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Kurzzusammenfassung 

 

Die chemische Vielseitigkeit der monoanionische [ECO]− (E =P, As) Anionen führte in den letzten Jahren 

zu einem regen Einsatz dieser Salze, um E-Atome in neue ungewöhnliche Hauptgruppen- und Übergangs-

metallverbindungen zu übertragen. In der vorliegenden Arbeit wurden diese Anionen für die Synthese 

mehrerer Zinkkomplexe verwendet, von denen einige mit Silylenen und AlI-Komplexfragmenten zu Lewis-

Verbindungen mit neuartigen Reaktivitätsmustern umgesetzt wurden. 

Der Hauptteil dieser Arbeit ist in fünf Abschnitte unterteilt. Im ersten Teil wird eine neue Eintopf-Synthese 

des Salzes NaOCAs bei Raumtemperatur vorgestellt, bei der AsH3 mit NaOtBu und Dimethylcarbonat 

umgesetzt wird. Im zweiten Teil wird die Stabilisierung von reaktiven Zink-Komplexen LZn-E=C=O (78, 

E = P; 79, E = As, L = [CH(CMeNDipp)2]) aus der Reaktion mit NaOCAs beschrieben, wobei kleine 

neutrale Lewis-Basen wie 4-Dimethylaminopyridin (dmap) und [C(Me)N(iPr)]2C: (NHC) verwendet 

wurden. Die Darstellung der Verbindungen LZn(dmap)-E=C=O (99, E = P; 100, E = As) und 

LZn(NHC)-E=C=O (108, E = P; 109, E = As), sowie deren strukturelle und spektroskopische 

Eigenschaften werden erörtert. Im dritten Abschnitt wird auf eine Ligandenaustausch-Reaktion bei 79 und 

109 eingegangen, bei der CO durch die N-heterocyklischen Silylene [C(H)N(tBu)]2Si: 35 (tBuNHSi) und 

[C(H)N(2,6-iPr2-C6H3)]2Si: 80 (DippNHSi) ersetzt wird. So wurde bei der Reaktion von 109 mit 35 der erste 

Zink-Arsiniden-Silylen Komplex [NHC→(tBuNHSi)→AsZnL] 140 erhalten. Außerdem konnte eine 

Reaktion des intermediär gebildeten Arsaketens 79 mit 35 und 80 nachgewiesen werden, wobei jeweils ein 

Zink-Arsiniden-Silylen Dimer [{(tBuNHSi)→AsZnL}2] 143 bzw. die äquivalente Monomer-Spezies 

[(DippNHSi)→AsZnL] 144 gebildet wurden, was mit dem unterschiedlichen sterischen Profil der beiden 

Silylene in Verbindung gebracht werden kann. Im vierten Abschnitt wird die Reaktivität des 

As-Zinksilaarsens 144 gegenüber H2O, NH3, N2O, und CO2 untersucht. In den ersten beiden Fällen wurden 

dabei eine H-OH bzw. H-NH2 Addition an die As=Si Doppelbindung beobachtet. Interessanterweise führte 

die Oxidation von 144 mit N2O oder CO2 zu unterschiedlichen Verbindungen, nämlich jeweils zum 

1,2-Disiloxydiarsen [LZnOSi(L’)As]2 (184, L’ = [C(H)N(Dipp)]2) bzw. dem Sila-Arsaethinolat 

LZnOSi(L’)(-OC≡As) (197), welches eine Isomerisation zum Sila-Arsaketen LZnOSi(L’)(-As=C=O) 197‘ 

durchläuft. Dieser Prozess wurde eingehend untersucht. Im fünften und letzten Teil wird die Reaktivität 

einiger [ECO]-Fragmente gegenüber AlI-Verbindungen beschrieben. In der Struktur des Zink-Aluminium 

Komplexes [(LZn)AsAl(Cp*)ClZn(L)] 204 gibt es dabei Hinweise auf eine As-Al Mehrfachbindung. 
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Abstract 

 

In recent years, the widespread utility of the [ECO]− (E =P, As) anions has been well received to 

introduce E atoms into molecules, generating new unusual Main Group and Transition Metal 

compounds. In this thesis, these anions have been used to synthesize several zinc complexes, some 

of which can react with silylenes and AlI complexes, forming interesting Lewis species that show 

new patterns of reactivity. 

The results and discussion part of this thesis is divided into five sections. The first section describes 

a new one-pot reaction to synthesize NaAsCO at ambient temperature using AsH3, NaOtBu and 

dimethylcarbonate. The second section is focused on the stabilization of complexes LZn-E=C=O 

(78, E = P; 79, E = As, L = [CH(CMeNDipp)2]) by using the small and neutral Lewis basic ligands 

4-dimethylaminopyridine (dmap) and [C(Me)N(iPr)]2C: (NHC). The isolation of the complexes 

LZn(dmap)-E=C=O (99, E = P; 100, E = As) and LZn(NHC)-E=C=O (108, E = P; 109, E = As), 

and their significant structural and spectroscopic features are discussed. In the third section, the 

CO replacement reactions in 79 and 109 promoted by the N-heterocyclic silylenes 

[C(H)N(tBu)]2Si: 35 (tBuNHSi) and [C(H)N(2,6-iPr2-C6H3)]2Si: 80 (DippNHSi) are described, as 

well as the bonding situation of the As-Si bonds in the isolated complexes. The reaction between 

109 and the silylene 35 yielded the first zinco arsinidene-silylene complex 

[NHC→(tBuNHSi)→AsZnL] 140. Additionally, the respective CO replacement reaction of 

transient arsaketene 79 promoted by silylenes 35 and 80 produced the dimeric zinco arsinidene-

silylene complex [{(tBuNHSi)→AsZnL}2] (143) and the monomeric derivative 

[(DippNHSi)→AsZnL] (144), respectively, in line with the differing steric profile of the two 

silylenes studied. In the fourth section, the reactivity of the As-zincosilaarsene 144 towards H2O, 

NH3, N2O, and CO2 was studied. The reactions of 144 with H2O and NH3 yield the expected 

products arising from addition of the H-OH or H-NH2 fragments across the As=Si double bond of 

144. Remarkably, the oxidation reactions of 144 with N2O or CO2 led to markedly different 

reaction products, namely 1,2-disiloxydiarsene [LZnOSi(L’)As]2 (184, L’ = [C(H)N(Dipp)]2) or 

sila-arsathynolate LZnOSi(L’)(-OC≡As) (197), respectively. The isomerization of the latter to 

form the sila-arsaketene LZnOSi(L’)(-As=C=O) 197´ has been thoroughly investigated. In the fifth 

section, tested reactions between [ECO] containing species and AlI compounds are described. The 

structure of [(LZn)AsAl(Cp*)ClZn(L)] 204 suggests a possible As-Al multiple bonding situation. 
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1. Introduction 

 

Almost a century ago, G. N. Lewis and I. Langmuir developed the “octet rule”, which states 

that Main Group (MG) elements in their compounds tend to have a full valence shell containing 

eight electrons.[1] This rule could explain the chemical stability of  the majority of known 

compounds containing s- and p-block elements. Indeed, compounds having one or more atoms 

that do not obey the octet rule are less stable than analogous compounds in which their atoms 

satisfy this rule. In this context, the development of low-valent MG chemistry has been a field that 

has flourished in last decades, specially through kinetic and thermodynamic stabilization of the 

electron-deficient atoms provided by ligands containing the “right” donor atoms and bulky 

substituents. This has led to the discovery of compounds that display interesting reactivity patterns, 

particularly in the context of small-molecule activation and catalysis.[2] This section summarizes 

general structural aspects regarding the stabilization of compounds containing low-valent MG 

atoms, focused on carbon, silicon, nitrogen, phosphorus and arsenic. This brief introduction will 

analyse the influence of low-valent MG species in the formation of compounds having 

homonuclear and heteronuclear multiple bonds between heavy MG elements. Such doubly-bonded 

compounds have different electronic and reactivity properties when compared with the lighter 

carbon analogues, such as alkenes, ketones and imines, and their isolation has been as challenging 

as the isolation of monomeric compounds containing low-valent MG fragments.     

    

1.1. Low valent main group species EHn (E = C, Si, Ge, N, P, As, n = 1, 2) 

 

The orbital hybridization model has been used to explain electronic and geometrical 

properties, particularly those of second row element-based compounds, given the low energy 

difference between their s and p valence orbitals. However, heavy MG atoms have a larger s-p 

gap, and so their tendency to have spx (x = 1-3) hybridized orbitals is reduced; this is a consequence 

of the relativistic “lone-pair effect”.[3] The latter explains the singlet-triplet energy gap (ΔES→T) of 

the divalent parent EH2 species (E = Group 14, Table 1.1). Whilst the parent carbene, CH2, has a 

triplet ground state, the heavier group 14 analogues SiH2, GeH2, etc. have a singlet ground state. 

On the other hand, the Group 15 analogues of the carbene CH2, i.e. nitrene (NH), the 

phosphinidene (PH) and arsinidene (AsH) have a triplet ground state[3a] because two electrons are 
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distributed in two degenerate p-orbitals, to minimize repulsions. Figure 1.1 illustrates the 

difference between elements that readily undergo orbital hybridization (e.g. C, N), and those that 

usually do not (e.g. Si, P, etc.) in terms of their singlet or triplet ground state. 

 

Table 1.1. Singlet-triplet energy gap (ES→T) of selected low valent MG fragments EHn.            

Group 14 EH2 

fragment 

ΔES→T / 

kcal mol-1 

Group 15 EH 

fragment 

ΔES→T / 

kcal mol-1 

CH2
[4] -9 NH[7] -51* 

SiH2
[5] 21 PH[8] -22 

GeH2
[6] 23* AsH[9] -21* 

                                       *Calculated values. 

 

 

Figure 1.1. Electronic configuration of selected low valent MG fragments of the type EHn. 

 

It is worth to mention that the species listed in Table 1.1 have only been observed in matrix 

experiments or are still elusive.[4-9] To isolate monomeric singlet species of the type ERn (E = C, 

Si, N, P, As; R = substituent; n = 1 or 2), the use of bulky substituents with π-donor atoms has 

been required, a requisite that will be discussed in sections 1.2 and 1.3. 

 

1.2. Towards isolable monomeric low-valent Main Group species ERn  

 

The first reported monomeric Group 14 low-valent complex was the stannylene 

[(Me3Si)2CH]2Sn (1, Figure 1.2, a), which was observed first in solutions in 1973 by Lappert and 

coworkers.[10] It was found later that 1 crystallizes as a tin analogue of an alkene with a weak 

Sn=Sn bond (2, Figure 1.2, a).[11] These results initiated a novel chapter in low-valent MG 

Chemistry in terms of stabilizing reactive six-valence electron species, but also in terms of 

developing new concepts of chemical bonding through the study of new multiply bonded species. 
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The heavier alkene 2 was the first example of another historical rule that was broken, the “double 

bond rule”, which states that for heavier MG elements multiple bonds are disfavoured over single 

bonds, given their reluctance to form hybrid orbitals.[12] Interestingly, the Sn=Sn bond in 2 was 

described as a result of Lewis acid-base interactions (“push-pull”) between the empty p-orbital of 

a Sn center, with the s-character electron pair of the adjacent Sn center (Figure 1.2, b).[11] Such a 

description does not fit with the classical valence bond model (VB) or the molecular orbitals model 

(MO). A model proposed by Carter-Goddard-Malrieu-Trinquier explains more precisely the 

bonding situation in heavy analogues of alkenes.[3]  

 

 

Figure 1.2. a) Equilibrium between monomeric stannylene 1 and distannene 2. b) The push-pull interaction between 

two stannylene molecules resulting in a weak Sn=Sn double bond.  

 

1.2.1. The Carter-Goddard-Malrieu-Trinquier model for heavy alkene 

analogues   

 

Whilst alkenes have a planar geometry around the C=C core, their heavy MG analogues 

can additionally present trans-bent geometries around the E1=E2 bond (E1, E2 = Group 14 element), 

for example, the C atoms of the CH fragments in complex 2 are 41° out of the plane relative to the 

Sn=Sn bond.[13] To explain these structural differences, the model proposed by Carter-Goddard-

Malrieu-Trinquier (CGMT) expresses the stabilization energy for the σ and π components (Eσ+π) 

of the E1=E2 bond of an hypothetical heavier alkene  R2E1=E2R2 (R = any substituent) in terms of 

the intrinsic energy of pure E1=E2 bonds (Eint, corresponding to the homolytic dissociation of  the 

H2E1=E2H2 fragments), and the ΔES→T of the two fragments R2E1 and R2E2, as shown in Equation 

[1] and Figure 1.3.[3] 
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Eσ+π=Eint-(ΔES→T,R2E
1+ΔES→T,R2E

2)          [1] 

 

 

Figure 1.3. Illustrated components of Equation [1]. 

 

In most of the cases, the ground state in heavy Group 14 carbene analogues is always 

singlet. Then, the formation of E1=E2 bonds is favoured when the single-triplet gap is small. In 

terms of the Equation [1], the inequalities Eσ+π  > ΔES→T,R2E
1 and Eσ+π > ΔES→T,R2E

2 reflect that.[3b] 

This means that the R substitution pattern around the E atoms (Figure 1.3) is important in order to 

design molecules that exist as monomers, dimers, or in equilibrium between the two. Generally, 

in terms of the substituents, the smaller and less π-donating they are, the propensity for 

dimerization is greater.[3] 

 

Additionally, the CGMT model gives a general rule in order to predict the geometry 

adopted by alkene analogues, R2E1=E2R2. In terms of the values given in Equation [1], when Eσ+π 

> (ΔES→T,R2E
1 + ΔES→T,R2E

2), the planar structure is observed; and when Eσ+π < (ΔES→T,R2E
1 + 

ΔES→T,R2E
2), the trans-bent structure is obtained.[3b] This trans-bent geometry can be explained in 
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terms of the electronic repulsion between the lone pairs of two singlet fragments when they 

approach in-plane with each other. In order to form the multiple bond, this repulsion is minimized 

when the lone pairs are as separated as possible, and reaches a minimum when the fragments are 

trans-bent by 45° with respect to the ideal alkene plane (see D and E in Figure 1.3).[3] 

 

In the case of heavy analogues of imines, or R2E1=E2R (E1 = heavy Group 14 atom, E2  = 

heavy Group 15 atom, R = any substituent), both planar and bent geometries are known for E1, 

and the angle around E2 is near 100 °, related with the high s-character of the lone pair in E2.[3b] 

 

1.2.2. Dimers of transient silylenes and phosphinidenes 

 

The chemistry of transient silylenes and phosphinidenes is more developed for the former 

compounds than the later species. Important contributions were made back in the decades of the 

1960 and 1970. The lightest silylene, SiH2, has been proposed as intermediate in the pyrolysis of 

silanes,[14] and it has been generated through the gas-phase reaction between SiH4 and F atoms at 

150 K.[5] The inorganic silylenes SiX2 (X = F, Cl) have been prepared at high temperatures and 

low pressures, via comproportionation, when a gaseous silicon tetrahalide precursor is in contact 

with elemental silicon.[15] The dialkyl silylene SiMe2 3 (Scheme 1.1) has been also proposed as 

intermediate in multiple reactions,[12] but it was not until 1978 that West and co-workers reported 

the isolation of SiMe2, through photolytic dissociation (hν = 254 nm) of dodecamethylcyclosilane 

in cold matrices of Ar at 10 K and 3-methylpentane (3-MP) at 77 K (Scheme 1.1).[16] In this study, 

3 was trapped with triethylsilane (Scheme 1.1), bis(trimethylsilyl)ethyne, and 1-hexene.[16] 3 is 

even sensitive to visible light.[16,17] When the Ar or 3-MP matrices of 3 are exposed to light at hν 

= 450 nm, it photoisomerizes to 2-silapropene (4). When the Ar matrix of 4 is warmed to 50 K, 4 

cyclodimerizes to 1,3-dimethyl-1,3-disilacyclobutane (5). In a different manner, when the 3-MP 

matrix of 4 is warmed to 100 K, it interconverts back to 3 (Scheme 1.1).[17] 
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Scheme 1.1. Synthesis and selected reactivity of dimethylsilylene 3. 

 

The silylene SiF2 is the most stable silylene of the series SiH2, SiX2 (X = F, Cl) and SiMe2, 

with a half-life time of 150 s at ambient temperature and pressures below 2 mm Hg.[15a] This 

relative stability is explained given the π-donor properties of the F atoms.[3a] However, all of these 

silylenes polymerize to (SiR2)x due to the lack of kinetic protection.[12,14,15] 

 

In a study published in 1981,[18] West et al. investigated the matrix isolation and properties 

silylenes bearing bigger R substituents, e.g. SiEt2, Si(Ph)(Me), which also polymerize when their 

Ar or 3-MP matrices melt. In parallel, they also trapped the blue silylene SiMes2 (7, Mes = 2,4,6-

Me3-C6H2, Scheme 1.2), after photolytic treatment (hν = 254 nm) of 2,2-

bis(mesityl)hexamethyltrisilane 6. Interestingly, when the matrix containing 7 is melted, the 

disilene Mes2Si=SiMes2 (8) was produced.[18] 

 

 

Scheme 1.2. Trapping experiment of silylene SiMes2 7, and formation of the disilene 8. 

 

Such groundbreaking results illustrate systematically the importance of the substituent size 

in order to reduce the tendency of polymerization of SiR2 fragments, allowing the synthesis of the 

first disilene (8), which is the dimer of the transient silylene 7.[18] Thus, heavy alkene analogues, 

based on the CGMT model, could be considered as dimers of transient carbene-analogue 
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fragments. Additionally, in 1981, the first diphosphene, trans-Mes*P=PMes* (Mes* = 2,4,6-tBu3-

C6H2),[19] was reported by the group of Yoshifuji. This diphosphene was proposed as a dimer of 

the phosphinidene PMes*, without experimental evidence.[19] Indeed, trapping or detecting 

transient silylenes and phosphinidenes is challenging, and has been the subject of studies by several 

research groups. Trapping experiments of these monomeric fragments have been studied through 

novel synthetic protocols, including the photolysis or thermal treatment of suitable precursors. 

Important examples of these trapping experiments are discussed in the next subchapters.     

 

1.2.2.1. Silylenes 

 

In the case of transient silylenes, the silylenes 10 and 13 have been spectroscopically 

characterized in solutions at ambient temperature (Scheme 1.3).[20,21] 2,3-Dimethyl-1,3-butadiene 

has been used to trap such species, because silylenes show Diels-Alder-like reactivity. 

Additionally, 10 and 13 dimerize as their respective disilenes 11 (detected in solution, calculated 

dSi=Si = 2.472 Å)[20] and 14 (dSi=Si = 2.17 Å, Scheme 1.3).[21] 

 

 

 

Scheme 1.3. Preparation of silylenes 10 and 13, their respective dimers 11 and 14, and the products of the trapping 

experiments using 2,3-dimethyl-1,3-butadiene to form 12 and 15.   
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1.2.2.2. Phosphinidenes 

 

In the case of transient phosphinidenes PR, they can be in a singlet or triplet state depending 

on the nature of the substituent R, and once produced, they react producing not only diphosphenes, 

but also tetramers, and C-H or C-C activation products. Initial efforts from the group of Fritz 

started shedding light on this remarkable chemistry. They tried to trap the 

phosphino(phosphinidene) tBu2P-P 17 (Scheme 1.4) using the phosphino-phosphinidene-

phosphorane tBu2P-P=P(Me)(tBu)2 (16, Scheme 1.4) as a precursor.[22] However, they were not 

able to detect free 17, and by using 16 as a source of transient 17, they only were able to prepare 

metal complexes of 17, i.e. [η2-{tBu2P-P}Pt(PPh3)2][23] and [μ-(1.2:2-η- tBu2P-P){Mo(CO)(Cpt)}2] 

(Cpt = C5H4
tBu).[24] Additionally, they were able to trap the dimeric form of 17, that is, the 

diphosphene tBu2P-P=P-PtBu2 (18) by heating 16 in the presence of 2,3-dimethyl-1,3-butadiene 

(Scheme 1.4).[25]  

 

 

Scheme 1.4. Trapping experiment that shows the formation of transient phosphinidene 17 and transient diphosphene 

19.   

 

Protasiewicz questioned the intrinsic stability of two triplet phosphinidene units that 

presumably dimerize in order to form the respective diphosphene. His group studied the products 

after the photolysis of phosphanylidene-phosphoranes 20-22, from which the triplet 

phosphinidenes 23-25 are proposed as transient intermediates (Scheme 1.5). The desired 

diphosphene is only obtained when 22 is photolyzed, forming 28 (Scheme 1.5); but when 20 and 

21 are used, C-H and C-C activation products 26 and 27 are formed (Scheme 1.5), showing that 

the dimerization could proceed only if the phosphinidene has a relative long life-time. Surprisingly, 

in the presence of increasing amounts of 20 during the photolysis of 22, the diphosphene 29 is 

formed alongside the C-H activation product 26 (Scheme 1.5). This result suggests that 

intermediate 25 does not react with a second equivalent of itself, and instead more readily reacts 

with one unit of 22 (releasing PMe3) to form 28, following an unknown mechanism.[26] 
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Scheme 1.5. Reactivity of phosphanylidene-phosphoranes 20-22 under photolytic conditions.    

 

The latter results show that a spectroscopic evidence for reactive phosphinidenes is still 

missing, and the mechanism of dimerization to form the respective diphosphene may be 

unrealistic.[27] However, it is proposed that the dimerization of two phosphinidenes can occur. In 

2016, the group of Bertrand isolated the diphosphene 32 after photolytic treatment of phosphino-

phosphaketene 30 (Scheme 1.6). They proposed that 30 is formed after a head-to-head 

dimerization of the presumable phosphino-phosphinidene intermediate 31.[28] This group was 

successful in the isolation of a phosphino-phosphinidene, but this ground-breaking result will be 

discussed in section 1.3.2.2. 
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Scheme 1.6. Synthesis of diphosphene 32 after photolysis of phosphino-phosphaketene 30. 

 

1.3. Monomeric low-valent Main Group species ERn (E = C, Si, N, P, As; R = 

substituent; n = 1 or 2) 

 

1.3.1. Monomeric carbenes and silylenes 

 

The observation of monomeric stannylene 1 in solutions inspired subsequent investigations 

regarding the isolation of monomeric low-valent Group 14 species. The seminal work of Jutzi and 

co-workers (1986) allowed the synthesis and structural characterization of the first silicon(II) 

complex, decamethylsilicocene SiCp*2 (33, Cp* = Me5C5, Figure 1.4, a);[29] but perhaps more 

remarkably, Arduengo (1991) and West (1994) reported the synthesis and structures of the first 

two-coordinate N-heterocyclic carbene (NHC) 34 (Figure 1.4, a)[30] and N-heterocyclic silylene 

(NHSi) 35 (Figure 1.4)[31] complexes, respectively. The structures of 34 and 35 clearly illustrate 

the importance of the thermodynamic stabilization of the low valent group 14 atoms, via the π-

donation from the nitrogen atoms to the empty p orbital at carbon(II)/silicon(II), and the kinetic 

stabilization given by the bulky organic substituents of the heterocycles (Figure 1.4, b). 
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Figure 1.4. a) Structures of the two conformational isomers of SiCp*2 33a and 33 b, and structures of the NHC 34 

and NHSi 35. b) Thermodynamic and kinetic stabilization of NHCs and NHSis.   

 

The rich chemistry and applications of carbenes and silylenes have been extensively 

reviewed in the literature, and span from fundamental bonding studies, coordination chemistry, 

small molecules activation, catalytic and even pharmaceutical applications (in the case of NHCs). 

Both class of compounds react mainly as Lewis bases (i.e. σ-donors). Their HOMO-LUMO gap 

and reactivity can be fine-tuned through modifications of the coordinating atoms, the structure of 

the organic backbone, and the size of the organic substituents.[32,33] In the carbene case, there are 

two remarkable contributions made by the group of Bertrand. Firstly, they discovered the cyclic 

(alkyl)(amino)carbenes (cAACs, e.g. 36, Figure 1.5, left)[34] which contain a lower HOMO-LUMO 

gap (1.95 eV in comparison with 2.95 eV of NHCs), and are stronger σ-donors relative to 

NHCs.[32d-f] cAACs are now commonly used in coordination compounds (i.e. complex 37, Figure 

1.5, left),[34] and readily stabilize radical species (i.e. complex 38, Figure 1.5, left).[32d-f,35] 

Secondly, the Bertrand group also have recently isolated the unprecedented and crystalline 

monosubstituted carbene 39 (Figure 1.5, right),[36] the closest analogue of triplet CH2 known to 

date. 
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Figure 1.5. (Left) Structure of  cAAC 36 and the two products 37 and 38 derived from its reactivity studies. (Right) 

Structure of the acyclic carbene 39.  

 

The chemistry of silylenes resembles the NHC or cAAC chemistry in terms of 

applicability. However, there are examples of these compounds that are of significant interest. For 

instance, the chloride moiety of silylene 40 (Figure 1.6), reported by Roesky and coworkers, has 

allowed further functionalization around the SiII atom.[37] The zwitterionic silylene 41 (Figure 1.6) 

reported by our group[38] is capable to activate small molecules such as NH3
[39] and P4.[40] The first 

acyclic silylenes 42 and 43 (Figure 1.6) were reported in 2012.[41,42] Remarkably, the silylene 42 

activates H2 at ambient temperature, in contrast to silylene 43, which does not react with H2 

(HOMO-LUMO gap for 42 = 1.96  eV, in comparison with 4.26 eV for 43).[41,42] Additionally, the 

first acyclic hydrido silylene 44 was reported by Inoue, where an NHC ligand was used to stabilize 

the vacant p orbital at Si (Figure 1.6).[43] Remarkably, complex 44 is the closest reported analogue 

of singlet SiH2 known to date. 

 

 

Figure 1.6. Structures of silylenes 40-44. 
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The development of new ligands containing different backbones and donor atoms has 

allowed the isolation of new silylenes, thus, expanding the possibilities of new patterns of 

reactivity. Silylenes 45-53 (Figure 1.7) illustrate the diversity of structures. The complexes 45,[44] 

46,[45] 49,[46] 51[47] and 53[48] are new examples of acyclic silylenes. Compounds 46 and 52[49] are 

examples of metallated silylenes. The silylene 47[50] is a silicon analogue of a cAAC, and the 

silylene 49 is the first silicon analogue of the well known Group 14 divalent amides. Additionally, 

all silylenes 45-53 show that the low-valent center can be stabilized by a diversity of donor atoms, 

including boron (50),[51] oxygen (51), silicon (45 and 53) and vinylic carbons (48[52] and 53).      

 

 

Figure 1.7. Structures of silylenes 45-53. 
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An important application of NHSi 40 is that it can react with appropriate dilithium organic 

reagents to form bis-silylene species (i.e. 54 and 55, Scheme 1.7).[33d,53,54] The distance between 

the SiII centers can vary depending on the organic backbone used. For example, the Si-Si distance 

in complex 54 is 4.316 Å,[53] longer than the one found in complex 55 (2.623(1) Å).[54] This 

dramatic difference between the Si-Si distance in 54 and 55 explains their different reactivity. 

Whilst both react similarly with Ni(cod)2 (cod = cycloocta-1,4-diene) to form the respective metal 

complex,[53,54] 55 also shows reactivity as a disilene when exposed to ethylene and 

benzophenone.[54] Computational analysis confirmed that the organic skeleton in 55 forces the two 

silylene units to form a Si-Si double bond, which is the longest bond reported for a disilene, and 

confirms the bond description given by the CGMT model.[54] 

 

 

Scheme 1.7. Synthesis of bis-silylene 54 and disilene 55.   

 

1.3.2. Monomeric nitrenes, phosphinidenes and arsinidenes (ER and D→EH 

complexes) 

 

There are several types of structures that have been identified as nitrenes, phosphinidenes 

or arsinidenes, i. e. the monocoordinated ER, and the donor (D) stabilized EH fragment (D→EH), 
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two-coordinate neutral ER2 complexes, and metal pnictides (RME). Only the first two classes of 

compounds will be discussed in this section. On the other hand, novel examples of ER2 complexes 

will be introduced in section 3. 

 

1.3.2.1. D→EH Complexes 

 

The known donor stabilized EH complexes are complexes where the donor can be 

described as a low valent fragment, e.g. carbene or silylene, that stabilizes the empty orbital of the 

EH fragment via a σ-interaction. Given the two electron pairs at E and the empty orbital in D, there 

is a π-back donation with the concomitant formation of a polarized double bond (Figure 1.8).[55] 

 

 

Figure 1.8. a) Double bond formed between a donor D and a singlet EH fragment. b) Zwitterionic double bond in 

D→EH complexes.  

 

As uncoordinated EH species are not available, the synthesis of D→EH complexes 

involves interesting reactions. Compounds 56-66 (Figure 1.9) are examples of D→EH 

complexes.[55-63] It is worth mentioning that the elusive complex [CH2C(N-Dipp)CHC(N-

Dipp)CH3]Si→NH has been recently trapped using benzophenone and Me3SiN3.[64]  
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Figure 1.9. Structures of the D→EH  complexes 56,[56] 57-59,[57] 60,[58] 61,[59] 62,[60] 63,[61] 64,[55] 65[62] and 66.[63]   

 

1.3.2.2. Monomeric singlet nitrenes, phosphinidenes and arsinidenes (ER) 

 

The chemistry of monomeric nitrenes, phosphinidenes and arsinidenes (ER) is still little 

explored, because a monodentate bulky R substituent is required to stabilize the triplet state of the 

E atom (E = N, P, As). The use of sterically hindered ligands with π-donating atoms has so far 

been essential to stabilize monomeric and singlet ER complexes (E = N, P, As). Singlet nitrenes 

67 and 68 (Figure 1.10) were characterized in solutions and are only stable at low temperatures.[65] 

Inspired by these results, in 2012 the group of Bertrand reported a singlet nitrene (69, Figure 1.10) 

that is stable at ambient temperature both in solutions and solid state.[66] In comparison with 67 

and 68, nitrene 69 is stabilized through the employment of a bigger ligand and by means of the 

high π-donation from the phosphorus atom. The molecular structure of 69 displays three different 

P-N bonds. The P-Nnitrene bond (1.457 (8) Å) is shorter that the other two P-NNC bonds (average 

1.624 Å), showing the multiple bond order of the P-Nnitrene interaction as confirmed by DFT 

calculations (Wiberg Bond Index (WBI) = 2.09, qN = -1.22, qP = +1.92).[66] Such structural and 

computational information shows the importance of the π-donation towards the group 15 low 

valent atom in order to stabilize the empty 2p orbital at Nnitrene.[66] 
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Figure 1.10. Structures of nitrenes 67-69.  

 

Later, in 2016, the group of Bertrand also reported the first monomeric singlet phosphino-

phosphinidene. They found that photolysis of phosphino-phosphaketene 30 yielded the 

diphosphene 32 (Scheme 1.6).[28] By using a bulkier ligand, they were able to synthesize the 

phosphino-phosphaketene 70, and after irradiating it with UV light (200-400 nm), the phosphino-

phosphinidene 71 was obtained as main product (Scheme 1.8). The 31P NMR spectrum of 71 shows 

two doublets at δ = 80.2 and -200.4 ppm, respectively, with a strong JPP value of 883.7 Hz, 

indicating multiple bonding character for the P-P bond.[28] Complex 71 can reversibly react with 

CO forming 70, and it forms Lewis adducts with nucleophiles (LB) such as isocyanides, NHCs, 

cAACs and phosphines at the Pphosphinidene atom (complexes 71←LB, Scheme 1.8).[28,67] The 

formation of complexes 71←LB confirms the electrophilic character of the Pphosphinidene atom of 

71.[67]  

 

 

Scheme 1.8. Synthesis of phosphino-phosphinidene 71 and its reactivity with Lewis bases (LB) forming complexes  

71←LB. LB = CO, NHC, cAAC, isocyanide, phosphine. 

 

The groups of Goicoechea and Bertrand studied the formation of a phosphino-arsinidene 

bearing the same ligand as the one used in complex 71. However, they were not able to obtain 
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either the targeted phosphino-arsaketene or the phosphino-arsinidene complexes (see below, 

Scheme 3.9), showing that in order to isolate a monomeric arsinidene RAs, additional ligand 

design is required.[68] 

 

1.4. 2-Phosphaethynolate and 2-arsaethynolate anions ([E≡C−O]–, E = P, As)  

 

The chemistry of the group 15 heavier analogues of the cyanate anion ([NCO]–), namely 

2-phosphaethynolate ([PCO]–) and 2-arsaethynolate ([AsCO]–) is still in its infancy. There are two 

main reasons that explain this fact. First, according with the double-bond rule, the relatively weak 

multiple bonding between the E and C atoms makes the isolation of heavier cyanate analogues 

more challenging due to the entropically favoured release of CO. Second, the development of 

synthetic routes to prepare stable salts of these anions on useable scales in an expedient manner 

have only been known since 2011, albeit that the [PCO]– anion had already been known for two 

decades (vide infra).[60,70] In terms of the electronic structure, the [ECO]– anions have three key 

resonance forms, the pnictaethynolate 72, the pnictaketene 72´, and the CO stabilized pnictinidene 

72´´ (Scheme 1.9), which are important when their coordination chemistry and reactivity are 

considered.[70,71] 

 

 

Scheme 1.9. Contributions of the different resonance structures of the [ECO]– anions (E = P, As). ** Not 

reported.[71,72]  

 

The first synthesis and structural characterization of a salt containing the [PCO]– anion was 

reported by Becker et al. in 1992, in which lithium bis(trimethylsilyl)phosphide reacted with one 

molar equivalent of dimethylcarbonate to form the salt [Li∙(dme)2OCP] 73 (DME = 1,2-

dimethoxiethane, Scheme 1.10), a compound that slowly decomposes in solution.[72] In 73, the 

almost linear PCO fragment coordinates the Li+ center via the oxygen atom, and its P-C and C-O 

bonds have a P≡C (triple) and C-O (single) bond order, respectively,[72,73] concordant with the 

resonance form 72.[70,71] 
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In 2011, Grützmacher et al. described the synthesis of the stable NaPCO salt (74, Scheme 

1.10) in the form of [74∙(dme)2]2 or [74∙(dioxane)x]∞ (Scheme 1.10, x = 1-5),[69] which can be 

obtained depending the crystallization conditions. Such reactions happen via addition of a CO 

source to NaPH2, produced from red phosphorus, sodium metal, naphthalene and tert-butanol. The 

interesting salt [HP=C(O)(H)][Na(dme)2] 75 (Scheme 1.10) is also produced when 74 is prepared 

at high temperatures and pressures.[69] Structural analysis shows that the oxygen atoms of two 

[PCO]– anions in [74∙(dme)2]2 μ2-coordinate two Na+ centers, whilst the [PCO]– units in 

[74∙(dioxane)x]∞ do not have any coordinating interaction in the polymeric [Na∙(dioxane)x]+ 

network. The IR frequencies for the COPCO fragments in [74∙(dme)2]2 and [74∙(dioxane)x]∞ are ṽ = 

1780 cm-1 and ṽ = 1755 cm-1, respectively, indicating the spectroscopic differences depending the 

coordination environments.[69] 

 

 

Scheme 1.10. First reported synthesis of MECO salts. M = Li, Na; E = P, As. 

 

The synthesis of NaAsCO (76, Scheme 1.10) was first reported by the Goicoechea group 

in 2016, using a similar approach as that used by the Grützmacher group to synthesize NaPCO, 

but forming in situ NaAsH2.[74] They firstly prepared Na3As from elemental arsenic, sodium and a 

catalytic amount of naphthalene, followed by protonation with tert-butanol, and addition of 

diethylcarbonate to yield NaAsCO.[63,74] Salt 76 can be precipitated from the crude reaction 

mixtures as the dioxane adduct [76∙(dioxane)x] (x = 1-5),[63,74] and it has been crystallized in the 
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form of [76∙(18-crown-6)1.5], [76(18-crown-6)∙(dioxane)0.5] or [76(18-crown-6)∙(pyridine)2].[74]  

Such forms contain an almost planar AsCO units that display As-C and C-O bonding interactions 

that are related to the forms 72 and 72´ in the electronic structure of [AsCO]–.[70,71] 

 

Although there are more synthetic routes for [PCO]– than for [AsCO]–, both anions can 

now be prepared using similar synthetic strategies on multi-gram scales.[70] It is worth to mention 

that [PCO]– salts containing Li+ or alkaline earth metals are less stable than those containing Na+ 

or K+.[70] In the case of [AsCO]– salts, there are only reports of salts containing Na+.[63,74] 

Additionally, it is important to mention that NaAsCO is more sensitive towards water and oxygen 

than NaPCO, and their respective dioxane complexes are more soluble in organic solvents for 

NaPCO than NaAsCO.[70,74] 

 

The [ECO]– anions (E = P, As) have delocalized π bonds that allow them to undergo 

cycloaddition reactivity. They can also react as nucleophiles in salt-metathesis reactions or with 

Lewis acids.[70] One important application of complexes having [ECO]– ligands is that they can 

release CO, producing the six electron pnictinidene anion (E–) in a first hypothetical step. E– can 

show pnictide (E3–) character when is bonded to redox active transition metals (Mn+–E– → 

M(2+n)+≡E3–), a behaviour that is well known in the literature.[70] A similar situation is observed 

when E– is bonded to MG elements that have more than one possible oxidation state, however, the 

formation of polar multiple bonds is less favoured. Such a case is particularly important because 

the X-E fragment can have phosphinidene or arsinidene character, which is less known in MG 

complexes, and may show new interesting patterns of reactivity.  

 

Although there have been important developments in the chemistry of the 

phosphaethynolate and arsaethynolate anions, deeper reactivity studies are still necessary in order 

to expand the knowledge regarding their chemical stability and possible applications.[70]  This 

thesis seeks to contribute new knowledge about the chemistry of such anions. 

 

 

 

 



Motivation and Objectives 

21 

 

2. Motivation and Objectives 

 

 The synthesis of NaECO salts (E = P, As) by using a CO source and NaEH2 constitutes a 

base to explore additional strategies to improve their synthesis and facilitate their access. Their use 

in salt-metathesis reactions opens a plethora of possibilities in terms of creating new functional 

groups or building blocks for molecular and materials chemistry. Moreover, the reactivity of such 

ECO-containing species towards low-valent MG fragments can give new insights regarding new 

bonding interactions and new reactivity patterns. Therefore, my Ph. D thesis deals with four 

general objectives. 

 

The first objective is to study whether AsH3 can be utilized as arsenic source to develop 

alternative syntheses of the [AsCCh]– anions (Ch = O, S, Scheme 2.1). In this regard, the selection 

of the solvent, the CCh source, and the base can be crucial in the isolation of the desired anions.     

 

 

Scheme 2.1. Use of AsH3 as precursor for the synthesis of salts containing the [AsCCh]– anions. 

 

The second objective is to use synthesize stable phosphaketenyl and arsaketenyl complexes 

of the type LM‒E=C=O (E = P, As), in which L is the monoanionic β-diketiminato ligand 

[CH(CMeNDipp)2]– (L), and M = Zn2+. Then, starting from the precursor LZnCl2Li(OEt2)2 77 

(Scheme 2.2) and NaECO∙(dioxane)x (x = 1-5), the aim is to explore under which conditions 

complexes with the general structure LZn‒E=C=O (78, E = P; 79, E = As, Scheme 2.2) are isolable, 

and could be used as precursors for further reactivity studies. 
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Scheme 2.2. Metathesis reaction approach towards ZnII phosphaketene 78 and arsaketene 79.  

 

The third objective is to evaluate the reactivity of complexes of the type 78 and 79 and 

their derivatives under decarbonylation conditions in the presence of the N-heterocyclic silylenes 

[C(H)N(tBu)]2Si: 35 and [C(H)N(Dipp)]2Si: 80 (Dipp = 2,6-iPr2C6H3, Scheme 2.3). In order to 

study if the formation of new bonds between the electrophilic E atom and the NHSi fragment is 

possible, and to study the effect of the R substituents on bond order of the new E-Si interactions 

in complexes of the type 81, in case they are formed.  

 

 

Scheme 2.3. CO substitution reaction at pnictaketenes 78 and 79 promoted by NHSis 35 and 80.  

 

 

The fourth objective is to test the reactivity of the most interesting isolated complexes of 

the type 81 towards small molecules (Scheme 2.3), in order to explore the feasibility of accessing 

new chemical transformations. 
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3. Results and Discussion 

 

3.1. Towards new syntheses of [AsCCh]–  anions (Ch = O, S) 

 

In addition to the seminal syntheses of the MPCO salts discussed in section 1.4, there have 

been recent publications in which new synthetic protocols of the MPCO salts (M = Na, K) are 

described.[70] For example, Krummenacher and Cummins found that when the anionic niobium 

phosphide 82 reacts with CO2, NaPCO (74) can be isolated in form of [74∙(dme)2]2, in addition to 

the niobium oxide 83 (Scheme 3.1).[75] An additional synthesis of KPCO was developed by 

Goicoechea et al., by exposing DMF solutions of the salt K3P7 and the crown ether 18-crown-6 

under CO atmosphere at 150 °C. This reaction yields [K(18-crown-6)(OCP)], and anionic 

phosphorus clusters such as [P16]2− and [P21]3− (Scheme 3.1).[76]     

 

 

Scheme 3.1. Selected synthesis of MPCO (M = Na, K). 

 

On another hand, the only procedure known for the synthesis of NaAsCO takes at least five 

days, in which three days are used only for the in situ preparation of NaAsH2 from elemental Na 

and As (Scheme 1.10).[63,74] If an easier pathway in the preparation of NaAsCO could be achieved, 

its availability for research studies could be facilitated. In this context, the Grützmacher group 

discovered that NaPCO can be synthesized from using an excess of phosphine gas, which reacts 
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with sodium tert-butoxide and dimethylcarbonate in a ratio 3:1 (Scheme 3.1),[77] This led to the 

question: Can NaAsCO be prepared in similar way by using arsine gas? Fortunately, such synthesis 

was successful.  

 

3.1.1. Synthesis of NaAsCO from using AsH3 

 

 It was found that a colourless THF suspension of sodium tert-butoxide and 

dimethylcarbonate in a stochiometric ratio 3:1, when exposed to gaseous AsH3, initially becomes 

yellow, and when saturated with AsH3, turns to deep orange. After work-up, which involves the 

precipitation, redissolution and reprecipitation of [76∙(dioxane)x] (x = 1-5) in order to remove the 

NaOMe by-product, [76∙(dioxane)x] can be isolated in yields up to 78 % (Scheme 3.2). The overall 

synthesis of [76∙(dioxane)x] takes 1.5 days.[78] Despite attempts of crystallization, it was not 

possible to isolate crystalline [76∙(dioxane)x], in agreement with previous reports.[63,74] The 

isolated solid is soluble in THF, slightly soluble in Et2O, and its dioxane content can be determined 

by NMR titration using Si(SiMe3)4 or PPh3 as standards, and THF-d8 as solvent. Additionally, its 

13C NMR spectrum shows a signal at δ = 178.6 ppm for the CAsCO nucleus. Additionally, its IR 

spectrum displays an COAsCO stretching vibrational mode at ṽ = 1746 cm-1.[78] Such observations 

are in agreement with the spectroscopic data reported previously for [76∙(dioxane)x] (13C NMR δ 

= 178.38 ppm, IR ṽ = 1748 cm-1),[63,74] [76∙(18-crown-6)1.5] (13C NMR δ = 179.4 ppm, IR ṽ = 1755 

cm-1), [76(18-crown-6)∙(dioxane)0.5] (IR ṽ = 1742 cm-1) and [76(18-crown-6)∙(pyridine)2] (IR ṽ = 

1743 cm-1).[74] Interestingly, the observed COAsCO vibrational mode for all the variants of NaAsCO 

compares well with the frequency observed in a matrix isolation experiment for the [AsCO]– anion 

(ṽ = 1756 cm-1).[79]          

 

 

Scheme 3.2. Synthesis of the NaAsCO (76) from using AsH3. 
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3.1.2. Attempts for the synthesis of NaAsCS 

 

 The discovery of pathways to achieve the syntheses of new anions such as [PCO]− and 

[AsCO]− inspiring in the context of finding methods to prepare further unknown anions. This was 

the case of an alternative synthesis of the 2-phosphathioethynolate anion ([PCS]−), reported by 

Goicoechea and co-workers in 2016, in which they reacted a [PCO]− salt ([74∙(dioxane)x] or [K(18-

crown-6)PCO]) with CS2 at ambient temperature using 1,2-dichlorobenzene (1,2-DCB) as the 

solvent (Scheme 3.3).[80] This procedure is more convenient than previous syntheses of Li[PCS] 

that involve mixing the reagents at low temperatures.[81]         

 

 

Scheme 3.3. Syntheses of the 2-phosphathioethynolate anion. 

 

 As the preparation of NaAsCO using AsH3 as the arsenic source is relatively straight-

forward, the synthesis of the 2-arsathioethynolate anion ([AsCS]−) following an analogous 

procedure seemed promising. However, when the conditions described above for the synthesis of 

[76∙(dioxane)x] were repeated using dialkylthionocarbonate (e.g. (RO)2C=S, R = Me, Et) as the 

CS source,[82] intractable mixtures were obtained. Similar results also were obtained when dme 

and 1,2-DCB were used as solvents, and dioxane or hexane as crystallization solvents (Scheme 

3.4). 

 

 

Scheme 3.4. Attempted syntheses of NaAsCS. 

 

 Whilst those experiments were in process, Goicoechea and co-workers reported a 

procedure to synthesize the desired [ECCh]− anions (E = P, As; Ch = S, Se; Scheme 3.5), of which 
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the [AsCS]−, [AsCSe]− and [PCSe]− anions were previuosly unknown.[83]  Such syntheses are 

similar to those reported for [PCO]− and [AsCO]−, which use stoichiometric amounts of the 

employed reagents, i.e. no excess of the As source was present.[70] Thus, the decomposition 

observed in the attempted syntheses of NaAsCS, described above, could be explained by the 

presence of excess AsH3 gas, which may undergo further reaction with the generated [AsCS]− 

anion.  

 

 

Scheme 3.5. Synthesis of sodium salts of the [ECCh]− anions (E = P, As; Ch = S, Se).  

 

3.2. Towards stable ZnII phosphaketenyl and arsaketenyl moieties      

 

3.2.1. Coordination properties of the [ECO]− anions 

 

The use of NaPCO as reagent for salt-metathesis reactions with generic salts MXn produced 

intractable mixtures of solids, possibly because of uncontrolled redox processes.[84] Typically, to 

carry out salt metathesis with NaPCO and NaAsCO, the use of metal or MG complexes containing 

bulky organic ligands for steric protection is necessary.[70] This has allowed for the isolation of 

several [PCO]– complexes, the first isolated example of which was the complex 

(triphos)Re(PCO)(CO)2 (84, triphos = MeC(CH2PPh2)3, Figure 3.1).[84] A structural and 

computational analysis of the electronic situation of the PCO moiety in compound 84 shows that 

the respective P-C and C-O bond lengths of 1.62(2) Å and 1.23(2) Å[84] are related with the double 

bond order of the P-C and C-O bonds (dcalc.,P=C = 1.69 Å, dcalc.,C=O = 1.24 Å),[73] as confirmed by 
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natural bond orbital analysis. This coordination mode refers to a phosphaketenyl-type ligand 

(structure 72´, Scheme 1.9). In 84, the asymmetric stretching mode of the PCO C-O bond appears 

in the IR spectrum at ṽ = 1846 cm-1.[84] Later, a spectroscopic and computational study carried out 

by the group of Grützmacher revealed that the reaction between triisopropylsilyl 

trifluoromethanesulfonate (iPr3SiOTf) and NaPCO at 25 °C produces compounds 85 and 86 in a 

ratio of 95:5 (Figure 3.1).[85] The spectroscopic properties of the PCO moiety in 85 (13C NMR δ = 

145.5 ppm, 13P NMR δ = -307.2 ppm, IR ṽ = 1656 cm-1) and 86 (13C NMR δ = 183.4 ppm, 13P 

NMR δ = -370 ppm, JPSi = 48.3 Hz, IR ṽ = 1947 cm-1), alongside DFT calculations, confirmed that 

the PCO O-coordinates the Si center in isomer 85, displaying a phosphaethynolate structure, whilst 

in 86, the PCO P-coordinates the Si center, displaying a phosphaketenyl structure (Figure 3.1). 

The computational analysis also confirmed that 85 is the kinetic product, and 86 the 

thermodynamic one, as verified experimentally, because 86 is obtained when 85 is heated at 45 

°C.[85] 

 

 

Figure 3.1. Different coordination modes of the [PCO]– anion illustrated in complexes 30 and 84-90.  
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The low quality of the structural data of 84, and the lack of the structural data in the case 

of 85 and 86 did not confirm entirely the respective phosphaketenyl or phosphaethynolate 

structures of the PCO moiety when O- or P- coordinating Lewis acidic (LA) centers. Since then, 

several examples, featuring various coordination modes, have been observed for [PCO]– 

complexes (i.e. 30, 84-90, Figure 3.1), including those confirming the aforementioned structures 

(i.e. complexes 30,[28] 87 [86] and 88[87]). It is important to note that the phosphaethynolate mode is 

preferred when the Lewis acidic center has a high oxidation number, otherwise the phosphaketenyl 

mode is generally favoured.[70] In addition, structures 89[88] and 90[89] display a P-C η2-bonding 

mode that will not be discussed in the text, but shows the versatility of the [PCO]– anion in 

coordination chemistry. 

 

Compounds 87 and 88 have the phosphaethynolate coordination mode, in which their P-C 

bond lengths (87: dP-C = 1.576(5) Å;[86] 88: dP-C = 1.545(2) Å[87]) are similar to the calculated P-C 

triple bond length (1.54 Å).[73] Their C-O bond distances (87: dC-O = 1.212(4) Å;[86] 88: dC-O = 

1.269(2) Å[87]) lie between the calculated single (1.38 Å) to double (1.24 Å) C-O bond distances.[73] 

Instead, complex 30 has an elongated P-CPCO bond (dP-C = 1.635(3) Å) and shortened C-OPCO bond 

(dC-O = 1.170(3) Å)[28] in comparison with those observed in complexes 87 and 88, and matching 

well with the P=C and C=O structures proposed for the phosphaketenyl moiety. It is important to 

mention that, when the phosphaketenyl and the phosphaethynolate moieties are compared, the 

structural data does not match exactly with the ideal single, double and triple bond order of the P-

C and C-O bonds, possibly due the charge delocalization in the PCO fragment. A better way to 

differentiate between them is by using IR spectroscopy. The tendency in reported structures is that 

the LA-P=C=O form appears at ṽ > 1840 cm-1 and the LA-O‒C≡P form is displayed at ṽ < 1710 

cm-1.[70] 

 

The coordination chemistry of the [AsCO]– anion is relatively less studied. There are only 

two reports of complexes having an arsaketenyl structure, namely 92[90] and 96,[78] which have 

been observed and structurally characterized as reactive intermediates in the synthesis of the 

cluster 94[90] and the 2,4-digerma-1,3-diarsacyclobutadiene 97,[78] respectively (Scheme 3.6). 

Interestingly, 92 and 96 release CO even in the solid state, showing that the As-C bond of the 

arsaketenyl moiety is relatively weak, and when this happens, highly reactive arsinidene species, 
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such as 93 and 97, could be formed (Scheme 3.6). Both 92 and 96 have been crystallographically 

characterized, but no IR spectroscopic information is available for them.[78,90] Their As-C bond 

lengths (92: dAs-C = 1.724(5) Å;[90] 96: dAs-C = 1.752(10) Å[78]) are slightly shorter than the 

calculated As=C distance (1.81 Å),[73] and their C-O bond distances (92: dC-O = 1.170(6) Å;[90] 96: 

dC-O = 1.174(12) Å[78]) lie between those calculated for double (1.24 Å) and triple (1.13 Å) C-O 

bonds.[73] These parameters are in agreement with the description of the prototypical arsaketenyl 

structure R-As=C=O.  

 

 

Scheme 3.6. Isolation of the arsaketene complexes 92[90] and 96[78] as reactive intermediates in the synthesis of 

complexes 94[90] and 98[78]. 

 

3.2.2. The Zn-E=C=O moiety (E = P, As) 

 

As there are no reports of stable arsaketenyl complexes, given their propensity to lose CO 

forming elusive LA−As species (LA = Lewis acid, electrophile), a systematic study of the 

stabilization of LA‒E=C=O complexes (E = P, As) using the same Lewis acid is also required. 

The stabilization of arsaketenyl complexes could be accomplished if the decarbonylation that 

produces LA‒As is less favoured; to do so, the electrophile should not stabilize the formation of 

hypothetical arsinidenes or arsenides.[68,78,90] This is promoted when the electrophilic atom of LA 

can be oxidized, as it is the case of most of the transition metals or low valent MG fragments. 

Then, a non-redox active Lewis acidic center is a good candidate to avoid the stabilization of 

hypothetical LA‒As. With this in mind, a group 2 or group 12 complex having the metal center in 

the oxidation state +2 (M2+), which bears a sterically encumbered monoanionic ligand (L) and an 

halide (X), namely complex LMX, could satisfy the aforementioned requirements. When LMX is 
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used to prepare LM−AsCO, there is no possible donation M2+→As‒ or M2+←As‒ that can stabilize 

the six electron containing As‒ anion when the decarbonylation occurs. This situation suggests that 

the LMAs fragment has more triplet-like character, inhibiting its formation. Thus, if L is as β-

diketiminato ligand and M is a non-redox center such as Zn2+, the stabilization of both LZn‒

P=C=O and LZn‒As=C=O species should be possible. 

 

3.2.2.1. LZnECO complexes (L = [CH(CMeNDipp)2]) 

 

The synthesis of complexes of the type LZnECO (78, E = P; 79, E = As; L = 

[CH(CMeNDipp)2]) was carried out by dropwise addition at ambient temperature of a Et2O 

solution of the mixed lithium dichlorido-zinc(II) chloride β-diketiminato complex 

LZnCl2Li(OEt2)2 77[91] to a solution of NaPCO(dioxane)x or to a suspension of NaAsCO(dioxane)x 

(x = 1.8-3.4) cooled at 0 °C (Scheme 3.7). The mixtures were allowed to warm to ambient 

temperature and stirred for at least one hour. The reaction mixture containing 78 consisted of a 

mixture of an insoluble solid and a solution, both colorless; whilst the mixture containing 79 had 

a red suspension and a blue solution. After work-up, a mixture of yellow solid and colourless 

crystals was obtained from the reaction mixture containing 78, whilst an intractable mixture was 

obtained from the attempted synthesis of 79. The colorless crystals from the former solution were 

allowed for single-crystal X-ray diffraction analysis, which confirmed the identity of complex 78. 

However, given the presence of the unidentified yellow solid, this compound could not be isolated 

in pure form. 

 

 

Scheme 3.7. Reactions of the ZnII chloride precursor 77 with NaECO(dioxane)x. 
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The molecular structure of 78 (Figure 3.1) confirms the P-coordination of the PCO 

fragment towards Zn, with two different PCO orientations. The discussion will be held on the 

major PCO orientation. The ZnII center has a distorted trigonal planar geometry (∠N1-Zn1-N2 = 

100.05(6) °; ∠N1-Zn1-P1 = 119.19(5) °; ∠N2-Zn1-P1 = 140.74(5) °). The Zn-P bond length of 2.2802(6) 

Å is shorter but comparable with Zn-P bonds found in complexes with similar zinc(II)-phosphide 

interactions, like [(2,4,6-iPr3C6H2)(tBu3Si)Si=P−Zn(tmeda)(Me)] (dZn-P = 2.349(1) Å),[61] and 

[{CH2C(N-Dipp)CHC(N-Dipp)CH3}Si(Me)P(H)Zn(Me)(tmeda)] (dZn-P = 2.3670(2) Å).[92] The 

almost linear PCO fragment displays an P-C-O angle of 175.4(3)°, and is bent relative to the Zn 

center forming an angle of 88.2(1)°, suggesting the high s-character of the lone pair of electrons 

on P. The respective PCO P-C and C-O lengths of 1.648(3) Å and 1.147(1) Å are similar with the 

distances observed in phosphaketene complexes such as 30 (dP-C = 1.635(3) Å, dC-O = 1.170(3) 

Å).[28] The 1H NMR spectrum of 78 shows signals of a highly symmetric ligand, suggesting the 

free rotation of the PCO moiety, and its 31P NMR spectrum shows only a singlet at δ = -403 ppm, 

shielded when compared with NaPCO(dioxane)x (δ = -392 ppm).[69] The IR spectrum of 78 

displays the asymmetric stretching mode of the COPCO moiety at ṽ = 1916 cm-1, confirming also 

the Zn-PCO coordination mode.[70] In this regard, it is worth nothing that there are two additional 

examples of 3d complexes in which the [PCO]− ligand is P-bonded to the metal center, a cobalt(I) 

(PDI)Co(PCO) complex (PDI = pyridinediimine)[88] and the vanadium(III) LV(ODipp)(PCO) 

complex.[93]   

 

 

Figure 3.1. Molecular structure of 78. Thermal ellipsoids are drawn at 50 % probability. H atoms are omitted for 

clarity. Selected bond lengths [Å] and angles [°]: Zn1-P1 2.2802(6), P1-C30 1.648(3), C30-O1 1.147(1), Zn1-P1-

C30 88.2(1), P1-C30-O1 175.4(3). 
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3.2.3. LZn(D)ECO complexes (E = P, As; D = dmap, NHC) 

 

The relative instability of 78 and 79 in solution led to the conclusion that a phosphaketenyl 

or arsaketenyl moiety could be more stable when they are bound to a four-coordinate Zn center. 

Then, complexes of the type LZn(D)ECO (D = donor) were proposed as targets. 4-

dimethylaminopyridine (DMAP) and the NHC = [C(Me)N(iPr)]2C:[94] were used as donor 

molecules. 

 

3.2.3.1. LZn(dmap)ECO complexes  

 

The first proposed synthetic approach consisted in preparing in situ the complexes 78 and 

79, and adding their solutions to dissolved DMAP at ambient temperature. This strategy allowed 

the preparation of stable LZn(dmap)PCO (complex 99) in 74 % yields, and the isolation of a small 

amount of crystalline LZn(dmap)AsCO (complex 100, Scheme 3.8) in a complex mixture of 

solids, making the accurate quantification of the yield of 100 impossible. 

 

 

Scheme 3.8. Proposed synthesis of dmap stabilized ZnII phosphaketenyl complex 99 and arsaketenyl complex 100.  

 

Complex 99 precipitates when both Et2O solutions of 78 and dmap are mixed, but X-ray 

quality crystals of 99 can be grown when saturated Et2O solutions are kept at ambient temperature. 

The molecular structure of 99 (Figure 3.2, left) contains a four-coordinate ZnII center with a 

slightly distorted tetrahedral geometry, having three N atoms and a PPCO atom in the first 

coordination sphere. The PCO moiety P-coordinates the Zn center in a similar fashion as in 78, 

with a Zn-P distance of 2.3703(6) Å that is longer than the one found in 78 (dZn-P = 2.2802(6) Å); 
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it is bent relative to Zn (∠Zn-P-C = 88.5(1) °), and has a linear geometry (∠P-C-O = 177.4(3) °); its P-

C and C-O distances are 1.626(3) Å and 1.163(4) Å, respectively. The asymmetric stretching mode 

of the PCO moiety in 99 appears in the IR spectrum at ṽ = 1887 cm-1, red shifted in comparison 

with the same vibration observed for 78. The 1H NMR spectrum of 99 does not show clear signals 

for the iPr moieties of the Dipp substituents, suggesting limited rotation of these groups in the 

NMR time scale, given the steric congestion around the Zn center. The 31P NMR spectrum of 99 

shows only a singlet at δ = -419 ppm, more shielded when compared with the analogous signal 

found for 78. 

 

 

        

Figure 3.2. Molecular structures of 99 (above) and 100 (below). Thermal ellipsoids are drawn at 50 % probability. 

H atoms are omitted for clarity. Selected bond lengths [Å] and angles [°] for 99: Zn1-P1 2.3703(6), P1-C37 

1.626(3), C37-O1 1.163(4), Zn1-P1-C37 88.5(1), P1-C37-O1 177.4(3); for 100: Zn1-As1 2.4564(3), As1-C37 

1.753(3), C37-O1 1.165(3), Zn1-As1-C37 86.29(8), As1-C37-O1 177.0(2).  
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Complex 100 was characterized by structural analysis and IR spectroscopy. It is 

isostructural to 99 (Figure 3.2, below) with a four-coordinate Zn center that has a Zn-As bond 

length of 2.4564(3) Å, a value that is comparable with the distances measured for complexes 

having Zn-As single bonds such as [{(nPr3P)(Cl)Zn-(μ2-As(SiMe3)2}2] (av. dZn-As= 2.504 Å), and 

[{((Me3Si)3As)(I)Zn-(μ2-I)2}2] (av. dZn-As= 2.451 Å).[95] The almost linear AsCO moiety displays 

an As-C-O angle of 177.0(2)° and is bent to Zn with an angle of 86.29(8)°. The AsCO As-C and 

C-O bond distances are 1.753(3) Å and 1.165(3) Å, respectively, matching well with those 

observed for the arsaketenyl complexes 92 (dAs-C = 1.724(5) Å; dC-O = 1.170(6) Å)[90] and 96 (dAs-

C = 1.752(10) Å; dC-O = 1.174(12) Å).[78] The IR spectrum of 100 displays an asymmetric stretching 

mode for its AsCO moiety at ṽ = 1872 cm-1, that also suggests the As-bound AsCO to Zn, in 

analogy with the P-coordination of PCO in phosphaketenyl complexes.[70]  

 

3.2.3.2. LZn(NHC)ECO complexes  

 

The successful synthesis of 99, but the decomposition observed in the isolation of 100 led 

to reconsider the synthetic strategy in order to successfully synthesize stable zinc(II) 

phosphaketenyl and arsaketenyl complexes. The addition of DMAP to in situ generated 79 could 

also result in the formation of other unstable products, explaining the observed decomposition of 

the reaction mixture, and the extremely low crystalline yield of 100. The use of a strong donor-

bonded to the Zn center, such as an NHC, could avoid undesired reactions. However, it has been 

reported that carbenes can react with phosphaketenyl and arsaketenyl moieties.[68,96] For instance, 

the NHC [H2CN(Dipp)]2C: (101) reacts with the electrophilic C carbon of the phosphino-

phosphaketene 30, forming firstly a zwitterionic NHC adduct of 30, namely 102, that rearranges 

to form finally the complex 103 (Scheme 3.9, a).[96] Additionally, the in situ generated phosphino-

arsaketene 105 reacts with 101 to form the respective NHC-stabilized phosphino-arsinidene 106, 

as a product of a CO replacement reaction (Scheme 3.9, b).[68] Thus, the direct reaction of in situ 

produced LZnECO and NHC may lead to undesired reactions.      
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Scheme 3.9. a) Reactivity of NHC 101 with phosphino-phosphaketene 30, b) and with trapped phosphino-

arsaketene 105. 

 

To reduce the possibility of undesired reactions when the chloride exchange with [ECO]– 

occurs, the synthesis of a NHC-stabilized zinc(II) chlorido β-diketiminato complex LZn(NHC)Cl 

107 (NHC = [C(Me)N(iPr)]2C:) was proposed.[97] To synthesize 107, the NHC was mixed with 77 

using PhMe as solvent. Initially a suspension is formed, and as the reaction proceeds, 107 is formed 

and insoluble LiCl form a precipitate (Scheme 3.10). Colourless crystals of 107 are formed in 

saturated PhMe solutions at ambient temperature. Its molecular structure (Figure 3.3) shows a 

tetrahedral ZnII center coordinated by two N atoms of the β-diketiminato ligand, an NHC ligand 

and a chloride. The Zn-Cl bond length of 2.254(1) Å in 107 is essentially equal to that found in 

the complex [H2CN(Dipp)]2C:→Zn(Cl)(Et) (dZn-Cl = 2.2551(8) Å),[98] but shorter than the Zn-Cl 

bonds of 77 (2.2858(8) Å and 2.3144(8) Å).[99] The Zn-CNHC interaction in 107 (dZn-C = 2.097(2) 

Å) is slightly longer, but comparable with the analogous Zn-CNHC bond of 

[H2CN(Dipp)]2C:→Zn(Cl)(Et) (dZn-C = 2.0319(16) Å).[98] The symmetry of the β-diketiminato 

ligand is reduced given the presence of the NHC and chloride ligands at the ZnII center, as shown 

by  the 1H NMR spectrum of 107, which displays signals related with two non-equivalent iPr 

groups of the Dipp substituents. 
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Scheme 3.10. Synthesis of the NHC stabilized ZnII chlorido complex 107.  

 

 

Figure 3.3. Molecular structure of 107. Thermal ellipsoids are drawn at 50 % probability. H atoms are omitted for 

clarity. Selected bond lengths [Å] and angles [°]: N1-Zn1 2.038(2), N2-Zn1 2.038(2), Zn1-Cl1 2.254(1), Zn1-Zn30 

2.097(2), N1-Zn1-N2 94.13(8), C30-Zn1-C11 115.13(7). 

 

Salt-metathesis reactions between 107 and NaECO(dioxane)x (E = P, As) were carried out 

to prepare the complexes LZn(NHC)PCO 108 and LZn(NHC)AsCO 109, with 85 % and 30 % 

yields, respectively (Scheme 3.11). Such reactions were carried out using different solvents. Whilst 

108 was synthesized in a similar manner to 107, using toluene, the use of THF in the synthesis of 

109 was required to solubilize NaAsCO(dioxane)x, in order to promote a faster reaction.[74] 

Followed by a quick work-up, complex 109 crystallizes from saturated Et2O solutions cooled at -

28 °C. In the case of 108, it crystallizes from saturated hexane solutions at ambient temperature. 

 

 

Scheme 3.11. Synthesis of 108 and 109. 
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Regarding the phosphaketenyl or arsaketenyl functionalities, 108 (E = P) and 109 (E = As) 

show similar structural and spectroscopic parameters (Table 3.1) in comparison with complexes 

78, 99 (E = P) and 100 (E = As). According to their 1H NMR spectra, the β-diketiminato ligands 

have a similar symmetry as precursor 107. Their molecular structures are shown in Figure 3.4. 

 

 

 

 

Figure 3.4. Molecular structures of 108 (above) and 109[97] (below). Thermal ellipsoids are drawn at 50 % 

probability. H atoms are omitted for clarity. Selected bond lengths [Å] and angles [°] for 108: C30-Zn1 2.107(2), 

Zn1-P1 2.3692(7), P1-C41 1.598(4), C41-O1 1.199(5), C30-Zn1-P1 119.76(5), Zn1-P1-C41 96.9(1), P1-C41-O1 

176.8(4); for 109: C30-Zn1 2.107(2), Zn1-As1 2.4725(5), As1-C41 1.744(4), C41-O1 1.177(6), C30-Zn1-As1 

120.60(7), Zn1-As1-C41 93.4(1), As1-C41-O1 177.7(4).  
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Table 3.1. Selected structural and spectroscopic parameters of complexes 108 and 109. 

 108 

E = P 

109[97] 

E = As 

dZn-CNHC (Å) 2.107(2) 2.107(2) 

dZn-E (Å) 2.3692(7) 2.4725(5) 

d(E-C)ECO (Å) 1.598(4) 1.754(4) 

d(C-O)ECO (Å) 1.199(5) 1.177(6) 

∠Zn-E-C (°) 96.9(1) 93.4(1) 

∠E-C-O (°) 176.8(4) 177.7(4) 

13C{1H} NMR, ECO (δ, ppm) 177.5 (JPC = 78 Hz) 177.29 

31P NMR (δ, ppm) -397.5 (JPH = 3.38 Hz)  

IR, ECO (ṽ, cm-1) 1877 1862 

 

Interestingly, in the 1H NMR spectrum of complex 108, a signal for one of the iPr methine 

protons of the NHC moiety appears as a multiplet (“septet of doublets”) with a low JPH value of 

3.38 Hz, as confirmed with both 31P and 31P{1H} NMR spectra (Figure 3.5, above), indicating a 

P-H long-range interaction that suggests the high nucleophilic character of the PPCO atom.  

 

   

 

Figure 3.5. (Above) Sections of the 1H and 31P NMR spectra of complex 108 showing a long range P-H interaction. 

(Below) Section of the 13C NMR spectrum of 109 that shows the signals of its AsCO moiety (δ = 177.29 ppm) and 

released CO (δ = 185.01 ppm).[98]      
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Remarkably, 109 is the first arsaketene 3d-metal complex stable in crystalline samples at 

ambient temperature. However, it slowly decomposes in solution releasing CO as shown by its 13C 

NMR spectrum (Figure 3.5, below).[97] It was not possible to isolate any decomposition products 

from solutions of 109, but in a first stage, possibly the NHC moiety dissociates from Zn, reacting 

with the AsCO moiety.[68] 

 

3.2.4. Structural and spectroscopic comparison of the Zn-ECO complexes 

 

 The isolation of crystalline complexes having the generic LZn−E=C=O and 

LZn(D)E=C=O structures (E = P, As; D = dmap, NHC; Figure 3.6) allows their comparison in 

terms of the effect that the donor (D) produces to the Zn-E interactions, the C-O bond distances, 

and the COECO frequencies from their IR spectra (Table 3.2). 78 can be compared with 99 and 108. 

The two latter compounds have an elongated Zn-P bond, indicating that the Zn-P interactions in 

99 and 108 are more ionic than that in 78. This is because in 78 the [PCO]− ligand donates more 

electron density to ZnII given coordinative unsaturation of the metal center. This donation effect 

of [PCO]− is reflected in the COPCO stretching frequencies of their IR spectra, from which ṽPCO 

changes in the order 78 > 99 > 108, and also through the C-OPCO distances, which become longer 

in the order 78 < 99 < 108, showing that the electronic donation OCP→Zn is reduced when the 

donation of D is more effective, i.e. the NHC ligand is stronger donor than dmap. The similar 

effect is observed when ṽPCO and d(C-O)ECO are compared for 100 and 109.    

 

 

Figure 3.6. Structure of the isolated and structurally characterized ZnII phosphaketene and arsaketene complexes. 
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Table 3.2. Distances for the Zn−E and C−O bonds, and selected IR data for complexes 78, 99, 100, 108 and 109. 

Compound E Donor (D) dZn-E (Å) d(C-O)ECO (Å) IR, ECO (ṽ, cm-1) 

78 

P 

 2.2802(6) 1.147(1) 1916 

99 dmap 2.3703(6) 1.163(4) 1887 

108 NHC 2.3692(7) 1.199(5) 1877 

100 
As 

dmap 2.4564(3) 1.165(3) 1872 

109[97] NHC 2.4725(5) 1.177(6) 1862 

 

 

3.3. CO Substitution reactions promoted by silylenes  

 

3.3.1. [ECO] moieties as source of phosphinidenes and arsinidenes 

 

As mentioned in sections 1.3.2.2. and 3.2.1, the phosphaketenyl and arsaketenyl moieties 

can be a source of highly reactive phosphinidenes and arsinidenes, respectively. Such reactive 

species have shown electrophilic character, for instance, the formation of 71←LB confirms the 

electrophilic character of the Pphosphinidene atom of 71 (Scheme 3.12).[67] To understand more the 

reactivity of such a reactive center, Bertrand et al. studied whether other nucleophiles can displace 

CO from phosphino-phosphaketenes 30 and 70.[100] PMe3 and PPh3 were used as proof-of-concept 

ligands at the beginning of these mechanism studies. The substitution happens in both substrates 

when PMe3 is used, forming 110 and 113 (Scheme 3.13). However, whilst compound 30 reacts 

with PPh3 to produce 114, 70 does not react with PPh3 to form 111 (Scheme 3.13). As the formation 

of 111 happens after addition of PPh3 to 71 (Scheme 3.12), it can be deduced that the formation of 

phosphino-phosphinidenes 31 or 71, as intermediates in the reactions of 30 or 70 with phosphines, 

is not occurring. These results suggest that the formation of 110, 113 and 114 happens through an 

associative mechanism, in which 112 (Scheme 3.13) is a possible transition state in the formation 

of 113 and 114 after loss of CO. Interestingly, when 114 is used in ligand exchange reactions, the 

substitution proceeds only when stronger ligands are used, releasing PPh3, and producing 31←LB 

(Scheme 3.13). Such reactivity shows that the Pphosphinidene center has similarities with transition 

metals regarding classical ligand substitution reactions.[100] 
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Scheme 3.12. Reactivity of 71 towards Lewis bases (LB) forming complexes  71←LB. LB = CO, NHC, cAAC, 

isocyanide, phosphine. 

 

 

Scheme 3.13. Studies on the ligand exchange reactions at the Pphosphinidene atom of phosphino-phosphaketenes 30 and 

70, and at the PPh3 complex of intermediate 31 (114).   

 

Another interesting example is the use of phosphaketenes 115-117[101,102] and the 

arsaketene 96[78] (Scheme 3.14) as source of highly reactive intermediates with phosphinidene and 

arsinidene character, respectively. Whilst compounds 115-117 are stable in solutions and only 

release CO under photolytic conditions,[101,102] 96 releases CO even below ambient temperature,[78] 

showing the higher propensity of the arsaketenyl moiety to release CO in comparison with the 

phosphaketenyl fragment. Indeed, in the presence of Lewis bases (LB), the labile arsaketene 96 
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undergoes CO replacement reactions without thermal or photolytic treatment, forming Lewis-

adducts of an arsinidene, namely 118 and 119 (Scheme 3.14).[78] Without additional donor ligands, 

the decarbonylation of 96 and 115-117 produces two possible highly reactive intermediates, 

germanium pnictide species (LGe≡E), or a germylene-pnictinidene species (LGe-E) 120 (E = P) 

and 97 (E = As; Scheme 3.14).[78,101,102] In the case of precursors 115, 116 and 96, the reactive 

intermediates dimerize in a head-to-tail fashion forming the respective 2,4-digerma-1,3-

diphosphacyclobutadienes 121 and 122,[101,102]  and the 2,4-digerma-1,3-diarsacyclobutadiene 98 

(Scheme 3.14).[78] The highly electron-rich character of the ligand in phosphaketene 117 induce 

the photolytic formation of the dimeric N,P-heterocyclic bis-germylene 123 and the elimination of 

the diazabutadiene derivative [C(=NDipp)(tBu)]2 (Scheme 3.14).[101]  

        

 

Scheme 3.14. Synthesis of germanium(II) phosphaketenes 115-117 and arsaketene 96, and their reactivity after loss 

of CO. 

 

In the absence of Lewis bases, the formation of dimerization products or related analogues 

from highly reactive phosphinidenes or arsinidenes has been additionally investigated. Such is the 

case after the thermal and photolytic treatment of more examples of GeII‒P=C=O complexes. For 

instance, species containing the germylene-phosphinidene or the phosphagermyne 125 (Scheme 

3.15, a) were also proposed as intermediates of the thermal decarbonylation of the phosphaketenyl 

functionalized germylene 124.[103] The mayor product is the N,P-heterocyclic germylene 126, as a 
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result of the P– insertion in the original Ge-P bond; alongside the asymmetric dimer 127 (Scheme 

3.15, a). Although the mechanism for this reaction is still not clear, the formation of the highly 

reactive intermediates 125 is possible because 127 can be seen as the [2+1] cycloaddition product 

of the reaction between 125 and 126. In keeping with this, further heating of 127 at 100 °C leads 

to conversion to give 126.[103]  

 

 

Scheme 3.15. a) Thermal induced decarbonylation of germylene-phosphaketene 124 to form the germylene 126. b) 

The photolysis of bis-NHC-supported phosphaketenyl germyliumylidene borate 128 forms the products 129-131.  

 

When the GeII‒P=C=O moiety in the form of the bis-NHC-supported phosphaketenyl 

germyliumylidene borate 128 is photolyzed, three main products could be isolated, namely 129, 

130, and 131 (Scheme 3.15, b).[104] Unexpectedly, 129 is the main product of the reaction (54% 
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yield), and its formation involves a one-electron reduction of the GeII center by the [PCO]–, which 

is apparently eliminated in this reaction. The minor products, 130 (2% yield) and 131 (10% yield) 

are the respective head-to-tail and head-to-head dimerization products of hypothetical germylene-

phosphinidene or germanophosphide intermediates.[104] 

 

3.3.2. The use of silylenes to replace CO at Zn−ECO complexes 

 

When the decarbonylation of LA‒E=C=O (LA = Lewis acid, E = P, As) occurs in presence 

of Lewis bases (LB), a ligand substitution reaction is expected to happen, with the concomitant 

formation of new LB‒E bonds. The bond order of such bonds may vary, and it can be fine-tuned. 

For instance, the new P‒C bonds of the isocyanide or carbene stabilized phosphinidene complexes 

of the type 71←LB, namely 132[28] and 133[67] (Figure 3.7), have a phosphaalkene-type character 

(P=C). In the phosphine stabilized phosphinidene 134[67] and arsinidene 118[78] (Figure 3.7), the 

new P‒P and As‒P bonds are in range between double and single bonds. Finally, in the carbene 

stabilized arsinidene 119 (Figure 3.7),[78] the new As‒C interaction can be described as a single 

bond (carbene-arsinidene adduct). Studying such new chemical bonds may shed light on new 

patterns of reactivity. 

 

 

Figure 3.7. Structures of complexes 132-134, 118 and 119. 
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Fragments of the type LA‒E=C=O can be used to generate bonds with multiple bond order 

through CO replacement reactions using convenient nucleophiles. Lewis bases such as carbenes 

or silylenes are good candidates for such purposes. This may allow the formation of a new bond 

between two centers containing both empty orbitals and lone pairs, requisite to form double bonds 

according with the CGMT model. In parallel, the use of LA‒E=C=O complexes that do not 

undergo decarbonylation under ambient temperature is ideal, because competing reactions, such 

as dimerization of hypothetical LA‒E, can be avoided. Thus, the successful isolation of stable 

phosphaketenes 99 and 108, and the arsaketene 109 allows their study in CO substitution reactions. 

The emphasis will be focused in their reactions with the N-heterocyclic silylenes 35 and 80 (Figure 

3.8). The results will show that the use of in situ prepared phosphaketene 78 and arsaketene 79 is 

necessary to promote desired reactions. 

 

 

Figure 3.8. Structures of NHSis 35 and 80. 

 

3.3.2.1. The N-heterocyclic silylenes 35 and 80 

 

The N-heterocyclic silylene 35 (tBuNHSi, Figure 3.8) was the first stable two-coordinate 

NHSi ever reported,[31] and its first metal complex, namely (tBuNHSi)2Ni(CO)2, was published 

almost at the same time.[105] Since then, metal complexes of 35 have been reported using Ni,[105,106] 

Cr, Mo, W, Fe,[107] Ru,[107-109] Rh[110] and Pd.[111-113] The coordination of other silylenes to 

transition-metals has been previously reviewed,[33c] but an interesting task in this field is the use 

of silylenes as Lewis bases to stabilize low valent MG fragments, from which the silylene 

complexes of a phosphinidene 135,[114] carbone 136,[115] germylone 137,[116] borylene 138[117] and 

nitrene 139[118] (Figure 3.9) are remarkable examples. Interestingly, the NHSi 35 has been used in 

reactions with organic azides, in which nitrenes are trapped and N2 released, forming the respective 

silaimines (i.e. the THF stabilized silaimine 139).[118] 
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Figure 3.9. Silylene stabilized phosphinidene 135, carbone 136, germylone 137, borylene 138 and nitrene 139 

complexes. 

 

It is worth to mention that the NHSi 80[119] (Figure 3.8) has been employed as a ligand in 

complexes of Ni,[119a] Fe,[120] and V.[121] Additionally, 80 also has been used to prepare the 

silaimine [C(H)N(Dipp)]2Si=N-Ter (Ter = 2,6-(2´,4´,6´-Me3-C6H2)2-C6H3), after carrying out a 

reaction similar to the one used to synthesize the silaimine 139.[122]    

 

3.3.2.2. Relative stability of phosphaketenes 99 and 108  

 

As a proof-of-concept, before employing the NHSis 35 and 80, based on the fact that CO 

substitution reactions at phosphaketenyl and arsaketenyl complexes have been reported using 

NHCs,[67,68,78,100] and considering the relative stability of phosphaketene 99, the reaction of the 

latter with the NHC [C(Me)N(iPr)]2C: was tested in photolytic conditions at λ = 320-400 nm. A 

complex mixture was obtained as determined by 31P NMR, however, a persistent signal at δ = -

397.5 ppm was detected, matching with the observed 31P NMR signal of phosphaketenyl complex 

108 (Scheme 3.16). Additional signals in the 31P NMR spectrum of the reaction mixture (δ = -

41.50 and -59.83 ppm) suggest that the formation of Lewis base-stabilized zinco-phosphinidenes 

(Lewis base = dmap, NHC) is possible,[67,100,123] but the isolation of meaningful compounds was 
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not forthcoming. This result points out that the phosphaketene complex 108 is relatively more 

stable than 99 in terms of decarbonylation, and that the use of an effective/specific nucleophile is 

likely required to promote such ligand exchange reactions. 

 

 

Scheme 3.16. Photolysis of phosphaketene 99 in presence of NHC. 

 

In addition to the important role that N-heterocyclic silylenes may play in the formation of 

new multiple bonded species through CO replacement reactions at LA‒E=C=O fragments (E = P, 

As), they have shown to be equally strong σ-donors when compared with carbenes.[111,121,124,125] 

Both characteristics make them good candidates as nucleophiles in reactions with complexes 108 

and 109, the most stable versions in hand of phosphaketene and arsaketene complexes, 

respectively. 

 

3.3.2.3. Reaction of the Zn−PCO moiety with the NHSis 35 and 80  

 

Surprisingly, when an equimolar mixture of the ZnII phosphaketene 108 was mixed with 

35 in C6D6, no reaction was observed at ambient temperature, nor when the mixture was heated 

for two days at 70 °C (Scheme 3.17, a). This suggests that the decarbonylation of 108 is not 

favoured in the presence of the NHSi, or that the reaction does not happen due to steric reasons. 

This led to test the reaction of NHC free phosphaketene 78 generated in situ in Et2O solutions, and 

mixed with Et2O solutions of either the silylenes 35 and 134, respectively. It was found that in 

both cases no reaction occurs at ambient temperature (Scheme 3.17, b). These results suggest that 

the P-C interaction in 78 and 108 is stronger than the desired P-Si interaction.  
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Scheme 3.17. Probing the reactivity of phosphaketenes 108 and 78 with NHSis 35 and 80. 

 

3.3.2.4. Reactivity of the Zn−AsCO moiety towards 35 and 80  

 

Despite the unexpected stability of the phosphaketenes 108 and 78 in presence of the 

NHSis 35 and 80, a reaction between 35 and the ZnII arsaketene complex 109 was expected to 

readily proceed, because 109 spontaneously releases CO when it is dissolved.[97] Indeed, a mixture 

of equivalent amounts of 35 and 109 dissolved in toluene was stirred at ambient temperature, 

initially forming a red solution, which darkened after two days. After work-up, orange crystals 

suitable for X-ray characterization where grown after layering with hexane a concentrated toluene 

extract of the mixture. The molecular structure of the product corresponds to the monomeric 

silylene-stabilized zinco arsinidene complex [(NHC)→(tBuNHSi)→AsZnL] 140 (21% yield, 

Scheme 3.18, Figure 3.10), which contains a three-coordinate ZnII center, as result of the NHC 

shift from zinc to silicon, and a two-coordinate As atom. In 140, the Zn-As distance of 2.3165(4) 

Å is shorter than that found in complexes LZn(dmap)AsCO (99, dZn-As = 2.4564(3) Å) and 

LZn(NHC)AsCO (109, dZn-As = 2.4725(5) Å), denoting a more covalent Zn-As interaction in 140. 

The Zn-As-Si angle of 109.07(2)° in 140 indicates the presence of two electron-pairs at As, and it 

is similar to the C-As-P angle of 108.49(8)° found in the carbene-stabilized phosphinoarsinidene 

[(H2CNAr**)2P−As←(DippNHC)] (106, DippNHC = 101, Ar** = 2,6-[C(H)(4´-tBu-C6H4)2]2-4-Me-

C6H2),[68] but larger than the angles around As in the germylidenylarsinidene complexes 

[LGeAs←PPh3] (118, av. ∠Ge-As-P = 92.68 °) and [LGeAs←(NHC)] (119, ∠Ge-As-C = 96.60(5) °).[78] 

The As-Si distance of 2.2476(7) Å in 140 is slightly shorter than the As-Si distances found in the 

As-Si analogue of benzene 141 (dAs2-Si2 = 2.2606(6) Å; dAs2-Si1 = 2.2630(10) Å, Figure 3.11) and 
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the As-Si cyclobutadiene analogue 142 (dAs-Si av. = 2.281 Å, Figure 3.11),[126] and lies between 

the calculated values for single As-Si (dcalc.,As-Si = 2.37 Å) to double As=Si (dcalc.,As=Si = 2.21 Å) 

bonds.[73,97] The 1H NMR spectrum of 140 shows signals for symmetric NHC and NHSi ligands, 

suggesting their free rotation on the NMR time scale at ambient temperature. The 29Si{1H} NMR 

spectrum of 140 contains a singlet at δ = -6.31 ppm for the four-coordinate silicon atom,[97] more 

shielded in comparison with the observed signal at δ = -78.3 ppm in the 29Si{1H} NMR spectrum 

of 35.[31]  

 

 

Scheme 3.18. Synthesis of the NHSi-stabilized zinco arsinidene 140. 

 

 

Figure 3.10. Molecular structure of 140. Thermal ellipsoids are drawn at 50 % probability. H atoms are omitted for 

clarity. Selected bond lengths [Å] and angles [°]: Zn1-As1 2.3165(4), As1-Si1 2.2476(7), Si1-C40 2.011(2), Zn1-

As1-Si1 109.07(2), As1-Si1-C40 109.10(7). 
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Figure 3.11. Structures of 141 and 142. 

 

The electronic structure and bonding analysis of complex 140 was elucidated by Density 

Functional Theory (DFT) calculations at the B3LYP-D3/def2-SVP[Si,Ni,As:def2-TZVP] level of 

theory. The DFT calculations of this thesis were carried out by Dr. Tibor Szilvási, from the 

University of Wisconsin-Madison. The observed multiple As-Si bonding matches well with the 

Mayer Bond Order (MBO) and Wiberg Bond Index (WBI) values for this interaction (MBOAs-Si = 

1.31; WBIAs-Si = 1.33). This multiple As-Si bonding interaction is also supported by the Natural 

Bond Order analysis (NBO), which shows a lower occupation for the second electron pair on As 

(first: 1.84; second: 1.61); and it is represented in the molecular orbital analysis as HOMO (-2.91 

eV) and HOMO-1 (-3.02 eV), with the former representing a polarized π-interaction towards As, 

and the latter a σ As-Si interaction (Figure 3.12). Additionally, an electron pair on As appears as 

HOMO-2 (-4.02 e9), and the LUMO (-1.31 eV) is located in the delocalized ring of the β-

diketiminato ligand (Figure 3.12). 

 

The NHC rearrangement that happens in the formation of complex 140 could be explained 

by two reasons. First, due the high steric strain around Zn, and secondly because the NHC is 

stabilizing the empty p-orbital of the NHSi fragment, which becomes more Lewis-acidic upon 

formation of the As-Si bond. This carbene-silylene interaction could block the As→Si π-back 

donation, limiting the formation of an As-Si interaction with higher bond order. Thus, if no NHC 

is used in the reaction with the LZnAsCO precursor, the formation of As-Si bonds with higher 

bond order should be expected when the decarbonylation promoted by the silylene occurs. 
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Figure 3.12. (Above) From left to right: LUMO (-1.31 eV) and HOMO (-2.91 eV) of complex 140. (Below) From 

left to right: HOMO-1(-3.02 eV) and HOMO-2 (-4.02 eV) of complex 140.  

 

The in-situ formation of the highly reactive LZn‒As=C=O complex (79) was probed by 

trapping it with dmap in the form of LZn(dmap)AsCO (100). Therefore, the reactions between the 

N-heterocyclic silylene 35 and the bulkier NHSi 80 in CO substitution reactions at 79 were 

expected to occur, and should show the effect of the steric hindrance provided by the NHSi in the 

bond order of the new As-Si interactions. Indeed, when the arsaketene 79 was in situ generated 

using Et2O as solvent, and reacted with one molar equivalent of 35 dissolved in Et2O, an immediate 

evolution of CO and the formation of a poorly soluble yellow solid were observed. The NMR 

spectrum of a diluted C6D6 solution of this solid, together with its solid state CP/MAS 29Si{1H} 

NMR spectrum, in which the latter shows only a singlet at δ = -23.53 ppm, allowed to confirm the 

clean formation of a single new product, compound 143. Single orange crystals of 143 were formed 

in saturated THF solutions. The molecular structure of 143 revealed that it is the dimeric 

silylene→arsinidene complex [{(NHSi)→AsZnL}2] (Scheme 3.19 and Figure 3.13),[97] explaining 

its poor solubility, given its high molecular weight (1508 g·mol-1). 
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Scheme 3.19. Synthesis of dimeric 143. 

 

 

Figure 3.13. Molecular structure of 143. Thermal ellipsoids are drawn at 50 % probability. H atoms are omitted for 

clarity. Selected bond lengths [Å] and angles [°]: Zn1-As1 2.3764(4), As1-Si1 2.3011(6), As1-Si1’ 2.4245(5), Si1-

As1-Si1’ 87.61(2), As1-Si1-As1’ 92.39(2).   

 

143 was obtained in 30 % yield and it can be seen as the head-to-tail dimerization product 

of two [LZnAs(tBuNHSi)] units that are crystallographically identical (Figure 3.13). Its Zn-As and 

Zn´-As´ distances of 2.3764(4) Å are slightly longer than the Zn-As bond of 140 (dZn-As = 2.3165(4) 

Å). However, the highly distorted pyramidal As center of both units is bonded two non-equivalent 

Si atoms, as reflected by the two differing Zn-As-Si angles (∠Zn1-As1-Si1 = ∠Zn1´-As1´-Si1´ = 118.37(2)°; 

∠Zn1-As1-Si1´ = ∠Zn1´-As1´-Si1 = 139.62(2)°). The third angle at As, the cyclic Si-As-Si angle, has a 

value of 87.61(2)°, and is similar to the cyclic As-Si-As angle of 92.32(2)°.[97] This planar [As2Si2] 

cycle contains two pairs of non-equivalent As-Si bond lengths of dAs1-Si1 = 2.3011(6) Å and dAs1-

Si1´ = 2.4245(5) Å, both values are slightly different when compared with the analogous As-Si 

bonds measured in 142 (dAs-Si av. = 2.281 Å).[126]  The first As-Si distance could be described as a 

single As-Si bond related to the As←Si donor interaction that contains a slight double bond 



Results and Discussion 

53 

 

contribution (MBOAs-Si = 1.07; WBIAs-Si = 1.03) as consequence of some degree of As to Si π-back 

donation (occupation of the lone pair at As = 1.78). The second corresponds to a long As-Si single 

bond derived from a weak coordination interactions As→Si (MBOAs-Si = 0.80; WBIAs-Si = 

0.78).[73,97] Indeed, the molecular orbital analysis of complex 143 shows the As←Si donor 

interactions as the HOMO-3 (-5.02 eV), the lone pair on As as the HOMO-2 (-4.48 eV), and the 

weak coordination interactions As→Si as the HOMO-1 (-4.16 eV) and HOMO (-3.86 eV) with 

high p-character and delocalized towards the N-heterocycles of the silylene unit (Figure 3.14).[97]  

 

       

       

Figure 3.14. (Above) From left to right: HOMO (-3.86 eV) and HOMO-1 (-4.16 eV) of complex 143. (Below) From 

left to right: HOMO-2 (-4.48 eV) and HOMO-3 (-5.02 eV) of complex 143.  

 

As the [As2Si2] cycle in 143 has two weak As→Si coordination bonds, they should be 

easily cleaved in presence of strong Lewis bases. Then, two equivalents of NHC were added to a 

yellow suspension of 153 in C6D6, with the concomitant formation of an orange solution. Its 1H 

NMR spectrum was the same as that measured for 140, verifying that dimeric 143 can be 

dissociated in presence of strong donating ligands (Scheme 3.20).[97] This result and the fact that 
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there is some π-back donation in the As←Si interaction confirms the high acidic character of Si in 

complexes 140 and 143, suggesting that the formation of an As←Si interaction with higher bond 

order is limited due steric reasons, favouring the dimerization of the [LZnAs(tBuNHSi)] fragment.     

 

 

Scheme 3.20. Formation of 140 starting from dimeric 143 and NHC. 

 

In order to isolate a monomeric silylene-stabilized zinco arsinidene with higher As-Si bond 

order, the bulky NHSi donor ligand [C(H)N(2,6-iPr2C6H3)]2Si: 80 was used repeating the same 

reaction conditions as those used in the synthesis of 143. Orange crystals of the 

[(DippNHSi)→AsZnL] complex 144 (19 % yield, Scheme 3.21) were obtained from a concentrated 

hexane extract of the reaction mixture. Its molecular structure (Figure 3.15) shows a two-

coordinate arsenic center holding Zn-As and As-Si bonds with distances of 2.3459(4) Å and 

2.1661(6) Å, respectively.[97] The latter bond is comparable with those reported for compounds 

containing As=Si double bonds, i.e. the silaarsenes showed in Figure 3.16: 65 (dSi-As = 2.2178(1) 

Å),[62] 145 (dSi-As = 2.164(1) Å)[127] and 146 (dSi-As = 2.2164(14) Å).[128] In 144, the Zn-As-Si angle 

of 98.56(2)° indicates some lone-pair character at As,[97] and it is shorter to the angles around As 

measured for 145 (∠Si-As-Si = 110.92(4)°)[127] and 146 (∠C-As-Si = 108.97(12)°).[128]     

 

 

Scheme 3.21. Synthesis of the silylene-stabilized zinco arsinidene 144. 
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Figure 3.15. Molecular structure of 144. Thermal ellipsoids are drawn at 50 % probability. H atoms are omitted for 

clarity. Selected bond lengths [Å] and angles [°]: Zn1-As1 2.3459(4), As1-Si1 2.1661(6), Zn1-As1-Si1 98.56(2).   

 

 

Figure 3.16. Structure of selected silaarsenes. 

 

The 29Si{1H} NMR spectrum of 144 displays a singlet at δ = 65.86 ppm, more shielded 

than those observed in the silaarsenes 145 (δ = 228.7 ppm)[127] and 146 (δ = 214.1 ppm),[128] where 

the silicon is three-coordinate,[97] and more deshielded than that measured for the four-coordinate 

silicon of 65 (δ = 17.6 ppm).[62] Such difference could be explained given the donating effect of 

the nitrogen atoms to Si that occurs in 144, but not in 145 and 146. Remarkably, the 29Si resonance 

measured for 144 is slightly more shielded than that in free 80 (δ = 76.3 ppm),[119] and in reported 

Ni0 complexes 147 (δ = 99.2 ppm)[129] and 148 (δ = 142.1 ppm),[130] in which an NHSi ligand acts 

as single donor (Figure 3.17). This confirms that the arsinidene center in 144 is a π-donor towards 

the Si center of the NHSi ligand, explaining the observed As=Si double bond order in 144, as result 

of the “push-pull” bonding interaction between the silylene and arsinidene centers. 
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Figure 3.17. Structure of 147 and 148.   

 

DFT calculations support the As=Si double bond situation in 144. The Natural Bond 

Orbital (NBO) analysis and the molecular orbital (MO) analysis assign respective orbitals for the 

As-Si a σ-bond (NBO-152, HOMO-12 (-7.59 eV), Figure 3.18, above), the As-Si π-bond (NBO-

256, HOMO-4 (-6.32 eV), Figure 3.18, middle), and the lone pair at As (NBO-123, HOMO (-4.57 

eV), Figure 3.18, below), with occupations of 1.96, 1.91 and 1.82, respectively.[97] 

  

       

          

       

Figure 3.18. (Above) From left to right: NBO-152 and HOMO-12 (-7.59 eV) of 144. (Middle) From left to right: 

NBO-256 and HOMO-4 (-6.32 eV) of 144. (Below) From left to right: NBO-123 and HOMO (-4.57 eV) of 144.         
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Interestingly, the NBO analysis does not show any Zn-As bond, instead, it displays a 

second As-Si π-bond as NBO-244 (Figure 3.19, above-left) with low occupancy (1.62), which is 

delocalized towards an empty Zn orbital identified as NBO-257 (Figure 3.19, above-right), with 

an occupancy of 0.57. Thus, the described situation corresponds to the ionic Zn-As bonding 

interaction, which is shown as HOMO-1 (-5.38 eV, Figure 3.19, below). This explanation agrees 

with calculated bond orders for the As=Si bond of 144 (WBIAs-Si: 1.72; MBOAs-Si: 1.66).[97] 

 

   

 

Figure 3.19. (Above) From left to right: NBO-244 and NBO-257 of 144. (Below) HOMO-1 (-5.38 eV) of 144.  

 

Remarkably, an increased steric bulkiness around the silylene-arsinidene interaction 

contributed to the stabilization of an As=Si bond in 144, in which the two-coordinate As atom also 

binds a Zn center. Indeed, 144 is the first example of an As-metallosilaarsene, which adds an 

additional functionality to the group of reported silaarsenes. This shows the versatility of using 

bulky NHSis or other low-valent MG fragments in CO substitution reactions at LA−E=C=O 

fragments (LA = Lewis acid, E = P, As), becoming an alternative way to prepare doubly bonded 

species in general, but also metalated ones. In the case of previously reported silaarsenes, they 

have been accessed through salt-metathesis/elimination procedures (i.e. 145[127] and 146;[128] 

Scheme 3.22, a), or via NHSi promoted activation of arsine (i.e. 65;[62] Scheme 3.22, a). On the 

other hand, the metal functionality has been introduced to silaphosphenes only through 
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deprotonation of a Si=P‒H fragment, i.e. in the synthesis of metallosilaphosphenes 152[61] and 

153[131] from using silaphosphene 63 and a basic reagent (Scheme 3.22, b).  

 

 

Scheme 3.22. a) Synthesis of silaarsenes 45, 145 and 146. b) Synthesis of metallosilaphosphenes 152 and 153. 

 

3.4. Activation of small molecules promoted by the As-zincosilaarsene 144  

 

Small molecules are species with low molecular weight that are abundant in nature, i.e. O2, 

N2 and H2O, or are produced in important industrial processes, i.e. NH3, CH4 and CO2. The use of 

these molecules as a source of functional groups in the synthesis of more complex compounds is 
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challenging because usually their transformations are not selective and require excessive amounts 

of energy. Then, the exploration of new ways to improve the selective activation of their bonds at 

a low-energetic cost constitutes a boyant field in modern chemistry.[132]      

 

The use of compounds that have multiple bonds between heavy MG elements to activate 

small molecules is conceptually important because it provides more differences between their 

reactivity shown when compared with that of common organic compounds.[2] For example, imines 

have a C=N double bond, and are common building blocks in organic chemistry. However, as a 

result of the relative stable C=N bond, it is necessary to use a catalyst to employ them in reactions 

with small molecules.[133,134] The silicon-containing analogues of imines, i.e. silaimines (N=Si), 

silaphosphenes (P=Si) and silaarsenes (As=Si) have zwitterionic E=Si bonds (E=Si↔E−−Si+, E = 

N, P, As) as a result of the difference of electronegativity between the E and Si atoms. In such 

bonds there is also a poor overlap between the bonding orbitals, which is explained due to the 

increase in size, and the higher energetic separation between the s and p orbitals of the Group 15 

atom as it becomes heavier, as a result of the lone-pair effect.[2,3] In this regard, the polarized Si=E 

bond (E = N, P, As) has shown to be extremely useful in the activation of small molecules in 

catalyst-free conditions (vide infra).[135-137] 

 

The reactivity of silaimines and silaphosphenes towards small molecules has been studied 

in last years.[135-137] For instance, the reactions of H2O with the NHC-stabilized silaimine 154 and 

with the silaphosphene 156 yield the addition products 155[135b] and 157,[138] respectively (Scheme 

3.23). The addition of less acidic NH3 is known for silaphosphene 64, forming 158,[92] but the 

addition of this protic reagent has not yet been reported for a silaimine (Scheme 3.23). The reaction 

between white phosphorus and the silaphosphene 159 yield butterfly-like complex 160.[139] 

Another interesting example is the double insertion of CO2 to silaimine 161, which occurs through 

a [2+2+2] cycloaddition, yielding the novel heterocyclic complex 162 (Scheme 3.23).[135d]    
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Scheme 3.23. Selected reactivity of silaimines and silaphosphenes towards small molecules.  

 

In the particular case of silaarsenes, Driess et al. studied the reactivity of silaarsenes 163 

and 164 with polar organic molecules and elemental species (Scheme 3.24).[127,139,140] For example, 

the addition of P4 to 163 yields two isomeric butterfly-like [P2] insertion products, namely 165 and 

166 (Scheme 3.24).[139] The reactions between benzophenone and 163, and between benzonitrile 

and 164 give the [2+2] cycloaddition products 167[140] and 168,[139] respectively (Scheme 3.24). 

The formation of the new bonds occurs between the elements with inverse electronegativity that 

belong to the polar π-bonds of the respective reactants. Interestingly, the addition of tert-

butylphosphaacetylene to 164 yields a four-member cycle with new Si-C and As-P bonds. The 
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formation of these bonds is explained given the inverse polarity of the C≡P bond in comparison 

with the C≡N bond.[139] Additionally, a three-member cycle formation is produced after the 

addition of elemental Te and diazodiphenylmethane to 163 to give complexes 170[140] and 171,[139] 

respectively (Scheme 3.24). 

 

 

Scheme 3.24. Reactivity of silaarsenes 161 and 162. 

 

 The easy access to the metalated As-zincosilaarsene 144 allows studying its reactivity 

towards small molecules. Thus, the reactivity of 144 towards small molecules such as H2O, NH3, 

N2O and CO2 is presented in this chapter.[141] It is worth to mention that there are not reports of 

reactions between other silaarsenes and the aforementioned small molecules.  

 

3.4.1. Reactions of 144 with H2O and NH3 

 

 The reactions of 144 with H2O and NH3 were carried out at ambient temperature using 

hexane as solvent. The orange color of the solution of 144 changed to pale yellow immediately 

when mixed with an excess of NH3, whilst the mixture with H2O took more time in changing color, 
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due to the insolubility of H2O in hexane. Colorless crystals of the H2O and NH3 addition products 

LZnAs(H)Si(OH)(L´) 172 and LZnAs(H)Si(NH2)(L´) 173 (L = [CH(CMeNDipp)2], L´ = 

[C(H)N(Dipp)]2, Scheme 3.25), respectively, were obtained from concentrated hexane extracts of 

the reaction mixtures cooled at 4 °C. The structural analysis of 172 and 173 shows the reduction 

of the As-Si bond order in 172 (dAs-Si = dAs-Si = 2.3181(7) Å) and 173 (dAs-Si = 2.3336(6) Å)[141] 

when compared with 144 (dAs-Si = 2.1661(6) Å), confirming that the addition of H/X (X = OH, 

NH2) has occurred across the As=Si bond (Figure 3.20). The tetrahedral Si center of 172 and 173 

has new OH and NH2 substituents, respectively, and this aspect is spectroscopically displayed in 

the NMR spectra of the new products (vide infra). The Si-O bond distance of 1.640(2) Å in 172[141] 

is comparable with the Si-O bond lengths found for silanols MesN(SiMe3)SiMe(OH)2 (av. dSi-O = 

1.636 Å, Mes = 2,4,6-Me3C6H2)[142] and (Mes*)2HSi-Si(OH)(TMOP)Mes* (dSi-O = 1.6571(15) Å, 

Mes* = 2,4,6-iPr3C6H2, TMOP = 2,4,6-(OMe)3C6H2).[143] In 173 (Figure 3.20), the exocyclic Si1-

N5 interaction has a bond distance of 1.689(2) Å,[141] which is slightly shorter than the exocyclic 

Si-N interaction of 158 (av. dSi-N,exo = 1.700 Å, Scheme 3.23),[92] and shorter than the two cyclic 

Si-N bonds (dSi1-N3 = 1.746(2) Å, dSi1-N4 = 1.745(2) Å), showing that the NH2 substituent in 173 

has a more covalent Si-N interaction in comparison with the N atoms of L´.   

 

The 29Si{1H} NMR spectra of 172 and 173 display one singlet at δ = -23.27 and -19.23 

ppm, respectively, which are more shielded than the 29Si resonance displayed by 144 (δ = 65.86 

ppm), matching well with the four-coordinate environment at Si. The 1H NMR spectra of 172 and 

173 show that the symmetry of the L´ ligand has decreased, in comparison with L´ in 144. 

However, the L ligand of 172 and 173 keeps the symmetry shown in 144 as a result of the free-

rotation at the NMR time-scale of the single As-Si bond of both compounds. The stretching 

vibration modes for the respective OH and NH2 substituents of 172 and 173 are observed in the IR 

spectra (172: ṽ = 3612 cm-1; 173: ṽ =  3468 cm-1, 3384 cm-1), and their protons appear as singlet 

resonances in the 1H NMR spectra of these compounds when dissolved in C6D6 (172: δ = 1.29 

ppm; 173: δ = 0.66 ppm). The expected addition of the OH/NH2 group at silicon agrees with the 

electrophilic character of Si. In line with this, the nucleophilic character of the As atom in 144 is 

evident through the observation of an As-H singlet signal in the 1H NMR spectrum of 172 and 173 

at δ = -0.81 ppm and δ = -0.92 ppm, respectively.[141] 
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Scheme 3.25. Synthesis of 172 and 173. 

 

       

Figure 3.20. Molecular structure of 172∙1.5(hexane) (left) and 173 (right). Thermal ellipsoids are drawn at 50 % 

probability. H atoms of the organic backbones and solvent molecules are omitted for clarity. Selected bond lengths 

[Å] and angles [°] for 172: As1-Si1 2.3181(7), Si1-O1 1.640(2), Zn1-As1-Si1 110.29(2), As1-Si1-O1 113.10(7); for 

173: As1-Si1 2.3336(6), Si1-N5 1.689(2), Zn1-As1-Si1 109.98(2), As1-Si1-N5 109.49(8). 

 

 

3.4.2. Reaction of 144 with N2O 

 

The clean functionalization of the As=Si bond of 144 from using H2O and NH3 allowed to 

consider the reactivity of additional small molecules that have not been tested towards silaarsenes. 

For instance, reactions involving compounds with E=Si bonds (E = N, P, As) and nitrous oxide 

(N2O) have not yet been explored, contrary to the chemistry that disilenes or diindenes have shown 

with this oxidant (Scheme 3.26). The substituents around the double bond may affect the degree 

of oxygenation of the products. For example, whilst there is monooxygenation of disilenes 174-

176 to give the respective disilaoxiranes 177-179,[144,145,146] two oxygen atoms are added to disilene 
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14 or diindene 181 to yield the 1,3-cyclodisiloxane 180 in the form if its cis and trans isomers[147] 

and the 1,3-cyclodindoxane 182,[148] respectively (Scheme 3.26). Thus, considering the metalated 

nature of silaaarsene 144 and the steric protection around the As=Si bond, novel reactivity should 

be expected from its reaction with N2O.        

 

 

Scheme 3.26. Reactivity of disilenes and a diindene towards N2O.  

 

Given the polar nature of the As=Si bond and to control the product selectivity, the reaction 

of a hexane solution of 144 and an excess of N2O was carried out at -60 °C, producing an 

immediate darkening of the solution. At this point, the excess of the oxidant was removed, and the 

atmosphere of the reaction mixture was changed to N2. When the temperature of the reaction 

mixture raised the ambient temperature, the precipitation of a blue solid, compound 184 (Scheme 

3.27 and Figure 3.21), was observed. After work up, the purity of crude 184 was proven by using 

solid state NMR spectroscopy. The CP/MAS 29Si{1H} NMR spectrum of 184 displays only one 

singlet at δ = -25.04 ppm,[141] and no additional signals, showing the formation of a single new 

product. Given the insolubility of 184 in hexane or C6D6, blue crystals of 184 were obtained from 
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saturated THF solutions cooled at 4 °C. The X-ray structural analysis of one of these crystals 

revealed that 184 is dimeric [LZnOSi(L´)As]2 (Figure 3.21), containing two crystallographically 

equivalent [LZnOSi(L´)As] units. 184 can be hypothetically proposed as the product of a head-to-

head dimerization of the non-observed zincosiloxy(arsinidene) intermediate LZnOSi(L´)As 183 

(Scheme 3.27), the latter formed after one monooxygenation of 144. In 184, the two-coordinate 

As center displays a Si-As-As angle of 101.06(2)°, which denotes some lone pair character at As. 

In 184, the As-As bond distance of 2.2741(5) Å[141] is comparable with the distance of As=As 

double bonds found in the diarsene complexes shown in Figure 3.22: 185 (dAs=As = 2.276(3) Å), 

186 (dAs=As = 2.285(3) Å),[149] 187 (av. dAs=As = 2.244(1) Å),[150] 188 (dAs=As = 2.224(2) Å),[151] 189 

(dAs=As = 2.293(6) Å),[152] and the terminal [As2]0→Re cationic complex stabilized by push-pull 

interactions 190 (dAs=As = 2.2422(7) Å, Figure 3.22).[153] The As-Si bond distance of 2.4023(7) 

Å[141] in 184 is similar when compared with the long As→Si bonds found in the [As2Si2] core of 

143 (dAs1-Si1´ = 2.4245(5) Å),[97] denoting that each atom of the [As2]2− unit weakly coordinates the 

Si atom of the two [LZnOSi(L´)]+ fragments.[141] Additionally, the siloxy units of 184 have Si-O 

bond distances of 1.594(2) Å and a Si–O–Zn angles of 162.0(1)°,[141] values that are comparable 

with the ZnOSi interactions observed in related metallosiloxanes.[154] 

 

 

Scheme 3.27. Synthesis of dimeric 184 from using 144 and N2O, presumably via dimerization of the arsinidene 183. 
 

The 1H NMR spectrum of 184 (using THF-d8 as solvent) displayed a complex pattern of 

signals, maybe due to dynamics in solution, but additionally, some small signals indicated the 

instability of 184 in solutions at ambient temperature.[141] Features about the reactivity of 184 will 

be discussed in next the subchapter. When the 1H NMR spectrum of freshly dissolved 184 was 

measured at -80 °C, the broadening of the signals confirmed the presence of dynamics in solution 

and no assignment was possible.[141] 
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Figure 3.21. Molecular structure of 184∙6THF(hexane). Thermal ellipsoids are drawn at 50 % probability. H atoms 

of the organic backbones and solvent molecules are omitted for clarity. Selected bond lengths [Å] and angles [°]: 

As1-As1’ 2.2741(5), As1-Si1 2.4023(7), Si1-O1 1.594(2), Zn1-O1 1.833(2), As1’-As1-Si1 101.06(2), As1-Si1-O1 

108.25(8), Si1-O1-Zn1 162.0(1). 

 

 

Figure 3.22. Structure of selected diarsenes. 
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DFT calculations were performed to understand the electronic structure of 184. The 

molecular orbital analysis shows the As=As π bond and the lone pairs at the As centers as the 

HOMO-3 (-4.62 eV) Figure 3.23, below) and HOMO-2 (-4.42 eV), respectively (Figure 3.23, 

below). Interestingly, 184 has a low HOMO-LUMO gap (0.97 eV; Figure 3.23, above), with a low 

energy π* LUMO orbital (-2.49 eV). This may explain the decomposition of 184 in solutions at 

ambient temperature.[141] Additionally, it is worth mentioning that the mechanism for the formation 

of 184 was not calculated, and then, the formation of the proposed intermediate 183 was not 

predicted.    

 

 

 
Figure 3.23. (Above) From left to right: LUMO (-2.49 eV) and HOMO (-3.46 eV) of complex 184. (Below) From 

left to right: HOMO-2 (-4.42 eV) and HOMO-3 (-4.62 eV) of complex 184.  

 

Remarkably, 184 is the first diarsene complex stabilized by two silyl (siloxy) moieties. 

Such substitution is not common for lighter Group 15 analogues. For example there is only one 

example of a bis-silyl substituted diazene, namely Me3Si−N=N−SiMe3,[155,156] and a diphosphene, 

namely Me3Si−P=P−SiMe3,[157] respectively.   
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3.4.2.1. Tested reactions of 184 

 

 Given the low HOMO-LUMO gap (0.97 eV) of 184, its reactions with CO and H2 were 

investigated on an NMR-scale, but no reaction was observed in either case at ambient temperature. 

However, when a THF suspension of 184 is stirred overnight under an atmosphere of N2 (or H2), 

a blue solution is formed. Blue crystals were obtained as mixture with a colorless solid from a 

concentrated toluene extract of the reaction mixture kept at 4 °C. An X-ray structural analysis of 

the blue crystals determined that the novel asymmetric diarsene LZnOSi(L´)As=AsSi(L´)OH 191 

was formed (Scheme 3.28), but the quantification of its yield was not possible due to the 

unidentified colourless impurity. 191 was characterized by X-ray diffraction analysis, and NMR 

(1H and 29Si) and IR spectroscopy. The molecular structure of 191 (Figure 3.24) shows the 

asymmetry across the As=As double bond, and has slightly contracted geometric parameters 

around the As atoms (dAs1-As2 = 2.2222(5) Å, ∠Si1-As1-As2 = 98.21(3)°, ∠As1-As2-Si2 = 99.55(3)°), and 

shorter As-Si bonds (dSi1-As1 = 2.3796(8) Å, dSi2-As2 = 2.3941(8) Å) when compared with 184. 

Interestingly, the 29Si{1H} NMR spectrum of 191 displays only one singlet at δ = -27.85 ppm, 

suggesting the equivalence of the Si centers of 191 in solution. The IR spectrum of 191 shows a 

weak asymmetric vibration bond at ṽ = 3586 cm-1 indicative of the O-H moiety. 

 

 

Figure 3.24. Molecular structure of 191∙hexane. Thermal ellipsoids are drawn at 50 % probability. H atoms of the 

organic backbones and solvent molecules are omitted for clarity. Selected bond lengths [Å] and angles [°]: Si1-O1 

1.633(2), Si1-As1 2.3796(8), As1-As2 2.2222(5), As2-Si2 2.3914(8), Si1-O2 1.582(3), O2-Zn1 1,810(2), Si1-As1-

As2 98.21(3), As1-As2-Si2 99.55(3). 
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Scheme 3.28. Isolation of 191. 

 

 The lack of reactivity between 184 and CO or H2 shows the relative stability of the As=As 

double bond, which is additionally confirmed by the formation of diarsene 191 in THF solutions 

of 184, which is likely best explained by the presence of adventitious H2O (Scheme 3.28). 

Additionally, it is worth to investigate additional reactivity of 184. In this context, Ghadwal et al. 

recently found that the divinyldiarsene 189 undergoes As=As bond cleavage by using AuCl, 

yielding the dichlorodiarsane 192 and the dichloroarsine 193 in 75 % and 10 % yields, respectively 

(Scheme 3.29). The reaction of 189 with one or two equivalents of C2Cl6 is necessary to 

quantitatively afford 192 and 193, respectively (Scheme 3.29). Additionally, they found that there 

is an oxidative bond metathesis between the As=As bond of 189 and the Ch-Ch bonds of the 

diphenyldichalcogenides PhChChPh (Ch = Se, Te), which yields the disubstituted arsines 194 (Ch 

= Se) and 195 (Ch = Te), respectively (Scheme 3.29).[152] Thus, the reactivity shown by 189 could 

be a base to further study the chemistry of 184, particularly regarding the As=As bond cleavage 

reactions and accessing new and interesting functionalities.       

 

 

Scheme 3.29. Reactivity of diarsene 189. 
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3.4.2.2. Attemps to trap 183 with PPh3 

 

 The As=As double bond of 184 has been postulated as the product of the dimerization of 

the hypothetical intermediate 183 (Schemes 3.27 and 3.30, a), which was not spectroscopically 

observed or theoretically predicted. Therefore, given the electrophilic character of transient 

arsinidenes,[68,78,90,97,141] it could be of great significance if 183 can be chemically trapped in the 

presence of Lewis bases (LB) to form adducts of the type 183←LB (Scheme 3.30, a). Then, 

considering that PPh3 does not show reactivity with 144 or N2O, this Lewis base was mixed with 

one equivalent of 144, and a hexane solution of this mixture cooled to -60 °C. This mixture was 

exposed to an excess of N2O, leading to an immediate change of color from orange to yellow. At 

this point, the atmosphere of the mixture was changed to N2, and the reaction mixture slowly 

warmed over the course of two hours. At -30 °C the mixture became dark and the precipitation of 

a pale purple solid was observed. After warming to ambient temperature and isolation, an 1H NMR 

analysis of the solid showed spectroscopic features of 184 and additional signals, indicating that 

the solid is a mixture of compounds (Scheme 3.30, b). However, when a similar procedure is 

followed, but the warming process is faster (30 minutes), the mixture became dark at 0 °C, and the 

formation of a colorless solid was observed together with the clarification of the solution as the 

temperature increased. Colorless crystals suitable for X-ray structural analysis were obtained 

alongside an amorphous solid when hexane was layered over a concentrated toluene solution of 

the crude product. The molecular structure of the crystals revealed that complex 196 (Scheme 3.30, 

b; Figure 3.25) is the main product of this reaction. The purification of 196 and the quantification 

of its yield were not achieved. Remarkably, 196 is essentially an AsIII oxide (arsenite), 

LZnOAsO2SiL´, that is coordinated by triphenylphosphine oxide at Zn. In terms of oxidation, the 

P atom of the PPh3 donor and the Si center of 144 were fully oxidized to PV and SiIV, respectively, 

and  the As center of 144 was oxidized to AsIII. According with the two experiments carried out 

(Scheme 3.30, b), the favored formation of 196 occurs when the warming of the reaction mixture 

is faster, although the presence of impurities formed under these conditions suggests that the 

oxygenation is not completely selective. On the contrary, when slow warming is used, the 

formation of 184 is favoured. Although the mechanism for the formation of 196 was not calculated, 

the Zn−As=Si moiety of 144 apparently induces the oxidation of PPh3, whilst the Zn−As=Si 

fragment is also oxidized in the presence of an excess of N2O.     
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Scheme 3.30. a) Proposed trapping reaction of 183 using a Lewis base. b) Oxidation of 144 in presence of PPh3 

using two different conditions.    

 

 

Figure 3.25. Molecular structure of 196. Thermal ellipsoids are drawn at 50 % probability. H atoms of the organic 

backbones are omitted for clarity. Selected bond lengths [Å] and angles [°]: As01-O1 1.689(2), As01-O2 1.860(2), 

As01-O3 1.868(2), Si1-O2 1.646(2), Si1-O1 1.645(2), Zn1-O3 1.956(2), Zn1-O4 1.949(2), P1-O4 1.501, O3-As01-

O2 103.12(8), O3-As01-O1 104.40(8), O2-As01-O1 79.71(8), As01-O1-Si1 92.53(9), O1-Si1-O2 93.11(9), Si1-O2-

As01 92.77(9). 

 

 In crystalline 196 (Figure 3.25), the trigonal As center is bonded to three oxygen atoms. 

One of the As-O distances (dAs01-O3 = 1.689(2) Å) is shorter than the other two (dAs01-O2 = 1.860(2) 
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Å, dAs01-O1 = 1.868(2) Å), suggesting some degree of As-O double bond character (dAs=O,calc. = 1.71 

Å) for the former interaction and As-O single bond character (dAs=O,calc. = 1.84 Å) for the two 

latter.[73] The non-equivalent nature of the As-O bonds in 196 differs with the three almost 

equivalent As-O bonds found in the arsenites [As(1-O-2-CH2O-C6H4)(1-OH-2-CH2O-C6H4)] (av. 

dAs-O = 1.788 Å),[158] and [As{CH(1-O-2-tBu-4-Me-C6H2)3}] (av. dAs-O = 1.778 Å),[159] suggesting 

that in 196 there is no delocalization of the As=O π-bond. The Si-O bond distances found in 196 

(dSi1-O2 = 1.646(2), dSi1-O1 = 1.645(2) Å) are slightly longer than the Si-O distance measured in 172 

(dSi-O = 1.640(2) Å, Scheme 3.25),[141] indicative of a single bond interaction. The Zn-O and P-O 

bond distances (dZn1-O4 = 1.949(2) Å, dP1-O1 = 1.501(2) Å) are in agreement with the analogous 

distances found in ZnBr2(OPPh3)2 (av. dZn-O = 1.968 Å, av. dP-O = 1.504 Å) and ZnCl2(OPPh3)2 

(dZn-O = 1.967(5) Å, dP-O = 1.507(5) Å).[160]     

  

 Complex 196 was also characterized by multi-nuclear NMR spectroscopy using C6D6 as 

the solvent. Its 31P NMR spectrum shows a broad singlet at δ = 35.00 ppm, only slightly shielded 

compared to that for free OPPh3 (δ = 38.85 ppm)[161] suggesting that there are not significant 

changes in the electronic environment around the P center as a result of the Ph3P=O→Zn 

interaction. The 29Si{1H} NMR spectrum of 196 displays a singlet at δ = -48.31 ppm, matching 

well with the resonance observed for the complex [{CH2C(N-Dipp)CHC(N-Dipp)CH3}Si{1,2-O2-

3,5-tBu2-C6H2}] (δ = -49.36 ppm),[162] which has the same coordinating environment around the 

Si center as 196.     

 

 Despite the isolation of impure 196, its structure indicates that access to monomeric mixed 

oxides is possible, opening possibilities for the systematic study of the reactivity of metallated 

double bonded species containing MG elements towards N2O. In addition to this, the conditions 

employed for the isolation of 196 and mixtures of 184 and 196 of course did not allow for the 

trapping of hypothetical intermediate 183, possibly to its short-life-time and high reactivity. The 

investigation of different Lewis bases would therefore be useful in the attempting to isolate 

hypothetical 183←LB species. 
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3.4.3. Reaction of 144 with CO2 

 

The hypothetical intermediate 183 could be proposed as the first product when an 

arsaketenylido siloxido zinc complex LZnOSi(L’)(-As=C=O) 197´ loses CO. Thus, based on the 

multiple bond metathesis approach employed by Krummenacher and Cummins in the synthesis of 

NaPCO (Scheme 3.1),[75] an analogous oxidation of 144 using CO2 could indeed produce 197´. 

Accordingly, a hexane solution of 144 was exposed to an atmosphere of CO2 at -50 °C. When 

slowly warming, it was observed that the orange reaction mixture became yellow at around 15 °C. 

At this stage, the yellow solution was slowly concentrated under reduced pressure. During this 

process, a slight darkening of the solution was observed. This mixture was stored for four days at 

4 °C leading to the formation of colourless crystals of the arsaethynolato siloxido zinc complex 

LZnOSi(L’)(-OC≡As)  197, instead of the expected isomer 197´ (Scheme 3.31, vide infra). The 

molecular structure of 197 (Figure 3.26) contains an [AsCO]– anion that O-coordinates the silicon 

center of an [LZnOSi(L´)]+ unit, with a C–O–Si angle of 124.0(1)°, and a Si-OOCAs distance of 

1.744(1) Å,[141] comparable with the analogous parameters measured in the salt 

[Me3Si−OCN−SiMe3][B(C6F5)4] (dSi-O = 1.840(6) Å, ∠C-O-Si = 128.2(5) °).[163] The Si-OOCAs 

distance is longer than the Si-O distance of the SiOZn bridge (dSi1-O1 = 1.574(1) Å), suggesting an 

ionic nature for the OAsCO-Si bond. Such a description is in agreement with the calculated Natural 

Population Analysis (NPA) charges of -0,72 for OAsCO and +2.28 for Si. The almost linear AsCO 

moiety (∠As-C-O = 178.5(2) °) of 197 has short As-C (dAs1-C56 = 1.678(2) Å) and elongated C–O 

(dC56-O2 = 1.271(2) Å) distances in comparison with analogous bond lengths found in the salt 

[76(18-crown-6)∙(dioxane)0.5] (dAs-C = 1.707(3) Å, dC-O = 1.197(3) Å)[74] and the arsaketene 

complexes of SnII  (92, dAs-C = 1.724(5) Å, dC-O = 1.170(6) Å),[90] GeII (96, dAs-C = 1.752(10) Å, 

dC-O = 1.174(12) Å),[78] and ZnII (100, dAs-C = 1.753(3) Å, dC-O = 1.165(3) Å; 109, dAs-C = 1.744(4) 

Å, dC-O = 1.177(6) Å).[97]. The As-C bond in 197 is comparably as short as the As≡C triple bond 

of As≡CMes** (dAs-C = 1.657(7) Å, Mes** = 2,4,6-tBu3C6H2),[164] and agrees with the calculated 

As≡C bond length (1.66 Å).[73] On the other hand, the C-OAsCO of 197 distance is intermediate 

between the calculated C-O single (1.38 Å) and double bond (1.24 Å).[73,74]  Thus, this structural 

information suggests that the [AsCO]− anion adopts the [As≡C−O]−  electronic structure when it 

O-coordinates the [LZnOSi(L´)]+ fragment of 197, in analogy with the bonding situation displayed 

by the [PCO]− anion in complexes 87 and 88 (Figure 3.1). 
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Scheme 3.31. Synthesis of 197 and 197´ from using 144 and CO2. 

 

 

Figure 3.26. Molecular structure of 197. Thermal ellipsoids are drawn at 50 % probability. H atoms of the organic 

backbones are omitted for clarity. Selected bond lengths [Å] and angles [°]: As1-C56 1.678(2), C56-O2 1.271(2), 

O2-Si1 1.744(1), Si1-O1 1.574(1), O1-Zn1 1.879(1), Zn1-As1 2.9489(5), As1-C56-O2 178.5(2), C56-O2-Si1 

124.0(1), O2-Si1-O1 103.65(7), Si1-O1-Si1 135.38(8). 

 

The arsaethynolate coordination mode of 197 was further investigated by DFT 

calculations. The Natural Resonance Theory (NRT) Analysis of 197 indicates that the structure 

shown in Scheme 3.31 has a contribution of 100 %, in agreement with the Wiberg Bond Index 

(WBI) and Mayer Bond Order (MBO) of the As≡C (WBI = 2.40, MBO = 2.26) and C-O (WBI = 

1.84, MBO = 1.97) bonds. In fact, the molecular orbital analysis shows the two As-C π bonds as 

the HOMO-2 (-5.21 eV) and the HOMO-4 (-5.57 eV), as shown in Figure 3.27.[141] 
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Figure 3.27. HOMO-2 (left, -5.21 eV) and HOMO-4 (right, -5.57 eV) of 197. 

 

An interesting structural aspect is that the [As≡C−O]– ligand in 197 is oriented towards the 

Zn center, with a C–O–Si angle of 124.0(1)°.[141] This bent conformation has been observed in the 

Group 13 phosphaethynolate complexes L´B-O-C≡P 88 (∠B-C-O = 126.16(11)°)[87] and 

[{CH2NC(H)-2-O-3,5-tBu2C6H2}2Al-O-C≡P] (∠Al-C-O = 137.5(2) °).[165] However, the C–O–M 

angle displayed by the metal-phosphaethynolate complexes [M(OCP)(amid)3] (∠U-C-O = 170.9(3) 

°, M = U; ∠Th-C-O =  176.4(3) °, M = Th; amid = [PhC(NSiMe3)2]),[86]  [U(OCP)(dme)([{2-O-3-(1-

adamantyl)-5-Me-C6H2}CH2]3N)] (∠U-C-O = 164.5(4) °),[166] and [LSc(OCP)(ODipp)(THF)] (∠Sc-

C-O = 170.89(2) °)[167] is close to linearity. Whilst there is no conclusive explanation for the C–O–

M angles observed in the metallic complexes for M = Al, U, Th and Sc, in which σ- O-M bonds 

are expected, an oxygen π-donation to B can be the reason for the bent C–O–B angle in 88.[87] For 

197, the σ- O-Si bond does not explain the bending of the AsCO unit, instead, this conformation 

can be rationalized in terms of a non-covalent interaction that emerges between the AsAsCO and Zn 

centers, which are separated by 2.9489(5) Å.[141] This As-Zn distance is higher than the sum of the 

atomic radii of As (1.15 Å) and Zn (1.35 Å),[168]  and indeed, is higher than the longest Zn-As bond 

reported to date (dZn-As = 2.598(2) Å);[169] but it lies below the sum of the van der Waals radii of 

Zn (2.02 Å) and As (2.16 Å).[170] Therefore, the Zn-As interaction can be explain due to van der 

Waals forces. Such a description is in agreement with the calculated MBO (0.20) and WBI (0.14) 

for the Zn-As interaction, and the NPA charges at Zn (+1.28) and As (+0.20) show that the 

interaction is not likely due electrostatic interactions. Overall, these observations lead to the 

conclusion that the [AsCO]– anion in 197 coordinates the [LZnOSi(L´)]+ fragment in a side-on 

fashion.[141] 
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Upon further analysis of 197, the spectroscopic features were unexpected. The 1H NMR 

and 13C NMR spectra of 197 measured in C6D6 showed signals for two compounds, as shown by 

the characteristic resonances of the γ-CH moiety of L and the heterocyclic CH moiety of L´. A 

similar case was observed in the solution-state 29Si{1H} NMR of 197 (vide infra). A 1H DOSY 

experiment (Figure 3.28) showed that both species have similar diffusion properties, suggesting 

that they have similar hydrodynamic radii. These observations suggest the decomposition in 

solution of 197, or the formation of a second isomer of this compound under these conditions. 

Then, solution and solid state analyses of 197 were necessary to explain these spectroscopic 

observations (vide infra).  

 

         

Figure 3.28. Section of the 1H DOSY spectrum of 197 dissolved in C6D6 at 298 K.  

 

The identification of the NMR resonance of the AsCO 13C nucleus of 197, and also the 

characteristic signal of released CO can be good indicators of a presumable decomposition of 

197.[97] Then, the preparation of 13C labeled 197 (i.e. 13C-197) by reacting 144 and 13CO2 was 

carried out. An aliquot was taken from the crystallization mixture four days after its preparation, 

and was analyzed using 13C NMR spectroscopy. An expedient 13C NMR spectrum of this solution 

was measured (512 scans), which showed the resonance of free 13CO (δ = 185.18 ppm) and two 

additional singlets at δ = 194.68 ppm and δ = 167.03 ppm (Figure 3.29, left). To assign the AsCO 

13C nucleus of 197, it was necessary to measure its solid state CP/MAS 13C{1H} NMR spectrum. 

This spectrum displays a signal at δ = 165.64 ppm, but remarkably, did not contain the 13C 

resonance found in solution at δ = 194.68 ppm (Figure 3.29, right). Thus, the resonance at δ = 
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167.03 ppm can be assigned to the O-bound [As≡C−O]– arsaethynolate ligand of 197.[141] 

Additionally, based on the fact that the 13C NMR resonance of the [P≡C−O]–  ligand found in 

iPr3SiOCP 85 (δ = 145.5 ppm) is more shielded than the analogous signal of the [O=C=P]– ligand 

in iPr3SiPCO 86 (δ = 183.4 ppm),[85] the singlet at δ = 194.68 ppm in the 13C NMR spectrum of 

can be tentatively assigned to an [O=C=As]– arsaketenyl ligand (vide infra). 

 

          

Figure 3.29. Section of the 13C{1H}-NMR spectrum of crude 13C-197 (197 + 13CO2) dissolved in C6D6 at 298 K 

after four days (left), and section of the CP/MAS 13C{1H}-NMR spectrum of 197 (right).  

 

The presence of two different Si centers was also observed when the solution state 29Si 

NMR spectrum of 197 was recorded. This spectrum contained two resonances at δ = -43.12 and -

63.40 ppm (Figure 3.30, above). In contrast, the solid state CP/MAS 29Si{1H} NMR spectrum of 

197 (Figure 3.30, above) shows two overlapped signals at δ = -63.95 and -65.08 ppm, with a full 

width at half maximum of 3.0 ppm, which can be associated to the two different orientation modes 

of the molecules in the asymmetric unit of 197 (Figure 3.30, below).[141] 

 

As the 13C NMR analysis suggested the presence of the two coordination modes for the 

[OCAs]− ligand in solutions of 197, IR spectroscopy was used to further investigate this 

observation. A possible assignment was made in analogy with the IR spectroscopic features 

implicit by the CO-bond of the [O=C=P]− (ṽ > 1840 cm-) and [O−C≡P]− (ṽ < 1710 cm-1) ligands.[70] 

The IR vibrational frequencies for the COAsCO bond were found in the IR spectra of 197 in 

crystalline-state (ṽAs≡C−O = 1562 cm-1), and when dissolved in toluene (ṽAs≡C−O = 1568 cm-1, ṽO=C=As 

= 1928 cm-1). Additional measurements were made on the amorphous crude solids obtained the 

from the reaction mixtures of 144 + CO2 (ṽAs≡C−O = 1566 cm-1, ṽO=C=As = 1928 cm-1; Figure 3.31) 

and 144 + 13CO2 (ṽAs≡C−O = 1566 cm-1, ṽO=C=As = 1928 cm-1; Figure 3.31). These spectroscopic 
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results give strong evidence that two species containing the [OCAs]− anion displaying both O- and 

As- coordination modes are formed in the reaction between 144 and CO2, and that possibly exist 

in equilibrium in solution. From these two species, 197 is the most stable, given that it is 

exclusively isolated in the crystalline product.[141]   

 

 

           

      
Figure 3.30. (Above) Section of the 29Si{1H}-NMR spectrum of 197 dissolved in C6D6 at 298 K (left), and section 

of the CP/MAS 29Si{1H}-NMR spectrum of 197 at 298 K (right). (Below) Unit cell of 197 seem through the b axis. 
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Figure 3.31. Section of the overlapped IR spectra of crude mixture of 161/161´ (154 + CO2, black line) and 13C 

labelled crude mixture of 161/161´ (154 + 13CO2, red line).  

 

DFT calculations were carried out to further investigate the electronic structures of the 

proposed isomers found in solutions of 197, and their relative stabilities. Their structures, together 

with the calculated 29Si NMR chemical shifts and IR stretching modes for the COAsCO bonds are 

displayed in Scheme 3.32 and Table 3.3, respectively. By direct comparison, the results show that 

the isomerization 197 ⇌ 197´ occurs in solution.[141]  

 

 

Scheme 3.32. Isomerization of 197 into 197´. 
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Table 3.3. Experimental and DFT calculated 29Si NMR chemical shifts and IR vibration frequencies for the AsCO 

moiety for isomers 197 and 197´. 

Proposed isomer 197 197´ 

Liquid 29Si NMR (δ, ppm)[a] 

 

-63.41 

 

-43.13 

Solid 29Si NMR (δ ppm) 

 

- 63.95, -65.08 
 

Calc. 29Si NMR (ppm) 

 

-61.7 

 

-36.7 

Solid IR (AsCO, ṽ, cm-1) 

 

1562 

 

1928 

Liquid IR (AsCO, ṽ, cm-1)[b] 

 

1567 

 

1928 

Calc. IR (AsCO, ṽ, cm-1) 

 

1638 

 

1900 
                                    [a] Measured in C6D6. 

[b] Measured in toluene. 

 

A van’t Hoff analysis was conducted using Variable Temperature (VT) spectroscopic 

techniques to get the energetic barrier for the equilibrium between 197 and 197´. Surprisingly, the 

integration of the proton signals for both compounds does not change in the temperature range 

investigated (283 to 313 K), indicating that this process is not significantly dependent on the 

temperature, and that the enthalpic and entropic parameters are relatively low. From the 

integration, the Keq value for this process is 0.6, and ΔG ≈ 0.3 kcal mol-1. The latter value agrees 

with the DFT-derived mechanism for this process (ΔG = 1.0 kcal∙mol-1, Figure 3.32, C6H6 used 

for the solvent phase optimization). It was found that the main activation barrier (ΔG‡ = 13.9 kcal 

mol-1) is low enough in energy to allow this process to occur in solution at ambient temperature. 

In this mechanism, the bidentate and weak coordinating properties of the [OCAs]− ligand allow 

for an interesting series of bonding and rotational changes around the [LZnOSi(L´)]+ fragment, 

without its full dissociation at any point on the potential energy surface (Figure 3.32).[141] 
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Figure 3.32. DFT-derived mechanism for the isomerization 197 ⇌ 197´.  

 

An interesting consequence of the isomerization 197 ⇌ 197´is the remarkable stability of 

isomeric 197 in solution, even over the course of several days. The O-coordinating bonding mode 

of the [As≡C−O]– ligand in 197 reduces the tendency of CO liberation. That is, CO liberation is 

promoted when 197´ is formed, and 197´ sits higher in energy than 197.[141] Therefore, trapping 

experiments of the hypothetical arsinidene 183 could perhaps be achieved by using this system. 

 

3.5. Reactions involving MI (Al, Ga) and [ECO] containing fragments (E = P, 

As) 

 

The investigation of the reactivity between MG low-valent compounds and ECO-

containing precursors can be useful in terms of describing new bonding interactions, and the new 
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interesting reactivity patterns, as has been shown in this thesis in the study of silylene-arsinidene 

interactions. In this context, Driess et al. have successful isolated the β-diketiminato stabilized 

GeII-E=C=O complexes 96 (E = As) and 116 (E = P) and studied their decarbonylation, which 

produce the transient intermediates 97 (E = As) and 120 (E = P), and ultimately yielding the head-

to-tail dimerization products 98 (E = As)[78] and 122 (E = P),[101] respectively (Scheme 3.33, a). 

Then, the exploration of similar reactions involving further low-valent MG centers and the [ECO]− 

anions is certainly investigating. Thus, salt-metathesis reactions between NaPCO(dioxane)x, and 

the bis-NHC stabilized AlI 198 and GaI 199 precursors[171] were carried out (Scheme 3.33, b). In 

both cases, the evolution of CO was not observed. The 31P NMR spectra of the reaction mixtures 

showed new singlets for the AlI (δ = -339.8 ppm) and GaI (δ = -375.5 ppm) cases, different to those 

showed by NaPCO∙(dioxane)x (δ = -392 ppm),[69] suggesting that new PCO containing species 

were formed (200, M = Al; 201, M = Ga; Scheme 3.33, b). However, attempts to crystallize such 

products from reaction mixtures failed, because 200 and 201 decompose in solution, as observed 

by NMR spectroscopy. An interesting aspect that should be considered, is that 31P NMR is not 

typically sufficient to prove the P- or O- bonding bonding mode of [PCO]− towards M.[70] 

However, the recent isolation of the AlIII phosphaethynolate complex 202 (i.e. O-bonding) and the 

GaIII phosphaketene complex 203 (i.e. P-bonding; Figure 3.33) may give spectroscopic insights 

into the [PCO]− bonding situation to Al in 200 and to Ga in 201, by comparison with the 31P NMR 

features of these recently reported compounds (202: δ = -336.8 ppm; 203: δ =  -376.9 ppm).[165]          

Given the relatively low-field 31P NMR observed for 200, it seems likely that it contains the 

[PCO]− fragment in the O-bonding mode. Indeed, this agrees with the oxophilic character of Al 

when compared with Ga. Additionally, the decomposition of both 200 and 201 could be explained 

due the possible redox reactions that can happen between the M, Fe and E centers.[70] Experiments 

regarding trapping of decarbonylation intermediates of 200 and 201 using Lewis bases were not 

conducted. 
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Scheme 3.33. a) Synthesis of the Ge2E2 heterocyclic complexes 98 and 122. b) Reaction of the low-valent Group 13 

precursors 198 and 199 to give the proposed products 200 and 201.  

 

 

Figure 3.33. Structure of PCO complexes of Al (202) and Ga (203). 

 

 As the isolation of the possible products 200 and 201 was not achieved, and based on the 

success in trapping the arsinidene LZnAs with NHSis, the same strategy was proposed to trap the 

arsinidene with an AlI precursor. The tetrameric (AlCp*)4 (Cp* = C5Me5)[172-175] was chosen for 

these purposes. When a Et2O solution of unstable LZnAs=C=O 79 was added to a toluene 

suspension of (AlCp*)4 at ambient temperature, no reaction occurred, possibly due to the high 

stability of the AlI tetramer.[172-175] It has been reported that (AlCp*)4 dissociates into monomeric 

AlCp* at temperatures higher than 30 °C.[173] Thus, in order to promote the reaction between 79 

and (AlCp*)4, the solution of the former at ambient temperature was added to the solution of the 

latter at 60 °C. After one hour, the formation of an insoluble off-white solid was observed in a 
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yellow solution. The solution was slowly concentrated and kept at 4 °C for 15 days, leading to the 

formation of colorless crystals of the cyclic complex [(LZn)AsAl(Cp*)ClZn(L)] 204 (Scheme 

3.34, Figure 3.34) and isolated in 15 % yield. 204 has been characterized by X-ray structural 

analysis and NMR spectroscopy (1H and 13C). The molecular structure of 204 shows its 

[AsAlClZn] core. The trigonal As center has contacts with two non-equivalent Zn atoms (dZn1-As1 

= 2.4044(7) Å, dZn2-As1 = 2.3335(8) Å) and to the Al center of the AlCp* unit (dAs1-Al1 = 2.370(1) 

Å). Remarkably, an analysis of the Cambridge crystallographic database showed that the As-Al 

bond distance in 204 is the shortest reported to date. For example, it is shorter than the Al-As bond 

distances found in dimeric [AlH2{2-C(SiMe3)(AsH)-6-MeC5H3N}]2 (dAs-Al = 2.418(5) Å)[176] and 

trimeric [(AlMes**)(AsPh)]3 (av. dAs-Al = 2.430 Å),[177] and it lies between the calculated distance 

for As-Si single (dAs-Al,calc. = 2.47 Å) and double (dAs=Al,calc. = 2.27 Å) bonds,[73] therefore, 

indicating some As-Al multiple-bond character. The Cl atom of the [AsAlClZn] core in 204 has a 

long Zn-Cl bond (dZn1-Cl1 = 2.776(1) Å) when compared with the Zn-Cl bond of LZn(NHC)Cl 107 

(dZn-Cl = 2.254(1) Å),[97] and a relative short Cl-Al bond (dAl1-Cl1 = 2.223(2) Å) that is comparable 

with the calculated Al-Cl single-bond distance (dAl-Cl,calc. = 2.25 Å). These interesting findings 

suggest that the Zn center in the cyclic core of 204 has a pronounced ionic interaction with the Cl 

and As centers, suggesting that the chloride has migrated from Zn to Al. Thus, the arrangement of 

fragments in 204 can be interpreted in terms of a LZnCl unit stabilizing coordinating the charge-

separated multiple As-Al bond in the second LZnAsAlCp* unit. DFT calculations should be 

carried out to understand more the meaningful bonding interactions of 204.     

 

 

Scheme 3.34. Synthesis of 204.  
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Figure 3.34. Molecular structure of 204∙PhMe. Thermal ellipsoids are drawn at 50 % probability. Solvent molecules 

and H atoms of the organic backbones are omitted for clarity. Selected bond lengths [Å] and angles [°]: Zn1-Cl1 

2.776(1), Cl1-Al1 2.223(2), Al1-As1 2.370(1), As1-Zn1 2.4044(7), Zn2-As1 2.3335(8), As1-Al1-Cl1 102.30(6), 

Zn1-As1-Al1 102.30(6), Zn1-As1-Al1 88.09(4), Al1-Cl1-Zn1 82.41(5)  

 

 The 1H NMR spectrum of 204 displays the characteristic pattern expected for the L and 

Cp* ligands, however, the full assignment becomes difficult given the unprecise integration and 

splitting of signals of the Cp* ligand. This suggests some dynamics of 204 in solutions, aspect that 

should be studied deeply, i.e. using VT NMR. Thus, the synthesis of 204 indicates that new 

arsinidene-AlI bonds can be obtained through the decarbonylation of M-AsCO compounds. 

However the presence of a LZnCl fragment coordinating the LZnAsAlCp* unit reduces the 

expected multiple bond character of the As-Al bond. Further investigations regarding the isolation 

of compounds having As-Al bonds with higher bond order should be investigated. Additionally, 

the presence of LZnCl in the reaction mixture leading to 204 may indicate the presumable 

decomposition of [AsCO]− when the starting precursor 77 reacts with NaAsCO (Scheme 3.34), 

explaining the relative low yields in the synthesis of 204 and the silylene stabilized zincoarsinidene 

complexes 143 and 144.  
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4. Summary 

 

The aim of my Ph. D. thesis was to study the chemistry of heavier analogues of the 

[NCO]− anion, i.e. [PCO]− and [AsCO]−, in regards to their synthesis and their coordination 

properties in the first coordination sphere of a non-redox-active ZnII center. The CO substitution 

reactions at Zn-ECO moieties (E = P, As) promoted by low-valent main group species (i.e. SiII or 

AlI moieties) was explored, given the interesting reactivity patterns towards small molecules that 

compounds containing new E-Si or E-Al multiple-bonds can display. Overall, this has given new 

insights into the synthetic utility of the [PCO]− and [AsCO]− anions, as well as that of products 

resulting from the CO substitution reactions of these anions, aiding in our general understanding 

of these systems which lie at the cutting edge of inorganic chemistry.  

 

My Ph. D. thesis describes in section 3.1 the synthesis of NaAsCO∙(dioxane)x (x = 1-5) 

obtained by one-pot reaction when mixing dimethylcarbonate and NaOtBu in 1:3   stoichiometric 

ratio in THF, followed by exposure of gaseous AsH3. After work, one isolates NaAsCO∙(dioxane)x 

in 78 % yield (Scheme 4.1). 

 

 

Scheme 4.1. Synthetic pathway for the preparation of NaAsCO. 

 

In section 3.2, the synthesis of complexes LZn-E=C=O (78, E = P; 79, E = As, Scheme 

4.2), using the precursors LZnCl2Li(OEt2)2 (77) and NaECO(dioxane)x is described. However, 78 

and 79 decompose in solutions, and only 78 was isolated in crystalline form, albeit with impurities. 

To overcome the latter issue, the introduction of a fourth dative ligand at ZnII was proposed to 

stabilize the LZn-E=C=O moiety. The LZn-E=C=O species could be trapped with 4-

dimethyaminopyridine (dmap), forming the tetracoordinated LZn(dmap)ECO complexes (99, E = 

P; 100, E = As, Scheme 4.2). However, only 99 could be isolated on a preparative scale. The 

isolation of a small amount of crystalline 100 indicated the formation of transient 79, but the 

observed decomposition suggested that dmap has reacted with 79 in a somewhat uncontrolled way. 
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As the trapping of 79 with dmap was not successful on preparative scale, the use of a ligand 

with stronger donor properties was necessary to prepare stable four-coordinate zinco 

phosphaketene and arsaketene complexes. The small N-heterocyclic carbene [C(Me)N(iPr)]2C: 

(NHC, Scheme 4.1) was chosen to accomplish this task. However, various reports indicate that 

NHCs react with PCO and AsCO moieties. Then, the use of such donor ligand is practical if it is 

bonded first to the metal center, limiting its reactivity towards ECO. Thus, the NHC was reacted 

first with 77 to produce the corresponding NHC-coordinated complex of the LZnCl fragment, 

namely LZn(NHC)Cl 107. With 107 in hand, metathesis reactions were carried out with 

NaECO(dioxane)x, allowing the synthesis of the corresponding NHC-stabilized LZn(NHC)ECO 

complexes (108, E = P; 109, E = As, Scheme 4.2).  Interestingly, it was found that ZnII 

phosphaketene 108 and arsaketene 109 are considerably more stable than their respective dmap-

stabilized analogues 99 and 100, respectively. This made 108 and 109 suitable precursors for 

reactivity studies, due to a lessened propensity for undesired side reactions. This study showed that 

the stabilization of the [ECO]− ions in the coordination sphere of metallic species is not trivial, and 

that the ligand substitution around the metal could be crucial.   

 

 

Scheme 4.2. Synthesis and isolation of the first different zinco pnictaketene complexes. 

 

In section 3.3, attempts of achieving the CO substitution reactions of complexes LZnECO 

78 and 79, and complexes LZn(NHC)ECO 108 and 79, promoted by NHSis 35  

([{C(H)N(tBu)}2Si:]) and 80 ([{C(H)N(2,6-iPr2-C6H3)}2Si:]), are described. Surprisingly, no 
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silylene promoted ligand exchange reactions were observed when the zinco phosphaketenes 78 

and 108 were employed (Scheme 4.3), indicating that the P=C bond of the PCO moieties is 

stronger than the hypothetical new Si-P bond. On the other hand, the silylene 35 promoted the CO 

substitution reaction of the zinco arsaketene 109, yielded the monomeric zinco arsinidene-silylene 

complex [(NHC)→(tBuNHSi)→AsZnL] 140 (Scheme 4.3). In this reaction, a new As-Si bond was 

formed, but at the same time, the NHC ligand migrated from Zn to Si. It was found that the As-Si 

bond order in complex 152 lies range between single to double As-Si bonds. 

 

 
Scheme 4.3. Tested CO replacement reactions at zinco pnictaketene complexes promoted by NHSis,   

 

To study the effect of the NHC ligand in the bond order of the newly formed As-Si 

interactions, the zinco arsaketene 79 was used in situ in CO replacement reactions using silylenes 

35 and 80 (Scheme 4.3). When the silylene 35 was employed, the dimeric silylene→arsinidene 

complex 143 [{(tBuNHSi)→AsZnL}2] was obtained. Complex 143 contains two different As-Si 

single bonds. The shorter As-Si interaction results from the silylene coordination with a small 

degree of π-back donation from As to Si, and the longer As-Si bond could be described as the 

result of a weak As→Si donation to the second silylene fragment of the dimer. This weak 
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interaction can be broken in the presence of stronger donors, as it was clearly shown through the 

formation of 140 when NHC is added to 143 (Scheme 4.3). The reaction between 79 and 80 

produced the monomeric silylene stabilized zinco arsinidene [(DippNHSi)→AsZnL] (144, Scheme 

4.3), in which the new As-Si bond displays double bond order. Therefore, the structural and 

computational analyses of 140, 143 and 144 show that the bond order of the new As-Si interactions 

can be fine-tuned by changing the substituents size around the As-Si bond and by adding donating 

ligands that stabilize the Lewis acidic silicon center. And remarkably, 144 is the first example of 

a metallated silaarsene, and its synthesis is relatively convenient in comparison with known 

synthetic procedures to prepare other silaarsenes.   

 

The synthesis of 99, 100, 143 and 144 illustrates the difference in reactivity that the LZn-

E=C=O moieties (E = P, As) can have in the presence of Lewis bases with different donor 

properties. Whilst the adduct formation to Zn was favoured when dmap was used, forming 99 and 

100, the CO replacement reaction could be observed when silylenes are used for E = As, with the 

concomitant formation of 143 and 144. This also showed the relative stability that the Zn-PCO 

moiety has when compared with the Zn-AsCO moiety. 

 

The section 3.4 of my thesis describes the reactivity of the As-zincosilaarsene 144 towards 

small molecules such as H2O, NH3, N2O and CO2 (Scheme 4.4). The reactions between 144 and 

protic reagents produced complexes LZnAs(H)Si(OH)L´ 172 and LZnAs(H)Si(NH2)L´ 173, in 

which H/X (X = OH, NH2) insertions at the As=Si bond were observed. 

   

The reaction between 144 and N2O produces the 1,2-disiloxydiarsene [LZnOSi(L´)As]2 

184, which is formed presumably after the dimerization of the transient zincosiloxyarsinidene 183 

(Scheme 4.4). 184 is the first reported diarsene stabilized by two zincosiloxy units, and it does not 

show reactivity towards H2 and CO, however it decomposes in THF solutions, from which the 

asymmetric diarsene LZnOSi(L´)As=AsSi(L´)OH 191 was identified as one of its decomposition 

products. 

 

A first attempt trying to trap the proposed intermediate 183 with triphenylphosphine was 

not successful (Scheme 4.5). Contrarily, it showed that the oxygenation degree of a mixture of 144 
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and PPh3 exposed to N2O is dependent of the temperature, and several products can be formed. 

Interestingly one of the identified products was L(Ph3PO)ZnOAsO2SiL´ 196, as a result of the full 

oxidation of PPh3 and partial oxidation of 144 (Scheme 4.5).  

 

 

Scheme 4.4. Reactivity of the As-zincosilaarsene 144 towards H2O, NH3, N2O and CO2. 

 

 

Scheme 4.5. Oxidation reactions of a mixture of 144 and PPh3 using N2O as oxidant. 

 

Additionally, the reaction of 144 with CO2 yields a mixture of arsaethynolato siloxido zinc 

complex LZnOSi(L’)(-O−C≡As) 197 and arsaketene siloxido zinc complex LZnOSi(L’)(-

As=C=O) 197´ (Scheme 4.4). Remarkably, only the isomer 197 is formed when crystallization 

experiments are performed. The spectroscopic characterization of solid 197 and mixtures of 

197/197´ and 13C-197/13C-197´, together with DFT calculations, allowed to assign key 

spectroscopic data for the Si-OCAs and Si-AsCO moieties of 197. When solid 197 is dissolved, it 

forms an equilibrium mixture with 197´, with a ΔG value of only 0.3 kcal mol-1. The DFT-derived 

mechanism for the isomerization 197 ⇌ 197´ shows that the [AsCO]– anion does not fully 
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dissociate from the [LZnOSi(L´)]+ fragment, and that the change in the coordination behavior of  

[AsCO]– proceeds through a series of interactions between the As and O atoms of [AsCO]– and 

the Si and Zn atoms of [LZnOSi(L´)]+. In addition to this, the energetically favoured [AsCO]– O-

coordination to [LZnOSi(L´)]+ in 197 reduces the tendency for the liberation of CO, then, making 

197 a particularly stable derivative of a complex containing the [AsCO]– anion. 

 

The section 3.5 of my thesis introduces the reactions of AlI compounds with [ECO] 

containing species in salt-metathesis or CO replacement reactions. No meaningful compounds 

were isolated from using the former strategy, but the complex [(LZn)AsAl(Cp*)ClZn(L)] 204 was 

isolated as product of the CO substitution reaction between in situ formed 79 (its solution contained 

LZnCl) and AlCp*. Remarkably, in 204 the As-Al bond displays multiple bond order that is 

presumably reduced due to the stabilization given by LZnCl. 

 

Overall, the research scope of my thesis stems from the research of finding new ways to 

synthesize the [AsCCh]− (Ch = O, S) anions to the stabilization of [ECO]– (E = P, As) anions in 

the coordination sphere of a non-redox active metal center (i.e. ZnII), leading to the use of such 

complexes in CO substitution reactions promoted by silylenes. It was found that the Zn-PCO 

moiety does not react with silylenes, in contrast to the Zn-AsCO moiety, which indeed undergoes 

CO replacement reactions under these conditions. Remarkably, the new silylene-arsinidene 

interactions can have different bond orders, which can be fine-tuned depending on the electronic 

and steric stabilization, particularly around the Si center. This molecular design has allowed for 

the isolation of a metallated As-zincosilaarsene, which shows both known and unknown patterns 

of reactivity towards small molecules. Notably, a third new synthesis of the [AsCO]– anion is 

reported, and the isomerization between the [As≡C-O]– and [As=C=O]– forms in the coordination 

sphere of a [Zn-O-Si]+ unit is also discussed. Additionally, some reactions between low-valent 

aluminum compounds and [ECO] containing species are discussed, and the isolation of complexes 

displaying As-Al bonds with multiple bond character is a promising outcome from these studies.  

These results are of significant importance as they show the potential that [ECO]– anions have in 

the formation of new chemical bonds and functional groups, the discovery of new patterns of 

reactivity, and in the near future, in their possible use in the controlled design and formation of 

materials. 
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5. Experimental Section  

 

5.1. General techniques 

 

All manipulations were carried out using standard Schlenk and glovebox techniques under 

a dry atmosphere of nitrogen or argon. Ambient temperature is referred to an interval between 20 

°C and 30 °C. The glassware was dried by heating with a gun under reduced pressure three times 

before use. Solvents (hexane, tetrahydrofuran, diethyl ether, and toluene) were dried and 

deoxygenated in a solvent purification system (MBraum), with a subsequent treatment with the 

sodium-benzophenone mixture under reflux conditions, and stored under molecular sieves (3-4 Å) 

prior use. THF-d8 and C6D6 were dried with the sodium-benzophenone mixture and stored under 

molecular sieves (3-4 Å) prior use. For low temperature reactions, an ethanol/liquid N2 mixture or 

an ice bath were used as cooling systems.     

 

5.2. Characterization techniques 

 

Nuclear Magnetic Resonance (NMR) 

 

1H-, 13C{1H}-, 29Si{1H}-, 31P- and 2D- NMR spectra were recorded with Bruker 

spectrometers AV200,  AV400 and AV500. Solid state CP/MAS 29Si{1H} and 13C{1H} NMR 

spectra were recorded with a Bruker AVANCE II 400 spectrometer, and 4 mm double resonance 

MAS (Magic angle spinning) probes. The spectra were using the standards shown in Table 5.1. 

The signals of the 1H NMR spectra were integrated relative to the number of protons, and their 

multiplicity is described using the following abbreviations are used: s = singlet; d = doublet; t = 

triplet; sept = septet; m = multiplet. 
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Table 5.1. NMR standards used in this thesis. 

Nucleus Frequency (MHz) Standard δ (ppm) 

1H 200.13   400.13   500.25 C6D6 

THF-d8 

7.15 

1.72 

13C  50.32    100.61   125.79  C6D6 

THF-d8 

128.00 

26.19 

29Si              79.49 SiMe4 0.00 

31P 81.01   161.97  85 % 

H3PO4 

0.00 

 

Infrared (IR) spectroscopy 

 

IR spectra were measured from powder samples (ATR-Diamond) or toluene solutions 

(NaCl plates) inside a nitrogen filled glovebox using a Thermofisher Nicolet iS5 IR Spectrometer. 

The bands are given in wavenumbers (cm-1). 

 

Melting point (mp) 

 

Melting points were determined using Stuart SMP30 melting point apparatus. The samples 

were prepared in sealed glass capillaries under nitrogen. 

 

Elemental Analysis (EA) 

 

The elemental analyses were performed using the elemental analyzer Thermo Flash EA 

1112, and the results are given in terms of the percentage of H, C and N. The samples were 

prepared in a solvent-free glovebox by adding ca. 1 mg of crystalline material into silver capsules.   
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Mass spectrometry (MS) 

 

ESI mass spectra were recorded on a Thermo Scientific Orbitrap LTQ XL spectrometer. 

Fresh solutions of the sample were prepared under inert atmosphere. Mass spectra are presented 

in the standard form, m/z (percent intensity relative to the base peak). 

 

Single crystal X-ray structure determinations 

 

Crystals were each mounted on a glass capillary in perfluorinated oil and measured in a 

cold N2 flow. The data of all new compounds were collected on an Oxford Diffraction Supernova, 

Single source at offset, Atlas at 150 K (Cu-Kα-radiation, λ = 1.54184 Å). The structures were 

solved by direct methods or using the SHELXT program[178] and refined on F2 with the SHELX-

2016 software package.[179] The positions of the H atoms were calculated and considered 

isotropically according to a riding model. In all cases, the graphical representation of the molecular 

structures was carried out using Mercury 3.10.3. The details for the individual structure solutions 

included in this thesis are shown in the appendix. 

 

DFT calculations 

 

DFT calculations were performed by Dr. Tibor Szilvási, from the University of Wisconsin-

Madison, at the B3LYP-D3/def2-SVP[Si,Ni,As:def2-TZVP] level of theory.[180-183]  Stationary 

points on the potential energy surface (PES) were characterized by harmonic vibrational frequency 

calculations. For reaction mechanisms, benzene solvent with SMD solvation model was used.[184] 

Electronic structure analysis, IR, and NMR shift calculations were executed at the same B3LYP-

D3/def2-SVP[Si,Ni,As:def2-TZVP] level of theory. Calculations were carried out using the 

GAUSSIAN 09 program suite.[185]
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5.3. Synthesis of precursors 

 

The starting materials (RO)2CS (R = Me, Et),[82] LZnCl2Li(OEt2)2 (77),[91] NaPCO∙(dioxane)x,[77] 

[C(Me)N(iPr)]2C: (NHC),[94] [C(H)N(tBu)]2Si: (35),[31,186] [C(H)N(Dipp)]2Si: (80),[119] [bis-

DippNHC-MX(Fe(CO)4] (198: M = Al, X = Br; 199: M = Ga X = Cl),[171] and (AlCp*)4
[174] were 

prepared according to the literature procedures.    

 

5.4. Synthesis and characterization of all new compounds 

 

5.4.1. NaAsCO∙(dioxane)x (x = 1-5)[78] 

 

A suspension of dimethyl carbonate (1.69 mL, 20 mmol) and sodium tert-butoxide 

(5.77 g, 60 mmol) in THF (30 mL) was exposed to an AsH3 gas (ca. 1 atm) at ambient 

temperature with stirring. After the rapid AsH3 consumption had ceased, the orange suspension 

was stirred under the AsH3 atmosphere for additional 1.5 hours. The flask was flushed with 

nitrogen for 1 h to remove residual AsH3. After filtration over celite, the filtrate was treated with 

dioxane (30 mL) and the product was precipitated as a colorless solid with a small amount of 

NaOMe, which was separated by using a G4 glass frit from the solution. The crude product was 

extracted with THF (ca. 100 mL) and filtrated over celite. The solution was treated again with 

dioxane (ca. 50 mL) and the product reprecipitated. Subsequent filtration and drying under reduced 

pressure NaAsCO∙(dioxane)x as a fine, of-white powder (5.80 g, 

15.6 mmol (x = 2.8), yield: 78 %). The dioxane content was determined by preparing a THF-d8 

solution of an exact amount of product and Si(SiMe3)4 or PPh3 as a standard, and measuring 1H 

NMR spectrum followed by calculation with the integration ratio of dioxane and silane. The 

quantity of dioxane in the complex varies from 1 to 5 according to drying time of the product.  

 

1H NMR (THF-d8, 400 MHz, 298 K): δ (ppm) = 3.55 (s,dioxane). 

13C{1H}-NMR (THF-d8, 100 MHz, 298 K): δ (ppm) = 67.83 (dioxane), 178.61 (AsCO). 

IR ṽ (cm-1) = 1746 (AsCO) 

mp 89 °C (d.) 
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Figure 5.1. 1H NMR spectrum of NaAsCO∙(dioxane)2.8 (THF-d8). 

 

 

Figure 5.2. 13C NMR spectrum of NaAsCO∙(dioxane)2.8 (THF-d8). 
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Figure 5.3. IR spectrum of NaAsCO∙(dioxane)2.8. 

 

5.4.2. LZnPCO (78) 

 

A Et2O (25 mL) solution of 77 (0.56 g, 0.79 mmol) at ambient temperature was added dropwise to 

a solution of NaPCO∙(dioxane)2.5 (0.24 g, 0.79 mmol) in Et2O (15 mL) precooled at 0 °C. The 

mixture was warmed to ambient temperature and stirred for 1 h. The resulting suspension was 

filtered and the solution was cooled at 4 °C. Crystalline complex 78 was isolated mixed with a 

yellow insoluble solid. Yield: not quantified. 

 

1H NMR (C6D6, 200 MHz, 298 K): δ (ppm) = 1.12 (d, 3JHH = 6.86 Hz, 12H, L-iPr-CH3), 

1.34 (d, 3JHH = 6.86 Hz, 12H, L-iPr-CH3), 1.65 (s, 6H, L-NCMe), 3.12 (sept, 

3JHH = 6.86 Hz, 4H, L-iPr-CH), 4.97 (s, 1H, L-NCCHCN), 7.04-7.13 (m, 6 H; 

m and p ArH). 

31P NMR (C6D6, 81 MHz, 298 K): δ (ppm) = -403.21 (PCO). 

IR ṽ (cm-1) = 1916 (PCO). 

ESI-MS m/z = 541.23246 [M+H]+, calc. 541.23207.   
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Figure 5.4. 1H NMR spectrum of 78 (C6D6). It contains impurities, i.e. free L (δ = 4.88 ppm), dioxane (δ = 4.88 

ppm).  

 

 

Figure 5.5. 31P NMR spectrum of 78 (C6D6).  
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Figure 5.6. IR spectrum of 78. 

 

5.4.3. LZn(dmap)PCO (99) 

 

A Et2O (50 mL) solution of 77 (0.38 g, 0.53 mmol) at ambient temperature was added dropwise to 

a solution of NaPCO(dioxane)2.5 (0.16 g, 0.53 mmol) in Et2O (20 mL) precooled at 0 °C. The 

mixture was warmed to ambient temperature and stirred for 1 h, after this, the mixture was filtered, 

and the sensitive solution containing 78 was added dropwise over a Et2O solution of dmap (0.065 

g, 0.53 mmol). When the addition was completed, the mixture was stirred for 15 minutes, 

producing a colorless solution and a white precipitate. The mixture was filtered, the solid washed 

with Et2O (2 x 3mL) and dried under vacuum. Yield: 0.26 g (74 %). Single crystals suitable for X-

ray diffraction analysis were isolated from a saturated solution of 99 in Et2O at ambient 

temperature.  

 

1H NMR (C6D6, 200 MHz, 298 K): δ (ppm) = 1.81 (s, 6H, L-NCMe2), 2.01 (s, 6H, p-

Me2N-Py), 4.93 (s, 1H, L-NCCHCN), 5.73 (d, 3JHH = 7.03 Hz, 6 H; L m-PyH), 

7.12-7.20 (m, 6 H; L m and p ArH), 8.53 (d, 3JHH = 7.03 Hz, 6 H; L o-PyH). 

31P NMR (C6D6, 81 MHz, 298 K): δ (ppm) = -418.90 (PCO). 

IR ṽ (cm-1) = 1887 (PCO). 

mp 215 °C (d.). 
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ESI-MS m/z = 661.30086 [M-H]+, calc. 661.30082.     

 

 

Figure 5.7. 1H NMR spectrum of 99 (C6D6).  

 

 

Figure 5.8. 31P NMR spectrum of 99 (C6D6).  



Experimental Section 

101 

 

 

 

 

Figure 5.9. IR spectrum of 99. 

 

5.4.4. LZn(dmap)AsCO (100) 

 

A Et2O (50 mL) solution of 77 (0.38 g, 0.53 mmol) at ambient temperature was added dropwise to 

a suspension of NaAsCO(dioxane)2.5 (0.18 g, 0.53 mmol) in Et2O (20 mL) precooled at 0 °C. The 

mixture was warmed to ambient temperature and stirred for 30 minutes, a blue solution mixed with 

a colorless to red solid was obtained. After this, the mixture was filtered, and the sensitive and blue 

solution containing 79 was added dropwise over a Et2O solution of DMAP (0.065 g, 0.53 mmol). 

When the addition was complete, the mixture was stirred for 15 minutes, producing a blue solution 

and a red precipitate. The mixture was filtered, and the sensitive solution was placed at 4 °C. A 

negligible amount of crystalline 100 could be isolated mixed with an insoluble red solid after one 

week. Yield: not quantified. IR(cm-1): 1872 (AsCO). 

 

IR ṽ (cm-1) = 1872 (AsCO). 
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Figure 5.10. IR spectrum of 100. 

 

5.4.5. LZn(NHC)Cl (107)[97] 

 

Compound 77 (1.68 g, 2.4 mmol), NHC (0.45 g, 2.5 mmol) and a magnetic stir bar were mixed in 

a 100 mL Schlenk flask in the glovebox. To this mixture, toluene at -78°C (50 mL) was added. 

The resulting suspension was stirred and warmed up to ambient temperature in an 18 h period. The 

mixture was cannula filtered and the solvent was removed under vacuum. The residual white solid 

was washed with Et2O (1 x 4 mL), hexane (1 x 4 mL) and dried under vacuum. Yield: 1.00 g (60 

%), m.p. 252 °C. Single crystals suitable for X-ray diffraction analysis were obtained from a 

saturated solution of 107 in toluene at ambient temperature after 18 hours. 

 

1H NMR (THF-d8, 500 MHz, 298 K): δ (ppm) = 0.63 (d, 3JHH = 6.7 Hz, 6H, L-iPr-CH3), 

0.98 (d, 3JHH = 6.8 Hz, 6H, L-iPr-CH3), 1.11 (d, 3JHH = 6.8 Hz, 6H, L-iPr-

CH3), 1.17 (d, 3JHH = 7.0 Hz, 6H, NHC-iPr-CH3), 1.33 (d, 3JHH = 6.7 Hz, 6H, 

L-iPr-CH3), 1.60 (d, 3JHH = 6.8 Hz, 6H, NHC-iPr-CH3), 1.67 (s, 6H, L-

NCMe), 2.20 (s, 3H, NHC-NCMe), 2.34 (s, 3H, NHC-NCMe), 3.00 (sept, 

3JHH = 6.8 Hz, 2H, L-iPr-CH), 3.57 (sept, 3JHH = 6.7 Hz, 2H, L-iPr-CH), 4.85 

(s, 1H, L-NCCHCN), 5.28 (sept, 3JHH = 6.7 Hz, 1H, NHC-iPr-CH), 6.12 (sept, 

3JHH = 7.0 Hz, 1H, NHC-iPr-CH), 6.92-7.10 (m, 6 H, m and p ArH). 
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13C{1H}-NMR (THF-d8, 125 MHz, 298 K): δ (ppm) = 10.54 and 10.61 (NHC-CMe), 22.19 

and 23.17 (NHC-iPr-CH3), 24.55 (L-NCMe), 24.76, 25.10, 25,20 and 25.51 

(L-iPr-CH3) 27.72 and 29.01 (L-iPr-CH), 51.90 and 54.32 (NHC-iPr-CH), 

94.12 (L-NCCHCN), 123.48, 124.48 and 125.22 (L m and p -ArC), 126.89 

and 127.89 (L o-ArC), 142.71 and 144.54 (NHC -NCMe), 146.34 (L i-ArC), 

167.58 (L-NCCHCN), 176.86 (NHC-NC:N). 

mp 252 °C 

EA C40H61N4ClZn: Calc: (%): C 68.75, H 8.80, N 8.02, found (%): C 69.37, H 

9.20, N 8.28. 

 

 

 

 

Figure 5.11. 1H NMR spectrum of 107 (THF-d8). 
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Figure 5.12. 13C{1H} NMR spectrum of 107 (THF-d8). 

 

5.4.6. LZn(NHC)PCO (108) 

 

Compound 107 (1.44 g, 2.0 mmol), NaPCO(dioxane)2.6 (0.64 g, 2.0 mmol, 1.1 eq.) and a magnetic 

stir bar were mixed in a 100 mL Schlenk flask in the glovebox. To this mixture, toluene at ambient 

(50 mL) was added. The resulting suspension was stirred for 3 h. The mixture was cannula filtered 

and the solvent was removed under vacuum. The residual white solid was washed with hexane (2 

x 4 mL), and dried under reduced pressure. Yield: 1.23 g (85 %). 

 

1H NMR (C6D6, 400 MHz, 298 K): δ (ppm) = 0.76 (d, 3JHH = 6.85 Hz, 6H, L-iPr-CH3), 

1.10 (d, 3JHH = 6.85 Hz, 6H, L-iPr-CH3), 1.12 (d, 3JHH = 7.07 Hz, 6H, NHC-

iPr-CH3), 1.32 (d, 3JHH = 6.95 Hz, 12H, L-iPr-CH3), 1.32 (d, 3JHH = 6.80 Hz, 

12H, NHC-iPr-CH3), 1.56 (s, 3H, NHC-NCMe), 1.68 (s, 6H, L-NCMe), 1.71 

(s, 3H, NHC-NCMe), 1.75 (d, 3JHH = 6.85 Hz, 6H, L-iPr-CH3), 3.01 (sept, 

3JHH = 6.85 Hz, 2H, L-iPr-CH), 3.86 (sept, 3JHH = 6.85 Hz, 2H, L-iPr-CH), 

4.79 (s, 1H, L-NCCHCN), 5.32 (sept, 3JHH = 6.9 Hz, 1H, NHC-iPr-CH), 6.69 
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(sept of d, 3JHH = 6.95 Hz, JPH = 3.38 Hz, 1H, NHC-iPr-CH), 7.05-7.35 (m, 6 

H; m and p ArH). 

13C{1H}-NMR (C6D6, 100 MHz, 298 K): δ (ppm) = 10.12 (L-iPr-CH3), 10.19 (NHC-CMe), 

22.21 and 22.68 (NHC-iPr-CH3), 24.62 (L-NCMe), 24.83, 24.92, 25,27 and 

25.58 (L-iPr-CH3) 27.14 and 29.02 (L-iPr-CH), 51.84 and 53.41 (NHC-iPr-

CH), 94.22 (L-NCCHCN), 123.58 and 124.80 (L m-ArC), 125.42 (L o-ArC), 

125.66 (L p-ArC), 126.93 (L o-ArC), 142.12 and 143.66 (NHC -NCMe), 

145.78 (L i-ArC), 167.12 (L-NCCHCN), 177.21 (NHC-NC:N), 177.43 (PCO, 

JPC = 78.33 Hz). 

31P-NMR (C6D6, 162 MHz, 298 K): δ (ppm) = -397.54 (PCO, JPH = 3.38 Hz). 

IR ṽ (cm-1) = 1877 (PCO). 

mp 175 °C (d.). 

ESI-MS m/z = 661.41709 [M-HPCO]
-
,  calc. 661.41822.     

 

 

Figure 5.13. 1H NMR spectrum of 108 (C6D6). 
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Figure 5.14. 13C{1H} NMR spectrum of 108 (C6D6). 

 

 

Figure 5.15. 31P NMR spectrum of 108 (C6D6). 
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Figure 5.16. 31P{1H} NMR spectrum of 108 (C6D6). 

 

 

Figure 5.17. IR spectrum of 108. 

 

 

 

 



Experimental Section 

108 

 

5.4.7. LZn(NHC)AsCO (109)[97] 

 

A THF (30 mL) solution of 107 (1.80 g, 2.6 mmol) at ambient temperature was added dropwise 

over a THF (30 mL) solution of NaAsCO∙(dioxane)2.3  (0.93 g, 2.8 mmol, 1.1 eq.) precooled at -

78 °C. The mixture was stirred and warm up to ambient temperature in two hours. After this, the 

mixture was a yellow solution mixed with a white solid. The volatiles were removed under 

vacuum. The remained yellow residue was extracted with Et2O (150 mL). This mixture was 

filtered over celite and the yellow solution was concentrated until incipient crystal formation; at 

this point, the mixture was kept at -28 °C for 40 hours. The crystalline solid was separated via 

Teflon-cannula filtration, washed with hexane (1 x 7 mL) and dried under vacuum. Yield: 0.60 g 

(30 %). 

 

1H NMR (C6D6, 200 MHz, 298 K): δ (ppm) = 0.77 (d, 3JHH = 6.8 Hz, 6H, L-iPr-CH3), 

1.09 (d, 3JHH = 6.7 Hz, 6H, L-iPr-CH3), 1.13 (d, 3JHH = 6.9 Hz, 6H, NHC-iPr-

CH3), 1.32 (d, 3JHH = 6.9 Hz, 12H, NHC-iPr-CH3 and L-iPr-CH3), 1.56 (s, 3H, 

NHC-NCMe), 1.69 (s, 6H, L-NCMe), 1.71 (s, 3H, NHC-NCMe), 1.76 (d, 3JHH 

= 6.8 Hz, 6H, L-iPr-CH3), 3.01 (sept, 3JHH = 6.9 Hz, 2H, L-iPr-CH), 3.87 (sept, 

3JHH = 6.8 Hz, 2H, L-iPr-CH), 4.80 (s, 1H, L-NCCHCN), 5.35 (sept, 3JHH = 

6.9 Hz, 1H, NHC-iPr-CH), 6.85 (sept, 3JHH = 6.9 Hz, 1H, NHC-iPr-CH), 7.04-

7.34 (m, 6 H; m and p ArH). 

13C{1H}-NMR (C6D6, 50 MHz, 298 K): δ (ppm) = 177.29 (AsCO), 185.01 (free CO). 

IR ṽ (cm-1) = 1862 (PCO). 

mp 136 °C (d.). 

EA C41H61N4AsOZn: Calc: (%): C 64.27, H 8.02, N 7.31, found (%):C 64.87, H 

8.09, N 7.38. 
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Figure 5.18. 1H NMR spectrum of 109 (C6D6). 

 

 

Figure 5.19. 13C {1H} NMR spectrum of 109 (C6D6). 
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Figure 5.20. IR spectrum of 109. 

 

5.4.8. [(NHC)→(tBuNHSi)→AsZnL] (140)[97] 

 

Compound 109 (0.19 g, 0.25 mmol), NHSi 35 (0.050 g, 0.25 mmol) and a magnetic stir bar were 

mixed in a 25 mL Schlenk flask in the glovebox. To this mixture, toluene at ambient temperature 

(10 mL) was added. The resulting yellow-orange solution was stirred at ambient temperature for 

two days. After this time, the mixture was a dark solution containing a small amount of black 

powder. The mixture was filtered and the solution was concentrated until the incipient formation 

of orange crystals. The mixture was layered with hexane (8 mL) and kept at ambient temperature 

for one week. 140 was isolated after filtration, washing with hexane (2 mL) and drying under 

vacuum. Yield: 0.050 g (21 %). 

 

1H NMR (C6D6, 200 MHz, 298 K): δ (ppm) = 1.15 (d, 3JHH = 6.9 Hz, 12H, NHC-iPr-

CH3), 1.30 (d, 3JHH = 6.9 Hz, 6H, L-iPr-CH3), 1.33 (s, 18H, NHSi-tBu-CH3), 

1.50 (s, 6H, NHC-iPr-CMe), 1.69 (d, 3JHH = 6.8 Hz, 12H, L-iPr-CH3), 1.75 (s, 

6H, L-NCMe), 3.57 (sept, 3JHH = 6.9 Hz, 4H, L-iPr-CH), 5.05 (s, 1H, L -

NCCHCN), 5.69 (s, 2H, NHSi-NCH), 7.03 (sept, 3JHH = 6.9 Hz, 2H, NHC-

iPr-CH), 7.26 (s, 6 H; m and p ArH). 

13C{1H} NMR (C6D6, 50 MHz, 298 K): δ (ppm) = 10.45 (NHC-CMe), 21.81 (NHC-iPr-CH3), 

24.31 (L-NCMe), 24.59 and 25.95 (L- iPr- CH3), 28.74 (L-iPr-CH), 31.24 
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(NHSi-tBu-CH3), 48.77 (NHC-iPr-CH), 52.88 (NHSi-tBu-CMe3), 95.61 (L-

NCCHCN), 111.90 (NHSi-NCH), 123.56, 125.13 and 126.60 (L m and p -

ArC), 128.28 (L o-ArC), 142.75 (NHC-CMe), 147.02 (L i-ArC), 156.64 

(NHC-NC:N), 166.55 (L-NCCHCN). 

29Si{1H} NMR (C6D6, 79 MHz, 298 K) δ (ppm) = -6.31. 

mp 170 °C. 

EA C50H81N6AsSiZn: Calc. (%):C 64.26, H 8.74, N 8.99, found (%): C 63.46, H 

8.87, N 9.07. 

 

 

Figure 5.21. 1H NMR spectrum of 140 (C6D6). 
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Figure 5.22. 13C{1H} NMR spectrum of 140 (C6D6). 

 

 

Figure 5.23. 29Si{1H} NMR spectrum of 140 (C6D6). 
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5.4.9. [{(tBuNHSi)→AsZnL}2] (143)[97] 

 

A Et2O (25 mL) solution of 77 (0.50 g, 0.71 mmol) at ambient temperature was added dropwise to 

a suspension of NaAsCO∙(dioxane)2.3 (0.25 g, 0.78 mmol, 1.1 eq.) in Et2O (15 mL) precooled at 0 

°C. The white mixture was stirred and warmed up to ambient temperature in 30 minutes, after this, 

a blue solution mixed with a colorless to red solid was obtained. The sensitive and blue solution 

containing 79 was Teflon-cannula filtered and immediately added to a Et2O (15 mL) solution of 

35 (0.14 g, 0.71 mmol) at ambient temperature under stirring. The resulting solution became green, 

gas evolution was observed, and after one hour, a fine and yellow solid precipitated from the 

mixture. Then, the solution was filtered, the solid was washed with Et2O (2 x 5 mL) and hexane 

(2 x 2 mL) and dried under vacuum. Yield: 0.16 g (30 %), m.p. 226 °C (d.). Crystals of 143 can 

be obtained from a saturated THF solution of the crude solid. 

 

1H NMR (C6D6, 200 MHz, 298 K): δ (ppm) = 1.13 (d, 3JHH = 6.8 Hz, 12H, L-iPr-CH3), 

1.36 (s, 18H, NHSi-tBu-CH3), 1.37 (d, 3JHH = 6.8 Hz, 12H, L-iPr-CH3), 1.45 

(s, 6H, L-NCMe), 3.12 (sept, 3JHH = 6.8 Hz, 4H, L-iPr-CH), 4.93 (s, 1H, L-

NCCHCN), 5.67 (s, 2H, NHSi-NCH), 7.11 (s, 6 H; m and p -ArH). 

CP/MAS 

29Si{1H} NMR 

 

δ (ppm) = -23.53. 

mp 226 °C (d.). 

EA C78H122N8As2Si2Zn2: Calc. (%):C 62.10, H 8.15, N 7.43, found (%): C 62.05, 

H 8.24, N 7.15. 

 

 

Figure 5.24. 1H NMR spectrum of 143 (C6D6). 
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Figure 5.25. CP/MAS 29Si NMR spectrum of 143. 

 

5.4.10. [(DippNHSi)→AsZnL] (144)[97] 

 

A Et2O (50 mL) solution of 77 (0.81 g, 1,1 mmol) at ambient temperature was added dropwise to 

a suspension of NaAsCO∙(dioxane)2.3 (0.43 g, 1.3 mmol, 1.1 eq.)  in Et2O (20 mL) precooled at 0 

°C. The white mixture was stirred and warmed up to ambient temperature in 40 minutes, after this, 

a blue solution mixed with a colorless to red solid was obtained. The sensitive and blue solution 

containing 79 was Teflon-cannula filtered and immediately added to a Et2O (10 mL) solution of 

NHSi 80 (0.38 g, 1.1 mmol) at ambient temperature under stirring. The resulting solution became 

darker, gas evolution was observed, and after one hour, the volatiles were removed under vacuum. 

The mixture was extracted with hexane (20 mL) and the volume of the solution was reduced until 

the incipient formation of orange crystals. The mixture was kept at ambient temperature overnight. 

After this, a first batch of 144 was collected, washed with hexane (2 mL), and dried under vacuum. 

Given the high solubility of 144 in hexane, one additional crystallization from the mother liquor 

were carried out at 4 °C. Yield: 0.20 g (19 %). 
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1H NMR (C6D6, 200 MHz, 298 K): δ (ppm) = 1.05-1.22 (m, 48H, L- and NHSi- iPr-

CH3), 1.54 (s, 6H, L-NCMe), 3.15 and 3.28 (2 x sept, 3JHH = 6.9 Hz, 8H, L- 

and DippNHSi- iPr-CH), 4.89 (s, 1H, L -NCCHCN), 5.85 (s, 2H, NHSi-

NCH), 7.00-7.14 (m, 12H; L and DippNHSi m and p ArH) 

13C{1H} NMR (C6D6, 50 MHz, 298 K): δ (ppm) = 24.40 (L-CMe), 24.01, 24.81, 25.09 and 

25.17 (L- and NHSi- iPr-CH3), 28.61 and 28.84 (L- and NHSi- iPr-CH), 96.94 

(L -NCCHCN), 122.93 (NHSi -NCH), 123.94, 124.09, 126.22 and 128.28 (L 

and DippNHSi m and p -ArC), 138.15 and 142.61 (L and DippNHSi o-ArC), 

144.84 and 146.07 (L and DippNHSi i-ArC), 168.04 (L-NCCHCN). 

29Si{1H} NMR (C6D6, 79 MHz, 298 K) δ (ppm) = 65.86. 

mp 193 °C (d.). 

EA C55H77N4AsSiZn: Calc. (%): C 68.62, H 8.06, N 5.82, found (%): C 69.12, H 

8.24, N 5.61. 

 

 

Figure 5.26. 1H NMR spectrum of 144 (C6D6). 
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Figure 5.27. 13C{1H} NMR spectrum of 144 (C6D6). 

 

 

Figure 5.28. 29Si{1H} NMR spectrum of 144 (C6D6). 
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5.4.11. LZnAs(H)Si(OH)(L´) (172)[141] 

 

Deionized water (0.0038 μL, 0.0038 g, 0.21 mmol) was added to a hexane solution (20 mL) of 144 

(0.20 g, 0.21 mmol) at ambient temperature. The mixture was stirred overnight, during this period 

the color of the heterogeneous mixture changed from orange to pale yellow, and a small amount 

of white amorphous solid was formed. The mixture was filtered. The yellow solution was slowly 

concentrated until the incipient formation of crystals, then, it was kept at 4 °C for 24 hours, 

producing crystalline 172∙2(hexane). When the crystals are dried in vacuum, pure 172 can be 

isolated. Yield: 0.13 g (63%). 

 

1H NMR (C6D6, 200 MHz, 298 K): δ (ppm) = -0.81 (s, 1H, AsH), 0.95 (d, 12H, 3JHH = 

6.84 Hz, L-iPr-CH3), 1.01 (d, 12H, 3JHH = 6.84 Hz, L-iPr-CH3), 1.14-1.28 (m, 

18H, L´-iPr-CH3), 1.29 (s, 1H, OH), 1.34 (d, 6H, 3JHH = 6.79 Hz, L´-iPr-CH3), 

1.55 (s, 6H, L-NCCH3), 2.93 (sept, 4H, 3JHH = 6.84 Hz, L-iPr-CH), 3.69 (sept, 

2H, 3JHH = 6.79 Hz, L´-iPr-CH), 3.82 (sept, 2H, 3JHH = 6.79 Hz, L´-iPr-CH), 

4.88 (s, 1H, L-NCCHCN), 5.75 (s, 2H, L´-NCH), 6.00-7.26 (m, 12H, m and 

p ArH of L and L´). 

13C{1H} NMR (C6D6, 50 MHz, 298 K): δ (ppm) = 23.38 (L-NCMe), 23.71 and 23.83 (mixed 

L- and L´- iPr-CH3), 24.54 (L-iPr-CH3), 26.46 and 26.99 (L´-iPr-CH3), 28.25 

(L´-iPr-CH), 28.48 (L-iPr-CH), 28.63 (L´-iPr-CH), 96.01 (L-NCCHCN), 

119.63 (L´-NCH), 123.29, 123.87, 124.35, 126.71, 126.78 (L- and L´- m and 

p -ArC), 139.18 (L o-ArC), 141.69 and 143.66 (L´ o-ArC), 148.81 (L i-ArC), 

149.21 (L´ i-ArC), 168.12 (L-NCCHCN). 

29Si{1H} NMR (C6D6, 99 MHz, 298 K) δ (ppm) = -23.27. 

IR ṽ (cm-1) = 3612 (OH). 

mp 100 °C (d.). 

EA C55H79AsN4OSiZn: Calc. (%): C 67.36, H 8.12, N 5.71, found (%):C 67.50, 

H 8.33, N 5.56. 
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Figure 5.29. 1H NMR spectrum of 172 (C6D6). 

 

 

Figure 5.30. 13C{1H} NMR spectrum of 172 (C6D6). 
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Figure 5.31. 29Si{1H} NMR spectrum of 172 (C6D6). 

 

 

Figure 5.32. IR spectrum of 172. 
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5.4.12. LZnAs(H)Si(NH2)(L´) (173)[141] 

 

A hexane solution (20 mL) of 144 (0.20 g, 0.21 mmol) was exposed to 1.0 atm of NH3 at ambient 

temperature. Immediately the color of the solution changed from orange to colorless. The solution 

was slowly concentrated until the incipient formation of crystals, then, it was kept at 4 °C for three 

days, producing colorless crystals of 173, which were dried under vacuum. Yield: 0.11 g (53%). 

 

1H NMR (C6D6, 200 MHz, 298 K): δ (ppm) = -0.92 (s, 1H, AsH), 0.66 (s, 2H, NH2),  

0.97 (d, 12H, 3JHH = 6.87 Hz, L-iPr-CH3), 1.02 (d, 12H, 3JHH = 6.87 Hz, L-

iPr-CH3), 1.19-1.27 (m, 18H, L´-iPr-CH3), 1.31 (d, 6H, 3JHH = 6.79 Hz, L´-

iPr-CH3), 1.57 (s, 6H, L-NCMe), 2.96 (sept, 4H, 3JHH = 6.84 Hz, L-iPr-CH), 

3.66 (sept, 2H, 3JHH = 6.90 Hz, L´-iPr-CH), 3.75 (sept, 2H, 3JHH = 6.90 Hz, 

L´-iPr-CH), 4.90 (s, 1H, L-NCCHCN), 5.70 (s, 2H, L´-NCH), 6.97-7.26 (m, 

12H, m and p ArH of L and L´). 

13C{1H} NMR (C6D6, 50 MHz, 298 K): δ (ppm) = 23.47 (L-NCMe), 23.69 (L´-iPr-CH3), 

23.84 and 23.96 (mixed L- and L´- iPr-CH3), 24.55 (L-iPr-CH3), 26.40 and 

27.12 (L´-iPr-CH3), 28.46 (L-iPr-CH), 28.60 and 28.72 (L´-iPr-CH), 95.90 (L-

NCCHCN), 119.29 (L´-NCH), 123.14, 124.10, 124.20, 126.35, 126.55 (L- 

and L´- m and p -ArC), 139.87 (L o-ArC), 141.91 and 143.95 (L´ o-ArC), 

148.42 (L i-ArC), 149.26 (L´ i-ArC), 167.96 (L-NCCHCN). 

29Si{1H} NMR (C6D6, 79 MHz, 298 K) δ (ppm) = -19.23. 

IR ṽ (cm-1) = 3468, 3384 (NH2). 

mp 165 °C (d.). 

EA C55H80AsN5SiZn: Calc. (%):C 67.43, H 8.23, N 7.15, found (%): C 67.69, H 

8.30, N 7.05. 
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Figure 5.33. 1H NMR spectrum of 173 (C6D6). 

 

 

Figure 5.34. 13C{1H} NMR spectrum of 173 (C6D6). 
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Figure 5.35. 29Si{1H} NMR spectrum of 173 (C6D6). 

 

 

 

Figure 5.36. IR spectrum of 173 (C6D6). 
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5.4.13. [LZnOSi(L´)As]2 (184)[141] 

 

A hexane solution (20 mL) of 144 (0.20 g, 0.21 mmol) was exposed to 1.0 atm of N2O at -60 °C. 

After two minutes the color of the solution changed from orange to black. At this point the oxidant 

atmosphere was interchanged to N2, the mixture was warmed up to ambient temperature in a period 

of two hours, with the concomitant formation of a blue solid. The pale blue solution was decanted, 

the solid washed with hexane (2 x 2 mL), and dried under vacuum. Yield: 0.11 g (54%). Crystals 

of 180∙6(THF) can be obtained from a saturated THF solution of the crude solid at 4 °C. After 

drying, the crystals may loose solvent. 

 

CP/MAS 

29Si{1H} NMR 

 

δ (ppm) = -25.04. 

mp 140 °C (d.). 

EA C110H154As2N8Si2Zn2∙3(C4H8O): Calc. (%): C 67.40, H 8.26, N 5.16, found 

(%): 67.75, H 8.04, N 5.06. 

 

 

Figure 5.37. 1H NMR spectrum of 184 (THF-d8) taken at 25 °C. 
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Figure 5.38. 1H NMR spectrum of 184 (THF-d8) taken at -80 °C. 

 

 

Figure 5.39. CP/MAS 29Si NMR spectrum of 184. 
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5.4.14. LZnOSi(L´)As=AsSi(L´)OH (191) 

 

A THF (10 mL) suspension of 184 (0.12 g, 0.6 mmol) was stirred during 18 overnight at ambient 

temperature. After this period, the volatiles of the mixture were removed, and PhMe (15 mL) was 

added to the blue residue. When the volume of the extract was ca. 2 mL, the mixture consisted in 

a blue solution mixed with a white-blue solid. The mixture was filtrated. 191 crystallizes alongside 

an amorphous solid from saturated PhMe solutions, or from analogous hexane solutions. During 

this process, the saturated solution becomes yellow. Yield: not quantified. Similar results can be 

obtained when the reaction is carried out under an atmosphere of H2. 

 

29Si{1H} NMR (C6D6, 79 MHz, 298 K): δ (ppm) = -27.85. 

IR ṽ (cm-1) = 3586 (OH). 

 

 

Figure 5.40. 1H NMR spectrum of impure 191 (C6D6). 
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Figure 5.41. 29Si{1H} NMR spectrum of impure 191 (C6D6). 

 

 

 

 

Figure 5.42. IR spectrum of impure 191. 

 

 

 

 

 



Experimental Section 

127 

 

5.4.15. L(Ph3PO)ZnOAsO2SiL´ (196) 

 

A hexane solution (20 mL) of 144 (0.15 g, 0.15 mmol) and PPh3 (0.040 g, 0.15 mmol) was exposed 

to 1.0 atm of N2O at -60 °C for two minutes. The mixture change its color from orange to yellow. 

At this point the N2O atmosphere was interchanged to N2. Then, the mixture was warmed to 

ambient temperature in a period of 30 minutes, with the concomitant formation of a colorless solid. 

The almost colorless solution was decanted and the solid was dried in vacuum. The solid was 

dissolved again in 5 mL of PhMe, and a layer of 18 mL of hexane was added. Colorless crystals 

of 196 were formed mixed with an amorphous colorless solid. Yield: not quantified.   

 

31P NMR (C6D6, 161 MHz, 298 K): δ (ppm) = -35.00. 

29Si{1H} NMR (C6D6, 79 MHz, 298 K): δ (ppm) = -48.51. 

 

 

 

Figure 5.43. 1H NMR spectrum of impure 196 (C6D6). Resonances at δ = 5.57 and 4.88 ppm are related with to 

impurities. 
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Figure 5.44. 31P NMR spectrum of impure 196 (C6D6). 

 

 

 

Figure 5.45. 29Si{1H} NMR spectrum of impure 196 (C6D6). 
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5.4.16. LZnOSi(OCAs)(L´) (197)[141] 

 

A hexane solution (20 mL) of 144 (0.30 g, 0.31 mmol) was exposed to 1.0 atm of CO2 at -50 °C. 

The orange solution was warmed up to ambient temperature, changing its color to yellow at 15 °C. 

At this point the solution was slowly concentrated to a volume of 2 mL, becoming yellow-brown, 

and it was kept at 4 °C for four days. Colorless crystals were formed mixed with a green solution. 

The solution was filtered, and the crystals washed with hexane (1 x 1.5 mL), and dried under 

vacuum. Yield: 0.11 g (35%). 

 

Characterization of solid 197: 

CP/MAS 

13C{1H} NMR 

 

δ (ppm) = 165.62 (AsCO). 

CP/MAS 

29Si{1H} NMR 

 

δ (ppm) = -63.95, -65.08. 

mp 65 °C (d.). 

EA C56H77AsN4SiZn: Calc. (%):C 66.82, H 7.71, N 5.57, found (%):C 66.73, H 

8.11, N 5.42. 

 

Attributable spectroscopic data when 197 is dissolved or when it is monitored from the reaction 

mixture: 

Isomer 197: 

 

1H NMR (C6D6, 200 MHz, 298 K): δ (ppm) = 4.77 (s, 1H, L-NCCHCN), 5.50 (s, 2H, 

L´-NCH). 

13C{1H} NMR (C6D6, 50 MHz, 298 K): δ (ppm) = 95.56 (L-NCCHCN), 118.36 (L´-NCH), 

167.03 (Si-OCAs), 170.06 (L-NCCHCN). 

29Si{1H} NMR (C6D6, 79 MHz, 298 K): δ (ppm) = -63.40. 

IR ṽ (cm-1) = 1568 (Si-OCAs), 1519 (Si-O13CAs). 
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Isomer 197´: 

 

1H NMR (C6D6, 200 MHz, 298 K): δ (ppm) = 4.78 (s, 1H, L-NCCHCN), 5.71 (s, 2H, 

L´-NCH). 

13C{1H} NMR (C6D6, 50 MHz, 298 K): δ (ppm) = 96.08 (L-NCCHCN), 119.78 (L´-NCH), 

170.89 (L-NCCHCN), 194.68 (Si-AsCO). 

29Si{1H} NMR (C6D6, 79 MHz, 298 K): δ (ppm) = -43.12. 

IR ṽ (cm-1) = 1928 (Si-AsCO), 1883 (Si-As13CO). 

 

 

Figure 5.46. 1H NMR spectrum of dissolved 197 (C6D6). 
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Figure 5.47. 13C{1H} NMR spectrum of dissolved 197 (C6D6). 

 

 

Figure 5.48. 1H DOSY NMR spectrum of dissolved 197 (C6D6). 
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Figure 5.49. 1H NMR spectrum of dissolved 197 measured after four days (C6D6). 

 

 

Figure 5.50. 13C{1H} NMR spectrum of the mixture 144 + 13CO2 after four days (C6D6). 
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Figure 5.51. CP/MAS 13C NMR spectrum of 197. 

 

 

Figure 5.52. 29Si{1H} NMR spectrum of dissolved 197. 
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Figure 5.53. CP/MAS 29Si NMR spectrum of 197. 

 

 

Figure 5.54. IR spectrum of 197. 
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Figure 5.55. IR (NaCl) spectrum of a toluene solution of 197. 

 

 

 

 

Figure 5.56. IR spectrum of crude 197 (144 + CO2). 
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Figure 5.57. IR spectrum of crude 13C-197 (144 + CO2). 

 

5.4.17. [(LZn)AsAl(Cp*)ClZn(L)] (204) 

 

A Et2O (25 mL) solution of 77 (0.61 g, 0.86 mmol) at ambient temperature was added dropwise to 

a suspension of NaAsCO∙(dioxane)2.1 (0.29 g, 0.93 mmol, 1.1 eq.) in Et2O (15 mL) precooled at 0 

°C. The white mixture was stirred and warmed up to ambient temperature in 30 minutes, after this, 

a blue solution mixed with a colorless to red solid was obtained. The sensitive and blue solution 

containing 79 was Teflon-cannula filtered and immediately added to a PhMe (15 mL) suspension 

of (AlCp*)4 (0.14 g, 0.22 mmol) at 60 °C under stirring. The mixture was kept open to the N2 

atmosphere to release the excess of pressure. When the color of the solution was yellow and an 

off-white solid was formed, the mixture was cooled to ambient temperature. Then, the mixture was 

filtered and the solution was slowly concentrated until the incipient formation of solid. After 12 

days, only an amorphous yellow solid was formed. The latter was separated from the solution, 

which was concentrated again. 204 crystallized as 204∙1,5PhMe after 22 days. Yield: 0.082 g (15 

%). 
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1H NMR (C6D6, 200 MHz, 298 K): δ (ppm) = 0.90-1.70 (complex pattern), 1.89 (s, 

Cp*), 2.10 (s, PhMe), 3.34 (sept, L´-iPr-CH), 4.81 (s, L-NCCHCN), 7.05-7.22 

(m, m and p ArH of L and PhMe). 

   

 

Figure 5.58. 1H NMR spectrum of 204 (C6D6).  
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7. Appendix  

 

7.1. Crystal data and structure refinements 

  

Table 7.1. Crystal data and structure refinement for compounds 78, 99 and 100. 

 78 99 100 

empirical form. C30H41N2OPZn C37H51N4OPZn C37H51AsN4OZn 

formula wt 541.99 664.15 708.10 

crystal syst. monoclinic triclinic triclinic 

space group P 21/n P-1 P-1 

a (Å) 15.5194(2) 9.2425(6) 9.3003(3) 

b (Å) 9.34640(10) 12.3827(8) 12.3924(4) 

c (Å) 20.8121(3) 16.0456(11) 16.1366(5) 

α (deg) 90 81.613(6) 81.152(3) 

β (deg) 93.7660(10) 82.942(6) 82.388(3) 

γ (deg) 90 86.870(6) 86.684(3) 

vol (Å3) 3012.29(7) 1801(2) 1820.13(10) 

Z 4 2 2 

ρcalcd (g/cm3) 1.195 1.224 1.292 

μ (mm-1) 1.798 1.612 2.191 

F(000) 1152 708 744 

reflns collect. 10839 11952 12498 

unique reflns 5115 6776 6842 

Rint 0.0254 0.0338 0.0185 

R1 [I>2σ(I)] 0.0379 0.0529 0.0294 

wR2 0.1124 0.1517 0.0829 
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Table 7.2. Crystal data and structure refinement for compounds 107-109. 

 107 108 109 

CCDC 1828201 unpublished 1828202 

empirical form. C40H61ClN4Zn C41H61N4OPZn C41H61AsN4OZn 

formula wt 698.74 722.28 766.22 

crystal syst. orthorhombic monoclinic monoclinic 

space group P 21 21 21 P 21/n P 21/n 

a (Å) 11.83520(10) 17.2100(2) 17.2926(2) 

b (Å) 17.5939(2) 11.88030(10) 11.8957(1) 

c (Å) 18.3290(2) 19.9628(2) 19.9787(2) 

α (deg) 90 90 90 

β (deg) 90 104.0750(10) 104.184(1) 

γ (deg) 90 90 90 

vol (Å3) 3816.60(7) 3959.06(7) 3984.48(7) 

Z 4 4 4 

ρcalcd (g/cm3) 1.216 1.212 1.277 

μ (mm-1) 1.767 1.505 2.038 

F(000) 1504 1552 1624 

reflns collect. 15746 15872 15940 

unique reflns 6952 7466 7530 

Rint 0.0388 0.0199 0.0240 

R1 [I>2σ(I)] 0.0370 0.0395 0.0407 

wR2 0.0988 0.1126 0.1192 
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Table 7.3. Crystal data and structure refinement for compounds 140, 143 and 144. 

 140 143 144 

CCDC 1828203 1828204 1828205 

empirical form. C50H81AsN6SiZn C39H61AsN4SiZn C55H77AsN4SiZn 

formula wt 934.68 754.29 962.58 

crystal syst. Triclinic monoclinic monoclinic 

space group P-1 P 21/c P 21/c 

a (Å) 13.5770(6) 13.8602(2) 14.0308(1) 

b (Å) 14.7552(5) 21.5672(3) 13.9065(1) 

c (Å) 14.8121(5) 12.9197(1) 26.7370(2) 

α (deg) 92.378(3) 90 90 

β (deg) 107.476(4) 95.682(1) 90.031(1) 

γ (deg) 112.237(4) 90 90 

vol (Å3) 2579.10(19) 3843.06(8) 5216.90(7) 

Z 2 4 4 

ρcalcd (g/cm3) 1.203 1.304 1.226 

μ (mm-1) 1.872 2.372 1.858 

F(000) 1000 1600 2048 

reflns collect. 18017 14765 25494 

unique reflns 9688 7231 10200 

Rint 0.0417 0.0218 0.0289 

R1 [I>2σ(I)] 0.0411 0.0284 0.0372 

wR2 0.1201 0.0826 0.1018 
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Table 7.4. Crystal data and structure refinement for compounds 172, 173 and 184. 

 172∙1.5(hexane) 173 184∙6(THF) 

CCDC 1878801 1878802 1878803 

empirical form. C64H98AsN4OSiZn C55H80AsN5OSiZn C134H202As2N8O8Si2Zn2 

formula wt 1107.84 979.62 2389.78 

crystal syst. Triclinic monoclinic triclinic 

space group P-1 P 21/c P-1 

a (Å) 12.1788(3) 12.9634(2) 13.8504(4) 

b (Å) 12.4035(4) 18.2609(2) 15.5103(4) 

c (Å) 21.5022(6) 23.5639(3) 16.1480(5) 

α (deg) 84.682(2) 90 109.249(3) 

β (deg) 87.744(2) 99.0550(10) 99.407(2) 

γ (deg) 80.275(2) 90 97.013(2) 

vol (Å3) 3186.73(16) 5508.61(13) 3172.80(17) 

Z 2 4 1 

ρcalcd (g/cm3) 1.155 1.181 1.251 

μ (mm-1) 1.592 1.773 1.673 

F(000) 1190 2088 1280 

reflns collect. 22685 22382 22517 

unique reflns 12007 10380 11974 

Rint 0.0295 0.0343 0.0316 

R1 [I>2σ(I)] 0.0420 0.0356 0.0482 

wR2 0.1210 0.0964 0.1465 
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Table 7.5. Crystal data and structure refinement for compounds 191, 196 and 197. 

 191∙hexane 196 197 

CCDC unpublished unpublished 1878804 

empirical form. C87H127As2N6O2Si2Zn C73H92AsN4O4PSiZn C56H77AsN4O2SiZn 

formula wt 1560.33 1288.85 1006.59 

crystal syst. triclinic monoclinic monoclinic 

space group P-1 P 21/c P 21/n 

a (Å) 14.9754(5) 12.4938(5) 13.68900(10) 

b (Å) 17.4008(6) 13.6185(5) 20.1718(2) 

c (Å) 17.5036(5) 40.9769(15) 19.9625(2) 

α (deg) 85.005(3) 90 90 

β (deg) 76.099(3) 96.424(4) 98.0810(10) 

γ (deg) 73.511(3) 90 90 

vol (Å3) 4244.6(3) 6928.3(5) 5457.54(9) 

Z 2 4 4 

ρcalcd (g/cm3) 1.221 1.236 1.225 

μ (mm-1) 1,902 1.788 1.828 

F(000) 1662 2738 2136 

reflns collect. 30922 27766 22933 

unique reflns 16032 13080 10312 

Rint 0.0320 0.0308 0.0227 

R1 [I>2σ(I)] 0.0483 0.0409 0.0334 

wR2 0.1318 0.1027 0.0968 
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Table 7.6. Crystal data and structure refinement for compounds 204. 

 204∙PhMe 

empirical form. C75H105AlAsClN4Zn2 

formula wt 1330.71 

crystal syst. monoclinic 

space group P 21/c 

a (Å) 15.9427(3) 

b (Å) 17.3365(3) 

c (Å) 26.0807(4) 

α (deg) 90 

β (deg) 99.250(2) 

γ (deg) 90 

vol (Å3) 7114.7(2) 

Z 4 

ρcalcd (g/cm3) 1.242 

μ (mm-1) 2.127 

F(000) 2824 

reflns collect. 28570 

unique reflns 13428 

Rint 0.0771 

R1 [I>2σ(I)] 0.0695 

wR2 0.2119 
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