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A tungsten metallacyclopentadiene complex is generated upon 

treating a trianionic pincer tungsten alkylidyne with dipropargyl 

fluorene. The metallacyclopentadiene initiates the polymerization 

of alkynes to give cyclic polyacetylenes via ring expansion 

polymerization (REP). 

An important challenge in modern polymer chemistry is the 

efficient and controlled synthesis of polymers with unique 

topologies.1, 2 Perhaps the simplest shape change is to convert 

a linear polymer into its cyclic analogue. By simply tying 

together the chain ends of a linear polymer it is possible to 

dramatically alter its physical properties.3 The repeat unit, 

functional groups, molecular weight (minus end groups), and 

polydispersity all remain the same when the chain ends are 

removed to create a cyclic polymer; however, the density,4 

refractive index,5, 6 Tg,7 viscoelasticity,8 reptation,9 

crystallization10 and surface properties11, 12 all change.  

 A common method for the synthesis of cyclic polymers 

involves intramolecular coupling of polymer chain ends;13, 14 

however, inherent limitations of this method are the 

requirement of dilute conditions and long reaction times.15 Ring 

closing16, 17 and other methods18-20 continue to improve21 and 

provide at least an opportunity to obtain samples of unique 

ring-shaped polymers. A focus of this communication is metal-

catalysed cyclic polymer synthesis. Exciting new transition 

metal based catalysts are emerging, and an important 

contribution includes ring expansion metathesis polymerization 

(REMP).22-27 Critical to the REMP catalyst design is the presence 

of a cyclometalated alkylidene/carbene that ensures the 

polymer chain ends remain attached to the metal ion.26-29 

Application of REMP permits the synthesis of cyclic dendronized 

polymers30 and cyclic brush polymers from norbornene based 

monomers.31-36 It is now even possible to produce stereoregular 

cyclic polymers. We introduced two tungsten catalysts that 

produce syndiotactic and cis-enriched (>95%) cyclic 

polynorbornene.37   

 Another catalyst we discovered employs ring expansion  

polymerization (REP), but in a traditional insertion type 

mechanism.38-40 Initially, an alkylidyne was proposed as the 

initiator,39 but the realization that complexes 1 and 2 participate 

in the polymerization led us to propose an alternative 

mechanism that culminates in the production a cyclic 

polymer.38  

 

Figure 1. Proposed mechanism for the catalytic synthesis of cyclic polyacetylenes.  

 In trial polymerizations using compound 1 and monitored by  
1H NMR spectroscopy, it was apparent that a significant portion 

of the initiator remained in the dormant state even after 

consumption of all monomer. Unreacted initiator is 

symptomatic of slow initiation/rapid propagation kinetics. Thus, 

the initial insertion of alkyne into the metallacyclopropene to 

form 2 must be slow, but subsequent insertions into the 

metallacyclopentadiene must be extremely rapid, giving rise to 

high catalyst activities.40 This report centres on attempts to 

improve initiation rates by directly synthesizing a catalytically 

relevant metallacyclopentadiene similar to 2.  
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Figure 2. Preparation of metallacyclopentadiene 4 and subsequent equilibration 

between 4/4-THF.   

 To trap the metallacyclopentadiene intermediate, 

intermolecular alkyne insertion (propagation) must be 

prevented. Maximizing the chance of intramolecular insertion, 

dipropargylfluorene was chosen as the substrate. Treating an 

orange solution of the parent alkylidyne complex 3 with 

dipropargylfluorene in benzene at ambient temperature 

produces a dark purple solution within 5 min. As designed, the 

proximity of the geminal dialkynes promotes intramolecular 

insertion to form the trigonal bipyramidal 

metallacyclopentadiene complex 4. Presumably, coordination 

of one alkyne occurs first followed by insertion of the second 

pendant alkyne. Evidence for this mechanism comes from a 

minor impurity (16%) that is tentatively assigned as the singly 

bound alkyne complex, where due to a syn (alkyne substituent 

relative to alkyldene) orientation the second alkyne cannot  

insert. Due to its low concentration however, complete 

characterization was not possible though some chemical shifts 

recorded in toluene-d8 at 0 °C, are provided (see ESI). Initial 

alkyne binding with an anti-configuration presumably leads to 

the metallacyclopentadiene 4.  

 Released upon forming the metallacyclopentadiene the THF 

can then re-enter the coordination sphere of complex 4 over 5.5 

h to give the solvento complex 4-THF . Evidence for the bound 

THF comes from a slight upfield shift and broadening of the THF 

protons in the 1H NMR spectrum of 4-THF .41 Complexes 4 and 

4-THF are solution stable but decompose upon removal of 

solvent in vacuo. Cooling a concentrated ether solution of 4/4-

THF produces thin purple crystals that melt above -30 ˚C. 

Sublimation of a frozen benzene solution of the 4/4-THF  

mixture yields a fine purple powder.   

 

Figure 3. 1H and 13C chemical shifts assignments for 4 (left) and 4-THF (right). 

 

 

Figure 4. Computed model compounds for 4' (left) and 4-THF' (right);  calculated versus 

nOe distances. 

 Confirmation of the identity of the initial complex 4 is 

possible by NMR spectroscopic techniques. The spectra of 4 and 

4-THF are similar, and the 1H-13C long-range couplings indicate 

the atom connectivities are identical , except of course for the 

proposed additional W-THF bond. Figure 3 provides the 1H and 
13C chemical shifts for the two complexes. Both complexes 

exhibit pseudo Cs symmetry with the mirror plane containing 

the tetrahydropentalene, the metallacyclopentadiene and the  

t-butylalkylidene moieties, thus rendering the two o-tBu groups, 

flanking pincer aromatic rings, and the two sets of geminal 

methylene protons in the tetrahydropentalene equivalent. The 

most notable differences between 4 and 4-THF  are the 

resonances attributable to the carbon atoms within the 

metallacyclopentadiene. For example, in complex 4 the α-

carbons resonate at 188.9 and 188.1 ppm, while the β-carbons  

resonate at 128.4 and 130.2 ppm. In contrast, the same 

positions in complex 4-THF appear at 179.6 and 175.8 ppm for 

the α-carbons, and the β-carbons appear at 177.3 and 159.4 

ppm. Evident from the 47.1 and 31.0 ppm downfield shifts, the 

β-carbons in 4-THF  clearly experience a much different 

electronic environment. Another significant shift occurs for the 

alkylidene carbon. In complex 4, the alkylidene carbon appears 

at 305.7 ppm, and in complex 4-THF the alkylidene carbon shifts 

upfield to 267.1 ppm. Two previously published (one 

structurally characterized) analogous W-

metallacyclopentadienes, without a bound THF exhibit 
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alkylidene carbon resonances at 310.0 and 309.9 ppm, giving 

credence to the assignment of 4.40 For 4-THF , the dramatic 

upfield shift to 267.1 ppm for the alkylidene carbon fits with 

previously published six-coordinate THF-bound OCO4-  

alkylidenes that range between 251.7 and 268.8 ppm.40  

 More support for the structural assignment comes from 

calculated model complexes depicted in Figure 4. The model 

complex bond lengths and angles for 4' agree well with the X-

ray structure of an analogous complex (see ESI Table S8). 

Highlighted in the calculated structures are the distances 

between the tBu protons on the alkylidene and α-proton on the 

metallacyclopentadiene. In complex 4' the calculated distance  

is 4.29 Å, whereas in 4-THF' the distance is significantly shorter 

(2.52 Å) due to the need to accommodate the coordinated THF 

molecule. nOe data provides strong support for this change in 

ligand orientation upon THF coordination. Selective inversion of 

the metallacyclopentadiene proton at 8.75 ppm within 4 does 

not exhibit a nOe with the tBu protons on the alkylidene. 

However, selective inversion of the equivalent proton on 4-THF  

at 9.05 ppm provides a nOe corresponding to an average 

distance of 2.68 Å, very similar to the calculated value of 2.52 Å. 

Several other nOe calculated distances are consistent with the 

structural assignments (see ESI Tables S2 and S4). Single point 

calculated molecular orbitals of the computed structures  

provide insight into the dramatic change in 13C NMR chemical 

shifts of the β-carbons upon coordinating THF and lend further 

support for their assignments. The HOMO of 4' comprises 

mostly W=C π-bond character, whereas the HOMO of 4-THF' 

delocalizes over the W=C π-bond and the 

metallacyclopentadiene, thus explaining the >30 ppm shift 

upon coordinating THF.    

 Following the 1H NMR resonances of the CH2 protons during 

conversion of 4 to 4-THF allows the kinetics to be measured 

(Figure 5). The methylene protons on complex 4 resonate as 

doublets at 2.71 and 2.85 ppm, whereas in 4-THF  they appear 

at 2.54 and 2.77 ppm. Integration of the methylene resonances 

and plotting ln[4]/[4]0 vs time provides kobs = 1.41(±0.04) x 10-

4 s-1 for the conversion of 4 to 4-THF. Importantly, kobs is the 

same (1.64(±0.15) x 10-4 s-1) in the presence of 10-fold excess of 

THF. The zero-order in THF implies complex 4 must first undergo 

ligand reorganization prior to THF coordination (see ESI for full 

kinetics analysis).     

 

Figure 5. 1H NMR spectra monitoring the conversion of 4 to 4/4-THF in C7D8 at 25 °C.   

 Unable to isolate 4 or 4-THF , polymerizations were  

conducted by generating 4 in situ. Combining complex 3 with 

dipropargylfluorene and stirring for 5 min generates 4 and 

injection of this initiator solution into toluene containing 5000 

equiv of phenylacetylene initiates the production of cyclic 

polyphenylacetylene. Figure 6 depicts the root mean squared 

radius of gyration (<Rg
2>1/2) vs molecular weight for an 

authentic sample of linear polyphenylacetylene, cyclic 

polyphenylacetylene generated by known cyclic polymer 

initiator 1, and cyclic polyphenylacetylene generated by 4. It is 

clear from the data that polymers produced by initiator 1 and 4 

have smaller Rg values for the same molecular weight as a 

consequence of their cyclic topology, as compared to the linear 

polymer produced by Rh(COD)Cl.42, 43   

 

Figure 6. Comparison of <Rg
2>1/2 versus molecular weight between linear 

polyphenylacetylene produced with initiator Rh(COD)Cl (BLUE) and cyclic 

polyphenylacetylenes produced by previously published initiator 1 (RED) and complex 4 

generated in situ (orange). The smaller rms radii of the polymers produced by 1 and 4 

supports the assignment of a cyclic topology.  

 Initiator 4 has a lower activity compared to the original 

initiator 1. Under identical conditions the initial activity of 1 is 

3.02 x 106 gpol/molcat/h (after 5 min), whereas, 4 exhibits an 

activity of 2.12 x 106 gpol/molcat/h. The differences in apparent 

initial rates are likely due to the presence of the bound alkyne 

in 1 versus the metallocyclopentadiene in 4. After 25 min the 

overall conversions are 66% and 38% for 1 and 4, respectively. 

Dispersities (Ð) for the two initiators are essentially the same at 

1.9 after 25 min. The mixture of 4/4-THF is also active for 

phenylacetylene polymerization.   

 In conclusion, the important discovery in this work is the 

identification of the viable catalytically active species 4. The 

proposed mechanism for cyclic polymer synthesis via REP 

invokes a metallacyclopentadiene intermediate (Figure 1). 

Designed to rapidly insert two alkyne units, the dipropargyl 

alkyne monomer successfully generates the 

metallacyclopentadiene complex 4 and its comparable (albeit 

lower) polymerization activity confirms it is an intermediate in 

the synthesis of cyclic polymers. With two strongly donating 

aryloxides and an alkylidene, the tetraanionic pincer ligand is 

important in creating a coordination environment capable of 
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multiple alkyne insertions. Rather than eliminating triphenyl 

benzene after three insertions, the strongly reducing 

environment of the pincer ligand may prevent reductive 

elimination, thus allowing the ring expansion and multiple 

alkyne insertions. Another important finding is the ability  of 

complex 4 to undergo a ligand reorganization to allow THF to 

coordinate. The ability to rotate towards the alkylidene moiety 

to permit THF binding may be related to the high activity 

towards alkyne insertion and propagation. Now identified as a 

viable intermediate, another design feature that comes from 

this work is the metallacyclopentadiene fragment. It is plausible 

that other coordinatively unsaturated complexes containing 

metallacyclopentadienes in high oxidation states that are 

reluctant to undergo reductive elimination could produce cyclic 

polymers from alkynes. 
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