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Synopsis 

A close reexamination of previously reported vanadium-based catalysts for the alternating co- 
polymerization of butadiene and propylene resulted in an improved catalytic system for the above 
reaction. We found the system VO(OR)2Cl/i-Bu3Al where R is neopentyl to be most effective. 
Qualitative relationships between the structure of the alkyl residue in VO(OR)&l and the catalyst 
efficiency have been elaborated. High-molecular-weight copolymers of butadiene and propylene, 
which consist of a perfectly alternating sequence of trans-1,4-butadiene and propylene units, are 
obtained. 

INTRODUCTION 

Alternating copolymers of butadiene and propylene (BPR) have been reported 
first in 1969 by Furukawal (Fig. 1). 

More recently, improved catalysts for the preparation of BPR were intro- 
d u ~ e d ~ ? ~  (Table I). 

Both titanium- and vanadium-based catalytic systems exhibit activities too 
low for technical applications (50 mmole transition metal compound per kg co- 
polymer). The titanium-based catalyst generates copolymers of high molecular 
weight, but with low stere~specifity.~?~ On the other hand, vanadium catalysts 
provide the desired high steric purity, but the products have molecular weights 
too low (<100,000) with respect to technical applications. 

This article deals with vanadium catalysts of improved efficiency for the al- 
ternating copolymerization of butadiene and propylene. 

EXPERIMENTAL 

All polymerization procedures were performed under a dry atmosphere of 
nitrogen. Solvents were dried by azeotropic distillation. Butadiene was of 
polymerization grade and used without further purification. Propylene was 
passed through a 2-m column packed with 4 8, molecular sieves. Aluminumal- 
kyls were commercially available and used as molar solutions in n-hexane or 
toluene. Vanadium compounds were prepared by reacting VOC13 with two 

C"3 

Fig. 1. Structure of BPR. 

* Dedicated to Prof. Dr. H. Grunewald on the occasion of his 60th birthday. 
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TABLE I 
Catalysts for the Preparation of BPR 

Catalyst 
No. Catalvst Reference 

VC14 + Et3AI 
1 : 3  

VO(acac)z + Et3Al+ EtzAlCl 
1 : 3 : 1  

VOC13 + VO(OEt)3 + i-Bu3Al 
0.4 : 0.6 : 2.5 

Tic14 + CGH~COCH~ + i-BuaAl 
1 :  1 : 3  

V0Cl3 + AI(0 i-Pr)3 + i-BuaAl 
1 : 2.5 : 10 

equivalents of an alcohol, the reaction being monitored by measuring the amount 
of HC1 evolved. Further experimental details have been described elsewhere.6 

RESULTS AND DISCUSSION 

Considering the vanadium catalysts 3 and 5 of Table I, which, like the others, 
have to be preformed at very low temperatures (-7OoC), one can assume a ligand 
exchange to take place, both yielding VO(OR)&l according to the following 
equations: 

VOC13 + 2VO(OEtI3 - 3VO(OEt)&l 
VOC13 + Al(0 i-Pr)B - VO(0 i-Pr)zCl + Al(0 i-Pr)C12 

Consequently, we prepared a number of dialkoxivanadium oxichlorides and 
examined their activity as catalyst components. The results are listed in Table 
11. The results given in the table show an unexpected and striking dependence 
of catalyst activity on structural changes in the alkoxy ligands of VO(OR)&l. 
We find that catalyst activity varies with the bulkiness and position of substit- 
uents in the alkyl chain of R. If R is an n-alkyl residue, then the catalyst is almost 
inactive under the polymerization conditions (catalysts 1, 3, 9, and 16). 
a Branching results in a slight increase in activity (catalysts 2,4,6, and ll), the 
latter being further enhanced by /3 substitution (catalysts 5,7,12,14, and 15). 
By introducing two substituents at the /3-carbon atom of R, the catalyst activity 
is enhanced considerably (lo), whereas substitution in y position remains inef- 
fective (8 and 11). The neopentyl residue exhibits a remarkable activity. The 
influence of the organoaluminum compound employed is shown in Table 111. 

Only aluminumtrialkyls are suitable, higher alkyls being mdre efficient 
than lower ones. Interestingly, again the branched alkyl residue exhibits 
the highest activity. In contrast to earlier f inding~, l -~ our catalyst 
V O [ O C H ~ C ( C H ~ ) ~ ] ~ C ~ / ~ - B U ~ A ~  loses activity upon preforming at -78°C. 
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TABLE I1 
Influence of R in VO(0R)ZCl on Catalyst Activitya 

Cata- 
lyst Conver- Catalyst Conver- 
No. R sion, % No. R sion, % 

CHZ-CHZ- CH,- 

CH,-CH,-CH- 
I 
CH, 

CHa 
‘CH -CH, - 

CH,’ 

CH3-CHZ-CHZ-CH- 
I 
CH, 

CH,-CH2-CH-CH2- 
I 
CH, 

0 

1.2 

0 

8.2 

7.7 

1.6 

9.8 

0 

9 

10 

11 

12 

13 

14 

15 

16 

CH, 

CHa-C-CH2- 
I 
I 
CH, 

CHJ 
‘CH-CH,-CH - 

I / 
CH, 

CHJ 

\ ,CH-CHg- 
CH,-CH, 

CH3--CH, 

( H C H , -  

CH,-CH, -CH,-CH, 

CH,-CH, 
‘CH--CH~- 
/ 

0 

80 

1.6 

14.7 

0 

9.8 

23 

0 

a Polymerization conditions: molar ratio butadiene/propylene = 1:1, monomer concentration, 
31 wt % in n-hexane; reaction temperature, -50°C; catalyst, 0.8 mmole VO(OR)&l phm, 5.0 mmole 
i-BusAl phm; reaction time, 3 hr. 

The great difference in catalyst activity is probably due to steric interactions 
exerted by the various alkoxy ligands in VO(OR)&l. This can be illustrated 
by dynamic IH-NMR spectroscopy (DNMR spectroscopy) (Figs. 2 and 3). 

TABLE I11 
Influence of Aluminum ComDounda 

A1 compound Conversion, ?6 [ T J ] ,  dl/g toluene, 25OC 

- Me3Al <5 
EtsAl 5.2 0.88 
n-BuaAl 17 1.05 
i-BusAl 66 1.25 
Oct3Al 29 1.20 
i-BuzAlH - 
EtzAlCl - 
EtzAlBr - 

i-BuzAlC1 - 

Etz AlOEt - 

EtaAlzBr3 - 

a Polymerization conditions: molar ratio butadiene/propylene = 1:l; monomer concentration, 
20 wt % in toluene; catalyst, 0.8 mmole VO[OCHZC(CH~)~]~CI phm, 5 mmole A1 compound phm; 
reaction time, 4 hr; reaction temperature, -45OC. 
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Fig. 2. DNMR spectroscopy of VO[OCH2C(CH3)3]2Cl. 

Figure 2 shows the spectrum for R = neopentyl. The a-methylene protons 
appear as a broadened singlet at 6 = 5.17 ppm, which splits off into an AB quartet 
upon cooling. This indicates a restricted rotation of the methylene group as a 
consequence of steric hindrance effected by the adjacent tert -butyl moiety. 

Figure 3 shows the corresponding spectrum for R = 2-methylbutyl. The 
doublet of the a-methylene protons at 6 = 5.28 ppm collapses at -6OOC to a broad 
peak, thus indicating a less hindered rotation than in the preceding case, as is 
expected, if the steric influence of the adjacent sec-butyl moiety is considered. 
However, other explanations can be di~cussed.~ 

The mokcular weights of the copolymers are controlled by the reaction tem- 
perature (Table IV). Mooney viscosities (ML 1 + 4/1OO0C) of 50 are obtained 
at  m-45OC. 

TABLE IV 
Dependence of Molecular Weights on Reaction Temperaturea 

T, I d  d1k 
"C toluene, 25°C ML 1 + 4/1OO0C M, x 10-3 

55 - 20 0.81 - 
-30 0.99 10 70 
-40 1.25 28 130 
-50 1.48 56 175 
-55 1.62 63 200 
-60 1.73 70 240 

a Polymerization conditions as in Table 111, with i-BusAl as aluminum compound. 
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Fig. 3. DNMR spectroscopy of VO[OCHZCH(CH~)C~H&C~. 

In accordance with earlier  investigation^,^ the molecular structure of the 
material is very regular. The repeating unit consists of a truns-1,4-butadiene 
and a propylene monomer, according to 13C-NMR measurements. The as- 
signment of the chemical shifts is given in Figure 4. 

C-atom Nr. 6 (pm)  

1 19 337 
2 32.624 
3 36.507 
4 30.1 84 
5 131.682 
6 128.424 
7 39.957 

Fig. 4. Assignment of 13C-shifts 6 (ppm, TMS = 0) in CDC13/CC14. 
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CONCLUSIONS 

With the catalyst VO[OCH&(CH~)~]&~/~-BU~A~,  stereoregular, high-mo- 
lecular-weight alternating copolymers of butadiene and propylene were prepared 
in high yields. The catalyst efficiency is reasonable high for technical use (3-5 
mmole vanadium compound per kg copolymer). Characterization and properties 
of the material will be communicated in a subsequent report. 

The authors thank Dr. D. Wendisch for the NMR investigations. They are also grateful to the 
Bayer AG for permission to publish this work. 
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