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Abstract 

This thesis details the synthesis of six new Rh(I)-vinyl and -aryl complexes 

and their extensive characterisation using a suite of multinuclear nuclear magnetic 

resonance spectroscopy techniques (which include but is not limited to, 103Rh and 2D 

31P-103Rh heteronuclear multiple quantum correlation spectroscopy), single-crystal X-

ray diffraction  crystallography, X-ray powder diffraction, and elemental analysis. The 

primary focus of this thesis is the evaluation of these new Rh(I)-vinyl and -aryl 

complexes as initiators for the stereospecific (controlled) (co)polymerisation of 

phenylacetylenes (PA) and other substituted arylacetylene substrates. 

Initially, a series of Rh(I)(nbd)(α-phenylvinylfluorenyl)(P(4-XC6H4)3) (where 

nbd = 2,5-norbornadiene and X = F, CF3, (3,5-CF3)2) complexes were synthesised, 

characterised and evaluated for their ability to mediate the (controlled) polymerisation 

of PA. The study reveals that the complexes were active initiators for PA 

homopolymerisation but suffered low initiation efficiencies (IEs) which were 

attributed to steric and geometric factors arising from the bulky and conformationally 

locked nature of the α-phenylvinylfluorenyl initiating fragment, thus, hindering facile 

coordination of monomer.  

 To address this issue, we targeted the synthesis of Rh(I)(nbd)(2-

phenylnaphthyl)(P(4-FC6H4)3) complex that possesses an initiating fragment that is 

geometrically unrestricted; however, upon recrystallisation, the structural isomer,  

Rh(I)(nbd)(2-naphthylphenyl)(P(4-FC6H4)3) was isolated.  We proceeded to 

rationalise the mechanism which underpinned this observation and proposed that the 

formation of the structural isomer(s) was via 1,4-Rh atom migrations, or ortho-to-

ortho’ C-H bond activations, which was supported by density functional theory 
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calculations. 1H and 2D 31P-103Rh HMQC spectroscopy further identified a second, 

Rh(I)(3-phenylnaphthyl) isomer (and possibly a third minor structural isomer), which 

are a result of the same Rh-atom migratory processes. While unanticipated, the 

complex(es) were evaluated and determined to be active initiator(s) for the PA 

homopolymerisation with significantly improved IEs (though not quantitative, which 

was attributed to the formation of multiple (in)active species) over the Rh(I)-α-

phenylvinylfluorenyl derivatives.  

Building on these findings, we proceeded to investigate and targeted the 

synthesis of an alternative Rh(I)-aryl complex, Rh(I)(nbd)(Biphenyl)(P(4-FC6H4)3). 

While it is potentially susceptible to 1,4-Rh atom migratory processes, the occurrence 

of such an event will yield chemically identical species. The Rh(I)-biphenyl complex 

was successfully prepared and isolated and was shown to be an active initiator for the 

homopolymerisation of PA with near-quantitative IEs observed, which was a 

significant improvement over its predecessors. The activity of Rh(I)-biphenyl was 

evaluated against the functional derivative 4-fluorophenylacetylene (4-FPA) was 

found to be active in homopolymerisation of 4-FPA. Poly(phenylacetylene-block-4-

fluorophenylacetylene) was successfully prepared by sequential monomer addition, 

yielding a block copolymer with a low dispersity. 

Finally, the structure-activity of the diene ligand of the Rh(I) complex was 

investigated by substituting the nbd diene ligand with tetrafluorobenzobarrelene (tfb), 

which has a relatively higher π-acidity. Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3) complex 

was synthesised, characterised and subsequently evaluated as an initiator for the 

homopolymerisation of PA. The higher π-acidity of tfb diene ligand was demonstrated 

to enhance the activity of Rh(I) towards PA homopolymerisation, which was 

confirmed via polymerisation kinetic studies. In comparison to its structurally similar 
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Rh(I)-biphenyl complex bearing a nbd diene ligand, the activity was 8 to 16 times 

higher than previous Rh-vinyl and -aryl complexes, placing it first amongst the 

complexes, in terms of activity towards PA. The activity of this complex was also 

evaluated against a range of substituted (aryl)acetylenes, and was found to be active 

in the homopolymerisation for a majority of these monomers, exceptions being 2-

ethynylthiophene and 4-ethynylaniline, which were found to be not amenable to 

polymerisation mediated by this Rh(I)-aryl species. 

 Overall, the resulting polyenes from the polymerisations mediated by each of 

these six new Rh(I)-vinyl and -aryl complexes possess high cis-transoidal 

stereoregularity with relatively narrow molecular weight distributions. Further, the 

ability of these complexes to mediate block (co)polymerisation to prepare diblock 

copolymers, is an indication of a controlled polymerisation process.  
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Chapter 1  

Introduction 

Part of the content in this chapter has been published in: 

 Angewandte Chemie International Edition and Angewandte Chemie (2020) 

with the title “Polymerisation Mediated by Well-defined Rhodium Complexes” and 

“Polymerisationen vermittelt durch wohl-definierte Rhodium Komplexe” (refer to 

Appendix C) 

  

1.1 Transition Metal Complexes and Their Applications in 

Synthetic Chemistry 

The primary focus of this thesis is the synthesis, and characterisation of new 

rhodium(I)-vinyl and rhodium(I)-aryl complexes and an evaluation of their efficacy as 

initiators on the (controlled) (co)polymerisation of arylacetylenes.  

Broadly speaking, transition metal complexes plays a key role in modern 

synthetic chemistry as they give chemists access to new molecules with unique 

structures, better stereo control and incorporation of a broad range of functionalisation 

that would otherwise take longer to achieve due to the multi-steps synthesis (low 

efficiency) or simply near-impossible to achieve via conventional synthetic routes 

(such as concerted [6+2] cycloaddition reactions1 which are thermally forbidden, but 

made possible by transition metal mediated reactions). These transition metal 

complexes often proved useful in the total synthesis of a complex natural product or 

yield important polymeric materials such as polyethylene and polypropene which are 
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used primarily for packaging applications such as plastic grocery bags, a modern day 

convenience, that has been ingrained in our daily lives. 

Much of the advancement in synthetic chemistry can be attributed to transition 

metal complexes such as the Haber-Bosch process for ammonia production via iron 

(Fe)2 catalyst, hydrogenation reactions of unsaturated fatty acids with nickel (Ni)3 or 

platinum (Pt)4, hydroformylation reaction of olefins with rhodium (Rh) catalysts5, 

hydrocarboxylation reactions of olefins (with cobalt (Co)6-9,  Ni10, iron (Fe)11, 

palladium (Pd)12, 13, or iridium (Ir)8), hydroesterification reactions of olefins (Co9, 14  

or palladium (Pd)15 ruthenium (Ru)9, 16, 17), and a suite of cross-coupling/metathesis 

reactions (Suzuki-coupling reactions with Pd18-24 or Ni25-29 which are useful for the 

synthesis of asymmetrical biaryls,30-34 Heck reaction with Pd for the reaction between 

organic halides and olefins,35-37 Kumada coupling reactions primarily with Ni38-49, 

Pd47, 50 or iron (Fe)51-53 between Grignard reagents with organohalides, Sonogashira-

coupling reactions with Pd and copper (Cu) as a co-catalyst for the coupling between 

terminal alkynes and aryl or vinyl halides54-56). The list is not meant to be exhaustive 

as it does not give justice to the contributions of transition metal chemistry and the 

researchers behind it all, but to demonstrate the profound implications it has in modern 

synthetic chemistry.  

As noted, this thesis focusses on the synthesis and application of Rh 

complexes, examples of which are known to play a vital role in organic synthetic 

chemistry because they can facilitate certain reactions that are normally not possible 

via other means. For example, as mentioned earlier, the [6+2] cycloaddition reaction 

of 2-vinylcyclobutanones reported by Wender et al.57 which is thermally forbidden is 

made possible by employing Wilkinson’s catalyst, Rh(PPh3)Cl, to catalysd the 

reaction. In this thesis, we will be discussing the synthesis, evaluation, and application 
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of new Rh(I)-vinyl and -aryl complexes as initiators for polymerisations of 

phenylacetylene (PA) and other aryl substituted acetylenes. 

In this chapter, a brief overview of the relevant basic polymer chemistry 

terminology used in this thesis will be given. Then, an overview of insertion and 

metathesis polymerisation processes mediated by selected transition metals 

(ruthenium (Ru), molybdenum (Mo), tungsten (W), niobium (Nb), tantalum (Ta), and 

titanium (Ti)),  their uses in polymerisation-related applications (such as ring-opening 

metathesis polymerisation (ROMP), and alkyne polymerisations). Finally, a thorough 

review of the development and application of rhodium (Rh) complexes as mediators 

in the controlled/non-controlled polymerisation of acetylenes and substituted 

acetylenes will be presented. 

 

1.2 Introduction to Polymer Nomenclatures and Techniques 

Today, synthetic polymer chemists have an extensive tool box of 

polymerisation techniques enabling the preparation of a near-infinite number of new 

materials. This thesis will deal specifically with controlled chain-growth insertion 

polymerisation mediated by Rh(I)-vinyl and -aryl complexes for the synthesis of 

polyarylacetylenes. 

In polymer chemistry, the characterisation of the polymer is commonly 

acquired by size exclusion chromatography (SEC), which is a high-performance liquid 

chromatography (HPLC) technique that separates polymer sample based on their 

hydrodynamic volume, Figure 1-1. The heart of an SEC instrument is the 

chromatography column which is packed with gel beads (commonly cross-linked 

polystyrene beads) with porosities of a defined size range. Molecules that are smaller 

than the pore size, can interact with these pores, which increases its residential time in 
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the column, thus, eluting later; molecules that are larger than the pore size, will be 

excluded from the pores, thereby, eluting earlier, this is called the size exclusion limit. 

The separation process results in the fractionation of chains prior to their detection.  

The drawback of SEC is that it requires calibration with near-monodisperse 

standards (usually polystyrene equivalents due commercial availability and 

convenience) before reliable data acquisition can be performed, thus, molecular weight 

of polymers is reported as polystyrene equivalents in this thesis. 

 

Figure 1-1. Illustration of the separation process for a polymer sample using size 

exclusion chromatography technique. 
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Figure 1-2. SEC chromatogram plots the detector signal against elution volume or 

time. 

The detector response against the elution volume or time is plotted and 

interpreted by the SEC software. Figure 1-2, which then provides us information such 

as the number average molecular weight, Mn, the weighted average molecular weight, 

Mw, and the dispersity, Đ (ratio Mw/Mn). The Mn gives us the average molecular weight 

of the polymers and can be defined as: 

Mn=
∑ niMi

∑ ni

 (1.1)  

     where ni = the number of molecules 

                         Mi = molecular weight of molecule 

 

Referring to equation 1.1, the number average molecule weight, Mn, is the total of the 

mole fraction of each molecule multiply by its molecular weight, Mi. In contrast, the 

weighted average molecular weight, Mw, is the summation of the weight fraction of 

each molecule multiply by its molecular weight, Mi, and can be expressed as: 

Mw = 
∑ wiMi

∑ wi

 = 
∑ ni𝑀𝑖

2

∑ ni

(1.2) 
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where wi = ∑ niMi  

 

The dispersity, Đ, indicates the breadth of the molecular weight distribution (MWD) 

of the polymer, and is simply the ratio of Mw and Mn which can be expressed as: 

Đ =
Mw

Mn

(1.3) 

 

The closer to unity (Đ = 1.0), the narrower the MWD or monodisperse the polymer 

sample is. Generally, the values obtained are relative to a set of polymer standards 

(such as low dispersity polystyrene (PS)) which have narrow MWD. This information 

is highly important because it is directly related to the polymer’s properties such as its 

melting point, durability, ductility, colligative properties, osmotic pressure, and 

freezing point depression to name a few which affects the processability and the 

potential application of new polymeric materials. 

Another commonly used term in this thesis is living polymerisation. According 

to the official IUPAC definition, outlined by Jenkins et al.,58 a living polymerisation 

is a chain polymerisation from which chain transfer and chain termination are absent. 

Another related technical term is “controlled polymerisations”. A controlled 

polymerisation process is associated with several features that are often observed in 

such processes and include: 

1. Linear pseudo-first-order kinetic plot, which implies that there is a constant 

number of propagating species in the system. 

2. The molecular weight (MW) increases proportionally with monomer 

conversion. This indicates that there are no chain transfer or chain termination 
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events occurring and the MW can be controlled via tuning the monomer-to-

initiator ratio, [M]/[I]. 

3. The formation of (co)polymers with narrow molecular weight distributions 

(MWDs). Narrow MWDs (low Đs), while desirable, it is not a formal 

prerequisite, but is a common feature in a controlled polymerisation process. 

4. The retention of chain-end activity after all monomers are consumed, which 

facilitates the preparation of block copolymers and other advanced polymer 

architectures. 
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1.3 Insertion Polymerisation 

1.3.1 Titanium-Based Catalysts (Ziegler-Natta) and Their 

Application in α-olefin Polymerisation 

According to the accounts of the late John J. Eisch,59 in the late 1940s, while 

experimenting with the synthesis of alkyl lithium salts for use in organic synthesis, 

Karl Ziegler was made aware that by performing organolithium reactions in 

pressurized ethylene, oligomers of α-olefins would be observed. It was not until 1953, 

shortly after his departure from working with “main group chemistry”, that he made a 

serendipitous discovery that when passing ethylene into a mixture of TiCl4 and 

Et2AlCl, which was then known as “Zieglers” catalyst,  resulted in the deposition of 

polyethylene (PE). Giulio Natta, building upon Ziegler's work, subsequently 

discovered the use of TiCl3 instead of TiCl4, for propylene polymerisations.60 Today, 

the use of Ti-based catalysis is for the (co)polymerisation of α-olefins and is referred 

to as Ziegler-Natta polymerisations, which is particularly important for the synthesis 

of polyethylene and polypropylene including ultra-high-molecular-weight PE 

(UHMWPE), high-density PE (HDPE), cross-linked PE, medium-density PE, and 

low-density PE.61, 62 

 

Scheme 1-1. Insertion mechanism of Ziegler-Natta catalyst mediated polymerisation 

of ethylene. The coordination-insertion process proceeds via a metallocyclobutene 

intermediate (highlighted in red). 
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Scheme 1-1 shows the general mechanism, also known today as the Cossee-

Arlman mechanism,63 illustrates the insertion processes of ethylene mediated by 

Ziegler-Natta catalysts (heterogeneous catalysts) or metallocenes (homogeneous 

catalysts). The principle behind this mechanism is the insertion of the coordinating 

monomer (an α-olefin, in this case) into a reactive metal-carbon σ-bond and the 

subsequent regeneration of a metal-carbon bond of the same character. The analogous 

steps of monomer insertion and regeneration are repeated, resulting in the 

polymerisation of ethylene. 
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1.4 Olefin Metathesis Processes and Its Application in Metathesis 

Polymerisation 

In 1971, Chauvin and Hérisson proposed the first olefin metathesis mechanism 

by a transition metal, and is still widely accepted today.64 The term “olefin metathesis” 

would be coined later by Calderon, Chen and Scott.65 

 

Scheme 1-2. General mechanism of an olefin metathesis reaction mediated by a 

transition metal. 

 

Scheme 1-2 shows the general reaction scheme of an olefin metathesis reaction 

mediated by a transition metal. The mechanism involves a [2+2] cycloaddition of a 

C=C double bond and a transition metal carbene to form a metallocyclobutane 

intermediate, which then undergoes a cycloreversion reaction forming a new metal-

carbene and eliminates a molecule of ethylene. This reaction is governed by Le 

Chatelier’s principle or the equilibrium law, and since ethylene is gaseous, can 
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essentially be driven to completion by applying vacuum to the system to remove the 

ethylene by-product. 

The olefin metathesis concept would later prove to be useful for 

polymerisations of α-olefins and cyclic olefins via ring-opening metathesis 

polymerisation (ROMP). 

Ruthenium-based (Ru) complexes (Grubbs’ 1st, 2nd, and 3rd generation 

catalysts and Hoveyda-Grubbs species) and molybdenum- (Mo) and tungsten-based 

(W) catalysts (Schrock’s catalyst) have been used for the polymerisation of cyclic 

olefins, commonly norbornene derivatives via ring-opening metathesis 

polymerisations (ROMP). Their utilisation has also been seen in the polymerisation of 

terminal alkynes. This section will provide an overview of Grubbs-type and Schrock-

type metathesis complexes as initiators for polymerisations of cyclic dienes, acyclic 

dienes and 1-alkynes. 

 

1.4.1 Ruthenium 

1.4.1.1 Ring-Opening Metathesis Polymerisation (ROMP) 

ROMP is a type of chain-growth polymerisation of cyclic olefins. Historically, 

ROMP was first discovered by Anderson and Merckling who made a fortuitous 

observation that polymerizing norbornene with Ziegler-Natta (TiCl4/EtMgBr) 

catalysts resulted in unsaturated polymers.66  

 

Scheme 1-3. General reaction scheme of ROMP of norbornene. 
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The reaction is driven by the energetically favourable relief of the ring strain 

and the energy release from the incorporation of monomer into the growing chain. For 

this reason, ROMP is a type of chain-growth polymerisation that is suited to cyclic-

ene monomers of medium-to-high strain and includes three, four, five and eight 

membered rings or cyclic olefins as bicyclic monomers.67 One of the most common 

monomers that are frequently used for ROMP are norbornene derivatives as these can 

be made relatively easy by Diels-Alder addition reactions, Figure 1-3. 67-70  

 

Figure 1-3. Selected examples of (oxa) norbornene and cyclopropene derivatives that 

have been reported in the literature.  
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Scheme 1-4. A general scheme for ROMP involving initiation, propagation and 

termination steps. 

 

The main difference between ROMP and olefin metathesis is that ROMP 

involves a cyclic olefin forming a metal-carbene bond that remains attached and forms 

the growing polymer chain. There are three key steps in the ROMP process: initiation, 

propagation and termination, Scheme 1-4. The initiation process begins with 

phosphine dissociation from the metal centre, then, π-coordination of the cyclic alkene, 

which then undergoes a [2+2] cycloaddition to form a cyclobutane intermediate. This 

intermediate, then undergoes a [2+2] cycloreversion to form a new metal-carbene 

species with an active growing chain.71 This new metal-carbene species can undergo 

the same sequences or steps resulting in propagation. 

The termination step can occur in two ways: intermolecular or intramolecular 

chain transfer reaction, (“back-biting”). Intramolecular chain transfer reaction or 

“back-biting” occurs when the active terminus end of the metal-alkylidene reacts with 

an unsaturated bond in the same polymer backbone to form a macrocycle or cyclic 
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species, on the other hand, intermolecular chain transfer reaction occurs when the 

active terminus end of the alkylidene reacts with an unsaturated bond in a different 

polymer backbone, both of which results in a shortened polymer chain. This result in 

higher Đ and lower than expected Mn of the polymers. Generally undesirable for 

polymerisations, intentional termination can be useful for synthesizing end-

functionalised polymers through the use of an appropriate chain transfer agent, 

Scheme 1-5.  

 

Scheme 1-5. ROMP of cyclooctene by 2nd generation Grubbs catalyst (Ru-based) and 

the introduction of chain-end functionality using a chain transfer reagent (CTA) 

reported by Diallo et al.72 

 

Nyugen et al.73 reported the first well-defined Ru-based complex for 

metathesis reactions, Scheme 1-6, which was synthesised by reacting 3,3-

diphenylcyclopropene with (PPh3)3RuCl2, affording 1 in near-quantitative yields. 1 is 

readily stored in the solid-state indefinitely, and is stable in solution for an extended 

period of time if degassed and dry organic solvent is used. It is also known that 1 is 

tolerant towards water and polar functional groups including alcohols and ethers. More 

importantly, 1 is able to mediate living ROMP of norbornene with excellent activity. 
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Scheme 1-6. Synthesis of the first well-defined ruthenium-based complex that 

facilitated ROMP. 

 

Scheme 1-7 shows the polymerisation of norbornene via ROMP mediated by 

1, conducted in a mixture of 1:8 CH2Cl2/C6H6 at room temperature to yield 

polynorbornene.74 Subsequently, Louie et al.75 reported the ROMP of other cyclic 

olefins including bicyclo[3.2.0]heptene and trans-cyclooctene, and with 1 being able 

to mediate living ROMP, block copolymers of both monomers were successfully 

synthesised. 

 

 

 

Scheme 1-7. ROMP of norbornene by (PPh3)Cl2Ru=CH-CH=CPh2, 1. 

 

While 1 was demonstrated to exhibit broad tolerance to a range of functionality 

and was capable of mediating living ROMP, it did not display the same excellent 
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activity towards other cyclic olefins such as cis-cyclooctene, cyclooctadiene, 7-

oxanorbornene derivatives and cyclopentene.74 This led to the optimization of 1 by 

varying the substitution of ligands, altering the environment around the metal centre, 

in an effort to improve its activity towards other cyclic olefins. The same group later 

expanded on this contribution,74 and discovered that by substituting triphenyl 

phoshpine (PPh3) with a more electron-rich phosphine like tricyclohexylphosphine 

(PCy3), the activity of 1 could be significantly improved. The simple modification was 

accomplished easily by adding excess PCy3 to 1 in solution so that phosphine exchange 

can be facilitated, Scheme 1-8.  

 

 

Scheme 1-8. Synthesis of a more active derivative of 1 via phosphine exchange to give 

2.  

 

Relatively, 2 was more ‘compatible’ with a broader range of functional groups 

and showed impressive tolerance towards organic acids, like acetic acid and inorganic 

acids such as diethyl ether solution of hydrochloric acid. Bielawski et al.76 reported 

the synthesis of end-functionalised poly(norbornene)s or telechelic polymers via 

ROMP with 2. While demonstrating increased activity towards norbornene, the rate of 

initiation of 2 was lower in comparison to 1, resulting in large dispersities (Đ = 2.10) 

of the final (co)polymers. End functionalisation was readily accomplished using chain 

transfer agents (CTAs) such as allyl acetate, although, extensive (higher than expected) 
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chain transfers between high MW polymers and CTAs was observed. Despite the slow 

rate of initiation, 2 was capable of mediating living ROMP of norbornene derivatives 

with functionality as shown in the synthesis of polynorbornene with Si-containing 

functional group and subsequent block (co)polymerisation with exo-N-

methylbicyclo[2.2.1]hept-6-ene2,3-dicarboxylimide, Scheme 1-9.77 

 

Scheme 1-9. ROMP of a silylether-functional norbornene and subsequent block 

(co)polymerisation mediated by 2. 

 

An alternative to 2 was prepared via the treatment of (PPh3)3RuCl2 with 

diazobenzylidene and subsequent exchange of the phosphine ligands to obtain the 

more active derivative, 3, Figure 1-4. It was reported by Schwab et al.78, 79 that this 

benzylidene derivative has a higher initiation rate than 2. This minor modification to 

the structure led to the first generation of what is now known as the Grubbs catalysts. 
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The remarkable activity and compatibility of 3 towards polar functional groups 

was demonstrated in its application for the ROMP of a range of norbornene derivatives 

and cyclobutenes. Compatible functionalities include alcohol, amino, ester, amido and 

keto groups.80-84 In an effort to further improve the rate of initiation of 3, Robson et 

al.85 exploited the labile nature of the ligands, that is by adding phosphine ligands as a 

rate modifier during ROMP to reduce the rate of propagation as phosphine ligands and 

monomers will competitively coordinate to the Ru-centre. This solution proved to be 

effective as the ROMP of norbornenes resulted in poly(norbornene)s with  Đ as low 

as 1.04.86 

Continuing with an examination of the ligand environment in these Ru-based 

complexes,87, 88 the same group subsequently reported the 2nd generation of Grubbs 

catalysts,89 4, in which a N-heterocyclic carbene (NHC) replaced one of the phosphine 

ligands. NHCs are known for their strong sigma-donation90-94 which provides more 

electron density at the metal centre and stabilises the transition state during metathesis 

events. 

The Ru-based complex, 4, was demonstrated to have extraordinary activity 

towards a range of cyclic olefins including cis-cyclooctadiene, 1,5-dimethyl-

cyclooctadiene, 1,3,5,7-cyclooctatetraene.95, 96 albeit in an uncontrollable fashion with 

the dispersities in the resulting polymers typically in the range from Đ of 1.60 to 3.20. 

The broad dispersities were due to the slow rate of initiation relative to propagation 

coupled with a propensity for chain termination reactions. 

A 3rd generation Ru-based, Grubbs catalyst was reported by Love et al.,97, 98 5, 

the first phosphine-free Grubbs derivative is 1.25 x 106 times more active for cross-

metathesis of acrylonitrile than 4, which was attributed to rapid dissociation of the 3-

bromo-pyridine ligand, which in turn increases the rate of initiation of 5. For this 
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reason, the 3rd generation Grubbs catalyst has been employed for ROMP. For example, 

Choi and Grubbs67 reported the ROMP of norbornene by 5, affording polynorbornenes 

in high yield (ca. 90 %) with Đ = 1.04. Complex 5 is capable of mediating ROMP of 

a wide variety of functional norbornene derivatives, which resulted in ROMP 

polymers having dispersities around Đ = 1.05 with good control over the MW, as well 

as facilitating the synthesis of novel block copolymers via sequential monomer 

addition.  

 

 

Figure 1-4. Grubbs catalysts from 1st to 3rd generation (3, 4, 5) and Hoveyda-Grubbs 

1st generation, 6, discussed in this chapter. 
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The Hoveyda-Grubbs catalyst, 6, Figure 1-4, and subsequent 

generations/variations of 6 have been employed for ROMP, although is not the 

preferred initiator due to its low activity towards cyclooctene99, 100 and norbornenes.101 

In addition, macrocyclic oligomers formed via backbiting have been observed with 

Hoveyda-Grubbs type catalysts.102 While macrocycle formation is generally 

undesirable, there are reported applications of macrocycles in drug delivery103, and as 

lubricants.104 As such, a recent example of applications of Hoveyda-Grubbs type 

catalysts to promote macrocycle formation was reported by Blencowe and Qiao,105 

detailing the synthesis of functionalised macrocyclic oligo(cyclooctene)s via 

Hoveyda-Grubbs 2nd generation catalysts, 7, Scheme 1-10. Hoveyda-Grubbs catalysts 

are also known to facilitate the (co)polymerisation of norbornene and cyclooctene via 

alternating ROMP (AROMP) to produce novel alternating copolymers. 99 

 

 

Scheme 1-10. ROMP of functionalised cyclooctene with Hoveyda-Grubbs 2nd 

generation catalyst, 7, and formation of macrocyclic oligo(cyclooctene)s from back-

biting. 
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1.1.1. Tungsten and Molydenum 

1.1.1.1. W- Carbene Complexes for ROMP 

 

Figure 1-5. Selected examples of W-based complexes discussed in this section. 

 

Fischer and Casey106 reported the first well-defined W-based complex, Figure 

1-5, 8, which was able to mediate the non-controlled polymerisation of strained cyclic 

olefins including norbornenes, cyclobutene, cyclopentene, cycloheptene, and 

cyclooctene with large dispersities, presumably due to the secondary metathesis 
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reactions.107 Since then hundreds of Fischer-type catalysts108-111 had been prepared, 

usually stabilised by a N- or O- containing carbene ligand. 

During the 1970s, Schrock et al.112 and Osborn et al.113-115 designed and 

developed new, well-defined W-based complexes based on the 8 structural motif 

which were then used to perform living ROMP of norbornene derivatives in the 

presence of a Lewis acid such as GaBr3. A range of single component W-based 

initiators with a variety of aryloxide ligands that required no added Lewis acid was 

reported by Quignard et al.116 which showed increased functional group tolerance with 

the ability to polymerise norbornene with ester, nitrile and anhydride functional 

groups. Most notably, W complex, 9, Figure 1-5, demonstrated high activity which 

facilitated the stereoregular polymerisation of norbornene with a propensity to form 

100 % cis polymers as in the case of 1-methylnorbornene, Scheme 1-11, with head-to-

tail configuration being preferred. However, the high activity proved to be problematic 

as it prevented the living polymerisation of norbornene due to secondary metathesis 

reactions. 

 

Scheme 1-11. Polymerisations of 1-methylnorbornene via ROMP with 9. 

 

A new well-defined, W-based complex, 10,  Figure 1-5, bearing imido-alkoxy 

ligands was reported by Schrock et al.117-119 It was discovered that by increasing the 
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electrophilic character of the alkoxide ligands (such as using a fluorine functionalised 

derivative), the activity of the catalyst can be significantly improved for metathesis 

reactions and in particular ROMP of norbornene. Complex 10 with tert-butyl alkoxide 

ligands was found to mediate the living ROMP of norbornene with tunable molecular 

weight and dispersities as low as Đ = 1.03; however, the fluorine functionalised 10 

derivatives were found to suffer from slow initiation with a propensity to undergo 

secondary metathesis reactions during ROMP. 

The same group reported the alkylidene complex, 11, Figure 1-5.120 Complex 

11 was found to mediate the polymerisation of 2,3-dicarboxymethoxynorbornadiene 

and 2,3-bis(trifluoromethyl)norbornadiene in a living fashion, to give a highly 

stereoregular polymer with little to no evidence of secondary metathesis reactions as 

evidenced by the low dispersities (Đ = 1.01). Cyclopentene is a challenging cyclic 

olefin to polymerise due to relatively low ring-strain but these W-based catalysts were 

able to mediate the living ROMP of cyclopentene, conducted at -40 °C with complex 

10 bearing a tert-butyl alkoxide, resulting in polymers with Đ = 1.08. The 

polymerisation was conducted at lower temperature to prevent secondary metathesis 

reactions such as back-biting reactions.121-124 

In contrast, cyclobutene was readily amenable to ROMP with 10 due to 

significant ring-strain. As a result, the activity of these catalysts towards cyclobutene 

is vastly increased, and requires the addition of a labile Lewis base such as 

trimethylphosphine (without Lewis base added, large Đs were observed) to modulate 

the reaction by competitively inhibiting olefin metathesis, thereby, increasing the rate 

of initiation and reducing the occurrences of secondary metathesis reactions.125
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1.1.1.2. Mo-Carbenes Complexes for ROMP 

In addition to W-based carbenes, there has been significant interests in Mo-

based species such as complex 12, reported by Schrock et al.126 Although complex 12 

is structurally similar to 11, it is compatible with a range of functionality including 

ether, cyano, imide, amide, ester, ketal and halogen groups.127-129 Access to monomers 

(such as norbornene with endo substituents) that were previously not amenable to 

ROMP mediated by W-based carbenes, is now available with complex 12; resulting 

ROMP of these norbornene derivatives with complex 12 resulted in polymers with low 

dispersities (ranging from Đ = 1.04 to 1.19) with controllable MW. 

 

Scheme 1-12.  Polymerisation of n-alkyl norbornene dicarboxyimides via ROMP with 

12. 

 

In terms of the tunability of Mo-based complexes, they share similarities with 

their W-based counterparts in that the alkoxide ligand modulates their activity, with 

more electron withdrawing alkoxide ligands increasing the metathesis activity. This is 

shown when complex 12 bearing a C(CH3)(CF3)2 alkoxide was employed in the 
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polymerisations of n-alkyl norbornene dicarboxyimides via ROMP, Scheme 1-12. The 

resulting polymers had high dispersities, typically around Đs of 1.30 to 2.10, which 

was attributed to a fast initiation step of 12 bearing fluorinated alkoxide ligands.130, 131 

Mo-based ROMP initiators have also been found to polymerise other less 

reactive cyclic olefins such as cyclopentene. Complex 12 with tert-butyl alkoxide 

ligands reported by Trzaska et al.,132 was able to polymerise cyclopentene to afford 

poly(1-pentenylene) with a low dispersity (Đ < 1.10). Similar to the W-based analogue 

of 12, the ROMP reaction needed a Lewis base to induce living ROMP but differs in 

that the polymerisation temperature required for efficient ROMP with 12 was room 

temperature versus -40 °C with complex 11. Since 12 is capable of living ROMP, 

access to block copolymers are available; Diblock copolymers of poly(cyclopentene) 

and poly(ethylidenenorbornene) were successfully synthesised and exhaustive 

hydrogenation of the block copolymers afforded regions of linear polyethylene 

backbone and star polymer backbone which led to crystalline and amorphous regions 

in the polymer. 

The polymerisation of cyclobutenes via ROMP with 12 have been reported.133, 

134 In general, they are amenable to ROMP but with little control over the MW and 

dispersities due to rapid rates of propagation compared to the rate of initiation, 

stemming from the high ring-strain of the cyclobutenes. The authors noted that 12 

bearing a fluorine functionalised alkoxide ligands, afforded better control over the 

MW when it comes to ROMP of these cyclobutene derivatives.135, 136 Other cyclic 

olefins that are of interest in ROMP, are cyclopropenes. The ROMP with 12 bearing 

tert-butyl alkoxide ligands was reported by Singh et al.,137 with resulting polymers 

having low dispersities (Đ = < 1.05) with good control over the MW and quantitative 

polymer yields. The ROMP of cyclopropene was also found to be living in nature, as 
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evidenced by the successful synthesis of block copolymers from a combination 3-

methyl-3-phenylcyclopropenes, dicarbomethoxynorbornadiene, 3-(2-methoxyethyl)-

3-methylcyclopropene, and methyltetracyclododecene with low MWD (Đ = < 1.10) 

 

1.5 Metathesis vs Insertion Polymerisation of Substituted 

Acetylenes 

Interest in acetylene polymerisations began as early as 1955, with the first 

reported synthesis of polyacetylene by Giulio Natta138 employing a Ziegler-Natta 

catalyst system (Ti(OBu)4/AlEt3). The resulting polymers were a black powder which 

was insoluble and infusible. Later, Shirakawa, Ito and Ikeda reported the preparation 

thin films of polyacetylenes using a very high concentration of the same catalytic 

system previously employed by Natta but, in this instance, without stiring.138, 139 With 

this method, a thin copper-coloured film can be obtained from the polymerisation of 

acetylene conducted at < -78 °C. According to IR and Raman spectroscopic studies, 

this thin copper-coloured film was revealed to be cis in nature, while, a silvery thin 

film possessing predominantly trans configuration can be obtained via cis-trans 

thermal isomerisation at > 150 °C.139 The primary interest in these materials is their 

potential semi-conducting property, and upon oxidation with halogens electrical 

conductivity can be further enhanced.140 The drawback of polyacetylenes are their 

insolubility and instability in air, making them challenging to characterise.139-144 

For this reason, research efforts were diverted to the polymerisation of 

substituted acetylenes that are more stable and soluble and easier to characterise. One 

of the most widely examined substituted acetylenes is phenylacetylenes (PA) because: 

1. Poly(phenylacetylene)s (PPAs) are soluble in most common organic 

solvents such as CH2Cl2 and toluene. 
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2. PPAs are generally stable in air, particularly in the solid-state, facilitating 

characterisation of their properties. 

As such, there is extensive literature regarding the preparation and properties of PPAs, 

and its derivatives.  

 

 

Scheme 1-13. The generally accepted mechanisms for the Rh-insertion polymerisation 

of phenylacetylene (top) and the Mo-mediated metathesis polymerisation of 

phenylacetylene (bottom). 
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There are two distinct mechanistic pathways available for transition-metal 

mediated polymerisations of PA, and that is the metathesis and insertion processes, 

Scheme 1-13. As such, there are four possible geometric structures of substituted 

poly(acetylene)s as a result of the different transition metal pathways available and 

that is cis-transoidal, cis-cisoidal, trans-transoidal and trans-cisoidal, Figure 1-6. For 

reference, cis- and trans- refers to the geometric isomerism about the double bond 

(highlighted in blue), while cisoidal or transoidal refers to the configuration about the 

single bond. In general, metathesis-type polymerisation results in trans-transoidal and 

trans-cisoidal structures, while insertion-type polymerisation results in cis-transoidal 

and cis-cisoidal products.  

 

Figure 1-6. Possible geometric structures of polyphenylacetylene. 

 

 It was elucidated by Motoshige et al.145-148 that the conformation about the 

single bond in these polyenes are not restricted to their original configuration (cisoid 

or transoid) but can be altered via the type of catalyst used or post polymerisation 
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processes such as heat-treatment, and even the type of solvent (e.g. toluene or 

chloroform) used to dissolve the polymers.  

 

1.5.1 Metathesis Ru-Based Initiators for The Polymerisation of 

Substituted Acetylenes 

There is a noticeable dearth of reports of Ru-mediated polymerisation of 

acetylenes, or substituted derivatives. Yamaguchi et al.149 reported the attempted 

polymerisation of -OH or -COOH functionalised alkynes employing [(Cp)RuCl2]2 (Cp 

= permethylcyclopentadienyl), which yielded a brown polymer of various MWs, 

multimodal SEC traces, and dispersities too broad to measure, clearly indicative of 

uncontrolled polymerisation. In addition, the reaction yielded small amounts of 1,2,4- 

and 1,3,5-benzenetricarboxylic acids, which are cyclotrimerisation products, with the 

mechanism of formation elucidated by Kirchner et al.,150 which was Ru-catalysed of 

a [4+2] reaction via metallacyclopentatriene transition state. Subsequently, Schuehler 

et al.151 reported an attempt at the synthesis of poly(acetylene)s via 3, 4, and 5, Figure 

1-4. Poly(acetylene)s were obtained from 5 but not from 3 and 4, however, the authors 

did not report the MW and dispersities but focussed on the characterisation of the 

physical properties of the thin-layer of poly(acetylene)s such as conductivity and 

morphologies under a scanning electron microscope (SEM). 

Krause et al.152 employed a modified Hoveyda-Grubbs catalyst, 7, that could 

cyclopolymerise diethyl dipropargyl malonate in stereoregular manner (high trans 

selectivity with respect to the N-heterocyclic carbene) with end-functionalised 

cyclopolymer obtained in quantitative yields. In addition, complex 7 displayed good 

control over the MW, Scheme 1-14; furthermore, the Mn vs conversion plot was linear 

in some cases, suggesting living character. 
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Scheme 1-14. General reaction scheme of the ruthenium-catalysed polymerisation of 

diacetylene derivatives. 

 

Katsumata et al.153 utilised the 1st generation Hoveyda-Grubbs catalysts 6 to 

polymerise disubstituted acetylenes with ester and amide functionalities. In general, 

the polymerisations attempted did yield polymers but in poor yields (5-48 %) and the 

resulting dispersities were, on average, around Đ of 1.70. 

Zhang et al.154 reported the uncontrolled polymerisation of phenylacetylenes 

mediated by complex 7, which was previously employed by Krause et al. for α,ω-

dialkynes. Polymerisation yielded PPA with Đs > 2.00, and with predominantly trans 

backbone configuration. 
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Figure 1-7. Monomers used in the polymerisations by Kasumata et al.153 to synthesise 

functionalised poly(phenylacetylene)s. 

 

Kasumata et al.153 described the Ru-mediated polymerisation of a series of 

ortho-substituted PPAs, Figure 1-7. The 1H NMR of the resulting polymers from the 

Ru-mediated polymerisations were not well-defined (broad signals and no prominent 

H backbone signal) which is indicative of high trans content in the polymer backbone, 

as expected for metathesis polymerisation. The majority of the polymerisations 

yielded trace polymers that were generally not characterisable. Those that were 

characterised were either oligomeric or had broad dispersities with Đ as high as 4.79. 

This was attributed to termination or side reactions associated with the conversion of 

the metathesis active alkylidenes into metathesis inactive cyclopentadienes via 

cyclotrimerisation processes, Scheme 1-15.  
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Scheme 1-15. Proposed decomposition mechanism for ruthenium-alkoxybenzylidene 

complex during polymerisations and the chemical structure of the cyclotrimerisation 

product (shown inset). 

 

Complex 5 was found to mediate the living cyclopolymerisation of α,ω-

dialkynes such as 1,6-heptadiyne in THF and DCM, Scheme 1-16, as reported by Kang 

et al.155 The MW of the product could be controlled by the ratio of monomer-to-

initiator, [M]/[I], with resulting materials having low Đs of ca. 1.15 and quantitative 

conversions. In addition, diblock copolymers of various α,ω-dialkyne derivatives were 

successfully synthesised as a result of living nature of the polymerisations. 
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Scheme 1-16. Cyclopolymerisation of 1,6-heptadiyne by complex 5 and α,ω-dialkyne 

derivatives used in block (co)polymerisation experiments. 

 

 In summary, Ru-mediated polymerisation is a viable synthetic route to trans-

rich polyenes, but there are currently few examples in which (co)polymerisation 

proceeds in a controlled fashion. 
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1.5.2 Group 6 (W and Mo) Metathesis Catalyst-Mediated 

Polymerisation of Substituted Acetylenes   

Group 6 metal complexes active in the polymerisation of substituted acetylenes 

can be divided into their respective groups, namely metal-carbene complexes 

(Schrock-type carbene complexes), metal-halide complexes, and metal-carbonyl 

complexes. Their mechanism of action was proposed to be metathesis in nature and 

examples have been reported to be convenient for the polymerisation of sterically-

hindered substituted acetylenes but not for less sterically hindered monomers like 

phenylacetylenes and acetylenes with a propensity to form cyclotrimers via 

cyclotrimerisation reactions.156  

The bulk of the initial studies on the application of Mo- and W-based halide 

complexes in the polymerisations of substituted acetylenes were conducted by the 

Masuda group, who demonstrated that relatively high molecular weight 

poly(phenylacetylene)s (PPAs) (Mn > 10,000) could be obtained easily if 

tetraphenyltin, Ph4Sn, or water was used as a co-catalyst.157, 158 It was also found that 

internal alkynes such as phenylpropyne were susceptible to polymerisation, which 

produced moderate yield poly(phenylpropyne)s with a predominantly trans 

geometrical structure.159 Balcar and Pacovska160 reported the use of 

tungsten(IV)tetrachloride, WCl4 dissolved in 1,4-dioxane (an increase in the activity 

of WCl4 is seen if dissolved in oxygen-containing solvents, particularly in 1,4-dioxane) 

which had a significantly higher activity over the WCl6/Ph4Sn system, resulting in 

PPAs with very high molecular weight (Mn = 200,000) with quantitative yields. It was 

subsequently reported that the WOCl4/Ph4Sn system yielded very high MW PPAs (Mn 

around 1,000,000) when polymerised in 1,4-dioxane.161 Masuda, Kawa, and 

Higashimura reported the synthesis of poly(propiolic acid) by MoCl5 with Ph4Sn, 
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BuSn4 or Ph3Sb as catalysts in 1,4-dioxane which appreciably improved polymer 

yield.162 

In light of this discovery, many derivatives of the metal-halide catalyst systems 

thereafter, incorporated oxygen-containing compound (such as 1,4-dioxane, t-BuOH 

and EtOH) with a co-catalyst (such as n-Bu4Sn, n-Bu3SnCl, Ph4Sn, Et3AlCl, EtAlCl2, 

Et3SiH, Ph3SiH, N-BuLi, Et3Zn, EtMgBr, Ph3Sb, and Ph3Bi) in their design and some 

even exhibited living polymerisation characteristics.163-169 For example, Masuda et 

al.170 reported the polymerisation of 1-chloro-1-alkynes, Figure 1-8, employing a 

ternary catalyst system comprising of MoOCl4/n-Bu4Sn/EtOH, resulting in polymers 

with Đs ranging from 1.15 to 1.25 with controllable MW of the polymer, which can 

be as high as Mn = 400,000. Furthermore, the polymerisation was living in nature as 

the successive addition of monomer after each polymerisation was accompanied by a 

systematic increase in the MW of the polymer. The successful synthesis of triblock 

copolymers of 1-chloro-1-hexyne and 1-chloro-1-hexadecyne corroborated these 

findings. The previous examples highlight classical systems that contain two or more 

components for effective polymerisation (living or otherwise). While frequently 

demonstrated to be highly active, however, it is a complex system with an 

undetermined mechanism for the formation of the presumed active metal-carbene 

species, M=CCl3 (where M = Mo or W).  
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Figure 1-8. Living polymerisation of various 1,2-disubstituted acetylenes by ternary 

Mo-halide based catalyst system. 

 

Metal-carbonyl complexes, on the other hand, are more stable towards air and 

moisture, though their activity is not on par with their metal halide counterparts. They 

are also known to be metathesis active towards norbornenes, cyclocalkenes and 

acetylenes.171, 172 Early development of metal-carbonyl catalyst systems were 

conducted in chloroform, CCl4, or dichlorodiphenylmethane, Ph2CCl2,
172 and required 

photoirradiation to produce the active metal-carbene species, M=CCl3 (where M = Mo 

or W).173 For example, Mo(CO)6-CCl4-hv or W(CO)6-CCl4-hv systems were 

developed by Masuda et al.174 and were reported to initiate the polymerisation of 1,6-

dibromo-1-hexyne and 6-bromo-1-hexyne with moderate to high polymer yields (60-

80 %), although the Mo(CO)6-CCl4-hv catalytic system was only shown to be able to 

polymerise the less sterically hindered monomer, 6-bromo-1-hexyne. Concurrently, 

the development of metal-carbonyl systems using additives in chlorine-containing 

compounds175-178 or by employing organo-metal-carbonyl complexes179-182 such as 

(mesitylene)W(CO)3 or (nbd)Mo(CO)3 (where nbd = 2,5-norbornadiene) in CCl4 were 

reported, both of which required no photoirradiation to be activated. The proposed 

mechanism for hv activation of such complexes is shown in  Scheme 1-17. 
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Scheme 1-17. Proposed mechanism by Tamura et al.179 involving metal-carbonyl 

complexes for the polymerisation of alkynes with, and without, photoirradiation. 

 

Schrock-type type catalysts such as Mo- and W-carbene complexes are highly 

active initiators for the polymerisation of suitable substituted acetylenes but can be 

difficult to handle (highly unstable in air and towards moisture) and synthetic 

procedures are complex due to the required use of impeccable air-sensitive techniques. 

A controlled polymerisation of α,ω-alkynes mediated by the well-defined Mo-based 

complex, 12, was described by Fox et al.164 who reported the successful 

polymerisation of 1,6-heptadiyne derivatives, which yielded cyclopolymerisation 

products quantitatively with dispersities typically around Đ of 1.20. The cyclised 

polymers were found to have a distribution of 5 and 6 membered rings in an almost 

1:1 ratio. A mechanism proposing the origins of these products is shown in Scheme 

1-18. Furthermore, with the ability to prepare block copolymers and linear Mn vs 

monomer conversion plots corroborate the living nature of these cyclopolymerisations. 
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Scheme 1-18. Proposed mechanism for the formation of 5 and 6 membered rings 

during cyclopolymerisations of 1,6-heptadiyne derivatives mediated by Schrock-type 

Mo catalyst. 

 

A number of well-characterised Schrock-type catalyst systems have been 

developed, such as 13 and 14, Figure 1-9 and are efficient initiators in the 

polymerisation of ortho-substituted phenylacetylenes183, 184 and, as shown above, α,ω-

dialkynes.164, 185, 186 
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Figure 1-9. Selected examples of well-defined Mo-based complexes that mediate the 

living polymerisation of ortho-substituted phenylacetylenes and α,ω-dialkynes. 

  

1.5.3 Niobium (Nb) and Tantalum (Ta) Complexes for The 

Polymerisation of Acetylenes. 

Nb- and Ta-based complexes such as metal-halides with a (co)catalyst (similar 

to those employed for W- and Mo-based halides), are well known for their ability to 

mediate the polymerisation of sterically bulky disubstituted acetylenes but have a 

propensity to cyclotrimerize monosubstituted acetylenes. The proposed explanation 

for these occurrences is simply that the steric bulk of disubstituted acetylenes inhibits 

cyclotrimerization reactions. The various monomers that have been polymerised by 

Nb- or Ta-based catalyst systems are diphenylacetylene and its derivatives, 1-phenyl-

1-propyne, -butyne and -1-octyne, and 2-,3- and 4-octynes.187-190 

Their unique feature is the ability to polymerise substituted acetylenes to high 

MW polymers. TaCl5 and NbCl5 on their own polymerise 1-trimethylsilyl-1-propyne, 

yielding homopolymer with Mn of 100,000 to 1,000,000, while a TaCl5/Ph3Bi catalyst 

system, Mn as high as 4,000,000 can be achieved.191 Another instance of high MW 
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polymers was reported by Fujlmori et al.,189 who employed a NbCl5/n-Bu4Sn catalyst 

system and yielded polymers with Mn = 1,000,000. 

While Nb- and Ta-based complexes are active for the polymerisation of 

acetylenes, they have a low functional group tolerance especially towards highly polar 

or protic functional groups. As such, their applications are limited, other than their 

exceptional ability to polymerise bulky non-polar/protic disubstituted acetylenes to 

very high MW.156 

 

1.6 Rhodium Catalysts for The (Co)Polymerisation of Acetylenes 

1.6.1 Non-Controlled Stereospecific Polymerisation of Substituted 

Acetylenes. 

The literature is quite extensive on the application of Rh complexes as initiators 

for the polymerisation of substituted acetylenes owing to their low oxophillicity, 

stability to moisture, excellent compatibility with a broad array of functional groups, 

and generally, produce highly stereoregular polymers, with cis-transoidal geometry. 

In this section is detailed the history of Rh catalysts in polymerisations of PA and its 

derivatives. In addition, the recent development of Rh catalyst systems and their 

practical applications in synthesising functional materials will be discussed. 
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Figure 1-10. Rh complexes used in the polymerisation of PA reported by Furlani et 

al.192-194 

 

The first attempted polymerisation of PA with Rh complexes was reported by 

Kern195 in which thermal initiation with Wilkinson’s catalyst, Rh(Cl)(PPh3)3, was 

detailed. In this instance, the formation of oligomers with an Mn of 1,100 was 

observed. This report was followed by Furlani et al.192-194 who reported the application 

of Rh complexes bearing chelating ligands, 15 to 18, and a cationic Rh species, 19, 

Figure 1-10. All five complexes were demonstrated to polymerise PA with Mns 

ranging from 10,000 to 100,000 in the presence of a base such as NaOH. In addition, 

these researchers were the first to elucidate the geometrical structure of PPAs, prepared 

with Rh species, and were high in cis content (> 98 %). 
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Figure 1-11. Chemical structures of [Rh(nbd)Cl]2, 20, and [Rh(cod)Cl]2, 21. 

 

The synthesis of a high MW PPA with a Mn of ca. 1,000,000 (polymer yield 

was 100 %) was reported by Tabata et al.196 The Rh catalyst system employed in this 

study was a combination of [Rh(nbd)Cl]2 (where nbd = 2,5-norbornadiene), 20, Figure 

1-11, with triethylamine as a co-catalyst. Interestingly, the highest polymer MW 

achieved was a Mn of ca. 4,420,000 but polymer yields were low (< 10 %) with large 

dispersities, a mixture of cis-cisoidal (red powder) and cis-transoidal PPA (yellow-

orange powder) structures. The same group also reported the stereoregular 

polymerisation of PA, p-MeOPA (p-methoxyphenylacetylene), p-ClPA (p-

chlorophenylacetylene) with Mw = 260,000 with [Rh(nbd)Cl]2, [Rh(cod)Cl]2 and 

[Rh(bis-cot)Cl]2 (where bis-cot = 1,3,5,7-cyclooctatetraene and cod = 1,5-

cyclooctadiene), 21, Figure 1-11, using triethylamine as co-catalyst and concluded that 

both 20 and 21 were active for this monomer (but 20 giving higher polymer yields than 

21).197 These catalysts are also reportedly active for (E)-p-[(p-methoxyphenyl)-2-

ethynyl].198 Due to the highly stereoregular nature of the PPA obtained from this 

system, interesting ordered structures such as columnar PPA199 and helical PPA230 can 

be obtained. 

Building on these findings, Kanki et al.200 investigated the effects of adding 

co-catalysts such as Et3N, organolithium reagents, Grignard reagents and others in the 

polymerisation of PA mediated by [Rh(nbd)Cl]2. It was found that adding alkyl 

compounds such as organolithium and Grignard reagents were effective, and yielded 
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high MW polymers. This was attributed to the formation of an active Rh-alkyl species, 

which served as the active initiator. The authors also investigated the effect of adding 

triphenylphosphine (PPh3) to the polymerisation and found that it retarded the 

polymerisation significantly, which was actually useful for kinetic studies as the 

polymerisation was too fast to observe in the absence of PPh3. It was proposed that 

PPh3 acted as a rate modifier by retardation of the rate of propagation. Progressively 

increasing the concentration of PPh3, lowered the MW of the final PPAs, which they 

attributed it to the presence of a larger quantity of long-lived propagating species as a 

result of stabilisation of a tetracoordinate Rh species (assumed to be Rh(diene)(PPh3)2, 

where diene = cod or nbd) by PPh3. 

Thereafter, the 20/Et3N catalyst system has been utilised in many applications 

in the literature with simple minor modifications such as using a different co-catalyst 

due, in part, to its versatility and ease of use.  For example, Kong et al.201 utilised the  

20/Et3N catalyst system for the synthesis of substituted PPA to study their anticipated 

liquid crystalline properties, Figure 1-12, although no such properties were observed 

with these PPA derivatives. In addition, they were the first to provide experimental 

evidence for head-to-tail linkages of the monomeric units in the PPA via a combination 

of differential scanning calorimetry, 1H NMR spectroscopy and size exclusion 

chromatography (SEC). In another example, Karim et al.202 described the 

polymerisations of azomethine-containing PA with this catalytic system, but was 

found to only oligomerise these PA derivatives albeit with a highly stereoregular cis-

transoidal geometry. 
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Figure 1-12. Stereoregular polymerisations of PA derivatives yielding cis-transoidal 

materials mediated by the [Rh(nbd)Cl]2/Et3N catalyst system. 

 

Other notable applications of this Rh catalyst system include 

(co)polymerisations of PA with C60 (fullerene) to study the resulting “(co)polymers” 

conductivity,203, 204 polymerisations of PA conducted in pressurised liquid CO2,
205 

synthesis of gas permeable membranes with PPA derivatives bearing silyl pendant 

groups,206 the synthesis of an effective heterogeneous catalyst system with 21 

immobilised on a polymer substrate (polybenzimidazole)207 or mesoporous molecular 

sieves or metal-organic framework, 208-210 synthesis of biomimetic polymers based on 

PPA derivatives,211-217 preparation of helix-sense PPA with pendant groups (such as -

OH, 1-aza-15-crown-5 ether),218-221 synthesis of an optically active helical PPA 

derivative for the separation of enantiomers and asymmetric catalysis,222-228 and 

synthesis of the helical PPA with mesogenic properties bearing chiral ruthenium  

complexes as pendant groups.229   
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Figure 1-13. Cationic Rh complexes bearing amidine bases (1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5-diazabicylo[4.3.0]non-5-ene (DBN)).  

 

Building on the work from Furlani et al.,192-194 on Rh(I) salts for the 

polymerisation of PA, such as 19, Schiendermeier and Haupt230 described the synthesis 

of a range of cationic Rh complexes, Figure 1-13, which were used in the 

polymerisation of PA. The cationic Rh complexes, 22 to 26, and the non-charged Rh 

chloride derivatives, 27 and 28, were shown to be very active towards PA, yielding 
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very high MW PPA (Mw ranged from 180,000 to 1,800,000) with high cis-transoidal 

stereoregularity. The high MW was assumed to be the result of low initiation 

efficiencies (IE) associated with these complexes. 

 

Figure 1-14 Dinuclear Rh complex bearing a cod diene ligand with 

pentafluorothiophenol bridging ligand and mononuclear Rh complex reported by Vilar 

et al.231 

 

Vilar et al.231, 232 reported the polymerisation of PA mediated by di-μ-

pentafluorothiophenolate bis(cod) Rh(I), 29, and the mononuclear Rh complexes, 30 

and 31, Figure 1-14. The obtained PPA had an Mn of 10,000 or 35,000 in dioxane and 
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THF respectively, although, the polymer yield was only around 50 %. These catalyst 

systems suffer from chain transfer reactions as evident by the decrease in polymer MW 

over time as monomer conversion increases. The geometrical structure of the PPAs 

was determined by IR spectroscopy and found to be cis-transoidal in nature, consistent 

with the previous catalysts of the same class reported by Furlani et al.192  

Following this, Goldberg and Alper233 reported the polymerisation of PA under 

hydrosilylation conditions using a zwitterionic Rh complex, 32, Scheme 1-19.  The 

reaction was conducted at elevated temperatures of 60 °C, 80 °C and 100 °C with 

Et3SiH added as the co-catalyst with polymerisation proceeding for 16 to 24 hours. 

Resulting PPAs generally had large Đs, and ranged from 1.70 to 5.00, with Mns of 

1,600 to 18,700 and polymer yields less than 70 %. It was determined that chain 

termination reactions are occurring, which were evident from the lower than expected 

Mn and low monomer conversions, even with longer reaction times. The authors noted 

that the PPAs were predominantly cis-transoidal as determined by IR spectroscopy 

and 1H NMR using the methodology described by Simionescu et al.234 with the 

exception of PPAs obtained at 100 °C polymerisation which was rich in trans 

backbone C=C bonds. This observation is well-documented and has been extensively 

studied by Percec et al.235-237 who investigated heat-induced cis-trans isomerisation of 

PPA under a range of experimental conditions.  
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Scheme 1-19. The polymerisation of PA with a zwitterionic rhodium complex in the 

presence of Et3SiH as co-catalyst. 

 

Due to growing concerns regarding the use of toxic organic solvents such as 

benzene and associated negative impacts on the environment,238 some research groups 

in this field have directed their efforts to synthesising water-soluble organorhodium 

initiators for the polymerisation of PA and its derivatives. For example, Tang et al. 

reported the first polymerisation of PA in aqueous media by water-soluble 

organorhodium complexes such as Rh(nbd)(tos)(H2O) (where tos = p-

toluenesulfonate). The resulting PPA from on water polymerisations had large 

dispersities, Đ of 2.80 to 5.50, with Mn values as high as 77,100 (polymer yield = 80 

%). Overall, the activity of these organorhodium initiators had higher activity in 

aqueous media (water), followed by THF (polar solvent) and toluene (non-polar 

solvent). The resulting PPAs had high stereoregularity with cis contents in the range 

of 86 to 100 %. 

In a related example, Mastrorilli et al.239 reported the first PA polymerisations 

in an ionic liquid, employing Rh(nbd)(acac)Cl (where acac = acetylacetone). This 

catalyst gave high polymer yields. (ca. 90 %), in contrast to those previously reported 

by Tang et al. (highest polymer yield was ca. 60 %). The polymers obtained were, 
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likewise, highly stereoregular with cis contents in the range of 95 to 100 % but with 

very broad MW distributions (Đs were reported to be as high as 8.50). Interestingly, 

high MW PPA (Mw = 196,000, Đ = 4.50) was achieved with [bmim]BF4 (where bmim 

= 1-butyl-4-methypyridinium) ionic liquid as the polymerisation medium.  

 

Figure 1-15. Structures of RhBp(cod) and RhTp(cod) (where Bp = 

bis(pyrazolylborate) and Tp = tris(pyrazolylborate)). 

 

Similarly, Trzeciak et al.240 reported the polymerisation of PA by 33 and 34, 

Figure 1-15, which are known to be inactive towards PA in CH2Cl2 (DCM)241 but were 

to be active in these ionic liquids. Overall, the polymer yield was average at ca. 50 % 

in the various ionic liquids used in the study, with highest MW (Mw = 66,000 and Đ = 

1.70) obtained was with 34 in [bmim]BF4. Complex 33-catalysed polymerisation 

resulted in PPA with an Mw of 60,000 with Đ = 1.70 in [mokt]BF4 (where mokt = 1-

methyl-3-octylimidazolium) as the ionic liquid. Complex 34 does not show activity in 

CH2Cl2, but it was demonstrated that adding tetraammonium salts (such as [Et4N]Cl, 

[Bu4N]Cl, [Et4N]Br, or [Bu4N]Br) to complex 34 resulted in the polymerisation of PA 

in CH2Cl2, complex 34. All obtained polymers were highly stereoregular with cis-

transoidal structures reported. 



  

50 

  

 

 

Scheme 1-20. Polymerisation of PA, and its derivative, conducted with a ternary 

catalyst system comprising of [Rh(nbd)Cl]2/Ph2C=CPhLi/(C6H4-m-SO3Na)Ph2P) 

 

Kanki et al.242 reported the application of a ternary catalyst system comprised 

of [Rh(nbd)Cl]2/Ph2C=CPhLi/(C6H4-m-SO3Na)PPh2 with a speculated structure for 

the active species, 36, for the polymerisation of PA, Scheme 1-20. This was derived 

from a similar ternary catalyst system that mediated the living polymerisation of PA.243 

However, the water-soluble ternary catalyst system did not mediate the 

living/controlled polymerisation of PA in aqueous media. The polymerisation of PA 

only commenced when the temperature was raised to 60 °C, producing PPA with an 

Mn of 8,200 and Đ = 1.7. The activity of complex 36 in THF was significantly 

improved, with PPA having Mn of 110,000, which corresponds to an initiator 

efficiency (IE) of 0.023. 1H NMR spectroscopy reveals cis-cisoidal structures from 

polymer resulting from polymerisation at 60 °C. The author proceeded to investigate 

the activity of this ternary catalyst system towards an oligo(ethylene glycol)-

substituted acetylene and obtained a water-soluble polymer with Mn of 14,500 and 

average polymer yield of 75 %, but no Đ value was mentioned. The author attributed 

to the lower than expected activity in water was due to heterogeneous phases resulting 
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from immiscibility of the solvents, which provided less-than-ideal conditions for 

polymerisation. 

 

Figure 1-16. A series of charged and non-charged mononuclear Rh(I) complexes 

bearing dibenzo[α,ε]cyclooctatetraene (dbcot) derived from dinuclear Rh complex 37. 

 

Zhang et al.244 reported the synthesis of a series of water-soluble cationic Rh 

complex bearing acidic diene ligands such dibenzo[α,ε]cyclooctatetraene (dbcot), 

Figure 1-16, which were in employed in the polymerisation of PA. Complexes 37 to 

41 were 163 times more active in water than in organic solvents (toluene, THF or 

CH2Cl2) and yielded PPA with generally large Đs ranging from 2.00 to 4.00 and 

slightly reduced cis content but still stereoregular. The activity of complex 39 was 

further explored with PA derivatives such as m-MePA (3-methylphenylacetylene), p-

MeOPA, p-FPA (p-fluorophenylacetylene) and p-ClPA in water and THF. 
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Polymerisations of these PA derivatives in water proceeded with significantly higher 

activity compared to THF. All polymers resulting from polymerisation in THF and 

water were stereoregular (measured cis contents > 90 %) with no significant difference 

between them.  

 

Figure 1-17 Selected examples of organorhodium catalyst bearing cod/nbd diene 

ligand with a tris(pyrazolyl)borate and their target monomers which have been 

grouped according to the activity of the catalyst towards them. 

 

The synthesis of cationic Rh species has been reported by various groups over 

the years and their application in the polymerisation of PA has been demonstrated. In 
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some cases, it has been also shown to be optimal in ionic liquids. Katayama et al.241 

described the synthesis of cationic Rh complexes bearing a tris(pyrazolyl)borate 

ligand, Figure 1-17, and were found to mediate the stereospecific polymerisation of 

PA, producing PPAs with Mns of 28,000, high cis content (> 99 %), and large Đs at 

ca. 2.00. Polymer yields were quantitative with 42a, 42b, and 42c. However, 43, in 

which a cod diene ligand was replaced with an nbd ligand, was found to be inactive. 

Complexes 42 were also found to be active towards other ring-substituted 

phenylacetylenes, Figure 1-17, producing quantitative polymer yields of the respective 

monomers with generally large dispersities but similar to PA. The activity of 42 and 

43 towards additional substituted acetylenes was investigated. They were found not to 

be active towards tri-substituted phenylacetylenes, with substituents at ortho and para 

positions, nor with α,ω-dialkyne. The preparation of a Rh(I) complex bearing 

heteroscorpionate trispyrazolylborate ligands was described by Ruman et al.245 and 

displayed similar catalytic activity and results. 

The preparation of dinuclear Rh complexes was described by Yao et al.,246 

Figure 1-18. They were investigated for their efficacy as initiators for PA 

polymerisations and were found to be active with one exception, Rh complex 47, 

which was explained by the coordinatively saturated Rh centre. No specific MW 

values were given but the authors noted that the resulting PPAs were cis-transoidal in 

nature. 
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Figure 1-18. Dinuclear Rh complexes employed as initiators for the polymerisation of 

PA. 

 

Reddy et al.247 reported the synthesis of a cationic phosphine-imine Rh(I) 

complexes, Scheme 1-21, with 49 and 50 determined to be inactive towards PA. Only 

the Rh(I) complex bearing a tetrafluoroborate counterion, 51, was active. The resulting 

PPA was stereoregular (cis-transoidal) with large Đs ranging from 2.00 to 4.50, 

suggesting uncontrolled polymerisation. 
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Scheme 1-21. Preparation of cationic and neutral phosphine-imine Rh(I) complexes 

reported by Reddy et al.247 

 

There is a scarcity in reports of Rh(I)-carbene complexes suitable for the 

polymerisation of PA. Zhang et al.154 described the preparation of a series of Rh(I)cod 

complexes bearing an NHC ligand, Scheme 1-21. Polymerisations were conducted in 

a range of organic solvents and aqueous media. As can be seen in Table 1-1, charged 

Rh species such as Rh complexes 52 and 53, generally yielded PPA with a larger Mw 

in aqueous media (Table 1-1, entry 1 and 4) than in organic solvent (Table 1-1, entry 

3 and 5). On average, apart from PPA resulting from complex 54 (Table 1-1, entry 6), 

dispersities were generally Đ > 2.00. Polymerisations conducted in aqueous media, 

yielded PPA with high cis-transoidal stereoregularity (Table 1-1, entry 1 and 4), while 

polymerisations performed in CH2Cl2 resulted in moderately stereoregular products 

(Table 1-1, entry 3, 5, 6, and 7) 
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Scheme 1-22. Preparation of a series of Rh(I)(cod) complexes bearing N-heterocyclic 

carbenes (NHCs) resulting in charged and neutral organorhodium species. 

 

Table 1-1. Summary of conditions, cis content, Mw, and Đ for the homopolymerisation 

of PA with a series of NHC-functional Rh complexes. 

Entry Complex Solvent 
Temperature 

(°C) 

Cis 

content 

(%) 

Mw Đ 

1 52 H2O/MeOH 23 100 138,200 2.71 

3 52 CH2Cl2 23 77 67,200 2.31 

4 53 H2O/MeOH 23 100 115,800 2.48 

5 53 CH2Cl2 23 75 16,700 1.95 

6 55 CH2Cl2 40 64 25,000 1.55 

7 56 CH2Cl2 40 71 115,000 2.88 
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Scheme 1-23. Preparation of a Rh complex bearing an NHC and cod diene ligand. 

 

Another Rh(I)-carbene complex was reported by Gil et al.,248 who detailed the 

preparation of complex 58 which was synthesised by the reaction of complex 57 with 

[bmim]X (where X = Cl, Br, I) in CH2Cl2 at room temperature, Scheme 1-23. The 

polymerisation of PA with complexes 58a and 58b, resulted in PPA with Mws of 

19,100 and 26,700, respectively. In contrast, complex 58b did not show significant 

activity by itself. However, upon addition of a phosphorous ligand such as PPh3 or 

triphenylphosphite, P(OPh)3, a significant increase in catalytic activity was observed, 

and PPA with a Mw of 26,000, comparable to the 58a and 58b was obtained. Increasing 

the phosphorous ligand-to-catalyst ratio, resulted in the displacement of the cod diene 

ligand, and polymer yield was significantly reduced and was attributed to the 

formation of an inactive Rh(I) species, speculated to be cis-[Rh(bmim)(P(OPh)3)2]. 

The same group expanded upon this contribution and reported the use of 57 in ionic 

liquids with of a co-catalyst such as Et3N and free cod diene ligands. The authors 

reported a positive impact on the polymer yield (97 % in ionic [mokt]BF4) overall with 

the use of Et3N which represents an improvement over the previously reported 

dinuclear Rh complex of the same class, complex 21.249 
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Figure 1-19. Structures of cationic and neutral variants of Rh(I) 1,4,7-

triazacyclononane complexes reported by Gott et al.250 

 

Gott et al 250 describe the preparation of charged, 60 and 62, and non-charged, 

59 and 61, derivatives of a Rh complex bearing a 1,4,7-triazacyclononane and cod 

diene ligands, Figure 1-19. With the exception of 61, all complexes were active 

towards PA but only yielded low MW products with Mn averaging around 1,437, 

coupled with large dispersities (Đ > 2.00). The stereoregularity of the PPAs obtained 

with these complexes were surprisingly low and averaged around 50 % cis content 

which is in distinct contrast with other Rh(I) complexes. 
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Figure 1-20. Cationic Rh(I) complexes bearing hemilabile hetero-atom phosphine 

ligands reported by Jiménez et al.251 

 

Jiménez et al.251 reported the synthesis of a series of cationic Rh complexes 

bearing hemilabile hetero-atom phosphine ligands, 63 to 65. PA homopolymerisation 

mediated by 63a yielded PPA with a bimodal MWD and a high average MW of 

165,000 (Đ = 1.13) and lower MW of 24,000 (Đ = 2.17) for polymerisation in THF. 

Similar results were reported for 63c in wet toluene. Complexes 63b, 64c and 65c were 

all active (all polymer yields were quantitative) but yielded PPAs with broad MWD 

(Đ > 1.50) and corresponding IEs of 0.12, 0.01 and < 0.01, respectively. All polymers 

were stereoregular with 99 % cis content on average. 
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Figure 1-21. A series of neutral and cationic Rh complexes for application as initiators 

in the polymerisation of PA reported by Angoy et al.252 

 

Angoy et al.252 reported the preparation of a series of neutral and cationic Rh 

complexes and their utilisation as initiators in the polymerisation of PA, Figure 1-21. 

Complexes 66 to 71 (apart from 68 and 69) were active initiators for PA 

homopolymerisation but yielded PPAs with MWs ranging from Mn of 100,000 to 

1,000,000. Complexes 68 and 69 were completely inactive, but upon addition of 10 

equivalents of iPrNH2, proceeded to give PPA with high MW (Mn = 246,000 and 

145,000 respectively) and Đs of 1.39 for both. However, SEC traces of PPA resulting 

from 69 showed a bimodal MWD. All complexes were found to suffer from low IEs, 
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and the reason for this was elucidated by density functional theory (DFT) calculations 

performed by the author for complex 68, and showed that the energy barrier for the 

initial insertion (initiation step) was 4 kcal-1 higher than the barrier for the insertion 

into the Rh-vinyl bond in the propagation step. 

 

Figure 1-22. A series of dinuclear Rh complexes for PA polymerisation reported by 

Wu et al.253 

 

Wu et al.253 reported the first observation of a cooperative effect in a binuclear 

Rh complex, 75, for the polymerisation of PA. In multinuclear polymerisation 

catalysis, the cooperative effect can manifest itself as increased catalytic activity, 

regio- or stereoselectivity, MW control, dispersity control, and effective control over 
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chain-transfer reactions to create intentional branching via chain shuttling 

processes.253 In this case, complex 75 exhibited at least 1.5 to 3.7 times the activity of 

complexes 72 to 74. However, the resulting PPA had low molecular weights, even 

with quantitative polymer yields, and generally large Đs, ranging from 1.50 to 4.30. 

All polymers were stereoregular and had high cis content > 87 %. The synergistic 

effects associated with complex 75 and the mechanism behind the cooperative effect 

are still undetermined and is a work in progress. 

 

1.6.2 Stereospecific Controlled Polymerisation by Rh Complexes 

 

Scheme 1-24. The polymerisation of PA with Rh(C≡CPh)(nbd)(PPh3)2 in the presence 

of DMAP, yielding stereoregular polymers. 

 

The first literature example concerning the controlled, stereospecific 

polymerisation of PA by a rhodium species was from Kishimoto et al.254 

Rh(C≡CPh)(nbd)(PPh3)2, 76, Scheme 1-24, was prepared from the reaction of 

[Rh(nbd)Cl]2, PPh3 and LiC≡CPh in diethyl ether and isolated in a 77 % yield. The 

complex adopts a slightly distorted trigonal bipyramidal geometry in the solid-state 

with the phenylethynyl ligand and one C=C associated with nbd occupying the axial 
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positions, Scheme 1-24. The homopolymerisation of PA and several para-substituted 

derivatives, with 76 in the presence of DMAP was reported with polymerisations 

proceeding rapidly at ambient temperatures, in diethyl ether, yielding homopolymer 

essentially quantitatively with an SEC-measured Mn of 14,900 and Ð of 1.15.  Similar 

results were noted for polymerisations in THF and with alternative phenylacetylene 

substrates. While broadly exhibiting features associated with a controlled 

polymerisation, the authors noted that initiation efficiencies (IE) were non-quantitative 

and reported to be in the range 33-56% (although we note that quantitative initiation 

is not a formal requirement for a polymerisation to be accurately termed controlled).  

 

Scheme 1-25. Reaction scheme representing the rapid, reversible dissociation of PPh3 

from the inactive species, Rh(C≡CPh)(nbd)(PPh3)2 to active Rh(C≡CPh)(nbd)(PPh3). 

 

Recognising that the active initiating species is not the pentacoordinate 

complex, 76, but the tetracoordinate complex, 77, Scheme 1-25, formed by the rapid, 

reversible dissociation of one of the PPh3 ligands, Kishimoto et al.255 reported a ternary 

catalyst system in which the active initiating species is generated in situ. The 

homopolymerisation of PA proceeded rapidly at room temperature in THF with 

[Rh(nbd)(OCH3)]2, PPh3 and DMAP in a ratio of 1:1:10 yielding a head-to-tail, cis-

transoidal stereoregular polymer with an SEC-measured Mn of 6,900 and Đ = 1.11. 
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The IEs for 77 were estimated to be ~ 0.72, which is double that observed for 76. The 

authors attempted to isolate the active species but were not successful, due to its 

instability. However, oligomeric species bearing a tetracoordinate Rh fragment 

derived from 77 was isolated, which confirmed the initiation and propagation steps for 

this ternary catalyst system were identical to those for 76.  

Following these initial disclosures, the same group reported a detailed study on 

the mechanism and structure of the resulting polyenes in polymerisations mediated by 

76 and 77.256 The role of DMAP was shown to be critical, through stoichiometric 

studies, in achieving controlled polymerisations yielding polymeric products with low 

Đs. Although the pentacoordinate species, 76, is moderately active for the 

polymerisation of PA, in the absence of DMAP, it yielded a high MW polymer with a 

measured Mn of 175,000 and Đ = 2.45. The reduced level of control in the absence of 

DMAP was attributed to the formation of a binuclear rhodacyclopentadiene complex 

which was not an active initiator. 

The initiating systems described by Kishimoto et al.,255 while clearly seminal 

contributions, are arguably limited in terms of the reported IEs and with respect to 

accessible end-functional (co)polymers. The latter is due to the fact that while 

inspection of the active tetracoordinate complex might suggest that polymerisation 

proceeds via monomer insertion into the Rh-phenylethynyl bond (i.e. the 

phenylethynyl group can be viewed as the initiating fragment and thus end-functional 

polymers should be accessible by using a functional phenylethynyl ligand), the 

resulting polymers bear hydride at the initiating terminus implying a multistep 

initiation process that ultimately does not result in incorporation of the phenylethynyl 

group. 
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Scheme 1-26. Reaction scheme of the homopolymerisation of PA by the 

[Rh(nbd)Cl]2/PPh3/LiCPh=Ph2 ternary catalyst system. 

 

Based on the assumption that the active site in the Rh-mediated polymerisation 

of PA is a vinylrhodium species, Misumi and Masuda243 reported a ternary catalytic 

system prepared from [Rh(nbd)Cl]2, PPh3 and LiCPh=CPh2 in benzene or toluene that 

was shown to mediate the homo- and co-polymerisation of PA in a controlled fashion 

yielding polymers with low Ðs and with quantitative initiation, Scheme 1-26. While 

the crystal structure of the actual catalytic species was not reported in this initial 

disclosure, it was noted that a Rh species was isolated from the ternary mixture and its 

structure confirmed to be Rh(nbd)(CPh=CPh2)(PPh3) based on NMR spectroscopic 

analysis. The crystal structure of this complex was reported sometime later by 

Kumazawa et al.257 who also conducted a detailed examination of the end-group 

structure in polyphenylacetylenes prepared with the well-defined isolated catalyst. 

 

Scheme 1-27. End-functionalisation achieved by replacing LiCPh=CPh2 with 

LiCPh=C(4-NMe2-C6H4)2. 
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Scheme 1-28. Synthetic route to poly(phenylacetylene)-block-poly(β-propiolactone) 

via combination of Rh-mediated alkyne polymerisation and anionic polymerisation of 

the propiolactone moiety of the macroinitiator. 

 

In addition to demonstrating quantitative initiation, Misumi and Masuda 

highlighted the ability to prepare end-functional polyphenylacetylene. This was 

accomplished by replacing LiCPh=CPh2 with the amino-functional vinyllithium 

LiCPh=C(4-NMe2-C6H4)2 in the ternary catalytic mixture, see Scheme 1-27. Targeting 

a low molecular weight product, the authors clearly demonstrated the efficient 

(quantitative) incorporation of this functional group via 1H NMR spectroscopy. While 

an effective approach for the preparation of end-functional polyphenylacetylenes, the 
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major drawback of this synthetic route is the lack of commercially available functional 

triarylvinylbromides that serve as the precursors to the vinyllithium species, and as 

such need to be synthesised. In the case of the above example, the target BrCPh=C(4-

NMe2-C6H4)2 precursor was prepared via a multistep procedure and isolated in a 10.5 

% yield. In another example of end-functionalisation, the synthesis of 

polyphenylacetylene-block-poly(β-propiolactone)  copolymers was reported by 

Kanki, Misumi and Masuda258 employing the [Rh(nbd)Cl]2/p-tert-

BuMe2SiOC6H4PhC=CPhLi/PPh3 ternary catalytic system, Scheme 1-28.  

The use of this siloxy-functional triarylvinyl species yielded well-defined 

polyphenylacetylene bearing the siloxy functional group at the initiating chain end; its 

incorporation, as determined by 1H NMR analysis, was determined to be essentially 

quantitative. Removal of the protecting siloxy group yielded the corresponding 

phenol-end-functional material which, after treatment with NaH to yield the 

corresponding phenolate, was employed as a macroinitiator for the subsequent ring-

opening polymerisation of β-propiolactone. Block copolymerisation was verified by a 

combination of NMR and FTIR spectroscopic analysis. Unfortunately, no cross-over 

efficiencies were reported nor any Ð data provided for the final block copolymers. 

  Following the initial report,243 Misumi and co-workers259 reported a detailed 

study of the effects of each component in such ternary catalytic systems. In the case of 

the ene/diene ligand component in Rh(diene/ene)/LiPh=CPh2/PPh3, it was reported 

that substituting norbornadiene (nbd) for 1,5-cyclooctadiene (cod) gave an active 

catalytic system resulting in 100 % conversion of phenylacetylene to the 

corresponding polymer but at the expense of losing control associated with the 

molecular weight distribution with the product having a measured Ð of 2.45, while 

replacing norbornadiene with two cyclooctene ligands yielded an inactive species. 
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The effect of substituents at the α and β positions on the vinyllithium species 

was likewise investigated. It was found that bulky substituents at the α position 

(preferably a Ph group) with at least one substituent on the β position were necessary 

to achieve a well-controlled polymerisation of phenylacetylene. However, only the 

triphenylvinyl species, i.e. the active species derived from the original 

[Rh(nbd)Cl]2/LiPh=CPh2/PPh3 ternary mixture, gave a system that exhibited 

quantitative initiation with the remaining ternary mixtures yielding active species with 

IEs covering the range 0.072-0.30.  

The effect of the structure of the phosphine ligand has a less pronounced effect 

on the level of control in such ternary catalytic systems at least for PPh3 and simple 

tris para-substituted derivatives. For example, the use of PPh3, P(4-ClC6H4)3, P(4-

FC6H4)3, P(4-CH3C6H4)3, and P(4-MeOC6H4)3 in ternary mixtures yielded, in all 

instances, active species giving quantitative conversion of PA with 100 % IE and 

essentially identical Ðs of 1.16. There was, however, an observed, but not unexpected, 

kinetic impact associated with changing the phosphine ligand structure. As the basicity 

of the phosphine ligand decreases the rate of polymerisation increases, a feature 

associated with the fact that the phosphine ligand serves as a competitive binding 

species with monomer – the lower the basicity of the phosphine the lower the effective 

competitive binding and thus increase in rate of polymerisation. For the ligands noted, 

and under identical polymerisation conditions, the rate of polymerisation increased in 

the order: P(4-FC6H4)3 > PPh3 > P(4-ClC6H4)3 > P(4-CH3C6H4)3 > P(4-MeOC6H4)3. 
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Scheme 1-29. The synthesis of star polymers via homopolymerisation of PA followed 

by cross-linking with a difunctional arylalkyne. 

 

The broader utility of the [Rh(nbd)Cl]2/PPh3/LiCPh=Ph2 ternary catalyst 

system for the synthesis of star and star-block copolymers, was reported by Kanki and 

Masuda,260 Scheme 1-29. Polymerisation of phenylacetylene for a target Mn of 5,100 

([M]0/[Rh] = 50) yielded “living” polyphenylacetylene with an SEC-measured Mn of 

5,350 and Ð of 1.13. Subsequent addition of five equivalents of 1,4-diethynylbenzene 

(DEB) (based on Rh) resulted in crosslinking and isolation of a new material with an 

Mn of 37,500 and Ð of 1.2 (this species contained < 3 % of linear polyphenylacetylene 

chains). Substituting DEB with 1,4-diethynyl-2,5-dimethylbenzene also yielded star 

products although with up to 25 % linear chains. This was attributed to the reduced 

reactivity of 2-methylphenylacetylene towards Rh catalysts compared to 

phenylacetylene. No star formation was observed when 1,4-

bis(chloroethynyl)benzene was employed as the linking agent. 
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Figure 1-23. Masuda-type Rh(I)-triphenyl derivatives. 

 

 Following the report regarding the effect of the individual components in 

ternary catalytic mixtures of the general type Rh complex/phosphine/vinyllithium, 

Miyake, Misumi and Masuda261 examined catalysts bearing halogen functionalised 

phosphine ligands. In particular the authors focused on the synthesis, isolation and 

application of Rh(nbd)(CPh=CPh2)(PAr3), 78b and 78c (where Ar = (b) P(4-FC6H4)3, 

(c) P(4-ClC6H4)3) Figure 1-23. Both Rh(I)-vinyl catalysts were isolated from the 

corresponding ternary mixtures, and in the case of the chloro derivative a crystal 

structure was reported with the complex adopting a distorted square planar geometry 

consistent with the ‘parent’ Rh(nbd)(CPh=CPh2)(PPh3) species. The 78b and 78c 

derivatives were subsequently shown to effectively mediate the controlled 

polymerisation of phenylacetylene with essentially quantitative initiation yielding 

highly stereoregular cis-transoidal polymers with tunable molecular weights and low 

Ðs. Interestingly, the well-defined, isolated Rh(I) species were reported to be more 

effective than the corresponding ternary mixtures which, most notably, exhibited 

lower IEs. 

 It should be noted that polymerisations performed with the isolated Rh 

complexes are typically conducted in the presence of added excess phosphine that 

serves as a co-controlling agent and rate modifier. For example, it was reported that a 
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ratio of [P(4-XC6H4)3]/[Rh] (where X = F or Cl) of at least 5 was essential in achieving 

the living polymerisation of phenylacetylene as well as yielding polymers with low 

Ðs. Polymerisations conducted with higher ratios of free phosphine also proceeded in 

a controlled manner but at a reduced rate as the effect of competitive phosphine 

binding became more dominant. 

 

Scheme 1-30. Block copolymerisation of a chiral arylacetylene with achiral acetylene 

via sequential monomer addition with Rh(nbd)(CPh=CPh2)(PPh3)/PPh3 as the 

initiating system. 

 

 While phenylacetylene, and in some instances simple substituted derivatives, 

are the monomer substrates of choice when demonstrating the effectiveness of new 

Rh(I) complexes as initiators, such species do exhibit a broader applicability although 

still remain largely under-utilised. For example, Kumazawa and co-workers262 detailed 

the application of 78a/PPh3 as the initiating species in the block copolymerisation of 

the chiral monomer N-tert-butoxycarbonyl-L-valine 4-ethynylanilide with the achiral 

comonomer N-tert-butoxycarbonylglycine 4-ethnylanilide. A series of homo- and 
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block copolymers, Scheme 1-30, were prepared of tuneable composition and 

molecular weight and, in most instances, the final materials possessed narrow 

molecular weight distributions with Ð ≤ 1.25. Interestingly, the authors demonstrated 

chirality amplification in the block copolymers with chirality transfer from the chiral 

block to the achiral block clearly evident. The chirality transfer was rationalised in 

terms of the energy difference between conformers with and without a helix turn as 

determined by DFT calculations. 

 

 

Scheme 1-31. Chemical structures of a chiral arylacetylene, (A) (((1S,5S)-6,6-

dimethylbicyclo[3.1.1]heptan-2-yl)methyl)(4-ethynylphenyl)dimethylsilane and (B) 

achiral monomer (2-(dodecyloxy)-5-ethynyl-1,3-phenylene)dimethanol. 

 

In related work Liu et al.263 reported the use of Rh(nbd)(CPh=CPh2)(P(4-

FC6H4)3) as an initiating species in the preparation of AB diblock copolymers in which 

the A block was a chiral species based on (((1S,5S)-6,6-dimethylbicyclo[3.1.1]heptan-

2-yl)methyl)(4-ethynylphenyl)-dimethylsilane, A Scheme 1-31) and the B block on 

achiral (2-(dodecyloxy)-5-ethynyl-1,3-phenylene)dimethanol, B Scheme 1-31. Well 

defined AB diblock copolymers of tunable composition were prepared with measured 

Ðs in the range 1.29 ≤ Ð ≤ 1.73. Similar to the work of Kumazawa and co-workers,262 
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the use of a chiral A block induced chirality in the B block of monomer B. However, 

distinct from the previous report, the poly(A-block-B) copolymers possessed a cis-

transoidal(A block)/cis-cisoidal (B block) stereoregular structure – the first example 

of its kind prepared by helix-sense selective polymerisation. 

Onishi and co-workers264 reported a series of novel Rh(I) catalysts containing 

a butylene bridge between the nbd ligand and a co-ordinating phosphine or amino 

functional group, of general formula [{nbd-(CH2)4-X}RhR] where 79: X = PPh2, R = 

Cl; 80: X = NPh2, R = Cl; 81: X = PPh2, R = triphenylvinyl, Figure 1-24.  

 

Figure 1-24. Chemical structures of Rh(I) complexes with hemilabile heteroatom 

ligands with either phosphine or amino functional groups reported by Onishi et al.265 

 

All three of these species were evaluated as initiators in the (co)polymerisation 

of phenylacetylene. The Rh(nbd-(CH2)4-PPh2)Cl complex, 79, Figure 1-24,  in the 

absence of any additive, displayed low catalytic activity with a measured monomer 

conversion of < 1 % after 24 hours in THF at 30 °C. In contrast, the nitrogen analogue, 

Rh(nbd-(CH2)4-NPh2)Cl, 80 Figure 1-24, polymerised phenylacetylene quantitatively 

with an isolated yield of 83 %, Ð of 1.7 and initiation efficiency of 0.21. The Rh(I)-

vinyl derivative, Rh(CPh=CPh2)(nbd-(CH2)4-PPh2), 81, Figure 1-24, gave polymer 

yields of 94 % with quantitative conversion of monomers and a relatively low Ð of 

1.3; however, the IE, while higher than 80, was non-quantitative at 0.6.  
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According to the authors, the low IE observed for 80 was due to a low 

population of the active 14e mononuclear complex generated via coordination of the 

amino group to the Rh centre akin to NEt3 in the [Rh(nbd)Cl]2/NEt3 catalyst system. 

In the case of 79, Rh(nbd-(CH2)4-PPh2)Cl, the low activity was attributed to the slow 

formation of the Rh-C≡CPh species which serves as the initiating species in the 

polymerisation of PA. In contrast, and consistent with previous examples of Rh(I)-

vinyl, Masuda-type, complexes, the Rh(CPh=CPh2)(nbd-(CH2)4-PPh2) species with a 

structural resemblance to the active propagating chain end facilitates the smooth 

insertion of phenylacetylene monomer into the Rh-C bond of the metal centre and 

triphenylvinyl group. Initiator 81 is the first example of a well-defined Rh complex 

with a tridentate ligand for this specific application and also represents the only current 

example of a Rh(I)-triphenylvinyl complex able to mediate the controlled 

polymerisation of phenylacetylene without the addition of extra free phosphine. 

All examples highlighted thus far have been Rh-based catalysts containing nbd 

or cod as the diene ligand. We note that while nbd catalysts are able to mediate the 

polymerisation of phenylacetylene (and derivatives) in a controlled or non-controlled 

fashion, cod-based catalysts only effect non-controlled (co)polymerisation – there are 

no known examples of well-defined cod-analogues of complexes 76, 77, 78, 79, 80, 

81 capable of mediating the controlled polymerisation or arylacetylenes. The effect of 

diene ligands in complexes of the type [Rh(diene)Cl]2 for the polymerisation of 

phenylacetylene employing the series of dienes shown in Scheme 1-32 was reported 

by  Saeed, Shiotsuki and Masuda,266 with the principle aim of developing novel 

catalytic systems. 
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Scheme 1-32. Chemical structures of diene ligands: 2,5-norbornadiee (nbd); 1,5-

cyclooctadiene (cod); endo-dicyclopentadiene (dcp); tetrafluorobenzobarrelene (tfb) 

and tetrachlorobenzobarrelene (tcb), and the homopolymerisation of phenylacetylene 

with bridged Rh complexes [Rh(diene)Cl]2.  

 

 The tfb and tcb derivatives, [Rh(tfb)Cl]2 and [Rh(tcb)Cl]2, were found to be 

significantly more active than the conventional [Rh(nbd)Cl]2 and [Rh(cod)Cl]2 

species. For example, in polymerisations conducted in toluene at 30 oC for one minute 

in the presence of one equivalent of NEt3 under otherwise identical conditions yielded 

for the nbd catalyst, PPA in a yield of 69 % (SEC-measured Mn of 118,000, Ð of 1.85); 

while the cod catalyst yielded PPA in a 5 % yield (Mn of 22,000, Ð of 2.16), the dcp 

complex only gave a trace of polymer while the tfb and tcb derivatives both effected 

quantitative conversion with the former yielding a homopolymer with an Mn of 

281,000 and Ð of 1.70, while the tcb complex yielded a homopolymer with an Mn of 

227,000 and corresponding Ð of 1.79 (note: all polymers have the expected high 

degree of cis-transoidal stereoregularity). This was the first demonstration of catalytic 

systems exhibiting a superior activity over the well-established [Rh(nbd)Cl]2 complex. 

The authors also examined the effect of solvent and co-catalyst additive with, in all 
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cases the activity profiles following the same trend with catalyst activity increasing in 

the order tfb ≈ tcb > nbd > cod > dcp. Based on this observation, the authors proposed 

that the difference in catalytic activity between the different complexes was due to the 

difference in π-acidity of the diene ligands. The bonding model in such metal-alkene 

complexes is shown in Figure 1-25. 

 

 

Figure 1-25. The Dewar-Chatt-Duncanson model of bonding between a metal centre 

and an alkene. 

 

The net result of the back-donation from the metal to the alkene is a reduction 

in the electron density at the metal centre, i.e. an increase in electrophilic character. 

The degree of back-donation is determined, at least in part, by the π -acidity of the 

alkene, i.e. the ability of the ligand to accept electrons into the π* (LUMO) orbital (d-

π * overlap). As such, the π-acidity can be estimated from the energy of the LUMO. 

In this contribution the authors reported the LUMO energies (in eV) to be (in order 

from lowest to highest): 0.21 (tfb) < 0.48 (tcb) < 0.79 (nbd) < 0.90 (cod) < 1.09 (dcp), 

entirely consistent with the above order of observed polymerisation activity and 

highlights that of the five ligands tfb is expected to be the most π-acidic. 
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Figure 1-26. Chemical structure of Rh(tfb)(PhC=CPh2)(PPh3) derived from the 

[Rh(tfb)Cl]2/LiCPh=CPh2/PPh3 ternary mixture. 

 

As a natural extension of the above study, the same authors detailed the 

synthesis of a well-defined tfb-based Rh catalytic system.267 Saeed, Shiotsuki and 

Masuda reported a ternary catalyst system derived from [Rh(tfb)Cl]2, PPh3 and 

LiCPh=CPh2 along with the well-defined Rh(I)-vinyl catalyst, 

Rh(tfb)(CPh=CPh2)(PPh3), 82, Figure 1-26, isolated from the ternary mixture. 

Although the crystal structure of Rh(tfb)(CPh=CPh2)(PPh3) was not reported it was 

presumed to have a square planar geometry in line with the above highlighted Rh(I)-

vinyl species. 

 An evaluation of the activity of the ternary catalytic mixture in the 

homopolymerisation of PA revealed that PPAs prepared under such conditions yielded 

product with essentially quantitative initiation (estimated IE of 0.96), i.e. controllable 

molecular weights, Ðs as low as 1.03, and cis-transoidal contents ≥ 99 %. For both 

the ternary catalyst system and the isolated complex, multistage polymerisation of PA 

experiments were conducted and confirmed the living nature of the polymerisations as 

did the pseudo-first order kinetic plots and evolution of Ð as a function of conversion. 

A particularly salient, and somewhat unique, feature of polymerisations conducted 

with the Rh(tfb)(CPh=CPh2)(PPh3)/PPh3 initiating system was the observed high 

activity, and IE, even at low concentration. For example, homopolymerisation of PA 



  

78 

  

at [M]0/[Rh] of 4,000 (theoretical Mn of 408,560) yielded a polymer with an SEC-

measured Mn of 401,000 (calculated IE of 0.98) and Ð of 1.12.  

While other reports exist detailing the use of tfb-functional Rh catalysts for the 

preparation of PPAs (typically in a non-controlled fashion),251,268,269 the above 

highlighted report remains, to the best of our knowledge, the only example in which a 

well-defined isolable Rh(I)-vinyl complex, or ternary mixture with the in situ 

generation of the active tfb-Rh(I)-vinyl species, has been noted and that has been 

demonstrated to be effective in the controlled polymerisation of phenylacetylene  

yielding materials with near-quantitative cis-transoidal stereoregularity. This suggests 

that there is significant scope and opportunity for the further development and 

evaluation of new tfb and tcb-based catalytic systems for this target application. 

Recently, a convenient alternative for the preparation of end functionalised 

PPAs with precise architecture/structure was presented by Taniguchi et al.270 This 

synthetic route involves a one pot reaction with the active species generated in situ. To 

achieve this, [Rh(nbd)Cl]2 is reacted with a functional arylboronic acid followed by 

the reaction with 2 to 3 equivalents of diphenylacetylene in the presence of 50 % 

aqueous solution of KOH and at least 3 equivalents of PPh3, thus, generating an active 

species with structural similarities to well-defined Rh(I) catalyst 78. Polymerisation is 

then initiated by the addition of PA to this mixture in THF at 30 °C, which proceeds 

in a controlled fashion, yielding highly stereoregular PPAs (cis content > 95 %) with 

Đs typically < 1.10.  
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Scheme 1-33. Reaction scheme for the preparation of end-functionalised polyenes 

described by Taniguchi et al.270 and selected examples of arylboronic acid and 

arylacetylenes used in this study.
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Referring to Scheme 1-33, it can be seen that a range of functionality can be 

introduced, from the bulky multi-ring aryl species to a silyl group, which can be 

utilised in further functionalisation, for example, via deprotection of the silyl group to 

a phenolate, then proceeding to perform a condensation reaction to obtain a new end-

functionalised polymer. Furthermore, the living nature of the polymerisations was 

confirmed via the standard methodology (multistage polymerisation, linear pseudo-

first order kinetics and Mn vs conversion). The authors also demonstrated that this 

multicomponent catalyst system was active towards a broad range of substituted 

arylacetylenes, Scheme 1-33, which include highly polar functional groups such as 

amides and esters, yielding end-functionalised polyenes quantitatively with narrow 

MWDs (1.06 < Đ < 1.28), controllable MW and highly stereoregular microstructures 

(cis content > 95 %). 

While certain Rh catalysts are clearly highly effective species for the 

(non)controlled (co)polymerisation of arylacetylene substrates their applicability does 

extend beyond this important monomer class. In addition to arylacetylenes, propargyl 

esters and amides have been reported to be suitable substrates although typically 

polymerize in a non-controlled fashion, yielding polymers with reduced 

stereoregularity (compared to phenylacetylenes).  

 

Figure 1-27. Chemical structures of 2,5-norbornadienerhodium(I) tetraphenylborate. 

 

For example, a series of poly(propargyl ester)s were reported by Zhang et al.271 

obtained using the nbd-tetraphenylborate Rh catalyst, Figure 1-27. For example, 
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homopolymerisation of propargyl hexanoate with 2,5-norbornadienerhodium(I) 

tetraphenylborate in THF under a range of conditions yielded poly(propargyl 

hexanoate) with yields of 42-77 %, SEC-measured Mns of 4,900-28,000, Ðs spanning 

the range 1.83 to 4.70  and cis contents of 48-88 % with little, if any, clear direct 

correlation between any of these features. Reports employing the same catalyst for 

both propargyl esters and amides, from Masuda and co-workers,272-275 have focused 

on amino-acid derived monomers and emphasised the structure and properties of the 

final materials rather than the fundamental features of polymerisation. However, we 

note that within this body of work examples are given in which polymers are isolated 

with 100 % monomer conversion and reported Ðs < 1.20 which suggests that under 

certain conditions polymerisation of this monomer family proceeds in a controlled (or 

pseudo-controlled) manner. 

Nakazato et al.276 reported the application of the well-defined Masuda complex 

Rh(nbd)(CPh=CPh2)(P(4-FC6H4)3), 78c, the fluorine analogue of the catalysts shown 

in Figure 1-23, for the polymerisation of three simply alkyl propargyl amide 

monomers, Scheme 1-34. 

 

Scheme 1-34. Polymerisation of simple alkyl propargyl amide substrates with well-

defined Rh(nbd)(CPh=CPh2)(P(4-FC6H4)3) (Masuda catalyst). 

 

As a representative example, the polymerisation of the iso-butyl derivative, in 

CHCl3 at 30 °C with five equivalents of added PPh3 as a rate modifier gave a 100 % 
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yield of polymer product with an Mn of 17,300 (IE of 0.8, although we note that 

molecular weights were measured by SEC and reported as polystyrene equivalents) 

and Ð of 1.36. The fundamental features of this polymerisation were examined under 

identical conditions except polymerisation was conducted at 0 °C. Under such 

conditions, the polymerisation of the iso-butyl monomer was complete after 60 min, 

exhibited linear pseudo-first order kinetics (although the plot did not pass through the 

origin suggesting non-ideal polymerisation), Ð decreased with conversion (although 

are consistently higher than might be expected), and polymerisation resumed upon the 

addition of a second charge of monomer which also polymerised to completion.  

While the authors presented the molecular weight vs. conversion plot as a 

linear plot it is, arguably, better represented as a two-stage plot with an initial steep 

increase in the measure molecular weight. This is perhaps also more consistent with 

the non-ideal kinetic plot and suggests that there may be some non-controlled 

polymerisation occurring in the early stages of the process. However, it is clear that 

the polymerisations do appear to proceed with many of the key hallmark features 

associated with a controlled polymerisation and we reiterate that quantitative initiation 

nor low dispersity are formally prerequisites for a polymerisation to be termed 

‘controlled’. The authors proposed that the less-than ideal dispersities were likely due 

to a larger kp/ki ratio than might be commonly associated with other controlled 

polymerisation processes. 

 Thus far in this chapter, we have explored the applications of Rh catalyst 

systems which can be broadly classified as Rh-vinyl complexes (-vinyl referring to the 

type of initiating fragment). The effectiveness of Rh catalysts as initiators for the 

controlled (or non-controlled) (co)polymerisation of PA and its derivatives has been 

clearly demonstrated, however, this is not the whole gamut of its potential. Other 
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alkynes such as α,ω-dialkynes,241 have been examined, and demonstrated to be 

amenable to polymerisation by Rh complexes, albeit in an uncontrolled fashion. 

Another important subset of acetylenic monomers are the arylisocyanides, which have 

been demonstrated to have a propensity to form materials with helical structures277, 278 

when polymerised by transition metal complexes with, for example, Ni(II),279 and 

Pt(II)280 complexes. 

Yamamoto, Onitsuka and Takahashi281 reported the synthesis of three Rh(I)-

aryl complexes and their application as initiators for the polymerisation of three 

different, substituted arylisocyanides monomers. Scheme 1-35, shows the synthetic 

outline for the preparation of the Rh complexes. Such Rh(I)-aryl species are prepared 

via the same general route as the well-defined Rh(I)-vinyl complexes described earlier, 

namely, from the reaction between [Rh(nbd)Cl]2, a triarylphosphine (PPh3) and an 

aryllithium (versus a vinyllithium in the case of the Rh(I)-vinyl complexes), with the 

noted Rh(nbd)(2,6-Me2C6H3)PPh3 complex 83, isolated in a 96 % yield. The reported 

crystal structure of this Rh(I)-aryl species shows that the complex adopts a square 

planar geometry that is entirely consistent with the Rh(I)-vinyl complexes. 

 

Scheme 1-35. The general synthetic route for the preparation of Rh(I)-aryl complexes 

of the type Rh(nbd)(aryl)(PPh3). 
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All three Rh(I)-aryl complexes were subsequently evaluated as initiating 

species in the polymerisation of three different arylisocyanides, Scheme 1-36. 

 

Scheme 1-36. The polymerisation of 2,5-substituted arylisocyanides monomers with 

Rh(nbd)(aryl)(PPh3). 

 

The polymerisation of IC1 (2-((trimethylsilyl)ethynyl)phenyl isocyanide) with 

Rh(nbd)(2,6-Me2C6H3)(PPh3), 83, Scheme 1-36, generally proceeded smoothly 

provided the polymerisation was performed with 10 equivalents of added free PPh3. 

For example, for an IC1/Rh of 25 and PPh3/Rh of 10, under the conditions noted in 

Scheme 1-36, resulted in 100 % conversion of monomer to polymer with the product 

having an SEC measured Mn of 4,700 and Ð of 1.12. While this is reported as a 

polystyrene-equivalent molecular weight we note that the authors were able to perform 

end-group analysis and established that the IE for Rh(nbd)(aryl)(PPh3)/PPh3 was 

essentially quantitative. In the absence of added PPh3, the yield dropped and in 

addition to polymer a significant amount of oligomers was formed highlighting the 

need for added phosphine in order to ensure smooth polymerisation. Increasing the 

IC1/Rh ratio to 50, 75 and finally 100 resulted in a systematic increase in the final Mn 

of the polymer although was accompanied by a noticeable increase in the Ð from 1.19 

to 1.26 to 1.47 at IC1/Rh = 100. Similar polymerisation results were obtained for the 

homopolymerisations of monomers IC2 and IC3. Attempts to prepare block 
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copolymers, verifying at least in part, the controlled nature of the polymerisations, 

failed, suggesting that polymerisation was not controlled and that chain end 

decomposition was likely occurring during polymerisation. Unfortunately, no kinetic 

data was reported that would have supported, or verified, this supposition. 

 

 

Figure 1-28. Chemical structures of Rh(I)-aryl species examined, evaluated and 

presented in the study by Onitsuka et al.282 

 

  In a follow-up paper Onitsuka et al.282 detailed a study in which they expanded 

both the catalyst pool and the number of arylisocyanides. Figure 1-28 shows the 

structures of the six Rh complexes examined and includes the three species shown in 

Scheme 1-35, two new derivatives Rh(nbd)(2-MeNaphthyl)(PPh3) and Rh(nbd)(9-

Anthra)(PPh3) (where 2-MeNapthyl = 2-Methyl-1-Naphthyl and 9-Anthra = 9-

Anthracenyl) and the original well-defined Rh(I)-vinyl Masuda complex, 

Rh(nbd)(CPh=CPh2)(PPh3).  

As a general observation, all the noted complexes (including the Masuda-vinyl 

derivative) effectively mediated the polymerisation of arylisocyanides provided there 
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was a bulky substituent in one of the ortho positions in the isocyanide monomer. 

Attempted polymerisation of 2,6-dimethylphenylisocyanide with Rh(nbd)(2,6-

Me2C6H3)(PPh3), for example, resulted in no observed conversion. In cases where 

polymerisation was effective, the resulting polymers had tunable molecular weights 

and Ðs spanned the range 1.16-1.53. In no instance was any oligomeric by-product 

observed for the above complexes. The controlled nature of the polymerisations was 

clearly demonstrated with the Mn vs conversion plots being linear and measured values 

agreeing almost perfectly with the theoretical values at all conversions. Consistent 

with the preliminary report, initial attempts to effect block copolymer formation by 

sequential monomer addition failed, further confirming that the active site slowly 

decomposed, and became particularly problematic at high conversion. However, the 

authors demonstrated that the active chain end could be efficiently stabilized in the 

presence of a large excess of added PPh3 allowing block copolymer formation. For 

example, the authors reported that the three-step sequential addition of 50 equivalents 

of IC2 to Rh(nbd)(2,4,6-i-Pr3C6H2)(PPh3) in the presence of 400 equivalents of PPh3 

resulted in the step-wise formation of polymer with Mns of 21,300, 38,000 and 50,900 

with corresponding Ðs of 1.19, 1.20 and 1.29. Further, an AB diblock copolymer of 

IC2 (A block) with 2-tert-butyl-4-(cyclohexyloxycarbonyl)phenyl isocyanide (B 

block) was successfully prepared, quantitatively, under similar conditions with 

(Rh(nbd)(2,4,6-iso-Pr3C6H2)(PPh3), 84, Figure 1-28, as initiator, 400 equivalents of 

PPh3, THF, 20 °C). 

The tri-iso-propyl Rh derivative, 84, has also been employed as the initiating 

species in the helix sense selective (co)polymerisation of bulky aryl isocyanide 

monomers with chiral ester or amide groups, yielding materials of variable molecular 

weight and low-to-medium dispersities.283 For example, polymerisation of (S)-octan-
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2-yl 3-(tert-butyl)-4-isocyanobenzoate (100 equivalents) with 84 with 40 equivalents 

of PPh3 based on [Rh] in THF at 20° C resulted in the quantitative conversion of 

monomer to polymer with the homopolymer having an Mn of 43,600 and Ð of 1.40. 

The specific rotation, [α]D, of the chiral monomer was determined to be +32 while [α]D 

for the corresponding homopolymer was measured at -178 indicating that the 

polymerisation resulted in the generation of chirality other than that associated with 

the pendent ester groups. The CD (circular dichromism) spectrum of the homopolymer 

exhibited a strong Cotton effect in the 250-400 nm region while nothing was observed 

for the monomer in this region. The authors noted that the Cotton effect around 350 

nm is associated with the n-π* transition of imino groups characteristic of helical 

poly(aryl isocyanide)s. The authors also demonstrated that the structure of the chiral 

ester groups, and specifically the monomer purity, precise location of the chiral centre 

and the length of the alkyl chain, had a direct impact on the helical sense selectivity. 

 Despite the efficacy of these Rh(I)-aryl species as initiators for the 

polymerisation of arylisocyanides, there have yet to be reports of the evaluation and 

application of these well-defined Rh(I)-aryl species (83, 84, 85, 86, and 87) as 

initiators for the polymerisation of arylacetylenes (such as PA) in the literature which 

we will examine in future chapters. 
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1.7 Research Objectives 

It was clearly shown in this chapter that there are numerous reports of 

uncontrolled polymerisation of PA and its derivatives by ill-defined and well-defined 

Rh catalyst systems. In contrast, there exists a noticeable dearth of reported living 

controlled polymerisations of arylacetylenes. Misumi et al.284 has shown that the 

initiating fragment of the Rh(I) catalyst can be modified to introduce new end-

functionalisation to PPA, which should provide ample opportunities to prepared novel 

well-defined Rh(I) derivatives. As such, these are the current research objectives: 

1. To synthesise, isolate and characterise new Rh(I) derivatives based on the 

Masuda catalyst structural motif via modification of their ligand chemical 

structure. 

2. To evaluate these new isolable well-defined Rh(I) derivatives as initiators for 

the controlled polymerisation of phenylacetylenes. 

3. To determine if the applicability of these Rh(I) initiators is transferrable to 

other substituted arylacetylenes while retaining features of a controlled 

polymerisation process. 
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Synthesis, Characterisation and Evaluation of Rh(I) --

Phenylvinylfluorenyl Complexes as Initiators in the 

Controlled Polymerisations of Phenylacetylene  

 

The content of this chapter has been published in: 

 European Journal of Inorganic Chemistry (2019) with the title “Rh(I)--

Phenylvinylfluorenyl Complexes: Synthesis, Characterisation and Evaluation as 

Initiators in the Stereospecific Polymerisation of Phenylacetylene” (refer to Appendix 

C) 

 

2.1 Introduction 

There is growing interest in the (co)polymerisation of phenylacetylene (PA), 

and functional derivatives thereof, by rhodium-based catalysts. The literature 

describing the preparation and characterisation of poly(phenylacetylene)s (PPAs) is 

extensive due, in part, to their ease of handling, low oxophillicity of Rh catalysts, good 

functional group compatibility, combined with the stability and processability of the 

resulting PA (co)polymers. The literature contains a considerable volume of reports of 

rhodium-based catalysts that mediate the non-controlled polymerisation of PAs and 

their functional derivatives; however, there is a paucity of literature pertaining to the 

stereospecific controlled (co)polymerisation of this important monomer class. 
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 The first reported controlled, stereospecific, homopolymerisation of PA by a 

rhodium-catalyst system was reported by Kishimoto and co-workers employing 76, 

Figure 2-1,1 which mediated the (co)polymerisation in a controlled fashion (as judged 

by size exclusion chromatography (SEC) data and the ability to prepare block 

copolymers via sequential monomer addition using an isolated PPA homopolymer 

with active chain ends) although the initiation effciencies (IEs) were not quantitative 

and ranged from 33 – 56 %. The same group then expanded upon this seminal 

contribution and reported a non-isolable tetracoordinate Rh species, 77, which 

polymerised PA at the feed ratio of 1:50, with a higher initiation efficiency (72 %) 

than 76, and afforded PPA bearing a head-to-tail cis-transoidal configuration.2  

 

 

Figure 2-1. Chemical structures of Noyori’s Rh(I)-phenylethynyl derivatives (76 and 

77), Masuda’s Rh(I)triphenylvinyl species (78a, 78b, 78c) and new fluorous-α-

phenylvinylfluorenyl Rh(I) complexes (88b, 88d and 88e). 
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Inferring that polymerisation proceeded via a tetracoordinate vinylrhodium 

species generated in situ, Misumi and Masuda reported a novel ternary Rh catalyst 

system, based on [Rh(nbd)Cl]2, PPh3 and LiCPh=CPh2 which was able to mediate the 

stereospecific controlled polymerisation of PA with quantitative initiation efficiency.3 

The chemical structure of the active species in this ternary catalyst system was 

assumed to be 78a, Figure 2-1. This important finding was then expanded upon by the 

same group in which a more detailed examination of the ligand components in this 

system was reported by Misumi et al.4 

 Following this, Miyake, Misumi and Masuda reported the first isolable Rh(I)-

vinyl complexes from this family of catalysts.4 The isolated catalysts, 78b and 78c 

Figure 2-1, were able to mediate the polymerisation of PA in a controlled fashion over 

a range of temperatures (15 – 60 °C) and different solvent systems. The 

polymerisations yielded PPA with tunable molecular weights and, Ðs, as low as 1.05.  

 In this chapter, the synthesis, characterisation and use, as initiators for PA 

(co)polymerisation, of three new Rh(I)-vinyl complexes bearing fluorenyl 

functionality with fluorine-functionalised phosphine ligands is described. Systematic 

characterisation of the complexes was performed via a combination of  1H, 31P, 19F, 

103Rh NMR spectroscopy and 2D 31P-103Rh and 31P-103Rh{103Rh} heteronuclear 

multiple quantum correlation (HMQC) experiments, elemental analysis and single 

crystal X-ray analysis. This is followed by an evaluation of the complexes as initiators 

in the polymerisation of PA, characterisation of the resulting polymers via SEC for 

molecular weight determination and 1H NMR spectroscopy for determining 

stereoregularity and configuration. 
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2.2 Experimental 

2.2.1  Materials 

n-Butyllithium (n-BuLi, 1.6 M solution in hexane, Sigma-Aldrich), 9-

(bromo(phenyl)methylene)-9H-fluorene, (C12H8)C=CPhBr (FluC=CPhBr, Matrix 

Scientific, 95 %), [Rh(nbd)Cl]2 (nbd = 2,5-norbornadiene, 98 %, Strem Chemicals), 

tris(para-fluorophenyl)phosphine (P(4-FC6H4)3, 98 %, Aldrich), tris(para-

trifluoromethylphenyl) phosphine (P(4-CF3C6H4)3, 97 %, Aldrich), and tris[3,5-

bis(trifluoromethyl)phenyl]phosphine (P(3,5-(CF3)2C6H3)3, 97 %, Strem Chemicals), 

were used as received. Phenylacetylene (CH≡CPh, 98 % Aldrich) was purified by 

passage over a column of basic alumina and then stored in a fridge until needed. The 

Masuda complex,4 Rh(nbd)(CPh=CPh2)(P(4-FC6H4)3), was prepared as detailed 

below for 88b except triphenylbromoethylene was used in place of FluC=CPhBr. 

THF, diethyl ether and CH2Cl2 were dried using a PureSolv MD5 solvent 

purification system (Innovative Technology, Inc.), collected, degassed via the freeze-

pump-thaw technique and stored under dry nitrogen until needed. Toluene (99.8 %, 

Sigma-Aldrich) was degassed via the freeze-pump-thaw technique and stored under 

dry nitrogen until needed. 

All glassware was pre-dried in an oven at 50 °C and flame dried under vacuum 

prior to use. All reactions were performed using standard Schlenk line techniques. 
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2.2.2  Rh(I)-α-phenylvinyl Fluorenyl Complexes 

2.2.2.1 Synthesis of Complex Rh(nbd)(CPh=CFlu)(P(4-FC6H4)3) 

Synthesis of Rh(nbd)(CPh=CFlu)(P(4-FC6H4)3): The target complex was 

prepared according to the method of Miyake et al.4 

To a round bottomed flask equipped with a Teflon-coated magnetic stir-bar 

was added FluC=CPhBr (333 mg, 1.0 mmol) and diethyl ether (20.0 mL) under a dry 

nitrogen atmosphere. The flask was cooled to 0 °C and n-BuLi (1.6 M solution in 

hexane, 1.25 mL, 2.0 mmol) was cannula transferred and the mixture allowed to react 

for 30 min yielding FluC=CPhLi. 

To a separate round bottomed flask equipped with a magnetic stir-bar 

containing dry toluene (15.0 mL) was added [Rh(nbd)Cl]2 (92.2 mg, 0.2 mmol) and 

P(4-FC6H4)3 (253 mg, 0.8 mmol). The mixture was then stirred vigorously for 15 min 

at ambient temperature yielding the intermediate Rh species, Rh(nbd)Cl(P(4-FC6H4)3). 

The lithiated species, FluC=CPhLi, was added, via cannula, to the 

solution containing Rh(nbd)Cl(P(4-FC6H4)3) and allowed to stir at ambient 

temperature for 1 hour. Subsequently the reaction solution was cannula 

transferred and filtered through a short plug of neutral activated alumina 90, 

under an inert atmosphere, to give a clear orange solution. Solvents were 

removed under high vacuum on a Schlenk line yielding a dark coloured viscous 

liquid. To this crude product was added ethanol (25.0 mL) and the mixture 

stirred vigorously for 30 min. during which time an orange precipitate formed. 

The precipitate was collected via a Hirsch funnel and washed with a small 

amount of additional ethanol. The Rh(I) complex Rh(nbd)(CPh=CFlu)(P(4-

FC6H4)3) (88b) was isolated by recrystallisation from CH2Cl2/n-pentane 

employing a solvent layering technique.  
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Yield: 140.0 mg, 46 %. Anal. Calcd. for C45H33F3PRh: C, 70.69 %; H, 

4.35 %. Found: C, 70.38 %; H, 4.07 %. 1H NMR (400.1 MHz, C6D6), δ (ppm): 

9.24 (dd, J = 7.4, 1.1 Hz, 1H), 7.77 (dt, J = 7.5, 1.0 Hz, 1H), 7.71 (dt, J = 7.4, 

0.9 Hz, 1H), 7.46 (td, J = 7.4, 1.1 Hz, 1H), 7.33 (td, J = 7.4, 1.1 Hz, 1H), 7.26 – 

7.19 (m, 7H), 7.10 (td, J = 7.4, 1.0 Hz, 1H), 7.07 – 6.98 (m, 2H), 6.92 (dddd, J 

= 7.3, 4.3, 2.9, 1.2 Hz, 2H), 6.67 – 6.63 (m, 1H), 6.60 – 6.50 (m, 7H), 4.51 – 

4.38 (m, 2H), 3.84 (td, J = 3.8, 1.9 Hz, 1H), 3.56 – 3.48 (m, 2H), 3.30 – 3.24 

(m, 1H), 1.24 (dt, J = 8.2, 1.6 Hz, 1H), 1.19 – 1.14 (m, 1H). 31P{1H} NMR 

(162.0 MHz, C6D6) δ (ppm): 26.6 (d, J = 190.4 Hz). 19F NMR (376.5 MHz, 

C6D6), δ (ppm): -109.9 (s). 103Rh (19.1 MHz, C6D6, 25 °C), δ (ppm): -7862 (d, J = 

190.4 Hz; 372 ppm if referenced to Rh metal).  

 

2.2.2.2 Synthesis of Rh(nbd)(CPh=CFlu)(P(4-CF3C6H4)3) 

Synthesis of Rh(nbd)(CPh=CFlu)(P(4-CF3C6H4)3): The target complex was 

prepared as detailed above for 88b except P(4-FC6H4)3 was replaced with P(4-

CF3C6H4)3. 

The Rh(I) complex Rh(nbd)(CPh=CFlu)(P(4-CF3C6H4)3) (88d) was isolated 

by recrystallisation from CH2Cl2/n-pentane. Yield: 322.0 mg, 88 %. Anal. Calcd for 

C48H33F9PRh: C, 63.03 %; H, 3.64 %; Found: C, 62.03 %; H, 3.57 %. 1H NMR (400.1 

MHz, CD2Cl2), δ (ppm): 8.76 (dt, J = 7.3, 0.8 Hz, 1H), 7.85 – 7.75 (m, 1H), 7.75 – 

7.68 (m, 1H), 7.56 (dt, J = 7.5, 0.9 Hz, 1H), 7.47 (dt, J = 7.5, 0.9 Hz, 1H), 7.43 – 7.37 

(m, 6H), 7.37 – 7.33 (m, 5H), 7.32 – 7.27 (m, 1H), 7.23 (td, J = 7.4, 1.1 Hz, 1H), 7.13 

(tt, J = 7.4, 1.3 Hz, 1H), 7.02 (qd, J = 7.5, 1.3 Hz, 2H), 6.81 (dt, J = 7.6, 1.6 Hz, 1H), 

6.74 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H), 6.33 (dt, J = 7.9, 1.5 Hz, 1H), 6.09 (dd, J = 7.9, 

0.9 Hz, 1H), 4.56 (qd, J = 3.7, 1.8 Hz, 1H), 4.43 – 4.39 (m, 1H), 4.15 (dq, J = 3.6, 1.9 
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Hz, 1H), 3.93 (tq, J = 3.3, 1.6 Hz, 1H), 3.78 – 3.72 (m, 2H), δ 1.56 (dt, J = 8.3, 1.5 Hz, 

1H),1.47 – 1.43 (m, 1H); 31P{1H} NMR (162.0 MHz, C6D6, 25 °C), δ (ppm): 29.8 (d, 

J = 188.8 Hz). 19F NMR (376.5 MHz, C6D6, 25 °C), δ (ppm): -62.84 (s). 103Rh (19.1 

MHz, CD2Cl2, 25 °C), δ (ppm): -7870 (d, J = 188.8 Hz; 365 ppm if referenced to Rh 

metal).  

 

2.2.2.3 Synthesis of Complex Rh(nbd)(CPh=CFlu)(P(3,5-CF3C6H4)3) 

Synthesis of Rh(nbd)(CPh=CFlu)(P(3,5-(CF3)2C6H3)3): The target complex 

was prepared as detailed above for 88b except P(4-FC6H4)3 was replaced with P(3,5-

(CF3)2C6H3)3. 

The Rh(I) complex Rh(nbd)(CPh=CFlu)(P(3,5-(CF3)2C6H3)3) (88e) was 

purified by recrystallisation from CH2Cl2/methanol via a solvent layering 

technique. Yield: 112 mg, 25 %. Anal. Calcd. for C51H30F18PRh: C, 54.76 %; H, 

2.70 %; Found: C, 54.12 %; H, 2.60 %. 1H NMR (400.1 MHz, C6D6), δ (ppm): 
1H 

NMR (400 MHz, C6D6) δ 8.43 (d, J = 7.2 Hz, 1H), 8.11 (dd, J = 12.2, 1.6 Hz, 1H), 

7.94 (s, 6H), 7.62 – 7.58 (m, 2H), 7.55 (s, 3H), 7.49 (d, J = 7.4 Hz, 1H), 7.45 (dt, J = 

7.6, 1.0 Hz, 1H), 7.33 (td, J = 7.6, 1.2 Hz, 1H), 7.09 – 7.03 (m, 1H), 6.99 (td, J = 7.6, 

1.2 Hz, 1H), 6.88 (dt, J = 7.7, 1.6 Hz, 1H), 6.82 (td, J = 7.7, 1.2 Hz, 1H), 6.57 (d, J = 

7.9 Hz, 1H), 6.44 (dd, J = 7.7, 1.6 Hz, 1H), 4.35 (d, J = 4.6 Hz, 1H), 4.32 – 4.28 (m, 

1H), 3.43 (d, J = 4.6 Hz, 1H), 3.40 (s, 2H), 3.27 (s, 1H), 1.12 (dt, J = 8.5, 1.6 Hz, 1H), 

1.05 (dd, J = 8.5, 1.7 Hz, 1H). 
31P{1H} NMR (162.0 MHz, C6D6), δ (ppm): 33.08 (d, J 

= 198.6 Hz). 19F NMR (376.5 MHz, C6D6), δ (ppm): -62.92 (s). 103Rh (19.1 MHz, 

CD2Cl2, 25 °C), δ (ppm): -7861 (determined indirectly by HMQC; 373 ppm if 

referenced to Rh metal). 
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2.2.3  Modelling 

The geometry of the complexes obtained by single crystal X-ray 

crystallography were relaxed in vacuum using the 6-311G** basis set of the light 

atoms while Rh was treated with the Stuttgart-Dresden effective core potential.5 The 

vibrational frequencies have been calculated to ensure that the final configuration was 

a stable minimum. The final relaxed geometries were then employed to calculate the 

bonding energies using the triple-zeta Dunning’s correlation consistent basis sets (cc-

pVTZ),6 the counterpoise correction was also included.7  

 

2.2.4  Polymerisations 

All (co)polymerisations were carried out under a dry nitrogen 

atmosphere in a pre-dried Schlenk flask. 

 

2.2.5  Homopolymerisation of Phenylacetylene 

Below is given a typical procedure for the homopolymerisation of 

phenylacetylene with a Rh(I)-vinyl catalyst. 

A solution of phenylacetylene (0.184 g, 1.80 mmol) in THF or toluene (2.5 

mL) was added to a solution of Rh catalyst (0.015 g, 0.02 mmol) and free additional 

phosphine – P(4-FC6H4)3 in the case of  Rh(nbd)(CPh=CFlu)(P(4-FC6H4)3) for 

example (0.031 g, 0.10 mmol) dissolved in THF or toluene (2.5 mL) in a Schlenk flask 

equipped with a magnetic stir bar. The flask was immersed in a pre-heated oil bath set 

at 30 °C and allowed to react for 1 hour after which the polymerisation was stopped 

via the addition of a small volume of acetic acid. The polymer was isolated by 

precipitation into a large volume of methanol, filtered by gravity filtration and dried 

to constant weight in a vacuum oven at 40 °C overnight. 
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2.2.6 Multistage, Self-blocking of Polyphenylacetylene with 

Phenylacetylene 

A solution of phenylacetylene (0.184 g, 1.80 mmol) in THF (2.5 mL) was 

added to a solution of Rh catalyst (0.015 g, 0.02 mmol) and free additional phosphine 

– P(4-FC6H4)3 in the case of  Rh(nbd)(CPh=CFlu)(P(4-FC6H4)3) for example  (124 

mg, 0.39 mmol) in THF (2.5 mL) in a Schlenk flask immersed in a pre-heated oil-bath 

set at 30 °C. After 1 hour an aliquot was withdrawn (1.0 mL) and the polymer isolated 

by precipitation into methanol (20 mL) containing a small amount of acetic acid. Then, 

a second feed of phenylacetylene (0.184 g, 1.80 mmol) in THF (2.5 mL) was added to 

the remaining polymerisation solution and ‘block’ copolymerisation allowed to 

proceed for 1 hour. Subsequently the polymerisation was quenched with acetic acid 

and the ‘copolymer’ precipitated into a large volume of methanol. The copolymer was 

isolated by filtration and dried to a constant weight in vacuo.  

 

2.2.7  NMR Measurements 

1H, 31P, and 19F NMR spectra were recorded at 298K on a Bruker Avance 400 

spectrometer. The data were processed with Bruker’s TopSpin 3.1 software. 103Rh 

NMR were acquired at 298K on a Bruker Avance IIIHD (600 MHz for 1H) at 19.1 

MHz using a commercial 5 mm triple resonance broadband probe (doubly tuned 1H/31P 

outer coil, with inner broadband coil) with 90 pulses of 27.5 s and 18.4 s for 103Rh 

and 31P respectively. 103Rh chemical shifts, , are given in ppm relative to frequency 

ratio,  = 3.1864478 (as an aide to the reader, the chemical shifts for the commonly 

used reference  = 3.160000 (Rh metal) are also given)  and were determined, where 

possible, by direct detection (using an anti-ringing experiment, Bruker pulse sequence 

aring) or by four pulse 31P-103Rh HMQC experiments with and without 103Rh 
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decoupling during acquisition. The transmitter frequency offset and t1 increments were 

varied to ensure that no signals were folded. All 103Rh data were processed using 

Bruker’s Topspin 3.5 or MestReNova software packages. Exponential line broadening 

of 10 Hz was applied to 1D 103Rh data, with 2D data zero filled, Gaussian broadened 

by 10 Hz and treated with sine-squared window function during processing. Coupling 

constants reported herein are given as absolute values but are likely to be negative in 

sign for 1JRh-P
..9  

 

2.2.8  Crystallography 

Crystallographic data for the structures were collected at 100(2) K on an 

Oxford Diffraction Gemini or Xcalibur diffractometer using Mo Kα radiation, Lp and 

absorption corrections applied. The structures were solved by direct methods and 

refined against F2 with full-matrix least-squares procedures using the program suite 

SHELX-2014.10 Unless stated, anisotropic displacement parameters were employed 

for the non-hydrogen atoms. All hydrogen atoms were added at calculated positions 

and refined by use of a riding model with isotropic displacement parameters based on 

those of the parent atom. CCDC 1865950-1865952 deposits contain supplementary 

crystallographic data, and can be obtained free of charge via 

https://www.ccdc.cam.ac.uk/structures/, or from the Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax: (+44) 1223-336-033; or e-

mail: deposit@ccdc.cam.ac.uk. 

Crystal data for 88b: C45H33F3PRh, M = 764.59, 0.218 × 0.200 × 0.134 mm3, 

triclinic, space group P-1 (No. 2),  = 10.3698(2),  = 10.8798(3),  = 17.8743(4) Å, 

 = 76.930(2),  = 77.883(2),  = 83.054(2)°, V = 1914.88(8) Å3, Z = 2, Dc = 1.326 g 

cm-3, m = 0.532 mm-1. F000 = 780, MoK radiation,  = 0.71073 Å, 2 max = 65.3°, 

https://www.ccdc.cam.ac.uk/structures/
mailto:deposit@ccdc.cam.ac.uk
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39697 reflections collected, 12915 unique (Rint = 0.0456).  Final GooF = 1.000, R1 = 

0.0404, wR2 = 0.0874, R indices based on 10608 reflections with I > 2(I) (refinement 

on F2), ||max= 1.1(1) e Å-3, 455 parameters, 1 restraint. CCDC number 1865951. 

Crystal data for 88d: C48H33F9PRh, M = 914.62, orange prism, 0.386  0.215 

 0.152 mm3, monoclinic, space group P21/c (No. 14),  = 19.6621(3),  = 16.2263(2), 

 = 12.5354(2) Å,  = 104.996(2)°, V = 3863.13(10) Å3, Z = 4, Dc = 1.573 g cm-3,  = 

0.563 mm-1. F000 = 1848, MoK radiation,  = 0.71073 Å, 2 max = 65.4°, 85622 

reflections collected, 13411 unique (Rint = 0.0380).  Final GooF = 1.002, R1 = 0.0337, 

wR2 = 0.0861, R indices based on 11430 reflections with I > 2(I) (refinement on F2), 

||max= 0.98(8) e Å-3, 586 parameters, 132 restraints. CCDC number 1865952. 

Crystal data for 88e: C51H30F18PRh, M = 1118.63, orange prism, 0.281  0.252 

 0.167 mm3, triclinic, space group P-1 (No. 2),  = 12.5332(4),  = 13.0550(4),  = 

16.0370(5) Å,   = 79.006(3),  = 69.692(3),  = 64.893(3)°, V = 2225.45(14) Å3, Z = 2, Dc = 

1.669 g cm-3,  = 0.533 mm-1. F000 = 1116, MoK radiation,  = 0.71073 Å, 2 max 

= 64.6°, 41817 reflections collected, 14683 unique (Rint = 0.0376).  Final GooF = 

1.001, R1 = 0.0507, wR2 = 0.1157, R indices based on 12467 reflections with I > 2(I) 

(refinement on F2), ||max= 1.6(1) e Å-3, 658 parameters, 324 restraints. CCDC 

number 1865950. 

 

2.2.9  Elemental Analysis 

Elemental microanalyses were performed on a Perkin Elmer 2400 Series II 

CHNS/O Analyser in CHN mode with helium as a carrier gas. 
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2.2.10  Size Exclusion Chromatography (SEC) 

Size exclusion chromatography (SEC) was performed on a Shimadzu modular 

system consisting of a 4.0 mm × 3.0 mm Phenomenex Security Guard™ Cartridge 

guard column and two linear phenogel columns (103 and 104 Å pore size) in 

tetrahydrofuran (THF) operating at a flow rate of 1.0 mL/min and 40 °C using a RID-

20A refractive index detector, a SPD-M20A prominence diode array detector and a 

miniDAWN TREOS multi-angle static light scattering (MALLS) detector. The system 

was calibrated with a series of narrow molecular weight distribution polystyrene 

standards with molecular weights ranging from 0.27 to 66 kg mol-1. Chromatograms 

were analysed by Lab Solutions SEC software. 
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2.3 Results and Discussion 

2.3.1 Synthesis and Characterisation of Rh(I)-α-phenylvinyl 

Complexes 

Three new Rh(I)-α-phenylvinyl complexes containing fluorenyl functionality 

on the -vinylcarbon, in combination with fluorinated triarylphosphine ligands, were 

synthesised as outlined in Scheme 2-1.  

 

 

Scheme 2-1. Outline for the synthesis of Rh(nbd)(CPh=Flu)(P(4-FC6H4)3) (88b), 

Rh(nbd)(CPh=Flu)(P(4-CF3C6H4)3) (88d) and Rh(nbd)(CPh=Flu)(P(3,5-

(CF3)2C6H3)3) (88e). 

 

[Rh(nbd)Cl]2 was first reacted with a fluorine functional triphenylphosphine of choice 

(P(4-FC6H4)3, P(4-CF3C6H4)3 or P(3,5-(CF3)2C6H3)3) to give intermediate 

tetracoordinate Rh(I) species [Rh(nbd)(PAr3)Cl] (1). n-BuLi-mediated lithiation of 9-

(bromo(phenyl)methylene)-9H-fluorene followed by reaction with (1) gave the target 

Rh(I)-α-phenylvinylfluorenyl-functional complexes (88b, 88d, 88e where b = F, d = 

CF3, e = (CF3)2) and refers to the nature of the fluorine species on the phosphine 



  

128 

 

ligand). In all instances, the Rh(I)-vinyl complexes were isolated as orange powders 

by a washing process with EtOH, or in the case of 88e by column chromatography, 

and subsequently recrystallised from CH2Cl2/pentane or CH2Cl2/methanol solvent 

mixtures. For all complexes, X-ray quality crystals were obtained, facilitating solid-

state structure determination, vide infra. 

All complexes were characterised via a combination of techniques including 

NMR spectroscopy (1H, 31P, 19F, 103Rh and 2D 31P-103Rh/31P-103Rh{103Rh} HMQC), 

elemental analysis and X-ray crystallography. Figure 2-2 and Figure 2-3 show the 1H, 

31P{1H}, and 19F spectra of Rh(nbd)(CPh=CFlu)(P(4-FC6H4)3) (88b), measured in 

C6D6, with key identifying signals highlighted. Similarly, data for 88d and 88e, 

verifying their structure, are shown in Figure 2-4 and Figure 2-5, respectively. The full 

1H NMR spectrum of 88b is given at the top in Figure 2-2A with an expansion of the 

aromatic region (plotted between  = 8.0 and 6.4 ppm) given directly below, Figure 

2-2B. In the full spectrum a distinct signal is observed at  = 9.24 ppm, which appears 

as a doublet, assigned to a single H labelled A, that is associated with the fluorenyl 

functional group. The remaining labelled peaks (B, C, D, and E) can be assigned to 

the norbornadiene ligand, see structure at the top of Figure 2-2A. All peaks integrate 

in the expected ratio. 
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Figure 2-2. 1H NMR spectra, recorded in C6D6, of Rh(nbd)(CPh=CFlu)(P(4-FC6H4)3) 

(88b). (A) The full 1H NMR spectrum with key peaks highlighted and the measured 

integral values included (blue); (B) the 1H NMR spectrum covering the aromatic 

region from 𝛿 = 8.0 to 6.4 ppm.
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The 1H NMR spectrum covering the region δ = 8.0 - 6.4 ppm is complex, 

Figure 2-2B. It is within this region that signals associated with the remaining 24 

aromatic H’s appear, i.e. those present on the phosphine ligand, the -phenylvinyl 

group and the remaining fluorenyl H’s. However, all signals integrate in the expected 

ratio, confirming the structure.  

The 31P{1H} NMR spectrum of 88b is shown in Figure 2-3A. A set of doublets 

is observed arising from coupling between Rh and P, with signals centred at ~ 27.0 

and 25.8 ppm with a corresponding 1JRh-P value of 190.4 Hz. This differs from the 

Masuda derivative, Rh(nbd)(CPh=CPh2)(PPh3), as reported by Kumazawa et al.,11 in 

which the 31P{1H} NMR spectrum presents as a pair of doublets at 26.9 and 26.3 ppm 

at ambient temperature (measured in d8-toluene) with 1JRh-P coupling constants of 183 

and 187 Hz; this was attributed to the presence of two conformational isomers as 

determined by variable temperature NMR with the two sets of peaks coalescing at 89 

°C. However, both the chemical shifts and coupling constant of 88b are consistent with 

previously reported values for Rh(I)-vinyl complexes with a single phosphine ligand 

for our target application. The 19F NMR spectrum, Figure 2-3B, shows a sharp singlet 

at δ  = -109.95 ppm (along with 13C satellites arising from 19F-13C coupling12).
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Figure 2-3. NMR spectra, recorded in C6D6, of 88b (A) The 31P{1H} NMR spectrum 

with the rhodium-phosphorous coupling constant noted, and; (B) the 19F NMR 

spectrum with the structure of the complex shown.
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 Figure 2-4A and Figure 2-5A show the 1H NMR spectrum of 88d and 88e, 

recorded in C6D6.  In both spectrums, the peaks in the region between δ = 5.0 - 3.0 

ppm are associated with the olefinic H’s and methine H’s and the pair of doublets 

observed in the region between δ = 2.0 - 1.0 ppm are associated with the methylene 

H’s on the norbornadiene. 

Like 88b, 88d and 88e have a prominent doublet at δ = 8.76 ppm and δ = 8.43 

ppm respectively, arising from the H atom labelled A from the fluorenyl moiety of the 

α-phenylvinyl group. The signals within the region δ = 8.0 - 6.4 ppm are associated 

with the 24 aromatic H’s of the phosphine ligand, the α-phenylvinyl group and the 

remaining fluorenyl H’s. All signals integrate in the expected ratio, confirming the 

structure. 

 The 31P{1H} NMR spectrum of 88d is shown in Figure 2-4B. A set of doublets 

is observed arising from coupling between Rh and P, with signals centred at ~31.0 and 

29.0 ppm with a corresponding 1JRh-P value of 188.8 Hz. The 19F NMR spectrum, 

Figure 2-4C, shows a sharp singlet at δ = -62.84 ppm. 

 Similarly, the 31P{1H} NMR spectrum of 88e is shown in Figure 2-5B. A set 

of doublets is observed, with signals centred at ~31.0 and 29.0 ppm with a 

corresponding 1JRh-P value of 198.6 Hz. The 19F NMR spectrum, Figure 2-5C, shows 

a sharp singlet at δ = -62.92 ppm. 



  

133 

 

0123456789

1H Chemical shift (δ, ppm)

A B

C, D, E

28293031

31P Chemical shift (δ, ppm)

JRh-P =  188.8 Hz

-63.4-63.2-63.0-62.8-62.6-62.4

19F Chemical shift (δ, ppm)

A

B

C

 

Figure 2-4. NMR spectra of 88d (A) 1H NMR spectrum of 88d recorded in CD2Cl2; 

(B) 31P{1H} NMR spectrum of 88d recorded in C6D6; (C) 19F NMR spectrum of 88d 

recorded in C6D6.
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Figure 2-5. NMR spectra of 88e (A) 1H NMR spectrum of 88e recorded in CD2Cl2; 

(B) 31P{1H} NMR spectrum of 88e recorded in C6D6; (C) 19F NMR spectrum of 88e 

recorded in C6D6.
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Figure 2-6. (A) 103Rh NMR spectrum of 88b, recorded in C6D6 at 298K; (B) 103Rh 

NMR spectrum of 88d, recorded in CD2Cl2 at 298 K. 

Rhodium has one NMR-active spin -½ nucleus, 103Rh, which is 100% 

abundant. While direct observation of 103Rh is possible, it suffers from low sensitivity 

and a large chemical shift range (of ca. 12,000 ppm). An alternative to direct 

observation is the application of a 2D polarisation transfer technique, such as 
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heteronuclear multiple quantum coherence (HMQC). In such experiments the 

sensitivity of the 103Rh nuclei can be enhanced considerably if bonded to a nucleus 

with a high gyromagnetic ratio such as 31P (by a factor of almost 600), 19F or 1H, 

facilitating more ready detection of the 103Rh nuclei.9, 13, 14 In the case of 88b and 88d 

sufficiently concentrated solutions were prepared facilitating direct observation of the 

103Rh nuclei. Figure 2-6A shows the 103Rh spectrum of 88b, while Figure 2-6B shows 

that of 88d. In the case of the former, a doublet is observed centred at δ = -7862 ppm, 

that arises due to coupling with 31P. The absolute value of the 1JRh-P coupling constant 

was determined to be 190.4 Hz, consistent with the value measured by 31P NMR, vide 

supra. A similar observation was made for 88d with the doublet centred around δ = -

7870 ppm with a corresponding 1JRh-P coupling constant of 188.8 Hz.  

 

Figure 2-7. 31P-103Rh HMQC spectrum of 88e recorded in CD2Cl2 at 298K. 

Direct measurement of the 103Rh spectrum for 88e was not readily achieved in 

a reasonable timeframe but the ǀ1JRh-Pǀ coupling constant of 198.6 Hz was noted. 
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However, the 31P-103Rh HMQC spectrum in CD2Cl2 was readily acquired, Figure 2-7, 

giving a 103Rh chemical shift of δ = -7861 ppm and a coupling constant comparable to 

that determined using 31P NMR.  

Similarly, this methodology was employed for 88d and 88b, Figure 2-8 and 

Figure 2-9 respectively. The 31P-103Rh HMQC spectrum for both 88b and 88d was 

readily acquired in CD2Cl2, giving identical 103Rh chemical shifts to those values 

acquired from direct observation of the 103Rh nucleus. Similarly, the coupling 

constants for both acquisitions are comparable to those determined using 31P NMR. 

This demonstrates that indirect observation (2D 31P-103Rh HMQC) is a suitable 

alternative to direct observation of the 103Rh nucleus.  

 

Figure 2-8. 31P-103Rh HMQC spectrum of 88d recorded in CD2Cl2 at 298K. 

 

 

The 103Rh chemical shifts for 88b, 88d and 88e differ by less than 10 ppm, 

which is consistent with the similarities observed in the metal coordination geometries 
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in the solid-state. Furthermore, it appears that the changes in the fluorination pattern 

of the phosphine ligand do not appreciably alter the electronic environment about the 

Rh metal centre. 

 

Figure 2-9. 31P-103Rh HMQC spectrum of 88b recorded in CD2Cl2 at 298K. 

While crystal structures of the derivatives Rh(nbd)(CPh=CPh2)(PPh3) (78a 

Figure 2-1) and Rh(nbd)(CPh=Ph2)(P(4-ClC6H4)3) (78c Figure 2-1) have been 

reported,4, 11 Miyake, Misumi and Masuda noted that they were unable to obtain X-ray 

quality crystals for the analogous fluorine derivative, Rh(nbd)(CPh=Ph2)(P(4-

FC6H4)3).
15 In contrast, each of these new fluorine functional Rh(I)-α-

phenylvinylfluorenyl complexes was readily crystallised, enabling the solid-state 

structures to be determined. Figure 2-10, Figure 2-11 and Figure 2-12 show the X-ray 

crystal structures obtained for 88b, 88d and 88e respectively. All three complexes have 

similar solid-state structures, adopting a slightly distorted square planar geometry, 

consistent with the crystal structures reported for the Masuda derivatives.11, 15  
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Figure 2-10. OLEX2 representation of the X-ray crystal structure of 88b with 50 % 

probability ellipsoids and H atoms omitted for clarity.  Selected bond lengths (Å): 

Rh(1)-P(1),  2.314(5); Rh(1)-C(52), 2.185(17); Rh(1)-C(57), 2.236(18); C(14)-F(1), 

1.354(2). Selected bond angles (deg): C(52)-Rh(1)-P(1), 171.13(5); C(57)-Rh(1)-P(1), 

106.54(5); C(40)-Rh(1)-P(1), 92.99(5). 
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Figure 2-11. OLEX2 representation of the X-ray crystal structure of 88d with 50 % 

probability ellipsoids and H atoms omitted for clarity. Selected bond lengths (Å): 

Rh(1)-P(1), 2.301(4); Rh(1)-C(52), 2.168(15); Rh(1)-C(57), 2.217(15); C(17)-F(13), 

1.330(2). Selected bond angles (deg): C(52)-Rh(1)-P(1), 171.42(4); C(57)-Rh(1)-P(1), 

106.78(5); C(40)-Rh(1)-P(1), 92.97(4). 
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Figure 2-12. OLEX2 representation of the X-ray crystal structure of 88e with 50 % 

probability ellipsoids and H atoms omitted for clarity. Selected bond lengths (Å): 

Rh(1)-P(1), 2.305(6); Rh(1)-C(52), 2.165(2); Rh(1)-C(57), 2.250(2); C(151)-F(153), 

1.326(4). Selected bond angles (deg): C(52)-Rh(1)-P(1), 167.53(7); C(57)-Rh(1)-P(1), 

110.10(7); C(40)-Rh(1)-P(1), 89.74(7). 
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There are two structural differences between these -phenylvinylfluorenyl 

derivatives and the Masuda-type triphenylvinyl analogues. Firstly, the fluorenyl group 

is conformationally locked and is coplanar with the vinyl bond – such a geometric 

restriction is not present in the Masuda species with both -phenyl groups able to freely 

rotate (the reported X-crystal structures for Rh(nbd)(CPh=CPh2)(PPh3)  and 

Rh(nbd)(CPh=CPh2)(P(4-ClC6H4)3) are shown in Appendix A15). Secondly, there is 

the apparent presence of through-space - interactions, at least in the solid-state, 

between the fluorenyl ring and one of the aromatic rings of the phosphine ligands 

(centroid-centroid distances, interplanar angles: 88b, 3.60 Å, 9.65˚; 88e, 3.55 Å, 

9.39˚). The presence of these interactions is supported, at least in part, by gas-phase 

modelling, vide infra. 

 

Figure 2-13. Energy-minimised, gas-phase molecular geometry of 

Rh(nbd)(CPh=CFlu)(P(4-CF3C6H4)3) (88d). The corresponding modelled geometry 

for 88b is given in the Appendix A. 
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The structure and presence of through-space - interactions between the 

fluorenyl functional group and one aromatic group associated with the phosphine 

ligand was supported by molecular modelling. For example, Figure 2-13, shows the 

energy-minimised, gas-phase, modelled geometry of 88d and is clearly almost 

identical to the X-ray crystal structure (the phosphine ligand binding energy, ignoring 

solvent effects was determined to be -31.0 kcal/mol). 

In two of the three crystal structures, 88d and 88e, we observe positional 

disorder associated with the fluorine functional groups of the phosphine ligand. Such 

disorder is not uncommon and can be especially prevalent in species with tert-butyl 

and/or CF3 functional groups, with the highly symmetrical nature of such species 

coupled with the relatively low energy barrier for rotation about their three-fold 

symmetry axes the principle cause of the observed disorder.16-19  

 

 

Scheme 2-2. The homopolymerisation of phenylacetylene yielding highly 

stereoregular polyphenylacetylene with cis-transoidal configuration.
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 With three new fluorine functional Rh(I)-α-phenylvinylfluorenyl complexes 

successfully prepared and characterised, their efficacy as initiators was evaluated in 

the stereospecific (co)polymerisation of phenylacetylene (PA), Scheme 2-2. Initially, 

the homopolymerisation of PA with the Masuda derivative 78b (Figure 2-1) under 

conditions identical to those reported in the literature was examined (toluene as 

solvent, T = 30 °C, [Rh] = 2.0 mM, [PA] = 0.50 mM, [Rh]/[P] = 1/5, and 

polymerisation time = 60 min.)15 to confirm the efficiency and effectiveness of the 

experimental approach adopted.  

Under these conditions, the resulting PPA has a theoretical Mn of 25,000 at 100 

% monomer conversion and assuming quantitative initiation. SEC analysis of the 

isolated PPA gave an experimentally determined Mn of 24,500, Mw of 25,500 and a 

corresponding Ð of 1.04, entry 1 Table 2-1. 1H NMR spectroscopic analysis of the 

obtained PPA indicated that it was highly stereoregular with a calculated20 cis content 

of 96 %. A second control experiment was conducted targeting a lower PPA MW (Mn 

theoretical of 9,300 at quantitative conversion) to confirm the ability to tune MW. This 

yielded a PPA with an SEC-measured Mn of 9,100 and corresponding Ð of 1.04, entry 

2 Table 2-1.
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Table 2-1. Summary of PA polymerisation conditions with 88b, 88d and 88e, SEC-measured molecular weights and dispersities, initiation 

efficiencies and NMR measured cis contents in the resulting polyphenylacetylene (co)polymers. 

 

 

 

 

 

 

 

 

a. Calculated as Mn = mass (g) monomer/moles of 88 and assuming 100 % initiation efficiency. 

b. As measured by size exclusion chromatography: eluent THF operated at a flow rate of 1.0 mL/min, instrument calibrated with narrow molecular weight distribution   

polystyrene standards. Dispersity (Ð) = Mw/Mn 

c.  Calculated from the ratio of theoretical to measured (SEC determined) Mn’s. 

d. As determined by 1H NMR spectroscopy according to C. I. Simionescu, V. Percec and S. Dumitrescu, J. Polym. Sci., Part A: Polym. Chem., 1977, 15, 2497-2509. 

e. Not determined 

Entry Rh species [P]/[Rh] 

Polym. 

Temp. 

(oC) 

Polym. 

solvent 

Theoretical 

MWa 

Mn 

(SEC)b 

Mw 

(SEC)b 

Dispersity 

(Ð)b 

 Rh 

initiation 

efficiencyc 

cis content 

(%)d 

1 78b 5 30 toluene 25,000 24,500 25,500 1.04 1.00 96 

2 78b 5 30 toluene 9,300 9,100 9,500 1.04 1.00 nde 

3 88b 5 30 toluene 10,000 62,800 65,000 1.03 0.16 78 

4 88b 5 40 toluene 9,300 71,000 83,500 1.18 0.13 94 

5 88b 5 50 toluene 9,300 59,500 73,500 1.24 0.16 90 

6 88b 5 60 toluene 9,300 49,000 62,500 1.27 0.19 88 

7 88b 20 60 toluene 9,300 35,900 50,100 1.39 0.26 85 

8 88d 5 30 toluene 9,300 47,900 63,000 1.31 0.19 90 

9 88e 5 30 THF 9,300 16,500 20,100 1.21 0.56 96 

10 88b 5 30 THF 9,000 19,600 25,500 1.30 0.46 94 

11 88b 5 40 THF 9,000 35,100 43,200 1.23 0.26 92 

12 88b 10 40 THF 9,300 27,300 34,100 1.25 0.34 93 

13 88b 20 40 THF 9,300 18,600 24,100 1.30 0.50 95 

14 88b 10 50 THF 9,300 34,400 41,900 1.22 0.27 92 

15 88b 20 50 THF 9,300 45,800 48,900 1.07 0.20 93 
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Subsequently, the initiating ability/efficiency of 88b was examined under 

identical conditions to those employed for 78b, Table 1 entry 3. Interestingly, while 

88b was active, it exhibited a low initiation efficiency (IE) of ca. 0.16 (based on the 

molecular weight as determined by SEC) although did yield highly stereoregular PPA 

with a low dispersity. The low IE was surprising; however, Misumi and co-workers4 

reported that changing the substitution pattern on the vinyl group in ternary systems 

of [Rh(nbd)Cl]2/vinyl-Li/PPh3 had a significant effect on the IE  of the in situ–

generated active species with values dropping from near quantitative for triphenylvinyl 

lithium to values more typically in the range 0.2 – 0.3 even for similar species such as 

(1,2-diphenyl)vinyl lithium, while still maintaining a low dispersity. 

 This observation from Misumi et al.4 was proposed to be a direct result of the 

stability of the vinyl-Li species generated in such ternary systems (with the 

triphenylvinyl Li species being optimal) and, presumably, the subsequent formation of 

the actual catalytically active species. However, in these isolated fluorenyl derivatives, 

the low activity cannot be rationalised in terms of the stability of a vinyl-Li species. 

The low efficiency could, conceivably, be caused by various factors including catalyst 

decomposition in solution (although this is not consistent with observations regarding 

88) but is more likely a result of the energetics associated with the initiation process. 
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Scheme 2-3. The sequence of steps resulting in the formation of polyphenylacetylene 

from the precursor catalyst/initiator 88. 

The initiation step in such co-ordination polymerisation processes is the stage 

in which the catalyst (or precatalyst) is converted to the active propagating species. 

The sequence of processes leading to the formation of PPA is shown in Scheme 2-3. 

In solution, 88 becomes ‘activated’ by phosphine ligand dissociation (a reversible 

process) with an associated rate constant, kd, resulting in a Rh species with a vacant 

co-ordination site. In the presence of (excess) PA, the monomer will co-ordinate and 

undergo a 2,1-insertion into the Rh-α-phenylcarbon bond. The net result of these three 

processes is chain initiation and in the presence of excess PA, propagation, i.e. chain 

growth, will ensue.  

Since phosphine ligand dissociation and subsequent PA coordination is 

assumed to be rapid, it is hypothesised that the low efficiency of the 88 species is 

associated with the first (perhaps also second) monomer insertion into the Rh-C bond, 

although such insertions of PA into a Rh-sp2 hybridised carbon bond have been 

reported to be facile.21  

It is proposed that the bulky, and conformationally locked, fluorenyl 

functionality sterically hinders efficient insertion. While 2,1-insertion is the well-
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established mode of propagation in such polymerisations, theoretical studies suggest 

that a transition state in which conjugative insertion occurs is energetically favoured. 

This requires the phenyl group of PA to locate on the square planar face of the Rh 

complex and be coplanar with the PA C≡C and the Rh atom.21 This may be hindered 

in these fluorenyl derivatives. However, once PA insertion has occurred subsequent 

insertions become more energetically favourable as the fluorenyl group moves further 

away from the active site, the conjugation length increases and, as noted by Onishi et 

al., the presence of through space electron donation from the phenyl group to the Rh 

centre.22 If this proposal is correct then it suggests that a similar level of activity would 

likely be observed for the 88d and 88e. Indeed, for 88d mediated homopolymerisation 

of PA under the same conditions (entry 8 Table 2-1), the isolated PPA had an SEC-

measured Mn of 47,900 (an initiation efficiency of 0.19) with a corresponding Ð of 

1.31.  

Miyake, Misumi and Masuda15 noted that PA homopolymerisations with 78b 

proceeded smoothly over the temperature range 30-60 °C. In an effort to improve the 

IE, 88b was further examined under conditions noted above except polymerisations 

were performed at 40, 50 and 60 °C, Table 2-1 entries 4-6. While an improvement is 

observed with increasing temperature (the IE increases from 0.13 at 40 °C to 0.16 at 

50 °C and 0.19 at 60 °C), it is still not quantitative and represents only marginal 

improvements over homopolymerisation at 30 °C.  There also appears to be an 

undesirable effect on the dispersity and stereoregularity with increasing 

polymerisation temperature – the former increases from 1.18 to 1.27, and the latter 

decreases from 94 to 88 %. The decrease in cis-content at elevated temperatures has 

been documented previously by Percec et al.23 in a study on the thermal isomerisation 



  

149 

 

of PPA in solution under an inert atmosphere (argon and nitrogen-based atmosphere) 

leading to a decrease of cis-content. 

Miyake, Misumi and Masuda15 also reported that the homopolymerisation of 

PA with 78b was essentially unaffected by the nature of the polymerisation solvent 

with polymerisations proceeding in a controlled fashion with (near) quantitative IE to 

give polymers with low dispersities. The only observed effect was related to the 

kinetics of polymerisation with rates falling marginally with increasing dielectric 

constant of the reaction medium.  

Homopolymerisations of PA was subsequently examined with 88b in THF, 

Table 2-1 entries 10-15. Broadly, the use of THF resulted in higher IE with values 

spanning the range 0.26 – 0.50 and increased stereoregularity with cis contents as high 

as 95 %. In the case of polymerisations performed at 40 °C, a near doubling of the IE 

was observed when 20 equivalents of free phosphine versus five were employed albeit 

at the expense of slightly broader molecular weight distributions. These results suggest 

that in contrast to the Masuda-type triphenylvinyl derivatives, the polymerisation 

solvent does impact the level of control for PA polymerisations mediated by the 

fluorenyl derivatives. Next, a single PA homopolymerisation was conducted with 88e 

in THF at 30 °C with five equivalents of added free phosphine, Table 2-1 entry 9. Of 

all the conditions examined, this polymerisation proceeded with the highest initiation 

efficiency (0.56) and yielded the most stereoregular PPA product with a measured cis 

content of 96 %.
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While the initiation efficiencies of the 88 complexes were less than 

quantitative, the highly stereoregular nature of the products, their high yields and low 

dispersities do suggest controlled polymerisation. One key feature indicative of a 

controlled polymerisation process is the ability to prepare AB diblock copolymers (or 

more advanced architectures) by sequential monomer addition; successful blocking, 

ideally quantitatively, confirms retention of active chain ends.  

To examine this feature, a self-blocking experiment was performed in which 

PA was initially homopolymerised in THF at 40 °C in the presence of 88b and 20 

equivalents of free phosphine. After 1 hour, an aliquot was withdrawn and analysed 

by SEC, Figure 2-14A, with the formed PPA having a measured Mn just over 17,000 

and a corresponding Ð of 1.34. Subsequently, a second charge of PA was added to the 

vessel and the polymerisation allowed to proceed for a further 60 min. Termination 

with acetic acid and isolation by precipitation yielded a final material with an SEC-

measured Mn of 46,900 and Ð of 1.19.  
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Figure 2-14. (A) SEC traces (RI signal), measured in THF, of a self-blocked PPA 

demonstrating retention of active chain ends; (B) 1H NMR spectrum, recorded in d6-

benzene of the final, isolated ‘block’ copolymer highlighting the stereoregular 

structure as evidenced by the sharp singlet at δ = 6.19 ppm that is attributed to the 

backbone hydrogen in a cis conformation. Measured integral values are annotated in 

blue. 
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Importantly, a clear shift in the chromatograms to lower retention time (higher 

molecular weight) was observed after the addition and polymerisation of the second 

batch of monomer with little, if any, evidence of homopolymer impurity, Figure 

2-14A, this confirms retention of active chain ends after the initial 

homopolymerisation of the first batch of PA and also indicates near-quantitative 

‘reinitiation’ following the addition of the second charge of monomer; both features 

are indicative of a controlled polymerisation process. Consistent with the prior 

polymerisations, the isolated material was highly stereoregular with a calculated cis 

content of 96%. The 1H NMR spectrum, recorded in C6D6, of the isolated PPA is 

shown in Figure 2-14B. The highly regular structure is confirmed by the presence of 

the sharp singlet at δ = 6.19 ppm coupled with the two sharp resonances at ca. 6.9-7.0 

ppm. The former is attributed to the backbone H in a cis conformation while the latter 

are the aromatic hydrogens on the phenyl ring. This is entirely in-line with previous 

reports in which, for example, the presence of any significant trans backbone H’s 

results in very significant broadening in the aromatic region.24
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2.4 Conclusions 

In this chapter we have described the synthesis of three new Rh(I)-α-

phenylvinyl complexes containing different fluorine-functional triarylphosphine 

ligands. All complexes have been characterised in detail via a combination of NMR 

spectroscopy (1H, 19F, 31P, 103Rh, 31P-103Rh HMQC and 31P-103Rh{103Rh} HMQC), 

elemental analysis and X-ray crystallography. All new species have similar solid-state 

structures and the general square planar geometry which was confirmed by modelling. 

The Rh(I) complexes were examined as initiators for the stereoregular polymerisation 

of phenylacetylene (PA) with an emphasis on Rh(nbd)(CPh=CFlu)(P(4-FC6H4)) 

(88b). All Rh species were active as initiators yielding polyphenylacetylene with cis 

contents as high as 96 % although initiation efficiencies spanned the range 0.13-0.56 

and were dependent on the reaction conditions.  It was also clearly demonstrated that 

solvent effects play a role in regulating the IEs of 88, for example, under identical 

conditions ([P]/[Rh] = 5 at 30 °C) polymerisations mediated by 88b in THF resulted 

in higher IEs (0.46) than in toluene (0.16). In addition, the ability to prepare block 

copolymers via sequential monomer addition confirms the controlled nature of the 

polymerisations mediated by 88. 
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Chapter 3  

Controlled Polymerisation of Phenylacetylenes Catalysed 

by a (2-(Naphthalen-2-yl)phenyl)rhodium(I) Complex 

Formed by a Proposed Intramolecular 1,4-Ortho-to-

Ortho’ Rh Metal-atom Migration. 

 

The content of this chapter has been published in:  

Dalton Transaction (2019) with the title “A (2-(Naphthalen-2-

yl)phenyl)rhodium(I) Complex formed by a Proposed Intramolecular 1,4-Ortho-to-

Ortho’ Rh Metal-atom Migration and its Efficacy as an Initiator in the Controlled 

Stereospecific Polymerisation of Phenylacetylene” (refer to Appendix C) 

 

3.1 Introduction 

In the previous chapter, the preparation of three new Rh(I)-α-

phenylvinylfluorenyl complexes based on the Masuda structural motif was described, 

see Figure 3-1, 88b as an example. It was noted that although 88b, and its derivatives, 

was structurally similar to 78b, complex 88b displayed low initiation efficiencies with 

values ranging from 16 – 56 % depending on polymerisation conditions, although the 

resulting phenylacetylene polymers did have high cis-transoidal content with SEC 

measured dispersities, Ð, as low as 1.03. These Chapter 2 results suggest that its more 

than meeting the substitution criteria outlined by Misumi et al.1 that is important in 
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tuning catalytic activity and a more detailed understanding of the initiating fragment 

is clearly necessary. 

 

Figure 3-1. Masuda triphenylvinyl Rh(I) derivative, 78b, Tan α-phenylvinylfluorenyl 

derivative, 88b, a targeted 2-phenylnaphthyl Rh(I) species, 89, and isolated 2-

naphthylphenyl Rh(I) species, 90. 

The observed disparity in the activity between 88b and 78b was hypothesised 

to be due to the conformationally locked nature of the fluorenyl group on the β-vinyl 

carbon, which inhibited the effective co-ordination of incoming monomer and as such 

impacted the initiation and early propagation processes. 

This chapter details work involved in testing this proposition with the synthesis 

of a novel Rh(I) complex, Rh(nbd)(2-PhNaphth)(P(4-FC6H4)3), (2-PhNaphth = 2-

phenylnaphthalen-1-yl), 89 Figure 3-1, where the phenyl group on the β-vinyl carbon, 

which is now a part of the aromatic naphthyl group, is freely rotating and part of the 

initiating fragment. Herein, will be detailed the attempted synthesis of the targeted 2-

phenylnaphthyl Rh(I) species, 89, the mechanistic rationale for the isolation of the 

structural isomer 90, vide infra, an isomeric 2-naphthylphenylrhodium(I)-aryl 
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derivative and the presence of a third structural isomer, the 3-phenylnaphthyl 

derivative formed in solution via sequential Rh-atom migrations. Finally, the novel 

Rh(I)-aryl complex was evaluated to determine its efficacy in mediating the controlled 

polymerisation of PAs. As of writing, this is the first example in which a Rh(I)-aryl 

complex of this type has been evaluated as a polymerisation initiator for PA although 

similar Rh(I)-aryl species are known to mediate the controlled polymerisation of bulky 

aryl isocyanides2, 3
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3.2 Experimental 

3.2.1 Materials 

n-Butyllithium (n-BuLi, 1.6 M solution in hexane, Sigma-Aldrich), 1-bromo-

2-phenylnaphthalene (C6H5(C10H6Br)) (98 % Tokyo Chemical Industry),  

[Rh(nbd)Cl]2 (nbd = 2,5-norbornadiene, 98 %, Strem Chemicals), and tris(para-

fluorophenyl)phosphine (P(4-FC6H4)3, 98 %, Sigma-Aldrich) were used as received. 

Phenylacetylene (CH≡CPh, 98 %, Sigma-Aldrich) was purified by passage over a 

column of basic alumina and then stored in a fridge until needed. 

THF, diethyl ether and CH2Cl2 were dried using a PureSolv MD5 solvent 

purification system (Innovative Technology, Inc.), collected, degassed via the freeze-

pump-thaw technique and stored under dry nitrogen until needed. Toluene (99.8 %, 

Sigma-Aldrich) was degassed via the freeze-pump-thaw technique and stored under 

dry nitrogen until needed. All glassware was pre-dried in an oven at 120 °C and then 

flamed dried under vacuum before use. All reactions were performed using standard 

Schlenk line techniques. 

 

3.2.2 Attempted Synthesis of Rh(nbd)(2-PhNaphth)(P(4-FC6H4)3) 

Rh(nbd)(2-PhNaphth)(P(4-FC6H4)3), 89, was prepared following the 

procedure recently reported, and described in Chapter 2, for the preparation of Rh(I)-

α-phenylvinylfluorenyl derivatives.4 

To a round-bottomed flask equipped with a Teflon-coated magnetic stir bar 

was added 1-bromo-2-phenylnaphthalene (293 mg, 1.03 mmol) and diethyl ether (20.0 

mL) under a dry nitrogen atmosphere.  The flask was cooled to 0 °C, and n-BuLi (1.6 

M solution in hexane, 1.25 mL, 2.0 mmol) was cannula transferred and the mixture 

allowed to react for 30 min yielding C6H5(C10H6Li). 
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To a separate round-bottomed flask equipped with a magnetic stir-bar 

containing dry toluene (15.0 mL) was added [Rh(nbd)Cl]2 (210 mg, 0.45 mmol) and 

P(4-FC6H4)3 (411 mg, 1.30 mmol). The mixture was then stirred vigorously for 15 min 

at ambient temperature yielding the intermediate Rh species, Rh(nbd)(P(4-FC6H4)3)Cl. 

The lithiated species, C6H5(C10H6Li), was added, via cannula, to the solution 

containing Rh(nbd)(P(4-FC6H4)3)Cl and allowed to stir at ambient temperature 

overnight. Subsequently, the reaction solution was cannula transferred and filtered 

through a short plug of neutral activated alumina 90, under an inert atmosphere, 

yielding a clear orange solution. Solvents were concentrated under high vacuum on a 

Schlenk line yielding a dark viscous liquid. To the residue was added CH2Cl2 (2.5 mL) 

and the Rh(I) complex, 90, the 2-naphthylphenyl structural isomer, was isolated 

following recrystallisation from CH2Cl2/methanol via a solvent layering technique. 

Yield: 209.8 mg, 64 %. CH elemental analysis: %Ctheor: 68.92, %Cfound: 68.20; %Htheor: 

4.37, %Hfound: 4.33.  
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Rh(nbd)(2-NaphthPh)(P(4-FC6H4)3), 90: 1H NMR (600 MHz, CD2Cl2), δ 

(ppm): 9.14 (s, 1H, Hi), 8.06 (d, J  = 8.2 Hz, 1H, Hk), 7.89 (d, J = 8.1 Hz, 1H, Hn), 7.60 

(d, J = 8.3 Hz, 1H, Hp), 7.59 (m, 1H, Hl), 7.54 (ddd, J = 8.1, 6.8, 1.3 Hz, 1H, Hm), 7.25 

(dt, J = 7.2, 1.6 Hz, 1H, Hv), 7.06 (dd, J = 7.4, 1.4 Hz, 1H, Hs), 6.99 (dd, J = 8.3, 1.8 

Hz, 1H, Hq), 6.88 (m, 1H, Ht), 6.84 (td, J = 7.2, 1.4 Hz, 1H, Hu), 6.74 (m, 6H, Hy), 

4.97-4.94 (m, 1H, Hg), 6.60 (m, 6H, Hx), 4.13 (dt, J = 7.5, 3.8 Hz, 1H, Hf), 4.04 (s, 1H, 

Hd), 3.83 (s, 1H, Hb), 3.55 (m, 1H, Ha), 3.54 (m, 1H, He), 1.60 (dt, J = 8.1, 1.7 Hz, 1H, 

Hc’), 1.35-1.32 (m, 1H, Hc); 
13C NMR (151 MHz, CD2Cl2), δ (ppm): 172.3 (dd, J = 

33.5, 13.2 Hz, Cw), 163.4 (dd, J = 249.5, 1.9 Hz, C-F), 147.2 (dd, J = 3.0, 1.9 Hz, Cr), 

145.9 (d, J = 2.2 Hz, Ch), 136.2 (dd, J = 2.4, 1.8 Hz, Cv), 135.9 (dd, J = 14.2, 8.1 Hz, 

Cx), 135.0 (Cj), 133.22 (Co), 130.1 (dd, J = 35.3, 3.2 Hz, C-P), 128.6 (Ck), 128.1 (Cn), 

127.9 (Cp), 127.6 (Cs), 126.4 (Cl), 125.7 (Cm), 125.2 (d, J = 1.7 Hz, Cu), 124.7 (Cq), 

122.2 (Ct), 116.2 (d, J = 1.4 Hz, Ci), 115.2 (dd, J = 20.9, 10.2 Hz, Cy), 75.4 (dd, J = 

5.3, 3.2 Hz, Ce), 75.0 (dd, J = 5.7, 1.4 Hz, Ca), 72.4 (dd, J = 15.1, 1.4 Hz, Cg), 64.9 (t, 

J = 4.7 Hz, Cc), 55.5 (dd, J = 19.1, 6.9 Hz, Cf), 51.5 (d, J = 3.3 Hz, Cb), 51.1 (d, J = 

3.9 Hz, Cd); 
19F NMR (565 MHz, CD2Cl2), δ (ppm): -112.4 (m); 31P{1H} NMR (243 

MHz, CD2Cl2), δ (ppm): 24.4 (dq, JP-Rh = 189.9, JP-F = 3.3 Hz); 103Rh NMR (19.1 MHz, 

d8-toluene), δ (ppm): -7688 (547 ppm if referenced to Rh metal). 
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Rh(nbd)(3-PhNaphth)(P(4-FC6H4)3), 91: 1H NMR (600 MHz, CD2Cl2), δ 

(ppm):  7.84 – 7.87 (m, 2H, Hw’+s’), 7.65 (d, J = 8.0 Hz, 1H, Hk’), 7.43 (s, 1H, Hp’), 

7.42 (s, 1H, Hi’), 7.42-7.39 (m, 4H, Hv’+t’, Hu’, Hn’), 7.24-7.23 (m, 1H, Hm’), 7.19 (dd, 

J = 8.7, 6.8 Hz, 1H, Hl’), 6.90-6.85 (m, 12H, Hx’, Hy’), 4.97 (m, 1H, Ha’), 3.88 (dd, J = 

4.2, 3.4 Hz, Hf’), 3.82-3.74 (m, 3H, He’, Hb’, Hd’), 3.61 (dd, J = 8.3, 4.2 Hz, Hg’), 1.52 

(m, 1H, Hc’), 1.32 (m, 1H, Hc’’); 
13C NMR (151 MHz, CD2Cl2), δ (ppm): 169.4 (dd, J 

= 33.7, 13.1 Hz, Cq’), 163.8 (dd, J = 250.1, 1.6 Hz, C-F), 147.6 (d, J = 1.6 Hz, Cr’), 

147.1(Ch’), 135.9, (dd, J = 14.3, 7.9 Hz, Cx’), 133.6 (m, Cp’), 132.5 (Co’), 131.1 (Cj’), 

130.4 (d, J = 35.8 Hz, C-P), 129.4 (Cv’+t’), 128.1 (Ck’), 127.3 (Cu’), 125.8 (Cn’), 124.9 

(Cm’), 124.4 (Ci’), 123.1 (Cl’), 122.7 (Cw’+s’), 115.4 (dd, J = 21.2, 10.2 Hz, Cy’), 75.2 

(m, Cg’), 74.0 (m, Cf’), 72.3 (m, Ca’), 65.2 (t, J = 4.6 Hz, Cc’), 56.4 (dd, J = 19.6, 7.4 

Hz, Ce’), 51.1 (m, Cb’), 51.0 (d, J = 4.0 Hz, Cd’); 
19F NMR (565 MHz, CD2Cl2), δ 

(ppm): -112.21 (m); 31P{1H} NMR (243 MHz, CD2Cl2), δ (ppm): 23.23 (dq, JP-Rh = 

189.8, JP-F = 2.9 Hz); 103Rh NMR (19 MHz, d8-toluene), δ (ppm): -7682. (544 ppm if 

referenced to Rh metal). 
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3.2.3 Polymerisation Reactions 

All (co)polymerisations were carried out under a dry nitrogen atmosphere in 

glassware pre-dried in an oven at 120 °C. Below is given a typical procedure for the 

homopolymerisation of phenylacetylene with 90: 

A solution of phenylacetylene (0.184 g, 1.80 mmol) in toluene (2.5 mL) was 

added to a solution of 90 (0.015 g, 0.02 mmol) and free phosphine (P(4-FC6H4)3) 

(0.031 g, 0.10 mmol) dissolved in toluene (2.5 mL) in a Schlenk flask equipped with 

a magnetic stir bar. The flask was then immersed in a pre-heated oil bath set at 30 °C 

and polymerisation allowed to proceed for 90 min. An aliquot (0.1 mL) was withdrawn 

every 5-10 min and was added to a vial of deuterated chloroform (0.5 mL) containing 

a small volume of acetic acid (2.0 μL). After 90 min, the polymerisation was 

terminated by the addition of acetic acid. The final polymer was isolated by 

precipitation into a large volume of methanol, isolated by gravity filtration and dried 

to constant weight in a vacuum oven at 40 °C overnight. Monomer conversions were 

determined by 1H NMR spectroscopy, and molecular weights and dispersity were 

determined by size exclusion chromatography. 

 

3.2.4 Computational Chemistry 

All calculations were performed using the TURBOMOLE V6.4 package using 

the resolution of identity (RI) approximation.5-12  

Initial optimisations were performed at the (RI-)BP86/SV(P) level, followed 

by frequency calculations at the same level. Transition states were located by initially 

performing a constrained minimisation (by freezing internal coordinates that change 

most during the reaction) of a structure close to the anticipated transition state. This 

was followed by a frequency calculation to identify the transition vector to follow 
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during a subsequent transition state optimisation. A final frequency calculation was 

then performed on the optimised transition-state structure. All minima were confirmed 

as such by the absence of imaginary frequencies, and all transition states were 

identified by the presence of only one imaginary frequency. Dynamic Reaction 

Coordinate analysis confirmed that transition states were connected to the appropriate 

minima. Single-point calculations on the (RI-)BP86/SV(P) optimised geometries were 

performed using the hybrid PBE0 functional and the flexible def2-TZVPP basis set. 

The (RI-)PBE0/def2-TZVPP SCF energies were corrected for their zero-point 

energies, thermal energies and entropies (obtained from the (RI-)BP86/SV(P)-level 

frequency calculations). A 28 electron quasi-relativistic ECP replaced the core 

electrons of Rh. No symmetry constraints were applied during optimisations. Solvent 

corrections were applied with the COSMO dielectric continuum model13 and 

dispersion effects modelled with Grimme’s D3 method.14, 15 

 

3.2.5 NMR Measurements 

NMR spectra were recorded at 298K on a Bruker Avance IIIHD (600 MHz for 

1H). The data were processed with Bruker’s TopSpin 3.5 or MestReNova software 

packages. 1H, 13C, 19F, and 31P spectra were collected on a commercial broadband 

probe, whereas the 103Rh NMR was acquired at 19.1 MHz using a commercial 5 mm 

triple resonance broadband probe (doubly tuned 1H/31P outer coil with inner broadband 

coil) with 90° pulses of 27.5 s and 18.4 s for 103Rh and 31P respectively. 103Rh 

chemical shifts, δ, are given in ppm relative to frequency ratio,  = 3.18644716 and 

derived indirectly from the 31P-103Rh HMQC experiments (the chemical shift for the 

commonly used reference  = 3.160000 (Rh metal) is also given) by four pulse 31P-

103Rh HMQC experiments with 103Rh and 1H decoupling during acquisition. The 
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transmitter frequency offset and t1 increments were varied to ensure that no signals 

were folded. Exponential line broadening of 10 Hz was applied to 1D 103Rh data, with 

2D data zero filled, Gaussian broadened by 10 Hz and treated with spine-squared 

window function during processing. Coupling constants reported herein are given as 

absolute values but are likely to be negative in sign for 1JRh-P.17 

 

3.2.6 Crystallography 

A crystalline sample of 90 was measured at 100(2) K on an Oxford Diffraction 

Xcalibur diffractometer using Mo-Kα radiation, λ = 0.71073 Å, Lp and absorption 

corrections applied. The structure was solved and refined against F2 with full-matrix 

least-squares using the program suite SHELX-2014.18 Anisotropic thermal 

displacement parameters were employed for the non-hydrogen atoms. All hydrogen 

atoms were added at calculated positions and refined by the use of a riding model with 

isotropic displacement parameters based on those of the parent atom. CCDC 1902529 

deposit contains supplementary crystallographic data, and can be obtained free of 

charge via https://www.ccdc.cam.ac.uk/ structures/, or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax: (+44) 

1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk 

 

Crystal data for Rh(nbd)(2-NaphthPh)(P(4-FC6H4)3) (C42H33F3PRh, CH2Cl2): 

C42H33Cl2F3PRh, M = 799.46, yellow needle, 0.210 x 0.115 x 0.099 mm3, monoclinic, 

space group P21/n (No. 14), a = 11.7509(1), b = 21.0929(2), c = 13.9381(1) Å, β = 

96.153(1)°, V = 3434.80(5) Å3, Z = 4, Dc = 1.546 g cm-3, μ = 0.747 mm-1. F000 = 1624, 

T = 100(2) K, 2θmax = 64.7°, 71355 reflections collected, 11686 unique (Rint = 0.0492). 

https://www.ccdc.cam.ac.uk/%20structures/
mailto:deposit@ccdc.cam.ac.uk
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Final GooF = 1.000, R1 = 0.0397, wR2 = 0.0916, R indices based on 9483 reflections 

with I > 2σ(I) (refinement on F2), | Δρ|max= 1.1(1) e Å-3, 442 parameters, 0 restraints.  

 

3.2.7 X-ray Powder Diffraction 

Powder diffraction data was collected with a Bruker D8 diffractometer using 

copper Kα radiation at room temperature over the range 5 – 80° 2θ with a step size of 

0.01° 2θ. Approximately 30 mg of as-crystallised sample was placed on a silicon low-

background holder and spun at 1 Hz during data collection. The data was modelled by 

the Rietveld19, 20 method with TOPAS,21, 22 using the current single-crystal structure. 

Unit cell parameters were refined with atomic coordinates remaining fixed. A 

preferred orientation correction23 was applied to correct model intensities. 

 

3.2.8 Elemental Analysis 

Elemental microanalyses were performed on a Perkin Elmer 2400 Series II 

CHNS/O Analyser in CHN mode with helium as a carrier gas. 

 

3.2.9  Size Exclusion Chromatography (SEC) 

SEC was performed on a Shimadzu modular system consisting of a 4.0 mm × 3.0 mm 

Phenomenex Security Guard™ Cartridge guard column and two linear phenogel 

columns (103 and 104 Å pore size) in tetrahydrofuran (THF) operating at a flow rate 

of 1.0 mL/min and 40 °C using a RID-20A refractive index detector, a SPD-M20A 

prominence diode array detector and a miniDAWN TREOS multi-angle static light 

scattering (MALLS) detector. The system was calibrated with a series of narrow 

molecular weight distribution polystyrene standards with molecular weights ranging 
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from 0.27 to 66 kg mol-1. Chromatograms were analysed by Lab Solutions SEC 

software. 
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3.3 Results and Discussion 

3.3.1 Synthesis and Characterisation of a Rh(I)-2-naphthylphenyl 

Species 

 

Scheme 3-1. Outline for the synthesis of the target 2-phenylnaphthyl derivative, 89, 

and chemical structure of the isolated, isomeric, 2-naphthylphenyl species, 90. 

 

The synthetic route employed for the preparation of the target Rh(I)-aryl 

complex 89 is shown in Scheme 3-1. The reaction of commercially available 

[Rh(nbd)Cl]2 with the fluorine functionalised phosphine P(4-FC6H4)3 yielded the 

intermediate tetra-coordinate Rh(I) species Rh(nbd)(P(4-FC6H4)3)Cl, (1). Reaction of 

1-bromo-2-phenylnaphthalene with n-BuLi gave the corresponding lithiated 2-

phenylnaphthalene derivative that when reacted with (1) was anticipated to yield the 

target complex 89. Interestingly, after isolation and recrystallisation, X-ray crystal 

structure analysis, Figure 3-2, indicated the presence of 90, a structural isomer of the 

target complex 89. 
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Figure 3-2. OLEX2 representation of the X-ray crystal structure of 90 with 50% 

probability ellipsoid and H-atoms omitted for clarity. Selected bond lengths (Å): 

Rh(1)-P(1), 2.294 (5); Rh(1)-C(51), 2.182 (2); Rh(1)-C(52), 2.152 (2); C(14)-F(14), 

1.365 (3). Selected bond angles (deg):  C(51)-Rh(1)-P(1), 168.06 (6);  C(52)-Rh(1)-

P(1), 132.78 (6);  C(1)-Rh(1)-P(1), 90.24 (6).

Rh(1) 

P(1) 

C(11) 

C(1) 

F(14) 

C(51) 

C(52) 

C(14) 
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While 90 was not the target species, the characterisation of the complex was 

performed. It can be seen from the crystal structure in Figure 3-2 that the recrystallised 

species has a slightly distorted square planar geometry consistent with previous reports 

of similar Rh(I) species.4, 24 X-ray powder diffraction characterisation of a bulk sample 

of 90, Figure 3-3, was consistent with the single-crystal structure, Figure 3-2, with 

remaining intensity mismatches likely due to large crystallites in the powder or slight 

changes in crystal structure due to the temperature difference between powder and 

single-crystal data collection.  

 

                

Figure 3-3. X-ray powder diffraction spectra of Rh(nbd)(2-NaphthPh)(P(4-FC6H4)3), 

90. In red is shown the predicted spectra based on the obtained single-crystal structure 

and in blue is the experimentally obtained spectra of a bulk sample of Rh(nbd)(2-

NaphthPh)(P(4-FC6H4)3). 
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Table 3-1. Continuous Shape Measures values of Rh(L)(nbd)(PR3) complexes against the reference tetrahedral and square planar geometries.   

 Complex CSD Refcode Reference Tetrahedral Square Planar 

L = Phenyl derivative     

(90) – This work 25.047 2.952 

[Rh(2-Me-1-Naphth)(nbd)PPh3] LEDSIX 10.1021/om0509692 30.697 1.723 

[Rh(m-Xylene) (nbd)PPh3] QEMTEH 10.1021/om0005809 32.761 1.744 

[Rh(C6F5)(nbd)PCy3] RUPYAE 10.1039/C5DT01981H 28.736 2.091 

L = α-phenylvinylfluorenyl     

[Rh(L)(nbd)(P(4-FC6H4)3)]  

(88b) 
XITVAA 10.1002/ejic.201801411 26.231 2.555 

[Rh(L)(nbd)(P(4-(CF3)C6H4)3)] 

(88d) 
XITVEE 10.1002/ejic.201801411 25.518 2.664 

[Rh(L)(nbd)(P(3,5-(CF3)C6H3)3)] 

(88e) 
XITTUS 10.1002/ejic.201801411 23.556 3.527 

L = triphenylvinyl     

[[Rh(CPh=CPh2)(nbd(CH2)4PPh2)] HEZBAR 10.1021/om301147n 25.763 2.552 

[Rh(CPh=CPh2)(nbd)(PPh3)] QIDCEN 10.1021/om300642b 22.125 4.015 

[Rh(CPh=CPh2)(nbd)(P(4-lC6H4)3)] PERHEC 10.1021/ma000497x 21.23 4.519 
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A tetrahedral-square planar continuous shape measure analysis25 was 

performed comparing 90 to complexes similar to 78b and 88b (Table 3-1), as well as 

three other structurally characterised Rh(nbd)(Ar)(PR3) complexes: Rh(nbd)(2-Me-1-

Naphth)(PPh3),
3 Rh(nbd)(m-xylene)(PPh3),

2 and Rh(nbd)(C6H5)(PCy3)
26 (Cy = 

cyclohexyl). While all are appropriately described as having distorted square planar 

geometries, complexes with triphenylvinyl ligands, 78b, are the most significantly 

distorted towards tetrahedral geometry and those with an aromatic ring directly 

coordinated the least distorted. Of the latter class, it is notable that 90 is the most 

distorted of these, presumably because of the bulky naphthyl substituent, placing it 

amongst the α-phenylvinylfluorenyl derivatives, 88b (see Table 3-1). 

Multinuclear NMR spectroscopy (1H, 13C, 19F, 31P, and various 2D techniques) 

were employed to characterise 90. Figure 3-4 shows the 1H NMR spectrum of 90 

recorded in CD2Cl2; the full 1H NMR spectrum is given at the top in Figure 3-4A with 

an expansion of the aromatic region (plotted between δ = 8.5 to 6.0 ppm) given directly 

below, Figure 3-4B. In the full spectrum, a distinct signal at δ = 9.14 ppm, which 

appears as a singlet, assigned to a single H labelled i (see annotated structure in Figure 

3-4A), that is associated with the 2-naphthylphenyl functional group. The remaining 

labelled peaks (a, b, c, c’, d, e, f, g) can be assigned to the norbornadiene ligand. The 

full peak assignments are given in the experimental section along with the 13C, 19F, 31P 

and 103Rh chemical shifts of 90. 
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Figure 3-4. NMR spectra, recorded in CD2Cl2, of Rh(nbd)(2-NaphthPh)(P(4-

FC6H4)3), 90. (A) The full 1H NMR spectrum with key peaks annotated. (B) the 1H 

NMR spectrum covering the aromatic region δ = 8.5 to 6.0 ppm with measured 

integral values annotated in blue.



 

176 

 

The 31P{1H} NMR spectrum of 90 is shown in Figure 3-5A. Three pairs of 

doublets are observed at 29.5 (3rd isomeric species), 24.4 (major isomeric species, 90), 

and 23.2 ppm (2nd isomeric species, 91) with a corresponding 1JRh-P value of 176.2, 

189.9 and 189.8 Hz respectively. A singlet observed at 25.3 ppm is attributed to the 

presence of phosphine oxide (P(=O)(4-FC6H4)3.). Both the chemical shifts and 

coupling constant of 90 are consistent with previously reported values for Rh(I)-α-

phenylvinylfluorenyl complexes, 88, reported in Chapter 2. The 19F NMR spectrum, 

Figure 3-5B, shows four distinct signals at -112.4 (major isomeric species, 90), -112.21 

(2nd isomeric species, 91), -110.04 (3rd isomeric species) and -107.3 ppm (phosphine 

oxide, P(=O)(4-FC6H4)3). 
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Figure 3-5 NMR spectra, recorded in CD2Cl2, of 90 (A) The 31P{1H} NMR spectrum, 

and; (B) the 19F NMR spectrum of 90 showing three distinct signals for the isomeric 

forms of 89 and one signal attributed to the oxide of P(4-FC6H4)3. 
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Figure 3-6. 31P-103Rh{1H, 103Rh} HMQC NMR spectrum of 90 recorded in d8-toluene. 

Interestingly, the 1H, 13C, 31P{1H} and 31P-103Rh{1H, 103Rh} spectra, indicated 

the presence of more than one species in solution even though samples were prepared 

with recrystallised complex. Figure 3-6 shows the measured 31P-103Rh{1H, 103Rh} 

HMQC spectrum of 90. As mentioned, there are clearly two main phosphorous species 

present, in a ratio of 4:1, and both are coupled to Rh (the presence of a third species 

(ca. 5%) was also detected in the  31P{1H}, and 19F{1H} spectrum of 90, Figure 3-5A 

and Figure 3-5B, but was not observable in the HMQC experiment, Figure 3-6. 

Initially, the possibility that the two major species observed in Figure 3-6 were 

rotamers was considered – this has previously been observed by Kumazawa et al. in 

their detailed structural characterisation of Rh(nbd)(CPh=CPh2)(PPh3).
27 However, 

variable temperature (VT) 31P{1H}, 1H and 31P-103Rh HMQC NMR experiments 

proved inconclusive as compound decomposition took place during heating to 90 °C 

in d8-toluene and no signal coalescence was observed. 
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Based, therefore, on the 1H, 13C and 2D techniques employed to characterise 

90, it was concluded that the major species present in solution is Rh(nbd)(2-

NaphthPh)(P(4-FC6H4)3) 90 (ca. 75%) Figure 3-7, while the minor species is a second 

structural isomer of 89, (3-phenylnaphthalen-1-yl)rhodium(I)(2,5-norbornadiene) 

tris(para-fluorophenylphosphine), 91 (ca. 19%) Figure 3-7, and a possibility of a very 

minor species, a third structural isomer (ca. 5%). Finally, a smaller phosphorous peak 

centred around 25.4 ppm that is not coupled to Rh was noted and is attributed to the 

presence of the phosphine oxide (this is more clearly observed in the full 31P{1H} of 

the complex and 31P{1H} of the phosphine ligand, Figure 3-5A and Figure 3-8A. The 

signals for the phosphine oxide in the 19F NMR spectrum of the complex and 

phosphine ligand are also noted in Figure 3-5B and Figure 3-8B for reference.) 

 

 

Figure 3-7. Isomeric forms of 89 identified, and their structure elucidated in this work. 
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Figure 3-8. (A) The 31P{1H} NMR spectrum, of P(4-FC6H4)3, and; (B) the 19F NMR 

spectrum of P(4-FC6H4)3. Relevant signals are annotated in the spectrums.
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3.3.2 Mechanistic and Computational Studies 

 

Scheme 3-2. Proposed formation of (2-naphthylphenyl-1-yl)rhodium(I)(2,5-

norbornadiene)tris-(para-fluorophenylphosphine), 90, and (3-phenylnaphthalen-1-

yl)rhodium(I)(2,5-norbornadiene)tris(para-fluorophenyl phosphine), 91, via 

sequential 1,4-Rh atom migrations. PAr3 = P(4-FC6H4)3. 

 

While unanticipated, it is proposed that 90 and 91 are formed from 89 via 

sequential intramolecular 1,4-Rh metal-atom migrations or ortho-to-ortho’ C-H bond 

activations, Scheme 3-2. This is an important feature of this synthesis since transition 

metal-mediated C-H bond activations28-33 play an increasingly important role in 

modern chemical syntheses and, mechanistically, reaction pathways involving metal 

(catalyst) atom migrations have been proposed to rationalise product formation with 

pertinent examples including reactions mediated by Pd34 or Rh catalysts.35 In the case 

of Rh-catalysed reactions, examples of 1,3-,36 1,4-,37-43 and 1,544, 45 migrations have 

been reported. For example, Oguma et al.37 reported that alkylation of phenylboronic 

acid, with norbornene, catalysed by [Rh(cod)Cl]2/dppp (cod: cyclooctadiene; dppp: 

bis(diphenylphosphino)propane) yielded predominantly, under appropriate 

conditions, the 1,2,3,4-tetraalkylated product, Scheme 3-3. The formation of the 

polyalkylated species was rationalised in terms of insertion of the ene into the sp2C-

[Rh] bond (as expected) followed by a 1,4-Rh atom migration to the next adjacent 
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phenyl ring C followed by further norbornene insertion etc. Alkylation stopped after 

four insertion/migration steps due to steric hindrance. 

 

Scheme 3-3. “Merry-go-round” multiple alkylation on aromatic rings via Rh catalysis 

reported by Oguma et al.37 

In order to gain further insight into the mechanistic features which underpin 

these observations, the conversion of 89 into its two structural isomers, 90 and 91, was 

modelled by density functional theory (DFT) calculations. The geometries of the 

complexes were optimised at the bp86/SV(P) level of theory and then single-point 

energies determined at the pbe0/def2-TZVPP level. The effects of solvation were 

modelled with COSMO and the resulting energies corrected for the effects of solvation 

and an empirical dispersion correction applied using Grimme’s D3 method.14, 15
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Figure 3-9. DFT-calculated pathway for the conversion of 89 to 90 and 91. Calculations performed at the D3-pbe0/def2-TZVPP//bp86/SV(P) level 

with COSMO solvent correction in CH2Cl2. Energies are Gibbs energies at 298 K in units of kJ/mol. PAr3 = P(4-F-C6H4)3. DFT-predicted structure 

of 90, showing the bond metrics of the agostic interaction (carbon grey, hydrogen white, fluorine green, phosphorus orange, rhodium dark green). 
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 As shown in Figure 3-9 the major isomer, complex 90, has a lower energy (-

19 kJ mol-1) than complex 89 (which was taken as the reference state), whereas 91 lies 

at a relative energy of -3 kJ mol-1. An examination of the DFT-predicted structures of 

90, 90’ and 91 reveals the presence of agostic interactions46 between Rh and the 2-

naphthylphenyl-1-yl ligand. Using 90 as an example, a Rh-H interaction (2.262 Å) is 

observed, which is complemented by an elongation of the corresponding C-H bond 

(1.115 Å), Figure 3-9. No agostic interaction was present in the calculated structure of 

89, with the closest Rh-H distance being 2.970 Å.  

The conversion of 89 to 90 proceeds via an intermediate Rh(III)-hydride 

species, 1, with an energy of 62 kJ mol-1. Complex 1 lies in a shallow minimum and 

is connected to 89 and 90 through transition states ts89-1 (+77 kJ mol-1) and ts1-90 (+73 

kJ mol-1) respectively. A second, higher energy, pathway was noted involving hydride 

transfer to the nbd ligand was also observed but was not examined further. The 

formation of 91 may be rationalised by rotation of the naphthyl group in 90 to give an 

agostomer47 90’ (-15 kJ mol-1). C-H activation then proceeds through ts90’-2 (+67 kJ 

mol-1) to give hydride complex 2, which only varies from 1 in terms of its connectivity 

to the naphthyl group. Hydrogen migration through ts2-91 (+55 kJ mol-1) gives 91. It is 

also noted that the EXSY peaks observed during NMR characterisation of 90 and 91 

are consistent with such a migration/exchange of H atoms between the coloured carbon 

centres shown in Scheme 3-2 and the predicted structures. 

These mechanistic pathways involving a metallocyclic Rh(III)-hydride 

intermediate are entirely consistent with previous reports concerning such 

intramolecular migrations involving rhodium.37, 40, 48 The calculated energy barriers 

for the formal 1,4-migration through a hydride intermediate would indicate that the 

observed distribution of products is entirely under thermodynamic control at 298 K. 
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The calculations, therefore, support the fact that 90 (possibly in rapid exchange with 

90’) is the major species observed in solution by NMR spectroscopy. Although the 

calculations broadly reflect the experimental observations, it should be noted that the 

energy of 91 (-3 kJ mol-1) would imply that its equilibrium concentration with 90 and 

90’ would be very low. Moreover, at this level of theory, it is essentially at the same 

energy as (unobserved and initial target) 89. However, the differences in energy are, 

relatively speaking, small and care must be taken when subsequently interpreting data 

in this fashion due to the non-linear relationship between equilibrium population and 

Gibbs energy. 

 

3.3.3 Polymerisation Studies 

With 90 in-hand we proceeded to determine its efficacy as an initiating species 

for the polymerisation of phenylacetylene (PA) (accepting that in addition to 90, the 

3-PhNaphth isomer, 91, and perhaps a third very minor species are also present in 

solution). To reiterate, while the controlled polymerisation of PA has been reported 

with a limited number of well-defined, isolated Rh(I)-vinyl species, to the best of our 

knowledge, this is the first example in which an isolated Rh(I)-aryl complex has been 

examined in this specific application. Importantly, any indication of a controlled 

polymerisation employing 90 has the potential to impact, and significantly enhance, 

the field of Rh(I) polymerisation catalysis as applied to PA (co)polymerisation. This 

is due primarily to a large number of commercially available aryl bromides (versus 

commercially available bromo-triphenylethylenes as employed by Masuda and co-

workers) that could be employed in the preparation of new catalytic/initiating species, 

offering an opportunity for a far more detailed evaluation of structure-activity profiles 

and access to materials with advanced architectures and topologies. 



 

186 

 

Table 3-2. Summary of PA polymerisation conditions with 90, SEC-measured molecular weights and dispersities, initiation efficiencies and NMR 

measured cis contents in the resulting polyphenylacetylene (co)polymers. 

 

 

 

 

 

 

a. Calculated as Mn = mass (g) monomer/moles of 90 and assuming 100% initiation efficiency. 

b. As measured by size exclusion chromatography: eluent THF operated at a flow rate of 1.0 mL/min, instrument calibrated with narrow molecular weight distribution     

    polystyrene standards. Dispersity (Ð) = Mw/Mn 

c.  Calculated from the ratio of theoretical to measured (SEC determined) Mn’s. 

d. As determined by 1H NMR spectroscopy according to C. I. Simionescu, V. Percec and S. Dumitrescu, J. Polym. Sci., Part A: Polym. Chem., 1977, 15, 2497-2509. 

e. Not determined 
 

Entry Rh species [P]/[Rh] 

Polym. 

Temp. 

(oC) 

Polym. 

solvent 

Theoretical 

MWa 

Mn 

(SEC)b 

Mw 

(SEC)b 

Dispersity 

(Ð)b 

 Rh 

initiation 

efficiencyc 

cis 

content 

(%)d 

1 90 5 30 Toluene 10,000 15,300 17,800 1.16 0.65 98 

2 90 10 30 Toluene 10,000 15,200 17,500 1.15 0.66 98 

3 90 20 30 Toluene 15,000 14,100 15,800 1.12 0.67 99 

4 90 5 40 Toluene 10,000 15,600 17,100 1.10 0.64 94 

5 90 10 40 Toluene 10,000 14,800 16,400 1.11 0.68 95 

6 90 20 40 Toluene 20,000 23,560 25,600 1.09 0.85 99 

7 90 5 50 Toluene 10,000 15,200 16,900 1.11 0.66 77 

8 90 10 50 Toluene 10,000 13,000 15,300 1.18 0.77 76 

9 90 20 50 Toluene 20,000 28,100 29,100 1.04 0.71 74 

10 90 0 30 Toluene 10,000 nd nd nd nd nd 
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Initially, a control experiment was conducted in which 90 was employed as an 

initiator for PA homopolymerisation (target molecular weight: 10,000, toluene, 30 °C) 

in the absence of any added free phosphine. Consistent with (co)polymerisations 

mediated by Rh(I)-vinyl complexes, such as 78b in the absence of added phosphine,24, 

49 polymerisation was uncontrolled and yielded a polymer that eluted at the upper limit 

of the SEC instrument indicating an Mn > 100,000 with an unmeasurable dispersity. 

As such, all further polymerisations were performed in toluene at 30 °C  or 40 °C in 

the presence of added free phosphine as a rate modifier, Scheme 3-4, with 

polymerisations terminated by the addition of a small volume of acetic acid. 

 

Scheme 3-4. Conditions for the polymerisation of phenylacetylene (PA) with 90. 

Table 3-2 shows a summary of homopolymerisations of PA mediated by 90 

performed under experimental conditions such as varying the [P]/[Rh] ratio, and 

polymerisation temperature (°C), in order to maximise initiation efficiency, IE, as well 

as control over the molecular weight. It was observed that increasing polymerisation 

temperature, increases the Rh IE which is expected as increasing temperature increases 

the rate of initiation which was also observed in the fluorenyl-derivatives reported in 

Chapter 2. However, a significant decrease in cis content (as low as 77 %) was 

observed as polymerisation temperature increased from 30 °C to 50°C which could be 

attributed to thermal isomerisation of polyphenylacetylenes (PPAs). This phenomenon 

is known and has been documented in a study by Percec et al.50 in which the thermal 
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isomerisation of PPA at 60 °C was examined under inert conditions (argon and 

nitrogen-based atmosphere) and air. In that study, it was found that thermal 

isomerisation occurs overtime even under an inert atmosphere and with degassed 

solvents, leading to a loss of cis content. No significant difference in dispersity, Ð, was 

observed when either parameter changes ([P]/[Rh] ratio or polymerisation 

temperature). Overall, the highest IE achieved was ca. 0.85 at 40 °C with [P]/[Rh] = 

20 in toluene. 

In comparison to the Rh(I)-fluorenyl derivatives detailed in Chapter 2, 88b, 

88d, and 88e (where b = F, d = CF3 or e = (CF3)2 and refers to the nature of the fluorine 

species on the phosphine ligand), the IE of 90 ranged from 0.64 to 0.85 and is 

significantly higher than the highest IE achieved by 88e which was 0.56. While 90 

does not facilitate an examination of the initiating structural feature initially proposed 

(a freely rotating β-phenyl group), it does appear that when compared to the 

structurally rigid 88 and its conformationally locked fluorenyl moiety on β-vinyl 

carbon of the initiating fragment, the analogous β-naphthyl group is structurally 

beneficial. This demonstrates that the Rh(I)-aryl derivative, 90, is a good alternative 

to Rh(I)-vinyl species, 88, as an initiator for the homopolymerisation of PA. In terms 

of stereoregularity, PPAs resulting from the polymerisations mediated by 88 and 90 

are high in cis content (ca. 99 %) with no discernible difference between them.
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Figure 3-10. (A) Pseudo-first-order kinetic plots for the homopolymerisation of PA, 

with target molecular weight of 10,000 at two different phosphine/Rh ratios; (B) the 

plots of number average molecular weight (Mn, as measured by SEC and reported as 

polystyrene equivalents) vs conversion.
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Figure 3-10A shows the pseudo-first-order kinetic plots for the 

homopolymerisation of PA with 90 in toluene at 30 °C in the presence of 10 and 20 

equivalents of added free P(4-FC6H4)3 for a target molecular weight of 10,000 at 

quantitative conversion. Several pertinent features are worth noting. Both plots are 

linear, even up to near-quantitative conversion, with the homopolymerisation in the 

presence of 10 equivalents of free phosphine proceeding faster than the polymerisation 

in the presence of 20 equivalents, as expected. While both plots are linear, confirming 

a constant number of active propagating species, neither plot passes through the origin, 

with both exhibiting a short induction period. This is not uncommon and is typically 

associated with a period of time in which negligible active species are present. The 

induction period is marginally longer in the case of the polymerisation performed in 

the presence of 20 equivalents of free phosphine, which is not surprising since the 

additional free phosphine serves as a monomer-competing binding species. Similar 

data, and observations, for homopolymerisations with a target molecular weight of 

5,000 are given in Figure 3-11 
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Figure 3-11. Kinetic data for the homopolymerisation of PA with 90 for a target MW 

of 5,000 at [P]/[Rh] 10 and 20. 

The slope of the curve in the pseudo-first order kinetic plots is kapp – the 

apparent propagation rate constant. In the case of the homopolymerisation conducted 

at a [P]/[Rh] of 10 and target molecular weight of 10,000, the kapp is 0.0374 min-1, 

whereas at [P]/[Rh] of 20, kapp is 0.0228 min-1. The kapp values for 

homopolymerisations with a target molecular weight of 5,000 are given in Figure 3-11. 

In both Figure 3-10A and Figure 3-11, the value kapp for [P]/[Rh] of 10 is at least 2 

times larger than at [P]/[Rh] of 20, a significant difference but not unexpected. 

Figure 3-10B shows the corresponding molecular weight versus conversion 

plots for the two homopolymerisations with molecular weights reported as the number 

average (Mn) values as measured by SEC. The theoretical Mn is also shown. In both 

instances, the evolution of molecular weight is linear, although SEC-measured values 

are systematically higher than the theoretical molecular weight at all conversions. 

There are two possible causes for the observed deviation. Firstly, the reported Mn 

values are polystyrene (PS) equivalents by virtue of the SEC instrument having been 
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calibrated with a series of narrow molecular weight distribution PS standards and as 

such may not be accurate hydrodynamic volume equivalents for PPA. However, it has 

been reported that the dilute solution characteristics of atactic PPA are similar to those 

of PS of similar tacticity.51 For example, it has been noted that the molecular weight 

dependence on the radius of gyration for PS and PPA were very similar with the 

unperturbed dimensions of the polymers also being almost equal. As such, while the 

application of PS standards cannot be completely eliminated as the cause for the 

discrepancy in the theoretical and observed Mn’s it appears PS standards are an 

extremely good match for PPA regardless of the difference in the chemical nature of 

the respective polymer backbones. Secondly, the disagreement between the theoretical 

and measured Mns could be due to non-quantitative initiation. Assuming the measured 

Mn values are a genuine reflection of the actual molecular weight of the PPA 

homopolymers, then the discrepancy suggests an IE for 90 of ca. 0.8. Interestingly, 

this is exactly the value you would expect assuming that the minor Rh species, 3-

PhNaphth, 91, present in solution is not an active initiator based on the calculated ratio 

of the two species. If this is the case, the actual IE of 90 is closer to 1.0. 

While quantitative initiation is desirable since it facilitates easy tuning of the 

molecular weight, it is not a formal pre-requisite for a given polymerisation to be 

accurately described as living (or controlled).52 A comparison of the calculated IE with 

the reported values for complexes 78b, Figure 3-1, and 88b, Figure 3-1, indicate that 

90 is intermediate of 78b and 88b with the former exhibiting essentially quantitation 

IEs24 while the IE for the latter varies from 0.16-0.56 depending on polymerisation 

conditions.4 
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Figure 3-12. A series of SEC traces demonstrating the evolution of the molecular 

weight distribution with polymerisation time. 

In a controlled polymerisation process where Ri ≥ Rp (Ri: rate of initiation; Rp: 

rate of propagation) the resulting (co)polymer will have a narrow molecular weight 

distribution (assuming there are no side reactions such as termination, chain transfer 

or branching) in which the dispersity, Ð, decreases as conversion increases.53 Figure 

3-12 shows an example of the evolution of the molecular weight distribution in a PA 

homopolymerisation at [P]:[Rh] of 20 and for a target molecular weight of 10,000. As 

expected, a systematic shift of the chromatograms to lower retention time (higher 

molecular weight) was observed with a simultaneous increase in peak intensity with 

increasing conversion. In this case, the Ð of the distribution remains essentially 
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constant at ~1.21. While these Ð values are not as low as some reported in the 

literature, including by us, for the controlled polymerisation of PA with Rh(I) 

complexes they are certainly acceptable.  

The linearity of the pseudo-first-order kinetic and Mn versus conversion plots, 

together with the molecular weight distribution chromatograms, when taken together 

suggest that the polymerisation of PA with the Rh(I)-aryl complex 90 is a controlled 

process, and validates the further study of new Rh(I)-aryl species in this target 

application. 

There are four possible isomers associated with the geometry and relationship 

between the backbone C=C and C-C bonds in PPAs. These are referred to as the cis-

cisoidal, cis-transoidal, trans-transoidal and trans-cisoidal geometric isomers, Figure 

3-13.54 

 

Figure 3-13. The four possible stereoisomers associated with polyphenylacetylenes.
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It is known that in polymerisations that proceed via an insertion polymerisation 

pathway, as with Rh-mediated polymerisations of arylacetylenes, give rise to the cis-

transoidal form while metathesis-type (co)polymerisation yields the trans-

transoidal/cisoidal structures.54-56 Figure 3-14 shows the 1H NMR spectrum, recorded 

in CDCl3, of PPA obtained from the homopolymerisation of PA for a target molecular 

weight of 10,000 and [P]:[Rh] of 20. The key feature in PPAs of high cis-transoidal 

content is the sharp peak at δ = 5.83 ppm that is attributed to the H in the polymer 

backbone on a cis C=C bond, while the remaining peaks are associated with the side 

chain aromatics and any backbone Hs bonded to a trans C=C. This spectrum is entirely 

consistent with previous reports of PPAs with high cis-transoidal stereoregularity, and 

in this case, the PPA has a calculated57 cis content of 95 %. In all cases, the cis contents 

of the obtained PPAs were ≥ 95 %. 
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Figure 3-14. 1H NMR spectrum of polyphenylacetylene, recorded in CDCl3, prepared 

with 90 for a target molecular weight of 10,000 and [P]:[Rh] of 20 highlighting the 

high cis-transoidal stereoregularity. Measured integral values given in blue. 
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3.4 Conclusions 

In this chapter we detailed the synthesis of a new Rh(I)-aryl complex and 

evaluated its use as an initiating species for the controlled, stereospecific 

polymerisation of phenylacetylene. Interestingly, while targeting a 2-phenylnaphthyl 

Rh(I) derivative we isolated the isomeric Rh(I)(nbd)(2-naphthylphenyl)(P(4-FC6H4)3) 

species as determined by X-ray crystal structure analysis. The isolated species was 

proposed to form from the targeted species via an intramolecular 1,4-Rh atom 

migration, a supposition that was supported by density functional theory calculations. 

The isolated complex was characterised in detail by multinuclear NMR spectroscopy 

which indicated the presence of two principle Rh-P complexes when in solution in an 

approximate ratio of 4:1 in favour of the 2-naphthylphenyl Rh(I) species. The second, 

minor, species in solution was identified as a third structural isomer Rh(I)(nbd)(3-

phenylnaphthyl)(P(4-FC6H4)3) formed by a proposed second 1,4-Rh atom migration.  

The recrystallised species was examined with respect to its ability to initiate 

the homopolymerisation of phenylacetylene.  Pseudo-first-order kinetic plots were 

linear, albeit with short induction periods, as were the molecular weight vs conversion 

plots and in all cases the dispersities of the resulting copolymers were ≤ 1.25 

suggesting a controlled polymerisation. Initiation efficiencies were not quantitative, 

but were high (ca. 0.8), with the presence of the second minor Rh species in solution 

proposed to be the cause. Consistent with Rh-mediated insertion polymerisations, the 

resulting polyphenylacetylene polymers were highly stereoregular with calculated cis 

contents ≥ 95 %. This represents, to the best of our knowledge, the first example in 

which a well-defined isolated Rh(I)-aryl complex has been shown to be an effective 

initiating species for phenylacetylene polymerisation yielding materials with well-

defined molecular properties.  
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Chapter 4  

Synthesis, Characterisation, and Application of Rh(I)(2,5 -

norbornadiene)(biphenyl)(tris(4-fluorophenyl)phosphine) 

as an Initiator in the Stereoregular (Co)Polymerisation of 

Phenylacetylenes. 

 

The content of this chapter has been published in:  

ACS Macro Letters (2020) with the ti tle “Rh(I)(2,5-

norbornadiene)(biphenyl)( tris(4-fluorophenyl)phosphine): Synthesis,  

Characterization, and Application as an Initiator in the Stereoregular 

(Co)Polymerization of Phenylacetylenes”  (refer to Appendix C) 

 

4.1 Introduction 

In Chapter 2, the synthesis and application of three new Rh(I)-α-

phenylvinylfluorenyl complexes bearing fluorine functionalised phosphine ligands, 88 

Figure 4-1, was detailed. Although meeting the general structural requirements1 for 

highly efficient initiators, these complexes exhibited initiation efficiencies (IEs) (as 

determined by SEC) in the range 0.13 to 0.56 for PA homopolymerisation. The 

unexpectedly low IEs were attributed to steric hindrance resulting from the 

conformationally locked fluorenyl moiety of the initiating fragment, which prevented 

the facile coordination of monomer.  Despite this, the resulting polymers prepared with 
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88 possessed narrow molecular weight distributions with high cis-transoidal 

stereoregularity (ca. > 90 %).  

 

Figure 4-1. Chemical structures of Masuda-type Rh(I)-vinyl complexes, 78b and 88, 

recently reported Rh(I)aryl species 90, and the structurally related aryl complex 92 

(the focus of this chapter). 

   

To address the low IEs observed for 88, in Chapter 3, we described the 

attempted synthesis of the Rh(I)-aryl species, Rh(I)(2,5-norbornadiene)(2-

phenylnaphthyl)(tris(4-fluorophenyl)phosphine), as a potential new initiator for the 

controlled polymerisation of PA. Following recrystallisation, single crystal X-ray 

diffraction (XRD) revealed that a structural isomer, Rh(nbd)(2-NaphthPh)(P(4-

FC6H4)3, 90, (2-NaphthPh = 2-naphthylphenyl) was isolated instead.  

The proposed mechanism behind its formation was via a 1,4-Rh atom 

migration from the targeted species, with the concurrent formation of a second 
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structural isomer, (3-phenylnaphthalen-1-yl)rhodium(I)(2,5-norbornadiene) tris(para-

fluorophenylphosphine) as evidenced by 31P-103Rh{1H, 103Rh} HMQC NMR 

spectroscopy. While not the target, the activity of 90 was examined, and it was 

demonstrated to be an effective initiator for the polymerisation of PA with measured 

IEs of ca. 0.8 with the resulting polyphenylacetylenes having high cis-transoidal 

stereoregularity (99 %). Pseudo-first order kinetic plots and molecular weight 

evolution vs time plots were linear, indicative of a controlled polymerisation process.  

In this chapter, the synthesis of a new Rh(I) biphenyl derivative, 

Rh(I)(nbd)(Biphenyl)(P(4-FC6H4)3), is detailed. This species was hypothesised to 

eliminate the possible formation of multiple ((in)active) Rh complexes via migratory 

processes in solution. While 92, Figure 4-1, might still be susceptible to 1,4-Rh atom 

migrations, the result from this occurrence will be a structurally identical species. 

Subsequently, the efficacy of the Rh(I)-biphenyl complex as a mediator in the 

(co)polymerisation of PA was investigated and finally, its ability to form well-defined 

AB di-block copolymers, in a stereoregular manner, was examined by sequential 

monomer addition. 
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4.2 Experimental 

4.2.1 Materials 

n-Butyllithium (n-BuLi, 1.6 M solution in hexane, Sigma-Aldrich), 1-bromo-

bromobiphenyl (C12H9Br) (98 % Tokyo Chemical Industry),  [Rh(nbd)Cl]2 (nbd = 2,5-

norbornadiene, 98 %, Strem Chemicals), and tris(para-fluorophenyl)phosphine (P(4-

FC6H4)3, 98 %, Sigma-Aldrich) were used as received. Phenylacetylene (CH≡CPh, 98 

%, Sigma-Aldrich) was purified by passage over a column of basic alumina and stored 

in a fridge until needed. 4-Fluorophenylacetylene (4-FC6H4C≡CH), 98%, Sigma-

Aldrich) was used as received. 

THF, diethyl ether and CH2Cl2 were dried using a PureSolv MD5 solvent 

purification system (Innovative Technology, Inc.), collected, degassed via the freeze-

pump-thaw technique and stored under dry nitrogen until needed. Toluene (99.8 %, 

Sigma-Aldrich) was degassed via the freeze-pump-thaw technique and stored under 

dry nitrogen until needed. All glassware was pre-dried in an oven at 120 °C and then 

flamed dried under vacuum before use. All reactions were performed using standard 

Schlenk line techniques. 

 

4.2.2 Synthesis of Rh(I)(nbd)(Biphenyl)(P(4-FC6H4)3) 

Rh(I)(nbd)(Biphenyl)(P(4-FC6H4)3), 92 Figure 4-1, was prepared following 

the procedure reported for the preparation of the Rh(I)-naphthyl derivatives detailed 

in Chapter 3.2 

To a round-bottomed flask equipped with a Teflon-coated magnetic stir bar 

was added 2-bromobiphenyl (233.1 mg, 1.00 mmol) and diethyl ether (20.0 mL) under 

a dry nitrogen atmosphere. The flask was cooled to 0 °C, and n-BuLi (1.6 M solution 
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in hexane, 0.71 mL, 1.13 mmol) was cannula transferred and the mixture allowed to 

react for 45 min yielding C6H5(C6H4Li). 

To a separate round-bottomed flask equipped with a magnetic stir-bar 

containing dry toluene (15.0 mL) was added [Rh(nbd)Cl]2 (115 mg, 0.25 mmol) and 

P(4-FC6H4)3 (316.26 mg, 1.00 mmol). The mixture was stirred vigorously for 15 min 

at ambient temperature yielding the intermediate Rh species, Rh(nbd)(P(4-FC6H4)3)Cl. 

The lithiated species, C6H5(C6H4Li), was added, via cannula, to the solution 

containing Rh(nbd)(P(4-FC6H4)3)Cl and allowed to stir at ambient temperature for two 

hours. Subsequently, the reaction solution was cannula transferred and filtered through 

a short plug of neutral activated alumina 90, under an inert atmosphere, to give a clear 

orange solution. Solvents were concentrated under high vacuum on a Schlenk line 

yielding a dark red viscous liquid. To the residue was added CH2Cl2 (2.5 mL) and the 

target compound isolated by recrystallisation from CH2Cl2/methanol via a solvent 

layering technique. Yield: 161.1 mg, 97 %. CH elemental analysis: %Ctheor: 66.88, 

%Cfound: 66.96; %Htheor: 4.40, %Hfound: 4.16. 1H NMR (600 MHz, CD2Cl2), δ (ppm): 

7.71-7.66 (m, 2H, H8), 7.35-7.31 (m, 3H, H9,10), 7.11 (d, J = 7.6 Hz, 1H, H3), 6.97 

(dd, J = 7.5, 1.5 Hz, 1H, H6), 6.92-6.87 (m, 6H, H17), 6.87-6.83 (m, 6H, H16), 6.82-

6.80 (m, 1H, H5), 6.75 (td, J = 7.3, 1.5 Hz, 1H, H4), 4.85 (q, J = 3.5 Hz, 1H, H21), 

3.85 (t, J = 3.9 Hz, 1H, H20), 3.84-3.82 (m, 1H, H22), 3.82-3.80 (m, 1H, H24), 3.80-

3.78 (m, 1H, H23), 3.58 (q, J = 4.6 Hz, 1H, H19), 1.51 (d, J = 8.1 Hz, 1H, H25), 1.31 

(d, J = 8.1 Hz, 1H, H25’); 13C NMR (151 MHz, CD2Cl2), δ (ppm): 171.5 (dd, J = 33.3, 

13.6 Hz, C2), 163.8 (dd, J = 249.5, 1.6 Hz, C-F), 148.1 (C7), 147.2 (C1), 136.2 (C3), 

135.8 (dd, J = 14.1, 8.1 Hz, C16), 130.4 (dd, J = 34.5, 2.3 Hz, C-P), 129.3 (C9), 127.2 

(C6), 126.8 (C10), 125.2 (C4), 122.2 (C8), 122.0 (C5), 115.4 (dd, J = 21.0, 10.2 Hz, 

C17), 74.82 (d, J = 5.6 Hz, C19), 73.6 (t, J = 4.2 Hz, C20), 71.8 (d, J = 14.2 Hz, C21), 
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65.1 (t, J = 4.6 Hz, C25), 55.9 (dd, J = 19.4, 7.1 Hz, C22), 51.1 (d, J = 3.3 Hz, C23), 

51.0 (d, J = 3.7 Hz, C24); 19F NMR (565 MHz, CD2Cl2), δ (ppm): -111.06 (d, J = 3.3 

Hz); 31P{1H} NMR (162 MHz, C6D6), δ (ppm): 23.91 (dq, JP-Rh = 191.5, JP-F = 3.3 Hz; 

103Rh NMR (19 MHz, d8-toluene), δ (ppm): -7699 (536 ppm if referenced to Rh metal). 

 

 

 

4.2.3 Polymerisation Studies 

All (co)polymerisations were performed under a dry nitrogen atmosphere in 

glassware pre-dried in an oven set at 120 °C. Below is a typical procedure for the 

homopolymerisation of phenylacetylene with 92: 

A solution of phenylacetylene (0.184 g, 1.80 mmol) in toluene (2.5 mL) was 

added to a solution of 92 (0.015 g, 0.02 mmol) and free phosphine (P(4-FC6H4)3) 

(0.031 g, 0.10 mmol) dissolved in toluene (2.5 mL) in a Schlenk flask equipped with 

a magnetic stir bar. The flask was then immersed in a pre-heated oil bath set at 30 °C 

and polymerisation allowed to proceed for 90 min. An aliquot (0.1 mL) was withdrawn 

every 5-10 min and added to a vial of deuterated chloroform (0.5 mL) containing a 
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small volume of acetic acid (2.0 μL). After 90 min, the polymerisation was terminated 

by the addition of acetic acid. The final polymer was isolated by precipitation into a 

large volume of methanol, isolated by gravity filtration and dried to constant weight 

in a vacuum oven at 40 °C overnight. Monomer conversions were determined by 1H 

NMR spectroscopy, and molecular weights and dispersity were determined by size 

exclusion chromatography. 

 

4.2.4 NMR Measurements 

NMR spectra were recorded at 298K on a Bruker Avance IIIHD (600 MHz for 

1H). The data were processed with Bruker’s TopSpin 3.5 or MestReNova software 

packages. 1H, 13C, 19F, and 31P spectra were collected on a commercial broadband 

probe, whereas the 103Rh NMR was acquired at 19.1 MHz using a commercial 5 mm 

triple resonance broadband probe (doubly tuned 1H/31P outer coil with inner broadband 

coil) with 90° pulses of 27.5 s and 18.4 s for 103Rh and 31P respectively. 103Rh 

chemical shifts, δ, are given in ppm relative to  = 3.1864473 and derived indirectly 

from the 31P-103Rh HMQC experiments by four pulse 31P-103Rh HMQC experiments 

with 103Rh and 1H decoupling during acquisition. The transmitter frequency offset and 

t1 increments were varied to ensure that no signals were folded. Exponential line 

broadening of 10 Hz was applied to 1D 103Rh data, with 2D data zero filled, Gaussian 

broadened by 10 Hz and treated with spine-squared window function during 

processing. Coupling constants reported herein are given as absolute values but are 

likely to be negative in sign for 1JRh-P.4 
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4.2.5  Crystallography 

A crystal, 0.36 × 0.16 × 0.16 mm3
, was selected and mounted on a suitable 

support on an Xcalibur, Ruby, Gemini ultra diffractometer. The crystal was kept at a 

steady T = 96(1) K during data collection. Data were measured using  scans using 

MoK radiation. The total number of runs and images was based on the strategy 

calculation from the program CrysAlisPro (Rigaku, V1.171.40.53, 2019) and the unit 

cell was refined using CrysAlisPro (Rigaku, V1.171.40.53, 2019) on 77012 

reflections, 42 % of the observed reflections. The maximum resolution that was 

achieved was  = 32.736° (0.66 Å). CCDC195957 contains the supplementary 

crystallographic data for this paper. These data can be obtained free of charge from 

The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures. 

The structure was solved and the space group P21/n (# 14) determined by the 

olex2.solve5 structure solution program using Charge Flipping and refined by Least 

Squares using version 2018/3 of ShelXL.6 All non-hydrogen atoms were refined 

anisotropically. Hydrogen atom positions were calculated geometrically and refined 

using the riding model. 

Crystal data for Rh(I)(nbd)(Biphenyl)(P(4-FC6H4)3): C37H29F3PRh, Mr = 

664.48, monoclinic, P21/n (No. 14), a = 13.00900(10) Å, b = 16.53910(10) Å, c = 

13.51040(10) Å,  = 92.7580(10)°,  =  = 90°, V = 2903.49(4) Å3, T = 96(1) K, Z = 

4, Z' = 1, (MoK) = 0.689, 183463 reflections measured, 10430 unique (Rint = 

0.0467) which were used in all calculations. The final wR2 was 0.0702 (all data) and 

R1 was 0.0294 (I > 2(I)). 

 

http://www.ccdc.cam.ac.uk/structures
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4.2.6 Elemental Analysis 

Elemental microanalyses were performed on a Perkin Elmer 2400 Series II 

CHNS/O Analyser in CHN mode with helium as a carrier gas. 

 

4.2.7 Size Exclusion Chromatography (SEC) 

SEC was performed on a Shimadzu modular system consisting of a 4.0 mm × 

3.0 mm Phenomenex Security Guard™ Cartridge guard column and two linear 

phenogel columns (103 and 104 Å pore size) in tetrahydrofuran (THF) operating at a 

flow rate of 1.0 mL/min and 40 °C using a RID-20A refractive index detector, a SPD-

M20A prominence diode array detector and a miniDAWN TREOS multi-angle static 

light scattering (MALLS) detector. The system was calibrated with a series of narrow 

molecular weight distribution polystyrene standards with molecular weights ranging 

from 0.27 to 66 kg mol-1. Chromatograms were analysed by Lab Solutions SEC 

software. 
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4.3 Results and Discussion 

 

Scheme 4-1. Outline for the synthesis of the biphenyl derivative, 92. 

 

The synthetic route to the target biphenyl functionalised complex and its 

subsequent use as a polymerisation initiator is shown in Scheme 4-1. Reaction of 

[Rh(nbd)Cl]2 with tris(4-fluorophenyl)phosphine gave the intermediate 

tetracoordinate Rh(nbd)(P(4-FC6H4)3)Cl complex, (1). Treatment of 2-bromo-1,1’-

biphenyl with n-BuLi yielded the lithiated biaryl species which when reacted with (1) 

gave the target Rh(I)-aryl complex, Rh(nbd)(Biphenyl)(P(4-FC6H4)3), 92 Scheme 4-1. 

Recrystallisation of 92 from CH2Cl2/methanol yielded X-ray quality crystals enabling 

the solid-state structure to be determined, Figure 4-2. Consistent with reported 

Rh(I)(nbd)PAr3-alkynyl, -vinyl and -aryl complexes detailed previously, 92 adopts a 

slightly distorted square planar geometry.
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Rh(1) 

P(1) 

C(13) 

C(32) 

F(3) 

C(16) 

C(34) 

C(19) 

Figure 4-2. OLEX2 representation of the X-ray crystal structure of 92 with 50 % 

probability ellipsoids and H-atoms omitted for clarity. Selected bond lengths (Å): 

Rh(1)-P(1), 2.297(4); Rh(1)-C(32), 2.177(15); P(1)-C(13), 1.832(14); C(16)-F(3), 

1.361(16). Selected bond angles (deg): C(32)-Rh(1)-P(1), 167.84(4); C(34)-Rh(1)-

P(1), 104.96(5); C(19)-Rh(1)-P(1), 92.68(4). 



 

214 

 

4
.2

9

0123456789

1
H Chemical shift (δ, ppm)

6.57.07.58.0

1
H Chemical shift (δ, ppm)

A

B

1
.0

6

7
.0

0

6
.3

4
1

.1
5

1
.1

7

3
.5

0

2
.2

4

1
.1

5

1
.0

8

1
.2

6

1
.1

6

 

Figure 4-3. (A) 1H NMR spectrum of Rh(I)(nbd)(Biphenyl)(P(4-FC6H4)3) recorded in 

CD2Cl2. (B) Expanded view of the aromatic region between δ = 8.0 - 6.5 ppm. 

Measured integral values are annotated in blue.
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Multinuclear NMR spectroscopy (1H, 13C, 19F, 31P, and 2D techniques) was 

employed to characterise 92. Figure 4-3 shows the 1H NMR spectrum of 92 recorded 

in CD2Cl2; the full 1H NMR spectrum is given at the top with an expansion of the 

aromatic region (plotted between δ = 8.0 to 6.5 ppm) given directly below. 

Comparatively, the signals within this aromatic region are less complex than the 

previous Rh(I)-derivatives, 88b (Chapter 2) and 90 (Chapter 3), and assignment of the 

peaks was relatively easier to perform. Looking at the expanded view, Figure 4-3B the 

signals appearing from δ = 6.92 to 6.83 ppm, which appear as two sets of multiplets, 

integrate to 12 H’s and are associated with the phosphine ligand. The remaining signals 

within this region integrate to 9 H’s which belong to the biphenyl moiety; its full 

assignment is given in the experimental section. All signals integrate to the expected 

ratio, confirming the structure. 

The 31P{1H} NMR spectrum of 92 is shown in Figure 4-4A. A pair of doublets 

of quartets is observed at δ = 25 and 23 ppm with a corresponding 1JRh-P value of 191.5 

Hz. Both the chemical shift and coupling constants of 92 are consistent with previously 

reported values for the Rh(I)-2-naphthylphenyl derivative, 90 presented in Chapter 3. 

The 19F NMR spectrum, Figure 4-4B, shows one distinct signal at δ = -111.5 ppm.  
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Figure 4-4. (A) 31P NMR spectrum of Rh(I)(nbd)(Biphenyl)(P(4-FC6H4)3) recorded in 

C6D6, showing a doublet of quartets; (B) 19F NMR spectrum of 

Rh(I)(nbd)(Biphenyl)(P(4-FC6H4)3) recorded in C6D6.
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While the 1H, 31C, 19F, 31P NMR spectra and elemental analysis data confirms 

the structure and purity of 92, further characterisation by multinuclear NMR 

spectroscopy was performed such as 103Rh and 31P-103Rh{1H} NMR spectroscopy, 

Figure 4-5. The 103Rh spectrum reveals a doublet due to coupling with 31P, and is 

centred around δ = -7699 ppm (536 ppm if referenced to Rh metal), Figure 4-5A. This 

is consistent with the 103Rh chemical shifts we reported for the series of fluorenyl-

functionalised Rh(I) complexes, 88, as well as, the 2-naphthylphenyl Rh(I) derivative, 

90, shown in Figure 4-1, which had measured shifts spanning the range  = -7861 to -

7870 ppm.  

To verify this observation and confirm purity, a complementary 2D 31P-

103Rh{1H} heteronuclear multiple quantum coherence (HMQC) experiment was 

conducted, Figure 4-5B. The HMQC spectrum clearly shows the presence of single 

Rh and P species with direct coupling between the two nuclei, confirming the purity 

and stability of 92 in solution.
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Figure 4-5. (A) 103Rh spectrum (19.1 MHz) recorded in CD2Cl2, and (B) 31P-103Rh{1H} 

HMQC spectrum of complex 92.

103Rh Chemical shift (δ, ppm) 

A 

B 
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With complex 92 in-hand its efficacy as an initiator for the 

homopolymerisation of PA was evaluated. It is known that when conducting such 2,1-

insertion7, 8 (co)polymerisations, it is necessary to add additional free phosphine to 

serve as a rate modifier if controlled polymerisation is desirable. For example, Miyake, 

Misumi and Masuda9 reported that in polymerisations of PA with 78b, Figure 4-1, it 

was necessary to add a minimum of 5 equivalents of free phosphine, relative to Rh, in 

order to obtain (co)polymers with a low dispersity. Increasing the ratio higher had no 

discernible effect on the dispersity but impacted the kinetics with polymerisations 

slowing the higher the free phosphine content.   

Similar observations were made in the previous chapters concerning the (co) 

polymerisation of phenylacetylene with complexes 88b and 90, Figure 4-1.2, 10 To 

confirm this general feature a control experiment was initially performed in which PA 

was homopolymerised for a target Mn of 10,000 in toluene at 30 °C in the absence of 

added free P(4-FC6H4)3, (Table 4-1, entry 12). Under these conditions polymerisation 

was rapid reaching ca. 97 % conversion within 30 sec and yielded a PA homopolymer 

that eluted at the upper column limits of the SEC instrument indicating an Mn in excess 

of 100,000 and a non-controlled polymerisation process. All further experiments were 

conducted in the presence of added free phosphine.
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Table 4-1. Summary of PA polymerisation conditions with 92, SEC-measured molecular weights and dispersities, initiation efficiencies and NMR 

measured cis contents in the resulting polyphenylacetylene (co)polymers. 

a. Calculated as Mn = mass (g) monomer/moles of 92 and assuming 100 % initiation efficiency. 

b. As measured by size exclusion chromatography: eluent THF operated at a flow rate of 1.0 mL/min, instrument calibrated with narrow molecular weight distribution     

    polystyrene standards. Dispersity (Ð) = Mw/Mn. 

c.  Calculated from the ratio of theoretical to measured (SEC determined) Mn’s. 

d. As determined by 1H NMR spectroscopy according to C. I. Simionescu, V. Percec and S. Dumitrescu, J. Polym. Sci., Part A: Polym. Chem., 1977, 15, 2497-2509. 

e. Not determined 

Entry Rh species [P]/[Rh] 

Polym. 

Temp. 

(oC) 

Polym. 

solvent 

Theoretical 

MWa 

Mn 

(SEC)b 

Mw 

(SEC)b 

Dispersity 

(Ð)b 

 Rh 

initiation 

efficiencyc 

cis 

content 

(%)d 

1 92 5 30 THF 9,090 12,300 13,300 1.08 0.74 94 

2 92 20 30 THF 8,830 23,300 26,800 1.15 0.38 98 

3 92 5 30 Toluene 9,990 11,600 14,200 1.22 0.86 92 

4 92 10 30 Toluene 9,790 11,200 13,100 1.17 0.87 96 

5 92 20 30 Toluene 9,990 10,200 11,300 1.11 0.98 99 

6 92 5 40 Toluene 9,090 12,800 14,100 1.10 0.71 94 

7 92 10 40 Toluene 9,360 12,100 13,500 1.12 0.77 95 

8 92 20 40 Toluene 9,360 18,800 19,800 1.05 0.50 96 

9 92 5 50 Toluene 9,360 14,400 16,700 1.16 0.65 86 

10 92 10 50 Toluene 9,090 17,400 18,700 1.07 0.52 85 

11 92 20 50 Toluene 8,930 18,000 19,200 1.07 0.50 79 

12 92 0 30 Toluene 9,360 nde nde nde nde nde 
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The initiating ability of 92 was examined under various experimental 

conditions, such as [P]/[Rh] ratio, polymerisation temperature and polymerisation 

solvent, in order to maximise the IE. Interestingly, the polymerisation of PA in toluene 

resulted in higher IE with values as high as 0.98 but had a negligible impact on the 

stereoregularity with measured cis contents as high as 99 %. These results are 

consistent with previous Rh(I) complexes (88b10 and 902, Figure 4-1) detailed in 

Chapters 2 and 3, in that polymerisation solvent (toluene vs THF) does impact the 

level of control for PA polymerisations with better control in the less polar solvent. 

Next, the effect of [P]/[Rh] ratio and temperature on the homopolymerisation 

of PA were investigated. At 30 °C, increasing the [P]/[Rh] ratio from 5 to 20 improved 

the IE from 0.86 to 0.98 (Table 4-1, entries 3-5). At 40 °C (Table 4-1, entry 8) and 50 

°C (Table 4-1, entry 11), the IE was significantly reduced when the [P]/[Rh] ratio was 

increased from 5 to 20 with IE values as low as 0.50 for polymerisations at [P]/[Rh] 

ratio of 20 at 50 °C. In comparison, the IEs with the Rh(I)-α-phenylvinylfluorenyl,10 

and the Rh(I)-naphthyl2 derivatives were shown to increase with increasing [P]/[Rh] 

ratio. This data suggests that the rate of propagation, Rp, is impacted more than the rate 

of initiation, Ri, as the temperature increases. It should be noted that the dispersity (Ð 

= Mw/Mn) was observed to decrease at elevated temperatures with values typically 

around Ð = 1.07. In Chapter 2, it was noted that while an increase in IE was observed 

in the fluorenyl derivatives, 88 Figure 4-1, when polymerisation temperature was 

increased, it was still not quantitative. While in Chapter 3, increasing polymerisation 

temperature resulted in a decrease in the IEs overall for 90 with a concomitant 

detrimental effect on the cis-content which was attributed to thermal isomerisation of 

PPA in solution, a phenomenon studied, and noted by others.11-14  
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Figure 4-6. (A) Pseudo first-order kinetic plots for the homopolymerisation of PA in 

toluene at 30 °C with [P]/[Rh] = 5, 10 and 20; (B) evolution of the molecular weight 

distribution in the homopolymerisation of PA for a target molecular weight of 10,000 

and [P]/[Rh] = 20. ([P] = [P(4-FC6H4)3])
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Figure 4-6A shows the pseudo-first-order kinetic plots associated with the 

homopolymerisation of PA with 92 in toluene at 30 °C at [P]/[Rh] of 5, 10 and 20. As 

expected, the homopolymerisation at [P]/[Rh] = 5 was the fastest (kapp = 0.1140 min-

1) and reached 98 % conversion after 35 min with the final, isolated material having 

an SEC measured Ð of 1.25 and Mn of 11,560 which corresponds to an IE of 0.86 

(Table 4-1, entry 3). The value of the IE for this Rh(I)-aryl complex is significantly 

higher than complexes 88b and 90, Figure 4-1, and is approaching the benchmark 

Masuda Rh(I)-vinyl species. In the case of homopolymerisation conducted at [P]/[Rh] 

= 10, the rate is decreased (kapp = 0.0720 min-1) and a short induction period of ca. 5 

min was observed, similar to that observed previously with complex 90, Figure 4-1. 

However, polymerisation was still rapid, reaching just over 96 % conversion after 50 

min. An improvement in dispersity of 1.18 and a final Mn of 11,250 was observed, 

which equates to an IE of 0.87 (Table 4-1, entry 6). 

A further improvement in the dispersity (and decrease in rate, kapp = 0.0480 

min-1, and a slightly increased induction time) was observed at [P]/[Rh] = 20 with the 

final sample having an SEC-measured Ð of 1.11, and Mn of 10,250. This corresponds 

to a near-quantitative IE of 0.98 (Table 4-1, entry 9); such efficiencies in this 

application have only previously been reported for certain Masuda-type Rh(I)-vinyl 

initiators. The evolution of the molecular weight distribution for this polymerisation is 

highlighted in Figure 4-6B, the molecular weight distributions are unimodal and a 

systematic shift to lower retention time (higher molecular weight) is observed, 

accompanied by increasing height of the chromatograms which is an indication of 

increasing polymer yields in the aliquots. There was a general decrease in dispersities 

with increasing conversions. The SEC-measured Mn vs conversion plots for [P]/[Rh] 

= 5, 10, and 20 homopolymerisations at 30 °C are given in Figure 4-7. The Mn vs 
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conversion plots shows the molecular weight increasing proportionally to the 

monomer conversion and are essentially linear, which indicates that neither chain 

transfer nor chain termination events have occurred. 
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Figure 4-7. Mn vs conversion plot for homopolymerisation of PA at 30 oC in toluene 

with (A) [P]/[Rh] = 5 (■); (B) [P]/[Rh] = 10 (□); (C) [P]/[Rh] = 20 (●), ([P] = [P(4-

FC6H4)3]). 

 

Collectively, the kinetic and molecular weight data suggest that the 

homopolymerisation of PA with 90 in the presence of added free P(4-FC6H4)3 

proceeds in a controlled fashion with higher ratios of [P]/[Rh] giving better control 

albeit at the expense of polymerisation rate. 
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Table 4-2. A comparison between 90 and 92 with their relevant kapp values listed. All 

polymerisations were conducted at 30 °C in toluene. 

Rh catalyst [P]/[Rh] kapp (min-1) 

90 10 0.0360 

92 10 0.0720 

90 20 0.0228 

92 20 0.0480 

 

 

The measured kapp values for 90 (from Chapter 3) and 92 with [P]/[Rh] = 10 

and 30 for polymerisations performed in toluene at 30 °C are presented in Table 4-2. 

The homopolymerisation of PA by 92 is faster than 90 by a factor of 2 at both [P]/[Rh] 

ratios which suggests that 92 has a much higher activity in the homopolymerisation of 

PA. In Chapter 3, we described the 1,4-Rh atom migratory processes which 90 

underwent in solution, resulting in the formation of multiple ((in)active) species that 

adversely affected the efficacy of 90 as an initiator for the homopolymerisation of PA. 

Certainly, 92 might undergo such migratory processes; however, such an event yields 

a structurally identical species. As a result, a near quantitative IE and doubling in 

polymerisation rate can be seen while retaining the desirable traits such as low Ð and 

highly stereoregular cis-transoidal polyphenylacetylenes.  

A distinguishing feature of phenylacetylene (co)polymers prepared by Rh-

mediated insertion polymerisation is the highly stereoregular nature of the final 

materials with polymers adopting a cis-transoidal structure.15 This key structural 

feature was observed in the case of the polyphenylacetylene homopolymers prepared 

herein with calculated cis contents of 92 % ([P]/[Rh] = 5), 96 % ([P]/[Rh] = 10) and 
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99 % ([P]/[Rh] = 20) suggesting a correlation between stereoregularity and the 

polymerisation rate or overall level of control. 

To highlight the broader utility of 92 with a functional substrate, 4-

fluorophenylacetylene (4-FPA) was homopolymerised for a target Mn of 5,000 and 

[P]/[Rh] = 20, Figure 4-8. Consistent with PA homopolymerisations, polymerisation 

proceeded rapidly yielding a well-defined homopolymer with a narrow molecular 

weight distribution (Ð = 1.07) and high cis-transoidal stereoregularity (calculated cis 

content of 96 %). 

In a final demonstration of the ability of 92 to mediate the (co) polymerisation 

of phenylacetylenes in a controlled fashion, an AB diblock copolymer of PA with 4-

FPA was prepared via sequential monomer addition to demonstrate retention of chain-

end activity, Figure 4-9. PA was first homopolymerised in toluene at 30 °C with 

[P]/[Rh] = 20 and target Mn of 5,000 at quantitative conversion. An aliquot was 

withdrawn after 60 min and analysed by SEC which indicated a homopolymer with an 

Mn of 6,200 and Ð of 1.10. 4-FPA was subsequently added and block polymerisation 

allowed to proceed for a further 60 min. The copolymerisation was terminated by the 

addition of a small volume of acetic acid, and an aliquot removed for SEC analysis.  
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Figure 4-8. (A) 1H NMR, recorded in C6D6, of poly(4-fluorophenylacetylene) 

homopolymer, with the SEC trace of the homopolymer shown inset. Calculated cis 

content of 96 %. Measured integral values given in blue. (B) 19F NMR of the poly(4-

fluorophenylacetylene) homopolymer. 
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Block copolymer formation was verified by the systematic shift of the 

molecular weight distribution, which can be seen in Figure 4-9, to shorter retention 

time with no evidence of any residual homopolymer ‘impurity’ confirming retention 

of chain-end activity after PA homopolymerisation and quantitative crossover 

efficiency. The product AB diblock copolymer had a measured Mn of 15,900 and Ð of 

1.09.  
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Figure 4-9. SEC traces for a polyphenylacetylene homopolymer (red) and an AB 

diblock copolymer with 4-fluorophenylacetylene formed by sequential monomer 

addition (blue).
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Figure 4-10 shows the 1H NMR spectrum, with the 19F spectrum shown inset, 

recorded in C6D6, of the poly(PA-block-4-FPA) copolymer. The stereoregular nature 

of the copolymer is evidenced by the well-resolved aromatic hydrogens covering the 

range δ = 6.9-6.2 ppm, but more importantly, by the two signals at δ = 6.0 and 5.8 

ppm. The very sharp, former signal, is associated with backbone hydrogens in the cis 

configuration on the PA block while we assign the latter, broader signal to cis 

hydrogens of the 4-FPA block. The more poorly resolved cis-H signal associated with 

the 4-FPA block is indicative of a less stereoregular microstructure but, nonetheless, 

is still predominantly cis- the overall cis content of the copolymer was determined to 

be 76 %.  
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Figure 4-10. 1H NMR spectrum, recorded in C6D6, of poly(phenylacetylene-block-4-

fluorophenylacetylene) highlighting the cis-transoidal stereoregular nature of the 

copolymer microstructure with the relevant measured integral values (blue). The 19F 

NMR spectrum of the block copolymer is shown inset. 
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4.4 Conclusions 

In summary, in this chapter we have reported the synthesis of a new, well-

defined, readily isolable, Rh(I)-aryl complex that serves as a highly efficient initiator 

for the controlled (co)polymerisation of phenylacetylenes. Successful synthesis, 

isolation and purity of Rh(nbd)(Biphenyl)(P(4-FC6H4)3), 92, was confirmed by a 

combination of elemental analysis, X-ray crystal structure analysis, and multinuclear 

NMR spectroscopy.  

The efficacy of 92 was examined under a range of experimental conditions and 

it was found that the homopolymerisation of phenylacetylene (PA) performed in 

toluene at 30 °C with [P]/[Rh] = 20 resulted in a system with near-quantitative IE and 

yielded polymer with a low dispersity (Ð = 1.11). The calculated cis content of the 

resulting PA homopolymer was calculated to be 99 %. This work detailed herein also 

reveals that increasing polymerisation temperature had an adverse effect on the 

initiation efficiencies, which was attributed to a more pronounced impact on the rate 

of propagation compared to the the rate of initiation at elevated temperature, however, 

the dispersities were found to decrease at elevated temperatures. It was also noted that 

the homopolymerisation of PA by 92 was influenced by solvent and experiments 

conducted in a polar protic solvent like THF, adversely impacted the IEs, which were 

typically in the range of 0.38 to 0.74. This observation was consistent with 88 in that 

solvent polarity, or dielectric constant, did impact the level of control attained.  

The ability of 92 to mediate the controlled (co)polymerisation of 

phenylacetylenes was verified from the pseudo-first-order kinetic profiles, the 

molecular weight vs conversion plots and the ability to prepare an AB diblock 

copolymer with quantitative reinitiation. The rate of PA polymerisation mediated by 

92 was determined to be double the rate observed for the polymerisations initiated by 
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90, which was evident from the kapp values determined from the pseudo first-order 

kinetic plots. The broader applicability of 92, was demonstrated by the 

homopolymerisation of a functional PA derivative, 4-fluorophenylacetylene (4-FPA), 

mediated by 92, performed in toluene at 30 °C with [P]/[Rh] = 20, yielding poly(4-

FPA)s with a Ð of 1.07 and high cis-transoidal stereoregularity (cis content = 96 %). 

The stereoregular, cis-transoidal structure of the product, poly(phenylacetylene-block-

4-fluorophenylacetylene), was confirmed by 1H NMR spectroscopy was determined 

to be 76 % overall.  

To conclude, 92 was targeted to circumvent the 1,4-Rh atom migration that 

afflicted 90 (which was proposed to be responsible for the lower than expected IEs 

(ca. 0.85) due to the formation of multiple ((in)active) species), and the data presented 

within this chapter confirms that 92 is indeed a more efficient initiator than 90. This 

contribution represents only the second example in which a well-defined Rh(I)-aryl 

complex has been employed specifically as an initiator for the controlled 

polymerisation of phenylacetylenes and, at present, exhibits the highest initiation 

efficiency.  

 

 

 



    

232 

 

4.5 References 

1. Misumi, Y.;  Kanki, K.;  Miyake, M.; Masuda, T., Living polymerization of 

phenylacetylene by rrhodium-based ternary catalysts, (diene)Rh(I) 

complex/vinyllithium/phosphorous ligand. effect of catalyst components. 

Macromolecular Chemistry and Physics 2000, 201 (17), 2239-2244. 

 

2. Tan, N. S. L.;  Nealon, G. L.;  Lynam, J. M.;  Sobolev, A. N.;  Rowles, M. R.;  

Ogden, M. I.;  Massi, M.; Lowe, A. B., A (2-(naphthalen-2-yl)phenyl)rhodium(I) 

complex formed by a proposed intramolecular 1,4-ortho-to-ortho’ Rh metal-atom 

migration and its efficacy as an initiator in the controlled stereospecific polymerisation 

of phenylacetylene. Dalton Transactions : An International Journal of Inorganic 

Chemistry 2019, 48 (43), 16437-16447. 

 

3. Harris, R. K.;  Becker, E. D.;  Cabral de Menezes, S. M.;  Granger, P.;  

Hoffman, R. E.; Zilm, K. W., Further conventions for NMR shielding and chemical 

shifts (IUPAC recommendations 2008). Magnetic Resonance in Chemistry 2008, 46 

(6), 582-598. 

 

4. Carlton, C., Annual Reports on NMR Spectroscopy. Elsevier: 2008; Vol. 63. 

 

5. Bourhis, L. J.;  Dolomanov, O. V.;  Gildea, R. J.;  Howard, J. A.; Puschmann, 

H., The anatomy of a comprehensive constrained, restrained refinement program for 

the modern computing environment - Olex2 dissected. Acta Crystallographica Section 

A: Foundations and Advances 2015, 71 (Pt 1), 59-75. 

 

6. Sheldrick, G., Crystal structure refinement with SHELXL. Acta 

Crystallographica Section C 2015, 71 (1), 3-8. 

 

7. Ke, Z.;  Abe, S.;  Ueno, T.; Morokuma, K., Rh-catalyzed polymerization of 

phenylacetylene: theoretical studies of the reaction mechanism, regioselectivity, and 

stereoregularity. Journal of the American Chemical Society 2011, 133, 7926-7941. 

 

8. Sanda, F.;  Shiotsuki, M.; Masuda, T., Controlled polymerization of 

phenylacetylenes using well-defined rhodium catalysts. Macromolecular Symposia 

2015, 350, 67-75. 

 

9. Miyake, M.;  Misumi, Y.; Masuda, T., Living polymerization of 

phenylacetylene by isolated rhodium complexes, Rh[C(C6H5)=C(C6H5)2](nbd)(4-

XC6H4)3P (X = F, Cl). Macromolecules 2000, 33 (18), 6636-6639. 

 

10. Tan, N. S. L.;  Simpson, P. V.;  Nealon, G. L.;  Sobolev, A. N.;  Raiteri, P.;  

Massi, M.;  Ogden, M. I.; Lowe, A. B., Rhodium(I)‐α‐phenylvinylfluorenyl 

complexes: synthesis, characterization, and evaluation as initiators in the 

stereospecific polymerization of phenylacetylene. European Journal of Inorganic 

Chemistry 2019, 2019 (5), 592-601. 

 

11. Simionescu, C. I.; Percec, V., Thermal cis–trans isomerization of cis–

transoidal polyphenylacetylene. Journal of Polymer Science : Polymer Chemistry 

Edition 1980, 18 (1), 147-155. 



    

233 

 

 

12. Percec, V.;  Rudick, J. G.;  Nombel, P.; Buchowicz, W., Dramatic decrease of 

the cis content and molecular weight of cis-transoidal polyphenylacetylene at 23 °C in 

solutions prepared in air. Journal of Polymer Science Part A: Polymer Chemistry 

2002, 40 (19), 3212-3220. 

 

13. Simionescu, C. I.;  Percec, V.; Dumitrescu, S., Polymerization of Acetylenic 

Derivatives. XXX. Isomers of Polyphenylacetylene. Journal of Polymer Science Part 

A: Polymer Chemistry 1977, 15, 2497-2509. 

 

14. Karim, S. M. A.;  Nomura, R.; Masuda, T., Degradation behavior of 

stereoregular cis–transoidal poly(phenylacetylene)s. Journal of Polymer Science Part 

A: Polymer Chemistry 2001, 39 (18), 3130-3136. 

 

15. Bondarev, D.;  Zedník, J.;  Plutnarova, I.;  Vohlídal, J.; Sedláček, J., Molecular 

weight and configurational stability of poly[(fluorophenyl)acetylene]s prepared with 

metathesis and insertion catalysts. Journal of Polymer Science Part A : Polymer 

Chemistry 2010, 48 (19), 4296-4309. 

 

Every reasonable effort has been made to acknowledge the owners of copyright 

material. I would be pleased to hear from any copyright owner who has been omitted 

or incorrectly acknowledged.



 

 234 

Chapter 5  

Controlled (Co)Polymerisation of Phenylacetylenes and 

Other Substituted Arylacetylenes by 

Rhodium(I)(tetrafluorobenzobarrelene)(biphenyl)( tris(4-

fluorophenyl)phosphine). 

 

5.1 Introduction 

The thesis has, thus far, discussed the synthesis and evaluation of five new 

Rh(I) derivatives based on the Masuda structural motif, 78, Figure 5-1, as initiators for 

the polymerisation of phenylacetylenes (PAs), and in all cases, homopolymers of PA 

have high cis-transoidal stereoregularity, low dispersities (Ð < 1.20), and the 

polymerisations mediated by these Rh(I)-vinyl and -aryl derivatives were 

demonstrated to be controlled, as evidenced by the ability to prepare block 

copolymers.  

In Chapter 1,  three new Rh(I)-α-phenylvinylfluorenyl complexes, 88b, 88d 

and 88e, Figure 5-1, were synthesised, whose initiating fragment fulfils the 

substitution patterns outlined by Misumi et al.1 for efficient initiators. While they were 

determined to be active initiators for PA homopolymerisations, they had lower than 

expected initiation efficiencies (IEs), and spanned the range 0.13 to 0.56. The study 

demonstrated that the IE is not only governed by substitution patterns but also 

influenced by geometric or electronic factors. 
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Figure 5-1. Chemical structure of isolable Rh(I)-based complexes described in this thesis with different diene moiety and initiating fragment. 

Norbornadiene (nbd) variant (top row), Rh(I)-vinyl complexes, 76 and 88, and recently reported Rh(I)-aryl complexes, 90 and 92. 

Tetrafluorobenzobarralene (tfb)/Tetrachlorobenzobarralene (tcb) variant (bottom row), Rh(I)-vinyl complex, 82 reported by Saeed et al.2 and Rh(I)-

aryl complex, 93, whose synthesis and evaluation as initiator for the homopolymerisation of PA will be discussed in this chapter.
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To address the low IEs observed for the Rh(I)-α-phenylvinylfluorenyl 

complexes, we targeted the synthesis of the Rh(I)-2-phenylnaphthyl derivative, 89, 

Figure 5-1, whose initiating fragment has a freely rotating phenyl group on the β-

carbon,  and was hypothesised to facilitate facile monomer insertion. However, single 

crystal X-ray diffraction data indicated that we isolated a structural isomer of 89, 

namely the Rh(I)-2-naphthylphenyl derivative, 90, Figure 5-1, and upon further 

characterisation with 2D NMR spectroscopy (31P-103Rh{1H,103Rh} HMQC NMR) a 

second isomeric species, the Rh(I)-2-naphthylphenyl derivative, 91, Figure 5-1, was 

identified and a possible 3rd isomeric species observed only in 31P and 19F NMR 

experiments. The formation of these structural isomers of 89 was attributed to 1,4-Rh 

atom migrations whose mechanism was discussed in detail in Chapter 3. The 

evaluation of the new Rh(I)-aryl species, 90, as an initiator for the homopolymerisation 

of PA was carried out and the IE was determined to be 0.85. This less than quantitative 

IE was attributed to the formation of multiple (in)active species such as 91. 

In Chapter 4, to address the Rh-atom migrations, the synthesis of the Rh(I)-

biphenyl derivative, 92, was targeted. Recognising that this Rh(I)-aryl species is 

susceptible to such migratory processes, the incorporation of a structurally 

symmetrical initiating fragment, suggested that the IE might be improved. This 

hypothesis was confirmed when the investigation revealed that 92 exhibited a near-

quantitative IE of 0.98, a significant improvement over 90. We also demonstrated the 

broader utility with a successful homo- and block (co)polymerisation of a functional 

PA derivative. 

It is evident that these Rh(I) initiators are effective for the polymerisation of 

PA, however, there is much to be explored in terms of structure-activity studies. The 

commonality between the Rh(I)-vinyl and -aryl derivatives reported in previous 
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chapters is their norbornadiene (nbd) ligands which are π-acidic in nature. It is 

documented that Rh(I)-vinyl species bearing tetrafluorobenzobarralene (tfb) diene 

ligands, 82, Figure 5-1, are significantly more active than their nbd diene ligand 

counterparts due to a higher π-acidity.3, 4  

Based on the supposition that substituting the nbd ligand with tfb diene ligand 

will significantly increase the activity of the Rh(I)-biphenyl derivative by virtue of the 

higher π-acidity of the tfb diene ligand, in this chapter, the synthesis, and 

characterisation of a new Rh(I)-biphenyl derivative, Rh(I)(tfb)(Biphenyl)(P(4-

FC6H4)3), 93, Figure 5-1, is described. Subsequently, the efficacy of Rh(I)(tfb)-

biphenyl species as an initiator for the controlled (co)polymerisation of PA and other 

substituted aryacetylenes will be investigated, and its ability to mediate block 

(co)polymerisation will be examined by sequential monomer addition. 
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5.2 Experimental 

5.2.1  Materials 

n-Butyllithium (n-BuLi, 1.6 M solution in hexane, Sigma-Aldrich), 2-bromo-

biphenyl (C12H9Br) (98 % Tokyo Chemical Industry), and tris(para-

fluorophenyl)phosphine (P(4-FC6H4)3, 98 %, Sigma-Aldrich) were used as received. 

Phenylacetylene (CH≡CPh, 98 %, Sigma-Aldrich) was purified by passage over a 

column of basic alumina and then stored in a fridge until needed.  

THF, diethyl ether and CH2Cl2 were dried using a PureSolv MD5 solvent 

purification system (Innovative Technology, Inc.), collected, degassed via the freeze-

pump-thaw technique and stored under dry nitrogen until needed. Toluene (99.8 %, 

Sigma-Aldrich) was degassed via the freeze-pump-thaw method and stored under dry 

nitrogen until required. All glassware was pre-dried in an oven at 120 °C and then 

flamed dried under vacuum before use. All reactions were performed using standard 

Schlenk line techniques 
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5.2.2 Synthesis of Tetrafluorobenzobarralene (tfb). 

 

 

The target compound was prepared via a modification of a previously reported 

synthesis.5, 6 

To a round-bottomed flask equipped with a Teflon-coated magnetic stir bar, 

bromopentafluorobenzene (5 g, 0.02 mol) was added to benzene (63.0 mL, 0.7 mmol) 

and stirred for 10 minutes under a dry nitrogen atmosphere at 0 °C. To this was added 

n-BuLi (12.5 mL, 0.02 mol) to produce an ethereal light orange solution which was 

stirred at 0 °C for 2 hours. Subsequently, the solvent was removed via rotary 

evaporation yielding an orange residue which was extracted with hexane and filtered 

through a column containing neutral activated alumina 90 (80.0 g, activity I). This 

process was repeated until white solids remain in the reaction flask, which was 

discarded, and the yellow coloured fraction was kept. The yellow fraction was reduced 

via rotary evaporation to afford yellow crystals. It was then sublimed at 60 °C using a 

cold finger setup and yielded pure white crystals of tetrafluorobenzobarrelene (2.5 g, 

yield: 55 %). 1H NMR (400 MHz, CDCl3) δ (ppm): 6.88 (dd, J = 4.3, 3.0 Hz, 4H), 

5.29 (ttt, J = 4.1, 3.0, 1.0 Hz, 2H);  19F NMR (376 MHz, CDCl3) δ (ppm): -149.96 (d, 

J = 7.5 Hz), -150.00 (d, J = 7.6 Hz), -162.61 (d, J = 7.6 Hz), -162.65 (d, J = 7.7 Hz). 
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5.2.3  Synthesis of [Rh(tfb)Cl]2 

 

 

The target compound was prepared based on a procedure reported by Saeed et 

al.4 

 

To a round-bottomed flask equipped with a Teflon-coated magnetic stir bar 

was added RhCl3⋅6H2O (679 mg, 2.58 mmol) and tetrafluorobenzobarrelene (1.17 g, 

5.16 mmol) in ethanol (15.0 mL) and Milli-Q water (3.0 mL, 18 Ω), forming a purple 

mixture which was stirred for 30 min at room temperature under a normal air 

atmosphere. The reaction mixture was then refluxed for 3 h which afforded an orange 

precipitate. The precipitate was collected via gravity filtration and washed with 

methanol (30.0 mL) three times. The precipitate was then purified by recrystallisation 

from CH2Cl2/methanol via a solvent layering technique which afforded the target 

compound as orange crystals (846 mg, yield: 90 %). 1H NMR (400 MHz, CDCl3) δ 

(ppm): 5.65 (s, 2H), 3.79 (s, 4H); 19F NMR (376 MHz, CDCl3) δ (ppm): -146.67 (d, J 

= 7.3 Hz), -146.71 (d, J = 7.2 Hz), -158.69 (d, J = 6.8 Hz), -158.73 (d, J = 7.7 Hz). 
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5.2.4 Synthesis of Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3) 

The target complex, 93, was prepared following the procedure described in 

previous chapters.7 

To a round-bottomed flask equipped with a Teflon-coated magnetic stir bar 

was added 2-bromobiphenyl (172.4 μL, 1.00 mmol) in dry diethyl ether (20.0 mL). 

The flask was cooled to 0 °C, and n-BuLi (1.6 M solution in hexane, 0.71 mL, 1.13 

mmol) was cannula transferred and the mixture allowed to react for 45 min yielding 

an ethereal solution of C6H5(C6H4Li). To a separate round-bottomed flask equipped 

with a Teflon-coated magnetic stir bar, a solution of [Rh(tfb)Cl]2 (182.3 mg, 0.25 

mmol) and P(4-FC6H4)3 (316.3 mg, 1.00 mmol) was prepared in dry toluene (15.0 

mL). The mixture was then stirred vigorously at 0 °C for 15 min. To this was added 

the ethereal solution of C6H5(C6H4Li) via cannula transfer at 0 °C and the mixture was 

stirred for 4 hours. Subsequently, the reaction solution was quenched with methanol 

(1.0 mL) and the solution cannula transferred and filtered through a short plug of 

neutral activated alumina 90 (activity I) under an inert atmosphere, yielding a clear 

orange solution. Solvents were concentrated under high vacuum on a Schlenk line 

affording a dark orange viscous liquid. To this residue was added methanol (150 mL) 

and the mixture stirred vigorously with a magnetic stir bar yielding orange precipitates. 

The target complex was isolated by recrystallisation from CH2Cl2/methanol via a 

solvent layering technique (0.371 g, yield: 92 %). CH elemental analysis: %Ctheor: 

63.17, %Cfound: 63.21; %Htheor: 3.24, %Hfound: 3.34; 1H NMR (600 MHz, CD2Cl2) δ 

(ppm): 7.73-7.67 (m, 2H, H9), 7.46-7.44 (m, 3H, H10,11), 7.12 (dt, J = 7.4, 1.1 Hz, 

1H, H7), 7.06 (dd, J = 7.5, 1.4 Hz, 1H, H4), 7.01-6.95 (m, 12H, H12,13), 6.86 (t, J = 

7.3 Hz, 1H, H5), 6.76 (td, J = 7.3, 1.4 Hz, 1H, H6), 5.47 (t, 5.6 Hz, 1H, H15), 5.16 (t, 

J = 5.6 Hz, 1H, H14), 4.61 (q, J = 4.4 Hz, 1H, H18), 3.65 (t, J = 5.4 Hz, 1H, H17), 



 

242 

 

3.54 (q, J = 5.5 Hz, 1H, H16), 3.45 (q, J = 5.5 Hz, 1H, H19); 13C{1H} NMR (151 MHz, 

CD2Cl2) δ (ppm): 169.8 (dd, J = 32.5, 13.4 Hz, C2), 164.0 (dd, J = 250.6, 1.9 Hz, C-

F), 148.2 (C8), 147.0 (t, J = 1.7 Hz, C3), 136.9 (dd, J = 3.5, 1.3 Hz, C7), 135.8 (dd, J 

= 14.1, 8.1 Hz, C12), 129.9 (dd, J = 37.2, 3.0 Hz, C-P), 129.5 (C10), 127.6 (C4), 127.2 

(C11), 125.4 (d, J = 2.0 Hz, C6), 122.6 (C5), 122.4 (C9), 115.8 (dd, J = 21.1, 10.4 Hz, 

C13), 75.2 (d, J = 5.7 Hz, C19), 73.6 (d, J = 5.4 Hz, C17), 70.4 (dd, J = 14.5, 2.7 Hz, 

C18), 58.8 (dd, J = 19.8, 7.2 Hz, C16), 41.4 (d, J = 3 Hz, C15), 40.8 (C14); 19F NMR 

(376 MHz, C6D6) δ (ppm): -110.11 (d, J = 3.2 Hz), -147.88 (dd, J = 22.5, 15.8 Hz), -

148.20 (dd, J = 22.4, 15.7 Hz), -160.32 (dd, J = 22.5, 19.2 Hz), -160.54 (dd, J = 22.5, 

19.0 Hz); 31P{1H} NMR (243 MHz, CD2Cl2) δ (ppm):  23.6 (dm, JP-Rh = 193.4 Hz); 

103Rh{31P} NMR (19 MHz, CD2Cl2) δ (ppm):  -7674. 
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5.2.5 Homopolymerisation of Phenylacetylene 

All (co)polymerisations were performed using standard Schlenk line 

techniques, under a nitrogen atmosphere in glassware pre-dried in an oven set at 120 

°C. Below is a typical procedure for the homopolymerisation of phenylacetylene with 

Rh(tfb)(Biphenyl)(P(4-FC6H4)3), 93. 

A solution of phenylacetylene (0.25 g, 2.45 mmol) in toluene (2.5 mL) was 

cannula transferred under a nitrogen atmosphere to a solution of 

Rh(tfb)(Biphenyl)(P(4-FC6H4)3) (0.015 g, 0.02 mmol) and free phosphine, P(4-

FC6H4)3, (160 mg, 0.50 mmol) dissolved in toluene (2.5 mL) in a Schlenk flask 

equipped with a magnetic stir bar. The flask was then immersed in a pre-heated oil 

bath set at 30 °C and polymerisation allowed to proceed for 90 min. An aliquot (0.1 

mL) was withdrawn every 5-10 min and added to a vial of deuterated chloroform (0.5 

mL) containing a small volume of acetic acid (2.0 μL). After 90 min, the 

polymerisation was terminated by the addition of acetic acid. The product polymer 

was isolated by precipitation into a large volume of methanol, isolated by gravity 

filtration and dried to a constant weight in a vacuum oven at 40 °C overnight. 

Monomer conversions were determined by 1H NMR spectroscopy, and molecular 

weights and dispersity were measured by size exclusion chromatography. 

 

5.2.6  Self-blocking of Polyphenylacetylene (PPA) with PA 

A solution of phenylacetylene (0.25 g, 2.45 mmol) in toluene (2.5 mL) was 

cannula transferred under a nitrogen atmosphere to a solution of 

Rh(tfb)(Biphenyl)(P(4-FC6H4)3) (0.015 g, 0.02 mmol) and free phosphine, P(4-

FC6H4)3, (160 mg, 0.50 mmol) dissolved in toluene (2.5 mL) in a Schlenk flask 

equipped with a magnetic stir bar. The flask was then immersed in a pre-heated oil 
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bath set at 30 °C. After 1 h an aliquot (0.1 mL) was taken and the polymer isolated by 

precipitation into methanol (20.0 mL) containing a small volume of acetic acid as the 

terminating agent. Subsequently, a second feed of phenylacetylene (0.25 g, 2.45 

mmol) in toluene (2.5 mL) was added to the remaining polymerisation solution and 

‘block’ copolymerisation allowed to proceed for 1 hour. The copolymerisation was 

terminated via the addition of acetic acid, and the copolymer precipitated into a large 

volume of methanol. The product was isolated by filtration and dried to a constant 

weight in vacuo. 

 

5.2.7  NMR Measurements 

1H, 31P, and 19F NMR spectra were recorded at 298K on a Bruker Avance 400 

spectrometer. The data were processed with Bruker’s TopSpin 3.5 or MestReNova 

software packages. 103Rh NMR was acquired at 298K on a Bruker Avance IIIHD (600 

MHz for 1H) at 19.1 MHz using a commercial 5 mm triple resonance broadband probe 

(doubly tuned 1H/31P outer coil, with inner broadband coil) with 90 pulses of 27.5 s 

and 18.4 s for 103Rh and 31P respectively. 103Rh chemical shifts, δ, are given in ppm 

relative to  = 3.1864478 and derived indirectly from the 31P-103Rh HMQC 

experiments by four pulse 31P-103Rh HMQC experiments with 103Rh and 1H decoupling 

during acquisition. The transmitter frequency offset and t1 increments were varied to 

ensure that no signals were folded. Exponential line broadening of 10 Hz was applied 

to 1D 103Rh data, with 2D data zero filled, Gaussian broadened by 10 Hz and treated 

with spine-squared window function during processing. Coupling constants reported 

herein are given as absolute values but are likely to be negative in sign for 1JRh-P.9 
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5.2.8  Crystallography 

A suitable crystal, 0.25 × 0.17 × 0.10 mm3
, was selected and mounted on a 

support on an XtaLAB Synergy, Single source at home/near, HyPix diffractometer. 

The crystal was kept at a steady T = 120.01(10) K during data collection. The structure 

was solved with the ShelXT structure solution program using the Intrinsic Phasing 

solution method and by using Olex2 as the graphical interface. The model was refined 

with version 2018/3 of ShelXL using Least Squares minimisation.  

Crystal data for Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3): C42H27F7PRh, Mr = 

798.51, monoclinic, C2/c (No. 15), a = 26.3019(3) Å, b = 10.31750(10) Å, c = 

25.1310(4) Å,  = 94.7320(10)°,  =  = 90°, V = 6796.55(15) Å3, T = 120.01(10) K, 

Z = 8, Z' = 1, (CuK) = 5.115, 60027 reflections measured, 6909 unique (Rint = 

0.0921) which were used in all calculations. The final wR2 was 0.1489 (all data) and 

R1 was 0.0490 (I > 2(I)). 

 

5.2.9  Size Exclusion Chromatography (SEC) 

SEC was performed on a Shimadzu modular system consisting of a 4.0 mm × 3.0 mm 

Phenomenex Security Guard™ Cartridge guard column and two linear phenogel 

columns (103 and 104 Å pore size) in tetrahydrofuran (THF) operating at a flow rate 

of 1.0 mL/min and 40 °C using a RID-20A refractive index detector, a SPD-M20A 

prominence diode array detector and a miniDAWN TREOS multi-angle static light 

scattering (MALLS) detector. The system was calibrated with a series of narrow 

molecular weight distribution polystyrene standards with molecular weights ranging 

from 0.27 to 66 kg mol-1. Chromatograms were analysed by Lab Solutions SEC 

software. 
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5.3 Results and Discussion 

5.3.1  Synthesis of Dimer Complex [Rh(tfb)Cl]2 

Tetrafluorobenzobarrelene was synthesised following the literature procedure 

outlined in Scheme 5-1.5, 6  The reaction between pentafluorobromobenzene and n-

butyllithium 1.6 M at 0 °C leads to the formation of pentafluorophenyllithium, a 

thermally unstable compound,5 which then reacts, yielding a highly reactive 

intermediate, tetrafluorobenzyne through the elimination of lithium fluoride. This 

intermediate then reacts additively with benzene in a [4+2]  cycloaddition yielding 

tetrafluorobenzobarrelene (tfb). 

 

 

Scheme 5-1. Reaction of pentafluorobromobenzene with n-BuLi 1.6M in benzene to 

afford tetrafluorobenzobarrelene (tfb). 

 

Regarding the isolation and purification of the target compound, the literature 

procedure described by Tomlinson et al. 5 requires a significant amount of time to 

accomplish and resulted in significant yield loss due to the sticky nature of the crude 

product. On the other hand, the method of Brewers et al.6 was relatively faster but 

resulted in lower purity product. A modified approach was developed for the 
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purification of this volatile compound by a selective combination of Brewers and 

Tomlinson reported procedures. 

In the final stages of purification, the benzene solvent was removed by 

evaporation in vacuo, leaving an orange residue. This was followed by extraction of 

the residue with hexanes (repeated 5 to 6 times), and filtering through activated neutral 

alumina (activity I). The solvent from the filtrate was removed via rotary evaporation 

which afforded faint yellow-tinged crystals. The yellow colouring is associated with 

reaction side products, which were identified as 2,2',3,3',4,4',5,5'6-

nonafluorobiphenyl.5, 6 Finally, the separation of the target compound from the 

impurities was achieved by sublimation using the Tomlinson method, with a cold 

finger setup. The target compound was isolated when heated in vacuo at 60 °C, leaving 

behind the yellow oily residue. This increases the final yield to 75 % from the reported 

50 - 55 % yields and a reduction in synthesis time. 
2
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Figure 5-2. 1H NMR spectrum recorded in CDCl3 for purified tfb ligand with measured 

integral values given in blue. 
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Figure 5-3. 19F NMR spectrum of purified tfb ligand in CDCl3. 

 

 The 1H NMR spectra, Figure 5-2, shows two sets of signals, doublets of 

doublets attributed to the olefinic protons and triplets of triplets of triplets associated 

with the methine protons, at δ = 6.88 and 5.29 ppm respectively. The 19F NMR spectra, 

Figure 5-3, shows four pairs of doublets at δ = -149.96, -150.00, -162.61 and -162.65 

ppm. All signals integrate to the expected ratio, confirming the structure. 
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Figure 5-4. (A) 1H NMR spectrum of [Rh(tfb)Cl]2 in CDCl3; (B) 19F NMR spectrum 

of [Rh(tfb)Cl]2 in CDCl3. Relevant peaks highlighted in blue boxes with measured 

integral values. Two intense peaks at δ = 7.26 and 1.56 ppm (indicated with red boxes) 

are CHCl3 and HDO respectively. 
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Scheme 5-2. Synthetic pathway employed for the preparation of the Rh dimer 

[Rh(tfb)Cl]2. 

 

With the purified tfb ligand available, the next step in the synthesis was the 

preparation of the bridged Rh dimer, [Rh(tfb)Cl]2. The synthetic pathway adopted, 

Scheme 5-2, follows a previously reported procedure.4 [Rh(tfb)Cl]2 was readily 

prepared by refluxing tfb and RhCl3.6H2O in ethanol and water for 2 hours, before 

filtering the yellow precipitate, washing it with methanol and recrystallising it from 

CH2Cl2 and methanol. 

 Spectroscopic characterisation by 1H NMR showed two set of singlets, Figure 

5-4A, at δ = 5.65 and 3.79 ppm, stemming from the olefinic and methine protons 

respectively. The 19F NMR spectrum, Figure 5-4B reveals two sets of multiplets at δ 

= -147.18 and -159.44 ppm. All signals integrated to the expected ratio, and is 

consistent with previously reported values,4 confirming the structure. 
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5.3.2 Synthesis of Target Complex Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3) 

 

Scheme 5-3. Overview of the synthetic pathway adopted for the preparation of the 

target Rh complex Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3). 

 

The target complex, Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3), was prepared 

according to Scheme 5-3. The reaction between [Rh(tfb)Cl]2 and tris(4-

fluorophenyl)phosphine gave the intermediate, tetracoordinate, mononuclear species 

Rh(tfb)(P(4-FC6H4)3)Cl (I Scheme 5-3). In the final step, n-butyllithium-mediated 

lithiation of 2-bromobiphenyl and subsequent reaction with I gave the target complex 

Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3). The complex was isolated/purified via elution 

through a short plug, packed with neutral alumina as the stationary phase, and 

recrystallisation from CH2Cl2/methanol using a solvent layering technique.
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Figure 5-5. (A) 1H NMR spectrum of Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3) with the 

expanded aromatic region shown inset and measured integral values given in blue; (B) 

31P NMR spectrum of Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3) showing a doublet of 

doublets around δ = 23.6 ppm with JP-Rh = 193.4 Hz. 
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Multinuclear NMR spectroscopy (1H, 13C, 19F, 31P, and various 2D techniques) 

were employed to characterise the recrystallised complex, 93. Figure 5-5A shows the 

1H NMR spectrum of 93 recorded in CD2Cl2; an expansion of the aromatic region 

(plotted between δ = 6.5 to 8.0 ppm) is shown inset. The splittings within the aromatic 

region are similar to 92 reported in Chapter 4; the multiplet around δ = 6.9 to 7.0 ppm 

integrates to 12H which are associated with the phosphine ligand. The remaining 

signals within this region are attributed to the biphenyl functional group. The signals 

between δ = 3.0 to 5.6 ppm are associated with the protons on the tfb ligand. All signals 

integrated to the expected ratio, confirming the structure. 

The 31P{1H} NMR spectrum of 93 is shown in Figure 5-5B. A pair of doublets 

of multiplets is observed around δ = 23.6 ppm with a corresponding 1JRh-P value of 

193.4 Hz. Both chemical shift and coupling constants of 93 are entirely consistent with 

previously reported values for 90 and 92.  

Figure 5-6 shows the 19F NMR spectrum recorded in CD2Cl2; The singlet at δ 

= -110.1 ppm is associated with the fluorine atoms on the phosphine ligand while the 

four pairs of doublets of doublets shown inset are associated with the fluorine atoms 

on the tfb ligand. The integrations for these signals are in the expected ratio, further 

confirming the structure. 
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Figure 5-6. 19F NMR spectrum of Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3), 93 with an 

expansion of the region from δ = -145 to -165 ppm shown inset. 

 

The complex was subsequently characterised by a combination of single-

crystal X-ray diffraction, 103Rh and 31P-103Rh heteronuclear multiple quantum 

coherence (HMQC) NMR spectroscopy and elemental analysis. Figure 5-7 shows the 

experimentally determined X-ray crystal structure of 93, and its geometry is consistent 

with previously reported examples of structurally related rhodium(I)-vinyl and -aryl 

complexes 88b 88d, 88e, 90, 91 and 92.7, 10-12 
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Figure 5-7. OLEX2 representation of Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3), 93, at 50 % 

probability ellipsoids and H atoms omitted for clarity. Selected bond lengths (Å): 

Rh(1)-P(1), 2.323(10); Rh(1)-C(C), 2.093(4); Rh(1)-C(H), 2.236(4); P(1)-C(D), 

1.822(5); C(S)-F(3), 1.353(6). Selected bond angles (deg): C(B)-Rh(1)-P(1), 

166.19(12); C(H)-Rh(1)-P(1), 111.11(12); C(C)-Rh(1)-P(1), 91.23(13).
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Figure 5-8. 103Rh{1H-31P} NMR spectrum of Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3), 93, 

recorded in CD2Cl2. 

 

Figure 5-8 shows the 103Rh{1H-31P} NMR spectrum of 93; a singlet, centred 

around δ = -7674 ppm (561 ppm if referenced to Rh metal), is observed. This is 

consistent with previously reported Rh(I) complexes reported in Chapter 2 (88b, 88d 

and 88e; δ = -7862, -7870, -7861 ppm respectively; 372, 365 and 373 ppm respectively 

if reference to Rh metal), Chapter 3 (90,  δ = -7688 ppm; 547 ppm if reference to Rh 

metal) and Chapter 4 (92, δ = -7699 ppm; 536 ppm if reference to Rh metal). 

Figure 5-9 shows the complementary 31P-103Rh HMQC NMR spectrum of 93 

which clearly indicates the presence of a single Rh and P species with direct coupling 

between the two nuclei, further confirming the purity and stability of complex 93 in 

solution. 
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Figure 5-9. 31P-103Rh HMQC NMR spectrum of Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3), 

recorded in CD2Cl2. 

 

5.3.3  Polymerisation Studies 

With 93 in-hand, its efficacy as an initiator in the controlled, stereospecific (co) 

polymerisation of phenylacetylene(s) was explored. Firstly, a control experiment was 

conducted in which phenylacetylene (PA) was homopolymerised for a target Mn of 

10,000 in toluene at 30 °C in the absence of added free P(4-FC6H4)3 (Table 5-1, entry 

4). Under these conditions, polymerisation was very rapid reaching ca. 98 % 

conversion within 30 sec and yielded a homopolymer that eluted at the upper column 

limits of the SEC instrument, indicating an Mn in excess of 100,000 and a non-

controlled polymerisation process. This is consistent with past observations made in 
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the previous chapters concerning the (co)polymerisation of phenylacetylene with 

complexes 88b, 88d, 88e, 90, and 92, in the absence of free phosphine Figure 5-1.7, 10, 

12 All further experiments were conducted in the presence of added free phosphine. 

 

Table 5-1. Summary of homopolymerisations of PA (M1) with 93 conducted at 30 °C, 

in toluene. 

Entry 
Rh 

species 
Monomers [P]/[Rh] 

Mn Dispersity  Rh 

cis 

content 

(%)d 

(SEC)b (Ð)b initiation 

    
efficiencyc 

1 93 M1 5 12,800 1.31 0.78 92 

2 93 M1 10 13,100 1.15 0.76 95 

3 93 M1 20 10,400 1.15 0.96 99 

4 93 M1 0 nde ndf ndf ndf 

 

a. Target Mn is 10,000 which is calculated as Mn = mass (g) monomer/moles of 93 and assuming    

100 % initiation efficiency. 

b. As measured by size exclusion chromatography: eluent THF operated at a flow rate of 1.0 mL/min, 

instrument calibrated with narrow molecular weight distribution polystyrene standards. Dispersity (Ð) 

= Mw/Mn. 

c. Calculated from the ratio of theoretical to measured (SEC determined) Mn’s. 

d. As determined by 1H NMR spectroscopy according to C. I. Simionescu, V. Percec and S. 

Dumitrescu, J. Polym. Sci., Part A: Polym. Chem., 1977, 15, 2497-2509. 

 

 

Initially, the initiating ability/efficiency of 93 was examined under the same 

conditions as those employed for the Masuda derivative, 78 (Table 5-1, entry 1).11 The 

polymerisation proceeded smoothly with a calculated Rh IE of 0.78, yielding a highly 

stereoregular homopolymer (cis content of 92 %) and an SEC-measured Mn of 12,800, 

but with relatively high dispersity (Ð = 1.31). At a [P]/[Rh] ratio (where [P] = P(4-

FC6H4)3) of 10, no improvement in IE was seen, but we note that the dispersity, Ð, 

decreased from 1.31 to 1.15 (Table 5-1, entry 2). A significant improvement in the IE 

was observed after increasing the [P]/[Rh] ratio from 5 to 20 (Table 5-1, entry 3), and 

yielded a PA homopolymer with an SEC-measured Mn of 10,400 which corresponds 
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to an IE of 0.96. However, no further improvement with Ð was observed. Furthermore, 

the cis-content of the resulting polyPA increased from 92 to 99 %. These observations 

are consistent with the previous Rh(I)-aryl complexes7, 12 whereby increasing the 

[P]/[Rh] ratio improved the polymerisation characteristics overall, leading to better 

control, albeit at the expense of polymerisation rate.  
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Figure 5-10. Pseudo first-order kinetic plots for the homopolymerisation of PA in 

toluene at 30 °C with [P]/[Rh] = 10 and 20. 

 

The pseudo-first-order kinetic plots for the hompolymerisation of PA with 93 in 

toluene at 30 °C at [P]/[Rh] = 10 and 20 are shown in Figure 5-10. As anticipated, the 

homopolymerisation at [P]/[Rh] = 10 (kapp = 0.600 min-1) proceeded rapidly compared 

to [P]/[Rh] = 20 (kapp = 0.300 min-1) with a doubling of the polymerisation rate being 

observed. This is not surprising, as noted in previous chapters, increasing free 

phosphine concentration results in a decrease in the rate of polymerisation. A short 

induction period of ca. 10 min for [P]/[Rh] = 20 was observed while for [P]/[Rh] = 10, 
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there was no observable induction period. Both the kinetic plots are linear, indicating 

a constant number of active species. 

Table 5-2 shows the kapp values of the previous Rh(I)-aryl complexes, 90 and 

92 bearing an nbd diene ligand and the current Rh(I)-aryl complex, 93, bearing a tfb 

diene ligand under otherwise identical conditions for the homopolymerisation of PA. 

The kapp of the polymerisation mediated by 93 was at least ca. 6 times greater than 92 

and 16 times higher than 90, highlighting the increased activity of 93 versus 92 and 

90, Figure 5-1. These results are consistent with reports by Saeed et al.3 regarding 82, 

Figure 5-1, in which substitution of the nbd diene ligand with the tfb diene ligand to a 

significantly higher activity than the former, a feature that was attributed to the high 

π-acidity of the tfb diene ligand. 

 

Table 5-2. The apparent rate constant of propagation, kapp and calculated initiation 

efficiencies, for homopolymerisations of PA mediated by Rh(I)-aryl complexes 

reported in Chapter 3 and 4 compared to, Rh(I)(tfb)(Biphenyl)(P(4-FC6H4)3), 93.  

Rh species [P]/[Rh] 
kapp 

(min-1) 

Rh initiation 

efficiency  

(IE) 

Dispersity  

(Ð)  

90 10 0.0374 0.82 1.11 

92 10 0.0720 0.89 1.18 

93 10 0.6000 0.77 1.15 

90 20 0.0228 0.85 1.09 

92 20 0.0480 0.98 1.11 

93 20 0.3000 0.96 1.20 

 

 

According to the Dewar-Chatt-Duncanson model,13 the highest occupied 

molecular orbital (HOMO) of the alkene (diene in the case of tfb), a filled π-orbital, 



 

261 

 

donates electron density through σ-donation to the metal d-orbital; the metal then 

donates electron density back from a filled metal d-orbital into the lowest unoccupied 

molecular orbital (LUMO), a vacant π* orbital.14-16 This back-donation results in a 

decreased electron density around the metal centre, increasing its electrophilic 

character, and facilitating more facile coordination of the nucleophilic monomer to the 

rhodium centre.4  

Further evidence of the strength of the π-acidity of the tfb diene ligand is seen 

by observing the chemical shift of the olefinic protons of this species. A higher π-

acidity ligand results in an upfield chemical shift of the olefinic proton signals. The 

chemical shift of the olefinic proton of free tfb ligand is δ = 6.88 ppm, Figure 5-2. 

Upon formation of the target complex, 93, this signal shifted substantially to δ = 3.45 

ppm, Figure 5-5, a difference, Δδ, of 3.43 ppm. This is indicative of increased 

shielding of the olefinic proton as a result of increased backbonding that reduces the 

π-character of the C=C double bond.17 

A comparison of the calculated IEs and dispersities with the reported values 

for complexes discussed in Chapter 3, 90, Figure 5-1, and Chapter 4, 92, Figure 5-1, 

are given in Table 5-2. The highest IEs of Rh(I)-aryl complex 93, Figure 5-1, were 

typically seen when the [P]/[Rh] = 20, however, we note that it is marginally lower 

than the structurally similar 92, Figure 5-1, with the latter exhibiting an IE of 0.98. The 

slightly lower than expected IEs for 93 could be attributed to the significantly higher 

activity towards PA compared to 92, resulting in a higher propagation rate in 

comparison to the initiation rate. We note that quantitative initiation efficiency is not 

a formal prerequisite for a polymerisation to be accurately term controlled. 
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Figure 5-11. Normalised SEC traces showing the evolution of the molecular weight in 

the homopolymerisation of PA for a target molecular weight of 10,000 and at [P]/[Rh] 

= 20. 

 

Figure 5-11 shows the normalised SEC traces for the aliquots withdrawn from 

a PA homopolymerisation with 93 with [P]/[Rh] = 20 in toluene at 30 °C. All traces 

are unimodal, with a systematic shift to lower retention time with increasing 

conversion. No significant change in dispersity, Ð, was observed, with increasing 

conversion and Ðs averaging ca. 1.22. While these Ð values are not as low as those 

previously discussed in Chapter 4 for complex 92 (Ð = 1.16), there are certainly 

acceptable. 
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Figure 5-12. Mn vs conversions plots for homopolymerisation of PA at (A) [P]/[Rh] = 

10; and (B) [P]/[Rh] = 20. 

 

Figure 5-12 shows the Mn vs conversion plots for polymerisations of PA 

conducted with [P]/[Rh] = 10 and 20. It can be seen in Figure 5-12A, the plot exhibited 

non-linearity before 50 % monomer conversions, suggesting non-controlled processes 

are occurring a lower conversions. When the [P]/[Rh] ratio was increase from 10 to 

20, the Mn increase with monomer conversion, exhibiting linearity up to near-

quantitative conversion, suggesting increased control over the polymerisation. 

A distinguishing feature of controlled polymerisation processes is the ability 

to prepare block (co)polymers, or more advanced polymer architectures, by sequential 
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monomer addition. Successful blocking, ideally with quantitative crossover efficiency, 

confirms retention of active chain ends. Firstly, to demonstrate this ability, a self-

blocking experiment was performed in which PA was initially homopolymerised in 

toluene at 30 °C in the presence of 90 and 20 equivalents of free phosphine, P(4-FC-

6H4)3. 
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Figure 5-13. SEC-traces for a self-blocking homopolymerisation of PA demonstrating 

retention of active chain ends.  

 

After 90 minutes, an aliquot was withdrawn and analysed by SEC, Figure 5-13, 

with the formed PPA having a measured Mn of 10,700 (calculated IE of 0.93) and a 

corresponding Ð of 1.26. Then, a second charge of PA was added to the reaction 

mixture, and the polymerisation was allowed to proceed for another 90 minutes. The 

polymerisation was quenched with acetic acid and isolated by precipitation in an 

excess methanol, yielding an orange polymer sample with an SEC-measured Mn of 

21,800 and a corresponding Ð of 1.12. As seen in Figure 5-13, a clear shift in the 

chromatogram to lower retention time (higher molecular weight) was observed after 

the addition and polymerisation of the second batch of monomer with little to no 
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evidence of residual homopolymer ‘impurity’ confirming the retention of chain-end 

activity after the initial PA homopolymerisation and quantitative crossover efficiency. 

Figure 5-14 shows the 1H NMR spectrum, recorded in CDCl3, of the isolated 

PPA showing a sharp singlet at δ = 5.85 ppm coupled with two sharp resonances at δ 

= 7.0 to 6.5 ppm indicative of a highly stereoregular structure with, in this instance, a 

calculated cis content of 98 %. This is entirely consistent with previous reports in 

which the presence of trans protons results in a significant broadening in the aromatic 

region.18 

5678910

1
H Chemical  shift (δ, ppm)

1
.0

0

2
.0

5

3
.0

1

 

Figure 5-14. 1H NMR spectrum recorded in CDCl3, of a self-block (co)polymer 

highlighting the cis-transoidal stereoregular structure as evidenced by a sharp singlet 

at δ = 6.19 ppm that is attributed to the proton on the backbone of the polymer in a cis 

conformation. Measured integral values given in blue. 
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Collectively, the ability to prepare a ‘block’ copolymer and the kinetic data 

suggests that 93 mediates the stereospecific controlled polymerisation of PA at 

[P]/[Rh] = 20, in a controlled manner. 

 

Figure 5-15. Phenylacetylene (M1), 1-ethyl-4-ethynylbenzene (M2), 4-ethynylanisole 

(M3), 4-(trifluoromethoxy)phenylacetylene (M4), 3,4-dichlorophenylacetylene (M5), 

4-ethynylaniline (M6), 4-ethynylbiphenyl (M7), 4-ethynylnapthalene (M8)  and 2-

ethynylthiophene (M9). 

 

 The activity of Rh(I)-based complexes bearing a tfb diene ligand remains 

relatively unexplored even though the activity of such complexes towards PA 

(co)polymerisation represents amongst the highest recorded in this target application.19 

The activity of 93 in the homopolymerisation of other functional substrates was 

subsequently investigated, see Table 5-2 with a summary of the polymerisation 

conditions, kapp, Mn, Mw, and Ð. The hompolymerisations of functional substrates 

listed in Figure 5-15 will be detailed herein. 
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Figure 5-16 Normalised SEC traces of the evolution of molecular weight distribution 

in the homopolymerisation of M2 for a target molecular weight of 10,000 with 

[P]/[Rh] = 20. 

 

Figure 5-16A shows the pseudo first-order kinetic plot for the 

homopolymerisation of 1-ethyl-4-ethynylbenzene, M2, in toluene at 30 °C with 

[P]/[Rh] = 20 and 10. Expectedly, the homopolymerisation at  [P]/[Rh] = 10 (Table 

5-3, entry 3) proceeded faster than [P]/[Rh] = 20 (Table 5-3, entry 4) and, in both 

instances, the calculated IEs were near-quantitative, however, the final products had 

broad MWD at both ratios (Ð = 1.49). The measured cis content showed an 

improvement from 85 % ([P]/[Rh] = 10) to 89 % ([P]/[Rh] = 20). 

Of all the functional arylacetylenes, the homopolymerisation of M3 by 93 was 

the least controlled, with the resulting polymer having an SEC-measured Mn of 9,710 

and a very broad molecular weight distribution (Ð = 1.57) (Table 5-3, entry 5). The 

pseudo-first-order kinetic plot for the homopolymerisation of M3 was shown to be 

linear up to ca. 80 mins, Figure 5-11, but then drops off at the end. This suggest loss 

of active species, which might account for large Ðs observed for the isolated poly(M3).
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Table 5-3. Summary of homopolymerisations of mono-substituted acetylenes with 93 conducted at 30 °C 

 

 

 

 

 

 

 

 

 

 

a. Target Mn is 10,000 which is calculated as Mn = mass (g) monomer/moles of 93 and assuming 100 % initiation efficiency. 

b. As measured by size exclusion chromatography: eluent THF operated at a flow rate of 1.0 mL/min, instrument calibrated with narrow molecular weight distribution 

polystyrene standards. Dispersity (Ð) = Mw/Mn 

c. Calculated from the ratio of theoretical to measured (SEC determined) Mn’s. 

d. As determined by 1H NMR spectroscopy using a modified approach based on Simonionescu, Percec and Dumitrescu method.20 

e. Not determined. 

Entry 
Rh 

species 
Monomers [P]/[Rh] 

Polym. Theoretical Mn Mw Dispersity kapp 

cis 

content 

(%)d 

solvent MWa (SEC)b (SEC)b (Ð)b (min-1) 

           

1 93 M1 10 Toluene 10,000 13,100 15,000 1.15 0.6000 95 

2 93 M1 20 Toluene 10,000 10,370 12,000 1.15 0.3000 99 

3 93 M2 10 Toluene 10,000 9,950 14,800 1.49 0.0240 85 

4 93 M2 20 Toluene 10,000 10,500 15,800 1.49 0.0132 89 

5 93 M3 10 Toluene 10,000 9,710 15,200 1.57 0.0252 97 

6 93 M4 10 Toluene 10,000 10,700 11,700 1.09 0.0180 84 

7 93 M4 20 Toluene 10,000 8,500 9,100 1.07 0.0084 88 

8 93 M5 10 Toluene 10,000 8,530 9,766 1.14 0.0252 84 

9 93 M5 20 Toluene 10,000 8,502 9,105 1.07 0.0096 87 

10 93 M6 0 Toluene 10,000 nde nde nde nde nde 

11 93 M7 20 Toluene 10,000 insoluble insoluble insoluble insoluble insoluble 

12 93 M8 20 Toluene 10,000 insoluble insoluble insoluble insoluble insoluble 

13 93 M9 10 Toluene 10,000 nde nde nde nde nde 
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An examination of the Mn vs monomer conversion plot shows an initial 

increase in Mn followed by a significant decrease before another increase, indicative 

of undesirable chain-transfer events. The same trend was observed with the SEC data, 

which clearly indicates a non-controlled process with the dispersity reaching 1.40 after 

only 15 min and then increasing to 1.66 before finally reaching a final measured value 

of 1.57. These observations are in contrast to those of Kishimoto et al.21 who reported 

that M3 could be effectively be homopolymerized with 97 % monomer conversion 

yielded an isolated homopolymer with Ð = 1.25 with Rh(C≡CC6H5)(nbd)[P(C6H5)3]2 

(where nbd = 2,5-norbornadiene). 
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Figure 5-17. Pseudo-first order kinetic plot of homopolymerisation of M3 in toluene 

at 30 °C with [P]/[Rh] = 10. 

 

Surprisingly, the cis content was estimated to be 97 % as it can be seen in 

Figure 5-18A, which shows the 1H NMR spectrum of the isolated poly(M3), recorded 

in C6D6. The spectrum reveals sharp, distinctive and well-resolved signals, indicative 

of the stereoregular nature of the poly(M3). It was subsequently found that solvent had 
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a significant effect on the poly(M3) stereoisomerism. Poly(M3) dissolved in CDCl3, 

Figure 5-18B, led to broad signals with a much lower cis content.  
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Figure 5-18. 1H NMR spectrum of poly(4-ethynylansiole), poly(M3), (A) recorded in 

C6D6; (B) recorded in CDCl3. 

 

It should be noted the colour of dissolved poly(M3) was dark green in CDCl3, 

whereas in C6D6, the colour was light orange which is consistent with the colour of 

dissolved PPA and other substituted arylacetylene polymer samples. This observation 
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suggests that there is solvent-induced change in the backbone geometry of poly(M3), 

and it may have affected data collection, which invariably leads to poor results. 

Regardless, the current data for the homopolymerisation of M3, mediated by 93, 

suggest that it is of the uncontrolled nature. 

Interestingly, the fluorinated analogue of M3, 4-

trifluoromethoxyphenylacetylene, M4, polymerised with many of the hallmark 

characteristics of a controlled polymerisation (Table 5-3, entry 6 and 7). For example, 

Figure 5-19A shows the pseudo-first-order kinetic plots for homopolymerisations in 

toluene at 30 °C with [P]/[Rh] = 10 and 20. The kinetic plots are essentially linear with 

the polymerisation at [P]/[Rh] = 10 proceeding more rapidly. In both cases, a short 

induction period is observed which is not an uncommon feature of these 

polymerisations, especially with higher [P]/[Rh] ratios. 

A representative series of SEC traces for PA homopolymerisation at [P]/[Rh] 

= 10 with target molecular weight of 10,000 is shown in Figure 5-19B.  The SEC traces 

show a systematic shift to higher molecular weight with decreasing Ðs, with the final 

product having an SEC-measured Mn of 10,700, corresponding IE of 0.93, and Ð of 

1.09. Consistent with the other substituted arylacetylene monomers, M4 polymerises 

to give highly stereoregular, cis rich poly(M4). This is highlighted in the 1H NMR 

spectrum of poly(M4), recorded in CDCl3, Figure 5-20A, which shows a well-defined 

cis proton signal at δ = 5.96 ppm. Similarly, in Figure 5-20B, the 19F NMR spectrum, 

recorded in CDCl3, displayed a clear distinct signal. While not as stereoregular as PPA 

homopolymers, the calculated cis content for poly(M4) was still high at 84 %. 
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Figure 5-19. (A) Pseudo-first order kinetic plots for homopolymerisation of M4 with 

[P]/[Rh] = 10 and 20; (B) a series of SEC traces for the homopolymerisation of M4 at 

[P]/[Rh] = 10. 
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Figure 5-20. (A) 1H NMR spectrum with measured integral values given in blue; (B) 

19F NMR spectrum of poly(4-(trifluoromethoxy)phenylacetylene), poly(M4), 

recorded in CDCl3. 
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 3,4-Dichlorophenylacetylene, M5, was readily homopolymerised with 93 at 

[P]/[Rh] = 10 and 20 (Table 5-3, entry 8 and 9). Consistent with the majority of other 

arylacetylenes examined, the pseudo-first-order kinetic plots are linear with a short 

induction period observed for [P]/[Rh] = 20. The SEC-measured Mn of aliquouts 

increases systematically in both cases with final samples having an Mn of ca. 8,700. A 

marginal improvement in dispersity was observed at [P]/[Rh] = 20 with Ð of 1.07, 

compared to 1.14 at [P]/[Rh] = 10. Similarly, the cis content for the former is 

marginally higher at 87 % versus 84 % for the later. 

The homopolymerisation of substituted arylacetylenes with a bulky substituent 

such as 4-ethynylbiphenyl, M7, and 4-ethynylnapthalene, M8, was evaluated next. In 

this instance, the homopolymerisation of M7 and M8 by 93 yielded dark orange, and 

dark violet coloured polymers respectively after 30 minutes, precipitating during the 

process and that were insoluble in benzene, THF, dichloromethane and acetone. This 

prevented the characterisation of the samples, and as such, the results were 

inconclusive. The insolubility of these polymers had been noted previously.22-25 

According to Tabata et al.,23 the solvation of poly(M8) (and possibly poly(M7)) could 

be hindered due to the pseudo-hexagonal packed crystal structure and narrow helical 

pitch width which stems from the cis-transoidal nature of the polymer. 

The efficacy of 93 as an initiator for the homopolymerisation of 2-

ethynylthiophene, M9, and 4-ethynylaniline, M6, was evaluated next and was found 

to be inactive toward these monomers with no polymer formation being observed via 

1H NMR or SEC. In regards to the homopolymerisation of M9, it has been shown that 

[Rh(nbd)Cl]/Et3N, [Rh(cod)Cl]2/Et3N and [Rh(acac)Cl]2 (nbd = norbornadiene; cod = 

cyclooctadiene; acac = acetylacetone) were active in the polymerisation of 2-ethynyl- 

and 3-ethynyl-thiophenes.26-29 As for the polymerisation of M6, Saeed, Shiotsuki and 
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Masuda30 performed polymerisation using a variety of synthesised Rh(I)-based 

catalysts bearing a nbd diene ligand with a heteroatom-containing bidentate ligand 

based on phenoxy-imine and β-diiminates. The authors reported that the 

polymerisation of M6 gave low polymer yields (14-29 %) and noted that the polymer 

precipitated out of solution during polymerisation. 

To demonstrate the ability to prepare functional block copolymers, we 

prepared two examples with 4-(trifluoromethoxy)phenylacetylene, M4, and 3,4-

dichlorophenylacetylene, M5. In both instances, PA was first homopolymerised in 

toluene at 30 °C with [P]/[Rh] = 20, yielding ‘living’ PA homopolymers with SEC-

measured Mns of 12,200 (poly(PA1), Figure 5-21) and 12,100 (poly(PA2), Figure 

5-22) with a corresponding Ðs of 1.12 and 1.10.  

The addition of M4 to poly(PA1) resulted in a clear, systematic shift of the 

molecular weight distribution to a lower retention time, Figure 5-21A, with the 

resulting final copolymer, poly(PA1)-block-poly(M4), having an SEC-measured Mn 

of 21,200 and Ð of 1.08. No evidence of residual poly(PA1) impurity is observed, 

indicating retention of chain-end activity after full consumption of PA and a 

quantitative crossover efficiency to M4. The same observations were made for the 

preparation of poly(PA2)-block-poly(M5) copolymer, Figure 5-22A, which yielded a 

copolymer (Mn of 20,300 and Ð of 1.12) with quantitative crossover efficiency. In both 

examples, the final AB block copolymers had very high cis-transoidal stereoregularity 

as evidenced by the well-defined and sharp signals which are attributed to their 

respective cis protons highlighted in the 1H NMR spectrums, Figure 5-21B and Figure 

5-22B. 
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Figure 5-21. (A) SEC traces of a PPA homopolymer, poly(PA1) (red) and a 

poly(PA1)-block-poly(M4) (blue); (B) 1H NMR spectrum, recorded in CDCl3, of 

poly(PA1)-block-poly(M4) with the relevant cis protons highlighted.
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Figure 5-22. (A) SEC traces of a PPA homopolymer, poly(PA2) (red) and a 

poly(PA2)-block-poly(M5) (blue); (B) 1H NMR spectrum, recorded in CDCl3, of 

poly(PA2)-block-poly(M5) with the relevant cis protons highlighted. 
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It should be noted that efficient crossover and corresponding block copolymer 

formation was not achieved with all monomers. For example, the preparation of the 

block copolymer, poly(PA3)-block-poly(M2) (where M2 = 1-ethyl-4-

ethynylbenzene), was attempted, and while block formation was successful, yielding 

a final copolymer with an SEC-measured Mn of 26,000 and Ð of 1.12, there was 

evidence of significant PA homopolymer ‘impurities’ present as observed in the SEC 

trace (blue), Figure 5-23A, which exhibit features of bimodality, indicating possible 

loss of some chain-end activity and non-quantitative crossover efficiency.  Despite 

this, the resulting final copolymer have high cis-transoidal stereoregularity as 

evidenced by the sharp signals highlighted in the 1H NMR spectrum, Figure 5-23B. 
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Figure 5-23. (A) SEC traces for a PPA homopolymer, poly(PA3) (red) and poly(PA3)-

block-poly(M2) (blue); (B) 1H NMR spectrum, recorded in CDCl3, of poly(PA3)-

block-poly(M2) with the relevant cis protons highlighted. 

5.4 Conclusions 

In summary, the synthesis of a new, well-defined, readily isolable, Rh(I)-aryl 

complex, Rh(tfb)(Biphenyl)(P(4-FC6H4)3), was reported, which was characterised in 

detail via a combination of elemental analysis, X-ray crystal structure analysis, and 

multinuclear NMR spectroscopy (such as 1H, 19F, 31P, 103Rh and 31P-103Rh HMQC 

NMR spectrum). The ability of 93 to mediate controlled (co)polymerisation of 

phenylacetylene, specifically at [P]/[Rh] = 20 (where [P] = P(4-FC6H4)3), was 

confirmed from the pseudo-first-order kinetic profiles, the molecular weight vs 

conversion plots, and the ability to form block copolymers through self-blocking 

demonstrating retention of chain-end activity. In addition, the resulting PA 

homopolymer was highly stereoregular bearing cis-transoidal conformation with a 

calculated cis content of 99 %. 

Complex 93 was targeted due to the assumption that substituting the nbd diene 

ligand with tfb diene ligand in such Rh(I) complexes would increase its activity. This 

was found to be true with 93 being highly active, as evidenced by the rapid rate of 

homopolymerisation of PA with calculated kapps (at [P]/[Rh] = 10) that were at least 8 

to 16 times higher than 90 (reported in Chapter 3) and 92 (reported in Chapter 4). 

The activity of 93 towards other substituted arylacetylenes was explored and 

revealed that 93 was active for a range of substituted arylacetylenes including 1-ethyl-

4-ethynylbenzene (M2), 4-(trifluoromethoxy)phenylacetylene (M4), 3,4-

dichlorophenylacetylene (M5), 4-ethynylbiphenyl (M7), and 4-ethynylnaphthalene 
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(M8), however, with varying degrees of control. While the molecular weight 

distribution for the homopolymer of M2 was broad (Ð = 1.49), the homopolymers of 

M4 and M5 had low dispersities (Ð = 1.07).  The homopolymers of M2, M4, and M5 

all had high stereoregularity with calculated cis contents of 89, 88 and 87 % 

respectively. 

Interestingly, the homopolymerisation of 4-ethynylanisole (M3) yielded 

polymer, but the kinetic data displayed inconsistencies, suggesting that the 

polymerisation was uncontrolled. It was revealed later that the inconsistencies were 

due to likely polymer degradation in CDCl3, resulting in poor data acquisition. 

However, we noted that the polymerisation of M3 yielded highly stereoregular cis-

transoidal polymer with a measured cis content of 97 %. The homopolymerisations of 

4-ethynyl aniline (M6) and 3-ethynylthiophene (M9) were attempted but no 

homopolymer formation was observed in either the SEC analysis, nor via 1H NMR 

spectroscopy. The homopolymerisation of 4-ethynylbiphenyl (M7) and 4-

ethynylnaphthalene (M8), in both cases, yielded insoluble polymers, which prevented 

their characterisation and as such was inconclusive, although the tfb complex clearly 

initiated polymerisation.The ability to form AB diblock copolymers with other 

substituted arylacetylenes was demonstrated by the block (co)polymerisation of 

‘living’ PA homopolymer with M4 and M5. Successful block copolymer formation 

was confirmed by size exclusion chromatography (SEC) with quantitative crossover 

efficiencies noted and 1H NMR spectroscopy verifies the high stereoregularity of the 

final copolymers, which was predominantly cis in nature. We noted that in the case of 

the block copolymerisation of PA with M2, SEC data for the resulting block 

copolymer suggest non-quantitative crossover efficiency, nonetheless, block 

copolymers formation was successfully achieved. 
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In summary, the data presented in this chapter confirms that 93 is a highly 

active initiator for PA homopolymerisation compared to those reported in the previous 

chapters and under appropriate conditions mediates polymerisation with near-

quantitative initiation efficiency. 

 



 

283 

 

5.5 References 

1. Misumi, Y.;  Kanki, K.;  Miyake, M.; Masuda, T., Living polymerization of 

phenylacetylene by rrhodium-based ternary catalysts, (diene)Rh(I) 

complex/vinyllithium/phosphorous ligand. effect of catalyst components. 

Macromolecular Chemistry and Physics 2000, 201 (17), 2239-2244. 

 

2. Saeed, I.;  Shiotsuki, M.; Masuda, T., Remarkable cocatalytic effect of alkali 

metal amides and alkoxides in the rhodium-catalyzed polymerization of 

phenylacetylene. Macromolecules 2006, 39 (16), 5347-5351. 

 

3. Saeed, I.;  Shiotsuki, M.; Masuda, T., Living polymerization of 

phenylacetylene with tetrafluorobenzobarrelene ligand-containing rhosium catalyst 

systems featuring the synthesis of high molecular weight polymer. Macromolecules 

2006, 39 (25), 8567-8573. 

 

4. Saeed, I.;  Shiotsuki, M.; Masuda, T., Effect of diene ligands in the rhodium-

catalyzed polymerization of phenylacetylene. Macromolecules 2006, 39 (26), 8977-

8981. 

 

5. Tomlinson, A. J.; Massey, A. G., Perfluorophenyl derivatives of the elements 

XI. Metal carbonyl derivatives of tetrafluorobenzobicyclo[2.2.2]octatriene. Journal of 

Organometallic Chemistry 1967, 8 (2), 321-327. 

 

6. Brewer, J. P. N.;  Eckhard, I. F.;  Heaney, H.; Marples, B. A., Aryne chemistry. 

part V. some addition reactions of tetrafluorobenzyne. Journal of The Chemical 

Society C: Organic 1968, 664-676. 

 

7. Tan, N. S. L.;  Nealon, G. L.;  Lynam, J. M.;  Sobolev, A. N.;  Rowles, M. R.;  

Ogden, M. I.;  Massi, M.; Lowe, A. B., A (2-(naphthalen-2-yl)phenyl)rhodium(I) 

complex formed by a proposed intramolecular 1,4-ortho-to-ortho’ Rh metal-atom 

migration and its efficacy as an initiator in the controlled stereospecific polymerisation 

of phenylacetylene. Dalton Transactions: An International Journal of Inorganic 

Chemistry 2019, 48 (43), 16437-16447. 

 

8. Harris, R. K.;  Becker, E. D.;  Cabral de Menezes, S. M.;  Granger, P.;  

Hoffman, R. E.; Zilm, K. W., Further conventions for NMR shielding and chemical 

shifts (IUPAC recommendations 2008). Magnetic Resonance in Chemistry 2008, 46 

(6), 582-598. 

 

9. Carlton, C., Annual Reports on NMR Spectroscopy. Elsevier: 2008; Vol. 63. 

 

10. Tan, N. S. L.;  Simpson, P. V.;  Nealon, G. L.;  Sobolev, A. N.;  Raiteri, P.;  

Massi, M.;  Ogden, M. I.; Lowe, A. B., Rhodium(I)‐α‐phenylvinylfluorenyl 

complexes: synthesis, characterization, and evaluation as initiators in the 

stereospecific polymerization of phenylacetylene. European Journal of Inorganic 

Chemistry 2019, 2019 (5), 592-601. 

 



 

284 

 

11. Miyake, M.;  Misumi, Y.; Masuda, T., Living polymerization of 

phenylacetylene by isolated rhodium complexes, Rh[C(C6H5)=C(C6H5)2](nbd)(4-

XC6H4)3P (X = F, Cl). Macromolecules 2000, 33 (18), 6636-6639. 

 

12. Tan, N. S. L.;  Nealon, G. L.;  Turner, G. F.;  Moggach, S. A.;  Ogden, M. I.;  

Massi, M.; Lowe, A. B., Rh(I)(2,5-norbornadiene)(biphenyl)(tris(4-

fluorophenyl)phosphine): synthesis, characterization, and application as an initiator in 

the stereoregular (co)polymerization of phenylacetylenes. American Chemical Society 

Macro Letters 2020, 9 (1), 56-60. 

 

13. Dewar, M. J. S., A review of π complex theory. Bulletin de la Société Chimique 

de France 1951, 18, C79. 

 

14. Hartley, F. R., Metal-olefin and -acetylene bonding in complexes. Angewandte 

Chemie International Edition 1972, 11 (7), 596-606. 

 

15. Stoebenau, E. J.; Jordan, R. F., Nonchelated d0 zirconium−alkoxide−alkene 

complexes. Journal of The American Chemical Society 2006, 128 (25), 8162-8175. 

 

16. Chatt, J.; Duncanson, L. A., 586. Olefin co-ordination compounds. Part III. 

Infra-red spectra and structure: attempted preparation of acetylene complexes. Journal 

of The Chemical Society 1953, 2622, 2939-2947. 

 

17. Chen, J.;  Eldridge, R. B.;  Rosen, E. L.; Bielawski, C. W., A study of Cu(I)-

ethylene complexation for olefin–paraffin separation. AlChE Journal 2011, 57 (3), 

630-644. 

 

18. Tang, B. Z.;  Poon, W. H.;  Leung, S. M.;  Leung, W. H.; Peng, H., Synthesis 

of stereoregular poly(phenylacetylene)s by organorhodium complexes in aqueous 

media. Macromolecules 1997, 30 (7), 2209-2212. 

 

19. Saeed, I.;  Shiotsuki, M.; Masuda, T., Living Polymerization of 

Phenylacetylene with Tetrafluorobenzobarrelene Ligand-Containing Rhodium 

Catalysts Systems Featuring the Synthesis of High Molecular Weight Polymer. 

Macromolecules 2006, 39, 8567-8573. 

 

20. Simionescu, C. I.;  Percec, V.; Dumitrescu, S., Polymerization of acetylenic 

derivatives. XXX. Isomers of polyphenylacetylene. Journal of Polymer Science: 

Polymer Chemistry Edition 1977, 15 (10), 2497-2509. 

 

21. Kishimoto, Y.;  Eckerle, P.;  Miyatake, T.;  Ikariya, T.; Noyori, R., Living 

polymerization of phenylacetylenes initiated by Rh(C≡CC6H5)(2,5-

norbornadiene)[P(C6H5)3]2. Journal of The American Chemical Society 1994, 116 

(26), 12131-12132. 

 

22. Karim, S. M. A.;  Musikabhumma, K.;  Nomura, R.; Masuda, T. In Synthesis 

and properties of poly(9-phenanthrylacetylene) and poly(1-pyrenylacetylene), 

Proceedings of the Japan Academy, Series B, Tokyo, JP, The Japan Academy: Tokyo, 

JP, 1999; pp 97-100. 

 



 

285 

 

23. Tabata, M.;  Yokota, K.; Namioka, M., An electron spin resonance study of 

poly(α-ethynylnaphthalene) polymerized with [Rh(norbornadiene)Cl]2 and WCl6 as 

catalysts. Macromolecular Chemistry and Physics 1995, 196 (9), 2969-2977. 

 

24. Mawatari, Y.;  Motoshige, A.;  Yoshida, Y.;  Motoshige, R.;  Sasaki, T.; 

Tabata, M., Structural determination of stretched helix and contracted helix having 

yellow and red colors of poly(2-ethynylnaphthalene) prepared with a 

[Rh(norbornadiene)Cl]2-triethylamine catalyst. Polymer 2014, 55 (10), 2356-2361. 

 

25. Cataldo, F.;  Ursini, O.; Angelini, G., Synthesis and study of the thermal and 

chiro-optical properties of polyacetylenes with bulky side Groups : poly(1-ethynyl-4-

biphenyl), poly(1-ethynyl-4- phenoxybenzene) and poly(1-ethynyl-4-pentylbenzene). 

Journal of Macromolecular Science, Part A 2009, 46 (9), 860-869. 

 

26. Svoboda, J.;  Sedláček, J.;  Zedník, J.;  Dvořáková, G.;  Trhlíková, O.;  

Rédrová, D.;  Balcar, H.; Vohlídal, J., Polymerization of 3-ethynylthiophene with 

homogeneous and heterogeneous Rh catalysts. Journal of Polymer Science Part A : 

Polymer Chemistry 2008, 46 (8), 2776-2787. 

 

27. Nakamura, M.;  Tabata, M.;  Sone, T.;  Mawatari, Y.; Miyasaka, A., 

Photoinduced cis-to-trans isomerization of poly(2-ethynylthiophene) prepared with a 

[Rh(norbornadiene)Cl]2 catalyst. 1H NMR, UV, and ESR studies. Macromolecules 

2002, 35 (6), 2000-2004. 

 

28. Imamura, T.;  Mawatari, Y.;  Fukuda, H.; Tabata, M., Organic thin film 

transistors with substituted polyacetylenes containing a hetero atom. E-Journal of 

Surface Science and Nanotechnology 2009, 7, 767-771. 

 

29. Wang, X.;  Yan, Y.;  Liu, T.;  Su, X.;  Qian, L.;  Song, Y.; Xu, H., Synthesis 

and nonlinear optical properties of polyacetylenes containing oxadiazole and 

thiophene pendant groups with high thermal stability. Journal of Polymer Science Part 

A : Polymer Chemistry 2010, 48 (23), 5498-5504. 

 

30. Saeed, I.;  Shiotsuki, M.; Masuda, T., Nitrogen ligand-containing Rh catalysts 

for the polymerization of substituted acetylenes. Journal of Molecular Catalysis A : 

Chemical 2006, 254 (1), 124-130. 

 

 Every reasonable effort has been made to acknowledge the owners of 

copyright material. I would be pleased to hear from any copyright owner who has been 

omitted or incorrectly acknowledged.



 

286 

 

Chapter 6  

Conclusions and Future Work 

The work presented in this thesis investigated the application of a series of 

organo-rhodium(I) complexes based on the general Masuda structural motif,1 78,  

Figure 6-1, in the controlled (co)polymerisations of arylacetylenes. Intrigued by the 

paucity of reported controlled (co)polymerisations of phenylacetylene (PA) by well-

defined isolable rhodium(I) (Rh(I)) complexes, we developed a research program 

aimed at introducing simple modifications to the initiating fragment of the Masuda 

catalyst and with systematically increasing complexity, which we then evaluate as 

initiators for the (controlled) (co)polymerisations of PA and other substituted 

arylacetylenes. 

 

 

Figure 6-1. The chemical structures of Masuda catalysts1 (78) and three new Rh(I)-

fluorenyl complexes bearing a fluorine functionalised phosphine (88b, 88d and 88e 

where b = P(4-FC6H4)3; d = P(4-CF3C6H4)3; e = P(3,5-(CF3)2C6H3)3). Initiating 

fragment highlighted in blue. 
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In Chapter 2, a series of Rh(I)-fluorenyl complexes, 88b, 88d and 88e (where 

b = P(4-FC6H4)3; d = P(4-CF3C6H4)3; e =  P(3,5-(CF3)2C6H3)3), which contained an α-

phenylvinylfluorenyl initiating fragment (highlighted in blue, Figure 6-1) and bears a 

fluorine-functionalised phosphine ligand. 103Rh and 31P-103Rh 2D NMR spectroscopy 

was used to characterised 88b, 88d, and 88e along with other complementary 

characterisation techniques (1H,19F, 31P NMR spectroscopy, elemental analysis, x-ray 

powder diffraction and single-crystal x-ray diffraction). The structural difference of 

the initiating fragment of 78 and 88 was a bond between the phenyl groups on the β 

carbon of the vinylic initiating fragment and the initiating ability was examined under 

a range of experimental conditions. We found that the complexes were active as 

initiators for the homopolymerisation of PA, but they suffered from low initiation 

efficiencies (IEs), spanning the range 0.13 to 0.56, but yielding copolymers with 

dispersities, Ð, as low as 1.03. We proposed that the low IEs were associated with the 

initial monomer insertion into the Rh-C bond being sterically hindered by the bulky, 

and conformationally locked fluorenyl moiety. Despite the low IEs, the resulting PA 

homopolymers have high stereoregularity (cis content = 96 %) bearing a cis-transoidal 

configuration. The successful synthesis of AB ‘diblock’ copolymers via a self-

blocking experiment demonstrated retention of chain-end activity and quantitative 

crossover efficiency which is consistent with a controlled polymerisation process. In 

summary, the series of Rh(I)-α-phenylvinylfluorenyl complexes, 88, were active 

initiators for the homopolymerisation of PA. While 88 met the general substitution 

criteria outlined by Misumi et al.2 for efficient PA initiators, the results suggest that 

efficiency is governed not just by substitution patterns (or rather ligand environment) 

but may also be influenced by other geometric, and perhaps electronic, factors. 
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Figure 6-2. Chemical structure of targeted (2-phenylnapthalene)Rh(I) derivative (89), 

isolated second isomeric form (2-naphthylphenyl)Rh(I) (90), and third isomeric form 

(3-phenylnaphtalene)Rh(I) (91) with the ‘vinyl’ moiety highlighted in red. 

 

In Chapter 3, we attempted the synthesis of Rh(I)-2-phenylnaphthyl derivative, 

89 Figure 6-2, which was targeted to address the issues of the low IEs of 88 due to the 

steric hindrance stemming from the bulky, and conformationally locked fluorenyl 

initiating fragment which prevents facile coordination of PA. Complex 89 is a Rh(I)-

aryl complex with an initiating fragment that has a phenyl group on the β-vinyl carbon 

(recognising that it is part of the aromatic naphthyl group, highlighted in red, that is 

able to freely rotate. Unexpectedly, we isolated the 2-naphthylphenyl isomer, 90, after 

recrystallisation. We proposed that the formation of 90 and 91 proceeded via an 

intramolecular 1,4-Rh atom migrations or ortho-to-ortho’ C-H bond activation which 
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was supported by Density Functional Theory (DFT) calculations. Also, 1H and 31P-

103Rh NMR spectroscopy indicated that in solution, the 2-naphthylphenyl isomer 

underwent a second 1,4-Rh atom migration, gaining a third species, the 3-

phenylnaphthyl structural isomer, 91. Accepting the fact that in addition to 90, a 

second minor 91 and possibly third species are present in small quantities, we 

proceeded to examined 90 as an initiator for the homopolymerisation of PA. Consistent 

with other Rh-mediated insertion polymerisation, the resulting poly(phenylacetylene)s 

(PPAs) had narrow molecular weight distributions (Ð  ≤ 1.25) and possessed high cis-

transoidal stereoregularity (cis content of 99 %) with a corresponding IE of 0.80. The 

lower than expected IEs were rationalised by the formation of multiple (in)active 

species via 1,4-Rh atom migratory processes and the calculated ratio of 4:1 in favour 

of (2-naphthylphenyl)Rh(I) derivative coincides with the overall IE of ca. 0.80. 

Overall, while not the target species, 90 was an effective initiator for the 

homopolymersation of PA, and based on the linearity of pseudo first-order kinetic 

plots, Mn vs monomer conversion plots, and resulting polymer dispersities (Ð ≤1.25) 

suggests that polymerisations of PA mediated by 90 were controlled and represents a 

significant improvement over the α-phenylvinylfluorenyl derivative reported in 

Chapter 2. 

 

Figure 6-3. Chemical structure of Rh(I)(Biphenyl)(nbd)(P(4-FC6H4)3) (Biphenyl = 

biphenyl initiating fragment highlighted above in blue). 
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 In an effort to improve the low IEs of 90 associated with formation of 

additional (in)active species through 1,4-Rh atom migrations, as detailed in Chapter 3, 

we next targeted 92, Figure 6-3, with a biphenyl initiating fragment. While still 

potentially prone to 1,4-migratory processes, the occurrence of such shifts would yield 

identical species. The target complex, 92, was successfully synthesised and 

characterised in detailed via methods and techniques highlighted previously. Complex 

92 was subsequently evaluated as an initiator for PA (co)polymerisation, and we found 

that the IEs obtained were near-quantitative (ca. 0.98) with the resulting PA 

homopolymers also having a low dispersity (Ð = 1.11). The pseudo first-order kinetic 

plots and Mn vs monomer conversion plots for the hompolymerisation of PA were 

obtained for [P]/[Rh] = 5, 10 and 20 and were found to be linear which is consistent 

with a controlled polymerisation process. To highlight the broader potential use of 92, 

we also performed the hompolymerisation of 1-ethynyl-4-fluorobenzene (4-FPA) in 

toluene at 30 °C with [P]/[Rh] = 20, which was successful in producing poly(4-FPA) 

with a corresponding IE of 0.71, with polyenes possessing Ð of 1.07 and highly 

stereoregular structure (cis-transoidal, cis content = 96 %) that is comparable with 

PPA. We also demonstrated retention of chain-end activity by successfully performing 

block (co)polymerisations in the preparation of poly(PA-block-4-FPA) which had a 

predominantly cis-transoidal structure with the calculated cis content of 76 %. These 

findings confirm that complex 92 does, successfully, address the issues of 1,4-Rh atom 

migration noted for complex 90 as detailed in Chapter 3. Further, 92 is the first Rh(I)-

aryl complex that exhibits IEs comparable to the Masuda, Rh(I)-triphenylvinyl 

species.1 
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Figure 6-4. Chemical structure of Rh(tfb)(PhC=CPh2)(P(4-FC6H4)3) (82) and 

Rh(tfb)(Biphenyl)(P(4-FC6H4)3) (93). Tetrafluorobenzobarralene (tfb, highlighted in 

red) ligand and initiating fragment highlighted in blue, respectively. 

In Chapter 5, we built on our recent findings and chose Rh(tfb)(BiPh)(P(4-

FC6H4)3) (where tfb = tetrafluorobenzobarralene), 93, Figure 6-4, as the final target 

complex since it was reported by Saeed et al.3, 4 that replacing the norbornadiene (nbd) 

diene ligand with the tetrafluorobenzobarralene (tfb) ligand significantly improved the 

activity of the initiator, 82. The final chapter detailed the synthesis, characterisation 

and application of 93 as an initiator for the controlled polymerisation of PA. The 

homopolymerisation of PA mediated by 93 was performed in toluene at 30 °C with 

[P]/[Rh] = 10 or 20. It was noted that 20 equivalents of P(4-FC6H4)3 was required to 

achieve near-quantitative IE (0.96), which yielded very high cis-transoidal 

stereoregular PPAs with measured cis content of 99 % and low Ð of 1.15. It was also 

noted that 93 displayed a significantly higher activity towards PA homopolymerisation 

with kapp values generally 8 and 16 times higher than 92 and 90 respectively, in 

addition, is consistent with the enhanced π-acidity of tfb versus nbd. The pseudo first-

order kinetic and Mn vs monomer conversion plots at [P]/[Rh] = 10 and 20 were linear 

which meets the criteria for controlled polymerisation as outlined in Chapter 1 of this 

thesis.  
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We also utilised 93 to homopolymerise additional arylacetylene monomers, 

including 1-ethyl-4-ethynylbenzene (M2), 4-ethynylanisole (M3), 4-

(trifluoromethoxy)phenylacetylene (M4), 3,4-dichlorophenylacetylene (M5), 4-

ethynylaniline(M6), 4-ethynylbiphenyl (M7), 4-ethynylnapthalene (M8)  and 2-

ethynylthiophene (M9). The homopolymerisation of M2, M4 and M5 proceeded 

smoothly and was found to be consistent with a controlled polymerisation process as 

confirmed by kinetic studies. Homopolymerisation of M7 and M8 yielded insoluble 

polymers, consistent with previous reports relating to the uncontrolled polymerisation 

of these monomers.5-8 No evidence of polymerisation for M6 and M9 was observed as 

determined by size exclusion chromatography (SEC). The data for the 

homopolymerisation of M3 was inconsistent, and the cause was later determined to be 

associated with solvent effects which lead to the degradation of the polymers in 

solution, which prevented the reliable acquisition of data. 

 

Table 6-4. Summary of AB diblock copolymers synthesised by 93 in Chapter 5. 

Entry Polymer 
Polymer Yield 

(%) 
Mn Mw Ð 

1 
Poly(PA)-block-

poly(M2) 
92 26,000 29,100 1.12 

2 
Poly(PA)-block-

poly(M4)  
90 21,200 22,900 1.08 

3 
Poly(PA)-block-

poly(M5)  
91 20,300 22,700 1.12 

 

As a final demonstration of the controlled nature of the polymerisations 

mediated by 93, we successfully performed self-blocking experiments to synthesise 

AB diblock copolymers via sequential monomer addition (see summary in Table 6-4) 

with the final copolymers having low dispersities and cis contents in the high 90s. This 

demonstrated the retention of chain-end activity and the broader utility of 93 for the 
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preparation of new functional materials. Complex 93 represents the most active 

species among all the Rh(I)-vinyl and -aryl species reported in Chapter 2 (88), 3 (90) 

and 4 (92). 

The data presented in this thesis have demonstrated that the π-acidity of the 

diene ligand and structural features of the initiating fragment plays a considerable role 

in regulating the efficiencies of Rh(I)-vinyl and Rh(I)-aryl species as initiators for the 

polymerisation of arylacetylenes. The facile coordination of the monomer is, in part, 

greatly affected by the steric hindrance of the initiating fragment, particularly with 

large bulky aromatic rings which have the potential to limit the synthesis of large aryl 

end-functionalised homopolymers.  

Recently, Taniguchi et al.9 reported a multi-component catalytic system for 

living polymerisation of PA is a convenient, highly efficient and versatile method of 

introducing end-functionalisation to homopolymers of PA and block copolymers 

which addresses the problem stated above. The method involves a one-pot 

polymerisation of PA by starting off with reacting [Rh(nbd)Cl]2 with a boronic acid of 

choice and diphenylacetylene in the presence of 50 % (w/v) aqueous solution of KOH 

and at least 3 equivalents of PPh3 for 5 minutes at 0 °C before adding PA to start 

polymerisation process. The diphenylacetylene coordinates to the Rh centre via an 

insertion process which forms the vinylic portion of the initiating fragment similar to 

that of the Masuda catalyst, 78. The formed vinylic portion of the molecule also likely 

act as a spacer group between the bulky aryl group of the boronic acids and Rh centre. 

Future research efforts should look at using similar methods described by Taniguchi 

et al.9  for previously characterised well-defined isolable Rh(I) initiators that suffer 

from low IEs such as 88 by investigating if added diphenylacetylenes improve the 

efficiency of the initiation process. 
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Finally, it was also demonstrated in Chapter 5 that solvent affects the 

degradation of poly(M3) which should be noted for future work. The thermal 

isomerisation of PPA in CDCl3 is well documented by Percec et al.10-12 but there are 

no specific reports regarding the stability of other functional poly(arylacetylenes). This 

could present a challenge for future work regarding the acquisition of reproducible 

data if the groundwork for understanding the stability of substituted 

poly(arylacetylenes) in a range of solvents are not well understood. This is ever more 

important since access to substituted poly(arylacetylenes) has been opened with 93 

and Taniguchi’s multi-component catalytic system.  

In summary, this thesis describe the synthesis and detailed characterisation of 

six new Rh(I)-vinyl and Rh(I)-aryl complexes with a primary emphasis on a systematic 

evaluation of their ability to mediate the (controlled) (co)polymerisations of PA and 

other substituted arylacetylene derivatives. 
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Appendix A 

 

Figure A-1. Reported X-ray crystal structure for the Masuda complex 

Rh(nbd)(CPh=CPh2)PPh3, 88a 

See Kumazawa et al. Organometallics 2012, 31, 6834-6842. 
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Figure A-2. Reported X-ray crystal structure for the Masuda complex 

Rh(nbd)(CPh=CPh2)P(4-ClC6H4)3, 88c. 

See Miyake et al. Macromolecules 2000, 33, 6636-6639.
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Chapter 1 

Reproduced (adapted) from 
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Mediated by Well-defined Rhodium Complexes’ Angewandte Chemie, 

International Edition 2020. DOI: 10.1002/anie.201909909. 

Nicholas Sheng Loong Tan, Andrew B. Lowe ‘Durch definierte 

Rhodiumkomplexe vermittelte Polymerisationen’ Angewandte Chemie, 

2020. DOI: 10.1002/ange.201909909.  

With permission from the Angewandte Chemie International Edition. 

License number: 4901151065618, 3rd September 2020. 

With permission from the Angewandte Chemie. License number: 

4899160217281, 31st August 2020. 4901151158306, 3rd September 2020. 

Chapter 2 

Reproduced (adapted) from 

Nicholas Sheng Loong Tan, Peter V. Simpson, Gareth L. Nealon, 

Alexandre N. Sobolev, Paolo Raiteri, Massimiliano Massi, Mark I. Ogden, 

Andrew B. Lowe. ‘Rhodium(I)-a-Phenylvinylfluorenyl Complexes: 

Synthesis, Characterization, and Evaluation as Initiators in the 

Stereospecific Polymerization of Phenylacetylene’ European Journal of 

Inorganic Chemistry 2019, 592-601. DOI: 10.1002/ejic.201801411. 

Highlighted as a Very Important Paper. 
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number: 4901150924070, 3rd September 2020. 

Chapter 3 

Reproduced (adapted) from 

Nicholas Sheng Loong Tan, Gareth L. Nealon, Matthew R. Rowles, 

Alexandre N. Sobolev, Jason M. Lynam, Mark I. Ogden, Massimiliano Massi, 
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Migration and its Efficacy as an Initiator in the Controlled Stereospecific 

Polymerization of Phenylacetylene’ Accepted for publication 18/10/2019. 

Dalton Transactions 2019, 48, 16437-16447. DOI: 10.1039/c9dt02953b. 

by permission of The Royal Society of Chemistry. 
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