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Abstract: Telechelic o,w-iodo-vinyl-polyethylenes (Vin-PE-I)
were obtained by catalytic ethylene polymerization in the
presence of [(CsMes),NdCLLi(OE,),] in combination with
a functionalized chain-transfer agent, namely, di(10-undece-
nyl)magnesium, followed by treatment of the resulting
di(vinylpolyethylenyl)magnesium compounds ((vinyl-PE),-
Mg) with I,, The iodo-functionalized vinylpolyethylenes
(Vin-PE-I) were transformed into unique divinyl-functional-
ized polyethylenes (Vin-PE-Vin) by simple treatment with
tBuOK in toluene at 95°C. Thiol-ene reactions were then
successfully performed on Vin-PE-Vin with functionalized
thiols in the presence of AIBN. A range of homobifunctional
telechelic polyethylenes were obtained on which a hydroxy,
diol, carboxylic acid, amine, ammonium chloride, trimethoxy-
silyl, chloro, or fluoroalkyl group was installed quantitatively
at each chain end.

With more than 120 million tons produced each year,
polyolefins remain by far the most important class of thermo-
plastics.!l Despite this great popularity, the ready introduc-
tion of reactive groups into these nonpolar materials is still an
important target. Indeed, the addition of functionality to
polyolefins is a way to widen the field in which polyolefinic
materials may be applied, either by direct use of the obtained
polymers or by their use as a nonvolatile additive in polyolefin
batches.

Several methods have been investigated for the produc-
tion of functionalized polyolefins.” Among them, the most
valuable are of course those which take into account as much
as possible the industrial constraints (cost of production and
of raw materials). A limited range of functionalized polyole-
fins are produced by either radical polymerization of ethylene
and polar monomers, such as vinyl acetate, under harsh
conditions or postmodification by reactive extrusion;*! how-
ever, as far as we know, there are no industrially viable
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equivalent products produced by olefin-polymerization cat-
alysis.[¥

The field of olefin-polymerization catalysis has witnessed
the development of controlled olefin polymerization under
catalytic conditions, namely, coordinative chain-transfer
polymerization (CCTP)®! or catalyzed chain growth
(CCG)," as originally coined by Samsel et al.”! Control of
the polymerization is based on a mechanism of degenerative
transfer, which is similar to the process of reversible addition—
fragmentation chain transfer (RAFT) in controlled radical
polymerization.®! An organometallic species is used as
a chain-transfer agent in a system that is insensitive to the
well-known and intrinsic $-H elimination reaction. After the
consumption of the required quantity of the olefin for the
production of polymers with the targeted molar mass, the
polyolefin chains are thus bound to a metal center.’®%°1 We
have taken advantage of the reactivity of polymer chains
bound to a metal to develop a range of chemical tools for the
end-functionalization of polyethylene chains.'” The catalytic
system of [(CsMes),NdCLLi(OEt,),] in combination with
(n-butyl)(n-octyl)magnesium! was used to produce di(poly-
ethylenyl)magnesium (PE,Mg) according to a catalyzed
chain-growth process in which the chains grow on the Nd
center and are reversibly transferred to magnesium. We also
recently demonstrated that the selective and quantitative
introduction of a vinyl group at the a position of polyethylene
chains is possible by CCG of polyethylene onto a neodymium-
based catalyst in the presence of a functionalized chain-
transfer agent (CTA), namely, di(10-undecenyl)magnesium.
A functionality was further installed at the w chain end simply
by deactivation of the formed di(vinylpolyethylenyl)magne-
sium compounds ((vinyl-PE),Mg). This synthesis was the first
example of the production of telechelic polyethylenes by
polymerization catalysis of ethylene."'! Heterobifunctional
telechelic polyethylenes with a vinyl a end group and a —I,
—N;, -NH,, —=SC(= S)NEt,, or —SC(=S)OEt group at the ®
chain end were obtained in high yield. A different strategy
based on the use of zinc complexes as chain-transfer agents to
prepare telechelic polyethylenes was described shortly after
this first report."

The vinyl functionality possesses the double advantage
that it remains a reactive group even though the correspond-
ing polymers can be stored easily When an olefin is
polymerized by coordination catalysis, side reactions of $-H
transfer (elimination or transfer to the monomer) intrinsically
lead to the formation of vinyl-terminated polyolefins. Several
attempts have thus been made to render this reaction
quantitative and take advantage of the formation of these
chains for the further introduction of functional groups'¥
and have showed the usefulness of such a group for further
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functionalization.'”) Recently, Bazan and co-workers!']
showed that a,m-divinyl-functionalized polyolefins could be
obtained by a strategy based on the depolymerization of
unsaturated polyolefins,'”! such as copolymers of ethylene, 1-
octene, and butadiene, in the presence of olefin, metathesis
catalysts in combination with ethylene (ethenolysis).

Herein, we report the facile preparation of these unique
divinylpolyethylene building blocks with a vinyl group at each
chain end. This material was then used as a reactant for the
design of a vast range of homotelechelic polyethylenes on the
basis of thiol-ene chemistry.!"*!

Neodymium metallocenes have shown a unique ability to
catalyze polyethylene-chain growth on dialkyl magnesium
compounds used as chain-transfer agents.”) We recently
reported the use of di(10-undecenyl)magnesium (CH,=CH-
(CH,)o),Mg, BUM) as an original dialkenyl magnesium chain-
transfer agent (CTA) for the quantitative synthesis of well-
defined vinyl-terminated polyethylenes."!! The integrity of
the vinyl group was maintained by tuning the number of
methylene groups between the metal and the vinyl group in
the dialkenyl magnesium reagent to preclude the formation of
thermodynamically favored five- or six-membered rings.'!]

The polymerization of ethylene with [(CsMes),NdCLLi-
(OEt,),] and BUM (Mg/Nd 150:1) in toluene was commenced
at 75°C and proceeded rapidly to produce di(vinylpolyethy-
lenyl)magnesium ((Vin-PE),Mg). Iodo end-functionalization
is valuable, since it turns the nucleophilic end carbon atom of
PE,Mg into an electrophilic carbon atom in PE-L!"Y Fur-
thermore, the reaction was performed directly in the reactor
after ethylene polymerization, with simple I, as the reactant,
and led to highly functionalized PE chains (> 90 %).

The (Vin-PE),Mg intermediate was thus subjected to
cooling to 10°C, followed by stirring with an iodine solution in
THF for 1 h. As expected, high functionality of Vin-PE-I was
observed (>93%) for a range of targeted molar masses
(experiments A, B, and C in Table 1). Low dispersities were
observed in each case (D < 1.18). The introduction of chain
ends on a short PE molecule may impact the elution of the

Table 1: Characteristics of vinyl-terminated telechelic polyethylenes.

Vin-PE-X M, M, D Vinyl-d . —cH,M
[gmol™"]  [gmol P
A (X=1) 9308 640 105 1 0.95 0.05
B (X=1) 13401 980 105 1 0.95 0.05
C (X=1) 24308 1860 118 1 0.93 0.07
A (X=Vin)  870¢ 625 1.5 1.95 - 0.05
B’ (X=Vin) 16001 1220 116 1.95 - 0.05
C' (X=Vin) 24904 1900 122 1.91 - 0.09

[a] The number-average molar mass (M,) was determined by '"H NMR
analysis of Vin-PE-| by integration of the signals for the main methylene
hydrogen atoms (I_y,), for the vinyl hydrogen atoms (/cy,—c-), and for
the methylene group adjacent to the iodo group (I_cy,), and by using the
equation M, =21[(I-cn,-+ I-cr,1) /lcn,=cn-] + 154. [b] The M, value was
determined by high-temperature SEC (HTSEC) by using PE standards.
[c] The M, value was determined by '"H NMR analysis of Vin-PE-Vin by
integration of the signals for the main methylene hydrogen atoms
(I-(cty-) and for the vinyl hydrogen atoms (Icyy,—cy-), and by using the
equation M, =42[l_ ¢y, /lcy,~cn-] + 54
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resulting polymers and explain slight discrepancies observed
between the M, values determined by "H NMR spectroscopy
and size-exclusion chromatography (SEC), whereby the latter
data were obtained on the basis of PE calibration.

These iodo-functionalized vinylpolyethylenes (Vin-PE-I)
were treated with potassium fert-butoxide (rBuOK, 10 equiv)
in toluene at 90°C. As attested by '"H NMR spectroscopic
analysis (Figure 1), the resonances of the methylene groups
adjacent to and at the f position to the iodo group (at 2.94 and
1.66 ppm, respectively, in Figure 1a) completely disappeared
in the spectrum of the obtained divinylpolyethylenes (Vin-
PE-Vin, in Figure 1b).

BC NMR spectroscopic analysis confirmed the quantita-
tive transformation of the iodo chain end into a vinyl end
group (see Figures S1 and S2 in the Supporting Information),
as attested by the disappearance of the characteristic carbon
resonance of the methylene group adjacent to the iodo group
at 4.96 ppm (see Figure S1). The desired divinylpolyethylenes
were thus readily obtained through quantitative transforma-
tion of the iodo group (A’, B, and C' in Table 1). The
employed chemistry does not affect the integrity of the main
chain, as similar molar masses to those of the starting Vin-PE-
I polymers were observed for the product and remained
narrowly distributed (P < 1.22).

Up to now, the main methods for the synthesis of
telechelic PEs have involved polymerization of butadiene,
followed by functionalization and hydrogenation,'®! or partial
hydrogenation of polybutadiene, followed by degradation of
the internal double bond by metathesis,"® or ring-opening
metathesis polymerization of a cyclic olefin, followed by
functionalization and hydrogenation.” In these strategies,
systematic recourse to a hydrogenation step to generate the
polyethylene chain would require the vinyl groups to be
installed after hydrogenation. These new Vin-PE-Vin build-
ing blocks are unprecedented and have the advantage of
being obtained after a single chemical step following the
deactivation of the ethylene-polymerization reaction mixture
with L,.

As mentioned above, the reactivity of end vinyl groups
carried by polyolefin chains has already been evaluated, in
particular by the use of thiol-ene chemistry for polyethylene
or polypropylene.***2 With a view to designing original
PE-based building blocks, we naturally evaluated the reac-
tivity of the new divinylpolyethylenes by subjecting them to
thiol-ene reactions with functional thiols.

In the field of polymer science, alcohols are employed as
efficient initiating sites for the ring-opening polymerization of
heterocycles or as a starting reactive group for further
transformations. Therefore, hydroxy-end-functionalized poly-
olefins are of interest for the synthesis of block copolymers.
This OH group can be introduced onto polyolefins by
oxidation of the metal-carbon bond with dry air.”!! However,
this reaction proceeds in moderate yield (<80% function-
ality) and through the potential formation of explosive
peroxides. To introduce hydroxy groups at both chain ends
of PE, we thus treated Vin-PE-Vin with mercaptoethanol
(10 equiv) in the presence of azobisisobutyronitrile (AIBN,
0.5 equiv) as a radical source. The polymer recovered was
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Figure 1. "H NMR spectrum of a) product C (Vin-PE-I) and b) product C’ (Vin-PE-Vin).

analyzed by '"H NMR spectroscopy (Figure 2) and compared  this strategy as compared to the aforementioned carbon—
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Scheme 1. Homobifunctional telechelic polyethylenes obtained by the thiol-ene reaction of various functional

thiols with divinyl telechelic polyethylene.

shows the potential of these divinylpolyethylenes as inter-
mediates for the synthesis of other telechelic PEs of interest.
On the basis of these results, we investigated the reaction of
arange of reactive thiols, such as 3-mercaptopropionic acid, 2-
mercaptoethanol, 1-thioglycerol, 3-chloro-1-propanethiol, 2-
(tert-butoxycarbonylamino)ethanethiol, 2-mercaptoethyl-
amine hydrochloride, (3-mercaptopropyl)trimethoxysilane,
and 1H,1H,2H2H-perfluorodecanethiol (Scheme 1). All
functionalization reactions were performed under the same
conditions, and all but two proceeded quantitatively (see
Figures S4-S10).

The addition of thioglycolic acid to the vinyl groups in the
presence of AIBN did not occur to 100% functionalization
(maximum of 95%). The number of methylene spacers
between carboxylic acid and the thiol groups was then
advantageously increased by the use of 3-mercaptopropionic
acid. The addition reaction then led quantitatively to the
desired product HCOOC-PE-COOH under the same exper-
imental conditions.

The addition of cysteamine and cysteamine hydrochloride
to Vin-PE-Vin failed. The presence of HCI in the reagent
makes it hygroscopic and also only weakly reactive in this
thiol-ene radical addition, as observed previously.”” The use
of the neutral compound 2-(zert-butoxycarbonylamino)etha-
nethiol led to the quantitative functionalization of Vin-PE-
Vin (see Figure S7). After deprotection with acidic methanol,
followed by neutralization with sodium hydroxide, the
targeted polmer NH,-PE-NH, was obtained quantitatively
(see Figure S8).
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ethylenes from polyethylene
by catalyzed chain growth
after simple and efficient
treatment with iodine and
BuOK. The resulting vinyl
end groups were readily
transformed into a variety
of reactive functionalities.
The synthesized homobi-
functional telechelic poly-
ethylenes were character-
ized completely by 'H and
BCNMR spectroscopy and
by HTSEC. This strategy
o} provides a generic and
viable route to designed
reactive polyethylene
chains that may offer
numerous advantages in
the vast field of the applica-
tion of polyolefin-based
materials, including the use
of telechelic PEs as como-
nomers, chain-branching
agents, cross-linking agents,
and additives as surface modifiers and for the dispersion of
fillers in polyolefins.

Keywords: functionalization - polyethylene - polymerization -
telechelic polymers - thiol-ene reactions
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