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A chemical recycling of natural rubber waste via a degradation/
polymerisation approach is described. The vulcanized rubber
waste was degraded by cross metathesis with ethyl acrylate as
the key-step yielding enoate end-capped oligo-cis-isoprenes,
which were subsequently converted into norbornenes via a cyclo-
addition reaction with cyclopentadiene. Ring-opening Metathesis
Polymerisation (ROMP) then yielded main-chain unsaturated poly-
mers bearing oligo-1,4-cis-isoprene side chains with appealing
thermal stability and a glass transition temperature of —60 °C.

Natural rubber (NR) is the most widely used feedstock in elas-
tomer production owing to the unique properties of this agri-
cultural product. NR production amounted to about
13.3 million metric tons in 2017 ' and is used in countless
applications spread across many important industries, such as
the chemical, transportation or medical industries. The end-
of-life treatment of such crosslinked thermosets is typically
incineration. However, efforts to chemically recycle natural
rubber products have received ever-increasing importance.”
Cross metathesis with ethene (ethenolysis)® or other alkenes is
thought to be a promising way to convert rubber waste into
feedstock for the chemical industry.! In particular, the com-
mercial availability and the high functional group tolerance of
ruthenium based olefin metathesis catalysts enabled the
preparation of various chain-end functionalized oligomeric
1,4-cis-isoprenes from NR®> and in further course also from
(vulcanized) NR based products. The ethenolysis of end-of-life
tire granulates (containing primarily NR) yielding oligomeric
1,4-cis-isoprene® and the conversion of waste tires into teleche-
lic polyisoprene can be considered as benchmarks in the
field.”

Herein we wish to report our results on using electron
deficient olefins, namely acrylates, instead of ethene or allylic
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olefins as the cross metathesis partner in the degradation of
NR. Related preceding work is restricted to a single patent by
Wagener and Schulz, who disclosed the depolymerisation of
poly(butadiene) with ethyl acrylate or acryloyl chloride.?
Accordingly, this degradation variant is astonishingly under-
developed in face of the high potential established for cross
metathesis of electron deficient olefins and electron rich
olefins,” allowing for example for the preparation of alternat-
ing copolymers by inserting e.g. diacrylates into polymers con-
taining olefins within the main chain.'® Being successful in
this endeavour the degradation products (see 1 in Scheme 1)
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Scheme 1 Synthetic procedure for poly2. Reagents and conditions: (a)
Ethyl acrylate, M51, toluene, 80 °C, 16 h; (b) dicyclopentadiene, 200 °C,
1 h; (c) M2, 80 °C, 2 h. Typical values for the repeating units are: m = 3;
o~04+0.1n=nd.
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will contain a,f-unsaturated ester moieties facilitating various
further transformations.

Herein it is aimed at polymerising the degradation products
again. For this purpose, the reactivity of enoates will be
exploited by performing a Diels-Alder reaction with cyclopen-
tadiene releasing the corresponding norbornene derivatives
(2), which will then be polymerised via ring-opening meta-
thesis polymerisation (ROMP) yielding main-chain unsatu-
rated polymers bearing oligo-1,4-cis-isoprene side chains
(poly2).

The key step, degradation of natural rubber with ethyl acry-
late, was designed with the aim to use an as low as reasonable
catalyst loading. In order to minimize substrate induced cata-
lyst degradation'' a phosphine free catalyst, namely M51,
which is commercialized and showed particularly good per-
formance in the cross metathesis of acrylates and internal
olefins was chosen."?

In a typical experiment, finely chopped natural rubber
gloves were suspended in a mixture of toluene and an excess
of ethyl acrylate (4-5 equiv. in respect to double bonds) under
an inert atmosphere of nitrogen. The reaction mixture was
heated to 80 °C and after approx. 2 h, the catalyst M51
(0.5 mol% with respect to double bonds) was added. After stir-
ring at 80 °C for 16 h, ethyl vinyl ether was added, insoluble
parts were removed by filtration and volatiles were removed
under vacuum. Typically, the crude yield amounted to about
160% in relation to the mass of the NR gloves. The reaction
mixture was investigated with size exclusion chromatography
(SEC) resulting in a molecular mass not higher than 500
g mol™" (degradation of an unvulcanised NR rubber sample of
a molecular mass of about 1 million gave the same result).
"H-NMR investigation of the reaction mixture revealed the
presence of signals characteristic of the expected enoate
moiety as well as of diethyl fumarate and incompletely
degraded natural rubber parts (see the ESIT). Column chroma-
tographic purification allowed for isolation of three fractions
(¢f the ESIt for details). While a first minor fraction (approx.
4% of the recovered material) containing oligomeric isoprene
species was not further characterized, the second fraction
(approx. 84%) consisted of the desired enoates 1 with m = 3.2
(m is the number of NR repeating units, c¢f. Scheme 1),
meaning that on average roughly every fourth double bond of
natural rubber was cleaved by ethyl acrylate. The yield of the
reaction of vulcanized NR towards 1 with m = 3.2 is 69% (for
comparison: the yield of the degradation of native NR is 75%
of 1 with m = 3.0). The third fraction (about 12% of the recov-
ered material) was identified as diethyl fumarate.

Increasing the catalyst loading from 0.5 mol% to 1 mol%
with respect to NR double bonds leads to enoates 1 with m =
1.6 and a slightly better yield of 80%. A further increase to
2 mol% yielded 1 with m = 0.8 in 79%. Decreasing the catalyst
loading to 0.2 mol% caused a distinct drop in yield to less
than 50% and higher m-values of about 15 (SEC: M,, = 1800
g mol™'; P = 2.2). While prolongation of the reaction time to
32 h did not result in further degradation, a shortening of the
reaction time gave 1 with higher m and lower yields so that
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16 h reaction time was regarded as an optimum. Furthermore,
the reaction was carried out in neat ethyl acrylate since it has
been shown that under such conditions particularly low cata-
lyst loadings could be achieved.'® However, in the case of NR
as the substrate, only sluggish degradation but pronounced
dimerization of ethyl acrylate forming diethyl fumarate'* was
noted. The use of methyl acrylate instead of ethyl acrylate
resulted in similar m values but distinctly higher fumarate
ratios as well as lower yields. Performing the NR degradation
without adding ethyl acrylate under otherwise similar reaction
conditions led to a reduction of the molecular mass from
1 million to M;, = 48 000 ¢ mol™" (P = 1.9).

The compound mixture 1 (with m = 1.6) was characterised
in detail using 'H- and '*C-NMR-spectroscopy and GC-MS
investigations (see the ESI{). Compounds 1 with m = 0-3 were
observed in the gas chromatogram and identified by mass
spectrometry. Characteristic peaks in the "H-NMR spectra com-
prise a doublet of triplet at 6.98 ppm and a doublet at 5.83
representing the protons of the electron deficient double bond
in the E configuration and another doublet of triplet at
6.19 ppm assigned to the corresponding Z-isomer (a E/Z ratio
of 92.5 + 0.5/7.5 + 0.5 was observed in all cases). An apparently
broadened multiplet centred at 5.15 ppm represents the olefi-
nic protons of the oligo(isoprene) chain and two signals at
4.70 and 4.66 ppm are assigned to the protons of the methyl-
ene group (see Fig. 1).

For further transformations, 1 with an m-value of approx. 3
was selected and reacted with excess dicyclopentadiene
(DCPD) at 200 °C for 1 h in a Monowave reactor from Anton
Paar.” At this temperature DCPD undergoes a retro-Diels
Alder reaction'® releasing cyclopentadiene, which sub-
sequently reacts with the enoate moieties to give the corres-
ponding norbornene derivatives 2. Moreover, oligomerization
of 2 via further 4 + 2 cycloadditions is most probably feasible
under these conditions.'”” The reaction furnished, after
removal of hydrocarbons (DCPD and its higher oligomers), the
desired product-mixture 2 in typically 95% yield as a low
viscous oil. A minor amount of 5 + 2% of 1 could not be con-
verted into 2, although various reaction conditions were
tested. A separation of residual 1 was not attempted.
Characteristic peaks of the compound mixture 2 in the corres-
ponding "H-NMR spectrum comprise four multiplets in the
range of 6.27-5.89 ppm assigned to the protons of newly
formed double bonds of endo- and exo-substituted norbor-
nenes'® as well as approx. 35% of the corresponding tetracyclo
[6.2.1.1*°.0%>7]dodec-9-ene-4-carboxylate derivatives (the pres-
ence and amount of such derivatives are indicated by the
index o in Scheme 1. Typically o ranged from 0.35 to 0.4 as
assessed by integrating ">C-NMR spectra; see the ESIf). The
occurrence of higher oligomers resulting from further cyclo-
pentadiene  additions could not be ruled out."’
Thermogravimetric investigations revealed a thermal stability
of 174 °C (defined as the temperature at which 5% mass loss
was detected).

As the final step, the polymerisation of the monomer
mixture 2 via ROMP using the fast initiating Ruthenium inde-
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Fig. 1 Details of the *H-NMR spectra of 1 (bottom), 2 (middle) and poly2 (above) showing the assignment of characteristic peaks (* marks residual

CH,Clp).

nylidene complex M31 for solution polymerisation'® or the
initiator M2 for solvent-free polymerisation was conducted.
While the solution polymerisation in dichloromethane at
room temperature with an initiator to monomer ratio of 1:260
yielded poly2 with a number average molecular weight (M,,) of
5000 (P = 2.0), bulk polymerisation with M2 (M2:2 = 1:260,
reaction temperature 80 °C) furnished 96% poly2 character-
ized by a M,, of 4500 and a distinctly broader molecular weight
distribution (P = 4.4). These remarkably low M,-values are
likely caused by cross metathesis reactions competing with the
ROMP of the norbornene moieties. This hypothesis is corrobo-
rated by the fact that after polymerisation no free 1 (which
could not be separated from 2, ¢f above) was detected in the
reaction mixture (although characteristic signals of the enoate
moiety can be seen in the "H-NMR spectra of poly2, ¢f. Fig. 1)
and that lowering the initiator amount to 1:870 did not sig-
nificantly affect the M, value of poly2 (M, = 5500 ¢ mol™"; b =
7.3). The thermal stability of poly2 was at 270 °C, which is
approx. 100 °C higher than that of 2, and poly2 exhibited a
glass transition temperature (7,) of —60 °C.

Conclusions

A way to prepare main-chain unsaturated polymers bearing
oligo-1,4-cis-isoprene side chains starting from natural rubber
waste was presented. The embarked synthetic path comprises
first the olefin metathetic degradation of vulcanized natural

This journal is © The Royal Society of Chemistry 2018

rubber with the aid of ethyl acrylate as the cross metathesis
agent yielding enoate end-capped oligo-cis-isoprenes in high
yields at moderate catalyst loadings. The degree of depolymeri-
sation can be tuned by variation of the catalyst loading. These
liquid primary degradation products contain a single electron
deficient double bond, which distinctly broadens the scope for
further transformations compared to degradation products
from ethenolysis. The second step exploits the reactivity of the
enoate group via transforming it in a solvent-free manner into
the corresponding norbornene derivatives in a Diels-Alder
reaction with cyclopentadiene released from dicyclopentadiene
at high temperatures. In the final third step, these liquid
monomers were polymerised via ring-opening metathesis poly-
merisation. The resulting polymer exhibits a glass transition
temperature of about —60 °C and a thermal stability up to
270 °C and should qualify as a component in vulcanizable
compounds.

Further work on this topic focusing on further simplifying
and optimizing the synthesisi (repress the fumarate for-
mation, decrease the DCPD amount) using the polymer and 1
as components in rubber formulations and further exploiting
the reactivity of the enoate is currently ongoing.
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another batch; and separation of diethyl fumarate is not necessary, since it will
undergo the subsequent Diels-Alder reaction just as the enoates. Surplus DCPD
from the second step is also polymerizable so that all those by-products will end
up in the final polymer.
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