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of the polymer backbone takes place when branches are 
formed. This means that the rearrangements occurring 
involve both side groups and the main chain. The main 
chain might be subjected to cyclization reactions and/or 
any process which reduces still further the already low 
degree of regularity of the polymer formed under mild 
conditions. 

These last three conclusions point out the problems still 
remaining in the PP system despite the advances in the 
knowledge of the reaction mechanisms and the structure 
of PP obtainable by using 13C-enriched monomers. 
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ABSTRACT: 1-Butene selectively 13C enriched in positions 3 and 4 was polymerized with cationic systems 
in order to confirm previous results concerning the structure and oligomerization mechanisms studied with 
natural-abundance 13C monomer. Two other structural groups were identified, and the presence of appreciable 
amounts of a,w enchainment was ruled out. Branched structural groups arise from a concerted exchange of 
methide and hydride ion, but at  relatively high temperatures other mechanisms are operating. 

Recently, we studied by 13C NMR spectroscopy the 
structure of cationic polymers of two linear (Y olefins: 
propylene1 and l-butene.2 The substantial number of 
branches and the relatively small proportion of regular 1,2 
enchainment of the monomers allowed us to conclude that 
structural order is lacking in these polymers. The same 
structural features were present in both polymers, although 
in different degrees. In particular, the greater abundance 
of methyls in polypropylene (PP) compared to poly(1- 

butene) (PB1) accounts for the formation in the former 
of structural groups with crowded methyls, Le., tert-butyl, 
gem-dimethyl, isopropyl, and isobutyl groups, even at low 
temperature. The structural complexity of both polymers 
studied could be explained only in part in terms of classical 
cationic rearrangements, i.e., hydride and methide shifts 
to vicinal carbons. The difficulty of rationalizing is par- 
ticularly worth noting in the case of structural branched 
groups.’V2 
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An extension of 13C NMR investigations through the 
synthesis of PP obtained from monomers selectively 13C 
enriched in positions 1,2, and 3 allowed us to conclude that 
the complexity of this polymer is not due to particular 
rearrangements involving a,w-monomer addition or 
"irregular" tail-to-head additi0n.l The existence of long- 
range methide shifts, favored by the crowding of methyls 
and perhaps some cooperative conformational effects, 
seems likely in polypropylene synthesis. In order to com- 
plete our investigations on cationic PB1, we have extended 
the approach of I3C-enriched monomers to this polymer. 

Experimental Section 
Reagents. 1-Butene, solvents, components of the catalyst 

systems used, and their purifications have been described pre- 
viously.2 

Synthesis of CH24HCH213CH3.  The preparation was 
carried out after testing two possible routes: 

%H?l 
CH2=CHCH2Br + Mg - CH2=CHCH2MgBr 

CH2=CHCH2'3CH3 (1) 
C H 6 H C H 9 r 

13CH31 + Mg - 13CH3MgI 
CH2=CHCH213CH3 + MgBrI (2) 

The second way was found to give a better yield and was followed 
by using a 1 M solution (20 mL of diethyl ether) of 13CH3MgI 
(13CH31 was purchased from Prochem, 90% enrichment). The 
reaction with allyl bromide was carried out as described in detail 
for CH2=CH-13CH3.' Also Et20 ,  present in the raw reaction 
product (2.2 mL; 27% 1-butene content according to VPC 
analysis) was removed by adding AlEt3 as reported previously.' 
The final product was recovered as a solution in n-pentane, 
completely free of E g o ,  which was used for polymerization. 13C 
NMR analysis confirmed that the product was essentially pure 

Synthesis of CHfiH1VH2CH3 The reaction adopted was 
CH2=CHCH23CH3. 

THF CH&H$ 
CH2=CHBr + Mg - CH2=CHMgBr - 

CH2=CH13CH2CH3 + MgBrI 

The first step was carried out through the Normant p r~cedure ,~  
which yields a solution (in tetrahydrofuran) of vinylmagnesium 
bromide (2.1 M) after filtration and venting of the excess vinyl 
bromide. The second step was carried out as described elsewhere' 
by reacting 16 mmol of the solution of vinylmagnesium bromide 
with 13 mmol of CH313CH21 (Prochem product; 90% 33C en- 
richment) dissolved in 4 d of THF. After 12 h of reaction (65-75 
"C), 0.9 mL of liquid was collected a t  -78 "C whose composition 
was (by VPC) 65% 1-butene (by area), 32% THF, 1% C,H,I, and 
2% C2H&r. 13C NMR analysis confirmed that only CH2= 
CH13CH2CH3 was obtained. THF was removed by adding AlEt3 
as described.' The final product was an n-pentane solution, 
containing also C2HJ and CzHsBr in the ratio reported above, 
which was used in polymerization experiments without further 
purification. 

Polymerization. Polymerization runs were carried out at +70 
and -20 "C as described for isotopically enriched propy1enes.l The 
reaction was terminated by adding an excess of EtOH containing 
",OH to the reaction mixture which was then washed with H,O. 
The polymer was recovered by evaporating the solvent in vacuo. 
The monomer conversions were always high (80-90%). 

Analyses. The polymers obtained were analyzed as described 
previously.2 In particular, 13C NMR spectra were recorded with 
a Varian XL-100-15 instrument equipped with FT. 

Results and Discussion 
The aim of the work with the monomer 13C enriched in 

position -CH3 was the confirmation of the structural 
groups identified in the study with natural-abundance 13C 
monomer and possibly the identification of the units ex- 
pected (in particular the isobutyl group) but not verified 
experimentally in the previous work.2 
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Figure 1. 13C NMR spectra of cationic PB1 obtained from 
monomer 13C enriched a t  the methyl carbon: (A) synthesized at 
-20 "C; (B) synthesized a t  +70 "C. 

The investigations with the monomer enriched in pos- 
ition -13CH2- were planned to confirm some intramo- 
lecular rearrangements suggested earlier2 for explaining 
the formation of branched structural groups. 

CH2=CH-CHz--'3CH,. Figure 1 shows the 13C NMR 
spectra of cationic poly(1-butene) synthesized at -20 and 
+70 "C (catalyst system EtAlC12 + i-C3H7C1 (1:l mole 
ratio) in n-pentane). The spectrum is much simpler than 
that of the polymer obtained from natural-abundance 
monomer2 and is rather similar to that observed in PP 
synthesized from CH2=CHl3CH3.' Selective decoupling 
experiments, analogous to those performed with PP,l 
confirmed that all the signals of both spectra of Figure 1 
were assignable to methyl carbons. Therefore, also in the 
case of PBl  no evidence of the a,w enchainment of the 
monomer was obtained. 

As far as the structural groups are concerned, both 
spectra of Figure 1 show, with different intensity, the same 
peaks identified in the polymer samples obtained from 
natural-abundance 13C monomer. Besides these signals, 
the peak occurring at 22.69 ppm is particularly evident in 
Figure 1B. It is assigned to the methyls of the isobutyl 
group. Figure 1B also shows two weak signals at 24.62 and 
25.18 ppm which can be assigned to isolated methyls linked 
to quaternary carbons, i.e., the structural group designated 
D' in the previous work.2 

One should note in Figure 1 the difference in intensity 
of the signals at 19.76, 22.69,27.37, and 29.47 ppm assigned 
to the four branched structural groups, Le., isopropyl, 
isobutyl, gern-dimethyl, and tert-butyl groups, respectively. 
The amount of these branched groups increases when the 
polymerization temperature increases. Also, the signal 
observed at  19.76 ppm in the spectrum of Figure 1A is 
rather weak and broad and is thus assignable to an isolated 
methyl (unit D of PB1) because it is markedly influenced 
by the structural environment of the backbone. The sit- 
uation is reversed in Figure lB, where the peak appears 
sharp and strong owing to the predominant contribution 
of the isopropyl group (unit H). The quantitative aspects 
will be discussed below. 
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Figure 3. 13C NMR spectrum of cationic PB1 obtained at +70 
"C from monomer 13C enriched at position 3. 
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Figure 2. 13C NMR spectra of cationic PB1 obtained at -20 "C 
from monomer 13C enriched at position 3: (A) noise decoupled; 
(B) decoupling at 87 Hz; (C) decoupling at 130 Hz. 

CH2=CH-13CH2CH3. In previous work on PB1,2 we 
proposed some possible intramolecular rearrangements to 
account for the formation of branched groups which in- 
volved some methide shifts. Two possible general isom- 
erization processes can be taken into account: 

(1) Methyl groups can migrate to an adjacent carbon 
atom and the primary carbenium ion, formed from the 
removal of the methide ion, simultaneously acquires a 
hydride ion and becomes a methyl group.2 The result is 
formation of a gem-dimethyl or isopropyl group, depending 
on whether tertiary or secondary carbenium ion, respec- 
t i ~ e l y , ~  is formed; i.e. 

C H 3  
t It 

I I 
-CH-CH,-CH -CH-cHz-c 

C H 3  
I 
R CHzCH, 

I 
R 

- C H < H C H  iH3 L -LCH~CH r3 
I I  
R CH, 

I I  
R w3 

(2) A methide shift can involve distant carbons.6 Apart 
from the m,echanism of long-range shifts,' methide mi- 
gration can give rise to isopropyl (or isobutyl) and gem- 
dimethyl groups, depending on the type of carbenium ion 
involved, i.e., secondary or tertiary, respectively, which 
must carry at  least one methyl group. These groups are 
required in the eventual formation of the tert-butyl group. 

According to the first hypothesis, when the monomer 
is labeled in position -CH2-, the resulting branched 
groups contain one labeled methyl carbon. In the second 
hypothesis, the primary carbenium ion formed after the 
removal of the methide ion may undergo different trans- 
formations. If we consider, for the sake of simplicity, the 
transformation of the 4 H 2 +  ion into a methyl group, the 
latter may belong to linear or branched final structures. 
Therefore, several signals (in practice, all those possible 
for methyl groups) of weak intensity are to be expected. 

Table I 
13C NMR Assignments and Composition of 
Two PBl's Prepared at -20 "C  and t 70 O C  

composition, 
% them 

shift, -20 t 7 0  

+C-CH, -CHI A' 7-9 2.9 1.9 
structure unit ppm "C C 

>CH-CH,-CH, 
-CH,-CH,-CH,-CH3 
>CH-CH,-CH,-CH3 
>C-CH,-CH,-CH, 
-CH,-CH-CH- 

I I  
CH3 

I 
-CH,-CH-CH,- 

>CH-CH 
\ 

-CH,-CH 
\ 
CH3 

I 
-c- 

I 
CH3 

CH3 
I 

-CH,-C-CH, - 
I 

CH3 
CH3 

I 
CH3-C-CHz- 

I 
CH, 

A 
C 
B 
B' 
D 

D 

H 

G 

D' 

E 

F 

10-12 
14.1 
14.6 
15.1 
15-17 

19-20 

19.6 

22.6 

24-25 

27.4 

29.5 

10.7 9.2 
17.2 12.9 
18.0 9.5 

3.8 1.5 
15.8 8.2  

9.5 23.4 

3.0 9.8 

6.7 3.1 

10.2 12.9 

2.2 7.4 

Figures 2A and 3 show the spectra of two polymers ob- 
tained from CH2=CH13CH2CH3 and synthesized at  -20 
and 70 "C, respectively. It is evident that the spectra are 
more complicated than those reported in Figure 1. 

The main signals occur in the region between 22 and 23 
ppm, which are assigned to a-methylene carbons of the 
n-butyl branch (unit C). Due to the distance of the labeled 
methylene of unit C from the backbone, ita signals appear 
sharp. Other strong bands, occurring at ca. 20,27, 30,33, 
and 37 ppm, are rather broad. For the purposes of our 
discussion, the bands at  ca. 20, 23,27, and 30 ppm are of 
interest since they should include, together with other 
peaks, the signals due to the isopropyl, isobutyl, gem-di- 
methyl, and tert-butyl groups, respectively. The aim of 
the selective decoupling experiments was, therefore, the 
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identification of the methyl peaks due to the four branched 
structures mentioned above and resulting from the 
transformation of -CH2+ into -CH3.  Figures 2B and 2C 
show the spectra obtained from selective decoupling ex- 
periments with the sample prepared at  -20 “C. The figures 
show in the regions between 29 and 30 and between 22 and 
23 ppm two strong peaks (at 29.58 and 22.78) which can 
be confidently assigned to methyl groups, while only a 
weak signal in the region between 27 and 28 ppm can be 
attributed to methyl carbons (that observed at 27.50 ppm). 
Therefore, there me more tert-butyl and isobutyl groups 
than gem-dimethyl groups among the expected structures, 
while the isopropyl group is practically absent. 

It is surprising that the intensity of the two main signals 
attributed to the methyl carbons is stronger in the sample 
prepared at  lower temperature (compare Figure 2A,B). In 
fact the trend observed in PB1 prepared with both natu- 
ral-abundance 13C monomer2 and monomer enriched with 
13C in position -CH3 (see below) is reversed. It can be 
concluded that two mechanisms are involved in the for- 
mation of branched groups. The former transforms 
-I3CH2- into --‘%H, as discussed previously;2 the latter 
involves essentially I3CH3 migration and might occur 
through long-range methide shifts. The two rearrange- 
ments show opposite trends when the reaction temperature 
increases. 

Quantitative Evaluation. As in the case of PP, the 
13C NMR spectrum of PB1 synthesized from the monomer 
’% enriched in position -CH3 allowed us to obtained more 
precise compositional data than obtainable from the 
natural-abundance polymer. The results, listed in Table 
I, are given in terms of methyl content and not as absolute 
percentages because of the reasons discussed previously.’ 
The data show the systematic increase of the content of 
branched groups compared to that of the linear groups 
when the reaction temperature increases from -20 to +70 
OC. In particular, one should note the accompanying 
modification of the sharp signal a t  19.6 ppm assigned to 
structure H and that of the peak of unit F. 

13C NMR of Cationic Poly(1-butene) 1113 

Conclusions 
The use of 13C-enriched monomers in the cationic po- 

lymerization of l-butene has elucidated some questions 
encountered in previous work carried out with natural- 
abundance 13C monomer.2 First, signals assignable to two 
structural units (D’ and G), expected but not experimen- 
tally verified, have been identified. Second, the absence 
of the a,w enchainment of the monomer is confirmed, as 
observed in the case of po1ypropylene.l Third, it is found 
that branched structural groups can arise from a concerted 
exchange of methide and hydride ion, as proposed previ- 
~ u s l y , ~  but a t  high temperature other rearrangements are 
dominant. In fact, the dependence of the former rear- 
rangement on the reaction temperature is reversed com- 
pared to the latter mechanisms, which might involve 
long-range methide shifts having higher activation energy 
than hydride shifts.* Samples of poly(1-butene) prepared 
under different conditions and over a broad range of tem- 
peratures consistently show the presence of all 11 struc- 
tural groups identified, none of which reaches a percentage 
higher than 25%. Therefore, no preferential isomerization 
pathway is evident. 
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