Downloaded via UNIV ILLINOIS URBANA-CHAMPAIGN on July 21, 2020 at 18:17:40 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

)
<

& Cite This: ACS Catal. 2019, 9, 1115311188

pubs.acs.org/acscatalysis

Recent Trends in Catalytic Polymerizations
Dylan J. Walsh,” Michael G. Hyatt,§ Susannah A. Miller,” and Damien Guironnet™ '

TDepartment of Chemical and Biomolecular Engineering, University of Illinois at Urbana—Champaign, Urbana, Illinois 61801,

United States

SDepartment of Chemistry, University of Illinois at Urbana—Champaign, Urbana, Illinois 61801, United States

ABSTRACT: Polymers have become one of the largest and most
important materials we use in daily life. Their popularity has
stemmed from their wide range of material properties combined
with their low cost of production. Both of these attractive traits have
in part been enabled by the development of catalytic polymer-
izations, which provide both high levels of control while also
delivering high levels of productivity. In this Perspective, we
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highlight recent trends and achievements made in the growing field

of catalytic polymerizations.
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1. INTRODUCTION

Synthetic polymers are a diverse and tunable material that
modern society has embraced for applications ranging from
commodity products (e.g, house insulation, packaging, car
parts) to specialty goods (e.g., bulletproof vests, drug delivery
systems, hydrophobic coatings). Today, over 300 M tons of
polymers are produced annually with ever-increasing societal
benefit; however, some environmental issues remain to be
solved."” The popularity of polymers stems from their low cost
and massive chemical diversity, which enables the tuning of
material properties for nearly an endless number of potential
applications.”” As with most chemical products, catalysis has
undoubtedly played a key role in their success. In this
Perspective, we focus on the recent progress made in catalytic
polymerizations. The goal is to provide a broad view of the
field by briefly describing the motivation of the research and
the catalytic strategies employed. The Perspective will first
highlight some general trends seen across the field of catalytic
polymerization and then dive deeper with the following
sections organized by monomer: olefin, cyclic olefin, vinyl,
heterocyclic, and specialty monomers.

Prior to reviewing trends involved in catalytic polymer-
izations, we describe what has been considered a catalytic
polymerization. IUPAC defines a catalyst as “A substance that
increases the rate of a reaction without modifying the overall
standard Gibbs energy change in the reaction; the process is
called catalysis. The catalyst is both a reactant and product of
the reaction.”* This definition is restrictive when transposed to
polymerizations; thus, the polymer community at large has
employed a broader definition by considering catalytic
polymerizations to be any polymerization that includes an
ingredient that accelerates the rate of polymerization
irrespective of whether the ingredient is regenerated. A catalyst
can be used in conjunction with an initiator or may be the
initiator itself. In an effort to be most inclusive, we will
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consider any recent advances made in polymerization based on
this broader definition of catalytic polymerization.

2. GENERAL TRENDS

A polymer’s chemical structure (molecular weight, composi-
tion, and topology) directly translates into its macroscopic
properties and ultimately its end applications. This direct
structure—property relationship has been particularly enticing
to researchers, as it enables the engineering of materials with
specific properties. The most powerful strategy to engineering
polymers has been through the development of synthetic
protocols that can produce well-defined materials in a
productive manner. Catalytic polymerizations have been
among the most successful at delivering both productivity
and control. As with all catalysis, productivity remains a major
focus of research across all monomers, with the classical
strategy (development of new ligand and catalyst structures)
most often employed. Additionally, chain transfer reactions
have been developed in many forms to enable one catalytic site
to produce multiple polymer chains for increasing efficiency.
Beyond the enhancement of catalyst productivity, control of
polymer structure will be among the largest focuses of this
Perspective, as there are a wide range of parameters that can be
altered and a wide range of methods with which to do so. The
following sections highlight general trends in tacticity,
molecular weight, composition, topology, and “temporal and
spatial” control.

Tacticity Control. Stereocontrolled polymerizations, re-
actions that control the relative orientation of a substituent in
the polymer, remain an active area of research even 56 years
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after the Nobel Prize was awarded to Ziegler and Natta for
their work on stereocontrolled polymerization.® Stereocontrol
is highly desired as it provides a simple means to alter the
melting properties, and thus processability and applications, of
a polymer without modifying its chemical composition."®’
Further discussion on catalyst development for tacticity control
will be found in the olefin and the heterocyclic monomer
sections. The stereocontrolled catalytic polymerization of polar
vinyl monomers remains challenging despite some advances
made in the recent past. This limitation undoubtedly
represents an exciting goal for the catalytic polymerization
community.

Molecular Weight Control. Molecular weight control
entails the targeting of specific polymer lengths and narrow
molecular weight distributions. These properties are highly
sought-after characteristics for polymerizations and are usually
obtained in the form of living polymerization techniques.”®”
Per the IUPAC definition, a living polymerization is “a chain
polymerization from which chain transfer and chain termi-
nation are absent. In many cases, the rate of chain initiation is
fast compared with the rate of chain propagation, so that the
number of kinetic-chain carriers is essentially constant
throughout the polymerization.”'" When a catalyst can
facilitate a fast initiation and is capable of suppressing chain
transfer and side reactions, the molecular weight distribution of
the polymer remains narrow and the molecular weight is easily
controllable through monomer conversion.'" There has been
an extensive effort to develop polymerizations that achieve the
highest level of “livingness” possible, as this allows for the
synthesis of materials with well-defined structures for
fundamental studies into structure—function relationships.'”
Historically, improvements in control over molecular weight
have come about through fundamental understanding of the
polymerization mechanism which directly informs catalyst
design. Today, catalyst development still seeks to attain the
highest level of molecular weight control with new ligand
frameworks for metal complexes and through noncovalent
interactions with organocatalyzed systems.'*~"> Moreover, the
nature of living polymerizations is not limited to control over
molecular weight; it also underpins the recent developments in
control over composition, topology, and other structural
features.

Composition Control. Composition control seeks to
define the placement of chemically distinct monomers within
a polymer. Research in this area relies on the symbiotic
development of chemically diverse monomers with functional-
group-tolerant catalysts that can achieve living polymerization
behavior. Much of the early work in this area began with the
synthesis of random, alternating, and block copolymers, which
has flourished into an invaluable tool for complex material
design with applications ranging from drug delivery to
nanolithography.'® However, the sensitivity of certain
catalysts toward functional groups limits the chemical diversity
achievable. Addressing this limitation remains an active area of
research. Another more recent trend is the synthesis of
sequenced controlled polymers (narrowly disperse sequences)
or even sequence defined polymers (monodispersed sequen-
ces).">'77** This area is inspired by the astonishing structure—
function relationships observed with DNA and other
biopolymers, and achieving this control has been described
as the synthetic polymer “holy grail”.> Many polymerization
methods have been developed to mimic the molecular
precision of biological polymers. Solid-phase polymerization

can achieve the precision observed in nature; however, the
synthetic process remains tedious and the degree of polymer-
ization achievable is limited.”®> The implementation of catalytic
chain growth polymerizations is considerably easier, with faster
production rates, and higher degrees of polymerization.
However, this polymerization method is stochastic in nature,
resulting in less precision.” Future developments in polymer-
ization catalysts hope to bridge the gap between precision and
efficiency. Finally, an emerging trend in synthetic polymer
chemistry is the use of flow reactors at laboratory scale for
synthesizing large libraries of polymers with precise composi-
tion.”* ™" The combination of the high throughput of
automated flow reactors and the precision of catalytic
polymerization promises to accelerate the establishment of
new structure—function relationships.”' ~>*

Topology Control. Topology control seeks to define the
spatial connectivity of repeating units within a polymer.
Topology control can be achieved in multiple ways, like the
use of multifunctional monomers or the copolymerization of
macromonomers.” Highly active catalysts have been partic-
ularly enabling for polymerizations of macromonomers to form
high-density branched polymers (bottlebrush polymers) free of
residual macromonomers.”* Polymerizing large macromono-
mers in a living manner is not trivial, as the catalyst must
achieve high conversions while overcoming significant steric
restrictions. Today, graft through polymerizations remain
limited to short lengths and low branching densities, and this
restriction could be overcome with the development of more
active catalysts. More uniquely, topology control can be
directly achieved through the control of catalyst reactivity
without requiring the implementation of a specialized
monomer. Controlling the extent to which a catalyst chain
walks during an insertion polymerization provides a simple
means of synthesizing linear, crystalline polymer or amor-
phous, highly branched polymers.l’35 A more specific trend in
topological control for catalytic polymerizations has been the
synthesis of ring polymers. Ring polymers have no end-groups,
endowing them with unique mechanical and rheological
properties when compared with their linear counterparts.
The smallest presence of linear contamination has been
reported to alter polymer properties, making the synthesis of
“pure” ring polymers highly desirable. However, this
topological control is nontrivial.**~** This has motivated the
development of two direct catalytic polymerization strategies:
ring-expansion polymerization and ring-closing polymeriza-
tion.**"*" In a ring-expansion polymerization, the initiator
already starts with a small ring that grows upon monomer
addition. A chain transfer reaction releases the ring and
initiates a new ring on the catalyst.”’ In a ring-closing
polymerization, the attraction (charge neutrality or Coulombic
interaction) between the two end-groups forces them to
remain in close proximity, and a rearrangement causes
formation and release of the ring. For both methods, catalyst
development played the central role of ensuring precision and
purity.

Temporal and Spatial Control. Switchable -catalytic
polymerizations, where a catalyst activity and/or selectivity
changes upon an external trigger, represent a recent trend. ">~
This stimuli responsiveness provides a means of modulating
both temporal and spatial domains, depending on the
technique being used. Common realizations of stimuli
responsiveness are either turning the reaction on/off or
switching between two active polymerization sites. Switchable
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polymerization systems tend to involve incorporating a stimuli-
responsive functionality into a ligand architecture or direct
alteration of the catalytic center, usually through oxidation
states. Chemical, electrical, thermal, photo, and mechanical
(ultrasound) stimuli have all been employed as triggers.
Applications of switchable catalytic polymerizations involve
controlling monomer sequences, stereoselectivity, and/or
patterning surfaces.*”**™* This area of research is rather
young, and the field can expect further development of novel
strategies and a progression to more sophisticated control.

3. OLEFIN MONOMERS

Polyolefins account for over half of the polymers produced
annually, of which high-density polyethylene (HDPE), linear
low-density polyethylene (LLDPE), and isotactic polypropy-
lene (iPP) are all produced via catalytic polymerizations.'
Olefin polymerization is a mature research area with several
classes of high-performance catalysts (heterogeneous, metal-
locene, postmetallocenes/“nonmetallocene”) providing ex-
tremely high productivities and high levels of control over
the polymer’s molecular weight, stereochemistry, and micro-
structure.'**® This control has been achieved through
extensive tuning of the steric and electronic properties of the
ligands of group 3, 4, and S transition-metal complexes. The
development of new early-transition-metal-based catalysts
remains an active topic of research in academia and industry
due to the societal importance of polyolefins.*>°~>* Despite
the advances made in molecular olefin catalysts, the Phillips
and Ziegler—Natta catalysts remain the preferred choice for
industrial production of HDPE and iPP, respectively.’’
Interestingly, the mechanism of activation for the Phillips
catalyst remains intensely debated in the literature.”*”®*
Today’s research on polyolefins focuses on expanding
architecture control and polar group compatibility through
polar monomer copolymerizations, postpolymerization mod-
ifications, chain transfer polymerizations, coordinative chain
transfer polymerizations, and acyclic diene metathesis polymer-
izations.

3.1. Polar Monomer Copolymerization. Copolymeriza-
tion of polar monomers with olefins seeks to address the
intrinsic low chemical tunability and polarity of polyolefins
(Scheme 1). Polar groups can endow polyolefins with

Scheme 1. Copolymerization of Olefins and Polar
Monomers
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important properties such as toughness, adhesion, barrier
properties, surface properties (paintability, printability, etc.),
solvent resistance (or its inverse), miscibility with other
polymers, and rheological properties.””® Unfortunately, the
high oxophilicity of industrially relevant early-transition-metal
and lanthanide catalysts severely limits the scope of functional
comonomers.””~* The development of late transition-metal
catalysts, primarily palladium- and nickel-based, addresses this
limitation and enables copolymerization of a wide range of
polar monomers.””

The use of late-transition-metal catalysts was first established
with the development of cationic nickel and palladium diimine
complexes that enable the copolymerization of ethylene with
acrylates and vinyl ketone monomers.””””* Uniquely, these
catalysts also facilitate the polymerization of ethylene into a
highly branched polymer through a chain walking mechanism.
This seminal work continues to inspire new reports of diimine
complexes with improved copolymerization abilities.”*~"* The
most noticeable achievements made with group 10 diimine-
based catalysts include the control of polymer architecture, the
stereoregular polymerization of olefins, the high incorporation
of acrylate comonomers with palladium and vinyl siloxanes
with nickel and living polymerizations.”*™** The success
obtained with cationic diimine palladium and nickel catalysts
for olefin polymerization, combined with the commercial
success of a neutral nickel catalyst for ethylene oligomerization
(Shell Higher Olefin Process), has stimulated the exploration
into new neutral and cationic catalysts.*>""* Among the most
successful catalysts, salicylaldimine nickel complexes display
some of the highest activities toward ethylene polymerization
in organic and aqueous media.”>~”’ Simple variations in the
aryl substituents of the aniline moiety drastically impact the
polyethylene architecture, enabling the synthesis of a wide
scope of materials ranging from highly linear polyethylene with
high molecular wei§ht, to highly branched low-molecular-
weight polymer.'**”"** Phosphinosulfonate ligands are also a
common ligand architecture initially developed for the
copolymerization of ethylene with carbon monoxide in a
nonalternating manner and ethylene with acrylates.”*'*7'%%
Over the past decade, phosphinosulfonate catalysts have
achieved the copolymerization of ethylene with a wide range
of polar monomers and the polymerization of olefins in
water.'%~""” More recently, a new phosphinosulfonate catalyst
has achieved moderate isospecific copolymerization of
propylene and polar monomers.'

Despite the great advances made by these late transition-
metal catalysts, the moderate catalyst productivity, the poor
copolymerization efficiency (high incorporation requires high
comonomer concentration), and the negative impact of the
comonomer insertion on the molecular weight of the polymer
precludes their industrial application. These limitations
motivate the development of new catalysts.

3.2. Postpolymerization Functionalization. Postpoly-
merization functionalization was explored as an alternative to
copolymerization for the incorporation of polar functionalities
into polyolefins (Scheme 2)."'”"*° Industrial-scale applications
of these processes occur noncatalytically through radical
reactions or ozone surface treatments with high efficiency.
However, many undesirable side reactions, like chain scission,
occur and erode the polymer’s mechanical properties.'”" This
lack of control has motivated the development of two catalytic
postpolymerization functionalization strategies: end-group
functionalization and in-chain functionalization.®>'** Catalytic
end-group functionalization focuses on the olefinic end-groups
that form during polymerization via $-X elimination or chain
transfer to monomer. A wide variety of catalytic reactions that
use olefinic substrates have been implemented, including olefin
metathesis, hydrosilylation, epoxidization, oxidization, hydro-
formylation, hydroboration, hydrocarboxylation, and amino-
methylation to incorporate polar functionality at the end of the
polymer chain.'"”*~"*” Catalytic in-chain functionalization
consists of performing a catalytic C—H activation, which has
been successful with borylation, dehydrogenation, and azide
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Scheme 2. In-Chain (Top) and End Group Post-
Polymerization (Bottom) Catalytic Functionalization of
Polyolefins
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incorporation.”*~"*"  Nickel-catalyzed systems have been

particularly successful at hydroxylating the CH, of poly-
ethylene without chain scission."*> However, the low reactivity
of alkyl chains has thus far limited functionalization to low
levels even with high catalyst loadings. Additionally, post-
polymerization functionalization strategies in general are
challenged by the high temperatures required to melt and/or
solubilize polyolefins, thus limiting the possible chemical
transformation options. An extension to the postpolymeriza-
tion functionalization strategies is the use of functionalized
polymers as an intermediary step toward the synthesis of more
complex polymer architectures, such as block copolymers, to
further expand the usefulness of polyolefins,'*'*%"3>13%

3.3. Chain Transfer Polymerization. Chain transfer
polymerization (CTP) techniques were developed as an
alternative strategy to copolymerization for the purpose of
introducing functional groups directly during polymerization
(Scheme 3). In a chain transfer polymerization, the chain
transfer agent (CTA) cleaves the polymer from the metal
center. One part of the CTA is introduced at the end of the
released polymer and the other part is left bound to the metal
center, enabling the growth of a new polymer chain.'*® This

Scheme 3. Chain Transfer Polymerization Mechanism and
Various Chain Transfer Agents
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strategy allows for precise placement of the functional groups
(at the polymer end) to yield (semi)telechelic polymers.'**"*’
Early versions of CTPs of olefins relied on highly oxophilic
catalyst systems to react with polar functional groups, such as
phosphines, amines, silanes, boranes, metal alkyls, and selective
insertion/H, systems.">”'*® Reliance on oxophilic catalysts
limits the scope of end-group functionalities accessible and
yields polyolefins containing at most one functional group per
polymer chain. More recently, the development of CTPs
catalyzed by less oxophilic late transition metals enabled the
use of highly functional CTAs. For instance, nickel- and
palladium-catalyzed copolymerizations of ethylene and acryl-
ates have recently been reported to under&o chain transfer with
silanes, vinyl silanes, and carbenes.®"'*%'% Gilane CTA’s have
also been extended to a cobalt catalyst for the direct
incorporation of an organic dye into a polyethylene chain.'*’
While traditional chain transfer polymerizations yield polymers
with a single functionalized end-group (semitelechelic), recent
reports describe the synthesis of telechelic polyethylene using
phosphinosulfonate palladium catalysts and 2-vinylfuran CTAs.
Functionalization of both polymer ends occurs by first
inserting 2-vinylfuran, which induces S-hydride elimination
to functionalize the end of the polymer. Then, a second
molecule of comonomer inserts preferably into the resultin

M-H, functionalizing the beginning of the next polymer."*

The functionalization of both polymeric end-groups further
expands the architectures accessible with polymers synthesized
by chain transfer polymerizations.'**"*’

3.4. Coordinative Chain Transfer Polymerization.
Reversible chain transfer polymerizations or coordinative
chain transfer polymerizations (CCTP) employ two or more
metal complexes that can reversibly exchange polymer chains
(Scheme 4).'* One metal complex, the catalyst, grows the

Scheme 4. Coordinative Chain Transfer Polymerization
Mechanism

polymer chain while the other metal complexes, usually a zinc,
aluminum, or magnesium alkyls, plays the role of a chain
surrogate through a reversible exchange of the alkyl chains.
This system enables the “simultaneous” growth of multiple
polymer chains from the active site of a single catalyst. A recent
development has been the chain shuttling polymerizations
where addition of a second polymerization catalyst, in the
presence of two monomers, enables the synthesis of multiblock
polyolefins.'** Multiblock polymers are formed when the two
catalysts have different relative reactivities for the two
monomers and the chain transfer from one polymerization
catalyst to the other is slower than the propagation rate. This
technique has been implemented with the copolymerization of
ethylene and octene, where one catalyst incorporates high
levels of octene to make a soft block (low Tg) and the other
catalyst incorporates very low levels of octene to make a hard

block (high T,). This enables the synthesis of hybrid

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

polyolefins with superior physical properties, such as a high
melting temperature with high elasticity.'**~'*’

Living coordinative chain shuttling polymerizations can be
achieved when chain transfer is faster than olefin insertion,
resulting in each polymer growing simultaneously at the same
rate (Scheme 5). Living CCTP yields multiple living chains per

Scheme 5. Trimetallic Coordinative Chain Transfer
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catalytic metal center, overcoming the common, one-polymer-
chain-per-molecule-of-catalyst limitation seen with other living
olefin polymerization systems.'*’~'*> The fast chain transfer
reaction associated with living CCTP, however, eliminates the
stereoselectivity of the polymerization as the polymer shuttles
back and forth between the two enantiomers of the catalyst.
The use of a dinuclear catalyst for the stereoselective living
CCTP of propylene was made possible by the close proximity
of the two metal centers, which attenuates the rate of chain
transfer and leads to multiple stereoselective insertions of the
monomer prior to polymer exchange.'>

Additionally, the highly reactive metal alkyl polymer chains
produced during the CCTP have been leveraged for the
synthesis of semitelechelic polyolefins through quenching
reactions (Scheme 6)."** One example includes the use of
polynuclear zinc CTAs in synthesizing homotelechelic
polyolefins for conversion into symmetrical polyolefin block
copolymers.'*>"*° Finally, the use of vinyl-terminated Mg alkyl
CTA, or the addition of a second catalyst that performs j-
hydride elimination, enables access to heterotelechelic
polyolefins.">”~"*?

3.5. Acyclic Diene Metathesis Polymerization. Acyclic
diene metathesis (ADMET) polymerization is a step-growth
polymerization reaction that implements an olefin metathesis
catalyst to link o, diene monomers together through a cross-
metathesis (and release of ethylene). These polymerizations
were developed as an elegant technique for synthesizing
precisely functionalized polyethylene (upon hydrogenation of
the internal double bonds) from symmetric monomers
(Scheme 7). While both Schrock- and Grubbs-type olefin
metathesis catalysts have been used for ADMET polymer-
ization, the compatibility of ruthenium-based catalysts with
functional groups makes it the preferred catalyst for the
synthesis of a large diversity of precisely functionalized

Scheme 7. ADMET Showing How Symmetrical Monomers
Give Precise Polymers'®*
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polymers. Reports exist of the synthesis of ADMET polymers

with aromatic groups, acids, silanes, ethers, metals, acetals,

ketones, and thioethers."®*™'®* Additionally, the precision of

ADMET has enabled fundamental studies on the impact of

spacing and functionalities of pendent groups on polymer
. . 17,165—167

physical properties.

4. CYCLIC OLEFIN MONOMERS

Cyclic olefins are typically polymerized through ring opening
metathesis polymerization (ROMP), which involves cleavage
of a cyclic double bond, formation of a metallocyclobutane
intermediate, and construction of a linear double bond-
containing chain. Norbornene type monomers are the most
commonly used for ROMP because of their large chemical
tunability and high ring strain, which results in a
thermodynamically favored polymerization; specialty applica-
tions also employ cyclooctenes and other cyclic olefins.'*®
There are two major families of catalysts used to perform
ROMP: Grubbs type (ruthenium based) and Schrock type
(tungsten- and molybdenum-based)."*”'”° Grubbs catalysts, in
particular Grubbs third generation, serve as the most
commonly employed catalysts for ROMP because of their air
and moisture stability and broad chemical compatibility.'”""”*
ROMP simultaneously offers the chemical diversity accessed
by radical polymerization, the living character offered by
anionic polymerization, and the stereo- and regiocontrol
offered by insertion polymerization, making it a powerful
synthetic method. This combination of attributes enables the
production of many compositionally and topically complex
polymers, such as synthetically demanding bottlebrush
polymers.'”>'’* Recent research in ROMP focuses on the
development of stereo/regio regular polymerizations, end
group functionality control, sequence control, ring expansion
polymerizations, and cascade catalytic reactions.

4.1. Stereo/Regio Regular Reactions. ROMP of cyclic
olefins yields four possible stereoregular structures that reduce
to two stereoisomers (syndiotactic and isotactic) upon
hydrogenation of the backbone double bonds (Scheme 8).'”
The hydrogenation, which is achievable in situ by residual
ROMP catalyst, enhances the polymer’s stability by preventing

Scheme 6. Postfunctionalization of Coordinative Chain Transfer Polymerization (CCTP) of Ethylene To Yield Telechelic
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Scheme 8. Stereoselective Polymerization of Cyclic Olefins
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undesired side reactions of unsaturated double bonds. The
diverse stereochemistry that can be generated enables access to
a wide range of thermal and mechanical properties from a
single monomer. Investigations of stereocontrolled ROMP
primarily encompass two families of monomers: norbornenyl
and substituted cyclooctene monomers, with molybdenum and
tungsten catalysts providing the highest level of selectiv-
ity."/>'7¢ Recent work on early transition-metal catalysts
focuses on e);panding the monomer scope and stereo-
selectivity."””~'*" Recently developed vanadium catalysts also
perform cis selective ROMP of norbornene.'**~"** In contrast,
ruthenium-catalyzed ROMP lacks stereocontrol, and this is
theorized to be due to the rotation of the metal alkylidene
which relieves any steric hindrance that would favor one
stereoisomer over another.'®> Nonetheless, the synthesis of cis
syndiotactic-rich polynorbornene was achieved upon mod-
ification of the ligand structure of a Grubbs type catalyst."*®

The regioselectivity of cyclic monomer addition (head to
tail, tail to tail, or head to head) also serves as a focus of
investigation, as it enables control over the spacing between
substituents (for asymmetric monomers). The ROMP of 3-
substituted cyclooctenes yields (after hydrogenation of the
polymer) functionalized polyethylenes. Similarly to ADMET
(vide supra), this alternative route to polyethylene is
advantageous, as it does not require handling a flammable
gas and is compatible with functional groups. ROMP
outperforms ADMET in achieving high molecular weight
polymers; however, the different regio-additions of the
monomer in ROMP results in varying spacing between
functional groups. This random distribution hinders crystal-
lization and alters mechanical properties. Addressing this
drawback, ROMP of 3-substituted cyclooctenes with second
and third generation Grubbs catalysts deliver a high propensity
for trans-selective regiospecific addition to yield precision
substituted polyoctenes (stereo/regioregular), which can be
hydroégenated to yield precision LLDPE (regioregu-
lar)."7*'*771% The same monomers were later reported to
undergo a cis-selective regiospecific polymerization with
molybdenum and tungsten catalysts.'”’

4.2. End Group Control in ROMP. Controlling polymer
end groups has long served as a strategy for accessing polymers
with complex compositions and architectures.'**'*” The living
Ru-catalyzed ROMP enables the syntheses of semitelechelic
ROMP polymers through functionalized catalyst precur-
sors."”'~"”° While successful, this approach requires advanced
synthetic skills, as the isolation of organometallic complexes
faces challenges with stability. The recent development of a
methodology consisting of the in situ functionalization of
Grubbs catalyst using alkynes significantly simplifies this

synthetic challenge.'”® The success of this technique was

illustrated by the synthesis of a polymer carrying two different
dyes on opposite chain ends.

The use of functional olefins at the end of ROMP releases
the semitelechelic polymer from the metal center (Scheme 9).

Scheme 9. Routes To Achieve End-Modified Polymers
Made from ROMP*
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“Path A: ROMP of a monomer with a cleavable functional group.
Path B: Addition of a functionalized cyclopropene followed by
termination with ethyl vinyl ether. Path C: Chain transfer to a
functionalized CTA.

Many strategies have been developed around this concept: the
addition of cyclic monomers that add to polymer chains
without homopolymerizing (e.g., functional cyclopropenes);'””
the addition of monomers that decompose upon a trigger and
yield polymer fragments with functional end-groups (including
stimuli responsive group);'*~*°" and through cross-metathesis
with a terminating agent.””' ~*%* All of these techniques enable
the synthesis of telechelic and semitelechelic polymers in a
stoichiometric manner (one chain per metal center).'”’~>%*

Multiple (semi)telechelic polymers can be produced per
metal center by means of a functionalized CTA, which releases
a functionalized polymer chain and forms a new functionalized
initiator with every CTA insertion.”* In this chain transfer
polymerization scheme, the rate of polymerization versus the
rate of chain transfer dictates the molecular weight and
dispersity.”” In the case of a fast polymerization rate and slow
chain transfer rate, producing telechelic polymers with narrow
molecular weight distribution becomes possible.”***"”

Finally, a living chain transfer ROMP of norbornenyl
monomers that yields multiple polymer chains per metal
center was recently developed. This strategy relies on a
reversible CTA that allows shuttling of the catalyst between the
active and dormant polymers.””® The functionality of the CTA
remains present at the end of the polymer chain, making the
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ROMP polymer isolatable and subsequently extendable into a
block copolymer.

4.3. Sequence Control. The chemical tunability of
norbornenyl monomers and the ability of ROMP to remain
living at very high conversions makes it an ideal method for
synthesizing polymers with complex chemical sequences. The
sequential addition of different monomers serves as the
simplest method of achieving sequence control (Scheme
10).>” While successful, this methodology does not result in

Scheme 10. ROMP of Cyclic Monomers To Give Sequence
Controlled and Alternating Copolymers
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perfect sequence control because of the stochasticity of
monomer addition. An alternative approach to synthesizing
polymers with complex monomer sequences vih ROMP was
developed on the basis of the large difference in rates between
exo and endo norbornenes, where the exo monomer
polymerizes significantly faster than the endo.”'’ The pulsing
of exo monomer into a polymerization mixture that contains
excess endo monomer yields a polymer containing exo blocks
separated by a few endo monomers.

The large difference in polymerization rates of norbornenyl
type monomers allows for compositional control through
copolymerization parameters.””*'%*'* Copolymerization of a
high ring strain norbornene with a low ring strain cycloalkene
yields alternating copolymers due to the very high copoly-
merization parameters. However, this copolymerization does
not yield a perfectly alternating polymer, as the homopolyme-
rization capability of the fast monomer necessitates a high
excess of slow monomer to achieve some sequence
control.”*™*'” A combination of high ring strain cyclobutenes
or cyclopropenes with low ring strain monomers will
copolymerize quickly without homopolymerizing, enablin
the synthesis of perfectly alternating structures.”'®™>*
Molybdenum- or tungsten-catalyzed ROMP also recently
achieved stereospecific, alternating copolymerization of
opposite norbornene enantiomers.”>>**° Finally, the ROMP
of symmetrical cyclic olefins containing a predefined sequence
of functionalities was implemented to yield polymers with
complex repeating sequences.””’ %

4.4. Ring Expansion Metathesis Polymerization. The
unique physics of ring polymers has long intrigued the polymer
community. Over the years, ring expansion metathesis
polymerization (REMP) of cycloalkenes using tethered
ruthenium catalysts has evolved as a 3powerful strategy for
accessing ring polymers (Scheme 11).°"*** In this reaction,

cyclic olefins add to the tethered alkylidene to expand the ring.

Scheme 11. Ring Expansion Metathesis Polymerization
Using Tethered Catalysts

02O

Intramolecular chain transfer results in release of the polymeric
ring and regeneration of the tethered catalyst. When combined
with various other polymerizations and postmodification
techniques, REMP of cyloalkenes enables the synthesis of a
vast array of polymers with unique architectures such as
dendrimers, brush polymers, and more.*****~** Tethered
tungsten catalysts for alkyne polymerization have also been
reported for the synthesis of stereoselective ring poly-
mers 240241

4.5. Cascade Catalytic Polymerization. Metathesis
cascade reactions were developed as a means of accessing
polymers with unique architectures. Metathesis cascade
reactions combine sequential ring opening/closing/cross
metathesis reactions (ROM/RCM/CM) in a single polymer-
ization. Most noticeably, the use of a cyclohexene-alkyne
monomer (two groups that do not readily polymerize on their
own), resulted in a ring closing/opening polymerization that
occurs extremely quickly (<1 min) (Scheme 12A).***7*** The
cascade ring opening/closing polymerization of a monomer
containing two cycloalkenes (five- and/or six-membered rings)
have also been developed (Scheme 12B), and the impact of
ring size and linker groups was systematically studied.”*>**°
These cascade reactions were further extended with the
addition of a cross-metathesis reaction through the addition of
a diacrylate. The cascade ring opening, ring closing, and cross-
metathesis reactions yield polymers with precise and unique
microstructures(Scheme 12C).>*>?*¢

5. VINYL MONOMERS

Acrylates, methacrylates, vinyl ethers, acrylamides, methacry-
lamides, vinyl esters, dienes, and styrene derivatives are the
most widely used vinyl monomers (Chart 1). For the most
part, these monomers are highly tunable, easy to handle, and
are commercially available. Each of these monomers has been
the subject of different advances involving catalytic polymer-
izations. The following section is organized by monomer
(styrenic monomers, dienic monomers) followed by polymer-
ization methods (catalyst development in ATRP, photo-
mediated polymerizations, catalytic ionic polymerizations,
Lewis pairs polymerizations, group transfer polymerizations).

5.1. Styrenic Monomers. Commercial polystyrene is
atactic because it is produced via a free radical polymerization
that does not provide any stereoregularity (Scheme 13).**
The stereocontrolled catalytic polymerization of styrene was
first reported by Natta using the Ziegler catalyst, and like for
propylene, the polymerization resulted in an isotactic polymer
with some atactic polymer as impurities.248 Isotactic
polystyrene (iPS) has a high melting temperature (T, ~ 240
°C), but its low rate of crystallization limits its industrial
application. It is only in 1986 that syndiotactic polystyrene
(sPS) was first reported.”* sPS also has a high melting
temperature (T,, ~ 270 °C) and low density, making it a
promising specialty polymer. However, sPS produced by the
titanium-based catalyst contains a small fraction of amorphous
polymer and did not provide molecular weight control,
motivating the development of new catalysts. A large number
of group III and IV based styrene polymerization catalysts have
been developed in recent years, offering high activity and good
stereo- and molecular weight control.>**~**® Most of these
catalysts also exhibited good reactivity toward conjugated
diene polymerization, which motivated the copolymerization
of styrenes and conjugated dienes. The resulting copolymers
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Scheme 12. Cascade Reactions Combining Ring Opening and Closing”
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?(A) Sequential ring opening/closing metathesis polymerization of alkyne/cycloalkane monomer. (B) Sequential ring opening/closing metathesis
polymerization of dicycloalkene monomer. (C) Sequential opening/closing/cross metathesis polymerization.

Chart 1. Common Vinyl Monomers
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Scheme 13. Stereoregular Polymerization of Styrenic
Monomers
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are of interest as alternative SBS elastomers or next generation
ABS thermoplastics.”>”***

The high oxophilicity of the group III and IV based catalysts
employed originally limited the use of functional styrenes. The
combination of in-depth experiments and computational
mechanistic studies with new ligand designs has led to the

development of stereoselective catalysts compatible with
tertiary amine-, ether-, and thioether-containing styrenes. 27
This catalyst development was further ap lied to the
stereospecific polymerization of vinyl-pyridine.**”>%’

5.2. Dienic Monomers. 5.2.1. Conjugated Dienes. The
polymerization of butadiene and isoprene for the production of
synthetic rubbers traditionally employs Ziegler—Natta type
catalysts based on titanium, cobalt, nickel, and, more recently,
neodymium.>*”>*¥212* Informed by the unique mechanical
properties obtained with natural rubbers, the stereo- and
regioregularity of polybutadiene and polyisoprene is known to
be of critical importance for controlling the properties of the
corresponding vulcanized elastomers (Scheme 14). Today,

Scheme 14. Regioselectivity in Polymerization of Butadiene
and Isoprene”

1 4 R _ R P
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“* denotes a stereocenter.

neodymium- based catalysts yield polymers with the highest
1,4-cis content.”®' However, recent knowledge gained through
material characterization has illustrated the benefit to access
other the stereo- and regioregular polymers.”®> This has
motivated the development of new catalysts for the stereo-
selective polymerization of dienes. Tremendous advances,
primarily using group III- and IV-based metals, have enabled
the selective synthesis of 1,4-trans and 3,4-polymers with high
selectivity, high activity, and good molecular weight con-
trol.”>”**® The use of alkyl aluminum and alkyl magnesium to
activate the catalyst led to the development of coordinative
chain transfer polymerization, where multiple chains of
polymers can be simultaneously synthesized with a single
molecule of catalyst while maintaining stereoselectivity.'*’

In view of the inorganic fillers and other polymeric
components used in rubber compounding, the introduction
of polar functlonalltles into synthetic rubber is considered

highly desirable.”** Multiple approaches including the use of
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specific chain transfer agents for the direct or indirect (through
postpolymerization functionalization) introduction of polar
functional groups and the use of less oxophilic metal-based
catalysts have been effective.”*>™** In particular, nickel-based
catalysts enable copolymerization of butadiene with function-
alized 1,3-diene comonomers.”’>*"! Interestingly, the inter-
action between the metal center and the functional group led
to favorable copolymerization parameters (during the copoly-
merization, the comonomer is consumed faster than the
butadiene).””" This is of significance, as it allows for high
percentages of incorporation and complete consumption of the
more expensive comonomers. Some functional group tolerance
was also reported with a more industrially relevant, neo-
dymium-based catalyst.””> The copolymerizations of butadiene
with tertiary amine- and thioether-containing monomers were
achieved with high efficiency and yielded high-molecular-
weight polymers without loss in stereoselectivity. However, the
authors note that any monomer containing oxygen atoms led
to complete catalyst deactivation.”””

Finally, in a recent effort to decrease our dependency toward
nonrenewable resources, researchers have implemented group
III and IV polymerization catalysts for the polymerization of
bioderived diene monomers.””* In particular, the stereospecific
polymerization of f-myrcene (a dimer of isoprene) has been
successfully achieved, providing an avenue to biobased
synthetic rubber.””*~*"®

5.2.2. Nonconjugated Dienes. The use of bifunctional
monomers in chain growth polymerization has traditionally
been aimed at synthesizing cross-linked polymers. However,
upon judicious choice of the diene chemical structure and
polymerization conditions, bifunctional monomers can be
polymerized into cyclic structures that are directly incorpo-
rated into polymer backbones.'>*”” These polymerizations are
referred to as cyclopolymerization, and yield polymers with
unique structures (Scheme 15). Early work in this area has

Scheme 15. Cyclopolymerizations of Nonconjugated Dienic
Monomers and the Different Repeating Units Formed

Based on Regiocontrol®
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“* denotes a stereocenter.

focused primarily on the catalytic cyclopolymerization of
unfunctionalized dienes by early transition-metal-based in-
sertion polymerization catalysts.”*>**' These catalysts enabled
control of both regio- and stereoselectivity.”>>**" The resulting
polyolefins composed of cycloalkane repeating units are of
interest for their high thermal stability and high trans-
parency.”®> The properties of these polyolefins were fine-
tuned through the copolymerization of the dienes with
ethylene."” This concept of catalytic cyclopolymerization of
nonconjugated dienes was extended to late transition-metal-
based catalysts. These catalysts are tolerant to more chemical
functionalities, enabling cyclopolymerization of functionalized
dienes and vyielding unique polymer structures.'*>>%37%%
Finally, the cyclopolymerization of bifunctional diynes
catalyzed by a series of metal complexes was also developed.
These polymers are of interest because the n-conjugated
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structures of the backbone provide them with unique physical,
electrical, and optical properties.”*”***

5.3. Catalyst Development in ATRP. Radical polymer-
izations are the most common method of polymerization for
vinyl monomers. Widely used, atom transfer radical polymer-
ization (ATRP) is a controlled radical polymerization
technique for synthesizing vinyl polymers with precise
topology and architecture (Scheme 16).5%%

Scheme 16. Polymerization of Vinyl Monomers Using Atom
Transfer Radical Polymerization (ATRP)

LnMZ / X-Lp,MZ*1
R-X + n Ay —————————>

X: BrorCl

R

ATRP uses a dormant alkyl halide initiator, which can
undergo reversible redox chemistry to reveal an active alkyl
radical. The active alkyl radical can add a monomer but is more
often deactivated, resulting in the uniform growth of all
polymer chains.”***”" The redox chemistry is traditionally
carried out with a copper catalyst. The catalyst is employed in a
reversible equilibrium reaction that facilitates the formation of
the propagating radical and does not assist with monomer
addition.

The synthetic opportunities offered by ATRP are endless;
however, decreasing the catalyst loading from the 1 mol %
originally reported is important for increasing the biological
and microelectronic compatibility of the resulting polymers.*”*
In-depth mechanistic studies provided quantitative design rules
for ATRP catalyst development, leading to increases in
catalytic activity and thus lower catalyst loadings (Figure
1).”*7*° Consequently, this decrease of catalyst loading
makes the system very sensitive to unpreventable side reactions
that consume the copper(I) and halt the polymerization (e.g.,
radical—radical recombination).””® These side reactions
originally set a limit on the copper loading that can be
employed. This limit could be lowered by the introduction of a
reducing step within the polymerization to regenerate the
copper(I) complex. Many techniques, including the in situ
catalyst regeneration step, have successfully decreased the
catalyst loading over the years to ppm levels (Figure 1). Within
these techniques, the use of an electrochemical cell reduced the
catalyst loading to 50 ppm. Beyond the low catalyst loading,
this technique is also advantageous for its temporal control
over polymer growth, as the flux of current through the cell can
directly control the rate of polymerization.””’

5.4. Photomediated Polymerizations. The use of light
to initiate vinyl monomer polymerization has a long and rich
history leading to mult})le commercial applications (e.g,
dental fillings, coatings).29 A more recent focus has been using
light to mediate living polymerizations of vinyl mono-
mers.””*~*°” This focus is motivated by the desire to turn
polymerization on and off with a light switch, providing
temporal and spatial control over polymer growth. Photo-
mediated RAFT (reversible addition—fragmentation chain-
transfer), ATRP, and cationic polymerizations of vinyl
monomers have recently been successfully achieved.

For almost two decades, light has been known to impact the
rate of ATRP using copper catalysts.””” The main challenge in
developing a photomediated ATRP, however, has been to
completely suppress the formation of the active copper catalyst
through the thermally mediated equilibrium in the absence of
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Figure 1. Timeline of ATRP initiation systems and most relevant ligands for copper-catalyzed ATRP. Modified with permission from ref 292.
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light. A fully photomediated ATRP therefore requires a means
of forming the active catalyst without relying on a thermally
mediated equilibrium. Inspired by work on small molecule
synthesis, photomediated ATRP was achieved through a
photoredox reaction for the fast and reversible formation of
the propagating alkyl radical (Scheme 17).>'*"" fac-[Ir(ppy);]

Scheme 17. Proposed Mechanism of Iridium-Photoredox-
Catalyzed ATRP by Visible Light. Reproduced with
Permission from Ref 308. Copyright 2012 Wiley-VCH
Verlag GmbH & Co

iy
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enables the polymerization of methacrylates in a controlled
fashion under light while completely halting the polymerization
in the dark.’*® In this process, light converts fac-[Ir(ppy);] into
fac-[Ir(ppy);]*, which reduces the alkyl bromide, forming the
desired alkyl radical and an iridium(IV) that reacts with the
propagating radical to regenerate the initial iridium(III).

The UV absorbance of thiocarbonylthio chain transfer
agents has been used for photocontrolled RAFT polymer-

11162

izations (Scheme 18).>"* However, the poor end-group fidelity
and molecular weight control were significantly limiting and

Scheme 18. Polymerization of Vinyl Monomers Using
Reversible Addition—fragmentation Chain-Transfer

(RAFT)
/\Y —_— RMS\H/Z
Y

motivated the development of a more effective method.*”’”
Inspired by the work on ATRP, the photoinduced electron
transfer RAFT (PET-RAFT) using the same iridium complex
(fac-[Tr(ppy)s]) was developed.’'* The fac-[Ir(ppy);] acts as a
photoredox catalyst that interacts in its excited state with
thiocarbonylthios via a photoinduced electron or energy
transfer reaction (Scheme 19). The polymerization was
demonstrated to be compatible with a diverse set of vinyl
monomers (methacrylates, acrylates, styrene, vinyl ester,
methacrylamide, and acrylamide), to yield high-molecular-
weight polymers, block copolymers with narrow molecular
weight distribution, and most noticeably, to tolerate oxygen (a
known inhibitor for radical polymerization). This oxygen
tolerance was rationalized by the in situ reduction of dioxygen
by the photocatalyst into an inert hydroxide. This tolerance is
advantageous, as it prevents the need for the degassing of
monomers. Additionally, isotactic dimethyl acrylamide was
synthesized with PET-RAFT by using the coordination of a
Lewis acid (Y(OTf);) to the last two repeating units of the
growing polymer chains, which forces the incoming monomer
to add meso (Scheme 20).°9%3!%319
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Scheme 19. Mechanism of PET-RAFT Using a fac-[Ir(ppy);] Catalyst. Reproduced with Permission from Ref 312. Copyright

2014 American Chemical Society
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Scheme 20. Stereoregulation in Photoinduced RAFT Utilizing Iridium Photocatalyst and Y(OTf); Mediator for Stereocontrol
Polymer. Modified with Permission from Ref 305. Copyright 2016 American Chemical Society”
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In an effort to avoid the use of metal complexes,
organocatalyzed photoinduced ATRP and RAFT were
developed. Elimination of the metal catalyst was motivated
by cost and by the issue that metal contaminates pose to the
use of polymer in biomedical and electronic applica-
tions.”?”0%3%33%* PET_RAFT has been successfully performed
with a series of organic molecules as photocatalysts, with Eosin
Y and fluorescein providing efficient catalysis at concentrations
below 100 ppm. However, the addition of tertiary amine was
required in this case to achieve the quenching of the oxygen
present in nondegassed reaction mixtures.”’® ATRP of
(meth)acrylate monomers with organic photocatalysts has
also been successfully achieved with visible light.>'”*'®
Performing a metal-free ATRP represents a significant
scientific achievement as, in contrast to RAFT, ATRP was
originally designed with a metal complex.

The photomediated cationic polymerization of vinyl
monomers has also been the topic of serious progress
recently.’’” Electron-rich vinyl monomers and cyclic olefins
have been successfully polymerized in a living manner using
photocatalysts.””*™** In particular, the development of a
reversibly switchable system has enabled the transition of a
controlled radical polymerization of methacrylate to a
controlled cationic polymerization of vinyl ether in situ.”**

5.5. Catalytic lonic Polymerizations. Lewis base-
catalyzed anionic polymerization has been a significant
achievement in the past few years (Scheme 21).**> The use
of N-heterocyclic carbenes and other organic bases has enabled
the controlled catalytic polymerization of methacrylate
derivatives.”*™**° Variations in the chemical structure of the
catalyst have been shown to result in different polymerization
mechanisms, leading to polymers with different topologies and
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Scheme 21. Anionic and Cationic Polymerization Using
Nucleophile (Nu) and Electrophile (Ep) Initiators
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end-groups.””> The controlled polymerization of (meth)-
acrylate monomers initiated by a NHC in combination with
an alcohol was reported; however, the molecular weight
achieved remained relatively low.>*° Lewis base initiated
polymerizations are superior to radical polymerization for the
polymerization of bioderived vinyl monomer, such as y
-MMBL  (y-methyl-a-methylene-y-butyrolactone), with high
rates being achieved at low catalyst loading.”>"*** These
monomers offer a Eromising alternative to the petroleum based
(meth)acrylates.*”

Cationic polymerizations are most commonly employed for
electron-rich monomers such as vinyl ether, styrene, isobutene,
dienes, and N-vinylcarbazole derivatives. Current research has
focused on achieving molecular weight control and stereo-
selectivity.”>>*****> The high reactivity of the growing cationic
polymer chain results in a high tendency for chain transfer and
other side reactions, hampering control of the molecular
weight. Three strategies have been successfully developed to
achieve molecular control; two of them consist of controlling
the Lewis pair interaction (vide infra) while the third method
proceeds through a degenerative chain-transfer type similar to
RAFT (Scheme 22). In this “cationic RAFT”, the thiocarbo-
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Scheme 22. Three Types of Living Cationic Polymerization
Systems According to Mechanistic Classifications.”
Reproduced from Ref 325. Copyright 2018 American
Chemical Society
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nylthio compounds are activated through the addition of a
small amount of Brensted acid. The polymerization proceeds
through a reversible chain transfer of the §rowing carbocationic
species to the dormant thioester bond.**® As stated earlier, the
thiocarbonylthiol chain transfer agents are also compatible to
radical polymerization, enabling the synthesis of block
copolymers made via radical and cationic polymerizations.”**

Another direction of high interest for cationic polymer-
ization of vinyl monomer is the development of stereoselective
polymerization methods. Stereospecific living cationic poly-
merizations of N-vinylcarbazole has been achieved through the
interaction of the propagating carbocation and the counterion
at low temperature to yield polymer with high isotacticity.”’
More recently, the catalyst-controlled stereoselective cationic
polymerization of vinyl ethers has produced semicrystalline
polymers in high yield.”**

5.6. Lewis Pairs Polymerizations. Lewis pair polymer-
izations (LPPs) have been developed as a means to polymerize
vinyl monomers (and others) with the goal of achieving
stereocontrol. LPPs proceed through the cooperative effect of a
Lewis pair where both elements are actively involved in the
polymerization process. The use of a mixture of a Lewis acid
and a Lewis base to initiate the polymerization of vinyl
monomer was first reported in 1960.”*° The polymerizations
showed some level of stereoregularity, but the rates were very
slow. More recently, the discovery of frustrated Lewis pairs has
enabled the rapid and efficient polymerization of conjugated
linear and cyclic acrylic monomers, with the polymers
exhibiting moderate levels of tacticity.”*” From a mechanistic
standpoint, it was determined that strong Lewis acids cause
uncontrolled terminations (e.g,, cyclization via a backbiting
mechanism), preventing the polymerization from being living
(Scheme 23). The addition of a Lewis base helped lower the
reactivity of the acid and prevented this undesired
termination.>*073* Today, multiple Lewis pairs have been
reported to catalyze the living polymerization of acrylic,
vinylpyridine, and vinyl phosphate monomers with high
efficiency.®” In contrast to controlled radical polymerization,
LPPs of vinyl monomers can be performed to complete

Scheme 23. Proposed Propagation “Catalysis” Cycle for the
LPP of Polar Vinyl Monomer. Modified with Permission
from Ref 325. Copyright 2018 American Chemical Society
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conversion without negatively affecting the dispersity.”**

Furthermore, the use of Lewis pair polymerizations has
shown a unique ability to polymerize biomass-derived cyclic
acrylic monomers in a living manner.”***

5.7. Group Transfer Polymerizations. Group transfer
polymerization (GTP) was first developed at Dupont in 1983
as an alternative to the low-temperature anionic polymerization
method for the polymerization of methacrylates.”***® GTP
traditionally employs a silyl ketene acetal initiator and a Lewis
acid catalyst. It has since been expanded to include acrylate
and acrylamide with great levels of control over molecular
weight and fast kinetics.>*>**® However, the reaction
mechanism and rate of polymerization differ based on the
catalyst family.”*>?**** More recently, a tandem group
transfer polymerization has been reported, where the silyl
ketene acetal is synthesized in situ through a Lewis acid-
catalyzed hydrosilylation reaction (Scheme 24). The Lewis
acid then subsequently catalyzes the living GTP. This method
is advantageous, as it bypasses the need to isolate the reactive
silyl ketene acetal and shows good initiation efficiency and high
polymerization rates exclusively from commercially available
reagents. Block copolymers and heterotelechelic polymers of
acrylates have been successfully accessed through this reaction
mechanism.>**7**> However, molecular weights of the
polymers reported thus far are limited, and the catalyst
(B(C4Fs)3) is not compatible with Lewis base containing
MONomers.

6. HETEROCYCLIC MONOMERS

Heterocyclic monomers are polymerized via a chain growth
ring opening polymerization (ROP) involving the cleavage of a
C—X or X—X bond, where X is not carbon. The ROP of
heterocyclic monomers results in polymers containing at least
one heteroatom within the polymer backbone. The five most
common elements are oxygen, nitrogen, sulfur, phosphorus,
and silicon. The term “catalyst” in the context of ROP has been
used to describe many different reagents (organic, inorganic,
organometallic, and enzymes) added to a polymerization to
facilitate the ring opening process. The three most common
ROP mechanisms are anionic, cationic, and coordination
insertion (sometimes referred to as anionic coordination
polymerization) (Figure 2).7>°7%%

General trends across heterocyclic monomers include
lowering catalyst loadings, controlling molecular weight, and
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Scheme 24. Tandem Group Transfer Polymerization of Methyl (Meth)acrylates Initiated by a Hydrosilane and Catalyzed by a
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R
R RySiH ? \ o OSiR; O R
j \ A | \ MeOH
~ = n+2
- OSiR, 07 ™ o) —>
O (|3 Lewis acid | R R o)
\
Anionic
é e@
n -
Cl) ‘
RO--X —> RO-— é - > é ‘,’ Coordination—-insertion RO ML
O
0®
(T(\H/ W = RO-X %t
Cationi
ationic f
RO, \,0
%/to Hoo o RO O)‘ML =RO-ML, Y
“O--X @
ROH*\L& — /i / RO h
ROH < 0 ROMH RO-ML; {\/@ML
n n

ROWOWOH = ROH
O O

Figure 2. Anionic (top, left), cationic (bottom, left), and coordination—insertion (right) mechanisms for the ring opening polymerization of

lactones.

controlling stereoselectivity. Low catalyst loadings can be
achieved by the quick shuttling of catalyst between multiple
growing polymer chains. This technique is referred to as an
immortal polymerization (Figure 3).**° Molecular weight

initiators

"growing" polymer chains

abueyoxa isey

. . catalyst
®
monomers

Figure 3. Immortal polymerization.

control is achieved by implementing catalytic systems that
minimize side reactions, enabling the synthesis of composi-
tionally and topologically complex macromolecules. Stereo-
chemistry of polymers is controlled either through using
enantiopure monomers with stereoretentive catalysts or by
implementing stereoselective catalysts with racemic monomer
mixtures. Stereoregularity enables the crystallization of
polymer chains, providing superior mechanical properties and
higher melting temperatures. For example, amorphous atactic
PLA has a glass transition temperature (T ) of ~60 °C, while
isotactic PLA is semicrystalline with a meltmg temperature
(T,,) of ~170 °C.>*” Additionally, there has been significant
interest in the formation of polymeric stereocomplexes
(cocrystallization of two polymer chains having different
stereochemistry), as this further increases physical properties
beyond that of enantiopure polymers (stereocomplexes of PLA
have a T,, = 220 °C). Stereocomplexation has been shown to

occur with a wide range of polymers made via ROP of
hetercocylic monomers.*>’ 7%

6.1. Oxygen—Carbon Bond Cleavage. Heterocyclic
monomers where the oxygen—carbon bond is cleaved during
polymerization are the most widely researched monomer
group. We will cover these monomers by dividing them into
the following groups: lactones, ethers, carbonates, anhydrides,

oxazolines, and copolymerizations (Chart 2).

Chart 2. Heterocylic Monomers in Which ROP Results in
Cleavage of the Oxygen—Carbon Bond”

Lactones Ethers Carbonates
Lol
rR—<"0 R™™ "R 0”0
n
R R R
Anhydrides Oxazolines
o o R
AL oA
, N4 X/
T ow N

(¢}

“Bond cleavage represented by red dotted line.

6.1.1. Lactones. The development of the ROP of lactones
saw a large surge in popularity in the 1990s with the growing
public awareness of environmental issues and rising prices of
petroleum (Scheme 25).** The periodic table in Figure 4
highlights any element that bonds or coordinates with an active
site for lactone polymerization, and illustrates the massive
number of catalysts regorted for the ring opening polymer-
izations of lactones.””****7*! The most commonly used
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Scheme 25. Ring Opening Polymerization of Lactones
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metals are zinc, aluminum, tin, yttrium, and lanthanides. New
metal catalysts providing higher polymerization rates at lower
loadings, while maintaining molecular weight and stereocontrol
are continuously being reported.”>***~*"* Additionally, the
development of highly active catalysts has enabled the
polymerization of novel monomers, like (un)substituted
butyrolactones, that can be easily depolymerized, openin up
new possibilities for fully recyclable polymeric systems.***~***

Organocatalysts have become more popular recently due to
their ease of use, commercial availability, and lower toxicity.*"’
Chart 3 depicts the most common acid and base catalysts in
which the use of (thio)urea-mediated ROP serves as a
significant recent advancement in this area,’¢>3%%314107414
(Thio)urea activators, in the presence of a base catalysis, act as
hydrogen bond donors providing high levels of control over
molecular weight with extremely fast polymerizations (<10
5). %*1541% Overall, the precision of organocatalyzed ROP of
lactones has enabled the synthesis of polymers with controlled
composition, tolpolo , and incorporation of a wide range of
functionalities.*’’~**> Additionally, the use of organocatalysts
for stereocontrol of PLA has seen the development of site
control 4}Z)olymerizations vs chain end controlled polymer-
izations. "~

Stimuli-responsive polymerizations have recently been
developed for ROP. Among the early examples in 2005 was
the thermally reversible NHC, which was active at 90 °C, and
dormant at 20 °C through the formation of a triazolylidene-
alcohol adduct.**® Redox-sensitive catalysts through the
modulation of the ligands or the metal center have also been
developed.”***~*7 Reversible inhibition is another avenue
recently explored, as the active site can be blocked by the
addition or removal of a ligand or competing coordinating
agents (such as CO, with DBU). %% Most recently, light has

been used to control the ROP through photocyclization or
photoisomerization modulation,****0~*

6.1.2. Ethers. Epoxides are the most prevalent cyclic
monomer, with ethylene oxide (EQO), propylene oxide (PO),
and butylene oxide (BO) reaching a production scale of more
than 33 million tons per year (Scheme 26).**> Poly(ethylene
oxide) (PEO) and poly(propylene oxide) (PPO) have found
applications as lubricants, plasticizers, dispersants, nonionic
surfactants, and building blocks of polyurethanes.**>**¢ The
high water-solubility and very low immunogenicity, antige-
nicity, and toxicity have made PEO the “gold standard” for any
biocompatible applications.**>**” Epoxide polymerizations
typically occur through an anionic polymerization initiated
by metal alkoxides, as this methodology can achieve precise
molecular weight control over a wide range. Additionally, the
development of metal-free polymerizations has seen renewed
interest with amine-, NHC-, phosphazene-, and N-heterocyclic
olefin (NHOs)-based catalysts, with newer catalysts providing
higher polymerization rates and accessing higher molecular
weights by eliminating side reactions.****~*’

Coordination insertion polymerizations of epoxide have
historically achieved either high molecular weights (>30000 g/
mol) or control over stereochemistry, but not both.**>#3¥7!
Recent work implementing a bimetallic chromium catalyst with
a diol chain shuttling agent has provided both moderate MW
with narrow dispersities and enantioselectivity.**> Additionally,
the catalytic polymerization of functionalized epoxide with the
Vandenberg catalyst (acetylacetone-chelated aluminum) and
other organoaluminum catalysts has sought to expand the
chemical versatility of ROP catalysts while maintaining control
of the polymerization,***~*%

6.1.3. Carbonates. Polycarbonates are known for their low
toxicity, biocompatibility, and biodegradability (Scheme 27).
Much of the research in this area focuses on producing
functionalized polycarbonates for biomedical applications, with
the six-membered TMC (trimethylene carbonate) being the
most common monomer."*”**"~*> Recent work has shown
the potential of N-substituted, functionalized, eight-membered
cyclic carbonates as a simpler and more efficient route to

1 2
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Li | Be B|C|N|O|F |Ne
1 12 13 14 15 16 17 18
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K |Ca|[Sc|Ti |V |Cr | Mn|Fe |Co|Ni|Cu|Zn |Ga|Ge|As | Se|Br|Kr
37 38 39 40 41 42 43 44 45 46 a7 48 49 50 51 52 53 54
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Figure 4. Elements with catalytic activity for the ROP of lactones (colored), including metals (orange) and nonmetals (green).

designates synthetically prepared elements.>****373%!
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Chart 3. Key Organic-Catalysts for the Polymerization of Lactones”
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“DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene), TBD (triazabicyclodecene), phosphazene, NHCs (N-heterocyclic carbine), DPP (diphenyl

phosphate), methanesulfonic acid, and triflic acid.

Scheme 26. Ring Opening Polymerization of Ethers
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accessing functionalized polycz:trbonattes.“s’474 Interestingly,
most of the catalysts active for lactone polymerization also
display activity for ROP of carbonates; therefore, advances
made for the former traditionally results in advances for the
latter. More particularly, recent efforts have focused on
transposing the organocatalysts developed for the ROP of
lactones to carbonates as they are more biocompatible than
their metal counterparts (Chart 3).*'%**7*! Today, the
organocatalyzed ROP of carbonates achieves high levels of
control over molecular weight.

6.1.4. Anhydrides. O-Carboxyanhydrides (OCAs) are a
class of five-membered cyclic anhydrides that release CO,
upon opening of a five-membered ring, resulting in polyester
formation (Scheme 28).***7*% The rich variety of side-chain

Scheme 28. Ring Opening Polymerization of O-
Carboxyanhydrides

(0]

)k O

O 0 ——» O CcO
/QS/\)R*'H 2

R o R

functionalities of O-carboxyanhydrides enables access to
polyesters that are difficult to obtain directly from the ROP
of lactones. Organocatalyzed ROP of OCAs has recently been
developed with bases and nucleophiles, such as DMAP and
NHC, that provide good levels of control**™*** A large
number of metal catalysts have also been applied for the ROP
of OCAs, with hafnium and zirconium alkoxide and photo-
redox nickel/iridium/zinc system catalysts recently achieving
the first examples of stereoselectivity with high molecular
weights and narrow dispersities.*** =
N-Carboxyanhydrides (NCAs) are a class of cyclic
anhydrides with a nitrogen within the ring (Scheme 29).
Upon polymerization, the five- or six-membered ring opens,
and CO, is released, resulting in the formation of polyamides,
which are polypeptide analogues.”” ™'’ The similarity of
polyamides to natural peptides has prompted significant
biomedical and pharmaceutical interest in polymerizing
NCAs.>®> The recent use of organosilicon amines, like

Scheme 29. Ring Opening Polymerization of N-
Carboxyanhydrides
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HMDS (hexamethyldisilazane), or organosilicon sulfides has
been demonstrated to enable the controlled polymerizations of
a moderate range of NCAs.>''"™'* The addition of acids,
guanidines, thioureas, or polyamines molecules has also been
shown to further enhance control over the polymeriza-
tion.> > Metal catalysts, in general, offer moderate
stereoselective control over the ROP of NCAs through kinetic
resolution.>** Most unique to this monomer, the formation of
secondary structure (a-helix) during its polymerization
significantly increases the polymerization rate.”** Recently, it
was reported that the rate of ROP of NCAs in a graft-from
synthesis of a bottlebrush polymer can be further accelerated
by the cooperative interactions between the macrodipoles of
neighboring helical polypeptides.®*"***

6.1.5. Oxazolines. Oxazolines are a class of five-membered
cyclic imino ethers where cleavage of the C—O bond results in
polypeptide analogs (Scheme 30). Similar to NCAs, their

Scheme 30. ROP of Five-Membered Oxazolines To Produce
a Polypeptoid

R R
o)*N -
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biomimicking structure motivates significant research in
biomedical and pharmaceutical applications. The benefit of
this family of polymers over other biomimetic polymers
includes their facile and tunable monomer syntheses as well as
their broad compatibility with numerous polymerization
methods. For instance, the ROP of 2-oxazolines through the
cationic polymerization by Lewis acids, strong Bronsted acids,
acid halides, silyl halides, chloroformates, supercritical CO,,
and alkylating agents have been performed.”**™>*° High levels
of control have been achieved, enabling the synthesis of
compositionally and topologically complex polymers.”*’~>**
6.1.6. Copolymerization. Copolymerization of oxygenated
heterocyclic monomers has been a growing trend as polymer
chemists seek to access a larger variety of polymers.
Oxygenated heterocyclic monomers are particularly amenable
to copolymerization as there is significant overlap in catalyst
compatibility which gives copolymerization access to a broad
range of polymer properties, topologies, and compositions.
The copolymerization of epoxides with CO,, an abundant
and nontoxic biorenewable molecule, has gained significant
attention recently as an attractive route to accessing
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polycarbonates (Scheme 31).°**7>% Most catalysts for this
copolymerization fall into one of two categories: bicomponent

Scheme 31. Copolymerization of CO, and Epoxide Forming
Polymer and Cyclic Carbonate
o O
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or bimetallic.”** One of the most successful catalysts (salen-
based) for the copolymerization of CO, and epoxides is also
highly effective at producing stereoregular polymers.**”>%7 =%
There has also been interest in the copolymerization of CO
and epoxides to produce polyesters as a low-energy and atom-
economical route to form lactones in situ.”**~>*’ This tandem
monomer synthesis and ROP can be done either with one
catalyst or with the use of compatible epoxide carbonylation
and lactone polymerization catalysts. More recently, there has
been interest in copolymerizing carbonyl sulfide (COS) and
carbon disulfide (CS,) with epoxides for the production of
high-performance materials with excellent electrical, mechan-
ical, and optical properties.”*">°> The alternating copoly-
merization of epoxides with anhydrides yields polyesters and
has recently achieved high levels of control with organometallic
complexes or metal-free Lewis pairs.”*>~>%

Terpolymerizations (copolymerization of three monomers)
focus on the development of selective polymerization catalysis
that can create a single, well-defined Spolymer structure from a
complex mixtures of monomers.**”**® This area focuses on
“one-pot” polymerizations of any combination of CO,,
epoxide, anhydrides, and lactones and has recently been
accomplished with high levels of selectivity with bimetallic zinc
alkoxide complexes, modified aluminum or chromium salen
catalysts, or phosphazenes.’® ™

Switchable ring opening copolymerizations have recently
been explored for compositional control in oxygenated
polymers.*”***”* Two redox switchable copolymerization
systems were developed to switch between ROP of lactones
and the ROP of epoxides.”’>***>*> Photoswitchable ROP
catalyst systems have been recently reported as capable of
switching 4polymerlzatlon preference between lactones and
carbonate.™"

6.2. Nitrogen, Sulfur, Phosphorus, and Silicon-
Containing Bond Cleavages. The following section covers
monomers where nitrogen, sulfur, phosphorus, and silicon are
involved in polymerization breaking bond. They will be
divided into the their respective groups on the basis of the
element involved in the bond cleavage (Chart 4).

6.2.1. Nitrogen. The ROP of lactam is known mostly for the
industrial production of Nylon-6 from e-caprolactam (Scheme
32).°*" Recently, the development of the metal-free anionic

Scheme 32. ROP of Lactams (Top) and Amines (Bottom)
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ROP of lactams has been effective with NHC and
phosphazenes, with phosphazenes being a more moisture-
and functional-group-tolerant system.”*>""

The ROP of cyclic amines yields polyamines which have
found use as antibacterial and antimicrobial coatings, CO,
adsorption, materials templating, and nonviral gene trans-
fection.***>°> A recent development in the polymerization of
cyclic amines has been the use of the electron-withdrawing
sulfonyl group on the nitrogen, which has made the anionic
polymerization of cyclic amines possible for the first time.>”’
Anionic polymerizations of aziridines typically are initiated by
strong alkali nucleophlles or metal-free systems, such as NHCs
and phosphazenes.””*~%%*

6.2.2. Sulfur. Sulfur-containing polymers are of great interest
for their degradable and biocompatible properties for
biomedical applications, their high refractive index for optical
applications, and their sorbent properties for wastewater
treatment (Scheme 33).°°* A recent development for the
ROP of sulfides has been the use of thioester, thiourethane,
and trithiocarbonate as initiators, which provides well-
controlled polymerizations. Additionally, this has enabled the
development of a switchable polymerization system, as
trithiocarbonates can be used as RAFT transfer agents, to
control polymer composition on demand with external
stimui.”"°° 7%’ Recently, a purely alternating polymerization
of episulfide with carbon disulfide was reported with a salph

Chart 4. Common Monomers Used in Which Polymerization Results in Bond Cleavage between Nitrogen, Sulfur,

Phosphorous, and Silicon”
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Scheme 33. ROP of Sulfides (Top Left), Thiourethanes (Top Right), Thioesters (Middle Left), Thioanhydrides (Middle
Right), Thionoesters (Bottom Left), and Amines (Bottom Right)
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ligand chromium catalyst to produce polytrithiocarbonates.’'’

Thioanhydrides have also been copolymerized with episulfides
by means of both organocatalysts and metal catalysts.”"'~"?
Trithiocarbonates have been polymerized through a radical
ROP when used as a RAFT chain transfer agent.”'*~%'¢

Thioesters, which contain a carbonyl and a sulfide linkage,
have recently been polymerized by organocatalyzed systems
with the use of strong bases (DBU, TBD, MTBD) in
conjunction with thioureas or cysteine methyl esters.’”’”®'®
Thionoesters, which contain a thiocarbonyl and an ether, have
been polymerized using organic bases to produce solely
polythionoesters, which is often not the product due to
rearrangement of the thionoester to the more stable thioester
in sity S13619-621

6.2.3. Phosphorus. The ROP of cyclic phosphorus
monomers is attractive, as the phosphorus ancillary unit
enables easy functionalization and tunin§ of phgrsical properties
over a massive range (Scheme 34)."%%*7%7 Among the

Scheme 34. ROP of Phosphorous-Containing Monomers
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possible ancillary units, the phosphoesters are by far the most
popular. The recent development of organocatalyzed ROP has
been applied to phosphoesters with DBU, TBD, DBU/TU,
and NHCs, providing well-controlled polymerizations.®**~*'
The implementation of organocatalyzed ROP has enabled the
recent exploration of polyphosphonates, polyphostones, and
thionophosphoester, providing more hydrolysis, thermal, and
photostable materials from less toxic starting materials.’**~%*°

6.2.4. Silicon. Silicones are known for their very low glass
transition temperature, biocompatibility, low-temperature
sensitive viscoelatic behavior, and extreme resistance to heat
(Scheme 35).9%776%° Recently, the ROP of siloxanes and
carbosiloxanes has been achieved with organocatalysts, such as
TBD and NHCs. These catalysts have been able to minimize

side reactions and produce polymers with narrow disper-
sities. 404!

7. SPECIALTY MONOMERS

7.1. Conjugated Polymers. Conjugated polymers are
composed of alternating single and double bonds that give rise
to semiconducting properties. Research in this area has been

Scheme 35. ROP of Siloxane (Top) and Carbosiloxane
(Bottom)
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motivated by the ease of processing polymers for photo-
voltaics, orﬁganic light-emitting diodes, and flexible elec-
tronics.”**"*** Today, many conjugated polymers are synthe-
sized throu§h transition-metal-catalyzed cross coupling reac-
tions.***~%* Traditionally, a step-growth polycondensation is
performed by repetitive cycles of oxidative addition, trans-
metalation, and reductive elimination to produce a polymer
following a step-growth kinetic (high conversion is necessary
to reach high molecular weight).”*" A transformative develop-
ment in this field was the synthesis of poly(3-hexylthiophene)
via a nickel-catalyzed cross-coupling polycondensation reaction
that followed a controlled chain growth kinetics (Scheme
36).°°'7%° This unique kinetic behavior implies that the
polymer end-group is more reactive than the same functional
group on the monomer.”*® This higher reactivity was
rationalized by the complexation of the catalyst to the
conjugated 7 electrons of the growing polymer chain, thus
preventing the transfer of the catalyst to a new monomer
forming a new polymer chain.”*®” This catalytic chain
growth polycondensation is more formally known as a catalyst
transfer polymerization. Chain growth polymerizations are of
interest, as it enables the tailoring of primary polymer structure
(e.g, copolymer sequences, end-group functionalities) and
molecular weight (e.g., targetable molecular weight and narrow
dispersity).***~%*’ Since its first report, many types of catalytic
cross-coupling reactions have been reported when specific
monomer and catalyst pairs are employed.®***" The
identification of these pairs has remained mostly empirical,
and this process is complicated by the continuous development
of new, more complex monomers that are ever more difficult
to polymerize. However, recent work probing the stability and
ring-walking capability of many catalysts seeks to accelerate the
development of new controlled chain transfer polymer-
izations,*%7%%

7.2. Silicone Polymers. Hydrosilylation, the addition of a
silane across an olefin, alkyne, carbonyl, or imine, enables the
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Scheme 36. Proposed Catalytic Cycle for Polymerization of
Thiophene by CTP. Reproduced with Permission from Ref
645. Copyright 2018 Wiley-VCH Verlag GmbH & Co
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catalytic cross-linking of silicone polymers to produce silicone
elastomers, with applications including release coatings,
sealants, lubricants, and silicone rubber (Scheme 37).°°°%*
Platinum-based hydrosilylation catalysts, and Karstedt’s
catalyst more specifically, have become the industry standard
due to their high activity and selectivity.”*"** Recent advances
through coordination of ligands to the platinum metal have
helped improve the stability and compatibility toward
functional groups of the catalyst.”** Hydrosilylation with
platinum- and other metal-based catalysts follows the Chalk—
Harrod mechanism (Figure S), which involves the oxidative
addition of hydrosilane followed by insertion of olefin into the
metal hydrogen bond and reductive elimination of the
hydrosilylation product.®*"%**¢%>%¢ I depth mechanistic
studies leading to the establishment of the Chalk—Harrod
mechanism have helped establish that the reaction is
homogeneously catalyzed and not catalyzed by metal nano-
particles.**~%7°

More recently, hydrosilylation catalysis trends have shifted
from precious metals toward earth-abundant transition-metal
catalysts, such as iron, nickel, and cobalt. These metals offer
the promise of lower cost and greater environmental
sustainability.®®>°”" For instance, tridentate pyridine-
(diimine)-containing iron complexes, such as [(“*PDI)Fe-
(N,)1,(p,-N,), have been reported to exhibit comparable
activity and superior selectivity over Karstedt’s catalyst.””"">
However, discoloration caused by trace uncoordinated
pyridine(diimine) ligands and high air and moisture sensitivity
of the catalyst hampers industrial adoption. Structurally similar,
pyridine(diimine)-containing cobalt and nickel catalysts have
also been prepared and provide the benefits of milder
activation conditions, high anti-Markovnikov selectivity, and
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Figure S. Chalk—Harrod mechanism. I. Oxidative addition; II. Olefin
coordination; III. Olefin insertion into the Pt—H bond; IV. Reductive
elimination.

- . 671,6
tolerance for oxygen-containing functional groups.”"”

However, air instability of the active catalyst species remains
a challenge.

The shift toward lower costs and improved sustainability has
also included the development of metal-free hydrosilylation
catalysts. A notable example is the use of perfluorarylborane
Lewis acid catalysts, such as B(C¢F;),, in which borane Lewis
acids activate silicon-hydride bonds.”*>*”* Hydrosilylation with
other Lewis acids, such as organophosphonium cations, has
also been reported as part of the metal-free trend.*>*”*

8. OUTLOOK

Decades of research into catalytic polymerizations have
enabled the production of polymers at a scale that has
transformed modern society. This article captures the recent
advances across the entire field of catalytic polymerizations. In
general, the past two decades have seen the progression toward
the synthesis of more and more complex polymers with higher
levels of control over molecular weights, chemical composition,
and topology. These higher precision polymers have facilitated
the development of fundamental structure function relation-
ships, thus accelerating the engineering of materials.

Catalytic polymerizations will undoubtedly remain at the
core of polymer research as we attempt to synthesize
macromolecules with the precision achieved for small
molecules; however, broader challenges remain for polymers.
Perhaps the most pressing of these challenges is the
accumulation of plastics in the environment. Further catalyst
development has the potential to play a key role in alleviating
this societal issue by enabling the synthesis of biodegradable
polymers, producing more robust polymers with higher
recyclability, and/or synthesizing new polymeric compatibil-
izers to reduce the need for sorting plastics for recycling.
Additionally, the continued development of polymerization
catalysts for biobased polymers could reduce our reliance on
fossil fuels and further mitigate the impact on the environment.
Alternatively, catalytic depolymerization or upcycling of

Scheme 37. Hydrosilylation of Polysiloxanes
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polymers into higher value materials by catalytic postpolyme-
rization functionalization are also promising approaches to
address environmental issues. However, for any of these
proposed solutions, a total life cycle analysis will be an
important step for ensuring a positive environmental impact.
Finally, concerns about the residual catalyst in polymers
remains a topic of conversation. Not only the toxicity
associated with the use of transition metals but also residual
catalyst (organic or organometallics) can accelerate undesir-
able polymer degradation during its processing. This can
ultimately limit its application and reduces the recyclability of
polymers, which further incentivizes the community to seek
exceptionally productive catalysts. Given the incredible
progression of the field, catalytic polymerizations will
undoubtedly keep providing sustainable solutions to societal
needs.

B AUTHOR INFORMATION

Corresponding Author
*Email for D.G.: guironne@illinois.edu.

ORCID
Damien Guironnet: 0000-0002-0356-6697

Funding

The authors thank the NSF DMR 17-27605, NSF CHE 18-
00068, and NSF CBET 17-06911 for funding. We also
acknowledge Dow for funding through the University
Partnership Initiative.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank Tianwei Yan, Brian Van Dyke, and Danielle
Harrier for the fruitful comments they provided about the
manuscript.

B REFERENCES

(1) Stiirzel, M.; Mihan, S.; Miilhaupt, R. From Multisite Polymer-
ization Catalysis to Sustainable Materials and All-Polyolefin
Composites. Chem. Rev. 2016, 116, 1398—1433.

(2) Zhy, Y.; Romain, C.; Williams, C. K. Sustainable Polymers from
Renewable Resources. Nature 2016, 540, 354—362.

(3) Lutz, J.-F.; Lehn, J-M.; Meijer, E. W.; Matyjaszewski, K. From
Precision Polymers to Complex Materials and Systems. Nat. Rev.
Mater. 2016, 1, 16024

(4) Catalyst. In IUPAC Compendium of Chemical Terminology;
TUPAC: Research Triangle Park, NC.

(S) Claverie, J. P.; Schaper, F. Ziegler-Natta Catalysis: SO Years after
the Nobel Prize. MRS Bull. 2013, 38, 213—-218.

(6) Stanford, M. J.; Dove, A. P. Stereocontrolled Ring-Opening
Polymerisation of Lactide. Chem. Soc. Rev. 2010, 39, 486—494.

(7) Thomas, C. M. Stereocontrolled Ring-Opening Polymerization
of Cyclic Esters: Synthesis of New Polyester Microstructures. Chem.
Soc. Rev. 2010, 39, 165—173.

(8) Miiller, A. H. E; Matyjaszewski, K. Controlled and Living
Polymerizations : Methods and Materials; [from Mechanisms to
Applications]; Mller, A. H. E., Matyjaszewski, K., Eds.; Wiley-VCH
Verlag GmbH & Co. KGaA: Weinheim, Germany, 2009.

(9) Binder, W. H. The Past 40 Years of Macromolecular Sciences:
Reflections on Challenges in Synthetic Polymer and Material Science.
Macromol. Rapid Commun. 2019, 40, 1800610.

(10) Living Polymerization. In IUPAC Compendium of Chemical
Terminology; IUPAC: Research Triangle Park, NC.

(11) Szwarc, M. ‘Living’ Polymers. Nature 1956, 178, 1168—1169.

(12) Grubbs, R. B.; Grubbs, R. H. 50th Anniversary Perspective:
Living Polymerization—Emphasizing the Molecule in Macromole-
cules. Macromolecules 2017, 50, 6979—6997.

(13) Dove, A. P. Organic Catalysis for Ring-Opening Polymer-
ization. ACS Macro Lett. 2012, 1, 1409—1412.

(14) Chen, C. Designing Catalysts for Olefin Polymerization and
Copolymerization: Beyond Electronic and Steric Tuning. Nat. Rev.
Chem. 2018, 2, 6—14.

(15) Pasini, D.; Takeuchi, D. Cyclopolymerizations: Synthetic Tools
for the Precision Synthesis of Macromolecular Architectures. Chem.
Rev. 2018, 118, 8983—9057.

(16) Ruzette, A.-V.; Leibler, L. Block Copolymers in Tomorrow’s
Plastics. Nat. Mater. 2005, 4, 19—31.

(17) Swisher, J. H.; Nowalk, J. A.; Washington, M. A.; Meyer, T. Y.
Properties and Applications of Sequence-Controlled Polymers. In
Sequence-Controlled Polymers; Lutz, ]J-F., Ed.; Wiley-VCH Verlag
GmbH & Co. KGaA: Weinheim, Germany, 2017; pp 435—478.

(18) Badi, N.; Lutz, J.-F. Sequence Control in Polymer Synthesis.
Chem. Soc. Rev. 2009, 38, 3383—3390.

(19) Lutz, J-F. Sequence-Controlled Polymerizations: The next
Holy Grail in Polymer Science? Polym. Chem. 2010, 1, 55—62.

(20) Lutz, J.-F.; Ouchi, M.; Liu, D. R.;; Sawamoto, M. Sequence-
Controlled Polymers. Science 2013, 341, 1238149.

(21) Zhang, Z.; Zeng, T.-Y,; Xia, L.; Hong, C.-Y.; Wu, D.-C.; You,
Y.-Z. Synthesis of Polymers with On-Demand Sequence Structures via
Dually Switchable and Interconvertible Polymerizations. Nat.
Commun. 2018, 9, 2577.

(22) Barnes, J. C; Ehrlich, D. J. C.; Gao, A. X,; Leibfarth, F. A;
Jiang, Y.; Zhou, E.; Jamison, T. F.; Johnson, J. A. Iterative Exponential
Growth of Stereo- and Sequence-Controlled Polymers. Nat. Chem.
2015, 7, 810—815.

(23) Palomo, J. M. Solid-Phase Peptide Synthesis: An Overview
Focused on the Preparation of Biologically Relevant Peptides. RSC
Ady. 2014, 4, 32658—32672.

(24) Oliver, S.; Zhao, L.; Gormley, A. J.; Chapman, R.; Boyer, C.
Living in the Fast Lane—High Throughput Controlled/Living
Radical Polymerization. Macromolecules 2019, 52, 3—23.

(25) Tonhauser, C.; Natalello, A.;; Lowe, H.; Frey, H. Microflow
Technology in Polymer Synthesis. Macromolecules 2012, 45, 9551—
9570.

(26) Li, X.; Mastan, E.; Wang, W.-J.; Li, B.-G.; Zhu, S. Progress in
Reactor Engineering of Controlled Radical Polymerization: A
Comprehensive Review. React. Chem. Eng. 2016, 1, 23—59.

(27) Junkers, T. Precision Polymer Design in Microstructured Flow
Reactors: Improved Control and First Upscale at Once. Macromol.
Chem. Phys. 2017, 218, 1600421.

(28) Walsh, D. J.; Dutta, S.; Sing, C. E.; Guironnet, D. Engineering
of Molecular Geometry in Bottlebrush Polymers. Macromolecules
2019, 52, 4847—4857.

(29) Walsh, D. J.; Guironnet, D. Macromolecules with Program-
mable Shape, Size, and Chemistry. Proc. Natl. Acad. Sci. U. S. A. 2019,
116, 1538—1542.

(30) Corrigan, N.; Almasri, A,; Taillades, W.; Xu, J.; Boyer, C.
Controlling Molecular Weight Distributions through Photoinduced
Flow Polymerization. Macromolecules 2017, S0, 8438—84438.

(31) Lin, B; Hedrick, J. L; Park, N. H; Waymouth, R. M.
Programmable High-Throughput Platform for the Rapid and Scalable
Synthesis of Polyester and Polycarbonate Libraries. J. Am. Chem. Soc.
2019, 141, 8921—8927.

(32) Judzewitsch, P. R;; Zhao, L.; Wong, E. H. H.; Boyer, C. High-
Throughput Synthesis of Antimicrobial Copolymers and Rapid
Evaluation of Their Bioactivity. Macromolecules 2019, 52, 3975—3986.

(33) Rubens, M; Vrijsen, J. H; Laun, J.; Junkers, T. Precise Polymer
Synthesis by Autonomous Self-Optimizing Flow Reactors. Angew.
Chem., Int. Ed. 2019, 58, 3183—3187.

(34) Radzinski, S. C.; Foster, J. C.; Chapleski, R. C.; Troya, D.;
Matson, J. B. Bottlebrush Polymer Synthesis by Ring-Opening
Metathesis Polymerization: The Significance of the Anchor Group.
J. Am. Chem. Soc. 2016, 138, 6998—7004.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


mailto:guironne@illinois.edu
http://orcid.org/0000-0002-0356-6697
http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

(35) Guo, L.; Dai, S,; Sui, X; Chen, C. Palladium and Nickel
Catalyzed Chain Walking Olefin Polymerization and Copolymeriza-
tion. ACS Catal. 2016, 6, 428—441.

(36) Jia, Z; Monteiro, M. J. Cyclic Polymers: Methods and
Strategies. J. Polym. Sci., Part A: Polym. Chem. 2012, 50, 2085—2097.

(37) Yamamoto, T.; Tezuka, Y. Topological Polymer Chemistry: A
Cyclic Approach toward Novel Polymer Properties and Functions.
Polym. Chem. 2011, 2, 1930—1941.

(38) Laurent, B. A,; Grayson, S. M. Synthetic Approaches for the
Preparation of Cyclic Polymers. Chem. Soc. Rev. 2009, 38, 2202—
2213.

(39) Hoskins, J. N.; Grayson, S. M. Cyclic Polyesters: Synthetic
Approaches and Potential Applications. Polym. Chem. 2011, 2, 289—
299.

(40) Edwards, J. P.; Wolf, W. J.; Grubbs, R. H. The Synthesis of
Cyclic Polymers by Olefin Metathesis: Achievements and Challenges.
J. Polym. Sci., Part A: Polym. Chem. 2019, 57, 228—242.

(41) Chang, Y. A;; Waymouth, R. M. Recent Progress on the
Synthesis of Cyclic Polymers via Ring-Expansion Strategies. J. Polym.
Sci, Part A: Polym. Chem. 2017, 55, 2892—2902.

(42) Teator, A. J.; Lastovickova, D. N.; Bielawski, C. W. Switchable
Polymerization Catalysts. Chem. Rev. 2016, 116, 1969—1992.

(43) Liining, U. Switchable Catalysis. Angew. Chem., Int. Ed. 2012,
S1, 8163—8168.

(44) Pan, X; Fantin, M.; Yuan, F.; Matyjaszewski, K. Externally
Controlled Atom Transfer Radical Polymerization. Chem. Soc. Rev.
2018, 47, 5457—5490.

(45) Guillaume, S. M.; Kirillov, E.; Sarazin, Y.; Carpentier, J.-F.
Beyond Stereoselectivity, Switchable Catalysis: Some of the Last
Frontier Challenges in Ring-Opening Polymerization of Cyclic Esters.
Chem. - Eur. J. 20185, 21, 7988—8003.

(46) Blanco, V.; Leigh, D. A; Marcos, V. Artificial Switchable
Catalysts. Chem. Soc. Rev. 2015, 44, 5341—5370.

(47) Chen, C. Redox-Controlled Polymerization and Copolymeriza-
tion. ACS Catal. 2018, 8, 5506—5514.

(48) Peris, E. Smart N-Heterocyclic Carbene Ligands in Catalysis.
Chem. Rev. 2018, 118, 9988—10031.

(49) Kaiser, J. M; Long, B. K. Recent Developments in Redox-
Active Olefin Polymerization Catalysts. Coord. Chem. Rev. 2018, 372,
141-152.

(50) Gibson, V. C.; Spitzmesser, S. K. Advances in Non-Metallocene
Olefin Polymerization Catalysis. Chem. Rev. 2003, 103, 283—316.

(51) Stiirzel, M.; Mihan, S.; Miilhaupt, R. From Multisite
Polymerization Catalysis to Sustainable Materials and All-Polyolefin
Composites. Chem. Rev. 2016, 116, 1398—1433.

(52) Baier, M. C.; Zuideveld, M. A.; Mecking, S. Post-Metallocenes
in the Industrial Production of Polyolefins. Angew. Chem., Int. Ed.
2014, 53, 97229744

(53) Collins, R. A.; Russell, A. F.; Mountford, P. Group 4 Metal
Complexes for Homogeneous Olefin Polymerisation: A Short
Tutorial Review. Appl. Petrochem. Res. 20185, S, 153—171.

(54) Suo, H; Solan, G. A; Ma, Y.; Sun, W.-H. Developments in
Compartmentalized Bimetallic Transition Metal Ethylene Polymer-
ization Catalysts. Coord. Chem. Rev. 2018, 372, 101—116.

(55) Elias, H.-G.; Miilhaupt, R. Plastics, General Survey, 2.
Production of Polymers and Plastics. In Ullmann’s Encyclopedia of
Industrial Chemistry; Wiley-VCH, Ed.; Wiley-VCH Verlag GmbH &
Co. KGaA: Weinheim, Germany, 201S; pp 1-38.

(56) Fong, A; Yuan, Y,; Ivry, S. L; Scott, S. L, Peters, B.
Computational Kinetic Discrimination of Ethylene Polymerization
Mechanisms for the Phillips (Cr/SiO,) Catalyst. ACS Catal. 2015, S,
3360—3374.

(57) Conley, M. P.; Delley, M. F.; Nufez-Zarur, F.; Comas-Vives,
A.; Copéret, C. Heterolytic Activation of C—H Bonds on Cr (III) —
O Surface Sites Is a Key Step in Catalytic Polymerization of Ethylene
and Dehydrogenation of Propane. Inorg. Chem. 2015, 54, 5065—5078.

(58) Brown, C.; Krzystek, J.; Achey, R; Lita, A.; Fu, R.; Meulenberg,
R. W,; Polinski, M.; Peek, N.; Wang, Y.; van de Burgt, L. J.; Profeta,
S.; Stiegman, A. E.; Scott, S. L. Mechanism of Initiation in the Phillips

Ethylene Polymerization Catalyst: Redox Processes Leading to the
Active Site. ACS Catal. 2015, S, 5574—5583.

(59) Fong, A.; Peters, B.; Scott, S. L. One-Electron-Redox Activation
of the Reduced Phillips Polymerization Catalyst, via Alkylchromium-
(IV) Homolysis: A Computational Assessment. ACS Catal. 2016, 6,
6073—608S.

(60) Brown, C.; Lita, A; Tao, Y.; Peek, N,; Crosswhite, M,;
Mileham, M.; Krzystek, J.; Achey, R;; Fu, R.; Bindra, J. K.; Polinski,
M.; Wang, Y.; van de Burgt, L. J.; Jeffcoat, D.; Profeta, S.; Stiegman, A.
E; Scott, S. L. Mechanism of Initiation in the Phillips Ethylene
Polymerization Catalyst: Ethylene Activation by Cr(II) and the
Structure of the Resulting Active Site. ACS Catal. 2017, 7, 7442—
745S.

(61) Fong, A.; Vandervelden, C.; Scott, S. L.; Peters, B.
Computational Support for Phillips Catalyst Initiation via Cr—C
Bond Homolysis in a Chromacyclopentane Site. ACS Catal. 2018, 8,
1728—-1733.

(62) Floryan, L.; Borosy, A. P.; Ntfiez-Zarur, F.; Comas-Vives, A,;
Copéret, C. Strain Effect and Dual Initiation Pathway in Cr(III)/SiO,
Polymerization Catalysts from Amorphous Periodic Models. J. Catal.
2017, 346, 50—56.

(63) Delley, M. F.; Praveen, C. S.; Borosy, A. P.; Nufiez-Zarur, F.;
Comas-Vives, A.; Copéret, C. Olefin Polymerization on Cr(III)/SiO,:
Mechanistic Insights from the Differences in Reactivity between
Ethene and Propene. J. Catal. 2017, 354, 223—230.

(64) Cruz, C. A;; Monwar, M. M.,; Barr, J; McDaniel, M. P.
Identification of the Starting Group on the First PE Chain Produced
by the Phillips Catalyst. Macromolecules 2019, 52, 5750—5760.

(65) Passaglia, E.; Coiai, S.; Cicogna, F.; Ciardelli, F. Some Recent
Advances in Polyolefin Functionalization. Polym. Int. 2014, 63, 12—
21.

(66) Boffa, L. S,; Novak, B. M. Copolymerization of Polar
Monomers with Olefins Using Transition-Metal Complexes. Chem.
Rev. 2000, 100, 1479—1494.

(67) Chen, J.; Motta, A.; Wang, B.; Gao, Y.; Marks, T. J. Significant
Polar Comonomer Enchainment in Zirconium-Catalyzed, Masking
Reagent-Free, Ethylene Copolymerizations. Angew. Chem., Int. Ed.
2019, 58, 7030—7034.

(68) Terao, H.; Ishii, S.; Mitani, M.; Tanaka, H.; Fujita, T. Ethylene/
Polar Monomer Copolymerization Behavior of Bis(Phenoxy—Imine)
Ti Complexes: Formation of Polar Monomer Copolymers. J. Am.
Chem. Soc. 2008, 130, 17636—17637.

(69) Wang, X.; Wang, Y.; Shi, X; Liu, J.; Chen, C.; Li, Y. Syntheses
of Well-Defined Functional Isotactic Polypropylenes via Efficient
Copolymerization of Propylene with w-Halo-a-Alkenes by Post-
Metallocene Hafnium Catalyst. Macromolecules 2014, 47, 552—559.

(70) Tan, C.; Chen, C. Emerging Palladium and Nickel Catalysts for
Copolymerization of Olefins with Polar Monomers. Angew. Chem., Int.
Ed. 2019, $8, 7192—7200.

(71) Nakamura, A.; Ito, S.; Nozaki, K. Coordination—Insertion
Copolymerization of Fundamental Polar Monomers. Chem. Rev.
2009, 109, 5215—5244.

(72) Mecking, S.; Johnson, L. K; Wang, L.; Brookhart, M.
Mechanistic Studies of the Palladium-Catalyzed Copolymerization
of Ethylene and a-Olefins with Methyl Acrylate. J. Am. Chem. Soc.
1998, 120, 888—899.

(73) Johnson, L. K.; Mecking, S.; Brookhart, M. Copolymerization
of Ethylene and Propylene with Functionalized Vinyl Monomers by
Palladium(II) Catalysts. J. Am. Chem. Soc. 1996, 118, 267—268.

(74) Johnson, L. K; Killian, C. M.; Brookhart, M. New Pd(1I)- and
Ni(II)-Based Catalysts for Polymerization of Ethylene and Alpha-
Olefins. J. Am. Chem. Soc. 1995, 117, 6414—6415.

(75) Wang, R; Zhao, M.; Chen, C. Influence of Ligand Second
Coordination Sphere Effects on the Olefin (Co)Polymerization
Properties of a-Diimine Pd(II) Catalysts. Polym. Chem. 2016, 7,
3933—-3938.

(76) Na, Y.; Zhang, D.; Chen, C. Modulating Polyolefin Properties
through the Incorporation of Nitrogen-Containing Polar Monomers.
Polym. Chem. 2017, 8, 2405—2409.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

(77) Li, M.; Wang, X.; Luo, Y.; Chen, C. A Second-Coordination-
Sphere Strategy to Modulate Nickel- and Palladium-Catalyzed Olefin
Polymerization and Copolymerization. Angew. Chem., Int. Ed. 2017,
56, 11604—11609.

(78) Allen, K. E.; Campos, J.; Daugulis, O.; Brookhart, M. Living
Polymerization of Ethylene and Copolymerization of Ethylene/
Methyl Acrylate Using “Sandwich” Diimine Palladium Catalysts. ACS
Catal. 2015, $, 456—464.

(79) Jeon, M.; Han, C. J.; Kim, S. Y. Polymerizations of Propylene
with Unsymmetrical (Alpha-Diimine) Nickel (II) Catalysts. Macro-
mol. Res. 2006, 14, 306—311.

(80) Pappalardo, D.; Mazzeo, M.; Antinucci, S.; Pellecchia, C. Some
Evidence of a Dual Stereodifferentiation Mechanism in the Polymer-
ization of Propene by a-Diimine Nickel Catalysts. Macromolecules
2000, 33, 9483—9487.

(81) Chen, Z.; Leatherman, M. D.; Daugulis, O.; Brookhart, M.
Nickel-Catalyzed Copolymerization of Ethylene and Vinyltrialkox-
ysilanes: Catalytic Production of Cross-Linkable Polyethylene and
Elucidation of the Chain-Growth Mechanism. J. Am. Chem. Soc. 2017,
139, 16013—16022.

(82) Popeney, C. S; Camacho, D. H.; Guan, Z. Efficient
Incorporation of Polar Comonomers in Copolymerizations with
Ethylene Using a Cyclophane-Based Pd(1I) a-Diimine Catalyst. J. Am.
Chem. Soc. 2007, 129, 10062—10063.

(83) Guan, Z. Recent Progress of Catalytic Polymerization for
Controlling Polymer Topology. Chem. - Asian J. 2010, 5, 1058—1070.

(84) Guan, Z.; Cotts, P. M.; McCord, E. F.; McLain, S. J. Chain
Walking: A New Strategy to Control Polymer Topology. Science 1999,
283, 2059-2062.

(85) Keim, W. Oligomerization of Ethylene to a-Olefins: Discovery
and Development of the Shell Higher Olefin Process (SHOP). Angew.
Chem., Int. Ed. 2013, 52, 12492—12496.

(86) Keim, W.; Kowaldt, F. H,; Goddard, R.; Kriiger, C. Novel
Coordination of(Benzoylmethylene ) Triphenylphosphorane in a Nick-
el Oligomerization Catalyst. Angew. Chem., Int. Ed. Engl. 1978, 17,
466—467.

(87) Keim, W. Nickel: An Element with Wide Application in
Industrial Homogeneous Catalysis. Angew. Chem., Int. Ed. Engl. 1990,
29, 235—-244.

(88) Carrow, B. P.; Nozaki, K. Synthesis of Functional Polyolefins
Using Cationic Bisphosphine Monoxide—Palladium Complexes. J.
Am. Chem. Soc. 2012, 134, 8802—8805.

(89) Nakano, R.; Nozaki, K. Copolymerization of Propylene and
Polar Monomers Using Pd/I1zQO Catalysts. J. Am. Chem. Soc. 2018,
137, 10934—10937.

(90) Xin, B. S.; Sato, N.; Tanna, A.; Oishi, Y.; Konishi, Y.; Shimizu,
F. Nickel Catalyzed Copolymerization of Ethylene and Alkyl
Acrylates. J. Am. Chem. Soc. 2017, 139, 3611-3614.

(91) Zhang, Y.; Mu, H.; Pan, L.; Wang, X,; Li, Y. Robust Bulky
[P,0] Neutral Nickel Catalysts for Copolymerization of Ethylene with
Polar Vinyl Monomers. ACS Catal. 2018, 8, 5963—5976.

(92) Chen, M.; Chen, C. A Versatile Ligand Platform for Palladium-
and Nickel-Catalyzed Ethylene Copolymerization with Polar Mono-
mers. Angew. Chem., Int. Ed. 2018, 57, 3094—3098.

(93) Mitsushige, Y.; Yasuda, H.; Carrow, B. P.; Ito, S.; Kobayashi,
M.,; Tayano, T.; Watanabe, Y.; Okuno, Y.; Hayashi, S.; Kuroda, J;
Okumura, Y.; Nozaki, K. Methylene-Bridged Bisphosphine Monoxide
Ligands for Palladium-Catalyzed Copolymerization of Ethylene and
Polar Monomers. ACS Macro Lett. 2018, 7, 305—311.

(94) Zhang, W.; Waddell, P. M.; Tiedemann, M. A,; Padilla, C. E;
Mej, J.; Chen, L.; Carrow, B. P. Electron-Rich Metal Cations Enable
Synthesis of High Molecular Weight, Linear Functional Polyethylenes.
J. Am. Chem. Soc. 2018, 140, 8841—8850.

(95) Godin, A.; Gottker-Schnetmann, I; Mecking, S. Nanocrystal
Formation in Aqueous Insertion Polymerization. Macromolecules
2016, 49, 8825—8837.

(96) Kenyon, P.; Mecking, S. Pentafluorosulfanyl Substituents in
Polymerization Catalysis. J. Am. Chem. Soc. 2017, 139, 13786—13790.

(97) Gottker-Schnetmann, I; Korthals, B.; Mecking, S. Water-
Soluble Salicylaldiminato Ni(II)—Methyl Complexes: Enhanced
Dissociative Activation for Ethylene Polymerization with Unprece-
dented Nanoparticle Formation. J. Am. Chem. Soc. 2006, 128, 7708—
7709.

(98) Osichow, A.; Rabe, C.; Vogtt, K.; Narayanan, T.; Harnau, L.;
Drechsler, M.; Ballauff, M.; Mecking, S. Ideal Polyethylene Nano-
crystals. J. Am. Chem. Soc. 2013, 135, 11645—11650.

(99) Younkin, T.; Connor, E.; Henderson, J.; Friedrich, S.; Grubbs,
R.; Bansleben, D. Neutral, Single-Component Nickel (II) Polyolefin
Catalysts That Tolerate Heteroatoms. Science 2000, 287, 460—462.

(100) Osichow, A.; Gottker-Schnetmann, 1; Mecking, S. Role of
Electron-Withdrawing Remote Substituents in Neutral Nickel(II)
Polymerization Catalysts. Organometallics 2013, 32, 5239—5242.

(101) Falivene, L.; Wiedemann, T.; Gottker-Schnetmann, I;
Caporaso, L.; Cavallo, L.; Mecking, S. Control of Chain Walking by
Weak Neighboring Group Interactions in Unsymmetrical Catalysts. J.
Am. Chem. Soc. 2018, 140, 1305—1312.

(102) Kenyon, P.; Worner, M.; Mecking, S. Controlled Polymer-
ization in Polar Solvents to Ultrahigh Molecular Weight Polyethylene.
J. Am. Chem. Soc. 2018, 140, 6685—6689.

(103) Gottker-Schnetmann, I.; Wehrmann, P.; Rohr, C.; Mecking, S.
Substituent Effects in (KN, O) -Salicylaldiminato Nickel (II)
-Methyl Pyridine Polymerization Catalysts: Terphenyls Controlling
Polyethylene Microstructures. Organometallics 2007, 26, 2348—2362.

(104) Zuideveld, M. A; Wehrmann, P.; Rohr, C; Mecking, S.
Remote Substituents Controlling Catalytic Polymerization by Very
Active and Robust Neutral Nickel(II) Complexes. Angew. Chem., Int.
Ed. 2004, 43, 869—873.

(10S) Jian, Z.; Baier, M. C; Mecking, S. Suppression of Chain
Transfer in Catalytic Acrylate Polymerization via Rapid and Selective
Secondary Insertion. J. Am. Chem. Soc. 2015, 137, 2836—2839.

(106) Zhang, D.; Chen, C. Influence of Polyethylene Glycol Unit on
Palladium- and Nickel-Catalyzed Ethylene Polymerization and
Copolymerization. Angew. Chem., Int. Ed. 2017, 56, 14672—14676.

(107) Drent, E.; van Dijk, R.; van Ginkel, R;; van Oort, B.; Pugh, R.
I. The First Example of Palladium Catalysed Non-Perfectly
Alternating Copolymerisation of Ethene and Carbon Monoxide.
Chem. Commun. 2002, No. 9, 964—965.

(108) Drent, E.; van Dijk, R.; van Ginkel, R;; van Oort, B.; Pugh, R.
I. Palladium Catalysed Copolymerisation of Ethene with Alkylacry-
lates: Polar Comonomer Built into the Linear Polymer Chain. Chem.
Commun. 2002, No. 7, 744—74S.

(109) Guironnet, D.; Roesle, P.; Riinzi, T.; Gottker-Schnetmann, IL;
Mecking, S. Insertion Polymerization of Acrylate. J. Am. Chem. Soc.
2009, 131, 422—423.

(110) Guironnet, D.; Caporaso, L.; Neuwald, B.; Gottker-
Schnetmann, I; Cavallo, L.; Mecking, S. Mechanistic Insights on
Acrylate Insertion Polymerization. J. Am. Chem. Soc. 2010, 132,
4418—4426.

(111) Zhang, D.; Guironnet, D.; Gottker-Schnetmann, L; Mecking,
S. Water-Soluble Complexes [(x*- P,O -Phosphinesulfonato)PdMe-
(L)] and Their Catalytic Properties. Organometallics 2009, 28, 4072—
4078.

(112) Boucher-Jacobs, C.; Li, B.; Schroeder, C. M.; Guironnet, D.
Solubility and Activity of a Phosphinosulfonate Palladium Catalyst in
Water with Different Surfactants. Polym. Chem. 2019, 10, 1988—1992.

(113) Boucher-Jacobs, C.; Rabnawaz, M.; Katz, J. S.; Even, R;
Guironnet, D. Encapsulation of Catalyst in Block Copolymer Micelles
for the Polymerization of Ethylene in Aqueous Medium. Nat.
Commun. 2018, 9, 841.

(114) Kryuchkov, V. A,; Daigle, J.-C.; Skupov, K. M.; Claverie, J. P.;
Winnik, F. M. Amphiphilic Polyethylenes Leading to Surfactant-Free
Thermoresponsive Nanoparticles. J. Am. Chem. Soc. 2010, 132,
15573—15579.

(115) Skupov, K. M.; Marella, P. R;; Hobbs, J. L.; McIntosh, L. H,;
Goodall, B. L.; Claverie, J. P. Catalytic Copolymerization of Ethylene
and Norbornene in Emulsion. Macromolecules 2006, 39, 4279—4281.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

(116) Skupov, K. M.; Marella, P. R.; Simard, M.; Yap, G. P. a; Allen,
N,; Conner, D,; Goodall, B. L; Claverie, ]J. P. Palladium Aryl
Sulfonate Phosphine Catalysts for the Copolymerization of Acrylates
with Ethene. Macromol. Rapid Commun. 2007, 28, 2033—2038.

(117) Drent, E; Pello, D,; Jager, W. Polymerization Process.
European Patent EP 0589527A1, 1993.

(118) Ota, Y;; Ito, S.; Kobayashi, M.; Kitade, S.; Sakata, K.; Tayano,
T.; Nozaki, K. Crystalline Isotactic Polar Polypropylene from the
Palladium-Catalyzed Copolymerization of Propylene and Polar
Monomers. Angew. Chem., Int. Ed. 2016, SS, 7505—7509.

(119) Moad, G. The Synthesis of Polyolefin Graft Copolymers by
Reactive Extrusion. Prog. Polym. Sci. 1999, 24, 81—142.

(120) Williamson, J. B.; Lewis, S. E.; Johnson, R. R.; Manning, I. M.;
Leibfarth, F. A. C—H Functionalization of Commodity Polymers.
Angew. Chem., Int. Ed. 2019, 58, 8654—8668.

(121) Coiai, S.; Passaglia, E.; Aglietto, M.; Ciardelli, F. Control of
Degradation Reactions during Radical Functionalization of Poly-
propylene in the Melt. Macromolecules 2004, 37, 8414—8423.

(122) Franssen, N. M. G.; Reek, J. N. H.; de Bruin, B. Synthesis of
Functional ‘Polyolefins’: State of the Art and Remaining Challenges.
Chem. Soc. Rev. 2013, 42, 5809—5832.

(123) Walsh, D. J,; Su, E.; Guironnet, D. Catalytic Synthesis of
Functionalized (Polar and Non-Polar) Polyolefin Block Copolymers.
Chem. Sci. 2018, 9, 4703—4707.

(124) Yan, T.; Walsh, D. J; Qiu, C.; Guironnet, D. One-Pot
Synthesis of Block Copolymers Containing a Polyolefin Block.
Macromolecules 2018, 51, 10167—10173.

(125) Wiedemann, T.; Voit, G.; Tchernook, A.; Roesle, P.; Gottker-
Schnetmann, I; Mecking, S. Monofunctional Hyperbranched Ethyl-
ene Oligomers. J. Am. Chem. Soc. 2014, 136, 2078—208S.

(126) McGrath, M. P,; Sall, E. D.; Tremont, S. J. Functionalization
of Polymers by Metal-Mediated Processes. Chem. Rev. 1995, 95, 381—
398.

(127) Mathers, R. T.; Coates, G. W. Cross Metathesis Function-
alization of Polyolefins. Chem. Commun. 2004, 2004 (4), 422—423.

(128) Bae, C.; Hartwig, J. F.; Chung, H.; Harris, N. K.; Switek, K. A.;
Hillmyer, M. A. Regiospecific Side-Chain Functionalization of Linear
Low-Density Polyethylene with Polar Groups. Angew. Chem., Int. Ed.
2008, 44, 6410—6413.

(129) Kondo, Y.; Garcia-Cuadrado, D.; Hartwig, J. F.; Boaen, N. K;
Wagner, N. L; Hillmyer, M. A. Rhodium-Catalyzed, Regiospecific
Functionalization of Polyolefins in the Melt. . Am. Chem. Soc. 2002,
124, 1164—1168S.

(130) Ray, A;; Kissin, Y. V.; Zhu, K.; Goldman, A. S.; Cherian, A. E.;
Coates, G. W. Catalytic Post-Modification of Alkene Polymers. J. Mol.
Catal. A: Chem. 2006, 256, 200—207.

(131) Liu, D.; Bielawski, C. W. Direct Azidation of Isotactic
Polypropylene and Synthesis of ‘Grafted to’ Derivatives Thereof
Using Azide-Alkyne Cycloaddition Chemistry. Polym. Int. 2017, 66,
70—76.

(132) Bunescu, A,; Lee, S; Li, Q; Hartwig, J. F. Catalytic
Hydroxylation of Polyethylenes. ACS Cent. Sci. 2017, 3, 895—903.

(133) Jia, X;; Qin, C.; Friedberger, T.; Guan, Z.; Huang, Z. Efficient
and Selective Degradation of Polyethylenes into Liquid Fuels and
Waxes under Mild Conditions. Sci. Adv. 2016, 2, e1501591.

(134) Keyes, A; Basbug Alhan, H. E.; Ordonez, E.; Ha, U.; Beezer,
D. B,; Dau, H; Liu, Y.-S,; Tsogtgerel, E.; Jones, G. R.; Harth, E.
Olefins and Vinyl Polar Monomers: Bridging the Gap for Next
Generation Materials. Angew. Chem., Int. Ed. 2019, 58, 12370—12391.

(135) Amin, S. B,; Marks, T. J. Versatile Pathways for In Situ
Polyolefin Functionalization with Heteroatoms: Catalytic Chain
Transfer. Angew. Chem., Int. Ed. 2008, 47, 2006—2025.

(136) Lo Verso, F.; Likos, C. N. End-Functionalized Polymers:
Versatile Building Blocks for Soft Materials. Polymer 2008, 49, 1425—
1434.

(137) Tasdelen, M. A; Kahveci, M. U,; Yagci, Y. Telechelic
Polymers by Living and Controlled/Living Polymerization Methods.
Prog. Polym. Sci. 2011, 36, 455—567.

(138) Chung, T. C; Dong, J. Y. A Novel Consecutive Chain
Transfer Reaction to p -Methylstyrene and Hydrogen during
Metallocene-Mediated Olefin Polymerization. J. Am. Chem. Soc.
2001, 123, 4871—4876.

(139) Wang, X.; Nozaki, K. Selective Chain-End Functionalization
of Polar Polyethylenes: Orthogonal Reactivity of Carbene and Polar
Vinyl Monomers in Their Copolymerization with Ethylene. J. Am.
Chem. Soc. 2018, 140, 15635—15640.

(140) Hyatt, M. G.; Guironnet, D. Silane as Chain Transfer Agent
for the Polymerization of Ethylene Catalyzed by a Palladium(II)
Diimine Catalyst. ACS Catal. 2017, 7, 5717—5720.

(141) Hyatt, M. G; Guironnet, D. Introduction of Highly Tunable
End-Groups in Polyethylene via Chain-Transfer Polymerization Using
a Cobalt(IIl) Catalyst. Organometallics 2019, 38, 788—796.

(142) Jian, Z.; Falivene, L.; Boffa, G.; Sanchez, S. O.; Caporaso, L.;
Grassi, A.,; Mecking, S. Direct Synthesis of Telechelic Polyethylene by
Selective Insertion Polymerization. Angew. Chem., Int. Ed. 2016, 55,
14378—14383.

(143) Valente, A.; Mortreux, A.; Visseaux, M.; Zinck, P.
Coordinative Chain Transfer Polymerization. Chem. Rev. 2013, 113,
3836—3857.

(144) Block, O.; Arriola, D. J.; Carnahan, E. M.; Hustad, P. D.;
Kuhlman, R. L.; Wenzel, T. T. Catalytic Production of Olefin Block
Copolymers via Chain Shuttling Polymerization. Science 2006, 312,
714=719.

(145) Alfano, F.; Boone, H. W.; Busico, V.; Cipullo, R.; Stevens, J. C.
Polypropylene “Chain Shuttling” at Enantiomorphous and Enantio-
pure Catalytic Species: Direct and Quantitative Evidence from
Polymer Microstructure. Macromolecules 2007, 40, 7736—7738.

(146) Xiao, A,; Wang, L.; Liu, Q;; Yu, H.; Wang, J.; Huo, J.; Tan, Q,;
Ding, J.; Ding, W.,; Amin, A. M. A Novel Linear—Hyperbranched
Multiblock Polyethylene Produced from Ethylene Monomer Alone
via Chain Walking and Chain Shuttling Polymerization. Macro-
molecules 2009, 42, 1834—1837.

(147) Kuhlman, R. L.; Klosin, J. Tuning Block Compositions of
Polyethylene Multi-Block Copolymers by Catalyst Selection. Macro-
molecules 2010, 43, 7903—7904.

(148) Wei, J.; Zhang, W.; Wickham, R; Sita, L. R. Programmable
Modulation of Co-Monomer Relative Reactivities for Living
Coordination Polymerization through Reversible Chain Transfer
between “ Tight ” and “ Loose ” Ton Pairs. Angew. Chem., Int. Ed.
2010, 49, 9140—9144.

(149) Pan, L.; Zhang, K.; Nishiura, M; Hou, Z. Chain-Shuttling
Polymerization at Two Different Scandium Sites: Regio- and
Stereospecific “One-Pot” Block Copolymerization of Styrene,
Isoprene, and Butadiene. Angew. Chem., Int. Ed. 2011, 50, 12012—
12018.

(150) Zhang, W.; Wei, J; Sita, L. R. Living Coordinative Chain-
Transfer Polymerization and Copolymerization of Ethene, R -Olefins,
and R, w -Nonconjugated Dienes Using Dialkylzinc as “ Surrogate ”
Chain-Growth Sites. Macromolecules 2008, 41, 7829—7833.

(151) Zhang, W; Sita, L. R. Highly Efficient, Living Coordinative
Chain-Transfer Polymerization of Propene with ZnEt2: Practical
Production of Ultrahigh to Very Low Molecular Weight Amorphous
Atactic Polypropenes of Extremely Narrow Polydispersity. J. Am.
Chem. Soc. 2008, 130, 442—443.

(152) Wei, J.; Zhang, W,; Sita, L. R. Aufbaureaktion Redux: Scalable
Production of Precision Hydrocarbons from AIR; (R = Et or i-Bu) by
Dialkyl Zinc Mediated Ternary Living Coordinative Chain-Transfer
Polymerization. Angew. Chem., Int. Ed. 2010, 49, 1768—1772.

(153) Wei, J.; Hwang, W.; Zhang, W.; Sita, L. R. Dinuclear Bis-
Propagators for the Stereoselective Living Coordinative Chain
Transfer Polymerization of Propene. . Am. Chem. Soc. 2013, 13§,
2132-2135.

(154) Mazzolini, J.; Espinosa, E.; D’Agosto, F.; Boisson, C.
Catalyzed Chain Growth (CCG) on a Main Group Metal: An
Efficient Tool to Functionalize Polyethylene. Polym. Chem. 2010, 1,
793—800.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

(155) Makio, H.; Ochiai, T.; Mohri, J.; Takeda, K.; Shimazaki, T.;
Usui, Y.; Matsuura, S.; Fujita, T. Synthesis of Telechelic Olefin
Polymers via Catalyzed Chain Growth on Multinuclear Alkylene Zinc
Compounds. J. Am. Chem. Soc. 2013, 135, 8177—8180.

(156) Kim, S. D.; Kim, T. J.; Kwon, S. J.; Kim, T. H.; Baek, J. W.;
Park, H. S.; Lee, H. J.; Lee, B. Y. Peroxide-Mediated Alkyl—Alkyl
Coupling of Dialkylzinc: A Useful Tool for Synthesis of ABA-Type
Olefin Triblock Copolymers. Macromolecules 2018, 51, 4821—4828.

(157) German, L; Kelhifi, W.; Norsic, S.; Boisson, C.; D’Agosto, F.
Telechelic Polyethylene from Catalyzed Chain-Growth Polymer-
ization. Angew. Chem., Int. Ed. 2013, 52, 3438—3441.

(158) Gollwitzer, A.; Dietel, T.; Kretschmer, W. P.; Kempe, R. A
Broadly Tunable Synthesis of Linear a-Olefins. Nat. Commun. 2017,
8, 1226.

(159) Norsic, S.; Thomas, C.; D’Agosto, F.; Boisson, C. Divinyl-
End-Functionalized Polyethylenes: Ready Access to a Range of
Telechelic Polyethylenes through Thiol-Ene Reactions. Angew. Chem.,
Int. Ed. 2015, 54, 4631—4635.

(160) Atallah, P.; Wagener, K. B.; Schulz, M. D. ADMET: The
Future Revealed. Macromolecules 2013, 46, 4735—4741.

(161) Caire da Silva, L.; Rojas, G.; Schulz, M. D.; Wagener, K. B.
Acyclic Diene Metathesis Polymerization: History, Methods and
Applications. Prog. Polym. Sci. 2017, 69, 79—107.

(162) Schulz, M. D.; Wagener, K. B. Precision Polymers through
ADMET Polymerization. Macromol. Chem. Phys. 2014, 215, 1936—
194S.

(163) Bachler, P. R.; Wagener, K. B. Functional Precision Polymers
via ADMET Polymerization. Monatsh. Chem. 2015, 146, 1053—1061.

(164) Chen, Y.; Abdellatif, M. M.; Nomura, K. Olefin Metathesis
Polymerization: Some Recent Developments in the Precise Polymer-
izations for Synthesis of Advanced Materials (by ROMP, ADMET).
Tetrahedron 2018, 74, 619—643.

(165) Trigg, E. B.; Stevens, M. J.; Winey, K. 1. Chain Folding
Produces a Multilayered Morphology in a Precise Polymer:
Simulations and Experiments. J. Am. Chem. Soc. 2017, 139, 3747—
375SS.

(166) Middleton, L. R; Trigg, E. B.; Schwartz, E.; Opper, K. L;
Baughman, T. W.; Wagener, K. B.; Winey, K. I. Role of Periodicity
and Acid Chemistry on the Morphological Evolution and Strength in
Precise Polyethylenes. Macromolecules 2016, 49, 8209—8218.

(167) Seitz, M. E.; Chan, C. D.; Opper, K. L.; Baughman, T. W,;
Wagener, K. B.; Winey, K. I. Nanoscale Morphology in Precisely
Sequenced Poly(Ethylene-Co-Acrylic Acid) Zinc Ionomers. J. Am.
Chem. Soc. 2010, 132, 8165—8174.

(168) Neary, W. J.; Kennemur, J. G. Polypentenamer Renaissance:
Challenges and Opportunities. ACS Macro Lett. 2019, 8, 46—56.

(169) Ivin, K. J;; Mol, J. C. Ring-Opening Metathesis Polymer-
ization. Olefin Metathesis and Metathesis Polymerization; Academic
Press: San Diego, CA, USA, 1997; pp 224-259.

(170) Bielawski, C. W.; Grubbs, R. H. Living Ring-Opening
Metathesis Polymerization. Prog. Polym. Sci. 2007, 32, 1-29.

(171) Choi, T.-L.; Grubbs, R. H. Controlled Living Ring-Opening-
Metathesis Polymerization by a Fast-Initiating Ruthenium Catalyst.
Angew. Chem., Int. Ed. 2003, 42, 1743—1746.

(172) Walsh, D. J; Lau, S. H.; Hyatt, M. G.; Guironnet, D. Kinetic
Study of Living Ring-Opening Metathesis Polymerization with Third-
Generation Grubbs Catalysts. J. Am. Chem. Soc. 2017, 139, 13644—
13647.

(173) Verduzco, R.; Li, X,; Pesek, S. L.; Stein, G. E. Structure,
Function, Self-Assembly, and Applications of Bottlebrush Copoly-
mers. Chem. Soc. Rev. 2018, 44, 2405—2420.

(174) Pelras, T.; Mahon, C. S.; Miillner, M. Synthesis and
Applications of Compartmentalised Molecular Polymer Brushes.
Angew. Chem., Int. Ed. 2018, 57, 6982—6994.

(175) Schrock, R. R. Synthesis of Stereoregular Polymers through
Ring-Opening Metathesis Polymerization. Acc. Chem. Res. 2014, 47,
2457-2466.

(176) Kobayashi, S.; Fukuda, K; Kataoka, M.; Tanaka, M.
Regioselective Ring-Opening Metathesis Polymerization of 3-

Substituted Cyclooctenes with Ether Side Chains. Macromolecules
2016, 49, 2493—-2501.

(177) Autenrieth, B.; Jeong, H.; Forrest, W. P.; Axtell, J. C.; Ota, A;
Lehr, T.; Buchmeiser, M. R,; Schrock, R. R. Stereospecific Ring-
Opening Metathesis Polymerization (ROMP) of Endo -Dicyclopen-
tadiene by Molybdenum and Tungsten Catalysts. Macromolecules
2015, 48, 2480—2492.

(178) Forrest, W. P.; Weis, J. G.; John, J. M.; Axtell, J. C.; Simpson,
J. H; Swager, T. M,; Schrock, R. R. Stereospecific Ring-Opening
Metathesis Polymerization of Norbornadienes Employing Tungsten
Oxo Alkylidene Initiators. J. Am. Chem. Soc. 2014, 136, 10910—10913.

(179) Jeong, H; Ng, V. W. L; Borner, J; Schrock, R. R.
Stereoselective Ring-Opening Metathesis Polymerization (ROMP)
of Methyl- N -(1-Phenylethyl)-2-Azabicyclo[2.2.1]Hept-S-Ene-3-
Carboxylate by Molybdenum and Tungsten Initiators. Macromolecules
2015, 48, 2006—2012.

(180) Benedikter, M. J.; Schowner, R.; Elser, I; Werner, P.; Herz, K,;
Stohr, L.; Imbrich, D. A.; Nagy, G. M.; Wang, D.; Buchmeiser, M. R.
Synthesis of Trans -Isotactic Poly(Norbornene)s through Living
Ring-Opening Metathesis Polymerization Initiated by Group VI
Imido Alkylidene N-Heterocyclic Carbene Complexes. Macromole-
cules 2019, 52, 4059—4066.

(181) Autenrieth, B.; Schrock, R. R. Stereospecific Ring-Opening
Metathesis Polymerization (ROMP) of Norbornene and Tetracyclo-
dodecene by Mo and W Initiators. Macromolecules 20185, 48, 2493—
2503.

(182) Hou, X; Nomura, K. Ring-Opening Metathesis Polymer-
ization of Cyclic Olefins by (Arylimido)Vanadium(V)-Alkylidenes:
Highly Active, Thermally Robust Cis Specific Polymerization. J. Am.
Chem. Soc. 2016, 138, 11840—11849.

(183) Hou, X,; Nomura, K. (Arylimido)Vanadium(V)—Alkylidene
Complexes Containing Fluorinated Aryloxo and Alkoxo Ligands for
Fast Living Ring-Opening Metathesis Polymerization (ROMP) and
Highly Cis -Specific ROMP. J. Am. Chem. Soc. 2018, 137, 4662—4665.

(184) Nomura, K; Hou, X. Cis-Specific Chain Transfer Ring-
Opening Metathesis Polymerization Using a Vanadium(V) Alkylidene
Catalyst for Efficient Synthesis of End-Functionalized Polymers.
Organometallics 2017, 36, 4103—4106.

(185) Flook, M. M; Ng, V. W. L.; Schrock, R. R. Synthesis of
Cis,Syndiotactic ROMP Polymers Containing Alternating Enan-
tiomers. J. Am. Chem. Soc. 2011, 133, 1784—1786.

(186) Rosebrugh, L. E.;; Marx, V. M; Keitz, B. K;; Grubbs, R. H.
Synthesis of Highly Cis, Syndiotactic Polymers via Ring-Opening
Metathesis Polymerization Using Ruthenium Metathesis Catalysts. J.
Am. Chem. Soc. 2013, 135, 10032—1003S.

(187) Kobayashi, S; Pitet, L. M,; Hillmyer, M. A. Regio- and
Stereoselective Ring-Opening Metathesis Polymerization of 3-
Substituted Cyclooctenes. J. Am. Chem. Soc. 2011, 133, 5794—5797.

(188) Zhang, J; Matta, M. E; Martinez, H; Hillmyer, M. A.
Precision Vinyl Acetate/Ethylene (VAE) Copolymers by ROMP of
Acetoxy-Substituted Cyclic Alkenes. Macromolecules 2013, 46, 2535—
2543.

(189) Osawa, K.; Kobayashi, S.; Tanaka, M. Synthesis of Sequence-
Specific Polymers with Amide Side Chains via Regio-/Stereoselective
Ring-Opening Metathesis Polymerization of 3-Substituted Cis
-Cyclooctene. Macromolecules 2016, 49, 8154—8161.

(190) Jeong, H.; Kozera, D. J.; Schrock, R. R.; Smith, S. J.; Zhang, J.;
Ren, N,; Hillmyer, M. A. Z -Selective Ring-Opening Metathesis
Polymerization of 3-Substituted Cyclooctenes by Monoaryloxide
Pyrrolide Imido Alkylidene (MAP) Catalysts of Molybdenum and
Tungsten. Organometallics 2013, 32, 4843—4850.

(191) Schwab, P.; Grubbs, R. H.; Ziller, ]. W. Synthesis and
Applications of RuCl, (CHR')(PR;),: The Influence of the
Alkylidene Moiety on Metathesis Activity. J. Am. Chem. Soc. 1996,
118, 100—110.

(192) Bielawski, C. W.; Louie, J.; Grubbs, R. H. Tandem Catalysis:
Three Mechanistically Distinct Reactions from a Single Ruthenium
Complex. J. Am. Chem. Soc. 2000, 122, 12872—12873.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

(193) Castle, T. C.; Hutchings, L. R.; Khosravi, E. Synthesis of Block
Copolymers by Changing Living Anionic Polymerization into Living
Ring Opening Metathesis Polymerization. Macromolecules 2004, 37,
2035—2040.

(194) Burtscher, D.; Saf, R; Slugovc, C. Fluorescence-Labeled
Olefin Metathesis Polymerization Initiators. J. Polym. Sci, Part A:
Polym. Chem. 2006, 44, 6136—6145.

(195) Ambade, A. V.; Yang, S. K;; Weck, M. Supramolecular ABC
Triblock Copolymers. Angew. Chem., Int. Ed. 2009, 48, 2894—2898.

(196) Pal, S.; Lucarini, F.; Ruggi, A,; Kilbinger, A. F. M. Functional
Metathesis Catalyst Through Ring Closing Enyne Metathesis: One
Pot Protocol for Living Heterotelechelic Polymers. J. Am. Chem. Soc.
2018, 140, 3181—-318S.

(197) Elling, B. R;; Xia, Y. Efficient and Facile End Group Control of
Living Ring-Opening Metathesis Polymers via Single Addition of
Functional Cyclopropenes. ACS Macro Lett. 2018, 7, 656—661.

(198) Hilf, S; Kilbinger, A. F. M. Thiol-Functionalized ROMP
Polymers via Sacrificial Synthesis. Macromolecules 2009, 42, 4127—
4133.

(199) Moatsou, D.; Nagarkar, A.; Kilbinger, A. F. M.; O'Reilly, R. K.
Degradable Precision Polynorbornenes via Ring-Opening Metathesis
Polymerization. J. Polym. Sci, Part A: Polym. Chem. 2016, 54, 1236—
1242.

(200) Nagarkar, A. A.; Crochet, A,; Fromm, K. M.; Kilbinger, A. F.
M. Efficient Amine End-Functionalization of Living Ring-Opening
Metathesis Polymers. Macromolecules 2012, 45, 4447—4453.

(201) Elacqua, E.; Croom, A.; Lye, D. S.; Weck, M. Coil-Helix and
Sheet-Helix Block Copolymers via Macroinitiation from Telechelic
ROMP Polymers. J. Polym. Sci,, Part A: Polym. Chem. 2017, §S, 2991—
2998.

(202) Liu, P.; Yasir, M.; Kurzen, H,; Hanik, N.; Schafer, M,;
Kilbinger, A. F. M. Enolesters as Chain End-Functionalizing Agents
for the Living Ring Opening Metathesis Polymerization. J. Polym. Sci,,
Part A: Polym. Chem. 2017, 55, 2983—2990.

(203) Fu, L.; Zhang, T.; Fu, G.; Gutekunst, W. R. Relay Conjugation
of Living Metathesis Polymers. J. Am. Chem. Soc. 2018, 140, 12181—
12188.

(204) Matson, J. B;; Virgil, S. C.; Grubbs, R. H. Pulsed-Addition
Ring-Opening Metathesis Polymerization: Catalyst-Economical Syn-
theses of Homopolymers and Block Copolymers. . Am. Chem. Soc.
2009, 131, 3355—3362.

(205) Mayo, F. R. Chain Transfer in the Polymerization of Styrene:
The Reaction of Solvents with Free Radicals. J. Am. Chem. Soc. 1943,
65, 2324-2329.

(206) Hanik, N.; Kilbinger, A. F. M. Narrowly Distributed
Homotelechelic Polymers in 30 minutes: Using Fast in Situ Pre-
Functionalized ROMP Initiators. J. Polym. Sci,, Part A: Polym. Chem.
2013, 51, 4183—4190.

(207) Nagarkar, A. A; Yasir, M;; Crochet, A; Fromm, K. M,;
Kilbinger, A. F. M. Tandem Ring-Opening-Ring-Closing Metathesis
for Functional Metathesis Catalysts. Angew. Chem., Int. Ed. 2016, SS,
12343—-12346.

(208) Yasir, M.; Liu, P.; Tennie, I. K; Kilbinger, A. F. M. Catalytic
Living Ring-Opening Metathesis Polymerization with Grubbs’
Second- and Third-Generation Catalysts. Nat. Chem. 2019, 11,
488—494.

(209) Song, X.; Yu, L.; Shiono, T.; Hasan, T.; Cai, Z. Synthesis of
Hydroxy-Functionalized Cyclic Olefin Copolymer and Its Block
Copolymers with Semicrystalline Polyolefin Segments. Macromol.
Rapid Commun. 2017, 38, 1600815.

(210) Rule, J. D.; Moore, J. S. ROMP Reactivity of Endo- and Exo-
Dicyclopentadiene. Macromolecules 2002, 35, 7878—7882.

(211) Moatsou, D.; Hansell, C. F; O'Reilly, R. K. Precision
Polymers: A Kinetic Approach for Functional Poly(Norbornenes).
Chem. Sci. 2014, 5, 2246—2250.

(212) Chen, H.-Y.; Lee, B.; Chang, A. B.; Grubbs, R. H.; Lin, T.-P,;
Liberman-Martin, A. L.; Luo, S.-X;; Thompson, N. B. Design,
Synthesis, and Self-Assembly of Polymers with Tailored Graft
Distributions. J. Am. Chem. Soc. 2017, 139, 17683—17693.

(213) Torker, S.; Miiller, A.; Sigrist, R.; Chen, P. Tuning the Steric
Properties of a Metathesis Catalyst for Copolymerization of
Norbornene and Cyclooctene toward Complete Alternation. Organo-
metallics 2010, 29, 2735—2751.

(214) Vehlow, K; Lichtenheldt, M.; Wang, D.; Blechert, S.;
Buchmeiser, M. R. Alternating Ring-Opening Metathesis Copoly-
merization of Norborn-2-Ene with Cis-Cyclooctene and Cyclo-
pentene. Macromol. Symp. 2010, 296, 44—48.

(215) Jeong, H; John, J. M; Schrock, R. R; Hoveyda, A. H.
Synthesis of Alternating Trans -AB Copolymers through Ring-
Opening Metathesis Polymerization Initiated by Molybdenum
Alkylidenes. J. Am. Chem. Soc. 2018, 137, 2239—-2242.

(216) Vasiuta, R;; Stockert, A.; Plenio, H. Alternating Ring-Opening
Metathesis Polymerization by Grubbs-Type Catalysts with N
-Pentiptycenyl, N -Alkyl-NHC Ligands. Chem. Commun. 2018, 54,
1706—1709.

(217) Jeong, H.; John, J. M.; Schrock, R. R. Formation of Alternating
Trans - A - Alt - B Copolymers through Ring-Opening Metathesis
Polymerization Initiated by Molybdenum Imido Alkylidene Com-
plexes. Organometallics 2015, 34, 5136—5145.

(218) Tan, L.; Parker, K. A; Sampson, N. S. A Bicyclo[4.2.0]-
Octene-Derived Monomer Provides Completely Linear Alternating
Copolymers via Alternating Ring-Opening Metathesis Polymerization
(AROMP). Macromolecules 2014, 47, 6572—6579.

(219) Elling, B. R; Xia, Y. Living Alternating Ring-Opening
Metathesis Polymerization Based on Single Monomer Additions. J.
Am. Chem. Soc. 2015, 137, 9922—9926.

(220) Song, A; Parker, K. A; Sampson, N. S. Synthesis of
Copolymers by Alternating ROMP (AROMP). J. Am. Chem. Soc.
2009, 131, 3444—344S.

(221) Song, A.; Parker, K. A,; Sampson, N. S. Cyclic Alternating
Ring-Opening Metathesis Polymerization (CAROMP). Rapid Access
to Functionalized Cyclic Polymers. Org. Lett. 2010, 12, 3729—3731.

(222) Romulus, J.; Tan, L.; Weck, M.; Sampson, N. S. Alternating
Ring-Opening Metathesis Polymerization Copolymers Containing
Charge-Transfer Units. ACS Macro Lett. 2013, 2, 749—752.

(223) Tan, L.; Li, G.; Parker, K. A;; Sampson, N. S. Ru-Catalyzed
Isomerization Provides Access to Alternating Copolymers via Ring-
Opening Metathesis Polymerization. Macromolecules 2015, 48, 4793—
4800.

(224) Li, G; Sampson, N. S. Alternating Ring-Opening Metathesis
Polymerization (AROMP) of Hydrophobic and Hydrophilic Mono-
mers Provides Oligomers with Side-Chain Sequence Control.
Macromolecules 2018, S1, 3932—3940.

(225) Flook, M. M;; Ng, V. W. L.; Schrock, R. R. Synthesis of
Cis,Syndiotactic ROMP Polymers Containing Alternating Enan-
tiomers. J. Am. Chem. Soc. 2011, 133, 1784—1786.

(226) Jang, E. S.; John, J. M,; Schrock, R. R. Synthesis of Cis,
Syndiotactic A -Alt -B Copolymers from Two Enantiomerically Pure
Trans —2,3-Disubstituted-5,6-Norbornenes. ACS Cent. Sci. 2016, 2,
631-636.

(227) Short, A. L,; Fang, C.; Nowalk, J. A; Weiss, R. M.; Liu, P;
Meyer, T. Y. Cis -Selective Metathesis to Enhance the Living
Character of Ring-Opening Polymerization: An Approach to
Sequenced Copolymers. ACS Macro Lett. 2018, 7, 858—862.

(228) Nowalk, J. A.; Fang, C.; Short, A. L.; Weiss, R. M.; Swisher, J.
H.; Liu, P,; Meyer, T. Y. Sequence-Controlled Polymers Through
Entropy-Driven Ring-Opening Metathesis Polymerization: Theory,
Molecular Weight Control, and Monomer Design. J. Am. Chem. Soc.
2019, 141, 5741—-5752.

(229) Weiss, R. M.; Short, A. L.; Meyer, T. Y. Sequence-Controlled
Copolymers Prepared via Entropy-Driven Ring-Opening Metathesis
Polymerization. ACS Macro Lett. 2015, 4, 1039—1043.

(230) Gutekunst, W. R;; Hawker, C. J. A General Approach to
Sequence-Controlled Polymers Using Macrocyclic Ring Opening
Metathesis Polymerization. ]. Am. Chem. Soc. 2015, 137, 8038—8041.

(231) Bielawski, C. W.; Benitez, D.; Grubbs, R. H. An ” Endless ”
Route to Cyclic Polymers. Science 2002, 297, 2041—2044.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

(232) Xia, Y.; Boydston, A. J; Yao, Y.; Kornfield, J. A;
Gorodetskaya, I. A.; Spiess, H. W.; Grubbs, R. H. Ring-Expansion
Metathesis Polymerization: Catalyst-Dependent Polymerization Pro-
files. J. Am. Chem. Soc. 2009, 131, 2670—2677.

(233) Xiao, L; Qu, L.; Zhu, W.; Wu, Y.; Liu, Z.; Zhang, K. Donut-
Shaped Nanoparticles Templated by Cyclic Bottlebrush Polymers.
Macromolecules 2017, 50, 6762—6770.

(234) Zhang, K; Zha, Y.; Peng, B.; Chen, Y.; Tew, G. N. Metallo-
Supramolecular Cyclic Polymers. J. Am. Chem. Soc. 2013, 135,
15994—15997.

(235) Zhang, K; Tew, G. N. Cyclic Brush Polymers by Combining
Ring-Expansion Metathesis Polymerization and the “Grafting from”
Technique. ACS Macro Lett. 2012, 1, 574—579.

(236) Xia, Y.; Boydston, A. J.; Grubbs, R. H. Synthesis and Direct
Imaging of Ultrahigh Molecular Weight Cyclic Brush Polymers.
Angew. Chem., Int. Ed. 2011, 50, 5882—5885.

(237) Zhang, K.; Lackey, M. A;; Wu, Y.; Tew, G. N. Universal Cyclic
Polymer Templates. J. Am. Chem. Soc. 2011, 133, 6906—6909.

(238) Zhang, K; Lackey, M. A,; Cui, J.; Tew, G. N. Gels Based on
Cyclic Polymers. J. Am. Chem. Soc. 2011, 133, 4140—4148.

(239) Boydston, A. J.; Holcombe, T. W.; Unruh, D. A.; Frechet, J.
M. J.; Grubbs, R. H. A Direct Route to Cyclic Organic Nanostructures
via Ring-Expansion Metathesis Polymerization of a Dendronized
Macromonomer. J. Am. Chem. Soc. 2009, 131, 5388—5389.

(240) Nadif, S. S.; Kubo, T.; Gonsales, S. A.; VenkatRamani, S.;
Ghiviriga, I; Sumerlin, B. S,; Veige, A. S. Introducing “Ynene”
Metathesis: Ring-Expansion Metathesis Polymerization Leads to
Highly Cis and Syndiotactic Cyclic Polymers of Norbornene. J. Am.
Chem. Soc. 2016, 138, 6408—6411.

(241) Gonsales, S. A,; Kubo, T.; Flint, M. K; Abboud, K. A;
Sumerlin, B. S.; Veige, A. S. Highly Tactic Cyclic Polynorbornene:
Stereoselective Ring Expansion Metathesis Polymerization of
Norbornene Catalyzed by a New Tethered Tungsten-Alkylidene
Catalyst. J. Am. Chem. Soc. 2016, 138, 4996—4999.

(242) Park, H; Kang, E.; Miiller, L; Choi, T. Versatile Tandem
Ring-Opening/Ring-Closing Metathesis Polymerization: Strategies for
Successful Polymerization of Challenging Monomers and Their
Mechanistic Studies. J. Am. Chem. Soc. 2016, 138, 2244—2251.

(243) Park, H.; Lee, H; Choi, T. Tandem Ring-Opening/Ring-
Closing Metathesis Polymerization: Relationship between Monomer
Structure and Reactivity. J. Am. Chem. Soc. 2013, 135, 10769—10775.

(244) Park, H.; Choi, T. Fast Tandem Ring-Opening/Ring-Closing
Metathesis Polymerization from a Monomer Containing Cyclohexene
and Terminal Alkyne. J. Am. Chem. Soc. 2012, 134, 7270—7273.

(245) Lee, H.-K,; Lee, J.; Kockelmann, J.; Herrmann, T.; Sarif, M.;
Choi, T.-L. Superior Cascade Ring-Opening/Ring-Closing Metathesis
Polymerization and Multiple Olefin Metathesis Polymerization:
Enhancing the Driving Force for Successful Polymerization of
Challenging Monomers. J. Am. Chem. Soc. 2018, 140, 10536—10545.

(246) Lee, H.; Bang, K; Hess, A.; Grubbs, R. H.; Choi, T. Multiple
Olefin Metathesis Polymerization That Combines All Three Olefin
Metathesis Transformations: Ring-Opening, Ring-Closing, and Cross
Metathesis. J. Am. Chem. Soc. 2015, 137, 9262—9265.

(247) Maul, J.; Frushour, B. G.; Kontoff, J. R;; Eichenauer, H.; Ott,
K.-H.; Schade, C. Polystyrene and Styrene Copolymers. In Ullmann’s
Encyclopedia of Industrial Chemistry; Wiley-VCH, Ed.; Wiley-VCH
Verlag GmbH & Co. KGaA: Weinheim, Germany, 2007.

(248) Natta, G.; Pino, P,; Corradini, P.; Danusso, F.; Mantica, E.;
Mazzanti, G.; Moraglio, G. Crystalline High Polymers of a-Olefins. J.
Am. Chem. Soc. 1955, 77, 1708—1710.

(249) Ishihara, N.; Seimiya, T.; Kuramoto, M.; Uoi, M. Crystalline
Syndiotactic Polystyrene. Macromolecules 1986, 19, 2464—2465.

(250) Zeimentz, P. M.; Arndt, S.; Elvidge, B. R.; Okuda, J. Cationic
Organometallic Complexes of Scandium, Yttrium, and the Lantha-
noids. Chem. Rev. 2006, 106, 2404—2433.

(251) Rodrigues, A.-S; Kirillov, E.; Carpentier, J.-F. Group 3 and 4
Single-Site Catalysts for Stereospecific Polymerization of Styrene.
Coord. Chem. Rev. 2008, 252, 2115—2136.

(252) Schellenberg, J. Syndiotactic Polystyrene Catalysts and
Polymerization. Prog. Polym. Sci. 2002, 27, 1925—1982.

(253) Nomura, K; Liu, J. Half-Titanocenes for Precise Olefin
Polymerisation: Effects of Ligand Substituents and Some Mechanistic
Aspects. Dalt. Trans. 2011, 40, 7666—7682.

(254) Pellecchia, C.; Grassi, A. Syndiotactic-Specific Polymerization
of Styrene: Catalyst Structure and Polymerization Mechanism. Top.
Catal. 1999, 7, 125—-132.

(255) Brintzinger, H. H.; Fischer, D.; Miilhaupt, R;; Rieger, B;
Waymouth, R. M. Stereospecific Olefin Polymerization with Chiral
Metallocene Catalysts. Angew. Chem., Int. Ed. Engl. 1995, 34, 1143—
1170.

(256) Schellenberg, J. Recent Transition Metal Catalysts for
Syndiotactic Polystyrene. Prog. Polym. Sci. 2009, 34, 688—718.

(257) Huang, J; Liu, Z; Cui, D.; Liu, X. Precisely Controlled
Polymerization of Styrene and Conjugated Dienes by Group 3 Single-
Site Catalysts. ChemCatChem 2018, 10, 42—61.

(258) Jothieswaran, J.; Fadlallah, S.; Bonnet, F.; Visseaux, M. Recent
Advances in Rare Earth Complexes Bearing Allyl Ligands and Their
Reactivity towards Conjugated Dienes and Styrene Polymerization.
Catalysts 2017, 7, 378.

(259) Xu, T.-Q.; Yang, G.-W.; Lu, X.-B. Highly Isotactic and High-
Molecular-Weight Poly(2-Vinylpyridine) by Coordination Polymer-
ization with Yttrium Bis(Phenolate) Ether Catalysts. ACS Catal. 2016,
6, 4907—4913.

(260) Adams, F.; Pahl, P.; Rieger, B. Metal-Catalyzed Group-
Transfer Polymerization: A Versatile Tool for Tailor-Made Functional
(Co)Polymers. Chem. - Eur. . 2018, 24, 509—518.

(261) Friebe, L; Nuyken, O.; Obrecht, W. Neodymium-Based
Ziegler/Natta Catalysts and Their Application in Diene Polymer-
ization. In Neodymium Based Ziegler Catalysts — Fundamental
Chemistry; Nuyken, O., Ed.; Springer: Berlin, Germany, 2006; pp
1-154.

(262) Thiele, S. K.-H.; Wilson, D. R. Alternate Transition Metal
Complex Based Diene Polymerization. J. Macromol. Sci, Polym. Rev.
2003, 43, 581—628.

(263) Senyek, M. L. Isoprene Polymers. In Encyclopedia of Polymer
Science and Technology; Mark, H. F., Ed.; John Wiley & Sons, Inc.:
Hoboken, NJ, 2008; pp 1-23.

(264) Rodgers, B.; Waddell, W. H.; Klingensmith, W. Rubber
Compounding. In Encyclopedia of Polymer Science and Technology;
Mark, H. F., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, 2004; pp 1—
31

(265) Leicht, H.; Bauer, J; Gottker-Schnetmann, I; Mecking, S.
Heterotelechelic and In-Chain Polar Functionalized Stereoregular
Poly(Dienes). Macromolecules 2018, S1, 763—770.

(266) Champouret, Y.; Hashmi, O. H.; Visseaux, M. Discrete Iron-
Based Complexes: Applications in Homogeneous Coordination-
Insertion Polymerization Catalysis. Coord. Chem. Rev. 2019, 390,
127-170.

(267) Korthals, B.; Berkefeld, A.; Ahlmann, M. Mecking, S.
Catalytic Polymerization of Butadiene in Aqueous Systems with
Cationic Nickel(II) Complexes. Macromolecules 2008, 41, 8332—
8338.

(268) Taube, R.; Windisch, H.; Maiwald, S. The Catalysis of the
Stereospecific Butadiene Polymerization by Allyl Nickel and Allyl
Lanthanide Complexes - A Mechanistic Comparison. Macromol.
Symp. 1995, 89, 393—409.

(269) O’Connor, A. R.; White, P. S.; Brookhart, M. The Mechanism
of Polymerization of Butadiene by “Ligand-Free” Nickel(II)
Complexes. J. Am. Chem. Soc. 2007, 129, 4142—4143.

(270) Leicht, H; Gottker-Schnetmann, I; Mecking, S. Stereo-
selective Copolymerization of Butadiene and Functionalized 1,3-
Dienes. ACS Macro Lett. 2016, S, 777—780.

(271) Leicht, H.; Gottker-Schnetmann, I; Mecking, S. Synergetic
Effect of Monomer Functional Group Coordination in Catalytic
Insertion Polymerization. J. Am. Chem. Soc. 2017, 139, 6823—6826.

(272) Leicht, H.; Gottker-Schnetmann, L; Mecking, S. Stereo-
selective Copolymerization of Butadiene and Functionalized 1,3-

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

Dienes with Neodymium-Based Catalysts. Macromolecules 2017, S0,
8464—8468.

(273) Liy, B.; Li, S.; Wang, M.; Cui, D. Coordination Polymerization
of Renewable 3-Methylenecyclopentene with Rare-Earth-Metal
Precursors. Angew. Chem., Int. Ed. 2017, 56, 4560—4564.

(274) Behr, A; Johnen, L. Myrcene as a Natural Base Chemical in
Sustainable Chemistry: A Critical Review. ChemSusChem 2009, 2,
1072—109S.

(275) Wilbon, P. A; Chu, F,; Tang, C. Progress in Renewable
Polymers from Natural Terpenes, Terpenoids, and Rosin. Macromol.
Rapid Commun. 2013, 34, 8—37.

(276) Georges, S.; Touré, A. O, Visseaux, M.; Zinck, P.
Coordinative Chain Transfer Copolymerization and Terpolymeriza-
tion of Conjugated Dienes. Macromolecules 2014, 47, 4538—4547.

(277) Loughmari, S.; Hafid, A.; Bouazza, A.; El Bouadili, A.; Zinck,
P.; Visseaux, M. Highly Stereoselective Coordination Polymerization
of f-Myrcene from a Lanthanide-Based Catalyst: Access to Bio-
Sourced Elastomers. J. Polym. Sci, Part A: Polym. Chem. 2012, 50,
2898-2905.

(278) Raynaud, J.; Wu, J. Y.; Ritter, T. Iron-Catalyzed Polymer-
ization of Isoprene and Other 1,3-Dienes. Angew. Chem., Int. Ed. 2012,
51, 11805—11808.

(279) Butler, G. B. Cyclopolymerization. J. Polym. Sci,, Part A: Polym.
Chem. 2000, 38, 3451—3461.

(280) Resconi, L.; Waymouth, R. M. Diastereoselectivity in the
Homogeneous Cyclopolymerization of 1,5-Hexadiene. J. Am. Chem.
Soc. 1990, 112, 4953—4954.

(281) Coates, G. W. Precise Control of Polyolefin Stereochemistry
Using Single-Site Metal Catalysts. Chem. Rev. 2000, 100, 1223—1252.

(282) Yamazaki, M. Industrialization and Application Development
of Cyclo-Olefin Polymer. J. Mol. Catal. A: Chem. 2004, 213, 81—87.

(283) Park, S.; Takeuchi, D.; Osakada, K. Pd Complex-Promoted
Cyclopolymerization of Functionalized a,@-Dienes and Copolymer-
ization with Ethylene to Afford Polymers with Cyclic Repeating Units.
J. Am. Chem. Soc. 2006, 128, 3510—3511.

(284) Takeuchi, D. Transition Metal-Catalyzed Polymerization of
Polar Allyl and Diallyl Monomers. MRS Bull. 2013, 38, 252—259.

(285) Jian, Z.; Mecking, S. Insertion Homo- and Copolymerization
of Diallyl Ether. Angew. Chem., Int. Ed. 2015, 54, 15845—15849.

(286) Daigle, J.-C.; Piche, L.; Arnold, A.; Claverie, J. P. Probing the
Regiochemistry of Acrylate Catalytic Insertion Polymerization via
Cyclocopolymerization of Allyl Acrylate and Ethylene. ACS Macro
Lett. 2012, 1, 343—346.

(287) Buchmeiser, M. R. Recent Advances in the Regio- and
Stereospecific Cyclopolymerization of a,@-Diynes by Tailored
Ruthenium Alkylidenes and Molybdenum Imido Alkylidene N-
Heterocyclic Carbene Complexes. Polym. Rev. 2017, 57, 15=30.

(288) Choi, S-K; Gal, Y.-S; Jin, S.-H,; Kim, H. K. Poly(1,6-
Heptadiyne)-Based Materials by Metathesis Polymerization. Chem.
Rev. 2000, 100, 1645—1682.

(289) Matyjaszewski, K.; Tsarevsky, N. V. Nanostructured Func-
tional Materials Prepared by Atom Transfer Radical Polymerization.
Nat. Chem. 2009, 1, 276—288.

(290) Wang, J.-S.; Matyjaszewski, K. Controlled/"living” Radical
Polymerization. Atom Transfer Radical Polymerization in the
Presence of Transition-Metal Complexes. . Am. Chem. Soc. 1995,
117, 5614—3615.

(291) Kato, M,; Kamigaito, M.; Sawamoto, M.; Higashimura, T.
Polymerization of Methyl Methacrylate with the Carbon Tetra-
chloride/Dichlorotris- (Triphenylphosphine)Ruthenium(II)/Methyl-
aluminum Bis(2,6-Di-Tert-Butylphenoxide) Initiating System: Possi-
bility of Living Radical Polymerization. Macromolecules 1995, 28,
1721-1723.

(292) Ribelli, T. G.; Lorandi, F.; Fantin, M.; Matyjaszewski, K. Atom
Transfer Radical Polymerization: Billion Times More Active Catalysts
and New Initiation Systems. Macromol. Rapid Commun. 2019, 40,
1800616.

(293) Matyjaszewski, K. Atom Transfer Radical Polymerization
(ATRP): Current Status and Future Perspectives. Macromolecules
2012, 45, 4015—4039.

(294) Matyjaszewski, K. Advanced Materials by Atom Transfer
Radical Polymerization. Adv. Mater. 2018, 30, 1706441.

(295) Matyjaszewski, K.; Tsarevsky, N. V. Macromolecular
Engineering by Atom Transfer Radical Polymerization. J. Am. Chem.
Soc. 2014, 136, 6513—6533.

(296) Fantin, M.; Lorandji, F.; Ribelli, T. G.; Szczepaniak, G.; Enciso,
A. E,; Fliedel, C; Thevenin, L.; Isse, A. A.; Poli, R.; Matyjaszewski, K.
Impact of Organometallic Intermediates on Copper-Catalyzed Atom
Transfer Radical Polymerization. Macromolecules 2019, 52, 4079—
4090.

(297) Magenau, A. J. D, Strandwitz, N. C.; Gennaro, A;
Matyjaszewski, K. Electrochemically Mediated Atom Transfer Radical
Polymerization. Science 2011, 332, 81—84.

(298) Yagci, Y.; Jockusch, S.; Turro, N. J. Photoinitiated Polymer-
ization: Advances, Challenges, and Opportunities. Macromolecules
2010, 43, 6245—6260.

(299) Ryan, M. D.; Pearson, R. M.; Miyake, G. M. Organocatalyzed
Controlled Radical Polymerizations. In Organic Catalysis for Polymer-
ization; Dove, A., Sardon, H., Naumann, S., Ed.; The Royal Society of
Chemistry: London, United Kingdom, 2018; pp 584—606.

(300) Discekici, E. H.; Anastasaki, A.; Read de Alaniz, J.; Hawker, C.
J. Evolution and Future Directions of Metal-Free Atom Transfer
Radical Polymerization. Macromolecules 2018, 51, 7421—7434.

(301) Pan, X; Tasdelen, M. A; Laun, J.; Junkers, T.; Yagci, Y.;
Matyjaszewski, K. Photomediated Controlled Radical Polymerization.
Prog. Polym. Sci. 2016, 62, 73—125.

(302) Corrigan, N.; Shanmugam, S.; Xu, J.; Boyer, C. Photocatalysis
in Organic and Polymer Synthesis. Chem. Soc. Rev. 2016, 45, 6165—
6212.

(303) Trotta, J.; Fors, B. Organic Catalysts for Photocontrolled
Polymerizations. Synlett 2016, 27, 702—713.

(304) Yilmaz, G.; Yagci, Y. Photoinduced Metal-Free Atom Transfer
Radical Polymerizations: State-of-the-Art, Mechanistic Aspects and
Applications. Polym. Chem. 2018, 9, 1757—1762.

(305) Dadashi-Silab, S.; Doran, S.; Yagci, Y. Photoinduced Electron
Transfer Reactions for Macromolecular Syntheses. Chem. Rev. 2016,
116, 10212—10275.

(306) Chen, M.; Zhong, M.; Johnson, J. A. Light-Controlled Radical
Polymerization: Mechanisms, Methods, and Applications. Chem. Rev.
2016, 116, 10167—10211.

(307) Shanmugam, S.; Boyer, C.; Matyjaszewski, K. Recent
Developments in External Regulation of Reversible Addition
Fragmentation Chain Transfer (RAFT) Polymerization. ACS
Symposium  Series; American Chemical Society: Washington DC,
USA, 2018; Vol. 1284, pp 273—290.

(308) Fors, B. P,; Hawker, C. J. Control of a Living Radical
Polymerization of Methacrylates by Light. Angew. Chem., Int. Ed.
2012, 51, 8850—8853.

(309) Guan, Z.; Smart, B. A Remarkable Visible Light Effect on
Atom-Transfer Radical Polymerization. Macromolecules 2000, 33,
6904—6906.

(310) Prier, C. K; Rankic, D. A.; MacMillan, D. W. C. Visible Light
Photoredox Catalysis with Transition Metal Complexes: Applications
in Organic Synthesis. Chem. Rev. 2013, 113, 5322—5363.

(311) Narayanam, J. M. R; Stephenson, C. R. J. Visible Light
Photoredox Catalysis: Applications in Organic Synthesis. Chem. Soc.
Rev. 2011, 40, 102—113.

(312) Xu, J.; Jung, K.; Atme, A.; Shanmugam, S.; Boyer, C. A Robust
and Versatile Photoinduced Living Polymerization of Conjugated and
Unconjugated Monomers and Its Oxygen Tolerance. J. Am. Chem.
Soc. 2014, 136, 5508—5519.

(313) Quinn, J. F.; Barner, L.; Barner-Kowollik, C.; Rizzardo, E.;
Davis, T. P. Reversible Addition—Fragmentation Chain Transfer
Polymerization Initiated with Ultraviolet Radiation. Macromolecules
2002, 35, 7620—7627.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

(314) Shanmugam, S.; Boyer, C. Stereo-, Temporal and Chemical
Control through Photoactivation of Living Radical Polymerization:
Synthesis of Block and Gradient Copolymers. . Am. Chem. Soc. 2015,
137, 9988—9999.

(315) Kamigaito, M.; Satoh, K. Stereoregulation in Living Radical
Polymerization. Macromolecules 2008, 41, 269—276.

(316) Xu, J; Shanmugam, S.; Duong, H. T.; Boyer, C. Organo-
Photocatalysts for Photoinduced Electron Transfer-Reversible Addi-
tion—Fragmentation Chain Transfer (PET-RAFT) Polymerization.
Polym. Chem. 2018, 6, 5615—5624.

(317) Theriot, J. C.; Lim, C.-H,; Yang, H.; Ryan, M. D.; Musgrave,
C. B; Miyake, G. M. Organocatalyzed Atom Transfer Radical
Polymerization Driven by Visible Light. Science 2016, 352, 1082—
1086.

(318) Treat, N. J.; Sprafke, H.; Kramer, J. W.; Clark, P. G.; Barton,
B. E.; Read de Alaniz, J.; Fors, B. P.; Hawker, C. J. Metal-Free Atom
Transfer Radical Polymerization. J. Am. Chem. Soc. 2014, 136,
16096—16101.

(319) Michaudel, Q.; Kottisch, V.; Fors, B. P. Cationic Polymer-
ization: From Photoinitiation to Photocontrol. Angew. Chem., Int. Ed.
2017, 56, 9670—9679.

(320) Fu, C.; Xu, J.; Boyer, C. Photoacid-Mediated Ring Opening
Polymerization Driven by Visible Light. Chem. Commun. 2016, S2,
7126—7129.

(321) Ogawa, K. A;; Goetz, A. E.; Boydston, A. J. Metal-Free Ring-
Opening Metathesis Polymerization. J. Am. Chem. Soc. 2015, 137,
1400—1403.

(322) Perkowski, A. J; You, W.; Nicewicz, D. A. Visible Light
Photoinitiated Metal-Free Living Cationic Polymerization of 4-
Methoxystyrene. . Am. Chem. Soc. 2015, 137, 7580—7583.

(323) Kottisch, V.; Michaudel, Q.; Fors, B. P. Cationic Polymer-
ization of Vinyl Ethers Controlled by Visible Light. J. Am. Chem. Soc.
2016, 138, 15535—15538.

(324) Peterson, B. M.; Kottisch, V,; Supej, M. J.; Fors, B. P. On
Demand Switching of Polymerization Mechanism and Monomer
Selectivity with Orthogonal Stimuli. ACS Cent. Sci. 2018, 4, 1228—
1234.

(325) Hong, M.; Chen, J.; Chen, E. Y.-X. Polymerization of Polar
Monomers Mediated by Main-Group Lewis Acid—Base Pairs. Chem.
Rev. 2018, 118, 10551—10616.

(326) Zhang, Y; Chen, E. Y.-X. Conjugate-Addition Organo-
polymerization: Rapid Production of Acrylic Bioplastics by N-
Heterocyclic Carbenes. Angew. Chem., Int. Ed. 2012, 51, 2465—2469.

(327) Grasa, G. A; Kissling, R. M.; Nolan, S. P. N-Heterocyclic
Carbenes as Versatile Nucleophilic Catalysts for Transesterification/
Acylation Reactions. Org. Lett. 2002, 4, 3583—3586.

(328) Feévre, M.; Pinaud, J.; Gnanou, Y.; Vignolle, J.; Taton, D. N-
Heterocyclic Carbenes (NHCs) as Organocatalysts and Structural
Components in Metal-Free Polymer Synthesis. Chem. Soc. Rev. 2013,
42, 2142-2172.

(329) Naumann, S.; Dove, A. P. N-Heterocyclic Carbenes for Metal-
Free Polymerization Catalysis: An Update. Polym. Int. 2016, 65, 16—
27.

(330) Ottou, W. N.; Bourichon, D.; Vignolle, J.; Wirotius, A.-L.;
Robert, F.; Landais, Y.; Sotiropoulos, J.-M.; Miqueu, K,; Taton, D.
From the N-Heterocyclic Carbene-Catalyzed Conjugate Addition of
Alcohols to the Controlled Polymerization of (Meth)Acrylates. Cherm.
- Eur. J. 2018, 21, 9447—9453.

(331) Gowda, R. R.; Chen, E. Y.-X. Organocatalytic and Chemo-
selective Polymerization of Multivinyl-Functionalized y-Butyrolac-
tones. ACS Macro Lett. 2016, S, 772—776.

(332) Zhang, Y.; Schmitt, M.; Falivene, L.; Caporaso, L.; Cavallo, L.;
Chen, E. Y.-X. Organocatalytic Conjugate-Addition Polymerization of
Linear and Cyclic Acrylic Monomers by N-Heterocyclic Carbenes:
Mechanisms of Chain Initiation, Propagation, and Termination. J. Am.
Chem. Soc. 2013, 135, 17925—17942.

(333) Cockburn, R. A; Siegmann, R.; Payne, K. A.; Beuermann, S.;
McKenna, T. F. L.; Hutchinson, R. A. Free Radical Copolymerization

Kinetics of y-Methyl-a-Methylene-y-Butyrolactone (MeMBL). Bio-
macromolecules 2011, 12, 2319—-2326.

(334) Aoshima, S.; Kanaoka, S. A Renaissance in Living Cationic
Polymerization. Chem. Rev. 2009, 109, 5245—5287.

(335) Kanazawa, A.; Kanaoka, S.; Aoshima, S. Recent Progress in
Living Cationic Polymerization of Vinyl Ethers. Chem. Lett. 2010, 39,
1232-1237.

(336) Uchiyama, M.; Satoh, K; Kamigaito, M. Cationic RAFT
Polymerization Using Ppm Concentrations of Organic Acid. Angew.
Chem., Int. Ed. 2015, 54, 1924—1928.

(337) Watanabe, H.; Kanazawa, A.; Aoshima, S. Stereospecific
Living Cationic Polymerization of N-Vinylcarbazole through the
Design of ZnCl, -Derived Counteranions. ACS Macro Lett. 2017, 6,
463—467.

(338) Teator, A. J.; Leibfarth, F. A. Catalyst-Controlled Stereo-
selective Cationic Polymerization of Vinyl Ethers. Science 2019, 363,
1439—1443.

(339) Zhang, Y,; Miyake, G. M,; Chen, E. Y.-X. Alane-Based
Classical and Frustrated Lewis Pairs in Polymer Synthesis: Rapid
Polymerization of MMA and Naturally Renewable Methylene
Butyrolactones into High-Molecular-Weight Polymers. Angew.
Chem., Int. Ed. 2010, 49, 10158—10162.

(340) Knaus, M. G. M.; Giuman, M. M,; Péthig, A; Rieger, B. End
of Frustration: Catalytic Precision Polymerization with Highly
Interacting Lewis Pairs. J. Am. Chem. Soc. 2016, 138, 7776—7781.

(341) Xu, P.; Xu, X. Homoleptic Rare-Earth Aryloxide Based Lewis
Pairs for Polymerization of Conjugated Polar Alkenes. ACS Catal.
2018, 8, 198—202.

(342) Wang, Q.; Zhao, W.; Zhang, S.; He, J.; Zhang, Y.; Chen, E. Y.-
X. Living Polymerization of Conjugated Polar Alkenes Catalyzed by N
-Heterocyclic Olefin-Based Frustrated Lewis Pairs. ACS Catal. 2018,
8, 3571-3578.

(343) Chen, J.; Chen, E. Y.-X. Lewis Pair Polymerization of Acrylic
Monomers by N -Heterocyclic Carbenes and B(C6 FS)3. Isr. J. Chem.
2015, 55, 216—225.

(344) Gowda, R. R; Chen, E. Y.-X. Chemoselective Lewis Pair
Polymerization of Renewable Multivinyl-Functionalized y-Butyrolac-
tones. Philos. Trans. R. Soc, A 2017, 375, 20170003.

(345) Webster, O. W.; Hertler, W. R.; Sogah, D. Y.; Farnham, W. B,;
RajanBabu, T. V. Group-Transfer Polymerization. 1. A New Concept
for Addition Polymerization with Organosilicon Initiators. J. Am.
Chem. Soc. 1983, 105, 5706—5708.

(346) Webster, O. W. The Discovery and Commercialization of
Group Transfer Polymerization. J. Polym. Sci, Part A: Polym. Chem.
2000, 38, 2855—2860.

(347) Scholten, M. D.; Hedrick, J. L.; Waymouth, R. M. Group
Transfer Polymerization of Acrylates Catalyzed by N-Heterocyclic
Carbenes. Macromolecules 2008, 41, 7399—7404.

(348) Webster, O. W. Group Transfer Polymerization: A Critical
Review of Its Mechanism and Comparison with Other Methods for
Controlled Polymerization of Acrylic Monomers. In New Synthetic
Methods; Abe, A., Dusek, K., Kobayashi, S., Eds.; Springer: Berlin,
Germany, 2003; pp 1-34.

(349) Takada, K.; Fuchise, K.; Kubota, N.; Ito, T.; Chen, Y.; Satoh,
T.; Kakuchi, T. Synthesis of a-, ®-, and @,®-End-Functionalized
Poly(n -Butyl Acrylate)s by Organocatalytic Group Transfer
Polymerization Using Functional Initiator and Terminator. Macro-
molecules 2014, 47, 5514—5525.

(350) Chen, Y,; Jia, Q.; Ding, Y.; Sato, S.; Xu, L.; Zang, C.; Shen, X;
Kakuchi, T. B(C4F;);-Catalyzed Group Transfer Polymerization of
Acrylates Using Hydrosilane: Polymerization Mechanism, Applicable
Monomers, and Synthesis of Well-Defined Acrylate Polymers.
Macromolecules 2019, 52, 844—856.

(351) Fuchise, K; Tsuchida, S.; Takada, K,; Chen, Y.; Satoh, T.;
Kakuchi, T. B(C4F;), -Catalyzed Group Transfer Polymerization of n
-Butyl Acrylate with Hydrosilane through In Situ Formation of
Initiator by 1,4-Hydrosilylation of n -Butyl Acrylate. ACS Macro Lett.
2014, 3, 1015—1019.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

(352) Xu, T.; Chen, E. Y.-X. Silylium Dual Catalysis in Living
Polymerization of Methacrylates via In Situ Hydrosilylation of
Monomer. J. Polym. Sci,, Part A: Polym. Chem. 2018, 53, 1895—1903.

(353) Duda, A.; Kowalski, A. Thermodynamics and Kinetics of Ring-
Opening Polymerization. In Handbook of Ring-Opening Polymer-
ization; Dubois, P., Coulembier, O., Raquez, J.-M., Eds.; Wiley-VCH
Verlag GmbH & Co. KGaA: Weinheim, Germany, 2009; pp 1-51.

(354) Dutta, S.; Hung, W.-C.; Huang, B.-H.; Lin, C.-C. Recent
Developments in Metal-Catalyzed Ring-Opening Polymerization of
Lactides and Glycolides: Preparation of Polylactides, Polyglycolide,
and Poly(Lactide-Co-Glycolide). In Synthetic Biodegradable Polymers;
Rieger, B., Kunkel, A, Coates, G. W,, Reichardt, R., Dinjus, E,,
Zevaco, T. A,, Eds.; Springer: Berlin, Germany, 2011; pp 219—283.

(355) Slomkowski, S.; Penczek, S.; Duda, A. Polylactides-an
Overview. Polym. Adv. Technol. 2014, 25, 436—447.

(356) Inoue, S. Immortal Polymerization: The Outset, Develop-
ment, and Application. J. Polym. Sci., Part A: Polym. Chem. 2000, 38,
2861—-2871.

(357) Tsuji, H. Poly(Lactide) Stereocomplexes: Formation,
Structure, Properties, Degradation, and Applications. Macromol.
Biosci. 2008, 5, 569—597.

(358) Longo, J. M.; DiCiccio, A. M.; Coates, G. W. Poly(Propylene
Succinate): A New Polymer Stereocomplex. J. Am. Chem. Soc. 2014,
136, 15897—15900.

(359) Brizzolara, D.; Cantow, H.-J; Diederichs, K; Keller, E;
Domb, A. J. Mechanism of the Stereocomplex Formation between
Enantiomeric Poly(Lactide)S. Macromolecules 1996, 29, 191—197.

(360) Tkada, Y.; Jamshidi, K.; Tsuji, H.; Hyon, S. H. Stereocomplex
Formation between Enantiomeric Poly(Lactides). Macromolecules
1987, 20, 904—906.

(361) Liu, Y.; Wang, M.; Ren, W.-M,; Xu, Y.-C; Lu, X.-B. Crystalline
Hetero-Stereocomplexed Polycarbonates Produced from Amorphous
Opposite Enantiomers Having Different Chemical Structures. Angew.
Chem,, Int. Ed. 2015, 54, 7042—7046.

(362) Auriemma, F.; De Rosa, C.; Di Caprio, M. R; Di Girolamo,
R; Ellis, W. C.; Coates, G. W. Stereocomplexed Poly(Limonene
Carbonate): A Unique Example of the Cocrystallization of
Amorphous Enantiomeric Polymers. Angew. Chem., Int. Ed. 2018,
54, 1215—1218.

(363) Dijkstra, P. J; Du, H.; Feijen, J. Single Site Catalysts for
Stereoselective Ring-Opening Polymerization of Lactides. Polym.
Chem. 2011, 2, 520—527.

(364) Zhang, X.; Jones, G. O.; Hedrick, J. L.; Waymouth, R. M. Fast
and Selective Ring-Opening Polymerizations by Alkoxides and
Thioureas. Nat. Chem. 2016, 8, 1047—1053.

(365) Zhang, L.; Nederberg, F.; Pratt, R. C.; Waymouth, R. M,;
Hedrick, J. L.; Wade, C. G. hosphazene Bases: A New Category of
Organocatalysts for the Living Ring-Opening Polymerization of Cyclic
Esters. Macromolecules 2007, 40, 4154—4158.

(366) Horeglad, P.; Kruk, P.a; Pecaut, ]J. Heteroselective
Polymerization of Rac -Lactide in the Presence of Dialkylgallium
Alkoxides: The Effect of Lewis Base on Polymerization Stereo-
selectivity. Organometallics 2010, 29, 3729—3734.

(367) Alonso-Moreno, C.; Antifiolo, A.; Garcia-Martinez, J. C.;
Garcia-Yuste, S.; Lopez-Solera, I; Otero, A.; Pérez-Flores, J. C.;
Tercero-Morales, M. T. Molecular Structure of a Hydridoniobocene
Complex [Nb(#*-CsH,SiMe;)2(H),] and Its Use as Catalyst for the
Ring-Opening Polymerization of Cyclic Esters. Eur. J. Inorg. Chem.
2012, 2012, 1139—1144.

(368) Idage, B. B.; Idage, S. B.; Kasegaonkar, A. S.; Jadhav, R. V.
Ring Opening Polymerization of Dilactide Using Salen Complex as
Catalyst. Mater. Sci. Eng,, B 2010, 168, 193—198.

(369) Shibasaki, Y.; Sanada, H.; Yokoi, M.; Sanda, F.; Endo, T.
Activated Monomer Cationic Polymerization of Lactones and the
Application to Well-Defined Block Copolymer Synthesis with Seven-
Membered Cyclic Carbonate. Macromolecules 2000, 33, 4316—4320.

(370) Ovitt, T. M.; Coates, G. W. Stereoselective Ring-Opening
Polymerization of Meso -Lactide: Synthesis of Syndiotactic Poly-
(Lactic Acid). J. Am. Chem. Soc. 1999, 121, 4072—4073.

(371) Chamberlain, B. M.; Cheng, M.; Moore, D. R.; Ovitt, T. M,;
Lobkovsky, E. B.; Coates, G. W. Polymerization of Lactide with Zinc
and Magnesium f-Diiminate Complexes: Stereocontrol and Mecha-
nism. J. Am. Chem. Soc. 2001, 123, 3229—3238.

(372) Sanina, G. S.; Fomina, M. V.; Khomyakov, A. K.; Livshits, V.
S.; Savin, V. A,; Lyudvig, Y. B. Cationic Polymerization of Glycolide in
the Presence of Antimony Trifluoride. Polym. Sci. U.S.S.R. 1975, 17,
3133-3140.

(373) Wasserman, D.; Versfelt, C. C. Use of Stannous Octoate
Catalyst In the Manufacture of L(—)Latide-Glycolide Copolymer
Sutures. U.S. Patent US3839297A, 1974.

(374) Chisholm, M. H.; Eilerts, N. W.; Huffman, J. C.; Iyer, S. S;
Pacold, M.; Phomphrai, K. Molecular Design of Single-Site Metal
Alkoxide Catalyst Precursors for Ring-Opening Polymerization
Reactions Leading to Polyoxygenates. 1. Polylactide Formation by
Achiral and Chiral Magnesium and Zinc Alkoxides, (7 3 -L)MOR,
Where L = Trispyrazolyl- And. J. Am. Chem. Soc. 2000, 122, 11845—
11854.

(375) Karmel, 1. S. R; Elkin, T.; Fridman, N.; Eisen, M. S.
Dimethylsilyl Bis(Amidinate)Actinide Complexes: Synthesis and
Reactivity towards Oxygen Containing Substrates. Dalt. Trans.
2014, 43, 11376—11387.

(376) Zintl, M.; Molnar, F.; Urban, T.; Bernhart, V.; Preishuber-
Pfliigl, P.; Rieger, B. Variably Isotactic Poly(Hydroxybutyrate) from
Racemic p-Butyrolactone: Microstructure Control by Achiral
Chromium(III) Salophen Complexes. Angew. Chem., Int. Ed. 2008,
47, 3458—3460.

(377) Lofgren, A.; Albertsson, A.-C.; Dubois, P.; Jérome, R. Recent
Advances in Ring-Opening Polymerization of Lactones and Related
Compounds. J. Macromol. Sci,, Polym. Rev. 1995, 35, 379—418.

(378) Okada, M. Ito, S; Aoi, K; Atsumi, M. Spontaneous
Hydrolytic Degradability of Copolyesters Having Tetrahydropyran
Rings in Their Backbones. J. Appl. Polym. Sci. 1994, 51, 1035—1043.

(379) Mandal, M.; List, M.; Teasdale, I; Redhammer, G.;
Chakraborty, D.; Monkowius, U. Palladium Complexes Containing
Imino Phenoxide Ligands: Synthesis, Luminescence, and Their Use as
Catalysts for the Ring-Opening Polymerization of Rac-Lactide.
Monatsh. Chem. 2018, 149, 783—790.

(380) Kleine, H.-H. Process for the Production of Polyesters from
Six-Membered Cyclic Esters. British Patent GB755,447, 1956.

(381) Sarazin, Y.; Carpentier, J.-F. Discrete Cationic Complexes for
Ring-Opening Polymerization Catalysis of Cyclic Esters and Epoxides.
Chem. Rev. 2015, 115, 3564—3614.

(382) Susperregui, N.; Delcroix, D.; Martin-Vaca, B.; Bourissou, D.;
Maron, L. Ring-Opening Polymerization of e-Caprolactone Catalyzed
by Sulfonic Acids: Computational Evidence for Bifunctional
Activation. J. Org. Chem. 2010, 7S, 6581—6587.

(383) Mandal, M.,; Monkowius, U,; Chakraborty, D. Cadmium
Acetate as a Ring Opening Polymerization Catalyst for the
Polymerization of Rac-Lactide, e-Caprolactone and as a Precatalyst
for the Polymerization of Ethylene. J. Polym. Res. 2016, 23, 220.

(384) De Queiroz, A. A. A.; Franga, E. J.; Abraham, G. A.; Roman, J.
S. Ring-Opening Polymerization of e-Caprolactone by Iodine Charge-
Transfer Complex. J. Polym. Sci,, Part B: Polym. Phys. 2002, 40, 714—
722.

(385) Connor, E. F.; Nyce, G. W.; Myers, M.; Mock, A.; Hedrick, J.
L. First Example of N-Heterocyclic Carbenes as Catalysts for Living
Polymerization: Organocatalytic Ring-Opening Polymerization of
Cyclic Esters. J. Am. Chem. Soc. 2002, 124, 914—915.

(386) Stevels, W. M.; Ankoné, M. J. K; Dijkstra, P. J.; Feijen, J.
Kinetics and Mechanism of Lactide Polymerization Using Two
Different Yttrium Alkoxides as Initiators. Macromolecules 1996, 29,
6132—6138.

(387) O’Keefe, B. J.; Hillmyer, M. A.; Tolman, W. B. Polymerization
of Lactide and Related Cyclic Esters by Discrete Metal Complexes. J.
Chem. Soc. Dalt. Trans. 2001, No. 15, 2215-2224.

(388) Drysdale, N. E.; Ford, T. M.; McLain, S. J. Polymerization of
Lactide. U.S. Patent US5235031A, 1991.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

(389) Dechy-Cabaret, O.; Martin-Vaca, B.; Bourissou, D. Controlled
Ring-Opening Polymerization of Lactide and Glycolide. Chem. Rev.
2004, 104, 6147—6176.

(390) Kamber, N. E; Jeong, W.; Waymouth, R. M,; Pratt, R. C,;
Lohmeijer, B. G. G.; Hedrick, J. L. Organocatalytic Ring-Opening
Polymerization. Chem. Rev. 2007, 107, 5813—5840.

(391) Lohmeijer, B. G. G; Pratt, R. C.; Leibfarth, F.; Logan, J. W,;
Long, D. A; Dove, A. P; Nederberg, F; Choi, J; Wade, C,;
Waymouth, R. M.; Hedrick, J. L. Guanidine and Amidine Organo-
catalysts for Ring-Opening Polymerization of Cyclic Esters. Macro-
molecules 2006, 39, 8574—8583.

(392) Bakewell, C; Cao, T.; Long, N.; Le Goff, X. F.; Auffrant, A;
Williams, C. K. Yttrium Phosphasalen Initiators for Rac -Lactide
Polymerization: Excellent Rates and High Iso-Selectivities. J. Am.
Chem. Soc. 2012, 134, 20577—20580.

(393) Pilone, A; Press, K; Goldberg, I; Kol, M,; Mazzeo, M,;
Lamberti, M. Gradient Isotactic Multiblock Polylactides from
Aluminum Complexes of Chiral Salalen Ligands. J. Am. Chem. Soc.
2014, 136, 2940—2943.

(394) Lyubov, D. M.; Tolpygin, A. O.; Trifonov, A. A. Rare-Earth
Metal Complexes as Catalysts for Ring-Opening Polymerization of
Cyclic Esters. Coord. Chem. Rev. 2019, 392, 83—145.

(395) Zhao, W.; Wang, Y.; Liu, X.; Chen, X.; Cui, D.; Chen, E. Y.-X.
Protic Compound Mediated Living Cross-Chain-Transfer Polymer-
ization of Rac-Lactide: Synthesis of Isotactic (Crystalline)—Hetero-
tactic (Amorphous) Stereomultiblock Polylactide. Chem. Commun.
2012, 48, 6375—6377.

(396) Myers, D.; White, A. J. P.; Forsyth, C. M;; Bown, M,
Williams, C. K. Phosphasalen Indium Complexes Showing High Rates
and Isoselectivities in Rac -Lactide Polymerizations. Angew. Chem., Int.
Ed. 2017, 56, 5277—5282.

(397) Thevenon, A.; Romain, C.; Bennington, M. S.; White, A. J. P.;
Davidson, H. J.; Brooker, S.; Williams, C. K. Dizinc Lactide
Polymerization Catalysts: Hyperactivity by Control of Ligand
Conformation and Metallic Cooperativity. Angew. Chem., Int. Ed.
2016, 55, 8680—868S.

(398) Bouyahyi, M; Ajellal, N; Kirillov, E.; Thomas, C. M,;
Carpentier, J.-F. Exploring Electronic versus Steric Effects in
Stereoselective Ring-Opening Polymerization of Lactide and f-
Butyrolactone with Amino-Alkoxy-Bis(Phenolate)-Yttrium Com-
plexes. Chem. - Eur. J. 2011, 17, 1872—1883.

(399) Ligny, R.; Hinninen, M. M.; Guillaume, S. M.; Carpentier, J.-
F. Highly Syndiotactic or Isotactic Polyhydroxyalkanoates by Ligand-
Controlled Yttrium-Catalyzed Stereoselective Ring-Opening Polymer-
ization of Functional Racemic p-Lactones. Angew. Chem., Int. Ed.
2017, 56, 10388—10393.

(400) Aluthge, D. C; Ahn, J. M.; Mehrkhodavandi, P. Overcoming
Aggregation in Indium Salen Catalysts for Isoselective Lactide
Polymerization. Chem. Sci. 2015, 6, 5284—5292.

(401) Bakewell, C.; White, A. J. P.; Long, N. J,; Williams, C. K.
Metal-Size Influence in Iso-Selective Lactide Polymerization. Angew.
Chem,, Int. Ed. 2014, 53, 9226—9230.

(402) Xu, T-Q; Yang, G.-W.; Liu, C; Lu, X.-B. Highly Robust
Yttrium Bis(Phenolate) Ether Catalysts for Excellent Isoselective
Ring-Opening Polymerization of Racemic Lactide. Macromolecules
2017, 50, 515—522.

(403) Wang, H; Ma, H. Highly Diastereoselective Synthesis of
Chiral Aminophenolate Zinc Complexes and Isoselective Polymer-
ization of Rac-Lactide. Chem. Commun. 2013, 49, 8686—8688.

(404) Zhu, J.-B.; Chen, E. Y. X. Catalyst-Sidearm-Induced
Stereoselectivity Switching in Polymerization of a Racemic Lactone
for Stereocomplexed Crystalline Polymer with a Circular Life Cycle.
Angew. Chem., Int. Ed. 2019, 58, 1178—1182.

(405) Zhu, J.-B.; Chen, E. Y. X. Living Coordination Polymerization
of a Six-Five Bicyclic Lactone to Produce Completely Recyclable
Polyester. Angew. Chem., Int. Ed. 2018, 57, 12558—12562.

(406) Zhu, J.-B.; Watson, E. M.; Tang, J.; Chen, E. Y. X. A Synthetic
Polymer System with Repeatable Chemical Recyclability. Science
2018, 360, 398—403.

11181

(407) Hong, M.; Chen, E. Y. X. Completely Recyclable Biopolymers
with Linear and Cyclic Topologies via Ring-Opening Polymerization
of y-Butyrolactone. Nat. Chem. 2016, 8, 42—49.

(408) Sardon, H.; Dove, A. P. Plastics Recycling with a Difference.
Science 2018, 360, 380—381.

(409) Zhang, X.; Fevre, M,; Jones, G. O.; Waymouth, R. M.
Catalysis as an Enabling Science for Sustainable Polymers. Chem. Rev.
2018, 118, 839—88S.

(410) Hedrick, J. L.; Pratt, R. C.; Lohmeijer, B. G. G;; Long, D. A;
Waymouth, R. M. Triazabicyclodecene: A Simple Bifunctional
Organocatalyst for Acyl Transfer and Ring-Opening Polymerization
of Cyclic Esters. J. Am. Chem. Soc. 2006, 128, 4556—4557.

(411) Zhang, L.; Nederberg, F.; Messman, J. M,; Pratt, R. C,;
Hedrick, J. L; Wade, C. G. Organocatalytic Stereoselective Ring-
Opening Polymerization of Lactide with Dimeric Phosphazene Bases.
J. Am. Chem. Soc. 2007, 129, 12610—12611.

(412) Gazeau-Bureau, S.; Delcroix, D.; Martin-Vaca, B.; Bourissou,
D.; Navarro, C.; Magnet, S. Organo-Catalyzed ROP of e-
Caprolactone: Methanesulfonic Acid Competes with Trifluorometha-
nesulfonic Acid. Macromolecules 2008, 41, 3782—3784.

(413) Makiguchi, K.; Satoh, T.; Kakuchi, T. Diphenyl Phosphate as
an Efficient Cationic Organocatalyst for Controlled/Living Ring-
Opening Polymerization of o-Valerolactone and e-Caprolactone.
Macromolecules 2011, 44, 1999—2005.

(414) Kricheldorf, H. R;; Dunsing, R. Polylactones, 8. Mechanism of
the Cationic Polymerization of L,L-dilactide. Makromol. Chem. 1986,
187, 1611—-162S.

(415) Dharmaratne, N. U.; Pothupitiya, J. U.; Kiesewetter, M. K.
The Mechanistic Duality of (Thio)Urea Organocatalysts for Ring-
Opening Polymerization. Org. Biomol. Chem. 2019, 17, 3305—3313.

(416) Lin, B.; Waymouth, R. M. Urea Anions: Simple, Fast, and
Selective Catalysts for Ring-Opening Polymerizations. J. Am. Chem.
Soc. 2017, 139, 1645—1652.

(417) Hu, S.; Zhao, J.; Zhang, G.; Schlaad, H. Macromolecular
Architectures through Organocatalysis. Prog. Polym. Sci. 2017, 74,
34-77.

(418) Kiesewetter, M. K.; Shin, E. J.; Hedrick, J. L.; Waymouth, R.
M. Organocatalysis: Opportunities and Challenges for Polymer
Synthesis. Macromolecules 2010, 43, 2093—2107.

(419) Piedra-Arroni, E.; Ladaviére, C.; Amgoune, A.; Bourissou, D.
Ring-Opening Polymerization with Zn(C6FS)2 -Based Lewis Pairs:
Original and Efficient Approach to Cyclic Polyesters. J. Am. Chem.
Soc. 2013, 135, 13306—13309.

(420) Li, X.-Q; Wang, B; Ji, H.-Y,; Li, Y.-S. Insights into the
Mechanism for Ring-Opening Polymerization of Lactide Catalyzed by
Zn(C¢Fs), /Organic Superbase Lewis Pairs. Catal. Sci. Technol. 2016,
6, 7763=7772.

(421) Jeong, W.; Hedrick, J. L; Waymouth, R. M. Organic
Spirocyclic Initiators for the Ring-Expansion Polymerization of f-
Lactones. J. Am. Chem. Soc. 2007, 129, 8414—8415.

(422) Chang, Y. A;; Waymouth, R. M. Ion Pairing Effects in the
Zwitterionic Ring Opening Polymerization of -Valerolactone. Polym.
Chem. 2015, 6, 5212—5218.

(423) Jeong, W.; Shin, E. J; Culkin, D. A; Hedrick, J. L;
Waymouth, R. M. Zwitterionic Polymerization: A Kinetic Strategy for
the Controlled Synthesis of Cyclic Polylactide. . Am. Chem. Soc.
2009, 131, 4884—4891.

(424) Culkin, D. A,; Jeong, W.; Csihony, S.; Gomez, E. D.; Balsara,
N. P.; Hedrick, J. L.; Waymouth, R. M. Zwitterionic Polymerization of
Lactide to Cyclic Poly(Lactide) by Using N-Heterocyclic Carbene
Organocatalysts. Angew. Chem., Int. Ed. 2007, 46, 2627—2630.

(425) Pothupitiya, J. U.; Dharmaratne, N. U.; Jouaneh, T. M. M,;
Fastnacht, K. V,; Coderre, D. N.; Kiesewetter, M. K. H-Bonding
Organocatalysts for the Living, Solvent-Free Ring-Opening Polymer-
ization of Lactones: Toward an All-Lactones, All-Conditions
Approach. Macromolecules 2017, 50, 8948—8954.

(426) Miyake, G. M.; Chen, E. Y. X. Cinchona Alkaloids as
Stereoselective Organocatalysts for the Partial Kinetic Resolution
Polymerization of Rac -Lactide. Macromolecules 2011, 44, 4116—4124.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

(427) Makiguchi, K.; Yamanaka, T.; Kakuchi, T.; Terada, M.; Satoh,
T. Binaphthol-Derived Phosphoric Acids as Efficient Chiral Organo-
catalysts for the Enantiomer-Selective Polymerization of Rac-Lactide.
Chem. Commun. 2014, 50, 2883—2885.

(428) Zhu, J.-B.; Chen, E. Y. X. From Meso -Lactide to Isotactic
Polylactide: Epimerization by B/N Lewis Pairs and Kinetic Resolution
by Organic Catalysts. J. Am. Chem. Soc. 2015, 137, 12506—12509.

(429) Lim, J. Y. C; Yuntawattana, N.; Beer, P. D.; Williams, C. K.
Isoselective Lactide Ring Opening Polymerisation Using [2]Rotaxane
Catalysts. Angew. Chem., Int. Ed. 2019, 58, 6007—6011.

(430) Sanchez-Sanchez, A.; Rivilla, I; Agirre, M.; Basterretxea, A.;
Etxeberria, A.; Veloso, A.; Sardon, H.; Mecerreyes, D.; Cossio, F. P.
Enantioselective Ring-Opening Polymerization of Rac -Lactide
Dictated by Densely Substituted Amino Acids. J. Am. Chem. Soc.
2017, 139, 4805—4814.

(431) Orhan, B,; Tschan, M. J. L.; Wirotius, A.-L.; Dove, A. P.;
Coulembier, O.; Taton, D. Isoselective Ring-Opening Polymerization
of Rac -Lactide from Chiral Takemoto’s Organocatalysts: Elucidation
of Stereocontrol. ACS Macro Lett. 2018, 7, 1413—1419.

(432) Liy, S.; Li, H; Zhao, N.; Li, Z. Stereoselective Ring-Opening
Polymerization of Rac -Lactide Using Organocatalytic Cyclic Trimeric
Phosphazene Base. ACS Macro Lett. 2018, 7, 624—628.

(433) Coulembier, O.; Dove, A. P.; Pratt, R. C.; Sentman, A. C,;
Culkin, D. A.; Mespouille, L.; Dubois, P.; Waymouth, R. M.; Hedrick,
J. L. Latent, Thermally Activated Organic Catalysts for the On-
Demand Living Polymerization of Lactide. Angew. Chem., Int. Ed.
2005, 44, 4964—4968.

(434) Biernesser, A. B, Li, B; Byers, J. A. Redox-Controlled
Polymerization of Lactide Catalyzed by Bis(Imino)Pyridine Iron
Bis(Alkoxide) Complexes. J. Am. Chem. Soc. 2013, 135, 16553—
16560.

(435) Wei, J.; Diaconescu, P. L. Redox-Switchable Ring-Opening
Polymerization with Ferrocene Derivatives. Acc. Chem. Res. 2019, 52,
415—424.

(436) Gregson, C. K. A;; Gibson, V. C.; Long, N. J.; Marshall, E. L;
Oxford, P. J; White, A. J. P. Redox Control within Single-Site
Polymerization Catalysts. ]. Am. Chem. Soc. 2006, 128, 7410—7411.

(437) Sauer, A.; Buffet, J.-C.; Spaniol, T. P.; Nagae, H.; Mashima,
K; Okuda, J. Switching the Lactide Polymerization Activity of a
Cerium Complex by Redox Reactions. ChemCatChem 2013, S, 1088—
1091.

(438) Yoon, H. J.; Kuwabara, J.; Kim, J.-H.; Mirkin, C. A. Allosteric
Supramolecular Triple-Layer Catalysts. Science 2010, 330, 66—69.

(439) Coulembier, O.; Moins, S.; Todd, R.; Dubois, P. External and
Reversible CO, Regulation of Ring-Opening Polymerizations Based
on a Primary Alcohol Propagating Species. Macromolecules 2014, 47,
486—491.

(440) Ihrig, S. P.; Eisenreich, F.; Hecht, S. Photoswitchable
Polymerization Catalysis: State of the Art, Challenges, and
Perspectives. Chem. Commun. 2019, 55, 4290—4298.

(441) Eisenreich, F.; Kathan, M.; Dallmann, A,; Thrig, S. P.; Schwaar,
T.; Schmidt, B. M.; Hecht, S. A Photoswitchable Catalyst System for
Remote-Controlled (Co)Polymerization in Situ. Nat. Catal. 2018, 1,
516—522.

(442) Neilson, B. M.; Bielawski, C. W. Photoswitchable NHC-
Promoted Ring-Opening Polymerizations. Chem. Commun. 2013, 49,
5453—545S.

(443) Osaki, M.; Takashima, Y.; Yamaguchi, H; Harada, A.
Switching of Polymerization Activity of Cinnamoyl-a-Cyclodextrin.
Org. Biomol. Chem. 2009, 7, 1646—1651.

(444) Dai, Z; Cui, Y,; Chen, C.; Wu, J. Photoswitchable Ring-
Opening Polymerization of Lactide Catalyzed by Azobenzene-Based
Thiourea. Chem. Commun. 2016, 52, 8826—8829.

(445) Herzberger, J.; Niederer, K.; Pohlit, H.; Seiwert, J.; Worm, M.;
Wurm, F. R.; Frey, H. Polymerization of Ethylene Oxide, Propylene
Oxide, and Other Alkylene Oxides: Synthesis, Novel Polymer
Architectures, and Bioconjugation. Chem. Rev. 2016, 116, 2170—2243.

(446) Frisch, K. C. Cyclic Monomers; Wiley-Interscience: New York,
NY, USA, 1972.

(447) Knop, K; Hoogenboom, R.; Fischer, D.; Schubert, U. S.
Poly(Ethylene Glycol) in Drug Delivery: Pros and Cons as Well as
Potential Alternatives. Angew. Chem., Int. Ed. 2010, 49, 6288—6308.

(448) Kubisa, P. Cationic Ring-Opening Polymerization of Cyclic
Ethers. In Polymer Science: A Comprehensive Reference; Matyjaszewski,
K., Moller, M., Eds.; Elsevier: Amsterdam, Netherlands, 2012; Vol. 4,
pp 141-164.

(449) Schlaad, H; Kukula, H,; Rudloff, J.; Below, I Synthesis of
a,w-Heterobifunctional Poly(Ethylene Glycol)s by Metal-Free
Anionic Ring-Opening Polymerization. Macromolecules 2001, 34,
4302—4304.

(450) Xia, Y.; Zhao, J. Macromolecular Architectures Based on
Organocatalytic Ring-Opening (Co)Polymerization of Epoxides.
Polymer 2018, 143, 343—361.

(451) Fevre, M,; Vignolle, J; Gnanou, Y.; Taton, D. Organo-
catalyzed Ring-Opening Polymerizations. In Polymer Science: A
Comprehensive Reference; Matyjaszewski, K., Moller, M., Eds.; Elsevier:
Amsterdam, Netherlands, 2012; Vol. 4, pp 67—1185.

(452) Raynaud, J.; Absalon, C; Gnanou, Y.; Taton, D. N-
Heterocyclic Carbene-Induced Zwitterionic Ring-Opening Polymer-
ization of Ethylene Oxide and Direct Synthesis of a,@-Difunctional-
ized Poly(Ethylene Oxide)s and Poly(Ethylene Oxide)- b -Poly(e-
Caprolactone) Block Copolymers. J. Am. Chem. Soc. 2009, 131,
3201-3209.

(453) Chen, Y.; Shen, J.; Liu, S.; Zhao, J.; Wang, Y.; Zhang, G. High
Efficiency Organic Lewis Pair Catalyst for Ring-Opening Polymer-
ization of Epoxides with Chemoselectivity. Macromolecules 2018, S1,
8286—8297.

(454) Naumann, S.; Thomas, A. W.; Dove, A. P. N-Heterocyclic
Olefins as Organocatalysts for Polymerization: Preparation of Well-
Defined Poly(Propylene Oxide). Angew. Chem., Int. Ed. 2015, 54,
9550—9554.

(455) Efwein, B.; Steidl, N. M.; Moller, M. Anionic Polymerization
of Oxirane in the Presence of the Polyiminophosphazene Base T-Bu-
P4. Macromol. Rapid Commun. 1996, 17, 143—148.

(456) Tanaka, Y.,; Tomio, M.; Kakiuchi, H. Oligomerization of
Substituted Phenyl Glycidyl Ethers with Tertiary Amine. J. Macromol.
Sci,, Chem. 1967, 1, 471—491.

(457) Berger, J.; Lohse, F. Polymerization of P-Cresyl Glycidyl Ether
Induced by Benzyldimethylamine. Eur. Polym. J. 1985, 21, 435—444.

(458) Dimitrov, I; Tsvetanov, C. B. High-Molecular-Weight
Poly(Ethylene Oxide). In Polymer Science: A Comprehensive Reference;
Matyjaszewski, K., Moller, M., Eds.; Elsevier: Amsterdam, Nether-
lands, 2012; Vol. 4, pp S51—-569.

(459) Childers, M. L; Longo, J. M.; Van Zee, N. J.; LaPointe, A. M.;
Coates, G. W. Stereoselective Epoxide Polymerization and Copoly-
merization. Chem. Rev. 2014, 114, 8129—8152.

(460) Tsuruta, T. Stereoselective and Asymmetric-Selective (or
Stereoelective) Polymerizations. Macromol. Rev. 1972, 6, 179—250.

(461) Ajiro, H.; Widger, P. C. B.; Ahmed, S. M.; Allen, S. D.; Coates,
G. W. Stereoselective Ring-Opening Polymerization of Epoxides. In
Polymer Science: A Comprehensive Reference; Matyjaszewski, K., Moller,
M., Eds.; Elsevier: Amsterdam, Netherlands, 2012; Vol. 4, pp 165—
181.

(462) Morris, L. S.; Childers, M. L; Coates, G. W. Bimetallic
Chromium Catalysts with Chain Transfer Agents: A Route to
Isotactic Poly(Propylene Oxide)s with Narrow Dispersities. Angew.
Chem., Int. Ed. 2018, 57, 5731—5734.

(463) Vandenberg, E. J. Organometallic Catalysts for Polymerizing
Monosubstituted Epoxides. J. Polym. Sci. 1960, 47, 486—489.

(464) Vandenberg, E. J. Some Aspects of the Bimetallic y-Oxo-
Alkoxides for Polymerizing Epoxides to Polyether Elastomers. J.
Polym. Sci,, Part A: Polym. Chem. 1986, 24, 1423—1431.

(465) Rodriguez, C. G.; Ferrier, R. C.; Helenic, A.; Lynd, N. A. Ring-
Opening Polymerization of Epoxides: Facile Pathway to Functional
Polyethers via a Versatile Organoaluminum Initiator. Macromolecules
2017, 50, 3121—3130.

(466) Imbrogno, J.; Ferrier, R. C.; Wheatle, B. K.; Rose, M. J.; Lynd,
N. A. Decoupling Catalysis and Chain-Growth Functions of Mono(u-

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

Alkoxo)Bis(Alkylaluminums) in Epoxide Polymerization: Emergence
of the N—AIl Adduct Catalyst. ACS Catal. 2018, 8, 8796—8803.

(467) Wang, Y.; Darensbourg, D. J. Carbon Dioxide-Based
Functional Polycarbonates: Metal Catalyzed Copolymerization of
CO2 and Epoxides. Coord. Chem. Rev. 2018, 372, 85—100.

(468) Atkinson, J. L.; Vyazovkin, S. Dynamic Mechanical Analysis
and Hydrolytic Degradation Behavior of Linear and Branched Poly(L-
Lactide)s and Poly(L-Lactide-Co-Glycolide)S. Macromol. Chem. Phys.
2013, 214, 835—843.

(469) Pamula, E.; Menaszek, E. In Vitro and in Vivo Degradation of
Poly(I-Lactide-Co-Glycolide) Films and Scaffolds. ]. Mater. Sci.:
Mater. Med. 2008, 19, 2063—2070.

(470) Blanco, M. D.; Sastre, R. L.; Teijon, C.; Olmo, R.; Teijon, J.
M. Degradation Behaviour of Microspheres Prepared by Spray-Drying
Poly(d,l-Lactide) and Poly(d,l-Lactide-Co-Glycolide) Polymers. Int. J.
Pharm. 2006, 326, 139—147.

(471) Langanke, J.; Wolf, A.,; Hofmann, J.; Bhm, K.; Subhani, M.
A.; Miiller, T. E.; Leitner, W.; Giirtler, C. Carbon Dioxide (CO,) as
Sustainable Feedstock for Polyurethane Production. Green Chem.
2014, 16, 1865—1870.

(472) Zhy, K. J.; Hendren, R. W.; Jensen, K; Pitt, C. G. Synthesis,
Properties, and Biodegradation of Poly(1,3-Trimethylene Carbonate).
Macromolecules 1991, 24, 1736—1740.

(473) Venkataraman, S.; Ng, V. W. L.; Coady, D. J.; Horn, H. W,;
Jones, G. O.; Fung, T. S.; Sardon, H.; Waymouth, R. M.; Hedrick, J.
L; Yang, Y. Y. A Simple and Facile Approach to Aliphatic N
-Substituted Functional Eight-Membered Cyclic Carbonates and
Their Organocatalytic Polymerization. J. Am. Chem. Soc. 2018, 137,
13851—-13860.

(474) Chang, Y. A.; Rudenko, A. E.; Waymouth, R. M. Zwitterionic
Ring-Opening Polymerization of N-Substituted Eight-Membered
Cyclic Carbonates to Generate Cyclic Poly(Carbonate)S. ACS
Macro Lett. 2016, 5, 1162—1166.

(475) Nederberg, F.; Lohmeijer, B. G. G.; Leibfarth, F.; Pratt, R. C,;
Choi, J; Dove, A. P.; Waymouth, R. M.; Hedrick, J. L. Organo-
catalytic Ring Opening Polymerization of Trimethylene Carbonate.
Biomacromolecules 2007, 8, 153—160.

(476) Wei, J.; Meng, H; Guo, B; Zhong, Z.; Meng, F.
Organocatalytic Ring-Opening Copolymerization of Trimethylene
Carbonate and Dithiolane Trimethylene Carbonate: Impact of
Organocatalysts on Copolymerization Kinetics and Copolymer
Microstructures. Biomacromolecules 2018, 19, 2294—2301.

(477) Helou, M,; Miserque, O.; Brusson, J.-M.; Carpentier, ].-F.;
Guillaume, S. M. Highly Effective and Green Catalytic Approach
Toward Alpha, Omega-Dihydroxy-Telechelic Poly-
(Trimethylenecarbonate). Macromol. Rapid Commun. 2009, 30,
2128-213S.

(478) Mespouille, L.; Coulembier, O.; Kawalec, M.; Dove, A. P.;
Dubois, P. Implementation of Metal-Free Ring-Opening Polymer-
ization in the Preparation of Aliphatic Polycarbonate Materials. Prog.
Polym. Sci. 2014, 39, 1144—1164.

(479) Guerin, W.; Helou, M,; Slawinski, M.; Brusson, J.-M,;
Carpentier, J.-F.,; Guillaume, S. M. Ethylene Carbonate/Cyclic Ester
Random Copolymers Synthesized by Ring-Opening Polymerization.
Polym. Chem. 2018, 6, 1972—1985.

(480) Ajellal, N.; Carpentier, J.-F.; Guillaume, C.; Guillaume, S. M;
Helou, M.; Poirier, V.; Sarazin, Y.; Trifonov, A. Metal-Catalyzed
Immortal Ring-Opening Polymerization of Lactones, Lactides and
Cyclic Carbonates. Dalt. Trans. 2010, 39, 8363—8376.

(481) Darensbourg, D. J.; Ganguly, P.; Billodeaux, D. Ring-Opening
Polymerization of Trimethylene Carbonate Using Aluminum(III) and
Tin(IV) Salen Chloride Catalysts. Macromolecules 2005, 38, 5406—
5410.

(482) Zhong, Y,; Tong, R. Living Ring-Opening Polymerization of
O-Carboxyanhydrides: The Search for Catalysts. Front. Chem. 2018,
6, 641.

(483) Martin Vaca, B.; Bourissou, D. O -Carboxyanhydrides: Useful
Tools for the Preparation of Well-Defined Functionalized Polyesters.
ACS Macro Lett. 2015, 4, 792—798.

(484) Yin, Q;; Yin, L.; Wang, H.; Cheng, J. Synthesis and Biomedical
Applications of Functional Poly(a-Hydroxy Acids) via Ring-Opening
Polymerization of O -Carboxyanhydrides. Acc. Chem. Res. 2015, 48,
1777—-1787.

(485) Becker, G.; Wurm, F. R. Functional Biodegradable Polymers
via Ring-Opening Polymerization of Monomers without Protective
Groups. Chem. Soc. Rev. 2018, 47, 7739—7782.

(486) Xia, H.; Kan, S.; Li, Z.; Chen, J.; Cui, S.; Wu, W,; Ouyang, P.;
Guo, K. N -Heterocyclic Carbenes as Organocatalysts in Controlled/
Living Ring-Opening Polymerization of O -Carboxyanhydrides
Derived from L-Lactic Acid and L-Mandelic Acid. J. Polym. Sci,
Part A: Polym. Chem. 2014, 52, 2306—231S.

(487) Smith, 1. J; Tighe, B. J. Studies in Ring Opening
Polymerisation, 6. Tertiary Base Initiated Polymerisation of 5-
Phenyl-1,3-Dioxolan-2,4-Dione. Makromol. Chem. 1981, 182, 313—
324.

(488) Smith, 1. J.; Tighe, B. J. Studies in Ring-Opening Polymer-
ization. IV. Thermal Polymerization of Phenyl-Substituted 1,3-
Dioxolan-2,4-Diones. J. Polym. Sci, Polym. Chem. Ed. 1976, 14,
949-960.

(489) Buchard, A.; Carbery, D. R.; Davidson, M. G.; Ivanova, P. K
Jeffery, B. J; Kociok-Kéhn, G. I; Lowe, J. P. Preparation of
Stereoregular Isotactic Poly(Mandelic Acid) through Organocatalytic
Ring-Opening Polymerization of a Cyclic O -Carboxyanhydride.
Angew. Chem. 2014, 126, 14078—14081.

(490) Bonduelle, C.; Martin-Vaca, B.; Cossio, F. P.; Bourissou, D.
Monomer versus Alcohol Activation in the 4-Dimethylaminopyridine-
Catalyzed Ring-Opening Polymerization of Lactide and LacticO-
Carboxylic Anhydride. Chem. - Eur. ]. 2008, 14, 5304—5312.

(491) Bexis, P.; De Winter, J.; Coulembier, O.; Dove, A. P. Isotactic
Degradable Polyesters Derived from O -Carboxyanhydrides of L-
Lactic and L-Malic Acid Using a Single Organocatalyst/Initiator
System. Eur. Polym. J. 2017, 95, 660—670.

(492) Li, M; Tao, Y.; Tang, J.; Wang, Y.; Zhang, X.; Tao, Y.; Wang,
X. Synergetic Organocatalysis for Eliminating Epimerization in Ring-
Opening Polymerizations Enables Synthesis of Stereoregular Isotactic
Polyester. J. Am. Chem. Soc. 2019, 141, 281—-289.

(493) Lu, Y.; Yin, L.; Zhang, Y.; Zhang, Z.; Xu, Y.; Tong, R;; Cheng,
J. Synthesis of Water-Soluble Poly(a-Hydroxy Acids) from Living
Ring-Opening Polymerization of O -Benzyl- 1 -Serine Carboxyanhy-
drides. ACS Macro Lett. 2012, 1, 441—444.

(494) Thillaye du Boullay, O.; Bonduelle, C.; Martin-Vaca, B.;
Bourissou, D. Functionalized Polyesters from Organocatalyzed ROP
of GluOCA, the O-Carboxyanhydride Derived from Glutamic Acid.
Chem. Commun. 2008, No. 15, 1786—1788.

(495) Thillaye du Boullay, O.; Marchal, E.; Martin-Vaca, B.; Cossio,
F. P; Bourissou, D. An Activated Equivalent of Lactide toward
Organocatalytic Ring-Opening Polymerization. J. Am. Chem. Soc.
2006, 128, 16442—16443.

(496) Wang, R.; Zhang, J; Yin, Q; Xu, Y,; Cheng, J; Tong, R.
Controlled Ring-Opening Polymerization of O -Carboxyanhydrides
Using a f-Diiminate Zinc Catalyst. Angew. Chem., Int. Ed. 2016, SS,
13010—13014.

(497) He, Z.; Jiang, L.; Chuan, Y,; Li, H.; Yuan, M. Ring-Opening
Polymerization of l-Lactic Acid O-Carboxyanhydrides Initiated by
Alkoxy Rare Earth Compounds. Molecules 2013, 18, 12768—12776.

(498) Yin, Q; Tong, R; Xu, Y.; Baek, K; Dobrucki, L. W.; Fan, T.
M.,; Cheng, J. Drug-Initiated Ring-Opening Polymerization of O-
Carboxyanhydrides for the Preparation of Anticancer Drug—Poly(O-
Carboxyanhydride) Nanoconjugates. Biomacromolecules 2013, 14,
920—-929.

(499) Zhuang, X; Yu, H.; Tang, Z.; Oyaizu, K.; Nishide, H.; Chen,
X. Polymerization of Lactic O-Carboxylic Anhydride Using Organo-
metallic Catalysts. Chin. J. Polym. Sci. 2011, 29, 197—202.

(500) Feng, Q; Tong, R. Controlled Photoredox Ring-Opening
Polymerization of O -Carboxyanhydrides. J. Am. Chem. Soc. 2017,
139, 6177—-6182.

(501) Ouyang, H.; Nie, K; Yuan, D.; Yao, Y. Synthesis of Amine-
Bridged Bis(Phenolate) Rare-Earth Metal Aryloxides and Their

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

Catalytic Performances for the Ring-Opening Polymerization of L-
Lactic Acid O-Carboxyanhydride and L-Lactide. Dalt. Trans. 2017,
46, 15928—15938.

(502) Sun, Y.; Jia, Z; Chen, C; Cong, Y. Mao, X; Wuy, J.
Alternating Sequence Controlled Copolymer Synthesis of a-Hydroxy
Acids via Syndioselective Ring-Opening Polymerization of O
-Carboxyanhydrides Using Zirconium/Hafnium Alkoxide Initiators.
J. Am. Chem. Soc. 2017, 139, 10723—10732.

(503) Feng, Q.; Yang, L.; Zhong, Y.; Guo, D.; Liu, G.; Xie, L;
Huang, W,; Tong, R. Stereoselective Photoredox Ring-Opening
Polymerization of O-Carboxyanhydrides. Nat. Commun. 2018, 9,
1559.

(504) Kricheldorf, H.; Jont, J. M. New Polymer Syntheses. Polym.
Bull. 1983, 9, 276—283.

(505) Hadjichristidis, N.; Iatrou, H.; Pitsikalis, M.; Sakellariou, G.
Synthesis of Well-Defined Polypeptide-Based Materials via the Ring-
Opening Polymerization of a-Amino Acid N -Carboxyanhydrides.
Chem. Rev. 2009, 109, 5528—5578.

(506) Deming, T. J. Synthesis of Side-Chain Modified Polypeptides.
Chem. Rev. 2016, 116, 786—808.

(507) Deming, T. J. Synthesis and Self-Assembly of Well-Defined
Block Copolypeptides via Controlled NCA Polymerization. In
Advanced Computer Simulation Approaches For Soft Matter Sciences I;
Holm, C., Kremer, K., Eds.; Springer: Berlin, Germany, 2013; pp 1—
37.

(508) Deming, T. J. Living Polymerization of @-Amino Acid- N
-Carboxyanhydrides. J. Polym. Sci, Part A: Polym. Chem. 2000, 38,
3011-3018.

(509) Kricheldorf, H. R. Polypeptides and 100 Years of Chemistry of
a-Amino AcidN-Carboxyanhydrides. Angew. Chem., Int. Ed. 2006, 43,
5752—5784.

(510) Szwarc, M. The Kinetics and Mechanism of N-Carboxy-a-
Amino-Acid Anhydride (NCA) Polymerisation to Poly-Amino Acids
Advances in Polymer Science; Springer: Berlin, Germany, 196S; Vol. 4,
pp 1-685.

(511) Lu, H; Wang, J.; Lin, Y,; Cheng, J. One-Pot Synthesis of
Brush-Like Polymers via Integrated Ring-Opening Metathesis
Polymerization and Polymerization of Amino Acid N -Carboxyanhy-
drides. J. Am. Chem. Soc. 2009, 131, 13582—13583.

(512) Lu, H; Cheng, J. N -Trimethylsilyl Amines for Controlled
Ring-Opening Polymerization of Amino Acid N -Carboxyanhydrides
and Facile End Group Functionalization of Polypeptides. J. Am. Chem.
Soc. 2008, 130, 12562—12563.

(513) Lu, H.; Cheng, J. Hexamethyldisilazane-Mediated Controlled
Polymerization of a-Amino Acid N -Carboxyanhydrides. . Am. Chem.
Soc. 2007, 129, 14114—14118.

(514) Yuan, J; Sun, Y.; Wang, J; Lu, H. Phenyl Trimethylsilyl
Sulfide-Mediated Controlled Ring-Opening Polymerization of a-
Amino Acid N -Carboxyanhydrides. Biomacromolecules 2016, 17,
891—-896.

(515) Zhao, W.; Gnanou, Y.; Hadjichristidis, N. From Competition
to Cooperation: A Highly Efficient Strategy towards Well-Defined
(Co)Polypeptides. Chem. Commun. 2018, S1, 3663—3666.

(516) Zhao, W.; Gnanou, Y.; Hadjichristidis, N. Fast and Living
Ring-Opening Polymerization of a-Amino Acid N -Carboxyanhy-
drides Triggered by an “Alliance” of Primary and Secondary Amines
at Room Temperature. Biomacromolecules 2015, 16, 1352—1357.

(517) Graditar, S.; 2agar, E.; Pahovnik, D. Ring-Opening Polymer-
ization of N -Carboxyanhydrides Initiated by a Hydroxyl Group. ACS
Macro Lett. 2017, 6, 637—640.

(518) Zhao, W.; Gnanou, Y.; Hadjichristidis, N. Organocatalysis by
Hydrogen-Bonding: A New Approach to Controlled/Living Polymer-
ization of @-Amino Acid N-Carboxyanhydrides. Polym. Chem. 2015, 6,
6193—6201.

(519) Chan, B. A; Xuan, S; Horton, M.; Zhang, D. 1,1,3,3-
Tetramethylguanidine-Promoted Ring-Opening Polymerization of N
-Butyl N -Carboxyanhydride Using Alcohol Initiators. Macromolecules
2016, 49, 2002—2012.

(520) Cheng, J.; Deming, T. J. Screening of Optically Active Nickel
Initiators for Enantioasymmetric Polymerization of y-Benzyl Gluta-
mate-N-Carboxyanhydride. Macromolecules 1999, 32, 4745—4747.

(521) Baumgartner, R;; Fu, H,; Song, Z; Lin, Y; Cheng, ]J.
Cooperative Polymerization of a-Helices Induced by Macromolecular
Architecture. Nat. Chem. 2017, 9, 614—622.

(522) Chen, C.; Fu, H.; Baumgartner, R.; Song, Z.; Lin, Y.; Cheng, J.
Proximity-Induced Cooperative Polymerization in “Hinged” Helical
Polypeptides. J. Am. Chem. Soc. 2019, 141, 8680—8683.

(523) Kobayashi, S.; Uyama, H. Polymerization of Cyclic Imino
Ethers: From Its Discovery to the Present State of the Art. J. Polym.
Sci., Part A: Polym. Chem. 2002, 40, 192—209.

(524) Aoi, K.; Okada, M. Polymerization of Oxazolines. Prog. Polym.
Sci. 1996, 21, 151—208.

(525) Penczek, S.; Cypryk, M.; Duda, A.; Kubisa, P.; Slomkowski, S.
Living Ring-Opening Polymerizations of Heterocyclic Monomers.
Prog. Polym. Sci. 2007, 32, 247—282.

(526) Verbraeken, B.; Monnery, B. D.; Lava, K; Hoogenboom, R.
The Chemistry of Poly(2-Oxazoline)S. Eur. Polym. ]. 2017, 88, 451—
469.

(527) Hoogenboom, R. Poly(2-Oxazoline)s: A Polymer Class with
Numerous Potential Applications. Angew. Chem., Int. Ed. 2009, 48,
7978—7994.

(528) Sedlacek, O.; Lava, K.; Verbraeken, B.; Kasmi, S.; De Geest, B.
G.; Hoogenboom, R. Unexpected Reactivity Switch in the Statistical
Copolymerization of 2-Oxazolines and 2-Oxazines Enabling the One-
Step Synthesis of Amphiphilic Gradient Copolymers. J. Am. Chem.
Soc. 2019, 141, 9617—9622.

(529) Monnery, B. D; Jerca, V. V.; Sedlacek, O.; Verbraeken, B,;
Cavill, R; Hoogenboom, R. Defined High Molar Mass Poly(2-
Oxazoline)S. Angew. Chem., Int. Ed. 2018, 57, 15400—15404.

(530) Monnery, B. D.; Shaunak, S.; Thanou, M.; Steinke, J. H. G.
Improved Synthesis of Linear Poly(Ethylenimine) via Low-Temper-
ature Polymerization of 2-Isopropyl-2-Oxazoline in Chlorobenzene.
Macromolecules 2015, 48, 3197—3206.

(531) Alvaradejo, G. G.; Nguyen, H. V. T.; Harvey, P.; Gallagher, N.
M,; Le, D.; Ottaviani, M. F.; Jasanoff, A.; Delaittre, G.; Johnson, J. A.
Polyoxazoline-Based Bottlebrush and Brush-Arm Star Polymers via
ROMP: Syntheses and Applications as Organic Radical Contrast
Agents. ACS Macro Lett. 2019, 8, 473—478.

(532) Holerca, M. N.; Sahoo, D.; Partridge, B. E.; Peterca, M.; Zeng,
X.; Ungar, G; Percec, V. Dendronized Poly(2-Oxazoline) Displays
within Only Five Monomer Repeat Units Liquid Quasicrystal, A1S
and o Frank—Kasper Phases. . Am. Chem. Soc. 2018, 140, 16941—
16947.

(533) Paddock, R. L.; Nguyen, S. T. Chemical CO, Fixation: Cr(III)
Salen Complexes as Highly Efficient Catalysts for the Coupling of
CO, and Epoxides. J. Am. Chem. Soc. 2001, 123, 11498—11499.

(534) Darensbourg, D. J. Making Plastics from Carbon Dioxide:
Salen Metal Complexes as Catalysts for the Production of
Polycarbonates from Epoxides and CO,. Chem. Rev. 2007, 107,
2388—-2410.

(535) Sakakura, T.; Choi, J.-C.; Yasuda, H. Transformation of
Carbon Dioxide. Chem. Rev. 2007, 107, 2365—2387.

(536) Trott, G.; Saini, P. K,; Williams, C. K. Catalysts for CO,
/Epoxide Ring-Opening Copolymerization. Philos. Trans. R. Soc, A
2016, 374, 2015008S.

(537) Cohen, C. T.; Chu, T.; Coates, G. W. Cobalt Catalysts for the
Alternating Copolymerization of Propylene Oxide and Carbon
Dioxide: Combining High Activity and Selectivity. J. Am. Chem. Soc.
2008, 127, 10869—10878.

(538) Qin, Z.; Thomas, C. M,; Lee, S.; Coates, G. W. Cobalt-Based
Complexes for the Copolymerization of Propylene Oxide and CO2:
Active and Selective Catalysts for Polycarbonate Synthesis. Angew.
Chem,, Int. Ed. 2003, 42, 5484—5487.

(539) Kielland, N.; Whiteoak, C. J.; Kleij, A. W. Stereoselective
Synthesis with Carbon Dioxide. Adv. Synth. Catal. 2013, 35S, 2115—
2138.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

(540) Lu, X.-B.; Wang, Y. Highly Active, Binary Catalyst Systems for
the Alternating Copolymerization of CO, and Epoxides under Mild
Conditions. Angew. Chem., Int. Ed. 2004, 43, 3574—3577.

(541) Lu, X.-B.; Shi, L.; Wang, Y.-M.; Zhang, R.; Zhang, Y.-J.; Peng,
X.-J; Zhang, Z.-C.; Li, B. Design of Highly Active Binary Catalyst
Systems for CO, /Epoxide Copolymerization: Polymer Selectivity,
Enantioselectivity, and Stereochemistry Control. J. Am. Chem. Soc.
2006, 128, 1664—1674.

(542) Nakano, K; Hashimoto, S.; Nakamura, M.; Kamada, T.;
Nozaki, K. Stereocomplex of Poly(Propylene Carbonate): Synthesis
of Stereogradient Poly(Propylene Carbonate) by Regio- and
Enantioselective Copolymerization of Propylene Oxide with Carbon
Dioxide. Angew. Chem., Int. Ed. 2011, 50, 4868—4871.

(543) Wu, G.-P.; Ren, W.-M,; Luo, Y,; Li, B; Zhang, W.-Z,; Lu, X.-
B. Enhanced Asymmetric Induction for the Copolymerization of CO,
and Cyclohexene Oxide with Unsymmetric Enantiopure SalenCo(III)
Complexes: Synthesis of Crystalline CO, -Based Polycarbonate. J. Am.
Chem. Soc. 2012, 134, 5682—5688.

(544) Dunn, E. W.; Coates, G. W. Carbonylative Polymerization of
Propylene Oxide: A Multicatalytic Approach to the Synthesis of
Poly(3-Hydroxybutyrate). . Am. Chem. Soc. 2010, 132, 11412—
11413.

(545) Brulé, E.; Guo, J; Coates, G. W.; Thomas, C. M. Metal-
Catalyzed Synthesis of Alternating Copolymers. Macromol. Rapid
Commun. 2011, 32, 169—18S.

(546) Furukawa, J.; Iseda, Y.; Saegusa, T.; Fujii, H. Copolymeriza-
tion of Carbon Monoxide with Alkylene Oxide. Makromol. Chem.
1965, 89, 263—268.

(547) Takeuchi, D.; Sakaguchi, Y.; Osakada, K. Alternating
Copolymerization of Propylene Oxide with Carbon Monoxide
Catalyzed by Co Complex and Co/Ru Complexes. J. Polym. Sci,
Part A: Polym. Chem. 2002, 40, 4530—4537.

(548) Allmendinger, M.; Eberhardt, R.; Luinstra, G.; Rieger, B. The
Cobalt-Catalyzed Alternating Copolymerization of Epoxides and
Carbon Monoxide: A Novel Approach to Polyesters. J. Am. Chem.
Soc. 2002, 124, 5646—5647.

(549) Dunn, E. W.; Lamb, J. R; LaPointe, A. M.; Coates, G. W.
Carbonylation of Ethylene Oxide to f-Propiolactone: A Facile Route
to Poly(3-Hydroxypropionate) and Acrylic Acid. ACS Catal. 2016, 6,
8219—8223.

(550) Luo, M,; Li, Y.; Zhang, Y.-Y,; Zhang, X.-H. Using Carbon
Dioxide and Its Sulfur Analogues as Monomers in Polymer Synthesis.
Polymer 2016, 82, 406—431.

(551) Yang, J.-L.; Wu, H.-L.; Li, Y.; Zhang, X.-H.; Darensbourg, D. J.
Perfectly Alternating and Regioselective Copolymerization of Carbon-
yl Sulfide and Epoxides by Metal-Free Lewis Pairs. Angew. Chem., Int.
Ed. 2017, 56, 5774—5779.

(552) Luo, M; Zhang, X.-H.; Du, B.-Y,; Wang, Q. Fan, Z.-Q.
Regioselective and Alternating Copolymerization of Carbonyl Sulfide
with Racemic Propylene Oxide. Macromolecules 2013, 46, 5899—
5904.

(553) Zhang, C.-J.; Zhu, T.-C.; Cao, X.-H.; Hong, X.; Zhang, X.-H.
Poly(Thioether)s from Closed-System One-Pot Reaction of Carbonyl
Sulfide and Epoxides by Organic Bases. J. Am. Chem. Soc. 2019, 141,
5490—5496.

(554) Yue, T.-J.; Ren, W.-M,; Chen, L.; Gu, G.-G.; Liu, Y.; Lu, X.-B.
Synthesis of Chiral Sulfur-Containing Polymers: Asymmetric
Copolymerization of Meso -Epoxides and Carbonyl Sulfide. Angew.
Chem., Int. Ed. 2018, 57, 12670—12674.

(555) Zhang, D.; Boopathi, S. K; Hadjichristidis, N.; Gnanou, Y,;
Feng, X. Metal-Free Alternating Copolymerization of CO, with
Epoxides: Fulfilling “Green” Synthesis and Activity. J. Am. Chem. Soc.
2016, 138, 11117—11120.

(556) Andrea, K. A.; Kerton, F. M. Triarylborane-Catalyzed
Formation of Cyclic Organic Carbonates and Polycarbonates. ACS
Catal. 2019, 9, 1799—1809.

(557) Zhang, C.-J; Wu, H.-L;; Li, Y.; Yang, J.; Zhang, X.-H. Precise
Synthesis of Sulfur-Containing Polymers via Cooperative Dual
Organocatalysts with High Activity. Nat. Commun. 2018, 9, 2137.

(558) Luo, M.; Zhang, X.-H.; Darensbourg, D. J. Poly-
(Monothiocarbonate)s from the Alternating and Regioselective
Copolymerization of Carbonyl Sulfide with Epoxides. Acc. Chem.
Res. 2016, 49, 2209-2219.

(559) Darensbourg, D. J.; Andreatta, J. R; Jungman, M. J;
Reibenspies, J. H. Investigations into the Coupling of Cyclohexene
Oxide and Carbon Disulfide Catalyzed by (Salen)CrCl. Selectivity for
the Production of Copolymers vs. Cyclic Thiocarbonates. Dalt. Trans.
2009, No. 41, 8891—8899.

(560) Darensbourg, D. J.; Wilson, S. J.; Yeung, A. D. Oxygen/Sulfur
Scrambling During the Copolymerization of Cyclopentene Oxide and
Carbon Disulfide: Selectivity for Copolymer vs Cyclic [Thio]-
Carbonates. Macromolecules 2013, 46, 8102—8110.

(561) Liu, Y.; Zhang, X;; Zhang, Z.; Liu, L.; Fan, D.; Lii, X. Coupling
of Cyclohexene Oxide (CHO) and Carbon Disulfide (CS,) Catalyzed
by the Asymmetric Bis-Schiff-Base Zn(II) Complex. Inorg. Chem.
Commun. 20185, SS5, 132—134.

(562) Diebler, J.; Komber, H.; Haufller, L.; Lederer, A.; Werner, T.
Alkoxide-Initiated Regioselective Coupling of Carbon Disulfide and
Terminal Epoxides for the Synthesis of Strongly Alternating
Copolymers. Macromolecules 2016, 49, 4723—4731.

(563) Ji, H.-Y.; Chen, X.-L.; Wang, B.; Pan, L.; Li, Y.-S. Metal-Free,
Regioselective and Stereoregular Alternating Copolymerization of
Monosubstituted Epoxides and Tricyclic Anhydrides. Green Chem.
2018, 20, 3963—3973.

(564) Hu, L.-F,; Zhang, C.-J.; Wu, H.-L.; Yang, J.-L,; Liu, B.; Duan,
H.-Y,; Zhang, X.-H. Highly Active Organic Lewis Pairs for the
Copolymerization of Epoxides with Cyclic Anhydrides: Metal-Free
Access to Well-Defined Aliphatic Polyesters. Macromolecules 2018, 51,
3126—-3134.

(565) Li, H; Zhao, J; Zhang, G. Self-Buffering Organocatalysis
Tailoring Alternating Polyester. ACS Macro Lett. 2017, 6, 1094—1098.

(566) Lin, L,; Liang, J.; Xu, Y.; Wang, S.; Xiao, M.; Sun, L.; Meng, Y.
Fully Alternating Sustainable Polyesters from Epoxides and Cyclic
Anhydrides: Economical and Metal-Free Dual Catalysis. Green Chem.
2019, 21, 2469—2477.

(567) Paul, S.;; Zhu, Y.; Romain, C.; Brooks, R.; Saini, P. K;
Williams, C. K. Ring-Opening Copolymerization (ROCOP): Syn-
thesis and Properties of Polyesters and Polycarbonates. Chem.
Commun. 2018, 51, 6459—6479.

(568) Longo, J. M.; Sanford, M. J.; Coates, G. W. Ring-Opening
Copolymerization of Epoxides and Cyclic Anhydrides with Discrete
Metal Complexes: Structure—Property Relationships. Chem. Rev.
2016, 116, 15167—15197.

(569) StoBer, T.; Williams, C. K. Selective Polymerization Catalysis
from Monomer Mixtures: Using a Commercial Cr-Salen Catalyst To
Access ABA Block Polyesters. Angew. Chem., Int. Ed. 2018, 57, 6337—
6341.

(570) Ji, H.-Y,; Wang, B.; Pan, L,; Li, Y.-S. One-Step Access to
Sequence-Controlled Block Copolymers by Self-Switchable Organo-
catalytic Multicomponent Polymerization. Angew. Chem., Int. Ed.
2018, 57, 16888—16892.

(571) Zhu, Y.; Romain, C.; Williams, C. K. Selective Polymerization
Catalysis: Controlling the Metal Chain End Group to Prepare Block
Copolyesters. J. Am. Chem. Soc. 2018, 137, 12179—12182.

(572) Romain, C; Zhu, Y.,; Dingwall, P.; Paul, S; Rzepa, H. S,;
Buchard, A.; Williams, C. K. Chemoselective Polymerizations from
Mixtures of Epoxide, Lactone, Anhydride, and Carbon Dioxide. J. Am.
Chem. Soc. 2016, 138, 4120—4131.

(573) Zhu, Y.; Radlauer, M. R.; Schneiderman, D. K.; Shaffer, M. S.
P,; Hillmyer, M. A,; Williams, C. K. Multiblock Polyesters
Demonstrating High Elasticity and Shape Memory Effects. Macro-
molecules 2018, 51, 2466—2475.

(574) Li, H; Luo, H; Zhao, J.; Zhang, G. Sequence-Selective
Terpolymerization from Monomer Mixtures Using a Simple Organo-
catalyst. ACS Macro Lett. 2018, 7, 1420—1428.

(575) Zhou, Y; Hu, C.; Zhang, T.; Xu, X;; Duan, R; Luo, Y.; Sun,
Z.; Pang, X.; Chen, X. One-Pot Synthesis of Diblock Polyesters by

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

Catalytic Terpolymerization of Lactide, Epoxides, and Anhydrides.
Macromolecules 2019, 52, 3462—3470.

(576) Aida, T.; Sanuki, K.; Inoue, S. Well-Controlled Polymerization
by Metalloporphyrin. Synthesis of Copolymer with Alternating
Sequence and Regulated Molecular Weight from Cyclic Acid
Anhydride and Epoxide Catalyzed by the System of Aluminum
Porphyrin Coupled with Quaternary Organic Salt. Macromolecules
1985, 18, 1049—1055.

(577) Kroger, M.; Folli, C.; Walter, O.; Doring, M. Alternating
Copolymerization of Carbon Dioxide and Cyclohexene Oxide and
Their Terpolymerization with Lactide Catalyzed by Zinc Complexes
of N,N Ligands. Adv. Synth. Catal. 2006, 348, 1908—1918.

(578) Kernbichl, S.; Reiter, M.; Adams, F.; Vagin, S.; Rieger, B. CO,-
Controlled One-Pot Synthesis of AB, ABA Block, and Statistical
Terpolymers from f-Butyrolactone, Epoxides, and CO,. J. Am. Chem.
Soc. 2017, 139, 6787—6790.

(579) Choudhury, J. Recent Developments on Artificial Switchable
Catalysis. Tetrahedron Lett. 2018, 59, 487—495.

(580) Biernesser, A. B.; Delle Chiaie, K. R;; Curley, J. B.; Byers, J. A.
Block Copolymerization of Lactide and an Epoxide Facilitated by a
Redox Switchable Iron-Based Catalyst. Angew. Chem., Int. Ed. 2016,
5S, 5251-5254.

(581) Wang, X,; Thevenon, A.; Brosmer, J. L; Yu, L; Khan, S. L;
Mehrkhodavandi, P.; Diaconescu, P. L. Redox Control of Group 4
Metal Ring-Opening Polymerization Activity toward-Lactide and e-
Caprolactone. J. Am. Chem. Soc. 2014, 136, 11264—11267.

(582) Quan, S. M.; Wang, X.; Zhang, R.; Diaconescu, P. L. Redox
Switchable Copolymerization of Cyclic Esters and Epoxides by a
Zirconium Complex. Macromolecules 2016, 49, 6768—6778.

(583) Qi, M.; Dong, Q; Wang, D.; Byers, J. A. Electrochemically
Switchable Ring-Opening Polymerization of Lactide and Cyclohexene
Oxide. J. Am. Chem. Soc. 2018, 140, 5686—5690.

(584) Russo, S.; Casazza, E. Ring-Opening Polymerization of Cyclic
Amides (Lactams). In Polymer Science: A Comprehensive Reference;
Matyjaszewski, K., Moller, M., Eds.; Elsevier: Amsterdam, Nether-
lands, 2012; Vol. 4, pp 331-396.

(585) Naumann, S.; Schmidt, F. G.; Speiser, M.; Bohl, M.; Epple, S.;
Bonten, C.; Buchmeiser, M. R. Anionic Ring-Opening Homo- and
Copolymerization of Lactams by Latent, Protected N-Heterocyclic
Carbenes for the Preparation of PA 12 and PA 6/12. Macromolecules
2013, 46, 8426—8433.

(586) He, W.,; Tao, Y; Wang, X. Functional Polyamides: A
Sustainable Access via Lysine Cyclization and Organocatalytic Ring-
Opening Polymerization. Macromolecules 2018, 51, 8248—8257.

(587) Naumann, S.; Epple, S.; Bonten, C.; Buchmeiser, M. R.
Polymerization of e-Caprolactam by Latent Precatalysts Based on
Protected N-Heterocyclic Carbenes. ACS Macro Lett. 2013, 2, 609—
612.

(588) Chen, J; Li, M; He, W,; Tao, Y; Wang, X. Facile
Organocatalyzed Synthesis of Poly(e-Lysine) under Mild Conditions.
Macromolecules 2017, 50, 9128—9134.

(589) Memeger, W.; Campbell, G. C.; Davidson, F. Poly-
(Aminophosphazene)s and Protophosphatranes Mimic Classical
Strong Anionic Base Catalysts in the Anionic Ring-Opening
Polymerization of Lactams. Macromolecules 1996, 29, 6475—6480.

(590) Yang, H.; Zhao, J.; Yan, M,; Pispas, S.; Zhang, G. Nylon 3
Synthesized by Ring Opening Polymerization with a Metal-Free
Catalyst. Polym. Chem. 2011, 2, 2888—2892.

(591) Sanchez-Sanchez, A.; Basterretxea, A.; Mantione, D.;
Etxeberria, A.; Elizetxea, C.; de la Calle, A,; Garcia-Arrieta, S,;
Sardon, H.; Mecerreyes, D. Organic-Acid Mediated Bulk Polymer-
ization of e-Caprolactam and Its Copolymerization with e-
Caprolactone. J. Polym. Sci, Part A: Polym. Chem. 2016, 54, 2394—
2402.

(592) Johnson, J. Y.; Johnson, G. W. Improvements in the
Manufacture and Production of Improved Artificial Fibres. Great
Britain GB461666, 1937.

(593) Stewart, I. C.; Lee, C. C.; Bergman, R. G.; Toste, F. D. Living
Ring-Opening Polymerization of N -Sulfonylaziridines: Synthesis of

High Molecular Weight Linear Polyamines. J. Am. Chem. Soc. 2005,
127, 17616—17617.

(594) Rieger, E.; Gleede, T.; Weber, K; Manhart, A.; Wagner, M,;
Wurm, F. R. The Living Anionic Polymerization of Activated
Aziridines: A Systematic Study of Reaction Conditions and Kinetics.
Polym. Chem. 2017, 8, 2824—2832.

(595) Gleede, T.; Reisman, L.; Rieger, E.; Mbarushimana, P. C,;
Rupar, P. A;; Wurm, F. R. Aziridines and Azetidines: Building Blocks
for Polyamines by Anionic and Cationic Ring-Opening Polymer-
ization. Polym. Chem. 2019, 10, 3257—3283.

(596) Reisman, L.; Rowe, E. A, Jackson, E. M.; Thomas, C.;
Simone, T.; Rupar, P. A. Anionic Ring-Opening Polymerization of N
-(Tolylsulfonyl)Azetidines To Produce Linear Poly-
(Trimethylenimine) and Closed-System Block Copolymers. J. Am.
Chem. Soc. 2018, 140, 15626—15630.

(597) Gleede, T.; Rieger, E.; Blankenburg, J.; Klein, K.; Wurm, F. R.
Fast Access to Amphiphilic Multiblock Architectures by the Anionic
Copolymerization of Aziridines and Ethylene Oxide. J. Am. Chem. Soc.
2018, 140, 13407—13412.

(598) Reisman, L.; Mbarushimana, C. P.; Cassidy, S. J.; Rupar, P. A.
Living Anionic Copolymerization of 1-(Alkylsulfonyl)Aziridines to
Form Poly(Sulfonylaziridine) and Linear Poly(Ethylenimine). ACS
Macro Lett. 2016, S, 1137—1140.

(599) Thomi, L; Wurm, F. R. Aziridine Termination of Living
Anionic Polymerization. Macromol. Rapid Commun. 2014, 35, 585—
589.

(600) Bakkali-Hassani, C.; Rieger, E.; Vignolle, J.; Wurm, F. R;;
Carlotti, S;; Taton, D. Expanding the Scope of N -Heterocyclic
Carbene-Organocatalyzed Ring-Opening Polymerization of N -Tosyl
Aziridines Using Functional and Non-Activated Amine Initiators. Eur.
Polym. J. 2017, 95, 746—755.

(601) Bakkali-Hassani, C.; Rieger, E.; Vignolle, J.; Wurm, F. R;;
Carlotti, S.; Taton, D. The Organocatalytic Ring-Opening Polymer-
ization of N-Tosyl Aziridines by an N-Heterocyclic Carbene. Chem.
Commun. 2016, 52, 9719—-9722.

(602) Bakkali-Hassani, C.; Coutouly, C.; Gleede, T.; Vignolle, J;
Wurm, F. R,; Carlotti, S.; Taton, D. Selective Initiation from
Unprotected Aminoalcohols for the N -Heterocyclic Carbene-
Organocatalyzed Ring-Opening Polymerization of 2-Methyl- N-
Tosyl Aziridine: Telechelic and Block Copolymer Synthesis. Macro-
molecules 2018, 51, 2533—2541.

(603) Wang, X.; Liu, Y.; Li, Z.; Wang, H.; Gebru, H.; Chen, S.; Zhu,
H,; Wei, F; Guo, K. Organocatalyzed Anionic Ring-Opening
Polymerizations of N -Sulfonyl Aziridines with Organic Superbases.
ACS Macro Lett. 2017, 6, 1331—1336.

(604) Zhang, X.-H.; Liu, F.; Sun, X.-K.; Chen, S.; Dy, B.-Y.; Qj, G.-
R; Wan, K. M. Atom-Exchange Coordination Polymerization of
Carbon Disulfide and Propylene Oxide by a Highly Effective Double-
Metal Cyanide Complex. Macromolecules 2008, 41, 1587—1590.

(605) Kudo, H.; Sato, K, Nishikubo, T. Controlled Insertion
Reaction of Thiirane into Carbamothioate: Novel Synthesis of Well-
Defined Polysulfide. Macromolecules 2010, 43, 9655—9659.

(606) Nagai, A.; Koike, N.; Kudo, H.; Nishikubo, T. Controlled
Thioacyl Group Transfer (TAGT) Polymerization of Cyclic Sulfide:
Novel Approach to AB Diblock Copolymers by the Combination of
RAFT and TAGT Polymerizations. Macromolecules 2007, 40, 8129—
8131.

(607) Kameyama, A.; Kiyota, M.; Nishikubo, T. New Ring-Opening
Reaction of Thiiranes with Carboxylic Acid Derivatives Catalyzed by
Quaternary Onium Salts. Tetrahedron Lett. 1994, 35, 4571—4574.

(608) Kameyama, A.; Shimotsuma, K.; Nishikubo, T. Acyl Group
Transfer Polymerization of Thiiranes with Carboxylic Acid Deriva-
tives. Macromol. Rapid Commun. 1994, 15, 335—342.

(609) Goethals, E. J.; Dervaux, B. ROP of Cyclic Amines and
Sulfides. In Polymer Science: A Comprehensive Reference;
Matyjaszewski, K., Moller, M., Eds.; Elsevier: Amsterdam, Nether-
lands, 2012; Vol. 4, pp 309—330.

(610) Nakano, K.; Tatsumi, G.; Nozaki, K. Synthesis of Sulfur-Rich
Polymers: Copolymerization of Episulfide with Carbon Disulfide by

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

Using [PPN]CI/(Salph)Cr(III)Cl System. J. Am. Chem. Soc. 2007,
129, 15116—15117.

(611) Yue, T.-J; Zhang, M.-C,; Gu, G.-G.; Wang, L.-Y.; Ren, W.-M,;
Lu, X.-B. Precise Synthesis of Poly(Thioester)s with Diverse
Structures by Copolymerization of Cyclic Thioanhydrides and
Episulfides Mediated by Organic Ammonium Salts. Angew. Chem.,
Int. Ed. 2019, 58, 618—623.

(612) Wang, L.-Y,; Gu, G.-G.; Yue, T.-J; Ren, W.-M,; Lu, X.-B.
Semiaromatic Poly(Thioester) from the Copolymerization of Phthalic
Thioanhydride and Epoxide: Synthesis, Structure, and Properties.
Macromolecules 2019, 52, 2439—2445.

(613) Datta, P. P.; Kiesewetter, M. K. Controlled Organocatalytic
Ring-Opening Polymerization of e-Thionocaprolactone. Macromole-
cules 2016, 49, 774—780.

(614) Lei, P.; Wang, Q; Hong, J.; Li, Y. Synthesis of Poly(n-Butyl
Acrylate) Containing Multiblocks with a Narrow Molecular Weight
Distribution Using Cyclic Trithiocarbonates. J. Polym. Sci, Part A:
Polym. Chem. 2006, 44, 6600—6606.

(615) Hong, J.; Wang, Q.; Fan, Z. Synthesis of Multiblock Polymer
Containing Narrow Polydispersity Blocks. Macromol. Rapid Commun.
2006, 27, 57—-62.

(616) Wu, Y,; Wang, Q. One-Pot Synthesis of Well-Defined
Multiblock Polymer: Combination of ATRP and RAFT Polymer-
ization Involving Cyclic Trithiocarbonate. J. Polym. Sci., Part A: Polym.
Chem. 2010, 48, 2425—2429.

(617) Suzuki, M.; Makimura, K; Matsuoka, S. Thiol-Mediated
Controlled Ring-Opening Polymerization of Cysteine-Derived -
Thiolactone and Unique Features of Product Polythioester.
Biomacromolecules 2016, 17, 1135—1141.

(618) Bannin, T. J.; Kiesewetter, M. K. Poly(Thioester) by
Organocatalytic Ring-Opening Polymerization. Macromolecules 2018,
48, 5481—5486.

(619) Sanda, F.; Jirakanjana, D.; Hitomi, M.; Endo, T. Anionic Ring-
Opening Polymerization of e-Thionocaprolactone. Macromolecules
1999, 32, 8010—8014.

(620) Kricheldorf, H. R.; Schwarz, G. Poly(Thioester)S. J. Macromol.
Sci, Part A: Pure Appl.Chem. 2007, 44, 625—649.

(621) Wolf, T.; Wurm, F. R. Organocatalytic Ring-Opening
Polymerization Towards Poly(Cyclopropane)s, Poly(Lactame)s,
Poly(Aziridine)s, Poly(Siloxane)s, Poly(Carbosiloxane)s, Poly-
(Phosphate)s, Poly(Phosphonate)s, Poly(Thiolactone)s, Poly-
(Thionolactone)s and Poly(Thiirane). In Organic Catalysis for
Polymerisation; Dove, A., Sardon, H., Naumann, S., Eds.; The Royal
Society of Chemistry: London, United Kingdom, 2018; pp 406—472.

(622) Lapienis, G. Ring-Opening Polymerization of Cyclic
Phosphorus Monomers. In Polymer Science: A Comprehensive
Reference; Matyjaszewski, K., Moller, M., Eds.; Elsevier: Amsterdam,
Netherlands, 2012; Vol. 4, pp 477—505.

(623) Bauer, K. N.; Tee, H. T. C.; Alexandrino, E. M.; Wurm, F. R.
Polyphosphoesters. In Polymers for Biomedicine; Scholz, C., Ed.; John
Wiley & Sons, Inc.: Hoboken, NJ, USA, 2017; pp 191-241.

(624) Schottler, S.; Becker, G.; Winzen, S.; Steinbach, T.; Mohr, K,;
Landfester, K.; Mailander, V.; Wurm, F. R. Protein Adsorption Is
Required for Stealth Effect of Poly(Ethylene Glycol)- and Poly-
(Phosphoester)-Coated Nanocarriers. Nat. Nanotechnol. 2016, 11,
372-377.

(625) Steinbach, T.; Wurm, F. R. Poly(Phosphoester)s: A New
Platform for Degradable Polymers. Angew. Chem., Int. Ed. 2015, 54,
6098—6108.

(626) Zhang, S.; Li, A; Zou, J; Lin, L. Y.,; Wooley, K. L. Facile
Synthesis of Clickable, Water-Soluble, and Degradable Polyphos-
phoesters. ACS Macro Lett. 2012, 1, 328—333.

(627) Orthaber, A.; Soto, A. P. Synthesis of Polymers Containing
Group 1S Elements. In Smart Inorganic Polymers; Hey-Hawkins, E.,
Hissler, M., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim,
Germany, 2019; pp 85—114.

(628) Iwasaki, Y.; Yamaguchi, E. Synthesis of Well-Defined
Thermoresponsive Polyphosphoester Macroinitiators Using Organo-
catalysts. Macromolecules 2010, 43, 2664—2666.

(629) Tsao, Y.-Y. T.; Wooley, K. L. Synthetic, Functional
Thymidine-Derived Polydeoxyribonucleotide Analogues from a Six-
Membered Cyclic Phosphoester. J. Am. Chem. Soc. 2017, 139, 5467—
5473.

(630) Stukenbroeker, T. S.; Solis-Ibarra, D.; Waymouth, R. M.
Synthesis and Topological Trapping of Cyclic Poly(Alkylene
Phosphates). Macromolecules 2014, 47, 8224—8230.

(631) Clément, B.; Grignard, B.; Koole, L.; Jérome, C.; Lecomte, P.
Metal-Free Strategies for the Synthesis of Functional and Well-
Defined Polyphosphoesters. Macromolecules 2012, 45, 4476—4486.

(632) Steinbach, T.; Ritz, S.; Wurm, F. R. Water-Soluble
Poly(Phosphonate)s via Living Ring-Opening Polymerization. ACS
Macro Lett. 2014, 3, 244—248.

(633) Wolf, T.; Steinbach, T.; Wurm, F. R. A Library of Well-
Defined and Water-Soluble Poly(Alkyl Phosphonate)s with Adjust-
able Hydrolysis. Macromolecules 2015, 48, 3853—3863.

(634) McGrath, J. W.; Chin, J. P.; Quinn, J. P. Organophosphonates
Revealed: New Insights into the Microbial Metabolism of Ancient
Molecules. Nat. Rev. Microbiol. 2013, 11, 412—419.

(635) Bauer, K. N.; Liu, L.; Andrienko, D.; Wagner, M.; Macdonald,
E. K; Shaver, M. P.; Wurm, F. R. Polymerizing Phostones: A Fast
Way to In-Chain Poly(Phosphonate)s with Adjustable Hydrophilicity.
Macromolecules 2018, S1, 1272—1279.

(636) Liu, Y.; Bejjanki, N. K; Jiang, W.; Zhao, Y.; Wang, L.; Sun, X,;
Tang, X,; Liu, H; Wang, Y. Controlled Syntheses of Well-Defined
Poly(Thionophosphoester)s That Undergo Peroxide-Triggered Deg-
radation. Macromolecules 2019, 52, 4306—4316.

(637) Ganachaud, F.; Boileau, S. Siloxane-Containing Polymers. In
Handbook of Ring-Opening Polymerization; Dubois, P., Coulembier, O.,
Raquez, J.-M., Eds; Wiley-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2009; pp 65—95.

(638) Warrick, E. L.; Hunter, M. J.; Barry, A. J. Polymer Chemistry
of the Linear Siloxanes. Ind. Eng. Chem. 1952, 44, 2196—2202.

(639) Butts, M.; Cella, J.; Wood, C. D.; Gillette, G.; Kerboua, R;
Leman, J.; Lewis, L; Rubinsztajn, S.; Schattenmann, F.; Stein, J;
Wicht, D.; Rajaraman, S.; Wengrovius, J. Silicones. Kirk-Othmer
Encyclopedia of Chemical Technology; John Wiley & Sons, Inc.:
Hoboken, NJ, 2002; pp 1-54.

(640) Lohmeijer, B. G. G.; Dubois, G.; Leibfarth, F.; Pratt, R. C,;
Nederberg, F.; Nelson, A.; Waymouth, R. M.; Wade, C.; Hedrick, J. L.
Organocatalytic Living Ring-Opening Polymerization of Cyclic
Carbosiloxanes. Org. Lett. 2006, 8, 4683—4686.

(641) Brown, H. A,; Chang, Y. A;; Waymouth, R. M. Zwitterionic
Polymerization to Generate High Molecular Weight Cyclic Poly-
(Carbosiloxane)S. J. Am. Chem. Soc. 2013, 135, 18738—18741.

(642) Facchetti, A. 7-Conjugated Polymers for Organic Electronics
and Photovoltaic Cell Applications. Chem. Mater. 2011, 23, 733—758.

(643) Giines, S.; Neugebauer, H; Sariciftci, N. S. Conjugated
Polymer-Based Organic Solar Cells. Chem. Rev. 2007, 107, 1324—
1338.

(644) Burroughes, J. H; Bradley, D. D. C.; Brown, A. R;; Marks, R.
N.; Mackay, K; Friend, R. H.; Burns, P. L.; Holmes, A. B. Light-
Emitting Diodes Based on Conjugated Polymers. Nature 1990, 347,
539—-541.

(645) Baker, M. A; Tsai, C.-H.; Noonan, K. J. T. Diversifying Cross-
Coupling Strategies, Catalysts and Monomers for the Controlled
Synthesis of Conjugated Polymers. Chem. - Eur. ]. 2018, 24, 13078—
13088.

(646) Verheyen, L.; Leysen, P.; Van Den Eede, M.-P.; Ceunen, W.;
Hardeman, T.; Koeckelberghs, G. Advances in the Controlled
Polymerization of Conjugated Polymers. Polymer 2017, 108, 521—
546.

(647) Leone, A. K; Mueller, E. A.;; McNeil, A. J. The History of
Palladium-Catalyzed Cross-Couplings Should Inspire the Future of
Catalyst-Transfer Polymerization. J. Am. Chem. Soc. 2018, 140,
15126—15139.

(648) Leone, A. K;; McNeil, A. J. Matchmaking in Catalyst-Transfer
Polycondensation: Optimizing Catalysts Based on Mechanistic
Insight. Acc. Chem. Res. 2016, 49, 2822—2831.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

ACS Catalysis

(649) Lutz, J. P; Hannigan, M. D; McNeil, A. J. Polymers
Synthesized via Catalyst-Transfer Polymerization and Their Applica-
tions. Coord. Chem. Rev. 2018, 376, 225—247.

(650) Yokozawa, T.; Ohta, Y. Transformation of Step-Growth
Polymerization into Living Chain-Growth Polymerization. Chem. Rev.
2016, 116, 1950—1968.

(651) Sheina, E. E.; Liy, J.; Iovu, M. C.; Laird, D. W.; McCullough,
R. D. Chain Growth Mechanism for Regioregular Nickel-Initiated
Cross-Coupling Polymerizations. Macromolecules 2004, 37, 3526—
3528.

(652) Miyakoshi, R.; Yokoyama, A.; Yokozawa, T. Catalyst-Transfer
Polycondensation. Mechanism of Ni-Catalyzed Chain-Growth Poly-
merization Leading to Well-Defined Poly(3-Hexylthiophene). J. Am.
Chem. Soc. 2008, 127, 17542—17547.

(653) Miyakoshi, R.; Yokoyama, A.; Yokozawa, T. Synthesis of
Poly(3-Hexylthiophene) with a Narrower Polydispersity. Macromol.
Rapid Commun. 2004, 25, 1663—1666.

(654) Yokoyama, A.; Miyakoshi, R; Yokozawa, T. Chain-Growth
Polymerization for Poly(3-Hexylthiophene) with a Defined Molecular
Weight and a Low Polydispersity. Macromolecules 2004, 37, 1169—
1171.

(655) Iovu, M. C.; Sheina, E. E; Gil, R. R; McCullough, R. D.
Experimental Evidence for the Quasi-“Living” Nature of the Grignard
Metathesis Method for the Synthesis of Regioregular Poly(3-
Alkylthiophenes). Macromolecules 20085, 38, 8649—8656.

(656) Leone, A. K; Goldberg, P. K.; McNeil, A. J. Ring-Walking in
Catalyst-Transfer Polymerization. . Am. Chem. Soc. 2018, 140, 7846—
7850.

(657) He, W.; Patrick, B. O.; Kennepohl, P. Identifying the Missing
Link in Catalyst Transfer Polymerization. Nat. Commun. 2018, 9,
3866.

(658) Yan, C.; Barlow, S.; Wang, Z.; Yan, H.; Jen, A. K.-Y.; Marder,
S. R.; Zhan, X. Non-Fullerene Acceptors for Organic Solar Cells. Nat.
Rev. Mater. 2018, 3, 18003.

(659) Li, S.; Ye, L.; Zhao, W.; Yan, H,; Yang, B,; Liu, D.; Li, W,;
Ade, H.; Hou, J. A Wide Band Gap Polymer with a Deep Highest
Occupied Molecular Orbital Level Enables 14.2% Efficiency in
Polymer Solar Cells. J. Am. Chem. Soc. 2018, 140, 7159—7167.

(660) Yao, H.; Cui, Y.; Qian, D.; Ponseca, C. S.; Honarfar, A.; Xu,
Y,; Xin, J; Chen, Z; Hong, L; Gao, B;; Yu, R; Zu, Y,; Ma, W,;
Chabera, P.; Pullerits, T.; Yartsev, A; Gao, F; Hou, J. 14.7%
Efficiency Organic Photovoltaic Cells Enabled by Active Materials
with a Large Electrostatic Potential Difference. J. Am. Chem. Soc.
2019, 141, 7743—7750.

(661) Marciniec, B.; Gulinski, J.; Urbaniak, W.; Kornetka, Z.
Comprehensive Handbook on Hpydrosilylation; Marciniec, B., Ed,;
Pergamon: Oxford, 2002.

(662) Troegel, D.; Stohrer, J. Recent Advances and Actual
Challenges in Late Transition Metal Catalyzed Hydrosilylation of
Olefins from an Industrial Point of View. Coord. Chem. Rev. 2011,
255, 1440—14509.

(663) Nakajima, Y.; Shimada, S. Hydrosilylation Reaction of Olefins:
Recent Advances and Perspectives. RSC Adv. 2018, S, 20603—20616.

(664) Marko, L. E.; Stérin, S.; Buisine, O.; Mignani, G.; Branlard, P.;
Tinant, B; Declercq, J.-P. Selective and Efficient Platinum(0)-
Carbene Complexes As Hydrosilylation Catalysts. Science 2002, 298,
204—206.

(665) Chalk, A. J.; Harrod, J. F. Homogeneous Catalysis. II. The
Mechanism of the Hydrosilation of Olefins Catalyzed by Group VIII
Metal Complexes 1. J. Am. Chem. Soc. 1965, 87, 16—21.

(666) Meister, T. K; Riener, K; Gigler, P.; Stohrer, J.; Herrmann,
W. A,; Kithn, F. E. Platinum Catalysis Revisited—Unraveling
Principles of Catalytic Olefin Hydrosilylation. ACS Catal. 2016, 6,
1274—1284.

(667) Lewis, L. N.; Lewis, N. Platinum-Catalyzed Hydrosilylation—
Colloid Formation as the Essential Step. J. Am. Chem. Soc. 1986, 108,
7228-7231.

11188

(668) Stein, J.; Lewis, L. N.; Smith, K. A.; Lettko, K. X. Mechanistic
Studies of Platinum-Catalyzed Hydrosilylation. J. Inorg. Organomet.
Polym. 1991, 1, 325—334.

(669) Stein, J.; Lewis, L. N,; Gao, Y.; Scott, R. A. In Situ
Determination of the Active Catalyst in Hydrosilylation Reactions
Using Highly Reactive Pt(0) Catalyst Precursors. J. Am. Chem. Soc.
1999, 121, 3693—3703.

(670) Roy, A. K; Taylor, R. B. The First Alkene—Platinum—Silyl
Complexes: Lifting the Hydrosilation Mechanism Shroud with Long-
Lived Precatalytic Intermediates and True Pt Catalysts. J. Am. Chem.
Soc. 2002, 124, 9510—9524.

(671) Obligacion, J. V.; Chirik, P. J. Earth-Abundant Transition
Metal Catalysts for Alkene Hydrosilylation and Hydroboration. Nat.
Rev. Chem. 2018, 2, 15—34.

(672) Tondreau, A. M.; Atienza, C. C. H.; Weller, K. J.; Nye, S. A;
Lewis, K. M.; Delis, J. G. P.; Chirik, P. J. Iron Catalysts for Selective
Anti-Markovnikov Alkene Hydrosilylation Using Tertiary Silanes.
Science 2012, 335, 567—570.

(673) Schuster, C. H; Diao, T.; Pappas, L; Chirik, P. J. Bench-
Stable, Substrate-Activated Cobalt Carboxylate Pre-Catalysts for
Alkene Hydrosilylation with Tertiary Silanes. ACS Catal. 2016, 6,
2632—-2636.

(674) Kim, D. W.; Joung, S.; Kim, J. G; Chang, S. Metal-Free
Hydrosilylation Polymerization by Borane Catalyst. Angew. Chem., Int.
Ed. 2015, 54, 14805—14809.

DOI: 10.1021/acscatal.9b03226
ACS Catal. 2019, 9, 11153—-11188


http://dx.doi.org/10.1021/acscatal.9b03226

