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ABSTRACT: The structure of cationic polypropylene obtained both from natural-abundance *C monomer
and from monomers selectively enriched with °C in positions 1, 2, and 3 was studied through *C NMR
spectroscopy. The presence of methyl, ethyl, n-propyl, n-butyl, isopropyl, gem-dimethyl, isobutyl, and tert-butyl
groups was ascertained in samples obtained under different conditions. The content of the branched groups
increased with the oligomerization temperature and the monomer conversion. The study showed that appreciable
amounts of 1,3 enchainment of the monomer are ruled out and the irregular tail-to-head addition is of small
importance. The formation of the linear groups is accounted for by 1,2-hydride and -methide shifts, while
some branched groups can arise through protonic initiation followed by classical cationic rearrangements.
Other unusual rearrangement mechanisms must operate if experimental results are to be explained. These
possibilities are discussed in light of current views on carbenium ion chemistry.

In previous work we have shown that 3C NMR spec-
troscopy provides detailed information on the structure
of cationic polyolefins, i.e., poly(1-butene)! and poly(4-
methyl-1-pentene),* which usually cannot be achieved
through other spectroscopic investigations. When the
olefin is linear the resulting polymer displays a very com-
plicated structure! because of the lack of preferred rear-
rangements which, conversely, occur when the monomers
contain tertiary*® or quaternary®’ carbon atoms. However,
the structure of cationic poly(1-butene) (PB1) can still be
described in terms of “structural units” which are mainly
formed through classical intramolecular hydride and
methide shifts. Cationic polypropylene (PP) is much more
complicated than PB1 since structural groups containing
more than three carbon atoms are present in it and hence
the concept of a structural unit is lost. Furthermore, some
structural groups may arise only through unusual rear-
rangements. This situation accounts for the inadequacy
of previous investigations on PP which were carried out
mainly through IR spectroscopy.t1!

Very recently, it has been confirmed by means of
spectroscopic and chemical analyses that PP contains
ethyl, n-propyl, and vic- and gem-dialkyl groups as well
as different types of unsaturation.!?

In the present paper we describe the 13C NMR study of
the structure of PP carried out by preparing and polym-
erizing the monomer selectively enriched with 3C in
positions 1, 2, and 3 in order to improve knowledge of the
structure and reaction mechanisms involved in the syn-
thesis of PP. A similar approach has been adopted also
for confirming some previous findings obtained during the
polymerization of 1-butene.!

Experimental Section

Reagents. Propylene (Phillips, polymerization-grade product;
purity 99.5% (VPC), the remaining products being ethane (0.1%),
propane (0.2%), and isobutane (0.2%)) was dried by passing it
through a 1-m column filled with activated molecular sieves (4A
type). Solvents and catalyst components were purified, dried,
and handled as reported elsewhere.!*

Synthesis of CH,—~CH—'3CH,. The preparation was carried
out by using *CH,I (Prochem product; *C enrichment 90%) and
through the reaction scheme

CH,—CHMgBr + 3CH,I — CH,~CH—"CH, + MgBrl

Vinylmagnesium bromide was prepared according to Normant!4
as a tetrahydrofuran (THF) solution which was filtered (sintered
glass filter). The excess of vinyl bromide was vented and the
solution titrated (1.5 M). Forty millimoles of this solution was
introduced under an inert atmosphere into a three-necked

round-bottom flask equipped with a magnetic stirrer, dropping
funnel, and an efficient condenser which was connected with a
trap cooled at —78 °C for collecting volatile products. A solution
of 40 mmol of *CH,l in 5 mL of THF was slowly added to the
vinylmagnesium bromide solution which was stirred and main-
tained at 40-50 °C with a heating bath. The solutions were
allowed to react for 2 h after mixing. During this interval 1.2 mL
of liquid was collected in the trap. It showed the following
composition by VPC analysis (column, EAS 10%, 5 m; T, = 60
°C, T, = 180 °C; carrier, He, 60 mL/min): 77% propylene (by
area), 7% CH,l, 1% CHyBr, 15% THF. '®C NMR analysis
confirmed that propylene was selectively enriched in position 3
(methyl). The reaction product was dissolved in 6 mL of n-
pentane and chilled at —78 °C, and a small molar excess of AlEt,
with respect to THF was added. After complexation of the ether,
the reaction mixture was maintained at —20 °C and gently distilled
in vacuo through a trap cooled with liquid N,. The condensed
product was shown by VPC analysis to be a mixture of n-pentane,
propylene, CH;l, and CH,Br in the ratios reported above. This
solution of propylene, completely free from THF, was used for
polymerization experiments (see below) without further purifi-
cation.

CH,="“*CH—CH,. This was a commercial sample (Merck
Sharp and Dohme), 90% enriched with C in position 2, and was
contained (100 mL of gaseous product) in a vial equipped with
& break seal. The vial was connected by means of a manifold to
a vacuum line which, in turn, was joined through a flexible steel
tube to a small stainless steel autoclave (capacity 50 m1) where
polymerization experiments were performed after condensation
(at —78 °C) of the monomer (no preliminary purification was used).

13CH,—CH—CH,;. This was kindly supplied by Professor A.
Zambelli.’® The labeling reagent (*CH;I from Prochem) was used
in the reaction scheme

LiCeHs
THF
(CEH5)3P0 + 130H2=CI'I_'C:H:3

+ -
P(CGH5)3 + 1SCH31 g (C6H5)3P130H31

CHLCHO
(C¢Hj)sP="CH, pp

The purity of the monomer was 99% (VPC; column, Poropack,
3 m; T, = 100 °C) and *C NMR analysis confirmed the selective
enrichment of position 1. Other experimental details are reported
elsewhere.!®

Polymerization of *C-Enriched Propylenes. Polymeriza-
tion experiments carried out at 20 and 70 °C were performed in
a stainless steel autoclave (capacity 50 mL) equipped with a
magnetic stirrer and a thermocouple. The monomer (ca. 5§ mmol),
solvent (n-pentane, 10 mL), and cocatalyst (0.5 mmol of isopropy!
chloride) were introduced in the autoclave at —78 °C and, after
the chosen temperature was reached, the catalyst (EtAlCl,, 0.5
mmol in 5 mL of n-pentane) was introduced by means of N,
overpressure. The reaction time was usually 30 min. Experiments
at —78 °C were carried out in glass equipment similar to that used
in previous investigations,* adopting the general procedure de-
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Figure 1. (A) 3C NMR spectrum of cationic polypropylene (PP).
(B) ®C NMR spectrum of cationic poly(1-butene) (PB1),

scribed above. Monomer conversions were almost quantitative
in each experiment, either at high or low temperature.

Polymerization of Propylene Having Natural 1*C Abun-
dance. Experiments at temperatures below —20 °C were carried
out in glass equipment under a dry N, atmosphere as described
previously.* When the polymerization temperature was higher
than —-20 °C, a stainless steel autoclave was used as reactor.! Other
experimental details are reported in Table III. Both low and high
conversions were obtained by using an appropriate catalyst
concentration,

Analyses. Analyses of the polymers were carried out as de-
scribed elsewhere.! 13C NMR spectra were recorded with a Varian
FT XL-100-15 instrument, according to conditions reported
previously.*

Results and Discussion

13C NMR Investigations on PP Obtained from
Natural-Abundance *C Monomer. Figure 1A shows the
13C NMR spectrum of a typical sample of PP synthesized
at 70 °C with catalyst EtAICl, + i-C3H,Cl in n-pentane.
The spectrum is analogous to that of cationic PB1 (Figure
1B) prepared under similar conditions. All the signals
evident in Figure 1B are also observable in the spectrum
of PP, but their respective intensities differ. Table I lists
the chemical shifts and the assignments of the methyls
belonging to the identified structural groups.'®* An in-
spection of Table I shows the presence of unit D arising
from the regular 1,2 addition of propylene and also some
units deriving from single (unit A) or multiple hydride
shifts (units A’, B, B/, D’, and C) subsequent to the regular
addition of the monomer.

Chart I summarizes the reaction schemes which may
explain the formation of these units through intramolecular
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Table I
Methyl Assignments in the *C NMR Spectrum of PP
Obtained from Natural-Abundance '*C Monomer

structural group

chem shift,
type name ppm
>C—CH,—CH, A 8-9
>CH—CH,—CH, A 10-12
—CH,—CH,—CH,—CH, C 14.1
>C—CH,—CH,—CH, B’ 145
>CH—CH,—CH,—CH, B -5-15
—CH,—(IJH—-CH< 156-17
CH,
—CHZ—?H—CHZ D 19-20
CH,
CH,
>CH—CHZ H 19-20
CH,
i
—CH7—?—~CH — E 27.4
CH,
tert-butyl F 29.5
Chart I

Schematic Representation of Possible Intramolecular
Rearrangements Leading to Seven Structural Groups
Identified in Cationic PP
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rearrangement.!” As pointed out in the case of PB1,! in-
termolecular rearrangements may also account for the
structural groups of Table I. The presence among them
of significant amounts of branched groups E, F, and H
suggests that additional reactions take place during the
synthesis of PP. Some of the constitutional groups listed
in Table I were previously identified by means of IR
studies.>!! Their formation was sometimes accounted for
by invoking the 1,3 enchainment of the monomer and its
unusual tail-to-head addition,'® besides hydride and
methide shifts typical of the cationic polymerization of
olefins. However, no direct evidence of these unusual
mechanisms was given. Therefore, in order to check the
existence of the mechanistic possibilities mentioned above,
we have undertaken the polymerization of propylene se-
lectively enriched with 13C in each position of the molecule.

13C NMR Investigations of PP Synthesized with
13C.Enriched Monomers. Since the identificagion of the
structural groups of PP was done in general through the
methyl resonances, the first polymer studied was enriched
in the CHj; position.

CH,—CH—'*CH;. Figures 2 and 3A show the spectra
of two polymers prepared at —78 and +70 °C, respectively.
They are much simpler than the spectrum of Figure 1A.
In particular, the broad band between 20 and 45 ppm in
Figure 1A and due to the signals of carbons belonging to
the polymer backbone is completely missing. Both Figures
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Figure 2. 13C NMR spectrum of PP obtained at ~78 °C from
13CH;-enriched monomer.

2 and 3A show all the signals identified and assigned in
Table I to methyls in various environments. Besides the
resonances listed in Table I there are additional signals
of low-to-medium intensity at 30.1, 25.2, 24.6, 24.1, and 22.7
ppm.

Selective decoupling experiments suggested that all
these signals arise from methyl carbons. In fact, irradiation
at 87 Hz (this frequency corresponds to the maximum
absorption for methyl protons in the 'H NMR spectrum)
yielded singlets (Figure 3B). On the other hand, irradiation
at 130 Hz (frequency typical of methylene and methine
protons) produced signals which were split (Figure 3C).
Therefore, no methyl group originally present on the
monomer is transformed during the polymerization process
into any methylene, methine, or quaternary carbon. This
finding rules out the existence in the samples studied of
any appreciable amount of 1,3-enchained propylene.’® The
signal occurring at 24.6 ppm (rather strong) may be as-
signed to gem-dimethy! groups linked to tertiary carbons,
whose vicinity appears unfavored for steric hindrance, or,
more probably, to the methyl of the 1,2 unit when it is
bonded to a quaternary carbon (unit D’; see subsequent
reaction scheme 2). The same possibility exists for the
weak peaks observed at 25.2 and 24.1 ppm. The resonance
observed at 22.7 ppm is typical of the isobutyl group which
was previously identified in PB1! (where this structure was
named G), while the weak peak at 30.1 ppm should be
assigned to the tert-butyl group having an additional §
substitution relative to the peak at 29.5 ppm.

In conclusion, the analysis of the polymer obtained from
the *CHj-enriched monomer indicates clearly the absence
of appreciable amounts of 1,3 enchainment and identifies
a new structural group (unit G) and the peaks of unit D’.
However, no information about the irregular tail-to-head
monomer addition was obtained. In fact, the signals oc-
curring between 15 and 17 ppm, which might be attributed
to vic-methyls, are assignable also to the methyl of unit
D in dyad D-A, i.e.

——CHy—CH—CH—
*CH3 CHZ—CH3

CH,~3CH—CH;. The spectrum of the polymer re-
sulting from the monomer enriched in the ==CH— position
(Figure 4A) is clearly more complicated than that of Fig-
ures 2 and 3A. In the downfield region (2040 ppm) there
is a broad band due to the labeled carbons of the polymer
backbone. However, a series of rather strong, sharp peaks
is superimposed on the broad line of Figure 4A.

Macromolecules
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Figure 3. 3C NMR spectra of PP obtained at +70 °C from
13CH;-enriched monomer: (A) noise decoupled; (B) selectively
decoupled at 87 Hz; (C) selectively decoupled at 130 Hz.

Selective decoupling experiments (see the previous
section) were carried out with the aim of characterizing
the type of carbons corresponding to different resonances
and, in particular, to identify eventual *C-labeled methyls
arising from the labeled methine of the monomer. Figure
4C shows that irradiation at 130 Hz causes a resulting
spectrum practically coincident with the noise decoupled
spectrum, while the use of the frequency at 87 Hz induces
the formation of a doubiet at 27 ppm (Figure 4B). These
results reveal that no signal having appreciable intensity
is due to methyls, whereas a tertiary carbon makes the
major contribution to the signal at ca. 27 ppm. Therefore,
the rearrangement based on the simultaneous concerted
exchange of hydride and methide ion, i.e.

CHz

N

R—CHp,— ¥t —= R—cH* —= R—C (1)

!

o

CH3 3CH,—CH3 CH3

invoked to explain the presence of gem-dimethy! groups
in cationic PB1,! does not occur during the synthesis of
PP since one of the two methyls of the gem-dimethyl (or
isopropyl) group should be *C labeled. However, it must
be pointed out that the situation of propylene is different
from that of 1-butene. In fact, the structural group E, i.e.,
the gem-dimethyl group linked on each side to a methy-
lene, might arise in PP through rearrangement 1 only when
the penultimate monomer was linked tail-to-head.
Whenever monomer addition is regular, the eventual
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Figure 4. 3C NMR spectra of PP obtained from *CH-enriched
monomer at +70 °C: (A) noise decoupled; (B) selectively de-
coupled at 87 Hz; (C) selectively decoupled at 130 Hz.

gem-dimethyl group will be in the « position relative to
a tertiary carbon and as a result its signal should be shifted
upfield by the v effect. Furthermore, the hydride shift
occurring in the first step of rearrangement 1 could be
followed by a second energetically favored hydride shift
which gives rise to a tertiary-carbenium ion, i.e.

—CHp—"*CH—CH,— BcH? —

+
~—CHp— BCH—CH —= —CHy—"¢* —cH,—"CH,

CHz 13CH,—CH3 CH3 CH3

An n-propyl group (unit B’) and a methyl group bonded
to a quaternary carbon (unit D’) is the final result of this
rearrangement. Therefore, the formation of structural
group E takes place in PP through a reaction path different
from that formerly proposed! for PB1 and subsequently
confirmlgd by using l-butene 3C enriched in position
—-CH,-.

For the interpretation of the spectrum shown in Figure
4A, the main peaks coming out from the broad line which
envelops the signals due to the carbons of the backbone
are due to methylene groups with the exception of the peak
at ca. 27 ppm. The latter, assigned to the tertiary carbon
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Figure 5. *C NMR spectra of PP obtained from ®*CH,-enriched
monomer at +70 °C: (A) noise decoupled; (B) selectively de-
coupled at 87 Hz; (C) selectively decoupled at 130 Hz.

of the regular 1,2 unit belonging to a sequence of three or
more units of the same type, i.e.

—CH——CHZ—‘CI:H—CHZ—CH—
CHs

is, in practice, the sole signal of the backbone which can
be identified. Table II lists the main attributes of the
spectrum of Figure 4A.

BCH,~CH—CH,;. The spectrum of PP obtained with
the monomer enriched in position ®*CH,= (Figure 5A) is
the most complicated because the labeled carbons mainly
constitute the polymer chains. However, interesting in-
formation can be obtained from selective decoupling ex-
periments. A very sharp signal at 29.5 ppm and three other
rather weak peaks at 20, 22.4, and 27.4 ppm are certainly
assignable to methyls on the basis of these experiments
(Figure 5B,C; the peaks are denoted with the letters cor-
responding to the structures). The formation of labeled
methyls originating from the 3 CHy= group may be ex-
plained according to two hypotheses: (1) a proton attack
on the double bond of the monomer in the initiation
process and (2) a tail-to-head addition of the monomer
followed by a rearrangement of the primary carbenium ion
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Table II
Assignments in the *C NMR Spectrum of PP
Obtained from CH,='*CHCH,

structure

chem shift, ppm

CH,—*CH,—CH,—C< 16.8-17.3
CH,—*CH,—CH,—CH< 20.3-20.9
>CH—(’3H-—CH2— 22.7-23.8
*CH,—CH,
>CH-CH,—*(I:H—CH,—CH< 27.7
| CH,
.
>CH—(I)-—CH,— 31.1
*CH,—CH,

which yields the methyl group.’® According to the first
hypothesis we obtain

eHs
P

CHz
CHz CHz

+

HY + PcHp==cH — HY 4+ BCcH,=CH —

13
CHs
~ 13 —rut
_CH—"3CH;—CH
CHz
CHz

I

The carbenium ion I can rearrange by a hydride shift (as
reported previously?) to the carbenium ions II and III,

BCHs * CH—CHy—CH3
*C—"3CHp—CHz—CH3 CH
CH3 Hs®C  CHz
II I
CHz CHg

*CH—CH—CHp— CH3
Iv

while a methide shift? gives rise to ion IV. Therefore, ions
I, I1, and III give rise to isobutyl (G), gem-dimethyl (E),
and isopropyl (H) groups, respectively, each of which
contains one 13C-labeled methyl. The absence of the sig-
nals due to the vic-dimethyl group, arising from ion IV,
can be explained by the fact that the chemical shifts are
markedly influenced by the structural environment.

The initiation process induced by protons accounts for
three of the four structural groups identified in PP pre-
pared with 3CH,=CHCH,;. The formation of the tert-
butyl group may be explained by a long-range methide
shift, but, unfortunately, there are no experimental data
in the literature supporting the hypothesis of long-distance
methide jumps.?? On the other hand, a tertiary carbenium
ion having a methyl in the « position is hardly to be ex-
pected if a regular head-to-tail addition of the monomer
is assumed. Evidently this structure, i.e.

CH3
R—CH—C*
CHy CHgz

is easily obtained if one assumes a tail-to-head addition
of propylene followed by a hydride shift which transforms
the primary carbenium ion into a tertiary one.’®* However,
we have not so far collected any experimental evidence
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supporting the tail-to-head addition of olefins during
cationic polymerization, a step which is disfavored for
electronic and steric reasons. Therefore, the explanation
of the mechanism of tert-butyl group formation in PP is
at present still obscure, We have attempted an evaluation
of the amount of 3CH,= transformed into 3CH, groups.
This estimation, performed by measuring the areas of
signals, is clearly only approximate because of the spectral
complexity. However, the estimated value is in the range
5-10%. Since the degree of oligomerization is ca. 15 under
the conditions used, about 7% of the CH,= converted to
CHj; could arise from proton initiation. According to this
evaluation, the supposed tail-to-head addition of the mon-
omer, if present, would occur to a small extent.

Quantitative Analysis. As was observed in the case
of PB1 the complexity of the 1*C NMR spectra of PP limits
the precision of the quantitative analysis of the structural
groups constituting the polymer. The reasons for the
limitations encountered are essentially the same as dis-
cussed previously! and only a semiquantitative evaluation
can be carried out on PP obtained from natural-abundance
13C monomer.

Despite this unfavorable situation, there is interest in
the results of a semiquantitative analysis because of the
possiblity of identifying some interesting features of the
polymerization process. On the other hand, the availability
of monomer **C enriched in the methyl group allowed us
to collect more precise composition data because the
spectrum is in this case simplified and the overlapping of
signals is limited. The sole limitation of this approach was
the very small amount of available monomer so that only
very few polymerization experiments were performed
during which the monomer was converted quantitatively
to polymer.

PP Obtained from Natural-Abundance *C Mono-
mer. The most important experimental parameter which
controls the structure of PP is the temperature of oligo-
merization. This result is very evident in experiments
performed with ®C-enriched monomer (see next section)
and is analogous to the corresponding finding in the cat-
ionic polymerization of 1-butene. The degree of conversion
of the monomer is another parameter which significantly
influences the structure of PP. The catalyst concentration
(when it is low) influences the monomer conversion and
hence the polymer structure. An excess of catalyst, such
as used in experiments with *C-enriched monomer, does
not significantly influence the structure, which is inde-
pendent of the catalyst concentration when monomer
conversion is complete. Table III shows the compositions
of the polymers prepared at 70 °C in a polar and apolar
solvent, at low and high conversion, and with different
catalysts. The peak occurring between 19 and 20 ppm and
assigned to two structural groups (D + H) containing a
different number of methyls has been considered to arise
mainly from the regular 1,2 unit (group D), because of the
rather broad shape of the signal.

By taking into account only the signals due to the linear
structural groups (i.e., A, A’, B, B/, and C) and the
branched ones (E and F), it can be concluded (Table III)
that the latter increase with conversion of the monomer.
A quite similar situation was observed in cationic PB1! and
can be attributed to postmodification reactions involving
mainly the oligomer unsaturations (their relative abun-
dance increases with the reaction temperature) and the
carbons carrying a chlorine atom (from the catalyst).
Conversely, the polarity of the solvent and the type of
catalyst used do not modify substantially the PP structure,
as in the case of PB1.!
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Table III
Structure of PP Obtained under Different Experimental Conditions?

catalyst vield structural units,? %

solvent type mmol/L. % M, A A B+B C D+H E Ff
n-pentane EtAlCl, 25.0 6.3 nd 28 6 22 2 28 13 1
n-pentane EtAlCl, b 25.0 59.0 510 20 7 17 2 31 18 5
CH,Cl, EtAICI, 7.5 11.8 nd 34 7 26 1 26 6 0
CH,Cl, EtAICI, 25.0 78.8 570 22 7 24 1 31 13 2
n-pentane AlCl, 4.0 10.1 nd 25 6 22 1 31 13 2
n-pentane AlBr, © 25.0 58.0 600 19 8 20 2 31 17 3
n-pentane AlBr, © 25.0 68.49 640 43 3 23 1 24 6 0

¢ Conditions: [M] = 3.8 mol/L; T= +70 °C; time = 30 min, b Cocatalyst: [(CH,),CHCI] = 2b mol/L. ¢ Cocatalyst:
[HBr] = 2b mmol/L. ¢ The M,, and structural data are referred to a fraction (15%) of the sample, obtained through prepar-
ative GPC, polymerized at —78 °C. ¢ See footnote b of Table IV, f The contents of structural groups E and F were calcu-
lated by dividing the areas of their signals by 2 or 3, respectively, i.e., the number of the equivalent methyls constituting the

considered groups.

Table IV
Percentage of Methyl Carbons in the Various Structural
Units of PP Obtained from CH,=CH-—"CH,

percentage of methyl in
polymers made

units? at-78°C at +70°C
A’ 4.1 4.8
A 356.4 9.4
C 0.5 0.7
B+ B’ 22.9 13.2
D+H 30.6 27.7
G 0.0 5.5
E 2.4 22.0
F 0.5 10.2
D’ 3.6 6.6

% The structures of the listed units are shown in Table I
except G and D' which are —CH,—CH(CH,), and
>C—CH,, respectively. % The percentages in Tables III
and IV were calculated from the area of the peaks of
methyls, but from a rigorous standpoint they cannot be
compared. This happens because the spectra of the
natural-abundance “C polymer contain the contribution
of methyls formed from CH and CH, groups. Since these
rearrangements are rather modest, the difference in the
calculations is not large,

The last two runs of Table III compare the composition
data of two samples having the same M, value prepared
at -78 and at +70 °C. It can be seen that the presence of
branched groups depends markedly on the oligomerization
temperature, again considering samples with the same
chain length.

PP Obtained from CH,—CH—*CH,. The composi-
tions of two samples, synthesized at —78 and +70 °C with
CH,=CH—'%CHj, are reported in Table IV, which shows
that when the oligomerization temperature is relatively
high, the content of branched groups (E, F, and G) in-
creases markedly at the expense of linear groups. Although
we have identified significant amounts of structures with
crowded methyls (tert-butyl, isopropyl, isobutyl, and
gem-dimethyl groups), we have found only a modest
transformation of methine and methylene into methyl
groups. Therefore, the branched structures observed seem
to arise from jumping of methyls, which probably move
from tertiary or quaternary carbons. Actually, the increase
of the content of the branched structures, observed when
the reaction temperature increases, is not accompanied by
a dramatic decrease of the content of unit D and D’ (i.e.,
isolated methyls) but by a decrease of all the linear groups.
Connected with the formation of the branched groups are
the long-range shifts of the methide ion, which were
sometimes invoked.? However, the more recent literature
casts doubt on this assumption.?#?® At present we do not
know how these processes take place.?

Conclusions

The study of the structure of PP by means of 13C NMR
spectroscopy has revealed that the oligomers obtainable
under different conditions have very complex structures.
Eleven structural groups have been identified, four of
which were branched, i.e., isopropyl, gem-dimethyl, iso-
butyl, and tert-butyl groups. Their amount in the polymer
increases markedly with the temperature of polymerization
and the conversion of the monomer. The latter finding,
analogous to that observed during the synthesis of cationic
PB1,! can be ascribed to postmodification reactions oc-
curring on the reactive sites, e.g., unsaturations and
chlorine atoms, of the oligomeric chains. The results ob-
tained from polymer containing natural-abundance 3C
monomer were confirmed by polymers prepared with
monomers selectively enriched with *C in positions 1, 2,
and 3. The principal information of mechanistic signifi-
cance obtained during this work may be summarized as
follows.

(1) The claimed 1,3 enchainment of the monomer is
not observed in the samples investigated.

(2) The formation of linear structural groups can be
accounted for by classical 1,2-hydride and -methide shifts
(see Chart I).

(3) The formation of part of the branched structural
groups arises from the proton initiation, but other mech-
anisms are also responsible for them, in particular for the
formation of tert-butyl groups.

(4) No proof of a concerted exchange of 1,2-methide and
-hydride ion, which was found to yield gem-dimethyl group
in cationic PB1,""!® was obtained in the case of PP.

(5) No proof of the irregular tail-to-head monomer ad-
dition was obtained but, at the same time, this possibility
could not be ruled out by direct evidence. However, some
results suggest that its possible extent is quite low. In fact,
a very low amount of the monomeric methylene is con-
verted into CHj groups and a great part of these rear-
rangements can be explained by proton initiation.

(6) The high content of all the branched groups, which
is over 60% in samples synthesized at 70 °C and ca. 10%
in samples obtained at -78 °C, suggests that some rear-
rangements not prevalent in the cationic polymerization
of higher « olefins are nevertheless very efficient during
the polymerization of propylene. Tentatively, they may
be identified with long-range methide shifts, favored by
the relatively high concentration of methyls in the oli-
gomers of propylene and, perhaps, by some cooperative
conformational effects.

(7) The overlapping of signals assigned to the carbons
of the backbone, which appears as a broad line between
20 and 45 ppm and increases when the content of branched
groups increases, suggests that a significant modification
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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 *C-enriched monomers.
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ABSTRACT: 1-Butene selectively *3C 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 *C 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 3C NMR spectroscopy the
structure of cationic polymers of two linear o olefins:
propylene! and 1-butene.? 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, i.e., 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.!?
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