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Abstract The copolymerizations of ethylene with 10-undecen-1-ol have been investigated using vanadium precatalysts,
bis(imino)pyrrolyl vanadium(IIl) complexes 1-3, 2,5-C4;H,N(CH=NR),VCI,(THF), [R = C¢Hs (1), 2,6-Pr,C¢Hj, (2), CgFs
(3)], and the iminopyrrolyl and f-diketiminate ones for comparison. The polar monomer was pretreated by diethylaluminium
chloride (present also as the cocatalyst) before the copolymerization. The monomer reactivity ratios were evaluated using the
Fineman-Ross method. The ligand structure considerably influenced the catalytic activity and tolerance towards the polar
monomer, the polar monomer incorporation and the molecular weights of the resultant copolymers. The bis(imino)pyrrolyl
vanadium complexes exhibited promising catalytic performance for the copolymerization, and a high catalytic activity up to
3.84 kg/mmol,-h with a high comonomer incorporation of 14.0 mol% was achieved by complex 3 under mild conditions.
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INTRODUCTION

Polyolefins, including polyethylene (PE), polypropylene (PP), poly(1-butene), ethylene-propylene elastomer
(EPR) and ethylene-propylene-diene rubber (EPDM), are the most important commercial polymers, owing to
their combination of excellent chemical and physical properties with low cost. However, lack of functional
groups limits their application in some areas where printability, adhesion, dyeability, or compatibility with other
polymers are principal'. There is no doubt that the incorporation of functional groups along the backbone of
polyolefins would make these widespread materials even more versatile!®). To obtain functional polyolefin
materials with unique properties, the copolymerization of olefins with polar alkenes catalyzed by transition metal
complexes is an attractive subject, because it may provide an easy and low-cost access. Consequently, the
interest in novel catalysts capable of copolymerizing olefin with some polar monomers has intensified
dramatically in the past decade’.

Late transition metals, typically less oxophilic and thus more functional group tolerant compared with early
transition metals, were utilized to catalyze the copolymerization of ethylene with polar monomers at a greater
degree!*™. For example, Brookhart and his coworkers applied the palladium complexes with bulky substituted
ordiimine ligands to copolymerize ethylene with acrylate, yielding high molar mass copolymers*!. Bazan and
his colleagues reported the synthesis of block copolymers containing different ratios of ethylene and 5-
norbornen-2-yl acetate by Ni-based catalysts'. In contrast, early transition metal catalysts suitable for the
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copolymerization of ethylene with polar monomers were scarcely reported due to their high oxophilicity!™'?,

although they have exhibited a remarkable performance in the synthesis of the novel olefin-based materials!*~'",
and vanadium catalysts are no exception'® %, Recently, despite this, our work group has made some progress in
this aspect, and investigated the copolymerizations of ethylene with hydroxyl monomers, such as 10-undecen-1-
ol, 5-hexen-1-ol and 3-buten-1-ol, by the vanadium(III) catalysts bearing bidentate [N,0] ligands*> 2.

Lately, we reported a series of vanadium(IIl) complexes bearing bis(imino)pyrrolyl ligands, which were
highly active towards ethylene polymerization and ethylene/hexane copolymerization in the presence of
alkylaluminium compounds, and produced high molecular weight (co)polymers™®”. In this paper, we are
interested in further exploring their catalytic performance in copolymerizing ethylene with a hydroxyl monomer,
10-undecen-1-o0l (Scheme 1).
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Scheme 1 Structure of vanadium complexes used

EXPERIMENTAL

Materials

All manipulation of air- and/or moisture-sensitive compounds was carried out under a dry argon atmosphere by
using standard Schlenk techniques or under a dry argon atmosphere in an MBraun glovebox unless otherwise
noted. All solvents were purified from an MBraun SPS system. Commercial ethylene was directly used for
copolymerization without further purification. Ethyl trichloroacetate (ETA) and 10-undecen-1-ol were purchased
from Aldrich, dried over calcium hydride at room temperature and then distilled. Diethylaluminium chloride was
purchased from Albemarle Corporation. The vanadium complexes 1-5 were synthesized according to the
procedures reported?’ "),

Characterization of the Polymers

The 'H- and PC-NMR data of copolymer samples were obtained on a Bruker 400 MHz spectrometer at 125 °C
with 0-C¢D4Cl, as a solvent. The DSC measurements were performed on a Perkin-Elmer Pyris 1 differential
scanning calorimeter at a rate of 10 K/min. The weight-average molecular weight (M,,) and the polydispersity
indices (PDI) of polymer samples were determined at 150 °C by a PL-GPC 220 type high-temperature
chromatograph equipped with three Plgel 10 um Mixed-B LS type columns. 1,2,4-Trichlorobenzene (TCB) was
employed as the solvent at a flow rate of 1.0 mL/min. The calibration was made by polystyrene standard EasiCal
PS-1 (PL Ltd).

Ethylene/10-Undecen-1-ol Copolymerization

The copolymerizations were carried out under atmospheric pressure in toluene in a 150 mL glass reactor
equipped with a mechanical stirrer. The reactor was charged with 30 mL of toluene and the prescribed amount of
10-undecen-1-ol and an equivalent amount of protection reagent Et,AICI, then the ethylene gas feed was started
followed by equilibration at desired polymerization temperature. After 10 min, a solution of Et,AICI in toluene
and a solution of ETA in toluene were added. Subsequently, a toluene solution of precatalyst was added into the
reactor with vigorous stirring (900 r/min) to initiate copolymerization. The total volume of the liquid phase was
50 mL. After a prescribed time, ethanol (10 mL) was added to terminate the polymerization reaction. The
resulted mixture was added to acidic ethanol. The solid polymer sample was isolated by filtration, washed with
acidic ethanol and acetone, and dried at 60 °C for 12 h in a vacuum oven.
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RESULTS AND DISCUSSION

Considering the polyethylenes with polar functional groups possess not only modified surface properties, such as
dyeability, adhesion and wettability, but also unique bulk properties, we explored the copolymerization of
ethylene with 10-undecen-1-ol by the vanadium(IIl) complexes bearing bis(imino)pyrrolyl ligands since they
displayed excellent ability to copolymerize ethylene with o¢~olefin, affording the high molecular weight
copolymers with high comonomer incorporation!'®’. The typical monoiminopyrrolyl vanadium(III) complex
(2,6-Pr,CH;N = CC,H;N)VCI(THF), and the vanadium(II) catalyst bearing bidentate [N,O] ligand
[PhN = C(CH;3)CHC(Ph)O]VCIy(THF), were also investigated for comparison. During copolymerization of
ethylene with 10-undecen-1-ol, descent of catalytic activities can be attributed to the formation of more stable
complexes between the catalytic species and the functional hydroxyl. Consequently, it was necessary to pre-treat
the functional monomer using protecting reagents Et;AICl. The typical results of the copolymerizations are
summarized in Table 1.

Table 1. Copolymerization of ethylene with 10-undecen-1-ol*

Cat. Comonomer  Yield Activit Incorp.’ T M,f c

Entry  imol)  (mol/L) (2) (kg/mmolzh) (molori) Oy xi0y MM
1 1 0.10 0.34 8.16 420 1168 143 1.8
2 1 0.50 0.09 2.16 13.7 no 3.80 1.9
3 2 0.10 0.35 8.40 360 1186 177 1.9
4 2 0.20 0.29 6.96 580 1103  8.80 2.1
5 2 0.50 0.15 3.60 12.1 no 7.40 1.8
6 3 0.10 0.35 8.40 490 1137 159 2.0
7 3 0.50 0.16 3.84 14.0 no 3.30 1.9
8 4 0.10 0.40 9.60 390 1163 113 2.0
9 4 0.50 0.11 1.64 14.2 no 3.00 1.9
10 5 0.10 1.62 9.72 370 1170 133 2.0
11 5 0.50 0.13 0.78 13.9 no 4.10 1.8

*Reaction conditions: 0.5 umol catalyst, Al/V = 4000 (molar ratio), ETA/V = 500 (molar ratio), Vi,u = 50 mL,
0.1 MPa ethylene pressure, 1.0 equivalent of EtAlCl to comonomer added as protecting reagents,
copolymerization in toluene at 50 °C for 5 min; ® Comonomer incorporation determined by '*C-NMR; ¢ Weight-
average molecular weight and polydispersity index of the resultant copolymers determined by high temperature
GPC using polystyrene standard

The data listed in Table 1 indicate that the ligand structure and polar monomer content in feed considerably
influenced catalytic activities of the vanadium complexes for copolymerization, producing copolymers with
variational molecular weights and comonomer incorporations. Complex 2 with bulk iPr substituents in the ligand
exhibited a higher catalytic activity than complex 1 under the similar conditions (entries 1 versus 3, entries 2
versus 5). These results were totally different from those in ethylene/hexene copolymerization''®, indicating that
the larger steric hindrance decreased the rate of catalyst deactivation more efficiently by protecting the metal
center from coordination with hetero atom. Additionally, although the comonomer incorporations of the resultant
copolymers produced by complex 2 were lower than those obtained by complex 1, higher molecular weight
products imply that steric bulk partly restrained the chain transfer reactions. It is noteworthy that complex 3
exhibited higher catalytic activity and more favorable ability to incorporate polar comonomer into polymer
chains than complex 1. It may be attributable to that the fluorine atoms interacted with hydroxyls of the
comonomer, which to some extent prevents the heteroatoms of the comonomer from coordinating with the metal
center.

The data listed in Table 1 also indicate that the comonomer content in feed clearly affected the catalytic
activity of the vanadium complexes towards the copolymerization and polar comonomer incorporation. As
10-undecene-1-o0l concentration rises from 0.10 mol/L to 0.50 mol/L, the comonomer incorporation increased
significantly with a sharp and inevitable decrease in the catalytic activity. Meanwhile, the molecular weights of
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the resultant copolymers also decreased with increasing 10-undecen-1-ol concentration in feed. Besides, all the
copolymers possessed relative narrow and unimodel molecular weight distributions (M,/M, = 1.8-2.1),
indicating the copolymerization by complexes 1-3/Et,AlCI catalytic systems took place indeed with single site
active species.

A comparison of the tolerance of various vanadium complexes towards the polar comonomer is shown in
Fig. 1. When the hydroxyl olefin concentration in feed was 0.10 mol/L, the three bis(imino)pyrrolyl vanadium
complexes (1-3) exhibited lower catalytic activities compared with the iminopyrrolyl and B-diketiminate ones
(4 and 5). Surprisingly, however complexes 1-3 displayed higher activities for the copolymerization than 4 and
5 when the concentration of polar monomer was elevated to 0.5 mol/L. In other words, the reduction of the
catalytic activities of complexes 1-3 (1, =73.5%; 2, —=57.1% and 3, —54.3%, respectively) was smaller than that
of complexes 4-5 (4, —83.0% and 5, —92.0%, respectively) with the increase of the concentration of the hydroxyl
olefin form 0.10 mol/L to 0.50 mol/L, as shown in Fig. 1. Obviously, compared with complexes 4 and 5, the
bis(imino)pyrrolyl vanadium complexes exhibit improved tolerance towards the heteroatoms of polar monomer.

735%k%h%L%l.%
2 3 4 5

Fig. 1 Catalyst tolerance towards the polar monomer

Solid black columns represent the catalytic activities in low polar monomer concentration
(0.1 mol/L), and grey ones stand for those in high polar monomer concentration (0.5 mol/L),
and the percentages represent the reduction of the catalytic activities.

Activity (kg/mmol,-h)

1

Typical 'H- and *C-NMR spectra of ethylene/10-undecen-1-ol copolymer are provided in Figs. 2 and 3,
respectively (entry 7 in Table 1, in 0-C¢D4Cl, at 125 °C). All resonances were identified by comparison with
ethylene/10-undecen-1-o0l copolymers reported®*>?. In the 'H-NMR spectrum, the signal at & = 3.62 was
ascribed to hydrogens connected to « carbon atom. The possible monomer sequences in the poly(ethylene-co-
10-undecen-1-ol)s are summarized in Scheme 2. The resonances ascribed to isolated 10-undecen-1-ol inserted
unit and the alternating sequence were seen in the >C-NMR spectrum. Furthermore, both 'H- and *C-NMR
spectra revealed no signal of terminal vinyl in the copolymers, which suggested the dominant chain transfer
reaction would be chain transfer to aluminum.

In order to better describe the behavior of these vanadium complexes in the ethylene/10-undecen-1-ol
copolymerization, monomer reactivity ratios were determined using the Finemann-Ross method™*!. The
copolymerizations were carried out with 0.5 pmol precatalyst and terminated in 5 min. According to the
Finemann-Ross method, the monomer reactivity ratios can be obtained from the equation: G = rg'F — roy, where
the reactivity ratios, 7¢ and roy, corresponding to ethylene and 10-undecen-1-ol, respectively. The parameters G
and F are defined as: G = X(Y-1)/Y and F = X*/Y. X = Mg/Moy, My and Moy are the monomer molar
composition in the feed. ¥ = Dmg/Dmgoy, Dmg and Dmgy are the copolymer molar compositions. The 10-
undecen-1-ol contents in the copolymer samples were determined by *C-NMR spectra. The calculated monomer
reactivity ratios of precatalysts 1-5 are shown in Table 2. Comparing the r-values in this method, we could also
find that complex 3 exhibited the highest ability to copolymerize ethylene with 10-undecen-1-ol.
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Fig. 2 'H-NMR spectrum of ethylene/10-undecen-1-ol Fig. 3 '">C-NMR spectrum of ethylene/10-undecen-1-ol
copolymer (10-undecen-1-ol mol% = 14.0 mol%, Table 1, copolymer (10-undecen-1-ol mol% = 14.0 mol%, Table 1,
entry 7) in 0-C¢D,4Cl, at 125 °C entry 7) in 0-C¢D4Cl, at 125 °C

Scheme 2 Possible monomer sequences in poly(ethylene-co-10-undecen-1-ol)s

Table 2. Monomer reactivity ratios of complexes 1, 2, 3, 4 and 5
Finemann and Ross

I'g YoH I'E 'TOH

1 26.12 0.025 0.653

2 31.03 0.019 0.590

3 23.50 0.055 1.293

4 24.29 0.034 0.826

5 41.40 0.020 0.830
CONCLUSIONS

The copolymerizations of ethylene with polar monomer, 10-undecen-1-ol, were investigated using three
vanadium complexes bearing bis(imino)pyrrolyl ligands, which are highly active towards ethylene/o-olefin. The
ligand structure played an important role in tuning the catalyst activities, 10-undecen-1-ol incorporations and
molecular weights of the resultant copolymers. Additionally, they could also be controlled over a wide range by
the variation of the comonomer concentration in-feed. Compared with the iminopyrrolyl vanadium complex
(2,6—iPr2C6H3N=CC4H3N)VC12(THF)2 and the complex bearing S-diketiminate [N,O] ligand, the bis(imino)
pyrrolyl complexes showed better tolerance towards heteroatoms of the comonomer. Using Et,AICI as the
pretreated reagent, a high catalytic activity up to 3.84 kg/mmol,-h with a 10-undecen-1-ol incorporation of 14.0
mol% was achieved by fluorinated vanadium complex, 2,5-C4H,N(CH =NCg4Fs),VCl,(THF),. The monomer
reactivity ratios determined by the Finemann-Ross method further confirmed that the fluorinated
bis(imino)pyrrolyl vanadium complex had the highest capability for copolymerizing ethylene with
10-undecen-1-ol.
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