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ABSTRACT: We recently reported on the synthesis and characterization of CoCl2(PRPh2)2 (R =methyl,
ethyl, n-propyl, isopropyl, and cyclohexyl). The catalyst systems obtained by combining the above complexes
with methylaluminoxanes (MAO) were highly active in the polymerization of 1,3-dienes, giving 1,2
syndiotactic polymers from butadiene and terminally substituted butadienes (e.g., E-1,3-pentadiene and
E-1,3-hexadiene) and 1,2 isotactic polymers from internally substituted 1,3-dienes such as E-3-methyl-1,3-
pentadiene. We have now polymerized isoprene with the same cobalt catalysts, and unexpectedly the
polymers obtained resulted to have an equibinary, alternating cis-1,4/3,4 structure, as indicated by the
two-dimensional NMR data. A structure of this type is rather unusual in the field of diolefins stereospecific
polymerization, andonly few cases have been reported in the literature. An interpretation for the formation of
such a polymer is proposed. The structure of cis-1,4-alt-3,4 polyisoprene, with alternating sequences of
in-chain and side-chain double bonds, makes it of potential interest in view of a possible selective
functionalization of the double bonds.

Introduction

The stereospecific polymerization of isoprene permitted to
synthesize up to now the following highly stereoregular polymers:
cis-1,4, trans-1,4, isotactic 3,4, and syndiotactic 3,4 (Figure 1).

High cis-1,4 polyisoprene, with a structure very close to that of
natural rubber, can be obtained with titanium (e.g., AlR3-TiCl4,
heptane as solvent)1-3 or neodymium (e.g. AlEt2Cl-Nd-
(OCOC7H15)3-AliBu3, heptane as solvent)2-13 based catalysts.
High trans-1,4 polyisoprene, with a structure like that of natural
gutta-percha, was obtained for the first time in 1955, using
AlEt3-RTiCl3 as catalyst in aliphatic solvent;14 vanadium cata-
lysts (e.g., AlR3-VCl3 in aliphatic solvent; V(acac)3-MAO,
toluene as solvent) too give polyisoprenes with a very high
trans-1,4 content.14-18 3,4 Syndiotactic polyisoprene was recently
obtainedwith iron catalysts (e.g., FeEt2(bipy)2-MAO, toluene as
solvent),19-23 while the isotactic isomer was reported by Hou.24

An atactic 3,4 polyisoprene was obtained with the system
CrCl2(dmpe)2-MAO in toluene as solvent,25 while Cui et al.
reported on the living polymerization of isoprene with rare earth
catalysts to highly 3,4 polymer, having a predominantly syndio-
tactic structure.26

We have now polymerized isoprene with the systems CoCl2-
(PRPh2)2-MAO (R = methyl, ethyl, n-propyl, isopropyl, and
cyclohexyl). These systems were highly active and stereospecific
in the polymerization of butadiene, giving 1,2 polymers (1,2
content g85%) having a syndiotacticity degree depending on
the phosphine ligand bonded to the metal.27-29 Specifically, the
systems CoCl2(P

iPrPh2)2-MAO and CoCl2(PCyPh2)2-MAO
gave highly syndiotactic polymers, while the systems CoCl2-
(PMePh2)2-MAO, CoCl2(PEtPh2)2-MAO, and CoCl2-
(PnPrPh2)2-MAO gave atactic polymers with predominance of
syndiotactic sequences.28,29

Moreover, the same systems were also able to polymerize
susbstituted butadienes27,29,30 such as E-1,3-pentadiene, E-1,3-
hexadiene, and E-3-methyl-1,3-pentadiene: crystalline highly
syndiotactic 1,2 polymers were obtained fromE-1,3-pentadiene31

and E-1,3-hexadiene32 with CoCl2(P
iPrPh2)2-MAO, while

highly isotactic 1,2 polymers were obtained from E-3-methyl-
1,3-pentadiene with CoCl2(PRPh2)2-MAO (R=methyl, ethyl,
n-propyl).30

In the polymerization of isoprene we did not obtain, as
expected on the basis of the above results, a 3,4 polyisoprene,
but surprisingly the polymers exhibited an equibinary cis-1,4-alt-
3,4 structure. A structure of this type is rather unusual in the field
of diolefins stereospecific polymerization, and only few cases
have been reported in the literature.33-35

This paper reports on the synthesis and detailed NMR
characterization of this particular polymer; some hypotheses on
the mechanism of formation of such an unusual polymeric
structure are also formulated.

Experimental Section

Materials. CoCl2(PRPh2)2 (R = methyl, ethyl, n-propyl,
isopropyl, cyclohexyl) were prepared as reported in the litera-
ture.27,28 MAO (Aldrich, 10 wt % solution in toluene) was used
as received without further purification. Toluene (Fluka,
>99.5% pure) was refluxed over Na for ca. 8 h, then distilled,
and stored over molecular sieves under dry nitrogen. Isoprene
(Aldrich, g99% pure) was refluxed over CaH2 for about 2 h,
then distilled trap-to trap, stored under dry nitrogen, and kept at
-20 �C.

Figure 1. Stereoregular polyisoprenes until now synthesized.

*Corresponding author. E-mail: giovanni.ricci@ismac.cnr.it.



9264 Macromolecules, Vol. 42, No. 23, 2009 Ricci et al.

Polymerization. Toluene (total volume, 16 mL), isoprene
(2 mL, 1.36 g), and MAO (1.3 mL, 2 � 10-3 mol) were
introduced in a 25 mL dried flask in this order. The obtained
solution was brought at the desired polymerization tempera-
ture, and then CoCl2(PRPh2)2 (2 � 10-5 mol, as 1 mg/mL
toluene solution) was added. All operations were carried out
under dry nitrogen. The polymerization was terminated with
methanol containing a small amount of hydrochloric acid; the
polymer was coagulated and repeatedly washed with fresh
methanol and then dried in vacuum at room temperature.

Polymer Characterization.
13C and 1H NMR measurements

were carried out on a Bruker Avance 400 spectrometer, operat-
ing at 400 MHz for 1H and 100.58 MHz for 13C. The spectra
were obtained in C2D2Cl4 at 103 �C (hexamethyldisiloxane,
HMDS, as internal standard). The concentration of polymer
solutions was about 10 wt %. 13C conditions: 10 mm probe;
14.50 μs as 90� pulse, relaxation delay 18 s; acquisition time
1.87 s. Proton broadband decoupling was achieved with a 1D
sequence using bi_waltz_16_32 power-gated decoupling.

The INADEQUATE 2D experiment (incredible natural
abundance double quantum transfer experiment)36-39 was ac-
quired by using the standard Bruker pulse sequence. The
13C-13C coupling constant was characteristic for the aliphatic
region 1J (C,C) 40 Hz, with the aim to determine the main
carbon skeleton of the polymer, neglecting the olefinic region.
The repetition timewas 5 s long;matrix size 1024� 256 data;DS
16; spectral width 16 025Hz in F2 and 32 051Hz in F1. The data
were zero-filled before Fourier transformation and processed
with a square sine-bell weighting function in both domains.

DSC scans were carried out on a Perkin-Elmer Pyris 1
instrument equipped with a liquid nitrogen subambient device.
The sample, ca. 4 mg, was placed in a sealed aluminum pan, and
the measurements were carried out using heating and cooling
rates of 20 �C/min.

The molecular weight averages and the molecular weight dis-
tribution (MWD) were obtained by a Waters GPCV 2000 system
using two online detectors: a differential viscosimeter and a
refractometer.The experimental conditions consistedof twoPLgel
Mixed C columns, toluene as mobile phase, 0.8 mL/min flow rate,
and 80 �C temperature. The calibration of the GPC system was
carried out using 18 narrowMWDpolystyrene standards with the
molar mass ranging from 162 to 3.3 � 106 g/mol.

Results and Discussion

The catalyst systems CoCl2(PRPh2)2-MAO (R = methyl,
ethyl, n-propyl, isopropyl, cyclohexyl) give from isoprene amor-
phous polymers with a transition glass temperature (Tg) around
-19 �C (Table 1). The polymerizations were carried out in
toluene as solvent, for a better homogeneity of the system
(cobalt complexes and methylaluminoxane are more soluble in
aromatic than in aliphatic solvent), but the same results can be
obtained by using heptane as solvent. The number-average
molecular weight (Mw) seems to decrease with increasing the
bulkiness of the phosphine ligand on the cobalt atom; it is 171 000

and 60000 dL g-1 for the polymers obtained with CoCl2-
(PMePh2)2-MAO and CoCl2(PCyPh2)2-MAO, respectively.
Higher polymer molecular weight can be obtained by using dry
MAO instead of commercialMAO, likely because of the absence
of free AlMe3 acting as chain transfer agent, and by polymerizing
isoprene at low temperature. Themolecular weight distribution is
rather narrow, in the range 1.5-1.7, indicating a pseudo-living
single site nature of the catalyst. Catalyst activity is quite good,
and it decreases with increasing the phosphine ligand steric
hindrance.

The IR spectra (Figure 2) of all the polyisoprenes prepared were
registered in order to determine their microstructure. No band was
observed at 911 cm-1, indicating that no 1,2 units are present along
the polymer chain; the two bands observed at about 840 and
890 cm-1 are instead indicative of the presence of 1,4 and 3,4 units,
respectively. Furthermore, the presence of a band at 1375 cm-1 is in
agreement with a cis nature of the 1,4 units, being the typical band
of a trans 1,4 unit displayed at 1385 cm-1.40 A mixed cis-1,4/3,4
structure for the polymers under investigationwas quite surprising,
since, as told above, the systems CoCl2(PRPh2)2-MAO gave
essentially 1,2 polymers from butadiene, E-1,3-pentadiene, E-1,3-
hexadiene, and E-3-methyl-1,3-pentadiene.27-32

The amount of cis-1,4 and 3,4 units, determined by 1H NMR
analysis (Figure 3),41 resulted to be about 50:50 in all the
polymers examined, suggesting an equibinary structure for the
polyisoprenes obtained with CoCl2(PRPh2)2-MAO catalysts.

The 13C NMR spectrum of the polymer obtained with CoCl2-
(PiPrPh2)2-MAO (Table 1, run 4) is shown in Figure 4b. The
DEPT experiment carried out on the same polymer (Figure 5),
evidencing the presence of two olefinic quaternary carbons, con-
firms the absence of 1,2 units, in agreementwith the IR indications.

In fact, as shown in Figure 6, only one quaternary olefinic
carbon is present in a mixed cis-1,4/1,2 polymer (structures I and
II) while two quaternary olefinic carbons are present in a mixed
cis-1,4/3,4 polymer (structures III and IV).

The analysis of the 13C NMR spectrum (Figure 4b) clearly
indicates that the 13C resonances values of the 10 main signals

Table 1. Polymerization of Isoprene with Cobalt-Phosphine Complex Based Catalysts
a

Co compound polymerization polymer

run type mol (�105) time (min) conv (%) Nb (h-1) Mw
c (�103) MWDd Tg

e (�C)

1 CoCl2(PMePh2)2 3 60 89.0 593 171 2.2 -19.0
2 CoCl2(PEtPh2)2 4 85 72.7 256 82 1.7 -18.5
3 CoCl2(P

nPrPh2)2 4 96 90.3 282 85 1.6 -17.6
4 CoCl2(P

iPrPh2)2 3 330 89.0 108 68 1.5 -18.7
5 CoCl2(PCyPh2)2 4 357 79.9 67 60 1.5 -17.9
6 CoCl2(P

iPrPh2)2 1 443 76.4 207 173 1.6 -18.5
7 CoCl2(P

iPrPh2)2 1 2640 66.3 30 273 1.6 -18.7
aPolymerization conditions: toluene, total volume 16mL; isoprene, 2 mL;MAO,Al/Co=100 (in runs 1-5, commercialMAOas receivedwas used;

in runs 6 and 7, free-AlMe3MAOwas used); 20 �C (0 �C in run 7). bMoles of isoprene polymerized permol of Co per hour. cNumber-averagemolecular
weight, determined byGPC. dMolecular weight distribution (Mw/Mn), determined byGPC. eGlass transition temperature, determined byDSC.All the
polymers reported in the table have a mixed cis-1,4/3,4 (50:50 molar ratio) structure.

Figure 2. IR spectrum of the polyisoprene obtained with CoCl2-
(PnPrPh2)2-MAO (Table 1, run 3).



Article Macromolecules, Vol. 42, No. 23, 2009 9265

observed donot correspond to those of the signals observed in the
13C NMR spectra of the cis-1,4 (Figure 4c) and 3,4 (Figure 4a)
isoprene homopolymers. This experimental evidence suggests
that cis-1,4 and 3,4 sequences are not present along the polymer
chain and that the most probable structure is a cis-1,4-alt-3,4
structure.Wemay have in principle two different types of cis-1,4/
3,4 enchainments (Figure 6, structures III and IV). To discrimi-
nate between them, an INADEQUATE experiment was carried
out (Figure 7).

Acquiring a 2D INADEQUATE experiment, based on the
1J(13C-13C) homonuclear coupled spins, it is possible to detect
the 13C-13C linkage in the investigated polymer. In general, the
experiment is time-consuming and requires a large quantity of
sample due to the very low sensitivity of the experiment because
of the low natural abundance of the 13C isotope, which is only
1.1%. Figure 7 evidences the 2D INADEQUATE spectrum of
the polymer obtainedwithCoCl2(P

iPrPh2)2-MAO (Table 1, run

Figure 3. 1HNMR spectrum of the polyisoprene obtained withCoCl2-
(PMePh2)2-MAO (Table 1, run 1).

Figure 4.
13C NMR spectra (C2D2Cl4, HMDS as internal standard,

103 �C) of (a) 3,4 syndiotactic polyisoprene obtained with FeCl2-
(bipy)2-MAO;20 (b) cis-1,4-alt-3,4 polyisoprene obtained with CoCl2-
(PiPrPh2)2-MAO (Table 1, run 4); (c) cis-1,4 polyisoprene obtained
with Nd(OCOC7H15)3-AlEt2Cl-Al(iBu)3.

2,3

Figure 5. DEPT spectrum of the polyisoprene obtained with CoCl2-
(PiPrPh2)2-MAO (Table 1, run 4).

Figure 6. Possible enchainments in the equibinary cis-1,4-alt-1,2 (I and
II) and cis-1,4-alt-3,4 (III and IV) polyisoprenes.

Figure 7. INADEQUATE spectrumof the polyisoprene obtained with
CoCl2(P

iPrPh2)2-MAO (Table 1, run 4).
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4); the corresponding 13C spectrum is plotted on the top. The
correlations, indicating the direct attachment of two 13C atoms,
can be identified by resonances along a horizontal line and
equally spaced from the diagonal. The unknown structure can
be determined from Figure 7, following the arrows representing
the carbon atoms sequence. Two connectionswere lost during the
experiment, the C2-C1 and C2*-C3*, due to the experimental
1J(C,C) applied, which was characteristic for aliphatic carbons.
This experiment permitted to exclude the structure IVof Figure 6,
indicating that the cis-1,4 and 3,4 units are enchained as shown in
structure III of Figure 6.

As cited above, the systems CoCl2(PRPh2)2-MAO were also
able to polymerize 1,3-pentadiene, 1,3-hexadiene, and 3-methyl-
1,3-pentadiene.27,30-32 They gave exclusively 1,2 polymers, hav-
ing a predominantly isotactic or syndiotactic structure depending
on the catalyst structure (i.e., type of ligand bonded to the cobalt
atom), meaning that the type of ligand has some influence on the
polymerization stereoselectivity. The same cobalt catalysts gave
an equibinary cis-1,4-alt-3,4 polymer from isoprene, indepen-
dently on the type of ligand coordinated to the cobalt atom,
suggesting that the type of ligand, in this case, has no influence on
the polymer microstructure and that the monomer structure is
likely the main factor responsible for the formation of such an
unusual polymer.

The mode of formation of the equibinary cis-1,4-alt-3,4 poly-
isoprene described in this paper is rather difficult to explain.
Teyssie, who synthesized several years ago an analogous poly-
isoprene with cobalt catalysts obtained by reaction of cobalt
halides with ethoxydiethylaluminum and of cobalt halides with
phenylmagnesium bromide and alcohol, attributed the formation
of such a polymer to a stereoregulation mechanism implying an
alternating propagation mechanism on a nonsymmetrical transi-
tion-metal complex.33,34 The formation of a polymer with alter-
nated constitutional units, cis-1,4 and 3,4, could be also accounted
for by admitting an alternated coordination and insertion of the
isoprene monomer with a η4 bond (for the cis-1,4 units) or with a
η2 bond (for the 3,4 units), according to the models proposed by
Guerra et al.42

We could hypothesize however another possible mode of
formation of the equibinary cis-1,4-alt-3,4 polyisoprene, based
on the diene polymerization mechanism proposed by Porri
several years ago.2,43-49 If we consider that (i) according to this
mechanism the growing chain isη3-bonded to themetal atomand
the diene monomer cis-η4 coordinated to the metal atom; (ii) the
allylic unit has two reactive sites, C1 and C3, and a cis-1,4 unit is
formed by insertion of the incoming monomer at C1, while a 1,2
(3,4) unit is formed by insertion of the incoming monomer at C3;
(iii) in the polymerization of internally substituted 1,3-dienes with
CoCl2(PRPh2)2-MAO the butenyl group-diene monomer re-
ciprocal orientation exo-endo seems to be preferred with respect
to the exo-exo one;29,30 (iv) in the allylic cobalt complexes
(η4-C5H8)(η

3-C5H9)Co(PPh3)
50,51 and (η4-C5H8)(η

3-C5H9)Co-
(PMePh2)

52 the structure of the allylic unit is that shown in
Figure 8; and (v) 1,2 units are almost negligible in the poly-
isoprenes obtained with CoCl2(PRPh2)2-MAO (R = methyl,
ethyl, n-propyl, isopropyl, cyclohexyl), the formation of the

cis-1,4-alt-3,4 polyisoprene could be described, as shown in
Scheme 1. According to this scheme, we should obtain highly
stereoregular polymers with a syndiotactic structure of the 3,4
units along the polymer chain, whereas, as cited above, the cis-
1,4-alt-3,4 polyisoprenes obtained are amorphous. Some steric
errors could occur during the polymerization process (e.g.,
exo-exo orientations of incoming isoprene monomer and bute-
nyl group together with the predominantly exo-endo ones),
leading to the introduction of stereodefects along the polymer
chain. The lack of crystallinity, however, could also be due to
some difficulties in the crystal packing of the macromolecules,
apart from the presence of defects along the polymer chain.

However, our proposedmechanism (Scheme 1), alongwith the
other ones based on the work of Teyssie and Guerra, only show
possible modes of formation of the equibinary cis-1,4-alt-3,4
polyisoprene but do not tell us which are the factors determining
the type of coordination and insertion of isoprene molecules.
Some further work is necessary in order to better clarify this
problem, and for this purpose modeling and computational
chemistry could be of great help.

Conclusion

Equibinary cis-1,4/3,4 polyisoprenes have been obtained by
polymerizing isoprene with the cobalt systems CoCl2(PRPh2)2-
MAO (R = methyl, ethyl, n-propyl, isopropyl, cyclohexyl). A
detailedNMR study of the polymers permitted to assign them an
alternating cis-1,4-alt-3,4 structure. A structure of this type is
rather unusual in the field of diolefins stereospecific polymeriza-
tion, and only few cases have been reported in the literature. An
interpretation for the formation of such a polymer is proposed.

Furthermore, this particular structure, with alternating se-
quences of in-chain and side-chain double bonds, makes this
polymer of potential interest in view of a possible selective
functionalization of the different double bonds; work on this
point is still in progress.
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