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Abstract

This chapter highlights the most representative results on the use of coordination compounds in
polymerization reactions, since the version of the Comprehensive Coordination Chemistry Il by
Gibson and Marshall (2003). Noteworthy developments of more efficient catalysts and related
significant advancements in coordination polymerization of olefins, radical polymerization, lactide
and related cyclic esters polymerization and CO,/epoxides polymerization are discussed therein.
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Abbreviations

AGET Activators generated by electron transfer
AIBN 2,2‘-Azobis(isobutyronitrile)

ARGET Activators regenerated by electron transfer
ATRP Atom transfer radical polymerization

BD 1,3-Butadiene

BDE Bond dissociation energy

Bipy 2,2’-Bipyridine

CCT Catalytic chain transfer

CHO Cyclohexene oxide

1,4-CHDO 1,4-Cyclohexadiene oxide



Cp
Cp*
CPO
CPC
CGC

D
DMAP
DT
EBiB
EBP
EBrPA
EDG
EWG
GPE
Hex

IP
LAM
MAM
MA
MesTREN
MMA
MVE
MW
nBA
NHC
NVP
OMRP
PCHC
PCHDC
PCHO
Pco2
PCPC
PEBr
PLA
PO
PPC
PPN
PRE
PTHFC
RDRP
ROP
RT
SARA
SO

Cyclopentadienyl
Pentamethylcyclopenadienyl
Cyclopentene oxide
Cyclopropylene carbonate
Constrained geometry catalyst
Dispersity (Mw/M.,)
4-(Dimethylamino)pyridine
Degenerative transfer

Ethyl 2-bromoisobutyrate

Ethyl 2-bromopropionate

Ethyl 2-bromophenylacetate
Electron-donating group
Electron-withdrawing group
Glycidyl phenyl ether

1-Hexene

Isoprene

Less activated monomer

More activated monomer

Methyl acrylate
Tris(2-(dimethylamino)-ethyl)amine
Methyl methacrylate

Methyl vinyl ether

Molecular weight

n-Butyl acrylate

N-heterocyclic carbene
N-vinylpyrrolidone

Organometallic mediated radical polymerization
Poly(cyclohexene carbonate)
Poly(1,4-cyclohexadiene carbonate)
Poly(cyclohexene oxide)

Pressure of CO;

Poly(cyclopentene carbonate)
1-Phenylethyl bromide

Poly(lactic acid) or polylactide
Propylene oxide

Poly(propylene carbonate)
Bis(triphenylphosphine)iminium
Persistent radical effect
Poly(3,4-tetrahydrofuran carbonate)
Reversible deactivation radical polymerization
Ring-opening polymerization
Reversible termination
Supplemental activator and reducing agent
Styrene oxide
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TMP
TPMA
V-70
VAc
VC
v-CHO
VF

Simultaneous reverse and normal initiated
Styrene

Temperature

Tetraazaannulene

Turnover frequency
Tetramesitylporphyrin
Tris(2-pyridylmethyl)amine
2,2'-Azobis(4-methoxy-2,4-dimethyl valeronitrile)
Vinyl acetate

Vinyl chloride

Vinyl-cyclohexene oxide

Vinyl fluoride



1. Introduction

Today, metal-mediated polymerization reactions offer access to a wide range of polymeric materials,
such as polyolefins, polyacrylates, polyesters and polycarbonates, with complex architectures and
specific properties, that can be produced from petrochemical- or renewable-resources. Everything
started with the seminal work of Ziegler and Natta (Nobel prize in 1963) that paved the way to many
developments in the field of coordination polymerization of olefins, which is now performed with
(pre)catalysts of various metals and applied to numerous polar and apolar monomers.

In the last decades, several other polymerization techniques that make use of a coordination
compound as catalyst or moderator, such as radical polymerization and ring-opening polymerization,
were developed, improved and are now commonly used in industrial processes.

The present chapter focuses on recent and significant developments in the fields of coordination
polymerization of olefins, metal-mediated radical polymerization, cyclic esters polymerization and
CO»/epoxide copolymerization, with a special emphasis in (pre)catalysts design and polymerization
performances.

2. Coordination Polymerization of Olefins

2.1, Introduction
Due to the increasing demand of polymeric materials, especially high-added value polymers for high-
tech applications, the development of highly efficient metal catalysts is still a very active field of
research. The objective of the present section is to provide an overview of notable classes of olefin
polymerization catalysts, to introduce recent, representative and significant examples and to guide
the readers towards selected and/or specific reviews for more details or critical discussions.

2.2, Metallocene, ansa-Metallocene and Constrained Geometry

Catalysts
Since the pionneering studies showing the applicability of [Cp.MX;] (M = Ti, Zr and X = Br, Cl)
complexes to ethylene polymerization, a large variety of rare-earth and Group 4 metallocene
catalysts were developed and applied to the polymerization of ethylene and various a-olefins. All
these advances were already well-reviewed (2.1, Figure 2.1).*

Following the discovery of the metallocene catalysts, considerable efforts have been dedicated to
the development of stereoselective catalysts to control the microstructure of the resulting polymeric
material. It was found that the main factor influencing the tacticity of the final polymer was the
symmetry of the metallocene. As a result, many investigations were oriented to related ansa-
metallocenes of rare-earth, Group 4 and Group 5 metals, which are related compounds where the
two arenes (Cp, fluorenyl, indenyl and derivatives) are linked by a bridging moiety that can be a
single atom (C, Si, Ge, Sn) or a longer chain (2.2, Figure 2.1). The resulting catalysts, with e.g. C,-, Ci-,
C.-symmetry, effectively produced polyolefins with high tacticity (isotactic or syndiotactic), and this
important breakthrough was well-summarized and discussed in several reviews.'? *7 In particular,
Wang examined how the nature of the bridging group in such ansa-metallocenes affects the activity
and stereoselectivity of the catalysts.> Recently, a series of allyl ansa-lanthanidocenes were shown to
act as single-component catalysts for the polymerization of styrene (St), producing highly
syndiotactic polySt ([r]° = 63—88%; Tm up to 260 °C),® and the syndioselective copolymerization of St
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with ethylene ([r]®> = 71%, 1-15 mol% ethylene content).® Sterically congested complexes or those
based on small ionic radius metals (yttrium or scandium) were poorly or not active under the studied
polymerization conditions.

Constrained geometry catalysts (CGCs) were further developed with the aim of improving the
thermal stability of the catalysts and the production of higher MW polymers (2.3, Figure 2.1). CGCs
exhibited great performances in ethylene polymerization and copolymerization with higher a-
olefins, which were attributed to a more open coordination sphere, a small ligand bite-angle and a
reduced tendency to undergo chain transfer, compared to metallocenes.> * %12 Recently, a series of
rare-earth metal dialkyl CGCs, based on a pyridyl-methylene-fluorenyl ligand, exhibited high activity
and remarkable to perfect syndioselectivity for the polymerization of St,** ortho-fluorostyrene,** and
1-phenyl-1,3-butadiene (high 3,4-regioselectivity).®

The aforementioned classes of catalysts were subjected to extensive patenting, triggering new
research directions in the field, such as the development of post-metallocene catalysts (see
following sections).®

Noteworthy, metallocenes and derivatives were not limited to the polymerization of ethylene
and non-polar a-olefins and were found to be efficient catalysts for the polymerization of polar
monomers, such as (meth)acrylates and (meth)acrylamides, and their copolymerization with non-
polar olefins.”

Bu
N Cl N WO /@ Cl
AN N >Si\ \Ti‘\\\\
Cl

K ¢ K “ﬂ/ cl

Bu

2.1 2.2 2.3
Metallocene ansa-Metallocene Constrained
geometry

catalyst (CGC)
Figure 2.1. Examples of metallocene, ansa-metallocene and constrained geometry catalysts used in
olefin polymerization.

2.3. Post-Metallocene Catalysts

Comprehensive overviews of the research activities accomplished until the end of the 2000’s in the
fields of metal-catalyzed polymerization, via coordination polymerization mechanisms, of polar!’ and

2, 18-19

apolar olefins are available, and therefore the following sections will focus on more recent

significant coontributions.

2.3.1. Rare-Earth Metal Catalysts

Rare-earth metal complexes of C,C,C-pincer bis-NHC ligands (2.4, Figure 2.2) exhibited high activity
and cis-1,4-selectivity (up to 99.6%) for isoprene (IP) polymerization upon activation with AIR; (R =
Me, Et, ‘Bu) and [PhsC][B(CsFs)a].%°

The NHC-amidino lutetium dialkyl complex 2.5 (Figure 2.2) polymerized IP with high activity, 3,4-
regioselectivity (up to 99.3%), affording polymeric materials with low MWDs, high glass-transition
temperatures and moderate syndiotacticity.2! The livingness of the process allowed further chain-
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extention via ROP of e-CL, to produce poly(3,4-IP)-b-polycaprolactone block copolymers with
controllable molecular weight and narrow dispersity.

The rare-earth dialkyl complexes of OMe- and Ph,PO-functionalized amidinate-type ligands (2.6,
Figure 2.2) exhibited high activities in IP polymerization (organoborate and Al'Bus cocat.), affording

the corresponding polymeric materials with good trans- and cis-1,4-selectivity (= 96%),
22-23

respectively.

Bu

N/Dipp 2\\

\ N7 N-Ar
( /Q\S”V'es @( \Ln/—(THF)n
N—< SiMeg o~ I\

K/N\Mes R R

. 25 2.6
Ln =Y, Nd, Gd, Dy, Ho Ln=Y, Er, Lu
R = CstiMe3

D = OMe, (O)PPh,

Figure 2.2. Rare-earth metal complexes of NHC-based ligands used in IP polymerization.

A series of rare-earth metal complexes of bis- and tris(pyrazolyl)-based ligands were developed
for applications in polymerization reactions (2.7-2.10, Figure 2.3). While complexes 2.7, activated
with MAO, exhibited only moderate activities in ethylene polymerization,?* the other
heteroscorpionate bis(pyrazolyl)-based complexes (2.8-2.9) and the tris(pyrazolyl)borate complex
2.10 showed high activities (up to 3.2 x 10° g mol* h! atm™®) when activated with MAO and
[PhsC][B(CsFs)4], respectively.?>2°

“I(,S? g \.ﬁ 7 \?ﬁ

/ n'//,o-l—f CI/ C"I/CI Me3SIH20 ‘ ///CH23|M93
THF Cl Me3S|H2C CH2S|Me3 CstlMeg,
2.7 2.8 29 210
Ln=3Sc,Y, La,
Nd, Sm, Dy, Yb

Figure 2.3. Rare-earth metal complexes of bis- and tris(pyrazolyl)-based ligands used in ethylene
polymerization.

The dicationic scandium complex of a Cs-chiral tris(oxazoline) ligand, in-situ generatd from the
trialky precursor (2.11, Figure 2.4) and 2 equiv. [Ph3C][B(CsFs)a], exhibited high activity (up to 3.6 x
107 g mol™* h?) for the polymerization of 1-hexene (Hex), producing high molecular weight polymeric
materials (up to 7.5 x 10° g mol™?) with narrow to moderately broad dispersities (P = 1.18-2.36) and
high degree of isotacticity ([mmmm)] = 90%).?” The corresponding, in-situ generated, dicationic
thulium complex was found to promote the isospecific ((mmmm] = 89-95%) polymerization of Hex,
1-heptene and 1-octene with high activities.?® After activation with 1 equiv. of a borate, the rare-
earth metal complexes of a chiral bis(oxazoline)amido ligand (2.12, Figure 2.4) showed good to high
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activities (up to 2.0 x 10° g mol™* h) and remarkable trans-1,4-selectivity (up to 100%) for the
polymerization of IP, affording polylP with moderate MW and narrow to moderately broad MWDs (D
=1.14-2.66).%

? o Q |Q

N———/Lr{—N
\\Ln\ Pr \\( \
R R ' 3
A Pr R R 'Pr
2.1 2.12
Ln=Sc, Tm Ln = Sc, Lu
R = CH,SiMe; R = CH,SiMe3

Figure 2.4. Rare-earth metal complexes of bis- and tris(oxazoline)-based ligands used in
polymerization.

Combinations of rare-earth metal complexes of N,N,N-tridentate pyrrolyl-based ligands (2.13)
and [PhsC][B(CsFs)s] activator were evaluated in the IP polymerization.3® While the lutetium
derivatives initiated atactic IP polymerization, the scandium ones showed high 3,4-selectivity (87%)
and one yttrium complex, a dinuclear species bridged by two ligands that coordinate in mixed
n°:n°/kt:k! coordination modes, exhibited high activity and produced polylP with high cis-1,4-
selectivity (94.1%).

In the presence of a borate and an organoaluminum as cocatalysts, dialkyl scandium and lutetium
complexes of a 1,3-bis(2-pyridylimino)isoindoline were found to polymerize IP with high activity (up
to 1.9 x 10° g mol* h'!) and remarkable cis-1,4-selectivity, to afford the corresponding PIP with high
MW (up to 6.1 x 10° g mol) and narrow to moderate MWDs (P = 1.26-2.08).3!

Upon activation with an organoborate, such as [Ph3C][B(CeFs)a] or [PhNMe;H][B(CsFs)4], scandium
and yttrium alkyl complexes of various N,N,N-tridentate azacycloalkane-based ligands (2.14) were
reported to be highly active catalysts for the polymerization of ethylene (up to = 1 x 10° g mol™* h-
1).25, 32-34

The lutetium (2.15, AI'Bus and organoborate cocat.) and neodymium (2.16, Mg"Bu, and borane or
organoborate cocat.) complexes of phosphinimidic-aminopyridine-based ligands were found to be
active catalysts for the 3,4- and trans-1,4-selective polymerizations of IP, respectively (Figure 2.5).%
In contrast, upon activation with [PhsC][B(CsFs)s] and Al'Bus, the (N,N),-bis-chelate rare-earth metal
complexes of a phosphine-aminopyridinyl derived ligand (2.17, Figure 2.5) were highly cis-1,4-
selective (up to 97%). Further studies have shown that the nature of the Ln atom, the steric bulk
around it and the presence/absence of the pyridyl donor have strong influence on the 3,4-selectivity
with complexes of type 2.15.3
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Figure 2.5. Rare-earth metal complexes of phosphinimidic-aminopyridine-based ligands used in IP
polymerization.

Upon activation with [PhsC][B(CsFs)a] and AIRs, rare-earth metal complexes of N,C,N-
bis(imine)benzene-type ligands (2.18, Figure 2.6) were found to be active catalysts for the cis-1,4-
selective polymerization of dienes, such as butadiene (BD) (up to 99.9%) and IP (up to 98.8%).%’
While the nature of the Ln element had nearly no effect on the selectivity, the latter was influenced
by the bulkiness of both the ortho-substituent of the N-aryl ring of the ligands and the R group of the

alkylaluminum cocatalyst.

R | Cl | R
CI/ \(THF)n
R R
2.18
Ln =Y, La, Nd, Gd, Tb, Dy, Ho, Lu
R = Me, Et, 'Pr,

Figure 2.6. Rare-earth metal complexes of bis(imine)benzene-type ligands applied to the cis-1,4-
selective polymerization of dienes.

The neutral dialkyl rare-earth metal complexes of bis(phosphino)amido-type ligands (2.19, Figure
2.7), in combination with [PhsC][B(CsFs)s], [PhNMe,H][B(CsFs)a] or B(CsFs)s, or their corresponding
isolated monoalkyl cations, exhibited high activities in the cis-1,4-selective polymerization of IP (up
to 99.6%), BD (99%) and their copolymerization (>99% cis-1,4-PIP, 99% cis-1,4-PBD), leading to
polymeric materials formed with narrow MWDs (D < 1.15).3 Upon activation with PhsC][B(CsFs)a],
the related complexes 2.20 (Figure 2.7) also perfomed well in the cis-1,4-selective polymerization
and random copolymerization of IP and BD.%°
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Figure 2.7. Rare-earth metal complexes of bis(phosphino)amido-type ligands applied to the cis-1,4-
selective polymerization of dienes.

Recent reports highlighted the efficiency of rare-earth metal complexes of various ligand
architectures (2.21-2.26, Figure 2.8) for the highly isotactic or syndiotactic polymerization of the
challenging 2-vinylpyridine, which cannot easily be achieved via other polymerization techniques.*®
44

In a very recent review, Marks and coworkers also provided a comprehensive state of the art,
including (pre)catalysts structures, range of applications (monomers) and mechanistic
considerations, of the copolymerization of olefins and polar monomers mediated by early transition
metal-based catalysts (rare-earth and Group 4 metals).*

In complement to the present section, interested readers may refer to more specific and detailed

reviews dealing with the use of rare-earth metal complexes in coordination polymerization.* *®

\@SIMGQ,
Y \Q SC""TH|=
O’ ‘§O Ar Me;Si (

Me3S| Me SiMe3
O//,/ \\\\O 2_23 2-25

R™ " THF R
haad ¢|

~
Ar Ar1/N\L /N\Arz @//SC N
n
R = CH,SiMe; /I N

/|
2.21 Me3Si THF SiMeg
Lu(CH,SiMe3)3(THF )x(Py)2x 224 226
2.22 Ln=Y, Lu R' = SiMes;, CH;

Figure 2.8. Recent examples of rare-earth metal-based catalysts for the isotactic or syndiotactic

polymerization of 2-vinylpyridine.

2.3.2. Group 4 Metal Catalysts
Post-metallocene Group 4 metal complexes are major compounds for the coordination
polymerization of olefins. Most of them are supported by polydentate N-based ligands, such as
amido-, imido-, B-diketiminate (BDI), amidinate or phenoxy-imine-type ligands, and were found to



be successful (pre)cataysts for the (co)polymerization of ethylene, a-olefins, and copolymerization of
olefins and polar monomers.*>>°

Group 4 metal complexes of ligands composed of nitrogen donors only were extensively studied
in the 90’s and 2000’s and exhaustive analyses of their performances in (co)polymerization of olefins
were already provided in several comprehensive reviews.*647-51

Relevant achievements in the field of Group 4 metal-catalyzed olefin polymerization could be
attributed to phenoxy-imine (N,0) complexes, also called Fl catalysts (Figure 2.9). Due to the
straightforward synthesis and tunable properties of the proligands, a large variety of catalysts could
be easily obtained and structure/activity rationalization was made possible. This topic was
comprehensively discussed by Fujita and coworkers in several review articles.®®*° The following
selected examples will highlight the claim that such Fl catalysts may still have impact in this field.
Marks and coworkers have recently shown that the nature of the o-ligand(s) in FI catalysts, usually
halide or alkyl group(s), may strongly affect their performances in (co)polymerization reactions.
Indeed, upon sequential activation with AlMes; and [PhsC][B(CsFs)s], the zirconium bis(amido)
derivative of a phenoxy-imine ligand (2.27, Figure 2.9) exhibited high activity and good 1-octene
content (up to 7.2%) in the ethylene/1-octene copolymerization, whereas the dichloride derivative
was totally inactive.>? In a recent contribution, it was shown that the particular environment created
by a cyclic bis(phenoxy-aldimine) ligand around the titanium dichloride center in complex 2.28

(Figure 2.9) resulted in exceptional regio- and isoselectivity in the polymerization of propylene.>?

2.27
X = Cl, Me, Bn, NMe,

Figure 2.9. Examples of Group 4 metal complexes of phenoxy-imine-type ligands (Fl catalysts).

The following paragraphs summarize a selection of recent studies dealing with the use of Group 4
metal complexes of ligands composed of other donor sets than N, and N,O, which exhibited
remarkable performances in polymerization reactions. Upon activation with [PhsC][B(CsFs)s] or
[PhNMe;H][B(CgFs)4] the hafnium dimethyl complex (2.29, Figure 2.10) of C,N,N-pincer pyridylamido-
based ligand showed high activity in ethylene polymerization and ethylene/1-octene
copolymerization, though the dinuclear analog (2.30, Figure 2.10) exhibited much higher activities
and produced polyethylene with 5.7 times higher MW and poly(ethylene-co-1-octene) with 2.4
times higher MW and 1.9 times greater 1-octene content.>

For interested readers, a comprehensive overview of the performances towards olefin
polymerization of titanium (pre)catalysts supported by tridentate ligands, including half-titanocenes,
CGCs, C,N,X, O,P,N, O,S,N, O,N,N, O,N,O, N,C,N, N,N,S and bis-aryloxide derivatives, was recently
provided by Sun and coworkers.>*
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Figure 2.10. Tridentate mono- and dinuclear hafnium complexes exhibiting high activities in ethylene
polymerization and ethylene/1-octene copolymerization.

A series of titanium trichloride complexes of O,N,D-pincer (D = P, S, O) ligands (2.31, Figure 2.11),
in combination with MMAO, showed high activities (best results obtained with thioether derivatives)
in the copolymerization of ethylene and functionalized olefins, such as 9-decen-1-ol, producing the
corresponding copolymers with reasonable MWDs (P = 1.5-3.8) and up to 8.8 mol % functionalized
olefin contents.*®

Group 4 dibenzyl complexes of O,N,C-tridentate phenoxy-pyridine-based ligands (2.32, Figure
2.11) with variable o-F functionalization on the aryl moiety (R, R, R®) were evaluated as catalysts for
ethylene polymerization (MAO cocat.).”’ The CFs-functionalized titanium derivative exhibited the
highest activity (6.8 x 10° g mol?* h) within this series, affording high MW polyethylene with
relatively narrow MWD (D = 2.6). The Zr analogues were all found less active than their Ti analogues.

Various Group 4 metal halide or alkyl complexes of bis(phenolate)-NHC ligands (NHC precursors
2.33-2.34, Figure 2.11) were evaluated in polymerization of ethylene and/or Hex and exhibited
variables activities and selectivities, which were summarized in .

=
R ©
R’ \ NEZ N X
=N_ D-R By
Ti—cCl H
\ O/c|:|\C| OH HO
2 tBU [B
R 233
2.31 2.32 ‘Bu NEN 'Bu
R' = Me, CF3, Ph, 4-MeCgHy, 4-CF3CgH, M =Ti, Zr e
R? = Ph, 4-MeCgHy, 4-CF3CeH, R', R2 R®=H, F, CF, OH HO
D-R; = SMe, S"Pr, S/Pr, SPh, SCy, ‘Bu %© gy
OMe, Pth, N(CH2)4 2.34

Figure 2.11. Group 4 metal complexes (2.31-2.32) supported by ligands composed of mixed-donors
and phenoxy-NHC precursors (2.33-2.34) applied to olefin polymerization.

In addition to N-based ligands, Group 4 metal complexes of tri- (O,S,0, 2.35) and tetra-dentate
(0,S,S,0, 2.36) thio-bis(phenolate) ligands (Figure 2.12) were shown to be active catalysts for the
(stereoselective) polymerization of olefins, and their performances were summarized and discussed
in comprehensive reviews.”®>° In particular, upon activation with aluminum-based or borate
cocatalysts, some Group 4 metal catalysts of the type 2.36 exhibited high activities and
stereoselectivities for the (co)polymerization of olefins such as St, ethylene, propylene and Hex.>®

11



1

AR T
R1 O\.II./O R1 O/TI\

\\\\\_

X X
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X = ClI, alkyl, alkoxide X = CI, CH,Ph, OPr, Me
R', R? = alkyl R', R? = H, Me, 'Pr, Bu, OMe, CMe,Ph

Figure 2.12. Representative examples of (O,S,0)- and (0,S,S,0)-supprted Group 4 catalysts for olefin
polymerization.

2.3.3. Group 5 to Group 10 Metal Catalysts

The development of vanadium-based catalysts for olefin polymerization has attracted much
attention over the last 20 years. Vanadium (pre)catalysts of different oxidation states, ranging from
+lIl to +V, and supported by ligands of various denticity (from 1 to 5) and composition of donor
atoms/sets (N, O, P and combinations) were reported (Figure 2.13). Even if these species do not
exhibit higher activities than their Group 4 counterparts, they are generally better at producing
(ultra)-high molecular weight polyethylene and syndiotactically-enriched polypropylene. Vanadium
catalysts also perform better in ethylene/a-olefin copolymerization, with higher comonomer
incorporation, and permit the production of synthetic rubbers based on ethylene/propylene or
ethylene/propylene/diene copolymers. The progresses in design of vanadium-based (pre)catalysts
and in their performances in olefin (co)polymerization were regularly and comprehensively

reviewed.®0-62
® Bt
~ . AN
| T | ipr H ipr o N|
1 Ipp v
N\/ N PhM P |||||C| /V'\'//,Cl
e
cl (‘3| Cl 2 C|/ PMe,Ph (_\/é Cl
Dlpp
2.37 2.38 2.39

Figure 2.13. Examples of V" (2.37), V"V (2.38), V¥ (2.39) used as precatalysts for the polymerization of
olefins.

Due to the industrial interest in linear a-olefins (LAOs), such as 1-butene, hex, and 1-octene,
which are valuable building blocks for the generation of detergents, surfactants and lubricants, the
development of selective ethylene oligomerization catalysts became an intense field of
investigation, both in industrial and academic laboratories. Chromium-based complexes rapidly
emerged as the most active and selective compounds to achieve this, and the different aspects of
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this research area, i.e. catalyst development, polymerization performances, structure/activity
balance and mechanistic considerations were comprehensively and periodically reviewed.%3% Figure
2.14 summarizes some of the most efficient precatalysts for selective ethylene oligomerization.
Much efforts have been devoted over the last ten years to understand/rationalize the action of the
organoaluminum cocatalyst in Cr-mediated ethylene oligomerization and we discussed this aspect in

/

a recent contribution.®®

0] G
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Figure 2.14. Typical Cr-based precatalysts for the selective oligomerization of ethylene.

Due to its high abundance, low cost and environmental impact, and good tolerance to
heteroatom-functionalized groups, iron attracts significant interest for the development of olefin
polymerization catalysts. Iron(ll) or iron(lll) halide complexes of polydentate neutral nitrogen-
containing ligands were found to be the most successful catalysts for ethylene oligo-/poly-
merization (see e.g. 2.43, Figure 2.15).57%8 |t was shown that the steric hindrance of the ortho-groups
of the aryl imine moiety in bis(imino)pyridine-type ligands, as well as the presence/absence of EWGs
or the rigidity of the ligand backbone may influence catalytic activity and selectivity.®” Other neutral
bidentate N,N (2.44, Figure 2.15), neutral tridentate ligands with different donor sets, e.g. N,N,P or
N,N,S (2.45, Figure 2.15), or anionic ligands were positively applied to Fe-catalyzed ethylene oligo-
/poly-merization. Recent comprehensive reviews summarize the latest and significant catalyst
developments, and discuss their performances towards the polymerization of ethylene and

conjugated dienes, together with mechanistic considerations.®”-5
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Figure 2.15. Representative Fe-based precatalysts for ethylene oligo-/polymerization.

Since the discovery of the Shell Higher Olefins Process (SHOP) for oligomerization of ethylene in
the 1980’s, using P,O-nickel(ll) complexes, nickel-catalyzed olefin oligomerization remains an
important field of research. To date, several tens of ligand scaffolds were designed for the
development of more active and selective nickel catalysts. The huge library of reported ligands
includes neutral (mono- to tri-dentate) and monoanionic (bi- and tri-dentate) ones, of a wide range
of donors (N, P, O) or donor sets, such as N,N, P,P, P,N, P,S, P,O, O,NHC etc (Figure 2.16). It was
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shown that subtle changes in the ligand/catalyst structure and/or the nature of the cocatalyst may

strongly influence both activity and selectivity of the nickel catalysts.®73

Ph2 N Ehz Ph,
/I\ A R=N /"~
5 SN° cl P —
- Ph2 / I\ Ph2 thP S
CI Cl Ph Br
2.47 2.48 2.49 2.50 2.51

R = p-SMe(CgHy), (CH,)3SMe

Figure 2.16. Representative Ni-based precatalysts for ethylene oligo-/polymerization.

3. Radical Polymerization

3.1. Introduction
Conventional or free radical polymerization (FRP) is used at the industrial scale to produce hundreds
of tons of polymers annually, essentially because of its easy implementation and high tolerance to
various functional groups.”* However, this technique suffers from the tendency of radicals to
undergo irreversible bimolecular terminations that prevent the production of well-defined materials.

Control over the radical propagation was gained by the development and improvement of
reversible deactivation radical polymerization (RDRP) techniques over the last three decades.”>’®
Such processes opened access to well-defined polymers (controlled molecular weights and low
dispersities) and complex architectures.”’
RDRP is based on a dynamic/reversible equilibrium between an active radical species (P,°) and a
dormant species (P,-T), in which the radical is bonded to a moderating/trapping agent, and rests on
one of two following strategies: reversible termination (RT,
Figure 3.1, left) and degenerative transfer (DT,
Figure 3.1, right). In RT methods, the propagating radical species (P,*) results from the homolytic P,-
T bond cleavage in the dormant species, with an activation rate constant k.. At the same time, the
moderating agent (T) is also liberated and becomes available for further trapping of the growing
radical species, with a deactivation rate constant k4., and regeneration of the dormant species.
Radical addition to monomer and bimolecular terminations follow the propagation rate constant k;
and termination rate constant ki, respectively (
Figure 3.1, left). An appropriate pseudo-equilibrium between active and dormant species (K = ka/kqa)
will lead to lowering of the concentration of free radical species, therefore favoring radical
propagation (chain growth) versus bimolecular terminations. This is known as the “persistent radical
effect” (PRE).”® In DT methods, the propagating radical species (P,*) is released from dormant
species (P,-T) by exchange with another growing radical species, in an associative manner. In such
method, the dormant species acts as a reversible and degenerate chain transfer agent (like in
immortal polymerization processes’®). There is no moderating agent, whose role is to reduce the
radical concentration, nor PRE, and the reaction follows the free polymerization kinetics. However, a
controlled chain growth is accessible when the associative exchange is much faster than the
propagation (Kexch[T-P]>>k,[M],

Figure 3.1, right).
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The present chapter will focus on RDRP techniques in which a transition metal complex plays a
crucial role for the control of the polymerization, namely atom transfer radical polymerization
(ATRP) and organometallic mediated radical polymerization (OMRP).

% AGIdab kda

AGIexch’ kexch

------------------- . Kexch .
Ka . M L Pm+ T-Pp & P,T+ P, ko) + M
TP, «<<=— T +P, k)+M ) ke -

Kga : X2 “a }/x 2
X2 kt ' .
. terminations .
terminations (coupling, disproportionation)

(coupling, disproportionation)

Figure 3.1. Mechanisms and free energy profiles of RDRP based on reversible termination (RT, left)
and degenerative transfer (DT, right). P,/m: polymer chain with degree of polymerization n or m; T:
radical mediating agent; M: monomer. Adapted with permission from [8!]. Copyright 2019, Elsevier.

3.2. Monomers

In radical polymerization, monomers are generally classified into two categories: the “more
activated monomers” (MAMs) and the “less activated monomers” (LAMs), although the separation is
arbitrary because all monomers and their associated radicals are dispersed on a continuous scale of
relative activity. The monomer reactivity is inversely proportional to the reactivity of the associated
radical. Indeed, while MAMs form stabilized active radical species, because they benefit from n
delocalization of the unpaired electron, LAMs lead to very reactive radicals owing to a lack of
stabilizing group. Therefore, the deactivation of active radicals generated from LAMs is easy, but
they form very strong bonds with the radical mediating agent (T), and reactivation of the dormant
species (T-P,) is often slow or ineffective (see Figure 3.4 and Figure 3.29 for the control equilibria in
ATRP and OMRP, respectively). That is the reason why the controlled radical polymerization (CRP) of
LAMs is challenging.

Figure 3.2 qualitatively shows a scale of relative reactivity, specific to radical polymerization, of
different monomers and of their associated radicals.

BD AN MMA St VvC VAc Hex MVE VF
MeOOC
Monomer —\__ NG ) Ph_ Cl_ MeOCO  nBu  MeQ R
Radical P,,/\/.‘\\P”/\. P”/\. P”/\. P”/\. P”/\ P"/\' P”/\. P”/\.
CN COOMe Ph Cl OCOMe nBu OMe F

Reactivity of the radical, strength of the T-P, bond

Reactivity of the monomer
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Figure 3.2. Qualitative reactivity order of a few monomers and their corresponding radical chains.
BD: 1,3-butadiene; AN: acrylonitrile; MMA: methyl methacrylate; St: styrene; VC: vinyl chloride; VAc:
vinyl acetate; Hex: 1-hexene; MVE: methyl vinyl ether; VF: vinyl fluoride.

Several RDRP methods, either working under RT or DT mode, readily achieve the controlled
polymerization of MAMs,” while reaching a good control and high molecular weight materials for
LAMs remains challenging. As stated above, T-P, bonds are much stronger for LAMs than for MAMs,
and therefore the reactivation of the dormant species in RT methods may become difficult (or
impossible), leading to a slowdown (or to a complete stop) of the polymerization. Hence,
moderating agents that form weak bonds with the propagating radical chains should be favored.
However, as for any RDRP method, if the T-P, bond is too weak, the trapping will not be efficient,
and the polymerization will follow a free radical polymerization mechanism.®2 In DT methods, the
broken and formed bonds are similar, therefore the T-P, bond strength is not an issue to control the
polymerization of LAMs, as long as the degenerative exchange process (kexh) is very fast (vs.
propagation).

Another parameter, the substitution of the monomer itself, affects the control in LAMs
polymerization, both in RT and DT modes. When the two alkylidenes forming the monomer are
different, they may be referred to as “head” and “tail”. The “head” refers to the more substituted

IM

alkylidene and the “tail” refers to the less substituted one (generally CHy). In the case of MAMs, only
regular head-to-tail addition occurs because the head radical, which is located at the chain end, is
much more stabilized than the tail radical. This is not true for LAMs, because the difference of
stability (head vs. tail radical) is less important, and although the regular head to tail addition
dominates, a significant level of inverted head-to-head addition occurs, leading to isomeric tail
radicals (Figure 3.3). During a polymerization following the RT mode, the more reactive tail radical
will form a stronger bond with the moderator in the dormant species and therefore the latter will be
less easily reactivated and will accumulate, slowing down the polymerization and possibly stopping it
(see

Figure 3.1).82
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Figure 3.3. Different monomer addition possibilities for asymmetric LAMs. FG: functional group, T:
moderating agent.

The inverted monomer addition (for asymmetric monomers) also affects the control during a
polymerization following the DT mode. While the exchange between the major head dormant chains
with the major head propagating radicals is still degenerative, the isomeric tail radicals generated by
inverted monomer addition leads to non-degenerative exchange with formation of a more stable
dormant species. The latter, which cannot be easily reactivated by the major head radicals, will
accumulate and “consume” the moderating agent (see

Figure 3.1). Only tail radicals can reactivate this more stable dormant species, but these species
are in very low concentration.?? While the inverted monomer addition slows down the
polymerization in RT methods (or stops it), it slows down the exchange rate in DT methods, leading
to a loss of control.

Coordination chemistry has been shown to be a powerful tool to overcome these limitations,

especially by the development of the OMRP (see Section 3.4).81:83-84

3.3. Atom Transfer Radical Polymerization
3.3.1. Introduction

Since its discovery, in 1995, almost at the same time by the groups of Matyjaszewski (copper
catalyst)® and Sawamoto (ruthenium catalyst),®® atom transfer radical polymerization (ATRP) has
become one of the most used and studied RDRP technique.!’% ATRP can be applied to a large
variety of monomers (styrenics, (meth)acrylates, (meth)acrylamides...), to form various structures
(copolymers, stars, brushes...), and can be performed in solution, in bulk or in heterogeneous media
(suspension, emulsion...). These advantages allow the preparation of well-defined nanostructured

functional materials for many applications.*°?
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The control equilibrium in ATRP is based on the reversible/dynamic trapping of the propagating
radical (P,*) by the deactivator form of the ATRP catalyst (metal halide (Y) complex at a higher
oxidation state: L/Mt**1-Y), leading to the formation of the dormant species (P,-Y) and the activator
form of the ATRP catalyst (metal complex in a lower oxidation state: L/Mt*, Figure 3.4). For an
effective process, i.e. high Katre value (Katre = ka, atre/kd, atre), the activator should be capable of
mediating the C-Y cleavage in the (macro)initiator (ka, atre) and the radical trapping by the
deactivator must be fast (kq, atre). TWo ways of initiation of an ATRP process have been explored
initially. The “Normal ATRP” initiation occurs by reaction between an alkyl halide (Ro-Y, ATRP
initator) and the ATRP activator, leading to the active radical species (P,*) and the ATRP deactivator
(Figure 3.4, top right). In the “Reverse ATRP” initiation, a conventional azo initiator decomposes
thermally into a primary radical (Ro®), and the latter rapidly reacts with the ATRP deactivator to form
in-situ an alkyl halide and the ATRP activator (Figure 3.4, top left). The advantage of this method is
that it does not require the handling of air-sensitive precursors (e.g. Cu' or Fe'' complexes or salts).

A o
Azo init. —— Ry + L/Mt*'—Y Ro—Y + L/MtX
Reverse ATRP j Normal ATRP

ka, ATRP

P,—Y + LMK Py + LME—Y
kd, ATRP +

M /.
ko \
KATRP = ka, aTRP/Kd, ATRP ki

Figure 3.4. Dynamic ATRP equilibrium (bottom), normal (top, right) and reverse (top, left) ATRP
initation.

Many transition metals have been applied to ATRP processes (see next sections), however the
field is dominated by copper. Concurrently, the development of iron-based ATRP catalysts has
gained increasing attention, because this metal has a benign environmental impact, it is abundant,
has a low cost and low toxicity.*°3

Over the last 25 years, many efforts have been devoted to the development, on one hand, of
more active ATRP catalysts, essentially via ligand design and, on the other hand, of “greener”
processes, via activator regeneration methods. These improvements allow a reduction of the
catalyst loading, as low as a few ppms, the use of less sensitive precursors and cheap or non-toxic
additives (reducing agents, sacrificial electron donor) or the spatial and temporal control of the
polymerization via an external stimulus.

The following sections will present the evolution of initiation or activator regeneration methods
and highlight, with a special emphasis on the most used copper and iron metals, how catalyst/ligand

design has improved ATRP processes.

3.3.2. Initiation and/or Activator Regeneration Methods
This section will highlight how ATRP catalysts enter the main ATRP equilibrium (Figure 3.4, bottom)
or are regenerated along the process. The evolution of the initiation and/or activator regeneration
methods played a crucial role in the development of ATRP, and the catalysts performances may be
conditioned by the ATRP method applied. For example, as a result of the kinetics that are governing
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ATRP,** a given highly active catalyst, used at ppm levels in an appropriate protocol (e.g. ICAR ATRP,
see below), would give excellent results, while it would lead to fast radical generation and thus rapid
bimolecular termination under normal ATRP conditions.

In the early stage of the development of ATRP (1995), two initiation methods, namely normal and
reverse (see Section 3.3.1 and Figure 3.4), were reported.®> % While in this seminal work, large
amounts of (air-sensitive) catalysts were used, the most recent developments allow the use of only
few ppm catalysts or a temporal control of the polymerization via an external stmuli.

3.3.2.1. RDRP in the Presence of Zero-Valent Metals (SARA ATRP and
SET-LRP)

During an ATRP process, the L/Mt**1-Y deactivator may accumulate due to the PRE. Matyjaszewski
and coworkers showed that the addition of a zero-valent metal (Mt°) to typical ATRP systems (Cu®
and Fe® for Cu- and Fe-mediated ATRP, respectively) resulted in an increased rate of polymerization
and the production of well-defined polymers, because it can undergo a comproportionation reaction
with the accumulated L/Mt*1-Y deactivator to gradually regenerate the L/Mt* activator, thus acting
as a reducing agent.’” Noteworthy, the Mt° can also directly react with the alkyl halide initiator and
therefore act as a supplemental activator, but most of the initiator remain activated by the L/Mt*
activator that is generated by deactivation or by comproportionation from L/Mt*1-Y. The name of
this method, supplemental activator and reducing agent (SARA) ATRP, originates from the
aforementioned two roles of the Mt° species.”®% Several zero-valent metals, such as copper, iron,
zinc, magnesium, silver, in various forms (powders, wires, plates) could be applied to SARA ATRP,%
100-101 3nd when used with very active catalysts, allowed a temporal control of the polymerization.%?

A second mechanism, called single-electron transfer living radical polymerization (SET-LRP), was
proposed by Percec and co-workers for the ATRP of (meth)acrylates and vinyl chloride in the
presence of Cu® in polar organic solvents.!® The proposed mechanism assumes 1) the exclusive
activation of the alkyl halide initator by Cu® via an outer-sphere electron transfer to form the
corresponding radical and L/Cu-Y (Y = halogen) species, 2) instantaneous disproportionation of
L/Cu'-Y species to Cu® and L/Cu'"-Y, and 3) absence of bimolecular termination.'*% The involvement
of the SARA ATRP or the SET-LRP mechanism in the presence of zero-valent metal has been the
subject of debate for a long time. Recent contributions from Matyjaszewski, Gennaro and co-
workers strongly support the SARA ATRP mechanism, while contradicting the SET-LRP mechanism,
since they observed that 1) the activation step involves an inner-sphere electron transfer rather than
outer-sphere electron transfer, 2) the alkyl halide initiators are mostly activated by L/Cu' species not
by Cu® and 3) radical terminations occur.2%>1% A comparison between the SARA ATRP and SET-LRP
mechanisms is depicted in Figure 3.5.

RDRP in the presence of zero-valent metals could be performed in various organic solvents and
aqueous medium and was successfully applied to a large variety of monomers with a good control
over molecular weight and chain-end fidelity, therefore allowing the formation of complex

architectures and the resulting materials found applications in various fields.10 110-111
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Figure 3.5. The mechanisms of SARA ATRP (top) and SET-LRP (bottom). The major reactions are
outlined by bold arrows, whereas supplemental or contributing reactions are indicated by solid

arrows and minor reactions that can be neglected from the mechanisms by dashed arrows. [%7] —
Reproduced by permission of The Royal Society of Chemistry. Copyright 2014, The Royal Society of
Chemistry.

3.3.2.2. Simultaneous Reverse and Normal Initiated (SR&NI) ATRP

The initially developed normal and reverse ATRP were found to be limited to less active catalysts,
because more active catalysts were generating too many radicals, too fast, leading to increased level
of radical terminations. Moreover, reverse ATRP does not allow the synthesis of block copolymers.
These drawbacks could be bypassed by the development of the simultaneous reverse and normal
initiated (SR&NI) ATRP, using a combination of CuBr, and N-based ligands in a 1:1 molar ratio, and
initiated by 2,2‘-azobis(isobutyronitrile) (AIBN) and an alkyl halide (Y-Ro), as depicted in a more

general way in Figure 3.6.112113
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Figure 3.6. Mechanism of simultaneous reverse and normal initiated (SR&NI) ATRP.

3.3.2.3. Activators Generated by Electron Transfer (AGET) ATRP

In both the reverse and SR&NI ATRP processes, the catalyst activation (initially present as L/Mt**1-Y)
requires the use of a conventional radical initiator (e.g. AIBN). In contrast, activators generated by
electron transfer (AGET) ATRP makes use of non-radical generating reducing agents, such as tin(ll) 2-
ethylhexanoate!* (Sn(EH),) or non-toxic ascorbic acid (allowing mini-emulsion polymerization),'** to
generate the L/Mt* activator, which further activates the alkyl halide initiator (Ro-Y) and the ATRP
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process proceeds (Figure 3.7). AGET ATRP still has the advantages of using air-stable L/Mt**-Y (e.g.
Cu", Fe") precursors and can be combined with highly active catalysts, which can be used in low
amounts.'® Furthermore, the reducing agent may act as oxygen scavenger, rendering AGET ATRP
tolerant to air.

L/MEH—Yy

Reducing agent

Oxidized species
ka

—_— [ ]

LIMX + Ro—Y <~  LM'—Y + P,
Ky +
M ).
kp

Figure 3.7. Mechanism of activator generated by electron transfer (AGET) ATRP.

3.3.2.4. Activators ReGenerated by Electron Transfer (ARGET) ATRP

Activators regenerated by electron transfer (ARGET) ATRP makes use of reducing agents to

x+1

continuously regenerate the L/Mt* activator from L/Mt***-Y that accumulates during the process, due
to irreversible radical terminations (Figure 3.8).1111° Therefore, the catalyst loading in ARGET ATRP
can be lowered to only a few ppm in the presence of the appropriate reducing agents. In that sense,
ARGET ATRP can be considered as a “greener” way to conduct ATRP, more so because FDA (food and
drug administration) approved Sn(EH), and natural products can be used as reducing agents.!17-118 120
It is noteworthy that, despite their similarities (use of reducing agents and air-stable L/Mt**1-Y
precursors, limited tolerance to air), ARGET and AGET ATRP differ by the role of the reducing agent
that is not limited to the initiation in the former process. ARGET ATRP was initially applied to St, nBA
and MMA under various conditions, with the active CuCl,/MesTREN or TPMA systems, and produced

well-defined polymers and block copolymers.**7%

ka
Ro—Y + LM < LMPY'—Y + P
kd +
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p \kt

ARGET Oxidized species Reducing agent
[Sn(EH),], glucose, ascorbic acid...

A
ICAR NC‘%Y NC‘<‘ T AIBN
- N2

Figure 3.8. General mechanism of activator regenerated by electron transfer (ARGET) and initiators
for continuous activator regeneration (ICAR) ATRP.

3.3.2.5. Initiators for Continuous Activator Regeneration (ICAR)
ATRP

The principle of initiators for continuous activator regeneration (ICAR) ATRP is very similar to that of
ARGET ATRP, which consists in the slow and continuous regeneration of the L/Mt* activator. The
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reduction of the latent L/Mt**1-Y in ICAR ATRP is accomplished by an organic radical that is produced
by decomposition of a conventional radical initiator (vs. chemical reducing agent in ARGET ATRP),
such as AIBN (Figure 3.8).)*% The successful implementation of an ICAR ATRP requires slow
decomposition of the radical initiator, which can be tuned by its nature, concentration and the
reaction temperature. This method is usually applied with low loading of active catalysts. In their
pioneering work, Matyjaszewski and coworkers successfully applied the ICAR ATRP protocol to St,
MMA and nBA under various conditions. The active MesTREN- and TPMA-CuCl; systems (50 ppm cat.
loading) afforded well-defined polymeric materials (P < 1.12), while the less active dNbpy- and
PMDETA-CuCl; systems led to broader dispersities (P > 1.6).1%° Very recently, a bio-inspired and fully
oxygen-tolerant aqueous ICAR ATRP protocol was reported, allowing a temporal control of the
polymerization by the temperature (“on” at 45°C and “off” at 0°C) and based on the continuous
conversion of O, to CO, catalyzed by glucose oxidase (glucose and sodium pyruvate as sequential
sacrificial substrates).!?

3.3.2.6. Electrochemically Mediated (eATRP) ATRP

Thorough efforts have been devoted over the last decades to the development of polymerization
techniques controlled by external stimuli, such as temperature, light, electricity, ultrasound,
microvawes, etc.'?? The use of physical regulators, allows the preparation of precise and complex
architectures as well as a spatiotemporal-control of the polymerization and may avoid
contamination with “chemical regulators” and side-reactions. Beyond thermal activation
(decomposition of a radical initiator), which is the basics of radical polymerization, temporal control
of the process has been achieved by temperature variations (see previous sections). Many regulation
methods were successfully applied to ATRP, as detailed in the following sections.'®

As an alternative to the use of chemical reducing agents as in the ARGET ATRP protocol,
Matyjaszewski, Gennaro and coworkers developed the electrochemically-mediated ATRP (eATRP)
that make use of an electrical current to toggle between the L/Mt* (activator) and L/Mt*l-yY
(deactivator) states of the catalyst, as depicted in Figure 3.9 (left).1%3-12* The work required a complex
three-electrode setup, with working (Pt), reference (Ag*/Ag) and counter (Pt) electrodes, the two
later being separated from the reaction medium. This method was applied to the controlled
polymerization of MA with an excellent temporal control of the process, using CuBr,/MesTREN as
catalyst (50 ppm vs monomer).1?3

The use of an aluminum wire as sacrificial counter electrode, directly immersed into the reaction
mixture, led to the so-called simplified electrochemically mediated ATRP (seATRP) method, which
could be conducted under either potentiostatic or galvanostatic conditions.?

A recent review discusses the fundamental aspects, advantages, limitations and applications of

(s)eATRP.126
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Figure 3.9. Left. Proposed mechanism of eATRP under a cathodic current to (re)generate the L/Mt*
activator and optional anodic current to switch to the L/Mt*!-Y deactivator for stopping the

polymerization.

3.3.2.7. Photochemically Mediated (photoATRP) ATRP

The use of light to mediate ATRP, known as photoATRP, has been recognized as a powerful tool for
the synthesis of well-defined polymeric materials, and many review articles are dealing with this
topic.100 122, 127131 piffarent mechanisms may operate in photoATRP, depending on the strategy or
conditions applied, however most of them rest on the photochemical (re)generation of the L/Mt*
activators by reduction of the L/Mt**1-Y deactivators. This process can be induced by the use of
additional photoinitiators, photosensitizers or photocatalysts (Figure 3.10, A and B3), or by the use
of photosensitive complexes that undergo excitation on irradiation and further redox reactions with
the ligands or other components leads to the formation of free radicals, which finally induce
reduction of the deactivators to (re)form the activators (Figure 3.10, B2). Another approach is based
on the photoexcitation of (photosensitive) L/Mt* activators that are quenched by alkyl halide
initiators or dormant chains to (re)generate the oxidized L/Mt*1-Y deactivators and propagating
radical chains (Figure 3.10, B1). All these mechanistic aspects were well summarized and discussed in
different reviews.? 13 |t has been shown that photoATRP allows excellent spatial-, temporal-, and
sequence-controlled processes.’?” 122 132 \Moreover, photoATRP can be mediated by various
transition metals (Cu, Fe, Ir, Ru...) and applied to many monomers, such as simple and functional
127-128

acrylates and methacrylates for the precise preparation of advanced materials.

Radical Source —» Re

Pp-X + CulX/L CulXo/l + Ppe - PP,

\\\*[CUX/L]*

[CuX2/L]*

[ED]* = [ED]

B3) [ED]*+ ED = Electron Donor

Figure 3.10. Simplified mechanisms that can operate in photoATRP (depicted here for a copper
catalyst). A) Photoinitiation by reduction of Cu"X, dormant species with a photogenerated radical;
B1) Cu'X/L is used as a photocatalyst; B2) reduction of Cu"X,/L via photoexcitation; B3) reduction of
Cu"X,/L with an added photocatalyst. Reproduced with permission from [*3!]. Copyright 2016,
American Chemical Society.
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3.3.2.8. Mechanically/Ultrasonically Induced (mechano-/sonoATRP)
ATRP

Ultrasound-induced ATRP, named mechanoATRP, was only very recently discovered and solely
applied to copper-based ATRP catalysts, however it already experienced several developments.'?
Initially, piezoelectric nanoparticles (BaTiOs, ZnO) were used to induce, upon sonication, an electron
transfer from their surface to the ATRP deactivator (Cu"X,/L), allowing its reduction and
(re)generation of the ATRP activator (Cu'X/L), further promoting the polymerization of acrylate
monomers (Figure 3.11, left).13313> The use of low amounts of an active catalyst allowed an excellent
temporal control of the process.'** Mechanistic investigations confirmed that the major contribution
to the activator generation resides in the reduction of the Cu" to Cu' species via electron transfer
from piezoelectric nanoparticles.’** In more recent protocols, called sonoATRP, the use of
piezoelectric materials was avoided. An aqueous sonoATRP of water-soluble (meth)acrylate
monomers was reported, and in this case, the ATRP activator (re)generation was made possible by

6

the formation of hydroxyl radicals (from water) upon sonication.’*®* sonoATRP could also be

performed using (bi)carbonate salts in DMSO, via the ultrasound-mediated decomposition of the in-
situ formed (COs)Cu''/L species, from the [Cu"X/L]* deactivator, which generates the [Cu'/L]* activator
and carbonate radical anion (COs*), thereafter quenched by DMSO to form dimethylsulfone and
C02.137

PnPn
4

’
’
’

(M),
Pn + Cu'X,/L

PnX + Cu'XL

+ e
\\\\\\,,

Figure 3.11. Proposed mechanism of mechanoATRP. Reprinted with permission from [**4]. Copyright
2017 American Chemical Society.

3.3.2.9. ATRP Initiated with High-valent Metal Complex without

Reducing Agent and Radical Initiator
Noh and coworkers introduced the concept of generation of activators by monomer addition
(GAMA) ATRP in the late 2000’s after reporting that iron(lll) complexes of phosphine-containing
ligands could initiate the ATRP of (meth)acrylate and St monomers in the absence of reducing agent
(AGET) or radical initiator (ICAR).** 138 Various combinations of phosphine-based ligands and iron(lll)
precursors (FeBrs, FeCls) were then evaluated, and will be discussed in Section 3.3.4. The
terminology GAMA ATRP arised from the mechanism proposed by the authors, which rests on the
generation of the phosphine-FeBr, activator by reaction between MMA and the phosphine-FeBr;
precursor, and the concomitantly formed methyl 1,2-dibromoisobutyrate would supposedly serve as
an initiator.’3® However, Matyjaszewski and coworkers showed that phosphines were also able to

reduce Fe' species to Fe', in the absence of monomer, and activate a Br-capped polySt sample.4
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Furthermore, it was recently shown that isolated methyl 1,2-dibromoisobutyrate does not initiate
the MMA polymerisation in the presence of the FeBr,/PPhs activating system.*! In a very recent
contribution, Xue, Poli and coworkers reported the FeBr,-catalyzed ATRP of MMA under solvent-,
ligand- and radical initiator-free conditions, starting from FeBrs, ethyl 2-bromophenylacetate (EBrPA)
and simple inorganic salts.}*> Mechanistic investigations allowed the authors to show that FeBrs
reduction do not occur by the direct action of the monomer under thermal conditions (as suggested
for GAMA ATRP). Rather, the inorganic salt (MtX) activates EBrPA to yield the oxidizing Mt*(BrX®)"
species, which is removed by MMA, and the carbon-based (EPA®) radical that further reduce FeBr; by
atom transfer and subsequently, regular ATRP.1#2143 Although the early work by Noh and coworkers
mentions the applicability of this method to iron and copper catalysts, its was later essentially
applied to iron.

3.3.3. Copper Catalysts
As stated in Section 3.3.1, catalyst/ligand design has contributed to render ATRP more effective (e.g.
cat. loading, reaction temp., polymerization rate and control)®® % and more popular for the
synthesis of advanced materials.®®°% 19 This section will recount the evolution of the copper-based
ATRP catalysts, especially those containing nitrogen-based ligands, the most effective.

Various parameters affect the ATRP thermodynamic constant, Karre (Katre = ka, atre/Kd, aTre), SUCh as
the nature of the (macro)alkyl halide (Ro-Y/P,-Y) that has to be (re)activated,**** the solvent,*® and
of course the copper catalyst.®” Indeed, the catalyst activity (more active = larger Karrp) was shown to
be directly correlated to the Cu”" redox potential (Figure 3.12), the latter being dependent on the
ligand nature.'® %7 Karre increases by approximatively one order of magnitude for each 60 mV shift
of the redox potential toward more negative values. In addition to the Cu”" redox potential, the
stability of the Cu'-Y bond (also referred as halidophilicity),”® and the structural rearrangements that
may occur upon oxidation/reduction also affect the ATRP equilibrium.®

0.01 Cu'Br/L in MeCN

8 lam-B
1E-3 o

m MeN,323

Me,N,-2,3,2

03 02 01 00 01

E,, (V, vs. SCE)

Figure 3.12. Correlation between Karre and redox potential (Ei) for various ATRP catalysts
supported by polydentate nitrogen-based ligands. Reproduced and adapted with permission from
[87] and [**%], repsectively. Copyright 2008, American Chemical Society and Copyright 2019, Wiley-
VCH.
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3.3.3.1. Bipyridine, Terpyridine and Derivatives and Other Diimines

2,2’-Bipyridine (Bipy, 3.1) was the first ligand used in copper-catalyzed ATRP.2> °>¢ However, the
resulting [Cu"”"(Bipy).] system was not fully soluble in bulk monomer, the use of Bipy derivatives
substituted at the 4,4’-positions with aliphatic solubilizing groups markedly improved the solubility
of the resulting catalysts and the control of the polymerization of St and MA, with dispersity values
(P) < 1.05 (3.2-3.4, Figure 3.13).2* The introduction of electron-withdrawing (EWGs: Cl) or electron-
donating groups (EDGs: NMe,, OMe, 5-nonyl, Me) on the 4,4’-positions of Bipy (3.4-3.8, Figure 3.13)
greatly influenced the performances of the resulting copper catalysts in the normal ATRP of MA and
MMA.2*® Under the studied conditions, the fastest polymerization rate was obtained with the
[Cu'(3.5),]" catalyst, functionalized with the most electron-donating NMe; group, while the Bipy and
Cl-functionalized Bipy (3.8) derivatives were inactive. However, the high activity of [Cu'(3.5),]" led to
a lower initiation efficiency, resulting in higher M, values than expected, because too many radicals
are produced and terminate in the early stage of the polymerization. As a result, the most successful
catalyst was found to be [Cu'(3.6),]", bearing the intermediate OMe electron-donating group, which
exhibited an intermediate rate of polymerization but an excellent match between experimental and
theoretical M, values assorted with dispersities lower than 1.1. The observed trend of
polymerization rate in this series of copper-Bipy derivatives could be well correlated with their redox
potential (E1/,), the more reducing it is, faster the polymerization and higher the Karre are.

7 N\ o
— }\1 /
Bipy (3.1)

R R'

7 N\ o
— }\1 /

R' = Bu (3.2), "Hept (3.3), 5-nonyl (3.4)
R2 R2

IN_(~

R? = NMe, (3.5), OMe (3.6), Me (3.7), CI (3.8)
Figure 3.13. 2,2’-Bipyridine (Bipy) and 4,4’-disubstituted derivatives used in ATRP.

2,2":6’,2”-Terpyridine (Terpy, 3.9, Figure 3.14) copper(l) chloride or bromide complexes were also
evaluated in the bulk ATRP of St and MA, however these systems exhibited poor control which was
attributed to the low solubility of the [Cu"Yx(Terpy)] (Y = Cl or Br) species.’®! This obstacle could be
overcome by the introduction of solubilizing tert-butyl or 5-nonyl-substituents on the 4,4’,4”-
positions of terpy (3.10 and 3.11, respectively).’®*52 The CuBr or CuCl/Terpy system was reported to
be an efficient catalyst for the ATRP of VAc in bulk at 70°C (up to 80% conv. in 10 h, 1.57 < b < 1.74),
and the living character was assessed by a self-chain extension reaction.>?
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Figure 3.14. 2,2":6’,2"-terpyridine (Terpy) ligand and 4,4’,4”-trisubsituted derivatives, and other
ligands or complexes incorporating a N=C-C=N backbone.

Cu-ATRP catalysts of pyridineimine (3.12-3.13)%*>> and bis(aryl-imino)acenaphthene (3.14-
3.15)%% derivatives (Figure 3.14), N,N’-bidentate ligands with a similar N=C-C=N backbone as bipy,
were evaluated in normal ATRP of MMA (90°C, 33% v/v in xylene) and reverse ATRP of St (80°C, 50%
v/v in toluene), respectively. In both cases a linear increase of MW with conversion was observed,
but also broader dispersities.

3.3.3.2. Polydentate Alkyl Amines

A series of simple bi-, tri- and tetra-dentate alkyl amine ligands, tetramethylethylenediamine
(TMEDA, 3.16), N,N,N’,N”’,N"’-pentamethyldiethylenetriamine (PMDETA, 3.17) and 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA, 3.18, Figure 3.15), respectively, were initially evaluated
in the normal ATRP reaction of MA, MMA and St, using copper(l) bromide as metal precursor and an
appropriate alkyl halide initiator.®*” In the case of bidentate 3.16, for which a 2:1 ligand/Cu' ratio is
used (as for Bipy and derivatives), the ATRP of both MA and MMA monomers exhibited linear first-
order kinetics, linear increase of MW with conversion and dispersities lower than 1.5. In contrast,
the ATRP of St showed a significant deviation from first-order kinetics with respect to the monomer
and relatively high P values (>2) at higher conversions, which were attributed to a lower
concentration of the copper(ll) halide deactivator due to solubility issues. The tridentate 3.17 and
tetradentate 3.18 ligands, which could be used in a 1:1 ligand to [Cu'Br] ratio, both exhibited higher
polymerization rates than Bipy (3.1) and 3.16 for MA and St, and a linear increase of M, vs conv was
observed for MA, St and MMA monomers. However, while D values remained low for 3.18 even at
conversion >75%, they rapidly increased for 3.17 above 70% conversion. Noteworthy, the cyclic
voltammetry (CV) studies of the [Cu"Br(L)]* (for L = 3.17 and 3.18) or [Cu"Br(3.8),]* complexes, which
gave Ei5; = -0.02, -0.05, -0.08 V vs SCE for 3.17, Bipy derivative 3.8, and 3.18, respectively, were in
agreement with the observed polymeration rates trend and with model studies that gave the
following Katre = 7.5 x 108, 3.0 x 108, 1.1 x 102 for 3.17, 3.8, and 3.18.1%

|
N/ \/ /N\/\N/\/N\

/\ | (N N—>
~N ~
NN N H
_N N _N N
| | N
TMEDA (3.16) PMDETA (3.17) HMTETA (3.18) MegTREN (3.19)

Figure 3.15. Alkyl amine ligands used in Cu-catalyzed ATRP.
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The use of the tetradentate, tripodal tris(2-(dimethylamino)-ethyl)amine (MesTREN, 3.19, Figure
3.15) ligand in place of linear amine ligands such as 3.16-3.18, drastically affected the ATRP activity
of the resulting copper catalyst. While linear amine ligands required elevated polymerization
temperature, the CuBr/3.19 (1:1 molar ratio) system readily mediated the bulk ATRP of MA and BA
at room temperature with an excellent control.’®® In a comparative study, the rate of MA
polymerization (in bulk at 50°C) achieved with CuBr/3.19 was much faster than those observed with
CuBr/3.17 or CuBr/(3.4),, and again this fact is in correlation with a much lower redox potential (E1/2
=-0.30 V vs. SCE) and greater Karge (1.5 x 10*) for the CuBr/3.19 catalyst.'*

Moreover, from structural investigations on copper(l)/copper(ll) complexes relevant to Cu-
catalyzed ATRP,™ it was shown that in the case of MecsTREN (3.19) the resulting copper(l) and
copper(ll) halide complexes are structurally very similar. The tetradentate tripodal nature of the
ligand leads to an encapsulation of the copper center from one face and an ideal pre-organisation to
coordinate the incoming halide atom during ATRP activation, on the other face, with only very little
structural rearrangement. It is known that minimizing inner sphere reorganizational energy would
accelerate electron transfer and therefore lead to faster rates of ATRP activation. This fact greatly
contributes to the exceptional performances of tetradentate tripodal ligands such as MegTREN (3.19)
and TPMA (3.23, see section 3.3.3.3) in Cu-catalyzed ATRP.}#®

Monoanionic ligands related to MegTREN (3.19), in which one -(CH,).,NMe; arm was replaced by a
phenoxy donor, were developed with the aim of a stronger coordination of the ligand to the copper
center, and therefore a greater Karrp.1%%1%1 However, the introduction of an anionic donor slowdown
the deactivation and reduces the polymerization control.

3.3.3.3. Picolylamine-Based Ligands

Copper complexes of picolylamine-based ligands represent an important class of ATRP catalysts. The
tridentate N,N-bis(2-pyridylmethyl)octylamine ligand (3.20, Figure 3.16), in combination with CuBr
and the appropriate bromoalkylinitiator (1:1:1 molar ratio) was applied to the normal Cu-ATRP of St
(PEBr, bulk, 110°C), MA (EBP, bulk, 50°C) and MMA (50 vol% in anisole, 50°C).%52 For both St and MA,
the process was well-controlled, however for MMA, M, values significantly higher than expected
were obtained. This was attributed to a poor initiation efficiency and therefore fast radical
termination at the beginning of the polymerization. Under identical conditions, similar trends were
observed with related tridentate N-based ligand.!®® Similarly to the trend observed with the Bipy
derivatives (see Section 3.3.3.1), introduction of electron-donating groups on the pyridyl rings, to
form ligand 3.21 (Figure 3.16), led to a more active (more reducing) and highly hydrophobic ATRP Cu
catalyst that was successfully applied to the controlled polymerization of nBA under miniemulsion
conditions.®*
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Figure 3.16. Tridentate picolylamine-based ligands used in Cu-catalyzed ATRP.

The tetradentate tris(2-pyridylmethyl)amine (TPMA, 3.22,

Figure 3.17) ligand is one of the most important ligands in Cu-catalyzed ATRP, and many studies
(electrochemical, structural...) were dedicated to the Cu”"/TPMA couple to rationalize its exceptional
performances.’* 1 The CuBr/3.22 (1:1 molar ratio) catalyst mediated the bulk polymerization of St
(PEBr init., 110°C) and MA (EBP init., 50°C) under “normal ATRP” conditions with an excellent level of
control and reached 80% conversion after 1 and 4 h, respectively.’®? For MMA, the high activity of
both the catalyst and the PMMA-Br chain-end led to a significant degree of termination at the
beginning of the process and therefore lower control. The high activity of this Cu-ATRP catalyst is
well explained by 1) its relatively low redox potential (E1> = -0.24 V vs SCE) and great Karre (9.6 x 10°)
and 2) the very small structural changes between the Cu'(3.22)" activator and Cu'Br(3.22)"
deactivator, as for the MesTREN (3.19, see section 3.3.3.2) system.%®
Regarding the increased activity obtained by the introduction of EDGs in Bipy-based ligands, the
same strategy was applied to the TPMA skeleton. The series TPMA*L-TPMA*3 (3.23-3.25,

Figure 3.17), with 1-3 corresponding to the number of pyridyl rings functionalized with two
methyl and one methoxy groups, were synthesized and the performances of the resulting Cu-ATRP
catalysts compared.'®®'%” The Cu/3.25 (TPMA*3) system was applied to the ATRP of nBA and MA
under various initiation/regeneration methods (see section 3.3.2).2%” The high reactivity of this ATRP
catalyst was not compatible with normal ATRP conditions, leading to a significant amount of
terminated chains at the early stage of the reaction. In contrast, a well-controlled polymerization of
acrylates was observed by applying SARA ATRP (MA monomer), eATRP (nBA monomer) and ARGET
ATRP (nBA, Sn(EH), as reducing agent) with low catalyst loadings, and in all cases the control was
slightly improved compared to the Cu/3.22 (TPMA) system. The improved performances of the ATRP
catalyst by going from TPMA (3.22) to TPMA*? (3.25) was much more evident under ICAR ATRP
conditions (CuCl,, AIBN), the latter affording faster polymerization rates, better correlation between
experimental and theoretical M, values and lower dispersities, with catalyst loadings as low as 10
ppm. Cyclic voltammograms of the [Cu"(TPMA*¥3)Br][Br] complexes afforded Ei/; values of -0.31
(TPMA*1, 3.23), -0.36 (TPMA*?, 3.24) and -0.42 (TPMA*3, 3.25) V vs SCE, clearly indicating that the
presence of EDGs on the TPMA skeleton increases the reducing ability of the resulting copper
complexes.'®® The higher ATRP activity observed for the Cu/TPMA*3 system can be explained by its
lower reduction potential compared to TPMA (-0.42 vs -0.24 V vs SCE) that is correlated to a higher
Karre for the former (4.2 x 10 vs 9.6 x 10°).
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Further modifications of the TPMA scaffold were realized over the recent years.’®®17° Notably, a
series TPMA-based ligands functionalized on the 4-position with cyclic or acyclic amino groups (3.26-
3.29,

Figure 3.17) were reported and their related copper complexes were studied. Electrochemical
studies revealed Ey/; values for the [Cu"Br(3.26-3.29)][Br] complexes between -0.433 and -0.503 V vs
SCE, which are much lower than the previously reported very active [Cu"(3.25)Br][Br] complex, and
these values follow the order 3.29 =~ 3.26 < 3.28 < 3.27 (< 3.25 (TPMA*3) << 3.22 (TPMA)). As
expected, complexes with the lower redox potential exhibited the higher ATRP activity (Katre = 1.6 X
107 (3.29) and 3.1 x 10 (3.26)). These systems were evaluated in Cu-catalyzed ICAR ATRP of nBA
using very low catalyst loadings (10-25 ppm), EBiB as initiator and AIBN as conventional radical
initiator. High conversions (70-80%) were reached after 4 h reaction time, and the recovered
polymer samples had MW close to the expected values. However, with 10 ppm catalysts the B
values obtained remained high (= 1.5) and the evolution of MW with conversion was not linear.
Using 25 ppm catalysts allowed a substantial decrease in the dispersity values and the M, evolution
(vs conv.) became nearly linear.
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3.23:R'"=R?=R3%=R*=H 3.27: R = morphoinyl
3.24:R'"=0OMe, R?=Me, R®=R*=H 3.28: R = piperidinyl
3.25:R"=R%3=0OMe, R>=R*=Me 3.29: R = pyrrolidinyl

Figure 3.17. Tetradentate tris(2-pyridylmethyl)amine (TPMA, 3.22) and related ligands functionalized
with EDGs used in Cu-catalyzed ATRP.

Similarly to what was done with MegTREN (3.19, see section 3.3.3.2), monoanionic derivatives of
TPMA, in which one picolyl arm was replaced by a pyrrolide or phenoxy donor, were developed with
the aim of a stronger coordination of the ligand to the copper center, and therefore a greater
Katre.2%% 71 The resulting copper catalysts exhibited high polymerization rates but poor control that
were attributed to an inefficient deactivation.

Inspired by the successful TPMA scaffold in Cu-catalyzed ATRP, the hexadentate N,N,N’,N’-
tetrakis(2-pyridylmethyl)ethylenediamine ligand (TPEN, 3.30), in combination with CuBr, was applied
to the normal ATRP of MA, MMA and St, and exhibited very fast polymerization rates with well-
controlled molecular weights and low polydispersities with catalyst/initiator molar ratio as low as
0.005.1? Compared to the active catalysts based on TPMA (3.22) or MesTREN (3.19), the
Cu"Br(TPEN)* complex exhibited a higher redox potential (E1» = -0.17 V vs SCE) and smaller Karge (2.0
x 10°),1> however under normal ATRP conditions the latter performed better because it is less
prone to extensive radical termination than the former.
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3.3.3.4. Macrocyclic Ligands

A series of macrocyclic poly-alkylamine ligands were tested in Cu-catalyzed ATRP. Normal ATRP of
nBA, using a combination of the ligand 4,11-dimethyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane
(CyClam-B, 3.31, Figure 3.18) and CuBr was fast and moderately controlled at room temperature.'’®
Interestingly, cyclic voltammetry studies of [Cu"Br(3.31)]* afforded a value of Ei/; = -0.32 V vs SCE
and model studies determined a Kare = 4.3 x 103, which indicate that the Cu/3.31 ATRP catalytic
system is much more active than the active Cu/MesTREN or Cu/TPMA (see above).}*> 173 However,
the Cu/3.31 catalyst exhibits a lower control over the polymerization (match between experimental
and theoretical M, values and P) than the latter systems, which was attributed to a poor
deactivation efficiency due to the high stability of the [Cu"Br(3.31)]* species. Moreover, a contrario
to the MesTREN and TPMA systems, Cu-catalysts of Cyclam-derivatives suffer from large structural
rearrangement during atom transfer, slowing down the deactivation process.*

The very active ligand 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane (MegCyClam,
3.32, Figure 3.18) was successfully applied to the Cu-catalyzed ATRP of less activated monomers
(LAMs).7#17> The CuCl/3.32 catalyst, with initial addition of CuCl, to promote deactivation, readily
mediated the relatively fast and controlled ATRP of N-vinylpyrrolidone (NVP) and vinyl acetate (VAc),
and the resulting halogen-capped macroinitiators could be further chain extended to produce block

copolymers.
oy
m/ NH HN
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Figure 3.18. Macrocyclic poly-alkylamine ligands used in Cu-catalyzed ATRP.

3.3.3.5. Bis(oxazoline) Ligands
Tang and co-workers thoroughly investigated, in Cu-catalyzed SARA ATRP of MMA, the potential of
bis(oxazoline) ligands (3.33-3.41, Figure 3.19), with various substituents on the oxazoline ring, and
side armed bis(oxazoline) ligands (3.42-3.52, Figure 3.19), based on the indane-bis(oxazoline) (3.41)
and with different substitution pattern on the bridge carbon.’%8 The authors could highlight that
the nature of the substituents on the bis(oxazoline) skeleton significantly affect the polymerization
rate, MW, D and stereoselectivity. Under the studied conditions (CuCl, cat., Cu® act., BPN init., THF
50%v, 25°C, 12 h), the side armed bis(oxazoline) 3.45 was found the most active, producing well-
defined PMMA with high tacticity (72% rr).*¥° The CuBr,/3.45 ATRP catalyst was found to be very
efficient towards a large scope of monomers, i.e. various methacrylates, acrylates, styrenic
monomers, N,N-dimethylacrylamide and methacrylic acid, and the side arm functionalization was

crucial to reach these performances (compared to ligand 3.41)."7
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Figure 3.19. Bis(oxazoline) (3.33-3.41) and side armed bis(oxazoline) (3.42-3.52) ligands used in Cu-
catalyzed ATRP.

3.3.3.6. Other Ligands

As stated above, nitrogen-based ligands have been found to be the best suited to form efficient
copper ATRP catalysts. Copper complexes of softer ligands such as diphosphines!®! or N-heterocyclic
carbenes!® were, however, evaluated in ATRP of MMA, but in all cases only poor control was
observed (discrepancy between theoretical and experimental M, values, high b).

3.3.4. Iron Catalysts

3.3.4.1. Phosphorous-Based Ligands

The first reports about iron-catalyzed ATRP dates back to 1997, with the use of the well-defined
[FeCly(PPhs),] complex 3.53 (Figure 3.20),'® or a mixture of FeBr, and PPhs (1:3 molar ratio) (or N-
based ligands, see section 3.3.4.2),'% which afforded a controlled polymerization of MMA and St,
respectively. Following these early works, several studies focused on the use of binary systems
composed of phosphine ligands and iron(ll) or iron(lll) salts in ATRP. In particular, considerable
attention was given to the latter systems and reverse initiation protocols (Reverse, AGET, ARGET,
ICAR and GAMA ATRP), because Fe'' precursors are air-stable and easier to handle than their Fe'
analogues.”® Some debates arose about the activation mechanism of Fe'" ATRP catalytic systems
(reduction of Fe'" to Fe') working in the absence of any organic halide, radical sources or reducing
agents, which was proposed to be promoted by the phosphine or the monomer itself.139-140, 185-186

Sawamoto and co-workers extended the library of [FeX;(PRs).] complexes (3.54-3.57, Figure
3.20), by varying both the halogen atom and the phosphine ligand, and studied the influence of

theses parameters on the ATRP performances of the catalysts.’®” Complex 3.57 exhibited the best
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results in terms of activity and control for the ATRP of MMA, with 90% conversion (1000 eg. vs 3.57)
after 36 h at 60°C in toluene and a D value of 1.2. It was successfully applied to the block
copolymerization of MMA and n-butyl methacrylate.

Matyjaszewski and coworkers showed that, similarly to the trend observed in Cu-catalyzed ATRP
with Bipy- and TPMA-derived ligands, functionalization of the PPhs ligand with EDGs, leading to
ligands 3.58 and 3.59 (Figure 3.20), strongly enhanced the activity of the resulting (in situ generated)
iron catalyst.!®° The activity increased with the number of EDG; the FeBr3/3.59 system reached 91%
conversion of St in 21 h (St:Fe:3.59 = 200:1:2, 100°C, 50% v/v in anisole, © = 1.25), while under the
same conditions, FeBrs/3.58 and FeBrs/PPhs systems reahed 19% and 9% conversion, respectively.
Under the appropriate conditions, these systems also mediated well-controlled polymerizations of
nBA and MMA.

)l( OMe
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3.53: X = Cl, PRy = PPh, 3.58 3.59

3.54: X = Br, PR3 = PPh;
3.55: X = Cl, PR3 = PMePh,
3.56: X = Br, PR3 = PMePh,
3.57: X = Br, PR3 = P"Bus

Figure 3.20. Phosphine ligands and phosphine iron complexes applied to Fe-catalyzed ATRP.

Several bidentate P-based ligands, such as diphosphine,8® 18189 pyridylphosphine (3.61-3.62) 3%
189191 3nd aminophosphine (3.63-3.65) 8 ligands (Figure 3.21) were also successfully applied to Fe'-
or Fe'-catalyzed ATRP since the late 2000’s. Combination of Fe" or Fe'' salts with these ligands
resulted in very active ATRP catalysts that exhibited a very good controllability of the ATRP of MMA
and St. Importantly, Noh and coworkers showed that in-situ generated iron(lll) complexes of ligands
3.61 and 3.62 (and other P-based mixed ligands) catalysed ATRP in the absence of reducing agent
and conventional radical initiator (GAMA ATRP, see section 3.3.2.9).13 The improvement in Fe'-
catalyzed ATRP of MMA provided by such bidentate P-based ligands was nicely illustrated by the use
of the isolated [FeBr;(3.65)] complex 3.60 (Figure 3.21), which exhibited higher activity and better
controllability than [FeBr,(P"Bu),] (3.57, Figure 3.20).
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Figure 3.21. Isolated P,N-iron complex and amino- and pyridyl-phosphine ligands applied to Fe-
catalyzed ATRP.
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A series of isolated half metallocene (Cp or Cp*) iron(ll) bromide complexes (3.66-3.67, Figure
3.22) with a mixed carbonyl/phosphine coordination sphere were prepared by reaction between
their dicarbonyl precursors and the desired phosphine ligand under UV irradiation, and were found
to be efficient catalysts for the ATRP of MMA.2*>1%3 Model studies have shown that the really active
catalysts are unsaturated 16e” species resulting from the in-situ elimination of a CO ligand from
coordinatively saturated 18e” precursors under polymerization conditions, allowing radical
generation (or regeneration) from haloalkyl initiator (or dormant species). The Cp* derivatives
exhibited higher catalytic activities than the Cp ones in the ATRP of MMA and could be successfully
applied to MA and functional methacrylate monomers.'*2
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Fel/,, B
8" N PR QPR
cO CcO
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PR3 = PPhs, PMePh,, PMe,Ph,
P(m-tol)3, P(p-tol)s]

Figure 3.22. Half metallocene iron(ll) complexes applied to Fe-catalyzed ATRP.

3.3.4.2. Nitrogen-Based Ligands
Gibson and coworkers developed a library of a-diimine iron(Il) complexes (3.68,
Figure 3.23) that were applied to the ATRP of St and MMA.Y*1% For both St and MMA
polymerization, catalysts bearing alkyl substituents on the R? positions (or electron-donating groups
on R! and R?) were very efficient, affording well-defined and narrowly dispersed polymeric material
with predictable MW. In contrast, the catalysts substituted on the R! positions with aryl groups (or
electron-withdrawing groups on R! and R?) suffered from interfering catalytic chain transfer (CCT)
process, leading to polymer chains with MW much lower than expected.
The same group showed that tridentate salicylaldiminato iron(ll) chloride complexes (3.69,

Figure 3.23) were very effective catalysts for the ATRP of St, exhibiting high polymerization rates,
linear increase of MWs with conversion, excellent fitting between theoretical and experimental MW
values and low dispersities.?’ Related bidentate salicylaldiminato iron(lll) complexes of general
formula [(N,0)FeCl,] exhibited a poor control in the ATRP of St and MMA.

y R,
e
\\\ \
R1—N N—R1 Bu 0 Cl
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3.68 3.69 \

R" = Bu, Bu, Pr, Cy,
C1oHs3, Ad, Mes, Dipp

R? = H, Me, Ph, p-MeCgH,4, p-FCgHy,,
p-OMeCgHy, p-NMe,CgHy

Figure 3.23. a-Diimine and salicylaldiminato iron(ll) complexes applied to Fe-catalyzed ATRP.
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Nagashima and coworkers reported the synthesis of various iron(ll) complexes of
N,N,N-trialkylated-1,4,9-triazacyclononane (RsTACN) ligands (3.70-3.71, Figure 3.24) and their
application in ATRP of St, MMA and BA.?°! All complexes reached high conversions in the ATRP of St
and exhibited a very good level of controllability, with an excellent match between theoretical and
experimental MW values and dispersities lower than 1.35. Concerning the ATRP of MMA, apart from
the complexes bearing the smallest R = Me group, all other catalysts were found to be very active
and afforded polymeric materials with predictable chain lentghs and low MWDs (<1.35). In contrast,
good control in the polymerization of BA was only achived for mononuclear iron bromide (vs. iron
chloride) complexes, i.e. those substituted with the more bulky R groups, reaching high conversions
and exhibiting a very good match between theoretical and experimental MW values and D values
between 1.21 and 1.25. The iron catalysts that are formed as ion pairs (structure 3.70) could be
removed, up to 99.3%, from the produced materials by precipitation from methanol and recycled up
to three times without loss of efficiency.

“® o
R\(\ I7\/R ) <N\/—+j/r\j>

N——Fe----x-----Fe N YT RT N R

N N/ Fe
\ < x
L R R
3.70 3.7
For small R groups For bulky R groups
X =Cl, Br

Y = Cl, Br, [(RsTACN)FeCly]
R = Me, p-OMeCgH4CH,, cyclopentyl, cycloheptyl, Bu, 'Pr

Figure 3.24. N,N,N-trialkylated-1,4,9-triazacyclononane (RsTACN) iron(ll) complexes applied to Fe-
catalyzed ATRP.

Among a series of iron(lll) complexes of tetradentate amine-bis(phenolate) ligands (3.72, Figure
3.25), these substituted in the R! and R? positions with Cl were shown, by Shaver and coworkers, to
be extremily efficient catalysts for the ATRP of St and MMA, affording polymeric materials with MWs
in good agreement with theoretical values and narrow dispersities.?’2% Mechanistic studies
revealed an interplay between ATRP and OMRP mechanisms.

X=Cl, Br
R', R? = Me, Bu, CI
L = (CH5),0OMe, (CH5)oNMe,,
CHy(tetrahydro-2-furanyl),
CHy(2-pyridinyl)
Figure 3.25. Amine-bis(phenolate) iron(lll) complexes applied to Fe-catalyzed ATRP.
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Besides well-defined iron complexes (see above), several efficient in-situ generated iron catalysts
of N-based ligands were reported (Figure 3.26). A combination of FeCl; and monodentate mono-, di-
or tributylamine (3.73) mediated the ATRP of St and MMA, in the absence of reducing agent, with an
excellent level of control, but required longer reaction times than their phosphine analogues (see
section 3.3.4.1) to achieve similar conversions.'®® Also, while the phophine/FeCls; systems were able
to achieve the ATRP of MA with moderate control, the amine/FeCl; systems were inactive. The
water-soluble amine 3.74 was successfully applied to the Fe'-catalyzed bulk (normal) ATRP of St
and to Fe''-catalyzed AGET ATRP?® and ICAR ATRP?® processes, and offered the advantage that the
corresponding iron catalyst could be easily extracted from the polymeric material by washing with
water.

Over the last 25 years, the ATRP efficiencies of iron catalysts of several other N-based ligands (bi-,
tri- or tetradentate alkylamines, aromatic amines...) were studied, they were often lower than those
discussed above and cannot be detailed here. Interested readers are encouraged to consult

dedicated reviews, %293 207-208

HeNEN) NNOV\O/>3

3.73 3.74
n=1,2,3

Figure 3.26. Simple alkylamines used as ligands in Fe-catalyzed ATRP.

3.3.4.3. Organic Salts as Ligands

The commercially available tetra-n-butylammonium (3.75) and tetra-n-butylphosphonium (3.76)
bromide salts were widely studied as ligands in Fe-catalyzed ATRP (Figure 3.27). Zhu and coworkers
successfully applied these ligands to the iron(lll)-catalyzed AGET ATRP of St?*° and MMA?21%211 and
the authors observed that both polymerization rate and controllability could be improved by the
addition of catalytic amounts of inorganic bases. Matyjaszewski and coworkers reported the FeBr,-
and Fe(OTf),-catalyzed ATRP of MMA in non-polar solvents using the ammonium triflate salt
(3.75),%*? and the FeBrs-catalyzed SARA ATRP and/or ICAR ATRP of St and MMA using ppm amounts
of catalysts and the ammonium bromide salt (3.75), with a good control over MW and MWDs. 213214
The use of the bulky phosphazenium salts (3.77) also led to efficient iron(ll) catalysts for the ATRP of
MMA (and PEGMA), affording polymeric materials with controlled MWs, narrow dispersities, and
presented the advantage of easy catalyst removal by washing with water.?*> The imidazolium salts /
ionic liquids (3.78) combined to FeCls-6H,0 mediated the AGET ATRP of MMA, using ascorbic acid as
reducing agent, and afforded polyMMA samples with predictable MWs and relatively narrow .26

"By "By NMe,
nBu— |@n NByu— kg" ®P N=P—-NMe 5
Bu—N—"Bu Bu Fl’ Bu | 2 Me/N\/N\”Bu
X@ nBu X@ nBu X@ NM62 A Y@
3.75 3.76 3.77 3.78

X =Cl, Br, CF3S03; Y = OH, POy, CO3, HCO;4
Figure 3.27. Organic salts used as ligands in Fe-catalyzed ATRP.

3.3.4.4. Other Systems
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Iron(lll) complexes of N-heterocyclic carbene ligands (3.79, Figure 3.28) readily mediated the ICAR
ATRP of St and MMA with a very good match between theoretical and experimental MW values and
dispersities below 1.5, even at catalyst loading as low as 50 ppm.2’

Dipp \( Dipp
/Fe('X
X ¥
3.79
X =Cl, Br

Figure 3.28. NHC-iron(lll) complexes used in Fe-catalyzed ATRP.

It was demonstrated by the group of Matyjaszewski that Fe-catalyzed ATRP of MMA could be
performed without conventional ligands, only using the coordination and solubilization abilities of
polar solvents such as N-methyl-2-pyrrolidone (NMP), DMF or MeCN.?*8 This specificity was further
exploited by Xue and coworkers to mediate the AGET ATRP of MMA using Sn(EH),, Zn° Fe° or
alcohols as reducing agents.??*2% polyethylene glycol, which has low cost and toxicity, can also be
used as an alternative to classical polar solvent in the AGET ATRP of MMA, using FeCls-6H,0 as metal
precursor and sodium ascorbate as reducing agent to exhibit all features of a well-controlled
process.??!

Very recently, Xue, Poli and coworkers reported the ligand- and solvent-free ATRP of MMA
promoted by a combination of FeBr, or FeBrs and inorganic salts. These systems exhibited all the

features of well-controlled processes.1#2143

3.3.5. Other Catalysts

Several other metals were used to prepare ATRP catalysts, such as Ru, Ni, Re, Mo, Mn, Os, however
they generally exhibit lower performances or are less attractive in terms of synthesis, price, toxicity
etc. Therefore, they will not be detailed in the present chapter, and interested readers are

encouraged to refer to the following reviews % 207-208, 222-223

3.4. Organometallic Mediated Radical Polymerization
3.4.1. Introduction

Organometallic mediated radical polymerization (OMRP) is another RDRP technique that makes use
of a coordination compound as moderator, and differs from ATRP by the role of the later in the
moderating equilibrium. In ORMP, the complex directly interacts with the active/propagating radical
species to form an organometallic dormant species (Figure 3.29).8% 8 224 OMRP can function in
reversible termination mode (OMRP-RT), if the number of active radical species do not exceed this of
metal centers and the Mt-C/P, bond dissociation energy (BDE) is low, or in degenerative transfer
mode (OMRP-DT) if i) the number of radicals exceeds this of metals, ii) the metal coordination
geometry allows it and iii) the exchange is fast relative to chain propagation (kecn >> kp). The
initiation of an OMRP can be achieved using either a unimolecular L/Mt**'-Ry’ initiator (direct
initiation) or a dual initiating system composed of L/Mt* and a conventional radical initiator that
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generates in situ the primary Ro radical (indirect initiation, Figure 3.29). Several mechanisms may
interplay with OMRP, such as ATRP (in the presence of halogen atom(s)), catalytic chain transfer
(CCT) or catalytic radical termination (CRT), and this particularity has been well reviewed.8% 8 225
While complexes of several transition metals, such as Ti, V, Cr, Mo, Fe were applied to OMRP,226-228

the field is clearly dominated by cobalt complexes,?26-227; 229230

which are particularly performant for
the controlled polymerization of LAMs.8% 8 |t should be noted that in OMRP the metal complex is
used in a stoichiometric amount vs. polymer chain, while in ATRP it can used in catalytic amounts

(see section 3.3.2).

Indirect OMRP .=~ A . < «1__ o . Direct OMRP
initiation Init. Ro + LMt LIME"—Ro" " jnitiation
+nM
°
Pm Ka, OMRP-RT
LMt —P, == LUMP*'—P, Py + LM
Py k4, oMRP-RT +
P M)
ech, OMRP-DT ko <
OMRP-DT OMRP-RT ki
equilibrium equilibrium

Figure 3.29. Initiation paths and moderating equilibria possibly involved in organometallic-mediated
radical polymerization.

3.4.2. Cobalt Moderators

Cobalt is the most studied metal for OMRP and led to the controlled polymerization of the widest
range of monomers. After the initial report dealing with the use of a tetramesitylporphyrin (TMP)
oragnocobalt(lll) as initiator for OMRP,! Wayland and coworkers showed that both the dual
initiating system Co'(TMP)/V-70 (3.80) and the unimolecular initiator Co"(TMP)(CH(CO,CH3)CHs)
(3.81) efficiently promoted the OMRP of acrylate monomers (Figure 3.30), leading to well-defined
PMA and PMA-b-PBA (co)polymers. Noteworthy, the polymerization rate was found much faster
under OMRP-DT conditions than under OMRP-RT conditions.

Mes Mes Mes Mes

Mes Mes Mes Mes
3.80 3.81
R = CH(CO,CH3)CH3
Figure 3.30. Tetramesitylporphyrin Co" and Co" complexes applied to the OMRP of acrylate
monomers.

The five-coordinate cobalt(ll) acetylacetonate complexes (3.82, Figure 3.31) of
1,3-bis(2-pyridylimino)isoindolate-type ligands exhibited excellent performances in the OMRP of MA
and nBA, with a linear increase of M, values with conversion, which were close from the theoretical
values, and very low dispersities (P < 1.13) using V-70 as radical initiator (monomer:Co:V-70 =
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600:1:1) in benzene at 60°C.2*2 For one example, a well-defined PMA-b-PnBA block copolymer could
be produced. The six-coordinate methanol adducts and the acetato (vs. acetylacetonato) analogues
of this series of complexes were less efficient due to the prerequisite of MeOH dissociation for
effective radical trapping and low solubility under these conditions, respectively.

R1
R1
2
_N ~ R
Co
SLy
|
RN
R3
3.82

R' = H, Me, Hex, ClI, NO,

R? = H, Bu, OMe, Cl

R3=H, CI

Figure 3.31. Five-coordinate cobalt(ll) acetylacetonate complexes of
1,3-bis(2-pyridylimino)isoindolate-type ligands applied to the OMRP of MA and nBA.

In 2005, Debuigne et al. reported the use of commercially available Co"(acac), (acac =
acetylacetonate) (3.83, Figure 3.32), in combination with V-70 (V-70/Co = 6.5), to efficiently mediate
the bulk OMRP of VAc at 30°C (M, up to 10° and D as low as 1.11).%33 Following this pionneering
work, the authors reported several improvements of the system, such as the isolation of a [(Ro-(CH:-
CHOAC)«s-Co'"(acac),] complex that could be used as unimolecular macroinitiator,®* the use of
peroxides instead of the thermal sensitive azo initiator V-70 (redox initiation),2>2% and its
application to the controlled polymerization of a large variety of monomers.®* 22° The mechanism
operating in the Co'(acac),-mediated OMRP of VAc and the remarkable performances of this
moderator in the OMRP of LAMs in general were subjected to some investigations and the results
were well summarized and discussed in a recent publication.*’” A couple studies have shown that
the presence of bulky (‘Bu) or electron-withdrawing (CFs) groups on the ligand scaffold affected the
OMRP performances of the resulting moderator (3.84, Figure 3.32), by affecting the Co-C bond

strength in the organometallic dormant species.?382%
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O\ /O O\ /o

( /CO\ ) ( /CO\ )
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3.83 3.84

R' = Bu, Me, CF3
R? = Bu, CF;

Figure 3.32. Cobalt(ll) bis(acetylacetonate) (3.83) and derivatives applied to OMRP.

Cobalt(ll) complexes of B-diketoiminato ligands (3.85, Figure 3.33), which are at the same time
bulkier (effect of weakening the Co-C bond) and electronically more donating (antagonist effect of
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stabilization of Co") than the isoelectronic Co'(acac), system, exhibited a poorer control than the
latter in the OMRP of VAc.?** More recently, a cobalt(ll) complex of a salen-type ligand (3.86, Figure
3.33) has succeeded in the controlled polymerization of VAc and MA, exhibiting a linear increase in
MW with conversion and low dispersities (1.13-1.30).24

H{M}

3.85
Ar =Ph, Xyl, p-CF3CgH4
Figure 3.33. Cobalt(Il) complexes of 8-diketoiminato and salen ligands applied to the OMRP.

3.4.3. Other OMRP Moderators
Asandei and coworkers reported the use of [Ti"'Cp,Cl] (3.87/3.87’, Figure 3.34), in situ generated by

reduction of titanocene dichloride with Zn, as moderator for the OMRP of St, which was initiated by
radical ring opening of oxiranes (Figure 3.34).2*2 While the use of other Ti precursors did not improve
the system, further studies have shown that aldehydes, peroxides and alkyl halides were also
efficient initiators and that [Ti"'Cp,Cl] also readily mediated the OMRP of IP and copolymerization
IP/St.%7

zn & = @'E\R@'

- _TilV
2 [Cp,TiVCly] —— T”'/Cl\Tl'” = 2| fi_g| —= | Tiog| + G ncHOTT! CIOP,
% cl @ % % CH,CHRO-TiVCICp,
3.87 3.87"
Figure 3.34. Initiation of OMRP by the [Ti"'Cp,Cl]/epoxide system.

Shaver and coworkers reported a well-controlled OMRP of VAc and other vinyl esters (vinyl
propionate, vinyl pivalate, vinyl benzoate) in the presence of bis(imino)pyridine vanadium(lll)
complexes (3.88, Figure 3.35), with a linear increase of M, values with conversion and narrow MWDs
(= 1.3).2432% While the experimental MWs agree well with theoretical values at low conversions (up
to ca. 30%), a discrepancy is observed at higher conversions, and was attributed to complex
decomposition. Experimental and computational investigations were in agreement with an OMRP
mechanism involving the V''/V'"-R couple.
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R? /\|/ “R2
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R' = Me, H, Ph, Et, 'Pr
R? = Cy, Ph, Mes, Dipp, 4-MeCgHy,,
4-FCGH4, 2,6-M62C6H3, 2,6-Et2C6H3
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Figure 3.35. Bis(imino)pyridine vanadium(lll) complexes used in the OMRP of vinyl esters.

Poli, Smith and coworkers have shown that Cr'/Cr'" systems (3.89/3.90, Figure 3.36) can be used
in the OMRP of VAc, however the level of control remained modest.?*® More interesting is the fact
that the authors could experimentally evidence a strong weakening of the Cr-polyVAc bond (lower
Cr-C BDE) upon increasing the size of the ortho substituents of the N-Ar rings. This observation was
supported by computational studies on model compounds, which revealed higher Cr-R BDEs for Ar =
Ph than Xyl, and within each family the values increased in the order R = CH(Me)Ph < CH,Ph <
CH(Me)OOCMe (from bigger to smaller R group). The same trend is observed for the calculated Cr'"-
C bond lengths.
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Figure 3.36. Chromium complexes applied to the OMRP of VAc.
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As stated in section 3.3.4, iron complexes were found to be successful ATRP catalysts.> 228

However, for application in “pure” OMRP, without interference of ATRP, the complexes used should
not contain halogen atoms, and such examples are quite rare.?*” An interesting report by Poli and
coworkers highlighted that; compared to the very efficient Co'(acac), moderator (3.83, Figure 3.32,
section 3.4.2) and despite their similarity, the ability of Fe'(acac), (3.91) to control the radical
polymerization of VAc was quite poor (MW higher then expected, D > 1.2).24

4. Lactide and Related Cyclic Esters Polymerization

4.1. Introduction

The ring-opening polymerization (ROP) of cyclic esters, catalyzed by metal coordination complexes
has attracted tremendous interest over the past fifteen years. In particular, polylactide (PLA), a bio-
sourced and biodegradable polymer arising from the ROP of lactide (LA, a dimer of lactic acid) has
already found numerous applications as commodity materials and in the biomedical area.?%%2>2
Commercial PLA, PLLA, is industrially produced by ROP of L-LA using a Sn-based catalyst,>3%* but a
large number of various well-defined ligand-supported metal alkoxides may efficiently polymerize
lactide in a controlled manner.?° Besides control and activity, the stereoselective ROP of rac-lactide
may also be performed with metal complexes with appropriate metal-ligand design, which has
certainly stimulated research on more advanced meatl catalyst over the past years. In this regard,
the production of PLLA-b-PDLA isotactic stereoblocks, possible through the iso-selective ROP of rac-
lactide, is of interest since such materials may exhibit significant enhanced thermal and mechanical
properties vs. commercial PLA. The metal-mediated ROP of related cyclic lactones such as e-
caprolactone and B-butyrolactone was also studied along with the biodegradability of the derived
polymers and their applications in biomedicine.
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Though other mechanisms are known for cyclic esters ROP, such monomers are typically
polymerized via a coordination-insertion mechanism using a metal-alkoxide catalyst, as depicted in
Figure 4.1.25 While the Lewis acidity appears central for monomer activation, alkoxide
nucleophilicity is also crucial for initiation and chain growth, thereby favoring the use of
electropositive and oxophilic metal centers for effective catalysts. Ideally, the ROP thus proceeds in a
living manner with chain length control. Stereocontrol may be achieved either via enantiomorphic
site control, where the metal-ligand chiral pocket induces stereocontrol, or through a chain-end
stereocontrol mechanism, in which the last inserted monomer of the growing polymer chain dictates
the stereochemistry of the incoming monomer.

n
0 0
M
foj\[(o\g)L}OR M. oj\[(o on
o n+1 o

Figure 4.1. General coordination/insertion mechanism for the ROP of cyclic esters initiated (taking
the example of lactide) by metal alkoxide complexes.

The field of metal-based cyclic esters ROP has been extensively reviewed over the past years,
including with recent reviews cited herein. The present part will highlight key representative
coordination metal complexes for the ROP of lactide that have contributed to the major progress of
the field since 2003.

4.2, Group 1-2 Metal Catalysts
4.2.1. Alkali Metals

Numerous alkali metal aryloxide species (ArOM) were shown to efficiently polymerize lactide under
mild conditions.?>”2%° The steric and electronic properties of the supported aryloxide ligand play a
crucial role in ROP activity and stereoselectivity, with the preferred use of multidentate aryloxide
ligands, such as 4.1-4.3 (Figure 4.2),%12%° to control and limit catalyst aggregation. Remarkably, salts
4.3, in which the Na* or K* metal ion is supported by an ancillary crown ether and a sterically
demanding phenoxide, are highly active catalysts for the iso-selective ROP of rac-lactide, producing
chain-length-controlled isotactic PLA (complete conversion of 500 equiv LA, 10 min, RT, 10 equiv
BnOH, P, = 0.82).266-267
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Figure 4.2. Representative examples of Group 1 metal initiators for cyclic esters ROP.

4.2.2. Group 2 Metals

Well-defined magnesium(ll) complexes bearing various N-/O-based multidentate ligands are well-
established cyclic esters ROP initiators and typically exhibit high catalytic activity.?®® For most
systems, the catalytically active Mg-alkoxide is generated in situ via alcohol protonolysis of the
corresponding Mg-amido/alkyl precursor.?®® Supporting ligands that have thus far been developed
most  notably include  B-diketiminates,?’®  Schiff  bases,?’Y*’?  trispyrazolylborates,*®

273 and aminophenolates.?’4?’®> Despite their limited hydrolytic stability, such ROP

heteroscorpionate
catalysts are particularly attractive since magnesium is an earth-abundant and benign metal source.
Representative classes of single-site Mg" and Ca" complexes (4.4-4.8) for use in the ROP of cyclic
esters are depicted in Figure 4.3. The vast majority of Mg-based catalysis for rac-lactide ROP lead to
atactic and hetero-enriched PLA. However, recent studies showed that chiral oxazolyl
aminophenolate Mg" species, such as 4.6, are highly active catalysts for the iso-selective ROP of rac-
lactide to isotactic stereoblock PLA via an enantiomorphic site control mechanism thanks to the
chirality of the system and the dinuclearity of the catalytically active Mg" species (Pn = 0.80, TOF up
54,000 h! at RT).?”® The bis-pyrrolidine aminophenolate Mg" complex 4.7 was also found to be an
extremely active lactide ROP catalyst allowing precise production of PLLA-b-PDLA multiblock
copolymers with up to 500 repeating units per block, allowing access to novel high melting PLA
materials.?’”” Though studied to a lesser extent, calcium(ll) complexes were also shown to be
extremely active cyclic esters ROP catalysts, with Ca > Mg. Single-site Ca-OR species typically require

severe steric protection, such as for 4.8, and are much less developed than Mg" analogues.?>® 278279
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Figure 4.3. Representative examples of Group 2 metal initiators for cyclic esters ROP.

4.3.

Group 4 Metal Catalysts

Group 4 metal (Ti, Zr and Hf) alkoxides supported by various aryloxide-based multidentate ligand

platforms have widely been used in the ROP of lactide and related cyclic esters.?2%281 A humber of
thorough studies indicated that catalytic activity increases upon going down from titanium(IV), to
zirconium(lV) and then hafnium(IV) derivatives, which was primarily ascribed to the smaller size of
Ti(IV) vs. Zr(IV) and Hf(IV).282 Representative Group 4 metal cyclic esters catalysts 4.10-4.12 are
depicted in Figure 4.4. Despite the frequent use of chelating ligands with fine-tuned stereo-

electronic properties, ROP stereoselectivity and control follow no clear trend in these systems.

However, highly hetero-selective Group 4 metal catalysts, such as compound 4.12, were reported in

rac-lactide ROP.2%3

=%

\ N\
O\ Ar
[ \ O'Pr N/,, —N \\\OEt THF
/'/ obr NN Z "~OEt >_ZF_C'
N 'PrO”~0 "OPr /Ar
C, symmetry M
(cis-a)
Ar = 2,6-M62C6H3
4.10 4.1 4.12
M =Ti, Zr, Hf

Figure 4.4. Representative examples of Group 4 metal initiators for cyclic esters ROP.
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4.4, Group 12 Metal Catalysts

Zinc(ll) alkoxides have been widely studied over the past twenty years as ROP initiators of cyclic
lactones, primarily lactide, since Zn is a cheap and low toxicity metal source.?*2?® Early studies in the
late 90’s by the groups of Coates and Tolman showed that single-site discrete Zn" alkoxides bearing
N-/N- or N-/O-based ligands, such as 4.13 and 4.14 (Figure 4.5), were highly effective and well-

behaved catalysts for the controlled ROP of lactide.??%-2%
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Figure 4.5. Early examples of highly effective single-site Zn-based catalysts in lactide ROP.

In particular, catalyst 4.14 was found to be a remarkably active ROP catalyst with the quantitative
polymerization of 500 equiv of lactide within 5 min at RT to well-defined and chain-length-controlled
PLA. Since then, various Zn—OR species supported by diverse ligand platforms have been reported
for use in cyclic lactones ROP, as compiled in a number of reviews.28428° Representative examples of
structurally diverse Zn" ROP initiators (4.15-4.18) are depicted in Figure 4.6,2% 292:2%4
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Figure 4.6. Structurally diverse Zn" initiators for the ROP of cyclic lactones.

As a general tendency, Zn" species display a ROP activity between those of Al and Mg" derivatives,
but are typically less sensitive towards hydrolysis than the latter due to a less polar M—OR bond. On

the other hand, when compared to Al"' catalysts (vide infra), Zn"-based systems able to iso-

selectively polymerize rac-lactide remain much less developed and efficient catalysts in the area,
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such as species 4.19-4.21 (Figure 4.7), were only recently reported.?*? In particular, the
aminophenolate-supported Zn" species 4.19 efficiently mediates the iso-selective ROP of rac-lactide
at room temperature to afford stereoblock isotactic PLA (P up to 0.87, TOF up to 3312 hl). Further
broadening the scope of Zn-based systems for stereoselective ROP of cyclic lactones, chiral Zn"
complex 4.21 was also recently demonstrated to promote the syndio-selective ROP of 8-
butyrolactone allowing access to melt processable syndio-enriched PHB material.
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Figure 4.7. Selected zinc(ll) complexes mediating the stereoselective ROP of cyclic lactones.

4.5. Group 13 Metal Catalysts

Ligand-supported aluminum alkoxide species, such as (salen*)AIOR derivatives of type 4.22 (Figure
4.8), are of historical importance since they are the first metal-based initiators reported to mediate
the stereoselective (iso-selective) rac-lactide ROP.2® These investigations, as well as those with
(Porph)AlX-type complexes as cyclic ROP catalysts,?*® triggered numerous studies on Al species. The
synthesis of Al alkoxides bearing various chelating ligands has thus received great attention for the
ROP of cyclic esters, primarily LA, e-CL and B-lactones, over the past fifteen years. This has allowed
the efficient and controlled production of well-defined and/or stereoregular polyesters using Al
catalysts. For the most part, the ROP of cyclic esters mediated by Al alkoxide species typically occurs
through a well-established coordination/insertion mechanism. Several comprehensive reviews
thoroughly covering the area have recently been published in the literature.?® 390307 \While Al
derivatives are typically less active catalysts than Group 1 and Group 2 metal species, they
frequently exhibit superior performances in stereoselective ROP of rac-lactide, often with the
production of iso-enriched PLA such as PLLA-PDLA isotactic stereoblocks. Recent progress on the use
of “chiral-at-metal” Al species such as complex 4.23 (Figure 4.8), which bears two configurationally
stable Al-bonded chiral nitrogens, showed a significant improvement of stereocontrol in rac-lactide
ROP.3%® Such systems were proposed to stereoselectively polymerize rac-lactide via a dual-
stereocontrol mechanism, differing from the classical enantiomorphic site and chain-end control
mechanisms.3%

Several indium(lll) and, to a lesser extent, gallium(lll) complexes were successfully investigated as
ROP initiators of cyclic esters.3!® Though typically less catalytically active in lactide ROP compared to

their A" counterparts, dinuclear In" species 4.24 (Figure 4.8) promotes the highly controlled ROP of

rac-lactide and retains its dinuclear structure as the ROP proceeds with a In-O-In bridging polymeryl

chain.?!! Salen-supported Ga" species 4.25 (Figure 4.8) were shown to be effective catalysts for the

controlled and moderately iso-selective ROP of rac-lactide.3'?

46



QOL | i
N\Ol EE\

Al—OMe A Et
N
QO =
)
4.22 4.23

acpst @

\N\|n|||||C|

Ga OBn

—In
—N /\O By
H

4.24 4.25

Figure 4.8. Representative examples of Group 13 metal initiators for cyclic esters ROP.
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5. CO,/Epoxides Copolymerization

5.1. Introduction

The copolymerization epoxides with CO; is a straightforward synthetic method for producing a range
of aliphatic polycarbonates. The reaction was discovered in 1969 and has since continued of being
attractive by means of manufacturing biodegradable CO,-based polymers for switching our current
polymer productions away from the intensively used petroleum-based resources. The
copolymerization of epoxides with CO, activity and selectivity mostly relies on the selection of the
catalyst, and initially based on low performances of ill-defined heterogeneous catalysts, the
discovery quickly extended to more well-defined homogeneous catalyst systems.
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Figure 5.1. Typical epoxide/CO, copolymerization reaction for producing polycarbonates and
concomitant side products (cyclic carbonates and polyethers). Principal structures and abbreviations
of monomers discussed in this section: EO: ethylene oxide, PO: propylene oxide, SO: styrene oxide,
GPE: glycidyl phenyl ether, ETHF: 3,4-epoxytetrahydrofuran, CHO: cyclohexene oxide, 1,4-CHDO: 1,4-
cyclohexadiene oxide, v-CHO: 4-vinyl-cyclohexene oxide, LO: limonene oxide and CPO: cyclopentene
oxide.

During the last 20 years, most of the investigations were founded on well-defined homogeneous
catalysts and largely stimulated and dedicated toward catalysts based on chromium and cobalt
salen-type ligands, zinc B-diketiminate (BDI), and aluminum porphyrin complexes,3!*3% due to their
exceptional activity and selectivity toward polycarbonates affording often no concomitant formation
of side products (cyclic carbonates or polyethers). However, in recent years, attention has turned
towards other metals and type of ligands for getting around the minefield of patents and to harness
the potential of other metals that could be less toxic, more accessible and abundant elements
reducing the factor of future supply risk.3?! Over the last 15 years, several excellent reviews have
outlined the key development of those seminal examples of metals catalyzing the copolymerization
of epoxides with CO; (i.e. with Cr, Co, Zn and Al) and therefore, we include here only a brief outline
of their key features. The majority of this book chapter section, however, is devoted to the recent
advances using other metals. For comparing catalyst activities and selectivities among other
different catalytic systems, these key parameters have been used and defined as following: catalyst
activity reported as TOF in h™* (mo0lepoxide/MOlcatayst™(%conv./100)/time in hour), the selectivity for
polycarbonates over cyclic carbonates formation, and the degree of carbonate linkage defining the
amount of CO, coupled with the epoxides against ether linkages (homopolymerization) in the
produced polymers. Activities are classified as very high (> 1000 h?), high (1000-200 h), moderate
(5-200 h%), low (1-5 h'') and very low (< 1 h%).

5.2. Catalysts Survey
5.2.1. Group 2 Metal Catalysts

In contrast to the Lewis acidic main group zinc and aluminum catalysts, the magnesium-based
catalysts have received much less consideration, despite their productivity in the ring-opening
polymerization (ROP) of rac-lactide.3?2322 Among the early studies, the use of homoleptic Mg(OAc),
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and MgEt,-H,0 for the copolymerization of PO/CO, were first reported, and both showed very poor
activity (TOF < 0.1 h).3%432> More recently, Ding and co-workers reported bimetallic Mg complexes
generated in situ from the reaction of multidentate bis(a,a-diarylprolinol)phenolate ligands (a-o,
Figure 5.2) with Mg("Bu),, and subsequently treated with alcoholic or phenolic additives were found
moderately active (TOFs < 43 h!) and selective in CHO/CO, copolymerization.3?® Although the active
species were not isolated, the putative structure 5.2a was proposed. It is derived from the
alcoholysis of di-Mg("Bu) species (5.1a), and exhibited the best activity (TOF = 9 h) in affording the
completely alternating PCHC (carbonate linkages >99%) under mild conditions (Pco2 = 1 bar, T = 60
°C, albeit with a high catalyst loading (molar ratio of CHO:a:Mg("Bu),:"BuOH = 20:1:2:0.4).
Ar' OH HO. Ar/Ar' = Ph, R = Me (a); Ar/Ar' = 4-MeCgH,4, R = Me (b);
Ar' Ar Ar/Ar' = 3-MeCgHy4, R = Me (c); Ar/Ar' = 4-(OMe)CgH4, R = Me (d);

E(N oH qu Ar/Ar' = 4-PhCgHy, R = Me (€); Ar/Ar' = 4-(CF3)CgHy, R = Me (f);

Ar/Ar' = 3,5-(CF3),CgH3, R = Me (g); Ar/Ar' = 3,5-Me,CgH3, R = Me (h);

Ar/Ar' = 4-CICgH,, R = Me (i); Ar/Ar' = Ph, R = NO, (j);
Ar/Ar' = Ph, R = 'Bu (k); Ar/Ar' = Ph, R = H (1);
Ar = Ph, Ar' = 4-CICgH4, R = Me (m);
Ar = Ph, Ar' = 3,5-(CF3),CgH3, R = Me (n);
Ar = 3,5-(CF3),CgH3, Ar' = 3,5-Me,CgHs, R = Me (0)

Ph

"Bu
O-. O. Ph Ph
PhT Sl i \‘f 0, 0. O  Ph
5 /Mg\ }Vlg\ N=Ph Ph Mg }V'g\ NEPh
N o0 N N g N

5.1a 5.2a

Figure 5.2. Bis(a,a-diarylprolinol)phenolate magnesium catalysts.

In 2012, Williams and co-workers reported a series of more active bimetallic magnesium catalysts
(5.3-5.5, Figure 5.3) containing a bis(phenolate)tetraamine macrocyclic ligand.?*” All catalysts
copolymerize efficiently CHO in presence of 1 bar of CO; at 100 °C (TOF up to 750 h* especially for
5.4 and 5.5) and produced PCHCs with >99% selectivity and carbonate linkages. The
copolymerization of CHO/CO; using 5.3-5.5 afford a linear relationship between M, and CHO
conversion, coupled with a narrow polydispersity (P < 1.2). More importantly, catalyst 5.4 exhibited
high tolerance to most common impurities found in the captured CO, gas feed, such as amines
(HNEt,, H,NMe, HaN(CH3),0H), thiols (H,S, HS(CgH17)), SO,, O, and water, without compromising the
activity or selectivity.3® The di-Mg complex (5.4) also catalyzes the copolymerization of 1,4-
cyclohexadiene oxide (1,4-CHDO) and the terpolymerization of 1,4-CHDO/CHO (4:1) with CO, under
low pressure (1 bar), yielding completely alternated polycarbonates with low molecular weights (M,
= 2-4 kg mol?) and narrow polydispersities (P < 1.2), albeit the activity for both reactions are
considerably reduced (TOFs = 6 and 21 h*, respectively).3?

49



N, 0
W X o X rengoman,
o’ "N- ol CF; (5.9); NO, (5.10);

|
X NMe, (5.11); F (5.12)
R /Mg\Rz

Bu Bu 5.14: R, =R, ="Bu
X = Br (5.3); OAc (5.4); 0,CCF; (5.5) X = OAG 5.15:Rq = Et, Ry = "Bu
56 5.16: R1 = nBU R2 "Oct

Figure 5.3. Bimetallic magnesium (5.3-5.5) and magnesium/zinc (5.6-5.13) catalysts of a
bis(phenolate)tetraamine macrocyclic ligand and simple dialkylmagnesium catalysts (5.14-5.16).

In a recent study, a series of heterobimetallic Mg-Zn compounds (5.6-5.13, Figure 5.3), wrapped
by a bis(phenolate)tetraamine macrocyclic ligand and bearing various carboxylate as co-ligands,
were examined for the CHO/CO; alternating copolymerization under atmospheric pressure.3%33! The
mixed dinuclear catalysts exhibited very high catalytic performances, independently of the co-
ligands used, with TOFs reaching 8800 h™ for 5.9 especially under high temperature and pressure
regime (120 °C, 20 bar), which are superior to the homodinuclear catalysts (Mg-Mg or Zn-Zn) when
tested alone or mixed together. Complex 5.8 was also tested for the copolymerization of various
epoxides with CO, (under 1 bar at 80 °C). The latter catalyzes in a selective manner the formation of
polycarbonate with high content in carbonate linkages (>99%) and with several epoxides, such as
CPO (TOF up to 76 h™, Selpcpc = >99%), v-CHO (TOF = 71 h™%, Selpycic = >99%), 1,4-CHDO (TOF =1 h?,
Selpcupc = 74%) and 3,4-epoxytetrahydrofuran (TOF = 14 h™, Selprirc = 98%), except for PO (TOF = 8
h™, carbonate linkages = 98%, Selppc = 26%).3%!

Further studies based on Mg have shown that simple achiral dialkylmagnesium compounds (5.14-
5.16, Figure 5.3) work effectively as catalysts at 100 °C under low CO; pressures (1-10 bar) without
additives or co-catalysts for the isoselective copolymerization of neat CHO with CO,, affording
isotactic polycarbonate (Pm = m-centered tetrads: 79-80%) in high yields, in a controlled manner (B <
2.8 and M, up to 32 kg mol™?) and with relatively high carbonate linkages (80-92%).

5.2.2. Rare-Earth Metal Catalysts

Initially triggered by the report of ternary lanthanide (including Group 3) species as efficient catalysts
for the ROP of epoxides, similar catalysts such as Ln-based tertiary systems composed of
Y(P204)3/Al('Bu)s/glycerol (with P04 = -0O(0)P(0O-CH;(CaHs)CH(CH3)3CH3),)**2 and
Nd(02CCCls)3/ZnEt,/glycerol®** were found to be the most active to produce PPC (30-40% carbonate
unit content and >95% carbonate linkages, respectively).33433°

Following up on these preliminary studies revealing the potential of lanthanide species for
activating epoxides, even though the role of Al or Zn/alcohols combined with lanthanides were still
unclear, further single-component lanthanide complexes were studied in the copolymerization of
epoxides with CO,. In general, all single-component catalysts required CO, pressure and reaction
temperatures superior to 10 bar and 60 °C, respectively, and moderate activities and selectivity
toward the formation of polycarbonates were observed. As prominent examples of single-
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component Ln catalysts, Hou and co-workers demonstrated that rare-earth metal half-sandwich
bis(alkyl) complexes (CsMesSiMes)Ln(CH,SiMes)z(THF) (5.17-5.20) and polyhydride complexes
[(CsMesSiMes)Ln(p-H)21a(THF), (5.21-5.23) exhibit a moderate activity in copolymerizing CHO with
CO, to produce nearly selectively PCHC (carbonate linkages: >90%) with high molecular weights (M,
= 14-39 kg mol?), and often with wide-ranging molecular distributions (P = 4-10) (Figure 5.4).3%
While the most efficient catalyst is based on Lu(lll) complex (5.19) for the selective production of
PCHC, in contrast its Sc(lll) analogue (5.20) exhibits low activity and high content of ether linkages
(carbonate linkages: 23%) under similar reaction conditions (12 bar, 70 °C). Both isolated
bis(carboxylate) complexes (5.24-5.25) resulting from the reaction of (5.17 and 5.19) with CO, were
also found moderately active in the copolymerization suggesting carboxylate-bridged bimetallic
species as possible catalytic intermediates.33® A variety of other cyclopentadienyl-ligated lanthanides
such as bimetallic hydrides (5.26-5.28), bis(silylamido) yttrium (5.29), silylamido ytrocene (5.30)
complexes and silylamido yttrium complex bearing one BDI ligand (5.31) were successfully tested in
the copolymerization CHO/CO,.3373% Among the reported series of cyclopentadienyl Ln catalysts,
complex (5.29) showed the highest activity (TOF = 33 h', at 75 °C, 8.5 bar CO,), producing a polymer
with carbonate linkages exceeding >85% and a relatively broad polydispersity (P = 1.9).3%’
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Figure 5.4. Representative half-sandwich and B-diketiminate rare-earth metal catalysts.

Inspired by the high activity and selectivity of (BDI)-zinc catalysts (vide infra) in the
copolymerization of CHO with CO,, a range of mono- and bis-(BDI) complexes (5.32-5.47) of rare-
earth metals were also investigated (Figure 5.5).3°3% |nijtial experiments indicated that the
mono(BDI) rare-earth bis(alkyl) complexes (5.34-5.39) were more active and selective toward the
formation of PCHCs without formation of cyclic carbonates (TOF =12-39 h*! with carbonate linkage
up to 93%) compared to the bis(silylamido) complexes (5.32-5.33) showing 5-10% of CHC byproduct
(TOF up to 2.3 h* with carbonate linkages up to 82%) under nearly similar catalytic conditions in
toluene. Catalysts such as yttrium bis(alkyl) bearing an O-anisol-substituted BDI ligand (5.34) exhibits
so far the best recorded activity (TOF = 47 h) with high carbonate linkages (99%) and narrow
polydispersity (P = 1.7), unfortunately under harsh conditions (130 °C, 15 bar) and using 1,4-dioxane

as solvent.3*°
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Figure 5.5. Representative B-diketiminate rare-earth metal catalysts.

Following the seminal works on salen-chromium and cobalt copolymerization catalysts,3!® Kleij
and co-workers recently reported the copolymerization of CHO/CO, catalyzed by a combination of
homoleptic and heteroleptic lanthanide(salen)-based complexes (5.48-5.55) in the presence of
various nucleophilic additives ([PPN]X with X= Cl, Br, I, OAc, N3, ["BusN]Cl and DMAP) at 20 bar CO,,
which afforded PCHCs in moderate yields (Figure 5.6).3** Among this series of Ln(salen) catalysts, the
best results were obtained with complex (5.48) (TOF= 31 h, CHO:Yb:["BusN]Cl = 1000:1:0.5, at 90
°C, 20 bar) leading to PCHC with 99% linkage carbonates (M, = 10.2 kg mol™, B = 1.54).
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Comparatively, Yb(salen)-based catalysts (5.48-5.51) showed to some extent lesser reactivity in
relation to Sc and Y(salen) complexes (5.52-5.55), but with much better copolymerization control
combining high molecular weight, narrow polydispersities, and very little formation of the CHC by-
product.3#
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Figure 5.6. Representative salen-type rare-earth metal catalysts.

Based on the previous work on ternary Ln catalytic systems, a series of bimetallic dysprosium(lIl)
acetate complexes bearing three different hydrazine-functionalized Schiff-base ligands (5.56-5.58)
were conveniently synthesized in a one-pot reaction from Dy(OAc)s-4H,O as precursor and all
complexes (5.56-5.58, Figure 5.7) were moderately active as catalysts for copolymerization of
CHO/CO; without co-catalysts (TOF = 7-18 h, carbonate linkages = 79-99%).3*?> One of the most
interesting features for these Dy-based catalysts is their relative stability under air, particularly for
catalyst (5.57), which produced a perfectly alternating PCHC under these conditions with a high
molecular weight (17 kg mol?) albeit with broad polydispersity (P = 2.72). In line with the earlier
examples showing a cooperation between lanthanide and zinc centers for ill-defined ternary

heterogeneous systems,332333, 343-347

various well-defined Ln-Zn multinuclear catalysts, bearing
phenylenediamine-bridged tris(phenolato) (5.59-5.60, Figure 5.7),* macrocyclic tris(salen) (5.63-
5.70, Figure 5.7)**3% and ethanolamine-bridged bis(phenolato) (5.61-5.62 and 5.71, Figure 5.7)!
ligands, were synthesized and reported to be active in the CHO/CO, copolymerization. While
heterobimetallic Ln-Zn catalysts with acetate-bridged co-ligands (5.59-5.60) showed very close
activity and lower selectivity in PCHCs compared to the homoleptic Zn(OAc), under similar reaction
conditions (70 °C, 24 h at 30 bar CO,),*! the other heterobimetallic Ln-Zn catalysts (5.59-5.60 and
5.63-5.70) exhibited high efficiency and selectivity in initiating the copolymerization of CHO with CO,
under quite mild conditions (T = 25-100 °C, Pco, = 3-10 bar). For example, the di-Nd-Zn complex
(5.59) copolymerized CHO/CO; with high polycarbonate content (> 99%) as well as high-molecular
weight (up to 296 kg mol-) under relatively mild conditions (T = 25 °C, Pco, = 7 bar).3*® Among all the
heterobimetallic Ln-Zn catalysts, the Ce-Zns system (5.64) exhibited the highest activity with TOFs
ranging from 300 to 370 h and steadily increasing with CO, pressure (from 3 to 10 bar) with high

selectivity in completely alternated PCHC while maintaining narrow polydispersities (D < 1.3).349-350
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Figure 5.7. Rare-earth metal catalysts of Schiff-base and other phenolato-based ligands.

5.2.3. Group 4 Metal Catalysts

Although Group 4 metals are well-known to efficiently catalyze the ring-opening polymerization
(ROP) of cyclic ethers,?>%3%* their use in the copolymerization of epoxides with CO, has only appeared
lately in comparison with other oxophilic metals.3>>-3% Nozaki and co-workers were the first to report
tetravalent Ti and Zr complexes supported by a tetradentate 1,9-bis(2-oxidophenyl)dipyrrinate
(boxdipy) ligand (5.72-5.73, Figure 5.8) as active catalysts when combined with [PPN]X salts (X = Cl,
N3, OCOCsFs) as co-catalyst for the copolymerization of bulk PO or CHO with CO,.%*’ While
(5.72)/[PPN]CI binary catalytic system showed decent activity in forming PCHC (TOF = 76 h!) with a
high selectivity and carbonate linkages (99%), (5.73)/[PPN]Cl showed a reduced catalytic activity
(TOF =8 h™) and a low selectivity in PCHC (carbonate linkage = 54%) under 20 bar of CO; at 60 °C.
Complex (5.72) once activated with 1 equiv. of [PPN]CI was found moderately active for
copolymerizing PO with CO, (TOFs up to 33 h) albeit with a low selectivity in PPCs (37-73% with
carbonate linkages = 96-99%). However, using a substoichiometric amount of [PPNICI (1/2 equiv.)
with complex (5.72) allowed a considerable increase in the selectivity in PPC to 82% even though the

54



amount of carbonate linkages (96%) was reduced. In contrast, (5.73)/[PPN]Cl is ineffective in the
PO/CO;, copolymerization and produces exclusively 100% of CPC without formation of PCC under
same reaction conditions.
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Figure 5.8. Group 4 metal catalysts of bis-phenolato-dipyrrinate and bis-phenolato-NHC-based
ligands.

Shortly afterwards, a new class of tridentate bis(phenolate) NHC complexes of Group 4 (5.74-
5.90, Figure 5.8) was also shown to catalyze efficiently the copolymerization of CO; in neat CHO.3>*
362 Al catalytic systems after activation by 1 equiv. of [PPN]X salts (with X = Cl, NO,, Ns), exhibited
high selectivity in polycarbonates (>99% in PCHC) along with a good activity (TOFs up to 46 h™* with
CHO:Ti = 2500, at 60°C) under low pressure of CO,. Although most of these titanium catalytic
systems are more effective in the PCHC production when activated with [PPN]X co-catalysts, the
zirconium-based catalytic systems can be activated by phosphorus-free co-catalysts such as DMAP
and ["BuN]Cl with the later showing nearly identical activity (TOF: 28 h') to binary catalytic systems
NHC-M/[PPN]X (M = Ti, Zr, Hf).3*° Changing the nature of co-ligands likewise affected, to some
extent, the activity, and the initiation step is slightly accelerated with good nucleophiles and
sterically less-hindered co-ligands, and follows this trend: N3 > OAc = O'Pr > Cl > OBn ~ OSi(O'Bu)3.3%*
The modification of bulky substituents (tBu — H) on the NHC-phenolate rings has been reported to
substantially influence the activity favoring the formation of low solubility and unstable species
(5.88-5.90), and thus reducing considerably the activity.3> Much higher activities have recently been
reported for the isolated anionic NHC-hafnium species (5.91), which resulted from the reaction
between complex (5.85) and 1 equiv. of [PPN]CI, copolymerizing efficiently CHO/CO, (TOFs up to 500
h?, Selpcuc = >99%) and CPO/CO, (TOF = 14 h™, Selpcec = 54% along with 46% of cyclopentene
carbonate).3®2
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Figure 5.9. Group 4 metal catalysts of salen and salalen ligands.

Base on previous results obtained with trivalent (salen)MX (M = Co, Cr, Al, Mn),313-317:31% Wang et al.
investigated the potential of salen-based titanium complexes as catalysts for the copolymerization of
CHO and COa,. In contrast to other (salen)MX catalytic systems, the trans-(salen)TiCl, complex upon
addition of [PPN]CI as co-catalyst, proved to be inefficient for producing PCHC and only cis-cyclic
carbonate was obtained. In contrast, the half saturated form of salen ligand, i.e. tetravalent
(salalen)TiCl (5.92, Figure 5.9) complex, when activated with [PPN]CI allows the formation of
completely alternating PCHCs (CHO:Ti = 1000:1, 60 2C, 40 bar, TOF = 12 h', carbonate linkages =
99%, PCHC/CHC = 98/2).3%® Following this work, the same group developed a trivalent salen titanium
complex (5.93, Figure 5.9) which with the use of [PPN]CI showed high activity (TOF = 577 h) and
high selectivity toward the formation of PCHCs (CHO:Ti = 1000:1, 120 °C, 40 bar, with carbonate
linkages = 99%, PCHC:CHC = 99:1).3% Other salen-type complexes, such as heteroleptic B-cis-
(salen)Hf(OtBu), (5.94) and homoleptic Zr or Hf(salen), (5.95-5.100) and dinuclear bis(salphen)
(5.101-5.106) were reported by Chakrabourty et al. to be active for the coupling of CHO and CO,
(Figure 5.9).3653% Unlike the inactive trans-binary catalytic systems (salen)TiCl,/[PPN]CI, all
salen/salphen-based Group 4 precursors (5.93-5.106) upon activation with ["BusN]Br showed high
activity (with CHO:M = 1000:1, TOFs ranging from 115 to 145 h) at low temperature (50 °C) under
high CO; pressure (35 bar), but relatively moderate selectivity in PCHCs (= 80-85%) were observed
along with the persistent formation of side-products (CHC and PCHO). Following these leads, several
bis-O'Pr-bridged dinuclear zirconium complexes of salen and salen-based ligands (5.107-5.111,
Figure 5.10) were successfully used for catalyzing the copolymerization of CHO with CO, in presence
of ["BusN]Br (CHO:Zr = 1000:1, 6 h at 50 °C under 35 bar of C0O,).3%¢-%7 Although not many details
were provided about the active species, all activated complexes (5.107-5.111) showed rather similar
catalytic performances (TOFs ranging from 118 to 158 h) than the aforementioned catalysts (5.94-
5.106). In term of selectivity, a mixture of PCHCs (56-93%), PCHOs (5-29%) and CHC (2-15%) were
consistently observed with however M,,/M, values as low as 1.3 and high molecular weights (up to
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16 kg mol?).3% Other homoleptic half-salen of titanium (5.112-5.114), dinuclear half-salen of
titanium (5.115) and dinuclear homoleptic half-salen of zirconium (5.116-5.118) complexes were
also investigated and showed slightly inferior catalytic performances and selectivities compared with

the di-Zr salen complex (5.109) (Figure
5.10
NN
Br R2 X ] e X R2
/ ‘r"\ Pri
B 0"x X x ©
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Figure 5.10).3¢8

57



R? X, | X, | X R?

X =0'Pr
5.109: R'= R2= Me
5.110: R' = Bu, R2 = Me
5111:R'=R2=1Bu

R2
i; iz A\! /Q ; iz AN
R1 O,” Ne) R1 O/u,,,,“ 0= o
R2
5.112: R' = By, R2-Me 5.115 5.116: R' = Bu, R = Me
5.113:R'=R2=1Buy 5117:R'=R2=1By
5.114:R'=R2=C| 5.118: R' = R2 = C|

Figure 5.10. Mono- and dinuclear Group 4 metal catalysts of salen, salan and half-salen ligands.

Several benzotriazole phenolate (BTP) and amine-bis(benzotriazole phenolate) complexes of
zirconium and hafnium (5.119-5.123, Figure 5.11) have also been identified to be active in the
copolymerization of CHO and CO;, without co-catalysts.?*37° These catalysts (5.119-5.123) were
shown to have a moderate activity and selectivity for affording completely alternating PCHCs along
with CHC and PCHO under identical conditions (T = 100 °C, Pcoz = 20 bar), with the best results being
obtained with the Zr homoleptic complex 5.121 (CHO:Zr = 500:1, TOF = 7.6 h*%, Selpcuc = 93%).3%°

Bu
4 vl :
‘@/ . T/O\Z )

R i Zn—R
N NTLOX N
O ’

R =CgHq7, X = OPr R =CgHy7 R = benzotriazole, X = NCsH1q By
5.119: M = Zr 5.121 5.122: M = Zr 5.124: X = O'Pr, R = Et
5.120: M = Hf 5.123: M = Hf 5.125: X = O'Pr, R = Ph

Figure 5.11. Group 4 metal catalysts of other phenolato-based ligands.
Based on the early establishment of high achievements with heterobimetallic Mg-Zn complexes

of bis(phenolate)tetraamine macrocyclic ligands as catalysts, two heterobimetallic Ti-Zn complexes
(5.124-5.125, Figure 5.11) were prepared and tested in CHO/CO; copolymerization (80 °C, Pco2 = 1
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bar).3”* Both catalysts are considerably less active that the heterobimetallic Mg-Zn catalysts (TOFs =
2 h?) affording modest selectivity in PCHCs (94-98%) together with PCHO and CHC as side products.

5.2.4. Group 6 Metal Catalysts

Over the last 20 years, due to their high activity, stereoselectivity and stability, chromium catalysts
(together with cobalt and zinc, vide infra) have been predominantly used for the copolymerization of
CO, with a wide range of epoxides, and have been largely well-covered by several reviews from 2004
to 2018313317 319, 372 |n thjs section, therefore, only a brief overview of Cr-based catalysts is
presented.

Although the first chromium catalysts, showing good activity and selectivity toward
polycarbonates (for 5.127: TOFs up to 173 h?, Selpcic < 97%), were based on porphyrin-type ligands
(5.126-5.127, Figure 5.12),>3%"7 the most remarkable advances were made by using salen-type
ligands and their derivatives, upon addition of various type of neutral and anionic co-catalysts, as
embodied in these selected examples: salcy (5.128-5.132),%783% salophen (5.133-5.136),380 382383, 385
salen (5.137-5.143),381383, 38 gajalen (5.144),% salan (5.145-5.149),%%¢ 3838 3n( thioether-modified
salan\salalen-like (5.150-5.157)*%3%! ligands (Figure 5.12). Among the diversity of salen-type
chromium catalysts, binary catalytic systems such as (5.132)/[PPN]N; and (5.134)/[PPN]C|I were
found to be highly active and selective in PCHC (TOF= 1153 h}, selpcic > 99% with CHO:Cr:[PPN]N; =
2330:1:1, at 80 °C, 34.5 bar) and PPC (TOF= 192 h?, selpcc = 93%, carbonate linkages = 99% with
PO:Cr:[PPN]CI = 2000:1:1, at 60 °C, 34 bar), respectively, leading to polycarbonates with narrow
Muw/M., values (=1.1) and high molecular weights (up to 50 and 26 kg mol?, respectively).38138 An
increase in regioselectivity up to 93% head-to-tail connectivity was seen in the coupling of rac-PO
with CO, by complexes (5.130, 5.135, 5.139 and 5.142 vs. 64% for 5.128) when activated by bulky

383 |t was also found that the activities for

nucleophiles such as 1,5,7-triazabicyclo-[4,4,0]-dec-5-enes.
the binary salan-Cr\DMAP system were up to 30 times higher compared to salen-Cr, and correlated
to the reduced electrophilicity of the chromium center bearing salan ligands, and thus favoring a fast

reversible exchange between epoxide\DMAP essential for improving the activity.3&
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Figure 5.12. Chromlum catalysts of porphyrin-type, salcy, salophen, salen, salalen, salan and
thioether-modified salan\salalen-like ligands.

In order to increase the activity of the salen-type catalysts, which are all rate dependent of an
associative mechanism involving either binary or dinuclear catalytic species, novel strategies were
developed for overcoming diffusion limitation at high conversion and low catalyst loading and
enhancing selectivity in polycarbonates.313317 319, 372 Aq 3 result, strategies evolved towards the
design of single-component catalysts, such as compounds tethering a quaternary ammonium salts as
co-catalyst to the salcy ligand framework (5.158-5.159),2°3% or dinuclear salcy\salophen-Cr species
(5.160-5.163)*>3%7 (Figure 5.13). In the absence of a co-catalyst, systems 5.158 and 5.159 were used
to catalyze the coupling of CO, and CPO, 1,4-CHDO, isobutene oxide, 2,3-epoxy-2-methylbutane, cis-
and trans-2-butene oxide.3923%* With these single-component catalysts, only monomers such as CPO,
1,4-CHDO and cis-2-butene oxide were found selective in the coupling to CO; to produce
polycarbonates. In contrast, the binary catalytic system 5.128\[PPNIN; only afforded cyclic
carbonates for instance. As anticipated, the dinuclear (salcy)CrCl (5.160) catalyst, in presence of 2
equiv. of [PPN]CI, was found to be efficient with TOFs up to 390 h? at extremely low loadings
(CHO:5.160 = 50000:1) for the copolymerization of CO, with CHO without sacrificing polymer
selectivity (selpcic >99%).3%7 High activity and selectivity (TOF = 82 h, selpcc >98%) were similarly
obtained with the dinuclear (salophen)CrCl species (5.163) at low catalyst loadings for the
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copolymerization of PO with CO, (P0O:5.163 = 20000:1) without co-catalyst, demonstrating their
superior catalytic performances when compared to the mononuclear (salophen)CrCl species (5.164,
Figure 5.13) under the same conditions (TOF = 7 h?, selpcc = 80%, P0:5.164 = 20000:1).3%
Additionally, the dinuclear species (5.160-5.162) in the presence of [PPN]X (X = F, Cl, NOs3) were
reported to polymerize a degradable polycarbonate made from CO, and 1-benzyloxycarbonyl-3,4-
epoxy pyrrolidine (selyoym. Up to 99%) at low temperatures (<80 °C), which could be depolymerized in
quantitative yield into the starting epoxide monomer at high temperature (2100 °C).3%

In attempts to improve the Cr-based catalyst\polycarbonate separation, a liquid-liquid phase
separation with a soluble polyisobutylene-bound (salen)CrCl catalyst (5.165, Figure 5.13) and a
liquid-solid phase separation by immobilizing complex (5.128) on a modified poly(aniline-co-o-
aminophenol) were synthesized and evaluated.3%3% Both catalysts showed very similar activity and

were very selective in the formation of PCHC compared to the corresponding unsupported

complexes (5.137) and (5.128), and only (5.165) was reported to be recyclable with a loss of only ca.
398

4% of the starting Cr accompanied by a drop in 20-30% in polymerization rate.
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Figure 5.13. Mono- and di-nuclear chromium catalysts of modified salen-type ligands.

Bu

Following these leads, a range of tetradentate Ni.type ligands such as tetraazaannulene (taa)
(5.166-5.170),%%402 tetraza Schiff base (5.171-5.174),°®* and N,-pyridine-carboxamide (5.175-
5.177)*“ have also been employed to prepare discrete chromium(lll) chloride complexes (Figure
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5.14). Only (taa)CrCl complexes (5.166-5.170), especially the ones bearing more electron-donor
substituents were shown to be highly active and selective toward the copolymerization of CHO and
CO, affording PCHC in the presence 2 equiv. of [PPN]N: as a co-catalyst (TOF= 1482 h?,
CHO:168:[PPN]N3 = 1700:1:2, at 80 °C, 0.5 h, 35 bar).*** Another advantage of these (taa)CrCl (5.166-
5.170) catalyts over the less-active (salen)CrX systems is that they have a much lower selectivity
towards the formation of CHC byproduct during the copolymerization.
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Figure 5.14. Chromium catalysts of tetradentate N4 type ligands.

Several other chromium catalysts bearing bis-ligated bi- and tri-dentate NN’O Schiff base ligands
(5.178-5.181),%* bidentate pyridine-aminophosphine, amino-pyridine, amino-\imino-pyrrole ligands
(5.182-5.188),%%° tridentate pyridine-amino-pyrrole ligand (5.189),40¢ and
bis(hydroxyquinoline)butylamine ligands possessing an ONNO chelating pattern (5.190-5.193)%07-408
have also been reported for this CHO\CO, copolymerization reaction, but activities and selectivities
are significantly lower than for (salen)CrX catalysts (Figure 5.15). Only the series of complexes
(5.191-5.193) were more active (with TOFs up to 2165 h™* within the first 30 min. after observing an
induction period of at least 30 min) with an excess of [PPN]N; as a co-catalyst for allowing high
selectivity in PCHC (TOF = 886 h, CHO:193:[PPN]N3 = 4168:3.6, at 100 °C, 4 h, 25 bar).*%®
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derivatives.

Initially successfully used to the development of iron catalysts (vide infra),**® the tri- and
tetradentate amino-bis(phenolate) ligand scaffolds, with different pendant donor groups such as
pyridyl (5.194-5.198),%19413 dimethylethyleneamino (5.199-5.200),*'% ** methoxyethyl (5.201),*'®
benzyl (5.202-5.203)**® and tetrahydofuranyl (5.204),*® were applied to the synthesis of
chromium(lll) chloride complexes, which have been reported to initiate the copolymerization of CO,
with CHO or PO in the presence of DMAP and [PPN]X co-catalysts (Figure 5.16). Examples of high
activities for the copolymerization of CHO\CO, reaching TOFs of 220 h! under high pressure were
reported by adding one equiv. of DMAP to either 5.194 and 5.199 and high selectivity in PCHC
without detectable amounts of CHC with low polydispersities values.*'% #* Complex 5.164 was also
reported to copolymerize PO and CO; efficiently in presence of 0.5 equiv. of [PPN]X (X = Cl, N3) with
TOFs up to 48 h™ with good-to-excellent selectivity in PPCs (from 51 to 96%) depending on the
reaction conditions (T = 23-25 2C, Pco; = 37-42 bar).*!!
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Figure 5.16. Chromium catalysts of amino bis(phenolate)-type ligands.

5.2.5. Group 7 Metal Catalysts

In 2003, a manganese complex supported by a tetraphenylporphyrin ligand was reported as active
catalyst for the copolymerization of CHO with CO,. Complex (Tpp)MnOAc (5.205, Figure 5.17)
catalyzed at 80 °C under 51 bar, the copolymerization of CHO/CO, to afford selectively PCHC with a
TOF up to 16 h™ and high carbonate linkages (98-99 %) but with low molecular weights (M, = 5800-
6700 g mol™, = 1.3-1.4). Additives such as PPhs, DMPA and N-methylimidazole decelerated the
polymerization rates and decreased the content of carbonate linkages. Complex 5.205 was the first
example of a catalyst copolymerizing at low pressures (1 bar) and showing high content of carbonate
linkages (95% with M, = 3000 g mol™, P = 1.6), albeit with low activity (TOF = 3 h™*) at 80 °C.*"’

CsFs

F5Ce CeFs

5.206: X = -
5.207: X = ClI

Figure 5.17. Manganese catalysts.

Apart from complex 5.205, the only other Mn-based catalysts are tri- and tetravalent Mn
complexes supported by a trianionic tetradentate corrole-type ligand (5.206-5.207, Figure 5.17). In
combination with a co-catalyst, such as [PPN]X (with X = CI N3, OAc and OC(O)CsFs), [R4N]CI (with R =
Et, Bu) and [R4P]ClI (with R = Bu, Ph), complexes 5.206-5.207 were found to be active in
copolymerization of CHO and PO with C0,.**® At 60 °C, complex 5.206 coupled with [PPN]OAc
reacted the most efficiently with CHO and 20 bar CO; to selectively produce either PCHC (carbonates
linkages: 99% with M, = 20000 g mol™, P = 1.2) or PPC (carbonates linkages: 29% with M, = 49900
gmol™?, B = 1.3) with moderate TOFs of 23 h' and 69 h?, respectively, with traces of cyclic
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carbonates. When complex 5.206 was activated by other bulky non-coordinating cations ([PPN]X,
[R4N]CI and [R4P]Cl), a notable decrease in the activity was observed for both epoxide monomers,
along with an increase of CPC as side-product of the PO/CO, copolymerization, but this was

accompanied by an enhanced carbonates linkages content (60-99%).%#

5.2.6. Group 8 Metal Catalysts

The earlier reports on iron-based catalysts for the epoxides/CO, copolymerization involved mostly
heterobimetallic systems such as double metal cyanide Zn,(Fe(CN)y), (DMC) and polyethylene oxide-
supported DCMs exhibiting low activity in either CHO/CO, or PO/CO, copolymerization with
moderate carbonates linkages (50-95%).41°2° Although undoubtedly iron-based catalysts are very
attractive in terms of abundance, the use of iron as homogeneous catalysts was primarily
disregarded due to the poor understanding of its role as active species in the heterobimetallic
systems (including homogeneous models mimicking DCM).*?1422 The first report on homogeneous
iron catalysts was reported by the William’s group, and composed of a bimetallic trivalent di-Fe
compound (5.208, Figure 5.18) bearing a bis(phenolate)tetraamine macrocyclic ligand similar to
complexes (5.3-5.5).* Di-Fe complex 5.208 alone is able of copolymerizing neat CHO with CO;
under mild conditions (TOFmax = 54 h' per Fe center at T = 80 °C with Pco, range = 1-10 bar). The
polymer obtained at 1 bar CO, showed a degree of carbonate linkage close to 66%, while the PCHCs
obtained under 10 bar are completely alternated (carbonate linkage > 99%). Attempts to
copolymerize CO, with PO or SO as monomers with 5.208 afforded only the corresponding
cycloaddition products. In contrast, tetra- and tri-valent iron-corrole complexes 5.209-5.211 and
5.212 (Figure 5.18), respectively, in presence of co-catalysts were reported by Nozaki and co-
workers as active catalysts not only for the copolymerization of CHO with CO,, but also as effective
catalysts for the copolymerization of CO; with PO and the far less investigated glycidyl phenyl ether
(GPE) monomer.*** While all [PPN]Cl-activated complexes (5.209-5.212) gave the copolymer
selectively (carbonate linkages: 84-96%) without concomitant formation CHC (TOFma.x = 109 h per
Fe center for 5.212, at T = 80 °C under Pco, = 20 bar), both carbonate linkages reported for the CO,-
based copolymers formed from PO or GPE monomers contained a high degree of ether linkages (71-
91%) with only traces of cycloaddition products for PO and none for GPE, independently of the co-
catalysts used ([PPN]X-type or DMAP).
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Figure 5.18. Iron catalyst of a bis(phenolate)tetraamine macrocyclic ligand and tetra- and trivalent
iron-corrole complexes.
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One of the most recent advances on iron-based catalysts can be attributed to Kleij and
coworkers, and revolve around tetradentate amino-tris(phenolate) (5.213-5.216) and pyridylamino-
bis(phenolate) (5.217-5.218) complexes of trivalent iron (Figure 5.19).%0% 425427 \jjth trivalent iron
catalysts (5.213-5.216) and depending of the amount of ["BusN] and [PPN] halide salts used as co-
catalysts, a switch in selectivity was observed for forming selectively either PCHC (82-99% with an
equimolar amount of onium salt) or CHC (48-96% with 10 equiv. of onium salts) under ScCO,
conditions. Copolymerization of v-CHO with CO; was also performed with catalysts (5.217-5.218)
and displayed higher selectivity for polycarbonate formation than for CHO (95% with carbonate
linkages >99%).

L

| X tBu
R O—Fe“"“‘o |
.9 ‘Bu o—Fe"©
NIIIIIIIII/ | ‘\\‘\
N |||||,,/\\N tBu
R =
Bu \ Yz,
5.213: R = Me 5.216 5.217: X = ClI
5.214: R = tBu 5.218: X =Br
5.215: R =CI
5.219: R = ‘Bu
5.220: R = Me

5.222

Figure 5.19. Iron catalysts of amino-phenolate-type ligands.
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A subsequent report from Jiang et al. presented the use of phenylene-bridged iron(lll) bimetallic
analogs (5.219-5.222, Figure 5.19) of the iron amino-tris(phenolate) complexes for the alternating
copolymerization of CHO and CO; in presence of 1 equiv. of [PPN]CI at 90 °C under 45 bar.*?’ The
bimetallic complex 5.220 exhibited the highest activity, which is relatively similar to the complexes
5.221-5.222 and 5.216, while the less sterically hindered complex 5.219 showed the lowest activity.
Under optimized conditions (CHO:5.220 = 1000:1, 120 °C at 45 bar), complex 5.220 was shown to be
the most efficient (TOF = 536 h?) preserving high selectivity in PCHC (>99%) and carbonate linkages
(99%).

In 2012, Zevaco and co-workers reported a series of anionic iron complexes (5.223-5.227, Figure
5.20) of N,N-bis(2-pyridinecarboximide)-1,2-benzene chelating ligands (bpb), having [Et4sN] as
counter cation, that were employed as an alternative to binary catalytic systems.*%% 428 These
catalysts were studied for CHO/CO, copolymerization at 80 °C under 50 bar of CO,, and at best TOFs
inferior to =5 h™ and high selectivity for PCHC over CHC (67-99% with carbonate linkage: 86-99%)
were reported, showing the small influence of electron donating or withdrawing substituents on bpb
ligands (Me = H > Cl = NO,)** or co-ligands (Cl > OAc)*?® employed.

R1 R2
® R
[NEt,] R S
0, £ _cl
/Fe\ -
R S l ©
THF
S/\S = N\/\)“_\JWV‘ = Z
5.223: X=CI,R'"=R%2=H / *
5.224: X = C|, R1 = R2 =ClI 5.228:R = CPh3 / ’
5.225:X=CI,R'=H,R*=NOy 5229 R = CMe,Ph | 5.231: R = Bu
5.226: X = CI, R' = R%2 = Me 5.230: R = Me

5.227: X = OAc,R'=R? = H
Figure 5.20. Iron catalysts of bis(2-pyridinecarboximide)- and bis-thioether bis(phenolate)-type
ligands.

Very recently, bis-thioether bis(phenolate) complexes of iron (5.228-5.231, Figure 5.20), in
combination with ["BusN]Cl or [PPN]CI, have been shown to display moderate-to-high activity for the
alternating copolymerization of CHO with CO, producing completely alternated PCHC (T = 80 °C, Pco2
=10 bar).*?® In particular, the presence of a sterically hindered substituent on the ligand backbone,
as in complex 5.229, has led to a higher catalytic activity (TOF = 340 h) than the related less crowed
complex 5.230 (TOF = 42 h).

5.2.7. Group 9 Metal Catalysts

The most studied and successful Group 9 metal catalysts combine a cobalt(lll) metal center and
tetradentate salen-type ligands or tetraazamacrocycle—porphyrin derivatives. Although mononuclear
complexes were the most widely studied species for the copolymerization of CO, and various
epoxides, dinuclear Co complexes were also shown to be efficient (pre)catalysts. For example, a
dinuclear cobalt catalyst of a macrocyclic ancillary ligand preformed well for the production of
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CO,/CHO copolymer under mild conditions and dinuclear salen-cobalt species realized the
stereospecific CO,/EP copolymerization to yield stereocomplexed polycarbonates or crystalline-
gradient terpolymers. Dinuclear cobalt-based catalysts supposedly operate through a distinct
mechanism to that of single-site complexes.**°

As stated in the introduction, cobalt catalysts represent one of the major class of catalysts for the
copolymerization of CO, and epoxides. Several comprehensive reviews are available and critically
discuss ligands/catalysts developments, structure/activity relationship and therefore, interested
readers are encouraged to consult these reference papers for more informations that can not be

detailed here 313315317, 319

5.2.8. Group 10 Metal Catalysts

Inspired by the high catalytic performances for the copolymerization of epoxides with CO, of salen-
type cobalt and chromium complexes, nickel catalysts of salen ligands and derivatives were also
examined due to their higher tolerance towards air and availability. In this regard, Ko and co-workers
designed and synthesized a series of air-stable binuclear Ni'" complexes of benzotriazole-modified
salen and salan ligands, bridged through phenoxy and acetate co-ligands (5.232-5.244, Figure
5.21).41434 These catalysts were all found highly active and efficient, without additional co-catalysts,
for the copolymerization of CHO and CO,, leading to a high selectivity in PCHC containing 99% of
carbonate linkages. The highest catalytic performances were achieved by the di-nickel-salen catalyst
containing electron-withdrawing carboxylate (5.234)*** and the sterically less encumbered a di-
nickel-salan catalyst (5.244),°* reaching TOFs of 432 and 328 h?, respectively, under optimal
conditions (CHO:di-Ni = 3200, T = 130-140 °C, Pco2 = 20 bar). The di-nickel catalyst 5.234 also
exhibited a relatively good selectivity when CPO was used as monomer toward the formation of
completely alternated PCPC (71% together with 29% of cyclopentene carbonate), although the
activities were very low (TOF < 7 h) at high temperature (T = 100 °C) under 20 bar of CO; and
producing only cyclic carbonate and homopolymer above 100 °C.*3*
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R=H: R = Me:

5.232: X = Me 5.233: X = Me
5.234: X = CF, 5.235: X = CF,4
5.236: X = Ph 5.237- X = Ph

5.238: X = 4-CF3-CgH, 5.239: X = 4-CF3-CgH,
5.240: X = 4-OMe-CgH,

5.243

5.241:R=H
5.242: R = Me

H17C8 OHZO @) CBH17

Figure 5.21. Nickel catalysts of salen and salan ligands.

Variously substituted mono-, di- and tri-nuclear Ni acetate complexes, supported by monoanionic
NNO-tridentate Schiff-base ligands (5.245-5.253, Figure 5.22), were also developed by Ko and co-
workers for application in CHO/CO, copolymerization catalysis.**> While mononuclear Ni complexes
(5.245-5.246) produced only traces of polycarbonates, the di- and tri-nuclear Ni species (5.247-
5.253) were much more active catalysts (TOFs up to 114 h) and afforded more PCHCs (up to 88%)
but still along with CHC as side product under harsh conditions (T = 90-150 °C, Pco2 = 20 bar).
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Figure 5.22. Nickel catalysts of tridentate Schiff-base ligands.

5.2.9. Group 11 Metal Catalysts
As for nickel (see section 5.2.8), monoanionic NNO-tridentate Schiff-base ligands were also used to
synthesize several mono-, bi- and tri-nuclear copper acetate complexes (5.254-5.258, Figure 5.23),%¢
which exhibited moderate activity for CHO/CO, copolymerization at 120°C under 20 bar of CO,,
affording PCHCs (up to 97% carbonate linkages) with a low-to-moderate selectivity in CHC (16-69%).

Di-Cu complex 5.256 performed with the highest activity (TOFs < 19 h?).
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R? \ \
R‘] N u ~
_\N N O:( \\\\\\(\:U/N\ MeO\«ACO/ \O
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H0 | 0 R s —Cl o L\ o
OAc \\/\N /&o R’ 3 OACY OMe
~ 2 X, _Cu—
I =
5.254: R = Me 5.256: R' = H, R? = Me h
5.255:R=Cl 5.257: R; = Me, Ry = H 5.258
Figure 5.23. Copper catalysts.
5.2.10. Group 12 Metal Catalysts
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Contrary to zinc catalysts, which count among the best performing systems and were therefore
intensively studied, no cadmium-based catalyst has been found active for the copolymerization of
epoxides and CO..

Zinc alkoxide and amide complexes of B-diketiminate type ligands count within the most notable
catalysts that were reported for the copolymerization of CO, and epoxides. Dinuclear zinc complexes
of a bis(phenolate)tetraamine macrocyclic ligand also exhibited remarkable activity in CHO/CO,
copolymerization at low CO; pressure, and for the original production of sequence-controlled
copolymers, from a four-component monomer feedstock, composed of caprolactone, CHO, phthalic
anhydride (PA), and C0,.#3%4%7

The developments of zinc-based catalysts, structure/activity relationships, recent achievements
in term of produced materials and polymerized monomers etc. were comprehensively reviewed and

discussed, and will therefore not be detailed in the present chapter.3!3 316-317.319

5.2.11. Group 13 Metal Catalysts

Aluminum catalysts were extensively studied over the last twenty years, and their evolution and
catalytic performances were comprehensively reviewed.31331% 319320 Along with salen-aluminum
catalysts, which belong to the most performant systems,3'> several other supporting ligand scaffolds,
such as porphyrin, B-ketoiminate, amino-phenolate derivatives also realized important
achievements in the field.**°

Despite numerous studies involving salen-aluminum catalysts, only a few isolated (salen)GaX (X =
Cl, N3) complexes have been examined for the copolymerization of CHO with CO, and only traces of
PCHC were observed.**® In contrast to the salen-gallium complexes, indium complexes bearing either
salen (5.259) and phosphasalen (5.260-5.266) ligands showed some activity (TOFs < 3 h) in
copolymerization of CHO with CO, without any pressure dependence from 1-40 bar of CO; (Figure
5.24).%%

5.260: X = Cl, R =Bu
5.261: X = Br, R = Bu

N /N
N,,% \\\\\\\\Ni pth:N”% \\\\\\\\N:Pth 5.262: X = OAc, R = Bu
tBudofln\ob'Bu RQOrln\OQR o203 % N?S, by tl?u
5.264: X = O'Bu, R ='Bu
> Cl t t X ! ‘
Bu Bl Bu Bu 5.265: X = O'Bu, R = CgHj4

5.259 5.266: X = O'Bu, R = CMe,Ph
Figure 5.24. Indium catalysts.

Copolymerizations were run at 60 °C for 48 h in neat CHO under 1 bar of CO, and in the absence
of co-catalyst, complex 5.259 converted 21% CHO monomer to PCHO. In contrast, complex 5.260
yielded polycarbonate containing 66% carbonate linkages, with high selectivity in PCHC (94%). Based
on those leads, other (phosphasalen)IinX (5.261-5.263) were investigated and the most active of
these catalysts (5.263) reached a TOF of 2.5 h™* and vyielded a highly alternating PCHC with high
selectivity in polymer (83%), high isoselectivity (Pm = 76%), with relatively short molecular weight
(M, =1.4 kg mol?) and narrow dispersity (P = 1.23).** Interestingly, the more sterically hindering
ortho-substituents in complexes 5.264-5.266 led to an enhanced activity (TOFs up to 15 h?),
improving greatly the polymer selectivity (90-95%) with high content of carbonate linkage (>99%)
and high isoselectivity (Pm = 78-86%).
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5.2.12. Group 14 Metal Catalysts

Tetravalent germanium and tin complexes (5.267-5.268, Figure 5.25) bearing the boxdipy ligand,
which are structurally similar to tetravalent titanium and zirconium complexes (5.72-5.73, Figure
5.8), have been reported as active catalysts for CHO and PO with CO, copolymerization in presence
of [PPN]X salts.®>’ Copolymerizations of CHO/CO, were run at 60 °C for 12 h in neat CHO under
20 bar of CO; and the germanium complex 5.267 (+ 1 equiv. of [PPN]CI) converted efficiently
CHO/CO, to PCHC with a TOF of 60 h™ (99% carbonate linkages with M, = 14 kg mol™) and a narrow
dispersity (P = 1.12), while the tin complex 5.268 (+ 1 equiv. of [PPN]CI) displayed a low activity (TOF
=17 h') and gave PCHC with low carbonate linkages (75%). Similar trends for the copolymerization
of PO and CO; were observed with both complexes, except that both exhibited a much higher level
of CPC (7-68%) as side product along with the concomitant formation of poly(propylene oxide)
(carbonate linkage: 87-97%).3%’

5.267: M =Ge, L =-
5.268: M = Sn, L = THF

Figure 5.25. Germanium and tin catalysts.

6. Summary and Outlook

Coordination compounds are undoubtedly compounds of importance in the field of polymerization.
As summarized in this chapter, they are present and effective in the areas of coordination
polymerization, radical polymerization and ring-opening (co)polymerization, in which they already
have achieved many breakthroughs. However, some general and more specific (for each technique)
opportunities for further developments can also be identified.

Over the last two decades, interest in the metal-catalyzed coordination polymerization of polar
and non-polar vinyl monomers remained very high, especially due to the unique ability of this
technique to produce the corresponding polymeric materials with a high level of stereocontrol. The
development of new catalysts, with the objectives of improving catalytic activities and
(stereo)selectivities, is still an important area of research, and it clearly appears that these
properties are directly related to catalyst structure (metal centers, oxidation states, ligands, etc.).
Unfortunately, no single or universal catalyst can meet all demanding needs. Identified remaining
challenges in this area would be, for example, effective and (stereo)controlled random
copolymerization of polar and non-polar vinyl monomers with the production of high molecular
weight materials or the incorporation of biorenewable vinyl monomers for the production of more
sustainable polymers.

Copper-catalyzed atom transfer radical polymerization is a mature technique that allows the
production of well-defined polymeric materials of various architectures with very efficient catalysts
that can be used at ppm levels and work even in water or in aerobic conditions. However, the
supremacy of copper catalysts was recently challenged by iron catalysts, which are very attractive
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(cost, abundance, toxicity) and, for some of them, also very efficient. ATRP works very well for the
so-called more activated monomers, but the controlled polymerization of less activated remains
challenging. This challenge (for radical polymerization techniques) was overcome, in some instances,
by the more recently developed organometallic-mediated radical polymerization techniques, which
use all the tools of coordination chemistry (metal coordination sphere, ligand design, redox
properties of metal centers etc.) to ensure a controlled polymerization. The black spot of both metal
mediated radical techniques is that they face undesired metal catalyzed radical termination
reactions. Further efforts have to be dedicated to kinetic and mechanistic studies, which should
allow the design of more efficient and selective catalysts.

Over the last two decades, significant improvements have been accomplished in the ring-opening
polymerization of bio-based cyclic esters (e.g. lactide) and the alternating copolymerization of
epoxides with CO,, enabling a promising approach towards sustainable polyesters and
polycarbonates, respectively, to be built. For the CO,/epoxide copolymerization, such major
improvements in term of activity, selectivity, controlling the polycarbonates properties (molecular
weight, polydispersity, regio- and stereo-chemistry) and mechanistic studies have been mostly
achieved by two leading type of mono- and bi-metallic homogeneous catalysts, i.e. the bulky zinc B-
diketiminate and the cobalt/chromium salen-type catalysts. In the last decade, recent efforts have
been particularly centered on boosting the activity and the selectivity by the development of single
component and bimetallic catalysts, avoiding the use of cocatalysts as additives, and directed
towards the development of more sustainable catalysts using inexpensive, less toxic and abundant
metal centers such as iron and aluminum. To a lesser extent, other metal centers from Group 2 to
14, including lanthanides, have shown some interesting activity selectively forming the expected
polycarbonates. Such diversification in catalyst development has brought a new impetus to the field,
not only in the variety of ligands and metals used, but also in the use of epoxides from renewable
resources, the introduction of functional groups (unsaturated bond) for further functionalization of
the polymeric chains, and the development of controlled block and random terpolymerization. In
addition, among the new emergent catalysts some of them have shown interesting prospects in the
ability to operate under very mild conditions (below 1 bar of CO, for instance) and to tolerate
impurities (including water, oxygen, amines and thiols) in the CO, gas feed.

Various metal catalysts, ranging from Group 1 to 13, now readily achieve a controlled
polymerization of lactide, however the control of the microstructure of the produced material
remains difficult to predict.

Despite these recent advances, the future challenges are many as it stands today. To enable the
polycarbonates to broaden their current applications, further developments will be necessary for
tuning and matching the thermal and mechanical properties for competing with petroleum-based
polymers. This is also true for most of the polyesters made by ROP. It can be attained by using more
efficient catalysts, i.e. allowing a better control of the molecular weights, the microstructures, by
sequential monomers addition, and functionalization of chain ends, for instance. Future
improvements of catalytic systems will indubitably be gained by developing more robust and
impurity tolerant catalysts able to work under realistic and economically viable industrial conditions.
Another area of research for enhancing the polycarbonates applicability is to develop efficient
catalysts able to copolymerize a wider range of epoxides than now, particularly from biorenewable
epoxides for making more sustainable polycarbonates that are currently difficult to obtain. Finally,
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another important aspect for engineering more sustainable polymers, albeit in a nascent field, is to
comprehend their biodegradability conditions in various environments.
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