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Abstract 
 

This thesis describes synthetic routes to main group element-containing macromolecules through the 

polymerisation of inorganic monomers, and the modification of preformed polymers. Investigations 

into the use of polyphosphinoboranes as hydrogels and flame-retardants are also disclosed. 

Chapter 1 gives an overview on main group polymers with a focus on strategies to synthesise 

polyphosphinoboranes, polysiloxanes, and polyborosiloxanes. Applications of these polymers and 

related species are discussed including the formation of hydrogels featuring p-block elements. 

Chapter 2 describes the post-polymerisation modification of poly(phenylphosphinoborane) via 

UV-light induced hydrophosphination of olefins giving access to P-di(organosubstituted) polymers. 

The formation of crosslinked gels and water-soluble polymers using this methodology was also studied. 

Chapter 3 describes investigations into the dehydropolymerisation of phenylphosphine-borane 

(PhH2P·BH3) using CpFe(CO)2OTf and related precatalysts. These studies suggest that the 

polymerisation takes place via a hybrid mechanism rather than purely chain-growth as was initially 

reported. The polymerisation of phosphine-boranes using non-metal precatalysts was also investigated. 

Chapter 4 is split into two sections. The first describes the synthesis of hydrogels via UV-light induced 

reaction of polyphosphinoboranes with methacrylate and acrylate capped poly(ethylene glycol), and 

dimethacrylate crosslinkers. These gels were found to reversibly swell in water. The second describes 

the use of polyphosphinoboranes as leach-resistant flame-retardant additives for cotton fabric. When 

fabric impregnated with polyphosphinoborane was exposed to a flame, the material was found to self-

extinguish leaving a char material which contained phosphoric acid and boric acid. 

Chapter 5 describes the synthesis of borosiloxane molecules and polymers via dehydrocoupling and 

demethanative condensation routes under mild, metal-free conditions. The reaction of dimethyl 

phenylboronate with secondary silanes in the presence of tris(pentafluorophenyl)borane results in the 

formation of polymers featuring alternating boron and siloxane units in the main chain. 

Chapter 6 provides a general outlook for the work reported in this thesis along with some potential 

avenues for future work. 
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Chapter 1  
 
Introduction 
 

Research objectives 

The aim of the research described in this thesis is to develop synthetic routes to novel main group 

element-containing polymers and soft materials. Formation and modification of polyphosphinoboranes 

and investigations into potential applications of these macromolecules as hydrogels and flame-

retardants have been investigated. A non-metal catalysed demethanative condensation route to 

borosiloxane polymers has also been explored.  

This introductory chapter serves as an overview on main group element-containing polymers with 

particular focus on strategies to synthesise polyphosphinoboranes, polysiloxanes, and 

polyborosiloxanes to place work in later thesis chapters in context. The formation of hydrogels featuring 

main group elements is also introduced. Each chapter contains a detailed introduction associated with 

the work reported along with further relevant background information. 

Main group polymers 

1.2.1 Catalytic formation of main group element-element bonds 

The reduction in activation energy for chemical reactions by transition metal catalysts has played a 

crucial role in the development of synthetic organic chemistry. A myriad of catalytic transformations 

have been described in the literature with prominent examples including the Nobel prize recognised 

development of C-C bond formation via olefin polymerisation,1 metathesis,2 and palladium catalysed 

cross-coupling reactions.3-5 Transition metals have also found applications in the formation of C-E 

bonds (E = p-block element), in particular in the cases of hydroboration (E = B),6-10 hydrophosphination 

(E = P),11-14 and hydrosilylation (E = Si)9, 15 processes. In contrast, the development of synthetic 

protocols for the formation of bonds between main group elements (E-E bonds) has been comparatively 

slow. 
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Routes to E-E bonds were initially developed using salt metathesis and reductive coupling. These often 

require the use of forcing conditions and/or have poor atom efficiencies, generating significant 

quantities of by-products. One prominent example of a route to E-E bond formation is Würtz coupling. 

The use of organoelement precursors and sodium as a reducing agent drives the coupling of elements 

with the concomitant elimination of a halide salt (Scheme 1.1 a). This has been used extensively in the 

formation of polysilanes; however, reactions are often low yielding and produce polymer with a 

multimodal mass distribution (Scheme 1.1 b).16 

 

Scheme 1.1 a) General Würtz coupling reaction using sodium; b) formation of polysilanes using Würtz coupling 

polymerisation.16 

In the 1980s, the first catalytic example of E-E bond formation was reported. This involved the 

formation of homonuclear B-B bonds through dehydrocoupling using platinum(II) bromide as a 

precatalyst giving access to borane clusters (Scheme 1.2 a).17, 18 Shortly thereafter, examples of Si-Si 

coupling were reported using a titanium catalyst, facilitating the formation of oligo- and polysilanes 

(Scheme 1.2 b).19  

 

Scheme 1.2 a) Catalytic formation of B-B bonds using PtBr2 yielding borane clusters;17, 18 b) Formation of 

polysilanes via catalytic dehydrocoupling of phenylsilane using Cp2TiMe2.19 

The formation of heteronuclear bonds (E-E’) between main group elements was first reported in the 

late 1980s and early 1990s. Transition metal catalysed dehydrocoupling of Si-H and N-H bonds led to 
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the formation of oligosilazanes (Scheme 1.3 a).20-22 The formation of Si-P bonds was also achieved 

using Cp2TiMe2 in the dehydrocoupling of silanes with phosphines (Scheme 1.3 b).23 Since these early 

reports, a number of examples of metal-catalysed routes for both homo- and heteronuclear bond 

formation have been developed allowing access to a wide variety of inorganic molecules and 

materials.24 The mechanisms of these reactions have also been extensively probed.25 

 

Scheme 1.3 a) Formation of oligosilazanes through dehydrocoupling of silanes and NH3 catalysed by 

Cp2TiMe2;20-22 b) Formation of Si-P bonds by catalytic dehydrocoupling of phosphines and silanes.23 

More recently, there has been significant interest in the use of main group elements to facilitate catalytic 

transformations typically associated with transition metals.26-28 Main group species have found usage 

as catalysts in dehydrocoupling reactions leading to the formation of inorganic element-element 

bonds.29 For example, tris(pentafluorophenyl)borane (B(C6F5)3) has been utilised as a catalyst for the 

formation of polyphosphinoboranes [RR’P-BH2]n
30 and polysiloxanes [RR’SiO]n

31 (see Sections 1.3 

and 1.4) and in the post-polymerisation functionalisation of polysilanes via dehydrocoupling 

reactions.32, 33 Reaction of poly(phenylsilane) with nPrSH or p-tolSH in the presence of catalytic 

B(C6F5)3 resulted in the release of H2 and formation of a solid copolymer where 15 – 40% Si-S bond 

formation had taken place (Scheme 1.4).32  

 

Scheme 1.4 Post-polymerisation modification of poly(phenylsilane) via B(C6F5)3 catalysed hetero-

dehydrocoupling with thiols.32 

1.2.2 Main group inorganic polymers 

Organic polymers are essential to modern life with applications including, as construction materials, 

disposable packaging, electronics, and textiles. These plastics have incredible breadth in properties 



 
 

4 

 
 

despite being composed almost entirely from carbon, oxygen and nitrogen. The inclusion of inorganic 

elements into polymer chains has generated increasing scientific interest due to the potential for 

accessing macromolecules with unusual physical and chemical properties.34 

Inorganic polymer research is still an emergent field, in part, owing to the aforementioned difficulties 

in forming bonds between inorganic p-block elements. A number of techniques that have found 

extensive utility in the synthesis of organic polymers cannot be easily applied to inorganic systems. 

Chain-growth methods such addition polymerisation (Scheme 1.5 a)1, 35 are commonly used protocols 

for the formation of organic polymers; however, these require unsaturated monomers such as ethylene 

and styrene. The synthesis of inorganic compounds with multiple element-element bonds is non-trivial 

and these species are often highly reactive or require large substituents which prohibit polymerisation.36, 

37 Step-growth polymerisations require high purity monomers to achieve high molar mass polymers. 

This requirement is often challenging for p-block elements due to their propensity to react with air and 

moisture. Nevertheless, a number of synthetic protocols have emerged giving access to a range of 

inorganic polymers.34 Classically, condensation routes (Scheme 1.5 b) have been used in the formation 

of inorganic polymers such as polysiloxanes [RR’SiO]n, polyphosphazenes [RR’P=N]n, and polysilanes 

[RR’Si]n which have many fascinating properties such as thermo-oxidative stability and high flexibility 

at low temperatures. More recently, ring-opening polymerisation (Scheme 1.5 c),38 and 

dehydrocoupling polymerisation (Scheme 1.5 d)39 have been significantly exploited in the synthesis of 

novel inorganic polymers such as polystannanes, polygermanes, polycarbosilanes, 

polycarbophosphazenes, polyphosphonates, polyborosiloxanes, polyaminoboranes, 

polyphosphinoboranes, and hybrid organic/inorganic macromolecules.34, 40 

 

Scheme 1.5 Common polymerisation routes. 
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Group 13/15 polymers 

1.3.1 Amine– and phosphine-boranes 

Amine- and phosphine-borane adducts are classical examples of Lewis base-Lewis acid adducts where 

a lone pair on nitrogen or phosphorus acts as a two-electron donor to a vacant p-orbital on boron forming 

a dative bond.41 For amine-boranes, the electronegativity difference between nitrogen and boron is 1.0 

which induces a polarisation in the N-H bond of the adducts. In addition, the N-H hydrogens are protic 

in nature, whereas, hydrogen atoms attached to boron are hydridic. This characteristic has been 

exploited in the design of catalysts for the dehydrocoupling of these adducts under mild conditions. 

In contrast, the electronegativity difference between phosphorus and boron is low (0.1) making 

hydrogen release from phosphine-boranes less kinetically favoured than for amine-boranes. 

Additionally, a single dehydrogenation process would yield the intermediate phosphinoborane 

H2P=BH2 or aminoborane H2N=BH2. In the 1990s, computational studies suggested that the π-

component of bonding in these species are of similar bond strength;42 however, investigations into the 

rotational transition states of H2B=PH2 suggests that, unlike for H2N=BH2, there is a significant barrier 

to pyramidal inversion as the phosphorus atom has a strong tendency to adopt pyramidal geometry. 

Consequently, the formation of the planar phosphinoborane intermediates in dehydrocoupling processes 

is less favourable than for amine-boranes and therefore elevated temperatures are often required for the 

polymerisation of phosphine-boranes. 

Amine-boranes have found applications as hydroboration,43 reducing,44 and hydrogen transfer 

agents.45-48 In particular, ammonia-borane H3N·BH3 has been extensively studied owing to its high 

hydrogen content (19.6 wt%) making it an excellent candidate for hydrogen storage applications.49-51 

Ammonia borane has also been investigated as a ceramic precursor. Atomic layers of hexagonal boron 

nitride (h-BN) have been prepared from H3N·BH3 using chemical vapour deposition.52 Single layer h-

BN is isoelectronic to graphene and has interesting electronic and optical properties leading to a range 

of applications.53, 54 

Research into the applications of phosphine-boranes is less well-developed; however, these main group 

species have found uses in a number of areas including as reducing agents under biological 

conditions,55, 56 and as precursors to organophosphorus compounds via modifications, for example, 
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through hydrophosphination11, 57-62 and deprotonation, alkylation/coupling reactions.41, 63 The borane 

group serves to protect the phosphorus from oxidation and can generally be easily removed via reaction 

with amines (Scheme 1.6).64 

 

Scheme 1.6 Deprotonation followed by oxidative coupling of ArMe2P·BH3 leading to the formation of chiral 

bis(phosphine-boranes), and subsequent deprotection using diethylamine.63 

Polyaminoboranes and polyphosphinoboranes possess main chains consisting of alternating group 13 

and 15 atoms. They are isoelectronic to polyolefins which has stimulated fundamental interest in these 

materials. Amine-boranes can undergo dehydrocoupling thermally in the absence of catalyst at ca. 

100 – 150 °C, or at lower temperatures in the presence of a catalyst.41, 65-67 Of particular note is the use 

of IrH2POCOP (POCOP = [μ3-1,3-(OPtBu2)2C6H3]) which has facilitated the synthesis of a range of 

polyaminoboranes [RHN-BH2]n (R = H, Me, nBu, Ph(CH2)x = 2 – 4)) under mild conditions (Scheme 

1.7).68-70 Several other catalytic systems based on Fe,71-74 Ru,75 Rh,76-78 Co,79 Ti,80, 81 and Zr82 have also 

been reported.65-67 The dehydrocoupling of N-disubstituted amine-boranes results in the formation of 

monomeric aminoboranes R2N=BH2 or cyclic species [R2N-BH2]x rather than polymeric material.66 

 

Scheme 1.7 Synthesis of polyaminoboranes via the catalytic dehydrocoupling of RH2N·BH3 in the presence of 

IrH2POCOP.68-70 

1.3.2 Synthesis of phosphine-borane adducts 

The first example of a phosphine-borane adduct, phosphine-trichloroborane (H3P·BCl3) was outlined 

by Besson in 1890.83
 Since this report, two main routes have been established for the synthesis of 

phosphine-boranes. Most commonly employed is the direct addition of a phosphine to BH3·L (L  = THF 
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or SMe2) where the more strongly donating phosphine rapidly displaces the labile THF or SMe2 

(Scheme 1.8 a). An alternative preparation that avoids the long-term stability issues of BH3·THF or the 

elimination of malodorous by-products, e.g. SMe2, is by the reduction of chlorophosphines using 

sodium borohydride (Scheme 1.8 b).41 

 

Scheme 1.8 Synthetic routes to phosphine-boranes 

1.3.3 Synthesis of polyphosphinoboranes 

Polyphosphinoboranes, [RR’P-BH2]n are formally isoelectronic with polyolefins. These polymers were 

predicted to exhibit high temperature stability and flame-retardancy as early as the 1950s.41 The 

synthesis of [RR’P-BH2]n was first reported in the 1950 and 60s period by a thermally induced 

dehydrocoupling of PhH2P·BH3 in the melt at 150 – 250 °C for 13 h;84-88 however, these materials were 

not characterised by modern day techniques such as NMR spectroscopy and where reported, molar 

masses were low (Mn <2,500). The first example of a high molar mass polyphosphinoborane was 

reported in 1999, when it was demonstrated that [Rh(1,5-cod)2][OTf] or [Rh(μ-Cl)(1,5-cod)]2 (cod = 

1,5-cyclooctadiene), could catalyse the dehydropolymerisation of PhH2P·BH3.89 Since this example, 

several other routes to polyphosphinoboranes have been reported, in particular, via metal catalysed 

dehydrocoupling of phosphine-boranes65 but metal-free routes to polyphosphinoboranes have also been 

developed. 

Transition metal-catalysed routes to polyphosphinoboranes 

Heating PhH2P·BH3 in toluene in the presence of RhI precatalysts [Rh(1,5-cod)2][OTf] or 

[Rh(μ-Cl)(1,5-cod)]2 (0.3 mol%) under reflux for 14 h resulted in the formation of low molar mass 

[PhH-BH2]n (Mw = 5,600 g mol-1). When solvent free conditions and higher temperatures (130 °C) were 

employed, in the presence of a RhI precatalyst, high molar mass [PhHP-BH2]n was formed (Scheme 1.9, 

R = Ph). The polymer was isolated as an air and moisture stable solid by precipitation from DCM into 

hexanes. The 31P{1H} NMR spectrum of [PhHP-BH2]n showed a broad singlet at δ = −48.9 ppm, which 
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splits into a doublet in the 1H coupled spectrum. In the 11B NMR spectrum, a broad resonance was 

observed at δ = −34.7 ppm and in the 1H NMR spectrum, a broad doublet assigned to the P-H proton, 

was found at δ = 4.25 ppm alongside a broad multiplet at δ = 0.65–2.20 ppm which corresponded to the 

BH2 groups. The Mw was found to be 31,000 g mol-1 by static light scattering.89, 90  

 

Scheme 1.9 RhI catalysed dehydrocoupling of P-monosubstituted phosphine-boranes. 

[Rh(μ-Cl)(1,5-cod)]2 was subsequently found to be a precatalyst for synthesis of other P-

monosubstituted polyphosphinoboranes [RHP-BH2]n (R =iBu, p-nBuC6H4, and p-dodecylC6H4).90, 91 

These materials were found to have high dispersity and prolonged heating of the polymerisation reaction 

mixtures yielded insoluble material suggesting the formation of crosslinked and/or very high molar 

mass material. The dehydrocoupling of more highly activated (p-CF3C6H4)PH2·BH3 allowed a 

reduction in the reaction temperature to 60 °C yielding polymer with Mw = 56,170 g mol-1.92 More 

recently, the substrate scope of this catalyst has been extended to polymerisation of alkyl phosphine-

boranes RH2P·BH3 (R = nHex, nBu and 2-ethylhexyl) of moderate molar mass (Mw = 3,650 – 19,500 g 

mol-1) which exhibit very low glass transition temperatures (−58 – −68 °C),93 and to 

ferrocenylphosphine-borane adducts (R = Fc or FcCH2, Fc =  Fe(C5H5)(C5H4) giving metal-containing 

polymer with moderate molar mass when prepared in the melt (Mw = 10,000 – 16,000 g mol-1). 
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Polymerisation of a quaternised ammonium derivative was also reported, yielding an insoluble ionic 

polymer {[Fe(C5H5){C5H3(CH2NMe3)PH(BH2)}]I}n (Scheme 1.9).94 

The dehydrocoupling of P-disubstituted phosphine-boranes using RhI precatalysts has also been 

investigated yielding dimeric or cyclic species instead of polymer. Heating neat Ph2HP·BH3 in the 

presence of [Rh(1,5-cod)2][OTf] or [Rh(μ-Cl)(1,5-cod)]2 at 90 °C for 14 h resulted in the formation of 

the linear dimer species Ph2HP·BH2-PPh2·BH3 as a white, air-stable, crystalline product (Scheme 

1.10).89 When Ph2HP·BH3 was heated overnight to 120 °C in the presence of a RhI precatalyst, a mixture 

of cyclic trimer [Ph2P-BH2]3 and tetramer [Ph2P-BH2]4 species were formed.90 Likewise, 

dehydrocoupling of (p‐CF3C6H4)2HP·BH3 under similar conditions led to formation of either linear 

dimer, or cyclic trimer and tetramer species.92 

 

Scheme 1.10 RhI catalysed dehydrocoupling of diphenylphosphine-borane.89 

Early reports on the dehydrocoupling of phosphine-boranes using rhodium precatalysts have inspired 

the development of other group 9 metal-based catalysts for these polymerisations. 

[RhCp*(PMe3)Me(ClCH2Cl)][BArF
4] (Cp* = η5-C5Me5, ArF = 3,5-(CF3)2C6H3) was reported to catalyse 

the dehydropolymerisation of PhH2P·BH3 in toluene at 100 °C, producing moderate molar mass 

polymer (Mn ∼ 15,000 g mol-1, polydispersity index (PDI) = Mw/Mn = 2.2).95 The dehydrocoupling of  

R2HP·BH3 (R = Ph, tBu,) using related precatalysts was found to give linear dimer species R2HP·BH2-

PR2·BH3.96, 97 Use of iridium complexes [(POCOP)IrRH] (R = Ph or H) was reported to produce P-aryl 

substituted polyphosphinoboranes [ArHP-BH2]n (Ar = Ph, p-Tol, Mes) via dehydrocoupling of the 

corresponding phosphine-borane (Scheme 1.11).98 This was proposed to proceed via a two stage 

mechanism consisting of an initial dehydrogenation process to form a phosphinoborane, ArHP-BH2 

which subsequently undergoes fast chain-growth polymerisation. The evidence for the chain-growth 

nature was based on the observation of high molar mass material even at low conversion. A similar 

two-stage pathway has also been postulated for the polymerisation of amine-boranes using 

[(POCOP)IrH2].69  
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Scheme 1.11 Synthesis of polyphosphinoboranes [ArHP-BH2]n using [(POCOP)IrRH].98 

In 2015, Manners et al. reported the synthesis of poly(phenylphosphinoborane) via iron-catalysed 

dehydrocoupling of PhH2P·BH3 in toluene at 100 °C. The molar mass of the polymer was found to be 

dependent on the CpFe(CO)2OTf precatalyst loading – increasing the precatalyst loading results in a 

decrease in the polymer molar mass. This is suggestive of a chain growth mechanism operating.99 This 

precatalyst has been shown to be active for the dehydropolymerisation of a number of aryl P-

monosubstituted phosphine-boranes RH2P·BH3 in toluene at 100 °C (R = 3,4-(OCH2O)C6H3, p-

(CF3O)C6H4, 3,5-(CF3)2C6H3, 2,4,6-(CH3)3C6H2, 2,4,6-tBu3C6H2, p-BrC6H4, p-IC6H4) giving polymers 

of (Mn = 12,000 – 209,000 g mol-1, PDI = 1.14 – 2.17),
100, 101  and very recently this has been extended 

to alkyl substituted phosphine-boranes (R = tBu, 1-Ad, iPr, Cy, nHex, Me), again forming high molar 

mass polymers (Mn = 18,200 – 57,200 g mol-1, PDI = 1.5 – 3.4) after dehydrocoupling in toluene at 

100 °C (Scheme 1.12).102 As with previous reports on RhI precatalysts, attempts to use this catalyst for 

the dehydrocoupling of P-disubstituted species Ph2HP·BH3 resulted in the formation of linear dimer 

rather than polymer.99, 102 Manners and co-workers have also reported the use of CpM(CO)2PPh2BH3 

(M = Fe, Ru) as precatalysts for the dehydrocoupling of Ph2HP·BH3, again forming the linear dimer in 

reactions that take place in the melt at 120 °C.103 

The catalytic dehydrocoupling of phosphine-boranes in toluene at 100 °C using the three-coordinate 

iron(II) precatalyst [((DippNC(Me))2CH)Fe(CH2SiMe3)] (Dipp = 2,6-diisopropylphenyl) was reported 

by Webster and co-workers in 2017 (Scheme 1.12).74 This system facilitated the formation of 

[RHP-BH2]n (R = Ph, Cy); however, while [PhHP-BH2]n was found to be high molar mass (Mn = 55,000 

g mol-1, PDI = 1.85), [CyHP-BH2]n was mostly oligomeric in nature (Mn <2,500 g mol-1) with only a 

minor high molar mass component (<10%). Dehydrocoupling of P-disubstituted analogues resulted in 

formation of small cyclic or linear dimer products. The dehydrocoupling was shown to be homogeneous 
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in nature and to not involve radical species based on experiments using TEMPO or 

iodo(methyl)cyclopropane as radical traps.74 

 

Scheme 1.12 P-monosubstituted polyphosphinoboranes [RHP-BH2]n synthesised using iron precatalysts. 

Mechanisms of transition metal catalysed phosphine-borane dehydrocoupling 

Despite reports on the dehydrocoupling of phosphine-boranes using transition-metal precatalysts, 

comprehensive mechanistic investigations have proven to be challenging. Nevertheless, a number of 

informative insights have been reported for different catalysts.  

Dehydrocoupling of Ph2HP·BH3 using catalytic amounts of [Rh(μ-Cl)(1,5-cod)]2 showed a colour 

change from orange to dark red with no evidence of black precipitate forming. Additionally, no 

induction period was observed and there was an approximately linear relationship between conversion 

and time. This is suggestive of a homogeneous mechanism operating. Further evidence for this was 

provided by catalyst poisoning experiments: addition of excess mercury or 0.5 eq. of PPh3 was found 

to have no detectable effect on the catalytic activity, nor was filtering a catalytically active solution 

through a 0.5 µm mesh. Use of preformed rhodium nanoparticles were found to have little catalytic 

activity suggesting that a heterogeneous pathway is not kinetically competent. This is in stark contrast 

to the dehydrocoupling of dimethylamine-borane using [Rh(μ-Cl)(1,5-cod)]2 which is believed to 



 
 

12 

 
 

operate through a heterogeneous mechanism.104 The dehydropolymerisation of P-monosubstituted 

phosphine-boranes using RhI precatalysts is postulated to proceed via a homogeneous step-growth 

mechanism with very high conversion (>99%) being required for the formation of high molar mass 

polyphosphinoborane. The requirement of melt conditions and high temperatures in these 

polymerisation reactions hinders further mechanistic study into this polymerisation and also results in 

issues with control of molar mass and the formation of branched polymers. 

The first detailed study into the mechanism of a Rh-catalysed dehydrocoupling of phosphine-boranes 

was reported in 2012. Dehydrocoupling of tBu2HP·BH3 in the presence of 5 mol% 

[Rh(1,5-cod)2][BArF
4] under melt conditions led to the formation of the linear dimer as the main product 

after 20 h. A by-product of this reaction was the bis-phosphine-boronium salt [(tBu2HP)2BH2][BH4]. 

When the reaction was carried out in 1,2-difluorobenzene, the formation of [Rh(PtBu2H)2(η2-

H3BPtBu2BH2PtBu2H)]+ and [Rh(PtBu2H)2(η6-F2C6H4)]+ were observed. These results suggest that P-

B cleavage occurs with substitution of 1,5-cod by phosphine ligands at the Rh centre. Independently 

synthesised [Rh(PtBu2H)2(η6-F2C6H4)]+ was also found to be catalytically active and therefore the 

fragment [Rh(PtBu2H)2]+ was postulated to be the active species.97 

Further studies were carried out by Weller and co-workers on a related complex ligated by a bidentate 

phosphine [Rh(η6-FC6H5)(dppp)][BArF
4] (dppp = Ph2PCH2CH2CH2PPh2), which is a precatalyst for the 

dehydrocoupling of R2HP·BH3 (R = Ph, tBu). These studies revealed that when R = Ph, the rate-limiting 

process for dehydrocoupling involves B-H activation and the turnover-limiting step involves 

substitution of the oligomeric product by Ph2HP·BH3 at the metal. This results in the formation of a 

strong chelate complex at the Rh(III) centre [Rh(dppp)H(σ,η-PPh2BH3)(η1-H3B·Ph2PH)]+ (Scheme 1.13 

a). In contrast, no such chelate complex was formed when R = tBu (Scheme 1.13 b) and the 

dehydrocoupling process was reported to be the turnover-limiting step. It was postulated that the harsh 

conditions required for complete conversion (90 – 140 °C, melt) may be due to barrier to release of the 

product from the metal rather than the P-B bond forming step.96 The effect of the phosphorus substituent 

was further evaluated by use of electron withdrawing and donating arylphosphine-boranes R2HP·BH3 

(R = 4-(CF3) C6H4, 3,5-(CF3)2C6H3,4-(MeO)C6H4). In all cases heating the phosphine-borane in the melt 

in the presence of catalytic [Rh(η6-FC6H5)(dppp)][BArF
4] resulted in the formation of linear dimer 
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species. Electron withdrawing groups were found to promote dehydrocoupling, although this rate 

increase was accompanied by competitive P-B bond cleavage to afford phosphine ligated metal species. 

This was suggested to be due to a weakening of the P-B bond due to the presence of electron 

withdrawing groups.105  

 

Scheme 1.13 Stoichiometric dehydrocoupling of R2HP·BH3 (R = tBu or Ph) using [Rh(η6-

FC6H5)(dppp)][BArF
4]. [BArF

4] anions omitted for clarity.96 

Stoichiometric reaction of [Rh(η6-FC6H5)(dppp)][BArF
4] with the P-monosubstituted phosphine-borane 

CyH2P·BH3 resulted in observation of similar intermediates although a mixture of diastereomers were 

formed as a result of P-H activation at the prochiral phosphorus centre. Subsequent bond P-B bond 

formation results in the isolation of [Rh(L)(H)(σ,η2-PCyH·BH2PCyH·BH3)][BArF
4] diastereomers in a 

6:1 ratio suggesting that diastereoselectivity is imparted by the metal (Scheme 1.14).105 
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Scheme 1.14 Stoichiometric reaction of [Rh(η6-FC6H5)(dppp)][BArF
4] with CyH2P·BH3 resulting in a mixture 

of [Rh(L)(H)(σ,η2-PCyH·BH2PCyH·BH3)][BArF
4] diastereomers. [BArF

4] anions are omitted for clarity.105 

Combined experimental and computational studies on a related precatalyst 

[RhCp*(PMe3)Me(ClCH2Cl)][BArF
4] have elucidated a likely polymer growth pathway via reversible 

chain transfer step-growth for PhH2P·BH3. Through the use of P-disubstituted phosphine-boranes 

R2HP·BH3 (R = Ph, Cy, tBu) as model species, a catalytic cycle to the formation of linear dimer species 

was postulated, based on labelling and computational studies and the isolation of reaction intermediates 

(Scheme 1.15). Changing the substituent on phosphorus was found to have a significant effect on the 

products formed in stoichiometric reactions with [RhCp*(PMe3)Me(ClCH2Cl)][BArF
4]. When R = tBu, 

a base-stabilised phosphinoborane was formed (Scheme 1.15), whereas when R = Ph or Cy, a 

phosphido-borane was formed.95 



 
 

15 

 
 

 

Scheme 1.15 Stoichiometric reaction of [RhCp*(PMe3)Me(ClCH2Cl)][BArF
4] with tBu2HP·BH3. [BArF

4] anions 

are omitted for clarity.95 

The report of a solution-based polymerisation of phenylphosphine-borane using CpFe(CO)2OTf as a 

precatalyst allowed for the exploration of some mechanistic features via a variety of techniques.99 The 

polymerisation was shown to be homogeneous by PMe3 poisoning experiment and because use of pre-

generated iron nanoparticles were inactive towards polymerisation of PhH2P·BH3. It was reported to 

operate via a chain growth mechanism based on the observation of high molar mass polymer at low 

conversion and that an increase in catalyst loading resulted in the formation of lower molar mass 

polymer. Stoichiometric reaction of CpFe(CO)2OTf and PhH2P·BH3 at room temperature yielded 

[CpFe(CO)2(PhHPBH3)], a species which was active in dehydropolymerisation. It was postulated that 

catalysis proceeds via ligand displacement and P-H activation, followed by loss of CO and monomer 

coordination to the iron centre via a B-H agostic interaction. Computational studies showed this to be 

slightly endergonic; however, it was reasoned that as the substrate was present in a large excess, that 

this was a reasonable pathway. Activation of the B-H bond and B-P coupling to generate the growing 

polymer chain bound to Fe by a B-H σ-bond was postulated to occur and then P-H activation followed 

by coordination of PhH2P·BH3 with concomitant loss of H2 which then closes the catalytic cycle 

(Scheme 1.16). 
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Scheme 1.16 Postulated mechanism for the dehydrocoupling of PhH2P·BH3 using CpFe(CO)2OTf as a 

precatalyst.99 

Metal-free routes to polyphosphinoboranes 

While yet to achieve the generality of metal-catalysed dehydrocoupling of phosphine-boranes, several 

metal-free routes to polyphosphinoboranes have been reported. In 2003, Gaumont and co-workers 

reported the dehydrocoupling of PhH2P·BH3 using B(C6F5)3 as a catalyst (0.5 mol%) at 20 °C for 3 d 

(or 90 °C, 3 h); however, two low molar mass polymer fractions were obtained (Mw = 3,900 g mol-1, 

PDI = 2.3, Mw = 800 g mol-1, PDI = 1.9) and a number of poorly resolved signals were observed in the 

31P NMR spectrum (δ = −52 – −56 ppm) suggesting a mixture of products  formed.30 Dehydrocoupling 

of H3P·BH3 in the presence of B(C6F5)3 (5 mol%) at 70 – 90 °C was also described and reported to form 

an air- and moisture sensitive oligomeric material (Scheme 1.17).30 

 

Scheme 1.17 B(C6F5)3 catalysed dehydrocoupling of phosphine-boranes.30 

An alternative addition/head-to-tail polymerisation of transient phosphinoboranes was reported by 

workers in the Manners and Scheer groups. Thermolysis of amine stabilised phosphinoboranes, 
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RR’P-BH2·NMe3, resulted in the formation of oligo- and polyphosphinoboranes. Heating 

H2P-BH2·NMe3 in toluene at 80 °C for 20 h gave oligomers of [H2P-BH2]n which were poorly soluble. 

Thermolysis of tBuHP-BH2·NMe3 at 22 – 40 °C resulted in the formation of high molar mass material 

(Scheme 1.18; Mn = 27,800 – 35,000 g mol-1),106 and heating MeHP-BH2·NMe3 at 50 °C gave material 

consisting of at least 40 repeat units (identified by ESI-MS).107 Analogous attempts to form P-

disubstituted polymers via thermolysis of Ph2P-BH2·NMe3 resulted in the formation of oligomeric 

species with a maximum molar mass of 1,200 g mol-1 detectable by ESI-MS.106 

 

Scheme 1.18 Thermolysis head-to-tail polymerisation route to poly(tert-butylphosphinoborane).106 

Cyclic (alkyl)(amino)carbenes (CAACs) have been recently found to act as a stoichiometric hydrogen 

acceptor in the dehydrogenation of phosphine-boranes releasing phosphinoborane [RR’P-BH2] which 

spontaneously undergoes head-to-tail polymerisation (Scheme 1.19; R = Ph, R’ = H, Ph or Et). Reaction 

of PhH2P·BH3 with CAACMe
 in THF at 60 °C for 3 h resulted in the formation of high molar mass 

polymer (Mn = 83,800 g mol-1, PDI = 1.13). Extension to P-disubstituted phosphine-boranes (R = Ph, 

R’ = Ph or Et) resulted in the formation of mostly low molar mass material but around 10% high molar 

mass material (R’ = Ph, Mn = 54,300, PDI = 1.12; R’ = Et, Mn = 59,600 g mol-1, PDI = 1.08).108  

 

Scheme 1.19 Synthesis of polyphosphinoboranes using CAAC.108 

1.3.4 Properties and applications of polyphosphinoboranes 

With the exception of [H2P-BH2]n,30 polyphosphinoboranes that have been described in the above 

sections are generally air- and moisture stable macromolecules. The glass transition temperatures (Tg) 

of polyphosphinoboranes are highly dependent on phosphorus substituents, varying from −68 to 

>135 °C. Where comparisons to organic polyolefin analogues have been made, the Tg of the 
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polyphosphinoborane is generally lower. For example, the Tg of [iBuHP-BH2]n is 5 °C,91 whereas for 

poly(4-methylpent-1-ene) the Tg is 45 – 50 °C.109 This reduced Tg compared to polyolefin analogues is 

believed to arise from the P-B bond lengths in polyphosphinoboranes (1.9 – 2.0 Å) being significantly 

longer than typical C-C bond lengths (1.54 Å). This reduces the steric interactions between polymer 

side groups and therefore results in a higher degree of torsional flexibility and correspondingly a 

reduction in Tg.91 

Polyphosphinoboranes have shown to have applicability as etch-resists for soft lithography.92, 99, 100 In 

2015, a solution of [PhHP-BH2]n was drop-cast onto a silicon wafer and a pattern created using a 

poly(dimethylsiloxane) (PDMS) stamp. After removal of the stamp, the samples were imaged by 

scanning electron microscopy (SEM) which revealed retention of shape. Hydrophobic surfaces have 

been formed by spin coating a 5 mg mL-1 solution of [RHP-BH2] (R = p‐(CF3O)C6H4 and 3,5‐

(CF3)2C6H3)) onto a glass slide. Advancing water droplet contact angles of 101° and 97° (±2°) were 

measured for p‐(CF3O)C6H4 and R = 3,5‐(CF3)2C6H3 respectively.100 

Polyphosphinoboranes have been postulated for a number of other applications including as ceramic 

precursors to boron phosphide which exhibits interesting semi-conducting properties;110 as flame-

retardants owing to the high phosphorus and boron content of the polymer backbones; as well as in 

optoelectronics.111 The formation of gels which reversibly swell in organic solvents has also been 

reported by extended heating and/or high catalyst loadings during the polymerisation of certain 

phosphine-boranes.90, 100 This has been attributed to intramolecular crosslinking during polymerisation; 

however, there is little control over this crosslinking. 

Polysiloxanes and boron containing analogues 

1.4.1 Polysiloxanes: history and properties 

Polysiloxanes [RR’SiO]n are the most intensively studied and commercialised inorganic polymer class. 

They were first reported at the beginning of the 20th century through the pioneering work of Kipping.112 

In the preparation of tetraphenyl silicon, a species was isolated that was postulated to be a silicoketone 

or “silicone” (C6H5)2Si=O; however, on the basis that this species had little resemblance to 

benzophenone, it was noted that this could in fact be a polymeric species, an assertion that was later 

proved to be true.113 
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These polymers possess a number of desirable properties. The strength of the Si-O bond bestows high 

thermal stability on the polymer and the presence of long Si-O bonds (1.64 Å for PDMS) and irregular 

bond angles at Si and O (∠ Si-O-Si: 110° and ∠ O-Si-O: 143° for PDMS) results in highly flexible 

materials with low glass-transition temperatures. These properties have facilitated the use of 

polysiloxanes in a number of high temperature applications such as in heat transfer agents and high-

performance elastomers. The nature of the bonding in polysiloxanes and the typically alkyl side groups 

result in unusual surface properties such as hydrophobicity giving rise to applications in waterproofing 

garments and as anti-moulding agents. Siloxane polymers are also highly permeable to gases, 

transparent, and biocompatible and have found uses in a number of biomedical applications e.g. in 

contact lenses and artificial skin coatings.34, 114-116 

1.4.2 Synthesis of polysiloxanes 

The vast majority of polysiloxanes synthesised in the ca. 850 kilotonne per year silicone industry are 

produced from chlorosilanes R2SiCl2 (R is most commonly Me) and water through either 

polycondensation or ROP pathways. Hydrolysis of R2SiCl2 gives a mixture of dihydroxy siloxanes 

which can condense to form polysiloxanes, and cyclic siloxanes which can undergo ROP (Scheme 

1.20). The conditions utilised in the hydrolysis of R2SiCl2 greatly influences the composition of the 

products obtained. Basic catalysts and higher temperatures result in high molar mass linear polymers, 

whereas, acid catalysts produce cyclic molecules or low molar mass oligomers.115 

 

Scheme 1.20 Commercial routes to PDMS. 

Cyclic siloxanes can undergo ROP initiated by either anionic or cationic species. Anionic 

polymerisation can be living in nature through use of initiators such as nBuLi. This chain growth 

polymerisation allows for the formation of high molar mass material with low polydispersity in contrast 

to polymer produced through step growth polycondensations. The formation of related 

polycarbosiloxanes has also been reported via ROP of cyclic monomers.117 While bases such as KOH 
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and nBuLi have often been employed as ROP initiators for the formation of polysiloxanes, NHCs have 

been shown to be efficient catalysts for ROP of cyclotetra(dimethyl)siloxane (Scheme 1.21).118 Using 

primary alcohols for chain termination, polysiloxanes can be formed with controlled molar mass. 

 

Scheme 1.21 Synthesis of PDMS via ROP of cyclotetrasiloxane.118 

Despite these well-established routes to polysiloxanes, the majority of commercial silicones consist of 

a mixture of cyclic and linear polymers with different molar masses. The functional group tolerance of 

these polymerisations is also limited with incorporation of acidic and basic functionalities a 

considerable challenge. 

One alternative route is through metal-catalysed heterodehydrocoupling of bis(hydrosilanes) with water 

and diols. 1,4-bis(dimethylsilyl)benzene was found to react with water or diols in the presence of 

rhodium, platinum, or palladium catalysts, yielding polysiloxane or polysilyl ether products (Scheme 

1.22 a).119, 120  The formation of poly(silarylene-silazenes) was also demonstrated via reaction of 1,4-

bis(dimethylsilyl)benzene with ammonia.121 Transition metal dehydrocoupling has subsequently been 

extended to the design of a number of stereoregular polysiloxanes (Scheme 1.22 b), and higher order 

structures.122-124 

 

Scheme 1.22 a) Heterodehydrocoupling polymerisation of 1,4-bis(dimethylsilyl)benzene;119-121   b) RhI 

catalysed dehydrocoupling yielding highly syndiotactic polysiloxanes.122 
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1.4.3 Piers-Rubinsztajn (PR) reaction 

In the investigations into the reduction of carbonyls using hydrosilanes, Piers and co-workers noted that 

B(C6F5)3 was a competent catalyst for the formation of silyl ethers from the corresponding ketone 

(Scheme 1.23 I).125 Subsequent mechanistic investigations invoked the unusual activation of the silane 

by hydride abstraction rather than activation of the carbonyl as the driving force for this reaction.126 

This seminal finding has heavily influenced the development of main group catalytic chemistry in recent 

years.127-132 When excess silane is used in the hydrosilylation of ketones, over reduction of the desired 

silyl ether was observed resulting in formation of disiloxanes (Scheme 1.23 II).125  

 

Scheme 1.23 Hydrosilylation of carbonyls in the presence of B(C6F5)3 and over reduction to disiloxanes.125 

While the formation of siloxane is generally undesirable from the organic chemist’s perspective, 

Rubinsztajn and Cella recognised the potential of this methodology for the formation of linear siloxane 

containing polymers. They reported the heterocondensation process between dihydrosilanes and 

dialkoxysilanes in the presence of catalytic B(C6F5)3 (0.1 mol%) which resulted in the formation of 

polysiloxanes with elimination of a hydrocarbon as a by-product (Scheme 1.24).31, 133 This reaction 

became known as the Piers-Rubinsztajn (PR) reaction. 

 

Scheme 1.24 Piers-Rubinsztajn route to polysiloxanes.31 

Mechanism of the PR reaction 

The equilibrium between B(C6F5)3 and B(C6F5)3-carbonyl complexes has been examined in a study of 

C=O hydrosilylation. The carbonyl complex was found to be favoured by around 102;125 however, the 

rates of hydrosilylation were inversely proportional to carbonyl concentration, suggesting that 

formation of B(C6F5)3-carbonyl complexes actually inhibit the reaction. It was instead suggested that 
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B(C6F5)3 activates the silane forming a silylium borohydride complex which is the active species in 

subsequent reduction. 

In further studies, the hydrosilylation of imines was investigated.134 It was found that less basic imines 

underwent hydrosilylation more readily. This is consistent with activation of the silane being required 

for the reduction rather than the imine as a less basic imine would be expected to coordinate less strongly 

to B(C6F5)3 and so result in more free borane which can activate the silane. 

The mechanism of carbonyl hydrosilylation was investigated thoroughly in the Piers’ group using 

kinetic, competition, isotopic labelling, and crossover experiments. These provided support for silane 

activation by B(C6F5)3, followed by silyl transfer to the carbonyl oxygen and subsequent H- attack on 

the carbonyl by a borohydride to afford the resultant silyl ether (Scheme 1.25).126 More recently, the 

use of chiral silanes suggested that the hydride transfer takes place enantioselectively with inversion at 

silicon (Scheme 1.26).135 

 

Scheme 1.25 The mechanism of the B(C6F5)3 catalysed hydrosilylation of carbonyls resulting in the formation 

of silyl ethers.126 
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Scheme 1.26 Observed inversion of stereochemistry at silicon during the hydrosilylation of carbonyls catalysed 

by B(C6F5)3.135 

As previously noted, the extension of this to the coupling of alkoxysilanes and hydrosilanes catalysed 

by B(C6F5)3 is known as the PR reaction. A mechanism for this coupling was proposed where a silane-

borane complex is attacked by an alkoxysilane nucleophile,136 forming a pentacoordinate silyl-H 

oxonium complex. Substitution then occurs with inversion followed by loss of alkane and siloxane to 

regenerate free B(C6F5)3 (Scheme 1.27 a). 

One limitation of the PR reaction is the possibility for metathesis reactions to occur where the 

hydrosilane is converted to an alkoxysilane which can then itself enter the catalytic cycle to form 

siloxanes with remaining hydrosilanes. This becomes problematic when the R groups on the 

hydrosilanes and alkoxysilane are different (Scheme 1.27 b).137-139 Nevertheless, by careful control of 

reaction conditions, the PR reaction has become a powerful tool in silicone chemistry, facilitating the 

formation of diverse polysiloxanes under mild conditions with highly controlled structures e.g. chiral, 

cyclic, and dendritic polysiloxanes, many of which are inaccessible via classical polymerisation 

techniques.140 
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Scheme 1.27 The mechanism of the PR reaction resulting in a) formation of a siloxane bond; b) metathesis 

reaction generating a silyl ether from the hydrosilanes starting material.137-139 

1.4.4 Borosiloxanes 

Borosiloxanes possess high chemical and thermal stabilities,141, 142 and have been shown to have 

promise in applications such as flame retardants,143 electrolyte additives,144, 145 ceramic precursors,146, 

147 and chemical sensors for amines148 and fluoride anions.149 Owing to the potential applicability of 

borosiloxanes, research into the formation of Si-O and B-O bonds has been of significant interest. They 

have been shown to form cyclic and cage structures,150-153 as well as gels and network polymers.141, 146, 

154-156 There are, however, few examples of well-defined linear polymers consisting of alternating 

borane and siloxane moieties.149, 157 

Conventional syntheses of molecular borosiloxanes have involved the reaction of hydroxyborane with 

silane derivatives146, 153, 158-161 or the reaction of a silanol with borane derivatives.162-167 However, these 

routes, commonly suffer from laborious experimental set up and work up and commonly involve the 

formation of undesired side products, for example, corrosive HCl. Recently, methods have been 

developed for the synthesis of borosiloxanes via transition metal catalysed dehydrocoupling; for 

example, the O-borylation of silanols with vinylboronates catalysed by Ru complexes;168 the 

photoreaction of bis-boryloxide/boroxine silanes in the presence of water catalysed by Mo, W, and 

Fe;169 the Ru-catalysed reaction of hydroboranes with silanes and water;170 and the Pd-catalysed reaction 

of silanols with diborons.171 
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Synthesis of polyborosiloxanes 

In the 1940s, it was found that it was possible to significantly affect the backbone of polysiloxanes 

through incorporation of boron. Intensive heating of PDMS in the presence of boric acid or boric oxide 

resulted in formation of crosslinked materials termed “Silly Putty”.172-174 These elastomers have high 

thermal stability and fascinating viscoelastic properties giving rise to applications including in tectonic 

modelling, cleaning adhesives, insulating coatings, and in heat resistant materials.175 

The exact nature of this crosslinking was initially poorly understood and has subsequently been the 

subject of debate in the literature. Hydrogen bonding through OH groups (Scheme 1.28 a), covalent 

bonds to the boron centre (Scheme 1.28 b), and dative crosslinking between boronic acids and oxygen 

atoms on the polysiloxane backbone (Scheme 1.28 c) have all been invoked as possibilities to explain 

this.174-176 

 

Scheme 1.28 Crosslinking modes proposed for elastomers formed via the condensation of PDMS with boric 

acid via a) hydrogen bonding through OH groups; b) covalent bonding at the boron centre; c) dative crosslinking 

between boronic acids and oxygen atoms on the polysiloxane backbone.176 

While the incorporation of boron into polysiloxanes has been extensively studied, the amount of boron 

incorporation in the polymer chains is low. The synthesis of materials featuring alternating boron and 

siloxane units was first reported in 1960 through the condensation reaction between boric acid and 

R2SiCl2 (R = Me,177 R = Ph).141 This results in the formation of ill-defined networks and also results in 

formation of HCl as a by-product (Scheme 1.29). Polyborodiphenylsiloxane was investigated and this 

polymer was found to exhibit high thermal stability.141 
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Scheme 1.29 Condensation synthesis of polyborosiloxane resin.141, 177 

Condensation routes to linear borosiloxanes have also been reported. In 2011, a linear borosiloxane 

end-capped with phenyl acetylene was reported by Wang and coworkers.157 This was synthesised by 

polycondensation of phenylboronic acid with dichlorodiphenylsilane followed by post polymerisation 

modification of the polymer using in situ generated phenylacetylide (Scheme 1.30). From GPC analysis, 

the molar mass of this polymer was found to be low and the PDI high (Mw = 5,600 g mol-1, PDI = 2.7). 

Heating this polymer at elevated temperature (slow heating to 400 °C over 10 h) was found to produce 

a thermoset which showed weight retention of ca. 90% when heated to 900 °C. 

 

Scheme 1.30 Boron-silicon-acetylene hybrid polymer synthesis.157 

In 1992, Manners and co-workers took inspiration from the ROP routes to polysiloxanes to attempt to 

form linear polymers from the ring opening of borosiloxane cycles. Borosiloxane rings of varying size 

and composition were heated in the presence of K[OSiMe3]; however, while a ring-expansion pathway 

leading to a mixture of larger cycles was observed, extrusion of boron in the form of phenyl boroxine 

was also observed and postulated to present a significant thermodynamic barrier to polyborosiloxane 

formation.153 
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Despite the use of transition metal-catalysed dehydrocoupling as a route to molecular borosiloxanes 

and to polysiloxanes, there are only very limited reports of the formation of polyborosiloxanes via 

dehydrocoupling. One example involved the Pd catalysed dehydrocoupling of diphenylsilanediol and 

mesitylborane at room temperature (Scheme 1.31).149 A single peak was observed in both the 11B and 

29Si NMR spectra, indicating clean formation of the desired polymer. The IR spectrum of this polymer 

confirmed the formation of Si-O-B linkages with a peak observed at 814 cm-1. The polymer was 

determined to have an Mn of 42,500 g mol-1 and a low PDI of 1.2. A significant limitation of this 

methodology was the need to generate the mesitylborane in situ due to its inherent instability. 

 

Scheme 1.31 Reaction of diphenylsilanediol and in situ generated mesitylborane to form polyborosiloxane.149 

Non-metal catalysed formation of borosiloxanes has been reported taking inspiration from the Piers-

Rubinsztajn reaction. In 2014, Rubinsztajn reported the synthesis of polyborosiloxane resins from 

dehydrocarbonative coupling of trimethyl borate and diphenylsilane (Scheme 1.32). The presence of 

B-O-Si linkages in the insoluble network was determined by IR spectroscopy. The presence of multiple 

peaks in the 29Si NMR spectrum of this resin with chemicals shifts in the range −38 to −47 ppm suggests 

that a side metathesis reaction commonly invoked in PR reactions was observed leading to the formation 

of siloxane linkages within the resin.154 

 

Scheme 1.32 Piers-Rubinsztajn route to borosiloxane resins.154 

The preparation of a linear polysiloxane/borosiloxane copolymer from reaction of 

dimethoxydimethylsilane, 1,1,3,3-tetramethyldisiloxane and a substoichiometric amount of 



 
 

28 

 
 

phenylboronic acid in the presence of B(C6F5)3 was recently claimed in a patent (Scheme 1.33);178 

however, the product was minimally characterised and so the degree of boron incorporation into the 

polymer is unclear. 

 

Scheme 1.33 Reaction of dimethoxydimethylsilane, 1,1,3,3-tetramethyldisiloxane, and phenylboronic acid in 

the presence of B(C6F5)3.178 

Synthesis of hydrogels from main group polymers 

1.5.1 Main group polymer hydrogels 

Polymer gels are semi-solid systems consisting of three-dimensional crosslinked polymer networks 

capable of absorbing large amounts of solvent in their swollen state. These materials are known as 

hydrogels if the solvent is water,179 and can be classified as either physical or chemical gels: physical 

gels are formed when secondary forces, for example H-bonding, ionic, or hydrophobic forces are 

responsible for formation of a physical network; and chemical gels result when covalent linkages are 

formed between polymer chains. Physical hydrogels, in particular, are often designed to form under 

physiological  conditions and can be dissolved by changes in, for example, pH and temperature; whereas 

chemical hydrogels tend to be more robust when formed.180 Due to their high water content, the 

properties of hydrogels closely resemble those of biological tissues resulting in excellent 

biocompatibility.179 Since the first report on hydrogels and their use as soft contact lenses in 1960,181 

these materials have found uses in a wide variety of biomedical applications, including controlled drug 

delivery182 and tissue engineering.183, 184 

The vast majority of hydrogels that have been hitherto reported are derived from organic polymers, for 

example, poly(ethylene glycol)185, 186 and poly(vinyl alcohol),187 or natural polymers such as chitosan.188 

The incorporation of inorganic elements into hydrogels has generated growth interest as their presence 

can lead to an improvement in material properties and the incorporation of interesting functionality such 

as redox responses, high thermal stability, and thermoresponsive swelling behaviour.189, 190 
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1.5.2 Polysiloxane hydrogels 

One such method of forming hydrogels featuring main group domains is an inorganic sol-gel 

polymerisation. This process involves the reaction of metal-containing species to form a metal oxide in 

the form of an inorganic network under mild conditions (low temperature, mild pH, water solvent).190 

Silicon alkoxides are the most commonly used molecular precursor for the formation of hydrogels 

through the sol-gel process. The formation of the network is driven by two reactions: hydrolysis and 

condensation. First the hydrolysis of alkoxysilyl groups gives silanol moieties (Scheme 1.34 a) which 

can undergo condensation reactions to yield Si-O-Si linkages (Scheme 1.34 b) and c). Because of the 

tetravalence of the silicon, linkages can form to a number of different partners giving a three-

dimensional network. This process has allowed for the formation of inorganic network structures and a 

variety of hybrid materials with interesting properties. The presence of inorganic elements confers 

mechanical strength and thermal stability to the material while the organic moieties allows for specific 

chemical and/or biological functionality. The incorporation of organic and biological entities has 

resulted in biomedical applications as sensors,191 the encapsulation of cells192 and enzymes,193 bone 

repair,194 and tissue engineering,195-197 as well as a number of non-biological applications.198 

 

Scheme 1.34 The sol-gel process a) Hydrolysis of a silicon alkoxide resulting in silanol formation; b) 

condensation of a silanol via oxolation with concomitant loss of H2O; (c) condensation of a silanol via 

alkoxolation with concomitant loss of alcohol.190 

While there have been significant advances in the development of hydrogels incorporating inorganic 

elements, examples of hydrogels featuring networks made up of inorganic polymer chains linked 

together are still extremely scarce and mostly confined to polyphosphazenes and polysiloxanes. 

Polysiloxane gels have found a number of applications in the fields of biocompatible devices such as 

contact lenses and drug delivery systems.199-201 PDMS possesses a number of properties that make it 
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well suited to these applications, including chemical and thermal stability, optical transparency, high 

flexibility, and nontoxicity and biocompatibility although this has required the development of 

techniques to overcome its inherent hydrophobicity,202 for example, through synthesis of copolymers 

containing hydrophilic polymer blocks such as PEG.203 

1.5.3 Polyphosphazene hydrogels 

Polyphosphazene gels have been investigated and were found to have interesting properties as well as 

high biocompatibility.204 For example, the crosslinking of 

poly[bis((methoxyethoxy)ethoxyphosphazene)] (MEEP) using gamma or UV irradiation produces a gel 

with a lower critical solution temperature (LCST) in water (Scheme 1.35). While at room temperature, 

the gel will swell in water, heating this material to above the LCST of 65 °C, resulted in water 

extrusion.205-207 Water extrusion above the LCST is due to hydrophobic interactions between alkyl units 

dominating over the hydrophilic effects of the oxygen atoms in the MEEP side chains. At lower 

temperatures, the hydrophilic interactions are more significant. Replacement of the alkyl terminal group 

with a hydrophilic amino unit gives a polymer which does not display a LCST.204 More recently, 

polyphosphazenes hydrogels have been developed as injectable materials for biomedical 

applications.208-211 

 

Scheme 1.35 Crosslinking of poly[bis((methoxyethoxy)ethoxyphosphazene)] using gamma rays or UV 

irradiation.206 
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Thesis summary and acknowledgement of collaborators 

This thesis compiles the results of work on the synthesis and reactivity of main group element-

containing polymers with a particular focus on the forming novel polyphosphinoborane materials and 

borosiloxane polymers. The thesis is composed of four results chapters, each of which has been written 

in the form of stand alone research papers. The contents of each chapter are as follows: 

• Chapter 2 describes the post-polymerisation modification of poly(phenylphosphinoborane) via 

hydrophosphination of olefins to form P-di(organosubstituted) polymers [PhRP-BH2]n. 

This chapter has been reproduced from Knights, A. W., Chitnis, S. C., Manners, I. Chem. Sci., 2019, 

10, 7281–7289. 

Collaborators: Dr Saurabh S. Chitnis performed some initial hydrophosphination reactions of 1-octene 

using poly(phenylphosphinoborane) alongside some preliminary studies on the synthesis of crosslinked 

poly(phenylphosphinoborane). 

• Chapter 3 describes investigations into the iron-catalysed dehydropolymerisation of 

phenylphosphine-borane and the synthesis of polyphosphinoboranes using non-metal 

precatalysts. 

Collaborators: Dr Diego A. Resendiz-Lara assisted in the synthesis and characterisation of 

poly(phenylphosphinoborane) and poly(tert-butylphosphinoborane) using triflic acid as a precatalyst. 

• Chapter 4 is split into two sections. The first describes the synthesis of polyphosphinoborane-

based hydrogels; and the second describes the use of polyphosphinoboranes as flame-retardant 

additives. 

Collaborators: Justin J. Kröger synthesised and performed swelling experiments on hydrogels 4.3a – c 

and 4.3e – g. 

• Chapter 5 describes the synthesis and characterisation of borosiloxane molecules and polymers 

via dehydrocoupling and demethanative condensation routes. 

Collaborators: Thomas A. R. Horton performed initial synthesis 5.2a, 5.2b, and 5.3a and carried out 

kinetic studies on the reaction between 5.5 and Et3SiH during his Master’s research project. Dr Marius 

I. Arz provided additional scientific insight. 
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Chapter 2  
 
Photolytic, radical-mediated 
hydrophosphination: A convenient 
post-polymerisation modification 
route to P-di(organosubstituted) 
polyphosphinoboranes [RR’P-BH2]n 
 

Abstract 

Polymers with a phosphorus-boron main chain have attracted interest as novel inorganic materials with 

potentially useful properties since the 1950s. Although examples have recently been shown to be 

accessible via several routes, the materials reported so far have been limited to 

P-mono(organosubstituted) materials, [RHP-BH2]n which contain  P-H groups. Here we report a general 

route for the post-polymerisation modification of such polyphosphinoboranes giving access to a large 

range of previously unknown examples featuring P-disubstituted units. Insertion of alkenes, R’CH=CH2 

into the P-H bonds of poly(phenylphosphinoborane), [PhHP-BH2]n was facilitated by irradiation under 

UV light in the presence of the photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) and 

(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) under benchtop conditions giving high molar mass, 

air-stable polymers, [PhR’P-BH2]n with controlled functionalisation and tunable material properties. 

The mechanistic explanation for the favourable effect of the addition of TEMPO was also investigated 

and was proposed to be a consequence of reversible binding to radical species formed from the 

photolysis of DMPA. This new methodology was extended to the formation of crosslinked gels and to 

water-soluble bottlebrush copolymers showcasing applicability to form a wide range of 

polyphosphinoborane-based soft materials with tunable properties. 
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Introduction 

Polymers featuring elements other than carbon in the main chain are attracting widespread interest as 

functional soft materials with an expanding range of applications. These macromolecules possess 

attributes that complement those of easily processed state of the art organic polymers by introducing 

additional features such as unusual thermooxidative stability, low temperature elasticity, flame 

retardancy, tunable optoelectronic properties, and the ability to form ceramic films and fibers on 

pyrolysis.1-9   

Polyphosphinoboranes, [RR’P-BH2]n are formally isoelectronic with polyolefins, and have recently 

emerged as a new class of inorganic polymers,10, 11 with potential uses as precursors to semiconductor 

based ceramics, etch-resists, flame-retardant materials, and as piezoelectrics.12-17 The development of 

new and improved routes to high molar mass polyphosphinoboranes is therefore an expanding area of 

research.18-28 It is now possible to access several derivatives of P-monosubstituted 

polyphosphinoboranes [RHP-BH2]n where R is an alkyl or aryl substituent via catalytic 

dehydrogenation using Rh, Ir, or Fe precatalysts, or thermally-induced Lewis base elimination routes 

(Scheme 2.1 a). In contrast, examples of P-disubstituted polyphosphinoboranes (i.e. [RR’P-BH2]n, R 

and R’ ≠ H) are extremely scarce. Early work in the 1950s and 1960s claimed the formation of 

polymeric materials via thermally-induced dehydrocoupling of phosphine-borane adducts R2HP·BH3 at 

ca. 200 °C, often in the presence of additives such as amines, which were suggested to prevent 

cyclisation.29-32 However, the products were not unambiguously characterised and, where reported, 

yields and molar masses were very low. Attempts to apply current catalytic routes towards 

P-disubstituted polyphosphinoborane targets by dehydrocoupling of secondary phosphine boranes, 

RR’HP·BH3, have been unsuccessful to date, yielding instead dimers, small rings, or oligomeric 

materials.11, 18, 20, 22, 33 High molar mass P-disubstituted polyphosphinoboranes would be devoid of P-H 

bonds and are likely to be the most thermally and environmentally robust and therefore the most 

realistically useful in applications. Strategies to access these materials are therefore of substantial 

interest. 

Post-polymerisation modification (PPM), for example, by activation of main-chain E-X (X = halogen, 

H) bonds of inorganic polymers such as polysiloxanes,34, 35 polyphosphazenes,36  polysilanes,37-40 and 
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polyferrocenylsilanes,41, 42 is a well-known strategy for functionalising polymers allowing the tuning of 

diverse physical and chemical properties.43 Indeed, the broad scope of PPM for polydihalophosphazenes 

is vital to the applications of polyphosphazene-based materials.44-46 This methodology has also been 

used to synthesise bottlebrush polymers47 and polyphosphazene gels which have interesting elastomeric 

properties.44  

 

Scheme 2.1 a) Synthesis of high molar mass derivatives of [RHP-BH2]n b) Post-polymerisation modification as 

a strategy to access high molar mass P-disubstituted derivatives of [RR’P-BH2]n. 

We envisioned that a PPM approach involving conversion of preformed high molar mass 

polyphosphinoborane [RHP-BH2]n to the target disubstituted [RR’P-BH2]n polymers would overcome 

the limitations associated with existing synthetic routes and give access to a more robust and tunable 

class of P-disubstituted polyphosphinoboranes. Herein, we report conditions under which a broad range 

of alkenes undergo insertion into the P-H bonds of poly(phenylphosphinoborane) to yield high molar 

mass derivatives of [PhR’P-BH2]n (R’ ≠ H, Scheme 2.1 b). In addition, we disclose the extension of this 

hydrophosphination approach to prepare crosslinked elastomers and water-soluble materials based on 

polyphosphinoborane backbones. 

Results and discussion 

2.3.1 Hydrophosphination of 1-octene using [PhHP-BH2]n  

The hydrophosphination of alkenes with primary and secondary phosphines is a well-studied reaction 

for which numerous catalytic and radical based protocols have been reported.48, 49 This addition is 

analogous to the ubiquitous thiol-ene addition reaction and has recently been exploited for the synthesis 

of phosphorus-containing network polymers.50, 51 Interestingly, the insertion of alkenes into P-H bonds 
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of phosphine-borane adducts (RR’HP·BH3 R = Ph, R’ = Ph or Me) has also been reported by Gaumont 

and co-workers,52 providing a model for the putative addition of alkenes to P-monosubstituted 

poly(phenylphosphinoborane) [PhHP-BH2]n (2.1). 

For all of our investigations, 2.1 was synthesised via previously reported iron-catalysed 

dehydrocoupling of phenylphosphine-borane (PhH2P·BH3).18 PhH2P·BH3 was heated to 100 °C in 

toluene for 20 h in the presence of 1 mol% [FeCp(CO)2OTf], yielding polymer as a pale yellow solid 

with a molar mass of around 68,000 g mol-1 and a PDI of 1.5. The discolouration of this polymer is 

reported to come from residual iron species remaining despite repeated precipitation from DCM into 

cold pentane (−78 °C).25 

Initial studies showed that, unlike for the aforementioned phosphine-borane adducts studied by 

Gaumont, heating 2.1 (0.2 mmol) with 1-octene (0.2 mmol) in THF (0.5 ml) at 60 °C for 24 h did not 

result in detectable insertion of the alkene into the P-H bonds of the polymer based on 31P NMR analysis. 

However, when the reaction mixture was irradiated under UV light for 20 h at 20 °C (Table 2.1, entry 

1), a single peak emerged in its 31P NMR spectrum at δ = −23.5 ppm with no apparent 1JPH coupling 

(cf. δ = −48.9 ppm, 1JPH = 349 Hz for 2.1). The 1H NMR spectrum of the reaction mixture showed a 

significant reduction in the intensity of the P-H resonances and emergence of a number of broad peaks 

in the 0.8 – 1.3 ppm region corresponding to new aliphatic protons. These spectroscopic data are 

consistent with insertion of 1-octene into the P-H bond of 2.1. Analogous to Gaumont’s work with 

phosphine-borane adducts,52 the emergence of a single peak in the 31P NMR spectrum suggests that 

exclusive anti-Markovnikov addition had taken place within the NMR detection limit. Integration of 

the resonances in the 31P NMR spectra indicated around 90% conversion to the P-disubstituted species 

(Figure 2.1) yielding a random copolymer consisting of [Ph(octyl)P-BH2] and [PhHP-BH2] units. 
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Figure 2.1 31P NMR spectrum (122MHz, 25 °C, CDCl3) after PPM of 2.1 with 1-octene by UV irradiation for 

20 h at 20 °C. 

The molar mass of the product was determined by gel permeation chromatography (GPC) using 

polystyrene standards. A bimodal distribution was observed (Mn = 83,000 g mol-1, PDI = 1.2; and 

Mn <3,000 g mol-1) with a high molar mass polymer/low molar mass polymer peak ratio of 3:7.18 We 

interpret the presence of these two fractions as evidence that growth in molar mass by alkene addition 

is accompanied by main-chain cleavage (vide infra). We postulate that this chain cleavage is caused by 

undesired radical induced side reactions such as backbiting and β-scission reactions, processes 

commonly invoked in the photodegradation of organic polymers.53 Analysis of the above reaction 

mixture by NanoSpray electrospray ionisation mass spectrometry (ESI-MS, positive mode, DCM 

solvent), showed a repeat unit of 234.2 m/z, which corresponds to a successive loss of [Ph(octyl)P-BH2]. 

As expected for conversion of 80 – 90%, repeat units of 122.0 m/z corresponding to loss of [PhHP-BH2] 

were also observed. The maximum observed m/z was around 3,000, much lower than that observed by 

GPC; however, this is analogous with previous characterisation of polyphosphinoboranes18, 25 and 

polyaminoboranes,54 and is a noted limitation of ESI-MS for molar mass determination of these 

polymers.55 Matrix-assisted laser desorption/ionisation time of flight mass spectrometry 

(MALDI-TOF MS) was also undertaken in an attempt to overcome the low m/z detection limit of 

ESI-MS; however, no high molar mass fraction was detected suggesting problems with the ionisation 

of these materials under MALDI conditions. 

A limitation of this methodology is that the hydrophosphination was slow, requiring 20 h to achieve 

90% conversion. A variety of different conditions were therefore investigated to optimise this reaction 
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(Table 2.1). Given the success of UV-promoted hydrophosphination (Table 2.1, entry 1), the 

introduction of a photoinitiator was investigated: addition of 10 mol% 2,2-dimethoxy-2-

phenylacetophenone (DMPA) to the reaction mixture and irradiation under UV light in THF showed a 

marked increase in reaction rate (90% conversion in 1 h, entry 2). Significantly, the reaction could be 

scaled up to 2 mmol without loss of activity (entry 3); whereas, for UV irradiation without an initiator, 

a drastic reduction in reaction rate was observed upon scale up (entry 4). Decreasing the amount of 

DMPA to 1 mol% led to a slower reaction rate (entry 5) and increasing the amount of DMPA to 30 

mol% did not accelerate the reaction further (entry 6). Lowering the reaction temperature to 0 °C also 

resulted in a lower conversion after 1 h (entry 7). The reaction proceeded equally well in THF or 

chlorobenzene, and a slight increase in conversion after 0.25 h was observed when using toluene or 1,2-

dichlorobenzene (entries 8 – 11). Changing the solvent did not have a significant effect on the molar 

mass profile of the resulting polymer according to GPC analysis and because of the higher volatility 

and therefore easier removal of THF from the polymer products, THF was used for all subsequent 

reactions. Yields and molar masses obtained when reactions are carried out in air were comparable to 

those obtained using dry and degassed solvents under a nitrogen atmosphere. 

As with the case in which no photoinitiator was used, a bimodal molar mass distribution was observed 

upon analysis of the polymer product of entry 2 by GPC (Figure 2.2). In an effort to minimise any molar 

mass decline accompanying this reaction, an analogous reaction was attempted using blue light instead 

of UV light; however, no reaction was observed (SI Table S2.1, entry 1). While the targeted 

hydrophosphination did not occur under these conditions, use of blue light irradiation together with 

photocatalyst 9-mesityl-10-methylacridinium perchlorate and diphenyliodinium triflate did result in the 

desired reaction taking place (25% conversion after 16 h) (SI Table S2.1, entry 2); however, given the 

sluggish nature of this reaction, this methodology was not pursued further.  

TEMPO is well known to reversibly bind to organic radical species leading to its pioneering use in the 

field of nitroxide-mediated polymerisation (NMP).56, 57 This reversible binding establishes an 

activation-deactivation equilibrium which reduces the concentration of active radical species giving a 

more controlled polymer growth. Given the success of NMP protocols to control radical reactions, we 

investigated the effect of addition of TEMPO to the hydrophosphination of 1-octene with 2.1. When 
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100 mol% of TEMPO was added to an NMR tube containing 2.1 (0.2 mmol), 1-octene (0.2 mmol), 

DMPA (0.02 mmol) and THF (0.5 mL), no reaction was observed after irradiation for 1 h (Table 2.1, 

entry 12). However, when instead, 10 mol% of TEMPO was added under otherwise analogous reaction 

conditions, the conversion after 1 h was comparable to the case where no TEMPO was used (compare 

entries 13 and 2). Furthermore, upon characterisation of the molar mass of the polymer using GPC, it 

was now found that significantly more high molar mass material remained (peak ratio 7:3 high molar 

mass polymer/low molar mass polymer), suggesting that polymer degradation during the course of the 

reaction was significantly reduced (Figure 2.2). We postulate that the TEMPO acts to reduce the 

concentration of reactive radicals via reversible binding to the radical species produced from the 

photoinitiator resulting in a more controlled hydrophosphination without detrimental side reactions that 

cause chain cleavage. A similar degree of conversion was found when an alternative nitroxide, di-tert-

butyl nitroxide, was used in place of TEMPO (entry 14). 

We also found that it was possible to carry out the hydrophosphination of 1-octene using 2.1 thermally 

at 60 °C in THF using 10 mol% AIBN as an initiator. This thermally induced hydrophosphination is 

significantly slower than the UV mediated version (taking 27 h to reach 90% conversion, Figure S2.1); 

however, this allowed for convenient monitoring of the reaction by 31P NMR (vide infra). 

 

 

Figure 2.2 GPC chromatograms of the reaction of 2.1 with 1-octene in the presence of DMPA (10 mol%) with 

and without the addition of TEMPO (10 mol%). 
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Table 2.1 Effect of reaction conditions on the hydrophosphination reaction of 1-octene with 2.1. 

 

Entrya Additives 

 

Solvent Time Conversion 

(%)b 

1 None THF 20 h 90 

2 DMPA (10 mol%) THF 1 h 90 

3c DMPA (10 mol%) THF 1 h 91 

4c None THF 24 h 35 

5 DMPA (1 mol%) THF 1 h 62 

6 DMPA (30 mol%) THF 1 h 90 

7d DMPA (10 mol%) THF 1 h 65 

8 DMPA (10 mol%) THF 0.25 h 75 

9 DMPA (10 mol%) Chlorobenzene 0.25 h 69 

10 DMPA (10 mol%) Toluene 0.25 h 87 

11 DMPA (10 mol%) 1,2-

Dichlorobenzene 

0.25 h 86 

12 DMPA (10 mol%) 

TEMPO (100 mol%) 

THF 1 h 0 

13 DMPA (10 mol%) 

TEMPO (10 mol%) 

THF 1 h 90 

14 DMPA (10 mol%) 

Di-tert-butyl nitroxide (10 mol%) 

THF 1 h 88 

aAll reactions were carried out with 0.2 mmol of 2.1 and one equivalent of 1-octene in a borosilicate NMR tube 

in 0.5 mL solvent and irradiated under UV light at 20 °C unless stated otherwise. UV irradiation was carried out 

using a 125 W medium-pressure mercury lamp; bDetermined by 31P NMR integrations, conversion = (x / (x + y)) 

× 100; c2 mmol of [PhHP-BH2]n, one equivalent of 1-octene and 5 mL THF; dReaction carried out at 0 °C. 
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2.3.2 Mechanistic studies 

We propose that the reaction of poly(phenylphosphinoborane) and 1-octene in the presence of 10 mol% 

DMPA and irradiation under UV light takes place via a radical chain reaction in which a radical initiator 

(In·) forms from the photolysis of DMPA (Scheme 2.2A), and subsequently abstracts a hydrogen atom 

from phosphorus on the polymer chain (Scheme 2.2B). This then adds to the alkene in an anti-

Markovnikov fashion to give the most stable secondary radical based on the alkyl chain (Scheme 2.2C). 

To continue the radical chain reaction, a hydrogen is abstracted from another position on the polymer 

chain (Scheme 2.2D). This is analogous to the mechanism reported by Gaumont and co-workers for the 

microwave irradiation induced hydrophosphination of alkenes using secondary phosphine-boranes.52 

Introduction of TEMPO into this system has an interesting effect: UV irradiation of 2.1 (0.2 mmol), 

1-octene (0.2 mmol), DMPA (0.02 mmol) and THF (0.5 mL) at 20 °C, shows 75% conversion from 2.1 

to the P-disubstituted polymer after just 10 minutes (determined by 31P NMR spectroscopy of the crude 

reaction mixture). However, in contrast, when 10 mol% TEMPO was present in an analogous reaction 

mixture, there was minimal conversion to the P-disubstituted polymer after 10 minutes of UV 

irradiation (Figure S2.2). Nevertheless, analysis by 31P NMR spectroscopy of both reactions after 1 h 

of irradiation shows comparable degrees of conversion of around 90% (Figure S2.3). This suggests that 

the addition of TEMPO causes an induction period for the hydrophosphination reaction. We also 

explored an analogous thermal reaction using AIBN and TEMPO wherein an NMR tube were charged 

with 2.1 (0.1 mmol), 1-octene (0.1 mmol), AIBN (0.01 mmol), TEMPO (0.01 mmol) and THF (0.5 mL) 

and was placed in an oil bath at 60 °C. The reaction was monitored by 31P NMR spectroscopy. A clear 

induction period was observed, with no detectable conversion by 31P NMR spectroscopy after 1 h but 

around 10 % conversion after 2 h, with continually increasing conversion thereafter (Figure 2.3). We 

postulate that the induction periods that we observe are caused by reversible reaction of TEMPO with 

the radical species produced from the photodegradation of DMPA under UV light (Scheme 2.2E) or by 

thermal degradation of AIBN. The adducts formed could then break down initiating the 

hydrophosphination reaction. The formation of the 2-cyanopropyl-TEMPO adduct (Figure 2.4A) has 

been reported previously from the heating of a solution of AIBN and TEMPO in toluene,58 and so it is 

plausible that we are also forming this species prior to any reaction with the polymer. We also attempted 
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to isolate an adduct between DMPA and TEMPO. The photodegradation of DMPA has been reported 

to yield several products,59 a number of which could conceivably react with TEMPO complicating any 

investigation. Nevertheless, analysis of the crude reaction mixture after the irradiation of equimolar 

amounts of DMPA with TEMPO in THF by ESI-MS showed signals that correspond to 

2,2,6,6-tetramethylpiperidin-1-yl benzoate fragments (Figure 2.4B), as well as hydrogenated TEMPO  

supporting our hypothesis that an adduct forms between TEMPO and radicals derived from DMPA 

(Figure S2.4). 

 

Scheme 2.2  Proposed reaction mechanism for the UV- induced hydrophosphination of alkenes using 1 in the 

presence of DMPA (and the effect of addition of TEMPO to the reaction mixture). 

 

Figure 2.3 31P NMR (122 MHz, in situ in THF) spectra showing the progress of the hydrophosphination 

reaction between 1-octene and 2.1 in the presence of AIBN and TEMPO at 60 °C. 

27 h 

6 h 

3 h 

2 h 

1 h 
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Since these proposed adducts closely resemble alkoxyamine compounds that are commonly used as 

initiators in NMP,60 we sought to determine if alkoxyamines could facilitate the reaction of 1-octene 

with 2.1. Heating an NMR tube charged with 2.1 (0.1 mmol), 1-octene (0.1 mmol), toluene (0.5 mL) 

and 0.01 mmol of the commercially available N-tert-butyl-N-(2-methyl-1-phenylpropyl)-O-(1-

phenylethyl)hydroxylamine (Figure 2.4C) to 100 °C, resulted in the desired hydrophosphination 

reaction taking place, albeit much more slowly than using our photoinitiated system (Figure S2.5). 

Significantly when this alkoxyamine was used, no induction period was observed supporting our 

assertion that adduct formation is involved in the first step of the photoinitiated hydrophosphination in 

the presence of DMPA and TEMPO. 

 

Figure 2.4 Chemical structures of nitroxide adducts A) formed by the reaction of AIBN and TEMPO B) formed 

by the reaction of DMPA and TEMPO C) a commercially available and commonly used NMP initiator. 

In nitroxide mediated polymerisations, it is generally accepted that the nitroxide is able to reversibly 

bind to the growing polymer chain and this mediates the reaction resulting in a controlled polymer 

growth. In order to test whether TEMPO is binding to phosphorus based radicals on the 

polyphosphinoborane main chain, 2.1 (0.2 mmol) was irradiated with DMPA (0.2 mmol) and TEMPO 

(0.2 mmol) in THF (0.5 mL) at 20 °C. Analysis of the crude reaction mixture by 31P NMR spectroscopy 

after 4 h, showed the emergence of a very minor signal with a chemical shift of ca. 115 ppm which we 

tentatively assign to the polymer bound to TEMPO (Figure S2.6) due to the similarity in chemical shift 

to the recently reported Ph2POTEMP (31P: δ 110.8 ppm);61 however, no evidence of binding of TEMPO 

to the polymer chain could be observed by mass spectrometry. Addition of 1-octene and continued 

irradiation resulted in the disappearance of this signal at 115 ppm and the emergence of the signal at 

−23.5 ppm which corresponds to the hydrophosphination of 1-octene by 2.1 (Figure S2.7). 

2.3.3 Large scale syntheses and properties of P-disubstituted polyphosphinoboranes 

Following the success of this new hydrophosphination methodology, we targeted the isolation of a 

series of polymers to investigate the difference in their physical properties.  To this end we targeted 



 
 

49 

 
 

various degrees of substitution of poly(phenylphosphinoborane) using 1-octene by varying the reaction 

stoichiometry (0.1 eq. 1-octene – polymer 2.2a, 0.6 eq. – polymer 2.2b, 1 eq. – polymer 2.2c, and 2 eq. 

– polymer 2.2d) (Scheme 2.3). We also targeted other alkenes: allylbenzene (1 eq. – polymer 2.3), allyl 

pentafluorobenzene (1 eq. – polymer 2.4), and 1H,1H,2H-perfluorohexene (1 eq. – polymer 2.5). The 

synthesis of these polymers followed the same procedure, 2.1 (2 mmol), DMPA (0.2 mmol), TEMPO 

(0.2 mmol), and alkene were added to a vial and dissolved in THF (5 mL). The reaction mixture was 

irradiated under UV light for 2 h at 20 °C for 2.2a – c and 2.3 – 2.5. For polymer 2.2d, the reaction 

mixture was irradiated for 24 h at 20 °C. The polymers were isolated by precipitation from THF into 

H2O/isopropanol (1:1 v/v) at −20 °C (polymers 2.2b, 2.2c, 2.2d, and 2.5) or from DCM into pentane at 

−78 °C (polymer 2.2a, 2.3, and 2.4) and then dried under vacuum at 40 °C for at least 48 h. The polymers 

were isolated as light-yellow solids except for 2.2c and 2.2d which were pale yellow-brown gums. The 

discolouration for these polymers likely originates from small amounts of residual iron species from 

the polymerisation of phenylphosphine-borane using [FeCp(CO)2OTf]. The 11B NMR spectra of the 

resultant polymers showed little change from that of the parent poly(phenylphosphinoborane) (a broad 

singlet at around −34 ppm). 31P NMR chemical shifts of these isolated polymers were found at around 

−24 ppm. As expected, a singlet was observed in the 1H-coupled 31P NMR spectra alongside a doublet 

at δ = −48.9 ppm corresponding to [PhHP-BH2] units in all polymers except 2.2d. From the 31P NMR 

spectra, the degree of conversion to the P-disubstituted polymer could be calculated. When 1 eq. alkene 

was used, conversions of between 72 and 82% were observed (Table 2.2, polymers 2.2c, 2.3, 2.4, and 

2.5). Different degrees of substitution could be obtained by varying the reaction stoichiometry (compare 

polymers 2.2a – d). To obtain the fully P-disubstituted polymer 2.2d, a greatly extended reaction time 

and two equivalents of 1-octene were required. We postulate that this is due to reactive sites becoming 

less accessible as conversion approaches 100%. The successful incorporation of the alkene was 

confirmed by ESI-MS and for each polymer, fragments corresponding to [PhRP-BH2] repeat units could 

be detected. The molar masses of these polymers were determined by GPC relative to polystyrene 

standards and were found to range from Mn = 81,000 to 130,000 g mol-1. No change in the 31P NMR 

spectra or GPC chromatograms were detected after the solid polymers were exposed to air for 6 months, 

indicating that these polymers are air-stable. These polymers also appear to be water-stable as addition 
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of a few drops of water to a THF solution of these polymers (5 mg in 1 mL THF) and leaving open to 

air for 24 h at 20 °C also resulted in no change in the NMR spectra or GPC chromatograms. 

 

Scheme 2.3 Reaction conditions for the hydrophosphination of alkenes with 2.1. 

The thermal properties of functionalised polyphosphinoboranes polymers 2.2 – 2.5 were investigated 

by thermogravimetric analysis (TGA, N2 atmosphere, heating rate 10 °C min-1) and differential scanning 

calorimetry (DSC, heating rate 10 °C min-1) (Table 2.2). Thermal stability was quantified by comparing 

T5%: the temperature at which the polymer loses 5% of its original mass. P-disubstituted polymers were 

found to have slightly higher T5% values than 2.1 except for 2.2a and 2.5 which were marginally lower. 

The thermal stability of the octyl substituted polymers increased up to around 60% insertion (Table 2.2, 

compare data for polymers 2.1 and 2.2b), but little further increase was observed with additional alkene 

insertion (polymers 2.2c and 2.2d). The onset of mass loss has been attributed to thermally induced 

H2-loss leading to further polymer degradation pathways.13 These results suggest that the presence of 

an octyl group at every other repeat unit is sufficient to suppress the inter-chain P-H/B-H interaction 

required for H2 elimination. However, higher degrees of insertion presumably enhance P-B backbone 

fission due to steric pressure and the concomitant molar mass decline is likely to reduce the thermal 

stability of the polymer. It has also been postulated that thermally induced crosslinking is important for 

thermal stability of polyphosphinoboranes. As the number of P-disubstituted units increases, this would 

become increasingly difficult as there are both fewer sites available for crosslinking and a higher steric 

bulk reducing favourable interactions between polymer chains. 

Reflecting the random addition of 1-octene along the polymer backbone, only one glass transition 

temperature (Tg) was observed for 2.2 – 2.5 (Table 2.2) The Tg values for 2.2a – d are lower than that of 
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2.1, which is ascribed to the presence of long alkyl side chains that increase the polymer free volume 

and therefore reduce Tg. Consistently, the Tg values for 2.2a – d also show an inverse relationship with 

the extent of alkene insertion as expected for greater incorporation of a long alkyl chain. Polymers 2.2c 

and 2.2d have glass transition temperatures significantly below room temperature and are gums whereas 

the other polymers are glassy solids. Polymers 2.3 – 2.5 have Tg values that are higher than for 2.1, 

which we tentatively ascribe to greater interactions between the fluorinated and/or aryl groups in the 

polymer side chains increasing the rigidity of the polymer. 

Table 2.2 Properties of functionalised polymers. 

 

Polymer Percentage insertion (%)a Mn (g mol-1) T5% (°C )b Ceramic 

Yield (%)c 

Tg (°C) 

2.1d 0 68,000 180 46 38 

2.2a 8 130,000e 160 51 30 

2.2b 64 130,000 208 27 15 

2.2c 76 81,000 197 20 9 

2.2d 100 112,000 216 6 4 

2.3 78 104,000 194 19 50 

2.4 72 130,000 210 34 67 

2.5 82 92,000 175 8 43 

aDetermined by integration of 31P NMR spectra, Conversion = (x / (x + y)) × 100; bTemperature at 5% mass loss; 
cCeramic yields were measured at 600 °C after the sample mass was stable; dRef. 16; eA significant higher 

molecular weight shoulder was observed in the GPC chromatogram of 2.2a. 

2.3.4 Synthesis of crosslinked poly(phenylphosphinoborane) 

Following the success of the insertion of alkenes into P-H bonds of 2.1, we sought to extend this 

methodology to other polyphosphinoborane-based soft materials. We found that when 2.1 is irradiated 

with 0.1 eq. of 1-octene, a significant shoulder is detected to the high molar mass polymer fraction 

(Figure S2.12). We assign this to competitive polymer cross-linking (by P-P or P-B bond formation) at 

low degrees of substitution. This hypothesis is supported by irradiation of 2.1 with 10 mol% DMPA in 

the absence of alkene, which yielded material with very high molar mass (>400,000 g mol-1, Figure 

S2.63). Further irradiation under these conditions results in the formation of insoluble material 
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suggesting a higher degree of cross-linking. In an attempt to achieve a more controlled cross-linking, 

the potential of hydrophosphination of dienes was investigated. To this end, a solution containing 2.1, 

1,5-hexadiene (15 mol%), DMPA (10 mol%), and TEMPO (10 mol%) was irradiated in THF at 20 °C 

for 24 h. A soft, pale yellow solid was obtained, which showed reversible organogel behaviour upon 

exposure to excess THF or vacuum (Figure 2.5). This material was purified by repeated extraction with 

THF until the washings were colourless. Drying of this material under vacuum yields a pale-yellow 

brittle solid. This material undergoes reversible organogel swelling behaviour: if left in THF for 48 h, 

the material swells to 210% of its original mass; and subsequent application of vacuum reverts the gel 

back to its brittle phase. No glass transition temperature was found when the material was analysed by 

DSC. The ceramic yield of this crosslinked poly(phenylphosphinoborane) was found to be 54%, slightly 

higher than for non-crosslinked polyphosphinoboranes. These properties are promising for further 

utility of crosslinked polyphosphinoboranes and the use of different polymer precursor and crosslinking 

agents should yield gels with markedly different properties. 

 

Figure 2.5 Left: soft yellow gel obtained after soaking 1,5-hexadiene-crosslinked 2.1 in THF for 48 h. Right: 

brittle solid obtained upon exposure of the crosslinked material to dynamic vacuum at ambient temperature for 

24 h. 

2.3.5 Synthesis and characterisation of a water-soluble bottlebrush polyphosphinoborane 

We explored the formation of a polyphosphinoborane bottlebrush polymer via the grafting-to reaction 

of 2.1 with two eq. of poly(ethylene glycol) (PEG) methyl ether methacrylate in the presence of DMPA 

(10 mol%) and TEMPO (10 mol%) in THF (Scheme 2.4). After UV irradiation for 2h and subsequent 

removal of THF from the resultant solution and redissolution in CDCl3, a grafting density of 58% was 

determined by integration of the 31P NMR spectrum. This is in the range typically found for grafting-to 

approaches to bottlebrush polymer formation (grafting densities <60% for grafting-to approaches).62 

2.6 was found to be water-soluble (the first water-soluble polymer with a polyphosphinoborane 

backbone) and no significant change in the chemical shifts of the 31P NMR peaks was observed whether 
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CDCl3 or D2O was used as the solvent indicating that the polymer is water stable, although significant 

broadening of the signals is observed when D2O is the solvent (compare Figure S2.72 and Figure S2.73). 

To remove excess PEG methyl ether methacrylate, dialysis was performed using dialysis tubing in water 

(molecular weight cut-off: 12,000 – 14,000 g mol-1). The successful removal of the PEG methyl ether 

methacrylate was confirmed by comparison of the dynamic light scattering trace for 2.6 and for PEG 

methyl ether methacrylate (Figure S2.75 and Figure S2.76).  

  

Scheme 2.4 The synthesis of bottlebrush polymer 2.6 by reaction of 2.1 with poly(ethylene glycol) methyl ether 

methacrylate (Mn = 950 g mol-1). 

After purification, 2.6 was determined to have a Mn of 156,000 g mol-1 and a PDI of 1.3 by GPC analysis 

in THF. The thermal properties of this polymer were investigated by DSC and TGA. No Tg was detected 

by DSC analysis; however, a Tm at 40 °C was observed for the PEG side chains. The T5% was found to 

be 301 °C, significantly higher than for other linear polyphosphinoboranes. This suggests that the 

presence of the long PEG chains imparts significant additional thermal stability, and this bodes well for 

future research into applications of this interesting class of polyphosphinoborane polymers. 

Conclusions 

We have achieved the synthesis of P-di(organosubstituted) polyphosphinoboranes using a mild, 

scalable, photoinitiated process for inserting olefins into the P-H bonds of preformed P-monosubstituted 

derivatives under benchtop conditions. The use of DMPA and TEMPO and UV irradiation serves to 

minimise molar mass decline during the course of this hydrophosphination reaction and facilitated the 

formation of random copolymers with controlled functionalisation as well as fully P-disubstituted 

derivatives. Investigations into the mechanistic reason behind the favourable effect of TEMPO addition 

suggested that reversible binding of TEMPO to radical species formed during the reaction could be 
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preventing deleterious side reactions from occurring which lead to polymer degradation. The material 

properties of the new high molar mass polymers are tunable by the choice of alkene employed. We also 

describe the synthesis of the first controllably crosslinked polyphosphinoborane, a material that exhibits 

organogel behaviour, and the synthesis of a water-soluble bottlebrush polymer featuring a 

polyphosphinoborane backbone. The results described offer promise for unlocking new applications for 

polyphosphinoboranes and relevant work in the area is currently underway in our group. 

Supporting information 

2.5.1 Materials 

Anhydrous, deuterated solvents were purchased from Sigma Aldrich, and stored over activated 

molecular sieves (4 Å). PhH2P·BH3,63 CpFe(CO)2OTf,64 and [PhHP-BH2]n
18 were synthesised via 

literature procedures. All other commercially available compounds were used without further 

purification. 

Photoirradiation experiments under ultraviolet (UV) light were carried out with Pyrex-glass filtered 

emission from a 125 W medium pressure mercury lamp. The emission lines of the mercury lamp are: 

577-579, 546, 436, 408-405, 366-365, 334, 313, 302, 297, 289, 270, 265, 254 nm. Experiments under 

blue light were performed using a 3 W lamp, emissions 450 – 495 nm.  

NMR spectra were recorded using Oxford Jeol ECS 400 MHz, Bruker Nano 400 MHz, Bruker Avance 

III HD 500 MHz Cryo, or Varian VNMR 500 MHz spectrometers. 1H and 13C NMR spectra were 

reference to residual signals of the solvent (CDCl3: 1H: δ = 7.24, 13C: δ = 77.0; C6D5H: 1H: δ = 7.20, 

13C: δ = 128.0). 11B, 19F, and 31P NMR spectra were referenced to external standards (11B: BF3·OEt2 (δ 

= 0.0); 19F: CFCl3 (δ = 0.0); 31P: 85% H3PO4 (aq.) (δ = 0.0)). Chemical shifts () are given in parts per 

million (ppm) and coupling constants (J) are given in Hertz (Hz), rounded to the nearest 0.5 Hz.  

Electrospray ionisation (ESI) mass spectra were recorded using a Waters Synapt G2S spectrometer by 

NanoSpray Ionisation. Solutions (40 μL) of approximately 1 mg mL-1 were loaded into the sample tray, 

and aliquots of 3 μL were introduced into the spectrometer using a spray voltage of 1.5 kV. Positive 

and negative ion spectra were recorded at a rate of one scan per second and summed to produce the 

final spectra. MALDI-TOF MS was performed using a Bruker Ultraflextreme running in reflector 

mode. Samples were prepared using a trans-2-(3-(4-tert-butylphenyl)-2-methyl-2-propenylidene) 
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malononitrile matrix (20 mg mL-1 in THF) which was mixed with the polymer sample (2 mg mL-1 in 

THF), in a 10:1 (v/v) ratio. Approximately 1 μL of the mixed solution was deposited onto a MALDI-

TOF MS sample plate and allowed to dry in air prior to analysis. 

Gel permeation chromatography (GPC) was performed on a Malvern RI max Gel Permeation 

Chromatograph, equipped with an automatic sampler, pump, injector, and inline degasser. The columns 

(2 × T5000) were contained within an oven (35 °C) and consisted of styrene/divinyl benzene gels. 

Sample elution was detected by means of a differential refractometer. THF (Fisher) containing 0.1 

%w/w [nBu4N][Br] was used as the eluent at a flow rate of 1 mL min-1. Samples were dissolved in THF 

(2 mg mL-1) and filtered with a Ministart SRP15 filter (poly(tetrafluoroethylene) membrane of 0.45 μm 

pore size) before analysis. The calibration was conducted using monodisperse polystyrene standards 

obtained from Aldrich. The lowest and highest molecular weight standards used were 2,300 Da and 

994,000 Da respectively.  

Differential scanning calorimetry (DSC) thermograms were measured using a Thermal Advantage 

DSCQ100 coupled to a RCS90 refrigerated cooling system with a heating/cooling rate of 10 °C min-1. 

DSC samples were placed in hermetic aluminium pans for analysis.  

Thermal gravimetric analysis (TGA) was carried out using a Thermal Advantage TGAQ500 with a 

heating rate of 10 °C min-1 under a nitrogen atmosphere. Samples were placed in platinum pans for 

analysis. DSC and TGA results were analysed using WinUA V4.5A by Thermal Advantage.  

Dynamic light scattering (DLS) experiments were carried out using a Malvern Zetasizer Nano S 

instrument using a He-Ne laser (λ = 632 nm). Samples dissolved in THF (1 mg mL-1) were filtered 

through a 0.45 μm filter into an optical glass cuvette prior to analysis. The measurements were 

performed on a Malvern Instruments Zetasizer Nano S using a 5 mW He-Ne laser (633 nm) at 20 °C. 

2.5.2 Procedures for the hydrophosphination of poly(phenylphosphinoborane) 

General NMR scale reaction conditions for Table 1 

An NMR tube was charged with poly(phenylphosphinoborane) (2.1) (0.2 mmol), 1-octene (0.2 mmol), 

and solvent (0.5 mL) and any additive specified. The solution was irradiated ca. 3 cm away from a 

mercury lamp. After the specified amount of time, a 31P NMR spectrum was recorded of the crude 

reaction mixture and the conversion calculated from the integration of the signals. 
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Attempted hydrophosphination by means of irradiation with blue light 

2.1 (49 mg, 0.4 mmol), 1-octene (62.8 μL, 0.4 mmol), diphenyliodonium triflate (86 mg, 0.2 mmol), 9-

mesityl-10-methylacridinium perchlorate (0.8 mg, 2 x 10-3 mmol), and toluene (2 mL) were added to a 

Schlenk flask equipped with a magnetic stirrer. The resultant solution was irradiated ca. 3 cm away 

from a 3 W blue light emitting lamp for 16 h, after which an in situ 31P NMR spectrum was obtained to 

determine reaction conversion (Table S2.1, entry 2). 

The analogous reaction with no diphenyliodonium triflate or 9-mesityl-10-methylacridinium 

perchlorate present was also attempted (Table S2.1, entry 1). In this case no reaction was observed. 

Table S2.1 Hydrophosphination attempts using blue light irradiation. 

Entry Additives Temperature (°C) Time Conversiona 

1 None 20 16 h 0 

2 [Ph2I][OTf], 

photocatalyst 

20 16 h 25 

aDetermined by 31P NMR integrations, conversion = (x / (x + y)) × 100 

Hydrophosphination of 1-octene by poly(phenylphosphinoborane) in the 
presence of AIBN 

An NMR tube was charged with 2.1 (0.1 mmol), 1-octene (0.1 mmol), AIBN (0.01 mmol) and THF 

(0.5 mL). The solution was heated to 60 °C for 27 h and then analysed by 31P NMR spectroscopy. 

 

Figure S2.1 In situ 31P NMR spectrum (122MHz) of the hydrophosphination reaction of 1-octene using 2.1 in 

the presence of AIBN after 27 h.  
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2.5.3 Investigations into the mechanism of the hydrophosphination of 1-octene using 
poly(phenylphosphinoborane) 

Hydrophosphination of 1-octene using poly(phenylphosphinoborane) in the 
presence of DMPA vs DMPA and TEMPO 

Two NMR tubes were charged with 2.1 (0.2 mmol), 1-octene (0.2 mmol), DMPA (0.02 mmol), THF 

(0.5 mL). To one was added TEMPO (0.02 mmol). The solutions were irradiated ca. 3 cm away from a 

mercury lamp for 10 min and then analysed by 31P NMR spectroscopy. The samples were then irradiated 

for a further 50 minutes and analysed again by 31P NMR. 

 

Figure S2.2 In situ 31P NMR spectra (122MHz) taken after 10 min of the hydrophosphination of 1-octene using 

2.1 in the presence of DMPA (top) or DMPA and TEMPO (bottom). 
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Figure S2.3 In situ 31P NMR spectra (122MHz) taken after 1 h of the hydrophosphination of 1-octene using 2.1 

in the presence of DMPA (top) or DMPA and TEMPO (bottom). 

Mass spectrum after the irradiation of DMPA with TEMPO 

 

Figure S2.4 ESI-MS (+) of the reaction of DMPA and TEMPO in THF. 
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 Hydrophosphination reaction using N-tert-butyl-N-(2-methyl-1-phenylpropyl)-O-
(1-phenylethyl)hydroxylamine 

An NMR tube was charged with 2.1 (0.1 mmol), 1-octene (0.1 mmol), N-tert-butyl-N-(2-methyl-1-

phenylpropyl)-O-(1-phenylethyl)hydroxylamine (0.01 mmol) and toluene (0.5 mL). The solution was 

heated to 100 °C and monitored by 31P NMR spectroscopy. 

 

Figure S2.5 In situ 31P NMR spectra of the hydrophosphination of 1-octene using 2.1 in the presence of N-tert-

butyl-N-(2-methyl-1-phenylpropyl)-O-(1-phenylethyl)hydroxylamine. 

Irradiation of poly(phenylphosphinoborane) with DMPA and TEMPO 

To an NMR tube was added 2.1 (0.2 mmol), DMPA (0.2 mmol), TEMPO (0.2 mmol) and THF (0.5 

mL). This was irradiated at 20 °C for 4 h and then the crude reaction mixture was analysed by 31P NMR 

spectroscopy (Figure S2.6). Subsequently, 1-octene (0.2 mmol) was added and the mixture irradiated 

for a further 2 h and then again analysed by 31P NMR (Figure S2.7). 

21 h 

3.5 h 

2 h 

1.5 h 

1 h 

0.5 h 
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Figure S2.6 In situ 31P{H} NMR spectra of the reaction between 2.1, DMPA and TEMPO after 4 h UV 

irradiation at 20 °C. 

 

Figure S2.7 In situ 31P{H} NMR spectra after 1 eq. 1-octene was added to the reaction mixture and it was 

irradiated for a further 2 h at 20 °C. 
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2.5.4  Synthesis and characterisation of P-disubstituted polyphosphinoboranes 

 General procedure for isolation of modified polyphosphinoborane derivatives: 

2.1 (2 mmol), alkene (various equivalents), (DMPA) (0.2 mmol), TEMPO (0.2 mmol), and THF (5 mL) 

were added to a 14 mL vial equipped with a magnetic stirrer. The resultant solution was irradiated ca. 

3 cm away from a mercury lamp. Volatiles were then removed under vacuum and the resultant solid 

was purified by precipitation (see specific syntheses for details). The polymer was then dried under 

vacuum at 40 °C for a minimum of 48 h. 

 Synthesis and characterisation of polymer 2.2a 

 

2.1 (244 mg, 2 mmol), 1-octene (31.4 μL, 0.2 mmol), DMPA (51 mg, 0.2 mmol), TEMPO (31 mg, 0.2 

mmol), and THF (5 mL) were added to a 14 mL vial equipped with a magnetic stirrer. The resultant 

solution was irradiated ca. 3 cm away from a mercury lamp for 2 h. Volatiles were then removed under 

vacuum and the resultant solid was purified by precipitation from DCM into pentane at −78 °C (3 × 25 

mL). The polymer was then dried under vacuum at 40 °C for 48 h yielding 2.2a as an orange solid 

(conversion: 8%; yield: 159 mg, 61%).  

Spectroscopic data:  

1H NMR (400 MHz, CDCl3) δ 7.50 – 6.88 (br m, ArH), 4.28 (br d, J = 360 Hz), 1.83 – 0.68 (br m, CH2, 

CH3, BH2). 

11B NMR (128 MHz, CDCl3) δ −34.5 (br s). 

31P NMR (162 MHz, CDCl3) δ −23.6 (s, 8%, PhRP-BH2), −48.7 (d, J = 358 Hz, 92%, PhHP-BH2). 

GPC (2 mg mL-1) Mn = 130,000 g mol-1, PDI = 1.9. 

T5% = 160 °C; ceramic yield = 51%; Tg = 30 °C.   
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Figure S2.8 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2.2a. Deuterated chloroform residual signal 

denoted by *. 

           

Figure S2.9 11B (left) and 11B{H} (right) NMR spectra (128 MHz, 25 °C, CDCl3) of 2.2a. 

            

Figure S2.10 31P (left) and 31P{H} (right) NMR spectra (162 MHz, 25 °C, CDCl3) of 2.2a. 
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Figure S2.11 ESI-MS (+) of 2.2a in DCM. 

 

Figure S2.12 GPC chromatogram of 2.2a (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent). 
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Figure S2.13 TGA thermogram of 2.2a (heating rate: 10 °C min-1). 

 

Figure S2.14 DSC thermogram of 2.2a, first cycle excluded (heating rate: 10 °C min-1). 
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Figure S2.15 Photograph of isolated 2.2a. 

Synthesis and characterisation of polymer 2.2b 

 

2.1 (244 mg, 2 mmol), 1-octene (157 μL, 1.2 mmol), DMPA (51 mg, 0.2 mmol), TEMPO (31 mg, 0.2 

mmol), and THF (5 mL) were added to a 14 mL vial equipped with a magnetic stirrer. The resultant 

solution was irradiated ca. 3 cm away from a mercury lamp for 2 h. Volatiles were then removed under 

vacuum and the resultant solid was purified by precipitation from THF into H2O/isopropanol (1:1 v/v) 

at −20 °C (3 × 25 mL). The polymer was then dried under vacuum at 40 °C for 48 h yielding 2.2b as 

an orange solid (conversion: 64%; yield: 293 mg, 76%).  

Spectroscopic data:  

1H NMR (400 MHz, CDCl3) δ 7.51 – 6.80 (br m, ArH), 4.12 (br d, J = 355 Hz, PhPH), 1.75 – 0.58 (br 

m, CH2, CH3, BH2). 

11B NMR (128 MHz, CDCl3) δ −32.7 (br s). 

31P NMR (162 MHz, CDCl3) δ −24.0 (s, 64%, PhRP-BH2), −48.1 (d, J = 359 Hz, 36%, PhHP-BH2). 

GPC (2 mg mL-1) Mn = 130,000 g mol-1, PDI = 1.5. 

T5% = 208 °C; ceramic yield = 27%; Tg = 15 °C. 
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Figure S2.16 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2.2b. Deuterated chloroform residual signal 

denoted by *. 

           

Figure S2.17 11B (left) and 11B{H} (right) NMR spectra (128 MHz, 25 °C, CDCl3) of 2.2b. 

           

Figure S2.18 31P (left) and 31P{H} (right) NMR spectra (162 MHz, 25 °C, CDCl3) of 2.2b. 
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Figure S2.19 ESI-MS (+) spectrum of 2.2b in DCM.  

 

Figure S2.20 GPC chromatogram of 2.2b (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent). 
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Figure S2.21 TGA thermogram of 2.2b (heating rate: 10 °C min-1). 

 

Figure S2.22 DSC thermogram of 2.2b, first cycle excluded (heating rate: 10 °C min-1). 
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Figure S2.23 Photograph of isolated 2.2b. 

Synthesis and characterisation of polymer 2.2c 

 

2.1 (244 mg, 2 mmol), 1-octene (159 μL, 2 mmol), DMPA (51 mg, 0.2 mmol), TEMPO (31 mg, 0.2 

mmol), and THF (5 mL) were added to a 14 mL vial equipped with a magnetic stirrer. The resultant 

solution was irradiated ca. 3 cm away from a mercury lamp for 2 h. Volatiles were then removed under 

vacuum and the resultant solid was purified by precipitation from THF into H2O/isopropanol (1:1 v/v) 

at −20 °C (3 × 25 mL). The polymer was then dried under vacuum at 40 °C for 48 h yielding 2.2c as a 

gummy orange solid (conversion: 76%; yield: 305 mg, 72 %).  

Spectroscopic data:  

1H NMR (400 MHz, CDCl3) δ 7.64 – 6.89 (br m, ArH), 4.10 (br d, J = 343 Hz, PhPH), 2.02 – 0.59 (br 

m, CH2, CH3, BH2). 

11B NMR (128 MHz, CDCl3) δ −32.5 (br s). 

31P NMR (162 MHz, CDCl3) δ −24.0 (s, 76%, PhRP-BH2), −48.2 (d, J = 356.0 Hz, 24%, PhHP-BH2). 

GPC (2 mg mL-1) Mn = 81,000 g mol-1, PDI = 1.2. 

T5% = 197 °C; ceramic yield = 20%; Tg = 9 °C. 
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Figure S2.24 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2.2c. Deuterated chloroform residual signal 

denoted by *. 

 

           

Figure S2.25 11B (left) and 11B{H} (right) NMR spectra (128 MHz, 25 °C, CDCl3) of 2.2c. 

           

Figure S2.26 31P (left) and 31P{H} (right) NMR spectra (162 MHz, 25 °C, CDCl3) of 2.2c. 
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Figure S2.27 GPC chromatogram of 2.2c (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent). 

 

Figure S2.28 ESI-MS (+) spectrum of 2.2c in DCM. 
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Figure S2.29 TGA thermogram of 2.2c (heating rate: 10 °C min-1). 

 

Figure S2.30 DSC thermogram of 2.2c, first cycle excluded (heating rate: 10 °C min-1). 
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Figure S2.31 Photographs of isolated 2.2c. 

Synthesis and characterisation of polymer 2.2d 

 

2.1 (244 mg, 2 mmol), 1-octene (159 μL, 4 mmol), DMPA (51 mg, 0.2 mmol), TEMPO (31 mg, 0.2 

mmol), and THF (5 mL) were added to a 14 mL vial equipped with a magnetic stirrer. The resultant 

solution was irradiated ca. 3 cm away from a mercury lamp for 24 h. Volatiles were then removed under 

vacuum and the resultant solid was purified by precipitation from THF into H2O/isopropanol (1:1 v/v) 

at −20 °C (3 × 25 mL). The polymer was then dried under vacuum at 40 °C for 48 h yielding 2.2d as a 

gummy orange solid (conversion: 100%; yield: 297 mg, 63 %).  

Spectroscopic data:  

1H NMR (400 MHz, CDCl3) δ 7.64 – 6.89 (br m, ArH), 2.02 – 0.59 (br m, CH2, CH3, BH2). 

11B NMR (128 MHz, CDCl3) δ −32.5 (br s). 

31P NMR (162 MHz, CDCl3) δ −24.0 (s, 76%, PhRP-BH2). 

GPC (2 mg mL-1) Mn = 112,000 g mol-1, PDI = 1.1. 

T5% = 216 °C; ceramic yield = 6%; Tg = 4 °C. 
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Figure S2.32 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2.2d. Deuterated chloroform residual signal 

denoted by *. 

           

Figure S2.33 11B (left) and 11B{H} (right) NMR spectra (128 MHz, 25 °C, CDCl3) of 2.2d. 

           

Figure S2.34 31P (left) and 31P{H} (right) NMR spectra (162 MHz, 25 °C, CDCl3) of 2.2d. 
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Figure S2.35 GPC chromatogram of 2.2d (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent). 

 

Figure S2.36 ESI-MS (+) spectrum of 2.2d in DCM. 
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Figure S2.37 TGA thermogram of 2.2d (heating rate: 10 °C min-1). 

 

Figure S2.38 DSC thermogram of 2.2d, first cycle excluded (heating rate: 10 °C min-1). 
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Figure S2.39 Photograph of isolated 2.2d. 

Synthesis and characterisation of polymer 2.3 

 

2.1 (244 mg, 2 mmol), allylbenzene (265 μL, 2 mmol), DMPA (51 mg, 0.2 mmol), TEMPO (31 mg, 

0.2 mmol), and THF (5 mL) were added to a 14 mL vial equipped with a magnetic stirrer. The resultant 

solution was irradiated ca. 3 cm away from a mercury lamp for 2 h. Volatiles were then removed under 

vacuum and the resultant solid was purified by precipitation from DCM into pentane at −78 °C (3 × 25 

mL). The polymer was then dried under vacuum at 40 °C for 48 h yielding 2.3 as an orange solid 

(conversion: 78%; yield: 249 mg, 57%).  

Spectroscopic data:  

1H NMR (400 MHz, CDCl3) δ 7.48 – 6.80 (m, ArH), 4.10 (br d, J = 349 Hz, PhPH), 2.10 (br s, PhCH2), 

1.79 – 0.80 (br m, PCH2, PCH2CH2, and BH2). 

11B NMR (128 MHz, CDCl3) δ −33.4 (br s). 

31P NMR (162 MHz, CDCl3) δ −23.9 (s, 78%, PhRP-BH2), −48.5 (d, J = 354 Hz, 22%, PhHP-BH2). 

GPC (2 mg mL-1) Mn = 104,000 g mol-1, PDI = 1.3. 

T5% = 194 °C; ceramic yield = 19%; Tg = 50 °C. 
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Figure S2.40 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2.3. Deuterated chloroform residual signal 

denoted by *. 

           

Figure S2.41 11B (left) and 11B{H} (right) NMR spectra (128 MHz, 25 °C, CDCl3) of 2.3. 
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Figure S2.42 31P NMR (left) and 31P{H} (162 MHz, 25 °C, CDCl3) of 2.3. 

 

Figure S2.43 GPC chromatogram of 2.3 (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent). 
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Figure S2.44 ESI-MS (+) spectrum of 2.3 in DCM. 

 

Figure S2.45 TGA thermogram of 2.3 (heating rate: 10 °C min-1). 
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Figure S2.46 DSC thermogram of 2.3, first cycle excluded (heating rate: 10 °C min-1). 

 

Figure S2.47 Photograph of isolated 2.3. 

Synthesis and characterisation of polymer 2.4 

 

2.1 (244 mg, 2 mmol), allyl pentafluorobenzene (307 μL, 2 mmol), DMPA (51 mg, 0.2 mmol), TEMPO 

(31 mg, 0.2 mmol), and THF (5 mL) were added to a 14 mL vial equipped with a magnetic stirrer. The 
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resultant solution was irradiated ca. 3 cm away from a mercury lamp for 2 h. Volatiles were then 

removed under vacuum and the resultant solid was purified by precipitation from DCM into pentane at 

−78 °C (3 × 25 mL). The polymer was then dried under vacuum at 40 °C for 48 h yielding 2.4 as an 

orange solid (conversion: 72%; yield: 204 mg, 37%).  

Spectroscopic data:  

1H NMR (400 MHz, CDCl3) δ 7.52 – 6.80 (br m, ArH), 4.09 (br d, J = 344 Hz, PhPH), 2.24 (br s, 

C6F5CH2), 1.68 – 0.92 (br m, CH2, CH3, BH2). 

11B NMR (128 MHz, CDCl3) δ −34.3 (br s). 

31P NMR (162 MHz, CDCl3) δ −24.0 (s, 72%, PhRP-BH2), −48.6 (d, J = 368 Hz, 28%, PhHP-BH2). 

19F NMR (283 MHz, CDCl3) δ −143.63 (s), −157.72 (s), −162.83 (s). 

GPC (2 mg mL-1) Mn = 130,000 g mol-1, PDI = 1.5. 

T5% = 209 °C; ceramic yield = 34%; Tg = 67 °C. 

Figure S2.48 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2.4. Deuterated chloroform residual signal 

denoted by *. 
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Figure S2.49 19F NMR (283 MHz, 25 °C, CDCl3) of 2.4. Signal arising from OTf group originating from 

CpFe(CO)2OTf used in the polymerisation of PhH2P·BH3 denoted by *. 

 

           

Figure S2.50 11B (left) and 11B{H} (right) NMR spectra (128 MHz, 25 °C, CDCl3) of 2.4. 

 

          

Figure S2.51 31P (left) and 31P{H} (right) NMR spectra (162 MHz, 25 °C, CDCl3) of 2.4. 
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Figure S2.52 GPC chromatogram of 2.4 (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent). 

 

Figure S2.53 TGA thermogram of 2.4 (heating rate: 10 °C min-1). 
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Figure S2.54 DSC thermogram of 2.4, first cycle excluded (heating rate: 10 °C min-1). 

Synthesis and characterisation of polymer 2.5 

 

2.1 (244 mg, 2 mmol), 1H,1H,2H-perfluoro-1-hexene (339 mg, 2 mmol), DMPA (51 mg, 0.2 mmol), 

TEMPO (31 mg, 0.2 mmol), and THF (5 mL) were added to a 14 mL vial equipped with a magnetic 

stirrer. The resultant solution was irradiated ca. 3 cm away from a mercury lamp for 2 h. Volatiles were 

then removed under vacuum and the resultant solid was purified by precipitation from THF into 

H2O/isopropanol (1:1 v/v) at −20 °C (3 × 25 mL). The polymer was then dried under vacuum at 40 °C 

for 48 h yielding 2.5 as an orange solid (conversion: 82%; yield: 479 mg, 74%).  

Spectroscopic data:  

1H NMR (400 MHz, CDCl3) δ 7.54 – 6.80 (br m, ArH), 4.16 (br d, J = 357 Hz, PhPH) 2.28 – 0.94 (br 

m, CH2, BH2). 

11B NMR (128 MHz, CDCl3) δ −34.1 (br s). 

31P NMR (162 MHz, CDCl3) δ −23.7 (s, 82%, PhRP-BH2), −49.9 (d, J = 357 Hz, 18%, PhHP-BH2). 
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19F NMR (377 MHz, CDCl3) δ −81.31, −115.17, −124.30, −126.30. 

GPC (2 mg mL-1) Mn = 92,000 g mol-1, PDI = 1.4. 

T5% = 173 °C; ceramic yield = 8%; Tg = 43 °C. 

 

Figure S2.55 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2.5. Deuterated chloroform residual signal 

denoted by *. 

 

Figure S2.56 19F NMR (377 MHz, 25 °C, CDCl3) of 2.5. Signal arising from OTf group originating from 

CpFe(CO)2OTf used in the polymerisation of PhH2P·BH3 denoted by *. 
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Figure S2.57 11B (left) and 11B{H} NMR spectra (128 MHz, 25 °C, CDCl3) of 2.5. 

          

Figure S2.58 31P (left) and 31P{H} (right) NMR spectra (162 MHz, 25 °C, CDCl3) of 2.5. 
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Figure S2.59 GPC chromatogram of 2.5 (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent). 

 

Figure S2.60 TGA thermogram of 2.5 (heating rate: 10 °C min-1). 
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Figure S2.61 DSC thermogram of 2.5, first cycle excluded (heating rate: 10 °C min-1). 

 

Figure S2.62 Photograph of isolated 2.5. 
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2.5.5 Synthesis and characterisation of crosslinked polyphosphinoborane 

Irradiation of [PhHP-BH2]n with DMPA (10 mol%) in the absence of alkene. 

 

Figure S2.63 GPC chromatogram in THF (2 mg mL-1, 0.1 w/w % n-Bu4NBr in the THF eluent) of material 

obtained via irradiation of [PhHP-BH2]n with DMPA (10 mol%) in the absence of alkene. 

Synthesis and characterisation of crosslinked poly(phenylphosphinoborane) 

2.1 (122 mg, 1 mmol), 1,5-hexadiene (17.8 μL, 0.15 mmol), DMPA (25 mg, 0.1 mmol), TEMPO (15 

mg, 0.1 mmol), and THF (1 mL) were added to a 14 mL vial. The resultant solution was irradiated ca. 

3 cm away from a mercury lamp for 2 h resulting in the formation of an insoluble gel with exclusion of 

orange coloured solvent. Excess solvent was decanted away, and volatiles were removed under vacuum 

yielding an orange solid. This solid was purified by swelling in THF for 6 hours followed by decanting 

away of excess solvent until no colouration of the solvent was observed (2 × 5 mL). Volatiles were 

removed under vacuum yielding a brittle orange solid (yield: 89 mg).  

Spectroscopic data: 

31P NMR (202 MHz, THF-d8) δ −23.6 (s, 7%, PhRP-BH2), −49.1 (d, J = 345.3 Hz, 93%, PhHP-BH2). 

T5% = 138 °C; ceramic yield = 53%. 
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Figure S2.64 31P NMR spectrum (202 MHz, 25 °C, THF-d8) of crosslinked poly(phenylphosphinoborane) 

swelled in THF-d8. 

 

Figure S2.65 31P{H} NMR spectrum (202 MHz, 25 °C, THF-d8) of crosslinked poly(phenylphosphinoborane) 

swelled in THF-d8. 



 
 

92 

 
 

 

Figure S2.66 TGA thermogram of crosslinked poly(phenylphosphinoborane) (heating rate: 10 °C min-1). 

 

Figure S2.67 DSC thermogram of crosslinked poly(phenylphosphinoborane), first cycle excluded (heating rate: 

10 °C min-1). 
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Figure S2.68 Photograph of crosslinked poly(phenylphosphinoborane) after irradiation (left) and after drying 

under vacuum for 48 h (right). 

Swellability of crosslinked poly(phenylphosphinoborane) 

A sample of dry crosslinked poly(phenylphosphinoborane) was weighed (54 mg) and swelled in THF 

for 48 h. No coloration of the THF was observed after this time. Excess solvent was decanted away, 

and surface solvent removed by careful swabbing with a Kimwipe. After this, the sample was reweighed 

(114 mg) and the swellability in THF calculated (210% mass increase). 

2.5.6 Synthesis of a water-soluble bottlebrush polymer 

Synthesis and characterisation of bottlebrush polymer 2.6 

 

2.1 (244 mg, 2 mmol), poly(ethylene glycol) methyl ether methacrylate (average Mn = 950 g mol-1, 1.90 

g, 2 mmol), DMPA (51 mg, 0.2 mmol), TEMPO (31 mg, 0.2 mmol), and THF (5 mL) were added to a 

14 mL vial equip with a magnetic stirrer. The resultant solution was irradiated ca. 3 cm away from a 

mercury lamp for 2 h. Volatiles were removed under vacuum and the resultant material was dissolved 

in water. The yellow solution obtained was transferred into a dialysis tube (Molecular weight cut off: 

12,000 – 14,000 g mol-1) and dialysis was performed against water for 48 h in order to remove excess 

poly(ethylene glycol) methyl ether methacrylate. No colouring of the medium outside the dialysis 



 
 

94 

 
 

tubing was observed. The yellow solution remaining inside the dialysis tubing was dried under vacuum 

at 40 °C for 48 h yielding 2.6 as an orange solid (grafting density: 0.58; yield: 0.93 g, 69%). 

Spectroscopic data:  

11B NMR (128 MHz, CDCl3) δ −34.6 (br s). 

31P NMR (162 MHz, CDCl3) δ −24.2 (s, PhRP-BH2), −48.9 (d, J = 352 Hz, PhHP-BH2). 

GPC (2 mg mL-1) Mn = 156,000 g mol-1, PDI = 1.3. 

T5% = 301 °C; ceramic yield = 2.4%; Tm (PEG side chains) = 40.0 °C. 

Figure S2.69 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of 2.6. Deuterated chloroform residual signal 

denoted by *. 

Ar-H B-H 
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Figure S2.70 13C NMR spectrum (126 MHz, 25 °C, CDCl3) of 2.6. Deuterated chloroform residual signal 

denoted by *. 

           

Figure S2.71 11B (left) and 11B{H} NMR spectra (128 MHz, 25 °C, CDCl3) of 2.6.  
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Figure S2.72 31P (left) and 31P{H} (right) NMR spectra (162 MHz, 25 °C, CDCl3) of 2.6. 

 

Figure S2.73 31P NMR spectrum (203 MHz, 25 °C, D2O) of 2.6. Peak broadening in D2O prevents the 

observation of P-H coupling. 
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Figure S2.74 GPC chromatogram of 2.6 in THF (2 mg mL-1, 0.1 w/w % nBu4NBr in the THF eluent). 

 

Figure S2.75 DLS size distribution by volume of 2.6 in THF (1 mg mL-1). Multiple measurements in different 

colours show that the measured diameter is stable. 
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Figure S2.76 DLS size distribution by volume of poly(ethylene glycol) methyl ether methacrylate (average Mn 

950 g mol-1) in THF (1 mg mL-1). Multiple measurements in different colours show that the measured diameter 

is stable. 

 

Figure S2.77 MALDI-MS spectrum of 2.6. A complex spectrum is observed due to the presence of both a 

polymeric backbone and side chains. Each envelope arises from the distribution of molar mass of the 

poly(ethylene glycol) side chains (molar mass of repeat unit = 44.1 g mol-1). Multiple envelopes are observed 

due to ionisation of the poly(phosphinoborane) main chain units ([PhRP-BH2], 

R = CH2CH(CH3)C(O)O[CH2CH2O]mCH3, molar mass of repeat unit = 1072 g mol-1). 
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Figure S2.78 TGA thermogram of 2.6 (heating rate: 10 °C min-1). 

 

Figure S2.79 DSC thermogram of 2.6, first cycle excluded (heating rate: 10 °C min-1).  
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Figure S2.80 Photograph of isolated 2.6. 
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Chapter 3  
 

Investigations into the iron-catalysed 
dehydropolymerisation of 
phenylphosphine-borane and the 
synthesis of polyphosphinoboranes 
using non-metal precatalysts 
 

Abstract 

Although a range of precatalysts are known to facilitate the transition metal-mediated 

dehydropolymerisation of primary phosphine-borane monomers, the materials produced are often 

highly polydisperse or possess multimodal molar mass distributions, and mechanistic insight is often 

severely lacking. Herein we describe detailed studies of the dehydropolymerisation of 

phenylphosphine-borane (PhH2P·BH3) using CpFe(CO)2OTf (OTf = CF3SO3) as a precatalyst in 

solution at 80 – 150 °C. We were able to significantly increase the proportion of high molar mass 

polymer produced compared to previously reported conditions by increasing the reaction concentration 

to 4 M. Studies into the effect of conversion on the molar mass of the resulting polymer suggest that 

the reaction proceeds via a combination of chain-growth and step-growth mechanisms rather than the 

purely chain-growth pathway that was previously postulated based on preliminary results. Triflic acid 

released from the precatalyst appears to be involved in this hybrid mechanism. Investigations into the 

effect of conversion on molar mass using CpFe(CO)2R (R = OTf, I, PPhHBH3) and TfOH precatalysts, 

and studies into the reaction of oligophosphinoboranes with these precatalysts have aided our 

understanding of the polymerisation mechanism. Triflic acid or 1,8-bis(dimethylamino)naphthalene 

(proton sponge®) were found to be active precatalysts for the polymerisation of PhH2P·BH3 in solution 

providing a catalytic metal-free route to these macromolecules giving polymer with Mn ≈ 5,000 g mol-1 

and PDI = 2.2 – 2.4. Triflic acid was also found to be a proficient precatalyst for the polymerisation of 
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tert-butylphosphine-borane; however, sluggish reaction rates and the formation of by-products hinder 

the dehydrocoupling of n-hexyl- and diethylphosphine-borane. 

Introduction 

Polymers containing inorganic elements in their main chains are of growing interest owing to their 

fascinating properties, such as high thermooxidative stability, low temperature elasticity, flame 

retardancy, and optoelectronic tunability, many of which are challenging to access for all-organic 

polymers.1-6 Despite the many potential uses of inorganic polymers, the field remains in a state of 

infancy compared to organic polymer chemistry. Catalytic routes to organic polymers have been 

extensively developed as evidenced by the award of a Nobel prize for the development of the synthesis 

of polyolefins.7 The controlled synthesis of a wide range of organic polymers has been facilitated by 

the development of a number of different methods to form C-C8-10 and C-E bonds (E = O, N, Si, B 

etc);11-14 however, the use of similar methods to form bonds between main group elements remains a 

significant challenge.15 

Traditional routes to inorganic polymers involve reductive coupling and ring-opening polymerisations, 

and while these routes allow the formation of a number of interesting inorganic polymer classes such 

as polysiloxanes [R2SiO]n,16, 17 polysilanes [R2Si]n,18, 19 and polyphosphazenes [R2PN]n,20, 21 they 

frequently suffer from a number of limitations including poor functional group tolerance, low atom 

efficiency, and the formation of toxic by-products. More recently, catalytic methods to form bonds 

between main group elements have been developed.15 Of particular note are dehydrogenative coupling 

reactions which have been reported as a general, atom economic tool in the formation of bonds between 

main group elements.18, 22, 23 This has provided a route to interesting inorganic polymers such as 

polyaminoboranes [RHN-BH2]n and polyphosphinoboranes [RR’P-BH2]n.24 These macromolecules 

consist of main chains formed of alternating group 13 and 15 elements and are formally isoelectronic 

to polyolefins but possess vastly different properties owing to the presence of inorganic p-block 

elements in the polymer main chains.25  

The synthesis of high molar mass polyphosphinoboranes were first reported by our group in 1999 via 

rhodium catalysed dehydrocoupling of phenylphosphine-borane (PhH2P·BH3).26, 27 The potential use of 
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polyphosphinoboranes as precursors to PB semiconductor-based ceramics, etch-resists, flame-retardant 

materials, and as piezoelectrics has fuelled significant scientific interest in these macromolecules, 

resulting in the development of a number of routes to P-monosubstituted polyphosphinoboranes 

[RHP-BH2]n where R is an alkyl or aryl substituent using Rh, Ir or Fe precatalysts (Scheme 3.1 a);28-39 

metal-free dehydropolymerisation using a stoichiometric amount of cyclic(alkyl)(amino)carbenes 

(CAACs) as hydrogen acceptors (Scheme 3.1 b);40 or thermally-induced Lewis-base elimination routes 

(Scheme 3.1 c).41, 42 The development of catalytic metal-free routes to polyphosphinoboranes remains 

an important target for polymer chemists. To date, the only reported non-metal catalysed route to 

oligophosphinoboranes made use of tris(pentafluorophenyl)borane (B(C6F5)3) as a precatalyst; 

however, this gave a multimodal molar mass material (Mw = 3,900 and 800 g mol-1)  (Scheme 3.1d).43 

 

Scheme 3.1 Selected routes to polyphosphinoboranes. 

While a number of routes to polyphosphinoboranes have been reported, mechanistic understanding of 

these polymerisations is often incomplete. Whereas the monomer used in the formation of isoelectronic 

polyolefins is a stable alkene, polyphosphinoboranes are made up of phosphinoborane monomer units  

which have only been isolated as molecular species when stabilised by bulky groups on either 

phosphorus or boron.44-46 Any precatalyst must be capable of facilitating the loss of hydrogen from the 

phosphine-borane precursor while also mediating P-B coupling events if this takes place on-metal.24 

Another possibility is the in situ formation of free phosphinoborane by dehydrogenation of a phosphine-

borane precursor which will then undergo spontaneous polymerisation.40 The presence of different 
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potential pathways to polyphosphinoboranes makes it challenging to obtain a full mechanistic picture 

of the polymerisation process. Furthermore, several of the reported systems for the formation of 

polyphosphinoboranes take place in the melt and/or at elevated temperatures, hindering mechanistic 

insight. For the control of the dehydropolymerisation process and design of improved catalytic systems, 

a deeper understanding of the fundamental steps that take place in catalysis is essential. 

We recently reported the synthesis of poly(phenylphosphinoborane), [PhHP-BH2]n using the precatalyst 

CpFe(CO)2OTf.32 Subsequently, this precatalyst has been shown to be proficient in the catalysis of a 

number of P-monosubstituted phosphine-boranes featuring either alkyl or aryl side groups.37, 47, 48 This 

catalytic system has a number of advantages over many of the previously reported systems. The 

catalysis takes place in toluene rather than the melt allowing for more detailed reaction monitoring. It 

also makes use of earth abundant iron and gives mostly linear high molar mass material (although 

formation of a low molar mass fraction was also observed). Some preliminary experimental and 

computational studies suggested that this polymerisation operates via a homogeneous chain-growth 

coordination-type mechanism. It was suggested that loss of CO and TfOH initially occurs giving a 

phosphido-borane iron complex which facilitates B-H/P-H activation and P-B coupling via multiple σ-

complex assisted metathesis steps (Scheme 3.2).49  

In this chapter, we report our investigations into the polymerisation of PhH2P·BH3 using CpFe(CO)2OTf 

and related species, and the consequences of these findings on the mechanism previously postulated. 

Furthermore, we report the synthesis of [PhHP-BH2]n using simple p-block non-metal catalysts and the 

dehydrocoupling of alkyl phosphine-boranes using triflic acid. 
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Scheme 3.2 Proposed mechanism for the dehydropolymerisation of PhH2P·BH3.32 

Results and discussion 

3.3.1 Investigations into the effect of changing reaction conditions on the polymerisation of 
phenylphosphine-borane using a CpFe(CO)2OTf precatalyst 

The polymerisation of PhH2P·BH3 using CpFe(CO)2OTf (0.1 – 10 mol%) in toluene or dioxane (0.8 M) 

at 100 °C for 24 h has previously been reported by our group.32 When the formed 

poly(phenylphosphinoborane), [PhHP-BH2]n was analysed by NMR spectroscopy, a broad doublet was 

observed in the 31P NMR spectrum at ca. −49 ppm (Figure 3.1), and a broad singlet at ca. −35 ppm in 

the 11B NMR spectrum. According to gel permeation chromatography (GPC) analysis, the material 

produced has a bimodal molar mass distribution with a significant amount of low molar mass polymer 

(Mn = 2,000 g mol-1) formed along with a high molar mass fraction (Mn = 59,000 g mol-1, Figure 3.2, 

0.8 M). The formation of monomodal product is desirable for further utility of polyphosphinoboranes 

in a range of applications, for example, in post polymerisation modification of these polymers and 

crosslinking to form gels (see Chapters 2 and 4 respectively). Furthermore, although a preliminary 

mechanism has been postulated,32 there is much scope to fully understand how this mechanism operates 

and the role that other components of the reaction mixture have in the polymerisation e.g. triflic acid 

liberated from the iron precatalyst. 
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Figure 3.1 31P NMR (122 MHz, 25 °C, CDCl3) spectrum of [PhHP-BH2]n synthesised using previously reported 

conditions (CpFe(CO)2OTf (1 mol%), toluene, 0.8 M, 100 °C, 24 h).32 

Initially, reactions were undertaken to investigate reaction conditions using the following general 

procedure: CpFe(CO)2OTf (1 mol%) was added to PhH2P·BH3 (2 mmol), and the mixture was dissolved 

in the solvent and stirred at room temperature for 5 min. The reaction mixture was heated to the specified 

temperature under a positive pressure of nitrogen. After workup, the polymers were analysed by 11B 

and 31P NMR spectroscopy and unless stated otherwise, all NMR data matched that previously 

reported.32 The materials were also analysed by GPC to obtain molar masses and polydispersity indices 

(PDIs) by comparison to polystyrene standards. 

Effect of reaction concentration on the polymerisation of PhH2P·BH3 using 
CpFe(CO)2OTf 

We examined the effect of three initial substrate concentrations (0.1 M, 2 M, and 4 M) on the 

polymerisation of PhH2P·BH3 (Figure 3.2) in toluene 100 °C for 24 h. Complete monomer consumption 

was observed in each reaction within 24 h determined by 11B NMR spectroscopy. For comparison, the 

GPC chromatogram for [PhHP-BH2]n using conditions outlined in previously published work is also 

shown below (Figure 3.2, 0.8 M).32 Reaction at 0.8 M resulted in formation of high molar mass polymer 

with Mn = 59,000 g mol-1 (PDI = 1.6); however, a significant amount of low molar mass material ( ≈ 

2,000 g mol-1) was also produced.  

We observed an increase in the ratio of high molar mass polymer to lower molar mass material when 

higher reaction concentrations are used. An increase in molar mass of this high molar mass fraction 

(Mn = 74,000 g mol-1) was also observed at substrate concentrations of 2 M or 4 M (Mn = 74,000 and 

[PhHP-BH2]n 
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69,000 g mol-1 respectively) compared to reaction 0.8 M (Mn = 59,000 g mol-1). Reaction at very low 

concentration (0.1 M) results in the formation of mainly low molar mass material. Due to the 

improvement in the amount of high molar mass fraction at higher concentration, all subsequent 

investigations were carried out at a concentration of 4 M unless stated otherwise. 

 

Figure 3.2 GPC chromatograms (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent) showing the effect 

of changing reaction concentration on the molar mass of [PhHP-BH2]n. Conditions: PhH2P·BH3 (2 mmol), 

CpFe(CO)2OTf (1 mol%), toluene, 100 °C, 24 h. 

Effect of reaction temperature on the polymerisation of PhH2P·BH3 using 
CpFe(CO)2OTf 

We next sought to examine the effect of temperature on the polymerisation. We reasoned that by 

performing this reaction at 80 °C rather than 100 °C, any potential competing thermal non-catalysed 

dehydrocoupling may be avoided. We found that when the reaction temperature was reduced to 80 °C, 

the molar mass of the polymer formed decreased significantly (Mn = 18,000 g mol-1) compared to when 

the reaction was carried out at 100 °C (72,000 g mol-1; Figure 3.3). Attempts to lower the polymerisation 

temperature to 60 °C resulted in no reaction taking place. We also investigated the effect of increasing 

reaction temperature to above 100 °C. This required the use of a solvent with a higher boiling point than 

toluene. Mesitylene was chosen because it has similar properties to toluene but boils at 165 °C. When 

the polymerisation was carried out at 150 °C in mesitylene, PhH2P·BH3 was consumed within 1 h 

(determined by 11B NMR spectrometry) forming a material with a Mn = 95,500 g mol-1, but with a 

higher PDI (1.92). A significant shoulder of high molar mass was observed in the GPC chromatogram. 
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The material was also found to be sparingly soluble in THF and chloroform. Together, these 

observations indicate the formation of cross-linked material. 

 

Figure 3.3 GPC chromatograms (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent) showing the effect 

of changing reaction temperature on the molar mass of [PhHP-BH2]n. Conditions: PhH2P·BH3 (2 mmol), 

CpFe(CO)2OTf (1 mol%), toluene, 4 M, 24 h. *CpFe(CO)2OTf (1 mol%), mesitylene, 4 M, 1 h. 

Effect of solvent on the polymerisation of PhH2P·BH3 using CpFe(CO)2OTf 

Experiments to investigate the effect of solvent were performed at 80 °C as many of the solvents we 

used boil at temperatures between 80 °C and 100 °C. We examined the effect of changing the solvent 

from toluene to 1,2-difluorobenzene, 1,2-dimethoxyethane (DME), 1,4-dioxane, and acetonitrile. The 

reaction in acetonitrile was unsuccessful; the 31P NMR spectrum did not show any diagnostic doublet 

at around −50 ppm which corresponds to [PhHP-BH2]n, nor a triplet at around −50 ppm which would 

indicate that starting material remained. Instead a single triplet was observed at −122.8 ppm indicating 

dissociation of PhH2P·BH3 to PPhH2. A number of unassigned peaks were observed in the 11B NMR 

spectrum. 

The GPC chromatograms for experiments using 1,2-difluorobenzene, DME, 1,4-dioxane, and toluene 

are shown below (Figure 3.4). Toluene and 1,4-dioxane gave rise to a similar ratio of high molar mass 

polymer to oligomers, although dioxane resulted in the formation of slightly higher molar mass material 

(1,4 dioxane: Mn = 25,000 g mol-1, toluene: Mn = 18,000). The use of DME resulted in a higher amount 

of oligomeric material forming. 1,2-Difluorobenzene gave the highest polymer to oligomer ratio; 

however, the lowest molar mass polymer is formed using this solvent (Mn = 16,000 g mol-1), and 

incomplete reaction was observed (only around 70% of monomer was consumed after 24 h) and so this 
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is not an optimum solvent for the polymerisation. These results suggest that increasing solvent polarity 

has a negative effect on the polymerisation, either retarding the reaction in the case of 

1,2-difluorobenzene; or resulting in the formation of more oligomeric material when DME is used. 

 

Figure 3.4 GPC chromatograms (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent) showing the effect 

of changing reaction solvent on the molar mass of [PhHP-BH2]n. Conditions: PhH2P·BH3 (2 mmol), 

CpFe(CO)2OTf (1 mol%), 80˚C, 4 M, 24 h. 

Molar mass dependence on reaction time for the polymerisation of PhH2P·BH3 
using CpFe(CO)2OTf 

Lastly, in our studies to optimise the polymerisation of PhH2P·BH3 to form uniform high molar mass 

material, we sought to examine the effect of time on the polymerisation. At a concentration of 4 M, the 

reaction is significantly faster than previously reported, with complete consumption of the monomer 

within 4 h determined by 11B NMR spectroscopy. Previously, the polymerisation was postulated to 

operate via a chain-growth mechanism because high molar mass material is formed at low conversion. 

GPC analysis of reaction aliquots taken between 0.5 h and 3 h supports this previous hypothesis as high 

molar mass polymer (ca. 27,000 g mol-1) is observed at low conversion (Figure 3.5). However, 

characterisation of the material obtained after 24 h revealed a further increase in molar mass (77,000 g 

mol-1). We therefore sought to study the molar mass of material obtained from a time period 

corresponding to high monomer consumption (2 – 24 h). GPC chromatograms of aliquots taken during 

this time frame are shown below (Figure 3.6). From these results, it is clear that there is continued 

polymer growth after complete consumption of the monomer. From 4 h (after monomer has been 

consumed completely) to 24 h, polymer molar mass increased from 46,000 to 69,000 g mol-1. Continued 

heating did not result in any further increase in molar mass, nor did the addition of more catalyst 
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(additional 1 mol%) to the reaction mixture after 24 h and heating at 100 °C for 24 h. Plotting monomer 

consumption vs molar mass, we found that molar mass reaches a plateau of around 25,000 g mol-1
  after 

45% conversion (1 h), until high consumption of monomer (>90%), at which point a significant increase 

in molar mass is observed (Figure 3.7). These results suggest that there is also a competing process 

operating rather than solely the chain-growth mechanism previously postulated. Dehydrocoupling 

polymerisations operating via a combination of chain- and step-growth mechanisms have previously 

been postulated for the dehydrocoupling of PhH2P·BH3 using Rh and Ir precatalysts.33, 35 

 

Figure 3.5 GPC chromatograms (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent) showing the effect 

of reaction times of up to 3 h on the molar mass of [PhHP-BH2]n. Conditions: PhH2P·BH3 (2 mmol), 

CpFe(CO)2OTf (1 mol%), toluene, 100 °C, 4M. 

 

Figure 3.6 GPC chromatograms (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent) showing the effect 

of reaction times of 2 – 24 h on the molar mass of [PhHP-BH2]n. Conditions: PhH2P·BH3 (2 mmol), 

CpFe(CO)2OTf (1 mol%), toluene, 100 °C, 4M. 
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Figure 3.7 Conversion vs Mn plot for the dehydropolymerisation of PhH2P·BH3 using CpFe(CO)2OTf. 

Conditions: PhH2P·BH3 (2 mmol), CpFe(CO)2OTf (1 mol%), toluene, 100 °C, 4M. 

3.3.2 Elucidating the role of “Fe” in catalysis 

In order to explain the apparent mechanistic complexity of the polymerisation of PhH2P·BH3, we 

consider three possible dehydropolymerisation pathways arising when CpFe(CO)2OTf is used as the 

precatalyst: catalysis by the “Fe” centre; catalysis from TfOH released from the precatalyst; and a non-

catalysed thermally-induced polymerisation. 

Non-metal thermally induced dehydrocoupling of phenylphosphine-borane 

It has previously been reported that heating PhH2P·BH3 in the absence of solvent for 3 h at 90 °C 

followed by 3 h at 130 °C results in the formation of oligomers with Mn = ca. 2000 g mol-1.26 In order 

to elucidate whether non-catalysed thermally induced dehydrocoupling plays a significant role in the 

solution-phase polymerisation, we heated PhH2P·BH3 to 100 °C in toluene (4 M) for 48 h. We 

consistently found incomplete monomer consumption with ca. 25% PhH2P·BH3 according to 

integration of the 11B NMR spectrum. The formation of mostly oligomeric material with a small amount 

of high molar mass polymer was determined by GPC (Figure S3.3). The material formed was sparingly 

soluble suggesting the formation of very high molar mass or crosslinked material. Analysis of the 

reaction mixture by 31P NMR spectroscopy showed the formation of PhPH2, along with a number of 

overlapping peaks assigned to PhH2P·BH3, [PhHP-BH2]n, and small cyclic phosphinoborane species 

(δ = −43.9 – −59.1 ppm) along with a broad unassigned doublet at ca. −80 ppm (Figure 3.8). The 

differences in rate of polymerisation, and the molar mass and properties of the material obtained by 

heating PhH2P·BH3 differ significantly from those from iron-catalysed dehydropolymerisation, 
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suggesting that uncatalysed thermal dehydrocoupling is not competent in the formation of [PhHP-BH2]n 

using CpFe(CO)2OTf; however, this could still be significant in the later stages of polymerisation after 

monomer has been fully consumed because only a few reaction events linking together oligomer chains 

would be required to explain the large increase in molar mass observed. 

 

Figure 3.8 In situ 31P NMR spectrum (122 MHz, 25 °C) after heating PhH2P·BH3 in toluene (3 M) at 100 °C for 

22 h. 

Use of triflic acid as a precatalyst 

In the previously reported mechanism for the dehydropolymerisation of PhH2P·BH3 using the 

precatalyst CpFe(CO)2OTf, the first step is the formation of CpFe(CO)2PPhHBH3 with the concomitant 

loss of triflic acid. To investigate whether triflic acid reacted with PhH2P·BH3 under similar reaction 

conditions to those used in the polymerisation using CpFe(CO)2OTf, we carried out a reaction using a 

catalytic amount of triflic acid (1 mol%) and heated the reaction mixture to 100 °C (Scheme 3.3). To 

our surprise, after 24 h we found complete consumption of the monomer determined by 11B NMR 

spectroscopy and analysis of the products by NMR spectroscopy confirmed the formation of 

[PhHP-BH2]n. The 31P NMR spectrum showed the diagnostic doublet at −49 ppm assigned to PhHP 

units of [PhHP-BH2]n alongside a minor peak at −56 ppm which has been reported to correspond to 

small cyclic species (Figure 3.9).27 The polymer was found to be high molar mass (Mn = 49,700 g mol-1) 

determined by GPC analysis with a PDI of 1.5. Further discussion on the use of triflic acid in the 

polymerisation of phosphine-boranes is provided in Section 3.3.5. 

PPhH2 [PhHP-BH2]n + [PhHP-BH2]x cycles 
+ PhH2P·BH3 



 
 

115 

 
 

 

Scheme 3.3 The synthesis of [PhHP-BH2]n using triflic acid as a precatalyst. 

 

Figure 3.9 31P NMR (122 MHz, 25 °C, CDCl3) of the product of polymerisation of PhH2P·BH3 in the presence 

of triflic acid (1 mol%). 

The observation that triflic acid is a proficient precatalyst for the polymerisation of PhH2P·BH3, 

indicates that this could potentially have a significant role to play when CpFe(CO)2OTf is used as the 

precatalyst. We therefore sought to identify the roles of triflic acid and the iron centre. Firstly, we 

attempted the reaction of PhH2P·BH3 with CpFe(CO)2OTf (5 mol%) in the presence of a bulky base, 

either 2,6-di-tert-butylpyridine (DTBP) or proton sponge® (5 mol%). We anticipated that these H+ 

scavengers might negate any acid-catalysed polymerisation. The dehydropolymerisation was found to 

proceed in the presence of either of these bases (Table 3.1). Addition of DTBP (5 or 10 mol%) was 

found to have little effect on the molar mass of polymer produced using CpFe(CO)2OTf (5 mol%) 

(compare Table 3.1, entry 1 with entries 2 and 3); whereas, the addition of an excess of proton sponge® 

did result in lower molar mass material (entry 4). All reactions were found to be complete after heating 

at 100 °C for 24 h and analysis of the reaction mixture by 11B and 31P NMR spectroscopy all showed 

formation of [PhHP-BH2]n.  

Significantly, analogous studies using triflic acid as a precatalyst revealed similar results (Table 3.2): 

Addition of DTBP (5 or 10 mol%) was found to have little effect on the molar mass of polymer produced 

(compare Table 3.2, entry 1 with entries 2 and 3); whereas, the addition of an excess of proton sponge® 

[PhHP-BH2]n 

[PhHP-BH2]x 
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did result in lower molar mass material (entry 4). Premixing an equimolar amount of triflic acid and 

DTBP for 2 h before addition to PhH2P·BH3 also had little effect on the polymerisation (entry 5), 

whereas the analogous experiment using triflic acid and proton sponge® resulted in a lowering of the 

polymer molar mass (entry 6). Again, all reactions were found to be complete after heating at 100 °C 

for 24 h. 

Table 3.1 Effect of DTBP and proton sponge® on the polymerisation of PhH2P·BH3 using CpFe(CO)2OTf. 

 

Entry Additive Mn (g mol-1) PDI 

1 None 29,000 1.6 

2 DTBP (5 mol%) 28,000 1.7 

3 DTBP (10 mol%) 27,800 1.6 

4 Proton sponge® (10 mol%) 12,200 1.7 

Reaction conditions: A J. Young NMR tube was charged with PhH2P·BH3 (0.1 mmol), CpFe(CO)2OTf (5 mol%), 

toluene (0.5 mL) and any additive stated. The tube was sealed and heated to 100 °C for 20 h after which the 

reaction was analysed by 11B and 31P NMR, and the reaction mixture dried and analysed by GPC. 

Table 3.2 Effect of DTBP and proton sponge® on the polymerisation of PhH2P·BH3 using triflic acid. 

Entry Additive Mn (g mol-1) PDI 

1 None 19,500 1.5 

2 DTBP (5 mol%) 19,500 1.7 

3 DTBP (10 mol%) 19,600 2.2 

4 Proton sponge® (10 mol%) 3,400 2.2 

5 DTBP (5 mol%)a 21,700 1.8 

6 Proton sponge® (5 mol%)a 5,700 2.4 

Reaction conditions: A J. Young NMR tube was charged with PhH2P·BH3 (0.1 mmol,), TfOH (5 mol%), toluene 

(0.5 mL) and any additive stated. The tube was sealed and heated to 100 °C for 20 h after which the reaction was 

analysed by 11B and 31P NMR, and the reaction mixture dried and analysed by GPC. aTfOH and the additive stated 

were premixed in toluene prior to addition to PhH2P·BH3. 
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Remarkably, it was also found that PhH2P·BH3 would polymerise in the presence of a catalytic amount 

of proton sponge® providing an alternative base-catalysed route to access polyphosphinoboranes (see 

Section 3.3.4.1). In contrast, no change in the 31P NMR spectrum was observed when PhH2P·BH3 was 

heated to 100 °C in the presence of DTBP (5 mol%) in toluene for 24 h and no polymeric material was 

detected from the GPC chromatogram of the product mixture. A possible reason for this is that DTBP 

is a weaker base than proton sponge® (pKa (Me3C)2C5H3NH+ = 4.95 in water; pKa C14H18N2H+ = 12.1 

in water). 

Conversion versus molar mass studies 

Given the interesting conversion vs molar mass profile of the polymerisation of PhH2P·BH3 using 

CpFe(CO)2OTf (Figure 3.7), we were interested in examining if there were any differences using related 

precatalysts. It was previously reported that dehydrocoupling of PhH2P·BH3 could also be facilitated 

using the precatalyst CpFe(CO)2I; however, this was found to give only moderate molar mass polymer 

(Mn = 18,000, PDI = 2.0).32 This difference between CpFe(CO)2I and CpFe(CO)2OTf was postulated to 

be due to the more weakly coordinating trifluoromethanesulfonate anion resulting in a more active 

precatalyst. Given the reported differences between the polymer produced using these two precatalysts, 

we sought to compare the effect of conversion on molar mass for polymerisation of PhH2P·BH3 using 

CpFe(CO)2I to the above study using CpFe(CO)2OTf. 

When CpFe(CO)2I (1 mol%) was used as a precatalyst for the polymerisation of PhH2P·BH3, low molar 

mass polymeric material was observed in the GPC at low conversion (Mn ≈ 3,500 g mol-1). As with the 

case of CpFe(CO)2OTf, the molar mass of the material obtained using CpFe(CO)2I remained fairly 

constant until high monomer consumption (>95%) at which point a large increase in molar mass was 

observed (Figure 3.10). The absence of high molar mass material at lower conversion is more 

reminiscent of step-growth polymerisation rather than chain-growth. The polymerisation using 

CpFe(CO)2I as a precatalyst was found to be slower than when CpFe(CO)2OTf was used, taking 10 h 

for complete monomer consumption (cf. <4 h when CpFe(CO)2OTf is used). 
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Figure 3.10 Conversion vs Mn plot for the dehydropolymerisation of PhH2P·BH3 using CpFe(CO)2I. 

Conditions: PhH2P·BH3 (2 mmol), CpFe(CO)2I (1 mol%), toluene, 100 °C, 4 M. 

The first step in the dehydropolymerisation using CpFe(CO)2OTf is reported to be the formation of the 

iron phosphidoborane species CpFe(CO)2PPhHBH3. The stoichiometric reaction between 

CpFe(CO)2OTf and PhH2P·BH3 resulted in clean conversion to CpFe(CO)2PPhHBH3 after 7 d. This 

species can also be selectively formed and isolated by the reaction CpFe(CO)2I with LiPPhHBH3.32 We 

postulated that absence of any triflate leaving group would allow us to evaluate the role of iron in the 

catalysis of PhH2P·BH3 more clearly. 

When CpFe(CO)2PPhHBH3 (1 mol%) was used as a precatalyst, the effect of monomer conversion on 

the molar mass of the isolated material is shown below (Figure 3.11). At monomer consumptions of 

less than 60%, the molar mass of material was below the detection limit of the GPC (Mn = 

1,200 g mol-1). Monomer was fully consumed after around 10 h (similar to the time taken for 

CpFe(CO)2I dehydropolymerisation) and as with the previous catalysts, a large increase in molar mass 

was observed at high conversion. The time taken for monomer consumption using CpFe(CO)2PPhHBH3 

is significantly longer than when CpFe(CO)2OTf is used. This suggests that the iron-phosphidoborane 

is not a kinetically competent catalyst. The absence of high molar mass material is also more reminiscent 

of step-growth polymerisation rather than a chain-growth mechanism. These findings are significant 

because while CpFe(CO)2PPhHBH3 was postulated to be the active catalyst for the polymerisation of 

PhH2P·BH3 using CpFe(CO)2OTf  as a precatalyst (Scheme 3.2), the rate of polymerisation and the 

extent of molar mass growth with monomer consumption for the two precatalysts do not match, which 
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suggests that they either operate via different catalytic pathways or that there is an additional accessible 

mechanism for the CpFe(CO)2OTf precatalyst. 

 

Figure 3.11 Conversion vs Mn plot for the dehydropolymerisation of PhH2P·BH3 using CpFe(CO)2PPhHBH3. 

Conditions: PhH2P·BH3 (2 mmol), CpFe(CO)2PPhHBH3 (1 mol%), toluene, 100 °C, 4 M. 

We lastly studied the effect of conversion on molar mass for the triflic acid-catalysed polymerisation of 

PhH2P·BH3. Use of triflic acid (1 mol%) as a precatalyst gave a molar mass growth profile that closely 

matches step-growth mechanism (Figure 3.12). The molar mass of the isolated material was below 

1,500 g mol-1 up to ca. 50% conversion and only significantly increases at very high monomer 

consumption. The time taken for complete monomer consumption (10 h: conversion = 96%, 24 h: 

conversion = 100%) was significantly higher than when CpFe(CO)2OTf was used as a precatalyst 

(<4 h). 

 

Figure 3.12 Conversion vs Mn plot for the dehydropolymerisation of PhH2P·BH3 using TfOH. Conditions: 

PhH2P·BH3 (2 mmol), TfOH (1 mol%), toluene, 100 °C, 4 M. 
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These studies reveal that while a number of precatalysts are capable of catalysing the 

dehydropolymerisation of PhH2P·BH3 to give high molar mass material at high conversion, only 

CpFe(CO)2OTf forms high molar mass material at lower degrees of monomer consumption. This 

difference in conversion vs Mn suggest that there is a significant chain-growth component for the 

polymerisation using CpFe(CO)2OTf which is absent for other catalysts. 

3.3.3 The effect of HOTf loading on the polymerisation of phenylphosphine-borane and 
comparison with [CpFe(CO)2OTf] 

It was previously reported that the molar mass of [PhHP-BH2]n formed using [CpFe(CO)2OTf] is 

inversely related to the precatalyst loading.32 We sought to determine if the same relationship between 

precatalyst loading and polyphosphinoborane molar mass was observed when triflic acid was used. 

Heating of PhH2P·BH3 (0.8 mmol) in toluene (0.4 mL, 2 M) in the presence of varied amounts of triflic 

acid at 100 °C for 24 h and subsequent analysis of the material formed by GPC showed that there was 

an almost negligible effect of triflic acid loading on the molar mass of the resultant polymer (Table 3.3) 

which is inconsistent with a chain-growth mechanism. 

Table 3.3 Effect of triflic acid loading on the molar mass of polymer produced from the dehydrocoupling of 

PhH2P·BH3 

Conditions Mn (g mol-1) Mw (g mol-1) PDI 

1 mol% TfOH 49,700 75,500 1.52 

5 mol% TfOH 51,600 77,300 1.49 

10 mol% TfOH 41,300 62, 600 1.51 

Reaction conditions: A J. Young NMR tube was charged with PhH2P·BH3 (0.8 mmol), TfOH, toluene (0.4 mL). 

The tube was sealed and heated to 100 °C for 24 h after which the material was analysed by GPC. 

3.3.4 Reaction of oligomeric material with CpFe(CO)2OTf and TfOH 

For each of the polymerisation precatalysts that we have investigated, a significant increase in polymer 

molar mass is observed at very high conversion and after the monomer has been fully consumed. To 

further elucidate the reason for this, we sought to synthesise well-defined low molar mass material 

which we could then subject to catalytic conditions to examine if there is any molar mass increase.  

While it has been reported that the thermal dehydrocoupling of PhH2P·BH3 yielded oligomeric material, 

we consistently found that some high molar mass material was formed when attempting to replicate this 
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reaction either in the melt or in toluene. Material synthesised from the thermal dehydrocoupling of 

PhH2P·BH3 was also found to be sparingly soluble and likely somewhat crosslinked and was therefore 

not suitable for further studies. 

Another method for producing low molar mass material was reported by Gaumont and co-workers using 

B(C6F5)3 as a catalyst.43 This was reported to give material with a bimodal mass distribution (Mw = 3,900 

and 800 g mol-1); however, we could not reproduce these results following the reported reaction 

conditions (0.5 mol% B(C6F5)3, 20 °C, 3 d, toluene). The use of more forcing condition (5 mol% 

B(C6F5)3, 95 °C) did result in complete monomer consumption after 44 h and the formation of material 

with Mn = 8,000 g mol-1. As with the [PhHP-BH2]n polymer reported by Gaumont, the 31P NMR 

spectrum of this material showed a doublet at around −49 ppm and a number of unresolved peaks 

between −50 and −59 ppm. A significant amount of PPhH2 was also formed during the course of this 

reaction, suggesting monomer decomposition under these conditions. Despite this, we endeavoured to 

examine whether heating this material further in toluene in the presence of CpFe(CO)2OTf (1 mol%, 

100 °C, 18 h) had any effect on molar mass compared to heating without any catalyst; however, the 

results were inconclusive. The molar mass profiles of the material obtained with and without catalyst 

do vary (Figure S3.7) but it is unclear whether this is significant variation. 

The polymerisation of PhH2P·BH3 using CpFe(CO)2I results in the formation of fairly low molar mass 

material until very high conversion (Figure 3.10). We therefore anticipated that we could isolate low 

molar mass material by quenching this reaction at 60% conversion. Indeed, material isolated by 

precipitation into cold pentane and washing with diethyl ether to remove any remaining PhH2P·BH3 

was found to have an Mn = 15,000 g mol-1 (PDI = 1.7) and was determined to be monomer free from 

the 11B NMR spectrum. To analyse the difference between the reaction with CpFe(CO)2OTf, triflic acid, 

and any thermal reaction occurring at 100 °C, three J. Young NMR tubes were charged with the isolated 

low molar mass material (0.475 mmol) and dissolved in toluene (0.25 mL). To the first, no catalyst was 

added, to the second was added CpFe(CO)2OTf (5 mol% based on the monomer molar mass), and to 

the third was added triflic acid (5 mol%). The reaction mixtures were heated at 100 °C for 20 h. Volatiles 

were removed from the reaction mixtures and the residues analysed by GPC. The addition of triflic acid 

was found to have little effect on the molar mass (Mn = 17,000 g mol-1, PDI = 2.6); whereas, the presence 
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of CpFe(CO)2OTf resulted in a significant increase in molar mass (Mn = 54,100 g mol-1, PDI = 1.8). 

However, a significant increase in molar mass was also observed for the reaction heated to 100 °C in 

the absence of catalyst (Mn = 83,400, PDI = 3.8). These results show that while triflic acid is capable of 

polymerising monomeric PhH2P·BH3, it will not facilitate the linking of preformed polymeric chains 

together. The lack of molar mass increase when oligomeric material was heated in the presence of triflic 

acid suggests that TfOH could be acting to modify the polymer end group and preventing coupling 

between them.  

The difference between the reaction in the absence of catalyst and when CpFe(CO)2OTf is present are 

less obvious. Molar mass increase was observed in each case, which can be interpreted as indicating 

that a thermally induced reaction is responsible for the increase in molar mass of [PhHP-BH2]n after 

complete monomer consumption rather than an on-metal reaction; however, the presence of 

CpFe(CO)2OTf does have a significant effect on the PDI of the resultant polymer which suggests that 

CpFe(CO)2OTf is imparting an increased degree of control over reactivity leading to molar mass 

increase. Additionally one limitation of this study is that we cannot rule out the presence of an active 

iron species remaining in the polymer from the initial CpFe(CO)2I polymerisation. Despite repeated 

precipitations, the material remained strongly coloured suggesting that iron-containing species remain. 

The difficulty in removing iron species from polyphosphinoboranes subsequent to their formation  using 

CpFe(CO)2OTf as a precatalyst has previously been reported.37 

In summary, these results suggest that the polymerisation of PhH2P·BH3 using CpFe(CO)2OTf occurs 

via a hybrid mechanism rather than the simple chain-growth previously postulated. A similar hybrid 

mechanism was reported for the rhodium-catalysed polymerisation of phenylphosphinoborane35 and 

N-methylamine-borane,50 and has also been implicated in a number of other polymerisation 

processes.51-53 There are a few possibilities for this proposed step-growth component. i) head-to-tail 

linking of end groups giving a phosphinoborane linkage (Figure 3.13a); ii) chain branching through P-B 

coupling giving triphosphinoborane units or phosphinotriborane linkages (Figure 3.13b); iii) 

homoatomic linking e.g. P-P coupling (Figure 3.13c). While homoatomic coupling is conceivable, and 

has previously been reported using iron precatalysts,54 this would lead to differences to the observed  

31P NMR spectra and therefore is ruled out as a significant process. Given that we only observe one 
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signal in the 11B and 31P NMR, the data tentatively points towards end group linking (Figure 3.13a) as 

this would give linkages indistinguishable from the chain-growth mechanism previously postulated 

while any alternatives would likely be detectable by either 11B or 31P NMR spectroscopy. 

 

Figure 3.13 Possible polymer chain coupling motifs during the polymerisation of PhH2P·BH3. 

3.3.5 Catalytic Dehydrocoupling of phenylphosphine-borane using non-metal catalysts 

As discussed in Section 3.3.2.2 it is possible to facilitate the dehydrocoupling of PhH2P·BH3 using both 

acidic and basic non-metal precatalysts. The development of non-metal catalysts is of significant 

importance both to eliminate the need for the use of toxic, expensive transition metals in favour of more 

benign and earth abundant species and because the presence of metals in polymers can have significant 

deleterious effects on their material properties. We therefore endeavoured to investigate the catalytic 

dehydrocoupling of phosphine-boranes using proton sponge® and triflic acid. 

The synthesis of [PhHP-BH2]n using proton sponge® as a precatalyst 

The polymerisation of PhH2P·BH3 using proton sponge® was investigated (Scheme 3.4). Analysis of 

the material formed stirring for 24 h in toluene at 100 °C by 31P NMR revealed the formation of PhPH2 

alongside a doublet at ca. −50 ppm which corresponds to [PhHP-BH2]n.32 A broad unassigned signal 

was also observed at −80 ppm, along with several overlapping signals with chemicals shifts between 

−50 and −60 ppm. These signals in the 31P NMR spectrum have previously been observed in rhodium 

catalysed dehydropolymerisation of PhH2P·BH3 and are reported to correspond to small cyclic 

species.27 Analysis of this material by GPC showed high molar mass material revealed that mostly low 

molar mass polydisperse polymer was formed (Figure S3.3, Mn = 4,700, PDI = 2.2). 
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Scheme 3.4 The synthesis of [PhHP-BH2]n using proton sponge® as a precatalyst. 

Large scale synthesis and isolation of [PhHP-BH2]n using triflic acid precatalyst 

In order to synthesise sufficient material which is metal-free for use in further applications e.g. in the 

synthesis of crosslinked polyphosphinoborane, we targeted the synthesis [PhHP-BH2]n on a 4 mmol 

scale using triflic acid as a precatalyst (Scheme 3.3). To this end, PhH2P·BH3 was dissolved in toluene 

(2 M) and heated to 100 °C in the presence of triflic acid (1 mol%). After 2 d, volatiles were removed 

under vacuum and the residue dissolved in DCM and precipitated into pentane at −78 °C. The resultant 

material was dried under vacuum for 2 d yielding a colourless solid (yield = 0.37 g, 75%). The NMR 

spectra of this material were consistent with the formation of [PhHP-BH2]n.32 The molar mass was 

determined by GPC and was found to be significantly lower than the molar mass of previous smaller 

scale reactions (Figure S3.14, Mn = 5,200, PDI = 2.4). The reason for this remains unclear but the 

material produced is of sufficient molar mass for further functionalisation and as a precursor to 

polyphosphinoborane gels (see Chapter 4). 

3.3.6 Catalytic dehydrocoupling of alkylphosphine-boranes 

Polymerisation of tBuH2P·BH3 using triflic acid as a precatalyst 

Heating tBuH2P·BH3 in toluene (2 M) in the presence of triflic acid (10 mol%) at 100 °C resulted in 

complete consumption of the monomer after 64 h (determined by 11B NMR). After workup, analysis by 

31P NMR spectroscopy revealed several signals in the range −10 ppm to −30 ppm (Figure S3.17). A 

similar set of signals was observed in a thermally-induced Lewis-base elimination route to poly(tert-

butylphosphinoborane) and was tentatively attributed to polymer tacticity.41 Analysis of the material by 

GPC revealed the formation of polymeric material (Figure S3.19, Mn = 15,000 g mol-1, PDI = 1.7).  
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Polymerisation of nHexH2P·BH3 using triflic acid as a precatalyst 

Heating nHexH2P·BH3 in toluene (2 M) in the presence of triflic acid (5 mol%) to 100 °C resulted in a 

sluggish reaction. After 5 d, the reaction was stopped at ca. 75% monomer consumption. After workup, 

analysis of this material by 31P NMR spectroscopy showed signals corresponding to the polymer (δ = 

−60 ppm);36 however, some nHexH2P·BH3 remained (δ = −55 ppm) along with a number of other 

unidentified signals (Figure S3.21). The molar mass of the material was determined by GPC 

chromatography (Figure S3.25, Mn of 6,400 g mol-1, PDI = 2.5). 

Dehydrocoupling of Et2HP·BH3 using CpFe(CO)2OTf and TfOH precatalysts 

Given the successful dehydrocoupling of primary alkylphosphine–boranes using [CpFe(CO)2(OTf)],47 

we decided to examine the dehydrocoupling of a P-disubstituted dialkylphosphine-borane. To this end, 

Et2HP·BH3 was heated to 100 °C in the presence of [CpFe(CO)2(OTf)]  (1 mol% precatalyst, toluene, 

2.0 M) for 14 days, after which ~30% conversion of the starting material was detected by 31P NMR 

spectroscopy. After removal of the volatiles under vacuum, including unreacted Et2HP·BH3, the 

material was analysed by NMR spectroscopy. This analysis revealed the major product to be the linear 

dimer Et2HP·BH2-PEt2·BH3. The 31P{1H} and 11B{1H} NMR spectra each contain two major peaks in 

a 1:1 ratio by integration corresponding to internal (δP = –26.7, δB = –37.5 ppm) and terminal (δP = –

2.7, δB = –38.9 ppm) P- and B-centers within the linear dimeric chain (Figure S3.27 and Figure S3.29). 

Further analysis of the dehydrocoupling product mixture by ESI-MS uncovered trace amounts of 

oligomeric [Et2P–BH2]x (x <5) with expected repeat unit of Δ(m/z) = 102 Da (Figure S3.33), but no 

high molar mass material was observed in the GPC chromatogram of the product where the peak was 

below the limit of the lowest molecular weight polystyrene standard (2,300 g mol-1; Figure S3.34). 

Heating Et2HP·BH3 in toluene in the presence of triflic acid (5 mol%) to 100 °C in a J. Young NMR 

tube resulted in a sluggish reaction. After 10 d, analysis of the reaction by 31P NMR spectroscopy 

showed a broad doublet at −2.8 ppm (J = 339 Hz) and a broad singlet at −25.4 ppm which have been 

reported to correspond to the linear dimer Et2HP·BH2-Et2P·BH3; however a significant amount of 

starting material remained (δ = 1.6 ppm, J = 364.5 Hz), and a number of other products were also 

formed (Figure S3.35). Due to the poor selectivity and slow reaction rate, this reaction was stopped 

after 10 d and not pursued further. 
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Conclusions 

In summary, we have significantly increased the amount of high molar mass polymer produced from a 

high molar mass:low molar mass ratio of 3:7 to 7:3. from the dehydropolymerisation of PhH2P·BH3 

using the precatalyst CpFe(CO)2OTf by thorough investigation of reaction conditions on the 

polymerisation. While this reaction was previously postulated to operate via a chain-growth mechanism, 

our studies suggest that the reaction proceeds instead via a mixture of chain-growth and step-growth 

pathways. The evidence for this hybrid mechanism comes from studies into conversion vs molar mass 

for CpFe(CO)2OTf and related catalysts with continued molar mass increase observed after complete 

monomer consumption. 

Triflic acid and proton sponge® were found to be active precatalysts in their own right for the 

polymerisation of PhH2P·BH3 and the dehydrocoupling of other phosphine-borane monomers was also 

facilitated by triflic acid; however, while triflic acid is a proficient precatalyst for the polymerisation of 

tert-butylphosphine-borane, issues with selectivity, and a slow reaction rate hinder the dehydrocoupling 

of n-hexyl- and diethylphosphine-borane. There is therefore significant scope for improving non-metal 

catalysed dehydrocoupling of phosphine-boranes to compete with the efficacy of CpFe(CO)2OTf. 

Experimental 

3.5.1 General procedures, reagents, and equipment 

All air- and water-sensitive manipulations were carried out in glassware under a nitrogen atmosphere 

using standard Schlenk line and glovebox techniques. Glassware was dried in an oven at 200 °C 

overnight prior to use. Polymer workup was carried out under air. Anhydrous solvents were dried via a 

Grubbs design purification system. Anhydrous, deuterated solvents were purchased from Sigma 

Aldrich, and stored over activated molecular sieves (4Å). PhH2P·BH3,55 tBuH2P·BH3,41 Et2HP·BH3,56 

and CpFe(CO)2OTf57 were synthesised via literature procedures. All other compounds were purchased 

from commercial sources and used as received unless stated otherwise. 

NMR spectra were recorded using Oxford Jeol ECS 400 MHz, Bruker Nano 400 MHz, Bruker Avance 

III HD 500 MHz Cryo, Bruker Advance 500 MHz, or Varian VNMR 500 MHz spectrometers. 1H and 

13C NMR spectra were reference to residual signals of the solvent (CDCl3: 1H: δ = 7.24, 13C: δ = 77.0; 
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C6D5H: 1H: δ = 7.20, 13C: δ = 128.0). 11B and 31P NMR spectra were referenced to external standards 

(11B: BF3·OEt2 (δ = 0.0); 31P: 85% H3PO4 (aq.) (δ = 0.0)). Chemical shifts () are given in parts per 

million (ppm) and coupling constants (J) are given in Hertz (Hz), rounded to the nearest 0.5 Hz.  

Electrospray ionisation mass spectrometry (ESI-MS) was performed on a MSQ Plus single quadrupole 

mass spectrometer (Thermo, MA) with a flow rate of 0.2 mL min-1. A 50:50 solvent mixture was 

prepared of Mili-Q™ water (Millipore) and Optima™ Methanol (Fisher Chemical). 200 uL of sample 

was injected using a manual injector. The instrument cone voltage was set to 75 V and a scan time of 

1 s used. 

Gel permeation chromatography (GPC) was performed on a Malvern RI max Gel Permeation 

Chromatograph, equipped with an automatic sampler, pump, injector, and inline degasser. The columns 

(2xT5000) were contained within an oven (35°C) and consisted of styrene/divinyl benzene gels. Sample 

elution was detected by means of a differential refractometer. The calibration was conducted using 

monodisperse polystyrene standards obtained from Aldrich. The lowest and highest molecular weight 

standards used were 2,300 Da and 994,000 g mol-1 respectively.  

Additional GPC was performed on an Omnisec Resolve TDA 305 GPC system, equipped with an 

automatic sampler, pump, injector, and inline degasser. The columns (T3000 and T5000 in sequence) 

were contained within an oven (35°C) and consisted of styrene/divinyl benzene gels. Sample elution 

was detected by means of a differential refractometer. The calibration was conducted using 

monodisperse polystyrene standards obtained from Aldrich. The lowest and highest molecular weight 

standards used were 1,200 Da and 4,200,000 g mol-1 respectively.  

For GPC analysis, THF (Fisher) containing 0.1 w/w % [nBu4N][Br] was used as the eluent for GPC at 

a flow rate of 1 mL min-1. Samples were dissolved in THF (2 mg mL-1) and filtered with a Ministart 

SRP15 filter (poly(tetrafluoroethylene) membrane of 0.45 μm pore size) before analysis.  

3.5.2 Investigations of monomer conversion on molar mass for CpFe(CO)2OTf and related 
catalysts 

In a glovebox, a vial was charged with PhH2P·BH3 (2 mmol), catalyst (1 mol%), and toluene (1 mL). 

The reaction mixture was transferred to a J. Young flask, sealed, removed from the glovebox, and 

connected to a Schlenk manifold. The flask was opened to nitrogen and heated to 100 °C. At regular 
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time intervals, a few drops of material were removed via syringe. The aliquot was analysed by 11B NMR 

to determine the monomer conversion and subsequently dried under vacuum and analysed by GPC to 

determine the molar mass of the material. 

3.5.3 Catalytic dehydrocoupling with different precatalyst loadings of HOTf 

Under a dinitrogen atmosphere PhH2P·BH3 (0.8 mmol) was dissolved in toluene (0.4 mL), and TfOH 

added directly. Each colourless reaction mixture was transferred to a J. Young NMR tube, sealed, and 

heated at 100 °C in an oil bath. The conversion was monitored by 31P{1H} and 11B{1H} NMR 

spectroscopy. Upon complete consumption of monomer, each J. Young tube was opened in air carefully 

to vent H2 generated in the dehydropolymerisation reaction, and the solvent was removed under 

vacuum. For each reaction, the crude colourless residue was dissolved in CH2Cl2 (0.5 mL) and washed 

with a 0.1 M NaHCO3 solution, the organic phase was separated and dried over a short pad of MgSO4 

within a glass microfiber plugged pipette and was eluted with CH2Cl2 (5 mL), afterwards the solvent 

was removed by rotary evaporation and the pale yellow to colourless solid polymeric product was dried 

under vacuum overnight followed by in 40 °C vacuum oven for a minimum of 2 days (quantitative 

yield). The material was subsequently analysed by GPC to determine molar mass (Table 3.3). 

3.5.4 Synthesis and reactivity of oligo(phenylphosphinoborane) 

Thermal dehydrocoupling of phenylphosphine-borane 

In a glovebox, a J. Young flask was charged with PhH2P·BH3 (2 mmol) and toluene (1 mL). The flask 

was sealed and transferred to a Schlenk manifold and then heated at 100 °C for 2 d. The progress of the 

reaction was monitored by 11B and 31P NMR spectroscopy. After 2 d, a monomer conversion of 75% 

was determined by 11B NMR spectroscopy. At this point, volatiles were removed from the reaction 

mixture and the molar mass of the material determined by GPC.  

GPC: Mn = 10,800 g mol-1, Mw = 24,600 g mol-1, PDI = 2.3. 
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Figure S3.1 In situ 11B NMR (96 MHz, 25 °C, toluene) of the thermal reaction of PhH2P·BH3 after 2 d. 

 

Figure S3.2 In situ 31P NMR spectrum (122 MHz, 25 °C, toluene) of the thermal reaction of PhH2P·BH3 after 2 

d. Signal corresponding to PhPH2 is denoted by *. 

 

Figure S3.3 GPC chromatogram (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent) of material 

isolated from the thermal reaction of PhH2P·BH3 after 2 d. 
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Dehydrocoupling of phenylphosphine-borane using B(C6F5)3 as a precatalyst 

In a glovebox, a flask was charged with PhH2P·BH3 (0.3 g, 2.4 mmol), B(C6F5)3 (0.06 g, 0.12 mmol), 

and toluene (4 mL). The flask was sealed and transferred to a Schlenk manifold and then heated at 95 

°C for 44 h open to a nitrogen atmosphere. Volatiles were then removed under vacuum and the residue 

dried overnight in a vacuum oven at 40 °C. The resultant material was analysed by GPC to determine 

the molar mass: Mn = 7,800 g mol-1, Mw = 15,100 g mol-1, PDI = 1.9 (yield = 0.124 g, 42%). 

 

Figure S3.4 In situ 11B NMR spectrum (96 MHz, 25 °C, toluene) of the B(C6F5)3 catalysed polymerisation of 

PhH2P·BH3. 

 

Figure S3.5 In situ 31P NMR spectrum (122 MHz, 25 °C, toluene) of the B(C6F5)3 catalysed polymerisation of 

PhH2P·BH3. Signal corresponding to PhPH2 is denoted by *. 
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Figure S3.6 GPC chromatogram of material isolated from the B(C6F5)3 catalysed polymerisation of PhH2P·BH3 

(2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent). 

Reaction of oligo(phenylphosphinoborane) formed using B(C6F5)3 

To oligo(phenylphosphinoborane) (Mn = 7,800 g mol-1, 61 mg, 0.49 mmol based on monomer) was 

added CpFe(CO)2OTf (2 mg, 4.9 × 10-3 mmol), and toluene (0.5 mL). The reaction mixture was 

transferred to a J. Young NMR tube and heated at 100 °C for 18 h, after which, volatiles were removed 

under vacuum and the residue dried overnight in a vacuum oven at 40 °C. The material was analysed 

by GPC to determine any molar mass increase from the starting material (Figure S3.7). An analogous 

thermal reaction was carried out without the addition of catalyst. 

 

Figure S3.7 GPC chromatograms (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent) showing the 

molar mass of the materials obtained by B(C6F5)3 dehydrocoupling of PhH2P·BH3 (oligomers), the material 

obtained after heating the oligomers in the presence of CpFe(CO)2OTf at 100 °C for 18 h (with catalyst), and 

heating to 100 °C for 18 h in the absence of any CpFe(CO)2OTf (without catalyst). 
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Synthesis of low molar mass poly(phenylphosphinoborane) using CpFe(CO)2I  as a 
precatalyst 

In a glovebox under a dinitrogen atmosphere, a J. Young flask was charged with PhH2P·BH3 (712 mg, 

6 mmol), CpFe(CO)2I (18.2 mg, 0.06 mmol) and toluene (2 mL, 3 M). The flask was sealed and 

transferred to a Schlenk manifold and the reaction subsequently heated at 100 °C open to an atmosphere 

of nitrogen. After 6 h, the reaction mixture was precipitated into cold pentane (−78 °C). Volatiles were 

removed under vacuum and the residue washed with diethyl ether. The material was determined to be 

monomer free by 11B NMR analysis. The resultant material was dried under vacuum for 2 d yielding a 

light grey solid. Mn = 15,000 g mol-1, Mw = 25,500 g mol-1, PDI = 1.7 (yield = 348 mg, 48%). 

 

Figure S3.8 GPC chromatogram (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent) of material 

isolated from the polymerisation of PhH2P·BH3 using CpFe(CO)2I. 

Reaction of low molar mass poly(phenylphosphinoborane) formed using 
CpFe(CO)2I 

In a glovebox, three vials were each charged with low molar mass [PhHP-BH2]n (Mn = 15,000 g mol-1) 

58 mg, 0.48 mmol) formed using CpFe(CO)2I. To the first was added nothing, to the second was added 

CpFe(CO)2OTf (8 mg, 0.024 mmol), and to the third was added TfOH (2.1 μL, 0.024 mmol). To each 

vial was added toluene (0.24 mL, 2 M) and the contents transferred to separate J. Young NMR tubes. 

The three NMR tubes were heated at 100 °C for 20 h, after which, volatiles were removed under vacuum 

and the residue dried overnight in a vacuum oven at 40 °C. A GPC was taken of this material to 

determine any molar mass increase from the starting material. The molar masses are given in Table 

S3.1. 
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Table S3.1 Molar mass (Mn) and polydispersity of [PhHP-BH2]n obtained from the polymerisation of 

PhH2P·BH3 using CpFe(CO)2I and subsequent reactions using this material. 

Reaction Mn (g mol-1) PDI 

Oligo(phenylphosphinoborane) 

formed using CpFe(CO)2I 

15,000 1.7 

Thermal 83,400 3.8 

CpFe(CO)2OTf 54,100 1.8 

TfOH 17,000 2.6 

3.5.5 Polymerisation of phenylphosphine-borane using proton sponge®  

 

In a glovebox, a J. Young NMR tube was charged with PhH2P·BH3 (0.1 mmol) and proton sponge® 

stock solution in toluene (0.5 ml, 0.01 M, 5 mol%). The NMR tube was sealed and heated to 100 °C. 

The reaction was monitored by 31P NMR spectroscopy. After 1 d, volatiles were removed under vacuum 

and the molar mass of the residue determined by GPC: Mn = 4,700 g mol-1, Mw =10,400 g mol-1, PDI = 

2.2. 

 

Figure S3.9 In situ 31P NMR  spectrum (122 MHz, 25 °C, toluene) after the dehydrocoupling of PhH2P·BH3 

using proton sponge®. Signal corresponding to PhPH2 are denoted by *. 

* 

[PhHP-BH2]n + [PhHP-
BH2]x cycles + 

PhH2P·BH3 
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Figure S3.10 GPC chromatogram (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent) of material 

isolated from the dehydrocoupling reaction of PhH2P·BH3 in the presence of proton sponge®. 

3.5.6 Larger scale synthesis of poly(phenylphosphinoborane) using triflic acid 

Under a dinitrogen atmosphere PhH2P·BH3 (496 mg, 4 mmol) was dissolved in toluene (2 mL). Directly 

to this solution, HOTf (17 L, 0.2 mmol, 5 mol%) was added. The colourless reaction mixture was 

transferred to a Schlenk flask and heated at 100 °C open to an atmosphere of nitrogen. After 2 d, 

volatiles were removed under vacuum and the residue dissolved in DCM and precipitated into pentane 

at −78 °C. The resultant material was dried under vacuum for 2 d yielding a colourless solid (yield = 

0.37 g, 75%). NMR data matched those previously reported for [PhHP-BH2]n.  

GPC: Mn = 5,200 g mol-1, Mw = 12,600 g mol-1, PDI = 2.4). 

 

Figure S3.11 1H NMR (300 MHz, CDCl3) of isolated [PhHP-BH2]n formed using TfOH catalyst. Deuterated 

chloroform residual signal denoted by *. 
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Figure S3.12 31P NMR (122 MHz, 25 °C, CDCl3) of isolated [PhHP-BH2]n formed using TfOH catalyst. 

 

Figure S3.13 11B NMR (96 MHz, 25 °C, CDCl3) of isolated [PhHP-BH2]n formed using TfOH catalyst. 

 

Figure S3.14 GPC chromatogram ((2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent)) of isolated 

[PhHP-BH2]n formed using TfOH catalyst. 
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3.5.7 Synthesis of poly(tert-butylphosphinoborane) using triflic acid 

 

Under a dinitrogen atmosphere 1 mmol of tBuH2P·BH3 was dissolved in 0.5 mL of toluene. Directly to 

this solution, 8 L of HOTf (10 mol %) was added. The colourless reaction mixture was transferred to 

a J. Young NMR tube, sealed, and heated at 100 °C in an oil bath. The conversion was monitored by 

31P and 11B NMR spectroscopy. Upon complete consumption of monomer (64 h), the J. Young tube 

was opened in air carefully to vent H2 generated in the dehydropolymerisation reaction, and the solvent 

was removed by rotary evaporation. The crude colourless residue was dissolved in CH2Cl2 (0.5 mL) 

and washed with a 0.1 M NaHCO3 solution, the organic phase was separated and dried over a short pad 

of MgSO4 within a glass microfiber plugged pipette and was eluted with CH2Cl2 (5 mL), afterwards the 

solvent was removed by rotary evaporation and the pale yellow to colourless solid polymeric product 

was dried under vacuum for 24 h followed by in 40 °C vacuum oven for 24 h. NMR data matched those 

previously reported for poly(t-butylphosphinoborane). 

GPC: Mn = 15,000 g mol−1, Mw = 26,200 g mol−1, PDI = 1.7. 

 

Figure S3.15 1H NMR (400 MHz, 25 °C, CDCl3) of isolated [tBuHP-BH2]n. Deuterated chloroform residual 

signal denoted by *. 
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Figure S3.16 11B NMR (96 MHz, 25 °C, CDCl3) of isolated [tBuHP-BH2]n. 

 

 

 

Figure S3.17 31P NMR (122 MHz, 25 °C, CDCl3) of isolated [tBuHP-BH2]n. 

[tBuHP-BH2]n 

[tBuHP-BH2]n 

 



 
 

138 

 
 

 

Figure S3.18 31P{H} NMR (122 MHz, 25 °C, CDCl3) of isolated [tBuHP-BH2]n. 

 

 

Figure S3.19 GPC chromatogram (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent) of isolated 

[tBuHP-BH2]n. 

3.5.8 Synthesis of poly(n-hexylphosphinoborane) using triflic acid 

 

Under a dinitrogen atmosphere 4 mmol of nHexH2P·BH3 (528 mg, 4 mmol) was dissolved in 2 mL of 

toluene, directly to this solution was added HOTf (17.7 L, 0.2 mmol). The pale-yellow reaction 

mixture was transferred to a J. Young flask and heated at 100 °C under an atmosphere of nitrogen. The 

[tBuHP-BH2]n 
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conversion was monitored by 11B NMR and 31P spectroscopy. After 5 d, the reaction was stopped (ca. 

75% consumption of the monomer). Volatiles were removed under vacuum and the reaction mixture 

was dissolved in a small amount of THF (ca. 1 mL) and precipitated into 50 mL water/isopropanol (v/v 

1:1). The material was dried under vacuum for 2 d. This yielded a colourless gummy solid. 

GPC: Mn = 6,400 g mol-1, Mw = 15,700, PDI = 2.5. 

 

Figure S3.20 1H NMR spectrum (500 MHz, 25 °C, CDCl3) of material isolated from the dehydrocoupling of 

nHexH2P·BH3 using TfOH. Deuterated chloroform residual signal denoted by *. 

 

 

Figure S3.21 31P{H} NMR (203 MHz, 25 °C, CDCl3) spectrum of material isolated from the dehydrocoupling 

of nHexH2P·BH3 using TfOH. 

 

[nHexHP-BH2]n 
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Figure S3.22 31P NMR spectrum (203 MHz, 25 °C, CDCl3) of material isolated from the dehydrocoupling of 

nHexH2P·BH3 using TfOH. 

 

Figure S3.23 11B{H} NMR spectrum (161 MHz, 25 °C, CDCl3) of material isolated from the dehydrocoupling 

of nHexH2P·BH3 using TfOH. 

 

 

[nHexHP-BH2]n 

[nHexHP-BH2]n 

nHexH2P·BH3 
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Figure S3.24 11B NMR spectrum (161 MHz, 25 °C, CDCl3) of material isolated from the dehydrocoupling of 

nHexH2P·BH3 using TfOH. 

 

 

Figure S3.25 GPC chromatogram (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent) of material 

isolate from the dehydrocoupling of nHexH2P·BH3 using TfOH. 

3.5.9 Dehydrocoupling of Et2HP·BH3 to the Linear Dimer Et2HP·BH2–PEt2·BH3, and Minor 
Amounts of Oligomeric [Et2P−BH2]x. 

In a glovebox, Et2HP·BH3 (1 mmol, 104 mg), was dissolved in 400 µL of toluene. To the 

phosphine−borane solution 100 µL of a stock solution of [CpFe(CO)2(OTf)] in toluene (0.1 M) was 

added. The initially red-orange reaction mixture was transferred to a J. Young NMR tube, sealed, and 

removed from the glovebox and heated to 100 °C after which the reaction mixture changed color to 

yellow. After heating at 100 °C for 14 days the conversion as determined by 31P{1H} NMR spectroscopy 

was ca. 30% and the volatiles including unreacted Et2HP·BH3 were then removed under vacuum for 3 

days to obtain 10 mg (~10% yield) of yellow oily product mixture. The product mixture was analyzed 
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by 1H, 11B, 13C and 31P NMR spectroscopy indicating the formation of primarily linear dimer 

Et2HP·BH2–PEt2·BH3, ESI-MS revealed minor amounts of low molecular weight oligomers 

[Et2P−BH2]x, and GPC revealed that no high molecular weight polymer is formed. 

Spectroscopic analysis: 

1H NMR (500 MHz, CDCl3): δ (ppm) 4.76 (d, J = 380 Hz, 1H, (CH3CH2)2HP·BH2-P(CH2CH3)2·BH3), 

1.96 (br d, J = 40.5 Hz 4H, (CH3CH2)2HP·BH2-P(CH2CH3)2·BH3)), 1.56 – 1.43 (m, 4H, 

(CH3CH2)2HP·BH2-P(CH2CH3)2·BH3)), 1.31 – 1.19 (m, J = 15.0, 7.0 Hz, 6H, (CH3CH2)2HP·BH2–

P(CH2CH3)2·BH3)), 1.16 – 1.03 (m, 6H, CH3CH2)2HP·BH2-P(CH2CH3)2·BH3)), 0.42 (br q, J = 88.0 

Hz, 3H, (CH3CH2)2HP·BH2-P(CH2CH3)2·BH3)). 

Peaks corresponding to internal BH2 are hidden under alkyl-derived peaks and could not be located. 

11B{1H} NMR (161 MHz, CDCl3): δ (ppm) −37.5 (t, J = 77.0 Hz, Et2HP·BH2-PEt2·BH3), −38.9 (d, J = 

64.0 Hz, Et2HP·BH2-PEt2·BH3). 

11B NMR (161 MHz, CDCl3): δ (ppm) −33.4 – −39.9 (br m). 

31P{1H} NMR (203 MHz, CDCl3): δ (ppm) −2.2 – −3.2 (m, Et2HP·BH2-PEt2·BH3), −26.7 (m, 

Et2HP·BH2-PEt2·BH3). 

31P NMR (203 MHz, CDCl3): δ (ppm) −0.43 – −4.78 (m, J = 384.5 Hz, Et2HP·BH2-PEt2·BH3), −26.7 

(m, Et2HP·BH2-PEt2·BH3). 

13C{1H} NMR (126 MHz, CDCl3): δ (ppm) 18.16 (dd, J = 33.5 Hz, (CH3CH2)2HP·BH2-

P(CH2CH3)2·BH3), 12.45 (dd, J = 38.5 Hz, (CH3CH2)2HP·BH2-P(CH2CH3)2·BH3), 8.68 (d, J = 5 Hz, 

(CH3CH2)2HP·BH2-P(CH2CH3)2·BH3)), 7.90 (d, J = 3 Hz, (CH3CH2)2HP·BH2-P(CH2CH3)2·BH3)). 

Attempted characterization of higher oligomers/polymer: 

GPC (2 mg mL-1): Peak is below the limit of the lowest molecular weight polystyrene standard (2,300 

g mol-1). 

ESI-MS: Difference of 102 m/z ([Et2P–BH2] subunit) confirms presence of linear 

oligo(diethylphosphinoborane) with a phosphine end group [H–[Et2P–BH2]x–PHEt2]+ up to 5 repeat 

units. 
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Figure S3.26 1H NMR spectrum (500 MHz, 25 °C, CDCl3) of the product mixture from dehydrocoupling of 

Et2HP·BH3 yielding mostly linear dimer Et2HP·BH2-PEt2·BH3.  Deuterated chloroform residual signal denoted 

by *. 

 

Figure S3.27 11B{H} NMR spectra (161 MHz, 25 °C, CDCl3) of the product mixture from dehydrocoupling of 

Et2HP·BH3 yielding mostly linear dimer Et2HP·BH2-PEt2·BH3. 
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Figure S3.28 11B NMR spectra (161 MHz, 25 °C, CDCl3) of the product mixture from dehydrocoupling of 

Et2HP·BH3 yielding mostly linear dimer Et2HP·BH2-PEt2·BH3. 

 

 

 

  

Figure S3.29 31P{H} NMR spectra (203 MHz, 25 °C, CDCl3) of the product mixture from dehydrocoupling of 

Et2HP·BH3 yielding mostly linear dimer Et2HP·BH2-PEt2·BH3. 
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Figure S3.30 31P NMR spectra (203 MHz, 25 °C, CDCl3) of the product mixture from dehydrocoupling of 

Et2HP·BH3 yielding mostly linear dimer Et2HP·BH2-PEt2·BH3. 

 

Figure S63. 13C{1H} NMR spectrum (126 MHz, 25 °C, CDCl3) of the product mixture from dehydrocoupling of 

Et2HP·BH3 yielding mostly linear dimer Et2HP·BH2-PEt2·BH3. Deuterated chloroform residual signal denoted 

by *. 
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Figure S3.31 1H,13C-HSQC NMR spectrum of the product mixture from dehydrocoupling of Et2HP·BH3 

yielding mostly linear dimer Et2HP·BH2-PEt2·BH3. 

 

Figure S3.32 1H,13C-HMBC NMR spectrum of the product mixture from dehydrocoupling of Et2HP·BH3 

yielding mostly linear dimer Et2HP·BH2-PEt2·BH3. 
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Figure S3.33 ESI-MS (1 mg mL−1 in CH2Cl2) in positive mode of [Et2P–BH2]x oligomers present in sample 

containing primarily linear dimer Et2HP·BH2-PEt2·BH3. 

 

Figure S3.34 GPC chromatogram (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent) of the product 

mixture from the dehydrocoupling of Et2HP·BH3 in THF. Molar mass of [Et2P–BH2]x oligomers is below the 

limit of the lowest molecular weight polystyrene standard (2,300 g mol-1). 

3.5.10 Attempted dehydrocoupling of Et2HP·BH3 using triflic acid 

In a glovebox, a J. Young NMR tube was charged with Et2HP·BH3 (0.1 mmol), TfOH (5 mol%), and 

toluene (0.5 mL). The NMR tube was sealed and heated to 100 °C. After 10 d, analysis of the reaction 
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by 31P NMR spectroscopy showed signals that correspond to formation linear dimer (ca. 60% of total 

31P integration), along with significant amount of starting material remained (ca. 25% total 31P 

integration), and a number of other signals. This reaction was not pursued further. 

 

Figure S3.35 31P NMR (202 MHz, toluene) of the crude reaction mixture of the attempted dehydrocoupling of 

Et2HP·BH3 using triflic acid 
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Chapter 4  
 
Applications of polyphosphinoboranes 
in the formation of hydrogels and as 
flame retardants 
 

The synthesis of hydrogels from polyphosphinoboranes  

4.1.1 Abstract 

Recently there has been significant interest in the development of new hydrogels for a range of 

applications. Herein we report a novel class of inorganic hydrogel consisting of a network of crosslinked 

polyphosphinoborane chains. These hydrogels were synthesised via UV-light induced reaction of 

poly(phenylphosphinoborane) [PhHP-BH2]n with methacrylate and acrylate capped poly(ethylene 

glycol), and dimethacrylate crosslinkers in the presence of the photoinitiator 2,2-dimethoxy-2-

phenylacetophenone. These materials were found to be highly swellable in water and the swellability 

was tunable by the length and amount of crosslinker used. This could also be influenced by choice of 

end capping for PEG side groups, with methoxy-terminated PEG resulting in more swellable materials 

than hydroxy-terminated analogues. Furthermore, the formation of a colourless hydrogel was achieved 

from poly(phenylphosphinoborane) synthesised using a triflic acid precatalyst rather than iron-based 

catalysts. 

4.1.2 Introduction 

Polymer gels are semi-solid systems consisting of three-dimensional cross-linked polymer networks 

capable of absorbing large amounts of solvent in their swollen state. These materials are known as 

hydrogels if the solvent is water, and can be classified as either physical or chemical gels: physical gels 

are formed when secondary forces, for example H-bonding, ionic, or hydrophobic forces are responsible 

for formation of a physical network; and chemical gels result from covalent linkages are formed 

between polymer chains.1 Physical hydrogels, are often designed to form under physiological  
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conditions and can be dissolved by changes in, for example, pH and temperature; whereas chemical 

hydrogels tend to be robust when formed.2 Due to their high water content, the properties of hydrogels 

often closely resemble those of biological tissues resulting in excellent biocompatibility.1 Since the first 

report on hydrogels and their use as soft contact lenses in 1960,3 these materials have found uses in a 

wide variety of biomedical applications, including controlled drug delivery4 and tissue engineering.5, 6 

The vast majority of hydrogels that have been hitherto reported are derived from organic polymers, for 

example, poly(ethylene glycol) (PEG)7, 8 and poly(vinyl alcohol),9 or natural polymers such as 

chitosan.10 Recently there has been interest in the development of new classes of inorganic hydrogels 

with improved properties and functionality, such as redox responses.11, 12 However, examples of 

hydrogels featuring networks based on polymers derived from main group elements are still extremely 

scarce and mostly confined to the well-established polyphosphazenes and polysiloxanes. 

Poly(dimethylsiloxanes) (PDMS) possesses a number of properties that make it well suited to 

biomedical applications, including chemical and thermal stability, optical transparency, high flexibility, 

and nontoxicity and biocompatibility although the development of techniques to overcome its inherent 

hydrophobicity have been required.13 Polyphosphazene gels have been investigated and found to have 

interesting properties e.g. thermoresponsive swelling as well as strong biocompatibility.14-17 Recently, 

polyphosphazenes hydrogels have been developed as injectable materials for biomedical applications,18-

21 

These examples showcase the need for continued research into the formation of p-block element-

containing hydrogels from different polymer systems in order to form novel materials with unique and 

useful properties. An interesting class of inorganic polymer are polyphosphinoboranes [RHP-BH2]n. 

These are isoelectronic with polyolefins but possess significantly different properties owing to the 

presence of phosphorus and boron units in the polymer chains. These materials can be formed via a 

number of metal- and non-metal-based polymerisation techniques,22-39 and these have been shown to 

have potential applicability as precursors to semiconductor-based ceramics, etch resists, and as 

piezoelectronics.24-27  However, until recently research into their applicability has been hindered by 

access to polyphosphinoboranes with controlled structures via scalable routes. With this in mind, we 

have recently developed the iron-catalysed synthesis of a number of polyphosphinoboranes featuring 
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both aryl and alkyl side chains,28, 35, 40, 41 and we have also described the synthesis of water-soluble 

polyphosphinoboranes through the post-polymerisation functionalisation of 

poly(phenylphosphinoborane) (4.1a) by UV-induced hydrophosphination with poly(ethylene glycol) 

methyl ether methacrylate (4.2), and of crosslinked organogels through reaction with 1,5-hexadiene 

(Scheme 4.1).42 Herein, we report our findings on the use of post-polymerisation functionalisation of 

alkenes and dienes for the formation of hydrogel networks. 

 

Scheme 4.1 Post-polymerisation of poly(phenylphosphinoborane) to yield organogels (left) and water-soluble 

polymers (right). 

4.1.3 Results and discussion 

Following our recent report of the synthesis of water-soluble polymer 4.2 from 4.1a,42 we initially 

attempted to form a hydrogel from 4.2 via UV induced crosslinking by hydrophosphination of 

1,5-hexadiene. To this end, we irradiated 4.2 with 1,5-hexadiene (10 mol%) in the presence of the 

photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) in THF at 20 °C for 20 h; however, this 

did not result in any gelation taking place. A possible explanation is that the sterical encumbrance 

afforded by the PEG containing side groups is sufficient to prevent reaction with the 1,5-hexadiene. We 

therefore postulated that a three-component reaction of 4.1a with PEG methyl ether acrylate (Mn = 

480 g mol-1) (50 mol%, as polar functions to induce water solubility) and 1,5-hexadiene (15 mol%, to 

induce crosslinking) in THF would facilitate the formation of a gel. Although irradiation of this reaction 

mixture for 20 h did result in the formation of an insoluble material, no swelling behaviour was observed 

in water.  

We also investigated the incorporation of smaller side groups to induce water solubility rather than long 

PEG moieties in order to reduce any potential steric clashes that might be preventing crosslinking. 
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Reaction of 4.1a with DL-allylglycine and 2-(dimethylamino)ethyl methacrylate were both 

investigated; however, issues with solubility in THF prevented the hydrophosphination of these alkenes 

using 4.1a under UV-induced conditions. In each case, an insoluble material was formed but swelling 

in either THF or water was not detected. 

The breakthrough came when we changed the crosslinking agent from 1,5-hexadiene to a PEG 

dimethacrylate crosslinker. This has three significant differences to 1,5-hexadiene: Firstly, PEG 

dimethacrylate is more reactive; secondly, it is more hydrophilic; and thirdly, the longer chains allow 

for more flexibility possibly circumventing any repulsive steric interactions between polymer side 

groups when a short chain crosslinker is used. The three-component reaction between 4.1a, PEG 

dimethacrylate (Figure 4.2, A, Mn = 550 g mol-1, 15 mol%) and PEG methyl ether acrylate (D, Mn = 

480 g mol-1, 50 mol%) in the presence of DMPA (10 mol%) was therefore investigated. After UV 

irradiation of a THF solution of these species for 20 h, an orange insoluble gel (4.3a) was formed with 

the exclusion of an orange coloured supernatant (Scheme 4.2). The supernatant was decanted, and 

volatiles removed from the solid residue via exposure to air for 24 h followed by drying under vacuum 

for 24 h. 4.3a was purified by swelling in THF for 6 h followed by decanting away of the liquid until 

no colouration of the supernatant was observed (2 × 5 mL). Volatiles were again removed from the gel 

via air exposure (24 h) followed by drying under vacuum (24 h) to yield the isolated unswollen gel. 

4.3a was a tacky solid, shaped by the reaction vial (Figure 4.1). 

 

Scheme 4.2 Synthesis of hydrogel 4.3a from the reaction of 4.1a with PEG dimethacrylate (A) and PEG methyl 

ether acrylate (D). 
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Next, we explored potential hydrogel formation by submersion in water for 48 h. The gel was observed 

to swell under these conditions (Figure 4.1) giving a swollen material which was lighter in colour than 

the unswollen analogue and was very soft and fragile. The swellability of 4.3a was quantified by 

measuring the mass of a swollen piece of hydrogel, drying under vacuum for 48 h, and reweighing to 

calculate the swellability by mass. This swelling, deswelling process was repeated two further times 

and the average swelling was found to be 647% of the unswollen mass (Table 4.1, hydrogel 4.3a). The 

successful repeated swelling of this material demonstrates that the integrity of the hydrogel and the 

crosslinked network is not disrupted. 

 

Figure 4.1 Left: Tacky unswollen 4.3a; Right: Soft yellow gel obtained after soaking 4.3a in water for 48 h. 

To confirm that this hydrogel behaviour arises from the anticipated formation of a crosslinked 

polyphosphinoborane polymer containing PEG side groups, two important control reactions were 

performed. Firstly, the UV-induced reaction of 4.1a with PEG dimethacrylate (Mn = 550 g mol-1, 

15 mol%) in the presence of DMPA (10 mol%) in THF was investigated. After irradiation for 20 h, an 

insoluble gel was formed, accompanied by an orange coloured solution; however, this material was not 

found to swell in water. This suggests that 4.1a is crosslinked by PEG dimethacrylate to form an 

organogel but without the presence of hydrophilic PEG side groups, the material is too hydrophobic to 

swell in water. Secondly, to investigate the possibility that the hydrogel consists of a crosslinked 

network formed from copolymerisation of A and D with 4.1a trapped in the material rather than directly 

incorporated into the polymer network, a 1:2 molar ratio of A and D were irradiated in THF in the 

presence of DMPA; however, no gel formation was observed after irradiation for 20 h. These results 

confirm that the formation of a hydrogel via the reaction of 4.1a, A, and D is due to the anticipated 

crosslinking of polyphosphinoborane chains. 

+ H2O 

vacuum 
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Having determined that reaction of 4.1a with A and D results in the formation of a water-swellable 

network of polyphosphinoborane chains, we endeavoured to examine the effect of the side group 

moieties and the crosslinker length on the properties and swellability of the hydrogels. We therefore 

synthesised a series of hydrogels from the reaction of 4.1a with different dimethacrylates (A – C), and 

PEG methyl ether acrylate (D) or PEG methacrylate (E) (Figure 4.2). The results of these swelling 

experiments are summarised in Table 4.1. 

 

Figure 4.2 Crosslinking dimethacrylates and hydrophilic PEG acrylate and methacrylate employed in this study. 

Increasing the amount of crosslinker A from 15 mol% to 25 mol% was found to significantly reduce 

the swellability of the gel (Table 4.1, compare hydrogels 4.3a and 4.3b), which is consistent with the 

formation of a more tightly crosslinked network. 4.3b was found to have greater structural integrity 

than 4.3a: whereas unswollen 4.3a was found to sink over time, unswollen 4.3b kept its shape even 

after several days. The shape was also retained after multiple swelling cycles even though the hydrogel 

was removed from the mould (the reaction vial) for these swelling experiments. The formation of 

shaped materials and the retention of this shape during swelling and deswelling is promising for device 

fabrication using these materials. We therefore used 25 mol% crosslinker in subsequent experiments.  

Changing the length of the crosslinker from n = 9 (A) to 14 (B) was found to have little impact on the 

swelling (417 and 387% for hydrogels 4.3b and 4.3c, respectively). The use of a shorter ethylene glycol 

dimethacrylate (C) resulted in the formation of a hydrogel (4.3d) with a swellability of 521%. This 

swellability is higher than for hydrogels prepared using longer crosslinkers despite the expectation of a 

more tightly packed network when a short crosslinker is used. We postulate that this is because steric 

interactions between polymer chains inhibit efficient crosslinking taking place and so only a very lightly 

crosslinked hydrogel is formed. Further evidence for this is that the material did not assume the shape 
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of the reaction vial during formation instead several insoluble masses formed rather than one solid 

material. 

Table 4.1 Synthesis of hydrogels from reaction of poly(phenylphosphinoborane) with a dimethacrylate 

crosslinker and PEG acrylate and their swellability in water. 

 

Hydrogel 

Crosslinker 

(mol%) 

PEG monoacrylate 

(mol%) 

Swellabilitya (%) 

4.3a A (15) D (50) 647b 

4.3b A (25) D (50) 417b 

4.3c B (25) D (50) 387b 

4.3d C (25) D (50) 521b 

4.3e A (25) D (40) 385 

4.3f A (25) D (60) 518 

4.3g A (25) E (50) 274b 

aSwellability = (mass of swollen gel/mass of unswollen gel) × 100%; bAverage swelling over three swelling-

deswelling cycles 

The swellability of the hydrogel was found to be dependent on the amount of PEG methyl ether acrylate 

(D) used. Whereas the swellability of 4.3b is 417%, when the amount of D was decreased to 40 mol%, 

a gel was formed which swells by 385% (hydrogel 4.3e) and when increased to 60 mol%, the 

swellability also increases to 518% (hydrogel 4.3f). This indicates that the presence of a larger amount 

of PEG side groups on the polymer chains induces greater water uptake, either due to the hydrophilicity 

of PEG or an increase in pore size due to the presence of more side groups forcing the polymer main 

chains apart. However, another possibility that cannot be discounted is that the presence of a great 

proportion of P-disubstituted units reduces the number of available sites for crosslinking and therefore 

a more lightly crosslinked network is formed. 

Use of PEG methacrylate (E, Mn = 500 g mol-1) instead of D was found to significantly reduce the 

swellability of the resultant gel (4.3 g, swelling = 274%). This is postulated to be due to the possibility 

of hydrogen bond formation between polymer chains owing to the presence of hydroxyl groups 
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resulting in a more compact network structure. This material was also found to be brittle in both its 

unswollen and swollen states. 

One drawback with these materials is that they are strongly coloured which is likely to be due to the 

presence of residual iron arising from the catalyst used for the dehydropolymerisation of 

phenylphosphine-borane.28, 35 The presence of metal is undesirable because of the possible impact on 

the mechanical properties and  possible side effect on any biomedical applications of the  hydrogels. 

We therefore attempted to form hydrogels from polyphosphinoborane which do not contain any metal 

species. We very recently found that triflic acid can be used to catalyse the polymerisation of phosphine-

boranes producing colourless polymers (Scheme 4.3 I, see Chapter 3).  

Reaction of poly(phenylphosphinoborane) (4.1b) prepared using a triflic acid precatalyst with A (25 

mol%) and D (50 mol%) in the presence of DMPA (10 mol%) in THF led to the formation of a gel (4.4) 

after UV irradiation for 20 h (Scheme 4.3 II). The material was purified by repeated swelling in THF 

(2 × 5 mL). After drying the material overnight, a light yellow coloured solid was isolated. Upon 

submerging 4.4 in water for 48 h, a swollen hydrogel was formed that was colourless (Figure S4.8). 

The average swellability of 4.4 over three swelling-deswelling cycles was found to be 632%. This is 

significantly higher than the swellability of gel 4.3b prepared under analogous conditions from 4.1a. 

This may be because the molar mass of 4.1b (Mn = 5,200 g mol-1) is markedly lower than 4.1a 

(Mn = 68,000 g mol-1) which could affect the pore sizes in the crosslinked network formed or because 

the polydispersity is higher (4.1a, PDI = 1.5; 4.1b, PDI = 2.4). The absence of any metal in this hydrogel 

should serve to improve the applicability of these materials, and future work will involve an in-depth 

study of the mechanical and biotoxicity of hydrogels synthesised via this methodology.  
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Scheme 4.3 I Synthesis of poly(phenylphosphinoborane) (1b) using triflic acid as a precatalyst; II Synthesis of 

a hydrogel (4.4) via UV-induced hydrophosphination reaction of 1B with A and D. 

4.1.4 Conclusions 

We report the synthesis of the first hydrogels featuring polyphosphinoborane chains. These materials 

were synthesised via UV-light induced reaction of poly(phenylphosphinoborane) with acrylate capped 

PEG, and dimethacrylate crosslinkers in the presence of the photoinitiator 2,2-dimethoxy-2-

phenylacetophenone. The hydrogels were found to be highly swellable in water, with the swellability 

dependent on both the crosslinker loading and length, and the amount of PEG containing side-groups 

present. The end capping of the hydrophilic PEG side groups was found to have an effect on the 

swellability: hydrogels containing methoxy-terminated PEG side groups resulted in more swellable 

materials than analogues with hydroxy-terminated PEG We also describe the synthesis of colourless 

hydrogels from poly(phenylphosphinoborane) synthesised using a triflic acid precatalyst rather than 

iron-based catalysts. Further work will focus on quantifying the mechanical properties of these 

hydrogels and investigating their applicability in biomedical applications. 

4.1.5 Experimental 

General procedure, reagents and equipment 

Unless otherwise noted, chemicals were obtained from commercial suppliers and used as received. 4.1a 

and 4.2 were synthesised via literature procedures.42 4.1b was synthesised via the procedure reported in 

Chapter 3. 
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Photoirradiation experiments under ultraviolet (UV) light were carried out in a Luzchem LZC-

ICH2 photoreactor featuring 8 side and 8 top lamps – 8 W lamps with emission centred at 352 nm. 

Attempted crosslinking of 4.2 using 1,5-hexadiene 

A 14 mL vial was charged with 4.2 (95 mg, 0.14 mmol), DMPA (2.5 mg, 0.01 mmol), 1,5-hexadiene 

(1.7 μL, 0.014 mmol), and THF (2 mL). The orange solution was irradiated ca. 5 cm away from a UV 

lamp for 20 h; however, no observation of gelation was observed and so this reaction was not pursued 

further. 

Attempted reaction of poly(phenylphosphinoborane) (4.1a) with 1,5-hexadiene 
and poly(ethylene glycol) methyl ether acrylate 

A vial was charged with 4.1a (12 mg, 0.1 mmol), poly(ethylene glycol) methyl ether acrylate (D, Mn = 

480, 22 μL, 0.05 mmol), DMPA (2.5 mg, 0.01 mmol), 1,5-hexadiene (1.8 μL, 0.015 mmol), and THF 

(5 mL). The orange solution was irradiated ca. 5 cm away from a UV lamp for 20 h. This resulted in 

the formation of an insoluble gel with the exclusion of an orange coloured solution. The solution was 

decanted away, and volatiles removed under vacuum yielding an orange solid. Attempts to swell this 

solid in water were unsuccessful. 

Reaction of 4.1a with DL-allylglycine 

A vial equipped with a magnetic stirrer was charged with 4.1a (12 mg, 0.1 mmol), DL-allylglycine 

(5.76 mg, 0.05 mmol), DMPA (2.5 mg, 0.01 mmol), and THF (2 mL). The resultant suspension was 

irradiated ca. 5 cm away from a UV lamp for 20 h resulting in the formation of an insoluble material. 

This was insoluble in THF and water and was not found to swell in either solvent. 

Reaction of 4.1a with 2-(Dimethylamino)ethyl methacrylate (DMAEMA) 

A vial equipped with a magnetic stirrer was charged with 4.1a (12 mg, 0.1 mmol), DMAEMA (8.42 

μL, 0.05 mmol), DMPA (2.5 mg, 0.01 mmol), and THF (5 mL). The resultant solution was irradiated 

ca. 5 cm away from a UV lamp for 20 h resulting in the formation of an insoluble material. This was 

insoluble in THF and water and was not found to swell in either solvent. 

Reaction of 4.1a with ethylene glycol dimethacrylate 

A vial was charged with 4.1a (12 mg, 0.1 mmol), ethylene glycol dimethacrylate (A, 1.88 μL, 0.01 

mmol), DMPA (2.5 mg, 0.01 mmol), and THF (5 mL). The resultant solution was irradiated ca. 5 cm 
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away from a UV lamp for 20 h. This resulted in the formation of an insoluble gel with the exclusion of 

an orange coloured solution. The solution was decanted away, and volatiles removed under vacuum 

yielding an orange solid. Attempts to swell this solid in water were unsuccessful. 

General procedure for the formation of hydrogels 

A vial was charged with 4.1a (122 mg, 1 mmol), dimethacrylate (A – C, 0.15 or 0.25 mmol), acrylate 

terminated poly(ethylene glycol) (D, 0.4 – 0.6 mmol or E, 0.5 mmol), DMPA (26 mg, 0.1 mmol), and 

THF (2 mL). The orange solution was irradiated ca. 5 cm away from a UV lamp for 20 h. This resulted 

in the formation of insoluble gels with the exclusion of an orange coloured supernatant. The liquid was 

decanted away, and volatiles removed opening the vial to air for 24 h followed by drying under vacuum 

for 24 h yielding orange solids. These solids were purified by swelling in THF for 6 hours followed by 

decanting away of excess solvent until no colouration of the solvent was observed (2 × 5 mL). Volatiles 

were removed by opening the vial to air for 24 h followed by drying under vacuum for 24 h to yield the 

isolated unswollen gel (4.3a – g). 

General swelling procedure 

A sample of unswollen gel (4.3a – g) was submerged in water (10 mL) for 48 h. No colouration of the 

water was observed after this time. Excess solvent was decanted away, and surface solvent removed by 

careful swabbing with a Kimwipe. The sample was weighed and then the vial opened to air for 24 h 

followed by drying under vacuum for 24 h, after which the sample was reweighed and the swellability 

in water calculated: swellability = (swollen mass/unswollen mass) x 100%. The procedure was repeated 

a further two times. 

Synthesis and properties of hydrogel 4.3a 

Alkene: poly(ethylene glycol) methyl ether acrylate (D, Mn = 480 g mol-1, 20 μL, 0.5 mmol). 

Diene: poly(ethylene glycol) dimethacrylate (A, Mn = 550 g mol-1, 75 μL, 0.15 mmol). 

Yield: 422 mg 

Gel properties 

Unswollen: Very sticky solid, easily broken when handling. Does not hold shape over time. 

Swollen: Soft material, easily broken when handling. 
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Swellability 

Swelling 1: 648% 

Swelling 2: 769% 

Swelling 3: 525% 

Average swelling: 647% 

 

Figure S4.1 Left: Tacky unswollen 5.3a; Right: Soft yellow gel obtained after soaking 5.3a in water for 48 h. 

Synthesis and properties of hydrogel 4.3b 

Alkene: poly(ethylene glycol) methyl ether acrylate (D, Mn = 480 g mol-1, 220 μL, 0.5 mmol). 

Diene: poly(ethylene glycol) dimethacrylate (A, Mn = 550 g mol-1, 125 μL, 0.25 mmol). 

Yield: 470 mg 

Gel properties 

Unswollen: Tacky solid, holds shape over time (3 d). 

Swollen: Soft solid, requires mechanical pressure to break apart rather than breaking apart during 

normal handling. 

Swellability 

Swelling 1: 434% 

Swelling 2: 449% 

Swelling 3: 369% 

Average swelling: 417% 

+ H2O 

vacuum 

  



 
 

162 

 
 

 

Figure S4.2 Left: Tacky unswollen 5.3b; Right: Soft yellow gel obtained after soaking 5.3b in water for 48 h. 

Synthesis and properties of hydrogel 4.3c 

Alkene: poly(ethylene glycol) methyl ether acrylate (D, Mn = 480 g mol-1, 220 μL, 0.5 mmol). 

Diene: poly(ethylene glycol) dimethacrylate (B, Mn = 750 g mol-1, 169 μL, 0.25 mmol). 

Yield: 493 mg 

Gel properties 

Unswollen: Tacky solid, holds shape over time (3 d). 

Swollen: Soft solid, requires mechanical pressure to break apart rather than breaking apart during 

normal handling. 

Swellability 

Swelling 1: 379% 

Swelling 2: 398% 

Swelling 3: 385% 

Average swelling: 387% 

 

Figure S4.3 Left: Tacky unswollen 5.3c; Right: Soft yellow gel obtained after soaking 5.3c in water for 48 h. 

Synthesis and properties of hydrogel 4.3d 

Alkene: poly(ethylene glycol) methyl ether acrylate (D, Mn = 480 g mol-1, 220 μL, 0.5 mmol). 

Diene: ethylene glycol dimethacrylate (C, 47 μL, 0.25 mmol). 

Yield: 322 mg 

+ H2O 

vacuum 

  

+ H2O 

vacuum 
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Gel properties 

Unswollen: Very sticky solid elastic solid. Did not mould to vial shape during formation. 

Swollen: Soft material, easily broken when handling. 

Swellability 

Swelling 1: 638% 

Swelling 2: 452% 

Swelling 3: 473% 

Average swelling: 521% 

 

Figure S4.4 Left: Tacky unswollen 5.3d; Right: Soft yellow gel obtained after soaking 5.3d in water for 48 h. 

Synthesis and properties of hydrogel 4.3e 

Alkene: poly(ethylene glycol) methyl ether acrylate (D, Mn = 480 g mol-1, 220 μL, 0.4 mmol). 

Diene: poly(ethylene glycol) dimethacrylate (A, Mn = 550 g mol-1, 125 μL, 0.25 mmol). 

Yield: 344 mg 

Gel properties 

Unswollen: Tacky solid, holds shape over time (3 d). 

Swollen: Soft solid, requires mechanical pressure to break apart rather than breaking apart during 

normal handling. 

Swellability 

Swelling 1: 385% 

+ H2O 

vacuum 
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Figure S4.5 Left: Tacky unswollen 5.3f; Right: Soft yellow gel obtained after soaking 5.3f in water for 48 h. 

Synthesis and properties of hydrogel 4.3f 

Alkene: poly(ethylene glycol) methyl ether acrylate (D, Mn = 480 g mol-1, 220 μL, 0.6 mmol). 

Diene: poly(ethylene glycol) dimethacrylate (A, Mn = 550 g mol-1, 125 μL, 0.25 mmol). 

Yield: 461 mg 

Gel properties 

Unswollen: Tacky solid, holds shape over time (3 d). 

Swollen: Soft solid, requires mechanical pressure to break apart rather than breaking apart during 

normal handling. 

Swellability 

Swelling 1: 518% 

 

Figure S4.6 Left: Tacky unswollen 5.3g; Right: Soft yellow gel obtained after soaking 5.3g in water for 48 h. 

Synthesis and properties of hydrogel 4.3g 

Alkene: poly(ethylene glycol) methacrylate (E, Mn = 500 g mol-1, 227 μL, 0.5 mmol). 

Diene: poly(ethylene glycol) dimethacrylate (A, Mn = 550 g mol-1, 125 μL, 0.25 mmol). 

Yield: 572 mg 

Gel properties 

Unswollen: Tacky brittle solid. 

Swollen: Soft solid, easily broken when handling. 

+ H2O 

vacuum 

  

+ H2O 

vacuum 
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Swellability 

Swelling 1: 299% 

Swelling 2: 263% 

Swelling 3: 261% 

Average swelling: 274% 

 

Figure S4.7 Left: Tacky unswollen 5.3e; Right: Soft yellow gel obtained after soaking 5.3e in water for 48 h. 

Formation of hydrogel from polymer synthesised using triflic acid 

A vial was charged with 4.1b (122 mg, 1 mmol), poly(ethylene glycol) methyl ether acrylate (D, Mn = 

480 g mol-1, 220 μL, 0.5 mmol), poly(ethylene glycol) dimethacrylate (A, Mn = 550 g mol-1, 125 μL, 

0.25 mmol), DMPA (26 mg, 0.1 mmol), and THF (2 mL). The colourless solution was irradiated ca. 5 

cm away from a UV lamp for 20 h. This resulted in the formation of an insoluble gel with the exclusion 

of a small amount of light-yellow solution. The solution was decanted away, and volatiles removed 

under vacuum yielding a yellow solid. This solid was purified by swelling in THF for 6 hours followed 

by decanting away of excess solvent until no colouration of the solvent was observed (2 × 5 mL). 

Removal of volatiles under vacuum yielded a lightly colourless solid (Yield: 412 mg). The gel was 

subjected to analogous swelling conditions as above. 

Yield: 412 mg 

Polymer properties 

Unswollen: Tacky light-yellow solid. 

Swollen: Soft colourless solid,  

Swellability 

Swelling 1: 617% 

+ H2O 

vacuum 
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Swelling 2: 646% 

Swelling 3: 632% 

Average swelling:  632% 

 

Figure S4.8 Left: Tacky unswollen 5.4; Right: Soft yellow gel obtained after soaking 5.4 in water for 48 h. 

  

+ H2O 

vacuum 
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Applications of polyphosphinoboranes as flame-retardant materials 

4.2.1 Abstract 

Phosphorus-containing polymers are of significant interest as flame-retardant additives that provide an 

alternative to halogenated species, many of which are banned due to environmental and health reasons, 

whilst also avoiding leaching issues commonly observed for molecular phosphorus species. We report 

investigations into the flame-retardant properties of polyphosphinoboranes [RR’P-BH2]n. When cotton 

towel was impregnated with a variety of polyphosphinoboranes and exposed to a flame, the presence 

of polyphosphinoborane was found to result in self-extinguishing of the flame leaving behind a charred 

material. In contrast, under analogous conditions, untreated cotton and cotton treated with polystyrene 

burnt completely. Analysis of the char revealed the formation of phosphoric and boric acids, species 

commonly invoked for action of related flame-retardant species. The use of P-disubstituted 

polyphosphinoboranes was found to slightly slow burning; however, the presence of halogenated 

groups in the side chain had little effect suggesting that it is the main chain that imparts any flame-

retardant effect. Exposure of cotton treated with poly(phenylphosphinoborane) to water was not found 

to have any effect on flame-retardancy demonstrating the non-leachability of these polymers in aqueous 

media. 

4.2.2 Introduction 

Many of the materials ubiquitous to everyday life are inherently flammable, for example, materials 

found in housing, furnishings, clothing, and transportation. These common commercial products must 

therefore contain high loadings of flame-retardant additives to permit their safe usage.43 Traditionally 

brominated flame retardants have fulfilled this role owing to their excellent extinguishing properties, 

generally through vapour phase reaction with radicals produced during combustion.44 However, 

concerns about persistence, bioaccumulation, and toxicity have prompted a move away from these 

materials, many of which are now banned. The development of alternative flame retardants is therefore 

of significant fundamental and commercial interest.45-47 One such class are phosphorus-containing 

materials which tend to have reduced toxicity compared to halogenated flame retardants while 

maintaining a high propensity for flame retardance.43 These compounds have been shown to act 

primarily in the condensed phase, forming a non-flammable surface char protecting the bulk material; 
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however, vapour phase action has also been found to play an important role for some systems.44, 46, 48 

Many molecular phosphorus flame retardants (PFRs) have been utilised as additives to both natural and 

synthetic products;49 however, one significant disadvantage of many of these materials is that they are 

prone to leach out of the product over time and after contact with water which both reduces their flame 

retardancy and leads to environmental and toxicity concerns.49, 50  

One potential method to overcome this limitation is through the use of polymeric phosphorus-

containing flame-retardants which have significantly decreased leachability compared to molecular 

species. Indeed, several phosphorus-based polymers have found applicability in the area of flame 

retardancy such as polyphosphazenes [R2P=N]n,51-53 polyphosphonates,54-56 and polyphosphines [R2P]n 

(Figure 4.3).57-59 Another class of flame-retardants are those containing boron moieties, for example, 

boric acid and borates. These have been shown to exhibit flame retardancy, particular in synergy with 

halogenated materials.60-62 Boron containing materials typically act in the condensed phase by inducing 

the formation of carbon rather than CO or CO2 resulting in the formation of a protective char.46 

 

Figure 4.3 Examples of previously reported phosphorus containing polymeric flame-retardants and 

polyphosphinoboranes which are investigated in this work. 

Polyphosphinoboranes, [RR’P-BH2]n  are a class of inorganic polymer that are formally isoelectronic 

with polyolefins.63 First investigated in the 1950s, these macromolecules were first isolated as high 
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molar mass materials in 1999,22 and have since attracted growing attention owing to their interesting 

properties and potential applications.22-38, 64-67 One such application that has long been proposed but to 

the best of our knowledge never examined experimentally is as flame-retardants owing to their high 

phosphorus and boron content.68 In part, this is because until recently it was not possible to access high 

molar mass polyphosphinoboranes on a sufficient scale to be utilised for flame retardant research. 

Recently, Manners and co-workers reported an iron-catalysed polymerisation of a variety of phosphine-

boranes with control over the molar mass.28, 35, 40 The post-polymerisation functionalisation of 

polyphosphinoboranes has also recently been reported giving access to a wide variety of polymers with 

different side groups.41, 42 

With ready access to a range of polymers with different substituents, we have been able to investigate 

the potential utility of polyphosphinoboranes as a flame-retardant additive for cotton towel. This 

material was selected because it is excellent mimic for clothing and a number of other materials that 

have significant commercial application.69 Flame-retardant systems for cotton are a well-documented 

challenge in this field owing to issues associated with leaching, and the modification of the material 

characteristics and appearance of the treated cotton.50 It is therefore of significant importance for 

development of novel flame-retardants in an attempt to overcome these issues. 

4.2.3 Results and discussion 

Use of poly(phenylphosphinoborane) (4.1a) as a flame-retardant 

The synthesis of poly(phenylphosphinoborane) 4.1a was recently reported by our group using the 

precatalyst CpFe(CO)2OTf (Tf = CF3SO3).28 While this polymerisation was reported on a relatively 

small scale (2.8 mmol monomer, 350 mg), we have found that it is amenable to scale up to 0.020 mol 

(2.5 g) using slightly modified conditions (toluene, 3M, 1 mol% CpFe(CO)2OTf, 100 °C, 20 h) without 

any detrimental effects on yield (65%) or molar mass (Scheme 4.4). NMR data for the polymer after 

precipitation into cold pentane (−78 °C) matched that previously reported,28 and the molar mass of the 

material was determined by gel permeation chromatography (GPC) (Mn = 68,000 Da, polydispersity 

index (PDI) = 1.5). This compares to Mn = 59,000 g mol-1 and a PDI of 1.6 for polymer previously 

reported using 1 mol% of precatalyst on a 2.8 mmol scale.28 
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Scheme 4.4 The dehydropolymerisation of poly(phenylphosphinoborane) using a CpFe(CO)2OTf precatalyst 

In order to assess the flame-retardant properties of 4.1a, a sample of cotton (5 × 10 cm, Figure 4.4a) 

was treated by pipetting 4.1a (164 mg) dissolved in DCM (5 mL) over the cotton sample with frequent 

turning to ensure an even covering.  A control sample was also prepared by pipetting DCM (5 mL) over 

cotton. The samples were then dried for 24 h in a vacuum oven at 40 °C. The discolouring of the cotton 

sample after loading of 4.1a arises from the slight yellow colour of the polymer which is reported to 

come from residual iron species that remains even after repeated precipitation (Figure 4.4b). The 

increase in mass of this treated cotton sample after loading with 4.1a and drying for 24 h in a vacuum 

oven was 158 mg (cf. 164 mg of polymer used), showing that minimal polymer mass is lost during this 

process. 

   

Figure 4.4 a) Standard cotton towel sample used prior to any addition of polyphosphinoborane; b) cotton towel 

sample impregnated with 4.1a after drying overnight in a vacuum oven at 40 °C; c) Standard experimental set 

up for flame tests. 

The cotton samples were suspended 10 cm above a blow torch (Figure 4.4 c). The flame was moved 

under the sample and then slowly moved upwards until the sample ignited. Whereas the control cotton 

sample with no polyphosphinoborane burned completely leaving minimal char, the sample loaded with 

4.1a was found to catch fire but then to self-extinguish leaving a significant amount of charred residue 

remaining (Figure 4.5 and Figure S4.10). The char remained intact throughout the flame-test with no 

c) b) a) 
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dripping observed, a key requirement of flame-retardant materials. The material did not disintegrate on 

removing from the clamp stand; however, it was found to be brittle and could be easily broken by 

manipulating the char. The duration that the cotton sample treated with 4.1a burnt with a flame was 

significantly lower (8 s) than for the untreated cotton (17 s). Both samples ignited quickly before the 

blow torch was raised completely to the bottom of the sample.  

A further cotton sample was impregnated with ca. two times the mass of 4.1a (305 mg) in 5 mL DCM, 

dried in a vacuum oven for 24 h at 40 °C and subjected to flame testing (Figure S4.11); however, this 

did not show any increased flame-retardancy. 

  

Figure 4.5 Flame testing of cotton sample impregnated with 4.1a showing the ignition of the sample (left) and 

the charred material remaining after self-extinguishing of the flame (right). 

Analysis of char material 

A key step in the operation of phosphorus-containing flame-retardants commonly involves the 

formation of phosphorus oxides and/or acids. Boric acid has been invoked in the operation of boron 

containing flame retardants.46 To investigate if any of these were forming in flame testing of cotton 

treated with 4.1a, the char formed upon burning cotton treated with 4.1a was extracted into deionised 

water (10 mL) over 72 h. The pH of the water was then tested and found to be around pH 1 indicating 

the presence of highly acidic species. The water was removed by rotary evaporation and the residue 

dissolved in D2O. Analysis of this material by 31P NMR spectroscopy revealed a major peak of 90% 

relative intensity at δ = 0 ppm, consistent with the formation of phosphoric acid H3PO4 (δ = 0 ppm, 85% 

H3PO4 in H2O).70 Several other unidentified minor products were also observed. The 11B NMR spectrum 

showed a broad singlet with a chemical shift of −19.4 ppm which consistent with the formation of boric 
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acid (Figure 4.6). The formation of these acidic species along with significant amounts of char suggest 

that the poly(phenylphosphinoborane) is operating as a flame-retardant via a similar condensed phase 

mechanism to that reported for previously developed PFRs. 

 

Figure 4.6 31P NMR spectrum (122 MHz, 25 °C, D2O) (left) and 11B NMR spectrum (96 MHz, 25 °C, D2O) 

(right) of the residue following aqueous extraction from the char formed from burning cotton treated with 4.1a. 

Comparison with cotton treated with polystyrene 

Given that poly(phenylphosphinoborane) is isoelectronic with polystyrene, we endeavoured to compare 

the flammability of material impregnated with 4.1a with a cotton sample treated with polystyrene. A 

5 × 10 cm sample of cotton was loaded with polystyrene (162 mg in 5 mL DCM). This gave an inflexible 

material after drying overnight. Subjecting this material to our flame-test resulted in complete 

consumption of the material without the formation of a char. The material also disintegrated during the 

flame-testing with dripping of burning material to the ground (Figure S4.12). This showcases that while 

many inorganic polymers may have isoelectronic organic analogues, they possess properties that are 

not accessible for many organic macromolecules. 

The use of P-disubstituted polyphosphinoboranes as flame-retardants 

Following our investigation into the use of 4.1a as a flame-retardant additive for cotton towel, we 

examined the effect of the presence of different side groups on the flame-retardant properties. To this 

end we synthesised two polymers from 4.1a using a recently reported post-polymerisation modification 

via the hydrophosphination of olefins (Scheme 4.5).42 4.5 was synthesised via reaction with 1-octene 

and was chosen to investigate the effect of replacing the P-H (which under combustion conditions has 

the potential to release reactive hydrogen radicals) with a second organic side chain. A number of PFRs 

also contain halogenated moieties. The presence of these are postulated to have a synergic effect 

H
3
PO

4
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resulting in more proficient flame-retardants because phosphorus mainly acts in the condensed phase 

with halogens offering a gas phase contribution to extinguishing a flame.71 We therefore synthesised a 

halogen containing polymer (4.6) by hydrophosphination of 1H,1H,2H-perfluoro-1-hexene using 4.1a. 

As with previous cases, cotton towel samples (5 × 10 cm) were impregnated with polyphosphinoborane 

(ca. 150 mg), dried overnight and then subjected to flame testing. 

 

Scheme 4.5 The post-polymerisation modification of poly(phenylphosphinoborane) via the radical 

hydrophosphination of olefins to give P-disubstituted polymers 

Cotton treated with 4.5 took longer to catch fire compared to cotton treated with 4.1a, taking around 2 

s of flame contact with the material to ignite; however, it burnt for slightly longer (12 s compared to 8 s 

for sample impregnated with 4.1a) (Figure S4.13). This slower burning may be due to the absence of 

reactive P-H groups that can release radicals that can accelerate combustion. Again, the flame was found 

to self-extinguish with the formation of a char. Polymer treated with 4.6 showed very similar results to 

4.5, taking around 2 s to ignite and subsequently burning for 13 s (Figure S4.14). This suggests that the 

presence of halogens does not impart any additional flame-retardancy and it is the condensed phase 

action of phosphorus/boron that is most important for the flame-retardancy of these polymers. 

Leaching study 

A common issue with molecular PFRs is that they are prone to leach out of the product when placed in 

contact with water or moisture. To assess the leachability of 4.1a in aqueous media, we treated a cotton 

sample with 4.1a (5 × 10 cm cotton sample, 152 mg of 4.1a in 5 mL DCM) and dried the sample in a 

vacuum oven overnight at 40 °C (mass after drying = 0.701 g). This sample was then placed in a 

deionised water bath for 6 h with the water changed every 2 h. The sample was again dried overnight 

under vacuum at 40 °C yielding material with a mass of 0.697 g. The mass change between the sample 

before and after exposure to water is negligible suggesting that there is minimal leaching of the polymer 
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from the cotton sample in water. To assess whether there is any change in the flame-retardant properties 

of this material compared to other samples which have not been submerged in water, an analogous 

flame test was carried out (Figure S4.15). As with previous cases, the flame was found to self extinguish 

leaving a char showing that the flame-retardancy properties are retained after exposure to water. This 

property is especially promising for the application of polyphosphinoboranes as flame-retardants 

because leaching is a common issue for many additives currently used. 

4.2.4 Conclusions 

Polyphosphinoboranes, 4.1a, 4.5, and 4.6 were each found to be effective flame retardants for cotton 

towel. Flame-tests show that these polymers are capable of inducing a char which inhibits burning and 

prevents complete combustion of the material. This is in contrast to untreated cotton and cotton treated 

with polystyrene which burnt completely. Analysis of the char material revealed the formation of 

phosphoric and boric acids, species commonly invoked for action of related flame-retardant species. 

Polymers 4.5 and 4.6 formed by modification of 4.1a via hydrophosphination of 1-octene or 1H,2H,2H-

perfluorohexene respectively, were found to have similar flame-retardant proficiency to 4.1a, indicating 

that it is the condensed phase action of phosphorus and boron in the polymer main chain that imparts 

this property. Exposure of cotton treated with 4.1a to water was not found to have any effect on flame-

retardancy demonstrating the non-leachability of these polymers, in contrast to many commercial used 

molecular flame retardants which commonly have leachability issues. 

4.2.5 Experimental Section 

General procedures, reagents, and equipment 

Polymers 4.5 and 4.6 were synthesised via literature procedure.42 Poly(styrene) (average Mw = 250,000 

Da) was purchased from Fisher Scientific and used as received. Cotton towel was purchase from 

Canadian Tire and cut into 5x10 cm segments. For flame experiments, an Iroda PT-200 Butane Torch 

with a flame temperature of 1300 °C flame was used. This was purchased from Canadian Tire. The 

blow torch was operated at its maximum setting.  

NMR spectra were recorded using a Bruker Avance III 300 spectrometer. 11B, and 31P NMR spectra 

were referenced to external standards (11B: BF3·OEt2 (δ = 0.0); 31P: 85% H3PO4 (aq.) (δ = 0.0)). 

Chemical shifts () are given in parts per million (ppm).  
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Preparation of poly(phenylphosphinoborane) 4.1a 

A Schlenk flask was charged with PhH2P·BH3 (2.5 g. 0.020 mol), FeCp(CO)2OTf (69 mg, 0.2 mmol, 1 

mol%) and toluene (6.8 mL, 3 M). The orange solution was heated to 100 °C for 20 h after which the 

reaction mixture was precipitated into cold pentane (−78 °C, 250 mL). The polymer was precipitated a 

further two times from DCM (5 mL) into pentane (−78 °C, 250 mL) after which volatiles were removed 

under vacuum and the polymer dried in a vacuum oven at 40 °C for 24 h giving a pale yellow solid 

(yield = 1.60 g, 65%). NMR data matched literature values28 and the molar mass was determined by 

GPC (Mn = 68,000 g mol-1, PDI = 1.5). The discolouration of this polymer is reported to come from 

residual iron species remaining despite repeated precipitation from DCM into cold pentane (−78 °C).28 

General procedure for preparation of cotton samples treated with polymer 

Cotton flour towel was cut into ca. 5 × 10 cm samples. The cotton sample was weighed and then treated 

with a polymer solution (ca. 150 mg unless stated otherwise) in DCM (5 mL) via pipetting with frequent 

turning to give an even loading. The resultant material was dried for 24 h in a vacuum oven at 40 °C 

and subsequently reweighed to determine polymer loading. 

General flame testing methodology 

A clamp stand was set up as shown in Figure 4.4. The bottom of the cotton sample was held 10 cm 

above a blow torch. The blow torch was switched on and moved under the sample. This was then slowly 

moved up until the polymer sample ignited and then removed to observe the combustion process. 

Specific flame test details 

Untreated cotton 

DCM (5 mL) was pipetted over cotton. The sample was then dried in a vacuum oven overnight prior to 

flame testing (mass of cotton sample = 0.586 g). 

Burning time (time from catching fire to extinguishing of flame) = 17 s. 
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Figure S4.9 Flame test on cotton sample without any poly(phosphinoborane) additive. 
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Poly(phenylphosphinoborane) (4.1a) 

164 mg loading 

Mass of polymer added = 164 mg. 

Mass of cotton sample after drying = 716 mg. 

Increase in cotton sample mass after loading and drying = 158 mg. 

Burning time = 8 s. 

   

    

Figure S4.10 Flame test on cotton sample loaded with 4.1a (164 mg). 
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305 mg loading 

Mass of polymer added = 305 mg. 

Mass of cotton sample after drying = 781 mg. 

Increase in cotton sample mass after loading and drying = 269 mg. 

Burning time = 5 s. 

   

    

Figure S4.11 Flame test on cotton sample loaded with 4.1a (305 mg). 
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Polystyrene 

Mass of polymer added = 162 mg. 

Mass of cotton sample after drying = 736 mg. 

Increase in cotton sample mass after loading and drying = 136 mg. 

Burning time = 20 s. 

    

    

Figure S4.12 Flame test on cotton sample loaded with polystyrene (162 mg). 
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Poly(octyl(phenyl)phosphinoborane) (4.5) 

Mass of polymer added = 149 mg. 

Mass of cotton sample after drying = 705 mg. 

Increase in cotton sample mass after loading and drying = 127 mg. 

Burning time = 12 s. 

    

    

Figure S4.13 Flame test on cotton sample loaded with 4.5 (149 mg). 
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Poly((3,3,4,4,5,5,6,6,6-nonafluorohexyl)(phenyl)phosphinoborane) (4.6) 

Mass of polymer added = 160 mg. 

Mass of cotton sample after drying = 651 mg. 

Increase in cotton sample mass after loading and drying = 91 mg. 

Burning time = 13 s. 

 

    

    

Figure S4.14 Flame test on cotton sample loaded with 4.6 (149 mg). 

Char analysis  

The char formed during combustion was placed in water for 2 days after which, the pH of the water 

was tested and found to be very acidic (pH 1). The water was transferred to a round bottom flask and 

dried using a rotary evaporator. The remaining material was dissolved in D2O and 11B and 31P NMR 

spectra measured (Figure 4.6). 

Leaching test 

A sample of cotton towel impregnated in 4.1a was prepared using the above method. This sample was 

placed in a deionised water bath for 6 h with the water changed every 2 h. The sample was then dried 
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in a vacuum oven overnight at 40 °C. Sample mass before submersion in water = 0.701 g, sample mass 

after submersion in water = 0.697 g. The flame-retardant properties of this material were tested using 

an analogous method to above and found to be indistinguishable from a sample impregnated with 1 and 

not exposed to water. 

Mass of polymer added = 152 mg. 

Mass of cotton sample after drying = 701 mg. 

Increase in cotton sample mass after loading and drying = 144 mg. 

Mass after sample after submersion in water for 6 h and drying overnight = 0.697 mg. 

Burning time = 8 s. 

    

    

Figure S4.15 Flame test on cotton sample loaded with 4.1a (152 mg) after submerging in water for 6 h. 
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Chapter 5   
 

B-OSi bond formation via a modified 
Piers-Rubinsztajn reaction 
 

Abstract 

Herein we report a modified Piers-Rubinsztajn reaction for the synthesis of molecular and polymeric 

borosiloxane species under mild and metal-free conditions using tris(pentafluorophenyl)borane 

(B(C6F5)3) as a catalyst. While the attempted dehydrocoupling of phenylboronic acid (PhB(OH)2) with 

secondary and tertiary silanes (R2SiH2 and R3SiH; R = Et, Ph) in the presence of 5 mol% B(C6F5)3 

resulted in the formation of siloxane and boroxine by-products alongside the desired borosiloxane, the 

B(C6F5)3-catalysed reaction of dimethyl phenylboronate  (PhB(OMe)2) with Et3SiH led to the selective 

formation of PhB(OSiEt3)2. We also report the formation of linear polymers [R2SiO-B(Ph)O]n featuring 

alternating boron and siloxane units in the main chain via the reaction of PhB(OMe)2 with Et2SiH2. The 

presence of single peaks in the 11B{H} and 29Si{H} NMR spectra supports the alternating nature of this 

polymer. The extension to analogues via reaction of PhB(OMe)2 with Ph2SiH2 or a hybrid 

organic/inorganic polymer via reaction with bis(dimethylsilylbenzene) resulted in the formation of 

some siloxane linkages in the polymer chain. These polymers were found to contain high molar mass 

material by gel permeation chromatography, although, multimodal mass distributions were observed 

(M = 2,200 – 126,000 g mol-1). 

Introduction 

Materials featuring p-block elements are of increasing academic and industrial interest due to 

advantageous properties that complement those available with all carbon analogues.1-3 Of particular 

note are polysiloxanes [RR’SiO]n which have been widely studied and are commonplace in modern 

society owing to their thermal stability, low glass transition temperatures, and chemical and biological 

inertness.4 The backbone of polysiloxanes can be altered through intensive heating in the presence of a 
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boron containing compound, commonly boric acid or boric oxide,5-8 forming materials commonly 

known as ‘bouncing putty’ which have found commercial applications owing to their interesting 

viscoelastic properties.9, 10 The presence of B(OH)2 end groups allows for hydrogen- and dative-bonding 

between polymer chains forming an elastomeric material;11, 12 however, their structures are often 

ill-defined and the percentage incorporation of boron into the polymer is low. 

Borosiloxanes have high chemical and thermal stabilities,13, 14 and have been shown to have promise in 

applications such as flame retardants,15 electrolyte additives,16, 17 ceramic precursors,18, 19 and chemical 

sensors for amines20 and fluoride anions.21 Owing to the potential applications of borosiloxanes, 

research into the formation of these bonds has been of significant interest. Cyclic and cage 

structures,22-25 as well as gels and network polymers have all been reported.13, 18, 26-29 There are, however, 

limited examples of well-defined linear polymers consisting of alternating borane and siloxane 

moieties.21, 30 

Conventional syntheses of borosiloxanes have involved the reaction of hydroxyborane with 

chlorosilanes18, 25, 31-34 or the reaction of a silanol with borane derivatives.35-40 These routes, commonly 

suffer from laborious experimental set up and work up, and involve formation of undesirable side 

products, for example, corrosive HCl. The synthesis of linear polyborosiloxanes has been reported by 

a condensation reaction between PhB(OH)2 and Ph2SiCl2, followed by subsequent end group capping 

using in situ generated phenylacetylide.30 This polymer showed high thermal and oxidative stability; 

however, the molecular weight of the material obtained was low (Mw <6,000 g mol-1) and a high 

polydispersity index (PDI) was found (PDI = 2.7). HCl was also produced as a by-product of 

polymerisation. 

Recently, methods have been developed for the synthesis of borosiloxanes via transition metal catalysed 

dehydrocoupling41-43 The formation of linear borosiloxane polymers has been reported via the 

dehydrocoupling of Ph2Si(OH)2 with mesitylborane in the presence of [PdCl2(PPh3)2] (20 °C, toluene, 

12 h).21 A single peak was observed in both the 11B and 29Si NMR spectra of this material and the 

polymer was found to be high molar mass (Mn = 42,500 g mol-1, PDI of 1.2). One limitation, however, 

was that this required in situ generation of the mesityl borane species and has not been extended to 

formation of other borosiloxane polymers. Despite these important steps forward in Si-O-B bond 
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formation chemistry, it is of significant scientific interest to find a method for the formation of both 

molecular and polymeric borosiloxanes under mild conditions, preferably without the need for 

expensive and toxic transition metal catalysts or formation of corrosive side products. 

The Piers-Rubinsztajn (PR) reaction is a recently developed catalytic route to Si-O bond formation.44-53 

This makes use of tris(pentafluorophenyl)borane (B(C6F5)3) as a catalyst for a demethanative 

condensation reaction between a silane and an alkoxysilane under ambient conditions, liberating 

methane in the process (Scheme 5.1a). This methodology is tolerant of a range of substrates and has 

been an area of significant interest for the formation of polysiloxane materials,53 in particular due to the 

use of a cheap, non-metal catalyst, and avoiding the formation of toxic by-products. 

 

Scheme 5.1 a) The Piers-Rubinsztajn (PR) demethanative condensation between a silane and alkoxysilane in the 

presence of catalytic amounts of B(C6F5)3 yielding siloxane linkages; b) the synthesis of borosiloxane resins 

using PR type methodology; c) the synthesis of molecular borosiloxanes and linear polymeric species using a 

PR type reaction. 

PR type systems have already shown promise in the formation of borosiloxane materials. In 2014, 

Rubinsztajn demonstrated the synthesis of borosiloxane resins from the B(C6F5)3 reaction of B(OMe)3 

and Ph2SiH2 (Scheme 5.1b).26 A patent by Li et al. reported the formation of a linear borosiloxane from 

reaction of equimolar amounts of (MeO)2SiMe2 and Me3Si-O-SiMe3, and a small amount of PhB(OH)2 
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(5 mol%) in the presence of B(C6F5)3 (5 mol%).54 The resultant material was only characterised by 1H 

NMR spectroscopy and gel permeation chromatography (GPC), with no definitive evidence of boron 

incorporation into the backbone of the polymer. Given that alkoxysilanes and hydrosilanes are known 

to react very efficiently and are present in vast excess, it is conceivable that a polysiloxane is formed 

instead. Nevertheless, these reports suggest that this methodology has the potential as a general route 

to borosiloxane species. Herein, we disclose a protocol for the synthesis of molecular and linear 

polymeric borosiloxanes from readily available precursors via a modified Piers-Rubinsztajn reaction 

(Scheme 5.1c). 

Results and Discussion 

5.3.1 Dehydrocoupling reactions using phenylboronic acid 

Reaction of phenylboronic acid with secondary silanes 

In an attempt to synthesise linear polymers featuring alternating boron and siloxane units, we first 

probed the reactivity of commercially available phenylboronic acid (PhB(OH)2) with secondary silanes 

in the presence of a B(C6F5)3 catalyst. Reaction of stoichiometric amounts of PhB(OH)2 and Et2SiH2 in 

DCM in the presence of B(C6F5)3 (5 mol%) resulted in immediate rapid gas evolution. After stirring at 

20 °C for 5 min under a flow of nitrogen, the reaction was heated to 40 °C. As the reaction progressed, 

a white crystalline solid precipitated from the solution. After 22 h, 1H NMR spectroscopy showed a 

complex mixture of products and incomplete consumption of Et2SiH2. A single broad peak was 

observed in the 11B{H} NMR spectrum centred at 29.2 ppm. At this point, the white solid was isolated 

and recrystallised from a DCM/hexane mixture. The 11B{H} NMR spectrum of this solid revealed a 

singlet at 28.6 ppm and in the 1H NMR spectrum, a doublet at 8.26 ppm (J = 6.7 Hz) and overlapping 

multiplets in the range 7.39 – 7.77 ppm of relative intensity 1:2 were observed. These data are consistent 

with the formation of triphenyl boroxine (5.1) (Scheme 5.2).55 

 

Scheme 5.2 Reaction of PhB(OH)2 with Et2SiH2 in the presence of B(C6F5)3. 
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The addition of three equivalents of Et2SiH2 to 5.1 and use of more forcing condition (110 °C, 8 h, 

toluene) was tested to probe whether this would facilitate the ring opening of the boroxine to yield 

borosiloxane polymer 5.2a; however, only 5.1 was isolated from the reaction mixture (Scheme 5.3). 

 

Scheme 5.3 Attempted reaction of 5.1 with Et2SiH2 in the presence of B(C6F5)3. 

Reaction of PhB(OH)2 with Ph2SiH2 in the presence of B(C6F5)3 (5 mol%) in CDCl3 resulted in 

incomplete consumption of starting materials after heating at 40 °C for 22 h according to 1H NMR 

spectroscopy. The emergence of several overlapping signals in the aromatic region was also observed. 

A single broad peak was found in the 11B{H} NMR spectrum, centred at 30.9 ppm. In the 29Si{H} NMR 

spectrum, a signal was observed with a chemical shift of −33.4 ppm corresponding to Ph2SiH2 as well 

as signals at −19.4, −20.4, and −20.9 ppm. These match closely with the chemical shift reported for 

[Ph2SiO-B(Mes)O]n (δ = −22.0 ppm) suggesting some formation of [Ph2SiO-B(Ph)O]n;21 however, the 

lack of selectivity together with incomplete monomer consumption meant that this reaction was not 

pursued further.  

Reaction of phenylboronic acid with tertiary silanes 

We also sought to investigate B(C6F5)3-catalysed dehydrocoupling of PhB(OH)2 with tertiary silanes 

(Scheme 5.4). The reaction between PhB(OH)2 and two equivalents of Et3SiH (5 mol% B(C6F5)3, 

CDCl3, 40 °C) took 18 h for complete consumption of Et3SiH, as determined by 1H NMR spectroscopy. 

11B{H} NMR analysis showed a broad signal with a chemical shift of 24.2 ppm. It is noteworthy that a 

signal for B(C6F5)3 at 40 – 50 ppm was absent and instead a broad peak was centred at 2 ppm, in the 

range commonly associated with 4-coordinate boron species. This suggests that the B(C6F5)3 catalyst is 

deactivated during the course of the reaction, which may explain the sluggish reaction time.  

Two prominent triplets at 1.01 and 0.96 ppm and quartet signals (0.74 and 0.55 ppm) were observed in 

the alkyl region of the 1H NMR spectrum. We ascribe these to the ethyl groups of the desired 

PhB(OSiEt3)2 product (5.3a; signals at 1.01 and 0.74 ppm) and to a hexaethyldisiloxane (Et3SiOSiEt3) 
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by-product (5.4a; signals at 0.96 and 0.55 ppm) (Figure 5.1). Generation of siloxane by-products has 

previously been reported in the synthesis of borosiloxane resins using PR type methodology.26 

Integration of the CH2 peaks in the 1H NMR spectrum give a 5.3a:5.4a ratio of 1:0.88. There is therefore 

low selectivity for the desired product. Two resonances were also observed in the 29Si{H} NMR 

spectrum at 8.9 and 12.2 ppm: the former matches that reported for 5.4a,56 and we assign the latter to 

5.3a.  

Signals in the 1H NMR were also observed that corresponded to the formation of 5.1. Formation of 5.1 

liberates water which could explain the apparent deactivation of B(C6F5)3, forming the B(C6F5)3 hydrate. 

The effect of trace water on the synthesis of silicones using PR methodology has recently been 

reported.57 Water liberated from triphenyl boroxine formation can also generate silanols from silanes 

which can subsequently form siloxanes providing additional explanation for the formation of 5.4a. 

Reaction of silanes with water to give siloxane linkages is well-documented using transition metal 

catalysis.56 To test if the addition of water to Et3SiH would lead to siloxane formation under PR 

conditions, Et3SiH (0.1 mmol) and B(C6F5)3 (5 mol%) were dissolved in CDCl3 in a J-Young NMR 

tube. To this mixture a drop of water was added, and the reaction mixture heated to 40 °C for 24 h. 

Subsequent analysis by 1H, and 29Si{H} NMR showed the complete consumption of Et3SiH and the 

selective formation of two silicon-containing species. The NMR data for these species closely matches 

literature spectra for Et3SiOH and  Et3Si-O-SiEt3.58 These products are formed in a ratio of ca. 3:1 

(determined by integration of the CH2 signals in the 1H NMR spectrum). This supports our hypothesis 

that liberation of water from the reaction of PhB(OH)2 and Et2SiH2 can lead to a siloxane side product. 
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Figure 5.1 1H NMR (500 MHz, 25 °C, CDCl3) of the reaction between PhB(OH)2 and Et3SiH in the presence of 

B(C6F5)3 after heating at 40 °C for 18 h. Alkyl signals denoted with ● are assigned to 5.3a and those with ● to 

5.4a 

 

 

Scheme 5.4 B(C6F5)3-catalysed dehydrocoupling of PhB(OH)2 and tertiary silanes. 

An analogous reaction was attempted between PhB(OH)2 and Ph3SiH; however, this was also found to 

exhibit poor selectivity with the formation of significant amounts of hexaphenyldisiloxane, 

Ph3SiOSiPh3 by-product (5.4b) alongside the desired PhB(OSiPh3)2 (5.3b). Incomplete reaction was 

observed after heating to 40 °C for 22 h. In this case we could not quantify the ratio of 5.3b to 5.4b 

because of overlap of signals in the 1H NMR spectrum; however, two signals of roughly equal intensity 

were observed in the 29Si{H} NMR spectrum which we assigned to 5.3b (−19.5 ppm) and 5.4b (−18.6 

ppm), together with a minor resonance at −18.1 ppm which corresponds to Ph3SiH starting material. 

Overall, while the desired dehydrocoupling between PhB(OH)2 and secondary and tertiary silanes in 

the presence of catalytic amounts of B(C6F5)3 was found to facilitate the formation of B-O-Si linkages, 

a lack of selectivity over the formation of siloxane bonds suggests that this is not a viable route to 

borosiloxane products. 
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5.3.2 Demethanative condensation route to borosiloxane bond formation 

In order to avoid the formation of siloxane side products, we investigated a B(C6F5)3-catalysed 

demethanative condensation route to form borosiloxane species. It was anticipated that the absence of 

water liberation would prevent catalyst poisoning and circumvent silanol formation leading to by-

products. To this end we synthesised dimethyl phenylboronate (PhB(OMe)2, 5.5) as the boron-

containing agent using a variation of a previously reported literature procedure,59 and we then 

investigated the reactivity of 5.5 with secondary and tertiary silanes in the presence of B(C6F5)3 (Scheme 

5.5). 

 

Scheme 5.5 General demethanative condensation route to borosiloxane bond formation. 

B(C6F5)3-catalysed demethanative condensation of 5.5 with Et3SiH 

Slow addition of Et3SiH (1 eq.) to a solution of 5.5 with B(C6F5)3 (5 mol%) in DCM resulted in the 

observation of immediate effervescence due to the liberation of CH4. This mixture was stirred for 5 min 

and then sealed and transferred to a Schlenk line and heated at 40 °C under a slow flow of nitrogen. 

Complete consumption of 5.5 was observed within 6 h by 1H NMR spectroscopy. After removal of 

volatiles under vacuum and washing the residue with pentane, a white solid was isolated. The resultant 

material was then analysed by NMR spectroscopy. From the 1H NMR spectrum, complete consumption 

of 5.5 was determined. We hypothesise that the absence of water liberation prevents B(C6F5)3 

deactivation resulting in a faster reaction than the analogous dehydrocoupling reaction between 

PhB(OH)2 and Et3SiH. A clear improvement in the ratio of borosiloxane to disiloxane by-product was 

observed, with a ratio of 1:0.04 (5.3a:5.4a) calculated from the integration of CH2 signals in the 1H 

NMR spectrum (Figure 5.2). This was also reflected in the observation of only one product peak in the 

29Si{H} NMR spectrum at 12.2 ppm indicating selective formation of bis(triethylsilyl) phenylboronate 
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(5.3a). A single broad peak was observed in the 11B{H} NMR spectrum at 25.3 ppm. The material was 

also analysed by FTIR spectroscopy. Si-O-Si stretches have been reported to come at around 

1100 cm-1.60 In the FTIR spectrum of 5.3a, no peaks were observed at this wavenumber, suggesting 

minimal formation of 5.4a (Figure S5.16). 

 

Figure 5.2 1H NMR (500 MHz, 25 °C, CDCl3) of the reaction between 5.5 and Et3SiH in the presence of 

B(C6F5)3. Alkyl signals denoted with ● correspond to 5.3a and signals denoted with ● correspond to 5.4a. 

In order to gain further insight into the B(C6F5)3-catalysed demethanative condensation of 5.5 and 

Et3SiH, the reaction progress was monitored at 20 °C using 1H NMR spectroscopy. The reaction was 

found to proceed without heating resulting in complete consumption of 5.5 within 6 h. Integration of 

resonances for both 5.3a and 5.4a with respect to Et3SiH revealed that the majority of disiloxane by-

product, 5.4a was formed within the first 30 min of the reaction (Figure 5.3). There was a minimal 

induction period before effervescence was observed, with slow addition of Et3SiH to avoid pressure 

build-up. There was no heating of the reaction mixture, which may have an influence on the levels of 

by-product formation; however, the ratio of products after complete conversion of starting materials 

(1:0.05 for 5.3a:5.4a) was found to be similar to the reaction at 40 °C (1:0.04) suggesting that the 

heating does not significantly influence the distribution of products. 
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Figure 5.3 Relative amounts of 5.3a and 5.4a to the amount of Et3SiH in the B(C6F5)3-catalysed reaction of 5.5 

and Et3SiH at 20 °C. 

We also sought to determine if there is any effect of catalyst loading on the reaction. To this end a series 

of reactions were set up for the reaction of 5.5 with Et3SiH in CDCl3 in the presence of varying amounts 

of B(C6F5)3 (2, 5, and 10 mol%). After heating at 40 °C for 6 h, the reaction was complete in each case 

as determined by absence of peaks in the 1H NMR spectrum corresponding to methoxy protons of 5.5 

(δ = 3.72 ppm). There was little difference in the ratio of 5.3a:5.4a formed for different amounts of 

catalyst (ratios between 1:0.05 and 1:0.07) demonstrating that the amount of catalyst has little impact 

on the distribution of products. 

B(C6F5)3-catalysed demethanative condensation route to polyborosiloxanes 

Following the successful formation of 5.3a using this demethanative condensation system, with 

minimal conversion to siloxane by-products, investigations were carried out into forming linear 

polyborosiloxanes, [R2SiO-B(Ph)O]n (Scheme 5.4). 

 

Figure 5.4  Reaction of 5.5 with secondary silanes in the presence of B(C6F5)3. to formed linear borosiloxane 

polymers 

Reaction of an equimolar amount of 5.5 and Et2SiH2 in the presence of B(C6F5)3 in DCM resulted in 

complete reaction after stirring at 40°C for 7 h. After removal of volatiles under vacuum, 5.2a was 

isolated as a white solid. 29Si{H} NMR spectroscopy show only one peak at −3.6 ppm, suggesting 
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selective formation of B-O-Si bonds (Figure S5.21). No Si-O-Si units were found to be present in the 

polymer backbone based on comparison of the 29Si{H} NMR spectrum of 5.2a with that of 

poly(diethylsiloxane) (29Si{H} NMR δ = −22.3 ppm).61 The 11B{H} NMR spectrum revealed the 

presence of a single, broad peak centred at 25.8 ppm, accompanied by a second low intensity very broad 

peak at 40 – 50 ppm corresponding to B(C6F5)3 catalyst (Figure S5.20). Evidence for the alternating 

boron/siloxane nature of the polyborosiloxane main chain was reinforced by IR spectroscopy (Figure 

S5.22), where peaks at 745 and 693 cm-1 were observed, closely matching those reported for previous 

examples of polyborosiloxanes which were assigned to stretching and bending modes of Si-O-B 

bonds.21, 26, 30 Further evidence for the formation of borosiloxane linkages is the peak in the IR spectrum 

at 1310 cm-1 which is assigned to the B-O bond stretch which again closely matches the IR data for 

previously reported polyborosiloxanes.21, 26, 30 The molar mass of 5.2a was determined by gel 

permeation chromatography (GPC) (Figure S5.23). This revealed a multimodal molar mass distribution 

with M ranging from 2,800 – 112,000 g mol-1 relative to polystyrene standards. Dynamic light scattering 

(DLS) studies were undertaken in DCM (1 mg mL-1) in an attempt to further elucidate the presence of 

high molar mass material. Material with a molar mass around 10,000 g mol-1 would be expected to have 

a hydrodynamic diameter between 1 – 10 nm; however, no peak in this range was observed by DLS. 

Instead, a hydrodynamic diameter of 140 nm was observed, which suggests the formation of aggregates 

under these conditions (Figure S5.24).  

In an attempt to remove the B(C6F5)3 catalyst from 5.2a, the reaction residue was dissolved in DCM 

and precipitated into pentane. A white powder was formed; however, when analysed by NMR 

spectroscopy, this was found to correspond to triphenyl boroxine (5.1) suggesting polymer breakdown 

under these conditions. Analysis of the supernatant by 1H NMR spectroscopy revealed that the polymer 

is soluble in pentane; however, some peaks associated with 5.1 were also observed. Dissolving 5.2a in 

pentane and leaving for 20 h under nitrogen resulted in the precipitation of 5.1 suggesting that the 

polymer is not stable in solution. Efforts to purify 5.2a by passing through an alumina or silica plug 

were unsuccessful as the polymer was found to adhere to the solid phase and was not recovered. 

Attempts to remove the B(C6F5)3 by sublimation at 80 °C under vacuum were also found to lead to 

polymer breakdown, with evidence of 5.1 formation when the resultant material was analysed by 1H 
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NMR spectroscopy. We lastly attempted the addition of a few drops of pyridine to a solution of the 5.2a 

residue; however, pyridine was found to react with the polymer leading to a number of unassigned 

chemical shifts emerging in the 29Si{H} NMR spectrum (Figure S5.34). 

PR-type condensation of an equimolar mixture of 5.5 and Ph2SiH2 in the presence of B(C6F5)3 (5 mol%) 

was also explored under analogous conditions (DCM, 40 °C). After heating at 40 °C for 7 h and removal 

of volatiles under vacuum, a white solid was isolated. Two singlets were found in the 29Si{H} NMR 

spectrum of this material (Figure S5.27). The first peak at −20.2 ppm is consistent with the value 

previously reported for the polyborosiloxane [Ph2SiO-B(Mes)O]n formed from the Pd-catalysed 

dehydrocoupling of diphenylsilanediol with mesitylborane,21 confirming formation of borosiloxane 

linkages in the polymer backbone. A second smaller peak was observed at −46.5 ppm which can be 

attributed to the formation of siloxane units within the polymer. This is akin to the borosiloxane resin 

recently reported by Rubinsztajn, where after reaction of B(OMe)3 with Ph2SiH2, a number of 

resonances were observed in the 29Si{H} NMR spectrum of the resultant network with chemical shifts 

below −45 ppm which were assigned to siloxane linkages.26 As for 5.2a, only one broad resonance was 

observed in the 11B{H} NMR spectrum of 5.2b as well as a signal for residual B(C6F5)3 at around 45 

ppm (Figure S5.26). Again, attempts to remove the B(C6F5)3 from the polymer sample by washing with 

pentane were unsuccessful, leading to polymer degradation.  

IR spectroscopy of 5.3b provided evidence for the presence of polyborosiloxane linkages (Figure 

S5.28),with peaks at 822 and 693 cm-1 (stretching and bending modes of Si-O-B bonds) and at 1310 

cm-1 (B-O bond stretch).21, 26, 30 Additional peaks between 1000 and 1120 cm-1 were assigned to Si-O-

Si bond stretching based on the similarity to Si-O-Si bond stretches reported for PDMS (1020 – 1074 

cm-1).60 The polymer was analysed by GPC and an multimodal mass distribution was determined with 

M = 3,200 – 126,000 g mol-1  (Figure S5.29). No evidence of high molar mass material was detectable 

by DLS studies on 5.2b in THF, DCM, or chlorobenzene. 

We then attempted to extend this methodology to a tert-butyl substituted polymer. An equimolar 

mixture of 5.5 with tBu2SiH2 was heated at 40 °C in CDCl3 in the presence of B(C6F5)3 (5 mol%); 

however, after heating at 40 °C for 3 d, no reaction was observed. Given that the first step of PR reaction 
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mechanisms is the activation of the silane by B(C6F5)3,45 we anticipated that the increased steric bulk of 

di-tert-butylsilane is sufficient to prevent this initial activation step from occurring. 

Owing to the potential of polyborosiloxanes in high temperature applications, thermal analysis was 

carried out on 5.2a and 5.2b to assess their stabilities. Unfortunately, when thermogravimetric analysis 

(TGA) was carried out, low T5% (temperature at which 5% mass loss had occurred) of ca. 90 °C were 

observed for both polymers. Analysis by differential scanning calorimetry (DSC) did not allow for the 

determination of a glass transition temperature (Tg), possibly because of ongoing degradation pathways 

at temperatures below the Tg. This low thermal stability was ascribed to the presence of residual 

B(C6F5)3 (attempts to remove this were unsuccessful) which may facilitate the depolymerisation of the 

polymers. 

In order to overcome issues with degradation, we envisaged that the addition of a rigid aromatic group 

to the polymer backbone may improve the polymer stability. To this end we attempted the reaction of 

5.5 with 1,4-bis(dimethylsilyl)benzene in the presence of B(C6F5)3 (Scheme 5.6). After heating at 40 °C 

for 20 h in CDCl3 and removal of volatiles under vacuum, material was obtained which was determined 

by GPC to be multimodal with a molar mass range of M = 2,200 – 56,000 g mol-1 (Figure S5.33). The 

material was analysed by 1H NMR spectroscopy which revealed the presence of a multitude of peaks 

in the range 0.37 – 0.59 ppm and aromatic protons in the range 7.10–7.91 ppm (Figure S5.30). In the 

11B{H} NMR spectrum, a broad singlet was found at 25.9 ppm (Figure S5.31). In the 29Si{H} NMR 

spectrum, signals at 2.5, 0.1, −0.4, −1.2 ppm were observed (Figure S5.32). Reaction of 5.5 with 1,4,-

bis(dimethylsilyl)benzene was reported to yield a polymer with a signal in the 29Si{H} at −2.3 ppm 

corresponding to OSiMe2Ar units.44 The similarity of this to the 29Si{H} NMR spectrum that we observe 

suggests at least some siloxane linkages are present in the material. 

 

Scheme 5.6 Reaction of 5.5 with 1,4,-bis(dimethylsilyl)benzene 
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Conclusions 

We report the synthesis of novel borosiloxane molecules and polymers using dehydrocoupling and 

demethanative condensation routes catalysed by B(C6F5)3 under mild conditions. Whereas 

dehydrocoupling attempts between phenylboronic acid and silane resulted in slow reactions and the 

formation of boroxine and disiloxane by-products, dehydrocarbonative condensation reactions between 

dimethyl phenylboronate and the corresponding silane were successful for the formation of both 

molecular and polymer species. The polymeric nature of these materials was confirmed by gel 

permeation chromatography. The thermal properties of these borosiloxane polymers were also 

investigated using TGA and DSC; however, issues with polymer stability, removal of residual B(C6F5)3 

and reaction selectivity remain. The mild conditions of this methodology for the formation of 

borosiloxane species bodes well for the development of these materials for more widespread usage. 
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Experimental 

5.5.1 Synthesis of dimethyl phenylboronate (5.5) 

 

Trimethyl borate (12 mL, 11.18 g, 108 mmol) was added via syringe to a 250 mL Schlenk flask at 

−78 °C under a nitrogen atmosphere. THF (75 mL) was added and a dropping funnel fitted. A 2.0 M 

solution of PhMgCl in THF (37 mL, 74 mmol) was transferred to the dropping funnel and added across 

2 h with constant stirring. Stirring was continued for 20 h, while allowing the solution to slowly warm 

to 20 °C. During this time, formation of a white precipitate was observed. A solution of H2SO4 (2.2 mL) 

in MeOH (4 mL) was slowly added and the resulting suspension was stirred for 20 minutes. The reaction 

mixture was diluted with hexanes (40 mL) before separation of the Mg salts through a frit. The filtrate 

was dried under vacuum on a rotary evaporator and the remaining liquid distilled at 80 °C/0.01 mbar to 

give dimethyl phenylboronate (5.5) as a colourless liquid (yield: 6.1 g, 55%). The NMR data matches 

reported literature values.59 

Spectroscopic data: 

1H NMR (400 MHz, 25 °C, CDCl3) δ 7.63 (dd, J = 1.79 Hz, 7.69 Hz, 2H), 7.36-7.44 (m, 3H), 3.77 (s, 

6H). 

11B{1H} NMR (128 MHz, 25 °C, CDCl3) δ 27.8 (s). 

5.5.2 Attempted dehydrocoupling route to polyborosiloxanes 

Reaction of phenylboronic acid with diethylsilane 

In a glovebox, a Schlenk flask was charged with phenylboronic acid (150 mg, 1.2 mmol), B(C6F5)3 (31 

mg, 0.06 mmol) and DCM (5 mL). Diethylsilane (162 μL, 1.2 mmol) was added slowly and immediate 

effervescence was observed. The flask was then sealed, removed from the glovebox and transferred to 

a vacuum manifold and placed in an oil bath at 40 °C under a flow of N2 for 22 h. During this time, 

formation was a white precipitate was observed. An aliquot of the reaction mixture was analysed by 

NMR spectroscopy. The white solid was isolated by filtration, recrystallised from DCM/hexane and 

determined to be triphenyl boroxine 5.1 by 1H and 11B{H} NMR spectroscopy. 
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Figure S5.1 1H NMR spectrum (500 MHz, 25 °C, CDCl3) of the reaction between phenylboronic acid and 

diethylsilane in the presence of B(C6F5)3 after heating at 40 °C for 22 h. Deuterated chloroform residual signal 

denoted by *. 

 

Figure S5.2 11B{H} NMR (128 MHz, 25 °C, CDCl3) of the reaction between phenylboronic acid and 

diethylsilane in the presence of B(C6F5)3 after heating at 40 °C for 22 h. 

Reaction of phenylboronic acid with diphenyl silane 

In a glovebox, a vial was charged with phenylboronic acid (12 mg, 0.1 mmol). To this was added a 

B(C6F5)3 in CDCl3 (0.01 M, 0.5 mL). Diphenylsilane (18.6 μL, 0.1 mmol) in CDCl3 (0.2 mL) was then 

added slowly to the vial resulting in a colourless solution. The contents of the vial were transferred to a 

J-Young NMR tube and heated at 40°C for 22 h, during which a white precipitate was formed. At this 

point, the reaction mixture was analysed by NMR spectroscopy. 

Spectroscopic data: 

11B{H} NMR (96 MHz, 25 °C, CDCl3) δ 30.9 (s). 

29Si{H} NMR (99 MHz, 25 °C, CDCl3) δ −19.4 (s), −20.4 (s), and −20.9 (s), −33.4 (s, Ph3SiH). 

* 



 
 

201 

 
 

 

Figure S5.3 1H NMR spectrum (500 MHz, 25 °C, CDCl3) of the reaction between phenylboronic acid and 

diphenylsilane in the presence of B(C6F5)3 after heating at 40 °C for 22 h. Deuterated chloroform residual signal 

denoted by *. 

 

Figure S5.4 11B{H} NMR (128 MHz, 25 °C, CDCl3) of the reaction between phenylboronic acid and 

diphenylsilane in the presence of B(C6F5)3 after heating at 40 °C for 22 h. 
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Figure S5.5 29Si{H} NMR spectrum (99 MHz, 25 °C, CDCl3) of the reaction between phenylboronic acid in the 

presence of B(C6F5)3 and diphenylsilane after heating at 40 °C for 22 h. 

5.5.3 B(C6F5)3-catalysed dehydrocoupling route to molecular borosiloxanes 

Reaction of phenylboronic acid and triethylsilane 

In a glovebox, B(C6F5)3 in CDCl3 (0.01 M, 0.5 mL) was added to phenylboronic acid (12 mg, 0.1 mmol) 

in a vial. Triethylsilane (32.0 μL, 0.2 mmol) in CDCl3 (0.2 mL) was then added gradually. Effervescence 

was observed upon addition. The colourless solution was transferred to a J-young quartz NMR tube, 

the tube was sealed, removed from the glovebox, and placed in an oil bath at 40 °C for 18 hours. At this 

point the reaction mixture was analysed by 1H, 11B{H}, and 29Si{H} NMR spectroscopy. A ratio of 

products 5.3a:5.4a of 1:0.88 was determined by integration of CH2 signals in the 1H NMR spectrum. 

 

Bis(triethylsilyl) phenylboronate 5.3a:  

1H NMR (500 MHz, 25 °C, CDCl3) δ 7.32–7.81 (m, 5H, Ph-H), 1.01 (t, J=7.9 Hz, 18H, SiCH2CH3), 

0.74 (q, J=7.9 Hz, 12H, SiCH2CH3). 

11B{1H} NMR (96 MHz, 25 °C, CDCl3) δ 24.2 (br s). 

29Si{1H} NMR (99 MHz, 25 °C, CDCl3) δ 12.2 (s). 

 

 

 

Ph2SiH
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Hexaethyldisiloxane 5.4a: 

 1H NMR (500 MHz, 25 °C, CDCl3) δ 0.96 (t, J=7.9 Hz, 18H, SiCH2CH3), 0.55 (q, J=7.9 Hz, 12H, 

SiCH2CH3). 

29Si{1H} NMR (99 MHz, 25 °C, CDCl3) δ 8.9 (s) 

 

Figure S5.6 1H NMR (500 MHz, 25 °C, CDCl3) of the reaction between phenylboronic acid and triethylsilane 

in the presence of B(C6F5)3 after heating at 40 °C for 18 h. Deuterated chloroform residual signal denoted by *. 

 

 

 

Figure S5.7 11B{H} (96 MHz, 25 °C, CDCl3) of the reaction between phenylboronic acid and triethylsilane in 

the presence of B(C6F5)3 after heating at 40 °C for 18 h. 
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Figure S5.8 29Si{H} (99 MHz, 25 °C, CDCl3) of the reaction between phenylboronic acid and triethylsilane in 

the presence of B(C6F5)3 after heating at 40 °C for 18 h. 

Dehydrocoupling of phenylboronic acid and triphenylsilane  

In a glovebox, a stock solution of B(C6F5)3 in CDCl3 (0.01 M, 0.5 mL) was added to phenylboronic acid 

(12 mg, 0.1 mmol) in a vial. Triphenylsilane (52 mg, 0.2 mmol) in CDCl3 (0.2 mL) was then added 

gradually. Effervescence was observed upon addition. The colourless solution was transferred to a J-

young quartz NMR tube, the tube was sealed, removed from the glovebox, and placed in an oil bath at 

40 °C for 18 hours. At this point the reaction mixture was analysed by 1H, 11B, and 29Si{H} NMR 

spectroscopy. Overlap of signal corresponding to aromatic protons in the 1H NMR spectrum of 5.3a 

and 5.4a prevented determination of a ratio of products. 

 

Bis(triphenylsilyl) phenylboronate 5.3b:  

11B{1H} NMR (96 MHz, 25 °C, CDCl3) δ ppm 26.9 (br s). 

29Si{1H} NMR (99 MHz, 25 °C, CDCl3) δ ppm −19.5 (s). 

 

Hexaphenyldisiloxane 5.4b:  

29Si{1H} NMR (99 MHz, 25 °C, CDCl3) δ ppm −18.6 (s). 
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Figure S5.9 1H NMR spectrum (500 MHz, 25 °C, CDCl3) of the reaction between phenylboronic acid and 

triphenylsilane in the presence of B(C6F5)3 after heating at 40 °C for 18 h. Deuterated chloroform residual signal 

denoted by *. 

 

Figure S5.10 11B{H} NMR (96 MHz, 25 °C, CDCl3) of the reaction between phenylboronic acid and 

triphenylsilane in the presence of B(C6F5)3 after heating at 40 °C for 18 h.  
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Figure S5.11 29Si{H} NMR Spectrum (99 MHz, 25 °C, CDCl3) of the reaction between phenylboronic acid and 

triphenylsilane in the presence of B(C6F5)3 after heating at 40 °C for 18 h. 

5.5.4 B(C6F5)3-catalysed demethanative condensation route to molecular borosiloxanes 

Synthesis of bis(triethylsilyl) phenylboronate (5.3a) 

 

In a glovebox, a Schlenk flask was charged with 5.5 (0.90 g, 6 mmol), B(C6F5)3 (0.15 g, 0.3 mmol) and 

DCM (5 mL). Triethylsilane (1.96 mL, 12 mmol) was slowly added.  Effervescence was observed upon 

addition. The flask was sealed, removed from the glovebox and stirred at 40 °C in an oil bath under an 

atmosphere of nitrogen. After 6 hours, the flask was removed from the oil bath and volatiles removed 

under vacuum. The residue was then washed 3 times with pentane and dried under vacuum to yield 5.3a 

as a white powder (yield = 1.49 g, 71%). 

Spectroscopic data: 

1H NMR (500 MHz, 25 °C, CDCl3) δ 7.80 (dd, J = 8.1, 1.5 Hz, 2H, Ph-H), 7.48–7.35 (m, 3H, Ph-H), 

1.03 (t, J = 7.9 Hz, 17H), 0.76 (q, 12H). 

11B{H} NMR (160 MHz, 25 °C, CDCl3) δ 25.3. 

29Si{H} NMR (99 MHz, 25 °C, CDCl3) δ 12.2. 

13C{H} NMR (126 MHz, 25 °C, CDCl3) δ 134.9, 130.3, 127.4, 6.8, 6.0. 

IR: 2952, 2875, 1438, 1330, 1304, 1007, 820, 732, 729 cm-1. 

 

 

 

 

Ph3SiH 
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Figure S5.12 1H NMR spectrum (500 MHz, 25 °C, CDCl3) of isolated 5.3a. Deuterated chloroform residual 

signal denoted by *. 

 

Figure S5.13 11B{H} NMR spectrum (160 MHz, 25 °C, CDCl3) of isolated 5.3a. 
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Figure S5.14 29Si{H} NMR spectrum (99 MHz, 25 °C, CDCl3) of isolated 5.3a. 

 

Figure S5.15 13C{H} NMR (126 MHz, 25 °C, CDCl3) of isolated 5.3a. Deuterated chloroform residual signal 

denoted by *. 

 

Figure S5.16 Solid state ATR FT-IR spectrum of isolated 5.3a. 
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Kinetic study on the reaction of triethylsilane with 5.5 in the presence of B(C6F5)3 

In a glovebox, B(C6F5)3 in CDCl3 (0.01 M, 0.5 mL) was added to 5.5 (12 mg, 0.1 mmol) in a vial. To 

this was added triethylsilane (15.9 μL, 0.1 mmol). The contents of the vial were transferred to a J-Young 

NMR tube, sealed and heated in an oil bath at 40 °C. The reaction was monitored by 1H NMR 

spectroscopy. In order to obtain Figure 5.3, peaks corresponding to CH2 protons on the ethyl groups of 

5.3a and  5.4a (δ = 0.76 and 0.55 ppm respectively) were integrated relative to the CH2 protons of 

triethylsilane (δ = 0.64 ppm). 

 

Figure S5.17 1H NMR spectra (500 MHz, 25 °C, CDCl3) measured every 10 min from 10 (bottom) to 120 min 

(top) for the reaction of 5.5 with triethylsilane in the presence of B(C6F5)3. 
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Figure S5.18 1H NMR spectra (500 MHz, 25 °C, CDCl3) measured every 20 min from 140 (bottom) to 360 min 

(top) for the reaction of 5.5 with triethylsilane in the presence of B(C6F5)3. 

5.5.5 B(C6F5)3-catalysed demethanative condensation polymerisation reactions 

B(C6F5)3-catalysed demethanative polymerisation of dimethyl phenylboronate 
and diethylsilane 

 

In a glovebox, a Schlenk flask was charged with 5.5 (0.90 g, 6 mmol), B(C6F5)3 (0.15 g, 0.3 mmol) and 

DCM (5 mL). To this diethylsilane (0.78 mL, 6 mmol) was slowly added.  Effervescence was observed 

upon addition. The flask was sealed, removed from the glovebox and stirred at 40 °C in an oil bath 

under an atmosphere of nitrogen. After 7 h, the flask was removed from the oil bath and volatiles 

removed under vacuum yielding 5.2a as a white solid (yield = 0.84 g, 68%). Attempts to remove residual 

B(C6F5)3 from the polymer were unsuccessful. There was no difference between a GPC taken 

immediately and after remaining dissolved in THF for 1 d which suggests that there is no THF 

polymerisation caused by residual B(C6F5)3 remaining. 
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Spectroscopic data: 

1H NMR (500 MHz, 25 °C, CDCl3) δ 8.30–8.20 (m, Ph-H), 7.65–7.47 (m, Ph-H), 1.13–0.92 (m, 

SiCH2CH3), 0.76–0.58 (m, SiCH2CH3). 

11B{H} NMR (128 MHz, 25 °C, CDCl3) δ ppm 25.8 (br s). 

29Si{H} NMR (43 MHz, 25 °C, CDCl3) δ ppm −3.6 (s). 

IR: 2956, 2884, 1651, 1599, 1495, 1480, 1310, 1008, 971, 745, 693 cm-1. 

GPC: Multimodal distribution M = 2,800 – 112,000 g mol-1. 

DLS: 140 nm. 

 

Figure S5.19 1H NMR (500 MHz, 25 °C, CDCl3) of isolated 5.2a. Deuterated chloroform residual signal 

denoted by *. 

 

 

Figure S5.20 11B{H} NMR (128 MHz, 25 °C, CDCl3) of isolated 5.2a. Peak corresponding to B(C6F5)3 is 

denoted with ~. 

* 

~ 
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Figure S5.21 29Si{H} NMR (80 MHz, 25 °C, CDCl3) of isolated 5.2a. 

 

Figure S5.22 Solid state ATR FT-IR spectrum of isolated 5.2a 

  

Figure S5.23 GPC chromatogram of isolated 5.2a (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent). 
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Figure S5.24 DLS size distribution by volume of isolated 5.2a in DCM (1 mg mL-1). 

Dehydrocarbonative polymerisation of dimethyl phenylboronate and 
diphenylsilane 

 

In a glovebox, a Schlenk flask was charged with 5.5 (0.90 g, 6 mmol), B(C6F5)3 (0.15 g, 0.3 mmol) and 

DCM (5 mL). To this, diphenylsilane (1.104 g, 6 mmol) was slowly added.  Effervescence was observed 

upon addition. The flask was sealed, removed from the glovebox and stirred at 40 °C in an oil bath 

under an atmosphere of nitrogen. After 7 h, the flask was removed from the oil bath and volatiles 

removed under vacuum yielding 5.2a as a white solid (yield = 1.34 g, 73%). Attempts to precipitate the 

polymer into pentane were unsuccessful, resulting in polymer decomposition. 

Spectroscopic data: 

1H NMR (400 MHz, 25 °C, CDCl3) δ 8.27–8.23 (m), 7.74–7.69 (m), 7.65–7.57 (m), 7.55–7.49 (m), 

7.44–7.36 (m), 7.33–7.28 (m). 

11B{1H} NMR (128 MHz, 25 °C, CDCl3) δ ppm 28.6 (br s). 

29Si{1H} NMR (79 MHz, 25 °C, CDCl3) δ ppm −20.2 (s), −46.5 ppm (s). The signal at −46.5 ppm is 

assigned to diphenylsiloxane units within the polyborosiloxane backbone. 

IR: 3067, 2144, 1310, 1118, 1010, 822, 693 cm-1. 

GPC: Multimodal distribution M = 3,200 – 126,000 g mol-1
. 
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Figure S5.25 1H NMR (500 MHz, 25 °C, CDCl3) of isolated 5.2b. Deuterated chloroform residual signal 

denoted by *. 

 

Figure S5.26 11B{H} NMR (500 MHz, 25 °C, CDCl3) of isolated 5.2b. Peak corresponding to B(C6F5)3 is 

denoted with ~. 

 

Figure S5.27 29Si{H} NMR (80MHz, 25 °C, CDCl3) of isolated 5.2b. 
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Figure S5.28 Solid state ATR FT-IR spectrum of isolated 5.2b. 

 

Figure S5.29 GPC chromatogram of ioslated 5.2b (2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent). 

Attempted dehydrocarbonative polymerisation of dimethyl phenylboronate and 
di-tert-butylsilane 

In a glovebox, B(C6F5)3 in CDCl3 (0.01 M, 0.5 mL) was added to dimethyl phenylboronate (9 mg, 0.06 

mmol) in a vial. To this was added di-tert-butylsilane (11.9 μL, 0.06 mmol): no effervescence was 

observed. The contents of the vial were transferred to a J-Young NMR tube, sealed and heated in an oil 

bath at 40 °C. After 3 d, 1H and 11B{H} NMR spectroscopy showed that no reaction had occurred. 

  

3067
2144

1310

1118
1010

822

693
10

20

30

40

50

60

70

80

90

100

500100015002000250030003500

Tr
an

sm
it

ta
n

ce
 (

%
)

Wavenumber (cm-1)

-0.5

0

0.5

1

1.5

15 16 17 18 19

R
ef

ra
ct

iv
e 

In
d

ex
 R

es
p

o
n

se
 (

a.
u

.)

Elution Time (min)



 
 

216 

 
 

Attempted dehydrocarbonative polymerisation of dimethyl phenylboronate and 
1,4-Bis(dimethylsilyl)benzene 

 

In a glovebox, B(C6F5)3 in CDCl3 (0.01 M, 0.5 mL) was added to dimethyl phenylboronate (9 mg, 0.06 

mmol) in a vial. To this was added bis(dimethylsilyl)benzene (13.3 μL, 0.06 mmol). Rapid 

effervescence was observed at this point. The reaction was stirred for 10 min and then the contents of 

the vial transferred to a J-Young NMR tube, sealed and heated to 40 °C for 20 h. Volatiles were removed 

from the reaction mixture and the material analysed by NMR spectroscopy and GPC. 

Spectroscopic data: 

11B{H} NMR (161 MHz, 25 °C, CDCl3) δ 25.9. 

29Si{H} NMR (99 MHz, 25 °C, CDCl3) δ 2.5, 0.1, −0.4, −1.2. 

GPC: Multimodal distribution: M = 2,200 – 56,000 g mol-1 

 

Figure S5.30 1H NMR (500 MHz, 25 °C, CDCl3) of the isolated residue of the reaction between 5.5 and 

bis(dimethylsilyl)benzene. Deuterated chloroform residual signal is denoted by *. 
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Figure S5.31 11B{H} (161 MHz, 25 °C, CDCl3) of the isolated residue of the reaction between 5.5 and 

bis(dimethylsilyl)benzene. 

 

Figure S5.32 29Si{H} NMR (99 MHz, 25 °C, CDCl3) of the isolated residue of the reaction between 5.5 and 

bis(dimethylsilyl)benzene. 

 

Figure S5.33 GPC chromatogram of isolated residue of the reaction between 5.5 and bis(dimethylsilyl)benzene 

(2 mg mL-1 in THF, 0.1 w/w % nBu4NBr in the THF eluent). 
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5.5.6 Addition of pyridine to 5.2a 

In a glovebox, 5.2a (10 mg) was dissolved in CDCl3 (0.5 mL) in a vial. A few drops of pyridine were 

added to this and the reaction mixture was analysed by 29Si{H} NMR spectroscopy. The formation of 

a number of unassigned peaks determined that this was not a suitable method to removed B(C6F5)3 from 

the polymer. 

 

Figure S5.34 29Si{H} NMR (99 MHz, 25 °C, CDCl3) after the addition of pyridine to 5.3a. 
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Chapter 6  
 
Outlook 
 

The work presented in this thesis focuses on the development of synthetic routes to novel main group 

element-containing polymers and investigations into potential applications of these materials. 

Hydrophosphination of olefins was found to be an efficient method to modify polyphosphinoboranes 

facilitating the formation of P-disubstituted polymers and crosslinked gels. Investigations into the 

dehydrocoupling of phenylphosphine-borane using CpFe(CO)2OTf have furthered our understanding 

of the mechanism of polymerisation and have also resulted in the development of non-metal catalysed 

routes to polyphosphinoboranes. Applications of polyphosphinoboranes have been developed: these 

materials have been shown to form hydrogels and act as flame-retardant additives for cotton fabric. A 

metal-free route to borosiloxane molecules and polymers via demethanative condensation has also been 

established.  

This outlook chapter serves to outline future directions based on the results obtained during the course 

of the studies described in this thesis. 

Post-polymerisation modification of polyphosphinoboranes 

Chapter 2 reports the radical hydrophosphination of olefins using poly(phenylphosphinoborane) giving 

access to a range of modified polymers. Previously, the hydrophosphination of a variety of unsaturated 

compounds has been reported using phosphine-borane adducts. For example, Gaumont and co-workers 

have found that phenylphosphine-borane will react with unsaturated compounds such as alkenes,1, 2 

alkynes,3 carbonyls,4 and enones (Scheme 6.1),5 using either microwave irradiation (MWI) or palladium 

catalysis. We anticipate that the hydrophosphination of unsaturated compounds other than alkenes using 

polyphosphinoborane will be possible allowing a wide variety of side groups to be installed onto the 

polymer chain introducing additional functionality. 
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Scheme 6.1 Hydrophosphination of a) alkenes, b) and c) alkynes, d) enones using phosphine-borane adducts. 

To this end, preliminary experiments involving the hydrophosphination of 1-pentyne using 

poly(phenylphosphinoboranes) have been undertaken. Irradiation of [PhHP-BH2]n in the presence of an 

equimolar amount of 1-pentyne in the presence of 10 mol% DMPA and TEMPO in THF resulted in 

85% consumption of starting polymer after 24 h according to integration of the 31P NMR spectrum. 

Along with a minor signal at −49.0 ppm corresponding to [PhHP-BH2]n units, three prominent peaks 

emerged in the 31P NMR at –3.8, −11.5, and −25.9 ppm which we assign to the formation of E and Z 

alkenes, resulting from anti-Markovnikov addition; and to Markovnikov addition (Scheme 6.2). No 

evidence of crosslinking was observed which suggests that the formed alkene bonds do not react with 

further polymer chains. High molar mass polymer was retained according analysis by gel permeation 

chromatography (GPC; Mn = 78,700, PDI = 1.2) and repeat units of 190.1 m/z were identified from the 

ESI-MS spectrum which correspond to successive loss of [Ph(C5H9)P-BH2]. Efforts will focus on the 

development of selective methods for the hydrophosphination of alkynes using polyphosphinoboranes, 

either under radical or metal-mediated conditions. 

 

Scheme 6.2 UV irradiation reaction of [PhHP-BH2]n with 1-pentyne in the presence of DMPA and TEMPO. 
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Furthermore, while extensive work has been carried out on the modification of 

poly(phenylphosphinoborane), there is scope for the extension of this to other polymer precursors. 

CpFe(CO)2OTf-catalysed dehydrocoupling has provided access to a range of P-monosubstituted 

polymers featuring both aryl or alkyl side chain.6, 7 Preliminary investigations into the modification of 

[nHexHP-BH2]n using 1-octene have been promising. The P-monosubstituted precursors have vastly 

different properties, for example, the Tg of [PhHP-BH2]n is 38 °C,8 whereas that of [nHexHP-BH2]n is 

much lower (−76 °C).6 The hydrophosphination of a variety of unsaturated compounds using different 

starting polymers will allow the formation of a library of polymers, with tailored physical and chemical 

properties. 

Mechanism of polymerisation of phosphine-boranes using CpFe(CO)2OTf 

Chapter 3 describes investigations into the polymerisation of phenylphosphine-borane using 

CpFe(CO)2OTf. While it is clear that the dehydrocoupling consists of a hybrid mechanism rather than 

the chain-growth process previously postulated, the exact nature of this mechanism remains unclear. A 

detailed understanding of the mechanism will aid future catalyst design. 

Several studies have been carried out on the dehydrocoupling of secondary phosphine-boranes as model 

substrates using rhodium precatalysts which have significantly improved the understanding of 

dehydrocoupling pathways through the isolation of reaction intermediates, labelling studies and 

computational approaches.9-11 The isolation of different products 

[Rh(dppp)(η2-H3B·PtBu2BH2·PtBu2H)][BArF
4] and [Rh(dppp)H(σ,η2-PPh2·BH2PPh2·BH3)][BArF

4] 

from the stoichiometric reaction of [Rh(η6-FC6H5)(dppp)][BArF
4] with R2HP·BH3 (R = Ph, tBu; Scheme 

6.3),11 suggests that the mechanism of dehydrocoupling may also be substrate dependent. 
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Scheme 6.3 Species isolated from the stoichiometric reaction of R2HP·BH3 (R = tBu or Ph) with 

[Rh(η6-FC6H5)(dppp)][BArF
4]. [BArF

4] anions omitted for clarity. 

The dehydrocoupling of Ph2HP·BH3 using CpFe(CO)2OTf was found to occur very slowly; however 

selective formation of the linear dimer Ph2HP·BH2-PPh2·BH3 was observed.8 We anticipate that 

reactions using Ph2HP·BH3 and other secondary phosphine-boranes with CpFe(CO)2OTf will provide 

insights into the dehydrocoupling of phosphine-boranes using iron precatalysts. 

Polymerisation of polyphosphinoboranes using non-metal catalysts 

During our studies in Chapter 3, we also describe the formation of polyphosphinoboranes using non-

metal precatalysts, in particular triflic acid. Combined computational and experimental studies will be 

undertaken to improve our understanding of the reaction mechanism with a particular focus on attempts 

to isolate reaction intermediates. We will also examine the dehydrocoupling of phosphine-boranes using 

other acids to determine the effect of pKa and other factors on the dehydropolymerisation. 

Polyphosphinoborane hydrogels 

The first part of Chapter 4 describes the formation of swellable hydrogels with polyphosphinoborane 

backbones. To further these studies, polyphosphinoborane hydrogels will be tested for their 

biocompatibility via cell culture experiments. 

One method that has been investigated for improving the properties of hydrogels is through the synthesis 

of interpenetrating polymer networks (IPNs) through polymerisation of a second crosslinked polymer 

within the hydrogel network. This allows access to properties that are hybrid of the component 

materials. For example a interpenetrating network of poly[bis-((methoxyethoxy)ethoxy)phosphazene] 

(MEEP) and poly(methylmethacrylate) (PMMA) can be formed via radical polymerisation of methyl 
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methacrylate and crosslinking agent ethylene glycol dimethacrylate within a swollen crosslinked MEEP 

polymer matrix.12 This yielded a composite with glass transition temperatures intermediate of the parent 

polymers. We envisage that the formation of IPNs featuring polyphosphinoborane units could improve 

the structural robustness of the hydrogels reported in Chapter 4. To this end, the polymerisation and 

crosslinking of organic polymers such as PMMA and polystyrene within a swollen 

poly(phenylphosphinoborane) gel will be investigated. 

Polyphosphinoborane flame-retardants 

Following the promising results on the use of polyphosphinoboranes as a flame-retardant additive for 

cotton described in Chapter 4, future work will focus on testing these materials using industry standard 

tests such as identifying limiting oxygen indices (LOIs). The LOI of a material is defined as the 

minimum percentage of oxygen that must be present to support combustion. If the LOI is higher than 

atmospheric oxygen concentration, then the material is likely to inhibit a fire under standard conditions. 

The synthesis of polyborosiloxanes 

Chapter 5 reports the synthesis of borosiloxane molecules and polymers using a modified Piers-

Rubinsztajn reaction. The B(C6F5)3-catalysed demethanative condensation of dimethyl phenylboronate 

and secondary siloxanes resulted in the successful formation of polymer; however, there were some 

issues with selectivity and polymer decomposition. In order to expand the polymerisation substrate 

scope, other potential routes to polyborosiloxanes will be investigated. It was recently reported that 

[(Ru(p-cymene)Cl2)2] was a precatalyst for the synthesis of molecular borosiloxanes from boronic acids, 

tertiary silanes and water (Scheme 6.4).13 Preliminary investigations into the use of this catalyst for the 

formation of polyborosiloxanes have been promising. Reaction of phenylboronic acid with 

diphenylsilane and a drop of degassed water in the presence of [(Ru(p-cymene)Cl2)2] (10 mol%) in 

C6D6 resulted in immediate and rapid gas evolution. After 20 h at 20 °C volatiles were removed from 

the reaction mixture, resulting in the isolation of a white polymeric material which was subjected to 

GPC analysis. This revealed a monomodal mass distribution of the polymer with Mn = 56,000 g mol-1 

and a low PDI of 1.2. Efforts are underway to fully characterise this material and to extend this to other 

polymers. 
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Scheme 6.4 Ruthenium catalysed synthesis of borosiloxanes. 
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