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ABSTRACT: Copolymerization of ethylene with 4-methyl-1,3-pentadiene (4-MPD) catalyzed by 1,4-
dithabutanediyl-linked bis(phenolato) titanium complexes 1 and 2 activated by methylaluminoxane
(MAO) produced exclusively ethylene-4-MPD copolymers with high activity. The copolymer microstruc-
ture can be varied by changing the ratio between the monomers in the copolymerization feed, affording
copolymers with 4-MPD content up to 83%. The resulting copolymer are crystalline as shown by thermal
analysis and by the X-ray powder diffraction profiles. The microstructural features were fully elucidated by
13CNMRspectroscopy revealing that the copolymerswith various 4-MPDcontent showa strong tendency to
the alternating microstructure which was confirmed by the kinetic elaboration.

Introduction

The synthesis of polyolefins containing functional groups
along the chain backbone has attracted much attention in the
past years.1 In particular, the synthesis of polyolefins bearing
pendant double bonds via the copolymerization of olefin with
diene has been attracting increasing interest because of the
possibility to easily convert the double bonds into functional
groups, giving a broad range of polymers containing polar
functionalities.2

However, the direct polymerization of ethylene with conju-
gated dienes often face difficulties due to the completely different
behavior of the two classes of monomers for a given catalytic
system that cause a lowering of the catalyst activity and a low
incorporation of the comonomer in the resulting polymer.

In order to circumvent this problem, many researchers have
obtained good results by the copolymerization of ethylene with
nonconjugated dienes3 or with cyclic dienes.4

In this scenario, a monomer of potential interest for the
synthesis of polymers having pendant double bonds along the
polymer chain is 4-methyl-1,3-pentadiene (4-MPD). Indeed, the
presence of an olefinic carbon atombearing twomethyl groups in
the 4-MPD structure renders the behavior of this monomer in
homopolymerization closer to styrene than to that of other dienes
(e.g., 1,3-butadiene, isoprene).

As a matter of fact, among the six possible stereoregular
polymers for this monomer, only the two stereoregular 1,2
structures are known so far.5

In particular, the polymerization of 4-methyl-1,3-pentadiene
(4-MPD) to 1,2 syndiotactic polymer is promoted by many
homogeneous catalytic systems consisting of titanium or zirco-
nium compounds, soluble in aromatic hydrocarbons activated
by methylaluminoxane (MAO).6 Notably while many homo-
geneous catalytic systems promote the copolymerization of
ethylene with styrene,7 the copolymerization of ethylene by using
monocyclopentadienyl titanium compounds activated by MAO
results in low activity and, more importantly, a decrease of
chemoselectivity which causes an increase of the 1,4 units respect
to the 1,2 units.8

The synthesis of 1,2-isotactic poly(4-MPD) has been per-
formed by using various heterogeneous catalysts,9 but only
recently we found an efficient and stereoselective homogene-
ous titanium system which incorporates a tetradentate ligand
having two phenolate units linked through a 1,ω dithiaalkanediyl
bridge S(CH2)2S.

10 Notably this system has shown to stereo-
selectively homopolymerize butadiene to trans-1,4-polybuta-
diene11 and efficiently copolymerize ethylene with styrene12 and
butadiene.13

We report herein the ability of two catalytic systems
based on 1,4-dithiabutanediyl bridged phenols (Scheme 1) to
efficiently copolymerize ethylene with 4-MPD giving, under
acceptable experimental conditions, a polymer with alternating
microstructure.

Experimental Part

Materials. All manipulations of air- and/or water-sensitive
compounds were performed under a nitrogen atmosphere
using standard Schlenk techniques or a MBraun glovebox.
Commercial grade toluene (Carlo Erba) was dried over cal-
cium chloride, refluxed 48 h under a nitrogen atmosphere
over sodium, and distilled before using. Polymerization grade

Scheme 1
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ethylene, purchased from Societ�a Ossigeno Napoli (S.O.N.),
was dried by passing through a column filled with activated
molecular sieves (4 Å). 4-Methyl-1,3-pentadiene was synthe-
sized according to a literature procedure14 and purified by
distillation over calcium hydride under a nitrogen atmosphere.
Methylalumoxane (MAO), purchased fromAldrich as a 10wt%
solution in toluene, was dried in vacuo at 50 �C to remove toluene
and “free” AlMe3 and used as a solid after washing hexane. The
titanium complexes 1 and 2 were prepared according to the
literature procedures.15,16

Copolymerization of Ethylene and 4-Methyl-1,3-pentadiene.
The copolymerization runs were carried out following a stan-
dard procedure. A 100 mL flask equipped with a magnetic bar
was charged with 0.70 g of MAO (0.01 mol, Al/Ti=1200), and
the proper amount of a 4-methyl-1,3-pentadiene solution in
toluene, to reach a total volume of 10 mL. The flask was then
evacuated and filled with ethylene (1 atm); after equilibration of
the solution at target temperature the reaction was started by
injection of a toluene solution (1 mL) of the catalyst (10 μmol).
The run was terminated after the desired time by introducing
ethanol (15 mL) and antioxidant (Wingstay K; 0.5-0.75 phr).
The polymer was coagulated in ethanol (200 mL) acidified with
aqueous HCl, recovered by filtration, washed with an excess of
ethanol, and dried in vacuo at room temperature.

Hydrogenation of Ethylene-4-Methyl-1,3-pentadiene Copoly-
mer. A sample (1 g) of the copolymer (containing 22% of
4-MPD (run 5, Table 1) was dissolved in toluene (75 mL),
p-toluensulfonylhydrazine was added (8 g), and the resulting
mixture was refluxed for 48 h under stirring. The reaction was
stopped by quenching with ethanol (200 mL), and the resulting
polymer was recovered by filtration, washed with water and
ethanol, and dried in vacuo until constant weight.

Characterization of the Polymers. The 13C NMR spectra of
the ethylene-4-MPD copolymers samples were recorded with a
Bruker AVANCE 300 spectrometer (300 MHz for 1H and 75
MHz for 13C). Using 5 mm (o.d.) NMR tubes, polymer samples
(30 mg) were dissolved in tetrachloroethane-d2 (0.7 mL) and
analyzed at 363 K. Chemical shifts were referenced to TMS and
calculated by using the residual isotopic impurities of the
deuterated solvent (74.26 ppm for tetrachloroethane-d2). The
monomer compositions of the copolymer ethylene-4-MPD
samples were determined by comparing the integrals of the
13C resonances by using the following formula in analogy to
ethylene-styrene copolymers:17

4MPD ¼ IðSRRÞ þ IðSRβÞ=2 þ IðSRγÞ=2

E ¼ IðSββÞ þ IðSβδÞ=2 þ IðSγδÞ=2

The thermal analysis of the polymers was carried out on TA
Instrument DSC 2920 using a heating rate of 10 �C min-1.

The average molecular weights of the polymer samples were
determined at 30 �C with a 150C Waters GPC equipped with
JASCO 875-UV (254 nm) and WGE-DR BURES ETA1002
refractive index detectors and three PSS columns set consisting
of 105, 104, and 100 Å (pore size)-5 μm (particle size) column.
CHCl3 was used as carrier solvent with a flow rate of 1.0 mL/
min. The calibration curve was established with polystyrene
standards.

Wide-angle X-ray powder diffraction (WAXD) profiles
were collected at room temperature, with an automatic 1710
Philips diffractometer using Ni-filtered Cu KR radiation (λ=
1.5418 Å) and scans in the 2θ range 4�-40�.

Results and Discussion

The performances of 1/MAOand 2/MAO in ethylene-4MPD
polymerization were explored under different experimental con-
ditions: the main results are summarized in Table 1.

The catalysts show good activity under the polymerization
conditions used, and notably no dramatic lowering of the catalyst
activity by increasing the 4-MPD concentration in the feed is
observed. In particular, the activity of the catalyst 1 does not vary
significantly with 4-MPD content in the feed while the catalyst 2
increases the activity by increasing the 4-MPDcontent in the feed.
One can also observe that the catalyst 2 incorporates more
efficiently the 4-MPD in the polymer, resulting in copolymers
with high content of 4-MPD (up to 83%). The Tg values increase
by increasing the 4-MPD content varying from -37.9 to 2.4 �C
while themelting temperatures increase by increasing the ethylene
content in the copolymer from 85.3 to 115.6 �C. Moreover, the
X-ray powder diffraction profile of the as-prepared copolymer
sample containing 43%mol of 4-MPD (run 4) evidences that the
sample is crystalline and that it crystallizes in a new crystalline
form different from the crystalline form18 of polyethylene and
different from that of 1,2-isotactic poly(4-MPD).9a,10 The mo-
lecular weight of the polymers does not vary significantly in the
range of composition explored for the catalyst 1 while increase
of 1 order of magnitude for the catalyst 2 increasing the 4-MPD
content from 40% to 83%. The molecular weight distributions
are monomodal for both systems ranging between 1.31 and 2.11,
indicating a single-site catalyst and the material being copoly-
meric in nature. In addition, efforts to fractionate the polymer in
common organic solvents (acetone, hexane, ethyl acetate, THF)
were unsuccessful.

A deeper insight into the microstructural features of the
copolymers was achieved by using 13C NMR spectroscopy. In
contrast to the copolymer obtained in presence of monocyclo-
pentadienyl titanium complexes,8 4-MPD is exclusively inserted
in 1,2 fashion (or 2,1) and no 1,4 units are detectable by the

Table 1. Ethylene-4-Methyl-1,3-pentadiene Polymerization Results

runa catalyst
4-MPD in the
feed (mol %) yield (g) activityb

4-MPD in the
polymer (mol %) Tg (�C) Tm (�C) Mn/10

3 Mw/Mn

1 1 83 1.33 133 51 -17.2 98.14 6.4 1.59
2 1 78 2.98 298 46 -25.9 99.38 6.2 1.62
3 1 74 2.85 285 49 -25.7 98.67 6.9 1.61
4 1 65 2.30 230 43 -26.8 108.7 7.1 1.59
5 1 59 1.70 170 40 -28.1 110.5 6.9 1.55
6 1 50 2.56 128 22 -32.6 115.5 4.9 1.78
7 1 49 1.69 179 17 -33.6 115.6 6.8 1.44
8 1 33 1.79 169 7.9 -37.9 115.4 6.3 1.31
9 2 83 4.11 411 83 2.40 85.30 104.2 1.63
10 2 78 3.33 333 73 1.80 98.40 125.4 1.36
11 2 71 2.69 269 71 -3.10 102.8 40.0 2.11
12 2 59 1.39 139 51 -15.1 103.9 15.4 1.86
13 2 49 0.99 99.0 44 -19.6 108.5 11.4 1.83
14 2 40 0.60 60.0 40 -24.2 108.6 10.4 1.69

aPolymerization conditions: Ti complex (10.0 μmol), Al/Ti = 1200, toluene (10 mL), ethylene pressure = 1 atm, polymerization time: 1 h. bActivity =
kg/(mol Ti) 3h.
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analysis of the olefinic region. In addition, one can observe from
the spectra of the copolymer at different composition and that of
isotactic poly(4-MPD) that the signals relative to the olefinic
carbon atom bearing the twomethyl groups in the side chain and
the olefinic methine carbon at 129.0 and 132.1 ppm, respectively,
in the homopolymer (DDD sequences in Scheme 2) shift in the
alternate sequences with ethylene respectively at 130.0 and 131.1
ppm (EDE sequences)19(see Figure 1).

In Figure 2, the aliphatic region of the spectra of isotactic
poly(4-MPD) (a) and the copolymers containing 83% (b), 51%
(c), and 22% (d) of comonomer moles is shown.

The carbon terminology follows that of Carman andWilkes,20

where S, T, and P refer respectively to the secondary (methylene),
tertiary (methine), and primary (methyl) carbons of the main
chain. The position of a carbon relative to its nearest T groups
was labeled by two Greek subscripts where δ indicates all

T carbons four bond away and δ+ those which are farther
than four bonds from the S carbon of interest. The methyl
groups of the side chain are indicated with CH3 and CH3

0 as in
Scheme 2.

The assignments have beenmade by comparing the spectra not
onlywith different 4-MPDcontent but alsowithDEPTexperiment

Figure 1. Olefinic region of the 13C NMR spectra of ethylene-4-MPD
copolymers prepared with catalysts 1 and 2 activated by MAO:1,2
isotactic poly(4-MPD) (a), 83% 4-MPD (run 9, Table 1) (b), 51%
4-MPD (run 1, Table 1) (c), and 22% 4-MPD (run 6, Table 1) (d).

Figure 2. Aliphatic region of the 13C NMR spectra of ethylene-4-
MPD copolymers prepared with catalysts 1 and 2 activated by
MAO:1,2 isotactic poly(4-MPD) (a), 83% 4-MPD(run 9, Table 1)
(b), 51% 4-MPD (run 1, Table 1) (c), and 22% 4-MPD (run 6,
Table 1) (d). For the minor peaks (/; b) see ref 22.

Table 2. 13CNMRAssignments for the Ethylene-4-Methyl-
1,3-pentadiene Copolymers

carbon typea chemical shift (ppm) sequenceb

CH3 18.42-18.47 DDD/EDE
Sββ 25.21 EDEDE
CH3

0 25.86-26.23 DDD/EDE
Sβδ 27.55 DEE
Sδδ 29.89 EEE
Sγδ 30.38 DEEE
Tβδ 32.68 DDE
SRR 34.12 DDD
SRδ 36.36 DEE
SRγ 36.57 EDEDE
Tδδ 38.30 EDE
Tδδ 42.44 DDD
C= 129.0-130.0 DDD/EDE
CH= 131.1-132.1 EDE/DDD

a See Schemes 2 and 3. bD = 4-methyl-1,3-pentadiene unit; E =
ethylene unit.

Scheme 2

Scheme 3
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which allowed us tounequivocally distinguishmethyl,methylene,
and methine carbons.21

The assignments are listed in Table 2, and the relative
sequences are shown in Scheme 3.

It is worth noting the strong tendency of both the catalysts to
produce alternating ethylene-4-MPD sequences even in the
copolymers with low comonomer content as evidenced by the
presence of the Sββ methylene carbon relative to the alternating
sequences in the sample with only 22% of 4-MPD.22 The
isoselectivity of the catalysts in the 4-MPD homopolymerization
and the similar behavior of this monomer to styrene can suggest
that the stereoselectivity is retained in the copolymerization
analogously to that observed in ethylene-styrene copolymeriza-
tion.12

A further confirmation of the chemical shift assignments has
been obtained by hydrogenation of the copolymer with 22% of

4-MPD. The spectra of the original ethylene-4-MPD copolymer
(a) and the resulting ethylene-4-methyl-1-pentene copolymer (b)
are shown in Figure 3.

One can observe that the same sequences are present in both
the copolymers with the chemical shift of the resulting ethylene-
4-methyl-1-pentene well in agreement with data reported in the
literature for the copolymers containing alternating sequences.23

For comparison, the chemical shift and the relative sequences
before and after the hydrogenation are listed in Table 3.22,24

The reactivity ratios r1 = kEE/kDE and r2 = kDD/kED for
ethylene-4-MPD copolymerization catalyzed by 1/MAO and
2/MAO were also evaluated. As the 4-MPD insertion is exclu-
sively 1,2 (or 2,1) specific, a binary copolymerization scheme and
the terminal model in which only the last inserted monomer units
at the active catalyst site influence the propagation reaction were
assumed.

To minimize the composition drift, the copolymerization
reactions were stopped after 5 min, corresponding to a monomer
conversion of 5-7%. The reactivity ratios obtained from
the Fineman-Ross25 plots are r1 = 1.12 ( 6.0 � 10-4 and
r2 = 0.05 ( 1.6 � 10-2 for the catalyst 1 and r1=0.55 ( 2.4 �
10-3 and r2=0.28 ( 7.1 � 10-3 for 2. These values indicate a
preference for insertion of ethylene vs 4-MPD when the last
inserted monomer unit in the growing polymer chain is ethylene
for both catalytic systems. On the other hand, the reactivity
versus 4-MPD is also quite high and comparable to those
reported for ethylene-styrene12 and ethylene-butadiene13

copolymerization for the catalytic system 1. The products of
the reactivity ratios (r1r2=0.05 ( 1.6 � 10-2 for 1 and r1r2=
0.15 ( 4.4 � 10-3 for 2) indicate a tendency of the monomers to
form alternating copolymers, in agreement with the microstruc-
ture determined by 13C NMR analysis.

Conclusions

To the best of our knowledge, 1/MAOand 2/MAOare the first
homogeneous titanium catalysts active in ethylene-4-MPD
copolymerization under reasonable experimental conditions af-
fording prevailingly alternating copolymers. This new polymeric
material has been fully characterized and its microstructure
completely elucidated by means of 13C NMR spectroscopy.
These results confirm that this class of catalyst is a powerful
tool for the synthesis of new polyolefinic materials with un-
precedented molecular architectures. In addition, the presence
of pendant reactive double bonds along the polymer backbone
opens the possibility to introduce polar functionality under
mild reaction conditions. Further work is in progress in order
to selectively functionalize the pendant double bonds of the

Table 3. 13C NMR Assignments for the Ethylene-4-Methyl-1,3-pentadiene Copolymer Containing 22% of 4MPD and the
Corresponding Hydrogenated Copolymer Ethylene-4-Methyl-1-pentene

carbon typea chemical shift (ppm)b polymer sequencec chemical shift observed (ppm)d chemical shift expected (ppm)e polymer sequencef

CH3 18.47 EDE 23.40 23.28 EPE
Sββ 25.21 EDEDE 24.00 23.90 EPEPE
CH3

0 26.23 EDE
CH(sc) 25.92 25.85 EPE
Sβδ 27.55 DEE 26.99 26.91 PEE
Sδδ 29.89 EEE 29.91 29.83 EEE
Sγδ 30.38 DEEE 30.41 30.36 PEEE
Tβδ 32.68 DDE 33.44 33.38 PEE
SRδ 36.36 DEE 34.74 34.64 PEE
SRγ 36.57 EDEDE 35.22 34.94-35.54 EPEPE
Tδδ 38.30 EDE 35.73 35.73 EPE
CH2(sc) 44.64 44.60 EPE

aThe carbon atoms are labeled following the Schemes 2, 3, and 4. For the hydrogenated sample the only difference is the absence of the double bond in
the side chain. bChemical shift observed for the ethylene-4-methyl-1,3-pentadiene copolymer (run 5, Table 1). cD=4-methyl-1,3-pentadiene unit; E=
ethylene unit. dChemical shift observed for the ethylene-4-methyl-1-pentene copolymer obtained by hydrogenation of the ethylene-4-methyl-1,
3-pentadiene copolymer (run 5, Table 1). eTo facilitate the comparison, the chemical shifts from the literature21 were reported in TMS scale using the
following relation: δ(TMS) = δ(HMDS) þ 2.1. fP = 4-methyl-1-pentene unit; E = ethylene unit.

Scheme 4

Figure 3. Aliphatic region of the 13C NMR spectra of ethylene-4-
MPD copolymer prepared with catalysts 1/MAO:22% 4-MPD (run 6,
Table 1) (a) and the same sample after hydrogenation (b). For theminor
peaks (/, b, 1, 2, 9) see refs 22 and 24.
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copolymer and to clarify the crystalline structure of these new
alternating ethylene-4-MPD copolymers.
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