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ABSTRACT: Polymeric materials bearing polar groups constitute

a class of macromolecules with interest in a number of uses. Functionalization
Because the direct synthesis employing polymerization strategies -
from polar monomers is very often precluded by catalyst poisoning transition metal catalysts

or uncontrolled side reactions, the alternative postpolymerization
route consisting in modifying a previously prepared polymer is

s 5 sl o c FG = Functional (polar) groups
continuously progressing. However, such a posteriori modification Boryl, hydroxyl, ketone, carboxylic, epoxy, silyl, aldehyde

depends on the existence of potential reaction sites in the polymer.

Because of this, polyolefins are the most challenging substrates to work with and, among them, the saturated ones. In this
contribution, the current state of the art of the metal-catalyzed modification of polyolefins and subsequent polar group incorporation
is provided.

1. INTRODUCTION problem, copolymerization with appropriately protected mono-
mers has been employed. However, this methodology requires
an additional deprotection step that may also compromise the
integrity of the polymer chain.

An alternative approach for the synthesis of functionalized
polymers that overcomes the above limitations is the so-called
postpolymerization modification (Scheme 1B).'°™"® This
methodology shows several advantages over the direct polymer-
ization of polar monomers. First, any polymer can be targeted
for postpolymerization modification; thus, the development of
new polymerization processes is not a requirement. Second,
polymers with different properties can be obtained from the
same starting material by using different reagents for
modification or by tuning the degree of functionalization. And
finally, it allows the incorporation of functionalities that are
incompatible with the polymerization process. This strategy also
suffers from some limitations, as the need of working in polymer
solutions which may be a challenge in some cases due to the low
solubility of the macromolecules, thus requiring high temper-

Polyolefins are a class of materials obtained at multiton
worldwide scale, which nowadays represent an integral part of
daily life. The popularity of such synthetic polymers stems from
their low price and synthesis from abundant starting materials."”*
This has resulted in a large number of applications for which
these materials are suited such as packaging, food containers,
and household products as well as in sophisticated ones in the
fields of medicine, automotive, and electronics. However, the
lack of polar groups in the backbone of these macromolecules
makes these materials unsuitable for applications that require
good surface adhesion properties, toughness, solvent resistance,
or miscibility with other polymers, among others.> Thus, the
introduction of polar functionalities into nonpolar polymers is
highly desirable since it would increase the number of potential
applications and render these materials even more versatile.
Different strategies have been developed toward that end.
One approach involves the direct copolymerization with
functionalized (polar) monomers (Scheme 1A).*~ This

. . . . . atures or providing low concentration solutions. Alternative
strategy is very attractive since the desired material can be

. . . ) " tactics are based on surface postpolymerization reaction where
obtained with precisely defined molecular weight, composition, . . ) . .14
. N . 389 the polymer is not solubilized but forming dispersions.
and architecture. However, limitations of this approach are™”

C t talyticall ial applicati t postpoly-
(i) the extra synthetic steps required to prepare some not readily urrent noncatalytically commercial applcations ok postpoly

available monomers, (ii) each copolymerization reaction needs a
new optimization process to obtain the desired polymer
composition, and (iii) only limited possibilities of polar
monomers can be introduced in the case of metal-catalyzed
polymerizations reactions. The presence of heteroatoms in the
monomer may either prevent the controlled polymerization or
completely deactivate the metal catalyst. To avoid the latter
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Scheme 1. Functionalized Polyolefins: Alternative Routes
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merization processes are radical reactions or ozone surface
treatments, which show high efficiency.”'>'® However, those
reactions rely on nonselective reagents and very harsh
conditions that result in scission or cross-linking of the polymer
chain. Importantly, even small amounts of those side reactions
can alter the molecular weight distribution of the functionalized
material and erode its mechanical properties.'” When retaining
the properties of the parent material (molecular weight
distribution, polydispersities) is a requirement, the incorpo-
ration of the polar functionality should occur, avoiding any
deleterious side reactions such as C—C bond cleavage or cross-
linking events.

This postpolymerization functionalization strategy relies on
the existence of potential reaction sites in the polymer chains. It
seems clear that the presence of heteroatoms originates more
reactive environments, either at those sites or at the polarized
vicinal C—H bonds. Therefore, there are very many examples of
postpolymerization reactions with polymers already containing
polar groups.'® On the other hand, polyolefins generated from
direct olefin polymerization containing C—C, C=C, and
aromatic groups display a more limited reactivity compared to
those containing heteroatoms. This Perspective focuses on the
progress achieved in postpolymerization functionalization
strategies via metal-mediated processes with those apolar
polyolefins, showing the progress of catalytic reactions that
have been implemented for both saturated and unsaturated
polyolefins. The organization is based on the functional group
incorporated to the polymer chains.

2. METAL-CATALYZED POSTPOLYMERIZATION
PROCESSES

Boryl Group Incorporation. In 2002, Hillmyer, Hartwig,
and co-workers achieved the regioselective functionalization of
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polyethylethylene (PEE) through rhodium-catalyzed borylation
using bis(pinacolato)diboron (B,pin,) followed by oxidation of
the alkylboronate ester.'” The reactions were performed in the
neat polymer substrate at temperatures between 150 and 200
°C, with S mol % of [Cp*RhCl,], as catalyst and various
B,pin,:polymer ratios (Scheme 2A). Oxidation of the borylated

Scheme 2. Borylation of Saturated Polymers with Rhodium

Catalysts
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polymer by H,O, in THF/H,O basic media afforded the
corresponding alcohols. In line with previous observations in the
rhodium-catalyzed borylation of alkanes, this approach resulted
in the regiospecific hydroxylation of the methyl groups of the
side chains. The degree of functionalization increased with
increasing ratios of B,pin,:polymer, although the catalytic
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Scheme 3. Polymer Borylation with Iridium-Based Catalysts and Subsequent Derivatization Reactions
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efficiency dramatically decreased at elevated loadings of B,pin,.
The altered properties of the hydroxylated polymer were stated
by the change in the glass transition temperatures (T,) with
respect to the parent material. In fact, the T, increased nearly 55
°C in the polymer with the higher degree of functionalization
(4.4 wt %).

This methodology was also applied to a series of both model
and commercial polypropylenes (PP) with different molecular
weights and tacticities (Scheme 2B).”” The catalytic efficiency
depended strongly on the steric properties of the methyl groups.
Upon comparison of polymers with different steric pressures
onto the targeted methyl groups, a trend was observed, the less
hindered sites being more prone to functionalization. As shown
in Scheme 2C, such pressure decreases from polypropylene to
poly(ethylene-alt-propylene) (PEP) and poly(ethylethylene)
(PEE). The efficiency of the borylation process was also affected
by the molecular weight of the polymer, although this effect was
less significant compared to the steric effect. In fact, the yield of
borylation of isotactic-PPs decreased from 26% to 5.4% with the
increase of the molecular weight from 17.6 to 66.8 kg/mol. A
more pronounced decrease from 66% to 26% was observed
when moving from ethyl (PEE) to methyl (PP) as the pending
groups. The relative orientation of these side chains of PPs did
not affect the degree of functionalization. Importantly, with this
methodology the functionalized polymers exhibited similar
molecular weight distributions to the precursor polymer.
Furthermore, the versatility of this rhodium-based catalytic
system was demonstrated by using the functionalized polymers
for the synthesis of graft copolymers and as an intermediate for
the incorporation of other functionalities.”' ™

Lee, Noh, Bae, and co-workers developed the borylation of
aromatic C—H bonds of polystyrenes (PSs) with different
tacticities usmg a commercially available iridium catalyst
(Scheme 3).** Catalytic borylation reactions were performed
with B,pin, in cyclooctane at 150 °C. Among all the catalysts
tested, the system [IrCI(COD)],/dtbpy gave the best results
compared with other iridium-based catalysts as well as with the
rhodium complex [Cp*Rh(5*-C4Meg)]. The efficiency of this
approach was remarkable since it allowed the introduction of a
boronate ester group into the aromatic ring of the styrene
repeating unit up to 42 mol %, without affecting the tacticity and
the molecular weight distributions of the initial polymer.
Furthermore, neither the tacticity nor the molecular weight of
the polystyrene chain seemed to affect the degree of
functionalization. Notably, an atactic-PS with M, = 247 kg/
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mol was successfully functionalized in 85% yield by using a
B,pin,-to-monomer ratio of 0.1. However, the use of higher
B,pin,:monomer ratios results in a decrease in the yield of the
borylation reaction. 'H NMR studies on the borylated polymer
indicated the presence of a mixture of meta- and para-
substituted isomers. Interestingly, the ratio of meta- and para-
substituted polymers was found to be 4:3, which is substantially
different from that observed for cumene as a low-molecular-
weight pendant under the same identical conditions (7:3). The
higher percentage of the para isomer is probably due to the
difficulty of the iridium catalyst to reach the more hindered meta
C—H bonds. The aromatic borate groups introduced by this
methodology were used as intermediates for further conversion
to other functionalities. Classical oxidation afforded hydroxy-
lated polymers whereas a variety of new functional groups were
obtained through palladium-catalyzed Suzuki—Miyaura cross-
coupling (Scheme 3).>7* All these processes proceeded
efficiently without observation of deleterious side reactions as
polymer chain degradation or cross-linking reactions.

Another strategy to introduce boryl groups into polymer
chains consists in the hydroboration of materials containing C=
C bonds. Thus, Studer and co-worker achieved the introduction
of alkoxyamines functionalities into a low-molecular-weight
polybutadiene (PBD) via hydroboration with catecholborane
(Bycat,) followed by nitroxide oxidation (Scheme 4).*" The

Scheme 4. Unsaturated Polymer Borylation and Subsequent
Oxyfunctionalization
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reaction was conducted at 0 °C in CH,CI, by using
RhCI(PPh;); as catalyst. The intermediate hydroboration
product was in situ oxidized with different TEMPO derivatives
to afford the corresponding alkoxyamines. '"H NMR studies
showed that hydroboration occurred preferentially at terminal
olefins, and the percentage of unreacted C=C moieties was
~50%. No data on PDI values were provided. In a later report,

https://doi.org/10.1021/acs.macromol.1c00374
Macromolecules 2021, 54, 4971-4985


https://pubs.acs.org/doi/10.1021/acs.macromol.1c00374?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00374?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00374?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00374?fig=sch4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c00374?rel=cite-as&ref=PDF&jav=VoR

Macromolecules

pubs.acs.org/Macromolecules

Scheme S. Catalytic Hydroformylation of Diene-Based Polymers with Cobalt (A) and Rhodium (B—E) Complexes
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the authors used the alkoxyamine-functionalized PBDs as
macroinitiator for nitroxide-mediated polymerization of styrene
and butyl acrylate.”

Aldehyde and Ketone Functionalities. The hydro-
formylation of alkenes using syngas (carbon monoxide and
hydrogen) is a well-known transformation that has been used for
a long time in many industrial processes. The first application of
this methodology for the introduction of formyl groups into
olefinic polymers was reported in 1966.”> The hydroformylation
of different diene-based polymers was performed with the
dicobalt octacarbonyl complex as catalyst, requiring harsh
conditions. Complete conversions were achieved at 180 °C for 3
h, with an initial H,:CO pressure of 2400 psi (Scheme SA).
However, cross-linking reactions, mainly due to aldehyde
polymerization and main-chain degradation, occurred during
the reaction. Milder reaction conditions could be employed
when using rhodium-based catalysts developed by the group of
Wilkinson.”*** The first rhodium-catalyzed hydroformylation of
olefinic polymers was reported in 1974.*° Hydroformylation of a
polypentenamer (M, = 172 kg/mol) containing 99% of
backbone double bonds and only 1% of vinyl side groups was
reported with the Wilkinson’s complex RhH(CO)(PPh;); as
catalyst (Scheme 5B). Incorporation of up to 20 mol % of formyl
groups took place at 40 °C under a total pressure of H,:CO of
400 psi, without significantly altering the molecular weight
distribution of the starting material.

After that initial report, many studies on the hydroformylation
of different polybutadiene (PBD) systems and styrene—
butadiene block copolymers (SBR) were reported using
rhodium catalysts under similar conditions.”” As an example,
Mills and co-workers studied®®*” the hydroformylation of low-
molecular-weight 1,2-PBD and 1,4-PBD in the presence of that
Wilkinson’s catalyst and an excess of triphenylphosphine. They
showed that hydroformylation of 1,2-syndiotactic polybuta-
diene resulted in the selective formation of terminal-branched
aldehydes as the major product with a trace amount of the
iso(secondary)-branched product (Scheme SC). Furthermore,
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the initial rate of hydroformylation of 1,2-syndiotactic
polybutadiene was found to be ~6 times higher than that
observed for the hydroformylation of 1,4-cis-polybutadiene, a
difference attributed to the different accessibility of the carbon—
carbon double bonds. However, GPC analyses revealed that the
hydroformylated products had undergone cross-linking either
during the reaction or during the polymer product recovery step.
They speculated that the altered molecular weight properties of
the hydroformylated polymers might be due to the high excess of
triphenylphosphine used in those experiments (PPhy:Rh =
163:1) which increased the basicity of the solution, thus
promoting the self-aldolization reaction to form condensation
products.

High conversions without side reactions products were
obtained by Alper and co-workers.”” They reported the
hydroformylation of high-molecular-weight styrene—butadiene
copolymers (M, = 200 kg/mol) in the presence of various
rhodium catalysts. Remarkably, under a total pressure of 800 psi
of H, and CO (at 40 °C), full conversion of carbon—carbon
double bonds could be achieved by using [Rh(COD),]BF, or
[Rh(COD)Cl], as the hydroformylation catalyst, although long
reaction times were required (44 h, Scheme SD). The
functionalized polymers were not cross-linked during the
hydroformylation process; however, it was noted that gel
formation occurred after their exposure to air, probably due to
polyacetal formation which occurs in the presence of O,. Under
similar reaction conditions (800 psi of H,/CO at 70 °C),
Rempel and co-workers achieved the hydroformylation of
ultrahigh-molecular-weight cis-1,4-polybutadiene (M, > 2000
kg/mol).*'=* A final conversion of nearly 80% of the C=C
bonds was obtained after 10 h by using the Wilkinson’s catalyst
(Scheme SE). However, no data were provided regarding the
molecular weight distribution of the functionalized polymer.

Transition-metal-catalyzed C—C bond coupling by hydro-
acylation of alkenes constitutes a method to convert an
unsaturated moiety into a ketone functionality. The first
examples of this reaction appeared in the 1980s, but it was not
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Scheme 6. Simultaneous Hydroacylation and Hydrogenation of Phenyl-Terminated PBD
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Scheme 7. Palladium-Catalyzed Hydrocarboxylation (A—D) and Hydroesterification (E) of PBDs
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until 1998 that such strategy to the functionalization of diene-
based polymers appeared.”* Jun and co-workers achieved the
incorporation of ketone groups into the vinyl groups of phenyl-
terminated polybutadienes using a rhodium catalyst along with
2-aminopyridine derivatives (Scheme 6A). This approach
involved one-pot oxidation of a primary alcohol to aldehyde
by transition-metal-mediated hydrogen transfer and hydro-
acylation of the aldehyde to produce the ketone functionality
with the aid of the same catalyst.** Because the alkene acts both
as hydrogen acceptor and as hydroacylation substrate, the
incorporation of ketone functionalities is accompanied by the
simultaneous hydrogenation of the C=C bonds. Hydro-
acylation of mixed PBDs resulted in the selective formation of
terminal-branched ketone functionalities, whereas hydrogena-
tion occurred at both the internal olefins and the vinyl groups. A
maximum of 23% of the total C=C bonds were hydroacylated
by using benzylic alcohol derivatives at 150 °C for 24 h in the
presence of a mixture of RhCl;-H,O, PPhs, and 2-amino-4-
picoline. In a later report, the substrate scope was expanded with
the use of aliphatic alcohols and a,w-diols. Under similar
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reaction conditions, 7—26% of the total alkene functionalities
were hydroacylated.*® The best results were obtained with a,w-
diols with longer alkyl linkers (6—11 —CH,—), whereas no
reaction was observed for @,@-diols bearing shorter linkers, such
as 1,4-butanediol or 1,5-pentanediol (Scheme 6B). The reason
for this lack of reactivity could be attributed to catalyst
deactivation due to the chelation of the diols containing short
alkyl linkers.*®

Carboxylic and Carboxylate Functionalities. A common
method to prepare carboxylated polymers consists in the
catalytic reaction of unsaturated polyolefins with carbon
monoxide and either water (hydrocarboxylation) or an alcohol
(hydroesterification). Thus, the palladium-catalyzed hydro-
carboxylation of different low-molecular-weight polybutadienes
(M, up to 4.5 kg/mol) was reported in 1991 by Cole-Hamilton
and co-workers."” The use of [PdCl,(PPh;),]—SnCl, in methyl
isobutyl ketone at 80 °C in the presence of 1200 psi of CO led to
selective functionalization on the terminal carbon atom of the
vinyl groups (Scheme 7A). When the reaction was performed
with [PdCL,(PPh,),]—PPh; in benzene (1200 psi of CO, 170
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Scheme 8. Polymer Hydroesterification Using Ru;(CO),,/2-Pyridinemethanol as Catalyst
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°C, Scheme 7B) or with PdCl,—CuCl,—O, (70 psi, room
temperature, Scheme 7C), functionalization took place at
terminal and internal carbon atoms of pendant double bonds
together with backbone double bonds. Although high
functionalization of C=C bonds (up to 90%) could be obtained
with these systems, the work did not include the molecular
weight distributions of the carboxylated product. This piece of
information was later furnished by the groups of Alper and
Gong.*** They found that the PdCl,—CuCl,—O, catalytic
system always resulted in highly unstable products, which
underwent chain cross-linking during the reaction or the
isolation of the polymers. On the other hand, hydrocarbox-
ylation of high-molecular-weight PBD (M,, = 1000—2000 kg/
mol) was achieved without significant chain scission or cross-
linking reactions with [PdClL,(PPh;),]—SnCl, as the catalytic
system. However, contrary to the previous findings by Cole-
Hamilton and co-workers, only a low extent of hydro-
carboxylation could be reached (up to 10 mol %) even under
more severe reaction conditions, such as a higher temperatures
or pressures. Such behavior was explained as derived from the
distinct reactivities of the PBDs depending on their molecular
weights. Furthermore, with such elevated temperatures (145
°C) and pressures (1900 psi of CO), hydrocarboxylation also
occurred at the backbone double bonds, thus causing the loss of
the previously observed selective functionalization of the
pendant double bonds.

Alper and co-workers also described a novel method for the
hydrocarboxylation of low-molecular-weight PBD (M,, = 2.4 kg/
mol) based on formic acid that operates under low pressures of
carbon monoxide.** They achieved the synthesis of carboxylated
PBD using catalytic amounts of Pd(OAc),/1,4-bis(diphenyl-
phosphino)butane (dppb), formic acid (2 equiv relative to the
number of vinyl groups) and 100 psi of CO in 1,2-
dimethoxyethane (DME) at 150 °C (Scheme 7D). Under
these conditions, all the vinyl groups were hydrocarboxylated
selectively at the terminal carbon atom of the pendant double
bonds without cross-linking or chain scission. Hydroesterifica-
tion with MeOH was also attempted by using different Pd/dppb
catalytic systems in the presence of p-TsOH and 600 psi of CO.
Full conversion of the vinyl pendant groups into terminal
methoxycarbonyl groups was observed by using Pd(OAc), or
PdCL,(PPh;), (Scheme 7E). Although high temperatures (170
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°C) and long reaction times (72 h) were required, no side
reactions occurred under these conditions.

More recently, Jun and co-workers developed a new
hydroesterification methodology for the functionalization of
PBD.”° The modified PBDs were prepared by employing
primary alcohols and sodium formate in the presence of
Ru,(CO),, and 2-pyridine—methanol in 1,4-dioxane at 150 °C
(Scheme 8). Using this protocol, they converted up to 62% of
the vinyl groups of phenyl-terminated polybutadiene (M, = 1.8
kg/mol) into the corresponding ester groups; the remaining
vinyl groups were mostly reduced or isomerized. Furthermore,
they showed that polybutadienes containing more than one ester
group can also be prepared, and the ratio between the different
ester groups can be controlled by regulating the relative amount
of the alcohol substrates.

An alternative, completely different approach to introduce
ester groups into polyolefins is based on the incorporation of
carbene units containing COOR fragments from diazo
compounds, either thermally induced or metal mediated.
Integration of CHCO,Et units into polyethylene and poly-
propylene by thermal decomposition of ethyl diazoacetate
(EDA) was reported by Aglietto and co-workers in 1989.>"°*
However, the main drawback of this methodology was the high
reaction temperature (T > 180 °C) required, which might cause
cross-linking of chain scission reactions. On the other hand,
Pérez, Brookhart, Mecking, and co-workers described the
catalytic counterpart performed under very mild conditions
(i.e., room temperature), employing the copper-based catalyst
Tp"3Cu(NCMe) (Tp"? = hydrotris(3,4,5-tribromopyrazolyl)-
borate).>® The strategy was further expanded to PBDs>* and
SBR rubbers,” with no undesired side reactions. In the case of
poly(2-butene), carbene insertion exclusively took place into
tertiary C—H bonds, whereas in the case of a random
poly(ethylene-1-octene) polymer, secondary C—H bonds were
preferentially activated, although tertiary C—H bond function-
alization occurred as well. The observed regioselectivity was
attributed to the greater number of methylene sites in
comparison with the tertiary C—H bonds along with the fact
that methylene units suffer from a lower steric hindrance.
Degrees of functionalization were within the 4—10% of the
tertiary sites (Scheme 9A) and could be finely tuned by
controlling the EDA:polyolefin ratio. When diene-based
polymer substrates are used (Scheme 9B), addition of the
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Scheme 9. Copper-Catalyzed Carbene Insertion (A) and
Addition to PDBs (B) or SBRs (C)
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carbene to the unsaturated moieties was preferred over C—H
bond activation due to the significantly higher reactivity of the
C=C double bonds toward the electrophilic metallocarbene
intermediates. Consequently, even PBDs with degrees of
functionalization up to 100% could be obtained depending on
the EDA to polymer double bond ratio used. Unsaturated
styrene—butadiene rubbers were also functionalized by this
strategy, with the modified polymer containing cyclopropane
rings along the chain, in the pendant or internal positions
(Scheme 9C). It was later noted that although the catalytic
process proceeds without cross-linking or C—C bond scission,
the exposure of the functionalized materials to air slowly led to
degradation during the storage, a fact explained as the result of
traces of the copper catalyst present in the isolated polymers.>

Other examples of polymer modification with carboxylated
functionalities were reported by Kitamura and Coates.’**” The
former reported the introduction of an acrylate moiety into
styrene-based Gpolymers by hydroarylation of propiolic acid or its
methyl ester.’® The reaction of polystyrene-block-poly(ethylene-
ran-butylene)-block-polystyrene (SEBS) with propiolic acid or
methyl propiolate in the presence of K,PtCl, and AgOTf in
trifluoroacetic acid/CHCl; at 60 °C led to the alkenylation of 30
and 35% of the total styrene units, respectively (Scheme 10A).
Under the same identical reaction conditions, a lower degree of
functionalization (5—7%) was observed for the hydroarylation
of polystyrene (PS), probably due to the low solubility of PS in
the trifluoroacetic acid/ CHCI; mixture. The authors speculated
that a mixture of ortho- and para-functionalized polystyrenes is
obtained by using this protocol. However, they did not provide
the molecular weight values for the functionalized product.
Coates and co-workers reported the synthesis of carboxylated
polyolefins by a cross-metathesis strategy.”” The reaction of
vinyl-containing polyolefins (M, &~ 200 kg/mol) with acrylates,
in the presence of Grubbs catalyst at 55 °C, allowed the
conversion of 45—91% of the total vinyl groups (Scheme 10B).
A ratio of 10:1 of alkene-to-vinyl group was employed, leading to
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Scheme 10. Hydroarylation of SEBS via Pt Catalysis (A) or
Ruthenium-Catalyzed Metathesis (B)
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high conversions. Furthermore, the conversion was found to be
dependent on the boiling point of the alkene; the higher the
boiling point, the higher the conversions since it favors working
at temperatures at which removal of ethylene is more efficient. In
addition to acrylate moieties, this cross-metathesis strategy
tolerated the introduction of other functional groups such as
hydroxyl groups or fluorinated moieties without significantly
altering the molecular weight properties of the starting material.
However, the main drawback of this approach is that it is limited
to polymers containing only pendant alkene groups since the
presence of main-chain C=C bonds would result in the
cleavage of the polymer backbone.

Hydroxyl and Ketone Groups. Several methods have been
also developed to add hydroxyl or carbonyl groups into
polymers. Oxidation of different polybutadienes to polyketones
was reported by Cole-Hamilton and co-workers in 1991.°°
Reactions were performed with ‘BuOOH in CH,Cl, in the
presence of [Pt(diphoe) CF;(CH,Cl,)]* (diphoe = Ph,PCH =
CHPPh,) at 80 °C. Analysis of the resulting polymers indicated
that the overall conversion of C=C double bonds was within
the 12—57% range, depending on the polymer structure
(Scheme 11A). Because the vinyl double bonds showed a
slightly higher reactivity than that of the backbone ones (the
reactivity ratio of terminal/internal double bonds was ca. 4:3),
conversion increased as the proportion of the vinyl groups
increased. Furthermore, the trans double bonds were found to
be more reactive than those having the cis configuration.
Hillmyer and co-workers reported the direct oxidation of PEP
(poly(ethylene-alt-propylene)) in the presence of the man-
ganese complex Mn(TDCPP)OAc (meso-tetra-2,6-
dichlorophenylporphyrin), imidazole, BDTAC
(benzyldimethyltetradecylammonium chloride) as phase trans-
fer agent BDTAC), and oxone under ambient conditions
(Scheme 11B).*” Using this two-phase oxidation system, they
were able to incorporate oxygen functionalities into both low-
molecular-weight (M, = 8.9 kg/mol) and high-molecular-weight
(M,, = 62.0 kg/mol) PEP polymers without alteration of the
molecular weight distribution of the starting material. This
methodology led to the selective incorporation of 0.4—1.1
tertiary hydroxyl groups per 100 backbone carbons although
long reaction times were required (2—S days). However,
incorporation of ketone products occurred as well, probably
due to further oxidation of previously formed secondary
alcohols.

Oxyfunctionalization of PS with hydrogen peroxide mediated
by iron-based catalysts was reported by Baird and co-worker.*’
They found that the use of [Fe(TPA)(MeCN),][OTf], (TPA=
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Scheme 11. Homogeneous Metal-Catalyzed Oxyfunctionalization of Polymers
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tris(2-pyridylmethyl)amine) or [Fe(BPMEN)][OTf],
(BPMEN = N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)ethane-
1,2-diamine) catalytic systems to functionalize high-molecular-
weight polystyrene (M, = 120 kg/mol) with hydrogen peroxide
(Scheme 11C) resulted in the formation of insoluble materials,
suggesting cross-linking events. The utilization of a lower
molecular weight PS (M,, = 1.0 kg/mol) combined with iterative
addition of [Fe(TPA)(MeCN),][OTf], and H,O, resulted in
functionalized products with very similar molecular weights
properties to that of the starting material. Characterization of
such oxyfunctionalized polymer showed the incorporation of
10—20 keto and hydroxyl groups per 100 repeat units. This high
degree of functionalization was further supported by a higher
glass transition temperature of the functionalized product (T, =
82—100 °C) relative to the stating material (T, = 60 °C). More
recently, Ni-catalyzed C—H oxidation of polyethylenes with
different molecular welghts and microstructures was reported by
Hartwig and co-workers.”’ The use of the nickel complex

[Ni(Me,Phen);](BPh,),] and m-chloroperoxybenzoic acid
(™CPBA) as the oxidant in DCE at 80—90 °C led to
introduction of 2.0—5.5 functional groups per 100 monomers,
maintaining the initial molecular weight parameters (Scheme
11D). By use of this method, a mixture of hydroxy, ketone,
chloride, and ester groups was incorporated into the polymer
backbone with the alcohol representing 60%—88% of the total
functionality introduced.

Hydroformylation and subsequent hydrogenation of formy-
lated polymer also constitute an effective, albeit indirect method
to introduce pendent hydroxyl groups onto the polymer chain.
However, under the catalytic conditions in which aldehyde C=
O bonds are reduced to hydroxyl groups, reduction of remaining
double bonds in the polymer backbone constitutes a drawback.
Azuma and co-workers” used different reducing agents in a
stoichiometric manner to synthesize polydienes having pendant
hydroxymethyl groups. In all cases selective reduction of the
carbonyl groups was accomplished; sodium trimethoxyborohy-
dride was found to be the most effective reducing agent in terms
of solubility of the reduced polymers and the reduction rate of
the formyl group (Scheme 12A). In fact, kinetic experiments
using sodium trimethoxyborohydride as the reducing agent
showed that complete reduction of carbonyl groups takes only
30 min without any cross-linking reaction among the formyl
groups. The use of NaBH, in combination with a proton source
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Scheme 12. Reduction of Polyaldehydes by Stoichiometric

Reductants
HO,
M NaBH(OMe), M
Benzene/THF
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is another an effective method to selectively transform C=0
bonds mto C—OH bonds, as reported by McGrath and co-
workers®® (Scheme 12B). The presence of ethanol as proton
source in the reaction mixture has a dual role: it helps to
complete the reduction process and prevents cross-linking
reactions.

Another indirect method to introduce hydroxyl groups into
the polymer chains involves the oxidation of borylated polymers
by basic H,0, in THF/H,0. This methodology was apghed to
different polymer substrates (see Schemes 2 and 3)'"~*" and in
all cases proceeded efficiently without causing deleterious side
reactions. Furthermore, the altered properties of the hydroxy-
lated polymer were testified by the change in the glass transition
temperatures (T,) with respect to the parent material.

Epoxy Groups. Epoxidation of diene-based polymers is an
important process in polymer chemistry since epomdes are key
starting materials for a wide variety of products.”*® Oxirane-
ring-containing polymers can be prepared by the reaction of
diene-based polymers with stoichiometric amounts of oxidants.
Although some of those noncatalytic methods provide good
conversions under mild conditions and without side reactions,
the use of metal catalysts allows controlling the selectivity and/
or precluding side reactions.

Catalytic epoxidation of unsaturated polymers was reported
by Cole-Hamilton and co-workers in 1989.°° Epoxidation of
polybutadiene containing cis-l,4-, trans-1,4-, and 1,2-polymerized
units was performed with tBuOOH in CH2C12 in the presence of
Mo0,C1,[3-(diethoxyphosphinyl)camphor] as catalyst at
room temperature. Under these conditions, high conversions
of the backbone double bonds could be achieved, whereas the
vinyl double bonds remained almost unreacted (Scheme 13A).
The order of reactivity of double bonds found was cis-1,4 > trans-
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Scheme 13. Epoxidation of Diene-Based Polymers with Transition-Metal Catalysts
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1,4 > 1,2. Kinetic experiments showed that the rate of
epoxidation dramatically decreases after a very rapid initial
phase, thus suggesting that catalyst transformation into a lesser
active species occurred during the reaction. The reason for this
degradation process was ascribed to the presence of water in the
reaction mixture that causes epoxide ring-opening leading to the
formation of diols. The so-formed diol group then displaces the
diethoxyphosphorylcamphor from the molybdenum complex to
give a less active catalyst. To overcome this problem,
epoxidation reactions were performed in the presence of
molecular sieves 4 A.°” A marked decrease in the amount of
diol was observed together with higher conversions (>95%) and
reaction rates. Furthermore, conversion of the pendant double
bonds was further reduced by the presence of molecular sieves,
thus increasing the selectivity of the catalytic system.
Epoxidation under biphasic conditions was also found to be
an effectlve method to avoid undesired side reactions. Hay and
co-worker®® reported the epoxidation of styrene—butadiene—
styrene linear block copolymer (SBS, M,, = 92 kg/mol) using
hydrogen peroxide as the oxidant and methyltrioctylammonium
tetrakis(diperoxotungsto)phosphate
[(CsH,,);NCH; ], {PO,[W(0)(0,)],}*” as the catalyst in
toluene/water at 60—80 °C. This epoxidation system allowed
the conversion of up to 70% of the double bonds with the
functionalization of 1,4-unsaturation preferred over the
epoxidation of the 1,2-unsaturation (Scheme 13B). More
recently, Li and co-workers reported a similar catalytic system
for the epoxidation of high-molecular-weight PBD (cis-1,4 =
96.7%; M, = 120 kg/mol).”” By use of H,0, as the oxidant and
the phase transfer catalyst [7-CsH(NC,¢H,3]5[PO,(WO,),]
(CPC-PW,0;) in DCE, epoxy ratios up to 20 mol % could be
obtained with quantitative consumption of H,0, (Scheme
13C). Hydrogen peroxide was also used as oxidant for the
epoxidation of 1,4-PBD (M, = 183 kg/mol) in combination with
methyltrioxorhenium (MTO) as the catalyst precursor.”” The
reactions were performed in a CH,Cl,/H,O biphasic system at
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room temperature. Degrees of functionalization ranging from 12
to 48% could be achieved with 100% selectivity in epoxide
formation (Scheme 13D). However, GPC analysis of the
epoxidized polydienes showed an increase of the weight-average
molecular weight which was attributed to chain ramification or
cross-linking reactions. The same catalytic system was later
applied to the epoxidation of other polydienes, such as
polyisoprene (PI), random styrene—butadiene rubber (SBR),
and low-molecular-weight liquid hydroxylated polybutadiene
(LHPB), leading to comparable activities and selectivities."
Nijke and co-workers investigated the epoxidation of different
diene-based polymers by using in-situ-generated dimethyldiox-
irane (DMD) as the oxygen source under mild conditions.
Dimethyldioxirane is an oxidizing agent formed by the reaction
of acetone and ozone and was used either as stoichiometric
reagent’”~"* or in combination with transition-metal catalysts
(Ti, V, Cd, Ni, Zn, Mn, and Cu).””> Among all them, CuSO,-
SH,O gave the best results with the highest yields and without
epoxy group ring-opening and hydroxyl group interconversion
reactions (Scheme 13E). Similar results were also obtained by
using the Cu(II)—ABTZ (2,2’,-diamino-4,4’-bithiazole) cata-
Iytic system.”®

In 2003, Rowan and co-workers’” described a novel
epoxidation system that mimics the ability of some enzymes
to attach the biopolymer substrate and catalyze multiple rounds
of reaction before dissociating. In this system, the polymer
chains of PBD are threaded to a macrocycle capped with a
manganese(I11) porphyrin catalyst. The cavity of the macrocycle
moves along the polymer chain while catalyzing the conversion
of the double bonds into the corresponding epoxide functions.
In the presence of a bulky axial ligand such tert-butylpyridine
(tbpy) (which forces catalysis to occur inside the cavity) and
PhIO as the oxidant, a maximum of 56% of the C=C bonds of
PBD (M,, = 300 kg/mol, 98% cis) were converted to epoxide
functionalities. Moreover, analysis of the functionalized polymer
showed the formation of 80% trans- and 20% cis-epoxide rings.
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Scheme 14. Hydrosilylation of Vinyl Units of Unsaturated Polymers Using RhCI(PPh;), (A, B) and H,[PtCly] (C, D) as Catalysts
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This stereoselectivity strongly differed from that obtained with
the related unlinked manganese catalyst (78% cis- and 22% trans-
epoxide rings), which suggest that catalysis occurs in the
sterically demanding cavity of the macrocycle.

Silylane Functionalities. The chemical modification of
unsaturated polymers via catalytic hydrosilylation offers an
efficient synthetic route to prepare materials with special
properties. Polymers containing silane functional groups may
find potential applications as adhesives, rubber materials, and
drug delivery agents. Rempel and co-workers investigated the
hydrosilylation reactions of unsaturated polymers in the
presence of the Wilkinson RhCI(PPh;); catalyst in toluene at
110 °C.”*”” The addition of silane groups to PBDs with different
microstructures (M, = 4.5—-30 kg/mol) resulted in the
quantitative hydrosilylation of the vinyl C=C bonds of the
polymers and occurred regioselectively via an anti-Markovnikov
addition with the silicon atom being attached at the terminal
position of the 1,2-PBD unit. Neither the steric effect of the alkyl
groups nor the molecular weight of the polymer induces a
significant effect on the regioselectivity of the hydrosilylation
reaction. However, the nature of the substituents in the silanes
influences the hydrosilylation mechanism since the use
dimethylphenylsilane resulted in both the Markovnikov and
anti-Markovnikov products (Scheme 14A). GPC analysis of the
hydrosilylated polymer showed similar molecular weight
distribution to the parent material, suggesting that no side
reactions occurred during the hydrosilylation reactions.
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Hydrosilylation of PBD with hydride-terminated poly-
(dimethylsiloxane) using the same catalytic system afforded
novel golymer architectures depending on the hydride-to-vinyl
ratio.”” For a low hydride-to-vinyl ratio, formation of side loops
takes place from the hydrosilylation of adjacent vinyl groups
(Scheme 14B). At higher ratios, hydrosilylation of distant vinyl
groups may result in a compact, dendrimer-like molecule.

Besides the Rh-catalyzed hydrosilylation reaction, platinum
catalysts were also extensively used to prepare silyl-function-
alized materials. Cole-Hamilton and co-workers investigated the
hydrosilylation of PBDs having a variety of microstructures
using H,[PtCls] (Speier’s catalyst).81 The addition of
HSiMe,Cl;_, (x = 0—2) to PBDs in toluene at 80 °C resulted
in complete functionalization of the pendant double bonds via
an anti-Markovnikov addition mechanism. However, unlike the
Rh catalytic system, with this Pt catalyst functionalization
occurred also on the internal double bonds of the polymer
(Scheme 14C). This backbone hydrosilylation decreases as the
number of chlorine atoms on the silicon atom increases, and it is
accompanied by double-bond migration along the polymer
backbone to give conjugated diene units within the polymer
backbone.

The same catalytic system was also used to functionalize a
series of polystyrene-block-polyisoprene (PS-b-PIP) with
aromatic oxadiazoles.”” The addition of various aryldimethylsi-
lanes to the block copolymers yielded approximately 4—17% of
silyl incorporation (Scheme 14D).
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Scheme 15. Hydrosilylation of Vinyl Units of Unsaturated Polymers with the Karstedt Catalyst (A—D) and with Platinum
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Karstedt’s catalyst [1,3-divinyltetramethyldisiloxane—plati-
num(0)] is frequently used for catalytic hydrosilylation.**~*
Ober and co-workers investigated the hydrosilylation of
polystyrene block copolymers with hydroxysiloxanes in toluene
at 80—8S °C. The silyl groups were selectively attached to the
side-chain double bonds of the diene polymers. They found that
when attaching the hydrosiloxanes to the 1,2-butadiene units of
the styrene—butadiene copolymers, the conversion was >90%
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(Scheme 15A). However, the incorporation of the hydro-
siloxane into the 1,2- and 3,4-isoprene units of the styrene—
isoprene copolymer did not exceed 64% even upon addition of
fresh catalyst and/or hydrosiloxane and with longer reaction
times (Scheme 15B). They suggested that the decreased
conversion of the 1,2-isoprene units compared to 1,2-butadiene
units was probably due to steric effects. Karstedt’s catalyst was
also employed to modify styrene block copolymers with
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perfluoro-based silanes. The conversion of the 1,2 and 3,4 units
of the styrene—isoprene copolymer in toluene at 80 °C took
several days (3—10 days) and reached 95% and 5—20%,
respectively (Scheme 15C). The quantitative hydrosilylation of
the pendant double bonds of the styrene—butadiene copolymer
was achieved in 24—26 h in the absence of any solvent (Scheme
15D). GPC analysis of the functionalized material showed
unchanged molecular weight distributions suggesting that no
side reactions occurred.

In addition to molecular complexes, also metal nanoparticles
can operate as hydrosilylation catalysts as reported by Chauhan
and co-workers.”” They described the hydrosilylation of PBD
using readily synthesized and recyclable Pt nanoclusters. A
variety of silane structures were screened including chloro-,
alkyl, and alkoxysilanes (Scheme 1SE). Almost complete
conversion (95—98%) of the pendant vinyl groups of the PBD
was achieved regardless of the nature of the silane. As in the case
of molecular catalysts, the hydrosilylation reaction catalyzed by
these Pt nanoclusters occurred selectively via an anti-
Markovnikov addition. Furthermore, the activity and selectivity
were retained up to five cycles without chain scission or cross-
linking reactions.

3. OUTLOOK AND CHALLENGES

The existing methods for the incorporation of polar groups to
polyolefins (generated from nonpolar group containing olefins)
employing transition-metal-based catalysts have been presented.
This so-called postpolymerization functionalization strategy
becomes crucial when the direct polymerization of a given
monomer is not feasible due to either catalyst poisoning or
monomer unavailability. It seems clear that the number of
examples is yet limited and that some transformations which are
extensively developed at the molecular level are yet unknown for
polyolefins. As an example, the formation of C—N bonds at
polyolefins remains unreported, in contrast with the intense
research developed with discrete molecules. Another goal that
can be also challenged in this field corresponds to the
development of catalysts that can exert the incorporation of
two different polar groups in the polyolefin. In this manner,
controlling the amount of each group, a given polyolefin may
end in an array of modified materials with varied properties.
Opverall, this is a field that is yet underdeveloped and that may
boost the use of readily and inexpensive polyolefins to generated
value-added materials.
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