinidenes. In particular, Yoshifuji and coworkers studied 

reduction of the super-mesityl-substituted phosphine chloride III-8 with magnesium This reaction 

afforded not the cyclic poliphoshine but the first example of a diphosphene, the compound III-9 

(Scheme III-4). The P=P bond was found to be 2.034(2) Å, which is significantly shorter than the 

single bond in the cyclic pentaphosphine (C6H5P)5 (2.217 (6) Å)140 and the bending angle is 102.8, 

which resembles the situation described for ditetrelynes.141  

Interestingly, when the transient phosphinidene Mes*-P (III-10) (Mes* = 2,4,6-tBu3-C6H2) 

is generated via photolysis of diphosphene III-9 with a Hg lamp 142, via photolysis of bis(azide) 
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III-11,143 or 3,4-dimethyl-1-supermesityl-3-phospholene III-12, or supermesitylphosphirane III-

13,138 the product of intramolecular C-H activation, compound III-14, is obtained (Scheme III-4). 

The photocleavage of a phospha-Wittig reagent III-15 that will be discussed further, had the same 

outcome (Scheme III-5).144 The presence of a trapping reagents, like olefin, diene, or alkyne in the 

case of III-13, did not change the outcome of this transformation, suggesting that the flanking 

group is significantly more accessible for the formed phosphinidene center.138 

 

Scheme III-4. Different methods of generation of Mes*P III-10 and synthesis of 

diphosphene III-9 

Protasiewicz and coworkers suggested to use phosphanylidene-σ4-phosphoranes 

(ArP=PMe3) as precursors for the photoinduced generation of phosphinidenes (Scheme III-5). 

They monitored the fate of the transient species depending on the bulky aryl substituent applied. 

The least bulky Mes*-supported precursor III-15 yielded the product of C-H activation of the 
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flanking tert-butyl group III-14 that was observed in Scheme III-3. The use of a bulkier group 

(2,6-Mes-C6H3; Mes = 2,4,6-Me3-C6H2) in the compound III-16 upon photolysis produced a more 

stable phosphinidene, which was able to attack the precursor III-16 to form the diphosphene II-

17. To prove the mechanism, III-16 was irradiated with light in the presence of III-15. As 

previously mentioned, phosphinidene III-10 under photolytic conditions gives exclusively the C-

H activation product even when trapping reagents are present. Thus, the formation of a mixed 

diphosphene Mes*P=P(2,6-Mes2-C6H3) (Mes = 2,4,6-Me3-C6H2; Mes* = 2,4,6-tBu3-C6H2) can be 

used as evidence for the proposed mechanism. Finally, the most sterically crowded phosphinidene, 

which is formed from III-18, has a too high energy barrier to follow the pathway of compound 

III-16. Thus, it undergoes an intramolecular C-C activation of the ligand to form III-19.144 

 

Scheme III-5. Photolysis of phosphanylidene-σ4-phosphoranes III-15, III-16 and III-

17 to generate transient phosphinidenes 
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Power et al. used reduction of aryltrichlorophosphine III-20 by alkali and alkali-earth 

metals to generate kinetically stabilized phosphinidenes (Scheme III-6). However, the reaction 

with magnesium resulted in the previously seen C-C activation product III-19, whereas the 

treatment with potassium produced the diphosphene III-21.145 

 

Scheme III-6. Reduction of aryltrichlorophosphine III-20 by alkali and alkali-earth 

metals 

This concludes that bulky ligands that succeeded in the ditetrelyne chemistry are not 

sufficient for the kinetic stabilization of triplet phosphinidenes. Consequently, the alternative way 

to isolate phosphinidenes is to introduce the thermodynamic stabilization. 

Thermodynamic stabilization 

As it was noted in the introduction section, incorporation of an atom with a lone electron 

pair next to phosphorus will contribute to the singlet mode of phosphinidene (Scheme III-1, C) by 

donating the electron density to the p-orbital of phosphorus. It was also calculated that making the 

-donor a part of a bigger -system should bring additional decrease in the energy of the singlet 
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state. For instance, addition of amino groups in the -position of the phosphino-phosphinidine 

((H2N)2PP) was calculated to make the singlet state 8.8 kcal/mol more stable than the triplet one 

because of the lone pair repulsion.131  

This strategy was applied by the Bertrand group who used 1,3,2-diazaphospholidine core 

as the ligand to induce the thermodynamic stabilization and extremely bulky aryl groups on 

nitrogen to kinetically stabilize the only existing example of a single-bonded isolable 

phosphinidene III-22 (Scheme III-7).146 

The authors calculated that the use of the 1,3,2-diazaphospholidine substituent makes the 

singlet state 17.4 kcal/mol more stable than triplet. Additionally, they reckoned that the five-

membered ring in combination with bulky groups on the nitrogen atoms prevent its 

pyramidalization, in turn increasing the efficiency of orbital overlap. The consequence of that was 

illustrated by the calculation of the singlet – triplet gap for a series of phosphinidenes. It was 

determined that its value increases with the increase in steric bulk of the aryl group. This proves 

that aryl groups not only provide the kinetic stabilization but also have an input in the 

thermodynamic factor.146 

Experimentally the authors used two substrates, III-23 and II-24, with a different steric 

bulk. To generate the phosphinidenes, phosphaketenes III-23 and II-24 were irradiated with the 

UV light, which for the diisopropylphenyl-substituted substrate III-23 resulted in the formation of 

diphosphene III-25. Additionally, in the presence of an isocyanide, that is a common trapping 

reagent for nitrenes,147 the corresponding phosphinidene adduct III-26 was formed. That implies 

that the groups attached to the N-atoms do not provide enough steric protection to achieve a stable 

monomeric P(I) compound. On the other hand, the extremely bulky groups of III-24 allowed for 

isolation of the desired phosphinidene III-22, which is consistent with the theoretical findings. In 
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the 31P NMR spectrum, it showed resonances at 80.2 and -200.4 ppm (2JP-P = 883.7 Hz), with the 

latter corresponding to the low-valent phosphorus. The big coupling constant indicates the multiple 

bond character and the large contribution of the resonance form III-22a. The calculated Wiberg 

bond index was 2.34, which also confirmed a considerable -donation of electron pair to 

phosphinidene. Natural population analysis showed the phosphinidene center to be negatively 

charged (-0.34 a.u.), while another P atom bore a positive charge (+1.16 a.u.), which is in 

agreement with the resonance form III-22a. The compound III-22 was not characterized by means 

of X-ray crystallography, but calculations afforded a P-P bond length of 1.917 Å, which is shorter 

than the average diphosphene double bond (2.03 Å148). Additionally, it was suggested that the 

1,3,2-diazaphospholidine phosphorus is in the planar environment, which is consistent with the 

proton NMR evidence of the planarity of the cycle. Thus, one signal is observed for the four 

backbone protons in III-22, while the substrates III-23 and II-24 with a pyramidal phosphorus 

have two corresponding signals.146 

 

Scheme III-7. Generation of phosphinidenes from phosphaketens III-23 and III-24 

The calculated HOMO and HOMO-1 of III-22 are both bonding, in-plane and out-of-plane 

-orbitals mainly localized on the P-P fragment. The LUMO is mainly comprised of the * out-
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of-plane orbital, which is reflected in the chemical reactivity of phosphinidene III-22.146 For 

example, when phosphinidene was treated with tributylphosphine as a base, the newly coordinated 

fragment in the product comprised close to 90 angle to the P-P bond of phosphinidene, suggesting 

coordination to the LUMO that is perpendicular to the plane.149  

The reactivity studies of phosphinidene III-22 are rather limited. Despite the partial 

negative charge on the terminal P-atom, it still acts as an electrophile towards such bases as carbon 

monoxide, N-heterocyclic carbenes, and phosphines (Scheme III-8).149 When reacted with 13CO 

under 1-2 atm at room temperature for 3 days, III-22 transforms into the 13C-labelled species III-

24*. Interestingly, the phosphinidene compound is electrophilic enough to react with carbon 

monoxide, while the common N-heterocyclic carbenes remain inert to that gas,150 and only the 

(cyclic)(alkyl)aminocarbenes possess the LUMO low-lying enough to interact with CO to form 

ketenes.151 

Stable singlet carbenes III-27a-d were also used as bases with III-22. Depending on the 

degree of their  accepting ability, the contributions of the resonance form of base-coordinated 

phosphinidene III-28 or a phoshoalkene III-28’ varied. For instance, strong back donation to the 

carbene III-27a resulted in the significant down-field shift of the phosphinidene 31P NMR signal, 

76 ppm, while the weakly -accepting III-27d caused the formation of an adduct with a high-field 

resonance at -68 ppm. 

Less -accepting phosphines were also subjected to the reaction with phosphinidene III-

22.152 A series of phosphinidene-phosphine adducts was prepared (III-29a-III-29e) that according 

to X-ray crystallography studies of III-29c feature P-PR3 bonds in the range of single bonds and 

pyramidalization of endocyclic phosphorus. When two phosphines were added to III-22, the more 

basic one was forming the adduct, even though if it bears bulkier groups, suggesting that the 
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phosphinidene is acting as electrophile. This outcome was unexpected as most of the singlet 

carbenes did not show reactivity towards strong Lewis bases. The surprising electrophilic character 

was rationalized by the extreme eagerness of the cyclic phosphorus to break the planarity.152 

Other reactivity studies include reaction with cyclohexyl and diisopropylphenyl 

isocyanides. These reactions can be considered as a singlet phosphinidene – carbene coupling to 

form phosphacarbodiimides III-30a and III-30b, and a reaction with maleic anhydride to yield the 

phosphirane III-31, which highlights the phosphinidene as an analogue of carbene.146, 153 

 

Scheme III-8. Chemical reactivity of phosphinidene III-22 

These two distinct reactivity features illustrate the phosphinidene’s ambiphilic character, 

in which it possesses an accessible empty out-of-plane orbital around the PP center imparting an 

electrophilic character and at the same time an in-plane HOMO that enables a nucleophilic attack 

at electron poor substrates.146, 149  

To determine the potential outcome for the reactions of III-22 with compounds containing 

H-E (E = H, C, O, N, B) bonds, DFT calculations were performed by Matsubara et al. (Scheme 
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III-9).154 The model diisopropylphenyl substituted phosphinidene III-32 was used for calculations. 

The authors noted that in the course of the reaction the P-P fragment of III-22 bends relative to 

the plane of the cycle.149 They calculated that the bending leads to a significant drop in energy of 

LUMO and increase in the energy of HOMO and HOMO-1, thus narrowing the HOMO-LUMO 

gap and making the potential H-E bond activation possible. Because the terminal phosphorus atom 

has a partial negative charge, the process is expected to proceed through a charge-transfer 

interaction. For nonpolar H2 and CH4 a one-site reaction was more favorable with the activation 

energy around 20-24 kcal/mol, but for H2O and NH3 a two-site route was preferred, with the proton 

abstraction as the last step (barrier lower than 20 kcal/mol). For BH3 both paths were suggested to 

be available, with the hydride abstraction being the last step of the two-site option (energy barrier 

of 10 kcal/mol). 

 

Scheme III-9. Calculated outcomes of the reactions of model phosphinidene III-32 

with H2, CH4, NH3, H2O and BH3 

Coordination with base 

Another way to isolate P(I) species is to use an additional base to coordinate to the empty 

p-orbital, thus stabilizing the singlet state (Scheme III-1, D). Several classes of low-valent 
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phosphorus compounds have been developed so far. They will be discussed in this section 

according to the type of the base used. 

Phosphine adducts 

In 1995, Bertrand and coworkers obtained the phosphanylidenephosphorane III-33 that 

can be considered as a cyclic base-stabilized phosphinidene (Scheme III-10). It was prepared upon 

irradiation of a mixture of the diaza compound III-34 and tert-butylphosphaalkyne. The product 

gives two signals in the phosphorus NMR, at 49.2 and 58.4 ppm, with the latter corresponding to 

the two-coordinate P atom. The P-P coupling constant equals 201.2 Hz, which is consistent with 

the direct bonding. The structure can be illustrated via two resonance forms: the base-coordinated 

adduct III-33 and the double-bonded species III-33’. Due to the absence of an X-ray structure, the 

bond distances cannot be assessed, but according to such a low field phosphinidene signal in the 

NMR spectrum, the contribution of a multiply bonded structure is considerable.155 

II-33 was reacted with iron and tungsten carbonyl complexes to produce 1-phosphinidine 

complexes II-35 and II-36. With methyl triflate, it produced the cationic species II-37, which is a 

characteristic reaction for compounds of the type III-33’.156 III-33 formed the monoadduct III-38 

when mixed with BH3. Interaction with one and two equivalents of Se resulted in the formation of 

compounds II-39 and III-40, respectively. In 31P NMR, the chemical shift of the phosphinidene 

center upon oxidation with selenium changes from 58.4 to 117.1 and 83.2 ppm (III-33, III-39 and 

III-40, respectively). Reaction with one equivalent of S8 yielded the analogous compound III-41. 

When phosphanylidenephosphorane III-33 was treated with two equivalents of 

bis(trimethylsilyl)peroxide, it formed the dioxo compound III-42. Additionally, the base-

stabilized phosphinidene showed reactivity towards tetrachloro-o-benzoquinone. Two equivalents 

of the organic substrate were required to complete the reaction to form III-43. The formation of 
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products III-35 - III-39 implies that at least one of the phosphinidene pairs is reactive, whereas 

III-40 - III-43 involves the engagement of both electron pairs.157-158 

 

Scheme III-10. Synthesis and reactivity of phosphanylidenephosphorane III-33 

Another example of a cyclic phosphanylidenephosphorane was reported by Kilian and 

coworkers (Scheme III-11).159 They used a rigid acenaphthene fragment to stabilize the low-valent 

phosphorus species with a phosphine donor, with the phosphinidene acceptor being installed in the 

peri-positions of the polyaromatic system. The base-stabilized phosphinidene III-46 was obtained 

upon the reduction of phosphine-phosphine donor-acceptor complex III-44 into the bis(borane) 

adduct III-45 and subsequent work-up with dimethyl amine. According to the crystal structure, 
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the P-P(phosphinidene)-C bond angle is rather acute (90.4(5)) and the P-P bond length is 2.148(5) 

Å, which is consistent with the multiple bond character (the resonance form III-46’). Additional 

evidence was found in the calculated WBI that equals 1.13. On the contrary, chemicals shift of the 

phosphinidene in 31P NMR was found in a very high field (-157.7 ppm) with a large P-P coupling 

constant of 480 Hz. The position of the signal suggests a high electron density on the 

phosphinidene center, favoring the ylide form III-46. An alternative way to prepare III-46 

involves hydride abstraction from III-47 by Ph3C·BF4 to form the phosphino-phosphonium salt 

III-48. Subsequent deprotonation with NaH releases desired product III-46.160 

 

Scheme III-11. Synthesis of base-stabilized phosphinidene III-46 

To test its reactivity, III-46 was exposed to a Pd(0) triphenylphosphine complex (Scheme 

III-12). It was suggested that the initial sequestration of the phosphine donor by coordination to 

palladium released a free phosphinidene that underwent dimerization to form a diphosphene as a 

four-dentate ligand of complex III-49. This reaction assumes the possibility of the resonance form 

III-46’’ that represents a base-stabilized phosphinidene.159 Interactions with [AuCl(tht)] (tht = 

tetrahydrothiophene) and [PtCl2(COD)] resulted in complexes III-50 and III-51 that contained 

four and two transition metal centers, respectively, whereas addition of [Mo(CO)4(nbd)] (nbd = 
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norbornadiene) or (RhCl2Cp*)2 yielded monometallic compounds III-52 and III-53, respectively. 

In the first two examples, both electron pairs of the phosphinidene phosphorus are engaged in 

coordination to gold and platinum atoms in the bridging mode, while the latter two complexes 

utilize only one electron pair for coordination to the transition metal. Upon formation of complexes 

III-50 – III-53 the negative hyperconjugation to the phosphorane center is disturbed, thus 

lengthening the P-P bond from 2.148(5) Å159 in III-46 to 2.179(4)–2.246(4) Å is observed. 

Oxidation of III-46 with air produces phosphonic acid III-54. Chalcogens too were used for 

reacting with base-stabilized phosphinidene III-46. Sulfur and tellurium gave mixtures of products 

among which the compounds III-55 - III-57 were isolated. The use of selenium resulted in 

formation of a single product III-58.161 

The first acyclic congener of phosphanylidenephosphorane was reported by Fritz and 

coworkers in 1989.162 Reaction of lithium phosphide III-59 with 1,2-dibromoethane at low 

temperature resulted in gas evolution and formation of a LiBr adduct of the base-stabilized 

phosphinidene III-60. 31P NMR suggests a rather high electron density on the phosphinidene atom 

as the resonance was observed in the high field at -88.9 ppm. Coupling towards the tBu2P fragment 

has the magnitude of -252 Hz, whereas the J value for the coupling between the central phosphorus 

and the PBrtBu2 donor was -683 Hz. III-60 is not stable at room temperature and decomposes into 

cyclophosphanes III-61 and III-62. Addition of trapping reagents, like 2,3-dimethylbutadiene and 

cyclohexene, resulted in the formation of compounds III-63- III-65. 
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Scheme III-12. Reactivity of base-stabilized phosphinidene III-46 

 

Scheme III-13. Synthesis of base stabilized phosphinidene III-60 and trapping 

experiments 
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Another type of acyclic P(I) compounds with a phosphine donor is phospha-Wittig 

reagents. They are phosphaylides that are used to convert aldehyde carbonyl groups into 

phosphaalkenes (Scheme III-14), in analogy to carbon-based Wittig reaction that transforms 

carbonyl groups into alkenes. Compounds III-15, III-16 were shown to promote a process that 

produces exclusively E-alkenes. Aldehydes bearing different groups, like aryls with different 

substitutions, alkyl and even ferrocenyl, were tolerated. Phospha-Wittig reagents are formally a 

product of phosphinidene transfer to phosphine. The main contribution to the field was done by 

the group of Protasiewicz.163  

 

Scheme III-14. General scheme of phospha-Wittig reaction 

The phospha-Wittig reagents III-15, III-16 and III-18 are synthesized via reduction of 

corresponding aryldichlorophosphine with zinc dust in the presence of excess of PMe3 (Scheme 

III-15). The chemical shift of low-valent phosphorus in 31P NMR shows up in high field (III-15: -

134.0 ppm (JPP=581Hz); III-16: -114.7 ppm (JPP=582Hz); III-18: -113.4 ppm (JPP=564Hz)).144, 163 

The crystal structure of the mesityl congener III-16 was determined. It revealed that the P-P bond 

length is 2.084(2) Å, which is shorter than in III-46 (2.148(5) Å) and the typical P-P single bond 

(2.22 Å), but longer than most of the double bonds in diphosphenes (2.003 to 2.087 Å).164 This 

advocates for a patrial multiple bonding and a higher input of the resonance form III-16. However, 

electrostatic attraction between the opposite charges in the zwitterion form III-16’ also accounts 

for the shortening of the bond. Moreover, high field chemical shifts favour the dative-bond 

structure III-16’. Finally, the P-P-C angle in the phospha-Wittig reagent III-16 is 106.79(13).165-

168 
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Scheme III-15.  Synthesis of phospha-Wittig reagents III-15, III-16 and III-18 

Reactivity was studied for III-16, and in contrast to the phosphorus-substituted III-60, it 

does not react with cyclohexene or 2-methyl-butadiene. Due to the high electron density on the 

phosphinidene center, it is eager to react with electrophiles. For instance, it coordinates one 

molecule of BH3 to form III-66, but even in the presence of an excess of borane the interaction 

with another equivalent of BH3 does not happen (Scheme III-16).165 With GaX3 (X= Cl and I) III-

15 forms similar adducts II-67, but phosphinidene III-15 produces compound III-68 with two 

phosphanylidenephosphoranes coordinated to one electrophile.169 Reactions with other 

electrophiles produces two types of products. Non-coordinating ions, like triflate, do not cause any 

rapture of the P-P bond and yield products III-69a- III-70a. With iodide, a mixture of two types 

of products is obtained (III-72a - III-73a and III-72b - III-74b). The use of chloride, phenolate 

or amide cleanly caused removal of the trimethylphosphine donor to form products of oxidative 

addition to the phosphinidene center, the phosphines III-74b, III-75b, III-76b.165, 170 

Corresponding product of a reaction with water isomerizes to a more stable phosphine-oxide III-

77.165 Interestingly, when Lewis acid adduct III-67 was treated with water phosphino-

phosphonium species were produced.169 
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Scheme III-16. Reactivity of III-16 towards electrophiles 

Additionally, Protasiewicz and coworkers showed the reactivity of phospha-Wittig 

reagents towards transition metal complexes. In the case of the gold complex that resulted in 

coordination of both electron pairs of phosphinidene but retention of the P-P bond (III-78 and III-

79). This consequently affected its length, which increased from 2.084(2) Å in III-16 to 2.205(1) 

Å.171 Interestingly, for the very bulky terphenyl Ar substituent of III-16, the product is a 

“monomeric” digold complex III-78, whereas for the smaller Ar* it is a “dimer” III-79 held 

together by the aurophilic interactions. With early transition metal complexes, phospha-Wittig 

reagents acted as a source of a terminal phosphinidene that causes oxidation of the low-valent 

metal center to form zirconium(IV) and vanadium(V) complexes III-80 and III-81, 

respectively.172 
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Scheme III-17. Reactivity of III-15 and III-16 towards transition metal complexes 

(top), Reactivity of III-16 and III-83 with :AlCp* (Cp* = C5Me5) 

Alternatively, Hering-Junghans and coworkers applied phospha-Wittig reagents for 

synthesis of species containing PAl double bond. When compound III-82 was reacted with the 

source of monomeric :AlCp* (Cp* = C5Me5), phosphaalumene III-83 was formed. On the 

contrary, III-16 reacted with 2 eq of aluminum (I) to produce three membered 2-aromatic system 

of III-84. 
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Imine-adducts 

There have been reported many examples of stable phosphinidenes intramolecularly 

stabilized by imine groups. For instance, the Cain173 and Nikonov174 groups used pincer ligands to 

construct species III-85 and III-86 (Scheme III-18). The first one was prepared in one-pot process 

that involved formation of the lithium salt of the ligand, introduction of the PCl2 fragment, and 

reduction with magnesium. The related compound III-86 was synthesised starting from the zincate 

III-87 followed by the in situ generation dibromophosphine ligated by an diiminoaryl fragment 

that was then reduced by potassium graphite. In the solid state both species show a significantly 

shorter distance to one of the nitrogen atoms. This indicates that these compounds can be attributed 

to the class of heteroaromatic compounds called azaphospholes (the resonance structure III-85’ 

and III-86’). Cain and coworkers performed DFT calculations and concluded that III-85 can be 

described by several resonance forms, among which only III-85 and III-85‘ have more than 1% 

contribution (5 and 16%, correspondingly). In solution, both compounds produce C2v symmetric 

1H NMR spectra, which opposes the strictly azaphosphole structure, but suggests a bell-clappers 

fluxionality. Additionally, the comparison of bond lengths in III-86 indicated a decreased multiple 

bond character of the P=C and C=C bonds, which disfavours the resonance structure III-86’. 

Compounds III-85 and III-86 have 31P NMR signals at 150.6 and 178.2 ppm, respectively. The 

base stabilization in these compounds is described as a -donation of the lone pair of N to P. 

However, the low-field signals in 31P NMR also suggest a significant back-donation of the 

phosphorus lone pair to the antibonding -orbital of the imine fragment that gives rise to the 

resonance form III-86’’. 
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Scheme III-18. Synthesis of base-stabilized phosphinidenes III-85 and III-86 

The reactivity of II-86 was tested towards small molecules (Scheme III-19).174 It turned 

out to be inert toward PhSiH3, HBpin (pin = pinacolato) and CH3I, oxygen and water even upon 

heating to 70C. This indicates that stability was likely assured by the electronic factors rather than 

kinetically by introducing the steric bulk. Further, II-86 was treated with one equivalent of HCl to 

produce III-88, the product of protonation of the imine carbonyl center. Classically, it is the 

nucleophilic center that is attacked by a proton, which in this case can be used as a proof of the 

back-donation resonance form III-86’’, that has a negative charge on the imine carbon atom. 

Reaction with bromine yielded the salt III-89. When heated to 90C, II-86 showed reactivity 

towards sulfur and furnished a product that contained three sulfur atoms and had C2v symmetry in 

the 1H NMR spectra. It was therefore assumed to be the compound III-90. 
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Scheme III-19. Reactivity of II-86 towards hydrochloric acid, bromine and sulfur 

Non-pincer type ligands were also utilized to stabilize phosphinidenes with imine bases. In 

particular, Xie et al. used a carboranyl-group to kinetically stabilize P(I) and an imine-donor for 

intramolecular thermodynamic stabilization (Scheme III-20).175 Phosphinidene III-91 was 

prepared upon reduction of species III-92 with KC8. The phosphorus NMR signal was found in 

an extremely low field, at 210.5 ppm. According to DFT calculations, the HOMO and HOMO-3 

are mostly represented by p- and s-orbitals on phosphorus that bear its two electron pairs. 

Additionally, the theoretical study suggested that the resonance form III-91 representing donation 

of the electron pair of nitrogen to phosphorus had the greatest contribution to the structure. The 

lack of the back-bonding is also emphasised by the P-N Wiberg bond index, which equals 0.860. 

Theoretical findings got their verification in the reactivity studies. A reaction of 

phosphinidene III-91 with Cu(II) acetate gave rise to a redox product III-93. Interaction with half 

equivalent of sulfur or selenium yielded the cyclic products III-94 and III-95, which were 

suggested to have formed via monomeric chalcogenides that were subject to P=X bond insertion 

by another equivalent of III-91. Interaction with trimethylsilyldiazomethane required two 

equivalents of the reagent to form a formal [1+1+2] cycloaddition product III-96. The 
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transformation was expected to proceed through coupling of III-91 with (TMS)HC: to produce a 

phosphaalkene with concomitant [2+3] cycloaddition with another equivalent of the diazomathane 

compound. Finally, interaction with HCl formed product of oxidative addition phosphine III-97. 

 

Scheme III-20. Synthesis and reactivity of base-stabilized phosphinidene III-91 

N-Heterocyclic carbene adducts 

N-heterocyclic carbenes have been successfully used in main group element chemistry.176 

They have been also applied for stabilization of singlet phosphinidenes. The bonding in the species 

can be described as -donation of the carbene electron pair to the low-valent phosphorus. 

However, depending on the -accepting abilities of the carbene, different levels of -backdonation 

from phosphorus are observed. Thus, in some cases an increased double bond character and 
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prevailing of the phosphoalkene resonance structure were detected (see the section 

“Thermodynamic stabilization” and Scheme II-8 for examples).  

Some of the examples of carbene stabilized phosphinidenes III-28a-d have been covered 

while discussing the reactivity of Bertrand’s phosphinidene III-22 (Scheme II-8). According to 

that Scheme, a base-stabilized phosphinidene can be obtained by the interaction of phosphinidene 

III-22 with a carbene.149 

Other approaches for the synthesis of carbene stabilized phosphinidenes have also been 

developed. For instance, interaction of 1,3-dimesitylimidazol-2-ylidene with cyclic 

polyphosphines (RP)n caused the formation of compounds III-98 and III-99. The chemical shifts 

in phosphorus NMR appeared at -23.0 and -23.6, respectively (Scheme III-21). The chemical shift 

is representative of the electron density on the phosphinidene center and the contribution of the 

dative resonance form III-98 and III-99. According to the findings, the use of phenyl or 

trifluoromethyl groups does not bring significant change to the properties of the low-valent 

phosphorus center. Alternatively, two equivalents of 1,3-dimesitylimidazolin-2-ylidene were 

reacted with phenyldichlorophosphine to produce the corresponding base-stabilized 

phosphinidene III-100. The resonance of phosphinidene was found in a lower field, at -10.4 ppm, 

suggesting that a more -accepting carbene depletes the phosphinidene of electron density 

suggesting a slightly bigger contribution of the phosphaalkene resonance form III-100’. In spite 

of some input of III-98’, III-99’ and III-100’, phosphinidenes III-98, III-99 and III-100 cannot 

be considered phosphaalkenes, as typical phosphaalkenes resonate at 240 ppm.177-178 In addition, 

in solution at room temperature the carbon and proton NMR spectra were consistent with free 

rotation around the P-Ccarbene bond. Furthermore, according to X-ray diffraction studies, the P-
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Ccarbene distance is slightly shorter than a typical single bond and is too long for representative 

phosphaalkenes.179 

 

Scheme III-21. Synthesis of base-stabilized phosphinidenes III-98, III-99 and III-100 

Bertrand and coworkers synthesised a series of phenylphosphinidenes coordinated with 

different carbenes and used the chemical shift of phosphorus in 31P NMR to compare the -

donating and -accepting properties of carbenes used. The synthesis involved reactions of carbenes 

III-101 - III-116 with one equivalent of dichlorophenylphosphine to form salts that were 

subsequently reduced by potassium graphite or magnesium to form adducts (Scheme III-22).180 

Amido-carbene adducts were prepared by the Hudnall group according to a different procedure, 

where two equivalents of carbene were reacted with dichlorophenylphosphine in the presence of 

TMSOTf (trimethylsilyl triflate) to yield adducts III-110a, III-117a and III-118a.181 As shown in 

Table III-1, the adducts have a wide range of chemical shifts from - 61.2 ppm for the most donating 

alkyl-substituted amino carbene III-102 to 60-80 ppm for the more accepting cyclic 

(alkyl)(amino)carbenes and amido-carbene adducts , with the most deshielded species bearing the 

acyclic (alkyl)(amino)carbene III-115 (126.3 ppm). The explanation for such a huge difference 

was attributed to the steric hindrance that causes a different conformation to that of the cyclic 
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congeners. Otherwise, the shift to the lower field in many cases can be attributed to the increased 

-back donation that enhances contribution of the phosphaalkene resonance forms III-101a’ - III-

118a’. 

 

Scheme III-22. Synthesis of base-stabilized phosphinidenes III-101a - III-118a 
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Table III-1. Chemical shifts of base-stabilized phosphinidenes III-101a - III-118a 

(Mes = 2,4,6-(CH3)3-C6H2, Dip = 2,6-(CH(CH3)2)2-C6H3), Cy = cyclohexyl; NMR spectra 

recorded in benzene-d8, * THF-d8 is used as solvent, ** CDCl3 was used for NMR 

Carbene  in 31P NMR, 

ppm 

Carbene  in 31P NMR, 

ppm 

Carbene  in 31P NMR, 

ppm 

III-101  

 

-53.5* 

III-107 

 

-10.2** 

III-113 

 

56.2 

III-102 

 

-61.2 

III-108 

 

14.8 

III-114 

 

68.9 

III-103 

 

-34.6 

III-109 

 

34.9 

III-115 

 

 

126.3** 

III-104 

 

-23.0 

III-110 

 

39.7 180 / 

37.7 181 

III-116 

 

-34.9 

III-105 

 

-18.9 

III-111 

 

 

69.5 

III-117 

 

78.6 

III-106 

 

-10.4 

III-112 

 

57.0 

III-118 

 

83.0 

An alternative way to prepare a carbene-stabilized phosphinidene was proposed by Tamm 

et al.182 (Scheme III-23). N,N′-1,3-bis(2,6-diisopropylphenyl)-2,2-difluoroimidazoline was 

reacted with P(SiMe3)3 at 70C to yield the desired product III-119. The chemical shift of the 
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signal in 31P NMR was −129.5 ppm. The silyl group can be easily replaced via a reaction with 

methanol to produce a base-stabilized parent phosphinidene III-120. 

 

Scheme III-23. Synthesis of base-stabilized phosphinidenes III-119 and III-120 

According to quantum chemical calculations, the triplet state of parent phosphinidene is 

more stable than singlet by 28 kcal/mol, which imparts its high reactivity.131 However, stabilization 

of that moiety has been achieved by the use of carbenes. The first example of an N-heterocyclic 

carbene adduct was reported by Robinson and coworkers (Scheme III-24).183 It was achieved by a 

reaction of the diphosphorus-carbene adduct III-121 with lithium metal to form a lithiated N-

heterocyclic carbene-stabilized parent phosphinidene III-122. It resonates at −143.0 ppm in 31P 

NMR. The upfield chemical shift and elongated P-C bond (1.763(2) Å, vs 1.713(2) Å in P-

hydrogeno-C-phosphinophosphaalkenes184) as well as computational studies favour the resonance 

form III-122. It was calculated that the out-of-plane -orbital is only slightly delocalized over the 

PC fragment, with 71.2% of electron density being on P and 28.8% on the carbene C atom. 

Additionally, the Wiberg bond index was calculated to be 1.332, which also suggests that an 

efficient -back donation was not developed in the system. 
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Scheme III-24. Synthesis of lithiated N-heterocyclic carbene-stabilized phosphinidene 

III-122 

Grützmacher et al. reported alternative ways to synthesize NHC-adducts of the parent 

phosphinidene III-120 (Scheme III-25). In particular, reactions of sodium phosphaethynolate or 

P7(TMS)3 with 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene produced III-120 in 70% 

yield.185-186 On the other hand, to prepare an adduct with a saturated carbene backbone, the in situ 

generated 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene was reacted with PH3 to form 

phosphanyl–imidazolidine III-123, which was then dehydrogenated with 1,2-benzoquinone to 

form the base stabilized phosphinidene III-124.187 

 

Scheme III-25. Alternative ways of synthesis of base-stabilized phosphinidene III-120 

and preparation of adduct III-124 
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Matsuo and coworkers used diphosphenes with bulky substituents as a starting material to 

prepare the NHC-adduct III-125 and III-126, which was achieved via a reaction with 2 equivalents 

of carbene III-101 (Scheme III-26).188 The phosphinidene resonances were found in 31P NMR in 

the high field at −63.9 and −70.5 ppm, respectively. A relatively small coupling constant between 

the carbene carbon and phosphorus (105.4 and 106.4 Hz, respectively) as well as the high field 

signals suggest a bigger contribution of the Lewis base adduct resonance forms III-125 and III-

126. 

 

Scheme III-26. Synthesis of base-stabilized phosphinidenes III-125 and III-126 

Finally, another way to prepare N-heterocyclic phosphinidene adducts is to exchange the 

coordinated base with a carbene. As a starting material for the transformation, phospha-Wittig 

reagents176 or other phosphine-coordinated phosphinidenes189 have been used (Scheme III-27). It 

was initially disclosed by the Bertrand group that the phosphine-phosphinidene adduct III-29a 

reacts with N-heterocyclic carbene III-102 and cyclic (alkyl) (amino)carbene III-127 to form the 

corresponding adducts III-128 and III-129.189 Alternatively, Hering-Junghans, Beweries and 

coworkers illustrated that a series of N-heterocyclic carbenes can replace the trimethylphosphine 

donor from Wittig reagents. For instance, carbene III-102 upon a reaction with the compound III-

15 yielded the base-stabilized phosphinidene III-130. Interestingly, when the N-heterocyclic 

olefin III-131 that bears a considerable electron density on the terminal CH2 group was used to do 

the substitution, a C(sp2)-H activation product III-132 was formed.176 
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Scheme III-27. Substitution of a phosphine base for carbenes III-102, III-127 and N-

heterocyclic olefin III-131 

Cationic P(I) compounds 

The first finding in the field was done by Schmidpeter and coworkers in 1980s with the 

discovery of the cationic phosphorus compound III-133 in which a P(I) canter was coordinated by 

a bidentate diphosphine ligand (Scheme III-28). It was prepared upon reduction of 

trichlorophosphine with tin dichloride in the presence of the chelating ligand. The central low-

valent phosphorus in III-133 gave rise to a resonance at −232 ppm in 31P NMR.190 After that 

finding, multiple types of zwitterionic P(I) compounds have been reported. For instance, the bis-

N-heterocyclic carbene stabilized species III-134 was prepared either by treatment of PCl3 with 
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three equivalents of the corresponding carbene or via substitution of phosphine donors in the III-

133 type of compound that contains halides as a counter anion (Scheme III-28). The chemical shift 

of the resultant species in 31P NMR falls in the range from -124 to -130 ppm. DFT calculations 

were performed to get an insight into the bonding in III-134. Resonance form III-134 represents 

the electronic structure of the compound the best. However, a partial -conjugation between the 

3p orbital of P and NHC was still observed in the calculated HOMO-3 and in some other theoretical 

investigations, thus providing a proof of some contribution of the resonance form III-134’ into the 

structure.191 

 

Scheme III-28. Synthesis of cationic phosphorus (I) compounds III-133 and III-134 

Another type of stabilizing ligand with two imine and one pyridine donor groups was used 

by the Ragogna and coworkers for the synthesis of a P(I) compound (Scheme III-29). The cationic 

species III-135 and III-136 were prepared upon a reaction of the ligand with PI3. The phosphorus 

signals appear at 169 and 154 ppm, respectively, indicating a strong interaction between the 

phosphorus and nitrogen atoms.192 
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Scheme III-29. Synthesis of cationic P(I) compounds III-135 and III-136 

Intramolecular zwitterionic P(I) compounds have also been reported. For instance, 

Ragogna and coworkers reacted PBr3 and bis(phosphino)borates III-137 and III-138 and three 

equivalents of cyclohexene (six equivalents in the case of III-138) to obtain the phosphorus(I) 

zwitterions III-139 and III-140 (Scheme III-30). Phosphorus chemical shifts appeared in the high 

field in a 31P NMR spectrum, their reaction with AuCl(SMe2) resulted in coordination of the low-

valent phosphorus to gold. Interestingly, the use of a ligand with less -accepting groups in III-

140 allowed the involvement of both phosphorus electron pairs to coordinate to two Lewis acidic 

entities.193 

 

Scheme III-30. Synthesis of zwitterionic phosphorus (I) compounds III-139 and III-

140 and their reactivity towards AuCl(SMe2) 

This concludes the historical review of P(I) compounds. Different types of molecules that 

comprise this class of compounds have been represented. Their properties and reactivities have 
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been discussed. We synthesised a new base-stabilised phosphinidene that will be discussed in 

section VIII. 

IV Iminophosphines 

IV. 1 Introduction 

Iminophosphines are unsaturated molecules of the type R–P=N–R that can be viewed as a 

result of interaction of phosphinidene and nitrene. The peak of their development occurred in the 

last third of the previous century. The first example was prepared by Flick in 1973 upon a reaction 

of aminodifluorophosphine IV-1 with lithium bis(trimethylsilyl)amide (Scheme IV-1). The 

resultant product IV-2 was proved to be only stable at temperatures below 0C.194 This finding 

triggered a rapid development of the field and as of today 69 examples of structurally characterized 

iminophosphines have been reported.195-196 

 

Scheme IV-1. Synthesis of iminophosphine IV-2 

IV. 2 Synthesis 

There are two general strategies to synthesize iminophosphines.197 The first one involves a 

1,2-elimination reaction, which can ether be induced by heating or by the presence of a base 

(Scheme IV-2). The first example of the heating elimination process was the synthesis of 

iminophosphine VI-2 (Scheme IV-1), in which removal on SiMe3F (XY in Scheme IV-2, top) 

resulted in the formation of the desired compound.194 Elimination of silyl halides (X=F, Cl, Br, Y 

= SiMe3) allowed isolation of a great variety of iminophosphines with various substitution on P 
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(in Scheme IV-2, R= alkyl,198-199 aryl,199 amino,200-201 hydrazino,199, 202 aryloxy203) and different 

groups attached to N-atom (R’= phosphino,204-205 amino206-207). 

 

Scheme IV-2. General strategy of synthesis of iminophosphines via elimination (top) 

thermally induced; (bottom) base induced 

Elimination of SiMe3Cl from compound IV-4 happens at temperatures higher than 150C 

(Scheme IV-3). Heating can trigger side processes, thus, for the preparation of some of the 

iminophosphines elimination of lithium halides was employed.208-209 The compound IV-5 

transforms into IV-6 at the temperature lower than 20C. Introduction of fluoride IV-7 results in 

the change of the required heating to 60C.198 

 

Scheme IV-3. The use of different substrates to prepare iminophosphine IV-6 

The known examples of a base induced elimination (Scheme IV-2, bottom) require for the 

substrates to posses an NH group and a PCl group to further construct the P=N fragment (Scheme 
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IV-4). Triethyl amine and DBU (1,8-Diazabicyclo[5.4.0]undec-7-ene) were used as bases to 

prepare iminophosphines IV-8 and IV-9.197, 210 Alternatively, the reaction can proceed just upon 

mixing the primary amine IV-10, trihalophosphine and triethylamine to produce the desired 

iminophosphine IV-11 (Scheme IV-4).196 The limitation of the method is the need to use a bulky 

substituent on the nitrogen atom to prevent dimerization or oligomerization of the product.196, 211-

212 

 

Scheme IV-4. Synthesis of iminophosphines IV-8, IV-9 and IV-11 via base-induced 

elimination route 

Another strategy involves the substitution reaction (Scheme IV-5, top). Iminophosphines 

that possess good leaving groups attached to the phosphorus atom can have them replaced by other 

nucleophiles, while the PN unsaturated fragment remains intact. The major breakthrough for this 

strategy was achieved with the development of the P-chloro-N-aryliminophosphine IV-8 and P-

phenoxy-N-aryliminophosphine IV-12 that allowed the preparation of a wide range of 

functionalized iminophosphines IV-13, that bear Br, I,210, N=CR2,
213 N=C(H)R, 
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N=C(R)(OTMS),214 NHR,215 NR2,
216 PR2, P(NMe2)2,

214 C6F5,
217 and IV-14 that have PtBu2, S

tBu, 

NtBu(SiMe3), and 2,4,6-tBu3-C6H2
218 groups attached to the phosphorus atom, respectively 

(Scheme IV-5). 

 

Scheme IV-5. General strategy of synthesis of iminophosphines via substitution 

reaction (top), synthesis of iminophosphines IV-13 and IV-14 (bottom) 

IV. 3 Bonding and structural aspects 

Given such a variety of examples of iminophosphines, the significant influence of the 

substituents at the P=N bond was observed. The parent iminophosphine H-P=N-H has a bent 

structure and the trans isomer was calculated to be only 4.2 – 6.3 kJ/mol lower in energy than the 

cis-one. Isomerization between two species was suggested to occur via the inversion of the 

nitrogen center rather than rotation around the NP bond, as the energy barrier for the former was 

calculated to be 62.8 kJ/mol, while 167 – 209 kJ/mol was the value for the rotation activation 

energy.219 X-ray crystallography data on the substituted iminophophines suggest that 48 out of 69 

occupy the E-configurations, while the rest are Z-isomers.195-196 Theoretical investigation supports 
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the finding, suggesting that for some of the substituents (2,6-Me2-C6H3 or F) the cis isomer 

becomes a ground state.195 

Substituents have a strong influence on the energy of the P=N bond. -Electron 

withdrawing groups on phosphorus and electron-releasing groups on nitrogen strengthen the P=N 

bond, while the opposite substitution causes weakening of the P-N interaction. -Donor atoms 

(like N) attached to the iminophosphine phosphorus causes the strengthening of the -bond and 

weakening of the -overlap. Weakening of both - and -interactions are expected, when a -

acceptor is attached to nitrogen.195 

Different substitution also affects the position of the frontier orbitals of iminophosphine. 

The highest occupied molecular orbital (HOMO) in the majority of E-iminophosphines can be 

represented as a nonbonding orbital that is a combination of the orbitals of nitrogen and phosphorus 

lone pairs, but it is mainly localized on phosphorus (Scheme IV-6, left). The HOMO-1 is an out-

of-plane -bonding orbital and the lowest unoccupied molecular orbital (LUMO) is its *. Among 

the calculated species, the introduction of phenyl or trimethylsilyl groups caused a decrease in 

energy of the  orbital and rising in energy of the HOMO, which led to the narrowing of the 

HOMO-LUMO gap. The use of a nitrogen-containing substituent led to significant perturbations 

in the molecular orbital situation (Scheme IV-6, right). Firstly, it causes a significant 

destabilization of the N-P  orbital, so that it becomes the HOMO, the energy of the * that 

corresponds to LUMO also increases. Significant delocalization is observed over the N-P=N-N 

system resulting in lengthening of the unsaturated bond.195 This difference in frontier orbitals is 

reflected in the reactivity, where alkyl-supported iminophosphines undergo [n+1] reactions that 

involve the phosphorus electron pair, while N-substituted ones engage in addition to the NP-

multiple bond, which will be discussed in the reactivity section. 
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Scheme IV-6. Molecular orbital diagrams of alkyl-substituted iminophosphine (left) 

and nitrogen-substituted iminophosphine (right) 

In terms of structural parameters, N-P bond distances fall in the range 1.46-1.63 Å and the 

bending is usually more pronounced at the phosphorus atom.197 The 31P NMR chemical shifts vary 

from 87 to 787 ppm. -Donating groups (C5Me5(CO)2Fe, tBu2As, tBu2P)) cause a down-field shift 

of the phosphorus signal, whereas -donor and/or -acceptor groups attached to phosphorus 

(R2C=N, R2N, RO, halogen) induce its shielding. This rather counterintuitive effect was attributed 

to the high input of the paramagnetic term into the shielding tensor.197 

IV. 4 Reactivity 

Chemical reactivity of iminophosphines towards different types of substrates was studied 

very thoroughly.197 Some of the general trends in the reactivity and certain examples relevant to 

the research project of this Thesis will be illustrated in that section. 

Iminophosphines are compounds bearing a double bond, thus addition reactions can be 

considered as the first step of many transformations. The multiple P=N bond possesses a highly 



 

97 

polar character. Consequently, upon treatment with a Lewis acidic compound iminophosphine 

attacks it via the nitrogen atom IV-14 (Scheme IV-7). When a basic substrate is employed, an 

interaction via phosphorus takes place IV-15. Halides of electropositive elements (E = B, Si, P, 

As) undergo transformation via the transition state IV-14 and a concomitant 1,2-shift of the halide 

group to yield 1,2-addition products.197 For instance, the N-alkyl-P-amino-substituted 

iminophosphine IV-16 reacts with PCl3 to form IV-17 (Scheme IV-8).220 A similar process 

happens with boron alkyl species, but in that case the 1,2-migration of alkyl group is observed 

(Scheme IV-8).221 

 

Scheme IV-7. General modes of interaction of iminophosphines with Lewis acids IV-

14 and Lewis bases IV-15 

 

Scheme IV-8. Reaction of iminophosphines with trichlorophosphine and 

trimethylborane 

Another mode of reactivity that yields the product of a [1+1] addition to phosphorus center, 

the compound IV-18, was observed when halides of electronegative elements (for example 

haloamines) or dihalogens were added to iminoposphine (Scheme IV-9). For most of these 

processes mechanistic studies suggested a radical [1+1] addition.197, 222 
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Scheme IV-9. General scheme of [1+1] addition reaction to iminophosphines 

Like many other unsaturated compounds of heavy main group elements, the 

iminophoshines without a sufficient steric protection are not kinetically stable and, when 

generated, are prone to undergo oligomerization. The outcome of the process was found to be 

dependent on the substituents. While for the alkyl iminophosphine IV-19 the [1+2] cycloaddition 

product IV-20 is observed,198 an amino group attached to the phosphorus atom causes formation 

of a [2+2] compound IV-22 (Scheme IV-10).200 This correlates well with the difference in frontier 

orbitals of the iminophosphine species illustrated on Scheme IV-6.197 

 

Scheme IV-10. Oligomerization reactions of iminophosphines IV-19 and IV-21 

Another difference in reactivity was observed in reactions of iminophosphines with 

multiply bonded species. While alkyl- or aryl-substituted P=N compounds were producing [1+n] 

addition products (IV-23 and IV-23’), nitrogen-based groups attached to the P=N fragment 

induced a [2+2] cyclization to form a four-membered ring species IV-24.197 One of the examples 
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of such transformation was the reaction of iminophosphine IV-25 with phenyl isocyanate to form 

the cyclic product IV-26.223 

 

Scheme IV-11. Cycloaddition reactions of alkyl-, aryl-iminophosphines (top) and N-

substituted iminophosphines (middle) with unsaturated compounds and a reaction of 

iminophosphine IV-25 with phenyl isocyanate (bottom) 

A different type of reactivity was observed when iminophosphines were treated with azides 

to form bis(imino)phosphoranes (Scheme IV-12). IV-21, when exposed to tert-butyl azide, forms 

the [2+3] addition product IV-27 that is stable below 85C and undergoes N2 elimination at that 

temperature to presumably form a bis(imino)phosphorane IV-28. The last one is unstable under 

the reaction conditions and undergoes dimerization, but in the presence of excess of tBuN3 it 

generates a product of addition of one more equivalent of substrate IV-29. When the last one was 

heated under vacuum, it transformed back to the bis(imino)phosphoranes IV-28, which allowed 

its NMR detection.224 
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Scheme IV-12. Reaction of iminophosphines IV-21 and IV-30 with tert-butyl azide 

and trimethylsilyl azide, respectively 

Iminophosphine IV-8 reacts with alkyl azides in a similar fashion,225 but the interaction of 

trimethylsilyl azide with a TMS-substituted iminophosphine IV-30 was reported to take a different 

path (Scheme IV-12). First, the unstable 1,2-addition product azidophosphine IV-31 was detected. 

Subsequent release of dinitrogen and rearrangement produced the bis(imino)phosphorane IV-32, 

which can reversibly add one more equivalent of the substrate in a similar fashion.197, 226 

In conclusion, the field of iminophosphine synthesis and reactivity is well developed. In 

section IX approaches to synthesize an iminophosphine from base-stabilized phosphinidene will 

be disclosed. Additionally, to trap the transient iminophosphine, its reactivity will be considered.  

V Phosphinidene chalcogenides 

V. 1 Phosphinidene oxides 

The abundance of organic compounds with a nitrogen oxide group V-1227-228 outshines the 

examples of phosphinidene oxide derivatives V-2 due to high lability of the last one (Scheme V-

1).229 While phenyl phosphinidene oxide PhPO was only accessed in an argon matrix at the 

temperature of 10 K,230 some oxides stabilized by complexation to transition metals were isolated 

at room temperature.231-233 Additionally, the application of an external main group element Lewis 
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acid to bind the oxygen atom and the interaction of the phosphinidene center with an additional 

Lewis base decrease the polarity of the PO bond and allow for the isolation of phosphinidene oxide 

species V-3 (Scheme V-1).234 

Only recently, the exclusive use of N-heterocyclic carbenes as a base allowed for the 

isolation of a room temperature stable phosphinidene oxide V-4.235 It was achieved by oxidation 

of the base-stabilized phosphinidene V-5 with the N2O gas. The reaction was happening in the 

course of ten minutes at room temperature. The transformation was controlled by means of 31P 

NMR, in which the P chemical shift was changing from -77.0 ppm of the starting V-5 to the lower 

field signal at 89.6 ppm for the compound V-4. According to the solid state structure, the P-O 

distance in V-4 is 1.522(4) Å, which is longer than in Ph3PO (1.487 Å).236 Additionally, an 

elongation of carbene-carbon – phosphorus bond was observed. Furthermore, theoretical 

investigations revealed that the zwitterionic resonance form V-4 has the largest contribution into 

the resultant structure. 

The prolonged exposure of V-4 or V-5 to the atmosphere of N2O results in supplementary 

oxygenation to form compound V-6. The transformation is accompanied by an up-field shift in 31P 

NMR to -0.8 ppm and shortening of the P-O distance to 1.475(1) Å. Moreover, V-4 was tested 

towards reduction with KC8 and controlled oxidation with [NO][SbF6] to form transient radical 

anions and radical cations, respectively. 
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Scheme V-1. Structures of V-1 – V-3 and synthesis of compounds V-4 and V-6 

V. 2 Phosphinidene sulfide 

Although there have been found many reactions that monomeric phosphinidene sulfide 

RP=S is responsible for, its isolation have been a challenge.237-238 Halo-substituted phosphinidene 

sulfides (Hal = F, Cl, Br) were identified in the gas phase and also in an argon matrix.239-240 

The first precedent of a room temperature detection of phosphinidene sulfide in solution 

was reported by Yoshifuji and coworkers (Scheme V-2).241 Prepared upon deselenation of 

compound V-7 with P(NMe2)3, phosphinidene sulfide V-8 was identified using 31P NMR ( = 

382.0 ppm) and high-resolution mass-spectrometry data. In the 1H NMR spectrum, coupling to 

phosphorus of one of the methyl groups attached to nitrogen suggests coordination of the N-lone 

pair for stabilization of the P=S fragment. 

 

Scheme V-2. Synthesis of phosphinidene sulfide V-8 
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The first room temperature stable phosphinidene sulfide V-9 has a high contribution of the 

zwitterionic ylide resonance structure that allowed for its isolation and structural characterization 

by the Schmidpeter group (Scheme V-3). V-9a - V-9d were prepared upon reactions of compound 

V-10a - V-10d with Na2S. When the R group was alkyl (methyl or ethyl), V-9a and V-9b proved 

to be stable in solution and were isolated as orange-red crystals. In 31P NMR, the signal of the low-

coordinate phosphorus appeared in a very low field (485.0 and 488.2 ppm for V-9a and V-9b, 

respectively). Additionally, the ylide carbon signal appeared to be deshieled, thus indicating that 

among two resonance structures, V-9 and V-9’, the latter has higher contribution. Strong P-P 

coupling (3JPP > 100 Hz) evidences the trans orientation of the sulfur and PPh3 groups, which was 

further confirmed by the solid-state structure of V-9b. Additionally, all substituents on the ylide 

carbon as well as the sulfur atom were found in the same plane, which is consistent with 

delocalization of the electron density. The following factors were also favoring the V-9’ form: the 

Ph3P-C bond is longer than in unfunctionalized ylides, another P-C (P = phosphinidene center) 

bond is shorter than a single bond. The P-S distance was found to be 1.981(2) Å, which is in-

between the length of the terminal double bond (1.93 Å) and single bond (2.12 Å).239 The reactivity 

of phosphinidene sulfide V-9b was tested towards benzyl bromide, where it acted as a S-centered 

nucleophile to produce V-11. When V-9b was treated with sulfur, further oxidation of phosphorus 

happened to produce the species V-12.240 
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Scheme V-3. Synthesis and reactivity of phosphinidene sulfide V-9 

The first example of a base-stabilized phosphinidene sulfide has been recently reported by 

the Ragogna group.242 They used a bulky aryl group to synthesize the dimeric species V-12 

(Scheme V-4). Because of the acute angles in the constrained cycle, it was assumed that it will be 

eager to release a monomeric RP=S species. Thus, the addition of two equivalents of an N-

heterocyclic carbene (1,3-isopropyl-4,5-dimethylimidazol-2-ylidene) to a solution of V-12 

produced the desired base-stabilized phosphinidene sulfide V-13. In 31P NMR, this transformation 

was reflected by the shift from 124 ppm (V-12) to 29 ppm (V-13). An X-ray diffraction structure 

revealed that phosphorus is in a pyramidal configuration ( 310.5) and the P-S distance equals 

2.029(14) Å, which is shorter than in the starting material (2.1416(8) Å). The P-S bond in V-12 is 

even longer than a corresponding single bond, which was explained by a theoretical investigation. 

The calculated HOMO and LUMO of free phosphinidene sulfide (Scheme V-4) are both 

antibonding  orbitals.243 Thus, the interaction of the two phosphinidene sulfide units to form V-

12  results in population of an antibonding orbital, which causes the lengthening of the P-S bond 

(Wiberg bond index =0.95). The Wiberg bond index for compound V-13 was found to be 1.22. 

The higher bond order was suggested to be due to the contribution of the ylidic resonance form V-

13’, which was also confirmed by computed natural atomic charges. The transformation from V-

12 to V-13 was calculated to be exergonic by 106 kJ/mol, with the activation energy of 42 kJ/mol, 
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which is consistent with the fast room temperature reaction. The process was suggested to rather 

go via concomitant attacks of the dimeric species by NHCs, than a dissociation to a monomeric 

phosphinidene sulfide.242 

 

Scheme V-4. Synthesis of base-stabilized phosphinidene sulfide V-13 (top); frontier 

molecular orbitals of model MePS 

To sum up, only a few examples of base-stabilized phosphinidene oxides/sulfides have 

been reported. In section IX, our pursuits in their synthesis and isolation will be described. 

Part B. Results and discussion 

VI Synthesis and reactivity of low valent silicon compounds 

VI. 1 Introduction 

The quest for heavier analogues of acetylene has been one of the most rewarding challenges 

in the history of main-group compounds, resulting in several seminal breakthroughs.148, 167 In 2004, 

the groups of Sekiguchi and Wiberg reported the first examples of disilynes (Scheme II-6),31, 39 as 

long-sought after silicon analogues of alkynes.41 Stabilization of the reactive SiSi bond in such 

compounds requires the presence of electron donating substituents (usually silyls38) and significant 

steric protection provided by bulky R groups. The second breakthrough came a year later when 
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Power and co-workers discovered that the direct addition of dihydrogen to the digermyne II-20 

afforded a mixture of hydrogenated digermenes II-57, digermanes II-58 and germanes II-59 

(Scheme II-13),79 a reaction impossible for alkynes and the first example of such reactivity in 

main-group chemistry. The unique bonding in the heavier analogues of alkynes has subsequently 

been thoroughly reviewed by Power.148 The salient features are the presence of a low-lying LUMO 

and the lone-pair character of the HOMO-1 (spread over both group 14 elements), both imparting 

carbenoid character to these species and the ability to interact with small molecules.4, 16 Another 

consequence is that unlike alkynes, disilynes are Lewis acids, giving rise to the related class of 

base-stabilized adducts, the disilylenes (XL)Si-Si(XL) II-38 (Scheme II-10). Unlike the known 

isolable disilynes, the Si-Si bound disilylenes usually feature an electronegative one-electron 

substituent X (X = halogen or N) and a two-electron donor L that is typically a carbene, imine or 

phosphine. 

The preparation of disilylenes remains a challenge. The first Lewis base-stabilized 

disilylene II-39 was prepared in 6.1% yield by Robinson (Scheme II-10).57 The alternative route 

to halogen-substituted disilylenes II-39 – II-41 via oxidation of the Si(0) dimer Si2(IPr)2 used the 

Si(0) compound as a starting material that could only be isolated in low yield (Scheme II-10).58 

For the amido-substituted disilylenes, i.e. for X=N in II-38, the amidinate-supported disilylene II-

43 (L=imine) was isolated only in 5.21% yield.61 A much improved yield of 91% was subsequently  

achieved when the reduction of the Si(IV) amidinate-precursor compound to II-98 was carried out 

using the Jones Mg(I) reagent (MesNacNacMg)2 (
MesNacNac = [(MesN=CMe)2CH]−, Mes = 2,4,6-

Me3C6H2).
63 Finally, in recent years the Kato group reported an amido/phosphine-supported 

disilylene II-46.64 This compound was prepared from the trichloride (NP)SiCl3 precursor with a 

rather low yield of only 13.4% (Scheme II-11). 
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Unlike monomeric silylenes, whose propensity to bond activation has been well-

documented,3 the ability of disilylenes to cleave strong bonds has been little studied. Examples 

include the oxidative addition of B-Cl to II-43 (Scheme II-36) that retains the Si-Si bond,126 and 

the breaking of C=O, N=O, C=N and CP multiple bonds in CO2 (Scheme II-19),64 Ph2C=O, N2O 

(Scheme 18),97 ArN=C=NAr,244 and AdCP (Ad= adamantyl),245 respectively, that result in the 

Si-Si bond rupture. The Si-Si bond is also lost upon controlled bromination of II-43 to furnish the 

respective monomeric bromosilylene II-153 (Scheme II-37) and in the reaction with white 

phosphorus.245 The only X-H substrates studied in reactions with disilylenes to-date are 

phenylacetylene PhCCH116-117 (Scheme II-30) and the alane adduct H3AlNEtMe2
125 (Scheme II-

35). In the first case, the C-H activation does not occur, and the product is the result of a 1,2-

addition of the Si-Si bond to the triple bond of the acetylene. For the alane reaction, the heterolytic 

cleavage of Al-H on the N-Si bond results in the N2Si ring expansion followed by the migration 

of the amidine ligand from the silicon to the aluminum center.  

The following sections will discuss the efficient preparation of a novel PN-supported 

disilylene (VI. 2), its reactivity towards X-H bonds, and a disilylene-mediated P-P coupling 

process (VI. 3). 

VI. 2 Preparation and characterization of a phosphinoamidinate-

supported disilylene  

Phosphinoamidinates are proven to be very useful supporting ligands in transition metal 

chemistry but their application in main-group chemistry is still unchartered territory.246-247 During 

the preparation of this Thesis, So and coworkers showed that these ligands can be applied for 

stabilization of a diborene248 and digermylene.67 Like their parent amidinates, 

phosphinoamidinates are classified as monoanionic XL ligands, but offer the benefit of having two 
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different donor L sites, a hard imine and a soft phosphine. In addition, they are flexible in their 

coordination ability, stabilizing the formation of four-membered chelates in the 2(NN)-

coordination mode and five-membered rings in the 2(NP)-mode, and thus they can accommodate 

changes in oxidation state and/or steric hindrance at the central main-group element. 

With these ideas in mind, we elected to test the ability of the phosphinoamidinate ligand 

system to stabilize a Si(II) center, such as in the hypothetical silylene VI-1, analogous to the Kato’s 

silylene VI-2249 (Figure VI-1), or its 2(NN)-isomer VI-1’ that is an analogue of Roesky’s silylene 

VI-3.250 Attempts to prepare the phosphinoamidinate by deprotonation of phosphinoamidine VI-

4 using BuLi or LiHMDS (lithium bis(trimethylsilyl)amide) resulted in intractable mixtures. 

However, addition of an equivalent of SiCl4 to a mixture of VI-4 and triethylamine in benzene 

resulted in the formation of the Si(IV) compound VI-5, which was obtained as a pale-yellow solid 

in 82% yield (Scheme VI-1). Subsequent reaction of VI-5 in THF containing an excess of Mg at 

room temperature for 12 hours resulted in a color change from yellow to dark-burgundy. Extraction 

with hexanes followed by filtration unexpectedly afforded the disilylene VI-6, which was isolated 

as dark-burgundy air sensitive crystals in 56% yield (Figure XII-13). The identity of this compound 

was established by spectroscopic methods and single crystal X-ray diffraction studies.  

 

Figure VI-1. Molecular structures of hypothetical silylenes VI-1 and VI-1’, Kato’s 

silylene VI-2 and Roesky’s silylene VI-3 
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Scheme VI-1. Preparation of disilyleneVI-6 

The 31P and 1H NMR spectra of VI-6 at room temperature display only broad signals. 

Cooling the sample down to −53C revealed the presence of two sets of signals in an 81:19 ratio 

due to the presence of two diastereomers, namely compounds VI-6a and VI-6b. In the 31P NMR 

spectrum, the major component gives rise to a singlet at 67.5 ppm, while the minor one resonates 

at 78.7 ppm. In contrast, the 29Si NMR spectrum recorded from the same solution showed only 

one signal at −40.2 ppm, with an unexpected pseudo-pentet multiplicity (Figure VI-2). 

 

Figure VI-2. 29Si {1H} NMR Spectrum of disilylene VI-6 at –53C. 

Usually, when three nuclei couple to each other and the respective peaks are separated by 

large chemical shifts versus the coupling between them, the spectrum can be analyzed as a first 
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order system. For example, for half-spin nuclei, A, M and X, signals come as a doublet of doublets 

each, and the couplings can be extracted by direct inspection. When two of the nuclei of an AMX 

pattern approach each other to form an ABX pattern, significant characteristic changes in the 

intensities of a strongly coupled system (leaning) are seen. Furthermore, as the value of νAB 

approaches the size of J, more complicated changes arise, so that the pattern can no longer be 

analyzed correctly by first order methods.251 In compound VI-6 with its two chemically equivalent 

silicon atoms, there is a probability of 9.34% of having one 28Si atom and one 29Si atom, which 

breaks the molecular symmetry to make the two phosphorus atoms magnetically non-equivalent. 

This phenomenon changes the coupling pattern into a special case of an ABX spin system with 

v(AB)=0, where A and B are P atoms and X is the Si atom, which leads to the observation of a 

“pseudo” pentet (for VI-6a) and a “pseudo” triplet (for VI-6b) perfectly overlapped in the 29Si 1D 

NMR spectrum with identical chemical shifts representing the meso and R,R/S,S isomers of the 

compound. From the 29Si spectrum of VI-6a and VI-6b, the sum of the two coupling constants 

1JSi-P and 2JSi-P for each isomer can be measured directly as 107 Hz and 210 Hz, respectively. The 

31P 1D NMR spectrum was further used to measure each 1,2JSi-P coupling constant as well as the 

3JP-P coupling by the so-called "eyeball method".252 This method follows the actual coupling tree 

in a systematic manner, in a mathematically correct and intuitive fashion. First, the AB part is 

solved (31P signals). The two AB quartets are identified and solved, i.e. centers of quartets are 

calculated, νAB are determined, νA and νB are elucidated. Further, the two possible solutions are 

analyzed for ABX pattern, i.e. the JAX and J BX are determined. There are several criteria that allows 

determination of the correct solution: reasonable magnitude of coupling constants, their signs, and 

the consistency with the X-part (29Si NMR signal). By analyzing the 29Si satellites pattern present 

in the 31P NMR spectrum, the following couplings were extracted: 
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Major isomer 11a: J(AB) = 3JP-P = 75 Hz, J(AX)= 1JSi-P = 127 Hz, J(BX)= 2JSi-P = -20 Hz 

Minor isomer 11b: J(AB)= 3JP-P= 46 Hz, J(AX)= 1JSi-P= 200 Hz, J(BX)= 2JSi-P= 10 Hz 

In order to further verify these results, simulations of this ABX spin system were also run 

using the WINDNMR software253 and the simulated spectra perfectly fit the acquired data (Figures 

XII-16-XII-19). 

The major isomer of VI-6 was assigned to the R,R/S,S geometry VI-6a on the basis of the 

calculated coupling constant 3JP-P of 75 Hz, that is larger than the 3JP-P for the other isomer. In the 

29Si NMR, both isomers of VI-6 have the same chemical shift of -40.2 ppm. A comparison with 

other disilylenes shows that this value is the most upfield (II-39 =38.4ppm, II-43 76.3 ppm, II-

46-18.5 ppm), which suggests that the silicon atom in VI-6 should be more electron-rich.  

To investigate whether the equilibrium involves interconversion of VI-6a and VI-6b versus 

valence isomerization into VI-6’, a species with the 2(NN) coordination of phosphinoamidinate 

instead of 2(NP) (Scheme VI-2), several experiments were carried out. First, UV/vis spectra were 

measured at variable temperature (Figure XII-12) with the anticipation that a change in the 

coordination mode from 2(NP) to 2(NN) would affect the position of the adsorption maximum 

at 508 nm. During these experiments, we detected the presence of an isosbestic point at 555 nm, 

consistent with the occurrence of an equilibrium, but no significant shift in the adsorption 

maximum was observed, suggesting that the equilibrating species are very close in nature, i.e., 

consistent with the presence of two species similar to VI-6a and VI-6b. 
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Scheme VI-2. Molecular formula of potential isomer VI-6’ 

Second, additional insight into the possibility of VI-6/ VI-6’ isomerization was provided 

by 1H – 15N HMBC studies. The goal of this NMR experiment was to determine the chemical shift 

of the nitrogen atom attached to phosphorus for two isomers of compound VI-6 at –53C. As 

discussed below, for the isomeric phosphidosilylenes (NP)SiPPh2, having 2(NN) and 2(NP) 

coordination of the phosphinoamidinate ligand, there is a 22 ppm difference in the position of the 

15N signal. We thus should expect a difference of a similar magnitude for the isomeric compounds 

VI-6 and VI-6’. According to the 1H – 15N HMBC spectrum (Figure XII-20), there is only one 15N 

signal at 173 ppm for the nitrogen atom directly attached to phosphorus, which is close to the 

respective signal of the phosphidosilylene (NP)SiPPh2 having the 2(NP)-coordinated 

phosphinoamidinate (167 ppm). This observation is therefore consistent with the presence of two 

isomeric compounds VI-6a and VI-6b that are both 2(NP)-ligated. In contrast, a change in the 

coordination mode from 2(NP) to 2(NN) would be expected to give rise to two separate signals. 

We therefore conclude that the two isomers of disilylene VI-6 present at low temperature can be 

assigned as VI-6a and VI-6b. 

The molecular structure of VI-6 was determined by the means of single crystal X-ray 

crystallography and is shown in Figure VI-3. Only half of the molecule is crystallographically 

unique (the asymmetric unit is shown in the Figure XIII-2). In addition to the direct Si-Si bond, 

each silicon atom is bound to the amide atom and is further ligated by the phosphine part of the 
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ligand on both sides of the Si2N2 plane, forming two five-membered cyclic fragments. In 

agreement with the assignment based on the NMR data, VI-6a has anti-peri-planar arrangement 

of phosphine substituents (the P–S–-Si–P dihedral angle equals 164.96(4)). The Si-Si distance is 

2.359(1) Å, which is about 0.02 Å longer than the sum of covalent radii (2.34 Å)254 and is almost 

the same as the bond in -silicon (2.36 Å)255 and close to the average Si-Si single bonds (2.34 

Å).256 

For the disilylenes II-39, II-43 and II-46, the corresponding Si-Si bonds are 2.393(3), 

2.413(2), and 2.3306(12) Å, respectively. The Si-P bond distance of 2.2879(9) Å in VI-6 is within 

the range of single bonds and is 0.04 Å shorter than in II-46, suggesting a stronger donation of the 

phosphorus lone pair to the silylene center. The silicon atom has a trigonal pyramidal geometry, 

with the sum of bond angles equal to 313. 

 

Figure VI-3. Molecular structure of VI-6a with appropriate atomic labelling scheme. 

H atoms are omitted for clarity. Selected bond lengths [Å] and angles []: Si1−Si1a 

2.3585(13), P1−Si1 2.2879(9), Si1−N1 1.891(2), N1−Si1−Si1a 129.31(7), P1−Si1−Si1a 100.40 

(4), N1−Si1−P1 82.83 (7), P1−Si1−Si1a−P1a 164.96(4), N1−Si1−Si1a−N1a 13.5(1). 
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VI. 3 Reactivity of disilylene IV-6 

With the disilylene VI-6 in hand, we set out to investigate its ability to cleave H-X bonds. 

As mentioned in the introduction, the ability of reduced main group compound to activate small 

molecules is now very-well established1-3, 257 but is relatively less studied for disilylenes. We were, 

in particular, motivated, by the Power’s discovery of digermaalkyne’s ability to interact with 

dihydrogen under mild conditions,79 and assumed that phosphine dissociation from silicon in VI-

6 could open up an active reaction center. 

To this end, the thermal behavior of disilylene VI-6 was tested first. VI-6 is stable in its 

crystalline form and in dilute solutions under an inert atmosphere for weeks. However, upon 

heating to 50C the solution slowly loses its burgundy color, turning yellow. The reason for this 

change was found to be an intramolecular N-P activation by one of the silylene centers as shown 

in Scheme VI-3. This process is slow and takes about 7 days at 70C to reach completion. The 

structure of product VI-7 was established by single crystal X-ray diffraction (Figure VI-4). In the 

starting compound the silicon atoms have the oxidation state +1. The oxidative addition of one N-

P bond results in oxidation of one of the silylene centers to Si(III), while the other silicon stays in 

its original +1 oxidation state. Consequently, this bicyclic compound can be classified as a cyclic 

silyl-substituted silylene supported by phosphine as a base. To the best of our knowledge, this is 

the first example of a N,Si-heterocyclic silylene supported by a phosphine donor. The closest 

analogues are acyclic N,Si-silylenes reported by the Kato group (Figure VI-5).258 This 

transformation is also accompanied by rearrangement of the amidinate ligands. That is, the 

amidinate that underwent the cleavage of the N-P bond goes into a bridging position and adapts a 

µ,1,1-coordination mode, whereas the intact phosphinoamidinate is 1(N)-coordinated to the 

silane part and 1(P)-coordinated to the silylene center, and thus is also in a bridging position. The 
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resulting bicyclic structure is comprised of 4- and 5-membered rings sharing a Si-Si edge. The Si-

Si bond of 2.391(2) Å is consistent with a normal single bond. The coordinate Si2-P2 bond 

(2.391(3)) is longer than the Si1-phosphide bond (2.277(2) Å). The silylene moiety of VI-7 has a 

trigonal pyramidal geometry, with a sum of bond angles equal to 242, which is much less than in 

the starting compound VI-6a (313) and attributed to the much more acute N-Si-Si bond angle in 

VI-7 (84.27(18)° vs 129.31(7)°). In this respect, a decrease in the N-Si-Si bond angle results in an 

increased s-character of the lone pair on silicon, which imparts a lower reactivity to the remaining 

silylene center. 

 

Scheme VI-3. Thermolysis of VI-6 
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Figure VI-4. Molecular structure of VI-7 with appropriate atomic labelling scheme. 

H atoms are omitted for clarity. Selected bond lengths [Å] and angles []: Si1-Si2 2.391(2), 

N1-Si1 1.750(6), Si1-N3 1.821(6), N2-Si2 1.851(6), Si2-P2 2.391(3), Si1-P1 2.277 (2), N3-P2 

1.706 (5), N1-C1 1.279(9), N2-C1 1.403(9), N3-C32 1.396(9), N4-C32 1.276(9), P1-Si1-Si2 

135.6(1), N3-Si1-N1 107.1(3), N2-Si2-P2 101.1 (2), P2-Si2-Si1 55.41 (7), N2-Si2-Si1 84.27 (18). 

 

Figure VI-5. N,Si-substituted silylenes stabilized by phosphine donors 

The 29Si NMR spectrum of VI-7 shows two sets of signals, a doublet at -44.0 ppm and a 

doublet of doublets at 42.7 ppm for atoms Si2 and Si1, respectively. The silylene Si2 is coupled to 

the phosphine atom P2 with 1JSi-P =181.7 Hz, whereas the silane Si1 is coupled to both the 

phosphide P1 (1JSi-P = 55.2 Hz) and to phosphine P2 (2JSi-P = 4.4 Hz). The difference in the one-

bond Si2-P2 coupling vs the one-bond Si1-P1 coupling indicates greater phosphorus s-character 

in the Si-phosphine bonds relative to the Si-phosphido bond, even though the former is longer than 

the latter, 2.391(3) vs 2.277 (2) Å. The chemical shift of the silylene atom in VI-7 is very close to 

that observed for the disilylene VI-6 (-40.2 ppm), and to the related phosphine-stabilized silyl 

silylenes shown in figure VI-5 (-42.8 and -69.3 ppm).  
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Reaction with dihydrogen.  

Cyclic and acyclic silylenes bearing two electronegative substituents, usually amides or 

thiolates, do not split dihydrogen because of the significant energy gaps between their HOMO and 

LUMO.259-260 On the other hand, silylenes substituted by electropositive groups, such as boryls 

and silyls, can oxidatively add H-H.261-262 For example, the silylamido silylene 

:Si(Si(SiMe3)3)(N(SiMe3)Ar) reacts with dihydrogen already at room temperature.262 Given the 

fact that the disilylene VI-6 can be considered as a silyl-substituted amido silylene, its reaction 

with hydrogen was investigated. However, no addition was observed even upon heating to 50°C, 

at which point the intramolecular cleavage of the Si-P bond (vide supra) takes place. The reason 

for the decreased reactivity of VI-6 is assigned to the lifting of the energy of LUMO due to 

coordination of phosphine to the 3p orbital of silicon. 

Reaction with a H-B bond 

To the bes8t our knowledge, there are only two examples of H-B bond activation by 

silylenes reported to-date, but in both cases the cooperative action of the amidinate ligand was 

involved.263 To probe the reactivity of disilylene towards H-B, a mixture of VI-6 and one 

equivalent of pinacolborane was gently heated to 50C in benzene, resulting in its complete 

conversion over 13 days to a new product. Furthermore, when heated to 70C, this reaction 

requires only 12 hours (Scheme VI-4). The same transformation occurs at room temperature but 

is very slow. To our surprise, X-ray diffraction analysis revealed this product is the boryl amidinate 

VI-8 (Figure VI-6). It is unclear how the transformation occurs and what the identity of the silicon 

product is, as no information could be deduced from 29Si NMR, and no intermediates were 

observed by 1H NMR.  
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Scheme VI-4. Reaction of VI-6 with pinacolborane 

 

Figure VI-6. Molecular structure of VI-8 with select atomic labelling scheme. H atoms 

are omitted for clarity. Selected bond lengths [Å] and angles []: P1-N2 1.739(2), N2-C19 

1.279(2), N1-C19 1.397(3), N1-B1 1.446(3), O1-B1 1.368(3), O2-B1 1.361(4), P1-N2-C19 

122.7(2), O1-B1-N1 125.0(2), O2-B1-N1 121.1(2), P1-N2-C19-N1 178.6(1), B1-N1-C19-N2 

176.3(2), C19-N1-B1-O1 -1.2(4), C19-N1-B1-O2 176.7(2). 

Reaction with a H-Si bond 

The propensity of silylenes to cleave Si-H bonds is very well-established.264-270 Literature 

precedent suggests that the presence of a -donating substituent at the silylene center is a 

prerequisite for Si-H oxidative addition, so that C,C- and C,N- substituted cyclic silylenes can 

cleave the Si-H bond, whereas N,N-substituted ones do not react with hydrosilanes. Reversible Si-

H addition has also been described by the Kato group for an N,H-substituted silylene stabilized by 
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a phosphine ligand.258, 271-272 The disilylene VI-6 can be considered to be an N,Si-substituted 

silylene with an additional phosphine donor, and therefore should be suitable for Si-H activation. 

To investigate this aspect further, the reaction between VI-6 and one equivalent of phenylsilane 

was studied however, no reactivity was observed at room temperature. Upon heating to 50C, the 

main process was the thermal rearrangement of VI-6 into VI-7. Interestingly, once formed, VI-7 

reacts slowly with PhSiH3 to give the product of oxidative addition of the Si-H bond (Scheme VI-

5). In order to verify that the reaction proceeds via intermediate VI-7, the isolated silylene VI-7 

and phenyl silane were reacted to give the same product VI-9. Compound VI-9 was isolated as a 

pale-yellow oil; and all attempts to crystallize it were unsuccessful. Thus, VI-9 was characterized 

by NMR spectroscopy only. In the 31P NMR spectrum, it gives rise to two doublets, at 91.2 ppm 

and -36.0 ppm (JP-P = 5.9 Hz), which are close to the starting silylene VI-9, 82.9 and - 41.1 ppm. 

In 29Si NMR, the SiH2Ph signal was found at -54 ppm, slightly downfield-shifted relative to the 

typical range for disilanes (-63 ÷ -60 ppm).273 This assignment was substantiated by 1H-29Si HSQC 

NMR which established the presence of direct Si-H bonds at that silicon atom (Figure XII-36). 

The former silylene center gives rise to a resonance at -45 ppm, which is slightly upfield-shifted 

relative to the amidosilyl signal of Kato’s disilane (NP)H2Si-SiH2Ph (-34.1 ppm).271 Two hydrogen 

atoms of the H2SiPh fragment are diastereotopic, and are observed in the 1H NMR as two sets of 

signals, at 4.78 and 4.61 ppm. When VI-9 is produced from VI-6, 9% of the disilane VI-10 is 

obtained as an impurity (Scheme VI-4). Noteworthy, compound VI-9 has two stereocenters but 

only one diastereomer forms. This fact can be attributed to the increased steric protection of the 

silylene center of the starting compound VI-7 in the direction opposite to the phosphido substituent 

(Figure VI-4). 
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Scheme VI-5. Reactions of VI-6 and VI-7 with phenylsilane 

Reaction with a H-P bond 

Finally, we tested the reactivity of disilylene VI-6 towards a P-H bond. To the best of our 

knowledge, there have been only two examples concerning the oxidative addition of P-H to a low-

valent silicon. Of these, the NacNac-derived silylene reported by Driess et al., was demonstrated 

to react with PH3.
274-275 Furthermore, an N,H-substituted acyclic silylene stabilized by 

intramolecular phosphine coordination was shown to undergo reversible addition of the H-P bond 

of diphenylphosphine.271 

Disilylene VI-6 reacts with one equivalent of HPPh2 at room temperature to give a mixture 

of products (Scheme VI-6) detected by 31P NMR. The data suggest the cleavage of the Si-Si bond 

and activation of the H-P bond, along with a further reaction leading to P-P coupling. The main 

product derived from VI-6 is a new Si-PPh2 compound VI-11, which was established by a single 

crystal X-ray diffraction analysis (Figure VI-7). In 31P NMR, VI-11 gives rise to signals at 75.8 

and -42.5 ppm coupled to each other with JP-P=12 Hz. The first peak falls in the region typical for 

the phosphine part of the phosphinoamidinate ligands and shows correlation in 1H-31P HSQC with 

the isopropyl groups of the ligand. The second corresponds to a phosphido group and does not 
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show any correlation in 1H-31P HSQC at room temperature. 29Si NMR revealed only one signal at 

-22.9 ppm that is coupled to two phosphorus atoms with a J equal to 154.6 and 80.1 Hz. Such large 

coupling constants are consistent with direct Si-P bonding and allow for the characterization of 

this product as the phosphidosilylene VI-11 ligated with a 2(N,P)-phosphinoamidinate. An 1H-

15N HMBC experiment allowed us to locate the 15N NMR signal at 167 ppm for the nitrogen atom 

directly bound to phosphorus. Other literature examples of phosphido-silylenes include acyclic 

N,P-substituted silylenes, reported by the groups of Roesky,276 Cui,277-278 Inoue and Driess,279 and 

a P,C-ligated silylene reported by Driess and co-workers.280 Additionally, a bis(phosphido)silylene 

bearing the [3]ferrocenophane backbone was prepared by Kargin et al.281 All these compounds 

feature an additional donor fragment (an imine or a N-heterocyclic carbene) coordinated to the 

Si(II) center. 

 

Scheme VI-6. Reaction of VI-6 with phenylphosphine 
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Figure VI-7. Molecular structure of VI-11 with select atomic labelling scheme. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles []: N1-Si1 1.888(2), P1-

Si1 2.322(1), P1-Si1 2.336(1), N1-C13 1.322(3), N2-C13 1.358(3), N2-P1 1.666(2), N1-Si1-P1 

81.69(7), P1-Si1-P2 100.83(4), N1-Si1-P2 103.01(7). 

Considering that only one equivalent of phosphine was consumed, the fate of the second 

part of the disilylene molecule and the hydrogen atom from the diphenylphosphine was unclear. 

However, in the proton NMR spectrum of the reaction mixture broad signals were observed 

(Figure XII-45) that suggested the presence of a fluxional species. To determine the nature of this 

component, low temperature NMR studies were performed. The 1H and 29Si NMR spectra revealed 

the presence of multiple Si-H signals at -60C (Figure VI-8, VI-9), suggesting that the second 

disilylene-derived co-product could be the hydridosilylene VI-12 and/or the product of its 

dimerization. Indeed, for a related phosphineamido-supported silylene (NP)SiH, the group of Kato 

and Bacereido documented facile dimerization to give a silylsilylene shown in figure VI-5.258 To 

probe the possible formation of VI-12, a trapping experiment was performed with silane. 

Phenylsilane was chosen for this purpose, because neither the starting compound VI-6, nor the 

isolated phosphidosilylene VI-11 react with this silane at room temperature. Thus, reaction of VI-
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6 with HPPh2 in the presence of H3SiPh afforded VI-11 and the disilane VI-10 (Scheme VI-7), 

which is the product of oxidative addition of Si-H bond to the putative hydridosilylene VI-12. All 

attempts to isolate VI-10 from the reaction mixture and crystallize it were unsuccessful, but a 

combination of multinuclear NMR experiments allowed for its unequivocal characterization. It is 

noteworthy that when phenylsilane was added after the reaction of VI-6 with diphenylphosphine 

was complete, the disilane VI-10 did not form, suggesting that VI-12 is only a transient species 

on the route to some other Si-H containing compounds.  

 

Scheme VI-7. Reaction of VI-6 with diphenylphosphine in the presence of 

phenylsilane 

 

Figure VI-8. 1H NMR Spectrum of the reaction mixture of VI-6 with 1 eq of HPPh2 in 13 

days at RT in C7D8 recorded at -60C 
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Figure VI-9. 1H-29Si HSQC NMR Spectrum of the reaction mixture of VI-6 with 1 eq of 

HPPh2 in 13 days at RT in C7D8 recorded at -60C (cnst2 = 150Hz) 

Another phosphorus compound, easily identifiable by 31P NMR in the reactions shown in 

Schemes VI-5 and VI-6, was the diphosphine VI-13. Formation of this product indicates a formal 

dehydrogenative coupling of phosphines mediated by the silicon species present in the mixture.282 

To shed more light on the formation of VI-13, the reaction was repeated with excess 

diphenylphosphine (10 equivalents). Like the 1:1 reaction, NMR monitoring showed the initial 

formation of the phosphidosilylene VI-11 (Figure XII-64). However, as the reaction proceeds, it 

is completely consumed to yield approximately 0.9 eq of VI-13. A control experiment with the 

silylene VI-11 and excess Ph2PH showed that these two compounds react to furnish VI-13 and a 

new product displaying only broad signals in 1H NMR (Scheme VI-8). Using the same approach 

as with silylene VI-12, a trapping experiment with phenylsilane was performed. This yielded the 

same disilane VI-10 that was observed in the reaction shown in Scheme VI-7. Given the fact that 

phosphidosilylene VI-11 does not react with silane, these observations suggest that when VI-11 
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reacts with HPPh2, it generates the product of P-P coupling, the diphosphine VI-13, and the 

hydridosilylene VI-12, that can subsequently undergo oxidative addition of Si-H to produce 

disilane VI-10.  

 

Scheme VI-8. Reaction of phosphidosilylene VI-11 with diphenylphosphine (top); and 

reaction of VI-11 with diphenylphosphine in the presence of phenylsilane (bottom) 

The formation of diphosphine VI-13 poses a question as to the possible mechanism of P-P 

coupling. An apparent pathway could be the oxidative addition of H-P to the phosphidosilylene 

VI-11 to give a bis(phosphido)silane VI-14, which would produce the hydridosilylene VI-12 after 

reductive elimination of diphosphine (Scheme VI-9). To probe this hypothesis, silane VI-14 was 

prepared independently by reacting (NP)SiHCl2 with 2 equivalents of Ph2PNa. Compound VI-14 

was characterized by NMR spectroscopy and its connectivity was confirmed by X-ray diffraction 

analysis (see Section XI.4 and Appendix for more details on compound VI-14, Figures XII-54-

XII-58, XIII-3). However, heating VI-14 to 100°C did not result in any P-P elimination, thus ruling 

out the oxidative addition/reductive elimination mechanism of Scheme VI-9 as a possibility. By 

the process of elimination, we conclude that VI-11 reacts with HPPh2 most likely by a -bond 
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metathesis pathway, avoiding the direct oxidative addition of H-P to Si(II) and a change of 

oxidation state at the silicon center. 

 

Scheme VI-9. Hypothetic oxidative addition/reductive elimination mechanism of P-P 

coupling.  

To summarize, the reaction between disilylene VI-6 and diphenylphosphine can be 

described as shown in Scheme VI-10. Addition of HPPh2 to VI-6 results in the metathesis of Si-

Si and H-P bonds to give silylenes VI-11 and VI-12, the latter being only transient. This process 

may proceed via initial oxidative addition of H-P to the silylene end of VI-6 to give the silylsilylene 

VI-15, or by direct -bond metathesis of Si-Si and H-P bonds. Decomposition of VI-15 can be 

considered to occur via reductive elimination from the silane that would be analogous to the back-

reaction in related reversible dimerizations of the Kato’s silylene on figure VI-5.258 Once formed, 

the phosphidosilylene VI-11 undergoes P-P coupling with HPPh2 that yields the putative 

hydridosilylene VI-12 and diphosphine VI-13. In this respect, the first process i.e., the reaction 

between VI-6 and HPPh2 is faster, since in the presence of one equivalent of HPPh2 only a small 

amount of the diphosphine is produced. 
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Scheme VI-10. The proposed mechanism of H-P addition to disilylene VI-6 

Preparation of k2(NN)-coordinated phosphidosilylene 

In order to prepare the phosphido silylene independently, the precursor silane VI-5 was 

reacted with three equivalents of NaPPh2 (Scheme VI-11). Unexpectedly, the product obtained 

was an isomer of VI-11, the k2(NN)-coordinated phosphidosilylene VI-16 whose structure was 

determined by single crystal X-ray diffraction (Figure VI-10). The salient features of this 

compound are 31P NMR signals at δ 67.3 (PiPr2) and – 36.5 ppm (PPh2) and the 29Si NMR signal 

68.3 ppm (dd, 2JSi-P = 5.2 Hz, JSi-P = 82.8 Hz). The small coupling of 5.2 Hz to the PiPr2 group 

indicates that this group is no longer bound to the silicon atom. Also noteworthy is that its 1H-15N 

HMBC spectrum revealed the 15N signal for the nitrogen atom directly attached to phosphorus at 

146 ppm, which is 22 ppm upfield from the respective signal for the isomeric silylene VI-11. 

Compound VI-16 is an analogue of amidinate-supported silylenes PhC(NtBu)2SiPR2 reported by 

the groups of Roesky, Driess and Inoue.276, 279 
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Scheme VI-11. Synthesis of phosphidosilylene VI-16 

 

Figure VI-10. Molecular structure of VI-16 with select atomic labelling scheme. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles []:  N1-Si1 1.888(5), N2-

Si1 1.908(5), N1-C13 1.343(7), N2-C13 1.348(7), N2-P1 1.736(5), N1-Si1-N2 69.3(2), N2-Si1-

P2 97.2(2), N1-Si1-P2 96.9(2). 

Compound VI-16 is stable in solutions at room temperature, but upon heating 50 °C for 10 

days it cleanly transforms into more stable isomer, VI-11. 

Mechanism of reduction of VI-5 

Armed with the knowledge presented above, we revisited the reduction of precursor VI-5 

with magnesium. Monitoring the reduction process by NMR revealed formation of a major 

intermediate in maximum yield after about 1 h of reaction. Multiple attempts to isolate this 

intermediate failed. However, charging the reaction mixture with 1 equivalent of NaPPh2 affords 
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phosphidosilylene VI-11 along with a smaller amount of VI-16 (Scheme VI-12), suggesting that 

the intermediate in question is either the 2(NP)-coordinated chlorosilylene VI-1 or k2(NN)-

coordinated isomer VI-1’, or an equilibrating mixture of both. However, a subsequent low-

temperature NMR experiment revealed the absence of any fluxionality down to –60 °C. The clue 

to the nature of the intermediate was provided by the observation of 29Si satellites for the 31P NMR 

signal of the PiPr2 at 64.2 ppm allowing to measure the J(29Si–31P) coupling constant as 161.4 Hz. 

Such a large value indicates direct coordination of the PiPr2 group to the silicon atom and can be 

compared to 154.6 Hz measured for the 2(NP)-species VI-11 and 5.2 Hz in the 2(NN)-isomer 

VI-16. On the basis of this evidence, we can conclude that reduction of precursor VI-5 mainly 

proceeds via formation of the 2(NP)-coordinated silylene VI-1 although we cannot exclude 

formation of some small amounts of isomeric chlorosilylene VI-1’. 

 

Scheme VI-12. Trapping the intermediate of the reduction of VI-5 with magnesium 

VI. 4 Conclusion 

To conclude, we have prepared a new N,P-supported disilylene VI-6 and studied its 

reactivity towards H-E bonds (E = elements from group 13 to 15). With HBpin, the reaction results 

in the phosphinoamidinate ligand transfer to boron and the fate of silicon co-products remained 

unclear. For the silane H3SiPh, the reaction is more sluggish and proceeds via formation of the 

intermediate silylene VI-7 by means of ligand N-P bond oxidative addition to one of the silicon 

centers of VI-6. Once formed, VI-7 adds H-Si very slowly to give a silane product. Reaction of 

VI-6 with phosphine HPPh2 furnishes the phosphidosilylene (NP)SiPPh2 (VI-11) together with a 
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highly transient species that, on the basis of a trapping experiment with H3SiPh, is assigned to a 

hydridosilylene (NP)SiH VI-12. Compound VI-11 does not react with the silane H3SiPh but does 

react with HPPh2 to afford the diphosphine (PPh2)2, most likely via a direct -bond metathesis 

process. 

VII Insertion reactions into the Si-Si bond of VI-6 

VII. 1 Introduction 

Multiply-bonded species, like ditetrelynes, can undergo insertion reaction. There are quite 

a few examples reported for group 14 alkyne analogues. Some of them can be considered true 

insertion products, while others proceed upon initial dissociation of the starting dimer and can be 

regarded as only formal insertion.  

Multiple fragments were found to insert into the tetrel-tetrel bond. For example, upon 

dihydrogen activation by distannynes/distannylenes bridged compounds, RSn(-H)2SnR II-60 

(Scheme II-14) and II-64 (Scheme II-15), are formed.49, 84 However, according to DFT calculations 

the reaction goes via the formation of a hydrido silylene (RHSi:).88, 283 Oxygen insertion products 

were obtained when digermynes II-20 and II-32 and the base-stabilized disilylene II-43 were kept 

under the N2O atmosphere (Scheme II-20). Each reaction had different outcome. The interesting 

feature of product II-81 obtained from an amido-substituted digermyne was that two germanium 

centers remained in a low-valent state (+2).94, 96-97, 284 Another reagent that deems productive in 

insertion reactions is carbon dioxide (Scheme II-21). In some cases, products of a single insertion 

were unstable and were either releasing CO and forming an oxygen bridged species (II-87) or were 

proceeding with further oxidation (II-88). So and coworkers and the Aldridge group managed to 

produce CO2-bridging compounds II-89, II-91, II-94 and II-95. Furthermore, under certain 

conditions the transformations showed reversibility.67, 98 Recently, carbon monoxide has been 



 

131 

shown to react with disilylene II-98 to form a species containing a silylene and an analogue of an 

“abnormal” N-heterocyclic carbene bridged with oxygen atom (Scheme II-23).100 Multiple 

insertion precedents were found in cycloaddition reactions with unsaturated hydrocarbons: II-108 

(Scheme II-27), II-113, II-119, II-120 (Scheme II-29), II-122, II-128 and II-130 (Scheme II-30). 

In the case of amido-substituted species the isolation of bridged ditetrelylenes II-134, II-135 II-

136 was achieved (Schemes II-31 and II-32). Insertion of heteroatomic fragments was realized via 

reactions with diazenes and nitroso compounds (II-138 – II-142, II-144 (Scheme II-33)). An 

important example was reported by So and coworkers, in which a silyliumylidene was inserting 

into the Si-Si bond of disilylene II-43 to form a cationic separated disilylene II-159 (Scheme II-

39).129 Thus, we were intrigued if the addition of tetrelylenes to our disilylene VI-6 will lead to 

similar insertion products. 

In section VII. 2 our findings on the reactivity of base stabilized disilylene VI-6 with 

tetrel (II) chlorides and Si (IV) chlorides will be disclosed. 

VII. 2 Insertion of E(II) and E(IV) chlorides (E=Si, Ge) into Si-Si bond of 

disilylene VI-6 

Insertion of :SiCl2 into the Si-Si bond of disilylene VI-6 

When base-stabilized dichlorosilylene IPrSiCl2
285 (IPr=1,3-bis(2,6-diisopropylphenyl)-

imidazol-2-ylidene) was mixed in the 1:1 ratio with disilylene VI-6 in benzene and stirred at room 

temperature for 7 days, it cleanly gave a product of insertion of SiCl2 into the Si-Si bond VII-1, 

and N-heterocylic carbene VII-2 (Scheme VII-1). Compound VII-1 can be seen as a disilylene 

with separated silylene centers. This class of compounds was developed mainly by Driess and 

coworkers.286-292 Oxygen- and xanthene- linked species VII-3286 and VII-4291 are illustrated on 

Figure VII-1. The methods of preparing this type of species involved: installation of ligands on the 
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existing Si-bridge-Si moiety286 or the coupling of two equivalents of chlorosilylenes VI-3 (Figure 

VI-1) with a dilithium salt of the linker. The only two examples of the synthesis of separated 

disilylenes via an insertion into the Si-Si bond were reported by So and coworkers. This includes 

a reaction with silyliumylidene to produce II-159 (Scheme II-39) 129 and a [2+2] cycloaddition of 

phenylacetylene to disilylene II-43 to form II-136 (Scheme II-32)293 that were mentioned before. 

 

Scheme VII-1.   

 

Figure VII-1. Molecular structure of separated disilylenes VII-3 and VII-4 

VII-1 was purified by crystallization from hexanes at -30C. In solution at room 

temperature, it exists in the form of two diastereomers VII-1a and VII-1b in the ratio 2.3:1. Each 

of them gives rise to one singlet peak in 31P NMR, at 74.9 and 75.5 ppm, respectively. They also 

have separate sets of ligand signals in 1H NMR. The 29Si NMR spectrum possesses two sets of 

signals for each isomer with different yet close chemical shifts. For the major isomer VII-1a, the 

lateral silicons Si3 and Si1 (atoms attached to the phosphinoamidinato ligands) resonate at -39.9 

ppm, which is very close to the chemical shift of disilylene VI-6 (-40.2ppm).294 The SiCl2 fragment 
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gives rise to a signal at 35.7 ppm, which is downfield from the dichlorosilylene IPrSiCl2 value 

(19.1ppm).285 Compared to other separated disilylenes (II-136, II-154, VII-3 and VII-4), the 

oxygen-bridged compound VII-3 has a signal at – 16 ppm; the xanthene-linked VII-4 resonates at 

17.3 ppm; 15.1 and 29.5 ppm resonances were found in the spectrum of II-136; and signals at 2.96 

and – 0.53 ppm were observed for the silylium cation and low-valent silicon atoms of II-154, 

respectively. This indicates that the phosphinoamidinato-silylene centers in VII-1 should be more 

electron rich. 

Single crystal X-ray crystallography studies were performed on an orange crystal of the 

isomer VI-1a that was obtained from hexanes solution at -30C. The molecular structure of VI-1a 

is shown in Figure VII-2. In addition to the direct Si-SiCl2 bonds, the Si1 and Si2 atoms are 

connected to the amide atom and are further ligated by the phosphine part of the ligand. The 

phosphorus atom lies close to the Si1-Si2-Si3 plane (0.326 Å and 0.302 Å for P1 and P2, 

respectively), with each P atom located on the opposite sides of the plane, while the amide atoms 

tend to be more perpendicular to the Si1-Si2-Si3 plane (Si-Si-Si-N torsion angles around 82) and 

are also in the trans disposition. The N-Si-P angles, 83.85(5) and 83.45(5), and Si-Si-P angles, 

103.0(3) and 105.15(3), indicate that the phosphine groups are approximately orthogonal to the 

N-Si-Si plane of silylenes, in agreement with their interaction with the 3p orbitals of silicon atoms. 

The silylene atoms have the expected trigonal pyramidal geometry, with the average sum of bond 

angles equal to 304 (in VI-6 it was 313), consistent with the presence of an electron pair on each 

of the phosphinoamidinate-supported silylene centers. The two Si-Si distances are 2.3624(7) and 

2.3709(8) Å, which is slightly longer than in the starting disilylene VI-6 (2.359(1) Å). 
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Figure VII-2. Molecular structure of VII-1a with select atomic labelling scheme. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles []: Si2-Si1 2.3624(7), Si2-

Si3 2.3709(8), Si1-N2 1.861(2), Si3-N4 1.871(2), P1-Si1 2.2803(7), P2-Si3 2.2851(8), P1-N1 

1.669(2), P2-N3 1.668(2), N1-C1 1.324(2), N3-C26 1.314(3), N2-C1 1.361(2), N4-C26 1.368(2), 

Si3-Si2-Si1 108.70(3), P2-Si3-Si2 103.20(3), P1-Si1-Si2 105.15(3), Si2-Si1-N2 116.57(5), Si2-

Si3-N4 116.33(6), P1-Si1-N2 83.45(5), P2-Si3-N4 83.85(6). 

Interestingly, the compound VII-1 was found to be the kinetic product of insertion. Thus, 

heating a solution of VII-1 to 50C results in its slow (19 days) transformation into the disilylene 

isomer VII-5 that is apparently produced via 1,2-migration of the central chlorides to the lateral 

silylene (Scheme VII-2). The exact reason for such a rearrangement was not clear because it does 

not change the oxidation state pattern of silicon atoms (two in the OS 1 and one in the OS 0), nor 

is there any meaningful change in bond lengths (vide infra), so the driving force appears to a subtle 

optimization of the overall structure. 
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Scheme VII-2. Thermal transformation of VII-1 into VII-5 

In solution VII-5 exists in the form of two diastereomers with the ratio 2.7:1 at room 

temperature. In total, there could be four isomeric forms (Figure VII-3). The 3JP-P for both isomers 

is very similar and equals 49.9 Hz for the major one and 61.6 Hz for the minor. Such strong 

coupling indicates that two phosphine groups should be in the anti-peri-planar configuration, 

which was illustrated in Figure VII-3. R,R-isomer VII-5a was crystallized and its solid state 

structure was determined (Figure VII-4), therefore it was viewed as major isomer. The S,S species 

being enantiomeric to the R,R form VII-5a and thus cannot be distinguished by NMR. The species 

VII-5b (R,S and/or S,R) was considered as the minor isomer observed in NMR spectra. 

 

Figure VII-3. Set of potential isomers of compound VII-5, boxed is the isomer 

observed in the solid state 

The major isomer VII-5a shows two doublets in 31P NMR at 85.4 and 65.8 ppm, assigned 

to the 5-membered and 6-membered ring, respectively. Interestingly, for the minor isomer, the 
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phosphorus signals are so close that they produce roofed doublet signals at 83.3 and 83.8 ppm. For 

comparison, the 31P NMR spectrum of disilylene VI-6 displays a broad signal at room temperature, 

which separates into two sharp signals at 78.7 and 67.5 ppm at -53C, consistent with the presence 

of two quickly interconverting isomers.294 In the 29Si NMR spectrum of VII-5a, the silyl-

substituted silylene gives rise to an upfield shifted signal at -135.6 ppm (cf. – 40.2 ppm in VI-6), 

whereas the amido-substituted silylene resonates in the much lower field, -19.9 ppm, consistent 

with the electron-releasing nature of the silyl vs amide substituent. The assignment of Si and P 

signals was made on the bases of 1JSi-P coupling constants that were detected in both 29Si and 31P 

NMR. The smaller coupling between phosphorus atoms and the SiCl2 fragment was not detected 

in 31P NMR spectrum due to relative broadness of signal. Thus, the correlation between isopropyl 

group of one of the Si(I)-P fragments and SiCl2 in 29Si HMBC spectrum (Figure XI-80) was used 

to finalize the assignment in VII-5a. 

The molecular structure of VII-5a (Figure VII-4) was determined by single crystal X-ray 

diffraction (Figure VII-4). Compound VII-5a crystallizes in the monoclinic space group P 21/n. In 

comparison to disilylene VI-6, in which two phosphorus atoms were in trans arrangement and the 

two nitrogen groups were located on the same side of the formal P-Si-Si-P plane, compound VII-

5a has the silyl and amido substituents in the trans arrangement (the dihedral angle Si3-Si2-Si1-N 

is 145.96(8)). The Si1-Si2 bond, linking two silylene units, is 2.396(1) Å, which is 0.037 Å longer 

than in VI-6 and very close to the disilylene [IPrXSi:]2 II-39 - II-41 (X = Cl 2.393(3) Å, Br 

2.385(1) Å, I 2.3909(9) Å) reported by the Robinson57 and Filippou58 groups. For other known 

disilylenes, the Si-Si bond can be both longer, such as 2.413(2) Å in [(PhC(NtBu)2)Si-]2, compound 

II-43,61 and shorter, e.g. 2.3306(12) Å in [2-tBu2P-norbornenyl-N(Ar)Si-]2, compound II-46.64 

The silylene atoms in VII-5a have a trigonal pyramidal geometry, with the sum of bond angles 
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equal to 293 and 294 for Si1 and Si2, respectively. The Si3-Si2 bond of 2.286(1) Å, is shorter 

than the normal Si-Si single bond, which is likely caused by the presence of two electron-

withdrawing chloride groups at the Si3 atom. 

 

Figure VII-4. Molecular structure of VII-5a with select atomic labelling scheme. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles []: Si1-Si2 2.396(1), Si2-

Si3 2.286(1), P1-Si1 2.287(1), P2-Si2 2.302(1), N1-Si1 1.889(2), N3-Si3 1.792(3), N1-Si1-P1 

82.44(8), N1-Si1-Si2 102.19(8), P1-Si1-Si2 108.23(4), P2-Si2-Si1 99.77(4), P2-Si2-Si3 84.19(4), 

Si1-Si2-Si3 109.52(4) 

The rearrangement of VII-1 to VII-5 was subjected to kinetic analysis. The kinetic plots 

can be linearized in the coordinates -ln[VII-1] vs t (Figure VII-5), where [VII-1] is the 

concentration of compound VII-1 and t is time, which agrees with a first-order reaction suggesting 

an intramolecular process. The reaction rates were then measured at 50C, 60C, 70C and 80C 

by observing the decrease of the 31P NMR signal of VII-1. An Eyring plot (Figure VII-6) allowed 

us to determine the enthalpy of activation equal 117.4  3.3 kJ/mol and the entropy of activation 
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of 104.7  9.8 J*mol-1*K-1. The positive S≠ indicates a dissociative mechanism, most likely with 

dissociation of phosphine being the rate determining step. The tentative mechanism is offered in 

Scheme VII-3. 

 

Figure VII-5. Dependence of -ln[VII-1] versus time 

 

Figure VII-6. Eyring plot of isomerization of VII-1 to VII-5 (Eyring equation: 𝑘 =

𝑘𝐵𝑇

ℎ
𝑒
−∆𝐺≠

𝑅𝑇 , where k - rate constant, ∆𝐺≠- the Gibbs energy of activation,  - the transmission 

coefficient, kB - Boltzmann's constant, T – temperature, h - Planck's constant) 

 

Scheme VII-3. Proposed mechanism of isomerization of VII-1 into VII-5 

50C: y = 0.2057x + 0.2132
R² = 0.9885

60C: y = 0.8783x - 0.0267
R² = 0.9982
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Insertion of :GeCl2 into the Si-Si bond of disilylene VI-6295 

Encouraged by this result, we set out to investigate the reactivity of VI-6 towards 

GeCl2*dioxane. Previously, So et al. reported that the reaction of amidinato-supported amido 

silylene [PhC(NtBu)2SiN(SiMe3)2] with GeCl2·dioxane led to the silicon(II)–germanium(II) 

adduct [L((Me3Si)2N)Si→GeCl2].
296 So, one could expect the possibility of a similar Lewis acid-

base interaction for the disilylene VI-6. However, mixing VI-6 with GeCl2·dioxane results in an 

insertion product, like in the case of IPrSiCl2. The important difference though is that unlike the 

reaction with dichlorosilylene, the germanium analogue reacts with VI-6 much faster (1 day 

instead of 7) and produces directly the chloride-migrated thermodynamic product VII-6 (Scheme 

VII-3) that can be classified as a silylene-germylene, thus skipping the stage of a GeCl2-bridged 

bis(silylene). And noteworthy, this transformation does not require heating. The driving force for 

the preferential formation of VII-6 versus the putative germane-bridged disilylene is the greater 

stability of low-valent germanium relative to low-valent silicon and the greater stability of the Si-

Cl bond relative to Ge-Cl. 

 

Scheme VII-4. Reaction of base-stabilized disilylene VI-6 with GeCl2Dioxane 

Although silylene-germylenes find some literature precedents, they have been reported 

only very recently. The first isolable example of silylene-germalene II-55 (Scheme II-13) was 

reported by Wang et al. in 2020.75 A similar base-stabilized silylene-germylene II-56 was observed 
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as a transient species that decomposes in solution even at -30C (Scheme II-13).78 Thus, compound 

VII-6 is only the second isolable and fully authenticated example of this interesting class of low-

valent compounds. 

In solution, VII-6 gives two sets of signals in 1H NMR in the ratio 1:1, indicating the 

presence of two diastereomers brought about by the presence of two pyramidal tetrylene centers. 

We have used the same strategy as for VI-5 to determine the possible structures. At lower 

temperature (-30C), the ratio between isomers changes to 3.3:1. Crystals of VII-6 were obtained 

from an ether solution at -30C. In Scheme VII-4, the isomer studied by X-ray crystallography is 

shown as VII-6a. VI-6b represents two enantiomers that can be the second species present in 

solution. In 31P NMR, both diastereomers display two mutually coupled doublets, of which the 

signals of Si-bound phosphine appear in the lower field 86.8 ppm (JP-P = 56.3 Hz) and 83.9 (JP-P = 

68.3 Hz) ppm versus 63.0 ppm (JP-P = 56.3 Hz) and 79.8 ppm (JP-P = 68.3 Hz) for the Ge-bound 

phosphines in the major and minor isomers, respectively. The chemical shifts in VII-6 appear to 

be close to those in the trisilicon analogue VII-5 (85.4ppm for the 5-membered ring and 65.8 ppm 

for the 6-membered ring). In 29Si NMR, the silylene signal is found at -15.0 ppm, which is very 

close to that in the disilylene VII-5 (-19.9 ppm) and significantly downfield in comparison to the 

disilylene VI-6 (-40.2ppm). The opposite trend was observed in compound II-5575 (Scheme II-13) 

and its analogous disilylene II-4361 (Scheme II-10; 30.9 and 76.3 ppm, respectively). The transient 

II-56 resonates at 70.9 ppm in the 29Si NMR spectrum.  

The molecular structure of VII-6a is shown in Figure VII-7. It is very similar to that of 

compound VII-5a. The phosphine groups lie trans to each other (the dihedral angle P2-Si3-Ge-P1 

is 127.16(6)), the amido and SiCl2 substituents are also in the trans arrangement (the dihedral 

angle Si1-Ge-Si3-N4 is 149.31(6)). The Si3-Ge bond between the silylene and germylene units 



 

141 

is 2.4603(6) Å, which is only 0.01 Å longer than the other structurally characterized germylene-

silylene II-55 (2.4498(9) Å),76-77 This bond is about 0.1 Å longer than the Si-Si distance in the 

disilylene VI-6 (2.359(1) Å) and 0.06 Å longer than the Si-Si distance inVII-5 (2.396(1) Å), 

because of the larger size of the germanium atom vs silicon (the atomic radii of 1.225 and 1.17 

Å,254 respectively). The Si3 and Ge1 atoms have a trigonal pyramidal geometry, with the sum of 

bond angles equal to 299 and 286, respectively. The arrangement of ligands is very similar to 

the compound II-55 and is called a gauch-bent geometry. 

 

Figure VII-7. Molecular structure of VII-6a with select atomic labelling scheme. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles []: Ge1-Si3 2.4603(6), 

Ge1-P1 2.3916(7), P2-Si3 2.2871(9), Ge1-Si1 2.3522(7), Si3-N4 1.892(2), Si1-Ge1-Si3 

106.69(2), P1-Ge1-Si1 81.58(2), P1-Ge1-Si3 97.89(2), Ge1-Si3-P2 106.65(3), Ge1-Si3-N4 

100.54(6), P2-Si3-N4 82.42(6) 

Reactions with SiCl4 and SiHCl3 

Given the known ability of silylenes to insert into the Si-X bonds297-303 and the presence of 

two silylene centers in VI-6, we became curious to investigate the reactivity of VI-6 towards 

chlorosilanes. Reaction of VI-6 with SiCl4 results in a mixture of products including bis(silylene) 
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VII-1, the silane NNPSiCl3 VI-5 (NNP = phosphinoamidinate ligand), and a new compound VII-

7 (Scheme VII-5), which can be classified as base-stabilized disilyl-silylene (Figure VII-8).  

 

Scheme VII-5. Reaction of base-stabilized disilylene VI-6 with silicon tetrachloride 

 

Figure VII-8. Molecular structure of VII-7 with select atomic labelling scheme. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles []: Si1-Si2 2.322(1), Si2-

Si3 2.331(1), P1 Si2-2.3327(9), Si3-N3 2.318(3), Si3-N4 1.786(2), Si1-N2 1.760(2), Si1-Si2-Si3 

110.65(4), P1-Si2-Si3 106.22(4), P1-Si2-Si1 70.93(3), Si2-Si1-N2 91.81(8), P1-N2-Si1 101.7(1), 

Si2-P1-N2 92.42(8), Si2-Si3-N3 89.40(7), Si2-Si3-N4 122.61(9), N3-Si3-N4 63.1(1) 

Compound VII-7 is a rare example of a Si(II) compound that does not feature π-donating 

substituents at the low-valent silicon atom. This class of compounds include the carbon-only 
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substituted silylenes304-306 and disilyl-substituted silylenes. For the latter, several examples have 

been reported (Figure VII-9). The first one by Sekiguchi et al. in 2012 was the NHC-ligated 

silylene VII-8a-b.307 The Cowley group obtained silylene VII-9 by carbene coordination to a 

transient disilene.308 The Inoue group reported a similar NHC-stabilized species VII-10a-b, VII-

12 and their DMAP-analogues VII-11a-c.309-310 Finally, Iwamoto and co-workers prepared an 

NHC-ligated silylene VII-13 by dehalosilylation of tris(trimethylsilyl) halosilanes (Figure VII-

7).311 Thus, compound VII-7 is the first example of a disilylsilylene stabilized by a phosphine 

ligand. There has been no two-coordinate disilylsilylenes stable at room temperature, but these 

species were postulated as intermediates in the preparation of base-stabilized disilylsilylenes.  

Figure VII-9. Molecular structures of base-stabilized disilyl-silylenes VII-8 -VII-13 

In benzene-d6 and toluene-d8 solutions compound VII-7 shows broad signals in both 1H 

and 31P NMR spectra, the latter was observed as a broad singlet at 73.8ppm. Cooling down the 
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solution to -80C results in a complicated broad spectrum in 1H NMR and the appearance of several 

signals in 31P NMR, suggesting that the equilibrium is fast even at this temperature, likely due to 

facile coordination-decoordination of donor groups (phosphine, imine) at the silicon centers. 

Compound VII-7 slowly decomposes in solution at room temperature, which significantly 

accelerates upon heating. 

Silylene VII-7 crystallizes in monoclinic space group P21/n. In solid state of VII-7, one of 

the SiCl2 fragments is coordinated by the phosphinoamidinato ligand in the 2(NN) fashion, so 

that the silicon atom is five-coordinate, and the phosphine part is dangling, while the other SiCl2 

moiety is bound to the phosphinoamidinate ligand only via the P-bound nitrogen atom whereas the 

phosphine is coordinated to silylene center forming a four-membered ring. The Si-Si distance from 

the silylene to the 4-coordinate SiCl2 moiety is 2.322(1) Å, which is marginally shorter than the 

distance to the 5-coordinate silicon atom, 2.331(1) Å. However, both distances are shorter than 

any of the Si-Si bonds reported for the disilylsilylenes from Figure VII-7 that fall in the range 

2.336 -2.454 Å. This difference is likely due to the presence of accepting amido and chloride 

substituents in the flanking silyl groups which induces more silicon s-character in the bond to the 

silylene center. The sum of angles around the central Si2 atom equals 287.81(1), which is much 

smaller than the range 312.6-344.3 documented for the structurally characterized silylenes from 

Figure VII-7, and indicative of a greater Si s-character in the lone pair312 and hence greater 

stabilization of the HOMO and reduced reactivity.  

The formation of silane VI-5 in the reaction of Scheme VII-5 suggests that the first step of 

a possible reaction pathway may include the metathesis of Si-Cl and Si-N bonds leading to VI-5 

and the chlorosilylene ClSi-Si(NNP). The formation of VII-1 is yet harder to explain. To gain an 

insight into the formation of VII-7, the reaction between the disilylene VI-6 and SiCl4 was 
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monitored by low-temperature NMR. A visible reaction starts at 10C leading to an intermediate 

VII-14 that can be accumulated in solution at 10C in the course of 3 days. At this temperature, 

this species gives rise to a singlet at 84.7 ppm 31P NMR and one CH signal for the diisopropyl part 

of the Ar group in 1H NMR as well as and one CH signal for isopropyl groups attached to 

phosphorus. In 29Si NMR spectrum it shows two singlets at 4.6 and -83.1 ppm, indicating the 

presence of two different silicon environments. These data suggest that either a highly symmetrical 

species is formed upon direct coordination of SiCl4 to the middle part of disilylene VI-6 or the 

occurrence of a fast exchange. To underpin the fluxionality, a low temperature NMR experiment 

was performed. Thus, the solution of intermediate was cooled down to -80C without any change 

in the shape of the phosphorus signal. Multiple attempts to crystallize the intermediate from 

toluene, ether, or hexanes were unsuccessful and its identity remain uncertain. 

Additionally, other chlorosilanes were tested in the reaction with disilylene VI-6. 

Phenyltrichlorosilane did not react at room temperature, while heating resulted in an 

intramolecular rearrangement of VI-6 previously shown in Scheme VI-3.294 Reaction with 

methyltrichlorosilane started at 50C and resulted in a complicated mixture of products. Finally, 

addition of HSiCl3 to a solution of VI-6 caused formation of a mixture of VII-7 and VII-15 

(Scheme VII-6). The mechanism of the transformation is assumed to be similar to that for the 

reaction with SiCl4. 

 

Scheme VII-6. Reaction of base-stabilized disilylene VI-6 with trichlorosilane 
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To sum up, reactions with Si(II) and Ge(II) chlorides with the base-stabilized disilylene 

VI-6 give rise to new low-valent compounds VII-1, VII-5 and VII-6 that are products of insertion 

into the Si-Si bond. Fascinatingly, Si(IV) chlorides also resulted in formation of low-valent 

species, base-stabilized disilylene VII-7. 
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VIII Synthesis and reactivity of low-valent phosphorus compounds 

VIII. 1 Introduction 

Phosphinoamidinato ligand was successfully applied for stabilization of low-valent silicon 

species. Given it duality in coordination in either the 2(NP)- or 2(NN) - mode, we were eager to 

investigate if that ligand could stabilize low-valent phosphorus species and in what way. 

Furthermore, according to section III there have not been reported any examples of N-substituted 

base stabilized phosphinidenes. Thus, the synthesis of a phosphinoamidinato-supported 

phosphinidene was attempted and the reactivity of the resultant low-valent compound was probed. 

VIII. 2 Synthesis of base-stabilized phosphinidene 

To synthesize phosphinoamidinato supported phosphinidene, the dichloride precursor 

VIII-1 was prepared first (Scheme VIII-1). That was achieved in a similar fashion as compound 

VI-5 (Scheme VI-1) via the reaction of ligand VI-4 with one equivalent of phosphorus trichloride 

in the presence of one equivalent of triethylamine in a toluene solution. The amount of solvent was 

crucial as in concentrated solutions as well as upon solvent removal VIII-1 decomposes with the 

formation of chlorodiisopropylphosphine and an unknown product. Thus, without isolation VIII-

1 was subjected to reduction with potassium graphite. Four equivalents of potassium graphite and 

four hours of stirring were required to promote the reaction to produce a base-stabilized 

phosphinidene VIII-2 as a thermally stable compound (no decomposition was observed upon 

heating to 70C in benzene solution). When two equivalents of the reducing reagent were used, 

the longer time to compete the reaction was required and the product VIII-2 was decomposing 

into a new species VIII-3 (Scheme VIII-1). Its molecular structure was determined with single 

crystal X-ray diffraction study (Figure VIII-1). This side-product can be classified as a 

zwitterionic, Schmidpeter type P(I) compound. The characteristic feature of these species is a high-
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field signal in 31P NMR at -179.2 ppm in VIII-3 (cf. – 232 ppm in III-133190 and from -124 to -

130 ppm in III-134,191 Figure VIII-2) In addition, the resonance at -179.2 ppm comes up as a 

triplet and the corresponding doublet signal was observed at 66.6 ppm in the ratio 1:2, respectively. 

The large coupling constant of 471.5 Hz indicates direct P-P bonding and is close to the value 

observed in III-133 (448.9 Hz).190 

 

Scheme VIII-1. Preparation of VIII-2 and formation of the side-product VIII-3 (top), 

resonance forms of compound VIII-2 (bottom) 

 

Figure VIII-1. Molecular structure of VIII-3 with select atomic labelling scheme. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles []: P1-P2 2.140(2), P2-
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P3 2.152(2), P1-N2 1.639(4), P3-N3 1.634(4), P2-K1 3.351(2), N2-K1 2.752(4), N3-K1 2.739(3), 

P1-P2-P3 111.41(7), P1-P2-K1 77.01(5), P3-P2-K1 78.43(5). 

 

Figure VIII-2. Structures of compounds III-133 and III-134 

Transformation of VIII-1 into phosphinidene VIII-2 was accompanied by the change in 

the chemicals shift in 31P NMR. The PCl2 fragment signal at 64.1 ppm was replaced upon reduction 

with an up-field resonance at 22.8 ppm. The phosphinoamidinato signal moved in the opposite 

direction, from 77.9 ppm in VIII-1 to 108.6 ppm in VIII-2. The coupling constant increased upon 

going to the low-valent phosphorus compound from 329 to 458 Hz. If compared to the NMR data 

of the base-stabilized phosphinidenes illustrated in Figure VIII-3, the chemical shift of compound 

VIII-2 in 31P NMR is close to the value of III-33. The low-field shift of the phosphinidene center 

in VIII-3 can be explained by a significant contribution of the multiply-bonded resonance form 

VIII-2’ (Scheme VIII-1). Another explanation for the rather deshielded phosphinidene center is 

the presence of electronegative substituent (nitrogen). The large P-P coupling constant in 

phosphinidene VIII-2 is similar to the value reported for III-46 (480 Hz) that also has a five-

membered ring fragment in the structure. 

The molecular structure of phosphinidene VIII-2 (Figure VIII-4) was determined via single 

crystal X-ray diffraction study on crystals grown from an n-hexane solution at – 30C. The 

phosphinidene atom P1 is part of a planar five-membered ring (root-mean-square distance 

(RMSD) is 0.007Å), with nitrogen and phosphorus atoms connected to the phosphinidene 

phosphorus P1. The P1-P2 distance is 2.1266(6) Å, which is shorter than in Kilian’s intramolecular 



 

150 

adduct III-46 (2.148(5) Å),159 but significantly longer than in Protasiewicz’s intermolecular adduct 

III-16 (2.084(2) Å).165 The P1-P2 distance is shorter than the average P-P single bond which is 

around 2.22 Å,166 but longer than the diphosphene double bonds that range from 2.003 to 2.087 

Å.164 This suggests that the multiply-bonded resonance form VIII-2’ has a significant contribution 

into the final structure. The P1-N1 distance is 1.801(2) Å, which is close to the N-P single bond 

length (1.70-1.74 Å).313 The P1-N1 bond is longer than the P2-N2 distance, which can be a sign 

of some contribution of the resonance form VIII-2’’ (Scheme VIII-1). The N1-P1-P2 angle is 

86.41(5), which is even more acute than that in III-46 (90.4(5)) and in III-16 (106.79(13)). 

58.4 ppm
49.2 ppm

(J=201.2Hz)

-200.4 ppm
80.2 ppm

(J=883.7Hz)

-103.0 – -154.2 ppm
12.1 – 77.3 ppm
(J=493 – 609 Hz)

-88.9 ppm
20.6 ppm
(J=252Hz)

-157.7 ppm
76.7 ppm
(J=480Hz)

-114.7 ppm
-2.8 ppm
(J=582Hz)

III-77: 150.6 ppm
III-78: 178.2 ppm

22.8 ppm
108.6 ppm
(J=457.8Hz)

 

Figure VIII-3. Molecular formulas of selected base-stabilized phosphinidenes with 

their chemical shifts in 31P NMR (the value highlighted in bold corresponds to phosphinidene 

chemical shift. If more than two phosphorus atoms are present in the molecule, the second 

value of chemical shift corresponds to the donor phosphine fragment, the coupling constant 

between phosphinidene and donor phosphorus is provided) 
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Figure VIII-4. Molecular structure of VIII-2 with select atomic labelling scheme. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles []: P1-P2 2.1266(6), P1-

N1 1.801(2), P2-N2 1.654(2), N2-C13 1.325(2), N1-C13 1.351(2), P2-P1 N1 86.41(5), P1-P2-

N2 100.57(6), P1-N1-C13 118.8(1), N1-C13-N2 120.5(2), P2-N2-C13-N1 2.1(2) 

VIII. 3 Chemical reactivity of base-stabilized phosphinidene VIII-2 

Reaction with N-heterocyclic carbene 

As illustrated in section III.2, the reactivity of phosphinidenes has been studied rather 

poorly. Their remarkable chemical transformations were illustrated by Bertrand and coworkers for 

the base-adduct of phosphinidene III-29a that undergoes ligand exchange in a transition metal like 

manner (Scheme III-26).189 With the base stabilized phosphinidene VIII-2 in hand, we 

investigated its chemical reactivity towards Lewis bases. First, we opted to test if a stronger base 

could substitute the phosphinoamidinato phosphine donor. Thus, VII-2 was reacted with 1,3,4,5-

tetramethylimidazol-2-ylidene II-93. The transformation was accompanied by a very large upfield 

shift of the phosphinidene signal in 31P NMR from 22.8 ppm in VIII-2 to -186.3 ppm in VIII-4. 

Surprisingly, the P-P coupling of the product remained strong (417 Hz in VIII-2 2JP-P = 458 Hz), 

therefore suggesting that the phosphorus-phosphorus bond did not break. The structure was 

determined upon running a single crystal X-ray diffraction experiment on the crystal grown from 
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a concentrated toluene solution (Figure VIII-5). The reaction most likely proceeds via SN2 

mechanism (Scheme VIII-2). The product VIII-4 can be regarded as an iminophosphinyl-

substituted phosphinidene stabilized by an N-heterocyclic carbene. Due to the steric hindrance, the 

planarity of the NHC=PR fragment is disrupted, which is evidenced by the dihedral angle N1-C1-

P1-P2 of 64.12 (Figure VIII-4, right). This implies decreased -backdonation from phosphinidene 

to carbene and a lower contribution of the multiply bonded resonance form VIII-4’.314 This is also 

reflected in the length of the P1-C1 bond (1.808(2) Å), which is longer than in analogues with a 

narrow dihedral angle (in III-101a180 – the dihedral angle is 0.2(8) and the P-C bond is 1.7721(14) 

Å; in III-125 188 – the dihedral angle is 3.4(3) and the P-C bond is 1.767(3) Å). Upon coordination 

of carbene, the P1-P2 distance increased only slightly from 2.1266(6) Å in VIII-2 to 2.1519(8) Å 

in VIII-4, whereas the length of N-PiPr2 bond changed in the opposite direction, from 1.654(2) to 

1.632(2) Å. Additionally, the difference in the C14-N3 and C14-N4 distances, 1.356(3) and 

1.304(3) Å, respectively, is consistent with the structure VIII-4. Moreover, the absolute value of 

the difference in these two distances in VIII-4 (0.052 Å) is higher than in the starting material 

VIII-2 (0.026 Å), which is consistent with higher -delocalization in the latter. 

 

Scheme VIII-2. Reaction of base-stabilized phosphinidene VIII-2 with carbene III-

101 
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Figure VIII-5. Molecular structure of VIII-4 with select atomic labelling scheme (left). 

Crystal structure of VIII-4 along the a axis (right). H atoms are omitted for clarity. Selected 

bond lengths [Å] and angles []: P1-P2 2.1519(8), P1-C1 1.808(2), N3-P2 1.632(2), N3-C14 

1.356(3), N4-C14 1.304(3), P2-P1 C1 100.06(7), N3-P2-P1 124.24(7), N1-C1-P1-P2 64.12 

Reactivity towards E-H bonds 

For isolable phosphinidines the examples of reactions with substrates containing the E-H 

bond are rather limited. According to section III, theoretical investigations were performed to 

determine the outcome of the reaction of phosphinidene III-32 with H2, CH4, H2O, NH3, and BH3 

(Scheme III-9).154 The reactivity studies with BH3 only involved the formation of donor-acceptor 

complexes III-38158 (Scheme III-10) and III-64165 (Scheme III-16). Treatment of the Wittig 

reagent III-16 with water caused formation of phosphine oxide III-77 (Scheme III-16).165 

Furthermore, phosphinidenes III-86174 and III-91175 were shown to react with HCl (Scheme III-

19 and Scheme III-20, respectively). 

We tested the reactivity of phosphinidene VIII-2 with B-H, Si-H, and P-H bonds. 

Treatment of VIII-2 with one equivalent of HBpin (4,4,5,5-Tetramethyl-1,3,2-dioxaborolane) was 

performed at room temperature to produce a mixture of the phosphinoamidine VI-4 and compound 

VI-8 in the 1:1 ratio, only half of the equivalent of the borane was consumed in the reaction 
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(Scheme VIII-3). The fate of the phosphinidene phosphorus atom in this reaction remained 

unknown, though traces of white phosphorus were detected at -520.6 ppm (Figure XII-107).315 

Products VI-4 and VI-8 can be considered to be the outcome of a metathesis of the PN and HB 

bonds, but the mechanism of the transformation could be more complicated. A similar outcome 

was observed when phosphinidene VIII-3 was reacted with H3SiPh. In this case, the products of 

formal Si-H and N-P bond metathesis, VI-4 and a new silicon-based compound VIII-5, were 

formed. The structure of VIII-5 was determined with the use of multinuclear 1D and 2D NMR. 

29Si-1H HSQC with coupling constant 200 Hz (Figure VIII-6) showed the presence of Si-H bond 

that in 1H NMR resonates at 5.46 ppm. The 29Si INEPT spectrum (Figure VIII-7) showed signal 

at -43.7 ppm with a triplet multiplicity (2JSi-H = 213.3 Hz) that indicates the presence of the SiH2 

group. 29Si-1H HSQC (Figure VIII-8) with a coupling constant 10 Hz showed correlation to the 

ortho-phenyl protons of the SiH2Ph group. Finally, the NOESY experiment proved that the SiH2Ph 

fragment was attached to the phosphinoamidinato ligand (Figure VIII-9). The absence of coupling 

between the silicon-bound protons and phosphorus was explained by the 2(NN)-coordination 

mode in VIII-5. The mechanism of the transformation is expected to be more complicated than 

just a metathesis as less than one equivalent of H3SiPh has been consumed during the reaction. 



 

155 

 

Scheme VIII-3. Reaction of base-stabilized phosphinidene VIII-2 with pinacolborane, 

phenylsilane and diphenylphosphine; possible tautomers of VIII-6 

 

Figure VIII-6. 29Si-1H HSQC NMR spectrum of VI-4 and VIII-5 mixture in benzene-d6 

(CNST2 = 200 Hz)  
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Figure VIII-7. 29Si INEPT+ NMR spectrum of VI-4 and VIII-5 mixture in benzene-d6 

(CNST2 = 200 Hz)  

 

Figure VIII-8. 29Si-1H HMBC NMR spectrum of VI-4 and VIII-5 mixture in benzene-d6 

(CNST13 = 15 Hz)  
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Figure VIII-9. NOESY NMR spectrum of VI-4 and VIII-5 mixture in benzene-d6  

In the case of a reaction of VIII-2 and HPPh2 the transformation was happening much 

faster. When a 1H NMR spectrum was recorded in 30 min after mixing at room temperature, no 

starting material was observed. When performed at low temperature, the transformation was 

complete overnight at -60C. The product VIII-6 (Scheme VIII-3) was found to decompose slowly 

at the ambient temperature in solution. Attempts to obtain crystals suitable for X-ray diffraction 

studies failed, thus the structure was determined using 1D and 2D NMR techniques. In 31P NMR 

decoupled from proton, VIII-6 has three different resonances: the high-field signal at -179.2 ppm 

is a doublet of doublets with large coupling constants (507 and 257 Hz), which signifies direct 

bonding to two other phosphorus centers. The smaller coupling is coming from an interaction with 

the PPh2 group (-21.0 ppm, dd, JPP= 257 and 67 Hz), the larger one arises from a contact with the 

phosphinoamidine signal at 71.0 ppm (dd, JPP= 507 and 67 Hz). These two lateral P atoms are 

coupled to each other with the constant of 67 Hz. In 1H NMR, a low-field doublet at 11.36 ppm 

(JH-P = 10.9 Hz) was suggested to be due to a proton attached to the diisopropylphenyl-substituted 
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nitrogen atom. Its location was determined with the use of an NOE experiment that showed special 

interaction with C-H diisopropylphenyl signal (Figure VIII-10 and XII-117). The 

phosphinoamidine ligand should be coordinated to the phosphinidene center in 2(HP)-fashion, 

because a 10 Hz coupling between the NH proton and phosphinidene phosphorus was detected 

both by 31P NMR and 31P HMBC (Figures VIII-11 and VIII-12). Product VIII-6 is the result of 

addition of the H-P bond of HPPh2 to the N-P bond of VIII-2 and can be regarded as a base-

stabilized phosphido-phosphinidene. It can be illustrated via two resonance forms VIII-6’ and 

VIII-6’’, with the former having major contribution. 1H NMR signals of VIII-6 show equivalence 

of the two isopropyl groups of phosphorus and the two isopropyl groups of Dip substituent on 

nitrogen, which is the consequence of planarity of aryl-substituted nitrogen atom in resonance form 

VIII-6’’. 

 

Figure VIII-10. 1H NOE NMR spectrum of VIII-6 in benzene-d6 (o1 = 6813Hz, o1p = 

11.36 ppm) 
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Figure VIII-11. 31P NMR spectrum of VIII-6 in benzene-d6 

 

Figure VIII-12. 1H - 31P HMBC NMR spectrum of VIII-6 in benzene-d6 (cnst13 = 10 Hz) 
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Reactions with unsaturated substrates 

We were also eager to apply some usual unsaturated substrates that had been traditionally 

used to trap triplet phosphinidenes (Scheme III-2)138 or to react with singlet base-stabilized 

phosphinidenes (Scheme III-10 and III-13).157, 162 

Phosphinidene VIII-2 showed no reactivity towards 2,3-dimethyl-1,3-butadiene even upon 

heating a benzene solution to 70C (Scheme VIII-4). Alternatively, tert-butyl-DAB (DAB = 1,4-

di-tert-butyl-1,3-diazabutadiene) was used for the reaction with VIII-2, but it also turned out to be 

unreactive. Finally, a reaction of phosphinidene VIII-2 with oxidizing 3,4,5,6-tetrachloro-1,2-

benzoquinone was performed. As in the case of III-33 (Scheme III-10)157 two equivalents of 

benzoquinone were needed to transform all the starting material to the product VIII-7 (Scheme 

VIII-4). However, 31P NMR illustrated that products III-43 and VIII-7 have a major difference: 

the former possesses the P-P bond giving rise to a large coupling constant (122 Hz), while the 

latter resonates as two singlets suggesting the absence of the P-P bond. Furthermore, the PO4 

fragment of III-43 resonates at -65.5 ppm in 31P NMR, while the corresponding group shows up 

at 138.1 ppm for VIII-7. The X-ray studies on the crystal obtained from toluene solution at -30C 

revealed that VIII-7 is the product of oxidation of both P atoms of VIII-2 (phosphinidene center 

became P(III), phosphinoamidinato group transformed into phosphine-imine P(V)) (Figure VIII-

13). On the contrary, in compound III-33 only phosphinidene center underwent oxidation to give 

six-coordinate species III-43. This discrepancy can be rationalized by the difference in ligands, as 

III-33 has an alkenyl carbon-based substituent, whereas VIII-7 is substituted with a nitrogen-

containing group. In solution, VIII-7 exists in the form of two isomers; an exchange between them 

was identified by an EXSY experiments (Figures XII-123 and XII-124). In 1H-31P HMBC 

spectrum (Figure VIII-14) the major isomer showed a correlation between the P (III) fragment and 
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the CH3 protons of Dip group (Diisopropylphenyl) as well as ortho-protons of the phenyl group, 

while for the minor one it was not observed. Thus, it can be concluded the product crystallizes in 

the form of minor isomer VIII-7, while in solution, the form VIII-7’ is more favorable. The two 

isomers interconvert via nucleophilic substitution on P(III) atom.  

 

Scheme VIII-4. Reaction of base stabilized phosphinidene VIII-2 with 2,3-dimethyl-

1,3-butadiene, tert-butyl-DAB (DAB = 1,4-di-tert-butyl-1,3-diazabutadiene) and 3,4,5,6-

Tetrachloro-1,2-benzoquinone 

 

Figure VIII-13. Molecular structure of VIII-7 with select atomic labelling scheme. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles []: O2-P1 1.657(3), O3-

P1 1.676(3), O4-P1 1.670(3), O1-P2 1.637(3), N2-P2 1.567(3), N2-C1 1.387(5), N1-C1 1.293(5), 

O2-P1-O3 98.9(2), O2-P1-O4 96.8(2), O3-P1-O4 92.3(2) 
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Figure VIII-14. 1H - 31P HMBC NMR spectrum of VIII-7 in benzene-d6 (cnst13 = 10 Hz) 

Other unsaturated substrates that were tried in reactions with phosphinidene VIII-2 were 

benzaldehyde and phenyl isocyanate. The former was used to test if a reactivity similar to phospha-

Wittig reactions could occur. If it did react in such a way, phosphinidene center would be expected 

to transform into a phosphoalkene moiety, while the phosphinoamidinato ligand should get 

oxidized at the phosphine end (see compound VIII-8, Scheme VIII-5). Indeed, the product signal 

in phosphorus NMR shows up at 249.3 ppm, which is in the region characteristic for 

phosphaalkenes.163, 177-178 The other P resonance has the chemical shift of 42.7 ppm and both 

signals in 31P {1H} NMR have the singlet multiplicity, which suggests the cleavage of the P-P 

bond. In the coupled to proton phosphorus NMR spectrum of VIII-8 signal at 249.3 ppm has 

doublet multiplicity (2JP-H = 17.6 Hz) that is the result of the coupling to CHPh group of 

phosphaalkene. Furthermore, the carbon-phosphorus coupling in this fragment has the magnitude 

of 34.5 Hz, which resembles the values reported for analogous phosphaalkene E-Mes*P=C(H)Ph 

(1JP-C = 34.9 Hz, 2JP-H = 25.4 Hz, 31P NMR  = 257.4 ppm, Mes* = 2,4,6-(tBu)3-C6H2).
316 The low-
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field phosphorus signal in VIII-8 has correlation with methyl protons in 1H-31P HMBC spectrum, 

which means that the phosphaalkene fragment is connected to the ligand via Dip-N group.   

 

Scheme VIII-5. Reaction of phosphinidene VIII-2 with benzaldehyde and phenyl 

isocyanate 

The structure was confirmed by single crystal X-ray study on crystals grown from a toluene 

solution at – 30C. (Figure VIII-15). Two molecules of VIII-8 compose an asymmetric unit. The 

phosphaalkene fragment lies in the same plain, with H1-C1-P1-N1 and H33-C33-P3-N4 atoms 

coplanar within 0.008 and 0.000 Å, respectively, and with the torsion angles H1-C1-P1-N1 2.17 

and H33-C33-P3-N4 0.10. According to the crystal structure the  system spreads further via the 

phosphinoamidinato fragment with the deviation of planarity less than 0.068 Å. The P=C bond 

length of 1.671(3)/ 1.674(3) Å is close to the value reported for the E-Mes*P=C(H)Ph (l.660(6) 

Å).295 
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Figure VIII-15. Molecular structure of VIII-7 with select atomic labelling scheme. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles []: P1-C1 1.671(3), P3-

C33 1.674(3), P1-N1 1.741(3), P3-N4 1.737(3), N1-C23 1.388(4), N4-C40 1.385(4), N2-C23 

1.280(4), N3-C40 1.282(4), N1-P1-C1 102.3(1), N4-P3-C33 102.6(1), P1-C1-C2 124.3(3), P3-

C33-C34 124.5(3), H1-C1-P1-N1 2.17, H33-C33-P3-N4 0.10 

Unlike the instantaneous transformation at room temperature for the aldehyde, the reaction 

with phenyl isocyanate was much slower and it took 15 days to come to completion. It produced 

two compounds in the ratio 2:1. The major product was isolated upon crystallization from 

toluene/hexanes mixture at -30C. The results of single crystal X-ray diffraction studies (Figure 

VIII-16) suggest that the reaction proceeded via a similar cleavage of the C=O bond in a phospha-

Wittig reaction, but did not stop on the potential intermediate VIII-9’ and advanced with 

nucleophilic attack of one of the amidinato nitrogen atoms to produce compound VIII-9. In 

solution it resonates as two singlets in 31P {1H} NMR with chemical shifts 144.2 and 58.0 ppm 

with the letter one corresponding to the POiPr2 group. VIII-9 can be regarded as a base-stabilized 



 

165 

phosphinidene in which carbene acts as an electron pair donor. The structural parameters of the 

compound in solid state (Figure VIII-7), such as the equal length of C1-N1 and C1-N2 bonds as 

well as planarity of the P1N1C1N2C2 cycle (RMSD 0.006 Å) suggest -delocalization over the 

cycle that implies significant backdonation of the phosphinidene electron pair towards carbene 

carbon C2 and increased contribution of the resonance form VIII-9a. The N2 atom lies in the plain 

of the cycle (RMSD 0.006 Å), P2 and O1 slightly deviate from it (P2 – 0.079 Å; O1 – 0.211 Å), 

which confirms -delocalization over the side chain of the molecule. The increased degree of back 

donation from phosphinidene to the donor atom in comparison to the starting phosphinidene can 

also be observed in chemical shift of phosphinidene, which changes from 22.8 ppm in VIII-2 to 

144 ppm in VIII-9. 

 

Figure VIII-16. Molecular structure of VIII-9 with select atomic labelling scheme. H 

atoms are omitted for clarity. Selected bond lengths [Å] and angles []: N1-P1 1.739(4), N1-

C1 1.340(5), N2-C1 1.340(6), N2-C2 1.362(6), P1-C2 1.734(4), N3-C2 1.401(6), N3-P2 1.708(4), 

O1-P2 1.487(4), N1-P1 C2 86.3(2), P1-N1 C1 113.0(3), N1-C1-N2 115.5(4), C1-N2-C2 

109.7(4), N2-C2-P1 115.5(4) 
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In conclusion, a new example of a base-stabilized phosphinidene has been synthesized. It 

is unique in that, unlike the majority of isolable base-stabilized phosphinidenes possessing a 

carbon-based substituent, VIII-2 has a nitrogen group attached to phosphinidene center. This 

divergent substitution could be the reason for the different outcome in its reaction with 

tetrachlorobenzaquinone. Furthermore, the reactivity towards B-H, Si-H and P-H bonds was 

studied. In the last one, a new base-stabilized phosphido-phosphinidene VIII-6 was prepared. 

Finally, a reaction with benzaldehyde and phenylisocyanate showed that VIII-2 can act as 

phospha-Wittig reagent to yield the products of P=P and C=O bond metathesis VIII-8 and VIII-

9’. The latter possessing electrophilic carbon center underwent intramolecular nucleophilic attack 

to produce VIII-9, which can be regarded as phosphinidene intramolecularly stabilized by carbene. 

IX Synthesis of iminophosphine, phosphinidene oxide and phosphinidene 

sulfide 

There are no examples of isolated monomeric monocoordinated phosphinidene oxide and 

sulfide. Braunschweig and coworkers have recently reported the only example of a base-stabilized 

phosphinidene oxide (V-4, Scheme V-1).235 Likewise, there are only three precedents of 

phosphinidene sulfides, the stabilized intramolecularly by amine electron pair V-8 (Scheme V-2) 

by Yoshifuji and coworkers was only stable in solution.241 The base stabilized phosphinidene 

sulfide V-13242 (Scheme V-4) reported by the Ragogna group and the species V-9240 (Scheme V-

3), stabilized due to a zwitterionic character, disclosed by Schmidpeter et al. were structurally 

characterized. Thus, our pursuits were directed towards the transformation of the 

phosphinoamidinato supported phosphinidene VIII-2 into a base- stabilized oxide and sulfide. 
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IX. 1 Synthesis of base stabilized phosphinidene oxide 

The first oxygen transfer reagent that was tried was Py-O (pyridine oxide), but at room 

temperature no transformation with VIII-2 was observed. While heating the starting material VIII-

2 started to be consumed and it required 2 equivalents of the Py-O to complete the transformation. 

When heated 70C, it took 12 hours to finish the transformation, while at 50C a longer reaction 

time was observed. A mixture of products was obtained and one of them later was determined to 

be the dioxygenated product IX-1 (Scheme IX-1). Compound IX-1 gives rise to two doublet 

signals at 79.7 and -17.1 ppm, with the latter corresponding to the PO2 fragment, which is 

consistent with a rather high-field signal at -0.8 ppm in 31P NMR observed for PO2 fragment of V-

6. The P-P coupling constant is significantly reduced on going from VIII-2 to IX-1 (from 457.8 

Hz to 15 Hz, respectively). It is reflected in the P-P bond length in the solid-state structure of IX-

1 (Figure IX-1). Even though the direct bonding is still present, the distance between the two 

phosphorus atoms increased by 0.1 Å (VII-2 - 2.1266(6) Å; IX-1 - 2.224(1) Å). Furthermore, the 

distortion from planarity is higher in the dioxygenated product (the P1-N1-C1-N2 angle is 

17.3(4)), while it was only 2.1(2) in the case of VIII-2. Surprisingly, the two PO distances are 

different in the solid state structure IX-1. While the P1-O1 is 1.473(3) Å, which is similar to the 

value in VII-2 (1.475(1) Å), the P1-O2 bond is much shorter (1.439(4) Å). That might be explained 

by the crystal packing forces, as in solution the 1H NMR spectrum corresponds to the C2v 

symmetry, suggesting that both P-O bonds are equivalent.  

 

Scheme IX-1. Reaction of phosphinidene VIII-2 with Py-O and N2O 
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Figure IX-1. Molecular structure of IX-1 with select atomic labelling scheme. H atoms 

are omitted for clarity. Selected bond lengths [Å] and angles []: P1-P2 2.224(1), O1-P1 

1.473(3), O2-P1 1.439(4), N1-P1 1.796(3), N1-C1 1.361(4), N2-C1 1.326(4), N2-P2 1.658(3), 

N1-P1-P2 85.4(1), P1-N1-C1 117.9(2), N1-C1-N2 121.9(3), P2-N2-C1 113.9(2), N2-P2-P1 

98.5(1), P1-N1-C1-N2 17.3(4) 

Nitrous oxide is another oxygen transfer reagent that has been applied. Reaction of VIII-2 

in benzene-d6 with N2O was monitored by 1H and 31P NMR spectroscopy (Scheme IX-1). At room 

temperature, full conversion was achieved in 3 days. The main product IX-2 that has the Cs 

symmetric in 1H NMR was suggested to be a base stabilized phosphinidene oxide. It has two 

doublet signals in 31P NMR, at 142.5 ppm (P=O) and 59.8 ppm (PiPr2) with 1JPP=454 Hz. Thus, in 

the progression of oxidation states VIII-2 – IX-2 – IX-1 the phosphinidene chemical shift first is 

moving to a low field followed by a significantly high field shift (22.8 – 142.5 – –17.1 ppm, 

respectively). A similar trend is observed for the NHC-stabilized carbene V-5: V-5 (-77.0 ppm) – 

V-4 (89.6 ppm) – V-6 (-0.8 ppm). Compound IX-2 is unstable upon solvent removal, and slowly 

decomposes in solution at room temperature. The products of decomposition include the 

dioxyginated phosphinidene, compound IX-1. Interestingly, when other solvents, like ether or 

hexanes, were used for the reaction of VIII-2 with nitrous oxide, it resulted in different products, 
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suggesting that toluene and benzene were crucial for stabilization of phosphinidene oxide. The 

only crystals appropriate for X-ray studies obtained from toluene solution of the reaction mixture 

of VIII-2 and N2O were those of compound IX-1 (Figure IX-1). 

To probe the formation of IX-2, it was reacted with p-tolyl isocyanate (Scheme IX-2). The 

transformation started off very fast (40% of the product produced in 10 min), but further it slowed 

down with 40% of the starting materials (IX-2 and p-tolyl isocyanate) in one hour after mixing. 

After slightly degassing the sealed NMR tube, the complete conversion into the product IX-3 was 

achieved. To test if this transformation was reversible, a solution of IX-3 was placed under the 

CO2 atmosphere, but no transformation was observed by NMR. The formation of species IX-3 can 

be viewed as a stepwise process. First, a metathesis of the P=O and N=C bonds results in the 

formation of a transient iminophosphine IX-4 and carbon dioxide. The species IX-4 further 

performs a cycloaddition reaction with a second equivalent of isocyanate to form the compound 

IX-3. Addition of one equivalent of isocyanate resulted in 50% conversion. A VT NMR 

experiment was performed to capture the transient iminophosphine IX-4, but unfortunately the 

reaction started only at 0C to produce IX-3. Thus, we have decided to find an alternative way of 

its preparation. 

 

Scheme IX-2. Reaction of base stabilized phosphinidene oxide IX-2 with para-tolyl 

isocyanate 
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IX. 2 Synthesis of base-stabilized iminophosphine 

To synthesize IX-4, we tried to use a different reagent that could generate the P=N bond. 

Azides are widely used to prepare main group element imines from low-valent equivalents.317-319 

Additionally, in the Staudinger reaction azides are used to transform P(III) species into 

iminophosphoranes.320 When TolN3 was added to a benzene-d6 solution of VIII-2 at room 

temperature, a gas was released and a complicated mixture of products formed. Thus, the 

transformation was monitored at low temperature. At -70C, product IX-5 is formed (Scheme IX-

3). It resonates in 31P NMR as two doublets at 43.4 and 69.9 ppm (1JPP=376 Hz) with the latter 

correspond to the PiPr2 group. This species is relatively stable at -70C (only 7% decomposition 

in three hours) and upon warming up releases N2 to form the iminophosphine IX-4. It takes 20 min 

at -30C to completely transform into IX-4, yet the compound is not very stable at that temperature, 

so its NMR characterization was performed at -70C. It has the Cs symmetry in 1H NMR, and in 

31P NMR it has two doublet signals at 59.3 and 119.4 ppm (JP-P = 308 Hz), for PiPr2 and P=NTol, 

respectively. Similar values were observed for the phosphinidene oxide species IX-2 (59.8 and 

142.5 ppm, J = 454 Hz for PiPr2 and P=O, respectively). The low-field shift of the phosphinidene 

oxide signal in comparison to the imine species can be attributed to the higher electronegativity of 

oxygen over nitrogen. The smaller coupling constant in IX-4 can be related to a higher steric 

hindrance and hence slightly longer P-P distance. Upon warming up to -30C the iminophosphine 

IX-4 either reacts with access tolyl azide (similar to Scheme IV-12) or undergoes oligomerization 

to produce a mixture of products (like in Scheme IV-10). Thus, the attempts to crystallize IX-4 

were unsuccessful. However, when IX-4 was reacted with one equivalent of tolyl isocyanate, it 

produced the cycloaddition product IX-3 (Scheme IX-3). It is important to note that the 

iminophosphine IX-5 did not react with 2,3-dimethyl-1,3-butadiene, B2Pin2 
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(Bis(pinacolato)diboron), B2Cat2 (bis(catecholato)diboron) or phenylsilane under this reaction 

conditions, while the use of HBpin or the N-Heterocyclic carbene II-93 did result in reactivity but 

the products were not stable at room temperature and could not be isolated. 

 

Scheme IX-3. Reaction of phosphinidene VIII-2 with para-tolyl azide 

N-substituted iminophosphines are known to form 4-membered cyclic compounds like IV-

26 in Scheme IV-11 when reacted with isocyanate species.223 Thus, formation of IX-4 serves as 

evidence for the generation of transient iminophosphine IX-4. Crystals of IX-4 were grown at 

- 30C from a toluene-hexanes solution. The asymmetric unit cell contains two molecules (Figure 

IX-2), but the difference in their structural parameters as well as in comparison with the solid-state 

structure of IV-26 is not significant. 

 

Figure IX-2. Molecular structure of IX-3 with select atomic labelling scheme. H atoms 

are omitted for clarity. Selected bond lengths [Å] and angles []: P2-N1 1.747(4), P2-N2 

1.751(4), P3-N5 1.743(4), P3-N6 1.762(4), N1-C40 1.395(5), N2-C40 1.392(5), N5-C80 
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1.389(5), N6-C66 1.420(5), O1-C40-1.203(6), O2-C80 1.201(6), N1-P2-N2 73.2(2), N1-P2-N3 

103.8(2), N2-P2-N3 103.0(2), N5-P3-N6 73.3(2), N5-P3-N7 103.7(2), N6-P3-N7 105.3(2) 

The reason for the high instability of iminophosphine IX-5 can be attributed to the tolyl 

substituent on nitrogen, as -accepting groups on the N part of the P=N bond weaken both the - 

and -components of the double bond.195 Thus, we decided to use a different azide to prepare the 

iminophosphine. When trimethylsilyl azide was reacted with VII-2, no reaction was happening 

and only when heated to 70C a long process produced IX-6 (Scheme IX-4) over the course of 17 

days. During the transformation two equivalents of azide were required to reach the completeness. 

Thus, this reaction is similar to the reaction of the Ga(I) species NacnacGa (Nacnac = 

[HC(MeCDipN)2]) with trimethylsilyl azide reported by Power and coworkers.321 These authors 

described that the initially formed monomeric gallium imide NacnacGa=NSiMe3 does no undergo 

dimerization because of the increased steric bulk. Therefore, it reacts with a second equivalent of 

azide to yield two products, one of them is the result of addition of the N-Si bond of N3SiMe3 to 

the Ga=N bond. Similarly, the iminophosphine IV-30 was shown to undergo an analogous addition 

to form IV-31 (Scheme IV-12).197, 226 In our case, the intermediate IX-7 possesses azido group and 

phosphine of the phosphinoamidinato ligand located close in space that it undergoes an 

intramolecular Staudinger reaction to form the six-membered heterocyclic product IX-6. Crystals 

grown from a hexanes solution at -30C were used for single crystal X-ray diffraction study. The 

asymmetric unit contains two molecules of IX-6 illustrated in Figure IX-3. Interestingly, the two 

molecules composing the unit cell are the R and S enantiomers with the P1 and P4 chiral canters, 

respectively. 
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Scheme IX-4. Reaction of phosphinidene VIII-2 with trimethylsilyl azide 

 

Figure IX-3. Molecular structure of IX-6 with select atomic labelling scheme. H atoms 

are omitted for clarity. Selected bond lengths [Å] and angles []: N1-P1 1.900(3), N3-P1 

1.641(3), N4-P1 1.719(2), N3-P2 1.583(3), N2-P2 1.652(3), N2-C1 1.308(5), N1-C1 1.363(4), 

N1-P1-N4 104.0(1), N3-P1-N4 102.3(1), N1-P1-N3 100.0(1) 

IX. 3 Synthesis of base-stabilized phosphinidene sulfide 

To prepare a base stabilized phosphinidene sulfide, a benzene solution of phosphinidene 

VIII-2 was stirred with 0.125 equivalents of S8 at room temperature for 30 minutes (Scheme IX-
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5). Proton and phosphorus NMR confirmed complete conversion of the starting material into 

species IX-8 that has the Cs symmetry in 1H NMR and resonates as two doublets, at 69.9 and 

143.4 ppm (J=428 Hz), in 31P NMR for PiPr2 and P=S, respectively. These resemble the data for 

phosphinidene oxide IX-2 (59.8 and 142.5 ppm (J = 454 Hz) for PiPr2 and P=O, respectively). 

Compound XI-8 is stable upon solvent removal and in solution at room temperature. Crystals 

suitable for X-ray were obtained from a toluene solution at -30C. The solid-state structure of XI-

8 is shown in Figure IX-4. It crystallizes in orthorhombic Pbca space group. The P1-S1 bond of 

1.998(2)Å in XI-8 is longer than in V-9 (1.981(2) Å) and shorter than in V-13 (2.029(14) Å), 

which is in-between the length of the terminal double bond (1.93 Å) and single bond (2.12 Å). 

Phosphinidene phosphorus is in a pyramidal configuration with the sum of the angles 299.2, while 

in the phosphinidene sulfide V-13 it was found to be 310.5. The bond between the two phosphorus 

atoms is 2.242(2) Å, which is 0.1 Å longer than in starting material (VII-2 - 2.1266(6) Å). This 

change in the distance did not have a significant impact on the JP-P, which decreased from 458 Hz 

to 428 Hz going from VIII-2 to IX-8. Upon oxidation the cycle remains planar with the deviation 

of only 0.025 Å, which is slightly higher than in the starting phosphinidene VIII-2 (0.007 Å). It is 

important to note that IX-8 did not react with tolylisocyanate at room temperature and heating the 

reaction mixture 50C resulted in decomposition of the former, while the isocyanate mostly 

remained intact. 

 

Scheme IX-5. Reaction of phosphinidene VIII-2 with sulfur 
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Figure IX-4. Molecular structure of IX-9 with select atomic labelling scheme. H atoms 

are omitted for clarity. Selected bond lengths [Å] and angles []: P1-S1 1.998(2), P1-P2 

2.242(2), N2-P1 1.835(4), N2-P1-P2 83.1(1), N2-P1-S1 109.7(1), P2-P1-S1 106.35(8) 

In conclusion, the base stabilized phosphinidene oxide IX-2, iminophosphine IX-4 and 

phosphinidene sulfide IX-8 were synthesized. Even though the solid-state structure was 

established only the last one, the presence of the IX-2 and IX-4 was proven with the help of NMR 

spectroscopy as well as via their reactions with p-tolyl isocyanate that resulted in isolable 

phosphines with the urea substituent. 

X Conclusion and future work 

This illustrates the ability of the phosphinoamidinato ligand VI-4 to stabilize low-valent 

main group element compounds. Firstly, the base-stabilized disilylene VI-6 was prepared and 

showed activity in the cleavage of H-E bonds (E = B, P and Si). With HBpin, the reaction results 

in the phosphinoamidinate ligand transfer to boron and the fate of silicon co-products remained 

unclear. For the silane H3SiPh, the reaction is more sluggish and proceeds via formation of the 

intermediate silylene VI-7 by means of ligand N-P bond oxidative addition to one of the silicon 

centers of VI-6. Once formed, VI-7 adds H-Si very slowly to give a silane product. Reaction of 
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VI-6 with phosphine HPPh2 furnishes the phosphidosilylene (NP)SiPPh2 (VI-11) together with a 

highly transient species that, on the basis of a trapping experiment with H3SiPh, is assigned to a 

hydridosilylene (NP)SiH. Compound VI-11 does not react with the silane H3SiPh but does react 

with HPPh2 to afford the diphosphine (PPh2)2, most likely via a direct -bond metathesis process. 

Besides, some insights into the mechanism of formation of VI-6 were made. NMR study of the 

reaction mixture during the reduction process of VI-5 provided evidence that the major 

intermediate in the is k2(NP)-chlorosilylene VI-1. 

Activity of the phosphinoamidinato-supported disilylene VI-6 in insertion reactions with 

dichlorotetrelynes ECl2 (E= Si, Ge) was also illustrated. In the case of the reaction with IPrSiCl2 

the immediate product is the bis(silylene) VII-1 that can be classified as the product of direct 

silylene insertion into the Si-Si bond of VI-6. Upon gentle heating this compound rearranges into 

the unsymmetric disilylene VII-5, having the silyl and NNP substituents. Compound VII-5 is 

produced as a result of intramolecular rearrangement that presumably includes phosphine 

dissociation from one silylene center and sequential Cl-shift from the central silicon atom to the 

lateral one. In the case of the reaction between VI-6 and GeCl2dioxane, the product of direct 

insertion was not observed, rather the isolable product was a germanium analogue of VII-5, the 

compound VII-6, having the germanium atom in the central position and two chlorides shifted to 

a lateral silicon center. Compound VII-6 is a rare example of a silylene-germylenes with the direct 

Ge-Si bond. Finally, reactions of VI-6 with chlorosilanes SiCl4 or HSiCl3 resulted in the silanes 

(2(N,N)NNP)SiCl3 (VI-5) or (2(N,N)NNP)SiHCl2 (VII-15), respectively, and in the 

bis(silyl)silylene VII-7 that is the formal product of SiCl4 addition and quadruplicate migration of 

chlorides. 



 

177 

Secondly, a low-valent phosphorus species VII-2 was prepared with the use of ligand VI-

4. Reactivity of the base-stabilized phosphinidene VII-2 towards H-E bonds (E = B, P and Si) as 

well as towards some unsaturated substrates was investigated. With HBpin it produces a mixture 

of phosphinoamidine VI-4 and borane VI-6, while the fate of phosphinidene phosphorus remains 

unknown. Reaction of VII-2 with H3SiPh has similar outcome of the mixture of phosphinoamidine 

VI-4 and silane VII-5. Both transformations presumably procced via N-P and H-E (E = B and Si) 

bond metathesis. Interestingly, when HPPh2 was added to the phosphinidene VII-2, the product of 

N-P and H-P bond metathesis, a base-stabilized phosphido-phosphinidene VIII-6, was captured. 

Reaction of VII-2 with 3,4,5,6-tetrachloro-1,2-benzoquinone results in oxidation of both 

phosphorus atoms to form compound VIII-7. Reactions with benzaldehyde and tolylisocyanate 

illustrates the phospha-Wittig reactivity of VII-2. 

The base-stabilized phosphinidene VII-2 was also applied in the synthesis of base 

stabilized iminophosphine IX-4, phosphinidene oxide IX-2, and phosphinidene sulfide IX-8. The 

last one was isolated as a room-temperature stable compound and its crystal structure was 

determined. The presence of the iminophosphine IX-4 and phosphinidene oxide IX-2 was 

established with the use of multinuclear NMR and via reactions with p-tolyl isocyanate. 

Future work can involve studies of the reactivity of the base stabilized disilyl-silylene VII-

7 as that field just started to flourish in recent years and is mainly focused on the isolation of these 

type of compounds rather than on their reactivity.307-309 For the isolated base-stabilized disilyl-

silylenes, reactions of intramolecular C-H, intermolecular C=N, H-H bond activations, 

cycloaddition with alkenes and butadiene, and reaction with azide and nitrous oxide were 

reported.310-311 Disilyl-silylenes should be extremely reactive and the weak phosphine donor group 
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of the phosphinoamidinate ligand VI-4 should be able to release the low-valent silicon center to 

promote different types of reactivity.  

The phosphorus-based project also has some perspectives. The reactivity of VIII-2 towards 

other bonds, like C-H and O-H, can be investigated. Furthermore, the activity in small molecule 

activation can be studied for new compounds VIII-4 and VIII-3 that contain the phosphorus atom 

in a low-oxidation state. Also, the latter can be tested for the possibility of using as a ligand for 

both main group element and transition metal complexes. It contains multiple X-type and L-type 

groups, thus different modes of coordination are expected. The chemistry of the phosphinidene 

derivatives (oxide, sulfide and iminophosphine) can extend to the activation of small molecules. 

Apart from the silicon- and phosphorus-base low valent chemistry, the 

phosphinoamidinato ligand has been used for stabilization of digrmylene 67 and diborene.248 Thus, 

its capacity to bind other low-valent main group elements, like Al or Ga, has not been elaborated 

yet. Additionally, modification of the substituents on the terminal nitrogen and phosphine units of 

the phosphinoamidinato ligand can allow us to induce different effects on the low-valent centers, 

like in the study by the Kato group, who modified the phosphine and amido groups of a 

norbornene-based ligand to induce reversible insertion into the Si-Cl or Si-H bonds258, or to 

stabilize disilylene,64 chlorosilylene249, phenyl-silylene322 or H-substituted silylene products.323 

Part C. XI Experimental section 

XI. 1 General methods and solvents275 

All manipulations were performed using standard inert atmosphere (N2 gas) glovebox and 

Schlenk techniques. All the glassware was kept at 190C for at least two hours before use. Dry 

ice/acetone bath (-78C) was used for low temperature experiments. Benzene, toluene, hexanes, 
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tetrahydrofuran and diethyl ether were dried using a Grubbs-type solvent purification system and 

stored in a glass vessel equipped with a Teflon stopcock. Benzene-d6 and toluene-d8 were predried 

and distilled from K/Na alloy and stored in a glass vessel in the glovebox. Triethylamine 2,6-

diisopropylaniline, benzonitrile and p-tolylazide 0.5M in methyl-tert-buthylether were dried over 

CaH2. 

XI. 2 Instrumentation and analysis 

NMR spectra were obtained on a Bruker AVANCE III HD 300, 400 and 600 MHz 

spectrometer (1H, 300, 400 and 600 MHz; 13C, 75, 101 and 151 MHz; 31P, 122, 162 and 243 MHz, 

19Si, 30 and 119 MHz, 11B 128 and 193 MHz, 15N 61 MHz) at room temperature, unless stated 

otherwise, then processed and analyzed with TopSpin 3.6.1. Carbon signals were assigned 

according to 2D NMR experiments (HSQC and HMBS). 

Elemental analyses were obtained by the analytical laboratories of University of Toronto 

and University of Windsor. Samples were calibrated against thermal standard Acetanilide 

(C:71.09, H:6.71, N:10.36). Equipment used: ThermoFisher Flash 2000 analyzer with Mettler 

MT5 balance. For some of the compounds multiple attempts to obtain satisfactory results for 

carbon were unsuccessful even when single crystals were submitted for analysis. 

UV-Vis measurements were recorded on a Shimadzu 3600 UV-Vis-NIR 

spectrophotometer in THF solution using quartz cuvette with Teflon screw cap. Variable 

temperature UV-Vis experiments were carried out using a Specac variable temperature cell and 

temperature controller. 

X-ray diffraction analyses were performed on crystals grown from the solvents listed in 

Parts B and C at -30C or at room temperature. The suitable crystals were coated in 

perfluoropolyether oil in the glovebox and mounted on a glass fiber outside the glovebox. 
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Crystallographic data were collected on Bruker APEX-II CCD diffractometer equipped with a 

sealed Mo tube source (wavelength 0.71073 Å), APEX II CCD detector and an Oxford Cryosystems 

low-temperature device operating at T = 100.0(1)/150.0(1)/200.0(1) K. Full details can be found 

in the individual tables for each crystal structure (Appendix XIII).  

XI. 3 Starting materials 

2,6-diisopropylaniline, n-butyllithium (1.6 M in hexane), benzonitrile, 

chlorodiisopropylphosphine, triethylamine, silicontetrachloride, silicontrichloride, 

triphenylphosphine, germanium dichloride dioxane complex (1:1), magnesium powder, 

pinacolborane, phenylsilane, diphenylphosphine, pyridine N-oxide, N2O, CO2 and H2 gases, 2,3-

dimethyl-1,2-butadiene, tetrachloro-1,2-benzaquinone, p-tolylazide 0.5M in methyl-tert-buthylether, 

phenyl isocyanate, p-tolyl isocyanate, B2Pin2, B2Cat2 were bought from Sigma-Aldrich, Alfa Aesar, 

Gelest or Praxair. 

IPr=1,3-bis(2,6-diisopropylphenyl)-imidazol-2-ylidene,324 IPrSiCl2 (IPr=1,3-bis(2,6-

diisopropylphenyl)-imidazol-2-ylidene),325 small carbene,326 potassium graphite327 were prepared 

according to the literature. 

Preparation of NaPPh2: (PPh2)2 (1.5 g, 4.0 mmol) in 40 ml of ether with 10 equivalents of 

Na (0.93g, 40 mmol) was refluxed in N2 atmosphere for 5 days. Solution was separated via 

filtration and solvent was removed, solid was washed with hexanes to produce NaPPh2 as yellow 

powder (1.4 g, 6.7 mmol, 82%). 1H NMR (400 MHz, C4H10O) δ 7.79 (m, 4H), 7.12 (m, 4H), 6.88 

(m, 2H). 31P (162 MHz, C4H10O) -29.6 (s, 1P). 
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XI. 4 Experimental procedures for Chapter VI 

Preparation of VI-4: Ligand VI-4 was prepared in two stages with 76% yield 

according to a slightly modified procedure reported by Stradiotto.246 1.54 ml of 

benzonitrile (14.89 mmol) was added dropwise under stirring to a solution of 

lithium anilide (2.64g, 14.89 mmol) in 50 ml of THF at room temperature. The 

mixture was stirred for 2 hours, solution turned black and a white precipitate of lithium amidinate 

formed. The mixture was left to settle down over night. The solid and liquid parts were separated 

by filtration. The solid was washed with 20 ml of THF. The suspension of lithium amidinate in 

100 ml of THF was treated with chlorodiisopropylphosphine (1.9 ml, 11.9 mmol) under stirring in 

a dropwise manner at 0C. After addition, the cooling bath was removed, and the mixture was left 

under stirring overnight. The solution turned yellowish-brown and slightly opaque. Volatiles were 

removed under vacuum. The product was extracted with 70 ml of hexane. After solvent removal 

phosphinoamidinate VI-4 was obtained as a white solid (4.56 g, 11.5mmol, 77%). 1H NMR (600 

MHz, C6D6) δ 7.93 (d, JH-P = 7.4 Hz, 2H, ortho-C6H5), 7.22-7.27 (m, 4H, meta-C6H5 and meta-

C6H3 ), 7.12-7.17 (s, 2H, para-C6H5 and para-C6H3), 4.77 (d, JH-P = 9.4 Hz, 1H, NH), 3.31 

(sept, JH-H = 6.8 Hz, 2H, CH(CH3)2), 1.36 (d, JH-H = 6.8 Hz, 6H, CH(CH3)2), 1.31 (d, JH-H = 6.8 

Hz, 1H, CH(CH3)2), 1.13 (m, 2H, CH(CH3)2), 0.77 (dd, 6H, JH-P = 10.5 Hz, JH-H = 6.8 Hz, 

CH(CH3)2), 0.75 (dd, 6H, JH-P = 15.4 Hz, JH-H = 7.2 Hz, CH(CH3)2). 13C {1H} NMR (151 MHz, 

C6D6) δ 157.49 (d, JC-P = 15.1 Hz,   NCN), 144.92 (s, ipso-C6H3)), 139.50 (s, 4 C6H3 at 

CH(CH3)2), 137.55 (s,  ipso-C6H6), 130.62 (d, JC-P = 5.4 Hz, ortho-C6H6), 129.93 (s,  para-C6H6), 

128.48 (s, meta-C6H6), 124.55 (s,  para-C6H3), 124.23 (s, meta-C6H3), 29.47 (s, CH(CH3)2), 27.28 

(d, JC-P = 15.4 Hz, CH(CH3)2), 24.80 (s, CH(CH3)2), 23.03 (s, CH(CH3)2), 18.79 (d, JC-P = 19.7 
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Hz, CH(CH3)2), 17.30 (d, JC-P = 8.8 Hz, CH(CH3)2). 31P {1H} NMR (243 MHz, C6D6) δ 52.0 (s, 

1P). 

Preparation of VI-5: Triethylamine (1.1 ml) was added to a benzene 

(30 ml) solution of VI-4 (3.11 g, 7.84 mmol) at room temperature and the 

mixture was stirred for 5 min. 0.9 ml of silicon tetrachloride were added to the 

reaction in a dropwise manner at 0C. After addition the bath was removed. In 

20 minutes after mixing the solution turned green and white precipitate formed. The reaction 

mixture was left to stir over night. Solvent was removed under vacuum. Solid was extracted twice 

with 20 ml of hexane. Hexane solution was left to crystallize at -20C. Pale yellow crystals were 

filtered off from hexane and dried under vacuum to yield compound VI-5 (3.42 g, 6.45 mmol, 

82%). 1H NMR (600 MHz, C6D6) δ 7.33 (d, J = 6.8 Hz, 2H, ortho-C6H5), 7.02 (t, J = 7.7 Hz, 1H, 

C6H3), 6.90 (d, J = 7.9 Hz, 2H, C6H3), 6.80 - 6.74 (m, 3H, meta- and para-C6H5), 3.40 (sept, J = 

6.8 Hz, 2H, CH(CH3)2), 2.59 (dsept, JH-P = 4.4Hz, J = 7.0 Hz, 2H, CH(CH3)2), 1.44 (d, J = 6.7 Hz, 

3H, CH(CH3)2), 1.20 (dd, J = 7.0 Hz, JH-P = 14.7 Hz, 3H, CH(CH3)2), 0.97 (dd, J = 7.1 Hz, JH-P = 

14.9 Hz, 3H, CH(CH3)2), 0.93 (d, J = 6.9 Hz, 3H, CH(CH3)2). 13C {1H} NMR (151 MHz, C6D6) δ 

178.99 (d, JC-P = 25.3 Hz,  NCN), 147.32 (s, 4 C6H3 at CH(CH3)2), 132.57 (s,  ipso-C6H3), 131.80 

(s,  para-C6H6), 130.48 (d, JC-P = 5.6 Hz, ortho-C6H6), 129.27 (s,  para-C6H3), 127.90 (s, meta-

C6H6), 126.90 (d, JC-P = 3.2 Hz, ipso-C6H6), 124.33 (s, meta-C6H3), 29.26 (s, CH(CH3)2), 25.76 

(d, JC-P = 16.0 Hz, CH(CH3)2), 25.24 (s, CH(CH3)2), 23.53 (s, CH(CH3)2), 20.72 (d, JC-P = 16.9 

Hz, CH(CH3)2), 18.73 (d, JC-P = 19.7 Hz, CH(CH3)2).
 29Si {1H} NMR (119 MHz, C6D6) δ -90.3 

(d, 2JSi-P = 10.1 Hz, 1Si). 31P {1H} NMR (243 MHz, C6D6) δ 80.7 (s, 1P). 
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 Preparation of VI-6. The reaction was performed in the 

Glove box under atmosphere of N2. Solution of VI-5 (208.9 mg, 

0.394 mmol) in 5 ml of THF was added to magnesium powder 

(21.1 mg, 0.867 mmol) and was left under stirring overnight at 

room temperature. Color of solution changed from yellow to dark burgundy. Solvent was removed 

under vacuum, solid was dissolved in 8 ml of hexane. Burgundy solution was filtered and was left 

to crystallize at -30C yielding VI-6 (86.7 mg, 0.102 mmol, 52%) as dark burgundy crystals. 

Compound 11exists in the form of two isomers (trans- VI-6a and cis- VI-6b) that transform into 

each other at room temperature resulting in broadness of 1H and 31P signals. The exchange was 

frozen, NMR spectra were recorded at -53C (residual signal of methyl group of toluene-d8 was 

set to 2.08 ppm). The ratio between VI-6a and VI-6b is 81:19, respectively.  

The major isomer VI-6a: 1H NMR (600 MHz, C7D8) δ 7.53 (d, J = 7.4 Hz, 4H, ortho-

C6H5), 7.10 (t, J = 7.5 Hz, 2H, para-C6H3(C3H7)2), 6.86 (d, J = 6.7 Hz, 4H, meta-C6H3(C3H7)2), 

6.82-6.85 (m, 4H, meta-C6H5), 6.79 (t, J = 6.8 Hz, 2H, para-C6H5), 4.27 (sept, J = 6.7 Hz, 2H, 

C6H3(CH(CH3)2)2, 2.99 (sept, J = 6.7 Hz, 2H, C6H3(CH(CH3)2)2, 1.79 (d, J = 6.2 Hz, 6H, 

C6H3(CH(CH3)2)2, 1.72 – 1.77 (m, 2H, P(CH(CH3)2)2, 1.64 – 1.70 (m, 2H, P(CH(CH3)2)2, 1.44 

(d, J = 6.3 Hz, 6H, C6H3(CH(CH3)2)2, 1.38 (d, J = 4.7 Hz, 6H, C6H3(CH(CH3)2), 1.27 – 1.35 (m, 

6H, P(CH(CH3)2), 1.21 – 1.27 (m, 6H, P(CH(CH3)2), 1.01 – 1.08 (m, 12 H, P(CH(CH3)2), 0.19 

(d, J = 5.7 Hz, 3H, C6H3(CH(CH3)2). 13C {1H} NMR (151 MHz, C7D8) δ 167.33 (s, CN(NP)), 

145.79 (s, ortho-C6H3(CH(CH3)2)), 144.64 (s, ortho-C6H3(CH(CH3)2)), 139.28 (dd, 3JCP = 5.6Hz, 

4JCP =4.4 Hz, ipso-C6H3(CH(CH3)2)), 137.18 (s, ipso-C6H6), 129.75 (s, ortho-C6H6), 128.47 (s, 

para-C6H6), 127.20 (s, para-C6H3(CH(CH3)2)), 127.09 (s, meta-C6H6), 127.02 (s, meta-C6H6), 

124.89 (s, meta-C6H3(CH(CH3)2)), 38.87 (t, 2JCP = 14.6 Hz, P(CH(CH3)2), 29.55 (s, 
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C6H3(CH(CH3)2)), 27.43 (s, C6H3(CH(CH3)2)), 26.08 (s, C6H3(CH(CH3)2)), 25.47 (s, 

C6H3(CH(CH3)2)), 25.09 (s, C6H3(CH(CH3)2)), 23.71 (s, C6H3(CH(CH3)2)), 22.99 (t, 2JCP = 19.2 

Hz, P(CH(CH3)2)), 19.60 (s, P(CH(CH3)2)), 18.11 (s, P(CH(CH3)2)), 17.25 (s, P(CH(CH3)2)), 

17.00 (t, 3J CP = 3.7 Hz, P(CH(CH3)2)). 15N {1H} NMR (61 MHz, C7D8) δ
 173.3 (N-P(CH(CH3)2). 

29Si {1H} NMR (119 MHz, C7D8) δ 40.2 (pseudopentet, 1JSi-P=127Hz; 2JSi-P =-20Hz, 1Si). 31P {1H} 

NMR (243 MHz, C7D8) δ 67.5 (s, 1P). 

VI-6b: 1H NMR (600 MHz, C7D8) δ 7.51 (m, , 4H, ortho-C6H5), 7.10 (m, 2H, para-

C6H3(C3H7)2), 6.89 (d, J = 6.7 Hz, 4H, meta-C6H3(C3H7)2), 6.88 (m, 4H, meta-C6H5), 6.79 (m, 2H, 

para-C6H5), 3.65 (sept, J = 6.6 Hz, 2H, C6H3(CH(CH3)2), 2.99 (m, 2H, C6H3(CH(CH3)2), 2.56 

(sept, J = 7.1 Hz, 2H, P(CH(CH3)2), 1.71 (d, J = 6.3 Hz, 6H, C6H3(CH(CH3)2), 1.46 – 1.52 (m, 6H, 

P(CH(CH3)2), 1.31 (m, 2H, P(CH(CH3)2), 1.20 – 1.28 (m, 6H, P(CH(CH3)2), 1.12 – 1.17 (m, 6H, 

P(CH(CH3)2), 1.11 (d, J = 6.6 Hz, 6H, C6H3(CH(CH3)2), 1.10 (m, 6 H, P(CH(CH3)2), 0.69 (d, J = 

6.4 Hz, 3H, C6H3(CH(CH3)2) 0.62 (d, J = 5.8 Hz, 3H, C6H3(CH(CH3)2).
 13C {1H} NMR (151 MHz, 

C7D8) δ 166.43 (s, CN(NP)), 146.09 (s, ortho-C6H3(CH(CH3)2)), 145.19 (s, ortho-

C6H3(CH(CH3)2)), 138.54 (dd, 3JCP = 4.4 Hz, 4JCP =4.4 Hz, ipso-C6H3(CH(CH3)2), 137.05 (s, ipso-

C6H6), 130.41 (s, ortho-C6H6), 128.47 (s, para-C6H6), 128.41 (s, para-C6H3(CH(CH3)2)), 127.49 

(s, meta-C6H6), 127.20 (s, meta-C6H6), 124.62 (s, meta-C6H3(CH(CH3)2)), 124.54 (s, meta-

C6H3(CH(CH3)2)), 29.08 (s, C6H3(CH(CH3)2)), 28.57 (s, C6H3(CH(CH3)2)), 26.14 (s, 

C6H3(CH(CH3)2), 25.60 (s, C6H3(CH(CH3)2), 25.09 (m, P(CH(CH3)2), 24.32 (s, C6H3(CH(CH3)2)), 

23.74 (s, C6H3(CH(CH3)2)), 20.79 (m, P(CH(CH3)2), 20.03 (s, P(CH(CH3)2)), 18.93 (s, 

P(CH(CH3)2)), 15.64 (s, P(CH(CH3)2)), 14.07 (s, P(CH(CH3)2)). 15N {1H} NMR (61 MHz, C7D8) 

δ 173.3 (N-P(CH(CH3)2). 
29Si NMR (119 MHz, C7D8) δ 40.2 (pseudotriplet, 1JSi-P=200Hz; 2JSi-P 
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=10Hz, 1Si). 31P {1H} NMR (243 MHz, C7D8) δ 78.7 (s, 1P). Analysis calculated for 

C56H86N4P2Si2: C, 72.06; H, 9.29; N, 6.00. Found C, 69.29; H, 9.05; N, 6.02. 

Preparation of VI-7: Solution of VI-6 (158 mg, 0.186 

mmol) in 30 ml of benzene was heated 70C in a sealed ampule for 

7 days. Solvent was removed yielding VI-7 (150 mg, 0.177 mmol, 

95%) as a light-yellow foaming solid. Crystals suitable for X-ray 

were obtained from hexane solution at - 30C. 1H NMR (600 MHz, C6D6) δ 7.83 (m, 4H, ortho-

C6H6), 7.14 (m, 1H, meta-C6H3(CH(CH3)2 of CN(NP)), 7.12 (m, 1H, meta-C6H3(CH(CH3)2 of 

CNN), 7.04 (t, 3JH-H = 7.8 Hz, 1H, para-C6H3(CH(CH3)2 of CNN), 7.01 (s, 1H, para-

C6H3(CH(CH3)2 of CN(NP)), 7.00 (m, 2H, meta-C6H6 of CNN), 6.98 (m, 2H, meta-C6H6 of 

CN(NP)), 6.91 (tt, 4JH-H = 1.2, 3JH-H = 7.4 Hz, 1H, para-C6H6 of CN(NP)), 6.89 (m, 1H, meta-

C6H3(CH(CH3)2 of CN(NP)), 6.88 (s, 1H, para-C6H6 of CNN), 6.82 (m, 1H, meta-C6H3(CH(CH3)2 

of CNN), 3.98 (sept, 3JH-H = 6.9 Hz, 1H, C6H3(CH(CH3)2 of CNN), 3.54 (sept, 3JH-H  = 7.3 Hz, 1H, 

C6H3(CH(CH3)2 of CN(NP)), 3.52 (sept, 3JH-H  = 7.2 Hz, 1H, P(CH(CH3)2), coordinated phosphine 

= c.p.), 3.16 (dsept, 3JH-H  = 7.2, 2JH-P = 3.6 Hz, 1H, P(CH(CH3)2), c.p.), 3.01 (sept, 3JH-H  = 6.7 

Hz, 1H, C6H3(CH(CH3)2 of CNN), 2.68 (sept, 3JH-H = 6.7 Hz, 1H, C6H3(CH(CH3)2 of CN(NP)), 

2.34-2.22 (m, 2H, P(CH(CH3)2), noncoordinated phosphine = n.p.), 1.66 (dd, 3JH-H = 7.1, 3JH-P = 

14.6 Hz, 3H, P(CH(CH3)2), n.p.), 1.57 (d, 3JH-H = 6.8 Hz, 3H, C6H3(CH(CH3)2)), 1.55-1.51 (m, 

6H, P(CH(CH3)2), c.p.), 1.54 (d, 3JH-H = 7.1 Hz, 3H, C6H3(CH(CH3)2)), 1.43 (d, 3JH-H = 6.8 Hz, 

3H, C6H3(CH(CH3)2)), 1.40 (dd, 3JH-H = 7.1, 3JH-P =14.8 Hz, 3H), 1.33 (dd, 3JH-H = 6.8, 3JH-P = 17.7 

Hz, 3H, P(CH(CH3)2), c.p.), 1.32 (dd, 3JH-H = 7.0, 3JH-P = 13.1 Hz, 3H, P(CH(CH3)2), n.p.), 1.30 

(d, 3JH-H = 6.8 Hz, 3H, C6H3(CH(CH3)2)), 1.28 (dd, 3JH-H = 7.0, 3JH-p = 9.2 Hz, 3H, P(CH(CH3)2), 

n.p.), 1.25 (dd, 3JH-H = 7.2, 3JH-P = 17.0 Hz, 3H, P(CH(CH3)2), n.p.), 1.22 (d, 3JH-H = 6.8 Hz, 3H, 
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C6H3(CH(CH3)2)), 0.98 (d, 3JH-H = 6.8 Hz, 3H, C6H3(CH(CH3)2)), 0.90 (d, 3JH-H = 6.8 Hz, 3H, 

C6H3(CH(CH3)2)), 0.29 (d, 3JH-H = 6.8 Hz, 3H, C6H3(CH(CH3)2)). 13C {1H} NMR (151 MHz, 

C6D6) δ 176.31 (d, 3JCP = 2.2 Hz, CNN), 158.95 (d, 2JCP = 11.0 Hz, CN(NP)), 145.50 (s, ortho-

C6H3(CH(CH3)2) of CNN), 145.08 (d, 3JCP = 2.2 Hz, ipso-C6H3(CH(CH3)2 of CNN), 144.37 (s, 

ortho-C6H3(CH(CH3)2) of CNN), 143.78 (s, ipso-C6H3(CH(CH3)2 of CN(NP)), 139.85 (s, ortho-

C6H3(CH(CH3)2) of CN(NP)), 139.25 (s, ipso-C6H6 of CNN), 136.03 (s, ortho-C6H3(CH(CH3)2) 

of CN(NP)), 133.99 (dd, 3JCP = 2.6 Hz, 4JCP = 2.6 Hz, ipso-C6H6 of CN(NP)), 130.47 (s, ortho-

C6H6 of CN(NP)), 129.99 (s, ortho-C6H6 of CNN), 129.79 (s, para-C6H6 of CN(NP)), 128.81 (s, 

para-C6H6 of CNN), 128.39 (s, meta-C6H6 of CN(NP)), 126.93 (s, meta-C6H6 of CNN), 126.51 (s, 

para-C6H3(CH(CH3)2) of CNN), 124.27 (s, meta-C6H3(CH(CH3)2) of CN(NP)), 124.08 (s, meta-

C6H3(CH(CH3)2) of CNN), 123.76 (s, para-C6H3(CH(CH3)2) of CN(NP), 123.68 (s, meta-

C6H3(CH(CH3)2) of CNN), 122.62 (s, meta-C6H3(CH(CH3)2) of CN(NP)), 29.07 (s, P(CH(CH3)2), 

c.p.), 28.85 (s, 1C), 28.58 (s, C6H3(CH(CH3)2), 28.34 (s, C6H3(CH(CH3)2), 27.50 (s, 

C6H3(CH(CH3)2), 26.92 (d, 1JC-P= 16.5 Hz, P(CH(CH3)2), c.p.), 26.73 (d, JC-P= 3.3 Hz, 

C6H3(CH(CH3)2), 25.74 (s, C6H3(CH(CH3)2), 25.26 (s, C6H3(CH(CH3)2), 24.30 (s, 

C6H3(CH(CH3)2), 23.83 (d, 2JC-P= 23.7 Hz, P(CH(CH3)2), n.p.), 23.76 (d, 2JC-P = 17.7 Hz, 

P(CH(CH3)2), n.p.), 23.21 (s, C6H3(CH(CH3)2), 22.95 (s, C6H3(CH(CH3)2), 22.86 (d, 2JC-P  = 10.1 

Hz, P(CH(CH3)2), n.p.), 22.62 (s, C6H3(CH(CH3)2), 22.20 (d, 2JC-P  = 5.6 Hz, P(CH(CH3)2), n.p.), 

22.04 (s, C6H3(CH(CH3)2). 21.03 (d, 1JC-P = 17.6 Hz, P(CH(CH3)2), n.p.), 20.53 (d, 1JC-P = 18.7 

Hz, P(CH(CH3)2), n.p.), 19.37 (d, 2JC-P = 5.5 Hz, P(CH(CH3)2), c.p.), 18.18 (s, P(CH(CH3)2), c.p.), 

17.77 (d, 2JC-P = 2.2 Hz, P(CH(CH3)2), c.p.), 16.56 (d, 2JC-P  = 8.8 Hz, P(CH(CH3)2), c.p.). 29Si 

{1H} NMR (119 MHz, C6D6) δ 42.7 (dd, 2JSi-P = 4.4, 1JSi-P = 55.2 Hz, 1Si, Si(III)), -44.0 (d, 1JSi-

P  = 181.7 Hz, 1Si, Si(I)). 31P {1H} NMR (162 MHz, C6D6) δ 82.9 (d, JP-P = 13.5 Hz, JP-Si = 182.0 
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Hz, 1P, coordinated phosphine), - 41.1 (d, JP-P  = 13.5 Hz, JP-Si = 55.2 Hz, 1P, noncoordinated 

phosphine). Analysis calculated for C50H72N4P2Si2: C, 70.88; H, 8.57; N, 6.61. Found C, 65.40; 

H, 7.75; N, 6.59. 

Preparation of VI-8: The solution of VI-6 (99.7 mg, 0.118 

mmol) and 4,4,5,5-Tetramethyl-1,3,2-dioxaborolane (17.1L, 

0.118mmol) in 10 ml of benzene was heated 70C under stirring 

overnight. After removal of solvent the mixture was dissolved in 2 ml of hexane and left to 

crystallize at -30C. VI-8 was obtained as white crystals (21.3 mg, 0.059 mmol, 50%). 1H NMR 

(600 MHz, C6D6) δ 7.48 (d, 2JH-H = 6.2 Hz, 2H, ortho-C6H6), 7.13-7.06 (m, 2H, C6H3(CH(CH3)2)), 

7.06-7.01 (m, 2H, meta-C6H6), 7.01-6.96 (m, 1H, para-C6H6), 3.38 (sept, 3JH-H = 6.5 Hz, 2H, 

C6H3(CH(CH3)2)), 2.47-2.00 (m, 2H, P(CH(CH3)2)), 1.36 (d, 3JH-H  = 6.4 Hz, 6H, 

C6H3(CH(CH3)2)), 1.30-1.24 (m, 6H, P(CH(CH3)2), 1.21 (d, 3JH-H = 5.8 Hz, 6H, C6H3(CH(CH3)2)), 

1.15-1.05 (dd, 3JH-H = 7.0, 2JH-P= 15.7 Hz, 6H, P(CH(CH3)2), 0.83 (s, 12H, B(OC(CH3)2)2), 13C 

{1H} NMR (151 MHz, C6D6) δ 141.97 (m, ipso-C6H3(CH(CH3)2), 141.04 (m, ortho-

C6H3(CH(CH3)2), 138.36 (s, ipso-C6H6), 128.97 (s, ortho-C6H6), 128.29 (s, para-C6H6), 127.32 (s, 

meta-C6H6), 124.94 (s, para-C6H3(CH(CH3)2), 123.07 (s, meta-C6H3(CH(CH3)2), 82.51 (s, 

B(OC(CH3)2)2), 28.44 (s, C6H3(CH(CH3)2), 26.90 (d, 2JC-P = 16.2 Hz, P(CH(CH3)2)2), 24.80 (s, 

C6H3(CH(CH3)2), 24.11 (s, B(OC(CH3)2)2), 22.94 (s, C6H3(CH(CH3)2), 19.58 (s, P(CH(CH3)2)2), 

19.41 (s, P(CH(CH3)2)2). 11B {1H} NMR (128 MHz, C6D6) δ 25.1 (m, 1B). 31P {1H} NMR (243 

MHz, C6D6) δ 73.3 (m, 1P). Analysis calculated for C31H48BN2P: C, 71.26; H, 9.26; N, 5.36. 

Found C, 67.13; H, 10.03; N, 5.49. 
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Preparation of VI-9: a) Phenylsilane (4.5 L, 0.0361 mmol) 

was added to a solution of VI-6 (30.6 mg, 0.0361 mmol) in 0.8 ml of 

benzene. The mixture was heated 50C for 50 days. After solvent 

removal VI-9 was obtained as pale yellow oil (product contains 9% 

of impurity VI-10) (33.8 mg). b) Phenylsilane (1.2 L, 0.00968 mmol) was added to a solution of 

VI-7 (8.2 mg, 0.00968 mmol) in 0.5 ml in benzene. The mixture was heated 50C for 27 days. 

After solvent removal VI-9 was obtained as pale yellow oil (8.97 mg, 0.00938 mmol, 97%). 1H 

NMR (600 MHz, C6D6) δ 7.96 (d, 2JH-H = 7.6 Hz, 2H, ortho-C6H5 of CN(NP)), 7.79 (d, 2JH-H = 

7.2 Hz, 2H, ortho-C6H5 of CNN), 7.20 (d, 2JH-H = 7.1 Hz, 1H, meta-C6H3(CH(CH3)2)2 of CN(NP)), 

7.16 (d, 2JH-H = 5.3 Hz, 2H, SiH-SiH2-ortho-C6H5), 7.14 (d, 2JH-H = 7.6 Hz, 1H, para-

C6H3(CH(CH3)2)2 of CNN), 7.07 (m, 1H, meta-C6H3(CH(CH3)2)2 of CNN), 7.06 (m, 1H, para-

C6H5 of CNN), 7.05 (m, 2H, meta-C6H5 of CN(NP)), 7.04 (m, 1H, para-C6H3(CH(CH3)2)2 of 

CN(NP)), 7.01 (t, 2JH-H = 7.4 Hz, 2H, SiH-SiH2-meta-C6H5), 6.96 (dd, 3JH-H = 1.5, 2JH-H =7.5 Hz, 

1H, meta-C6H3(CH(CH3)2)2 of CN(NP)), 6.95 (m, 1H, meta-C6H3(CH(CH3)2)2 of CNN), 6.94 (m, 

1H, SiH-SiH2-para-C6H5), 6.9-6.93 (m, 2H, meta-C6H5 of CNN), 6.89 (m, 1H, para-C6H5 of 

CN(NP)), 5.23 (ddd, 2JH-P= 24.9 Hz, 3JH-H= 4.7 Hz, 3JH-H= 2.3 Hz, 1H, SiH-SiH2Ph), 4.78 (s, 1H, 

SiH-SiH2Ph), 4.61 (ddd, 3JH-P = 4.7 Hz, 3JH-H = 4.7 Hz, 2JH-H= 0.97 Hz, 1H, SiH-SiH2Ph), δ 3.86 

(sept, 3JH-H = 6.5 Hz, 1H, C6H3(CH(CH3)2)2 of CNN), 3.76 (sept, 3JH-H = 6.8 Hz, 1H, 

C6H3(CH(CH3)2)2 of CN(NP)), 3.42 (sept, 3JH-H = 6.8 Hz, 1H, C6H3(CH(CH3)2)2 of CNN), 3.34 

(m, 1H, P(CH(CH3)2)2, coordinated phosphine = c.p.), 3.22 (m, 1H, P(CH(CH3)2)2,), 2.87 

(sept, 3JH-H  = 6.6 Hz, 1H, C6H3(CH(CH3)2)2 of CN(NP)), 2.35 (m, 1H, P(CH(CH3)2)2, 

noncoordinated phosphine = n.p.), 1.88 (sept, 3JH-H = 7.2 Hz, 1H, P(CH(CH3)2)2, n.p.), 1.72 

(dd, 3JH-H = 7.0, 3JH-P = 12.3 Hz, 3H, P(CH(CH3)2)2, c.p.), 1.65 (dd, 3JH-H = 7.0, 3JH-P = 14.9 Hz, 
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3H, P(CH(CH3)2)2, c.p.), 1.53 (d, J = 7.1 Hz, 3H, C6H3(CH(CH3)2)2 of CN(NP)), 1.50 (d, 3JH-H = 

6.8 Hz, 3H, C6H3(CH(CH3)2)2 of CNN), 1.37 (d, 3JH-H = 6.8 Hz, 3H, C6H3(CH(CH3)2)2 of 

CN(NP)), 1.34 (dd, 3JH-H = 7.0, 3JH-P = 18.3 Hz, 3H, P(CH(CH3)2)2, c.p.), 1.21 (dd, 3JH-H = 6.8, 

3JH-P = 15.1 Hz, 3H, P(CH(CH3)2)2, n.p.), 1.19 (dd, 3JH-H  = 7.2, 3JH-P = 14.0 Hz, 3H, 

P(CH(CH3)2)2, c.p.), 1.12 (d, 3JH-H = 6.8 Hz, 3H, C6H3(CH(CH3)2)2 of CN(NP)), 1.09 (dd, 3JH-H = 

6.8, 3JH-P = 11.7 Hz, 3H, P(CH(CH3)2)2, n.p.), 1.00 (m, 6H, C6H3(CH(CH3)2)2 of CNN), 0.99 (m, 

3H, P(CH(CH3)2)2, n.p.) 0.93 (dd, 3JH-H = 7.1, 3JH-P = 15.8 Hz, 3H, P(CH(CH3)2)2, n.p.), 0.91 

(d, 3JH-H = 6.4 Hz, 3H, C6H3(CH(CH3)2)2 of CNN), 0.51 (d, 3JH-H = 6.8 Hz, 3H, C6H3(CH(CH3)2)2 

of CN(NP)). 13C {1H} NMR (151 MHz, C6D6) δ 167.84 (s, CNN), 159.59 (d, 2JC-P = 5.5 Hz, 

CN(NP)), 146.57 (s, ortho-C6H3(CH(CH3)2)2 of CNN), 145.68 (s, ortho-C6H3(CH(CH3)2)2 of 

CNN), 144.99 (s, ipso-C6H3(CH(CH3)2)2 of CN(NP)), 140.40 (s, ortho-C6H3(CH(CH3)2)2 of 

CN(NP)), 140.02 (s, ipso-C6H3(CH(CH3)2)2 of CNN), 137.82 (s, ipso-C6H5 of CNN), 136.77 

(d, 3JC-P = 6.6 Hz, ipso-C6H5 of CN(NP)), 136.29 (s, SiH-SiH2-ortho-C6H5), 135.78 (s, ortho-

C6H3(CH(CH3)2)2 of CN(NP)), 131.85 (d, 4JC-P = 2.2 Hz, ortho-C6H5 of CN(NP)), 130.82 (s, 

ortho-C6H5 of CNN), 130.49 (d, J = 5.5 Hz, SiH-SiH2-ipso-C6H5), 129.61 (s, para-C6H5 of CNN), 

129.55 (s, para-C6H5 of CN(NP)), 129.53 (s, SiH-SiH2-para-C6H5), 128.11 (s, SiH-SiH2-meta-

C6H5), 127.86 (s, meta-C6H5 of CN(NP)), 127.78 (s, para-C6H3(CH(CH3)2)2 of CNN), 127.38 (s, 

meta-C6H5 of CNN), 125.43 (s, meta-C6H3(CH(CH3)2)2 of CNN), 125.28 (s, meta-

C6H3(CH(CH3)2)2 of CNN), 124.25 (s, meta-C6H3(CH(CH3)2)2 of CN(NP)), 123.53 (s, para-

C6H3(CH(CH3)2)2 of CN(NP)), 123.03 (s, meta-C6H3(CH(CH3)2)2 of CN(NP)), 29.01 (s, 

C6H3(CH(CH3)2)2 of CN(NP)), 28.86 (d, 1JC-P = 19.8 Hz, P(CH(CH3)2)2, c.p.), 28.52 (s, 

C6H3(CH(CH3)2)2 of CNN), 27.93 (d, 5JC-P = 5.5 Hz, C6H3(CH(CH3)2)2 of CNN), 27.88 (s, 

C6H3(CH(CH3)2)2 of CN(NP)), 25.68 (s, C6H3(CH(CH3)2)2 of CNN), 25.63 (s, P(CH(CH3)2)2, 
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c.p.), 25.56 (s, C6H3(CH(CH3)2)2 of CN(NP)), 25.30 (s, C6H3(CH(CH3)2)2 of CNN), 25.23 (s, 

C6H3(CH(CH3)2)2 of CNN), 25.00 (s, C6H3(CH(CH3)2)2 of CN(NP)), 23.97 (s, C6H3(CH(CH3)2)2 

of CN(NP)), 23.83 (s, P(CH(CH3)2)2, n.p.), 23.66 (d, 2JC-P = 7.7 Hz, P(CH(CH3)2)2, n.p.), 23.49 

(d, 2JC-P = 4.4 Hz, P(CH(CH3)2)2, n.p.), 23.14 (d, 2JC-P = 14.3 Hz, P(CH(CH3)2)2, n.p.), 22.86 (s, 

C6H3(CH(CH3)2)2 of CN(NP)), 22.55 (d, 2JC-P = 6.6 Hz, P(CH(CH3)2)2, c.p.), 21.92 (d, 2JC-P = 17.6 

Hz, P(CH(CH3)2)2, c.p.), 21.91 (s, P(CH(CH3)2)2, n.p.), 21.78 (s, P(CH(CH3)2)2, n.p.), 21.19 (s, 

C6H3(CH(CH3)2)2 of CNN), 21.04 (d, 2JC-P = 15.4 Hz, P(CH(CH3)2)2, c.p.), 19.92 (d, 2JC-P = 22.0 

Hz, P(CH(CH3)2)2, c.p.). 29Si {1H} NMR (119 MHz, C6D6) δ 9.3 (dd, JSi-P = 36.7 Hz, JSi-P =40.7 

Hz, 1Si, phosphidosilane), -45.1 (d, JSi-P = 32.8 Hz, 1JSi-H = 178.18 Hz, 1Si, SiH-SiH2Ph), -54.0 

(d, JSi-P = 18.8 Hz, 1JSi-H = 196.14 Hz, 1JSi-H = 210.68 Hz, 1Si, SiH-SiH2Ph). 31P {1H} NMR (162 

MHz, C6D6) δ 91.2 (d, JP-P = 5.9 Hz, 1P, coordinated phosphine), -36.0 (d, JP-P = 5.9 Hz, 

1P, noncoordinated phosphine). 

Preparation of VI-11: Diphenylphosphine (10.6L, 0.061mmol) was 

added dropwise to a solution of VI-6 (51.4mg, 0.061mmol) in 5 ml of 

benzene. The mixture was stirred for 6 days at room temperature, volatiles 

were removed under vacuum. The residue was dissolved in hexane and left 

to crystallize at -30C. VI-11 was giving orange crystals that were forming together with light 

yellow crystals of diphosphine VI-13. Solids were separated manually yielding VI-11 (7.2 mg, 

0.01175 mmol, 19%). 1H NMR (600 MHz, C6D6) δ 7.75 (m, 2H, ortho-NCNC6H5), 7.89-7.40 

(broad signal, 2H, ortho-P(C6H5)2), 7.23 (m, 1H, meta-C6H3(CH(CH3)2)2), 7.20 (t, 3JH-H = 7.5 Hz, 

1H, para-C6H3(CH(CH3)2)2), 7.05-6.62 (broad signal, 2H, ortho-P(C6H5)2)7.02 (dd, 4JH-H = 2.0 

Hz, 3JH-H = 7.2 Hz, 1H, meta-C6H3(CH(CH3)2)2), 6.95 (road signal, 6H, meta-, para-P(C6H5)2), 

6.88 (m, 3H, meta-, para-NCNC6H5), 3.91 (sept, 3JH-H = 6.7 Hz, 1H, C6H3(CH(CH3)2)2), 3.56 
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(septd, 3JH-H  = 6.7 Hz, 5JH-P  = 1.3 Hz, 1H, C6H3(CH(CH3)2)2), 2.11 (septd, 3JH-H = 7.0, 2JH-P = 

15.3 Hz, 1H, P(CH(CH3)2)2), 1.81 (sept , 3JH-H = 7.1 Hz, 1H, P(CH(CH3)2)2), 1.68 (m, 3H, 

P(CH(CH3)2)2), 1.68 (d, 3JH-H = 6.7 Hz, 3H, C6H3(CH(CH3)2)2), 1.44 (d, 3JH-H = 6.5 Hz, 3H, 

C6H3(CH(CH3)2)2), 1.26 (dd, 3JH-H = 7.6, 3JH-p = 15.1 Hz, 3H, P(CH(CH3)2)2), 1.25 (d, 3JH-H = 6.7 

Hz, 3H, C6H3(CH(CH3)2)2), 1.05 (dd, 3JH-H = 6.8, 3JH-P = 12.1 Hz, 3H, P(CH(CH3)2)2), 0.60 (d, 3JH-

H = 6.5 Hz, 3H, C6H3(CH(CH3)2)2), 0.36 (dd, 3JH-H = 7.0, 3JH-P = 18.2 Hz, 3H, P(CH(CH3)2)2). 13C 

{1H} NMR (151 MHz, C6D6)* δ 171.02 (s, NCN), 146.07, ortho-C6H3(CH(CH3)2)2), 145.76 (s, 

ortho-C6H3(CH(CH3)2)2), 138.54 (d, 3JC-P = 9.3 Hz, ipso-C6H3(CH(CH3)2)2), 136.11 (d, 3JC-P = 

16.5 Hz, ipso-NCNC6H5), 130.20 (s, ortho-NCNC6H5), 129.37 (s, para-NCNC6H5), 127.57 (s, 

para-C6H3(CH(CH3)2)2), 127.13 (m, meta-NCNC6H5), 125.34 (s, meta-C6H3(CH(CH3)2)2), 125.01 

(s, meta-C6H3(CH(CH3)2)2), 29.45 (s, C6H3(CH(CH3)2)2), 28.03 (d, 5JC-P = 3.7 Hz, 

C6H3(CH(CH3)2)2), 26.53 (s, C6H3(CH(CH3)2)2), 25.18 (d, 1JC-P = 14.8 Hz, P(CH(CH3)2)2), 24.94 

(d, 6JC-P = 14.8 Hz, C6H3(CH(CH3)2)2), 24.04 (d, JC-P = 7.4 Hz, P(CH(CH3)2)2, P(CH(CH3)2)2, 

C6H3(CH(CH3)2)2), 18.61 (d, 2JC-P = 18.5 Hz, P(CH(CH3)2)2), 17.45 (s, C6H3(CH(CH3)2)2)), 15.14 

(d, 2JC-P = 6.4 Hz, P(CH(CH3)2)2), 13.31 (d, 2JC-P= 5.6 Hz, P(CH(CH3)2)2). 15N {1H} NMR (61 

MHz, C6D6) δ
 167.1 (N-P(CH(CH3)2).

 29Si {1H} NMR (119 MHz, C6D6) δ -22.9 (dd, 1JSi-P = 80.1, 

154.6 Hz, 1Si). 31P {1H} NMR (243 MHz, C6D6) δ 75.8 (d, 2JP-P = 12.2 Hz, 1P, P(CH(CH3)2)), 

- 42.6 (d, 2JP-P = 12.1 Hz, 1P, PPh2). Analysis calculated for C37H46N2P2Si: C, 72.99; H, 7.62; N, 

4.60. Found C, 68.25; H, 7.73.05; N, 4.31. *Signals in 13C of PPh2 group are not shown because 

they are fluctional at room temperature.  

Variable temperature experiment for the reaction on Scheme VI-6. 

Diphenylphosphine (3.3L, 0.019mmol) was added to a solution of VI-6 (16.1mg, 0.019mmol) in 

0.55 ml of benzene-d6 in NMR tube. The mixture was kept at RT for 13 days. Solvent was removed 
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under vacuum, toluene-d8 was added. The low temperature experiments were performed with a 

Bruker AVANCE III HD 600 MHz spectrometer. (Figure XII-45) 

Preparation of VI-10: Phenylsilane (1.9L, 0.0152 mmol) and 

diphenylphosphine (2.65L, 0.0152 mmol) were added to a solution of VI-6 

(12.9 mg, 0.0152 mmol) in 0.5 ml of benzene-d6 in sealed NMR tube. The 

mixture was kept at RT for 14 days. Solvent was removed under vacuum; the 

residue was dissolved in hexane. The solution was kept at -30C and orange crystals of 16 has 

formed (5.6 mg, 0.0092mmol, 61%). The mixture enriched with VI-10 was characterized by 

multinuclear NMR. 1H NMR (600 MHz, C6D6) δ 7.66 (m, 4H, ortho-NCNC6H5, ortho-SiH2C6H5 

(broad)), 7.24 (m, 1H, para-NCNC6H5), 7.17 (m, 1H, para-SiH2C6H5), 7.13 (m, 2H, meta-

NCNC6H5), 6.95 (m, 2H, meta-SiH2C6H5), 6.92 (m, 2H, meta-C6H3(CH(CH3)2)2), 6.79 (m, 1H, 

para-C6H3(CH(CH3)2)2), 5.06 (m, 2H, NP-coordinated SiH2), 4.82 (m, 1H, SiH2Ph), 3.38 (sept, 

3JH-H = 6.8 Hz, 2H, C6H3(CH(CH3)2)2), 2.08 (sept, 2H, 3JH-H = 7.0 Hz, P(CH(CH3)2)2), 1.28 (m, 

12H, P(CH(CH3)2)2, C6H3(CH(CH3)2)2), 1.11 (d, 3JH-H = 6.8 Hz, 6H, C6H3(CH(CH3)2)2)), 0.96 

(dd, 3JH-H = 7.0, 3JH-P = 16.1 Hz, 6H, P(CH(CH3)2)2). 13C {1H} NMR (101 MHz, C6D6) δ 142.74 

(s, ortho-C6H3(CH(CH3)2)2), 140.10 (s, ipso-C6H3(CH(CH3)2)2), 135.90 (s, ortho-NCNC6H5, 

ortho-SiH2C6H5), 131.72 (s, ipso-SiH2C6H5), 128.96 (s, para-C6H3(CH(CH3)2)2), 128.31 (s, meta-

NCNC6H5, meta-SiH2C6H5), 127.63 (s, para-SiH2C6H5), 123.14 (s, para-NCNC6H5), 123.07 (s, 

meta-C6H3(CH(CH3)2)2), 28.30 (s, C6H3(CH(CH3)2)2), 27.33 (s, P(CH(CH3)2)2), 25.99 (s, 

C6H3(CH(CH3)2)2), 22.68 (s, C6H3(CH(CH3)2)2), 19.41 (d, 2JC-P = 9.9 Hz, P(CH(CH3)2)2), 18.93 

(d, 2JC-P = 23.4 Hz, P(CH(CH3)2)2). 29Si {1H} NMR (119 MHz, C6D6) δ -57.4 (d, JSi-P = 7.2 Hz, 

1JSi-H = 203.8 Hz, 1Si, NSiH2), -57.6 (s, 1JSi-H = 197.4 Hz, 1Si, SiH2Ph). 31P {1H} NMR (162 MHz, 

C6D6) δ 72.1 (s, 1P). Impurities in 31P NMR (162 MHz, C6D6) 75.8 (d, J = 12.0 Hz, 1P, compound 
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VI-11, P(CH(CH3)2)2), 52.0 (s, 1P, compound VI-4), -14.9 (s, 2P, Ph2P-PPh2), -40.7 (s, 1P, 

HPPh2), -42.5 (d, J = 11.7 Hz, 1P, compound VI-11, PPh2). 

Preparation of VI-14: Et3N (140L, 1.009mmol) was added to a 

solution of ligand VI-4 (400 mg, 1.009mmol) in ether (15 ml). SiHCl3 

(101.8L, 1.009mmol) was added dropwise to a mixture at room 

temperature. The mixture was stirred for 1 hour. Schlenk tube with the 

reaction mixture was cooled to-60C. Another Schlenk tube containing 

441 mg of NaPPh2 (2.018mmol) in 3ml of ether was cooled to -60C. The 

first solution was filtered via cannula into solution of sodium 

diphenylphosphide upon stirring. The mixture was kept in the bath for 10 more minutes. Then the 

cooling was removed. The mixture was stirred for 1 more hour at room temperature. The 

precipitate was left to settle down over night. After filtration solvent was removed. Solid was 

washed twice with 20 ml of hexane. The residue was dissolved in ether (10 ml) and left to 

crystallize at -30C yielding VI-14 as light-yellow crystals (109.7 mg, 0.138mmol, 14%). 1H 

NMR (400 MHz, C6D6, 60C) δ 7.47 (s, 8H, ortho-P(C6H5)2), 7.35 (m, 2H, ortho-NCNC6H5), 7.04 

(m, 2H, meta-C6H3(CH(CH3)2)2), 7.13-6.89 (m, 16H, meta-NCNC6H5, para-C6H3(CH(CH3)2)2, 

meta- and para-P(C6H5)2), 6.87 (m, 1H, para-NCNC6H5 ), 5.71 (q, JH-P = 9.4 Hz, 1H, SiH), 3.67 

(m, 2H, C6H3(CH(CH3)2)2), 2.21 (m, 2H, P(CH(CH3)2)2), 1.28 (d, 3JH-H = 7.1 Hz, 6H, 

C6H3(CH(CH3)2)2), 1.26 (dd, 3JH-H = 6.8 Hz, 3JH-P =15.3 Hz, 6H, P(CH(CH3)2)2), 1.10 (d, 3JH-H = 

6.6 Hz, 6H, C6H3(CH(CH3)2)2), 0.92 (dd, 3JH-H  = 7.1 Hz, 3JH-P =14.2 Hz, 6H, P(CH(CH3)2)2). 13C 

{1H} NMR (101 MHz, C6D6) δ 163.34 (s, NCN), 143.53 (s, ipso-C6H3(CH(CH3)2)2), 139.66 (s, 

ortho-C6H3(CH(CH3)2)2), 135.41 (d, 2JC-P = 16.5 Hz, ortho-P(C6H5)2), 135.07 (s, ipso-NCNC6H5), 

129.76 (d, 4JC-P = 2.8 Hz, ortho-NCNC6H5), 128.62 (s, para-NCNC6H5), 127.85 (s, 12C, meta- 
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and para-P(C6H5)2), 127.58 (s, meta-NCNC6H5 and ipso-P(C6H5)2), 123.88 (s, para-

C6H3(CH(CH3)2)2), 123.20 (s, meta-C6H3(CH(CH3)2)2), 27.89 (d, J = 5.6 Hz, C6H3(CH(CH3)2)2), 

27.09 (d, 1JC-P = 21.5 Hz, P(CH(CH3)2)2), 25.64 (d, J = 4.1 Hz, C6H3(CH(CH3)2)2), 23.10 (s, 

C6H3(CH(CH3)2)2), 21.98 (dd, JC-P = 6.4, 2JC-P =21.8 Hz, P(CH(CH3)2)2), 19.04 (d, 2JC-P = 20.0 Hz, 

P(CH(CH3)2)2). 29Si {1H} NMR (80 MHz, C6D6) δ -7.2 (t, 1JSi-P = 55.9 Hz, 1JSi-H = 206.9 Hz, 1Si). 

31P {1H} NMR (162 MHz, C6D6) δ 80.6 (s, 1P, P(CH(CH3)2)2), -52.9 (s, 2P, P(C6H5)2). Analysis 

calculated for C49H57N2P3Si: C, 74.03; H, 7.23; N, 3.52. Found C, 74.05; H, 7.26; N, 3.32. 

Preparation of VI-16: A solution of VI-5 (17.2mg, 0.0325 mmol) in 

ether was added dropwise to a solution of NaPPh2 (20.3mg, 0.0975 mmol) in 

ether under stirring. The colour changed from yellow to orange and a white 

precipitate formed. The mixture was stirred for 1.5 hours, solvent was 

removed, and residue was dissolved in hexane. After filtration the hexane solution was left for 

crystallization at -30C. VI-16 was forming orange crystals, while VI-13 was also precipitating 

under these conditions. The crystals were separated manually yielding VI-16 (7.8 mg, 0.0128 

mmol, 39%). A scale-up (200 mg of VI-5) reaction was performed in THF at -50C to prevent the 

isomerization of VI-16 into VI-11 induced by the heat released during the reaction. After mixing 

the reaction mixture was kept at -50C for 40 min and then 30 min at room temperature. 1H NMR 

(600 MHz, C7D8) δ 7.47 (m, 2H, ortho-NCNC6H5), 7.7-7.3 (broad signal, 4H, ortho-P(C6H5)2) 

7.16 (m, 1H, meta-C6H3(CH(CH3)2)2), 7.07 (m, 1H, para-C6H3(CH(CH3)2)2), 7.0-6.9 (broad 

signal, 6H, meta- and para-P(C6H5)2), 6.91 (m, 1H, meta-C6H3(CH(CH3)2)2), 6.89-6.83 (m, 3H, 

meta- and para-NCNC6H5), 4.28 (sept, 3JH-H = 6.9 Hz, 1H, C6H3(CH(CH3)2)2), 3.47 (sept, 3JH-H = 

6.6 Hz, 1H, C6H3(CH(CH3)2)2), 1.65 (septd, 3JH-H = 7.1 Hz, 2JH-P = 7.2 Hz, 1H, P(CH(CH3)2)2), 

1.41 (d, 3JH-H = 6.8 Hz, 6H, C6H3(CH(CH3)2)2), 1.23 (dd, J = 6.8 Hz, 3JH-P = 15.1 Hz, 3H, 
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P(CH(CH3)2)2), 1.20 (d, 3JH-H = 6.5 Hz, 3H, C6H3(CH(CH3)2)2), 1.11 (dd, J = 7.2 Hz, 3JH-P =9.4 

Hz, 3H, P(CH(CH3)2)2), 1.05 (septd, 3JH-H = 6.8 Hz, 2JH-P = 6.8 Hz, 1H, P(CH(CH3)2)2), 0.89 

(dd, 3JH-H = 7.1 Hz, 3JH-P =15.6 Hz, 3H, P(CH(CH3)2)2), 0.71 (dd, 3JH-H = 7.1 Hz, 3JH-P = 14.8 Hz, 

3H, P(CH(CH3)2)2), 0.41 (d, 3JH-H = 6.6 Hz, 3H, C6H3(CH(CH3)2)2). 13C {1H} NMR (101 MHz, 

C7D8) δ 166.80 (s, NCN), 144.52 (s, ortho-C6H3(CH(CH3)2)2), 144.26 (s, ortho-

C6H3(CH(CH3)2)2), 135.44 (s, ipso-C6H3(CH(CH3)2)2), 134.42 (s, P(C6H5)2), 130.66 (d, 4JC-P = 4.9 

Hz, ortho-NCN(C6H5)), 130.18 (s, ipso- and para-NCN(C6H5)), 127.67 (s, meta-NCN(C6H5)), 

127.38 (s, para-C6H3(CH(CH3)2)2), 124.60 (s, meta-C6H3(CH(CH3)2)2), 123.81 (s, meta-

C6H3(CH(CH3)2)2), 28.98 (s, C6H3(CH(CH3)2)2), 28.38 (d, 1JC-P = 18.8 Hz, P(CH(CH3)2)2), 28.08 

(d, 1JC-P = 5.5 Hz, C6H3(CH(CH3)2)2), 26.15 (s, C6H3(CH(CH3)2)2), 25.89 (d, 1JC-P = 9.0 Hz, 

P(CH(CH3)2)2), 25.20 (d, J C-P = 7.4 Hz, C6H3(CH(CH3)2)2), 23.40 (s, C6H3(CH(CH3)2)2), 23.31 (s, 

C6H3(CH(CH3)2)2), 21.36 (dd, 5JC-P = 4.9 Hz, 2JC-P = 16.2 Hz, P(CH(CH3)2)2), 18.63 (d, 2JC-P = 

17.7 Hz, P(CH(CH3)2)2), 18.47 (d, 2JC-P = 4.2 Hz, P(CH(CH3)2)2), 17.42 (d, 2JC-P = 20.5 Hz, 

P(CH(CH3)2)2). 15N {1H} NMR (61 MHz, C6D6) δ
 145.6 (N-P(CH(CH3)2). 29Si {1H} NMR (80 

MHz, C7D8) δ 68.3 (dd, 2JSi-P = 5.2 Hz, 1JSi-P = 82.8 Hz, 1Si). 31P {1H} NMR (243 MHz, C7D8) δ 

67.3 (s, 1P, P(CH(CH3)2)2), -36.5 (s, 1P, P(C6H5)2). Impurity in 31P NMR (243 MHz, C7D8) -14.9 

(s, 2P, Ph2P-PPh2). 

*Signals of the PPh2 group are not seen in 13C and 1H NMR spectra because of fluctionality 

at RT. 

Trapping experiment for compound VI-1 (Scheme VI-12). Solution of compound VI-5 

(50 mg, 0.094 mmol) in 3 ml of THF was stirred with magnesium powder (5 mg, 0.21 mmol) for 

1 hour at room temperature. After that mixture was added to 19.7 mg of NaPPh2 (0.94 mmol). 

(Figure XII-65)  
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XI. 5 Experimental procedures for Chapter VII 

Preparation of VII-1: Base-stabilized dichlorosilylene 

IPrSiCl2
285 (IPr=1,3-bis(2,6-diisopropylphenyl)-imidazol-2-

ylidene) (312.2mg, 0.641mmol) in 15 ml of benzene was added to 

a solution of disilylene VI-6 (543.4mg, 0.641) in 35 ml of benzene 

at room temperature. The mixture was stirred for 7 days. Solvent was removed under vacuum, 

residue was dissolved in hexanes and filtered via glass filter funnel. Solution was left to crystallized 

at -30C. Two crops of crystals were collected to yield VII-1 as orange crystals (254.8 mg, 0.269 

mmol, 42%). VII-1a: 1H NMR (400 MHz, C6D6) δ 7.51 (m, 4H, ortho-C6H5), 7.11 (m, 2H, para-

C6H3(CH(CH3)2)2), 7.08 (m, 2H, meta-C6H3(CH(CH3)2)2), 6.95 (m, 2H, meta-C6H3(CH(CH3)2)2), 

6.84 (m, 6H, meta- and para-C6H5), 3.51 (sept, 3JH-H= 6.9 Hz, 2H, C6H3(CH(CH3)2)2), 3.29 

(sept, 3JH-H = 6.4 Hz, 2H, C6H3(CH(CH3)2)2), 2.70 (septd, 3JH-H= 7.1, 2JH-P= 3.3 Hz, 2H, 

P(CH(CH3)2)2), 2.47 (dsept, 3JH-H=  6.9, 2JP-H= 7.1 Hz, 2H, P(CH(CH3)2)2), 1.63 (d, 3JH-H = 6.5 

Hz, 6H, C6H3(CH(CH3)2), 1.54 (dd, 3JH-H = 7.0, 3JH-P =17.4 Hz, 6H, P(CH(CH3)2)2), 1.39 (dd, 3JH-

H = 7.0, 3JH-P =15.7 Hz, 6H, P(CH(CH3)2)2), 1.34 (dd, 3JH-H = 6.8, 3JH-P =18.1 Hz, 6H, 

P(CH(CH3)2)2), 1.25 (dd, 3JH-H = 7.2, 3JH-P= 14.1 Hz, 6H, P(CH(CH3)2)2), 1.13 (d, 3JH-H = 6.6 Hz, 

6H, C6H3(CH(CH3)2)2), 0.86 (d, 3JH-H = 6.6 Hz, 12H, C6H3(CH(CH3)2)2). 13C {1H} NMR (151 

MHz, C6D6) δ 169.3 (s, NCN), 145.9 (s, ortho-C6H3(CH(CH3)2)2), 145.0 (s, ortho-

C6H3(CH(CH3)2)2), 138.3 (m, ipso-C6H3(CH(CH3)2)2), 135.8 (m, ipso-C6H5), 130.5 (s, ortho-

C6H5), 129.2 (s, para-C6H5), 127.6 (s, para-C6H3(CH(CH3)2)2), 126.9 (s, meta-C6H5), 124.4 (s, 

meta-C6H3(CH(CH3)2), 124.4 (s, meta-C6H3(CH(CH3)2)2), 28.7 (s, C6H3(CH(CH3)2)2), 28.5 (s, 

C6H3(CH(CH3)2)2), 28.1 (d, 2JC-P=21.9 Hz, P(CH(CH3)2)2), 26.8 (s, C6H3(CH(CH3)2)2), 25.0 

(d, 2JC-P = 20.9 Hz, P(CH(CH3)2)2), 24.8 (s, C6H3(CH(CH3)2)2), 24.6 (s, C6H3(CH(CH3)2)2), 22.9 
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(s, C6H3(CH(CH3)2)2), 18.1 (s, P(CH(CH3)2)2), 17.8 (s, P(CH(CH3)2)2), 16.1 (s, P(CH(CH3)2)2), 

16.00 (s, P(CH(CH3)2)2).29Si {1H} NMR (119 MHz, C6D6) δ 35.7 (t, 2JSi-P = 15.5 Hz, 1Si, SiCl2), 

-39.9 (dd, 3JSi-P = 6.6 Hz, 1JSi-P = 148.7 Hz, 1Si, SiNP). 31P {1H} NMR (162 MHz, C6D6) δ 74.9 

(s, 1P). 

VII-1b: 1H NMR (400 MHz, C6D6) δ 7.56 (s, 4H, ortho-C6H5), 7.18 (s, 2H, meta-

C6H3(CH(CH3)2)2), 7.15 (s, 2H, para-C6H3(CH(CH3)2)2), 6.99 (s, 2H, meta-C6H3(CH(CH3)2)2), 

6.84 (s, 6H, meta- and para-C6H5), 3.81 (sept, 3JH-H = 6.7 Hz, 2H, C6H3(CH(CH3)2)2), 3.16 (m, 3JH-

H = 6.7 Hz, 2H, C6H3(CH(CH3)2)2), 2.84 (m, 2H, P(CH(CH3)2)2), 2.37 (m, 1H, P(CH(CH3)2)2), 

1.68 (d, 3JH-H = 6.6 Hz, 6H, C6H3(CH(CH3)2)2), 1.50 (m, 6H, P(CH(CH3)2)2), 1.45 (d, 3JH-H = 6.8 

Hz, 6H, C6H3(CH(CH3)2)2), 1.31 (m, 6H. P(CH(CH3)2)2), 1.20 (m, 6H, P(CH(CH3)2)2), 1.05 

(d, 3JH-H = 6.8 Hz, 6H, C6H3(CH(CH3)2)2), 0.99 (dd, 3JH-H = 7.0, 3JH-P = 18.5 Hz, 6H, 

P(CH(CH3)2)2), 0.65 (d, 3JH-H = 6.8 Hz, 6H, C6H3(CH(CH3)2)2). 13C {1H} NMR (151 MHz, C6D6) 

δ 169.2 (s, NCN), 146.0 (s, ortho-C6H3(CH(CH3)2)2), 145.0 (s, ortho-C6H3(CH(CH3)2)2), 139.0 (s, 

ipso-C6H3(CH(CH3)2)2), 135.5 (d, 3JH-P = 16.5 Hz, ipso-C6H5), 130.9 (s, ortho-C6H5), 129.3 (s, 

para-C6H5), 127.8 (s, para-C6H3(CH(CH3)2)2), 126.9 (s, meta-C6H5), 124.6 (s, meta-

C6H3(CH(CH3)2)2), 29.1 (s, C6H3(CH(CH3)2)2), 28.7 (s, C6H3(CH(CH3)2)2), 28.0 (s, 

P(CH(CH3)2)2), 26.2 (s, C6H3(CH(CH3)2)2), 24.9 (s, P(CH(CH3)2)2), 24.8 (s, C6H3(CH(CH3)2)2), 

24.4 (s, P(CH(CH3)2)2), 23.0 (s, C6H3(CH(CH3)2)2), 17.8 (s, P(CH(CH3)2)2), 17.7 (s, 

P(CH(CH3)2)2), 16.2 (s, P(CH(CH3)2)2), 16.0 (s, P(CH(CH3)2)2).29Si {1H} NMR (119 MHz, C6D6) 

δ 36.5 (t, J = 12.5 Hz, 1Si, SiCl2), -35.7 (dd, 3JSi-P = 6.2, 1JSi-P = 146.4 Hz, 2Si, SiNP). 31P {1H} 

NMR (162 MHz, C6D6) δ 75.5 (s, 1P). Analysis calculated for C50H72Cl2N4P2Si3: C, 63.47; H, 

7.67; N, 5.92. Found C, 56.19; H, 7.66; N, 5.68. 
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Preparation of VII-5: Solution of VII-1 (15.3 mg, 

0.0162mmol) in benzene-d6 was heated 50C for 19 days. Solvent 

was removed to yield VII-5 as dark red solid (13.5 mg, 0.0143 

mmol, 88%). Crystals of VII-5 suitable for X-ray were obtained 

from ether solution at room temperature. 

Alternative way compound VII-5 was prepared: 25L of SiCl4 (0.218 mmol) was added 

to a solution of VI-6 (184.6 mg, 0.219 mmol) in 10 ml of benzene. Solution was stirred at room 

temperature for 15 days. Solvent was removed, the residue was dissolved in ether and left to 

crystallize at room temperature. The first crop of yellow crystals was separated, ether solution was 

concentrated to about 4 ml and left at the same temperature. Compound VII-5 was obtained as 

black crystals (40.8 mg, 0.0431 mmol, 20%)  

VII-5a: 1H NMR (600 MHz, C6D6) δ 7.66 (m, 2H, ortho-C6H5, NCNP), 7.13 (m, 1H, meta-

C6H3(CH(CH3)2)2, SiCl2NCNP), 7.12 (m, 1H, para-C6H3(CH(CH3)2)2, SiCl2NCNP), 7.11 (m, 1H, 

para-C6H3(CH(CH3)2)2, NCNP), 7.10 (m, 1H, meta-C6H3(CH(CH3)2)2, SiCl2NCNP), 7.04 (m, 3H, 

ortho-C6H5, SiCl2NCNP and meta-C6H3(CH(CH3)2)2, NCNP), 6.90 (m, 1H, meta-

C6H3(CH(CH3)2)2, SiCl2NCNP), 6.87 (m, 3H, meta- and para-C6H5, NCNP), 6.78 (m, 2H, meta-

C6H5, SiCl2NCNP), 6.77 (m, 1H, para-C6H5, SiCl2NCNP), 4.10 (sept, 3JH-H = 7.0 Hz, 1H, 

C6H3(CH(CH3)2)2, SiCl2NCNP), 3.88 (sept, 3JH-H = 6.8 Hz, 1H, C6H3(CH(CH3)2)2, NCNP), 3.56 

(m, 1H, C6H3(CH(CH3)2)2, NCNP), 3.35 (m, 1H, C6H3(CH(CH3)2)2, SiCl2NCNP), 3.33 (m, 1H, 

P(CH(CH3)2)2, SiCl2NCNP), 2.78 (m, 1H, P(CH(CH3)2)2, NCNP), 2.58 (m, 1H, P(CH(CH3)2)2, 

NCNP), 1.92 (m, 1H, P(CH(CH3)2)2, SiCl2NCNP), 1.81 (dd, 3JH-H = 7.2, 3JH-P = 17.9 Hz, 3H, 

P(CH(CH3)2)2, SiCl2NCNP), 1.78 (d, 3JH-H = 6.8 Hz, 3H, C6H3(CH(CH3)2)2, NCNP), 1.62 (dd, 3JH-

H = 6.8, 3JH-P = 18.5 Hz, 3H, P(CH(CH3)2)2, NCNP),  1.59 (d, 3JH-H = 6.9 Hz, 3H, 
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C6H3(CH(CH3)2)2, SiCl2NCNP), 1.54 (m, 3H, C6H3(CH(CH3)2)2, NCNP), 1.53 (m, 3H, 

P(CH(CH3)2)2, NCNP), 1.37 (d, 3JH-H = 5.8 Hz, 3H, C6H3(CH(CH3)2)2, SiCl2NCNP), 1.36 (dd, 3JH-

H =  6.6, 3JH-P = 16.8 Hz, 3H, P(CH(CH3)2)2, NCNP), 1.34 (d, 3JH-H = 6.9 Hz, 3H, 

C6H3(CH(CH3)2)2, SiCl2NCNP), 1.25 (m, 3H, P(CH(CH3)2)2, NCNP), 1.17 (dd, 3JH-H =  6.6, 3JH-P 

= 12.6 Hz, 3H, P(CH(CH3)2)2, SiCl2NCNP), 1.08 (m, 3H, C6H3(CH(CH3)2)2, NCNP), 1.07 (m, 

3H, P(CH(CH3)2)2, SiCl2NCNP), 0.65 (d, 3JH-H  = 6.6 Hz, 3H, C6H3(CH(CH3)2)2, NCNP), 0.27 (m, 

3H, P(CH(CH3)2)2, SiCl2NCNP), 0.26 (s, 3H, C6H3(CH(CH3)2)2, SiCl2NCNP). 13C {1H} NMR 

(151 MHz, C6D6) δ 169.8 (d, 3JC-P = 6.5 Hz, NCN, SiCl2NCNP), 168.4 (s, NCN, NCNP), 147.8 

(s, ortho-C6H3(CH(CH3)2)2, SiCl2NCNP), 147.6 (s, ortho-C6H3(CH(CH3)2)2, SiCl2NCNP), 146.3 

(s, ortho-C6H3(CH(CH3)2)2, NCNP), 145.3 (s, ortho-C6H3(CH(CH3)2)2, NCNP), 140.8 (d, 3JC-P = 

13.1 Hz, ipso-C6H5, SiCl2NCNP), 139.2 (d, J = 7.7 Hz, ipso-C6H3(CH(CH3)2)2, NCNP), 137.2 (s, 

ipso-C6H3(CH(CH3)2)2, SiCl2NCNP), 136.2 (d, 3JC-P = 17.5 Hz, ipso-C6H5, NCNP), 130.6 (s, 

ortho-C6H5, NCNP), 129.0 (s, para-C6H5, NCNP), 128.3 (s, para-C6H5, SiCl2NCNP), 128.2 (s, 

para-C6H3(CH(CH3)2)2, SiCl2NCNP), 127.6 (s, ortho-C6H5, SiCl2NCNP), 127.4 (s, para-

C6H3(CH(CH3)2)2, NCNP), 127.1 (s, meta-C6H5, SiCl2NCNP), 127.0 (s, meta-C6H5, NCNP), 125.0 

(s, meta-C6H3(CH(CH3)2)2, SiCl2NCNP), 124.8 (s, meta-C6H3(CH(CH3)2)2, NCNP), 124.6 (s, 

meta-C6H3(CH(CH3)2)2, NCNP), 124.1 (s, meta-C6H3(CH(CH3)2)2, SiCl2NCNP), 29.4 (s, 

C6H3(CH(CH3)2)2, NCNP), 28.7 (s, C6H3(CH(CH3)2)2, SiCl2NCNP), 28.6 (d, 1JC-P = 15.0 Hz, 

P(CH(CH3)2)2, NCNP), 28.4 (s, C6H3(CH(CH3)2)2, SiCl2NCNP), 28.4 (s, C6H3(CH(CH3)2)2, 

NCNP), 28.3 (s, P(CH(CH3)2)2, SiCl2NCNP), 26.8 (d, 1JC-P = 29.3 Hz, P(CH(CH3)2)2, 

SiCl2NCNP), 26.4 (s, 1C C6H3(CH(CH3)2)2, SiCl2NCNP), 25.8 (s, C6H3(CH(CH3)2)2, NCNP), 25.6 

(s, C6H3(CH(CH3)2)2, NCNP), 25.2 (s, C6H3(CH(CH3)2)2, SiCl2NCNP), 24.8 (s, C6H3(CH(CH3)2)2, 

NCNP), 24.4 (s, P(CH(CH3)2)2, NCNP), 24.3 (s, C6H3(CH(CH3)2)2, SiCl2NCNP), 24.0 (s, 
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C6H3(CH(CH3)2)2, SiCl2NCNP), 22.4 (s, C6H3(CH(CH3)2)2, SiCl2NCNP), 20.4 (s, P(CH(CH3)2)2, 

NCNP), 18.9 (s, P(CH(CH3)2)2, NCNP), 18.8 (s, P(CH(CH3)2)2, SiCl2NCNP), 16.6 (s, 

P(CH(CH3)2)2, SiCl2NCNP), 15.9 (d, 2JC-P = 4.7 Hz, P(CH(CH3)2)2, NCNP), 15.5 (d, 2JC-P = 6.3 

Hz, P(CH(CH3)2)2, SiCl2NCNP), 14.9 (d, 2JC-P = 7.6 Hz, P(CH(CH3)2)2, NCNP), 13.1 (d, 2JC-P = 

6.4 Hz, P(CH(CH3)2)2, SiCl2NCNP). 29Si {1H} NMR (119 MHz, C6D6) δ 12.4 (dd, JSi-P = 5.3, 20.5 

Hz, 1Si, SiCl2), -19.9 (dd, 2JSi-P = 54.0, 1JSi-P = 171.2 Hz, 1Si, SiCl2-Si-Si), -135.64 (dd, 2JSi-P = 

5.3, 1JSi-P = 133.1 Hz, 1Si). 31P {1H} NMR (243 MHz, C6D6) δ 85.4 (d, 3JP-P = 49.9 Hz, 1P, NCNP, 

VII-5a), 83.3 (d, 3JP-P  = 61.6 Hz, 1P, VII-5b), 83.8 (d, 3JP-P  = 61.6 Hz, 1P, VII-5b), 65.8 (d, 3JP-

P  = 49.9 Hz, 1P, SiCl2NCNP, VII-5a). Analysis calculated for C50H72Cl2N4P2Si3*0.035C4H10O: 

C, 63.47; H, 7.69; N, 5.90. Found C, 59.72; H, 8.22; N, 5.51. 

Preparation of VII-6: Solution of disilylene VI-6 (361.9 

mg, 0.427 mmol) in 50 ml of toluene was added to 98.9 mg of 

GeCl2*Dioxane (0.427 mmol). The mixture was stirred at room 

temperature overnight. Solvent was removed under vacuum, the 

residue was washed with hexane yielding red-purple solid of VII-6 (188mg, 0.190 mmol, 44%). 

Crystals for X-ray were obtained from ether solution at –30C. In solution VII-6 is observed as a 

mixture of two diastereomers. At room temperature the ratio between isomers is 1:1. At 10C 

amount of one of them increases (VII-6a:VII-6b) 1.1:1. 29Si and 31P NMR were recorded at 10C, 

1H and 13C NMR characterization was performed at –30C for the major isomer VII-6a (the ratio 

between isomers is 3.3:1). 

VII-6a: 1H NMR (600 MHz, C7D8) δ 7.73 (m, 2H, ortho-C6H5, Si), 7.15 (m, 1H, para-

C6H3(CH(CH3)2)2, Ge), 7.11 (m, 1H, meta-C6H3(CH(CH3)2)2, Ge), 7.09 (m, 1H, para-

C6H3(CH(CH3)2)2, Si), 7.04 (m, 1H, meta-C6H3(CH(CH3)2)2, Si), 7.03 (m, 1H, ortho-C6H5, Ge), 
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7.01 (m, 1H, meta-C6H3(CH(CH3)2)2, Si), 6.89 (m, 3H, meta- and para-C6H5, Si), 6.89 (m, 1H, 

meta-C6H3(CH(CH3)2)2, Ge), 6.78 (m, 3H, meta- and para-C6H5, Ge), 4.13 (m, 1H, 

C6H3(CH(CH3)2)2, Ge), 4.11 (m, 1H, C6H3(CH(CH3)2)2, Si), 3.38 (m, 1H, C6H3(CH(CH3)2)2, Si), 

3.34 (m, 1H, C6H3(CH(CH3)2)2, Ge), 3.19 (m, 1H, P(CH(CH3)2)2, Ge), 2.84 (m, 1H, P(CH(CH3)2)2, 

Si), 2.52 (m, 1H, P(CH(CH3)2)2, Si), 1.90 (dd, 3JH-H = 7.1 Hz, 3JH-P = 17.8 Hz, 3H, P(CH(CH3)2)2, 

Ge), 1.80 (m, 1H, P(CH(CH3)2)2, Ge), 1.79 (m, 3H, C6H3(CH(CH3)2)2, Si), 1.69 (m, 3H, 

P(CH(CH3)2)2, Si), 1.67 (d, 3JH-H = 6.7 Hz, 3H, C6H3(CH(CH3)2)2, Si), 1.64 (d, 3JH-H = 6.7 Hz, 3H, 

C6H3(CH(CH3)2)2, Ge), 1.52 (dd, 3JH-H = 7.0 Hz, 3JH-P = 15.8 Hz, 3H, P(CH(CH3)2)2, Si), 1.42 

(d, 3JH-H = 5.6 Hz, 3H, C6H3(CH(CH3)2)2, Ge), 1.40 (d, 3JH-H = 6.0 Hz, 3H, C6H3(CH(CH3)2)2, Ge), 

1.34 (dd, 3JH-H = 7.0 Hz, 3JH-P = 18.8 Hz, 3H, P(CH(CH3)2)2, Si), 1.30 (m, 3H, C6H3(CH(CH3)2)2, 

Si), 1.29 (m, 3H, P(CH(CH3)2)2, Si), 1.21 (dd, 3JH-H = 7.0 Hz, 3JH-P = 12.5 Hz, 3H, P(CH(CH3)2)2, 

Ge), 1.04 (dd, 3JH-H = 6.7 Hz, 3JH-P = 16.3 Hz, 3H, P(CH(CH3)2)2, Ge), 0.49 (d, 3JH-H = 6.7 Hz, 3H, 

C6H3(CH(CH3)2)2, Si), 0.26 (m, 3H, P(CH(CH3)2)2, Ge), 0.24 (d, 3JH-H = 6.7 Hz, 3H, 

C6H3(CH(CH3)2)2, Ge). 13C {1H} NMR (151 MHz, C7D8) δ 170.2 (d, 2JH-P = 5.4 Hz, NCN, Ge), 

168.8 (s, NCN, Si), 147.4 (s, ortho-C6H3(CH(CH3)2)2, Ge), 145.5 (s, ortho-C6H3(CH(CH3)2)2, Si), 

145.0 (s, ortho-C6H3(CH(CH3)2)2, Si), 141.0 (d, 3JC-P = 13.1 Hz, ipso-C6H5, Ge), 139.3 (d, 3JC-P = 

9.8 Hz, ipso-C6H3(CH(CH3)2)2, Si), 137.2 (s, ipso-C6H3(CH(CH3)2)2, Ge), 136.2 (d, 3JC-P = 17.4 

Hz, ipso-C6H5, Si), 130.5 (s, ortho-C6H5, Si), 129.0 (s, para-C6H5, Si), 128.4 (s, para-

C6H3(CH(CH3)2)2, Ge), 128.2 (s, meta-C6H5, Ge), 127.7 (s, ortho-C6H5, Ge), 127.5 (s, para-

C6H3(CH(CH3)2)2, Si), 127.2 (s, para-C6H5, Ge), 127.1 (s, metha-C6H5, Si), 125.2 (s, meta-

C6H3(CH(CH3)2)2, Si), 124.9 (s, meta-C6H3(CH(CH3)2)2, Ge), 124.5 (s, meta-C6H3(CH(CH3)2)2, 

Si), 124.1 (s, meta-C6H3(CH(CH3)2)2, Ge), 29.7 (s, C6H3(CH(CH3)2)2, Si), 28.9 (s, 

C6H3(CH(CH3)2)2, Ge), 28.6 (s, P(CH(CH3)2)2, Si), 28.6 (s, C6H3(CH(CH3)2)2, Ge), 28.2 (s, 
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P(CH(CH3)2)2, Ge), 28.1 (s, C6H3(CH(CH3)2)2, Si), 27.5 (d, 1JC-P = 24.9 Hz, P(CH(CH3)2)2, Ge), 

26.4 (s, C6H3(CH(CH3)2)2, Ge), 25.9 (s, C6H3(CH(CH3)2)2, Si), 25.7 (s, C6H3(CH(CH3)2)2, Si), 

25.3 (s, C6H3(CH(CH3)2)2, Ge), 24.9 (s, C6H3(CH(CH3)2)2, Ge), 24.5 (s, C6H3(CH(CH3)2)2, Si), 

24.4 (s, C6H3(CH(CH3)2)2, Si and P(CH(CH3)2)2, Si), 24.3 (s, C6H3(CH(CH3)2)2, Si), 22.4 (s, 

C6H3(CH(CH3)2)2, Ge), 20.4 (s, P(CH(CH3)2)2, Si), 19.1 (s, P(CH(CH3)2)2, Ge), 18.5 (s, 

P(CH(CH3)2)2, Si), 17.1 (s, P(CH(CH3)2)2, Ge), 15.6 (d, 2JC-P = 4.9 Hz, P(CH(CH3)2)2, Si), 15.4 

(d, 2JC-P = 7.6 Hz, P(CH(CH3)2)2, Ge), 15.2 (d, 2JC-P = 7.6 Hz, P(CH(CH3)2)2, Si), 13.6 (d, 2JC-P = 

8.3 Hz, P(CH(CH3)2)2, Si). 29Si {1H} NMR (119 MHz, C6D6) δ 14.1 (dd, JSi-P = 14.7 Hz, JSi-P = 

17.6 Hz, 1Si, SiCl2), - 15.0 (dd, 2J = 43.1 Hz, 1JSi-P = 173.4 Hz, 1Si, Ge-Si). 31P {1H} NMR (243 

MHz, C6D6) δ 86.8 (d, 3JP-P = 56.3 Hz, 1JP-Si = 174.2 Hz, 1P, Si-P), 63.0 (d, 3JP-P = 56.3 Hz, 2JP-

Si  = 42.7 Hz, 1P, Si-Ge-P). 

VII-6b: 29Si {1H} NMR (119 MHz, C6D6) δ -1.10 (dd, JSi-P = 2.1 Hz, JSi-P = 6.6 Hz, 1Si, 

SiCl2), -17.20 (dd, 2JP-Si = 40.1 Hz, 1JP-Si = 170.4 Hz, 1Si, Ge-Si). 31P {1H} NMR (243 MHz, C6D6) 

δ 83.9 (d, 3JP-P = 68.3 Hz, 1JP-Si = 170.8 Hz, 1P, Si-P), 79.8 (d, 3JP-P = 68.3 Hz, 2JP-Si  = 40.7 Hz, 

1P, Si-Ge-P). Analysis calculated for C50H72Cl2GeN4P2Si2: C, 63.61; H, 7.32; N, 5.65. Found C, 

54.88; H, 7.45; N, 5.49. 

Preparation of VII-7: a) SiCl4 (10.6L, 0.1mmol) was 

added in a dropwise manner to a solution of VI-6 (106.9 mg, 0.126 

mmol) in 3 ml of ether. Solution was left without stirring at room 

temperature. In two days when yellow stick-like crystals started to 

form the vial was moved to freezer (-30C). 20 mg of crystals of compound VII-7 were collected 

without drying under vacuum (after drying they become insoluble in solvents). b) SiHCl3 (6.2L, 

0.061mmol) was added dropwise to a hexanes (5ml) solution of VI-6 (51.7mg, 0.061mmol) upon 
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stirring. Solution was left without stirring at room temperature for 2 days. The light tan crystals 

were separated from solution, washed with hexanes, dissolved in toluene and dried under vacuum 

yielding tan solid VII-7 (20.8mg, 0.020 mmol, 34%). 1H NMR (300 MHz, C6D6) δ 7.34 (m, 4H, 

ortho-C6H5), 6.90 (m, 10H, meta-C6H5, meta- and para-C6H3(CH(CH3)2)2), 6.80 (m, 2H, para-

C6H5), 3.43 (broad m, 4H, C6H3(CH(CH3)2)2), 3.01 (broad m, 4H, P(CH(CH3)2)2), 1.56 (m, 12H, 

P(CH(CH3)2)2), 1.30 (m, 24H, P(CH(CH3)2)2 and C6H3(CH(CH3)2)2), 1.13 (m, 12H, 

C6H3(CH(CH3)2)2). Proton signals can’t be fully resolved despite running at the lowest available 

field (300MHz). Increase in temperature is impossible due to decomposition of the sample. H 

signals were broad enough to not allow detection of long-range H-C correlation (HMBC). In 13C 

NMR and 29Si NMR because of the fluxionality the signals can’t be resolved. 31P {1H} NMR (122 

MHz, C6D6) δ 74.4 (s, 2P). Analysis calculated for C50H72N4P2Si3Cl4: C, 59.04; H, 7.14; N, 5.51. 

Found C, 43.14; H, 5.57; N, 4.28.  

Preparation of VII-14: The intermediate VII-14 was accumulated in the reaction mixture 

according to the following procedure: SiCl4 (1.7 L, 0.0148 mmol) was added to a solution of VI-

6 (12.5 mg, 0.0148mmol) in toluene-d8 at room temperature in the glove box. The mixture was 

kept at 10C for 3 days. NMR characterization was performed at 0C. 1H NMR (600 MHz, 

C7D8) δ 7.25 (m, 4H, ortho-C6H5), 7.00 (m, 2H, para-C6H3(CH(CH3)2)2), 6.86 (m, 4H, 

meta-C6H3(CH(CH3)2)2), 6.73 (m, 6H, meta- and para-C6H5), 3.32 (m, 4H, 

C6H3(CH(CH3)2)2), 2.63 (m, 4H, P(CH(CH3)2)2), 1.36 (d, 3JH-H  = 6.8 Hz, 12H, 

C6H3(CH(CH3)2)2), 1.14 (dd, 3JH-H = 7.2 Hz, 3JH-P = 16.6 Hz, 12H, P(CH(CH3)2)2), 0.97 

(dd, 3JH-H = 7.2 Hz, 3JH-P = 13.6 Hz, 12H, P(CH(CH3)2)2), 0.84 (d, 3JH-H  = 6.8 Hz, 12H, 

C6H3(CH(CH3)2)2). 13C {1H} NMR (151 MHz, C7D8) δ 177.9 (d, J = 24.3 Hz, NCN), 
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146.4 (s, ortho-C6H3(CH(CH3)2)2), 131.9 (s, ipso-C6H3(CH(CH3)2)2), 131.3 (s, para-C6H5), 

130.4 (d, 4JC-P = 5.5 Hz, ortho-C6H5), 129.0 (s, para-C6H3(CH(CH3)2)2), 127.5 (s, meta- 

and ipso-C6H5), 124.2 (s, meta-C6H3(CH(CH3)2)2), 28.7 (s, C6H3(CH(CH3)2)2), 25.9 (d, 2JC-

P = 17.6 Hz, P(CH(CH3)2)2), 25.2 (s, C6H3(CH(CH3)2)2), 23.3 (s, C6H3(CH(CH3)2)2), 21.4 

(d, 3JC-P = 23.1 Hz, P(CH(CH3)2)2), 18.4 (d, 3JC-P = 16.3 Hz, P(CH(CH3)2)2). 29Si {1H} 

NMR (119 MHz, C7D8) δ 4.6 (s, 2Si, SiNNP), -83.1 (s, 1Si, SiCl4). 31P {1H} NMR (243 

MHz, C7D8) δ 84.7 (s, 2P). 

 

Scheme XI-1. Synthesis of compound VII-15 

Preparation of VII-15: SiHCl3 (67 L, 0.668 mmol) was added 

dropwise upon stirring to a solution of compound VI-4 (265 mg, 0.668 mmol) 

and Et3N (93 L, 0.668 mmol) in hexanes (12 ml). The mixture was left without 

stirring overnight at room temperature. Precipitate was filtered and solution was 

left to crystallize at -30C yielding light yellow crystals of VII-15 (179.4 mg, 0.362 mmol, 54%). 

1H NMR (600 MHz, C6D6) δ 7.34 (m, 2H, ortho-C6H5), 7.01 (t, 3JH-H = 7.7 Hz, 1H, para-

C6H3(CH(CH3)2)2), 6.91 (d, 3JH-H = 7.6 Hz, 2H, meta-C6H3(CH(CH3)2)2), 6.82 (m, 2H, meta-

C6H5), 6.77 (s, 1H, para-C6H5), 6.76 (m, 1H, SiH), 3.36 (sept, 3JH-H = 6.8 Hz, 2H, 

C6H3(CH(CH3)2)2), 2.27 (sept, 3JH-H  = 7.0 Hz, 2H, P(CH(CH3)2)2), 1.43 (d, 3JH-H = 6.7 Hz, 6H, 

C6H3(CH(CH3)2)2), 1.20 (dd, 3JH-H  = 6.9 Hz, 3JH-P = 12.1 Hz, 6H, P(CH(CH3)2)2), 0.98 (d, 3JH-H  = 
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6.8 Hz, 6H, C6H3(CH(CH3)2)2), 0.93 (dd, 3JH-H  = 7.1 Hz, 3JH-P = 15.6 Hz, 6H, P(CH(CH3)2)2). 13C 

{1H} NMR (151 MHz, C6D6) δ 178.2 (d, 2JC-P = 24.6 Hz, NCN), 146.6 (s, ortho-

C6H3(CH(CH3)2)2), 132.8 (s, ipso-C6H3(CH(CH3)2)2), 130.9 (s, para-C6H5), 129.7 (s, ipso-C6H5), 

129.6 (s, ortho-C6H5), 128.6 (s, para-C6H3(CH(CH3)2)2), 127.6 (s, meta-C6H5), 123.8 (s, meta-

C6H3(CH(CH3)2), 28. 9 (s, C6H3(CH(CH3)2)2), 25.9 (d, 1JC-P = 14.2 Hz, P(CH(CH3)2)2), 25.0 (s, 

C6H3(CH(CH3)2)2), 23.1 (s, C6H3(CH(CH3)2)2), 19.5 (d, 2JC-P = 10.9 Hz, P(CH(CH3)2)2), 18.4 

(d, 2JC-P = 20.7 Hz, P(CH(CH3)2)2). 
29Si NMR (119 MHz, C6D6) δ -86.1 (d, 2JSi-P = 5.3 Hz, 1JSi-H = 

359 Hz, 1Si). 31P {1H} NMR (243 MHz, C6D6) δ 76.2 (s, 1P). Analysis calculated for 

C25H37N2P1SiCl2: C, 60.60; H, 7.52; N, 5.65. Found C, 61.06; H, 8.47; N, 5.86. 

XI. 6 Experimental procedures for Chapter VIII 

Preparation of VIII-2: To a solution of VI-4 (1.04 g, 2.63 mmol) in 60 ml 

of toluene was added Et3N (366 L, 2.63 mmol) and PCl3 (223 L, 2.63 mmol) upon 

stirring and cooling to 5C. Solution was left to warm up to room temperature for 

one hour. Precipitate was filtered off and KC8 (1.4 g, 10.4 mmol) was added to the 

solution upon stirring at room temperature. The mixture was left to stir for 2 hours. NMR was 

recorded from the reaction mixture. Additional 0.4 g (2.9 mmol) of KC8 were added to the reaction 

mixture, which was further stirred for one hour at room temperature. Solution was filtered and 

volatiles were removed. Solid was dissolved in hexanes and crystallized at -30C to form VI-2 as 

yellow crystals (507.7 mg, 1.19 mmol, 45%). 1H NMR (600 MHz, C6D6) δ 7.58 (m, 2H, ortho-

C6H5), 7.11 (t, 3JH-H = 7.7 Hz, 1H, para-C6H3(CH(CH3)2)2), 6.98 (d, 3JH-H = 7.6 Hz, 2H, meta-

C6H3(CH(CH3)2)2), 6.86 (m, 2H, meta-C6H5), 6.83 (m, 1H, para-C6H5), 3.38 (sept, 3JH-H = 6.8 Hz, 

2H, C6H3(CH(CH3)2)2), 2.02 (septd, 3JH-H = 7.1, 2JH-P =7.1 Hz, 2H, P(CH(CH3)2)2), 1.52 (d, 3JH-

H = 6.7 Hz, 6H, C6H3(CH(CH3)2)2), 1.25 (dd, 3JH-H  = 7.0, 3JH-P =16.1 Hz, 6H, P(CH(CH3)2)2), 1.05 
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(dd, 3JH-H  = 7.1, 3JH-P =18.1 Hz, 6H, P(CH(CH3)2)2), 0.95 (d, 3JH-H = 6.8 Hz, 6H, 

C6H3(CH(CH3)2)2). 13C {1H} NMR (151 MHz, C6D6) δ 164.3 (s, NCN), 146.3 (s, ortho-

C6H3(CH(CH3)2)2), 137.6 (m, ipso-C6H3(CH(CH3)2)2), 133.7 (d, 3JC-P = 19.6 Hz, ipso-C6H5), 

129.5 (s, ortho-C6H5), 128.4 (s, para-C6H5 and para-C6H3(CH(CH3)2)2), 127.1 (s, meta-C6H5), 

124.2 (s, meta-C6H3(CH(CH3)2)2), 28.3 (s, C6H3(CH(CH3)2)2), 27.3 (dd, 2JC-P = 4.4 Hz, 1JC-P = 

46.9 Hz, P(CH(CH3)2)2), 26.2 (s, C6H3(CH(CH3)2)2), 22.7 (s, C6H3(CH(CH3)2)2), 16.0 (d, 2JC-P = 

3.3 Hz, P(CH(CH3)2)2), 15.46 (s, P(CH(CH3)2)2).
 31P {1H} NMR (162 MHz, C6D6) δ 108.7 (d, J = 

458.6 Hz, 1P, PiPr2), 22.8 (d, J = 461.7 Hz, 1P, NPPiPr2). Analysis calculated for C25H36N2P2: 

C, 70.40; H, 8.51; N, 6.57. Found C, 69.99; H, 9.38; N, 6.40. 

Preparation of VIII-3: To a solution of VI-4 (1.01 g, 2.55 

mmol) in 50 ml of benzene was added Et3N (354.8 L, 2.55 mmol) 

and PCl3 (223 L, 2.55 mmol) upon stirring and cooling to 5C. 

Solution was left to warm up to room temperature. Precipitate was filtered off and KC8 (793 mg, 

5.9 mmol) was added to the solution upon stirring at room temperature. The mixture was left to 

stir over night. Additional 793 mg of KC8 were added and after stirring for two hours at room 

temperature solution was filtered and volatiles were removed. Solid was dissolved in toluene and 

crystallized from toluene-hexanes mixture at -30C to form VI-4 as white crystals (141.0 mg, 

0.164 mmol, 12.8%). 1H NMR (600 MHz, C6D6) δ 7.36 (m, 4H, ortho-C6H5), 7.11 (m, 4H, meta-

C6H3(CH(CH3)2)2), 7.03 (m, 2H, para-C6H3(CH(CH3)2)2), 6.90 (m, 4H, meta-C6H5), 6.81 (m, 2H, 

meta-C6H5), 3.48 (m, 8H, C6H3(CH(CH3)2)2 and P(CH(CH3)2)2), 1.59 (m, 24H, P(CH(CH3)2)2), 

1.29 (d, 3JH-H = 6.7 Hz, 12H, C6H3(CH(CH3)2)2), 1.11 (d, 3JH-H = 6.9 Hz, 12H, C6H3(CH(CH3)2)2). 

13C {1H} NMR (151 MHz, C6D6) δ 160.7 (m, NCN), 147.4 (s, ipso-C6H3(CH(CH3)2)2), 142.6 (m, 

ipso-C6H5), 138.5 (s, ortho-C6H3(CH(CH3)2)2), 127.7 (s, ortho-C6H5), 127.7 (s, meta-C6H5), 127.0 



 

207 

(s, para-C6H5), 122.9 (s, meta-C6H3(CH(CH3)2)2), 121.6 (s, para-C6H3(CH(CH3)2)2), 29.8 (broad 

signal, P(CH(CH3)2)2), 28.1 (s, C6H3(CH(CH3)2)2), 25.1 (s, C6H3(CH(CH3)2)2), 22.5 (s, 

C6H3(CH(CH3)2)2), 19.2 (d, 2JC-P = 3.3 Hz, P(CH(CH3)2)2), 19.0 (d, 2JC-P = 7.6 Hz, 

P(CH(CH3)2)2).31P {1H} NMR (243 MHz, C6D6) δ 66.6 (d, 1JP-P = 471.9 Hz, 2P, PiPr2), -179.5 

(t, 1JP-P = 471.3 Hz, 1P, iPr2PPPiPr2). Analysis calculated for C50H72KN4P3: C, 69.74; H, 8.43; 

N, 6.51. Found C, 67.14; H, 8.67; N, 6.41. 

Preparation of VIII-4: Solution of phosphinidene VIII-2 (172.4 mg, 

0.4042 mmol) in 5 ml of toluene was added to 1,3,4,5-tetramethylimidazol-2-

ylidene (50.2 mg, 0.4042 mmol). Solution was filtered through celite and left to 

crystallize at -30C to produce VIII-4 as cream-colored crystals in two crops 

(121.2 mg, 0.220 mmol, 55%). 1H NMR (400 MHz, C6D6) δ 7.41 (m, 2H, ortho-

C6H5), 7.18 (m, 2H, meta-C6H3(CH(CH3)2)2), 7.08 (m, 1H, para-C6H3(CH(CH3)2)2), 6.93 (m, 3H, 

meta- and para-C6H5), 3.66 (sept, 3JH-H = 6.8 Hz, 2H, C6H3(CH(CH3)2)2), 3.45 (s, 6H, 

:C(N(CH3)2C(CH3)2)2), 3.25 (m, 2H, P(CH(CH3)2)2), 1.54 (m, 12H, P(CH(CH3)2)2), 1.34 (d, 3JH-

H = 6.8 Hz, 6H, C6H3(CH(CH3)2)2), 1.21 (s, 6H, :C[N(CH3)2C(CH3)2]2), 1.06 (d, 3JH-H = 6.8 Hz, 

6H, C6H3(CH(CH3)2)2). 13C {1H} NMR (151 MHz, C6D6) δ 160.3 (d, 2JC-P = 13.6 Hz, NCN), 158.8 

(dd, 2JC-P = 8.3 Hz, 1JC-P = 102.6 Hz, :C[N(CH3)2C(CH3)2]2), 148.8 (s, ipso-C6H3(CH(CH3)2)2), 

141.9 (d, 3JC-P = 22.2 Hz, ipso-C6H5), 138.3 (s, ortho-C6H3(CH(CH3)2)2), 129.4 (s, ortho-C6H5), 

126.7 (s, para-C6H5), 126.6 (s, meta-C6H5), 124.5 (d, 3JC-P = 2.8 Hz, :C[N(CH3)2C(CH3)2]2), 122.9 

(s, meta-C6H3(CH(CH3)2)2), 120.7 (s, para-C6H3(CH(CH3)2)2), 34.5 (d, 3JC-P = 5.6 Hz, 

:C[N(CH3)2C(CH3)2]2), 28.9 (dd, 2JC-P = 12.5 Hz, 1JC-P = 40.2 Hz, P(CH(CH3)2)2), 28.0 (s, 

C6H3(CH(CH3)2)2), 24.9 (s, C6H3(CH(CH3)2)2), 22.8 (s, C6H3(CH(CH3)2)2), 18.2 (s, 

P(CH(CH3)2)2), 17.9 (d, 2JC-P = 9.7 Hz, P(CH(CH3)2)2), 8.2 (s, :C[N(CH3)2C(CH3)2]2). 31P {1H} 
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NMR (162 MHz, C6D6) δ 62.8 (d, 1JP-P = 416.6 Hz, 1P, P(CH(CH3)2)2), -186.3 (d, 1JP-P = 417.4 

Hz, 1P, P-C(N(CH3)2C(CH3)2)2). Analysis calculated for C32H48N4P2: C, 69.79; H, 8.79; N, 

10.17. Found C, 69.42; H, 8.91; N, 10.08.  

Reaction of phosphinidene VIII-2 with HBpin: HBpin (4.3 L, 0.0302 mmol) was added 

to a benzene-d6 (0.5 ml) solution of VIII-2 (12.9 mg, 0.0302 mmol) at room temperature. It was 

kept at room temperature for 21 hours to produce a mixture of products with the major ones being 

phosphinoamidine VI-4 and borane VI-8. 

Preparation of VIII-5: Phenylsilane (2.1 L, 0.0176mmol) was added to 

a solution of phosphinidene VIII-2 (15.0 mg, 0.0351mmol) in 0.5 ml of benzene-

d6. The mixture was kept at room temperature for 13 days to produce 1:1.2 mixture 

of VIII-5 and VI-4. High solubility of both components made the mixture 

inseparable. The NMR signals were detected with the use of 1D and 2D spectra of the mixture. 1H 

NMR (600 MHz, C6D6) δ 7.98 (m, 2H, ortho-C6H5 (SiH2Ph)), 7.17 (m, 5H, meta and para-C6H5 

(SiH2Ph) and ortho-C6H5 (NPN)), 6.94 (m, 3H, meta- and para-C6H3(CH(CH3)2)2), 6.92 (m, 2H, 

meta-C6H5 (NPN)), 6.79 (m, 1H, para-C6H5 (NPN)), 5.45 (s, 2H, SiH2), 3.23 (sept, 3JH-H = 8.1 Hz, 

2H, C6H3(CH(CH3)2)2), 2.23 (m, 2H, P(CH(CH3)2)2), 1.24 (dd, 3JH-H = 7.1, 3JH-P = 12.0 Hz, 6H, 

P(CH(CH3)2)2), 1.12 (d, 3JH-H = 6.7 Hz, 6H, C6H3(CH(CH3)2)2), 1.03 (d, 3JH-H = 6.9 Hz, 6H, 

C6H3(CH(CH3)2)2), 0.94 (dd, 3JH-H = 7.0, 3JH-P = 16.3 Hz, 6H, P(CH(CH3)2)2). 13C {1H} NMR (151 

MHz, C6D6) δ 167.0 (d, 2JC-P = 28.3 Hz, NCN), 141.6 (s, ortho-C6H3(CH(CH3)2)2), 141.0 (s, ipso-

C6H3(CH(CH3)2)2), 135.9 (s, ortho-C6H5 (SiH2Ph)), 134.6 (s, ipso-C6H5 (SiH2Ph)), 133.6 (d, 3J C-

P= 4.4 Hz, ipso-C6H5 (NPN)), 129.7 (s, para-C6H5 (SiH2Ph)), 129.3 (d, J = 4.4 Hz, 1C), 128.4 (s, 

para-C6H5 (NPN)), 127.8 (s, meta-C6H5 (SiH2Ph)), 127.3 (s, meta-C6H5 (NPN)), 124.6 (s, para-

C6H3(CH(CH3)2)2), 123.0 (s, meta-C6H3(CH(CH3)2)2), 28.2 (s, C6H3(CH(CH3)2)2), 27.7 (d, 1JC-P = 
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16.3 Hz, P(CH(CH3)2)2), 25.5 (s, C6H3(CH(CH3)2)2), 22.6 (s, C6H3(CH(CH3)2)2), 19.9 (d, 2JC-P  = 

12.0 Hz, P(CH(CH3)2)2), 19.30 (d, 2JC-P = 26.2 Hz, P(CH(CH3)2)2). 29Si {1H} NMR (119 MHz, 

C6D6) δ -43.7 (t, 1JSi-H = 207.9 Hz, 1Si). 31P {1H} NMR (243 MHz, C6D6) δ 71.8 (s, 1P).  

Preparation of VIII-6: Diphenylphosphine (39.0) was added to a 

solution of phosphinidene VIII-2 (95.5 mg, 0.2239 mmol) in n-hexane (3 

ml) at -70C. The mixture was move to freezer and kept at -30C for two 

days. Liquid was separated and solid was washed with cold n-hexane. The 

solid was dried to produce VIII-6 as yellow solid (44.1 mg). The purity of the sample was not 

confirmed as it partially decomposes upon dissolution to produce ligand VI-4 and HPPh2 that can 

be seen in NMR. 1H NMR (600 MHz, C6D6) δ 11.36 (d, 2JH-P = 10.9 Hz, 1H, N-H), 7.89 (dd, 2JH-

H = 7.4, 2JH-P = 7.4 Hz, 4H, ortho-P(C6H5)2), 7.51 (m, 2H, ortho-C6H5), 7.06 (m, 5H, meta-

P(C6H5)2 and para-C6H3(CH(CH3)2)2), 6.97 (m, 2H, para-P(C6H5)2), 6.94 (m, 2H, meta-

C6H3(CH(CH3)2)2), 6.85 (m, 3H, mata- and para-C6H5), 3.46 (sept, 3JH-H = 6.8 Hz, 2H, 

C6H3(CH(CH3)2)2), 2.66 (dsept, 3JH-H = 7.4, 2JH-P = 7.4 Hz, 2H, P(CH(CH3)2)2), 1.31 (dd, 3JH-H = 

6.9, 3JH-P = 17.6 Hz, 6H, P(CH(CH3)2)2), 1.26 (dd, 3JH-H = 6.9, 3JH-P = 15.7 Hz, 6H, P(CH(CH3)2)2), 

1.21 (d, 3JH-H = 6.7 Hz, 6H, C6H3(CH(CH3)2)2), 0.88 (d, 3JH-H = 6.7 Hz, 6H, C6H3(CH(CH3)2)2). 

13C {1H} NMR (151 MHz, C6D6) δ 166.3 (d, 2JC-P = 8.7 Hz, NCN), 145.1 (s, ortho-

C6H3(CH(CH3)2)2), 144.3 (m, ipso-P(C6H5)2), 136.7 (s, ipso-C6H5), 134.5 (s, ipso-

C6H3(CH(CH3)2)2), 133.5 (dd, 3JC-P = 5.5 Hz, 2JC-P = 18.5 Hz, ortho-P(C6H5)2), 130.0 (s, para-

C6H5), 129.0 (s, orhto-C6H5), 127.8 (s, para-C6H3(CH(CH3)2)2), 127.8 (s, meta-P(C6H5)2), 127.5 

(s, meta-C6H5), 126.9 (s, para-P(C6H5)2), 123.9 (s, meta-C6H3(CH(CH3)2)2), 29.5 (ddd, 3JC-P = 4.4 

Hz, 2JC-P = 8.7 Hz, 1JC-P = 52.3 Hz, P(CH(CH3)2)2), 28.8 (s, C6H3(CH(CH3)2)2), 25.2 (s, 

C6H3(CH(CH3)2)2), 22.1 (s, C6H3(CH(CH3)2)2), 16.6 (dd, 2JC-P = 3.3, 3JC-P = 3.3 Hz, 
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P(CH(CH3)2)2), 16.3 (s, P(CH(CH3)2)2). 31P {1H} NMR (243 MHz, C6D6) δ 71.0 (dd, 2JP-P = 68.2 

Hz, 1JP-P = 506.0 Hz, 1P, PiPr2), -21.0 (dd, 2JP-P = 65.1 Hz, 1JP-P = 258.1 Hz, 1P, PPh2), -179.2 

(dd, 2JP-P = 256.7, 1JP-P = 507.5 Hz, 2JP-H = 10.5Hz, 1P, P-PPh2). 

Preparation of VIII-7: Toluene solution (2ml) of 

3,4,5,6-tetrachloro-1,2-benzoquinone (120.7 mg) was 

added to a solution of phosphinidene VIII-2 (104.7 mg, 

0.245 mmol) at room temperature. Solution was 

concentrated under vacuum and was left to crystallized at 

-30C to give white crystals of VIII-7 (83.4 mg, 0.245 

mmol, 36%). In solution at room temperature VIII-7 exists in the form of two diastereomers with 

the ration 1:2.5. The assignment of signals was performed for the major isomer. 1H NMR (600 

MHz, C6D6) δ 7.49 (m, 2H, ortho-C6H5), 7.07 (m, 2H, meta-C6H3(CH(CH3)2)2), 7.04 (m, 1H, para-

C6H3(CH(CH3)2)2), 6.91 (m, 2H, meta-C6H5), 6.85 (m, 1H, para-C6H5), 3.24 (m, 2H, 

P(CH(CH3)2)2), 3.05 (m, 2H, C6H3(CH(CH3)2)2), 1.39 (m, 6H, P(CH(CH3)2)2), 1.32 (m, 6H, 

P(CH(CH3)2)2), 1.21 (m, 6H, C6H3(CH(CH3)2)2), 0.91 (m, 6H, C6H3(CH(CH3)2)2). 13C {1H} NMR 

(151 MHz, C6D6) δ 160.3 (s, NCN), 146.2 (s, ipso-C6H3(CH(CH3)2)2), 138.2 (s, ortho-

C6H3(CH(CH3)2)2 and ipso-C6H5), 130.0 (s, ortho-C6H5), 129.0 (s, para-C6H5), 127.6 (s, meta-

C6H5), 125.7 (s, para-C6H3(CH(CH3)2)2), 123.7 (s, meta-C6H3(CH(CH3)2)2), 29.1 (d, 1JC-P = 76.3 

Hz, P(CH(CH3)2)2), 28.4 (s, C6H3(CH(CH3)2)2), 25.0 (s, C6H3(CH(CH3)2)2), 23.2 (s, 

C6H3(CH(CH3)2)2), 17.4 (s, P(CH(CH3)2)2), 17.23 (s, P(CH(CH3)2)2). 31P {1H} NMR (243 MHz, 

C6D6) δ 138.1 (s, 1P, PO3, major), 134.9 (s, 1P, PO3, minor), 70.7 (s, 1P, PiPr2, major), 28.25 (s, 

1P, PiPr2, minor). Analysis calculated for C33H34Cl8N2O6P2C7H8: C, 48.42; H, 4.27; N, 2.82. 

Found C, 50.84; H, 4.36; N, 2.78. 
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Preparation of VIII-8: Benzaldehyde (24.0 L, 0.235 mmol) 

was added to a solution of phosphinidene VIII-2 (100.3 mg, 0.235 

mmol) in 3 ml of toluene. Solution was concentrated and VIII-8 was 

left to crystallize from toluene/hexanes mixture to give VIII-8 as white 

crystals (49.7 mg, 0.0933 mmol, 40%). In solution VIII-8 exists in the form of two isomers, with 

12% of the minor one (the exchange between them was observed in NOE/EXSY spectrum). 1H 

NMR (600 MHz, C6D6) δ 7.67 (m, 3H, P=CPhH and ortho-C6H5 (NCN)), 7.24 (m, 4H, meta-

C6H3(CH(CH3)2)2 and meta-C6H5 (NCN)), 7.14 (m, 1H, para-C6H3(CH(CH3)2)2), 6.87 (m, 3H, 

ortho-C6H5 (P=CPhH) and  para-C6H5 (NCN)), 6.78 (m, 3H, meta- and para-C6H5 (P=CPhH)), 

3.19 (m, 2H, C6H3(CH(CH3)2)2), 1.71 (m, 2H, P(CH(CH3)2)2), 1.35 (m, 6H, C6H3(CH(CH3)2)2), 

1.19 (m, 6H, C6H3(CH(CH3)2)2), 1.01 (m, 6H, P(CH(CH3)2)2), 0.94 (m, 6H, P(CH(CH3)2)2). 13C 

{1H} NMR (151 MHz, C6D6) δ 168.8 (d, 3JC-P = 30.8 Hz, NCN), 157.5 (d, 1JC-P = 34.5 Hz, 

P=CPhH), 145.1 (s, ortho-C6H3(CH(CH3)2)2), 137.0 (s, ipso-C6H3(CH(CH3)2)2 and ipso-C6H5 

(P=CPhH)), 135.9 (s, ipso-C6H5 (NCN)), 129.6 (s, para-C6H3(CH(CH3)2)2), 129.1 (d, 4JC-P = 4.5 

Hz, ortho-C6H5 (NCN)), 128.6 (s, meta-C6H5 (P=CPhH)), 128.4 (s, meta-C6H3(CH(CH3)2)2), 

127.7 (s, para-C6H5 (P=CPhH)), 127.5 (s, para-C6H5 (NCN)), 125.5 (d, 3JC-P = 19.6 Hz, ortho-

C6H5 (P=CPhH)), 124.5 (s, meta-C6H3(CH(CH3)2)2), 28.9 (s, C6H3(CH(CH3)2)2), 26.6 (d, 1JC-P = 

88.0 Hz, P(CH(CH3)2)2), 24.7 (s, C6H3(CH(CH3)2)2), 24.1 (s, C6H3(CH(CH3)2)2), 16.4 (d, 2JC-P = 

2.2 Hz, P(CH(CH3)2)2), 15.84 (d, 2JC-P = 2.0 Hz, P(CH(CH3)2)2)). 31P {1H} NMR (243 MHz, C6D6) 

δ 249.3 (s when proton decoupled; d when coupled to proton, 2JP-H = 17.6 Hz, 1P, P=CPhH), 42.7 

(s, 1P). Analysis calculated for C32H42N2OP2: C, 72.16; H, 7.95; N, 5.26. Found C, 72.07; H, 

8.27; N, 5.36. 
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Preparation of VIII-9: Phenyl isocyanate (26.8L, 0.245) was added to a 

solution of phosphinidene VIII-2 (104.6 mg, 0.245 mmol) in 5 ml of toluene. The 

mixture was kept at room temperature for 29 days. The volume of toluene was 

reduced under vacuum and after addition of hexanes the solution was left to 

crystallize at -30C to yield VIII-9 as light yellow crystals (70.7mg, 0,130 mmol, 

53%) 1H NMR (600 MHz, C6D6) δ 7.71 (m, 2H, ortho-C6H5, NPh), 7.61 (m, 2H, ortho-C6H5, 

NC(Ph)N), 7.17 (m, 2H, meta-C6H5, NPh), 7.09 (m, 1H, para-C6H3(CH(CH3)2)2), 7.02 (m, 1H, 

para-C6H5, NPh), 6.94 (m, 2H, mata-C6H3(CH(CH3)2)2), 6.91 (m, 2H, meta-C6H5, NC(Ph)N), 6.85 

(m, 1H, para-C6H5, NC(Ph)N), 2.99 (m, 2H, P(CH(CH3)2)2), 2.83 (sept, 3JH-H = 6.9 Hz, 2H, 

C6H3(CH(CH3)2)2), 1.39 (dd, 3JH-H = 7.2 Hz, 2JH-P =16.3 Hz, 6H, P(CH(CH3)2)2), 1.33 (dd, 3JH-H = 

7.2 Hz, 2JH-P =16.3 Hz, 6H, P(CH(CH3)2)2), 1.09 (d, 3JH-H = 6.9 Hz, 3H, C6H3(CH(CH3)2)2), 0.80 

(d, 3JH-H = 6.9 Hz, 3H, C6H3(CH(CH3)2)2). 13C {1H} NMR (151 MHz, C6D6) δ 192.6 (d, 1JC-P = 

53.2 Hz, P=C), 154.1 (d, 2JC-P = 5.4 Hz, NCN), 145.7 (s, ortho-C6H3(CH(CH3)2)2), 142.5 (d, JC-

P = 3.3 Hz, ipso-C6H5, NPh), 134.7 (d, 2JC-P = 10.9 Hz, ipso-C6H3(CH(CH3)2)2), 131.8 (d, 3JC-P = 

4.4 Hz, ipso-C6H5, NC(Ph)N), 129.9 (d, J C-P = 2.2 Hz, ortho-C6H5, NPh), 129.4 (s, meta-C6H5, 

NPh), 129.2 (s, para-C6H3(CH(CH3)2)2), 128.7 (s, para-C6H5, NC(Ph)N), 128.5 (s, ortho-C6H5, 

NC(Ph)N), 128.1 (s, meta-C6H5, NC(Ph)N), 127.5 (s, para-C6H5, NPh), 124.2 (s, meta-

C6H3(CH(CH3)2)2), 29.0 (d, 1JC-P = 76.3 Hz, P(CH(CH3)2)2), 28.3 (s, C6H3(CH(CH3)2)2), 25.3 (s, 

C6H3(CH(CH3)2)2), 22.5 (s, C6H3(CH(CH3)2)2), 16.8 (d, 2JC-P = 5.4 Hz, P(CH(CH3)2)2), 16.60 (s, 

P(CH(CH3)2)2). 31P {1H} NMR (243 MHz, C6D6) δ 144.2 (s, 1P, P=C), 58.1 (s, 1P, P(CH(CH3)2)2). 

Analysis calculated for C32H41N3OP2: C, 70.44; H, 7.57; N, 7.70. Found C, 70.34; H, 7.77; N, 

7.70.328 
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XI. 7 Experimental procedures for Chapter IX 

Preparation of IX-1: Ampule with toluene (8 ml) solution of VIII-2 

(231 mg, 0.542 mmol) was degassed and charged with N2O gas. It was kept at room 

temperature for 3 days and after degassing the solution was concentrated and left to 

crystallize from toluene/cyclohexane mixture at -30C to produce crystals of IX-1 

along with decomposition product (purity 34%, 19.7 mg, 0.0156 mmol, 3%). 1H NMR (600 MHz, 

C6D6) δ 7.42 (m, 2H, ortho-C6H5), 7.05 (m, 1H, para-C6H3(CH(CH3)2)2), 6.97 (m, 2H, ortho-

C6H3(CH(CH3)2)2), 6.79 (m, 3H, para-C6H5 and meta-C6H5), 3.71 (m, 3JH-H = 6.8 Hz, 2H, 

C6H3(CH(CH3)2)2), 2.49 (dsept, 3JH-H = 7.2, 2JH-P = 14.4 Hz, 2H, P(CH(CH3)2)2), 1.62 (d, 3JH-H = 

6.7 Hz, 6H, C6H3(CH(CH3)2)2), 1.00 (d, 3JH-H = 6.9 Hz, 6H, C6H3(CH(CH3)2)2), 0.97 (m, 12H, 

P(CH(CH3)2)2). 13C {1H} NMR (151 MHz, C6D6) δ 171.7 (s, NCN), 146.7 (s, ortho-

C6H3(CH(CH3)2)2), 136.2 (m, ipso-C6H3(CH(CH3)2)2 and ipso-C6H5), 130.5 (s, para-C6H5), 129.2 

(s, ortho-C6H5), 128.9 (s, para-C6H3(CH(CH3)2)2), 127.2 (s, meta-C6H5), 124.2 (s, meta-

C6H3(CH(CH3)2)2), 29.0 (s, C6H3(CH(CH3)2)2), 25.6 (d, 2JC-P = 77.4 Hz, P(CH(CH3)2)2), 25.5 (s, 

C6H3(CH(CH3)2)2), 22.8 (s, C6H3(CH(CH3)2)2), 15.0 (m, P(CH(CH3)2)2). 31P {1H} NMR (243 

MHz, C6D6) δ 79.7 (d, 1JP-P = 14.7 Hz, 1P, PiPr2), 57.8 (s, 1P, impurity), -17.1 (d, 1JP-P = 14.6 Hz, 

1P, PO2). 

Preparation of IX-2: NMR tube with benzene-d6 (0.5 ml) solution of 

VIII-2 (16.7 mg, 0.0391 mmol) was degassed and charged with N2O gas. It was 

kept at room temperature for 4 days. 1H NMR (600 MHz, C6D6) δ 7.70 (m, 2H, 

ortho-C6H5), 7.14 (m, 1H, para-C6H3(CH(CH3)2)2), 7.06 (m, 2H, meta-C6H3(CH(CH3)2)2), 6.86 

(m, 2H, meta- and para-C6H5), 3.57 (m, 1H, C6H3(CH(CH3)2)2), 3.33 (m, 1H, C6H3(CH(CH3)2)2), 

2.51 (m, 1H, P(CH(CH3)2)2), 1.95 (m, 1H, P(CH(CH3)2)2), 1.57 (d, 3JH-H = 6.5 Hz, 3H, 
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C6H3(CH(CH3)2)2), 1.43 (dd, 3JH-H = 7.2 Hz, 3JH-P = 16.1 Hz, 3H, P(CH(CH3)2)2), 1.33 (m, 6H, 

P(CH(CH3)2)2 and C6H3(CH(CH3)2)2), 1.17 (d, 3JH-H = 6.9 Hz, 3H, C6H3(CH(CH3)2)2), 0.98 

(m, 6H, P(CH(CH3)2)2), 0.69 (d, 3JH-H = 6.7 Hz, 3H, C6H3(CH(CH3)2)2). 13C {1H} NMR (151 

MHz, C6D6) δ 173.4 (dd, 2JC-P = 2.2 Hz, 2JC-P = 13.1 Hz, NCN), 148.1 (s, ortho-

C6H3(CH(CH3)2)2), 145.4 (s, ortho-C6H3(CH(CH3)2)2), 136.6 (dd,  JC-P = 7.4 Hz, JC-P = 10.0 Hz, 

ipso-C6H3(CH(CH3)2)2), 135.0 (dd, 2JC-P  = 4.4 Hz, 2JC-P  = 19.6 Hz, ipso-C6H5), 130.0 (s, para-

C6H5), 129.9 (s, ortho-C6H5), 128.3 (s, para-C6H3(CH(CH3)2)2), 127.2 (s, meta-C6H5), 125.1 (s, 

meta-C6H3(CH(CH3)2)2), 123.8 (s, meta-C6H3(CH(CH3)2)2), 29.1 (d, 4JC-P  = 6.5 Hz, 

C6H3(CH(CH3)2)2), 28.9 (s, C6H3(CH(CH3)2)2), 25.9 (s, C6H3(CH(CH3)2)2), 25.1 (d, 5JC-P = 8.7 

Hz, C6H3(CH(CH3)2)2), 23.9 (d, 1JC-P = 26.2 Hz, P(CH(CH3)2)2), 23.5 (s, C6H3(CH(CH3)2)2), 23.2 

(s, C6H3(CH(CH3)2)2), 23.0 (d, 1JC-P = 31.6 Hz, P(CH(CH3)2)2), 16.1 (d, 1JC-P = 4.4 Hz, 

P(CH(CH3)2)2), 15.9 (m, P(CH(CH3)2)2). 31P {1H} NMR (162 MHz, C6D6) δ 142.5 (d, 1JP-P = 

455.7 Hz, 1P, P=O), 59.8 (d, 1JP-P = 455.8 Hz, 1P, PiPr2). 

Preparation of IX-3: Solution of N3Tol (0.5M in TBME, 

241.6 L, 0.1208 mmol) was added to a solution of phosphinidene 

VIII-2 (51.5 mg, 0.1208 mmol) at -60C. Mixture was swirled for 1 

min at room temperature and p-tolylisocyanate (15L, 0.1208 mmol) was added. The solvent was 

removed, and the mixture was left to crystallize from hexanes. The obtained crystals were 

recrystallized from toluene to give IX-3 as white crystals (30 mg, 0.0451 mmol, 37%). 1H NMR 

(600 MHz, C6D6) δ 7.68 (d, 3JH-P = 7.7 Hz, 4H, ortho-C6H4CH3), 7.26 (d, 3JH-H = 7.2 Hz, 2H, ipso-

C6H5), 6.99 (d, 3JH-H = 8.0 Hz, 4H, meta-C6H4CH3), 6.96 (m, 3H, meta- and para-

C6H3(CH(CH3)2)2), 6.88 (t, 3JH-H = 7.4 Hz, 2H, meta-C6H5), 6.83 (t, 3JH-H  = 7.4 Hz, 1H, para-

C6H5), 3.09 (m, 2H, C6H3(CH(CH3)2)2), 2.38 (m, 2H, P(CH(CH3)2)2), 2.07 (s, 6H, C6H4CH3), 1.17 
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(d, 3JH-H = 6.7 Hz, 6H, C6H3(CH(CH3)2)2), 1.05 (dd, 3JH-H  = 7.3 Hz, 3JH-P = 15.3 Hz, 6H, 

P(CH(CH3)2)2), 1.01 (d, 3JH-H  = 6.8 Hz, 6H, C6H3(CH(CH3)2)2), 0.87 (dd, 3JH-H  = 7.5, 3JH-P = 16.0 

Hz, 6H, P(CH(CH3)2)2). 13C {1H} NMR (151 MHz, C6D6) δ 159.9 (d, 2JC-P = 19.6 Hz, NCN), 

150.5 (d, 2JC-P = 9.5 Hz, N2CO), 143.5 (s, ortho-C6H3(CH(CH3)2)2), 137.5 (s, ipso-

C6H3(CH(CH3)2)2), 135.7 (d, 2JC-P = 6.5 Hz, ipso-C6H4CH3), 135.0 (s, ipso-C6H5), 132.4 (s, para-

C6H4CH3), 129.6 (s, meta-C6H4CH3 and para-C6H5), 128.6 (s, ortho-C6H5), 127.7 (s, meta-C6H5), 

124.1 (s, para-C6H3(CH(CH3)2)2), 123.0 (s, meta-C6H3(CH(CH3)2)2), 118.8 (d, J = 4.4 Hz, ortho-

C6H4CH3), 28.3 (s, C6H3(CH(CH3)2)2), 25.9 (d, 2JC-P = 22.2 Hz, P(CH(CH3)2)2), 25.0 (s, 

C6H3(CH(CH3)2)2), 21.9 (s, C6H3(CH(CH3)2)2), 21.3 (d, 2JC-P = 18.9 Hz, P(CH(CH3)2)2), 20.5 (s, 

C6H4CH3), 19.2 (d, 2JC-P = 22.5 Hz, P(CH(CH3)2)2). 31P {1H} NMR (243 MHz, C6D6) δ 83.9 (s, 

1P, P(NTol)2CO), 72.7 (broad s, 1P, PiPr2). Analysis calculated for C40H50N2OP20.1C7H8: C, 

72.27; H, 7.58; N, 8.43. Found C, 71.92; H, 7.87; N, 8.37. 

Preparation of IX-4: Reaction was performed in NMR tube in 

acetone bath. Solution of p-tolylazide (0.5 M in tertbuthylmethylether, 

42L) was added to solution of VIII-2 (14.9 mg, 0.035mmol) in toluene-d8 

(0.5 ml) at -78C. The NMR tube was placed into 600MHz NMR spectrometer at -70C. It was 

cooled in the machine for 10 min, after that the tube was ejected, two solutions were mixed once, 

and the tube was returned back to -70C. The tube was kept at -30C for 20 min to form IX-4. The 

spectra were recorded at -70C. Residual toluene peak was set to 2.13 ppm in proton NMR. 1H 

NMR (600 MHz, C7D8) δ 7.82 (d, 3JH-H = 6.9 Hz, 2H, ortho-C6H5), 7.29 (m, 1H, para-

C6H3(CH(CH3)2)2), 7.25 (m, 1H, meta-C6H3(CH(CH3)2)2), 6.98 (d, 3JH-H = 7.9 Hz, 2H, meta-

C6H4CH3), 6.93 (d, 3JH-H  = 7.4 Hz, 1H, meta-C6H3(CH(CH3)2)2), 6.82 (m, 1H, para-C6H5), 6.79 

(m, 2H, meta-C6H5), 6.52 (d, 3JH-H  = 8.0 Hz, 2H, ortho-C6H5), 3.70 (m, 1H, C6H3(CH(CH3)2)2), 
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3.25 (m, 1H, C6H3(CH(CH3)2)2), 2.91 (m, 1H, P(CH(CH3)2)2), 2.22 (s, 3H, C6H4CH3), 1.83 (d, 3JH-

H  = 6.2 Hz, 3H, C6H3(CH(CH3)2)2), 1.72 (m, P(CH(CH3)2)2), 1.66 (dd, 3JH-H  = 6.8, 3JH-P  = 16.4 

Hz, 3H, P(CH(CH3)2)2), 1.44 (d, 3JH-H  = 6.4 Hz, 3H, C6H3(CH(CH3)2)2), 1.36 (dd, 3JH-H  = 6.7, 

3JH-P = 16.1 Hz, 3H, P(CH(CH3)2)2), 1.21 (d, 3JH-H  = 6.5 Hz, 3H, C6H3(CH(CH3)2)2), 0.99 (m, 3H, 

P(CH(CH3)2)2), 0.91 (dd, 3JH-H  = 6.8, 3JH-P = 17.7 Hz, 3H, P(CH(CH3)2)2), 0.35 (d, 3JH-H  = 6.3 

Hz, 3H, C6H3(CH(CH3)2)2). 13C {1H} NMR (151 MHz, C7D8) δ 172.31 (s, NCN), 156.1 (dd, JC-

P = 21.7, 26.0 Hz, ipso-C6H4CH3), 146.7 (s, ortho-C6H3(CH(CH3)2)2), 145.3 (s, ortho-

C6H3(CH(CH3)2)2), 136.4 (s, ipso-C6H3(CH(CH3)2)2), 134.6 (d, 3JC-P = 16.2 Hz, ipso-C6H5), 130.6 

(s, para-C6H5), 129.9 (s, ortho-C6H5), 129.4 (s, meta-C6H4CH3), 128.2 (s, para-

C6H3(CH(CH3)2)2), 127.7 (s, meta-C6H5), 125.6 (s, meta-C6H3(CH(CH3)2)2), 125.6 (s, para-

C6H4CH3), 124.2 (s, meta-C6H3(CH(CH3)2)2), 121.4 (d, 3JC-P = 19.6 Hz, ortho-C6H4CH3), 29.5 

(d, 3JC-P = 4.4 Hz, C6H3(CH(CH3)2)2), 29.0 (s, C6H3(CH(CH3)2)2), 25.7 (s, C6H3(CH(CH3)2)2), 24.9 

(s, C6H3(CH(CH3)2)2), 24.3 (s, C6H3(CH(CH3)2)2), 23.5 (s, C6H3(CH(CH3)2)2), 23.2 (m, 

P(CH(CH3)2)2), 22.2 (s, P(CH(CH3)2)2), 20.8 (s, C6H4CH3), 16.0 (s, P(CH(CH3)2)2), 15.8 (s, 

P(CH(CH3)2)2), 15.7 (s, P(CH(CH3)2)2), 14.9 (s, P(CH(CH3)2)2). 31P {1H} NMR (243 MHz, C7D8) 

δ 119.4 (broad d, 1JP-P = 334.5 Hz, 1P), 59.3 (d, 1JP-P = 308.1 Hz, 1P). 

Preparation of IX-5: Reaction was performed in NMR tube in dry 

ice/acetone bath. Solution of p-tolylazide (0.5 M in tertbuthylmethylether, 

79.7L) was added to solution of VIII-2 (17.0 mg, 0.0399mmol) in toluene-

d8 (0.5 ml) at -78C. The NMR tube was placed into 600MHz NMR 

spectrometer at -70C. It was cooled in the machine for 10 min, after that the tube was ejected, 

two solutions were mixed once, and the tube was returned back to -70C. The spectra were 

recorded at -70C. Residual toluene peak was set to 2.13 ppm in proton NMR. 1H NMR (600 
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MHz, C7D8) δ 7.67 (d, 3JH-H = 7.8 Hz, 2H, ortho-C6H5), 7.62 (d, 3JH-H = 7.7 Hz, 2H, ortho-

C6H4CH3), 7.11 (m, 1H, para-C6H3(CH(CH3)2)2), 7.11 (d, 3JH-H  = 7.9 Hz, 2H, meta-C6H4CH3), 

6.97 (d, 3JH-H  = 7.7 Hz, 1H, meta-C6H3(CH(CH3)2)2), 6.90 (d, 3JH-H  = 7.7 Hz, 1H, meta-

C6H3(CH(CH3)2)2), 6.84 (t, 3JH-H  = 7.4 Hz, 1H, para-C6H5), 6.79 (t, 3JH-H  = 7.4 Hz, 2H, meta-

C6H5), 3.57 (m, 1H, C6H3(CH(CH3)2)2), 3.49 (m, 1H, C6H3(CH(CH3)2)2), 2.38 (m, 1H, 

P(CH(CH3)2)2), 2.35 (m, 1H, P(CH(CH3)2)2), 2.23 (s, 3H, C6H4CH3), 1.81 (d, 3JH-H  = 6.2 Hz, 3H, 

C6H3(CH(CH3)2)2), 1.36 (d, 3JH-H  = 6.2 Hz, 3H, C6H3(CH(CH3)2)2), 1.31 (dd, 3JH-H  = 7.2, 3JH-P  = 

18.6 Hz, 3H, P(CH(CH3)2)2), 1.26 (d, 3JH-H  = 6.5 Hz, 3H, C6H3(CH(CH3)2)2), 1.18 (m, 3H, 

P(CH(CH3)2)2), 1.06 (m, 3H, P(CH(CH3)2)2), 1.02 (m, 3H, P(CH(CH3)2)2), 0.57 (d, 3JH-H  = 6.4 

Hz, 3H, C6H3(CH(CH3)2)2)*. 13C {1H} NMR (151 MHz, C7D8) δ 172.6 (d, 2JC-P = 4.4 Hz, NCN), 

148.3 (s, ipso-C6H4CH3), 147.2 (s, ortho-C6H3(CH(CH3)2)2), 144.3 (s, ortho-C6H3(CH(CH3)2)2), 

135.3 (s, ipso-C6H3(CH(CH3)2)2), 133.9 (s, ipso-C6H5), 130.9 (s, para-C6H5), 130.8 (s, para-

C6H4CH3), 129.9 (s, ortho-C6H5), 129.8 (s, meta-C6H4CH3), 127.5 (s, meta-C6H5), 125.7 (s, meta-

C6H3(CH(CH3)2)2), 125.3 (s, para-C6H3(CH(CH3)2)2), 124.3 (s, meta-C6H3(CH(CH3)2)2), 117.5 (s, 

ortho-C6H4CH3), 29.5 (d, 4JC-P = 9.8 Hz, C6H3(CH(CH3)2)2), 29.1 (s, C6H3(CH(CH3)2)2), 28.9 (s, 

P(CH(CH3)2)2), 25.2 (s, C6H3(CH(CH3)2)2), 24.3 (s, C6H3(CH(CH3)2)2), 24.0 (s, 

C6H3(CH(CH3)2)2), 23.5 (s, C6H3(CH(CH3)2)2), 23.1 (d, 2JC-P = 14.2 Hz, P(CH(CH3)2)2), 21.0 (s, 

C6H4CH3), 16.9 (d, 2JC-P = 8.7 Hz, P(CH(CH3)2)2), 16.4 (s, P(CH(CH3)2)2), 16.24 (d, 2JC-P = 4.4 

Hz, P(CH(CH3)2)2), 15.8 (s, P(CH(CH3)2)2). 31P {1H} NMR (243 MHz, C7D8) δ 70.0 (d, 1JP-P = 

376.2 Hz, 1P), 43.4 (d, 1JP-P = 376.8 Hz, 1P). 

* An excess of p-tolylazide was added to the reaction mixture, it’s peaks can be observed 

in proton and carbon NMR. 
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Preparation of compound IX-6: The solution of phosphinidene 

VIII-2 (111.6 mg, 0.262 mmol) and trimethylsilylazide (69.5 L, 0.523 

mmol) in 10 ml of toluene was heated 70C for 17 days. Solvent was 

removed, the residue was dissolved in hexanes and left to crystallize at -30C to produce IX-7 as 

yellow crystals (81.6 mg, 0.136 mmol, 52%). 1H NMR (600 MHz, C6D6) δ 7.35 (m, 2H, ortho-

C6H5), 7.16 (m, 1H, para-C6H3(CH(CH3)2)2), 7.06 (d, 3JH-H = 7.5 Hz, 2H, meta-

C6H3(CH(CH3)2)2), 6.83 (s, 3H, meta- and para-C6H5), 3.57 (septd, 3JH-H = 6.8 Hz, 5JH-P  2.1 Hz, 

2H, C6H3(CH(CH3)2)2), 2.17 (septd, 3JH-H = 7.4 Hz, 2JH-P = 14.6 Hz, 2H, P(CH(CH3)2)2), 1.45 

(d, 3JH-H = 6.8 Hz, 6H, C6H3(CH(CH3)2)2), 1.28 (m, 12H, P(CH(CH3)2)2), 0.79 (d, 3JH-H = 6.9 Hz, 

6H, C6H3(CH(CH3)2)2), 0.36 (broads, 18H, PN(Si(CH3)3)2). 13C {1H} NMR (151 MHz, C6D6) δ 

169.3 (d, 2JC-P = 9.8 Hz, NCN), 147.0 (s, ortho-C6H3(CH(CH3)2)2), 140.8 (dd, 3JC-P = 6.5 Hz, 3JC-

P = 16.3 Hz, ipso-C6H5), 138.7 (d, 2JC-P = 8.7 Hz, ipso-C6H3(CH(CH3)2)2), 129.2 (s, ortho-C6H5), 

128.4 (s, para-C6H5), 127.7 (s, para-C6H3(CH(CH3)2)2), 127.0 (s, meta-C6H5), 124.5 (s, meta-

C6H3(CH(CH3)2)2), 28.5 (s, C6H3(CH(CH3)2)2), 28.3 (d, 1JC-P = 93.7 Hz, P(CH(CH3)2)2), 25.1 

(d, 5JC-P = 4.4 Hz, C6H3(CH(CH3)2)2), 24.0 (s, C6H3(CH(CH3)2)2), 16.9 (s, C6H3(CH(CH3)2)2), 16.8 

(m, P(CH(CH3)2)2), 5.27 (m, P(CH(CH3)2)2). 31P {1H} NMR (243 MHz, C6D6) δ 167.2 (broad s, 

1P, PN(Si(CH3)3)2), 34.5 (d, 2JP-P = 9.9 Hz, 1P, P(CH(CH3)2)2). Analysis calculated for 

C31H54N4P2Si2: C, 61.96; H, 9.06; N, 9.32. Found C, 59.98; H, 8.58; N, 9.18. 

Preparation of IX-8: Solution of VIII-2 (102.7 mg, 0.241 mmol) in 2 ml 

of toluene was added to sulfur (7.7 mg, 0.0301 mmol) and stirred for 5 min at room 

temperature. It was left to crystallize from toluene/hexanes mixture at -30C to 

produce two crops of crystals of IX-9 (68.9 mg, 0.150 mmol, 62%). 1H NMR (600 MHz, C6D6) δ 

7.59 (m, 2H, ortho-C6H5), 7.13 (m, 1H, para-C6H3(CH(CH3)2)2), 7.06 (m, 1H, meta-
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C6H3(CH(CH3)2)2), 7.01 (m, 1H, meta-C6H3(CH(CH3)2)2), 6.82 (m, 3H, meta- and para-C6H5), 

3.59 (dsept, 3JH-H = 7.1 Hz, 2JH-P = 14.6 Hz, 1H, P(CH(CH3)2)2), 3.46 (sept, 3JH-H = 6.8 Hz, 1H, 

C6H3(CH(CH3)2)2), 3.39 (sept, 3JH-H = 6.7 Hz, 1H, C6H3(CH(CH3)2)2), 1.93 (m, 1H, 

P(CH(CH3)2)2), 1.58 (d, 3JH-H = 6.5 Hz, 3H, C6H3(CH(CH3)2)2), 1.46 (dd, 3JH-H = 7.4 Hz, 3JH-P = 

15.0 Hz, 3H, P(CH(CH3)2)2), 1.42 (d, 3JH-H = 6.7 Hz, 3H, C6H3(CH(CH3)2)2), 1.23 (d, J = 6.9 Hz, 

3H, C6H3(CH(CH3)2)2), 1.12 (dd, 3JH-H = 7.3 Hz, 3JH-P = 17.3 Hz, 3H, P(CH(CH3)2)2), 0.98 (m, 

6H, P(CH(CH3)2)2), 0.37 (d, 3JH-H = 6.9 Hz, 3H, C6H3(CH(CH3)2)2). 13C {1H} NMR (151 MHz, 

C6D6) δ 171.5 (d, 2JC-P = 9.8 Hz, NCN), 148.1 (s, ortho-C6H3(CH(CH3)2)2), 145.5 (s, ortho-

C6H3(CH(CH3)2)2), 134.7 (dd, 3JC-P = 6.3 Hz, 3JC-P = 7.8 Hz, ipso-C6H5), 134.5 (dd, 3JC-P = 4.4 Hz, 

2JC-P = 18.5 Hz, ipso-C6H3(CH(CH3)2)2), 130.3 (s, para-C6H5), 129.9 (s, ortho-C6H5), 128.7 (s, 

para-C6H3(CH(CH3)2)2), 127.4 (s, meta-C6H5), 125.3 (s, meta-C6H3(CH(CH3)2)2), 124.1 (s, meta-

C6H3(CH(CH3)2)2), 29.2 (d, 4JC-P = 10.9 Hz, C6H3(CH(CH3)2)2), 28.8 (s, C6H3(CH(CH3)2)2), 27.0 

(s, C6H3(CH(CH3)2)2), 25.1 (d, 5JC-P = 7.6 Hz, C6H3(CH(CH3)2)2), 23.8 (s, C6H3(CH(CH3)2)2), 23.2 

(dd, 2JC-P = 12.0 Hz, 2JC-P = 40.3 Hz, P(CH(CH3)2)2), 23.1 (s, C6H3(CH(CH3)2)2), 21.7 (dd, 2JC-P = 

2.2, 1JC-P =  40.3 Hz, P(CH(CH3)2)2), 16.4 (m, P(CH(CH3)2)2), 16.24 (m, P(CH(CH3)2)2), 15.95 

(d, 2JC-P = 4.4 Hz, P(CH(CH3)2)2), 15.82 (d, 2JC-P = 7.6 Hz, P(CH(CH3)2)2). 31P {1H} NMR (243 

MHz, C6D6) δ 143.5 (d, 1JP-P = 427.9 Hz, 1P, P=S), 69.9 (d, 1JP-P = 428.4 Hz, 1P, PiPr2). Analysis 

calculated for C25H36N2P2S: C, 65.48; H, 7.91; N, 6.11. Found C, 65.07; H, 8.05; N, 5.97.  
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XII Appendix 

 

Figure XII-1. 1H NMR Spectrum of VI-4 in C6D6 
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Figure XII-2. 13C {1H} NMR Spectrum of VI-4 in C6D6 

 

Figure XII-3. 31P {1H} NMR Spectrum of VI-4 in C6D6 
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Figure XII-4. 1H NMR Spectrum of VI-5 in C6D6 

 

Figure XII-5. 13C {1H} NMR Spectrum of VI-5 in C6D6 
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Figure XII-6. 29Si {1H} NMR Spectrum of VI-5 in C6D6 

 

Figure XII-7. 31P {1H} NMR Spectrum of VI-5 in C6D6 
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Figure XII-8. 1H NMR Spectrum of VI-6 in C7D8 at -53C 

 

Figure XII-9. 13C {1H} NMR Spectrum of VI-6 in C7D8 at -53C 
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Figure XII-10. 29Si {1H} NMR Spectrum of VI-6 in C7D8 at -53C 

 

Figure XII-11. 31P {1H} NMR Spectrum of VI-6 in C7D8 at -53C 
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Figure XII-12. Variable temperature UV-vis spectra of VI-6 in THF328 

 

Figure XII-13. Crystals of VI-6a 
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Figure XII-14. 1H NMR Spectrum of the sample of VI-6 sent for elemental analysis in 

C6D6 RT 

 

Figure XII-15. 31P {1H} NMR Spectrum of the sample of VI-6 sent for elemental analysis 

in C6D6 RT 
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    VI-6a           VI-6b 

 

          

Figure XII-16. 31P {1H} NMR Spectrum with satellites of VI-6a and VI-6b in C7D8 at -

53C 

                            VI-6a             VI-6b 

              

Figure XII-17. Simulated 31P {1H} NMR Spectra of satellites of VI-6a and VI-6b  
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Figure XII-18. 29Si {1H} NMR Spectrum of VI-6a and VI-6b in C7D8 at -53C 

       

        

Figure XII-19. Simulated 29Si {1H} NMR Spectra of VI-6a and VI-6b 

VI-6b 

 

VI-6a 
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Figure XII-20. 1H -15N HMBC NMR Spectrum of VI-6 in C7D8 at -53C 

 

Figure XII-21. 1H NMR Spectrum of VI-7 in C6D6 (this sample was sent for elemental 

analysis) 
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Figure XII-22. 13C {1H} NMR Spectrum of VI-7 in C6D6 

 

Figure XII-23. 29Si {1H} NMR Spectrum of VI-7 in C6D6 
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Figure XII-24. 31P {1H} NMR Spectrum of VI-7 in C6D6 

 

Figure XII-25. 1H NMR Spectrum of VI-8 in C6D6 
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Figure XII-26. 13C {1H} NMR Spectrum of VI-8 in C6D6 

 

Figure XII-27. 11B NMR Spectrum of VI-8 in C6D6 
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Figure XII-28. 31P {1H} NMR Spectrum of VI-8 in C6D6 

 

Figure XII-29. 1H NMR Spectrum of the sample of VI-8 sent for elemental analysis in 

C6D6 
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Figure XII-30. 11B NMR Spectrum of the sample of VI-8 sent for elemental analysis in 

C6D6 

 

Figure XII-31. 31P NMR Spectrum of the sample of VI-8 sent for elemental analysis in 

C6D6 
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Figure XII-32. 1H NMR Spectrum of VI-9 in C6D6 

 

Figure XII-33. A fragment of 1H decoupled 31P NMR Spectrum of VI-9 in C6D6 

(o1p=91ppm) 
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Figure XII-34. 13C {1H} NMR Spectrum of VI-9 in C6D6 

 

Figure XII-35. 29Si {1H} NMR Spectrum of VI-9 in C6D6 
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Figure XII-36. 1H-29Si HSQC NMR Spectrum of VI-9 in C6D6 (cnst2 = 150Hz) 

 

Figure XII-37. 31P {1H} NMR Spectrum of VI-9 in C6D6 
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Figure XII-38. 1H NMR Spectrum of VI-11 in C6D6 

 

Figure XII-39. 13C {1H} NMR Spectrum of VI-11 in C6D6 
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Figure XII-40. 29Si {1H} NMR Spectrum of VI-11 in C6D6 

 

Figure XII-41. 31P {1H} NMR Spectrum of VI-11 in C6D6 (-15 ppm - impurity of VI-13; 

52 ppm – VI-4) 
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Figure XII-42. 1H -15N HMBC NMR Spectrum of VI-11 in C6D6 

 

Figure XII-43. 1H NMR Spectrum of the sample of VI-11 sent for elemental analysis in 

C6D6 
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Figure XII-44. 31P {1H} NMR Spectrum of the sample of VI-11 sent for elemental analysis 

in C6D6 

 

Figure XII-45. 1H NMR Spectrum of the reaction mixture of VI-6 with 1 eq of HPPh2 in 

13 days at RT in C7D8 recorded at RT 
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Figure XII-46. 1H NMR Spectrum of the reaction mixture of VI-6 with 1 eq of HPPh2 in 

13 days at RT in C7D8 recorded at -60C 

 

Figure XII-47. 1H-29Si HSQC NMR Spectrum of the reaction mixture of VI-6 with 1 eq 

of HPPh2 in 13 days at RT in C7D8 recorded at -60C (cnst2 = 150Hz) 
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Figure XII-48. 1H NMR Spectrum of the mixture enriched with VI-10 in C6D6 

 

Figure XII-49. 13C {1H} NMR Spectrum of the mixture enriched with VI-10 in C6D6 
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Figure XII-50. 1D 29Si refocused INEPT edited NMR Spectrum of the mixture enriched 

with VI-10 in C6D6 

 

Figure XII-51. 29Si HSQC NMR Spectrum of the mixture enriched with VI-10 in C6D6 
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Figure XII-52. H-29Si HSQC 1D JC Spectrum (black) and fragment of 1H NMR Spectrum 

of the mixture enriched with VI-10 in C6D6 

 

Figure XII-53. 31P {1H} NMR Spectrum of the mixture enriched with VI-10 in C6D6 
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Figure XII-54. 1H NMR Spectrum of VI-14 in C6D6 60C 

 

Figure XII-55. 13C {1H} NMR Spectrum of VI-14 in C6D6 at 60C 
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Figure XII-56. 29Si INEPT Refocused NMR Spectrum of VI-14 in C6D6 at 60C 

 

Figure XII-57. 29Si-1H HSQC NMR Spectrum of VI-14 in C6D6 at 60C (cnst2=200) 
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Figure XII-58. 31P {1H} NMR Spectrum of VI-14 in C6D6 at 60C 

 

Figure XII-59. 1H NMR Spectrum of VI-16 in C7D8 
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Figure XII-60. 13C {1H} NMR Spectrum of VI-16 in C7D8 

 

Figure XII-61. 29Si {1H} NMR Spectrum of VI-16 in C7D8 



 

251 

 

Figure XII-62. 31P {1H} NMR Spectrum of VI-16 in C7D8 

 

Figure XII-63. 1H -15N HMBC NMR Spectrum of VI-16 in C6D6  
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Figure XII-64. Reaction profile, dependence of relative quantity of compounds VI-11 and 

VI-13 of time. Initially 1 eq of HPPh2 was added. When disilylene VI-6 was fully consumed 9 eq 

of HPPh2 were added (the vertical line indicates the moment of introduction of excess of the 

phosphine) 

 

Figure XII-65. Fragments of 31P {1H} NMR spectra of the reaction mixture of trapping 

experiment for compound VI-1: in hour of stirring solution of 10 with Mg (red), after mixing with 

NaPPh2 (blue) in THF 
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Figure XII-66. Fragment of 31P {1H} NMR spectrum of chlorosilylene VI-1 in C6D6 at 

room temperature 

 

Figure XII-67. 1H NMR spectrum of VII-1 in benzene-d6 
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Figure XII-68. 13C {1H} NMR spectrum of VII-1 in benzene-d6 

 

Figure XII-69. 29Si {1H} NMR spectrum of VI-1 in benzene-d6 
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Figure XII-70. 31P {1H} NMR spectrum of VI-1in benzene-d6 

 

Figure XII-71. 1H NMR spectrum of VII-1 sent for elemental analysis in benzene-d6 
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Figure XII-72. 31P {1H} NMR spectrum of VII-1 sent for elemental analysis in benzene-

d6 

 

Figure XII-73. 1H NMR spectrum of VII-5 in benzene-d6 



 

257 

 

Figure XII-74. 13C {1H} NMR spectrum of VII-5 in benzene-d6 

 

Figure XII-75. 29Si {1H} NMR spectrum of VII-5 in benzene-d6 
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Figure XII-76. 31P {1H} NMR spectrum of VII-5 in benzene-d6 

 

Figure XII-77. 1H NMR spectrum of VII-5 sent for elemental analysis in benzene-d6 
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Figure XII-78. 31P {1H} NMR spectrum of VII-5 sent for elemental analysis in benzene-

d6 

 

Figure XII-79. 1H-29Si HMBC spectrum of VII-5 in benzene-d6 
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Figure XII-80. Dependence of -ln[VII-1] versus time 

 

Figure XII-81. Eyring plot of isomerization of VII-1 to VII-5 (Eyring equation: 𝑘 =

𝑘𝐵𝑇

ℎ
𝑒
−∆𝐺≠

𝑅𝑇 , where k - rate constant, ∆𝐺≠- the Gibbs energy of activation,  - the transmission 

coefficient, kB - Boltzmann's constant, T – temperature, h - Planck's constant) 

50C: y = 0.2057x + 0.2132
R² = 0.9885

60C: y = 0.8783x - 0.0267
R² = 0.9982

70C: y = 2.6851x - 0.0097
R² = 0.9992

80C: y = 9.6427x - 0.0697
R² = 0.9965

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 5 10 15 20

-l
n

[V
II

-1
]

Time, day

Dependence of -ln[VII-1] versus time

50C

60C

70C

80C

y = -14115x + 36.349
R² = 0.9984

-8

-7

-6

-5

-4

-3

-2

0.0028 0.00285 0.0029 0.00295 0.003 0.00305 0.0031 0.00315

ln
(k

/T
)

1/T, K-1

Eyring Plot of isomerization of VII-1 to VII-5



 

261 

 

Figure XII-82. 1H NMR spectrum of VII-6 in toluene-d8 at -30C 

 

Figure XII-83. 13C {1H} NMR spectrum of VII-6 in toluene-d8 at -30C 
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Figure XII-84. 29Si {1H} of compound VII-6 in benzene-d6 at 10C 

 

Figure XII-85. 31P {1H} NMR spectrum of VII-6 in benzene-d6 at 10C 
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Figure XII-86. 31P {1H} NMR spectrum of VII-6 in toluene-d8 at -30C 

 

Figure XII-87. 1H NMR spectrum of VII-7 in benzene-d6 
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Figure XII-88. 31P {1H} NMR spectrum of VII-7 in benzene-d6 

 

Figure XII-89.1H NMR spectrum of VII-14 in toluene-d8 at 0C 



 

265 

 

Figure XII-90.13C {1H} NMR spectrum of VII-14 in toluene-d8 at 0C 

 

Figure XII-91. 29Si {1H} of compound VII-14 in toluene-d8 at 0C (Backward linear 

prediction was used to suppress the glass peak) 
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Figure XII-92.31P {1H} NMR spectrum of VII-14 in toluene-d8 at 0C 

 

Figure XII-93. 1H NMR spectrum of VII-15 in benzene-d6 
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Figure XII-94. 13C {1H} NMR spectrum of VII-15 in benzene-d6 

 

Figure XII-95. 29Si refocused INEPT NMR spectrum of VII-15 in benzene-d6 
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Figure XII-96. 31P {1H} NMR spectrum of VII-15 in benzene-d6 

 

Figure XII-97. 1H NMR spectrum of VIII-2 in benzene-d6 
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Figure XII-98. 13C {1H} NMR spectrum of VIII-2 in benzene-d6 

 

Figure XII-99. 31P {1H} NMR spectrum of VIII-2 in benzene-d6 
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Figure XII-100. 1H NMR spectrum of VIII-3 in benzene-d6 

 

Figure XII-101. 13C {1H} NMR spectrum of VIII-3 in benzene-d6 
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Figure XII-102. 31P {1H} NMR spectrum of VIII-3 in benzene-d6 

 

Figure XII-103. 1H NMR spectrum of VIII-4 in benzene-d6 
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Figure XII-104. 13C {1H} NMR spectrum of VIII-4 in benzene-d6 

 

Figure XII-105. 31P {1H} NMR spectrum of VIII-4 in benzene-d6 
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Figure XII-106. 1H NMR spectrum of the reaction mixture of VIII-2 with one equivalent 

of HBpin in benzene-d6 (the signals of ligand VI-4 are marked with asterisk) 
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Figure XII-107. 31P {1H} NMR spectrum of the reaction mixture of VIII-2 with one 

equivalent of HBpin in benzene-d6 (the signal of ligand VI-4 is marked with asterisk, VI-8 – with 

two asterisk) 
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Figure XII-108. 11B NMR spectrum of the reaction mixture of VIII-2 with one equivalent 

of HBpin in benzene-d6 (VI-8 – resonates at 25.3 ppm, HBpin at 28.6 ppm) 

 

Figure XII-109. 1H NMR spectrum of VI-4 and VIII-5 mixture in benzene-d6 
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Figure XII-110. 13C {1H} NMR spectrum of VI-4 and VIII-5 mixture in benzene-d6 

 

Figure XII-111. 29Si-1H HSQC NMR spectrum of VI-4 and VIII-5 mixture in benzene-d6 

(CNST2 = 200 Hz)  
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Figure XII-112. 29Si INEPT+ NMR spectrum of VI-4 and VIII-5 mixture in benzene-d6 

(CNST2 = 200 Hz)  

 

Figure XII-113. 29Si-1H HMBC NMR spectrum of VI-4 and VIII-5 mixture in benzene-

d6 (CNST13 = 15 Hz)  
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Figure XII-114. NOESY NMR spectrum of VI-4 and VIII-5 mixture in benzene-d6  

 

Figure XII-115. 31P {1H} NMR spectrum of VI-4 and VIII-5 mixture in benzene-d6 
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Figure XII-116. 1H NMR spectrum of VIII-6 in benzene-d6 

 

Figure XII-117. 1H NOE NMR spectrum of VIII-6 in benzene-d6 (o1 = 6813Hz, o1p = 

11.36 ppm) 
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Figure XII-118. 13C {1H} NMR spectrum of VIII-6 in benzene-d6 

 

Figure XII-119. 31P {1H} NMR spectrum of VIII-6 in benzene-d6 



 

281 

 

Figure XII-120. 31P NMR spectrum of VIII-6 in benzene-d6 

 

Figure XII-121. 31P HMBC NMR spectrum of VIII-6 in benzene-d6 (cnst13 = 10 Hz) 
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Figure XII-122. 1H NMR spectrum of VIII-7 in benzene-d6 

 

Figure XII-123. 1H NOE/EXSY NMR spectrum of VIII-7 in benzene-d6 (o1= 1833Hz, 

o1p = 3.05) 
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Figure XII-124. 1H NOE/EXSY NMR spectrum of VIII-7 in benzene-d6 (o1= 4615Hz, 

o1p = 7.49) 

 

Figure XII-125. 13C {1H} NMR spectrum of VIII-7 in benzene-d6 
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Figure XII-126. 31P {1H} NMR spectrum of VIII-7 in benzene-d6 

 

Figure XII-127. 1H - 31P HMBC NMR spectrum of VIII-7 in benzene-d6 (cnst13 = 10 Hz) 
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Figure XII-128. 1H NMR spectrum of VIII-8 in benzene-d6 

 

Figure XII-129. 1H NOE/EXSY NMR spectrum of VIII-8 in benzene-d6 (01 = 1028.9Hz, 

1.71 ppm) 
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Figure XII-130. 13C {1H} NMR spectrum of VIII-8 in benzene-d6 

 

Figure XII-131. 31P {1H} NMR spectrum of VIII-8 in benzene-d6 



 

287 

 

Figure XII-132. 31P {1H} NMR spectrum of VIII-8 in benzene-d6 

 

Figure XII-133.1H NMR spectrum of VIII-9 in benzene-d6 
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Figure XII-134. 13C {1H} NMR spectrum of VIII-9 in benzene-d6 

 

Figure XII-135. 31P {1H} NMR spectrum of VIII-9 in benzene-d6 
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Figure XII-136. 1H NMR spectrum of IX-1 and decomposition product in benzene-d6 

 

Figure XII-137. 13C {1H} NMR spectrum of IX-1 and decomposition product in benzene-

d6 
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Figure XII-138. 31P {1H} NMR spectrum of IX-1 and decomposition product in benzene-

d6 

 

Figure XII-139. 1H NMR spectrum of IX-2 in benzene-d6 
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Figure XII-140. 13C {1H} NMR spectrum of IX-2 in benzene-d6 

 

Figure XII-141. 31P {1H} NMR spectrum of IX-2 in benzene-d6 
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Figure XII-142. 1H NMR spectrum of IX-3 in benzene-d6 

 

Figure XII-143. 13C {1H} NMR spectrum of IX-3 in benzene-d6 
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Figure XII-144. 31P {1H} NMR spectrum of IX-3 in benzene-d6 

 

Figure XII-145. 1H NMR spectrum of rection mixture containing IX-4 in toluene-d8 at -

70C 
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Figure XII-146. 13C {1H} NMR spectrum of rection mixture containing IX-4 in toluene-

d8 at -70C 

 

Figure XII-147. 31P {1H} NMR spectrum of rection mixture containing IX-4 in toluene-

d8 at -70C 
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Figure XII-148. 1H NMR spectrum of rection mixture containing IX-5 in toluene-d8 at -

70C 

 

Figure XII-148. 13C {1H} NMR spectrum of rection mixture containing IX-5 in toluene-

d8 at -70C 
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Figure XII-150. 31P {1H} NMR spectrum of rection mixture containing IX-5 in toluene-

d8 at -70C 

 

Figure XII-151. 1H NMR spectrum of IX-6 in benzene-d6 
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Figure XII-152. 13C {1H} NMR spectrum of IX-6 in benzene-d6 

 

Figure XII-153. 31P {1H} NMR spectrum of IX-6 in benzene-d6 
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Figure XII-154. 1H NMR spectrum of IX-8 in benzene-d6 

 

Figure XII-155. 13C {1H} NMR spectrum of IX-8 in benzene-d6 
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Figure XII-156. 31P {1H}  NMR spectrum of IX-8 in benzene-d6 
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XIII Appendix 

 

Figure XIII-1. Molecular structure of VI-6 along the c axis (left) and along the Si-Si bond 

(right) with appropriate atomic labelling scheme. H atoms are omitted for clarity 

 

Figure XIII-2. Asymmetric unit structure of VI-6a with appropriate atomic labelling 

scheme. H atoms are omitted for clarity. 
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Figure XIII-3. Molecular structure of VI-14 with select atomic labelling scheme. H atoms 

are omitted for clarity. Selected bond lengths [Å] and angles []: Si1-H1 1.38(2), Si1-N1 1.775(2), 

P2-Si1 2.2904(7), P3-Si1 2.2882(7), P2-Si1-P3 111.41(3), P2-Si1-H1 105.1(9), P2-Si1-N1 

113.88(6), P3-Si1-H1 107.9(9), P3-Si1-N1 114.37(6), H1-Si1-N1 103.2(9). 

Table XIII-1. Experimental details for VI-6 

Crystal data 

Chemical formula C50H72N4P2Si2 

Mr 847.23 

Crystal system, space group Tetragonal, I41cd 

Temperature (K) 152 

a, c (Å) 17.3534 (8), 36.7756 (17) 

V (Å3) 11074.6 (11) 

Z 8 

Radiation type Mo Kα 

µ (mm−1) 0.15 

Crystal size (mm) 0.36 × 0.25 × 0.25 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction Multi-scan  

SADABS2014/4 (Bruker,2014/4) was used for 

absorption correction. wR2(int) was 0.0805 before 
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and 0.0638 after correction. The Ratio of minimum to 

maximum transmission is 0.9220. The λ/2 correction 

factor is 0.00150. 

Tmin, Tmax 0.688, 0.746 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 

25452, 6869, 6358  

Rint 0.038 

(sin θ/λ)max (Å
−1) 0.668 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.041, 0.099, 1.06 

No. of reflections 6869 

No. of parameters 286 

No. of restraints 244 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å−3) 0.32, −0.25 

Absolute structure Refined as an inversion twin. 

Absolute structure parameter 0.05 (10) 

Table XIII-2. Experimental details for VI-7 

Crystal data 

Chemical formula C50H72N4P2Si2 

Mr 847.23 

Crystal system, space group Monoclinic, C2/c 

Temperature (K) 150 

a, b, c (Å) 18.630 (3), 14.219 (2), 38.902 (7) 

β (°) 101.615 (7) 

V (Å3) 10094 (3) 

Z 8 

Radiation type Mo Kα 

µ (mm−1) 0.17 

Crystal size (mm) 0.2 × 0.13 × 0.05 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan  

Bruker SADABS 

Tmin, Tmax 0.578, 0.746 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
54671, 9928, 9140  
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Rint 0.083 

(sin θ/λ)max (Å
−1) 0.617 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.125, 0.343, 1.50 

No. of reflections 9928 

No. of parameters 445 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å−3) 1.06, −0.71 

Table XIII-3. Experimental details for VI-8 

Crystal data 

Chemical formula C31H47.14BN2O2P 

Mr 521.63 

Crystal system, space group Triclinic, P¯1 

Temperature (K) 152 

a, b, c (Å) 10.1002 (6), 10.6607 (7), 15.1864 (10) 

α, β, γ (°) 90.367 (3), 101.507 (3), 102.385 (3) 

V (Å3) 1562.97 (17) 

Z 2 

Radiation type Mo Kα 

µ (mm−1) 0.12 

Crystal size (mm) 0.2 × 0.1 × 0.05 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan  

Bruker SADABS 

Tmin, Tmax 0.456, 0.783 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
33519, 6830, 5800  

Rint 0.068 

(sin θ/λ)max (Å
−1) 0.639 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.072, 0.162, 1.12 

No. of reflections 6830 

No. of parameters 358 

No. of restraints 3 

H-atom treatment H-atom parameters constrained 
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Δρmax, Δρmin (e Å−3) 0.87, −0.35 

Table XIII-4. Experimental details for VI-11 

Crystal data 

Chemical formula C37H46N2P2Si 

Mr 608.79 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 150 

a, b, c (Å) 10.2230 (8), 11.2771 (8), 30.660 (3) 

β (°) 99.563 (4) 

V (Å3) 3485.5 (5) 

Z 4 

Radiation type Mo Kα 

µ (mm−1) 0.19 

Crystal size (mm) 0.2 × 0.05 × 0.02 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan  

Bruker SADABS 

Tmin, Tmax 0.656, 0.745 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
67349, 7307, 5980  

Rint 0.075 

(sin θ/λ)max (Å
−1) 0.633 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.068, 0.131, 1.17 

No. of reflections 7307 

No. of parameters 387 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å−3) 0.74, −0.38 

Table XIII-5. Experimental details for VI-14 

Crystal data 

Chemical formula C49H57N2P3Si 

Mr 794.96 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 150 
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a, b, c (Å) 12.1659 (7), 16.1597 (9), 22.7420 (12) 

β (°) 95.688 (3) 

V (Å3) 4449.0 (4) 

Z 4 

Radiation type Mo Kα 

µ (mm−1) 0.20 

Crystal size (mm) 0.6 × 0.56 × 0.51 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 

Multi-scan  

SADABS2014/4 (Bruker,2014/4) was used for 

absorption correction. wR2(int) was 0.0923 before and 

0.0615 after correction. The Ratio of minimum to 

maximum transmission is 0.9261. The λ/2 correction 

factor is 0.00150. 

Tmin, Tmax 0.691, 0.746 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
23515, 11099, 8816  

Rint 0.040 

(sin θ/λ)max (Å
−1) 0.671 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.053, 0.118, 1.08 

No. of reflections 11099 

No. of parameters 508 

H-atom treatment 
H atoms treated by a mixture of independent and 

constrained refinement 

Δρmax, Δρmin (e Å−3) 0.36, −0.28 

Table XIII-6. Experimental details for VI-16 

Crystal data 

Chemical formula C37H46N2P2Si 

Mr 608.79 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 150 

a, b, c (Å) 15.4719 (16), 11.2409 (11), 20.183 (2) 

β (°) 90.985 (4) 

V (Å3) 3509.7 (6) 

Z 4 

Radiation type Mo Kα 
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µ (mm−1) 0.19 

Crystal size (mm) 0.15 × 0.12 × 0.06 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 

Multi-scan  

TWINABS-2012/1 (Bruker,2012) was used for 

absorption correction. 

Final HKLF 4 output contains 60342 reflections, Rint 

= 0.1656 (25783 with I > 3sig(I), Rint = 0.1132) 

Tmin, Tmax 0.468, 0.746 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
5944, 5944, 4082  

Rint 0.108 

(sin θ/λ)max (Å
−1) 0.588 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.107, 0.202, 1.10 

No. of reflections 5944 

No. of parameters 375 

No. of restraints 362 

H-atom treatment H-atom parameters constrained 

 w = 1/[σ2(Fo
2) + 22.7064P]  

where P = (Fo
2 + 2Fc

2)/3 

Δρmax, Δρmin (e Å−3) 0.40, −0.37 

Table XIII-7. Experimental details for VII-1 

Crystal data 

Chemical formula C50H72Cl2N4P2Si3 

Mr 946.22 

Crystal system, space group Triclinic, P¯1 

Temperature (K) 150 

a, b, c (Å) 11.3531 (8), 13.6668 (10), 18.3632 (13) 

α, β, γ (°) 89.631 (3), 88.307 (3), 79.271 (3) 

V (Å3) 2798.2 (3) 

Z 2 

Radiation type Mo Kα 

µ (mm−1) 0.27 

Crystal size (mm) 0.48 × 0.33 × 0.25 
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Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 

Multi-scan  

SADABS2014/4 (Bruker,2014/4) was used for absorption 

correction. wR2(int) was 0.1233 before and 0.0767 after correction. 

The Ratio of minimum to maximum transmission is 0.8832. The λ/2 

correction factor is 0.00150. 

Tmin, Tmax 0.659, 0.746 

No. of measured, 

independent and 

observed [I > 2σ(I)] 

reflections 

104934, 14149, 11941  

Rint 0.049 

(sin θ/λ)max (Å
−1) 0.674 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.050, 0.114, 1.13 

No. of reflections 14149 

No. of parameters 566 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å−3) 0.49, −0.42 

Table XIII-8. Experimental details for VII-5 

Crystal data 

Chemical formula C50H72Cl2N4P2Si3 

Mr 946.22 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 150 

a, b, c (Å) 13.7951 (13), 19.5886 (17), 19.8831 (18) 

β (°) 95.757 (3) 

V (Å3) 5345.8 (8) 

Z 4 

Radiation type ?, λ = ? Å 

µ (mm−1) 0.28 

Crystal size (mm) 0.1 × 0.07 × 0.07 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan  

Bruker SADABS 

Tmin, Tmax 0.543, 0.677 
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No. of measured, independent and 

observed [I > 2σ(I)] reflections 
76210, 11663, 9275  

Rint 0.064 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.067, 0.136, 1.09 

No. of reflections 11663 

No. of parameters 548 

H-atom treatment H-atom parameters constrained 

 w = 1/[σ2(Fo
2) + 14.9533P]  

where P = (Fo
2 + 2Fc

2)/3 

Δρmax, Δρmin (e Å−3) 1.00, −0.70 

Table XIII-9. Experimental details for VII-6 

Crystal data 

Chemical formula C50H72Cl2GeN4P2Si2 

Mr 990.72 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 152 

a, b, c (Å) 13.8059 (9), 19.5417 (12), 19.9214 (13) 

β (°) 95.564 (2) 

V (Å3) 5349.3 (6) 

Z 4 

Radiation type Mo Kα 

µ (mm−1) 0.81 

Crystal size (mm) 0.42 × 0.25 × 0.2 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction – 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
81802, 13281, 10956  

Rint 0.052 

(sin θ/λ)max (Å
−1) 0.667 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.045, 0.096, 1.10 

No. of reflections 13281 

No. of parameters 566 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å−3) 0.56, −0.66 
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Table XIII-10. Experimental details for VII-7 

Crystal data 

Chemical formula C50H72Cl4N4P2Si3 

Mr 1017.12 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 152 

a, b, c (Å) 18.2392 (16), 9.7012 (8), 31.512 (3) 

β (°) 101.465 (2) 

V (Å3) 5464.5 (8) 

Z 4 

Radiation type Mo Kα 

µ (mm−1) 0.38 

Crystal size (mm) 0.12 × 0.11 × 0.07 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 

Multi-scan  

SADABS2014/4 (Bruker,2014/4) was used for absorption 

correction. wR2(int) was 0.0981 before and 0.0726 after 

correction. The Ratio of minimum to maximum transmission 

is 0.8925. The λ/2 correction factor is 0.00150. 

Tmin, Tmax 0.665, 0.745 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
92396, 11224, 9775  

Rint 0.039 

(sin θ/λ)max (Å
−1) 0.628 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.060, 0.121, 1.20 

No. of reflections 11224 

No. of parameters 621 

No. of restraints 563 

H-atom treatment H-atom parameters constrained 

 w = 1/[σ2(Fo
2) + 12.2703P]  

where P = (Fo
2 + 2Fc

2)/3 

Δρmax, Δρmin (e Å−3) 0.48, −0.43 

Table XIII-11. Experimental details for VIII-3 

Crystal data 

Chemical formula C50H67KN4P3·1.05(C6.05) 



 

310 

Mr 932.59 

Crystal system, space group Orthorhombic, Pbca 

Temperature (K) 152 

a, b, c (Å) 15.8622 (8), 21.1485 (13), 33.4554 (17) 

V (Å3) 11223.0 (11) 

Z 8 

Radiation type Mo Kα 

µ (mm−1) 0.22 

Crystal size (mm) 0.4 × 0.04 × 0.03 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 

Multi-scan  

SADABS2014/4 (Bruker,2014/4) was used for absorption 

correction. wR2(int) was 0.1152 before and 0.0751 after 

correction. The Ratio of minimum to maximum 

transmission is 0.9073. The λ/2 correction factor is 0.00150. 

Tmin, Tmax 0.676, 0.745 

No. of measured, independent and 

observed [I ≥ 2u(I)] reflections 
34187, 11460, 7320  

Rint 0.090 

(sin θ/λ)max (Å
−1) 0.627 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.091, 0.218, 1.03 

No. of reflections 11460 

No. of parameters 598 

No. of restraints 3 

H-atom treatment H-atom parameters constrained 

 w = 1/[σ2(Fo
2) + (0.0575P)2 + 46.2569P]  

where P = (Fo
2 + 2Fc

2)/3 

(Δ/σ)max 0.313 

Δρmax, Δρmin (e Å−3) 0.91, −0.89 

Table XIII-12. Experimental details for VIII-2 

Crystal data 

Chemical formula C25H36N2P2 

Mr 426.50 

Crystal system, space group Triclinic, P¯1 

Temperature (K) 150 
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a, b, c (Å) 9.1084 (5), 9.3860 (5), 16.0901 (9) 

α, β, γ (°) 84.049 (3), 86.845 (3), 65.652 (2) 

V (Å3) 1246.35 (12) 

Z 2 

Radiation type Mo Kα 

µ (mm−1) 0.19 

Crystal size (mm) 0.29 × 0.25 × 0.25 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 

Multi-scan  

SADABS2014/4 (Bruker,2014/4) was used for absorption 

correction. wR2(int) was 0.0858 before and 0.0715 after 

correction. The Ratio of minimum to maximum transmission is 

0.9531. The λ/2 correction factor is 0.00150. 

Tmin, Tmax 0.710, 0.745 

No. of measured, independent 

and 

observed [I > 2σ(I)] 

reflections 

38934, 6270, 5474  

Rint 0.043 

(sin θ/λ)max (Å
−1) 0.670 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.050, 0.103, 1.10 

No. of reflections 6270 

No. of parameters 270 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å−3) 0.42, −0.31 

Table XIII-13. Experimental details for VIII-4 

Crystal data 

Chemical formula C32H48N4P2 

Mr 550.68 

Crystal system, space group Triclinic, P¯1 

Temperature (K) 150 

a, b, c (Å) 8.5702 (4), 11.1904 (6), 18.5403 (9) 

α, β, γ (°) 84.967 (2), 86.505 (2), 74.383 (2) 

V (Å3) 1704.55 (15) 

Z 2 

Radiation type Mo Kα 



 

312 

µ (mm−1) 0.15 

Crystal size (mm) 0.2 × 0.15 × 0.05 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan  

Bruker SADABS 

Tmin, Tmax 0.352, 0.583 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
39255, 6693, 5875  

Rint 0.042 

(sin θ/λ)max (Å
−1) 0.617 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.050, 0.119, 1.06 

No. of reflections 6693 

No. of parameters 355 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å−3) 0.45, −0.30 

Table XIII-14. Experimental details for VIII-7 

Crystal data 

Chemical formula C37H36Cl8N2O4P2 

Mr 918.22 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 150 

a, b, c (Å) 10.7194 (13), 27.202 (3), 14.8329 (18) 

β (°) 97.391 (4) 

V (Å3) 4289.2 (9) 

Z 4 

Radiation type Mo Kα 

µ (mm−1) 0.64 

Crystal size (mm) 0.1 × 0.05 × 0.02 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan  

Bruker SADABS 

Tmin, Tmax 0.563, 0.752 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
69737, 8436, 6880  
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Rint 0.079 

(sin θ/λ)max (Å
−1) 0.617 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.073, 0.170, 1.17 

No. of reflections 8436 

No. of parameters 480 

H-atom treatment H-atom parameters constrained 

 w = 1/[σ2(Fo
2) + (0.0587P)2 + 12.8645P]  

where P = (Fo
2 + 2Fc

2)/3 

Δρmax, Δρmin (e Å−3) 0.52, −0.46 

Table XIII-15. Experimental details for VIII-8 

Crystal data 

Chemical formula C32H42N2OP2 

Mr 532.61 

Crystal system, space group Triclinic, P¯1 

Temperature (K) 150 

a, b, c (Å) 8.6949 (5), 16.6474 (9), 24.2864 (13) 

α, β, γ (°) 100.417 (3), 92.783 (3), 100.443 (3) 

V (Å3) 3388.1 (3) 

Z 4 

Radiation type Mo Kα 

µ (mm−1) 0.15 

Crystal size (mm) 0.2 × 0.05 × 0.01 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan  

Bruker SADABS 

Tmin, Tmax 0.694, 0.723 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
73044, 13330, 10436  

Rint 0.056 

(sin θ/λ)max (Å
−1) 0.617 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.079, 0.190, 1.11 

No. of reflections 13330 

No. of parameters 683 

H-atom treatment H-atom parameters constrained 
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Δρmax, Δρmin (e Å−3) 0.54, −0.35 

Table XIII-16. Experimental details for VIII-9 

Crystal data 

Chemical formula C32H41N3OP2 

Mr 545.62 

Crystal system, space group Triclinic, P¯1 

Temperature (K) 150 

a, b, c (Å) 8.5075 (6), 12.0824 (8), 15.2815 (10) 

α, β, γ (°) 92.114 (3), 102.778 (3), 96.113 (3) 

V (Å3) 1520.23 (18) 

Z 2 

Radiation type Mo Kα 

µ (mm−1) 0.17 

Crystal size (mm) 0.27 × 0.07 × 0.01 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan  

Bruker SADABS 

Tmin, Tmax 0.653, 0.734 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
31929, 5358, 3718  

Rint 0.109 

(sin θ/λ)max (Å
−1) 0.595 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.092, 0.171, 1.16 

No. of reflections 5358 

No. of parameters 315 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å−3) 0.40, −0.45 

Table XIII-17. Experimental details for IX-1 

Crystal data 

Chemical formula C25H36N2O2P2 

Mr 458.50 

Crystal system, space group Triclinic, P¯1 

Temperature (K) 150 
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a, b, c (Å) 10.5375 (6), 10.6219 (6), 12.3488 (7) 

α, β, γ (°) 93.391 (3), 92.281 (3), 115.648 (2) 

V (Å3) 1240.52 (12) 

Z 2 

Radiation type Mo Kα 

µ (mm−1) 0.20 

Crystal size (mm) 0.28 × 0.16 × 0.10 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan  

Bruker SADABS 

Tmin, Tmax 0.489, 0.786 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
9368, 5597, 4387  

Rint 0.051 

(sin θ/λ)max (Å
−1) 0.675 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.080, 0.210, 1.09 

No. of reflections 5597 

No. of parameters 288 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å−3) 0.96, −1.02 

Table XIII-18. Experimental details for IX-3 

Crystal data 

Chemical formula C40H50N4OP2 

Mr 664.78 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 150 

a, b, c (Å) 20.1017 (12), 17.3590 (9), 22.7967 (13) 

β (°) 110.492 (3) 

V (Å3) 7451.4 (7) 

Z 8 

Radiation type Mo Kα 

µ (mm−1) 0.15 

Crystal size (mm) 0.4 × 0.1 × 0.1 

Data collection 
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Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan  

Bruker SADABS 

Tmin, Tmax 0.562, 0.751 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
77292, 13110, 9949  

Rint 0.098 

(sin θ/λ)max (Å
−1) 0.595 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.081, 0.191, 1.11 

No. of reflections 13110 

No. of parameters 867 

H-atom treatment H-atom parameters constrained 

 w = 1/[σ2(Fo
2) + (0.0555P)2 + 18.6901P]  

where P = (Fo
2 + 2Fc

2)/3 

Δρmax, Δρmin (e Å−3) 0.43, −0.56 

Table XIII-19. Experimental details for IX-6 

Crystal data 

Chemical formula C31H55N4P2Si2 

Mr 601.91 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 150 

a, b, c (Å) 11.2091 (4), 11.0352 (4), 56.7653 (19) 

β (°) 91.275 (2) 

V (Å3) 7019.8 (4) 

Z 8 

Radiation type Mo Kα 

µ (mm−1) 0.22 

Crystal size (mm) 0.13 × 0.06 × 0.03 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan  

Bruker SADABS 

Tmin, Tmax 0.561, 0.782 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
96261, 12360, 11128  

Rint 0.062 
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(sin θ/λ)max (Å
−1) 0.595 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.073, 0.157, 1.21 

No. of reflections 12360 

No. of parameters 732 

H-atom treatment H-atom parameters constrained 

 w = 1/[σ2(Fo
2) + (0.0445P)2 + 16.5487P]  

where P = (Fo
2 + 2Fc

2)/3 

Δρmax, Δρmin (e Å−3) 0.43, −0.84 

Table XIII-20. Experimental details for IX-8 

Crystal data 

Chemical formula C25H36N2P2S 

Mr 458.48 

Crystal system, space group Orthorhombic, Pbca 

Temperature (K) 150 

a, b, c (Å) 15.8964 (8), 16.0251 (8), 20.0298 (10) 

V (Å3) 5102.4 (4) 

Z 8 

Radiation type Mo Kα 

µ (mm−1) 0.29 

Crystal size (mm) 0.5 × 0.2 × 0.05 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan  

Bruker SADABS 

Tmin, Tmax 0.621, 0.789 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
22605, 3909, 2756  

Rint 0.126 

(sin θ/λ)max (Å
−1) 0.606 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.092, 0.169, 1.06 

No. of reflections 3909 

No. of parameters 280 

H-atom treatment H-atom parameters constrained 

 w = 1/[σ2(Fo
2) + (0.0131P)2 + 21.3598P]  

where P = (Fo
2 + 2Fc

2)/3 
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Δρmax, Δρmin (e Å−3) 0.42, −0.33 
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