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ABSTRACT 
 

Electrophilic phosphinidene complexes play a central role in organophosphorus 

chemistry. The chemistry of transient phosphinidene complexes has been well studied, 

but stable, cationic phosphinidene complexes are not as well understood. Therefore the 

reactivity of a cationic phosphinidene complex [CpFe(CO)2{PNiPr2}]+  (Cp = η5-

cyclopentadienyl, iPr = isopropyl), toward bond activation, cycloaddition and 

nucleophilic addition has been examined. 

The complex [CpFe(CO)2{PNiPr2}]+ reacts with primary, secondary, and tertiary 

silanes to form the silyl phosphine complexes [CpFe(CO)2{P(H)(SiR3)NiPr2}]+ (SiR3 = 

SiPhH2,  SiPh2H, Si(C2H5)3), in which the phosphinidene has inserted into the Si-H bond. 

A computational study shows that the insertion is concerted. The same phosphinidene 

complex reacts with HPPh2 to form the phosphine-coordinated phosphinidene complex 

[CpFe(CO)2{P(PHPh2)NiPr2}]+, which rearranges to the phosphino-phosphine complex 

[CpFe(CO)2{P(PPh2)(H)NiPr2}]+. Reaction of [CpFe(CO)2{PNiPr2}]+ with H2 at high 

pressure leads to the primary phosphine complex [CpFe(CO)2{PH2(NiPr2)}]+.    

The phosphinidene complex [CpFe(CO)2{PNiPr2}]+ reacts with alkenes and 

alkynes via (1+2) cycloaddition to form phosphiranes and phosphirenes respectively. 

Conjugated alkenes react to initially form phosphiranes, which rearrange to phospholenes 

via a [1+3] sigmatropic shift. Reaction with an α, β unsaturated ketone gives an oxo-3-

phospholene complex. Reaction with azobenzene forms a benzodiazophosphole via C-H 

activation. Addition of HCl or HBF4·O(CH3CH2)2 to the phosphirene and 

benzodiazophosphole complexes results in P-N bond cleavage, yielding the respective 
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chlorophosphorus heterocyclic complexes.  The heterocycles can be removed from the 

metal complexes by addition of trimethylphosphine or triethylphosphine.  

The phosphinidene complex [CpFe(CO)2{PNiPr2}]+, reacts with trialkylphos-

phines to form the phosphine-coordinated phosphinidene complexes [CpFe(CO)2-

{P(PR3)NiPr2]+ (R = CH3, C2H5, C4H9). Phosphines act as a protecting group and allow 

amine cleavage via reaction with HBF4·O(CH3CH2)2 to form phosphine-coordinated 

chlorophosphinidene complexes. The resulting chloro group can be displaced by an 

additional phosphine, leading to novel bisphosphoniophosphido complexes 

[CpFe(CO)2{P(PR3)}]2+, which rapidly dissociates to form [PR3-P-PR3]+. Reaction of 

[CpFe(CO)2{PNiPr2}]+ with bis(dimethylphosphino)methane forms [CpFe(CO)-

{P(NiPr2)P(Me2)CH2P(Me2)-κ2P1,P4}]+. P-N cleavage of the bridging complex 

[CpFe(CO){P(NiPr2)P(Me2)CH2P(Me2)-κ2P1,P4}]+ with HCl leads to [CpFe(CO)-

{P(Cl)P(Me2)CH2P(Me2)-κ2P1,P4}]+. Phosphine addition to [CpFe(CO){P(Cl)-

P(Me2)CH2P(Me2)-κ2P1,P4}]+ gives the bisphosphoniophosphido complex  [CpFe(CO)-

{P(PR3)P(Me2)CH2P(Me2)-κ2P1,P4}]2+, which is stable to dissociation. 

The reactivity studies of [CpFe(CO)2{PNiPr2}]+ have shown that  it can be used to 

activate non-polar bonds like Si-H, P-H and H-H to form P-Si, P-P and P-H bonds, but is 

not electrophilic enough to activate C-H bonds. [CpFe(CO)2{PNiPr2}]+ undergoes 

cycloaddition reactions with a wide range of unsaturated substrates leading to phosphorus 

heterocycles, and shows the typical reactivity expected for electrophilic phosphinidene 

complexes. Novel complexes with P-P-P ligands and P-P bonds have been formed via 

phosphine addition reactions of [CpFe(CO)2{PNiPr2}]+.  
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CHAPTER 1  

INTRODUCTION 

1.1 Phosphorus 

Phosphorus is in group 15 of the periodic table and its electronic configuration is 

[Ne]3s23p3.  Phosphorus typically forms three covalent bonds by sharing the three 

electrons, leaving one non-bonding pair, or five covalent bonds by sharing all the five 

valence electrons. Oxidation states of phosphorus range from -3 to +5. Phosphorus bonds 

with many other elements. The coordination number of phosphorus varies from 1 to 6 

(Figure 1.1).1 
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Figure 1.1: Phosphorus compounds with different coordination and 

oxidation numbers 

 

1.2 Organophosphorus compounds 

An organophosphorus compound can generally be defined as a compound having 

phosphorus with organic fragment(s). However, another narrower definition is more 
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preferred, i.e., an organophosphorus compound is a compound having at least one direct 

P-C bond. Organophosphorus compounds have a wide range of applications. They are 

used as pesticides and herbicides in agriculture and as antibacterial drugs and 

chemotherapeutic agents in medicine.2 Organophosphorus compounds are useful in 

organic synthesis. For example, Wittig reagents like methylene triphenyl phosphine 

(Ph3P=CH2), are widely used in synthesizing alkenes.3 Phosphorus-containing ligands are 

also important in  many transition metal catalyzed reactions.4 Phosphorus-carbon and 

phosphorus-element bond forming reactions therefore have applications in many areas of 

chemistry.  

On the basis of the valency of the phosphorus atom, organophosphorus 

compounds can be classified into two categories: high-valent (P(V)) and low-valent 

(P(III) and lower). Biological and naturally occurring phosphorus compounds are high-

valent phosphorus compounds. These compounds are well known and have variety of 

applications as mentioned above. Although low-valent organophosphorus compounds 

(P(0), P(I) and P(II) compounds) are uncommon they might have synthetic applications.  

In many cases, phosphorus compounds and carbon compounds are quite different 

in the structure, bonding and reactivity. However, the chemistry of low-valent 

phosphorus compounds shows a striking similarity to the chemistry of its diagonal 

neighbour carbon and bears little resemblance to that of nitrogen. Therefore, Mathey 

named the low-valent compounds as ‘phosphaorganic’ compounds.5 
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1.3 The phosphorus-carbon analogy 

The phosphorus-carbon analogy can be easily understood by replacing a carbon fragment 

CR from a low valent organic compound like alkenes, alkynes, carbenes and metal 

carbenes with a phosphorus moiety :P (Figure 1.2).6  
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Figure 1.2: The phosphorus – carbon analogy  

 

Phosphaalkenes and phosphaalkynes behave like their counterpart alkenes and 

alkynes but have little resemblance to imines (R2C=NR) and nitriles (RCN) respectively.5 

For example, like alkynes, phosphaalkynes almost always bind to transition metals in an 
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η2 mode,5 but nitriles almost always show η1 coordination (Figure 1.3). Phosphinidenes 

and metal phosphinidene complexes, which are the primary focus in this thesis, are 

analogous to carbenes and metal carbenes complexes. Therefore, well established carbene 

chemistry can serve as an inspiration and as a guide to understand the phosphinidene 

chemistry.     

M
C

C

R

R

M
C

P

R

M N C R

Alkyne ligand Phosphaalkyne ligand Nitrile ligand

η2 mode η2 mode η1 mode  

Figure 1.3: Most common ligation modes of alkyne, phosphaalkynes and 

                   nitrile ligands 

 

1.4 Phosphinidenes 

A phosphinidene is a phosphorus compound having only one singly bonded 

substituent on phosphorus, rather than the more typical three or five (Figure 1.2). The 

phosphorus atom shares an electron to form a covalent bond with an atom or a group, 

leaving four non-bonding electrons. Phosphinidenes are low-coordinate and electron 

deficient (six valence electrons), and are thus very unstable and reactive. Only a few 

phosphinidenes have been observed spectroscopically.7-9  

Phosphinidenes are the phosphorus analogs of well-studied carbenes. It is 

therefore useful to discuss briefly the carbenes at this point to understand the bonding and 

reactivity of phosphinidenes. 
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Carbene is a neutral, unstable and divalent carbon species containing two 

substituents (Figure 1.2). Carbene contains only six valence electrons in which two of 

them are non-bonding electrons and it is very reactive. According to the electron 

distribution among the orbitals, free carbenes exist either in singlet state or in triplet state 

(Figure 1.4). Most free carbenes are unstable. However, carbenes can be stabilized by 

relieving the electron deficiency with π-donor substituents. Metal complexes consisting 

of carbene ligand, which are known as metal carbenes, are stable. Metal carbene 

complexes are not normally synthesized by coordination of a carbene with a metal 

fragment, except in the cases where carbene is already stabilized by π-donor substituents.  

Transition metal carbene complexes can be divided into two classes based on 

reactivity: nucleophilic metal carbenes (Schrock carbenes) and electrophilic metal 

carbenes (Fischer carbenes). The carbene ligand in nucleophilic metal carbenes is 

considered to be derived from triplet carbene (Figure 1.4). The unpaired electron in the 

sp2 orbital forms a σ bond with the metal center, which leaves on carbon a pz orbital with 

an unpaired electron. The pz orbital overlaps with an appropriate metal d orbital to form a 

π bond. The metal-carbon bond is generally considered to be a formal double bond.  

Because of the difference in electronegativities, M=C double bond is polarized toward 

carbon, and the complex is nucleophilic at carbon. On the other hand, the carbene ligand 

in electrophilic metal carbenes can be considered to be formally derived from free singlet 

carbene, which donates one lone pair to the cationic metal center. This leaves an empty pz 

orbital (Figure 1.4). Because of the empty pz orbital the complex is electrophilic at 

carbon. The empty pz orbital can accept electron from a filled metal d orbitals or 
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heteroatom substituent. Metal carbene complexes play important roles as carbene transfer 

reagents and as metathesis catalysts in synthetic organic chemistry.10  
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Figure 1.4: Electronic structure of carbenes and metal carbene complexes,  

                  and examples of Fischer and Schrock carbenes. 

 

1.4.1 Bonding in phosphinidenes 

Like carbenes, phosphinidenes exist either in singlet state or in triplet state. 

Computational studies reveal that in the parent phosphinidene [PH], the triplet state is 22 

kcal/mol more stable than the singlet state (Figure 1.5).11 The singlet-triplet energy gap is 

determined by the substituents. For example, theoretical calculations show that the 
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ground triplet state is preferred for methylphosphinidene and aminophosphinidene, 

however the singlet-triplet energy difference for methylphosphinidene is -30.1 kcal/mol 

and for aminophosphinidene is -3.4 kcal/mol.12   
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Figure 1.5: Electronic structure of singlet state and triplet state of free 

phosphinidenes 

 

1.4.2 Generation of phosphinidenes 

The first systematic study of the chemistry of phosphinidenes was reported by 

Schmidt in 1975.7 He generated transient phosphinidenes by pyrolysis of 

cyclopolyphosphanes (RP)n (I).  The pyrolysis product was trapped with conjugated 

dienes and alkynes (Scheme 1.1). This method has limited utility because the 

phosphinidenes are not generated under synthetically useful conditions and there is little 

control over the reactivity.  
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P P
Ph Ph
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Ph
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25% 25%

P
P

P

PhPh

Ph
PhPh

+

15% 75%  

Scheme 1.1 
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Gaspar et al. generated a phosphinidene by photolysis of phospholene II (Scheme 

1.2).8 Another method was demonstrated by Cowley et. al. using a phosphorus bis(azide) 

III (Scheme 1.2).9 The formation of phosphinidenes have been shown by trapping 

reactions and there is no direct evidence for the formation of phosphinidenes. However, 

Gaspar’s group first reported the electron spin resonance (ESR) spectroscopic evidence 

for the formation of mesitylphosphinidene by irradiation of mesitylphosphirane IV at 77 

K.8 When the mesitylphosphinidene is trapped with alkynes, alkenes and conjugated 

dienes, phosphirenes, phosphiranes and phospholenes are formed respectively (Scheme 

1.3).  
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P Mes [Mes-P]
+

C2H4

EtC CEt

P

+

P Mes

Et

Et

P

Mes
P

MesIV

Mes

 

Scheme 1.3 
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Most of the methods for generating phosphinidene are too difficult to be useful 

for routine synthetic chemistry, and their high reactivity means that their reactions are not 

selective.   

 

1.5 Phosphinidene complexes 

Like carbenes, phosphinidenes can be stabilized and their reactivity can be 

moderated by coordination to a metal complex. Metal coordinated phosphinidenes 

(phosphinidene complexes) are still very reactive, but are easier to generate and more 

selective in their reactivity, and are thus useful in synthetic chemistry.  Like transition 

metal carbenes, transition metal phosphinidene complexes can also be classified into 

nucleophilic and electrophilic classes based on their reactivity.13 

 

1.5.1 Nucleophilic phosphinidene complexes  

1.5.1.1 Bonding in nucleophilic phosphinidene complexes  

The bonding in the nucleophilic phosphinidene complexes is viewed as being 

analogous to that of Schrock type carbene complexes. The phosphinidene ligand can be 

considered to be formally derived from free triplet phosphinidene, which contains one 

lone pair in a sp2 orbital and an unpaired electron in pz orbital and the other sp2 orbital. 

The unpaired electron in the sp2 orbital forms a σ bond with the metal center, which 

leaves on phosphorus a lone pair and the pz orbital with an unpaired electron 

perpendicular to the plane formed by M, P, and R, and leading to a bent geometry at 

phosphorus (Figure 1.6). The pz orbital overlaps with an appropriate metal d orbital to 

form a π bond. The M – P bond can be considered as a genuine M = P double bond.5,14,15 
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Because of the difference in electronegativities, M=P double bond is polarized toward 

phosphorus, and the complex is nucleophilic at phosphorus.14,15 
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Figure 1.6: Electronic structure of nucleophilic phosphinidene complexes 

 

1.5.1.2 Generation of nucleophilic phosphinidene complexes 

There are several routes to nucleophilic phosphinidene complexes, including salt 

metathesis, insertion and elimination, α-hydrogen migration, oxidation and 

deprotonation, phosphinidene group transfer, and dehydrogenation and ligation.16 Since 

my focus is on electrophilic phosphinidene complexes, generation of nucleophilic 

phosphinidene complexes will only be discussed very briefly here.    

The first stable nucleophilic phosphinidene complexes [M(η5-C5H5)2 (=PR)] were 

synthesized via salt metathesis from [{M(η5-C5H5)2HLi}4] and RPCl2 by Lappert in 1987 

(Scheme 1.4).17,18  The 31P NMR spectra showed peaks from 666.1 to 799.5 ppm for 

these complexes.  Low field shifts are typical for phosphinidene complexes.5,14,15   

 

1/4[{M(η-C5H5)HLi}4]

M = Mo, W
R = 2,4,6-t-Bu3C6H2
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-LiCl,HCl

M P
R

 

 Scheme 1.4 
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The early transition metal nucleophilic phosphinidene complex, 

[Cp2(Me3P)Zr=PMes*] was synthesized by Stephen et al. via salt metathesis as shown in 

Scheme 1.5.19-23 The chemical shift in the 31P NMR spectrum was observed at 792.7 ppm. 

The group of Lammertsma generated late transition metal (Ir) nucleophilic phosphinidene 

complexes via salt metathesis (Scheme 1.5).24 The chemical shifts in 31P NMR spectra of 

the phosphinidenes were detected at 686.6 ppm.  
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Scheme 1.5 

 

1.5.2 Electrophilic phosphinidene complexes    

1.5.2.1 Bonding in electrophilic phosphinidene complexes  

The bonding in electrophilic phosphinidene complexes is viewed as being 

analogous to Fischer type carbene complexes. The phosphinidene ligand can be 

considered to be formally derived from free singlet phosphinidene, which donates one 

lone pair to the cationic metal center. This leaves on phosphorus a second lone pair and 

an empty pz orbital perpendicular to the plane formed by M, P, and R, leading to a bent 

geometry at phosphorus (Figure 1.7). The M – P bonding can be considered as a dative 

bond and the P atom is in the +I oxidation state.5,14 Because of the empty pz orbital the 
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complex is electrophilic at phosphorus. The empty pz orbital can accept electron from 

filled metal d orbitals or a heteroatom substituent.   
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Figure 1.7: Electronic structure of electrophilic phosphinidene complexes 

 

1.5.2.2 Generation and trapping of transient electrophilic phosphinidene complexes 

In 1982, Mathey et al. reported a method to synthesize stable 7-phosphanor-

bornadiene complexes using metal coordinated phosphole complexes, as shown in 

Scheme 1.6.25 The mass spectral data clearly revealed the loss of RP→M(CO)5 (M = Mo, 

W), suggesting the 7-phosphanorbornadiene complexes might be precursors to terminal 

phosphinidene complexes.  
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Scheme 1.6 

 

Thermal decomposition reactions of the 7-phosphanorbornadiene complexes were 

carried out in the presence of trapping agents like alcohols, phosphines and alkynes, 

leading to the products shown in Scheme 1.7. All of these reactions are first order in the 

concentration of 7-phosphanorbornadiene and do not depend on either the nature or the 

concentration of trapping reagents, supporting the intermediacy of phosphinidene 

complexes.26-29       
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Scheme 1.7 
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Later, Mathey and coworkers used 7-phosphanorbornadiene complexes to 

generate other electrophilic phosphinidene complexes by varying the substituents at 

phosphorus of 7-phosphanorbornadiene.30-33  

P

Me CO2Me

CO2MeMe

RM

R= F, Cl, butadienyl, myrtanyl

 

 

In 1994, Streubel developed an alternative route to transient phosphinidenes that 

uses thermal decomposition of the azophosphirene complexes.34 The azophosphirene 

complexes were synthesized by the reaction of para- phenyl substituted aminocarbene 

tungsten complexes V, with [bis(trimethylsilyl)methylene]chlorophosphine VI (Scheme 

1.8).35,36 In the thermal decomposition process of azophosphirene VII the transient 

nitrilium ylid VIII is also produced with the transient phosphinidene complex.    
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Scheme 1.8 
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    Lammertsma generated a transient phosphinidene complex from Collman’s 

reagent (Na2Fe(CO)4) and dichloroisopropylaminophosphine. Trapping with diallene 

yielded stable phospholene complex (Scheme 1.9).37 

Na2Fe(CO)4 + iPr2NPCl2
-30     0 oC

(OC)4Fe P

NiPr2

P
NiPr2(OC)4Fe

C C

 

Scheme 1.9 

 

Electrophilic phosphinidene complexes can also be generated using 

benzophosphepine IX, a seven membered phosphorus heterocyclic complex fused with a 

benzene ring, as a precursor (Scheme 1.10). The benzophosphepine was synthesized via 

base catalyzed hydrophosphination of diethynylbenzene X and a complexed primary 

phosphine XI.38,39  
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Scheme 1.10 
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A cationic transient isopropyl phosphinidene complex of molybdenum was 

generated via chloride abstraction from chloroisopropyl phosphido complex.40 The 

formation of the transient isopropyl phosphinidene complex was confirmed from the 

trapping reaction with PhCCPh (Scheme 1.11).   
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Scheme 1.11 

 

1.5.2.3 Generation of stable electrophilic phosphinidene complexes 

Prior to 2001, only transient electrophilic phosphinidene complexes had been 

described. In 2001, stable, structurally characterized electrophilic phosphinidene 

complexes of molybdenum, tungsten and ruthenium were reported by Carty et al. 

(Scheme 1.12).41,42 The stable electrophilic phosphinidenes are formed by abstracting 

chloride from the chloroaminophosphido complexes [Cp*M(CO)3{P(Cl)(NiPr2)}] (M = 

Mo, W) and [Cp*Ru(CO)2{P(Cl)(NiPr2)}] using AlCl3. All of these complexes are 

thermally stable but very sensitive to water and air. Since the amino group is an effective 

π- donor to the empty pz orbital of phosphorus, aminophosphinidene complexes are 

stable. Subsequently the same group produced stable electrophilic phosphinidene 

complexes of iron, osmium, cobalt and rhenium.43-46 
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 Hillhouse et al. reported a neutral phosphinidene complex of nickel (II), formed 

via deprotonation of compound XII with a strong base (Scheme 1.13).47-49 Compound 

XII was obtained from a phosphido complex by one electron oxidation with tropylium 

hexaflurophosphate.   
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1.6 Characteristic reactions of phosphinidene complexes 

The characteristic reactions of nucleophilic phosphinidene complexes include 1,2-

addition with polar reagents such as A-H (A= HO, MeO, PhNH) and (2+2) cycloaddition 

with unsaturated substrates like alkynes (Scheme 1.14). In contrast, electrophilic 

phosphinidene complexes show 1,1-addition reaction with polar reagents and (1+2) 

cycloaddition with unsaturated substrates.14 Since I focus only on electrophilic 

phosphinidene complexes, the chemistry of electrophilic phosphinidene complexes will 

be discussed in more detail in the following sections. 
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Scheme 1.14 

                

1.6.1 Characteristic reactions of electrophilic phosphinidene complexes 

The reactions of electrophilic phosphinidene complexes can be categorized 

mainly into three types: (a) bond insertion reactions with reagents like alcohols, (b) 

cycloaddition reactions with unsaturated substrates like alkynes, and (c) addition 

reactions with nucleophiles. It has been shown that P-C and P-X (X = O, H, N, Cl, Br) 

bonds can be formed by bond insertion reactions of electrophilic phosphinidene 

complexes.50-56 The cycloaddition reactions of electrophilic phosphinidene complexes 

with unsaturated substrates lead to P-C bond formation.27,28 Nucleophilic attack at 
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phosphorus in the electrophilic phosphinidene complexes has been exemplified by 

addition of phosphines, which results in the P-P bond formation.57,58 Several examples 

are available for each category. One simple example for bond insertion reaction, 

cycloaddition reaction, and nucleophilic addition reaction is given in this section and the 

details of these reactions will be discussed in Chapters 2, 3 and 4 respectively.  

     

1.6.1.1 Bond Insertion Reactions 

Phosphorus at the electrophilic phosphinidene complexes can be inserted into O-

H bonds (Scheme 1.15). Transient phosphinidene reacts with methanol to yield a 

phosphine complex via O-H activation.50    

 

(OC)5W P
Ph

(OC)5W P
Ph

OMe
H

+ MeOH CuCl, 55 oC
1.5 h

 

Scheme 1.15 

 

1.6.1.2 Cycloaddition Reactions  

 Unsaturated organic compounds react with electrophilic phosphinidene 

complexes via (1+2) cycloaddition to give phosphorus heterocyclic complexes. Reaction 

of a transient phosphinidene complex [PhPW(CO)5] with styrene yields a phosphirane 

complex (Scheme 1.16).28   
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Scheme 1.16 
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1.6.1.3 Nucleophilic Addition Reactions  

 Nucleophiles can easily be coordinated with electrophilic phosphinidene 

complexes. Reaction of a transient phosphinidene complex [PhPW(CO)5] with tributyl 

phosphine yields a phosphine-coordinated phosphinidene complex (Scheme 1.17).57  

 

(OC)5W P
Ph

(OC)5W P
Ph

PBu3
+ PBu3

CuCl, 40 oC
4 h

 

Scheme 1.17 

 

1.7 Rationale and Objectives 

Several routes to electrophilic and nucleophilic phosphinidene complexes have 

been discussed. The fundamental concepts of structure and bonding, and the reactivity of 

the metal phosphinidene complexes have also been well explored.5,14 However, synthetic 

utilities of stable, cationic phosphinidene complexes have not been extensively studied. 

The investigations of the reactivity of both electrophilic and nucleophilic 

phosphinidene complexes suggest that nucleophilic phosphinidene complexes may have 

more limited applications in contrast to their electrophilic counterparts. Both the metal 

and phosphorus are involved in the reactivity of the nucleophilic phosphinidene 

complexes, while the phosphorus is the main reactive site in the electrophilic 

phosphinidene complexes.5,14 Therefore electrophilic phosphinidene complexes may be 

the better choice to form bonds to phosphorus. Since the primary goal of this work is 

bond formation to phosphorus, electrophilic phosphinidene complexes were chosen for 

this study.  
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Cationic electrophilic aminophosphinidene complexes are thermally stable and 

isolable.41-46 In addition, their syntheses are comparably easy. Among all the reported 

stable electrophilic phosphinidene complexes the iron complex [CpFe(CO)2{PNiPr2}]+ is 

simple and inexpensive to synthesize. For these reasons, it was chosen for this research.  

The formation of phosphorus-carbon and phosphorus-element bonds is a crucial 

step in synthesizing organophosphorus compounds.59 Phosphorus-carbon and 

phosphorus-element bonds can be formed using traditional main group chemistry. 

However, main group chemistry has some limitations. These methods are often not 

general and many are not very functional group tolerant. In addition, their selectivity is 

often very poor.60 An alternate approach to phosphorus-element bond formation is metal-

mediated synthesis, where reactions are carried out in the coordination sphere of 

transition metal complexes.  Metal coordination can improve selectivity and stabilize the 

reactive fragments.  

Using metal-mediated approach, some limitations of the main group methods can 

be overcome.  Among metal-mediated methods, electrophilic phosphinidene complexes 

also play an important role in forming bonds to phosphorus.  They undergo an array of 

reactions with organic molecules and can have a large range of substituents on 

phosphorus. Although intensive studies on the formation of the phosphorus-carbon and 

phosphorus-element bonds using transient electrophilic phosphinidene complexes have 

been carried out by several other researchers,25-33,50-58 the chemistry of stable cationic 

electrophilic phosphinidene complexes is still relatively new, and their applications to 

synthetic chemistry are not well developed. Bearing all these in mind, a research proposal 
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was put forward to study the bond formation reactions to phosphorus using cationic 

electrophilic phosphinidene complex of iron and the objectives were outlined.  

The main objective of this research is to investigate the reactivity of the stable 

cationic electrophilic phosphinidene complex of iron to gain fundamental understanding 

of the chemistry of stable cationic electrophilic phosphinidene complexes. Further 

subsidiary objectives are (i) to investigate the reactivity of the resulting products obtained 

from the reactions of cationic electrophilic phosphinidene complex of iron with other 

reactants and (ii) to elaborate the chemistry of cationic electrophilic phosphinidene 

complex to probe the synthetic utility of cationic electrophilic phosphinidene complexes 

toward organophosphorus synthesis.  

 

1.8 Scope of the study  

To achieve the objectives, phosphorus-carbon and phosphorus-element bonds will 

be formed via bond insertion reactions, cycloaddition, nucleophilic addition reactions of 

stable cationic iron aminophosphinidene complex and the chemistry of the resulting 

products from these reactions will be studied and elaborated to explore their utility in 

synthetic chemistry.   

Although bond activation of polar bonds such as O-H and N-H using electrophilic 

phosphinidene complexes are well studied,5 bond activation of less- polar or non-polar 

bond such as Si-H, C-H, P-H and H-H bonds by electrophilic phosphinidene complexes 

are still new. Therefore, an investigation will be done on bond activation of Si-H bond of 

silanes, P-H bond of secondary phosphines, C-H bond of toluene and ferrocene, and H-H 

bond of dihydrogen using a stable, electrophilic aminophosphinidene complex of iron. 
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The chemistry of the resulting products will also be investigated to find out 

methodologies and make them useful in synthesizing organophosphorus compounds.     

Cycloaddition reactions of transient phosphinidene complexes with unsaturated 

substrates are also well studied.5 However, cycloaddition reactions of stable 

aminophosphinidene complexes were studied only with acetylene.41-44 Therefore, the 

reactivity of cycloaddition reactions of stable, electrophilic iron aminophosphinidene 

complex toward alkenes, conjugated dienes and α, β- unsaturated ketones will be 

investigated to compare it with the reactivity of transient phosphinidene complexes 

toward unsaturated substrates, and to find out their synthetic applications. Furthermore, 

the use of an aminophosphinidene provides a route to further elaboration via P-N 

cleavage with a chloride nucleophile to form chlorophosphorus heterocyclic complexes, 

which will be useful in synthetic chemistry, for example, in the synthesis of P-

heterocyclic ligands for catalysis. Phosphorus heterocycles can be synthesized from the 

P-heterocyclic complexes via decomplexation.14 However, none of the available methods 

are general. Therefore, decomplexation of the phosphorus heterocyclic complexes will be 

investigated to check the possibility of forming a general route.   

Nucleophilic addition of phosphines to the electrophilic iron aminophosphinidene 

complex will be used to form P-P bonds. The phosphines have the potential to act as 

effective protecting groups to allow the P-N cleavage and further elaboration of the 

chemistry. Phosphine addition reactions also be used to explore novel structures and 

bonding for phosphorus. 
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CHAPTER 2 

BOND ACTIVATION REACTIONS OF ELECTROPHILIC PHOSPHINIDENE 

COMPLEXES 

2.1 INTRODUCTION  

2.1.1 Bond activation reactions 

Sigma (σ) bond activation reactions, particularly C-H activation reactions, are 

useful synthetic steps in synthetic chemistry. A σ bond activation reaction is a reaction in 

which the reactivity of a σ bond is increased towards a reagent and as a consequence the 

σ bond is split into two fragments. Carbon-hydrogen bond activation reactions are 

industrially important because functional groups can be introduced into hydrocarbons.61,62  

Since H-H bond is strong and it is completely a non-polar bond, H-H bond is 

difficult to activate. However its small size is a great advantage to activate it. It has been 

shown that H-H bond can be activated by main group elements or by metal complexes.10, 

63 H-H bond activation reactions are industrially very useful, particularly to prepare chiral 

compounds.  

Generally C-H bonds are inert and cannot be activated by conventional reagents. 

However, C-H bonds can be activated by transition metal complexes. For the metal, the 

bond activation reaction is an oxidative addition. Carbon-hydrogen bond activation 

reactions are potentially important in C-C bond formation and several catalytic systems 

having different transition metals have been reported that use C-H activation to form C-C 

bond.37          

 



 

25 
 

2.1.2 Bond activation by electrophilic phosphinidene complexes  

Most recently, there has been increasing attention on metal free bond activation 

reactions. A striking example is, reversible H2 activation by a Frustrated Lewis Pair 

Mes2P(C6F4)B(C6F5)2 (FLP is a compound having both Lewis acid and Lewis base, but 

both of them do not form an adduct due to the steric hindrance).63 Electrophilic 

phosphinidene complexes are also useful to activate bonds. Even though it is a metal 

complex, the bond activation occurs strictly at the main group element P and the metal 

does not involve in the bond activation. Bond activation reactions of electrophilic 

phosphinidene complexes are useful in forming P-C and P-element bonds. Unlike in 

transition metal oxidative addition, σ bond activation by a phosphinidene leads directly to 

the targeted P-C or P-element bond. Bond insertion reactions of electrophilic 

phosphinidene complexes into O-H, N-H, C-N, C-O, C-X (X= Halogens) C-M (M= 

transition metals) and C-H bonds have been reported. The details of these reactions are 

given below.    

Electrophilic phosphinidene complexes can be inserted into the O-H bonds of 

water and alcohols, and the N-H bonds of ammonia and amines (Scheme 2.1). Most 

probably the bond activation reactions of N-H and O-H are initiated by nucleophilic 

attack at phosphorus, followed by proton transfer.50,5,14 
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Electrophilic phosphinidene complexes insert into C-N and C-O bonds of strained 

three membered heterocyclic compounds such as aziridines XIII and oxiranes XIV 

(Scheme 2.2).14 Stable four membered phosphorus heterocyclic complexes are formed by 

inserting transient electrophilic complex [PhPW(CO)5] into less hindered C-N bond of 

aziridines. Reactions of oxiranes with [PhPW(CO)5] form unstable four membered 

phosphorus heterocyclic complexes, which convert to five membered phosphorus 

heterocyclic complexes (dioxophospholanes).    
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Scheme 2.2 

 

  Streubel et al. reported the insertion of electrophilic phosphinidene complex into 

C-X bonds (X= Br, I). The electrophilic phosphinidene complex inserts into the C-X 

bond of benzyl bromide and methyl iodide to give complexes XV and XVI respectively 
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(Scheme 2.3). Streubel has suggested that the C-X activation occurs via initial X to P 

coordination, followed by C-X cleavage.34-36   
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Scheme 2.3 

An example is shown in the Scheme 2.4 for the insertion reaction into C-Metal 

bond.52 Metal-carbon bond of an Ni2C2 cluster is activated by a transient phosphinidene 

complex to form a metallocyclic complex.         
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Scheme 2.4 

 

Intramolecular C-H activation in a phosphinidene complex (XVIII) was first 

reported by Cowley et al.55 Reaction of Mes*P=C=O (XVII) with Fe2(CO)9 yielded XIX, 

which presumably formed via insertion of P of a transient phosphinidene complex XVIII 

into a C-H bond of an ortho tBu group (Scheme 2.5).   
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Scheme 2.5                         

 

Subsequently Mathey reported the intermolecular C-H activation of ferrocene by 

transient electrophilic phosphinidene complexes of molybdenum and tungsten at 

moderate temperatures (Scheme 2.6).56 The cationic transient electrophilic phosphinidene 

complex [Cp*Mo(CO)3{PiPr}]+ can also activate the C-H bond in ferrocene at room 

temperature to give a similar complex (Scheme 2.6).40  
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Scheme 2.6                         
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Electrophilic phosphinidene complexes react with azobenzene to form complex 

XX via two steps: the formation of Lewis acid/base adduct followed by insertion into the 

ortho C-H bond (Scheme 2.7).64 
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Scheme 2.7 

 

Carty et al. attempted the same type of reaction with the electrophilic 

phosphinidene complex [Re(CO)5{P(NiPr2)}][AlCl4] and obtained benzodiazophosphole 

complex [Re(CO)5{P(PhNNHC6H4)(NiPr2)}][AlCl4] (XVIII) via C-H activation (Scheme 

2.8).46 They proposed a mechanism and explained why the complex XXI obtained here is 

different from the product XX obtained by Mathey (Scheme 2.8).     
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Scheme 2.8 

 

Insertion of electrophilic phosphinidene complexes into more polar and less polar 

bonds has been well studied and some of the examples have been discussed above.  

However the activation of non-polar bonds like H-H bond activation using terminal 

phosphinidene complex is not well known. Ruiz et al. showed that a bridging 

phosphinidene complex reacts with dihydrogen under mild condition (4 atm, 25 °C, 20 h) 

to form primary phosphine complex through a formal oxidative addition of H-H bond.65 

Mathey and coworkers reported the reaction of terminal electrophilic phosphinidene 

complex with dihydrogen under harsh condition (20 bar, 150 °C, 3 h) forms primary 

phosphine complex (XXII) via a secondary diphosphine complex (XXIII), which is 

formed through a radical mechanism (Scheme 2.9).66 
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Among all these bond insertion reactions, the phosphorus insertion into non-polar 

H-H and less polar C-H bonds have the most potential synthetic utility. The attempts to 

activate C-H bonds of some saturated compounds and reactive C-H bond of ferrocene by 

iron aminophosphinidene complex were not successful. This negative result reveals that 

the stable electrophilic iron aminophosphinidene complex is not electrophilic enough to 

activate C-H bonds directly. Since the C-H bond activation was not successful, I decided 

to examine the Si-H bond activation of silanes and P-H bond activation of secondary 

phosphines. Like C-H bonds, these bonds have low bond polarity, but they are weaker, 

making bond activation potentially easier.  

The H-H activation by transition metal complexes is one of the important steps in 

catalytic hydrogenation reaction and it has been well studied.61 To the best of my 

knowledge, there is only one reported example of H-H bond activation by phosphinidene 

complexs65. Lack of studies on the H-H bond activation by phosphinidene complexes 

motivated me to investigate the H-H bond activation by iron aminophosphinidene 

complex.       
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2.2 RESULTS AND DISCUSSION  

2.2.1 Preparation of iron aminophosphinidene complex 

The iron aminophosphinidene complex 2 was prepared by chloride abstraction 

from chloroaminophosphido complex 1 using AlCl3, as described in the literature 

(Scheme 2.10).67 Sodium tetraphenylborate can also be used to abstract chloride, instead 

of AlCl3. The chloroamino phosphido complex of iron was prepared by reacting the 

[CpFe(CO)2]- anion with Cl2PNiPr2. The formation of phosphinidene complexes were 

confirmed by NMR (31P and 1H) spectroscopy and IR spectroscopy and the values 

matched with the literature values.67 
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Scheme 2.10  

 

2.2.2 Si-H activation reactions of iron aminophosphinidene complex  

Reactions of [CpFe(CO)2{P(NiPr2)}][AlCl4] (2a) with primary, secondary, and 

tertiary silanes (PhSiH3, Ph2SiH2, and Et3SiH) have been carried out. All of the silanes 

react readily at room temperature, resulting in the formation of secondary 

silylaminophosphine complexes 3, 4 and 5 by insertion of the phosphinidene phosphorus 

into Si-H bonds (Scheme 2.11). 
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The reactions of compound 2a with silanes can be carried out either with isolated 

sample of 2a or in situ. In situ  reactions can be done in two ways; either by dissolving 

compound 1 and AlCl3 in dichloromethane and then adding silanes to the solution or by 

dissolving compound 1 and silanes in dichloromethane first and then adding this solution 

to solid AlCl3. Secondary silylaminophosphine complexes 3, 4, and 5 (Scheme 2.11) can 

be prepared by both of these methods but the optimal yields are obtained by the latter 

one. There is no direct reaction between compound 1 and the silanes. 

 

2.2.2.1 Characterization of secondary silylaminophosphine complexes  

All of the secondary silylaminophosphine complexes 3, 4, and 5 have been 

characterized by 1H, 31P, and 29Si NMR spectroscopy, IR spectroscopy and electrospray 

mass spectroscopy. Compound 4 has also been characterized by X-ray crystallography. 

The spectral features of Compound 3, which results from the reaction of 2a with PhSiH3, 
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will be used to illustrate the general spectral features of the secondary 

silylaminophosphine complexes. 

          The 1H NMR spectrum of 3 shows a doublet of doublet of doublets at δ 7.82, 

which corresponds to the P-H. The large 1J(PH) coupling of 386.6 Hz indicates a direct 

P-H bond. Small couplings of 4.4 and 4.1 Hz are observed to two diastereotopic silicon-

bound hydrogen atoms. The two Si-H resonances appear at δ 5.02 and 4.87 and are 

coupled to each other (5.9 Hz), to the phosphorus (2J(HP) = 20.5 and 31.1 Hz, 

respectively), and to the P-H proton (J = 4.4 and 4.1 Hz). The 1H NMR spectrum shows 

additional peaks for the phenyl group, the cyclopentadienyl ligand, and the isopropyl 

groups on the amine substituent. The 31P NMR spectrum shows a singlet at δ 13.0 with 

29Si satellites, while the 29Si NMR spectrum shows a doublet at δ 34.1, with an Si-P 

coupling of 38 Hz. The coupling constant of the silicon satellite peaks in the 31P NMR 

spectrum matches the 31P coupling constant observed in the 29Si NMR spectrum. The Si-

P, P-H, and H-H couplings clearly establish the formation of the new Si-P bond.  

The infrared spectrum of 3 shows carbonyl stretching frequencies of 2064 and 

2021 cm-1 and a band at 2146 cm-1 that is attributed to the Si-H stretch. The observed 

carbonyl stretching frequencies are comparable to those of known analogous 

CpFe(CO)2(PR3)+ complexes.68 For comparison, the carbonyl stretching frequencies of 

the phosphinidene complex 2 are 2074 and 2036 cm-1. The shift to lower frequency upon 

silane addition suggests that the silylphosphine ligand in 3 is a stronger donor and weaker 

acceptor than the phosphinidene ligand in 2. The electrospray mass spectrum of 3 shows 

a peak at m/z = 416 (M+), that corresponds to the molecular ion, and another peak at m/z 

308, which is attributed to (M-H3SiPh)+.   



 

35 
 

An ORTEP diagram of the X-ray crystal structure of 4 is shown in Figure 2.1. 

The structure of the cation consists of a secondary silylaminophosphine coordinated to 

the CpFe(CO)2 fragment. The substituents on the tetrahedral P and Si centers are 

staggered, with two H substituents in anti positions (H-P-Si-H dihedral angle = 178°). 

The P-Si bond length of 2.2927 (6) Å is typical for P-Si bonds.69 The P-N bond length of 

1.669 (2) Å is consistent with a P-N single bond.70  

 

 

Figure 2.1: ORTEP diagram showing the crystal structure of 

[CpFe(CO)2{P(H)(SiHPh2)(NiPr2)}][AlCl4] (4). Thermal ellipsoids are 

shown at the 50% level. Hydrogen atoms, except those on P and Si, and 

the AlCl4
- counter-ion have been omitted. Selected distances (Å) and 

angles (degrees): Fe-P = 2.2522(6), Si-P = 2.2927(6), P-N = 1.669(2), N-

P-Fe = 121.48(8), N-P-Si = 109.03(8), Fe-P-Si = 113.14(3), C20-Si-C14 = 

113.2(1), C20-Si-P = 109.77(8), C14-Si-P = 107.99(7). 

 

Generally, the P-N distance in aminophosphinidene complexes range from 1.629 to 

1.634 Å41-45, for example, the P-N distance in [Cp*Fe(CO)2{PNiPr2}]+ is 1.629 (2) Å.44 

The longer P-N distance observed in Compound 4 suggests that upon silane addition the 
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N-to-P π donation is eliminated. Similar lengthening of the P-N bond has been observed 

upon reaction of related aminophosphinidene complexes with phosphines58 and alkynes.45   

        

2.2.2.2 Reactivity of secondary silylaminophosphine complexes 

I made attempts to deprotonate silylaminophosphine complexes with 1,8-

diazobicycloundec7-ene DBU, a non-nucleophilic base,  with the intention of then 

alkylating at P (Scheme 2.12). Since the silylaminophosphine complexes are extremely 

sensitive to P-Si bond cleavage, the attempted deprotonation instead lead to the bridging 

phosphido complex 6 (Scheme 2.13). Compound 6 was also observed during the attempts 

to crystallize the silylaminophosphine complexes, presumably as a result of reaction with 

trace water. It is structurally analogous to several di-iron bridging phosphido 

complexes.71,72  
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2.2.2.3 Reaction of silylaminophosphine complexes with phenol 

In order to understand the formation of 6, the silylaminophosphine complexes 

were treated with phenol. Reaction of 5 with phenol leads to 6 in good yield (57%). The 

side product PhOSiEt3 was identified by GC/MS (m/z = 208) and was the only significant 

volatile component in the reaction mixture.  Based on this reaction, a mechanism for the 

decomposition of the silylaminophosphine complexes was proposed (Scheme 2.14). The 

initial nucleophilic attack by phenol at Si breaks the P-Si bond. The leaving group, a 

neutral iron phosphido complex A, is then protonated to form the primary 

aminophosphine complex B. Compounds A and B then react to form bridging phosphido 

compound 6 presumably via compound 7. The side product PH2NiPr2 was not observed 

in solution.  However, it is known to be unstable and decomposes under our reaction 

conditions.73 As we were unable to identify the side product PH2NiPr2, there is no direct 

experimental evidence for the final dimerization step of the mechanism. However, 

support for this step of the mechanism comes from a related work where hydrolysis of P-

Si bonds in silylphosphine complexes has been used to form bridging phosphido 

complexes.72 The 1H NMR spectrum of compound 6 shows a doublet at δ 7.15, which 

corresponds to the P-H. In addition, it shows peaks for cyclopentadienyl ligand and 

isopropyl groups. The 31P NMR spectrum shows a peak at δ 12.7.  Compound 6 has been 

structurally characterized and ORTEP diagram is shown in Figure 2.2.  

Compound 7 was isolated in low yield during attempt to crystallize 3. The 1H 

NMR spectrum of 7 is similar to that of 6. The large 1J(PH) coupling constants of 402 Hz 

and 326 Hz for 6 and 7 respectively indicate direct P-H bonds. The 31P NMR spectrum 
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shows a peak at δ 52.6. Compound 7 has also been structurally characterized and ORTEP 

diagram is shown in Figure 2.3.  
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Figure 2.2: ORTEP diagram showing the crystal structure of 

[{CpFe(CO)}2(µ-CO){µ-P(H)NiPr2}][AlCl4] (6). Thermal ellipsoids are 

shown at the 50% level. Hydrogen atoms, except the one on P, and the 

AlCl4
- counter-ion have been omitted. Selected distances (Å) and angles 

(degrees): Fe(1)-P = 2.1751(8), Fe(2)-P = 2.1897(8), P-N = 1.651(2), N-P-

Fe(1) = 127.9(1), N-P-Fe(2) = 127.7(1), Fe(1)-P-Fe(2) = 73.37(2). 
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Figure 2.3: ORTEP diagram showing the crystal structure of 

[{CpFe(CO)2}2{µ−P(H)NiPr2}][AlCl4] (7). Thermal ellipsoids are shown 

at the 50% level. Hydrogen atoms, except the one on P, and the AlCl4- 

counter-ion have been omitted. Selected distances (Å) and angles 

(degrees):  Fe(1)-P = 2.325(2), Fe(2)-P = 2.282 (2), P-N = 1.672(4), N-P-

Fe(1) = 117.6(2), N-P-Fe(2) = 116.4 (2), Fe(1)-P-Fe(2) = 115.79(6). 

        

2.2.3 P-H activation reaction of iron aminophosphinidene complex  

Reaction of the secondary phosphine HPPh2 with electrophilic phosphinidene 2a 

initially gives a phosphine-coordinated phosphinidene 8, which then completely converts 

to compound 9 in 5 h at room temperature (Scheme 2.15).  
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  The 1H NMR spectrum of 8 shows a doublet of doublets at δ 8.21, which 

corresponds to the P-H. The large 1J(PH) coupling of 375 Hz indicates a direct P-H bond 

with phosphinidene phosphorus. Small coupling of 7.8 Hz indicates the coupling of the 

hydrogen of HPPh2 with phosphinidene phosphorus.  The 1H NMR spectrum shows 

additional peaks for the phenyl groups, the cyclopentadienyl ligand, and the isopropyl 

groups on the amine substituent. The 31P NMR spectrum of 8 shows two doublets at δ 

67.9 and 4.0 with a coupling constant 328 Hz. The large P-P coupling clearly establishes 

the formation of the new P-P bond. The infrared spectrum of 8 shows carbonyl stretching 

frequencies of 2073 and 2034 cm-1 and the electrospray mass spectrum shows a peak at 

m/z 493 (M+). 

The 1H NMR spectrum of 9 shows a doublet of doublets at δ 5.93, which 

corresponds to the P-H. The large 1J(PH) coupling of 237 Hz indicates a direct P-H bond 

with phosphinidene phosphorus. Small coupling of 18.0 Hz indicates the coupling of the 

hydrogen in phosphinidene phosphorus with PPh2.  The 1H NMR spectrum shows 

additional peaks for the phenyl groups, the cyclopentadienyl ligand, and the isopropyl 

groups on the amine substituent. The 31P NMR spectrum of the intermediate 9 shows two 

doublets at δ 40.5 and 26.6 with a coupling constant 353 Hz. Large coupling constant 

corresponds to a direct P-P bond.  

The mechanism for the formation of compound 9 is straight forward. The reaction 

starts with phosphine (HPPh2) addition to 2a to give phosphine-coordinated 

phosphinidene complex 8, which then undergoes a proton transfer to give a stable 

complex 9 (Scheme 2.15).   

 



 

41 
 

2.2.4 H-H activation reaction of iron phosphinidene complex 

The reaction of [CpFe(CO)2{P(NiPr2)}][AlCl4] (2a) with dihydrogen in a Parr 

reactor at various temperatures and pressures with different solvents were carried out at 

Prof. Doug Stephen’s research lab in the University of Toronto. In most of the cases 

several decomposed products were observed. When the reaction was done at 50 °C under 

100 bar of H2 for 20h, the expected primary phosphine complex 10 was observed 

(Scheme 2.16), along with several other products. The 31P NMR spectrum of 10 showed a 

singlet peak at δ -102 ppm and the coupled 31P NMR spectrum showed a triplet peak with 

a large coupling constant (1J(PH) = 324 Hz), which corresponds to the direct P-H and 

confirms the formation of the desired product 10. The desired product 10 could not be 

isolated.   
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Scheme 2.16  

 

An independent synthesis of the primary phosphine complex 

[CpFe(CO)2{P(H2)NiPr2}]+ (10) has been developed to confirm the identity of the 

product observed in the hydrogenation reaction.   

Reaction of chloro phosphido complex 3 with LiAlH4 or LiHBEt3 immediately 

gives a phosphido complex 11.   The compound 11 is then protonated with HBF4·Et2O to 

form the primary aminophosphine complex 10 (Scheme 2.17).  
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Compound 11 can be purified by extraction into pentane, but attempts to 

crystallize it were not successful. Compound 10 could also not be crystallized, but has 

been characterize in solution.  

The 31P NMR spectrum of 11 shows a peak at δ 49.2 (singlet) and the coupled 31P 

NMR spectrum shows a doublet with a proton coupling of 173 Hz.  A doublet peak with 

large coupling indicates that one hydrogen atom is directly bound to the phosphorus. The 

1H NMR spectrum of 11 shows a doublet at δ 6.33 with a phosphorus coupling of 173 Hz 

for the hydrogen at phosphorus. In addition, a singlet at δ 4.24 for cyclopentadienyl 

ligand, a doublet of septets for the isopropyl CH and two doublets for the isopropyl 

methyl groups were observed. The infrared spectrum of 11 shows carbonyl stretching 

frequencies at 2051 and 2003 cm-1.  

The 31P NMR spectrum of 10 shows a peak at δ -102.8 (singlet) and the coupled 

31P NMR spectrum shows a triplet with proton couplings of 324 Hz. A triplet peak with 

large coupling indicates that two hydrogens are directly bound to the phosphorus. The 31P 

NMR spectrum is similar to that of the product observed in the hydrogenation reaction. 

The 1H NMR spectrum of 10 shows a doublet at δ 3.84 with a phosphorus coupling of 

324 Hz for the hydrogens at phosphorus. In addition, a singlet peak for the 

cyclopentadienyl ligand, a doublet of septets for the isopropyl CH and two doublets for 

the isopropyl methyl groups were observed.  
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2.2.5 Computational Studies of Si-H and H-H Activations  

 The computational studies were done in collaboration with Dr. A. L. L. East, 

Department of Chemistry and Biochemistry, University of Regina. The Si-H activation 

reaction has been examined computationally using SiH4 addition to 

[CpFe(CO)2{PN(CH3)2}] as a model system and Gaussian 0374 with density functional 

theory B3LYP75 and orbital basis sets LANL2DZ for the Fe atom and 6-31G(d)74 for 

other atoms. 

The addition of SiH4 to [CpFe(CO)2{PN(CH3)2}] was found to be concerted, 

occurring via a three-centre transition state. No intermediates were identified. Calculated 

reactant, transition state, and product geometries are shown in Figure 2.4. The overall 

reaction is exergonic by 7 kcal/mol. Two possible pathways and transition states were 

identified, with activation barriers of +25 and +32 kcal/mol. The transition states differ in 

the orientation of the silane relative to the phosphinidene (Figure 2.5). Mulliken partial 

charges for the key atoms in reactants, transition state, and product are shown in Table 

2.1, and selected distances are given in Table 2.2.  
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Figure 2.4. Calculated geometries for the addition of SiH4 to 

[CpFe(CO)2(PNMe2)]+. Selected distances (Å) and angles (degrees) in 

transition state 1 (+25 kcal/mol): Si-P = 2.62, Si-H = 1.85, P-H = 1.50. P-

Si-H = 33.9, Si-P-H = 43.7, P-H-Si = 102.4. Selected distances (Å) and 

angles (degrees) in transition state 2 (+32 kcal/mol): Si-P = 2.47, Si-H = 

1.75, P-H = 1.59. P-Si-H = 40.0,  Si-P-H = 45.0, P-H-Si = 95.0. 

 

P
M

N
:

H

Si

H

H
H

P
M

N
:

Si

H

HH

H

+ 25 kcal/mol + 32 kcal/mol  

Figure 2.5: Schematic representation of silane orientation in two 

calculated transition states.  

 

Fe

Fe

Fe

P

P

P

Si

Si

Si

0 kcal/mol

+32 kcal/mol

-7 kcal/molFe
P

Si

+25 kcal/mol



 

45 
 

Table 2.1: Calculated Mulliken partial charges for key atoms in the Si-H 

activation reaction.             

 Reactant Transition state* Product 

Fe -0.708 -0.639 -0.679 

P 0.585 0.438 0.482 

H -0.118 -0.071 0.02 

Si 0.265 0.381 0.337 

N -0.417 -0.473 -0.498 

 * Transition state values are those of the lower energy transition state. 

 

Of the two calculated transition states, the lower energy state is the one in which the Si is 

oriented toward the phosphorus lone pair and the H is oriented toward the pz orbital 

(Figure 2.5). The preferred orientation thus aligns the partially positive silicon atom with 

the phosphorus lone pair, and the partially negative hydrogen atom with the empty pz 

orbital. 
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Table 2.2:  Selected distances (Å) in optimized reactant, transition state, 

and product.  

 Reactant Transition state* Product 

Fe-P 2.193 2.352 2.293 

P-N 1.650 1.679 1.706 

Si-H 1.497 1.485 - 

P-H - 1.591 1.429 

Si-P  2.469 2.297 

*Transition state values are those of the lower energy transition state. 
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In the transition state, approach of the silane nucleophile decreases the charge at 

P, as the empty pz orbital overlaps with the incoming filled Si-H bonding orbital. The 

charge on N also decreases because N-to-P π-donation to the phosphorus pz orbital is 

displaced by the incoming nucleophile. Upon formation of the final product, the charge at 

phosphorus again increases as the electropositive SiH3 fragment is added to P. However, 

the charge at N does not increase from transition state to product because the positive 

charge at P can no longer be delocalized onto N, as there is no longer an empty pz orbital 

on P capable of accepting π-donation from N. For the same reasons, the calculated P-N 

distance (Table 2.2) increases from the reactant phosphinidene (1.650 Å) to the transition 

state (1.679 Å) to the product (1.706 Å) as the N-to-P π donor interaction is displaced by 

the incoming nucleophile. This increase correlates well with the P-N bond distance 

increase observed experimentally upon Si-H addition to the phosphinidene. Calculated 

Fe-P distances also increase from reactant to product as π-back donation from iron to the 

phosphorus pz orbital is eliminated. 

A comparison of the iron partial charges suggests that the silylphosphine in the 

product is a weaker donor/stronger acceptor than the phosphinidene in the starting 

material. However, this is not corroborated by IR spectroscopy, where the formation of 

the silylphosphine results in a shift of the carbonyl stretching bands to lower frequency 

(2: 2074, 2036 cm-1, 4: 2064, 2021 cm-1). The experimental infrared data supports our 

bonding model because the loss of Fe-to-P back donation upon reaction of the 

phosphinidene with silane will lead to an increase in Fe to carbonyl back-donation, and a 

corresponding decrease in carbonyl stretching frequency. 
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Computational studies for the insertion of phosphinidene phosphorus into H-H 

bond of dihydrogen were also done and the calculations show that H-H insertion is also 

concerted and exergonic with ΔG value of -11 kcal/mol. However, the activation barrier 

of 40 kcal/mol is higher than that of the Si-H insertion. 

For comparison, insertion of the phosphinidene into the C-H bond of methane was 

also studied. Like the Si-H and H-H insertion, this reaction is concerted and exergonic, 

with ∆G values of -7. However, the activation barrier of 52 kcal/mol is significantly 

higher than that of the Si-H insertion, suggesting that modification of the phosphinidene 

complex to increase electrophilicity will be necessary to achieve C-H activation. 

As mentioned in the section 2.1, bond activation by electrophilic phosphinidene 

complexes is well established. Transient phosphinidenes have been shown to react with 

X-H bonds, and have been trapped by water, alcohols, and amines. These reactions likely 

occur via initial coordination of the N or O lone pair to P, followed by proton transfer, 

although the mechanism has not been studied in detail.14 A similar mechanism has been 

described for C-Br activation by phosphinidenes, where the initial step is coordination of 

a Br lone pair to P, followed by bond insertion.34 Silanes and dihydrogen, however, have 

no lone pairs so the initial Lewis acid/base coordination is not possible and the addition 

to the phosphinidene is concerted.  

 

2.3 CONCLUSIONS  

I have developed new methods for the formation of phosphorus-element bonds 

using stable cationic iron aminophosphinidene complex, which is generated by chloride 

abstraction of iron chlorophosphido complex. I have shown that electrophilic 
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phosphinidene complexes activate Si-H bonds of silanes, resulting in insertion of 

phosphorus into the Si-H bonds and leading to secondary silylaminophosphine 

complexes. The addition occurs via a concerted mechanism and results in the formation 

of a new P-Si bond, as well as a P-H bond, which may serve as a site for further 

functionalization. This reaction represents a facile new method of P-Si bond formation.  

I have also shown that electrophilic phosphinidene complexes can activate P-H 

bonds of secondary phosphines, resulting new P-P and P-H bonds. Because phosphorus 

in the secondary phosphine has a lone pair of electrons, the P-H activation occurs via 

phosphine addition followed by proton transfer. Since phosphines have non-bonding 

electrons, this mechanism is distinctly different from Si-H insertion.   

Activation reaction of H-H bond of dihydrogen by electrophilic phosphinidene 

complexes has been done and the results revealed that the phosphinidene phosphorus is 

inserted into H-H bonds at 1500 psi and 50 °C. Computational calculations show that the 

addition occurs through a concerted mechanism.  

 

2.4 EXPERIMENTAL  

2.4.1 General Comments 

All procedures were carried out under a nitrogen atmosphere using standard 

Schlenk techniques or in an inert atmosphere glovebox. THF was distilled from 

Na/benzophenone and pentane was distilled from NaK2.8/benzophenone. 

Dichloromethane and hexane were purified using solvent purification columns containing 

alumina (dichloromethane) or alumina and copper catalyst (hexane). Deuterated 

chloroform was distilled from P2O5. The NMR spectra were recorded in CDCl3 or 
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CD2Cl2 using a Varian Mercury 300 MHz at 300.179 MHz (1H), 121.515 MHz (31P{1H}) 

or 59.637 MHz (29Si{H}). Infrared spectra were recorded in CH2Cl2 solution using 

Digilab FTIR spectrometer. Mass spectra of metal complexes were carried out using a 

Finnigan-MAT TSQ-700 mass spectrometer equipped with electrospray ionization and a 

Harvard syringe pump. GC/MS experiments were carried out using a Finnigan-MAT 

INCOS 50 connected to an HP-5890A gas chromatograph equipped with a J&W DB-

5MS column. The MS was operated in positive ion mode with electron impact ionization. 

 

2.4.2 Synthesis of iron aminophosphinidene complex (2a) 

2.4.2.1 Synthesis of [CpFe(CO)2]2  

This compound was synthesized using the published procedure.76 Fe(CO)5 (5.00 

mL, 17.6 mmol) was added to a three necked flask under nitrogen atmosphere. 

Dicyclopentadiene (32.0 mL, 0.226 mmol) was added. The resulting solution was heated 

under nitrogen at exactly 135 °C for 12 h. The mixture was allowed to cool to room 

temperature. The red-violet crystals of [CpFe(CO)2]2 were collected by vacuum filtration, 

washed 5 times with 20 mL portions of pentane and dried.  Yield: 4.4 g, 84.1%. IR 

(CH2Cl2 solution, cm-1): νCO = 1997, 1955, 1773. 

 

2.4.2.2 Synthesis of Cl2PNiPr2  

This compound was synthesized using the published procedure.77 PCl3 (10.9 mL, 

125 mmol) was added to diethyl ether (75 mL), in a three-neck flask under nitrogen. The 

flask was cooled to 0 °C in an ice bath. iPr2NH (35.0 mL, 250 mmol) in diethyl ether (50 

mL) was added drop wise to the PCl3 solution resulting a white precipitate. The resulting 
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mixture was refluxed for 10 h. It was allowed to cool to room temperature and then 

filtered to remove the precipitate. The solvent was removed under reduced pressure, 

resulting in a yellow liquid, which was purified by vacuum distillation to obtain a 

colourless liquid. Yield: 13.2 g, 56.5%. 1H NMR (CDCl3): δ 1.28 (d, 6H, 3J(HH) = 6.6 

Hz, CHCH3), 3.92 (sept., 1H, 3J(HH) = 5.8 Hz, CH(CH3)2). 31P{1H} NMR (CDCl3): δ 

170.6.   

 

2.4.2.3 Synthesis of [CpFe(CO)2{P(Cl)NiPr2}] (1)   

This compound was synthesized using a modification of the published 

procedure.67 Excess sodium/potassium alloy (NaK2.8, 2.00 mL, 1.14 g, 24.0 mmol K) was 

added to a vigorously stirred solution of [CpFe(CO)2]2 (1.00 g, 2.80 mmol) in THF (75 

mL).  The mixture was stirred for 3 h and then filtered via inverse filtration. The filtrate 

was added in small portions via canula to a solution of Cl2PNiPr2 (1.06 mL, 1.44 g, 7.20 

mmol) in THF (75 mL) at -78 °C.  After the addition was complete, the solution was 

warmed to room temperature and stirred for 30 minutes.  The solvent was removed in 

vacuo, and the residue was extracted into pentane (5 x 10 mL).  The pentane extracts 

were filtered and cooled to -25 °C for 24 h, resulting in the formation of red-orange 

crystals.  The supernatant was decanted and the solid was dried in vacuo. Yield 0.90 g, 

46%. IR (CH2Cl2 solution, cm-1): νCO = 2016, 1969. 1H NMR (CDCl3): δ 4.81 (s, 5H, 

C5H5), 3.67 (br s, 2H, CH(CH3)2), 1.19 (br s, 12H, CH3 ). 31P{1H} NMR (CDCl3): δ 320.7 
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2.4.2.4 Synthesis of [CpFe(CO)2{PNiPr2}][AlCl4] (2a)  

This compound was synthesized using a modification of the published 

procedure.67 In a typical experiment, a solution of 2a is prepared by dissolving 

[CpFe(CO)2{P(Cl)NiPr2}] (1) (30.0 mg, 0.087 mmol) and AlCl3 (17.0 mg, 0.130 mmol) 

in CH2Cl2 (0.5 mL), and then reacted in situ.  Conversion of 1 to 2a is essentially 

quantitative by NMR spectroscopy. Compound 2a is not routinely isolated because it is 

extremely air and water sensitive and isolated yields are poor. 1H NMR (CDCl3): δ 5.69 

(s, 5H, C5H5), 4.91 (sept, 1H, CH(CH3)2, 3J(HH) = 6.6 Hz), 4.67 (br s, 1H, CH(CH3)2), 

1.61 (doublet, 6H, CH(CH3)2, 3J(HH) = 6.8 Hz), 1.46 (doublet, 6H, CH(CH3)2, 3J(HH) = 

6.8 Hz). 31P{1H} NMR (CDCl3): δ 927.6 

 

2.4.3 Si-H activation reactions  

2.4.3.1 Synthesis of [CpFe(CO)2{P(H)(SiH2Ph)(NiPr2)}][AlCl4] (3) 

The compound [CpFe(CO)2(P(Cl)NiPr2)] (50.0 mg, 0.146 mmol) was dissolved in 

CH2Cl2 (2 mL) and H3SiPh (36.0 µL, 31.6 mg, 0.292 mmol) was then added. The 

resulting solution was added to AlCl3 (29.2 mg, 0.219 mmol) and stirred for 30 minutes. 

Pentane (5 mL) was added slowly with mixing, and the resulting cloudy solution was 

cooled at -30 °C for 3 days, resulting in the formation of red oil and yellow-orange 

crystals. The supernatant was decanted, and the oil was triterated with pentane (3x1 mL), 

resulting in the formation of a semi-crystalline oily solid, which was dried under vacuum. 

Yield: 45 mg, 53% IR (CH2Cl2 solution, cm-1): νSi-H = 2146; νCO = 2064, 2021. 1H 

NMR (CDCl3): δ 7.82 (ddd, 1H, PH, 1J(HP) = 386.6 Hz, 3J(HH) = 4.1, 4.4 Hz), 7.8-7.4 

(m, Ph), 5.17 (s, 5H, C5H5), 5.02 (ddd, 1H, SiH, 2J(HP) = 20.5 Hz, 2J(HH) = 5.9 Hz, 
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3J(HH) = 4.1 Hz), 4.87 (ddd, 1H, SiH, 2J(HP) = 31.1 Hz, 2J(HH) = 5.9 Hz, 3J(HH) = 4.4 

Hz), 3.28 (sept, 1H, CH(CH3)2, 3J(HH) = 6.6 Hz), 3.24 (sept, 1H, CH(CH3)2, 3J(HH) = 

6.3 Hz), 1.19 (doublet, 6H, CH(CH3)2, 3J(HH) = 6.3 Hz), 1.09 (doublet, 6H, CH(CH3)2, 

3J(HH) = 6.6 Hz). 31P{1H} NMR (CDCl3): δ 13.0 (s w satellites, 1J(SiP) = 38 Hz)  29Si 

NMR (CDCl3): δ 34.1 (d, 1J(SiP) = 38 Hz).  MS (electrospray, CH2Cl2 solution):  m/z = 

416 (M+), 308 (M – SiH3Ph).  Note: Although compounds 3-5 are routinely synthesized 

by generating the phosphinidene complex 2a in the presence of the silane, they can also 

be formed by first synthesizing and isolating 2a and then reacting it with silane. The 

procedure described above gives better yields and purity. 

 

2.4.3.2 Synthesis of [CpFe(CO)2{P(H)(SiHPh2)NiPr2}][AlCl4] (4).  

The compound [CpFe(CO)2(P(Cl)NiPr2)] (50.0 mg, 0.146 mmol) was dissolved in 

CH2Cl2 (2 mL) and H2SiPh2 (54.2 µL, 53.8 mg,  0.292 mmol) was then added. The 

resulting solution added to AlCl3 (29.2 mg, 0.219 mmol) and stirred for 30 minutes. 

Pentane (5 mL) was added slowly with mixing, and the resulting cloudy solution was 

cooled at -30 °C for 4 days, resulting in the formation of dark orange oil. The supernatant 

was decanted, and the oil was triterated with pentane (3 x 1 mL), resulting in the 

formation of a semi-crystalline oily solid, which was dried under vacuum. Yield: 66 mg, 

68%. IR (CH2Cl2 solution, cm-1): νPH = 2251, νSiH = 2146, νCO = 2064, 2021.  1H 

NMR (CDCl3): δ 7.62 (dd, 1J(HP) = 350 Hz, 3J(HH) = 6 Hz, PH), 7.3-7.9 (m, Ph), 5.53 

Hz (dd, 2J(PH) = 28 Hz, 3J(HH) = 6 Hz, SiH), 3.2 (d sept, 3J(HH) = 7 Hz, 3J(HP) = 16 

Hz, CH(CH3)2), 1.19 (d, 3J(HH) = 7 Hz, CH(CH3)2), 0.91 (d, 3J(HH) = 7 Hz CH(CH3)2). 

31P{1H} NMR (CDCl3): δ 15.9 (s w satellites, 1J(SiP) = 36 Hz). 29Si{1H} NMR (CDCl3): 
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δ -9.8 (d, 1J(SiP) = 36 Hz). MS (electrospray, CH2Cl2 solution):  m/z = 492 (M+), 310 (M 

– SiEt3 + H), 308 ([M – H2SiPh2]+). 

 

2.4.3.3 Synthesis of [CpFe(CO)2{P(H)(SiEt3)NiPr2}] (5).  

The compound [CpFe(CO)2(P(Cl)NiPr2)] (50.0 mg, 0.146 mmol) was dissolved in 

CH2Cl2 (0.5 mL) and HSiEt3 (46.6 µL, 34.1 mg,  0.292 mmol) was then added. The 

resulting solution was added to AlCl3 (23.4 mg, 0.175 mmol) and mixed well. Pentane (5 

mL) was added slowly and the resulting solution was kept at -30 °C for 4 days, resulting 

in the formation of an orange precipitate.  The supernatant was decanted, and the solid 

was washed with pentane and then dried under vacuum. Yield: 60 mg, 69%. IR (CH2Cl2 

solution, cm-1): νPH = 2223, νCO = 2062, 2019. 1H NMR (CDCl3): δ 7.26 (d, 1H, PH, 

1J(HP) = 340 Hz), 5.35 (s, 5H, C5H5), 3.21 (d sept, 1H, 3J(HH) = 6.6 Hz, 3J(HP) = 15 Hz, 

CH(CH3)2), 1.22 (d, 6H, 3J(HH) = 6.6 Hz, CH(CH3)2), 1.21 (d, 6H, 3J(HH) = 6.6 Hz, 

CH(CH3)2),  1.16 (t, 9H, 3J(HH) = 7.5 Hz, SiCH2CH3), 0.58 (q, 6H, 3J(HH) = 7.5, 

SiCH2). 31P{1H} NMR (CDCl3): δ 9.9 (s w satellites, 1J(SiP) = 20 Hz).  29Si{1H} NMR 

(CDCl3): δ 24.1 (d, 1J(SiP) = 20 Hz).  MS (electrospray, CH2Cl2 solution):  m/z = 424 

(M+), 310 ([M – SiEt3 + H]+). 

 

2.4.3.4 Synthesis of [{CpFe(CO)}2(µ-CO){µ-P(H)NiPr2}][AlCl4] (6).  

A solution of [CpFe(CO)2{P(H)(SiEt3)(NiPr2)][AlCl4] (5) in 2 mL of CH2Cl2 was 

prepared from [CpFe(CO)2(P(Cl)NiPr2)] (1) (50.0 mg, 0.146 mmol) as described in 

section 2.4.3.3. Phenol (8.1 mg, 0.146 mmol) was added and the resulting solution was 

stirred for 15 minutes. The solvent was removed under vacuum, and the residue was 
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extracted into 1 mL of CH2Cl2.  Pentane (5 mL) was slowly added with stirring and the 

resulting slightly cloudy solution was cooled to -30 °C for 15 h, resulting in the formation 

of a dark red precipitate. The supernatant was decanted, and the precipitate was washed 

with 3x5 mL of pentane, dried under vacuum, and then re-extracted into CH2Cl2 (0.3 mL). 

Pentane (3 mL) was added and resulting solution was again cooled to -30 °C for 15 h, 

resulting in the formation of dark red crystals were collected and dried under vacuum. 

Yield: 26 mg, 57%. IR (cast, cm-1): νCO = 2045, 2037, 2002, 1950, 1823. 1H NMR 

(CDCl3):  7.15 (dd, 1H, 1J(HP) = 402 Hz, PH), 5.45 (m, 5H, C5H5), 3.7 (bm, 1H, 

CH(CH)3), 3.4 (m, 1H, CH(CH)3), 1.54 (d, 6H, 3J(HH) =  6.3 Hz, CH(CH)3), 1.25 (d, 6H, 

3J(HH) = 6.6 Hz, CH(CH)3). 31P{1H}NMR (CDCl3): δ 12.7. MS (electrospray, CH2Cl2 

solution): m/z = 458 (M+), 419, 402. GC/MS. A solution of [CpFe(CO)2{P(H)-

(SiEt3)NiPr2}] (5) (0.058 mmol) in CH2Cl2 (2 mL) was prepared as described above.  

Phenol (5.5 mg, 0.058 mmol) was added, and the resulting solution was stirred for 15 

minutes.  A 5 µL aliquot was withdrawn from the solution and injected into the GC/MS. 

The only significant volatile component observed was PhOSiEt3 (retention time = 12.5 

minutes, m/z = 208 (M+), 179 ([M-Et]+), 151 ([M – Et – H2C=CH2]+, 123 ([M – Et – 2 

H2C=CH2]+), 77 (Ph+).  

 

2.4.3.5 Synthesis of [{CpFe(CO)2}2{µP(H)NiPr2}][AlCl4] (7) 

The compound [CpFe(CO)2(P(Cl)NiPr2)] (30.0 mg, 0.087 mmol) was dissolved in 

CH2Cl2 (2 mL) and H3SiPh (21.5 µL, 19.0 mg, 0.175 mmol) was then added. The 

resulting solution was added to AlCl3 (17.5 mg, 0.131 mmol) and stirred for 30 minutes. 

The solvent volume was reduced to ~0.5 mL. The orange crystals of 7 were obtained by 
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slow diffusion of pentane into the CHCl3 solution at -30 oC. 1H NMR (CDCl3):  7.87 (dd, 

1H, 1J(HP) = 326 Hz, PH), 5.22 (s, 5H, C5H5), 5.21 (s, 5H, C5H5), 3.32 (d sept., 1H, 

3J(PH) = 14.7 Hz, 3H(HH) = 6.6 Hz) CH(CH)3), 1.26 (d, 12H, 3J(HH) =  6.6 Hz, 

CH(CH)3). 31P{1H}NMR (CDCl3): δ 56.2. 

 

2.4.4 P-H activation reaction 

2.4.4.1 Synthesis of [CpFe(CO)2{P(H)(PPh2)NiPr2}][AlCl4] (9) 

[CpFe(CO)2{P(Cl)NiPr2}] (1) (20.5 mg, 0.059 mmol) was dissolved in CD2Cl2 

(0.5 mL) and the resulting solution was added to AlCl3 (11.9 mg, 0.089 mmol), resulting 

in the formation of a red solution. To this solution HPPh2 (11.1 mg, 0.059 mmol, 10.4 

µL) was added, resulting a reddish orange solution of 8. IR (CH2Cl2 solution, cm-1): 

ν(CO) 2073, 2034 cm-1. 1H NMR (CD2Cl2): δ 8.21 (dd, 1J(PH) = 375 Hz, 2J(PH) = 7.8 

Hz, PH), 7.92 – 7.52 (m, Ph), 4.95 (d, 5H, 3J(HP) = 1.2 Hz, C5H5), 3.39 (d sept, 2H, 

3J(PH) = 16.5 Hz, 3J(HH) = 6.6 Hz, CH(CH3)2), 1.18 (d, 6H, 3J(HH) = 6.6 Hz, CHCH3), 

0.88 (d, 6H, 3J(HH) = 6.6 Hz, CHCH3). 31P{1H} NMR (CD2Cl2): δ 67.2 (d, 1J(PP) = 328 

Hz, FePP(H)Ph2), 3.90 (d,1J(PP) = 328 Hz, FePP(H)Ph2). 31P NMR (CD2Cl2): δ 67.2 

(ddt, 1J(PH) = 366 Hz 1J(PP) = 328 Hz, 3J(P-ortho phenyl H) = 16.2 Hz FePP(H)Ph2), 

3.90 (dd, 1J(PP) = 328 Hz, 2J(PH) = 7.8 Hz FePPPh2).  MS (electrospray, CH2Cl2 

solution):  m/z = 493 (M+), 343 (M-PHPh2 + Cl). After 5 h, 8 converts to 9 via proton 

transfer. Compound 9:  IR (CH2Cl2 solution, cm-1): ν(CO) 2052, 2012 cm-1. 1H NMR 

(CD2Cl2): δ 7.65 – 7.16 (m, Ph), 5.93 (dd, 1J(PH) = 237 Hz, 2J(PH) = 18.0 Hz, PH), 5.07 

(d, 5H, 3J(HP) = 1.2 Hz, C5H5), 3.39 (dd sept, 2H, 3J(PH) = 11.7 Hz, 3J(HH) = 6.6 Hz, 

4J(HH) = 1.5 Hz, CH(CH3)2), 1.47 (d, 12H, 3J(HH) = 6.6 Hz, CHCH3). 31P{1H} NMR 
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(CD2Cl2): δ 43.5 (d, 1J(PP) = 353 Hz, FeP(H)PPh2), 29.2 (d,1J(PP) = 353 Hz, 

FeP(H)PPh2). 31P NMR (CD2Cl2): δ 43.5 (d, 1J(PP) = 353 Hz, FeP(H)PPh2), 29.2 (ddt, 

1J(PP) = 353 Hz, 1J(PH) = 237 Hz, 3J(PH) = 11.7 Hz FeP(H)PPh2). 

 
 

2.4.5 H-H activation reaction  

2.4.5.1 Hydrogenation of [CpFe(CO)2{P(NiPr2)}][AlCl4] (2a) 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (60.0 mg, 0.175 mmol) was 

dissolved in CH2Cl2 (2 mL) and added to AlCl3 (23.3 mg, 0.175 mmol), resulting in the 

formation of a red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a). The solution was then 

transferred to a Parr reactor. The reactor was assembled and connected to hydrogen gas 

cylinder through a gas dryer. Air in the connecting tube and nitrogen in the reactor was 

removed by purging with hydrogen at 30 psi.  The reactor was then pressurized to 1500 

psi, and heated at 50 °C with stirring for 20h. The pressure was reduced to 100 psi and 

the reactor was taken into the glovebox. The pressure was released and the solution was 

transferred to an NMR tube and 31P NMR spectrum was recorded. 31P NMR{1H} 

(CH2Cl2): δ -102 (s).  31P NMR (CH2Cl2): δ -102 (t, 1J(PH) = 324 Hz). 

 

2.4.5.2 Synthesis of [CpFe(CO)2{P(H)NiPr2}][AlCl4] (11)   

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (34.4 mg, 0.100 mmol) was 

dissolved in THF (1 mL) and Li[BEt3H] (100 µL, 0.100 mmol) was added. The resulting 

solution was stirred for 10 min. and then THF was pumped off. The residue was extracted 

into pentane (10 mL). Pentane was pumped off. The resulting oil was dissolved in C6D6 

and transferred to an NMR tube. IR (THF solution, cm-1): ν(CO) 2051, 2003 cm-1. 1H 
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NMR (C6D6): δ 6.33 (d, 1H, 1J(PH) = 173 Hz, PH), 4.24 (s, 5H, C5H5), 3.53 (sept., 2H, 

3J(HH) = 6.6 Hz, CH(CH3)2, 1.32 (d, 12H, 3J(HH) = 6.6 Hz, CHCH3). 31P{1H} NMR 

(C6D6): δ 49.2 (s). 31P NMR (C6D6): δ 49.2 (d, 1J(PH) = 173 Hz). 

 

2.4.5.3 Synthesis of [CpFe(CO)2{P(H2)NiPr2}][AlCl4] (10)  

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (51.5 mg, 0.150 mmol) was 

dissolved in THF (3 mL) and Li[BEt3H] (150 µL, 0.150 mmol) was added. The resulting 

solution was stirred for 10 min. HBF4·Et2O (20.4 µL, 0.150 mmol) was then added. The 

reaction mixture was stirred for 10 min. The solvent was removed in vacuo. The residue 

was dissolved in CH2Cl2 (1 mL) and filtered through a celite filter. Pentane (5 mL) was 

then added resulting in a brown-orange precipitate. Precipitate was washed with pentane 

(3 × 2 mL) and dried under vacuum. Yield: 48 mg, 80 %. IR (CH2Cl2 solution, cm-1): 

ν(CO) 2051, 2000 cm-1. 1H NMR (CDCl3): δ 5.27 (s, C5H5), 3.84 (d, 1J(PH) = 324 Hz, 

PH), 3.42 (sept., 3J(HH) = 6.6 Hz, CH(CH3)2, 1.42 (d, 3J(HH) = 6.6 Hz, CHCH3). 

31P{1H} NMR (C6D6): δ -102.8 (s). 31P NMR (C6D6): δ -102.8 (t, 1J(PH) = 324 Hz). 

 

2.4.6 X-ray Crystallography.  Suitable crystals of compounds were mounted on glass 

fibres. Programs for diffractometer operation, data collection, cell indexing, data 

reduction and absorption correction were those supplied by Bruker AXS Inc., Madison, 

WI. Diffraction measurements were made on a PLATFORM diffractometer/SMART 

1000 CCD using graphite-monochromated Mo-Kα radiation at -80 °C. The unit cell was 

determined from randomly selected reflections obtained using the SMART CCD 

automatic search, center, index and least-squares routines. Integration was carried out 
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using the program SAINT and an absorption correction was performed using SADABS. 

This was done by staff crystallographers at university of Alberta. Structure solution was 

carried out using the SHELX9778 suite of programs and the WinGX graphical interface.79 

Initial solutions were obtained by direct methods and refined by successive least-squares 

cycles. All non-hydrogen atoms were refined anisotropically.  

 

2.4.7 Computational Chemistry.  

All calculations were performed using the Gaussian 03 software package, 

revisions C.02 and E.01.74 The level of approximation was the density-functional theory 

B3LYP,75 and the orbital basis sets were LANL2DZ for Fe atom and 6-31G(d) for all 

others.74 Transition-state structures were located using opt=ts or opt=ts,ef (i.e. no 

synchronous transit) algorithms.  Each optimized transition state structure was subjected 

to a vibrational frequency analysis, to ensure that the structure was indeed a transition 

state: there should be 1 imaginary frequency only, and the magnitudes of all frequencies 

should be greater than the residual noise (the six “zero frequencies” for translations and 

rotations from normal mode diagonalization).  The appropriateness of each located 

transition state, and the single-step nature of the reactions, were verified by “plus-and-

minus-displacement” minimization runs: the transition state is displaced ~0.05 Å or 5° 

along the imaginary-frequency normal mode in both directions, and the two displaced 

structures are optimized towards the nearest minimum-energy structures.  Gibbs energies 

(298.15 K) were computed using the rigid-rotor/harmonic-oscillator assumptions.  Partial 

charges are according to a Mulliken population analysis. 
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CHAPTER 3 

CYCLOADDITION REACTIONS OF  

ELECTROPHILIC PHOSPHINIDENE COMPLEXES 

3.1 INTRODUCTION  

3.1.1 Cycloaddition reactions 

A cycloaddition reaction is a reaction in which two or more unsaturated molecules 

react with each other to form a cyclic adduct with a reduction of bond multiplicity.80 

Since cycloaddition reactions are atom efficient, and theoretically and mechanistically 

well studied, they are synthetically very useful. Cycloaddition reactions are often used to 

synthesize heterocyclic compounds, which are cyclic compounds containing at least two 

different elements in the ring.81  

Transition metal complexes can play various roles in cycloaddition reactions. 

They can act as catalysts, as templates or can be incorporated as part of one of the 

substrates. The metal-ligand fragment can improve selectivity or increase the rate of the 

reaction.82 In cycloaddition reactions of electrophilic phosphinidene complexes, the metal 

complex serves as part of the substrate, and cycloaddition reactions of phosphinidene 

complexes play a central role in synthesizing phosphorus heterocycles.14 

 

3.1.2 Chemistry of phosphorus heterocycles 

The chemistry of phosphorus heterocycles began with the preparation of 1-

phenylphosphinane (Figure 3.1) in 1915.  However, this field was not developed 

significantly until the 1970’s when the chemists started investigations of the applications 

of phosphorus heterocycles.83 Some phosphorus heterocycles show biological activity; 
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the well known example is cyclophosphamide, which has been extensively studied and is 

useful as a therapeutic agent in cancer treatment (Figure 3.1).2 Several phosphorus 

heterocycles are used as effective ligands in homogenous catalysis. One example is 

bis(phospholano)ethane (BPE), a bidentate phospholane.84 

   

P

Ph
NH

P
O

N(CH2CH2Cl)2

O
P P

Me Me

Me Me
1-Phenylphosphinane Cyclophosphamide BPE  

 

Figure 3.1: Molecular structures of 1-phenylphosphinane, 

                   cyclophosphamide and BPE 

 

Some examples of phosphorus-carbon heterocycles are shown in Figure 3.2. 

Phosphirane and phosphirene are three membered phosphorus heterocycles, and 

phosphorus analogues of cyclopropane and cyclopropene respectively. Phosphetane is a 

four membered saturated phosphorus heterocycle. Phospholane is a saturated five 

membered heterocycle. Phospholene and phosphole are five membered heterocycles with 

one and two unsaturation respectively. Phosphinine is a six membered heterocycle and a 

phosphorus analogue of pyridine.83 Details of synthetic routes and reactivity of some 

phosphorus heterocyclic compounds relevant to this work will be discussed in the 

following sub sections.    
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P P P P
P

P P

Phosphirane Phosphirene Phosphetane Phospholane Phospholene Phosphole Phosphinine 

Figure 3.2: Phosphorus-carbon heterocycles 

 

3.1.2.1 Phosphiranes 

Generally phosphiranes are less stable than other P-heterocycles. The stability of a 

phosphirane can be increased by sterically protecting the phosphorus atom. Phosphiranes 

having bulk substituents like super mesityl (2,4,6-tBu3C2H2) are rather stable.85  

Different methods for synthesizing free phosphiranes and phosphirane metal 

complexes have been described. The first phosphirane was formed by Wagner by 

reacting the RPHNa (R = H, Me, Ph) with a 1,2-dichloroalkane in liquid NH3 (Scheme 

3.1).86 Because of the instability of phosphiranes, isolation was difficult. Gaspar et al. 

synthesized stable phosphiranes having bulky substituents like mesityl on phosphorous 

(Scheme 3.2).8 

 

Cl

R1
Cl RPHNa+ NH3(l)

Cl

R1
P

R

H
RPHNa P

R1

R

 

Scheme 3.1 

 

P
H

Li
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H

CH2CH2OTos

BuLi
P

H3C SO2Tos  =  

Scheme 3.2 
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Metal-mediated cycloaddition reactions are very useful in preparation of 

phosphiranes. In 1982, Mathey and Marinetti showed that the terminal phosphinidenes 

reacts with alkenes to give phosphiranes via (1+2) cycloaddition. (Scheme 3.3)27,50 

Mathey also generated a phosphirane complex from a primary phosphine complex 

(Scheme 3.4).29 Another route to phosphiranes involves elimination of HCl from 

chloroethyl secondary phosphine complexes (Scheme 3.4).87 

 

PhP W(CO)5
Ph+

P
(OC)5W Ph

Ph

 

Scheme 3.3 

P(OC)5W

CH2CH2Cl

H
NHPh BuLi

THF, -40 °C
P

(OC)5W NHPh

P(OC)5W
NEt2

H
H 1. BuLi

2. ClCH2CH2Cl
P

(OC)5W NEt2

- HCl  

Scheme 3.4 

 

Reactivity studies of phosphiranes also have been reported. Mathey et al.26,88 

demonstrated that both P-C bonds could be cleaved either by heating the phosphirane 

complexes or by reacting them with soft nucleophiles. They also suggested that the P-C 

bond cleavage reaction by soft nucleophiles goes through a transient penta-coordinated 

phosphirane (Scheme 3.5). The P-C bonds can also be cleaved selectively by abstracting 

a proton in the phosphirane ring by a base such as R2N- (Scheme 3.6).89 
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Scheme 3.5 

 

P
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P
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Ph
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Ph

Ph

Me
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- 70 °C
 

Scheme 3.6 

 

Because of the ring strain, phosphirane complexes can easily undergo ring 

expansion. Mathey reported that the reactions of conjugated dienes with electrophilic 

phosphinidene complexes occur via (1+2) cycloaddition initially to give phosphiranes 

and then undergo a concerted [1,3] sigmatropic rearrangement upon heating to  form 

phospholenes  (Scheme 3.7).28 Lammertsma showed that if the 2-vinylphosphirane 

produced is thermally stable it will not undergo ring expansion, Instead, it will produce 

2,2′- bisphosphirane (Scheme 3.8).90  

PhP W(CO)5 + P

(OC)5W Ph
P

Ph(OC)5W  

Scheme 3.7 
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PhP W(CO)5 +
P

P

Ph(OC)5W

Ph(OC)5W  

Scheme 3.8 

 

3.1.2.2 Phosphirenes  

The stability of phosphirenes is unpredictable. Although most heterocyclic 

analogues of cyclopropene have low stability, some phosphirenes are thermally stable. 

The stability of phosphirenes can be understood by comparing it with the stability of their 

nitrogen analogues. For example, the 1H-azirine, shown in Figure 3.3, is unstable and the 

lone pair electrons at the nitrogen atom in the 1H-azirine interacts with carbon-carbon 

double bond to yield a stable 2H-azirine. The stability of phosphirenes is determined by 

two types of interactions. The first type of interaction is similar to the interaction in 

azirine, i.e., the interaction between the lone pair of the phosphorus atom and the carbon-

carbon double bond, which destabilizes the phosphirene. However the interaction 

between empty 3d orbitals of phosphorus atom and the carbon-carbon double bond 

having the same symmetry stabilizes the phosphirene. Therefore the degree of 

stabilization can vary depending on both these interactions.91 

 

P
R

N

R

N
R

Phosphirene 1H-Azirine 2H-Azirine 

Figure 3.3: Molecular structures of phosphirene and azirene 
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Different methods for synthesizing free phosphirenes and phosphirene metal 

complexes have been described. Hogeveen et al. synthesized a phosphirenium salt from a 

chlorophosphenium ion and acetylene. A free phosphirene was then synthesized by 

reducing the chlorophosphirenium salt (Scheme 3.9).92 

 

R P Cl
R'C CR"

P
Cl R

R"R'
PBu3

P

R

R"R'

R = Me, Ph
R' , R" = H, Me  

Scheme 3.9 

 

Regitz and coworkers reported a method to synthesize 1-chlorophosphirene from 

a chlorocarbene precursor (Scheme 3.10).93 Chlorocarbene reacts with a phosphaalkyne 

to give a 2H-phosphirene, which is then proceeds through a [1,3] chlorine shift to form a 

1H- phosphirene.  

 

N N

ClR
- N2

C

R

Cl

: R'C P
P

R'

R Cl

P

Cl

R"R'
[1,3] chlorine shift

 

Scheme 3.10 

Metal-mediated cycloaddition reactions are also used to synthesize phosphirenes. 

The cycloaddition reactions of electrophilic phosphinidene complexes and acetylenes 

were first reported by Mathey and Marinetti in 1982.25 Subsequently, several other 

workers have also generated phosphirene complexes (Scheme 3.11).29,41-46,15   
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RP M + P
M R

R"R'

R'C CR"

Mathey et al.25,29  
R = Me, Ph
R', R" = H, Me, Et, Ph, CO2Et
M = Cr(CO)5, Mo(CO)5, W(CO)5

Lammertsma et al.15  
R = Ph,     M = Mo(CO)4PPh3

Pr2NP M + P
M NPr2

PhPh

PhC CPh

Carty et al.41-46 
M = Cp*Mo(CO)3, Cp*W(CO)3, Cp*Fe(CO)2, Cp*Ru(CO)2,Cp*Os(CO)2,Co(CO)3PPh3

Lammertsma et al.15 
M = Fe(CO)4

n

n = 1

n = 0
 

Scheme 3.11 

 

The chemistry of phosphirenes has been studied in detail.88 Reactions of 1-

chlorophosphirene with nucleophiles have been studied by Regitz (Scheme 3.12).93,94 

Since the 1-chlorophosphirene shows high reactivity towards nucleophiles the chlorine 

atom can be replaced by other nucleophiles such as C2H5
- and F-. Reaction of 1-

chlorophosphirene with NaBPh4 yields 1-phenylphosphirene where phenyl group is 

transferred from NaBPh4. 
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Scheme 3.12 

 

When the aminophosphirene complex reacts with dry HCl, the phosphirene ring is 

retained and the P-N bond is cleaved to yield chlorophosphirene complex.95 Mathey also 

discussed the nucleophilic substitutions on 1-chlorophosphirene complexes (Scheme 

3.13).87 

 

P
(OC)5W NHPh

HCl(g)

Ether

EtEt

P
(OC)5W Cl

EtEt

P
(OC)5W OEt

EtEt
LiOEt

 

Scheme 3.13 

 

Ring expansion reactions of phosphirenes have also been reported. Terminal 

alkynes ZCCH (Z = Ph, Et2O, CO2Et) insert into phosphirene rings in the presence of 

catalyst to give phospholes. If excess (6 equiv.) ZCCH (Z= CO2Et) is added, the reaction 

will go one step further to give 7-phosphanorbornadiene (Scheme 3.14).14 
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Ph
Ph

EtO2C
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Scheme 3.14 

 

3.1.2.3 Phospholes and Phospholenes 

Phospholes are analogues of cyclopentadiene. The overlap between the lone pair 

electrons of phosphorus and the diene system is poor and phospholes are weakly 

aromatic. Phospholes can be prepared either by main group methods or by metal- 

mediated methods.  

Reaction of a conjugated diene with a dichlorophenylphosphine at 200 °C yields a 

phosphole through a phospholenium salt (Scheme 3.15).96 At this temperature, 

phospholenium salt is unstable and undergoes dehydrohalogenation.   

 

PhPh + PhPCl2 P
PhPh

Ph Cl
P

PhPh

Ph

Cl-
- 2 HCl

 

Scheme 3.15 

 

The reaction of 1,4-dilithium derivative of a conjugated diene with 

dihalogenophosphanes also yields phospholes (Scheme 3.16).97 



 

70 
 

2 PhC CPh LiC(Ph)=C(Ph)C(Ph)=C(Ph)Li
PhPCl2

P
PhPh

Ph

PhPh

+ 2 Li

 

Scheme 3.16 

 

Markl and Potthast described a route to phospholes starting with primary 

phosphines and conjugated dienes (Scheme 3.17).98  Butyl lithium catalyzes this reaction.  

PhPH2 + P
RR

Ph
RC C C CR

 

Scheme 3.17 

 

As discussed earlier (see Scheme 3.14) Mathey et al. reported a different route to 

metal-phosphole complexes. Terminal alkynes can be inserted into the phosphirene rings 

in the presence of a palladium catalyst to generate phospholes.  

Phospholenes cannot be synthesized directly by hydrogenation of phospholes. 

However, several other methods are reported.83 Generally the phospholene ring is 

synthesized either as an oxide form or as a metal complex. One typical example of 

generating the phospholene via main group method is shown in Scheme 3.18.83 As 

discussed earlier in this subsection (Scheme 3.15), reaction of conjugated dienes with 

dichlorophosphanes give phospholenium salts, which is then hydrolyzed to yield 

oxophospholene.      

P
ClPh

Cl-
PhPCl2

P
OPh

H2O

 

Scheme 3.18 
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As described earlier (see Scheme 3.7), Mathey generated phospholenes by the 

reaction of conjugated dienes with electrophilic phosphinidene complexes. They also 

generated hetero phospholenes by the reaction of α-enones or 1- azadiene with 

electrophilic phosphinidene complexes (Scheme 3.19).14 Reaction of a α, β unsaturated 

ketone with a transient electrophilic phosphinidene complex initially forms a phosphirane 

complex via (1+2) cycloaddition and then undergoes ring expansion to form a oxo-3-

phospholene. The same mechanism applies for 1-azadiene reaction.  

 

O P
O

W(CO)5Ph
Ph

PhPW(CO)5+

NR P
NR

W(CO)5MeO
Ph

MeOPW(CO)5+

 

Scheme 3.19 

 

3.1.3 Decomplexation of phosphorus heterocyclic complexes 

The transition metal complexing group in the phosphinidene is important to 

stabilize the phosphinidene moiety and to tune the electrophilicity. However after the 

formation of phosphorus heterocyclic complexes, it may be necessary to remove the 

transition metal complexing group to make metal free heterocycles. There are only a few 

methods available for decomplexation of phosphorus heterocyclic complexes and some 

illustrative examples are discussed below.  
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In a method described by Mathey, the metal is first oxidized (W0 to WII) with 

iodine to weaken the metal-phosphorus bond. The ligand exchange is then done with N-

methylimidazole (Scheme 3.20).91  

P

(OC)5W Ph

PhPh

I2,   RT
P

I2(OC)4W Ph

PhPh N

N

Me
P

Ph

PhPh

 

Scheme 3.20 

 

The same technique was used to form metal free four membered phosphorus 

heterocycles. The metal-phosphorus bond is weakened first with a halogenation reagent 

pyridinium tribromide. The ligand exchange is then done with 2,2’-bipyridyl (Scheme 

3.21).99 

P
O

PhPh

Ph
W(CO)5

N

H
Br3-

N N

1.

2.

P
O

PhPh

Ph

O

 

Scheme 3.21 

 

Mathey et al. synthesized the 1-chlorophosphirene by removing the complexing 

metal group via direct ligand exchange with 1,2-bis(diphenylphosphino)ethane (Scheme 

3.22).95 
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Scheme 3.22 
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Synthesis of a free phosphole by electrochemical reduction has also been reported 

(Scheme 3.23).100 When a constant current was passed through the solution containing 

the phosphole complex, it was changed into intense blue in colour, indicating the 

presence of oxidation products of tungsten.     

 

P
Ph(CO)5W

MeMe

+  2e
MeCN

P

Ph

MeMe

+   [W(CO)5]2-

 

Scheme 3.23 

 

Lammertsma et al. freed a phosphirene from a phosphirene complex under CO 

pressure (Scheme 3.24).101 The PC2 ring is labile because the Mo-P bond is weakened by 

cis-PMe3 ligand and the PC2 ring can easily be replaced by CO ligand under mild CO 

pressure.  

P
(PMe3)(CO)4Mo Ph

PhPh
25 bar CO

60 °C
P

Ph

PhPh

+      Mo(CO)5PMe3

 

Scheme 3.24 
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3.2 RESULTS AND DISCUSSION 

3.2.1 Cycloaddition reactions of electrophilic aminophosphinidene complexes 

Reaction of the iron aminophosphinidene complex 2 with diphenylacetylene leads 

to the aminodiphenylphosphirene complex 12 (Scheme 3.25). Compound 12 has been 

characterized by 31P, 1H and 13C spectroscopy and infrared spectroscopy. The 31P NMR 

spectrum of 12 shows a characteristic high field shift at δ -69.7 (singlet). High field 

chemical shifts in 31P NMR spectrum are characteristic of phosphorus in three membered 

rings.88 The 1H NMR spectrum of 12 shows a doublet of septets at δ 3.57 for the 

isopropyl methine protons, with coupling to the isopropyl methyl protons and 

phosphorus. A doublet for the isopropyl methyl groups was observed at δ 1.17.  In 

addition, phenyl multiplets at δ 7.80–7.59 and a doublet at δ 5.39 with a phosphorus 

coupling of 1.5 Hz for the cyclopentadienyl ligand were observed. The 13C NMR 

spectrum shows a doublet at δ 208.7 with a phosphorus coupling of 13.9 Hz, which 

corresponds to the carbonyl carbons.  A doublet for the carbons in phosphirene ring was 

observed at δ 150.7 with a phosphorus coupling of 13.1 Hz. In addition, the spectrum 

shows peaks for carbons in the phenyl group, cyclopentadienyl ligand and isopropyl 

groups on the amino substituent.  The infrared spectrum of 12 shows carbonyl stretching 

frequencies at 2059 and 2016 cm-1.  The electrospray mass spectrum shows the molecular 

ion peak at m/z = 486.  
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Scheme 3.25 

 

Compound 12b has been structurally characterized and an ORTEP diagram is 

shown in Figure 3.4. The cation consists of a CpFe(CO)2 fragment coordinated by an 

aminophosphirene ring. The isopropylamino group is oriented away from the Cp ring.  

The P-N bond distance is 1.649(8) Å, which is consistent with a nitrogen-phosphorus 

single bond.70 Bond distances and angles within the three-membered ring are consistent 

with those of previously characterized phosphirenes.27,45  

 

 

Figure 3.4: ORTEP diagram showing the structure of 

[CpFe(CO)2{P(NiPr2)(Ph)CC(Ph)}][BPh4] (12b). Thermal ellipsoids are 

shown at the 50% level. Hydrogen atoms and the BPh4
- counterion have 

been omitted. Selected distances (Å) and angles (deg): Fe-P = 2.234(3), P-

N = 1.649(8), Fe-P-N = 116.2(3), N-P-C3 = 113.7(5), N-P-C4 = 114.4(4), 

C3-P-C4 = 42.3(5), P-C3-C4 = 66.7(6), P-C4-C3 = 70.2(6).  
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The carbonyl stretching frequencies of 12 are lower than those of the iron 

aminophosphinidene complex 2 (2074 and 2036 cm-1). The shift to lower frequency upon 

addition of diphenylacetylene suggests that the aminophosphirene ligand in 12 is a 

stronger donor and a weaker acceptor than the aminophosphinidene ligand in 2.  This 

suggests that the Fe to P back donation is eliminated upon formation of the phosphirene 

ring. The P-N distance in 12 (1.649(8) Å) is longer than that in the analogous iron 

aminophosphinidene complex [Cp*Fe(CO)2{PNiPr2}]+ (1.629 Å).44 This lengthening 

results from loss of N to P π donation in 12. Loss of metal to P back donation and N to P 

donation is consistent with loss of the empty pz orbital upon reaction with the alkyne.  We 

have already observed a similar P-N bond lengthening upon addition of diphenylsilane 

(1.669(2) Å) to an aminophosphinidene complex (Figure 2.1).  

The aminophenylphosphirene complex [CpFe(CO)2{P(NiPr2)C(H)C(Ph)]+ (13b) 

was synthesized by reacting the iron aminophosphinidene complex 2b with 

phenylacetylene (Scheme 3.26). The 31P NMR spectrum of compound 13 shows a 

characteristic high field shift at δ -68.7, confirming phosphirene ring formation. The 1H 

NMR spectrum shows a doublet at δ 8.23 with a phosphorus coupling of 17.1 Hz, which 

is assigned to the alkenyl hydrogen. Because of the bond angle deformation due to the 

strained ring, this resonance appears at an unusually low field chemical shift for an 

alkenyl hydrogen atom.102 The spectrum also shows a doublet of septets for the isopropyl 

CH and two doublets for the isopropyl methyl groups, which are diastereotopic due to the 

stereogenic phosphorus center. The 13C NMR shows two doublets at δ 164.1 and 134.9 

for the inequivalent alkene carbons, with phosphorus coupling of 24.7 and 21.0 Hz 

respectively. Other spectral features are similar to those of 12. 
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Scheme 3.26 

 

Compound 2a reacts with styrene to form the phenylaminophosphirane complex 

[CpFe(CO)2{P(NiPr2)CH(Ph)CH2}][AlCl4] (14) (Scheme 3.27). The 31P NMR spectrum 

of 14 shows two peaks at δ -52.0 (81%) and -53.8 (19%). Since there are two stereogenic 

centres, two diastereoisomers are possible and both are observed. Compound 14 has been 

structurally characterized and an ORTEP diagram is shown in Figure 3.5. In the 

crystallized diastereomer, the CpFe(CO)2 fragment  and the phenyl group are on the same 

side of PC2 ring and the amino group is on the opposite side.  In the other diastereomer, 

the Ph group is presumably on the opposite side to the CpFe(CO)2 fragment.  
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Scheme 3.27 
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Figure 3.5: ORTEP diagram showing the structure of 

[CpFe(CO)2{P(NiPr2)CH(Ph)-CH2}][AlCl4] (14). Thermal ellipsoids are 

shown at the 50% level. Hydrogen atoms and the AlCl4
- counterion have 

been omitted. Selected distances (Å) and angles (deg): Fe-P = 2.2272(6), 

P-N = 1.649(2), Fe-P-N = 121.10(8), N-P-C9 = 111.8(1), N-P-C8 = 

110.8(1), C9-P-C8 = 49.3(1), P-C9-C8 = 67.1(1), P-C8-C9 = 63.7(1).  

 

The styrene in 14 can be displaced by an alkyne to form an 

aminodiphenylphosphirene complex 12a, suggesting the phosphinidene complex has 

greater affinity for the alkyne than the alkene. This reaction also suggests that 14 is in 

equilibrium with its components, phosphinidene and styrene. This equilibrium was 

confirmed by dissolution of crystals of 14 in CD2Cl2, which resulted in the formation of a 

solution containing both 2 and 14.  Addition of excess styrene drives the equilibrium 

toward 14. 
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Scheme 3.28 
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Reaction of the iron aminophosphinidene complex 2a with benzylideneacetone 

(4-Phenyl-3-buten-2-one) leads to (1+4) addition to form the oxo-3-phospholene complex 

15 (Scheme 3.29). The 31P NMR spectrum of 15 shows a singlet at δ 198.8. Since there 

are two stereogenic centres two diastereoisomers are possible, but only one is observed. 

In the 1H NMR spectrum, the alkenyl hydrogen in the oxo-3-phospholene ring appears as 

a doublet of quartets at δ 4.33. A doublet of doublets at δ 5.54 corresponds to the 

methyne proton in the oxo-3-phospholene ring, and a broad peak at δ 2.51 for methyl 

group was also observed. In addition, the spectrum shows peaks for the phenyl group, 

cyclopentadienyl ligand and isopropyl groups on the amino substituent. The 13C spectrum 

shows a singlet at δ 154.8, which corresponds to the methyl substituted alkene carbon in 

the oxo-3-phospholene ring and a singlet at δ 104.8, which corresponds to the other 

alkene carbon. The methyne carbon ring appears as a doublet at δ 63.7 with a phosphorus 

coupling of 21.7 Hz.  A singlet at δ 25.3 for methyl group was also observed. In addition, 

the spectrum shows peaks for the phenyl group, cyclopentadienyl ligand and isopropyl 

groups on the amino substituent. The infrared spectrum shows two carbonyl bands at 

2058 and 2016 cm-1. The electrospray mass spectrum shows the molecular ion at m/z 

454. 
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Compound 15 has been structurally characterized and an ORTEP diagram is 

shown in Figure 3.6. The cation consists of a CpFe(CO)2 fragment coordinated by an 

oxo-3-phospholene ring.  The oxo-3-phospholene ring is a planar. The isopropylamino 

group and the phenyl group are directed to one face of the ring, and the CpFe(CO)2 

fragment is directed to the other face of the ring.  

 

                                                                                         
Figure 3.6: ORTEP diagram showing the structure of  

[CpFe(CO)2{P(NiPr2)(CH(Ph)CH=CHO)}][AlCl4](15). Thermal ellipsoids 

are shown at the 50% level. Hydrogen atoms and the AlCl4- counterion 

have been omitted. Selected distances (Å) and angles (deg): Fe-P = 

2.2129(5), P-N = 1.643(1), Fe-P-N = 120.54(5), N-P-C10 = 112.16(7), N-

P-O = 104.17(7), O-P-C10 = 107.22(6), C10-C9-C8 = 116.1(2), C9-C8-O 

= 116.1(2), C8-O-P = 111.3(1).  

 

The mechanism of oxophospholene formation was examined by VT-NMR. At 

temperatures below -10 ºC, the 31P NMR spectrum shows two peaks at δ 185 and 196, 

which is consistent with the expected chemical shift for diastereomer of intermediate 

oxophosphirane 16, and a peak at δ 195, which correspond to the final product. Note that 

as a result of the amino group on P, the chemical shift assigned as 16 is significantly 

downfield of comparable literature examples.103 The lack of any peak at high field region 
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of the spectrum below 0 indicates that the acyl substituted phosphirane XIX is not 

formed.  Upon warming to room temperature, the peak at δ 185 disappears, and the peak 

for the final product appears.  
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Based on these observations a mechanism for the formation of oxo-3-phospholene 

complex was proposed as shown in Scheme 3.30. The reaction starts by (1+2) 

cycloaddition at the ketone to give oxophosphirane 16, which then undergoes ring 

expansion to give the oxo-3-phospholene complex.   
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Reaction of 2a with isoprene (2-methyl-1,3-butadiene) led to the 2-phospholene 

complex 18 as the sole isolated product (Scheme 3.31). Compound 18 shows a peak at δ 

126.5 in 31P NMR spectrum. The 1H NMR spectrum shows two broad doublets at δ 2.81 

and 2.66, which are assigned to the methylene hydrogens in the phospholene ring. The 

other methylene hydrogens show a multiplet at δ 3.88. A doublet of triplets at δ 3.90 with 
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coupling constants 3J(HP) = 3J(HH) = 6.90 Hz, is assigned to the alkenyl hydrogen in the 

phospholene ring, and a singlet at δ 1.86 corresponds to the methyl group in the 

phospholene ring. In addition, the spectrum shows peaks for the phenyl group, 

cyclopentadienyl ligand and isopropyl groups on the amino substituent.   The 13C NMR 

of the methyl substituted alkene carbon in the phospholene ring appears as a doublet at δ 

137.6 with a phosphorus coupling of 8.7 Hz and the other alkene carbon appears at δ 

121.3 with a phosphorus coupling of 5.1 Hz. Both of the methylene carbons in the 

phospholene ring are coupled with phosphorus and appear as doublets at δ 46.2 with a 

coupling of 33.4 Hz and δ 42.8 with a coupling of 32.6 Hz.  The infrared spectrum of 18 

shows carbonyl stretching frequencies at 2073 and 2035 cm-1 and the electrospray mass 

spectrum shows the molecular ion peak at m/z = 376.  

 Direct monitoring of the reaction solution immediately after addition of isoprene 

revealed the presence of two additional intermediates 17a and 17b those eventually 

convert to 18.  At 0°C, the intermediates can be formed as the major components.  The 

31P chemical shifts of  δ -49.7 and -51.9 are consistent with their formulation as 

vinylphosphiranes 17a and 17b (26:1), indicating that 18 is formed via  (1+2) addition 

followed by ring expansion (Scheme 3.31). 
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Because the isoprene product 18 was persistently non-crystalline, compound 2a 

was reacted with 1,4-diphenyl-1,3-butadiene to form the analogues phospholene complex 

19 (Scheme 3.32). In this case the reaction is much slower, requiring 8 hours at 60°C and 

no phosphirane intermediates could be detected. This is likely a result of the fact that the 

addition reaction is slow, and thus carried out at higher temperature.  The mechanism is 

most likely the same as that proposed for the isoprene reaction. This reactivity contrasts 

with that of the neutral transient phosphinidene PhP=W(CO)5 , which reacts with 1,4-

diphenyl-1,3-butadiene to form a vinylphosphirane, but does not give the corresponding 

phospholene complex.28
  The steric size of the metal complex may be controlling 

regioselectivity, in that the smaller CpFe(CO)2 fragment allows a rearrangement to the 3-

phospholene, which the larger W(CO)5 fragment prevents. 
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Scheme 3.32  

 

The 31P NMR spectrum of 19 shows a singlet at δ 175.2. The 1H NMR spectrum 

shows a doublet at δ 6.32 with a phosphorus coupling of 21.3 Hz corresponding to the 

methyne protons in the phospholene ring. Alkenyl protons appear at δ 4.93 with a 

phosphorus coupling of 10.8 Hz. In the 13C NMR spectrum, the alkene carbons appear as 

a singlet at δ 137.6. The methylene carbons in the phospholene ring are coupled to 
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phosphorus, and appear as broad doublets at δ 59.0 with a coupling of 19.6 Hz. Other 

spectral features are similar to those described for 18. 

Compound 19 has been structurally characterized and an ORTEP diagram is 

shown in Figure 3.7. The cation consists of a CpFe(CO)2 fragment coordinated to a 

phospholene ring.  The phospholene ring is planar. The phenyl groups and the 

CpFe(CO)2 fragment are directed to one face of the ring, and the di-isopropylamino 

group is directed to the other face of the ring.  

 

 

 

Figure 3.7: ORTEP diagram showing the structure of 

[CpFe(CO)2{P(NiPr2)(CH(Ph)CH=CHCH(Ph))}][AlCl4] (19). Thermal 

ellipsoids are shown at the 50% level. Hydrogen atoms and the AlCl4- 

counterion have been omitted. Selected distances (Å) and angles (deg): 

Fe-P =2.259(2), P-N = 1.690(6), Fe-P-N = 115.9(2), N-P-C7 = 104.3(3), 

N-P-C10 = 106.5(3), C7-P-C10 = 94.0(3), P-C7-C8 = 113.5(6), P-C10-C9 

= 117.5(4), C9-C8-C7 = 118.0(7), C8-C9-C10 = 119.8(6).  

 

Reaction of 2a with azobenzene leads to a benzodiazophosphole, in a reaction that 

involves ortho C-H activation and proton transfer to N (Scheme 3.33).  This reactivity is 

the same as that reported for stable cationic rhenium and cobalt phosphinidenes,46 but 
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contrasts with that of neutral transient tungsten phosphinidenes, which simply insert into 

an ortho C-H bond.64 Compound 20 was characterized spectroscopically, and the spectral 

data are consistent with the published data for rhenium and cobalt benzodiazophosphole 

complexes.  Notably, the N-H peak in the 1H NMR spectrum appears at δ 7.39.  

Compound 20 has been structurally characterized, and an ORTEP diagram of the cation 

is shown in Figure 3.8.  The structure consists of a CpFe(CO)2 unit coordinated by the 

benzodiazophosphole ligand.  The benzodiazophosphole ligand is oriented such that the 

di-isopropyl amino group is directed away from the Cp ring.      
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Figure 3.8: ORTEP diagram showing the structure of 

[CpFe(CO)2{P(NiPr2)(PhNNHC6H4)}][AlCl4] (20). Thermal ellipsoids are 

shown at the 50% level. Hydrogen atoms and the AlCl4
- counterion have 

been omitted. Selected distances (Å) and angles (deg):  Fe1-P1= 

2.2347(9), P1-N1 = 1.652(2), P1-N2 = 1.716(2), P1-C14 = 1.796(3), N2-

N3 = 1.428(3), N3-C15 = 1.412(4), C14-C15 = 1.375(4), N1-P1-C14 = 

112.2(1), N2-P1-C14 = 89.9(1), N1-P1-Fe1 = 119.38(9), N2-P1-Fe1 = 

114.20(9), C14-P1-Fe1 = 109.3(1), N3-N2-P1 = 113.6(2), C15-N3-N2 = 

109.4(2), C15-C14-P1 = 110.6(2), C14-C15-N3 = 115.1(3). 

 

3.2.2 P-N bond cleavage reactions of phosphorus heterocyclic complexes 

Halides are a good leaving group when compared to amino groups and are more 

susceptible to nucleophilic substitution. Therefore I made attempts to cleave the P-N 

bond in the aminophosphorus heterocyclic complexes to form chlorophosphorus 

heterocycles, which will be useful for further elaboration of the chemistry of 

aminophosphorus heterocyclic complexes.  

Reaction of the aminodiphenylphosphirene complex 12a or 12b with HCl(g) yields 

chlorodiphenylphosphirene complex 21a or 21b respectively (Scheme 3.34). This 

reaction is slow and takes 8 hours to complete the amine cleavage. P-N cleavage of 12a 
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can also be done with HBF4·Et2O to make chlorodiphenylphosphirene complex 21c. Here 

the AlCl4
- counterion provides the Cl- nucleophile. The same reactions were observed for 

the aminophenyl-phosphirene complex 14.  
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Separation of the chlorodiphenylphosphirene complex 21 from the side product 

[H2NiPr2]+Cl- is difficult because both are salts, and extraction of the desired product with 

a non-polar solvent or selective precipitation is impossible. This is the major limitation in 

this technique. I tried to separate them by column chromatography but the 

chlorodiphenylphosphirene complex is strongly adsorbed by silica, alumina and florisil. 

Compound 21 was eventually purified by crystallization.  The difficult separation 

severely limits the utility of this reaction. 

The 31P NMR spectrum of 21b shows a characteristic high field shift at δ -52.0, 

confirming the retention of phosphirene ring. The 1H NMR spectrum shows only 

multiplets at δ 7.93 – 7.73 for phenyl rings and a singlet at δ 4.89 for the 
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cyclopentadienyl ligand. Peaks for isopropyl groups were not observed, confirming that 

the NiPr2 group has been removed. The 13C NMR spectrum shows a doublet at δ 144.5 

with phosphorus coupling of 16.9 Hz, which corresponds to the carbons in phosphirene 

ring. The molecular ion in the electrospray mass spectrum shows the expected mass and 

the characteristic isotope pattern for a Cl atom (m/z = 421, 423), confirming the formula 

and the presence of a chlorine atom. 

The IR spectrum shows carbonyl stretching frequencies at 2077 and 2038 cm-1. 

When the amine group is substituted by an electronegative chlorine atom, the phosphorus 

resonance frequency and the carbonyl stretching frequencies are shifted to higher 

frequencies, suggesting that the chlorine atom is more electron withdrawing than the 

amino group. For comparison, compound 12 shows a peak at δ -69.7 in 31P NMR 

spectrum and the carbonyl stretching frequencies are 2059 and 2016 cm-1. 

Compound 21a has been structurally characterized and an ORTEP diagram is 

shown in Figure 3.9. The cation consists of a CpFe(CO)2 fragment coordinated to a 

chlorophosphirene ligand. The ligand is oriented such that the chlorine substituent is 

directed away from the Cp ring.       
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Figure 3.9: ORTEP diagram showing the structure of 

[CpFe(CO)2{P(Cl)(Ph)CC(Ph)}][AlCl4] (21a). Thermal ellipsoids are 

shown at the 50% level. Hydrogen atoms and the AlCl4
- counterion have 

been omitted. Selected distances (Å) and angles (deg): Fe-P = 2.193, P-Cl 

= 2.051, Fe-P-Cl = 114.53, C16-P-C24 = 44.72 , P-C16-C24 = 69.60 , P-

C24-C16 = 65.67.  

 

A fluorophosphirene complex can also be synthesized by treatment of 12b or 21c 

with six equivalents HBF4·Et2O (Scheme 3.35). The 31P NMR spectrum of compound 23 

shows a doublet at δ 10.5 with a large P-F coupling of 1219 Hz. The large P-F coupling 

constant is characteristic of the direct P-F bond.93 The 19F NMR spectrum shows a 

doublet at δ -70.8 with the matching PF coupling. Other spectral features are similar to 

those of 21.  

A similar group transfer from the counterion is observed in the reaction of chloro 

diphenylphosphirene complex 21c with six equivalents NaBPh4. In this reaction a phenyl 

group is transferred to phosphorus from the BPh4
- counterion (Scheme 3.34).  The 31P 

NMR spectrum of the triphenylphosphirene complex 24 shows a characteristic high field 

shift at δ -103.5 (singlet) confirming the presence of phosphirene ring. The 1H NMR 
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spectrum shows phenyl multiplets at δ 7.68–7.38 and a singlet at δ 4.48 for the 

cyclopentadienyl ligand. The IR spectrum shows carbonyl stretches at 2056 and 2013 cm-

1, and the electrospray mass spectrum shows the molecular ion at m/z = 463.  The group 

transfer reactions of chloro diphenylphosphirene complex 21c from the counterions are 

comparable to similar reactions in free chlorophosphirene.94 
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Reaction of the iron aminobenzodiazophosphole complex 20 with HBF4·Et2O 

yields chlorobenzodiazophosphole complex 25 (Scheme 3.36). This reaction is also slow, 

and the AlCl4
- counterion provides the Cl- nucleophile.  Here again, the 1H NMR 

confirms the complete removal of amino group and the mass spectrum confirms the 

presence of chlorine atom (m/z = 425, 427).   
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Attempts were made to cleave the P-N bond of iron phosphirane complex 14 by 

simple acid addition to the phosphirane complex with the intention of generating a 

chlorophosphirane. However, as the phosphirane complex is labile, both of the P-C ring 

bonds are cleaved to give styrene and a secondary chloroaminophosphine complex 26 

(Scheme 3.37). The 31P NMR spectrum (1H coupled) of 26 shows a doublet at δ 104.1 

ppm with a 1J(HP) = 473 Hz, indicating a direct P-H bond. The 1H NMR spectrum shows 

a peak at δ 8.81 with a large coupling constant that matches the coupling constant 

observed in 31P NMR spectrum. The 1H NMR spectrum also shows peaks for the 

cyclopentadienyl ligand and isopropyl groups. The IR spectrum shows carbonyl 

stretching frequencies at 2073 and 2035 cm-1. The electrospray mass spectrum shows an 

isotope pattern for the molecular ion with a base peak at m/z = 344. Compound 26 can be 

independently synthesized by protonation of 1.   
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Attempts to cleave the P-N bonds of compounds 15, 18 and 19 were not 

successful, as these compounds were all unreactive toward HCl(g) or HBF4·Et2O. As 

mentioned earlier, the limitation is difficulty of the separation of chlorophosphorus 

heterocyclic complexes from the side product. I, therefore, decided to synthesize free 

chlorophosphorus heterocycles via decomplexation of aminophosphorus heterocyclic 

complexes giving metal free aminophosphorus heterocycles followed by P-N cleavage. 

 

3.2.3 Decomplexation reactions  

None of the available methods for decomplexation of phosphorus heterocyclic 

complexes is consistent for all systems. Therefore, I searched for a simple method 

applicable for decomplexation to all the phosphorus heterocyclic complexes synthesized 

in our laboratory. I first checked the possibility of decomplexation by substitution 

reactions with different nucleophiles. Since trimethylphosphine worked well, it was 

selected as my best choice for the decomplexation reaction.  
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The reaction of PMe3 and the iron phosphorus heterocyclic complexes in CH2Cl2 

gives [CpFe(CO)2PMe3]+ (28) and metal free phosphorus heterocycles. The products can 

be separated by precipitating the cationic complex 28 from CH2Cl2 with pentane, leaving 

the soluble free heterocycle in solution or by extracting 28 with pentane after removing 

CH2Cl2. 

Reaction of diphenylphosphirene complex 12 with PMe3 yields free 

aminophosphorus heterocycle 27 and compound 28 (Scheme 3.38).  The 31P NMR 

spectrum of 27 shows a singlet at δ -127.7 and the 1H NMR spectrum shows the expected 

peaks for the phenyl group and the isopropyl groups. The peak for the phosphirene 

carbon in the 13C NMR spectrum of 27 appears as a doublet at δ 136.0 with phosphorus 

coupling of 53.7 Hz. In addition to this, peaks for phenyl groups and isopropyl groups 

were also observed. 
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Scheme 3.38 

 

The 31P NMR spectrum of 28 shows a singlet at δ 33.6. The 1H NMR spectrum 

shows a doublet at δ 1.79 for the methyl group with a phosphorus coupling of 11.1 Hz 

and a peak for the cyclopentadienyl ligand. The IR spectrum shows two CO stretches at 

2052 and 2010 cm-1. The observed resonances and the carbonyl stretching frequencies are 
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comparable to those of known analogous of [CpFe(CO)2(PR3)]+ complexes.68 The 

electrospray mass spectrum shows the molecular ion peak at m/z = 376. 

Compound 28b has been structurally characterized and an ORTEP diagram is 

shown in Figure 3.10. The cation consists of CpFe(CO)2 fragment coordinated by a 

trimethylphosphine.  

 

Figure 3.10: ORTEP diagram showing the structure of 

[CpFe(CO)2{P(PMe3)}][BPh4] (28b). Thermal ellipsoids are shown at the 

50% level. Hydrogen atoms and the BPh4
- counterion have been omitted. 

Selected distances (Å) and angles (deg): Fe-P = 2.2110(5), P-C5= 

1.804(2), P-C4= 1.801(2), P-C3= 1.8105(18), Fe-P-C3 = 113.62(7), Fe-P-

C4 = 114.69(7), Fe-P-C5 = 113.96(8), C4-P-C3 = 104.40(10), C5-P-C3 = 

103.48(10), C5-P-C4 = 105.56(10). 

 

Reaction of the oxo-3-phospholene complex 15 with trimethylphosphine yields 

free oxo-3-phospholene 29 (Scheme 3.39). The 31P NMR spectrum shows a singlet at δ 

137.0. In the 1H NMR spectrum, the alkenyl hydrogen appears as a doublet of doublets of 

quartets at δ 5.07. A broad doublet at δ 4.33 with phosphorus coupling of 32 Hz is 

assigned as the oxo-3-phospholene methyne proton.  The isopropyl methyne and methyl 

protons appear at δ 3.00 and 1.11 as broad peaks. The 13C NMR spectrum shows a 
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doublet at δ 156.6, which corresponds to the methyl substituted alkenyl carbon and a 

singlet at δ 97.8, which corresponds to the other alkenyl carbon. The oxo-3-phospholene 

methyne carbon in the ring appears as a doublet at δ 50.2 with a coupling of 28.2 Hz. In 

addition to this, peaks for phenyl group, methyl group and isopropyl group were 

observed.     

 

Fe
C

CO
O

PMe3

AlCl4-

+

28a

Fe
C

CO
O

AlCl4-

P
O

iPr2N Ph
15

P
OPh

NiPr2
29

PMe3

 

Scheme 3.39 

 

Reaction of phospholene complex 19 with PMe3 gives free phospholene 30 

(Scheme 3.40). The 31P NMR spectrum of 30 shows a singlet at δ 91.4. The 1H NMR 

spectrum shows two doublets at δ 5.89 and 5.70 for the protons in the phospholene ring 

with a phosphorus coupling of 7.80 and 5.70 Hz. In addition to this, peaks for the phenyl 

rings and the isopropyl groups were also observed.  
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Reaction of PEt3 with the phosphirane complex 14 does not result in 

decomplexation. Instead the styrene is displaced from 14 and the phosphine-coordinated 

phosphinidene complex 32 is formed (Scheme 3.41). The 31P NMR spectrum of 32 shows 

two doublets at δ 90.7 and 11.3 with a coupling constant 1J(PP) = 517 Hz, which 

confirms the P-P bond formation. Compound 32 can be formed independently by direct 

reaction of the phosphinidene complex 2 with PEt3. Full characterization of 32 is given in 

Chapter 4.    
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Decomplexation of the chlorophosphirene complex 21c occurs upon dissolution 

in THF. When compound 21c was stirred in THF for 30 minutes the peak at δ -52.0 in the 

31P NMR spectrum disappeared and a new peak at δ -80.7 was observed. After pentane 

extraction the products 33 and 34 (Scheme 3.42) were separated using chromatography 

on a silica gel column with dichloromethane eluent. Orange and colourless fractions were 

collected and products were crystallized from pentane at -30 °C. Compounds 33 and 34 

were characterized and their spectroscopy is consistent with the published spectra.104 

 



 

97 
 

Fe
C

C PO
O Cl

Ph

Ph

BF4
-

21c

THF Fe
C

C
F

O
O

+

3433

P

Ph

Cl

Ph

 

Scheme 3.42 

 

3.2.4 P-N cleavage of free aminophosphorus heterocycles  

P-N cleavage of aminophosphorus heterocycles can be done with PCl3 or 

HCl(g).105 When PCl3 is used, separation of the desired product and the side product is 

comparably difficult since all the products are neutral. When HCl(g) is used, the desired 

product can be extracted in a non-polar solvent since it is neutral and the side product is a 

salt.  

P-N cleavage of free amino diphenylphosphirene 27 with PCl3 or HCl(g) gives free 

chlorophosphirene 33 (Scheme 3.43). Compound 33 was characterized by 31P and 1H 

NMR spectroscopy and their spectroscopy is consistent with the published spectra.54 

Since the P-N cleavage reaction of aminophosphorus compounds are known reactions, 

only the P-N cleavage of free amino diphenylphosphirene 27 was done as a 

demonstration.  
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3.2.5 Generation of bidentate phosphorus heterocyclic ligands 

Reaction of chloro diphenylphosphirene 33 with 2,2’-diphenoxide dianion (35) 

was done as an trial experiment to check the possibility of forming bidentate ligands 

using the phosphorus heterocycles prepared.   A new ligand 2,2’-bis(diphenylphosphi-

reno)biphenyl (36) (Scheme 3.44) was obtained by the reaction of 33 with 35. The 31P 

NMR spectrum shows a singlet at δ -79.3 ppm.  
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3.3 CONCLUSIONS 

 Cationic iron phosphinidene complexes undergo cycloaddition reactions with a 

wide range of unsaturated substrates, and primarily show the typical reactivity expected 

for electrophilic phosphinidene complexes.  Attempts to convert the amino group to a 
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chloro group in the metal coordinated heterocycles met with limited success.  The 

conversion is only possible for phosphirene and benzodiazophosphole complexes, and 

even when the reaction is successful, separation and isolation of the products tends to be 

difficult. Here, the cationic nature of the metal complex is a distinct disadvantage. From 

this we conclude that chlorination is best carried out after decomplexation.  Chlorination 

reactions of amino substituted P-heterocycles are well described in the literature.106 In 

decomplexation reactions, the cation metal complex is advantageous because it allows 

separation of neutral P-heterocycles from the metal complex via simple extraction. 

Chloro phosphorus heterocycles are useful in synthesizing bidentate ligands.  

 

3.4 EXPERIMENTAL 

3.4.1 General Comments. All procedures were carried out under a nitrogen atmosphere 

using standard Schlenk techniques or in an inert atmosphere glovebox. Pentane was 

distilled from NaK2.8/benzophenone, THF was distilled from Na/benzophenone, and 

dichloromethane and hexane were purified using solvent purification columns containing 

alumina (dichloromethane) or alumina and copper catalyst (hexane). Deuterated 

chloroform was distilled from P2O5. The NMR spectra were recorded in CDCl3, CD2Cl2 

or DMSO-d6 using a Varian Mercury 300 MHz spectrometer at 300.179 MHz (1H), 

121.515 MHz (31P{1H}), 75.479 MHz (13C{1H}) or 282.449 (19F{1H}). Infrared spectra 

were recorded in CDCl3 or CH2Cl2 solution using Digilab FTIR spectrometer. Mass 

spectra of metal complexes were obtained using a Finnigan-MAT TSQ-700 mass 

spectrometer equipped with electrospray ionization and a Harvard syringe pump.  The 
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compound [CpFe(CO)2{P(Cl)NiPr2}] (1) was synthesized using the published 

procedure.67  

 

3.4.2 Synthesis of [CpFe(CO)2{P(NiPr2)(C(Ph)C(Ph)}][AlCl4] (12a) 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (100 mg, 0.291 mmol) was 

dissolved in CH2Cl2 (3 mL). Aluminium chloride (38.8 mg, 0.291 mmol) was then added, 

resulting in the formation of a red solution of 2a. Diphenylacetylene (51.9 mg, 0.291 

mmol) was added and the mixture was stirred for 15 min, resulting in a reddish orange 

solution.  The solvent volume was reduced to ~0.5 mL. Pentane (10 mL) was added 

slowly with vigorous stirring, resulting in the formation of yellow precipitate. The 

supernatant was decanted and the solid was washed with pentane (3 × 1 mL), and dried 

under vacuum. Yield: 130 mg, 72%.  IR (CH2Cl2 solution, cm-1): νCO = 2059, 2016. 1H 

NMR: δ 7.59 – 7.83 (m, Ph), 5.39 (d, 5H, 3J(HP) = 1.5 Hz, C5H5), 3.57 (d sept, 2H, 

3J(HH) = 6.6 Hz, 3J(HP) = 17.7 Hz, CH(CH3)2), 1.17 (d, 12H, 3J(HH) = 6.6 Hz, 

CH(CH3)2). 31P{1H} NMR: δ -69.7 (s), 31P NMR: δ -69.7 (t, 3J(HP) = 17.7 Hz). 13C 

NMR: δ 208.7 (d, 2J(CP) = 31.9 Hz, Fe(CO)2), 150.7 (d, 1J(CP) = 13.1 Hz, phosphirene 

ring C), 130.3 (s, p-Ph), 130.4 (s, m-Ph), 129.4 (d, 3J(CP) = 5.8 Hz, o-Ph), 127.1 (d, 

2J(CP) = 13.1 Hz, ipso-Ph), 87.4 (s, C5H5), 49.4 (d, 2J(CP) = 4.3 Hz, CH(CH3)2), 23.4 (d, 

3J(CP) = 3.4 Hz, CH(CH3)2).    MS (electrospray, CH2Cl2 solution): m/z = 486 (M+). 

Anal. Calcd. For C27H29O2FePNAlCl4: C 49.50, H 4.46, N 2.14. Found: C 49.02, H 4.38, 

N 2.16. 
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3.4.3 Synthesis of [CpFe(CO)2{P(NiPr2)(C(Ph)C(Ph)}][BPh4] (12b)  

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (50.0 mg, 0.146 mmol) was 

dissolved in CH2Cl2 (3 mL). This solution was added to sodium tetraphenylborate (49.8 

mg, 0.146 mmol) and the mixture was stirred for 15 min. The resulting red solution of 

[CpFe(CO)2{PNiPr2}][BPh4]  (2b) was filtered through celite and added to PhCCPh (26.0 

mg, 0.146 mmol).  The mixture was stirred for 15 min, resulting in a reddish orange 

solution.  The solvent volume was reduced to ~0.5 mL. The product was isolated as 

orange crystals by slow diffusion of pentane into the CH2Cl2 solution at -30 oC.  Yield: 

68 mg, 58%. 

 

3.4.4 Synthesis of [CpFe(CO)2{P(NiPr2)(C(Ph)CH}][BPh4] (13b)  

During precipitation process the complex [CpFe(CO)2{P(NiPr2)(C(Ph)CH}] with 

BPh4
- counterion (13b) gives better solid precipitate when compared to the complex 

[CpFe(CO)2{P(NiPr2)(C(Ph)CH}] with AlCl4
- counterion (13a).  

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (34.4 mg, 0.100 mmol) was 

dissolved in CH2Cl2 (3 mL). This solution was added to sodium tetraphenylborate (34.2 

mg, 0.100 mmol) and the mixture was stirred for 15 min. The resulting red solution of 

[CpFe(CO)2{PNiPr2}][BPh4]  (2b) was filtered through celite and added to PhCCH (40.9 

mg, 44.0 µL, 0.400 mmol).  The mixture was stirred for 15 min, resulting in a reddish 

orange solution.  The solvent volume was reduced to ~0.5 mL. Hexane (10 mL) was 

added slowly with vigorous stirring, resulting a cloudy solution that was kept at -30 °C 

for several hours, resulting in an orange precipitate. The supernatant was decanted and 

the solid was washed with hexane (3 × 1 mL), and dried under vacuum. Yield: 63 mg, 



 

102 
 

87%.  IR (CH2Cl2 solution, cm-1): νCO = 2056, 2013. 1H NMR: δ 8.23 (d, 1H, 2J(HP) = 

17.1 Hz, C=CH), 7.49 – 6.82 (m, Ph), 4.23 (d, 5H, 3J(HP) = 1.5 Hz, C5H5), 3.22 (d sept, 

2H, 3J(HH) = 6.9 Hz, 3J(HP) = 17.7 Hz, CH(CH3)2), 1.04 (d, 6H, 3J(HH) = 7.2 Hz, 

CH(CH3)2), 0.96 (d, 6H, 3J(HH) = 6.9 Hz, CH(CH3)2). 31P{1H} NMR: δ -68.7 (s), 31P 

NMR: δ -68.7 (dt, 2J(HP) = 17.9 Hz, 3J(HP) = 17.7 Hz). 13C NMR: δ 209.2 (d, 2J(CP) = 

33.4 Hz, Fe(CO)2), 207.9 (d, 2J(CP) = 31.9 Hz, Fe(CO)2), 164.1 (d, 1J(CP) = 24.7 Hz, 

PC(Ph)=), 134.9 (d, 1J(CP) = 21.0 Hz, PCH=), 132.8 (d, 2J(CP) = 1.51 Hz, ipso-Ph), 

130.1 (s, m-Ph), 129.8 (s, p-Ph), 126.8  (s, o-Ph), 87.9 (d, 2J(CP) = 14.3 Hz, C5H5), 49.4 

(s, CH(CH3)2), 23.9 (s, CH(CH3)2), 23.5 (s, CH(CH3)2). MS (electrospray, CH2Cl2 

solution): m/z = 410 (M+).  

 

3.4.5 Synthesis of [CpFe(CO)2{P(NiPr2)(CH(Ph)CH2)}][AlCl4] (14) 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (50.0 mg, 0.146 mmol) was 

dissolved in CH2Cl2 (3 mL). This solution was added to AlCl3 (29.0 mg, 0.217 mmol). To 

the resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was added styrene (60.8 

mg, 0.584 mmol, 67 µL) and the mixture was stirred for 15 min, resulting in a reddish 

orange solution.  The solvent volume was reduced to ~0.5 mL. Addition of pentane (10 

mL) resulted in a dark orange oil, which was washed with pentane and dried. Yield: 59 

mg, 70%. Red-orange crystals were grown by slow diffusion of pentane into CH2Cl2 at -

30 oC.  IR (CH2Cl2 solution, cm-1): νCO = 2074, 2032. 31P{1H} NMR (CD2Cl2): δ -52.0 

(s) (81%), -53.8 (s) (19%). 1H NMR (major isomer): δ 7.35-7.21 (m, Ph), 5.72 (s, C2H5), 

3.59 (sept., 3J(HH) = 6.9 Hz, NCH(CH3)2) 3.54 (sept., 3J(HH) = 6.6 Hz, NCH(CH3)2), (s, 

3JHH =  2.72 (ddd, 3J(HH) = 10.8, 3J(HH) = 6.6, 2J(HP)  = 10.8, CHPh), 2.01 (ddd, 
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3J(HH) = 10.8 Hz, 2J(HH) = 2.4 Hz, 2J(HP) = 10.8 Hz, CHH), 1.56 (d, 2J(HH) = 6.6 Hz, 

CHH), 1.38 (d, 3J(HH) = 6.6 Hz, NCH(CH3)2), 1.37 (d, 3J(HH) = 6.9 Hz, NCH(CH3)2). 

Satisfactory analysis could not be obtained because 4 exists in solution as an equilibrium 

mixture, and bulk samples always contain a proportion of 2. 

 

3.4.6 Reaction of [CpFe(CO)2{P(NiPr2)(CH(Ph)CH2)}][AlCl4] (14) with diphenyl- 

acetylene 

Compound 14 (58.0 mg, 0.099 mmol) was dissolved in CH2Cl2 (3 mL). To this 

solution PhCCPh (17.8 mg, 0.100 mmol) was added. The resulting solution was stirred 

for 15 min. The solvent volume was reduced to ~0.5 mL. Pentane (10 mL) was added 

slowly with vigorous stirring, resulting in the formation of yellow precipitate. The 

supernatant was decanted and the solid was washed with pentane (3 × 1 mL), and dried 

under vacuum.  The spectroscopic data obtained are identical to that of 12a. 

 

3.4.7  Synthesis of [CpFe(CO)2{P(NiPr2)(CH(Ph)CHC(CH3)O)}][AlCl4] (15)  

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (150 mg , 0.437 mmol) was 

dissolved in CH2Cl2 (3 mL). This solution was added to AlCl3 (58.3.0 mg, 0.437 mmol). 

To the resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was added 

benzylideneacetone  (63.8 mg, 0.437 mmol) and the mixture was stirred for 15 min, 

resulting in a reddish orange solution. The solvent volume was reduced to ~0.5 mL and 

diethyl ether (10 mL) was added slowly with vigorous stirring, resulting in the formation 

of an orange precipitate (15). Yield: 245 mg, 90%.  The precipitate of 15 (40.0 mg) was 

dissolved in CH2Cl2 (0.5 mL) and crystals were grown by slow diffusion of diethyl ether 
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into the CH2Cl2 solution at – 30 °C. Yield: 28 mg, 63%. IR (CH2Cl2 solution, cm-1): νCO 

= 2058, 2016. 1H NMR: δ 7.46 – 7.23 (m, 5H, Ph), 5.49 (broad d, 1H, 2J(HP) = 27 Hz, 

PCH), 5.47 (s, 5H, C5H5), 4.32 (broad m, 1H, =CH), 3.53 (sept, 2H, 3J(HH) = 6.6 Hz, 

CH(CH3)2), 2.15 (s, 3H, CH3), 1.06 (d, 6H, 3J(HH) = 6.6 Hz, CH(CH3)2), 0.99 (d, 6H, 

3J(HH) = 6.6 Hz, CH(CH3)2). 31P{1H} NMR: δ 196.7 (s), 13C NMR: δ 208.2 (d, 2J(CP) = 

27.6 Hz, Fe(CO)2), 154.8 (s, POC), 134.2 (d, 2J(CP) = 10.9 Hz, ipso-Ph), 126.9 (s, o-Ph), 

128.7 (s, m-Ph), 128.6 (s, p-Ph), 104.8  (s, =CH), 86.0 (s, C5H5), 63.7 (d, 1J(CP) = 21.7 

Hz,  PC(Ph)), 52.4 (d, 2J(CP) = 5.8 Hz, CH(CH3)2), 25.3 (s, CH(CH3)2, 22.9 (d, 3J(CP) = 

5.6 Hz, CH(CH3)2, 16.3 (d, 3J(CP) = 5.1 Hz, CH3). MS (electrospray, CH2Cl2 solution): 

m/z = 454 (M+). Anal. Calcd. For C23H29O3FePNAlCl4: C 44.34, H 4.69, N 2.25. Found: 

C 44.13, H 4.71, N 2.25. 

 

3.4.8 Synthesis of [CpFe(CO)2{P(NiPr2)(CH2CHC(CH3)CH2)}][AlCl4] (18)  

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (50.0 mg, 0.146 mmol) was 

dissolved in CH2Cl2 (3 mL). This solution was added to AlCl3 (29.1 mg, 0.218 mmol). To 

the resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was added isoprene (19.7 

mg, 0.292 mmol, 29 µL) and the mixture was stirred for 1 h.  The solvent volume was 

reduced to ~0.5 mL. Addition of pentane (10 mL) resulting in the formation of brownish 

orange precipitate, which was washed with pentane and dried. Yield: 58 mg, 73%. IR 

(CH2Cl2 solution, cm-1): νCO = 2073, 2035. 1H NMR: δ 5.33 (br s, 5H, C5H5), 3.98 (dt, 

1H, 3J(HP) = 3J(HH) = 6.9 Hz,–CH=), 3.69 (sept, 2H, 3J(HH) = 6.9 Hz, NCH(CH3)2),  

3.38 (m, 2H, P(CH2)CH=), 2.81 (bd, 1H, 2J(HHgem) = 18.0 Hz, PCHHC(CH3)),  2.81 (bd, 

1H, 2J(HHgem) = 18 Hz, PCHHC(CH3)), 1.86 (s, 3H, CH3), 1.31(d, 12H, 3J(HH) = 6.9 Hz, 
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CH(CH3)2). 31P{1H} NMR: δ 126.5 (s), 13C NMR: δ 209.5 (d, 2J(CP) = 24.6 Hz, 

Fe(CO)2), 209.4 (d, 2J(CP) = 24.8 Hz, Fe(CO)2), 137.6 (d, 2J(CP) = 8.7 Hz, =C(CH)3), 

121.3 (d, 2J(CP) = 8.7 Hz, =CH), 87.8 (s, C5H5), 51.3 (d, 2J(CP) = 3.4 Hz, CH(CH3)2), 

46.2 (d, 1J(CP) = 33.4 Hz, P(CH2)C(CH3)=), 42.8 (d, 1J(CP) = 32.6 Hz, P(CH2)CH=), 

23.8 (d, 3J(CP) = 2.2 Hz, CH(CH3)2), 23.7 (d, 3J(CP) = 2.2 Hz, CH(CH3)2, 16.3 (d, 3J(CP) 

= 8.7 Hz, =C(CH3)). MS (electrospray, CH2Cl2 solution): m/z = 376 (M+).  Compound 20 

could not be crystallized and satisfactory analysis could not be obtained.  As a result, the 

analogous compound 21 was prepared and fully characterized as described below. 

 

3.4.9 Synthesis of [CpFe(CO)2{P(NiPr2)(CH(Ph)CH=CHCH(Ph))}][AlCl4] (19)  

The compound [CpFe(CO)2{P(Cl)NiPr2}] (3) (68.8 mg, 0.200 mmol) was 

dissolved in CH2Cl2 (3 mL). This solution was added to AlCl3 (27.0 mg, 0.202 mmol). 

The resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was transferred to a 

Schlenk flask equipped with a reflux condenser and then 1,4-diphenyl-1,3-butadiene 

(41.2 mg, 0.200 mmol) was added. The resulting solution was heated under reflux for 8h. 

The mixture was allowed to cool to room temperature and the solvent volume was 

reduced to ~0.5 mL. Diethyl ether was added slowly with vigorous stirring, resulting in 

the formation of a brownish orange precipitate (19). The supernatant was decanted, and 

the solid was washed with diethyl ether (3 × 1 mL) and dried under vacuum. Yield: 81 

mg, 59%. The precipitate of 19 (53.0 mg) was dissolved in CH2Cl2 (0.5 mL) and red-

orange crystals were grown by slow diffusion of diethyl ether into the CH2Cl2 solution at 

– 30 °C. Yield: 31 mg, 35%.  IR (CH2Cl2 solution, cm-1): νCO = 2053, 2011. 1H NMR: δ 

7.17 – 7.40 (m, 10H, Ph), 6.23 (d, 2H, 2J(HP) = 21.3 Hz, PCH(Ph)), 4.84 (d, 2H, 3J(PH) = 
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11.1 Hz, =CH), 4.30 (s, 5H, C5H5), 3.89 (sept, 2H, 3J(HH) = 6.9 Hz, CH(CH3)2), 1.48 (d, 

12H, 3J(HH) = 6.9 Hz, CH(CH3)2). 31P{1H} NMR: δ 175.2 (s). 13C NMR: δ 209.0 (d, 

2J(CP) = 22.7 Hz, Fe(CO)2), 137.7 (s, =CH), 133.3 (d, 2J(CP) = 9.7 Hz,  ipso-Ph), 130.1 

(s, Ph), 129.8 (d, 4J(CP) = 9.7 Hz, m-Ph), 129.2 (d, 3J(CP) = 9.7 Hz, o-Ph), 87.3 (d, 2J(CP) 

= 7.5 Hz, C5H5), 58.9 (br d, 1J(CP) = 19.6 Hz, PC(Ph)), 52.5 (s, CH(CH3)2), 25.1 (s, 

CH(CH3)2).  MS (electrospray, CH2Cl2 solution): m/z = 514 (M+). Anal. Calcd. For 

C29H33O2FePNAlCl4: C 50.98, H 4.87, N 2.05. Found: C 50.16, H 4.89, N 2.08. 

 

3.4.10 Synthesis of [CpFe(CO)2{P(NiPr2)(PhNNHC6H4)}][AlCl4] (20)  

The compound [CpFe(CO)2{P(Cl)NiPr2}] (3) (175 mg, 0.509 mmol) was 

dissolved in CH2Cl2 (3 mL). This solution was added to AlCl3 (69.0 mg, 0.510 mmol). 

The resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was added to azobenzene 

(92.8 mg, 0.509 mmol) and the mixture was stirred for 1.5 h, resulting in a deep red 

solution.  The solvent was removed in vacuo. The residue was washed with pentane (10 

mL) to give brown-yellow powder. Yield: 190 mg, 57%. IR (CH2Cl2 solution, cm-1): 

νCO = 2047, 2005. 1H NMR: 7.86 – 7.06 (m, 9H, Ph, Ar), 7.39 (s, 1H, NH), 4.55 (d, 5H, 

3J(HP) = 1.5 Hz, C5H5), 3.55 (d sept, 2H, 3J(HH) = 6.9 Hz, 3J(HP) = 16.5 Hz, CH(CH3)2), 

1.22 (d, 6H, 3J(HH) = 6.6 Hz, CH(CH3)2), 1.03 (d, 6H, 3J(HH) = 6.6 Hz, CH(CH3)2). 

31P{1H} NMR: δ 117.5 (s). 13C NMR: δ 209.2 (d, 2J(CP) = 28.4 Hz, Fe(CO)2), 208.6 (d, 

2J(CP) = 31.2 Hz, Fe(CO)2), 143.9 (d, 2J(CP) = 8.0 Hz, ipso Ph), 142.5 (d, 2J(CP) = 10.0 

Hz,  Ar), 132.4 (s, Ar), 130.0 (s, Ar), 128.9 (s, Ph), 128.0 (s, Ph), 126.5 (d, 1J(CP) = 16.5 

Hz, ipso Ar), 123.5 (d, 2J(CP) = 12.0 Hz, Ar), 123.3 (s, Ph), 121.8 (s, Ph), 117.7 (s, Ph), 
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114.1 (s, Ar),   87.2 (s, C5H5), 51.0 (d, 2J(CP) = 6.6 Hz, CH(CH3)2), 22.6 (s, CH(CH3)2), 

22.4 (s, CH(CH3)2). MS (electrospray, CH2Cl2 solution): m/z = 490 (M+).  

 

3.4.11 Reaction of [CpFe(CO)2{P(NiPr2)(C(Ph)C(Ph)}][AlCl4] (12a) with HCl  

Compound 12a was prepared via reaction of 3 (82.0 mg, 0.239 mmol) with AlCl3 

(32.0 mg, 0.240 mmol) in CH2Cl2, followed by addition of diphenylacetylene (42.5 mg, 

0.239 mmol).  The mixture was stirred for 15 min, resulting in a reddish orange solution 

of 12a.  HCl(g) was then bubbled through the solution for 3 minutes.  The flask was sealed 

and the solution was stirred for 15 h. The solvent volume was reduced to ~0.5 mL and 

diethyl ether (10 mL) was added slowly with vigorous stirring, resulting in the formation 

of a yellow precipitate, which contains [CpFe(CO)2{P(Cl)(C(Ph)C(Ph)}][AlCl4] (21a) 

and the side product [H2NiPr2]Cl. Crude yield: 96 mg.  A portion of the crude precipitate 

(40 mg) was dissolved in ~1 mL of CH2Cl2 and filtered three times through a celite plug. 

Single crystals were grown by slow diffusion of hexane into the CH2Cl2 solution at – 30 

°C.  Yield: 65 mg, 45%. IR (CH2Cl2 solution, cm-1): νCO = 2077, 2038. 1H NMR: δ 7.93 

– 7.73 (m, Ph), 4.89 (d, 5H, 3J(HP) = 2.1 Hz, C5H5). 31P{1H} NMR: δ -52.0 (s), 13C 

NMR: δ 206.3 (d, 2J(CP) = 30.5 Hz, Fe(CO)2), 144.5 (d, 1J(CP) = 16.9 Hz, phosphirene 

ring C), 133.7 (s, p-Ph), 131.2 (d, 2J(CP) = 7.2 Hz, ipso-Ph), 130.7 (s, m-Ph), 124.7 (s, o-

Ph), 90.0 (s, C5H5). MS (electrospray, CH2Cl2 solution): m/z = 421(M+, 35Cl), 423 (M+, 

37Cl). 
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3.4.12 Reaction of [CpFe(CO)2{P(NiPr2)(C(Ph)C(Ph)}][AlCl4] (12a) with HBF4·Et2O 

Compound 12a (100 mg, 0.153 mmol) was dissolved in CH2Cl2 (2 mL) and 

HBF4·Et2O (73.8 mg, 0.459 mmol, 62.0 µL) was added. The resulting solution was 

stirred for 10h. The solvent volume was reduced to 0.5 mL and diethyl ether (8 mL) was 

added, resulting in the formation of yellow precipitate, which contains 

[CpFe(CO)2{P(Cl)(C(Ph)C(Ph)}][BF4] (21c) and the side product [H2NiPr2][BF4]. Crude 

yield: 74 mg. A portion of the crude precipitate (25 mg) was dissolved in ~1 mL of 

CH2Cl2 and filtered three times through a celite plug. Yellow crystals of 21c were grown 

by slow diffusion of pentane into the CH2Cl2 solution at – 30 °C. Yield: 6 mg, 33%. 

Anal. Calcd. For C21H15O2FePClBF4: C 49.61, H 2.97. Found: C 49.86, H 2.89. 

Spectroscopic data for 21c is identical to that of 21a. 

 

3.4.13 Synthesis of [CpFe(CO)2{P(Cl)(C(Ph)CH)}][BPh4] (22b) 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (40.2 mg, 0.117 mmol) was 

dissolved in CH2Cl2 (3 mL) and AlCl3 (15.6 mg, 0.117 mmol) was then added, resulting 

in the formation of a red solution. To this solution, PhCCH (35.4 mg, 38.0 µL, 0.351 

mmol) was added and stirred for 15 min, resulting in a reddish orange solution of 

[CpFe(CO)2{P(NiPr2)(C(Ph)CH)}][AlCl4] (13a).  Tetrafluoroboric acid diethyletherate 

(57.1 mg, 48.0 µL, 0.351 mmol) was added and the resulting solution was stirred for 10h. 

The solvent volume was reduced to 0.5 mL and diethyl ether (8 mL) was added, resulting 

in the formation of yellow precipitate, which contains [CpFe(CO)2{P(Cl)-

(C(Ph)CH)}][BF4] (22c) and the side product [H2NiPr2][BF4]. Crude yield: 108 mg. The 

crude product was dissolved in CH2Cl2 (3 mL) Sodium tetraphenylborate (100 mg, 0.293 
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mmol) was added and the resulting mixture was stirred for a further 30 min. It was then 

filtered through celite filter and the solvent volume was reduced to 0.5 mL. Yellow 

crystals of 22b were grown by slow diffusion of pentane into the CH2Cl2 solution at – 30 

°C. Yield: 14 mg, 22%.  IR (CDCl3 solution, cm-1): νCO = 2076, 2035. 1H NMR: δ 7.81 

(d, 1H, 2J(PH) = 16.5 Hz, PCH=), 6.84 – 7.53 (m, Ph), 4.29 (d, 5H, 3J(HP) = 2.1 Hz, 

C5H5). 31P{1H} NMR: δ -47.9 (s),  31P NMR: δ -47.9 (d, 2J(PH) = 16.5 Hz). MS 

(electrospray, CH2Cl2 solution): m/z = 345(M+, 35Cl), 347 (M+, 37Cl).  

 

3.4.14 Synthesis of [CpFe(CO)2{P(F)(C(Ph)C(Ph)}][BPh4] (23)   

Compound 12b was prepared from 3 (68.8 mg, 0.200 mmol), NaBPh4 (68.4 mg, 

0.200 mmol) and PhCCPh (35.6 mg, 0.200 mmol) in CH2Cl2 (3 mL). To this solution, 

HBF4·Et2O (194 mg, 163 µL, 1.20 mmol) was added. The resulting mixture was stirred 

for 12 h. The solvent volume was reduced to approximately 0.5 mL in vacuo. Diethyl 

ether (10 mL) was added slowly with vigorous stirring, resulting in the formation of oily 

precipitate (31 mg). Yellow-orange crystals were grown by slow diffusion of diethyl 

ether into the CH2Cl2 solution at -30 °C. IR (CH2Cl2 solution, cm-1): νCO = 2077, 2038. 

1H NMR: δ 7.95 – 7.98 (m, Ph), 5.63 (d, 5H, 3J(HP) = 1.8 Hz, C5H5). 31P{1H} NMR: δ 

10.5 (d, 1J(FP) = 1219 Hz ). 19F{1H} NMR: δ -70.8 (d, 1J(FP) = 1219 Hz, P-F ), -148.5 (s, 

BF4
-). MS (electrospray, CH2Cl2 solution): m/z = 405 (M+). 

 

3.4.15 Synthesis of [CpFe(CO)2{P(Ph)(C(Ph)C(Ph)}][BPh4] (24)  

Compound 21c (30 mg, 0.048 mmol) was dissolved in THF (3 mL). Sodium 

tetraphenylborate (98.6 mg, 0.288 mmol) was added and the resulting mixture was stirred 
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for 12 h. The resulting solution was filtered through celite filter. The THF was removed 

in vacuo. The residue was dissolved in CH2Cl2 (0.5 mL). Yellow crystals were grown by 

slow diffusion of pentane into the CH2Cl2 solution at -30 °C. IR (CH2Cl2 solution, cm-1): 

νCO = 2056, 2013. 1H NMR: δ 7.38 – 7.68 (m, Ph), 4.48 (d, 5H, 3J(HP) = 1.8 Hz, C5H5). 

31P{1H} NMR: δ -103.5 (s). MS (electrospray, CH2Cl2 solution): m/z = 463 (M+).   

 

3.4.16 Synthesis of [CpFe(CO)2{P(Cl)(PhNNHC6H4)}][1/2AlCl4.1/2BF4] (25) 

Compound 20 (40.0 mg, 0.061 mmol) was dissolved in CH2Cl2 (2 mL), 

HBF4·Et2O (29.8 mg, 25.0 µL, 0.184 mmol) was added, and the resulting solution was 

stirred for 2h. The solvent volume was reduced to ~0.2 mL and it was cooled -30 oC, 

resulting in the formation of orange crystals.  Yield: 17 mg, 53%.   IR (CH2Cl2 solution, 

cm-1): νCO = 2074, 2037. 1H NMR (DMSO): δ 7.88 – 7.60 (m, 9H, Ph, Ar), 7.59 (s, 1H, 

NH), 5.34 (d, 5H, 3J(HP) = 2.1 Hz, C5H5). 31P{1H} NMR (DMSO): δ 144.4 (s). 13C NMR 

(DMSO): δ 210.9 (d, 2J(CP) = 32.8 Hz, Fe(CO)2), 152.8 (s, ipso-Ph), 151.6 (d, 2J(CP) = 

7.2 Hz, Ar), 141.3 (s, Ar), 140.5 (s, Ar), 133.6 (s, Ar), 132.5 (s, p-Ph), 131.8 (d, 2J(CP) = 

9.4 Hz, ipso-Ar), 131.6 (d, 2J(CP) = 9.4 Hz, Ar), 130.1  (s, m-Ph), 123.6 (s, o-Ph), 88.5 (s, 

C5H5). MS (electrospray, CH2Cl2 solution): m/z = 425 (M+, 35Cl), 427 (M+, 37Cl).   Anal. 

Calcd. For C19H15O2FePN2Cl3Al0.5B0.5F2: C 42.69, H 2.83. Found: C 42.64, H 3.11. 

 

3.4.17 Reaction of [CpFe(CO)2{P(NiPr2)(CH(Ph)CH2)}][AlCl4] (14) with HCl   

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (30.0 mg, 0.087 mmol) was 

dissolved in CH2Cl2 (3 mL). This solution was added to AlCl3 (17.4 mg, 0.131 mmol). To 

the resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was added styrene (36.2 
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mg, 0.348 mmol, 40.0 µL)) and the mixture was stirred for 15 min, resulting in a reddish 

orange solution of 16.  Hydrogen chloride gas was bubbled through CH2Cl2 (3 mL) and 

the resulting solution was transferred via cannula into the solution of 16. After 30 min. 

the volume of the solvent was reduced to ~0.5 mL in vacuo and transferred into a NMR 

tube. Yellow crystals of [CpFe(CO)2{PH(NiPr2)(Cl)}][AlCl4] (26) were obtained by slow 

diffusion of pentane into CH2Cl2 solution. Yield: 26 mg, 58%.  IR (CH2Cl2 solution,    

cm-1): νCO = 2073, 2035. 1H NMR: δ 8.79 (d, 1H, 1J(PH) = 471 Hz, PH), 5.49 (d, 5H, 

3J(HP) = 2.1 Hz, C5H5), 3.81 (dsept, 2H, 3J(PH) = 14.8 Hz,  3J(HH) = 6.6 Hz, CH(CH3)), 

1.46 (d, 6H, 3J(HH) = 6.60 Hz, CH(CH3)), 1.35 (d, 6H, 3J(HH) = 6.6 Hz, CH(CH3)). 

31P{1H} NMR: δ 106.4 (s),  31P NMR: δ 106.4 (dt, 1J(PH) = 471 Hz, 3J(PH) = 14.8 Hz). 

MS (electrospray, CH2Cl2 solution): m/z = 344(M+, 35Cl), 346 (M+, 37Cl).  Anal. Calcd. 

For C13H20O2FePNAlCl5: C 30.42, H 3.93, N 2.73. Found: C 30.45, H 3.85, N 2.62. 

 

3.4.18 Decomplexation of [CpFe(CO)2{P(NiPr2)(C(Ph)C(Ph)}][AlCl4] (14a) 

Compound 12a (225 mg, 0.328 mmol) was dissolved in CH2Cl2. 

Trimethylphosphine (49.9 mg, 0.656 mmol, 67.3 µL) was added and the solution was 

stirred for 2 h. The solvent was removed in vacuo, and the residue was extracted into 

pentane (5 x 3 mL).  The solvent volume was reduced to ~1 mL in vacuo and the pentane 

extract was cooled to -30°C for 48 h, resulting in the formation of pale yellow crystals of 

PNiPr2(C(Ph)C(Ph)) (27). Yield: 38 mg, 37%.  The pentane insoluble residue was 

extracted into CH2Cl2 (1 mL). Pentane (10 mL) was added slowly with mixing, resulting 

in the formation of a yellow orange precipitate of [CpFe(CO)2{P(PMe3)}][AlCl4] (28a). 

Yield: 102 mg, 64 %. The supernatant was decanted and solid was dried in vacuo. The 
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counterion AlCl4 was exchanged with BPh4 counter ion to grow single crystals. The solid 

31 (43.0 mg, 0.100 mmol) and NaBPh4 (34.2 mg, 0.100 mmol) were dissolved in CH2Cl2 

(2 mL) and the resulting solution was stirred for 30 min. The precipitate formed was 

removed by filtration to form a clear solution of [CpFe(CO)2{P(CH3)3}][BPh4] (28b). 

Single crystals were grown by slow diffusion of hexane into the CH2Cl2 solution at – 30 

°C.    Compound 27: 1H NMR: δ 7.33 – 7.81 (m, 10H, Ph), 3.16 (d sept, 3J(PH) = 8.7 Hz,  

3J (HH) = 6.6 Hz, CH(CH3)2), 1.10 (d, 3J(HH) = 6.6 Hz, CH(CH3)2). 31P{1H} NMR: δ -

125.1 (s). 13C NMR: δ 136.0 (d, 1J(CP) = 53.7 Hz, phosphirene ring C), 131.9 (d, 2J(CP) = 

5.8 Hz, ipso-Ph), 130.4 (s, o-Ph), 129.6 (s, m-Ph), 128.6 (s, p-Ph), 43.9 (d, 2J(CP) = 6.6 

Hz, CH(CH3)2), 23.8 (d, 3J(CP) = 8.0 Hz, CH(CH3)2). Anal. Calcd. For C20H24PN: C 

77.64, H 7.82, N 4.53. Found: C 77.64, H 7.81, N 4.57.  Compound 28: IR (CH2Cl2 

solution, cm-1): νCO = 2052, 2010. 1H NMR: δ 5.42 (d, 5H, 3J(HP) = 1.5 Hz, C5H5), 1.82 

(d, 9H, 2J(PH) = 11.1 Hz, PCH3). 31P{1H} NMR: δ 33.5 (s),  31P NMR: δ 33.5 (dec., 

2J(PH) = 11.1 Hz). MS (electrospray, CH2Cl2 solution): m/z = 253 (M+).  

 

3.4.19 Decomplexation of [CpFe(CO)2{P(NiPr2)(CH(Ph)CHC(CH3)O)}][AlCl4] (15) 

Compound 15 (245 mg, 0.393 mmol) was dissolved in CH2Cl2 (5 mL) and 

transferred to a Schlenk flask equipped with a reflux condenser. Trimethylphosphine 

(44.8 mg, 0.590 mmol, 61.0 µL) was added and the resulting solution was stirred for 1h. 

The solvent was removed in vacuo and the product was extracted in pentane (10 mL). 

Pentane was removed in vacuo and P(NiPr2)(CH(Ph)CHC(CH3)O) (29) was obtained as 

colourless oil. Yield: 53 mg, 47%. 1H NMR: δ 7.05 – 7.22 (m, Ph), 5.04 (ddq, 1H, 3J(PH) 

= 10.2 Hz, 3J(HH) = 0.9 Hz, 4J(HH) = 1.8 Hz, –=CH), 4.33 (br d, 1H, 2J(PH) = 32.1 Hz, 
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PC(Ph)H), 3.00 (b, 2H,  CH(CH3)2), 1.11 (b, 12H, CH3). 31P{1H} NMR: δ 137 (s). 13C 

NMR: δ 156.6 (d, 2J(CP) = 11.5 Hz, =C(Me)O), 130.9 (d, 2J(CP) = 8.8 Hz, ipso-Ph), 

128.2 (s, Ph), 125.5 (s, Ph), 97.8 (s, =CH), 50.2 (d, 1J(CP) = 28.2 Hz, PCH(Ph)), 29.9 (s, 

CH(CH3)2), 24.7  (s, CH3), 16.6 (s, CH(CH3)2). 

 

3.4.20 Decomplexation of [CpFe(CO)2{P(NiPr2)(CH(Ph)CHCHCH(Ph))}][AlCl4] 

(19) 

Compound 19 was (112 mg, 0.164 mmol) dissolved in CH2Cl2. Triethylphosphine 

(38.8 mg, 0.328 mmol, 48 µL) was added and the resulting solution was refluxed for 10h. 

The solvent was removed in vacuo and the product was extracted in pentane (10 mL). 

Pentane was removed in vacuo and pale yellow solid P(NiPr2)(CH(Ph)CHCHCH(Ph)) 

(30) was obtained.  Yield: 31 mg, 56%. 1H NMR: δ 7.17 – 7.40 (m, Ph), 5.89 (d, 2J(HP) = 

8.1 Hz, PCH(Ph)), 4.11 (d, 3J(PH) = 5.7 Hz, –CH=), 3.45 (b, CH(CH3)2), 0.98 (d, 3J(HH) 

= 6.6 Hz, CH(CH3)2). 31P{1H} NMR: δ 91.4 (s). 13C NMR: δ 144.0 (d, 2J(CP) = 15.4 Hz,  

=CH), 133.6 (d, 2J(CP) = 11.0 Hz,  ipso-Ph), 128.5 (d, 5J(CP) = 2.2 Hz Ph), 127.7 (d, 

4J(CP) = 6.6 Hz, m-Ph), 125.8 (d, 3J(CP) = 2.9 Hz, o-Ph), 51.2 (d, 2J(CP) = 19.2 Hz, 

CH(CH3)2), 46.9 (br, PC(Ph)), 24.2 (d, 3J(CP) = 5.9 Hz, CH(CH3)2). 31P{1H} NMR: δ 

63.1 (s, [CpFe(CO)2{PEt3}][AlCl4] (31)) 

 

3.4.21 Reaction of [CpFe(CO)2{P(NiPr2)(CH(Ph)CH2)}][AlCl4] (14) with PEt3  

 Compound 14 was prepared from 1 (40.0 mg , 0.116 mmol), AlCl3 (15.6 mg, 

0.116 mmol) and styrene (48.4 mg, 0.464 mmol, 53.0 µL). Triethylphosphine (13.7 mg, 

0.116 mmol, 17.0 µL) was added and the resulting mixture was stirred for 15 min. The 
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solvent volume was reduced to ~0.5 mL. Pentane (10 mL) was added slowly with 

vigorous stirring, resulting in the formation of orange precipitate. Yield: 40.7 mg, 59%. 

Orange crystals of [CpFe(CO)2{P(NiPr2)(PEt3)}][AlCl4] (32)  were obtained by slow 

diffusion of hexane into CH2Cl2 solution. Yield: 35 mg, 51%. IR (CH2Cl2 solution, cm-1): 

νCO = 2048, 2000. 1H NMR: δ 5.16 (d, 5H, 3J(HP) = 2.7 Hz, C5H5), 3.27 (br, 2H, 

CH(CH3)), 2.12 (dq, 6H, 2J(PH) = 10.0 Hz,  3J(HH) = 7.60 Hz, PCH2CH3), 1.33 (dt, 9H, 

3J(PH) = 15.8 Hz,  3J(HH) = 7.60 Hz, PCH2CH3), 1.17 (d,12H, 3J(HH) = 6.60 Hz, 

CH(CH3)). 31P NMR: δ 84.6 (br d, 1J(PP) = 514 Hz, FePP), 33.4 (br d 1J(PP) = 514 Hz, 

FePP). MS (electrospray, CH2Cl2 solution): m/z =426 (M+) Anal. calcd. for 

C19H34O2FeP2NAlCl4: C 38.35, H 5.76, N 2.35. Found: C 38.41, H 5.45, N 2.26. 

 

3.4.22 Decomplexation of [CpFe(CO)2{P(Cl)(C(Ph)C(Ph)}][BF4] (21c)   

Crude compound of 21c (191 mg, 0.376 mmol) was dissolved in THF and stirred 

for 30 min. The THF was removed in vacuo and the residue was dissolved in CH2Cl2. 

Column chromatography (silica gel, CH2Cl2 eluent) was used to isolate two fractions, one 

colourless and one orange. The solvent was removed in vacuo and the products were 

dissolved in pentane (1 mL). The pentane extracts were cooled to -30°C for 60 h, 

resulting in the formation of white crystals of PCl(C(Ph)C(Ph)) (33) and orange crystals 

of [CpFe(CO)2PF] (34).   Compound 33: Yield: 28 mg, 46%.  1H NMR: δ 7.52 – 7.99 (m, 

Ph).  31P{1H} NMR: δ -80.7 (s). 13C NMR: δ 134.7 (d, 1J(CP) = 65.5, Phosphirene C), 

129.9 (s, C-Ph), 128.2 (s, C-Ph), 126.4 (d, 2J(CP) = 8.8 Hz, ipso-Ph). Yield: 47 mg, 87%.    

Compound 34: IR (CH2Cl2 solution, cm-1): νCO = 2057, 2012. 1H NMR: δ 4.98 (s, 

C5H5). 19F{1H} NMR: δ -149.2 (s). 
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3.4.23 Synthesis of compound 36 

Butyl lithium (43.4 mg, 63.8 µL, 0.102 mmol) was added to 2,2’- biphenol (9.5 

mg, 0.051 mmol) in THF (3 mL) and the resulting solution was stirred for 15 min. It was 

then added to free chlorophosphirene (33) (25.0 mg, 0.102 mmol) in THF (3 mL) and 

stirred for 30 min. The solvent was removed in vacuo and 36 was extracted in pentane 

(10 mL). Pentane was pumped off, yielding a white solid. Yield: 16.8 mg, 55%. 1H 

NMR: δ 7.61 – 6.84 (m, Ph). 31P{1H} NMR (CDCl3): δ -74.2.  

 

3.4.24 X-ray Crystallography.  Suitable crystals of compounds were mounted on glass 

fibres. Programs for diffractometer operation, data collection, cell indexing, data 

reduction and absorption correction were those supplied by Bruker AXS Inc., Madison, 

WI. Diffraction measurements were made on a PLATFORM diffractometer/SMART 

1000 CCD using graphite-monochromated Mo-Kα radiation at -80 °C. The unit cell was 

determined from randomly selected reflections obtained using the SMART CCD 

automatic search, center, index and least-squares routines. Integration was carried out 

using the program SAINT and an absorption correction was performed using SADABS. 

This was done by staff crystallographers at university of Alberta. Structure solution was 

carried out using the SHELX9778 suite of programs and the WinGX graphical interface.79 

Initial solutions were obtained by direct methods and refined by successive least-squares 

cycles. All non-hydrogen atoms were refined anisotropically.  
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CHAPTER 4 

NUCLEOPHILIC ADDITION REACTIONS OF ELECTROPHILIC TERMINAL 

PHOSPHINIDENE COMPLEXES 

4.1 INTRODUCTION  

4.1.1 Phosphine addition reactions to form P-P bonds 

A nucleophilic addition reaction is a reaction in which an electron rich chemical 

species (a nucleophile) donates an electron pair to an electron poor compound and form a 

new molecule. Nucleophilic addition reactions are very common and useful in synthetic 

chemistry. Since phosphine has a non-bonding electron pair, it acts as nucleophile and 

forms bonds with electron deficient compounds.           

The synthesis, reactivity and industrial applications of compounds having P-C 

bonds have been well studied. However, only a limited number of compounds having P-P 

bonds have been reported and their chemistry and their applications are under 

investigation.102 Phosphorus-phosphorus bond formation reactions may be useful in 

preparing novel organophosphorus reagents. These bonds can be formed either by main 

group methods or by metal-mediated methods. Since we focus mainly on metal-mediated 

methods to form P-P bonds, a very brief introduction to P-P bond formation reactions 

using main group methods will be given first, followed by a detailed description of the 

work done on the P-P bond formation via metal-mediated methods. 
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4.1.2 P-P formation reactions via main group methods 

4.1.2.1Formation of diphosphines 

The first organodiphosphine was reported by Dorken in 1888. The P-P bond was 

formed by the reaction of diphenylphosphine with chlorodiphenylphosphine (Scheme 

4.1).107 Later Burk used the same method to synthesize tetraalkyldiphosphines.108  

 

Ph2PH + Ph2PCl Ph2PPPh2 + HCl 

Scheme 4.1 

 

P-P bonds can be made by reductive coupling of less reactive chlorophosphines 

using alkali metals. The reaction of alkali metal with chlorophosphine gives 

organophosphide first and then the organophosphide reacts with chlorophosphine to form 

a P-P bond (Scheme 4.2).107 

 

R2PCl + 2M R2PM + MCl

R2PM + R2PCl R2PPR2 + MCl
R = alkyl  or  aryl     M = Li or  Na  or  K

 

Scheme 4.2 

 

Displacement of dimethylamine from Me2NPMe2 by HPMe2 can also be used to 

form P-P bonds. This displacement is feasible because the N-H bond energy is larger than 

that of P-H bond (Scheme 4.3).109 

Me2PH + Me2NPMe2 Me2PPMe2 + Me2NH 

Scheme 4.3 
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4.1.2.2 Formation of phosphinophosphonium ions 

Burford et al. reported that the reaction of dialkyl and diaryl chlorophosphines in 

the presence of 0.5 equivalents of GaCl3 yields chlorophosphonium salts XXIV (Scheme 

4.4).110 Later the same group showed that phosphinophosphonium salts XXV can be 

synthesized by the reaction of trialkylphosphines and dialkyl chlorophosphines in the 

presence of GaCl3 (Scheme 4.4).111    

 

2 R2PCl + GaCl3 P PR

R R

RCl

[GaCl4] -

R = Me, Et, iPr, Ph
XXIV

R2PCl + GaCl3 P PR'

R' R

RR'

[GaCl4] -

R' = Me, Ph R = Ph
XXV

+ PR'3

 

Scheme 4.4 

 

4.1.2.3 Formation of diphosphenes  

Burg and Mahler reported a method to synthesize a very reactive diphosphene, 

phosphonylidene phosphorane, by the reaction of cyclophosphine with excess PMe3 

(Scheme 4.5). The phosphonylidene phophorane was not isolated and fully characterized, 

but identified by spectroscopic methods.112 

(CF3P)4 CF3P=PMe3
Excess PMe3

 

Scheme 4.5 
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Several other similar compounds were synthesized subsequently using different 

techniques.113 One simple example is given below. A phosphonylidene phophorane is 

synthesized by reductive coupling of mesityl dichlorophosphine with Mg metal.113  

 

Mes*Br
i) BuLi

ii) PCl3
Mes*PCl2

Mg

-MgCl2
Mes*P=PMes*

 

Scheme 4.6 

 

4.1.2.4 Formation of triphosphines  

Wiberg et al. synthesized a triphosphine by reacting PhPBr2 with LiH.114 The 

reaction initially leads to PhPH2, which then reacts with another molecule of PhPBr2 to 

form the 1,2,3-triphenyltriphosphine (Scheme 4.7).  

 

3 PhPBr2 + 6 LiH PhP(H)P(Ph)P(H)Ph + 6 LiBr + 2H2 

Scheme 4.7 

 

Reaction of an alkali metal organophosphide with dichlorophenylphosphine in a 

2:1 ratio gives a fully substituted triphosphine (Scheme 4.8).114 

 

+ Ph2PP(Ph)PPh2 +PhPCl2 2 NaPPh2 2 NaCl 

Scheme 4.8 
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4.1.2.5 Formation of Triphosphinium ions 

 A simple method to synthesize a triphosphinium ion was reported.115 Reaction of 

triphenylphosphine and trichlorophosphine in the presence of AlCl3 yield a 

triphosphinium salt (Scheme 4.9). The x-ray crystal structure showed that the average P-P 

distance is 2.13 Å, which is in between a P-P single bond (2.20 - 2.25 Å) and a P=P 

double bond (2.00 - 2.05 Å).   

 

PCl3 + 3PPh3+ 2AlCl3 Ph3P-P=PPh3 AlCl4- + Ph3PCl AlCl4-
 

Scheme 4.9  

 

4.1.2.7 Formation of phosphinodiphosphonium ions 

Reaction of dicholorophosphines with trialkylphosphines in the presence of AlCl3 

yield dicationic compounds phosphinodiphosphonium ions. Two examples are shown in 

Scheme 4.10. MePCl2 reacts with PMe3 or bis(dimethylphosphino)ethane (dmpe) to give 

[Me3PP(Me)PMe3]2+ and [(dmpe)PMe]2+ respectively (Scheme 4.10).111 

PMe3 +
Me3P

P
Me3P

+ Me3PCl2

P
P

Me

Me

Me

Me

+ Cl2PMe
P

P
P

Me

MeMe

Me Me

MeCl2PMe

 

Scheme 4.10 
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4.1.3 P-P bond formation via metal-mediated methods  

Few metal-mediated methods are available to synthesize P-P bonds. Stephan et al. 

reported a method to synthesize cyclic phosphines using a metal catalyst. The cyclic 

phosphines (PR)5 were synthesized from RPH2 using anionic zirconium complex 

(Scheme 4.11). Stephan extended this method to generate phosphorus oligomers via 

catalytic dehydrocoupling of bisphosphines.116 

   

RPH2
Cat.

- H2

P
P

P P

P

R

R R

RR

Zr
H

H
HCat.

P

P

P

P

H

H

PH2

PH2 Cat.

- H2

 

Scheme 4.11 

 

Electrophilic phosphinidene complexes have been used in forming P-P bonds. 

Mathey investigated the reaction of transient phosphinidene [(CO)5WPR] (R= Ph, Me, 

allyl) with PBu3 (Scheme 4.12) and identified the P-P bonded product by 31P NMR and 

mass spectrometry.57 The 31P NMR spectrum showed a large 1J(PP) coupling constants 

(361 - 444 Hz) suggesting a direct P-P bond. Because of the high reactivity of these 

species, those complexes have not been characterized completely. However, an electron 

withdrawing group like CO2Et reduces the reactivity of P-P double bond, allowing 

isolation. The X-ray crystal structure showed that the P-P bond distance (2.156 Å) in 
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[(CO)5WP(CO2Et)=PEt3)] is closer to a P-P single bond than a P-P double bond, 

suggesting the compound has zwitterionic character.  

 

P
R(OC)5W

CO2Me

CO2Me

Me

Me
+ PBu3 (CO)5W P

R

PBu3

P
CO2Et(OC)5W

CO2Me

CO2Me

Me

Me

+ PEt3 (CO)5W P
CO2Et

PEt3

R = Ph, Me, allyl

 

 

Scheme 4.12 

 

The reaction of [Cp*Mo(CO)3{PNiPr2}][AlCl4] with PEt3 gives a phosphine- 

coordinated phosphinidene complex [Cp*Mo(CO)3{P(NiPr2)(PEt3)}][AlCl4] (Scheme 

4.13).58 The intermediate phosphine-coordinated phosphinidene complex was observed at 

-30 oC. The migration of PEt3 from phosphinidene ligand to metal indicates that the P-P 

interaction is weaker in [Cp*Mo(CO)3{P(NiPr2)(PEt3)}][AlCl4]  than that in 

[(CO)5WP(CO2Et)=PEt3)]. However, using chelating phosphines such as 

bis(dimethylphophino)methane (dmpm) stable phosphine-coordinated phosphinidenes 

were synthesized. The P-P bond distance of XXVII (2.2664(8) Å) reveals that the P-P 

bond is single and it shows very large coupling constant (532 Hz).  
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Mo
OC
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P

NiPr2

PEt3
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CO
P
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PEt3
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Et3P

CO
P

NiPr2
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Mo

P

NiPr2

CO
CO CO

Mo

P

P
P

OC CO

NiPr2

Me
Me

Me
Me

dmpm Mo

P

P

P
OC CO

NiPr2

Me

Me
Me

Me

OC-30 oC
25 oC

XXVI XXVII  

Scheme 4.13 

 

The nucleophilic attack is expected to occur at empty pz orbital of phosphorus. 

Addition of dmpm to [Cp*Mo(CO)3{PNiPr2}][AlCl4] results in occupation of the empty 

phosphinidene pz orbital and eliminates both the possibilities of π-back donation from the 

metal to phosphinidene and the N to P  π donation. The phosphine coordination also 

results in labilization of metal-bound carbonyl. The carbonyl loss from the metal in the 

intermediate XXVI results an unsaturated metal center and the dangling end of the dmpm 

coordinates the metal center, forming a bridge between the metal and the phosphinidene 

phosphorus (XXVII). The π acceptor carbonyl ligand is replaced by a strong donor 

phosphine ligand by this process. Therefore the electron density around the metal center 

is increased and π back donation from metal to phosphinidene phosphorus is also 

increased, which leads to the reduction in π donation from N to P and lengthening the N-

P distance.       
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Later, Carty et al. showed that the stable P-P bond could be formed by the 

reaction of rhenium aminophosphinidene complex with PPh3.46 This triphenylphosphine- 

coordinated phosphinidene complex (Scheme 4.14) was fully characterized and the P-P 

bond distance was found to be 2.235 Å, which is larger than the typical P-P single bond 

distance (2.21 Å) and the P-P distance observed in [(CO)5WP(CO2Et)=PEt3)].  

 

Re

CO

P

CO

OC CO

OC

NiPr2

PPh3
Re

CO

P

CO

OC CO

OC

NiPr2Ph3P  

Scheme 4.14 

 

The transient cationic phosphinidene complex [Cp*Mo(CO)3{PiPr}]+ showed 

similar reactivity towards PPh3 (Scheme 4.15).40 This triphenylphosphine-coordinated 

phosphinidene complex was also fully characterized and the P-P bond distance was found 

to be  2.163 Å, which is shorter than the distance observed in  [(CO)5Re{P(PPh3)(NiPr2)]+ 

and closer to the P-P distance observed in [(CO)5WP(CO2Et)=PEt3)].  

 

M
OC

OC
C

P

iPr

PPh3 M
OC

OC
CO

P

iPr

PPh3

O

 

Scheme 4.15 
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A tungsten-complexed phosphirenyl cation was synthesized by the abstraction of 

chloride from the chlorophosphirene complex [W(CO)5{P(Cl)C(Ph)C(Ph)] with excess 

AlCl3 and reacted with PPh3 to form phosphino-phosphirene complex (Scheme 4.16).117 

 

(OC)5W P

Cl

Ph

Ph

(OC)5W P

Ph

PhExcess 
  AlCl3

(OC)5W P

PPh3

Ph

Ph

PPh3

 

 

Scheme 4.16 

 

 Reactivity of phosphine-coordinated transient phosphinidene complexes has been 

reported.57 It has been shown that phosphine addition reactions of transient 

phosphinidene complexes are useful in synthesizing phosphaalkenes and phospholanes. 

As mentioned earlier phosphine-coordinated transient phosphinidene complexes have 

zwitterionic character. Because of this polarization, these compounds are analogous to 

Wittig reagents and known as phospha-Wittig reagents. Phospha-Wittig reagents react 

with aldehydes to form phosphaalkenes XXVIII (Scheme 4.17). Since these 

phosphaalkenes are very reactive they were trapped with methanol or 2,3-

dimethylbutadiene. A modified procedure may be useful to synthesize stable 

phosphaalkenes.   
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P PBu3Ph

W(CO)5

P CHPhPh

W(CO)5

+  O=PBu3
PhCHO

P
CH2Ph

Ph

W(CO)5

OMe

MeOH

XXVIII

 

Scheme 4.17 

 

An Intramolecular phospha-Wittig reaction has also been reported. Phospha-

Wittig reagents having carbonyl groups undergo cyclization to yield stable 

phosphacycloalkenes XXIX (Scheme 4.18).118 Phospha-Wittig reagents having 

alkylchloride as a substituent yields chlorophospholane complexes XXX.6  

 

C

O
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Phosphine addition reaction of aminophosphinidene complexes may be useful for 

the P-N bond cleavage. Because of the high reactivity of the phosphorus in the 

aminophosphinidene complex, most reagents add to the phosphinidene phosphorus rather 

than cleaving the P-N bond to make chlorophosphinidene complex (Scheme 4.19). The 

phosphine in the phosphine-coordinated phosphinidene complex act as a protecting 

group, allowing nucleophilic substitution of the amino group by another nucleophile for 

example, Cl- via P-N bond cleavage.  
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4.2. RESULTS AND DISCUSSION 

4.2.1 P-P bond formation by phosphine addition 

Reaction of the electrophilic phosphinidene complex [CpFe(CO)2{PNiPr2}]-

[AlCl4] (2a), which is prepared from the phosphido complex [CpFe(CO)2{P(Cl)NiPr2}] 

(1) by chloride abstraction, with triethylphosphine, trimethylphosphine and 

tributylphosphine yields phosphine-coordinated phosphinidene complex 32, 37 and 38 
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respectively (Scheme 4.20). Formation of compound 32 was already observed when the 

aminophosphirane complex reacts with PEt3 (See Chapter 3).    
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Scheme 4.20 

 

Broad doublets at δ 85.4 and 35.5, with a large common coupling constant of 514 

Hz, were observed in 31P NMR spectrum of 32.  The large coupling constant indicates a 

direct P-P bond. In the 1H NMR spectrum, the phosphine ethyl groups give a doublet of 

quartets for the methylene hydrogens, which are coupled to phosphorus and the protons 

in the neighboring methyl group, and a doublet of triplets for the methyl group. In 

addition, a broad peak for the isopropyl methylene group, a doublet for the isopropyl 

methyl groups and a doublet for the cyclopentadienyl ligand were observed. The infrared 

spectrum of 32 shows carbonyl stretching frequencies of 2048 and 2000 cm-1. The 

observed frequencies are lower than the carbonyl stretching frequencies of the 

phosphinidene complex 2. The shift to lower stretching frequencies in the complex 32 

shows that the addition of a phosphine to the phosphinidene complex eliminates the metal 

to P back donation, increasing the electron density at Fe.  The spectroscopic parameters 

for 37 and 38 are similar to those of 32.  
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Compound 32 has been structurally characterized. An ORTEP diagram is shown 

in Figure 4.1. The cation consists of a CpFe(CO)2 fragment coordinated by a phosphine- 

coordinated aminophosphinidene group. The isopropylamino group is oriented away 

from the Cp ring.  The observed P-N distance  of 1.694 Å is longer than the P-N distance 

observed in aminophosphinidene complexes, which range from 1.629 Å to 1.634 Å42,44 , 

indicating that the phosphine coordination eliminates N to P π donation.    

   

 

 

Figure 4.1 ORTEP diagram showing the crystal structure of 

[CpFe(CO)2{P(PEt3)NiPr2}][AlCl4] (32). Thermal ellipsoids are shown at 

the 50% level. Hydrogen atoms and the AlCl4
- counter-ion have been 

omitted. Selected distances (Å) and angles (degrees): Fe-P1 = 2.318(1), 

P1-P2 = 2.233(1), P1-N = 1.694(3), N-P1-Fe = 114.5 (1), N-P1-P2 = 

100.6(1), Fe-P1-P2 = 109.15(4).  

 

Compound 2 shows no reaction with PPh3 even at 100 °C. Since the 

phosphinidene complex 2 is stabilized by a heteroatom substituent that acts as a π donor 

to the electron deficient phosphorus atom, it is not electrophilic enough to react with the 

less nucleophilic phosphine PPh3. 

Fe

P1

P2

N
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The PEt3 adduct 32 reacts with PMe3 to form 37, but it does not react with PBu3 to 

give 38 (Scheme 4.21). These competition reactions between the different phosphines 

show that the electrophilic phosphinidene complex 2 has greater affinity for PMe3 than 

PEt3 and for PEt3 than PBu3. This shows that the affinity of electrophilic iron 

phosphinidene complex towards the trialkylphosphines depends on the steric properties 

of the trialkylphosphines.    
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Scheme 4.21 

 

The reactions of 32 and 37 with NEt4Cl yield phosphido complex 1 (Scheme 

4.22), showing that phosphines are readily displaced by Cl-, and that the terminal 

phosphinidene 2 has greater affinity for chloride than phosphines. 

The reactions of 32 and 37 with diphenylacetylene give a phosphirene complex 

12a (Scheme 4.22). The displaced phosphine then reacts with the compound 12 to give 

phosphine complexes 28 and 31, and metal free phosphirene 27. I have already observed 

this type of decomplexation reaction when a phosphine was added to a phosphirene 

complex 12a. 
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4.2.2 Amine cleavage  

As mentioned in the introduction (subsection 4.1.3) cleaving the P-N bond of the 

aminophosphinidene complex 2 is impossible because reagents like HCl simply add to P, 

rather than cleaving the P-N bond. However, phosphine addition to 2, moderates the 

reactivity of 2 sufficiently to allow amine cleavage and nucleophilic substitution. 

Addition of gaseous HCl or dimethylacetamide hydrochloride (DMA·HCl) or HBF4·Et2O 

to 32, led to phosphine-coordinated aminophosphinidene complex 39, which can be 

considered a phosphine-coordinated chlorophosphinidene complex. It should be noted 

here that a direct route to chlorophosphinidene complexes is not reported until recently. 

When HBF4·Et2O is used to protonate the amine group, the AlCl4
- counterion provides 

the Cl- nucleophile.  The solid DMA·HCl or liquid HBF4·Et2O is preferred for control of 
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the stoichiometry. The 31P NMR spectrum of 39 shows two doublets with a common 

coupling constant 466 Hz, one which occurs at the lower field shift (δ 216.8), consistent 

with a chloro bound P (Scheme 4.23). 
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Scheme 4.23 

 

4.2.3 Phosphine addition to phosphine-coordinated chlorophosphinidene complex  

  Reaction of 39 with triethylphosphine led to displacement of chloride by the 

phosphine, apparently leading to diphosphoniophosphido complex 40 (Scheme 4.24). The 

31P NMR spectrum of the new compound showed a doublet at δ 39.6 and a triplet at δ -

246.3 with a large common coupling constant of 461 Hz, confirming the formation of a 

second P-P bond, and suggesting the formation of the expected diphosphoniophosphido 

complex. However the electrospray mass spectrum of the reaction mixture did not show 

the expected mass for 40, but instead shows peaks at m/z = 295 and at m/z = 267, which 

correspond to the metal complex [CpFe(CO)2(PEt3)][AlCl4] (31) and  the triphosphinium 

[P(PEt3)2]+ (41) (Scheme 4.24). 
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      Isolation of the products via crystallization by slow diffusion of diethyl ether 

into CH2Cl2 led to the orange crystals of complex 31 and the white crystals of the side 

product [H2NiPr2][Cl]. The triphosphinium 41 presumably decomposed during 

crystalization. These observations suggest that 40 initially forms but the P(PEt3) unit 

dissociates from the metal as [P(PEt3)2]+(41).   

 The 31P NMR spectrum of 31 shows a singlet at δ 63.4 in CDCl3. The 

electrospray mass spectrum shows a peak at m/z = 295, and the IR spectrum shows 

carbonyl stretching frequencies at 2046 and 2002 cm-1. The 1H NMR shows peaks for the 

ethyl groups and cyclopentadienyl ligand only. Compound 41 was observed in the 31P 

NMR spectrum (a doublet at δ 39.6 and a triplet at δ -246.3) and in the electrospray mass 

spectrum (m/z = 267) of the reaction mixture, but could not be isolated. As a result, it was 

independently synthesized from PCl3 and PEt3 (Scheme 4.25).113 The 31P NMR spectrum 

of the resulting product matches the spectrum obtained for the above reaction.  

 

PCl3 3PEt3+ Et3P P PEt3 Cl + Cl2PEt3 

Scheme 4.25 
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The same products can also be formed in situ by addition of two equivalents of 

PEt3 to 2, followed by DMA·HCl or HBF4·Et2O. Compound 39 was not observed as an 

intermediate during the in situ reaction, suggesting the protonated amine group is directly 

displaced to form 40 (Scheme 4.26). 

 

Fe
C

C PO
O NiPr2

PEt3

32

Fe
C

C PO
O PEt3

PEt3

40

2

i.

ii. PEt3
Fe

C
C

PEt3
O

O

+

31 41

[H2NiPr2]Cl+
HBF4·Et2O P

PEt3

PEt3

 

Scheme 4.26 

 

4.2.4 P-P-P bond formation using bis-phosphines  

Although the presumed intermediate 40 could not be identified and the observed 

product was 41, the phosphine addition reaction of phosphine-coordinated 

chlorophosphinidene complex 39 is a fascinating reaction. Because the compound 40 

shows an unusual bonding mode for phosphorus, its formation motivated me to attempt to 

synthesize stable analogs using a similar technique.  The strategy was to avoid 

decomplexation by anchoring the P-P-P unit to the metal using a bridging bisphosphine 

ligand.  Cationic aminophosphinidene complexes are known to react with bisphosphines, 

such as bis(dimethylphosphino)methane (dmpm),  to form a bridge between the metal 

and the phosphinidene phosphorus.58 Because of the chelate effect, the bridged complex 

is less likely to dissociate.  
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Reaction of 2 with bis(dimethylphosphino)methane gives a phosphine adduct 

[CpFe(CO){P(NiPr2)P(Me2)CH2-P(Me2)-κ1P1}][AlCl4] (42), in which the one end of the 

dmpm ligand is coordinated to the phosphinidene phosphorus and the other end is 

dangling (Scheme 4.27). Compound 42 converts slowly to 43, via carbonyl loss and 

coordination of the dangling phosphine. Conversion of 42 to 43 can be accelerated by 

using photolysis to dissociate a carbonyl. 
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Scheme 4.27 

 

The 31P NMR spectrum of 42 shows two broad doublets with a large common 

coupling of 505 Hz, which confirms the direct P-P bond, and a broad singlet at δ -51.1, 

which is close to the chemical shift of free dmpm, and is assigned as the dangling end of 

the dmpm ligand. The 31P NMR spectrum of 43 shows two doublets and a doublet of 

doublets (Figure 4.2). The large coupling constant of 477 Hz confirms the presence of a 

direct P-P bond. The downfield shift of PB (from -51.1 ppm to 59.7 ppm) confirms that 

the dangling end of the dmpm ligand in 42 is coordinated to the metal in 43. In addition, 

peaks for cyclopentadienyl ligand, methyl protons and methylene protons were observed. 

The 13C NMR clearly shows a doublet of doublets (2J(CP)trans = 28.9 Hz and 2J(CP)cis = 
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5.7 Hz)  for the single carbonyl ligand in 43. The molecular ion peak in the electrospray 

mass spectrum shows the expected mass and confirms the formula.     

 

 

Figure 4.2: 31P spectrum of the compound 43 

 

Cleavage of the P-N bond in 43 can be achieved using HCl to form the analogous 

chloro complex 44 (Scheme 4.28). The 31P NMR spectrum of 44 shows a similar pattern 

to that of 43, but shows a downfield shift (δ 294.8) for the Cl bound P atom, consistent 

with the replacement of NiPr2 for Cl.  
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Reaction of 44 with triethylphosphine and AlCl3 yielded the targeted product 45 

(Scheme 4.28). The 31P NMR of 45 shows four P environments sets at δ 56.9, 42.3, 36.0, 

and -6.23, each appearing as a doublet of doublets of doublets, indicating that phosphorus 

atom is coupled with all other phosphorus atoms. In addition to a large coupling (458 

Hz), which is closer to the coupling (497 Hz) observed in 44, a second large coupling of 

422 Hz was observed in 45, confirming the formation of a new P-P bond. Pc and PA in 45 

share a two-bond P-P coupling of 43.0 Hz across the dmpm methylene group, while PC 

and PB share a two-bond P-P coupling of 13.4 Hz across the phosphinidene phosphorus. 

In addition, two metal-bound phosphorus atoms are coupled each other across the metal 

(2J(PP) = 8.9 Hz). The 1H NMR shows peaks for the ethyl group and the 

cyclopentadienyl ligand. Peaks for the dmpm methyl and methylene group and the PEt3 

methylene group overlap and could not be resolved. Note that 45 is analogous to the 

transient intermediate 40, but is stable and isolable due to chelation.     

 

4.3 CONCLUSIONS  

Nucleophilic addition reactions of an electrophilic iron aminophosphinidene 

complex with phosphine nucleophiles have been carried out. Phosphines react with the 

iron aminophosphinidene complex, resulting in the formation of phosphine-coordinated 

aminophosphinidene complexes. When phosphine is added to a phosphinidene complex, 

phosphine is coordinated with the phosphinidene phosphorus rather than coordinating to 

the metal. A phosphine-coordinated chlorophosphinidene complex (40) can be formed 

from a phosphine-coordinated aminophosphinidene complex (32) by P-N cleavage with 

HBF4·Et2O. Attempts were made to form novel stable metal complexes of P-P-P ligand 
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(40) from phosphine-coordinated chlorophosphinidene complexes via phosphine 

addition, but these attempts were not successful, as the P3 unit dissociates as [PR3-P-

PR3]+.       

Reaction of bis(dimethylphosphino)methane (dmpm) with an iron amino-

phosphinidene complex forms dmpm-coordinated aminophosphinidene complex (42) as 

an intermediate, which then gives a bridging complex (43) by displacing a carbonyl from 

the metal. The bridging complex (43) reacts with DMA·HCl to form a P-Cl bond 

(complex 44) by P-N cleavage. Phosphine addition to the chloro complex (44) forms the 

expected stable metal complex of the P-P-P ligand (45). 

 

4.4 EXPERIMENTAL  

4.4.1 General Comments: All procedures were carried out under a nitrogen atmosphere 

using standard Schlenk techniques or in an inert atmosphere glovebox. THF was distilled 

from Na/benzophenone. Pentane was distilled from NaK2.8/benzophenone. 

Dichloromethane and hexane were purified using solvent purification columns containing 

alumina (dichloromethane) or alumina and copper catalyst (hexane). Deuterated 

chloroform was distilled from P2O5. The NMR spectra were recorded in CDCl3 or 

CD2Cl2 using a Varian Mercury 300 MHz at 300.179 MHz (1H), 121.515 MHz 

(31P{1H}), 75.479 MHz (13C{1H}) or 282.449 (19F{1H}). Infrared spectra were recorded 

in CDCl3 or CH2Cl2 solution using a Digilab FTIR spectrometer. Mass spectra of metal 

complexes were carried out using a Finnigan-MAT TSQ-700 mass spectrometer 

equipped with electrospray ionization and a Harvard syringe pump.  Photochemical 

reaction was done using Rayonet photochemical reactor (9 lambs) UVA at λc = 358 ± 42 
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nm.  Synthesis of [CpFe(CO)2{P(Cl)NiPr2}] (1) and [CpFe(CO)2{PNiPr2}]+ (2) is 

described in ref. 67. 

 

4.4.2 Synthesis of [CpFe(CO)2{P(PEt3)NiPr2}][AlCl4] (32) 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (40.0 mg, 0.116 mmol) was 

dissolved in CH2Cl2 (4 mL). The resulting solution was added to AlCl3 (15.5 mg, 0.116 

mmol), mixed to dissolve and allowed to stand for 10 min. The resulting red solution of 

[CpFe(CO)2{PNiPr2}][AlCl4] (2a) was transferred into a Schlenk tube equipped with 

stirbar and septum. This Schlenk tube was sealed and removed from the glovebox, 

connected to a vacuum manifold and stirred. Triethylphosphine (13.7 mg, 0.116 mmol, 

16.9 µL) was added. The solution was stirred for 10 min. and then solvent volume was 

reduced to 1 mL under vacuum. Pentane (10 mL) was added with vigorous stirring, 

resulting in formation of an orange precipitate. This precipitate was dissolved in CH2Cl2 

and the product was isolated as orange crystals by slow diffusion of hexane into the 

CH2Cl2 solution at -30 oC. Yield: 35 mg, 51%. IR (CH2Cl2 solution, cm-1): νCO = 2048, 

2000. 1H NMR (CDCl3): δ 5.16 (d, 5H, 3J(HP) = 2.7 Hz, C5H5), 3.27 (br, 2H, CH(CH3)2), 

2.12 (dq, 6H, 3J(HH) = 7.6 Hz, 2J(PH) = 10 Hz, PCH2CH3)), 1.33 (dt, 9H, 3J(HH) = 7.6 

Hz, 3J(PH) = 15.8 Hz, PCH2CH3), 1.17 (d, 12H, 3J(HH) = 6.6 Hz, CHCH3). 31P{1H} 

NMR (CDCl3): δ 85.4 (br d, 1J(PP) = 514 Hz, FePP), 35.5 (br d, 1J(PP) = 514 Hz, FePP). 

MS (electrospray, CH2Cl2 solution):  m/z = 426 (M+). Anal. calcd. for 

C19H34O2FeP2NAlCl4: C 38.35, H 5.76, N 2.35. Found: C 38.41, H 5.45, N 2.26. 
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4.4.3 Synthesis of [CpFe(CO)2{P(PMe3)NiPr2}][AlCl4] (37a) 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (20.1 mg, 0.059 mmol) was 

dissolved in CD2Cl2 (1 mL). This solution was added to AlCl3 (7.9 mg, 0.059 mmol). The 

resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was stirred for 5 min. Then 

the solution was transferred into a NMR tube. Trimethylphosphine (4.5 mg, 0.059 mmol, 

6.1 µL) was added, the resulting solution was mixed well, and spectra were recorded. IR 

(CH2Cl2 solution, cm-1): νCO = 2049, 2002. 1H NMR (CD2Cl2): δ 5.16 (d, 5H, 3J(PH) = 

2.70 Hz C5H5), 3.31 (br, 2H, CH(CH3)2), 1.90 (d, 9H, 2J(PH) = 11.1 Hz, PCH3), 1.20 (d, 

12H, 3J(HH) = 6.6 Hz, CHCH3).  31P{1H} NMR (CD2Cl2): δ  92.9 (d, 1J(PP) = 517 Hz, 

FePP), 13.7 (d 1J(PP) = 517 Hz, FePP). 

 

4.4.4 Synthesis of [CpFe(CO)2{P(PMe3)NiPr2}][BPh4] (37b) 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (50.0 mg, 0.145 mmol) was 

dissolved in CH2Cl2 (4 mL). The resulting solution was added to NaBPh4 (50.0 mg, 0.146 

mmol), mixed to dissolve and allowed to stand for 10 min. The solution was then filtered 

through celite (pipette filter) into a Schlenk tube equipped with stir bar. This Schlenk 

tube was sealed and removed from the glovebox, connected to a vacuum manifold and 

stirred. Trimethylphosphine (11.0 mg, 0.146 mmol, 15.1 µL) was added. The solution 

was stirred for 10 min. and then solvent volume was reduced to 0.5 mL under vacuum. 

The remaining solution was stirred rapidly and hexane (10 mL) was added, resulting in 

the precipitation of [CpFe(CO)2{P(PMe3)NiPr2}][BPh4] as a yellow powder. Yield: 77 

mg, 75%. Spectroscopic parameters for 38b are identical to those for 38a, except for 

additional peaks in Ph region of 1H NMR spectrum, resulting from the presence of BPh4. 
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4.4.5 Synthesis of [CpFe(CO)2{P(PBu3)NiPr2}][AlCl4] (38) 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (22.0 mg, 0.064 mmol) was 

dissolved in CH2Cl2 (0.5 mL). This solution was added to AlCl3 (8.6 mg, 0.064 mmol). 

The resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was stirred for 5 min. 

Then the solution was transferred into a NMR tube. n-butylphosphine (12.9 mg, 0.064 

mmol, 16.0 µL) was added, the resulting solution was mixed well, and 31P{1H} NMR 

spectrum was recorded. 31P{1H} NMR (CH2Cl2): δ 75.5 (br d, 1J(PP) = 533 Hz, FePP), 

16.8 (br d 1J(PP) = 533 Hz, FePP). 

 

4.4.6 Reaction of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) with PPh3 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (20.0 mg, 0.058 mmol) was 

dissolved in CH2Cl2 (0.5 mL). This solution was added to AlCl3 (7.8 mg, 0.058 mmol). 

The resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was stirred for 5 min. 

Then the solution was added to PPh3 (15.2 mg, 0.058 mmol), the resulting solution was 

mixed well, and 31P NMR spectrum was recorded. 31P NMR (CH2Cl2): δ 923.4. The 

solution in the NMR tube was heated to 100 °C for 24 h and the 31P NMR spectrum was 

recorded. 31P{1H} NMR (CH2Cl2): δ 922.1 (unreacted 2). 

 

4.4.7 Reaction of [CpFe(CO)2{P(PEt3)NiPr2}][AlCl4] (32) with PMe3 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (21.5 mg, 0.063 mmol) was 

dissolved in CH2Cl2 (0.5 mL). The resulting solution was added to AlCl3 (8.3 mg, 0.063 

mmol), mixed to dissolve and allowed to stand for 10 min. The solution was transferred 

to an NMR tube. Triethylphosphine (7.6 mg, 0.064 mmol, 9.3 µL) was added and the 
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resulting solution was mixed. 31P{1H} NMR (CH2Cl2): δ 81.2 (br d, 1J(PP) = 536 Hz, 

FePP), 30.9 (br d, 1J(PP) = 536 Hz, FePP). Trimethylphosphine (4.9 mg, 0.064 mmol, 6.6 

µL) was then added, the resulting solution was mixed well, and the 31P{1H} NMR 

spectrum of the resulting product 37 was recorded. 31P{1H} NMR (CH2Cl2): δ 93.2 (d, 

1J(PP) = 518 Hz, FePP), 11.7 (d 1J(PP) = 518 Hz, FePP), -18.2 (s, PEt3).  

 

4.4.8 Reaction of [CpFe(CO)2{P(PEt3)NiPr2}][AlCl4] (32) with PBu3 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (20.0 mg, 0.058 mmol) was 

dissolved in CH2Cl2 (0.5 mL). The resulting solution was added to AlCl3 (7.8 mg, 0.058 

mmol), mixed to dissolve and allowed to stand for 10 min. The solution was transferred 

into a NMR tube. Triethylphosphine (6.9 mg, 0.058 mmol, 8.5 µL) was added and the 

resulting solution mixed. n-butylphosphine (11.7 mg, 0.058 mmol, 14.3 µL) was then 

added, the resulting solution was mixed well, and the 31P NMR spectrum was recorded. 

31P{1H} NMR (CH2Cl2): δ 83.0 (br d, 1J(PP) = 515 Hz, FePP), 33.5 (br d 1J(PP) = 526 

Hz, FePP). These peaks correspond to the unreacted compound 32 and the peak for free 

PBu3 overlaps with the peak for the unreacted product 32.    

 

4.4.9 Reaction of [CpFe(CO)2{P(PEt3)NiPr2}][AlCl4] (32)with NEt4Cl 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (21.5 mg, 0.063 mmol) was 

dissolved in CH2Cl2 (4 mL). The resulting solution was added to AlCl3 (8.3 mg, 0.063 

mmol), mixed to dissolve and allowed to stand for 10 min. The solution was then 

transferred into a Schlenk tube equipped with stir bar and septum. This Schlenk tube was 

sealed and removed from the glovebox, connected to a vacuum manifold and the solution 
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was stirred. Triethylphosphine (7.6 mg, 0.064 mmol, 9.3 µL) was added and the solution 

was stirred for 10 min. NEt4Cl (10.4 mg, 0.064 mmol) was then added, the resulting 

solution was stirred for 5 min. and the solvent volume was reduced to 1 mL under 

vacuum. The remaining solution was transferred into a NMR tube and 31P{1H} NMR 

spectrum was recorded. 31P{1H} NMR (CH2Cl2): δ 322.0 (s) (this matches with the 

spectrum of 1), -20.1 (s, PEt3). 

 

4.4.10 Reaction of [CpFe(CO)2{P(PMe3)NiPr2}][AlCl4] (37a) with NEt4Cl 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (25.3 mg, 0.074 mmol) was 

dissolved in CH2Cl2 (4 mL). The resulting solution was added to AlCl3 (9.8 mg, 0.074 

mmol), mixed to dissolve and allowed to stand for 10 min. The solution was then 

transferred into a Schlenk tube equipped with stir bar and septum. This Schlenk tube was 

sealed and removed from the glovebox, connected to a vacuum manifold and the solution 

was stirred. Trimethylphosphine (5.6 mg, 0.074 mmol, 7.6 µL) was added and the 

solution was stirred for 10 min. NEt4Cl (12.2 mg, 0.074 mmol) was then added, the 

resulting solution was stirred for 5 min. and the solvent volume was reduced to 1 mL 

under vacuum. The remaining solution was transferred into a NMR tube and the 31P{1H} 

NMR spectrum was recorded. 31P{1H} NMR (CH2Cl2): δ 323.9 (s) (this matches with the 

spectrum of 1), -62.6 (s, PMe3). 

 

4.4.11 Reaction of [CpFe(CO)2{P(PEt3)NiPr2}][AlCl4] (32) with PhCCPh 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (20.0 mg, 0.058 mmol) was 

dissolved in CH2Cl2 (4 mL). The resulting solution was added to AlCl3 (7.7 mg, 0.058 
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mmol), mixed to dissolve and allowed to stand for 10 min. The solution was transferred 

into a Schlenk tube equipped with stir bar and septum. This Schlenk tube was sealed and 

removed from the glovebox, connected to a vacuum manifold and stirred. 

Triethylphosphine (6.9 mg, 0.058 mmol, 8.5 µL) was added. The solution was stirred for 

10 min. Then PhCCPh (10.3 mg, 0.058 mmol) was added, the resulting solution was 

stirred for 5 min. and the solvent volume was reduced to 1 mL under vacuum. The 

remaining solution was transferred into a NMR tube and the 31P{1H} NMR spectrum was 

recorded after 0.5 h and 21 h.  31P{1H} NMR (CH2Cl2): After 30 min. δ -71.6 (s). 31P 

NMR (CH2Cl2): After 21h. δ 63.1 (s, [CpFe(CO)2{PEt3}][AlCl4] (31)), -68.6 (s, 

[CpFe(CO)2{P(NiPr2)(C(Ph)C(Ph)}][AlCl4] (12a)), -125.3 (s, PNiPr2(C(Ph)C(Ph)) (27)). 

(see Chapter 3 for more detail) 

 

4.4.12 Reaction of [CpFe(CO)2{P(PEt3)NiPr2}][AlCl4] (32) with HBF4·Et2O 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (35.4 mg, 0.103 mmol) was 

dissolved in CH2Cl2 (1 mL). This solution was added to AlCl3 (14.0 mg, 0.105 mmol). 

The resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was stirred for 5 min. 

The solution was then taken into a Schlenk tube equipped with stirbar and septum. This 

Schlenk tube was sealed and removed from the glovebox, connected to a vacuum 

manifold and stirred. Triethylphosphine (12.2 mg, 0.103 mmol, 15.0 µL) was added. The 

resulting red solution was stirred for 10 min. HBF4·Et2O (16.7 mg, 0.103 mmol, 14.0 µL) 

was then added and the resulting solution was stirred for 30 min. The solvent volume was 

reduced to 0.5 mL under vacuum. The remaining solution was stirred rapidly and pentane 



 

145 
 

(5 mL) was added, resulting in the precipitation of 39. 31P{1H} NMR: δ 216.8(d, 1J(PP) = 

466 Hz, FeP(Cl)PEt3), 43.7 (d,1J(PP) = 466 Hz, FeP(Cl)PEt3). 

 

4.4.13 Reaction of [CpFe(CO)2{P(PEt3)NiPr2}][AlCl4] (32) with (i) HBF4·Et2O and 

(ii) PEt3 

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (21.3 mg, 0.062 mmol) was 

dissolved in CH2Cl2 (4 mL). The resulting solution was added to AlCl3 (8.3 mg, 0.062 

mmol), mixed to dissolve and allowed to stand for 10 min. The solution was transferred 

into a Schlenk tube equipped with stirbar and septum. This Schlenk tube was sealed and 

removed from the glovebox, connected to a vacuum manifold and stirred. 

Triethylphosphine (18.0 µL, 0.124 mmol) was added and the resulting solution was 

stirred for 10 min. HBF4·Et2O (8.4 µL, 0.062 mmol) was then added and the reaction 

mixture was stirred for 15h. The solvent volume was reduced to approximately 0.5 mL. 

The remaining solution was transferred into a NMR tube and spectra data were recorded.  

The same procedure was repeated and the crystals (orange and white crystals) were 

obtained by slow diffusion of diethyl ether into the CH2Cl2 solution at -30 oC. Orange and 

white crystals were separated manually and characterized.  

Spectral data for the reaction mixture: IR (CH2Cl2 solution, cm-1): ν(CO) 2046, 

2002 cm-1. 31P{1H} NMR: δ 60.7 (s), 39.6 (d, 1J(PP) = 461 Hz, PP(Et3)2, -246.3 (t, 1J(PP) 

= 461 Hz, PP(Et3)2). MS (electrospray, CH2Cl2 solution):  m/z = 295 

([CpFe(CO)2PEt3]+), a small peak at m/z = 267 ([Et3P-P=PEt3]+). 

Spectral data for [CpFe(CO)2PEt3]+ (31, orange crystals): IR (CH2Cl2 solution, 

cm-1): ν(CO) 2049, 2004 cm-1. 1H NMR (CDCl3): δ 5.40 (d, 5H, 3J(HP) = 1.20 Hz, 



 

146 
 

C5H5), 2.02 (dq, 6H, 3J(HH) = 7.50 Hz, 2J(PH) = 9.30 Hz, PCH2CH3), 1.11 (dt, 9H, 

3J(HH) = 7.50 Hz, 3J(PH) = 17.7 Hz, PCH2CH3). 31P{1H} NMR (CDCl3): δ 63.4 (s). MS 

(electrospray, CH2Cl2 solution):  m/z = 295 ([CpFe(CO)2PEt3]+). 

 

Spectral data for [H2NiPr2]+ (white crystals): 1H NMR (CDCl3) : δ 9.16 (br, 2H, 

H2NiPr2), 3.38 (sept, 2H, 3J(HH) = 6.6 Hz, CH(CH3)2), 1.48 (d, 12H, 3J(HH) = 6.6 Hz, 

CHCH3).  

 

4.4.14 Synthesis of [Et3P-P=PEt3]+ (41) via main group method 

PCl3 (7.87 mg, .057 mmol, 5.0 µL) in CH2Cl2 (0.5 mL) was taken into a NMR 

tube and PEt3 (20.2 mg, 0.171 mmol, 25.0 µL) was added. The resulting mixture was 

mixed well and the 31P{1H} NMR spectrum was recorded. 31P{1H} NMR (CH2Cl2): δ 

111.3 (s, [ClPEt3]Cl), 39.2 (d, 1J(PP) = 459 Hz, PP(Et3)2, -246.2 (t, 1J(PP) = 459 Hz, 

PP(Et3)2). 

 

4.4.15 Synthesis of [CpFe(CO){P(NiPr2)P(Me2)CH2P(Me2)-κ2P1,P4}][AlCl4] (43)  

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (21.7 mg, 0.063 mmol) was 

dissolved in CH2Cl2 (0.75 mL). This solution was added to AlCl3 (8.4 mg, 0.063 mmol). 

The resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was stirred for 5 min. and 

it was then taken into a NMR tube. Bis(dimethylphosphino)methane (8.57 mg, 0.063 

mmol, 10.0 µL) was added and the 31P{1H} NMR spectrum was recorded. 31P{1H} NMR 

spectrum of [CpFe(CO){P(NiPr2)P(Me2)CH2P(Me2)-κ1P1}] [AlCl4] 42 (CH2Cl2): δ 93.7 

(br d, 1J(PP) = 505 Hz, FePN), 17.4 (br d, 1J(PP) = 505 Hz, FePPCH2), -51.1 (br s, 



 

147 
 

FePPCH2P). Photolysis was then done for an hour (saturated aqueous CuSO4 solution 

was used as a filter). The reaction mixture was transferred into a vial. The solution was 

stirred rapidly and pentane (5 mL) was added. An orange oily precipitate was obtained. 

Yield: 23 mg, 62%. IR (CH2Cl2 solution, cm-1): ν(CO) 1972 cm-1. 1H NMR (CDCl3) : δ 

4.68 (s, 5H, C5H5), 3.68 (br, 1H, CHCH3), 3.36 (br, 1H, CHCH3), 2.47-2.37 (m, 2H, 

PCH2P), 1.90 (dd, 3H, 2J(PH) = 12.3 Hz,  3J(PH) = 1.8 Hz, PPCH3), 1.88 (dd, 3H, 2J(PH) 

= 12.0 Hz,  3J(PH) = 3.6 Hz, PPCH3), 1.80 (d, 3H, 2J(PH) = 9.3 Hz, FeP(CH3), 1.77 (d, 

3H, 2J(PH) = 9.6 Hz, FeP(CH3), 1.17 (d, 6H, 3J(HH) = 6.6 Hz, CHCH3), 1.17 (d, 6H, 

3J(HH) = 6.6 Hz, CHCH3). 31P{1H} NMR (CDCl3): δ 134.5 (d, 1J(PP) = 477 Hz, FePN), 

59.7 (d, 2J(PP) = 43.5 Hz, FePCH2), 12.3 (dd, 1J(PP) = 477 Hz, 2J(PP) = 43.5 Hz, 

PPCH2P). MS (electrospray, CH2Cl2 solution):  m/z = 416 (M+). 

 

4.4.16 Synthesis of [CpFe(CO){P(Cl)P(Me2)CH2P(Me2)-κ2P1,P4}][AlCl4] (44)  

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (21.7 mg, 0.063 mmol) was 

dissolved in CH2Cl2 (3 mL). This solution was added to AlCl3 (8.4 mg, 0.063 mmol). The 

resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was stirred for 5 min. and 

transferred into a Schlenk tube equipped with stirbar and septum. This Schlenk tube was 

sealed and removed from the glovebox, connected to a vacuum manifold and stirred. 

Bis(dimethylphosphino)methane (8.57 mg, 0.063 mmol, 10.0 µL) was then added. 

Photolysis was done for an hour (saturated aqueous CuSO4 solution was used as a filter).  

DMA·HCl (7.8 mg, 0.063 mmol) was added and the resulting orange-yellow solution 

was stirred for 30 min. Then the solvent volume was reduced to 0.5 mL under vacuum. 

The solution was stirred rapidly and pentane (5 mL) was added. An orange oily 
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precipitate was obtained. Yield: 23 mg, 66%. IR (CH2Cl2 solution, cm-1): ν(CO) 1966 

cm-1. 31P{1H} NMR (CDCl3): δ 294.8 (d, 1J(PP) = 397 Hz, FePCl), 71.6 (d, 2J(PP) = 60.6 

Hz, FePCH2), 45.4 (dd, 1J(PP) = 397 Hz, 2J(PP) = 60.6 Hz, PPCH2P). 

 

4.4.17 Synthesis of [CpFe(CO){P(PEt3)P(Me2)CH2P(Me2)-κ2P1,P4}][AlCl4] (45)  

The compound [CpFe(CO)2{P(Cl)NiPr2}] (1) (21.7 mg, 0.063 mmol) was 

dissolved in CH2Cl2 (3 mL). This solution was added to AlCl3 (8.4 mg, 0.063 mmol). The 

resulting red solution of [CpFe(CO)2{PNiPr2}][AlCl4] (2a) was stirred for 5 min. and 

transferred into a Schlenk tube equipped with stirbar and septum. This Schlenk tube was 

sealed and removed from the glovebox, connected to a vacuum manifold and stirred. 

Bis(dimethylphosphino)methane (8.57 mg, 0.063 mmol, 10.0 µL) was added. Photolysis 

was done for an hour (saturated aqueous CuSO4 solution was used as a filter). DMA·HCl 

(7.8 mg, 0.063 mmol) was then added and the resulting orange-yellow solution was 

stirred for 30 min. Triethylphosphine (8.4 mg, 0.063 mmol, 9.2 µL) was added and the 

resultant solution was cannulated to another Schlenk flask, which contained AlCl3 (8.4 

mg, 0.063 mmol). The reaction mixture was stirred for 30 min. The product was isolated 

as reddish orange oil by slow diffusion of pentane into the CH2Cl2 solution at -30 oC. 1H 

NMR (DMSO): δ 4.90 (s, C5H5), 2.10 (dd, 2J(PH) = 22.2 Hz,  3J(PH) = 15.0 Hz, PPCH3), 

1.83 (dd, 2J(PH) = 23.9 Hz,  3J(PH) = 9.90 Hz, PCH3), 1.62 (dq, 2J(PH) = 19.2 Hz, 

3J(HH) = 7.5 Hz, FeP(CH2CH3), 1.05 (dt, 3J(PH) = 16.2 Hz, 3J(HH) = 7.5 Hz, 

FeP(CH2CH3). 31P{1H} NMR (DMSO): δ 56.9 (ddd, 2J(PP) = 43.0 Hz, 3J(PP) = 20.6 Hz, 

3J(PP) = 8.9 Hz, FePCH2P), 42.3 (ddd, 1J(PP) = 422 Hz, 2J(PP) = 13.4 Hz, 3J(PP) = 20.6 
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Hz, FePPEt3), 36.0 (ddd, 1J(PP) = 358 Hz, 2J(PP) = 43.0 Hz, 2J(PP) = 13.4 Hz, 

FePPCH2), -6.23 (ddd, 1J(PP) = 422 Hz, 1J(PP) = 358 Hz, 3J(PP) = 8.9 Hz, FePPEt3). 

 

4.4.18  X-ray Crystallography.  Suitable crystals of compounds were mounted on glass 

fibres. Programs for diffractometer operation, data collection, cell indexing, data 

reduction and absorption correction were those supplied by Bruker AXS Inc., Madison, 

WI. Diffraction measurements were made on a PLATFORM diffractometer/SMART 

1000 CCD using graphite-monochromated Mo-Kα radiation at -80 °C. The unit cell was 

determined from randomly selected reflections obtained using the SMART CCD 

automatic search, center, index and least-squares routines. Integration was carried out 

using the program SAINT and an absorption correction was performed using SADABS. 

This was done by staff crystallographers at university of Alberta. Structure solution was 

carried out using the SHELX9778 suite of programs and the WinGX graphical interface.79 

Initial solutions were obtained by direct methods and refined by successive least-squares 

cycles. All non-hydrogen atoms were refined anisotropically.  
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CHAPTER 5 

CONCLUSIONS  

Reactivity studies of a stable cationic electrophilic iron phosphinidene complex 

[CpFe(CO)2{PNiPr2}]+  have been carried out to gain a fundamental understanding of its 

chemistry and to probe its utility toward organophosphorus synthesis. I have shown that 

[CpFe(CO)2{PNiPr2}]+ undergoes three types of reactions: bond activation, cycloaddition 

and nucleophilic addition.     

I have investigated C-H, Si-H, P-H and H-H bond activation reactions using 

[CpFe(CO)2{PNiPr2}]+and have shown that it can activate the Si-H bonds of silanes, P-H 

bonds of secondary phosphines and H-H bonds of dihydrogen, but fails to react with C-H 

bonds. I have shown that the bond activation reactions occur by two distinct mechanisms.   

The Si-H and H-H bond activation reactions of silanes and dihydrogen, which have no 

non-bonding pairs, occur via a concerted mechanism. The P-H bond activation reactions 

of secondary phosphines, which have a non-bonding pair, occur via nucleophilic addition 

followed by a proton transfer. A similar mechanism was proposed for polar bond 

activations, such as O-H and N-H.5 Both these mechanisms are consistent with the 

bonding model for electrophilic phosphinidene complexes (Figure 1.7) with an empty pz 

orbital on P. The highest occupied molecular orbital (HOMO) of the incoming reagent 

overlaps with the lowest unoccupied molecular orbital (LUMO) of the complex, the 

empty pz on phosphorus.  

For comparison, the well-studied transient phosphinidene complexes [(CO)5WPR] 

activate polar bonds but fail to activate C-H bonds other than that of ferrocene and 

azulene.14 The transient cationic alkyl phosphinidene complex [Cp*Mo(CO)3PiPr]+ 
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activates Si-H bonds and C-H bond of ferrocene.40 I have shown that the stable cationic 

aminophosphinidene complex [CpFe(CO)2{PNiPr2}]+  can activate weaker bonds, but it is 

not able to activate C-H bonds, suggesting the stabilized phosphinidene complexes are 

not electrophilic enough to activate C-H bonds. The electrophilicity of 

aminophosphinidene complexes is diminished by the N-to-P π donation. However, 

[CpFe(CO)2{PNiPr2}]+  activates the comparably stronger H-H bond of dihydrogen at 

high pressures. Computational calculations of bond activation reactions revealed that the 

H-H bond of dihydrogen has a lower activation barrier than the C-H bond of methane. 

Reaction of [CpFe(CO)2{PNiPr2}]+  with unsaturated organic compounds shows 

the typical cycloaddition reaction expected for electrophilic phosphinidene complexes. I 

have shown that a wide range of phosphorus-carbon heterocyclic complexes can easily be 

formed by cycloaddition reactions of [CpFe(CO)2{PNiPr2}]+. Unlike the P-N bond in 

aminophosphinidene complexes, the P-N bond in aminophosphorus heterocyclic 

complexes is cleavable. The P-N bond cleavage of aminophosphirene complexes and 

benzodiazophosphole complex has been done using dry HCl or HBF4·Et2O to form P-Cl 

bonds, which will be useful substrates for further elaboration. Although the P-N bond 

cleavage of aminophosphirene complexes and benzodiazophosphole complex is 

successful, separation and isolation of the products tends to be difficult, as the desired 

product (chlorophosphorus heterocyclic complex) and the side product ([H2NiPr2]+)  are 

salts. Here, the cationic nature of the metal complex is a distinct disadvantage.    

Unexpectedly I have observed F- and phenyl group transfers during the P-N bond 

cleavage reactions in the presence of excess reagents. Excess HBF4·Et2O leads F- transfer 

to phosphorus from BF4
- and the excess NaBPh4 leads to phenyl group transfer to 
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phosphorus from BPh4
-. The reactivity revealed that counterions have a potential 

contribution as a nucleophile provider to the reactions of some electrophilic cationic 

phosphorus compounds. Here, involvement of counterions in the reaction is a 

disadvantage, suggesting the selection of counterion should be done carefully in the 

reactions of electrophilic phosphorus compounds.  In order to illustrate the potential 

applications of this methodology, I have synthesized a new phosphorus heterocyclic 

bidentate ligands by reacting metal free chlorophosphorus heterocycles with a 

nucleophile 2,2’-diphenoxide dianion. These cycloaddition reactions have the potential to 

be elaborated to synthesize useful ligands for catalysis.    

The iron aminophosphinidene complex reacts with phosphines to yield 

phosphine-coordinated aminophosphinidene complexes. The addition of phosphine 

nucleophile to the phosphinidene P also reveals that the phosphinidene P is electrophilic. 

The P-N bond cleavage of phosphine-coordinated aminophosphinidene complexes has 

also been done with HBF4·Et2O to prepare phosphine-coordinated chlorophosphinidene 

complexes. Here, the phosphines serve as a protecting group for the phosphinidene 

phosphorus reaction site. Remarkably, a second equivalent of phosphine can also 

coordinate to the metal-bound phosphorus atom in phosphine-coordinated phosphinidene 

complex by displacing chloride.  However, addition of the second phosphine leads to 

dissociation of [R3P-P-PR3]+.  The phosphine-coordinated chlorophosphinidene complex 

effectively serves as a source of a phosphorus atom in [R3P-P-PR3]+.  This reactivity 

studies revealed that metal complexes of R3P-P-PR3 ligand can only be synthesized if the 

dissociation is avoided.        
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Reaction of bis(dimethylphosphino)methane (dmpm) with [CpFe(CO)2{PNiPr2}]+ 

forms a bridging complex of dmpm-coordinated aminophosphinidene (43), which is 

comparably more stable than the trialkylphosphine-coordinated phosphinidene complexes 

due to the chelate effect. I was then able to isolate the compound with PCPPP ligand (45) 

since it is stable. The donor capabilities of the phosphinidene P group (Me2P-P-PEt3) in 

45 and the dmpm P group (Me2PCH2) in 45 can be predicted by comparing 40 and 45. 

Since the R3P-P-PR3 ligand in 40 is labile, the similar Me2P-P-PEt3 group in 45 may also 

be labile. Thus the PCPPP ligand contains a labile phosphorus group (Me2P-P-PEt3) and a 

strong electron donating phosphorus group (Me2PCH2), and may be hemi-labile, 

suggesting that it may have interesting insertion chemistry or catalytic applications. 

Further studies of the reactivity of the PCPPP complex are recommended.        

In summary, the stable cationic electrophilic aminophosphinidene complex of iron 

can be used to make bonds to phosphorus via bond activation reactions of X-H bonds, 

cycloaddition reactions with unsaturated organic compounds, and phosphine addition 

reactions. Further elaboration via P-N bond cleavage is also possible.  This study 

provided an understanding of the reactivity of stable aminophosphinidene complexes of 

iron and demonstrated some of their potential applications.  
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