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ABSTRACT

We have synthesized and characterized a series of dimethylamine−imido 

V(=NR)Cl2(NHMe2)2 [R = tBu (1a), CPh3 (1b), 2,6-CHPh2-4-Cl-C6H2 (1c)], and pyridine−imido 

V(=NR)Cl2(Py)3 [R = tBu (2a), CPh3 (2b), 2,6-CHPh2-4-Cl-C6H2 (2c)] complexes. The solid-state 

structure of 1a−1c, and 2c was determined by X-ray crystallography. Complexes 1a, and 2a−2c, in 

combination with Et2AlCl and Cl3CCO2Et, have been screened as catalysts for the copolymerization 

of ethylene with various α-olefins (i.e., propylene, 1-hexene, 1-octene, and 4-methyl-1-pentene). 

The results are compared with the known PMe2Ph−imido V(=NR)Cl2(PMe2Ph)2 [R = tBu (3a),  2,6-
iPr2-C6H3 (3d)] complexes. Differences in the (co)polymerization regarding the activity and 

reactivity toward the target comonomers are investigated to probe the effect of imido ligand 

substitution, and of the coligand. With the exception of dimethylamine 1a, 2 and 3 are 

instantaneously activated and exhibit good activity, affording copolymers with a moderate 

comonomer content (4.2 < mol% < 13.7), from low to high molecular weight (36 < Mw ×103 g 

mol−1 < 270), and unimodal molecular weight distribution (2.1 < Mw/Mn < 2.7), strongly depending 

on the type of comonomer, copolymerization temperature, and, to a lesser extent, by the type of 

ligand set employed. 13C NMR spectra of poly(ethylene-co-propylene)s have been fully interpreted 

as the result of uninterrupted methylene sequence distribution, ethylene−propylene sequence, and 

inverted propylene units. In addition, the copolymers were characterized by DSC, TGA, and 

successive self-nucleation and annealing (SSA). A preliminary investigation of the copolymers 

tensile behavior was performed by uniaxial stretching until failure.
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INTRODUCTION 

The worldwide production of polyolefins accounts for half of 348 million tons of the global 

plastics production.1 Polyolefins continue to experience an ever-growing demand in a myriad of 

products that benefit our society, such as packaging, building and construction, medical 

applications, lightweight engineering plastics for automotive, electrical and thermal insulation. At 

the present time, more than 300 diverse polyolefin grades are available on the market. Among them, 

ethylene (co)polymers differ from each other in terms of the ratio between the (co)monomers, 

microstructure, stereochemistry, branching (type and amount), molecular weight, and molecular 

weight distribution, which in turn strongly affect physical, mechanical and rheological properties of 

these materials.2,3

The field of olefins (co)polymerization has been the subject of intense research by numerous 

academic,4-7 and industrial laboratories,8-10 but the development of even more high−performance 

polyolefins will continue in the next years driven by (i) advancement in transition metal catalysts, 

(ii) the ever-increasing understanding of mechanistic aspects, (iii) reaction engineering, and (iv) 

polymer processing. Although most polyolefins are still produced using traditional Ziegler−Natta 

catalysts (Ti, and Cr catalysts on solid supports), billions of pounds of different poly(ethylene) (PE) 

grades are currently produced annually by using molecular catalysts. Molecular catalysts for 

(co)polymerization of ethylene typically contain electrophilic, high-valent, unsaturated metal 

centres, these each coordinate to the monomer, which then undergoes insertion into a metal–alkyl 

bond. The discovery of ansa−metallocenes in the 1980s marked a milestone: indeed, it allowed 

chemists to make significant progress in understanding the relationship between structure, activity, 

and stereochemistry in olefin (co)polymerization.10-12 Afterwards, this interest expanded to catalysis 

through well−defined transition metal complexes with other ligand motifs:13-15  this has led to 

extraordinary advances in producing new products for advanced applications.  

Amongst the transition metal series, Group IV,16 chromium,17,18 and late metal (particularly 

Ni and Pd)19 based catalysts have been highly documented. On the other hand, vanadium complexes 
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have been less investigated as catalyst precursors for olefin (co)polymerization, despite they have 

been the workhorse for the manufacture of ethylene–propylene rubber (EPR),20 and ethylene–

propylene–diene elastomer (EPDM).21

The recent resurgence of vanadium stems from the use of Schiff−base phenoxyimine−type 

ligands by Fujita at Mitsui.13 Since then, a set of vanadium complexes supported by mono- and 

multi-dentate ligands,22-24 including phenoxyimines,25 aryloxides,26 β−enaminoketonato,27 diamine-

bis(phenolate),28 bis(arylimo)acenaphthene,29 phosphine,30-32 oxazoline,33 and N-heterocyclic 

carbenes34 have been successfully developed. In this framework, we recently reported the synthesis 

of a set of phosphine adducts of (imido)V(IV) complexes, and we demonstrated their successful 

application as catalyst precursors for the copolymerization of ethylene with cyclic olefins.35 Herein, 

to expand our study on this family of complexes, we report the synthesis, and the characterization of 

a series of dimethylamine−imido V(=NR)Cl2(NHMe2)2 [R = tBu (1a), CPh3 (1b), 2,6-CHPh2-4-Cl-

C6H2 (1c), and pyridine−imido V(=NR)Cl2(Py)3 [R = tBu (2a), CPh3 (2b), 2,6-CHPh2-4-Cl-C6H2 

(2c)] complexes, and their application, in combination with Et2AlCl and Cl3CCO2Et (ETA), as 

catalysts in the (co)polymerization of ethylene with α-olefins (i.e., propylene, 1-hexene, 1-octene, 

and 4-methyl-1-pentene). Copolymerization experiments with the known PMe2Ph−imido 

complexes of the general formula V(=NR)Cl2(PMe2Ph)2 [R = tBu (3a), R = 2,6-iPr2-C6H3 (3d)],35 

were performed as well for comparison. The (co)polymers have been characterized by NMR, DSC, 

TGA, and SSA, a thermal fractionation technique based on sequential application of self-nucleation 

and annealing steps. A preliminary investigation of the copolymers tensile behavior was performed 

by uniaxial stretching until failure.

EXPERIMENTAL

General procedures and materials

Manipulations of air- and/or moisture-sensitive materials were carried out under an inert 

atmosphere using a dual vacuum/nitrogen line and standard Schlenk-line techniques or in a glove 

box filled with argon. Ethylene, propylene and nitrogen were purified by passage over columns of 
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CaCl2 and molecular sieves; oxygen was removed by fluxing the gases through BTS catalysts. 

Before being used in polymerization, the required amount of propylene was condensed into a 25 mL 

Schlenk flask kept in liquid nitrogen, then toluene was added and the stabilized propylene solution 

was brought to room temperature. Toluene (Aldrich, ≥99.7%) was refluxed over Na for 8 hours and 

then distilled, and stored over molecular sieves. Dichloromethane  (Aldrich, ≥99.8%) was dried by 

stirring over CaH2 in inhert atmosphere for 8 hours, distilled, and stored over 5Å molecular sieves 

away from bright light. Ethyltrichloroacetate (ETA, Aldrich, 97%) was dried by stirring for about 4 

hours and then distilled under reduced pressure. Diethylaluminium chloride (Et2AlCl, Aldrich) was 

used as received. 1-Hexene (Aldrich, 97% pure), 1-octene (Aldrich, 98% pure) and 4-methyl-1-

pentene (Aldrich, 98% pure) were dried by stirring over CaH2 for about 4 hours, then distilled under 

reduced pressure and, finally, stored under dry nitrogen and kept at –30 °C. V(NMe2)4 was prepared 

by a modification of a literature procedure.36 Pyridine and tBuNH2 were dried over KOH, refluxed 

over CaH2, distilled, and stored over 4Å molecular sieves under argon before use. 

Trimethylchlorosilane was distilled and stored over 4Å molecular sieves under argon before use. 

Compounds [V(=NR)Cl2(PMe2Ph)2] [R = tBu (3a), and 2,6-iPr2-C6H3 (3d)] were prepared 

according to our published procedure.35,37 Aniline 2,6-(Ph2CH)2-4-Cl-C6H2 (Ar**NH2) was 

prepared according to a known synthesis,38 and carefully dried first in dichloromethane solution 

under MgSO4, and then in the solid state in a desiccator with P2O5 under vacuum, and stored in the 

glove box before use.

Synthesis of Vanadium Complexes

Synthesis of [V(=N-tBu)Cl2(NHMe2)2] (1a) 

This compound was prepared by a modification of our procedure developed for 

aryl−imido:39 herein, we report a scale-up preparation. A toluene solution (20 mL) of 2.50 g of 

V(NMe2)4 (11.00 mM), 885 mg of tBuNH2 (1.1 equiv, 12.10 mM), and 12.0 g of Me3SiCl (0.1105 

M) was heated overnight at 80 °C upon which time blue needles started to form. The crystallization 

process was completed by layering the solution with pentane (40 mL). The blue crystals were 
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collected by decantation, washed with pentane (3×10 mL), and dried under vacuum. Yield of 1a: 

2.20 g (71 %). EPR (toluene, 20 °C) g = 1.985, Aiso(51V) = 93 G. eff (C6D6, Evans) = 1.7 B 

(300K). Anal. Calcd for C8H23Cl2N3V (MW 283.14): C, 34.94; H, 8.19; N, 14.84. Found: C, 34.88; 

H, 7.94; N, 14.95.

Synthesis of [V(=N-tBu)Cl2(Py)3] (2a) 

180 mg of [V(=N-tBu)Cl2(NHMe2)2] (1a) (0.6357 mM) were dissolved in 2 mL of pyridine. 

The resulting red solution was slowly layered with, respectively, 2 mL of toluene, and 15 mL of 

pentane to afford red crystals of 2a. The crystals were collected and washed with pentane (3×5 mL) 

and dried under vacuum. Yield: 262 mg (96%). Compound 2a can also be obtained with similar 

yield by treating 1a with 10 equiv of pyridine in dichloromethane. EPR (toluene, 20 °C) g = 1.990, 

Aiso(51V) = 95.7 G. Anal. Calcd for C19H24Cl2N4V (MW 430.27): C, 53.04; H, 5.62; N, 13.02. 

Found: C, 52.98; H, 5.58; N, 12.94.

Synthesis of [V(=N-CPh3)Cl2(NHMe2)2] (1b) 

A dichloromethane solution (5 mL) of 250 mg of V(NMe2)4 (1.10 mM), 285 mg of 

Ph3CNH2 (1.10 mM), and 1.20 g of Me3SiCl (11.05 mM) was stirred at RT for 12 hours. The 

volatiles were removed under vacuum, and the solid was washed with pentane (3×10 mL), and 

dried under vacuum to afford 320 mg of yellow solid 1b (62 %). Large crystals (dark blocks) can be 

obtained by pentane vapor diffusion into a toluene solution of 1b. EPR (toluene, 20 °C) g = 1.987, 

Aiso(51V) = 92.6 G. EPR (CH2Cl2, 20 °C) g = 1.988, Aiso(51V) = 93.3 G. eff (C6D6, Evans) = 1.7 B 

(300K). Anal. Calcd for C23H39Cl2N3V (MW 469.34): C, 58.86; H, 6.23; N, 8.95. Found: C, 58.94; 

H, 6.24; N, 8.75.

Synthesis of [V(=N-CPh3)Cl2(Py)3] (2b) 

A dichloromethane solution (3 mL) of 300 mg of [V(=N-CPh3)Cl2(NHMe2)2] (1b) (0.6392 

mM) was treated with 870 mg of pyridine (11.0 mM), briefly shaken, and left without stirring for 3 

hours upon which time crystallization started to occur. The resulting red solution was slowly 

layered with, respectively, 3 mL of toluene, and 15 mL of pentane to afford green crystals of 2b. 
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The crystals were collected and washed with pentane (3×3 mL) and dried under vacuum. Yield: 392 

mg (99%). EPR (CH2Cl2, 20 °C) g = 1.985, Aiso(51V) = 95.7 G. Anal. Calcd for C34H30Cl2N4V (MW 

616.48): C, 66.24; H, 4.91; N, 9.09. Found: C, 66.07; H, 4.97; N, 9.10.

Synthesis of [V(=N-Ar**)Cl2(NHMe2)2] (1c) 

A toluene solution (3 mL) of 250 mg of V(NMe2)4 (1.10 mM), was treated with 506 mg of 

Ar**NH2 (1.10 mM), and after 5 min with 1.20 g of Me3SiCl (11.05 mM), and left at room 

temperature overnight. The solution turned red with formation of some crystals. The crystallization 

process was completed by layering the solution with pentane (15 mL). The crystals were collected 

by decantation, washed with pentane (3×3 mL), and dried under vacuum. Yield of 1c: 560 mg (76 

%). EPR (toluene, 20°C) g = 1.985, Aiso(51V) = 91 G. EPR (dichloromethane, 20 °C) g = 1.986, 

Aiso(51V) = 91 G. eff (C6D6, Evans) = 1.7 B (300K). Anal. Calcd for C36H38Cl3N3V (MW 670.01): 

C, 64.54; H, 5.72; N, 6.27. Found: C, 64.77; H, 5.77; N, 6.19.

Synthesis of [V(=N-Ar**)Cl2(Py)3] (2c) 

A dichloromethane solution (4 mL) of 550 mg of [V(=N-Ar**)Cl2(NHMe2)2] (1c) (0.8209 

mM) was treated with 870 mg of pyridine (11.0 mM), briefly shaken, and left without stirring for 

14 hours upon which time crystallization started to occur. The resulting red solution was slowly 

layered with, respectively, 6 mL of toluene, and 6 mL of pentane to afford red crystals of 2c. The 

crystals were collected and washed with pentane (3×3 mL) and dried under vacuum. Yield: 610 mg 

(91%). EPR (CH2Cl2, 20 °C) g = 1.985, Aiso(51V) = 91 G. Anal. Calcd for C47H39Cl3N4V (MW 

817.15): C, 69.08; H, 4.81; N, 6.86. Found: C, 68.99; H, 4.81; N, 6.70.

(Co)polymerization Experiments. General Procedure

Polymerizations were carried out in a 100 mL round-bottomed Schlenk flask containing a 

stirring bar. Prior to starting polymerization, the reactor was heated to 110 °C under vacuum for 1 h 

hour and backfilled with nitrogen. The reactor was charged with toluene, the comonomer, ETA and 

Et2AlCl in that order, and then brought to the desired polymerization temperature. The solution was 

degassed and ethylene was added until saturation. The polymerization was started by adding a 
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toluene solution (2 mg mL-1, dichloromethane for 1a and 2b) of vanadium complex via syringe 

under continuous flow of ethylene. The polymerizations were stopped with methanol containing a 

small amount of hydrochloric acid; the precipitated polymers were collected by filtration, 

repeatedly washed with fresh methanol, and finally dried in vacuum at room temperature to 

constant weight. All the (co)polymerizations were terminated before the amount of formed polymer 

saturated the solution, and a polymer gel precipitated, and before significant comonomer depletion 

occurs. These conditions, together with the use of a good solvent, should allow avoiding 

appreciable effects of the physical status on the copolymerization, and are the key premises for the 

study of copolymer microstructure. 

Characterization

EPR spectra were recorded on a Bruker Elexsys E580 spectrometer. Elemental analysis were 

performed at the Laboratoire de Chimie de Coordination (Toulouse, France) (C,H,N). Magnetic 

susceptibility data were measured in solution by 1H NMR (Evans method).[40] NMR spectra of the 

obtained (co)polymers were recorded on a Bruker NMR advance 400 Spectrometer operating at 400 

MHz (1H) and 100.58 MHz (13C) working in the PFT mode at 103 °C. 13C NMR experiments were 

performed with 10 mm probe in C2D2Cl4 and referred to hexamethyldisiloxane (HMDS) as internal 

standard. The relaxation delay was 16 s. The molecular weight average (Mw) and the molecular 

weight distribution (Mw/Mn) were obtained by a high temperature Waters GPCV2000 size exclusion 

chromatography (SEC) system equipped with a refractometer detector. The experimental conditions 

consisted of three PL Gel Olexis columns, ortho-dichlorobenzene as the mobile phase, 0.8 mL 

min−1 flow rate, and 145 °C temperature. The calibration of the SEC system was constructed using 

eighteen narrow Mw/Mn poly(styrene) standards with molar weights ranging from 162 to 5.6×106 g 

mol-1. For SEC analysis, about 12 mg of polymer was dissolved in 5 mL of ortho-dichlorobenzene 

with 0.05% of BHT as antioxidant. Differential scanning calorimetry (DSC) scans were carried out 

on a Perkin-Elmer DSC 8000 instrument equipped with a liquid subambient device under nitrogen 

atmosphere. The sample, typically 5 mg, was placed in a sealed aluminum pan, and the 
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measurement was carried out from –80 to 130 °C (from −30 to 180 °C for PE homopolymers) using 

heating and cooling rate of 20 °C min−1. Tm and Hm values were recorded during the second 

heating. Crystallinity (X) was calculated from the DSC scans as follows: X  = (Hf/H0)×100, where 

Hf is the enthalpy associated with the melting of the sample and H0 is the melting enthalpy of a 

100% crystalline PE taken equal to 290 J g−1.41 SSA experiments were performed by DSC 

following the procedure proposed by Müller.42 Preliminary experiments were performed to 

determine the self-seeding temperature (Ts), i.e., the lowest temperature of domain II. SSA 

temperature program was set as follows: the copolymer was first held in the melt at 130 °C for 3 

min and cooled to −40 °C at a rate of 10 °C min-1 to create the initial standard state. Then, the 

copolymer was heated to the selected Ts, at a rate of 10 °C min−1, and held at this temperature for 5 

min. After that, the sample was cooled from Ts to −40 °C, heated to the second Ts which was 5 °C 

lower than the previous Ts, and held in isothermal condition for 5 min. This cyclic procedure was 

repeated several times, using heating and cooling rates of 10 °C min-1, and a fractionation window 

equal to 5 °C. Finally, the copolymer was heated from chosen minimum temperature up to 130 °C. 

Thermogravimetric analysis (TGA) was performed on a Perkin–Elmer TGA-7 instrument under a 

nitrogen atmosphere. Before performing the TGA run, the sample (2.5 mg) was held at 50 °C for 30 

min; the scan was carried out from 50 to 750 °C at a heating rate of 20 °C min−1. The materials for 

the mechanical characterization were molded in a press at 110−125 °C, and 50 bar for 5 min, then 

the press plates were cooled to 20 °C min−1 to room temperature. Films with a thickness of about 

120 µm were produced. Tensile dog-bone-shaped specimens (length overall 75 mm, gauge length 

25 mm, and width of narrow section 4 mm) were analyzed at 20 °C using a Zwick Roell ProLine 

Z010 mechanical tester equipped with a XforceP (50 N) load cell at a constant crosshead rate of 15 

mm/min. For each material, at least five samples were tested. In the recovery experiment performed 

at 300% strains, the specimens were cyclically loaded and unloaded in uniaxial tension.

Single crystal X-ray diffraction determination
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Crystals suitable for X-ray structure determination were obtained for compounds Ar**NH2, 

1a−c, and 2c (generally by diffusion of pentane into a toluene solution of the complexes). The 

crystals were kept in the mother liquor until they were dipped into perfluoropolyether oil and their 

structure was determined. Crystal data collection and processing parameters are given in 

Supplementary Materials. 

The chosen crystals were mounted on a Mitegen micromount and quickly cooled down to 

180 K. The selected crystals of Ar**NH2 (pale yellow block, 0.15 × 0.10 × 0.05 mm3), 1a (blue, 

0.23 × 0.15 × 0.08 mm3), 1b (orange stick, 0.10 × 0.15 × 0.35 mm3), 1c (orange plate, 0.18 × 0.10 × 

0.03 mm3), and 2c (red plate, 0.15 × 0.10 × 0.02 mm3), were mounted respectively on a Bruker 

Kappa APEX II (Ar**NH2, 1c, 2c), Oxford Diffraction Xcalibur (1a−b) diffractometers, using 

molybdenum ( = 0.71073 Å) and equipped with an Oxford Cryosystems cooler device or an 

Oxford Cryosystems Cryostream Cooler Device. The unit cell determination and data integration 

were carried out using CrysAlis RED package or APEX II.43-45 The structures have been solved by 

Direct Methods using SIR92,46 and refined by least-squares procedures with SHELXS-201647 

included in the software packages WinGX version 1.63.48 Atomic Scattering Factors were taken 

from the International tables for X-Ray Crystallography.49 All hydrogen atoms were refined by 

using a riding model. All non-hydrogen atoms were anisotropically refined. Drawings of molecules 

have been performed with the program Ortep-3 for Windows.50 Details of the structure solution and 

refinements are given in the Supplementary Materials, together with a full listing of atomic 

coordinates, bond lengths and angles, and displacement parameters for all structures. These data 

have also been deposited at the Cambridge Crystallographic Data Centre. CCDC 1940732−1940736 

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/data_request/cif. 

RESULTS AND DISCUSSION
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Preparation and characterization of the complexes

The imido pre-catalysts V(=NR)Cl2(L)n (R = tBu, CPh3, 2,6-CHPh2-4-Cl-C6H2, 2,6-iPr2-

C6H3; n = 2: L = NHMe2 and L = PMe2Ph; n = 3: L = Py) were prepared according to our 

previously reported synthesis for making similar Ti and V complexes.39 The general synthetic 

pathways are depicted in Scheme 1. In the following, the complexes are named referring to their 

structure: the number identifies the coligand (1 stands for NHMe2, 2 for Py, and 3 for PPhMe2), 

while the letter identifies the R substituent in imido ligand [R = tBu (a), R = CPh3 (b), R = 2,6-

CHPh2-4-Cl-C6H2 (c), and R = 2,6-iPr2-C6H3 (d)]. 

Scheme 1. Synthetic pathways leading to V(=NR)Cl2(L)n complexes [L = NHMe2, Py, PMe2Ph; R = tBu, 
CPh3, 2,6-CHPh2-4-Cl-C6H2, 2,6-iPr2-C6H3].

The pyridine adducts are obtained from the transamination reaction of V(NMe2)4 with a 

primary amine, immediately followed by chlorination with trimethylchlorosilane (in a one-pot 

reaction), via the intermediacy of the bis-dimethylamine adducts 1. The bis-dimethylamine adducts 

are further converted into the desired pyridine complexes 2 by treatment with excess pyridine. The 

phosphine adducts are produced from a similar reaction of V(NMe2)4 with a primary amine, but the 

dimethylamines produced need to be removed prior to addition of trimethylchlorosilane. Treating 

the bridging imido-amido intermediate with Me3SiCl, affords ill-defined oligomeric or polymeric 

complexes,39,51-54 that upon treatment with phosphine give the phosphine adducts 3.35,37,55 

All these V(IV) complexes are NMR silent (1H, 51V) but EPR active (Figure S1–S6) due to 

their d1 configuration (µeff = 1.7 µB). They present an 8-line pattern in their EPR spectra in an 
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analogous way to previously reported examples of imido-V(IV) complexes (I = 7/2 for 51V)37,55 

with giso = ca. 1.98, and Aiso(51V) = ca. 90−95G.

Single crystal structure determination of some of these complexes was used to compare the 

steric and electronic properties of the imido ligand in V(=NR)Cl2(L)n complexes in order to 

correlate with their catalytic properties (vide infra). Although it will not be discussed in the article, 

we also determined the structure of the bulky aniline 2,6-CHPh2-4-Cl-C6H2NH2 (Figure 1), 

employed for the synthesis of 1c and 2c.

Figure 1. Molecular structure of Ar**NH2. 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 N).

Crystals suitable for molecular structure determination were obtained for 1a, 1b and 1c, 

which allow a direct comparison with the known structure of [V(=N-2,6-iPr2-C6H3)Cl2(NHMe2)2] 

(1d).39 ORTEP drawings of the molecules of 1a, 1b and 1c are displayed in Figure 2, 3 and 4, 

respectively, and important metric parameters (interatomic bond distances and angles) are given in 

Table 1 for that purpose together with those of 1d.
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Figure 2. Molecular structure of 1a. 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 N).

Figure 3. Molecular structure of 1b. 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 N).

Figure 4. Molecular structure of 1c. 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 N).

Dimethylamine adducts 1a, 1b and 1c share similar structural features, in agreement with 

their known parent 1d. The pentacoordinate vanadium center has a geometry between a distorted 
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trigonal-bipyramid (with equatorial aryl−imido and chlorine atoms) and a square pyramid (with the 

imido group in apical position) as reflected by the measure of the  parameter ( = 0.29–0.64).56 The 

salient bond parameters are typical of such imido complexes: a short V–N bond distance of ca. 

1.64–1.67Å with almost linear V–N–C imido linkage, two mutually trans dimethylamino ligands 

[NH–V–NH = 158–170° with V–NH distances of ca 2.15Å], and two mutually cis chlorine atoms 

[mean V–Cl bonds of ca 2.30−2.35Å, Cl–V–Cl angle = ca. 135°].

Table 1. Comparison of Average Interatomic Distances (Å) and Angles (deg) in 1a−1d.
1a 1ba 1c 1db

V–Nimido 1.636(4) 1.639(3) 1.6705(15) 1.654(3)
N–C 1.473(6) 1.476(4) 1.379(2) 1.380(5)
V–Cl 2.346(3)

2.338(9)
2.3381(11) (Cl1)
2.3150(11) (Cl2)

2.3012(3) 2.3199(14) (Cl1)
2.3268(12) (Cl2)

V–NNHMe2 2.173(9) (N2)
2.129(10) (N3)

2.175(3) (N2)
2.110(4) (N3)

2.1681(11) 2.007(5) (N2)
2.162(4) (N3)

V–Nimido–C 172.30(10) 177.1(3) 180 178.4(3)
Cl–V–Cl 140.56(5) 139.19(5) 131.58(2) 136.48(5)
NH–V–NH 158.05(16) 160.39(12) 169.95(6) 165.17(16)
c 0.29 0.35 0.64 0.48
a Data only for molecule A (two independent molecules in the cell). b Data from ref. 57; c  is the angular parameter 
commonly used to describe the geometry around the metal center in pentacoordinate complexes, and defined as  = (–
)/60 ( and  are the two largest L–M–L bond angles, with   , see ref. 56.

Crystals suitable for molecular structure determination were also obtained for 2c. An 

ORTEP drawing of the molecule of 2c is shown in Figure 5. The complex has a pseudo-octahedral 

geometry with mutually trans chloride and pyridine ligands, and with a third pyridine ligand being 

trans to the imido group. Bond parameters are found very similar to the known V(=N-2,6-iPr2-

C6H3)Cl2(Py)3:[39] the V−Nimido bond distance of the imido fragment is 1.6847(17)Å, V−Nimido−C 

of 171.54(15)°, and average V-Cl of 2.324(4)Å. The mutually trans V−NPy of 2.1740(18)Å and 

2.1631(18)Å are significantly shorter than the third V−NPy bond distance of 2.3184(18)Å due to the 

trans-labilizing ability of the imido function.
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Figure 5. Molecular structure of 2c. Thermal ellipsoids are drawn at the 50% probability level and partial 
atom-labeling schemes. Hydrogen atoms are omitted for clarity.

We attempted to make a rough classification of imido ligands based on their electronic and 

steric properties. Considering the electronic properties of the substituents on the imido moiety, the 

electron donor ability should increase in the order 2,6-CHPh2-4-Cl-C6H2 < 2,6-iPr2-C6H3 < CPh3 < 

tBu. The steric properties of the imido ligands were rationalized on the basis of X-ray structural data 

for complexes 1a−d, and by the use of SambVca 2 Web.58,59 The %VBur and the topographic steric 

maps of imido ligands a−d are reported in Figure 6 (full details are given in Figure S7−S10). 

Although it is difficult to compare ligands that have a more planar hindrance (i.e., aryl−imido) with 

others that have bulky groups in all the three dimensions (i.e., tBu, CPh3), according to this study 

we could suggest the following order for the steric demand of the imido function: tBu < 2,6-iPr2-

C6H3 < CPh3 < 2,6-CHPh2-4-Cl-C6H2.

Figure 6. Topographical ligand steric maps and percent buried volume (%VBUR) of a−d.
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Polymerization

Compounds 1a, 2a−c, 3a and 3d (Scheme 2), in combination with Et2AlCl and ETA, were 

first selected as catalysts for the polymerization of ethylene. The polymerizations were carried out 

under the same set of conditions using 500 equiv. of Et2AlCl and 10 equiv. of ETA, at an ethylene 

pressure of 1 atm, and in toluene (Table 2). We chose the chloroalkylaluminum in place of 

methylaluminoxane (MAO) as cocatalyst because we recently demonstrated that Et2AlCl was 

beneficial to obtain at least one order of magnitude higher catalytic activities with 3a and 3d.35 The 

polymerizations were performed in the presence of ETA, which acts as reoxidant, limiting the 

spontaneous deactivation of vanadium complexes associated with the faster reduction to 

low−valent, less active V(II) species.60 

Scheme 2. V(=NR)Cl2(L)n complexes used as pre-catalyst in this work.

Except the bis-dimethylamine 1a, pyridine and PMe2Ph complexes (2 and 3, respectively) 

were instantaneously activated. The polymerization occurred so fast that the solution viscosity 

increased within the first seconds of reaction. To avoid mass transport limitations caused by filling 

of the reactor with the swollen polymer, the polymerizations were stopped rapidly. The productivity 

does not change significantly moving from phosphine 3 to pyridine 2 complexes, although steric 
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and electronic properties of imido fragment were deeply altered. Changes in the imido ligand 

substitution brought no significant effect on the polymerization course and on the catalytic activity 

under the conditions employed.

Table 2. Polymerization of ethylene and copolymerization with propylene catalyzed by (imido)V(IV) 
complexes in combination with Et2AlCl and ETA.a 

entry complex P/Eb time
(min)

yield
(mg) activityc Pd

(mol%)
Mw

e

(×103) Mw/Mn
e Tm

 f

(°C)
ΔH f

(J/mol)
regioirreg. g

(%)
1 1a 1 traces
2 1a 4 82 490 410 2.3 138
3 2a 1 80 1920 370 2.1 137
4 2b 1 90 2260 300 2.1 138
5 2c 1 75 1740 280 2.1 138
6 3a 1 100 2470 290 2.1 139
7 3d 1 94 2260 310 2.1 137
8 1a 4 3 100 400 4.2 270 2.1 115 113 ndh

9 2a 4 2 270 1630 9.7 170 2.3 94 (82)i 72 6.1
10 2a 4 4 700 2100 13.7 98 2.7 62 (89) 55 8.7
11 2c 4 1′30′′ 230 1840 8.9 140 2.2 98 (84) 80 6.5
12 3a 4 2 270 1620 9.2 160 2.2 85 (93) 76 6.1
13 3d 4 1′30′′ 246 1970 7.8 165 2.2 105 (92) 94 5.7
14l 3d 3 5 560 1350 12.4 240 2.2 81 (94) 63 6.1

a polymerization conditions: ethylene pressure, 1.01 bar; total volume, 50 mL (toluene); V complex, 2.5 μmol for 
ethylene polymerizations, and 5 μmol for ethylene/propylene copolymerizations; Al/V = 500; ETA/V = 10; 
temperature, 20 °C; b P/E feed ratio (mol/mol) in liquid phase; c activity in kgpol×(molV×h)-1; d determined by 1H NMR; 
e determined by SEC; f determined by DSC; g regioirregolarities calculated according to Randall as [100(½S + ½ 
S)/(S + ½ S + S + ½S + S + ½ S)] from 13C NMR;61 h not determined because the sample is rather insoluble 
in C2D2Cl4; i in parenthesis the minor melting peak; l temperature, 0 °C; total volume, 25 mL (toluene).

Solid PEs with high molecular weight (Mw from 280 to 410 ×103 g mol-1), and narrow, 

unimodal molecular weight distributions (Mw/Mn ca. 2) were obtained. The PEs are linear polymers, 

with melting temperatures (Tm) in the range from 137 to 139 °C, and crystallinity of about 70% 

(ΔHm ca. 200 J mol−1) (Figure S11). In the case of pyridine 2a−2c, in which steric and electronic 

properties of imido ligand were deeply changed, the molecular weight of the obtained PEs increased 

in the order 2c (Mw = 280000 g mol−1, entry 5) < 2b (Mw = 300000, entry 4) < 2a (Mw = 370000, 

entry 3). This trend may be because the electron-donating tert-butyl imido group for 2a strengthens 

the V−N bond, improving the stability of the electron-deficient catalytic intermediate, and reducing 
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the chain-transfer rate. An analogous trend was already observed with phosphine (imido)V(IV) 

complexes.35

None of the (imido)vanadium complexes catalyze the homopolymerization of propylene. We 

have never recovered solid polymer either in experiment with liquid propylene or with the gaseous 

monomer at atmospheric pressure. This could be likely due to a high propensity of the investigated 

vanadium complexes to undergo faster chain-transfer, and subsequent chain-termination in the 

presence of propylene.

The performance of selected 1a, 2a, 2c, 3a, and 3d was then explored in the copolymerization 

of ethylene with propylene. The results are listed in Table 2. Copolymerizations were performed at 

P/E = 4 in a semibatch mode: the ethylene gaseous monomer was replenished  by  maintaining  a  

constant  gas  pressure  during  the  reaction timecourse, while all the liquid propylene was placed in 

the reactor at the beginning of the reaction. To avoid undesirable compositional drifting and 

copolymer inhomogeneity, due to the high initial efficiency and faster consumption of the most 

reactive comonomer, the copolymerization was quenched before significant comonomer depletion 

occurs. By controlling the propylene conversion, and keeping it at low level (≤5%), the variation of 

the propylene feedstock concentration can be considered negligible, and the relative comonomer 

concentration can be considered constant, to the greatest possible extent. 

With the exception of dimethylamine 1a, that as in the case of the homopolymerization of 

ethylene exhibits a much lower activity, particularly at the first stage (Table 2, entry 8, 404 kgpol 

molv
−1 h−1, P = 4.2 mol%), pyridine and PMe2Ph complexes were instantaneously activated and 

good activities, in the range from 1620 to 2100 kgpol molv
−1 h−1, were obtained. The resulting 

copolymers have a propylene content from 7.8 to 13.7 mol%,  reasonably narrow molecular weight 

distribution (2.1 < Mw/Mn < 2.7), and molecular weight lower than those of PEs, indicating the 

increased rate of chain-termination in the presence of propylene: the higher the content of 

propylene, the lower the copolymer molecular weight. A copolymer with a molecular weight as 
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high as 240000 g mol−1 was obtained at subambient temperature, that restrains the chain-transfer to 

some extent (Table 2, entry 14, P = 12.4 mol%).35

The pyridine or PMe2Ph coligands have a limited effect on the catalytic activity, copolymer 

composition, and molecular weight, at least under the experimental conditions employed (Table 2, 

entry 9 vs 12). We attribute this result to the fact that the space around the catalytic active is not so 

congested, probably because the coligands move further apart from the centers. In contrast, the 

reason why dimethylamine 1a exhibits lower activity compared to 2a and 3a, all bearing the same 

tert-butyl imido fragment, is not clear at this stage. A possible hypothesis can be derived from 

electronic coligand properties: the Lewis base character of the investigated coligands increases in 

the order PMe2Ph ≈ Py < NHMe2. Since the active V‒center has a partial positive charge (+), it 

may be inferred that NHMe2, having the more Lewis base character, will remain more close to the 

active center, thus limiting the approach of the monomer, and slowing down the polymerization 

rate. Another possible explanation is the involvement of a probable deleterious interaction between 

the amine and the aluminum alkyl, leading to the deprotonation of NHMe2.52

Changes in the imido ligand substitution have an effect on the course of E/P 

copolymerization. Copolymerizations with 2c and 3d, having more electron-withdrawing 

aryl−imido substituents (Table 2, entry 11 and 13, respectively), are faster than those with 2a and 

3a, with more electron-donating tBu imido (Table 2, entry 9 and 12). The highest initiation rate of 

2c and 3d results in high medium copolymerization viscosity, so that shorter time is required to 

reach good productivity and restrict diffusional comonomers mobility to guarantee desired and 

comparable reaction homogeneity. In this respect, electronic ligand effects play a key role. Indeed, 

2c and 3d may have a pronounced preference to accept electron density from the (co)monomers, at 

least at the initial polymerization stage. This faster monomer insertion may explain the enhanced 

initiation rate of 2c and 3d. The same trend was recently found by us in the copolymerization of 

ethylene with cyclic olefins, particularly in the case of 5-ethylene-2-norbornene, and 

dicyclopentadiene.35 
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As anticipated, the obtained copolymers have a moderate propylene content (from 7.8 to 13.7 

mol%). Although it is difficult to make a comparison with the literature due the different operating 

conditions (batch vs semibatch) and objectives, the amount of propylene incorporated in the 

copolymers with the vanadium complexes under investigation is comparable to the same data for 

vanadyl C− and N−capped tris(phenolate) complexes,62 V(V) tetra-phenolate complexes,63 and 

vanadyl calix[6]arene one,64 but lower than N−heterocyclic carbenes,34,65 naphthalene−bridged 

nitrogen−sulfonate ligands,66 and amide V(IV) complexes.67

Copolymers Composition

The poly(ethylene-co-propylene)s microstructure was investigated by 13C NMR (Figure 7). 

The resonance peaks were assigned according to the literature, and followed the terminology used 

by Carman et al,68 where primary (methyl), secondary (methylene) and tertiary (methine) carbons 

were denoted as P, S, and T, respectively. The position of a carbon atom relative to its nearest 

methine was labeled by two Greek subscripts. 

In addition to the characteristic peaks of isolated and alternating propylene units spanning 

long methylene segments, the spectra is complicated by the presence of several resonances, which 

are diagnostic of stereoirregular and regioirregular propylene homosequences, and propylene units. 

Calculation of propylene inversion, i.e., 2,1-insertion, reveals that the copolymers have 

regioirregolarities in the range from 5.7 to 8.7% (Table 2). The presence of regioirregularities in the 

propylene placement complicates the description of the copolymer microstructure, and precludes a 

quantitative evaluation of the comonomer distribution at triad level by 13C NMR: single succession 

of ethylene and propylene units such as PEP, and EPP cannot describe the unique carbon sequence 

in the case under investigation. Similarly, the determination of the reactivity ratio through the 

classical Finemann and Ross method may be inaccurate and unreliable. To avoid problems 

associated with propylene inversion, a direct 13C NMR quantitative method,61,69 was used to give a 

description of the copolymer microstructure. This method, first developed by Randall,61 aims to 

distinguish the copolymers on the basis of uninterrupted methylene sequence distribution from one 
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to six and longer. Specifically, the number fraction (xn,i) of uninterrupted methylene sequence of 

length i, the total number fraction of even methylene sequences (Ʃxn,2i), generated by propylene 

inversion, the number-average sequence length of uninterrupted methylene carbons (n0), and that of 

uninterrupted sequences of two or more methylene carbons (n2+) is calculated (Table 3).  

Figure 7. 13C NMR spectrum (in C2D2Cl4 at 103 °C, reference to HDMS) of a selected poly(ethylene-co-
propylene) (Table 2, entry 10, P = 13.7 mol%). 
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In addition, from uninterrupted methylene sequences, the chain propagation probability for ethylene 

to insert at the last inserted ethylene unit (PEE) was calculated according to ref. 70. The application 

of this method is possible because each isolated 2,1-insertion of propylene gives a unique direction 

to the growing macromolecular chain, thus making possible to describe the monomer sequencing in 

the immediate vicinity of each isolated 2,1-insertion. Methylene segments are uniquely identified by 

resonances S, S, S, S and S for one (xn,1), two (xn,2), three (xn,3), four (xn,4), and five (xn,5) 

uninterrupted methylene sequence, respectively, while those sequences of six and longer methylene 

(xn,6+) give both S and S resonances (Figure 7). It is worth noting that, since S overlaps with 

T the former can be calculated as 0.5×(S−S).

In general, n0 and n2+ are strongly affected by the copolymer composition, with lower values 

by increasing the content of propylene. The xn,6+ dominates the distribution, thus reflecting the 
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tendency toward a blocky sequence of ethylene. Sample 14, obtained at subambient temperature, 

exhibits the highest concentration of xn,1: the copolymer has a more blocky propylene units, most 

likely due to the lower solubility of ethylene with decreasing the copolymerization temperature.

Table 3. The Number Fractions of Uninterrupted Methylene Sequences and Average Sequence Lengths for 
Ethylene-co-Propylene Copolymers. 

entry complex Pa

(mol%) xn,1
b xn,2

b xn,3
 b xn,4

 b xn,5
 b xn6+

 b Ʃxn,2i
 c no

 d n2+
 e PEE

 f

9 2a 9.7 0.037 0.027 0.070 0.034 0.024 0.807 0.354 19.7 20.5 0.35
10 2a 13.7 0.053 0.045 0.118 0.043 0.080 0.661 0.297 13.3 14.0 0.68
11 2c 8.9 0.022 0.028 0.074 0.037 0.033 0.807 0.378 21.0 21.5 0.44
12 3a 9.2 0.050 0.033 0.072 0.028 0.018 0.799 0.323 19.2 20.1 0.25
13 3d 7.8 0.028 0.029 0.058 0.028 0.019 0.838 0.382 24.8 25.5 0.32
14 3d 12.4 0.129 0.028 0.088 0.032 0.039 0.684 0.231 15.3 17.4 0.44

a propylene molar fraction in the copolymer determined by NMR; b xn,i, the number fraction of uninterrupted methylene 
sequence of length i; c the total number fraction of even methylene sequences; d the number-average sequence length of 
uninterrupted methylene carbons; e the number-average sequence length of uninterrupted sequences of two or more 
methylene carbons; e the chain propagation probability for ethylene to insert after a last ethylene inserted unit.

Sample 11 and 13 (from 2c and 3d, respectively) have a higher fraction of Ʃxn,2i (generated 

by propylene inversion) with respect to sample 9, 10, and 12 (from 2a and 3a). This could be likely 

due to the higher steric hindrance around the metal in 2c and 3d compared to the tBu−imido in 2a 

and 3a (Figure 6), and the concomitant differing steric demand of secondary insertion than a 

primary insertion. Indeed, it is known that a 2,1-insertion of propylene places the methyl in a 

peripheral position (rather than in the direction or plane of the metal), and the resultant intermediate 

transition state requires less space along the direction of metal aperture to undergo a 2,1-

insertion.10,71 It is worth noting that Ʃxn,2i only indicates the minimum fraction of inverted propylene 

units since the calculated data neglects all the inverted units contained in the methylene sequences 

longer than six methylene units (n6+), and 1,3-enchained propylene units arising from a 2,1→1,3 

isomerization. 

Thermal Properties 

The DSC heating curves of non-isothermal crystallized poly(ethylene-co-propylene)s are 

reported in Figure 8. The overall melting event of the copolymers occurs at a lower temperature 

range than that of pure PE (Figure S11) and, in general, it decreases with the increase of the 
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comonomer content as expected for random copolymers (Tm and ΔHm in Table 2). Sample 8, with 

the lowest content of comonomer (P = 4.2 mol%) shows a single (and relatively sharp)  

endothermic transition with melting peak at 115 °C, and crystallinity of 39%. Increasing the 

propylene content, the copolymers exhibit a broader and multimodal melting endotherm due to the 

non−homogeneous distribution of crystallizable units along the polymer chain, and among the 

polymer chains (i.e., intra- and inter-molecular heterogeneity). In general, the peak at low 

temperature relates to the macromolecular chain segments with a low content of crystallizable 

sequences, whereas the peak at higher temperature to segments with longer crystallizable 

sequences. 

Figure 8. DSC heating scans of ethylene-co-propylene copolymers (Table 2).

It is worth noting that copolymers with a comparable content of propylene (7.8 < P mol% < 

9.7) show different thermal behavior, i.e., DSC profiles, Tm and ΔHm values (Table 2, entry 9, 11, 

12, and 13). However, standard DSC technique does not allow the appreciation of subtle 

microstructural differences; for this reason these four copolymers were characterized by SSA to 

reveal detailed changes in the crystallizable sequence length and lamellae thickness.

Figure 9 shows the final heating scans after the SSA procedure, displaying the melting of all 

the fractions created for the copolymers obtained with different catalyst. In general, the SSA final 

scan of copolymers exhibits several narrow peaks spread along the temperature axis and the profile 
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results to be different from the broad endothermic transition registered by standard DSC heating 

run. The SSA thermograms show marked differences in the peaks positions, and in the peaks 

enthalpy. The variation in the number and magnitude of melting peaks can be attributed to the 

difference of the crystalline sequence length distribution. The lamellar thickness (l), the methylene 

sequence length (MSL) and relative polydispersities (D) were determined from final SSA 

thermograms, according to the literature (Table 4).72-75 

Figure 9. Final melting curves obtained after SSA thermal fractionation of selected ethylene-co-propylene 
copolymers: (a) entry 13, (b) entry 11, (c) entry 9, and (d) entry 12. 

Table 4. Self-nucleation temperature (Ts) and SSA data of selected poly(ethylene-co-propylene)s.

entry complex Pa

(mol%) Ts
lw

b 
(nm)

ln
b 

(nm) Dl
 MSLw

c MSLn
c DMSL

9 2a 9.7 102 5.7 5.4 1.1 41 39 1.1
11 2c 8.9 103 5.8 5.4 1.1 45 41 1.1
12 3a 9.2 105 5.4 5.1 1.0 40 38 1.0
13 3d 7.8 108 6.8 6.2 1.1 54 48 1.1

a propylene molar fraction in the copolymer determined by NMR; b lamellar thickness; c methylene sequence length. 

The copolymer from 3d (entry 13) presents the thickest lamellae, and the longest methylene 

sequence, while the sample obtained from 3a (entry 12) shows the thinnest lamellae, and the 

shortest methylene sequence. MSL data calculated from SSA are slightly higher than the number-

average sequence length of uninterrupted methylene carbons determined by 1H NMR (no in Table 

3), but the same trend was obtained by means of both techniques.

Copolymerization of ethylene with higher α-olefins
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We performed some preliminary copolymerizations of ethylene with 1-octene by using 2a, 3a 

and 2c, and with 1-hexene and 4-methyl-1-pentene with the best performing 2a. The results are 

summarized in Table 5.

Table 5. Copolymerization of ethylene with α-olefin (Y) catalyzed by selected (imido)V(IV) complexes in 
combination with Et2AlCl and ETA.a 

entry complex Y
(type)

time
(min)

yield
(mg) activityb Yc

(mol%)
Mw

d

(×103) Mw/Mn
d Tm

 e

(°C)
ΔH e 

(J/mol)
15 2a OCT 4 390 1160 9.0 64 2.3 85 58
16 2c OCT 4 280 840 6.7 79 2.1 91 71
17 3a OCT 2 160 940 6.5 97 2.6 93 75
18 2a HEX 4 560 1680 11.2 69 2.3 86 (70)f 61
19 2a 4M1P 4 220 660 4.7 55 2.3 104 (110) 90
20 2a 4M1P 6 390 1170 5.1 36 2.2 101 84

a polymerization conditions: ethylene pressure, 1.01 bar; total volume, 50 mL (toluene); V complex, 5 μmol; Al/V = 
500; ETA/V = 10; temperature, 20 °C; Y/E = 4, feed ratio (mol/mol) in liquid phase; b activity in kgpol×(molV×h)-1;                   
c determined by NMR; d determined by SEC; e determined by DSC; f in parenthesis the minor melting peak.

The copolymerization of ethylene with 1-octene proceeds with moderate activities. Generally, 

the resulting activities are lower than those for the copolymerization of ethylene with propylene, 

most likely due to the increased steric interaction in the case of 1-octene. The copolymerization 

affords random copolymers with molecular weight from 64 to 97 ×103 g mol−1, unimodal molecular 

weight distribution (2.1 < Mw/Mn < 2.6), and 1-octene content from 6.5 to 9.0 mol%. Among the 

two pyridine complexes, i.e., 2a and 2c, the latter gives the copolymer with the lowest comonomer 

incorporation likely because the increased steric and repulsive interaction of bulky 1-octene and 

bulkier ligand c (Figure 6).

2a was then screened for the copolymerization of ethylene with 1-hexene and 4-methyl-1-

pentene (Table 5, entries 18−20). A dependence of activity on the comonomer was found: the 

activity (for all 4 min long experiments) increases in the order 4M1P (660 kgpol molV
−1 h−1) < OCT 

(1164) < HEX (1680) < P (2097 for entry 10, Table 2). Accordingly, a dependence of copolymer 

composition on the comonomer was found: the comonomer incorporation in the copolymers 

increases in the order 4M1P (4.7 mol%) < OCT (9.0) < HEX (11.2) < P (13.7). Steric effect may be 

considered the factor responsible for the less efficient incorporation of bulkier, branched 4-methyl-

1-pentene. 
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As concerns the microstructure of E/HEX copolymers, as an example, in Figure S12a the 13C 

NMR spectrum of sample 18 (HEX = 11.2 mol%) is reported. The copolymer mainly contains 

isolated butyl branches, and alternated sequences.76 Resonances clearly ascribed to two consecutive 

inserted 1-hexene units, and tiny ones due to the blocky 1-hexene repeating units are also present in 

the 13C NMR spectrum. Finally, resonances at 25.4 and 36.2 ppm assigned to S and 

T respectively, are also visible in the spectrum: these peaks can be ascribed to 2,1-insertion of 1-

hexene, leading to four uninterrupted methylene sequences (xn,4). In Figure S12b the 13C NMR 

spectrum of E/OCT copolymer (entry 15, OCT = 9.0 mol%) is reported. The spectrum shows all the 

microstructural features found for E/HEX copolymer.

Figure 10 shows the spectrum of a selected E/4M1P copolymer (Table 5, entry 19, 4M1P = 

4.7 mol%). Copolymer resonances were assigned according to the literature: methyl, methylene and 

methine carbons in the side chains were designated as CH3(sc), CH2(sc) and CH(sc).77 Beside the 

signal corresponding to long methylene sequences (S at 27.73 ppm), characteristic resonances at 

42.5, 23.75 and 21.18 ppm corresponding to the CH2(sc), CH (sc) and  CH3(sc) of the EYE triad, 

respectively, and characteristic resonances at 32.5, 28.2 and 24.8 ppm corresponding to S, 

S and S, respectively, and belonging to the same YEEE sequence, are observed. Moreover, two 

very small but diagnostic resonances at 21.8 ppm, and in the region around 24.5 ppm were detected 

and assigned to the S methylene carbons belonging to the completely alternating EYEYE and 

YYEYZ (Z means Y or E) pentads, respectively. Looking in more detail, the peak at about 24.5 

ppm is split into two peaks at 24.5 and 24.6 ppm (see the magenta inset in the Figure 10), which can 

be attributed to the meso and racemic alternating sequence, respectively. Specifically, the resonance 

at 24.6 ppm had been assigned to the S in the meso alternating sequence (m-YEY), while the 

upfield resonance at 24.5 ppm to the S in the racemic alternating sequence (r-YEY). The second 

feature to be highlighted is the presence of some resonances due to regioirregularities.77 
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Figure 10. 13C NMR spectrum (in C2D2Cl4 at 103 °C, reference to HDMS) of a selected poly(ethylene-co-4-
methyl-1-pentene) (Table 5, entry 19, 4M1P = 4.7 mol%). It should be noted that the methyls at 20.6 ppm of 
2MA can hardly be evaluated since their peak overlaps with other resonances likely ascribed to chain start 
alkane groups (marked with an asterisk). In bold a 2,1-inserted 4M1P unit. The inset magenta spectrum 
highlights the resonance at 24.5 ppm, assigned to S in the meso alternating sequence m-YEY, and that at 
24.6 ppm belonging to S in the racemic alternating sequence r-YEY. P = growing polymer chain.
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Specifically, we detected the peak at 25.3 ppm ascribed to the S (see the green inset in the Figure 

10) of even uninterrupted methylene sequence (four methylenes, xn,4), which are generated by a 4-

methyl-1-pentene inversion (YEY or YEEY, where Y is a 2,1 inserted 4M1P unit). Moreover, the 

presence of a small signal at 29.2 ppm, ascribed to the S and at 33.9 ppm ascribed to the methine 

carbon T  are diagnostic of YEY (two methylenes, xn,2) or YY sequences. The 13C NMR spectrum 

is even more complicated by the presence of other small signals at 25.4, 26.0 and 37.2 ppm (M4, 

M2 and M3 in Figure 11, respectively) which, also due to the concomitant absence of the 

corresponding T at 35.8 ppm, can be assigned to the 2-methyl-alkyl structure (2MA).78 The 

presence of such unit could be likely due to the chain-initiation reaction with the insertion of 4-

methyl-1-pentene into a V−H active species, formed by an initial event of β−H elimination and 

subsequent chain-transfer. The presence of vinyl-end groups, as it will be discussed later, can be 

taken as proof of the existence of the V−H species.
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Formation of a low−Mw copolymer facilitates investigation of chain-end groups by 1H 

NMR. The 1H NMR spectrum of sample 19 (Figure S13) reveals evidence for β−H elimination and 

2,1-insertion. Indeed, the 1H NMR spectrum in the olefin region shows a large number of 

overlapped peaks due to different chain unsaturations, originated by an initial event of β−H 

elimination following a last-inserted ethylene or comonomer unit. According to the literature,79 

distinctive ranges of chemical shift are detected and associated to vinylenes (PHC=CHR, from 5.4 

to 5.2 ppm, where P = polymer chain, and R = (CH2)2CH(CH3)2), vinyls (CH2=CHP, from 4.9 to 

4.8 ppm formed after the last ethylene inserted unit followed by chain-transfer), and vinylidenes 

(CH2=CPR, at 4.7 ppm). Specifically, vinylidenes are formed in the case of a primary insertion of 

4-methyl-1-pentene followed by chain-transfer, while vinylenes are formed in the case of a 

secondary insertion of 4-methyl-1-pentene followed by chain-transfer. Comparison of the relative 

integrations for vinyls with respect to the sum of those ascribed to vinylenes and vinylidenes reveals 

that chain-transfer following 4-methyl-1-pentene insertion occurs three time more frequent than 

chain-transfer following ethylene insertion. In the case of E/HEX and E/OCT copolymers, all 

obtained from 2a, the same ratio (vinylenes plus vinylidenes:vinyls) is 1.5:1. 

Thermal Properties 

Changes in the α-olefin content and distribution affect the copolymer thermal properties. 

Figure 11 shows DSC heating thermograms of copolymers obtained after cooling at rate of 20 °C 

min−1. Relevant data are summarized in Table 5.

E/4M1P copolymers containing about 5 mol% of 4M1P exhibit the highest Tm and ΔHm 

values with a crystallinity around 30% (Figure 11a,b) For E/OCT copolymers, the melting event 

begins at lower temperatures, and may extend over a 90 °C temperature range (Figure 11c−e). In 

general, as the 1-octene content increases, the melting event shifts to a lower temperature range and 

the melting point taken at peak maximum decreases (Tm in Table 5, entries 15−17). Analogously, 

ΔHm decreases with the comonomer content, going from 75 J g−1 for sample 17 (OCT = 6.5 mol%) 

to 58 J g−1 for sample 15 (OCT = 9.0 mol%), reflecting the reduced crystallinity. The E/HEX 
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copolymer (HEX = 11.2 mol%) exhibits a broader multimodal melting endotherm with a shoulder 

peak before the main melting peak (Figure 11f). The broad endothermic event registered for the 

investigated copolymers reflects a distribution of crystalline dimensions, as a consequence of the 

range of different crystallizable sequence lengths in the copolymer, i.e. the non-uniformity in the 

comonomer distribution due to inter- and intramolecular compositional heterogeneity.80,81

Figure 11. DSC heating scans of ethylene−co−α-olefin copolymers: (a) E/4M1P (entry 20, 4M1P = 
5.1 mol%), (b) E/4M1P  (entry 19, 4M1P = 4.7 mol%), (c) E/OCT (entry 16, OCT = 6.7 mol%) (d) 
E/OCT (entry 17, OCT = 6.5 mol%), (e) E/OCT (entry 15, OCT = 9.0 mol%), (f) E/HEX (entry 18, 
HEX = 11.2 mol%).

The copolymer thermal stability was investigated by TGA under inert atmosphere. In Figure 

12 thermograms for samples obtained by 2a are reported as an example. Generally, TGA curves 

evidence single step decomposition with a maximum rate at about 500 °C. All the copolymers were 

found to be thermally stable, being the initial degradation temperature corresponding to 2% mass 

loss (T2%) higher than 400 °C.
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Figure 12. TGA curves of selected ethylene−α-olefin copolymers obtained by 2a: E/4M1P (entry 19), 
E/OCT (entry 15), E/HEX (entry 18) and E/P (entry 10). In the inset, the TGA derivative curve of 
E/4M1P sample.

Mechanical Tests

Preliminary investigation on the mechanical behavior of selected copolymers obtained by 2a 

was carried out at 20 °C by uniaxial stretching until failure. The stress−strain curves are shown in 

Figure 13A, and the tensile properties are summarized in Table 6. 

The deformation of the more crystalline E/4M1P copolymer (entry 19) proceeds with the 

highest Young's modulus (95 MPa), the highest tensile strength (5 MPa), and the minimum 

elongation before breaking (14%). Upon tensile drawing, E/HEX and E/OCT copolymers (entry 18 

and 15, respectively), having comparable molecular weight, comonomer content, and crystallinity, 

show significant deformation without obvious yielding, whereas the E/P copolymer (entry 10), 

characterized by the highest amount of comonomer and lowest crystallinity, exhibits low Young's 

modulus (20 MPa) and elongation at break of about 50%. However, the mechanical behavior of 

these copolymers is strongly influenced by their low molecular weight. Indeed, the E/P copolymer 

obtained by 3d, i.e., sample 14, with comparable propylene content, similar crystallinity, but 2.5 

fold higher molecular weight with respect to sample 10, exhibits an elastomer behavior to a certain 

extent with strain hardening, fracture strain higher than 800% (Figure 13B), and 33% strain 

recovery measured after the first step in a step cycle test at 300% strain (inset of Figure 13B).82
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Figure 13. (A) Stress-strain curves of selected ethylene−co−α-olefin copolymers obtained by 2a: E/4M1P 
(entry 19), E/OCT (entry 15), E/HEX (entry 18) and E/P (entry 10), and (B) Stress-strain curve of E/P 
entry 14 during monotonic tensile deformation. In the inset, the stress-strain curves in the hysteresis 
experiment for a strain of 300%.

 

Table 6. Mechanical properties of selected E-co-Y copolymers 
entry Ya (mol%) Mw

 b (×103) Ec (MPa) d (MPa) e (%)
10 P (13.7) 98 19.6±1.1 1.8±0.1 47±10
18 HEX (11.2) 69 26.6±2.0 2.5±0.1 162±14
15 OCT (9.0) 64 25.3±0.7 3.1±0.1 181±6
19 4M1P (4.7) 55 94.7±6.8 5.2±0.5 14±2
14 P (12.4) 240 27.0±3.0 10.0±1.0 873±96

a comonomer content determined by NMR; b molecular weight determined by SEC; c Young’s modulus; d ultimate 
tensile strength; eelongation at break.
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CONCLUSIONS 

In summary, this study reports the synthesis and the characterization of a series of (imido)V(IV) 

complexes of general formula V(=NR)Cl2(NHMe2)2 [R = tBu (1a), CPh3 (1b), 2,6-CHPh2-4-Cl-

C6H2 (1c)], and V(=NR)Cl2(Py)3 [R = tBu (2a), CPh3 (2b), 2,6-CHPh2-4-Cl-C6H2 (2c)].  Selected 

1a, and 2a−c were evaluated as catalyst precursors for the polymerization of ethylene, and 

copolymerization of ethylene with propylene, 1-hexene, 1-octene and 4-methyl-1-pentene. 

Polymerization tests with known PMe2Ph−imido derivatives V(=NR)Cl2(PMe2Ph)2 [R = tBu (3a), 

iPr (3d)] were performed as well to evaluate the effect of the donor coligand.

In the presence of a low excess of Et2AlCl (500 equiv to V) and ETA (10 equiv to V), 2 and 

3 exhibit high initiation rate for the polymerization of ethylene, while no significant differences 

were observed by changing the imido ligand substitution. An exception is the dimethylamine 1a 

that was much slower to initiate polymerization. However, while 1a exhibits lower activity than 

pyridine and PMe2Ph congeners, the molecular weight of the polymers from 1a are higher than 

those from 2 and 3, which may be tentatively related to concomitant accelerated chain-growth with 

respect to chain-transfer in the presence of a certain degree of electron donation through the 

dimethylamine and hence stabilization of the active site. The obtained PEs are linear polymers with 

Tm of about 137 °C, high molecular weight and narrow molecular weight distribution.

Introduction of the α-olefin comonomer in the reaction mixture accelerates the chain-transfer 

rate. Random copolymers with moderate comonomer incorporation were obtained, the comonomer 

reactivity being affected by the nature of the olefin and, to a lesser extent, by the imido ligand steric 

properties. Changes in the imido ligand substitution brought no a significant effect. The observed 

differences are most likely related to the kinetic: complexes having more electron-withdrawing 

aryl−imido substituents exhibit faster initiation rate than those with the more electron-donating tBu 

imido since the former, more electron-deficient, may have a pronounced preference to accept 

electron density from (co)monomers. All the copolymers exhibit a certain amount of inverted 2,1-

inserted comonomer units so that the copolymer microstructure, particularly for poly(ethylene-co-
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propylene)s, is described in terms of uninterrupted methylene sequences. The data obtained from 

NMR reveal that the electronic and steric effect of remote imido substituents shows only limited 

influence on the comonomer incorporation, copolymers microstructure and regioirregularities. 

The thermal properties of the obtained copolymers are strongly determined by their 

microstructure. Comonomer content and distribution of crystallizable units along and among the 

polymer chains interfere on the crystallization and melting behavior. SSA thermal fractionation of 

poly(ethylene-co-propylene)s, having comparable content of propylene, reveal marked differences 

on the crystallizable sequence length and lamellae thickness, depending on the ligand set employed. 
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