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Abstract. α,ω-Dienes are an important class of (co)monomers due to their utility in the synthesis of 

cyclopolyolefins and reactive polyolefin intermediates. In this contribution, the terpolymerization of 

two α,ω-dienes (i.e., 1,5-hexadiene and 1,7-octadiene) with ethylene and various cyclic olefins [i.e., 

norbornene (NB), 5-ethylidene-2-norbornene (ENB) and dicyclopentadiene (DCPD)] catalyzed by a 

chelated imido vanadium complex has been examined. The ENB and DCPD diene termonomers 

provide additional sites for post-polymerization functionalization. Vanadium−catalyzed 

terpolymerization of the investigated α,ω-dienes yields polyolefins with high molecular weight (Mw 

up to 200×103 g mol-1), unimodal and narrow molecular weight distribution, sub-ambient glass 
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transition temperatures (−30 < Tg °C < −3) and a proper content of C=C bonds. Comprehensive NMR 

investigation of the obtained polymers revealed that subtle changes in the α,ω-diene size have 

important effects on the numerous combinations of insertion paths (ring closure vs ring opening) from 

which different repeating units with a C=C bond in the side or main polymer chain and cyclic units 

are installed. Finally, the poly(ethylene-ter-1,5-hexadiene-ter-NB) was subjected to thiol−ene 

addition using thioglycolic acid, methyl thioglycolate and N-acetyl-L-cysteine to access polar 

functionalized polyolefins with degree of functionalization and properties dependent on the thiol 

substitution. 
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INTRODUCTION 

Coordination−insertion (co)polymerization of olefins mediated by transition metal catalysts  

is among the largest scale synthetic chemical transformation that enables the synthesis of high 

molecular weight (MW) polyolefins.1−5 Polyolefins have become prominent in the marketplace: they 

excel in chemical and mechanical properties, energy efficiency, are economically and ecologically 

attractive materials, and continue to experience an ever-growing demand in a myriad of 

applications.6−9 Nonetheless, polyolefins are hydrophobic and their application in blending, adhesion 

and dyeing remain difficult due to a lack of functional groups. Therefore, the synthesis of specialty 

polyolefins with unsaturated reactive groups and functionality is a key target.10−12 It is expected that 

the direct introduction of a few percent of functional groups may enlarge the scope of polyolefins to 

construct engineering materials. In this respect, the insertion (co)polymerization of olefins with polar 

(co)monomers,13−15 and the post–polymerization modification is a highly sought-after area of 

research.16−19 Polyolefins having pendant C=C groups are valuable and promising candidates: the 

modification of reactive polyolefin intermediates is a profitable and easy alternative to the 

copolymerization of polar monomers. It exploits the reactivity of double bonds, including thiol–ene 

ligations, epoxidation and hydrosilylation.20−25 

The (co)polymerization of nonconjugated dienes may be a convenient and straightforward 

way to synthesize reactive polyolefin intermediates. Indeed, 1,2- (or 2,1-) insertions of an α,ω–diene 

install an alkyl branch with a terminal C=C bond in the repeating unit (Scheme 1, path A). Pendant 

vinyl groups may be also formed through a 2,1-insertion, subsequent 1,2-insertion of the remaining 

C=C bond (ring closure) to give, for example in the case of 1,5-hexadiene, a strained cyclobutane 

ring followed by β−alkyl activation (ring opening - Scheme 1, path B).26 The result of this mechanism 

is the placement of a 3-vinyl-tetramethylene unit (referred to “VTM”). However, it is documented 

that the polymerization of α,ω–dienes often faces many difficulties to yield polymers with pendant 

vinyl moieties due to a more favorable 1,2-insertion and subsequent cyclization by 1,2-insertion of 

the second C=C bond [i.e., methylene-1,3-cyclopentane (MCP) for 1,5-hexadiene (Scheme 1, path 
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C)].26 Moreover, the insertion polymerization of α,ω–dienes has many limitations such as a significant 

decrease in productivity and MW, which is critical to ensure satisfactory polymer tensile properties. 

Scheme 1. Known insertion modes of α,ω-dienes. The example of 1,5-hexadiene.  

 

 So far, the homopolymerization of α,ω–dienes has been extensively investigated using Ti, Zr, 

Hf, Sc, Co and Fe based catalysts.27 By contrast, examples of α,ω–diene copolymerization are 

scarce,28−31 while terpolymerization of nonconjugated dienes with olefins is largely unexplored likely 

because nonconjugated dienes and simple olefins often show unmatched reactivity and give, in some 

cases, a mixture of homopolymers.32 Notably, it is challenging to achieve (co)polymers with good 

diene incorporation while maintaining high productivity, high−MW, and avoiding irreversible 

permanent cross-linking that negatively affects the material processing and properties. Successful 

examples of terpolymerization of α,ω–dienes with ethylene and styrene were reported by Hou et 

al.,33,34 and Nomura et al.35 by using half-sandwich Sc complexes and aryloxo-modified 

half−titanocenes, respectively. Conversely, while the utilization of vanadium catalysts in simple 

olefin (co)polymerization has been extensively studied,36 few examples of vanadium catalysts 

promoting the polymerization of α,ω–dienes have been reported. These include V(acac)3 in 

combination with Et2AlCl.37,38 Previously, we reported a series of imido V(IV) precatalysts, which 

promote the copolymerization of ethylene with α-olefins,39 and cyclic olefins to afford thermoplastics 

and polyolefin elastomers (Chart 1).40,41
 Further investigations on these complexes revealed that 

changing the imido skeleton significantly affects the catalytic performance.  
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Chart 1. Imido V(IV) complexes previously reported by our group, and c1 synthesized in this work.  

 

In this study, we describe the synthesis of a chelated imido V(IV) precatalyst (c1 - Chart 1) 

and its catalytic behavior in the terpolymerization of α,ω–dienes (i.e., 1,5-hexadiene and 1,7-

octadiene) with ethylene and cyclic olefins [i.e., norbornene (NB), 5-ethylidene-2-norbornene (ENB) 

and dicyclopentadiene (DCPD)]. We postulate that c1 would have beneficial effects in slowing the 

rate of β−H elimination and subsequent chain transfer since the coordinating nitrogen atoms of the 

imido and pyridine moieties are expected to be always cis to one another, and hence forcing the 

growing polymer chain and the last inserted monomer unit in cis position as well, which is the most 

favorable situation for chain growth.42 Soluble polymers with a favorable content of unsaturated 

reactive groups, high−MW (up to 200×103 g mol-1) and subambient glass transition temperatures (−30 

< Tg °C < −3) were successfully obtained. As a proof of concept, the poly(ethylene-ter-1,5-hexadiene-

ter-norbornene) was subjected to further thiol−ene addition by using thioglycolic acid, methyl 

thioglycolate and N-acetyl-L-cysteine to access polar−functionalized polyolefins. 

Results and Discussion 

Synthesis and Charaterization of c1.  

 The pyridine-aniline proligand ArpyNH2 was prepared following an analogous procedure 

developed for the synthesis of other anilines with pendant ortho-substituents employed in chelating 

imido Ti compounds.43 The ligand is obtained in good yield by a three-step synthesis (Scheme 2a). 

The procedure starts from 2-nitro-benzyl bromide to give ArpyNH2 with a two carbon atoms linker 

between the aniline and the pyridyl pendant group. Successively, two different synthetic routes were 



6 
 

attempted to achieve the complexation of ArpyNH2 and to form the desired complex. The first one 

was an imido exchange transamination−type reaction between the imido precursor V(=N-

tBu)Cl2(NHMe2)2 and ArpyNH2 (Scheme S1), a typical reaction commonly used in the analogue 

titanium chemistry to generate aryl−imido or hydrazido compounds,44−47 while the second route was 

a transamination reaction from the amido precursor V(NMe2)4 in the presence of Me3SiCl (Scheme 

2b),48,49 successfully used to synthesize various Ti and V compounds with different imido 

functions.45,50−55 The first synthetic route proved to be unsuccessful in the production of the desired 

imido complex. Indeed, the stoichiometric reaction between V(=N-tBu)Cl2(NHMe2)2 and ArpyNH2 in 

toluene shows no sign of transformation at room temperature (the solution remains green), while after 

heating overnight at 90 °C the solution turned red-orange. An EPR study of the crude solution showed 

the presence of several species (Figure S1). Selective crystallization afforded three crops of crystals. 

The first green crystals were shown by an X-ray diffraction study to be the ArpyNH2 adduct [i.e., 

[V(=N-tBu)Cl2(ArPyNH2)]2 (a1) – Figure S2], while recording the cell parameters of the blue-green 

crystals obtained in the second crop proved this compound to be the starting imido complex V(=N-

tBu)Cl2(NHMe2)2 which structure is known.39 The third crop afforded a mixture of colorless and red 

crystals of so far unknown composition.  

On the contrary, the transamination reaction between V(NMe2)4 and ArpyNH2 in excess 

Me3SiCl in toluene, at room temperature, produced the desired imido complex V(=N-

Arpy)Cl2(NHMe2) (c1) as a pale orange solid, in good yield (Scheme 2b). Differently to the case of 

some titanium complexes with similar imido ligands having a pendant donor group (with O, N, S 

donors),43 in this case we did not observe the formation of vanadium intermediates with two 

dimethylamine ligands and uncoordinated pyridinic nitrogen atom. 
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Scheme 2. Synthetic method used to prepare (a) ArpyNH2 proligand, and (b) c1.  

 

Due to its electronic d1 configuration, c1 is NMR silent (1H, 51V) but EPR active (Figure S3). 

Its EPR spectrum consists of an eight-line pattern with giso = ca. 1.9855, and Aiso(51V) = 93 G, in 

agreement to previously reported examples of imido V(IV) complexes (I = 7/2 for 51V).47 Crystals 

suitable for crystal structure determination were obtained for c1, which allows to unequivocally 

confirm its structure and enables a direct comparison with other known structures of similar 

complexes such as the representative examples V(=N-tBu)Cl2(NHMe2)2,39 V(=N-2,6-iPr2-

C6H3)Cl2(Py)3,48,49 and V(=N-2,6-iPr2-C6H3)Cl2(NHMe2)2.49 An ORTEP drawing of c1 is displayed 

in Figure 1, while Figure 2 presents two different views of the structure to better assess the chelating 

ligand arrangement. Crystallographic data and important metric parameters are summarized in Table 

S1 and S2. 

Complex c1 shares structural features with the known parents V(=N-R)Cl2(NHMe2)2,39,48,49 

and also to the imido chelate titanium congeners [Ti(=N-ArPG)Cl2(NHMe2)].43 The pentacoordinated 

vanadium center adopts a distorted square pyramidal geometry with the imido group in apical position 

as reflected by the measure of the τ parameter (τ = 0.29).56 The salient bond parameters are typical 

of such imido complexes: a short V–N bond distance of 1.656(2)Å with an almost linear V–N–C 

imido linkage (168.5(2)°). The dimethylamino ligand is in trans position to the pyridine group [NH–

V–NPy = 157.88(9)°], with V–NH and V–NPy of 2.145(2)Å and of 2.174(2)Å, respectively. The two 

mutually cis chlorine atoms have mean V–Cl bonds of ca 2.33Å, and Cl–V–Cl angle = ca. 141°. 
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Figure 1. Molecular structure of c1. Thermal ellipsoids are drawn at the 50% probability level and 
partial atom-labeling schemes. Hydrogen atoms are omitted for clarity (except for H atoms on the 
dimethylamino ligand). 

 

Figure 2. Two different views of the molecular structure of c1: (a) along the C−N−V imido bond, 
and  (b) along the Npy−V bond. 

 

Homopolymerization of 1,5-hexadiene and 1,7-octadiene. The catalytic utility of c1 was first 

investigated in the homopolymerization of 1,5-hexadiene and 1,7-octadiene using Et2AlCl as the 

cocatalyst (500 equiv. to V) and in the presence of ethyltrichloroacetate (ETA, 10 equiv. to V), which 

acts as reoxidant.57 Some representative results are summarized in Table 1.  
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Table 1. Homopolymerization of 1,5-Hexadiene (HXD) and 1,7-Octadiene (OTD) Using 
c1/Et2AlCl/ETA.a 

 

entry α,ω-diene 
yield Mw

b ×103  

(g/mol) Mw/Mn
b 

enchainment type (mol%) c Tg
d

   

(°C) (g) (%) MCP  (cis/trans) VTM INT 

1 HXD 0.41 27 47 2.3 50.7 (41/59) 45.5 3.8 −17 

2 OTD na       
a polymerization conditions: total volume, 18 mL (toluene); c1, 5 μmol; Al/V = 500; ETA/V = 10; [diene] = 1.0 mol/L; 
time, 5h; temperature, 20 °C; b determined by SEC; c determined by NMR; d determined by DSC (second heating); na, no 
solid polymer was recovered. 

The homopolymerization of 1,5-hexadiene formed a soluble, solid polymer with Mw of 47 × 

103 g mol-1, rather narrow molecular weight distribution (Mw/Mn = 2.3) and a Tg of −17 °C. The 

polymer characterization by 1H and 13C NMR revealed a high degree of unsaturation and the presence 

of three types of polymer chain fragments: methylene-1,3-cyclopentane units (referred to “MCP”), 

3-vinyl-tetramethylene units (refereed to “VTM”) and linear C6 segments with an internal C=C bond 

(referred to “INT”) (Figure S4−S5 and Table S3).28 Overall, NMR data indicate that c1 exhibits regio-

random insertion of 1,5-hexadiene, i.e., it does not have a significant selectivity for 1,2- vs 2,1-

insertion. The polymer consists of 50.7 mol% MCP, the trans configuration being slightly prevalent, 

45.4 mol% VTM and 3.8 mol% INT unit. The presence of MCP and VTM units may be easily 

explained by 1,2-insertion followed by intramolecular cyclization (Scheme 1, path C), and 2,1-

insertion followed by cyclization and β−alkyl elimination (Scheme 1, path B), respectively. The 

presence of linear chain fragments with an internal C=C bond indicates that a different insertion path 

becomes competitive to some extent. This is path D in Scheme 1, an uncommon and rare insertion 

mode of α,ω−dienes. Path D was first documented by Hasegawa et al.,58 and, more recently, by Huang 

et al. which found that the formation of such linear segments involves a 2,1-insertion of the first vinyl 

groups into a Mt−C bond and β−H elimination followed by 1,2-insertion of the remaining C=C group 

into a Mt−H bond.59 To be noted, pendant 3-butenyl group, expected from successive 1,2-insertion 
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of 1,5-hexadiene (Scheme 1, path A), was not observed: 1,2-insertion is preferentially followed by 

ring closure that evolves into a MCP unit (Scheme 1, path C). 

Conversely, c1/Et2AlCl/ETA exhibited no activity for the polymerization of 1,7-octadiene. 

No solid polymer was recovered under the conditions employed. The lack of productivity may be due 

to the more space demanding coordination−insertion of 1,7-octadiene and thus to a higher steric 

congestion in the coordination plane with negative effects on the insertion of the incoming monomer 

and chain growth. Faster β−Η elimination and subsequent chain transfer may also account for. 

Co- and Ter-polymerization of 1,5-Hexadiene. The copolymerization of 1,5-hexadiene with 

ethylene was investigated at 1 atm of ethylene, E/HXD feed ratio of 1/4, in a semi-batch mode: the 

ethylene gaseous monomer was replenished  by  maintaining  a  constant   pressure  over the  reaction 

time course, while the liquid diene was placed in the reactor at the beginning of the reaction (Table 

2, entry 3). 

Table 2. 1,5-Hexadiene (HXD) Copolymerization and Terpolymerization Studies Using 
c1/Et2AlCl/ETA. 1-Hexene (HEX) (co)polymerizations are added for comparison. a  

entry M1 M2 E/M1/M2b 
yield 

(g) 
activityc 

composition (mol%)d 
Mw

e ×103 

(g/mol) 
Mw/Mn

e 
Tg

f
 (Tm) 

(°C) E MCP VTM HEX M2 

3 HXD  1/4 0.80 2410 77.9 18.9g 3.2   123 2.7 −24 (53,89) 

4 HEX  1/4 0.26 790 91.0   9.0  72 2.2 (78,90)  

5 HXD NB 1/4/0.5 0.86 2565 78.3 6.1 3.2  12.4 158 2.0 −3 

6 HXD ENB 1/4/0.5 0.89 2670 73.1 14.2 4.3  8.4 120 2.5 −5 

7h HEX ENB 1/4/0.5 0.37 550 88.9   4.8 6.3 51 1.9 −20 (53) 

8 HXD  DCPD 1/4/0.5 0.72 2170 80.4 10.7 3.0  5.8 130 1.9 −6 (44) 

a polymerization conditions: ethylene pressure, 1.01 bar; total volume, 50 mL (toluene); c1, 5 μmol; Al/V = 500; ETA/V 
= 10; temperature, 20 °C; time, 4 min; [M1] = 0.56 mol/L; [M2] = 0.07 mol/L; b (co)monomer feed ratio (mol/mol) in 
liquid phase; c activity in kgpol×(molV×h)-1; d determined by NMR; e determined by SEC; f determined by DSC (second 
heating); g cis/trans = 52/48; h time, 8 min. Each test was repeated at least 3 times with an error on the yield data of less 
than 10%. 

Scheme 3. Copolymerization of ethylene with 1,5-hexadiene by c1/Et2AlCl/ETA. 
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c1/Et2AlCl/ETA catalyzed the copolymerization of ethylene with 1,5-hexadiene to give a 

soluble, solid copolymer with high molecular weight (Mw = 123×103 g mol-1), unimodal molecular 

weight distribution (Mw/Mn = 2.7) and high 1,5-hexadiene incorporation (Table 2, entry 3). The 

copolymerization exhibited very high initial efficiency and fast monomer consumption, so that the 

copolymerization was stopped rapidly to keep low the 1,5-hexadiene conversion for preventing cross-

linking and to avoid mass transport limitations caused by filling of the reactor with the swollen 

polymer. Solvent fractionation confirmed that the obtained copolymer does not contain byproduct 

homopolymers. 

The copolymer microstructure was investigated by NMR. Figure 3a shows the whole 13C 

NMR spectrum, and methylene and methine carbons were distinguished  by DEPT (Figure S7). In 

addition to the characteristic peaks of long methylene segments (Sδδ at 27.7 ppm), the 13C NMR 

spectrum shows the resonances ascribed to trans (referred to 1t−5t) and cis (referred to 1c−5c) MCP 

fragments, and those to unsaturated VTM ones (referred to v1−v5, Table S4). NMR analysis 

established that the copolymer is formed by 77.9 mol% of ethylene, 18.9 mol% MCP, and 3.2 mol% 

VTM. The presence of ethylene in the copolymerization mixture has a large effect on the 1,5-

hexadiene enchainment, MCP units being increasingly predominant in the copolymer. The preference 

for the formation of MCP over VTM chain fragments indicates that 1,2-insertion of 1,5-hexadiene 

followed by cyclization (Scheme 1, path C) is favored over 2,1-insertion (Scheme 1, path B). This 

may be most likely because a 2,1-insertion is much more space demanding.60 Note that resonances 

characteristic of pendant 3-butenyl groups, associated to successive 1,2-insertions of 1,5-hexadiene 

(Scheme 1, path A), were not detected: the ring closure is even faster than the insertion of ethylene. 

Likewise, the lack of linear enchained units with an internal C=C bond suggests that path D does not 

occur in the presence of ethylene: the 2,1-insertion of 1,5-hexadiene preferentially evolves into 

methylenecyclobutane intermediate followed by ring opening to yield a VTM unit (Scheme 1, path 

B). 
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Figure 3. 13C NMR spectra (in C2D2Cl4 at 103 °C, reference to HDMS) of (a) entry 3), and (b) entry 
4. The signals marked with a cross, and an asterisk are difficult to assign definitively. We 
hypothesized that those marked with a cross are likely due to carbon in α and β position to MCP units 
in MCP/E/VTM, MCP/E/MCP or MCP/VTM sequences, while those marked with an asterisk are 
certainly tertiary carbon atoms, as indicated by the DEPT, in MCP/E/VTM, MCP/VTM or, although 
unlikely, in VTM/VTM sequences. 

 

To tentatively explain the effect of the remaining C=C bond, the copolymerization of 1-hexene 

with ethylene was performed under the same reaction conditions (Table 2, entry 4). The 13C NMR 

spectrum of entry 4 confirmed the formation of the expected random poly(ethylene-co-1-hexene) with 

isolated 1,2-inserted butyl branches (Figure 3b).61 Compared to the same experiment with 1,5-

hexadiene, the addition of 1-hexene was detrimental to the activity and led to more than halved 

comonomer incorporation and low−MW polymer (72 vs 123×103 g mol-1 - Table 2, entry 3 vs 4). 

Overall, the results indicate that the second C=C bond in 1,5-hexadiene remarkably affects the 

copolymerization in terms of productivity, comonomer insertion mode and copolymer MW. These 
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may be related to an increased stability of cyclic intermediate in the copolymerization of 1,5-

hexadiene and, on the contrary, to a faster chain termination after the last 1-hexene inserted unit. 

The terpolymerization of 1,5-hexadiene with ethylene and different cyclic olefins (M2 in 

Scheme 4 and Table 2) was carried out at 1 atm of ethylene and E/HXD/M2 feed ratio of 1/4/0.5. 

c1/Et2AlCl/ETA proved to be highly active in E/HXD/NB and E/HXD/ENB terpolymerizations, 

while the addition of bulkier DCPD was slightly detrimental to the activity. Soluble, solid terpolymers 

with high molecular weight (Mw above 100×103 g/mol), and unimodal and narrow Mw/Mn were 

obtained. The cyclic olefin incorporation decreases in the order NB (12.4 mol%) > ENB (8.4 mol%) 

> DCPD (5.8 mol%), which can be explained by steric effects. The addition of the cyclic olefin in the 

reaction mixture has a negative effect on 1,5-hexadiene uptake: the diene incorporation  significantly 

decreased (MCP and VTM units in Table 2), particularly for the less steric demanding norbornene 

that makes 1,5-hexadiene insertion less favorable. Compared with the E/HXD copolymer, the Tg of 

the resulting terpolymers significantly rises because bulkier pendant cyclic olefins restrict rotational 

freedom to some extent. The terpolymers showed Tgs ranging between −6 and −3 °C and some of 

them did not show melting events  since the total amount of incorporated 1,5-hexadiene and cyclic 

olefin is higher than 20 mol%, a composition that usually prevent crystallization (Table 2, entry 5 and 

6).40  

Scheme 4. Terpolymerization of ethylene with 1,5-hexadiene and different cyclic olefins (M2). 

 

The microstructure of the resultant terpolymers was investigated by NMR. Peak assignment 

was carefully performed by comparison of the observed chemical shifts with those of entry 3 (Figure 

3a and Table S5) and previous data by some of us.41  Figure 4 shows the 13C NMR spectrum of the 
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E/HXD/NB terpolymer along the various types of monomer enchained fragments identified. In 

addition to the characteristic peaks of isolated and alternated NB units from the addition type 

copolymerization with cis exo−exo enchainment (i.e., 44.7−45.7 ppm (C2/C3); 39.0−40.0 ppm 

(C1/C4); 30.9 ppm (C7); 27.0−29.0 ppm (C5/C6 and ethylene CH2)), the spectrum shows resonances 

diagnostic of isolated MCP and VTM units from 1,2- (Scheme 1, path C) and 2,1- insertion (Scheme 

1, and B) of 1,5-hexadiene, respectively. NMR analysis established that the terpolymer is formed by 

78.3 mol% of ethylene, 12.4 mol% NB, and low percentages of VTM and MCP (3.2 and 6.1 mol%, 

respectively, proving that the 1,2-insertion of 1,5-hexadiene is favoured over 2,1-insertion).  

Figure 4. 13C NMR spectrum (in C2D2Cl4 at 103 °C, reference to HDMS) of entry 5. 

 

The 13C and 1H NMR spectra of E/HXD/ENB terpolymer are shown in Figure 5 and S8, 

respectively. In addition to the signals ascribed to VTM and MCP units, the 1H NMR spectrum shows 

signals at 5.1 and 5.3 ppm that were assigned to the ethylidene groups, while the lack of signals at 

about 6.0 ppm indicates that ENB inserts into the polymer chain via the enchainment of the double 

bond of the norbornenic ring, while ethylidene group is retained without cross-linking (Figure S8). 

In addition to the characteristic resonances of long methylene segments, MCP and unsaturated VTM 

fragments, the dominant signals in the 13C NMR spectrum are those due to isolated ENB units. The 

signals of each chemical shift region were assigned as follows: 144−146 ppm (C5), 108−109 ppm 
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(C8), 48.4 ppm (C4), 42.0−45.0 ppm (C1/C3, with the signals ascribed to C3 located at the higher 

field), 37.6 ppm (C6z), 34.3 ppm (C6e), 27.0−29.0 ppm (Sα'δ', Sβ'δ'), 11.7 ppm (C9e) and 12.2 ppm 

(C9z) (Table S6). 

Figure 5. 13C NMR spectrum (in C2D2Cl4 at 103 °C, reference to HDMS) of entry 6. 

 

The 13C and 1H NMR spectra of E/HXD/DCPD terpolymer are shown in Figure 6 and S9, 

respectively. The peaks at 130.6 and 128.8 ppm in the 13C NMR spectrum and those at 5.5 and 5.4 

ppm in the 1H NMR spectra indicate that the terpolymer contains unreacted cyclopentene units: the 

insertion of DCPD takes place selectively at the norbornenic ring. In addition to the intense signal at 

27.7 ppm of methylene main chain segment, the dominant signals in the 13C NMR spectra are those 

characteristics of MCP and VTM fragments, and those at 51.7 (C9), 44.5 (C6), 42.9 (C7), 40.9 (C4), 

39.0 (C8), 35.9 (C5), 34.3 (C10), and 30.5 (C3) ppm assigned to isolated DCPD units (Table S7). 
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Figure 6. 13C NMR spectrum (in C2D2Cl4 at 103 °C, reference to HDMS) of entry 8. 

 

To further probe the effect of the second C=C bond in 1,5-hexadiene, we investigated the 

terpolymerization of 1-hexene with ethylene and ENB (Table 2, entry 7). The presence of 1-hexene 

significantly affects the activity and, more importantly, was detrimental to the terpolymer MW (51 

vs 120×103 g mol-1 - Table 2, entry 7 vs 6) which is critical to achieve good tensile properties. This 

confirms the key role of 1,5-hexadiene in retarding chain termination due to a cooperative effect of 

the remaining C=C bond.  

Co- and Ter-polymerization of 1,7-Octadiene. The successful copolymerization of 1,5-hexadiene 

with ethylene prompted us to investigate the copolymerization of 1,7-octadiene (Table 3, entry 9 and 

Scheme 5). Surprisingly, c1 catalyzed the copolymerization of 1,7-octadiene with ethylene to give a 

soluble, solid, semicrystalline copolymer with a good diene incorporation (9.7 mol%) and very 

high−MW (Mw = 192×103 g mol-1). The copolymerization was stopped at the initial stage to keep low 

the diene conversion and to avoid intermolecular insertion (or graft addition) of vinyl moieties. 

 Spectroscopic characterization by NMR provided data that are fully consistent with the polymer 

microstructure depicted in Scheme 5. 1H NMR spectrum indicates that the copolymer has a certain 

extent of terminal and internal C=C bonds (Figure S10). In the 13C NMR spectrum, the characteristic 

resonances of saturated main chain (Sδδ at 27.7 ppm), pendant hexyl groups (referred to “VHX”) at 

137.3 (2B6), 112.1 (1B6), 35.9 (Tδδ), 32.1 (6B6), 31.7 (3B6), 25.0 (4B6), and 24.5 (5B6)  ppm  expected 
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from 1,2-insertion of 1,7-octadiene, and those of linear C8 segments with an internal C=C bond 

(referred to “INT” − a at 128.5 ppm) were easily detected (Figure 7 and Table S8). NMR analysis 

established that the copolymer is formed by 90.3 mol% of ethylene, 8.0 mol% VHX, and 1.7 mol% 

INT units. The configuration of the internal double bond can also be determined: the signals at 29.9 

and 27.2 ppm are ascribed to carbons attached to a trans internal double bond, i.e., αT and βT, 

respectively. 

Table 3. 1,7-Octadiene (OTD) Copolymerization and Terpolymerization Studies Using 
c1/Et2AlCl/ETA. a  

entry M1 M2 E/M1/M2b 
yield 

(g) 
activityc 

composition (mol%)d Mw
e ×103 

(g/mol) 
Mw/Mn

e 
Tg

 f
 (Tm) 

(°C) E VHX INT M2 

9g OTD  1/4 0.22 322 90.3 8.0 1.7  192 3.1 (67) 

10 OTD NB 1/4/0.5 0.69 747 79.7 6.0 2.3 12.0 200 3.8 −28 (18) 

11 OTD ENB 1/4/0.5 0.55 600 85.6 7.2 1.6 5.6 196 3.3 −26 (24) 

12 OTD DCPD 1/4/0.5 0.25 269 86.6 6.9 1.6 4.9 112 2.3 −30 (44) 
a polymerization conditions: ethylene pressure, 1.01 bar; total volume, 50 mL (toluene); c1, 5 μmol; Al/V = 500; ETA/V 
= 10; temperature, 20 °C; time, 11 min; [OTD] = 0.56 mol/L; [M2] = 0.07 mol/L;b (co)monomer feed ratio (mol/mol) in 
liquid phase; c activity in kgpol×(molV×h)-1; d determined by NMR; e determined by SEC; f determined by DSC (second 
heating); g time, 8 min. 

Scheme 5. Copolymerization of ethylene with 1,7-octadiene by c1/Et2AlCl/ETA. 
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Figure 7. 13C NMR spectrum (in C2D2Cl4 at 103 °C, reference to HDMS) of entry 9. 

 

It is noteworthy that the 13C NMR spectrum of entry 9 does not show any signals ascribed to 

cyclic units as methylene-1,3-cycloheptane fragment (referred to “CY7” in Scheme 6) and 1,5-

disubstituted cyclononane unit (referred to “CY9”), expected from cyclization of penultimate 

insertion of 1,7-octadiene after ethylene insertion (Scheme 6, path D).62
 It could be argued that 

common 1,2-insertion and double linear insertion of 1,7-octadiene (Scheme 6, path A and B, 

respectively) competed well against ring closure. Primary 1,2-insertion and subsequent cyclization 

by 1,2-insertion of the second C=C bond did not occur in the case of 1,7-octadiene. This may be likely 

because the remaining C=C bond of the last inserted 1,7-octadiene is more distant from the vanadium 

center than in the case of 1,5-hexadiene, making the ring closure highly disadvantaged. However, 

there are some reports in the literature that well describe the cyclization of 1,7-octadiene promoted 

by metallocenes,30,63,64 and carbene ligated rare-earth complexes.65 
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Scheme 6. Insertion modes of 1,7-octadiene. 

 

Terpolymerization of 1,7-octadiene with ethylene and the selected cyclic olefins were also 

performed (Table 3 and Scheme 7). Generally, these are much less productive than the corresponding 

terpolymerizations in the presence of 1,5-hexadiene, by less than one order of magnitude (entry 5 vs 

10; entry 6 vs 11 and entry 8 vs 12). The observed trend may be steric in nature and well correlates 

with (i) the preferentially insertion mode of 1,7-octadiene and lack of cyclization selectivity, and (ii) 

the hypothesis first advanced, that is that with 1,5-hexadiene, cyclic intermediates play a key role in 

increasing the catalytic activity. The terpolymerization of 1,7-octadiene with ethylene and NB 

exhibited the highest activity and the highest termonomer incorporation (entry 10, NB = 12.0 mol%), 

while maintaining very high−MW (Mw = 200×103 g/mol). By contrast, steric effects strongly limit 

the incorporation of bulkier DCPD (4.9 mol%) and ENB (5.6 mol%).  

Scheme 7. Terpolymerization of 1,7-octadiene with ethylene and the selected M2 cyclic olefins. 

 

Concerning the terpolymer microstructure, and particularly the enchainment of M2 cyclic 

olefin, 13C NMR spectra showed that 1,7-octadiene terpolymers were mainly formed by isolated 2,3 

cis exo-exo cyclic olefin enchained units (Figures 8−10). Both DCPD and ENB cyclic dienes insert 
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into the polymer via the enchainment of the double bond of the norbornenic ring, while the second 

C=C bond is retained. In addition to the resonances ascribed to isolated cyclic olefin units, and long 

methylene sequences (Sδδ at 27.7 ppm), two different kinds of enchained 1,7-octadiene units were 

detected (Table S9−S11). These are: (i) pendant C6 branches with terminal C=C bond (VHX) 

ascribed to the common 1,2-insertion (Scheme 6, path A), and (ii) linear structures with an internal 

double bond (INT) due to the incorporation of both vinyl groups of 1,7-octadiene in a linear manner 

(Scheme 6, path B). No resonances assignable to cyclic units from the last inserted 1,7-octadiene 

were detected. This result further supports the lack of intramolecular coordination (ring closure) of 

the remaining double bond of the last inserted 1,7-octadiene unit and demonstrates that cyclization is 

less feasible (or at least less facile) increasing the nonconjugated diene length.  

Figure 8. 13C NMR spectrum (in C2D2Cl4 at 103 °C, reference to HDMS) of entry 10. 
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Figure 9. 13C NMR spectrum (in C2D2Cl4 at 103 °C, reference to HDMS) of entry 11. 

 

Figure 10. 13C NMR spectrum (in C2D2Cl4 at 103 °C, reference to HDMS) of entry 12. 

 

Furthermore, it is worth to note that the presence of flexible C6 pendant groups strongly 

affects the Tgs. The long branches with terminal C=C bond limit the packing of the chains thus 

lowering the Tg up to −30 °C. These olefinic branches have a more disturbing effect on thermal 

properties than the five−membered rings (associated with the ring closure of 1,5-hexadiene) do.  
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Thiol−ene Functionalization 

To demonstrate the application of the obtained polymers as reactive polyolefin intermediate, 

sample 5 was first subjected to thiol−ene reaction: by radical activation mediated by AIBN, the C=C 

bond of the VTM unit was reacted with a thiol, forming a new C–S bond (Scheme 8). Three thiols, 

i.e. thioglycolic acid, methyl thioglycolate and N-acetyl-L-cysteine with diverse reactivities,66 were 

tested (Chart 2). The reactions proceed well in anisole at 100°C; to avoid undesirable gelation and 

cross-linking, the reactions were carried out in dilute conditions. The functionalization degree (fd) 

was determined by 1H NMR by tracking characteristic signals at 4.80 ppm (two vinylic protons of 

the VTM unit – Figure S15−S17). The different functional polymer diversity and experimental data 

are given in Scheme 8. 

Chart 2. Thiols used in this work. 

 

The thiol substitution greatly impacts on the functionalization degree: the most hindered Cys 

brings to a 29% fd (Scheme 8a), SMe to 59% fd (Scheme 8b), while almost quantative 

functionalization was obtained with SH (80% fd). SEC curves of all the functionalized polymers 

shifted to higher MW with unimodal Mw/Mn in the range 2.1−2.8 without any trace of shoulder peak. 

This indicates that no radical side reaction occurred. The functionalized polymers exhibited versatile 

thermal properties, strongly depending on the thiol substitution. For the polymer containing –OH 

and/or –NH functional groups (i.e., 5-Cys and 5-SH), the Tgs raised to 4 °C. This may be likely due 

to the formation of hydrogen bonding among the functional groups installed on the polymer side 

chains, mimicking a dynamic cross-linking. Conversely, when no –OH and/or –NH functional groups 

are present, as in the case of 5-SMe, the Tg shifted to lower temperatures (−29 °C). 
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Scheme 8. Post-polymerization functionalization of entry 5. Residual vinyl groups were not reported 
for clarity. The Mw/Mn is shown in brackets.  

 
 

 

CONCLUSIONS 

 In summary, we report the terpolymerization of two different α,ω-dienes (i.e., 1,5-hexadiene 

and 1,7-octadiene) with ethylene and various cyclic olefins catalyzed  by a chelated imido 

vanadium(IV) based catalyst. A series of polyolefins with C=C bonds in the side and main chain, 

high−MW, sub-ambient Tgs, tunable composition, and a satisfying content of pendant vinyls can be 

generated with high activities. Subtle changes in the α,ω-diene size strongly influenced the monomer 

insertion selectivity (ring closure vs ring opening): 1,5-hexadiene polymers are mainly formed by 

methylene-1,3-cyclopentane and 3-vinyl-tetramethylene units, whereas 1,7-octadiene polymers 

prevail in pendant hexyl groups and linear C8 segments with an internal trans C=C double bond. As 

a proof of concept, the terpolymer of 1,5-hexadiene with ethylene and norbornene was applied to 

synthesize side-group functionalized polyolefins via thiol−ene chemistry. It demonstrates that the 

obtained unsaturated polymers are good reactive intermediates for the fabrication of versatile 

polar−functionalized polyolefins. Preliminary investigation of crude polymer properties revealed that 

they behave as elastomers and may be good toughening components (and compatibilizers) in 
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polyolefin blending. Further exploration of mechanical, surface, and self-healing properties of the 

functionalized polyolefins is underway and will be disclosed in due course. 
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