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I. General Introduction  and Objective 

1 General Introduction  

1.1 Carbodiphosphora nes (CDPs) ɀ a classification  

Carbodiphosphoarnes (CDPs) represent a special type of carbone compounds having the 

general formula of C(PR3)2 (Scheme 1).[1ï3] They are also known as 

bis(phosphoranylidene)methanes.[4] In general, carbones are often described by a divalent 

neutral carbon atom C(0) stabilized by ů-donor, ˊ-acceptor ligands L (L = PR3, NHC, CO, 

CNR).[5] The general formula of a carbone is CLL´ with two lone pairs at carbon atom (L and 

LË are ů-donor ligands). In this case, the word valency is described according to the IUPAC, 

counting the number of univalent atoms (originally hydrogen or chlorine atoms) that can be 

combined with a corresponding atom. When donor ligands are phosphines, carbons are called 

carbodiphosphoranes (CDPs). Although CDPs are the most studied carbones, there are two 

other types of carbones reported in the literature. One is carbodicarbenes[6] (CDCs) where two 

carbene moiety act as a ů-donor ligands. The other are carbophosphinocarbenes[7] (CPCs) 

where a carbene and a phosphine are attached as flanking groups. In carbodiphosphorane 

(CDP), the central carbon atom has two free electron pairs, one of ů and one of ˊ symmetry 

and these slightly participate in the P-C bond. In the carbone model, this P-C bond can be 

considered as P­C donor-acceptor bonds. A formal oxidation of zero C(0) is therefore 

attributed to carbone.[5,8]  

 

Scheme 1: Schematic representation of neutral carbon bases: carbodiphosphoarnes (CDPs), 

carbodicarbenes (CDCs), carbophosphinocarbene (CPCs), N-heterocyclic carbenes (NHCs) 

and cyclic (alkyl)aminocarbenes (CAACs). 

In contrast, divalent N-heterocyclic carbenes (NHCs) are different to CDPs. NHCs[9,10] have a 

formal oxidation number of C(II) and a sextet electronic configurations with only one free 
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electron pair, which is ů-symmetric relative to another bond partner attached to the C atom. 

Carbodiphosphoranes are ů and ˊ donors towards metal centers bound to them and thus differ 

from the weak ˊ acceptor and ů donating carbenes.[11,12] If one of the nitrogen atom of the 

NHC is replaced by a quaternary carbon atom, a cyclic alkyl(amino)carbene (CAACs)[13] is 

formed. Due to the increased ů donor and ˊ acceptor properties of CAACs compared to 

NHCs, it makes CAACs more interesting for some catalytic applications.[14,15] The ˊ-donor 

property of CDPs thus remains unique and only comparable to carbodicarbenes (CDCs) and 

carbophosphinocarbene (CPCs). 

However, the focus of this work is on further exploration and development of novel CDP 

ligands, which is why a brief overview of bonding situation of CDP, several different 

synthetic methods, properties, reactivity and the coordination chemistry of 

carbodiphosphorane is described below. There are several review articles reported for a 

detailed discussion about carbodiphosphoranes.[1,16] 

1.1.1 Bonding situation in  carbodiphosphorane s (CDPs) 

Various mesomeric forms can be used to elucidate the carbon-phosphorus bonds in 

carbodiphosphoarnes. Different mesomeric forms A ï D are represented in Scheme 2. 

 

Scheme 2: Different bonding descriptions in carbodiphosphoarnes (CDPs). 

In 1961, when Ramirez et al. synthesized hexaphenyl carbodiphosphosrane[17] (CDP) as the 

first ever carbodiphosphoarne was also considered the possible resonance forms of CDP. He 

discovered that hexaphenyl carbodiphosphosrane (CDP) acts as a divalent base by using 

titration experiment with dilute hydrochloric acid. He compared CDPs with carbodiimides and 

allenes and described a bonding situation with two cumulative P-C double bonds as a linear 

heterocumulene bis ylene structure A. Alternatively, he also described CDP as a double P-

ylene (bis ylene) structure C making an analogy to known P-ylides. The authors used both a 

bis-ylide and a heterocumulene bis ylene structure in the valence notation of the product. 

Matthews et al. used monoylidic form B in addition to the linear heterocumulene structure.[18] 

CDPs can also be considered as zwitterionic bis-ylide structure C, where two formally 



I. General Introduction and Objective 
 ___________________________________________________________________________  

3 

 

negative charges on carbon atom and one positive formal charge at each of the phosphine 

ligands. As mentioned earlier, Ramirez et al. has also mentioned this zwitterionic bis-ylide[17] 

structure C in case of CDP. An alternative view of bonding situation (D) was first described 

by Kaska et al. as two lone pairs of electrons on the carbon atom are not involved in the 

chemical bond and the carbon atom is in its formal zero oxidation state C(0).[19] This is 

because the bis-ylides of the formula Ph3PCPPh3, contrary to expectations, have bent structure 

with P-C-P bond angles of approximately 140 °. They can act as ligands for metal atoms.  

In 1979, Schmidbaur et al. supplemented the possibility of valence structure representation of 

the CDP with another notation[4] (Scheme 3), while he described the representation of Kaska 

et al.[19] as an unusual approach. 

 

Scheme 3: Valence structure representation of CDP by Schmidbaur et al.[4] 

Gilheany et al.[20] introduced the new concept of negative hyperconjugation[21] for CDPs, that 

was used to describe the P-ylides. Sundermeyer et al. applied the same concept to describe a 

[ReO3]
+-carbodiphosphorane complex.[22] According to this concept,[20] the interaction of the 

free electron pairs of the central carbon atom with ů*(P-CPh) orbitals contributes to bond 

formation and formally increases the bond order of the P-C bonds, in addition to the covalent 

P-C single bonds. Noteworthy, considerations on the description of the bonding situation in 

CDPs were also made by Cavell et al.[23,24] He considered CDPs (stable, neutral two electron 

ů-donor) to similar properties to the class of carbenes, although formally no resonance form 

with six valence electrons can be drawn. He postulated that, if diamino carbenes are called 

´push-push́character, phosphinosilyl carbenes as ´push-pull´character then CDP can be 

classified as ṕull -pull´character due to the electron withdrawing effect of the phosphonium 

substituents. 

Theoretical studies by Frenking et al.[5,8,25ï27] Showed that the center carbon atom must be 

considered as a carbon atom with two free electron pairs. Frenking et al. proposed the 

structural class of carbodiphosphoranes as  donor-stabilized carbon (0) compounds with a 

coordination number of two. The central carbon (0) is characterized by stabilization with the 

support of its two P­C donor-acceptor bonds, which gives the CDPs the ˊ-donating property 

as a carbon neutral ligand. To distinguish this class of compounds from the carbenes, the 
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name ´carbones´ was introduced. Kohn-Sham orbitals of CDPs for the highest occupied 

orbitals (HOMO-1 and HOMO) are shown in Figure 1. 

 

 

  

 

 

Figure 1: Kohn-Sham orbitals of CDP for the highest occupied orbitals, left: HOMO (ˊ-

symmetry), right: HOMO-1 (ů-symmetry). The valence structure representations of the CDP 

according to Frenking et al.[5,8,25ï27]are also shown. 

The electronically stimulated 1D state of carbon (0) has two electron pairs of electrons from ů-

symmetry (HOMO-1) and ˊ-symmetry (HOMO). The representation of the CDP was chosen 

accordingly, based on the structural representation already used by Kaska et al.[19]  

In 1972, Vincent et al.[28,29] elucidated the angled structure of CDP by crystallographic 

measurements. The results of the first crystal structure analysis of CDP were exceptional as 

there were two independent molecules in the asymmetric unit and the P-C-P bond angles 

differ by 13.7 ° (130.1 ° and 143.8 °). Over the years, several modifications of CDP were 

added.[30ï32] For example, a linear structure of the hexaphenyl carbodiphosphorane[32] with the 

composition of CDP. 2C6H6 was observed during crystallization from the benzene. 

Theoretical calculations showed the small energy difference of 0.75 kcal/mol between an 

angled structure and a linear structure of CDP. In a subsequent study, crystallization in a 

linear structure of CDP was linked to the co-crystallizing solvent benzene.[33] Removal of the 

benzene is accompanied by a decrease in the P-C-P angle from 180 °. In addition to that, it 

should be also mentioned that a linear structure is also observed in an amino-substituted CDP 

derivative.[34] 

In the following work, the carbodiphosphoranes (CDPs) are represented in a bent 

heterocumulune structure A. The choice of this heterocumulune notation includes the other 

representations discussed in Scheme 2.  
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1.1.2 Synthesis of  carbodiphosphorane s (CDPs) 

As mentioned earlier, Ramirez et al. synthesized hexaphenylcarbodiphosphorane[17] a CDP for 

the first time. This was achieved by deprotonating an ylide phosphonium bromide salt with 

elemental potassium. The reaction is significantly milder if bases such as sodium amide or 

butyllithium are used instead of potassium (Scheme 4). 

 

       Scheme 4: Synthesis of hexaphenylcarbodiphosphorane (CDP) by Ramirez et al.[17] 

After the first prominent synthesis of prototypical hexaphenylcarbodiphosphorane (CDP), 

variety of several different substituted carbodiphospharenes (R3PCPR3) have been synthesized 

and characterized. Two most common synthetic approaches are represented in the following. 

In the first or most common method,[35ï37] two equivalents of phosphines are reacted with one 

equivalent of dibromo methane to form a bis-phosphonium salt. Finally, double deprotonation 

gives the desired CDP. The first proton can be abstracted with a weak base (Ramirez used 

sodium carbonate), while to abstract the second proton strong bases are necessary (Scheme 5).  

 

                  Scheme 5: General synthesis of CDPs by dehydrohalogenations.[35ï37] 

Another method for the synthesis of CDPs is shown in Scheme 6.[38,39] In this method, three 

equivalents of phosphine are reacted with one equivalent of carbon tetrachloride (CCl4) and 

the resulting ylide phosphonium chloride is dehalogenated with 

tris(dimetheylamino)phosphine P(NMe2)3. The use of CCl4 and as well as P(NMe2)3 the non-

atom-economical course of the reaction due to the loss of a one equivalent of a 

dichlorophosphorane. 

 

                         Scheme 6: General synthesis of CDPs by dehalogenations.[38,39] 
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A wide variety of carbodiphosphoranes can be accessed using these two methods. Numerous 

representatives of aryl,[17] alkyl,[36] halogen[34,40] and amino substituted CDPs have been 

successfully synthesized. However, other routes to access different CDPs have also been 

reported. Previously, our group reported second generation CDPs[41] synthesis from P,P-̀ 

dichlorosubstituted CDP (Cl2CDP). Further development towards the synthesis of different 

substituted CDPs especially towards the synthesis of mono and bis Cp substituted CDPs will 

be discussed in this report. 

 Another class are cyclic carbodiphosphornes (CCDPs), which are described by Schmidbaur et 

al.[42] but are usually found to be unstable. Further development towards synthesis and their 

complexes will be discussed in this report. 

The synthesis must always be carry out under inert conditions, since both CDPs and the 

phosphonium salts precursors react with water to form phosphine oxides due to the high 

oxophilicity of phosphorus.[43] 

1.1.3 Reactiviy of  carbodiphosphoranes (CDPs) 

CDPs show a variety of different reactivity patterns similar to the ylides (Scheme 7). CDPs 

usually act as a very strong Brønsted base with high proton affinity. Sundermeyer et al. 

reported sym-(tmg)2(dma)4-CDP (tmg = N-tetramethylguanidinyl) (dma = dimethylamino) as 

a super base with pK
BH

+ value of 35.8 measured in THF via NMR titrations.[44] In general, 

CDPs have the tendency to accept protons even from polar solvents. Strong proton affinity of 

CDPs or especially for CCDPs can be observed in this report as well. In addition to Brønsted 

basicity, CDPs also show Lewis basicity. Frenking et al. and Petz et al. showed single and 

two-fold Lewis base in reaction of both carbon lone pairs with boranes.[45] 
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Scheme 7: Carbodiphosphoaranes as Lewis Base, as nucleophile, as reducing agent and as 

wittig-reagent. 

The central carbon atom has two lone pairs of electrons hence it acts as a strong nucleophile. 

Many reactions (alkylations or silylations)[46] with different electrophiles are reported. CDPs 

can also act as reducing agents.[17] This was already demonstrated by Ramirez et al. with the 

reaction of Br2 to the CDPs to form bromonium salts. Very recently Igor Martin from our 

group and Hansmann et al.[47] independently showed the synthesis of stable diazophosphorus 

ylide by reaction nitrous oxide (N2O) with CDPs, where CDP undergoes Wittig type 

reactions. The latter utilized the stable diazophosphorus ylide towards carbon atom transfer 

reagent for several organic transformations.[47] 

These versatile reactivity of CDPs motivates us to develop the synthesis of new CDPs that 

will be discussed in this report. 

1.1.4  Coordination chemistry of carbodiphosphorane s (CDPs)  

Similar to phosphorus ylides, CDPs are suitable ligands for organometallic compounds.[48,49] 

Different types of transition metal complexes are reported so far shown in Figure 2.  

 

Figure 2: Coordination modes of carbodiphosphoaranes (CDPs) in transition metal 

complexes reported so far.[48,49] 
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In the simplest and most common case, center carbon atom donates the lone pair of electrons 

to the metal center (type A). Several different metals (M = W,[50] Mn,[51] Re,[22,52] Ru,[53] 

Rh,[54] Ni,[55] Pt,[56] Cu,[57] Ag,[58] Au,[59] Zn,[60] Cd,[60] Hg[61]) have been utilized towards this 

type of metal complex formation.  

If both phosphorus atoms have at least one substituent that has a hydrogen in Ŭ-position then 

complexes of type B can be synthesized. In contrast to the completely arylated moiety, this 

type of ligand forms chelate type complexes.[62,63] For example, zinc alkylene (ZnR2) complex 

of hexaphenylcarbodiphosphorane (CDP) forms B type geometry. A hydrogen atom of the 

ligand is abstracted in an alkane elimination and a proton shift takes from a methyl to the 

central carbon atom.  

With type C1 coordination mode, there are aryl substituted CDP ligands in ortho-metalated 

form with platinum[56] and rhodium[24] complexes are known. The abstraction of the ortho-

proton is carried out by an alkyl ligand of the precursor or by another equivalent of 

carbodiphosphorane. Several double ortho-metalated CDPs of coordination mode of type C2 

also investigated after Sundermeyer et al. reported the synthesis of dilithiated 

carbodiphosphorane (Li 2CDP).[64] Eugen Sharikow[65] from our group and Gilliard et al. 

independently showed the synthesis of bismuth (Bi)[66] and antimony (Sb)[67] complexes of 

coordination type C2. In addition, double ortho -metalated complexes of Be,[68] Sn[69] and Pb 

are reported. 

The latter case is also known as tweezer complex and represents the coordination type D. In 

addition to complexes of late transition metals, these complexes are also synthesized for early 

transition metals and rare earth metals. In general, amido ligands, which preferentially interact 

with hard metals according to the HSAB principle form this type of chelate complexes. For 

example, yttrium (Y),[70] samarium (Sm)[71] and group four metals[72] of coordination type D 

are reported. 

1.2  Bismuth and its complexes with neutral  ʎ-donor ligands   

Bismuth is placed at the 83rd position in the periodic table. Although it is placed at the 

periodic table next to toxic heavy metals its compounds are exceptionally harmless and even 

some of the bismuth complexes are less toxic than table salt (sodium chloride). Due to its 

unique properties, it is often called ´green element´. It has gained a lot of interest in the 

cosmetic and medicinal industry. For example, bismuth oxychloride is used in personal care 
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products, while Peptobismol is a bismuth-based medicine used to cure stomach disorder. 

Bismuth compounds show applications in industry due to its interesting properties. For 

example, it is commonly used in solders as it expands on solidifications. It is even used in 

magnetic levitation (Maglev) in trains due to its strong diamagnetic property. Several other 

important applications are represented in the review by Ram Mohan et al.[73]  

Bismuth compounds particularly those are in +3 oxidation state have been used a green Lewis 

acid catalyst in organic synthesis. Several reviews have been reported about applications of 

bismuth in organic synthesis.[74,75] 

We were interested in bismuth complexes using neutral carbon ů-donor ligands. The most 

used ligands are carbenes (NHCs). Carbenes are neutral divalent carbon atoms that have six 

electrons in the valence shell. Carbenes served as an important ligand for main group 

chemistry since the discovery of first NHC[76] by Arduengo et al. In group 15 chemistry, 

although there are several carbene-phosphorus,[11] arsenic and antimony complexes reported, 

bismuth complexes are not explored extensively. This can be explained by the high atomic 

size of bismuth atom, resulting in poorer orbital overlap. However, there are NHCs and 

CAACs stabilized bismuth complexes reported in the literature.[77ï79] Dutton et al.[77] reported 

first bismuth complex of NHC in the form of NHC-BiCl3 adduct. Some of them are 

represented in Scheme 8. Details discussions about NHCs and CAACs stabilized bismuth 

complexes can be found in the recent review article.[80] 

 

 
 

                Scheme 8: Reported NHCs and CAACs stabilized bismuth complexes.[80] 

Gilliard et al. showed first complexation of bismuth with carbodicarbene (CDC).[81] The 

authors have synthesized BiPhCl2 and BiBr3 complex of CDC. The authors have also shown 

the formation of mono, bis and tri-positive bismuthenium ions from these complexes via 

halogen abstraction reactions (Scheme 9). 
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                 Scheme 9: Reported CDC stabilized bismuth complexes by Gilliard et al.[81] 

Although some of the NHCs, CAACs and CDCs stabilized bismuth complexes have been 

investigated in the last decade. However, carbodiphosphoarnes (CDPs) stabilized bismuth 

complexes are not explored so far. The only example was BiX3 complexation with bis ortho-

lithiated carbodiphosphorane (Li2CDP), where double ortho metalated bismuth complex was 

obtained.[64,81] 

In this report, bismuth complexes with several different carbodiphosphoranes (CDPs) will be 

investigated.  
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2 General Objective 

Although carbodiphosphoranes (CDPs) were reported since 1961, they have gained lots of 

interest in the last couple of decades due to their unique properties, metal complexations and 

their use in organocatalysis. Hence further development or optimization of  functionalized 

CDPs are necessary. Within the scope of this work, development of various 

carbodiphosphoranes (CDPs) should be presented and their interactions with several metal 

complexes should be examined using spectroscopic, crystallographic and even some cases 

with quantum chemical methods.  

The first part of results of the present work ï Chapter II includes the chemistry of cyclic 

carbodiphosphoranes (CCDPs), where two phosphines are linked via a cyclic aromatic 

backbone. Stable six-, seven- and eight-membered CCDPs should be synthesized from 

commercially available bisphoshines. Comparative studies should be done to understand how 

ring size affects their properties. Quantum chemical studies could be done for better insight of 

their electronic properties. Strong donor abilities of CCDPs should be utilized towards various 

metal complexes like coinage metals, Bi and Ga. 

   

In Chapter ï III, bis  Cp derivative substituted CDPs can be represented for the first time. 

These CDPs can be synthesized from P, P-̀ dichloro substituted CDP (Cl2CDP). Reactivity of 

bis indenyl and bis fluorenyl substituted CDPs with ammonium hexafluorophosphate should 

be attempted to see any kind of cyclization happening or not as cyclization product was 

obtained in case of unsubstituted Cp moiety. One focus was on the synthesis alkali metal salt 

(Li, K) formations of these CDPs and transfer them to the large metal halides towards the 

synthesis ansa-metallocene type carbodiphosphoranes.  
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The last part of results of the present work ï Chapter IV includes the synthesis of bis N-

imidazole substituted carbodiphosphoranes. Bis imidazole, bis benzimidazole and bis 

permidine substituted CDPs with new P-N bonds should be synthesized dichloro substituted 

CDP via nucleophilic substitution reactions. Among other things an attempt should be made 

to synthesize carbone-di-carbene from a bis imidazole substituted CDP, where carbene and 

carbone should present together in same molecule. In addition, the novel ligand system was 

planned to be transferred to the bismuth trihalides (BiX3). 

 

The main aim of this Thesis was to develop novel CDP based ligand systems and to 

investigate their coordination towards several metal Lewis acids. The structure, reactivity and 

spectroscopic properties of the complexes were studied. 
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II. Six- to Eight-Membered CCDPs Synthesis and Reactivity 

1 Introduction  

1.1 Cyclic carbodiphosphoranes  

Cyclic carbodiphosphoranes  (CCDPs) represent a special class of CDPs. Schmidbaur et al. 

reported the synthesis of first ever CCDPs.[82] In the first step, 

metheylenebis(diphenylphosphane) (dppm) reacts  to 1,2-dibromoethane, 1,3-dibromopropane 

and 1,4-dibromobutane to form cyclic bisphosphonium salts. Dehydrohalogenation at 0 - 10 

°C with methylenephosphorane (Me3P=CH2) as a strong base resulted in the synthesis of 

CCDPs (Scheme 10). 

 

Scheme 10 : CCDPs (I-III)  synthesis reported by Schmidbaur et al.[82] 

CCDP I-II shows low solubility and thermal lability, as they decompose at 20 °C and 35 °C 

respectively. CCDP III synthesized only in 30 % yield as other side reactions occurred in the 

formation of bisphosphonium salt. CCDP II shows an unusual helical molecular arrangement 

in the lattice of single crystal. At 117 °, the P-C-P structural unit had the smallest angle 

reported by that time. Due to the thermal labilities of CCDP II, the authors concluded that the 

stress limit of the angular deformation exceeded at 120 °. According to Schmidbaur et al.[82] 

the best way of valence structure representation is shown in Scheme 11. 

  

      Scheme 11 : Proposed valence structure of CCDP II according to Schmidbaur et al.[82] 

Two years later, Schmidbaur et al. reported the synthesis of five membered CCDP with an 

aromatic backbone at phosphine ligands.[83] Cyclic bisphosphonium salt was obtained via 

similar methods used previously, however prolonged reflux conditions of 10 days were 
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required. Then consecutive deprotonations lead to the synthesis of desired CCDP (Scheme 

12). 

 

                    Scheme 12 : Five membered CCDP synthesis by Schmidbaur et al.[83]   

However, due to its decomposition over ï30 °C, a detailed characterization other than 31P 

NMR spectroscopy was not possible.  Baceiredo et al. reported rigid P-heterocyclic 

carbodiphosphoranes[84] (PHCP, Scheme 13) by reacting bis(diisopropylamino)phosphino 

diazomethane with a bis(dialkylamino)phosphenium salt in presence of excess benzonitrile 

solution.        

      

                       Scheme 13 : P-heterocyclic CDP synthesis by Baceiredo et al.[84] 

Pd(II)  and Rh(I) complexes with the sterically less hindered PHCP were the first ever 

coordination with CCDPs. However, this method requires handling of highly reactive 

diazoalkane species and even diazoalkane synthesis also requires complex synthetic steps. 

Nozaki et al. reported cyclic bis(CDP),[85] where two CDP units are connected by two 

alkylene bridges (Scheme 14). This cyclic bis(CDP) shows three-coordinated  geometrically 

strained boron dicatonic compound. However, proton abstraction from the aliphatic moiety 

was also observed. 
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                                Scheme 14 : Cyclic bis(CDP) synthesis by Nozaki et al.[85] 

Recently Kuzu et al. showed the synthesis of a chiral CCDP[86] (Scheme 15) and its reactivity 

with coinage metals has reported. Mono and bis coordination mode of carbone center is 

observed. 

 

                                  Scheme 15 : Chiral CCDP synthesis by Kuzu et al.[86] 

1.2 Special position of Au in periodic table  

The properties of gold are significantly influenced by relativistic effects.[87] The associated 

stabilization and contraction of the s and p orbitals lowers the effective nuclear charge that 

acts on the thereby expanding d and f orbitals.[88,89] This effect is most pronounced in element 

79 and therefore makes it a very interesting element to study.[90,91] The tendency of gold (I) 

compounds to form aggregates and clusters due to their closed shell d10 electronic 

configuration. This weak attractive Van der Waals or dispersion interactions exceeding the 

coulombic repulsions were termed as aurophilic interactions in 1987.[89] Aurophilic 

interactions are comparable in strength to hydrogen bonds and in general the gold-gold bonds 

are between 2.50 ï 3.50 Å.[92] These lead to the formation of dimers, oligomers and polymers 
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in solid. For instance, the gold-gold distance is 3.16 Å in a one-dimensional aggregate of 

[(Mes)3PAuCl] (Figure 3). Hence, the Van der Waals  radius of 3.8 Å is clearly undercut 

(Figure 3).[93] 

 

   

 

                     Figure 3 : Repeating unit of the polymeric chain in [(MeS)3PAuCl].[93] 

1.3 Coinage metal complexes of CDPs 

Coinage metal complexes of various CDPs have been reported in the literature. Schmidbaur et 

al. reported the first mononuclear coinage metal halides of Cu, Ag and Au complexes with 

hexaphenyl carbodiphosphorane.[94] Jones et al. reported a dinuclear complex of [(AuCl)2 ɛ-

C(PPh3)2], where two lone pairs at carbone centre are participating in complexation towards 

two metal centers.[59] Not only the hexaphenyl CDP, but also several substituted CDPs 

showed promising reactivity towards metal complex formation. For example, our group 

reported the synthesis of N,C,N pincer type CDPs and their dinuclear CuI complexes.[41] 

Weigand et al. showed the synthesis of phosphanylcarbodiphosphorane and its different gold 

(I) co-ordination chemistry.[95] Frenking et al. reported [CuC(PPh3)2]I and analyzed the new 

bonding mode in hexaphenyl CDPs both, theoretically and experimentally. In these 

complexes, two hexaphenyl CDPs bind with one metal center.[61] 

In summary, there are three different co-ordination modes observed in the product of CDPs 

and coinage metal salts. These co-ordination modes are shown in Scheme 16. 
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Scheme 16 : Different co-ordination modes between CDPs and coinage metals. M = Cu, Ag, 

Au; X = Cl, Br, I. 

1.4 Metal complexes of cyclic CDPs (CCDPs) and their  catalytic applications  

Baceiredo et al. investigated complexes of CCDPs with Pd and Rh metal salts.[84] Rigid P-

heterocyclic CCDPs have been used for this metal complex formation. Two years later, same 

group reported Cu and Au complexes with the same P-heterocyclic CCDPs.[96] These Cu and 

Au metals complexes were capable of catalytic anti-Markovnikov hydroamination and 

hydroalkoxylation of acrylonitrile. Nozaki et al. showed double co-ordination of AlCl3 and 

GaCl3 with bis CDP and a geometrically strained tris-coordinated boron adduct was also 

synthesized (Scheme 14).[85] Recently Kuzu et al. reported Cu and Au complexes with chiral 

CCDP. In this report, they have shown three different types of co-ordination modes with their 

chiral CCDP (Scheme 15).[86]  

Liberman-Martin et al. investigated organocatalytic activity of CCDPs.[97,98] They 

demonstrated a catalytic hydroboration of ketones, imines, carbodiimides and isocyanates 

using 5 % of CCDP II (Scheme 17).  

 

    

                                    Scheme 17 : Organocatalytic activity of CCDP II.[97,98] 
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2 Objective 

There has been growing interest in cyclic carbodiphosphoranes (CCDPs), particularly since 

their organocatalytic applications discussed in the introduction section. Despite their potential, 

the variety of CCDPs are limited due to synthetic difficulties, thermal lability and unwanted 

side reactions. We have planned to synthesize six-, seven- and eight-membered CCDPs with a 

conjugated aromatic backbone from the commercially available bis-phosphine (Scheme 18). It 

can be expected that by replacing aliphatic backbone to aromatic backbone, the stability of 

these CCDPs should increase. Quantum chemical studies of CCDPs were also planned to get 

information about their bonding properties.    

                                                                                                                                                                      

               Scheme 18: Planned synthesis of six-, seven- and eight-membered CCDPs. 

As carbones are reported to be strong donor ligands, these CCDPs should be used for several 

Cu and Au complexation (Scheme 19). The synthesis of BiX3 complexes with CCDPs was 

targeted for the first time. In recent publication, Betrand et al. showed doubly oxidized 

compound from the conjugated carbene.[99] Based on this work, a doubly oxidized compound 

from carbone was planned to synthesize using eight membered CCDP. Electron donation at 

carbone center by the oxygen atom could possibly stabilize the doubly oxidized species. 

Towards the synthesis of iodonium salt, CCDP will probably act as a reducing agent to iodine 

molecule. 
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                                  Scheme 19: Planned reactivity studies of CCDPs. 

We have also planned to investigate what kind of bis-phosphines are ideal for CCDPs 

synthesis. How the rigidity affects to cyclic bis-phosphonium salt synthesis? For this purpose, 

a less rigid bis-phosphine compared to xantphos planned to investigate for CCDPs synthesis 

(Scheme 20). It Will be interesting to see whether the rotation of two phenyl moiety across the 

oxygen atom leads to the synthesis of cyclic bis-phosphonium salt or not.  

 

    Scheme 20: Possible reactivity of rigid and less rigid bis-phosphine as a starting material. 
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3 Results and Discussion 

3.1 Synthesis 

3.1.1 Synthesis of cyclic bisphosphonium salts 1, 2 and 3 

Cyclic bisphosphonium salts were synthesized according to the routes shown in Scheme 21. 

Commercially available bis-phosphines were dissolved in excess dibromomethane, refluxed at 

110 °C for 12 ï 48 hours depending on the bis-phosphines. After workup, corresponding 

cyclic bis-phosphonium salts 1, 2 and 3 were isolated as colorless solids in 92 %, 77% and 

69% yield respectively. 

 

                   Scheme 21: Synthesis of cyclic bis-phosphonium salts (1, 2 and 3). 

Complexes 1, 2 and 3 were characterized by 31P NMR, 1H NMR, 13C NMR spectroscopy and 

HRMS. Compound 1 shows a broad singlet in the 31P NMR spectra at 12.6 ppm. Slightly up 
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fielded shifted compared to reported dicationic CCDP II[82] and chiral CCDP[86] of 30.7 ppm 

and 19.6 ppm respectively. The nucleus is more shielded, probably due to the presence of 

conjugated naphthalene moiety attached with phosphorus units. In 1H and 13C NMR spectra 

corresponding -CH2 protons are found at 6.5 ppm and 35.5 ppm, respectively (DMSO-D6), in 

a similar range as in chiral CCDP[86] (7.4 ppm and 24.6 ppm). In the ESI(+) mass spectrum, 

one fragment can be noticed and identified which corresponds to M2+. Compounds 2 and 3 

show a broad singlet in the 31P NMR at 19.6 ppm and 21 ppm respectively. Among 

compounds 1, 2 and 3 a small deshielding trend in 31P NMR resonance was observed. In the 

1H spectra 2 and 3 appear at 7.1 ppm and 6.6 ppm respectively. Compound 3 shows a triplet at 

24.6 ppm in the 13C NMR spectrum (JCP = 42.6 Hz). It fits well with the reported chiral CCDP 

(24.6, JCP = 50.1 Hz). These spectroscopic details are summarized in Table 1. 

Table 1: Spectroscopic details of compounds 1, 2 and 3. 

Compound 31P NMR 

(DMSO-D6) 

(ppm) 

1H NMR (-

CH2) 

(DMSO-D6) 

(ppm) 

13C NMR (-

CH2) 

(DMSO-D6) 

(ppm) 

m/Z 

calculated 

m/Z observed 

          1        12.6          6.5         35.5 C35H28P2 
2+ = 

255.0828 (z 

=2) 

    255.0822 

          2        19.6          7.1           - C40H34OP2 
+ 

= 592.2024 (z 

=1) 

    591.1985 

          3        21.0          6.6         24.6 C37H30P2 
2+ = 

268.0906 (z 

=2) 

    268.0898 

                   

Suitable crystals of compound 3 for  X-ray diffraction analysis were obtained from a NMR 

tube containing CDCl3 as solvent. Compound 3 crystalizes in triclinic space group P-1 with Z 

= 4 and co-crystalline CDCl3. The P1-C1 and P2-C2 bond lengths in 3 are 1.82(5) Å, similar 

to reported di-cationic moiety.[83,86] The P1-C1-P2 angle is 129.2(2)°, which is greater than 

literature reported doubly protonated compounds (113.1(2)° and 112.5(2)°).[83,86]  A higher 

bond angle of P1-C1-P2 in 3 arises probably due to the introduction of eight membered CCDP 

with a xantphos moiety. The molecular structure and selected bond lengths and bond angles 

are shown in Figure 4 and Table 2. 
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Figure 4: Molecular structure of compound 3. 

Table 2: Selected bond lengths (Å) and bond angles (°) of 3. 

P1-C1 1.8130(5) P2-C1 1.8205(5) 

P1-C8 1.7897(4) P2-C27 1.7931(4) 

P1-C14 1.7902(4) P2-C29 1.7920(5) 

P1-C1-P2 129.2(2)   

                                             

3.1.2 Synthesis of CCDPs 4, 5 and 6  

CCDPs (4, 5 and 6) are synthesized according to the following Scheme 22 from cyclic 

bisphosphonium salts 1, 2 and 3. Two equiv. of potassium hexamethyldisilazide (KHMDS) 

were added to a suspension of 1, 2 and 3 in THF or toluene at ï20 °C. Then the reaction 

mixture was allowed to reach room temperature slowly and stirred at an ambient temperature 

for 4 hours. After workup, desired products 4, 5 and 6 were obtained as red, yellow and light-

yellow solids in 71 %, 73 % and 64 % yield, respectively. 

Br2

Br1

C23C35
C1

P2
P1

C13
C2

C17
C29
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                                        Scheme 22: Synthesis of CCDPs 4, 5 and 6. 

Molecules 4, 5 and 6 were characterized by 31P NMR, 1H NMR, 13C NMR spectroscopy and 

HRMS spectrometry. Molecules 4, 5 and 6 show a singlet in the 31P NMR spectra at -5.9 

ppm, 0 ppm and -5.7 ppm in C6D6 respectively, which are in good agreement with reported 

hexaphenyl CDP (-2.8 ppm) and eight membered CCDP III (-1.7 ppm).[17,42] Unfortunately, 

the 13C NMR peak corresponding to the ´carbone-C´ was not observed. In the FD(+) mass 

spectra, only one fragment was observed and identified as corresponding [4-H]+, [5-H]+ and 

[6-H]+, respectively. These spectroscopic details are summarized in Table 3. 
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Table 3: Spectroscopic details of compounds 4, 5 and 6. 

Compound 31P NMR (C6D6) 

(ppm) 

m/Z calculated m/Z observed 

           4              -5.9 C35H27P2
+ = 509.1561          509.1560 

           5                0 C37H29P2
+ = 535.1744          535.1750 

           6              -5.7 C40H33OP2
+    

= 591.2006 

         591.2009 

                              

 

Figure 5: Molecular structure of CCDP 4. 

 Suitable crystals of compound 4 for  X-ray diffraction analysis were obtained from saturated 

THF solution at -20 °C. Molecule 4 crystalizes in monoclinic space group P 21/n with Z = 8 

and co-crystalline THF molecule in the asymmetric unit (Figure 5). The P-C bond lengths in 4 

are 1.65(2) Å and 1.66(2) Å, respectively, fits well with molecule CCDP II (1.64 Å and 1.65 

Å). The P1-C1-P2 bond angle is 111.99(1)°, slightly acute compared to CCDP II (117°) 

probably due to the rigidity of naphthalene moiety. Selected bond lengths and bond angles are 

shown in Table 4.  Suitable crystals of compound 5 were obtained from saturated THF 

solution at -20 °C. Molecule 5 crystalizes in monoclinic space group P 21/c with Z = 4 and 

co-crystalline THF molecule in the asymmetric unit (Figure 6). The P-C bond lengths in 5 are 

1.66(2) Å and the P-C-P bond angle is 112.9(1)°. These fit nicely with the P-C bond lengths 

(1.66 Å ) and  P-C-P bond angle (112.6°) of chiral CCDP.[86] Selected bond lengths and bond 

angles are shown in Table 4. 
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                                         Figure 6: Molecular structure of CCDP 5. 

 Suitable crystals of compound 6 were obtained from saturated THF, toluene and diethyl ether 

solution at -20 °C. In diethyl ether molecule 6 crystalizes in monoclinic space group P 21/n 

with Z = 4 and co-crystalline diether molecule in the asymmetric unit (Figure 7). The P-C 

bond lengths in 6 are 1.66(2) Å, the same as CCDP 5 and slightly elongated compared to 

CCDP 4 (1.64 Å). Interestingly, the P-C-P bond angle is 126.9(1)°, highest among the 

reported mono CCDPs. The P-C-P bond angles of previously reported CCDPs were below 

120°, except for the bis CCDP reported by Nozaki et al.[85] This anomalous P-C-P bond angle 

can be explained due to the introduction of an eight-membered constrained backbone, where 

two phosphines attached with the dimethyl xanthene moiety are relatively far apart from each 

other. Selected bond lengths and bond angles are shown in Table 4. 
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Figure 7: Molecular structure of CCDP 6. 

Table 4: Selected bond lengths (Å) and bond angles (°) of 4, 5 and 6. 

               CCDP 4                CCDP 5                CCDP 6 

P1-C1 1.652(2) 

P1-C12  1.837(2) 

P1-C18 1.827(2) 

P1-C2 1.823(2) 

P1-C1-P2 111.99(1) 

P2-C1 1.659(2) 

P2-C30 1.874(2) 

P2-C24 1.825(2) 

P2-C4 1.826(2) 
 

P1-C1 1.66(2) 

P1-C20 1.818(2) 

P1-C14 1.833(2) 

P1-C2 1.834(2) 

P1-C1-P2 112.99(1) 

P2-C1 1.66(2) 

P2-C26 1.822(2) 

P2-C32 1.828(2) 

P2-C9 1.823(2) 
 

P1-C1 1.66(2)  

P1-C23 1.825(2) 

P1-C17 1.822(2) 

P1-C2 1.850(2) 

P1-C1-P2 126.9(1) 

P2-C1 1.658(2) 

P2-C35 1.825(2) 

P2-C29 1.818(2) 

P2-C13 1.846(2) 
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3.2 Properties of new CCDPs 

3.2.1 Variation of P1 -C1-P2 bond angle on ring sizes of CCDPs 4, 5 and 6 

The P1-C1-P2 bond angle is determined by how close two Phosphorus atoms can come to 

form bonds with carbon atom in CDP.[100] Usually, this angle is more acute in CCDPs than 

that of acyclic CDPs due to the rigid structure at phosphine backbone. In the reported CCDP 

II [83], the P1-C1-P2 bond angle is 116.7° and two phosphorus atoms are 2.81(5) Å far apart 

with respect to each other. The same angle in six membered CCDP 4 is 111.9° and the 

distance between two phosphorus atoms is 2.77(4) Å. The P1-C1-P2 bond angle in CCDP 5 

and CCDP 6 are in increasing order of 112.9° and 126.9° respectively. Expectedly, the 

distance between two phosphorus atoms also increases from CCDP 5 and CCDP 6. These 

structural details are summarized in Table 5. 

Table 5: The P1-C1-P2 bond angles (Á) and P1éP2 distances (Å) of 4, 5 and 6. 

Compound P1-C1-P2 angle (°) P1éP2 distance (¡) 

CCDP 4 (six-membered) 111.9 2.74 

CCDP 5 (seven-membered) 112.9 2.77 

CCDP 6 (eight-membered) 126.9 2.97 

         

 

Figure 8: P1-C1-P2 bond angle dependence on ring size for CCDP 4, CCDP 5 and CCDP 6. 

Considering reported five membered P-nucleophilic CCDP[84] where P1-C1-P2 bond angle is 

104.8 °, P1-C1-P2 bond angles are plotted against their corresponding sizes in Figure 8. 

Analyzing the graph, we can probably say that with increasing ring size in CCDPs the P1-C1-

P2 bond angle also increases. It is observed that for six- and seven-membered CCDPs (4 and 

5) the P1-C1-P2 bond angle is almost similar while decreasing ring size from six to five or 
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increasing size from seven to eight (6) the value changes significantly. These observations are 

in accordance with similar trends in other cyclic molecules. 

3.2.2 UV/Vis spectroscopic analysis of CCDPs 4, 5 and 6 

CCDPs 4, 5 and 6 were analyzed via UV/Vis spectroscopy in THF solution (Figure 9). 

Molecule 4 shows absorption maxima at 320 nm and 483 nm in UV/Vis range, hence the 

absorption maximum at 483 nm is responsible for its red color. Molecule 5 and molecule 6 

show absorption maxima at around 312 nm and 350 nm, which fits with its visually observed 

yellow to light yellow color. 

  

Figure 9: UV/Vis spectra recorded for CCDPs 4, 5 and 6 (in THF, c å 10-5 M). The inserted 

picture shows solutions of CCDPs 4, 5 and 6 in THF. 

3.2.3 Density functional theory(DFT) calculation of CCDPs 4, 5 and 6 

In co-operation with our co-worker Olaf A. Kleykamp, DFT calculations at B3LYP/def2-

TZVPP level of theory are performed for CCDPs 4, 5 and 6 of their gas phase structures in 

order to understand their electronic properties and the bonding between carbon and 

phosphorus atoms. 
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Figure 10: Kohn-Sham orbitals of the HOMO-1, HOMO and LUMO of CCDPs 4, 5 and 6 

calculated for the optimized S0 state geometry (isovalue 0.07) calculations were performed at 

the B3LYP/def2-TZVPP level of theory. 

Not surprisingly, DFT calculations demonstrate that HOMO-1 can be elucidated as a lone pair 

MO of ʕ symmetry and HOMO as one of the lone pair MO of ʓ symmetry for CCDPs 4, 5 

and 6 (Figure 10). LUMO+1 for 4 and 5 are localized over conjugated cyclic backbone 

similar to acyclic CDPs.[101] On the other hand, in molecule 6 LUMO and LUMO+1 are 

distributed all over the substituents.  This is probably due to break in conjugation of the cyclic 

backbone. 
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Figure 11: Energy diagram of HOMO and LUMO energies of CCDPs 4, 5 and 6. Energy 

diagram calculations were performed at the B3LYP/def2-TZVPP level of theory. 

HOMO energies of CCDPs 4, 5 and 6 are in similar range of -4.606 eV, -4.731  and -4.656 

eV, respectively (Figure 11). While LUMO energies show a slightly increasing trend of -

1.697 eV for 4, -1.105 eV for 5 and -0.899 eV for 6. This might be induced by a decreasing 

conjugation in the cyclic backbone. As a result, the HOMO-LUMO energy gaps (ȹE) are also 

increasing order from 2.909 eV to 3.757 eV in CCDPs 4 to 6.  

3.3 Reactivity  

CDPs are reported to have a very high first and a lower second proton affinity.[44] Several 

reactivity are investigated with synthesized CCDPs.  

3.3.1 Reactivity of six-membered CCDP 4  

3.3.1.1 Reactivity of CCDP 4 with NH4PF6 

The reaction of one equivalent ammonium hexafluorophosphate (NH4PF6) at room 

temperature selectively leads to the synthesis of mono phosphonium salt 7 (Scheme 23). After 

workup, compound 7 was obtained in 86 % of yield as off-white powder.  
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                                Scheme 23: Synthesis of mono phosphonium salt 7. 

In 31P NMR spectrum, a resonance signal corresponds to phosphorus atom appears at 12.1 

ppm. In a similar range to the dicationic compound 1 (12.6 ppm), while slightly upfielded 

compared to literature known compounds like [(PPh3)2CH]+ (25.7 ppm) and monoprotonated 

chiral CCDP (20.7 ppm)[17,86].  Suitable crystals for X-ray diffraction analysis were obtained 

by layering a saturated THF solution into diethyl ether. Molecule 7 crystalizes in monoclinic 

P1 21 1 space group with Z = 2 (Figure 12). P-C bond lengths are 1.69(3) Å and 1.70(3) Å, 

expectedly longer than P-C bond lengths of 1.66 Å in CCDP 4. Hence, the bond order 

between phosphorus and carbon atom in complex 7 lies between one and two. The P1-C1-P2 

bond angle is 118.52(18)°, fits well with the structurally characterized mono-cationic chiral 

CCDP[86] of 117.2(7)° and more acute compared to other related compounds (128.4(2)-

132.0(1)°)[96,102] probably due to six-membered ring system and the rigidity of naphthalene 

moiety. Selected bond lengths and bond angles of 7 are shown in Table 6.  

 

                        Figure 12: Molecular structure of mono phosphonium salt 7. 
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Table 6: Selected bond lengths (Å) and bond angles (°) of 7. 

P1-C1 1.694(3) P2-C1 1.702(3) 

P1-C8 1.801(4) P2-C24 1.804(3) 

P1-C2 1.815(3) P2-C31 1.803(3) 

P1-C14 1.797(3) P2-C20 1.806(3) 

P1-C1-P2 118.52(18) P3-F2 1.602(2) 

                     

3.3.1.2 Reactivity of CCDP 4 with coinage metals 

Due to the presence of two lone pairs of electrons at carbone center, CCDPs are prominent 

donor ligands. Their donor abilities and metal complexation were discussed in detail in the 

introduction section. Stoichiometric amounts of copper monohalides (Cu-X, X =Cl, Br) react 

with CCDP 4 in THF at -20 °C and allow the reaction mixture to RT slowly and stir for 16 

hours. After workup Cu-X complexes 8 and 9 are obtained in 87 % and 75 % yield, 

respectively (Scheme 24).  

 

                                        Scheme 24: Synthesis of complexes 8 and 9. 

 

Complex 8 and 9 shows a broad singlet in 31P NMR spectra at 6.1 ppm and 8.1 ppm 

respectively, slightly upfielded compared to reported 31P NMR spectra of Cu complexes of 

chiral CCDP (17.2 ppm). In case of complex 9, a minor peak in 31P NMR spectra observed at 

9.4 ppm probably due to the presence of the complex [CCDP(CuBr)2]. Complex 8 and 9 were 

characterized by 1H and 13C NMR spectroscopy. Several attempts to get a single crystal were 

so far unsuccessful.  
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                                  Scheme 25: Synthesis of gold CCDP complex 10. 

 

CCDP 4 was dissolved in toluene, cooled to -20 °C and added to the stoichiometric amounts 

of triphenyl phosphine gold(I) chloride in THF at -20 °C (Scheme 25). The suspension is 

allowed to reach RT and stir overnight. After workup a light brown powder was obtained. In 

the 31P NMR spectra, it shows two broad singlets at 7.1 ppm and 42.5 ppm (Figure 13). 

However, a singlet at 12.4 ppm indicates that protonated CCDP 4 is a major impurity in this 

mixture. 31P NMR spectra of complex 8 and 10 are shown in Figure 13. 

 

Figure 13: 31P NMR spectra (101 MHz, CDCl3) of complex 8 and 10. 

3.3.1.3 Reactivity of CCDP 4 with BiCl3 and [InCl] 

CCDP 4 reacted with BiCl3 and [InCl] under similar conditions of toluene-THF mixture at -20 

°C resulted 11 and 12 as protonated CCDP 4 and corresponding metal salts (Scheme 26). In 
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the 31P NMR spectra they show a broad singlet at 13.2 ppm and 13.3 ppm respectively. In the 

ESI(+) mass spectrum, one fragment can be noticed and identified which corresponds to 

[CCDP 4-H]+.  

 

 

                                  Scheme 26: Synthesis of complexes 11 and 12. 

 

As a matter of fact, THF becomes a weak CH- acid when coordinated to a Lewis acid such as 

BiCl3 or [InCl]. As a consequence, the formation of phosphonium chlorido metalate 

complexes is an often observed side reaction. 

3.3.2 Reactivity of eight -membered CCDP 6  

CCDP 6 is the most stable among the synthesized CCDPs. It did not decompose even at 90 °C 

in toluene. High thermal stability of CCDP 6 motivates the synthesis of different metal 

complexes and investigation of their properties. 

3.3.2.1 Reactivity of CCDP 6 with copper monohalides  

Stoichiometric amounts of copper monohalides (Cu-X, X = Cl, I) react with CCDP 6 in THF 

at 0 °C, warmed the reaction mixture to RT and stirred for 16 hours at room temperature to 

give complexes 13a and 14 (Scheme 27). In the 31P NMR spectra 13a and 14 show a singlet at 

18.5 ppm and 18.6 ppm respectively. In FD(+) ionization mode only one fragment can be 

observed and identified as protonated CCDP of 6 (Scheme 27).  
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                                        Scheme 27: Synthesis of complexes 13 and 14. 

 

When the same reaction was performed under similar conditions in dioxane or toluene instead 

of THF, then the 31P NMR spectrum shows a broad singlet at 9.4 ppm, which probably 

corresponds to complex 13. This data fits well with the Cu complexes of six-membered 

CCDP 4 (6.1 ppm (8) and 8.2 ppm (9)). Compound 13 is partially soluble in dioxane. 

Addition of THF or DCM during workup of compound 13 converts to the formation of 

complex 13a. Probably due to the strong proton affinity of CCDPs, even metal complexes are 

grabbing a proton anonymously to form [CCDP 6-H]+ and corresponding metalate anions as 

counter ions.   

3.3.2.2 Reactivity of CCDP 6 with gold (I) Lewis acid  

CCDP 6 and stoichiometric amounts of triphenyl phosphine gold(I) chloride [PPh3-AuCl] 

were mixed, cooled to -20 °C and toluene was added to the reaction mixture. Then the 

suspension is allowed to reach RT and to stir overnight. After workup complex 15 was 

obtained as light-yellow powder in 71 % yield (Scheme 28). Here, [PPh3-AuCl] reacts in 

slightly different manner than the reported Au complexes of chiral CCDP[86], where AuCl was 

attached to the carbone center. 
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                                             Scheme 28: Synthesis of complex 15.  

 

Complex 15 was characterized by 31P, 1H and 13C NMR spectroscopy. The 31P NMR 

spectrum, it shows a doublet at 16.4 ppm with a coupling constant 8.1 Hz for -PPh2 unit, in a 

similar range of reported mono AuCl complex of  chiral CCDP (17.5 ppm)[86] and a triplet at 

40.4 ppm for -PPh3 unit with the same coupling constant 8.1 Hz. 31P NMR spectrum of 15 in 

CD2Cl2 is represented in Figure 14. 

 

 

Figure 14: 31P NMR spectra (101 MHz, CD2Cl2) of complex 15. 

3.3.2.3 Reactivity of CCDP 6 with Bismuth trihalides (BiX 3) 

Bismuth trihalides are reported to form a weak bond with carbene compounds.[80] Properties 

and reactivity of Bismuth metal complexes were discussed in detail in the general introduction 

section. With our knowledge till now, bismuth complexes with CDPs are reported only with 

the Li 2CDP ligand by our previous group member Eugen Sharikow[65] and Gillard et al.[103] 
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CCDP 6 and stoichiometric amounts of bismuth trihalides (BiX3, X = Cl, Br and I) were 

mixed, cooled to 0 ÁC and toluene was added to the reaction mixture. Then itôs allowed to 

reach RT and stir overnight. After workup complexes 16, 17 and 18 were obtained as off 

white, yellow and red powder in 78 %, 85 % and 88 % yield, respectively (Scheme 29). 

 

  

 

 

Scheme 29: Synthesis of complex 16, 17 and 18 (top) and possible pathway for the formation 

of 16a -18a (bottom).       

                                

Complexes were formed in toluene but in the presence of a polar aprotic solvent the adduct 

gets protonated. Possible pathway for the formation of 16a-18a is shown in Scheme 29. BiX3 

reacts with trace amount H2O present anomalously in polar aprotic solvents to form bismuth 

oxyhalide (BiOX) and two equivalents of hydrogen halide (HX). Then CCDP gets protonated 

by hydrogen halide to form complexes 16a-18a. Possible stoichiometry of the reaction is 

shown in Scheme 29, where 2 equivalents of CCDP react with 3 equivalents of BiX3 in 

presence of trace amount of water to form 16a-18a and bismuth oxychloride. In the 31P NMR 
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spectrum of 16 in CD2Cl2 two peaks at 19.2 ppm and  26.1 ppm are observed. The peak at 

26.1 ppm probably corresponds to complex 16 and at 19.2 ppm protonated complex 16a. If 

we use dioxane instead of toluene, then complex 16 became partially soluble in it. Complex 

16 shows a singlet at 23.1 ppm in the 31P NMR spectrum. However, the same reaction in THF 

leads to compound 16a as only product. Complex 16a was characterized by 1H, 13C, 31P 

spectroscopy and HRMS. Suitable crystals of 16a for X-ray diffraction analysis were obtained 

by layering a saturated DCM solution with pentane. Complex 16a crystalizes in triclinic P -

1(2) space group with Z = 2 (Figure 15). The P-C bond lengths are 1.70(8) Å and 1.73(8) Å, 

in a similar range of monocationic six-membered CCDP 7 with PF6
- as counter anion (1.69(3) 

Å and 1.70(3) Å). The P1-C1-P2 bond angle is 133.8 (6)°, more obtuse compared to CCDP 7 

(118.52(18)° probably due to more relaxed eight-membered ring system in xanthane moiety. 

Selected bond lengths and bond angles are shown in Table 7. 

 

 

      Figure 15: Molecular structure of complex 16a (only one cation is shown for clarity). 

 

When CCDP 6 reacts with equimolar amount of BiBr3 in absolute dioxane, a new 31P NMR 

signal tentatively assigned to [CCDP-BiBr3] (17) is observed. However, with longer reaction 

time this signal fades away and a new signal corresponding to its protonated form (17a) is 

noticed. Complex 17 was characterized by 1H, 13C and 31P spectroscopy in dioxane-D8. 

Complex 17 also shows high proton affinity while keeping it in polar solvents like THF, 

DCM and even in dioxane. It gradually converts to its protonated form complex 17a. 
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Complex 17 shows a singlet at 22.4 ppm in dioxane in 31P NMR spectrum. After the workups, 

when the complex 17 was taken in DCM, it immediately starts converting to 17a and fully 

converts to 17a in 12 hours at room temperature. Three different 31P NMR spectra were 

investigated to observe the conversion. These 31P NMR spectra were represented in Figure 16. 

The 31P NMR spectrum at the bottom represents complex 17 in dioxane. The 31P NMR 

spectrum at the middle in DCM was performed approximately 5 minutes after DCM addition. 

31P NMR spectrum at the bottom was performed after 12 hours from the same DCM solution. 

 

 

             

 Figure 16: 31P NMR spectra (101 MHz) of complex 17 (in dioxane-D8) and 17a (in CD2Cl2).     
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      Figure 17: Molecular structure of complex 17a (only one cation is shown for clarity). 

 

However, the same reaction in THF leads to compound 17a as only product. Suitable crystals 

of 17a for X-ray diffraction analysis were obtained from its saturated dioxane solution. 

Complex 17a crystallizes in triclinic P -1(2) space group with Z = 4 (Figure 17). The P-C 

bond lengths are 1.71(5) Å and 1.72(5) Å, similar to complex 16a (1.70(8) Å and 1.73(8) Å). 

The P1-C1-P2 bond angle is 130.1(2)°, slightly more acute compared to its Bi2Cl8 complex in 

16a (133.8 (6)). Selected bond lengths and bond angles of 16a and 17a are represented in 

Table 7. 

Table 7: Selected bond lengths (Å) and bond angles (°) of 16a and 17a. 

                           Complex 16a                          Complex 17a 

P1-C1 1.705(8) 

P1-C23 1.799(10) 

P1-C17 1.795(2) 

P1-C2 1.825(10) 

P1-C1-P2 133.8(6) 

P2-C1 1.726(8) 

P2-C35 1.785(20) 

P2-C29 1.785(10) 

P2-C13 1.818(10) 

Bi1-Cl1 2.536(3) 

Bi1-Cl4 2.826(2) 
 

P1-C1 1.720(4) 

P1-C23 1.804(4) 

P1-C17 1.805(5) 

P1-C2 1.819(3) 

P1-C1-P2 130.2(2) 

P2-C1 1.715(5) 

P2-C35 1.797(4) 

P2-C29 1.804(4) 

P2-C13 1.810(4) 

Bi1-Br1 2.727(5) 

Bi1-Cl4 3.050(5) 
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BiI3 adduct of CCDP 18 shows a broad singlet at 25 ppm in the 31P NMR spectrum measured 

in dioxane. However, similar conversion to its protonated complex 18a was also observed in 

the presence of polar solvents such as THF or DCM. However, due to the strong proton 

affinity of complexes 16-18 further characterizations with 13C NMR spectroscopy and single 

crystal X-ray diffraction analysis was not possible. 

3.3.2.4 Reactivity of CCDP 6 with Al, Ga and In halides 

CCDP 6 and stoichiometric amounts of gallium triiodide (GaI3) were mixed, cooled to 0 °C 

and THF was added to the reaction mixture. Then itôs allowed to reach RT and stir overnight. 

After workup complex 19 was obtained as light-brown powder in 67 % yield (Scheme 30). 

Complex 19 was characterized by 31P, 1H, 13C NMR spectroscopy and as well as HRMS. In 

the 31P NMR spectrum, it shows a singlet at 22.2 ppm in CDCl3. 

 

 

                                           Scheme 30: Synthesis of complex 19. 

Suitable crystals of 19 for X-ray diffraction studies were obtained from its saturated DCM 

solution. Complex 19 crystalizes in triclinic P -1(2) space group with Z = 2 (Figure 18). The 

P-C bond lengths are 1.72 (2) Å and 1.71 (2) Å, in a similar range to bismuth trihalide 

complexes 16a and 17a.  The P1-C1-P2 bond angle is 132.5(12)°, fits well with the  bismuth 

trihalide complexes 16a and 17a (133.8 (6)° and 130.2 (2)°). Selected bond lengths and bond 

angles are shown in Table 8. 
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Figure 18: Molecular structure of complex 19. 

 

Table 8: Selected bond lengths (Å) and bond angles (°) of 19. 

P1-C1 1.717(2) P2-C35 1.803(2) 

P1-C23 1.792(2) P2-C29 1.805(2) 

P1-C17 1.808(2) P2-C13 1.795(2) 

P1-C2 1.817(10) Ga1-I1 2.543(3) 

P1-C1-P2 132.51(12) Ga1-I2 2.546(4) 

P2-C1 1.709(2) Ga1-I4 2.572(4) 

                         

When AlBr3 and InCl reacted with CCDP 6 in THF under similar conditions, then similar 

protonation of the carbone was observed. Formation of protonated CCDP was confirmed by 

analyzing 31P NMR spectra and ESI(+) in HRMS. Due to this reason further spectroscopic 

analysis was not performed for these complexes. 

3.3.2.5 Attempted synthesis of doubly oxidized carbone 

Recently Betrand et al.[99] demonstrated the synthesis of a doubly oxidized carbene from 

bis(imino)carbene (Scheme 31). Itôs a two-step reaction, in the first step the carbene is 

oxidized by an oxene, then removing the removing the oxo group by 

Trifluoromethanesulfonic anhydride (Tf2O) gives the desired dicationic product. 

 

I4

Ga1

I1

C8

C27

C1
P2

C14

P1

C35

a

bc



3 Results and Discussion 
 ___________________________________________________________________________  

43 

 

 

 

                   Scheme 31: Synthesis of doubly oxidized carbene by Betrand et al.[99] 

 

Carbones obey the octet rule, a fundamental rule governing main group elements and have 

two lone pairs of electrons. If we think of removing two non-bonding electrons of carbone, it 

should form carbene. Basically, it is a two electrons oxidation of carbone to form carbene. To 

stabilize the dicationic carbene, additional stabilization from donor atoms will be required. 

Considering the possible donor ability of oxygen atom towards central carbon atom present in 

the CCDP 6, it might be a suitable precursor to oxidize by two electrons. CCDP 6 was taken 

in toluene, cooled to -20 °C and an equimolar amount of iodine (I2) was added to the reaction 

mixture. After warming it to RT slowly, the reaction mixture was stirred for 16 hours at an 

ambient temperature. After workup, brown solid of compound 20 was obtained in 71 % yield 

(Scheme 32). 

 

 

                      Scheme 32: Synthesis of cyclic iodonium salt 20 [CCDP-I]+(I-). 

 

Complex 20 was characterized by 31P, 1H, 13C NMR spectroscopy and HRMS. In the 31P 

NMR spectrum, it shows a singlet at 27.9 ppm in CDCl3. In the ESI(+) spectrum only one 

fragment can be observed and identified as complex 20.  Suitable crystals complex 20 for  X-

ray diffraction analysis were obtained by layering saturated DCM solution with pentane. 

Complex 20 crystalizes in orthorhombic F d d 2 (43) space group with Z = 16 (Figure 19). 

The P-C bond lengths are 1.75(10) Å and 1.73(10) Å, slightly elongated compared to 

monoprotonated CCDP in 16a (1.71(5) Å and 1.72(5) Å). The P1-C1-P2 bond angle is 125.3 
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(5)°, more acute compared to the monoprotonated CCDP in 16a (133.8 (6)°) probably due to 

the coordination of iodine atom with the carbone center.  

     

 

          Figure 19: Molecular structure of asymmetric unit in [CCDP-I]2
2+(I3

-)(I-) 20. 

 

In the asymmetric unit two different counter anions I- and I3 
- were present. Ortho phenylic 

hydrogen atoms of four phenyl groups form weak hydrogen bonds to the iodine with a bond 

distance of 3.08(5) Å and 3.13(5) Å to I2 atom. Due to this moderate to weak hydrogen bond, 

iodine (I1) forms a bond to the carbone center (C1) perpendicular to the hydrogen bonding 

plane. Hence P1-C1-I1 and P2-C1-I1 bond angles are 108.8(5)° and 111.3(5)° respectively. 

Similar reactivity of iodine with hexaphenyl CDP was demonstrated by Neumüller et al.[104] 

Selected bond lengths and bond angles are shown in Table 9. 
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Table 9: Selected bond lengths (Å) and bond angles (°) of 20. 

P1-C1 1.754(10) C1-I1 2.145(9) 

P1-C17 1.811(10) P2-C1 1.725(10) 

P1-C23 1.812(10) P2-C29 1.80(9) 

P1-C2 1.808(11) P2-C29 1.781(12) 

P1-C1-P2 125.3(5) P2-C15 1.814(10) 

P1-C1-I1 108.8(5) H18-I2 3.127(5) 

P2-C1-I1 111.3(5) H30-I2 3.085(5) 

                            

From cyclic iodonium salt 20, iodide was planned to be eliminated via Ag+ to get doubly 

oxidized carbone. When complex 20 reacted with excess silver hexafluoroantimonate 

(AgSbF6) in DCM at room temperature for 12 ï 48 hours, only the ionic iodide anion was 

substituted by SbF6 anion (Scheme 33). 

 

   

Scheme 33: Attempted synthesis of a dicationic carbene. 

 

There are possibly two reasons for not forming the desired doubly oxidized carbone from 

complex 20. Firstly, due to carbone forms a strong bond to iodine atom and secondly 

additional stabilization from oxygen atom is not possible due to its long distance from the 

carbone center. However, active participation of electron donor atom to the carbone centre 

might stabilize the doubly oxidizes carbone.  

3.3.2.6 P-C bonding comparison of dicationic, monocationic and neutral CCDP 6 

For eight membered CCDP, molecules 3, 19 and 6 were structurally characterized by single 

crystal X-ray diffraction analysis. (Scheme 34) The P-C bond length of its dicationic (3), 

monocationic (19) and neutral CCDP (6) contain important information about its bonding 

between phosphorus and carbon atom (Table 10). 
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Scheme 34: Representation of dicationic (3), monocationic (19) and neutral CCDP (6). 

 

Table 10: P1-C1 and P2-C1 bond lengths (Å) molecules 3, 19 and 6. 

Molecule di-cationic (3) mono-cationic (19) neutral (6) 

P1-C1 1.81 1.72 1.66 

P2-C1 1.82 1.71 1.66 

                  

From dicationic (3) to monocationic (19) to neutral (6) CCDP the P1-C1 bond lengths are 

decreasing from 1.81 to 1.72 to 1.66 Å which properly aligns with the increasing bond order 

in P-C bonds. With increasing electron density at center carbon atom C1, more electrons are 

available for back donation towards vacant anti-bonding P-Cph orbitals, resulting in decreasing 

order of P1-C1 bond lengths in this series.[8,25,82,84] In addition, a non-negligible amount of 

electrostatic compression from P+ and C- must be considered.[25] 

3.3.2.7 Attempted synthesis of di lithiation of CCDP 6 

Previously our group reported dilitiation of hexaphenyl CDP (Li2CDP)[64] and used this as a 

pincer type ligand towards different metals Such as Be, Bi, Sb and Sn.[66,68,69] Due to this 

versatile complexation ability of Li 2CDP, we want to synthesize bis ortho-dilithiated CCDP 

where the rotation of phenyl rings attached with phosphorus atoms can be reduced. This might 

have impact to form stronger bonds within the metal chelates. 

 

     

                         

                    Scheme 35: Attempted synthesis of bis ortho-dilithiated CCDP 6. 
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CCDP 6 reacted with two equiv. of t-Buli in diethyl ether at -78 °C. After keeping the reaction 

mixture at the same temperature for 1 hour, it was allowed to reach room temperature slowly 

and to stir for another 2 hours at ambient temperature (Scheme 35). However, only CCDP 6 

was recovered by analyzing the 31P NMR spectrum. Moreover, higher reaction temperature 

and longer reaction time did not help to get the desired product Li2CCDP 6. 

3.3.3 Reactivity of CCDPs towards nitrous oxide (N 2O) 

Hansmann et al.[47] showed that hexaphenyl CDP reacts with nitrous oxide (N2O) to form a 

unique stable diazophosphorus ylide, which is an excellent carbon atom transfer reagent in 

several organic transformations (Scheme 36). It reacts with aldehydes, acyclic and cyclic 

ketones to form alkynes or butatrienes via intermediate vinylidene (R2C=C:) formation. 

 

 

  

                   Scheme 36: Synthesis of diazophosphorus ylide by Hansmann et al.[47] 

 

However, complete separation of diazophosphorus ylide from triphenylphosphine oxide was 

found to be quite difficult. These results motivated us to explore the N2O reactivity of CCDPs, 

where the problem of separating potential diazophosphorus ylide from phosphine oxide can 

be resolved. CCDP 4 or CCDP 6 was dissolved in toluene. After applying three cycles of 

freeze-pump-thaw, the solution was then saturated with nitrous oxide (N O) (Scheme 37). 

 

 

     Scheme 37: Attempted synthesis of diazophosphorus ylide from CCDP 4 and CCDP 6. 
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Then the reaction mixture was stirred at an ambient temperature for 16 hours. By analyzing 

the 31P NMR spectra of crude reaction mixture decomposition of CCDP 4 and CCDP 6 are 

observed.  

χȢψ 3ÙÎÔÈÅÓÉÓ ÏÆ ɻ-bromo bis ylide   

When oxybis(2,1-phenylene)bis(diphenylphosphane) (DPEPhos), was treated with dibromo 

methane at 105 °C for 72 hours, the synthesis of bromo methylene bis-phosphonium salt (21) 

instead of a cyclic bis phosphonium salt is observed (Scheme 38). This reactivity pattern 

deviates from formerly used bis-phosphine with rigid angel backbone in CCDP 6 synthesis. 

Although there were some unidentified products present after workups, major peak in 31P 

NMR spectra arises at 24.1 ppm most probably belongs to bromo methylene bis-phosphonium 

salt as it matches with literature values of 22.5 ppm (in DMSO-D6) of [m-C6H4(PPh2Me)2]
2+ 

2TfO-.[105] This different reactivity pattern can be explained with respect to rigidity of the 

molecules. Due to its less rigidity, free rotation across the oxygen bond between two phenyl 

groups is more feasible, hence 21 is obtained as a major product.  

 

   

  

Scheme 38: Synthesis of Ŭ-bromo bis ylide (22) via bromo methylene bis-phosphonium salt 

(21) (top) and synthesis of CCDP 6 under similar reaction condition (bottom). 

 

Then bromo methylene bis-phosphonium salt 21 was reacted with two equivalents of 

KHMDS to get the Ŭ bromo bis ylide (22) which arises at 19.1 ppm (in THF) in 31P NMR 

spectra. This data fits well with the reported bis ylide [m-C6H4(Ph2P
+CH2

-)2]
 of 19.6 ppm 

(THF-D8).
[105]  Suitable crystals complex 22 for X-ray diffraction analysis were obtained from 

saturated THF solution. Molecule 22 crystalizes in triclinic P-1(2) space group with Z = 2 

(Figure 20).  
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                           Figure 20: Molecular structure of Ŭ-bromo bis ylide (22). 

 

The P-C bond lengths are 1.72(6) Å and 1.70(6) Å, fits with the range of P-C bond lengths in 

reported ylides (1.62 Å-1.72 Å) but slightly elongated compared to P-C bond lengths in 

CCDPs (1.64 Å-1.66 Å). The P-C-Br bond angles are 114.8(3)° and 112.3(3)°. Selected bond 

lengths and bond angles of Ŭ-bromo bis ylide (22) are shown in Table 11. 

 

Table 11: Selected bond lengths (Å) and bond angles (°) of 22. 

P1-C1 1.705(6) P2-C26 1.718(6) 

P1-C2 1.803(5) P2-C27 1.815(5) 

P1-C14 1.808(6) P2-C25 1.825(5) 

C1-Br1 1.949(6) C26-Br2 1.942(6) 

P1-C1-Br1 114.8(3) P2-C26-Br2 112.3(3) 

                        

3.5 Attempted synthesis of a bis ylide 

In the previous section, the synthesis of Ŭ-bromo bis ylide (22) from DPEPhos via bromo 

methylene bis-phosphonium salt (21) has been investigated. Here, we planned to synthesize 

bis ylide from commercially available DPEPhos. Excess methyl iodide (MeI) was reacted 

with  DPEPhos in THF at 50 °C for 16 hours to get methyl-bis-phosphonium salt (23) as white 

solid in almost 90 % yield (Scheme 39). 
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      Scheme 39: Attempted synthesis of bis ylide via methylene bis-phosphonium salt (23). 

 

Methyl-bis-phosphonium salt (23) was characterized by 1H, 13C, 31P spectroscopy and HRMS. 

In the 31P NMR spectrum it shows a singlet at 19.8 ppm in DMSO-D6, fits well with the [m-

C6H4(PPh2Me)2]
2+ 2TfO- of 22.5 ppm.[105] In the FD(+) spectrum only one fragment can be 

observed and identified as molecule 23. Then the methyl-bis-phosphonium salt (23) was 

treated with two equivalents of n-BuLi in toluene at -78 °C. After keeping the reaction 

mixture at the same temperature for 1 hour, it was allowed to reach room temperature slowly 

and stir for another 3 hours at an ambient temperature. However, unselective reaction mixture 

is observed by analyzing 31P NMR spectrum. 
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4 Summary of Chapter II 

Chapter II  of the present work represents the experimental and theoretical investigations of 

new cyclic carbodiphosphoranes (CCDPs). The synthesis of six-, seven- and eight-membered 

CCDPs (4-6) in two steps from commercially available bis phosphines is demonstrated. Using 

DFT calculation detailed information about their bonding at carbone center and localization of 

ů and ˊ symmetry lone pairs and other molecular orbitals were investigated. 

 

CCDPs act as a strong donor ligand due to the presence of two lone pairs of electrons at their 

carbone center. The reactivity pattern of six-membered CCDP 4 has been explored. Onium 

hexafluorophosphate (7), onium chloro-metalate adducts (11-12) and Copper monohalide 

complexes (8-9) with CCDP 4 have been synthesized. 

 

 

Among these CCDPs, CCDP 6 was the thermally stable CCDP. Hence, its reactivity was 

investigated rigorously towards several metal complex Lewis acids. For the first time bismuth 

complexes of CDPs (16-18) have been synthesized in toluene or dioxane. However, due to 

competing high affinity of CCDPs, even after forming metal complexes, they converted to 

their protonated onium metalate compounds (16a-18a) in presence of polar solvents. 16a-18a 

were the only products observed when the reactions were performed in THF as a solvent.  
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Cationic gold (I) and iodonium complexes (15, 20) of CCDP 6 have been synthesized. In 

complex 20, four hydrogen bonds between ortho phenylic hydrogen atoms and the iodide 

anion were observed. Hence, P-C-I bond angle of 108.8° differs from the bond angle (å 120°) 

observed  in general sp2 hybridized molecules. Attempts to synthesize a dicationic carbene via 

oxidation of a neutral carbone via 20 were unsuccessful.  

    

When a less rigid bisphosphine DPEPhos reacted under similar conditions used for CCDPs 

synthesis, an Ŭ-bromo methylene bis-phosphonium salt (21) was obtained instead of cyclic bis 

phosphonium salt. Its dehydrobromation by KHMDS lead to Ŭ-bromo bis ylide (22). This 

different reactivity compared to 6 can be explained due to the free rotation of phenyl groups 

in the Car-O-Car unit.  
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In summary, the chemistry of cyclic carbodiphosphoranes (CCDPs) was expanded to include 

new ligand systems and their metal complexes, quantum chemical calculations, spectroscopic 

properties and molecular structures. The high proton affinity of CCDPs and even their metal 

complexes was found to be a handicap to act as super strong neutral carbone ligand towards 

Lewis acids. In most cases investigated, C-protonation and formation of onium metalate 

complexes instead of metal organic complexes is observed. 
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III. P-Cyclopentadienyl  Substituted  CDPs and Their  Reactivity  

1 Introduction  

1.1 Ansa-metallocenes 

Bent sandwich complexes with bridging atom B connecting both Cp ligands are called ansa-

metallocenes. They are extensively used in polymerization catalysis due to their high 

selectivity.[106] Their activity and stereoselectivity can be controlled by modifying the ligand 

moiety. Both substitutions on the ring system (Cp*, Ind, Flu) and as well as at the bridging 

group influence the catalytic properties of the metallocene. Ansa-metallocene prevents the 

rings from rotating freely and fixes the molecular symmetry of the metallocene. In addition, 

they increase the electrophilicity and allow reactants to access the metal center through the 

bent sandwich geometry. The latin term ansa (ansa meaning bent handle, attached at both 

ends) was first introduced for  bridged ferrocenes[106] by Lüttringhaus et al. The first and 

probably the most famous ethylene bridged ansa-metallocenes of [H4C2(Ind)2ZrCl2]
[107] were 

developed by Brintzinger and Kaminsky et al., where methylene bridged 

[Me2C(CpFlu)2ZrCl2]
[108] were developed by Razavi et al. In addition to the large number of 

alkyl and silyl bridges, various heteroatomic groups[109] (boron, germanium, phosphorus, tin, 

arsenic, sulfur and siloxane) have been investigated as bridging functions. Plenty of group 4 

ansa-metallocene complexes have been synthesized and utilized as polymerization catalysts. 

Several review articles on ansa-metallocenes have been reported.[109] A typical Ethylene and 

methylene bridged ansa-metallocene as well as the general ansa-metallocene motif are 

represented in Figure 21. 

   

Figure 21: Ethylene and methylene bridged ansa-metallocenes[107,108] (top) and general 

structural motif of ansa-metallocenes (bottom). 
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1.2 CpPCp ligands and their metallation  

Although ansa-metallocenes with a wide variety of bridge atoms have been synthesized and 

investigated, complexes with phosphorane bridges and the corresponding ligands were limited 

in the literature. In the 1960s and 1970s, only a few phosphonium bridged ferrocenes[110] were 

mentioned. However, their analysis of which was not complete due to lack of possibilities. In 

1998 Brintzinger et al.[111] synthesized phosphonium bridged metallocenes of the alkali and 

alkali earth metals for the first time. General synthetic routes of their preparation are 

represented in Scheme 40 and Scheme 41. In route A, the phosphine ligand RP(Cpy)2 was 

obtained by adding RPCl2 to two equiv. of M(Cpy) (M = alkali metal). The alkylation with 

excess alkyl iodide leads to the formation of phosphonium salt, followed by 

dehydrohalogenation with base (KH, n-Buli) resulting in corresponding ylides. Route A is 

ideal for the preparation of two identical Cp derivatives. Most of the CpPCp ligands 

synthesized according to route A. Theoretically, it is also possible to introduce various Cp 

synthons by successively adding one equiv. of M(Cpy) and one equiv. of M(Cpz) with one 

equiv. of RPCl2. However, mixtures of differently substituted phosphines were obtained regio 

isomers. 

    

                     Scheme 40: Representation of  CpPCp ligands synthesis (route A).[111] 

Route B is ideal for the preparation of various Cp derivatives. In this route, monohalogenated 

phosphines R2PCl reacted with one equiv. of Cp synthon M(Cpy) as a nucleophile to get the 

corresponding phosphine R2P(Cpy). Then the quaternization takes place with a Cp synthon 

(Cpz)Br, which in this case reacts as an electrophile to give  [R2P(Cpy)(Cpz)]. Finally, one 

equiv. of base gives the corresponding ylides. This route was introduced for the first time by 

Rufanov et al.[112] for the synthesis of [R2P(Cp)(Flu)]. Our previous co-worker Silas Böttger 

used this method to synthesize several different CpPCp ligands.[113] One disadvantage of this 

method is the synthetic effort to access bromo substituted Cp derivatives. 
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                       Scheme 41: Representation of  CpPCp ligands synthesis (route B).[112] 

Several metal complexes, especially alkali and alkaline earth metal complexes of CpPCp 

ligands have been investigated thoroughly. The CpPCp potassium complexes were prepared 

by reacting potassium hydride (KH) with phosphonium salts (Scheme 42).  

 

               Scheme 42: General synthetic route for  CpPCp potassium complexes.[112]  

The potassium cation is coordinated in solution by the Cp functionalities and by THF 

molecules. In some cases, it was not possible to determine how many molecules of THF 

coordinated with the potassium metal center. Although, CpPCp-potassium complexes 

investigated thoroughly, its lithium analogues are not so much explored. In our group Silas 

Böttger reported CpPCp-lithium complexes on NMR scale. The CpPCp-lithium complexes 

synthesized via alkane elimination methods (Scheme 43). Therefore, these complexes are 

used in-situ in transmetalations via salt elimination.  However, it was not possible to 

reproduce it on a larger scale. In contrast to potassium, the small and hard lithium cation was 

expected to be less suitable for complexation by monoanionic CpPCp ligand regime. 
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                               Scheme 43: Synthesis of  CpPCp-lithium complexes.[113] 

Other alkaline earth metals like Ca and Ba were also incorporated into CpPCp complexes via 

the amine elimination route. In this method amine precursor and corresponding ylide ligand 

reacted to get divalent Ca and Ba complexes with CpPCp ligand (Scheme 44). 

   

Scheme 44: Representation of [Me2P(CpMe4)2M(N(SiMe3)2)] with amine elimination (M = 

Ca, Ba).[113]  

1.3 X2CDP (X = O, S, NR-and C6H4-) ligands and their complexations  

Bis substituted CDPs with two extra donor atoms, which are usually heteroatoms containing a 

lone pair of electrons have gained significant interest towards metal complexes, especially for  

heavier metals. Bis(iminophosphorano)methanediide pincer type ligand BIPM [BIPM = 

C(PPh2NSiMe3)2] has been investigated rigorously towards high-valent uranium complexes 

by Liddle et al.[114ï116] Synthesis of the coordination chemistry of 

bis(thiophosphinoyl)methane dianions ([S2CDP]2-) with uranyl (VI) salts have been 

investigated by Ephritikhine et al.[117] In these complexes four electrons of the formal metal 

carbon double bond are provided by the carbone center. Our group reported the synthesis of 

bis ortho-dilithiated CDP[64], where carbon based extra donor atoms are utilized for the 

synthesis of different coordination compounds. Selective CDPs with two extra donor atoms 

are shown in Scheme 45. 
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Scheme 45: Selective bis substituted CDPs with two extra donor atoms.[64,114,116,117] 

1.4 CpCDP constrained -geometry-complexes 

For the construction of a CpCDP framework, which might be used as a donor functionality in 

constrained geometry complexes, the chlorine-functional carbodiphosphorane Ph3PCPPh2Cl 

has been synthesized according to the following Scheme 46. Ph3PCPPh2Cl[118] was first used 

by Appel et al. for the synthesis of amino substituted carbodiphosphoranes. Later, our 

previous co-worker Jasmin Quentin[119] optimized this multistep reaction for the synthesis of 

the chlorine-functional carbodiphosphorane Ph3PCPPh2Cl.  

     

                                  Scheme 46: Reported synthesis of  Ph3PCPPh2Cl.[118]  

In the first step dichloromethylene triphenylphosphorane[120] (Ph3P=CCl2) is reacted with an 

equivalent amount of PPh2Cl to get exclusively (PPh3CClPPh2)Cl almost in quantitatively. 

Finally (PPh3CClPPh2)Cl was dechlorinated with P(NMe2)3 to get the P-chloro functionalized 

carbodiphosphorane Ph3PCPPh2Cl. 

The key step for the synthesis cyclopentadienyl substituted phosphorylides (CpCDP) was to 

incorporate cyclopentadienyl moiety via salt elimination methods. Ph3PCPPh2Cl reacted with 

several different cyclopentadienyl alkali metal salts to get various phosphorylides (CpyCDP). 

Alkali cyclopentadienides act as nucleophiles. The elimination of alkali metal salts was the 

driving force for these reactions. Synthetic scheme and some of the Cp substituted 

phosphorylides (CpyCDP) were shown in Scheme 47.  
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                      Scheme 47: Reported synthesis of  Ph3PCHPPh2Cpy (CpyCDP).[119]  

While most of the Cp substituted phosphorylides required 16 hours of reaction time in diethyl 

ether, the tetramethyl cyclopentadienyl (CpMe4) substituted phosphorylide (CpMe4CDP) which 

was most suitable for metal complex synthesis required 14 days reaction time under reflux in 

diethyl ether. Hence, optimization of this synthesis was necessary, which will be discussed in 

the second part of this chapter. 

Among these Cp substituted phosphorylides, only CpMe4CDP reacts with the lanthanum 

precursor [Ln(CH2SiMe3)3(thf)2] (Ln = Sc, Y, Lu) to give alkyl complexes of rare earth 

metals with carbodiphosphorane as a donor function in the ligand backbone (Scheme 48). 

    

          Scheme 48: Synthesis of  alkyl complexes of rare earth metal with CpMe4CDP.[119] 

Previously our group reported that constrained geometry amido complexes with these ligands 

were not accessible due to the unreactive nature of the amido ligands even at elevated reaction 

temperatures. The alkali metal salts of the ligand CpMe4CDP have been investigated, which are 

well known for its salt elimination reactions. Li and K salts were obtained from ligands by 

reacting with n-Buli and benzyl potassium (BnK) respectively. The lithium complex was very 

sensitive to air and moisture while potassium complex was thermodynamically more stable 
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(Scheme 49). However, these alkali metal salts did not react with lanthanide halides towards 

the desired synthesis of constrained-geometry-complexes (Scheme 49). 

   

Scheme 49: Attempted synthesis of constrained geometry complexes of lanthanide 

halides.[119] 

Previously, the author investigated only alkyl complexes of rare earth metals with this tetra 

methyl cyclopentadienyl substituted carbone ligand.[119] Hence it seemed to be worth to 

investigate some other metal complexes with this ligand CpMe4CDP. Reactivity of this ligand 

towards other metal complexes will be discussed in the second part of this chapter. 

1.5 Cl2CDP ligand and its reactivity  

Here, the synthesis of dichloro substituted Cl2CDP[121] will be discussed. Cl2CDP was 

synthesized from bis(diphenlphosphino)methane (dppm) according to Appel et al. Later, its 

synthesis was modified by our group.[41] The details synthetic Scheme will be represented in 

the discussion section. Previously our group attempted to incorporate two cyclopentadienyl 

(Cp) units by reacting to four equiv. of CpNa with Cl2CDP. However, instead of bis Cp 

substituted CDP, five membered neutral cyclic CDP was obtained. It was further observed 

that only two equiv. of CpNa were sufficient for this conversion (Scheme 50).[119] 

    

       Scheme 50: Reported reactivity Cl2CDP with cyclopentadienyl sodium (CpNa).[119] 



III. P-Cyclopentadienyl Substituted CDPs and Their Reactivity 
 ___________________________________________________________________________  

61 

 

 

            Scheme 51: Plausible mechanism for cyclic CDP synthesis from Cl2CDP.[119] 

The above-mentioned mechanism was proposed for the cyclic CDP synthesis (Scheme 51). 

Probably one equiv. CpNa reacted as nucleophile to the Cl2CDP, here the driving force 

possibly was the formation of NaCl. This was followed by a prototropic rearrangement to the 

central PCP unit. Then Chlorine was attacked by the Cp unit of the intermediately formed 

cyclopentadiene phosphorane and finally second equiv. CpNa abstracts a proton to form 

cyclic CDP. With this ligand coordination chemistry of carbonyl complexes of refractory 

metals like chromium, tungsten and molybdenum were investigated.[119] 
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2 Objective 

The aim of the second chapter of this dissertation was to investigate the synthesis of bis and 

mono cyclopentadienyl substituted CDPs and using these ligand templates in ansa-

metallocene and constrained geometry complex synthesis. 

In particular, the so far unknown Cp derivatives shown in Scheme 52 were targeted, as they 

were expected to be resistant towards the intra molecular cyclization discussed for parent Cp 

derivatives. 

 

                               Scheme 52: Planned synthesis of Cpy substituted CDPs. 

Further investigation of these ligands towards the targeted synthesis of carbodiphosphorane 

bridged ansa-metallocenes (CpPCPCp) via alkane or amine elimination methods or via salt 

elimination methods was planned (Scheme 53). 

 

              Scheme 53: Planned synthesis of CDP bridged ansa-metallocenes (CpPCPCp). 

In the second part of this chapter, the synthesis of mono tetramethyl cyclopentadienyl 

substituted CDP (CpPCDP) was revisited. The synthesis of constrained-geometry-complexes 

of CpPCDP other than rare earth metals were planned be investigated. 
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             Scheme 54: Planned synthesis of constrained-geometry-complexes (CpPCDP). 
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3 Results and Discussion 

3.1 Bis cyclopentadienyl  substituted CDP and its reactivity  

3.1.1 Synthesis 

3.1.1.1 Attempted synthesis of Cp2CDP using the Appel strategy  

Initially, our plan was to synthesize bis Cp substituted CDP (Cp2CDP) using the Appel 

method used for the synthesis of hexaphenyl CDP[17]. Previously, our group reported the 

synthesis of bis(2-pyridyl)-tetraphenylcarbodiphosphorane[122] (Py2CDP) using the same 

methodology. Cyclopentadienyl diphenylphosphine (Ph2PCp) was synthesized by reacting to 

chlorodiphenylphosphine (PPh2Cl) and cyclopentadienyl sodium (CpNa) from the reported 

procedure.[123] Due to the presence of vinylic and allylic regioisomers in Ph2PCpH, it was 

further reacted with potassium bis(trimethylsilyl)amide (KHMDS) to get only product of 

potassium salt of Cyclopentadienyl diphenylphosphine (Ph2PCpK) (24).[123] It shows a singlet 

at -17.3 ppm in 31P NMR spectrum. Ph2PCpK reacted with carbon tetrachloride (CCl4) in 

DCM for 24 hours at an ambient temperature (Scheme 55). Then 1,2-epoxy butane was added 

to the reaction mixture and stirred for another 3 hours at same conditions. After the workup, a 

green solid was obtained, which shows two singlets at -4.2 ppm and 45.9 ppm respectively. 

However, in the ESI(-) HRMS desired mass fragmentation was absent. Even after several 

attempts to purify and identify the green compound using various solvents was unsuccessful. 

 

                                    Scheme 55: Attempted synthesis of Cp2CDP. 

31P NMR spectra of Ph2PCp, Ph2PCpK (24) and an unidentified green compound were shown 

in Figure 21.  
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Figure 21: 31P NMR spectra (101 MHz) of Ph2PCp (allylic and vinylic regioisomers) 

(bottom), Ph2PCpK (middle) (24) and an unidentified green compound (top) respectively. 

It is suggested that a different synthesis strategy following the Schmidbaur route[82] should be 

followed to give the synthesis of the target (Scheme 56).  

 

              Scheme 56: Possible synthesis of K2Cp2CDP using Schmidbaur Strategy.[82] 

At this stage tetramethyl cyclopentadienyl substituted diphenylphosphine (PPh2CpMe4)[124], 

was targeted as potential precursor for the synthesis of bis Cp substituted CDP 

[(PPh2CpMe4)2C]. PPh2CpMe4[124] (25) was synthesized as a yellow oil following the reported 

method by reacting chlorodiphenylphosphine and tetramethyl cyclopentadienyl lithium 

(LiCpMe4) (Figure 22). PPh2CpMe4 (25) shows a singlet at -15.2 ppm in the 31P NMR 

spectrum. Then following the strategy of Appel et al.[17] PPh2CpMe4 was reacted with carbon 

tetrachloride (CCl4) in DCM for 24 hours at an ambient temperature (Scheme 57). Then 1,2-
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epoxy butane was added and the reaction mixture was stirred for another 2 hours at the same 

condition. However, the unselective nature of the reaction was observed by analyzing the 31P 

NMR spectrum. Several attempts by varying solvents, altering reactions conditions did not 

give any better results.  

    

                         Scheme 57: Attempted synthesis of [CpMe4
2CDPCl]Cl. 

31P NMR spectra of PPh2CpMe4 (25) and its reaction mixture with CCl4 were shown in Figure 

22.  

 

Figure 22: 31P NMR spectra (101 MHz) of PPh2CpMe4 (25) (bottom) and its  reaction mixture 

with CCl4 (top) respectively. 

3.1.1.2 Synthesis of bis(chlorodiphenyl) carbodiphosphorane  (Cl2CDP) 

In the previous section, it has been shown that Cp substituted phosphines were not able to 

form bis Cp substituted CDP using the Appel methodology. Therefore it was planned to 
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synthesize bis(chlorodiphenyl)carbodiphosphorane (Cl2CDP)[121], which might be an ideal 

precursor for the synthesis of bis Cp substituted CDP. Appel et al. synthesized Cl2CDP[121]
 for 

the first time in 1979. Later, our group reported a modified procedure for its synthesis using 

Cl2CDP as a starting compound for the synthesis of second-generation tridentate CDP with 

N,C,N donor moiety.[41] Cl2CDP was synthesized from commercially available 

bis(diphenylphosphino)methane (dppm) in two steps. In the first step, dppm was reacted with 

n-Buli in presence of TMEDA in toluene at 0 °C and then addition of trimethylsilyl chloride 

gave (trimethylsilyl)methylenebis(diphenylphosphane) (dppm-TMS). Then the latter was 

reacted with CCl4 in DCM to get the desired Cl2CDP (26) compound as beige colored 

compound (Scheme 58). 

     

           Scheme 58: Synthesis of bis(chlorodiphenyl)carbodiphosphorane (Cl2CDP).[41] 

Spectroscopical data matched with the reported literature values.[41] Although Cl2CDP was 

reported earlier, its single crystal X-ray structure has not been represented so far. Fortunately, 

we were able to get a suitable crystal from its saturated THF solution. Compound 26 

crystalizes in monoclinic space group P 1 21/C  with Z = 4 (Figure 23).  

 

     Figure 23: Molecular structure of bis(chlorodiphenyl)carbodiphosphorane (Cl2CDP). 
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The P1-C1 and P2-C2 bond lengths in 26 are 1.63(2) Å and 1.62(2) Å respectively, in a 

similar range of P-C bond lengths of hexaphenyl CDP[30] (1.63  Å) and bis-amino substituted 

CDP[125] (1.63 Å). While, P1-C1-P2 bond angle in 26 is 127.9 (10)°, more acute compared to 

the P1-C1-P2 bond angle (133.7° - 136.5°) of related compounds.[122,125] These observations 

can be explained by steric considerations, with chlorine atoms being less bulky than amino or 

pyridyl groups in the corresponding substituted CDPs. Hence, P1-C1-P2 bond angle in 26 is 

smaller than that of other related compounds. Selected bond lengths (Å) and bond angles (°) 

of Cl2CDP (26) are shown in Table 12. 

Table 12: Selected bond lengths (Å) and bond angles (°) of Cl2CDP (26). 

P1-C1 1.627(2) P2-C1 1.626(2) 

P1-Cl1 2.108(5) P2-Cl2 2.107(7) 

P1-C8 1.810(2) P2-C14 1.812(1) 

P1-C2 1.806(2) P2-C20 1.802(1) 

P1-C1-P2 127.98(10)   

             

3.1.1.3 Attempted synthesis of CpMe42CDP 

Cl2CDP has been used for the synthesis of second generation Cpy substituted CDPs. A 

reaction between LiCpMe  and Cl CDP was carried out in THF at ï30 °C, followed by 

warming the reaction mixture to room temperature and stirring for 16 hours. However, only 

starting material was recovered, probably due to the steric hindrance of CpMe4 preventing 

formation of the desired substitution product. Additionally, when the reaction was performed 

at elevated temperature, unselective products were obtained (Scheme 59). 

 

                              Scheme 59: Attempted synthesis of CpMe4
2CDP. 
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3.1.1.4 Synthesis of bis(indenyl diphenyl )carbodiphosphorane  (Ind 2CDP) (27) and 

bis(fluorenyl diphenyl )carbodiphosphorane  (Flu2CDP) (28)  

After realizing that nucleophiles CpNa and LiCpMe4 did not produce the desired bis Cp 

substituted CDPs, the use of alkali metal salts of higher conger of Cp like indenyl lithium 

(IndLi) and fluorenyl lithium (FluLi) as nucleophiles was investigated. Firstly, due to the less 

sterically demanding nucleophile of IndLi and FluLi compared to LiCpMe4, and in secondly, 

due to the lack of probability of forming cyclic CDP compared to CpNa. In fluorenyl groups 

the formation of an intramolecular cyclized compound is not possible due to the presence of 

two phenylene groups attached to the Cp moiety. Hence, indenyl lithium (IndLi) and fluorenyl 

lithium (FluLi) could be ideal precursors for the synthesis of bis Cp substituted CDPs. When 

four equivalents of IndLi or FluLi reacted with bis(chlorodiphenyl)carbodiphosphorane 

(Cl2CDP) at -30 °C in THF, immediately a distinct color changed was observed from a light-

yellow solution to a purple solution. It was stirred for another 16 hours at the room 

temperature. Then the solvent was removed, extracted with toluene to get rid of LiCl and 

finally dried in vacuum to obtain bis(indenyl)carbodiphosphorane (Ind2CDP) (27) and 

bis(fluorenyl)carbodiphosphorane (Flu2CDP) (28) as purple solid in 81 % and 76 % yield, 

respectively (Scheme 60). 

 

                           Scheme 60: Synthesis of Ind2CDP (27) and Flu2CDP (28). 

Four equivalents of Ind-Li or Flu-Li were required to get exclusively Ind2CDP (27) and 

Flu2CDP (28). When two equivalents of IndLi reacted to Cl2CDP (26) under similar 

conditions mentioned above, two different products were obtained. Among them, one of them 

was Ind2CDP (27) and the other product appears at the 31P NMR spectra as a singlet in 10.2 

ppm in THF. Due to the similar properties, it was not possible to separate these two 
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compounds. Even after analyzing the spectrum of the high-resolution mass spectrometry, it 

was not possible to identify the side product, for example by considering a potential cyclic 

compound. Similar reactivity was observed when two equivalents of FluLi reacted with 

Cl2CDP (26) under the same conditions. In this case the unidentified product appears as a 

singlet at 9.1 ppm at a similar range as in 27 (10.2 ppm ). 31P NMR spectra from monitoring 

the reaction of Cl2CDP (26) with two and four equivalents of IndLi and FluLi are shown in 

Figure 24. 

 

Figure 24: 31P NMR spectra (101 MHz, THF-D8) of Cl2CDP (26) (bottom) and its reactivity 

with two and four equivalents of IndLi (middle) and FluLi (top). 

Ind2CDP (27) and Flu2CDP (28) are characterized by 31P, 1H and 13C NMR spectroscopy. In 

the ESI(+) mass spectrum, a molecular ion can be noticed and identified which corresponds to 

[M+H]+. However, several attempts to obtain single crystal structures of 27 and 28 were 

unsuccessful. The obtained feather type crystals did not diffract in the XRD analysis. 

3.1.1.5 Synthesis of asymmetrically Cp, Cp -́ substituted CDPs  

After the successful synthesis of Ind2CDP (27) and Flu2CDP (28), the synthesis of CDPs with 

two different Cp substituents was planned. Two equivalents of IndLi and two equivalents 
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FluLi reacted with Cl2CDP (26) at similar reaction conditions as for 27 and 28. By analyzing 

the 31P NMR spectra it was found that one singlet at 7.7 ppm and two doublets were observed 

at 6.4 ppm and 9.8 ppm with coupling constant  of 2JPP is 21.4 Hz (Figure 25). After analyzing 

ESI (+) mass spectrum, formation of fluorenylindenyl(diphenyl)carbodiphosphorane 

Ind(Flu)CDP (29) and Flu2CDP (28) were confirmed (Scheme 61). 

   

                                 Scheme 61: Synthesis of Ind(Flu)CDP (29). 

 

Figure 25: 31P NMR spectra (101 MHz) of Ind(Flu)CDP (29) and Flu2CDP (28) in the 

reaction mixture. 

Interestingly, Ind2CDP (27) did not form as a second by product. Hence, we can say that Flu-

Li reacts faster than IndLi with Cl2CDP (26) under the above-mentioned conditions. Probably, 

in the first step, one equivalent of FluLi reacts with Cl2CDP (26) to give Cl(Flu)CDP and then 

either second equivalent of FluLi reacts with Cl(Flu)CDP to give Flu2CDP (28) or IndLi 

reacts with Cl(Flu)CDP to give asymmetric Cp derivative substituted Ind(Flu)CDP (29). 

Similar reactivity was also observed when Cl2CDP (26) reacted with Ind-Li and Flu-Li in 1:1 
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molar ratio, which resulted in the formation of Flu2CDP (28) as a major product. We were 

interested in the synthesis of asymmetric CDP having one Cp group while the other will be a 

higher congener of Cp. The plan was to reduce the formation of cyclic isomer by introducing 

two different nucleophiles. Hence, Cl2CDP reacted with different stoichiometric amounts of 

CPNa and IndLi (Scheme 62). 

    

       Scheme 62: Reactivity of Cl2CDP (26) with different molar ratio of CpNa and IndLi. 

When CpNa and IndLi are used as 1:1 ratio with the reaction with Cl2CDP (26), cyclic CDP 

formed as a major product and Ind2CDP formed as a minor product. If the ratio of CpNa and 

IndLi are changed to 1:2, then Ind2CDP was obtained as a major product, cyclic CDP as a 

minor product and probably a little amount of desired asymmetric Cp(Ind)CDP was formed. 

Its formation was observed in ESI (+) spectra one peak observed and identified as [M+H]+ of 

Cp(Ind)CDP. The HR-ESI (+) spectra are presented in Figure 26. From the above 

observations, we can say that substitution reactions of Cl2CDP (26) with different 

nucleophiles are unselective, probably due to the fast reaction rate. The more nucleophilic 

nucleophile reacts faster than the other one if they are present in equimolar amounts in the 

reaction mixture. And if we use one nucleophile in excess compared to the other, then the 

formation of symmetric products is unavoidable. 
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            Figure 26: HR-ESI(+) spectra of the reaction mixture containing Cp(Ind)CDP. 

3.1.2 Properties 

3.1.2.1 UV/Vis spectroscopic analysis of Ind2CDP (27) and Flu2CDP (28) 

 

 

The purple-colored Ind2CDP (27) and Flu2CDP (28) were analyzed via UV/Vis spectroscopy 

in THF solution (Figure 27). Ind2CDP (27) shows absorption maxima at 276 nm, 335 nm and 

543 nm in UV/Vis range, hence the absorption maximum at 543 nm is responsible for its 

purple color. Flu2CDP (28) shows a similar absorption pattern to that of molecule 27. 

Flu2CDP (28) shows absorption maxima at 289 nm, 415 nm and 560 nm respectively, slightly 

red shifted compared to 27. This behavior can be explained by considering a larger level of 

conjugation in Flu2CDP (28) due to the presence of an extra phenylene moiety attached to the 

Cp moiety. 
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    Figure 27: UV/Vis spectra of Ind2CDP (27) and Flu2CDP (28) (in THF, c å 10-5 M). 

3.1.3 Reactivity 

3.1.3.1  Reactivity of  Ind2CDP (27) with NH4PF6 

The reaction of one equivalent ammonium hexafluorophosphate (NH4PF6) with Ind2CDP (27) 

at room temperature resulted in an immediate color change from purple to a dark red solution. 

Then the reaction mixture was stirred for 16 hours at room temperature. After the standard 

workup six membered cyclic CDP 30 was obtained as a dark brown solid in 91 % yield. In the 

31P NMR spectra, it shows two doublets at 18.2 ppm and 23 ppm with a 2Jpp coupling constant 

of 18.3 Hz (Figure 28). These data indicate the presence of two chemically inequivalent 

phosphorus atoms in compound 30. This reaction is quite interesting as it forms a new C-C 

bond in the presence of NH4PF6 as a proton source.  When compound 30 reacted with one 

equiv. of potassium hexamethyldisilazide (KHMDS) surprisingly it gives back Ind2CDP (27) 

by breaking that C-C bond present in the compound 30 (Scheme 63). 
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Scheme 63: Reversible formation of Ind2CDP (27) and compound 30 via reaction with 

NH4PF6  and KHMDS, respectively. 

 

Figure 28: 31P NMR spectra (101 MHz, THF-D8) of Ind2CDP (27) (bottom) and compound 

30 (top). 

Compound 30 was characterized by 31P, 1H, 13C NMR spectroscopy and HRMS spectrometry. 

Suitable crystals of compound 30 for X-ray diffraction analysis were obtained by layering 

saturated THF solution with pentane. Compound 30 crystalizes in monoclinic space group P 1 

21/C with Z = 4 (Figure 29). 
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Figure 29: Molecular structure of compound (30), PF6
- was removed for clarity. 

The P1-C1 and P2-C2 bond lengths are 1.71 (2) Å and 1.70 (2) respectively, similar to P-C 

bond lengths in six membered protonated CCDP 7 discussed in the first chapter. P1-C1-P2 

bond angle is 125.05 ° (10), slightly more obtuse than that of P1-C1-P2 bond angle in CCDP 

7 (118.52 °) probably due to the bulkier indenyl group. The bond length of newly formed 

bond C2-C11 is 1.55 (3) Å, well in accordance with a C-C single bond. C11-C12 and C11-

C19 bond lengths are 1.56 (3) Å and 1.53 (3) Å respectively. While C10-C9 bond length is 

1.32 (3) Å, in a similar range of a C-C double bond. Selected bond lengths and bond angles 

are summarized in Table 13. 

Table 13: Selected bond lengths (Å) and bond angles (°) of 30. 

P1-C1 1.707(2) C2-C10 1.53(3) 

P1-C2 1.867(2) C2-C11 1.549(3) 

P1-C1-P2 125.05(10) C11-C12 1.559(3) 

P2-C1 1.701(2) C11-C19 1.535(4) 

P2-C12 1.818(2) C19-C18 1.502(3) 

C9-C10 1.322(3)   
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Scheme 64: Plausible mechanism for the reversible formation of Ind2CDP (27) and compound 

30 with the reaction with NH4PF6  and KHMDS respectively. 

When Ind2CDP (27) reacts with NH4PF6, probably it forms protonated CDP 27a (Scheme 64). 

Possibly two indenyl moiety come closer and then 1,3 hydrogen shift occurs to form six 

membered cyclic CDP 30, via the transition state 27b. The tendency to form cyclic CDP from 

the reaction of Cl2CDP with CpNa has been already discussed. When compound 30 reacted to 

potassium hexamethyldisilazide (KHMDS), probably it formed the compound 30b via the 

formation of 30a. And finally, after the rearrangement of the proton it gives back Ind2CDP 

(27). In this case, acid and based promoted C-C bond formation and C-C bond breaking 

happened in reversible manner. 

3.1.3.2  Reactivity of  Flu2CDP (28) with NH4PF6 

The reaction of one equivalent ammonium hexafluorophosphate (NH4PF6) with Flu2CDP (28) 

at room temperature resulted in immediate color change from purple to a light brown solution. 
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Then the reaction mixture was stirred for 16 hours at room temperature. After workup 

protonated CDP 31 was obtained as a light brown solid in 93 % yield (Scheme 65). 

 

                         Scheme 65: Reactivity of Flu2CDP (28) with NH4PF6.   

Compound 31 was characterized by 31P, 1H, 13C spectroscopy and HRMS. In the 31P NMR 

spectra it shows a singlet at 28.2 ppm, suggested formation of a protonated CDP where two 

phosphorus atoms are present in a similar chemical environment. In the ESI(+) mass 

spectrum, one fragment can be noticed and identified which corresponds to [M+H]+. For the 

Flu2CDP (28) a distinct assignment of all 13C nuclei was not possible due to the presence of 

two annellated phenyl rings at the moiety. Suitable crystals of compound 31 for  X-ray 

diffraction analysis were obtained from slow vapor diffusion of pentane into its saturated 

DMF solution. Compound 31 crystallizes in monoclinic space group C 1 21/C with Z = 4 

(Figure 30). P-C bond length is 1.70 (1) Å, in a similar range of P-C bond lengths (1.70 -1.71 

Å) of protonated CDP 30. The P-C-P bond angle is 130.12 (15) °, expectedly, more obtuse 

compared to the P-C-P bond angle 125.05(10) ° in protonated cyclic CDP 30. This indicates 

less rigidity of the molecule. Selected bond lengths and bond angles are shown in Table 14. 

 

          Figure 30: Molecular structure of compound 31, PF6
- was removed for clarity. 
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Table 14: Selected bond lengths (Å) and bond angles (°) of compound 31. 

P1-C1 1.697(1) P1-C21 1.808(2) 

P1-C2 1.854(2) P1-C1-P2 130.12(15) 

P1-C15 1.80(2)   

                         

3.1.3.3  Synthesis of alkali metal salts of Ind2CDP  (27)  

As previously mentioned, alkali metal compounds are well known reagents for salt 

elimination reactions. In the following it was examined whether, starting from n-BuLi and 

BnK the corresponding alkali metal compounds based on ligands Ind2CDP (27) and Flu2CDP 

(28) can be obtained. In general, several resonance structures can be used to describe the 

bonding situation in the corresponding alkali metal compounds of Ind2CDP (27) and Flu2CDP 

(28) (Scheme 66).  

 

Scheme 66: Possible resonance structures of alkali metal complexes of Ind2CDP (27) and 

Flu2CDP (28). 

In order to synthesize the alkali metal compounds, a solution of Ind2CDP (27) in THF at -78 

°C was reacted with n-Buli or benzyl potassium (BnK) (Scheme 67). After the reaction 

mixture warmed to room temperature, complete conversion was observed by 31P NMR in four 

hours to obtain Li2Ind2CDP (32) and K2Ind2CDP (33). The conversion can be observed by a 

color change from a purple solution to dark red. 
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  Scheme 67: Synthesis of alkali metal complexes Li 2Ind2CDP (32) and K2Ind2CDP (33). 

 

Figure 31: 31P NMR spectra (101 MHz, THF) of Ind2CDP (27) (bottom), Li 2Ind2CDP (32) 

(middle) and K2Ind2CDP (33) (top). 

Compounds Li 2Ind2CDP (32) and K2Ind2CDP (33) are very sensitive to air, moisture and 

temperature. In the 31P NMR spectra of 32 and 33 show a singlet at -5.0 ppm and -12.8 ppm, 

respectively. These data are slightly upfield shifted compared to the 31P NMR spectra of 8.3 

ppm of its neutral ligand Ind2CDP (27) (Figure 31). Phosphorus atoms become more shielded 

because of deprotonation, which in turn can be attributed to negative hyperconjugation. 

Hence, upfield shifted chemical shift compared to the neutral ligand were observed. However, 

if we keep the Li 2Ind2CDP (32) and K2Ind2CDP (33) solution in room temperature in THF for 

more than six hours, they gradually abstract proton from solvents (THF) to give back the 

neutral ligand Ind2CDP (27). Due to the high solvent sensitivity isolation and further 

characterization of Li 2Ind2CDP (32) and K2Ind2CDP (33) were not possible. Attempts to 

synthesize alkali metal compounds of Ind2CDP (27) in non-polar solvents like toluene and 
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diethyl ether were unsuccessful. These observations are not so surprising, as it is known that 

THF drives the salt formation reaction via coordinating alkali metal ions. 

3.1.3.4  Synthesis of alkali metal salts of Flu2CDP (28) 

Similar synthetic route of alkali metal complexes of Ind2CDP (27) was used for the synthesis 

of Li 2Flu2CDP (34) and K2Flu2CDP (35) from the neutral ligand Flu2CDP (28). A solution of 

Flu2CDP (28) in THF at -78 °C reacted with n-Buli or benzyl potassium (BnK). After the 

reaction solution warmed to room temperature and stirred for four hours to obtain Li 2Flu2CDP 

(34) and K2Flu2CDP (35) (Scheme 68). 

 

 Scheme 68: Synthesis of alkali metal complexes Li 2Flu2CDP (34) and K2Flu2CDP (35). 

In the 31P NMR spectra compound Li 2Flu2CDP (34) shows a singlet at -7.8 ppm, slightly up 

fielded compared to Li 2Ind2CDP (32) due to more shielded in fluorenyl moiety compared to 

indenyl moiety. 31P NMR spectra of crude mixture of targeted K2Flu2CDP (35) shows a 

singlet at 5.7 ppm, suggesting the formation K2Flu2CDP was not possible under these reaction 

conditions. 

3.1.3.5  Attempted synthesis of ansa-metallocenes via salt elimination reactions  

In the following, the preparation of ansa-metallocene type complexes of alkali earth metals 

via salt elimination reactions was examined (Scheme 69). Li and K complexes of Ind2CDP 

and as well as Li complex of Flu2CDP were investigated to get ansa-metallocene type 

complexes. The formation of lithium or potassium chloride should be the driving force in this 

synthesis. Alkali metal complexes 32, 33 and 34 were synthesized in situ and added dropwise 

to the suspension of anhydrous alkali earth metal halides in THF. Then the reaction mixture 

was allowed to warm slowly to room temperature and was stirred for 16 hours. 
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Scheme 69: Attempted synthesis of ansa-metallocene complexes of alkaline earth metals 

from Li 2Ind2CDP (32), K2Ind2CDP (33) and Li 2Flu2CDP (34). 

However, by analyzing the 31P NMR spectra of the crude reaction mixture, formation of 

neutral ligands Ind2CDP (27), Flu2CDP (28) were confirmed. Different reaction conditions, 

including the reaction in -40 °C for 10 hours, did not result in the desired products. It was 

observed that these alkali metal salts are stable in -30 °C for at least 3-4 days. But 

unfortunately, they did not react with metal halides at this temperature. When the reaction 

mixture was warmed to room temperature, it abstracts proton anomalously to gives back the 

neutral ligands. There are probably three main reasons why they did not undergo any salt 

elimination reactions. Firstly, and possibly the most important factor of ˊ stacking of alkali 

metal with the conjugated aromatic backbones. Secondly, if we analyze the electronic system 

in Li 2Ind2CDP (32), K2Ind2CDP (33) and Li2Flu2CDP (34) ligands, it is obvious that they are 

very electron rich systems. Each Cp derivative can donate six electrons and carbone center 

can donate two electrons to the metal center. Hence, these ligands can donate 14 electrons 

towards the metal center (Figure 32). And lastly, due to the steric demand of ligands and 

metal halides cannot bind with them. However, very bulky uranium metal could potentially 

form the desired complexes. 
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Figure 32: Possible electron donation of Li2Ind2CDP (32), K2Ind2CDP (33) and Li2Flu2CDP 

(34) towards the metal center. 

3.1.3.6  Attempted synthesis of ansa-metallocenes via amine or alkane eliminations  

Starting from Ind2CDP (27), Flu2CDP (28) the synthesis of ansa-metallocene type complexes 

using both alkane elimination and amine elimination methods have been investigated (Scheme 

70). 

     

Scheme 70: Attempted synthesis of ansa-metallocene complexes via alkane or amine 

elimination method from Ind2CDP (27), Flu2CDP (28). 

Ligands 27 and 28 and the precursor type Ca(CH2Ph)2 were dissolved in toluene and heated to 

60 °C for 16 hours. The progress of the reaction was determined by monitoring the 31P NMR 

spectra. No conversion could be determined and higher temperatures of 90 °C and longer 

reaction times also did not help to form desired product. Probably the large steric demand of - 

CH2Ph group limits the reactivity towards ligands 27 and 28 also having high steric demands. 

Implementation of ligands 27 and 28 with M(CH2SiMe3)n (M = Ti, Zr, Y) (n = 2, 3) was 

carried out in THF and toluene initially at room temperature. After no conversion could be 

determined, the reaction mixture was heated up to 90 °C for 48 hours and the progress of the 

reaction was monitored by 31P NMR spectroscopy. However, only staring ligands were 
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recovered. Even less bulky Ba(HMDS)2 a metalation agent did not result in any product 

formation.  

3.2 Mono cyclopentadienyl substituted CDP and its reactivity  

3.2.1 Tetra methyl Cp substituted CDP and its reactivity  

For the synthesis of mono Cp derivative substituted CDP, chlorine functional CDP (ClCDP) 

(36) was used as a starting compound. Compound 36 was synthesized from the procedure 

reported by our previous co-worker Jasmin Quentin[119] via the following reaction Scheme 71. 

 

                   Scheme 71: Synthesis of chlorine functional CDP (ClCDP) (36).[119] 

Compound 36 and equivalent amount of tetramethyl cyclopentadienyl lithium were mixed, 

cooled to -78 °C and diethyl ether was added to the reaction mixture slowly (Scheme 72). 

Then it was allowed to reach RT and stirred for 16 hours at RT. The progress of the reaction 

was monitored by 31P NMR spectroscopy. After 16 hours approximately 30 % conversion was 

observed. Then it was heated first at 40 °C for 24 hours, which resulted in almost 80 %  

conversion. Heating for another 24 hours led to complete conversion (Figure 33). After 

workup tetramethyl Cp substituted CDP (37) was obtained in 80 % yield as an orange solid. 

          

             Scheme 72: Synthesis of tetramethyl Cp substituted CDP (CpMe4CDP) (37) 
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Figure 33: Progress of the reaction of compound 36 with CpMe4Li by 31P NMR spectroscopy 

(101 MHz). 

CpMe4CDP (37) was characterized by 31P, 1H and 13C spectroscopy. This data matches with 

previously reported analytical data.[119] Under modified reaction conditions the reaction time 

could be reduced from 14 days to 48 hours. In order to understand the donor ability of central 

carbon atom of CpMe4CDP (37) with early transition metal complexes of Ti and Zr were 

targeted. Alkane elimination reactions were carried out as reactive tetra alkyl derivatives MR4 

can metalate weak -CH acidic compounds. Compound 37 was dissolved in toluene, cooled to 

0 °C and added to the n-hexane solution of M(CH2SiMe3)4 (M = Ti, Zr) (Scheme 73). Then 

the reaction mixture was allowed to reach RT and stir for another 16 hours at same reaction 

condition. However, only starting compound 37 was recovered by analyzing the 31P NMR 

spectra. These reactions were unsuccessful due to the steric demand of the ligand and as well 

as the metal precursors.  
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               Scheme 73: Attempted alkane eliminations reactions with CpMe4CDP (37). 

3.2.2 Further  reactivity patterns of mono chloro substituted CDP (ClCDP) (36) 

In compounds of the type Ph3P-CH-PPh2(C5H4) hydrogen is attached to the central carbon 

atom making it difficult to coordinate with the metal complexes. It was also shown that the 

deprotonation of these mono Cp substituted CDP was quite challenging and even 

deprotonated complexes were very much air and moisture sensitive. Hence, we have planned 

to introduce heterocyclic moiety as a mono substitution in the carbodiphosphoarane 

backbone. In these complexes heteroatoms will form a direct bond with the phosphorus atom. 

Mono chloro substituted CDP (ClCDP) (36) reacts with imidazolium lithium (ImLi) or 

sodium pyridine-2-olate (PyONa) in diethyl ether at -78 °C. Then the reaction mixture was 

allowed to reach room temperature slowly and stir for another 16 hours. After workup, mono 

imidazole substituted CDP (lmCDP) (38) and mono  pyridine-2-olate substituted CDP 

(PyOCDP) (39) were obtained in 75 % yield and in 80 % yield, respectively (Scheme 74). 

 

Scheme 74: Synthesis of lmCDP (38) and PyOCDP (39). 



III. P-Cyclopentadienyl Substituted CDPs and Their Reactivity 
 ___________________________________________________________________________  

87 

 

 

Figure 34: 31P NMR spectra (101 MHz, THF) of ClCDP (36) (bottom), ImCDP (38) (middle) 

and PyOCDP (39) (top). 

In the 31P spectra, two doublets were observed for both ImCDP (38) and PyOCDP (39) 

(Figure 34). Molecule 38 shows a doublet in the 31P spectra at 21.6 ppm and 27 ppm with 2JPP 

coupling constant of 19 Hz. Similarly, molecule 39 shows two doublets in the 31P spectra at 

22.4 ppm and 25.6 ppm respectively. By comparing the 31P spectra of CpMe4CDP (37) with 

compounds 38 and 39, it is observed that -PPh3 shows doublet at around 20-22 ppm for all 

three of these compounds. While -PPh2 moiety of compounds 38 and 39 show doublet at low 

field compared to the CpMe4CDP (37) due to less shielded at the phosphorus atom. Further 

reactivity and complexation of ImCDP (38) and PyOCDP (39) were not investigated due to 

the unavailability of carbon tetrachloride (CCl4) which is required in large amounts for the 

synthesis of starting ClCDP (36). Furthermore, attempts were made to replace CCl4 with CBr4 

but were not successful either. ImCDP (38) is particularly quite interesting as it can be used as 

a starting compound for the synthesis of carbene carbone complexes where both, one carbene 

and carbon donor centers will be present in the same ligand. 
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4 Summary of Chapter III  

In the first part of this chapter, we have shown the successful synthesis of bis indenyl 

substituted carbodiphosphorane (Ind2CDP) (27) and bis fluorenyl substituted 

carbodiphosphorane (Flu2CDP) (28) by reacting di chloro substituted carbodiphosphorane 

(Cl2CDP) (26) with four equivalents of indenyl lithium (IndLi) and fluorenyl lithium (FluLi) 

respectively. 

 

Bis indenyl substituted carbodiphosphorane (Ind2CDP) (27) undergoes acid-base promoted 

fully reversible C-C bond forming and breaking reactions in presence of ammonium 

hexafluorophosphate (NH4PF6) and potassium hexamethyldisilazide (KHMDS) respectively. 

On the other hand, expected protonated adduct of bis fluorenyl substituted 

carbodiphosphorane (Flu2CDP) (28) was obtained, when it was reacted with NH4PF6. 

 

Ligands Ind2CDP (27) and Flu2CDP (28) were converted to their corresponding lithium and 

potassium complexes by reaction with two equivalents of n-BuLi and BnK, respectively. 

 

Finally, the synthesis of ansa-metallocenes from both alkali metal complexes and from 

neutral ligands via salt eliminations reactions and alkane or amine elimination reactions were 

investigated. Unfortunately, all the attempts were unsuccessful, probably due to the steric 
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demand of both ligands as well as metal precursors and because of the very electron rich 

ligand systems. 

In the second part of this chapter, three different mono substituted CDPs of tetramethyl Cp 

(37), imidazole (38) and pyridine 2-olate (39) substituted CDPs have been synthesized from 

chlorine functional CDP (ClCDP) (36) by reacting tetra methyl cyclopentadienyl lithium 

(CpMe4Li), imidazolium lithium (ImLi) and  sodium pyridine-2-olate (PyONa) respectively. 

  

All  attempts to metalate 37 with M(CH2SiMe3)4 (M = Ti, Zr) were unsuccessful, probably due 

to the steric demands of the ligand and as well as weak C-H proton acidity. 
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IV. P-Imidazol yl Substituted  CDPs and Their  Reactivity  

1 Introduction  

1.1 Bis substituted CDPs and pincer type complexes 

Ramirez et al. synthesized hexaphenyl carbodiphosphorane (CDP)[17] in 1961 from triphenyl 

phosphine and dibromomethane in three steps. Since its discovery it has gained a lot of 

interest among the researchers, especially about its bonding properties. Detailed discussions 

about carbodiphosphoranes were represented in the general introduction section. Later, 

researchers aimed at substituting one or two phenyl groups by different P-substituents and to 

investigate how their properties and reactivity changes accordingly. In the previous chapter, 

the synthesis of mono and bis Cp substituted CDPs from reported mono and bis chloro CDPs 

were investigated. In this chapter, we will discuss the synthesis of bis substituted CDPs and 

their coordination chemistry, where they behave as C,C,C or N,C,N pincer type ligands 

towards metal complex formation. Previously, our group reported the synthesis of sym-bis(2-

pyridyl)-tetraphenylcarbodiphosphorane[122] (Py2CDP) from 2-pyridyldiphenylphosphine in 

two steps and investigated its coordination chemistry as a pincer type ligand with different 

metal complexes (Scheme 75). One disadvantage of this synthesis is that it requires 8 days of 

reaction time for the first step. 

  

                Scheme 75: Reported synthesis of Py2CDP by Sundermeyer et al.[122] 

One year later, Gessner et al. reported the P, P-́NR2 substituted carbodiphosphorane[125] and 

its unusual trigonal planner coordination with ZnCl2 (Scheme 76). This was synthesized from 

bis(diphenylphosphino)methane (dppm) in three steps. In the first step, bromination of dppm 

by using Br2 and subsequent amination with two equivalents of piperidine in presence of three 

equivalents of the base trihexylamine (NHex3) lead to the monoprotonated compound. And 

finally, deprotonation using potassium hexamethyldisilazide (KHMDS) leads to the synthesis 

of diamino substituted CDP. In this CDP, carbon center acts as a strong C-donor while 

nitrogen atoms attached with pieridine moiety acts as a weak N-donors. 
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          Scheme 76: Reported synthesis of diamino substituted CDP by Gessner et al.[125] 

Sundermeyer et al. reported the synthesis of bis ortho-lithiated carbodiphosphorane[64] 

(Li 2CDP) from hexaphenyl CDP by reacting with two equiv. of n-BuLi. Li 2CDP is di-anionic 

C,C,C pincer type ligand system (Scheme 77). This ligand system has been used rigorously 

towards several main group metals like Be,[68] Sn,[69] Bi,[66] Sb[67] for complexations.  

 

                Scheme 77: Reported synthesis of Li 2CDP by Sundermeyer et al.[64] 

The same group reported the synthesis of two N,C,N pincer type CDP ligands bis(3,5-

dimethyl-pyrazolyl)carbodiphosphorane[41] and bis(pyridin-2-yloxy)carbodiphosphorane 

(Scheme 78) from dichloro substituted CDP (Cl2CDP). These second generation CDPs have 

been used for the synthesis of mono and di nuclear metal complexes. 

 

Scheme 78: Reported synthesis of bis(3,5-dimethyl-pyrazolyl)carbodiphosphorane and 

bis(pyridin-2-yloxy)carbodiphosphorane by Sundermeyer et al.[41] 

1.2 N-heteroxycyclic carbenes (NHCs) and bis (N-heterocyclic carbene)s  

Carbenes are divalent neutral carbon atom containing six electrons in its valence shell.[126] 

Carbenes are classified into two different types depending on their electronic configuration of 

non-bonding electrons. One is singlet carbene and the other one is triplet carbene. In singlet 

carbenes two non-bonding electrons are occupied in the same orbital, while for triplet 
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carbenes these two electrons are occupied in two different frontier orbitals. N-heterocyclic 

carbenes (NHCs) are a special class of singlet carbenes, where divalent carbon centers are 

directly attached to at least one nitrogen atom within the heterocyclic moiety. Arduengo et al. 

synthesized first ever stable ´bottleable´ carbene with nitrogen heterocycle having bulky 

adamantyl group as a substituent.[76] Since then, various NHCs have been synthesized and 

utilized their reactivity towards transition metals, coordination with p-block elements and as 

well as organocatalysts due to their outstanding ů-donating and ˊ-accepting properties. 

Several reviews have been written about synthesis and reactivity of NHCs.[11,127] Bis(N-

heterocyclic carbene)s a class of NHCs where two NHCs units are either bridged through 

nitrogen atoms or the carbon atoms of the backbone moiety (Figure 35). However, the 

nitrogen bridged bis NHCs provides more flexibility towards its synthesis. These bis NHCs 

provide a variety of advantages like increased stability due to the chelate effect, steric 

hindrance, flexibility, chirality and orientation of two NHCs unit by changing linkers or by 

altering the terminal substituents compared to NHCs. Due to the above-mentioned versatility, 

bis NHCs have been utilized in coordination chemistry of the p-, d- and f-block metals and as 

organocatalysts for several organic transformations.[128] 

 

                              Figure 35: General representations of NHCs and bis NHCs.  
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2 Objective 

Although, few bis substituted pincer type N,C,N CDPs have been reported mention in the 

introduction. Imidazole substitute CDPs have not been explored yet. We have planned to 

investigate bis imidazole derivative substituted carbodiphosphoranes from dichloro 

substituted carbodiphosphorane (Cl2CDP) by reaction with potassium imidazole (ImK) and 

potassium benzimidazole (BziK) (Scheme 79). 

 

                    Scheme 79: Proposed synthesis of Im2CDP and Bzi2CDP. 

We also propose that the synthesis of bulky bis perimidine substituted CDP should be 

investigated using dichloro substituted carbodiphosphorane (Cl2CDP) (Scheme 80). 

 

                               Scheme 80: Proposed synthesis of Perimid2CDP.  

As mentioned in the introduction N,C,N and C,C,C CDP based pincer type ligands reported in 

the literature. However, O,C,O pincer type ligands have not explored so far. We planned to 

synthesize O,C,O pincer type ligand dimethoxy substituted CDP using dichloro substituted 

carbodiphosphorane (Cl2CDP) as a starting material (Scheme 81). 

 

                                      Scheme 81: Planned synthesis of OMe2CDP. 

It will be interesting to study bis imidazole substitute CDPs towards formation carbone-di-

carbene via protection of carbon center, N-alkylation and finally triple deprotonation using a 

non-nucleophile base (Scheme 82).  
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                            Scheme 82: Proposed synthesis of carbone-di-carbene. 

Hence this desired molecule will have carbene and carbone moiety together in the same 

compound. This can act as a C,C,C neutral pincer type donor ligand. Donor properties of bis 

imidazole substituted CDPs can be utilized towards bismuth metal complexation (Scheme 

83). Bismuth halides are known to form weak bonds with carbene centers. 

   

                                Scheme 83: Proposed BiX3 complexes with Im2CDP. 
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3 Results and Discussion 

3.1 Synthesis 

3.1.1 Synthesis of Im2CDP (40), Bzi2CDP (41) and Perimid 2CDP (42) 

Dichloro substituted carbodiphosphorane[41] (Cl2CDP) was synthesized from the 

bis(diphenylphosphino)methane (dppm) according to the reported procedure. Cl2CDP was 

used for the synthesis of bis imidazole derivative substitute carbodiphosphoranes. Cl2CDP 

and potassium imidazole (ImK) or potassium benzimidazole (BziK) or potassium perimidine 

(PerimidK) were taken together, cooled to -30 °C and THF was added to the reaction mixture. 

Then it was allowed to reach room temperature slowly and stir for another 16 hours for the 

complete conversion of the reaction. After removing the solvent, the reaction mixture was 

extracted with toluene to get rid of KCl and finally dried in vacuum to get floppy light brown 

to yellow colored bis imidazole substituted CDP (Im2CDP) (40), bis benzimidazole 

substituted CDP (Bzi2CDP) (41) and bis perimidine substituted CDP (Perimid2CDP) (42) in 

90 %, 88 % and 82 % yield, respectively (Scheme 84). 

 

          Scheme 84: Synthesis of Im2CDP (40), Bzi2CDP (41) and Perimid2CDP (42). 

CDPs 40, 41 and 42 were characterized by 31P, 1H and 13C spectroscopy. Bis imidazole 

substituted CDP (Im2CDP) (40) shows a singlet at 7.0 ppm in the 31P NMR spectrum, in a 

similar range that of singlet at 8.9 ppm of reported bis 3,5-diemthyl pyrazole substituted 

CDP.[41] While Bzi2CDP (41) shows a singlet at 3.3 ppm in 31P NMR spectra, slightly 

shielded compared to Im2CDP (40) due to the presence of extra phenyl moiety. Perimid2CDP 

(42) also shows a singlet at 7.3 ppm in 31P NMR spectra. This fits well with the bis imidazole 
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substituted CDP (Im2CDP) (40). 31P NMR spectra of CDPs 40, 41 and 42 are represented in 

Figure 36. 

 

Figure 36: 31P NMR spectra (101 MHz, C6D6) of Im2CDP (top) (40), Bzi2CDP (middle) (41) 

and Perimid2CDP (42) (bottom). 

Suitable crystals of compound Im2CDP (40) for  X-ray diffraction analysis were obtained 

from slow vapor diffusion of saturated THF solution at 0 °C. Im2CDP (40) crystalizes in 

triclinic space group P-1 (2) with Z = 4. Although bis(3,5-dimethyl-

pyrazolyl)carbodiphosphorane and  bis(pyridin-2-yloxy)carbodiphosphorane were reported 

earlier, its single crystal X-ray structure has not been represented so far. However, they 

predicted the anti-position of two substituents due to the repulsive nature of the substituents 

via DFT calculations. Anti positioning of two imidazole moiety is observed in the molecular 

structure of Im2CDP (40) (Figure 37). 
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                                  Figure 37: Molecular structure of Im2CDP (40). 

The P1-C1 and P2-C2 bond lengths in Im2CDP (40) are 1.63(2) Å and 1.64(2) Å respectively, 

in a similar range of P-C bond lengths of hexaphenyl CDP[30] (1.63  Å), Cl2CDP (26) (1.62 Å 

and 1.63 Å)  bis-amino substituted CDP[125] (1.63 Å). P1-C1-P2 bond angle in Im2CDP (40) is 

126.46 (13)°, fits well with P1-C1-P2 bond angle of 127.98 (10) in Cl2CDP (26). While more 

acute compared to the P1-C1-P2 bond angle (131.5° - 136.5°) of bis-amino or bis-pyridyl 

substituted CDP.[122,125] These can be explained by considering the steric factors. In Im2CDP 

(40) due to the presence of two imidazole moiety, which are sterically less demanding 

compared to the amino moiety or pyridyl moiety in bis-amino or bis-pyridyl substituted CDP. 

Selective bond lengths (Å) and bond angle (°) are shown in Table 15.  

Table 15: Selective bond lengths (Å) and bond angle (°) of Im2CDP (40). 

P1-C1 1.628(2) C2-N2 1.307(3) 

P2-C1 1.635(2) P2-C20 1.811(2) 

P1-C1-P2 126.46(13) P2-C26 1.808(2) 

P1-C5 1.806(2) P2-N3 1.736(2) 

P1-C11 1.808(2) N3-C17 1.366(3) 

P1-N1 1.742(2) C17-N4 1.307(3) 

N1-C2 1.366(3)   
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3.1.2 Synthesis of mono and bis 3,5-dimethyl triazole substituted CDPs (43)(44)  

The reactivity of slightly bulkier nucleophile potassium 3,5-dimethyl triazole with Cl2CDP 

(26) was investigated. When one and two equivalents of potassium 3,5-dimethyl triazole were 

reacted with Cl2CDP (26) in THF -30 °C, slowly warmed to RT and stirred for another 16 

hours at RT, the formation of mono 3,5-dimethyl triazole substituted CDP 

[(3,5Me2triazole)ClCDP] (43) and bis 3,5-dimethyl triazole substituted CDP 

[(3,5Me2triazole)2CDP] (44) was observed (Scheme 85). 

  

     Scheme 85: Synthesis of (3,5Me2triazole)ClCDP (43) and (3,5Me2triazole)2CDP (44). 

In the 31P NMR spectra (3,5Me2triazole)ClCDP (43) shows two doublets with a coupling 

constant (2JPP) of 49. 7 Hz fits well with the reported monopyridine substituted CDP (2JPP = 

85 Hz) at -25.6 ppm and 61.9 ppm respectively (Figure 38). Phosphorus attached with Cl 

atom shows a doublet spectrum at 61.9 ppm due to the electronegativity of Cl atom. 

(3,5Me2triazole)2CDP (44) shows a singlet at -20.9 ppm in 31P NMR spectrum in THF, 

moderately shielded compared to bis 3,5-dimethyl pyrazole substituted CDP (Pyz2CDP) (8.9 

ppm) or bis imidazole substituted CDP (Im2CDP) (7 ppm) probably due to the more electron 

rich triazole moiety. 31P NMR spectra of (3,5Me2triazole)ClCDP (43) and (3,5Me2triazole)2CDP 

(44) in THF are represented in Figure 38. The separation of 43 and 44 and collection of 

distinct spectroscopic 1H and 13C data sets was not successful. 
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Figure 38: 31P NMR spectra (101 MHz, THF) of (3,5Me2triazole)ClCDP (43) (bottom) and  

(3,5Me2triazole)2CDP (44) (top). 

3.1.3 Synthesis of four membered cyclic bis-ylide (45)  

As mentioned in the introduction section, there are few C,C,C and N,C,N pincer type CDPs 

reported in the literature. However, O,C,O pincer type CDPs are not yet reported so far. 

Hence, two equivalents of sodium methoxy (NaOMe) were reacted with one equivalent of 

Cl2CDP in THF at -30 °C (Scheme 86). After warming the reaction mixture to RT, stirred it 

for another 16 hours at RT. In the 31P NMR spectrum of the crude reaction mixture shows 

presence of starting material and two doublets with same coupling constant of 15.2 Hz at 23.6 

ppm and 56.4 ppm respectively. From the 31P NMR spectra, the presence of two different 

phosphorus environments was confirmed but further isolation of the compound was not 

possible. These 31P NMR spectral data fit well with di cationic four membered cyclic bis-ylide 

(15.7 ppm, 36.3 ppm with a coupling constant of 8 Hz) reported in our group.[118]  

Fortunately,  Suitable crystals for single crystal X-ray measurements were obtained from its 

saturated THF solution in RT. After analyzing the single crystal X-ray, formation of four 

membered cyclic bis-ylide (45) was confirmed (Figure 39). 
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                 Scheme 86: Reactivity of Cl2CDP (26) with two equivalents of NaOMe. 

  

                   Figure 39: Molecular structure of four membered cyclic bis-ylide (45).  

Compound 45 crystalizes in monoclinic C 1 2/c space group with Z = 4 in the asymmetric 

unit. The P1-C1 and P2-C1 bond lengths are 1.74 Å, significantly shorter than C-C single 

bond. This leads to the conclusion that exocyclic phosphorus atoms are involved in 

delocalization of electrons (Scheme 87). A similar observation was reported for di-cationic 

four membered bis-ylide formed via dimerization of mono chloro substituted CDP.[118] P1-O1 

bond length is 1.49 Å, fit well with the more double bond character between phosphorus and 

oxygen atom. The boundary structures are shown in Scheme 87 which were already 

investigated in our group for the dimerization of mono chloro CDP product.[118] 

P1 C1

P2

O1

O1

P2

C1 P1
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                  Scheme 87: Resonance structures of four-membered bis-ylide 45. 

Considering the possible mechanism of the reaction, in the first step one equiv. of NaOMe 

reacts with Cl2CDP to substitute one of the -Cl atom by -OMe moiety (Scheme 88). Then 

probably dimerization takes place via a [2+2] dipolar cycloaddition with head-to-tail linkages 

of the phosphorus-carbon double bonds. After that dicationic species undergoes 

rearrangement and followed by elimination of CH3Cl to give neutral four membered bis ylide 

45.  

  

           Scheme 87: Plausible mechanism for the synthesis four-membered bis ylide 45. 

3.2 Reactivity 

3.2.1 Attempted synthesis of carbone-di-carbene from Im2CDP (40)  

After the successful synthesis of bis imidazole substituted CDP (Im2CDP) (40), the synthesis 

of carbone-di-carbene starting from 40 was targeted. In order to access carbone-di-carbene, 
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protection at central carbon is important as it is expected, that the rate of C-methylation of 

CDP is faster than the rate of N-methylation (Figure 40).  

 

Figure 40: C-methylation and N-methylation products of Im2CDP (40). 

In the first step protection of center carbon atom was performed using NH4PF6 and 

trimethylsilyltrifluoromethanesulfonate (TMSOTf ) (Scheme 89). Im2CDP (40) reacted with 

equiv. amount of NH4PF6 in RT for 16 hours resulting in mono protonated bis imidazole 

substituted carbodiphosphoarne  [Im2CDP-H]+PF6
- (46). Although, few minor peaks were also 

observed in the 31P NMR spectra, the major peak at 21.6 ppm probably corresponds to the 

[Im2CDP-H]+PF6
- (46). While the reaction of Im2CDP (40) with equiv. amounts of 

trimethylsilyltrifluoromethanesulfonate (TMSOTf ) in THF at -20 °C resulted in trimethylsilyl 

protected bis imidazole substituted CDP [Im2CDP-SiMe3]
+OTf- (47) exclusively after two 

hours.  

 

        Scheme 89: Synthesis of [Im2CDP-H]+PF6
- (46) and [Im2CDP-SiMe3]

+OTf- (47). 

But, when the reaction was stirred for another two hours or the solvent was removed to isolate 

the compound, the reaction product became first ionic liquid and then an ionic solid. In the 31P 

NMR spectra, it shows a singlet at 48.4 ppm in THF solvent. 31P NMR spectra of [Im2CDP-

H]+PF6
- (46) and [Im2CDP-SiMe3]

+OTf- (47) are shown in Figure 41.  
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Figure 41: 31P NMR spectra (101 MHz, THF) of [Im2CDP-H]+PF6
- (46) (bottom) and 

[Im2CDP-SiMe3]
+OTf- (47) (top). 

[Im2CDP-SiMe3]
+OTf- (47) was reacted with excess methyl iodide (MeI) and excess 

methyltrifluoromethanesulfonate (CH3OTf ) in various solvents like dichloro methane (DCM) 

and  acetonitrile under various reaction conditions including heating at 60 °C for up to several 

days. Unfortunately, in each case, ionic solid was obtained not soluble in common solvents 

(Scheme 90).   

 

                Scheme 90: Attempted N-alkylations of  [Im2CDP-SiMe3]
+OTf- (47). 

3.2.2 Reactivity of N-methyl imidazole with  Cl2CDP (26)  

As the protection at central carbon atom and followed by double alkylation of imidazole was 

unsuccessful. The synthesis of bis N-alkylated CDP starting from dichloro 

carbodiphosphorane (Cl2CDP) (26) was investigated (Scheme 90). 26 and N-methyl 

imidazole were reacted at 40 °C for 16 hours, a new product was formed which showed two 

doublets at 4.3 ppm and 59.9 ppm with a coupling constant of 2JPP = 10 Hz were observed in 
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the 31P spectra along with the starting material (Scheme 91). This probably belongs to the 

mono N-methyl imidazole substituted CDP. However, higher temperatures or longer reaction 

times lead to unselective side reactions. 

 

            Scheme 91: Attempted reaction N-methyl imidazole with Cl2CDP (26). 

3.2.3 Reactivity of NH4PF6 with Bzi2CDP (41) 

In an attempt to synthesize a carbone-di-carbene 41 was reacted with NH4PF6 in THF at room 

temperature for 16 hours (Scheme 92). 

              

                    Scheme 92: Attempted mono protonation of Bzi2CDP (41). 

31P NMR spectra from the crude mixture shows one singlet at 25 ppm and two doublets with a 

coupling constant of 3 Hz at 21.1 ppm and 21.5 ppm respectively. This unselective formation 

of products was also observed in ESI(+) spectra from the reaction mixture in acetonitrile 

solvent.  

3.2.4 Complexation of BiX3 with Im2CDP (40) 

Bismuth salts are reported to form weak bonds with the carbene center. Bismuth metal 

complexes with coordination with carbone center are not much explored so far. The only 

reported bismuth trihalide complexes with Li2CDP have been shown independently by our co-

worker Eugen Sharikow[65] and Gilliard et al.[103] In the first chapter, it has been shown that 

coordination of bismuth metals with cyclic carbodiphosphoranes (CCDPs). However, the 

stability of these complexes is low as they convert to their corresponding protonated CCDPs 

in presence of polar solvents. Bis imidazole substituted CDP (Im2CDP) (40) was reacted with 

bismuth tris halides (BiX3, X = Cl, Br and I) in THF at -20 °C. Then the reaction mixture was 
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allowed to reach RT and stirred for another 16 hours at RT. A orange to red colored 

precipitate was formed. Precipitate was filtered, washed with pentane and dried in vacuum to 

get bismuth tris chloride to bismuth tris iodide coordination complexes of Bis imidazole 

substituted CDP in 68 % (48), 70 % (49) and 66 % (50) yield, respectively (Scheme 93). 

 

          Scheme 93: Synthesis of bismuth tris halide complexes (48 - 50) of Im2CDP.  

Complexes 48 ï 50 were characterized by 31P, 1H and 13C NMR spectroscopy. In the 31P 

NMR spectra bismuth trihalide complexes of Im2CDP show a singlet at 37 ppm (X = Cl, 48), 

36.7 ppm (X = Br, 49) and 36.8 ppm (X = I, 50) respectively. These data fit well with the 

reported CDP bismuth chloride (Im2CDP-BiCl3) (38.4 ppm) and CDP bismuth bromide 

(Im2CDP-BiBr3) (38.7 ppm) complexes. 31P NMR spectra of complexes 48 - 50 are 

represented in Figure 42. 
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Figure 42: 31P NMR spectra (100 MHz, DMSO-D6) of the reaction product of BiCl3 (bottom), 

BiBr3 (middle) and BiI3 (top) with Im2CDP (40). 

Further attempts aiming at alkylation of these bismuth trihalide complexes of Im2CDP to 

synthesize carbone-di-carbene compounds were unsuccessful probably due to the very low 

solubility of these complexes in common solvents. 
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4 Summary of Chapter IV 

In this chapter, successful synthesis of bis imidazole substituted carbodiphosphorane 

(Im2CDP) (40), bis benzimidazole substituted carbodiphosphorane (Bzi2CDP) (41) and bis 

perimidine substituted carbodiphosphorane (Perimid2CDP) (42) by reacting to dichloro 

substituted carbodiphosphorane (Cl2CDP) (26) with two equivalents of potassium imidazole 

(ImK), potassium benzimidazole (BziK) and potassium perimidine (PerimidK) respectively. 

 

Furthermore, we have synthesized monoprotonated (46) and trimethyl silyl (47) complex of 

bis imidazole substituted carbodiphosphorane (Im2CDP) (40).  

 

However, further alkylation from complexes 46 and 47 towards the synthesis of carbone-di-

carbene was not possible due to the formation of ionic solid during alkylation. Donor abilities 

of bis imidazole substituted carbodiphosphorane (Im2CDP) (40) were investigated towards 

bismuth trihalide complexation with center carbon atom. It was possible to synthesize bismuth 

tris chloride (48), bismuth tris bromide (49) and bismuth tris iodide (50) complexes of bis 

imidazole substituted carbodiphosphorane (Im2CDP) (40).  
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V. General Summary 

Synthesis, Properties and Reactivity of Functional Carbodiphosphoranes 

(CDPs): From Cyclic to P-Cyclopentadienyl and P-Imidazolyl Substituted 

CDPs. 

The present Thesis expands our knowledge about P-functionalized carbodiphosphoranes 

(CDPs), a class of phosphorus ylides displaying two highly basic and nucleophilic electron 

lone pairs at the central carbon atom. They are called carbones in contrast to carbenes, their 

one-lone-pair counterparts. 

Chapter II is devoted to the isolation of new cyclic CDPs, referred to as CCDPs. In literature, 

only a few CCDPs have been described, predominantly with a more flexible aliphatic 

backbone compatible with a rather flexible central P=C=P unit. Six-, seven-  and eight-

membered cyclic carbodiphosphoranes (CCDPs) (4-6) with conjugated aromatic backbones 

were synthesized from a route originally developed by Schmidbaur for non-cyclic CDPs. 

 

 

                                

    HOMO (-4.606 eV)                           HOMO (-4.731 eV)                        HOMO (-4.656 eV)     

As anticipated, quantum chemical calculations (O. A. Kleykamp) on these CCDPs reveal two 

formally doubly occupied frontier orbitals at the central carbon atom, one of s (HOMO-1) 

and one of p symmetry (HOMO).  
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Among these CCDPs, eight-membered 6 was the thermally most stable one. Hence, its 

reactivity to act as ligand in organometallic complexes was investigated. Metal-organic 

bismuth complexes of the type 16-18 have been synthesized. However, due to the still very 

high proton affinity of the coordinated carbon center, these complexes tend to convert slowly 

to protonated ligand onium halogenometallate complexes 16a-18a, when dissolved in dipolar 

aprotic solvents such as THF. 16a and 18a were characterized by single crystal X-ray 

diffraction (XRD) analysis. 

 

The reactivity study of 6 also incorporated coinage metal halides and their adducts, e.g. [Cl-

Au-PPh3]. The latter forms cationic complex [(6)Au-PPh3]Cl (15), isolobally related to the 

protonated onium chloride.  

 

When CCDP 6 reacts with iodine, iodonium salt 20 with iodide as counter anion is formed. In 

the solid state structure, this iodide forms weak hydrogen bonds with four phenylic ortho-

hydrogen atoms forcing the other carbon bonded iodine atom into a rather unusual 

conformation perpendicular to the plane defined by the iodide and its four Ié..H-C hydrogen 

bonds.  
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20 was synthesized, as it was the starting material for a proposed iodide abstraction reaction 

involving AgSbF6. The aim was to oxidize the carbone 6 to the target, a dicationic carbene 

20a, stabilized by an intramolecular donor-acceptor interaction, via the sequence of oxidative 

addition of I2 and abstraction of two I- ions. Unfortunately, the carbon bound iodine was too 

covalently bonded in its character and could not be abstracted by AgSbF6. The carbone ï 

carbene interconversion remains a matter of a scientific vision.  

Interestingly, when DPEPhos as less rigid bisphosphine is reacted under similar conditions 

used for CCDPs synthesis, a bis-phosphonium salt 21 instead of cyclic bis phosphonium salt 

is obtained. Its deprotonation leads to a rare example of an Ŭ-bromo phosphorous ylide 22, a 

carbanion carrying a bromo substituent. The deviating reaction path can be explained by the 

free rotation in the Car-O-Car unit of A does not present in the rigid bis phosphine precursor B.  
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Chapter III is devoted to the synthesis of functionalized derivatives of classical hexaphenyl 

carbodiphosphorane, where one or two phenyl substituents are formally replaced by aromatic 

cyclopentadienyl anions.  

 

This ligand design might allow the synthesis of either unexplored constrained-geometry Cp-P-

Carbone chelate complexes C or unknown Cp-P-Carbone-P-Cp pincer ligands and their bent 

ansa-metallocene carbone complexes D.  

Previous studies had already proven that chloro functionalized carbone 26 did not react with 

CpLi or CpNa leading to a bis-Cp substituted carbone. Intramolecular dominate over 

intermolecular reaction steps. In this Thesis, it was proven that benzannulated derivatives 

IndLi and FluLi follow the desired reaction path of nucleophilic substitution at both P-Cl 

bonds with formation of target molecules 27 and 28.  

 

27 and 28 are CH-acidic and basic at the same time, thus opening surprising reaction patterns 

without precedence: Protonation of Ind2CDP (27) by NH4PF6 leads to an unprecedented 

reversible C-C bond coupling reaction to 30, while deprotonation of 30 by KHMDS leads to 

fully reversible C-C bond cleavage and quantitative recovery of starting material 27.  
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In sharp contrast, bis fluorenyl substituted Flu2CDP (28) is protonated at the central carbon 

atom by NH4PF6 without any C-C coupling and cyclization.  

 

With respect to the expected CH-acidity of 27 and 28, their lithium and potassium complexes 

32 - 34 were obtained by reaction with two equivalents of n-BuLi and BnK, respectively. 

These highly electron-rich alkali metal salts are only stable below -20 °C in THF and slowly 

convert back to the neutral ligands upon warming up their solutions to room temperature. 

Attempts to stabilize these carbon dianions by transmetallation reactions with BaCl2, MgCl2 

and CaCl2, containing more electron poor dications or even with d0 metal Lewis acids such as 

TiCl4 and ZrCl4 failed. On the other hand, metal alkyls such as TiR4, ZrR4 (R = CH2SiMe3) 

failed to deprotonate the CH-acidic ligands, probably a matter of low kinetic acidity and 

basicity of the acid and base. 

 

As ansa-metallocenes seemed to be not the privileged structural ligand motives, the synthesis 

of mono-tetramethylcyclopentadienyl substituted CDP 37 was re-investigated. A more 

convenient synthesis was developed and a preliminary study to use it as constrained-geometry 

ligand in related complexes is presented. In addition, other donor functionalities such as in 
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imidazolyl (38) and pyridine 2-olate (39) substituted CDPs have been realized starting from 

mono-chloro functional ClCDP (36) and reacting it with N-lithio-imidazole (ImLi ) and 

sodium pyridine-2-olate (PyONa), respectively. 

 

This success in P-functionalization encouraged investigations described in Chapter IV of this 

Thesis. Starting from previously described Cl2CDP (26), bis N-imidazolyl substituted 

Im2CDP (40), bis N-benzimidazolyl Bzi2CDP (41) and bis N-perimidinyl substituted 

Perimid2CDP (42) were synthesized via reaction with N-potassium nucleophiles. 

 

The strategy beyond isolation of these bis-N-imidazole derivatives was to evaluate plausible 

reaction paths towards the synthesis of so far unknown carbone-di-carbene pincer ligands of 

type F.  

 

In order to overcome the dilemma, that N-methylation and C-methylation at 40-42 are 

competing reaction paths leading to unselective transformations, a reversible masking strategy 

of the overall dominating C-nucleophilicity was followed and monoprotonated 46 as well as 

C-TMS protected 47 were synthesized. Unfortunately, all attempts to direct alkylations with 

various alkylation agents such as MeI and MeOTf towards the imidazole N-atoms failed. The 

same applies for attempts to replace chlorine in both P-Cl functionalities in Cl2CDP by neutral 
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super-nucleophile N-methyl imidazole. The envisaged dicationic bis-imidazolium (E) 

precursor towards a carbone-di-carbene could not be isolated. 

 

Bismuth trihalide complexes of bis imidazole substituted carbodiphosphorane (Im2CDP) (40) 

have been successfully synthesized. The aim beyond the isolation of these complexes was to 

investigate further alkylation reactions in pursuit of synthesizing previously unknown 

carboneïdi-carbene pincer ligands (F). However, subsequent alkylation of compounds 48ï50 

was unsuccessful. 

In summary, the ligand design focused on developing cyclic CDP frameworks featuring six- 

to eight-membered rings, as well as P-cyclopentadienyl- and P-imidazolyl-substituted CDPs. 

Structural modifications were aimed at tuning the electronic and steric environment around 

the carbone center to enhance their pincer type behaviour. These tailored CDP ligands 

exhibited distinct donor properties and some unprecedented reactivity patterns. 
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VI. Zusammenfassung 

Synthese, Eigenschaften und Reaktivität von funktionellen 

Carbodiphosphoranen (CDPs): Von cyclischen zu P-Cyclopentadienyl- und P-

Imidazolyl-substituierten CDPs. 

Die vorliegende Arbeit erweitert unser Wissen über P-funktionalisierte Carbodiphosphorane 

(CDPs), eine Klasse von Phosphoryliden, die zwei stark basische und nukleophile freie 

Elektronen-Paare am zentralen Kohlenstoffatom aufweisen. Im Gegensatz zu Carbenen, ihren 

Gegenstücken mit einem freien Electron-Paar, werden sie als Carbone bezeichnet. 

Kapitel II befasst sich mit der Synthese cyclischer CDPs, (CCDPs) und deren 

Charakterisierung. Dazu sind bislang nur wenige Beispiele bekannt, vorwiegend mit einem 

flexibleren aliphatischen Grundgerüst, das mit einer eher flexiblen zentralen P=C=P-Einheit 

kompatibel ist. Sechs-, sieben- und achtgliedrige cyclische Carbodi-phosphorane (CCDPs) (4-

6) mit konjugiertem aromatischen Rückgrat wurden nach einem ursprünglich von Schmidbaur 

für nicht-cyclische CDPs entwickelten Verfahren synthetisiert. 
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    HOMO (-4.606 eV)                           HOMO (-4.731 eV)                        HOMO (-4.656 eV)     

Quantenchemische Rechnungen (O. A. Kleykamp) an diesen CCDPs offenbaren zwei formal 

doppelt besetzte Grenzorbitale am zentralen Kohlenstoffatom, eines mit s-Symmetrie 

(HOMO-1) und eines mit p-Symmetrie (HOMO).  

Unter diesen war das achtgliedrige CCDP 6 thermisch am stabilsten. Daher wurde seine 

Reaktivität als Ligand in metallorganischen Komplexen untersucht. Es wurden 

metallorganische Bismutkomplexe vom Typ 16-18 erfolgreich synthetisiert. Aufgrund der 

immer noch sehr hohen Protonenaffinität des koordinierten Kohlenstoffzentrums neigen diese 

Komplexe jedoch dazu, sich langsam in protonierte Ligand-Onium-Halogenometallat-

Komplexe 16a-18a umzuwandeln, wenn sie in dipolaren aprotischen Lösungsmitteln wie 

THF gelöst werden. 16a und 18a wurden durch Kristallstrukturanalyse (XRD) charakterisiert. 

 

Die Reaktivitätsstudie von 6 umfasste Münzmetallhalogenide und deren Addukte, z. B. [Cl-

Au-PPh3]. Letzteres bildet den kationischen Komplex [(6)Au-PPh3]Cl (15), der isolobal zum 

protonierten Oniumchlorid ist. 

 

Wenn CCDP 6 mit Iod reagiert, entsteht Iodoniumsalz 20 mit Iodid als Gegenanion. In der 

Festkörperstruktur bildet dieses Iodid schwache Wasserstoffbrückenbindungen mit vier ortho-
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Wasserstoffatomen der Phenylgruppen, wodurch das andere, an Kohlenstoff gebundene 

Iodatom in eine eher ungewöhnliche Konformation senkrecht zur Ebene gezwungen wird, die 

durch das Iodid und seine vier Ié..H-C-Wasserstoffbrückenbindungen definiert ist.   

 

 

20 wurde synthetisiert, da es das Ausgangsmaterial für eine geplante Iodid-

Abstraktionsreaktion mit AgSbF6 war. Das Ziel war es, das Carbon 6 zu einem dikationischen 

Carben 20a, zu oxidieren, das durch eine intramolekulare Donor-Akzeptor-Wechselwirkung 

stabilisiert wird. Die Oxidation sollte über die Sequenz der oxidativen Addition von I2 und der 

Abstraktion von zwei Iodidionen erfolgen. Das an Kohlenstoff gebundene Iod ist zu allerdings 

kovalent gebunden und konnte nicht durch AgSbF6 abstrahiert werden. Die Umwandlung von 

Carbon zu Carben bleibt eine Frage der wissenschaftlichen Vision. 

Interessanterweise erhält man, wenn DPEPhos als weniger starres Bisphosphin unter 

ähnlichen Bedingungen wie bei der CCDP-Synthese umgesetzt wird, anstelle eines cyclischen 

Bisphosphoniumsalzes ein Bisphosphoniumsalz 21. Seine Deprotonierung führt zu einem 

seltenen Beispiel für ein Ŭ-Bromphosphorylid 22, einem bromsubstituenten Carbanion. Der 

abweichende Reaktionsweg lässt sich durch die freie Rotation in der Car-O-Car Einheit von A 

erklären, die in dem starren Bisphosphin-Vorläufer B nicht vorhanden ist. 
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Kapitel III befasst sich mit der Synthese funktionalisierter Derivate des klassischen 

Hexaphenylcarbodiphosphorans, bei denen ein oder zwei Phenylsubstituenten formal durch 

aromatische Cyclopentadienylanionen ersetzt werden.  

 

Dieses Ligandendesign könnte die Synthese von entweder unerforschten Cp-P-Carbone-

Chelat-Komplexen C mit eingeschränkter Geometrie oder unbekannten Cp-P-Carbone-P-Cp-

Zangenliganden und deren ansa-Metallocen-Carbonkomplexen D ermöglichen.  

Frühere Studien hatten bereits gezeigt, dass das P,P-́chlorfunktionalisierte Carbon 26 mit 

CpLi oder CpNa nicht zu einem P,P-́bis-Cp-substituierten Carbon führt. Intramolekulare 

Reaktionsschritte dominieren gegenüber intermolekularen. In dieser Arbeit wurde 

nachgewiesen, dass die benzanellierten Derivate IndLi und FluLi den gewünschten 

Reaktionsweg der nukleophilen Substitution an beiden P-Cl-Bindungen mit Bildung der 

Zielmoleküle 27 und 28 verfolgen.  
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27 und 28 sind gleichzeitig CH-acide und basisch, wodurch überraschende Reaktionsmuster 

ohne Präzedenzfall eröffnet werden: Die Protonierung von Ind2CDP (27) durch NH4PF6 führt 

zu einer beispiellosen reversiblen C-C-Bindungskopplungsreaktion zu 30, während die 

Deprotonierung von 30 durch KHMDS zu einer vollständig reversiblen C-C-

Bindungsspaltung und einer quantitativen Rückgewinnung des Ausgangsmaterials 27 führt. 

 

Im Gegensatz dazu wird das bis-fluorenylsubstituierte Flu2CDP (28) durch NH4PF6 am 

zentralen Kohlenstoffatom protoniert, ohne dass es zu einer C-C-Kopplung und Zyklisierung 

kommt. 

 

Aus den schwachen CH-Säuren 27 und 28 wurden ihre Lithium- und Kaliumkomplexe 32ï34 

durch Reaktion mit zwei Äquivalenten n-BuLi bzw. BnK erhalten. Diese extrem 

elektronenreichen Metallorganyle sind nur unter -20 °C in THF stabil und zerfallen bei 

Erwärmung ihres Gemisches in THF auf Raumtemperatur langsam wieder zum protoniert 

Liganden. Versuche, diese Kohlenstoffdianionen durch Transmetallierungsreaktionen mit 

BaCl2, MgCl2 und CaCl2, die elektronenärmere Dikationen enthalten, oder sogar mit d0-

Metall-Lewis-Säuren wie TiCl4 und ZrCl4 zu stabilisieren, blieben erfolglos. Andererseits 

konnten Metallalkyle wie TiR4, ZrR4 (R = CH2SiMe3) die CH-aciden Liganden nicht 
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deprotonieren, was wahrscheinlich auf die geringe kinetische Acidität bzw. Basizität der 

Säure und Base zurückzuführen ist. 

 

Da ansa-Metallocene offenbar nicht ein privilegiertes Ligandenmotiv dastellen, wurde die 

Synthese von mono-tetramethylcyclopentadienyl-substituiertem CDP 37 vertieft untersucht. 

Es wurde eine bequemere Synthese entwickelt und eine vorläufige Studie zu seiner 

Verwendung als Ligand mit eingeschränkter Geometrie in verwandten Komplexen 

vorgestellt. Darüber hinaus wurden andere P-Donorfunktionalitäten in Imidazolyl (38) und 

Pyridin-2-olat (39) substituierten CDPs realisiert. Diese wurden ausgehend von mono-

chlorfunktionellem ClCDP (36) und dessen Reaktion mit N-Lithio-imidazol (ImLi ) bzw. 

Natrium-Pyridin-2-olat (PyONa) erhalten. 

 

Dieser Erfolg bei der P-Funktionalisierung gab den Anstoß zu den in Kapitel IV dieser Arbeit 

beschriebenen Untersuchungen. Ausgehend von dem zuvor beschriebenen Cl2CDP (26) 

wurden bis-N-imidazolyl-substituiertes Im2CDP (40), bis-N-benzimidazolyl-substituiertes 

Bzi2CDP (41) und bis-N-perimidin-substituiertes Perimid2CDP (42) durch Reaktion mit 

Kalium salzen diese N- Nukleophile synthetisiert. 
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Die Strategie hinter der Isolierung dieser bis-N-imidazolyl-Derivate bestand darin, mögliche 

Reaktionswege zur Synthese bisher unbekannter Kohlenstoff-Dicarben-Chelat liganden vom 

Typ E zu evaluieren. 

 

Um das Problem zu überwinden, dass N-Methylierung und C-Methylierung bei 40-42 

konkurrierende Reaktionswege sind, die zu unselektiven Umwandlungen führen, wurde eine 

reversible Maskierungsstrategie der insgesamt dominierenden C-Nukleophilie verfolgt und 

sowohl monoprotoniertes 46 als auch C-TMS-geschütztes Oniumsalz 47 synthetisiert. Leider 

schlugen alle Versuche fehl, die Alkylierungen mit verschiedenen Alkylierungsmitteln wie 

MeI und MeOTf auf die Imidazol-N-Atome zu lenken. Gleiches gilt für Versuche, Chlor in 

beiden P-Cl-Funktionalitäten in Cl2CDP durch das neutrale Super-Nukleophil N-

methylimidazol zu ersetzen. Der angestrebte dikationische bis-Imidazolium-Vorläufer für ein 

Carbone-Di-Carben konnte nicht isoliert werden. 

 

Bismuthalogenido-Komplexe von-bisimidazolyl-substituiertem Carbodiphosphoran 

(Im2CDP) (40) wurden erfolgreich synthetisiert. Das Ziel über die Isolierung dieser Komplexe 

hinaus war es, weitere Alkylierungsreaktionen zu untersuchen, um bisher unbekannte 

Carbone-Dicarben-Zangenliganden zu synthetisieren. Die anschließenden Alkylierungen der 

Verbindungen 48ï50 waren jedoch nicht erfolgreich. 

Zusammenfassend konzentrierte sich das Ligandendesign auf die Entwicklung neuer 

cyclischer CDP-Gerüste mit sechs- bis achtgliedrigen Ringen sowie P-Cyclopentadienyl- und 

P-Imidazolyl-substituierten CDPs. Strukturelle Modifikationen zielten darauf ab, die 

elektronische und sterische Umgebung um das Kohlenstoffzentrum herum anzupassen, um 

eine pinzettenartige Koordination zu erieichen. Diese maßgeschneiderten CDP-Liganden 

zeigten ausgeprägte Donoreigenschaften und einige beispiellose Reaktivitätsmuster. 
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VII. Experimental Part  

1 General Working and Analysis Methods 

All reactions were carried out under an inert atmosphere using standard Schlenk 

techniques.[129] Storage, weighing and preparation for the analytical characterization of 

moisture and air sensitive compounds took place in glove boxes from M-BRAUN under 

nitrogen atmosphere. Solvents used were dried via standard techniques and stored in stainless 

steel columns over aluminum oxide / molecular sieve 3 Å / R3-11G-catalyst (BASF). 

1.1 Precursors and chemicals  

The following starting compounds were purchased commercially and used without further 

purification: 1,8-bis(diphenylphosphaeyl)naphthalene, 2,2'-bis(diphnylphosphaneyl)-1,1'-

biphenyl, xantphos (9,9-dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane), oxybis(2,1-

phenylene)bis(diphenylphosphane), metheylenebis(diphenylphosphane) (dppm), 1,2-epoxy 

butane, tetramethylethylenediamine (TMEDA), trimethylsilyltrifluoromethane sulfonate 

(TMSOTf), methyl trifluoromethanedulfonate (MeOTf), trimethylsilyl chloride (TMSCl), 

benzyl potassium (BnK), indene, fluorene, imidazole, N-methyl imidazole, benzimidazole, 

pyrazole, 3,5-dimethyl-1,2,4-triazole, cyclopentadiene (Cp), tetramethyl cyclopentadiene 

(CpMe4),  PPh3, NaOMe, P(NMe2)3, PPh2Cl, N2O, CH3I, CH2Br2, CCl4, I2, KHMDS, KH, 

NH4PF6, AgSbF6, n-Buli, CuCl, CuBr, CuI, Au(Cl)PPh3, BiCl3, BiBr3, Bil 3, GaCl3, InCl, 

CaCl2, BaCl2, YCl3, TiCl4, ZrCl4. 

The following compounds were synthesized according to literature procedures: 

Ph2PCp,[130] Ph2PCpK,[130] Ph2PCpMe4,[124] Ph2PCpMe4Li, [124] PPh3CCl3
+ Cl-,[119] CpNa,[131] 

Imd-K,[41] PyONa,[41] Ind-Li, [132] Flu-Li, [133]  Ba(HMDS)2,
[134] Ca(CH2Ph)2,

[135] 

Ti(CH2SiMe3)4,
[136] Zr(CH2SiMe3)4,

[136]. 

1.2 Nuclear magnetic resonance spectroscopy  

All spectra were recorded using a Bruker Avance III HD 250MHz, a Bruker Avance II 300 

MHz, a Bruker Avance III 500 MHz or a Avance III HD 500 MHz spectrometer at 300K. 1H 

and 13C chemical shifts were referenced to SiMe4 using the signals of the residual protons of 

the deuterated solvent ŭ1H = 7.26 (CDCl3), 5.32 (CD2Cl2), 7.16 (C6D6), 2.50 (DMSO-D6); 

ŭ13C= 53.8 (CD2Cl2), 128.1 (C6D6), 77.2 (CDCl3), 39.6 (DMSO-D6) as secondary reference. 
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1.3 Mass spectrometry  

Mass spectrometry was carried out by the service department of Philipps-Universität Marburg 

on the following spectrometers / analyzers: a Thermo Fischer Scientific LTQ-FT Ultra (ESI, 

APCI) and a Jeol AccuTOF GCv (FD, LIFDI). 

1.4 UV/Vis spectroscopy 

Absorption spectra were recorded with an Avance AvaSpect-2048 UV/Vis/NIR 

spectrophotometer in 10 mm cuvettes in THF with concentrations of 10 ɛM with a scan rate 

of 600 nm/min. UV/Vis measurements were performed by Olaf. A. Kleykamp. 

1.5 Quantum chemical calculations  

All calculations were performed at the B3LYP[137ï140]/def2-tzvpp[141] level of theory. All 

structures were optimized without geometrical constraints and their vibrational frequencies 

were computed to confirm the energy surface of the optimized geometries as a global 

minimum. All  calculations have been carried out using the ORCA[142] program package. All 

the calculations were performed by Olaf. A. Kleykamp. 
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2 Synthesis 

Synthesis of [Nph(Ph2PCH2PPh2)]2+ 2Br - (1)  

  1.00 g of 1,8-bis (diphenylphosphanyl) naphthalene (2.01 mmol, 1 

equiv.) was dissolved in excess CH2Br2 (20 mL) and refluxed at 100 °C 

under the argon atmosphere. Immediately, white precipitate started to 

form in the reaction mixture. After 12 hours under the same condition, 

the reaction mixture was cooled to room temperature. Then the precipitate was filtered, 

washed with diethyl ether (5 mL) for two times and dried up to 1*10-3 mbar. The bis-

phosphonium salt was obtained as a colorless solid in 92% (1.1 g, 1.86 mmol) yield.  

31P{1H} NMR  (DMSO-D6, 101 MHz): ŭ 13.7 ppm. 

1H NMR  (DMSO-D6, 300 MHz): ŭ 6.48 (t, 
2JH,H = 15 Hz, 2H, -CH2), 7.61 (broad s, 8H, H10, -

ArH), 7.77-7.79 (m, 12H, -ArH), 8.10 (broad s, 4H, -NphH), 8.93 (broad s, 2H, -NphH) ppm. 

13C{1H} NMR  (DMSO-D6, 75.5 MHz): ŭ = 35.5 (broad s, -CH2), 109.5 (-NphC), 110.7 (-

NphC), 116.2 (-NphC) 117.4 (-NphC), 128.3 (m, -ArC), 130.803 (m, -ArC), 134.8 (m, -ArC), 

136.5 (-ArC), 139.3 (-ArC), 140.7 (-NphC) ppm. 

 ESI+/HRMS (CH3CN): m/z (%) calcd. for C35H28P2
2+ 255.0822, found 255.0828 

Synthesis of [Bip(Ph2PCH2PPh2)]2+ 2Br - (2)  

0.5 g of 2,2'-bis(diphenylphosphaneyl)-1,1'-biphenyl (0.96 mmol, 1 

equiv.) was dissolved in excess CH2Br2 (12 mL) and refluxed at 110 °C 

under argon atmosphere. After 16 hours under the same condition, the 

reaction mixture was cool down to room temperature. Then the white 

precipitate was filtered, washed with toluene (5 mL) for two times and dried up to 1*10-3 

mbar. The bis-phosphonium salt was obtained as a colorless solid in 77% (0.3 g, 0.74 mmol) 

yield.  

31P{1H} NMR  (DMSO-D6, 101 MHz): ŭ 19.6 ppm.  

1H NMR  (DMSO-D6, 300 MHz): ŭ 7.13-7.15 (m, 2H, -BipH), ŭ 7.23ï7.27 (m, 3H, -BipH), ŭ 

7.44ï7.48 (m, 8H, -ArH), ŭ 7.59 (t, JH,H = 6 Hz, 3H, -BipH), ŭ 7.68-7.72 (m, 4H, -ArH), ŭ 

7.83-7.86 (m, 4H, -ArH), ŭ 7.91-7.94 (m, 4H, -ArH) ppm.  
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13C{1H} NMR  (DMSO-D6, 75.5 MHz): ŭ 129.8 (t, JC,P = 3.8 Hz, -ArC), 130.5 (t, JC,P = 3.8 

Hz, -ArC), 130.7 (t, JC,P = 2.3 Hz, -BipC), 132.2 (t, JC,P = 3 Hz, -BipC), 133.3 (-ArC), 133.4 (-

ArC), 133.8 (-ArC), 135.2 (-ArC), 136.2 (t, JC,P = 3 Hz, -BipC), 143.0 (t, JC,P = 3.8 Hz, -BipC) 

ppm.  

ESI+/HRMS (MeOH): m/z (%) calcd. for C37H30P2
2+ 268.0898, found C37H30P2

2+ 268.0906 

Synthesis of [Xant (Ph2PCH2PPh2)]2+ 2Br - (3)  

 2.0 g of (9,9-dimethyl-9H-xanthene-4,5-diyl) 

bis(diphenylphosphane) (3.46 mmol, 1 equiv.)  was dissolved in 

excess CH2Br2 (20 mL) and refluxed at 110 °C under argon 

atmosphere. After 16 hours at the same condition, the reaction 

mixture was cooled down to room temperature. Then the solvent 

was removed under the vacuum, THF was added to the crude mixture. A colorless precipitate 

was stirred for an hour and finally filtered through a celite filtration, washed with diethyl ether 

(10 mL) and dried up to 1*10-3 mbar. The bis-phosphonium salt was obtained as a colorless 

solid in 69% (1.8 g, 2.39 mmol) yield.  

31P{1H} NMR  (CDCl3, 202 MHz): ŭ 21.0 ppm.  

1H NMR  (CDCl3, 500 MHz): ŭ 1.78 (s, 3H, -CH3), ŭ 2.05 (s, 3H, -CH3), ŭ 5.30 (s, 2H, -CH2), 

ŭ 6.65ï6.69 (m, 2H, -XantH), ŭ 7.36ï7.40 (m,  6H, -ArH), ŭ 7.51 (t, JH-H = 5 Hz, 2H, -ArH), ŭ 

7.60-7.65 (m, 4H, -ArH), ŭ 7.68 (s, 1H, -XantH), ŭ 7.73(t, JH-H = 6 Hz, 2H, -ArH), ŭ 7.87 (d, 

JH-H = 6 Hz, 2H, -XantH), ŭ 8.04 (broad s, 2H, -ArH), ŭ 8.17ï8.22 (m, 4H, -ArH) ŭ 8.39-8.49 

(m,1H, -XantH) ppm.  

13C{1H} NMR  (CDCl3, 126 MHz): ŭ 22.5 (-CH3), 24.6 (t, JC-P = 52.92 Hz, -CH2),  30.1 (-

CH3), 38.7 (-CMe2), 109.7 ï 110.7 (dd, -XantC), 114.0 ï 114.8 (dd, -XantC), 117.8 (-XantC), 

118.6 (-XantC), 127.5 (t, JC-P = 6.3 Hz, -ArC), 129.8 (t, JC-P = 6.3 Hz, -ArC), 130.0 (-ArC), 

132.6 (t, JC-P = 5.04 Hz, -ArC), 132.8 (-ArC), 134.5 (broad m, -ArC), 134.8 (-ArC), 134.8 (-

ArC), 135.4 (t, JC-P = 6.3 Hz, -XantC), 137.0 (-XantC), 156.6 (-XantC) ppm.  

13C{1H, 31P} NMR  (CDCl3, 126 MHz): ŭ 22.5 (-CH3), 24.6 (-CH2), 30.5 (-CH3), 38.7 (-

CMe2), 110.2 (-XantC), 114.5 (-XantC), 118.2 (-XantC), 127.5 (-ArC), 129.8 (-ArC), 130.0 (-

ArC), 132.6 (-ArC), 132.8 (-ArC), 134.5 (-ArC), 134.8 (-ArC), 135.1 (-ArC), 135.4 (-XantC), 

136.9 (-XantC), 156.6 (-XantC) ppm.  
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APCI+/HRMS  (ACN): m/z (%) calcd. for C40H33OP2
+ 591.2001, found 591.1985. 

Synthesis of Nph(Ph2PCPPh2) (4)  

 0.5 g of [Nph(Ph2PCH2PPh2)]
2+2Br- (1) (0.745 mmol, 1 equiv.) and 0.33 g  

of potassium bis(trimethylsilyl)amide (1.64 mmol, 2.1 equiv.) mixed, 

cooled to -30 °C and 15 mL THF were added. Immediately the color 

changes from white to red. The reaction mixture was allowed to warm 

room temperature slowly and stirred for another 4 hours. Then solvent was removed under 

vacuum and the residue was dissolved in toluene. After that KBr was removed by celite 

filtration. Finally, the solvent was removed in vacuum to obtain a red-colored compound in 

71% (0.27 g, 0.53 mmol) yield. Crystals were obtained by slow evaporation of a saturated 

THF solution at 0 °C.  

31P{1H} NMR  (C6D6, 202 MHz): ŭ -5.9 ppm. 

 1H NMR  (C6D6, 500 MHz): ŭ 6.96 (t, JH,H  = 9 Hz, 2H, -NphH), 7.02-7.05 (m, 12H, -ArH), 

7.47 (d, JH,H = 6 Hz, 2H, -NphH), 7.64-7.70 (dd, JH,H = 6 Hz, 2H, -NphH), 7.94-8.00 (m, 8H, -

ArH) ppm. 

13C{1H} NMR  (C6D6, 126 MHz): ŭ 124.4 (t, JC,P  = 5.3 Hz -NphC), 124.4 (-NphC), 124.5 (-

NphC), 125.7 (-NphC), 128.6 (-ArC), 129.3 (-ArC), 129.7 (-ArC), 132.0 (-ArC), 132.4 (-

ArC), 132.7 (t, JC,P  = 5.3 Hz, -ArC), 139.1 (d, JC,P  = 2.5 Hz, -NphC), 139.9 (d, JC,P  = 2.5 Hz, -

NphC) ppm. 

13C{1H, 31P} NMR (C6D6, 126 MHz): ŭ 124.0 (-NphC), 124.7 (-NphC), 127.6 (-ArC), 128.0 (-

ArC), 129.4 (-ArC), 131.6 (-ArC), 132.0 (-ArC), 132.3 (-ArC), 135.0 (-NphC), 139.1 (-

NphC). 

 ESI+/HRMS (CH3CN): m/z (%) calcd. for C35H27P2
+ 509.1561, found 509.1560. 

Synthesis of Bip(Ph2PCPPh2) (5)  

0.25 g of [Bip(Ph2PCH2PPh2)]
2+2Br- (2) (0.359 mmol, 1 equiv.)  and 0.15 g 

of potassium bis(trimethylsilyl)amide (0.754 mmol, 2.1 equiv.) mixed, 

cooled to -30 °C and 10 mL THF were added. Then the yellow reaction 

mixture was allowed to reach room temperature and stirred for 4 hours. 

Then solvent was removed under vacuum and the residue was dissolved in toluene. After that 
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KBr was removed by celite filtration. Finally, the solvent was removed in vacuum to get a  

yellow-colored compound in 73% (0.14 g, 0.262 mmol) yield. Crystals were obtained by slow 

evaporation of saturated THF solution at ï 10 °C.  

31P{1H} NMR  (C6D6, 202 MHz): ŭ 0.0 ppm.  

1H NMR  (C6D6, 500 MHz): ŭ 6.63(t, JH,H = 5 Hz, 2H, -BipH), ŭ 6.77ï6.79 (m, 2H, -BipH), ŭ 

6.89-6.91 (m, 6H, -ArH), ŭ 7.01ï7.06 (m, 12H, -ArH), ŭ 7.27 (t, JH,H = 5 Hz, 2H, -BipH), ŭ 

7.80 (broad s, 2H, -ArH), ŭ 8.36 (broad s, 2H, - BipH) ppm. 

13C{1H} NMR  (C6D6, 126 MHz): ŭ 125.7 (-BipC), 128.4 (-BipC), 128.6 (-BipC), 129.1 (-

ArC), 129.3 (-ArC), 129.7 (-ArC), 130.9 (-ArC), 131.9 (t, JC,P = 3.8 Hz, -ArC), 133.4 (t, JC,P = 

3.8 Hz, -ArC), 134.1 (t, JC,P = 6 Hz, -BipC), 137.9 (-ArC), 144.2 (t, JC,P = 6 Hz, -BipC) ppm. 

 FD+/HRMS (ACN): m/z (%) calcd. for C37H29P2
+ 535.17445, found 535.17500. 

Synthesis of Xant(Ph2PCPPh2) (6)  

1 g of [Xant(Ph2PCH2PPh2)]
2+2Br- (3) (1.33 mmol, 1 equiv.)  and 0.53 

g of potassium bis(trimethylsilyl)amide (2.7 mmol, 2.1 equiv.)  mixed, 

cooled to -30 °C and 20 mL THF were added. The reaction mixture 

was allowed to warm room temperature slowly and stirred for another 

4 hours. Then the solvent was removed under vacuum and the residue was dissolved in 

toluene. After that KBr was removed by celite filtration. Finally, the solvent was removed in 

vacuum to get an orange colored compound in 64% (0.5 g, 0.85 mmol) yield. Single crystals 

were obtained by slow evaporation of a saturated THF\toluene solution at 0 °C. 

31P{1H} NMR  (C6D6, 202 MHz): ŭ -5.7 ppm. 

1H NMR  (C6D6, 500 MHz): ŭ 1.42 (s, 3H, -CH3), ŭ 1.64 (s, 3H, -CH3), ŭ 6.63 (t, JH,H = 6 Hz, 

2H, -XantH), ŭ 6.84 (t, JH,H = 6 Hz, 6H, -ArH), ŭ 6.90 (d, JH,H = 6 Hz, 2H, -XantH), ŭ 6.98 (d, 

JH,H = 6 Hz, 2H, -XantH), ŭ 7.18 ï 7.20 (m, 6H, -XantH), ŭ 7.64  (q, JH,H = 6 Hz, 4H, -ArH), ŭ 

8.39 (broad s, 4H, -ArH) ppm.  

13C{1H} NMR  (C6D6, 126 MHz): ŭ 22.32 (-CH3), 28.69 (-CH3), 39.60 (-CMe2), 123.18 (-

XantC),  125.52 (-XantC),  127.59 (-XantC), 127.79 (-XantC), 127.98 (-ArC), 128.53 (-ArC), 

129.85 (-ArC), 131.58 (-ArC), 133.74 (-ArC), 138.56 (-XantC), 160.13 (-XantC) ppm.  
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13C{1H, 31P} NMR  (C6D6, 126 MHz): ŭ 11.4 (CP2), 22.7 (-CH3), 29.1 (-CH3),  40.0 (-CMe2), 

123.6 (-XantC), 125.9 (-XantC), 128.0 (-ArC), 128.9 (-ArC), 130.2 (-ArC), 132.0 (-ArC), 

134.1 (-ArC), 138.9 (-XantC), 160.5 (-XantC) ppm.  

FD+/HRMS (ACN): m/z (%) calcd. for C40H33OP2
+ 591.20066, found 591.20093. 

Synthesis of [Nph(Ph2PCHPPh2)]+ PF6 ɀ(7)  

50 mg of Nph(Ph2PCPPh2) (0.098 mmol, 1 equiv.) and 16 mg of 

ammonium hexafluorophosphate (0.098 mmol, 1 equiv.) were taken 

into a 25 ml schlenk and 6  ml of THF was added to the mixture at 

room temperature. The reaction was stirred for 12 hours at room 

temperature. Then the solvent was removed in vacuum. The residue was washed with pentane 

(10 ml) two times and finally dried up to 1*10-3 mbar to obtain a light brown-colored 

compound in 86% (55 mg, 0.084 mmol). Single crystals were obtained by vapor diffusion of 

THF solution in n-pentane at room temperature. 

31P{1H} NMR  (CDCl3, 101 MHz): ŭ 12.1, 129.3 ï 157.3 (PF6) ppm. 

1H NMR  (CDCl3, 300 MHz): ŭ 7.46-7.51 (m, 8H, -ArH), 7.55-7.60 (m, 12H -ArH), 7.76-

7.90(m, 4H, -NphH), 8.32 (d, JH-H = 9 Hz, 2H, -NphH) ppm. 

13C{1H} NMR  (CDCl3, 75.5 MHz): ŭ 126.6 (-NphC), 127.7 (-NphC),  128.7 (-ArC), 129.6 (t, 

JC-P= 6 Hz, -ArC), 132.5 (t, JC-P= 6 Hz, -ArC), 133.4 (-ArC), 135.9 (-NphC), 136.5 (-NphC) 

ppm. 

ESI+/HRMS (CH3CN): m/z (%) calcd. for C35H27P2
+ 509.1583, found 509.1581. 

Synthesis of Nph(Ph2PCPPh2)CuCl (8)  

50 mg of Nph(Ph2PCPPh2) (0.098 mmol, 1 equiv.) and 10 mg of CuCl (0.108 

mmol, 1.1 equiv.) were taken in a 25 mL schlenk flask, cooled down to -20 ° 

C and THF was added to the reaction mixture. The reaction mixture was 

allowed to reach room temperature slowly and stirred overnight at ambient 

temperature. After that the solvent was removed in vacuum. Then the crude 

product was washed with n-pentane (2×5 mL) and finally dried in vacuum to get a colorless 

compound in 87% (52 mg, 0.086 mmol).  
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31P{1H} NMR  (CDCl3, 101 MHz): ŭ 6.1 ppm.  

1H NMR  (CDCl3, 300 MHz): ŭ 7.09-7.14 (t, JH-H = 6 Hz, 8H, -ArH), 7.32-7.38 (m, 12H -

ArH),  7.47-7.51 (m, 4H, -NphH), 8.03-8.06 (m, 2H -NphH).  

13C{1H} NMR  (CDCl3, 75.5 MHz): ŭ 128.5 (t, JC-P= 6 Hz, -ArC), 131.3 (-ArC), 132.2 (t, JC-P= 

6 Hz, -NphC),  133.7 (-ArC), 134.5 (-NphC),  135.4 (-NphC). 

FD+/HRMS (THF): m/z (%) calcd. for C35H26P2ClCu 606.0494, found C35H26P2
+  509.1573. 

Synthesis of Nph(Ph2PCPPh2)CuBr (9)  

 50 mg of Nph(Ph2PCPPh2) (0.098 mmol, 1 equiv.) and 16 mg of CuCl 

(0.108 mmol, 1.1 equiv.) were taken in a 25 mL schlenk flask, cooled down 

to -20 °C and THF was added to the reaction mixture. The reaction mixture 

was allowed to reach room temperature slowly and stirred overnight at 

ambient temperature. After that the solvent was removed in vacuum. Then 

the crude product was washed with n-pentane (2×5 mL) and finally dried in vacuum to get a 

colorless compound in 75% (48 mg, 0.074 mmol). 

31P{1H} NMR  (CDCl3, 101 MHz): ŭ 8.2, 9.4 ppm.  

1H NMR  (CDCl3, 300 MHz): ŭ 7.12 (t, JH-H = 6 Hz, 8H, -ArH), 7.34-7.38 (m, 12H -ArH),  

7.43-7.48 (m, 4H, -NphH), 8.03-8.06 (m, 2H -NphH).  

13C{1H} NMR  (CDCl3, 75.5 MHz): ŭ 128.5 (t, JC-P= 6 Hz, -ArC), 131.3 (-ArC), 132.2 (t, JC-P= 

6 Hz, -NphC),  133.7 (-ArC), 134.5 (-NphC),  135.4 (-NphC). 

FD+/HRMS (THF): m/z (%) calcd. for C35H26P2BrCu 649.9989, found C35H26P2
+  509.1573. 

Attempted synthesis of Nph(Ph2PCPPh2)AuCl (10) 

100 mg of Nph(Ph2PCPPh2) (0.202 mmol, 1 equiv.) was dissolved in 7 ml 

of toluene. In another schlenk tube 16 mg of PPh3AuCl (0.222 mmol, 1.1 

equiv.) was dissolved in 2 ml of THF and added to the toluene solution of 

Nph(Ph2PCPPh2) at -20 °C. Then the reaction was allowed to reach room 

temperature slowly and stirred overnight at ambient temperature. The 

filtrate was decanted and the solvent was removed. Then the residue was washed with n-

pentane (10 ml) and dried in vacuum to get a light brown-colored compound.  
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31P{1H} NMR  (CD2Cl2, 101 MHz): ŭ 7.1, 12.4, 42.6 ppm. 

FD+/HRMS (THF): m/z (%) calcd. for C35H26P2ClAu 740.0864, found C35H26P2
+  509.1573.  

Synthesis of [Nph(Ph2PCHPPh2)]2+ Bi2Cl8 2- (11)  

25 mg of Nph(Ph2PCPPh2) (0.049 mmol, 1 equiv.) was dissolved in 

5 ml of toluene. In another schlenk tube 17 mg of BiCl3 (0.054 

mmol, 1.1 equiv.) was dissolved in 2 ml of THF and added to the 

toluene solution of Nph(Ph2PCPPh2) at -20 °C. Then the reaction 

was allowed to reach room temperature slowly and stirred overnight at ambient temperature. 

The filtrate was decanted, then the residue was washed with pentane (10 ml) and dried in 

vacuum to get a light brown-colored compound in 87 % yield (35 mg). 

31P{1H} NMR  (CDCl3, 101 MHz): ŭ 13.2 ppm. 

1H NMR  (CDCl3, 300 MHz): ŭ 7.46-7.51 (m, 8H, -ArH), 7.55-7.60 (m, 12H -ArH), 7.76-

7.90(m, 4H, -NphH), 8.32 (d, JH-H = 9 Hz, 2H, -NphH) ppm. 

13C{1H} NMR  (CDCl3, 75.5 MHz): ŭ 126.6 (-NphC), 127.7 (-NphC),  128.7 (-ArC), 129.6 (t, 

JC-P= 6 Hz, -ArC), 132.5 (t, JC-P= 6 Hz, -ArC), 133.4 (-ArC), 135.9 (-NphC), 136.5 (-NphC) 

ppm. 

ESI+/HRMS (CH3CN): m/z (%) calcd. for C35H26P2BiCl3 822.0368, found C35H27P2
+ 

509.1581. 

Synthesis of [Nph(Ph2PCHPPh2)]2+ In2Cl8 2- (12)  

25 mg of Nph(Ph2PCPPh2) (0.049 mmol, 1 equiv.)  was dissolved in 

5 ml of toluene. In another schlenk tube 8 mg of InCl (0.054 mmol, 

1.1 equiv.)  was dissolved in 2 ml of THF and added to the toluene 

solution of Nph(Ph2PCPPh2) at -20 °C. Then the reaction was 

allowed to reach room temperature slowly and stirred overnight at ambient temperature. The 

filtrate was decanted, then the residue was washed with pentane (10 ml) and dried in vacuum 

to get a light brown-colored compound 92 % yield (30 mg). 

31P{1H} NMR  (CDCl3, 101 MHz): ŭ 13.3 ppm. 
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1H NMR  (CDCl3, 300 MHz): ŭ 7.46-7.51 (m, 8H, -ArH), 7.55-7.60 (m, 12H -ArH), 7.76-

7.90(m, 4H, -NphH), 8.32 (d, JH-H = 9 Hz, 2H, -NphH) ppm. 

13C{1H} NMR  (CDCl3, 75.5 MHz): ŭ 126.6 (-NphC), 127.7 (-NphC),  128.7 (-ArC), 129.5-

129.7 (t, JC-P= 6 Hz, -ArC), 132.5 (t, JC-P= 6 Hz, -ArC), 133.4 (-ArC), 135.9 (-NphC), 136.5 (-

NphC) ppm. 

ESI+/HRMS (CH3CN): m/z (%) calcd. for C35H26P2InCl 658.0237, found C35H27P2
+ 

509.1581. 

Synthesis Xant(Ph2PCPPh2)CuCl (13) 

 Method 1: 50 mg Xant(Ph2PCPPh2) (0.084 mmol, 1 equiv.) and 10 

mg of CuCl  (0.093 mmol, 1.1 equiv.) were mixed and 5 ml of dioxane 

added to the reaction mixture at room temperature and stirred overnight 

at ambient temperature. After 24 hours, a white precipitate was 

observed. The complex was partially soluble in dioxane. The 31P NMR 

was performed from the crude mixture.  

31P{1H} NMR  (dioxane, 101 MHz): ŭ  9.4 ppm. 

Method 2: suspension of 50 mg Xant(Ph2PCPPh2) (0.085 mmol, 1 equiv.) in 6 ml toluene 

was cooled to 0 °C. In another schlenk 18 mg of CuI (0.093 mmol, 1.1 equiv.) was dissolved 

in 2 ml of THF and added to the above toluene suspension at 0 °C. Then the reaction mixture 

was allowed to reach room temperature and stirred overnight at ambient temperature. The 

solvent was removed. The residue was washed with diethyl ether and finally dried in vacuum 

to obtain a light brown solid. However, only protonated CDP was formed which was 

confirmed both by 31P NMR and HRMS measurements. 

31P{1H} NMR  (CD2Cl2, 101 MHz): ŭ 18.5 ppm.  

FD+/HRMS (THF): m/z (%) calcd. for C40H33CuIOP2
+ 780.0269, found C40H33OP2

+ 591.1990 
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Synthesis [Xant(Ph2PCHPPh2)]+ CuI2- (14)  

 Suspension of 50 mg Xant(Ph2PCPPh2) (0.085 mmol, 1 equiv.)  

in 6 ml toluene was cooled to 0 °C. In another schlenk 18 mg of 

CuI (0.093 mmol, 1.1 equiv.) was dissolved in 2 ml of THF and 

added to the above toluene suspension at 0 °C. Then the reaction 

mixture was allowed to reach room temperature and stirred 

overnight at ambient temperature. The solvent was removed. The residue was washed with 

diethyl ether and finally dried in vacuum to obtain a dark yellow solid. 

31P{1H} NMR  (CD2Cl2, 101 MHz): ŭ 18.5 ppm.  

FD+/HRMS (THF): m/z (%) calcd. for C40H33CuBrOP2
+ 732.0408, found C40H33OP2

+ 

591.1990 

Synthesis Xant[Ph2PC(AuPPh3)PPh2]+ Cl- (15)  

 Suspension of 50 mg Xant(Ph2PCPPh2) (0.085 mmol, 1 equiv.)  in 6 

ml toluene was cooled to 0 °C. In another schlenk 46 mg of 

AuClPPh3 (0.093 mmol, 1.1 equiv.)  was suspended in 2 ml of ether 

and added to the above toluene suspension at 0 °C. Then the reaction 

mixture was allowed to reach room temperature and stirred 

overnight at ambient temperature. The solvent was removed. The 

residue was washed with diethyl ether and finally dried in vacuum to obtain a yellow solid in 

71 % yield (130 mg) (0.120 mmol).  

31P{1H} NMR  (CD2Cl2, 101 MHz): ŭ 15.2 (d, JP-P = 8.08 Hz), 39.3 (t, JP-P = 8.08 Hz) ppm. 

 1H NMR  (CDCl3, 300 MHz): ŭ ŭ 1.71 (s, 3H, -CH3), ŭ 1.92 (s, 3H, -CH3), ŭ 6.38 (t, J = 9 Hz, 

2H, -XantH), ŭ 6.85-6.92 (m, 5H, -ArH), ŭ 7.08 - 7.24 (m, 8H, -ArH), ŭ 7.31 ï 7.40 (m, 10H, 

-ArH), ŭ 7.41 ï 7.63 (m, 12H, -ArH), ŭ 7.80 ï 7.87 (m, 4H, -XantH) ppm. 

13C{1H} NMR  (CDCl3, 75.5 MHz): ŭ 23.0 (-CH3), 29.2 (-CH3), 40.2 (-CMe2), 125.8 (-

XantC), 128.7 (-XantC), 129.0 (-ArC), 129.2 (-ArC), 129.5 (-ArC), 129.6 (-ArC), 130.6 (-

ArC), 132.0 (-ArC), 132.8 (-ArC), 133.5 (-ArC), 134.0 (-ArC), 134.2 (-ArC), 139.0 (-XantC), 

158.8 (-XantC) ppm. 
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FD+/HRMS (THF): m/z (%) calcd. for C58H47AuOP3
+ 1049.2500, found C40H33OP2

+  

591.1979 

Synthesis of Xant(Ph2PCPPh2)BiCl3 (16, 16a) 

 Method 1: 75 mg Xant(Ph2PCPPh2) (0.127 mmol, 1 equiv.) and 48 

mg of BiCl3 (0.133 mmol, 1.1 equiv.) were mixed and 10 ml of toluene 

were added to the reaction mixture at 0 °C and stirred overnight at 

ambient temperature. The solvent was decanted off, the reaming 

precipitate was washed with toluene (20 ml) and diethyl ether (10 ml) 

and finally dried in vacuum to obtain a colorless solid in 78 % yield (90 mg, 0.099 mmol). 

31P{1H} NMR  (CD2Cl2, 101 MHz): ŭ  19.2, 26.1 ppm. 

FD+/HRMS (THF): m/z (%) calcd. for C40H33BiCl3OP2
+ 904.0798, found C40H33OP2

+ 

591.1986  

Method 2: 75 mg Xant(Ph2PCPPh2) (0.127 mmol, 1 equiv.) and 48 mg of BiCl3 (0.133 mmol, 

1.1 equiv.) were mixed and 7 ml of dioxane added to the reaction mixture at room temperature 

and stirred overnight at ambient temperature. After 24 hours, a white precipitate was 

observed. The complex was partially soluble in dioxane. Complex formation was observed by 

31P NMR spectral analysis. 

31P{1H} NMR  (dioxane, 101 MHz): ŭ  23.1 ppm. 

Synthesis of [Xant (Ph2PCHPPh2)]2+ Bi2Cl8 2- (16a)  

50 mg of Xant(Ph2PCPPh2) (0.085 mmol, 1 equiv.) was 

dissolved in THF (5 ml) and this solution was cooled to 0 °C 

with an ice bath. In another schlenk 27 mg of BiCl3 (0.085 

mmol, 1 equiv.) was dissolved in diethyl ether (2 ml) and 

added slowly to that Xant(Ph2PCPPh2) solution at 0 °C. Then 

the reaction mixture was allowed to reach room temperature slowly and stirred overnight. 

After that solvent was removed under the vacuum. Then crude mixture was washed with 

pentane and finally dried under the vacuum to get a colorless product in 46% yield (23 mg, 

0.039 mmol). Single crystals were obtained by slow vapor diffusion of diethyl ether into a 

saturated THF solution at room temperature. 
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31P{1H} NMR  (CDCl3, 101 MHz): ŭ 20.3 ppm. 

1H NMR  (CDCl3, 300 MHz): ŭ 1.64 (s, 1H, -CH), ŭ 1.72 (s, 3H, -CH3), ŭ 1.97 (s, 3H, -CH3), 

ŭ 6.49 (t, J = 9 Hz, 3H, -XantH), ŭ 7.22(broad t, 3H, -XantH), ŭ 7.34(broad t, 4H, -ArH), ŭ 

7.42 ï 7.60 (m, 12H, -ArH), ŭ 7.71 (t, J = 9 Hz, 4H, -ArH) ppm. 

13C{1H} NMR  (CDCl3, 75.5 MHz): ŭ 22.5 (-CH3), 29.6 (-CH3), 39.3 (-CMe2), 125.7 (-

XantC), 128.2 (-XantC), 129.2 (-ArC), 129.7 (-ArC), 129.8 (-ArC), 132.4 (-ArC), 133.2 (-

ArC), 133.8 (-ArC), 137.7 (-XantC), 157.3 (-XantC) ppm. 

ESI+/HRMS (MeOH): m/z (%) calcd. for C40H33OP2
+ 591.2001, found 591.1982. 

Synthesis of Xant(Ph2PCPPh2)BiBr 3 (17, 17a) 

75 mg Xant(Ph2PCPPh2) (0.127 mmol, 1 equiv.) and 60 mg of BiBr3 

(0.133 mmol, 1.1 equiv.) were mixed and 7 ml of dioxane were added 

to the reaction mixture at room temperature and stirred overnight at 

ambient temperature. The solvent was removed, the residue was washed 

with diethyl ether and finally dried in vacuum to obtain a dark yellow 

solid in 85 % yield (75 mg) (0.072 mmol). 

31P{1H} NMR  (Dioxane-D8, 101 MHz): ŭ  23.7 ppm. 

1H NMR  (Dioxane-D8, 300 MHz): ŭ 1.62 (s, 3H, -CH3), ŭ 1.94 (s, 3H, -CH3), ŭ 6.49 (t, J = 9 

Hz, 2H, -XantH), ŭ 7.22 ï 7.27 (m, 6H, -ArH), ŭ 7.35 ï 7.40 (m, 2H, -ArH), ŭ 7.57 ï 7.71 (m, 

12H, -ArH), ŭ 8.02 (broad s, 4H, -XantH) ppm. 

13C{1H} NMR  (Dioxane-D8,  75.5 MHz): ŭ 22.2 (-CH3), 29.3 (-CH3), 39.4 (-CMe2), 124.7 (-

XantC), 128.4 (-XantC), 129.1 (-ArC), 129.4 (-ArC), 130.8 (-ArC), 131.7 (-ArC), 133.3 (-

ArC), 134.2 (-ArC), 138.1 (-XantC), 157.6 (-XantC) ppm. 

FD+/HRMS (THF): m/z (%) calcd. for C40H33BiBr3OP2
+ 1035.92, found C40H33OP2

+ 

591.1986  

 

 

 






























































































