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Abstract

Oligoisoprene macromonomer, which bears a terminal vinyl group, was prepared by the metathesis degradation of high-
molecular-weight polyisoprene with ethylene for coordination polymerization. The ethenolysis of polyisoprene using the 2nd-
generation Grubbs catalyst (G2) at ambient pressure gave heterotelechelic (a-vinyl-w-vinylidene) oligoisoprene, keeping the
stereoregularity in high yield, whereas the 1st generation Grubbs catalyst was immediately deactivated. In such metathesis
degradation, an intramolecular side reaction giving cyclic oligomers may be competitive, but ethenolysis proceeded with high
selectivity, probably because of the least steric effect of ethylene. The ethenolysis is also applicable for the degradation of
natural rubber-derived polyisoprene, although the catalytic activity decreased. The prepared oligoisoprene macromonomer was
successfully copolymerized with ethylene using a phenoxyimine-ligated titanium catalyst, and the reactivity of the
macromonomer was almost the same as that of 1-hexadecene. The oligoisoprene-grafted polyethylene showed a typical stress—
strain curve, of which the tensile modulus and yielding stress are comparable to those of linear low-density polyethylene.

Introduction of polybutadiene and polyisoprene (PIP), including

Olefin metathesis is an essential fundamental reaction in
polymer chemistry that is applied to ring-opening metath-
esis polymerization (ROMP) and acyclic diene metathesis
polymerization (ADMET) [1-4]. The design of alkylidene
catalyst enables the promotion of ROMP in a living manner
and/or a stereospecific manner, which can give various
shapes of polymers, such as bottlebrush polymers, cyclic
olefin polymers, and other block copolymers. Moreover, the
cross-metathesis reaction between different polymers can be
an efficient method to reach multiblock copolymers.

The metathesis reaction is also effective for the degra-
dation of polymers possessing C=C double bonds in
the main chain. In particular, metathesis degradations
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natural rubber, have vigorously been investigated, aspiring
to the upcycling of rubber materials. In view of the degra-
dation process, the low operation temperature of metathesis
is advantageous over pyrolysis and anionic degradation
[5, 6].

Degradation using internal olefins having o,w-bifunctinal
groups, giving telechelic oligomers, is one of the possible
candidates for the efficient transformation of polydienes. For
example, chain scission reagents possessing functional
groups [7-9] or initiators of controlled radical polymeriza-
tions [10] and plant-derived reagents [11] have been applied
for various applications. In these degradations, the molecular
weight of the polymer is controlled by the amount of chain
scission reagents. Ethylene is also a possible chain scission
reagent, giving vinyl-terminated telechelic polymers [12].
The obtained oligomers are equivalent to vinyl hydrocarbon
monomers suitable for coordination olefin polymerization. In
polyolefin chemistry, the introduction of saturated long-chain
alkyl branches by copolymerization is important because it
often improves the mechanical properties of polyethylene and
polypropylene. Vinyl-terminated oligodienes can be an
alternative to «-olefins if they are easily accessible from
inexpensive feedstocks such as waste rubber. Previously,
oligoterpenes [13], trans-1,4 PIP [14], or partially hydro-
genated PIP [15] were successfully degraded to oligomers by
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metathesis with ethylene, although the oligomer has not been
fully characterized in some examples.

Intermolecular metathesis degradation using chain scis-
sion reagents can be competitive with intramolecular degra-
dation. Metathesis degradation of polydienes without a chain
scission reagent often gives a mixture of small oligomers
because of the back-biting reaction. Such degradation pro-
ceeds even for crosslinked polydiene materials [16]. For
cross-metathesis to synthesize block copolymers or macro-
monomer synthesis, the prevention of overdegradation would
be important to achieve a high yield [17, 18]. On the other
hand, for ultrahigh-molecular-weight polydienes, pretreat-
ment to reduce the molecular weight is sometimes important
for the controlled synthesis of telechelic polydienes and
polydiene-based block copolymers [19, 20].

The metathesis degradation behavior of PB has recently
been precisely investigated. The most thermodynamically
stable product is a cyclic trimer consisting of a C;, skeleton,
and larger C4-Cy4 oligomers are kinetically obtained by the
degradation of cis-1,4 polybutadiene using ruthenium cat-
alysts [21]. The ratio of Cj, and larger oligomers can be
controlled by catalyst design, and indenylidene ruthenium
catalysts are more effective for obtaining macrocyclic oli-
gomers. On the other hand, the metathesis degradation
behavior of PIP has not been investigated, although the
thermodynamic stability of dimers and trimers derived from
PIP has previously been computationally discussed [22].

In this context, we were interested in the preparation of a
telechelic PIP macromonomer for vinyl polymerization using
ethenolysis of cis-1,4 PIP. Telechelic oligomers with a
molecular weight of several thousand have been previously
reported using various 1-alkenes and stilbenes [23], and our
work aims to synthesize much shorter oligomers for macro-
monomers. PIP-based macromonomers for graft copoly-
merization with ethylene and propylene have previously been
prepared by anionic oligomerization, which gave poly-
isoprene with 69% cis-1,4, 23% trans-1,4, and 7% 3.4 units
[24]. The ethenolysis of high cis-1,4 polyisoprene should
give more stereoregular oligomers. The competitive metath-
esis degradation behavior of synthetic PIP and natural rubber
without chain scission reagent was also investigated for
comparison. Additionally, we performed the copolymeriza-
tion of ethylene with the obtained oligoisoprene and suc-
cessfully obtained oligoisoprene-grafted polyethylene.

Experimental procedure

General

All manipulations were performed under an atmosphere of
nitrogen using standard Schlenk line techniques. Dry

toluene and dichloromethane (Kanto Chemical Co. Inc.)
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were purified using an organic solvent purifier (Glass
Contour) or dried on Molecular Sieves 3 A before use.
Ethylene gas (Sumitomo Seika Co. Ltd.) was used by
passing the gas stream through Nikka Seiko GC-RP and
DC-A4 columns prior to use to remove trace amounts of O,
and water. Synthetic polyisoprene (1,4- content=95%,
M, = 13000, P =2.9) and natural rubber (1,4- content =
99%, M, = 8900, b =3.7) were purchased from Aldrich
and used after reprecipitating the polymer solution in THF
into excess methanol and drying under vacuum. Half-
titanocene Til and phenoxyimine-ligated titanium complex
Ti2 were synthesized according to the literature [25, 26].
Other materials were used as purchased.

"H NMR spectra were recorded on a Varian 500 NMR or
a JEOL Lambda500 spectrometer. The obtained spectra
were referenced to the signals of residual traces of the
partially protonated solvent ['H: &y (CHCl3) =7.26 ppm,
8u (C,DHCI,) = 5.91 ppm] or solvent ['*C: ¢ (CDCl3) =
77.1 ppm, 6p (C,D,Cly) = 74.7 ppm]. GC-MS analysis was
performed on a Shimadzu GCMS-QP2010SE spectrometer
equipped with a Restek Rxi-5Sil MS column
(0.25 mmx30m). The molecular weight of the obtained
polymer was determined by GPC on a TOSOH HLC-8320
(T=40°C; eluent: THF) or a Malvern GPC-350HT
(T=130°C, eluent: o-dichlorobenzene) chromatograph
calibrated with polystyrene standards. The concentration of
polymers in the injected solutions was ca. 3 mg/mL, and the
injection volume was 0.2mL. DSC measurements were
performed on a SHIMADZU DSC-60 system with a tem-
perature elevation rate of 10°C min~'. A polymer sheet
with a thickness of 1 mm was fabricated by pressing the
polymer at 150 °C and 20 MPa for 5 min using a pair of
stainless plates with Teflon spacers. A dumbbell-shaped
specimen with a 12 mm X 2 mm size was cut from the film
and used for the mechanical test. Tensile tests were per-
formed using an A&D RTC-1210A tensile tester at 25 °C

and a constant crosshead speed of 10 mm min™".

Ethenolysis of cis-1,4 PIP

As a representative procedure, run 10 in Table 1 is descri-
bed. In a 100-mL two-necked flask, synthetic PIP (680 mg,
10.0 mmol) was charged and dissolved in CH,Cl,
(26.5mL). Nitrogen in the headspace of the flask was
evacuated under vacuum, and ethylene gas was backfilled
until saturation at room temperature. A solution of 2nd
generation Grubbs catalyst (G2, 10 mg, 12 umol) in CH,Cl,
(1 mL) was added to the solution to initiate ethenolysis.
After 15 h, the reaction was terminated by adding MeOH,
and the solution was filtered through silica gel to remove the
ruthenium catalyst. Removal of the solvent under vacuum
conditions gave 547 mg (80%) of telechelic oligomer as a
yellowish oil.
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I’?l?h(aﬂ;n Eﬂg(‘)‘(’)lg’sg ‘;f ;?g;theﬁc Run [C=Cl/cat. Temp. (°C) Time (h) Insoluble fr. MeOH soluble fr.
using a second-generation Yield (%) M,> (10 B  Yield (%) M,> (10%) B®
Grubbs catalyst (G2)*
250 rt 1 15 2.7 1.3 37 1.3 1.6
2 610 It 1 25 2.9 2.1 46 2.0 1.6
3¢ 610 It 1 30 5.4 27 48 4.6 2.1
4 1220 t 1 69 5.5 2.7 17 2.5 2.2
5 610 rt 2 11 2.1 1.3 57 1.2 1.5
6 610 rt 4 11 1.9 1.4 46 0.9 1.4
7 610 It 24 Trace - - 55 0.9 1.3
8 610 50 1 Trace - - 61 0.7 1.1
9 610 100 1 Trace - - 70 0.6 1.1
109 833 t 15 Trace - - 80 1.3 1.1
11° 610 rt 15 Trace - - 84 3.2 1.7

“Degradation conditions: [G2] = 12 umol, [ethylene] = 4 atm, solvent = toluene (27.5 mL)

°Determined by GPC calibrated with polystyrene standards

°[G2] is 24 umol
d[ethylene] =1atm

°Polyisoprene from natural rubber (M, = 8900, P =3.7) was used

Metathesis degradation of cis-1,4 PIP without chain
scission reagent

In a 100-mL two-necked flask, PIP (200 mg, 3.0 mmol) was
charged and dissolved in CH,Cl, (9 mL). A solution of G2
(4.2mg, 5 pmol) in CH,Cl, (1 mL) was added to the
solution to start degradation. An aliquot of solution
(0.2mL) was taken after certain reaction times (1 and
3 hours) and poured into THF containing ethyl vinyl ether
to terminate the metathesis reaction. The resulting solution
was analyzed by GPC. After 16 h, the reaction was quen-
ched by ethyl vinyl ether, and the solution was con-
centrated. A total of 158 mg (79%) of the oligomer was
recovered as a brown oil.

Copolymerization of ethylene and telechelic
oligoisoprene

In a 100-ml 2-necked glass reactor, telechelic oligoisoprene
macromonomer (360 mg, M, =720, 0.50 mmol as vinyl
monomer) was charged and dissolved in 13 mL of toluene.
Then, a solution of MAO in toluene (2.8 M, 1.0mL,
2.8 mmol) was added and stirred for 1 min. Nitrogen in the
headspace of the flask was evacuated under vacuum, and
ethylene gas was backfilled until saturation at room tem-
perature. The polymerization was started by adding a
solution of catalyst Ti2 (7.3 mg, 10 umol) in toluene
(1.0mL) under ethylene flow. After 10 minutes, poly-
ethylene started to precipitate, and the polymerization was
terminated by pouring the resulting solution into acidic
methanol (200 mL) containing concentrated hydrochloric

acid (4 mL). The precipitated polymer was collected by
filtration, washed several times with CH,Cl,, and dried
under vacuum for 6h. A total of 213 mg of colorless
semicrystalline polymer was obtained.

Results and discussion

Ethenolysis using Grubbs’s ruthenium alkylidene catalyst
was attempted for commercially available synthetic PIP
(M, =13000, Bb=2.9, cis-1,4 content = 86%) under pres-
surized conditions (Scheme 1). The nd generation Grubbs
catalyst (G2), which was effective for metathesis degrada-
tion using other chain scission reagents, gave a good result
for the ethenolysis of synthetic PIP (Table 1). The 1%
generation Grubbs catalyst (G1) gave an almost quantitative
recovery of the starting polymer, probably because of the
decomposition of the catalyst. Bubbling ethylene into a G1
solution in toluene immediately turns the catalyst solution
color purple to greenish brown, indicating that the generated
ruthenium ethylidene complex is very unstable.

At any catalyst loading per C=C double bond in the
polymer, a decrease in molecular weight was observed in one
hour (run 1-4). The resulting oligomer was roughly fractio-
nated by precipitating a relatively high-molecular-weight
oligomer into excess methanol. The oligomer was not quan-
titatively recovered, probably because a very small amount of
product, such as monomers and dimers, was evaporated when
drying the methanol-soluble fraction. Indeed, GC-MS analysis
of the product solution showed the presence of a compound
with a mass-to-charge ratio (m/z) of 81, indicating the
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formation of 2-methyl-1,5-hexadiene via ethenolysis of two
C=C double bonds located next to each other.

The 'H NMR spectrum of relatively low molecular
weight fractions newly showed two signals at 5.0 and 4.7
ppm, which can be assigned to a pair of vinyl and vinyli-
dene protons at the chain end in a 1:1 integral ratio (Fig. 1).
These pairs of terminal olefins are also observed in the '*C
NMR spectrum at 145.8, 138.6, 114.4, and 109.8 ppm as a
new series of signals, clearly indicating that heterotelechelic
oligoisoprene was successfully obtained (Supplementary
Fig. S5 in the supporting information). The APCI-MS
spectrum of the resulting polymer also showed a series of
peaks with multiple m/z values of 68 and residual 28
(C,Hy), indicating the formation of a heterotelechelic
polymer via ethenolysis (Supplementary Fig. S6 in the
supporting information).

The stereoregularity of the resulting oligoisoprene cal-
culated from 'H and 3C NMR was cis-1,4:trans-
1,4:3,4 =86:9:5, which was the same as the original
structure, indicating almost no isomerization reaction during
the metathesis degradation. The regulated structure was in
contrast with the WClg/SnMe, catalyst system, giving a
mixture of saturated hydrocarbon oligomers [27]. In this
case, the C=C double bond of the oligomer may be con-
sumed by the in situ-generated cationic metal species, fre-
quently seen in the cationic polymerization of dienes [28].

Cat.
— = m p— p—
+mZ toluene
X y

T
Cl.,. NN

Ru=\  G1(L=PCy) Mes
CI”| Ph G2(L=IMes) T

PCys IMes

Scheme 1 Ethenolysis of PIP

Prolonging the reaction time decreases the molecular
weight of telechelic PIP to below 1000 after reacting for 24 h
(runs 5-7). Raising the reaction temperature above 50 °C
gave almost the same result in a short time (runs 8 and 9).
Finally, the reaction at ambient pressure gave the best result
in terms of yield, indicating that avoiding overdegradation is
the key to the selective formation of oligomers (run 10). This
ethenolysis is also effective for the degradation of PIP iso-
lated from natural rubber, although the reaction is slower than
the synthetic PIP because a small amount of impurity par-
tially deactivated the catalyst (run 11).

In these resulting oligomers, the calculated molecular
weights from the ratio of the alkenyl main chain and
vinylidene protons in the 'H NMR spectra showed almost
the same or slightly less value than those from GPC cali-
brated with polystyrene standards, which is nicely explained
by the Mark-Houwink coefficients of these polymers [29].
This result shows that unreacted PIP or cyclic oligomers
derived from back-biting are scarcely obtained. The mole-
cular weight dependence on the glass transition tempera-
tures of the obtained oligomers followed the Flory-Fox
equation (Fig. 2) [30]. Considering that these oligomers are
used as a macromonomer, controlling the glass transition
temperature would be important for controlling the physical
properties of the final copolymer.

Metathesis degradation in the absence of a chain scission
reagent was also investigated (Scheme 2). The reaction with
G2 led to the degradation of PIP to give a methanol-soluble
fraction with a number-average molecular weight (M,) of
820 after 15h, which is comparable to the results of ethe-
nolysis. The product distribution cannot be determined
because no significant peak was detected by GC-MS ana-
lysis, and "H NMR typically showed signals for cis-1,4-rich
polyisoprene without detectable chain ends. A reaction
using a mixture of PIP with different molecular weights

Fig. 1 'H NMR spectrum of
heterotelechelic oligoisoprene H, H
obtained in Table 1, run 2 He| _ N / Hs [ S
3 0
(500 MHz, in CDCl3) H, Hy - " Hy H, <
\ Hv
He :j Hy, Ha, Hy
. w A Average Mw :
T = 68 x (1 +18.33 +(3.96-2) / 2) = 1380
S8 56 54 52 50 48 46 - 0 S
S [« @ j
- J=brm
T T T T T T [ T
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
&/ ppm
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Fig. 2 Relationship between the glass transition temperature and
molecular weight of the obtained heterotelechelic oligoisoprene

1h: M,=9400, D =26
~ G2 (Spmmol) 511 4 Z6900 B =20
CH,Cl, (10 mL
* e 2 ( ) 16 h: M, =820, D=23
200 mg 79 % yield
M, = 13000
p=29

Scheme 2 Metathesis degradation of PIP using G2

was investigated to reveal the detailed mechanism of
metathesis degradation (Fig. 3). The transition of GPC traces
showed that the bimodal mixture once became multimodal
and converged to a single-modal, low-molecular-weight
distribution. These results indicated that both intermolecular
back-biting and intramolecular cross-metathesis reactions
occurred during degradation, finally giving macrocyclic oli-
goisoprene. In the ethenolysis condition, such metathesis
equilibrium may also be present, but the reaction with ethy-
lene more selectively occurs because of the steric effect. No
degradation occurred with G1 under the same conditions,
which promoted the degradation of polybutadiene and
selectively gave oligobutadiene macrocycle [21], probably
because of the low reactivity toward trisubstituted olefins.
Here, deactivation of the catalyst did not appear to occur
because the purple color of the solution did not change after
the reaction.

The synthesized oligoisoprene was applied as a macro-
monomer of coordination olefin polymerization. First, we
attempted homopolymerization of the oligoisoprene using
the half-titanocene catalyst Til, which promoted various
homopolymerization and copolymerizations of a-olefins
[31], but the macromonomer was recovered after the reac-
tion (Scheme 3).

Then, we investigated the copolymerization of oligoiso-
prene with ethylene using the phenoxyimine-ligated

G2 (30 pmmol) 1h: M,=7300, =33
2h: M,=6900,Db=2.1

6h: M,=4200,D=1.9

PIP 1/2
800 mg, 1:1(W/W) CH,Cl, (50 mL)
rt

—PIP 1
—PIP 2
—1h
—2h
—6h
3 4 5 6 7
Log M

Fig. 3 GPC trace during the metathesis degradation of the PIP mixture
(PIP 1: M, =19000, b = 2.6, PIP 2: M,, =44000, b =2.1) by G2

Ti1 (10 ymol)
MMAO (2.0 mmol)

BHT (0.30 mmol)
— — No reaction
toluene (5 mL)
y rt, 6 h
200 mg o

M, =1000,D=1.5

A
~Si ,TiMe,
/ N

“~  Ti1 BHT

Scheme 3 Attempt for homopolymerization of oligoisoprene

macromonomer

titanium catalyst Ti2, which was effective for the copoly-
merization of ethylene and various a-olefins [32]
(Scheme 4). Copolymerization at ambient pressure and
temperature successfully gave oligoisoprene-grafted poly-
ethylene (Table 2, run 2). The unreacted macromonomer
can be removed by washing the polymer several times with
CH,Cl,. The purified graft copolymer was completely
soluble in o-dichlorobenzene or tetrachloroethane at high
temperatures. A comparison of GPC traces between the
obtained copolymer and oligoisoprene macromonomer
clearly showed that residual macromonomer was com-
pletely removed from the copolymer (Fig. 4). Moreover, in
the '"H NMR spectrum of the copolymer, signals of cis-1,4-
rich polyisoprene and polyethylene were observed (Fig. 5),
and signals of terminal vinyl groups in addition to the 1,2-
sequence were not observed. The spectrum showed that the
C=C double bonds in the oligoisoprene main chain were
not consumed during the polymerization, whereas terminal
vinyl groups reacted by copolymerization. Assuming that
the number-average molecular weight of the macro-
monomer was 720, which was calculated from the 'H NMR
spectrum of the macromonomer, the incorporation ratio of
the macromonomer was 1.1 mol%. This value implied that
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Scheme 4 Copolymerization of 1,\;& (()1 ?2H8mrglrllol) NCGFS
ethyle.ne and vinyl monomers by =+ P R : o~ /w/ Ticl,
the Ti2-MAO system toluene (15 mL) a 0
(1 atm) rt, 10 min n 2
Ti2
Table 2 Copol.ymenzatlon of Run Comonomer (mmol) Time Yield Comonomer Incorp.® M,* p° T,k AHE (31
ethylene and vinyl monomers by (min) (mg) (mol%) (104 o) o
the Ti2-MAO system®
None 5 662 - 21.6 1.1 135 137
2 PIP macromonomer 10 213 1.1 9.0 2.1 131 125
(0.50)°
3 1-hexadecene (0.64) 10 749 1.2 24.8 1.2 120 75
4 Cyclic PIP oligomer 5 707 0 21.5 1.2 135 135

(0.50)°

“Polymerization conditions: [Ti2] =10 umol, MAO = 2.8 mmol, [ethylene] =1 atm, solvent= toluene

(15mL), temp. =1t

M, = 720, synthesized by ethenolysis

‘M, = 820, synthesized by metathesis without chain scission reagent

4Determined by 'H NMR

*Determined by GPC calibrated with polystyrene standards

Determined by DSC

the macromonomer occupied 20.6 wt% of the graft copo-
lymer. The graft copolymer showed a lower melting tem-
perature (7},) than the homopolyethylene obtained by the
same catalyst system (Table 2, run 1), but it was high for its
composition, probably because polyethylene and grafting
chains formed microphase-separated structures. Neither the
glass transition temperature (Ty) for polyethylene nor oli-
goisoprene was observed. The copolymerization of ethylene
and polyisoprene macromonomer showed lower catalytic
activity than that of ethylene and 1-hexadecene, but the
incorporation ratios of these comonomers were almost the
same (run 3). The oligoisoprene obtained by metathesis
degradation without chain scission reagent did not copoly-
merize with ethylene (run 4). In this polymerization, the
activity was almost the same as that of ethylene homo-
polymerization. The difference in catalytic activity in runs 2
and 4 can be explained as follows: internal C=C double
bonds in the macromonomer could only intercept the
coordination of other olefin monomers when the macro-
monomer was incorporated into the propagating polymer
chain, and its C=C double bonds were located close to the
metal center.

The obtained PIP-grafted polyethylene can be molded
into a specimen with a thickness of 1 mm by pressing the
polymer at 150 °C. The copolymer showed a typical stress—
strain curve with a clear yielding region (Fig. 6). The tensile
modulus (115+ 18 MPa) and yielding stress (10.0+-
0.7 MPa) showed a comparable value with the commer-
cially available linear low-density polyethylene.

SPRINGER NATURE
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Fig. 4 GPC traces of PIP-grafted polyethylene obtained in Table 2, run
2 and the original macromonomer (3.8 mg/mL)

Conclusion

The preparation of heterotelechelic oligoisoprene bearing vinyl
and vinylidene chain ends was successfully achieved by the
ethenolysis of polyisoprene using a G2 catalyst. The molecular
weight of the resulting oligomer can be controlled by the
reaction time and temperature. This method also applies to
natural rubber-based polyisoprene, although the -catalytic
activity was decreased because of impurities. At the current
stage, a highly cis-1,4-rich polyisoprene-based macro-
monomer can only be accessible with our method. During
ethenolysis, intramolecular metathesis equilibrium and inter-
molecular back-biting reactions may also exist. However,
selectivity for ethenolysis would be very high considering the
slight difference in molecular weight determined by GPC and
NMR. The obtained oligoisoprene can be applied as a mac-
romonomer for coordination olefin polymerization. Copoly-
merization with ethylene successfully gave oligoisoprene-
branched polyethylene with a high melting point.
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Fig. 5 '"H NMR spectrum of Hp
PIP-grafted polyethylene Hc o b~
obtained in Table 2, run 2 (in ; - ;_ E d g
C,D,Cl,, 500 MHz, 130 °C) " H, ~ n -
a
Hy | CH,
y
T ™M
R LA S e N g N
51 49 4.7 = = S
Hp
H
H, H, a
J\_)L_JJL
T T T [ [ T T
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
O/ ppm
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