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Abstract 
This thesis details the development of iron-based catalysts for the 

hydrophosphination of unsaturated compounds. Conditions were optimised for each 

process and the substrate scope was established. Experimental and spectroscopic 

studies were used to investigate the mechanism of the hydrophosphination of styrene.  

Chapter 1 gives an overview of hydrophosphination, both stoichiometric and 

catalytic, focusing on the reactions of iron. The value of these hydrophosphination 

products is discussed. 

Chapter 2 details the catalytic hydrophosphination to form unusual terminally 

substituted phosphines using both Fe(HMDS)2THF and KHMDS respectively. 

Chapter 3 Shows that by introduction of a simple salen ligand to an iron catalysed 

system gave room temperature reactivity at very low catalyst loadings. Only 0.5 mol% 

pre-catalyst was required for the room temperature synthesis of a variety of 

phosphines through hydrophosphination. Further, this work explored the use of an 

iron-porphyrin µ-oxo catalyst for a range of similar products. Hyrophosphination with 

phenylphosphine is outlined, wherein a single addition is seen to take place thermally. 

Chapter 4 outlines kinetic and mechanistic aspects of catalytic hydrophosphination 

with iron(salen)-µ-oxo. A Hammett study was conducted for a variety of functional 

groups on the alkene substrate concluding that there was a change in the rate 

determining step moving from electron withdrawing to electron donating groups. 

This work culminated in the publication of two papers in impactful peer reviewed 

journals.1,2 
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Abbreviations 
acac  acetylacetonate 

Ad  adamantyl 

AIBN  azobisisobutyronitrile 

AM  Anti-Markovnikov 

BHT   3,5-di(tert-butyl)-4-hydroxy-toluene 

Bn  benzyl 

nBu  n-butyl- 

tBu  tert-butyl- 

Cy  cyclohexyl 

Cp  cyclopentadienyl 

DBU  1,8-diazabicyclo-[5.4.0]undec-7-ene 

DCE  1,2-dichloroethane 

DHP  double hydrophosphination 

dppe  bis(diphenylphosphino)ethane 

dppm  bis(diphenylphosphino)methane 

dpbz  bis(diphenylphosphino)benzene 

ee  enantiomeric excess 

Et  ethyl 

EWG  electron withdrawing group 

EDG  electron donating group 

eq  equivalent 

h  hours 

Hex  n-Hexyl 

HMDS  hexamethyldisilazane 

HP  Hydrophosphination 
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1.3 Synthesis of simple phosphines 

1.3.1 Synthesis of primary and secondary phosphines 

Much of the difficulty in the synthesis of primary or secondary phosphines from either 

elemental phosphorus or commodity P(III) reagents (e.g. PCl3 and PH3) is the 

potential for over-functionalisation, whereby rather than reacting cleanly with one 

equivalent of reagent, the phosphorus source reacts two or three times with the 

reagent leading to undesired reaction products and low yield. However, it is possible 

to generate monoalkyl phosphines through deprotonation of phosphine (PH3(g)) with 

a strong base followed by alkylation, however, this is ill advised due to its price, low 

solubility in solvents and the danger associated with handling this pyrophoric gas. 

Primary and secondary phosphines are generally prepared in situ from the reaction 

of elemental phosphorus or phosphorus trichloride via reaction with sodium metal in 

the presence of solvent. Addition of two equivalents of a protonating agent e.g. tBuOH 

followed by an alkyl halide gives good conversion to monoalkylated phosphines. It 

should be noted that the use of more acidic reagents for this first step can lead to the 

irreversible formation of PH3(g). Methylphosphine (CH3PH2) and other simple alkyl 

derivatives are prepared in this way using a variety of alkali metal derivatives MPH2 

(M = Li, Na, K) (Scheme 1). Primary phosphines may then undergo in situ conversion 

to a secondary dialkyl phosphine by metalation with BuLi or with successive addition 

of sodium metal and alkylation.28 

 

Scheme 1. General synthesis of primary phosphines 

Another synthetic route begins with corresponding chlorophosphines and their 

reaction with a hydride reagent. For example, reduction of dichlorophenylphosphine 

with lithium aluminium hydride affords phenylphosphine (PhPH2). 

Secondary phosphines may also be obtained by alkali-metal reductive cleavage of 

triarylphosphines followed by hydrolysis of the resulting phosphide salt. A frequently 

employed phosphine, diphenylphosphine (Ph2PH), may be prepared via this method. 

There are also indirect methods for synthesis of secondary phosphines in which a 

dichlorophosphine is synthesised and converted into the desired phosphine by 
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Addition of NaOEt or another base would then convert this ylid to an equivalent 

phosphorane. 

 

Scheme 4. General synthesis of a phosphorene from a phosphonium ylid 

In comparison to synthesis utilising nBuLi for example, this synthetic route is relatively 

mild and can produce desired products on a large scale. The ylids generated may 

also act as a precursor in the Wittig synthesis of alkenes. 

1.4 Synthesis of phosphines via hydrophosphination 

Hydrophosphination is described by the addition of a P-C bond across an unsaturated 

bond (Scheme 5).31 Hydrophosphination (HP) provides a viable entryway to 

phosphines, it is an advantageous method for the synthesis of these compounds often 

displaying greater functional group tolerance than traditional methods and, as a 

catalytic process, it allows lower temperatures, shorter reaction times and thus gives 

access to a wider variety of phosphines (Scheme 5). 

Other methods of synthesis outlined lack the key benefit of hydrophosphination: the 

potential for 100% atom efficiency. In comparison to the simple phosphines prepared 

using traditional methods of synthesis this process offers the ability to tune the steric 

and electronic environment around the central phosphorus atom which as discussed 

in section 1 is vital in the field of ligand design. 
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Scheme 8. Metal free hydrophosphination of activated and unactivated alkenes 

These new, challenging substrates were explored utilising the same methods as in 

their previous publication. Alkyne hydrophosphination was shown to take place in a 

regio- and stereoselective manner (Scheme 9). 

 

Scheme 9. Metal free hydrophosphination of activated and unactivated alkynes 

A more satisfying mechanistic study was performed with further discussion attempting 

to rule out a radical mechanism. The new alkene products formed were exclusively 

(aside from methylphenylacetylene) the Z products, where E products would likely be 

the primary products formed in the case of a radical driven mechanism (as found in a 

radical promoted reaction with AIBN, Section 1.5).39 Further E/Z equilibration does 
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AIBN gave primarily the E-alkene product (Scheme 11).41 These reactions took place 

over several hours to several days. 

 

Scheme 11. Hydrophosphination by radical addition pathway 

In the case of internal alkynes, there are too few examples to make a reasonable 

postulation as to the resulting regiochemistry, the Z isomer is, however, still the most 

readily accessed product. Stiles and co-workers also explored the use of allenes. 

Again, these give mixed E/Z isomers with E products being predominantly formed 

(type A, Figure 3), as characterised via 31P NMR for a similar range of functional 

groups as the alkynes. 

 

 Products of radical addition to allenes 

1.6 Base Catalysed Hydrophosphination 

Several elegant examples exist using simple base-catalysed chemistry. For example, 

the tBuOK catalysed hydrophosphination of alkenes was reported in 2002 by 

Bunlaksananusorn and Knochel (Scheme 12).42 

 

Scheme 12. tBuOK catalysed hydrophosphination 

The problem of functional group tolerance is raised using tBuOK, and only modest 

changes in functionality of the starting material may be made. For example, the use 

of halogenated substrates will be limited. The difficulty in using this system is 
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compounded by the need for DMSO as the solvent - unfortunately, due to its high 

polarity, it is readily soluble and its boiling point will limit the variety of products which 

may be isolated either through extraction or evaporation. In addition, where R2 = Cy 

only the corresponding phosphine oxide is isolable due to oxidation by DMSO. This 

is an effective method for producing a phosphine oxide in a shorter time interval than 

seen with nBuLi (vide infra, Scheme 11) and generally takes place at room 

temperature. However, for most applications the oxidised product must be reduced 

to P(III) to be of value as a ligand. The method may be used to prepare phosphorus 

and P,N- ligands.18,19  

The nBuLi mediated hydrophosphination of dienes was reported by Le Gendre and 

co-workers (Scheme 13).43 These reactions were highly regioselective giving 1 as 

the major product and 2 as the minor product with the phosphine moiety adding to 

the least hindered double bond. 2 was formed on isomerisation of the starting diene 

(resulting in 1,4-addition). However, 2 becomes the major product in the case of 2,3-

dimethyl-1,3-butadiene where R2 = R3 = Me. The regioselectivity observed was 

therefore primarily dependent on sterics, where this trend is not observed when R2 

and R3 are more sterically bulky. 

 

Scheme 13. nBuLi catalysed hydrophosphination. 

This method was extended to include functionalisation of styrenes and several 

challenging substrates including alkynes in generally excellent yields. In these cases, 

longer reaction times (>16 h) and temperatures of 70 °C were required. However, the 

use of nBuLi is a drawback; not only is it pyrophoric, requiring careful handling, but 

the use of such a strong base can be detrimental to sensitive functionality elsewhere 

in a molecule and thus functional group tolerance in such a transformation is low. 

Indeed, no halogenated products were reported for this system.  Products reported 

here were straightforward to isolate via evaporation of the solvent and starting diene, 

and the resulting alkenylphosphine products have the potential to be used as 

bidentate ligands. A significant advantage of these alkenylphosphine systems is then 
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Scheme 14. Generic intermolecular hydrophosphination of alkenes by 1,2-insertion 

In Michael addition (Scheme 15), coordination (or alternatively oxidative addition) of 

the phosphide moiety to the metal centre (7) enables attack by the phosphine on the 

double bond of the alkene.49,50 This results in the formation of a zwitterionic 

intermediary species (8) which may then undergo protonolysis (or reductive 

elimination) to give the HP product and regenerate the metal catalyst (6). 
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Scheme 15. Generic intermolecular hydrophosphination of alkenes via Michael 

addition 

1.8 Mechanistic aspects of platinum catalysed hydrophosphination 

The work of Pringle and co-workers into the hydrophosphination of acrylonitrile 

provided the first example of metal complex catalysed addition of a phosphine to an 

alkene via HP.51 The group had previously shown the addition of PH3 to formaldehyde 

(Scheme 16) was catalysed by a Pt(0) complex of HP(CH2OH)2 and thus concluded 

that Pt(0) complexes of HP(CH2CH2CN)2 might be similarly effective in the 

hydrophosphination of acrylonitrile. 

 

Scheme 16. Mechanism for hydrophosphination of formaldehyde  
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Scheme 18. Pt-catalysed hydrophosphination of alkenes via Michael addition 

In determining a Michael addition pathway, first they set out to prove whether the P-

C bond formation proceeds via insertion into the M-H bond or via insertion into the M-

P bond (see Scheme 16). In the hydrophosphination of acrylonitrile, for their platinum 

catalysed reaction, they report evidence against the M-P bond formation pathway 

(pathway 1, Scheme 19) as intermediate 9 fails to undergo reductive elimination. 

Further, they isolate intermediates consistent with pathway 2 in model systems. One 

potential intermediate complex in HP of acrylonitrile, 9, was independently 

synthesised and found to be unreactive in this system. Treatment of the metal hydride 

with stoichiometric amounts of acrylonitrile afforded the appropriate phosphine 

product (as in pathway 2, Scheme 19). 

This is in contrast to the work of Pringle and co-workers presented above where they 

present a Michael addition pathway believed to take place via (an analogous route 

to) pathway 1. 
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Scheme 19. Potential mechanisms of Pt-catalysed hydrophosphination of alkenes 

via Michael addition 

A more recent publication by Glueck and co-workers details their proposal of a 

potential zwitterionic species during their Pt-catalysed hydrophosphination 

reactions.44 In order to obtain evidence for the existence of this intermediate, they 

utilise a modified form of the Morita-Baylis-Hillman (MBH) reaction. In the typical MBH 

reaction, a nucleophile (e.g. phosphine) adds to an activated alkene forming a 

stabilised carbanion which in turn adds to an aldehyde with the ejection of the initiating 

nucleophile (Scheme 20). 

 

Scheme 20. Morita-Baylis-Hillman reaction with a phosphine nucleophile 

Glueck and co-workers posit that their zwitterionic intermediate should behave in 

much the same manner as the stabilised carbanion in the standard MBH reaction. 

Thus, addition of benzaldehyde results in a reaction between the carbanionic 

species and the aldehyde (Scheme 21). In this modified MBH regime the phosphine 

is not ejected and is instead incorporated into the final product. Clearly there is 

competition between the standard hydrophosphination (HP) reaction and the 

modified MBH reaction, resulting in a mixture of the two possible products. The 

modified MBH route requires a bimolecular reaction which relies on the persistence 

of the zwitterion during the catalytic process. If this species is short-lived the HP 
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With the highest ee presented in this research being 64%, further tuning of this system 

to produce larger enantiomeric excess would be desirable. Moving from Fe(II) vs 

Fe(III) showed a significant improvement in ee and was well rationalised by the 

authors (Figure 4). 

     

 Simplified reaction mechanism (dimeric structure not included)  

The authors screened several ligand variations with increasing bulk in various 

positions, substituting methyl- and isopropyl- groups for tert-butyl- or phenyl- groups. 

Only in one case did they alter the ligand structure to include further chiral groups, 

substituting the aromatic structure of their ligand system with an R-BINOL type 

functionality (Figure 5). 

 

 R-BINOL type ligand 

Although screening of this ligand set was undertaken, no change in ee was observed. 

This disappointing finding is perhaps due to the remote location of the chiral group 

resulting in little influence on chirality over the course of the reaction. Perhaps with 
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Scheme 26. Hydrophosphonylation with FCl(SBAIB-d)]2 

A wide range of aldehyde substrates were screened (Scheme 26) and all isolated in 

excellent yield. This includes substrates with electron donating substituents giving 

high ee and electron withdrawing halogens giving good, but slightly reduced ees. 

Enantioselectivity could then be further improved via recrystallization of the products. 

A variety of heterocycles were also tolerated by this system. 

As with the work of Muthupandi and Sekar, a bimetallic iron species as the active 

catalyst was invoked (Figure 7). In this case, the mechanism is believed to proceed 

via the substitution of the chloride ion by a phosphite (generated in situ by the base) 

on to the metal centre (as seen in Figure 4, TS-2). Subsequent coordination of the 

aldehyde to the second metal centre (with an inter- or intra- molecular Cl- shift) allows 

delivery of the phosphite to the re face of the aldehyde. Further reaction with the base-

chloride salt or reaction with a phosphite anion then generates the product and 

regenerates the catalytically active species. 

 

 Dimeric iron species 

1.12 Stoichiometric hydrophosphination with Cp2Fe2(CO)4 

The reaction of Cp2Fe2(CO)4 with primary phosphines of the form PRH2 (where R = 

Ph, Mes)  was reported in 2005 by Ogino et.al.63 The resulting product (where R = 
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Ph) (11, Scheme 27) can undergo further oxidation with HOTf, release of H2 gas and 

coordination of CO to give a precursor (12, Scheme 27) which is capable of 

undergoing intermolecular hydrophosphination with an excess quantity of either 

alkyne or alkene (13 and 14 respectively, Scheme 27) at room temperature. The 

transformation from 11 to 12 requires a shift in conformation from trans- to cis-

geometry. Despite the high activation barrier for this rearrangement, the 

transformation is favoured by virtue of the lower energy state of the final product.  With 

exclusive formation of the E-styryl group in 13 (or equivalently, the alkyl in 14), it is 

rather unfortunate that the authors do not report isolation of the styrene product via 

further reaction of 13, even stoichiometrically. These processes are both believed to 

take place through a radical mechanism due to the far reduced reaction rate in the 

presence of duroquinone, a radical scavenger. 

 

Scheme 27. Stoichiometric hydrophosphination with Cp2Fe2(CO)4 














































































































































































































