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  Abstract 

 

Abstract 

The content of this thesis is presented into four parts. The first part mainly focuses on 

describing the electronic structure of phosphaalkenes and their synthesis. Generally, 

phosphaalkenes are synthesized using the following routes: The “phospha-Peterson reaction” 

and the “phospha-Wittig reaction”. Phosphaalkenes prepared as a part of this thesis were 

synthesized using phospha-Wittig reagents in the reaction with suitable aldehydes. Phospha-

Wittig reagents have been discussed in detail in the second chapter. 

Phosphanylidenephosphoranes or phospha-Wittig reagents can be considered as phosphine-

stabilized phosphinidenes. Apart from their structural characterization, the synthetic potential 

of phospha-Wittig reagents in phosphinidine-transfer reactions has been explored. 

Phosphaalkenes possess unique electronic properties (poor σ-donor, strong π-acceptor) which 

make them particularly attractive as ligands for application in late transition metal catalysis. 

The last two chapters comprises of the selected examples to illustrate the strong π accepting 

properties of phosphaalkene ligands in coordination chemistry and late transition metal 

catalysis. These ligands have stabilized late transition metals like Ir, Rh and Pd in unusual 

geometries showcasing interesting E−H (E = C, N) activation reactions and reactivity in 

catalysis. The use of phosphaalkene ligands in catalytic transformations like ethylene 

polymerization, cross-coupling and cycloisomerization have been discussed along with some 

other examples. 

 

Diese Arbeit ist in vier Teile gegliedert. Im ersten Teil wird die elektronische Struktur von 

Phosphaalkenen und deren Synthese. Im Allgemeinen werden Phosphaalkene über die 

folgenden Wege synthetisiert: Die "Phospha-Peterson-Reaktion" und die "Phospha-Wittig-

Reaktion". Die im Rahmen dieser Arbeit hergestellten Phosphaalkene wurden unter 

Verwendung von Phospha-Wittig-Reagenzien in der Reaktion mit geeigneten Aldehyden 

synthetisiert. Die Eigenschaften und Reaktivitäten von Phospha-Wittig-Reagenzien werden 

im zweiten Kapitel ausführlich besprochen. Phosphanylidenphosphorane oder Phospha-

Wittig-Reagenzien können als Phosphin-stabilisierte Phosphinidene angesehen werden. 

Neben ihrer strukturellen Charakterisierung wurde auch das synthetische Potenzial von 

Phospha-Wittig-Reagenzien in Phosphinidin-Transferreaktionen untersucht. Phosphaalkene 

besitzen einzigartige elektronische Eigenschaften (schlechter σ-Donor, starker π-Akzeptor), 

die sie als Liganden für die Anwendung in der späten Übergangsmetallkatalyse besonders 

attraktiv machen. Die letzten beiden Kapitel enthalten ausgewählte Beispiele zur 
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Veranschaulichung der starken π-akzeptierenden Eigenschaften von Phosphaalken-Liganden 

in der Koordinationschemie und der späten Übergangsmetallkatalyse. So werden Ir, Rh und 

Pd in ungewöhnlichen Koordinationsgeometrien stabilisiert, was in interessanten E−H (E = C, 

N) Aktivierungsreaktionen und vielfältigen Reaktivitäten in der Katalyse resultiert. Die 

Verwendung von Phosphaalken-Liganden in katalytischen Umwandlungen wie der 

Ethylenpolymerisation, Kreuzkupplungsreaktionen und Cycloisomerisationen wird zusammen 

mit einigen anderen Beispielen diskutiert. 
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1 Introduction 

1.1 Phosphaalkenes  

Phosphorus is ubiquitous in ligands. As noted by Mathey and co-workers, phosphorus can 

actually be regarded as multi-faceted element which can mimic either carbon or silicon or 

nitrogen depending on its coordination number.[1-2] Undoubtedly, the discovery of low 

coordinate phosphorus species featuring multiple bonding between phosphorus and other 

elements such as carbon and nitrogen will probably remain one of the most significant 

landmarks in this area. Prior to this breakthrough, it was generally accepted that heavier 

elements of the p-block would not form stable (3p–2p)π bonds due to the well-known 

difficulty of heavier main group elements to achieve sp2 (λ3σ2) (trivalent phosphorus atom 

with the coordination number 2) and sp (λ3σ1) hybridization apart from their usual oxidation 

state, mainly λ3σ3 and λ5σ4 (Figure 1.1).  

 

       λ5σ4                       λ3σ3                λ3σ2                      λ3σ1 

Figure 1.1 Some coordination states of phosphorus. 

The starting point for the chemistry of low-coordinated phosphorus compounds was in 1961, 

when Gier et al. reported that the phosphaacetylene H−C≡P, characterized in the gas phase 

using spectroscopic methods, could not be isolated in condensed form.[3] The first isolable 

compounds containing phosphorus–carbon multiple bonds were the phosphamethine 

cyanine[4] cations (1) and the phosphinines[5-6] (2, 3) each benefiting from the delocalization 

of the P=C bond over multiple centers (Figure 1.2). The first isolable compounds with 

localized P=C bonds (4), phosphaalkenes, were prepared in 1976 by Becker and co-workers 

(Figure 1.3).[7] In 1978, Bickelhaupt and co-workers reported the first phosphaalkene bearing 

solely carbon substituents, MesP=CPh2 (5; Mes=2,4,6-trimethylphenyl) (Figure 1.3).[8] These 

early discoveries laid a foundation for the widespread growth that has occurred in the field of 

phosphaalkene chemistry as evidenced by the number of recent reviews dedicated to the 

subject.[9-15] 
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Figure 1.2 The first isolable compounds containing phosphorus–carbon multiple bonds. 

 

Figure 1.3 The first isolable phosphaalkenes. 

1.2 Electronic structure of phosphaalkenes  

Phosphaalkenes possess unique electronic properties which make them particularly attractive 

as ligands for applications in late transition metal catalysis. Phosphaalkenes are often 

compared to their lighter group congener, imines (HN=CH2), in terms of their coordinating 

properties, however, there are significant electronic differences between these systems. 

Calculations on HP=CH2 have shown that the lone pair on phosphorus is not the highest in 

energy, but rather the HOMO-1,and features a very high 3s character (66%) (Figure 1.4).[16] 

On the contrary, in imines (HN=CH2), the HOMO describes the lone pair at nitrogen and 

features an inverted orbital distribution (39% s character), indicative of sp2 hybridization at N. 

The degree of the s-character affects the directionality of the lone pair and, consequently, the 

higher the s-character, the lower is the σ donation capacity. Experimentally, the high s-

character of the lone pair, and therefore the low s-character of the σ-bonds, is supported by 

the reduced angle (between 100º and 107º) formed by the substituent at phosphorus and the 

carbon atom compared to classical sp2 C- and N-based systems.[17] The P=C bond length 

within a phosphaalkene is typically between 1.63 Å and 1.71 Å. 

 
Figure 1.4 Calculated lone pair molecular orbital compositions in HP=CH2 and HN=CH2. 
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The electronegativity difference is a second major effect that helps to rationalize the 

differences observed in the respective reactivities of C=C-, N=C- and P=C-based systems. On 

the Pauling scale, phosphorus (2.1) is more electropositive than carbon (2.5) and nitrogen 

(3.0), suggesting that the P–C σ-bond is polarized slightly toward carbon. NBO calculations 

on HP=CH2 reveal that a positive charge of +0.42 e resides at phosphorus, whereas HN=CH2 

has the reverse polarization with a build-up of negative charge on nitrogen (−0.59 e).[11] This 

polarization, combined with the high p-character of the lone pair on nitrogen, imparts better 

σ-donating properties to HN=CH2 when compared to HP=CH2. Moreover, the P=C π-bond 

strength (45 kcal/mol in HP=CH2) is weaker than that of olefinic systems (65 kcal/mol for 

CH2=CH2) and as a result,[18-19] most of these phosphaalkene derivatives only exist as isolable 

species upon significant kinetic stabilization. Due to the high s-character of the lone pair in 

phosphaalkenes, their properties as σ-donors might be better compared to carbon monoxide 

rather than to imines. The lone pair on carbon in C≡O is formally in an sp-hybrid orbital (50% 

2 s), which is similar in s-character to the lone pair of HP=CH2 (66% 3s). The analogy 

between phosphaalkenes and carbonyls can be further extended to their excellent π-accepting 

ability.[20] The electropositive character of phosphorus makes the π* orbital in phosphaalkenes 

rather low in energy and thus enhances their acceptor properties in transition-metal 

complexes, resulting in more effective back-bonding similar to CO. The characteristic π-

acceptor and σ-donor properties of phosphaalkenes combined with the potential to fine-tune 

the steric and electronic properties of the substituents in phosphaalkenes have led to 

considerable excitement about the potential of P=C-based ligands in transition metal 

catalyzed reactions. 

1.3 Synthesis of phosphaalkenes  

Numerous synthetic pathways toward phosphaalkenes have been presented in the literature, 

offering a variety of methods to construct these systems. The first acyclic phosphaalkene (4) 

was formed in the isomerization of silylacylphosphines R−P(SiMe3)-(COCR3) (obtained from 

bis-silylphosphines and acylchlorides) into its enol-form at room temperature with the 

concomitant formation of a P=C double bond facilitated by a silyl shift to the oxygen of the 

keto-function (Scheme 1.1, i).[21] Two years later, the synthesis of the first phosphaalkene, 

MesP=CPh2 (5), with localized P=C double bond was achieved by dehydrochlorination of a 

benzhydrol-substituted chlorophosphine RPCl(CHPh2) in the presence of DBU as a scavenger 

of HCl (Scheme 1.1, ii).[8] In an alternative pathway, Mes*PH2 (Mes* = = 2,4,6-tBu3C6H2) 

can be converted to the phosphaalkene using strong alkaline solutions of chloroform or 
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dichloromethane (Scheme 1.1, iii). A carbene addition mechanism is most likely for this 

reaction.[22] More recently, P=C double bonds have been constructed using the phosphorus-

variants of two famous synthetic pathways: The “phospha-Peterson route” and the “phospha-

Wittig route”. In the next section, both of these synthetic routes will be discussed in detail. 

 

Scheme 1.1 Different synthetic strategies towards phosphaalkenes. 

1.3.1 The phospha-Peterson reaction  

Geoffroy and co-workers[23] and Yoshifuji and co-workers[24] reported a series of interesting 

kinetically protected mono-, di- (6) and tridentate (7) phosphaalkene ligands following the 

Phospha–Petersen route that involves the reaction of a silylated anion of the type RP(−)Si(t-

Bu)Me2 with an aldehyde (Scheme 1.2, top). The Gates group has further developed this 

synthetic route, using bis(silyl)phosphines as a starting material in a room temperature 

reaction with MeLi (1 equiv.) for the generation of reactive silyl phosphides. They have 

shown that starting from MesP(SiMe3)2, a variety of mesityl-substituted phosphaalkenes 

could be isolated, among them the P,N-type ligand MesP=C(Ph)(2-pyridyl) (8).[25] P,N-

chelating, chiral phosphaalkenes have also been prepared using the Phospha-Peterson 

methodology. The development of chiral phosphaalkene ligands for their use in asymmetric 

catalysis is an exciting prospect. The first examples of chiral, enantiomerically pure 

ferrocene-based phosphaalkenes have recently appeared in the literature (9).[26] In some cases, 
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due to the difficulty in preparing the phospha-Peterson reagents, like EIND-P(SiMe3)Li 

(EIND = 1,1,3,3,5,5,7,7-octaethyl-1,2,3,5,6,7-hexahydro-s-indacen-4-yl), the phospha-Wittig 

pathway is considered a better approach.[27]  

 

Scheme 1.2 Synthesis of pyridyl phosphaalkenes (6, 7 and 8) and chiral 1-phosphaethenyl-2-

phosphanylferrocenes (9) via the phospha-Peterson route. 

1.3.2 The Phospha-Wittig Reaction  

In 1998, Protasiewicz et al. outlined the so-called “phospha-Wittig” reaction, using 

phosphanylidene-σ4-phosphoranes of the type Ar−P(PMe3) (Mes*, MesTer = 2,6-(2,4,6-

Me3C6H2)-C6H3)[28] to construct a variety of phosphaalkenes in the reaction with aldehydes in 

an E-selective manner (Scheme 1.3).[29] The “phospha-Wittig” concept has since been used to 

prepare a variety of P,N,P-,[30] P,P- (10),[31] and P,P,P,P-type (11) phosphaalkene ligands.[32] 

For example, Ozawa and co-workers presented various P,N,P-phosphaalkene systems with a 

pyridine backbone and sterically demanding Mes* or EIND (12) substituents (Figure 1.5).[33] 



Introduction   

 
6 

 

Unlike PPEP (PPEP = 2-(phospholanylmethyl)-6-(2-phosphaethenyl)pyridine), bearing Mes* 

as a steric protecting group of the P=C bond, EIND-PPEP (12) protected by a fused-ring 

bulky EIND group was sufficiently stable against C−H addition/cyclization.[33] Apart from 

that, phosphine-phosphaalkenes[31] (10, 11) and a series of pyridine based P,N-

phosphaalkenes (13) were reported by Cain and co-workers[34] and very recently, we have 

reported the synthesis and characterization of the novel P,N-type quinoline-based 

phosphaalkene ligand (2-quin)(H)C=PMes* using the phospha-Wittig route.[35] 

 

Scheme 1.3 Synthesis of phosphaalkenes via “phospha-Wittig” route. 

Figure 1.5 Variety of phosphaalkene (PA) ligands prepared using a “phospha-Wittig” approach. 

Phosphanylidenephosphoranes R—P(PR′3) have emerged as a powerful tool in synthetic 

inorganic chemistry and have found applications in the formation of phosphaalkenes using the 

so-called phospha-Wittig reaction, as well as a valuable phosphinidene-transfer reagents. The 

next chapter of this thesis is dedicated to the chemistry of phospha-Wittig reagents beyond the 

formation of phosphaalkenes. 
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2 Phosphanylidenephosphoranes 

2.1 Introduction  

In general, compounds of the type RP=PR’3 are referred to as phospha-Wittig reagents or 

phosphanylidenephosphoranes by isolobal replacement of the CR2 in R2C=PR’3 with a 

phosphinidene fragment PR.[28] Burg and Mahler investigated the action of an excess of PMe3 

on the cyclophosphanes (PCF3)4 and (PCF3)5, noting the reversible formation of F3CP=PMe3, 

a phosphanylidenephosphorane. The concentration-dependent 1H NMR shift of PMe3 was 

later detected, indicating exchange of coordinated PMe3. Investigating the reactivity of 

[Cp2Zr(PR3)PMesTer] (R = Me, nBu), Protasiewicz and co-workers noted the formation of the 

phospha-Wittig reagent MesTerP=PR3 instead of the anticipated formation of (MesTerP)2 and 

Cp2ZrCl2 (Scheme 2.1, top). 

 

Scheme 2.1 Coincidental finding of MesTer−P(PMe3) (14, top) and rational synthesis of Ar−P(PMe3) 

along with different aryl-substituents commonly used to obtain stable phospha-Wittig reagents 

(bottom). 

The term “phospha-Wittig” reaction was originally introduced by Mathey for the reaction of 

[(RO)2P(O)−P{W(CO)5}R’]−)with ketones to give (CO)5W-coordinated phosphaalkenes.[36] 

The Protasiewicz group then showed that unsupported phospha-Wittig reagents can be 

isolated when the group R on phosphorus is kinetically stabilizing. Phospha–Wittig reagents 

are generally obtained by the combination of the respective dichlorophosphine Ar-PCl2 with 

zinc powder and an excess of PMe3, whereby PMe3 acts as the active reductant (with 

concomitant formation of Cl2PMe3),[37-38] and stabilizing base (Scheme 2.1, bottom). Zinc 
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dust seems to be redundant here, however, high yields are not obtained when only using 

PMe3. Several examples of ArP=PMe3 (Ar = Mes*,[29] EIND,[33] ClTer,[39] MesTer,[29] TipTer;[40] 

Scheme 2.1) have been reported in the literature and only recently, we have reported the 

synthesis of DipTerP=PMe3 obtained in the reduction of DipTerPCl2 with an excess of PMe3 and 

Zn dust in THF.[41] 

2.2 Structural Characterization of Phosphanylidenephosphoranes 

Phosphanylidenephosphoranes can be discussed using three major resonance structures 

(Figure 2.1). These species are characterized by electron-rich dicoordinate P atoms, as 

indicated by their shielded signal in the 31P NMR spectrum. In addition, a rather large 1JPP 

coupling constant between 430 and 700 Hz points to significant multiple bonding between the 

P atoms, resembling that of diphosphenes (cf. Mes*P=PMes 1JPP = 574 Hz).[42-43] 

Additionally, in the structurally characterized examples, the P−P bond between the 

dicoordinate and tetra-coordinated P atoms is rather short with values ranging from ca. 2.06 to 

2.15 Å, which is considerably shorter as the theoretically predicted value for a P−P single 

bond (cf. Σrcov(P−P) = 2.22 Å) and closer to the value of a double bond (cf. Σrcov(P=P) = 2.04 

Å).[44] All these experimental observations and the three plausible Lewis structures shown in 

Figure 2.1 clearly indicate a certain degree of multiple bond character. A closer look at the 

ylidic from II (Figure 2.1) shows that phosphanylidenephosphoranes are related to the 

ubiquitously used alkylidenephosphoranes, the classic Wittig-reagents of the type 

R2C(+)−P(−)R′3. 

 

Figure 2.1 Three plausible Lewis structures of aryl-substituted phosphanylidenephosphoranes. 

2.3 Phosphanylidenephosphoranes as Phosphinidene Transfer 
Agents  

Phospha-Wittig reagents can be considered as phosphine-stabilized phosphinidenes. The 

LUMO of the parent phosphanylidenephosphorane HP(PH3) has significant σ* character and 

thus photolysis or addition of a stronger nucleophile should facilitate P−P bond scission and 

phosphinidene release. Phosphanylidenephosphoranes have been shown to display 
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phosphinidenoid reactivity. Upon laser irradiation of Ar−P(PMe3), aryl-substituted 

phosphanylidenephosphoranes with bulky substituents at the phosphanylidene P atom, at 

355 nm in C6D6 solution were shown to generate the phosphinidene Ar−P (Ar = Mes*, MesTer, 
TipTer).[40] 31P NMR spectroscopy revealed free PMe3 and the known 3,3-dimethyl-5,7-di-

tertbutylphosphaindane I (Scheme 2.2, left), which is a decomposition product of Mes*−P, 

forming through insertion of the phosphinidene P atom into a vicinal CH bond of the o-tBu-

group.[45] MesTer−P(PMe3) gives the diphosphene (MesTerP)2 II upon photolysis with the 

release of PMe3 and the photolytic stability of this diphosphene inhibits further photochemical 
degradation. Using the phospha-Wittig reagent TipTer−P(PMe3), phosphafluorene III was 

observed as the main product of photolytic P−P bond cleavage. 

 

Scheme 2.2 Photolytic cleavage of Ar−P(PMe3) (Ar = Mes*, MesTer, TipTer) and the products of intra- 

and intermolecular phosphinidene quenching. 

Another report by Protasiewicz and co-workers shows that the combination of the Zr(II) 

synthon [Cp2Zr(PMe3)2] and MesTer−P(PMe3) afforded [(Cp)2(PMe3)Zr=PMesTer] with a 

characteristic deshielded phosphinidene P atom with a 31P NMR signal at 762 ppm (Scheme 

2.3, top).[46] Likewise, the first terminal titanocene phosphinidene complex 

[(Cp)2(PMe3)Ti=PMesTer] (16) was afforded when combining the Ti(II) precursor 

Cp2Ti(C2(SiMe3)2) with MesTer−P(PMe3) and heating the mixture to 80 ºC.[47] The first 

vanadium(V) phosphinidine complex (PNP)V = PMes*(CHtBu) was furnished upon 

treatment of (PNP)V(CH2tBu)2 (PNP = N[2-P(CHMe2)2-4-methylphenyl]2) with 

Mes*−P(PMe3) at 50 ºC for 12 h (Scheme 2.3, bottom).[46]  
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Scheme 2.3 Phospha-Wittig reagents as phosphinidene-transfer reagent to access a variety of terminal 

transition metal phosphinidine complexes. 

Phospha–Wittig reagents are moreover isovalence-electronic to carbene phosphinidene 

adducts,[48] an emerging compound class in main group and transition metal chemistry[49] and 

thus, phosphanylidenephosphoranes should be easily converted into such by replacement of 

the phosphine with a carbene. Recently, we have reported the facile synthesis of a variety of 

NHC phosphinidene adducts derived from Ar−P(PMe3) (Ar = Mes*, MesTer, DipTer) and show 

that in case of N-heterocyclic olefins (NHOs), PMe3 release is followed by an intramolecular 

C(sp2)–H activation to afford phosphine-substituted NHOs.[41] A clean conversion into the 

corresponding NHC-phosphinidene adducts (NHC=PAr) was observed upon heating a variety 

of NHCs (NHC = IMe4, IiPr2, IMes, MeIMes) and Ar−P(PMe3) (Ar = Mes*, MesTer, DipTer) in 

C6D6 at 80 ºC or 105 ºC (Ar = Mes*; NHC = IMes, MeIMes) (18, Scheme 2.4, bottom). 

Theoretical studies revealed a T-shaped transition state with a free energy barrier of 23.8 kcal 

mol−1 for the reaction of Mes*−P(PMe3) with IiPr2 and an overall exergonic process (ΔRG0 = 

−17.9 kcal mol−1) for the formation of (IiPr2)=PMes* and release of PMe3. Inspection of the 

intrinsic bond orbitals (IBOs) along the intrinsic reaction coordinate showed that the IBO 
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representing the IiPr2 lone pair transforms into the C−P σ-bond in (IiPr2)=PMes*, and the IBO 

of the P−P bond in Mes*−P(PMe3) converts into the PMe3 lone pair of electrons. These 

details are in line with an initial nucleophilic attack of the NHC at the σ* P−P orbital and thus, 

an SN2-type substitution is proposed. The scope of this protocol is outlined in Scheme 2.4, 

and it adds to the various pathways toward NHC phosphinidene adducts,[48] which have been 

shown to be versatile ligands in transition metal chemistry.[49] In contrast to NHCs, NHOs are 

strongly σ-donating, and their 𝜋-accepting properties are neglectable.[50-51] When IDipCH2 

was combined with Mes*−P(PMe3), a new species with a PH group was detected in the 1H 

NMR spectrum, which pointed to the formation of the P-substituted NHO 

IDipC(H)P(H)Mes* (19, Scheme 2.4, right). To elucidate whether this C–H activation 

pathway is more general, allyl-appended NHO IDipC3H4
[52]

 was heated to 80 °C with 

Ar−P(PMe3) (Ar = Mes*, MesTer) in C6H6. By means of 31P NMR spectroscopy conversion 

into the new species Mes*PHC3H3IDip and MesTerPHC3H3IDip (20) and release of PMe3 were 

noted (Scheme 2.4, left). In solution, IDipC3H3P(H)Ar are mainly E-configured 1,3-dienes, 

while the Z-configured diene IDipC3H3P(H)Mes* was observed in the crystal. 

 

Scheme 2.4 Phospha-Wittig reagents as precursors for NHC−phosphinidene adducts (bottom) and 

C(sp2)−H activation in the reaction with NHOs (right) and enediamines to give P-substituted NHOs or 

butadienes, respectively (left), see chapter 6.1.[41] 
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The Hering-Junghans group has also shown the facile PMe3 for CN−R exchange to furnish 

1,3-phosphaazaallenes.[53] Combination of Ar−P(PMe3) (Ar = Mes*, MesTer, DipTer) with the 

isonitriles CNtBu and CNXyl (Xyl = 2,6-Me2C6H3) gave six examples of ArPCNR (21) after 

heating 1:1 mixtures of the phospha-Wittig reagent and the respective isonitrile to 80 ºC for a 

period of 16 h (Scheme 2.5, top). In case of the CNtBu-derivatives, these were further 

transformed into the corresponding cyanophosphines ArP(H)CN (22) when heated to 105 ºC 

for a prolonged period with the concomitant elimination of iso-butene. In another work, the 

group also presented the synthesis of phospha- and arsaalumenes using the Al(I) species 

(Cp*Al)4
[54] or Cp3tAl (Cp3t = 1,2,4-tBu3C5H2)[55] in combination with Ar−Pn(PMe3) (Pn = P, 

As) where PMe3 acts as innocent and volatile leaving group (Scheme 2.6). Although the 

reaction of MesTer−P(PMe3) does not afford phosphaalumemes,[56] heating 4:1 mixtures of 
DipTer—Pn(PMe3) (Pn = P, As) and (Cp*Al)4 afforded the phospha- and arsaalumenes 
DipTerPnAlCp* (24, Pn = P, As), which are thermally stable in solution as well as in the solid 

state under an inert gas atmosphere. This reactivity clearly underlines the synthetic potential 

of phospha-Wittig reagents in phosphinidine-transfer reactions, to access previously 

challenging types of heterodiatomic multiple bond systems between main group elements.[57] 

Later, the metal-free NH3 activation using Ar−P(PMe3) was demonstrated, affording for the 

first time isolable secondary aminophosphines ArP(H)NH2 (25, Scheme 2.7).[58] The 

activation of primary and secondary amines was likewise achieved. This novel reactivity of 

phospha-Wittig reagents is a straightforward way towards P−N-bonds from a variety of 

substrates, including chiral amines. DFT studies revealed that two molecules of NH3 act in 

concert to facilitate an NH3 for PMe3 exchange.  

 

Scheme 2.5 Reaction of Ar−P(PMe3) with isocyanides to give 1,3-phosphaazaallenes, which upon 

heating affords cyanophosphines (R = tBu).  
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Scheme 2.6 PMe3 for Cp*Al-exchange to afford phospha- and arsaalumenes. 

 

Scheme 2.7 N-H bond activation in HNR1R2 using phospha-Wittig reagents (ArPPMe3), see chapter 

6.3.[58] 
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3 Phosphaalkenes and their coordination chemistry 

3.1 Coordination Properties 

Phosphaalkenes have different binding properties than traditional sp3 hybridized phosphines. 

Five different coordination modes are possible in phosphaalkenes due to the presence of a 

phosphorus lone pair and a π bond (Figure 3.1). The most common metal binding motif 

reported for phosphaalkenes is the η1(P)-coordination (A).[59] The second most common motif 

is the η2(P,C)-coordination (B). Due to the small energy difference between the lone pair and 

the π bond, a phosphaalkene can interconvert between η1- and η2-coordination.[60] More 

interesting mono- and multimetallic coordination modes can sometimes be observed (Figure 

3.1, C, D, E). η1,η2-coordination has been reported when an excess of metal is present (C).[59, 

61] Another unusual mode is η1,(μ2-P)-coordination due to the capacity of phosphorus to 

become tetravalent (D).[59, 62] Phosphaalkenes incorporated into a metal cluster have led to the 

characterization of the very unusual η1,η2,μ3-binding mode (E).[63] The first coordination 

complexes of a phosphaalkene were characterized by NMR spectroscopy as cis-M(CO)4(η1-

MesP=CPh2)2 (M=Cr, Mo, W), trans-RhCl(PPh3)2(η1-MesP=CPh2), trans-RhCl(η1-

MesP=CPh2)2(CO), Rh(η5-C9H7)(η1-MesP=CPh2)2, cis-PtX2(η1-MesP=CPh2)2 (X=Cl, I, Me), 

and cis- and trans-PtCl2(PEt3)(η1-MesP=CPh2).[64] Each of these complexes exhibited binding 

of the type η1(P) through the phosphorus lone pair, and this was crystallographically 

confirmed with the structural characterization of Cr(CO)5(MesP=CPh2) and cis-

PtCl2(PEt3)(MesP=CPh2).[65-66] This field has grown considerably and now includes examples 

of some very unusual binding modes of phosphaalkenes. 

 

Figure 3.1 Different coordination modes of phosphaalkene ligands. 

Phosphaalkenes bind to metals in the following fashion (Figure 3.2): the phosphorus lone 

pair donates into an empty metal d orbital (I) and a filled metal d orbital back-donates into the 
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π* orbital of the P=C bond (II). Upon metal binding, phosphaalkenes become closer to the 

ideal sp2 hybridized geometry, which can be observed by an increase of the C–P=C angle to 

around 115º (III). 

 

Figure 3.2 Molecular orbital depiction of phosphaalkenes binding to metals. 

3.2 Phosphaalkene Complexes 

This section illustrates a few selected examples of phosphaalkene coordination complexes 

rather than discussing all of them exhaustively. Representative examples of phosphaalkene 

ligands include 1,2-diphenyl-3,4-diphosphinidenecyclobutene derivatives (DPCB-Y, 26),[67] 

which possess a 1,6 diphospha-1,3,5-hexatriene skeleton and 2,6-bis[2-(2,4,6-tri-tert-

butylphenyl)-2 phosphaethenyl]pyridines (BPEP-Y, 27) which are phosphorus analogues of 

2,6-bis(imino)pyridines (NNN, 28).[68-69] These compounds are also analogous to nowadays 

ubiquitously used pyridine-based PNP-pincer-type phosphine ligands (PNP, 29) (Figure 3.3).  

 

Figure 3.3 Phosphaalkene and related ligands. 

DPCB-Ys are stable towards air and moisture and undergo bidentate coordination with 

transition metals to form highly active catalysts. Ozawa and co-workers reported platinum(0) 

alkyne complexes containing a DPCB ligand (30) having interesting conjugative properties 

(Scheme 3.1).[70] DFT calculations revealed that the π-accepting nature of the phosphaalkene 

ligand generates an extended π-conjugated system that has HOMO-LUMO gaps within the 

visible region of the electromagnetic spectrum.[71] This phenomenon has not been observed 

with other ligands for similar Pt(alkyne) complexes. 
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Scheme 3.1 π-Conjugation of DPCB Pt(alkyne) complexes. 

Geoffrey et al. prepared the parent bisphosphaethinylpyridines (BPEP) in the early 1990’s by 

applying a synthetic protocol that utilizes Mes*PH2 as a starting material and intermediate 

formation of a silylated phosphide in a Peterson-analogous reaction.[23] Ozawa and co-

workers followed that path to prepare Fe, Cu and Ir complexes of these BPEP’s. One electron 

reduction of FeBr2[BPEP-Ph] with CoCp2 or Mes2Mg yielded the Fe(I) species FeBr[BPEP-

Ph] (32) and FeMes[BPEP-Ph], respectively. FeBr[BPEP-Ph] (33) was characterized as Fe(I) 

(S=3/2) complex, on the basis of Mössbauer and broken-symmetry DFT calculations (Scheme 

3.2).[72] Analysis of the bonding properties by NBO analysis revealed an effective dπ-pπ metal-

phosphaalkene interaction due to the low-lying π* orbital of the phosphaalkene ligand. The 

Fe(I) center was found to be in the rare distorted trigonal monopyramidal geometry. It needs 

to be noted that an Fe(I) complex was not formed when a pyridinediimine ligand was used. In 

this case reduction of the ligand backbone occurred, while Fe remained as Fe(II).[72] 

Scheme 3.2 Reduction of [FeBr2(BPEP-Ph)] to give Fe(I) complexes 

Cationic Cu(I) complexes were obtained by treatment of the CuBr[BPEP-Ph] (34) systems 

with Ag[EF6] (E = P, Sb) or Ag[B(C6H3(CF3)2)4], which were identified as ion-separated salts 

in polar solvents by 31P NMR spectroscopy and in the solid state by means of X-ray 

crystallography.[73] Interestingly, in non-polar solvents such as toluene or benzene contact ion 

pairs formed through Cu-F interactions, which in the case of PF6 yielded a dinuclear complex 

with a bridging PF6-ligand (35), with Cu-F distances in the range of typical Cu(I) fluorides 

(ca. 2.1 Å) and the dimeric structure is retained in solution even in the presence of MeCN or 

CO (Scheme 3.3). The authors rationalized the unexpected F-affinity of the BPEP-Cu systems 

to originate in the strong π-accepting abilities of the ligand.[74] Complexes [Cu(BPEP-
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Ph)][EF6] (E = P, Sb (36)) were shown to cause bond-activation of Me3SiCN under mild-

conditions (Scheme 3.4).  

Scheme 3.3 Cu(I) BPEP-Ph complexes. 

Scheme 3.4 Bond activation of Me3CN promoted by Cu(I) BPEP-Ph complexes 

In another work by Ozawa and co-workers, metal−ligand cooperativity was observed for a 

mixed Ir(I) P,N,P-complex with phosphaalkene[75] and phosphaindane units. Iridium(I)-

complex [ClIr(BPEP-H)] (39) can be converted into the unsymmetrical complex by heating a 

toluene solution overnight, resulting in ring closure of one of the tBu-groups of the Mes* unit 

with phosphorus affected by the presence of iridium. Oxidative C-H addition and reductive 

P−C elimination occurs selectively on only one side of the ligand, affording a PPEP-type 

ligand (40). In a second step dearomatization of the central pyridine ring was initiated by 

addition of KOtBu, resulting in the deprotonation of the benzylic position and anionic 

complexes of the type K[ClIr(PPEP*)] (41).[76] In the anionic iridium complex 41 a 

considerable elongation of the P−C bond is observed (d(P−C) 1.701(12)Å), which hints at 

enhanced π-backdonation when compared to the neutral BPEP. This species exhibits 

extremely high reactivity towards metal–ligand cooperative activation of the N–H bonds of 

NH3 (1 atm), n-C6H13NH2, and p-YC6H4NH2 (Y = functional group, Scheme 3.5).[76] All 

reactions proceed rapidly at room temperature to form amido complexes (42) quantitatively. 

On the other hand, analogues Rh(I) complexes could not be obtained due to the occurrence of 

successive C−H addition/cyclization at both Mes*P=C(R)H groups, giving rise to complete 

loss of the P=C bonds. 
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Scheme 3.5 Synthesis of Ir(I) PPEP and PPEP* complexes and N–H bond cleavage. 

A series of Ru P,N-phosphaalkene complexes were reported by Cain and co-workers just 

recently.[34] The latter complexes showed intramolecular C−H bond activation at the Mes* 

groups to produce phosphaindane structures. Only very recently, we have presented the 

synthesis and characterization of the novel P,N-type quinoline-based phosphaalkene ligand 

[2-quin](H)C=PMes* (43) (Figure 3.4).[35] When coordinated to Rh(I), this ligand showed a 

diverse coordination chemistry, ranging from simple twofold coordination, to give complex 

44. A selective cyclization of one or two of the P,N-ligands was achieved by using sub- or 

superstochiometric amounts of AgOTf (45, 46). DFT studies show an oxidative proton shift 

from one tBu-group to Rh giving a Rh(III) intermediate with a dearomatized quinoline. 

Selective dearomatization of the phosphaindane complexes was achieved by deprotonation of 

the benzylic position with KOtBu, giving neutral complexes with a distorted square planar 

coordination at Rh(I). This study showed for the first time that Rh(I) can be coordinated by 

two PN-type phosphaalkene units. 

Figure 3.4 P,N-type phosphaalkene ligand and Rh P,N-phosphaalkene complexes, see chapter 6.2.[77]. 
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In summary, these selected examples serve to illustrate the diverse coordination chemistry of 

phosphaalkene ligands.[11] These ligands have stabilized metals in unusual coordination 

geometries,[72] have increased conjugative properties[70] and have undergone electrochemical 

processes.[78] Such novel coordination chemistry can yield fruitful and exciting reactivity in 

catalysis which will be discussed in detail in the next chapter. 
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4 Applications in Homogeneous Catalysis 

4.1 Introduction 

Over the past 15 years there has been growing interest to incorporate phosphaalkenes in 

transition metal catalysts.[11, 79] Phosphine based ligands have been extensively studied, and 

their applicability in catalytic processes has been demonstrated on numerous occasions. In 

contrast, reports on related phosphaalkene based P,N,P- and P,N-ligands and their 

applications in coordination chemistry are less common, thus, many groups have been 

interested over the last few years in evaluating the potential of such ligands and their 

respective transition metal complexes in homogeneous catalysis. Non-kinetically stabilized 

phosphaalkenes were found to be too reactive to be efficiently used as ligands and most 

studies logically focused on sterically protected molecules such a 1,2-disubstituted-3,4-

diphosphinidenecyclobutenes (Scheme 3.1). The first known report of a catalytic 

transformation to use a phosphaalkene ligand was a Sonogashira coupling in 1995 and no 

further examples were reported until the early 2000s. The following sections of this chapter 

summarizes the use of phosphaalkene ligands in catalysis and the following reactions will be 

discussed: ethylene polymerization, followed by cross-coupling, hydro- and 

dehydrosilylation, hydroamination and hydroamidation, N-Alkylation of amines, 

cycloisomerizations and allylic substitutions. 

4.2 Ethylene polymerization 

The metal complexes containing α-diimine ligands have been proven successful in promoting 

ethylene polymerization.[80] Phosphaalkenes, structurally similar to α-diimine ligands, have 

also been investigated for this application and appear to be more stable than the comparable 

α-diimine complexes under typical polymerization conditions.  

Ozawa and co-workers reported neutral DPCB palladium(II) complexes 47–49 that are active 

toward ethylene polymerization upon acid activation with [H(OEt2)2][B(ArF)4] to afford 

catalytically active cationic complexes (Figure 4.1).[81] Complex 47 (Ar = Ph), upon 

activation, is more active than 48 and 49 and polymerizes ethylene (turnover frequency (TOF) 

= 4,600 h−1, pressure = 10 kg⋅cm−2) to give polyethylene with a molecular weight (Mw) of 

18,700 g⋅mol−1 and polydispersity indexes (PDIs) of 14.8. Interestingly, these DPCB 

complexes will polymerize ethylene at 100 °C, a temperature at which α-diimine catalysts are 

not stable.[81] Further studies on the electronic properties of DPCB ligands found generally 

that electron withdrawing aryl groups were more active (Ar = 4-MeOC6H4 < Ar = Ph < Ar = 
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3,5-(CF3)2C6H3 < Ar = 4-(CF3)-C6H4).[82] The most active catalyst 47 (Ar = 4-(CF3)-C6H4) 

gave the best results with an activity of 210 kg⋅h–1⋅(mol cat)–1 and molecular weights of 43 

kg⋅mol–1 and PDIs of 23.7. 

The mixed P,N-catalyst 50 (Ar = Mes) synthesized by Brookhart and co-workers is also an 

effective catalyst for the polymerization of ethylene with low turnover frequency (TOF = 94 

h−1) compared with α-diimine Pd(II) complexes (TOF of 4,500 h−1).[83] The low TOF can be 

attributed to slow rates of ethylene migratory insertion, and calculations of the energy barrier 

supported this hypothesis. 

Figure 4.1 Phosphaalkene complexes used in ethylene polymerization. 

Therefore, a P,S-phosphaalkene complex 51 (Ar = Tip = 2,4,6-(iPr)C6H2; R = H) was 

synthesized in an attempt to lower the migratory insertion energy barrier. Remarkably, 51 

polymerizes ethylene with activities comparable to α-diimine ligands (TOF = 4,300 h−1 for a 3 

h run). Complex 51 also has greater stability (TOF of 3,000 h−1 for a 15 h run) under 

polymerization conditions than systems that featured α-diimine ligands but generated 

oligomers rather than polymers (Mn = 215 g⋅mol−1). Modification of the ligand structure by 

the addition of a methyl group to the backbone generated catalyst 51 (Ar = Tip, R = Me) that 

showed high activity (TOF 3,100 h−1) and gave higher molecular weight polyethylene (Mn = 

2,300-2,500 g⋅mol−1) with extensive branching. 

Ionkin and Marshall also investigated the use of phosphaalkene ligands for ethylene 

polymerization and reported that nickel(II) complexes such as 52 have also successfully been 

utilized as catalysts for the polymerization of ethylene to afford polymers (Mw = 58,000 

g⋅mol−1; PDI = 3.19) with less branching.[84] Overall, the phosphaalkene-based metal 

complexes seem to have a greater thermal stability than α-diimine complexes in palladium- 

and nickel-catalyzed polymerizations of ethylene, which might be an advantage for industrial 

applications. 
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4.3 Cross-Coupling Reactions 

Phosphaalkene based metal complexes have also been investigated in cross-coupling 

reactions. These reactions are well established and offer a useful benchmark to compare 

catalytic efficiencies.[85] Complexes containing phosphaalkene-based ligands are active in a 

variety of different cross-coupling reactions such as the Sonogashira,[86] Suzuki–Miyaura,[87] 

Stille,[88] Buchwald–Hartwig,[89-90] and Ullmann couplings.[91] The complexes shown in 

Figure 4.2 are active in the Sonogashira and Suzuki-Miyaura coupling. 

Figure 4.2 Complexes used in Sonogashira and Suzuki–Miyaura coupling. 

4.3.1 Sonogashira Reactions 

Yoshifuji and co-workers were the first to use a phosphaalkene ligand in catalysis. Complex 

53 effectively couples 1-bromo-4-nitrobenzene with trimethylsilylacetylene in 77% yield.[92] 

Interestingly, the 1,3-diphosphapropene complex 54 is a more active catalyst for the coupling 

of phenylacetylene and iodobenzene in high yields.[93] However, the limitations of complex 

54 are its inability to couple 1-bromo-4-nitrobenzene and its sensitivity toward air and 

moisture.[94] To rectify the sensitivity of 54, the oxidized complex 55 can be employed, but 

lower yields of cross-coupled products are obtained.[95] The more electron-rich phosphine 

sulfide complex 56 tolerates air and moisture and gives synthetically useful yields of 

diphenylacetylene.[94] Complex 56 will not cross-couple bromobenzene with phenylacetylene 

but rather dimerizes phenylacetylene quantitatively to afford diphenylbutadiyne (Ph–C≡C–

C≡C–Ph).[96] The authors of this work suggest that the dimerization product results from the 

formation of a dialkynylpalladium(II) complex. Le Floch and co-workers found that 

monodentate phosphaalkene complex 57 and tridentate phosphaalkene complex 58 can 

effectively couple bromoarenes with phenylacetylene with low catalyst loadings (0.1 mol 

%).[97] Complex 59, which is incorporated into a polymer, showed good activity in the cross-
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coupling of 1-bromo-4-nitrobenzene with trimethylsilylacetylene[98] and the catalyst could 

easily be removed from the crude reaction mixture and recycled. 

4.3.2 Suzuki-Miyaura Reactions  

The coupling of aryl halides with aryl boronic acids or esters is an important class of C–C 

bond forming reactions that has found many applications. The Suzuki–Miyaura coupling of 

aryl halides with aryl boronic acids can be catalyzed using phosphaalkene complexes 55, 56, 

57, and 58. Phosphine oxide complex 55 efficiently catalyzes the cross-coupling of 

iodobenzene and phenylboronic acid.[95] Although the electron-rich phosphine sulfide 

complex 56 efficiently cross-couples iodobenzene and phenylboronic acid, its use could not 

be extended to less reactive electrophiles such as bromobenzene or 4-iodoanisole.[94] 

Remarkably, cross-coupling of bromoarenes with phenylboronic acid is achieved rapidly (2 h) 

and quantitatively with very low catalyst loadings (10-5 mol %) of complexes 57 and 58.[97] 

4.3.3 Stille Cross-Coupling Reactions 

In the above-mentioned work, the complexes used for catalysis were isolated prior to use but 

in the following example the catalyst was generated in situ. Addition of ligand 60 to 

Pd(OAc)2 was efficient towards Stille cross-coupling reaction of aryl bromides with vinyl-, 

allyl- and aryl tin reagents (Scheme 4.3).[99] The cross-coupling conditions were general for a 

variety of different bromoarenes containing a variety of different electronic and steric 

properties. The cross-coupling reactions also tolerated the presence of unprotected alcohols 

and heteroaromatics. 

 

Scheme 4.3 Stille coupling using ligand 60. 

4.3.4 Cyanation Reactions 

The cyanation of aryl bromides is another reaction that was effectively catalyzed by 

generating the phosphaalkene metal complex in situ. Addition of Pd2(dba)3 to 60 in the 

presence of Zn and Zn(CN)2 effectively catalyzed the cyanation of aryl bromides at 100 ºC 

(Scheme 4.4).[100] The catalysts loading of 2 mol % is low for cyanation reactions, that are 

normally plagued by the deactivation of the palladium catalyst by cyanides.[101] However, it 
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was previously found that the addition of Zn dust is an important additive to reduce catalyst 

loadings.[102] The yields obtained for the reaction were generally high and were used to 

synthesize the bulky 2,4,6-trimethylbenzonitrile in synthetically useful yields. 

 

Scheme 4.4 Cyanation of aryl bromides with 60. 

4.3.5 C–N Cross-Coupling Reactions 

Anilines can be coupled to bromoarenes (Buchwald–Hartwig coupling) in synthetically useful 

yields using palladium allyl complex 61 and potassium tert-butoxide (Scheme 4.5).[103] It is 

noteworthy that amination proceeds at room temperature without solvent. Interestingly, 

monoarylated anilines are the observed products at room temperature even in the presence of 

excess bromobenzene. Disubstitution reactions of aniline using two equivalents of 

bromobenzene or the cross-coupling of secondary aromatic amines such as N-methyl aniline 

could be performed at high temperature (100 °C). In contrast, aliphatic secondary amines such 

as piperidine and morpholine couple readily at room temperature. Aryl bromides and 

chlorides can also be coupled with anilines in an Ullman coupling process using DPCB 60, 

copper iodide, and potassium tert-butoxide (Scheme 4.6).[104] These reactions usually require 

higher temperatures (100 °C) relative to the palladium catalysis shown in Scheme 4.5. The 

yields of products obtained from both the palladium- and copper-catalyzed processes were 

similar. 

 

Scheme 4.5 Buchwald–Hartwig coupling using 61. 
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Scheme 4.6 Ullman coupling using 60. 

4.4 Hydro- and dehydrosilylation 

The following section discusses the use of phosphaalkene ligands in reactions with silanes. 

Two types of reactions have been catalyzed by phosphaalkene-based ligands to date: 

4.4.1 Hydrosilylation 

The hydrosilylation of alkynes mediated by a metal catalyst generates preferentially the E-

vinyl silane. Dimeric ruthenium complex 62 (Ar = 4-MeOC6H4) however, is selective for the 

formation of the Z-vinyl silane (Scheme 4.7).[105] A wide range of substrates are tolerated. For 

example, terminal alkynes with either electron donating or withdrawing aryl groups, as well 

as aliphatic groups, are hydrosilylated in high yields. The low catalyst loading, and short 

reaction times are also noteworthy features of using 62 (Ar = 4-MeOC6H4). Mechanistic 

studies of the reaction suggested that the strong π-accepting properties of 62 (Ar = 4-

MeOC6H4) are responsible for the Z-selectivity.[105] Complex 62 (Ar = 4-MeOC6H4) 

outperformed all other catalysts to generate bifunctional Z-vinyl silanes en route to all-cis 

poly(phenylene vinylenes) (PPVs). 

 

Scheme 4.7 Z-selective hydrosilylation of alkynes. 

4.4.2 Dehydrogenative silylation 

It is quite remarkable that phosphaalkene based transition metal complex 63 (Ar = Ph) 

catalyzes the dehydrosilylation of ketones to silyl enol ethers (Scheme 4.8).[106] Electronic 

perturbations of ligand 63 (Ar = 4-MeOC6H4 or Ar = 4-CF3C6H4) lead to different reactivity 

profiles. These solvent-free reactions generally form the E-isomer of the most substituted silyl 
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enol ether. It was proposed that the π-accepting properties of the DPCB ligand in 63 were 

responsible for the selectivity of ketone dehydrosilylation over hydrosilylation. 

Scheme 4.8 Dehydrogenative silylation of ketones using 63. 

4.5 Hydroamination and hydroamidation 

The below described section discusses the use of palladium and rhodium phosphaalkene 

complexes in the formal addition of N–H across dienes and enones.[107] The first set of 

examples are of a palladium catalyzed hydroamination of 1,3 dienes and the second set of 

examples are of a rhodium and a palladium catalyzed hydroamidation of enones. 

4.5.1 Hydroamination 

Palladium allyl DPCB complexes 61, 64, and 65 are effective for the 1,4-hydroamination of 

1,3-dienes with aniline (Scheme 4.9).[107] An interesting solvent effect is observed: reactions 

in toluene (nonpolar) give high yields (91%), but there is no reaction observed using 

otherwise identical conditions in DMF (polar) (equation A). The incorporation of electron-

withdrawing substituents on the DPCB ligand results in lower isolated yields [65 (58%) < 61 

(89%) < 64 (91%)]. Catalyst 61 also effectively mediates the hydroamination of styrene 

(equation B). 

Scheme 4.9 Hydroamination of 1,3-dienes. 
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4.5.2 Hydroamidation 

P,N,P-complex 66 is active in the conjugative addition of carbamates to enones (Scheme 

4.10) in excellent yields without solvent. The addition of silver triflate (AgOTf) is essential 

for catalytic activity. Prior exchange of the chloride counterion in 66 with a triflate counterion 

did not generate an active catalyst without the further addition of a catalytic amount of 

AgOTf. Importantly, control experiments demonstrated that AgOTf alone is not a competent 

catalyst for this conjugate addition, but that both 66 and AgOTf are required to achieve 

activity. Dicationic complex 67 actively catalyzes the conjugate addition of carbamates to 

enones (Scheme 4.11).[108] Although complex 67 shows higher activity than PdCl2(MeCN)2, 

its activity was comparable to the dicationic complex [Pd(MeCN)4](BF4)2. A possible 

advantage of using 67 as a catalyst is that palladium black is not observed. Palladium black is 

known to catalyze the undesirable disproportionation of cyclohexenone to cyclohexanone and 

phenol. Palladium black is generated when [Pd(MeCN)4](BF4)2 is used as the catalyst.[108] 

Scheme 4.10 Conjugate addition of benzyl carbamate to enones using 66. 

Scheme 4.11 Conjugate addition of benzyl carbamate to enones using 67. 

4.6 Isomerization reactions 

Mostly, catalysis with phosphaalkene ligands has used transition metals from the first and 

second rows. The following example of gold catalyzed cycloisomerization of enynes has 

expanded the use of phosphaalkene ligands to the third row of the transition metals. Gold 

chloride complexes 68, E-69, Z-69, and 70 effectively catalyze the isomerization of enynes to 

cyclopentenes in high yields (Figure 4.12). Interestingly, the phosphaalkene–gold complexes 

do not require the addition of a silver co-catalyst as is often the case in these types of 

reactions. Mesityl-substituted phosphaalkene Pd complex 71 is an effective catalyst for the 
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Overman–Claisen rearrangement (Scheme 4.13).[109] The substrate scope was investigated, 

and complex 71 catalyzes the conversion of linear allylic trichloroacetimidates containing 

linear aliphatic chains to branched allylic trichloroamidates. Phosphaalkene-gold complexes 

showed potent catalytic activity in gold catalyzed cycloisomerization reactions. 

 

Scheme 4.12 Gold-catalyzed cycloisomerization of enynes. 

 

Scheme 4.13 Overman–Claisen rearrangement using 71. 

4.7 Allylic substitution 

Allyl alcohols are usually converted to allyl acetates before metal-catalyzed allylic 

substitution can take place. Therefore, the direct substitution of allylic alcohols improves 

synthetic efficiency as the hydroxyl activation step is rendered unnecessary. The reaction of 

aniline with substituted allyl alcohols is catalyzed by complexes 61 (91%), 64 (96%), 65 

(82%), and 72 (63%) (Scheme 4.14).[94, 96, 110] Superior results are obtained with the electron-

rich complex 64. Expanding upon the direct substitution of allyl alcohols, the 

cyclodehydration of cis-2-butene-1,4-diols can be employed to synthesize dihydrofuranes 

(Scheme 4.15).[111] The methodology involves mixing the diol and β-dicarbonyl compounds 

with a catalytic amount of base and 64 in toluene at 100 °C. Acetylacetone and ethyl 

acetoacetate generated dihydrofurans in synthetically useful yields (91% and 74%, 

respectively). 

Complex 64 is also an effective catalyst for the deallylation of a variety of allylic phenol 

ethers in the presence of aniline (Scheme 4.16). Deallylation reactions using 64 may be 



    Applications in Homogeneous Catalysis 

 
29 

 

performed in air and in the presence of a variety of different functionalities such as vinyl, 

alkynyl, hydroxy, acetoxy, silyloxy, and acetonide groups.[112] An unusual selectivity is 

observed in the deallylation of bis-allylated hydroxybenzoic acid derivatives. Complex 64 

removed only one allyl group, although two were present in the substrates. Allyl O-allyl-2-

hydroxybenzoate reacts under identical conditions at only its allyl ether function to generate 

ester 73. Allyl benzoate esters having allyl ether substitution at the meta or para positions 

react only at the ester function to afford products such as 74. The use of Pd(PPh3)4 as the 

catalyst resulted in complete, global deallylation. The authors speculated that coordination 

effects are responsible for the observed selectivities. 

 

Scheme 4.14 Allylic alkylation of allyl alcohols using phosphaalkene complexes. 

 

Scheme 4.15 Cyclodehydration using 64. 

 

Scheme 4.16 Deallylation reactions using 64. 
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4.8 Asymmetric Catalysis 

Recently, the development of chiral phosphaalkene-based ligands and utilizing them within 

enantioselective processes has been an interesting area of research. Ozawa and co-workers 

utilized complex 75 in an asymmetric 1,4-addition of cyclobutadiene with aniline. The 

process resulted in low enantioselectivity (Scheme 4.17).[113] 

The development of a novel class of phosphaalkene–oxazoline (PhAk–Ox) ligands for use in 

asymmetric catalysis has given promising results. Allylic alkylation reactions can be 

performed in high yields and enantioselectivities using palladium(II) complexes supported by 

PhAk–Ox ligands (Scheme 4.18).[114] The use of complex [76]OTf bearing a ligand having 

gem-dimethyl substitution on the oxazoline ring was important in acquiring 

enantioselectivities above 90%. A variety of substituted malonate nucleophiles can be used in 

reactions catalyzed by a palladium PhAk–Ox complex [76]OTf. 

 

Scheme 4.17 Enantioselective hydroamination using 75. 

 

Scheme 4.18 Allylic alkylation using complex 76. 
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5 Objectives of this work 

Phosphaalkenes are emerging as a new class of phosphorus ligands endowed with specific 

electronic properties. Their unique donor–acceptor properties offer interesting perspectives in 

coordination chemistry and catalysis. Phosphaalkenes are accessible via a variety of synthetic 

routes but in the past decade, the phospha-Wittig reaction has appeared as the most promising 

pathway to afford phosphaalkenes. Phosphanylidenephosphoranes or phospha-Wittig reagents 

R−P(PR′3) are a powerful tool in synthetic inorganic chemistry and have found applications in 

the formation of phosphaalkenes using the so-called phospha-Wittig reaction, as well as 

valuable phosphinidene-transfer reagents. 

Therefore, the main objective of this work was divided into two parts. First, we aimed to 

further study the potential of phosphanylidenephosphoranes as phosphinidine-transfer 

reagents to access bulky NHC phosphinidene adducts. In addition, the electron-rich 

dicoordinate phosphanylidene P-atom was utilized in reactions with nucleophiles and the 

activation of E−H bonds. The facile activation of E−H bonds gave straightforward access to 

species of interest for materials chemistry as well as to ligands for homogenous catalysis. 

Next, we attempted to exploit the reactivity of phospha-Wittig reagents toward carbonyl 

compounds to make a variety of phosphaalkene based ligands. As a part of this thesis, we 

targeted to synthesize a number of P,N-type phosphaalkene based Rh and Ir complexes to 

study their reactivity and application in homogenous catalysis. When preparing these 

complexes, special attention is required with respect to reaction conditions as otherwise, C−H 

bond activated phosphaindane based metal complexes are obtained. Theoretical investigations 

on the mechanism of such C−H bond activation were a part of this thesis. 
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6 List of publications 

The following chapter contains the original papers in which the presented results were 

published. The own contribution of the author of the dissertation to each publication is 

highlighted separately. 

In paper 6.1, the work I carried out all experiments and analyzed the characterization data. In 

addition, a major part of the supporting information corresponding to the paper was written by 

me. 

In paper 6.2, the work I undertook is synthesizing the ligand and the metal complexes along 

with the reported DFT study. In addition, I have drafted the manuscript. 

In paper 6.3, the work I undertook is carrying out experiments and analyzing the 

characterization data of parts of the substrate scope. 

In paper 6.4, I have contributed to the synthesis and characterization of parts of the 

compounds. 

In paper 6.5, the work I undertook is carrying out all the synthetic as well as catalytic 

experiments and analyzing the characterization data. In addition, a major part of the 

manuscript corresponding to the paper was written by me. 
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