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Polymerization of Propene with Stereospecific Zirconocenes Combined with (-Alkenylaluminums as Cocatalyst and Protected Comonomer

Nam, Young-Gon

Chemical Resources Laboratory, Tokyo Institute of Technology

Introduction 

Recent development of single site catalysts for olefin polymerization has enabled us to control the microstructure of polyolefin precisely.1,2 An unsolved and unsurmountable task in this field is to copolymerize functional monomers with olefins because highly oxophilic active species of catalyst are intolerant to toward the polar group of comonomer.3 Brookhart et al. reported the first example of copolymerization of olefins and alkyl acrylates by less oxophilic Pd(II)-based catalysts.4 The nitrogen-oxygen (N-O) chelated neutral Ni(II)-based catalysts developed by Grubbs et al., which required no cocatalyst, are conspicuously active systems for the synthesis of functional polyethylene.5
However, polypropene (PP) is one of the most important polymeric materials, whose excellent physical properties and high cost performance have resulted from the development of catalyst and production systems. 

Recently, much effort has been paid to functionalize PP. Terminal functionalization of PP has been achieved via vinylidene-terminated or metal-terminated group produced by chain transfer reactions at the termination step.6 Several terminally functionalized PPs can be transformed to PP-based block copolymers. 6c, 6i, 6j But, for most metallocene-based catalyst system, ((-hydride elimination is considered to be a predominant mechanism for chain termination, which leads to vinylidene chain ends. The vinyl chain-ends are formed via (-methyl elimination are often preferred for some chain-end functionalization because they are generally more reactive than other types of unsaturated chain ends (e. g. vinylidene, trisubstituted, and vinylene), while the selectivity of vinyl chain-ends are not high in course of metallocene-based polymerization.

On the other hand, functionalization of side chain is another method to modify the properties of poly((-olefin)s.7 Although direct copolymerization of propene with a functionalized monomer is the best way for the synthesis of PP with pendent functional groups, a simultaneous control of copolymerization ability and stereospecificity seems to be very difficult at present. 

Copolymerization with diolefin is another way to prepare reactive PP, in which the remained olefinic group at side chain is applied for functionalization.8 PP with pendent vinyl groups can be prepared by copolymerization of propene with (,(-diolefins like 1,5-hexadiene, while cyclic copolymerization of (,(-diolefins prevents the introduction of high vinyl contents with keeping original properties of PP, which results in the disadvantage of this methods.
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Figure 1.

 125.65 MHz 13C NMR spectra of PP obtained with an 

isospecific metallocene catalyst (Table 1, no. 3): (a) quenched with 

MeOH; (b) quenched with O2.
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From these points of view, we have synthesized (-alkenylaluminums, which are divided into the (-octenyldiisobutylaluminum (OTIBA) and the trioctenylaluminum (TOTNA). OTIBA is expected to function as alkylation reagent as well as potentially functional comonomer and TOTNA has a role of initiation chain transfer reagent that leads to functionalization at initiation chain end and functional comonomer as well (Scheme 1). We have then carried out propene polymerization by stereospecific metallocene catalysts combined with borate and the synthesized (-alkenylaluminums, and the produced polymer was quenched with oxygen for introducing hydroxyl group.

Experimental 

Material. All reactions were carried out under a purified nitrogen atmosphere using Schlenk techniques. Propene (Tonen Chemical Co.) was purified by passing it through MnO and molecular sieves 4A in stainless steel columns at 60 °C. 1.7-octadiene (Tokyo Kasei Co.) and Toluene was dried over CaH2 under refluxing for 24 h, and distilled under N2 prior to use. Nitrogen and argon were purified by passing them through MnO and molecular sieves 4A for removing the trace of oxygen and water. Alkylaluminums (Toyo Chemical Co.) and metallocene catalyst (Boulder Scientific Company) were used without further purification.

Synthesis of comonomers OTIBA9 and TOTNA10 were synthesized according to our literatures.

Polymerization procedure Propene polymerizations with OTIBA and TOTNA were conducted in a 200-mL glass reactor equipped with a magnetic stirrer, respectively. After toluene and OTIBA (toluene + OTIBA; toluene + TOTNA = 100 mL) were added to the reactor, propene was introduced at 40 °C under 1 atm until the solvent was saturated with propene. Polymerization was started by successive addition of the borate and the zirconocene complex. After the polymerization for 30 min, the reaction mixture was divided into two parts under N2 atmosphere. One part was quenched directly with a dilute solution of hydrochloric acid in methanol. The other was brought into contact with O2 gas at room temperature for 1.5 h before quenching with the hydrochloric acid solution in methanol. The precipitated polymers were filtered out and dried under vacuum at 60 °C for 6 h.
Analytical procedures. 13C NMR spectra of polymers were recorded at 120 °C on a JEOL GX-500 spectrometer in pulse Fourier–Transform (FT) mode. The pulse angle was 45o, and 10000 scans were accumulated in 7 s of pulse repetition. A sample solution was made in 1,1,2,2-tetrachloroethane-d2 as a solvent and the resonance of tetrachloroethane was used as an internal reference (74.47 ppm). Differential scanning calorimetry (DSC) measurements were made on a Seiko DSC-220. Polymer sample (ca. 4 mg) was encapsulated in an aluminum pan, and the third scanning curve was recorded at a heating rate of 10 °C/min after previous heating to 220 °C followed by cooling to -40 °C. Gel-permeation chromatograms (GPC) of the polymers were recorded on a Waters 150 C equipped with two Shodex 80M/S columns at 140 °C using o-dichlorobenzene as a solvent and calibrated with standard polystyrene samples.

Results and Discussion
Polymerization of Propene with OTIBA
Propene polymerization was conducted by isospecific rac-Me2Si[2-Me(Ind)2]ZrCl2 and syndiospecific Ph2C[(Cp)(9-Flu)]ZrCl2 combined with Ph3CB(C6F5)4 and OTIBA as cocatalyst. For reference, propene polymerization was also carried out with (i-Bu)3Al in place of OTIBA. The results are summarized in Table 1. The activities with OTIBA were half of those with (i-Bu)3Al irrespective of the zirconocene compounds and decreased with increasing the concentration of OTIBA. The results indicate that OTIBA was effective as an alkylation reagent. The number average molecular weights (Mn) and molecular weight distribution (Mw/Mn) of the polymers obtained were determined by GPC, of which results are also shown in Table 1. The Mn value of the polymer obtained with isospecific catalyst decreased according to the concentration of OTIBA, whereas that with the syndiospecific catalyst was independent of the OTIBA concetration. The results indicate that chain transfer by OTIBA is predominant in the isospecific catalyst but negligible in the syndiospecific catalyst.
In the thermal properties of obtained polymers were investigated and the result are shown in Table 1. Tm and (H values of polymers obtained with OTIBA were lower than those obtained with (i-Bu)3Al and (Oct)3Al, and decreased with increasing the concentration of OTIBA. These results suggest that OTIBA could be copolymerized with propene.
The 13C NMR of polymers obtained with OTIBA and quenched by MeOH and O2, respectively, are shown in Figure 1 and 2. In the spectra of the polymer quenched with MeOH, the resonances assignable to pendant hexyl units were observed beside the resonances of propene units.
In addition, the resonances of methylene carbons assignable to propene-octene and octane-octane diad are observed at 42.8 and 40.0 ppm, respectively. These results indicate that OTIBA copolymerized with propene to give poly(propene-ran-1-octene) after hydrolysis. In the 13C NMR of the polymer quenched by O2, the intensity of pendant hexyl group was weakened and the characteristic resonance of hydroxymethylene carbon appeared at 62.0 ppm, which indicates that the pendant Al-C bond was converted to hydroxyl group. The conversion from Al-C to hydroxyl group determined by the relative intensity of hydroxymethylene and side-chain methyl carbons was about 64 %. The contents of hydroxyl groups were determined from relative intensity of hydroxymethylene and methyl carbons of propene and 1-octene units (Table 1). It was found that the content of hydroxyl group could be controlled from1.0 up to 9.6 mol % for isotactic and from 1.3 up to 7.1 for syndiotactic poly(propene-ran-octene) by changing OTIBA concentration in feed.
Table 1. Polymerization of Propene with OTIBA by Stereospecific Metallocene Catalysts Combined with [Ph3C][B(C6F5)4]a

	entry
	catalysts
	OTIBA     in feed       (M)
	Rp             (( 104)b
	Mn            (( 104)c
	Mw/Mnc
	Tm        (°C)d
	H      (J/g)d
	hexyl content (mol %)e
	hydroxyl content (mol %)e

	1f
	rac-Me2Si[2-Me(Ind)2]ZrCl2
	-
	130
	12.5
	1.6
	148
	84
	-
	-

	2
	
	0.031
	74.7
	9.4
	2.6
	133
	57
	0.4
	0.8

	3
	
	0.062
	32.5
	4.3
	2.9
	110
	43
	1.7
	5.1

	4
	
	0.124
	21.4
	2.4
	3.1
	99
	25
	2.4
	9.6

	5f
	Ph2C[(Cp)(9-Flu)]ZrCl2
	-
	60.2
	6.5
	2.4
	121
	43
	-
	-

	6
	
	0.031
	39.3
	6.4
	2.3
	110
	32
	0.3
	1.3

	7
	
	0.062
	29.0
	6.4
	2.1
	103
	29
	0.4
	3.9

	8
	
	0.124
	16.6
	7.0
	2.8
	-
	-
	2.0
	7.1


a Polymerization conditions: Zr = B = 12 mol; time = 30 min; temperature = 40 °C; propene = 1 atm. b g of polymer / mol of Zr h. c Determined by GPC using polystyrene standards. d Determined by DSC. e Determined by 13C NMR.  f Polymerization was conducted with triisobutylaluminum in place of (0.017 M) in place of OTIBA.
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. Polymerization of propene with OTIBA and TOTNA.
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125.65 MHz 13C NMR spectra of PP obtained with an 

syndiospecific metallocene catalyst (Table 1, no. 7): (a) quenched 

with MeOH; (b) quenched with O2.
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Polymerization of Propene with TOTNA

As aforementioned in introduction, in order to obtain PP with vinyl group at initiation chain end. We synthesized TOTNA, which could be considered as alkenylation reagent as well as functional comonomer.

Propene polymerization was carried out by stereospecific metallocene catalysts combined with borate and TOTNA. The produced polymer was then quenched with oxygen for introducing hydroxyl group (Table 2). The activity with TOTNA was about half of that with triisobutylaluminum and was decreased with increasing the concentration of TOTNA. 13C NMR measurements indicated that the produced polymers quenched with methanol had a structure of poly(propene-ran-1-octene) and the polymers quenched with O2 contained from 0.3 up to 9.8 mol % of 6-hydroxyhexyl group depending on the concentration of TOTNA. The melting point and the heat of fusion of the obtained polymers decreased with increasing the concentration of TOTNA. These results show that TOTNA acted as not only an alkenylation reagent but also a protected comonomer, of which Al-group was efficiently converted to hydroxyl group by oxygen.
Table 2. Propene polymerization with TOTNA by stereospecific metallocene catalysts Combined with [Ph3C][B(C6F5)4]a
	entry
	catalysts
	TOTNA in feed
(M)
	Al/Zr

(mol/mol)
	yield

(g)
	Rpb

(( 105)
	Tmc

(°C)
	Hc

(J/g)
	hexyl

contentd
(mol %)
	hydroxyl

contentd
(mol %)

	1e
	rac-Me2Si[2-Me(Ind)2]ZrCl2
	-
	280
	4.2
	13.6
	148
	84
	-
	-

	2
	
	0.005
	100
	2.2
	7.2
	132
	75
	trace
	0.3

	3
	
	0.026
	400
	1.7
	5.4
	98
	38
	3.8
	9.8

	4e
	Ph2C[(Cp)(9-Flu)]ZrCl2
	-
	280
	3.7
	6.1
	109
	42
	-
	-

	5
	
	0.005
	100
	1.5
	4.8
	99
	31
	trace
	0.3

	6
	
	0.026
	400
	0.9
	1.8
	65
	22
	2.9
	8.3


a Polymerization conditions:[Zr] = [B] = 6.2 mol, polymerization temperature = 40 °C, propene = 1 atm. b g of polymer / mol of Zr h. c Determined by DSC. d Determined by 13C NMR. e Propene polymerization combined with (i-Bu)3Al as cocatalysts in place of TOTNA.

Conclusion

In propene polymerization with -alkenylaluminums by stereospecific metallocene dichlorides, it has revealed OTIBA activats the catalysts as cocatalyst and is incorporated to PP enchainment in course of polymerization. The pendant Al-group onto the PP main chain was effectively coverted to functional group. On the other hand, TOTNA was also considered as bifunctional aluminum complex, which leads to initiation chain functionalization reagent. We are now carring out the detailed work on the the function of TOTNA. We will report the further information at this conference.
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