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1. Introduction 
The central theme of this thesis was the synthesis of novel metalated ylides and their subsequent use 

for preparation of ylide-functionalized phosphines and ylide-stabilized low-valent main group element 

species. In the initial part of this introduction, the importance of ligand classes for transition-metal based 

homogeneous catalysis is explained briefly. Following this, the ability of low-valent main group 

compounds to mimic transition-metal like behavior is discussed and the importance of different ligand 

properties is explained. Finally, a historical survey of metalated ylides, followed by their electronic 

properties and reactivity is discussed. 

 

1.1 Strong donor ligands in transition-metal catalysis 
The development and design of strong donor ligands have led to fundamental advances in 

organometallic chemistry. Initially, molecular well defined, organometallic complexes were applied as 

homogeneous catalysts in academic laboratories as well as in industrial processes. Mild reaction 

conditions, increased selectivity and reactivity, as well as easily tunable steric and electronic properties 

of the applied complexes were some of the major advantages compared to heterogeneous catalysis. 

In the latter, the catalytically active species are most often not recognized and therefore the explanation 

of activity cannot be attributed to clear molecular interactions, which is why heterogeneous catalysis is 

often depicted as an alchemist's "black art"[1]. The ability of understanding reaction mechanisms at the 

molecular level by conducting stoichiometric experiments and subsequently adapting the molecular 

structure of the catalyst to solve distinct problems, is absolutely one of the key factors, why 

homogeneous catalysis has become so popular in use. In general, the catalytic cycle of a 

homogeneously catalyzed reaction is of course highly dependent on the reaction type. However, a few 

key features seem to be crucial for nearly every transition-metal catalyzed reaction. The abilities of 

transition-metals to switch between different oxidation states and binding modes and accessing 

different electronic structures are highly important. The catalytically active metal involved should be in 

an electronically unsatisfied state, hence providing access for further coordination by the substrate. This 

is often achieved by electron-rich, bulky supporting ligands, shielding the space around the metal center 

(kinetic stabilization) while simultaneously providing sufficient electron-donation to the metal atom 

(thermodynamic stabilization).[1] One of the first examples of applied organometallic catalysis in an 

industrial process is the famous hydroformylation reaction ('oxo' synthesis) developed by Otto Roelen 

at former Ruhrchemie AG (now OQ Chemicals) in 1938.[2] The reaction between olefins and a mixture 

of H2/CO (so called Syngas) leading primary to important branched or linear aldehydes, is today 

conducted at a multimillion-ton p/a scale (Figure 1).[3] While the first catalysts used in this 

transformations were based on simple cobalt or rhodium hydride complexes (1), incorporating specified 

ligands (2) into the metal framework lead to an increase in selectivity (branched/linear product), stability 

and reactivity.[3,4] Further developments in ligand design (3) enabled even highly stereoselective 

variants of the hydroformylation process, thus impressively showing that the choice of the supporting 

ligand is highly important for catalyst reactivity and selectivity.[5]  



1.Introduction 

2 

 
Figure 1. Rhodium or Cobalt catalyzed 'oxo'-synthesis of linear and branched aldehydes from alkenes and syngas.  

The invention of several industrial processes and scientific breakthroughs (Figure 2) like the selective 

catalytic hydrogenation of olefins (Wilkinson's Hydrogenation)[6], olefin metathesis 

(Schrock[7]/Grubbs[8,9,10], 'Shell's higher olefin process'[11]), stereoselective polymerizations (Ziegler[12], 

Natta[13] and Kaminsky[14]) or Pd- catalyzed cross-coupling reactions (Kumada[15,16], Heck[17], 

Sonogashira[18], Negishi[19],  Stille[20] and Suzuki[21]),  rely on the development of specialized ligand 

systems to enable these transformations and are thus mainly correlated to the progress achieved by 

the field of organometallic chemistry in general.  

 
Figure 2. Some important transition-metal based homogeneous catalyzed reactions and common complexes used 
as catalysts.  
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The above-mentioned reactions and processes show that ancillary ligands play a crucial role for efficient 

and selective homogeneous catalysis. Therefore, in the following chapters common ligand classes, as 

well as their electronic- and steric properties will be discussed briefly. 
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1.2 Electronic and steric properties of tertiary phosphines 
When exploring the literature reporting about ligands for homogeneous catalysis, it is noticeable that 

the majority of examples rely on tertiary phosphines (PR3, R = organic rest) and amines (NR3). This is 

not surprising since they represent textbook examples of strong Lewis bases, enabling sufficient σ –

donation to the metal center in organometallic complexes, hence being able to stabilize the most often 

highly oxidized catalytically active species. In particular, the synthesis of tertiary phosphines can be 

easily realized from cheap and commercially available starting materials, which makes them attractive 

for the use on industrial scale.[1,4] Furthermore, the electronic- and steric properties of phosphines can 

be easily tuned, explaining their versatility as ligands in metal complexes.[22] The phosphorus-metal 

bond can be mainly described by two major contributions (Figure 3): the phosphorus atom bears a free 

pair of electrons which can overlap with an unoccupied d-orbital of the metal center to give a σ–bond 

(σ-donor), while simultaneously an occupied metal orbital overlaps with an σ(P–R)*-orbital, resulting in 

π-backbonding (π-acceptor).  The σ-donor / π-acceptor character of a phosphine can be modulated by 

the substituents directly bound to the phosphorus atom. Electron-withdrawing substituents stabilize the 

HOMO at the phosphorus atom, resulting in a decrease of the P–M σ -bond strength and in an increase 

of the M–P π-bond strength. On the other hand, electron-donating substituents destabilize the HOMO 

at the phosphorus atom, hence resulting in stronger σ-donation and weaker π-backbonding.[23] 

 
Figure 3. Bonding situation in metal-phosphine complexes. 

To quantitatively describe the electronic properties of phosphines, Tolman et al. developed a method 

known as the Tolman Electronic Parameter (TEP).[24] Herein, a monodentate phosphine is reacted with 

[Ni(CO)4], resulting in ligand substitution giving the respective [PR3-Ni(CO)3] complex. Its A1 stretching 

frequency νCO (cm-1) can be measured by IR spectroscopy, giving direct information about the electronic 

situation at the metal center. A highly electron-rich phosphine can donate electron density to the metal 

which is then able to perform extensive π-backbonding to the attached CO ligands. While the metal-

carbon bond is strengthened, the carbon-oxygen bond is weakened resulting in a decrease of the 

wavenumber for νCO. Similar, if PR3 is a good π−acceptor, it competes with the CO ligands for π-

backbonding, resulting in an increase of νCO. Today, substitutes for the highly toxic [Ni(CO4)] have been 

introduced and the TEP value can also be calculated by correlation of the stretching frequencies of 

other metal-phosphine carbonyl complexes such as [PR3-Rh(acac)CO][25] or [PR3-IrCl(CO)2][26]. Besides 

the electronic properties of a ligand, geometrical factors also play a significant role in stabilizing highly 
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reactive species. To further rationalize the steric bulk of phosphines, Tolman developed a semi-

quantitative method based on a molecular model, the so-called cone angle.[24] The angle between the 

metal at the vertex and the peripheral edge of the van der Waals radii of the ligand atoms was used to 

determine the steric bulk of a large number of phosphines (Figure 4).  

 
Figure 4. Models to quantify the steric demand (cone angle, left) and electronic properties of phosphines (TEP, 
right) developed by Tolman. 

Some TEP values and cone angles of common phosphines are given in Table 1. 

 
Table 1. TEP values and conge angles of simple alkyl- and arylphosphines.[24] 

Ligand TEPcalc. [cm-1] cone angle [°] 

PF3 2110.8 106 

PCl3 2097.0 124 

PPh3 2068.9 145 

P(oTol)3 2066.6 194 

PMe3 2064.1 118 

PiPr3 2059.2 160 

PCy3 2056.4 170 

PtBu3 2056.1 182 

 

It can be easily seen that phosphorus ligands bearing electron-withdrawing substituents such as 

halogen atoms (e.g. PF3, PCl3, TEP = 2110.8 and 2097.0 cm-1) have significantly higher TEP values 

than phosphines bearing aryl groups (e.g. PPh3, TEP = 2068.9 cm-1), clearly reflecting their high π-

acceptor properties and thus their low donating ability. Furthermore, alkyl phosphines such as PtBu3 

(TEP = 2056.1 cm-1) are more electron-donating than their aryl counterparts, which can be explained 

by positive inductive effects of the alkyl chains. In addition, increasing the steric bulk of the substituents 

bound to the phosphorus atom, directly leads to an increase in the measured cone angle. This can be 

seen for example in the series of alkyl phosphines. While PMe3 has a relatively low cone angle of 118°, 

attaching Cy- or tBu-substituents instead, widens the angle to 170° and 182°, respectively. The limit by 

means of electron-releasing ability of a simple trialkylphosphine was for a long time PtBu3, which was 

only recently exceeded with the synthesis of tris-adamantylphosphine (PAd3), reported by Carrow.[25] 

PAd3 features a TEP value of 2052.1 cm-1, significantly greater than the donor ability of PtBu3. However, 

the boundaries for phosphine donor strength in general, were pushed by recent reports about ylide-

substituted phosphines (YPhos, TEP of up to 2044.6 cm-1) by Gessner[27–33], imidazolin-2-ylidenamino 
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phosphines (IAPs, TEP up to 2029.7 cm-1) by Dielmann[34,35] and phosphazenyl phosphines (PAPs, 

TEP up to 2014.5 cm-1) reported by Sundermayer (Figure 5).[36] 

 
Figure 5. Examples of novel, highly electron-rich phosphines that exceed the common donor power of tertiary 
phosphines.  

The beneficial effect of providing a ligand with high steric bulk and increased donor power in 

homogeneous catalysis can be seen for ruthenium catalyzed ring-closing metathesis reported by 

Grubbs (Scheme 1). [10]  

 
Scheme 1. Ring-closing metathesis catalyzed by Ru-complexes 4 bearing different phosphines. 

Replacing the phenyl substituents of PPh3 in complex 4 with more electron-releasing and bulkier iPr or 

Cy groups, resulted in a dramatical increase of catalysts activity, with PCy3 as the bulkiest and electron-

richest phosphine giving the highest activity. The ability of bulky, electron-rich phosphines to stabilize a 

low-valent ruthenium 14 valence electron complex, which is regarded to be the catalytically active 

species[10], were responsible for these high catalytic activities. In addition to in ruthenium catalyzed 

metathesis reactions, bulky, electron-rich phosphines have found numerous applications as ancillary 

ligands for gold[37], palladium[38,39,40,41] and nickel catalysis[15,16,19,42]. Especially in palladium catalyzed 

cross-coupling reactions, trialkyl-phosphines[41,43] and dialkylbiaryl-phosphines (also known as 

Buchwald phosphines)[38,40,44] are extensively used as ligands. Recent reports on the beforementioned 

YPhos ligand class showed furthermore excellent catalytic activities in  gold(I) catalyzed 

hydroamination[27,30,32] as well as Pd-catalyzed C–C[31,45,46] and C–N[28,29,33] bond forming reactions, 

even at room temperature. Because of their superior donor strength, it was reported that these 

phosphines are able to facilitate oxidative addition of aryl halides to the Pd(0) species, which is often 

the rate-determining step in the catalytic cycle.[47] Furthermore, their steric bulk eases reductive 

elimination by releasing steric pressure off the metal center, closing the catalytic cycle. However, donor 

strength and steric bulk are not the only factors that enable stabilization of low-valent metal centers. 

Buchwald phosphines for example, exhibit secondary metal-ligand interactions between the biaryl-motif 
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and the metal center (Figure 6).[48] These interactions were e.g. observed in cationic coinage metal 

(Au(I), Ag(I), Cu(I))[48] (5) and Pd(0)[49] complexes of Buchwald phosphines and are believed to be 

beneficial for the stabilization of the catalytically active species in respective organic transformations, 

for instance in Au(I) or Cu (I)- hydroaminations and Pd-catalyzed Suzuki couplings.[40] Similarly, gold-

arene interactions were found also in IAP-Au(I) complexes (6).[35] Moreover, agostic interactions 

between hydrogen atoms of bulky phosphine alkyl groups (e.g. 7 and 8) and metal centers are believed 

to enhance rigidity of transition states and thus enhance the catalytic performance of the respective 

complexes, as for example can be seen in Pd-catalyzed cross-coupling reactions.[41,43]  

 

 
Figure 6. Examples for secondary metal-ligand interactions in phosphine-TM complexes. 

Contrary to its neighbors, carbon centered Lewis bases such as carbenes or carbanions seem to be 

less important as ligand classes. Because of their high sensitivity, difficult isolation and further reactivity 

were for a long time regarded as impossible. However, progress in the stabilization of such species 

proved the way to new ligand classes, above all the so-called N-Heterocyclic-Carbenes (NHCs).   
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1.3 N-Heterocyclic carbenes 
The first 'bottable' NHC, namely 1,3-bisadamantylimidazol-2-ylidene (IAd), was reported by Arduengo 

et al. in 1991[50], albeit seminal work performed by Öfele[51] and Wanzlick[52] in the 1960s clearly lead to 

important structural insights into stability and reactivity of NHCs. NHCs are singlet cyclic diamino 

carbenes, which are thermodynamically and/or kinetically stabilized and can be stored indefinitely under 

inert conditions. Free NHCs are usually synthesized by deprotonation of suitable imidazolium-salt 

precursors (Scheme 2). Their stability mainly arises from the incorporation of the carbon atom into a 

N,N-scaffold. The nitrogen atoms effectively decrease the electron density at the carbenic center (σ-

withdrawing effect), while simultaneously donating into the vacant p-orbital (π-electron-donation). 

Furthermore, kinetic stabilization is provided by bulky substituents attached to the heteroatoms, 

suppressing dimerization. [53,54] 

 
Scheme 2. Synthesis of the first reported NHC by Arduengo et al.[50] 

However, imidazol(in)e-based NHCs are more stabilized by electronic effects than by kinetics, making 

them thermodynamically stable. This can be seen for example by the isolation of IMe, with methyl 

groups attached to the nitrogen atoms.[55] Since their first isolation, NHCs evolved from laboratory 

curiosities into a highly valuable ligand class, being used for TM-catalysis[56], organocatalysis[54], 

material science[57],  medicinal chemistry[58] or as strong donor substituents for stabilizing highly reactive 

low-valent main-group species[59]. Today, a plethora of NHCs with different heterocycles have been 

synthesized, for instance imidazol(in)- ('normal' NHCs), tetrahydropyrimidine[60]-, oxazole[61]-, 

thiazole[62]-, triazole[63]- or  pyrrolidine (cyclic alkyl amino carbenes, CAACs[64], e.g. 9 and 10) based 

carbenes are known.[54] Additionally, when the C2 position of the imidazoline scaffold is blocked, 

deprotonation in C3 position can occur (11, 12), giving 'abnormal' NHCs (aNHCs) or sometimes called 

mesoionic carbenes (MICs).[65] Some common examples of NHCs are shown in Figure 7. 



1. Introduction 

9 

 
Figure 7. Important classes and examples of NHCs. 

Classical NHCs are regarded as good σ-donors and weak π-acceptors. Their electronic properties can 

be evaluated by the same method as already applied for phosphines. TEP values of NHCs are 

significantly lower than for simple aryl- and alkylphosphines and usually lie in the range between 2049–

2052 cm-1, which makes them to very electron-rich ligands.[66] Steric properties of NHCs however, can 

not be evaluated by the same method as for phosphines. In contrast to phosphines, NHCs do not 

posses a symmetrical, cone-shaped steric profile, but a rather 'umbrella-like' asymmetric profile, which 

makes them unsuitable for measuring a cone angle (Figure 8).[67] 

 
Figure 8. Steric profiles of NHC-M complexes (left) and phosphine-metal complexes (right).[67] 

In order to quantify the steric pressure brought by different ligand systems, Nolan and Cavallo 

developed a method based on 'the percent of a total volume of a sphere occupied by a ligand', the so-

called percent buried volume %Vbur.[68] With a defined sphere radius and metal-ligand bond length, the 

metal being the center of the sphere, steric properties of different ligand systems can be easily 

calculated from suitable crystal structures and compared among themselves. Usually, L-AuCl-

complexes are used for determination because the linear coordination environment minimizes the steric 

influences of other spectator ligands. That said, Nolan measured the %Vbur of different NHCs clearly 

showing that the groups attached to the nitrogen atoms have the greatest impact, while backbone 

modification only has minor contribution to the steric profile.[69] Thus, the steric properties of NHCs can 

be easily adjusted to the need of the reaction. Moreover, metal-carbon bonds are stronger than metal-
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phosphorus bonds, resulting in more rigid and stable complexes. These properties render NHCs as 

potential ligands for homogeneous catalysis. Indeed, Hermann was the first one who reported on the 

use of NHCs as ancillary ligands for Pd-catalyzed Heck coupling reactions[70], followed by reports on 

NHC-Ru-complexes for olefin metathesis[71] and Pd-catalyzed cross-couplings.[72]  Remarkably, 

substitution of the PCy3 ligand in Grubbs' first generation metathesis catalysts (Grubbs I) with the 

saturated NHC sIMes, lead to an increase in reactivity and stability of the catalysts (Figure 9), which 

greatly shows the advantages of NHCs over phosphines in this transformation.[9] 

 
Figure 9. Substitution of one PCy3 ligand in Grubbs I by the NHC sIMes giving the Grubbs II olefin-metathesis 
complex. 

Nowadays, NHC based TM-catalysts are used for numerous organic transformations, including 

industrially important ones[73], challenging the status quo for phosphine ligands which are mainly used 

in TM-based homogeneous catalysis. Albeit the development of novel ligands that enable efficient TM-

based homogeneous catalysis at low catalyst loadings and mild reaction conditions is highly important 

and remains a very active field of research, the use of often toxic, non-abundant and expensive 

transition-metals[74] and their difficult recovery is of concern in terms of sustainability, health issues and 

the concepts of green chemistry.[75] Since the last quarter of the 20th century, a growing interest in 

replacing transition-metals with non-toxic, abundant 'greener' alternatives has emerged. In this term, 

systems based on main-group (p-block) elements have shown promising transition-metal like 

reactivities and therefore are discussed briefly in the following section.   
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1.4 Low-valent main group species 
Transition-metals usually possess partially occupied valence d-orbitals which lie close in energy. This 

characteristic has a pivotal role on their reactivity, hence enabling them to switch easily between 

different oxidation states, binding modes and coordination numbers.[76] These abilities are the main 

reason, why transition-metal complexes show catalytic activity, since oxidative addition, ligand 

dissociation/association, insertion reactions and reductive elimination are often crucial steps in catalytic 

cycles. However, main group compounds either do not have d-orbitals or they lie too high in energy to 

participate in bonding. Furthermore, the fundamentally lower number of valence electrons intrinsically 

limits the quantity of accessible oxidation states. Despite that, s- and p-orbitals in main-group molecules 

are either fully occupied or empty (octet rule) and often far apart in energy.  

From that point of view, two major requirements for accessing transition-metal like behavior with main-

group compounds occur:[76] 

 

 the presence of occupied and unoccupied molecular frontier orbitals with accessible energy 

levels and small energy gaps 

 the resulting unsaturated, low-valent species should be stable to enable further chemistry 

 

However, main-group compounds in unusual oxidation states are intrinsically highly reactive and tend 

to oligomerize/polymerize or to disproportionate into more stable species. To suppress typical 

decomposition pathways, stabilization is necessary. This stabilization can be achieved either by the use 

of extremely bulky substituents, suppressing oligomerization reactions and shielding the metal center 

from nucleophilic attack (kinetic stabilization), and/or by attaching substituents next to the metal center 

which can reduce the electron-density (σ-acceptor) at the HOMO and subsequently donate electron 

density (π-donor) to stabilize the LUMO (thermodynamic stabilization) (Figure 10).  

 
Figure 10. Illustration of thermodynamic stabilization (left) and kinetic stabilization (right) applied to isolate low-
valent main group species.  

Landmark examples of low-valent main group compounds 
It was long believed that stable heavier analogues of alkenes do not exist, due to the low tendency of 

the >2nd row elements to form homonuclear multiple bonds (double-bond rule).[77] However, with the 

development of suitable substituents, this rule was proven wrong. In the 1970s,  Lappert et al. reported 

about the synthesis of heavier group 14 carbene analogues R-E-R (E= Ge, Sn, Pb), so-called 

tetrylenes, based on bulky silyl-substituted alkyl- or amido ligands (Scheme 3).[78–81] Both 
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[E(CH(SiMe3)2] 13a-c and [E(N(SiMe3)2]15a-c were found to be monomeric species in solution, 

however the former dimerizing in the solid state to give heavier group 14 analogues of alkenes 14a-c.  

 
Scheme 3. First examples of isolated heavier tetrylenes and alkenes as reported by Lappert.[78–81] 

XRD analyses of these species, showed that in contrast to classical alkenes which exhibit a strong and 

planar double bond, heavier tetrels form double-bonds with trans-bent geometries. This observation 

can be explained based on a valence bonding (VB) model developed by Carter, Goddard, Malrieu and 

Trinquier (CGMT model)[82].  In a computational experiment, a double bond is theoretically cleaved 

homolytically, giving two carbene fragments residing in a triplet state. Independently, the ground state 

of these fragment can be either a triplet state or a singlet state. The classical double bond energy 

consists of two main parts: 1) the bond-dissociation energies of the σ and π bond (ΔEσ+π) and 2) the 

singlet-triplet energy gap (ΔEST). Now if the ΔEσ+π  is higher than the corresponding ΔEST, a classical, 

planar double bond is formed. However, in contrast to methylene (H2C:), basic group 14 carbene 

analogues :EH2 (E = Si, Ge, Sn, Pb) all favor a singlet ground state over the triplet one, in which both 

electrons are located in the lower lying orbital with high s-character, while the higher lying p-orbital 

remains vacant.[83] This can be explained by the increasing effective nuclear charge going down the 

group, while simultaneously the size of the orbital increases, thus resulting in a decrease of electron-

electron repulsion. This smaller electron repulsion and the reduced overlap between the corresponding 

s- and p orbitals, directly effects the tendency of hybridization. As a consequence, heavier carbene 

analogues favor the singlet ground state over the triplet state. That being said, the formation of a 

classical double bond between singlet heavier tetrylenes would result in repulsion of the lone pairs of 

electrons between both fragments. Instead, both fragments donate electron density from the filled s-

type orbitals into the vacant p-orbitals, which results in a double donor-acceptor-type bond and as a 

consequence, trans-bent geometries are observed (Figure 11). According to the CGMT model, the 

degree of trans-bending can be correlated to the respective ΔEST values, smaller ΔEST give more planar 

double bonds, while large ΔEST values result in more trans-bent bonds. It should be noted that this 

model can be applied to heavier alkyne analogues in a same manner, giving rise to two doublet 

fragments which can form two similar donor-acceptor bonds and an additional σ-bond. However, the 

actual bond order of heavier alkynes, as well as heavier alkenes, highly depends on the element itself 

and furthermore on the additional substituent(s)[84], emphasizing that the model described here only 
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relies on the valence-bonding theory, which of course simplifies the real situation. For instance, 

analyzing sub-van der Waals distances in molecular structures of 14a-c, lead to the conclusion that 

also dispersion forces have a significant effect on the multiple bond stabilities.[85]  

 
Figure 11. Formation of double bonds for alkenes and for heavier group 14 tetrylenes based on the CGMT model. 

The seminal work by Lappert, kicked off the development of sterically extremely crowded substituents 

with tunable electronic properties which enabled the isolation of highly interesting low-valent main group 

compounds all over the p-block. Such ligand classes are for instance bulky amido-, silyl, alkyl or aryl 

groups. West and coworkers for instance, reported in 1981 on the first stable silicon (II) compound, 

namely disilene 18.[86] Disilene 18 was synthesized via photolysis of its trisilane precursor 16, giving the 

transient silylene intermediate 17 which dimerizes to give 18 (Scheme 4). The isolation of this 

compound was solely attributed to the highly steric nature of the used mesityl substituents, providing 

kinetic stabilization, as other less bulkier substituents only lead to polymerized or decomposed products. 

In the same year, also the first synthesis of molecules with a P=P double bond[87] and a Si=C double 

bond[88] were reported using a similar approach of kinetic stabilization. 

 
Scheme 4. The synthesis of the first isolable disilene 18 from precursor 16 via photolysis as reported by West. 

As already mentioned, low-valent main group compounds can also be stabilized by a mix of 

thermodynamic and kinetic stabilization, for instance like in Lappert's stannylene 15a. While its carbon-

substituted congener does dimerize to give the respective distannene, the amido-substituted 

stannylene 15a retains its structure also in the solid state, the same applies for the respective Ge and 

Pb compounds. With the concept of mixed thermodynamic and kinetic stabilization, a plethora of low-

valent main group species could be isolated to date. This holds true not only for heavier group 14 
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compounds like carbenes, alkenes and alkynes, also different low-valent group 13 and group 15 

compounds were isolated. Some landmark examples are given in Figure 12. 

 
Figure 12. Landmark examples of low-valent main group species. 

Hence, the use of extremely hindered substituents paved the way for the isolation of a variety of low 

valent main-group element species. Carbene analogues of group 13 such as the CAAC-stabilized 

borylene 19 (Bertrand et al.)[89] or the NHC stabilized diborene 24 reported by Braunschweig[90], as well 

as the only recently published monocoordinated Al(I)-species 20 by Power[91], are excellent examples 

of how even highly electron-deficient species can be stabilized by choosing the 'right' substituent. The 

latter exploits the extreme bulkiness of ortho-terphenyl groups, which are substituted by sterically 

demanding alkyl-groups in the meta-position, a common substituent class introduced by Power. The 

use of terphenyl-substituents enabled the isolation of several heavier p-block multiple bonded species 

both, homo-and heterobimetallic[92], with germyne 25 being the first example of a heavier group 14 

alkyne.[93] Further, Bertrand reported on the isolation of the first stable nitrene 23[94] by exploiting 

strongly π-donating N-Heterocyclic-Iminato (NHI) substituents. Similarly, N-Heterocyclic-Olefins 

(NHOs) are suitable for the isolation of tetrylenes such as germylene 22, as shown by Rivard.[95] Jones 

also showed that by increasing the steric bulk of amido substituents, the observation of a monomeric 

germylene-hydride (21) in solution is possible.[96] These landmark examples demonstrate the 

importance of ligand design for the isolation of stable low-valent main group species. In the next section, 

the ability of selected examples with focus on group 14 tetrylenes to mimic transition-metal like behavior 

will be discussed briefly. 
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Tetrylenes as transition-metal mimics 
In 2005, the group of Power reported on the synthesis of digermyne 25 and its ability to activate 

dihydrogen at room-temperature and low pressures (1 bar) without any catalysts, affording a mixture of 

mono-, di- and tri-hydrogenated products.[93] This transformation is remarkable, since it was long 

believed that only transition-metals are capable of activating important small molecules like H2. This 

seminal report kicked off the field of small molecule activation by simple main-group compounds. 

Several other main-group systems which possess donor/acceptor type frontier orbitals with modest 

energy gaps were reported to activate H2 such as alkyl amino carbenes 26/27[97] or FLPs 28[98] (Scheme 

5). Additionally, NH3 is nucleophilically activated by 26/27, which is remarkable because even TM are 

normally unable to perform the activation of ammonia, caused by the formation of Werner-type donor-

complexes. Small molecule activation is furthermore not limited to main group systems with closed shell 

configuration. Only recently, Ghadwal and coworkers reported on singlet Ge(I) and Sn(I) diradicals that 

activate H2 under ambient conditions.[99]  

 
Scheme 5. Ability of different main-group compounds to activate dihydrogen at mild conditions. 

Heavier carbene analogues have shown remarkable reactivities in the activation of catalytically relevant 

small molecules, especially acyclic tetrylenes. In 2012 Power et al. reported on the isolation of the first 

acyclic silylene, stabilized by two bulky thiolato-substituents.[100] 30 was synthesized via reduction of its 

dibrominated Si(IV) precursor 29 with Jones Mg(I) reagent (Scheme 6).[101] However, 30  turned out to 

not activate dihydrogen, which was attributed to the relatively wide HOMO-LUMO and ΔEST gaps. This 

might be caused by the electronegative nature of the thiolato-ligands which increases the energy 

separation of the silicon lone pair and the vacant p-orbital, hence making a synergic interaction between 

the frontier orbitals of H2 and 30 unlikely to occur. However, 30 turned out to reversibly bind ethylene at 

room-temperature, giving siliranes 31.[102] This observation is remarkable since the ability of alkyne 

complexation was almost entirely the property of  transition-metals and which is often an important step 

in catalytical processes.   
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Scheme 6. Synthesis of the first acyclic silylene 30 via reduction of its dibrominated precursor 29 and the reactivity 
of 30 towards ethylene and H2. 

In the same year, Aldridge et al. reported on the isolation of an unsymmetric substituted acyclic silylene 

35, bearing a bulky π−donating amido and a strongly electropositive boryl-substituent (Scheme 7).[103] 

35 was synthesized in a one-step procedure from tribromosilane precursor 32 and two equivalents of 

boryllithium 36. In this reaction boryllithium 36 acts not only as a nucleophile but also as a reducing 

agent. The reaction is believed to procced first via a bromine/lithium exchange, affording a transient 

bromosilylenoid species 33 and the boryl bromide as a side product. Subsequently, nucleophilic attack 

of the second boryllithium equivalent on the Si(II) center gives another silylenoid species 34 which upon  

elimination of LiBr, yields silylene 35. 

 
Scheme 7. Synthesis of acyclic boryl-silylene 35 from tribromosilane 32. 

This special ligand combination proved to successfully decrease the ΔEST, resulting in narrow frontier-

orbital separation which could allow a fine interplay between the Si(II) and Si(IV) oxidation state, thus 

enabling selective activation of strong enthalpic bonds. Indeed, 35 was able to activate H2 even at 0 °C 

giving dihydrosilane 37. In contrast to alkyl amino carbenes which activate dihydrogen via a more 

nucleophilic pathway[97], DFT calculations revealed that silylene 35 approaches H2 in a side-on manner, 

which is reminiscent to transition-metals. This was mainly attributed to the true electrophilic nature of 

silylene 35.  In addition to the activation of dihydrogen, 35 showed to react with CO2 under abstraction 

of one oxygen atom leading to the liberation of CO and the oxidized species 38. Additionally, when a 

solution of 35 is exposed to an excess of CO gas, the selective formation of 39 is observed, which is 

expected to proceed via reductive coupling of CO to give a ethynediolate anion that subsequently 
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inserts into the Si–B bond (Scheme 8).[104] The reductive coupling of CO is known for transition-metal 

systems[105], however this was the first example of a p-block element performing this reaction.    

 
Scheme 8. Reactivity of 35 towards small molecules. 

The synthetic approach, which enabled to access 35, was shortly later used to give silylsilylene 40 with 

potassium hypersilanide KSi(SiMe3)3 as a nucleophile and the reducing agent.[106] Silylsilylene 40 

showed a similar reactivity towards H2 as its boryl substituted congener, strongly underlying that the 

combination of a π−donating substituent and an intrinsically electropositive substituent gives access to 

highly reactive silylenes. 40 was later reported by Inoue and Rieger to enable not only the activation of 

ethylene to afford siliranes (42), but also to perform the first reported migratory insertion (43) of an olefin 

into the Si–Si bond (44)  accessed via a low valent silicon species (Scheme 9).[107] This clearly 

emphasizes the potential of acyclic silylenes to mimic typical reactions which are usually observed only 

with transition-metals.  

 
Scheme 9. Synthesis and reactivity of silylsilylene 40. 
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Following the same synthetic approach, the groups of Inoue and Jones reported on the isolation of 

Iminosilylsilylene 46[108] and Vinyl(silyl)silylene 47[109], respectively (Scheme 10).  

 
Scheme 10. Synthesis of Silylsilylenes 46/46' and 47 from NHI and NHO-derived precursor 45, respectively. 

Iminosilylsilylene 46 was reported to reversibly insert into the C–C bond of its ligand framework, giving 

silepin 46', which is is a rare example of a reversible redox-process, involving a low-valent main-group 

species going from Si(II) to Si(IV) and back (Scheme 11). This oxidative addition / reductive elimination 

process is reminiscent to transition-metal-catalyzed reaction steps and thus shows that when put into 

the right environment, main group compounds can mimic their behavior. Although the equilibrium 

heavily lies on the silepin site at room temperature, further transformation revealed its reactivity as 

silylene equivalent 46. As such, 46' reacts readily with H2 to give the respective dihalosilane 48 and 

furthermore also activates CO2 to give silicon carbonate 49. Similar to 30, it also reacts with ethylene 

at room temperature to give silirane 50, however not in a reversible process. Also, the reaction of 46' 
with N2O delivered one of the first examples of a crystalline silanone 51.[110]  

 
Scheme 11. Reactivity of silylene equivalent 46' towards small molecules. 

Vinyl(silyl)silylene 47 showed to be able to activate other strong enthalpic bonds like the B-H bond of 

pinacolborane giving 52, the Si–H bond of trichlorosilane (53) and even the P–P bond in white 

phosphorus (54) (Scheme 12).  
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Scheme 12. Reactivity of Silylsilylene 47 towards B–H, Si–Cl and P–P bonds.  

Similarly, germylenes and stannylenes based on bulky terphenyl, boryl, amido or imino-substituents 

were also highly efficient towards the activation of small molecules. For instance, Power et al. reported 

the synthesis of simple diaryl-germylenes (55a-b)[111], based on bulky terphenyl substituents (Scheme 

13). These germylenes are capable of activating dihydrogen at elevated temperatures (70°C), 

depending on the steric bulk, giving either monoaryl-substituted (R = Dipp, 56a) or diaryl-substituted 

germanes (R = Mes, 56b). 

 
Scheme 13. Reactivity of germylenes 55a-b towards NH3 and H2. 

In addition, both germylenes were also able to oxidatively add ammonia to the germanium center, giving 

diaryl-amino-germanes 57a-b, under very mild conditions. In the case of the corresponding stannylenes 

(58a-b)[112] however, the reaction with H2 and NH3 did not give the expected oxidative addition products 

(Scheme 14). While the stannylene (58b) with mesityl-groups attached to the terphenylring does not 

react with dihydrogen, its bulkier analogue with diisopropylphenyl-groups (58a) does activate H2, 

furnishing a symmetric -Sn(II)(µ-H)2Sn(II)- dimer (59) and one equivalent of the protonated parent-arene 

as the products. DFT studies indicate that this reaction proceeds via the expected Sn(IV) oxidative 

addition product with subsequent reductive elimination, promoted by the extreme steric bulk. The 
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reactivity of 58a towards H2 was attributed to its extremely wide C–Sn–C angle of 117.6°, which results 

in a more triplet state reactivity. That also explains why its slightly less bulky analogue 58b did not react 

with H2. However, both stannylenes were able to cleave the N–H bond of ammonia giving similar 

bridged dimers 60a-b. 

 
Scheme 14. Reactivity of stannylenes 58a-b towards H2 and NH3. 

Aldridge et al. recently published an extensive study on how the substitution pattern of acyclic 

germylenes influences their reactivity towards small molecules.[113] Similar as already observed for 

acyclic silylenes, with incorporation of strongly σ-donating substituents like hypersilyl (61) or boryl (62), 

a dramatic increase in reactivity is observed (Scheme 15). As such, germylene 61 reacts with 

dihydrogen and ammonia under mild conditions giving the oxidative additions products (63a-b), while 

62 undergoes a rare intramolecular C–H– bond reaction with its ligand framework (64) at room 

temperature. This reactivity is consistent with its extremely narrow HOMO-LUMO energy gap (119 

kJ/mol).[113] 

 
Scheme 15. Reactivity of aryl-germylenes 61/62. 

The examples discussed above impressively show the ability of heavier tetrylenes to mimic transition-

metal like behavior such as oxidative additions of E-H bonds (E = H, N, B etc.), reversible binding of 

alkenes such as ethylene, migratory insertion reactions or the activation of simple small molecules like 

CO and CO2. Low-valent main-group species are capable of performing crucial reaction steps that are 

normally only found in transition-metal based homogeneous catalysis cycles and thus should be able 

to act as molecular catalysts. Indeed, first reports on the use of low-valent heavier group 14 compounds 

as molecular catalysis exist. For instance, Jones et al reported on catalytic hydroboration of ketones 
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and aldehydes[96], as well as the reduction of CO2[114], with Ge(II) (65a) and Sn(II)-hydrides (65b) (Figure 

13). With TOFs of up to 13300 h-1 and 1188 h-1, respectively, these main-group metal catalyzed systems 

can definitely compete with their transition-metal rivals. From a mechanistic point of view, the catalytic 

hydroboration is believed to proceed via two σ-bond metathesis steps. In the first one, the hydridic 

hydrogen atom of 65 is transferred to the substrate, giving an oxy-tetrylene intermediate (66). This 

intermediate is prone to another σ-bond metathesis where the hydrogen atom from HBpin is transferred 

to the low-valent metal center, while at the same time a boron-oxygen bond is formed, ultimately leading 

to the product and giving back the hydrido-tetrylene. 

 
Figure 13. Catalytic CO2 reduction and hydroboration with low-valent tetrylene hydrides 65a-b (top) and the 
proposed catalytic cycle for the 65-catalyzed hydroboration (bottom). 

Although still in its infancy, these results clearly raise the hope for homogeneous catalysis based on 

fairly abundant, non-toxic and cheap main-group compounds. However, further investigations 

especially by means of alternative ligand classes are necessary to find novel reactivity patterns and 

bonding modes. In this regard, metalated ylides as carbon-based π- and σ-donor ligands have recently 

gained considerable attention for the stabilization of low-valent species and will be discussed in detail 

in the next sections. 
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1.5 Ylides - a unique carbon-based ligand class 
1.5.1 Development of metalated ylides  
Since their first synthesis more than a century ago[115], ylides have evolved from laboratory curiosities 

to versatile reagents in synthetic transformations.[116] An ylide is described as an inner salt (Figure 14), 

where a negatively charged (normally carbon) atom is attached to a positively charged heteroatom, with 

both atoms remaining their octet and thus giving a 1,2 dipolar structural motif (A). Usually, when 

speaking about ylides, phosphonium based phosphorus ylides are meant. However, a broad range of 

ylides with e.g. sulfonium[117]-, ammonium[118]-, iminosulfonium[119]-, arsenium[120]- or imidazolium[121] 

groups are also known. Because of the negative charge located at the carbon atom, ylides are in general 

highly nucleophilic species and hence have a diverse chemistry. Above all, the reaction of phosphorus 

ylides with carbonyl compounds yielding olefins with a new C=C bond, had an outstanding impact on 

organic chemistry. The so-called Wittig reaction, named after its explorer Georg Wittig, is used in 

numerous synthesis protocols as a standard method for incorporating a new C=C bond and has also 

found various applications in industrial processes.[122] With this outstanding scientific contribution, 

Georg Wittig was awarded the Nobel prize in chemistry. Phosphorus ylides can formally also be 

described by a non-polar 'ylene' structure (B), with a P=C double bond. It was believed that the 

phosphorus atom with its empty d-orbitals interacts with the lone pair of electrons at the carbanionic 

center hence enabling π bonding and thus forming a double bond. However, this hypothesis could be 

falsified by theoretical calculations, revealing that the empty d-orbitals of the phosphorus atom lie too 

high in energy to participate in any significant bonding interactions.[123] Instead, a highly polarized bond 

with strong coulomb interactions between the phosphonium moiety and the carbanionic center is 

postulated, which fits very well to theoretical calculations. 

 
Figure 14. Possible resonance structures of phosphonium ylides with the ylidic form A and the ylene form B. 

Phosphorus ylides are usually synthesized by deprotonation of their corresponding phosphonium salts 

(Scheme 16), the latter being accessible via nucleophilic substitution of e.g. organic halides with 

phosphines.[124] 

 
Scheme 16. Common synthesis strategy for phosphorus ylides via formation of a phosphonium salt from the 
nucleophilic attack of a tertiary phosphine (here PPh3) at an appropriate electrophile (e.g. alkyl halide) and 
subsequent deprotonation yielding an ylide.  

Due to the stabilizing effect of the phosphonium group, phosphonium salts are in general most acidic 

in alpha position to the phosphorus atom. Depending on the substituents attached to the carbon atom, 

mild to strong bases are necessary for deprotonation and thus ylides are classified as either non-

stabilized (EDG, e.g. alkyl group like in 67), semi-stabilized (aryl or alkenyl, 68) or stabilized (EWG, e.g.  
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carboxyl groups, 69) (Figure 15), with pKa values of the parent phosphonium salts ranging from 4 to 26 

(DMSO scale).[125] 

 
Figure 15. Examples for different stabilization degrees and associated pKa values (DMSO scale) found for ylides. 

The nucleophilicity and thus reactivity of an ylide is directly correlated with its degree of stabilization. 

Usually, highly reactive non-stabilized ylides are not isolated but used in-situ for further transformation 

caused by the lability of these species. For instance, compound 67 is not stable under ambient 

conditions, instantaneously getting hydrolyzed by traces of water. Ylide 69 on the other hand, can be 

isolated as a moisture- and air-stable solid. In general, one can think about a further deprotonation of 

the ylidic carbon atom, giving rise to an even more reactive species, the so called metalated ylides or 

yldiides (Scheme 17). Metalated ylides can be regarded as mono-anionic species in which the central 

carbon atom bears two lone pairs of electrons, one of π- and one of σ-symmetry. In theory, yldiides 

should hence be able to act as both, σ− and π− donors, making them to promising reagents for 

stabilizing highly reactive, electron-deficient species 

.  
Scheme 17. Deprotonation of an ylide with a strong metal base to yield a monoanionic yldiide, bearing two lone 
pairs of electrons. 

The first report of a metalated ylide was given in 1966 by Schlosser et al. who investigated ligand 

exchange reactions at pentaphenyl phosphorane 70 (Scheme 18).[126] Treatment of 70 at -78°C with 

excess of nBuLi and subsequent quenching with DBr yielded the geminal di-deuterated phosphonium 

salt 70-D2 in a yield of 14%. 

 
Scheme 18. Preparation of 70-Li via reaction of nBuLi with PPh5 at -78°C and subsequent quenching with DBr 
yielding phosphonium salt 70-D2 as reported by Schlosser et al.[126] 

The authors concluded that a metalated intermediate, namely the yldiide 70-Li must have been formed. 

In 1972 Strating et al. reported on the reaction of the sulfonyl-substituted ylide 71 with nBuLi to form the 

metalated ylide 71-Li, which was used in-situ in the reaction with ethyl chloroformate to form ylide 72 
(Scheme 19).[127] Notably, the parent ylide 71 did not react with ethyl chloroformate, giving further 

evidence for the existence of 71-Li.  
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Scheme 19. Reported metalation of 71 with nBuLi forming 71-Li and subsequent quenching with ethylchloro 
formate yielding 72. No activity was observed when 71 was treated with the chloro formate without nBuLi. 

Corey and Kang reported in 1982 about the synthesis of α-lithiomethylene triphenylphosphorane (73-
Li) by deprotonation of methylen triphenylphosphorane (73) with tBuLi at -40°C (Scheme 20).[128] Again, 

the existence of this species was postulated only due to the enhanced reactivity in Wittig type reactions 

e.g. with sterically hindered ketones which did not react with the protonated precursor 73. Contrary to 

this report, Schlosser et al. claimed that the species reported by Corey was not 73-Li but more probably 

the ortho-metalated ylide 73-oLi, which could also explain the observed enhanced activity in Wittig 

reactions.[129] This hypothesis could be further proved by reactivity studies.[130] When the intermediate 

species is treated with methyl iodide, ethyl-dipheynl-o-tolyl phosphonium iodide 74 is formed in good 

yield, giving direct evidence for the existence of 73-oLi. However, 73-Li could be conveniently prepared 

by the reaction of the brominated phosphonium salt 73-HBr with phenyllithium forming ylide 73-Br, 
followed by metal/halogen exchange with tBuLi. Moreover, the formation of 73-Li could be also be 

proved by detail assignment of 1H-NMR shifts and a distinct high field shift of the 31P-NMR signal, 

compared with the starting material 73 and 73-oLi, indicating a different electronic environment around 

the phosphorus atom. The deprotonation of 73 with t-BuLi was further repeated by Sundermayer et al. 

who could prove the observations made by Schlosser and even give evidence, that during the formation 

of 73o-Li, no α-metalated ylide is present at all.[131] 

 
Scheme 20. Synthesis of 6-oLi via ortho-metalation of 73 with tBuLi and subsequent methylation with MeI to 74 
as reported by Schlosser (top). In-situ preparation of 73-Li via ylide formation (73-Br) from 73-HBr and 
metal/halogen exchange with tBuLi (bottom). 

Again, the metalated ylide 73-Li was not stable and decomposed upon warming to room temperature. 

The fact that no yldiide could be isolated via deprotonation of non- or semi-stabilized ylides, shows that 

the metalated congeners require extra stabilization to enable an isolation at room temperature. Indeed, 



1. Introduction 

25 

Bestmann and Schmidt recognized this issue and reported in 1987 about the first isolation of a 

metalated ylide (Scheme 21). With the strong electron-withdrawing cyano group in the backbone, 

metalation of ylide 75 was feasible with NaN(SiMe3)2 as the base, giving 75-Na as a room temperature 

stable, highly moisture- and air-sensitive yellow solid.[132] The electron-withdrawing cyano-substituent 

sufficiently stabilizes the high negative charge on the carbon atom, resulting in an increased stability 

compared to simple aryl- or alkyl groups, hence making the yldiide isolable at room temperature.  

 
Scheme 21. Synthesis of the first isolable metalated ylide 75-Na by deprotonation of 75 with NaHMDS in benzene.  

However, yldiide 75-Na can also be described with a ketenimine-like resonance structure 75-Na', 
indicating a further stabilization effect by reducing the bond order of the C-N bond and thus shifting 

electron-density from the ylidic carbon atom towards the nitrogen atom of the cyano-group. The 

existence of such a mesomeric resonance structure could be further underlined by IR-spectroscopic 

analysis of its νCN stretching frequency. The IR band of the nitrile group in 75-Na (νCN= 2000 cm-1) is 

strongly shifted towards smaller wavenumbers compared to its protonated analogue 75 (νCN= 2130 cm-

1).[132] Deprotonation of ylides bearing highly stabilizing groups was already reported in the 1970s. 

Bestmann and coworkers showed that triphenylphosphonium ylides with (thio)carboxy-substituents (76 
a-b) can be deprotonated by strong metal bases, however, not leading to isolable metalated ylides. 

Instead, a rearrangement and subsequent elimination of the metal alkoxide as a good leaving group 

along with triphenylphosphoraneylidene ketene (77a) or the corresponding thio-analogue (77b) is 

observed.[133] With ketones as stabilizing groups (78), selective deprotonation of the ylidic carbon atom 

seems to be possible, giving metalated ylides (78-Li) as reported by Broquet and coworkers (Scheme 

22).[134] However, this type of compounds could also be described as ylidic enolates (78-Li'), but since 

no spectroscopic data nor reactivity data was provided, no structural assignment could be made. 

 
Scheme 22. Preparation of triphenyphosphoraneylidene ketenes (77a and 77b) from the deprotonation of carboxy-
substituted ylides (76a,76b) via a transient metalated yide (top). Synthesis of metalated ylides or ylidic enolates 
(78-Li/78-Li') from the protonated precursor 78 and Li in HMPT (bottom). 

  

  



1.Introduction 

26 

1.5.2 Structure and bonding motifs in metalated ylides 
The first structural evidence for the synthesis of a metalated ylide was reported in 1997 by Niecke et al. 

with the isolation of lithium phosphorane ylides 79(a-b)-Li by deprotonation of the corresponding 

protonated precursors 79(a-b) with n-butyllithium (Scheme 23).[135] XRD analyses revealed monomeric 

structures with direct lithium-carbon contacts and short C–P bonds of 1.632(5) Å for 79a and 1.624(5) Å 

for 79b, respectively, confirming the deprotonation in α-position to the phosphorus atom and 

furthermore, corroborating with a partial-double bond or increased Coulomb interactions due to the 

presence of an additional negative charge on the ylidic carbon atom. However, since these compounds 

do not exhibit a four-coordinate phosphorus atom, they can also be regarded as metalated 

phosphalkenes (79(a-b)-Li'). It was Bertrand who reported on the first fully characterized α-metalated 

phosphonium ylide.[136] 80-Li is the only yldiide which was synthesized via a unique 1,2-addition of n-

butyllithium to phosphinocarbene 80. 80-Li features also a direct C–Li contact and a short C–P bond 

length of 1.636 Å, which is comparable to that observed for 78. Additionally, a short distance of 

1.755(10) Å is observed for the C–Si bond, which could be explained by strong negative 

hyperconjugation effects.  

 
Scheme 23. Preparation of metalated ylides / phosphaalkenes (79-Li/79-Li') by deprotonation of 79 with nBuLi as 
reported by Niecke (top) and 1,2-addition of nBuLi to 80 giving the first phosphonium yldiide 80-Li reported by 
Bertrand (bottom). 

Gessner et al. only recently confirmed the before mentioned existence for the metalated ylides 71-M 
(M=Li, Na, K)[137] and 75-M (M=Li, Na, K)[138] by XRD and furthermore, optimized their reaction 

conditions, leading to the first isolation of metalated ylides in gram scale, which opened up new ways 

for applications (vide infra). In 2007, Baceiredo et al. reported on the isolation of a sulfinyl substituted 

lithium-yldiide (81-Li)[139], with a diamino functionalized phosphonium group, completing the number of 

structurally characterized metalated ylides known till the writing of this thesis, which are summed up in 

Figure 16.   
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Figure 16. All literature known examples for fully characterized, stable yldiides. 

Contrary to yldiides 79-Li and 80-Li, which are monomeric in the solid state and where lithium cations 

only coordinate to the ylidic carbon atom and additional solvent molecules, 71-M, 75-M and 81-Li 
showed a different behavior (Figure 17). For instance, 71-Na crystallized as a dimer, consisting of three 

yldiides in the asymmetric unit, with (NaO)4 cubes as a face-connected, central structural motif, resulting 

from coordination of the sodium cation with the ylidic carbon atom and oxygen atoms of the sulfonyl 

group. 71-K is monomeric with the addition of an equivalent of 18-crown-6, which complexed the 

potassium atom and leaves back an almost 'naked' yldiide. The solid-state structure of 75-M  is highly 

dependent on the alkali metal cation. While the alkali metal in 75-K prefers the coordination of both 

carbon atoms at the same time in the nitrile function (η2-coordination), the harder alkali metals (75-Li, 
75-Na) prefer coordination via the nitrogen atom. 81-Li shows a similar behavior as already observed 

for 71-M, the lithium cation is complexed by the ylidic carbon atom, as well as by the sulfinyl oxygen 

atom, resulting in a dimeric structure. 
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Figure 17. Solid-state structures of known metalated phosphonium ylides in literature.[136–139] Reproduced/Adapted 
from the given sources with permission from John Wiley & Sons  

Some interesting NMR-spectroscopic and XRD-structural features can be observed when a metalated 

ylide is compared with its parent ylide (Table 2), which will be discussed for example based on 71-M.  

 
Table 2. Important bond lengths and angles as well as NMR spectroscopic values for 71-Na and 71-H. 

 71-Na 71-H 
P−C [Å]  1.646(2) 1.700(3) 

S−C [Å]  1.626(2) 1.683(3) 

 

P−CPh [Å]  

1.806(2) 
1.837(3) 
1.861(3) 

1.793(2) 
1.805(3) 
1.814(3) 

S−CTol [Å]  1.801(2) 1.776(3) 

S−O [Å]  1.477(1) 
1.479(1) 

1.442(2) 
1.450(2) 

31P{1H}-NMR [ppm] −11.1 14.2 
13C{1H}-NMR [ppm] 41.2 

(1JCP = 38.0 Hz) 
34.5 

(1JCP = 123.3 Hz) 

 

Upon deprotonation, the bond length of the the ylidic C–P bond shortens dramatically from 1.700(3) Å 

to 1.646(2) Å, reflecting the increased electrostatic interaction due to the higher negative charge located 

at the ylidic carbon atom. The same effect causes contraction of the P–C–S linkage, reflected by longer 

S–O and S-CTol bonds. Because of the decreased positive charge, electrostatic interactions between 

these atoms becomes weaker. At the same time, the P–C bond from the phosphorus atom to the phenyl 
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groups increases, reflecting strong negative hyperconjugation from the free lone pairs at the ylidic 

carbon atom into the σ(P–CPh)* orbitals (Figure 18).   

 
Figure 18. Stabilizing, electronic effects in metalated ylides 

Furthermore, the coupling constant 1JCP  decreases from 123.3 Hz for 71-H to 38.0 Hz for 71-Na. This 

is a good indication for successful yldiide formation, since this trend was also observed in other yldiides 

like in 81-Li. This decrease is attributed to an elevation of σ-electron density at the ylidic carbon atom 

and a higher p-character in the P–C linkage. Another characteristic for successful yldiide formation is 

the 31P-NMR shift. Upon metalation, the signal is shifted towards higher field, compared with its 

protonated precursor. Additionally, the shift-difference is strongly dependent on the alkali-metal cation, 

since lithium yldiides give a relatively small shift difference, while potassium-yldiides give the most high-

field shifted signals. This was observed for 71-M, the potassium yldiide 71-K resonated at  

δP = -16.6 ppm, compared to 71-Na at δP = -11.1 ppm and the parent ylide 71-H at δP = 14.2 ppm. The 

same trend was also observed for 75-M. The observations revealed by XRD and NMR spectroscopy 

could also be underlined via computational studies. For instance, DFT calculations on 75-M revealed 

the presence of two lone-pairs of electrons at the ylidic carbon atom, with one of π− and one of σ-

symmetry, which was further confirmed via natural bond orbital analysis. Additionally, it was found that 

upon metalation an increase of the negative charge at the ylidic carbon atom occurs (from -1.05 for 75-
H to -1.33 for 75-M), which is in line with the presence of a high electron-density already indicated by 

the two lone pairs of electrons. This is also reflected by the calculated gas phase proton affinities (PA) 

of 75-M. Indeed, the 1st PA of 351.7 indicates a very high basicity. The calculated WBI of 1.43 for the 

P–Cylide bond in 75-M indicates a strong electrostatic interaction resulting in bond shortening compared 

to 75-H, which could be confirmed via XRD (vide supra). The same trends have also been observed by 

Baceiredo et al. who performed calculations on 81-Li.[139] Since a controversial discussion on the 

bonding in related compounds such as bisylides emerged[140], Gessner et al. recently studied the 

bonding situation of metalated ylides in detail.[141,142] 

 
Figure 19. Possible resonance structures for a bisylide.  

Neutral bisylides such as carbodiphosphorane 82 (Figure 19) could be described with a heterocumulene 

structure 82A, with P–C single bonds and two negative charges on the central carbon atom as well as 

one positive charge on each phosphorus atom like in 82B, or with dative bonds from two tertiary 

phosphines to a carbon-atom in an oxidation state of zero 82C ('carbone'). However, describing 82 with 
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a heterocumulene structure can not be considered as genuine. Molecular structures found for 82 

revealed also bent bonding angles[143] and more importantly, double bonds between phosphorus and 

carbon require d-orbitals at the phosphorus atom, which however lie to high in energy to participate in 

bonding. It was long believed that resonance form 82B describes the bonding in bisylides best. Frenking 

et al. suggested by NBO- and energy decomposition analysis (EDA) that resonance form 82C with 

donor-acceptor interactions describes the bonding and reactivity of bisylides and related compounds 

like carbodicarbenes better.[144] Since metalated ylides are somewhat the mono-anionic congeners of 

bisylides, the bonding situation was also elucidated with these methods. However, Gessner et al. 

revealed that in metalated ylides no clear-cut picture could be given.[141] Initiated by the asymmetric 

structure of ylides, several fragmentation patterns were similar in energy, thus different electronic 

structure seem to be equally valid. For instance, the phenyl derivative (83) of 71-M was investigated 

(Figure 20).  

 
Figure 20. Canonical structures that describe the bonding in metalated ylide 83 best, according to EDA and NBO 
analysis performed by Gessner and coworkers.  

Here, a combination of both, ylidic bonds and dative interactions, seem to be most suitable for the 

description of the bonding in 83. However, ylidic bonds describe the reactivity of these species way 

better, as can be seen from the following chapter. 
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1.5.3 Reactivity of metalated ylides in synthesis 
Early reactivity studies were reported on the use of metalated ylides as 'activated' Wittig reagents. For 

instance, Corey et al. reported that 73-Li easily undergoes Wittig olefination with the sterically hindered 

fenchone 84, while its non metalated congener 73 does not show any conversion to the exo-methylene 

derivative 85.[128] In this transformation 73-Li initially reacts in the first step as a typical organolithium 

reagent with a 1,2-addition to the carbonyl group, while subsequently performing a classical Wittig 

reaction in the second step (Scheme 24). The enhanced reactivity was attributed to the higher 

nucleophilicity of 73-Li compared with 73. Furthermore, 73-Li showed an interesting behavior when 

reacting with epoxides like 86. First, a nucleophilic ring opening furnished oxido-ylide (87), which could 

be further reacted with benzaldehyde to give homo-allyl alcohol 88 in a one-pot reaction. Similar, 

reaction of 73-Li with aldehydes like 89a-b initially gave β-oxido ylides (90a-b), which reacted with 

another equivalent of aldehyde giving trans-allyl alcohols 91a-b.     

 
Scheme 24. Reactivity of 73-Li towards carbonyl compounds and expoxides. 

 

The yldiide 75-Na reacted with epoxides in a similar manner, providing also oxido-ylides 92a-c, which 

showed a very versatile chemistry (Scheme 25). Due to the attached nitrile function, different 

transformations depending on the reaction partners occurred, giving access to interesting cascade-like 

reactions. Acidic hydrolysis with HCl gave γ-nitrile functionalized alcohols 93a-c, whereas hot hydrolysis 

initially furnished carboxylic acids functionalized with an alcohol functional group in γ-position 94a-c, 

which further condensated to give lactones 95a-c.[145] 
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Scheme 25. Cascade-type reactions initiated by the metalated ylide 75-Na,giving access to different functionalized 
organic molecules.   

Protecting the alcohol function of 92a-c and subsequently performing a Wittig reaction with 

formaldehyde, furnished acryl-nitriles 96a-c. These could be further hydrolyzed under basic conditions 

to yield α-methylene lactones 97a-c. On the other hand, when the aldehyde function is protected in the 

first step, facile access to cyclized α,β-unsaturated nitriles is possible (98/99) (Scheme 26).[132] 

 

 
Scheme 26. Access to α,β-unsaturated nitriles. 

Contrary to the observations made with 73-Li, Gessner et al. recently showed that reaction of the 

metalated ylide 71-Na with aldehydes does not result in typical Wittig reactivity. Instead, novel ylide-

functionalized carbonyl compounds (100/101) are formed when 71-Na reacted with benzaldehyde or 

pentafluoro phenyl aldehyde, respectively (Scheme 27).[137] Due to the highly stabilizing effect of the 

sulfonyl-moiety, only little classical elimination of PPh3=O occurs, while formal elimination of either 

sodium hydride in the case of benzaldehyde or formal elimination of pentafluorophenyl sodium occurs. 
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This observation shows that the reactivity of metalated ylides highly dependents on the attached 

substituents, which influence their steric- and electronic properties. 

 
Scheme 27. Reactivity of 71-Na towards aldehydes. 

Despite the already mentioned reactivities, the fundamental advantage of yldiides is their ability to 

perform highly selective salt metathesis reactions with organic and inorganic halides. As such, simple 

one-step procedures for ylide-functionalization via metalated ylides exist. First reports on salt 

metathesis reactivity was provided by Bestmann et al. who showed that 75-Na easily reacts under 

sodium halide elimination with methyl iodide, benzyl chloride, silyl halides or elemental bromine to give 

the respective ylide functionalized compounds 102a-e (Scheme 28).[132] 

 
Scheme 28. Salt metathesis reactions of 75-Na with different organic halides. 

Similarly, Bertrand reported on the reaction of 80-Li with different electrophiles R-X , including diphenyl 

chlorophosphine, giving an ylide-functionalized phosphine (103c)[136], while Niecke et al. showed that 

also organometallic complexes such as the mono- and di-ylide mercury complexes (104 and 105, 

respectively) can be accessed by salt metathesis with HgCl2 (Scheme 29).[135]  

 
Scheme 29. Reactivity of the metalated ylides 79(b)-Li and 80-Li towards different electrophiles. 

This reaction is the only reported example to date, where an isolated yldiide is used for the formation 

of an Cylide-transition metal bond via direct salt metathesis. Such species, also known as alkylidene-

complexes, are usually prepared by deprotonation of suitable protonated ylide-transition metal 
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precursors or by the reaction of phosphines with suitable carbine complexes.[146] Gessner et al. recently 

reported on the synthesis of ylide-functionalized silanes (106a-b) by reacting 71-Na or 75-K with 

phenyldichlorosilane (Scheme 30).[147] Furthermore, the authors showed also that the reaction of the 

corresponding yldiides with NFSI delivered the first structurally characterized α-fluorinated phosphorus 

ylides 107a and 107b.[147] 

 
Scheme 30. Synthesis of ylide-functionalized silanes via salt-metathesis of 71-Na and 75-K with trichlorosilane 
(top) and preparation of the first fluoro-phosphonium ylides by reaction of NFSI with 71-Na or 75-K.  

Both fluorinated ylides were also characterized by XRD and showed a huge deviation from the classical 

planar geometry (sum of angles around the carbon atom ~ 360°), which is usually observed in these 

compounds. Fluorination results in distinct pyramidalization of the ylidic carbon atom which can be 

explained by a change in hybridization from sp2 to sp3, caused by an increased p-character introduced 

by the fluorine atom. Moreover, compound 108b exhibits a longer carbon-phosphorus bond and a 

'normal' carbon-fluorine bond length, indicating that this species could also be described as a phosphine 

stabilized carbene species 108b', since the phosphonium moiety might be the 'best leaving group' in 

this species (Figure 21). Reports on the use of fluorinated sulfonium ylides as fluoromethylene transfer 

agents, also suggest the formation of intermediate fluoro-carbene species.[148] This could also explain 

the extreme liability of  108 since its isolation was always concomitant with several decomposition 

products. 

 
Figure 21. Possible ylidic and carbenic resonance structures of 108b. 
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1.5.4 Ylides as stabilizing ligands for low-valent main group species 
Despite being excellent reagents in organic transformations, ylides have been also studied as strong 

donor ligands for the stabilization of low-valent main-group compounds. Since only few metalated ylides 

are known, the majority of ylide-substituted main-group compounds was synthesized by direct 

coordination of suitable phosphonium precursors, followed by deprotonation. In this section, the 

preparation and reactivity of low-valent main group compounds stabilized by ylide substituents will be 

discussed concisely. 

 
Ylide-stabilized group 13 compounds 
Reports on the synthesis of ylide-functionalized group 13 compounds are extremely rare and thus the 

chemistry of group 13-ylide species is underexplored. However, Bestmann et al. reported on the 

preparation of ylide-functionalized boranes via reaction of phosphonium ylides with 

alkyldichloroboranes (Scheme 31).[149] This reaction proceeds via transylidation from 109, giving the 

desired chloroboranes (e.g. 110) and one equivalent of the parent phosphonium salt as the products. 

Attempts to prepare ylides which feature a P–C=B-R moiety such as 111 via base induced HCl 

elimination failed. Instead, a second transylidation reaction lead to boron-containing bis-ylides (112).  

 
Scheme 31. Synthesis of ylide-functionalized boranes. 

Furthermore, the synthesis of an ylide-functionalized lithium borate (113-Li) via the reaction of  75-H 

with BH3·SMe2 and subsequent deprotonation with nBuLi was demonstrated (Scheme 32).[150] 

However, further reactivity studies were not provided.  

 
Scheme 32. Preparation of ylide-functionalized lithium-borate 113-Li. 

Recently, Breher et al. showed that α-borylated ylides like 114 can activate small molecules such as 

CO, CO2 and NH3 by a FLP-type reactivity (Scheme 33).[151] While 114 reacts with CO and CO2 to 

furnish cyclic insertion products like 115 and 116, the reaction with ammonia results in a cleavage of 

the Cylide–B bond, giving the parent ylide and the respective amino-borane. The reactivity towards these 

small molecules was attributed to a highly polarized carbon-boron bond, in which both atoms compete 

for the lone pair of electrons, hence resembling a frustrated electronic situation in which neither the 

carbon- , nor the boron atom is fully satisfied.  
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Scheme 33. Reactivity of borylated ylide 114 towards small molecules.  

The first and only example of a low-valent group 13 compound stabilized by ylide substituents was 

recently reported by Gessner.[152] Reaction of the metalated ylide 71-Na with BH3·THF resulted in the 

formation of the di-ylide functionalized borane 117(Scheme 34). Subsequent halide abstraction with 

trityl salts gave rise to the first di-ylide stabilized boron-cations 118a-d. XRD studies on 118-d revealed 

an additional coordination by one oxygen atom of the sulfonyl group, hence rendering this compounds 

as borenium cations rather than di-coordinated borinium species.  

 
Scheme 34. Preparation of di-ylide functionalized borane 117 via reaction of 71-Na with BH3·THF and subsequent 
synthesis of the first example of a low-valent ylide-substituted boron compound, namely borenium cation 118. 

The solid-state data indicate strong π-donation from the ylidic carbon atoms to the boron center, 

resulting in short C–B distances of 1.481(7) Å and 1.510(9) Å, for the exo-cyclic and endo-cyclic-bond, 

respectively. This π-bond interaction could be furthermore proved by NBO analysis, which showed that 

the HOMO-1 reflects π-delocalization over the whole C-B-C linkage. However, the LUMO is 

predominantly localized at the boron center. Hence, independently from the strong π-donation of the 

ylidic carbon atoms, the boron atom remains the most electrophilic center of the molecule. The 

electrophilicity of borenium cation 118 could be demonstrated by its prompt fluorination with KF giving 

119 and subsequent elimination of KPF6. Additionally, 118 demonstrated its Lewis acidity by forming 

simple Lewis acid base pairs with DMAP, DMF or  NMP (120a-c). When 118 is treated with a primary 

or secondary amine, the N–H bond is activated across the C–B–C linkage, resulting in a cleavage of 

the ylide fragments with subsequent formation of tris(amino)boranes (121a-c), the parent phosphonium 
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salt 71-H2 and ylide 71-H (Scheme 35). The reactivity of 118 towards primary and secondary amines is 

surprising but reflects the strongly polarized nature of the C–B bonds.  

 

 
Scheme 35. Reactivity of borenium cation 118. 

Despite 118, no further ylide-stabilized low-valent group 13 compound was reported. However, the 

preparation of 118 showed that metalated ylides can act as both, strong σ- and π-donor ligands, being 

able to stabilize even highly electrophilic species like boron cations. This observation indicates the high 

potential of ylides as stabilizing ligands for inherent electron-deficient group 13 elements, which was 

recently also recognized by Phukan and coworkers.[153] Theoretical calculations revealed that ylide 

functionalization could indeed enable the isolation of so-far elusive, stable borylenes. 

 

Ylide-stabilized group 14 compounds 
The chemistry of stable singlet carbenes and their heavier analogues has already been discussed in a 

previous chapter of this thesis. The isolation of several of these species was only possible by the 'right' 

choice of steric- and electronic properties delivered by the ligand framework, which is mainly achieved 

by bulky α-nitrogen substituents like in NHCs, CAACs or diaminocarbenes (vide supra). Stabilization of 

these low-valent species is often accomplished via π-interaction of the heteroatoms' lone-pair of 

electrons and the empty pπ-orbital at the tetrel center. Such stabilization could also be achieved by 

replacing, e.g. one of the nitrogen-groups in NHCs by an ylidic motif, yielding so-called cyclic 

amino(ylide) carbenes or CAYCs. Because of the lower electronegativity of carbon compared to 

nitrogen, CAYCs are expected to exhibit similar donor power as CAACs, while retaining the π-acceptor 

properties of NHCs and are thus interesting species, for instance as highly electron-rich ligands in main-

group chemistry and homogeneous catalysis. This interested Facchin and Michelin, who prepared the 

first CAYC platinum-complexes (123) by a based induced cyclization of a phosphonium-isonitrile 

scaffold (122) in the late 1980's.[154] A similar approach, reported by Alcarazo, synthesized the first 

acyclic Au(I)-AYCs complexes (124) (Scheme 36).[155] 
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Scheme 36. Examples for the preparation of CAYC complexes. 

In 2008, the research groups of Kawashima[156], Fürstner[157] and Bertrand[158] reported independently 

on synthesis attempts of free CAYCs by deprotonation of suitable phosphonium salt precursors with 

strong metal bases. For instance, deprotonation of phosphonium salt 125 with mesityl-lithium was 

studied by Kawashima et al., however not leading to a stable carbene (126). Instead, transfer of a 

phenyl group to the carbene carbon atom occurred, giving 127 (Scheme 37). However, a trapping 

reaction with elemental sulfur revealed the existence of CAYC 126 at low-temperatures, since the 

corresponding thio-derivative could be isolated from the product mixture (128). Furthermore, the 

formation of the corresponding [CAYC-Rh(CO)2Cl] complex 129 proved the superior donor properties 

compared to diamino or alkyl(amino)carbenes. 

 
Scheme 37. Attempted synthesis of CAYC 126 and performed trapping reactions as reported by Kawashima. 

Similar observations were made by Fürstner and coworkers, who succeeded in the preparation of 

complexes 130/131 and thio-compound 132, while Bertrand et al. observed the deprotonation of 

phosphonium salt 133 with MeLi, giving the lithium adduct 134, formed by cleavage of a labile P–C(sp2) 

bond (Scheme 38). 



1. Introduction 

39 

 
Scheme 38. Prepared CAYC Rh-complexes and thio-derivative by Fürstner (left). Synthesis attempts towards a 
CAYC by Bertrand and coworkers (right).  

Recently, Gessner et al. reported on synthesis attempts of CAYCs bearing trialkyl-onium groups[159], 

which should be less prone to bond-cleaving reactions because of the intrinsically higher bond strength 

of C(sp3)-X bonds (Scheme 39). However, the deprotonation of tricyclohexyl phosphonium precursor 

135 did not take place at the 'carbenic' carbon atom, instead a deprotonation in α-position to the 

phosphorus atom was observed, forming ylide 136. Similarly, deprotonation of sulfonium salt 137 gave 

presumably ylide 138 which eliminates ethene in a Corey–Chaykovsky type reaction sequence to afford 

thioether 139.  

 
Scheme 39. Synthesis attempts of CAYCs bearing trialkylphosphonium-and sulfoxonium groups as reported by 
Gessner.  

The authors concluded from DFT studies that deprotonation in α-position to the heteroatom is 

thermodynamically always favored over carbene formation and furthermore, even if AYCs might be 

accessible at low temperatures, proton shifts from the trialkyl-onium group to the carbene center are 

more likely to occur, even from β-positions such as from tBu groups. Solely the use of adamantyl groups 

might provide access to stable CAYCs (140), because here the deprotonation in β-position would give 

a double bond at a bridgehead carbon atom (141), violating Bredt's rule (Scheme 40). Thus, the isolation 

of a room-temperature stable CAYC (e.g. 142) might be possible with incorporation of triadamantyl-

phosphonium group but remains elusive until today. 
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Scheme 40. Possible synthesis of a stable CAYC based on a triadamantyl-phosphonium group. 

In contrast, a few examples of isolable heavier ylide stabilized tetrylenes have been reported. In 1998, 

Schmidtpeter et al. succeeded in isolating the first di-ylide stabilized stannylene 144 by reaction of di-

ylide 143–H with [Sn(N(SiMe3)2] (Scheme 41).[160] 144 could not be structurally characterized by XRD, 

however NMR data suggest a symmetric di-valent tin center stabilized by flanked ylide-substituents. 

Since 144 is incorporated into an aromatic cycle, several resonance structure can be formulated, 

indicating an electron-rich tin center.  

 
Scheme 41. Synthesis and reactivity of diylide-stabilized stannylene 144. 

The electron-rich nature of 144 was also indicated by the 13C{1H}-NMR shift of the ylidic carbon atom, 

appearing at δC = 122.4 ppm, revealing strong π-donation from the lone pairs of electrons into the 

vacant pπ-orbital. Additionally, simple oxidative addition of alkyl bromides or iodides to the low-valent 

tin center (145) clearly demonstrates the ability of di-ylide stannylene 144 to act as an electron-rich 

species. Driess and coworkers reported in 2001 on the isolation of silylene 147, the silicon analogue of 

144 (Scheme 42).[161] The synthesis proceeds with the bis-phosphonium salt 143–H2, which is reacted 

with excess KHMDS and SiBr4, giving di-ylide dibromosilanes 146a-b. Reduction of 146 with either KC8 

or Jones Mg(I) dimers gave rise to the first diylide functionalized silylenes 146a-b. 
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Scheme 42. Synthesis of the first diylide-stabilized cyclic silylenes 147a-b. 

Albeit no structure characterization of 147a-b via XRD was performed, the existence of these species 

was confirmed via NMR spectroscopy and trapping reactions. The 29Si-NMR signal of 146b appears as 

a triplet at low-field δSi = 213.3 ppm, with a coupling constant of 2JSiP = 38.5 Hz. This low-field shift is 

typical for silicon(II) species and indicates the successful formation of a silylene. Similar to 144, the 
13C{1H}-NMR shift of the ylidic carbon atom appears significantly low-field (~ δC = 90 ppm) compared to 

the precursor (cf. δC = 37.5 ppm ), indicating π-delocalization, as already expected by the resonance 

structures for 144, which could further be proven by DFT calculations. As expected for silylenes, 147a-
b undergoes selective [4+2] cycloaddition with 3,5-di-tert-butyl-o-benzoquinone to give spirocyclic 

silanes 148ab (Scheme 43).  

 
Scheme 43. Reactivity of silylenes 147a-b towards 3,5-di-tert-butyl-o-benzoquinone, giving spirocyclic silanes 
148a-b, as reported by Driess and coworkers.  

Kato et al. described in 2016 the synthesis of an asymmetric amido-/ylide-substituted silylene 151 from 

deprotonation of dichloro-silane precursor 149 with LDA and subsequent reduction of the corresponding 

ylide 150 with two equivalents of elemental potassium (Scheme 44).[162] 
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Scheme 44. Synthesis and reactivity of a cyclic amido-/ylide substituted silylene 151. 

Silylene 151 is characterized by significant downfield shifts for the silicon atom (202.2 ppm, 

d, 2JSIP = 9.2 Hz) and the ylidic carbon atom (137.7 ppm, d, 1JCP = 61.2 Hz) in the 29Si-and 13C-NMR 

spectra, respectively. The downfield shift for the signal of the silicon atom is similar to that observed for 

147, while the 13C-NMR signal for the ylidic carbon atom is way more downfield shifted. This indicates 

very strong π-bonding character of the Si–C bond. Indeed, this strong π-bonding interaction could be 

proved by the first XRD analysis of an ylide-substituted tetrylene. The Si–C bond length of 1.798(2)  Å 

lies between classical single and double bonds and is shorter than the calculated Si–C bonds (1.871 Á) 

for 147, thus silylene 151 is best described by resonance structure 151', with a strongly polarized Si–C 

double bond. Silylene 151 reacts with small molecules such as P4 and N2O (Scheme 44). While 151 

inserts into a P–P bond of white phosphorus giving 152, reaction with N2O provided the first structurally 

characterized base-free silanone 153. Albeit 153 possesses only limited stability (t1/2 = 5 h) and 

dimerizes at RT, it reflects the unique stabilizing character of the ylide-motif. Furthermore, the donor 

ability of 151 could be measured by means of its TEP value, obtained from the CO-stretching frequency 

of the corresponding [151–Ni(CO)3] complex. With a TEP value of 2051.0 cm-1 silylene 151 turned out 

to be strongly electron-donating, surpassing the donor power of cyclic silylenes like NHSis (2076.0 cm-

1) as well as common tertiary phosphines and thus its donor strength is comparable to NHCs (~2050-

2054.0 cm-1). This donor power could be even exceeded by replacing the phosphonium ylide moiety in 

151 by a bora-ylide-substituent like in 154, reported by Kato in 2017 (Scheme 45).[163] With an even 

smaller difference in electronegativity (ΔEN (B-Si) = 0.1), the electron-density at the divalent silicon 

center is further increased and thus the corresponding [154-Ni(CO)3] complex gave rise to a stretching 

frequency as low as 2046.0 cm-1. With its higher donor capacity, the corresponding silanone 155 was 

with t1/2 = 4 d even more stable than its carbon-based ylide analogue 153.[164] 
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Scheme 45. Reactivity of amido-/bora-ylide substituted silylene 154 towards N2O giving silanone 155 and 
preparation of complex [154-Ni(CO)3] from [Ni(COD)2] and CO. 

Despite ylide-stabilized silylenes, Kato and coworkers reported on germylenes similar to 151 that could 

be accessed by a rare isomerization reaction of germynes 156a-b above -30°C, yielding to germylenes 

157a-b (Scheme 46).[165] However, no further reactivity of these species was reported, which may be 

caused by the rather difficult access to these ligand classes. 

 
Scheme 46. Isomerization reaction of germynes 156a-b to the corresponding germylenes 157a-b. 

In 2018, Gessner et al. reported on the facile synthesis of the first acyclic di-ylide substituted germylene 

158 and stannylene 159 (Scheme 47).[166] These compounds were obtained by simple salt-metathesis 

of the metalated ylide 71-Na with half an equivalent of the respective halide salt (ECl2 with E = Ge, Sn), 

being the first and only reported example of utilizing an alkali metal yldiide as a one-step entry into low-

valent ylide-functionalized main-group species.  

 
Scheme 47. One-step synthesis of the first acyclic di-ylide stabilized germylene 158 and stannylene 159 from via 
salt metathesis from 71-Na and half an equivalent of the respective element chlorides. 

In contrast to all other reported ylide-stabilized tetrylenes, 158 and 159 exhibit unusually high field 

shifted signals for the ylidic carbon atoms in the 13C{1H}-NMR spectra at approximately δC = 52 ppm. 

This indicates that the ylide-substituents do not act as π-donors. Indeed, XRD analysis of 158 and 159 

revealed a unique electronic situation, in which both ylide groups (P–C–S plane) are perpendicular 

arranged to the C–E–C linkage, thus suggesting that no π-donation into the vacant p-orbital of the tetrel 

center is possible. This results in a unique bonding situation, where three lone pairs of electrons are 

located next to each other (Figure 22) conformer 1. As a consequence, the metal-carbon bond lengths 

are in the range of single bonds. This unusual arrangement can be explained by the strong ability of the 
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sulfonyl group to stabilize the negative charge at the ylidic carbon atom and its coordination to the metal, 

hence pointing out that the substitution pattern on the ylidic backbone has a tremendous effect on 

structure, electronic properties and reactivity of ylidic compounds. Furthermore, this unusual electronic 

structure has an impact on the energies of the frontier orbitals of di-ylide tetrylenes 158 and 159, 

boosting the HOMO and LUMO orbitals to higher energies compared to the hypothetical conformer 

where the ylidic carbon atoms donates electron density towards the central tetrel atom (Figure 22, 

conformer 2). Compared to all other reported acyclic germylenes for instance diaryl-, diamido- or 

amido/boryl-germylenes shown in Figure 22, 158 possesses the highest donor strength and its 

calculated TEP value of 2032.3 cm-1 shows that its donor power lies within the range of strongly 

donating CAACs.  

 
Figure 22. Conformers of the tetrylenes 158/159 and energy levels of the frontier orbitals (in eV) of 158 in 
comparison with other germylenes.[166] Reproduced/Adapted from the given sources with permission from John 
Wiley & Sons 

This remarkably high donor power was further proved by the reactivity of 158 (Scheme 48). While 159 

shows an indefinite stability in THF solution, 158 undergoes an intramolecular C–H activation reaction 

of one of the PPh3 phenyl groups even at room temperature to give tetragermane 160 along with free 

ylide 71–H. DFT calculations on the mechanism of this reaction showed that the activation presumably 

proceeds across the Ge–Cylide linkage, indicating that based on ylide-functionalization, metal-ligand 

cooperation is possible.  Similar to other tetrylenes, 158 and 159 reacted with 3,5-di-tert-butyl-o-

benzoquinone in a [4+2] cycloaddition reaction, giving spirocyclic germanes (161a) and stannanes 

(161b), respectively. Additionally, 159 reacts with elemental sulfur, yielding a di-ylide substituted 

compound 162  with an unusual Sn2S3 five-membered ring. 
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Scheme 48. Reactivity of diylide-tetrylenes 158/159. 

These first examples of low-valent ylide functionalized group 14 compounds impressively show the 

ability of ylidic substituents to function as supporting ligands, enabling the isolation of highly reactive 

species with unusual structural motifs and bonding situations. 

 
Ylide-stabilized group 15 compounds 
Phosphorus compounds bearing ylide-substituents gained considerable attention in the 1990s. The 

groups of Schmidtpeter and Nöth in particular, were extensively engaged with the chemistry of ylide-

functionalized halophosphines (163a-e)[167], studying the impact of electron-rich ylide fragments on the 

phosphorus-halogen bond (Figure 23). Compared to non-π donating substituents, ylides cause a 

remarkable polarization of the P–X bond, which results in bond elongation via negative 

hyperconjugation from the lone pair of electrons at the ylidic carbon atom into the σ*(P–X) orbital (164a-
e).[168] 

 
Figure 23.  Dissociation of chloride-substituents from ylide-functionalized chloro-phosphines initiated by negative 
hyperconjugation. 

Depending on the strength of this negative hyperconjugation, even spontaneous dissociation of the 

halogen atom can occur, as observed with halophosphines bearing two strong π-donating substituents 



1.Introduction 

46 

like in bisylidyl-phosphenium 166 or amino/ylidyl phosphenium 167, which are accessible via TMSCl 

elimination from ylide 165 upon reaction with PCl3 (Scheme 49).[167,169] 

 
Scheme 49. Synthesis of phosphenium cations 166/167 via TMSCl elimination upon reaction of 165 with PCl3. 

The resulting cationic, divalent phosphorus compounds, so-called phosphenium cations, are 

isoelectronic to carbenes and thus highly interesting species. Similar to carbenes, phosphenium ions 

can acts as σ-donors and π-acceptors.[170] However, the donating ability is strongly reduced, caused by 

the overall positive charge (Figure 24). Depending on the substitution pattern, the positive charge is 

either mainly localized on the phosphorus atom, e.g. in 2-phosphaallyl-cations[171], its substituents, like 

diamino-phosphenium cations[172], or distributed over the whole ligand framework, as for instance 

observed in cyclic diylide-phosphenium cations.[173] 

 
Figure 24. Overview of differently substituted phosphenium cations and their electronic behavior.[174] 

Therefore, according to the ligand design, phosphenium ions can be either classified as rather 

nucleophilic, electrophilic or as amphiphilic species. As such, this special class of carbene analogues 

exhibits a diverse chemistry. However, while reactions with simple Lewis bases and the coordination 

chemistry of especially diamino-substituted phosphenium ions is well explored[174,175], the ability of 

phosphenium cations to perform bond activation reactions is still in its infancy.[176] In this regard, the 

chemistry of ylide-substituted phosphenium cations is lacking reports and thus remains highly 

underexplored, providing space for future research. It is noteworthy to mention that also heavier 

analogues of phosphenium cations are known, e.g. arsenium cations such as 168 were reported.[177] 

 
Figure 25. Reported example of a di-ylide substituted arsenium ion. 

However, further reports on the reactivity of arsenium ions like 168 were not provided.
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2. Aims of this thesis 
Ylides are a unique class of carbon bases and their potential as σ- and π-donating ligands for the 

stabilization of low-valent main group species was only recently recognized. Despite the fact that 

several ylide functionalized low-valent main group compounds could be isolated successfully, their 

synthesis is often complex and requires multi-step procedures to reach the target species. Gessner et 

al. where the first to overcome this issue by applying α-metalated ylides (like 71-Na) in salt-metathesis 

procedures (e.g. with GeCl2·dioxane), leading directly to low-valent main group compounds (for 

instance 158). However, due to the incorporation of labile P–C(sp2) and C–H(sp2) bonds in the ligand 

design, activation reactions were observed during further studies in main-group chemistry and 

homogeneous catalysis, which limits the use of these compounds. 

 
Scheme 50. Observed bond activation reactions of triphenylphosphonium-based ylidic compounds that permit the 
further use of ylide-functionalized species in low-valent main group chemistry[166] (top) and homogeneous 
catalysis[28] (bottom).  

To overcome this issue and to further exploit the potential of yldiides as stabilizing ligands for low-valent 

main group species, the synthesis of a more stable metalated ylide should be explored. For instance, 

replacing the triphenylphosphonium group in 71-Na, with a tricyclohexylphosphonium moiety, should 

lead to a stability increase, caused by stronger C–P(sp3) and C–H(sp3) bonds. That said, the first aim 

of this thesis is the synthesis, isolation and characterization of CyY-M (M = Li, Na, K), the tricyclohexyl-

phosphonium analogue of 71-M. 
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Figure 26. Substitution of the triphenylphosphonium group in 71-M with a tricyclohexyl-moiety (CyY-M) should result 
in a stability increase.  

After successful synthesis, CyY-M should be applied as a stabilizing ligand for low-valent main group 

species, with focus on group 14. For instance, the di-ylide stabilized tetrylenes CyY2E (E = Si, Ge, Sn) 

should be synthesized via salt-metathesis from suitable E(II) dihalide precursors.  

 
Scheme 51. Preparation of di-ylide functionalized tetrylenes via salt-metathesis reactions of CyY-M with respective 
element(II) halides. 

In addition, the novel tetrylenes should be fully characterized, and their electronic properties should be 

elucidated via DFT methods. Since these tetrylenes are expected to be strongly electron-donating, their 

ability to form homo-and heterometallic group 14 donor-acceptor complexes as well as respective 

cationic species should be explored. Next, their reactivity towards different small molecules (CO, CO2, 

H2) should be probed.  

 
Scheme 52. Planned reactivity studies of the di-ylide tetrylenes CyY2E with MCl2 (M = Ge, Sn) to get access to 
heavier vinyl-analogues via halide abstraction from tetrylene stabilized dichloro-metal complexes (left) and bond-
activation chemistry (right). 

As already described earlier, transition metal complexes bearing YPhos ligands exhibit remarkable 

activities in different organic transformations. Thus, to further explore structure-reactivity relations in 

YPhos TM-based homogeneous catalysis, CyY-M should be used for the synthesis of novel highly 

electron-rich phosphines. The isolated CyYPhos ligands should be fully characterized and their 

electronic- and steric properties should be determined via state-of-the art methods. Subsequently, 
CyYPhos should be applied in the preparation of well-defined transition-metal complexes and their 

potential as catalysts should be probed. Gold and palladium complexes are of special interest, since 

related YPhos systems showed high reactivities in Au(I)- and Pd(0) catalyzed organic transformations.    
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Scheme 53. Planned synthesis of ylide-functionalized phosphines and their use as ligands for homogeneous 
catalysis. 

Furthermore, their catalytic ability should be compared to related YPhos systems, enabling direct 

structure-reactivity correlations and hence the optimization of future YPhos ligand design. 
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3. Results and Discussion 
The results of this thesis are presented in a semi-cumulative approach. Original, peer-reviewed 

publications or manuscript drafts will be presented here and the contribution of the respective authors 

towards the presented work is given in detail. Additional, unpublished results on the same/or a related 

topic will be given in an extra chapter right after the publications. Tags, labels and numbering of 

compounds are decoupled from the introductory section and only consistent within a specific research 

chapter.  
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Element Bonds by Transylidation 
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3.3 Reactivity of ylide-stabilized acyclic germylenes and stannylenes  
Following the reactivity of CyY2E towards Group 14 element (II) chlorides, which was reported in the 

previous section, their ability to activate small molecules was explored next. First, it was tested if CyY2Ge 

is more stable than its phenyl analogue, which undergoes an intramolecular C–H activation reaction at 

one of the phenyl groups across the C–E–C linkage (vide supra). To this end, a solution of CyY2Ge in 

C6D6 was heated to reflux over night (Scheme 54). As expected, no sign of decomposition was observed 

by 31P{1H}-NMR spectroscopy, confirming the superior stability of CyY2Ge over its phenyl analogue, the 

latter decomposing already slowly at room temperature.[166]  

 
Scheme 54. Thermal stability of CyY2Ge. 

Next, the reactivity of the di-ylide tetrylenes towards small molecules like CO, CO2 and H2 was probed 

(Scheme 55). Pressurizing benzene solutions of the tetrylenes with the respective gaseous small 

molecules did not afford any sign of conversion even at elevated temperatures.  

 
Scheme 55. Attempted reactions of the novel tetrylenes with small molecules. 

This lack of reactivity prompted us to investigate the electronic structures of the tetrylenes via DFT 

methods. Henning Steinert from the Gessner group performed calculations on the PW6B95D3/def2tzvp 

level of theory. Analysis of the frontier orbitals of CyY2E showed that the HOMOs mainly consist of a 

lone pair which is centered on the tetrel center, while the LUMO(+4) is constituted primarily of the vacant 

p-orbital. It can be easily seen from Figure 27 that both, the HOMOs and the LUMOs lie high energy, 

resulting in relatively large energy gaps (ΔEH-L), which can explain the lack of reactivity towards strong 

enthalpic bonds.  
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Figure 27. DFT calculated energy values (kJ/mol) and appearance of frontier orbitals of the di-ylide substituted 
germylene CyY2Ge (left, HOMO bottom, LUMO+4 top) and stannylene CyY2Sn (right, HOMO bottom, LUMO+4 top). 
Calculations were performed on PW6B95D3/def2tzvp level of theory. 

While the former corroborates with a high donor ability, the latter describes the low Lewis acidity of 

these systems. The high lying LUMO energies are the main reason for the wide HOMO-LUMO energy 

gaps and are caused by additional coordination of the sulfonyl groups oxygen atoms to the metal center. 

This extra electron-donation into the vacant p-orbital results in an increased stability and subsequently 

lowers the reactivity of the tetrylenes. For instance, CyY2Ge exhibits a wide HOMO-LUMO energy gap 

of 532 kJ/mol, while highly reactive germylenes like Aldridges boryl-amido system or Powers diaryl-

germylenes (vide supra) posses narrower frontier orbital energies, due to lower lying LUMOs. From this 

point of view, replacing one of the sulfonyl-ylides from CyY2E with a substituent which does not posses 

an additional donor site, should decrease the LUMO stability, while retaining the high donor capacity. 

This electronic situation should result in an enhanced reactivity towards small molecules.  

In order to access such monoylide-tetrylenes with a further substituent, the ylide chlorotetrylenes 

species CyY(Cl)Ge-Ge(Cl)YCy (169) and (CyYSnCl)2 (170) were selected as starting materials. A suitable 

substituent that already has proven its ability to narrow the HOMO-LUMO energy gap of tetrylenes is 

for example the strongly σ-donating hypersilyl group –Si(SiMe3)3. To access ylide-/silyl substituted 

tetrylenes of type CyY-E-Si(SiMe3)3, the chloro(ylide)stannylene dimer 170 and 1,2-dichlorogermene 169 
were treated with two equivalents of K-Si(SiMe3)3, respectively (Scheme 56). 
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Scheme 56. Synthesis attempts towards ylide-/silyl substituted tetrylenes 171 and 172. 

Analysis of the crude reaction mixtures via NMR spectroscopy indicated the formation of diylide-

tetrylenes CyY2Ge and CyY2Sn, respectively, along with minor amounts of the protonated ylide CyY-H. 

No other phosphorus containing products could be detected, indicating that the desired products were 

not formed at all. Further attempts to access the target species via variation of the reaction's parameters 

such as stoichiometry, temperature or solvent, also repeatedly failed. More reactive ylide-substituted 

tetrylenes may be also achieved by replacing one of the ylide ligands by bulky terphenyl substituents. 

Tetrylenes containing extremely sterically demanding terphenyl substituents, were shown to exhibit 

wide bonding angles between the main group element and the substituents, leading to narrower HOMO-

LUMO energy gaps and thus to high reactivities.[111] To probe if this also applies to CyY-functionalized 

tetrylenes, 169 was reacted with two equivalents of (2,6-Tripp2-C6H3)-Li·Et2O (ArTripp-Li) in toluene 

(Scheme 57). 

 
Scheme 57. Synthesis of  CyY-Ge-ArTripp (173) from (chloro)digermylene 169 and ArTripp-Li. 

The reaction revealed to be highly selective, as estimated by 31P{1H}-NMR spectroscopy, affording a 

single new product that resonates at δP = 27.3 ppm, which is significantly high field shifted compared 

to CyY2Ge (cf. δP = 19.7 ppm). This already indicates a different electronic environment around the 

phosphorus atom. Storage of a saturated n-pentane solution of the reaction mixture at -30°C gave 

yellow crystals of 173 in 67% yield. These crystals were suitable for XRD analysis. Indeed, the formation 

of the target compound 173 could be unambiguously confirmed, albeit only crystals of minor quality 

were obtained, thus a detailed discussion on bonding parameters can not be given. However, as can 
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be seen from Figure 28, the structure of 173 differs extremely from its di-ylide congener CyY2Ge (see 

section 3.2 Synthesis of Low-Valent Dinuclear Group 14 Compounds with Element-Element Bonds by 

Transylidation).  

 
Figure 28. Molecular structure of CyY-Ge-ArTripp (173), due to low data quality only the constitution of the molecule 
is given here. 

Contrary to CyY2Ge, the P–C–S plane is not perpendicular arranged to the C–E–C linkage, which should 

enable a pronounced degree of π-donation from the ylidic carbon atom into the vacant p-orbital of the 

germanium center. Furthermore, no additional coordination from the sulfonyl's oxygen atoms is 

observed. Interestingly, the resonance for the ylidic carbon atom in the 13C{1H}-NMR spectrum appears 

at δC = 101.4 ppm (d, 1JCP = 32.8 Hz), which is significantly high field shifted compared to CyY2Ge (cf 

δC = 45.7 ppm), further suggesting π-delocalization. To gain further insights into the bonding situation 

and the electronic properties of 173, DFT calculations on PW6B95D3/def2tzvp level of theory were 

performed by Julian Löffler from the Gessner group. The Wiberg bond index of 0.97 for the Ge–Cylide 

bond confirms a certain degree of π-delocalization and is in the range of values found for related π-

donor stabilized germylenes, while the WBI of 0.73 for the Ge–CAryl bond fits perfectly to values obtained 

for other aryl-germylenes.[166] Additionally, NBO analysis of 173  suggests a partial double bond 

character, thus 173  could also be described by a resonance structure with a Ge–C double bond (Figure 

29). Furthermore, the lone-pair of electrons resides in an orbital which has a high s-character. 

 
Figure 29. Possible canonical structures for 173 and calculated WBIs.  
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Compared to CyY2Ge, the frontier orbital energies calculated for 173 are indeed closer in energy. As 

anticipated, the LUMO is considerably more destabilized due to the lack of additional electron donation 

from the sulfonyl oxygen atoms, causing a shift in energy of approximately -60 kJ/mol. However, due 

to π-donation from the lone pair of electrons residing at the ylidic carbon atom, the relative energy of 

the LUMO is still higher than values calculated for related terphenyl-germylenes without an π−donor 

substituent. At the same time, the energy level of the HOMO is decreased by about 38 kJ/mol compared 

to the HOMO energy of CyY2Ge, resulting from the higher ability of the arene-carbon atom to withdraw 

electron-density from the metal center (-I effect), compared with the anionic ylidic carbon atom. 

Considering both effects, due to the exchange of one ylide substituent in CyY2Ge with ArTripp, the HOMO-

LUMO energy gap is efficiently decreased by about 118 kJ/mol, giving a ΔEH-L of 414 kJ/mol for 173. 

To allow a comparison between ylide-stabilized germylenes and related literature known aryl-germylene 

systems, the frontier orbital energies of the latter were calculated with the same method as described 

above. Figure 30 displays the HOMO and LUMO energies of the ylide-germylenes CyY2Ge, 173 and of 

amido/aryl germylene DippHN-Ge-ArMes (174) as well as of boryl/aryl germylene (HCDippN)2B-Ge-ArMes 

(175). 

 
Figure 30. Comparison of DFT calculated frontier orbital energies and HOMO-LUMO energy gaps (ΔEH-L) of 
different terphenyl-germylenes in kJ/mol. Calculations were performed on the PW6B95D3/def2tzvp level of theory. 

As already described, di-ylide germylene CyY2Ge exhibits the highest HOMO energy, but at the same 

time has the widest ΔEH-L observed for these systems, due to its high lying LUMO(+4). Interestingly, the 

amido/aryl germylene 174 is a better acceptor than 173, indicating that in the former less π-donation 

from the lone pair into the LUMO is observed, leading to a difference in the LUMO energies of about 

31 kJ/mol. Simultaneously, the HOMO (-578 kJ/mol) of 174 lies lower in energy than its ylidic congener 

(-518 kJ/mol), resulting from the stronger ability of nitrogen to withdraw electron-density from the lone-
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pair due to its higher electronegativity compared to carbon. As expected, boryl/aryl germylene 175 is 

calculated to have the narrowest ΔEH-L with 302 kJ/mol. This is also consistent with its reported reactivity 

towards strong enthalpic bonds.[113] Due to the lack of additional π−donation, the LUMO of 175 is 

destabilized to –206 kJ/mol, while at the same time the electropositive nature of the B–Ge bond results 

in effective σ-donation to the metal center, boosting the HOMO energy of 175 to -508 kJ/mol.  

 

The obtained results clearly demonstrate that the donor/acceptor properties of germylenes can be easily 

tuned by choosing the right substitution pattern. More interestingly, ylidic substituents like CyY can act 

as both σ− and π− donors, depending on the exact environment. Since the ΔEH-L of 173 lies between 

those calculated for CyY2Ge and 175 it should be examined if the calculated energy gap of 414 kJ/mol 

is narrow enough to promote activation of strong enthalpic bonds. Therefore, 173 was dissolved in C6D6 

and subsequently pressurized with 1 bar of hydrogen gas.  

 
Scheme 58. Attempted activation of H2 with 173. 

However, 31P{1H}-NMR spectroscopy revealed no sign of conversion at room temperature. 

Consequently, the reaction mixture was heated to reflux over night. Unfortunately, subsequent NMR 

analysis did not afford any sign of conversion. This result clearly emphasizes that for efficient H2 

activation based on ylide-stabilized germylenes an even narrower ΔEH-L is necessary. This may be 

achieved by combining for instance the boryl substituent used in 175 with the ylide group CyY, which 

should result in a small ΔEH-L. Additionally, 173 may be suitable for the activation of other strong 

enthalpic bonds like the more polar N–H bonds in ammonia. Unfortunately, due to time constraints no 

further studies could be performed yet but should be further explored in the near future.   
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3.4 Towards the synthesis of an ylide-stabilized acyclic silylene  
As already described in the introductory section, due to in general smaller HOMO-LUMO energy gaps, 

acyclic silylenes exhibit a remarkable reactivity towards small molecules and are thus reminiscent to 

TM. Only few ylide substituted silylenes were reported in literature, which already indicate that their 

superior donor strength results in special reactivities (vide supra). In order to further explore the 

properties and reactivity of silylenes bearing ylide-substituents, the novel metalated ylide CyY-M should 

serve as a potential building block to access the first acyclic ylide-stabilized silylenes. Silylenes are 

generally synthesized by reduction of suitable Si(IV) precursors, however with the isolation of a stable 

Si(II) source by Roesky and coworkers, namely IPr·SiCl2[178], direct access to silylenes via salt 

metathesis is also possible.[179] Since direct metathesis of CyY-Li with GeCl2·dioxane and SnCl2 

delivered stable and isolable di-ylide tetrylenes CyY2E (E=Ge, Sn), preparation of the respective silylene 

was also probed. To this end, CyY-Li was reacted with half an equivalent of IPr·SiCl2 in C6D6 at room 

temperature (Scheme 59).  

 
Scheme 59. Reaction of the metalated ylide CyY-Li with half an equivalent of NHC-stabilized dichlorosilylene 
IPr·SiCl2 to yield the desired acyclic silylene CyY2Si. 

Analysis of the crude reaction mixture via 31P{1H}-NMR spectroscopy revealed the clean formation of 

the parent protonated ylide CyYS-H. Furthermore, the 1H-NMR spectrum indicated the presence of free 

IPr in solution, whereas no resonances were found in the 29Si{1H}-NMR spectrum. This observations 

clearly suggest simple protonation of the metalated ylide, however, the proton source remains unknown 

at this point. Due to the high basicity of CyY-Li, deprotonation of the imidazoline-backbone could explain 

the observed formation of the free ylide CyY-H. Since under these reaction conditions deprotonation 

seems to be favored over nucleophilic attack, the reaction was repeated at low temperatures (-78°C). 

Interestingly, the yellow reaction mixture changed its colour from yellow to red upon warming to approx. 

-40°C. However, stirring the mixture further while warming to room temperature, resulted in a brownish 

suspension again with CyY-H as the only phosphorus containing product. This could indicate the 

formation of di-ylide silylene CyY2Si at low temperatures, which may decomposed upon warming. 

However, the formation of a silylene could not be proved via low-temperature NMR studies, neither by 

trapping reactions, indicating that the formed reddish solution did not result from a silylene species and 

may be caused by other side reactions. Because the synthesis of CyY2Si seems not to be viable via this 

route, an alternative synthesis strategy was probed (Scheme 60). To this end, CyY-Li should be reacted 

with half an equivalent of trichlorosilane to yield di-ylide functionalized silane CyY2SiHCl. This species 

should then be prone to a base-induced HCl elimination, eventually yielding the silylene target 

compound. 
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Scheme 60. Planned synthesis towards CyY2Si via reaction of trichlorosilane with yldiide CyY-Li and subsequent 
base induced HCl elimination. 

To probe the feasibility of this approach, a solution of the metalated ylide in toluene was cooled to -

78°C and a highly diluted solution of half an equivalent SiHCl3 was slowly added. Upon warming, the 

yellowish reaction mixture turned colourless and further stirring gave a colourless precipitate. The 

precipitate was analyzed via NMR spectroscopy. 31P{1H}-NMR spectroscopy showed a singlet peak at 

δP = 28.9 ppm. 1H-NMR analysis indicated the formation of the mono-ylide-substituted dichlorosilane 
CyY-SiHCl2, due to the 2:1 integration of the characteristic signals of the tosyl group with the Si–H proton 

signal found for the unknown species at δH = 5.77 ppm (d, 3JPH = 4.8 Hz). In addition, XRD analysis on 

colourless crystals, obtained by storing a saturated dichloromethane solution of CyYSiHCl2 at -30°C, 

unambiguously confirmed the suggested connectivity. Unfortunately, the obtained structure is of very 

poor quality, as such no detailed discussion on bond lengths and angles can be given here. To test 

whether a sequential substitution to the desired diylidlylsilane is possible, the crude solid was treated 

with another equivalent of metalated ylide (Scheme 61). 31P{1H}-NMR spectra of the reaction mixture 

showed only the presence of protonated ylide CyY-H and small amounts of unreacted CyYSiHCl2. 
Presumably, instead of acting as a nucleophile, the metalated ylide just deprotonates CyYSiHCl2, to give 

ylide CyY-H and an unstable chloro-silicon species which decomposes.  

 
Scheme 61. Failed reaction of mono-ylide substituted dichlorosilane CyYSiHCl2 with another equivalent of 
metalated ylide to give di-ylide functionalized silane CyY2SiHCl. 

Because this synthesis route did not yield the desired target compound, another approach was probed 

(Scheme 62). Therefore, the metalated ylides CyY-M (M=Li and K) were reacted with half an equivalent 

of SiX4 (X=Cl, Br, I) to yield the respective bis-ylide substituted dihalosilanes CyY2SiX2 (X=Cl, Br, I). 

These species should then serve as suitable Si(IV) precursors that would yield the aimed silylene upon 

reduction.  
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Scheme 62. Planned synthesis route of CyY2Si starting from silicon(IV)-tetrahalides.  

Unfortunately, all attempts to identify or isolate a defined ylidic species from the reaction mixtures failed. 

Even more, in case of X= I no resonances were found in the 29Si{1H}-NMR spectrum, indicating that the 

metalated ylides prefer nucleophilic attack on the halide, instead of the expected reaction at the silicon 

center. The last approach probed to access a di-ylide substituted silylene of type CyY2Si, was to use the 

concept of transylidation (see 3.2 Synthesis of Low-Valent Dinuclear Group 14 Compounds with 

Element-Element Bonds by Transylidation). Therefore, the isolated di-ylide germylene CyY2Ge and 

stannylene CyY2Sn were treated with SiI4 in different stoichiometric ratios (Scheme 63). Again, no 

silicon-containing product was found in solution, as indicated by 29Si{1H}-NMR studies. Similarly, 

reaction of the tetrylenes with IPr·SiCl2 did not afford a new silicon containing species. No further 

attempts to access the di-ylide stabilized silylene CyY2Si were probed. 

 
Scheme 63. Synthesis attempts towards CyY2Si via transylidation from Y2E (E=Ge,Sn). 

Overall, the CyY-substituent seems not to be suitable for the isolation of a silylene. Thus, we turned our 

attention towards other ylide-substituents, which do not bear a sulfonyl moiety. Since these ylides can 

not be easily deprotonated to yield the respective metalated ylides and to undergo subsequent salt-

metathesis reactions, an alternative synthesis route towards ylide-functionalized Si(IV) precursor has 

to be used. Therefore, a process called Trans-Silylation, originally developed by Schmidbaur[180], seems 

to be a viable alternative to access such species. Here, trimethylsilyl (TMS)-functionalized ylides react 

with halosilanes via TMS-X (X= Cl, Br) elimination to yield the respective ylide-functionalized silanes. 

The advantage of this method is, that TMS-ylides can be used as mild "yldiide" equivalents and 

furthermore, are easily accessible. That said, two different TMS-ylides were prepared. CyYMe-TMS and 
CyYPh-TMS were chosen as the target molecules, to vary the steric and electronic properties. CyYMe-
TMS, is accessible via a one pot-procedure from its parent phosphonium salt CyYMe-H2. The latter is 

deprotonated with nBuLi to form ylide CyYMe-H which is then reacted with TMS-Cl, presumably forming 

an intermediate silyl-phosphonium salt, which is instantaneously deprotonated by CyYMe-H, giving half 

an equivalent of CyYMe-TMS and CyYMe-H2 as the products (Scheme 64). CyYMe-TMS was isolated as a 

colourless solid in 50% yield. Its 31P{1H}-NMR spectrum shows a singlet resonance at δP = 30.3 ppm.  
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Scheme 64. Preparation of CyYMe-TMS. 

The phenyl analogue CyYPh-H is a weaker base and weaker nucleophile, therefore the reaction has to 

be performed with TMS-I, yielding a stable α-silyl-phosphonium salt, which can be deprotonated by 

addition of KOtBu giving the TMS-ylide CyYPh-TMS (Scheme 65). CyYPh-TMS is characterized by a singlet 

signal at δP = 21.9 ppm in the 31P{1H}-NMR spectrum and was isolated as a colourless powder in 70% 

overall yield. 

 
Scheme 65. Synthesis of CyYPh-TMS. 

With the TMS-ylides in hand, they were reacted with half an equivalent of SiCl4, respectively, to access 

the di-ylide substituted dichlorosilanes (CyYZ)2-SiCl2 (Scheme 66). The reaction mixtures were stirred at 

room temperature for 12h and subsequently analyzed via NMR spectroscopy. In both cases, 31P{1H}-

NMR spectroscopy showed the selective formation of a new product, along with approximately one 

equivalent of the respective starting material. This observation indicates that only a mono-substitution 

took place. The phosphorus atoms of CyYMe-SiCl3 and CyYPh-SiCl3 resonate at δP = 33.7 ppm and 

δP = 26.5 ppm, respectively. Furthermore, mono-substitution is confirmed by 29Si{1H}-NMR 

spectroscopy, which showed doublets as expected for the coupling with only a single phosphorus 

nucleus. CyYMe-SiCl3 gives a signal at δSi = -11.7 ppm (2JSiP = 41.2 Hz), while the silicon atom of CyYPh-
SiCl3 resonates at δSi = -15.0 ppm with a similar coupling constant of 2JSiP = 40.3 Hz.  

 
Scheme 66. Attempted synthesis of di-ylide substituted dichlorosilanes via TMS-Cl elimination. 

Attempts to force a second substitution by refluxing toluene solutions of CyYMe-SiCl3 and CyYPh-SiCl3 
with another equivalent of the respective TMS-ylides failed. The question, whether the lack of a second 

substitution is caused by steric or electronic effects or a combination of both, arises. Therefore, 

colourless crystals of  CyYPh-SiCl3 and its precursor CyYPh-TMS were grown by slow evaporation of 

respective benzene solutions and subsequently analyzed by XRD. The obtained molecular structures 

are shown in Figure 31. 
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Figure 31.  Molecular structures of CyYPh-TMS (left) and CyYPh-SiCl3 (right). Thermal ellipsoids drawn at 50% 
probability. Hydrogen atoms omitted for clarity.  

The obtained solid-state structures unambiguously confirm the suggested connectivity. On the first look, 

no obvious changes in the structures arise. However, by taking a closer look into the bonding 

parameters (Table 3), significant differences can be observed. 
Table 3. Important bond lengths and angles for CyYPh-TMS and CyYPh-SiCl3. 

 
CyYPh-TMS CyYPh-SiCl3 

P1–C1 [Å] 1.7029(12) 1.7257(15) 

C1–C2 [Å] 1.5027(16) 1.514(2) 

Si1–C1 [Å] 1.8311(12) 1.7635(16) 

Si1–Claverage [Å] - 2.0597(3) 

Si1–CH3average [Å] 1.882(2) - 

P1–C1–Si1 [°] 127.27(7) 127.30(9) 

Si1–C1–C2[°] 113.75(8) 113.50(10) 

 

The P1–C1–C2 and Si1–C1–C2 bond angles are very similar and suggest no difference in the steric-

profile upon substitution of the methyl groups with chlorine atoms. Furthermore, in both molecules the 

silicon atom adopts an essentially tetrahedral geometry. On the other hand, the Si1–C1 bond 

dramatically shortens upon substitution. Due to the large difference in electronegativity, the Si–Cl bond 

is highly polarized, thus enabling strong electrostatic interactions between the positively charged silicon 

atom and the negatively charged ylidic carbon atom. At the same time, the electrostatic pressure is 

released off from the P–C–C linkage, as indicated by longer P1–C1 and C1–C2 bond lengths. Of 

course, one could argue that negative hyperconjugation from the lone-pair of the ylidic carbon atom into 

the σ*(Si–Cl) orbitals would result in a similar C1–Si1 bond shortening. However, the corresponding 

Si1–Cl bonds should be simultaneously weaker and thus a bond lengthening should be observed. This 

is not the case for the Si1–Cl bonds in CyYPh-SiCl3, with an average bond length of approx. 2.06 Å, 

which is a typical value found for covalent Si–Cl single bonds.[181] Additionally, weaker Si–Cl bonds 
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lengths would also result in an increased reactivity towards nucleophiles, which is obviously not the 

case, since a second substitution on CyYPh-SiCl3 was not possible. That said, the obtained data suggest 

that the silicon atom in CyYPh-SiCl3 is highly stabilized and electronically satisfied, due to electrostatic 

effects induced by the ylide substituent, thus making it unreactive towards nucleophiles. Since a further 

substitution neither with an additional ylide substituent, nor with other donor-ligands (e.g. amides like 

KN(SiMe3)2) was possible, further attempts to isolate an acyclic di-ylide stabilized silylene were 

abandoned. Instead, the synthesis of a silylene with only one ylide-substituent and an additional σ-

donating ligand was pursued. To this end, we followed a synthetic approach previously reported by 

Rivard and Inoue for the synthesis of NHI/NHO substituted silylsilylenes.[108,109] We hypothesized that a 

similar approach as outlined in (Scheme 67) would lead to an isolable ylide-functionalized silyl-silylene.  

 

Scheme 67. Reported synthesis of NHI/NHO stabilized silyl-silylenes by Inoue and Rivard, respectively.[108,109] 

Since the synthesis routes developed by Inoue and Rivard made use of the respective tribromosilanes, 

probably due to the more facile reduction of Si–Br bonds compared to their Cl analogues, the synthesis 

of a highly electron-donating, yet more sterically demanding tribromosilyl-ylide was probed. Therefore, 

the mesityl-substituted tricyclohexylphosphonium salt (CyYMes-H2) was deprotonated in-situ and the 

formed ylide was reacted with one equivalent of SiBr4 in toluene (Scheme 68). Surprisingly, the 

formation of a white precipitate was observed, which turned out to consists of the respective 

phosphonium salt [CyYMes-SiBr3]Br. This salt could be isolated as a colourless solid in 82% yield.  

 

Scheme 68.  Reaction of CyYMes-H with one equivalent of SiBr4 in toluene. 

Unfortunately, no crystals suitable for XRD analysis of this species to confirm its structure could be 

obtained, but its salt-like character suggest the formation of a α-silyl-phosphonium salt, instead of a 

simple Lewis adduct. This is also indicated by its 31P{1H}-NMR shift of δP = 43.9 ppm, a typical value for 

PCy3-substituted onium salts and its 29Si{1H}-NMR shift of δSi = -35.5 ppm (d, 2JSiP = 3.0 Hz), which is 

considerably downfield shifted compared to SiBr4 (cf. -90.8 ppm).[182] An additional coordination of the 

silicon atom would result in a more high field shifted signal.[183] However, the product formation might 

also depend on the solvent used. For example the reaction of IPr with SiBr4 in toluene yields the 

respective adduct IPr·SiBr4[184], while the salt [IPr·SiBr3]Br is obtained in n-hexane.[185]  
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Next, the deprotonation of the α-tribromosilyl substituted phosphonium salt was probed using an 

equimolar amount of KN(SiMe3)2 to yield the respective tribromosilyl-ylide CyYMes-SiBr3 (Scheme 69). 

However, 31P{1H}-NMR spectroscopic data of the reaction mixture revealed only partial conversion into 

a new species, characterized by a singlet peak at δP = 13.4 ppm along with minor amounts of some 

side products, and approx. 50% of unreacted starting material. Addition of another equivalent base lead 

to nearly full conversion. The novel species could be isolated as a colourless solid in 52% yield and 

crystals suitable for XRD analysis were obtained by slow diffusion of n-hexane into a saturated DCM 

solution. Surprisingly, the isolated compound turned not out to be the expected tribromosilane CyYMes-
SiBr3. Instead, an ylide-substituted dibromo-silane 176 with a four-membered ring formed by silylation 

of one of the cyclohexyl groups is obtained. While the mechanism of this transformation is not clear at 

this point, it could be possible that in the first step of this reaction deprotonation to CyYMes-SiBr3 occurs, 

which is then prone to a second deprotonation at the cyclohexyl-group, with subsequent elimination of 

KBr. The proposed mechanism is depicted in Scheme 69. 

 

Scheme 69. Attempted synthesis of CyYMes-SiBr3 (top) and formation of cyclo di-bromo silane 176 via double-
deprotonation with KN(SiMe3)2 (bottom).   

176 is characterized by a doublet in the 29Si{1H}-NMR spectrum at δSi = -46.2 ppm with a coupling 

constant of 2JSiP = 24.2 Hz. Additionally, 1H-NMR analysis confirms the deprotonation of one of the 

cyclohexyl-groups of the phosphonium moiety, while the quaternary ylidic carbon atom resonates at 

δC = 45.1 ppm (d, 2JCP = 34.6 Hz)  in the 13C{1H}-NMR spectrum. 176 crystallizes as a monomer in the 

monoclinic P 2(1)/m space group without any additional solvent molecules. As expected, the ylidic 

carbon atom adopts a trigonal-planar geometry, while the geometry around the silicon atom is highly 

distorted due to the strained, planar four-membered ring. This can be seen for instance from the sum 

of bonding angles of 425°, which is a significant deviation from the expected value of 438° for a perfect 

tetrahedron. As expected, the smallest angle at silicon is found within the four-membered ring and 

amounts to only 91.1(2)°. As already observed for CyYPh-SiCl3, the C1–Si1 bond in 176 is with 

1.755(3) Å significantly shorter than a common C–Si single bond[186], probably also caused by 

electrostatic interactions. On the other hand, the Si1–C2 bond accounts to 1.908(3) Å and lies within 

the expected range for a single bond, the same holds true for both Si–Br bonds (2.26 Å).[187] 
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Figure 32. Molecular structure of 176. Thermal ellipsoids at 50% probability level, hydrogen atoms omitted for 
clarity. Selected important bond lengths [Å] and -angles [°]: Si1–Br1/1' 2.2586(6), Si1–C1 1.755(3), Si1–C2 
1.908(3), P1–C1 1.723(3), P1–C2 1.883(3), C1–Si1–C2 91.13(15), Br1–Si1–Br1' 101.83(4), C2–Si1–
Br1' 114.90(6), C1–Si1–Br1 117.45(6), C1–Si1–C2–P1 -0.000(106). 

Although the target precursor for the synthesis of an ylide/silyl-silylene was not obtained via this route, 

the reduction of dibromosilane 176 could also lead to either an ylide silylene (177) or to its dimer, an 

ylide-substituted disilene (178) (Scheme 70).  

 

Scheme 70. Possible synthesis of ylide-functionalized silylene 177 or its dimer (178) upon reduction of 176.  

For the formation and isolation of such species, a suitable reducing agent is necessary. Therefore, 

Jones Mg(I) dimer [MesNacNacMg(I)–Mg(I)NacNacMes][101] was chosen. It is a mild and soluble reducing 

agent, which can be used in stoichiometric amounts, thus minimizing the risk of overreduction which is 

often observed with more forcing reducing agents such as KC8 or Li-Naphtalenide.[188] To this end, 176 
was treated with one equivalent of the MesNacNac-Mg(I) dimer in C6D6 at room temperature. The 31P{1H}-

NMR spectrum of the reaction mixture confirmed full consumption of the starting material and the 

formation of a new species which resonates at δP = 26.6 ppm. In the 29Si{1H}-NMR spectrum a new 

signal at around δSi = -18.9 ppm is observed. Interestingly, this signal appears as a doublets of doublets 

with coupling constants of 2JSiP = 30.5 Hz and 3JSiP = 7.1 Hz, proving the existence of a dimeric species. 

Simultaneously, 1H-NMR analysis of the reaction mixture indicated the presence of unreacted Mg(I) 

species. To get further insights into the molecular composition of this product, XRD analysis on 

colourless crystals obtained from the reaction mixture was performed. The novel compound turned out 

to be indeed a dimeric species, however not bearing a low valent Si center. As can be seen from Figure 

33, an ylide substituted bromo-disilane 179 is obtained. The one-electron reduction product, resulting 
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from abstraction of one bromine atom from 176 was probably formed, which upon dimerization gave 

179 (Scheme 71). 

 

Scheme 71. Possible formation of 179. 

The Ci symmetric molecular structure of 179 differs significantly from its dibrominated precursor.  

 

Figure 33. Molecular structure of 179. Thermal ellipsoids at 50% probability level, hydrogen atoms omitted for 
clarity. Selected important bond lengths [Å] and -angles [°]: Si1–Si1' 2.3959(14), Si1–Br1/1' 2.3208(9), Si1–C1 
1.801(3), Si1–C2 1.944(3), P1–C1 1.728(3), P1–C2 1.855(3), C1–Si1–C2 88.09(13) , Br1–Si1–Si1' 100.83(4), C2–
Si1–Si1' 121.20(10), C1–Si1–Br1 114.94(10), C1–Si1–C2–P1 11.147(121), C1–Si1–Si1'–C1' -180.00(16) , C2–
Si1–Si1'–C1' -180.000(141), Br1–Si1–Si1'–Br1' 180.000(29). 

For instance, the four-membered cycle is not planar, twisted out of the plane as indicated by the Si1–

C1–P1–C2 torsion angle of approx. 12° , probably induced by coordination of Si1 to Si1'. The Si1–Si1' 

bond length accounts to 2.3959(14) Å, being in the expected range for Si(IV)-Si(IV) single bonds.[189] 

Furthermore, the C1–Si1 bond length is elongated to 1.801(3) Å, indicating weaker electrostatic 

interactions between the ylidic carbon atom and the silicon center. Due to the inversion symmetry, all 

substituents adopt a perfect antiperiplanar conformation around the Si–Si bond with ideal torsion angles 

of 180°. The formation of the disilane 179 from its precursor 176 is surprising, since one-electron 
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reductions with Jones Mg(I) complex are not very common.[188] One explanation for this unusual 

reactivity could be the steric bulk of the used reducing agent [MesNacNacMg(I)–Mg(I)NacNacMes], which 

only enables a single-electron-transfer due to steric congestion with the substrate. However, longer 

reaction times or applying mild heating did not result in a further reduction of 179. Furthermore, the 

brominated-disilane could not be isolated as a pure solid, caused by contamination with the 

BrMgNacNacMes by-product. 176 may be instead directly reduced under harsher conditions, generating 

the target disilene species via in-situ formation and subsequent reduction of 179. However, due to time 

constraints no further attempts to obtain ylide-stabilized low-valent silicon species were performed, but 

with the results shown in this section, an isolation of such species may seem possible by further 

optimizing the steric and electronic structure of the ylide.   
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3.6 CyYPhos ligands in Pd catalysis 
Motivated by the outstanding results achieved with the novel CyYPhos ligands in Au(I) catalysis, we next 

became interested if the same ligands would enable Pd-catalyzed organic transformations. Recently,  

our group reported on palladium-complexes bearing electron-rich tricyclohexyl-phosphonium based 

YPhos ligands with aryl (joYPhos, pinkYPhos, mesYPhos) or alkyl groups  (keYPhos, trYPhos) in 

the backbone, which were highly potent catalysts for C–C and C–N cross coupling reactions.[29,31,33,45,46]  

 

Figure 34. Important examples of YPhos ligands, suitable for high-performance Pd-catalysis.   

Especially in Buchwald-Hartwig aminations (BHA), the use of these ligands unraveled one of the most 

potent catalysts systems known to date for this transformation, enabling even highly electron-deficient 

aryl-chlorides to be coupled at low catalyst loadings (0.5 mol%) and at ambient conditions (Scheme 

72), thus outperforming most of the known phosphine and NHC-based palladium complexes normally 

used as catalysts for this type of reactions.  

 

Scheme 72. Example of an Pd-catalyzed amination of p-chlorotoluene with piperidine  at room temperature 
enabled by the joYPhos ligand system. 

However, their high activity comes also with some drawbacks. Caused by their strong electron-donating 

properties, some of these ligand systems are highly sensitivity towards elevated reaction 

temperatures[31], which are sometimes needed for difficult or sterically demanding substrates, ultimately 

leading to catalyst decomposition and thus to reduced long-term activities. For the same reason, also 

incompatibilities with sensitive functional groups were observed.[31] The novel CyYPhos systems 

developed in this work differ from the already described ligands in two key points: First, due to the 

electron-withdrawing nature of the sulfonyl-group, they are only moderately electron-rich and thus 

should be less sensitive towards side reactions compared to their alkyl and aryl counterparts, which 

should result in a higher functional group tolerance. Second, the incorporation of the sulfonyl-moiety 

should enable an additional O-coordination to the Pd-center and thus a higher stability at elevated 

temperatures should be achieved. Moreover, the additional donation from the sulfonyl's oxygen atom 

may act as an anchoring side arm, which easily opens up, rendering an in-situ formed open coordination 

side when necessary for substrate coordination (Scheme 73).  
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Scheme 73. Attempted, reversible coordination of one of the sulfonyl's oxygen atoms to the palladium center. 

To test if the sulfonyl substituted CyYPhos ligands are able to form palladium complexes, CyYS-PCy2 was 

mixed with an equimolar amount of Pd2dba3 and THF-d8 was added.  

 
Scheme 74. Preparation of CyYS-PCy2-Pd(dba) via reaction of CyYS-PCy2 with Pd2dba3 in THF.  

The reaction was analyzed by 31P{1H}-NMR spectroscopy and revealed to be highly selective. The 

formed product gives rise to a signal that appears high field shifted compared to the free ligand 

(cf. δP = 31.7, -7.3 ppm), resonating at δP =  32.5 (d, 2JPP = 34.4 Hz) and 22.1 ppm (brd, 2JPP = 35.1 Hz), 

respectively. However, after 1h still around 10% of starting material was present and full conversion 

could not be achieved also after a prolonged reaction time. From the reaction mixture, a block shaped, 

black crystal suitable for XRD analysis was obtained. The molecular structure is depicted in Figure 35.  

 

 

Figure 35. Molecular structure of CyYS-PCy2-Pd(dba). Due to low data quality, only the constitution of the molecule 
is given here. 

Unfortunately, the obtained crystal was only of low quality, thus a detailed discussion on bond lengths 

and angles can not be made. However, the obtained structure clearly confirms the formation of the CyYS-
PCy2-Pd(dba) complex, albeit the coordination mode is not as anticipated. The palladium atom favors 

coordination of the arene moiety over the sulfonyl's oxygen atom. Additionally, one dba ligand is also 
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coordinated. However, such a η2 coordination is often observed in Pd(0) complexes and is in general 

reversible.[190] Since the CyYS-PCy2-Pd(dba) complex is formed relatively fast in THF, studies on the 

catalytic ability were performed in-situ. The rate determining-step in palladium-catalyzed 

transformations is often the oxidative addition of the aryl-halide. Since this is also the case for BHA and 

the beforementioned YPhos ligands are able to perform this step at room temperature even with non-

activated aryl chlorides, the ability to perform similar oxidative additions on CyYS-PCy2-Pd(dba) was 

probed. Therefore, an excess amount of p-chlorotoluene was added to a freshly prepared solution of 
CyYS-PCy2-Pd(dba) at room temperature and the reaction was monitored via 31P{1H}-NMR 

spectroscopy. 

 

Figure 36. Oxidative addition of p-chlorotoluene on CyYS-PCy2-Pd(dba) at different reactions temperatures and -
times: room temperature, 1h (top); 40°C, 1h (middle); 40°C, 3h (bottom).  

As can bee seen from Figure 36, oxidative addition did not proceed under ambient conditions (top). 

This was expected, because with an only moderate electron-richness, CyYS-PCy2 does not posses 

enough donor power to enable oxidative addition of the strong enthalpic C–Cl bond of p-chlorotoluene 

at room temperature. However, moderate heating to 40°C for 1h, results in the formation of the 

(presumably) oxidative addition product CyYS-PCy2-Pd(pTol)Cl (middle). Prolonged heating (3h) at 

40°C resulted in almost complete conversion of the CyYS-PCy2-Pd(dba) complex (bottom). CyYS-PCy2-
Pd(pTol)Cl is characterized by more low field shifted signals in the 31P{1H}-NMR spectrum, resonating 

at δP =  35.9 (brd, 2JPP = 23.0 Hz) and 28.3 ppm (brd, 2JPP = 35.1 Hz). Furthermore, one can observe 

that the resolution of the spectra gets worse upon heating. This can be attributed to the precipitation of 

the assumed product from the reaction mixture. From this mixture, a colourless crystal was isolated 

which was suitable for XRD analysis. 
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Figure 37. Molecular structure of CyYS-PCy2-Pd(pTol)Cl. Due to low data quality, only the constitution of the 
molecule is given here. 

Again, the obtained data was not of sufficient quality to discuss specific bond lengths and angles. 

However, as can be seen from Figure 37, the XRD analysis clearly confirmed the successful oxidative 

addition. The Pd(II) atom adopts a square planar geometry, being coordinated by the CyYs-PCy2 ligand 

via the phosphine phosphorus atom and as anticipated also via one of the oxygen atoms of the sulfonyl 

group. As a consequence, the p-tolyl group and the chlorine atom are placed on the same side, thus 

adopting a cis-geometry. It must be noted that the sulfonyl coordination leads to the formation of a 

monomeric complex. This contrasts other YPhos ligands which formed dimeric oxidative addition 

products.[191] 

With the established reaction parameters for the oxidative addition of p-chlorotoluene in hand, the 

catalytic amination with this ligand system was tested. That said, a freshly prepared THF solution of 
CyYS-PCy2-Pd(dba) (0.5 mol%) was added to a THF solution containing piperidine, p-chlorotoluene, 

KOtBu and 1,3,5-trimethoxybenzene (internal standard) and stirred at 40°C. The reaction mixture was 

monitored via 1H-NMR spectroscopy. However, even after stirring over night, no conversion was 

detected. This is surprising, since oxidative addition is feasible at this reaction temperature and thus 

this usually rate-determining-step should not hamper the catalytic activity. Albeit oxidative addition was 

already achieved at 40°C, the reaction was repeated with refluxing THF to speed up this reaction step. 

To our surprise, also under these reaction conditions no conversion at all was observed. Similarly, 

varying the amine scope or using the bromo-toluene derivative, which should be easier to couple, did 

not result in any detectable conversion to the desired products. To investigate why no conversion was 

obtained with CyYS-PCy2-Pd(dba), further single steps of the catalytic cycle were explored. After 

confirming that oxidative addition is feasible, the next step would be the coordination of the amine. 

Therefore, a freshly prepared solution of CyYS-PCy2-Pd(pTol)Cl was treated with an excess of 

piperidine and the mixture was monitored via 31P{1H}- NMR spectroscopy (Figure 38).  
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Figure 38. 31P{1H}-NMR spectrum from the reaction mixture of CyYS-PCy2-Pd(pTol)Cl before (top) and after the 
addition of piperidine (bottom).  

As can be seen from the obtained spectra, upon addition of piperidine only a slight shift towards lower 

field is observed, while no additional signals appear. This is a strong indication for the absence of any 

formation of the respective amine-complex. One explanation for this observation could be the inability 

of the oxidative addition complex CyYS-PCy2-Pd(pTol)Cl to perform a dissociation of the O–Pd bond. 

As a consequence, no additional coordination at the Pd(II) center is possible, explaining the lack of 

reactivity in catalysis.  
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Scheme 75. Synthesis of the oxidative addition complex CyYS-PCy2-Pd(pTol)Cl and subsequent failed 
attempt to prepare its amine-coordinated species with piperidine.    

To prove this hypothesis, DFT calculations were performed on the PBE0/def2svp//PBE0/def2tzvp level 

of theory by Henning Steinert from the Gessner group. Indeed, it was found that CyYS-PCy2-Pd(pTol)Cl 
with a palladacycle is 23.4 kJ/mol more stable in energy than its de-coordinated analogue. In the latter, 

the Pd atom is only stabilized by weak Pd–H agostic interactions, thus explaining why in CyYS-PCy2-
Pd(pTol)Cl the additional coordination via a stronger Pd–O bond is preferred. Furthermore, the kinetic 

barrier to break this bond seems also to be high in energy, since also in refluxing THF no conversion 

was observed. Due to this reasons, no further attempts to use the novel sulfonyl-substituted YPhos 

ligands in Pd catalyzed C–N cross coupling reactions were performed.
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4. Summary and Outlook 
The aim of this thesis was the synthesis, isolation and characterization of a tricyclohexyl-phosphonium 

yldiide (CyY-M) and its subsequent application in group 14 and 15 chemistry. The first part focused on 

the use of the yldiide as a stabilizing ligand for low-valent group 14 compounds, above all, heavier 

carbene analogues. The electronic properties as well as the reactivity of the novel ylide-tetrylenes were 

investigated via DFT calculations and experimental methods. In the second section of this thesis, the 

preparation of CyY-functionalized phosphines, the elucidation of their electronic-and steric properties as 

well as their ability to function as strong donor ligands for TM catalysis were explored. 

 

Synthesis, Isolation and Crystal Structures of the Metalated Ylides  
[Cy3P-C-SO2Tol]M (M = Li, Na, K) 

Our group recently reported on the synthesis of a triphenylphosphonium based metalated ylide (PhY-M) 

and its application as a strongly donating ligand for the isolation of low-valent main-

group compounds. However, during our studies on PhY stabilized main-group 

compounds C–H(sp2) activation reactions were observed, leading to the cleavage of 

the ylide substituent from the main-group element. Thus, to further exploit the use of 

metalated ylides as stabilizing ligands in main-group chemistry, the synthesis of the 

tricyclohexylphosphonium substituted metalated ylide (CyY-M) was addressed in the first part of this 

thesis. This yldiide was expected to be less prone to bond activation reactions due to stronger C–H(sp3) 

bonds. The metalated ylide CyY-M was synthesized from the corresponding ylide CyY-H which could be 

obtained by reaction of in-situ formed tricyclohexyl phosphonium methylide (Cy3P=CH2) with tosyl 

fluoride. In this reaction, Cy3P=CH2 acts not only as a nucleophile, but also as a base, thus delivering 

directly CyY-H and one equivalent of [Cy3P–Me]F. To prevent the formation of [Cy3P–Me]F, under 

optimized reaction conditions Cy3P=CH2 was treated with one equivalent of tosyl fluoride in the 

presence of another equivalent of base, thus delivering CyY-H in a single reactions step as a colourless 

solid in excellent yields of up to 90% (Figure 39). CyY-H was fully characterized and furthermore, its 

preparation could be performed on large scale (>10 g).  

 
Figure 39. One-pot synthesis of CyY-H via reaction of Cy3P=CH2 with tosyl fluoride in the presence of NaHMDS 
and subsequent metalation of CyY-H with strong metal bases to yield the yldiides CyY-M (M = Li, K). 

With the ylide in hand, its metalation was subsequently probed with HMDS bases, which were 

successfully applied to access its PPh3 analogue. However, no reaction was observed, which is in line 

with the decreased CH-acidity of CyY-H, due to the more electron-rich PCy3 unit. Thus, successful 

metalation of CyY-H was achieved with benzyl potassium, n-BuLi and NaNH2 delivering the respective 

metalated ylides CyY-M (M = Li, Na, K). 

All metalations turned out to be highly selective, however gram-scale isolation was most facile for CyY-
Li and CyY-K, delivering the metalated ylides as yellow, highly air-and moisture sensitive solids in 
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excellent yields. Both yldiides were fully characterized by NMR spectroscopy, elemental analysis and 

XRD studies. Their molecular structures are depicted in Figure 40 and show some interesting features.

 
Figure 40. Molecular structures of (CyY-Li)4·LiI·4THF (left) and (CyY-K)8·2THF (right). Ellipsoids drawn at the 50% 
probability level, non coordinating THF solvents as well as disordered moieties and hydrogen atoms are omitted 
for clarity. 

CyY-Li crystallizes as S4 symmetric tetramer and incorporates an additional molecule of LiI, while CyY-
K forms a C4 symmetric structure with an octahedral prism consisting of (K4O4)2 units. Compared to the 

protonated precursor CyY-H, a remarkable contraction of the P–C–S linkage is observed upon 

deprotonation.  

 

 

Synthesis of Low-Valent Dinuclear Group 14 Compounds with Element-Element Bonds by 
Transylidation 

With the novel metalated ylides in hand, their ability to stabilize low-valent main group species was next 

addressed. Therefor, the synthesis of a di-ylide stabilized germylene (CyY2Ge) and stannylene (CyY2Sn) 

via salt metathesis with CyY-M and half an equiv. of ECl2 (E=Ge, Sn) was attempted in a similar way as 

previously described for the PPh3-substituted analogue.[166] 
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Figure 41. Syntheses of di-ylide tetrylenes CyY2E (E = Ge, Sn) from salt metathesis reactions between metalated 
ylides CyY-M (M = Li, K) and E(II)Cl2 precursors (top); molecular structures of CyY2Sn (bottom, left) and CyY2Ge 
(bottom, right). Ellipsoids drawn at the 50% probability level, disordered moieties and hydrogen atoms omitted for 
clarity.  

Indeed, by following this synthesis route, CyY2Ge and CyY2Sn could be obtained as pure, pale yellow 

solids in good yields (Figure 41) and fully characterized. Their molecular structures show essentially 

the same properties as their PPh3-substituted analogues. For instance, the unusual alignment of the 

three lone pairs of electrons in the C–E–C linkage is retained, thus confirming the high donating ability 

of the tetrylenes. Next, it was tested if replacement of the PPh3 group with a PCy3 moiety really leads 

to an increase in stability. Indeed, refluxing a benzene solution of CyY2Ge did not show any sign of 

decomposition as judged by NMR analysis. With both tetrylenes in hand, their reactivity towards Lewis 

acids such as GeCl2·dioxane and SnCl2 was probed, with the intention to exploit their exceptional donor 

strength for the formation of donor-acceptor complexes, which upon halide abstraction would give 

access to ylide-stabilized heavier vinyl cations of type CyY2E=E(Cl)+ (E = Ge or Sn). However, the 

reaction of CyY2Ge and CyY2Sn with the group 14 metal chlorides turned out to not delivered the 

respective donor-acceptor complexes. Instead, a unique ylide-transfer from one metal to another is 

observed. As such, the reaction of CyY2Ge with SnCl2 or CyY2Sn with GeCl2·dioxane in equimolar 

amounts, delivered the chloro(ylide)stannylene dimer (CyYSnCl)2 (170) and 1,2-

dichloro(ylide)digermene CyY(Cl)Ge-Ge(Cl)CyY (169). These (formally) dimers of the 

chloro(ylide)tetrylenes, could also be prepared from the metalated ylide CyY-M and one equivalent of 

GeCl2·dioxane and SnCl2 , respectively. Interestingly, the di-ylide tetrylenes CyY2E were formed as 

intermediates in these reactions, which subsequently reacted further to 170 and 169, respectively 

(Figure 42). 
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Figure 42. Synthesis of chloro(ylide)tetrylenes 169 and 170 via trans-ylidation (middle); molecular structure of 170 
(right) and molecular- as well as canonical structures of 169 (left).   

169 and 170 could be isolated as pure solids and were fully characterized by means of NMR 

spectroscopy, elemental- and XRD analysis. 169 exhibits an unusual, unsymmetrical structure, while 

170 forms a symmetric chloro-bridged dimer in the solid-state. Due to a relatively long Ge(II)–Ge(II) 

bond of 2.4908(4) Å, 169 can not be considered as a true digermene with a Ge=Ge bond (II) but should 

be rather described as a germylene stabilized germylene (I) or with a polar Ge–Ge single bond (III). 
However, the facile cleavage of this bond (vide infra) indicates that canonical structure (III) is 

presumably less pronounced. The observed ylide-transfer reactivity is remarkable and might offer new 

ways for the synthesis of other ylide-stabilized low-valent main-group compounds under mild conditions 

and thus should be studied in the near future.  

 

 

Reactivity of ylide-stabilized acyclic germylenes and stannylenes 

Next, the ability of the novel di-ylide tetrylenes to activate small molecules like CO2, CO and H2 was 

tested. However, pressurizing benzene solutions of CyY2Ge and CyY2Sn with the respective small 

molecules did not result in any reaction, even under harsh conditions. Due to this lack of reactivity, the 

electronic properties of the di-ylide tetrylenes were elucidated via DFT methods. The calculated frontier 

orbital energies of CyY2E (E = Ge, Sn) show that both tetrylenes are strong donors, reflected by their 

high lying HOMOs. However, due to additional coordination of the sulfonyl oxygen atoms to the metal 

center, the respective LUMOs are well stabilized, resulting in large HOMO-LUMO energy gaps. Since 

narrow frontier orbital energies are essential for the activation of strong enthalpic bonds, the synthesis 

of more reactive ylide-substituted tetrylene systems was attempted. Therefor, the replacement of one 

ylide-substituent by a more electropositive ligand without an additional coordination site was attempted, 

with the aim to lower the respective LUMO energy. Unfortunately, introduction of the hypersilyl group 

by reaction of the chloro(ylide)tetrylenes 169 and 170 with two equivalents of KSi(SiMe3)3, repeatedly 

failed. However, preparation of a terphenyl-substituted system proved to be more successful. 

Terphenyl-substituted tetrylenes have shown to exhibit wide angles between the main group element 

and the sterically demanding substituents, ultimately leading to narrower frontier orbital energies and 

thus to high reactivities.[111,112] Reaction of 169 with two equivalents of (2,6-Tripp2-C6H3)-Li·Et2O (ArTripp-
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Li) lead to ylide-/terphenyl-stabilized tetrylene 173, which could be successfully isolated as a yellow 

solid in good yield. 

 
Figure 43. Synthesis of the ylide-/terphenyl-stabilized tetrylene 173. 

Contrary to CyY2Ge, in the molecular structure of 173 the C–E–C linkage is not perpendicular arranged 

to the P–C–S plane of the ylide substituent, thus enabling π-donation from the ylidic carbon atom to the 

metal center. This was also confirmed by the calculated WBI and NBO analyses. Substitution of one 

ylide substituent in CyY2Ge with ArTripp indeed results in a narrower HOMO-LUMO energy gap (Figure 

44). As anticipated, the LUMO is destabilized compared to its di-ylide congener, due to the missing 

electron-donation from the sulfonyl's oxygen atoms into the empty p-orbital at Ge. However, the LUMO 

of 173 lies still higher in energy than those of related terphenyl-germylenes without an additional π-

donor substituent like the boryl-stabilized germylene 175. Since the ΔEH-L of 173 lies between those 

calculated for CyY2Ge and 175, it should be examined if the calculated energy gap of 414 kJ/mol is 

narrow enough to promote activation of strong enthalpic bonds. Therefor, a solution of 173 was 

pressurized with 1 bar of hydrogen gas. However, no sign of conversion was observed. 
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Figure 44. Resonance structures of 173 including WBIs and properties of the HOMO (right, top); molecular 
structure of 173 (left, top); calculated HOMO-LUMO energy values and ΔEH-L for different terphenyl-stabilized 
germylenes (bottom).  

These results clearly emphasize that for efficient H2 activation based on ylide-stabilized germylenes an 

even narrower ΔEH-L is necessary. This may be achieved by combining for instance the boryl substituent 

used in 175 with the ylide group CyY, which should result in a germylene with an extremely narrow ΔEH-

L. Additionally, 173 may be suitable for the activation of other strong enthalpic bonds like the more polar 

N–H bonds in ammonia. However, from the obtained results it is clear that the chemistry of strongly 

donating acyclic ylide-substituted germylenes and stannylenes is still in its infancy and that more 

exciting results such as with respect to their coordination chemistry or to reactivity changes by variations 

in the ylidic backbone can be expected in the future. 
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Towards the synthesis of an ylide-stabilized acyclic silylene 
After the successful isolation of CyY-stabilized acyclic germylenes and stannylenes, the quest for a 

possible preparation of CyY2Si emerged. Since the former could be easily accessed via salt-metathesis 

from their E(II) chlorides, a similar strategy to access CyY2Si was used. To this end, the metalated ylide 
CyY-Li was reacted with half an equivalent of NHC stabilized silicon dichloride (IPr·SiCl2). However, 

several attempts to access the silylene via this route failed and only the protonation of the ylide as well 

as free IPr were observed. Similarly, attempts to prepare di-ylide chloro silane precursor from SiHCl3 or 

SiX4 (X = Cl, Br, I) which upon base induced HCl elimination or reduction would give the desired 

silylene, failed.  Instead, either only mono-substitution took place (CyY-SiHCl2) or the reactions were 

highly unselective and only gave inseparable product mixtures (SiX4). Since the classical methods for 

preparation of a silylene were unsuccessful, it was probed if transylidation would be a viable method to 

access this species. Therefor, the already isolated di-ylide tetrylenes CyY2E (E = Ge, Sn) were used as 

the low-valent precursors, which upon reaction with IPr·SiCl2 or SiX4 (X = Cl, Br, I) would transfer their 

ylide substituents to silicon, yielding either directly a silylene or a suitable Si(IV) precursor. 

Unfortunately, both attempts were unsuccessful and in no case the formation of a silylene species was 

observed. Thus, acyclic silylenes based on the CyY-substituent seem not to be easily accessible.  

 
Figure 45. Different synthesis attempts towards CyY2Si. 

Thus, the synthesis of a silylene  with methyl- and phenyl-substituted ylide moieties was addressed. 

Since the synthesis of the corresponding metalated ylides is not possible, we aimed at the preparation 

of the di-ylide chlorosilanes via TMS-Cl elimination from TMS-ylides. The TMS-ylides were prepared 

from their respective parent phosphonium salts via deprotonation and subsequent reaction with TMS-
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Cl or TMS-I. With the novel TMS-ylides in hand, they were reacted with half an equivalent of SiCl4 to 

gain access to the respective dichloro-silane species. Unfortunately, only mono-substituted products 

(CyYMe-SiCl3 and CyYPh-SiCl3) were obtained and attempts to prepare the di-ylide substituted silanes 

under more forcing conditions repeatedly failed. XRD analysis on single crystals of CyYPh-SiCl3 revealed 

a very short Cylide–Si bond, indicating that the silicon atom is highly stabilized by electrostatic effects 

and thus inert to nucleophilic attacks. No further attempts to isolate an di-ylide stabilized acyclic silylene 

were undertaken.  

 
Figure 46. Preparation of TMS-ylides and subsequent attempts to obtain di-ylide substituted dichlorosilanes upon 
TMS-Cl elimination; Molecular structures of CyYPh-TMS (top) and CyYPh-SiCl3 (bottom). 

As an alternative to di-ylidyl silylenes, the synthesis of a monoylide substituted silylene was next 

explored. It was recently demonstrated that silylenes bearing strongly donating substituents together 

with a hypersilyl group are highly reactive species and competent in bond activation reactions,[108,109] 

thus the quest arose if ylide-/silyl-silylenes would show the same reactivity. To this end, the synthesis 

of a silyl-silylene with a highly-sterically demanding and electron-rich CyYMes-substituent was attempted. 

The parent phosphonium salt CyYMes-H2 was at first deprotonated and treated with SiBr4 thus giving the 

respective a-silyl-phosphonium salt [CyYMes-SiBr3]Br. Surprisingly, deprotonation delivered ylide-

substituted dibromo-silane 176 with a four-membered ring by deprotonation of one of the cyclohexyl 

groups, instead of the anticipated CyYMes-SiBr3 species (Figure 47). 176 could be isolated in moderate 

yield and fully characterized. 
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Figure 47. Preparation of [CyYMes-SiBr3]Br and its subsequent deprotonation to yield 176, as well as reduction of 
176 with Jones Mg(I) reagent to yield the dimerized one-electron reduction product 179 (top); Molecular structures 
of 176 (bottom, left) and 179 (bottom, right). 

Although the target precursor for the synthesis of an ylide/silyl-silylene was not obtained via this route, 

the reduction of dibromosilane 176 could also lead to interesting low-valent silicon species. Thus, 176 

was reacted with Jones Mg(I) dimer.[101] However, instead of a Si(II) species, an ylide substituted bromo-

disilane 179 was obtained. 179 is probably formed by dimerization of the respective one-electron 

reduction product, which is either too reactive to undergo a second reduction, or steric congestion with 

the used reducing agent did not enable a further electron-transfer. However, 176 may be reduced with 

more reactive reducing agents in the future to yield low-valent silicon compounds. Additionally, halide 

abstraction from either 176 or 179 may provide access to highly reactive silicon cations, which could be 

used for instance in Lewis acid catalysis.  
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In the second section of this thesis, the preparation of tricyclohexylphosphonium based ylide-

functionalized phosphines (CyYPhos) and their subsequent application as strong donor ligands for TM-

metal catalysis was explored.  

Au···H-C Hydrogen Bonds as Design Principle in Gold(I) Catalysis 
Gold(I) complexes bearing triphenylphosphonium based YPhos ligands (PhYPhos) have shown a 

remarkable catalytic activity in several organic transformations. In particular, Au(I)–PhYPhos complexes 

with sulfonyl (A) or aryl (B, C) groups in the backbone gave extraordinarily good catalysts.[27,30] The 

outstanding catalytic activity of these systems in Au(I) catalysis is believed to rely mainly on their ability 

to stabilize the catalytically active Au(I)+-species. Among other factors like ligand donor strength or 

sterical demand, the existence of additional Au-arene interactions is believed to be crucial for 

stabilization of the cationic species and hence for the observed high catalytic activities. The design 

element of incorporating arene groups in close proximity to the metal center to foster secondary metal 

ligand interactions has been described before. Highly sophisticated NHCs[192] or Buchwald 

phosphines[48] rely on the same principle (Figure 48). Thus, the fundamental question arises if these 

Au-arene interactions are really necessary for efficient Au(I) catalysis or if these could also be replaced 

by other design elements.  

 
Figure 48. Highly sophisticated ligands in which gold-arene interactions where postulated. 

To answer this question, tricyclohexylphosphonium congeners to A, B and C should be prepared. These 

ligands should not exhibit these interactions in their respective gold complexes and thus would allow 

for a direct comparison in catalysis. While the preparation of the CyYPhos congeners to B and C were 

already described in literature, namely CyYoTol-PCy2 (L2) and CyYMes-PCy2 (L3), the preparation of the 

former had to be developed. That said, the metalated ylide CyY-Li was reacted 

with chloroalkyl phosphines (PR2Cl, R = iPr, Cy) to deliver CyYS-PCy2 (L1) and 
CyYS-PiPr2 (L4), respectively. The latter was prepared to investigate the influence 

of the smaller alkyl group on catalytic activity. Furthermore, to exclude any 

possible Au-arene interaction, the tolyl group was substituted by a perfluorobutyl 

chain, delivering a completely arene-free derivative of L1. CyYSF-PCy2 (L5) was 

prepared by in-situ deprotonation of its ylide precursor CyYSF-H leading to the 

respective metalated ylide which is then reacted with PCy2Cl. All phosphines could 

be isolated as colourless solids in good yields and were fully characterized by NMR spectroscopy, 

elemental- and XRD analysis. Next, their respective CyYPhosAu(I)-Cl (P1, P4 and P5) were synthesized 
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via reaction of the free phosphines with (tht)AuCl. The complexes were obtained as colourless solids 

and were fully characterized including XRD analysis. In the latter, remarkably short Au···H–Csp3 

distances were observed, thus strongly indicating the presence of gold-hydrogen bonds. Specifically, 

the obtained Au···H–Csp3 distances for P1 2.39(4) Å and P5 2.38(5) Å represent the shortest Au–C–H 

bonds reported to date. The presence of attractive bonding interactions between the gold atom and the 

cyclohexyl's hydrogen atoms could be observed furthermore by NMR spectroscopy and was also 

proved via different DFT methods. The latter revealed that the Au···H–C bonds are of anagostic nature, 

thus the Au atom acts as an electron-donor, while the C–H moiety acts as an acceptor. Furthermore, it 

was confirmed that these interactions are also present in the gas-phase and most important, are 

preferred over any other possible interaction e.g., coordination via the sulfonyl group or arene-

interaction with the tolyl motif.  

 
Figure 49. Synthesis of novel CyYPhos ligands L1 and L5 (left, top) and preparation of the corresponding 
complexes (P1 and P5) (right, top); molecular structures of the novel phosphines (bottom, left) and Au-complexes 
(bottom, right). 

To examine the electronic properties of the novel phosphines, their TEP value was determined by 

analyzing the carbonyl stretching frequencies of the corresponding [Rh(CyYPhos)(acac)(CO)] 

complexes. As expected, L1 turned out to be more electron donating than L4, while the highly electron-

withdrawing effect of the perfluorobutyl group becomes evident in L5, making it even less electron-

releasing than its parent tricyclohexylphosphine. This result clearly shows how easily the electronics of 

YPhos ligands can be tuned via backbone modification. Furthermore, the novel CyYPhos ligands turned 

out to be highly sterically demanding, covering more than half of the metal's sphere according to their 

calculated Vbur%. The obtained values are essentially similar to the respective PPh3 analogues, thus 
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confirming that the overall electronic and steric properties do not change upon substitution with PCy3. 

This was also confirmed by batch solution calorimetry studies performed in the Nolan group, which 

exhibit same reaction enthalpy's for the formation of gold-complexes from [Au(DMS)Cl] and A or L1.  
Table 4. Steric and electronic-properties of CyYPhos ligands.  

 L1 L2 L3 L4 L5 
Vbur% [%][a] 54.8 49.4 50.7 53.2 52.5 

TEP [cm-1][b] 2057.0 2048.0 2048.4 2058.7 2059.8 
[a] Calculated with the SambVca 2.1 program for the Au(L)Cl complexes; M-P distance = 2.28 Å, including H atoms.[193]; [b] TEPs were determined 

by νCO in the [Rh(acac)(CO)(L)] complexes using the linear relationship between νCO for [Ni(CO)3(L)] and [Rh(acac)(CO)(L)].[25] 

 

Next, the ability of the CyYPhos-Au-(I) complexes to catalyze the hydroamination of phenylacetylene 

with aniline was tested under the exact same conditions already applied for A, B and C. The CyYPhos-

Au(I) complexes P1–P3 turned out to be highly active catalysts and were furthermore similarly effective 

as their PPh3-substituted congeners. Moreover, substitution of the cyclohexyl-groups on the P(III) 

phosphorus atom in P1 with isopropyl-groups (P4) leads only to a moderate drop in reactivity. Most 

interestingly, the completely arene-free derivative P5 gave also nearly full conversion after 24 h of 

reaction time, thus confirming that Au···Carene interactions are not necessary to yield efficient catalysis. 

In addition, P1 and P5 retained their catalytic activity also at lower catalyst loading, with P1 being 

similarly efficient as A under these conditions, thus impressively demonstrating that stabilization of the 

catalytically active cationic Au(I) species is equally well performed by Au···H–C interactions. 

Additionally, the generality of this concept could be proved by substitution of the 

biaryl-motif of Buchwald ligand CyJohnPhos with a (phenyl-2-cyclohexyl)-group, 

ultimately leading to the gold complex P6. Similar to the CyYPhos ligands, P6 exhibits 

Au···H-C interactions as proved by XRD analysis and DFT calculations. Most 

importantly, P6 is as active as its parent biaryl congener CyJohnPhos·AuCl in the 

hydroamination of phenylacetylene with aniline. 

 
Figure 50. Comparison of the catalytic activity of the novel CyYPhos-Au(I) complexes in the hydroamination of 
phenylacetylene with aniline with their PPh3 congeners. 
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Reports in literature have often assumed that gold-arene interactions are prerequisites for the design 

of highly-active gold catalysts. However, the results presented in this work clearly underline, that gold-

hydrogen bonds are equally well suite, enabling efficient gold(I) catalysis even at low-catalyst loadings. 

These novel secondary ligand interactions may open new possibilities for future catalyst design.  
 

CyYPhos ligands in Pd catalysis 
Motivated by the results achieved with the novel CyYPhos ligands in gold(I) catalysis, their ability to 

perform Pd-catalyzed C–N cross couplings was next explored. First, it was tested if the sulfonyl-

substituted YPhos ligands are suitable for the formation of Pd(0) complexes. Therefore, CyYS-PCy2  was 

reacted with an equimolar amount of Pd2dba3. However, albeit the respective CyYS-PCy2Pd·dba  could 

be successfully synthesized, and its structure unambiguously confirmed via XRD, it turned out that this 

complex was inactive in the C–N cross coupling reaction of p-chlorotoluene with piperidine at room 

temperature. Subsequently its ability to perform single steps of the catalytic cycle was explored. While 
CyYS-PCy2Pd·dba does not perform the oxidative addition of p-chlorotoluene at room temperature, 

almost full conversion to the oxidative addition product (CyYS-PCy2-Pd(pTol)Cl) could be achieved after 

3 h at 40°C. XRD analysis on single crystals obtained from the reaction mixture confirmed the formation 

of the anticipated oxidative addition complex , and furthermore the existence of a coordination of the 

Pd center by one of the sulfonyl's oxygen atoms. However, albeit the oxidative addition of p-

chlorotoluene could be proven, no catalytic activity was observed even in refluxing THF. Thus, to check 

whether the next step of the catalytic cycle is working, piperidine was added to CyYS-PCy2-Pd(pTol)Cl. 
31P{1H} NMR analysis showed no conversion to a new product, thus strongly indicating that that no 

adduct formation is possible. The lack of reactivity might be explained by the inability of CyYS-PCy2-
Pd(pTol)Cl to break its Pd(II)–O bond, thus the Pd-atom remains always fully saturated allowing no 

further coordination by the amine. DFT calculations support this hypothesis, since breaking the Pd(II)–

O is thermodynamically unfavored in comparison with the respective palladacycle.  
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Figure 51. Oxidative addition of p-chlorotoluene to CyYS-PCy2Pd·dba, yielding to the CyYS-PCy2-Pd(pTol)Cl 
complex, and subsequent attempt to prepare the amine-coordination complex with piperidine (top); molecular 
structures of CyYS-PCy2Pd·dba (bottom, left) and CyYS-PCy2-Pd(pTol)Cl (bottom, right). 

This results indicate that Pd-complexes based on sulfonyl-substituted YPhos ligands seem not to be 

suitable to catalyze BHA reactions. However, these ligand systems might be useful for catalytic 

transformations in which no substrate coordination is necessary, for instance catalytic cycles involving 

transmetallation reactions. Thus, the ability of the novel sulfonyl-substituted YPhos Pd-complexes to 

perform catalysis with other cross-coupling protocols should be tested in the future. 

 

 

Overall, the results presented in this thesis provided a valuable contribution to the field of ylide-stabilized 

low-valent main group species as well as homogeneous catalysis based on CyYPhos-TM complexes. 

The full potential of this special donor class in main-group chemistry and TM-catalysis is by no means 

exhausted. Important findings obtained in this thesis will help to optimize future ylide ligand design, 

which might enable the isolation of more reactive ylide-stabilized main group compounds and more 

efficient TM-catalysts based on ylide-functionalized ligand systems.
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5. Experimental Section 
General Remarks 
Full syntheses procedures, computational details and crystallographic data of the compounds published 

in peer-review journals can be found in the respective supporting information file by following the given 

DOI number. However, to keep the consistency of this thesis, synthetic procedures for already published 

compounds will be presented here as well. Experimental details will be given sequentially, following the 

section in which they appeared first. Crystallographic data for unpublished molecules is given in a 

separate appendix. 

 

All experiments were carried out under a dry, oxygen-free argon atmosphere using standard Schlenk 

techniques or inside a glovebox. Involved solvents (Et2O, THF, acetonitrile, toluene, DCM, n-hexane 

and n-pentane) were dried via a solvent purification system (MBraun SPS 800) or according to standard 

procedures (cyclohexane, DMSO), degassed and stored over molecular sieves. Deuterated solvents 

were purchased from commercial suppliers (Euroisotop, Sigma-Aldrich or Deuterio), degassed and 

stored over molecular sieves. Glassware was oven-dried (130 °C) before use.  

 
1H, 13C{1H}, 31P{1H}, 19F{1H}, 119Sn{1H}, 29Si{1H}, 7Li NMR spectra were recorded on a Bruker Avance III 

HD 400 MHz spectrometer at 25 °C (if not otherwise stated). All values of the chemical shift are in ppm 

regarding the δ−scale. All spin-spin coupling constants (J) are printed in Hertz (Hz). 1H NMR and 
13C{1H} NMR spectra were referenced to the respective residual solvent signals. NMR spectra of other 

nuclei were referenced to their respective external standards. To display multiplicities and signal forms 

correctly the following abbreviations were used: s = singlet, d = doublet, dd = doublets of doublets, 

t = triplet, m = multiplet, br = broad signal. Signal assignment was supported by DEPT, APT, HSQC and 

HMBC experiments. 

 

Elemental analyses were performed on an Elementar vario MICRO-cube elemental analyzer. XRD 

analyses were performed with Oxford SuperNova (Cu-microsource, Atlas detector). Data collection, 

absorption correction and cell determination were conducted with CrysAlisPro (Agilent Technologies, 

version 1.171.36.24)., while structure refinement was performed with SHELXL14/SHELXL18/3[194]. 

 

DFT calculations were performed by Henning Steinert and Julian Löffler. All computational studies were 

carried out without symmetry restrictions. If it was not possible to obtain starting coordinates from crystal 

structures, GaussView 6.0[195] was used. Calculations were performed with the Gaussian16 Revision 

B.01[196] or the Gaussian16 Revision C.01[197] program packages using Density-Functional Theory 

(DFT).[198] Energy optimizations were carried out with the PW6B95D3 functional[199] and def2svp or 

def2tzvp basis set.[200] As implemented in Gaussian, MWB60 ECP[201] together with GRIMMES D3 

dispersion correction with Becke-Johnson damping was used for Au, while MWB46 ECP was used for 

Sn.[202] To determine the nature of the structure harmonic vibrational frequency analyses were performed 

on the same level of theory. No imaginary frequencies were observed for the optimized structures. NBO 

Analysis was performed with NBO Version 7.0.[203] The optimized structures were used for the quantum 

theory of atoms in molecule (QTAIM)[204] and noncovalent interaction (NCI)[205] analyses using 
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Multiwfn.[206] The results were visualized using the VMD 1.9.4a51 software.[207] Chemcraft 3D[208] and 

Gimp[209] were used for graphical representation. 

 

 

Benzyl potassium[210], pTol–SO2CH2I[211], Li–CH2SO2-pTol[212], K–Si(SiMe3)3[213], ArTripp–Li[214], 

IPr·SiCl2[178], CyYMe-H2[28,215], CyYPh-H2[33] , CyYMes-H2[29], MesNacNac–Mg(I) dimer[216], NaBArF4 [217], CyYoTol-

PCy2 (L2)[29], [Au(CyYoTol-PCy2)Cl] (P2)[29], CyYMes-PCy2 (L3)[29], [Au(CyYMes-PCy2)Cl] (P3)[29] , 

[RhCl(CO)2]2[218] and Cy-CyJohnPhos (L6)[219] were prepared according to literature procedures. All other 

reagents were purchased from commercial suppliers and used without further purification. 

Organolithium bases were titrated against diphenylacetic acid before use.    
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5.1 Experimental Details for Section 3.1  
Synthesis of [Cy3PCH2I]I: 

Tricyclohexylphosphine (10.00 g, 35.7 mmol, 1.00 eq.) was dissolved in toluene (200 mL). 

Diiodomethane (3 mL, 37.1 mmol, 1.04 eq.) was added dropwise to the solution at RT. 

During the addition, a white solid precipitated out of the solution. The reaction mixture was 

stirred at RT until full precipitation was achieved (36 h). Next, the suspension was filtered and washed 

with Et2O (3 x 10 mL). The solid was dried in vacuo (1 x 10-3 mbar) for 4 h, giving the product as a white, 

amorphous powder (89%, 17.40 g). 
1H NMR (DMSO-d6, 400 MHz): δ (ppm) = 3.49 (d, 2JPH = 7.3 Hz, 2H, CH2I), 2.69 – 2.55 (m, 3H, PCy-

CH), 2.00 – 1.92 (m, 6H, PCy-CH2), 1.88 (m, 6H, PCy-CH2), 1.76 – 1.71 (m, 2H, PCy-CH2), 1.58 (m, 

6H, PCy-CH2), 1.44 – 1.18 (m, 10H, PCy-CH2). 
13C{1H} NMR (DMSO-d6, 100.6 MHz): δ (ppm) = 30.1 (d, 1JCP = 40.9 Hz, PCy3-CH), 26.0 (PCy3-CH2), 

25.9 (PCy3-CH2), 25.9 (d, 2JCP = 12.6 Hz, CH2), 24.9 (PCy3-CH2). 
31P{1H} NMR (DMSO-d6, 161.9 MHz): δ (ppm) = 30.9 (s). 

CHNS: calculated: C: 41.62%, H: 6.43%, found: C: 41.68%, H: 6.06%. 

 

 

Synthesis of CyY-H2: 
[Cy3PCH2I]I (5.40 g, 9.85 mmol, 1.00 eq.) and sodium p-tolylsulfinate (3.51 g, 

19.7 mmol, 2.00 eq.) were dissolved in 30 mL DMSO. The suspension was 

heated at 100 °C for 36 h. After cooling the suspension down to RT, the solvent 

was removed under reduced pressure and the residue was redissolved in 

dichloromethane (30 mL). The dark suspension was filtrated over celite, giving a dark brown solution. 

The solution was reduced to 10 mL and toluene (40 mL) was added, which resulted in the precipitation 

of phosphonium salt CyY-H2. The solid was filtrated off, washed with 3 x 5 mL of toluene and dried in 

vacuo (1 x 10-3 mbar, 60 °C, 12 h) giving the title compound as a white, amorphous powder (1.7 g, 30%). 
1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 8.03 (d, J = 8.0 Hz, 2H), 7.46 (d, J = 8.0 Hz, 2H), 5.00 (d, 2JPH = 

11.4 Hz, 2H, PCH2S), 3.07 – 2.90 (m, 3H, PCy-CH), 2.47 (s, 3H, CH3-Tol), 2.13 – 2.04 (m, 6H, PCy-

CH2), 1.99 – 1.90 (m, 6H, PCy-CH2), 1.85 – 1.69 (m, 9H, PCy-CH2), 1.55 – 1.32 (m, 9H, PCy-CH2). 
13C{1H} NMR (CD2Cl2, 100.6 MHz): δ (ppm) = 147.1 (p-C), 137.5 (d, 3JCP = 3.4 Hz, ipso-C), 130.8 (m-

C), 128.6 (o-C), 44.5 (d, 1JCP = 31.3 Hz, PCH2S), 32.0 (d, 1JCP = 36.7 Hz, PCy-CH), 27.8 (d, 3JCP = 3.9 

Hz, PCy-CH2), 27.0 (d, 2JCP = 12.7 Hz, PCy-CH2), 25.8 (d, 4JCP = 1.8 Hz, PCy-CH2). 
31P{1H} NMR (CD2Cl2, 161.9 MHz): δ (ppm) = 35.4 (s). 

CHNS: calculated: C: 54.16%, H: 7.34%, S: 5.56%, found C: 54.55%, H: 7.55%, S: 5.21% 

 
 
Synthesis of [Cy3P-Me]I: 

Tricyclohexylphosphine (16.00 g, 57.05 mmol, 1.00 eq.) was dissolved in toluene (200 mL). 

Methyl iodide (3.8 mL, 61.05 mmol, 1.07 eq) was added dropwise to the solution at RT. 

During the addition, a white solid precipitated out of the solution. The reaction mixture was 

stirred at r.t. until full precipitation was achieved (2 h). Next, the suspension was filtered and washed 
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with Et2O (3 x 10 mL). The solid was dried in vacuo (1 x 10-3 mbar) for 4 h, giving [Cy3P-Me]I as a white, 

amorphous powder (98%, 23.50 g). 
1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 2.5 (m, 3H, PCy-CH), 2.0 – 1.9 (m, 11H; PCy-CH2), 1.9 (d, J = 

12.1 Hz, 3H; CH3), 1.8 – 1.8 (m, 3H; PCy-CH2), 1.6 – 1.2 (m, 16H; PCy-CH2).  
31P{1H} NMR (CD2Cl2, 161.9 MHz): δ (ppm) = 33.7 (s). 

The obtained signals are in accordance with literature values.[x] 

 

 

Synthesis of CyY-H: 
[Cy3P-Me]I (10.00 g, 23.68 mmol, 1.00 eq.) and NaHMDS (8.77 g, 47.82 mmol, 

2.02 eq.) were placed into a 250 mL schlenk flask. THF (150 mL) was added, 

giving a white suspension. The mixture was stirred for 30 min at room 

temperature. In a separate schlenk flask, p-Toluenesulfonyl fluoride (4.12 g, 

23.68 mmol, 1.00 eq.) was dissolved in THF (25 mL) and this solution was slowly added to the 

suspension via cannula, upon which a color change from white to a deep brown occurred. The reaction 

mixture was stirred over night and the solvent was removed in vacuo. Dichloromethane (100 mL) was 

added to the residue, the resulting suspension was centrifugated (20 min, 2000 rpm) and subsequently 

filtrated over celite to obtain a clear yellowish solution. Removal of the solvent under reduced pressure 

yielded an off-white solid, which was washed with n-hexane (5 x 25 mL). After drying in vacuo (1 x 10-

3 mbar) for 4 h at 70 °C, the pure product was obtained as a white solid (90%, 9.80 g). 
1H NMR (CD2Cl2 ,400 MHz): δ (ppm) = 7.61 (d, 2JHH=8.2 Hz, 2H, o-CH), 7.10 (d, 2JHH=7.9 Hz, 2H; m-

CH), 2.28 (s, 3H), 2.25–2.13 (m, 3H, PCy3-CH), 1.77 (d, 2JPH=8.4 Hz, 1H; PCHS), 1.83 – 1.74 (m, 12H, 

PCy3-CH2), 1.74 – 1.64 (m, 3H, PCy3-CH2), 1.47–1.33 (m, 6H, PCy3-CH2), 1.32 – 1.05 (m, 9H, PCy3-

CH2). 
31P{1H} NMR (CD2Cl2, 161.9 MHz): δ (ppm) = 26.8 (s). 
13C{1H} NMR (CD2Cl2, 100.6 MHz): δ (ppm) = 149.7 (ipso-C), 140.2 (p-C), 129.5 (m-CH), 125.5 (o-CH), 

33.1 (d, 2JCP= 50.8 Hz, PCy3-CH), 27.8 (d, 3JCP= 3.1 Hz, PCy3-CH2), 27.6 (d, 2JCP = 12.3 Hz, PCy3-CH2), 

26.5 (d, 4JCP= 1.6 Hz, PCy3-CH2), 26.1 (d, 2JPH = 105 Hz, PCS), 21.6 (p-Tol-CH3). 

CHNS: calculated: C: 69.61%, H: 9.21%, S: 7.15%, found C: 69.26%, H: 9.04%, S: 7.38%. 

 

 

Synthesis of CyY-Li: 
CyY-H (3.63 g, 8.09 mmol, 1.0 Äq.) was suspended in n-Pentane (100 mL). 

nBuLi (1.53 M in hexanes, 5.29 mL, 1.0 Äq.) was added dropwise to the 

suspension at 0°C. The reaction mixture was warmed to r.t. and stirred for 1 h. 

The suspension was filtered via cannula and a yellow solution was obtained. 

Removal of the solvent under reduced pressure and drying in vacuo (1 x 10-3 mbar) for 4 h at 40 °C 

afforded CyY-Li as a yellow powder (90%, 3.33 g)  
1H NMR (THF-d8, 400 MHz): δ (ppm) = 7.85 (d, 2JHH = 7.7 Hz, 2H, m-CH), 6.96 (d, 2JHH =7.7 Hz, 2H, o-

CH), 2.28 (s, 3H, p-Tol-CH3), 1.95 – 1.84 (m, 10H, PCy-CH+CH2), 1.70 – 1.65 (m, 6H; , PCy-CH2), 1.61 

– 1.57 (m, 3H; , PCy-CH2), 1.43 – 1.38 (m, 4H; , PCy-CH2), 1.20 – 1.10 (m, 10H; , PCy-CH2). 
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31P{1H} NMR (THF-d8,162 MHz): δ (ppm) = 10.1 (s) 
13C{1H} NMR (THF-d8, 100.6 MHz): δ (ppm) = 155.5 (ipso-C), 137.1 (p-C) 128.4 (m-CH), 126.9 (o-CH), 

36.9 (d, J=52.8; PCy3-CH), 28.7 (PCy3-CH2), 28.6 (d, J=8.4, PCy3-CH2), 27.5 (PCy3-CH2), 23.4 (PCy3-

CH2), 21.4 (p-Tol-CH3). The signal for PCS bridge could not be observed. 
7Li NMR (THF-d8, 155.6 MHz): δ (ppm) = 0.6 (s). 

CHNS: calculated: C: 68.70%, H: 8.87%, S: 7.05%, found C: 68.73%, H: 8.84%, S: 7.03% 

 

 

Synthesis of CyY-K: 
Benzyl potassium (0.32 g, 2.45 mmol, 1.1 eq.) and CyY-H (1.00 g, 2.22 mmol, 

1.0 eq.) were placed into a schlenk tube and toluene (25 mL) was added. The 

red reaction mixture was stirred for 5 min at room temp. and was subsequently 

filtered via cannula. A dark yellow solution was obtained. The solvent was 

removed under reduced pressure and the residue was dried in vacuo 

(1 x 10-3 mbar) for 3 h at 40 °C to yield CyY-K as a dark yellow powder (98%, 1.06 g).  
1H NMR (THF-d8 ,400 MHz): δ (ppm) = 7.79 (br, 2H, m-CH), 6.91 (br, 2H, o-CH), 2.28 (s, 3H, p-Tol-CH3), 

1.87 – 1.75 (m, 8H, PCy-CH+CH2), 1.71 – 1.66 (m, 6H, PCy-CH2), 1.61 – 1.57 (m, 3H, PCy-CH2), 1.42 

– 1.31 (m, 6H, PCy-CH2), 1.17 – 1.02 (m, 10H, PCy-CH2). 
31P{1H} NMR (THF-d8,162 MHz): δ (ppm) = 3.2 (s, br) 
 13C{1H} NMR (THF-d8, 100.6 MHz): δ (ppm) = 157.3 (ipso-C), 136.2 (p-C) 128.6 (m-CH), 126.3 (o-CH), 

37.4 (d, J=52.5; PCy3-CH), 28.9 (PCy3-CH2), 28.8 (PCy3-CH2), 27.7 (PCy3-CH2), 21.5 (p-Tol-CH3). The 

signal for PCS bridge could not be observed. 

CHNS: calculated: C: 64.16, H: 8.28, S: 6.59, found C: 64.50, H: 8.30, S: 6.88. 
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5.2 Experimental Details for Section 3.2 
Synthesis of CyY2Ge:  

CyY-Li (197 mg, 0.432 mmol, 2.0 eq.) and GeCl2·dioxane (50 mg, 0.216 mmol, 

1.0 eq.) were placed into a Schlenk tube and 20 mL of toluene was added. The 

reaction mixture was stirred at room temp. for 1h, during which LiCl precipitates 

out of the solution. The yellow suspension was filtered, and the obtained clear 

solution was evaporated in vacuo to full dryness (4h, 50 °C, 1 x 10-3 mbar). The residue was redissolved 

in a small amount of ice-cold toluene (5 mL) and filtered again. Removing the solvent in vacuo furnished 

the title compound as a pale-yellow solid (148 mg, 0.153 mmol, 71 %). X-Ray quality crystals were 

grown by slow evaporation of a saturated benzene solution. 
1H NMR (C6D6, 400 MHz): δ (ppm) = 1.13 – 1.43 (m, 20H, PCy3-CH2), 1.45 – 1.56 (m, 6H, PCy3-CH2), 

1.58 – 1.64 (m, 6H, PCy3-CH2), 1.67 – 1.74 (m, 10H, PCy3-CH2), 1.74 – 1.85 (m, 12H, PCy3-CH2), 1.98 

(s, 6H, CH3), 2.20 – 2.34 (m, 6H, PCy3-CH2), 2.49 – 2.62 (m, 6H, PCy3-CH), 6.92 (d, 2JHH =7.9, 4H, 

CHSTol,meta), 8.36 (d, 2JHH =7.9, 4H; CHSTol,ortho). 
13C{1H} NMR (C6D6, 101 MHz): δ (ppm) = 21.1 (CH3), 26.7 (PCy3-CH2), 27.0  – 27.8 (m, PCy3-CH2), 

28.0 (PCy3-CH2), 28.5 (PCy3-CH2), 34.4 (d, 1JPC = 49.8 Hz, PCy3-CH), 47.64 (d, 1JPC = 55.6 Hz, PCS), 

127.0 (CHSTol,ortho) , 129.0 (CHSTol,meta), 139.2 (CHSTol,para), 150.85 (CHSTol,ipso). 
31P{1H} NMR (C6D6, 162 MHz): δ (ppm) = 19.7. 

CHNS: for C52H80O4P2S2Ge1: C, 64.53; H, 8.33; S, 6.62. found: C, 64.57; H, 8.39; S, 6.67  

 
 
Synthesis of CyY2Sn: 

CyY-K (257 mg, 0.527 mmol, 2.0 eq.) and finely ground SnCl2 (50 mg, 

0.264 mmol, 1.0 eq.) were placed into a Schlenk tube and 20 mL of toluene and 

a few drops of THF were added. The reaction mixture was stirred at room temp. 

overnight, during which KCl precipitates out of the solution. The volume of the 

yellow suspension was reduced to approximately 5 mL, cooled with an ice-bath and filtered, giving a 

clear slightly yellow solution. Removing the solvent in vacuo furnished the title compound as a pale-

yellow solid (201 mg, 0.199 mmol, 75 %). Crystals suitable for XRD analysis were grown by slow 

evaporation of a saturated benzene solution. 
1H NMR (C6D6, 400 MHz): δ (ppm) =  1.17 – 1.33 (m, 20H, PCy3-CH2), 1.48 – 1.54 (m, 6H, PCy3-CH2), 

1.58 – 1.62 (m, 6H, PCy3-CH2), 1.66 – 1.72 (m, 10H, PCy3-CH2), 1.75 – 1.85 (m, 12H, PCy3-CH2), 1.98 

(s, 6H, CH3), 2.18 – 2.26 (m, 6H, PCy3-CH2), 2.33 – 2.44 (m, 6H, PCy3-CH), 6.89 (d, 2JHH =7.9 Hz, 4H, 

CHSTol,meta), 8.24 (d, 2JHH = 7.9 Hz, 4H; CHSTol,ortho). 
13C{1H} NMR (C6D6, 101 MHz): δ (ppm) = 21.1 (CH3), 26.7 (PCy3-CH2), 27.4  – 27.8 (m, PCy3-CH2), 

28.0 (PCy3-CH2), 28.5 (PCy3-CH2), 34.8 (d, 1JPC = 50.2 Hz, PCy3-CH), 50.4 (d, 1JPC =50.5 Hz, PCS), 

127.0 (CHSTol,ortho) , 129.0 (CHSTol,meta), 139.2 (CHSTol,para), 151.1 (CHSTol,ipso). 
31P{1H} NMR (C6D6, 162 MHz): δ (ppm) = 18.6. 
119Sn{1H} NMR (C6D6, 149 MHz): δ (ppm) = –99.4 (t, 2JSnP = 43.6 Hz). 

CHNS: for C52H80O4P2S2Sn1: C, 61.60; H, 7.95; S, 6.32. found: C, 61.49; H, 8.00; S, 6.23 
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Synthesis of (CyYSnCl)2 (170): 
A freshly prepared solution of CyY2Ge (51 mg, 0.053 mmol, 1.0 eq. in in 

0.5 mL C6D6) was filtered into a J.-Young-style NMR tube containing finely 

ground SnCl2 (10 mg, 0.053 mmol, 1.0 eq.). The tube was placed into an 

ultra-sound bath and was sonicated for 1h, upon which a white precipitate 

formed. The reaction mixture was filtered into another NMR tube and the residue was washed with a 

small amount of C6D6 (0.1 mL), re-dissolved in THF (0.3 mL), filtered into a glass vial and stored at –30 

°C for one week, giving colorless crystals of 170 (15 mg, 0.013 mmol, 47 %), suitable for X-ray analyses. 

The filtrate was identified as 169 (vide infra).  

 

Independent synthesis of 170 starting from the metalated ylide CyY-K: 
CyY-K (77 mg, 0.16 mmol, 1.0 eq.) and finely ground SnCl2 (30 mg, 0.16 mmol, 1.0 eq.) were placed into 

a glass vial and were dissolved in 0.7 mL THF-d8. The reaction mixture was shaken for 10 min at room 

temp., filtered into a J.-Young-style NMR tube and analyzed by NMR spectroscopy. The 31P{1H}-NMR 

spectrum showed the selective formation of 170 and CyY2Sn in a ratio of approximately 1 to 0.5. The 

addition of another equivalent SnCl2 yielded full conversion to 170. Upon standing over night, 170 

precipitates out of the solution. The solid was filtered off, washed with a small amount of toluene (0.1 mL) 

and dried in the glovebox atmosphere for 12 h, giving the title compound as a white solid (48 mg, 

0.08 mmol, 50%). Re-dissolving this solid in THF-d8, gave a mixture of 170 and CyY2Sn in the 31P{1H]-

NMR spectrum. When dissolving pure crystals of 170, this product mixture could also be observed, 

strongly indicating an equilibrium between 170, CyY2Sn and SnCl2. NMR data for characterization were 

collected from a freshly prepared sample of (CyYSnCl)2 with an excess of SnCl2 in THF-d8. 
1H NMR (THF-d8, 400 MHz): δ (ppm) =  1.09 – 1.32 (m, 10H, PCy3-CH2), 1.39 – 1.53 (m, 6H, PCy3-

CH2), 1.59 – 1.71 (m, 8H, PCy3-CH2), 1.73 – 1.81 (m, 6H, PCy3-CH2), 2.33 (s, 3H, CH3), 2.43 – 2.55 (m, 

3H, PCy3-CH), 7.19 (d, 2JHH = 8.2 Hz, 2H, CHSTol,meta), 7.90 (d, 2JHH = 8.2 Hz, 2H, CHSTol,ortho). 
13C{1H} NMR (THF-d8, 101 MHz): δ (ppm) = 21.4 (CH3), 27.1 (d, 4JPC = 1.6 Hz, PCy3-CH2), 28.1 (d, 2JPC 

=12.1 Hz), 28.6 (d, 3JPC =3.0 Hz), 34.6 (d, 1JPC = 49.2 Hz, PCy3-CH), 127.4 (CHSTol,ortho), 

129.7(CHSTol,meta), 140.8 (CHSTol,para), 149.7(CHSTol,ipso). No resonance for the ylidic carbon atom could 

be detected, probably due broadening and low solubility of the compound.  
31P{1H} NMR (THF-d8, 162 MHz): δ (ppm) = 24.0 (br). 
119Sn{1H} NMR (THF-d8, 149 MHz): δ (ppm) = −165.5 (s, br) 

CHNS: for C52H80Cl2O4P2S2Sn2: C, 51.89; H, 6.70; S, 5.33 found:  C, 51.54; H, 6.61; S, 5.62. 

 
 
Synthesis of CyY(Cl)Ge-Ge(Cl)CyY (169): 
The filtrate of the above-mentioned reaction mixture was dried in vacuo and subsequently re-dissolved 

in acetonitrile (0.3 mL). The solution was overlayed with 3 mL of cyclohexane and kept at room 

temperature for 2 weeks, yielding colourless crystals of 169 (16 mg, 0.014 mmol, 54 %), which were 

suitable for X-ray structure determination. 
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Independent synthesis of 169 starting from the metalated ylide CyY-Li : 
CyY-Li (490 mg, 1.08 mmol, 1.0 eq.) and GeCl2·dioxane (250 mg, 

1.08 mmol, 1.0 eq.) were placed into a Schlenk tube and 10 mL of toluene 

was added. The reaction mixture was stirred at room temp. for 12h, during 

which LiCl precipitates out of the solution. The yellow suspension was 

filtered, and the obtained clear yellow solution was evaporated in vacuo to 

full dryness (4h, 50 °C, 1 x 10-3 mbar) furnishing 169 (450 mg, 0.81 mmol, 

75 %) as a pale-yellow solid. 
1H NMR (C6D6, 400 MHz): δ (ppm) = 8.64 (d, 2JHH =7.9, 2H, CHSTol,ortho), 8.57 (d, 2JHH =7.9, 2H, 

CHSTol,ortho), 7.13 – 6.86 (m, 4H, CHSTol,meta), 2.74 – 2.57 (m, 3H, PCy3-CH), 2.55 – 2.38 (m, 3H, PCy3-

CH), 2.02 (s, 3H, CH3), 1.95 (s, 3H, CH3), 1.84 – 1.44 (m, 44H, PCy3-CH2), 1.30 – 1.09 (m, 16H, PCy3-

CH2).  
13C{1H} NMR (C6D6, 101 MHz): δ (ppm) =147.4 (CHSTol,ipso), 147.1(CHSTol,ipso), 141.1 (CHSTol,para), 

140.7 (CHSTol,para), 129.2 – 129.1 (br, CHSTol,meta), 129.1 – 129.0 (br, CHSTol,ortho), 47.2 (d, 1JPC = 65.8 Hz, 

PCS), 44.0 (d, 1JPC = 49.7 Hz, PCS), 34.6 (d, 1JPC = 48.3 Hz, PCy3-CH), 33.2 (d, 1JPC = 48.1 Hz, PCy3-

CH), 28.2 – 28.0 (m, PCy3-CH2), 27.8 – 27.4 (m, PCy3-CH2), 27.4 – 27.1 (m, PCy3-CH2), 26.4 – 26.1 (m, 

PCy3-CH2), 21.4 – 20.9 (m, CH3).  
31P{1H} NMR (C6D6, 162 MHz): δ (ppm) = 33.1, 24.1. 

CHNS: for C52H80O4P2S2Ge2Cl2: C, 56.20; H, 7.26; S,5.77. found: C, 56.19; H, 7.30; S,5.67 
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5.3 Experimental Details for Section 3.3 
Attempted activation of small molecules with CyY2E (E = Ge,Sn) 
The respective di-ylide tetrylene (0.05 mmol) were filled into J. Young type NMR tubes and C6D6 was 

added (0.5 mL). The tubes were cycled onto a Schlenk line, degassed by the Freeze-pump-thaw method 

(three times) and subsequently 1 bar of H2, CO2 or CO was applied, respectively. No reaction was 

apparent from 31P{1H} NMR analysis, thus the respective tubes were heated to reflux for 12 h. Again, no 

reaction was observed.  

 

Attempted synthesis of CyY-Ge-Si(SiMe3)3 (171): 
169 (50 mg, 0.05 mmol, 1eq.) and KSi(SiMe3)3 (26 mg, 0.1 mmol, 

2eq.) were placed into separate Schlenk tubes, dissolved in toluene 

under stirring (5 mL each) and cooled down to -78°C.The 

KSi(SiMe3)3 solution was then added slowly via cannula to the tube 

containing 169. The reaction mixture was allowed to reach room temp. and stirred overnight. The 

reaction mixture was filtered via cannula and the obtained clear solution was evaporated to dryness. 

The yellowish residue was subsequently analyzed via 31P{1H} NMR spectroscopy and revealed to 

consists mostly of the protonated ylide CyY-H (δP = 26.7 ppm). A reversed addition (digermylene to 

KSi(SiMe3)3) gave similar results.  

 

Attempted Synthesis of CyY-Sn-Si(SiMe3)3 (172): 
 170 (60 mg, 0.05 mmol, 1.0 eq.) and KSi(SiMe3)3 (29 mg , 0.1 mmol, 

2.0 eq.) were placed into separate Schlenk tubes, dissolved in 

toluene under stirring (5 mL each) and cooled down to -78°C.The 

KSi(SiMe3)3 solution was then added slowly via cannula to the tube 

containing 170. The reaction mixture was allowed to reach room temp. and stirred overnight. The 

reaction mixture was filtered via cannula and the obtained clear solution was evaporated to dryness. 

The yellowish residue was subsequently analyzed via 31P{1H} NMR spectroscopy and revealed to 

consists mostly of the protonated ylide CyY-H (δP = 26.7 ppm). A reversed addition (chloro-stannylene 

to KSi(SiMe3)3) gave similar results.   
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Synthesis of 173: 
To a freshly prepared toluene (20 mL) solution of 169 (612 mg, 

0.55 mmol, 1.0 eq.), (2,6-Tripp2-C6H3)-Li·Et2O (619 mg, 1.1 mmol, 2.0 

eq.) dissolved in 10 mL Et2O, was added dropwise at room temperature. 

The yellow reaction mixture was stirred over night and the solvent was 

subsequently removed in vacuo. To the obtained yellow residue, n-

pentane (10 mL) was added and the suspension was filtered via cannula. The clear orange filtrate was 

concentrated to approx. 4 mL and stored at -30°C for 12 h, upon which the title compound crystallized 

as orange needles. The supernatant was removed via syringe and the residue was dried in vacuo giving 

the title compound as an orange powder (740 mg, 67%).  
1H NMR (C6D6, 400 MHz): δ (ppm) = 7.27 (d, 2JHH = 7.0 Hz, 2H, m-H/p-Tol), 7.26 – 7.18 (m, 7H, Terph), 

6.84 (d, 2JHH =7.9 Hz, 2H, o-H/p-Tol), 3.77 – 3.70 (m, 3H, iPrCH), 2.98 (p, J =7.0 Hz, 7.0 Hz, 6.8 Hz, 

6.8 Hz, 3H, iPrCH), 2.52 (q, J= 12.1 Hz, 12.1 Hz, 12.1 Hz, 3H, PCy3-CH), 2.11 (s, 3H, pTol-CH3), 1.63 

(s, 6H, PCy2-CH2), 1.53 – 1.45 (m, 16H, PCy2-CH2), 1.37 (d, 2JHH = 6.9 Hz, 18H), 1.21 (d, 2JHH = 6.8 Hz, 

18H), 1.14 – 0.98 (m, 8H, PCy2-CH2). 
13C{1H}-NMR (C6D6, 101 MHz): δ (ppm) = 165.04 (d, 3JCP = 10.9 Hz, i-Ph), 148.44 (o-Ph), 147.51 (i-

Tripp), 146.96 (p-Tol), 146.88 (p-Tripp), 142.63 (i-Tol), 139.34 (o-Tripp), 130.51 (p-Ph), 128.84 (o-Tol), 

128.18 (m-Tol), 125.23 (m-Ph), 120.78 (m-Tripp), 101.78 (d, 1JCP = 32.7 Hz, PCylide), 34.47 (p-

CH(CH3)2), 33.65 (d, 1JCP = 45.7 Hz, PCy3-CH), 30.88 (m-CH(CH3)2), 27.88 (d, 3JCP =3.4 Hz, PCy3-CH2), 

27.56 (d, 2JCP = 12.0 Hz, PCy3-CH2), 26.20 (PCy3-CH2), 24.61 (m-CH(CH3)2), 24.49 ((p-CH(CH3)2), 

24.46 ((m-CH(CH3)2), 21.17 (CH3-Tol). 
31P{1H} NMR (C6D6, 161.9 MHz): δ (ppm) = 27.2 (s). 
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5.4 Experimental Details for Section 3.4 
Attempted syntheses of CyY2Si: 

via salt-metathesis from IPr·SiCl2: 
CyY-Li (150 mg, 0.330 mmol, 1.0 eq) and IPr·SiCl2 (80 mg, 0.165 mmol, 0.5 eq.) 

were placed into a Schlenk tube and cooled down to -78°C. To this tube, 

precooled (-78°C) toluene (10 mL) was added and the mixture was stirred at -

78°C for 1h. Subsequently, the mixture was allowed to warm up to room temperature. At this point the 

solvent was removed in vacuo and the crude was dissolved in C6D6 and analyzed via NMR 

spectroscopy. 31P{1H} NMR spectrum revealed the formation of CyY-H, while 1H NMR analysis proved 

the formation of free IPr. No indication for the formation of the target compound was observed. 

Additionally, varying the reaction conditions (e.g. separate addition of the compounds or different 

solvents/temperatures) gave similar results. 

via formation of ylide chlorosilanes 
CyY-Li (227 mg, 0.5 mmol, 1.0 eq.) was dissolved in toluene (10 mL) and the mixture was cooled to -

78°C. SiHCl3 (0.025 mL, 0.25 mmol, 0.5 eq., dissolved in 5 mL toluene) was added slowly via cannula 

and the resulting orange reaction mixture was stirred rapidly till it reached room temperature and 

additionally over night. Further stirring over night, resulted in the precipitation of a white solid, which 

turned out to mainly consist of CyY-SiHCl2 (as proved by NMR and XRD analysis). Attempts to install a 

second ylide-substituent by isolating this solid and subsequently react it with another equivalent of CyY-

Li repeatedly failed. Instead, only protonation to the respective ylide was observed.  

via formation of di-ylide halosilanes 
CyY-M (M=Li, K) (0.5 mmol, 1.0 eq.) was dissolved in toluene (10 mL) and the mixture was cooled to -

78 °C. SiX4 (X= Cl, Br, I) (1.0 mmol, 2.0 eq. in 20 mL toluene) was added slowly via cannula and the 

resulting orange reaction mixture was stirred rapidly till it reached room temperature. Subsequently the 

solvent was removed in vacuo and the residue was analyzed via NMR spectroscopy. 31P{1H} NMR 

analysis revealed mostly ylide formation along with unidentified products. Furthermore, no signals were 

found in the 29Si{1H} NMR spectrum. Additionally, varying the reaction conditions (e.g. reverse addition 

of the compounds or different solvents/temperatures) gave similar results. 

via transylidation from di-ylide tetrylenes to IPr·SiCl2 

A precooled (-78 °C) toluene solution of CyY2E (E=Ge, Sn, 0.5 mmol in 3 mL) was added dropwise via 

cannula to a precooled (-78 °C) toluene solution of IPr·SiCl2 (0.25 mmol in 1 mL). The reaction mixture 

was stirred rapidly till it reached room temperature and additionally over night. Subsequently the solvent 

was removed in vacuo and the residue was analyzed via NMR spectroscopy. 31P{1H} NMR analysis 

revealed mostly ylide formation along with unreacted CyY2E. Furthermore, no additional signals were 

found in the 29Si{1H} NMR spectrum. Additionally, varying the reaction conditions (e.g. reverse addition 

of the compounds or different solvents/temperatures) gave similar results. 

via transylidation from di-ylide tetrylenes to SiI4 

A precooled (-78 °C) toluene solution of CyY2E (E=Ge, Sn, 0.5 mmol in 3 mL) was added dropwise via 

cannula to a precooled (-78 °C) toluene solution of SiI4 (0.25 mmol in 1 mL). The reaction mixture was 

stirred rapidly till it reached room temperature and additionally over night. Subsequently the solvent was 

removed in vacuo and the residue was analyzed via NMR spectroscopy. 31P{1H} NMR analysis revealed 
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mostly ylide formation along with unreacted CyY2E. Furthermore, no additional signals were found in the 
29Si{1H} NMR spectrum. Additionally, varying the reaction conditions (e.g. reverse addition of the 

compounds or different solvents/temperatures) gave similar results. 

 

 

Synthesis of CyYMe-TMS: 
CyYMe-H2 (6.14 g, 15.77 mmol, 1 eq.) was suspended in 100 ml THF. To this suspension, 

10.00 mL of nBuLi (1.57 M in hexanes, 15.77 mmol, 1 eq.) was added dropwise at room 

temp. until all solid was dissolved. The reaction mixture was stirred for 30 min, 

subsequently filtered and 1.00 mL (0.856 g, 7.88 mmol, 0.5 eq.) of trimethylsilyl chloride was added 

dropwise to the solution. The solution was stirred overnight and a white solid slowly precipitated. The 

solvent was removed in vacuo and 10 mL of toluene was added. The suspension was cooled down to 

0 °C and the solution was filtered off. The remaining solid was dried in vacuo, giving the title compound 

as a white solid (1.51 g, 3.97 mmol, 50 %). 
1H NMR (THF-d8, 400 MHz): δ (ppm) = 2.25 – 2.03  (m, 3H, PCy3-CH), 1.89 – 1.77 (m, 12H, PCy3-CH2), 

1.77 – 1.68 (m, 3H, PCy3-CH2), 1.58 (d, J = 16.2 Hz, 3H, CH3), 1.54 – 1.36 (m, 6H, PCy2-CH2),  1.32 – 

1.18 (m, 9H, PCy3-CH2), 0.02 (s, 9H, TMS). 
13C {1H} NMR (THF-d8, 101 MHz): δ (ppm) = 34.7 (d, J = 49.8 Hz, PCy3-CH), 28.8 (d, J = 2.2 Hz, PCy3-

CH2), 28.6 (d, J = 11.1 Hz), 27.6 (d, J = 1.5 Hz, PCy3-CH2), 15.0 (PCy3-CH2), 3.1 (d, J = 1.4 Hz, CH3), -

10.9 (d, J = 93.4 Hz, PCy3-C-TMS). 
31P {1H} NMR (THF-d8, 162 MHz): δ (ppm) = 31.3. 

 

 

Synthesis of CyYPh-TMS: 
CyYPh-H2 (1.00 g, 2.21 mmol, 1,0 eq.) was placed into a schlenk flask and toluene (50 mL) 

was added. The flask was cooled down to -78°C and nBuLi (1.6 M, 1.42 mL, 1.0 eq.) was 

added dropwise. The flask was allowed to warm to room temp. and the formed ylide was 

subsequently treated in-situ with TMS–I (0.32 mL, 2.32 mmol, 1.05 eq,) at 0°C. The reaction mixture 

was stirred over night, upon which a colourless solid precipitated. The solvent was removed in vacuo, 

KOtBu (0.27 g, 2.43 mmol, 1.1 eq.) and THF (30 mL) were added to the flask. The reaction mixture was 

stirred for 2h at room temperature. THF was removed in vacuo and toluene (50 mL) was added, the 

suspension filtered, and the obtained clear solution was dried in vacuo to afford the title compound as 

a colorless solid (0.70 g, 70%). Colorless crystals suitable for XRD analysis were grown by overlaying 

a DCM solution of CyYPh-TMS with n-hexane.  
1H NMR (C6D6, 400 MHz): δ = 7.54 – 7.47 (m, 2H, Ph), 7.25 (t, J=7.4 Hz, 7.4 Hz, 2H, Ph), 7.09 (ddt, 

J=7.3 Hz, 5.5 Hz, 1.6 Hz, 1.6 Hz, 1H, Ph), 2.02 – 1.82 (m, 9H PCy3-CH+CH2), 1.72 – 1.62 (m, 6H, PCy3-

CH2), 1.60 – 1.51 (m, 3H, PCy3-CH2), 1.41 (qt, J=12.4 Hz, 12.4 Hz, 12.4 Hz, 3.2 Hz, 3.2 Hz, 6H, PCy3-

CH2), 1.15 – 0.92 (m, 9H, PCy3-CH2), 0.38 (s, 9H, TMS). 
13C NMR (C6D6, 101 MHz): δ (ppm) = 139.8 (d, JCP = 4.1 Hz), 139.0 (d, JCP = 1.6 Hz), 128.5 (d, 

JCP = 2.5 Hz), 126.3 (d, JCP = 2.7 Hz), 34.8 (d, 1JCP = 49.9 Hz), 28.9 (d, 3JCP = 3.1 Hz, PCy3 -CH2), 28.3 

(d, 2JCP = 11.8 Hz, PCy3 -CH2), 27.2 (d, 4JCP = 1.5 Hz, PCy3 -CH2), 1.5 (TMS). 
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31P {1H} NMR (C6D6, 162 MHz): δ (ppm) = 21.9. 

CHNS: calc. for C28H47PSi: C: 75.96; H: 10.70; found: C: 75.16; H: 10.52. 

 

Attempted syntheses of di-ylide substituted dichlorosilanes via TMS-Cl elimination: 
CyYMe-TMS (332 mg, 0.87 mmol, 1.0 eq.) was dissolved in 10 mL of toluene and SiCl4 

(0.05 mL, 0.44 mmol, 0.5 eq.) was added dropwise at room temperature. The reaction 

mixture was stirred overnight, upon which a colourless solid precipitated. The 

supernatant was removed via syringe and the solid was collected via filtration, washed with small 

amounts of toluene and dried in vacuo. The filtrate and the collected solid were analyzed by NMR 

spectroscopy. The latter turned out to be almost pure CyYMe-SiCl3, while the former contained mainly the 

starting material. Attempts to install a second ylide substituent sequentially by adding another equivalent 

of TMS-ylide to the obtained CyYMe-SiCl3 in refluxing toluene failed.  
31P{1H} NMR (C6D6, 162 MHz): δ (ppm) = 33.7. 
29Si{1H} NMR (C6D6, 80 MHz): δ (ppm) = -11.7 (d, 2JSiP = 41.9 Hz). 

 

Similarly, using CyYPh-TMS (386 mg, 0.87 mmol, 1.0 eq.) and SiCl4 (0.05 mL, 0.44 mmol, 

0.5 eq.) delivered mostly CyYPh-SiCl3, which was also not prone to a second substitution. 

Colourless crystals suitable for XRD analysis were obtained by slow evaporation of a 

saturated benzene solution of CyYPh-SiCl3. 
31P{1H} NMR (C6D6, 162 MHz): δ (ppm) = 26.5 
29Si{1H} NMR (C6D6, 80 MHz): δ (ppm) = -15.0 (d, 2JSiP = 40.3 Hz). 

 

 

Synthesis of [CyYMes-SiBr3]Br: 
CyYMes-H2 (2.00 g, 3.70 mmol, 1.0 eq.) was suspended in toluene (50 mL) and nBuLi 

(2.31 mL, 1.60 M in hexanes, 3.70 mmol, 1.0 eq.) was added dropwise at room 

temperature. After stirring the mixture for 1 h at room temperature, the cloudy 

suspension was left to stand to let most of the formed LiI settle down. Subsequently, the solid was 

filtered off, and SiBr4 (0.5 mL, 4.03 mmol, 1.09 eq.) was added to the clear filtrate. This mixture was 

stirred over night, upon which a colourless solid precipitated. The solid was collected via filtration and 

washed with n-pentane (3 x 10 mL), giving the title compound as a white powder (2.16 g, 77%). 
1H NMR (CD2Cl2, 400 MHz): δ = 7.03 (d, J = 11.4 Hz, 2H, CH-Mes), 4.59 (d, 2JPH = 22.2 Hz, 1H), 2.82 

– 2.70 (m, 3H, PCy3-CH), 2.61 (s, 3H, Mes-CH3), 2.43 (s, 3H), 2.30 (s, 3H, Mes-CH3), 2.07 – 1.88 (m, 

10H, PCy3-CH2), 1.82 – 1.74 (m, 3H, PCy3-CH2), 1.67 – 1.56 (m, 3H, PCy3-CH2), 1.53 – 1.16 (m, 14H, 

PCy3-CH2). 
13C{1H} NMR (CD2Cl2, 101 MHz) δ = 141.0 (d, J = 2.7 Hz, p-C), 139.5 (d, J = 5.5 Hz, ipso-C), 138.6 (d, 

J = 2.7 Hz, o-C), 132.3 (d, J =2.1 Hz, m-CH), 132.2 (d, J =2.7 Hz, m-CH), 35.6 (d, J =33.3 Hz, PCHC), 

32.3 (d, J = 23.8 Hz, PCy3-CH), 29.3 (d, J =4.9 , PCy3-CH2), 28.8 (d, J = 4.5 Hz, PCy3-CH2), 27.6 (d, 

J= 11.8 Hz, PCy3-CH2), 27.4 (d, J = 11.7 Hz, PCy3-CH2), 25.6 (d, J = 1.8 Hz, PCy3-CH2), 25.5 (m-CH3), 

23.8 (m-CH3), 21.0 (p-CH3). 
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31P{1H} NMR (CD2Cl2, 162 MHz): δ = 42.8. 
29Si{1H} NMR (C6D6, 80 MHz): δ (ppm) = -35.5 (d, 2JSiP = 3.0 Hz). 

CHNS: calc. for C28H45Br4PSi: C: 46.23; H:5.97; found: C: 46.69; H: 6.07. 

Synthesis of 176: 
[CyYMes-SiBr3]Br (1.00 g, 1.32 mmol, 1.0 eq.) and KHMDS (0.54 g, 2.71 mmol, 

2.05 eq.) were placed into a Schlenk tube and toluene (30 mL) was added. The 

reaction mixture was stirred over night, filtered subsequently and the solvent was 

removed in vacuo. Acetonitrile (20 mL) was added to the crude material and the 

resulting suspension was stirred rapidly for 3 h. The suspension was then filtered over a frit and the 

obtained pale-yellow solid was washed with acetonitrile (5 mL) and n-pentane (3 x 15 mL). The solid 

was dried in vacuo to yield pure 176 as a white powder (410 mg, 52%). Colourless crystals, suitable for 

XRD analysis were obtained by storage of a saturated toluene solution of 176 at -30°C for one week.  
1H NMR (C6D6, 400 MHz): δ (ppm) = 6.85 (s, 2H, CH-Mes), 2.65 (s, 6H, CH3-Mes), 2.57 (d, J=12.2, 2H, 

PCy-CH2), 2.13 (s, 3H, CH3-Mes), 2.09 – 1.90 (m, 6H, PCy-CH2+PCy2-CH), 1.90 – 1.80 (m, 2H, PCy-

CH2), 1.78 – 1.65 (m, 5H, PCy-CH2), 1.59 – 1.44 (m, 6H, PCy-CH2), 1.28 – 1.18 (m, 2H, PCy-CH2), 1.14 

– 0.98 (m, 9H, PCy-CH2). 
13C {1H} NMR (C6D6, 101 MHz): δ (ppm) = 140.9 (d, 2JCP = 5.1 Hz, Mes-ipso-C), 134.3 (d, 5JCP = 3.2 Hz, 

Mes-para-C), 132.9 (d, 3JCP = 3.9 Hz, Mes-ortho-C), 128.7 (d, 4JCP = 2.6 Hz, Mes-meta-C), 47.8 (d, 
1JCP = 28.1 Hz, PCy2-CH), 47.1 (PCcyclicSi), 45.5 (d, 1JCP = 34.6 Hz, PCylideSi), 31.9 (d, JCP = 4.5 Hz, PCy-

CH2), 30.1 (d, JCP = 4.6 Hz, PCy-CH2), 29.5 (d, JCP =3.1 Hz, PCy-CH2), 28.2 (d, JCP =11.3 Hz, PCy-CH2), 

27.6 (d, JCP =11.1 Hz, PCy-CH2), 26.7 (d, JCP =1.7 Hz, PCy-CH2), 26.0 – 25.7 (m, PCy-CH2), 22.7 (Mes-

o-CH3), 21.0 (Mes-p-CH3). 
31P{1H} NMR (C6D6, 162 MHz): δ (ppm) = 13.4. 
29Si{1H} NMR (C6D6, 80 MHz): δ (ppm) = -46.2 (d, 2JSiP = 24.2 Hz). 

CHNS: calc. for C28H43Br2PSi: C: 56.19; H:7.24; found: C: 56.26; H: 7.47. 

 

 

Synthesis of 179: 
179 (50 mg, 0.083 mmol, 1.0 eq.) and MesNacNac-Mg(I) dimer (34 mg, 0.042 mmol, 

0.5 eq.) were placed into a J. Young type NMR tube and C6D6 (0.5 mL) was added. 

The tube was shaken for 30 min at room temperature. The reaction mixture was 

then subsequently analyzed via NMR spectroscopy, confirming full conversion to 

the title compound. Attempts to purify the disilane species failed, because the 

formed MesNacNac–Mg–Br could not be removed completely. X-Ray quality 

crystals were formed after filtration of the reaction mixture into a glass vial, which was left to stand over 

night.  
31P{1H} NMR (C6D6, 162 MHz): δ (ppm) = 26.6. 
29Si{1H} NMR (C6D6, 80 MHz): δ (ppm) = -18.9 (dd, 2JSiP = 30.5 Hz, 3JSiP = 7.1 Hz).  
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5.5 Experimental Details for Section 3.5 
Synthesis of CyYS-PCy2 (L1): 

CyYS-Li (3.00 g, 6.60 mmol, 1.00 eq.) was dissolved in toluene (30 mL) and 

PCy2Cl (1.50 mL, 6.73 mmol, 1.02 eq.) was added dropwise at room 

temperature. The orange reaction mixture was stirred for 1h at room 

temperature, giving the precipitation of LiCl. The suspension was filtered via a 

filter cannula and the solvent of the obtained clear solution was removed under reduced pressure. 

Acetonitrile (20 mL) was added and the waxy-like suspension was stirred over night, during which a 

white precipitate formed. The white solid was collected with a glass frit, washed with acetonitrile (2 mL) 

and n-hexane (3 x 10 mL) and dried in vacuo, giving CyYS-PCy2 as a white amorphous powder (75%, 

3.20 g). Colorless crystals suitable for X-ray structure determination were grown via slow evaporation 

of a saturated benzene solution.  
1H NMR (C6D6, 400 MHz): δ (ppm) = 8.19 (d, JHH = 8.0 Hz, 2H, m-CH), 6.96 (d, JHH = 7.9 Hz, 2H, o-CH), 

3.04 – 2.83 (m, 3H, PCy3-CH), 2.66 – 2.50 (m, 2H, PCy2-CH), 2.50 – 2.37 (m, 2H; PCy-CH2), 2.31 – 

2.19 (m, 2H, PCy-CH2), 2.02 (s, 3H, p-Tol-CH3), 1.99 – 1.95 (m, 4H, PCy-CH2), 1.90 – 1.79 (m, 4H, 

PCy-CH2), 1.76 – 1.62 (m, 14H, PCy-CH2), 1.62 – 1.52 (m, 4H, PCy-CH2), 1.51 – 1.40 (m, 4H, PCy-

CH2), 1.40 – 1.05 (m, 16H, PCy-CH2).   
13C{1H} NMR (C6D6, 101 MHz): δ (ppm) = 149.1 (ipso-CH), 140.2 (p-CH) 128.8 (m-CH), 127.6 (o-CH), 

37.6 (dd, JCP = 4.2, 12.9 Hz, PCy2-CH), 36.0 (dd, 1JCP = 61.8, 1JCP= 87.1 Hz, PCP), 35.2 (dd, 3JCP = 11.3, 
1JCP = 49.0 Hz, PCy3-CH), 34.5 (d, 2JCP = 19.6, PCy-CH2), 32.5 (d, 2JCP = 15.6 PCy-CH2), 28.6 (d, 
2JCP = 13.5, PCy-CH2),  28.7 – 28.4 (m, PCy-CH2), 28.2 (d, 3JCP = 10.4, PCy-CH2), 27.7 (d, 3JCP = 11.9, 

PCy-CH2), 27.4 (PCy-CH2), 26.5 (PCy-CH2), 21.1 (p-Tol-CH3).  
31P{1H} NMR (C6D6, 162 MHz): δ (ppm) =  31.7 (d, 2JPP = 106.8 Hz), -7.3 (d, 2JPP = 106.8 Hz).  

CHNS: calc. for C38H62O2P2S: C: 70.77, H: 9.69, S: 4.97, found C: 70.86, H: 9.85, S: 4.72. 

 

 

Synthesis of CyYS-PiPr2 (L4): 
CyYS-Li (1.00 g, 2.20 mmol, 1.00 eq.) was dissolved in toluene (30 mL) and 

PiPr2Cl (0.36 mL, 2.27 mmol, 1.03 eq.) was added dropwise at room 

temperature. The orange reaction mixture was stirred for 1h at room 

temperature, giving the precipitation of LiCl. The suspension was filtered via a 

filter cannula and the solvent of the obtained clear solution was removed under reduced pressure. 

Acetonitrile (20 mL) was added and the waxy-like suspension was stirred over night, during which a 

white precipitate formed. The white solid was collected with a glass frit, washed with acetonitrile (2 mL) 

and n-hexane (3 x 10 mL) and dried in vacuo, giving CyYS-PiPr2 as a white amorphous powder 

(70%, 870 mg). Colorless crystals suitable for X-ray structure determination were grown via slow 

evaporation of a saturated benzene solution.  
1H NMR (THF-d8, 400 MHz): δ (ppm) =  7.80 (d, J = 8.3 Hz, 2H, m-CH), 7.18 (d, J = 8.0 Hz, 2H, o-CH), 

2.93 –2.76 (m, PCy3-CH), 2.45 – 2.21 (m, 5H, PiPr2-CH+p-Tol-CH3), 2.00 – 1.87 (m, 6H, PCy3-CH2), 

1.86 – 1.76 (m, 6H, PCy3-CH2), 1.72 – 1.59 (m, 8H, PCy3-CH2), 1.40 – 1.20 (m, 10H, PCy3-CH2), 1.10 

(dd, 1JHH = 6.9, 2JPH = 13.8 Hz, 6H, PiPr2-CH3), 0.98 (dd, 1JHH = 7.2, 2JPH = 16.3 Hz, 6H, PiPr2-CH3).  
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13C{1H} NMR (THF-d8, 101 MHz): δ (ppm) = 149.5 (ipso-CH), 141.1 (p-CH), 129.3 (o-CH), 128.1 (m-

CH), 38.3 (dd, 1JCP = 61.8 Hz, 1JCP = 87.3 Hz, PCP), 35.9 (dd, 3JCP = 11.2, 1JCP = 49.0 Hz, PCy3-CH), 

29.08 (m, J = 2.9, 2.9 Hz, PCy3-CH2), 29.2 – 28.9 (m, PCy3-CH2), 28.5 (d, J=12.0, PCy3-CH2), 27.4 (dd, 
3JCP = 4.7 Hz, 1JCP = 13.4 Hz, PiPr2-CH), 27.3 – 27.1 (m), 24.4 (d, 2JCP =21.7), 21.8 (d, 2JCP =18.4), 21.4 

(p-Tol-CH3).  
31P{1H} NMR (THF-d8, 162 MHz): δ (ppm) =  31.5 (d, 2JPP = 105.7 Hz), 1.5 (d, 2JPP = 105.7 Hz).  

CHNS: calc. for C32H54O2P2S: C: 68.05, H: 9.64, S: 5.68, found C: 68.33, H: 9.72, S: 5.69. 

 

 

Synthesis of [Au(CyYS-PCy2)Cl] (P1):  
CyYS-PCy2 (70 mg, 0.11 mmol, 1.02 eq.) and thtAuCl (34 mg, 0.11 mmol, 1.00 

eq.) were placed into a schlenk tube, dissolved in 5 mL of toluene and stirred 

for 30 min at room temperature. The reaction mixture was overlayed with 15 

mL of n-pentane and left to stand over night, during which colorless crystals 

formed. The solution was removed via a filter cannula and the residual crystals 

were washed with a small amount of n-pentane (5 mL). The colorless crystals were dried in vacuo, 

furnishing [Au(CyYS-PCy2)Cl] as a white solid. (75%, 72 mg). Colorless crystals were suitable for X-ray 

structure determination.  
1H NMR (THF-d8, 400 MHz): δ (ppm) = 7.75 (d, JHH = 8.0 Hz, 2H, m-CH), 7.30 (d, JHH = 8.0 Hz, 2H. o-

CH), 3.45 – 3.29  (brm, 3H, PCy3-CH), 2.85 – 2.78 (m, 2H, PCy2-CH), 2.60 – 2.48  (br, 2H, PCy2-CH2), 

2.38 (s, 3H, p-Tol-CH3; 2.25 – 2.11 (br, 2H, PCy2-CH2), 1.97 – 1.86 (m, 8H; PCy3-CH2+PCy2-CH2), 1.86 

– 1.78 (m, 2H; PCy3-CH2+PCy2-CH2), 1.77 – 1.64 (m, 10H, PCy3-CH2+PCy2-CH2), 1.63 – 1.49 (m, 10H, 

PCy3-CH2+PCy2-CH2), 1.48 – 1.14 (m, 14H, PCy3-CH2+PCy2-CH2).  
13C{1H} NMR (THF-d8, 101 MHz): δ (ppm) = 148.5 (ipso-C), 142.5 (p-C), 130.0 (m-C), 127.5 (o-C), 43.9 

(d, 1JCP = 38.0 Hz, PCy2-CH) , 38.0 (dd, 1JCP = 37.8 Hz, 1JCP = 73.3 Hz, PCP), 36.9 (brd, 1JCP = 49.4 Hz, 

PCy3-CH), 29.9 – 28.9 (m, PCy3-CH2/PCy2-CH2), 28.5 (d, JCP = 14.4 Hz, PCy3-CH2/PCy2-CH2), 28.2 (d, 

JCP = 15.3 Hz, PCy3-CH2/PCy2-CH2), 28.1 (d, JCP = 12.3 Hz, PCy3-CH2/PCy2-CH2), 27.2 (d, JCP = 2.0 Hz, 

PCy3-CH2/PCy2-CH2), 27.0 (d, JCP = 1.6 Hz, PCy3-CH2/PCy2-CH2), 21.4 (p-Tol-CH3).  
31P{1H} NMR (THF-d8; 162 MHz): δ (ppm) = 40.7 (d, 2JPP = 35.6 Hz), 29.9 (d, 2JPP = 35.6 Hz).  

CHNS: calc. for C38H62AuClO2P2S : C: 52.02, H: 7.12, S: 3.65, found C: 52.25, H: 7.01, S: 3.67. 

 

 

Synthesis of [Au(CyYS-PiPr2)Cl] (P4):  
CyYS-PiPr2 (100 mg, 0.18 mmol, 1.02 eq.) and thtAuCl (56 mg, 0.17 mmol, 

1.00 eq.) were placed into a schlenk tube, dissolved in 5 mL of toluene and 

stirred for 30 min at room temperature. The reaction mixture was overlayed 

with 15 mL of n-pentane and left to stand over night, during which colorless 

crystals formed. The solution was removed via a filter cannula and the residual 

crystals were washed with a small amount of n-pentane (5 mL). The colorless crystals were dried in 

vacuo, furnishing [Au(CyYS-PiPr2)Cl] as a white solid. (74%, 102 mg). Colorless crystals were suitable 

for X-ray structure determination.  
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1H NMR (THF-d8, 400 MHz): δ (ppm) =  7.74 (d, JHH = 8.1 Hz, 2H, m-CH), 7.26 (d, JHH = 8.0 Hz, 2H, o-

CH), 3.42– 3.25 (m, 3H, PCy3-CH), 3.12 – 2.95 (m, 2H, PiPr2-CH), 2.34 (s, 3H), 1.93 – 1.80  (m, 6H, 

PCy3-CH2), 1.71 – 1.62 (m, 10H, PCy3-CH2), 1.62 – 1.50 (m, 6H, PCy3-CH2), 1.47 (d, J = 7.1 Hz, 3H, 

PiPr2-CH3), 1.43 (d, J = 7.1 Hz, 3H, PiPr2-CH3), 1.37 (d, J = 6.9 Hz, 3H, PiPr2-CH3), 1.32 – 1.02 (m, 12H, 

PiPr2-CH3 + PCy3-CH2).  
13C{1H} NMR (THF-d8, 101 MHz): δ (ppm) = 148.2 (ipso-C), 142.6 (p-C), 130.1 (m-C), 127.7 (o-C), 39.6 

(dd, 1J = 38.6 Hz, 73.3 Hz, PCP), 36.9 (brd, 1J = 45.8 Hz, PCy3-CH), 33.9 (d, 1J = 38.6 Hz, PiPr2-CH) , 

29.32 (br, PCy3-CH2), 28.13 (d, 3J = 12.2 Hz, PCy3-CH2), 27.0 (d, 4J = 1.7 Hz, PCy3-CH2), 24.42 (PiPr2-

CH3), 23.54 (PiPr2-CH3), 21.37 (p-Tol-CH3)  
31P{1H} NMR (THF-d8, 162 MHz): δ (ppm) =  50.8 (d, 2JPP = 35.9 Hz), 29.7 (d, 2JPP = 35.9 Hz).  

CHNS: calc. for C32H54AuClO2P2S: C: 48.21, H: 6.83, S: 4.02, found C: 48.58, H: 6.93, S: 4.28. 

 

 

Synthesis of CyYSF-H:  
[Cy3P-Me]I (3.00 g, 7.10 mmol, 1.00 eq.) and KHMDS (3.26 g, 16.34 mmol, 2.30 

eq.) were placed into a 100 mL schlenk flask and suspended in 50 mL THF. 

Perfluorobutane sulfonyl fluoride (1.40 mL, 7.81 mmol, 1.1 eq.) was slowly added to 

the white suspension via a syringe, upon which a color change to a deep brown occurred. The reaction 

mixture was stirred for 30 min at room temperature. Subsequently, the solvent was removed under 

reduced pressure and dichloromethane (30 mL) was added. The suspension was filtered trough a glass 

frit equipped with a pad of dry celite, giving a clear dark solution. Removal of the solvent under reduced 

pressure furnished an orange powder, which was further washed with cold n-hexane (3 x  10 mL) and 

dried for 6h at 70°C in vacuo. The title compound was obtained as a pale-yellow powder (83%, 3.40 g). 

Block shaped, colorless crystals suitable for X-ray structure analyses were obtained by slow evaporation 

of a saturated benzene solution.  
1H NMR (THF-d8, 400 MHz): δ (ppm) = 2.42 – 2.25 (m, 3H, PCy3-CH), 2.05 – 1.92 (m, 6H, PCy3-CH2), 

1.90 (d, 2JPH = 8.4, 1H, PCHS), 1.89 – 1.78 (m, 6H, PCy3-CH2), 1.72 – 1.68 (m, 4H, PCy3-CH2), 1.66 – 

1.48 (m, 6H, PCy3-CH2), 1.42 – 1.19 (m, 8H, PCy3-CH2).  
13C{1H} NMR (THF-d8, 101 MHz): δ (ppm) =  33.7 (d, 1JPC = 49.9 Hz, PCy3-CH), 28.0 (d, 2JPC = 9.8 Hz, 

PCy3-CH2), 28.0 –27.8 (m, PCy3-CH2), 27.0 (d, 4JPC = 1.8 Hz, PCy3-CH2), 23.8 (d, 1JPC = 105.0 Hz, 

PCHS). Resonances for fluorine substituted carbon atoms could not be detected.  
19F{1H} NMR (THF-d8, 377 MHz): δ (ppm) = -81.82 (t, J = 10.1, 10.1 Hz, 3F), -113.61 (t, J = 13.8, 13.8 

Hz, 2F), -121.12 (dt, J = 7.6, 7.6, 15.7 Hz, 2F), -126.55 (td, J = 4.7, 13.3, 13.5 Hz, 2F).  
31P{1H} NMR (THF-d8, 162 MHz): δ (ppm) = 29.1 (s).  

CHNS: calc. for C23H34F9O2PS: C: 47.92%, H: 5.94%, S: 5.56%, found C: 47.61%, H: 6.14%, S: 5.23%. 

 

 

Synthesis of CyYSF-PCy2 (L5): 
CyYSF-H (2.00 g, 3.47 mmol, 1.00 eq.) was dissolved in THF (30 mL) and nBuLi 

(1.59 M, 2.20 mL, 1.01 eq) was added dropwise at RT and stirred for 30 min. Then 

PCy2Cl (0.80 mL, 3.63 mmol, 1.05 eq.) was added dropwise at room temperature. 
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The orange reaction mixture was stirred for 1h at room temperature. The solvent was removed in vacuo 

and the residue was redissolved in toluene (50 mL). The suspension was filtered via a filter cannula and 

the solvent of the obtained clear solution was removed under reduced pressure. Acetonitrile (10 mL) 

was added, and the waxy-like suspension was stirred overnight, during which a white precipitate formed. 

The white solid was collected with a glass frit, washed with acetonitrile (2 mL) and n-hexane (3 x 10 mL) 

and dried in vacuo (1 x 10-3 mbar, 8 h), giving CyYSF-PCy2 as a white amorphous powder (72%, 1.94 g). 

Block-shaped, colorless crystals suitable for X-ray structure analyses were obtained by slow evaporation 

of a saturated benzene solution.  
1H NMR (THF-d8, 400 MHz): δ (ppm) = 3.11 – 3.00 (m, 1H, PCy2-CH), 2.83 – 2.71 (m, 4H, PCy3-

CH+PCy-CH2), 2.71 – 2.63 (m, 1H, PCy-CH2), 2.24 – 2.13 (m, 1H, PCy-CH2), 2.14 – 2.05 (m, 2H, PCy-

CH+ PCy-CH2), 1.97 – 1.84 (m, 6H, PCy-CH2), 1.84 – 1.71 (m, 6H, PCy-CH2), 1.70 – 1.58 (m, 8H, PCy-

CH2), 1.57 – 1.37 (m, 16H, PCy-CH2), 1.21 – 0.99 (m, 10H, PCy-CH2).   
13C{1H} NMR (THF-d8, 101 MHz): δ (ppm) = 42.7 (dd, 1JCP= 14.3 Hz, 3JCP = 3.8 Hz, PCy2-CH), 38.9 (dd, 
1JCP= 80.0, 73.0 Hz, PCP), 36.4 (PCy2-CH2), 36.1 (PCy2-CH2), 36.1 (dd, 1JCP= 12.5 Hz, 3JCP = 3.0 Hz, 

PCy2-CH), 34.3 (dd, 1JCP= 47.2 Hz, 3JCP = 9.9 Hz, PCy3-CH),  33.9 (d, 2JCP = 8.4 Hz, PCy3-CH2), 33.6 

(PCy2-CH2), 33.3 (PCy2-CH2), 30.6 (PCy2-CH2), 29.3 (PCy2-CH2), 29.1 (PCy2-CH2), 28.4 – 28.2 (m, PCy-

CH2), 28.2 – 28.1 (m, PCy-CH2), 28.1 – 28.0 (m, PCy-CH2), 27.9 – 27.7 (m, PCy-CH2), 27.7 – 27.5 (m, 

PCy-CH2), 27.5 – 27.4 (m, PCy-CH2), 27.4 – 27.2 (m, PCy-CH2),  27.0 (PCy-CH2),  26.3 (PCy-CH2). 

Resonances for fluorine substituted carbon atoms could not be detected.  

19F{1H} NMR (THF-d8, 377 MHz): δ (ppm) = -80.8 – -80.9 (m, 3F), -108.8 – -112.2 (m, 2F), -119.1 – -

121.8 (m, 2F), -123.9 – -126.8 (m, 2F).  
31P{1H} NMR (THF-d8, 162 MHz): δ (ppm) = 32.3 (d, 2JPP = 95.0 Hz), -0.7 (d, 2JPP = 95.0 Hz).  

CHNS: calc. for C35H55F9O2P2S: C: 54.40, H: 7.17, S: 4.15, found C: 54.29, H: 7.12, S: 4.28. 

 

 

Synthesis of [Au(CyYSF-PCy2)Cl] (P5): 
CyYSF-PCy2 (70 mg, 0.11 mmol, 1.00 eq.) and thtAuCl (29 mg, 0.11 mmol, 1.00 eq.) 

were placed into a schlenk tube, dissolved in 5 mL of toluene and stirred for 30 min 

at room temperature. The solvent was removed in vacuo (1 x 10-3 mbar, 3 h, 40 °C) 

furnishing [Au(CyYSF-PCy2)Cl] as a white solid (quantitative yield, 91 mg). Colorless 

crystals suitable for X-ray structure analyses were obtained storage of a saturated solution of P5 in n-

pentane at -30°C.  
1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 3.47 (br, 3H, PCy3-CH), 2.82 – 2.75 (m, 1H, PCy-CH), 2.42 – 

2.16 (m, 5H, PCy-CH+ PCy-CH2), 2.09 – 2.00 (m, 6H, PCy-CH2), 1.90 – 1.68 (m, 20H, PCy-CH2), 1.49 

– 1.23 (m, 20H, PCy-CH2).   
13C{1H} NMR (CD2Cl2, 101 MHz): δ (ppm) =  44.6 (dd,  1JCP= 34.1, 3JCP = 2.1, PCy2-CH), 41.8 (d, 
1JCP =33.8 Hz, PCy2-CH), 40.8 (dd, 1JCP = 67.5, 24.9 Hz, PCP), 38.2 – 37.9 (m, PCy-CH2), 37.4 – 37.1 

(m, PCy-CH2), 36.8 (br, PCy3-CH), 32.2 (d, J=1.8 Hz, PCy-CH2), 31.6 (PCy-CH2), 30.4 (PCy-CH2), 29.2 

(PCy-CH2), 28.8 (PCy-CH2), 28.3 (PCy-CH2), 28.1 (PCy-CH2), 27.9 – 27.5 (m, PCy-CH2), 27.3 (PCy-

CH2), 27.2(PCy-CH2), 26.8 – 26.6 (m, PCy-CH2), 26.6 – 26.2 (m, PCy-CH2), 26.1 (PCy-CH2). 

Resonances for fluorine substituted carbon atoms could not be detected.  
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19F{1H} NMR (CD2Cl2, 377 MHz): δ (ppm) = -80.7 – -81.5 (m, 3F), -106.4 – -109.7 (m, 2F), -120.0 – -

122.5 (m, 2F), -124.8 – -126.9 (m, 2F).  
31P{1H} NMR (CD2Cl2, 162 MHz): δ (ppm) = 43.3 (d, 2JPP = 26.8 Hz), 34.8 (d, 2JPP = 26.8 Hz).  

CHNS: calc. for C35H55AuClF9O2P2S: C: 41.82, H: 5.52, S: 3.19, found C: 41.91, H: 5.75, S: 3.22. 

 

 

Synthesis of [Au(Cy-CyJohnPhos)Cl] (P6): 
Cy-CyJohnPhos (L6) (100 mg, 0.280 mmol, 1.0 eq.) and [Au(tht)Cl] (90 mg, 

0.280 mmol, 1.0 eq.) were placed into a schlenk tube and THF (5 mL) was added. The 

mixture was stirred for 10 min at room temperature. Subsequently, all volatiles were 

evaporated and the residue was dried for several hours in vacuo, giving the title 

compound as a pure colourless solid in quantitative yield (165 mg, 0.280 mmol). 

Colourless crystals suitable for X-ray structure determination were obtained by overlaying a saturated 

DCM solution of P6 with n-pentane. 
1H-NMR (CD2Cl2, 400 MHz) δ (ppm) = 7.57 – 7.42 (m, 3H, CH), 7.31 – 7.24 (m, 1H, CH), 4.02 – 3.81 

(m, 1H, Cy-CH), 2.40 – 2.22 (m, 2H, PCy2-CH), 2.22 – 2.08 (m, 2H, CH2), 1.89 – 1.79 (m, 6H, CH2), 

1.80 – 1.72 (m, 2H, CH2), 1.72 – 1.09 (m, 20H, CH2). 
13C{1H}-NMR (CD2Cl2, 101 MHz): δ (ppm) = 154.0 (d, J = 9.2 Hz, Cipso), 134.5 (CH), 132.1 (d, J = 2.5 Hz, 

CH), 129.1 (d, J = 8.2 Hz, CH), 126.3 (d, J = 9.4 Hz, CH ), 122.6 (d, J = 51.7 Hz, Cortho), 43.3 (d, 

J=9.7 Hz, Cy-CH), 36.3 (d, J = 34.1 Hz, PCy2-CH), 35.4 (CH2), 31.4 (d, J = 3.6 Hz, CH2), 29.8 (CH2), 

27.3 – 26.9 (m, CH2), 26.6 (CH2), 26.3 (d, J = 1.8 Hz, CH2).  
31P{1H}-NMR (CD2Cl2, 162 MHz): δ (ppm) = 47.9 – 24.8 (vbr).  

CHN: calc. for C24H37AuClP: C:48.95, H.6.33; found: C: 48.77, H: 6.25 

 

Procedure for the determination of TEP values :  
IR spectra were recorded on a Nicolet iS5 FT-IR in transmission mode with a Specac “Omni-cell” with 

KBr plates and a 0.1 mm spacer at 22 °C.  

 

Procedure for ṽ(CO)Rh determination: 5.00 mg (19.4 μmol) Rh(acac)(CO)2 were dissolved in 1 mL of 

DCM in a glovebox. 19.4 μmol of the phosphine were added to the solution and the solution was stirred 

for 15 min until gas evolution ceased. The solution was added into the IR cell using a syringe. The cell 

was closed, taken outside the glovebox and an IR spectrum was recorded. The TEP value was 

calculated via the linear correlation of TEP and ṽ(CO)Rh described by Carrow.[25]  

 
Table 5. Determined ṽ(CO) frequencies of the novel CyYPhos ligands and their corresponding TEPcalc. values. 

Compound ṽ(CO)Rh calcd. TEP 
CyYS-PCy2 (L1) 1956.8 2057.0 
CyYS-PiPr2 (L4) 1959.7 2058.7 
CyYSF-PCy2 (L5) 1961.7 2059.8 
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Procedure for Au(I) catalyzed hydroamination reactions: 
The reaction was conducted in a similar fashion as previously described by our group. A 2 mL glass vial 

with a rubber cap and a stir bar was charged in a glovebox with the indicated amount of LAuCl and 

NaBArF. The amine (5.25 mmol) and the alkyne (5.00 mmol) were added via syringe. The vial was 

heated on a hotplate to the indicated temperature while stirring. Small aliqouts were removed via a 

syringe and added directly to an NMR tube to monitor the reaction progress. Yields were calculated by 

integration of the peak for the alkyne starting material with respect to the peak for the imine product in 

the 1H-NMR spectrum. 
Table 6. Results and reaction conditions for the Au(I) catalyzed hydroamination of phenylacetylene with aniline. 

Catalyst P1 P2 P3 P4 P5 P6 P1 P5 

Loading 

[mol%] 

0.1 0.1 0.1 0.1 0.1 0.1 0.05 0.05 

Temp. 

[°C] 

50 50 50 50 50 50 50 50 

0 h 0 0 0 0 0 0 0 0 

1 h 86 74 77 79 50 86 58 25 

3 h 96 84 94 90 71 96 77 47 

5 h 99 94 97 95 85 98 85 67 

24 h >99 >99 >99 >99 95 >99 >99 89 
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5.6 Experimental Details for Section 3.6 
Synthesis of CyYS-PCy2-Pd(dba): 

CyYS-PCy2 (32.3 mg, 0.05 mmol) and Pd2dba3 (5.3 mg, 0.05 mmol) were placed 

into a J. Young type NMR tube and THF-d8 (0.6 mL) was added. The tube was 

shaken at room temperature for 30 min and subsequently a 31P{1H} NMR 

spectrum was measured. NMR data revealed approx. 90% conversion to the 

title compound. A prolonged reaction time did not result in an increase of conversion and attempts to 

isolate the complex in pure form failed. Thus, for further studies the complex was prepared in-situ and 

used as it is.  
31P{1H} NMR (THF-d8, 162 MHz): δ (ppm) = 32.5 (d, 2JPP = 34.4 Hz), 22.1 ppm (brd, 2JPP = 35.1 Hz). 

 

 

Oxidative Addition of p-chlorotoluene to CyYS-PCy2-Pd(dba): 
To a solution containing CyYS-PCy2-Pd(dba) (prepared as explained above) 

was added 0.1 mL of p-chlorotoluene (0.85 mmol, 17 eq.) and the mixture was 

shaken for 1 h at room temperature. 31P{1H} NMR analysis indicated no 

conversion, thus the reaction mixture was heated to 40°C and subsequently 

monitored via NMR spectroscopy. After 1 h, approx. 65% conversion was 

observed. Prolonged heating (3 h) at 40°C resulted in almost full conversion to 

the oxidative addition product CyYS-PCy2-Pd(pTol)Cl.  
31P{1H} NMR (THF-d8, 162 MHz): δ (ppm) =  35.9 (brd, 2JPP = 23.0 Hz) , 28.3 ppm (brd, 2JPP = 35.1 Hz). 

 

 

Buchwald-Hartwig amination catalysis attempts:  

For the C–N cross coupling attempts a similar procedure as described earlier by our group was used.[33] 

To a 5 mL vial containing 1,3,5-trimethoxy benzene (143 mg, 0.85 mmol,1.0 eq.), KOtBu (189 mg, 

1.69 mmol, 2 eq.), p-chlorotoluene (0.1 mL, 0.85 mmol, 1.0 eq.) and piperidine (0.92 mmol, 1.1 eq.) 

dissolved in THF (4 mL), was added a THF solution (0.5 mL) of CyYS-PCy2-Pd(dba) (0.1 mol%, 

preformed as described above). The mixture was heated to 40°C and stirred at this temperature. 

For reaction monitoring, small aliquots of the reaction mixture were quenched with 0.2 ml of water and 

the organic phase was separated. The latter was filtered through a pipette, the solvent was allowed to 

evaporate, and the residue was dissolved in CDCl3 for recording an 1H NMR spectrum. The conversion 

was determined by integration of the product peaks in comparison to 1,3,5- trimethoxybenzene as an 

internal standard.  

No conversion was observed after 12 h of reaction time. Repeating this procedure except that the 

mixture was heated for reflux for 12 h, did not result in any conversion. Additionally, varying the amine 

or aryl halide scope did not result in any conversion 

  

Cy3P

Cy2P

S
O

O

Pd(dba)
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5.7 Crystallographic details 
Table 7. Crystal data and structure refinement details of compounds CyY-H2, CyY-H and CyY-Li·LiI.  

  

Compound CyY-H2 CyY-H CyY-Li·LiI 

CCDC No. 1971570 1971569 1971572 

Empirical formula C26 H42 I O2 P S C27 H43 Cl2 O2 P S [C120H192Li5O12P4S4]I 

Formula weight 576.52 533.54 560.11 
 

Temperature (K) 100(2) 100(2) 100(2) 

Wavelength 1.54184 Å 
 

1.54184 Å 
 

1.54184 Å 
 

Crystal system Monoclinic Orthorhombic Tetragonal 

Space group P21/n P212121 
 P4 2/n 

a (Å) 9.31921(4) 16.16138(9) 18.9729(2) 

b (Å) 22.93106(10) 17.05308(10) 18.9729(2) 

c (Å) 25.75996(9) 20.30115(13) 17.3367(3) 

α (°) 90 90 90 

β (°) 95.0980(4) 90 90 

γ (°) 90 90 90 

Volume (Å3) 5483.11(4) 5595.02(6) 6240.71(17) 

Z 8 8 2 

Density (calculated) 1.397 Mg/m3 1.267 Mg/m3 1.192 Mg/m3 
Absorption 
coefficient 10.581 mm-1 3.488 mm-1 3.547 mm-1 

F(000) 2384 2288 2400 
Crystal dimensions 

(mm3) 
0.143 x 0.084 x 0.074 0.164 x 0.123 x 0.078 0.113 x 0.069 x 0.013 

Theta range (°) 2.584 to 74.497°. 3.385 to 74.997°. 3.294 to 67.076° 

Index ranges 
-11<=h<=11, 
-27<=k<=28, 
-22<=l<=32 

-20<=h<=13, 
-21<=k<=21, 
-25<=l<=23 

-21<=h<=22, 
-22<=k<=22, 
-20<=l<=20 

Reflections 
collected 52241 43872 83544 

Independent 
reflections 

11182 
[R(int) = 0.0269] 

11453 
[R(int) = 0.0554] 

5579 
[R(int) = 0.1182] 

Data / restraints / 
parameters 11182 / 0 / 811 11453 / 70 / 654 5579 / 102 / 438 

Goodness-of-fit on 
F2 

1.047 
 

1.055 
 1.094 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0225, 
wR2 = 0.0568 

R1 = 0.0442, 
wR2 = 0.1206 

R1 = 0.0592, 
wR2 = 0.1773 

R indices (all data) 
R1 = 0.0231, 
wR2 = 0.0572 

 

R1 = 0.0456, 
wR2 = 0.1219 

 

R1 = 0.0647, 
wR2 = 0.1823 

Largest diff. peak 
and hole 0.444 and -0.857 e.Å-3 0.496 and -0.667 e.Å-3 1.004 and -0.574 e.Å-3 
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Table 8. Crystal data and structure refinement details of compounds CyY-K, CyY2Ge and CyY2Sn.  

  

Compound CyY-K CyY2Ge CyY2Sn 

CCDC No. 1971571 1977236 2012936 

Empirical formula [(C208 H K8O16 P8 S8)∙ 
(KI)0.05(2THF)0.95]9 THF C52 H80 O4 P2 S2 Ge C58 H86 O4 P2 S2 Sn 

Formula weight 1172.01 
 967.81 1092.01 

Temperature (K) 100.0(4) K 100.0(2) 100.01(10) 

Wavelength 1.54184 Å 
 1.54184 Å 1.54184 Å 

Crystal system Tetragonal Triclinic Monoclinic 

Space group P4/n P-1 P21/n 

a (Å) 26.6751(5) 10.3275(3) 10.94240(10) 

b (Å) 26.6751(5) 12.3453(3) 26.7086(2) 

c (Å) 17.8721(5) 24.6532(6) 18.7537(2) 

α (°) 90 89.529(2) 90 

β (°) 90 86.210(2) 95.0080(10) 

γ (°) 90 76.341(2) 90 

Volume (Å3) 12717.1(6) 3047.52(14) 5459.96(9) 

Z 2 2 4 

Density (calculated) 1.224 Mg/m3 1.055 Mg/m3 1.328 Mg/m3 
Absorption 
coefficient 2.847 mm-1 2.089 mm-1 5.332 mm-1 

F(000) 5071 1036.0 2312.0 
Crystal dimensions 

(mm3) 
0.328 x 0.113 x 0.075 0.185 × 0.031 × 0.019 0.128 × 0.111 × 0.048 

Theta range (°) 2.976 to 67.077° 3.594 to 76.969 2.887 to 77.058 

Index ranges 
-30<=h<=31, 
-28<=k<=31, 
-21<=l<=31 

-12 ≤ h ≤ 13 , 
-15 ≤ k ≤15 , 
-27 ≤ l ≤ 31 

-11 ≤ h ≤ 13, 
-31 ≤ k ≤ 33, 
-22 ≤ l ≤ 23 

Reflections 
collected 77580 42241 45191 

Independent 
reflections 

11363 
[R(int) = 0.1134] 

12406 
[R(int) = 0.0649] 

11125 
[R(int)= 0.0549] 

Data / restraints / 
parameters 11363 / 2040 / 1162 12406/184/733 11125/0/606 

Goodness-of-fit on 
F2 

1.106 1.036 1.065 

Final R indices 
[I>2sigma(I)] 

R1 = 0.1100, 
wR2 = 0.2440 

R1 = 0.0744, 
wR2 = 0.2158 

R1 = 0.0416, 
wR2 = 0.1064 

R indices (all data) R1 = 0.1268, 
wR2 = 0.2560 

R1 = 0.0844, 
wR2 = 0.2264 

R1 = 0.0464, 
wR2 = 0.1091 

Largest diff. peak 
and hole 0.615 and -0.815 e.Å-3 1.80 and -0.70 e.Å-3 0.828 and -1.024 e.Å-3 
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Table 9. Crystal data and structure refinement details of compounds 169, 170 and CyYPh-TMS.  

Compound 169 170 CyYPh-TMS 

CCDC No. 2012937 2012933  
Empirical 
formula C60H95Cl2Ge2NO4P2S2 C30H48ClO3PSSn C28 H47 P Si 

Formula 
weight 1236.50 673.85 442.71 

Temperature 
(K) 101(2) 100(2) 100.00(10) 

Wavelength 1.54184 Å 1.54184 Å 1.54184 Å 
Crystal 
system Monoclinic Triclinic Monoclinic 

Space group P21/c P-1 P21/c 

a (Å) 25.4647(2) 9.0221(3) 16.9964(2) 

b (Å) 15.01930(10) 11.9787(4) 9.51290(10) 

c (Å) 17.04440(10) 15.3582(4) 18.2550(2) 

α (°) 90 67.170(3) 90 

β (°) 107.6870(10) 84.700(3) 114.926(2) 

γ (°) 90 80.845(3) 90 

Volume (Å3) 6210.69(8) 1509.44(9) 2676.63(6) 

Z 4 2 4 
Density 

(calculated) 1.322 Mg/m3 1.483 Mg/m3 1.099 Mg/m3 
Absorption 
coefficient 3.440 mm-1 8.921  mm-1 1.404 mm-1 

F(000) 2616 700 976 
Crystal 

dimensions 
(mm3) 

0.245 x 0.156 x 0.047 0.245 × 0.156 × 0.047 0.341 × 0.312 × 0.124 

Theta range 
(°) 3.461 to 77.098 3.124 to 67.074 2.867 to 76.967 

Index ranges 
-32 ≤ h ≤31 , 
-16 ≤ k ≤18 , 
-21 ≤ l ≤21 

-8 ≤ h ≤ 10 , 
-14 ≤ k ≤14 , 
-17 ≤ l ≤ 18 

-21 ≤ h ≤ 20, 
-9 ≤ k ≤ 12, 
-21 ≤ l ≤ 22 

Reflections 
collected 86482 14458 17306 

Independent 
reflections 

12974 
[R(int) = 0.0596] 

5351 
[R(int) = 0.0495] 

5475 
[R(int)= 0.0320] 

Data / 
restraints / 
parameters 

12974/0/649 5351/70/381 5475/0/274 

Goodness-of-
fit on F2 

1.033 1.037 1.039 

Final R 
indices 

[I>2sigma(I)] 

R1 = 0.0435, 
wR2 = 0.1143 

R1 = 0.0691, 
wR2 = 0.1736 

R1 = 0.0360, 
wR2 = 0.0961 

R indices (all 
data) 

R1 = 0.0449, 
wR2 = 0.1154 

R1 = 0.0724, 
wR2 = 0.1787 

R1 = 0.0381, 
wR2 = 0.09781 

Largest diff. 
peak and hole 

1.256 and -1.300 e.Å-
3 

2.653 and -0.694 e.Å-
3 

0.455 and -0.398 e.Å-3 
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Table 10. Crystal data and structure refinement details of compounds CyYPh-SiCl3, 176 and 179. 

 

  

Compound CyYPh-SiCl3 176 179 

CCDC No.    

Empirical formula C25 H38 Cl3 P Si C25 H43 Br2 P Si C56 H86 Br2 P2 Si2 

Formula weight 503.96 598.50 1037.18 

Temperature (K) 100(2) 100.00(10) 100.00(10) 

Wavelength 1.54184 Å 1.54184 Å 1.54184 Å 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/c P21/m P21/n 

a (Å) 16.8981(3) 9.0338(4)(2) 9.518(2) 

b (Å) 9.52090(10) 14.7460(7) 14.1905(4) 

c (Å) 17.9973(3) 10.4358(5) 19.3947(6) 

α (°) 90 90 90 

β (°) 114.909(2) 92.907(4) 93.712(3) 

γ (°) 90 90 90 

Volume (Å3) 2626.15(8) 1388.39(11) 2614.35(12) 

Z 4 2 2 

Density (calculated) 1.275 Mg/m3 1.432 Mg/m3 1.318 Mg/m3 
Absorption 
coefficient 4.241 mm-1 4.753 mm-1 3.243 mm-1 

F(000) 1072 620 1100 
Crystal dimensions 

(mm3) 
1.104 x 0.295 x 0.294 0.144 x 0.123 x 0.085 0.158 x 0.109 x 0.058 

Theta range (°) 2.883 to 77.064 4.242 to 79.845° 3.863 to 77.051°. 

Index ranges 
-21 ≤ h ≤ 20 , 
-11 ≤ k ≤11 , 
-22 ≤ l ≤ 20 

-11 ≤ h ≤11 , 
-18 ≤ k ≤14 , 
-13 ≤ l ≤12 

-11 ≤ h ≤ 10, 
-15 ≤ k ≤ 17, 
-24 ≤ l ≤ 23 

Reflections 
collected 18308 13589 18224 

Independent 
reflections 

5347 
[R(int) = 0.0494] 

2976 
[R(int) = 0.0587] 

5285 
[R(int)= 0.0484] 

Data / restraints / 
parameters 5347/0/271 2976/0/159 5285/0/283 

Goodness-of-fit on 
F2 

1.026 1.128 1.044 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0425, 
wR2 = 0.1175 

R1 = 0.0399, 
wR2 = 0.1005 

R1 = 0.0487, 
wR2 = 0.01301 

R indices (all data) R1 = 0.0440, 
wR2 = 0.1190 

R1 = 0.0451, 
wR2 = 0.1091 

R1 = 0.0561, 
wR2 = 0.01352 

Largest diff. peak 
and hole 0.590 and -0.518 e.Å-3 0.690 and -0.486 e.Å-3 1.174 and -0.466 e.Å-3 
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Table 11. Crystal data and structure refinement details of compounds L1, L4 and P1. 

  

Compound L1 L4 P1 

CCDC No. 2071634 2071632 2071633 

Empirical formula C44 H68 O2 P2S C32 H54 O2 P2 S C38 H62 Au Cl O2 P2 S 

Formula weight 722.98 564.75 877.29 

Temperature (K) 100.00(10) 100.00(10) 100.00(10) 

Wavelength 1.54184 Å 1.54184 Å 1.54184 Å 

Crystal system Triclinic Monoclinic Triclinic 

Space group P-1 C2/c P-1 

a (Å) 10.57894(10) 38.4015(4) 10.19965(15) 

b (Å) 11.86101(15) 9.60371(10) 10.66040(12) 

c (Å) 17.34664(17 16.96876(19) 18.20122(17) 

α (°) 71.7478(10) 90 91.7698(9) 

β (°) 87.4897(8) 90.9335(10) 105.8271(11) 

γ (°) 78.1942(9) 90 97.7483(11) 

Volume (Å3) 2022.89(4) 6257.19(12) 1881.89(4) 

Z 2 8 2 

Density (calculated) 1.187 Mg/m3 1.199 Mg/m3 1.548 Mg/m3 
Absorption 
coefficient 1.714 mm-1 2.078 mm-1 9.558 mm-1 

F(000) 788 2464 896 
Crystal dimensions 

(mm3) 
0.219 × 0.129 × 0.045 0.28 × 0.210 × 0.016 

0.131 x 0.053 x 0.029 

 
Theta range (°) 2.683 to 77.428 4.606 to 77.304 2.530 to 77.813 

Index ranges 

-13 ≤ h ≤ 12 , 

-15 ≤ k ≤14 , 

-21 ≤ l ≤ 19 

-48 ≤ h ≤ 42, 

-12 ≤ k ≤ 6, 

-20 ≤ l ≤ 21 

-12<=h<=12,  
-11<=k<=13,  
-19<=l<=22 

Reflections 
collected 27462 19356 28727 

Independent 
reflections 

8299 

[R(int) = 0.0215] 

6307 

[R(int)= 0.0248] 
7858 

 [R(int)= 0.0305] 

Data / restraints / 
parameters 

 

8299/0/443 

 

6307/0/339 

 

7858 / 0 / 411 
Goodness-of-fit on 

F2 
1.055 1.057 1.145 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0411, 

wR2 = 0.1176 

R1 = 0.0348, 

wR2 = 0.0910 
R1 = 0.0284,  

 wR2 = 0.0785 

R indices (all data) 
R1 = 0.0424, 

wR2 = 0.1187 

R1 = 0.0371, 

wR2 = 0.0923 
R1 = 0.0290,  

 wR2 = 0.0788 
Largest diff. peak 

and hole 
0.626 and  

-0.521 e.Å-3 
0.629 and  

-0.461 e.Å-3 
1.066 and  

-1.792 e.Å-3 
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Table 12. Crystal data and structure refinement details of compounds P4, CyYSF-H and L5. 

Compound P4 CyYSF-H L5 

CCDC No. 2071636 2071638 2071637 

Empirical formula C39 H62 Au Cl O2 P2 S C23 H34 F9 O2 P S C35 H55 F9 O2 P2 S 

Formula weight 889.30 576.53 772.79 

Temperature (K) 100.00(10) K 100.00(10) 100.00(10) 

Wavelength 1.54184 Å 1.54184 Å 1.54184 Å 

Crystal system Triclinic Orthorhombic Triclinic 

Space group P-1 Pbca P-1 

a (Å) 9.28850(14) 19.6559(2) 10.75436(10) 

b (Å) 14.2022(3) 11.9311(2) 13.56365(11) 

c (Å) 16.1477(2) 22.0689(3) 14.30270(9) 

α (°) 70.1408(15) 90 110.3617 

β (°) 89.6651(11) 90 100.4968 

γ (°) 80.1610(14) 90 97.9783 

Volume (Å3) 1970.88(6) 5176.57(12) 1876.38(3) 

Z 2 8 2 

Density (calculated) 1.499 1.480 1.368 Mg/m3 
Absorption 
coefficient 9.135 2.477 2.239  mm-1 

F(000) 908 2400 816 
Crystal dimensions 

(mm3) 
0.124 x 0.027 x 0.017 0.242 x 0.200 x 0.024 0.171 x 0.117 x 0.095 

Theta range (°) 2.914 to 77.653°. 4.006 to 67.078 3.403 to 77.551 

Index ranges 
-11<=h<=11,  
-17<=k<=17,  
-20<=l<=20 

-23 ≤ h ≤ 22, 

-14 ≤ k ≤ 14, 

-25 ≤ l ≤ 26 

-13<=h<=13, 

-15<=k<=17, 

-18<=l<=16 
 

Reflections 
collected 27759 64699 28860 

Independent 
reflections 

27759 

[R(int)=?] 

4624 

[R(int)= 0.0487] 

7812 

[R(int) =  0.0228] 
Data / restraints / 

parameters 27759 / 405 / 962 4624 / 72 / 374 7812 / 0 / 442 
 

Goodness-of-fit on 
F2 

1.144 1.059 1.053 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0610, 

wR2 = 0.1750 
R1 = 0.0450,  

 wR2 = 0.1263 
R1 = 0.0281, 

wR2 = 0.0736 

R indices (all data) 
R1 = 0.0620, 

wR2 = 0.1774 
R1 = 0.0469,   
wR2 = 0.1283 

R1 = 0.0290, 

wR2 = 0.0742 
Largest diff. peak 

and hole 
2.533 and  

-0.938 e.Å-3 
0.531 and  

-0.425 e.Å-3 
0.368 and -0.404 e.Å-3 
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Table 13. Crystal data and structure refinement details of compounds P5 and P6. 

 
Compound P5 P6 

CCDC No. 2071635 2078561 

Empirical formula C35H55AuClF9O2P2S C24H37AuClP 

Formula weight 1005.20 588.92 

Temperature (K) 100(2) 100(2) 

Wavelength 1.54184 Å 1.54184 Å 

Crystal system Monoclinic Triclinic 

Space group P 21/n P-1 

a (Å) 11.98170(10) 9.63402(18) 

b (Å) 13.78420(10) 9.91609(15) 

c (Å) 24.2263(3) 13.07001(14) 

α (°) 90 105.1916(12) 

β (°) 90.0340(10) 104.0487(13)(10) 

γ (°) 90 99.8202(14) 

Volume (Å3) 4001.17(7) 1131.77(3) 

Z 4 2 

Density (calculated) 1.669 Mg/m3 1.728 Mg/m3 
Absorption 
coefficient 9.411 mm-1 13.996 mm-1 

F(000) 2016 584 
Crystal dimensions 

(mm3) 
0.556 x 0.097 x 0.063 0.201 x 0.163 x 0.093 

Theta range (°) 4.115 to 72.244 3.676 to 76.973 

Index ranges 
-14<=h<=14, 
-16<=k<=12, 
-29<=l<=29 

-11<=h<=12, 
-12<=k<=12, 
-13<=l<=16 

Reflections 
collected 55890 12713 

Independent 
reflections 

7867 
[R(int) =  0.0668] 

4570 
[R(int) =  0.0302] 

Data / restraints / 
parameters 7867 / 0 / 464 4570 / 0 / 248 

Goodness-of-fit on 
F2 

1.040 1.040 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0308, wR2 = 

0.0803 
R1 = 0.0239, wR2 = 

0.0622 

R indices (all data) 
R1 = 0.0333, wR2 = 

0.0819 
R1 = 0.0287, wR2 = 

0.0639 

Largest diff. peak 
and hole 1.262 and --2.261 e.Å-3 1.164 and -1.474 e.Å-3 
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7. Appendix 
Crystal structure determination of CyY-H2 

 
Figure 52. ORTEP plot of the iodide of phosphonium salt CyY-H2. Ellipsoids are drawn at 50% probability level. 

Table 14. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103)for compound 
CyY-H2.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 
I(1) 5928(1) 3049(1) 5950(1) 25(1) 
I(2) 6708(1) 4798(1) 2126(1) 26(1) 
S(1) 5592(1) 1248(1) 4874(1) 14(1) 
S(2) 9033(1) 4374(1) 3934(1) 20(1) 
P(1) 5416(1) 1043(1) 6054(1) 12(1) 
P(2) 9535(1) 5633(1) 3580(1) 15(1) 
O(1) 5625(1) 621(1) 4837(1) 18(1) 
O(2) 4267(1) 1550(1) 4724(1) 20(1) 
O(3) 10132(2) 4055(1) 3697(1) 26(1) 
O(4) 9344(2) 4605(1) 4452(1) 26(1) 
C(1) 6156(2) 1451(1) 5529(1) 14(1) 
C(2) 6966(2) 1532(1) 4519(1) 15(1) 
C(3) 7286(2) 2123(1) 4554(1) 18(1) 
C(4) 8345(2) 2343(1) 4263(1) 18(1) 
C(5) 9086(2) 1982(1) 3940(1) 17(1) 
C(6) 8714(2) 1394(1) 3904(1) 18(1) 
C(7) 7667(2) 1162(1) 4193(1) 18(1) 
C(8) 10289(2) 2228(1) 3653(1) 23(1) 
C(9) 6073(2) 296(1) 6053(1) 14(1) 
C(10) 5769(2) -14(1) 6563(1) 17(1) 
C(11) 6209(2) -655(1) 6544(1) 20(1) 
C(12) 7783(2) -722(1) 6439(1) 22(1) 
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C(13) 8080(2) -410(1) 5934(1) 19(1) 
C(14) 7665(2) 234(1) 5946(1) 17(1) 
C(15) 6058(2) 1481(1) 6620(1) 15(1) 
C(16) 5293(2) 1356(1) 7113(1) 20(1) 
C(17) 5733(2) 1820(1) 7523(1) 25(1) 
C(18) 7364(3) 1846(1) 7644(1) 31(1) 
C(19) 8134(2) 1941(1) 7151(1) 28(1) 
C(20) 7706(2) 1473(1) 6742(1) 22(1) 
C(21) 3458(2) 1055(1) 6001(1) 14(1) 
C(22) 2888(2) 1686(1) 5950(1) 20(1) 
C(23) 1242(2) 1684(1) 5940(1) 27(1) 
C(24) 580(2) 1308(1) 5493(1) 29(1) 
C(25) 1119(2) 683(1) 5553(1) 22(1) 
C(26) 2764(2) 656(1) 5568(1) 18(1) 
C(27) 8470(2) 4965(1) 3513(1) 19(1) 
C(28) 7488(2) 3937(1) 3927(1) 18(1) 
C(29) 6991(2) 3646(1) 3470(1) 20(1) 
C(30) 5827(2) 3273(1) 3483(1) 22(1) 
C(31) 5173(2) 3181(1) 3945(1) 24(1) 
C(32) 5689(2) 3481(1) 4393(1) 25(1) 
C(33) 6831(2) 3867(1) 4386(1) 22(1) 
C(34) 3935(3) 2763(1) 3957(1) 37(1) 
C(35) 9305(2) 5960(1) 4211(1) 21(1) 
C(36) 7777(2) 5919(1) 4391(1) 30(1) 
C(37) 7792(3) 6186(2) 4939(1) 49(1) 
C(38) 8361(4) 6802(2) 4962(1) 57(1) 
C(39) 9852(3) 6839(1) 4770(1) 45(1) 
C(40) 9867(3) 6592(1) 4223(1) 29(1) 
C(41) 11442(2) 5505(1) 3512(1) 17(1) 
C(43) 13890(2) 5174(1) 3893(1) 25(1) 
C(42) 12308(2) 5250(1) 3998(1) 21(1) 
C(44) 14044(2) 4804(1) 3408(1) 29(1) 
C(45) 13209(2) 5073(1) 2932(1) 28(1) 
C(46) 11615(2) 5136(1) 3020(1) 22(1) 
C(47) 8782(2) 6060(1) 3017(1) 18(1) 
C(48) 7264(2) 6295(1) 3090(1) 21(1) 
C(49) 6634(2) 6608(1) 2596(1) 25(1) 
C(50) 7632(2) 7094(1) 2442(1) 27(1) 
C(51) 9115(2) 6847(1) 2360(1) 26(1) 
C(52) 9793(2) 6545(1) 2852(1) 22(1) 

 
Table 15. Anisotropic displacement parameters  (Å2x 103) for compound CyY-H2.  The anisotropic displacement 
factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ]. 

 
U11 U22 U33 U23 U13 U12 

I(1) 31(1) 15(1) 28(1) 0(1) 2(1) -1(1) 
I(2) 22(1) 37(1) 19(1) -9(1) 3(1) 4(1) 
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S(1) 15(1) 14(1) 12(1) 0(1) 2(1) -3(1) 
S(2) 18(1) 16(1) 24(1) 3(1) -4(1) -1(1) 
P(1) 12(1) 12(1) 11(1) 0(1) 1(1) -1(1) 
P(2) 15(1) 13(1) 17(1) -1(1) -2(1) 1(1) 
O(1) 23(1) 15(1) 16(1) -2(1) 4(1) -5(1) 
O(2) 16(1) 24(1) 19(1) 3(1) 1(1) 0(1) 
O(3) 18(1) 21(1) 39(1) 4(1) 1(1) 1(1) 
O(4) 30(1) 22(1) 25(1) 2(1) -11(1) -3(1) 
C(1) 16(1) 12(1) 15(1) -1(1) 2(1) -1(1) 
C(2) 15(1) 17(1) 12(1) 1(1) 1(1) -1(1) 
C(3) 22(1) 16(1) 16(1) -1(1) 2(1) -1(1) 
C(4) 22(1) 14(1) 17(1) 2(1) 1(1) -5(1) 
C(5) 15(1) 22(1) 14(1) 5(1) 0(1) -2(1) 
C(6) 19(1) 19(1) 17(1) 1(1) 4(1) 2(1) 
C(7) 21(1) 14(1) 18(1) 0(1) 2(1) 0(1) 
C(8) 18(1) 25(1) 25(1) 6(1) 6(1) -3(1) 
C(9) 16(1) 13(1) 13(1) 0(1) 1(1) 0(1) 

C(10) 20(1) 15(1) 16(1) 2(1) 4(1) 1(1) 
C(11) 25(1) 15(1) 20(1) 2(1) 3(1) 0(1) 
C(12) 25(1) 17(1) 23(1) 2(1) 1(1) 5(1) 
C(13) 19(1) 20(1) 20(1) 0(1) 4(1) 4(1) 
C(14) 15(1) 17(1) 18(1) 1(1) 3(1) 0(1) 
C(15) 19(1) 14(1) 13(1) -2(1) 1(1) -2(1) 
C(16) 26(1) 21(1) 14(1) -4(1) 4(1) -2(1) 
C(17) 33(1) 26(1) 17(1) -8(1) 4(1) -1(1) 
C(18) 36(1) 34(1) 20(1) -11(1) -4(1) -2(1) 
C(19) 25(1) 34(1) 26(1) -10(1) -4(1) -9(1) 
C(20) 19(1) 28(1) 19(1) -6(1) 0(1) -4(1) 
C(21) 13(1) 16(1) 14(1) 1(1) 3(1) 0(1) 
C(22) 17(1) 17(1) 26(1) 0(1) 1(1) 2(1) 
C(23) 19(1) 22(1) 41(1) 2(1) 6(1) 5(1) 
C(24) 14(1) 34(1) 38(1) 8(1) -4(1) 1(1) 
C(25) 15(1) 27(1) 24(1) 1(1) 1(1) -5(1) 
C(26) 15(1) 20(1) 19(1) -3(1) 2(1) -3(1) 
C(27) 18(1) 17(1) 22(1) 2(1) -6(1) -2(1) 
C(28) 18(1) 16(1) 20(1) 2(1) 0(1) 1(1) 
C(29) 21(1) 20(1) 18(1) 2(1) 2(1) -2(1) 
C(30) 22(1) 21(1) 21(1) 2(1) -3(1) -2(1) 
C(31) 18(1) 25(1) 29(1) 11(1) -1(1) -1(1) 
C(32) 20(1) 32(1) 22(1) 8(1) 5(1) 5(1) 
C(33) 23(1) 24(1) 18(1) 0(1) 0(1) 6(1) 
C(34) 25(1) 45(1) 39(1) 21(1) -3(1) -12(1) 
C(35) 23(1) 22(1) 17(1) -3(1) -2(1) 8(1) 
C(36) 27(1) 42(1) 21(1) 4(1) 5(1) 13(1) 
C(37) 46(2) 82(2) 20(1) 2(1) 7(1) 39(2) 
C(38) 74(2) 68(2) 26(1) -22(1) -12(1) 48(2) 
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C(39) 64(2) 36(1) 31(1) -17(1) -24(1) 24(1) 
C(40) 36(1) 21(1) 26(1) -8(1) -12(1) 7(1) 
C(41) 15(1) 16(1) 21(1) 0(1) -1(1) 2(1) 
C(43) 17(1) 23(1) 34(1) -2(1) -5(1) 2(1) 
C(42) 18(1) 23(1) 22(1) -2(1) -5(1) 3(1) 
C(44) 18(1) 28(1) 40(1) -4(1) 1(1) 7(1) 
C(45) 22(1) 33(1) 31(1) -2(1) 6(1) 4(1) 
C(46) 19(1) 24(1) 21(1) -2(1) 1(1) 4(1) 
C(47) 20(1) 15(1) 19(1) 2(1) -1(1) 2(1) 
C(48) 21(1) 21(1) 21(1) 3(1) -1(1) 5(1) 
C(49) 24(1) 27(1) 24(1) 4(1) -5(1) 8(1) 
C(50) 32(1) 22(1) 26(1) 5(1) -4(1) 6(1) 
C(51) 31(1) 22(1) 27(1) 6(1) 1(1) 0(1) 
C(52) 22(1) 19(1) 26(1) 3(1) 0(1) 2(1) 
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Crystal structure determination of CyY-H 

 
Figure 53. ORTEP plot of compound CyY-H. Ellipsoids are drawn at 50% probability level. 

Table 16. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103)for compound 
CyY-H.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
x y z U(eq) 

S(1) 4500(1) 4252(1) 7475(1) 20(1) 
S(2) 5231(1) 4359(1) 2493(1) 25(1) 
P(1) 5035(1) 2588(1) 7787(1) 14(1) 
P(2) 4820(1) 2658(1) 2783(1) 16(1) 
O(1) 3658(2) 3970(2) 7544(1) 27(1) 
O(2) 4708(2) 5007(1) 7761(1) 30(1) 
O(3) 4941(2) 5103(2) 2771(1) 40(1) 
O(4) 6093(2) 4145(2) 2584(1) 38(1) 
C(1) 5172(2) 3586(2) 7741(2) 19(1) 
C(2) 4639(2) 4389(2) 6607(2) 21(1) 
C(3) 5421(2) 4545(2) 6353(2) 25(1) 
C(4) 5519(2) 4657(2) 5681(2) 27(1) 
C(5) 4844(2) 4605(2) 5252(2) 25(1) 
C(6) 4068(2) 4445(2) 5514(2) 28(1) 
C(7) 3961(2) 4332(2) 6188(2) 26(1) 
C(8) 4946(3) 4731(2) 4521(2) 33(1) 
C(9) 5032(2) 2057(2) 6999(2) 17(1) 
C(10) 5776(2) 2307(2) 6579(2) 23(1) 
C(11) 5785(2) 1881(3) 5919(2) 30(1) 
C(12) 4983(2) 1990(3) 5540(2) 31(1) 
C(13) 4240(2) 1743(2) 5954(2) 26(1) 
C(14) 4219(2) 2182(2) 6613(2) 21(1) 
C(15) 4058(2) 2315(2) 8183(2) 17(1) 
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C(16) 3950(2) 1428(2) 8275(2) 23(1) 
C(17) 3068(2) 1246(2) 8498(2) 26(1) 
C(18) 2855(2) 1693(2) 9130(2) 29(1) 
C(19) 2991(2) 2569(2) 9050(2) 25(1) 
C(20) 3874(2) 2756(2) 8829(2) 19(1) 
C(21) 5976(2) 2280(2) 8227(2) 17(1) 
C(22) 6162(2) 1395(2) 8237(2) 24(1) 
C(23) 7032(2) 1263(2) 8519(2) 29(1) 
C(24) 7125(2) 1618(3) 9201(2) 34(1) 
C(25) 6903(2) 2483(3) 9203(2) 31(1) 
C(26) 6034(2) 2617(2) 8924(2) 25(1) 
C(27) 4608(2) 3645(2) 2748(2) 20(1) 
C(28) 5114(2) 4478(2) 1623(2) 21(1) 
C(29) 4337(2) 4582(2) 1352(2) 26(1) 
C(30) 4246(2) 4662(2) 676(2) 27(1) 
C(31) 4930(2) 4624(2) 258(2) 25(1) 
C(32) 5704(2) 4521(2) 534(2) 29(1) 
C(33) 5808(2) 4449(2) 1214(2) 26(1) 
C(34) 4831(3) 4683(2) -482(2) 36(1) 
C(35) 4878(2) 2142(2) 1990(2) 18(1) 
C(36) 4111(2) 2332(2) 1569(2) 23(1) 
C(37) 4140(2) 1882(2) 916(2) 27(1) 
C(38) 4926(2) 2062(2) 535(2) 29(1) 
C(39) 5690(2) 1893(2) 950(2) 26(1) 
C(40) 5677(2) 2328(2) 1606(2) 22(1) 
C(41) 3899(2) 2274(2) 3201(2) 19(1) 
C(42) 3855(2) 2514(2) 3928(2) 26(1) 
C(43) 3006(2) 2303(3) 4216(2) 34(1) 
C(44) 2819(3) 1430(3) 4132(2) 42(1) 
C(45) 2884(2) 1184(2) 3414(2) 37(1) 
C(46) 3738(2) 1388(2) 3128(2) 30(1) 
C(47) 5806(2) 2441(2) 3191(2) 19(1) 
C(48) 5960(2) 2894(2) 3832(2) 22(1) 
C(49) 6858(2) 2761(2) 4051(2) 28(1) 
C(50) 7048(2) 1895(2) 4135(2) 30(1) 
C(51) 6862(2) 1434(2) 3507(2) 28(1) 
C(52) 5967(2) 1562(2) 3285(2) 24(1) 
Cl11 7392(1) 5057(2) 4374(1) 55(1) 
Cl21 8209(1) 4958(1) 3102(1) 45(1) 

 

 
Table 17. Anisotropic displacement parameters  (Å2x 103) for compound CyY-H.  The anisotropic displacement 
factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ]. 

 U11 U22 U33 U23 U13 U12 
S(1) 25(1) 16(1) 20(1) 2(1) 2(1) 4(1) 
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S(2) 35(1) 20(1) 21(1) 1(1) -3(1) -10(1) 
P(1) 15(1) 14(1) 14(1) 0(1) 0(1) -1(1) 
P(2) 16(1) 16(1) 15(1) 0(1) 1(1) -1(1) 
O(1) 24(1) 30(1) 26(1) 7(1) 3(1) 6(1) 
O(2) 47(2) 16(1) 26(1) -2(1) -2(1) 4(1) 
O(3) 75(2) 20(1) 24(1) 0(1) 2(1) -6(1) 
O(4) 35(1) 50(2) 30(1) 12(1) -10(1) -20(1) 
C(1) 18(1) 18(1) 22(1) 0(1) -2(1) -3(1) 
C(2) 26(2) 14(1) 23(2) 1(1) 1(1) 0(1) 
C(3) 28(2) 21(2) 26(2) 2(1) 0(1) -1(1) 
C(4) 28(2) 22(2) 31(2) 3(1) 3(1) -1(1) 
C(5) 37(2) 16(1) 22(2) 0(1) 2(1) 1(1) 
C(6) 32(2) 28(2) 24(2) 6(1) -3(1) 0(1) 
C(7) 26(2) 26(2) 25(2) 4(1) 2(1) 1(1) 
C(8) 47(2) 27(2) 24(2) 3(1) 5(2) 3(2) 
C(9) 16(1) 19(1) 17(1) -1(1) -2(1) -2(1) 

C(10) 18(1) 30(2) 21(2) -2(1) 2(1) -5(1) 
C(11) 22(2) 48(2) 22(2) -10(2) 6(1) -5(2) 
C(12) 31(2) 46(2) 17(2) -4(1) 2(1) -2(2) 
C(13) 22(2) 38(2) 19(2) -8(1) -2(1) 2(1) 
C(14) 17(1) 26(2) 18(2) -4(1) 0(1) 2(1) 
C(15) 15(1) 20(1) 16(1) 0(1) 1(1) 0(1) 
C(16) 23(2) 18(2) 27(2) -1(1) 5(1) -4(1) 
C(17) 23(2) 27(2) 29(2) -1(1) 8(1) -8(1) 
C(18) 24(2) 35(2) 28(2) -2(2) 9(1) -9(2) 
C(19) 19(2) 33(2) 24(2) -6(1) 6(1) 0(1) 
C(20) 19(1) 21(1) 19(1) -4(1) 2(1) -1(1) 
C(21) 16(1) 18(1) 19(2) 1(1) -1(1) -2(1) 
C(22) 21(2) 16(1) 36(2) 0(1) -8(1) 0(1) 
C(23) 22(2) 26(2) 39(2) 1(2) -7(1) 6(1) 
C(24) 22(2) 50(2) 30(2) 7(2) -9(1) 5(2) 
C(25) 22(2) 46(2) 24(2) -9(2) -7(1) 3(2) 
C(26) 19(1) 36(2) 20(2) -2(1) -4(1) 7(1) 
C(27) 25(2) 14(1) 22(2) 2(1) 4(1) -2(1) 
C(28) 29(2) 14(1) 21(1) 2(1) 0(1) -6(1) 
C(29) 28(2) 25(2) 27(2) 2(1) 2(1) -3(1) 
C(30) 31(2) 23(2) 27(2) 2(1) -3(1) -4(1) 
C(31) 38(2) 16(1) 21(2) 0(1) -1(1) -2(1) 
C(32) 32(2) 27(2) 28(2) 3(1) 7(2) -3(1) 
C(33) 26(2) 27(2) 26(2) 2(1) -1(1) -1(1) 
C(34) 55(2) 29(2) 22(2) 3(1) 0(2) -7(2) 
C(35) 16(1) 19(1) 18(1) -3(1) -1(1) 0(1) 
C(36) 20(1) 29(2) 21(2) -5(1) -1(1) 3(1) 
C(37) 21(2) 38(2) 22(2) -8(2) -3(1) 2(1) 
C(38) 29(2) 39(2) 18(2) -4(1) 0(1) 2(2) 
C(39) 18(2) 37(2) 22(2) -8(1) 3(1) -1(1) 
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C(40) 19(1) 29(2) 19(2) -5(1) 5(1) -3(1) 
C(41) 18(1) 21(2) 20(2) 2(1) 3(1) 1(1) 
C(42) 22(2) 37(2) 18(2) 2(1) 4(1) 2(2) 
C(43) 27(2) 46(2) 28(2) 2(2) 9(1) 5(2) 
C(44) 28(2) 48(3) 51(3) 18(2) 14(2) -7(2) 
C(45) 25(2) 31(2) 54(3) 6(2) 10(2) -3(2) 
C(46) 23(2) 21(2) 44(2) 3(2) 8(2) -2(1) 
C(47) 15(1) 25(2) 18(1) -1(1) 0(1) -1(1) 
C(48) 20(2) 26(2) 21(2) -4(1) -4(1) -1(1) 
C(49) 21(2) 34(2) 27(2) -8(1) -8(1) 0(1) 
C(50) 26(2) 40(2) 25(2) -5(2) -8(1) 7(2) 
C(51) 22(2) 33(2) 30(2) -4(2) -5(1) 5(1) 
C(52) 21(2) 25(2) 26(2) -2(1) -5(1) 3(1) 
Cl11 33(1) 104(2) 27(1) -7(1) -2(1) 2(1) 
Cl21 41(1) 50(1) 44(1) 4(1) 11(1) -2(1) 
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Crystal structure determination of CyY-Li·LiI 

 
Figure 54 .ORTEP plot of compound CyY-Li·LiI. Ellipsoids are drawn at 50% probability level. 

Table 18 .Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103)for compound 
CyY-Li·LiI.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 
S(1) 2032(1) 4011(1) 8124(1) 30(1) 
Li(1) 1241(2) 3372(2) 6731(3) 36(1) 
P(1) 2504(1) 5487(1) 8143(1) 33(1) 
O(1) 1516(1) 4026(1) 7484(1) 37(1) 
C(1) 2624(1) 4612(1) 8162(2) 34(1) 
I(1) 1135(1) 2893(1) 2870(1) 95(1) 
O(2) 2406(1) 3318(1) 8159(1) 31(1) 
Li(2) 2500 2500 7500 29(2) 
C(2) 1488(1) 3989(1) 8967(2) 37(1) 
C(4) 392(2) 4153(2) 9625(3) 81(1) 
C(3) 778(2) 4134(2) 8934(2) 60(1) 
C(5) 694(2) 4021(2) 10317(2) 66(1) 
C(6) 1405(2) 3875(2) 10344(2) 60(1) 
C(8) 266(3) 4023(3) 11056(3) 100(2) 
C(7) 1803(2) 3862(2) 9675(2) 50(1) 
C(9) 2105(1) 5835(1) 9039(2) 37(1) 
C(10) 2494(2) 5599(2) 9763(2) 50(1) 
C(11) 2068(2) 5768(2) 10485(2) 55(1) 
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C(12) 1896(2) 6551(2) 10526(2) 64(1) 
C(13) 1533(2) 6804(2) 9803(2) 68(1) 
C(14) 1961(2) 6630(1) 9076(2) 58(1) 
C(15) 1959(1) 5857(1) 7357(2) 39(1) 
C(16) 1163(1) 5777(1) 7509(2) 43(1) 
C(17) 731(2) 6087(2) 6851(2) 50(1) 
C(18) 918(2) 5744(2) 6093(2) 54(1) 
C(19) 1705(2) 5820(2) 5923(2) 55(1) 
C(20) 2151(1) 5520(2) 6584(2) 44(1) 

C(21A) 3394(6) 5869(5) 8144(7) 39(3) 
C(22A) 3449(6) 6640(7) 7874(12) 44(3) 
C(23A) 4196(6) 6929(6) 7992(12) 63(4) 
C(24A) 4747(3) 6498(3) 7601(4) 59(2) 
C(25A) 4677(4) 5733(4) 7812(6) 61(2) 
C(26A) 3942(3) 5445(3) 7688(5) 61(2) 
O(3A) 1426(8) 3713(12) 5667(6) 43(3) 
C(27A) 962(7) 3903(11) 5045(8) 62(4) 
C(28A) 1271(4) 3579(4) 4350(4) 76(2) 
C(29A) 2059(4) 3594(11) 4528(5) 143(6) 
C(30A) 2134(8) 3689(15) 5362(7) 60(5) 
C(21B) 3380(7) 5906(9) 7918(10) 34(4) 
C(22B) 3419(9) 6704(9) 8025(17) 43(5) 
C(23B) 4157(8) 6971(10) 7822(18) 60(6) 
C(24B) 4722(4) 6600(4) 8245(6) 51(2) 
C(25B) 4689(6) 5811(6) 8181(8) 57(3) 
C(26B) 3953(3) 5522(3) 8370(5) 46(2) 
O(3B) 1409(12) 3853(18) 5765(9) 43(4) 
C(27B) 938(9) 3908(12) 5117(10) 47(4) 
C(28B) 1315(5) 4363(5) 4557(5) 66(3) 
C(29B) 2068(6) 4195(9) 4713(9) 99(5) 
C(30B) 2107(11) 3780(20) 5431(11) 52(4) 

 

Table 19. Anisotropic displacement parameters  (Å2x 103) for compound CyY-Li·LiI.  The anisotropic displacement 
factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ]. 

 U11 U22 U33 U23 U13 U12 

S(1) 28(1) 22(1) 39(1) -4(1) 4(1) 0(1) 
Li(1) 33(2) 32(2) 42(2) 1(2) -3(2) -1(2) 
P(1) 32(1) 23(1) 45(1) -3(1) 6(1) -1(1) 
O(1) 33(1) 29(1) 48(1) -1(1) -5(1) 1(1) 
C(1) 31(1) 24(1) 45(1) -4(1) 6(1) 0(1) 
I(1) 68(1) 72(1) 145(1) -11(1) 12(1) 3(1) 
O(2) 31(1) 22(1) 39(1) -4(1) 2(1) 2(1) 
Li(2) 25(2) 25(2) 38(4) 0 0 0 
C(2) 36(1) 27(1) 49(2) -6(1) 13(1) -2(1) 
C(4) 52(2) 90(3) 100(3) 29(2) 41(2) 25(2) 
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C(3) 42(2) 63(2) 73(2) 16(2) 21(2) 13(1) 
C(5) 71(2) 51(2) 75(2) -1(2) 42(2) -1(2) 
C(6) 69(2) 62(2) 50(2) -10(2) 18(2) -19(2) 
C(8) 104(3) 100(3) 97(3) 4(3) 67(3) 11(3) 
C(7) 43(2) 58(2) 48(2) -11(1) 9(1) -11(1) 
C(9) 37(1) 27(1) 45(1) -6(1) 7(1) -1(1) 

C(10) 47(2) 51(2) 52(2) -17(1) -4(1) 5(1) 
C(11) 57(2) 59(2) 50(2) -13(1) 1(1) 5(1) 
C(12) 73(2) 57(2) 63(2) -24(2) 20(2) -5(2) 
C(13) 94(3) 35(2) 75(2) -5(2) 32(2) 17(2) 
C(14) 81(2) 27(1) 67(2) -7(1) 29(2) 2(1) 
C(15) 39(1) 27(1) 49(2) 4(1) 7(1) -1(1) 
C(16) 36(1) 37(1) 54(2) 7(1) 7(1) 6(1) 
C(17) 45(2) 40(2) 64(2) 11(1) -1(1) 5(1) 
C(18) 47(2) 59(2) 56(2) 14(2) -3(1) -7(1) 
C(19) 52(2) 65(2) 48(2) 11(1) 3(1) -11(1) 
C(20) 38(1) 45(2) 49(2) 3(1) 10(1) -5(1) 

C(21A) 47(4) 23(3) 49(7) 6(3) 10(3) -5(2) 
C(22A) 44(5) 32(5) 56(6) 1(4) 2(3) -3(3) 
C(23A) 66(7) 31(5) 91(8) 2(5) 6(5) -18(4) 
C(24A) 43(3) 54(3) 80(5) 18(3) 0(3) -13(2) 
C(25A) 37(3) 46(3) 99(7) 4(4) 6(4) -2(2) 
C(26A) 40(3) 40(3) 103(5) -6(3) 18(3) -3(2) 
O(3A) 37(3) 56(9) 35(3) 7(4) -3(2) 0(3) 
C(27A) 52(6) 68(10) 66(6) 18(6) -23(4) 2(6) 
C(28A) 87(4) 86(5) 55(3) 14(3) -18(3) -8(4) 
C(29A) 73(5) 308(19) 47(4) -1(7) 10(3) 23(8) 
C(30A) 37(4) 85(13) 58(5) 2(6) 5(4) -5(5) 
C(21B) 29(5) 38(5) 36(8) 9(4) 10(4) -4(3) 
C(22B) 42(7) 22(6) 63(11) 3(5) -2(5) -8(4) 
C(23B) 40(8) 43(8) 97(14) 27(7) 5(6) -4(5) 
C(24B) 38(4) 47(4) 68(6) 6(4) -5(4) -13(3) 
C(25B) 37(5) 47(5) 88(9) 1(5) -12(5) -11(4) 
C(26B) 29(3) 34(3) 75(6) 7(3) -4(3) -5(3) 
O(3B) 33(4) 48(9) 50(6) 5(6) -3(4) 0(4) 
C(27B) 54(7) 37(10) 51(7) 10(6) -9(5) -10(7) 
C(28B) 73(5) 66(5) 57(5) 19(4) -3(4) -3(4) 
C(29B) 68(6) 120(10) 108(10) 51(8) 43(6) 25(7) 
C(30B) 42(7) 56(7) 56(7) -8(6) 9(5) -6(5) 
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Crystal structure determination of CyY-K 

 
Figure 55. ORTEP plot of compound CyY-K. Ellipsoids are drawn at 50% probability level. 

Table 20. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103)for compound 
CyY-K.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 
x y z U(eq) 

I(1) 2500 2500 3569(8) 52(4) 
K(3) 2500 2500 1920(30) 52(4) 
K(1) 3239(1) 3608(1) 4397(1) 59(1) 
K(2) 3816(1) 2783(1) 2699(1) 58(1) 
S(1) 2148(1) 4205(1) 4768(1) 50(1) 
S(2) 3444(1) 3971(1) 2307(1) 50(1) 
P(1) 2720(1) 4788(1) 5856(1) 44(1) 
P(2) 4096(1) 3888(1) 1009(1) 51(1) 
O(1) 2251(2) 3804(2) 4205(2) 54(1) 
O(2) 1704(2) 4066(2) 5209(2) 66(1) 
O(3) 3257(2) 3629(2) 2903(2) 54(1) 
O(4) 3020(2) 4190(2) 1900(2) 59(1) 
C(1) 2652(2) 4359(2) 5185(3) 48(1) 
C(2) 1932(2) 4712(3) 4199(4) 59(2) 
C(3) 2235(3) 4897(3) 3623(4) 60(2) 
C(4) 2085(3) 5292(3) 3194(4) 77(2) 
C(5) 1637(4) 5531(5) 3326(5) 108(4) 
C(6) 1344(3) 5366(5) 3908(6) 117(4) 
C(7) 1487(3) 4961(4) 4333(5) 97(3) 
C(8) 1480(5) 5987(6) 2867(7) 172(7) 

C(9A) 3359(5) 4729(7) 6228(7) 52(3) 
C(10A) 3538(3) 5103(4) 6805(6) 71(3) 
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C(11A) 4044(4) 4989(6) 7128(6) 87(4) 
C(12A) 4427(4) 4863(5) 6569(7) 83(3) 
C(13A) 4258(4) 4482(5) 5999(8) 78(4) 
C(14A) 3748(5) 4603(10) 5663(8) 81(5) 
C(15A) 2611(5) 5466(5) 5554(9) 49(3) 
C(16A) 2941(6) 5606(5) 4886(9) 54(3) 
C(17A) 2776(5) 6109(4) 4566(6) 69(3) 
C(18A) 2769(5) 6513(4) 5156(6) 80(3) 
C(19A) 2463(5) 6372(4) 5826(6) 81(3) 
C(20A) 2618(4) 5865(3) 6147(5) 60(2) 
C(21A) 2312(6) 4754(5) 6706(8) 58(3) 
C(22A) 2317(7) 4223(6) 7042(10) 85(5) 
C(23A) 2035(5) 4234(7) 7784(7) 107(5) 
C(24A) 1505(5) 4421(5) 7683(7) 103(4) 
C(25A) 1489(4) 4932(5) 7331(5) 80(3) 
C(26A) 1784(3) 4928(4) 6598(4) 54(2) 
C(9B) 3368(10) 4788(15) 6157(14) 47(6) 

C(10B) 3485(6) 4472(11) 6851(10) 62(6) 
C(11B) 4020(6) 4538(12) 7104(10) 73(6) 
C(12B) 4389(7) 4449(10) 6489(13) 69(5) 
C(13B) 4269(8) 4765(11) 5807(12) 64(6) 
C(14B) 3732(9) 4680(20) 5540(13) 57(6) 
C(15B) 2651(12) 5407(13) 5620(20) 58(6) 
C(16B) 3026(13) 5589(11) 5030(30) 61(8) 
C(17B) 2982(8) 6143(10) 4869(19) 81(6) 
C(18B) 2460(9) 6319(10) 4737(15) 83(5) 
C(19B) 2103(11) 6164(8) 5357(18) 103(11) 
C(20B) 2132(8) 5597(8) 5477(16) 74(7) 
C(21B) 2344(16) 4644(11) 6644(17) 62(6) 
C(22B) 2359(16) 4097(11) 6900(20) 70(6) 
C(23B) 1923(12) 3973(9) 7415(15) 91(7) 
C(24B) 1854(13) 4354(9) 8025(13) 94(6) 
C(25B) 1814(9) 4886(9) 7738(14) 87(6) 
C(26B) 2272(9) 5018(9) 7259(13) 75(6) 
C(27) 3889(2) 3711(2) 1854(3) 50(2) 
C(28) 3676(2) 4482(3) 2863(3) 53(2) 
C(29) 4089(3) 4396(3) 3327(4) 66(2) 
C(30) 4288(3) 4784(4) 3754(4) 78(2) 
C(31) 4078(3) 5260(4) 3717(5) 79(2) 
C(32) 3669(3) 5340(3) 3248(5) 77(2) 
C(33) 3468(3) 4944(3) 2825(4) 64(2) 
C(34) 4288(4) 5687(4) 4183(6) 107(4) 

C(35A) 3589(6) 3859(6) 256(7) 51(3) 
C(36A) 3746(5) 4006(6) -529(7) 78(4) 
C(37A) 3306(6) 4035(6) -1073(8) 100(4) 
C(38A) 3034(5) 3556(5) -1096(7) 88(4) 
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C(39A) 2876(6) 3399(6) -336(8) 86(4) 
C(40A) 3295(7) 3380(6) 239(10) 97(5) 
C(41A) 4360(5) 4518(5) 887(10) 53(3) 
C(42A) 4755(4) 4620(5) 1486(8) 75(3) 
C(43A) 4984(5) 5139(5) 1365(8) 94(4) 
C(44A) 4597(5) 5527(5) 1398(6) 85(3) 
C(45A) 4200(5) 5442(4) 807(6) 75(3) 
C(46A) 3961(4) 4927(4) 899(6) 57(2) 
C(47A) 4533(4) 3375(4) 641(6) 53(3) 
C(48A) 4801(5) 3096(5) 1261(6) 82(4) 
C(49A) 5126(5) 2668(5) 982(7) 80(5) 
C(50A) 5470(4) 2819(5) 405(7) 73(4) 
C(51A) 5212(5) 3103(5) -238(6) 81(4) 
C(52A) 4880(4) 3530(4) 27(5) 58(3) 
C(35B) 3648(12) 4009(12) 308(12) 35(5) 
C(36B) 3799(10) 4265(11) -419(14) 63(7) 
C(37B) 3351(12) 4342(11) -930(17) 91(7) 
C(38B) 3111(14) 3866(13) -1090(16) 92(7) 
C(39B) 2950(12) 3595(13) -390(18) 78(6) 
C(40B) 3393(14) 3517(13) 140(20) 73(6) 
C(41B) 4485(11) 4467(10) 970(20) 52(5) 
C(42B) 4948(9) 4473(9) 1464(19) 66(6) 
C(43B) 5240(9) 4958(11) 1400(20) 94(7) 
C(44B) 4933(11) 5400(10) 1528(17) 86(6) 
C(45B) 4471(10) 5405(9) 1031(18) 77(5) 
C(46B) 4170(8) 4924(9) 1118(16) 59(5) 
C(47B) 4627(10) 3531(8) 809(17) 57(6) 
C(48B) 4532(8) 2981(8) 914(16) 65(5) 
C(49B) 4939(11) 2622(9) 700(20) 84(9) 
C(50B) 5303(11) 2769(10) 157(19) 85(7) 
C(51B) 5465(9) 3310(10) 240(20) 102(7) 
C(52B) 5025(11) 3667(10) 270(20) 97(9) 

O11 2704(7) 2818(6) 2387(8) 45(4) 
C11 2391(19) 2404(16) 2587(11) 48(6) 
C21 2365(14) 2057(10) 1910(15) 66(6) 
C31 2621(14) 2350(9) 1294(12) 58(6) 
C41 2680(12) 2878(9) 1593(10) 52(5) 
O12 2892(7) 2617(8) 5094(11) 73(5) 
C12 3076(10) 2673(16) 5833(14) 84(8) 
C22 2637(12) 2813(16) 6314(16) 107(10) 
C32 2166(10) 2723(17) 5840(20) 90(8) 
C42 2377(11) 2460(30) 5138(17) 89(9) 
O13 2749(5) 6312(6) 2127(10) 255(7) 
C13 2796(7) 6796(7) 2464(12) 219(8) 
C23 3365(7) 6835(8) 2451(11) 218(8) 
C33 3549(6) 6570(7) 1765(11) 202(7) 
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C43 3127(6) 6228(6) 1589(10) 178(6) 
O14 6986(12) 3919(12) 1728(16) 215(8) 
C14 6681(18) 3599(11) 1260(20) 221(9) 
C24 6525(18) 3958(15) 616(18) 222(9) 
C34 6438(15) 4428(14) 1080(20) 211(9) 
C44 6907(15) 4442(12) 1580(20) 207(9) 
O15 7115(12) 3677(11) 1144(19) 222(8) 
C15 6678(15) 3648(15) 680(20) 225(9) 
C25 6340(10) 4070(15) 1020(20) 212(9) 
C35 6730(15) 4484(11) 1060(30) 209(9) 
C45 7163(14) 4180(14) 1440(20) 202(9) 
O16 7840(50) 3030(50) -290(110) 480(60) 
C16 7430(70) 2960(50) -820(60) 480(60) 
C26 7080(60) 2600(70) -400(120) 480(60) 
C36 7460(80) 2230(50) -60(150) 470(60) 
C46 7920(60) 2560(70) 90(110) 470(60) 

 

Table 21. Anisotropic displacement parameters  (Å2x 103) for compound CyY-K.  The anisotropic displacement 
factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ]. 

 
U11 U22 U33 U23 U13 U12 

I(1) 47(5)  47(5) 61(7)  0 0 0 
K(3) 47(5)  47(5) 61(7)  0 0 0 
K(1) 74(1)  68(1) 36(1)  -14(1) -11(1)  24(1) 
K(2) 101(1)  45(1) 29(1)  1(1) 5(1)  9(1) 
S(1) 37(1)  81(1) 33(1)  -17(1) 8(1)  -14(1) 
S(2) 43(1)  69(1) 38(1)  21(1) 14(1)  19(1) 
P(1) 39(1)  59(1) 33(1)  -8(1) 2(1)  -4(1) 
P(2) 48(1)  68(1) 37(1)  18(1) 16(1)  12(1) 
O(1) 47(2)  81(3) 34(2)  -19(2) 9(2)  -20(2) 
O(2) 52(3)  106(4) 41(2)  -25(2) 15(2)  -26(2) 
O(3) 45(2)  78(3) 38(2)  25(2) 18(2)  16(2) 
O(4) 48(2)  84(3) 44(2)  24(2) 11(2)  24(2) 
C(1) 44(3)  59(4) 40(3)  -8(3) -1(2)  1(3) 
C(2) 34(3)  92(5) 51(4)  -18(3) -1(3)  -2(3) 
C(3) 52(4)  82(5) 48(4)  -5(3) 7(3)  4(3) 
C(4) 78(5)  99(6) 55(4)  9(4) 4(4)  15(5) 
C(5) 88(7)  166(10) 69(6)  16(6) -8(5)  45(7) 
C(6) 60(5)  194(12) 97(7)  27(8) -5(5)  59(7) 
C(7) 38(4)  186(11) 66(5)  -3(6) 1(4)  5(5) 
C(8) 166(13)  220(16) 129(10)  55(11) 3(9)  120(12) 

C(9A) 42(5)  65(7) 48(6)  -14(5) -9(4)  0(5) 
C(10A) 60(5)  73(7) 80(7)  -37(5) -9(5)  9(5) 
C(11A) 62(6)  121(10) 77(7)  -46(7) -25(5)  9(6) 
C(12A) 54(5)  96(8) 98(8)  -27(7) -12(5)  -4(6) 
C(13A) 43(5)  106(10) 85(8)  -38(7) 11(5)  -6(6) 
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C(14A) 57(6)  115(12) 72(7)  -37(8) -1(5)  -1(6) 
C(15A) 48(6)  60(6) 40(5)  -6(4) 3(4)  0(5) 
C(16A) 51(6)  62(5) 49(7)  5(4) 3(5)  -6(4) 
C(17A) 69(7)  72(6) 65(6)  12(5) 8(5)  14(6) 
C(18A) 82(7)  66(6) 91(7)  4(5) 5(6)  3(5) 
C(19A) 93(8)  75(6) 75(7)  -12(5) 8(6)  17(6) 
C(20A) 59(6)  64(5) 57(5)  -19(4) -3(4)  4(4) 
C(21A) 50(5)  88(7) 34(5)  0(5) 12(4)  11(5) 
C(22A) 80(7)  114(10) 60(9)  31(8) 17(6)  9(7) 
C(23A) 93(9)  163(12) 64(8)  43(8) 31(7)  10(8) 
C(24A) 81(7)  165(11) 62(7)  33(7) 28(6)  4(8) 
C(25A) 53(6)  141(9) 45(5)  5(6) 21(4)  7(6) 
C(26A) 44(4)  87(7) 31(4)  -6(4) 5(3)  8(4) 
C(9B) 39(9)  72(14) 32(9)  -15(9) -4(7)  -4(9) 
C(10B) 31(8)  120(19) 35(9)  4(10) -6(7)  0(10) 
C(11B) 40(8)  119(16) 59(9)  -11(11) -22(7)  6(10) 
C(12B) 34(8)  85(11) 86(11)  -2(11) -5(7)  -2(9) 
C(13B) 33(8)  89(16) 69(10)  -11(11) -5(8)  -9(10) 
C(14B) 27(8)  95(15) 48(10)  10(10) 10(7)  -5(9) 
C(15B) 59(11)  65(12) 51(13)  -12(9) 11(10)  1(9) 
C(16B) 63(13)  57(10) 63(16)  -5(10) 11(13)  0(9) 
C(17B) 87(11)  71(9) 86(14)  22(11) 12(10)  7(10) 
C(18B) 87(11)  72(11) 91(12)  15(10) 18(10)  12(9) 
C(19B) 130(20)  68(13) 120(20)  20(15) 60(20)  37(14) 
C(20B) 66(11)  67(12) 87(18)  11(12) 15(11)  9(10) 
C(21B) 49(11)  93(12) 45(11)  1(8) 6(9)  6(10) 
C(22B) 79(13)  97(11) 33(11)  4(10) 12(9)  -3(12) 
C(23B) 94(15)  125(14) 54(13)  23(10) 27(12)  0(14) 
C(24B) 84(14)  148(12) 51(11)  22(9) 32(10)  12(11) 
C(25B) 74(13)  127(12) 59(12)  -3(11) 22(10)  4(12) 
C(26B) 73(12)  99(12) 53(10)  -4(9) 21(9)  15(11) 
C(27) 54(4)  56(4) 40(3)  19(3) 16(3)  12(3) 
C(28) 50(3)  71(4) 38(3)  13(3) 23(3)  15(3) 
C(29) 56(4)  94(6) 50(4)  14(4) 14(3)  8(4) 
C(30) 57(4)  117(7) 61(4)  -16(5) 14(4)  -8(5) 
C(31) 69(5)  101(7) 66(5)  -16(4) 40(4)  -23(5) 
C(32) 80(6)  74(5) 77(5)  -1(4) 50(5)  2(4) 
C(33) 68(4)  74(5) 51(4)  12(3) 25(3)  17(4) 
C(34) 85(6)  127(8) 110(7)  -39(6) 56(6)  -34(6) 

C(35A) 51(6)  49(9) 54(5)  4(5) 4(4)  6(5) 
C(36A) 62(6)  129(13) 42(6)  12(8) -4(4)  0(7) 
C(37A) 96(9)  138(12) 66(7)  25(9) -31(6)  -14(9) 
C(38A) 73(7)  114(10) 78(6)  -19(8) -16(5)  14(7) 
C(39A) 72(7)  82(10) 104(7)  -5(7) -13(6)  -17(7) 
C(40A) 115(11)  71(9) 104(9)  13(7) -35(8)  -24(7) 
C(41A) 46(7)  76(5) 37(5)  12(5) 4(5)  3(4) 
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C(42A) 55(7)  120(8) 50(5)  23(7) -1(6)  -8(6) 
C(43A) 94(8)  137(10) 50(6)  -1(8) -12(7)  -41(7) 
C(44A) 110(9)  108(8) 37(6)  -1(6) 10(6)  -45(7) 
C(45A) 108(9)  71(6) 45(6)  0(5) 7(5)  -21(6) 
C(46A) 68(7)  60(5) 44(6)  5(4) 1(5)  3(5) 
C(47A) 43(5)  76(7) 41(6)  12(5) 14(4)  16(5) 
C(48A) 97(9)  93(8) 56(6)  34(6) 29(6)  47(7) 
C(49A) 75(9)  84(7) 80(9)  28(6) 24(7)  35(7) 
C(50A) 61(7)  76(7) 82(8)  11(6) 11(5)  23(5) 
C(51A) 86(8)  102(8) 56(6)  17(5) 36(5)  42(6) 
C(52A) 60(6)  69(6) 46(5)  12(5) 25(5)  10(5) 
C(35B) 35(9)  49(15) 22(7)  -5(7) 22(6)  9(8) 
C(36B) 68(11)  103(18) 18(9)  13(11) 13(7)  0(12) 
C(37B) 89(13)  130(17) 56(12)  27(14) -13(10)  -6(14) 
C(38B) 74(13)  133(16) 69(10)  10(12) -22(9)  2(13) 
C(39B) 60(11)  104(15) 71(10)  -2(11) -12(8)  -3(11) 
C(40B) 83(12)  65(14) 71(10)  11(10) -25(9)  -18(10) 
C(41B) 44(11)  78(8) 34(10)  16(9) 15(8)  1(8) 
C(42B) 57(12)  98(12) 42(10)  -1(11) 5(11)  8(9) 
C(43B) 93(14)  118(13) 70(14)  -11(12) 4(13)  -22(9) 
C(44B) 103(12)  103(12) 51(11)  -16(11) 10(10)  -32(11) 
C(45B) 105(12)  80(9) 45(12)  6(10) 11(10)  -25(10) 
C(46B) 57(11)  70(8) 49(12)  6(9) 9(9)  -1(8) 
C(47B) 55(11)  74(9) 42(13)  -5(10) 6(9)  8(9) 
C(48B) 59(11)  72(9) 65(12)  21(10) 22(9)  32(8) 
C(49B) 75(16)  72(10) 105(18)  5(13) 48(14)  28(11) 
C(50B) 79(13)  99(10) 76(13)  7(11) 37(11)  27(10) 
C(51B) 95(14)  103(12) 108(17)  5(13) 60(13)  17(10) 
C(52B) 94(15)  89(13) 109(18)  14(14) 54(13)  10(11) 

O11 43(9)  55(9) 37(7)  14(6) -2(7)  7(7) 
C11 38(12)  49(11) 57(8)  3(8) -13(9)  2(9) 
C21 73(12)  67(9) 58(11)  -2(8) 2(10)  -2(9) 
C31 58(13)  58(11) 58(8)  0(7) -5(9)  3(8) 
C41 54(11)  61(9) 41(8)  -2(8) 0(8)  6(8) 
O12 75(11)  58(11) 85(9)  1(9) -6(8)  -12(10) 
C12 87(12)  85(17) 79(11)  -6(13) 0(9)  3(13) 
C22 99(15)  120(20) 98(13)  -5(14) 4(11)  29(14) 
C32 95(12)  75(16) 99(15)  12(13) 4(10)  15(13) 
C42 72(14)  73(18) 122(13)  -9(16) 0(10)  -4(14) 
O13 229(11)  260(12) 276(14)  -81(11) 68(10)  -63(10) 
C13 223(12)  225(14) 208(15)  -41(12) 13(12)  -24(12) 
C23 226(12)  232(15) 195(13)  -54(11) 27(12)  -60(12) 
C33 200(12)  170(13) 235(14)  -44(11) 26(11)  -43(10) 
C43 158(11)  184(12) 192(13)  -19(10) 5(9)  -32(9) 
O14 218(13)  216(12) 211(13)  -24(11) -14(11)  22(10) 
C14 216(15)  226(12) 221(14)  -10(11) -17(12)  5(11) 
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C24 212(14)  227(14) 227(13)  -5(10) -21(11)  0(12) 
C34 204(14)  227(13) 203(13)  1(11) -14(11)  8(12) 
C44 211(14)  221(11) 188(14)  -6(11) -12(11)  27(11) 
O15 219(12)  224(11) 222(14)  -18(11) -16(11)  18(10) 
C15 217(13)  225(13) 234(15)  -7(12) -20(11)  2(11) 
C25 211(12)  221(14) 204(14)  7(13) -20(12)  12(10) 
C35 204(14)  222(11) 203(14)  0(12) -5(12)  21(10) 
C45 210(13)  211(13) 186(14)  -5(11) -6(12)  20(11) 
O16 480(60)  470(60) 480(60)  0(19) -1(19)  -1(18) 
C16 480(60)  480(60) 480(60)  1(19) -4(17)  0(19) 
C26 480(60)  480(60) 480(60)  0(20) -3(19)  2(17) 
C36 470(60)  470(60) 470(60)  -3(19) 0(20)  -1(16) 
C46 470(60)  470(60) 470(60)  -3(19) 0(20)  -2(18) 
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Crystal structure determination of CyY2Ge  

 
Figure 56. ORTEP plot of CyY2Ge. Ellipsoids drawn at 50% probability level. 

Table 22. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for CyY2Ge. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 
x y z U(eq) 

Ge(1) 7916.4(5) 3810.9(4) 2871.5(2) 31.43(17) 
S(1) 6484.5(13) 4696.7(13) 3839.2(4) 28.6(3) 
P(2) 6341.5(12) 5763.9(10) 1974.5(4) 25.5(2) 
S(2) 7179.1(10) 3257.3(9) 1856.6(4) 29.7(2) 
P(1) 5789.8(15) 2509.2(15) 3632.0(7) 30.9(3) 
O(1) 5197(3) 5216(3) 4103.4(14) 37.4(6) 
O(4) 6111(3) 3084(3) 1541.7(11) 37.4(6) 
O(2) 7134(3) 5377(2) 3457.5(11) 37.0(6) 
O(3) 7672(3) 2405(2) 2275.6(12) 38.3(6) 
C(3) 7125(4) 4633(4) 4913.1(15) 30.0(9) 
C(35) 5490(4) 5737(3) 1342.5(14) 29.4(7) 
C(2) 7589(4) 4409(3) 4379.5(14) 28.4(7) 
C(27) 6884(3) 4437(3) 2209.6(13) 25.4(7) 
C(41) 7692(4) 6483(3) 1808.4(16) 30.0(8) 
C(9) 5389(5) 2443(4) 4370.9(16) 37.5(9) 
C(42) 8545(4) 6475(4) 2297.9(16) 31.9(9) 
C(47) 5255(4) 6646(3) 2500.6(15) 30.6(8) 
C(5) 9325(5) 3801(5) 5215.7(16) 34.5(8) 
C(40) 4162(4) 5394(4) 1435.7(15) 32.5(8) 
C(4) 7991(5) 4325(5) 5325.8(14) 33.3(8) 
C(6) 9774(4) 3594(5) 4670.5(16) 36.4(9) 
C(1) 6558(4) 3562(3) 3467.2(14) 27.6(7) 
C(15) 4184(4) 2663(3) 3316.0(16) 34.1(8) 
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C(52) 4194(4) 6115(4) 2766.9(15) 32.2(11) 
C(14) 6628(6) 2006(9) 4698.8(18) 40.8(10) 
C(51) 3406(4) 6827(5) 3236.2(16) 38.1(12) 
C(21) 6854(5) 1194(4) 3355(2) 39.7(9) 
C(36) 5287(4) 6783(3) 988.2(17) 35.4(9) 
C(7) 8919(4) 3882(4) 4255.3(15) 34.6(8) 
C(46) 8600(4) 5940(4) 1318.5(18) 34.9(11) 
C(28) 8573(4) 3097(4) 1361.9(16) 34.4(8) 
C(32) 10925(4) 2906(4) 1167.0(16) 36.8(9) 
C(45) 9678(4) 6573(4) 1178.0(19) 39.1(11) 
C(48) 4655(8) 7837(4) 2322(3) 39.6(12) 
C(50) 2804(6) 8015(5) 3057(2) 41.4(13) 
C(30) 9447(5) 3137(5) 446.1(16) 44.7(12) 
C(29) 8374(4) 3176(6) 820.6(17) 39.3(10) 
C(16) 3173(4) 3714(4) 3540(2) 37.9(10) 
C(44) 10514(4) 6598(4) 1660.8(19) 41.8(11) 
C(26) 8309(5) 1024(5) 3467(3) 44.5(14) 
C(43) 9654(5) 7081(5) 2160.3(18) 40.3(11) 
C(39) 3675(4) 5132(4) 891.2(17) 40.5(10) 
C(31) 10749(4) 3005(4) 616.0(16) 40.6(10) 
C(33) 9863(4) 2949(5) 1542.8(16) 36.0(9) 
C(8) 10244(5) 3452(5) 5663.5(18) 44.5(11) 
C(22) 6322(8) 162(4) 3506(3) 47.4(11) 
C(37) 4794(4) 6543(4) 441.0(16) 41.3(10) 
C(49) 3875(9) 8546(5) 2792(3) 46.1(14) 
C(10) 4298(5) 1822(4) 4546(2) 45.6(13) 
C(38) 3508(5) 6104(4) 513.4(18) 43.6(11) 
C(24) 8629(9) -1031(5) 3334(4) 59.1(16) 
C(13) 6249(9) 2185(8) 5306.9(19) 52.4(13) 
C(25) 9152(7) -4(6) 3168(4) 52.3(16) 
C(20) 4369(4) 2713(4) 2697.5(17) 40.4(10) 
C(12) 5141(9) 1596(4) 5483.9(19) 61.4(15) 
C(23) 7189(10) -882(4) 3224(2) 58.3(13) 
C(34) 11913(5) 3003(6) 215(2) 57.4(14) 
C(19) 3031(5) 2890(5) 2435(2) 50.8(12) 
C(18) 2020(5) 3928(5) 2662(2) 48.0(12) 
C(17) 1831(5) 3870(5) 3272(2) 45.9(11) 
C(11) 3934(7) 1968(5) 5156(2) 57.6(16) 

Ge(1A) 7279(7) 3748(4) 2726(2) 31.43(17) 
O(2A) 6900(30) 5292(16) 3329(7) 37.0(6) 
O(3A) 7160(30) 2354(12) 2163(6) 38.3(6) 
C(27A) 6280(20) 4430(11) 2074(5) 25.4(7) 
C(1A) 6100(20) 3565(18) 3389(5) 27.6(7) 
S(1A) 6320(20) 4650(16) 3754(6) 28.6(3) 
S(2A) 6873(15) 3232(11) 1737(4) 29.7(2) 
P(2A) 6132(18) 5796(11) 1876(6) 25.5(2) 
P(1A) 5570(20) 2449(18) 3658(8) 30.9(3) 
O(1A) 5090(30) 5260(30) 4055(13) 37.4(6) 
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C(2A) 7490(30) 4310(30) 4249(9) 28.4(7) 
C(7A) 8840(30) 3890(50) 4102(12) 34.6(8) 
O(4A) 5970(30) 3030(20) 1333(10) 37.4(6) 
C(28A) 8430(20) 3130(40) 1357(9) 34.4(8) 
C(35A) 5320(30) 5970(20) 1231(11) 29.4(7) 
C(41A) 7650(30) 6270(30) 1800(12) 30.0(8) 
C(47A) 5090(30) 6690(20) 2423(14) 30.6(8) 
C(9A) 5230(40) 2510(40) 4395(9) 37.5(9) 

C(15A) 3940(30) 2430(30) 3363(12) 34.1(8) 
C(21A) 6710(40) 1160(20) 3410(20) 39.7(9) 
C(3A) 7160(40) 4730(60) 4779(11) 30.0(9) 
C(6A) 9740(30) 3650(70) 4504(14) 36.4(9) 

C(29A) 8530(30) 3050(60) 801(9) 39.3(10) 
C(33A) 9600(30) 3080(60) 1629(12) 36.0(9) 
C(40A) 4100(40) 5470(40) 1258(14) 32.5(8) 
C(36A) 5060(50) 7090(30) 957(15) 35.4(9) 
C(42A) 8360(40) 6260(60) 2330(13) 31.9(9) 
C(46A) 8650(40) 5710(50) 1347(18) 34.9(11) 
C(52A) 3980(50) 6170(40) 2660(20) 32.2(11) 
C(48A) 4560(90) 7900(20) 2260(30) 39.6(12) 
C(37A) 4600(50) 6980(40) 383(12) 41.3(10) 
C(14A) 6470(50) 2010(100) 4715(14) 40.8(10) 
C(10A) 4050(60) 2020(70) 4617(16) 45.6(13) 
C(16A) 2980(40) 3590(50) 3490(20) 37.9(10) 
C(20A) 4240(30) 2320(40) 2735(12) 40.4(10) 
C(26A) 8140(40) 1010(50) 3540(50) 44.5(14) 
C(22A) 6200(70) 100(20) 3530(30) 47.4(11) 
C(13A) 6170(80) 2260(90) 5322(13) 52.4(13) 
C(4A) 8010(40) 4340(70) 5184(11) 33.3(8) 
C(5A) 9340(40) 3780(70) 5055(13) 34.5(8) 

C(30A) 9740(30) 2950(60) 511(11) 44.7(12) 
C(32A) 10790(30) 3010(50) 1333(14) 36.8(9) 
C(39A) 3610(40) 5390(40) 698(15) 40.5(10) 
C(43A) 9490(50) 6870(60) 2240(20) 40.3(11) 
C(45A) 9770(40) 6330(60) 1253(18) 39.1(11) 
C(51A) 3190(60) 6870(50) 3140(20) 38.1(12) 
C(49A) 3770(110) 8590(30) 2740(40) 46.1(14) 
C(38A) 3340(40) 6480(40) 416(16) 43.6(11) 
C(11A) 3780(80) 2190(70) 5225(18) 57.6(16) 
C(17A) 1690(40) 3730(60) 3200(20) 45.9(11) 
C(19A) 2920(40) 2440(40) 2460(16) 50.8(12) 
C(25A) 9040(60) 10(70) 3240(60) 52.3(16) 
C(23A) 7120(90) -910(30) 3243.81 58.3(13) 
C(12A) 5010(100) 1761.2 5535(12) 61.4(15) 
C(8A) 10300(50) 3470(80) 5488(18) 44.5(11) 

C(31A) 10920(30) 2900(50) 777(15) 40.6(10) 
C(44A) 10460(30) 6360(60) 1780(20) 41.8(11) 
C(50A) 2650(70) 8080(60) 2970(30) 41.4(13) 
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C(18A) 2000(50) 3610(50) 2590(20) 48.0(12) 
C(24A) 8540(90) -1040(50) 3380(50) 59.1(16) 
C(34A) 12240(30) 2830(60) 460(19) 57.4(14) 

 
Table 23. Anisotropic displacement parameters (Å2×103) for CyY2Ge. The anisotropic displacement factor exponent 
takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 
U11 U22 U33 U23 U13 U12 

Ge(1) 36.5(3) 35.8(2) 20.4(2) 1.32(16) 3.58(19) -6.93(19) 
S(1) 30.3(6) 31.9(4) 23.1(5) 0.2(4) 3.7(4) -7.8(4) 
P(2) 22.7(6) 32.2(4) 20.1(6) 1.0(4) 2.3(3) -4.2(4) 
S(2) 28.8(6) 35.5(4) 23.7(5) -1.7(4) 2.5(3) -6.0(4) 
P(1) 31.8(8) 31.0(5) 28.3(4) -0.6(3) 11.9(4) -8.0(4) 
O(1) 32.7(14) 42.1(14) 31.9(13) -4.6(11) 4.8(11) 0.5(11) 
O(4) 36.7(15) 48.5(16) 28.1(14) -12.2(12) 2.7(13) -13.2(12) 
O(2) 45.6(17) 41.3(14) 28.6(13) 5.1(11) -4.9(12) -19.0(12) 
O(3) 40.2(16) 38.8(14) 33.4(14) -0.7(11) 7.1(12) -7.0(12) 
C(3) 30.6(17) 31.2(19) 26.8(18) -1.4(18) 6.4(16) -6.6(14) 

C(35) 28.1(17) 36(2) 20.4(16) 2.2(13) 2.9(13) -2.2(15) 
C(2) 31.9(17) 31.6(17) 22.9(17) -0.6(14) 1.7(14) -11.1(14) 

C(27) 22.4(16) 31.8(16) 20.1(14) 1.0(12) 0.4(12) -3.4(13) 
C(41) 28.9(16) 29(2) 30.2(16) 0.4(14) 7.1(13) -5.7(14) 
C(9) 44(2) 32.5(18) 33.5(17) -0.2(14) 17.8(15) -10.0(17) 

C(42) 25.5(19) 40(3) 32.0(17) 0.6(15) 2.4(14) -12.1(14) 
C(47) 26.7(18) 37.1(18) 25.7(17) -0.2(13) 5.2(14) -4.8(14) 
C(5) 38.2(19) 34.7(18) 31(2) -1(2) -0.3(18) -11.3(15) 

C(40) 29.0(17) 45(2) 21.6(19) -2.0(17) 1.6(15) -5.9(15) 
C(4) 42(2) 35.5(18) 22.7(18) -3(2) 6.1(17) -11.4(15) 
C(6) 30.6(18) 44(2) 32(2) -1(2) 5.5(17) -4.3(15) 
C(1) 23.1(17) 31.3(16) 27.2(16) 0.7(13) 5.3(13) -5.9(14) 

C(15) 31.2(19) 38(2) 35.7(18) -5.3(15) 10.9(15) -16.6(15) 
C(52) 30(2) 38.5(19) 26(2) -1.7(16) 3.6(16) -4.8(16) 
C(14) 62(3) 32.9(18) 28.4(17) -0.3(14) 13.3(17) -17(2) 
C(51) 32(2) 46(2) 30(2) 0.3(18) 8.1(18) 0.7(18) 
C(21) 46(2) 37.7(19) 30.9(19) 0.8(14) 11.8(16) -4.9(16) 
C(36) 34(2) 38(2) 30.0(17) 4.7(16) 0.1(15) -1.7(18) 
C(7) 32.5(18) 44(2) 25.8(19) -5(2) 8.3(15) -8.9(15) 

C(46) 33.4(18) 39(3) 29.1(17) 0.6(17) 6.7(14) -5.6(17) 
C(28) 32.9(18) 37.1(18) 28.5(16) -2.5(13) 4.7(14) -0.5(15) 
C(32) 30.0(18) 52(2) 26(2) -6.3(19) 1.9(15) -5.8(17) 
C(45) 31.9(19) 47(3) 35(2) 6.3(18) 9.7(15) -6.5(18) 
C(48) 39(2) 35.8(19) 39(3) -1.0(15) 9(2) -2.8(16) 
C(50) 36(2) 45(2) 35(3) -2.6(19) 3(2) 6.9(17) 
C(30) 38(2) 70(3) 22.3(17) -0.5(18) 1.0(16) -6(2) 
C(29) 32(2) 52(3) 32.5(18) -4.8(16) 1.8(14) -8.0(19) 
C(16) 34(2) 40(2) 38(2) -2.3(16) 8.6(16) -10.2(17) 
C(44) 29.2(18) 52(3) 44(3) 4.3(19) 8.1(17) -11.7(18) 
C(26) 49(3) 31.9(19) 46(4) -0.8(18) 12(2) -2.0(18) 
C(43) 33(2) 53(3) 39(2) -1.5(19) 3.5(17) -19.0(18) 
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C(39) 35(2) 59(3) 27(2) -4.4(18) -1.4(17) -8.8(19) 
C(31) 39(2) 57(3) 24.5(19) -0.8(19) 5.7(16) -10.2(19) 
C(33) 35(2) 46(2) 23.6(17) -3.7(16) 6.9(14) -5(2) 
C(8) 49(2) 46(2) 38(2) 0(3) -9(2) -10.4(19) 

C(22) 62(3) 34(2) 45(2) -6.4(17) 10(2) -11.9(19) 
C(37) 39(2) 53(3) 26.6(17) 8.7(18) 0.4(15) 0(2) 
C(49) 46(3) 42(2) 45(3) -9.4(18) 8(2) -2.1(18) 
C(10) 52(3) 39(3) 44(2) 4.1(18) 19.5(19) -13(2) 
C(38) 40(2) 61(3) 26.6(19) 0.8(19) -8.4(16) -3(2) 
C(24) 85(4) 39(2) 42(3) -8.2(18) -2(3) 8(2) 
C(13) 88(4) 40(3) 29.9(18) -1.1(16) 17(2) -23(2) 
C(25) 52(3) 50(2) 42(4) -1(2) 8(2) 10(2) 
C(20) 34(2) 48(3) 39(2) -6.8(18) 8.1(16) -13.2(18) 
C(12) 109(5) 46(2) 34(2) -3.2(18) 28(3) -36(3) 
C(23) 79(4) 38(2) 53(2) -10.7(19) 7(2) -7(2) 
C(34) 40(2) 105(4) 29(2) -6(2) 7.8(18) -23(3) 
C(19) 42(2) 65(3) 49(2) -12(2) 0.5(19) -21(2) 
C(18) 36(2) 61(3) 51(3) -5(2) -3.0(18) -18(2) 
C(17) 35(2) 51(3) 54(3) -5(2) 5.4(18) -15.6(19) 
C(11) 79(4) 42(3) 50(3) -2(2) 37(3) -21(3) 

Ge(1A) 36.5(3) 35.8(2) 20.4(2) 1.32(16) 3.58(19) -6.93(19) 
O(2A) 45.6(17) 41.3(14) 28.6(13) 5.1(11) -4.9(12) -19.0(12) 
O(3A) 40.2(16) 38.8(14) 33.4(14) -0.7(11) 7.1(12) -7.0(12) 
C(27A) 22.4(16) 31.8(16) 20.1(14) 1.0(12) 0.4(12) -3.4(13) 
C(1A) 23.1(17) 31.3(16) 27.2(16) 0.7(13) 5.3(13) -5.9(14) 
S(1A) 30.3(6) 31.9(4) 23.1(5) 0.2(4) 3.7(4) -7.8(4) 
S(2A) 28.8(6) 35.5(4) 23.7(5) -1.7(4) 2.5(3) -6.0(4) 
P(2A) 22.7(6) 32.2(4) 20.1(6) 1.0(4) 2.3(3) -4.2(4) 
P(1A) 31.8(8) 31.0(5) 28.3(4) -0.6(3) 11.9(4) -8.0(4) 
O(1A) 32.7(14) 42.1(14) 31.9(13) -4.6(11) 4.8(11) 0.5(11) 
C(2A) 31.9(17) 31.6(17) 22.9(17) -0.6(14) 1.7(14) -11.1(14) 
C(7A) 32.5(18) 44(2) 25.8(19) -5(2) 8.3(15) -8.9(15) 
O(4A) 36.7(15) 48.5(16) 28.1(14) -12.2(12) 2.7(13) -13.2(12) 
C(28A) 32.9(18) 37.1(18) 28.5(16) -2.5(13) 4.7(14) -0.5(15) 
C(35A) 28.1(17) 36(2) 20.4(16) 2.2(13) 2.9(13) -2.2(15) 
C(41A) 28.9(16) 29(2) 30.2(16) 0.4(14) 7.1(13) -5.7(14) 
C(47A) 26.7(18) 37.1(18) 25.7(17) -0.2(13) 5.2(14) -4.8(14) 
C(9A) 44(2) 32.5(18) 33.5(17) -0.2(14) 17.8(15) -10.0(17) 
C(15A) 31.2(19) 38(2) 35.7(18) -5.3(15) 10.9(15) -16.6(15) 
C(21A) 46(2) 37.7(19) 30.9(19) 0.8(14) 11.8(16) -4.9(16) 
C(3A) 30.6(17) 31.2(19) 26.8(18) -1.4(18) 6.4(16) -6.6(14) 
C(6A) 30.6(18) 44(2) 32(2) -1(2) 5.5(17) -4.3(15) 
C(29A) 32(2) 52(3) 32.5(18) -4.8(16) 1.8(14) -8.0(19) 
C(33A) 35(2) 46(2) 23.6(17) -3.7(16) 6.9(14) -5(2) 
C(40A) 29.0(17) 45(2) 21.6(19) -2.0(17) 1.6(15) -5.9(15) 
C(36A) 34(2) 38(2) 30.0(17) 4.7(16) 0.1(15) -1.7(18) 
C(42A) 25.5(19) 40(3) 32.0(17) 0.6(15) 2.4(14) -12.1(14) 
C(46A) 33.4(18) 39(3) 29.1(17) 0.6(17) 6.7(14) -5.6(17) 
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C(52A) 30(2) 38.5(19) 26(2) -1.7(16) 3.6(16) -4.8(16) 
C(48A) 39(2) 35.8(19) 39(3) -1.0(15) 9(2) -2.8(16) 
C(37A) 39(2) 53(3) 26.6(17) 8.7(18) 0.4(15) 0(2) 
C(14A) 62(3) 32.9(18) 28.4(17) -0.3(14) 13.3(17) -17(2) 
C(10A) 52(3) 39(3) 44(2) 4.1(18) 19.5(19) -13(2) 
C(16A) 34(2) 40(2) 38(2) -2.3(16) 8.6(16) -10.2(17) 
C(20A) 34(2) 48(3) 39(2) -6.8(18) 8.1(16) -13.2(18) 
C(26A) 49(3) 31.9(19) 46(4) -0.8(18) 12(2) -2.0(18) 
C(22A) 62(3) 34(2) 45(2) -6.4(17) 10(2) -11.9(19) 
C(13A) 88(4) 40(3) 29.9(18) -1.1(16) 17(2) -23(2) 
C(4A) 42(2) 35.5(18) 22.7(18) -3(2) 6.1(17) -11.4(15) 
C(5A) 38.2(19) 34.7(18) 31(2) -1(2) -0.3(18) -11.3(15) 
C(30A) 38(2) 70(3) 22.3(17) -0.5(18) 1.0(16) -6(2) 
C(32A) 30.0(18) 52(2) 26(2) -6.3(19) 1.9(15) -5.8(17) 
C(39A) 35(2) 59(3) 27(2) -4.4(18) -1.4(17) -8.8(19) 
C(43A) 33(2) 53(3) 39(2) -1.5(19) 3.5(17) -19.0(18) 
C(45A) 31.9(19) 47(3) 35(2) 6.3(18) 9.7(15) -6.5(18) 
C(51A) 32(2) 46(2) 30(2) 0.3(18) 8.1(18) 0.7(18) 
C(49A) 46(3) 42(2) 45(3) -9.4(18) 8(2) -2.1(18) 
C(38A) 40(2) 61(3) 26.6(19) 0.8(19) -8.4(16) -3(2) 
C(11A) 79(4) 42(3) 50(3) -2(2) 37(3) -21(3) 
C(17A) 35(2) 51(3) 54(3) -5(2) 5.4(18) -15.6(19) 
C(19A) 42(2) 65(3) 49(2) -12(2) 0.5(19) -21(2) 
C(25A) 52(3) 50(2) 42(4) -1(2) 8(2) 10(2) 
C(23A) 79(4) 38(2) 53(2) -10.7(19) 7(2) -7(2) 
C(12A) 109(5) 46(2) 34(2) -3.2(18) 28(3) -36(3) 
C(8A) 49(2) 46(2) 38(2) 0(3) -9(2) -10.4(19) 
C(31A) 39(2) 57(3) 24.5(19) -0.8(19) 5.7(16) -10.2(19) 
C(44A) 29.2(18) 52(3) 44(3) 4.3(19) 8.1(17) -11.7(18) 
C(50A) 36(2) 45(2) 35(3) -2.6(19) 3(2) 6.9(17) 
C(18A) 36(2) 61(3) 51(3) -5(2) -3.0(18) -18(2) 
C(24A) 85(4) 39(2) 42(3) -8.2(18) -2(3) 8(2) 
C(34A) 40(2) 105(4) 29(2) -6(2) 7.8(18) -23(3) 
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Crystal structure determination of CyY2Sn 

 
Figure 57. ORTEP plot of CyY2Sn containing one benzene molecule. Ellipsoids drawn at 50% probability level. 

Table 24. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for CyY2Sn. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 
x y z U(eq) 

Sn(1) 2834(1) 6615(1) 7989(1) 28(1) 
O(1) 4885(2) 6241(1) 8072(1) 32(1) 
S(1) 5234(1) 6474(1) 7396(1) 27(1) 
P(1) 3658(1) 6950(1) 6202(1) 25(1) 
C(1) 3937(2) 6723(1) 7050(1) 27(1) 
C(13) 6066(3) 7495(1) 4755(2) 39(1) 
C(12) 6586(3) 7955(1) 5150(2) 37(1) 
C(11) 6696(3) 7872(1) 5961(2) 35(1) 
C(10) 5466(3) 7715(1) 6221(2) 30(1) 
C(9) 5005(3) 7232(1) 5835(2) 30(1) 
C(8) 8764(3) 8168(1) 8242(2) 41(1) 
C(7) 7437(3) 6972(1) 7408(2) 31(1) 
C(6) 8231(3) 7365(1) 7600(2) 33(1) 
C(5) 7926(3) 7733(1) 8077(2) 33(1) 
C(3) 6005(3) 7301(1) 8197(2) 32(1) 
O(3) 800(2) 6624(1) 7294(1) 33(1) 
C(46) 902(3) 4688(1) 7012(2) 39(1) 
C(19) 1500(3) 5822(1) 5189(2) 42(1) 
C(30) -2405(3) 5744(1) 8466(2) 32(1) 
C(48) 4102(3) 4548(1) 8021(2) 30(1) 
C(25) 1352(3) 8045(1) 6930(2) 38(1) 
C(47) 3716(2) 5075(1) 7768(1) 26(1) 
C(24) 659(3) 8231(1) 6239(2) 42(1) 
C(14) 4860(3) 7321(1) 5024(2) 35(1) 
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C(52) 3813(3) 5131(1) 6963(1) 31(1) 
C(29) -1564(3) 5752(1) 7957(2) 31(1) 
P(2) 2241(1) 5281(1) 8064(1) 24(1) 
O(2) 5899(2) 6156(1) 6936(1) 34(1) 
S(2) 565(1) 6080(1) 7414(1) 27(1) 
C(2) 6316(2) 6947(1) 7699(2) 28(1) 
C(49) 5397(3) 4433(1) 7823(2) 33(1) 
C(26) 2582(3) 7809(1) 6790(2) 32(1) 
C(45) -309(4) 4419(2) 6810(2) 54(1) 
C(20) 1959(3) 6211(1) 5747(2) 33(1) 
C(41) 985(3) 4838(1) 7805(2) 30(1) 
C(18) 2490(3) 5439(1) 5059(2) 41(1) 
C(4) 6805(3) 7689(1) 8382(2) 34(1) 
O(4) -7(2) 5811(1) 6802(1) 35(1) 
C(50) 5512(3) 4489(1) 7026(2) 33(1) 
C(27) 1911(2) 5876(1) 7771(1) 25(1) 
C(40) 1312(3) 5445(1) 9373(2) 32(1) 
C(35) 2459(2) 5249(1) 9050(1) 27(1) 
C(39) 1448(3) 5412(1) 10184(2) 38(1) 
C(34) -3228(3) 6059(1) 9594(2) 40(1) 
C(38) 2578(3) 5696(1) 10493(2) 39(1) 
C(33) -447(3) 6400(1) 8626(2) 32(1) 
C(37) 3730(3) 5512(1) 10178(2) 35(1) 
C(32) -1301(3) 6386(1) 9126(2) 33(1) 
C(15) 3112(3) 6476(1) 5532(1) 28(1) 
C(42) 903(3) 4367(1) 8272(2) 37(1) 
C(23) 522(3) 7827(1) 5667(2) 40(1) 
C(36) 3597(3) 5538(1) 9359(1) 30(1) 
C(31) -2295(3) 6056(1) 9055(2) 32(1) 
C(51) 5115(3) 5010(1) 6773(2) 35(1) 
C(28) -569(2) 6078(1) 8042(2) 29(1) 
C(44) -462(4) 3963(2) 7280(2) 58(1) 
C(21) 2361(3) 7379(1) 6251(1) 28(1) 
C(17) 3660(3) 5694(1) 4868(2) 39(1) 
C(16) 4117(3) 6087(1) 5421(2) 34(1) 
C(43) -317(3) 4103(1) 8070(2) 46(1) 
C(22) 1750(3) 7583(1) 5541(2) 33(1) 
C(53) -1366(4) 6476(2) 5288(3) 70(1) 
C(54) -2304(4) 6134(2) 5205(3) 67(1) 
C(55) -2913(4) 6060(2) 4544(2) 59(1) 
C(56) -2601(4) 6328(2) 3963(2) 55(1) 
C(57) -1663(4) 6666(2) 4039(2) 55(1) 
C(58) -1042(4) 6738(2) 4701(2) 62(1) 
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Table 25. Anisotropic displacement parameters (Å2×103) for CyY2Sn. The anisotropic displacement factor exponent 
takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 
U11 U22 U33 U23 U13 U12 

Sn(1) 33(1) 22(1) 28(1) 0(1) 6(1) -2(1) 
O(1) 34(1) 27(1) 34(1) 6(1) 3(1) -5(1) 
S(1) 29(1) 22(1) 30(1) 1(1) 3(1) -1(1) 
P(1) 31(1) 20(1) 26(1) 1(1) 6(1) 1(1) 
C(1) 29(1) 26(1) 26(1) 3(1) 8(1) -3(1) 

C(13) 48(2) 33(2) 38(2) 7(1) 15(1) 3(1) 
C(12) 34(2) 35(2) 44(2) 10(1) 12(1) -1(1) 
C(11) 33(2) 32(2) 41(2) 8(1) 5(1) -1(1) 
C(10) 33(1) 26(1) 33(1) 4(1) 6(1) 0(1) 
C(9) 33(1) 24(1) 33(1) 3(1) 9(1) 2(1) 
C(8) 45(2) 34(2) 44(2) -1(1) 2(1) -8(1) 
C(7) 32(1) 25(1) 37(2) 0(1) 4(1) 1(1) 
C(6) 29(1) 31(2) 40(2) 3(1) 4(1) -1(1) 
C(5) 37(2) 26(1) 33(1) 3(1) -2(1) -2(1) 
C(3) 32(1) 30(1) 34(1) 0(1) 6(1) -1(1) 
O(3) 37(1) 27(1) 34(1) 7(1) 8(1) 4(1) 
C(46) 45(2) 38(2) 32(2) -10(1) 4(1) -8(1) 
C(19) 49(2) 35(2) 39(2) -7(1) -4(1) -4(1) 
C(30) 27(1) 29(1) 41(2) -1(1) 2(1) -3(1) 
C(48) 37(2) 23(1) 30(1) 1(1) 4(1) 1(1) 
C(25) 47(2) 25(1) 44(2) -5(1) 17(1) 0(1) 
C(47) 30(1) 22(1) 27(1) 0(1) 6(1) 0(1) 
C(24) 42(2) 35(2) 52(2) 0(1) 16(1) 11(1) 
C(14) 47(2) 27(1) 31(1) 2(1) 11(1) -1(1) 
C(52) 41(2) 29(1) 26(1) 2(1) 7(1) 8(1) 
C(29) 30(1) 30(1) 33(1) -1(1) 1(1) 1(1) 
P(2) 29(1) 21(1) 24(1) 0(1) 4(1) -1(1) 
O(2) 34(1) 27(1) 40(1) -4(1) 6(1) 2(1) 
S(2) 29(1) 26(1) 28(1) 2(1) 4(1) 1(1) 
C(2) 31(1) 22(1) 32(1) 3(1) 0(1) 0(1) 

C(49) 38(2) 25(1) 35(2) -1(1) 3(1) 6(1) 
C(26) 41(2) 23(1) 35(1) -2(1) 8(1) 1(1) 
C(45) 54(2) 62(2) 46(2) -24(2) 0(2) -15(2) 
C(20) 39(2) 30(1) 30(1) -4(1) 4(1) -2(1) 
C(41) 31(1) 27(1) 31(1) -2(1) 4(1) -2(1) 
C(18) 65(2) 26(2) 31(2) -7(1) -2(1) -2(1) 
C(4) 42(2) 30(2) 30(1) -1(1) 2(1) 0(1) 
O(4) 33(1) 42(1) 31(1) 1(1) 2(1) 0(1) 
C(50) 37(2) 27(1) 36(2) -1(1) 8(1) 4(1) 
C(27) 26(1) 20(1) 30(1) -1(1) 7(1) -3(1) 
C(40) 32(1) 36(2) 29(1) 2(1) 6(1) 1(1) 
C(35) 31(1) 26(1) 25(1) 0(1) 5(1) 0(1) 
C(39) 36(2) 50(2) 28(1) 3(1) 8(1) 5(1) 
C(34) 39(2) 40(2) 42(2) -3(1) 11(1) -6(1) 
C(38) 41(2) 50(2) 27(1) -5(1) 5(1) 7(1) 
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C(33) 30(1) 29(1) 37(2) -1(1) 6(1) 0(1) 
C(37) 38(2) 38(2) 28(1) -2(1) 1(1) 0(1) 
C(32) 32(1) 32(2) 34(1) -5(1) 5(1) -2(1) 
C(15) 40(2) 24(1) 21(1) 0(1) 5(1) 1(1) 
C(42) 41(2) 25(1) 45(2) 1(1) 10(1) -5(1) 
C(23) 37(2) 39(2) 45(2) 0(1) 4(1) 10(1) 
C(36) 33(1) 33(1) 24(1) -1(1) 2(1) 0(1) 
C(31) 31(1) 28(1) 38(2) 2(1) 7(1) -1(1) 
C(51) 45(2) 25(1) 36(2) -1(1) 15(1) 4(1) 
C(28) 28(1) 28(1) 32(1) 2(1) 1(1) 4(1) 
C(44) 52(2) 47(2) 75(3) -26(2) 13(2) -23(2) 
C(21) 32(1) 21(1) 31(1) 1(1) 7(1) 0(1) 
C(17) 60(2) 28(2) 31(1) -2(1) 10(1) 5(1) 
C(16) 44(2) 24(1) 34(2) -2(1) 11(1) 2(1) 
C(43) 48(2) 31(2) 62(2) -3(1) 15(2) -11(1) 
C(22) 37(2) 30(1) 32(1) 2(1) 4(1) 5(1) 
C(53) 48(2) 97(4) 63(3) 5(2) -6(2) 18(2) 
C(54) 65(3) 61(3) 75(3) 16(2) 15(2) 20(2) 
C(55) 60(2) 47(2) 73(3) -11(2) 14(2) 0(2) 
C(56) 56(2) 56(2) 53(2) -22(2) 8(2) 2(2) 
C(57) 57(2) 53(2) 57(2) -10(2) 18(2) 5(2) 
C(58) 39(2) 76(3) 71(3) -20(2) 4(2) -4(2) 
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Crystal structure determination of (CyYSnCl)2 (170) 

 
Figure 58. ORTEP plot of 170 containing one THF molecule (disordered). Ellipsoids drawn at 50% probability level. 

Table 26. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for 170. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 
x y z U(eq) 

Sn(1) 5562(1) 8057(1) 768(1) 52(1) 
P(1) 2455(1) 7821(1) 2484(1) 43(1) 
O(1) 6999(4) 6879(3) 2139(3) 59(1) 
Cl(1) 6712(1) 9977(1) 560(1) 58(1) 
S(1) 5696(1) 6813(1) 2826(1) 48(1) 
C(1) 4336(5) 7721(4) 2126(3) 48(1) 
C(2) 6199(5) 7445(4) 3624(4) 47(1) 
O(2) 5405(4) 5584(3) 3436(3) 54(1) 
C(3) 6220(6) 6748(5) 4584(4) 54(1) 
C(4) 6486(6) 7274(5) 5211(4) 54(1) 
C(5) 6759(6) 8479(5) 4886(4) 55(1) 
C(6) 6751(6) 9156(5) 3914(4) 54(1) 
C(7) 6475(5) 8653(5) 3275(4) 49(1) 
C(8) 6992(7) 9054(6) 5562(5) 66(1) 
C(9) 2174(5) 7255(4) 3781(3) 45(1) 
C(10) 2534(5) 8147(4) 4216(3) 46(1) 
C(11) 2495(6) 7544(5) 5294(3) 51(1) 
C(12) 970(6) 7138(5) 5669(4) 56(1) 
C(13) 591(5) 6267(4) 5240(3) 50(1) 
C(14) 621(5) 6836(4) 4167(3) 47(1) 
C(15) 1586(5) 9415(4) 1917(3) 44(1) 
C(16) 2517(5) 10346(4) 1982(4) 48(1) 
C(17) 1741(6) 11658(4) 1487(4) 53(1) 
C(18) 147(6) 11815(4) 1882(4) 53(1) 
C(19) -772(5) 10936(4) 1747(4) 52(1) 
C(20) -51(5) 9605(4) 2248(4) 48(1) 
C(21) 1417(5) 6902(4) 2102(3) 46(1) 
C(22) 2097(5) 5536(4) 2529(3) 48(1) 
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C(23) 1190(6) 4757(4) 2254(4) 52(1) 
C(24) 1159(6) 5161(4) 1191(4) 53(1) 
C(25) 502(6) 6519(4) 745(4) 53(1) 
C(26) 1366(6) 7328(4) 1019(3) 50(1) 
O1A1 3751(11) 7497(8) 7414(6) 73(3) 
C1A1 3300(20) 6291(19) 7717(12) 61(4) 
C2A1 3760(20) 5575(18) 8715(12) 61(4) 
C3A1 4170(30) 6542(17) 9035(13) 74(5) 
C4A1 4747(19) 7458(16) 8071(14) 68(4) 
O1B1 3418(16) 6089(14) 9251(8) 93(4) 
C1B1 4520(30) 6920(20) 8880(17) 77(5) 
C2B1 4820(20) 7156(18) 7851(14) 70(5) 
C3B1 3710(30) 6500(20) 7626(15) 67(5) 
C4B1 3330(30) 5550(20) 8610(17) 79(6) 

 

 
Table 27. Anisotropic displacement parameters (Å2×103) for 170. The anisotropic displacement factor exponent 
takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 
U11 U22 U33 U23 U13 U12 

Sn(1) 53(1) 56(1) 50(1) -25(1) 10(1) -12(1) 
P(1) 44(1) 42(1) 43(1) -17(1) 5(1) -8(1) 
O(1) 50(2) 65(2) 64(2) -31(2) 10(2) -6(2) 
Cl(1) 59(1) 62(1) 55(1) -22(1) 5(1) -21(1) 
S(1) 45(1) 48(1) 52(1) -22(1) 4(1) -5(1) 
C(1) 50(2) 48(2) 46(2) -19(2) 2(2) -6(2) 
C(2) 42(2) 52(2) 50(2) -24(2) 2(2) -3(2) 
O(2) 58(2) 48(2) 56(2) -20(2) -1(2) -7(1) 
C(3) 51(2) 50(2) 60(3) -21(2) -4(2) -1(2) 
C(4) 56(3) 54(2) 52(3) -22(2) -8(2) 3(2) 
C(5) 50(2) 57(3) 62(3) -28(2) -5(2) 1(2) 
C(6) 49(2) 55(2) 58(3) -25(2) 3(2) -7(2) 
C(7) 40(2) 56(2) 53(3) -23(2) 3(2) -6(2) 
C(8) 69(3) 68(3) 69(3) -38(3) -9(3) 4(2) 
C(9) 46(2) 43(2) 45(2) -17(2) 4(2) -8(2) 

C(10) 47(2) 43(2) 47(2) -16(2) 3(2) -8(2) 
C(11) 53(3) 56(2) 46(2) -21(2) 4(2) -12(2) 
C(12) 61(3) 61(3) 45(2) -20(2) 7(2) -14(2) 
C(13) 53(2) 47(2) 46(2) -12(2) 7(2) -11(2) 
C(14) 46(2) 45(2) 49(2) -19(2) 5(2) -9(2) 
C(15) 49(2) 39(2) 43(2) -14(2) 2(2) -9(2) 
C(16) 47(2) 46(2) 51(2) -19(2) 1(2) -9(2) 
C(17) 53(3) 45(2) 61(3) -20(2) 6(2) -11(2) 
C(18) 58(3) 46(2) 52(3) -19(2) 1(2) -4(2) 
C(19) 49(2) 45(2) 55(3) -14(2) 0(2) -3(2) 
C(20) 47(2) 44(2) 50(2) -16(2) 3(2) -7(2) 
C(21) 47(2) 42(2) 47(2) -15(2) 3(2) -6(2) 
C(22) 55(2) 42(2) 46(2) -16(2) 1(2) -7(2) 
C(23) 66(3) 42(2) 52(3) -20(2) 5(2) -16(2) 
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C(24) 64(3) 46(2) 51(3) -19(2) 0(2) -13(2) 
C(25) 57(3) 53(2) 52(3) -20(2) -2(2) -13(2) 
C(26) 60(3) 45(2) 45(2) -17(2) -1(2) -11(2) 
O1A1 91(6) 74(6) 63(5) -33(4) -3(4) -14(4) 
C1A1 56(11) 74(8) 62(7) -39(6) 6(6) -5(6) 
C2A1 60(11) 69(7) 60(6) -28(5) 0(6) -14(6) 
C3A1 98(17) 68(11) 62(7) -33(7) -18(7) 1(7) 
C4A1 56(7) 68(8) 87(9) -38(7) -4(6) -5(6) 
O1B1 91(9) 100(9) 69(6) -15(6) 4(6) -12(6) 
C1B1 70(10) 89(15) 86(11) -50(11) -9(8) -2(8) 
C2B1 61(8) 65(9) 80(10) -26(7) -2(7) 2(6) 
C3B1 52(12) 78(13) 68(8) -30(7) -1(7) 5(7) 
C4B1 61(14) 62(8) 101(12) -20(7) 3(9) -6(7) 
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Crystal structure determination of CyY(Cl)Ge-Ge(Cl)CyY (169) 

 
Figure 59. ORTEP plot of 169 containing non-coordinating solvent molecules (acetonitrile and cyclohexane). 
Ellipsoids drawn at 50% probability level. 

Table 28. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for 169. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 
x y z U(eq) 

Ge(1) 3181(1) 4050(1) 6613(1) 15(1) 
C(1) 3648(1) 3232(2) 6267(1) 15(1) 
Cl(1) 3694(1) 5138(1) 7372(1) 24(1) 
S(1) 3882(1) 2571(1) 7099(1) 16(1) 
P(1) 3715(1) 2994(1) 5301(1) 13(1) 
O(1) 3602(1) 2937(1) 7669(1) 20(1) 
N(1) 2454(1) -505(2) 6321(2) 50(1) 

Ge(2) 2280(1) 4187(1) 6895(1) 15(1) 
P(2) 1762(1) 6118(1) 6367(1) 13(1) 
O(2) 3823(1) 1622(1) 6944(1) 23(1) 
S(2) 2494(1) 5446(1) 5464(1) 13(1) 
Cl(2) 1869(1) 3054(1) 5959(1) 24(1) 
C(2) 4604(1) 2741(2) 7583(1) 20(1) 
C(3) 4815(1) 3598(2) 7707(2) 23(1) 
O(3) 2927(1) 4728(1) 5572(1) 16(1) 
C(4) 5374(1) 3725(2) 8082(2) 27(1) 
O(4) 2716(1) 6329(1) 5447(1) 18(1) 
C(5) 5730(1) 2997(2) 8346(2) 29(1) 
C(6) 5510(1) 2149(2) 8213(2) 30(1) 
C(7) 4951(1) 2009(2) 7835(2) 25(1) 
C(8) 6334(1) 3156(3) 8783(2) 41(1) 
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C(9) 4314(1) 2264(2) 5421(1) 16(1) 
C(10) 4874(1) 2747(2) 5736(2) 18(1) 
C(11) 5342(1) 2063(2) 5952(2) 21(1) 
C(12) 5329(1) 1491(2) 5204(2) 23(1) 
C(13) 4769(1) 1047(2) 4850(2) 20(1) 
C(14) 4298(1) 1722(2) 4643(1) 19(1) 
C(15) 3751(1) 4037(1) 4767(1) 14(1) 
C(16) 4151(1) 4736(2) 5281(1) 18(1) 
C(18) 4136(1) 5514(2) 3952(2) 20(1) 
C(17) 4069(1) 5624(2) 4812(2) 20(1) 
C(19) 3748(1) 4803(2) 3455(1) 19(1) 
C(20) 3836(1) 3911(2) 3916(1) 17(1) 
C(21) 3134(1) 2377(2) 4616(1) 16(1) 
C(22) 2595(1) 2911(2) 4318(2) 21(1) 
C(23) 2152(1) 2346(2) 3707(2) 26(1) 
C(24) 2058(1) 1462(2) 4083(2) 30(1) 
C(25) 2593(1) 943(2) 4416(2) 25(1) 
C(26) 3032(1) 1506(2) 5028(2) 22(1) 
C(53) 643(2) 1793(3) 5233(3) 61(1) 
C(52) 1386(1) 7878(2) 5791(2) 21(1) 
C(51) 1295(1) 8524(2) 5064(2) 28(1) 
C(50) 863(1) 8192(2) 4291(2) 31(1) 
C(49) 998(1) 7258(2) 4057(2) 27(1) 
C(48) 1074(1) 6619(2) 4781(1) 20(1) 
C(47) 1540(1) 6951(2) 5534(1) 16(1) 
C(46) 845(1) 4937(2) 5940(2) 21(1) 
C(45) 442(1) 4405(2) 6256(2) 26(1) 
C(44) 60(1) 5022(2) 6544(2) 30(1) 
C(43) 395(1) 5666(2) 7200(2) 27(1) 
C(42) 802(1) 6211(2) 6891(2) 22(1) 
C(41) 1182(1) 5578(2) 6604(1) 17(1) 
C(40) 2673(1) 7123(2) 7186(1) 16(1) 
C(39) 3004(1) 7651(2) 7942(2) 21(1) 
C(38) 3119(1) 7106(2) 8734(2) 24(1) 
C(37) 2589(1) 6727(2) 8842(1) 21(1) 
C(36) 2272(1) 6176(2) 8092(1) 19(1) 
C(35) 2140(1) 6738(2) 7301(1) 14(1) 
C(34) 1079(1) 4807(3) 1938(2) 41(1) 
C(33) 1675(1) 4578(2) 4265(1) 18(1) 
C(32) 1352(1) 4448(2) 3454(2) 22(1) 
C(31) 1428(1) 4958(2) 2814(2) 26(1) 
C(30) 1839(1) 5606(2) 3003(2) 27(1) 
C(29) 2165(1) 5748(2) 3807(2) 21(1) 
C(28) 2079(1) 5235(2) 4434(1) 16(1) 
C(27) 2152(1) 5261(2) 6137(1) 14(1) 
C(54) 469(2) 2563(3) 4655(3) 59(1) 
C(55) 545(2) 2359(3) 3822(3) 68(1) 
C(56) 246(2) 1518(3) 3453(3) 58(1) 
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C(57) 425(2) 739(2) 4049(3) 50(1) 
C(58) 346(2) 953(3) 4869(2) 48(1) 
C(59) 2536(1) 1055(2) 6999(2) 35(1) 
C(60) 2490(1) 184(2) 6612(2) 35(1) 

 
 
Table 29. Anisotropic displacement parameters (Å2×103) for 169. The anisotropic displacement factor exponent 
takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 
U11 U22 U33 U23 U13 U12 

Ge(1) 18(1) 15(1) 14(1) 1(1) 8(1) 2(1) 
C(1) 18(1) 14(1) 14(1) 1(1) 7(1) 4(1) 
Cl(1) 27(1) 18(1) 24(1) -4(1) 5(1) 1(1) 
S(1) 20(1) 16(1) 14(1) 3(1) 7(1) 3(1) 
P(1) 16(1) 12(1) 13(1) 0(1) 6(1) 1(1) 
O(1) 22(1) 24(1) 15(1) 2(1) 10(1) 4(1) 
N(1) 54(2) 44(2) 53(2) -7(1) 18(2) -8(1) 

Ge(2) 18(1) 15(1) 14(1) 1(1) 8(1) 2(1) 
P(2) 14(1) 14(1) 12(1) -1(1) 5(1) 1(1) 
O(2) 32(1) 15(1) 22(1) 4(1) 11(1) 3(1) 
S(2) 16(1) 13(1) 13(1) 1(1) 7(1) 1(1) 
Cl(2) 27(1) 18(1) 24(1) -4(1) 5(1) 1(1) 
C(2) 20(1) 26(1) 14(1) 3(1) 6(1) 6(1) 
C(3) 22(1) 27(1) 19(1) 2(1) 7(1) 4(1) 
O(3) 18(1) 18(1) 14(1) 2(1) 7(1) 5(1) 
C(4) 22(1) 38(2) 21(1) -2(1) 8(1) 2(1) 
O(4) 22(1) 14(1) 20(1) 0(1) 10(1) -2(1) 
C(5) 21(1) 51(2) 16(1) 2(1) 8(1) 9(1) 
C(6) 29(1) 44(2) 19(1) 7(1) 10(1) 20(1) 
C(7) 30(1) 28(1) 18(1) 6(1) 11(1) 11(1) 
C(8) 21(1) 72(2) 27(1) -1(1) 5(1) 9(1) 
C(9) 19(1) 12(1) 17(1) 0(1) 7(1) 3(1) 

C(10) 18(1) 16(1) 21(1) -2(1) 9(1) 1(1) 
C(11) 19(1) 20(1) 25(1) -1(1) 8(1) 3(1) 
C(12) 23(1) 21(1) 29(1) -1(1) 14(1) 6(1) 
C(13) 27(1) 16(1) 22(1) -2(1) 11(1) 6(1) 
C(14) 24(1) 16(1) 17(1) -2(1) 7(1) 4(1) 
C(15) 17(1) 12(1) 13(1) 1(1) 6(1) 1(1) 
C(16) 21(1) 15(1) 17(1) -2(1) 5(1) -2(1) 
C(18) 25(1) 15(1) 22(1) 4(1) 9(1) -1(1) 
C(17) 26(1) 13(1) 22(1) -2(1) 7(1) -1(1) 
C(19) 26(1) 17(1) 15(1) 3(1) 8(1) 1(1) 
C(20) 23(1) 14(1) 15(1) 1(1) 9(1) 1(1) 
C(21) 20(1) 15(1) 15(1) -3(1) 7(1) -1(1) 
C(22) 17(1) 20(1) 24(1) -6(1) 5(1) 0(1) 
C(23) 20(1) 25(1) 30(1) -9(1) 2(1) 2(1) 
C(24) 24(1) 28(1) 36(2) -10(1) 9(1) -8(1) 
C(25) 30(1) 20(1) 24(1) -4(1) 7(1) -7(1) 
C(26) 28(1) 19(1) 20(1) -1(1) 7(1) -6(1) 
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C(53) 53(2) 61(3) 57(2) -2(2) 0(2) 3(2) 
C(52) 29(1) 18(1) 16(1) 0(1) 6(1) 6(1) 
C(51) 40(2) 20(1) 23(1) 4(1) 9(1) 8(1) 
C(50) 42(2) 29(1) 20(1) 7(1) 6(1) 13(1) 
C(49) 34(1) 32(1) 14(1) 1(1) 4(1) 9(1) 
C(48) 21(1) 22(1) 16(1) -1(1) 3(1) 4(1) 
C(47) 18(1) 17(1) 14(1) 1(1) 5(1) 4(1) 
C(46) 19(1) 24(1) 21(1) -6(1) 9(1) -3(1) 
C(45) 22(1) 31(1) 27(1) -8(1) 10(1) -10(1) 
C(44) 19(1) 41(2) 32(1) -10(1) 12(1) -9(1) 
C(43) 21(1) 36(1) 28(1) -10(1) 15(1) -5(1) 
C(42) 19(1) 26(1) 23(1) -6(1) 10(1) 0(1) 
C(41) 15(1) 21(1) 16(1) -4(1) 6(1) -2(1) 
C(40) 16(1) 18(1) 15(1) -2(1) 6(1) -2(1) 
C(39) 21(1) 22(1) 21(1) -4(1) 7(1) -5(1) 
C(38) 21(1) 28(1) 19(1) -4(1) 1(1) -5(1) 
C(37) 27(1) 22(1) 13(1) 0(1) 3(1) -4(1) 
C(36) 22(1) 18(1) 16(1) 1(1) 5(1) -2(1) 
C(35) 14(1) 15(1) 13(1) -2(1) 4(1) 0(1) 
C(34) 42(2) 58(2) 19(1) 1(1) 1(1) -5(2) 
C(33) 21(1) 19(1) 17(1) 1(1) 9(1) 2(1) 
C(32) 20(1) 24(1) 22(1) -4(1) 6(1) 0(1) 
C(31) 27(1) 32(1) 17(1) -1(1) 4(1) 5(1) 
C(30) 35(1) 31(1) 16(1) 6(1) 9(1) 1(1) 
C(29) 26(1) 21(1) 18(1) 2(1) 9(1) 0(1) 
C(28) 20(1) 15(1) 15(1) 0(1) 7(1) 4(1) 
C(27) 17(1) 14(1) 14(1) 2(1) 8(1) 2(1) 
C(54) 44(2) 51(2) 70(3) -16(2) -1(2) 5(2) 
C(55) 52(2) 50(2) 116(4) 34(2) 47(3) 15(2) 
C(56) 73(3) 61(2) 48(2) 0(2) 30(2) 1(2) 
C(57) 51(2) 42(2) 61(2) -3(2) 24(2) 0(2) 
C(58) 50(2) 49(2) 45(2) 4(2) 12(2) 7(2) 
C(59) 33(2) 28(1) 41(2) 10(1) 6(1) -1(1) 
C(60) 30(1) 38(2) 35(2) 8(1) 8(1) -5(1) 
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Crystal structure determination of CyYPh-TMS 

 

Figure 60. ORTEP plot of CyYPh-TMS. Ellipsoids drawn at 50% probability level.  

Table 30. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for CyYPh-TMS. 
Ueq is defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 x y z U(eq) 
P(1) 7507(1) 3078(1) 3040(1) 11(1) 
Si(1) 8250(1) 4197(1) 4840(1) 16(1) 
C(1) 7533(1) 3133(1) 3982(1) 14(1) 
C(2) 6979(1) 2119(1) 4188(1) 16(1) 
C(5) 5892(1) 273(2) 4565(1) 28(1) 
C(4) 5686(1) 1689(2) 4425(1) 27(1) 
C(3) 6223(1) 2587(1) 4242(1) 21(1) 
C(6) 6639(1) -223(2) 4527(1) 27(1) 
C(7) 7179(1) 685(1) 4350(1) 21(1) 
C(13) 7104(1) 7399(1) 2571(1) 20(1) 
C(15) 7752(1) 6453(1) 1659(1) 20(1) 
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C(14) 7121(1) 7512(1) 1742(1) 22(1) 
C(8) 8852(1) 5674(1) 4615(1) 20(1) 
C(9) 9081(1) 3068(2) 5640(1) 32(1) 
C(20) 4872(1) 1407(1) 989(1) 21(1) 
C(21) 5710(1) 619(1) 1138(1) 21(1) 
C(22) 6513(1) 1542(1) 1576(1) 17(1) 
C(23) 8411(1) 2176(1) 2904(1) 14(1) 
C(24) 8515(1) 659(1) 3220(1) 18(1) 
C(25) 9226(1) -116(1) 3072(1) 24(1) 
C(26) 10093(1) 652(1) 3476(1) 25(1) 
C(27) 10007(1) 2180(1) 3196(1) 21(1) 
C(28) 9279(1) 2949(1) 3322(1) 17(1) 
C(10) 7635(1) 5098(2) 5355(1) 32(1) 
C(12) 6891(1) 5899(1) 2733(1) 17(1) 
C(11) 7548(1) 4861(1) 2661(1) 14(1) 
C(17) 6528(1) 2112(1) 2368(1) 14(1) 
C(16) 7535(1) 4948(1) 1814(1) 17(1) 
C(19) 4896(1) 1992(1) 1776(1) 20(1) 
C(18) 5689(1) 2941(1) 2190(1) 17(1) 

 
Table 31. Anisotropic displacement parameters (Å2×103) for CyYPh-TMS. The anisotropic displacement factor 
exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 
Si(1) 16(1) 16(1) 15(1) -2(1) 6(1) -3(1) 
C(1) 16(1) 12(1) 16(1) -1(1) 8(1) -2(1) 
C(2) 19(1) 16(1) 14(1) -2(1) 6(1) -5(1) 
C(5) 34(1) 29(1) 23(1) -4(1) 16(1) -18(1) 
C(4) 24(1) 33(1) 27(1) -7(1) 15(1) -10(1) 
C(3) 23(1) 19(1) 22(1) -3(1) 11(1) -4(1) 
C(6) 40(1) 18(1) 24(1) 1(1) 13(1) -9(1) 
C(7) 26(1) 17(1) 22(1) 2(1) 11(1) -1(1) 

C(13) 23(1) 11(1) 30(1) 1(1) 15(1) 1(1) 
C(15) 25(1) 16(1) 24(1) 3(1) 15(1) -1(1) 
C(14) 26(1) 14(1) 30(1) 6(1) 14(1) 1(1) 
C(8) 19(1) 18(1) 20(1) -4(1) 6(1) -5(1) 
C(9) 31(1) 31(1) 23(1) 5(1) 1(1) -5(1) 

C(20) 16(1) 17(1) 24(1) -2(1) 2(1) -4(1) 
C(21) 19(1) 16(1) 23(1) -5(1) 4(1) -2(1) 
C(22) 15(1) 16(1) 18(1) -4(1) 6(1) -1(1) 
C(23) 13(1) 12(1) 17(1) -1(1) 6(1) 1(1) 
C(24) 17(1) 12(1) 26(1) 1(1) 9(1) 2(1) 
C(25) 22(1) 15(1) 37(1) -1(1) 13(1) 4(1) 
C(26) 18(1) 22(1) 36(1) 1(1) 11(1) 6(1) 
C(27) 16(1) 20(1) 29(1) -2(1) 11(1) 1(1) 
C(28) 14(1) 15(1) 22(1) -3(1) 8(1) 0(1) 
C(10) 28(1) 42(1) 30(1) -20(1) 17(1) -14(1) 
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C(12) 18(1) 11(1) 24(1) 2(1) 12(1) 1(1) 
C(11) 14(1) 11(1) 18(1) 0(1) 7(1) -1(1) 
C(17) 14(1) 11(1) 16(1) -1(1) 6(1) -1(1) 
C(16) 21(1) 13(1) 19(1) 2(1) 11(1) 0(1) 
C(19) 14(1) 21(1) 26(1) 1(1) 7(1) -2(1) 
C(18) 15(1) 16(1) 20(1) -2(1) 7(1) 0(1) 
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Figure 61. ORTEP plot of CyYPh-SiCl3. Ellipsoids drawn at 50% theory level. 

Table 32. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for CyYPh-SiCl3. 
Ueq is defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 x y z U(eq) 
P(1) 7445(1) 3059(1) 6901(1) 14(1) 
Cl(1) 6069(1) 5690(1) 5318(1) 27(1) 
Si(1) 6816(1) 4182(1) 5110(1) 18(1) 
C(1) 7441(1) 3085(2) 5941(1) 17(1) 
C(2) 8009(1) 2055(2) 5746(1) 19(1) 
Cl(2) 5974(1) 3107(1) 4089(1) 49(1) 
Cl(3) 7542(1) 5334(1) 4643(1) 33(1) 
C(3) 7789(1) 644(2) 5563(1) 25(1) 
C(4) 8342(1) -287(2) 5419(1) 31(1) 
C(5) 9126(1) 177(2) 5433(1) 32(1) 
C(6) 9351(1) 1584(2) 5588(1) 29(1) 
C(7) 8799(1) 2504(2) 5744(1) 23(1) 
C(9) 8422(1) 1515(2) 8381(1) 20(1) 
C(8) 8423(1) 2093(2) 7581(1) 16(1) 
C(10) 9223(1) 580(2) 8817(1) 24(1) 
C(11) 10073(1) 1359(2) 8987(1) 24(1) 
C(12) 10062(1) 1985(2) 8198(1) 23(1) 
C(13) 9267(1) 2933(2) 7781(1) 19(1) 
C(14) 7409(1) 4844(2) 7273(1) 16(1) 
C(15) 8058(1) 5886(2) 7183(1) 19(1) 
C(16) 7811(1) 7384(2) 7316(1) 23(1) 
C(17) 7785(1) 7523(2) 8151(1) 25(1) 
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C(18) 7182(1) 6436(2) 8262(1) 23(1) 
C(19) 7432(1) 4938(2) 8135(1) 20(1) 
C(20) 6517(1) 2163(2) 6986(1) 17(1) 
C(21) 6420(1) 656(2) 6661(1) 24(1) 
C(22) 5691(1) -116(2) 6791(1) 33(1) 
C(23) 4824(1) 658(2) 6360(1) 33(1) 
C(24) 4904(1) 2178(2) 6648(1) 25(1) 
C(25) 5646(1) 2952(2) 6547(1) 21(1) 

 
Table 33. Anisotropic displacement parameters (Å2×103) for CyYPh-SiCl3. The anisotropic displacement factor 
exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 
Si(1) 16(1) 16(1) 15(1) -2(1) 6(1) -3(1) 
C(1) 16(1) 12(1) 16(1) -1(1) 8(1) -2(1) 
C(2) 19(1) 16(1) 14(1) -2(1) 6(1) -5(1) 
C(5) 34(1) 29(1) 23(1) -4(1) 16(1) -18(1) 
C(4) 24(1) 33(1) 27(1) -7(1) 15(1) -10(1) 
C(3) 23(1) 19(1) 22(1) -3(1) 11(1) -4(1) 
C(6) 40(1) 18(1) 24(1) 1(1) 13(1) -9(1) 
C(7) 26(1) 17(1) 22(1) 2(1) 11(1) -1(1) 

C(13) 23(1) 11(1) 30(1) 1(1) 15(1) 1(1) 
C(15) 25(1) 16(1) 24(1) 3(1) 15(1) -1(1) 
C(14) 26(1) 14(1) 30(1) 6(1) 14(1) 1(1) 
C(8) 19(1) 18(1) 20(1) -4(1) 6(1) -5(1) 
C(9) 31(1) 31(1) 23(1) 5(1) 1(1) -5(1) 

C(20) 16(1) 17(1) 24(1) -2(1) 2(1) -4(1) 
C(21) 19(1) 16(1) 23(1) -5(1) 4(1) -2(1) 
C(22) 15(1) 16(1) 18(1) -4(1) 6(1) -1(1) 
C(23) 13(1) 12(1) 17(1) -1(1) 6(1) 1(1) 
C(24) 17(1) 12(1) 26(1) 1(1) 9(1) 2(1) 
C(25) 22(1) 15(1) 37(1) -1(1) 13(1) 4(1) 
C(26) 18(1) 22(1) 36(1) 1(1) 11(1) 6(1) 
C(27) 16(1) 20(1) 29(1) -2(1) 11(1) 1(1) 
C(28) 14(1) 15(1) 22(1) -3(1) 8(1) 0(1) 
C(10) 28(1) 42(1) 30(1) -20(1) 17(1) -14(1) 
C(12) 18(1) 11(1) 24(1) 2(1) 12(1) 1(1) 
C(11) 14(1) 11(1) 18(1) 0(1) 7(1) -1(1) 
C(17) 14(1) 11(1) 16(1) -1(1) 6(1) -1(1) 
C(16) 21(1) 13(1) 19(1) 2(1) 11(1) 0(1) 
C(19) 14(1) 21(1) 26(1) 1(1) 7(1) -2(1) 
C(18) 15(1) 16(1) 20(1) -2(1) 7(1) 0(1) 
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Crystal structure determination of 176 

 
Figure 62: ORTEP plot of 176. Ellipsoids drawn at the 50% probability level. 

Table 34. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for 176. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 x y z U(eq) 
Br(1) 6719(1) 6311(1) 5704(1) 40(1) 
C(1) 4667(3) 7500 3401(3) 18(1) 
Si(1) 5318(1) 7500 5014(1) 20(1) 
P(1) 2839(1) 7500 3799(1) 16(1) 
C(3) 5450(3) 7500 2175(3) 19(1) 
C(2) 3339(3) 7500 5573(3) 18(1) 
C(4) 5885(3) 6677(2) 1604(2) 22(1) 
C(8) 8179(5) 7500 -1137(4) 41(1) 
C(7) 5530(3) 5763(2) 2169(3) 29(1) 
C(6) 7176(4) 7500 -24(4) 29(1) 
C(5) 6719(3) 6696(2) 518(3) 27(1) 
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C(9) 2857(3) 8357(2) 6297(2) 20(1) 
C(10) 3442(3) 8349(2) 7704(2) 23(1) 
C(11) 2963(4) 7500 8401(3) 23(1) 
C(12) 1807(3) 6474(2) 3284(2) 18(1) 
C(13) 219(3) 6325(2) 3709(2) 21(1) 
C(14) -233(3) 5344(2) 3405(3) 24(1) 
C(15) -152(3) 5138(2) 1978(2) 26(1) 
C(16) 1379(3) 5357(2) 1492(2) 25(1) 
C(17) 1823(3) 6334(2) 1818(2) 22(1) 

 
Table 35. Anisotropic displacement parameters (Å2×103) for 176. The anisotropic displacement factor exponent 
takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 
Br(1) 33(1)  57(1) 30(1)  5(1) 0(1)  26(1) 
C(1) 16(1)  16(2) 22(2)  0 1(1)  0 
Si(1) 14(1)  25(1) 21(1)  0 -1(1)  0 
P(1) 14(1)  14(1) 19(1)  0 0(1)  0 
C(3) 15(1)  21(2) 21(2)  0 0(1)  0 
C(2) 16(1)  20(2) 19(2)  0 -1(1)  0 
C(4) 17(1)  25(1) 24(1)  -2(1) 0(1)  3(1) 
C(8) 32(2)  67(3) 25(2)  0 8(2)  0 
C(7) 28(1)  22(1) 37(1)  -1(1) 2(1)  6(1) 
C(6) 19(2)  46(2) 21(2)  0 0(1)  0 
C(5) 22(1)  32(2) 28(1)  -5(1) -2(1)  7(1) 
C(9) 22(1)  18(1) 21(1)  -1(1) 0(1)  4(1) 

C(10) 27(1)  18(1) 24(1)  -4(1) 0(1)  2(1) 
C(11) 26(2)  21(2) 23(2)  0 0(1)  0 
C(12) 18(1)  17(1) 20(1)  0(1) 0(1)  -2(1) 
C(13) 19(1)  21(1) 23(1)  -2(1) 1(1)  -3(1) 
C(14) 20(1)  23(1) 29(1)  1(1) -1(1)  -6(1) 
C(15) 26(1)  22(1) 28(1)  -5(1) -6(1)  -5(1) 
C(16) 28(1)  23(1) 23(1)  -6(1) -2(1)  0(1) 
C(17) 22(1)  23(1) 20(1)  0(1) 0(1)  -1(1) 

 



7. Appendix 

197 

 Crystal structure determination of 179 

 
Figure 63: ORTEP plot of 179. Ellipsoids drawn at the 50% probability level. 

Table 36. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for 179. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 x y z U(eq) 
Br(1) 2121(1) 5362(1) 4730(1) 26(1) 
C(1) 3895(3) 3986(2) 5996(1) 22(1) 
P(1) 3560(1) 4736(1) 6668(1) 20(1) 
Si(1) 4120(1) 4956(1) 5413(1) 20(1) 
C(4) 4877(3) 1389(2) 5991(2) 28(1) 
C(3) 4967(3) 2359(2) 6093(2) 24(1) 
C(2) 4164(3) 5792(2) 6208(1) 21(1) 
C(6) 2467(3) 1524(2) 5601(2) 27(1) 
C(5) 3629(4) 954(2) 5751(2) 29(1) 
C(9) 6359(3) 2760(2) 6363(2) 28(1) 
C(8) 1210(3) 3048(2) 5437(2) 28(1) 
C(7) 2520(3) 2503(2) 5672(2) 24(1) 
C(10) 3542(4) -99(2) 5649(2) 36(1) 
C(12) 5689(3) 6079(2) 6441(2) 25(1) 
C(11) 3785(3) 2943(2) 5928(2) 22(1) 
C(13) 6249(3) 6830(2) 5970(2) 28(1) 
C(14) 5289(4) 7692(2) 5915(2) 32(1) 
C(15) 3792(3) 7402(2) 5682(2) 30(1) 
C(16) 3221(3) 6669(2) 6172(2) 26(1) 
C(17) 4610(3) 4547(2) 7484(2) 26(1) 
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C(18) 4496(4) 5298(3) 8043(2) 38(1) 
C(19) 5697(4) 5165(4) 8603(2) 58(1) 
C(20) 5681(4) 4173(5) 8905(2) 72(2) 
C(21) 5645(4) 3409(4) 8364(2) 55(1) 
C(22) 4465(3) 3565(3) 7805(2) 38(1) 
C(23) 1678(3) 4819(2) 6845(2) 22(1) 
C(24) 1138(3) 3870(2) 7117(2) 26(1) 
C(25) -458(3) 3852(2) 7070(2) 29(1) 
C(26) -1059(3) 4681(2) 7456(2) 31(1) 
C(27) -474(3) 5621(2) 7224(2) 30(1) 
C(28) 1134(3) 5622(2) 7288(2) 26(1) 

 
Table 37. Anisotropic displacement parameters (Å2×103) for 179. The anisotropic displacement factor exponent 
takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 
Br(1) 23(1)  28(1) 28(1)  3(1) 0(1)  1(1) 
C(1) 22(1)  22(1) 23(1)  1(1) 3(1)  2(1) 
P(1) 19(1)  20(1) 20(1)  1(1) 3(1)  0(1) 
Si(1) 21(1)  19(1) 21(1)  0(1) 3(1)  -1(1) 
C(4) 31(2)  24(2) 30(2)  2(1) 10(1)  4(1) 
C(3) 26(1)  22(1) 26(1)  5(1) 7(1)  2(1) 
C(2) 22(1)  19(1) 23(1)  -2(1) 4(1)  -2(1) 
C(6) 32(2)  24(2) 25(1)  0(1) 5(1)  -5(1) 
C(5) 42(2)  19(1) 27(2)  1(1) 13(1)  -3(1) 
C(9) 23(1)  25(2) 37(2)  5(1) 4(1)  4(1) 
C(8) 24(1)  26(2) 32(2)  -2(1) 1(1)  -5(1) 
C(7) 27(1)  23(1) 22(1)  1(1) 6(1)  -2(1) 

C(10) 49(2)  23(2) 38(2)  -1(1) 12(2)  -1(1) 
C(12) 24(1)  25(1) 25(1)  -3(1) 3(1)  -1(1) 
C(11) 25(1)  18(1) 24(1)  2(1) 6(1)  1(1) 
C(13) 29(2)  26(2) 30(2)  -4(1) 4(1)  -7(1) 
C(14) 39(2)  23(2) 34(2)  -2(1) 9(1)  -7(1) 
C(15) 36(2)  19(1) 34(2)  2(1) 4(1)  1(1) 
C(16) 28(1)  20(1) 31(2)  -3(1) 6(1)  0(1) 
C(17) 20(1)  36(2) 21(1)  4(1) 3(1)  0(1) 
C(18) 25(2)  63(3) 24(2)  -9(2) 3(1)  2(2) 
C(19) 27(2)  119(4) 29(2)  -26(2) 0(2)  6(2) 
C(20) 36(2)  155(6) 25(2)  19(3) -4(2)  24(3) 
C(21) 31(2)  91(3) 42(2)  32(2) 3(2)  18(2) 
C(22) 26(2)  51(2) 38(2)  21(2) 6(1)  7(1) 
C(23) 21(1)  26(1) 20(1)  1(1) 1(1)  0(1) 
C(24) 24(1)  28(2) 25(1)  0(1) 1(1)  0(1) 
C(25) 22(1)  34(2) 29(2)  2(1) 0(1)  -7(1) 
C(26) 20(1)  43(2) 31(2)  2(1) 5(1)  2(1) 
C(27) 24(2)  34(2) 32(2)  2(1) 5(1)  7(1) 
C(28) 23(1)  30(2) 27(1)  -2(1) 7(1)  2(1) 
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Crystal structure determination of CyYs-PCy2 (L1) 

 
Figure 64. ORTEP plot of L1 with one molecule of benzene. Ellipsoids drawn at 50% probability level.  

Table 38. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for L1. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 x y z U(eq) 
S(1) 6801(1) 5451(1) 3433(1) 15(1) 
P(1) 4626(1) 5511(1) 2336(1) 13(1) 
P(2) 7311(1) 5372(1) 1673(1) 15(1) 
O(1) 8044(1) 5808(1) 3308(1) 22(1) 
O(2) 5789(1) 6164(1) 3779(1) 18(1) 
C(1) 6274(1) 5372(1) 2537(1) 14(1) 
C(2) 7145(2) 3997(2) 4188(1) 19(1) 
C(3) 8360(2) 3263(2) 4224(1) 30(1) 
C(4) 8660(2) 2166(2) 4833(1) 38(1) 
C(5) 7749(2) 1764(2) 5409(1) 36(1) 
C(6) 6548(2) 2524(2) 5377(1) 26(1) 
C(7) 6252(2) 3638(2) 4780(1) 20(1) 
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C(8) 8054(3) 542(2) 6054(2) 59(1) 
C(9) 3643(2) 5073(2) 3256(1) 18(1) 
C(10) 3802(2) 3685(2) 3622(1) 21(1) 
C(11) 3106(2) 3341(2) 4430(1) 29(1) 
C(12) 1673(2) 3929(2) 4320(1) 33(1) 
C(13) 1481(2) 5300(2) 3942(1) 31(1) 
C(14) 2189(2) 5666(2) 3138(1) 24(1) 
C(15) 3807(2) 7064(1) 1763(1) 17(1) 
C(16) 4229(2) 7494(2) 878(1) 20(1) 
C(17) 3496(2) 8776(2) 440(1) 25(1) 
C(18) 3659(2) 9667(2) 883(1) 29(1) 
C(19) 3238(2) 9243(2) 1758(1) 26(1) 
C(20) 3967(2) 7963(2) 2210(1) 20(1) 
C(21) 4484(2) 4623(1) 1654(1) 16(1) 
C(22) 3085(2) 4708(2) 1393(1) 19(1) 
C(23) 3079(2) 4136(2) 716(1) 23(1) 
C(24) 3832(2) 2832(2) 962(1) 26(1) 
C(25) 5208(2) 2746(2) 1243(1) 24(1) 
C(26) 5200(2) 3293(1) 1936(1) 18(1) 
C(27) 8503(2) 3880(1) 1991(1) 18(1) 
C(28) 9870(2) 3845(2) 2273(1) 20(1) 
C(29) 10620(2) 2530(2) 2589(1) 25(1) 
C(30) 10671(2) 1879(2) 1955(1) 30(1) 
C(31) 9326(2) 1950(2) 1638(1) 28(1) 
C(32) 8603(2) 3268(2) 1320(1) 22(1) 
C(33) 8360(2) 6505(1) 1556(1) 18(1) 
C(34) 9136(2) 6623(2) 773(1) 22(1) 
C(35) 10104(2) 7441(2) 732(1) 25(1) 
C(36) 9416(2) 8694(2) 753(1) 32(1) 
C(37) 8553(2) 8614(2) 1486(1) 31(1) 
C(38) 7616(2) 7766(2) 1536(1) 24(1) 
C1A1 4180(4) -339(3) 6393(2) 83(1) 
C2A1 3177(3) -799(3) 6191(2) 74(1) 
C3A1 1932(3) -129(3) 6118(2) 71(1) 
C4A1 1695(4) 953(3) 6289(2) 69(1) 
C5A1 2647(4) 1388(3) 6490(2) 73(1) 
C6A1 3923(4) 712(3) 6569(2) 76(1) 

 
Table 39. Anisotropic displacement parameters (Å2×103) for L1. The anisotropic displacement factor exponent 
takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 
S(1) 12(1) 20(1) 14(1) -7(1) 0(1) -3(1) 
P(1) 11(1) 16(1) 13(1) -6(1) 0(1) -2(1) 
P(2) 12(1) 17(1) 15(1) -5(1) 1(1) -3(1) 
O(1) 15(1) 33(1) 20(1) -10(1) 1(1) -10(1) 
O(2) 18(1) 21(1) 19(1) -11(1) 2(1) -3(1) 
C(1) 11(1) 18(1) 13(1) -6(1) 0(1) -2(1) 
C(2) 16(1) 25(1) 15(1) -6(1) -2(1) 0(1) 
C(3) 21(1) 38(1) 22(1) -3(1) 4(1) 4(1) 
C(4) 29(1) 39(1) 29(1) -1(1) 4(1) 12(1) 
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C(5) 36(1) 33(1) 25(1) 1(1) 4(1) 8(1) 
C(6) 26(1) 28(1) 18(1) -4(1) 4(1) -1(1) 
C(7) 17(1) 25(1) 17(1) -8(1) 1(1) -2(1) 
C(8) 56(2) 43(1) 44(1) 14(1) 14(1) 19(1) 
C(9) 14(1) 27(1) 16(1) -10(1) 3(1) -7(1) 
C(10) 22(1) 28(1) 17(1) -8(1) 3(1) -12(1) 
C(11) 31(1) 42(1) 18(1) -9(1) 6(1) -20(1) 
C(12) 27(1) 58(1) 22(1) -16(1) 10(1) -24(1) 
C(13) 18(1) 56(1) 27(1) -22(1) 8(1) -12(1) 
C(14) 14(1) 37(1) 24(1) -15(1) 5(1) -6(1) 
C(15) 13(1) 18(1) 19(1) -8(1) -1(1) 0(1) 
C(16) 19(1) 20(1) 20(1) -6(1) -1(1) -2(1) 
C(17) 27(1) 21(1) 23(1) -2(1) -4(1) -3(1) 
C(18) 34(1) 17(1) 34(1) -4(1) -6(1) -3(1) 
C(19) 25(1) 20(1) 36(1) -13(1) -4(1) 2(1) 
C(20) 18(1) 20(1) 24(1) -10(1) -2(1) 0(1) 
C(21) 15(1) 19(1) 15(1) -8(1) 1(1) -4(1) 
C(22) 15(1) 23(1) 20(1) -10(1) -1(1) -5(1) 
C(23) 22(1) 32(1) 22(1) -14(1) -1(1) -10(1) 
C(24) 25(1) 31(1) 31(1) -20(1) 3(1) -10(1) 
C(25) 22(1) 26(1) 30(1) -18(1) 4(1) -6(1) 
C(26) 18(1) 18(1) 21(1) -9(1) 1(1) -4(1) 
C(27) 15(1) 17(1) 20(1) -6(1) 3(1) -3(1) 
C(28) 15(1) 20(1) 22(1) -5(1) 1(1) -2(1) 
C(29) 19(1) 23(1) 29(1) -5(1) 0(1) 1(1) 
C(30) 26(1) 23(1) 35(1) -8(1) 5(1) 4(1) 
C(31) 31(1) 23(1) 32(1) -13(1) 6(1) -4(1) 
C(32) 20(1) 24(1) 26(1) -12(1) 2(1) -4(1) 
C(33) 15(1) 18(1) 20(1) -5(1) 1(1) -4(1) 
C(34) 20(1) 25(1) 20(1) -4(1) 2(1) -6(1) 
C(35) 19(1) 29(1) 25(1) -2(1) 3(1) -8(1) 
C(36) 24(1) 24(1) 43(1) 1(1) 1(1) -10(1) 
C(37) 26(1) 20(1) 50(1) -11(1) 4(1) -6(1) 
C(38) 18(1) 18(1) 33(1) -5(1) 3(1) -4(1) 
C1A1 100(3) 54(2) 89(3) -8(2) -34(2) -15(2) 
C2A1 79(2) 47(2) 100(3) -32(2) -31(2) -1(2) 
C3A1 71(2) 61(2) 92(2) -40(2) -12(2) -6(2) 
C4A1 100(3) 49(2) 61(2) -20(1) 14(2) -18(2) 
C5A1 122(3) 60(2) 49(2) -26(1) 24(2) -38(2) 
C6A1 108(3) 80(2) 56(2) -21(2) -4(2) -54(2) 
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Crystal structure determination of CyYS-PiPr2 (L4) 

 
Figure 65. ORTEP plot of L4. Ellipsoids drawn at 50% probability level.  

Table 40. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for L4. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 x y z U(eq) 
S(1) 3677(1) 5130(1) 3234(1) 13(1) 
P(1) 3839(1) 4495(1) 4964(1) 11(1) 
P(2) 3922(1) 2210(1) 3756(1) 14(1) 
O(1) 3870(1) 6429(1) 3267(1) 17(1) 
O(2) 3685(1) 4362(1) 2497(1) 17(1) 
C(1) 3797(1) 3983(1) 3970(1) 13(1) 
C(2) 3231(1) 5651(2) 3323(1) 14(1) 
C(3) 3146(1) 6950(2) 3628(1) 17(1) 
C(4) 2798(1) 7326(2) 3695(1) 19(1) 
C(5) 2532(1) 6439(2) 3448(1) 19(1) 
C(6) 2623(1) 5166(2) 3105(1) 19(1) 
C(7) 2969(1) 4770(2) 3049(1) 17(1) 
C(8) 2154(1) 6822(2) 3558(1) 26(1) 
C(9) 3880(1) 6399(1) 5044(1) 13(1) 
C(10) 4250(1) 6913(2) 4863(1) 16(1) 
C(11) 4252(1) 8501(2) 4791(1) 20(1) 
C(12) 4117(1) 9195(2) 5537(1) 23(1) 
C(13) 3756(1) 8646(2) 5736(1) 20(1) 
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C(14) 3754(1) 7059(2) 5816(1) 16(1) 
C(15) 4202(1) 3574(2) 5451(1) 14(1) 
C(16) 4552(1) 3610(2) 5030(1) 18(1) 
C(17) 4803(1) 2572(2) 5416(1) 22(1) 
C(18) 4858(1) 2883(2) 6292(1) 28(1) 
C(19) 4510(1) 2929(2) 6718(1) 25(1) 
C(20) 4254(1) 3952(2) 6326(1) 19(1) 
C(21) 3465(1) 4041(1) 5587(1) 13(1) 
C(22) 3122(1) 4579(2) 5216(1) 15(1) 
C(23) 2810(1) 4256(2) 5734(1) 18(1) 
C(24) 2786(1) 2702(2) 5903(1) 22(1) 
C(25) 3122(1) 2184(2) 6292(1) 18(1) 
C(26) 3440(1) 2478(2) 5784(1) 15(1) 
C(27) 4258(1) 2226(2) 2951(1) 19(1) 
C(28) 4495(1) 941(2) 3055(1) 27(1) 
C(29) 4487(1) 3522(2) 2881(1) 23(1) 
C(30) 3549(1) 1411(2) 3188(1) 17(1) 
C(31) 3648(1) -26(2) 2865(1) 23(1) 
C(32) 3228(1) 1263(2) 3704(1) 23(1) 

 
Table 41. Anisotropic displacement parameters (Å2×103) for L4. The anisotropic displacement factor exponent 
takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 
S(1) 15(1) 12(1) 12(1) 1(1) 1(1) 1(1) 
P(1) 12(1) 10(1) 12(1) 0(1) 0(1) 0(1) 
P(2) 17(1) 11(1) 13(1) 0(1) 0(1) 1(1) 
O(1) 20(1) 13(1) 18(1) 3(1) 1(1) -1(1) 
O(2) 22(1) 16(1) 12(1) 0(1) 2(1) 3(1) 
C(1) 16(1) 10(1) 12(1) 0(1) -1(1) 1(1) 
C(2) 16(1) 14(1) 11(1) 4(1) 0(1) 2(1) 
C(3) 21(1) 13(1) 18(1) 2(1) -3(1) 0(1) 
C(4) 22(1) 13(1) 22(1) 1(1) -1(1) 4(1) 
C(5) 19(1) 16(1) 21(1) 6(1) 0(1) 1(1) 
C(6) 20(1) 15(1) 21(1) 4(1) -2(1) -3(1) 
C(7) 21(1) 14(1) 16(1) 2(1) -1(1) 0(1) 
C(8) 19(1) 21(1) 38(1) 4(1) 1(1) 2(1) 
C(9) 15(1) 10(1) 15(1) 0(1) 0(1) 0(1) 

C(10) 15(1) 12(1) 20(1) 2(1) 0(1) -1(1) 
C(11) 18(1) 14(1) 28(1) 5(1) 0(1) -1(1) 
C(12) 26(1) 10(1) 33(1) -1(1) -2(1) -2(1) 
C(13) 26(1) 13(1) 22(1) -2(1) 2(1) 1(1) 
C(14) 21(1) 12(1) 16(1) -2(1) 2(1) 0(1) 
C(15) 15(1) 11(1) 16(1) 0(1) -2(1) 2(1) 
C(16) 14(1) 18(1) 23(1) 2(1) 0(1) 1(1) 
C(17) 16(1) 19(1) 32(1) 1(1) -1(1) 4(1) 
C(18) 23(1) 27(1) 35(1) -1(1) -12(1) 7(1) 
C(19) 31(1) 24(1) 21(1) 1(1) -9(1) 8(1) 
C(20) 23(1) 17(1) 17(1) -2(1) -5(1) 4(1) 
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C(21) 14(1) 12(1) 14(1) 0(1) 1(1) 0(1) 
C(22) 16(1) 13(1) 15(1) 2(1) 0(1) 1(1) 
C(23) 16(1) 17(1) 20(1) 3(1) 2(1) 1(1) 
C(24) 16(1) 19(1) 31(1) 7(1) 1(1) -2(1) 
C(25) 19(1) 15(1) 20(1) 5(1) 1(1) -1(1) 
C(26) 16(1) 12(1) 16(1) 2(1) 0(1) 0(1) 
C(27) 21(1) 19(1) 17(1) 0(1) 2(1) 5(1) 
C(28) 29(1) 24(1) 29(1) 2(1) 6(1) 11(1) 
C(29) 21(1) 24(1) 23(1) 4(1) 6(1) 2(1) 
C(30) 23(1) 13(1) 16(1) 0(1) -3(1) -1(1) 
C(31) 33(1) 13(1) 21(1) -4(1) -5(1) -1(1) 
C(32) 24(1) 22(1) 22(1) -1(1) -2(1) -6(1) 
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Crystal structure determination of [Au(CyYS-PCy2)Cl] (P1) 

 
Figure 66. ORTEP plot of P1. Ellipsoids drawn at 50% probability level.  

Table 42. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for P1. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 x y z U(eq) 
Au(1) 4950(1) 1185(1) 7347(1) 16(1) 
Cl(1) 5909(1) -180(1) 6723(1) 27(1) 
S(1) 3433(1) 5141(1) 8199(1) 15(1) 
P(1) 4075(1) 4355(1) 6707(1) 13(1) 
P(2) 4080(1) 2519(1) 8018(1) 15(1) 
O(1) 3169(2) 4477(2) 8839(1) 19(1) 
O(2) 2374(2) 5818(2) 7766(1) 19(1) 
C(1) 3874(3) 4026(3) 7622(2) 16(1) 
C(2) 4870(3) 6342(3) 8608(2) 17(1) 
C(3) 5035(4) 7476(3) 8270(2) 20(1) 
C(4) 6204(4) 8353(3) 8573(2) 21(1) 
C(5) 7212(4) 8126(3) 9228(2) 23(1) 
C(6) 6991(4) 7014(3) 9587(2) 22(1) 
C(7) 5833(4) 6126(3) 9282(2) 19(1) 
C(8) 8504(4) 9057(4) 9540(2) 31(1) 
C(9) 3472(3) 2945(3) 6024(2) 15(1) 
C(10) 2085(3) 2174(3) 6017(2) 19(1) 
C(11) 1880(4) 906(3) 5554(2) 21(1) 
C(12) 1979(4) 1088(3) 4738(2) 22(1) 
C(13) 3327(4) 1911(3) 4747(2) 22(1) 
C(14) 3513(3) 3192(3) 5199(2) 18(1) 
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C(15) 3158(3) 5675(3) 6337(2) 15(1) 
C(16) 3647(3) 6399(3) 5715(2) 18(1) 
C(17) 2921(4) 7559(3) 5537(2) 21(1) 
C(18) 1355(3) 7213(3) 5304(2) 21(1) 
C(19) 877(3) 6469(3) 5916(2) 19(1) 
C(20) 1580(3) 5288(3) 6073(2) 17(1) 
C(21) 5876(3) 4838(3) 6677(2) 16(1) 
C(22) 6761(3) 3759(3) 6779(2) 20(1) 
C(23) 8227(3) 4249(3) 6757(2) 22(1) 
C(24) 8900(4) 5328(4) 7359(2) 26(1) 
C(25) 8061(4) 6421(4) 7235(2) 24(1) 
C(26) 6572(3) 5981(3) 7247(2) 20(1) 
C(27) 2453(3) 1702(3) 8198(2) 18(1) 
C(28) 2270(4) 270(3) 7961(2) 22(1) 
C(29) 1007(4) -469(4) 8140(2) 27(1) 
C(30) -301(4) 87(4) 7774(2) 27(1) 
C(31) -125(4) 1487(4) 8028(2) 24(1) 
C(32) 1115(3) 2244(3) 7832(2) 22(1) 
C(33) 5366(3) 2751(3) 8971(2) 18(1) 
C(34) 5524(4) 1498(3) 9361(2) 21(1) 
C(35) 6602(4) 1710(4) 10140(2) 25(1) 
C(36) 7989(4) 2395(4) 10097(2) 26(1) 
C(37) 7827(4) 3627(4) 9700(2) 24(1) 
C(38) 6772(3) 3379(3) 8912(2) 20(1) 

 

 
Table 43. Anisotropic displacement parameters (Å2×103) for P1. The anisotropic displacement factor exponent 
takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 
Au(1) 16(1)  17(1) 16(1)  1(1) 5(1)  4(1) 
Cl(1) 28(1)  31(1) 26(1)  -6(1) 8(1)  11(1) 
S(1) 14(1)  18(1) 14(1)  0(1) 5(1)  3(1) 
P(1) 11(1)  14(1) 14(1)  1(1) 4(1)  2(1) 
P(2) 14(1)  15(1) 16(1)  2(1) 6(1)  3(1) 
O(1) 20(1)  20(1) 17(1)  2(1) 8(1)  2(1) 
O(2) 16(1)  23(1) 20(1)  0(1) 5(1)  6(1) 
C(1) 15(1)  20(2) 15(1)  1(1) 5(1)  1(1) 
C(2) 14(1)  19(2) 17(1)  -5(1) 4(1)  2(1) 
C(3) 24(2)  23(2) 14(1)  1(1) 4(1)  7(1) 
C(4) 31(2)  16(2) 19(2)  1(1) 11(1)  5(1) 
C(5) 27(2)  19(2) 24(2)  -6(1) 11(1)  1(1) 
C(6) 20(2)  24(2) 19(2)  -3(1) 2(1)  3(1) 
C(7) 23(2)  18(2) 18(2)  0(1) 7(1)  5(1) 
C(8) 28(2)  28(2) 33(2)  -2(2) 6(2)  -2(2) 
C(9) 12(1)  17(1) 16(1)  -2(1) 4(1)  1(1) 

C(10) 18(2)  19(2) 18(2)  0(1) 6(1)  0(1) 
C(11) 20(2)  19(2) 20(2)  -1(1) 2(1)  -1(1) 
C(12) 23(2)  23(2) 21(2)  -3(1) 5(1)  2(1) 
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C(13) 21(2)  25(2) 20(2)  -4(1) 7(1)  2(1) 
C(14) 17(2)  21(2) 16(1)  2(1) 6(1)  4(1) 
C(15) 14(1)  16(1) 15(1)  1(1) 4(1)  3(1) 
C(16) 16(2)  18(2) 21(2)  4(1) 8(1)  4(1) 
C(17) 19(2)  18(2) 26(2)  8(1) 6(1)  4(1) 
C(18) 18(2)  20(2) 25(2)  4(1) 5(1)  5(1) 
C(19) 15(2)  20(2) 23(2)  2(1) 6(1)  4(1) 
C(20) 12(1)  21(2) 17(1)  1(1) 5(1)  0(1) 
C(21) 12(1)  19(2) 20(1)  2(1) 8(1)  3(1) 
C(22) 13(2)  23(2) 24(2)  5(1) 6(1)  6(1) 
C(23) 14(2)  25(2) 31(2)  6(1) 11(1)  6(1) 
C(24) 10(2)  39(2) 29(2)  5(2) 4(1)  2(1) 
C(25) 16(2)  25(2) 31(2)  0(1) 8(1)  -2(1) 
C(26) 13(2)  24(2) 22(2)  0(1) 5(1)  1(1) 
C(27) 16(2)  19(2) 18(2)  3(1) 5(1)  0(1) 
C(28) 21(2)  21(2) 24(2)  2(1) 7(1)  -1(1) 
C(29) 25(2)  21(2) 35(2)  7(1) 9(2)  -2(1) 
C(30) 18(2)  30(2) 30(2)  7(2) 4(1)  -4(1) 
C(31) 17(2)  31(2) 26(2)  7(1) 9(1)  2(1) 
C(32) 16(2)  24(2) 25(2)  6(1) 8(1)  4(1) 
C(33) 16(2)  22(2) 16(1)  1(1) 4(1)  2(1) 
C(34) 20(2)  20(2) 24(2)  7(1) 7(1)  6(1) 
C(35) 29(2)  29(2) 22(2)  7(1) 8(1)  13(2) 
C(36) 25(2)  30(2) 22(2)  5(1) 2(1)  10(2) 
C(37) 21(2)  28(2) 23(2)  2(1) 3(1)  2(1) 
C(38) 16(2)  24(2) 18(2)  2(1) 4(1)  2(1) 
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Crystal structure determination of [Au(CyYS-PiPr2)Cl] (P4) 

 
Figure 67. ORTEP plot of P4 CyYS-PiPr2-AuCl crystallizes as a twin with two molecules of toluene. Ellipsoids drawn 
at 50% probability level.  

Table 44. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for P4. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 x y z U(eq) 
Au(1) 5439(1) 255(1) 1841(1) 36(1) 
Au(2) -250(1) 10122(1) 6871(1) 38(1) 
Cl(1) 7579(4) -839(3) 2495(3) 46(1) 
Cl(2) -2397(4) 11202(3) 6883(3) 51(1) 
S(1) 2175(4) 3217(3) -339(2) 40(1) 
S(2) 2991(4) 7164(3) 6450(2) 41(1) 
P(1) 5418(4) 2392(3) -298(2) 35(1) 
P(2) 3377(4) 1362(3) 1192(2) 37(1) 
P(3) -251(4) 8017(3) 6019(2) 35(1) 
P(4) 1811(4) 9016(3) 6878(2) 37(1) 
O(1) 2552(13) 4223(9) -554(7) 46(2) 
O(2) 976(12) 2998(10) 232(7) 50(3) 
O(3) 4184(13) 7367(10) 6896(8) 51(3) 
O(4) 2597(14) 6171(9) 6823(7) 47(2) 
C(1) 3669(14) 2251(10) 143(8) 32(2) 
C(2) 1581(15) 3153(12) -1364(9) 38(3) 
C(3) 1185(16) 2259(13) -1400(10) 43(3) 
C(4) 731(17) 2228(12) -2197(11) 44(3) 
C(5) 655(16) 3065(12) -2983(10) 42(3) 
C(6) 1021(17) 3962(12) -2915(11) 44(3) 
C(7) 1482(17) 4008(12) -2111(10) 41(3) 
C(8) 240(20) 2997(15) -3846(12) 50(4) 
C(9) 6456(15) 1140(12) -213(9) 38(3) 

C(10) 5670(17) 482(13) -573(13) 48(4) 
C(11) 6480(20) -620(13) -226(12) 54(4) 
C(12) 8074(19) -674(14) -519(11) 50(4) 
C(13) 8841(18) 18(15) -225(11) 51(4) 
C(14) 8022(15) 1120(12) -538(10) 39(3) 
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C(15) 5299(16) 3261(11) -1467(9) 38(3) 
C(16) 4937(16) 2752(11) -2114(9) 38(3) 
C(17) 4780(18) 3507(15) -3069(10) 46(4) 
C(18) 6167(18) 3939(13) -3329(10) 47(3) 
C(19) 6558(18) 4451(13) -2684(11) 48(3) 
C(20) 6722(17) 3707(12) -1734(10) 42(3) 
C(21) 6590(17) 2927(13) 292(10) 44(3) 
C(22) 7150(20) 2226(15) 1213(12) 49(4) 
C(23) 8190(20) 2726(16) 1612(11) 55(4) 
C(24) 7470(30) 3775(18) 1597(13) 65(5) 
C(25) 6950(30) 4460(17) 661(13) 62(5) 
C(26) 5860(20) 3986(13) 258(12) 48(4) 
C(27) 2576(17) 2025(13) 1970(10) 45(3) 
C(28) 3030(20) 3040(17) 1817(12) 58(4) 
C(29) 3040(20) 1349(17) 2935(10) 55(4) 
C(30) 1937(15) 632(13) 1079(10) 44(3) 
C(31) 2524(17) -134(14) 640(12) 52(4) 
C(32) 1370(20) 54(18) 1968(13) 62(5) 
C(33) 1532(16) 8125(11) 6356(9) 37(3) 
C(34) 3617(15) 7216(12) 5389(10) 39(3) 
C(35) 3966(16) 8111(12) 4803(10) 40(3) 
C(36) 4468(18) 8124(13) 3982(12) 48(3) 
C(37) 4634(17) 7244(13) 3757(12) 46(3) 
C(38) 4310(20) 6355(13) 4372(12) 51(4) 
C(39) 3806(18) 6338(12) 5175(10) 44(3) 
C(40) 5110(20) 7259(18) 2862(13) 58(5) 
C(41) -157(17) 7125(12) 5403(10) 41(3) 
C(42) -1610(20) 6722(14) 5386(12) 50(4) 
C(43) -1420(20) 5931(14) 4913(14) 62(5) 
C(44) -960(20) 6356(17) 3996(14) 60(5) 
C(45) 460(20) 6760(20) 4009(17) 68(6) 
C(46) 263(18) 7566(14) 4447(11) 48(3) 

C(47A) -1480(20) 7502(13) 6909(13) 35(4) 
C(48A) -2020(20) 8224(16) 7410(13) 37(5) 
C(49A) -3010(30) 7770(17) 8129(15) 38(6) 
C(50A) -2290(30) 6729(15) 8752(15) 49(5) 
C(51A) -1770(30) 6002(17) 8261(15) 48(5) 
C(52A) -800(40) 6430(20) 7520(20) 40(8) 
C(47B) -1060(40) 7610(30) 7112(18) 35(8) 
C(48B) -2700(40) 7980(30) 7110(20) 44(11) 
C(49B) -3240(60) 7660(40) 8040(30) 41(12) 
C(50B) -2790(40) 6520(30) 8530(30) 50(8) 
C(51B) -1150(50) 6160(30) 8530(30) 45(8) 
C(52B) -590(80) 6470(40) 7610(40) 35(10) 
C(53) -1257(16) 9270(11) 5333(9) 39(3) 
C(54) -435(19) 9876(12) 4580(11) 46(3) 
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C(55) -1220(20) 10996(14) 4239(13) 60(5) 
C(56) -2790(20) 11065(13) 3907(12) 51(4) 
C(57) -3620(20) 10392(14) 4617(11) 53(4) 
C(58) -2803(17) 9285(13) 4984(10) 44(3) 
C(59) 3267(17) 9730(13) 6335(11) 45(3) 
C(60) 2725(18) 10510(14) 5433(11) 50(4) 
C(61) 3830(20) 10295(16) 6882(15) 54(5) 
C(62) 2565(18) 8333(14) 8057(11) 48(4) 
C(63) 2130(30) 7331(19) 8486(12) 69(6) 
C(64) 2110(20) 9028(19) 8604(13) 64(5) 
C11 5830(40) 3840(20) 3964(19) 87(8) 
C21 4830(50) 4466(18) 3250(16) 92(10) 
C31 3320(70) 4500(30) 3280(20) 127(18) 
C41 2860(50) 3910(30) 3980(20) 114(13) 
C51 3740(40) 3290(20) 4680(20) 98(9) 
C61 5260(40) 3240(20) 4686(17) 85(8) 
C71 7400(50) 3850(30) 3940(30) 120(13) 

C1A2 -400(60) 6600(40) 1270(40) 68(8) 
C2A2 320(50) 7260(40) 1490(40) 71(9) 
C3A2 1810(50) 7170(50) 1390(60) 80(8) 
C4A2 2590(60) 6450(50) 1120(60) 80(13) 
C5A2 1850(70) 5860(100) 850(110) 81(12) 
C6A2 360(60) 5930(50) 900(60) 69(9) 
C7A2 -2020(50) 6670(40) 1350(30) 80(11) 
C1B2 2330(60) 6610(60) 980(60) 77(13) 
C2B2 1870(80) 5860(100) 730(110) 78(11) 
C3B2 480(60) 5670(50) 920(60) 72(10) 
C4B2 -510(70) 6260(40) 1240(40) 74(10) 
C5B2 -20(60) 6950(40) 1510(40) 74(9) 
C6B2 1400(60) 7120(60) 1430(60) 78(9) 
C7B2 3880(50) 6760(40) 870(30) 79(12) 

 
Table 45. Anisotropic displacement parameters (Å2×103) for P4. The anisotropic displacement factor exponent 
takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 
Au(1) 33(1) 45(1) 31(1) -10(1) 2(1) -12(1) 
Au(2) 32(1) 50(1) 42(1) -25(1) 6(1) -14(1) 
Cl(1) 38(2) 55(2) 42(2) -13(2) -3(1) -5(1) 
Cl(2) 36(2) 67(2) 57(2) -34(2) 4(1) -3(2) 
S(1) 40(2) 46(2) 32(2) -12(1) 3(1) -3(1) 
S(2) 44(2) 42(2) 36(2) -15(1) -5(1) -3(1) 
P(1) 35(2) 42(2) 28(2) -12(1) 3(1) -10(1) 
P(2) 34(2) 46(2) 30(2) -10(1) 2(1) -10(1) 
P(3) 38(2) 36(2) 30(2) -11(1) 2(1) -8(1) 
P(4) 33(2) 47(2) 38(2) -22(2) 6(1) -10(1) 
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O(1) 56(6) 46(6) 41(5) -21(5) 3(5) -5(5) 
O(2) 43(5) 66(7) 32(5) -11(5) 6(4) 3(5) 
O(3) 49(6) 63(7) 44(6) -28(5) -5(5) -2(5) 
O(4) 60(6) 39(5) 38(5) -11(4) -4(5) -4(5) 
C(1) 30(6) 38(7) 26(6) -9(5) 3(4) -5(5) 
C(2) 32(6) 50(8) 28(6) -9(5) 7(5) -8(5) 
C(3) 40(7) 54(9) 37(7) -13(6) 5(6) -19(6) 
C(4) 40(7) 41(8) 48(8) -10(6) 3(6) -13(6) 
C(5) 33(6) 50(8) 44(8) -15(6) 3(6) -9(6) 
C(6) 43(7) 37(8) 43(8) -4(6) -3(6) -8(6) 
C(7) 40(7) 40(8) 40(7) -13(6) -2(6) -4(6) 
C(8) 53(9) 55(10) 40(8) -13(7) 4(7) -11(7) 
C(9) 37(7) 46(8) 32(6) -15(5) 9(5) -5(5) 
C(10) 35(7) 54(9) 64(10) -29(8) 13(7) -15(6) 
C(11) 65(10) 42(9) 53(9) -15(7) 14(8) -11(7) 
C(12) 50(9) 47(9) 45(8) -13(7) 4(7) 6(7) 
C(13) 42(8) 71(11) 41(8) -25(7) 4(6) -2(7) 
C(14) 29(6) 51(8) 38(7) -16(6) 3(5) -5(5) 
C(15) 42(7) 42(7) 32(7) -11(6) 5(5) -12(6) 
C(16) 40(7) 44(8) 30(7) -12(6) 5(5) -8(6) 
C(17) 46(8) 62(10) 29(7) -11(7) 0(6) -14(7) 
C(18) 49(8) 56(9) 30(7) -6(6) 9(6) -14(7) 
C(19) 43(8) 50(9) 44(8) -6(7) 9(6) -15(7) 
C(20) 42(7) 49(8) 36(7) -11(6) 3(6) -18(6) 
C(21) 44(7) 54(9) 39(7) -19(6) -2(6) -16(6) 
C(22) 44(9) 56(10) 45(9) -12(7) 3(7) -17(7) 
C(23) 50(9) 84(13) 34(7) -17(8) 5(6) -29(9) 
C(24) 73(12) 85(14) 51(10) -28(9) 4(9) -42(11) 
C(25) 87(14) 64(12) 46(9) -20(8) 2(9) -39(11) 
C(26) 56(9) 48(9) 45(8) -16(7) 6(7) -23(7) 
C(27) 42(7) 53(9) 39(8) -14(6) 5(6) -6(6) 
C(28) 64(10) 80(13) 43(9) -35(9) 8(8) -16(9) 
C(29) 48(8) 84(13) 30(7) -18(7) 2(6) -10(8) 
C(30) 30(6) 56(9) 44(8) -9(6) 0(6) -17(6) 
C(31) 36(7) 66(10) 56(9) -17(8) -5(6) -24(7) 
C(32) 54(12) 77(14) 53(11) -11(9) 9(8) -33(10) 
C(33) 39(7) 45(8) 30(6) -16(6) -6(5) -8(6) 
C(34) 36(7) 46(8) 38(7) -20(6) -1(5) -5(6) 
C(35) 38(7) 43(8) 44(7) -19(6) -3(6) -9(6) 
C(36) 45(8) 51(9) 51(9) -21(7) 4(7) -14(7) 
C(37) 36(7) 58(9) 53(9) -28(7) 4(6) -13(6) 
C(38) 57(9) 45(9) 56(9) -26(7) 0(7) -6(7) 
C(39) 51(8) 37(7) 40(8) -14(6) -1(6) -1(6) 
C(40) 61(11) 72(12) 52(10) -33(9) 7(8) -21(9) 
C(41) 43(7) 40(8) 40(7) -13(6) -2(6) -7(6) 
C(42) 54(9) 52(9) 47(9) -11(7) -7(7) -24(7) 
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C(43) 62(11) 42(9) 80(13) -22(9) -30(9) -4(8) 
C(44) 59(10) 70(12) 66(12) -41(10) -10(9) -11(9) 
C(45) 46(9) 102(17) 82(14) -66(13) 4(9) -12(10) 
C(46) 42(7) 65(10) 47(8) -27(7) 3(6) -18(7) 

C(47A) 40(10) 40(8) 30(8) -15(6) 7(8) -16(7) 
C(48A) 39(11) 47(10) 32(9) -20(7) 4(7) -14(8) 
C(49A) 34(9) 55(9) 38(9) -26(7) 3(7) -24(7) 
C(50A) 50(12) 60(10) 41(10) -17(7) 9(8) -23(8) 
C(51A) 56(12) 47(10) 40(10) -9(7) 6(9) -20(9) 
C(52A) 46(13) 44(8) 33(10) -13(7) 0(10) -12(8) 
C(47B) 41(15) 42(12) 25(14) -11(10) 8(12) -17(11) 
C(48B) 41(16) 60(20) 35(15) -16(14) 6(13) -9(14) 
C(49B) 41(17) 59(14) 32(13) -22(12) 3(13) -18(13) 
C(50B) 50(15) 61(14) 43(17) -14(12) 3(13) -24(11) 
C(51B) 52(14) 45(16) 38(13) -8(11) 4(12) -21(12) 
C(52B) 43(18) 40(11) 30(13) -17(10) -7(13) -18(11) 
C(53) 41(7) 40(7) 32(7) -8(5) -6(5) -6(6) 
C(54) 48(8) 40(8) 44(8) -7(6) 6(6) -12(6) 
C(55) 81(13) 43(9) 51(9) -5(7) -11(9) -21(8) 
C(56) 67(11) 40(8) 46(9) -14(6) -9(8) -4(7) 
C(57) 50(9) 58(10) 42(8) -14(7) -12(7) 3(7) 
C(58) 41(8) 50(9) 40(8) -14(6) -3(6) -10(6) 
C(59) 39(7) 55(9) 53(9) -28(7) 7(6) -18(6) 
C(60) 45(8) 64(10) 48(8) -22(7) 13(7) -26(7) 
C(61) 44(10) 59(11) 69(12) -28(9) 8(8) -22(8) 
C(62) 44(8) 59(10) 43(8) -22(7) -4(6) -7(7) 
C(63) 80(13) 96(16) 34(8) -15(9) -7(8) -36(12) 
C(64) 63(11) 94(15) 42(9) -34(10) -5(8) -13(10) 
C11 130(20) 74(15) 85(18) -52(14) 25(16) -27(15) 
C21 180(40) 48(12) 48(11) -24(9) 5(16) -15(16) 
C31 220(50) 80(20) 66(18) -37(16) -50(30) 20(30) 
C41 160(30) 100(20) 80(20) -46(18) -40(20) 0(20) 
C51 130(30) 100(20) 70(15) -29(14) -2(16) -34(19) 
C61 140(30) 63(14) 53(12) -24(10) 0(14) -7(15) 
C71 160(40) 100(20) 130(30) -80(20) 10(30) -30(20) 

C1A2 97(14) 60(20) 56(13) -29(15) -7(12) -21(12) 
C2A2 101(17) 60(20) 58(16) -28(16) -12(15) -23(14) 
C3A2 101(17) 63(15) 69(16) -12(13) -12(17) -21(15) 
C4A2 108(18) 60(20) 50(30) 0(20) -15(19) -7(16) 
C5A2 109(13) 70(15) 50(30) -10(17) 3(12) -15(12) 
C6A2 110(13) 50(30) 48(14) -10(20) 2(12) -18(13) 
C7A2 98(15) 70(30) 70(30) -20(20) -1(17) -18(17) 
C1B2 105(17) 60(20) 50(30) 0(20) -15(19) -8(16) 
C2B2 109(14) 69(15) 50(30) -12(17) 4(13) -18(12) 
C3B2 109(14) 50(30) 48(14) -10(20) 0(12) -15(14) 
C4B2 97(16) 70(20) 60(16) -24(17) -6(14) -19(14) 
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C5B2 102(16) 70(20) 57(14) -23(15) -7(14) -21(14) 
C6B2 101(18) 61(16) 67(15) -15(13) -8(16) -19(15) 
C7B2 105(18) 80(30) 50(30) -20(20) -18(18) -11(18) 
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Crystal structure determination of CyYSF-H  

 
Figure 68. ORTEP plot of CyYSF-H. Ellipsoids drawn at 50% probability level.  

Table 46. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for CyYSF-H. 
Ueq is defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 x y z U(eq) 
S(1) 3693(1) 3486(1) 6401(1) 29(1) 
F(1) 4928(1) 3371(1) 5924(1) 39(1) 
O(1) 3369(1) 2670(2) 6788(1) 40(1) 
P(1) 3771(1) 6037(1) 6406(1) 28(1) 
C(1) 3747(1) 4713(2) 6730(1) 31(1) 
C(2) 4644(1) 6522(2) 6262(1) 28(1) 
O(2) 3499(1) 3553(2) 5776(1) 35(1) 
F(2) 4881(1) 3026(1) 6893(1) 42(1) 
F(3) 4101(1) 1333(1) 5806(1) 39(1) 
C(3) 4940(1) 6052(2) 5669(1) 28(1) 
C(4) 5679(1) 6426(2) 5581(1) 33(1) 
F(4) 4426(1) 1018(1) 6736(1) 43(1) 
C(5) 6119(2) 6115(3) 6125(2) 40(1) 
F(5) 5312(1) 1395(2) 5389(1) 48(1) 
C(6) 5834(2) 6610(3) 6704(1) 38(1) 
F(6) 5777(1) 1661(2) 6267(1) 52(1) 
C(7) 5098(2) 6231(3) 6806(1) 33(1) 
F(7) 4832(1) -666(2) 5837(1) 53(1) 
F(8) 5453(1) -399(2) 6625(1) 68(1) 
F(9) 5910(1) -435(2) 5747(1) 75(1) 

C(14) 3309(1) 6081(2) 5690(1) 30(1) 
C(15) 2571(1) 5659(3) 5733(1) 35(1) 
C(16) 2289(1) 5533(3) 5092(1) 39(1) 
C(17) 2313(2) 6642(3) 4747(1) 39(1) 
C(18) 3027(2) 7145(3) 4747(1) 37(1) 
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C(19) 3313(1) 7248(2) 5389(1) 32(1) 
C(20) 4559(1) 2852(2) 6361(1) 29(1) 
C(21) 4570(1) 1582(2) 6226(1) 29(1) 
C(22) 5259(1) 1151(2) 5980(1) 35(1) 
C(23) 5361(2) -120(3) 6052(2) 45(1) 
C(8) 3340(2) 7014(3) 6925(2) 46(1) 
C(9) 3610(2) 8207(3) 6902(1) 37(1) 
C(10) 3218(2) 9007(3) 7302(2) 53(1) 
C(11) 3126(2) 8592(3) 7921(2) 61(1) 
C(12) 2834(2) 7406(3) 7953(1) 39(1) 
C(13) 3234(2) 6594(3) 7549(2) 54(1) 

 
Table 47. Anisotropic displacement parameters (Å2×103) for CyYSF-H. The anisotropic displacement factor exponent 
takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 
S(1) 25(1) 27(1) 33(1) 1(1) 4(1) 1(1) 
F(1) 31(1) 31(1) 57(1) 11(1) 13(1) 0(1) 
O(1) 36(1) 32(1) 52(1) 3(1) 16(1) -2(1) 
P(1) 28(1) 27(1) 29(1) 0(1) 7(1) 1(1) 
C(1) 35(2) 30(1) 29(1) 1(1) 7(1) 2(1) 
C(2) 29(1) 26(1) 27(1) 0(1) 3(1) -1(1) 
O(2) 33(1) 34(1) 38(1) -3(1) -4(1) 6(1) 
F(2) 45(1) 35(1) 46(1) -6(1) -18(1) 5(1) 
F(3) 29(1) 38(1) 51(1) -10(1) -9(1) 0(1) 
C(3) 28(1) 28(1) 28(1) 0(1) 5(1) -1(1) 
C(4) 29(1) 34(2) 37(2) 2(1) 7(1) 0(1) 
F(4) 58(1) 31(1) 40(1) 8(1) 15(1) 3(1) 
C(5) 26(1) 40(2) 53(2) 9(1) 0(1) 0(1) 
F(5) 50(1) 49(1) 46(1) 6(1) 19(1) 2(1) 
C(6) 33(2) 40(2) 41(2) 6(1) -11(1) -5(1) 
F(6) 28(1) 43(1) 84(1) -9(1) -14(1) 2(1) 
C(7) 35(2) 36(2) 29(1) 1(1) -1(1) -2(1) 
F(7) 56(1) 33(1) 71(1) -11(1) 10(1) -6(1) 
F(8) 86(2) 46(1) 72(1) 12(1) -10(1) 24(1) 
F(9) 55(1) 44(1) 125(2) -4(1) 38(1) 14(1) 

C(14) 24(1) 29(1) 38(1) 3(1) 5(1) 2(1) 
C(15) 23(1) 35(2) 48(2) 7(1) 4(1) 2(1) 
C(16) 26(1) 38(2) 51(2) -4(1) 0(1) 1(1) 
C(17) 35(2) 42(2) 39(2) -1(1) -3(1) 3(1) 
C(18) 39(2) 35(2) 36(2) 3(1) 1(1) 2(1) 
C(19) 30(1) 29(1) 38(2) 4(1) 2(1) 1(1) 
C(20) 28(1) 29(1) 30(1) 3(1) 0(1) -2(1) 
C(21) 28(1) 30(1) 28(1) 4(1) 1(1) -1(1) 
C(22) 28(1) 33(2) 44(2) -1(1) 0(1) 0(1) 
C(23) 42(2) 34(2) 60(2) -2(2) 8(2) 6(1) 
C(8) 51(2) 36(2) 51(2) -7(1) 23(2) 1(1) 
C(9) 39(2) 34(2) 39(2) -6(1) 4(1) -1(1) 

C(10) 49(2) 39(2) 69(2) -15(2) 18(2) -1(2) 
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C(11) 76(3) 57(2) 49(2) -22(2) 10(2) 4(2) 
C(12) 37(2) 51(2) 29(1) -5(1) 3(1) 6(1) 
C(13) 77(3) 45(2) 39(2) -5(2) 20(2) -1(2) 

Crystal structure determination of CyYSF-PCy2 (L5) 

 
Figure 69. ORTEP plot of L5. Ellipsoids drawn at 50% probability level.  

Table 48. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for L5. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 x y z U(eq) 
S(1) 6664(1) 8451(1) 3317(1) 13(1) 
P(1) 4365(1) 7094(1) 3573(1) 11(1) 
P(2) 6823(1) 6272(1) 3488(1) 13(1) 
F(1) 5041(1) 8646(1) 1778(1) 20(1) 
F(2) 6047(1) 7340(1) 1286(1) 23(1) 
F(3) 7653(1) 10047(1) 2487(1) 25(1) 
F(4) 8167(1) 8619(1) 1474(1) 29(1) 
F(5) 5872(1) 10084(1) 1014(1) 28(1) 
F(6) 5886(1) 8467(1) -30(1) 30(1) 
F(7) 8475(1) 10708(1) 1039(1) 46(1) 
F(8) 7046(1) 10193(1) -397(1) 45(1) 
F(9) 8290(1) 9160(1) -146(1) 52(1) 
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O(1) 8041(1) 8536(1) 3459(1) 19(1) 
O(2) 6198(1) 9383(1) 3860(1) 18(1) 
C(1) 5946(1) 7304(1) 3386(1) 13(1) 
C(2) 6194(1) 8366(1) 1950(1) 15(1) 
C(3) 7184(1) 9104(1) 1680(1) 17(1) 
C(4) 6618(1) 9372(1) 741(1) 20(1) 
C(5) 7640(2) 9868(1) 302(1) 30(1) 
C(6) 4334(1) 7327(1) 4914(1) 14(1) 
C(7) 5127(1) 8456(1) 5648(1) 16(1) 
C(8) 4962(1) 8693(1) 6740(1) 21(1) 
C(9) 5327(1) 7830(1) 7132(1) 24(1) 

C(10) 4554(1) 6711(1) 6390(1) 21(1) 
C(11) 4733(1) 6461(1) 5299(1) 16(1) 
C(12) 3374(1) 7968(1) 3196(1) 14(1) 
C(13) 2343(1) 8274(1) 3807(1) 18(1) 
C(14) 1705(1) 9099(1) 3504(1) 22(1) 
C(15) 1111(1) 8696(1) 2349(1) 22(1) 
C(16) 2099(1) 8333(1) 1733(1) 20(1) 
C(17) 2710(1) 7498(1) 2036(1) 16(1) 
C(18) 3589(1) 5657(1) 2863(1) 14(1) 
C(19) 2208(1) 5352(1) 2984(1) 17(1) 
C(20) 1746(1) 4124(1) 2548(1) 22(1) 
C(21) 1829(1) 3605(1) 1434(1) 24(1) 
C(22) 3192(1) 3937(1) 1320(1) 19(1) 
C(23) 3620(1) 5168(1) 1726(1) 16(1) 
C(24) 8448(1) 6960(1) 4398(1) 15(1) 
C(25) 8414(1) 7832(1) 5412(1) 17(1) 
C(26) 9794(1) 8366(1) 6091(1) 20(1) 
C(27) 10508(1) 7538(1) 6302(1) 20(1) 
C(28) 10485(1) 6620(1) 5306(1) 20(1) 
C(29) 9100(1) 6105(1) 4634(1) 18(1) 
C(30) 7240(1) 5653(1) 2217(1) 15(1) 
C(31) 7024(1) 4421(1) 1888(1) 19(1) 
C(32) 7182(1) 3882(1) 795(1) 24(1) 
C(33) 8509(1) 4352(1) 710(1) 26(1) 
C(34) 8730(1) 5571(1) 1031(1) 25(1) 
C(35) 8573(1) 6122(1) 2122(1) 20(1) 

 
Table 49 Anisotropic displacement parameters (Å2×103) for L5. The anisotropic displacement factor exponent takes 
the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 
S(1) 13(1)  12(1) 15(1)  6(1) 3(1)  2(1) 
P(1) 12(1)  11(1) 12(1)  4(1) 3(1)  3(1) 
P(2) 13(1)  12(1) 14(1)  5(1) 5(1)  4(1) 
F(1) 13(1)  30(1) 23(1)  15(1) 4(1)  5(1) 
F(2) 35(1)  15(1) 17(1)  5(1) 6(1)  3(1) 
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F(3) 26(1)  21(1) 22(1)  10(1) -1(1)  -6(1) 
F(4) 20(1)  42(1) 42(1)  28(1) 17(1)  17(1) 
F(5) 31(1)  32(1) 31(1)  20(1) 11(1)  17(1) 
F(6) 40(1)  27(1) 18(1)  9(1) 1(1)  -2(1) 
F(7) 47(1)  46(1) 42(1)  22(1) 11(1)  -14(1) 
F(8) 55(1)  57(1) 41(1)  39(1) 15(1)  10(1) 
F(9) 69(1)  58(1) 62(1)  37(1) 52(1)  31(1) 
O(1) 13(1)  21(1) 25(1)  13(1) 2(1)  2(1) 
O(2) 21(1)  13(1) 18(1)  5(1) 4(1)  4(1) 
C(1) 13(1)  13(1) 15(1)  6(1) 4(1)  3(1) 
C(2) 14(1)  15(1) 17(1)  7(1) 4(1)  3(1) 
C(3) 14(1)  19(1) 20(1)  10(1) 5(1)  4(1) 
C(4) 23(1)  20(1) 20(1)  10(1) 6(1)  5(1) 
C(5) 36(1)  32(1) 29(1)  19(1) 14(1)  7(1) 
C(6) 15(1)  15(1) 13(1)  5(1) 5(1)  5(1) 
C(7) 18(1)  14(1) 15(1)  4(1) 5(1)  4(1) 
C(8) 28(1)  19(1) 15(1)  3(1) 5(1)  7(1) 
C(9) 33(1)  25(1) 14(1)  6(1) 4(1)  9(1) 

C(10) 28(1)  22(1) 16(1)  10(1) 8(1)  9(1) 
C(11) 20(1)  16(1) 14(1)  6(1) 5(1)  6(1) 
C(12) 14(1)  13(1) 17(1)  6(1) 4(1)  5(1) 
C(13) 17(1)  19(1) 21(1)  8(1) 8(1)  8(1) 
C(14) 20(1)  20(1) 31(1)  10(1) 9(1)  10(1) 
C(15) 15(1)  20(1) 34(1)  14(1) 4(1)  6(1) 
C(16) 18(1)  20(1) 23(1)  12(1) 1(1)  4(1) 
C(17) 15(1)  16(1) 17(1)  7(1) 3(1)  4(1) 
C(18) 14(1)  13(1) 15(1)  5(1) 4(1)  3(1) 
C(19) 15(1)  16(1) 19(1)  7(1) 6(1)  2(1) 
C(20) 22(1)  18(1) 27(1)  9(1) 6(1)  -1(1) 
C(21) 22(1)  16(1) 26(1)  3(1) 4(1)  -1(1) 
C(22) 20(1)  16(1) 19(1)  2(1) 3(1)  5(1) 
C(23) 15(1)  16(1) 14(1)  4(1) 4(1)  3(1) 
C(24) 15(1)  15(1) 15(1)  6(1) 4(1)  5(1) 
C(25) 16(1)  17(1) 16(1)  4(1) 3(1)  6(1) 
C(26) 18(1)  18(1) 20(1)  3(1) 2(1)  4(1) 
C(27) 17(1)  22(1) 21(1)  9(1) 0(1)  2(1) 
C(28) 18(1)  19(1) 24(1)  10(1) 3(1)  7(1) 
C(29) 19(1)  16(1) 18(1)  6(1) 3(1)  6(1) 
C(30) 14(1)  16(1) 15(1)  5(1) 5(1)  4(1) 
C(31) 21(1)  17(1) 20(1)  4(1) 8(1)  5(1) 
C(32) 24(1)  22(1) 21(1)  1(1) 8(1)  5(1) 
C(33) 21(1)  35(1) 18(1)  2(1) 8(1)  10(1) 
C(34) 18(1)  36(1) 17(1)  6(1) 8(1)  1(1) 
C(35) 16(1)  24(1) 17(1)  6(1) 7(1)  1(1) 
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Crystal Structure of [Au(CyYSF-PCy2)Cl] (P5) 
 

 
Figure 70. ORTEP plot of P5. Ellipsoids drawn at 50% probability level.  

Table 50. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for P5. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 x y z U(eq) 
Au(1) 3027(1) 2046(1) 7015(1) 24(1) 
Cl(1) 2765(1) 2390(1) 7929(1) 40(1) 
O(1) 4015(2) 3663(2) 4801(1) 27(1) 
S(1) 3650(1) 2754(1) 5030(1) 22(1) 
F(1) 2339(2) 1462(1) 4534(1) 30(1) 
P(1) 2961(1) 3978(1) 6027(1) 21(1) 
C(1) 3274(3) 2843(2) 5699(1) 22(1) 
F(2) 1430(2) 2724(1) 4824(1) 29(1) 
P(2) 3312(1) 1739(1) 6108(1) 23(1) 
O(2) 4323(2) 1905(2) 4940(1) 28(1) 
C(2) 2395(3) 2433(2) 4581(1) 26(1) 
C(3) 2444(3) 2871(2) 3992(1) 26(1) 
F(3) 2352(2) 3845(1) 4030(1) 31(1) 
C(4) 1508(3) 2539(2) 3589(1) 33(1) 
F(4) 3433(2) 2648(1) 3769(1) 31(1) 
F(5) 524(2) 2852(2) 3780(1) 52(1) 
C(5) 1638(3) 2912(2) 2990(2) 33(1) 
C(6) 1667(3) 3857(2) 6428(1) 25(1) 
F(6) 1484(3) 1571(2) 3557(1) 64(1) 
C(7) 753(3) 3240(2) 6148(1) 29(1) 
F(7) 1755(2) 3852(2) 2979(1) 46(1) 
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C(8) -164(3) 3001(3) 6566(2) 38(1) 
F(8) 2528(3) 2525(2) 2751(1) 67(1) 
F(9) 744(2) 2677(2) 2701(1) 53(1) 
C(9) -656(3) 3912(3) 6825(2) 42(1) 
C(10) 256(3) 4542(3) 7078(1) 35(1) 
C(12) 4105(2) 4181(2) 6514(1) 22(1) 
C(11) 1137(3) 4803(2) 6650(1) 29(1) 
C(14) 4868(3) 4781(3) 7417(1) 32(1) 
C(13) 3873(3) 4814(2) 7027(1) 27(1) 
C(15) 5954(3) 5059(3) 7133(1) 35(1) 
C(16) 6165(3) 4435(2) 6625(1) 31(1) 
C(23) 2956(3) 6019(2) 5826(1) 29(1) 
C(22) 2983(3) 6814(2) 5386(2) 35(1) 
C(21) 1975(3) 6767(3) 5007(2) 37(1) 
C(20) 1875(3) 5764(2) 4743(1) 33(1) 
C(19) 1822(3) 4971(2) 5183(1) 27(1) 
C(18) 2872(3) 5006(2) 5547(1) 24(1) 
C(17) 5192(3) 4490(2) 6221(1) 26(1) 
C(30) 4674(3) 1124(2) 6053(1) 28(1) 
C(31) 4741(3) 309(2) 6489(1) 36(1) 
C(32) 5852(4) -234(3) 6439(2) 47(1) 
C(33) 6832(4) 449(3) 6500(2) 49(1) 
C(34) 6760(3) 1287(3) 6094(2) 43(1) 
C(35) 5652(3) 1826(3) 6134(1) 32(1) 
C(24) 2241(3) 887(2) 5825(1) 28(1) 
C(25) 1457(3) 513(3) 6279(1) 34(1) 
C(26) 469(3) -37(3) 6023(2) 42(1) 
C(27) 876(4) -877(3) 5666(2) 44(1) 
C(28) 1693(4) -519(2) 5229(2) 39(1) 
C(29) 2682(3) 30(2) 5478(1) 32(1) 

 
 
Table 51. Anisotropic displacement parameters (Å2×103) for P5. The anisotropic displacement factor exponent 
takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 
Au(1) 32(1)  22(1) 18(1)  1(1) 3(1)  -1(1) 
Cl(1) 63(1)  35(1) 21(1)  -1(1) 7(1)  0(1) 
O(1) 32(1)  25(1) 23(1)  2(1) 3(1)  -3(1) 
S(1) 26(1)  22(1) 18(1)  0(1) 2(1)  -1(1) 
F(1) 44(1)  20(1) 27(1)  2(1) -3(1)  -5(1) 
P(1) 22(1)  20(1) 19(1)  0(1) 0(1)  1(1) 
C(1) 27(2)  23(1) 17(1)  1(1) 2(1)  0(1) 
F(2) 28(1)  34(1) 24(1)  -3(1) 2(1)  -2(1) 
P(2) 30(1)  20(1) 18(1)  1(1) 3(1)  -1(1) 
O(2) 33(1)  29(1) 22(1)  -2(1) 4(1)  4(1) 
C(2) 31(2)  23(1) 23(1)  -1(1) 3(1)  -1(1) 
C(3) 31(2)  20(1) 25(2)  0(1) 0(1)  -2(1) 
F(3) 44(1)  20(1) 30(1)  1(1) -4(1)  -2(1) 
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C(4) 43(2)  26(2) 31(2)  4(1) -7(1)  -7(1) 
F(4) 38(1)  32(1) 24(1)  2(1) 5(1)  0(1) 
F(5) 33(1)  89(2) 35(1)  10(1) -4(1)  -11(1) 
C(5) 37(2)  35(2) 28(2)  -3(1) -5(1)  -1(1) 
C(6) 24(1)  26(1) 25(1)  -1(1) 1(1)  0(1) 
F(6) 111(2)  29(1) 53(1)  8(1) -42(2)  -26(1) 
C(7) 24(2)  33(2) 29(2)  -4(1) 2(1)  -3(1) 
F(7) 68(2)  36(1) 35(1)  9(1) -9(1)  -11(1) 
C(8) 28(2)  47(2) 38(2)  -3(1) 5(2)  -9(1) 
F(8) 77(2)  98(2) 27(1)  -9(1) -1(1)  37(2) 
F(9) 66(2)  59(1) 35(1)  10(1) -22(1)  -25(1) 
C(9) 26(2)  62(2) 38(2)  -7(2) 10(1)  -1(2) 

C(10) 30(2)  48(2) 28(2)  -7(1) 5(1)  8(1) 
C(12) 23(1)  24(1) 20(1)  2(1) 1(1)  -2(1) 
C(11) 29(2)  30(2) 27(2)  -5(1) 2(1)  7(1) 
C(14) 34(2)  36(2) 25(2)  -3(1) -3(1)  1(1) 
C(13) 32(2)  26(1) 24(1)  -3(1) -1(1)  -1(1) 
C(15) 33(2)  42(2) 30(2)  -4(1) -6(1)  -6(1) 
C(16) 28(2)  36(2) 29(2)  0(1) 0(1)  0(1) 
C(23) 38(2)  21(1) 28(2)  0(1) -3(1)  -1(1) 
C(22) 42(2)  22(1) 41(2)  2(1) -1(2)  0(1) 
C(21) 48(2)  29(2) 34(2)  6(1) -5(2)  9(1) 
C(20) 43(2)  31(2) 26(2)  1(1) -2(1)  7(1) 
C(19) 30(2)  27(2) 26(1)  -2(1) -2(1)  3(1) 
C(18) 30(2)  22(1) 21(1)  1(1) -1(1)  1(1) 
C(17) 27(2)  27(2) 24(1)  0(1) 1(1)  -6(1) 
C(30) 34(2)  26(2) 24(1)  2(1) 1(1)  5(1) 
C(31) 50(2)  28(2) 29(2)  7(1) 4(1)  10(1) 
C(32) 64(3)  40(2) 35(2)  3(2) 3(2)  24(2) 
C(33) 51(2)  57(2) 40(2)  0(2) -4(2)  26(2) 
C(34) 36(2)  55(2) 38(2)  -3(2) 0(2)  12(2) 
C(35) 33(2)  35(2) 28(2)  0(1) -1(1)  3(1) 
C(24) 36(2)  24(1) 24(1)  0(1) 3(1)  -6(1) 
C(25) 41(2)  35(2) 26(2)  -3(1) 7(1)  -12(1) 
C(26) 48(2)  44(2) 34(2)  -8(2) 8(2)  -20(2) 
C(27) 63(3)  36(2) 34(2)  -5(1) 7(2)  -22(2) 
C(28) 61(2)  26(2) 31(2)  -6(1) 8(2)  -13(2) 
C(29) 47(2)  22(1) 28(2)  -1(1) 5(1)  -4(1) 
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Crystal structure determination of [Au(Cy-CyJohnPhos)Cl] (P6) 

 

Figure 71. ORTEP plot of P6. Ellipsoids drawn at 50% probability level.  

Table 52. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for P6. Ueq is 
defined as 1/3 of of the trace of the orthogonalised Uij tensor. 

 x y z U(eq) 
Au(1) 6055(1) 4981(1) 2314(1) 16(1) 
Cl(1) 7968(1) 3886(1) 2274(1) 22(1) 
C(1) 2512(4) 4599(3) 1103(3) 18(1) 
P(1) 4114(1) 5967(1) 2159(1) 15(1) 
C(2) 2110(4) 3263(4) 1449(3) 19(1) 
C(3) 730(4) 2187(4) 589(3) 20(1) 
C(5) 1396(4) 3096(4) -905(3) 23(1) 
C(4) 914(4) 1765(4) -570(3) 24(1) 
C(6) 2770(4) 4160(4) -42(3) 23(1) 
C(8) 5699(4) 8744(4) 2357(3) 21(1) 
C(7) 4380(3) 7487(3) 1599(3) 17(1) 
C(13) 3496(4) 6554(3) 3387(3) 17(1) 
C(12) 2978(4) 8039(4) 1311(3) 21(1) 
C(11) 3227(4) 9181(4) 735(3) 22(1) 
C(10) 4571(4) 10429(4) 1449(3) 22(1) 
C(9) 5953(4) 9889(4) 1782(3) 23(1) 
C(14) 1973(4) 6306(4) 3225(3) 20(1) 
C(15) 1394(4) 6579(4) 4103(3) 23(1) 
C(16) 2334(4) 7131(4) 5183(3) 22(1) 
C(17) 3844(4) 7423(4) 5352(3) 21(1) 
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C(18) 4468(3) 7176(3) 4481(3) 16(1) 
C(19) 6152(4) 7585(4) 4777(3) 19(1) 
C(20) 6806(4) 9186(4) 5469(3) 22(1) 
C(21) 8490(4) 9593(4) 5751(3) 28(1) 
C(22) 9180(4) 8630(4) 6356(3) 29(1) 
C(23) 8529(4) 7038(4) 5681(3) 26(1) 
C(24) 6851(4) 6624(4) 5389(3) 20(1) 

 
Table 53. Anisotropic displacement parameters (Å2×103) for P6. The anisotropic displacement factor exponent 
takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 
Au(1) 14(1)  20(1) 13(1)  5(1) 2(1)  5(1) 
Cl(1) 17(1)  27(1) 23(1)  8(1) 4(1)  10(1) 
C(1) 16(2)  21(2) 13(1)  5(1) 2(1)  3(1) 
P(1) 13(1)  19(1) 13(1)  5(1) 2(1)  5(1) 
C(2) 17(2)  23(2) 15(2)  6(1) 1(1)  4(1) 
C(3) 17(2)  21(2) 19(2)  7(1) 2(1)  3(1) 
C(5) 23(2)  26(2) 15(2)  5(1) 3(1)  6(1) 
C(4) 23(2)  23(2) 19(2)  2(1) 2(1)  4(1) 
C(6) 23(2)  28(2) 16(2)  6(1) 6(1)  5(1) 
C(8) 17(2)  24(2) 20(2)  9(1) 0(1)  4(1) 
C(7) 14(1)  22(2) 15(1)  7(1) 2(1)  4(1) 

C(13) 19(2)  16(1) 16(2)  5(1) 4(1)  3(1) 
C(12) 17(2)  23(2) 22(2)  9(1) 1(1)  6(1) 
C(11) 18(2)  25(2) 20(2)  10(1) 1(1)  5(1) 
C(10) 23(2)  23(2) 19(2)  8(1) 3(1)  5(1) 
C(9) 21(2)  26(2) 23(2)  10(1) 3(1)  5(1) 

C(14) 15(2)  24(2) 14(2)  1(1) -2(1)  6(1) 
C(15) 19(2)  27(2) 21(2)  4(1) 6(1)  6(1) 
C(16) 24(2)  24(2) 20(2)  7(1) 10(1)  7(1) 
C(17) 22(2)  23(2) 14(2)  4(1) 2(1)  4(1) 
C(18) 16(2)  16(1) 15(1)  6(1) 3(1)  5(1) 
C(19) 18(2)  22(2) 17(2)  7(1) 4(1)  4(1) 
C(20) 21(2)  21(2) 22(2)  7(1) 3(1)  7(1) 
C(21) 20(2)  25(2) 33(2)  7(2) 3(2)  2(1) 
C(22) 16(2)  32(2) 30(2)  6(2) -1(1)  4(1) 
C(23) 21(2)  29(2) 28(2)  11(2) 4(1)  11(1) 
C(24) 18(2)  21(2) 19(2)  6(1) 1(1)  3(1) 

 
 


