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Abstract 

This thesis is structured into four main sections. The first explores the attempted 

synthesis of phosphaalumenes using phospha-Wittig reagents and various Al(I) 

sources. Although direct isolation was unsuccessful, spectroscopic and crystallographic 

data provided evidence for their transient formation and subsequent deactivation via 

dimerization or intramolecular C–H activation. In the second part, a novel azide-Wittig 

reaction is introduced, representing a new route to triazabutadienes (TBDs) from azides 

and aldehydes in the presence of phosphines. This transformation proceeds under mild 

conditions, displays a broad substrate scope, and enables the synthesis of structurally 

diverse TBDs with high selectivity. The third section focuses on the synthesis of bis-

phosphaalkene-based P,N,P-type ligands derived from carbazole frameworks, followed 

by their deprotonation to give alkali metal amido ligand precursors. These ligands 

exhibit strong donor properties and enable unusual binding motifs in transition metal 

coordination. In the final section, coordination of these ligands to Rh(I) afforded 

dinuclear complexes that feature distinct phosphaalkene coordination modes and 

intramolecular C–H activation. The results highlight new reactivity patterns in 

phosphorus–main group and phosphorus–transition metal chemistry, expanding the 

scope of phospha-Wittig reagents in small molecule activation and organophosphorus 

ligand design. 

 

Diese Arbeit gliedert sich in vier Hauptabschnitte. Im ersten wird die versuchte 

Synthese von Phosphaalumenen mit Phospha-Wittig-Reagenzien und verschiedenen 

Al(I)-Quellen untersucht. Obwohl die direkte Isolierung nicht erfolgreich war, lieferten 

spektroskopische und kristallografische Daten Hinweise auf ihre vorübergehende 

Bildung und anschließende Deaktivierung durch Dimerisierung oder intramolekulare 

C-H-Aktivierung. Im zweiten Teil wird eine neuartige Azid-Wittig-Reaktion vorgestellt, 

die einen neuen Weg zu Triazabutadienen (TBDs) aus Aziden und Aldehyden in 

Gegenwart von Phosphinen darstellt. Diese Umwandlung läuft unter milden 

Bedingungen ab, weist ein breites Substratspektrum auf und ermöglicht die Synthese 

von strukturell vielfältigen TBDs mit hoher Selektivität. Der dritte Abschnitt konzentriert 

sich auf die Synthese von P,N,P-Liganden auf Bis-Phosphaalken-Basis, die von 

Carbazolgerüsten abgeleitet sind, gefolgt von ihrer Umwandlung in Alkalimetallsalze. 

Diese Liganden weisen starke Donoreigenschaften auf und ermöglichen 

ungewöhnliche Bindungsmotive in der Übergangsmetallkoordination. Im letzten 

Abschnitt wurden durch die Koordination dieser Liganden an Rh(I) zweikernige 

Komplexe mit unterschiedlichen Phosphaalken-Koordinationsmodi und 

intramolekularer C-H-Aktivierung erhalten. Die Ergebnisse zeigen neue 
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Reaktivitätsmuster in der Chemie von Phosphor-Hauptgruppen und Phosphor-

Übergangsmetallen auf und erweitern den Anwendungsbereich von Phospha-Wittig-

Reagenzien bei der Aktivierung kleiner Moleküle und beim Design von 

Organophosphor-Liganden. 
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1 Introduction 

1.1 Phosphaalkenes  

Ligand design has been significantly influenced by the incorporation of phosphorus, as it can 

mimic various elements (e.g. carbon, silicon, nitrogen) depending on its coordination number, a 

reasoning that was first recognized by Mathey and co-workers.[1-2] Additionally, it was generally 

accepted that heavier elements of the p-block would not form stable (np–mp)π (n≥3, m≥2) bonds 

due to insufficient hybridization and therefore poor orbital overlap at heavier main group 

elements. Achieving an sp2 (λ3σ2) trivalent phosphorus atom with the coordination number 2 or sp 

(λ3σ1) hybridization is rather unusual, compared to the most common λ3σ3 and λ5σ4 binding modes 

(Figure 1). This so-called “double bond rule” was challenged by the discovery of low coordinate 

phosphorus compounds featuring multiple bonding between phosphorus and other elements 

such as carbon and nitrogen. 

 

Figure 1. Coordination states of phosphorus. 

In 1961, Gier and co-workers reported the characterization of the parent phosphaacetylene H−C≡P 

in the gas phase.[3] Phosphamethine cyanine cation (1), and phosphinines (2, 3) were the first 

isolable species with phosphorus-carbon multiple bonding, stabilized by the delocalization of (3p–

2p)π electrons over multiple centers (Figure 2).[4-6] 

 

Figure 2. First isolable compounds with P−C multiple bonds: Phosphamethine cyanines (1) and 

phosphinines (2, 3), along with the first isolable phosphaalkenes (4, 5). 
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The first isolable compounds with localized P=C bonds[4], phosphaalkenes, were prepared in 1976 

by Becker and co-workers, where between ‒30 °C and ‒10 °C, substituted 

bis(trimethylsilyl)phosphines react with pivaloyl chloride to form acylated products and these 

compounds rearrange near room temperature to their stable enol forms featuring an unusual P=C 

double bond (4; Figure 2).[7] In 1978, Bickelhaupt and co-workers reported the first phosphaalkene 

bearing solely carbon substituents, MesP=CPh2 (5; Mes = 2,4,6-Me3-C6H2) (Figure 2).[8] These 

pioneering developments ignited a rapid expansion in the field of phosphaalkene chemistry, as 

evidenced by the number of recent reviews dedicated to the subject.[9-15] 

1.1.1 Electronic Structure of Phosphaalkene 

In terms of their coordination properties, phoshaalkenes (PAs) can be compared to imines 

(HN=CH2), however, their electronic structures differ significantly. Natural bond analysis carried 

out on geometries optimized at the B3PW91/6-311++G(3df, 2p) level of theory, on parent H2C=PH 

revealed that the lone pair of electrons (LP) on phosphorus is rather low in energy and best 

represented by HOMO-1, featuring a high 3s character (66%) (Figure 3)[11] This contrasts imines, in 

which the LP on the N atom is represented in the HOMO and resides in a nearly perfect sp2 orbital. 

This clearly indicates the diminished hybridization at P in phosphaalkenes when compared to 

imines. The high s-character in the phosphorus LP in PAs affects the σ donation capacity and, 

consequently, the directionality of the LP. 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.[16] Consequently, the bond length of P=C double bonds is typically 

between 1.63 Å and 1.71 Å.  

 

Figure 3. Lone pair molecular orbital compositions in CO, HN=CH2 and HP=CH2. 

Furthermore, NBO calculations are clearly in line with an inverse polarity of the P=C bond in PAs 

with respect to imines as calculations reveal a positive charge of +0.42 e at the P atom, whereas 

in case of imines the N atom has a negative net charge of −0.59 e.[11] This slight polarization of the 

P−C σ-bond towards the C atom is also supported by the Pauling electronegativity scale as P (2.1) 

is more electropositive than C (2.5) and N (3.0). Additionally, most of the isolated phosphaalkenes 

need significant kinetic stabilization, which contrasts C=C and N=C olefinic systems. This can be 

attributed to the π-bond strength of the P=C bond (45 kcal∙mol−1) in phosphaalkenes in 

comparison to the C=C bond olefins (65 kcal∙mol−1).[17-18] Consequently, PAs show a great 

dimerization or oligomerization tendency, a direct result from inefficient P=C π-overlap.[19-21] The 
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analogy of PAs can be extended to carbon monoxide, CO. As the LP in PAs have high s-character 

(66% 3s), they are better σ-donors when compared to CO (sp hybrid orbital, 50% 2s). The P atom 

of PAs is electropositive, rendering the π* orbital in PAs rather low in energy, which is clearly in-

line with the excellent π-accepting ability of PAs in transition metal complexes through back-

bonding similar to CO.[22] Phosphaalkene based ligand systems are exciting to study due to their 

enhanced π-acceptor and rather unidirectional σ-donor properties in combination with their 

potential to fine tune the electronic and steric properties through the substituents. 

1.1.2  Synthesis of Phosphaalkene 

Literature reveals various synthetic routes towards phosphaalkenes. In 1976, Becker unveiled the 

synthesis of the first acyclic phosphaalkene (6) by isomerization of silylacylphosphines from their 

keto- to the corresponding enol-form via a P,O-silyl shift.[23] Furthermore, Bickelhaupt and co-

workers later showed the first phosphaalkene with only C-substituents, MesP=CPh2 (7), obtained 

in the base-assisted dehydrohalogenation of a benzhydrol-substituted chlorophosphine precursor 

(Scheme 1, ii).[8] As an alternative substrate, Mes*PH2 (Mes* = 2,4,6-tBu3-C6H2) can also be 

converted to phosphaalkenes by reacting it with alkaline solutions of chloroform or bromoform 

(Scheme 1, iii), most likely through a carbene-type mechanism.[24] Moreover, “phospha-Peterson” 

and “phospha-Wittig” reactions have been used to construct P=C bonds recently. 

 

Scheme 1. Various synthetic routes towards phosphaalkene. 
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1.1.2.1 The phospha-Peterson Reaction  

The phospha-Peterson route was initially reported by Bernardinelli and co-workers in the early 

1990s,[25] and was then later applied by Yoshifuji and co-workers.[26] The phospha-Peterson 

reaction is based on the reaction of a silylated anion RP(-)Si(t-Bu)Me2 with an aldehyde to yield 

kinetically protected mono-, di- (8), and tridentate (9) phosphaalkene ligands (Scheme 2, top). 

Later this route was further developed by the Gates group, where they used bis(silyl)phosphines 

in the reaction with MeLi to form the reactive silyl phosphide intermediate in situ, which in turn 

reacted with various aldehydes to give phosphaalkenes selectively. 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) (10). [27] In some cases, 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.[28] 

 

Scheme 2. Synthesis of pyridyl phosphaalkenes (8, 9 and 10). 

1.1.2.2 The Phospha-Wittig Reaction  

The “phospha-Wittig” reaction was first introduced by Protasiewicz et al. utilizing 

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

Me3C6H2)-C6H3)
[29] in reactions with different aldehydes to synthesize phosphaalkenes E-selectively 

with localized P=C double bonds (Scheme 3).[30] Since then this route has been a great tool to 
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synthesize a variety of phosphaalkene-based ligands i.e. P,N,P-,[31] P,P-, (11),[32] and P,P,P,P-type 

(12) ligands.[33] Furthermore, Ozawa and co-workers reported P,N,P-phosphaalkene ligands with 

sterically demanding Mes* or EIND (13) substituents utilizing the phospha-Wittig route (Figure 

5).[28] EIND-PPEP (13; PPEP = 2-(phospholanylmethyl)-6-(2-phosphaethenyl)pyridine) was 

sufficiently stable against C-H activation due to steric protection from bulky EIND substituents in 

contrast to PPEP containing Mes* substituents.[28]  

 

Scheme 3. Phosphaalkene synthesis through phospha-Wittig reaction. 

Cain and co-workers also reported a series of PA-ligands including phosphine-phosphaalkenes[32] 

(11) and pyridine based P,N-phosphaalkenes (14).[34] Recently, the groups of Beweries and Hering-

Junghans reported the synthesis of a P,N-type quinoline-based phosphaalkene ligand (2-

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

Figure 4. Known complexes obtained through the phospha-Wittig protocol. 

Even with the undenied fact that phospha-Wittig reagents are a great tool to synthesize 

phosphaalkenes or phosphorus-carbon double bonds via so-called phospha-Wittig reaction, the 

reaction is limited to aldehydes. So, to expand the scope of P=C beyond aldehyde we moved in 

direction of ala-phospha-Wittig reactions. The section 1.2 of this thesis is dedicated to 

pnictatrielenes and more specifically, phosphaalumenes. 

1.1.3 Coordination Properties of Phosphaalkene 

Unlike traditional phosphines, the binding properties of phosphaalkenes are different due to the 

presence of both, a LP and a π bond on phosphorus. Hence, phosphaalkenes can engage in up to 
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five different coordination modes (Figure 5). The two most common metal binding modes of 

phosphaalkenes are the η1-κP-coordination (15)[36] and η2-κP,C-coordination (16) and due to the 

small energy gap between LP and π bond on phosphorus, the metal can easily interconvert 

between η1- and η2-coordination.[37] Sometimes more unusual coordination modes can be 

observed (Figure 5, 17,18,19) for example when the metal is present in excess, η1,η2-coordination 

(17)[36, 38] has been reported or rarely, η1-(μ2-P)-coordination (18)[36, 39] can be detected as 

phosphorus has the capacity to become tetravalent. Another unusual η1,η2,μ3-binding mode 

(19)[40] was observed when the phosphaalkene ligand was incorporated into a metal cluster. The 

first phosphaalkene complexes displaying PA η1-κP-coordination were characterized by NMR 

spectroscopy as cis-M(CO)4(η
1-MesP=CPh2)2 (M=Cr, Mo, W), trans-RhCl(PPh3)2(η

1-MesP=CPh2), 

trans-RhCl(η1-MesP=CPh2)2(CO), Rh(η5-C9H7)(η
1-MesP=CPh2)2, cis-PtX2(η

1-MesP=CPh2)2 (X=Cl, I, 

Me), and cis- and trans-PtCl2(PEt3)(η
1-MesP=CPh2).

[41] Each of these complexes exhibited binding 

through the phosphorus lone pair, and this was also confirmed crystallographically with the 

structural characterization of Cr(CO)5(MesP=CPh2) and cis-PtCl2(PEt3)(MesP=CPh2).
[42-43]  

 

Figure 5. Different coordination modes of phosphaalkene ligands. 

Typically, a metal center can bind to phosphaalkenes through the following orbital interactions: 

the LP at phosphorus donates electron density to an empty d-orbital of the metal (20), back-

donation from a filled metal d-orbital into the π* orbital of the P=C bond (21). This interaction of 

metal with phosphaalkene brings the phosphorus atom of a phosphaalkene closer to an ideal sp2 

hybridized geometry, leading to an increase in the C–P=C angle to around 115° (22). 

 

Figure 6. Orbitals involved in the coordination of phosphaalkenes. 
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This field is still growing and in our recently submitted manuscript we reported reactions of 

monoanionic PNP type bis-phosphaalkene ligands with [Rh(cod)(Cl)]2 furnishing a dinuclear Rh(I) 

complex which shows the presence of three different phosphaalkene coordination modes (15, 16, 

17) (refer section 2.4.1).[44] 

1.1.2  Phosphaalkene Complexes 

This section illustrates few examples of phosphaalkene coordination complexes rather than 

discussing all of them exhaustively. Ozawa and colleagues reported platinum(0) alkyne complexes 

(Scheme 4, 23) featuring a 1,2-diphenyl-3,4-bis[(2,4,6-tri-tert-butylphenyl)phosphinidene] 

cyclobutene (DPCB) ligand with notable conjugative properties.[45] DFT studies demonstrated that 

the -accepting nature of the phosphaalkene moiety creates an extended -conjugated system 

with HOMO–LUMO gaps in the visible spectrum.[46] This behavior is unique among Pt(alkyne) 

complexes with other ligands. 

 

Scheme 4. DPCB Pt(alkyne) complexes. 

Geoffrey et al. had previously prepared bis(phosphaethinyl)pyridines (BPEP) in the early 1990s via 

a route using Mes*PH2 and a silylated phosphide intermediate in a Peterson-type reaction.[25] 

Ozawa's group adapted this method to prepare Fe, Cu, and Ir complexes of these BPEP ligands. 

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

Ph] (Scheme 5, 25) and FeMes[BPEP-Ph] (Scheme 5, 26). FeBr[BPEP-Ph] was confirmed as an Fe(I) 

(S=3/2) complex through Mössbauer and broken-symmetry DFT analysis.[47] Bonding analysis via 

NBO revealed effective d–p interaction between the metal and the low-lying  orbital of the 

phosphaalkene. The Fe(I) center exhibited a rare distorted trigonal monopyramidal geometry. 

Notably, using a pyridinediimine ligand instead did not yield an Fe(I) species but led to ligand 

reduction with iron remaining as Fe(II).[47] 

 

Scheme 5. [FeBr2(BPEP-Ph)] complexes reduction to give Fe(I) complexes. 
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Cationic Cu(I) complexes were obtained by treating CuBr[BPEP-Ph] systems with Ag[EF6] (E = P, 

Sb) or Ag[B(C6H3(CF3)2)4], forming ion-separated salts (Scheme, 27) in polar solvents as shown by 
31P NMR and X-ray analysis.[48] In non-polar solvents like toluene or benzene, contact ion pairs 

formed through Cu–F interactions; with PF6, this led to a dinuclear complex bridged by PF6 (Scheme 

6, 28), with typical Cu–F distances (~2.1 Å) and the dimeric structure persisting in solution even 

with MeCN or CO present. The authors attributed the unexpected F-affinity of BPEP–Cu systems 

to the strong -accepting character of the ligand.[49] Complexes [Cu(BPEP-Ph)][EF6] (E = P, Sb) 

(Scheme 6, 30) showed Me3SiCN activation under mild conditions. 

 

Scheme 6. Top: Cu(I) BPEP-Ph complexes. Bottom: Cu(I) BPEP-Ph complexes promoted bond activation of 

Me3CN. 

In another study, Ozawa's group observed metal–ligand cooperativity in a mixed Ir(I) P,N,P-

complex containing phosphaalkene[50] and phosphaindane units. Heating [Ir(Cl)(BPEP-H)] (BPEP = 

2,6-bis[2-(2,4,6-tri-tert-butylphenyl)-2 phosphaethenyl]pyridines) (Scheme 7, 33) in toluene 

overnight induced selective cyclization of one tBu group on the Mes* unit with phosphorus via Ir-

mediated C–H activation and P–C elimination, yielding a PPEP-type ligand (Scheme 7, 34). 

Subsequent addition of KOtBu caused dearomatization of the central pyridine by deprotonating 

the benzylic position, forming anionic complexes of type K[Ir(Cl)(PPEP*)] (Scheme 7, 35).[51] In 35, 

a notably elongated P–C bond (1.701(12) Å) indicated enhanced -backdonation compared to 

neutral BPEP. This complex displayed remarkable reactivity for cooperative activation of N–H 

bonds in NH3 (1 atm), n-C6H13NH2, and C6H4NH2 (Scheme 7, 36), proceeding rapidly at room 

temperature to quantitatively form amido complexes. In contrast, Rh(I) analogues could not be 

obtained due to successive C–H addition/cyclization at both Mes*P=C(R)H groups, leading to full 
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loss of the P=C bonds. Cain and co-workers recently reported Ru P,N-phosphaalkene complexes 

that exhibited intramolecular C–H activation at Mes* groups to form phosphaindane structures.[34]  

 

Scheme 7. Synthesis of Ir(I) PPEP and PPEP* complexes along with N–H bond cleavage. 

In 2022, Hering-Junghans, Beweries and co-workers presented the synthesis and characterization 

of the P,N-type quinoline-based phosphaalkene ligand 2-quinC=PMes* (Scheme 8, 37).[35] When 

coordinated to Rh(I), this ligand showed versatile coordination behavior, which upon heating 

undergoes twofold C-H bond activation at the o-tBu grups of the Mes* substituents to yield the 

cationic bis(phosphaindane)Rh(I) complex (Scheme 8, 39).  

 
Scheme 8. Synthesis Rh(I) and Ir(I) P,N-phosphaalkene complexes. 
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More recently, using the same ligand Hering-Junghans, Beweries and co-workers reported an 

iridium complex (Scheme 8, 40) which upon reaction with AgOTf in the presence of pyridine 

afforded pyridine coordinated cationic Ir(I) complex, [(quin-CH=PMes*)2Ir(py)][OTf] (Scheme 8, 

41).[52] The Complex 41 on further heating at 80 °C, undergoes a C-H bond cleavage at both o-tBu 

substituents of Mes* group. One hydrogen atom migrates to the carbon atom of the P=C bond, 

forming a phosphaindane moiety, while the second tBu group undergoes cyclometallation with 

the iridium center to yield an Ir(III) hydride complex (Scheme 8, 2). Complexes 40 and 41 were 

found to be active towards N-alkylation of aniline with benzyl alcohol (Scheme 9, (i)) and complex 

40 was an active pre-catalyst for upgrading ethanol and methanol to iso-butanol (Scheme 9, (ii)).  

 

Scheme 9. Catalysis using iridium complexes 40 and 41. 

In a recently submitted paper, our group described the reaction of a monoanionic P,N,P-type bis-

phosphaalkene ligand with [Rh(cod)Cl]2, affording two dinuclear Rh(I) complexes among them one 

dinuclear Rh(I) complex displays C–H activation at both the o-tBu substituents of Mes* group 

alongside a unique Rh–Rh donor–acceptor interaction.(refer section 2.4.1).[44] Overall, these 

examples illustrate the diverse coordination chemistry of phosphaalkene ligands, which can 

stabilize metals in unusual geometries and enhance conjugationfeatures that promise rich 

reactivity in catalysis. 

1.2 Pnictatrielenes 

Related to this concept, pnictatrielenes are compounds, which contain multiple bonding between 

a group 13 (triele, E13) and a group 15 element (pnictogen, E15). The synthesis of these 

compounds is challenging, especially when it comes to heavier base-free multiple bonds between 

P and B or Al due to intrinsic weakness of the π-bond.[53] Recently Liu et al. reported the first base-

free phosphaborene [(CH2)(NDipp)]2B-P=B-NC[(NDipp)(CH)]2 (Figure 7, 43, Dipp = 2,6-iPr2-C6H3) 

stabilized by push-pull substitution at the B and P atoms, respectively.[54] Prior to this report there 

have been extensive studies on base-stabilized,[55-58] and especially NHC-stabilized 

phosphaborenes with small silyl-substituents (Figure 7, 44). Particularly silyl-substituted NHC-

stabilized phosphaborenes have been shown to undergo metathesis reactions through Me3Si-

halide elimination.[58] More recent examples include the phospha-bora-Wittig reaction involving 

the transient phosphaborene Mes*P=B−NR2 which reacts with carbonyl compounds to form 1,2,3- 

phosphaboraoxetanes, analogues to the oxaphosphetane intermediates in the classical Wittig 
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reaction. 1,2,3-Phosphaboraoxetanes undergo thermal or Lewis acid-promoted cycloreversion, 

yielding phosphaalkenes.[59] 

 
Scheme 10. Phospha-bora-Wittig reaction. 

Furthermore, our group reported on the synthesis of pnictaalumenes using 

phosphanylidenephosphoranes of the type ArP(PMe3) (Ar = sterically demanding aryl group) as 

phospha-Wittig reagents, by substitution of PMe3 with stronger Lewis bases, in this case 

monovalent E13 species.[60-61] The first examples of phosphaalumenes ArTerP=AlCp* (Figure 7, 45, 

46) were afforded in the reaction of ArTerP(PMe3) (Ar = Dipp, Tipp) with (Cp*Al)4 (a source of 

monomeric Cp*Al) as violet compounds with a highly polarized P−Al multiple bond.[62-63]  

 

Figure 7. Isolable phosphaborenes/alumenes and dimers of phosphaalumenes. 

Additionally, literature reports show that the size of the aryl groups at the P atom are crucial for 

the stabilization of phosphaalumenes. Using sterically less demanding MesTerP(PMe3), cyclic 2π-

aromatic three-membered species of the type MesTerP(AlCp’)2 (Cp’ = Cp*, Cp3t with Cp3t = 1,2,4-

tBu3; Figure 7, 47) were obtained.[63] The reaction of triphosphiranes Ar3P3 (Ar = Mes, Dipp, Tipp) 

with Cp3tAl or (Cp*Al)4 afforded the dimers of phosphaalumenes, so-called base-free 1,3-
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diphospha-2,4-dialanes.[64-65] These two products can exist in two distinct isomeric forms , either 

the 1,3-isomers (Figure 7, 48), four-membered ring with alternating P and Al atoms, or the 1,2-

isomers (Figure 7, 49), four-membered rings containing P−P and Al−Al bonds. 

Pnictatrielenes show a diverse reactivity with small, rather unreactive molecules. The 

diphosphadiboretane [Mes*PB(Tmp)]2 (Scheme 11, 50) (Tmp = 2,2,6,6-tetramethylpiperidyl) which 

generate the phosphaborene, [Mes*PB(Tmp)] intermediate in situ, reacts with phenylacetylene to 

give the corresponding [2+2]-cycloaddition product.[57] The isolated push-pull stabilized 

phosphaborene (Scheme 11, 51) shows similar reactivity with p-methyl-benzaldehyde and when it 

was reacted with p-fluoroacetophenone C-H activation along the P=B bond was observed.[54]  

  

Scheme 11. Reactivity of phosphaborenes/alumenes. 

The phosphaalumene (Scheme 11, 52) was found to give P,Al-heterocycles and cage-type P,Al-

barrelenes after undergoing initial [2+2]-cycloaddition along the P=Al double bond. Furthermore, 

to enable the formation of P=C bonds incorporating the Mes* substituent, we aimed to synthesize 

phosphaalumene species of the type RAl=P(Mes*), which could extend the scope of traditional 

phospha-Wittig reactivity beyond aldehydes. The choice of the Mes* group was intentional, as it 

is less sterically hindered than previously studied DippTer substituents in DippTerP=AlCp* systems, 

which had been already reported by the Hering-Junghans group. The less encumbered Mes* 

substituent was expected to facilitate access to a wider range of substrates. Additionally, the 

polarized Al–P bond in RAl=P(Mes*) was designed to exploit cooperative activation: the Lewis 

acidic Al center would coordinate to the carbonyl oxygen, increasing electrophilicity, while the 
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nucleophilic phosphorus attacks the carbonyl carbon. This dual activation strategy was envisioned 

to lower the barrier for addition even to less reactive carbonyls such as ketones or esters, enabling 

the reaction to proceed under milder conditions. By harnessing this Lewis acid–base synergy, our 

goal was to establish a new Wittig-type transformation, termed the ala-phospha-Wittig reaction 

(Scheme 12), capable of delivering phosphaalkenes from a broader set of carbonyl precursors than 

previously achievable. 

 
Scheme 12. Ala-phospha-Wittig reaction. 

In this thesis we outline attempts to synthesize phosphaalumenes, using phospha-Wittig reagent 

Mes*P(PMe3) and different Al(I) sources. These phosphaalumenes could potentially act as a tool to 

access phosphaalkenes, in a formal ala-phospha-Wittig reaction. In the Result and Discussion 

(Section 2.2) it is highlighted that attempts to make base-free phosphaalumenes with Mes*P(PMe3) 

and different Al(I) precursor did not result in the isolation of phosphaalumenes. Instead, the 

intermediately formed phosphaalumene dimerizes in one case, or deactivates through C-H 

activation of on o-tBu-group of the Mes* substituent (refer section 2.2).[66] Hence, the synthesis of 

phosphaalkene-based ligands was continued using the phospha-Wittig reaction. 

1.3 Wittig Reaction and Modifications of Wittig Type Reactions 

Element-element double bond formation is one of the most fundamental organic transformations. 

In this context one of the most popular reactions is the Wittig reaction used to form olefins from 

the reaction of carbonyl compounds with phosphorus ylides.[67] Over the years many modifications 

of Wittig-type reactivity have been explored. For example, In 1972, Rathke and Kow reported a 

borata-Wittig reaction where boron-stabilized carbanions reacted with cyclo-hexanone yielding 

the corresponding olefin.[68] Later the scope of the reaction was expanded by Tomioka[69-70], 

Morken[71-73], Pelter[74-77] and others[78-81]. Furthermore, in 1998, Protasiewicz et al. reported the 

phospha-Wittig reaction to synthesize P=C double bonds, vide supra.[30] Even before Wittig’s 

seminal report on the Wittig reaction, Staudinger noted that iminophosphoranes R3P=NR’ form 

imines when reacted with ketones or aldehydes to construct C=N double bonds, a so-called aza-

Wittig reaction.[82] Moreover, mechanistic investigations on the reaction of azides with phosphines, 

revealed that azidophosphoranes RN3PR’3 were formed as intermediates. These can undergo N2-

elimination via a four-membered transition state to give the respective iminophosphoranes. 

However, these intermediates of the aza-Wittig reaction can be isolated when electron-rich or 

sterically demanding phosphines are used.[83] 
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Scheme 13. General reaction scheme for Wittig reaction and modified Wittig reactions (R, R’, R’’, R’’’, R’’’’ = 

alkyl or aryl groups). 

1.4 Azidophosphoranes 

Until the 1980s, azidophosphoranes (also termed phosphazides) were known to be transient 

species which form during the Staudinger reaction and were considered unstable with respect to 

N2-elimination to give iminophosphorane below or at room temperature (Scheme 14). 

 

Scheme 14. Iminophopshorane formation via the elimination of N2 from phosphazides. 

However, it has since been reported that sterically demanding groups and electron withdrawing 

group introduction at the nitrogen atom could be utilized to stabilize azidophosphoranes, 

eventually rendering them isolable. In 1984, Kukhar’s group extensively studied open chain 

phosphazides, in which they examined the effects of the substituents at the P and N atoms (Figure 

8, 53-56).[84-85] 

 

Figure 8. Some examples of electronically and sterically stabilized phosphazides. 
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They found that two strongly electron withdrawing groups in the ortho-positions of the aryl group 

on the Nα atom and morpholine-substituted phosphines greatly stabilized the corresponding 

phosphazides and allowed their isolation at room temperature (Figure 8). Hence, this study 

combined with Struchkov’s findings on phosphazides (Figure 8, 53) formed in the reaction of 

tris(morpholino) phosphine and 2,4,6-trinitrophenylazide, paved the way for studying the 

chemistry of free phosphazides. Phosphazides are best described by at least three resonance 

structures (Figure 9, 57, 58, 59). Furthermore, it is evident from the resonance scheme that 

negative charge is accumulated at the Nα and Nγ atoms. The nucleophilicity of azidophosphoranes 

was also verified experimentally, through the reaction with [Et3O][BF4] giving the Nα alkylation 

product. This clearly indicates that the Nα atom in these systems is the most nucleophilic site.  

 

Figure 9. Resonance structures for phosphazides (top) and experimental identification of the most 

nucleophilic nitrogen atom (bottom). 

Later other open chain azidophosphoranes (Figure 10, 60) were isolated, based on cage 

phosphines, so-called proazaphosphatranes, pioneered by Verkade.[86] Over the years different 

types of phosphazides were isolated and characterized, for example, cyclic-[87-88], macrocyclic-[89-

97], main group-[98-106], and transition metal[107-109] based phosphazides. 
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Figure 10. Some examples of proazaphosphatranes-, cyclic-, macrocyclic-, main group-, and transition 

metal based phosphazides. 
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1.5 Triazabutadienes 

Triazabutadienes or π-conjugated triazenes are defined in the literature as conjugated dienes with 

three nitrogen atoms.[110-112] In 1965, Winberg and Coffmann first introduced triazabutadienes 

formed in the reaction of a bis(imidazolidine) with tosyl-, p-nitrophenyl, and diphenyl phosphonyl 

azide at 0 °C (Figure 11).[113] Interestingly, only in 1981 this class of π-conjugated triazenes 

reappeared in the literature when benzothiazole-based triazabutadiene systems were introduced 

by Fanghänel and co-workers. These were synthesized in a base-assisted coupling of diazonium 

salts with 3-methyl-2-iminobenzthiazoline (Figure 11).[114] Furthermore, a more facile single step 

synthetic route towards N-heterocyclic carbene (NHC) based triazabutadienes was reported by the 

Bielawski group utilizing imidazolium salts as NHC-precursors, from which the NHC was generated 

in-situ by addition of a base, and subsequent addition of azides (Figure 11).[115] Additionally, the 

groups of Katritzky, Burgarin, and Jewett also contributed towards the synthesis of NHC-based 

triazabutadienes.[116-120] More recently, reports from Beweries, Hering-Junghans and co-workers 

described a new organic transformation that stabilizes the reactive intermediates of the aza-Wittig 

reaction, namely azidophosphoranes, and treats them with various aldehydes to readily form 

triazabutadienes. They termed this novel approach the “azide-Wittig reaction” (refer to Section 

2.3).[121] 

 

Figure 11. Contribution of various groups towards the synthesis of triazabutadienes. 

In the contemporary literature various applications of triazabutadienes are outlined. In 2009, 

Lyapkalo and co-workers developed a two-step route towards guanidinium salts, where different 

NHCs were reacted with azides to generate π-conjugated triazene as intermediates, which upon 
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acidic workup furnished their guanidine adducts (Scheme 16).[122] Similarly, other guanidinium salts 

and free guanidines were reported by Tamm and co-workers.[123] Beside guanidine formation, 

triazabutadienes find application as diazo- or azide-transfer reagents, respectively, as developed 

by Kitamura and co-workers (Scheme 15).[124-125]  

 

Scheme 15. Applications of triazabutadienes. 

Interestingly, Bielawski and co-workers synthesized triazabutadiene-containing polymers from the 

reaction of polystyrene-derived azides with readily available NHCs (Scheme 16).[126-127] Moreover, 

Arnold and co-workers reported insertion of adamantyl azide into the metal-carbene bond of 

lanthanide complexes, which suggests that triazabutadienes ligands can effectively stabilize heavy 

metal (Y, Ce) ions (Scheme 16).[128-131] Additionally, NHC-based triazabutadiene can undergo metal-
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free cross-coupling with unactivated arenes or nitriles via photoactivation of π-conjugated 

triazenes to give the corresponding aryl-aryl coupling product or anilides (Scheme 15).[132-133] 

Furthermore, Jewett and co-workers highlighted NHC-modified triazabutadienes that can deliver 

aryl diazonium ions to fluorescently labeled proteins by tyrosine-selective modification. The 

labeling can be triggered by low-pH-induced liberation of the diazonium species. (Scheme 16).[115, 

134] 

 

Triazabutadiene in biochemistry 

 

Scheme 16. Applications of triazabutadienes. 
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2 Result and Discussion 

2.1 Overview 

The initial objective of this thesis was to develop transition metal complexes for the activation of 

small molecules incorporating P,N,P-type phosphaalkene ligands. This investigation began with 

an effort to investigate whether phosphaalumenes can act as ala-phospha-Wittig reagents. This 

aimed to overcome the conventional constraints associated with phospha-Wittig chemistry, 

particularly its restriction to aldehyde substrates. To generate phosphaalumenes, the 

phosphinidene transfer reagent Mes*P(PMe3) was employed in combination with various 

aluminum(I) precursors, namely DippNacNacAl, (Cp*Al)4, and Cp³tAl. While the direct isolation of 

phosphaalumenes was unsuccessful in all cases, spectroscopic and crystallographic evidence 

supported their transient existence. This was illustrated by the formation of a dimeric species, 

[Cp*Al(μ-PMes*)]2, and by isolation of C–H activation products such as 1,2-P,Al-

tetrahydronaphthalene derivatives. These observations highlighted the importance of steric 

protection at the phosphorus center to kinetically stabilize the reactive P=Al bond. Given the 

limited success in stabilizing phosphaalumenes with a Mes*-substituent at the P atom, the 

attention was turned to phospha-Wittig reagents to synthesize phosphaalkenes through suitable 

aldehyde substrates. Previously reported routes were scaled up successfully to produce gram-scale 

quantities of Mes*P(PMe3). With these in hand, the synthesis of phosphaalkene-containing P,N,P-

type ligands was pursued using diarylamine scaffolds such as carbazole and diphenylamine, 

functionalized with two aldehyde groups. When the model system 2,2’-iminobisbenzaldehyde was 

reacted with two equivalents of Mes*P(PMe3) a mono-phosphaalkene product bearing an 

unreacted aldehyde moiety was obtained. Unexpectedly, this intermediate could be further 

converted into a triazabutadiene (TBD) framework upon reaction with Mes*N₃ in the presence of 

PMe₃, bypassing the traditional aza-Wittig pathway. This transformation, termed the “azide-Wittig” 

reaction, provides facile access to structurally diverse TBDs from aldehydes and azides under mild 

conditions. The protocol tolerates a broad range of substituents and thus constitutes a versatile 

synthetic tool. Additionally, the reaction of two equivalents of Mes*P(PMe3) with 3,6-dimethyl-9H-

carbazole-1,8-dicarbaldehyde afforded the target P,N,P-type bis-phosphaalkene ligand in good 

yield. This ligand enabled subsequent metalation reactions. Notably, its alkali metal salts 

[Mes*2PNP]M (M = Na, K) were accessed using M[N(SiMe3)2] bases, producing highly basic 

monoanionic amido species. Coordination of this ligand to Rh using [Rh(cod)Cl]2, afforded two 

distinct dinuclear Rh(I) species. One of these demonstrated a rare case of C–H activation at the 

Mes* group adjacent to the phosphaalkene units and another revealed three different 

phosphaalkene coordination modes within a single complex. The study also includes the synthesis 

and structural characterization of the mononuclear Rh(I) carbonyl complex demonstrating the 

ligand's ability to stabilize square-planar Rh(I) centers. 
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2.2 Phoshaalumene 

2.2.1  DippNacnacAl as Al(I) Source 

Efforts to access phosphaalumenes commenced with the reaction between the phosphinidene 

transfer reagent Mes*P(PMe₃) and the low-valent aluminum(I) species DiᴾᴾNacnacAl in C₆D₆. At 

room temperature, no reactivity was observed by NMR spectroscopy. However, upon heating to 

60 °C for 2 h, a new 31P NMR signal at –158.7 ppm (splitting into a doublet upon 1H decoupling) 

and a doublet at 3.48 ppm in the ¹H NMR spectrum indicated the formation of a novel P–H 

containing product (Scheme 8, 66). 

 

 

Figure 12. Synthesis of a P,Al-tetrahydronapthalene derivative and molecular structure of 66 with 

Ellipsoids drawn at 50% with C-H-atoms (except those on C47 and P1) omitted, Dipp- and tBu-groups 

rendered as wireframe for clarity. 

Crystallization from n-hexane yielded single crystals suitable for X-ray diffraction experiments 

(Figure 12). The molecular structure revealed a six-membered heterocycle containing Al and P in 

a 1,2-arrangement, consistent with C–H activation at one of the o-tBu substituents of the Mes* 

group. While the desired phosphaalumene could not be isolated, the structural data provided clear 

evidence of its transient formation and subsequent transformation to the thermodynamically more 

stable C-H deactivation product. However, when free phosphinidene species Mes*–P are 

generated intermediately, they often undergo C–H bond activation at the ortho-tBu group, 

resulting in the formation of cyclic phosphaindane derivatives.[135-137] To further understand the 

outcome, quantum chemical calculations were performed at DLPNO-CCSD(T)/def2-TZVP//PBE0-
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D3/def2-SVP level of theory to compare the relative energetics of possible reaction pathways. The 

data indicate that although the formation of the phosphaalumene intermediate is slightly 

exergonic (RG° = −70.9 kJ/mol), the subsequent intramolecular C–H activation is significantly 

more favorable (RG° = −119.4 kJ/mol). This explains the isolation of the activation product and 

highlights the necessity to kinetically protect the reactive Al=P bond and avoid undesired 

activation pathways. 

2.2.2  (Cp*Al)4 as Al(I) Source 

Following the challenges in stabilizing phosphaalumenes with DiᴾᴾNacnacAl, we turned to the 

tetrameric low-valent aluminum species (Cp*Al)₄ as an alternative Al(I) source. Heating 

Mes*P(PMe₃) with (Cp*Al)₄ in a 4:1 ratio in benzene at 80 °C led to the formation of yellow 

crystalline material, from which the four-membered [Cp*Al(μ-PMes*)]₂ dimer (67) was isolated and 

structurally characterized (Scheme 17). This centrosymmetric species features P atoms in distorted 

pyramidal environments and Al–P bond lengths typical of single bonds, reflecting dimerization of 

the transient phosphaalumene Mes*P=AlCp*. As with the DippNacnacAl system, the desired 

monomeric phosphaalumene was not isolable, instead reacting under thermodynamic control to 

yield more stable aggregates. 31P NMR spectroscopy of the reaction mixture revealed additional 

species, including a signal at –107.6 ppm, indicative of a three-membered compound. 

Recrystallization from n-pentane afforded Mes*P(AlCp*)₂ (Scheme 17, 68), a 2π-aromatic 

heterocycle derived from further Al incorporation at the phosphaalumene in a formal [2+1]-

cyclization. 

 

Scheme 17. Reaction of Mes*P(PMe3) with (Cp*Al)4. 

DFT calculations at the DLPNO-CCSD(T)/def2-TZVP//PBE0-D3/def2-SVP level of theory supported 

the observed reactivity, showing that dimerization of the intermediate, monomeric Mes*P=AlCp* 

(RG° = −14.3 kJ/mol) to form 67 (RG° = −75.0 kJ/mol), or its reaction with an additional equivalent 

of Cp*Al to give 68 (RG° = −66.1 kJ/mol), are both exergonic. These data suggest that without 

sufficient steric hindrance, the monomer cannot be kinetically stabilized. After removing the 

dimeric and trimeric species, the remaining solution yielded a third product upon slow cooling: 

compound 69, identified as a C–H activation product (Scheme 17). Similar to compound 66, this 

species results from intramolecular activation of a tBu group on the Mes* substituent along the 

Al=P bond. 31P and 1H NMR spectroscopy revealed a PH-coupled signal and an IR band at 

2335 cm⁻¹, confirming the presence of a P–H bond. X-ray crystallography showed that Al is 

coordinated to both a PMe₃ and a PH-Mes* fragment in a distorted tetrahedral geometry (Figure 
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13). Thermodynamic analysis again confirmed that compound 69 is the most stable product, 

forming from the phosphaalumene intermediate via C–H activation in a strongly exergonic 

process. 

 

Figure 13. Molecular structures of 67 (left) and 69 (right). Ellipsoids drawn at 50% with C-H-atoms (except 

those on C16 and P2 for 69) omitted, tBu-, Cp*-, Me- and Tip- groups rendered as wireframe for clarity. 

2.2.3 Cp3tAl as Al(I) Source 

To further investigate the influence of the Al(I) source and substitution pattern on the 

phosphaalumene formation, Cp³tAl was employed in a final set of experiments. When Mes*P(PMe₃) 

and Cp³tAl were combined in a 1:1 ratio in C₆D₆ at room temperature, ³¹P NMR spectroscopy 

indicated partial conversion, with signals corresponding to both the desired product and 

unreacted Mes*P(PMe₃).  

 

 

Figure 14. Synthesis of Mes*P(AlCp3t)2 and molecular structure of 70 with ellipsoids drawn at 50% with C-

H-atoms omitted, tBu groups rendered as wireframe for clarity. 
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To drive the reaction to completion, the experiment was repeated with a slight excess of Cp³tAl 

and extended heating, leading to the formation of a new species, Mes*P(AlCp³t)₂ (70) (Figure 14, 

top), which crystallized as a pale yellow solid from an n-pentane solution. The ²⁷Al NMR spectrum 

revealed a broad singlet at –43 ppm, which was in the range of Cp3tAlBr2 ((27Al) = –46 ppm),[138] 

characteristic of aluminum centers in strained environment, and consistent with the presence of 

two AlCp³t units coordinated to a single phosphorus center. SC-XRD experiments confirmed the 

molecular structure of 70 as a three-membered PAl₂ ring in which the P atom adopts a planar 

coordination geometry (Figure 14, bottom). The Al–P bond distances fall within the typical range 

for P–Al interactions, and the geometry of the ring is consistent with a slightly distorted 2π-

aromatic system. 

2.3 The azide-Wittig Reaction 

Following the limited success in isolating base-free phosphaalumenes and to potentially use them 

in ala-phospha-Wittig reactions, the research direction was shifted toward designing bis-

aldehydes to be used in the assembly of PA-containing ligands using the phospha-Wittig 

approach. These frameworks offer dual functionalization sites. In particular, diphenylamine and 

carbazole-derived scaffolds were functionalized to carry two aldehyde groups (Figure 15, 71 and 

72) using literature-established methods,[139] enabling subsequent formation of multidentate 

phosphaalkene-type ligands. 

 
Figure 15. 3,6-dimethyl-9H-carbazole-1,8-dicarbaldehyde (71) and 2,2’-iminobisbenzaldehyde (72) 

2.3.1  Serendipitous Formation of PN4 Ligand 

While attempting to generate a P,N,P-type phosphaalkene ligand, the reaction between 

Mes*P(PMe₃) and 2,2′-iminobisbenzaldehyde in a 2:1 ratio in C₆D₆ at 50 °C yielded a mono-

functionalized product (Figure 16, 73). Interestingly, only one of the two aldehyde groups was 

converted to a phosphaalkene moiety, leaving the second formyl unit available for further 

functionalization. The resulting P,N,O-type compound 73 was treated with Mes*N₃ and PMe₃ in 

toluene under mild conditions, leading, after workup and crystallization compound 74, a 

triazabutadiene (TBD) derivative (Figure 16, 74). SC-XRD analysis revealed that this transformation 

proceeds via a formal azide-to-carbonyl transfer in a Wittig-type reaction, producing an E-

configured TBD arm with three conjugated nitrogen atoms. NMR and IR data confirmed the 

presence of both phosphaalkene and imine functionalities in 74. This reaction represents a 

previously unreported organic transformation and was therefore termed as the “azide-Wittig” 
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reaction. Unlike in the classical aza-Wittig reaction, which typically proceeds through 

iminophosphorane intermediates, the pathway discovered here allows direct formation of 

triazabutadienes (TBDs) under kinetically controlled conditions. 

 

 

Figure 16. Synthetic pathway to TBD 74 along with molecular structure of 73 (left), 74 (right) and 

ellipsoids drawn at 50% (C-H protons are omitted and tBu (left) and Mes* (right) groups rendered as 

wireframe for clarity). 

To better understand the mechanistic features, the Staudinger reaction of Mes*N₃ with PMe₃ was 

monitored in situ by ³¹P NMR spectroscopy, which revealed two species at 29.3 and -22.1 ppm in 

a 97:3 ratio within 15 min of reaction progress. Two distinct species were observed, with calculated 
31P NMR shifts confirming their assignment as azidophosphorane Mes*N₃(PMe₃) and 

iminophosphorane Mes*N(PMe₃), respectively. DFT calculations supported a reaction pathway 

involving a low-energy cis–trans isomerization followed by nitrogen extrusion through a four-

membered transition state, forming the final triazabutadiene product. The energetics of this 

transformation were consistent with experimental outcomes, establishing how kinetic control can 

significantly alter the reaction pathway, thereby switching from an aza-Wittig to an azide-Wittig 

regime. 

2.3.2  Aldehyde Scope in Case of Mes*N3 Azide 

Having established the azide-Wittig transformation for the formation of triazabutadiene (TBD) 

frameworks, the next step focused on exploring the aldehyde substrate scope using Mes*N₃ and 

PMe₃ in the presence of varying aldehydes. In the model reaction with benzaldehyde, performed 

at 0 °C, ¹H NMR spectroscopy confirmed the clean formation of the E-configured TBD product 
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Mes*N₃C(H)Ph (Figure 17, 75), which crystallized from MeCN upon cooling. Structural analysis 

revealed that the central phenyl ring of the Mes*-substituent and the planar PhCHN₃ units were 

nearly orthogonal, which might be due to steric repulsion. Encouraged by this result, a range of 

para-substituted benzaldehydes were tested.  

 

Figure 17. Top: Aldehyde scope using PMe3 and the percentage given corresponds to isolated yields. 

Bottom: Molecular structure of 75 and 89, and ellipsoids drawn at 50% (C-H protons are omitted and tBu 

groups rendered as wireframe for clarity). 

Electron-withdrawing groups such as CF₃, F, and Br afforded the corresponding TBDs (77, 76, 80) 

in good yields after work-up. Substrates with strongly electron-donating or synthetically sensitive 

groups, such as 4-NO₂ and 4-NMe₂, gave lower isolated yields (81, 82), likely due to incomplete 

conversion or side-product formation during reaction. Substrates possessing substituents in the 

ortho-position, including 2-OMe and 2-Me, also participated efficiently in the reaction, delivering 

the products (84, 85) in high yields. Additionally, bulky aromatic systems such as ferrocenyl (86), 

anthracenyl (88), and naphthyl (90) were successfully incorporated. These results demonstrate the 

broad tolerance of the azide-Wittig reaction to sterically and electronically diverse aldehydes. The 

transformation was also extended to heteroaromatic aldehydes. Notably, reaction with 2,6-

pyridinedicarbaldehyde afforded a bis-TBD-functionalized pyridine derivative (89), which 

crystallized with nearly planar triazabutadiene arms. Single-crystal X-ray structures of 76 and 89 
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confirmed the molecular connectivity and configuration of the triazabutadiene motifs (Figure 17, 

bottom). Furthermore, the reaction accommodated conjugated systems. For example, reaction 

with E-cinnamaldehyde yielded a triazahexatriene derivative (91) with three conjugated double 

bonds in the E-configuration. Similarly, the aliphatic aldehyde (R)-(+)-citronellal was converted to 

the corresponding TBD (87) as a yellow oil. In summary, this aldehyde screening confirms that the 

azide-Wittig protocol is a general and efficient method for synthesizing structurally diverse TBDs 

under mild conditions. Most substrates gave quantitative conversion as verified by NMR 

spectroscopy, with minor losses in isolated yield attributable to work-up or solubility limitations. 

2.3.3  Azide Scope 

To further explore the versatility of the azide-Wittig reaction, attention was turned to the effect of 

different organic azides and phosphines on the transformation. The stability and reactivity of 

various azidophosphoranes were first investigated using a combination of DFT calculations and 

variable temperature NMR spectroscopy (VT NMR). Theoretical studies indicated that nitrogen 

extrusion from azidophosphoranes is thermally accessible, with calculated activation barriers 

ranging from ~44 to 77 kJ∙mol⁻¹ depending on the azide and phosphine substituents. 

 

Figure 18. Top: Azide scope of azide-Wittig reaction along with the respective phosphine used. Bottom: 

Molecular structure of 93, 96, and 100 with ellipsoids drawn at 50%. 
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These results suggested that lower reaction temperatures could suppress premature 

decomposition and enable clean triazabutadiene formation. Experimental confirmation was 

completed using AdN₃ and PMe₃ in toluene-d₈. VT ³¹P NMR studies revealed a thermally stable 

trans-azidophosphorane at –20 °C, which slowly isomerized to its cis-form near –10 °C. Subsequent 

reaction of AdN₃ with benzaldehyde and PMe₃ (1:1:1) at –78 °C, followed by gradual warming, 

yielded the triazabutadiene 92 in good yield (Figure 18). Related substrates, including 4-OMe and 

4-tBu benzaldehydes, formed TBDs 93 and 94 respectively in 54% and 77% yields. Notably, 94 

exhibited limited thermal stability, when heated to 80 °C in benzene, it underwent decomposition 

to form 4-tButylbenzonitrile and this thermal decomposition process parallels recent reports of 

Cu-catalyzed methods for converting ketones into benzonitriles.[140] When FcCHO was used, PnBu₃ 

was selected as phosphine due to solubility limitations, leading to 95 in 63% yield. Next, reactions 

were performed using DippN₃ as the azide source. When combined with benzaldehyde and PMe₃ 

at –35 °C, followed by slow warming, the desired product 96 was isolated as an orange crystalline 

solid in 71% yield (Figure 18). X-ray analysis revealed that the plane of the Dipp group and 

PhC(H)N3 units were rotated against each other by ca. 45° (Figure 18, bottom). The scalability of 

this reaction was demonstrated with a gram-scale synthesis of 96. Additional benzaldehyde 

derivatives, such as 4-OMe and 4-tBu, furnished TBDs 97 and 98 in moderate yields. For FcCHO, 

again, PnBu₃ was required so that the formed OPnBu₃ during the reaction could be washed away 

with hexane, leading to TBD 99 in 57% yield. Finally, the scope was extended using MesN₃. 

Reaction with PMe₃ and 4-tBu-benzaldehyde yielded compound 100, while the corresponding 4-

OMe-benzaldehyde reaction gave 101, which was easily crystallized from n-pentane (Figure 18, 

bottom). Both reactions provided satisfactory isolated yields, reinforcing the compatibility of Mes-

based azides with the azide-Wittig methodology. Altogether, this scope study demonstrates the 

robustness of the azide-Wittig reaction across a wide range of azides and aldehydes. Yields were 

consistently good when low temperatures and appropriate phosphines were employed. In 

conclusion, this study showed a facile route towards triazabutadiene termed the “azide-Wittig” 

reaction, which has been overlooked since Staudinger’s seminal report, a century ago. 

2.4 Rh(I) P,N,P-Phosphaalkene Complexes 

In the final stage of this research, the focus shifted to designing metal complexes based on newly 

developed P,N,P-type bis-phosphaalkene ligands. A key structural component was the 3,6-

dimethyl-9H-carbazole-1,8-dicarbaldehyde backbone, chosen for its rigidity and symmetric 

bifunctionality. Following successful ligand synthesis, its deprotonation using non-nucleophilic 

alkali metal bases enabled access to monoanionic P,N,P systems, which were subsequently reacted 

with [Rh(cod)Cl]₂ to exemplarily explore their transition metal coordination behavior. The rationale 

behind synthesizing the Rh(I) complex was to stabilize a 14-electron T-shaped species bearing a 

cyclooctadiene ligand, which could serve as a potential platform for small-molecule activation. 
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2.4.1  Synthesis of Highly Basic Monoanionic P,N,P-type Bis-phosphaalkene Ligand 

The bis-phosphaalkene ligands were synthesized by reacting two equivalents of Mes*P(PMe₃)[61] 

with the 3,6-dimethyl-9H-carbazole-1,8-dicarbaldehyde (102) under mild thermal conditions. The 

resulting compound, Mes*2PNP (Scheme 18, 103), was obtained in high yield and exhibited a ³¹P 

NMR signal at 249.9 ppm, which was on the lower end of the typical range for Mes*-substituted 

phosphaalkenes,[32, 34-35, 47] suggesting electronic delocalization from the carbazole unit to π* 

orbitals of the P=C unit of the phosphaalkene. An analogous ligand (Scheme 18, 104) 

incorporating bulky DippTer groups was synthesized via a similar approach but required extended 

reaction time of 14 days at elevated temperatures. Alongside 104, a mono-phosphaalkene by-

product (105) was also identified,[121] as evidenced by distinct 1H NMR resonances including a 

deshielded NH doublet and characteristic signals for aldehyde and P=C(H) protons. These results 

confirm the previously mentioned stepwise formation of the bis-phosphaalkene and mono-

functionalized PNO-type species under different stoichiometries and reaction conditions. Single-

crystal X-ray diffraction of 103 and 104 confirmed the E-configuration of both P=C units (Figure 

19). In the case of 103, intramolecular hydrogen bonding was observed between the central NH 

and both phosphorus atoms. For 104, the large DippTer groups induced asymmetric orientation of 

the two phosphaalkene arms, yet both P=C bonds remained coplanar with the carbazole core. 

 

Scheme 18. a) Synthesis of novel R2PNP phosphaalkene ligands 103 and 104.a Conditions for 103: C6H6, 

50 °C, 24 h; for 104: C6H6, 80 °C, 14 d. b) Synthesis of M[Mes*2PNP] (M = Na (106), K (108)) and 

Na[DippTerPNP] (107). 
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To enable further reactivity, the acidic NH proton of 103 was removed using non-nucleophilic 

bases M[N(SiMe₃)₂] (M = Na, K), yielding the corresponding alkali metal salts 106 (Na) and 108 (K) 

in quantitative yields. Deprotonation was confirmed by the disappearance of the NH signal in the 
1H NMR spectrum and its associated IR band. The 31P NMR signals of the salts [106 

(δ(31P) = 228.4 ppm); 108 (δ(31P) = 236.8 ppm)] were shifted significantly upfield compared to the 

neutral ligand (δ(31P) = 249.9 ppm), consistent with increased electron density at phosphorus 

following metalation. Crystallographic analysis of 106 revealed a distorted seesaw coordination 

geometry around Na⁺, coordinated by the PNP backbone and an Et₂O solvent molecule (Figure 

19). The Na–N and Na–P bond distances were in expected ranges for ionic interactions, and the 

complex geometry supported the formulation of a monoanionic, strongly basic P,N,P-type 

phosphaalkene ligand.  

 

Figure 19. Molecular structures of 103 (left) and 106 (right). Ellipsoids drawn at 50% probability. H atoms 

(except NH and RP=CHR) omitted and Mes* groups rendered as wireframe for clarity. 

This set of ligands and their alkali metal derivatives represent a versatile platform for further metal 

coordination chemistry, particularly due to their high basicity, making them ideal candidates for 

engaging in transition metal complexation as shown in the subsequent studies of Rh(I) complexes. 

2.4.1  Synthesis of Mononuclear and Dinuclear Rh(I) Complexes 

To investigate the coordination behavior of the monoanionic P,N,P-type phosphaalkene ligand, 

reactions were carried out between sodium salt 106 and [Rh(cod)Cl]₂ in a 2:1 ratio, 31P NMR 

spectroscopy revealed the formation of two major species: a singlet at 249.9 ppm, corresponding 

to free Mes*2PNP ligand, and a doublet at 46.7 ppm (1JP–Rh = 132 Hz), suggesting successful 

coordination to Rh(I) and formation of a new complex (Scheme 19, 109).  
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Scheme 19. Reactions of 106 with one or two equivalent of [Rh(cod)(Cl)]2. 

In the ¹H NMR spectrum, multiple sets of doublets were observed, characteristic of C–H activation 

at the phosphaalkene unit. This transformation resembles reported cyclometalation reactions in 

PN-type systems[28, 34-35] and results in the formation of a phosphaindane-type structure. Single-

crystal X-ray diffraction confirmed that complex 109 features a dinuclear Rh(I) core (Figure 20), 

with the central nitrogen of the carbazole as bridging atom between the rhodium centres. Rh1 

adopts a square-planar geometry, while Rh2 displays a trigonal pyramidal arrangement (when not 

considering the Rh-Rh interaction).  

 

Figure 20. Molecular structures of complexes 109 (left) and 110 (right). Ellipsoids drawn at 50% 

probability. Hydrogen atoms are omitted and cod, tBu (left) and Mes* (right)  groups rendered as 

wireframe for clarity. 
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The two Rh centers are positioned at a distance of 2.6334(9) Å, indicative of a potential metal–

metal interaction (cf. Σᵣ(cov)(Rh–Rh) = 2.50 Å).[141] Additionally, Rh1 in complex 109, can be best 

described as a 16-valence electron square planar Rh(I) centre (excluding Rh-Rh interaction) and 

both metal centers were bridged by carbazole N atom (Rh2–N1 = (2.094(6) Å; Rh1–N1 = 

(2.149(7) Å). To better understand the nature of this Rh–Rh interaction, DFT calculations were 

conducted. The HOMO was found to be a non-bonding orbital with d-character contributions from 

both Rh centers, while the HOMO–1 illustrated donation from a dz2 orbital at Rh1 to a d-orbital at 

Rh2 and the LUMO, in contrast, was metal-centered. This is consistent with TD-DFT studies, where 

the HOMO–LUMO transition interpreted as a metal-to-metal charge transfer (λmax,exp = 652  nm; 

λmax,calc = 609  nm). Natural bond orbital (NBO) and intrinsic bonding orbital (IBO) analyses revealed 

delocalization of the lone pair on Rh1 across to Rh2, with complementary localization of electron 

density visualized by electron localization function (ELF) analysis (Figure 22). Additionally, lone 

pairs on the carbazole nitrogen were delocalized into the Rh centers, contributing further to the 

coordination environment.  

 

Figure 21. In complex 109 Rh-Rh interaction: HOMO-1 (PBE0-D3/def2-SVP) and NLMO (dz2 type lone pair 

(LP) on Rh1). 

In a parallel study, 106 was reacted with [Rh(cod)Cl]₂ in a 1:1 ratio to examine whether full ligand 

consumption could be achieved. The 31P NMR spectrum in this case showed new sets of signals: a 

doublet at 169.2 ppm (1JP–Rh = 152 Hz) and a doublet of doublets at 125 ppm (1JP–Rh = 157.7 Hz), 

consistent with the formation of a distinct dinuclear Rh(I) complex (110) featuring a more complex 

coordination behavior. X-ray analysis of complex 110 revealed an unprecedented arrangement in 

which both Rh centers are bridged by a chloride and one phosphaalkene unit, which 

simultaneously coordinates in two distinct modes: side-on η2 to Rh1 and end-on η1-κP to Rh2 

(Figure 20). The bond metrics supported this interpretation, with the P2–C12 bond (1.765(3) Å) 

elongated due to η2-coordination, and the P1–C1 bond (1.694(2) Å) remaining relatively short, 

characteristic of P=C bonds. Complex 110 represents the first synthetically confirmed example of 

dual η1/η2 coordination modes in a single phosphaalkene ligand. TD-DFT simulations identified a 

strong HOMO–LUMO transition at 796 nm (λmax,calc = 735 nm), interpreted as intraframework 

charge redistribution within the PNP scaffold with limited Rh contribution. The next prominent 

transition at 564 nm was attributed to a metal-to-ligand charge transfer (MLCT) (HOMO-1 to 

LUMO). The HOMO-1 and HOMO-5 described the side-on coordination of the P2-C12 arm, while 
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in the NBO picture this interaction was reflected in a Rh−P bonding orbital which was best 

described as an interaction of a Rh-centred d-orbital with the P=C * orbital.  

 

Figure 22. In complex 109 Rh-Rh interaction: Electron localisation function (ELF, PBE0-D3/def2-SVP) and 

IBO of Rh−Rh interaction (r2SCAN-3c//PBE0-D3/def2-SVP). 

Control experiments with other Rh(I) precursors such as [Rh(nbd)Cl]₂, [Ir(cod)Cl]₂, and [Rh(coe)₂Cl]₂ 

did not lead to comparable product formation, highlighting the unique reactivity of [Rh(cod)Cl]₂ 

in accessing these dinuclear complexes. However, our approach to stabilize mononuclear Rh(I) 

complex with cod ligand proved largely unproductive, as the steric bulk of the cod ligand hindered 

proper accommodation within the ligand pocket. Nevertheless, our results showed that cod was 

indeed able to stabilize single Rh center which was outside the ligand pocket in the final 

complexes. It appears that the steric demands of the system prevented formation of a 

mononuclear species and instead favoured dimerization. Mechanistically, the formation of the 

complexes 109 and 110 is proposed to proceed via a reactive, tricoordinate Rh(I) 14-electron 

intermediate, a species that has recently been authenticated by Gade et al. and shown to be highly 

reactive.[142] We propose that this transient 14-electron Rh(I) species may have, either underwent 

C–H activation of the tert-butyl groups followed by attack on another equivalent of [Rh(cod)Cl]2 

to yield the dinuclear complex 109, or bypassed C–H activation and directly formed complex 110 

via a similar dimerization pathway. To overcome the steric limitations of cod, a more compact and 

strongly binding ligand such as CO was then employed to investigate whether a mononuclear 

square-planar Rh(I) complex could be stabilized. To investigate this, [Rh(μ-Cl)(CO)2]2 was reacted 

with 106 in THF at room temperature, producing a brown solution. The 31P NMR spectroscopy 

revealed a doublet at 181.7 ppm (1JRh–P = 163.6 Hz), indicating the formation of a Rh(I)-coordinated 

species. 

 

Scheme 20. Reactions of 106 with one or two equivalent of [Rh(cod)(Cl)]2. 
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Crystallization of the compound yielded [Rh(CO)(Mes*2PNP)] (Scheme 20, 111), confirmed by single-

crystal X-ray diffraction as a C2v-symmetric complex with intact phosphaalkene units and a 

distorted square-planar geometry. The IR spectroscopy showed a CO stretching vibration at 

1996 cm-1, while the UV–vis absorption at 505 nm matched TD-DFT calculated corresponds to a -

* transition. These results demonstrate the ability of the phosphaalkene ligand 102 to form well-

defined mononuclear Rh(I) carbonyl complexes. These results showcase the ability of 

phosphaalkene ligands to support diverse and previously unobserved metal coordination 

geometries, offering new avenues for Rh–Rh bimetallic chemistry and added novel dimension to 

coordination chemistry of phosphaalkenes. 
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3 Summary 

This thesis explored the design and reactivity of phosphaalkene-based ligands and their 

integration into transition metal complexes, advancing the understanding of phosphorus–main 

group and phosphorus–transition metal chemistry. Initially, synthetic efforts focused on accessing 

phosphaalumenes using Mes*P(PMe3) and a series of low-valent Al(I) reagents. Although direct 

isolation of monomeric phosphaalumenes was unsuccessful, spectroscopic and crystallographic 

characterization confirmed their transient formation and revealed competing deactivation 

pathways via dimerization or intramolecular C–H activation. These studies provided new structural 

insights into base-free Al=P bonding motifs and underscored the challenges of stabilizing such 

highly reactive species. Recognizing these limitations, the research pivoted toward employing the 

phospha-Wittig strategy to synthesize novel phosphaalkene-containing P,N,P-type ligands 

derived from carbazole framework and P,N,N3-type ligands from diphenylamine framework. A 

significant outcome was the discovery of the “azide-Wittig” reaction: a new synthetic route for 

forming triazabutadienes (TBDs) from azides and aldehydes under mild conditions. This 

transformation displayed broad substrate scope, offered practical access to diverse TBD 

frameworks, and demonstrated the utility of azidophosphorane intermediates in organic synthesis. 

Finally, the newly developed bis-phosphaalkene ligands were shown to act as highly basic, 

monoanionic P,N,P donors. Their coordination to Rh(I) yielded dinuclear complexes with unique 

structural features, including rare phosphaalkene coordination modes and intramolecular C–H 

activation products. Computational analyses revealed unusual Rh–Rh donor–acceptor interactions 

and metal-to-metal charge-transfer characteristics, expanding the known coordination chemistry 

of phosphaalkene systems. Complementing these results study also demonstrate that 

phosphaalkene systems can stablize mononuclear Rh(I) carbonyl complex, which further show the 

ligand’s ability to stabilize well-defined square-planar Rh(I) centers. 

Collectively, this work provides new synthetic methodologies and fundamental reactivity insights 

that broaden the scope of phospha-Wittig reagents, establish versatile ligand platforms for 

transition metal complexation, and highlight new strategies for main-group multiple-bond 

activation. These findings lay an important groundwork for further exploration in catalysis, small-

molecule activation, and organophosphorus ligand design. 
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4 List of Publication 

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 4.1, I have contributed to the synthesis and characterization of parts of the compounds 

In paper 4.2, I carried out most of the experiments and analyzed the characterization data. In 

addition, the supporting information corresponding to the paper was written by me. 

In paper 4.3, the work I undertook is synthesizing the ligand and the metal complexes along with 

the supporting information writing. In addition, I have drafted the manuscript. 
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