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Engineering of iron-based polymerization catalysts: towards the design of original multi-
structured thermoplastic (co) polymers

Abstract: A series of iminopyridine-/iminoquinoline-based ligands L1-L11 of type
[(Ar)N=C(R)]-R’ (Ar = 2,6-Me»-CsHs or 2,6-'Pr-CeHs or 3,5-(CF3)2-CsHs or CsFs, R = H or Me
and R’ = 2-CsHsN or 2-CsH3N-5-Me or 2-CgHgN or 8-CgHeN) and their corresponding iron (11)
complexes (1-11) were developed. The complexes were fully characterized including by X-ray
for new complexes (6-11) and their catalytic applications were investigated for the controlled
coordinative polymerization of isoprene. The modulation of steric and electronic properties
within this family of ligands/complexes has shown to influence the stereo-selectivity and activity
of the polymerization of isoprene after activation with various cocatalysts. The resulting catalysts
produced polyisoprenes with an excellent conversion, high activity and a variety of stereo-/regio-
regularities. Some of these catalysts were also assessed for the coordinative polymerization of
styrene and displayed good activity for the formation of syndiotactic enriched polystyrenes.
Another organometallic methodology has been utilized for the synthesis of aminopyridine ligands
(rac-L'H and rac-L?H) and their corresponding iron amide complexes 12, 13Py and 14Py for
their application in the Ring-Opening (Co)polymerizaion of L-lactide and e-caprolactone where
the homoleptic complexes 13Py and 14Py proved to be effective.

Keywords: Iron, Homogeneous Catalysis, Coordinative Polymerization, Iminopyridine,
Iminoquinoline, Isoprene, Styrene, Lactide, e-caprolactone

Ingénierie des catalyseurs de polymérisation a base de fer : vers la conception de
(co)polymeres thermoplastiques multi-structurés originaux

Résumé: Une série de ligands L1-L11 a base d'iminopyridine/iminoquinoline du type
[(Ar)N=C(R)]-R’ (Ar = 2,6-Mez-CsH3 ou 2,6-"Pro-CsHs ou 3,5-(CF3)2-CeHs ou CeFs, R = H ou
Me et R’ = 2-CsHsN ou 2-CsHsN-5-Me ou 2-CoH7N or 8-CoH7N) et leurs complexes de fer (11)
correspondants (1-11) ont été développés. Les complexes ont été entierement caractérisés, y
compris par rayons X pour les nouveaux complexes (6-11), et leurs applications catalytiques ont
été étudiées pour la polymérisation coordonnée contrblée de l'isoprene. La modulation des
propriétés stériques et électroniques au sein de cette famille de ligands/complexes s'est avérée
influencer la stéréo-sélectivité et I'activité de la polymérisation de I'isopréne apres activation avec
divers cocatalyseurs. Les catalyseurs obtenus ont produit des polyisoprénes avec une excellente
conversion, une activité élevée et une variété de stéréo-/régio-régularités. Certains de ces
catalyseurs ont également été évalués pour la polymérisation coordinative du styréne et ont
montré une bonne activité pour la formation de polystyrénes syndiotactiques enrichis. Une autre
méthodologie organométallique a été utilisée pour la synthése de ligands aminopyridine (rac-
L'H and rac-L?H) et de leurs complexes amides de fer correspondants 12, 13Py et 14Py pour
leur application dans la (Co)polymérisation par ouverture de cycle de L-lactide et e-caprolactone
ou les complexes homoleptiques 13Py et 14Py se sont avéres efficaces.

Mot Clés: Fer, Catalyse Homogéne, Polymérisation coordonnée, Iminopyridine,
Iminoquinoléine, Isopréne, Styréne, Lactide, e-caprolactone
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General Introduction

Metal complexes are one of the most essential instruments for organic chemists. In the past
few decades, the rapid development of organometallic chemistry and catalysis has changed the
face of modern chemical science by making numerous breakthrough contributions to organic
synthesis, pharmaceutical applications, chemical industry, materials science, energy research, and
several other areas.! Nevertheless, such extensive use of metal compounds has highlighted the
significance of environmental and toxicity issues.?

Modern catalysis has been dominated by noble transition metals, such as palladium,
platinum, ruthenium and iridium, and these metals have been used in a wide range of reactions.?
The main advantage they possess over their first-row transition metal counterparts is their
preference for undergoing two-electron processes. Despite their prevalence in catalysis, there are
several problems associated with their continued use in catalytic processes. For one, the fact that
precious metals are by definition scarce indicates that they i) lack abundance, ii) are very
expensive, and iii) are susceptible to supply fluctuations, which fuels growing concerns about their
continued availability. Nearly a decade ago, the British Geological Society released a list of metals
at risk of supply disruption.* Antimony, the platinum-group metals (ruthenium, rhodium,
palladium, osmium, iridium, and platinum), mercury, and tungsten are estimated to be at the
highest risk. These factors may not directly influence the research in academia, but have profound
implications for industry and for the future of sustainable chemistry.

As a result, the current requirements for clean, fast, efficient, and selective processes have
increased the demand for such metal-based reaction promoters, especially the ones that can be
applied in catalytic amounts and/or that are recyclable. In this context, iron catalysis has
experienced a very strong growth over the last decade, driven by the need to develop a chemistry
that is increasingly in line with environmental concerns, such as the optimization of the planet’s
resources and the management of the waste from any industrial transformation.®

On a historical point of view, heterogenous iron catalysis has undoubtedly transformed the
world.® At the dawn of the twentieth century, the development of catalytic systems based on iron
for the production of ammonia in the Haber-Bosch process has contributed to the development of
intensive agriculture and, consequently, to the support of the global population growth.” Similar
in terms of economic relevance, though arguably less vital, is the Fischer—Tropsch process that
allows basically any carbonaceous material to be converted into liquid fuel. Originally designed

for coal processing, natural gas is the dominant feedstock in the current economic and political
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context, but renewable (waste) carbon sources are expected to gain importance in the future. In
contrast, homogeneous iron catalysis has become a focal research area only recently as evident
from the exponential rise in the number of publications after the turn of the millennium.2 A variety
of attractive reasons speak in favor of homogeneous iron catalysis:
e lron, its oxides and many of its salts are readily available, cheap with negligible
environmental impact and of low toxicity.°
e This metal is an essential element of life since its presence in specific proteins that helps
to bind and transport oxygen through the circulatory system of all living organisms (Figure
1).10

Figure 1. Iron-containing enzymes found in nature: Mycobacterium tuberculosis CYP121 containing a
heme-iron center (PDB: 3G5H) (left)!! and structure of heme B unit (right)

e Due to iron’s central position in the periodic table, just above ruthenium, which is arguably
one of the most versatile central metals in contemporary catalysis research, it can have the
property of both an “early” and “late” transition metal and, thanks to its ability to exhibit
multiple oxidation states, any type of reaction is, in principle, within reach.®

e Iron cations also bind strongly to many N- and O-based ligands, and these ligands can
replace phosphine ligands and related ligands in iron chemistry, which require additional

cost and labor.
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e The organometallic and coordination chemistry of iron, suitable for homogeneous
catalysis, remains a wide-open field of research with enormous opportunities for discovery
and innovation.

Due to all these reasons, it is most likely that homogeneous iron catalysis will eventually
gain importance in organic chemistry, polymerization, small molecule activation, electrocatalysis
etc.8%12 and replace the frequent use of noble metals in this field.®> A variety of comprehensive
reviews focusing on the development of iron catalysis in organic synthesis and transformations
including those in hydrogenation, hydrosilylation, hydroboration, addition, C-H activation, C-C
coupling etc. are available in literature that can be redirected to for further information.t> On the
other hand, apart from applications of iron in organic catalysis, there have also been outstanding
developments regarding the use of iron in polymerization catalysis, in particular, the coordination-

insertion polymerization (Scheme 1).13

JOTES

‘I\dr poly(1,3-diene) _, l{t’h

poly(1 G-heptadlem) polar vinyl polymer

. it %co:x
\[ﬁ monomer [/’q

x 2
poly(norbornene) n (: ’4//" poly(a-olefin)
\Z '

poﬁl’.f.‘:::.."&’,‘ R U poly(acatylens)
W I’ W}

alternated poly(uur) alternated poly(carbonate)

Scheme 1. Coordination-insertion polymerization catalysis using iron-based complexes
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After the pioneering work of Gibson and Brookhart related to the polymerization of
ethylene,* which will be briefly recalled in this thesis, many advances have been made in the field
of iron-catalyzed ethylene polymerization,'> in particular by the group of Sun that has developed
thermally stable systems by improving the rigidity of the catalysts as well as introducing highly
hindered N-aryl moieties on the bisiminopyridine ligand.**7 In parallel, there have also been an
increasing number of studies on the coordination-insertion polymerization of a large variety of
organic monomers ranging from non-polar to polar.® In particular, the field of iron-catalyzed
polymerization of 1,3-dienes has seen a considerable surge of interest since the pioneering work
of Ritter et al. in 2012,'® however, this competitive research domain still lacks the potential to
replace the dominating industrial catalytic systems that are mainly based on other transition metals
(e.g. Ti, Co, Ni) or rare earths (Nd).° In addition, the stereo-/regio-selectivity of these systems
remains an issue that needs to be further improved. From this point of view, much remains to be
done for understanding the structure-properties relationships of iron-catalyzed 1,3-dienes
polymerization. Lastly, with respect to the Ring-Opening polymerization (ROP) of cyclic esters,
various iron catalytic systems have been reported in the literature but most of them still lack high
activity and control over the stereoselectivity of polymerization.

Therefore, in this context, the primary objective of this thesis work was to develop a new
family of iron-based catalysts comprising an iminopyridine skeleton, that can be used to synthesize
polyisoprene with controlled microstructures. The secondary aim is to develop new iron amide
complexes for their potential application in the controlled Ring-Opening polymerization (ROP) of

cyclic esters.

Chapter 1 presents an introduction to the field of iron-catalyzed coordination-insertion
polymerization through a bibliographic survey covering the recent advancements in this field
regarding 1,3-dienes and Ring-Opening Polymerization of polar monomers, which has progressed

steadily over the last decade.

Chapter 2 describes the synthesis and development of alkylated N-aryl substituted iminopyridine
iron complexes and their catalytic applications in the controlled coordinative polymerization of

isoprene and styrene.
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Chapter 3 focuses on the development of a new family of iminopyridine iron complexes bearing
electron withdrawing fluorinated groups on the N-aryl moiety, their structural features and
characterization as well as their reactivity towards isoprene and styrene polymerization. The
catalytic activities and selectivity of these newly developed systems are compared to the ones

described in Chapter 2.

Chapter 4 explores and establishes the first reversible coordinative chain transfer polymerization
(CCTP) of isoprene with iron-based catalytic systems described in Chapters 2 and 3. It also
demonstrates the implementation of chain shuttling polymerization (CSP), which is one of the

remarkable extensions of CCTP.

Finally, Chapter 5 deals with the synthesis and characterization of newly developed
homoleptic/heteroleptic amidopyridine iron amide complexes and their catalytic applications in
the Ring-Opening (co)Polymerization (ROcOP) of L-LA and ¢-CL.
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Chapter 1

1.1. Coordination-insertion polymerization by means of Iron catalysts
1.1.1. Principles of Coordination-insertion polymerization

Since the initial discovery more than sixty years ago of Karl Ziegler and Giulio Natta,*
coordination-insertion catalysis has emerged as a preferred choice for controlling the
polymerization of a wide range of unsaturated hydrocarbon monomers and many others.? Indeed,
compared with other polymerization methodologies such as anionic or radical polymerization, the
resulting microstructure of the growing chain has in this case the advantage of being dictated by
the catalyst environment.?

Conventional Ziegler-Natta (Z-N) systems are based on heterogeneous and, to a lesser
extent, homogeneous catalysts, which predominantly consist in an early transition or rare earth
metal-based compound (pre-catalyst) in combination with a main group alkyl or a borane (or
borate) co-reagent (cocatalyst).® Heterogeneous Z-N catalysts dominate the industrial
manufacturing of polyolefins and related polymers; however, these systems possess several active
sites that make them difficult to characterize and generally lead to polymers whose microstructure
may be less controlled with broad dispersity (molecular weight distribution). On the other hand,
homogeneous catalysts, which are represented by single-site catalysts with well-defined structures,
are capable of producing polymers with a narrower dispersity and, to some extent, controlling the
stereo-, regio- and chemo-selectivity according to the steric and electronic properties of the
ancillary ligand(s).®> After the discovery of methylaluminoxane (MAO) as a cocatalyst in the late
1970s, most of the research works on homogeneous Z-N catalysts have been focused on the
preparation of well-defined early transition metal-based systems, initially with Group 1V
metallocenes and their derivatives, followed by the development of post-metallocene catalysts.®
Advances in this area have enabled to prepare metal-based complexes capable of polymerizing, in
some cases, various monomers in a living fashion, along with efficient control over selectivity,’
dispersity and the preparation of end-functionalized polymers as well as block copolymers.® More
recently, well-defined late-transition metal complexes have also shown considerable potential as
catalysts for the polymerization of unsaturated hydrocarbon monomers, allowing, inter alia, the
preparation of polymers that display unprecedented architectures.® Furthermore, one of the
advantages of late-transition metal-based is that they have demonstrated, in some cases, to be more
tolerant toward functional groups in comparison with the more oxophilic counterparts based on

early metals.®
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Chapter 1

With regard to Z-N catalytic systems, the well-accepted mechanism for the coordination-
insertion polymerization of a-olefins was proposed at the beginning of the 1960s’ by Cossee and
Arlman.! In this respect, the coordination-insertion polymerization of a-olefins (and
corresponding unsaturated hydrocarbon monomers) refers to a polymerization process involving
the prior coordination of the double bond of the incoming monomer on the metal (M) active center
to generate a © complex intermediate. The coordination of the monomer is then followed by its
insertion into the active metal-Z bond (or metal-polymer) of the initiating (propagating) species,

the growing chain remaining attached to the metal center (Scheme 1.1a).

insertion
+
(a)

LnMv\&Zi R

/:
T R
/D M = metal; L, = ligand(s);
L, M\ [J = vacant coordination site;
Z Z = initiating group or polymer chain;

cationic or neutral R = substituted monomer

(b) l o]
o8
termin‘a\t\ion . W O@
L M<O\/QZ L"M\)
. \D Z
t
)]

o z

insertion/ring-opening

Scheme 1.1. Mechanism of metal-catalyzed coordination-insertion polymerization of (a) unsaturated
hydrocarbon monomers and (b) polar cyclic monomers.

Not only unsaturated hydrocarbon monomers can be polymerized by a coordination-

insertion mechanism, but also, in a lower degree, several families of polar cyclic monomers such
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as cyclic esters or carbonates and others.'?> The coordination proceeds via o donation of the
heteroatom of the polar cyclic monomer on the metal center, which subsequently inserts into the
metal-Z bond (or metal-polymer) by addition of the Z group on the carbon of the carbonyl group.
This step is then followed by the ring opening of the heterocycle through the cleavage of the
carbon-acyl bond (Scheme 1.1b); this polymerization process is commonly designated as

coordination-insertion Ring-Opening Polymerization (ROP).:

The simultaneous investigation conducted independently by the groups of V. Gibson, M.
Brookhart and A. Bennett (DuPont) in the late 1990s demonstrated a very high efficiency and
selectivity of the first-generation iron-based complexes for the polymerization and/or
oligomerization of ethylene upon activation with an excess of MAO, producing exclusively linear

oligomers or polymers (Chart 1.1).14

Central Pyridine-type framework

R =H, X = CI 3H(CI)

R = CHj, X = CI 3Me(Cl)
Me

R =H, X = cl1H(Cl)
R = CHj, X = Cl 1Me(CI)

v

pr

Me

\ <
Ar= - R=H,X=cI2%cl R =H, X = Cl 4H(Cl)
M R = CH3, X = CI 2¥(CI) X =Cl, Br Ve R = CHj, X = CI 4Ve(CI)

© Imino Pendant Arm

N-aryl substituent

Chart 1.1. Selected iron-BIP complexes used for the polymerization/oligomerization of ethylene.

Briefly, the key feature of these pre-catalysts, with respect to their reactivity with ethylene,
is the presence of a bis(imino)pyridyl (BIP) tridentate pincer ligand that can produce, according to
the steric hindrance of the N-aryl substituents, either short chain oligomers or high molecular
weight polyethylene.®™1® Over the past two decades, a considerable amount of efforts has been
devoted to the modification of the BIP ligand framework and the development of related
architecture, with the aim to improve the activity, the selectivity and the thermal stability of the
original iron-based catalyst system.'”*8 Apart from inspiring several research groups to exploit the
potential of BIP ligand, the revolutionary work of Gibson and co-workers has also proven to be

the basis for the polymerization of other monomers.*®

12



Chapter 1

Herein, the purpose of this bibliographic survey is to provide an overview of well-defined
single-site iron-based catalysts specifically involved in homogeneous coordination-insertion
polymerization of some selective monomers. Over the past decade, research groups working on
coordination-insertion olefin polymerization using iron-based pre-catalysts have contributed to the
publication of several exhaustive reviews in this field, either by focusing on a single type of
monomer (mainly ethylene), or based on a family of structurally well-defined iron complexes (vide
supra). However, to our knowledge, there are still numerous studies focusing on the advances in
iron-based catalysts for the coordination-insertion polymerization of various monomers such as
1,3-dienes and in particular, cyclic esters which was only briefly reported ten years ago.?° Hence,
this chapter will cover advances in iron-based catalysts for the coordination-insertion
(co)polymerization of monomers  specifically 1,3-dienes and polar cyclic esters. Particular
emphasis will be made on the recent developments of the polymerization of isoprene, lactide and
e-caprolactone monomers, which have been in particular studied experimentally in this thesis

work.

The catalyst performances have been converted in turnover frequencies (TOF, turnover
number per time unit in h't) either from the reported activities [TOF = activity (gpolymer.MOlcat X"
H/Mmonomer (g.mol™)] or the isolated polymer yields {TOF = [Npolymer (Mo0l)/Ncat. (Mol)]/time ()]}
or the conversion of monomer {TOF = [conv. (%) * monomer/cat. (ratio)]/time (h)}. However, it
should be noted that the performance of the catalytic systems is often strongly dependent on the
experimental conditions, such as, for example, the nature of the monomer, the catalyst
concentration, the type of solvent, the reaction time, the stirring rate and many other parameters,
thus, the comparison of the different systems for a given transformation must be taken with
precaution.” The activities are classified into different categories as shown below:

Low [TOF (h'!) < 100], Moderate [100 < TOF (h'!) < 1 000], High [1 000 < TOF (h'!) < 10 000],
Very high [10 000 < TOF (h'!) < 100 000] and Extremely high [TOF (h'!) > 100 000]. In a similar
way, we have classified the stereoselectivities as fair (50 — 65%), moderate (65 — 85%) and high
(>85%).

13



Chapter 1

1.1.2. Iron-catalyzed polymerization of 1,3-diene monomers

1.1.2.1. General overview

The polymerization of 1,3-dienes has seen a considerable surge of interest over the past
two decades, due to the wide range of industrial applications of the resultant polymers that can
display different thermal, mechanical and physical properties depending on its chain
microstructures (e.g. 1,4-cis, 1,4-trans, iso-, syndio-, atactic-3,4 and/or -1,2 vinyl arrangements,
Scheme 1.2).2! Over the different polymerization methodologies such as radical,?* cationic,?3or
anionic processes,?* the fine control of the stereo/regio-regularity of the chain microstructure can

be reached, to some extent, only through coordination-insertion polymerization using Ziegler-

Natta type catalysts.
R
Butadiene: R=H 1,4-cis 1,4-trans
~
Isoprene: R = Me — iso-, syndio- or atactic
B-Myrcene: R =

Scheme 1.2. Polymer microstructures from the polymerization of 1,3-dienes

The most commonly used 1,3-diene monomers for the coordination-insertion
polymerization include butadiene (BD), isoprene (IP) and B-myrcene (vide supra). Though,
butadiene and isoprene are petro-sourced, polyisoprene (PI) can be found in nature [Gutta-percha
(1,4-trans) or Hevea bransiliensis (1,4-cis)] in contrast to polybutadiene (PB) which is only
synthetically produced. Likewise, the 3,4 and 1,2 motifs (very scarce) can only be produced
synthetically. With regards to unsustainable renewable nature of petroleum resources and the
energy crisis, research groups have also started to focus on the replacement of petro-sourced
monomers by bio-sourced monomers such as myrcene, ocimene and [-farnesene for the

development of biobased green rubber materials.?>?

For many years, most of the research works have been focusing on the synthesis of 1,4-cis
polydienes, which is one of the major components used in the tire manufacturing and elastomer
industry due to its natural rubber-like characteristics.?”?® In particular, 1,4-cis-polybutadiene

rubber (PB) is the second-largest group of synthetic elastomers used worldwide after styrene-
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butadiene rubber (SB) and the total world production capacity of 1,4-cis-PB is ~2.2 MT/year with
a trend to increase further.?® On a commercialized scale, 1,4-cis-PB was being produced using
solution polymerization with Z—N type catalysts.?® On the other hand, 1,4-cis polyisoprene (PI)
also displays characteristics similar to that of natural rubber, which can also be produced by Z—N-
type catalytic system. However, due to difficulty of synthesis of isoprene monomer, synthetic 1,4-
cis-P1 cannot compete economically with natural rubber.?"?

More recently, 1,4-trans polydienes have shown to display excellent anti-fatigue
properties, among others, that can be used in long durability “green” tires. On the other hand, the
selective crosslinking of the pendant vinyl-groups in 1,2- (or 3,4-) polydiene can improve the
performance of the material with wet-skid and low rolling resistance tread.*

The coordinative polymerization of conjugated dienes (specifically butadiene) was first
discovered in 1954,% soon after the low-pressure polymerization of ethylene that was published
by Ziegler and co-workers.?® Thereafter, researchers from the academia and industries have
continuously focused to improve the performances of the catalytic systems (activity/productivity,
selectivity, efficiency in metal catalyst), with the aim of optimizing the preparation of synthetic
polymers such as 1,4-cis PB. Several single-site metal-based systems of rare earth® and
transition®® metals have shown to be highly active for the polymerization of 1,3-dienes, affording
simultaneously high molar masses and control over the microstructure, but to date, industrial
concerns in the recent period are mainly dominated by four metallic elements—namely
neodymium, nickel, cobalt, and titanium.®* For the synthesis of 1,4-cis PB, the industry catalysts
are generally based on ternary systems, with a pre-catalyst associated to an activator and an
aluminum chain transfer agent as depicted below in Table 1.1.

Table 1.1. Different catalytic systems used for the production of 1,4-cis-PB

Catalytic system Metal (mg/L) 1,4-cis-PB (kg/gM)  1,4-cis (%)
TiCla/l/Al('Bu)s 50 4-10 93
Co(02CR)2/H20/AIELCI 1-2 40-160 96
Ni(O2CR)2/BF3.0OEt2/AlEt3 5 30-90 97
Nd(O2CR)2/EtzAl,Cls/Al(Bu).H 10 7-15 98

With the advancement in industrial technology neodymium catalyst, in aliphatic solvents,

was discovered in the early 1980s and dominates the industrial production of 1,4-cis PB since
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then.3® On the other hand, 1,4-trans polydienes are rather synthesized either by means of binary
catalytic systems often comprising an alkylmagnesium cocatalyst,*® or by combination with an
aluminum derivative in the case of transition metal systems.*’

It is generally accepted that the stereo- and regio-selectivity of 1,3-dienes polymerization
depend on the mode of coordination of the incoming diene monomer (s-72-trans, s-7*-trans or s-
1*-cis) and the conformation of the terminal 7*-allyl unit of the growing polymer chain that is
bound to the metal center in anti or syn fashion, which are exchangeable (Scheme 1.3).%8 In that
context, it was shown that stereo- and regio-control can be attained providing that suitable ligand
design (steric and electronic) and/or appropriate alkylating agent are combined.

In the case of iron-based catalysts, coordinative polymerization of 1,3-dienes has not been
intensively investigated when compared to the field of ethylene polymerization. A majority of the
works related to this topic has been reviewed in 2010 by Ricci et al.>® “° and in a book chapter by
Olivier-Bourbigou and coworkers in 2015.1% Several research works focusing on well-defined
iron-based catalysts have been published since these last bibliographic surveys; therefore, we will
present (as far as possible) a comprehensive coverage of the literature in this field. The first section
will briefly present studies on the use and impact of various (in particular phosphorous) additives
as ligands to the catalytic behavior of iron inorganic FeZz precatalysts, the second part will be
devoted to iron-based counterparts bearing tridentate ligands and, finally, the last section will deal
with iron complexes supported by bidentate ligands, which is one of the main focus of this thesis
work.

The first report on the use of an iron complex for the polymerization of 1,3-dienes was
described in 1964 by Noguchi et al.*! Polymerizations of BD and IP were performed at 30 °C for
20 hours using a combination of Fe(dmg). (dmg = dimethylglyoximate) and AlEts (Al/Fe = 4). PB
with content mixture of 1,2/1,4-trans/1,4-cis units = 63/13/24 and polyisoprene with a quasi-equal
amount of 3,4-/1,4-cis units = 45/54 along with a very small portion of 1,2 content (1%) were

obtained.
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1,4-trans unit
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Scheme 1.3. Proposed mechanism of coordinative 1,3-diene polymerization, relevant step for the

formation of 1,2/1,4/3,4 microstructure®®
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In 1970, Swift et al. studied various cyano-substituted pyridine ligands in combination with
Fe(acac)s/AlEts (or Al'Bus) (acac = acetylacetonate) for the polymerization of IP and BD, most of
them exhibiting very low activity or none.*? The best result was obtained with Fe(acac)s/phenyl-
2-pyridylacetonitrile/AlEts (1/1/3) system, with a TOF of 21 h' at 25 °C, affording polyisoprene
of composition 1,4-cis/3,4/1,2 units ~ 48/50/2. In parallel, BD polymerization was carried out
using Fe(acac)s/2-cyanopyridine/AlEts (1/1/3) producing PB (TOF = 17 h't) with an equal fraction
of 1,4-cis and 1,2 structures (Chart 1.2).

\< 1,4-cis =
X }
b e - |
1,2 3,4 1,2 d
Polybutadiene (PB) Polyisoprene (PI)

Chart 1.2. Linked microstructures of 1,3-dienes

1.1.2.2. Iron precursors with phosphorous additives for the polymerization of butadiene

In parallel with the development of well-defined iron-based pre-catalysts for the
polymerization of butadiene (which will be discussed later in section 2.1.2.2), the group of Zhang
and Dong investigated the effect of electron donor phosphorous additives in combination with
Fe(acac)s/AlIRs or Fe(2-ethylhexanoate)s/AlRz [Fe(2-EHA)s]. These catalysts are systematically
generated by mixing all the reagents in situ, which implies that the mechanism of formation of the
active species and its structure remain, until now, unclear. Nevertheless, it has been found that
some of these systems display a high tolerance to the polymerization temperature and produce
highly regular syndiotactic 1,2-PB under appropriate conditions. For a detailed comparison of
various additives and their effect on polymerization, readers are advised to refer to this
comprehensive review written by our group in reference.® Herein, we will discuss the combination

of one of these additives with a catalytic system (Chart 1.3).

_p-H
(028 \O
Diethyl phosphite
(DEP)

Chart 1.3. Diethyl phosphite (DEP) used in combination with Fe(2- EHA)s for the polymerization of BD
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The use of diethyl phosphite (DEP)*® as additive in a ratio of [DEP]/[Fe] = 2 — 6, when
combined with Fe(2-EHA)s/Al'Bus, exhibited living character and afforded PB with a prominent
content of 1,2-units (> 85%) under appropriate conditions.** By applying the ternary Fe(2-
EHA)s/AlI'Bus/DEP catalytic system, the regio-regularity of the resulting polymer was found to be
strongly influenced by the amount of aluminum cocatalyst. When the [Al]/[Fe] ratio was less than
ten, amorphous polybutadiene consisting of a mixture of 1,2- and 1,4-cis units with a very small
portion of 1,4-trans was produced, while increasing the ratio above ten, PB with both high content
of 1,2-units (> 85%) and syndiotacticity (rrrr > 81%) was obtained.*® The preparation of
butadiene-based block copolymers has been further investigated by taking advantage of the living
character of this ternary catalytic system.*® Butadiene was first completely polymerized at 40 °C
for 24 hours with Fe(2-EHA)s/DEP/AI'Bus (BD/Fe/DEP/AI = 1 000/1/3/6), which was then
followed by the in situ addition of 860 egs. of isoprene to yield a block copolymer of
poly(butadiene-b-isoprene). In a similar manner, stereoblock copolymer with an amorphous
polybutadiene block segment comprised of a mixture of 1,4-cis/1,2 content and a crystalline
syndiotactic segment was prepared by sequential polymerization using Fe(2-EHA)3/DEP in
presence of different amounts of cocatalyst. The first stage of the copolymerization was performed
using 5 egs. of AlI'Bus, producing the first amorphous polybutadiene block with 52% of 1,2 content.
Subsequently, in situ addition of an excess of Al'Bus (30 egs.) and butadiene resulted in a change

of selectivity of the catalytic system, providing a second crystalline polybutadiene block.**

1.1.2.3. Iron-based catalysts bearing tridentate ligand for the polymerization of 1,3-dienes

The discovery of highly active ethylene polymerization catalysts, (BIP)FeCl./MAO,
prompted some research groups to study their catalytic potential in the polymerization of 1,3-diene
monomers (Chart 1.4). An early report claimed that this catalytic system was inactive toward the
polymerization of 1,3-dienes, presumably due to the presence of bulky substituents on the N-aryl
ring of the BIP ligand that could be detrimental to the coordination of the 1,3-diene monomer on
the metal center, as compared to the less congested ethylene monomer.*® The group of Zhang re-
examined the use of the iron-based complex supported by the BIP ligand for the 1,3-dienes
polymerization, but this time using a BIP ligand that did not incorporate a substituent on the N-
aryl moiety in order to facilitate the coordination of the monomer.*” Complexes (BIP)FeCl, [7(CI)]

and (BIP)FeClsz [7Cl1)’] were evaluated in butadiene polymerization in presence of 100 egs. of
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MAO. Complex 7(Cl)’ quantitatively produced polymers (TOF = 250 h' at 20 °C) with high
content of 1,4-trans units (> 94%), whereas the FeCl, counterpart 7(CIl) was less active with
mixture of microstructure consisting of 1,4- cis/1,4-trans/3,4 units = 35/55/10. The high 1,4-trans
selectivity using 7(C1)’’MAO was attributed to the preferential single-n? coordination mode of
butadiene on the metal center due to the tridentate BIP ligand, which could generate a metal-alkyl
active species with one less coordination site than that of the corresponding metal with bidentate
nitrogen ligand (vide infra). The relatively higher activity of complex 7(Cl)’ in comparison with
7(Cl) was ascribed, by the authors, to a higher electrophilicity of the Fe (111) center than its Fe (1)
counterpart. Though, the divergence in activity (and selectivity) of both complexes may also stem
from the distinct nature of the pre-catalysts, with the solid-state structure of 11(ClI) being isolated*®

as an ion pair [(BIP)2Fe][FeCl4] while complex 11(Cl)’ is under monomeric form [(BIP)FeClz].

= FeCly; Ry = Ry = H [7(Cl)]
R, R; =R, =H[7(CI)T R, =H,R2=Me (10"
\Fe FeCls R =Me, R, =H (4Me') R, =H, R, ='Pr (11"
=Et, R, =H (8" Ri=H,R,=F (12"
aC =iPr,Ry=H ()  Ry=H,R,=CFs(13)
Low to moderate activities

7(Cl)" and 10'-13'- Highly 1,4-trans selective

Chart 1.4. (BIP)FeCl./FeCls complexes for butadiene polymerization*’4°

The same research group carried out further investigations in the field by varying the steric
and electronic effect of the BIP ligand.*® Seven iron (111)-based complexes (4Me*, 8°, 9° and 10—
13’) supported by different BIP ligands have been evaluated toward the polymerization of
butadiene in presence of 40 egs. of Al'Bus and compared with the former complex 7(Cl)’.
Activation of pre-catalyst 7(Cl)’ with an excess of Al'Busshowed similar activity and afforded
polybutadiene having identical M, and microstructure content to that using excess MAO.
However, the activity and selectivity of the polymerization were greatly influenced by the
substituent on the aryl ring of the BIP ligand. It was noticed that an increase of the steric bulkiness
at the 2-position of each N-aryl group decreases both the activity and the 1.4-trans selectivity, with
the activity of the catalysts being in the order 7(Cly’ > 4M®> > 8’ > 9’ and the composition of the
1.4-trans units varying as 7(Cl)’ (95%) > 4Me (43%) > 8’ (30%) > 9’ (10%). In contrast, a
significant increase of M, of the resulting polymer was observed for complexes 4Me*, 8” and 9° (Mn

> 250 kg/mol) compared to complex 7(Cl)’ (Mn = 29 kg/mol). The authors suggested that the
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decrease of activity could be attributed to the difficulty of the incoming monomer to coordinate to
the iron center, due to the presence of sterically hindered substituent at the 2-position of each N-
aryl group for 4M¢>, 8> and 9°. Conversely, the presence of a congested iron center is able to delay
the appearance of chain transfer with respect to chain propagation, resulting in higher M, for the
polymers produced with complexes 4Me*, 8” and 9°. At this stage, the reason for the decrease in
1,4-trans selectivity observed for 7(Cl)’, 4M¢>, 8> and 9’ could not be explained. It is noteworthy
that the authors prepared an iron complex bearing a BIP ligand with cyclohexyl-substituent instead
of aryl-substituent on the imino group, which proved to display very low activity after activation
with Al'Bus (TOF = 12.5 h! at 20 °C). Regarding the modification at the 4-position of each N-aryl
group of the BIP structure, it was found that the presence of an electron-donating alkyl substituent
in 10’ (Me) and 11” (‘Pr) had essentially no effect on the activity and the 1,4-trans selectivity of
the catalyst. However, an electron-withdrawing group, F in 12° and CF3in 13°, disrupts the active
species by increasing the Lewis acidity of the iron metal center, which, in contrast to bidentate
pyridine-imine ligand, reduces the catalytic activity that followed the order 7(Cl)> > 12> > 13’,
while keeping the same 1,4-trans selectivity. Overall, the authors concluded that modification at
the 2-position of the N-aryl group of the BIP ligand influences both the activity and the selectivity,

whereas the 4-positions altered only the catalytic performance.

AN
S | N/ S
yN’ | N
t T~Fe t
Bu \ Bu
Br Br
(14)

Very highly active and moderately 1,4-cis selective

Chart 1.5. [Bis(thiazolinyl)phenyl]FeBr, complex (14) for butadiene polymerization®

Britovsek and his collaborators have studied other variants of BIP ligand architecture by
introducing a thiazoline moiety on the imino carbon atom. After activation by 500 egs. of MAO,
the iron complex (14, Chart 1.5) showed high activity towards the polymerization of butadiene
(TOF = 16 266 h'), producing polymer of high M, (110 000 g/mol) and narrow dispersity (1.77)
with a microstructure consisting of moderate 1,4-cis content (74%) as well as a mixture of 1,4-
trans (17%) and 1,2 units (10%).%°
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Apart from the complexes described above, a variety of iron-based precatalysts supported
by tridentate ligands have been reported in literature. These include well defined iron systems
bearing N,N,N-terpyridine-type and N,N,O-pyridyloxy-benzaldimine ligands,* 2,6-bis(2-
benzimidazolyl)pyridyl and 2,6-bis(pyrazol)pyridine ligands,®? bis(imino)aryl NCN pincer
ligand,>®  2-(methyl-2-benzimidazolyl)-6-(1-arylimino)-ethyl)-pyridine  ligand®* and 2,6-
bis(oxazolin-2-yl)pyridine ligand®® reported by various research groups as shown in Chart 1.6.
Overall, it appears that the activity of catalytic systems derived from these precatalysts for the
polymerization of butadiene/isoprene is relatively low when compared to highly active system
described by Britovsek (Chart 1.5). A brief comparison of these systems can be found in our

review.®
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Chart 1.6. Iron-based complexes bearing tridentate ligands used for the polymerization of 1,3-dienes
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1.1.2.4. Iron-based catalysts bearing bidentate ligand for the polymerization of 1,3-dienes

The molecular structures of the iron complexes bearing bidentate ligand discussed in this

section are depicted in Chart 1.7 below.
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R»] R2 = 4-OMe- CGH4 (57) R =Bn (62)
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Ry = Ph, R, = Bn (59)

Chart 1.7. Iron-based complexes bearing bidentate ligands for the polymerization of 1,3-dienes.

R ='Pr(63)
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The group of Wu described in 1982 the polymerization of butadiene using a catalytic
system based on Fe(acac)s/Al'Bus (1/50) in presence of 1 eq. of 1,10-phenanthroline ligand
[15(acac), Chart 1.8].%° Butadiene was found to be converted in high yield at 18 °C in toluene
(TOF = 1 668 hY), with a 1,4-cis/1,2/1,4-trans = 50/46/4 microstructure of the resulting
polybutadiene. In addition, the authors suggested that Fe (I11)(acac)s was probably reduced to Fe
(11) after reacting with Al'Bus and in presence of 1,10-phenanthroline, producing a putative

Fe(1,10-phenanthroline)('Bu), complex.

R 15(acac)/Al'Bu; for BD
7\ \ Moderately active
—N N / Fairly 1,4-cis selective

R =H/ e (acac); [15(acac)]

Chart 1.8. [1,10-phenanthroline]Fe(acac)s complex for butadiene polymerization®:575

Using the same catalytic system (Chart 1.8), Xie et al. showed that the polymerization of
isoprene in toluene was able to provide polymer in high conversion, with microstructure consisting
of 3,4/1,4-cis units of ca 30/70, while in apolar hexane solvent, much lower yield was observed.>’
Independently, Hsu et al. showed that an additional amount of water (H2O/Al'Bus = 0.064) was
needed to afford polyisoprene with excellent yield at 10 °C in hexane. The resulting microstructure
of the polymer revealed a content mixture of 3,4/1,4-cis units of 81/19 with no trace of 1,2 and
1,4-trans fractions.>® The author suggested that the generation of “a more electron accepting
bridged alkyl aluminoxane” could be accountable for this high activity.

After these initial reports, it was only at the beginning of the 21% century that Ricci and
coworkers revitalized the field of coordinative 1,3-dienes polymerization with iron-based
catalysts. Several catalytic systems have been studied by combining FeCl> with various aromatic
and aliphatic nitrogen ligands, as well as phosphine bidentate ligands, in presence of alkyl
aluminum cocatalysts (Al'Bus, AIEt; and MAO).%° The authors found that most of the active Fe-
based catalysts consist of complexes bearing bidentate aromatic nitrogen ligands when activated
with an excess of MAO, whereas the use of AlI'Buz or AlEts as cocatalysts was less effective in
term of activity and control over the selectivity. Conversely, the use of aliphatic nitrogen bidentate
ancillary ligands displays very low activities and regio-/stereo-selectivities, while iron complexes
bearing bidentate phosphine ligands were essentially inactive. In this study, FeCl./MAO system
with 1,10-phenanthroline [15(Cl)] or 2,2’-bipyridine (16) have shown to exhibit very high catalytic
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activities for the polymerization of 1,3-dienes at 20 °C when activated with 1000 egs./Fe of MAO
(Chart 1.9). For example, the system 15(CI)/MAOQ enabled the polymerization of butadiene with
a TOF of ca 2.73 x 10° h'%, affording polymer with a mixed structure of 1,4-cis/1,2 content = 30/70.

—(R)
gty 15(CI)/MAO for BD
/N \ /) Extremely active
—N N Moderately 1,2 selective
R=H/ FeCl, [15(Cl)]

Chart 1.9. [1,10-phenanthroline]FeCl, [15(Cl)]complex for butadiene polymerization®®

Moreover, the resulting polymer had a high molecular weight (Mw = 1 517 kg/mol) with
narrow molecular weight distribution (Mw/Mn = 1.2), which indicated the presence of a single-site
active species. Various substituted-1,10-phenanthroline ligands combined with FeCl., were also
screened for the polymerization of butadiene, after activation with MAO, and proved to be less
active when compared to the system bearing unsubstituted 1,10-phenanthroline ligand. In
particular, the use of 2,9-dimethyl-1,10-phenanthroline ligand showed lower catalytic activity with
respect to the polymerization of butadiene (TOF = 340 ht at 20 °C), probably because of an
increase of the steric hindrance around the coordination sphere of the metal catalyst that could
disrupt the coordination of the incoming monomer.

Using 16/MAO catalytic system at 20 °C, polybutadiene (TOF = 2.73 x 10° h) with 1,4-
cis/1,2 structures (33/67) and syndiotactic sequence (rrrr = 36.9%) was obtained (Chart 1.10). As
noted above, the use of 16/Al 'Bus or AlEt; exhibited lower catalytic activity (TOF ~ 49 x 10% and
25 x 10° h't, respectively) as well as a slight decrease of 1,2 selectivity, emphasizing the role of
the cocatalyst toward the selectivity of the polymerization.>® In addition, it was shown that the
selectivity was dependent on the reaction temperature, with low temperature leading to a high
increase content of 1,2 units at — 78 °C (content of 1,2 fraction = 91% and rrrr = 52.5%), while
the activity of the catalysts decreased drastically (TOF = 18 h'). Similar results were obtained
using (2,2’-bipyridine).FeEt, complex when activated with MAO.°

In the case of isoprene, high activity was observed using 16/MAO (TOF ~ 800 x 103 h1),%°
affording polyisoprene with a microstructure containing 1,4-cis/3,4 units = 33/67. As in butadiene
polymerization, a significant increase of 3,4-selectivity was noticed at — 78 °C (1,4-cis/3,4 units =
7/93), likely corresponding to syndiotactic polyisoprene sequence, although in this case the yield

was poor (TOF = 14 h™). Since the binary 16/MAO produces stereo-regular 3,4-polyisoprene,
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Rosa et al. used this recipe at — 30 °C to prepare a syndiotactic-rich polyisoprene with 1,4-cis/3,4
contents of 15/85 and rrrr = 53%, which, after hydrogenation, gave for the first time a syndiotactic-

rich poly(3-methyl-1-butene).®!

N—
7 N\
(16)
(16)/MAO (16)/AIR5
Extremely active for BD, IP, PD and DMB Highly active for BD and IP
Poor activity for BD and 3-MP at low temperature Fairly 1,4-cis selective for BD and IP

Moderately 1,2 selective for BD and PD
Highly 1,2 selective for BD and 3-MP at low temperature

Chart 1.10. [2,2’-bipyridine]FeCl, (16) complex for 1,3-dienes polymerization>961:6263

Polymerization of 1,3-pentadiene (PD) and 2,3-dimethyl-1,3-butadiene (DMB) was also
undertaken with 16/MAO catalytic system at 20 °C, yielding quantitatively poly(1,3-pentadiene)
(TOF = 79 x 10® h'}) with structure content of 1,4-cis/1,2 units (30/60) and highly stereo-regular
poly(2,3-dimethyl-1,3-butadiene) (TOF = 703 x 10° h'Y) with 1,4-cis units > 99%, respectively.

Later, the same group reported the polymerization of 3-methyl-1,3-pentadiene (3-MP)
using 16/MAQ at — 30 °C affording, for the first time, highly crystalline poly(3-methyl-1,3-
pentadiene) with syndiotactic 1,2 sequence (1,2 content of 99% and rrrr > 99%).%2 However, the
activity of the catalyst was found to be very low under these conditions (TOF = 3 h™?).

The origin of the regio-selectivity of the 16/MAOQO catalytic system toward the
polymerization of isoprene and 3-methyl-1,3-pentadiene (3-MP) has been recently investigated by
DFT calculation by the group of Luo.%® The authors started their studies by representing the active
species in the form of the cationic complex [(2,2’-bipyridine).FeMe]*. The calculation revealed
that in this active species, the 2,2"-bipyridine is a redox-inert ligand that contrasts with that
observed in related redox-active iminopyridine and bis(imino)pyridine ligands.®* More
importantly, calculation of the insertion pathway suggested that the 3,4-regio-selectivity of
isoprene was favored over the 1,4-insertion, similarly, it appears that the steric factor also governs
the 1,2-regio-regularity of the polymerization of 3-MP with the (2,2’-bipryidine).FeCl./MAO.

Subsequently, Ritter and coworkers have described the selective polymerization of
isoprene with high catalytic activity using well-defined substituted iminopyridyl iron-based
complexes [17(Cl) and 21], upon activation with AIEts or Al'Bus and [PhsC][B(CsFs)s] (Chart

1.11).% In this study, the authors found that an inversion of selectivity of the polymerization could
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be reached depending on the nature of the substituent attached to the imino group. Using an octyl-
substituted iminopyridyl iron complex 17(Cl) with Fe/AlI'Bus/[PhsC][B(CesFs)a] = 1/3/1,
polyisoprene with microstructure containing 1,4-trans/1,4-cis/3,4 units = 91/1/8 was quantitatively
achieved at 23 °C (TOF =500 h%).

Ph
7\ 7\
_ \ o \
N__N N__N Ph
Fe Fe

AN AN
/ I/ Cl

ci” Cl C Ph
17(Cl) (21)
17(CI)/ABu/[Ph3C][B(CsF5)4] 21/AIR4/[Ph;CI[B(CsFs)4]
Low activity for IP, My and highly active for Fa Moderate to low activity for IP,My and Fa
Highly 1,4-trans selective for IP and My Moderate to Highly 1,4-cis selective for all

Fairly 1,4-cis selective for Fa

Chart 1.11. [Iminopyridine]FeCl, 17(Cl) and 21 complexes for 1,3-dienes polymerization®

On the other hand, 1,4-cis polyisoprene with 1,4-trans/1,4-cis/3,4 content = 1/66/33 was
obtained, to some extent, after 1 hour at 23 °C (TOF = 1 x 10® h') with supermesityl-substituted
iron complex 21 using Fe/AlEts/[PhsC][B(CeFs)4] = 1/3/1. Moreover, the % of 1,4-cis
polyisoprene could be improved up to 85% at lower temperature with content of 3,4 decreasing to
14% (TOF = 246 h't at — 78 °C). With these catalytic systems, the Mn were as expected for one
polymer chain per Fe metal, with relatively narrow molecular weight distributions (b = 1.7 — 2.0,
Mw = 62.5 — 75 kg/mol). It should be noted that the replacement of the alkyl group of the aluminum
agent (‘Bu vs Et) has little influence on the selectivity of the polymerization. In addition, the
authors conducted the polymerization of bio-sourced 1,3-diene monomers, 3-myrcene (My) and
farnesene (Fa) isomers (mixture of o and B isomers), and they have shown that only the 3 isomers
could be polymerized with pre-catalyst 17(Cl) and 21. As for isoprene, the selectivity of the
polymerization of both monomers, after activation with AIRs/[PhsC][B(CsFs)4] (R ='Bu for 17(Cl)
and R = Et for 21), strongly depends on the nature of the imino group, with complex 17(Cl)
producing poly-B-myrcene or poly-p-farnesene with high content of 1,4-trans units (88 and 87%,
respectively), while complex 21 yields polymers consisting of large amount of 1,4-cis units (76
and 71%, respectively).

In 2016, Chen and coworkers expanded this work by using iron-based complexes supported
by various alkyl- (17(Cl) — 20) and aryl- (21 — 23) substituted-iminopyridyl for the polymerization
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of isoprene (Chart 1.12).%° Different alkylaluminum reagents were assessed in presence of pre-
catalyst 18. Only an excess of MAO (500 egs./Fe) was capable of producing polyisoprene in high
yield (TOF = 804 h! at 25 °C) and high M, (> 60 kg/mol), while the use of 150 egs. of AIEt,ClI
gave polymer in high yield but with low molar masses, and Al'Buz or AIEtCI, were not efficient.
After 2 hours at 25 °C in presence of 500 egs. of MAO, the aryl-substituted-iminopyridine iron
based complexes 21 — 23 afforded polymers with higher M, = 103 — 182 kg/mol and TOF = 1 038
— 1224 h'l than the related alkyl-substituted Fe pre-catalysts 17(CI) — 20 (M, = 61 - 79 kg/mol and
TOF = 726 — 1 038 h'). The authors suggested that the electron-withdrawing aryl group could
enhance the electrophilicity at the metal center, which in turn lead to stronger monomer
coordination and faster chain propagation. In addition, the steric hindrance around the metal center,
conferred by the presence of bulky aryl group, could reduce the appearance of chain transfer,
thereby producing a polyisoprene with a higher Mn. However, in contrast to the work of Ritter and
coworkers, the trans/cis ratio was scarcely affected by the nature of the substituent on the imino
group (alkyl vs aryl) when an excess of MAO was used as the alkylating agent. In fact,
polyisoprenes with moderate 1,4-cis content (ca 63 — 78%) and low 1,4-trans (ca 3 — 9%) units
were produced with all pre-catalyst 17(Cl) — 23, emphasizing that the alkylating agent/cocatalyst
couple plays an important role in controlling the stereo-selectivity. It is noteworthy that the nature
of the imino substituent slightly influence the regio-selectivity with a larger amount of 3,4 content,
at the expense of mainly 1,4-cis units, for the alkyl-substituted Fe complexes 17(Cl) — 20 with 1.4-
cis/3,4 content = 77.5/15, when compared to the aryl-substituted pre-catalysts 21 — 23 that
displayed a microstructure consisting of 1.4-cis/3,4 units = 66/30. As previously seen in Ritter’s
work, the activity of the pre-catalysts 17(Cl) and 21 decreases at — 25 °C and the resulting polymers
display higher M, when compared to the polymerization conducted at room temperature, most
likely due to a decrease of chain transfer at lower temperature. Interestingly, the resulting
polyisoprene microstructure was not affected by the reaction temperature.

Recently, further investigations have been described by the group of Wang regarding the
nature of the imino substituent using fluorinated-aryl iminopyridine ligands (24 — 26) as well as
complexes 17(Cl) and 21 (Chart 1.12).% These complexes have been employed for the
polymerization of isoprene, in combination with an excess of MAO and in absence or presence of
1 eq. of [Ph3C][B(CsFs)4]. The authors showed that under the same experimental condition, the
incorporation of fluorinated aryl moiety on the imino group of the iron complexes 24 — 26 provided
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polyisoprene in higher yield than complexes 17(Cl) and 21. Using an excess of MAO, the activities
were in the order 24 > 25 >> 26 > 21 > 17(Cl), which followed the trend observed previously with
electron-withdrawing substituents leading to higher activity of the catalyst due to an increase of
Lewis acid character at the iron metal center.

! 4 Ph
7 N\ R Ph Ph
" Fé NR : Ph 3
/
o’ o i
R" = H, R' = alkyl R'=H,R =aryl< Ph (21) (22) -Ph (23)
R F
. o
O Y o D D)
Ph
el 1e) 19) @)~ (24) F (25) F (26)

17(Cl1)-21/MAO Moderate (Activity and 1,4-cis selectivity)
22-25/MAO Moderate to low (Activity and 1,4-cis selectivity)
17(Cl), 21, 24-26/MAO Low activity and high 1,4-trans selectivity

Chart 1.12. [Iminopyridine]FeCl, 17(Cl) — 26 complexes for isoprene polymerization®s-6

In presence of 500 egs. of MAO, complexes 24 and 25 produced polyisoprene with
relatively low My (ca 90 kg/mol) and broad B (3.5 — 4.3), while complex 26 afforded polymers
with high Mn (190 kg/mol) and narrow molecular weight distribution (B = 2.1); these differences
are, to date, not completely rationalized. The microstructures of the polymers resulting from the
polymerization of isoprene with catalysts 24 — 26 were not impacted by the nature of the
fluorinated substituent, with a quasi-equal content of 1,4-cis and 3,4 units. However, when the
polymerization of isoprene was conducted with complexes 17(Cl), 24 — 26 in presence of 5 egs.
of MAO and 1 eq. of [PhsC][B(CsFs)4], preferential 1,4-trans selectivity (up to 95%) was observed
with total absence of 1,4-cis units, again indicating that the cocatalyst plays a significant part in
the control of stereo-selectivity. In contrast to the binary 24 — 26/MAO system, the resulting
polyisoprenes displayed narrow molecular weight distribution and low M, (Mn = 1.4 — 1.6 kg/mol
and B = 1.7 — 2.2), probably due to an increase of chain transfer when the ternary 24 —
26/MAOQ/[Ph3C][B(CeFs)a] system was used. Surprisingly, the polymerization of isoprene using
the binary 17(Cl) or 21/MAO (MAO/Fe = 500) catalyst behaved very differently in comparison
with the study of Chen et al. Firstly, the activity of the catalysts proved to be very low at 25 °C
and, secondly, the polymers did not exhibit the same microstructure as previously described. The

authors have shown that preferential 1,4-trans stereo-selective polymerization of isoprene was
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achieved using 17(CI)/MAO (1,4-trans/3,4 units = 90/10, with TOF = 138 h), with polymer
displaying bimodal molecular weight distribution. This is very different from the work of Chen et
al. who showed that the same system produced polyisoprene in high yield featuring a narrow
molecular weight distribution with a slight preference for 1,4-cis units (1,4-cis = 77.5%). When
compared to the work of Chen et al. using 21/MAOQ, a fairly similar microstructure content of the
resulting polyisoprene was obtained (1,4-cis/3,4 with ratio = 65/35 vs 63/34), but the polymer was
produced in lower yield (TOF = 264 vs 1 224 h't) with lower Mn. The introduction of dealkylating
agent [PhsC][B(CsFs)4] in presence of 5 egs. of MAO and complex 17(Cl) enhanced the 1,4-trans
stereo-selectivity of isoprene polymerization (98%), despite the production of polymer in low yield
and low M, in contrast to the work of Ritter and coworkers. Conversely, the combination of
21/MAO/[Ph3C][B(CsFs)s] has proved ineffective with respect to the polymerization of isoprene.

In mid-2020, the group of Luo and Wang attempted to rationalize the stereoselectivities
observed with the Ritter’s catalytic system comprising the iminopyridine complexes 17(Cl) and
21 (Chart 1.11).%7 In this study, the electronic structures and mechanism behind the catalytic
performances of 17(CI)/Al'Bus/[PhsC][B(CsFs)s] and 21/AIEts/[PhsC][B(CsFs)s] systems were
probed through DFT computations. Firstly, the electronic structures and the spin state were
investigated on the basis of calculated Mdssbauer spectroscopic parameters and single point
energy using the crystal structure. The ground state of expected active species
[(iminopyridine)Fe(Me)]" was found to be in quintet state, indicating that the active species Al
(for 17(ClI)) and A2 (for 21) are high spin species with relatively similar electron densities, thus

revealing the limited effect of electron density on the selectivity (Figure 1.1).

Cl 2.4
I 222% 5554 U~ i2.34
'.' ) _FJ C I Beia ? =
= 2,50 AC3
C3 )J\ C4
\/JC“‘ \ &
Al-rp-syn-exo-si‘ 17(Cl) A2-np-syn-exo-re’ 21

Figure 1.1. Optimized transition state structures with selected structural parameter (A)
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For the isoprene polymerization with cationic 17Me?*, it was observed that the formation
of 1,4-trans units was due to the higher coordination energy as well as the higher insertion energy
possessed by the cis monomer, leading to the negligible number of 1,4-cis units in the polymer
chain. This meant that the syn allyl conformer combines more tightly with the Fe center than anti
allyl, which results in the electronic stabilization of Al-73-syn-exo-si transition state.

On the contrary, for the cationic [(supermesityl-iminopyridine)Fe(Me)*, the energy of
favored transition state for the cis-insertion was found to be lower than that for the trans-insertion
which rationalizes the 1,4-cis preferential polymerization in this case. The relative instability of
A2-mP-syn-exo-re transition state could be ascribed to the repulsive interaction between the
terminal C=C bond, polymer chain and the phenyl of supermesityl substituent. Therefore, the
absence of 1,4-trans selectivity in the polymerization of isoprene was attributed to the steric
hindrance between the supermesityl group and polymer chain.

The same year, Sun et al. targeted the iminopyridine skeleton to obtain a new series of bis-
chelated ketiminopyridine complexes 27 — 29, bearing different N-aryl substituents as various
naphthyl derivatives (Chart 1.13).%8 These complexes were deployed as precatalysts for isoprene
polymerization. Initially, the authors studied the effect of cocatalyst on the activity and the
selectivity of various catalytic systems derived from the complex 28 and a series of cocatalysts
including MAO, MMAO, EASC and AlMeCl, from which it was observed that good catalytic
activity was only achieved when the precatalyst was activated with MAO or MMAO (TOF = 6

400 — 6 600 ht).
7 N\ _ , , ,
—N \N R 27 and 28/MAO - Moderately active and fairly 1,4-cis selective

Gl Faf=Cl 29/MAO - Moderately active and 1,4-trans selective
N 27 and 28/EASC - Moderately active and 1,4-trans selective
R=N_ N= 29/EASC - Low activity and high 1,4-trans selectivity

\/ R';\
(A L e )

COCO g

(27) (28) (29)

Chart 1.13. [ketiminopyridine]FeCl, 27 — 29 complexes for isoprene polymerization®®

The polymerizations of isoprene catalyzed by 28/MAO or 28/MMAO systems at room
temperature were very similar in terms of activity (TOF = 6 600 vs 6 400 h'*) and molecular

weights (Mn = 70.7 vs 65.5 kg/mol, B = 2.0 vs 3.2) whereas they were different in terms of
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selectivity (1,4-cis/1,4-trans/3,4 = 51/27/22 vs 30/51/19). In contrast to 28/MAQO or 28/MMAO
systems, the catalytic system 28/EASC proved to be less active (TOF = 2 640 h) but moderately
1,4-trans selective (1,4-cis/1,4-trans = 19/81), producing polyisoprene with low molecular weights
and narrow dispersity (Mn = 1.9 kg/mol and B = 1.3) because of low yield (33%). Increasing the
temperature from 20 °C to 70 °C during the polymerization increased the catalytic activity of
28/MAO system (TOF = 3 800 vs 6 800 ht), however, the molecular weights of the resulting
polyisoprenes decreased from 148 kg/mol to 55 kg/mol owing to the increased chain transfer
reactions at higher temperatures. Lastly, the substituent’s steric effect on the catalytic activity and
selectivity of 27 — 29/MAOQO system was also briefly mentioned, where the activity was decreased
in the order 27 > 28 > 29 due to the increased steric bulk around the iron center hindering the
monomer coordination and, subsequently, its insertion. On the other hand, the introduction of steric
substituents on the ortho-position of amine moiety increased the 1,4-trans content (1,4-trans = 27
(28) vs 32 (27) vs 64 (29)).

Independently, Liu et al. have modified the iminopyridine skeleton by replacing the
pyridine ring with a quinoline moiety and by introducing an additional chloride substituent on the
carbon of the imino group (Chart 1.14).%°

CIR
7 N\ 1
—N N R, 38-43/MAO
Fe Poor activity and selectivity

cl” Cl R

Ry ='Pr,R,=H(38) R,=H,R,=H (41)
R,=Et Ry,=H (39) R;=H,R,=Cl(42)
R, = Me, R, = H (40) R1=H, Ry =0Me (43)

\ ~

/

Chart 1.14. [N-arylcarboximidoylchloride-quinoline]FeCl. 38-43 complexes for butadiene

polymerization®®

Thus, several iron-based complexes supported by 2-(N-arylcarboximidoylchloride)-
quinoline ligands, bearing different substituents on the aryl group (38 — 43), were used for the
polymerization of butadiene after activation with 100 egs. of MAO. In contrast to the related highly
active (1,10-phenanthroline)FeCl> [17(Cl)] and (2,2’-bipyridine)FeCl> (16) pre-catalysts,
complexes 38 — 43 associated to MAO display low activities in butadiene polymerization (TOF <
60 h' at 20 °C) and poor selectivity (63—78/8-20/13-17 for 1,4-cis/1,4-trans/1,2 units,

respectively).
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The group of Wang has further investigated the effect of the auxiliary ligands in the iron-
based iminopyridyl complexes [e.g. 17(Cl) — 26], for the polymerization of isoprene by replacing
both chloride anions with two acetylacetonato groups [17(acac), 30 — 34] (Chart 1.15).”° Upon
treatment with 500 egs. of MAO, complexes 17(acac) and 30 — 34 displayed good activities, the
binary 34/MAO, 33/MAOQO, 32/MAO and 30/MAO systems being the most effective catalysts (TOF
up to 12 000 h?) that also afforded polyisoprene with the highest My (43 000 — 67 000 g/mol). The
authors suggested that the catalytic performances were related to the electronic effect of the
substituent on the imino group, with complexes bearing electron-withdrawing group exhibiting the
highest activity. The microstructure of the resulting polyisoprene, produced with the pre-catalysts
30 and 32 — 34, showed poor selectivity with an almost equal content in 1,4-cis and 3,4 units (1,4-
Ccis =36 —55% vs 3,4 =42 — 54 %).

ax g{é —

(30) (31)

O/\Fe/\o R"= < [17(acac)]

/N Ph

R A
5 =,

_  (32) (33) (34)

17(acac)/MAO - Low activity and moderate 1.4-trans selectivity at room temperature
Low activity and low selectivity at low temperature

30,32-34/MAO - Highly active but not selective at room temperature

31/MAO - Moderately active and 1,4-trans selective at room temperature

Chart 1.15. [Iminopyridine]Fe(acac), complexes 17(acaac), 30-34 for isoprene polymerization™

In contrast, the binary 17(acac)/MAO and 31/MAO catalytic systems generated polymers
with high 1,4-trans content (> 74 %). When compared to the related iron-based iminopyridyl
17(Cl) complex the polymer produced in this study afforded similar microstructure than the
previous investigation performed by the same group®® but, in this case, with an activity 5 times
higher (TOF =590 ht vs 138 h*, respectively). However, the resulting selectivity found with the
binary 17(acac)/MAO catalytic system (1,4-trans content = 87 %) or 17(CI)/MAQO (1,4-trans
content = 90 %)% is in sharp contrast with the result reported by the group of Chen using
17(CI)/MAO (1,4-cis content = 78 %),%® under the same experimental conditions. The origin of

the selectivity is still unclear but, as suggested by the authors, this behavior may be related to the
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nature of the counter anion (acac™ vs CI"). Increasing the temperature of the polymerization from —
30 °C to 50 °C using complexes 17(acac) or 32, combined with MAO, resulted in a significant
increase of 1,4-trans contents (1,4-trans = 36% vs 86% for 17(acac) and 0% vs 13% for 32),
suggesting that higher temperature favor the 1,4-trans selectivity.

In parallel, the same group described the polymerization of isoprene using the akin iron-
based iminoimidazole pre-catalysts 35 — 38 (replacement of the pyridyl moiety in complexes 17,
21, 25 and 26 by an imidazole group).” Studies of various cocatalyst systems have shown that
only the combination of 10 egs. of AIEtCI; and 1 eq. of [CPh3][B(CsFs)4] allowed the formation
of polymers (Chart 1.16). In all case, high 1,4-trans polyisoprenes were obtained with complexes
35 — 38 (1,4-trans units > 96%), but, no correlation between the nature of the substituent on the
imino group and the catalytic activity (TOF = 500 h) and selectivity of each complex as well as

the molecular characteristic of the resulting polymers (Mn = 1 800 g/mol) could be drawn.

J Ph R R
[N/ N-R"R" = EAé E@Ph 5@ Eg@iF
“F&

c’ cl (35) PH (36) F@3n Foss)

35-38/AIECI,/AlI'Bug/[PhsC][B(CgFs)4] - High 1,4-trans selectivity with low activity
Chart 1.16. [Iminoimidazole]FeCl, complexes 35-38 for isoprene polymerization™

Independently, the polymerization of isoprene has been successfully achieved in a hybrid
material constituted of carbon nanotubes (CNTSs) and iron nanoparticules (NPs). Specifically, the
system consists of an iron-based pre-catalyst supported by a bidentate 2-[1-(1-
naphthalenylimino)ethyl]-pyridyl ligand immobilized on the iron NPs through = interactions,
themselves confined in CNTs.”? Upon activation with a combination of Al('Pr)s/[CPhs][B(CsFs)4],
this hybrid system was able to produce a CNT-confined Fe NPs covered with a polyisoprene
(stereoregularity not specified) air barrier.

Recently, Wang et al. reported a series of aminopyridine iron (I1) chloride complexes 45 —
55 for their catalytic application in isoprene polymerization (Chart 1.17).” Upon activation with
MAO, the catalytic activities of complexes varied as of the steric and electronic influences of
substituents. The observed catalytic activities of these catalysts appended with different

substituents varied in the order 49 =50 =51 > 48 > 46 > 45 > 47, which suggests that more bulky
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groups occupying the space around the metal center in the active species slow down the rate of

coordination and insertion of the monomer.

W H ~  Ph Ph
® UL O G S
N N-R" Ph Ph Ph Ph
R g H (45 R=H(46) (48) (49)
o’ g R = Me (47)
R=H,R"= §4< §4<:>
(50) (51)
R,
R =H, R = H, R, = OMe (52)
R1 R=H, R1 =H,R2=CF3 (53)
R =H, Ry = Me, Ry = Me (54)
4 R, R=Me, Ry =H,R,=H (55)

49-51/MAO - Highly active and fairly 1,4-cis or 3,4 selective for isoprene
46 and 47/MAO - Low activity and moderate 1,4-trans selectivity (46) or 1,4-cis selectivity (47)
53/MAO - Highly active and fairly 3,4 selective

Chart 1.17. [Aminopyridine]FeCl, complexes 45-55 for isoprene polymerization™

This was also proved from the lowest activity (TOF = 130 h) exhibited by the complex
47 where the addition of methyl group on the ortho position of pyridine imparted more steric bulk
at the iron center leading to poor conversions (13%). However, the increased steric hindrance at
the iron center produced high molecular weight polyisoprenes as observed for complexes 47 (Mn
= 123 kg/mol) and 45 (Mn = 112 kg/mol), which speaks in favor of the promotion of chain
propagation compared to transfer with aluminum species. Regarding the selectivity, in general, all
the complexes produced polyisoprenes with nearly equal 1,4-cis and 3,4 contents whereas
exceptionally for the complexes 46 and 47, an inversion of selectivity was observed indicating the
effect of ligand tuning on the microstructure (1,4-trans/1,4-cis/3,4 = 69/9/22 vs 4/69/27).

For the remaining set of complexes 52 — 55, the activity was found in the order 53 > 54 >
52 > 55 for which the authors suggested that the activity gradually increases with respect to the
electron withdrawing nature of the para substituents. The highest activity (TOF = 10 920 h) in
this series was exhibited by 53 with CF3 substituent on the para position whereas 49 proved to be
the most active precatalyst (TOF = 28 000 h). Besides, comparatively more sterically hindered
complexes favored 1,4-cis enchainment rather than 1,4-trans, which was suggested on the basis of
microstructure obtained with 55 (1,4-trans/1,4-cis/3,4 = 15/44/41). Overall, these complexes
reflect the absence of a high stereo-selectivity for the formation of any microstructure. Lastly, the
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authors also proposed the possible active species which could be cation-pyridine-amine or cation-
pyridine amide resulting from the deprotonation of catalyst by free AlMes.

Later, the same group reported a series of unsymmetrical binuclear iminopyridine iron (I1)
complexes 56 — 59 for isoprene polymerization (Chart 1.18).”* These complexes displayed an
abnormal binuclear structure with seemingly Fe(I1)/Fe(ll) species. Later, the authors noticed two
quadrupole doublets in the Mdssbauer spectrum of 56, on the basis of which, they suggested that
the complex 56 consists of high-spin iron (I1) and low-spin iron (11) centers. Upon activation with
MAO (500 egs.), the complex 56 exhibited very high activity (TOF = 15 000 h) and produced
high molecular weight polyisoprene (Mn = 270 kg/mol) with broad dispersity (b = 2.7). Decreasing
the Al/Fe ratio to 10 could not produce polyisoprene, indicating that such amount of cocatalyst
was insufficient to generate the active species. The authors also noticed the negligible effect of
temperature on the activity of 56 where the temperature was increased from 0 to 50 °C. Further,
increasing the electron density on the iron center decreased the conversion (88%) and increased
the molecular weights (Mn = 480 kg/mol) as observed with 57, which was attributed to the reduced
Lewis acidity of the Fe center and the ability of monomer coordination. This was also supported
by the result with complex 58 bearing electron-withdrawing aryl group where full conversion was
obtained. Regarding the microstructure content, most of all complexes exhibit fair 1,4-cis
selectivity (>50 %) with the remaining percentage being of 3,4 motifs. However, a slight change

from Ph substituent to benzyl (Bn) in 59, resulted in some contribution of 1,4-trans units in the

ji
O
N R; = R, = Ph (56)
Z VLN ® Ri=R; = 4-OMe-CeH (57)

polymer chain.

Fe
N~ N R1 = R2 = 4-F-C6H4 (58)
Re / N\CI "Cl g _Ph R,=Bn(59)
N N=
Ri \ 7/

56/MAO - Very highly active and fairly 1,4-cis selective
57-59/MAO - Highly active and similar 1,4-cis selectivity

Chart 1.18. Unsymmetrical binuclear [iminopyridine]FeCl. complexes 56-59 for isoprene

polymerization™

In addition, the monomer to Fe ratio was increased gradually from 2 500 to 20 000 which
increased the catalytic activity (TOF = 99 400 h') of 56 nearly by 7 times. The authors also
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investigated the long lifetime of active species, which is essential for the synthesis of ultra-high
molecular weight polyisoprenes. They observed that the catalytic system 56/MAO could maintain
high catalytic activity after 12 h before adding the monomer indicating that the lifetime of active
species is long enough.

The group of Wang revitalized the domain of aminopyridine iron (I1) systems by reporting
a new series of complexes 60 — 63 for isoprene polymerization (Chart 1.19).26 Upon activation
with MAO, the resulting catalysts displayed good activity in order of increasing steric hindrance
63 > 62 > 61. The lowest activity was observed for the complex 61 (TOF = 550 h'l) substituted
with Et whereas the highest activity was displayed by complex 63 (TOF = 34 800 h'), which

possess the most sterically hindered 'Pr group.

— Q R = Me (60)
\ N/ N R = Et (61)
/R R = Bn (62)

o’ R ='Pr (63)

63/MAO - Very highly active and fairly 3,4 selective for isoprene
Low activity for farnesene and myrcene, inactive for ocimene
61/MAO - Low activity and fair 3,4 selectivity for isoprene

Chart 1.19. [Aminopyridine]FeCl, complexes 60-63 for dienes polymerization?

In general, the authors proposed that the catalytic activity is significantly dependent on the
steric bulk imparted by the ligand and the Lewis acidity of the metal center. Increasing the steric
hindrance of the ligand inhibits the coordination of the monomer with the metal, leading to a
decrease in catalytic activity. However, the iron center of complex 63 showed Lewis acidity
stronger than that of 61, thus facilitating the coordination as well as the insertion of isoprene,
thereby increasing the overall activity. Additionally, it was observed that the molecular weight of
polyisoprenes was highly dependent on the steric hindrance of the catalyst, in which the M,
decreased with the increase in steric bulk (Mn = 430 kg/mol for 60 vs 270 kg/mol for 63), which
could be associated with strong repulsion between the ligand and the polymer chains, thus
facilitating the transfer of chain from Fe to Al. Overall, the complexes favored the preferential
formation of 3,4 motifs in fair to moderate amounts (55 — 63%) along with the contribution of 1,4-
cis units (45 — 37 %). Interestingly, complex 63 possess a good level thermal tolerance (90% yield
of polyisoprene at 100 °C), which likely derives from the protection provided by the bulky 'Pr
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substituent of the amine moiety. It is also worthy to notice that changing the cocatalyst to MMAO

and DMAO had no obvious influence on the activity, selectivity and molecular weight.

Apart from isoprene, the polymerization of bio-sourced dienes (Ocimene, myrcene and -
farnesene) was also assessed with the catalyst 63/MAO where it failed to promote the ocimene
polymerization, whereas myrcene and PB-farnesene were successfully polymerized with less
activities (TOF = 445 h' and 680 h* respectively) when compared to isoprene. The unsuccessful
polymerization of ocimene with 63/MAQ was attributed to the possible steric hindrance between
the long chain group from ocimene and the iron active species.

For a better comparison, the selected data for the polymerization of isoprene with iron

catalysts bearing bidentate ligands is displayed below in Table 1.2.
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Table 1.2. Selected data for the polymerization of 1,3-dienes with iron complexes bearing bidentate ligands.

Complex IP/Fe Activation/Fe (°-£:) ;rrrllrlrr]g C((g/:;/. -{r? 1'): 1,(4%c)is 1"1(;%?“ (%f) (kg'ylnr;ol)

16 6 665 MAO (1 000) 20 05 100 800000 33 - 67 - -
17(Cl) 1000 AlBus/Trityl Borate (3/1) 23 120 >99 498 1 91 8 625 2.0
17(Cl) 2500 MAO (500) 25 120 831 1038 78 8 14 61 16
17(Cl) 2500 MAO (500) 25 120 109 138 - 90 10 627/4  21/17
17(Cl) 1250 MAO/Trityl Borate (5/1) 25 120 302 192 ; 08 2 15 1.8

17(acac) 2000 MAO (500) 25 120 55 590 3 87 10 12 2.0
17(acac) 2000 MAO (50) 25 300 92 440 5 86 9 19 1.9
17(acac) 2 000 MAO (50) 230 120 25 30 32 36 32 6 1.4
17(acac) 2000 MAO (50) 50 120 20 150 7 80 13 7 1.9

18 2500 MAO (500) 25 120 64.1 804 77 9 14 60 2.1

19 2 500 MAO (500) 25 120 58.2 726 77 8 15 70 1.8

20 2500 MAO (500) 25 120 61.3 768 78 8 14 61 2.1

21 1000 AI‘BuslTrityI Borate (3/1) 23 60 >99 1002 66 1 33 75" 1.9

21 1000 AlBug/ Trityl Borate (3/1) —78 240 >99 246 85 1 14 70" 1.7

21 2500 MAO (500) 25 120 98.1 1224 63 3 34 103 2.1

21 2500 MAO (500) 25 120 211 264 65 - 35 61 15

21 1250 MAO/Trityl Borate (5/1) 25 120 <1 ; ; ; ; - -

22 2500 MAO (500) 25 120 83.2 1038 70 5 25 180 1.8

“Calculated from M, = My/D, Trityl Borate = [PhsC][B(CeFs)4]
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Complex IP/Fe Activation/Fe (°-E:) ;rrrl1r|rrls C(‘g/?);" -{r? 1'): 1,(4%c)is 1’4(;%?% (%}j) (kg'ylnr;ol) b
23 2500 MAO (500) 25 120 857 1074 71 5 24 182 1.6
24 2 500 MAO (500) 25 120 >99 1236 54 - 46 91 4.3
24 1250 MAO/Trityl Borate (5/1) 25 120 52.8 330 - 95 5 14 1.7
25 2 500 MAO (500) 25 120 853 1068 54 - 46 97 3.5
25 1250 MAO/Trityl Borate (5/1) 25 120 76.3 474 - 98 2 15 2.1
26 2500 MAO (500) 25 120 327 408 56 ; 44 190 21
26 1250 MAO/Trityl Borate (5/1) 25 120 64.8 408 0 96 4 16 2.2
27 4 000 MAO (1 000) 60 30 >99 7920 50 32 18 191 3.6
28 4 000 MAO (1 000) 60 30 98 7840 51 14 35 61.6 1.9
28 4 000 MAO (1 000) 40 30 83 6 640 51 27 22 70.7 2.0
28 4 000 MAO (1 000) 70 30 85 6 800 - - - 55.2 2.1
28 4 000 MMAO (1 000) 40 30 80 6 400 30 51 19 65.5 3.3
28 4 000 EASC (100) 40 30 33 2640 19 81 - 1.9 1.3
29 4 000 MAO (1 000) 60 30 23 1840 24 64 12 21.1 1.8
30 2 000 MAO (500) 25 10 >99 12000 39 16 45 58 2.7
31 2 000 MAO (500) 25 120 >99 1 000 12 74 14 17 3.0
32 2000 MAO (500) 25 10  >99 12000 36 10 54 67 2.2
32 2 000 MAO (50) 25 10 >99 12000 39 9 52 115 1.9
32 2000 MAO (50) 230 10 >99 12000 45 0 55 107 23
32 2 000 MAO (50) 50 10 >99 12000 38 13 49 86 2.1
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Complex IP/Fe Activation/Fe (O-I(;) Errrl1r|rr13 C(g/::;/' -{r? 1|): 1’(40/'00;3 1’4('(;2?n5 (%}j) (kg|>/lnr;ol) b
33 2 000 MAO (50) 25 10 >99 12000 55 3 42 65 2.7
34 2 000 MAO (500) 25 10 >09 12000 51 - 49 43 3.3
35 1250 AIEtCl/Trityl Borate (10/1) 25 120 81 500 - 98 2 16 28
36 1250 AIEtCIly/Trityl Borate (10/1) 25 120 88 540 - 96 4 1.8 44
37 1250 AIEtCl/Trityl Borate (10/1) 25 120 76 470 - 97 3 20 33
38 1250 AIEtCIly/Trityl Borate (10/1) 25 120 80 500 - 97 3 15 3.1
45 2000 MAO (500) 25 120 33 330 53 .47 112 17
46 2 000 MAO (500) 25 120 68 680 9 69 22 20 3.7
47 2 000 MAO (500) 25 120 13 130 69 4 27 123 1.6
48 2 000 MAO (500) 25 120 70 700 46 8 46 26 4.7
49 2 000 MAO (500) 25 120 >99 990 29 22 49 39 3.9
49 10 000 MAO (500) 25 10 47 28200 29 17 54 60 2.4
49 2 000 MAO (200) 25 10 77 9240 28 25 47 45 4.0
50 2 000 MAO (500) 25 120 >99 990 41 10 49 81 2.1
51 2 000 MAO (500) 25 120 >99 990 44 4 52 111 1.7
52 2 000 MAO (200) 25 10 65 7 800 18 38 44 41 3.2
53 2000 MAO (200) 25 10 91 10920 32 19 49 52 41
54 2 000 MAOQO (200) 25 10 70 8400 36 17 47 37 5.2
55 2000 MAO (200) 25 10 11 1320 44 15 41 63 3.2
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Complex IP/Fe Activation/Fe (°-£:) ;rrrl1r|rrls C(‘g/?);" -{r? 1'): 1,(4%c)is 1’4(;%?% (3;};1) (kg'ylnr;ol) b
56 2500 MAO (500) 25 - >99 15000 53 3 44 270 2.6
56 2500 MAO (500) % - <l ; ; ; i i i
56 2500 MAO (500) 0 - >99 15000 54 - 46 700 2.4
56 2 500 MAO (500) 50 - 95 14240 50 8 42 300 2.7
56 20 000 MAO (500) 25 - 83 99380 54 - 46 850 1.9
57 2500 MAO (500) 25 - 88 13200 54 2 44 480 24
58 2500 MAO (500) 25 - >99 15000 54 3 43 500 2.2
59 2 500 MAO (500) 25 - >99 15000 44 13 43 470 2.3
60 2 000 MAO (500) 25 120 >99 990 37 - 63 430 1.8
61 2 000 MAO (500) 25 120 55 550 39 - 61 440 1.9
62 2 000 MAO (500) 25 120 77 770 42 - 58 310 2.0
63 2 000 MAO (500) 25 120 >99 990 44 - 56 270 1.9
63 2 000 MAO (500) 100 10 90 10800 40 13 47 160 1.8
63 10 000 MAO (500) 25 10 58 34800 45 - 55 380 1.9
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1.1.3. Iron-catalyzed Ring Opening Polymerization of cyclic esters
1.1.3.1. General overview

The ROP of cyclic esters and related monomers by means of iron catalysts takes place by
activation of the monomer by the metal, similarly as it proceeds with many elements of the periodic
table.” This will obviously be dependent on the Lewis acid character of the cation, itself being
related to the set of ligands in a given complex and also to the formal oxidation state of the metal
(generally +I1 or +111I for iron). In absence of any active ligand bound to the metal and in the
presence of an additional (generally protic) nucleophile, the mechanism of the reaction is expected
to be of Activated Monomer Mechanism (AMM) type (Scheme 1.4a). Such polymerization
process is operating with most inorganic salts, the nucleophile being in most cases an alcohol that
was added intentionally, or impurities present in the mixture like typically residual water. When
the complex comprises an active ligand, typically alkoxide (phenoxide) or amido and in some
cases alkyl (generally poor initiator) in a well-defined purposely synthesized compound or
resulting from the reaction of any alkyl/amido precursor with an alcohol molecule, the
polymerization reaction is expected to undergo through a Coordination-insertion Mechanism (CM)

process (Scheme 1.4b).

a) Activated Monomer Mechanism b) Coordination-insertion mechanism
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Scheme 1.4. ROP by (a) Activated Monomer Mechanism’®, (b) Coordination-insertion mechanism?’’
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1.1.3.2. Selective iron-based catalysts for the ROP of lactide and &-caprolactone

A various plethora of iron complexes has been developed for the ROP of cyclic esters,
which is described in our comprehensive review. Herein, we will only discuss some of the best
known iron catalytic systems for the ROP of cyclic esters, especially lactide (LA) which is bio-
sourced and e-caprolactone (e-CL) which is mainly a petro-sourced monomer. The ROP of LA
and CL produces polylactide (PLA) and poly(e-caprolactone) (PCL) respectively, a type of
biodegradable polymers becoming more popular due to both environmental and strategic
reasons.’® Furthermore, they are really important materials in the biomedical field,”® and the birth
of these polymers has significantly influenced the development and rapid growth of various
technologies in modern medicine.®’ PLA belongs to the family of polymers derived from o-
hydroxy acid such as lactic acid (2-hydroxypropionic acid). The monomer lactide has two chiral
centers due to which it exists in the form of three stereoisomer namely D-lactide (two R-lactic
acids), L-lactide (two S-lactic acid) and meso-lactide (R- and S-lactic acid). The racemic mixture
of D- and L-lactide is called rac-lactide (Chart 1.20).

0 0 0
S S //,’R
N R,
o} o) o
meso-lactide D-lactide L-lactide
N J

N

rac-lactide (1:1)
Chart 1.20. Stereoisomers of lactide
There are three main routes used to synthesize PLA depending on the molecular weight of
the resulting aliphatic polymer, namely, i) a direct condensation polymerization, ii) a combined
melt polycondensation with a Solid-State Process (SSP) starting from oligomers in the presence
of tin, titanium or zinc-based catalysts,®* and the last is the iii) ROP®? in the presence of organic or
metal complex catalysts, starting from a purified lactide structure.®® Metal complexes are one of
the most efficient catalysts for the ROP of bio-sourced monomers®* due to which PLA is mainly
produced through metal-mediated ROP of L-lactide, derived from fermentation of starch

consisting of two stereoisomers S- and R-lactic acid (Scheme 1.5).8°
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Condensation
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OH 0]
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O

Hydrolysis
CHj3

COoO+HON =~

Lactic acid

Scheme 1.5. PLA manufacturing overview®

Former studies that are relevant for the ROP of LA and e-CL have been based on FeX: or
FeXs (X = Cl, Br, Cl04),® Fe powder? carboxylates®® homo- or hetero-metallic
alkoxides/phenoxides,?® salen-iron based systems® and B-diketonate complexes,®* which are in the
form of a discrete compound or in situ generated from metal/reagent combination and amido
derivatives. We have narrowed our study to well-defined, most active and stereoselective systems,
including iron-based coordination catalysts, complexes bearing neutral ligands or anionic ligands,

some of which are shown below in Chart 1.21.
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Fe)(acac)s
(64)

N

R = p-methoxyphenyl [2Y¢(OR,)] R = p-methoxypheny! [2M¢(OR,)
R = neopentyl [2Y¢(ORy)] R = neopentyl [2Y¢(ORy)"]
R = 4-tert-butylphenyl [2M¢(OR,)]

CHPh,

Fe)(n-O)5(OEt)13  Ph,HCO, 0, OCHPh,
66 Fe) (Fe :
(66) Ph,HCO ~ O~ OCHPh, PhsSIO  DSIPh,

CHPh 69
Fe) (OCMe,Ph)g (68) 2 (69) Rq =H, Ry = Bu [5(TMS)]

(67)

11,

/
Me;Si SiMes
R; = R, = Me [2M¢(TMS)]

. . 4
Me;Si SiMe; ,PI?U

E\],/ N I ’Pr
Ph—( el '\5>—Ph
',‘l/o/ \N
\
Me;Si \  SiMe3 ’Pr ’Pr ip ’Pr

70) CHPh gy (71)
(70) 2 OBu OPr 72)

(rac (RR {\§ mmh .fh"“«.}'—l&

Bu Bu H Bu Bu

(a) (b) (c) (d) (e) (f) (9) (h)

X4 = N(SiMes)s, X = N, Ry = C(Ph)s, Ry = Me (74)

X1 = N(SIMe3)2 2= =N, R1 OMe, R2 = Me (75)
N(SIMe3)2 X2 =N, R1 CH(Me)z, R2 =H (76)

x1 = N(SiMes),, X5 = N, Ry = CH(Me)(Et), R, = H (77)

X4 = N(SiMea)s, X5 = C, Ry = C(Ph)s, Ry = Me (78)

X1 = Cl, X, = N, Ry = C(Ph)s, R, = Me (79)

Chart 1.21. Selective iron-based complexes for the ROP of LA and e-CL
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Following the studies of Dobrzynski et al. and Carpentier et al. who assessed Fe(acac)s
(67) for the bulk polymerization of 2,2-dimethyltrimethylene carbonate (DMC) and trimethylene
carbonate (TMC),% the homoleptic Fe(acac)s derivative (64) was assessed for the ROP of L-LA
by the group of Park, Lee and Kim where the initiator (64) showed low activity (TOF = 63 hl) at
130 °C in toluene as single component catalyst (Chart 1.22).9 Concerning the reaction mechanism,
the authors advanced cautiously by proposing the formation of an active cationic species by loss
of an acetylacetonate ligand or by splitting into two ionic mononuclear entities. The same
compound had been previously shown to be much more active (TOF = 684 h!) with additional
BnOH (3 egs.) vs. rac-LA polymerization at 130 °C in bulk.®* The ROP process was well
controlled in this case (narrow B, My close to theoretical value). This catalyst behavior compared
well with that of complex Fe(dbmOH)s (dbm = dibenzoylmethane) (65) under the same

experimental conditions, which was found even more active (TOF = 891 h'l).

Fe)(acac)s
(64)

64
Low activity for L-LA
Moderately active for rac-LA in the presence of BnOH

65
Moderately active for rac-LA
Low activity for CL K\O

Chart 1.22. Acetylacetonate and B-diketonate iron-based complexes for ROP of LA and CL%%%3.94.9

In this homoleptic tris(B-diketonate) derivative, the ligand bears an additional hydroxyl
function so as to include within the same molecule the catalyst and the initiator. The ROP reaction
afforded an iron-star Fe(domPLA)s which was further easily demetalated into dbmPLA
macroligand. Noteworthy, chain extension was noted with additional rac-lactide in the presence
of Fe(domPLA)s. Ligand exchange between the B-diketonate ligand in the iron catalyst and the
alcohol as CTA was proposed to take place, on the basis of kinetic studies.®® Complex 65 also
enabled, in a similar way, the ROP of -CL (in bulk at 110 °C) and of sequentially added CL and
rac-LA to afford Fe(dbmPLA)z and Fe(dbmPCL-b-PLA)3, respectively, which were further
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demetalated into functionalized domPLA and dbmPCL-b-PLA.*® 'H NMR spectroscopic and
kinetic studies established a slight tendency to transesterification (exchange of copolymer chains
with PCL chain attached to the active catalyst resulting to even or odd number of triads) for such
polymerizations conducted under harsh conditions, especially at high monomer conversions (conv.
> 70%).

The first study with structurally characterized iron complexes used as catalysts for the ROP
of lactide have been based on iron (111) alkoxides Fes(u-O)(OEt)13 (66) and Fe2(OCMezPh)s (67)
(Chart 1.23).%" Complex 66 (under the form of a cluster) was found to be very active (TOF = 1 250
h1). The authors established the living character of the polymerization and two chains growing per
metal, with possibly little transesterification. A coordination-insertion mechanism was proposed
with the absence of epimerization of the monomer which could have led to the formation of meso-
lactide Catalyst 67 (as a dimer) had similar behavior, although slightly less active (TOF = 950 h-
1). The iron (I11) alkoxide of formula [Fe(OR)s]2 (68) (R = CHPhy) was synthesized by the same

group and characterized by X-ray diffraction studies.®

&) (1-0)s(OEt)13 GHPh,
Ph,HCO__O__ OCHPh,
(66) Fe) (Fe
Ph,HCO (l) ‘OCHPh,
Fe (OCMezph)6 CHPh2
(67) (68)
66 and 67 68
Moderately active for rac-LA Moderately active for rac-LA and CL

Chart 1.23. Iron alkoxides complexes for ROP of LA and CL%"%

This homoleptic alkoxide, which was found dimeric in the solid state, was ten times more
active than the monoalkoxide 70 (see further in this section) for the ROP of CL, and enabled more
controlled polymerization with initiation efficiency evaluated at 100%. This difference in
reactivity was less pronounced for the ROP of rac-LA but the process was again in favor of 68.
This latter complex is a rare example of compounds displaying higher activity toward LA than CL.
Sequential CL/LA copolymerization could then de facto be obtained successfully with complex
68. In terms of activity/control of the ROP of LA, complex 68 compares well with the behavior of
very active catalysts 66 and 67. However, a certain lack of reproducibility due to high sensitivity

to impurities was noticed.
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In 2013, the group of Byers investigated a series of iron (I1)-BIP alkoxide/aryloxide
complexes as initiators in the ROP of rac-LA at room temperature in dichloromethane (Chart
1.24).%° The complex 2M¢(ORa), which was isolated by reacting the alkyl precursor 2Me(TMS)
with two egs. of 4-methoxy-phenol, exhibited poor activity (TOF = ca 15 h). The analogs
complexes 2M¢(ORb) and 2Me(ORc) were in situ formed in the same way (but not isolated) and
have shown to exhibit similar reactivity and results for the ROP of rac-LA, whereas complex
2Me(TMS) was sluggishly active on its own. The performances of these catalysts were optimized
a few years later'® with TOF values up to 2 820 h in toluene at room temperature, which
competes with the best metal-based catalysts towards the ROP of lactide.’®>"® With such
complexes [2M¢(ORa-c)], the process was found living and operating according to a coordination-
insertion mechanism, the number of growing chain per metal being dependent on the aryloxide
(one chain)/alkyloxide (two chains) nature of the initiating group. The use of a chiral alcohol did

not allow the control of the stereo-selectivity of the transformation.

X X

B »
N Rz 7Y T R
N N N N
\Fe/ ©: \Fe/j©

S\

RO OR R1/\ \R1

Me;Si SiMe;
R, = R, = Me [2M¢(TMS)]
R, = H, R, = 'Bu [5(TMS)]

R = p-methoxyphenyl [2M¢(OR,)]
R = neopentyl [2M¢(OR,)]
R = 4-tert-butylphenyl [2M¢(OR,)]

2Me(OR,) - Low activity for rac-LA 2Me(TMS) and 5(TMS)
2Me(OR,) - Moderately active for rac-LA  Highly stereoselective for rac-LA and meso-LA

Chart 1.24. Bisiminopyridine Iron complexes for ROP of LA%100101,105

In the same study, the iron (111) complex 2Me(ORa)*, which resulted from the oxidation of
its iron(11) congener 2M¢(ORa), was found to be inactive for the ROP of LA. This difference in
behavior was exploited to produce a redox-controlled catalytic system with switch on/off of the
polymerization ability, depending on the oxidation state of the iron metal center (a recent study
including theoretical support was published by the same group with CL.%? Subsequently, the
authors found that the iron (111) complex 2Mé(ORa)* was able to polymerize cyclohexene oxide,
whereas the iron (1) counterpart [2M8(ORa)] was inactive. The distinct monomer selectivity of this
iron-based catalyst, as a function of its oxidation state, allowed the authors to elegantly prepare a

PLA-b-PCHO block copolymer by in situ switching from one species to another, using an
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appropriate oxidizing or reducing agent.!®® Another paper from the same authors exploited the
same features to propose a way of elaborating innovative redox crosslinking of PLA from
intentionally synthesized epoxy-grafted lactide monomer.1%

The first stereo-selective ROP of LA with an iron-based catalyst was achieved in a smart
study by the same group, using in situ generated chiral iron (11) catalysts based on BIP complexes
2Me(TMS) and 5(TMS) in the presence of silanols (Chart 1.24).1% With rac-LA at room
temperature in THF solution, the polymerization exhibited a living character and heterotactic PLA
with Pr up to 75% was obtained (P, probability of racemic linkages). However, deviations from
the theoretical M, values were observed, due to slow initiation. Syndiotactic PLA with Py up to
92% was achieved from the polymerization of meso-LA with 5(TMS) combined with selected
silanols (Chart 1.25).

Epopraoohor dyotoloocdor

Heterotactlc PLA (-SS- RR Syndlotact|c PLA (-SR-SR-),

Chart 1.25. Tacticity in PLA arising from stereoselective polymerization of LA
The iron bis(siloxide) complex 69 containing a bidentate iminopyridine ligand was then
intentionally prepared (and characterized by X-ray diffraction studies) as a model for the 7
coordination mode of BIP (Chart 1.26). This complex behaved similarly as the binary
5(TMS)/silanol catalytic system, affording slightly lower stereo-selectivity. Enantiomorphic-site
control was advanced to explain these results, with DFT calculations as support. According to the
authors, these iron-catalyzed reactions benefit from synergistic effect involving silanol and BIP

ligands bound to the metal.

CN
N— Fe—~ N
|
OR Ph;SIO  OSiPh,
R = p-methoxyphenyl [2Y¢(OR,)'] (69)
R = neopentyl [2Y¢(OR,)'] 69/Ph;SiOH - Highly stereoselective for rac-LA

[2Me(OR,)' - Moderate activity for rac-LA and very poor activity for CL
2Me(OR,)'- Moderate activity for rac-LA and highly active for CL

Chart 1.26. BIP Iron alkoxide/aryloxide and iron bis(siloxide) complexes for ROP of LA00:105
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With the aim to focus on the impact of the oxidation state of the metal, Byers and coworkers
prepared a family of formally iron(1)-(BIP) alkoxide complexes that have been involved in the
ROP of a variety of cyclic polar molecules: LA, CL, VL, y-butyrolactone (GBL), BBL, TMC,
ethylene carbonate (EC) and cyclohexene oxide (Chart 1.26).1° Complex 2M¢(ORa)’ (Iron (11))
exhibited similar activity as the iron (11) 2M¢(ORa) in ROP of rac-LA, but slow initiation rates
were advanced to explain the higher than expected molecular weights. Faster polymerization
resulted from the use of the neopentyl alkoxide complexes 2Mé(ORp)’ and 2M¢(OR), as already
observed,*® the process being additionally living. Surprisingly, complex 2M¢(ORz) was found
inactive toward the ROP of CL at room temperature, whereas complex 2Me(ORa)’ was found fairly
active. With complex 2M¢(ORp)’ as catalyst, very high activity was obtained (TOF = 11 880 h*,
the best one up to now for an iron catalyst) and the process was better controlled than with
2Me(ORa)’. The complex 2M¢(ORb)’ exhibited the best ROP catalyst performances among the
studied series of catalysts with other monomers like BBL (but with uncompleted conversion), VL
and TMC. Remarkably, the alkoxide catalyst 2Me(ORb)’ displayed much higher reactivity and
control of the polymerization process than its phenoxide analog 2M¢(ORa)’. However, GBL was
not homo-polymerized by 2M8(ORyp)’ but it could be incorporated into polymers of CL (up to 33
mol%). Poly(CLcoVL) were also prepared by means of 2M¢(ORy)’. However, the combination of
rac-LA and CL did not produce statistical copolymers, but only PLA. This trend, a priori
surprising, considering that the homoROP of CL is much faster than that of LA, follows in fact a
general behavior that is well documented.%® Block copolymers could however be prepared. On
the basis of a set of specific analyses (X-ray, Mossbauer, SQUID magnetometry) completed with
theoretical (DFT) investigations, the authors concluded that the bis(imino)pyridine Fe(l)
complexes 2M¢(OR)’ can rather be seen as iron (l1) derivatives surrounded by a one-electron
reduced ligand. The iron (Ill) cationic analogues were found inactive toward the same ROP
processes, but they were capable of performing the ROP of epoxides.

The iron (Ill) alkoxide of formula LFeOR (R = CHPhy, 70, L = N,N’-
bis(trimethylsilyl)benzamidinate) was synthesized and characterized by X-ray diffraction studies
(Chart 1.27).1%7 This monoalkoxide, which exists as a monomer in the solid state, was found less
active for the ROP of CL than the homoleptic alkoxide complex 68 and operating in a less
controlled manner (broader dispersity values and initiation efficiency limited to 50% with 70). The

same trend of higher activity of 68 vs. 70, although less pronounced, was observed toward LA
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polymerization under comparable conditions. In contrast to what is generally reported, complex
70 displays higher activity toward LA than CL, in a similar manner to that found with complex 68.
It is however worth mentioning that a lack of reproducibility was noticed, due, according to the
authors, to too high sensitivity to impurities.

Me;Si /SiMes fBu

N// \\N

Ph “Fel

b SR @ ﬁ)

I 0 ..
Me3S| \ S|Me3 IPr IPr IPr IPr

CHPh
(10) 7 tBU (71) O Pr (72)

Moderate activity for rac-LA Moderate activity for rac-LA Poorly active for LA
Poorly active for CL Highly active for CL

Chart 1.27. Bis(trimethylsilyl)benzamidinate Iron alkoxide and diketiminate iron alkoxide
complexes for ROP of LA and CL.107:108.109

The discrete diketiminate iron (11) monoalkoxide 71, which was prepared by Gibson and
coworkers from the chloro diketiminate precursor,'% adopts a monomeric structure in the solid
state (Chart 1.27).1%° The authors showed that this compound behaves efficiently as initiator toward
the ROP of LA and CL. Under mild experimental conditions (room temperature, toluene solution),
TOF values reach 282 h't (1 140 h' for CL) and the process is well-controlled in term of Kinetics.
However, transesterification was observed at high conversion and M, values (not corrected, based
on PS standards) were higher than theoretically expected for one polymer chain per metal (Mnexp
= 37.5 kg/mol vs. Mnthy = 13.5 kg/mol), which argues for uncomplete catalyst efficiency. A decade
later, Li et al. synthesized the less sterically congested diketiminate monoalkoxide Fe (I1) complex
72 (Chart 1.27). The ROP of rac-lactide was performed with this complex in toluene solution at
70 °C, which exhibited moderate activity and poor control with respect to molecular weights.1°
Lower activities than the similar iron complex 71 reported by Gibson were noted,'% suggesting
that the steric hindrance of the diketiminate iron (1) monoalkoxides has an impact over their
polymerization activity. No stereo-selectivity was observed.

More recently, the group of Pang achieved the ROP of lactide (rac-, L- and meso- were
studied) and CL in bulk with a series of new Salen-iron (111) complexes 73a-h (Chart 1.28).1!! The
initiation was promoted by activating the air-stable (Salen)FeCl precursors with propylene oxide
(PO), which also served as solvent. Varying the substituents and ligand backbone made stereo-
selective polymerization of rac-LA possible, for the first time with an Fe (I11) catalyst and little
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later to the studies of Byers (vide supra), to yield either predominantly isotactic (Pm up to 0.78) or

heterotactic (Pr up to 0.63) polylactides. The stereo-selectivity was shown to proceed via a chain

Oy
4Fe\
R olo R
Cl
R R

(73)
O -
g(rac?l (RR G >_E R }_E
R= Bu Bu ‘Bu H Bu ‘Bu Cl Cl
(a) (b) (c) (d) (e) (f) (9) (h)

Poor activity for rac-LA and CL but moderate stereoselectivity

end control mechanism.

Chart 1.28. Salen Iron (I11) complexes for ROP of LA and CL*!

The activity of these catalysts, which was related to the flexibility of the bridging moiety
as well as to the substitutions on the phenolic rings, was found significantly higher than their Al-
based Salen counterparts. Complexes 73a-h were also found active toward the ROP of CL, under
similar conditions as for lactide but at room temperature. Similar structure-reactivity relationships
were noted regarding the impact of the phenyl substituents, but the presence of the methyl on the
amine bridge severely decreased the activity. The control over molecular weights was average with
both types of monomers. The mechanism (Scheme 1.6) was demonstrated to proceed by
coordination-insertion into the metal-alkoxide moiety resulting firstly from the insertion of

epoxide (as co-initiation reagent) into the Fe-Cl bond.

0_O
L L
>> >> W
“ ()
oﬁ © 27 2 9

L,Fe—cl—=— L,Fe—cl—>L Fe_ L,Fe—0 _ , CI o] H
PO " > o 0
Cl 0 n

Scheme 1.6. Proposed mechanism of iron-catalyzed ROP activated by epoxide!!
Very recently, Thomas et al. reported a series of achiral iron amide complexes 74 — 79
bearing mono(phenolate) ligands for the stereoselective ROP of rac-LA (Chart 1.29).112 In this

study, all the complexes were found active under mild reaction conditions, producing highly

54



Chapter 1

isotactic PLA (up to 92% isotacticity). The complex 79 was characterized by X-ray diffraction
studies and further investigated via DFT studies, which revealed that a stable five-coordinated iron
species is able to ring-open LA. On the other hand, the complex 74 proved to be an efficient
initiator for the ROP of rac-LA, producing high molecular weight (M» = 112 500 g/mol) isotactic
PLA (Pm = 0.84) with low activity (TOF (h) = 221). Changing the amido initiator by an alkoxy
initiator (~O'Pr) for 74 did not significantly influenced the stereoselectivity. However, the addition
of 'PrOH to 76, enhanced the initiation and drastically increased the catalytic activity (TOF (h'?) =
32 160), although maintained the high stereoselectivity (Pm = 0.82).

X4 = N(SiMe3),, X, = N, Ry = C(Ph)3, R, = Me (74)

X4 = N(SiMe3),, X, = N, Ry = OMe, R, = Me (75)

X; = N(SiMe3)y, X, =N, Ry ='Pr, R, = H (76)

X4 = N(SiMe3),, X, = N, Ry = CH(Me)(Et), R, = H (77)

X1 = N(SiMe3),, X5 = C, Ry = C(Ph)z, R, = Me (78)
X1 =Cl, X, =N, Ry = C(Ph)3, R, = Me (79)

(74) Low activity at room temperature and low temperature

(76)/'PrOH High activity

Moderate to high selectivity obserevd for all

Chart 1.29. Iron amide complexes bearing tripodal phenolate ligands for ROP of LA!!?

Later, the influence of ligand substituents on the microstructures of PLAs was examined
where it was observed that the complexes 75 and 76, bearing ortho-methoxy or ortho-isopropyl
groups, respectively, gave relatively low selectivity for isotactic PLA (Pm = 0.79). But when the
steric hindrance was sufficient, the ortho-substituents on the ligand did not significantly affect the
stereoselectivity as observed with 74 and 77. Nevertheless, substituting the initiator by
tetracoordinated complex 78, decreased the polymerization stereoselectivity (Pm = 0.68) due to the
vacant coordination site, leading to an additional monomer addition site and consequently affected
the catalyst selectivity. In addition, the tacticity of PLA produced by 74, increased by decreasing
the temperature of the reaction up to — 10°C (Pm = 0.92). Lastly, for the first time, the authors also
observed a linear dependence between Tqand the degree of stere-regularity of PLAS.

To compare and summarized the results discussed above, the selected data corresponding

to the polymerization of LA and CL with iron-based catalysts is depicted below in Table 1.3.
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Table 1.3. Selected polymerization data for the ROP of LA and CL with iron-based complexes.

(gg'rgf;f:) Monomer [M]/[Fe] ! gl-?z'j([);;r (O-I(;) T(lrr]r;e C(g/:;/. -{k? 1|): (kg|>Ar:10I) D) Solvent

64 (111) L-LA 100 - 130 1 63 63 10.0 1.10  toluene
64 (111) rac-LA 225 BnOH (3) 130 15min 76 684 9.2 1.23 bulk
65 (1) rac -LA 225 OH (3)° 130 10min 66 891 8.1 1.16 bulk
65 (111) CL 225 OH (3)° 110 4 56 14 5.9 1.38 bulk

66 (1) rac-LA 450 - 70 2lmin 97 1250 32.0 1.17  toluene

67 (1) rac-LA 450 - 70 35min 98 756 34.0 1.60  toluene

68 (111)? rac-LA 1000 - 70 37min 94 1524 544 1.25  toluene

68 (111)2 CL 200 - 25 26min 100 462 20.9 1.20  toluene
2Me(ORa) (1) rac-LA 50 - RT 3 93 155 6.8 1.16 DCM
2Me(TMS) (I1) rac-LA 50 4-MeO-CgHsOH (2) RT 3 88 147 6.2 1.18 DCM
2M(TMS) (1) rac-LA 50 NpOH (2) RT 2 9% 24 4.1 1.27  DCM
2Me(ORa) (11) rac-LA 50 - RT 20min 94 141 16.1 1.15 CB

2Me(ORb) (1) rac-LA 500 - RT 10min 94 2820 948 1.37  toluene
2Me(TMS) (I1)° rac-LA 50 PhsSiOH (2) RT 9 - - 42.9 1.31 THF
5(TMS) (11)¢ rac-LA 50 MePh,SiOH (2) RT 9 - - 157  1.38 THF
5(TMS) (I)¢ meso-LA 50 Et3SiOH (2) RT 3 - - 11.5 1.62 THF
69 (I1)° rac-LA 50 PhsSiOH (2) RT 9 - - 43.1 1.40 THF
2Me(ORa)’ (1) rac-LA 100 - RT 20min 86 258 25.7 1.16 CB

3Lack of reproducibility due to high sensitivity to impurities; "Alcohol comprised in the catalyst; “Tacticty (P;) = 0.66 with 2Y¢(TMS), 0.75 with
5(TMS) for rac-LA, 0.92 with 5(TMS) for meso-LA, 0.85 with 69.
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(gg_”;f;f:) Monomer  [M]/[Fe] Ig—f—f&?;g (O-E) T(lrr]r;e C(g/:;/' -{r?ll): (kg|>/|r:10I) b Solvent
2Me(ORb)’ (1) rac-LA 50 - RT 10min 91 273 9.6 1.12  toluene
2Me(ORa)’ (1) CL 50 - RT 24 80 1.7 30.6 2.22  toluene
2Me(ORyp)’ (1) CL 2000 - RT 10min 99 11880 390.0 1.21  toluene

70 (1) rac-LA 1000 - 70 77min 88 686 39.5 1.88  toluene
70 (1) CL 200 - 25 425 100 47 23.1 1.82  toluene
71 (1) rac-LA 100 - 25 20min 94 282 37.5 1.12  toluene
71 (1) CL 5min 95 1140 86.2 1.38  toluene
72 (1) rac-LA 500 - 70 24 78 162 18 (My) - toluene
73a (111)? rac-LA 100 PO 60 24 90 3.8 19.4 1.58 PO
73b (1112 rac-LA 100 PO 60 24 91 3.8 18.1 1.46 PO
73c (1112 rac-LA 100 PO 60 4 91 22.8 24.5 1.54 PO
73g (111)2 rac-LA 100 PO 100 5.1 94 184 3.3 3.46 PO
73c (I11) CL 100 PO 25 15 95 6.3 25.6 1.47 PO
73h (1) CL 100 PO 60 1.6 96 60 15.2 2.07 PO
74 (11)° rac-LA 200 - 20 45min 83 221 1125  1.32  toluene
74 (1P rac-LA 200 'PrOH (1) 20 20min 82 492 248  1.04 toluene
74 (1)° rac-LA 200 'PrOH (1) -10 3 43 14 6.7 1.16  toluene
75 (1) rac-LA 200 'PrOH (1) 20 1min 75 9000 167  1.20  toluene
76 (11)® rac-LA 800 'PrOH (1) 20 1min 67 32160 519 1.14  toluene

"Tacticty: Pm = 0.78 (73a), Pm = 0.77 (73b), Pm = 0.68 (73c), P; = 0.63 (73a), °Pmy = 0.84; °Ppn = 0.92; 9Py, = 0.79; *Ppn = 0.82
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1.2. Conclusion

As can be seen in this bibliographic survey, the field of well-defined iron-catalyzed
coordination-insertion polymerization has given rise to considerable applications in a wide range
of monomers including ethylene, 1,3-dienes and polar cyclic esters. This clearly demonstrates the
flourish and versatile nature of this area of research.

Throughout this chapter, we often encounter a recurrent catalytic structure based on the
bis(imino)pyridyl skeleton, which has been extensively used for the coordination-insertion
polymerization of both polar and non-polar monomers. Thanks to the discovery by the Gibson and
Brookhart groups of an extremely active system for the polymerization of ethylene, based on the
iron-BIP/MAO catalytic system, this finding has attracted a lot of interest and motivation for many
research groups to exploit its potential. One can advance that this is mainly related to the
modularity of the BIP ligand skeleton, which can be easily adjusted in term of electronic and steric
properties according to the type of chemistry envisioned. In parallel, the ability of the BIP ligand
to act, in some cases, as electron-reservoir (redox non-innocent ligand,!** has enabled the
development of novel synthesis methodologies in “iron-catalyzed reactions in organic
chemistry”64114

Since the review of Olivier-Bourbigou and coworkers in 2015, the field of iron-catalyzed
1,3-dienes polymerization has progressed steadily (section 1.1.2). Overall, these catalysts are still
moderately active compared to the industrial systems based on other transition metals (e.g. Ti, Co,
Ni) or rare earths (e.g. Nd) and the stereo-/regio-selectivity remains an issue that needs to be further
improved for iron-based systems. From this point of view, much remains to be done for
understanding the structure-properties relationships of iron-catalyzed 1,3-dienes polymerization.
This is particularly evidenced by the works described in section 1.1.2.3, where the same iron-based
complexes gave rise to significantly different results depending on the activation mode of the pre-
catalysts (complexes 17 and 21), the experimental conditions and the nature of the cocatalysts.
Nevertheless, some trends can be cautiously drawn from this survey. All truly active iron catalytic
systems for the polymerization of 1,3-dienes are supported by nitrogen-based bidentate or
tridentate ligands. Overall, we conclude that the iron-based complexes bearing bidentate ligands
are apparently more active than the related pre-catalysts supported by tridentate ligands. Moreover,
in the case of iron complexes bearing N-alkyl iminopyridine ligands, the combination of borate

co-reagent with alkyl-aluminum or MAO cocatalysts may be beneficial for the formation of 1,4-
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trans units, whereas in the absence of borate, there is a tendency to favor 1,4-cis selectivity. In
contrast, no obvious pattern regarding the activation mode of the iron complexes supported by N-
aryl iminopyridine ligand can be identified: as such i) the use of the dual alkyl aluminum/borate
or MAO alone as cocatalysts leads to a slight selectivity for 1,4-cis content, while ii) the
combination of MAO/borate cocatalysts exhibits a high 1,4-trans stereo-selectivity with
complexes bearing fluorinated N-aryl iminopyridine ligands. Advances in the area of butadiene
polymerization seem to be emerging with respect to the thermal stability of the catalytic system,
with the formation of highly regular syndiotactic 1,2-polybutadiene resulting from the combination
of an iron precursor with phosphorous additives (section 1.1.2.1).

With respect to the ROP of cyclic esters, the best iron catalysts in terms of activity reach a
good level of performance, which is approaching that of the most active metal-based complexes.’™
To the extent that the complex is well-defined and bears an alkoxy(aryloxy) group, which may
also result from in situ reaction of a pre-catalyst with an alcohol/phenol, the reaction can proceed
under mild experimental conditions (in solution and at low temperature). This strategy affords a
process that can display good activity and control over the molecular weights, even being
competitive with efficient catalytic systems based on other metals conventionally used in ROP.

As it also results from the ROP section, a number of neutral and ionic bulky ligands allow
the preparation and isolation of iron complexes with several oxidation state (from 0 to +111 herein),
which makes it possible to highlight the impact of the oxidation state on ROP. To summarize on
that point, the best performances were obtained with the lowest oxidation states, even if it is
prudent not to deduce a general rule from it. Moreover, the recently proposed concept of redox
triggering of a polymerization with complexes based on group 3 and 4, with on-off switch
control, could be successfully applied in the field of iron-based ROP of cyclic esters, through the
elaboration of well-defined iron (I1)/iron (111) couples of catalysts. Regarding the ROP mechanism,
with iron salts, it is accepted as of AMM type. In absence of alcohol as co-reagent, protic impurities
were suspected to account for the initiation reaction. However, a CM pathway was alternatively
proposed when the catalytic species contains an alkoxide moiety, which can also alternatively be
formed in situ. Noteworthy, higher reactivity towards LA than CL was noticed for a number of
iron catalysts (65, 68 and 70). This is quite unusual when compared to other metal complexes
where the homopolymerization of CL is much faster than LA for a given complex. This allows us

to see opportunities for the controlled statistical copolymerization of LA and CL, one of the major
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challenges to improve the mechanical and physical properties of biodegradable polymers.1%

Finally, one aspect that is still to improve is the control of the stereo-selectivity with iron, which
has just emerged very recently with the work described by the group of Byers, to be able to
withstand comparison with the performances of the best catalysts in this area.0%116

In summary, the field of iron-catalyzed coordination-insertion polymerization has been
widely investigated in recent years and, despite significant advances from an academic point of
view, the industrial application of such systems based on this abundant and low toxic metal is still
limited. To our knowledge, there is to date one example of iron-based catalyst that has been
successfully applied on a 500 tons pilot plant for the preparation of short chain a-olefins.}’® The
search for efficient iron-based catalysts for industrial applications therefore remains a major
challenge. Therefore, in this context, we look forward to answer all these questions by the studies
we conduct throughout this thesis in search of highly efficient iron-based catalytic systems
specifically for the polymerization of isoprene, styrene, lactide and e-caprolactone.
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Chapter 2

2.1. Introduction

Since the initial report twenty years ago on the high catalytic activity of the (BIP)iron/MAO
system for the polymerization of ethylene (BIP = bis(imino)pyridine),*? the field of iron-catalyzed
polymerization reactions has seen a substantial surge of interest for the preparation of a variety of
polymeric materials.®* Particular attention has been paid to the development of homogeneous
single-site polymerization catalysts, as these systems have, to some extent, provided precise
control over molecular weights, molecular weight distribution and stereo-regularity of the polymer
chains in comparison with heterogeneous catalysts.> " In this context, the research community has
been motivated to ingeniously design discrete iron-based pre-catalysts for the coordination-
insertion polymerization of not only olefins and related monomers, but also vinyl and cyclic polar
monomers.®

Among the family of synthetic polymers, polydienes and especially polyisoprene are currently
receiving special attention for their use in a wide range of applications in the rubber industry, e.g.
tire manufacturing, medical science and others.®*> The coordination-insertion polymerization of
isoprene produces four types of unit distributions such as 1,4-cis, 1,4-trans, 3,4 and 1,2-vinyl
arrangements (Scheme 2.1), the amount and type of sequences dictating the resulting thermal,
mechanical and physical properties of the polymer. To date, single-site catalysts for the
polymerization of 1,3-dienes are mainly based on transition (Ti, Co, Ni) and rare earth (Nd) metal-
based systems, producing concomitantly, to a certain degree, high molecular weight polymers with
controlled microstructures.’®*? On the other hand, single-site iron-based catalysis for the
polymerization of isoprene has received less attention, whereas this metal is easily accessible,

inexpensive and essentially non-toxic compared to its counterparts.??

SOOI RPN

1,4-trans 1,4-cis
N

~
iso-, syndio- or atactic

Scheme 2.1. Possible microstructures of polyisoprene
Most iron-active systems are mainly supported by bidentate and tridentate aromatic nitrogen

3,20

ligands,*<" the former system displaying the most promising performances in terms of activity and

69



Chapter 2

selectivity as it offers an additional coordination site to accommodate the isoprene monomer when
compared to the latter.® As previously discussed in the last chapter, there have been various
contributions to the field of coordinative polymerization of isoprene with iron based catalytic
systems. From the highly active bipyridine system to the systems comprising specifically the
iminopyridine skeleton — the modification of which by varying the N-aryl substituents and/or
reducing the imine has resulted in a wide variety of iron (1) iminopyridine/aminopyridine
complexes whose catalytic applications in the polymerization of isoprene have been observed in
the literature. A short descriptive summary of some of these works by different research groups
including those of Ricci,?® Ritter,>* Chen?® and Wang?®28 is presented in Chart 2.1. Overall, these
results highlight the importance of the structure/properties of the iron pre-catalyst systems bearing
bipyridine, iminopyridine and aminopyridine ligand as well as their mode of activation for
controlling the polymerization of isoprene. At this stage, it is difficult to draw any rational
conclusions regarding the influence of the electronic and steric properties of the ancillary ligand
along with the nature of the cocatalyst on the selectivity and activity of the polymerization process.

Herein, we wish to contribute to this field by reporting the polymerization of isoprene with
iron complexes supported by various iminopyridine ligands with a methyl substituent on the
carbon of the imino group (Chart 2.1, bottom). To our knowledge, the use of ketiminopyridine-
iron pre-catalysts for the polymerization of isoprene was only studied for the embedment of iron
nanoparticles in polyisoprene within the cavity of carbon nanotubes.?® In any case, no details on
the selectivity and activity of the polymerization were described.

In the present chapter, the iron-catalyzed polymerization of isoprene will be investigated
through the modification of the iminopyridine ligand framework using the complexes bearing N-
aryl substituted ketiminopyridine, which will be compared with their aldiminopyridine
counterparts. We look forward to gain control over the polymerization of isoprene using these
complexes under different experimental conditions, in particular by changing the nature of the co-

catalyst, the temperature of polymerization and the isoprene/catalyst ratio.*°
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Previous work

(2.2"-biPyridine)FeCl, (AldiminoPyridine)FeCl,
| O Q0 |
| \ N N-R !
: /FeCI2 1 !
5 c’ o ;
| R = aryl, F-aryl, alkyl !
E Ricci et al. Ritter et al., Chen et al. and Wang et al. :
! Very highly act|ve_ Highly active :
| Moderate 3,4 selective Highly 1,4-trans/1,4-cis selective !
i (AldiminoPyridine)Fe(acac), (AminoPyridine)FeCl, E
E — H — H H _ 5
| / / O—\ |
| NN - YN N-R N\ W |
| \ - R N H v R |
| 08 Y e g |
5 7 00% c’ T c’ T ;
E Ri1=H, CHj3 E
! R = aryl, alkyl R = alkyl R = alkyl :
! Wang et al. Wang et al. Wang et al. |
! Highly active Highly active Highly active '
: Highly 1,4-trans selective Moderately 3,4 selective Fairly 3,4 selective !
This work
(Ketimino/AldiminoPyridine)FeCl, Activity range

Poor (TOF (h™') < 100)
Moderate (100 < TOF (h™') < 1000)
High (1000 < TOF (h"") < 10000)
Very high (10000 < TOF (h™") < 100000)

R1, R2 = H, CH3
R = aryl

Chart 2.1. Iron-based complexes bearing bidentate pyridine-based ligands for the polymerization of

isoprene
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2.2 Results and Discussion
2.2.1. Synthesis of iminopyridine ligands L1-L5

All the iminopyridine ligands have been prepared following the synthetic strategy as shown
in Scheme 2.2. The family of known ligands L1-L5, bearing N-aryl substituents with alkyl groups
on the ortho positions of the phenyl ring, were synthesized via acid-catalyzed condensation
reaction between 2-pyridinecarboxaldehyde or 2-acetylpyridine or 6-methyl-2-acetylpyridine with
2,6-dimethylaniline or 2,6-diisopropyaniline in methanol at high temperatures (see experimental
part for details).®*3" The reactions were monitored through *H NMR spectroscopy to determine
the conversions as the formation of imine is reversible and typically driven to completion by the
precipitation of imine or removal of water, or both. Due to this reason, the byproduct water was
removed from the reaction mixture by adsorption on sodium sulfate or by azeotropic removal

through Dean-Stark apparatus to prevent the reversible process, thereby, avoiding the reaction to

N
| o ArNH
RN — R,

H*cat

o @§3 Qﬁab

Ri=Ry=H =R,=H R;=H; R, = CH,4
Ar = 2,6-dimethylphenyl Ar = 2,6 d||sopropylphenyl Ar = 2,6-dimethylphenyl

0 P

R4 =H; R, = CHj; =R, =CHj
Ar = 2,6-diisopropylphenyl Ar=2 6 -diisopropylphenyl

proceed backwards.

Scheme 2.2. Synthesis of the ligands L1-L5

All the ligands, which were afforded in poor to high yields (15-89%), were further
characterized by 'H NMR & IR spectroscopy, High Resolution Mass Spectrometry (HRMS) and
elemental analysis. The *H NMR spectra of these ligands were consistent with the reported data.®!
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37 The huge differences in the obtained yield of the ligands corresponds to the outcome of a normal
condensation that depends on the substituent on the carbonyl group. For instance, the difference
between the carbonyl groups between aldehydes and ketones can be an important factor, which
determines the outcome of a condensation reaction, aldehydes being more reactive towards the
nucleophilic additions of substituted anilines than ketones because of both steric and electronic
effects.3® Therefore, depending on the reactivity of aldehydes, some condensations can principally
proceed on their own at room temperature unlike the condensation of ketones which requires some
external energy (eg. heating) to proceed.®® For example, the condensation reaction of 2-
acetylpyridine with 2,4,4-trimethylpentane-2-amine did not proceed even when the reaction
parameters were modified from moderate to harsh conditions (120 °C).

Analyses of the IR spectra of all ligands revealed the characteristic vibration band of the C=N
bond in the range of 1633 — 1643 cm™, showing the negligible effect on the stretching frequency
caused due to the variation of N-aryl substituents. Elemental analysis were performed and

confirmed the molecular formula of ligands (See experimental section).

2.2.2. Synthesis of iminopyridine iron-based complexes (1-5)

Thereafter, the complexation of ligands L1-L5 with one equivalent of anhydrous FeCl; in

CHCl;, was carried out as shown in Scheme 2.3.

N FeC|2
| _ N — > (L)FeCl,
R1 N = \Ar CH20|2
1-5
Ln(n=1- 5)
|\‘ ; |\‘ Cl \‘ ;
(61 % 2 (75%) (57%
\‘ | \\
(82%) 0%

Scheme 2.3. Synthesis of iron (ii) based complexes 1-5 from their related ligands (L)
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The crude product was washed with dry pentane to remove any unreacted ligand in the
solution, affording the related iminopyridine-based iron complexes 1-5 in moderate to good yields
(57 — 83%) as previously described in the literature,33343640-42 Elemental analyses were performed
and confirmed the molecular formula of the resulting iron complexes 1-5 (experimental section).
The IR spectra of the resulting complexes displayed a stretching frequency of the C=N bond
between 1589 — 1593 cm™*; values lower than those identified for their related free ligand due to
= 40-46 cm™). The

complexes 1-5 were also characterized by 'H NMR spectroscopy as they have not been

the coordination of the N atom of the imino group on the metal center (Av(c=n)

characterized yet by this technique. For a better comparison, the stacked *H NMR spectra of the

complexes are shown below in Figure 2.1.

@_\( CH: (isopropyl) H (isopropyl)
H(H’_\'I
ci CH: (imine) Hpyridine Hpyridine
l CH; (pyrdine)
l t—\ P el
@_\( (HQ 1SOL ol v
NN 3 (isopropyl) (Hrisop,vop)'/l
NN N, ¥
cl cl (H_\’ (imine) Hoiria HUA‘]
J Hl’_'-'l"'f”’f i pyridine L
AL‘ Orine l
77N
\ N N H
CH:\ (tmiine) cr Cl g * £PR 3
" CH:dimethyl)
l Hr,~~ i H rdine |
T R H@m’.L
2 _1__ | . \L T (IR
— CH (isopropyl)
W= CH; (isopropyl) | .
N__ N
CI\\E@;CI Hp} nidine ‘ Hm_|/
H}mine Hom'{o Hm rdine =4 J \ ]
& ¥ ¥
CI{J‘(rﬁmeﬂl_rl
\ N/ \N Hm-ndine nia
\ HR\'I‘fdi!Jt’
cr el H
Himine ortho
T T T T T T 1 L s L] A

Figure 2.1. *H NMR spectrum of complexes 1-5 stacked (300 MHz, CD-Cl,, 25 °C)
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All the complexes were sparingly soluble in CDCIz and benzene-ds, so their spectra were
recorded in dichloromethane-d. It is clearly evident from the spectra that the coordination of
ligands to the iron (I1) center has occurred as the characteristic signals corresponding to each
proton are located from -19 to 102 ppm due to the presence of the paramagnetic Fe (I1) metal that
results in wider chemical shift window when compared to the spectra of ligands alone. The same
trend in the shift window can be observed with Ritter’s complexes bearing
trimethylpentyl/triphenylbenzyl groups as their N-aryl substituents.?* The tentative assignments of
these broad singlets could be proposed based on integration and proximity to the metal center,
although in most of the cases, the integrations did not correspond exactly as their expected value,
probably due to the broadening of some signals. As expected, the dramatic differences in chemical
shifts were observed for some protons between the ligand and the paramagnetic metal. Also, the
signals corresponding to the ligand were absent implying the absence of any unreacted ligand or
starting material.

From the stacked *H NMR spectra of complexes, we can observe that the signal of ortho-
pyridyl proton (Hortho) Of the coordinated ligand, nearest to the paramagnetic iron center, is likely
to be found as a very broad singlet shifted downfield at 60 ppm for 1 and 2, whereas for 3-5, it
almost gets disappeared in the baseline due to the increased broadening. The remaining pyridyl
protons (Hpyridine) Which are comparatively far from the iron center are visibly shifted downfield
around 50 ppm. Comparing the spectra of complex 1 and it’s related ketimine 3, we observe a
singlet around 10 ppm which might correspond to the methyls of 2,6-dimethyl substituent whereas
in a similar way, for the complexes 2, 4 and 5, we can observe the resonance of methyl groups of
2,6-diisopropyl substituent upfield in the range of 2-5 ppm. In addition, the backbone methyls on
imino carbon and the isopropyl CH should be largely unaffected as most of them are further
removed from the iron center, appearing downfield nearly at 100 ppm and upfield at -5 ppm,
respectively. Lastly, the methyl group on the pyridine in complex 5, which is very near to the
paramagnetic iron center appears as a broad singlet upfield at -35 ppm. For instance, a hypothetical
assignment of the resonances for complex 4 could be suggested, as indicated in the Figure 2.2.

It is worthy to notice that the presence of various electron donating groups within this
family of ligands/complexes impacts the electron density around the paramagnetic iron (Il) center
which can be clearly observed from the 'H NMR spectra of complexes. For instance, the

complexes 1 and 2 bearing hydrogen as the imino substituent exhibit lesser splitting of their
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characteristic signals (-17.9 to 86.2 ppm) when compared to the complexes 3-5 (-34.8 to 102.7
ppm) bearing methyl group at the imine position which imparts more electron density at the iron
center (aldimine vs ketimine). In addition, beyond the nature of the substituents, it is also the
geometry of the complex in solution (which is different from the solid state), following an induced

magnetic field (depending on this geometry), will impact the spectral width and the position of

signals.
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Figure 2.2. *H NMR spectrum of complex 4 (300 MHz, CD-Cl,, 25 °C)
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2.2.3. Polymerization studies with iron-based complexes

2.2.3.1. Polymerization of Isoprene with Iron-based Complexes 1-5
2.2.3.1.1. Screening various combinations of complex and co-catalyst

The polymerization of isoprene was assessed at room temperature using pre-catalysts 1-5
under different modes of activation. Various reagents such as MAO in excess and
triisobutylaluminium (Al'Bus) or triethylaluminium (AIEts), the two latter ones being combined
with trityl tetrakis(pentafluorophenyl)borate [PhsC][B(CeFs)4], were employed as co-catalysts.
The results of the polymerization of isoprene using the binary 1-5/MAOQO catalytic systems are
presented in Table 2.1 below.

Table 2.1. Polymerization of isoprene using 1-5/MAQ catalytic systems?

Conv. Mhn(exp) ° bP Microstructure ¢ (%o)
Entry? Complex :

(%) (g/mol) 1,4 (trans/cis) 34
1 1 >09 33500 1.9 89 (32/57) 11
2 2 >99 29 000¢ 1.4 76 (30/46) 24
3 3 >99 21 000 2.2 81 (50/31) 19
4 4 >99 13 0001 1.3 91 (77/14) 9
) 5 <1 - - - B}

2 Polymerization conditions: 10 umol of Fe (Il) complex; isoprene/Fe/MAO = 500/1/500; toluene = 5
mL; [Clisoprene = 1 mol/L; time = 1 h; temperature = room temperature (RT); °determined by size exclusion
chromatography (SEC) analysis in THF using polystyrene standards; ¢ determined by *H NMR and 3C
NMR; Mawy = 33700 g/mol (considering one growing chain per metal center); Activity = 34
kgpr)-molcan®.h or Turn Over Frequency (TOF) =500 h for all; @ contribution of a low amount (< 5 %)
of a second fraction displaying high M.

From the Table 2.1, we can clearly see that the catalytic 1-4/MAO combinations were highly
active for the polymerization of isoprene, with complete conversion of 500 egs of monomer per
iron catalyst within 1 h (TOF = 500 h't). The analysis of the polyisoprenes (Pls) obtained from the
1/MAO system by size-exclusion chromatography (SEC) revealed that the M, value was quite
close to the theoretical My, considering one polymer chain per metal center (Mnwy = 33 700 g/mol),
which indicates a fairly controlled process (Table 2.1, Entry 1). For the systems 2-4/MAO, the
molar masses of the obtained polyisoprenes turned out to be lower to those expected, most likely
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due, in some extent, to the occurrence of reversible chain transfer of the growing chain with
aluminum because of the presence of free AlMes (Table 2.1, Entries 2-4).%3 This effect of obtaining
low My, while using MAO (including free AlMes) in excess has already been observed in the
literature with related iron iminopyridine systems.?® Moreover, a small amount of polyisoprene
displaying high M, was found for polymerization reactions conducted with complexes 2 and 4.
The dispersities were broader for 1 and 3, whereas they were quite narrower for 2 and 4. Lastly,
the 5/MAO catalytic system proved to be inactive for the isoprene polymerization, owing to the
increased steric hindrance around the iron center caused by the presence of the methyl group on
the pyridine skeleton, which probably leads to a very poor coordination of the monomer on the
metal propagation center and/or results in a very poor propagation.

All the polyisoprenes were analyzed via NMR spectroscopy studies to determine their
microstructure content via integration of the characteristic signal of protons of 1,4- and 3,4-motifs
in the 'H NMR spectrum and 1,4-trans, 1,4-cis and 3,4-vinyl in the *C NMR spectrum,
respectively. The resulting microstructure content of all the polyisoprenes prepared from Table 2.1
(Entries 1 to 4) are presented in Figure 2.3. The corresponding *H and 3C NMR spectra for the
polyisoprene obtained for entry 4 in Table 2.1 are displayed in Figure 2.4 as an example.

1,4-Cis

1,4-Cis LN

1,4-Trans 1,4-Trans 1,4-Trans

Figure 2.3. Microstructure content of the polyisoprene obtained from 1-4/MAO catalytic systems
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Figure 2.4. NMR spectra (in CDCIs3) of the PI obtained from 4/MAO (Table 2.1, Entry 4) showing the
characteristic resonances of 1,4- and 3,4-units (a, *H NMR) and trans/cis configuration (b, $3C NMR).%4°
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The polyisoprene acquired from the binary 1-2/MAO catalytic system (aldimino-pyridine iron
complexes) consisted mainly of 1,4 motifs (>76%), which predominantly exhibited cis
configuration (> 45%) along with a significant contribution of 1,4-trans and 3,4 motifs (Table 2.1,
Entries 1 and 2).

The modification of complexes 1 and 2, by changing the substituent on the carbon of the imino
group of the ligand from H to CHzs (aldimino-pyridine, HC=N vs ketimino-pyridine, CH3zC=N),
resulted in similar selectivity for the pre-catalyst 3 but, interestingly, an improvement of the 1,4
selectivity (90 %), along with a small amount of 3,4 content (10 %), was observed for the pre-
catalyst 4 (Table 2.1, Entries 3 and 4, Figure 2.2). On the contrary, both catalytic systems showed
moderate selectivity for 1,4-trans, with the 4/MAO system exhibiting the highest percentage of
1,4-trans (77%). From these data, it appears that the ketimino-pyridine-based iron pre-catalysts 3
and 4, in comparison with the aldimino-pyridine-based iron complexes counterparts 1 and 2,
preferentially favor the 1,4-trans stereoregularity, which is also enhanced by the presence of
sterically hindered N-aryl group (4). This 1,4-trans selectivity could be due to an increase in
electron density at the iron center, as previously observed with a related electron-rich iron complex
bearing an octyl-substituted aldimino-pyridine ligand.?4%

It is noteworthy to remind that the polymerization of isoprene using 2/MAO catalytic systems
has already been studied by Chen and coworkers (isoprene/2/MAO = 2 500/1/500),%° which has
led to the formation of polyisoprenes in good yield (83% in 2 hours at 25 °C) with a slight
preference for 1,4-cis-stereoregularity (1,4-trans/1,4-cis/3,4 contents = 5/70/25). In our case, for
isoprene/2/MAO = 500/1/500, the percentage of 1,4-trans units in the obtained polyisoprene
proved to be higher than that reported previously, whereas the proportion of 1,4-cis contents was
lower with identical amount of 3,4-motifs (1,4-trans/1,4-cis/3,4 = 30/46/24; Table 2.1, Entry 2).
In order to compare these different results, we performed the polymerization of isoprene using the
same experimental conditions as those described by Chen, i.e. dissolution of the pre-catalyst 2 (8
pmol) in 2 mL of dichloromethane followed by the addition of 7 mL of toluene with
isoprene/2/MAO = 2 500/1/500. Again, a significant amount of polyisoprene containing 1,4-trans
units was isolated (1,4-trans/1,4-cis/3,4 = 21/52/27, Figure 2.5). The reason for this difference in
result is unknown at this stage, but we can confirm that it does not originate from the use of a
chlorinated solvent to dissolve the pre-catalyst but might arrive from the quality of MAO which

was not specified in Chen’s article.
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1,4-Cis

34

Figure 2.5. Microstructure content of the Pls obtained using Isoprene/2/MAO (2 500/1/500) catalytic
systems (our study (left) vs. *Chen et al.?® (right))

Substitution of the co-catalyst activator MAO by AIEts/[PhsC][B(CeFs)s, Which has been
scarcely used in iron-based polymerization catalysis of conjugated dienes,?* had little effect on the

results of the polymerization. These studies are displayed below in Table 2.2.

Table 2.2. Polymerization of isoprene using 1-5/AlEts/[PhsC][B(CsFs)4] catalytic systems?

Conv. Mhnexp) bP Microstructure ¢ (%)
Entry? Complex :

(%) (g/mol) 1,4 (trans/cis) 34
1 1 >99 45 000 1.9 79 (25/54) 21
2 2 >99 47 000 1.5 75 (32/43) 25
3 3 >99 63 000 1.6 90 (57/33) 10
4 4 >99 19 000¢ 1.5 91 (79/12) 9
5 5 <1 - - - -

2 Polymerization conditions: 10 pmol of Fe (II) complex; isoprene/Fe/AlEts/[PhsC][B(CsFs)s] =
500/1/10/1; toluene = 5 mL; [Clisoprene = 1 mol/L; time = 1 h; temperature = RT; ® determined by SEC
analysis in THF using polystyrene standards; ¢ determined by *H NMR and *C NMR; Myt = 33 700
g/mol (considering one growing chain per metal center); Activity = 34 kgi).molcay*.h™* or TOF = 500

h for all; @ contribution of a low amount (< 5 %) of a second fraction displaying high M

In contrast to the results obtained with 1-2/MAO systems, the ternary
1/AIEt/[PhsC][B(CsFs)a] and 2/AlEts/[PhsC][B(CeFs)4] catalytic systems resulted in a better
control of the polymerization, affording My slightly higher than the theoretical value and with

almost similar B. (Table 2.2, Entries 1 and 2). On the other hand, the polymerizations were less
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controlled in terms of molar masses for 3 with the presence of a very small amount of polyisoprene
displaying high M, (Table 2.2, Entry 3), although it is worth mentioning that low M value was
obtained again with complex 4, probably due to some chain transfer reactions with AIEts present
in excess, which indicates a potential for chain transfer reactions (Table 2.2, Entry 4). As observed
previously with MAO, the catalytic system 5/AlEts/[PhsC][B(CsFs)4] was also found to be inactive
for the isoprene polymerization (Table 2.2, Entry 5). These results compare well with related iron-
based catalysts available in the literature.® However, no significant changes were noticed regarding
the selectivity of the polymerization with all complexes by comparison with the results obtained
with MAO as co-catalyst (Table 2.1).

The same polymerization reactions were studied by replacing the alkylating agent AlEtz by
more sterically hindered Al'Bus, which has been previously employed in iron-based
polymerization catalysis of conjugated dienes.?*#%4” The results of the polymerization are
displayed below in Table 2.3.

Table 2.3. Polymerization of isoprene using 1-5/Al'Bus/[PhsC][B(CsFs)4] catalytic systems 2

Conv. Mhnexp) bP Microstructure ¢ (%)
Entry? Complex :

(%) (9/mol) 1,4 (trans/cis) 34
1 1 >99 101 000 2.7 79 (24/55) 21
2 2 >99 84 000 1.5 76 (30/46) 24
3 3 >99 44 000 15 90 (67/22) 11
4 4 >99 44 000 1.7 90 (74/16) 10

5 5 <1 - - - -

3 Polymerization conditions: 10 pumol of Fe (I1) complex; Isoprene/Fe/Al'Bus/[PhsC][B(CsFs)s] =
500/1/10/1; toluene = 5 mL; [Clisoprene = 1 mol/L; time = 1 h; temperature = RT; " determined SEC analysis
in THF using polystyrene standards; ¢ determined by *H NMR and *C NMR; Myt = 33 700 g/mol
(considering one growing chain per metal center); Activity = 34 kgi).molcay™.h* or TOF = 500 h for

all.

Unlike AlEts, the catalysts resulting from activation of 1 and 2 with Al'Bus/[PhsC][B(CsFs)a]
afforded polyisoprene with My values up to three times higher than expected, which speaks in favor
of aslow initiation process under these conditions (Table 2.3, Entries 1 and 2). It was also observed
that the catalytic systems 3—4/Al'Bus/[PhsC][B(CsFs)4] (ratio of 1/10/1) gave M slightly higher
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than the theoretical value with monomodal curves displaying narrow dispersity, which argues in
support of better control over the polymerization when compared to catalysts generated from 1
and 2 (Table 2.3, Entries 3 and 4). Lastly, as expected, the catalytic system
5/AlI'Bus/[PhsC][B(CsFs)s] was again found to be inactive for the isoprene polymerization as
previously observed with AlEt; and MAO (Table 2.3, Entry 5). Nevertheless, all the SEC plots of
the polyisoprenes obtained from 1-4/Al'Bus/[PhsC][B(CsFs)4] exhibited a monomodal molar mass
distribution, in line with the presence, in each case, of a single-site catalyst. It is worthy to mention
that the replacement of alkylating agent MAO by Al'Bus had no significant change on the
selectivity of the polymerization, as previously observed with AlEts (Table 2.2). In fact, after
assessing these three co-catalysts {Al'Bus/[PhsC][B(CsFs)4], AlEts/[PhsC][B(CsFs)4] and MAO},
we did not observe any significant difference in the selectivity of all the catalytic systems arising

from complexes 1 to 4.

2.2.3.1.2. Optimization of polymerization through variation in the amount of co-catalyst Al'Bus
After conducting the polymerization with various co-catalysts in the previous section, we can
conclude that the activation of precatalysts 1-4 with the combination of AIR3/[PhsC][B(CsFs)4] is
more appropriate than MAO, which leads to (slightly) more uncontrolled transfer reactions in most
of the cases. While the alkylating agent AlEtz seems to be more suitable for complexes 1 and 2,
the polymerizations are rather better controlled with the most stereo-/regioselective catalytic
systems generated from 3-4/AI'Bus/[PhsC][B(CsFs)4] as the resulting My, in each case is close to
the expected value with a narrower molecular weight distribution. It is also worth mentioning that
for the most stereoselective precatalyst 4, the alkylation with the more sterically hindered reagent
Al'Bus minimizes the rate of reversible transfer reactions that are present with MAO (AlMes) and
AlEts (Tables 2.1-2.3, Entry 4). From these results, not only we can observe the substantial
influence of co-catalysts but also argue that it is the appropriate combination of precatalyst/ co-
catalyst, which induce a better control over the polymerization. Therefore, keeping all these
observations in mind, we preferred the combination Al'Bus/[PhsC][B(CsFs)4] for the activation of
all complexes in the following chapters. We have further tried to optimize the polymerization
conditions by choosing one pre-catalyst (4) and varying the amount of alkylating agent Al'Bus
(from 1 to 10 eq./4) in order to obtain the optimum quantity that is most suitable for controlling

the polymerization process. The results of this optimization are displayed below in Table 2.4.
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Table 2.4. Polymerization of isoprene using 4/Al'Bus/[PhsC][B(CsFs)a] catalytic system under

optimized conditions @

Conv. Mnep? PP Microstructure ¢ (%)
Entry?® [AlJ/[4]

(%)  (g/mol) 1,4 (trans/cis) 3,4
1 1/1 >99  130000* 2.9 87 (68/19) 13
2 2/1 >99 76000 1.6 90 (77/13) 10
3 3/1 >99 41000 1.2 92 (76/16) 8

49 10/1 >99 44000 1.7 90 (74/16) 10
aPolymerization conditions: 10 pumol of Fe (11) complex; Isoprene/Fe/[PhsC][B(CsFs)4] = 500/1/1; toluene

=5 mL; [Clisoprene = 1 mol/L; time = 1 h; temperature = RT; ° determined by SEC analysis in THF using
polystyrene standards; ¢ determined by *H NMR and *C NMR; Mnt = 33 700 g/mol (considering one
growing chain per metal center); Activity = 34 kg).molcay™.h™* or TOF = 500 h for all; %recalled from

Table 2.3, entry 4; *Secondary contribution observed

Activation with 1 eq. of Al'Bus results in a catalytic system that produces high molecular
weight polyisoprene (nearly four times higher than the theoretical value) with a broad molecular
weight distribution ( = 2.9). This result indicates that the polymerization is poorly controlled
with a maximum of only 25 % of active species during the polymerization (Table 2.4, Entry 1). In
terms of microstructure content of the resulting polyisoprene, it can be definitely seen that the
selectivity for 1,4 and 3,4 motifs is maintained whereas the proportion of 1,4-trans units is slightly
reduced to 68% when compared to the previous results obtained with 10 eq. of Al'Bus (74%, Table
2.3, Entry 4). Increasing the Al/4 feed ratio to 2/1 resulted in a system producing polyisoprene
with a M, two times higher than expected, with 50% of active species catalyzing the
polymerization and speaking in favor of slow initiation. Although, a slight improvement in the 1,4-
trans stereo-regularity (77%) along with narrow molecular weight distribution was observed, it
was nevertheless found to be less controlled compared to the use of a Al/4 = 10/1 (Table 2.4, Entry
2) ratio. Further, increasing the Al/4 feed ratio to 3/1 (i.e. using 3 eq. of Al'Bus for the alkylation
of 4), resulted in a catalytic system that gave polyisoprene with M, value slightly higher than
expected (Mn = 41 000 g/mol, Table 2.4, Entry 3). As described in the previous section, when a
Al/4 feed ratio was increased to 10/1, polyisoprene with a comparatively much higher My than

expected (Mn =44 000 g/mol, Table 2.4, Entry 4) was produced. To summarize among all the four
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entries, the fine control over the molecular weight with the narrowest dispersity (b = 1.2) is

observed only with entry 4, indicating that the polymerization is more controlled when the complex

is activated with 3 eqgs. of Al'Bus.

In addition, it is noteworthy to mention that a decrease in the Al'Bus/Fe ratio from 10 to 3

did not affect the stereo- and regio-selectivity of the catalyst, affording polymers with yields and

microstructural properties identical to those observed in Table 2.3. We have therefore chosen the

Al'Bus/[PhsC][B(CsFs)4] (3/1) combination as the preferred activation mode for all pre-catalysts

1-4.

Table 2.5. Polymerization of isoprene using 1-4/Al'Bus/[PhsC][B(CsFs).] catalytic systems?

Conv. Microstructure ° (%)
Entry Complex i
(%) 1,4 (trans/cis) 3,4
1 1 >99 78 (28/50) 22
2 2 >99 75 (26/49) 25
3 3 >99 91 (76/15) 9
4 4 >99 92 (76/16) 8

2Polymerization conditions: 10 umol of Fe (11) complex; isoprene/Fe/Al'Bus/[PhsC][B(CeFs)a] =
500/1/3/1; toluene = 5 mL; [Clisoprene = 1 mol/L; time = 1 h; temperature = RT; ® determined by

'H NMR and *C NMR; Activity = 34 kgi).molcay™.h™ or TOF =500 h* for all.

85



Chapter 2

2.2.3.1.3. Kinetic studies of the polymerization of isoprene with the iron-based complexes 1-4

Thereafter, the kinetic parameters of the polymerization processes were assessed with 1—
4/AI'Bus/PhsC[B(CsFs)4] (1/3/1) catalytic combinations at room temperature. The studies were
carried out with 5 000 eqgs. isoprene to ensure better reliability, as the highly active systems
prevented us from correctly evaluating the overall rates of the polymerization using 500, 1 000
and 2 000 eqgs. of isoprene/Fe, due to very short reaction times. Aliquots were taken at different
times during the course of the polymerization to determine the conversions via 'H NMR
spectroscopy as shown below in Figure 2.6. The molecular parameters of the last sample of

polyisoprene for each polymerization run are presented in Table 2.6.
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Figure 2.6. Determination of the conversion (17%) of isoprene (residual monomer signals in green, vs.

polyisoprene signals in blue) by *H NMR of the crude aliquot
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Table 2.6. Polymerization of 5 000 egs. of isoprene/Fe using 1-4/Al'Bus/[PhsC][B(CsFs).] catalytic

systems?
Conv. Time TOF Mnep? PP Microstructure ¢ (%)
Entry Complex ] i

(%) (min) (hY)  (g/mol) 1,4 (trans/cis) 34

1 1 89 10 26700 105000 1.8 79 (25/54) 21

2 2 82 10 23400 163000 1.6 74 (26/48) 26

3 3 83 20 12450 142000 1.9 90 (60/30) 10

4 4 25 60 1250 87000 1.4 84 (69/18) 13

aPolymerization conditions: 5 pumol of Fe (11) complex; Isoprene/Al'Bus/[PhsC][B(CsFs)s]/Fe = 5 000/3/1/1;
toluene = 25 mL; [Clisoprene = 1 mol/L; time = 1 h; temperature = RT; ® determined by SEC analysis in THF
using polystyrene standards; ¢ determined by *H NMR and *C NMR

Figure 2.7a shows the plot of conversion vs. time for complexes 1-4 as pre-catalysts. From
the profile of the curves, the activity of the complexes is in the order of 1 (TOF =26 700 h) > 2
(TOF =23 400 h') > 3 (TOF = 12 450 h'}) > 4 (TOF = 1 250 h'). For pre-catalysts 1-3, 80 %
conversion was reached within less than 20 minutes. Thus, the various pre-catalysts when
employed for isoprene polymerization were found to be highly active by comparison with data
reported in the literature.® The catalyst based on complex 4 displayed the lowest activity, although
showing the highest 1,4-trans selectivity amongst this series of complexes, possibly due to the
relatively increased electron density and steric bulk at the iron center conferred by the simultaneous
presence of bulky 'Pr groups on N-aryl moiety and the methyl group on the imino carbon. These
observations are in accordance with the literature where the authors suggested that the
stereoselectivity is governed by the nature of substituents attached to the imino group.2*4®

From Figure 2.7b, it appears that the polymerization is rather controlled for complexes 1—
3, and well controlled for complex 4, displaying a quasi-first order kinetic profile for all, which
speaks in favor of minimal loss of active species along the polymerization process. These results
prompted us to study the living character of the polymerization, using pre-catalysts 3 and 4, by
sequential addition of isoprene (vide infra).
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Figure 2.7. Monomer conversion (z) in function of time (a) and first-order kinetic plot (b) for pre-

catalysts 1-4 (isoprene/Al'Bus/[PhsC][B(CsFs)s]/Fe = 5 000/3/1/1).
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2.2.3.1.4. Sequential polymerization of isoprene with 3—4/Al'Bus/[PhsC][B(CsFs)4]

The living polymerization tests were carried out with the ternary 3/Al'Bus/[Ph3C][B(CsFs)4]
and 4/Al'Bus/[PhsC][B(CsFs)4] (1/3/1) catalytic systems by sequential addition of monomer in
three steps. The polymerization was initially conducted with 500 eqs. of isoprene/Fe at room
temperature. After completion of this first stage of the polymerization (15 min for 3 and 30 min
for 4), an aliquot was withdrawn from the reaction medium to determine the conversion and for
SEC analysis, then an additional amount of isoprene (500 egs./Fe) was added. The last step of the
sequential polymerization was achieved by adding 1 000 egs. of isoprene (after a total time of 30
min for 3 and 60 min for 4) after withdrawing an aliquot for analysis; the results are displayed in
Table 2.7, with the SEC traces obtained for each fraction of converted monomer illustrated in
Figure 2.8.

Table 2.7. Sequential polymerization of isoprene using [Fe]/AlI'Bua/[PhsC][B(CsFs)4] catalytic systems
([Fe]=3o0r4) 2

Total monomer

_ _ - Time Conv.  Mnexp) P
Entry Complex (intermediate addition of _ bP
. (min) (%) (g/mol)
monomer) (equiv./Fe)

500 (500) 15 >99 36500 1.6

1 3 1 000 (+ 500) 30 >99 69000 15
2 000 (+ 1 000) 60 >99 102000 1.3

500 (500) 30 >99 23000 2.4

2 4 1 000 (+ 500) 60 >99 32000 2.0
2 000 (+ 1 000) 120 >99 62000 1.3

2 Polymerization conditions: 10 pmol of Fe (11) complex; Fe/AlI'Bus/[PhsC][B(CsFs)a] = 1/3/1; [Clisoprene
= 1 mol/L in toluene; temperature = RT; ° determined by SEC analysis in THF using polystyrene
standards; ¢determined by *H NMR and *C NMR; My = 135 000 g/mol for the last sample (considering

one growing chain per metal center).
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Figure 2.8. SEC traces of the sequential polymerization using pre-catalysts (a) 3 and (b) 4.

Analyses of all withdrawn aliquots reveal a continuously increase in isoprene conversion with
time for both pre-catalysts (Table 2.7, Entries 1 and 2). In addition, the SEC traces of the three
fractions of the growing polyisoprene chains prepared from the ternary 3/Al'Bus/PhsC[B(CsFs)4]
and 4/Al'Bus/PhsC[B(CsFs)4] catalytic systems show in each case a monomodal curve (Figures
2.8a and 2.8b, respectively) with a steady growth of M, and an unexpected continuous decrease of

the dispersity throughout the progression of the polymerization.

For both pre-catalysts, the M, resulting from all the aliquots was lower than expected and indicates
that the polymerization is not completely controlled.Nevertheless, for both runs, the gradual
increment of M, from the three-stage sequential addition of monomer suggests that the
polymerization of isoprene with 3/Al'Bus/PhsC[B(CsFs)4] and 4/Al'Bus/PhsC[B(CsFs)4] display a
quasi-living character.
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2.2.3.1.5. Temperature variation during the polymerization of Isoprene with complexes 1-4

Up to this stage, we have observed the influence of the nature of ligands on the catalytic
activities and microstructural properties of the acquired polyisoprenes. On the other hand, it is
known that the reaction parameters, such as temperature, might also alter the selectivity of a
catalyst, which primarily depends on the mode of coordination of the incoming monomer and its
subsequent insertion between the Fe-alkyl (allyl) bond leading to the formation of anti-n® or syn-

n° Fe-allyl intermediates, which are interchangeable (Scheme 2.4).49%
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Scheme 2.4. Elementary steps, coordination-insertion, in isoprene polymerization

Therefore, the polymerization of isoprene was assessed at low temperature as well as high
temperature using 1-4 in presence of AlI'Bus/[PhsC][B(CsFs)s] to observe its influence on the

selectivity of each catalytic system (vide infra).
i) At lower temperatures

The catalytic systems 1-3/Al'Bus/PhsC[B(CsFs)s] were found active at temperatures as low as
— 40 °C, while complex 4 was inactive under these conditions. The results of the polymerization

carried out at — 40 °C are displayed below in Table 2.8.
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Table 2.8. Polymerization of isoprene at lower temperatures (- 40 °C) with pre-catalysts 1-4 @

T Time Conv. TOF Mnexp)P b Microstructure © (%)

Entry Fe
°C) (h) (%) (hY)  (g/mol) 1,4 (trans/cis) 34
1 1 -40 5 >99 100 169000 1.3 89 (0/89) 11
2 2 —40 5 >99 100 216000 1.6 88 (0/88) 12
3 3 -40 4 >99 125 106 000 2.0 90 (0/90) 10
4 4 -40 5 traces - - - - -

2 Polymerization conditions: 10 pmol of Fe (1) complex; isoprene/Al'Bus/PhsC[B(CeFs)s]/Fe =
500/3/1/1; toluene = 5 mL; [Clisoprene = 1 mol/L in toluene;  determined by SEC analysis in THF
using polystyrene standards; ¢ determined by *H NMR and *C NMR; the reaction times have not

been optimized.

The ternary 1-3/AI'Bus/PhsC[B(CsFs)4] catalytic systems exhibit moderate activity at — 40 °C
(TOF =100 — 125 h'Y), with the obtained polymers showing dispersity ranging from narrow (for 1
and 2) to little broad (3) with very high M, values compared to the expected M, as found previously
at room temperature, again speaking presumably in favor of a rate of propagation being higher
than the initiation step even at low temperature (Table 2.8, Entries 1-3). In addition, a slight
increase of 1,4-selectivity, at the expense of 3,4 selectivity, was observed at — 40 °C for 1 (1,4/3,4
=89/11) and 2 (1,4/3,4 = 88/12) complexes when compared to those at RT (Table 2.5, 1,4/3,4 =
78/22 for 1 and 1,4/3,4 = 75/25 for 2). More interestingly, the polyisoprenes obtained from the
catalytic systems based on 1-3 at — 40 °C show a unique cis configuration for the 1,4-
stereoregularity (trans/cis = 0/89 for 1, 0/88 for 2 and 0/90 for 3). We can suggest that the
propagation takes place via an anti (kinetic) conformer that is not prone to isomerize into the syn
(thermodynamic) conformer under these low temperature conditions (Scheme 2.4).4%°0 These
observations are similar to the results obtained with Ritter’s iron iminopyridine complex bearing
supermesityl substituent where the moderate 1,4-cis selectivity of the catalyst could be improved
to 85% at — 78 °C, implying that lower temperature preferentially favors the formation of 1,4-cis
motif.?* Lastly, only traces of polymer were obtained from the catalyst arising from 4, implying
that the activity is drastically reduced at — 40 °C (Table 2.8, Entry 4).
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ii) At higher temperature

As observed in the last section, 1,4-cis content could be improved up to 90% by decreasing
the temperature. Likewise, we intended to run polymerizations at higher temperature to observe
its influence on 1,4-trans selectivity for each catalytic system. Therefore, the pre-catalysts, which
were poorly 1,4-trans selective (1 and 2) and moderate 1,4-trans selective (3 and 4) at room
temperature, were also assessed at 60 °C. The results of the polymerization at 60 °C are displayed
below (Table 2.9).

Table 2.9. Polymerization of isoprene at high temperature (60 °C) with pre-catalysts 1-4 2
Conv. Time TOF Mnep? PP Microstructure ¢ (%)

Entry Complex

(%) (h) (h')  (g/mol) 1,4 (trans/cis) 3,4
1 1 >99 05 1000 82000 27 76 (28/48) 24
2 2 >99 05 1000 58000 28 79 (26/53) 21
3 3 >99 1 500 40000 2.0 90 (70/20) 10
4 4 >99 1 500 35000 14 95 (87/8) 5

2 Polymerization conditions: 10 pmol of Fe (11) complex; isoprene/Al'Bus/PhsC[B(CeFs)s]/Fe =
500/3/1/1; toluene = 5 mL; [Clisoprene = 1 mol/L in toluene; temperature = 60 °C; reaction times
have not been optimized; ° determined by SEC analysis in THF using polystyrene standards; ©
determined by *H NMR and **C NMR.

We can see that all the catalytic systems displayed in Table 2.9 were found active at 60 °C.
The catalysts originating from 1 and 2 produced polyisoprenes of high molecular weight compared
to the expected M, possibly due to the availability of a reduced number of active species while
the rest decomposes at higher temperatures or the rate of propagation is much faster than initiation
(Table 2.9, Entries 1 and 2). The high M, values and the broader dispersities indicate that the
polymerization is less controlled at high temperatures for 1 and 2, whereas for the pre-catalysts 3
and 4, the polymerizations were comparably more controlled as the catalytic system generated M,
very near to the expected value with a narrow dispersities (Table 2.9, Entries 3 and 4). The pre-
catalysts 1-3 (Table 2.9, Entries 1-3) maintained the usual selectivity observed at room
temperature (Table 2.4, 1,4/3,4 = 78/22 for 1; 1,4/3,4 = 75/25 for 2; 1,4/3,4 = 91/9 for 3) whereas
the selectivity for 1,4 motifs was improved for 4 at 60 °C (1,4/3,4 = 95/5, Table 2.9, Entry 4). The

complexes 1 and 2 were again found to be fairly 1,4-cis selective whereas the complex 3
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maintained its moderate 1,4-trans selectivity even at 60 °C (Table 2.9, Entries 1-3). But
interestingly for the pre-catalyst 4, it is noticeable that increasing the temperature favored the
increment of 1,4-trans content up to 87% (Table 2.9, Entry 4) formed via thermodynamic pathway
(Scheme 2.4)*%°% which is similar to the results obtained by Wang with iminopyridine iron (1)
acetylacetonate complexes where 1,4-trans content could be improved to 86% at 50 °C.?" A short

summary describing the selectivity of pre-catalysts 1-4 is displayed in Figure 2.9 (vide infra).

Increasing temperature
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Figure 2.9. Temperature dependence on the selectivity of complexes 1-4
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2.2.3.2. Polymerization of Styrene with Iron-based Complexes 3-5

Polystyrene (PS) is a very important commodity polyolefin that constitutes 8% of the
world polymer market. PS can be obtained by various pathways such as radical (which actually
accounts for >99% of the production of atactic polystyrene), anionic, cationic and coordination-
insertion polymerization. In the 1950s, the polymerization of styrene using Ziegler-Natta
heterogeneous systems began to develop and was followed by the further developments of single-
site” metallocene systems. At this point, coordination-insertion polymerization of styrene emerged
as the method of choice and virtually so far, the only technique® for controlling precisely the
stereoselectivity of the process and the resulting polystyrene tacticity. The coordination-insertion
polymerization of styrene can result in the formation of polystyrenes possessing a variety of

tacticity in their microstructure as shown below in Scheme 2.5.
Co-catalyst\ Ly Mt

@J M) = Group 3, 4 or 10 metal
000 00000 00ddd

L, = Ligand(s)
Isotactic PS Syndiotactic PS Atactic PS

Scheme 2.5. Possible microstructures for polystyrene

The properties of the resulting polystyrenes are dependent on the tacticity they possess. For
example, isotactic PS is semi-crystalline with melting temperature Tm = 240 °C? whereas
syndiotactic PS is highly crystalline with high melting temperature T, = 265-275 °C and glass
transition temperature Ty = 100 °C.>3 On the other hand, atactic PS, which is the only commercially
important form, is amorphous in nature (Tq ~ 90 °C). Most of the systems used for the stereo-
selective polymerization of styrene are based on group 3, 4 and rare-earth catalysts as well as few
examples of complexes based on group 10.1654%° However, to our knowledge, only two examples
of coordination-insertion polymerization of styrene using iron-based catalytic systems have been
described in the literature, one of which failed to promote the polymerization of styrene (Chart
2.2).%%6
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Chart 2.2. Iron-based complexes for the polymerization of styrene

In 2006, Schellenberg used the bisiminopyridine systems in the presence of 300 egs. of
MAO, to report the only active iron-based catalytic systems for the synthesis of syndiotactic
polystyrenes but with very low yields (Chart 2.2, right).>” Unexpectedly, the catalysts resulting from
1Me(Cl) and 2M¢(CI)/MAO produced low molecular weights (M, = 26 000 — 32 000 g/mol) with
broad dispersities (B = 11 — 28, trimodal distribution).

Therefore, in this context, we decided to investigate the polymerization of styrene with
some of the complexes developed in this chapter. During isoprene polymerization, we observed
that the ketiminopyridine complexes 3 and 4 exhibit much controlled polymerizations compared
to their aldimine analogues. On the other hand, various catalytic systems derived from the
precatalyst 5 were incapable to catalyze the polymerization of isoprene due to which we intended
to further rationalize their activities by assessing them in the polymerization of a different
monomer i.e. styrene. Therefore, the polymerization of styrene was assessed at room temperature
using precatalysts 3-5 under different modes of co-catalyst activation.

We started with excess MAO as previous studies by Schellenberg show that the catalytic
system (bisiminopyridine)FeClo/MAO is capable of producing syndiotactic polystyrenes in very
low yields.5” Apart from MAO and various cocatalysts such as triisobutylaluminium (Al'Bus) or
triethylaluminium  (AlIEts) or trimethylaluminium  (AlMes) combined with trityl
tetrakis(pentafluorophenyl)borate [PhaC][B(CsFs)4], we also screened the MAO/[PhzC][B(CsFs)4]
combination as a potential co-catalyst because it is reported in the literature that the addition of a
dealkylating agent to the catalytic (iminopyridine)FeClo/MAO system impacts the activity and the
stereoselectivity of the resulting catalysts.?® The different cocatalyst combinations for the
polymerization of styrene were first evaluated in the presence of complex 5 to test their activities
and observe whether they are different than those observed in isoprene polymerization. The
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polymerization studies of styrene with various catalytic combinations generated from the

precatalysts are presented below in Table 2.10.

Table 2.10. Polymerization of styrene using the pre-catalyst 52

Time Yield Mnexp)® B Tacticity ¢

Entry? Activation
(h) (%)  (g/mol) (rr/mr/mm)(%bo)
1 MAO (500) 1 14 - -
2 MAO/[PhsC][B(CsFs)4] 1 16 - -
3 AIl(Et)3/[PhzC][B(CeFs)4] 6 <1 - -
4 Al('Bu)s/[PhsC][B(C¢Fs)4] 6 <1 - -
5 Al(Me)3s/[PhsC][B(CsFs)4] 3 81 2200 16 45/23/32

6¢ Al(Me)3s/[PhsC][B(CsFs)4] 3 87 2100 1.7 53/25/32
& Polymerization conditions: 10 pmol of complex 5; Styrene/Alkylaluminium/PhsC[B(CeFs)s]/5 =

500/10/1/1; toluene = 5 mL; temperature = RT; reaction times have not been optimized; ® determined by
size exclusion chromatography (SEC) analysis in THF using polystyrene standards; ¢ determined by **C
NMR; 9 Styrene/AlMe3/PhsC[B(CsFs)4]/5 = 500/3/1/1

From entry 1 in Table 2.10, the activation of precatalyst 5 with 500 egs. of MAO leads to
a catalytic system that produces polystyrene in poor yields (14%), which is similar to the results
obtained by Schellenberg.®” Modifying the co-catalyst combination by adding 1 eq. of dealkylating
agent [PhsC][B(CsFs)4] with 10 eq. of MAO, again leads to a poorly efficient system for the
polymerization of styrene, converting only 16% of monomer within 1 hour (Table 2.10, Entry 2).
In a similar manner to the result obtained for the polymerization of isoprene (Tables 2.1-2.3, Entry
5), the catalyst resulting from complex 5 after activation with AlEts or Al'Bus/[PhsC][B(CsFs)4] as
cocatalysts, was found to be inactive for the polymerization of styrene (Table 2.10, Entries 3 and
4). From entries 1-4 in Table 2.10, one can conclude that the only active systems capable of
catalyzing the polymerization of styrene comprises MAO as an activator. This result could be due
to the fact that the presence of associated trimethylaluminum in certain sites of MAO might trigger
its function as a co-catalyst.>® Besides, there is a possibility that the chain propagation of styrene

with respect to the active species generated from bulkier alkylating agents like AIEts or Al'Bus is
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not feasible due to steric factors.®® We therefore went forward to assess the
5/Al(Me)3/[PhsC][B(CsFs)4] catalytic system for styrene polymerization.

From entry 5 in Table 2.10, we can observe that the resulting catalyst is active for styrene
polymerization as we achieved up to 81% of polystyrene within 3 h. To confirm that the initiation
takes place via coordination-insertion mechanism, a polymerization was conducted only with
AlMes (3 eq.) which failed to produce polystyrene in 3 h. The resulting polystyrene was further
analyzed by SEC to determine the molar mass, which turned out to display very low My (Mn = 2
200 g/mol) compared to the theoretical value (Mncn) = 42 000 g/mol), indicating the possibility of
chain transfer of the growing polymer chain with the excess of AlMes (10 egs.). To confirm this,
the amount of AlMes was reduced from 10 to 3 eq. but, to our surprise, this again resulted in the
formation of polystyrene with a similarly low M, (Table 2.10, Entry 6). This indicates that the
resulting catalyst, apart from being active for the polymerization of styrene, displays a non-living
character due to the likely frequent occurrence of chain termination pathways such as possibly /-

H elimination, leading to the formation of short chain oligomers with relatively low M, values.

In addition, the polystyrenes were characterized by *H and *C NMR spectroscopy to
determine their tacticity. The corresponding *H and *3C NMR for the polystyrene in Entry 4, Table
2.10 are displayed in Figure 2.10. From the *H NMR depicted in Figure 2.10.a, one can clearly
observe the typically broad signals in the region 1.70-2.27 ppm for the various triads (rr, mr and
mm). To quantify the percentage of each triads, **C NMR was used to locate the typical broad
signals of the phenyl carbon of atactic polystyrene in the 144.5-146.5 ppm region, where the
signals at 145.3, 145.7 and 146.1 ppm were assigned to the syndiotactic (rr) triad, heterotactic (mr)
triad and isotactic (mm) triad respectively.®® The quantification of the corresponding signals in *C
NMR indicates that the acquired PS from 5/AIMes/[PhsC][B(CeFs)4] catalytic system displays
overall an atactic nature comprising mostly syndiotactic units (45%) in addition with heterotactic
(23%) and isotactic (32%) units. Interestingly, by decreasing the amount of alkylating agent AlIMe3
from 10 to 3 eq. (Entry 5, Table 2.10), the PS obtained was comparatively more syndio-enriched
(53%) than the one obtained in entry 4, indicating the slight effect of the co-catalyst towards the
stereoregularity of the polymerization in this case, whereas the same co-catalyst had no impact on
the M.
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Figure 2.10. NMR spectra (in CDCls) of the PS obtained from 5/AlMes/[PhsC][B(CsFs).] (Table 2.10,
Entry 4) showing the characteristic peaks (a, *H NMR) and tacticity (b, 3C NMR)
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After screening various catalytic systems derived from the pre-catalyst 5, some other
complexes such as 3 and 4 were additionally employed as pre-catalysts to study their influence in
styrene polymerization. The results of the polymerization of styrene using the various catalytic
systems derived from the pre-catalysts 3 and 4 are presented in Table 2.11 below.

Table 2.11. Polymerization of styrene using the pre-catalysts 3 and 4

Time _ Tacticity ©
. . Yield Mn(exp) b
Entry? [Fe] Activation (h) D (rr/mr/mm)
(%)  (9/mol)
(%)
1 3 AI('Bu)s/[PhsC][B(CsFs)4] 1 65 3000 15  51/27/22
2 Al(Me)s/[PhsC][B(CsFs)4] 1 86 1600 2.5  40/24/36
3 4 Al(Bu)s/[PhsC][B(CeFs)a] 24 5 - - -
4 Al(Me)s/[PhsC][B(CsFs)4] 6 85 2200 1.7  48/26/26

& Polymerization conditions: 10 umol of Fe; styrene/alkylaluminium/PhsC[B(CsFs)4]/Fe = 500/3/1/1;
toluene = 5 mL; temperature = RT; °determined by SEC analysis in THF using polystyrene standards;
°determined by 3C NMR

For complex 3, activation with Al('Bu)s/[PhsC][B(CsFs)4] leads to the formation of an active
catalytic system producing 65% of syndio-enriched PS within 1 h (Table 2.11, Entry 1), unlike the
catalytic system 5/Al('Bu)s/[PhsC][B(CsFs)4] that failed to initiate the polymerization of styrene
(Table 2.10, Entry 3) under the same conditions. The activity of the 3/Al('Bu)s/[PhsC][B(CsFs)4]
catalytic system for styrene polymerization could be attributed to the lower steric hindrance around
the iron center (see Scheme 2.3 for reminding the molecular structure of Fe complexes), resulting
in easier monomer coordination. Replacing the AI(Bu)s alkylating agent by AlMes further
decreased the steric hindrance around the metal center, accelerating potentially the chain initiation
and consequently increasing the activity of the catalytic system which produces 86% PS within 1
h, although with similar stereo-/regioregularity (Table 2.11, Entry 2). This strong influence of co-
catalyst on the activity of the resulting catalyst is already known in literature.>® The same series of
experiments were conducted with the pre-catalyst 4 bearing a bulkier ligand. The
4/AI('Bu)s/[PhsC][B(CsFs)4] catalytic system was found to be the least active, resulting in 5% yield
after 24 h (Table 2.11, Entry 3), probably due to the steric hindrance around the metal center. On
the other hand, the 4/AIMes/[PhsC][B(CsFs)4] catalytic system was comparatively more active,
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producing 85% of syndio-enriched PS within 6 h (Table 2.11, Entry 4). Again we can clearly
observe the influence of co-catalyst on the activity of polymerization which is particularly
enhanced with the less bulky alkylaluminium.

Although, all the active catalytic systems gave narrower (Table 2.11, Entries 1 and 4) to
broader (Table 2.11, Entry 2) dispersities, but unfortunately they could only produce short chain
oligomers with very low My, most probably owing to the -H elimination reactions that were
supposed to be consistent throughout the experiments. Further analysis using efficient tools like
MALDI-ToF-MS are needed in the future to confirm this hypothesis by identifying the chain ends
of polystyrene, as the formation of vinyl chain-end produced by g-H elimination could not be
found in the *H NMR spectra. Lastly, all the catalytic systems indicated in Table 2.11 were also
assessed for the polymerization of styrene at higher temperature (40 °C) but, in all cases, neither
the tacticity was influenced, nor did the rate of chain termination reactions, which highlights the
fact that temperature has no influence at all on the reactivity of the catalytic systems with regard

to styrene polymerization.

2.3 Conclusion

In this study, we observed that the activity of the catalytic system based on alkylated N-aryl
substituted iminopyridine-iron complexes is clearly related to the electron density on iron and, to
a lesser extent, to the environment of the coordination sphere at the metal center. Indeed, an
increase in steric hindrance, conferred by the simultaneous presence of bulky N-aryl substituent as
well as methyl group on the carbon of the imino group, results in a decrease of activity that could
be attributed to the difficulty of the incoming monomer to coordinate with the active species. Thus,
the presence of H on the carbon of the imino group in complexes 1 and 2 (aldimino series) leads
to the formation of highly active catalysts, whereas the presence of a methyl group in complexes
3 and 4 (ketimino series) results in catalysts with a comparably lower activity. The influence of
steric hindrance around the iron center can be easily observed in the case of catalysts resulting
from 5, which were found to be inactive for the isoprene polymerization, probably due to the
inability of the incoming monomer to coordinate with the iron center. The ketiminopyridine
complexes 3/4, which comprise a more electron-rich metal center, were found to afford less active
catalysts (Chart 2.3; TOF = 12 450 and 1 250 h*, respectively) than their homolog 1/2
aldiminopyridine complexes (Scheme 2.5; TOF = 26 700 and 23 400 h*, respectively). This might
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be attributable to a decrease of the Lewis acidity of the iron center in 3 and 4 because of the
inductive donor effect (+1) of the methyl group on the carbon of the imino substituent of the ligands
L3 and L4, when compared to L1 and L2. Moreover, an increase of the steric hindrance around
the iron metal center, for the same set of complexes with N-aryl group = 2,6-'Pr, for 4 and 2 vs
2,6-Me; for 3 and 1, resulted in a decrease of activity (in the order 4 > 3 and 2 > 1), which could

be connected to a restricted coordination of the isoprene to the metal center.

B B e
)%m )%m )%m

Activity Very High Moderate-High Inactive
Fairly 1,4-cis Moderate to high 1,4-trans -
Selectivity (RT and High T) (RT and High T)
Highly 1,4-cis (low T) Highly 1,4-cis (low T)

Chart 2.3. Structure-properties relationships in iminopyridine iron-based catalysts issued from 1-5

Regarding the selectivity, the iron catalyst systems based on 1-4 are temperature dependent
in terms of regio- and stereo-selectivity. The concomitant presence of a methyl group on the carbon
of the imino substituent and a N-aryl group with alkyl substituent on the ortho position in 3/4 favor
1,4-trans selectivity (Figure 2.9) up to 76 % at room temperature, which could be improved to 87
% at higher temperatures. Regarding the high 1,4-cis rate (90 %) observed with 1-3 at low
temperature, it reveals the importance of the anti/syn isomerization of the propagating species in

the stereoselective iron-catalyzed 1,3-dienes polymerization (Scheme 2.4).

Some of the catalytic systems resulting from the complexes 3-5 when employed for styrene
polymerization were also found to be active at room temperature. Ironically, the catalytic system
5/AlMe3/[PhsC][B(CsFs)4] derived from the most sterically hindered complex 5 was found to be
active for styrene polymerization, highlighting the role of steric hindrance imparted by the
alkylating agents (Al('Bu)s, AIEts) which might inhibit the monomer insertion between the Fe-R

bond and consequently may lead to poor propagation as shown in Scheme 2.5
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Scheme 2.5. Influence of alkylating agents on the chain propagation in styrene polymerization

The catalytic systems derived from the pre-catalysts 3-5 produced syndiotactic enriched
polystyrenes with good conversions (up to 87%), albeit limiting the molecular weights to 2 100—
3000 g/mol owing to the likely occurrence of s-H elimination reactions which were consistent
throughout the series of experiments (Scheme 2.6).%! Further studies are needed in the future to
optimize these catalytic systems by avoiding the chain termination pathways for their successful

implementation in the controlled coordinative polymerization of styrene.
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Scheme 2.6. Possible g-H elimination in styrene polymerization®
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2.4 Experimental Section

2.4.1. General Considerations

All manipulations were performed under an inert atmosphere by using Schlenk techniques
or inadry solvent-free glovebox (Jacomex O.<1 ppm, H.O<1 ppm). Toluene was purified through
an alumina column (Mbraun, Meérignac, France), stored, trap-to-trap distilled over
sodium/benzophenone, and stored on 4 A molecular sieves in a glove box before use. Isoprene
(Sigma-Aldrich, St Quentin Fallavier, France) was dried over calcium hydride, distilled once over
4 A molecular sieves, and stored at -20°C in a glove box before use. All the organic reagents (2-
acetylpyridine, pyridine-2-carboxaldehyde, 2,6-diisopropylaniline and 2,6-dimethylaniline) were
acquired from Sigma-Aldrich or Fischer Scientific S.A.S. (llIkirch, France), and used as received.
Triisobutylaluminum [AI('Bu)s, Sigma-Aldrich], triethylaluminum [AI(Et)s, Sigma-Aldrich],
trimethylaluminum [Al(Me)s, Sigma-Aldrich], methylaluminoxane (MAO, 10 wt% in toluene,
Sigma-Aldrich) and trityl tetrakis(pentaflurophenyl)borate {[Ph3sC][B(CsFs)4]} (TCI Europe N.V.,
Zwijndrecht, Belgium) were stored in the glove box and used as received. *H and *3C NMR spectra
were recorded on a Bruker Avance 300 instrument at 300 K with at least 2000 scans and 5 sec
relaxation time for 3C. All *H chemical shifts (reported in [ppm]) were determined by using
residual signals of the deuterated solvents. Elemental analyses and HRMS were performed by
Céline Delabre on an Elementar Vario Micro Cube apparatus and SYNAPT G2-Si (Waters)
equipment, respectively, at UCCS, University Lille Nord de France. In the case of polymers
analyses, the conversion as well as the composition of the polymers and the microstructural
magnitudes were determined as reported by means of *H and *C NMR spectroscopy by using the
Topspin or MestreNova softwares. Size exclusion chromatography (SEC) analyses of the samples
were performed in THF + 0.2 % toluene as an eluent at 40 °C (1 mL/min) with a SIS HPLC pump
(Waters S.A.S, Saint-Quentin-en-Yvelines, France), a Waters 410 refractometer, and Waters
Styragel columns (HR2, HR3, HR4, and HR5E) calibrated with polystyrene standards. The GPC
profile was further retraced in MS excel with calibration equation and the data was verified. (Figure
2.11). FTIR analyses were performed on an ATR spectrometer (Shimadzu France, Marne-la-

Vallée, France).

104



Chapter 2

Define Peaks
1.0 B
- 0.84

\

1 1
L

il 1
T T T
10.0 20.0 30.0
0.74

time (min)

0.82

o
Y

Relative Scale

o
N
0

Intensity

o
N
)

0.72

M, = 21 000 g/mol, D = 2.1 1000 10000 100000 1000000
M, (g/mol)

My =21 000 g/mol, & = 2.2 (retraced)

Figure 2.11. Results obtained by retracing SEC profiles of the polymer (Table 2.1, Entry 3)

2.4.2. General Procedure for the Synthesis of Ligands L1-L5

The solution of corresponding substituted aniline (8 mmol) and 2-pyridinecarboxaldehyde/2-
acetyl pyridine (10 mmol) in methanol (15 mL) was prepared in a round-bottomed flask equipped
with a magnetic stirrer. Catalytic amount of formic acid (3-4 drops) was added subsequently before

the mixture was refluxed overnight at 90 °C (Scheme 2.7)

A
| o Ar-NH,, HCOOH |

i~ - ~N
RN CHaon RN aAr
R, 90 °C, Reflux R,
L1-L5
L1 L2 L3 L4 L5
Ri= H H H H CHs
R2 = H H CH3 CH3 CH3

Rz3= CH3 CH(CH3z), CHj CH(CH3), CH(CHj3),

Scheme 2.7. Synthetic strategy for ligands
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N-(2,6-Dimethylphenyl)-1-(pyridin-2-yl)methanimine (L1): the reaction mixture was concentrated
under reduced pressure which was further dissolved in pentane, dried over sodium sulfate and
filtered. The mixture was concentrated again under reduced pressure to obtain a crude product as
yellow-viscous oil which was further recrystallized in methanol at -20 °C to yield a yellow solid.
Yield: 89%.'H-NMR (300 MHz, CDCls, 25 °C) & (ppm) = 8.76 (d, 3Jun = 4.7 Hz, 1H,Ha), 8.42 (s,
1H,Hb), 8.34 (d, 3Jun = 7.9 Hz, 1H, Hc), 7.85 (dd, 3Jun = 7.9, 7.9 Hz, 1H, Hq), 7.46-7.37 (m, 1H,
He), 7.14-6.96 (m, 3H, Hzg), 2.23 (s, 6H, Hp). (Figure Al). IR/cm™ = 1637 v(C=N). HRMS-ESI
(m/z): [M + H]+ calcd for C14H14N2, 211.1235; found, 211.1238. Anal. Calcd. for C14H14N2: C
79.97,H 6.71, N 13.32; found C 79.42, H 6.63, N 13.53.The data are similar to those found in the

literature.3?

N-(2,6-Diisopropylphenyl)-1-(pyridin-2-yl)methanimine (L2): similar to L1. The crude product
was recrystallized in ethanol at -20 °C to afford the product as yellow crystals. Yield: 29%. The
synthesis protocol has not been optimized. *H-NMR (300 MHz, CsDs, 25 °C) § (ppm) = 8.59 (s,
1H, Ha), 8.46 (dd, 3Jun = 4.8 Hz, “Jun = 1.7 Hz, 1H, Hy), 8.27 (d, 3Jun = 7.9 Hz,1H, Hc), 7.13-7.04
(m, 3H, Hetg), 6.65 (dd, 3Jun =7.5, 4.8 Hz, 1H, Hq), 3.15 (sept, 3Jun = 6.8 Hz, 2H, Hn), 1.15 (d,
8Jun = 6.8 Hz, 12H, Hi) (Figure A2). IR/cm™ = 1633 v(C=N). HRMS-ESI (m/z): [M + H]+ calcd
for C1gH22N», 267.1861; found, 267.1875. Anal. Calcd. for C1sH22N2: C 81.16, H 8.32, N 10.52;
found C 80.96, H 8.41, N 10.34. The data are similar to those found in the literature.3234

N-(2,6-Dimethylphenyl)-1-(pyridin-2-yl)ethan-1-imine (L3): similar to L1. The crude product
obtained was purified over silica column with ethyl acetate/petroleum ether (1/10) as an eluent to
yield a yellow oil. Yield: 15%.'H-NMR (300 MHz, C¢Dg, 25 °C) & (ppm) = 8.77 (ddd, 3Jun = 4.9
Hz, “Jun = 1.7 Hz, °Jun = 0.9 Hz, 1H, Ha), 8.48 (ddd, 3Jun = 7.8 Hz, “Jun = 1.1 Hz, °Jun = 0.9 Hz,
1H, Hy), 7.89 (td, 3Jun = 7.8, 7.8 Hz, “Jun = 1.7 Hz,1H, Hc), 7.47 (ddd, Jun = 7.8, 4.9 Hz, 4Jun =
1.1 Hz, 1H, Hg), 7.18-7.01 (M, 3H, Hey), 2.29 (s, 3H, Hy), 2.14 (s, 6H, Hy). (Figure A3). IR/cm™ =
1643 v(C=N). HRMS-ESI (m/z): [M + H]+ calcd for C15H1sN2, 225.1392; found, 225.1392. The

data are similar to those found in the literature.3233

N-(2,6-Diisopropylphenyl)-1-(pyridin-2-yl)ethan-1-imine (L4): similar to L1. The crude was
recrystallized in methanol at -20 °C to obtain light-yellow crystals. Yield: 46%. *H-NMR (300
MHz, CDCls, 25 °C) & (ppm) = 8.70 (ddd, 3Jnn = 4.8 Hz, *Jun = 1.7 Hz, °Jun = 0.8 Hz, 1H, Ha),
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8.41 (d, 3Jnn = 8.1 Hz, 1H, Hy), 7.85 (ddd, ®Jnn = 8.1, 8.1 Hz, “Jun = 1.7 Hz, 1H, H), 7.42 (ddd,
3Jun = 8.1 Hz, “Jun = 4.8 Hz, ®Jun = 0.8 Hz, 1H, Hq), 7.21-7.03 (M, 3H, Hey), 2.74 (sept, 2Jun =
6.9 Hz, 2H, Hg), 2.24 (s, 3H, Hn), 1.15 (d, ®Jun = 6.9 Hz, 12H, H;) (Figure A4). IR/cm™ = 1637
v(C=N). HRMS-ESI (m/z): [M + H]+ calcd for C19H24N>, 281.2018; found, 281.2012. Anal. Calcd.
for C1oH24N2: C 81.38, H 8.63, N 9.99; found C 81.52, H 8.85, N 9.87. The data are similar to

those found in the literature.31-33

N-(2,6-Diisopropylphenyl)-1-(6-methylpyridin-2-yl)ethan-1-imine (L5): similar to L4. Yield =
45 %. 'H NMR (300 MHz, CDCls, 25 °C) § (ppm) = 8.17 (d, *Jun = 7.8 Hz, 1H, Ha), 7.70 (dd,
334 = 7.8, 7.8 Hz, 1H, Hy), 7.25 (d, 3Jun = 7.8 Hz, 1H, Hc), 7.19-7.01 (m, 3H, Hay), 2.73 (sept,
8Jun = 6.9 Hz, 2H, H), 2.63 (s, 3H, Hg), 2.21 (s, 3H, Hr), 1.15 (d, 3Jun = 6.9 Hz, 12H, Hi)
(Figure A5). IR/cm™ = 1637 v(C=N). The *H NMR spectrum was consistent with the data
displayed in the literature®,

2.4.3. General Procedure for the Synthesis of Complexes C1-C5

The corresponding ligand (3.5 mmol), anhydrous FeCl, (3.5 mmol) and dry THF (32 mL)
were added to a Schlenk inside the glove box (Scheme 2.8). The mixture was stirred overnight at
room temperature under an argon atmosphere. The excess solvent was evaporated under reduced
pressure and the product was washed with dry pentane (3 x 30 mL), further dried under high

vacuum to obtain a powder from pink to purple.

R, R
| AN R3 FeCI2 Q_< 2 1\3
R, N/ /N;@ CH,Cl,, 16h, RT N / @
1
Ry o R

Rs3

L1-L5 1 5
L1/1 L2/2 L3/3 L4/4 L5/5

Ri= H H H H CH3
R2 = H H CH3 CH3 CH3

R3= CHs CH(CHs), CHs  CH(CHs), CH(CHa)

Scheme 2.8. Synthetic strategy for complexes 1-5
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[N-(2,6-dimethylphenyl)-1-(pyridin-2-yl)methanimine] FeClz (1): violet powder. Yield: 61%. H
NMR (300 MHz, CD.Clz, 25 °C, 3): 85.9 (Avi2= 183 Hz, 1H), 64.4 (Avi2 = 1526 Hz 1H), 54.2
(Aviz= 62 Hz, 1H), 50.5 (Avi2 =77 Hz, 1H), 11.3 (Avi2 = 228 Hz, 6H), 5.1 (1H), -13.5 (Avi2 =
31 Hz, 2H), -17.3 (Aviz = 47 Hz, 1H) (Figure AB). IR/cm™ = 1593 v(C=N). Anal. Calcd. for
Cu4H14CloFeN2: C 49.89, H 4.19, N 8.31; found C 48.16, H 4.03, N 7.97. The data are similar to

those found in the literature.3?

[N-(2,6-diisopropylphenyl)-1-(pyridin-2-yl)methanimine] FeCl> (2): violet powder. Yield: 75%.
'H NMR (300 MHz, CD2Cly, 25 °C, §): 85.6 (Aviz = 156 Hz, 1H), 62.5 (Avi = 2300 Hz, 1H),
54.8 (Aviz= 61 Hz, 1H), 51.1 (Avi2= 75 Hz, 1H), 3.8 (Aviz= 50 Hz, 12H), 2.2 (Avi = 447 Hz,
1H), -3.1 (Aviz = 95 Hz, 2H), -13.0 (Avi2 = 34 Hz, 2H), -18.0 (Avi2 = 48 Hz, 1H) (Figure A7).
IR/cm™ = 1593 v(C=N). Anal. Calcd. for C1sH20Cl2FeN2: C 54.99, H 5.64, N 7.13; found C 53.05,

H 5.48, N 6.91. The data are similar to those found in the literature.*142

[N-(2,6-dimethylphenyl)-1-(pyridin-2-yl)ethane-1-imine] FeCl, (3): dark purple powder. Yield:
57%. 'H NMR (300 MHz, CD,Cla, 25 °C, 8): 102.7 (Avi2 = 80 Hz, 3H), 72.6 (Avi2 = 54 Hz, 1H),
65.5 (Aviz = 1089 Hz, 1H), 49.1 (Aviz = 61 Hz, 1H), 10.6 (Aviz= 194 Hz, 6H), 3.0 (Aviz = 28
Hz, 2H), -18.4 & -18.5 (2H) (Figure A8). IR/cm™ = 1589 v(C=N). Anal. Calcd. for C1sH16Cl,FeN,:
C51.32,H4.59, N 7.98; found C 49.84, H 4.43, N 7.76. The data are similar to those found in the

literature.®®

[N-(2,6-Diisopropylphenyl)-1-(pyridin-2-yl)ethan-1-imine] FeCI2 (4): purple solid. Yield: 82%.
'H NMR (300 MHz, CD,Cls, 25 °C, 8): 98.5 (Avi2 = 134 Hz, 3H), 75.1 (Avi2 = 55 Hz, 1H), 64.7
(Av12=2350 Hz, 1H), 51.0 (Avi2=48 Hz, 1H), 3.1 (Avi2 =34 Hz, 1H), 2.4 (Av12= 28 Hz, 12H),
-5.6 (Avi2 =94 Hz, 2H), -17.8 (Aviz = 29 Hz, 2H), -19.3 (Avi2 = 42 Hz, 1H) (Figure A9). IR/cm’
1'=1591 v(C=N). Anal. Calcd. for C19H24Cl2FeN2: C 56.05, H 5.94, N 6.88; found C 55.32, H
5.84, N 6.74. The data are similar to those found in the literature.34
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[N-(2,6-Diisopropylphenyl)-1-(6-methylpyridin-2-yl)ethan-1-imine] FeCl, (5): pink solid. Yield:
80%. 'H NMR (300 MHz, CDCl,, 25 °C, §): 99.9 (Avi2 = 97 Hz, 3H), 68.5 (Avi2 = 56 Hz, 1H),
62.4 (br, 1H), 56.1 (Aviz = 66 Hz, 1H), 2.9 (Avi2 = 28 Hz, 1H), 2.4 (Aviz = 31 Hz, 12H), -5.9
(Avi2 = 92 Hz, 2H), -16.9 (Avi2 = 33 Hz, 1H), -18.6 (Avi2 = 20 Hz, 1H), -34.9 (Avi = 743 Hz,
3H) (Figure A10).IR/cm™ = 1589 v(C=N). Anal. Calcd. for C2oH26Cl.FeN,: C 57.03, H 6.22, N
6.65; found C 56.32, H 5.83, N 6.05. The data are similar to those found in the literature.®

2.4.4. General Procedure for Isoprene Polymerization

In a typical polymerization experiment, a Schlenk reactor (20 mL) was heated, dried under
vacuum and purged with argon three times before introducing it to the glove box. Iron (11) chloride
complex (10 umol, 1 eq.) and toluene (3 mL) were added to the reactor followed by the addition
of the appropriate amount of aluminum co-catalyst at room temperature.

Activation with MAO (5 mmol, 500 eq.): the appropriate amount of MAO was added to the
mixture under stirring for 2-3 mins and isoprene (0.346 g, 0.5 mL, 500 eq.) was introduced via a
syringe. The reaction mixture was stirred for the desired time before being quenched with 5-6
drops of acidified toluene. The polymer was precipitated in ethanol (150 mL) containing the
stabilizing agent BHT (tert-butylhydroxytoluene), isolated and dried in vacuum for at least 4 h to
yield a gummy solid.

Activation with AIR3 (100 pumol, 10 eq.)/Ph3sC[B(CsFs)4] (10 pmol, 1 eq.): the reaction mixture
was stirred for 2-3 mins and trityltetrakis(pentafluorophenyl)borate was added as a solution in 2
mL of toluene at room temperature. The mixture was stirred for 2 min and isoprene (0.346 g, 0.5
mL, 500 eq.) was added. The reaction mixture was stirred for the desired time before being
quenched with 5-6 drops of acidified toluene. The polymer was precipitated in ethanol (150 mL)
containing the stabilizing agent BHT, isolated and dried in vacuum for at least 4 h to yield a gummy
solid.

For a given aliquot, the conversion was determined by *H NMR spectroscopy using the
chemical shifts of the olefinic protons of polyisoprene (5.11 and 4-4.6 ppm) and isoprene (6.5-
6.42 ppm). The aliquots which were taken at several intervals were quenched with isopropanol
present inside the NMR tubes containing a benzene-de capillary. The percentage conversion was

calculated according to the equation:
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Area normalised for polymer

% Conversion| = - -
[ ] Area normalised for polymer + Area normalised for monomer *

1(5.14 — 5.10 ppm) + L&72 = 17 ppm)

1(5.14 — 5.10 ppm) + L&72 = 3'67 PP™) | ([ (65 — 6.42 ppm) or I (5.22 — 5 ppm))

*Can be chosen between the two olefinic regions of isoprene depending on the better resolution of
peaks. (See kinetic profile section)

2.4.5 Calculation of Microstructure Contents

As previously known,* the characteristic signals of polyisoprene in a *H-NMR spectrum were
found at 5.14-5.10 ppm and 4.72-4.67 ppm corresponding to 1,4 and 3,4 units respectively. The
percentage content of 1,4 and 3,4 units was determined according to the equations:

1(5.14 — 5.10 ppm)

[%1,4 content] = —
1(5.14 — 5.10 ppm) + 472 3'67 ppm)
1(4.72 — 4.67 ppm)
[%3,4 content] = Z

1(4.72 — 4.67 ppm)

1(5.14 — 5.10 ppm) + >

The characteristic signals at 16.2 and 23.8 ppm in the *C NMR spectra correspond to the
methyl carbon of cis-1,4 and trans-1,4 polyisoprene motifs respectively**. Therefore, the
percentage cis-1,4 and trans-1,4 content is given by the equations:

[%trans — 1,4 content] = 1(16.2 ppm)
1(16.2 ppm) + I (23.8 ppm)

vocis — 14 content] = 1(23.8 ppm)
[%cis — 1,4 content] = 1(16.2 ppm) + I (23.8 ppm)
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Chapter 3

3.1. Introduction

The pursuit of sustainable chemistry has indeed led to a rising focus on iron catalysis
considering the natural abundance and relative non-toxicity of this metal, which offers a suitable
alternative to other metal-based systems involved in the catalytic transformation of organic
substrates. 7 Over the past decades, the development of well-defined single-site iron based
catalysts has attracted extensive research in the coordination-insertion polymerization of ethylene
more specifically,® ! and less attention has been paid to the conjugated dienes.!?° As seen earlier
in the previous chapter, the materials applications of synthetic polyisoprenes make them a viable
candidate for the rubber industry.'® Within this framework, various research groups have focused
their study on developing discrete iron-based complexes bearing an iminopyridine ligand for their
application in coordinative polymerization of isoprene.’*>1718 From these studies, the authors
proposed that higher electron density at the iron center favor 1,4-trans selectivity of polyisoprene®®
whereas in terms of activity, it was found exactly opposite i.e. lower electron density on iron center

increases the yield of the obtained polyisoprene.4

In the last chapter, we described the ability of a family of iron iminopyridine-supported
complexes as precatalysts for the polymerization of isoprene, with the aim to highlight the
relationships between their molecular structure and the catalytic performances.'® When we started
that study, the complexes available were limited mostly to iminopyridine having electron-donating
substituents, which were found to be active when combined with Al'Bus/[PhsC][BCsFs)a] (Chart
3.1). There was only one example of ligands bearing electron withdrawing fluorinated substituents
by Wang et al., where the authors suggested that the iminopyridine complexes bearing fluorine
substituents tend to enhance the catalytic activity of the resulting system, thereby, improving the
yields of the obtained polyisoprenes.® Also, till now, there are not many studies for the
polymerization of 1,3-dienes involving the catalytic systems bearing quinoline type framework
except the one reported by Liu et al., where the modification of iminopyridine skeleton was done
by replacing the pyridine moiety with a quinoline ring and by substituting an additional chloride
on the imino carbon rather than the conventional H or methyl.?° The resulting complexes, when
combined with MAO, were found to be very poorly active to catalyze the polymerization of
butadiene with poor selectivities (Chart 3.1). Summarizing these studies from the literature and

most importantly from our last work, we deduced that the nature of the substituents on the ligand
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greatly impacted the activity and the stereoselectivity of the catalysts toward isoprene
polymerization: aldiminopyridine complexes 1 and 2 bearing alkylated N-aryl groups were found
highly active as well as stereoselective and the reaction was less controlled compared to their
ketiminopyridine analogues 3 and 4, which were found less active than aldiminopyridine
complexes 1 and 2 but rather more stereoselective. Lastly, the ketiminopyridine complex 5 with

an additional methyl group on the pyridine moiety proved to be inactive.

Our catalyst design was inspired by the previous studies in literature where the authors
proposed that electron withdrawing substituents on the iminopyridine skeleton lead to better
monomer coordination and faster chain propagation.'* Therefore, in order to assess the impact of
different substituents on the N-aryl moiety and also to extend the family of iron complexes, we
will present our efforts to synthesize new fluorinated iminopyridine ligands and their related iron
complexes (Chart 3.1) We also wish to replace the iminopyridine skeleton by iminoquinoline in
order to assess the effect of extending n conjugated pyridine system on the catalytic performances
of their related iron-based precatalysts and also to compare the structural features of two different
skeletons. In addition, within the iminoquinoline system, we will compare the influence (if any)
of a 5-membered chelate (2-substituted-quinolyl) vs a 6-membered chelate (8-substituted-
quinolyl) on the catalytic activity of the resulting systems. This will ensure us to have a wide range

of complexes available for their assessment in the coordinative polymerization of isoprene.
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Previous work

(AldiminoPyridine)FeCl,

R = aryl, F-aryl, alkyl
Wang et al.
Moderately active (TOF(h™") > 1000)
Highly 1,4-trans/fairly1,4-cis selective

(N-arylcarboximidoylchloride-Quinoline)FeCl,

— Cl
N\ 7N —
N\Fe,/N4<\;/\_R
a’
R = alkyl, methoxy, H, CI
Liu et al.

Poorly active for Butadiene (TOF(h™') < 100)
Moderately 1,4-cis selective

Our previous work

Chapter 3

(Ketimino/AldiminoPyridine)FeCl,

R4, R, =H, CHj; R = aryl
Moderate to Highly active (1200 < TOF(h'” < 27000)
Highly 1,4-trans/Highly1,4-cis selective

This work

(Aldimino/KetiminoPyridine or Quinoline)FeCl,

R2 = H, CH3

Chart 3.1. Structural evolution of [N, N] bidentate Iron-based precatalysts for the polymerization of

isoprene
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3.2 Results and Discussion:

3.2.1. Synthesis of iminopyridine/iminoquinoline ligands L6-L11

The aldiminopyridine ligand L6, bearing two electron-withdrawing CFs groups on the
meta- positions of the N-aryl substituent, was briefly disclosed in the patent literature, without
further synthetic description/characterization.?*?> To our knowledge, the aldiminopyridine L7
ligand, containing a pentafluoro N-aryl substituent, has not been described but just mentioned
once as potential ligand in a set of Pd and Pt complexes devoted to medical uses.?® On the other
hand, the ligand L8 was recently reported as a starting material for its use in transfer
hydrogenations with ammonia borane.?* We therefore decided to synthesize L6-L8 along with the
new L9-L 10 to constitute a new family of ligands, possessing predominantly -CFz and -F electron-

withdrawing groups on the N-aryl substituents.

Ar-NH,

R4 0} R4 N
Y e T
+
R, Hcat R,
L

CF5 F, F CF,4

— — N
R o4
F /
\_y CFs \_ v CFy
L6 L7 (New) L8
= 2-pyridyl Ry = 2-pyridyl Rq = 2-pyridyl
R, = Ry =H R, = CHj
Ar = 3,5- Bis(trifluoromethyl)phenyl ~ Ar = Pentafluorophenyl Ar = 3,5- bis(trifluoromethyl)phenyl
F, F CF3
e A
\_{ K :
L9 (New) L10 (New) L11

Rq = 2-pyridyl R; = 2-quinolyl R = 8-quinolyl
R2=CH3 R2=H R2=H
Ar = Pentafluorophenyl Ar = 3,5- Bis(trifluoromethyl)phenyl Ar = 2,6-diisopropylphenyl

Scheme 3.1. Synthesis of the ligands L6-L11

As seen earlier in chapter 2, a similar protocol (Scheme 3.1) was used to synthesize the
new family of fluorinated ligands L6-L10 and the previously known ligand L11 comprising bulky

'Pr groups on the ortho position of the N-aryl substituent along with a 8-quinoline skeleton instead
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of pyridine.?® The acid catalyzed condensation of the starting carbonyl pyridine/quinoline
derivatives with their corresponding anilines in dichloromethane/methanol at high temperature
afforded the ligands L6-L11. As done previously with the ligands L1-L5, the reactions were again
monitored by *H NMR spectroscopy to determine the conversions as the formation of the final
imine product is reversible and typically driven to completion by precipitation or/and removal of
water. To prevent the hydrolysis of the ligand, the byproduct water was removed from the reaction
mixture by adsorption on sodium sulfate or azeotropic removal through Dean-Stark apparatus.

All the ligands, which were afforded in moderate to high yields (43-94%), were further
characterized by 'H, *C, ®F-NMR spectroscopies, HRMS spectrometry and elemental analysis
(See experimental section). Apart from the difference in the reactivity of the carbonyl groups of
aldehydes and ketones, which is an important factor governing the result of a condensation (as
previously seen in chapter 2),%° the nature of the substituents has also an impact on the outcome of
the reaction. In this case, the experimental conditions were varied from moderate to harsh as some
condensation reactions are quite difficult to perform due to the poor nucleophilic nature of anilines
that bear fluorinated substituents. Indeed, the negative inductive (-1) effect arising from the
fluorinated groups on the anilines leads, in some cases, to low yields as described previously in
the literature.'>2” This also indicates that the fluorinated N-aryl iminopyridines L6—L10 would be
more prone to hydrolyze compared to the alkylated N-aryl iminopyridines L1-L5 and L11.28 As
we observed the hydrolysis of some of the imines due to traces of acid and/or water in the
deuterated solvent CDCl3, the NMR spectra were recorded in benzene-ds. This time, in the case of
fluorinated ligands L6-L10, we encountered the hydrolysis of the products even in benzene-ds,
which reveals the sensitivity of the fluorinated imines. Therefore, starting from the synthesis
protocol, dry solvents were used for the synthesis and the NMR spectra were recorded every time
in dry benzene-ds.

Analyses of the IR spectra of all ligands revealed the characteristic C=N vibration band in the
range of 1620 — 1649 cm™, showing the highest stretching frequency of the C=N bond bearing
fluorinated N-aryl substituent, as expected, due to the negative inductive effect (-1) imparted by
the -F or -CF3 groups. The highest stretching (1649 cm™) was observed in the case of fluorinated
ligands when compared to the alkyl substituted ligands (1643 cm™) in chapter 2.

Single crystals of the chelate ligands L10 and L11 were obtained by recrystallization from a

concentrated acetonitrile and ethanol solutions containg the ligand L10 or L11, respectively, which
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were left to stand for 2 days at —20 °C. These crystals were further analyzed by X-ray diffraction
studies to identify the structure and conformation of the ligands in the solid state. The ORTEP type
view of the ligands L10 and L11 are shown below in Figure 3.1. Both ligands feature a close to
planar central (iminoethyl)quinoline framework [Torsion angles: C9-C10-N2-C11 = 179.99(13)°
for L10, C6-C10-N2-C11 = 179.62(13)° for L11] with a transoid conformation in which the
nitrogen from the quinolyl and imino subunits are s-trans to each other, due to the repulsion of
both nitrogen lone pairs. The C10-N2 bond length for L10 (1.2771(19) A) was found to be greater
than observed for L11 (1.2538(18) A), probably due to the electron withdrawing effect of —CF3
substituents on the N-aryl moiety. Nevertheless, they all were found in the typical C(sp?)-N bond
range. As expected, the C=N bond is (E)-configured i.e. the bulky quinolyl and 3,5-
bis(trifluoromethyl)phenyl rings or 2,6-diisopropylphenyl rings favor trans orientation with
respect to each other in the solid state. Lastly, the N-aryl substituent, 3,5-
bis(trifluoromethyl)phenyl was inclined at 139.86(14)° [torsion C10-N2-C11-C12] with the
quinoline plane whereas 2,6-diisopropylphenyl was found to be nearly orthogonal to the quinoline
ring as evidenced from the torsion C10-N2-C11-C12 [100.15(17)°] angle. This observation
highlights the effect of substituents on the N-aryl moiety, which alter the overall conformation of
the ligand in solid state. The selected data for L10 and L11 is displayed below in Table 3.1.

Table 3.1. Selected bond distance (A) and angles (°) for ligands L10 and L11

Parameters L10 L11
C10—N2 1.2771(19) 1.2538(18)
C9(C6)—C10—N2—C11 179.99(13) 179.62(13)
C10—N2—C11—C12 139.86(14) 100.15(17)
N1(C5)—C9(C6)—C10—CN2 176.61(14) 179.24(14)
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(2) L10 c7

(b) L11

C19

Figure 3.1. ORTEP-type view of ligands L.10 (a) and L11 (b) with ellipsoids drawn at 50% probability
level (hydrogen atoms have been omitted for clarity).
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3.2.2. Synthesis of iminopyridine/iminoquinoline iron-based complexes 6-11

The new 6-11 iron complexes were synthesized in the same way as previously described for
their congeners 1-5 in chapter two. The complexation of ligands L6-L11 with one eq. of
anhydrous FeCl, in THF was carried out as shown in Scheme 3.2. The obtained crude products
were washed with dry pentane to remove any unreacted ligand in the solution, affording the related
iminopyridine/iminoquinoline-based iron complexes 6-11 in moderate to excellent yields (58—
93%).

X
L\ FeCl,
R{7 N7 > SAr —_ > (L)xFeCl,
THF
R2
Ln (n = 1-6) 6-11
— CFs
/ \
Q %i% R
/FeCI2 /FeClz /FeCl, CF,
6 = (L6),FeCl, (86%) 7 = (L7),FeCl, (93%) 8 = (L8),Fe,Cly(79%)
— CF
an\ ’
N N
/FeCI /FeCl
2 2 CF3
9 = (L9),Fe,Clg (83%) 10 = (L10),Fe,Cl,(78%) 11 = (L11)FeCl, (58%)

Scheme 3.2. Synthesis of iron (ii) based complexes 6-11 from their related ligands (Ln)

Elemental analyses were performed for the powders and were found to be in accordance
with the molecular formula of the resulting iron complexes 6-11 (experimental section). The IR
spectra of the resulting complexes displayed a C=N stretching frequency between 1595-1605 cm’
1 values lower than those identified for their related free ligand due to the coordination of the N
atom of the imino group on the metal center. Furthermore, the highest wavenumber differences
between ligands and complexes were predictably observed for these sets of complexes and ligands
bearing electron-withdrawing fluorinated substituents ((Avc=n) = 23 — 30 cm™* for L6/6, L7/7 and
L.10/10, Av(c=n) =52 cm™ for L8/8 and L9/9 vs Auc=ny =23 cm™ for L11/11), indicating, as

expected, a more important decrease in electron density at the iron center for complexes 6-10

compared to 11.
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The newly developed series of iron complexes 6-11, despite being paramagnetic in nature,
was also characterized by *H NMR spectroscopy (details are given in the experimental section).
For a better comparison, as previously done in chapter two, the stacked *H NMR spectra of the
complexes are shown below in Figure 3.2. As seen earlier with the alkylated N-aryl iminopyridine
iron complexes 1-5, the complexes 6-11 were also sparingly soluble in CDCIs and benzene-De,

so their spectra were recorded in dichloromethane-D..

-
N
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Figure 3.2. *H NMR spectrum of complexes 6-11 stacked (300 MHz, CD,Cl,, 25 °C)

Hpyridst

Himine
Hm)'l

Hoitho Hineta

The coordination of ligands to the paramagnetic iron (I1) center gives rise to sharp to broad
signals distributed over a wide frequency range and, for which, attempts at assignment can be

made on the basis of i) integration, ii) proximity to the iron center and iii) by comparison with
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similar complexes reported in the literature.X® In some cases, not all the expected peaks were
obtained due to the increased broadening of the signals resulting to the disappearance of some of
them within the baseline, which has already been observed for the 2,6-bis(imino)pyridine iron
chloride complex.?® Within the complexes, the signals corresponding to each protons of the ligands
are located between — 25 and + 126 ppm while the peaks of free ligands are absent in the
diamagnetic region of the *H NMR spectra, implying that all ligands are coordinated to the metal
center. From the stacked NMR spectra of complexes in Figure 3.2, it can be suggested that the
ortho-pyridyl protons (Hortho) Of the coordinated ligand that are closest to the paramagnetic iron
center, exhibit the broadest singlet downfield at 6 (ppm) = 69 for 6, 91 for 7, 67 for 8, 71 for 9 and
30 for 11. Not very far from these peaks, we can see the potential singlets of meta-pyridyl protons
(Hmeta) downfield at & (ppm) = 58 for 6, 120 for 7, 73 for 8, 71 for 9 (very broad signal integrates
for 2), 93 for 10 and 26 for 11. The broad singlet found upfield at 6 = — 7.8 ppm in the spectrum
of 6 could be attributed to the imino hydrogen (Himine), which can be further confirmed by the
presence of similar signals arising in the spectra of similar complexes nearly in the same range
(Himine for 7 at — 11.7 ppm, for 10 at — 20.7 ppm and for 11 at — 16.4 ppm). In a similar way, the
hydrogens of the backbone methyl group (Hmethy) present on the imino carbon could be attributed
to broad singlets found at 6 = — 16 ppm for 8 and — 19 ppm for 9. The remaining pyridyl/quinolyl
protons (Hpyridyt Or Haquinoty)) Were found mostly downfield in the range of 11.8 — 53 ppm whereas
the protons of the N-aryl group were found upfield between — 3 and — 24 ppm. Lastly for complex
11, the sharp singlets at — 1.7 ppm and — 6.4 ppm would correspond to the diastereotopic methyl
protons of the 2,6-diisopropryl group whereas the singlet at — 19 ppm could be attributed to —
CH(Me)2.

Overall, it can be observed that the presence of various electron donating and electron
withdrawing groups within the family of ligands L1 — L11 clearly influenced the *H NMR spectra
of the resulting complexes 1 — 11. For instance, complexes 6-10, bearing electron withdrawing
CF3z or F groups on the N-aryl substituent, present a higher number of broad singlets, whose
chemical shifts are not easily identified, when compared to complexes 1-5 and 11 comprising
electron donating CHs or 'Pr groups on the N-aryl moiety. As an example, the clear assignment of
the characteristic resonances of complex 9 is shown below in Figure 3.3 whereas for the other

complexes, it could be found in the experimental section.
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Figure 3.3. *H NMR spectrum of complex 9 (300 MHz, CD,Cl,, 25 °C) *Chloroform, THF and silicon
grease

Apart from the minute traces of chloroform and silicon grease, the characteristic signals of
protons of THF were also observed in the spectrum, resulting from the synthesis protocol. This
was also confirmed through the elemental analysis of complex 9 (Found: C 42.10, H 3.12, N 5.78
for powder), which required one additional molecule of THF to obtain results corresponding to the
molecular formula of the complex (calculated for Ci3H7N2FsFeCl, + one molecule of THF
(C4HgO): C 42.09, H 3.06, N 5.72).

The newly developed series of iron complexes 6-11 was additionally characterized by X-
ray diffraction studies. Single crystals of complexes 7—10 were obtained by recrystallization from
a concentrated acetonitrile solution (along with the few drops of dichloromethane in some cases)
of the respective complexes layered with diethyl ether (1/2) and left to stand for several days at —
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20 °C under inert atmosphere. In contrast, after multiple attempts, single crystals of complex 6
were ultimately obtained by recrystallization from a concentrated acetonitrile/dichloromethane
solution (5/1), which was left to stand at —20 °C inside the glove box for almost a month.

The molecular structure of complex 6’ is depicted in Figure 3.4a, selected bond lengths

and angles are reported in Table 3.2.

Figure 3.4a. ORTEP-type view of complex 6° with ellipsoids drawn at 50% probability level (hydrogen
atoms, secondary positions of F atoms and solvent molecules have been omitted for clarity and only specific
atoms have been labelled)

From the ORTEP diagram, the geometry at the iron centre in complex 6’ can be best
described as a distorted octahedron where the metal is surrounded by two bidentate iminopyridine
ligands (L6), which act as bis-chelate with both Nimine and Npyridine atoms coordinated to the metal,
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as well as two terminal chloride atoms (CI1 and CI2). The axial coordination sites are occupied by
the CI2 and the N2 imine nitrogen atoms (the axial sites are defined by taking the atom with the
longest bonding distance to the iron centre and the atom in trans position), which subtends an
angle of N2—-Fel-CI2 = 160.03(5)° at the metal centre, deviating substantially from the expected
linearity. The molecular formula of the bis-chelate structure 6> was also confirmed through the
elemental analysis (Found C 41.81, H 2.45, N 9.43) where the addition of one molecule of
dichloromethane (used in crystallization) was essential to obtain the proper result (Calculated. for
crystal C32H22Cl2F12FeNs + one molecule of CHCl: C 42.61.50, H 2.60, N 9.03)

Regarding the arrangement of the two iminopyridine ligands in the neutral complex 6°,
the nitrogen atoms of the pyridine fragments are in trans position to each other while both N atoms
of the imine moieties are oriented in cis position to one another, as the two chloride atoms. Similar
coordination modes of related bidentate iminopyridine ligands with iron dichloride, such as 2,4,6-
trifluoro-N-[(pyridine-2-yl)methylene]aniline,®® N-[(pyridine-2-yl)methylene]aniline® and 3-
nitro-N-[(pyridine-2-yl)methylene]aniline,®* have been previously described in the literature.
These analogous coordination patterns are likely due to the low steric hindrance of these ligand
sets compared to complexes supported by more congested ligands such as e.g. 2,6-diisopropyl-N-
[(pyridine-2-yl)methylene]aniline, where a centrosymmetric neutral dimeric complex of the type
[2,6-diisopropyl-N-[(pyridine-2-yl)methylene]aniline].Fe2Cls*? or a penta-coordinated ionic
species of the type {[2,6-diisopropyl-N-[(pyridine-2-yl)methylene]aniline].FeCl}*FeCls3 were
formed. The distances between the two Fe—Cl bonds are inequivalent in complex 6’ [Fel-CI1:
2.3696(6) A vs Fel-Cl2: 2.4284(6) A] and the Fe-Nimine bond lengths [2.2727(19) — 2.2862(19) A]
are longer than the Fe-Npyrigine bond ones [2.2217(19) — 2.2209(2) A], all these bond distances
being in the same range as those observed in the parent complexes [Fe-Cl: 2.33 — 2.44 A; Fe-Nimine:
2.23 - 2.32 A and Fe-Npyridine: 2.15 — 2.22 A].15%031 The complex 6” also features similar N1-Fel-
N2 bond angle of 73.69(7)°, N3-Fel-N4 bond angle of 73.66(7)° and slightly larger Cl1-Fel-CI2
bond angle of 105.59(2)° than the ones observed in Wang’s complex [N1-Fel-N2 = 72.68(17)°,
N3-Fel-N4 = 72.58(17)° and Cl1-Fel-ClI2 = 98.24(17)°], implying a more open space at the iron
atom, which can overshadow an interesting reactivity in polymerization. In addition, it is
noteworthy that the N-aryl substituents deviate significantly from the expected orthogonality
relative to the imino group as evident from the torsion angles C6-N2-C7-C12 [146.8(2)°] and C20-
N4-C21-C26 [136.1(3)°], which is probably attributable to the presence of CF3 groups on the meta
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position of the N-aryl substituent of the iminopyridine bis-chelate. From the crystal packing view
depicted in Figure 3.4b, which contains an assembly of four complexes 6°, the two pyridine rings
are almost orthogonal to one another while the two N-aryl cycles are nearly parallel to each other
in each complex. As described by Vener and coworkers,3*3*the orientation of each complex within
the crystal packing could potentially be due to the presence of weak non-bonding FF contacts of
2.904(4) A, which is slightly inferior than the sum of their van der Waals radii (ca 2.94 A) along
with the presence of weak HF interactions of ca 2.46 A (H...F interactions are considered for
non-bonding distances less than ca 2.67 A3 which represents the sum of their van der Waals
radii** and taking into account that normalization of the C-H bond can lead to deviations of ca 0.15

A). These observations could explain the coordination mode of L6 with FeCls.

N-aryl groups Pyridine ring

F-F (2.904 A)

Pyridine ring

Figure 3.4b. Crystal packing of complex 6 highlighting the pseudo-orthogonality of the two pyridine
rings (in bold) and the nearly parallel orientation of the two N-aryl groups (in bold) with the weak non-
bonding FF (2.904 A) and H-F (2.455 A) contacts.

The aldiminopyridine complex 7 crystallizes in a similar fashion to complex 6 and adopts
a comparable distorted octahedral geometry at the Fe center, with two L7 iminopyridine chelates
and two chloride ligands. The ORTEP type view of complex 7’ is shown below in Figure 3.5a,

selected bond lengths and angles are depicted in Table 3.2. The CI1 and the imine nitrogen N4
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atoms occupy the axial coordination sites and form a marginally more open angle N4-Fe2—CI1 of
162.53(3)° at the metal center than that observed in complex 6°. Both iminopyridine ligands and
the two chlorine atoms are similarly positioned around the metal center as in complex 6°. The Fe-
Cl bond distances [Fe1-CI1: 2.4358(4) A and Fe1—Cl2: 2.3430(4) A] are even less equivalent than
those found in complex 6°, but still within the length range of related complexes [Fe-Cl: 2.33 —
2.44 A]1.15%93L |n contrast to complex 6°, the Fe—Nimine bond distances are quite different [Fe1-N2:
2.2375(12) A vs Fel-N4: 2.3202(12) A] and fall at the two extremes of the range reported in the
literature [Fe-Nimine: 2.23 — 2.32 A], the longest Fe1-N4 being in trans position to the longest Fe-
CI1 as both axial bonds (Fe-Cl1 and Fel-N4) are elongated compared to their equatorial

counterparts.

S

D 4/
Cl2

Figure 3.5a. ORTEP-type view of complex 7” with ellipsoids drawn at 50% probability level

(hydrogen atoms have been omitted for clarity and only specific atoms have been labelled)

Although, the Fe—Npyrigine bond lengths [Fel-N1: 2.2202(12) A and Fel-N3: 2.2295(12)

A] were found to be quasi-identical to those observed for the congener 6° [Fe—Npyridine: 2.2209(2)
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— 2.2217(19) A] and lie in the upper range of the parent complexes [Fe-Npyrigine: 2.15 — 2.22
A],15303L The order of Fe—Npyrigine distances can be summarized as : 2,3,4,5,6-pentafluoro-N-aryl
~ 3,5-trifluoromethyl-N-aryl (2.2295 - 2.2202 A) > 2,4,6-trifluoro-N-aryl (2.215 - 2.204 A)® > 3-
nitro-N-aryl (2.20 - 2.19 A)3! > N-aryl (2.15 A)**which can be potentially due to the comparatively
increased (-1) inductive effect (2,3,4,5,6-F =~ 3,5-CF3 vs 2,4,6-F vs 3-NO) reducing the electron
donating capability of Npyridine atoms, thereby increasing the Fe—Npyrigine bOnd lengths. The N-aryl
substituent is closer to the orthogonality to the imino group as evidenced from the torsion angles
C6-N2-C7-C12 [115.60(16)°] and C18-N4-C19-C24 [116.83(16)°] when compared to complex
6°.

P

553.449 A (Centroid contact) g
o 1 %

3.320A ’ -

(Plane-plane distance)\{
*

15.72° e

(Displacement angle) L%

&)

Figure 3.5b. Assembly of two complexes 7°, extracted from a portion of the crystal packing diagram,
showing the © — = stacking of pyridine rings represented by pseudo-centroid contact (Centroidl--Centroid2
=3.449 A).

From the crystal packing view of complex 7” in Figure 3.5b, we can see that the two
pyridines of the ligand L7 from the two separate units of complex 7° are nearly face-to-face aligned

to each other. The interplane angle of the two pyridine rings is almost 0, which means that the two
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pyridines are parallel (interplanar distance = 3.320A), although they are parallelly displaced with
respect to each other. The horizontal displacement is measured by the displacement angle formed
between the ring-centroid vector (Centroid1Centroid2) and the normal to one of the pyridine
planes. This arrangement results to a centroid contact (Centroid1--Centroid2) of 3.449 A with a
displacement angle of 15.72 °, which corresponds to a very small horizontal displacement of 0.934
A. All these observations suggest a possible occurrence of m — = interactions between the two

pyridine rings which can play an important role in controlling the packing or assembly of

Table 3.2. Selected bond distances (A) and angles (°) for aldiminopyridine complexes 6> and 7’

Parameters 6’ 7
Fel—ClI1 2.3696(6) 2.4358(4)
Fel—CI2 2.4284(6) 2.3430(4)
Fel—N1 2.2217(19) 2.2202(12)
Fel—N2 2.2727(19) 2.2375(12)
Fel—N3 2.2209(2) 2.2295(12)
Fel—N4 2.2862(19) 2.3202(12)

N2—Fel—CI2 160.03(5) 164.00(3)
N1—Fel—N3 169.76(7) 151.35(4)
N4—Fel—Cl1 157.90(5) 162.53(3)
N1—Fel—CI2 90.61(5) 91.76(3)
N4—Fel—ClI2 90.95(5) 88.06(3)
N3—Fel—CI2 87.81(5) 104.38(3)
Cll—Fel—CI2 105.59(2) 95.156(14)
N1—Fel—N4 96.26(7) 85.58(4)
N1—Fel—CI1 98.08(5) 111.43(3)
N3—Fel—CI1 92.08(5) 90.84(3)
N3—Fel—N4 73.66(7) 71.73(4)
C6—N2—C7—C12 146.8(2)° 115.60(16)°
C20—N4—C21—C26 136.1(3)° -
C18—N4—C19—C24 - 116.83(16)°
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The molecular structure of complex 8” (Figure 3.6a, selected angle and bond distances are
presented in Table 3.3) illustrates the effective coordination of the ligand on the metal center,
which is depicted in the solid state as a neutral symmetrical binuclear coordination complex of the
type L82Fe(u-Cl)2FeClo.(CH3CN)2, a structure containing two Fe centers with distinctive
coordination environment, which is very rarely observed in the literature.'®32% The molecular
structure was also confirmed through elemental analysis accounting the presence of two non-
coordinated acetonitrile molecules in the lattice (Calculated for crystal CaoH20N2F12Fe2Cls + two
molecules of CH3CN: C 40.83.25, H 2.62, N 8.40; found C 41.17, H 2.77, N 8.72).

Figure 3.6a. ORTEP-type view of the crystallized complex 8> with ellipsoids drawn at 50%
probability level (hydrogen atoms and solvent molecules have been omitted for clarity and only

specific atoms have been labelled)
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The structure represents a monoclinic crystal system with space group C2/c that
corresponds to the point group Czn. The symmetry in the structure can be observed by locating one
of the major symmetry elements like a two-fold symmetry axis (in this case principal axis C»)
along the iron atoms Fel and Fe2, from which a rotation by 180 ° obtains the same molecule.
Complex 8’ consists of two Fe centers in which the coordination sphere of Fel metal comprises
two iminopyridine chelate ligands (L.8) whereas the other metal Fe2 is surrounded by two terminal
chlorides (CI2 and CI2"), both Fel and Fe2 centers are ultimately connected via two bridging
chloride atoms (CI1 and CI1"). The bridging bond distances for Fel [Fel-Cl1 = Fel-CI1' =
2.4423(9) A] were found to be higher than Fe2 [Fe2—CI1 = Fe2—CI1' = 2.3927(10) A] due to the
higher coordination number of Fel. In general, the Fe-Cl bridging bond distances were found to
be a bit lower than observed for the reported values in literature for similar type of complexes [Fe-
Cl: 2.409(2)-2.481(2) A in (#%-Ph,P(O)Py).Fe(u-Cl)2FeCl,) complex,® Fe-Cl: 2.414(2)-2.523(3)
A'in (7?-PhoC(N)Py)2Fe(u-Cl)2FeCl,)].28 The arrangement of the two iminopyridine ligands L8 in
the neutral complex 8 is similar to the one observed with the aldiminopyridine analogues 6° and
7°, where the nitrogen atoms of the pyridine fragments are in trans position to each other while
both N atoms of the imine moieties are oriented in cis position to one another. The geometry around
the Fel center can be described as distorted octahedral, in which one bridging chloride (CI1) and
the imine nitrogen (N2) occupy the axial sites due to the longer bond distances [Fe1l-Cl1: 2.4423(9)
A; Fe1-N2: 2.188(3) A], while the atoms CI1!, N1, N1'and N2' form the equatorial plane with the
Fe-Nimine distances [Fel-N2': 2.188(3) A] being greater than the Fe-Npyrigine distance [Fel-N1:
2.147(3) A]. The axial angle N2—-Fe2-Cl1 exhibits a moderate deviation from linearity
[170.22(8)°] and the torsion N1-C5-C6-N2 was found to be 3.2(5)°, indicating that the imino group
is almost planar to the pyridine ring.

As found in similar structures of (iminopyridine)MCI> [M = Ni, Pd, Fe] reported in the
literature,?>*7 the N-aryl substituent is almost perpendicular to the imino group as evidenced from
the torsion angle C6-N2-C8-C9 =98.5(4)°. Regarding the other Fe2 metal center, the coordination
geometry can be best described as distorted tetrahedron in which the Fe-Cl terminal bond distances
[Fe2—CI2: 2.2388(10) A] were found in the similar range [2.234(2) A-2.258(3) A] for terminal
chlorides in similar complexes from which we can suggest that the tetrahedral iron center is in +2
oxidation state.'3% |t is also worthy to notice that the bridging arrangement of chloride ligands

precludes the formation of metal-metal bond where the Fe-Fe interatomic distance (3.423 A) was

133



Chapter 3

found to be near to that observed for Wang’s complex (3.508(2) A)!® but longer than Mak’s
complex (2.421(2) A).% In addition, the presence of non-coordinated acetonitrile molecules in the
lattice does not affect the geometry around each Fe center.

The crystal packing of complex 8 in Figure 3.6b shows a similar face-to-face arrangement
of the two pyridines of the ligand L8 as observed previously with complex 7. This arrangement
again suggests a possible occurrence of & — 7 interactions between the two pyridine rings resulting
from a pseudo-centroid contact (CentroidlCentroid2) of 3.531 A with a displacement angle of
11.42 ° and a small horizontal displacement of 0.699 A%

3.531A
(Pseduo-centroid contact)

Figure 3.6b. Assembly of two complexes 8, extracted from a portion of the crystal packing diagram,

showing the  — & stacking of pyridine rings represented by centroid contact (Centroidl--Centroid2 =
3531 A).
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The solid state structure of complex 9’ shows a centrosymmetric tetranuclear coordination
complex somewhat like 8” but, interestingly, it exists as a dimer in the form of [(L9).Fe(u-
Cl)2FeCl>]2.(CH3CN): (Figure 3.7a, selected angle and bond distances are presented in Table 3.3).
Although, the powdery form (9) has already been characterized via elemental analysis (vide supra),
the crystalline form (9”) was also verified through elemental analysis where the addition of one
molecule of DCM (used for recrystallization) was necessary to obtain the reliable result.
(Calculated for crystal CsgH3sN1oF20FesClg including two molecules of CH3CN in lattice + one
molecule of DCM (for recrystallization): C 37.64, H 1.99, N 7.70; found C 36.41, H 1.93, N 8.14).

3 ]
Ci3 Cl4

Figure 3.7a. ORTEP diagram of complex 9 with ellipsoids drawn at 50% probability level (hydrogen

atoms and solvent molecules have been omitted for clarity and only specific atoms have been labelled)

The structure represents an orthorhombic crystal system with space group Pbca that
corresponds to the point group Dzn. At the centroid of the rhombus Fe2CI3Fe2CI3', lies an
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inversion center of symmetry which generates the whole symmetric dimer from the asymmetric
monomer unit [(L9)2Fe(u-Cl)2FeClz] whose characteristics are similar to the unsymmetrical
binuclear coordination complex (#>-Ph2P(O)Py).Fe(u-Cl).FeCl.) reported by Wang.'® Complex 9’
consists of four iron centers of which the two Fel centers possess two iminopyridine ligands and
share two bridging chloride (CI1 and CI2) ligands with both remaining Fe2 centers. In addition,
the two Fe2 centers are linked by two bridging chloride atoms (CI3), which are further bound to a
terminal chloride (ClI4) to complete the coordination sphere. Like complex 8, this structure also
consists of two different types of iron centers, Fel being in a distorted octahedral environment
whereas the geometry at the Fe2 centers can be best described as distorted trigonal bipyramidal on
the basis of s parameter (0.78) introduced by Addison and coworkers for five-coordinated
arrrangement.®® In the case of Fel, we observe an environment around the metal center similar to
that of complex 8, the atoms CI1 and N2 occupy the axial sites while the remaining atoms CI2,
N2, N3 and N4 constitute the equatorial plane. Due to its dimeric form in the solid state, the axial
[Fel-Cl1: 2.4796(6) A; Fel-N2: 2.2212(17) A] and equatorial [Fel-N1: 2.1644(16) A; Fel-N3:
2.1552(17) A; Fel-N4: 2.2114(17) A; Fe1-CI2: 2.3886(6) A] bond distances for complex 9’ were
found to be slightly longer than those observed for the complex 8°.

Unlike its monomeric congener 8°, the Fe-Nimine bond distances [Fel-N2: 2.2212(17) A
and Fel-N4: 2.2114(17) A] from the two sets of ligands are nearly equal. Similar trend can be
observed for Fe-Npyridgine bond distances [Fe1-N1: 2.1644(16) A; Fe1-N3: 2.1552(17) A], which is
the reason why the monomeric unit is asymmetric in this case. The Fe-Nimine distances were greater
than Fe-Npyridine distances as seen previously with complexes 6°-8°. The Cl1-Fel-N2 bond angle
[166(5)°] slightly deviates from linearity and the N-aryl group is also not orthogonal to the imino
group, as evident from the torsions [C6-N2-C8-C9 = 63.4(3)° and C19-N4-C21-C22 = 70.9(3)°].
On the other hand, the trigonal bipyramidal Fe2 center is surrounded by four bridging chlorides
(CI1, CI2, CI3 and CI3') and one terminal chloride (CI4) in which the apical positions are occupied
by CI2 and CI3' whereas the remaining chlorides form the equatorial plane. The apical bond
distances were found to be Fe2-CI2: 2.5886(6) A; Fe2— CI3": 2.5901(6) A and the equatorial
distances were found to be Fe2—Cl1: 2.3881(6) A; Fe2— CI3: 2.3447(6) A; Fe2— Cl4: 2.2746(6) A.
The apical bond angle ClI2—Fe2— CI3' was found to be quasi-linear [177.62(2)°] and the equatorial
bonds measured nearly 120° (Table 3.3). The Fe-Fe interatomic distance (FelFe2 = 3.578 A)
was found to be greater than that observed for complex 8’ and the values known in the
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literature.*®3¢ Also, as expected due to the dimeric nature, the terminal Fe-Cl bond distances [Fe2—
Cl3: 2.3447(6) A; Fe2— Cl4: 2.2746(6) A] for the monomeric unit of complex 9 were found longer
than those observed for Wang’s complex [2.234(2) A-2.258(3) A] with Fe?* center.'®

As seen previously with complex 6°, the alignments of ligands within the crystal packing
could also result from the presence of weak non-bonding F+F contacts of 2.94(2) A and HF
interactions of ca 2.67 A (Figure 3.7b). In addition, one can also observe a similar face-to-face
arrangement of the two pyridines of the ligand L9 as observed previously with complexes 7° and
8, resulting to = — & interactions between the two pyridine rings along the centroid pseudo-contact
(Centroid1-Centroid2) of 3.988 A (Figure 3.7¢)

' ¥

*2.94 A (F-F)

Figure 3.7b. Extract from the crystal packing of complex 9’ highlighting weak non-bonding F-F (2.94
A) and H-F (2.44 A) contacts.
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3.9888A @<
(Centroid pseudo-contact)

. D4
Figure 3.7c. Extract from the crystal packing of complex 9’ highlighting the & — x stacking of pyridine

rings represented by centroid pseudo-contact (Centroid1--Centroid2 = 3.988 A)
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Table 3.3. Selected bond distances (A) and angles (°) for ketiminopyridine complexes 8’ and 9’

Chapter 3

Parameters 8’ Parameters o
Fel—Cl1 2.4423(9) Fel—Cl1 2.4796(6)
Fel—N1 2.147(3) Fel—N2 2.2212(17)
Fel—N2 2.188(3) Fel—N1 2.1644(16)
Fe2—Cl1 2.3927(10) Fel—CI2 2.3886(6)
Fe2—CI2 2.2388(10) Fel—N3 2.1552(17)

Cl1—Fel—N2 170.22(8) Fel—N4 2.2114(17)
Cll—Fel—N1 96.35(8) Fe2—Cl1 2.3881(6)
Cl1—Fel—N1! 100.86(8) Fe2—CI2 2.5886(6)
Cl1—Fel—CI1' 88.69(5) Fe2—CI3 2.3447(6)
Cl1—Fel—N2! 89.86(7) Fe2—ClI3' 2.5901(6)
Cll'—Fel—N2! 170.22(8) Fe2—Cl4 2.2746(6)
N1—Fel—N1' 155.86(16) Cl1—Fel—N2 166.000(5)
N1 —Fel—C11' 96.36(9) Cl1—Fel—N1 93.53(5)
N1'—Fel—N2! 74.43(11) Cl1—Fel—N4 87.86(5)
N1—Fel—ClI1’ 100.86(8) Cl1—Fel—CI2 88.00(2)
N1—Fel—N2' 88.91(11) Cl1—Fel—N3 99.50(5)
Cl1—Fe2—ClI1' 91.03(5) Cl2—Fel—N4 166.08(5)
Cll'—Fe2—CI2! 107.75(4) N1—Fel—N3 161.40(7)
Cll—Fe2—CI2 110.99(4) N1—Fel—N4 93.46(6)
Cl2'—Fe2—CI2 123.52(6) N3—Fel—CI2 93.64(5)
C6—N2—C8—C9 98.5(4)° N3—Fel—N4 73.96(6)
N1—Fel—CI2 100.06(5)
Cl2—Fe2—CI3! 177.62(6)
Cl2—Fe2—Cl4 90.33(2)
Cl1—Fe2—Cl4 118.70(2)
Cl1—Fe2—CI3 110.96(2)
Cl4—Fe2—CI3 130.34(3)
C6—N2—C8—C9 63.4(3)°
C19—N4—C21—C22 70.9(3)°
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Modifying the iminopyridine skeleton by extending the flat segments of the pyridine
aromaticity gives a relatively bulkier iminoquinoline ligand, the corresponding iron complex (10)
of which crystallizes in a manner similar to that observed for complex 8, although the two
bounded ligands are not equivalent. The solid state structure of complex 10’ also shows a
symmetrical binuclear coordination complex of the type (L10)2Fe(u-Cl)2FeClz.(CH3CN)2, which
exists as two different units in the crystal packing. The ORTEP type view of complex 10 is shown
in Figure 3.8a. The crystal structure was also confirmed via elemental analysis where again the
addition of crystallizing solvent was needed to obtain the results (Calculated for
CasH20N4F12Fe2Cls + four molecules of CH2Clz: C 36.13, H 2.12, N 4.21; found C 37.12, H 2.07,
N 4.03)

Figure 3.8a. ORTEP-type view of complex 10 with ellipsoid drawn at 50% probability level

(hydrogen atoms have been omitted for clarity and only specific atoms have been labelled)
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Unlike complex 9°, which is dimeric in solid state, the complex 10’ does not tend to
dimerize most likely due to the larger in-plane steric hindrance of this ligand as observed
previously in the literature with iminoquinoline and o-diimine ligands,=° although it attains
similar geometry like complex 8°, possibly due to the presence of CF3 groups on the N-aryl moiety.
Like complex 8°, we could not find any possible H-'F or F-F contacts in the crystal packing of
10’ but due to a similar face-to-face arrangement of the two quinolines of the ligand L10, we
suggest the presence of intramolecular = — 7 interactions between the two quinoline rings which
increase with the extended nature of the & systems leading to an increased overlap of the aromatic
surface area.®>* Figure 3.8b shows the  — m interactions between the stacked quinoline rings along
the centroid pseudo-contacts (CentroidlCentroid2 = 3.679A and Centroid3-~Centroid4 = 3.726
A).

Centroid pseudo-contacts

Figure 3.8b. Extract from the crystal packing of complex 10 highlighting the = — = stacking of quinoline
rings represented by pseudo centroid contact (Centroid1--Centroid2 = 3.679 A and Centroid3--Centroid4
=3.726 A)

For the sake of better understanding and comparison, we will focus only on one unit of

complex 10> (Figure 3.8c), whereas the data corresponding to the second unit will also be
addressed in parallel because the two units are similar in terms of coordination mode (although the
data corresponding to each unit are slightly different and do not lie within the error limits).
Complex 10’ consists of two Fe centers in which the coordination sphere of Fe2 (Fel in 2" unit)
metal comprises of two iminoquinoline ligands (L10) whereas the other metal Fe3 (Fe4 in 2" unit)
is surrounded by two terminal chloride atoms (CI2 and Cl4 for 1%; CI1 and CI3 for 2"%). The two
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chloride atoms (CI6 and CI8 for 1%; CI5 and CI7 for 2"%) act as bridging ligands as evidenced from
the longest Fe—Cl bond distances [Fe3-Cl6: 2.392(2) A and Fe3—CI8: 2.3734(19) A for 1%; Fe4—
CI5: 2.3776(19) A and Fe4—CI7: 2.3911(19) A for 2"%], which are close to those observed for
complex 8 [Fe2—CI1(CI1'): 2.3927(10) A].

{ Y

olf:}
Figure 3.8c. ORTEP-type view of a single unit of complex 10° with ellipsoid drawn at 50%

probability level (hydrogen atoms and second unit have been omitted for clarity and only specific atoms

The geometry around the Fe2 (Fel for 2"%) center can be described as distorted octahedral,
in which one bridging chloride CI6 (CI5 for 2"%) and the imine nitrogen N51 (N8 for 2"%) occupy
the axial sites due to the longer bond distances [Fe2—Cl6: 2.4302(19) A and Fe2-N51: 2.217(5) A
for 1%; Fe1-CI5: 2.4506(19) A and Fe1-N8: 2.223(5) A for 2], while the atoms CI8, N6, N7 and
N22 form the equatorial plane (CI7, N5, N13 and N14 for 2"%). The axial angle N51-Fe2—Cl6
exhibits a small non-linearity (176.06(14)°) and the torsion C69-N51-C11-C21 was found to be
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42.8(9)° indicating that the replacement of pyridine moiety by quinoline affects the overall ligand
conformation [For 2" unit, N8-Fe1-CI5 = 175.25(14)° and C46-N13-C24-C71 = 117.6(7)°]. This
effect on dihedral angle is apparent with Ni and Co iminoquinoline complexes*#? whereas with a
similar iron complex, the orthogonality of the N-aryl plane with the quinoline ring was
maintained.*?

The average Fe-N bond distances for both imine and pyridine [Fe-N = 2.196(6)-2.248(5)
A for 1 Fe-N = 2.204(5)-2.246(5) A for 2"] were found to be longer than those observed for
iminopyridine complex 8’ [Fe-N = 2.147(3)-2.188(3) A], as expected, due to the relatively
increased steric bulk around the iron center imparted by the quinoline skeleton. Unlike with the
iminopyridine complexes where distances Fe-Npyridine < Fe-Nimine, the Fe-Nguinotine [FE2-N7 =
2.244(5) A and Fe2-N22 = 2.248(5) A for 1%; Fe1-N5 = 2.222(5) A and Fel-N14 = 2.246(5) A
for 2"%) bond distances were found to be greater than the Fe-Nimine [Fe2-N6 = 2.196(6) A and Fe2-
N51 = 2.217(5) A for 1%; Fel-N8 = 2.223(5) A and Fel-N13 = 2.204(5) A for 2"%) as seen
previously in literature.*®* This is probably due to the less extent of nitrogen lone pair donation
which degree of delocalization is much higher in quinoline than in pyridine. Interestingly, complex
10 features smaller bond angles [N6-Fe2-N51 = 90.62(19)°, N6-Fe2-N22 = 83.3(2)° and Cl6-Fe2-
CI8 =86.06(6)° for 1%'; N13-Fel-N8 = 91.98(19)°, N13-Fe2-N14 = 83.46(19)° and CI7-Fe2-CI5 =
86.83(6)° for 2"] subtended at the iron center than the ones observed for complex 8 [N2-Fe1-N2!
=93.18(15)°, N1-Fel-N2' = 88.91(11)° and Cl1-Fel-ClI1' = 88.69(5)°]. These smaller bite angles
associated with the chelating ligand implies congestion around the iron center resulting to a more
compact environment when compared to other complexes. Regarding the other Fe (Fe3 in 1% and
Fe4 in 2" metal centers, the coordination geometry can be best described as distorted tetrahedron
in which the Fe-Cl terminal bond distances [Fe3—CI2: 2.269(2) A and Fe3—Cl4: 2.238(2) A for 1%
Fe4—Cl1: 2.242(2) A and Fe4—ClI3: 2.257(2) A for 2"] were found to be slightly higher than those
observed for complex 8” [2.2387(10) A], although they were within the range of Wang’s complex
[2.234(2) A-2.258(3) A], which again suggests that iron is in +2 oxidation state. The selected bond
lengths and angles concerning the two units of complex 10 are displayed below in Table 3.4.
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Table 3.4. Selected bond distances (A) and angles (°) for complex 10’

Parameters 1St unit Parameters 2" ynit
Fe2—Cl6 2.4302(19) Fel—CI5 2.4506(19)
Fe2—N51 2.217(5) Fel—N8 2.223(5)
Fe2— N6 2.196(6) Fel—N13 2.204(5)
Fe2— N7 2.244(5) Fel—N14 2.246(5)
Fe2—CI8 2.400(19) Fel—CI7 2.4194(19)
Fe2—N22 2.248(5) Fel—N5 2.222(5)
Fe3—Cl6 2.392(2) Fed—CI5 2.3776(19)
Fe3—CI8 2.3734(19) Fe4—CI7 2.3911(19)
Fe3—CI2 2.269(2) Fe4—ClI1 2.242(2)
Fe3—Cl4 2.238(2) Fed—CI3 2.257(2)

Cl6—Fe2—N51 176.06(14) CI5—_Fel— N8 175.25(14)
CI8—Fe2—N6 173.09(15) Cl7—Fel—N13 174.31(15)
N7—Fe2—N22 150.0(2) N14—Fel—N5 148.9(2)
Cl6—Fe2—CI8 86.06(6) CI5—Fel—CI7 86.83(6)
Cl6—Fe2— N7 91.63(14) CI5—Fel—N14 110.27(15)
Cl6—Fe2—N6 90.06(15) CI5—Fel—N13 90.12(14)
Cl6—Fe2—N22 108.41(15) CI5—Fel—N5 92.08(15)
CI8—Fe2—N22 93.34(15) Cl7—Fel—N5 110.00(15)
N22—Fe2— N6 83.3(2) N5—Fel—N13 74.9(2)
N6—Fe2—N7 74.35(19) N13—Fel—N14 83.46(19)
Cl6—Fe3—CI8 88.43(6) CI5—Fe4—ClI7 89.16(6)
Cl6—Fe3—CI2 110.67(7) CI5—Fe4—Cl1 110.07(7)
Cl6—Fe3—Cl4 109.00(8) CI5—Fe4—CI3 110.66(8)
Cl4—Fe3—CI2 122.82(9) CI3—Fe4—Cl1 123.51(8)
C69—N51—C11—C21 42.8(9) C46—N13—C24—CT71 117.6(7)
C38—N6—C58—C50 61.5(9) C57—N8—C49—C73 129.5(7)
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Modifying the iminoquinoline skeleton by replacing the 2-quinoline moiety with 8-
quinoline and N-aryl substituents from electron withdrawing to electron donating groups like 'Pr,
resulted to a previously known ligand (L11), the corresponding Fe (1) complex (11) of which
crystallized in a totally different fashion with the major difference being the formation of 6-
membered chelate with the iminoquinoline ligand L11 when compared to the 5-membered chelate
in complex 10°. Single crystals of complex 11 were obtained by recrystallization from
concentrated dichloromethane solution of compound layered with diethyl ether (1/1) and left to
stand for several days at — 20 °C under an inert atmosphere. The ORTEP type view of complex
11 is shown in Figure 3.9a from which it can be seen that unlike other Fe (Il) iminopyridine
complexes possessing the similar N-aryl substituents and that exist as dimers in the solid state,324*
complex 11 exists as a monomer in the solid state with coordination environment similar to (6-
[(2,6-'Pr2-CsH3)N=C(Me)]-8-CoHsN-2-Me)NiBr, used for ethylene oligomerization*' and to

complex 5 from the second chapter of this manuscript.*®

Figure 3.9a. ORTEP-type view of complex 11 with ellipsoids drawn at 50% probability level (hydrogen

atoms have been omitted for clarity and only specific atoms have been labelled)
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From Figure 3.9a, it can be observed that the monomeric four-coordinate complex 11
displays a distorted tetrahedral geometry around the iron center. The bond angles are ranging from
89.12(7)° to 131.94(6)° with the acute angle serving as the bite angle of chelating ligand L11 (N2-
Fe-N1 angle) and the obtuse angle is associated with N2 and CI1 (N2-Fe-Cl1 angle). The
complexation of free ligand L11 with FeCl> changes its conformation from transoid to cisoid and
also affects the C=N double bond length (C10-N2), which increased from 1.254(2) to 1.280(3) A.
The Fe-Cl bond distances [Fe1-Cl1 = 2.2519(7) A and Fel-CI2 = 2.2523(6) A] were found to be
moderately longer than those observed for complex 5 [Fel-Cl1 = 2.2309(7) A and Fel-CI2 =
2.2289(7) A] whereas the overall Fe-N bond distances [Fe1l-N1 = 2.1138(19) and Fel-N2 =
2.0823(19) A] revealed to be almost similar [Fe1-N1 = 2.1111(16) A and Fe1l-N2 = 2.1160(17)A
for 5]. As observed previously with the other iminoquinoline-supported congener 10°, the Fe-
Nguinoline [Fe1-N1 = 2.1138(19) A] distances were again found to be greater than the Fe-Nimine [Fe1-
N2 = 2.0823(19) A] distances, in accordance with the literature.*®

The complex 11 also features a similar face-to-face arrangement of the two quinoline rings
from L11 like its analogue complex 10°, on the basis of which, we can also suggest the presence
of intramolecular © — 7 interactions along the centroid pseudo-contacts (C1+C2 = C3-C4 = 3.522

A) as observed previously with higher N-heterocycles (Figure 3.9b).%°

Centroid pseudo-contacts

Figure 3.9b. Extract from the crystal packing of complex 11 highlighting the = — = stacking of quinoline
rings represented by centroid pseudo-contacts (Centroidl-Centroid2 = Centroid3--Centroid4 = 3.522 A)
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The incorporation of an 8-quinoline moiety does not significantly affect the ligand
conformation (in the chelated state) where the dihedral C10-N2-C11-C16 angle of 101.8(2)°
indicated that the 2,6-diiisopropyl phenyl ring is still approximately orthogonal to the N1-N2
chelate plane, as observed previously in the literature with complexes 5 and (6-[(2,6-'Pr-
CsH3)N=C(Me)]-8-CsHsN-2-Me)NiBr,*** The associated bond angles in complex 11 [N1-Fel-
Cl1 =101.16(6)°, N2-Fel-Cl2 = 100.45(5)° and Cl1-Fel-CI2 = 111.35(3)°] were also found to be
smaller than observed for complex 5 [N1-Fel-Cl1 = 113.79(5)°, N2-Fel-Cl2 = 119.45(5)° and
Cl1-Fel-CI2 = 120.71(3)°], which implies congestion around the iron center as seen earlier with
complex 10’ incorporating iminoquinoline skeleton. However, the bite angle N1-Fel-N2 was
found to be greater in 11 [89.12(7)°] than in 5 (77.32(6)°), due to the obvious formation of 6-
membered chelate ring. The specific bond distances and angles of complex 11 are displayed below
in Table 3.5.

Table 3.5. Selected bond distances (A) and angles (°) for complex 11

Parameters 11
Fel—CI1 2.2519(7)
Fel—CI2 2.2523(6)
Fel—N1 2.1138(19)
Fel—N2 2.0823(19)

N1—_Fel—CI1 101.16(6)
N1—Fel—CI2 123.71(6)
N1—Fel N2 89.12(7)
Cl2—Fel—Cl1 111.35(3)
N2—Fel—Cl1 131.94(6)
N2—Fel—CI2 100.45(5)
C10—N2—C11—C16 101.8(2)
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During the recrystallization process, there is always a possibility of degradation of a
compound due to the presence of some impurities in the solvent such as traces of water, oxygen
or others. In our case, we observed the oxidation of Fe (I1) to Fe (111) during the recrystallization
of one of the samples. Interestingly, single crystals of complex 9°* were obtained from the diffusion
of diethyl ether in a concentrated solution of dichloromethane containing the complex 9 at room
temperature, while taking careful precautions by performing all the operations under an inert
atmosphere with degassed and distilled dry solvent. The Schlenk was brought outside the glove
box and was left to stand for over 2-3 months. It seems that this time, the complex 9°” crystallized
in a different fashion from 9” and exists as [{(L9)Feu-Cl)}2][FeCl4]2 in the solid state. The
crystallographic data obtained in this case were not fully reliable in terms of quality (R[F? > 26(F?)
= 0.095, see experimental section) due to which we can only suggest some of our results instead
of claiming them unequivocally. However, the coordination chemistry can be compared to similar
type of complexes known in the literature. The ball stick-type view (due to low quality crystals)

of the complex 9’ is shown in Figure 3.10.

CleA

Figure 3.10. Ball stick-type view of complex 9°* (Hydrogen atoms and second units have been omitted

for clarity and only specific atoms have been labelled)
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Each unit consists of two independent iron centers exhibiting a distorted-octahedral
coordination geometry comprising two bridging chloride anions and four N atoms from two L9
ligands. The imine nitrogen atom (N4) and CI1 occupy the axial coordination sites due to the larger
bond lengths with the axial N4—Fel—-ClI1 angle exhibiting a slight non-linearity (167.2(3)°). The
overall Fe—N bond distances [Fe1-N2: 2.17(1) A, Fel-N4: 2.213(9) A, Fe1-N1: 2.17(1) A, Fel-
N3: 2.14(1) A] seem to be shorter than the corresponding Fe—N bond distances in complex 7 [Fel—
N1:2.2202(12) A; Fe1-N2: 2.2375(12) A; Fe1-N3: 2.2295(12) A; Fel-N4: 2.3202(12) A], which
possibly shows a less spacious environment around the metal center (aldimine vs ketimine). On
the other hand, the Fe—Cl bond lengths [Fe1—-CI1: 2.473(4) A and Fe1-Cl2: 2.413(4) A] were found
in the similar range as observed with the corresponding aldimine 7 [Fel-CI1: 2.4358(4) A; Fel—
Cl2: 2.3430(4) A]. The torsion C6-N2-C8-C13 angle was found to be 75.09(2)°, indicating that
the N-aryl group of the ligand is almost perpendicular to the pyridine ring. The structure also
consists of two cationic iron centers and two counteranions FeCls which exhibit tetrahedral
coordination geometry. The bond distances of Fe—Cl in FeCls [Fe7-Cl13: 2.183(6) A, Fe7-Cl14:
2.189(4) A, Fe7-CI15: 2.184(5) A, Fe7-Cl16: 2.191(5) A] were found in the similar range of Fe—
Cl bond distances [2.163(3)-2.218(3) A] in Liu’s complex where the authors reported that the
counter anion FeCls” comprises of Fe®* centers that exhibit tetrahedral geometry.*® Therefore, it
seems that, in our case too, the tetrahedral Fe centers exhibit +3 oxidation state due to the possible
oxidation of Fe (1) to Fe (111) during the prolonged crystallization period whereas the octahedral
Fe centers exhibit +2 oxidation state. The corresponding bond lengths and angles for complex 9°’

are displayed in Table 3.6 below.
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Table 3.6. Selected bond distances (A) and angles (°) for ketiminopyridine complex 9’

Parameters 9” Parameters 9”
Fel—Cl1 2.473(4) Cl1—Fel—N3 94.3(4)
Fel—CI2 2.413(4) Cl1—Fel—N1 93.8(3)
Fel—N1 2.173(12) Cl1—Fel—N2 90.8(3)
Fel—N2 2.172(12) Cl2—Fel—N1 93.2(3)
Fel—N3 2.141(12) Cl2—Fel—N3 97.5(3)
Fel—N4 2.212(11) N1—Fel—N2 73.8(5)

Fe7—CI13 2.183(5) N3—Fel—N2 95.7(5)

Fe7—Cl14 2.189(5) Cl15—Fe7—Cl13  110.10(18)

Fe7—Cl15 2.184(5) Cl15—Fe7—Cl14  107.86(19)

Fe7—Cl16 2.191(5) Cl15—Fe7—CI16  110.00(19)

Cl1—Fel—N4 167.2(3) Cl13—Fe7—Cl14 110.9(2)
Cl2—Fel—N2 166.8(4) Cl14—Fe7—Cl16  110.85(18)
N1—Fel—N3 166.8(4) Cl16—Fe7—Cl13 107.1(2)

Cl1—Fel—C12 87.95(13) C6—N2—C8—C13 75.09(2)

To summarize, in this section, we observed a variety in the molecular structures of
iminopyridine or iminoquinoline based iron complexes, which vary from being mononuclear to
binuclear systems in solid state, depending on the type of ligand they possess. We propose that
these arrangements of molecules could be related to the steric demands of the ligand skeleton as
the addition of one methyl on the imino carbon (8 and 9°) or the extension of flat heterocyclic
pyridine segments to quinoline (10°) results to the attainment of this symmetrical binuclear
arrangement (Scheme 3.3). Additionally, the presence of various electrostatic attractions such as
HF or F'F and 7 — & stacking within the lattice might also be one of the determining factors for
the attained geometry. These propositions are drawn from the rare studies in literature with similar
type of iron complexes.'>*® It is also worthy to notice that the simultaneous extension of central
pyridine-type framework and the addition of bulkier 'Pr groups as N-aryl substituents, no longer
favors binuclear arrangement and exists as monomeric in solid state (11) displaying the geometry

observed in the literature with similar types of iron complex.*14°
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Scheme 3.3. Solid state structural evolution of complexes 6°-10°

Ideally, the addition of 1 eq. of ligand to 1 eq. of FeCl> should result in the formation of
mono-chelate as observed with complex 11 (Scheme 3.4). However, the huge difference among
the substituents of N-aryl moiety (CFs, F vs 'Pr) in terms of steric as well as electronic, leads to a
more electron deficient iron center, which can accommodate two ligands at once as observed for
complexes 6°-10°. This observation distinguishes the coordination ability of an electron-rich iron

center vs an electron-deficient center.

Regarding the preferential formation of bis-chelate among the fluorinated series of
complexes 6°-10°, we propose that, initially, the formation of mono-chelate (6-10) is most likely
to happen. During the attempts of crystallization, the higher concentration of the complex
solutions, might trigger a redistribution among the components of two mono-chelate units,
resulting to the formation of a bis-chelated system. To confirm this hypothesis, X-ray powder
diffraction (XRPD) experiments were performed to ascertain the powder phase purity of the
crystalline materials 7°-9°. A comparative study was performed between calculated patterns
obtained through single-crystal Xray data and XRPD patterns of powdered samples (Appendix,
Figure A37 and Figure A38). These comparisons display a difference in the number of peaks
obtained for each pattern, from which we can confirm that the powder phase purity is different
than the single-crystal data obtained. Additionally, this argument is also supported by the fact that
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the elemental analysis of complexes 6-10 in the powdered state was consistent with the mono-
chelated structure in each case, proving that the isolation of mono-chelate complex occurs initially.
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Scheme 3.4. Structural rearrangement of complexes 6°-10° during the recrystallization

With respect to the structural differences between complexes 6°, 7> and 8°-10°, we can
notice that complexes 6” and 7° were structurally derived from complexes 8°-10” after a loss of
one FeCl, unit as demonstrated in Scheme 3.4. The loss of free FeCl, was apparent during the
recrystallization of 6 and 7, where apart from the single crystals, one could also observe the
appearance of yellow/grey salt in the reaction medium. Surprisingly, this also means that a slight
addition of electron density on the iron center will favor the formation of binuclear system (8” and
10°). Further, the binuclear structure can dimerize to form the tetranuclear system 9°, to rebalance
the decreasing electron density on each iron center. The decrease in electron density occurs
probably due to the relatively increased (-1) inductive effect conferred by the presence of 2,3,4,5,6-
pentafluorophenyl group when compared to 3,5-bis(trifluoromethyl)phenyl group. Lastly, as
observed earlier, the tetranuclear system 9’ can possibly rearrange further to form a mixed bivalent

ion pair 9°” (a binuclear cation and a set of mononuclear anions) due to the oxidation of iron that
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occurs most likely from the prolonged recrystallization period. At this stage, we could not draw
any more rational conclusions but the calculation of electron density on the iron center via DFT
studies could provide some insights regarding the structural evolution of this newly developed

series of complexes.

3.2.2. Polymerization studies with iminopyridine/iminoquinoline iron-based complexes

3.2.2.1. Polymerization of isoprene with complexes 6-11

3.2.2.1.1 Assessment of 6-11/AI'Bus/[PhsC][B(CsFs)4] catalytic system
The newly developed series of iron (11) complexes 6-11 were assessed as pre-catalysts for

the polymerization of isoprene. In the last chapter, we have already tested various combinations of
pre-catalyst/co-catalyst systems such as Fe/MAO, Fe/AlEt:/[PhsC][B(CsFs)s] and
Fe/Al'Bus/[PhsC][B(CsFs)a] and then concluded, through a detailed study, that the
Al'Bus/[PhsC][B(CsFs)4] (3/1) combination was the preferred choice for activating the iron (I1)
pre-catalysts. Therefore, we conducted the polymerization of isoprene by using the catalytic
system 6-11/Al'Bus/[PhsC][B(CsFs)s] in a ratio of 1/3/1, respectively, the results of which are
displayed in Table 3.7 below.

Table 3.7. Polymerization of isoprene using 6—11/AI'Bus/[PhsC][B(CsFs)4] catalytic systems?

Conv. Mhnexp) bP Microstructure ¢ (%o)
Entry? Complex

(%) (g/mol) 1,4 (trans/cis) 34
1 6 97 279 000 1.9 55 (0/55) 45
2 7 70 276 000 2.1 55 (0/55) 45
3 8 >99 217 800 1.8 59 (0/59) 41
4 9 >99 105 000 2.2 54 (0/54) 46

5 10 <1 - - - -

6 11 <1 - - - -

apolymerization conditions: 10 pmol of Fe (1) complex; Isoprene/Fe/Al'Bus/[PhsC][B(CsFs)4] = 500/1/3/1;
toluene = 5 mL; [Clisoprene = 1 mol/L; time = 1 h; temperature = 25 °C;  determined by SEC analysis in
THF using polystyrene standards; ¢ determined by *H NMR and *C NMR; My = 33 700 g/mol
(considering one growing chain per metal center); TOF (h'*) = 485 for 6, 350 for 7 and >500 for 8-9.

From the results in Table 3.7, the complexes 6-9 proved to be highly active for the

polymerization of isoprene with total conversion of 500 egs. of monomer per iron catalyst within
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1 h (TOF > 350 h). Analysis of the resulting (Pls) by SEC revealed that the ternary 6—
7/AI'Bus/[Ph3C][B(CsFs)4] catalytic systems produced very high molecular weight Pls with M
>276 kg/mol (Table 3.7, Entries 1 and 2). The polymerization was less controlled compared to the
alkylated N-aryl iminopyridine iron catalysts 1-4 as the system displays broad dispersities (b =
1.9-2.1) and the M, obtained are nearly 8 times higher than expected (Mn.theo = 33 700 g/mol),
speaking in favor of a very high chain propagation rate than initiation step. This also means that
only 12-13% (considering no chain transfer to Al) of the fluorinated aldiminopyridine catalyst 6—
7/AI'Bus/[PhsC][B(CsFs)4] is active for the polymerization. The polymerization of isoprene was
comparably more controlled with the complexes 8 and 9 as the resulting systems produced 3 to 6
times higher M, (>105 kg/mol) than expected, although displaying broad dispersity, like their
aldiminopyridine analogues (Table 3.7, Entries 3 and 4). Regardless of the structural difference
between aldimines vs. ketimines, one can say that faster chain propagation than initiation occurs
with the fluorinated pre-catalysts 6-9. It is also worthy to notice that the replacement of
iminopyridine skeleton with an iminoquinoline skeleton directly affects the catalytic activity of
the resulting systems generated from the complexes 10 and 11. The systems 10—
11/Al'Bus/[PhsC][B(CsFs)4] were found to be inactive for the isoprene polymerization, probably
owing to the increased steric hindrance around the iron center resulting in a very poor propagation.
These results compare well with related iron-based catalysts available in the literature.*’

The acquired polyisoprenes were also analysed via NMR spectroscopy studies to determine
their microstructure content. The microstructure content of all the polyisoprenes prepared from
Table 3.7 (Entries 1 to 4) are presented in Figure 3.11. As an example, the corresponding *H and

13C NMR spectra for the polyisoprene obtained in entry 3, Table 3.7 are displayed in Figure 3.12.

6 7 8 9
1,4-Cis 1,4-Cis

1,4-Cis 1,4-Cis
Figure 3.11. Microstructure content of the polyisoprene obtained from 6-9/Al'Bus/[PhsC][B(CsFs).]
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Figure 3.12. NMR spectra (in CDCls) of the PI obtained from 8/AlI'Bus/[PhsC][B(CsFs)4] (Table 3.7, Entry
3) showing the characteristic resonances of 1,4- and 3,4-units (a, *H NMR) and trans/cis configuration (b,
3C NMR)
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The polyisoprene obtained from the ternary fluorinated aldimino-pyridine 6-
7/Al'Bus/[PhsC][B(CsFs)a] catalytic system contained a significant fraction of 3,4-motifs (45%)
along with the higher percentage of 1,4 motifs (55%) (Table 3.7, Entries 1 and 2). Interestingly,
the 1,4 units only exhibit a cis configuration. The modification of 6 and 7 by changing the imino
substituent of the ligand from H to CHs (aldimino-pyridine, -HC=N- vs ketimino-pyridine,
-CH3C=N-) had no impact on the selectivity for the pre-catalysts 8 and 9 as they still exhibited a
unique 1,4-cis configuration (Table 3.7, Entries 3 and 4). These results are in contrast to the results
obtained with the alkylated iminopyridine complexes 1-4 in chapter 2 where the ketimines were
found to afford 1,4-trans selective catalysts at room temperature. This unique trend of selectivity
for the fluorinated iminopyridine complexes 6-9 is clearly the result of a polymerization process
that is governed by kinetic rather than thermodynamic parameters, as already reported with parent
iron complexes supported by electron withdrawing fluorinated-aryl-substituted aldimino-pyridine

ligands in combination with an excess of MAO.?

3.2.2.1.2. Kinetic profile of the polymerization of isoprene with the iron-based complexes 6-9

After the successful assessment of 6-9/Al'Bus/[PhsC][B(CeFs)4] catalytic system, the
polymerization processes were further optimized by assessing the kinetic parameters of the
polymerization with 6-9/AlI'Bus/PhsC[B(CsFs)s] (1/3/1) catalytic combinations at room
temperature. As previously done in the last chapter, the studies were again carried out with 5000
eqgs. of isoprene to ensure better reliability, as the highly active systems prevented us from correctly
evaluating the kinetics at 500, 1000 and 2000 egs. of isoprene/Fe. Aliquots were taken at different
times during the course of the polymerization to determine the conversions via *H NMR as shown
below in Figure 3.13. The molecular characteristics of the last sample of polyisoprene for each
polymerization run are presented in Table 3.8.
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Figure 3.13. Determining the conversion (21%, Table 3.8, Entry 1) of isoprene by *H NMR of the aliquot

Table 3.8. Polymerization of 5000 egs. of isoprene/Fe using 6-9/Al'Bus/[PhsC][B(CsFs).] catalytic

systems?
Conv. Time TOF Mnexp) © PP Microstruc. ¢ (%)
Entry Complex ) :

(%)  (min) (h?) (9/mol) 1,4 (trans/cis) 3,4

1 6 21 10 6 300 331000 2.6 55 (0/55) 45

2 7 9 13 2076 215000 3.3 55 (0/55) 45

3 8 >99 <1 >300 000 323000 1.7 58 (0/58) 42

4 9 >99 <1 >300000 213000 1.6 54 (0/56) 46

2 Polymerization conditions: 5 umol of Fe (I11) complex; Isoprene/Al'Bus/[PhsC][B(CsFs)s]/Fe =
5000/3/1/1; toluene = 25 mL; [C]isoprene = 1 mol/L; time = 1 h; temperature = 25 °C; ® determined
by SEC analysis in THF using polystyrene standards; ¢ determined by *H NMR and **C NMR
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Figure 3.14. Monomer conversion (t) in function of time for pre-catalysts 6 and 7
(Isoprene/Al'Bus/[PhsC][B(CsFs)4]/Fe = 5000/3/1/1)

In comparison with the assessment of the kinetic profiles with complexes 1 to 4, the
addition of isoprene to a solution containing the catalyst (complexes 6-9) instantly turned the
polymerization mixture into a thick and viscous medium, followed by the formation of gel most
likely due to the formation of Pl with high Mn. Due to this reason, we could not take more aliquots
to determine the conversion after a certain stage (formation of gel) for each catalyst (Figure 3.14).
In particular, the kinetic assessments of complexes 8 and 9 could not be obtained because of their
extremely high reactivity: full conversion was obtained in less than 1 min (even in 15 s, full
conversion was observed), along with notable exothermicity for both pre-catalysts. In each case,
the selectivity was maintained throughout as observed previously in the last section. In addition,
as expected, the resulting catalysts produced very high molecular weight polyisoprenes (M, >213
kg/mol) with broad dispersity for 6 & 7 indicating that the polymerization is not controlled (Table
3.8, Entries 1-4).
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From the profile of the plot of conversion vs time (Figure 3.14), the activity of the
complexes in the catalytic combinations is in the order of 8 ~9 (TOF > 1 000 000 h'%, considering
that full conversion was obtained in less than 15 seconds) >> 6 (TOF = 6 300 h') > 7 (TOF =
2 076 h'}). Thus, the various pre-catalysts when employed for isoprene polymerization were found
to be highly active by comparison with data from the literature.*” The catalysts based on complex
6 and 7 displayed the lowest activity when compared to the alkylated iminopyridine complexes 1—
3 (TOF > 12 450 h't) whereas the complexes 8 and 9 were found to be the most active within the
developed series of pre-catalysts 1-8.1° These results could be attributed to the enhanced
coordination of the monomer conferred by the presence of electron withdrawing group (-F, -CF3)
that reduces the electron density at the iron center. This, in turn, is followed by migratory-insertion
of monomer in the growing polymer chain, which is favored by electron rich ketimine, thereby,
leading to very high propagation and proving to be highly effective. Additionally, the fluorinated
ketimine complexes 8 and 9, to our knowledge, display the highest activities reported to date for

an iron-catalyzed polymerization of isoprene.*’

3.2.2.1.3. Temperature dependence of the polymerization of Isoprene with complexes 6-9

As indicated in the last section, we observed an instantaneous increase in the viscosity of
the reaction medium when conducting isoprene polymerization experiments at room temperature
using the complexes 6-9. We anticipated that the temperature might influence the high rate of
propagation and exothermicity associated with these catalytic systems. As a result, the
polymerization of isoprene was assessed at low temperatures using pre-catalysts 6-9 in presence
of Al'Bus/PhsC[B(CsFs)s] for a sake of better control and improvement of the selectivity (vide

infra).
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Table 3.9. Polymerization of isoprene at lower temperatures with pre-catalysts 6-9 2
T Time Conv. TOF Mnexp)?® X Microstruc.¢ (%)

Entry Fe D

(°C) (min) (%) ()  (g/mol) 1,4 (trans/cis) 3,4
1 —-40 300 trace - - - - -
2 ° 0 300 trace - - - - -
3 —-40 300 trace - - - - -
4 ! 0 300 trace - - - - -
5 0 10 >99 3000 294000 1.2 58 (0/58) 42
6 —-20 10 >99 3000 251000 1.3 58 (0/58) 42
7 ° -40 10 >99 3000 173000 1.3 58 (0/58) 42
8 —78 480 trace - - - - -
9 o —-40 10 >99 3000 274500 1.2 54 (0/54) 46

10 —78 180  traces - - - - -
@ Polymerization conditions: 10 umol of Fe(ll) complex; Isoprene/Al'Bus/Ph;C[B(CsFs)4]/Fe =

500/3/1/1; toluene = 5 mL; [Clisoprene = 1 mol/L in toluene reaction times have not been optimized;
b determined SEC analysis in THF using polystyrene standards; ¢ determined by *H NMR and *3C
NMR.

The catalysts originating from complexes 6 and 7, when assessed for polymerization at -
40 °C, yielded traces of polymers (Table 3.9, Entries 1 and 3). Even when the temperature was
increased to 0 °C, the system 6-7/Al'Bus /[PhsC][B(CsFs)s] was found inactive, reflecting a
probable lack of initiation at low temperatures or chain propagation (Table 3.9, Entries 2 and 4).
In contrast, the ternary 8 and 9/AI'Bus/PhsC[B(CsFs)a] systems displayed high catalytic activity at
low temperatures down to -40 °C (TOF = 3 000 h); interestingly, the selectivity for 1,4 and 3,4
motifs was maintained throughout all the experiments (Table 3.9, Entries 5-7 and 9). The
polymerization at low temperatures was found to be more controlled in terms of dispersities (b =
1.2-1.3 vs 1.8-2.2) which speaks in favor of slow initiation whereas the propagation was still high
owing to the similar trend of obtaining high molecular weight polyisoprenes.. Reducing the
polymerization temperature to -78 °C drastically decreases the high catalytic activity of the system
8-9/Al'Bus/[PhsC][B(CsFs)4], as a result of which, traces of polymer were isolated from the
polymerization (Table 3.9, Entries 8 and 10), reflecting again a probable lack of initiation at this

temperature. These observations reflect the temperature dependence on the activity of each
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catalyst, while the temperature does not influence the selectivity of the catalytic systems based on

complexes 8-9, reflecting the fact that the selectivity in this case is thermodynamically governed
(Figure 3.15).

Q %j Q \ \N%jF
/@ Cl, /@ Cly_ (Fect, 1EdCl, /N,

1,4-Cis 1,4-Cis

3,4 1,4-Cis 1,4-Cis
25 oc ’ O ’

1,4-Cis 1,4-Cis

34 3,4
0to-40°C Inactive Inactive

Figure 3.15. Temperature dependence on the selectivity of the complexes 6-9

Decreasing T
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3.2.2.2. Polymerization of styrene with complexes 8, 9 and 11

In the last chapter, we assessed the alkylated N-aryl iminopyridine iron complexes 3-5 for
the polymerization of styrene, where we observed that these complexes with a combination of
Al(Bu)s/[PhsC][B(CsFs)a] or AlMes/[PhsC][B(CeFs)s] generated active albeit fairly
stereoselective (53% AI('Bu)s/[PhsC][B(CsFs)4]) catalytic systems for the polymerization of
styrene. In a similar way, the newly developed series of complexes was also screened for the
polymerization of styrene. The highly active catalytic systems 8-9/Al('Bu)s/[PhsC][B(CsFs)4] and
the inactive 11/ AI('Bu)s/[PhsC][B(CsFs)] catalytic system for isoprene polymerization were
assessed as potential catalysts for the coordinative polymerization of styrene, the results of which
are displayed in Table 3.10 below.

Table 3.10. Polymerization of styrene using the pre-catalysts 10 and 11

Time _ Tacticity ©
. . Yield Mn(exp) b
Entry? Fe Activation (h) D (rr/mr/mm)
(%)  (g/mol)
(%)
1 8  AI('Bu)s/[PhsC][B(CsFs)4] 1 82 2900 2.2 43/30/27
2 9  AI('Bu)s/[PhsC][B(CsFs)4] 1 81 2800 2.3  56/23/21
3 11 AI('Bu)s/[PhsC][B(CsFs)4] 1 68 2200 1.8  43/29/28
4 Al(Me)a/[PhsC][B(CsFs)4] 1 80 1700 24  46/31/23

& Polymerization conditions: 10 umol of Fe; Styrene/Alkylaluminium/Ph;C[B(CsFs)s]/Fe = 500/3/1/1;
toluene = 5 mL; temperature = 23 °C;  determined by SEC analysis in THF using polystyrene standards;
determined by **C NMR.

All the resulting polystyrenes were characterized by *H and **C NMR spectroscopy to
determine their tacticity as seen previously in the chapter 2 (Figure 2.9, Section 2.2.8). From the
results displayed in Table 3.10, we can observe that the catalytic system resulting from 8/
Al('Bu)s/[PhsC][B(CsFs)4] was found to be active (TOF (h™') = 410) for styrene polymerization,
producing syndiotactic enriched atactic polystyrene (rr = 43%) with an excellent conversion (82%)
within 1 h (Table 3.10, Entry 1). The related ketiminopyridine complex 9, when employed for
styrene polymerization, worked in a similar fashion as complex 8, although improving the
syndiotactic triad content up to rr = 56%, which indicates the effect of pre-catalyst governing the
stereoselectivity of the polymerization (Table 3.10, Entry 2). In contrast to isoprene

polymerization, where the system 11/Al('Bu)s/[PhsC][B(CsFs)4] was found to be inactive, the same
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catalyst was found to be effective for styrene polymerization, producing syndiotactic enriched (rr
= 43%) atactic polystyrene with a good conversion (68%) within 1 h (Table 3.10, Entry 3). The
huge difference in the activities of the same catalytic system for different monomers arises
probably due to the difference in their respective chain propagations, where the insertion of styrene
between the Fe-'Bu bond is much faster compared to the isoprene insertion. The same complex 11,
bearing bulky substituted iminoquinoline skeleton when activated with less bulkier co-catalyst
Al(Me)3/[PhsC][B(CsFs)4], produced again syndiotactic enriched atactic polystyrene but this time
with a slight improvement of the conversions to 80% (TOF (h™!) = 400) in 1 hour (Table 3.10,
Entry 4). From these results, we can see the influence of co-catalyst on the activity of the generated
catalysts for the polymerization, however, no significant difference was observed within the
selectivities of each catalytic system. It is also worthy to notice that no matter if the N-aryl
substituents of the iminopyridine skeleton are electron donating (1-5) or electron withdrawing (6—
9) groups, the resulting catalysts will generate every time a syndiotactic enriched atactic
polystyrene which highlights the absence of selectivity dependence on the nature of substituents,
unlike that observed in the case of polyisoprene where the selectivity was varying with the nature
of the N-aryl substituents.

The acquired polystyrenes from complexes 8, 9 and 11, were also characterized by SEC
analysis for the determination of their mass average molar masses. The dispersity varied from
narrow to broad (Table 3.10, Entries 1-4) but, in each case, the My of the resulting polyisoprenes
were still found in the range of 1700-2000 g/mol, which are below the expected Mn. This again
implies that the resulting iron iminopyridine/iminoquinoline catalysts display a non-living
character that might occur from the frequent occurrence of chain termination reactions such as g-

H elimination, leading to the formation of short chain oligomers with relatively low M, values.

163



Chapter 3

3.3. Conclusion:

In this chapter, we synthesized a novel family of iron (II) iminopyridine/iminoquinoline
complexes bearing electron withdrawing fluorinated substituents on the N-aryl position. All these
new paramagnetic complexes were characterized by *H NMR, IR and elemental analysis for most
of them. The molecular structures of these complexes were determined by single crystal X-ray
diffraction studies where it was observed that the aldiminopyridine complexes 6 and 7 existed as
bis-ligand mononuclear complexes in the solid state whereas their ketiminopyridine analogues 8
and 9 were found to exist as symmetrical binuclear coordinated complexes, moreover in the form
of a tetranuclear bridged assembly for 9. The modification of the iminopyridine skeleton to the
bulkier iminoquinoline resulted to the attainment of similar type of geometry for the
aldiminoquinoline system 10 from which we could see the steric influence of quinoline as well as
the influence of CF3 groups on N-aryl moiety governing the structure. Further modification to the
iminoquinoline skeleton by replacing a 5-membered chelate to a 6-membered chelate comprising
a bulkier N-aryl moiety no longer favored the attainment of binuclear geometry due to the
increased steric bulk around the iron center which is already observed in the case of
iminopyridines.®? In a conclusive manner, we suggest that apart from the steric demands of the
ligand skeleton, the presence of various electronic effects such as H-'F, FF contacts and = — =
stacking within the assembly of these complexes also govern the resulting geometry of these
systems.

Regarding the catalytic application of the new series of iron complexes 6-11 in the
polymerization of isoprene, we observed that the activity of the catalytic system based on
iminopyridine-iron complexes is again related to the electron density on the iron center and, to a
lesser extent, to the environment of the coordination sphere at the metal center. Indeed, the addition
of fluorinated N-aryl substituents decreases the electron density on the iron center, resulting in
better coordination of the incoming monomer that might enhance the chain initiation. In contrast
to the alkylated N-aryl iminopyridine complexes 1-4, where the presence of H on the imino carbon
in 1 and 2 led to the formation of highly active catalysts compared to their ketiminopyridine
analogues 3 and 4, the activity in the case of fluorinated catalysts increased with the addition of
methyl group on the imino carbon (6, 7 vs 8, 9) which favors the migratory-insertion and therefore
increases the chain propagation. From this observation, it is proposed that the simultaneous
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acceptor inductive effect (-1) of fluorinated N-aryl substituents and the donor inductive effect (+1)
of methyl group on the imino substituent of the ligands L8 and L9 collectively enhances the
activity of the resulting catalysts 8 and 9, which are extremely active (TOF > 1 000 000 h'l) as
well as most effective among the families of iron-catalyzed polymerization of isoprene described
to date.'>*” On the other hand, increasing the steric hindrance by substitution of the iminopyridine
skeleton with a bulkier iminoguinoline skeleton drastically decreases the activity of the resulting
precatalysts (10 and 11), which could be attributed to the difficulty of the incoming monomer to
coordinate with the active species or to insert itself within the polymer chain through propagation
(Chart 3.2).

10 and 11 6 and 7 8 and 9

B AN /:\\q AN AN
. | _ »R,H | P | _ R
N

e et et
e— e— e—
IO KT T
P/ P/ P/

R’CF3 F,CF3 F,CF3
Activity Inactive Moderate at room Extremely active at
temperature/Inactive at room and low
low temperatures temperatures
Selectivity - Fairly 1,4-cis (55%) Fairly 1,4-cis (58%)

Chart 3.2. Structure-properties relationships in iminopyridine iron-based catalysts derived from 6-11

In terms of selectivity, the electronic effect of fluorinated N-aryl substituent in 6-9 leads to a
fair 1,4-cis selectivity (up to 58%) with a substantial amount of 3,4, presumably due to a
preferential n*-cis or n?-trans coordination of the incoming monomer (Chapter 1, Scheme 1.5).
These results are in line with previous experiments done by the group of Wang with fluorinated
N-aryl substituted aldiminopyridine iron complexes activated with MAO.® Interestingly, the iron
catalytic systems based on 6-9 are not temperature dependent in terms of regio- and stereo-
selectivity, whereas a significant effect in terms of catalytic activity of these systems is observed
(Chart 3.2).
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As done previously in the last chapter with complexes 3-5, the catalytic systems resulting
from the newly developed iron complexes 8, 9 and 11 were also employed for styrene
polymerization, which were found to be active at room temperature. In contrast to isoprene
polymerization, the various catalytic systems derived from complex 11 were found to be active for
styrene polymerization highlighting the role of chain propagation between the Fe-'Bu bond, which
is probably poor in the case of isoprene with that complex. All the catalytic systems derived from
the pre-catalysts 8, 9 and 11 produced moderately syndiotactic-enriched (up to 56%) polystyrenes
with good conversions (up to 82%) but, unfortunately, polystyrenes with low M, (2100-3000
g/mol, chapter 2, Scheme 2.7) were obtained, presumably due to frequent occurrence of f-H
elimination reactions. These results imply that there is no significant effect of electronic properties
of the iminopyridine/iminoquinoline skeleton on the polymerization of styrene, which is rather
uncontrolled in terms of dispersity. Further modifications/developments are needed in the future
to avoid the recurring chain termination pathways in the iminopyridine-iron (Il) catalyzed
coordinative polymerization of styrene. Another advancement would be the attempt to

copolymerize isoprene and styrene under statistical conditions.
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3.4 Experimental Section:

3.4.1. General Considerations

Toluene, THF, dichloromethane, diethyl ether, pentane and acetonitrile were purified
through an alumina column (Mbraun, Mérignac, France), stored, trap-to-trap distilled over
sodium/benzophenone, and stored on 4 A molecular sieves in a glove box before used. The organic
reagents (Quinoline and aniline derivatives) were acquired from Sigma-Aldrich or Fischer
Scientific S.A.S. (Illkrich, France), and used as received. Single-crystal X-ray measurements were
performed at 100 K. The data were collected using an Apex 11 CCD 4K Bruker diffractometer (A
= 0.71073 A). The structures were solved using SHELXT“® and refined by least-squares
procedures on F2 using SHELXL.*® The remaining procedures are similar as described in section
24.1.

Table 3.11. Crystal and Refinement data for ligands L10 and L11

Parameters L10 L11
Chemical Formula C1gH10FsN2 C22H24N2
Formula Weight 368.28 316.43
Crystal system Monoclinic Triclinic
Space group P2i/c P1

a 14.8818 (4) 8.7725 (16)
b 7.1089 (2) 9.0688 (16)
c 15.2136 (4) 13.816 (2)
a 90 71.726 (9)
B 103.120 (1) 72.429 (9)
y 90 66.219 (8)
V(A3 1567.48 (7) 935.4 (3)
z 4 2
Deaic(g/cm?3) - -
1 (Mo-Ky) (mm?) 0.14 0.07
Rint, R[F? > 26(F?)] 0.043, 0.038 0.033, 0.050
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Table 3.12. Crystal and Refinement data for complexes 6° and 7°

Parameters

69

7’

Chemical Formula
Formula Weight
Crystal system
Space group
a
b
c
p(a=y=90°
V(A3
z
Deaic(g/cm®)

b (Mo-Kq) (mm)
Rint, R[F? > 26(F?)]

C28H16Cl2F12FeN4-2(C2H3N)

845.30
Monoclinic
P21/n
16.0481 (6)
13.5780 (5)
17.9533 (9)
116.470 (2)
3501.9 (3)
4

0.68

0.038, 0.044

C24H10Cl2F10FeN4

671.11
Monoclinic
C2/c
22.3132 (9)
15.8815 (7)
14.0527 (6)
99.413 (2)
4912.8 (4)
8
0.93
0.040, 0.024

Table 3.13. Crystal and Refinement data for complexes 8’ and 9°

Parameters

89

99

Chemical Formula
Formula Weight
Crystal system
Space group
a
b
c
B (a=y =90
V(A3
z
Deaic(g/cm?3)

b (Mo-Kq) (mm)
Rint, R[F? > 26(F?)]

C3oH20ClsF12Fe2N4-2(C2H3N)

1006.13
Monoclinic
C2/c
19.4428 (17)
15.3909 (13)
16.9388 (15)
123.558 (4)
4224.0 (7)
4
1.582
1.03
0.049, 0.047

Cs2H25ClsF20FesNs 4(C2HsN)

1816.04
Orthorhombic
Pbca
18.4331 (13)
17.2242 (10)
22.3241 (15)
7087.8 (8)
4
1.702
1.21
0.054, 0.036
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Table 3.14. Crystal and Refinement data for complexes 9°°, 10” and 11

Parameters 9” 10° 11
Chemical Formula  Cs2H28ClioF20FesNs  CzsH20ClaF12Fe2N4 C22H24Cl2FeN:
Formula Weight 1722.72 495.03 443.18
Crystal system Triclinic Monoclinic Monoclinic
Space group P1 P21/c P21/n
a 14.3901 (10) 17.4369 (10) 10.2153 (4)
b 16.7636 (12) 24.1888 (15) 16.2405 (7)
c 27.979 (2) 19.9519 (13) 12.4209 (4)
o 99.185 (3) 90 90
Vi 98.568 (3) 89.955 (4) 95.670 (2)
y 94.162 (3) 90 90
V(A?) 6556.2 (8) 8415.3 (9) 2050.57 (14)
Z 4 17 4
Deaic(g/cm®) - - -
1 (Mo-Ky) (mm™) 1.38 1.09 1.00
Rint, R[F? > 26(F?)] 0.058, 0.095 0.086, 0.055 0.068, 0.039
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3.4.2. General Procedure for the Synthesis of Ligands L6-L10

A solution of 3 5-bis(trifluoromethyl)aniline/2,3,4,5,6-pentafluoroaniline (8 mmol) and 2-
pyridinecarboxaldehyde/2-acetylpyridine/2-quinolinecarboxaldehyde (10 mmol) in dry DCM (15
mL) was prepared in an ace pressure tube equipped with a magnetic stirrer. A catalytic amount of
p-toluenesulfonic acid (PTSA) and sodium sulphate (1g) was added subsequently before the
mixture was refluxed overnight at 80 °C (Scheme 3.5). The reaction mixture was filtered over
whatman paper, concentrated under reduced pressure to obtain a viscous crude which was further

recrystallized in dry pentane at -40 °C.

AN > o\
14 N (@) CH20|2 [ N R1

\\::'_// 80 °C, Reflux \\::-_//
L6-L10
L6 L7 L8 L9 L10
Ri= H H CHj CH,3 H

Ry, = 3,5-CF; 2,3,4,5,6-F 3,5-CF3 2,3,4,5,6-F 3,5-CF3

Scheme 3.5. Synthetic strategy for ligands

N-(3,5-bis(trifluoromethyl)phenyl)-1-(pyridin-2-yl)methanimine (L6): orange crystals. Yield:
88%. 'H NMR (300 MHz, CsDs, 25 °C) & (ppm) = 8.47 (dd, 3Jum = 4.8 Hz, “Jum = 1.7Hz, 1H, Ha),
8.27 (s, 1H, Hp), 8.08 (d, 3Jun = 7.8 Hz, 1H, He), 7.56 (s, 1H, Ha), 7.24 (s, 2H, He), 7.08 (ddd, 33w
=7.8,7.8 Hz, “Jun = 1.7Hz, 1H, Hy), 6.66 (dd, 3Jun = 7.8, 4.8 Hz, 1H, Hy) (Figure A11). 13C NMR
(75 MHz, CsDs, 25 °C) & (ppm) = 164.3, 154.5, 152.8, 148.2, 136.8, 136.4, 136.3, 125.6, 123.5,
121.6, 121.4 (Figure A12). *F NMR (282 MHz, CsDs, 25 °C) & (ppm) = -62.61 (s, 6F) (Figure
A13). IR/cm™ = 1620 v(C=N). HRMS-ESI (m/z): [M + H]" calcd for C14HsFsN2, 319.0672; found,
319.0679

N-(Perfluorophenyl)-1-(pyridin-2-yl)methanimine (L7): brown crystals. Yield: 56% 'H-NMR
(300 MHz, CsDe, 25 °C, 8): 8.66 (s, 1H, Ha), 8.41 (dd,2Jnn = 4.8 Hz, *Jun = 1.7Hz, 1H, Hy), 8.09
(d, 3Jun = 7.8 Hz, 1H, Hc), 6.97 (ddd, 3Jun = 7.8 Hz, 7.8 Hz, “Jun = 1.7 Hz, 1H, Hg), 6.59 (dd,2Jnn
= 7.8, 4.8 Hz, 1H, He) (Figure Al14). 3C NMR (75 MHz, CeDs, 25 °C) & (ppm) = 170.1, 154.2,
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150.1, 142.1, 140.1, 138.5, 136.3, 125.9, 121.6 (Figure A15).2°F NMR (282 MHz, CsDs, 25 °C) &
(ppm) = -153.4 (dd, J = 21.4, 6.4 Hz, 2F, Frne), -160.3 (t, J = 21.4 Hz, 1F, Fpare), -163.5 (dd, J =
21.4, 6.4 Hz, 2F, Foro) (Figure A16). IR/cmt = 1628 v(C=N). HRMS-ESI (m/z): [M + H]* calcd

for C12HsN2Fs, 273.0451; found, 273.0453. Anal. Calcd. for C12HsN2Fs: C 52.95, H 1.85, N 10.29;
found C 53.42, H 2.01, N 10.14.

N-(3,5-bis(Trifluoromethyl)phenyl)-1-(pyridin-2-yl)ethan-1-imine (L8): dark yellow crystals
Yield: 74%. *H NMR (300 MHz, CD,Cly, 25 °C, 8): = 8.67 (dd, Jun = 4.8 Hz, *Jun = 1.7 Hz, 1H,
Ha), 8.25 (d, *Jun = 7.8 Hz, 1H, Hc), 7.83 (dd, 3Jnn = 7.8, 7.8 Hz, 1H, Hq), 7.65 (s, 1H, Hy), 7.42
(dd, 3Jnn = 7.8, 4.8 Hz, 1H, He), 7.30 (s, 2H, Hy), 2.37 (s, 3H, Hyg) (Figure A17). 1°F NMR (282
MHz, CD.Cly, 25 °C, §): -63.32 (s, 6F) (Figure A18). IR/cm™ = 1649 v(C=N). HRMS-ESI (m/z):
[M + H]* calcd for C1sH10N2Fs, 333.0826; found, 333.0838.

N-(Perfluorophenyl)-1-(pyridin-2-yl)ethan-1-imine (L9): orange-brownish crystals. Yield: 44%.
'H NMR (300 MHz, CeDs) & (ppm) = 8.35 (dd, *Jun = 4.8 Hz, “Jun = 1.7 Hz, 1H, Ha), 8.25 (d,
8Jun = 7.8 Hz, 1H, Hy), 7.03 (ddd, 3Jun = 7.8, 7.8 Hz, *Jun = 1.7 Hz, 1H, Hy), 6.63 (dd, 3Jun = 7.8
Hz, 3Jun = 4.8 Hz, 1H, Hg), 2.20 (s, 3H, He) (Figure A19). 3C NMR (75 MHz, C¢Dg, 25 °C) &
(ppm) = 175.1, 154.9, 148.5, 139.7, 139.3, 139.1, 138.7, 135.9, 125.4, 121.8, 17.5 (Figure A20).
1%F NMR (282 MHz, C¢Ds, 25 °C) & (ppm) = -152.5 (d, J = 23.8 Hz, 2F, Fmeta), -163.1 (t, J = 21.7
Hz, 1F, Fpara), -163.6 (dd, J = 23.8, 21.7 Hz, 2F, Forno) (Figure A21). IR/cm™ = 1647 v(C=N).
HRMS-ESI (m/z): [M + H]" calcd for C13H7N2Fs, 287.0608; found, 287.0617. Anal. Calcd. for
C13H7N2Fs: C 54.56, H 2.47, N 9.79; found C 54.57, H 2.48, N 9.72.

N-(3,5-bis(Trifluoromethyl)phenyl)-1-(quinolin-2-yl)methanimine (L10): red crystals. Yield:
95%. H NMR (300 MHz, C¢Ds, 25 °C, 8): 8.43 (s,1H, Ha), 8.32 (d, ®Jun = 8.2 Hz, 1H, Hp), 8.26
(d, 3Jnn = 8.6 Hz, 1H, Hc), 7.64 (d, 3Jun = 8.6 Hz, 1H, Ha), 7.57(s, 1H, He), 7.42-7.35 (m,2H, Hy),
7.29 (s, 2H, Hh), 7.20 (d, 3Jun = 8.2 Hz, 1H, Hi) ) (Figure A22). 13C NMR (75 MHz, CsDs, 25 °C)
o (ppm)=164.5,154.5,152.7,148.7, 136.7, 132.8, 132.4, 130.6, 130.3, 129.3, 125.5, 121.9, 121.5,
119.8, 118.6 ) (Figure A23).1°F NMR (282 MHz, CsDs, 25 °C, §8): -62.54 (s, 6F) ) (Figure A24).
IR/cm™ = 1620 v(C=N). HRMS-ESI (m/z): [M + H]" calcd for CisH1oN2Fs, 369.0826; found,
369.0845. Anal. Calcd. for C1gH1oN2Fs: C 58.70, H 2.74, N 7.61; found C 58.23, H 2.46, N 7.30.
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N-(2,6-Diisopropylphenyl-1-(quinolin-8-yl)methanimine ~ (L11): a solution of 2,6-
diisopropylaniline (8 mmol) and 2-pyridinecarboxaldehyde (10 mmol) in dichloromethane (15
mL) was prepared in a round-bottomed flask equipped with a magnetic stirrer. Catalytic amount
of formic acid (3-4 drops) was added subsequently before the mixture was refluxed overnight at
90 °C. The reaction mixture was concentrated under reduced pressure which was further dissolved
in pentane, dried over sodium sulfate and filtered. The mixture was concentrated again under
reduced pressure to obtain a yellow powder which was further recrystallized in ethanol at -20 °C
to yield yellow crystals. Yield: 65%. *H NMR (300 MHz, C¢Ds, 25 °C) & (ppm) = 10.08 (s, 1H,
Ha), 8.90 (dd, 3Jun = 8.2 Hz, *Jun = 1.5 Hz, 1H, Hy), 8.64 (dd, 3Jun = 4.2 Hz ,*Jun = 1.5 Hz, 1H,
He), 7.45 (dd, 3Jun = 8.4 Hz , “Jun = 1.7 Hz, 1H, Hy), 7.38 (dd, 3Jun = 8.2 Hz , “Jun = 1.7 Hz, 1H,
He), 7.27-7.17 (M, 4H, Higp), 6.71 (dd, 3Jun = 8.2 Hz , 4.2 Hz, 1H, H;), 3.35 (sept, 3Jun = 6.8 Hz,
2H, Hj), 1.24 (d, 3Jun = 6.8 Hz, 12H, Hy) (Figure A25). IR/cm™ = 1628 v(C=N). HRMS-ESI (m/z):
[M + H]" calcd for C22H24N2, 317.2018; found, 317.2009. Anal. Calcd. for C22H24N>: C 83.50, H
7.64, N 8.85; found C 83.04, H 7.72, N 8.25. The data are similar to those found in the literature.?®

3.4.3. General Procedure for the Synthesis of Complexes 6-11

The corresponding ligand (3.5 mmol), anhydrous FeCl (3.5 mmol) and dry THF or CH2Cl>
(32 mL) were added to a Schlenk inside the glove box. The mixture was stirred overnight at room
temperature under an argon atmosphere. The excess solvent was evaporated under reduced
pressure and the product was washed with dry pentane (3 x 30 mL), further dried under high

vacuum to obtain a powder.

— FeCl, — Rs
—  N—{ —R, e e Y e
/7-C>—</ \_7/ THF, 16h, RT N N\ TR
< N R /Fe-‘,
wz c’ “cl
L6 - L10 6-11
Lé6/6 L7/7 L8/8 L9/9 L10/10 L11/11
Ri= H H CH;  CHs H o H

R, = 3,5-CF; 2,3,4,56-F 35-CF; 2,3,4,56-F 3,5-CF3 2,6-Pr

Scheme 3.6. Synthetic strategy for complexes
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[N-(3,5-bis(Trifluoromethyl)phenyl)-1-(pyridin-2-yl)methanimine] FeCl. (6): dark purple powder.
Yield: 86%. The title compound (6) was dissolved in minimum amount of acetonitrile (containing
few drops of dichloromethane) and kept for a month at -20 °C inside the glove box to obtain the
single crystals (6°). 'H NMR (300 MHz, CD:Cly, 25 °C, 8): 69.39 (Avye = 1175 Hz, 1H), 58.55
(Avi2 = 682 Hz, 1H), 52.03 (Avie = 164 Hz, 1H), 11.88 (Aviz2 = 251 Hz, 1H), -2.99 (Aviz = 114
Hz, 2H), -7.82 (Aviz = 527 Hz, 1H), -19.36 (Avi2 = 296 Hz, 1H) (Figure A26). IR/cm™ = 1597
v(C=N). Anal. Calcd. for powder (6) C14HgCl2FeFeN>: C 37.79, H 1.81, N 6.30; found C 37.46, H
1.93, N 5.92. Anal. Calcd. for crystal [6° bis(CH3CN) solvate] Cs2H22Cl2F12FeNg + one molecule
of CH.Cl2: C 42.61, H 2.60, N 9.03; found C 41.81, H 2.45, N 9.43.

[N-(Perfluorophenyl)-1-(pyridin-2-yl)methanimine] FeCl. (7): blue powder. Yield: 93%. Single
crystals (7°) of the title compound were obtained by recrystallization from concentrated
acetonitrile solution (containing few drops of dichloromethane) of complex 7 layered with diethyl
ether (1/2) and left to stand for several days at -20°C inside the glove box. *H NMR (300 MHz,
CD-Cly, 25 °C, 8): 126.18 (Avi2 =802 Hz, 1H), 91.02 (Avi2 = 1669 Hz, 1H), 63.37 (Avi2 = 385
Hz, 1H), 51.92 & 50.78 (1H), -11.13 (Avy2 = 313 Hz, 1H) (Figure A27). IR/cm™ = 1597 v(C=N).
Anal. Calcd. for powder (7) C12Hs Cl2 FsFeN2 + one molecule of C4HgO: C 40.80, H 2.78, N 5.95;
found C 40.94, H 2.93, N 5.62. Anal. Calcd. for crystal 7° C24H10Cl2F10FeNs + two molecules of
CH.CI,: C 37.13, H 1.68, N 6.66; found C 38.68, H 1.72, N 6.48.

[N-(3,5-bis(Trifluoromethyl)phenyl)-1-(pyridin-2-yl)ethan-1-imine] FeCl. (8): azure blue powder.
Yield: 79%. Single crystals (8”) obtained in similar fashion as of 7 except only CH3CN and Et;O
were used for recrystallization. *H NMR (300 MHz, CD,Cly, 25 °C, §): 72.7 (Avi2 = 496 Hz, 1H),
67.1 (Avie = 611 Hz, 1H), 53.2 & 50.65 (2H), -7.5 (Avi2 = 215 Hz, 2H), -11.6 (Aviz = 162 Hz,
1H), -16.6 (Aviz = 1711 Hz, 3H) (Figure A28). IR/cm™ = 1597 v(C=N). Anal. Calcd. for powder
(8) C1sH10CloFsFeN2: C 39.25, H 2.20, N 6.10; found C 41.10, H 2.43, N 6.07. Anal. Calcd. for
crystal (8”) CsoH2oN2F12Fe2Cls + two molecules of CH3CN: C 40.83.25, H 2.62, N 8.40; found C
41.17,H2.77, N 8.72.

[N-(Perfluorophenyl)-1-(pyridin-2-yl)ethan-1-imine] FeCl> (9): navy blue powder. Yield: 83%.
Single crystals (9°) obtained in similar fashion as of 7. *H NMR (300 MHz, CD,Cly, 25 °C, §):
70.1 (Avi2= 809 Hz, 2H), 53.6 (Avi2= 555 Hz, 1H), 48.8 (Avi2= 304 Hz, 1H), -19.4 (Avi/2 = 487
Hz, 3H) (Figure A29). IR/cm™ = 1595 v(C=N). Anal. Calcd. for powder (9) C13H7NzFsFeCl, +
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one molecule of THF (C4HgO): C 42.09, H 3.06, N 5.72; found C 42.10, H 3.12, N 5.78. Anal.
Calcd. for crystal (9°) CseHsaN1oF20FesClg including two molecules of CH3CN in lattice + one
molecule of CH2Cl,: C 37.64, H 1.99, N 7.70; found C 36.41, H 1.93, N 8.14.

[N-(3,5-bis(Trifluoromethyl)phenyl)-1-(quinolin-2-yl)methanimine] FeCl,  (10): light green
powder. Yield: 78%. Single crystals (10°) obtained in similar fashion as of 7. *H NMR (300 MHz,
CD.Cly, 25 °C, 8): 93.53 (Aviz = 252 Hz, 1H), 52.5 (Aviz= 71 Hz, 1H), 15.6 (Avi2 = 40 Hz, 1H),
7.35 (Aviz = 15 Hz, 1H), 6.11 (Avi2 = 33 Hz, 1H), -4.73 (Aviz = 33 Hz, 2H), -17.41 (Avi2 = 85
Hz, 1H), -20.32 (Avi; = 840 Hz, 1H), -24.49 (Aviz = 54 Hz, 1H) (Figure A30). IR/cm™ = 1597
v(C=N). Anal. Calcd. for powder (10) C1sH10Cl2FsFeN2 + 1 molecule of CH2Clz: C 39.35, H 2.09,
N 4.83; found C 40.22, H 1.97, N 4.69. Anal. Calcd. for crystal (10°) CzsH20N4F12Fe2Cls + four
molecules of CH2Cl: C 36.13, H 2.12, N 4.21; found C 37.12, H 2.07, N 4.03

[N-(2,6-Diisopropylphenyl-1-(quinolin-8-yl)methanimine] FeCl, (11): light red powder. Yield:
58%. Single crystals of the title compound were obtained by recrystallization from concentrated
dichloromethane solution of complex 11 layered with diethyl ether (1/1) and left to stand for
several days at -20°C inside the glove box. *H NMR (300 MHz, CD2Cly, 25 °C, §): 30.21 (Aviz =
47Hz, 1H), 26.5 (Avi2= 17 Hz, 1H), 15.5 (Av12 = 19 Hz, 1H), 6.94 (Avi2 = 42 Hz, 1H), 3.46 (Avie
=87 Hz, 1H), -1.7 (Av12= 27 Hz, 2H), 0.35 & 0.17 (4H), -6.42 (Av12= 57 Hz, 3H), -16.4 (Avi2 =
25 Hz, 1H), -19.02 (Avi2 = 18 Hz, 12H) (Figure A31). IR/cm™ = 1605 v(C=N). Anal. Calcd. for
C22H24CloFeN2: C 59.62, H 5.46, N 6.32; found C 59.01, H 5.18, N 6.06

3.4.4. General Procedure for Isoprene Polymerization

Similar as described in section 2.4.4, Chapter 2

3.4.5 Calculation of Microstructure Contents by NMR spectroscopy

Similar as described in section 2.4.5, Chapter 2
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4.1. Introduction
4.1.1. General overview

The elaboration of a wide range of polymeric materials displaying unique characteristics
and variety of physical, thermal and mechanical properties has been an important issue over the
past few years.> The fine-tuning of the microstructure of polyolefins and polydienes is now
possible, thanks to the development of homogeneous single-site catalysts.* These systems, up to
some extent, are capable of producing polymers with a narrow molecular weight distribution and
controlling the stereo-, regio- and chemo-selectivity depending on the steric and electronic
properties of the ancillary ligand(s).>" A critical issue for living coordinative polymerization is
the limit of “one-chain-per-active-site” that restricts the ability to produce practical and scalable
quantities of the final polymer due to the active site being derived from expensive transition metal-
based catalysts which also require multistep synthesis (Scheme 4.1a). Therefore, in order to limit
the consumption of highly exotic transition metal-based catalysts and to precisely control the
molecular weight of the polymer, strategies like Coordinative Chain Transfer Polymerization
(CCTP) have been developed.®13114-17.318 Thjs strategy involves the use of a single transition
metal-based catalyst and a chain transfer agent (CTA) in the form of main group metal alkyl (Zn,
Mg or Al). In this case, the growing polymer chain is reversibly transferred, by transmetalation,
from the active metal center to the dormant chain transfer agent (CTA) metal center (Scheme
4.1b).1°

ZOR
@
o 0 o [
a) L, M\ — LM
R P,—R
ZOR ZR
® ):l ky ® P ki ® ):l
b) /m + Pp,—CTA| <——Z |L/M CTA |[——= L/M + |CTA —P,
\ RN N
Pn P _ Pnm
Active Dormant (excess) Active Dormant (excess)
‘ R = H, alkyl, aryl, conjugated diene
L, M = Metal complex CTA = Chain Transfer agent P, P, = Polymer chain
L = Ligand, M = Metal (ZnR,, MgR,, AIR3) R' = alkyl

Scheme 4.1. Classical Coordinative Polymerization (a) vs Coordinative Chain Transfer Polymerization (b)
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This process involves a dynamic equilibrium between propagating and dormant species.
This methodology exhibits living characteristics and enables the control growth of several
macromolecular chains per catalyst molecule since i) the chain transfer is fully reversible, ii) its
rate is fast compared to the rate of propagation, iii) the formation of the heterobimetallic
intermediate, resulting from the transmetalation, has a sufficient lifetime for the CCTP to be
effective and iv) the chain transfer occurs in absence of any undesired irreversible
transfer/termination pathway such as B-H abstraction.?® All these requirements are highly
dependent on the electronic and steric properties of the catalyst, in addition to the nature and
adequacy of the CTA with the monomer used. In the end, narrow dispersities are obtained and the
macromolecular chains are end-capped with the chain transfer metal, which enables further
functionalization depending on the chemistry of main group metal. This can be viewed, as metal
complex catalyzed Aufbaureaktion,?* which was earlier proposed by Gibson®® and Kempe.*® If the
transfer efficiency is high, i.e., most of the alkyl group are involved in the transmetalation, the
polymer chain appears to grow on the main group metal alkyl. These latter reactions involving fast
and reversible transfer along with the high transfer efficiencies and the non-occurrence of other
chain termination pathways were defined as catalyzed chain growth (CCG),*® which are different
than catalytic chain growth involving metal catalyzed olefin insertion into a growing alkyl chain.
CCG is interesting not only in terms of atom economy but also for the synthesis of block
copolymers starting from the resulting polymer end-capped by the main group metal. In addition
to the transfer efficiency, the ratio between the CTA and the catalyst is also an important parameter.
The higher is this ratio and higher is the number of chains produced per expensive catalyst

molecules, which can be considered overall as catalyst economy.

4.1.2. Iron-catalyzed CCTP

In the case of iron-based systems, CCTP processes are predominantly based on olefin
monomers and only two proven examples are disclosed in the literature. Gibson and coworkers
described the first CCG of ethylene using [BIP]JFeCl./MAO in presence of 500 egs. of ZnEt, as
CTA (Scheme 4.2).123 The polymerizations were conducted under much milder conditions than
those using rare-earth precatalysts, i.e., 1.0 bar of ethylene pressure at room temperature, affording
molecular weights up to 3 000 g/mol in transmetalation conditions. The authors proposed the key
features for this process which could be responsible for the iron CCG: (i) less sterically hindered

zinc center; (ii) the monomeric nature of ZnEt, in solution; (iii) the relatively weak Zn—C bond;
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and (iv) a similar Zn—C and Fe—C bond strengths. Concerning (i), the size of the ligand on the
main group metal and the extent of the observed chain transfer to the CTA were found to be
correlated. Further, the data showed that the CTA having a monomeric nature in solution are more
active. With respect to (iii) and (iv), a fine balance between these factors was needed to generate
a catalyst latent state which is stable, yet highly reactive. A later study proved these findings to be
relevant.??

Bisiminopyridine Iron (Il) chloride ([BIP]FeCl,)

McGuinness and coworkers, 2011 Gibson and coworkers, 2002

fesye] Ao
Zn -

" 2 MAO, ZnEt, (500 eq.) MAO, ZnEt, (500 eq)

100% transfer (CCG) 100% transfer (CCG)

Scheme 4.2. [BIP]JFeCl;MAQ/ZnEt, catalyzed CCTP of ethylene and acetylene

Nearly, a decade later, after the inspiring work of Gibson et al, the second example of iron
catalyzed CCG was reported by the group of McGuinness (Scheme 4.2) who firstly explored the
polymerization of acetylene by combining pre-catalyst [BIP]FeCl, and 100 egs. of MAO.Z This
system led to an extremely active catalyst (TOF up to 62 500 h), with the formation of a
polyacetylene/toluene gel in presence of [BIP]FeCl> = 100 puM, while the production of
polyacetylene film was noted at lower catalyst concentration [BIP]JFeCl, < 20 uM. The
characterization of the polymers by IR spectroscopy revealed the presence of a mixture of trans/cis
polyacetylene microstructure. Moreover, the same group performed the polymerization of
acetylene with [BIP]FeClo/MAO (1/100) under reversible chain transfer condition by using 500
eqs. of ZnEt, as chain transfer agent (vide supra).?* An even number of short-chain oligomers has
been identified as the main product of the reaction. Furthermore, the absence of other irreversible
chain termination has led to the quantitative production of oligomers with respect to zinc, which
indicates the occurrence of a CCG process, similar to that found with ethylene. The presence of
branched and cyclic oligomers has also been observed, suggesting a mechanism involving an
intramolecular sigma-bond metathesis. Attempts to copolymerize ethylene and acetylene with
[BIP]FeCl2/MAO was unsuccessful and resulted in the formation of two disparate homopolymers.
In addition, a striking variation in product selectivity was observed using the less congested pre-
catalyst 4Me (Chart 1.1) in presence of MAO, which led to the formation of benzene via a

metallacyclic mechanism, or 1,3-hexadiene when ZnEt, was used as chain transfer agent.?
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To date, CCTP processes are predominantly based on olefin monomers and it is only
recently that this process has been extended to conjugated dienes.*®1426-42 For the latter, the few
examples disclosed in the literature focus exclusively on rare earth metal-based systems,*3->*
combined with Al or Mg alkyls as Chain Transfer Agent (CTA) and, to our knowledge, the
successful implementation of transition metal-catalyzed reversible chain transfer polymerization
of conjugated dienes, especially based on iron complexes, has yet to be proven.>>>’ Indeed, a
delicate balance between the rates of propagation and transfer along with the stability of the
transmetalation intermediate must be achieved for CCTP to be effective, this being highly
dependent on the electronic and steric properties of the catalyst, the nature of the transfer agent

and the monomer used.*®

We, and others, have recently shown that iron-based complexes bearing an iminopyridine
ligand are capable of efficiently catalyze the polymerization of isoprene after activation by an
appropriate alkylating agent.>®-% More specifically, the complexes 1-4 and 6-9 (Chart 4.1), which
were previously described in Chapters 2 and 3 respectively, with the combination of
Al'Bus/[CPhs][B(CsFs)s] generated catalytic systems that are highly active for the isoprene
polymerization whereas the catalytic systems resulting from complex 5 proved to be inactive for

isoprene polymerization.

e O Odom G
QTN \ N _N \ N, /\N \ N, /\N
Feg Feg Fe Fel
c Yl cr e c Yl c Yl
1 2 3 4
/FeCI2 g /FeClz ;:g /FeC,2 :<< /FeCI2 d

Chart 4.1. Iminopyridine iron (11) complexes studied in this work®!

After the discovery of the 1%t Aufbaureaktion for the chain growth of ethylene sixty eight
years ago,?* there have been various studies on the CCTP of ethylene and other monomers using

transition metals and rare earths complexes associated with various CTAs such as alkyls of
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aluminium, 2427308573 7jn 1213227426 and magnesium 11157 Therefore, in the present chapter,
we will describe the studies we carried out in search of successful implementation of the CCTP of
isoprene with the iminopyridine iron complexes 1-4 and 6-9 in combination with ZnEt, as CTA
after activation. We have focused our study on the use of ZnEt, as CTA, since previous studies
have shown that this CTA associates effectively with the bis(imino)pyridine iron dichloride
[(BIP)FeCl2]J/MAO catalyst system for ethylene and acetylene polymerization (Scheme
4.3) 12132224 \We also explored other combinations with alternative main-group metal CTAs, which
may be of potential interest due to their previous ability in this field. 194344497677 Starting from the
preliminary screening of (Iminopyridine)FeCl. combined with different co-catalysts such as
MAO, Al'Bus/[CPhs][B(CsFs)4] etc., we intend to develop an efficient catalytic system combined
with a potential CTA for a successful screening in CCTP of isoprene. We also look forward to
optimize the chain transfer conditions and the detailed study under optimized conditions for a
reversible CCTP will be addressed for these catalytic systems. The last part of this chapter will be
devoted to the implementation of a Chain Shuttling Polymerization (CSP) stage where a brief
discussion will be carried out regarding the selection of appropriate catalytic systems and the
properties of the resulting polymers possessing different microstructure and architecture.

/ .
W A(>® . y
Fe( Al'Bug/[CPh3][BCeF5)4]

cr Yl ZnEt, or Al'Bu; or BuMgEt
Ry =HorMe
R, = EWG/EDG

Reversible Chain Transfer Polymerization

Scheme 4.3. Iron (I1) catalyzed coordinative chain transfer polymerization
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4.2. Results and Discussion
4.2.1. Screening 4/MAO/ZnEt; catalytic system for the reversible CCTP of isoprene

The group of Gibson demonstrated for the first time the use of ZnEt, as a CTA in the
controlled coordinative chain transfer polymerization of ethylene (Scheme 4.2).122 The highly
efficient catalyst derived from the combination of [BIP]FeCl./MAO/ZnEt,, in a ratio of 1/100/500,
prompted us to attempt the similar system in the CCTP of isoprene using the N-aryl iminopyridine
iron dichloride pre-catalysts precedently mentioned in chapter 2 and 3. Preliminary CCTP studies
of isoprene were initially performed with precatalyst 4 using reaction conditions similar to those
described by Gibson and coworkers, knowing that the complex 4 is most stereoselective among
the series mentioned in Chart 4.1 and displays a quasi-living character with
4/Al'Bus/[PhsC][B(CsFs)4] catalytic combination as described previously in chapter 2. Therefore,
precatalyst 4 was activated with 100 eq. of MAO in the presence of various amounts of ZnEt,

followed by the addition of isoprene, the results are shown below in Table 4.1.

Table 4.1. CCTP of isoprene using 4/MAO catalytic system with different quantities of ZnEt,?

Entry? [ZnEt2]/[4] Yield (%0) Mnexp) ® (g/mol) bb Nchains®
1 0 >99 94 000 1.4 -
2 10 >99 34 600 14 2.7
3 50 >99 18 000 14 5.2

aPolymerization conditions: 10 umol of iron complex; isoprene/Fe/MAO = 2000/1/100; toluene
=20 mL, [Clisoprene = 1 mol/L, temperature = 25 °C, time = 6h. ® Determined by SEC analysis in
THF using polystyrene standards. © Nchains = Mnexp)/Mnexp) with cta; Mgy = 135 000 g/mol

(considering one growing chain per metal center)

All the resulting Pls were analyzed by SEC to determine the number average molecular
weight (Mn). From the results displayed in Table 4.1, we can observe that using the 4/MAO system
in absence of ZnEt, produced polyisoprene with an excellent conversion (>99%). However, the
number average molecular weight of the resulting polyisoprene was found to be rather low

compared to the theoretical value (Mnexp) = 94 000 g/mol vs Mnn) = 135 000 g/mol, respectively)
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possibly due, to some extent, to the occurrence of unwanted transfer reactions with free AlMes
contained in MAO (Table 4.1, Entry 1).%%78 Addition of 10 egs. of ZnEt; to the reaction decreased
the My of the resulting polyisoprene by a factor of 2.7, while adding 50 eq. of ZnEt, decreased the
Mn by a factor of 5.2 (Table 4.1, Entries 2 and 3, respectively). This factor corresponds to the
transfer efficiency of a system which is defined as the ratio of the number of chains obtained
experimentally (e.g. Table 4.1, Entry 2, Nexp = 2.7 chains per 10eq./Fe of ZnEt) to the expected
number of chains for a fully reversible transfer (Nw = 21 chains per 10eq./Fe of ZnEt: since the
iron catalyst produces one polymer chain through activation with MAO cocatalyst and the two
ethyl groups of ZnEt, can be transferred to the catalyst to theoretically initiate the propagation of
20 additional chains). The decrease in number average molecular weight together with the
preservation of low dispersity upon increasing the amount of ZnEt, indicated that chain transfer
did occur from Fe to Zn, as seen in Figure 4.1. Nevertheless, the catalytic system 4/MAO/ZnEt
was found to exhibit low efficiency under transfer conditions as evidenced from the transfer
efficiency of system (transfer efficiency (%) = 2.7/21 x 100 = 13 % for 10eqs./Fe of ZnEt,).

1
3
©
:; 0.8 e 0 eq. of [Zn]
2 10 eq. of [Zn]
g 0.6 50 eq. of [Zn]
8
204
©
£
§ 0.2

0

1000 10000 100000 1000000

M, (g/mol)

Figure 4.1. SEC traces showing the effect of the quantity of ZnEt, (0-50 eq./Fe) on the M, of
polyisoprene using 4/MAO catalytic system (according to data displayed in Table 4.1)
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4.2.2. Pre-liminary screening of various chain transfer agents for the CCTP of isoprene with

complex 4

After screening 4/MAO/ZnEt, system, we concluded that the transfer occurred between Fe
and Zn but with poor efficiency. Therefore, we decided to opt for an alternative catalytic system
based again on 4, to assess the polymerization of isoprene under chain transfer conditions at room
temperature in the presence of alkyls of aluminium, zinc and magnesium, which were deployed as

CTAs. The results of this preliminary screening are presented below in Table 4.2.

Table 4.2. Polymerization of isoprene using 4/Al'Bus/[PhsC][B(CsFs)4] catalytic system in the presence of

various CTAs?

Entry? CTA Time Conv. Mnexp) PP Nehains® Microstructure (%)
(eq./Fe) (h) (%) (g/mol)® 1,4 (trans/cis) 34
1 0 6 >99 155000 1.3 - 90 (77/13) 10
2 ZnEt, (10) 6 >99 20500 13 7.6 91 (79/12) 9
3 AlBus (7) 4 95 145000 15 1.0 90 (82/8) 10
4 BuMgEt(10) 18 0 0 0 0 0 0

2 Polymerization conditions: 10 pmol of Fe (II) complex; isoprene/Fe/Al'Bus/[PhsC][B(CeFs)s] =
2000/1/3/1; toluene = 20 mL, [C]isoprene = 1 mol/L, temperature = 25 °C. ® Determined by SEC analysis in
THF using polystyrene standards; M) = 135 000 g/mol (considering one growing chain per metal center).
¢ Nenains = Mngexp)/ Mnexp) cTa; @ Determined by *H NMR and **C NMR.

In addition to SEC analysis for determining the My, the resulting Pls were also analyzed
by NMR spectroscopy to identify their microstructure content. In the absence of any CTA, the
polymerization was quite controlled as the experimental molar mass (Table 4.2, Entry 1, Mn(exp) =
155 000 g/mol) was near to the expected value (Mnh) = 135 000 g/mol) with a narrow dispersity
(B = 1.3). Using 10 egs. of ZnEty, the polymerization was also found to be well controlled (b =
1.3) and the resulting PI gave a much lower My (Table 4.2, Entry 2, My = 20 000 g/mol) than the
value without Zn alkyl (Mn = 155 000 g/mol), implying the occurrence of a moderate rate of
reversible chain transfer reaction. In the presence of 10 eq./Fe of ZnEt,, the number of chains is
7.75, indicating a transfer efficiency of 37% [transfer eff = (7.75/21) x 100]. In addition, the

stereoselectivity of the 4-based catalytic system was maintained in the presence of ZnEt, (1,4-
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trans/1,4-cis/3,4 = 79/12/9 vs 77/13/10 without ZnEty). This observation reveals that the growth
of the polymer chain is probably not influenced by the presence of the CTA, suggesting distinct
mechanistic elementary steps of insertion (Fe catalyst) and transfer (Fe/Zn heterobimetallic

species).

Changing Zn by other metal alkyls was much less exciting. Al'Bus, which is known to
alkylate iron center, can also act as a potential CTA.2127-308573 Using seven eq. of Al'Bus in
addition to the three eq. required for the proper alkylation of pre-catalyst 4 (chapter 2, section
2.2.3.1.2.) the experimental M, was found to be slightly lower (Table 4.2, Entry 3, M, = 145 000
g/mol) than the value obtained in the presence of three eq. of Al reagents (Table 4.2, Entry 1, Mx
= 155 000 g/mol), indicating that the transfer is comparably less efficient between Al and Fe than
between Zn and Fe, as evidenced by the number of chains obtained (Nchains = 1.0). Moreover, the
broadening of the dispersity was noticeable (B = 1.5 vs. 1.3), which was also apparent when using
Al'Bus in excess for rare earth catalytic systems.” The resulting Pl was acquired in good yields
(95%), which consisted of 82% of 1,4-trans units along with the contribution of 3,4 (10%) and
1,4-cis sequences (8%) as previously observed for the selectivity of precatalyst 4 in our last study.5?

Interestingly, in the presence of an excess of magnesium bis-alkyl, butylethylmagnesium
(BuMgEt, BEM), the 4-based system failed to produce polyisoprene (Table 4.2, Entry 4), which
is similar to that found in the case of ethylene polymerization using (BIP)FeCl,/MAO/Mg"Bu:
(1/100/500).% In addition to the question of the similarity of bonding strengths between the
catalyst-polymer chain and CTA-polymer chain, it is clear that the monomeric nature of ZnEt; as
compared to aggregated MgRz in non-polar solution® could be an explanation for a better CCTP
efficiency when associated with the most sterically hindered precatalyst 4. The highest transfer
efficiency possessed by the catalytic system 4/Al'Bus/[PhsC][B(CsFs)4]/ZnEt, may be attributed
to a better adequation between bonds strength of the metal catalyst-growing polymer chain and of
the metal CTA-dormant polymer chain. These observations have already been described for the
catalyzed chain growth of ethylene and acetylene using [(BIP)FeCl>]/MAO catalytic system in the
presence of an excess of ZnEt,,12132224 where the authors proposed that an iron-based catalytic
system is more efficient in the presence of Zn due to the almost similar Zn — C and Fe — C bond
strengths and the relatively weak Zn — C bond.'>!3?2 As same, it is known that Mg and Al CTAs

fit particularly well with rare earths and column 4 precatalysts, respectively.'® Depending on these
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impeccable findings in literature, a similar hypothesis can be drawn in our case from the
4/Al'Bus/[PhsC][B(CsFs)4]/ZnEt; catalytic system with the assumption that metal-allyl bonds are

involved in the polymerization of isoprene.®!
4.2.3. Optimization of transfer conditions of 4/Al'Bus/[PhsC][B(CsFs5)4]/ZnEt; catalytic system

The preliminary screening of various transfer agents revealed that the CCTP of isoprene is
most efficient with ZnEt, as CTA while employing the 4/AlI'Bus/[PhsC][B(CeFs)s] catalytic
system. We first decided to see if the concentration of monomer in the polymerization mixture
could be a factor that would alter the transfer efficiency of the catalytic system employed in this
study. After choosing ZnEt, as a suitable CTA, the CCTP of isoprene with
4/Al'Bus/[PhsC][B(CsFs)4]/ZnEt, catalytic system was further optimized by conducting the
polymerization under different concentrations of isoprene in absence and in the presence of 10
eq./Fe of ZnEt,. The results are depicted below in Table 4.3.

Table 4.3. CCTP of isoprene using 4/Al'Bus/[PhsC][B(CsFs)s]/ZnEt; catalytic system under different
monomer concentrations?

Entry? [4])/[Zzn] [lsoprene] (M)  Time Conv. Mn(exp) DY Nchains©
(h) (%) (g/mol)®
1 1/0 6 >99 155000 1.3
2 1/10 1 6 >99 20 500 1.3 7.6
3 1/10 4 85 16 000 1.3 8.2
4 1/0 4 >99 270 000* 1.5
5 1/10 ° 4 75 11 500 1.4 17.6
6 1/0 4 3 >99 238000* 1.5
7 1/10 72 69 8 600 1.4 19.1
8 1/0 0.5 >99 90 000 1.4
9 1/10 10 4 50 6 000 1.3 7.5
10 1/10 168 52 6 000 1.3 7.8

2 Polymerization conditions: 10 pmol of Fe (1) complex; Isoprene/Fe/Al'Bus/[PhsC][B(CeFs)s] =
2000/1/3/1; temperature = 25 °C. ® Determined by SEC analysis in THF using polystyrene standards; Mnn)
= 135 000 g/mol (considering one growing chain per metal center); © Nchains = Mn(exp)/Mn(exp) cTA; *presence

of a small amount of PI displaying high M,
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Under 1 M concentration of isoprene (Table 4.3, Entries 1-3), firstly we performed the
reaction for the same duration of 6 h for both cases, without (entry 1) and with (entry 2) 10 eq.
ZnEt,. The conversion was found to be complete within this time, and the number of chains per
Fe catalyst was calculated to 7.6 in the presence of the CTA (entry 2). In order to optimize the
activity in the presence of 10 eq. of ZnEt,, the reaction time was tentatively reduced from 6 h to 4
h. Unfortunately, in this case only incomplete conversion (85%) of the monomer was achieved
(Table 4.3, Entry 3). However, it is worth to be noted that the number of chains obtained was found
to be nearly eight, i.e. close to the value noted after 6 h reaction. For full conversion of isoprene
(Table 4.3, Entry 2), the experiment under 1 M concentration of isoprene corresponded to a transfer
efficiency equal to 36% (transfer eff = 7.6/21 x 100), as previously described. In the absence of
CTA, M, was 155 000 g/mol, which is not far from the theoretical value of 135 000 g/mol at full
conversion (Table 4.3, Entry 1).

By doubling the concentration of isoprene to 2 M (Table 4.3, Entries 4 and 5), we observed
a huge increase in the My of PI obtained in the absence of CTA. This was found to be nearly two
times higher than the expected value (Mnexp) = 270 000 g/mol vs Mnny = 135 000 g/mol), with an
additional shoulder contribution (<5%), although the dispersity (b = 1.5) was quite narrow (Table
4.3, Entry 4). The same polymerization, when performed under the presence of CTA, reduced the
Mhn to 11 500 g/mol and limited the conversion to 75% (Table 4.3, Entry 5).

[Isoprene] =2M [Isoprene] = 4M
Entry5 Entry4 Entry 7 Entry 6
—~ 1 1
S S
< 038 Should S 08
= oulder =
> 0.6 > 0.6
= = Shoulder
(%] (%]
c 04 C 04
<€ 02 € 02
0 0
500 5000 50000 500000 5000000 500 5000 50000 500000 5000000
M., (g/mol) M, (g/mol)

@ Without CTA @ With CTA

Figure 4.2. SEC traces comparison of entries (Table 4.3) under 2 M and 4 M concentration of isoprene
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Repeating the same process of doubling the concentration of isoprene to 4 M (Table 4.3,
Entries 6 and 7) again resulted to a very high molecular weight (Mnexp) = 238 000 g/mol) Pl
obtained in the absence of CTA, with an additional shoulder contribution (<5%) to the M, (Table
4.3, Entry 6). This highlights that the initiation is very slow compared to chain propagation at
concentrations 2 and 4M. In the presence of CTA, the M, reduces to 8 600 g/mol but again, and
much more significantly (72 h vs. 4 h) the conversion was limited to 69% even in 72 h (Table 4.3,
Entry 7). The SEC traces of the entries under 2 M and 4 M concentration are displayed in Figure
4.2 below.

Lastly, at the highest concentration (Table 4.3, Entries 8-10), the resulting M, of the
experiment performed in the absence of CTA (Mnexp) = 90 000 g/mol) was comparatively lower
than the expected value (M) = 135 000 g/mol), although it comprised none of the secondary
contributions unlike entries 4 and 6 (Table 4.3, Entry 8). Interestingly, under the CCTP conditions,
very low molecular weights (M, = 6 000 g/mol) and narrow dispersities (B = 1.3-1.4) could be
obtained without affecting the transfer efficiency (37%) like the previous system at 1 M (Table
4.3, Entries 9 and 10).

To our knowledge, such dependence of the decreasing molar masses, for a given
conversion, with the increasing concentration of monomer could be due to the fact that the
interaction of the incoming monomer with the metal center and, subsequently, the interaction of
the growing macromolecular chains with Zn is particularly enhanced as a CTA. Unfortunately, full
conversion of the monomer could not be achieved under 10 M concentration of isoprene, even
after leaving the reaction for prolonged times (Table 4.3, Entries 9 and 10) indicating that at a
certain stage, the transfer between Fe and Zn is blocked. A hypothesis would be that formation of
a very stable Fe-Zn heterobimetallic species occur, allowing no further exchange of alkyl/allyl
groups between Fe and Zn centers. This is likely to happen when the increasing concentration of
monomer increases the rate of transfer, which enhances the transfer efficiency of the system by
involving the exchange of all ethyl groups from one ZnEt; site upon transmetalation, to generate
Et-Zn-polyisoprenyl species remaining with the second exchange site. This alkyl-Zn-allyl species
could again interact with the active iron catalyst for the Et-polyisoprenyl chain exchange during
the transmetalation step at which the transfer is probably blocked due to the formation of putative
polyisoprenyl:-Fe-Zn(Et)-polyisoprenyl, heterobimetallic species that are inactive for exchange,
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as shown below in Scheme 4.3. The involvement of only one ethyl group from ZnEt, for chain
transfer has already been demonstrated by the group of Landis using hafnium complex where the
authors reported the formation of one polyoctene chain per ZnEt, molecule owing to steric barriers
inhibiting the transfer of the Et group from Et-Zn-polymer.®2

/:I W Et ,Et /\k/\PI _Bu

@ 9\
L,(Fe +2Zn — |L(Fe) zZn—Et | — [ (Fe® . z

%//\/PI\"Bu k %PK,BU \IZI Et

Active ’Bu
IBU /k/\ IBU
F’l/ H Sndilld
’e ): ) or | L, Fe Zn—Et «~—Ln(F8® + Zn
Lo n— / QY l
// PI\ Et
P,\ PI\Et W/V Et
\\ Y / Active

Inactive

Scheme 4.3. Possible formation of putative heterobimetallic allyl species with ZnEt,

Additionally, to confirm this hypothesis of transfer blockage at certain stage, we attempted
a classical CCTP experiment with 4/Al'Bus/[PhsC][B(CsFs)4] using bis-allylzinc as CTA. Prior to
the addition of the monomer, the mixture of 10 eq. of bis-allylzinc with the
4/AI'Bus/[PhsC][B(CsFs)s] catalytic system resulted in a color change from midnight green to
brown, which is believed to be due to the formation of a heterobimetallic polyisoprenyl-Fe-Zn
allyl complex (Scheme 4.4). The addition of isoprene after this stage did not afford any polymer,
even after prolonged time. This could be related to the very high stability of the putative bimetallic

allyl species, which precluded access to the iron catalyst.

Inactive
X e
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Heterobimetallic Fe-Zn allyl species

Scheme 4.4. Formation of putative heterobimetallic allyl species with bis-allylzinc
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4.2.4. Assessment of the kinetic parameters of polymerization under CCTP

The chain transfer between the catalyst originating from complex 4 and ZnEt, was also
studied through the kinetic profile of isoprene polymerization at 25 °C, in absence and in presence
of 10 eq. of Zn per Fe (Figure 4.3). To ensure better reliability, the studies were conducted with
2000 egs. isoprene (in chapter 2, 5000 eq./Fe of isoprene) during which various aliquots were
taken at different times of the polymerization to determine the conversions via *H NMR. The M
of each sample of Pl was determined through SEC analysis and the results are displayed below in
Table 4.4.
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Figure 4.3 (a) Monomer conversion () as function of time, (b) Dependence of M, with isoprene conversion,
(c) First order kinetics plot and (d) stacked SEC traces of the aliquots under CCTP for pre-catalyst 4
(I1soprene/Fe/Al'Bus/[PhsC][B(CsFs)4] = 2000/1/3/1)
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From the Kkinetics plot in Figure 4.3a, it is clearly evident that the addition of 10 egs. ZnEt,

prolonged the polymerization time, indicating the possibility of transfer of the growing polymeric

chain between complex 4 and Zn. As observed previously in chapter 2,%* the quasi-living character

of 4/AI'Bus/[PhsC][B(CsFs)4] catalytic system is again displayed through the kinetic profile, where

the quasi linear increase in My with conversion occurs in the absence of ZnEt, and also in the
presence of 10 eq./Fe of ZnEt, (Figure 4.3Db).

Table 4.4. soprene polymerization using 4/Al'Bus/[PhsC][B(CsFs).] catalytic system in the absence

and presence of 10 eq./Fe of ZnEt,?

. . Mnexp) °
Entry? ZnEtz(eq/Fe)  Time (min)  Conv. (%) b?
(g/mol)
1 15 24 34 000 1.5
2 30 40 60 000 1.7
0
3 60 64 84 000 1.9
4 120 99 155 000 1.3
5 15 24 8 000 1.3
6 30 40 10 600 1.3
7 60 63 14 500 1.3
10
8 120 85 17 000 1.3
9 240 95 19 000 1.3
10 360 99 20 500 1.2

2 Polymerization conditions: 10 umol of Fe (1) complex; isoprene/Fe/Al'Bus/[PhsC][B(CsFs)s] =
2000/1/3/1; toluene = 20 mL, [C]isoprene = 1 mol/L , temperature = 25 °C. ® Determined by SEC analysis

in THF using polystyrene standards; My = 135 000 g/mol for 100% conversion (considering one

growing chain per metal center)
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This trend was also confirmed through a significant drop in the M, of the obtained polymer
at each aliquot and is mostly visible at the end of the polymerization where the My value drops
from 155 000 g/mol in the absence of CTA (Table 4.4, Entry 4) to 20 500 g/mol via CCTP of
isoprene with 10 eq./Fe of ZnEt,, (Table 4.4, Entry 10), with a transfer efficiency of 37%. It also
appears that the polymerization is quite controlled with and without CTA, following nearly a first
order kinetic profile for both cases, indicating minimal loss of active species during the
polymerization (Figure 4.3c). The dispersities became narrower at the end for the experiments
without ZnEt, (P decreases from 1.5 to 1.3), whereas they remained quite similar and narrow in
the presence of ZnEt, (b = 1.3, Figure 4.3d).
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4.2.5 Implementation of a reversible CCTP of isoprene with complexes 1-4 and 6-9

After conducting the preliminary screening of various CTAs and optimizing the chain
transfer conditions for the precatalyst 4, we implemented the reversible CCTP of isoprene with all
the precatalysts 1-4 and 6-9 (Chart 4.1) that were active for the polymerization of isoprene. The
results are displayed below in Table 4.5, under optimized experimental conditions, in absence and
in presence of 10 eq./Fe of ZnEt,, for an easier comparison.

Table 4.5. Screening Fe/Al'Bua/[PhsC][B(CsFs)a]/ZnEt; catalytic systems for the CCTP of isoprene?

Entry Fe [Zn] Time  Conv. Mn(exp) bb Nchains © Micro. 9 (%)

a /[Fe] (min) (%) (g/mol)® 1,4 (trans/cis) 3,4
1 1 0 360 > 99 487 500* 1.6 79 (38/41) 21
2 10 360 >99 180 000 1.7 2.7 79 (33/46) 21
3 2 0 360 > 99 250 000 1.3 75 (35/40) 25
4 10 360 > 99 195 000 1.7 1.3 75(32/43) 25
5 3 0 360 > 99 261 000 1.3 90 (69/21) 10
6 10 360 > 99 86 000 1.3 3.0 91 (69/22) 9
7 4 0 360 > 99 155 000 1.3 90 (77/13) 10
8 10 360 > 99 20 500 1.3 7.6 91 (79/12) 9
9 6 0 240 > 99 384000 1.3 - 54 (0/54) 46
10 10 4320 <1 - - - -
11 7 0 240 49 448 000 14 -

12 10 360 14 762 000 1.8 - -
13 8 0 10 > 99 320000 2.1 56 (0/56) 44
14 10 10 > 99 265 000 1.3 1.2 59 (0/59) 41
15 9 0 10 > 99 580000 1.6 56 (0/56) 44
16 10 10 > 99 510000 1.3 1.1 54 (0/54) 46

@ Polymerization conditions: 10 pmol of Fe (lI) complex; isoprene/Fe/Al'Bus/[PhsC][B(CeFs)a] =
2000/1/3/1; toluene = 20 mL, [C]isoprene = 1 mol/L , temperature = 25 °C. ® Determined by size exclusion
chromatography (SEC) analysis in THF using polystyrene standards (* minor contribution of high M,, <
5%, observed); ¢ N chains = Muexp)/Mnexp) cta ; Mgy = 135 000 g/mol (considering one growing chain per
metal center). ¢ Determined by *H NMR and *C NMR.
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As mentioned previously, the expected effects of the CTA are i) decreasing the M, values
and ii) narrowing the dispersity (P value tending to 1). From the data given in Table 4.5, it can be
observed that when comparing results from the experiments performed with and without excess of
ZnEty, the first criteria is partially fulfilled by precatalysts 2, 8 and 9, where the number average
molecular weight are getting reduced by a factor of 1.3 (2, Entries 3 and 4), 1.2 (8, Entries 13 and
14) and 1.1 (9, Entries 15 and 16) whereas for the precatalysts 1, 3 and 4, the reduction in M is
much significant as it is reduced by a factor of 2.7 (1, Entries 1 and 2), 3.0 (3, Entries 5 and 6)
and 7.7 (4, Entries 7 and 8). Unexpectedly, the precatalyst 6 was found to be inactive in the
presence of 10 eq./Fe of ZnEt, (< 1% conversion obtained after 72 h), whereas the formation of
very high M, Pl was observed again in the case of 7, indicating no effect of the presence of the
CTA on the polymerization. The dispersity broadens with the precatalysts 1, 2 and 7, whereas it is
almost similar for the complexes 3 and 4. The polymerization is more controlled with the 8-
9/AlI'Bus/[PhsC][B(CsFs)4]/ZnEt, catalytic systems(P decreases from 2.1 to 1.4 for complex 8 and
1.6 to 1.3 for complex 9), despite the relative minor decrease in the My values. The results of CCTP
are inconsistent with complex 7, likely owing to its higher rate of propagation resulting in high
molecular weight polyisoprenes, albeit limiting conversions to 14 % in 6 hours. The complexes 1-
4 bearing alkyl groups on the N-aryl moiety were found to be more efficient under polymer chain
transfer conditions, with the highest transfer efficiency (37%, transfer efficiency = {[155 000/(20
500]/21} x 100) exhibited by 4/Al'Bus/[PhsC][B(CsFs)s]/ZnEt, catalytic system. Lastly, and
remarkably, the selectivity of each catalytic system was maintained for all the complexes during
the CCTP screening.

4.2.6. Varying the quantity of CTA during the CCTP of isoprene with complexes 1-4, 8 and 9

From the previous section, we concluded that the chain transfer was clearly observed with
1, 3 and 4/Al'Bus/[PhsC][B(CsFs)4]/ZnEt; catalytic systems, whereas a minor effect was noticed
for the complexes 2, 8 and 9. On the other hand, for the precatalysts 6 and 7, there was no effect
of CTA on the polymerization. Therefore, at this stage, starting from the less efficient fluorinated
catalytic systems 8-9/AlI'Bus/[PhsC][B(CsFs)4]/ZnEt, to more efficient catalytic systems 1-
4/AI'Bus/[PhsC][B(CsFs)s]/ZnEt,, we conducted a detailed study through the variation in the

amount of ZnEt, during the polymerization process. The quantity of ZnEt, (between 0-100 eq. of
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Zn vs. Fe) was monitored and its impact on the Mn of the resulting polyisoprenes was observed,

the results of which are displayed below in Table 4.6.

Table 4.6. CCTP of isoprene using Fe/Al'Bus/[PhsC][B(CsFs).] catalytic system with different quantities

of ZnEt,?
Entry? Fe [Zn]/[Fe] Time (min)  Yield (%) Mnexp)?(@/mol)  DP  Nchains®

1 0 10 > 99 320 000 2.1 -

2 8 10 10 > 99 265 000 1.4 1.2
3 50 10 >99 223 000 15 1.4
4 100 10 >99 179 000 1.6 1.8
5 0 10 > 99 580 000 1.6 -

6 10 10 > 99 510 000 1.3 1.1
7 9 50 10 >99 387 000 1.4 1.5
8 100 10 >99 276 000 15 2.1
9 0 360 > 99 487 500* 1.6 -

10 1 10 360 > 99 180 000 1.6 2.7
11 50 360 >99 59 000 1.6 8.3
12 100 360 60 20 000 1.4 14.6
13 0 360 > 99 250 000 1.3 -

14 2 10 360 > 99 195 000 1.8 1.3
15 50 360 >99 51 000 1.5 4.9
16 100 360 58 17 000 1.4 8.5
17 0 360 > 99 261 000 1.3 -

18 3 10 360 > 99 86 000 1.3 3.0
19 50 360 >99 31000 1.4 8.4
20 100 360 79 13000 1.4 15.9

3 Polymerization conditions: 10 umol of Fe (lI) complex; isoprene/Fe/AlI'Bus/[PhsC][B(CeFs)s] =
2000/1/3/1; toluene = 20 mL, [C]isoprene = 1 mol/L , temperature = 25 °C. ® Determined by SEC analysis
in THF using polystyrene standards. N chains = Mnexp)/Mn(exp) cta; Mgy = 135 000 g/mol (considering one

growing chain per metal center)
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From the results in Table 4.6, we can see that increasing the amount of ZnEt, from 0 to
100 eq./Fe, for the systems based on fluorinated precatalysts 8 and 9, has a little impact on the
resulting M, of the polyisoprenes. For example, addition of 10 eqg./complex 8 of ZnEty, reduces
the My by a factor of 1.2 (Table 4.6, Entry 2), which is only reduced by a factor 1.4 as the amount
of CTA is increased by 5-fold (50 eq./Fe of ZnEt,) (Table 4.6, Entry 3). However, increasing the
amount of CTA by 10-fold (100 eq./Fe of ZnEt,) reduces the My by a factor of ~2 where the effect
of CTA becomes much significant (Table 4.6, Entry 4). Similar observation can be made for the
precatalyst 9, where the M, is marginally reduced by a factor of 1.1, 1.5 and 2.1 for the
polymerization in the presence of 10, 50 eg. and 100 eq. of ZnEt,, respectively (Table 4.6, Entries
6- 8). Although, the dispersities were somewhat improved for complex 8 (P decreases from 2.1 to
1.6) and remained almost similar for complex 9 (P = 1.6-1.5) but in each case the resulting system
produced high molecular weight polyisoprenes in less than 10 mins with excellent conversions
(>99%), which again speaks in favor of the comparatively much higher rate of propagation than
the rate of transfer.

On contrary, for the less active 1-3/AlI'Bus/[PhsC][B(CsFs)4] catalytic systems comprising
alkylated N-aryl groups, varying the amount of ZnEt, during the course of the polymerization had
a significant impact on the M, of the resulting polyisoprenes. Unlike the catalytic systems issued
from complexes 8 and 9, a decreasing trend in the M, values is observed for the polyisoprenes
resulting from the precatalyst 1. The addition of 10 eq./Fe of ZnEt> decreased the M, by a factor
of 2.7, which in turn is reduced by a factor of 8.3 for 50 eq./Fe of ZnEt, and is finally scaled down
by a factor of 14.6 in the presence of 100 eq./Fe of ZnEt; (Table 4.6, Entries 10-12). Similar trend
is observed for the complex 3, where the My value of each entry starting from 10 eq. of ZnEt; is
firstly reduced by a factor of 3, followed by a reducing factor of 8 for 50 eq./Fe of ZnEt, and finally
scales down to a factor of approximately 16 for 100 eq./Fe of ZnEt, as the amount of CTA gets
doubled (Table 4.6, Entries 18-20). On the other hand, unlike complexes 1 and 3, the decreasing
trend in My was less significant for complex 2 on the addition of 10 eq./Fe of ZnEt, where the
reduction factor was only 1.3 (Table 4.6, Entry 10). However, a 5-fold increase in the amount of
CTA (50 eq./Fe of ZnEt,) reduces the My almost by a factor of 5 which further scales down to 8.5
on the addition of 100 eq./Fe of ZnEt, (Table 4.6, Entries 11 and 12). In addition, the dispersities
were maintained with no significant change during the variation in the quantity of CTA. For better

comparison, the stacked SEC traces of the obtained polymers are shown below in Figure 4.4,
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Figure 4.4. SEC traces of the polymers obtained under CCTP with the precatalysts 8, 9 and 1-3
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As we have seen earlier in the last section, the combination of 4/AlI'Bus/[PhsC][B(CsFs)4]
is the most efficient catalytic system under transfer conditions. Therefore, we conducted a more
detailed study of CCTP by increasing the concentration of ZnEt, with respect to complex 4. The
results of this detailed CCTP screening conducted with complex 4 are shown below in Table 4.7.

Table 4.7. CCTP of isoprene using 4/Al'Bus/[PhsC][B(CsFs)4] catalytic system with different
quantities of ZnEt,?
Entry? [Zn)/[4] Time (h) Yield (%) Mnexp)®(@/mol) DP  Nchains®

1 0 6 >99 155 000 1.3 -

2 5 6 >99 33 000 1.5 4.7
3 10 6 >99 20 500 1.3 7.6
4 20 6 >99 15 000 1.2 10.3
5 30 6 >99 12 000 1.3 13.0
6 40 6 >99 10 000 1.3 155
7 50 6 >99 8 000 1.3 194
8 100 6 64 6 600 1.2 15.0

%Polymerization conditions: 10 pmol of Fe (I) complex; isoprene/Fe/Al'Bus/[PhsC][B(CeFs)s] =
2 000/1/3/1; toluene = 20 mL, [Clisoprene = 1 mol/L , temperature = 25 °C. ? Determined SEC analysis in
THF using polystyrene standards. N chains = Mnexp)/Mnexp) cta; Mngny = 135 000 g/mol (considering one

growing chain per metal center)

From the data in Table 4.7, we could certainly observe a unique and regular trend in the
M values, which is consistent with the increasing quantities of CTA. By adding 5 eqs. of ZnEt,,
the M, is reduced by a factor of 4.7 (Entry 2 vs. 1), which in turn is scaled down by a factor of ca.
8 (Entry 3 vs. 2) as the amount of CTA gets doubled (from 5 to 10 eq./Fe of ZnEt). This decreasing
trend, which appears to be an exponential decay (Figure 4.5, bottom), is maintained throughout
the series of experiments as we compare the M, value of each entry with the value of the following
entry where the quantity of CTA gets doubled. This can also be observed through SEC traces of
the polymers obtained in each entry with the characteristic curve shifting to the left (lower masses)

as the amount of CTA is increasing in the polymerization mixture (Figure 4.5, top).
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Figure 4.5. SEC traces of the polymers obtained under CCTP with precatalyst 4 (top) and variation in the

molar masses with the concentration of ZnEt, (bottom)

Regarding the selectivity of catalytic system obtained from complex 4, we observed that it
was maintained for the formation of 1,4 and 3,4 motifs, with 1,4-trans being the major product (>
77%) throughout the variation of the amount of ZnEt,. This revealed that the growth of the polymer
chain is not influenced by the presence of a large amount of CTA, in agreement with what was
observed in the previous section 4.2.2. Similarly, the selectivity is preserved for all the other
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catalytic systems derived from the remaining complexes 1-3, 8 and 9 as shown earlier in section
4.2.5. As an example, the comparison of selectivity of 4/Al'Bus/[PhsC][B(CsFs)4]/ZnEt; catalytic
system from Table 4.7 is shown in Figure 4.6.

ENTRY 1 ENTRY 2 ENTRY 3 ENTRY 4
10 - 10 14 9 12 9 12
77 76 79 79
ENTRY 5 ENTRY 6 ENTRY 7 ENTRY 8
11 12 =

10 13 10 13

B %1,4-trans [l %1,4-cis [ %3,4

77

Figure 4.6. Microstructure content of the polyisoprenes obtained from 4/Al'Bus/[PhsC][B(CeFs)4]/ZnEt,
4.2.7. Implementation of Coordinative Chain Shuttling Polymerization using complexes 1-4

One of the remarkable extensions of CCTP concept is represented by Chain Shuttling
Polymerization (CSP), where a dual-catalyst system in presence of CTA is used to generate distinct
growing macromolecular chains, either from two comonomers or from a unique monomer that can
lead to different chain regularities depending on the regio-, chemo- or stereo-selectivity of each
catalyst. Thus, the two distinct growing chains are reversibly transferred from one catalyst to
another by means of the CTA (here called the chain shuttling agent), giving rise to multiblock
architectures that contain block segments with the microstructural signature of each catalyst
(Scheme 4.4).

Concerning the CSP, some remarkable contributions have been made for the development
of olefin block copolymers by the group of Arriola® and Sita.®® In addition, Hou et al. also reported
the CSP of isoprene-styrene using scandium-based catalysts.®* In the context of dienes, CSP has
been independently described by three research groups using either two regio-® or stereo-
selective®®® rare-earth catalysts in the presence of CTA, producing poly(1,3-dienes) multiblock
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containing alternated 3,4-/1,4-polyisoprene block or cis/trans-block of either polyisoprene or
polybutadiene, respectively.
Microstructure 1

5~

L

L

1A — QOO IIIII

Multiblock Microstructures 1-2-1-2

Microstructure 2

Scheme 4.4. Coordinative Chain Shuttling Polymerization

However, an iron-catalyzed CSP of dienes/olefins remains a challenge till this date. So,
after the successful demonstration of a reversible CCTP of isoprene issued from the complexes 1-
4, 8 and 9, we concluded that polyisoprenyl chain transfer is predominantly efficient with the 1-
4/Al'Bus/[PhsC][B(CsFs)a]/ZnEt, catalytic systems. Despite the moderate regio- and stereo-
selectivity of these iron-based systems for the CCTP of isoprene, we still attempted to prepare
multiblock polyisoprene by implementating a chain shuttling stage between two catalytic systems
possessing different stereoselectivities.

4.2.7.1. CSP of isoprene using complexes 2 and 4

Once activated with Al'Bus/[PhsC][B(CsFs)4], the iron iminopyridine complexes 2 and 4,
bearing bulky 2,6-diisopropyl groups as their N-aryl substituents, generate two catalytic systems
that possess a noticeable difference in terms of their respective selectivities; the former (complex
2, aldiminopyridine) being fairly 1,4-cis selective whereas the latter (complex 4, ketiminopyridine)
is rather 1,4-trans selective at room temperature. Due to these reasons, we intended to establish a
chain shuttling system by mixing the two individual catalysts derived from 2 and 4 in the presence

of an excess of ZnEt,, as shown in Scheme 4.5.
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AlBu/[CPh3][B(CeFs)4l/ZNEt,

Scheme 4.5. CSP of isoprene using 2+4/Al'Bus/[PhsC][B(CsFs)4]/ZnEt; catalytic system

The polymerizations were performed under the molar ratios of isoprene/Fe = 2000/1 (Fe =
2 + 4) with ZnEt> (10 egs./Fe) acting as a chain shuttling agent. The results of these chain shuttling

experiments are depicted below in Table 4.8.

Table 4.8. Chain shuttling polymerization (CSP) of isoprene using 2+4/Al'Bus/[PhsC][B(CsFs)4]/ZnEt,
catalytic system?

Entry? [4)/[2] Yield (%) Mnexp) BDP  Microstructure (%)

(g/mol)® 1,4 (trans/cis) 3,4
1 10/0 97 17 000 14 86 (66/20) 14
2 9/1 90 22 000 1.6 86 (60/26) 14
3 5/5 95 22000 1.4 79 (41/38) 21
4 1/9 >99 61000 15 72 (21/51) 28
5 0/10 >99 195000 1.8 75 (32/43) 25
6d 5/5 >99 234000 14 78 (35/43) 22

2 Polymerization conditions: 10 pmol of [2+4] complex; isoprene/2+4/AlI'Bus/[PhsC][B(CesFs)s]/ZNnEt, =
2000/1/3/1/10; toluene = 20 mL, [Clisoprene = 1 mol/L, temperature = 25 °C, time = 3h; ® Determined by SEC
analysis in THF using polystyrene standards; Mnany = 135 000 g/mol (considering one growing chain per
metal center). ¢ Determined by *H NMR and *C NMR. ¢ In absence of ZnEt,

As discussed in the previous sections of this chapter, the 2/Al'Bus/[PhsC][B(CsFs)4]/ZnEt;
catalytic system produces Pl containing a high percentage of 1,4 motifs (75%), with low 1,4-cis
selectivity (43%), and 25% of 3,4-units (Table 4.8, Entry 5). On the other hand, the
4/Al'Bus/[PhsC][B(CsFs)4]/ZnEt; catalytic system generates Pl chains with 86% of 1,4-units, from
which 66% are 1,4-trans units, together with a small amount of 3,4-unit (14%) (Table 4.8, Entry

1). The transfer between the growing polymer chain from complex 2 to the CTA occurs with low
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effciency as evidenced by the poor reduction of My in the presence of 10eq./Fe of ZnEt; (M =
250 000 g/mol vs. 195 000 g/mol, Entry 13, Table 4.6 vs. Entry 5, Table 4.8, respectively). In
contrast, the occurrence of a chain transfer process was clearly evident for the catalytic system
issued from complex 4 since the resulting M, was considerably lower than that of the polymer
produced without the presence of ZnEt, (Mn = 155 000 g/mol vs. 17 000 g/mol, Entry 1, Table 4.7,
vs. Entry 1, Table 4.8, respectively). By adding a small amount of the complex 2 in a solution
containing the complex 4 (Table 4.8, Entry 2, 4/2 ratio = 9/1), a minor decrease in the trans-1,4
selectivity (60%) was observed with a modest increase of cis-1,4 units (26%) in the resulting Pl
chain, which also exhibits slightly higher My value ( M =17 000 vs 22 000 g/mol, Table 4.8, Entry
1 vs 2). Mixing equivalent amounts of complex 2 and 4 gave a catalytic system that produced Pl
with slightly lower 1,4 selectivity (79%) with an increase percentage of 3,4 motifs (21%).
Interestingly, the resulting PI contained nearly equal amounts of 1,4-trans (41%) and 1,4-cis (38%)
motifs, highlighting the individual contribution of each catalytic system (Table 4.8, Entry 3).
However, in terms of number average molecular weight, the contribution of PI featuring a high M,
due to the addition of complex 2 was unexpectedly absent since the resulting polymer exhibited a
low M, as obtained earlier with the preceeding ratio 4/2 = 9/1. By comparison, the same
polymerization was performed in the absence of ZnEt, (Table 4.8, Entry 6) and produced
polyisoprene displaying stereo-, regio-regularity quasi-similar to that obtained in the presence of
ZnEt,, while the number average molecular weight (M, = 234 000 g/mol) was found to be in the
range of the M, resulting from the individual catalysts in absence of ZnEt, (Mn = 250 000 g/mol
for 2 and M, = 155 000 g/mol for 4). However, the resulting Mn of the polymer produced in
presence of ZnEt, is nearly 11 times lower than that achieved without ZnEt, (M, = 22 000 vs 234
000 g/mol, entry 3 vs. entry 6, respectively), which indicates the obvious presence of Fe/Zn
polyisoprene chain transfer. An increase ratio of complex 2 to 4 (4/2 = 1/9) has led to the PI
displaying a microstructure content that tend to be closer to the polymer produced by complex 2
alone (Table 4.8, Entry 4 vs Entry 5: trans-1,4/cis-1,4/3,4 content = 21/51/28 vs 32/43/25,
respectively), despite showing a P with a lower M, than expected (M, = 61 000 g/mol).

In summary, the selectivity of the catalytic system varies from moderate 1,4-trans to fairly
1,4-cis depending on the amount of catalytic precursors, which appears as a good sign of CSP
possibly operating. Increasing the ratio of complex 2 with respect to complex 4 enhances the 1,4-

cis selectivity upto 51%. However, the inconsistency in the M, values of the resulting
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polyisoprenes from the catalytic system based on 2+4 prevents us from claiming the complete and
successful establishment of a CSP stage between the precatalysts 2 and 4. The unusual significant
reduction in the My values could also be attributed to the high transfer efficiency possessed by the
2+4/Al'Bus/[PhsC][B(CsFs)4]/ZnEt; catalytic combination which is somehow obvious for complex
4 but rather unusual for complex 2 when assessed individually under CCTP (Table 4.8, Entry 1 vs
Entry 5).

4.2.7.2. CSP of isoprene using complexes 1 and 3

The anomalous CSP attempt with the catalytic precursors 2 and 4 prompted us to
tentatively develop an alternative CSP system involving other catalytic precursors. As seen earlier,
the system 1/Al'Bus/[PhsC][B(CsFs)4] exhibits fair 1,4-cis selectivity, whereas the system
3/AI'Bus/[PhsC][B(CsFs)4] exhibits moderate 1,4-trans selectivity at room temperature. Since the
transfer efficiencies are quite similar between these two catalysts (Nchains = 2.7 — 3 for complex 1
and 3, Table 4.5, Entry 2 and 6) in addition to the least possible difference they possess in their
respective activities (TOF (h'*) = 26 700 for 1 and 12 450 for 3, Section 2.2.3.1.3), we intended to
establish a chain shuttling system by mixing the two individual catalysts derived from 1 and 3 as
shown below in Scheme 4.6.

TPy

/ ’
Al'BU4/[CPh3][B(CF5)4l/ZnEt,

Scheme 4.6. CSP of isoprene using 1+3/Al'Bus/[PhsC][B(CsFs)s]/ZnEt, catalytic system

The CSP of isoprene was carried out at room temperature for 6 hours using different ratios
of a mixture of complexes 1 and 3 combined with Al'Bus/[B(CsFs)4][CPhs] in the presence of 10
eq. of ZnEt2/1+3. The results of these chain shuttling polymerization experiments are depicted
below in Table 4.9.
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Table 4.9. Chain shuttling polymerization of isoprene using 1+3/Al'Bus/[PhsC][B(CsFs)4]/ZnEt; catalytic

system?
Entry? [3)/[1] Time Yield Mhn(exp) DP®  Microstructure (%) Tg(°C)d
(h) (%)  (g/mol)® 1,4 (trans/cis) 3,4
1 10/0 6 >99 86 000 1.3 90 (69/21) 10 -61.7
2 9/1 6 >99 97 000 15 89 (66/23) 11 -60.3
3 5/5 6 >99 120 000 15 85 (40/45) 15 -56.8
4 1/9 6 >99 150 000 15 79 (38/41) 21 -51.2
5 0/10 6 >99 180 000 1.7 79 (33/46) 21 -51.6
6 ° 5/5 6 >99 380 000 1.6 84 (43/41) 16 -55.5

2 Polymerization conditions: 10 umol of [1+3] complexes; isoprene/1+3/Al'Bus/[PhsC][B(CeFs)4]/ZNnEt, =
2000/1/3/1/10; toluene = 20 mL, [Clisoprene = 1 mol/L, temperature = 25 °C. ® Determined by SEC analysis
in THF using polystyrene standards; My = 1350 00 g/mol (considering one growing chain per metal
center). ¢Determined by *H NMR and *C NMR. ¢ Determined by DSC. ¢In absence of ZnEt,

Firstly, the catalytic system 3/Al'Bus/[B(CsFs)s][CPhs]/ZnEt, produced polyisoprene (M
=86 000 g/mol, b = 1.3) whose microstructure contains 1,4-trans/1,4-cis/3,4 units = 69/22/9 with
a Tg value of — 61.7°C (Table 4.9, Entry 1). In contrast, the catalytic system
1/Al'Bus/[PhsC][B(CsFs)4]/ZnEt, generates polyisoprene (Mn = 180 000 g/mol, # = 1.7) whose
microstructure contains 1,4-trans/1,4-cis/3,4 units = 33/46/21 with a T4 value of — 51.6 °C (Table
4.9, Entry 5). By adding a small amount of complex 1 (3/1 ratio = 9/1), a minor decrease in the
1,4-trans selectivity was observed with a modest increase of 3,4 units in the resulting polyisoprene
(1,4-trans/3,4 = 66/11, Table 4.9, Entry 2), which also exhibits slightly higher values of Tq and M
(Tg=-60.3vs—61.7 °C and M, = 97 000 vs 86 000 g/mol for 3/1 =9/1 and 3 alone, respectively).
Most interestingly, when a 1/1 ratio of complexes 3/1 was used in presence of 10 eq. of ZnEt,, the
resulting polyisoprene exhibits average values of microstructure contents, M, and T4 values (1,4-
trans/1,4-cis/3,4 = 40/45/15, Mn = 120 000 g/mol, Tq = — 56.8 °C, Table 4.9, Entry 3) of both
individual catalytic systems under CCTP. The same polymerization was also carried out in the
absence of ZnEt, and resulted in a polyisoprene presenting a stereo-, regio-regularity along with a
Ty value quasi similar to that obtained in the presence of CTA (Table 4.9, Entry 3 vs 6). This can
also be observed through the stacked NMR spectra (Figure 4.7) and DSC thermograms (Figure
4.8) of the obtained Pls produced with and without ZnEt..
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Figure 4.7. Stacked NMR spectra (*H top and **C bottom) of polyisoprene (Table 4.9, Entry 3 vs Entry 6)
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Figure 4.8. Stacked DSC thermograms (2™ Heating) of polyisoprenes (Table 4.9, Entry 3 vs Entry 6)

The unique glass transition found at — 55.5 °C was expected given that the physical mixture
of the two homopolymers, produced independently by CCTP, displays a single Tg of —57.1 °C due
to the miscibility of the blend. However, the resulting My of the polymer produced under CSP was
found to be 3 times lower than that achieved without ZnEt, (M, = 180000 vs 380000 g/mol,
respectively, Figure 4.9), which is similar to the number of chains generated for each independent

catalyst under CCTP conditions (Nchains = 2.7 — 3).
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Figure 4.9. Stacked SEC traces of polyisoprene (Table 4.9, Entry 3 vs Entry 6)

An increased ratio of complex 1 to 3 (3/1 = 1/9, Table 4.9, Entry 4) has led to the
polyisoprene displaying a microstructure content (1,4-trans/1,4-cis/3,4 units = 38/41/21) along
with M (150 000 g/mol) and Ty (—51.2 °C) values that tend to be closer to the polymer produced
by complex 1 alone (Mn = 180 000 g/mol, Tg = —51.6 °C, Table 4.9, Entry 5). As expected, the
dispersity broadens and the molar mass increases at each new step of complex 1 loading (Table
4.9, Entries 4 and 5).

In summary, despite the similarity of the DSC thermograms (Figure 4.8) and NMR spectra
(Figure 4.7) of the polymers resulting from a 1/1 ratio of complexes 1 and 3 in the absence and the
presence of ZnEt,, these results prevent us from stating unequivocally that the cross-transfer
process has actually taken place, however, the 3-fold reduction in the M, of the polymer produced
in the presence of ZnEt, compared to that without ZnEt; strongly suggests the occurrence of a CSP
process. Moreover, it also proves that CSP process seems efficient here, as observed previously in

similar fashion by the group of Cui with rare-earth catalysts.®
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4.3. Conclusion

In this study, we have successfully reported the first CCTP of isoprene with an iron-based
catalytic system. The preliminary screening of 4/MAOQ catalytic system with different amounts of
ZnEt, suggested that the transfer occurred, but it was found to be less efficient and inconsistent
with increasing quantities of ZnEt,, probably due to the occurrence of some cross-transfer reactions
with free AlMes. The alternative system 4/Al'Bus/[PhsC][B(CsFs)4] with a combination of various
metal alkyls as potential CTAs (Al'Bus, ZnEt; and BuMgEt) was screened during the CCTP of
isoprene, amongst which it was observed that the transfer is only efficient with ZnEt», probably
owing to its monomeric nature in solution and less steric bulk around Zn, as was already argued

during the CCTP of ethylene by the group of Gibson.*?

The transfer conditions were also optimized by varying the concentration of monomer in
order to investigate its influence on the transfer efficiency of the 4/Al'Bus/[PhsC][B(CsFs)s]/ZnEt,
catalytic system. Varying the concentration of monomer from 1 M to 10 M resulted in the
formation of low molecular weight Pls without altering the transfer efficiency, albeit limiting the
conversions to 52% at highest concentration that could arise from the blockage of the transfer
between Fe and Zn at a certain stage, according to our own hypothesis. We propose that due to the
formation of a stable heterobimetallic Fe-Zn allyl species, the polymerization is impeded to
proceed to full conversion. This was also supported by the screening of bis-allylzinc as a CTA,

which failed to polymerize isoprene under transfer conditions.

Furthermore, under the optimized conditions, the catalytic systems involving the iron
complexes 1-4 and 6-9, with a combination Fe/Al'Bus/[PhsC][B(CsFs)s]/ZnEt,, were assessed
individually for the CCTP of isoprene and the order of transfer efficiency was found to be
dependent on the molecular structure of the precatalysts, as described below in Chart 4.2. The
complexes 6-9 bearing fluorinated substituents on their N-aryl moieties were found to be the least
efficient under transfer conditions due to their high rate of propagation, which led to an extremely
high activity towards the polymerization of isoprene.®* The complexes 1-4 bearing alkyl groups
on the N-aryl substituents were found to be more efficient under CCTP conditions, with the
4/AI'Bus/[PhsC][B(CsFs)s]/ZnEt: catalytic system exhibiting the highest transfer efficiency (37%),
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which was also confirmed through a detailed study. This combination is to our knowledge the first

one reported as efficient for the CCTP of isoprene in the case of an iron-based catalyst.

3and 4 1and 2 8and9 6and7

%D@ﬁ%u %D %D

Increasing transfer efficiency

Chart 4.2. Order of transfer efficiency of pre-catalysts

Lastly, attempts of performing a polymerization of isoprene using a mixture of the
complexes 2 and 4 combined with 10 eq. ZnEty, after cocatalyst activation, resulted to a dual
catalytic system that was capable of producing polyisoprene with a variety of stereo- and
regioregularity. However, due to the huge activity difference between the two individual catalytic
systems and the resulting inconsistency in the M, values, a successful establishment of CSP stage
could not be claimed undoubtedly between the two catalytic precursors. On the other hand, using
the other set of catalytic precursors 1 and 3 combined with 10 eq. ZnEt, after cocatalyst activation,
suggested the occurrence of Chain Shuttling Polymerization process through which we observed
a strong selectivity dependence on the ratio of the catalytic precursors. Further detailed studies can

be carried out in the future for development of this topic.
4.4 Experimental Section

4.4.1. General Information

ZnEt, (Sigma-Aldrich) and MAO were used as received. Differential Scanning Calorimetry
(DSC) experiments were carried out on a DSC 25TA (Thermal Analysis) instrument which was
calibrated with a high purity indium sample according to standard procedures. The samples
(= 4 mg) were put in sealed pans and analyzed in the temperature range from -90 to +140 °C at a
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heating rate of 10 °C/min under nitrogen atmosphere. The T4 values corresponding to the second
heating were calculated and reported. The remaining procedures are exactly similar as described
in Section 2.4.1.

4.4.2. General Procedure for Chain transfer Polymerization of Isoprene and Calculation of

Microstructure Contents

A Schlenk flask (100 mL) was heated, dried in a vacuum and purged with argon three times
before introducing it to the glove box. Iron (I1) chloride complex (10 umol, 1 eq.) and toluene (17
mL) were added to the reactor followed by the addition of triisobutylaluminum (30 pmol, 3 eq.)
at 23 °C. The reaction mixture was stirred for 2-3 mins and a solution of
trityltetrakis(pentafluorophenyl)borate (10 pumol, 1 eq.) in toluene (3 mL) was added to the
reaction mixture at 23 °C. The mixture was stirred for 2 min and ZnEt, (50-1000 pumol) was added
under stirring conditions before adding isoprene (1.362 g, 2 mL, 2000 eq.). The reaction mixture
was stirred for 6 hours before opening it to air and quenching it by 2-3 drops of diluted HCI (1 M)
followed by its dilution with toluene. The polymer was precipitated in ethanol (150 mL) containing
the stabilizing agent BHT (tert-butyl hydroxytoluene), isolated and dried in vacuum for 4 h to yield
a gummy solid.

The remaining procedure is similar as previously described in Section 2.4.1.

4.4.3. General Procedure for Chain Shuttling Polymerization of Isoprene

A Schlenk flask (100 mL) was heated, dried in a vacuum and purged with argon three times
before introducing it to the glove box. Iron (11) chloride complexes (5 pumol, 0.5 eq.) were weighed
in separate vials and were further dissolved in toluene (1 mL). The activation of each complex at
23 °C was done by the addition of triisobutylaluminum (15 pmol, 1.5 eq.) to each vial containing
the complex solutions. The mixtures were stirred for 2-3 mins and a solution of
trityltetrakis(pentafluorophenyl)borate (5 pumol, 0.5 eq.) in toluene (1 mL) was added to the vials
containing reaction mixture at 23 °C. The resulting mixtures were stirred for 2 mins before being
mixed in a Schlenk flask and diluted with toluene (16 mL) for the chain shuttling experiments.
Further, ZnEt, (100 pmol, 10 eq.) was added under stirring conditions before adding isoprene
(1.362 g, 2 mL, 2000 eq.) to initiate the polymerization.

The remaining procedure is similar as previously described in Section 4.4.2.
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Chapter 5

5.1. Introduction

Over the past few decades, environmental problems arising from the exploitation of
petroleum resources and the accruement of plastic waste have led the research communities to
develop sustainable and eco-compatible alternatives.!® In this context, synthetic aliphatic
polyesters have generated considerable interest as biodegradable, biocompatible and eco-friendly
substitutes of oil-based materials.*> Within this family, polylactide (PLA) and polycaprolactone
(PCL) are among the most widely used biodegradable polyester materials since they can be applied
in a broad range of applications, from food packaging to medicine.®*2 PLA is produced from
lactide (LA), a cyclic dimer of lactic acid present in the form of three different stereoisomers (L-
LA, D-LA and meso-LA) and is obtained from abundant renewable supplies (details in section
5.2.3.1).13 On the other hand, PCL is prepared from e-caprolactone (e-CL) which is mainly derived
from petroleum derivatives, although strategies to generate this monomer from biomass resources
are currently in progress.* It is now generally assumed that the most effective method for obtaining
high molar masses polyesters in a controlled fashion is the Ring-Opening Polymerization (ROP)
of their related cyclic esters monomers, which proceeds mainly through a coordination-insertion
mechanism process when well-defined metal-based or organic catalysts bearing an active
ligand/initiator are used.*>1°

To date, one of the main challenges in this area is to improve the overall properties of these
biodegradable polyesters. PLA apart from possessing good mechanical strength also displays
brittleness, poor elasticity and low thermal stability under melting conditions.?%2%It also possesses
a very high Tq (>55°C), which limits the biodegradability of PLA in natural conditions. On the
other hand, PCL presents good elasticity but low toughness.!! Hence, taking into account that PLA
and PCL have substantially opposite properties, special attention has also been paid to the
statistical copolymerization of LA and ¢-CL in order to enhance the overall properties of these
polyesters.?*

A various plethora of organocatalytic systems*’ and metal based complexes have been used
for the ROP of LA and &-CL but, surprisingly, little attention has been paid to the development of
iron catalysts in this field, and even less to their copolymerization (ROCoP),% yet this metal has
low toxicity and is readily available, making it a good candidate for sustainable uses.?*?’ Former

studies that are relevant for the ROP of cyclic esters, specially LA and e-CL, have been based on
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FeX, or FeXs (X = CI, Br, ClO4),® Fe powder,?® carboxylates®®33 homo- or hetero-metallic
alkoxides/phenoxides,®3¢ salen-iron based systems,®” iron amides*®® and  p-diketonate
complexes, 4% which are in the form of a discrete compound or in situ generated from

metal/reagent combination and amido derivatives (Chart 5.1).

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Previous work

B-diketonate iron (IIl)
O(CH,),0OH

iron (I)-bisiminopyridine alkoxide/aryloxide Diketiminate iron (1)
monoalkoxide

3 N |
| P tBu 1
1 N™ 3 !
T S
3 O(CH_),0H OR | 'f’ r 3
R = p-methoxyphenyl, neopentyl o'Bu’ 1
EHO(H C),0 Byers et al. Gibson et al. !
| 2 2 \
! Fraser et al Moderately active for rac-LA ~ Moderately active for rac-LA,
’ Very highly active for CL Highly active for CL
! Moderately active for rac-LA 1
' Poorly active for CL
Phenolate iron (II) amide Salen-iron (II)
| _N\/Y\\N_ }
| ,F‘e\ |
: R A R 1
l 2 Cl 2 !
Re Rq Rq
| Th ¢ al Pang et al.
; omas ef al. Y = Bridging alky! !
! Highly active for rac-LA R, =R,=H, Cl, Bu,
Moderate to highly selective Poorly active for rac-LAand CL but moderately

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, stereoselective
This work
Activity range
Poor (TOF (h'") < 100)
Moderate (100 < TOF (h™') < 1000)
High (1000 < TOF (h™") < 10000)
Very high (10000 < TOF (h*') < 100000)

Amidopvridine iron (1) amide

Fe\N

R =H, Me

Chart 5.1. Iron-based complexes for the ROP/ROCoP of lactide and e-caprolactone
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One of the major drawbacks of some of these systems described in these studies is the
assessment under bulk polymerization conditions, which are usually conducted at high
temperatures that may lead to broad molecular weight distributions, gel effect as well as high
molecular weight polymers. The catalytic activities of these systems in the ROP of LA and CL
range from very low to high activities as summarized in Chart 5.1 above. Therefore, in this context,
knowing that alkoxide, alkyl or amido group can initiate the coordinative polymerization, we look
forward to synthesize a set of heteroleptic amidopyridine iron (11) amide complexes as new and
hopefully efficient initiators for the ROP/ROCoP of L-LA and e-CL. We will also focus to
optimize the polymerization conditions for each catalytic system and confirm the

mechanism/initiating group by identifying the chain-ends.
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5.2. Results and Discussion

5.2.1. Synthesis of amino-pyridine pro-ligands rac-L'H and rac-L?H

The preparation of the two racemic amino-pyridine pro-ligands (rac-L'H — rac-L?H), each
comprising a 2,6-diisopropylphenyl substituent on the N-aryl group, was carried out by adapting

procedures that have been previously described in the literature (Scheme 5.1).

N Y@Y N N
| B NH2 _ | _ NaBH4 | P
R™ °N H* cat RN | R™ N
(@] N

HN

R=H, CHs rac-LH
L' (R =H), L2 (R = CHy)
Scheme 5.1. Synthesis of amido-pyridine pro-ligands rac-LH

The known pro-ligand rac-L'H was synthesized in two steps starting from acid-catalyzed
condensation reaction of 2-acetylpyridine with 2,6-diisopropylaniline in absolute ethanol under
reflux conditions to obtain the iminopyridine precursor as seen earlier in Chapter 2. The
iminopyridine was then subjected to reduction of the imine group with an excess of NaBHa in
methanol at room temperature to yield the pro-ligand rac-L'H (Scheme 5.1).4142 Following a
similar protocol, the preparation of the new pro-ligand rac-L2H initially started by the synthesis
of 2-acetyl-6-methylpyridine from methylation of 2-bromo-6-methylpyridine in diethyl ether at
low temperature using dimethylacetamide (Experimental Section), followed, respectively, by a
condensation reaction*® and a reduction step as outlined above for rac-L'H (Scheme 5.1). All the
pro-ligands were obtained in good yields (75-80%). The *H NMR spectra of the know amino-
pyridine compound rac-L'H was similar to that found in the literature. The new 2,6-diisopropyl-
N-(1-(6-methylpyridin-2-yl)ethyl)aniline pro-ligand rac-L2H was characterized by *H, *3C NMR
spectroscopies. The *H NMR spectrum of rac-L2H is shown below in Figure 5.1, which features
a 1H intensity quartet signal at 6= 4.29 ppm and a broad singlet corresponding to the N-H amino
moiety at 6= 4.56 ppm. In addition, the doublet signal corresponding to the methyl group on the
amino substituent shifts further upfield at = 1.58 ppm when compared to the shift (6= 2.21 ppm)
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of methyl found in the related iminopyridine substrate L5, due to the decreased electronegativity
of amine owing to the reduced percentage s character (sp® amine vs sp? imine). Furthermore, the
spectrum also features two doublets corresponding to a pair of diastereotopic isopropyl methyls at
0=1.26, 1.13 ppm, each of 6H intensity, along with a single corresponding —-CH(Me)2 septet at &
= 3.55 ppm (2H). These observations highlight the differences between the aminopyridine and the

related iminopyridine counterpart.
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Figure 5.1. *H NMR of rac-L2H (300 MHz, C¢Ds, 25 °C)

The newly developed pro-ligand rac-L2H was also characterized by **C DEPT 135 NMR
spectroscopy (Experimental section). The shifts corresponding to the aromatic carbons
(pyridine/N-aryl) were found ranging downfield from 163-118 ppm, followed by the doublets (&
= 61 and 28 ppm) associated to the carbon of amino group and 2,6-diisopropyl substituent,
respectively. Lastly, the signals associated to the methyl carbons were found upfield in the range
24-22 ppm (8 (ppm) = 24.02 for CH3(Py), 23.99 for ((CHz3)2CH) and 22.1 for CH(CHz)NH).
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5.2.2. Preparation of heteroleptic/homoleptic iron amide complexes 12-14

The attempted synthesis of the L-supported heteroleptic iron amide complex was carried
out by the dropwise addition of a colorless THF solution containing the amino-pyridine ligand rac-
L'H (1 eq.) to a green THF solution of 1 eq. of Fe[N(SiMes)2]2, which immediately produced a
deep red mixture (Scheme 5.2).

Z
|
N
N. 1 eq. Fe[N(SiMe3)2], Deep red solution
1 eq. H > Mixture of complexes

THF

Scheme 5.2. Attempted synthesis in THF of heteroleptic amidopyridine iron (1) amide complex

The mixture was concentrated under vacuum to obtain a red crude product which was
further subjected to *H NMR characterization studies. The *H NMR spectrum of the crude in C¢Ds
is shown below in Figure 5.2, which reveals several broad resonances ranging from ¢ = -121 to
+128 (J'in ppm) in the paramagnetic region as observed previously with other paramagnetic iron
complexes 1-11 in the last chapters. The spectrum displays twenty-two peaks (nearly twice than
expected) that probably arise due to the formation of homoleptic complex (L).Fe as well as the
targeted heteroleptic counterpart L'Fe[N(SiMes)2], owing to the high intensity broad signal at 5=
34 ppm, which should correspond to the methyl groups of ~N(Si(CHs3)3)2.

g g s Y2588 E8s 3% 82%5 83 2
g = 2 SRS S BRI 5
- | NS LTI
X | X
- _
|
| N N
MeaS Fe— v /Fe/
es I\T/ N \
. N
SiMe, z |
| \ 13 X 12

: . . . . : . . . T : . . . . : T . . . : . T . . : . . T .
150 100 50 0 -50 -100 [ppm]

Figure 5.2. *H NMR spectrum of the crude obtained in the attempted synthesis of heteroleptic iron amide
L1Fe[N(SiMes)2] (300 MHz, CgDs, 25 °C)
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The primary attempt to synthesize the heteroleptic iron amide complex LFe[N(SiMes),]
by reacting 1 eq. of rac-L'H with 1 eq. of Fe[N(SiMes)2]2 in THF resulted probably in the
formation of a mixture of heteroleptic/nomoleptic complexes. Therefore, in order to synthesize
and isolate one major counterpart, we repeated the last synthetic protocol but this time with 2 egs.
of rac-L'H to target preferentially the homoleptic iron amide complex (L1)2Fe as shown below in
Scheme 5.3.

X
/ >y
| N
N\
N N 1 eq. Fe[N(SiMes),] LN
H . 3)212 N/|/=e +
THF N
g
X

2 eq.
(R-L4)5Fe (12) (S-Lq)oFe (12)

Scheme 5.3. Attempted synthesis of homoleptic amidopyridine iron (11) amide complex 12

The solvent THF was evaporated and the resulting crude was subjected to recrystallization
in pentane at -20 °C to yield dark pink-purple crystals, corresponding possibly to the homoleptic
counterpart. The crystals were subjected to elemental analyses to confirm the molecular formula
in which the result was consistent with the formation of homoleptic iron amide complex 12 of
formula (L')2Fe (calculated for CagHsoFeNs: C 73.77, H 8.15, N 9.06; Found: C 73.23, H 8.55, N
9.00). The newly developed homoleptic complex 12 was also characterized by *H NMR, which
again displayed a typical paramagnetically-shifted spectrum, revealing this time eleven broad
resonances ranging from &= -43 to +134 (o in ppm) as observed previously in Figure 5.2. The
absence of a high intensity broad peak at 6 = 34 ppm which should integrate to 18H of —
N(Si(CHz)3)2, also confirms that these eleven broad singlets correspond to the formation of a
homoleptic complex 12 of (L)2Fe type (Figure 5.3). The assignments of these resonances could
be done based on integration and proximity to the metal center, although, in our case, the
integrations did not correspond exactly as their expected value, probably due to the broadening or

merging of some signals but we still proceeded with a tentative assignment.
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Figure 5.3. *H NMR spectrum of homoleptic complex 12 (300 MHz, C¢Ds, 25 °C)

From the *H NMR spectrum of complex 12, it can be seen that the ortho-pyridyl protons
(Ha) of the coordinated ligand, which are nearest to the paramagnetic iron center, were found to
constitute a broadest singlet downfield at 134 ppm. These were followed by meta-pyridyl protons
(Hp) at 87 ppm and a very broad signal at 44 ppm constituting sharp singlets, which might
correspond to the hydrogens of the amine carbon (He) and the remaining pyridyl protons (Hc).
The following singlets at 37 and 30 ppm could be attributed to the hydrogens (Hsg) of N-aryl
substituent and the remaining sharp singlets will correspond to the pair of diastereotopic isopropyl
methyl of 2,6-diisopropyl group (Hny’), amine carbon (Hi) and H; of 2,6-diisopropyl group due to
their proximity from the iron center.

The obtained single crystals of the homoleptic complex 12 were further analyzed by X-ray
diffraction studies to determine their structure in the solid state. The solid-state structural

determination of complex 12 reveals a four-coordinated geometry at the metal center. The Fe
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center is bound to two monoanionic amido-pyridine unit, after deprotonation of the amino group,
with the two nitrogen atoms of both ligand L!- acting as chelate (Figure 5.4). It is important to
notice that the complexation leads to stereospecific binding of the same enantiomeric pair (R, R or
S, S) to the iron center in the unit cell of the molecular structure of complex 12. The geometry at
the iron center is very rarely observed in the literature.** Depending on the t4 value (0.67) defined
by Houser,* the geometry can be best described as an intermediate between distorted see-saw or

trigonal pyramidal.

Figure 5.4. ORTEP-type view of the crystallized homoleptic complex 12 with ellipsoid drawn at 50%
probability level (hydrogen atoms have been omitted for clarity and only specific atoms have been
labelled)

The homoleptic iron amide complex 12 can be best compared to the homoleptic iron
complex supported by two 2-(2-pyridyl)-1-aza(2,6-'Pr.C¢Hs)propene (PyEA-2,6-"ProCsHs) ligands
reported by the group of Wolczanski, where the Fe center exhibits a distorted tetrahedral
arrangement.*® The Fe-N bond distances [1.9323(9)-2.1205(9) A] were found in the similar range
as observed in Wolczanski’s complex [1.9427(15)-2.1221(17) A], whereas the bite angles [N1-

227



Chapter 5

Fel-N2 = 81.61(4) °] of the N-N chelate were found to be slightly higher than the ones obtained
in (PyEA-Ar'Prz),Fe complex [N1-Fel-N2 = 79.66(7) °; N3-Fe1-N4 = 79.37(6) °].

Unlike the iminopyridine systems 6-9 where the Fe-Npyridine distances were found less than
the Fe-Nimine, the amidopyridine system showcases the opposite relation where Fe-Npyridine [Fel-
N1 = 2.1205(9) A] > Fe-Namice [Fe1-N2 = 1.9323(9) A], due to the higher donating capability of
amide compared to pyridine. Likewise, the N(sp?)-C(sp®) bond distance [N2-C6 = 1.452 (13) A]
in amidopyridine was found to be more than the N(sp?)-C(sp?) bond distances [N-C (imine) =
1.278-1.292 A] in iminopyridine systems 6-9 and falls within the typical range of N(sp?)-C(sp°)
bond distances.*’ The larger bite angles subtended by the amidopyridine chelate results in
displacing the nitrogens of the bulky 2,6-diisopropylphenylamide moiety to be 144.59(6) ° [N2
amide-Fe1-N2'amice] apart and those of pyridine segments by 81.61(4) © [N1'pyridine-Fe1-N1pyridine]
which are again greater than those observed for Wolczanski’s complex [N2amide-Fe1-N4amide =
136.70(7) °; Nlpyridine-Fe1-N3pyridine = 100.94(7) °]. These differences in bond angles arises
possibly due to the simultaneous presence of methyl group on the amino carbon and bulkier 2,6-
diisopropyl groups of the N-aryl substituent, imparting more steric repulsion as a result of which
the amide and pyridine segments are widely displaced. This also leads to the orientation of methyl
group on C6 position which is coplanar with the other pyridine as evidenced from the torsion C7-
C6-N1'-C1' = 1.62(9) °. As already observed with iminopyridine complexes in the previous
chapters, the N-aryl group in the case of amidopyridine chelate is also nearly orthogonal to the C6-
N2 segment [C6-N2-C8-C13 = 77.1(1) °] and the amino group is almost planar to the pyridine ring
[N2-C6-C5-N1 =-16.5(1) °].

As seen earlier, the synthesis of iron amide complexes in THF preferentially favors the
formation of homoleptic counterpart 12 irrespective of the variations in stoichiometry. Therefore,
in order to achieve the target heteroleptic molecule L'Fe[N(SiMes).], we modified our synthetic
protocol by changing the polar solvent THF by a non-polar solvent. Firstly, the reaction was carried
out at the NMR scale in C¢Ds by adding 1 eq. of ligand rac-L'H in the presence of 1 eq.
Fe[N(SiMes)2]2. In this case, the *H NMR spectrum of the crude in CeDs again reveals the
production of a mixture of complexes but, this time, the selectivity for the formation of the putative
heteroleptic compound being higher than the homoleptic, in contrast to what was observed when
the reaction was carried out in THF (Figure 5.5.a vs Figure 5.3). To this mixture, another 1 eq. of
rac-L'H ligand was added and the reaction was monitored through *H NMR spectroscopy. After
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20 h, there was still no change in the reaction mixture as the presence of both species was observed
in 'H NMR (Figure 5.5.b), due to which the reaction was left for 3 days. The crude was again
analyzed by *H NMR, which indicated the presence of only homoleptic complex 12 (Figure 5.5.c)

[(LYFeN(TMS);] > (LY)2Fe

o’ N
c) +3 days
Only homoleptic (LY)2Fe
P _/L
I ‘ ' 14‘]0 ' ' ‘ I 50 I I I l 0 I ' ' I ,’10 I l . I -1100 I ‘[PPm]K

Figure 5.5. Evolution of homoleptic complex 12 in benzene-ds

Consequently, a similar protocol was again followed to carry out the synthesis of the
heteroleptic iron complex LFe[N(SiMes).] in toluene and, as expected, the results were similar to

those observed in benzene-des (Figure 5.6) with a mixture of complexes.

1+
i
- , ‘: [(LYFeN(TMS)] > (LY)Fe
‘I M. kl H
: AR ] Lol - ]
W T W .
: ‘ ' ' 1([10 ' ' ’ ‘ 5‘0 l I l l tli ‘ ] I ' -.’10 I I ‘ ' -11)0 I ' ' ‘[pme]

Figure 5.6. Synthesis of iron amide complexes in toluene- ds

Lastly, to observe the influence of extremely reduced polarity, we changed the solvent to
pentane and the synthesis of the heteroleptic iron amide complex was again carried out by the
dropwise addition of a colorless pentane solution containing rac-L'H ligand to a green pentane
solution of Fe[N(SiMes)2]> (Scheme 5.4), producing a deep red solution. The solvent was

evaporated and the crude was analyzed by *H NMR spectroscopy.(Figure 5.7.a).
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H 1 eq. Fe[N(SIMe3)2]2
Pentane _‘S\I‘

rac-L'H .
12~ (L1)2Fe 13 = L'Fe[N(SiMes),]

Scheme 5.4. Attempted synthesis in pentane of heteroleptic amidopyridine iron (I1) amide complex
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Figure 5.7. Evolution of heteroleptic complex LiFe[N(SiMes)2](Py) (13Py) in pentane

From the *H NMR of crude shown in Figure 5.7.a, we can see some broad singlets of high
intensity (marked in blue) in the paramagnetic region with some additional peaks of very low
intensity (marked in red) that correspond to the previously characterized homoleptic analogue 12.
Depending on the intensities of the first set of peaks, we can claim that the formation of targeted
heteroleptic complex 13 in pentane has occurred in major amounts which is supported by the fact

that these set of peaks also constitute a broad signal of -N(SiMez). at 6 = 34 ppm. Attempts to

230



Chapter 5

crystallize the resulting heteroleptic complex 13 in different solvents (THF, toluene and pentane)
and at different temperatures unfortunately failed. On the other hand, treatment of the crude
mixture in a pentane solution containing an excess of pyridine (4 eq./Fe complex, pyridine
abbreviated as Py) resulted in the rapid formation of deep red single crystals of
LFe[N(SiMes)2](Py) (13Py) (Figure 5.7.b, Scheme 5.5), with moderate yield (50%). The crystals
were further analyzed via elemental analysis, which confirmed the molecular formula
LFe[N(SiMes)2](Py) of the resulting complex 13Py (Calculated for CsoHasFeN4Siz: C 62.48, H
8.39, N 9.71; Found: C 62.03, H 8.49, N 9.50).

Before proceeding with the description of further characterization of complex 13Py, which has
been isolated, we will describe the synthesis of the analogue with rac-L?H ligand,
L2Fe[N(SiMes)2] (14) as these two complexes were found to have similar molecular
characterization. This other heteroleptic analogue was obtained in a similar manner as of 13Py, by
following the same synthetic strategy, in presence of pyridine, as shown below in Scheme 5.5.
Likewise, single crystals of the pyridine adduct 14Py were also analyzed via elemental analysis to
confirm the molecular formula L?Fe[N(SiMes)2].Py (Calculated for CsiHsoFeN4Siz: C 63.02, H
8.53, N 9.45; Found: C 62.62, H 8.78, N 9.09).

]
= \N
<] /
) N__ y
N~ 1) 1 eq. Fe[N(SiMes),],, pentane Fe\N: \>
N_ > \ —
H 2) 4 eq. pyridine, pentane /N ~gi”
N/ i
St

[

Isolated Crystals - major product
13Py = L'Fe[N(SiMe;),](Py) for R = H
14Py = L2Fe[N(SiMe;),](Py) for R = Me

Scheme 5.5. Synthesis of heteroleptic iron amide complexes 13Py and 14Py.

Unfortunately, the homoleptic analogue of 12 could not be obtained even after prolonging
the reaction time and increasing the temperatures up to 70 °C. The unsuccessful formation of
homoleptic (L?)2Fe could be most likely due to the steric inhibition imparted by the presence of
methyl group on the pyridine, which prevents the simultaneous coordination of the two
deprotonated amido-pyridine chelate to the iron precursor. A summarized protocol for the
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synthesis of homoleptic/heteroleptic amidopyridine iron (11) amide complexes is shown below in

Scheme 5.6.
X
»
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F —
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>4
13Py and 14Py

13Py = L'Fe[N(SiMe;),](Py)
14Py = L2Fe[N(SiMe3),](Py)

Scheme 5.6. Synthesis of heteroleptic’/homoleptic amidopyridine iron (I1) amide complexes 12, 13Py and
14Py

The newly developed heteroleptic amidopyridine iron (1) amide complexes 13py and 14py were
further characterized by *H NMR spectroscopy studies in which their spectra were recorded in
CsDs owing to their high solubility. The *H NMR spectrum of the heteroleptic paramagnetic
complexes revealed several broad resonances ranging from 6= -93 to +128 (Jin ppm) as already
observed above with the homoleptic analogue 12. For a better overview of each spectrum, the
stacked 'H NMR spectra of complexes 13Py and 14Py is shown in Figure 5.8. The tentative
assignments of these broad singlets were done based on integration and mainly proximity to the
metal center. One broad signal is observed in each spectrum at around 40-25 ppm that can be
ascribed, relative to the integration of all peaks, to the protons of the bis(trimethylsilyl)amide
group. Also, the broadest singlets arising in the spectra of heteroleptic iron amide complexes 13Py
and 14Py in the range of 74 to 98 ppm and -93 to -64 ppm could be attributed to the ortho-pyridyl

protons of the coordinated pyridine or the ortho-/meta-pyridyl protons of the ligand. Regarding
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the integrals, it was not possible to obtain the expected values for each. For instance, we expected
a total integration of 48 protons ideally for complex 13Py but we ended up in obtaining only 39
protons. Similar observation could be drawn for the remaining complex 14Py (Experimental

.'\"( SiMe 3)2

13Py
Hortho (pyridi ——
Hon‘ho (anudopyridine) ok Rams CHs (amine)
—

AN
»w
|
N
J N\ _pe—
=/ |
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Figure 5.8. 'H NMR spectrum of complexes 13Py and 14Py stacked (300 MHz, CsDg, 25 °C)
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Lastly, the obtained single crystals of heteroleptic iron amide complexes 13Py and 14py
were also analyzed by X-ray diffraction studies to determine their structure in solid state. The
solid-state structural determination of complexes 13Py and 14Py revealed that these two neutral
complexes have a closely related structure in the solid state, with the molecular structure revealing
in each case a four-coordinated geometry at the metal. The Fe center is bound to a monoanionic
amido-pyridine unit, after deprotonation of the amino group, with the two nitrogen atoms of the
ligand L acting as chelate. The coordination sphere is then completed by one nitrogen atom from
the pyridine and one monoanionic nitrogen atom from the N(SiMez)> fragment. Due to the
presence of four distinct substituents on the metal, the iron turns into a stereogenic center.
Furthermore, considering the additional chiral carbon (C13, C13A) on the amino-pyridine pro-
ligand, we therefore expected the formation of four diastereoisomers. In fact, the complexation in
presence of pyridine leads to a stereo-differentiation in the solid state,”® producing two pair of
enantiomers Rc13,Rre and Sci3,Sre in the unit cell of the molecular structure of the two complexes
12 and 14.%>% Because of the steric repulsion induced by the bis(trimethylsilyl) amide and the
isopropy! groups of the N-aryl substituent, the methyl C14(A) points in the same direction as the
pyridine with respect to the amido-pyridine chelate N1-C13(A)-C15-N2, as already observed with
complex 12 above. The geometry at the iron center again displays an intermediate geometry that
can be best described as distorted from either trigonal pyramidal or see-saw, 14 value ranging from
0.69-0.72.%° The amido-pyridine chelating framework is almost planar [N1-C13-C15-N2 ranging
from 2.4(2)-12.1(3)°] while the N-aryl group slightly deviates from orthogonality to this plane
[C13-N1-C1-C6 ranging from 103.6(2)-105.0(2)°]. The Fel-N1 distance of the N-amido group
[1.959(1)-1.961(1) A] is shorter than the Fel-N2 distance of the pyridine fragment of the
binucleating ligand [2.144(1)-2.155(1) A], the latter being quasi-identical to the Fe1-N3 distance
of the pyridine ligand [2.155(1)-2.159(1) A]. In addition, the Fel-N4 bond length [1.979(1)-
1.988(1) A] is longer than the terminal Fe-N distances in [Fe(N(SiMes)2)2]z [ca 1.925(3) A]®* and
lies in the upper range of other four-coordinated bis(trimethylsilyl)amide iron complexes reported
in the literature (1.95-1.99 A).#452-57 The lengths of the C13-C15 [1.517(2)-1.520(2) A] and C13-
N1 [1.451(2) —1.461(4) A] bonds fall within the typical intervals of C(sp%)-C(sp®) and C(sp®)-N
bond distances, respectively.*” The selected bond lengths and angles concerning the structures of
complexes 12, 13Py and 14Py are given below in Table 5.1. and the ORTEP type views of the
complexes 13Py and 14Py are given in Figure 5.9.
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Table 5.1. Selected bond distances (A) and angles (°) for amidopyridine iron (11) amide complexes 12,

13Py and 14Py

Parameters 12 Parameters 13Py 14Py
T 0.67 T 0.73 0.69
Fel—N1 2.1205(9) Fel—N1 1.9612(12) 1.9594(11)
Fel—N2 1.9323(9) Fel—N2 2.1435(12) 2.1551(11)
C6—N2 1.4542(13) Fel—N3 2.1554(13) 2.1593(13)
C6—C5 1.5131(15) Fel—N4 1.9879(12) 1.9789(11)
N1—Fel—N2 81.61(4) C13(A)—N1 1.4514(18) 1.461(3)
N1—Fel—N1' 108.76(5) C13(A)—C15 1.517(2) 1.520(3)
N2—Fel—N2' 144.59(6) N1—Fel—N2 79.21(5) 80.05(4)
N1—Fel—N2' 120.01(4) N1—Fel—N3 118.99(5) 113.95(5)
Cc7—C6—N1'—C1! 1.62(9) N1—Fel—N4 132.69(5) 130.93(5)
C6—N2—C8—C13 77.1(1) N2—Fel—N3 87.87(5) 89.11(4)
N1—C5—C6—N2 -16.5(1) N2—Fel—N4 124.45(5) 131.13(4)
N3—Fel—N4 103.56(5) 104.51(5)
C13(A)—N1—C1—C6  105.0(2) 103.6(2)
N2—C15—C13(A)—N1 2.4(2) -12.1(3)
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Figure 5.9. ORTEP-type view of the crystallized complexes 13Py (top) and 14Py (bottom) drawn at
50% probability level (Hydrogen atoms have been omitted for clarity with the exception of H13(A) on the
chiral carbon C13(A))
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5.2.3. Ring Opening Polymerization of cyclic esters using complexes 13Py and 14Py

After the synthesis of targeted heteroleptic amidopyridine iron (I1) amide/pyridine complexes
(13Py and 14Py), we intended to study their catalytic applications in the controlled ring-opening

polymerization (ROP) of cyclic esters such as lactide (LA) and e-caprolactone (CL).
5.2.3.1. Ring Opening Polymerization of L-lactide

The ROP of L-lactide was carried out using the initiators 13Py and 14Py at various temperatures,
the results of which are displayed below in Table 5.2. The polymerizations (Scheme 5.7) were first
conducted with the most sterically hindered initiator 14Py and then 13Py, to observe the influence

of steric bulk on the activity of each catalytic system.

Table 5.2. Polymerization of L-lactide (L-LA) using initiators 13Py and 14Py?

Conv.b Mn(exp) ©

Entry? Fe T (°C) Time (h) (%) (/mol) D¢
1 64 89 94 000 1.36

2 N 23 16 89 94 000 1.36

3 N 6 73 89 000 1.27

4 @N——F'e/N o 16 >99 92 000 1.23

5 N 4 82 88 000 1.27

6 A s 15 96 104 000 1.18

7 14Py 70 2 96 102000  1.19

8 1 80 97 000 1.24

9 23 6 75 100000  1.41
10 2 75 91 000 1.25
11 CN_Fe/N >0 3 97 96 000 1.27
12 0.5 61 92 000 1.28
13 70 0.75 81 95 000 1.25

14 13PV 1 94 97 000 1.29

2 Polymerization conditions: 2.5 pmol of Fe (1) complex; LA/Fe = 200/1; toluene = 0.5 mL; [L-LA] = 1.0
M in toluene; ° determined by *H NMR; ¢ determined by SEC analysis in chloroform using the correction
Mrexp = Mnsec X 0.58;" Mniny = (LA/Fe) x 144.13 = 28 826 g/mol, considering 100% conversion of monomer

with one growing chain per metal center.
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Scheme 5.7. ROP of L-LA using iron-based catalysts
The heteroleptic complex 14Py was found active for the polymerization of L-LA at room
temperature, as it successfully converts 200 egs. of monomers with very good conversion in 64
hours (Table 5.2, Entry 1). The conversions of L-LA monomer in each case were determined by
'H NMR spectroscopy of the aliquots in CDCls by comparing the integrations of the quartet
resonances of the methine protons of L-LA and PLLA in the region 5.0-5.2 ppm, as shown below
in Figure 5.10.
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Figure 5.10. Determining conversion (89%) via 'H NMR of the aliquot in CDCl; (Table 5.2, Entry 1)
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To optimize the reaction at room temperature, we quenched the same reaction at 16 h and
ended up with exactly the same conversion (Table 5.2, Entry 2). The reaction time was further
optimized to 6 h in which 73% of L-LA monomers were converted to PLLA (Table 5.2, Entry 3).
The resulting extracted PLLAs were further analyzed by *H and **C NMR spectroscopy, as shown
below in Figure 5.11 from which we can observe the formation of isotactic PLLA indicating the
absence of epimerization. The signal of probable chain-end —N(SiMe3). around 0.15 ppm could
not be observed in this case whereas a residual peak probably corresponding to silicone grease was
observed at 0.07 ppm.”2 The identification of end group will be specifically discussed later in the
section 5.2.3.3.
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Figure 5.11. *H NMR (a) and *C NMR (b) of the polymer in CDCl; *trace of grease (Table 5.2, Entry 1)
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SEC analysis of the PLLAs were performed to determine their molar masses. As usual, the
analyses were initially performed in THF but due to the limited solubility of the polymers, the
obtained traces were not good enough to rely on the corresponding data (Figure 5.12). Therefore,
in case of PLLA, the analyses were performed in chloroform and the molar masses were reported.
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Figure 5.12. Comparison of SEC traces obtained in different solvents (Table 5.2, Entry 1)

The M, values of the PLLAs were found to be same owing to the same conversion of the
monomer and the obtained dispersities were quite narrow in accordance with a controlled process
(Table 5.2, Entries 1 and 2). However, the obtained My (94 000 g/mol) was nearly 3 times higher
than expected (Mnn) = 26 000 g/mol), speaking in favor of a faster chain propagation than rate of
initiation. These high values could also imply that every molecule of 14Py does not necessarily
participate in the polymerization as previously observed with mono-/trihapto nitrogen-based
lanthanide catalysts for the polymerization of -CL." Decreasing the reaction time to 6 h provides
no significant change in terms of control over polymerization, however, only limits the conversion
to 73% (Table 5.2, Entry 3).

After optimizing the polymerization at room temperature, we intended to observe the
influence of reaction parameters such as temperature on the polymerization activity. Therefore,
the polymerizations were conducted at 50 °C and then eventually at 70 °C. At 50 °C, excellent
conversion (>99%) of L-LA was obtained within 16 h (Table 5.2, Entry 4) and the reaction time
was then reduced to 4 h where a conversion of 82% was obtained, indicating that the catalytic

activity increases with temperature (Table 5.2, Entry 5 vs Entry 3). However, increasing the
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temperature did not provide better control over the polymerization, as the resulting M, were still
3-4 times higher than their expected value (Table 5.2, Entries 4 and 5).

In a similar manner, the polymerizations were conducted at 70 °C where up to 96%
conversion of monomer was achieved within 15 h. The polymerizations were again optimized by
quenching the reactions at 2 h and 1 h, corresponding to 96% and 80% conversions of L-LA,
respectively (Table 5.2, Entries 6-8). These observations highlight the activity dependence on the
reaction temperature where the activity of catalyst 14Py increases with temperature. Narrow
dispersities were obtained but the usual trend of obtaining high M, values was still present.

Changing the initiator 14Py to a less sterically hindered complex 13Py had an impact on
the activity of the polymerization. At room temperature, 75% conversion of L-LA was obtained
within 6 h, which is almost similar to the result obtained with complex 14py (Table 5.2, Entry 9
vs Entry 1). However, as the reaction temperature was increased to 50 °C, the same conversion
level could be reached within 2 h (Table 5.2, Entry 10). The reaction was further optimized to 3 h
for reaching 97% conversion of monomer, which implies that the catalyst 13Py is slightly more
active for the ROP of L-LA than the catalyst 14py, probably due to less hindered iron center in
13Py compared to 14Py that could facilitate the coordination of the monomer.

The initiator 13Py was further assessed at 70 °C where the reactions were stopped at
various intervals of 30 min, 45 min and 1h corresponding to 61%, 81% and 94% conversion of L-
LA, respectively, which again confirms that the activity of catalysts increases with temperature
(Table 5.2, Entries 12-14 vs Entries 9-11). These values were plotted to obtain a conversion vs
time plot and also the first-order kinetics plot where it appears that the polymerization is well
controlled for catalyst 13, displaying a quasi-first order kinetic profile, which speaks in favor of

minimal loss of a small fraction of active species along the polymerization process (Figure 5.13).
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Figure 5.13. Monomer conversion (t) as a function of time (left) and first-order kinetic plot (right) for
initiator 13Py at 70 °C (LA/Fe = 200/1)

Nevertheless, the Mn values of the PLLAs resulting from catalyst 13Py were again found
to be 3-4 times higher than their expected molar mass as seen previously with its congener 14Py,
speaking again in favor of faster chain propagation (Table 5.2, Entries 1-14). From these results,

we can probably suggest that no matter if the iron center is sterically more or less hindered, faster
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propagation than initiation occurs, producing polymers with high M, along with narrow
dispersities. It could also mean that within these systems, neither the steric bulk nor the temperature
has an influence on the rate of propagation or it might be possible that only 25-30% of catalyst is
active to catalyze the polymerization. Although, the difference in their respective catalytic
activities is noticeable which arises only due to the addition of methyl group on the pyridine ring

that hinders the access of monomer to the iron center.

5.2.3.2. Ring Opening Polymerization of L-lactide in the presence of Benzyl alcohol

In the previous section, we have seen that the heteroleptic amidopyridine iron (I1) amide
complexes 13Py and 14Py can efficiently catalyze the ROP of L-LA at different temperatures with
the highest activity of each system observed at 70 °C but, in each case, we observed the formation
of high molecular weight polymers deviating from the expected molar mass. Therefore, we
conducted the polymerization with one of the initiators (14py) in the presence of benzyl alcohol,
which is known to control the polymerization by substituting —N(SiMez)2 with —OBn which might
act as a better initiating group.”*7"® The polymerizations were conducted under optimized

conditions and the results are displayed in Table 5.3 below.

Table 5.3. Polymerization of L-lactide (L-LA) in the presence of BnOH using initiator 142
Entry? LA/Fe/BnOH Time (min)  Conv.” (%)  Mnexp) ¢ (g/mol) D°
1 200/1/0.5 15 84 93 000 1.23
2 200/1/1 30 98 94 000 1.29

2 Polymerization conditions: 2.5 umol of Fe (1) complex; toluene = 0.5 mL, [L-LA] = 1.0 M in toluene,

temperature = 70 °C ;  determined by *H NMR; ¢ determined by SEC analysis in chloroform using the
correction Mexp = Musec X 0.58;™ My = (LA/Fe) x 144.13 x conversion, considering one growing chain
per metal center.

The addition of 0.5 eq of BnOH increased the catalytic activity of the complex 14Py,
resulting in 84% conversion of the monomer within 15 min (Table 5.3, Entry 1), when compared
to the same reaction in the absence of BnOH (Table 5.2, Entry 8). Increasing the ratio of Fe/BnOH
to 1, afforded 98% of PLLA units in 30 min. However, despite the positive influence of the
presence of BnOH on catalytic activity of the initiator 14Py, the fine control over polymerization
could not be gained even in the presence of BnOH, which failed to enhance the slow initiation

compared to propagation as there was no significant reduction in the M, values of the obtained
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polymer in each case (Table 5.3, Entries 1 and 2). In fact, the dispersities and M, values obtained
in the presence of BnOH were found very close to the ones obtained in the absence of BnOH
(Table 5.3, Entries 1 and 2 vs Table 5.2, Entries 6-8).

5.2.3.3. Chain-end group analysis of PLLA

After the successful implementation of heteroleptic iron complexes 13Py and 14Py in the
ROP of L-LA, we anticipated the formation of PLLA chains bearing the amide —C(O)-N(SiMe3)2,
providing that the polymerization proceeds via coordination-insertion mechanism. In this context,
the determination of polymer chain-ends is of vital importance as it helps to identify the
polymerization mechanism. Therefore, we used *H NMR spectroscopy, which is commonly used
to identify the protons of the chain-ends as they have different chemical shifts with respect to the
ones within the repeat units. In order to determine the chain-end structure of the PLLA produced
using initiator 14Py, we conducted a polymerization by reducing the LA/Fe ratio to 20 under

optimized conditions to achieve 94% conversion of L-LA, as described in Scheme 5.8 below.
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Scheme 5.8. Synthesis of short-chain PLA using initiator 14Py to identify the chain-end

The *H NMR spectrum of the produced PLLA in Scheme 5.8 is shown below in Figure
5.14.a. Apart from the methine and methyl protons of PLLA, we can clearly observe some small
additional signals arising at 0.07 and 0 ppm, which might correspond to the silicon grease or —
N(SiMes), chain end group, respectively. To differentiate between the signals in the region 0-0.1
ppm, we performed the hydrolysis of lithium trimethylsilylamide to generate NH(SiMes)., whose
signal in *H NMR would lie in the range 0-0.2 ppm. In parallel, we also added a little bit of grease
to the NMR tube containing the polymer sample and stacked all the three spectra for identification
of peaks (Figure 5.14b)
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Figure 5.14. *H NMR of the polymer (a) obtained in Scheme 5.4 and stacked *H NMR spectra (b) of
hydrolyzed LiN(SiMes)2, polymer and polymer with grease (*ethanol trace)
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From the stacked *H NMR spectra in Figure 5.14b, we can see the peak arising at 0.16 ppm
that corresponds to the methyl protons of NH(SiMes).. Furthermore, the addition of a small amount
of grease to the polymer increases the signal at 0.07 ppm which confirms that this peak represents
the grease. Therefore, this leaves us only with one small peak approximately at 0 ppm, which
cannot be the chain-end —N(SiMes). as it contradicts the fact that this value corresponds to the

reference tetramethylsilane (TMS).

Additionally, to confirm the chain-end, we also performed diffusion-ordered NMR
spectroscopy (DOSY), which is a powerful method to deconvolute complicated 1D *H NMR
spectra.”” This method seeks to separate the NMR signals of different species according to their
diffusion coefficient. A series of spin echo spectra is measured with different pulsed field gradient
strengths, and the signal decays are analyzed to extract a set of diffusion coefficients with which
to synthesize the diffusion domain of a DOSY spectrum. This technique was used to characterize
aggregates, such as micelles’® or coordination polymers,” but more recently, DOSY is widely
used as a method to complement size exclusion chromatography for determining the molecular

weight of polymers®® and to distinguish copolymers from mixtures of homopolymers.81-83

The H DOSY NMR spectrum of the PLLA obtained in Scheme 5.8 is shown below in

Figure 5.15 from which we can observe that a total of 3 diffusion coefficients exists for the sample.
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Figure 5.15. *H DOSY NMR spectrum of the PLLA obtained in Scheme 5.8
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It is clear from the spectrum that the intensities of all the 3 coefficients observed are not
similar implying that some of the species are different and are not part of the same PLLA chain.
The first peak around 7.26 ppm corresponds to the NMR solvent (in this case CDClz) whose
diffusivity is less than the second signal at 5.16 ppm which refers to the methine protons of the
PLLA. The diffusivity of the second signal is almost similar to the third signal at 1.57 ppm
corresponding to the protons of the methyl group in PLLA as they are in the same line. Lastly, we
do not observe any signal or diffusivity near 0.07 ppm, which means either there is no end group
or the diffusion coefficient corresponding to the end group is very small. This observation could
be attributed to two possibilities: i) the high molecular weight of the resulting PLLAs or ii) the

formation of macrocyclic PLLA with no chain-ends.

In the first case, to observe chain-ends in the *H NMR spectrum, it is essential to analyze
low molecular weight polymers with a smaller number of repeat units as the resonances of each
end group would be small in intensity when compared to the resonances of repeating units. So, for
the PLLA obtained in Scheme 5.8 with 20 egs. of L-LA, we expect theoretically a molar mass of
2700 g/mol whereas in reality according to the M, values obtained in Table 5.2, we should be near
9400 g/mol which is relatively large for a PLLA with 20 repeat units. Therefore, we propose that

due to this reason, the detection of end-groups in the *H NMR spectrum was unsuccessful.

Considering the second possibility, the formation of a macrocyclic PLLA can be suggested
on the basis of intramolecular transesterification reactions or back-biting where the oxygen from
one chain-end acts as a nucleophile to attack the carbonyl group attached to —N(SiMes). (Scheme
5.9), which can lead to a huge difference between calculated and experimental M, values in as
observed in Table 5.2. This observation is already apparent in literature with rare-earth lanthanum
homoleptic complex La[N(SiMez)2]s for the polymerization of manOCA(O-carboxyanhydride
from mandelic acid)®* and lanthanide trisborohydrides Ln(BH4)s(THF)s complexes for bulk
polymerization of L-LA 88 The same transesterification could happen with the PLLA constituting
—OBn as a chain end owing to the high M, values obtained in Table 5.3. Therefore, in order to
confirm among the two possibilities of PLLA structure, we conducted a Matrix-assisted laser
desorption ionization-time-of-flight mass spectrometry (MALDI-ToF-MS) study of PLLA

sample.
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Scheme 5.9. Proposed mechanism of transesterification for the ROP of L-LA by complexes 13Py
and 14Py

MALDI-ToF-MS was developed in late 1980s by Karas and Hillenkamp®” and has become
established as a technique for the analysis and accurate molecular weight determination of large
macromolecules such as proteins, polysaccharides, nucleic acids, and synthetic polymers with high
mass accuracy, extreme sensitivity, and an almost unlimited mass range and speed of analysis.®® It
is a “soft” ionization process Which uses a pulsed laser beam to cause adsorption of a matrix from
sample plate that includes ions of the analyte which in turn produces charged ions with minimum
fragmentation. The type of ionizing salt (generally alkali metal salts) used partially depends on the
type of polymer to analyze. MALDI-ToF-MS is highly sensitive and capable of detecting ions at
high masses due to which it has been demonstrated as an important technique for analysis of a
variety of synthetic polymers as it provides valuable structural information such as absolute
molecular weight, repeat unit, and end group of synthetic polymers. This information, especially
the end group information, affords deeper insight into polymers structures, reaction mechanisms,
and side reactions including the occurrence or not of intra-/intermolecular transesterification

reactions,8586.89-93

As described above, the intramolecular transesterification or back-biting (Scheme 5.9) leads

to the formation of PLA macrocycle and can be observed in MALDI spectra by the presence of

248



Chapter 5

macrocyclic PLA (No chain ends). On the other hand, intermolecular transesterification occurs
between two macromolecules which can be advanced in the case of lactide monomer when
distributions containing both even-and odd-membered oligomers, with peaks separated by 72 Da
(corresponding to lactyl or half monomer of lactide) are observed (Scheme 5.10).

0 (0]
L, M (0]
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o) RO ML,
+
o Intermolecular transesterification O O
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(@] (@)

Scheme 5.10. Chain redistribution of PLA via intermolecular transesterification

The difference between peaks observed in the mass spectrum is the mass of the repeating
unit. This peak-to-peak difference can be used to identify certain polymeric species but the
difference between the experimental (mexp) and calculated (mca) masses of a proposed polymer
structure can give information about the structure and the related end groups using the equations
(1) and (2) below.

Mexp — Meal <1 (1)
mcal = TLMW + E1 + E11 +M+ (2)

E: and E11 are molar masses of chain ends at opposite side, n is the number of monomer units, My

is the molar mass of the monomer and M™ is the molar mass of the cation.

The PLLA acquired from Table 5.2, Entry 14 was analyzed by MALDI-ToF-MS and the
mass spectrum is shown in Figure 5.16. From the spectrum, initially, we can observe the most
intense peaks corresponding to 1291.912 Da, 1512.252 Da, 1733.005 Da, 1953.125 Da etc. These
peaks are separated by almost 220 Da which speaks in favor of the absence of intermolecular
transesterification reactions leading to linear PLAs with interpeak separation of about 72 Da
corresponding to lactyl units. Each mass number peak turns out to be in good agreement with the
calculated one assuming cyclic PLLA with no chain end. For instance, m/z (obs) = 1512.252 vs
m/z (cal) = 1512.42 for M (n = 21, 21 x 72.02) with 21 repeat units in macrocycle. Likewise, the
peak 1733.005 suggests that this fragment is more cyclic than the previous one (n = 1733.005
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/72.02 = 24). Overall, each peak reveals the presence of cyclic PLLA [O-C(O)-CH(CHz3)]n with n
(multiple of 3) =18 — 33 (Major peak = Cationic M + Na*, where M = 72.02 n). Further, if we
look at the additional signals in each pattern, we could see that the difference between each signal

is either 19 or 21 Da which could attribute to the presence of water or sodium (Figure 5.16). For

instance, the second peak in the pattern almost corresponds to 1754.206 = 24 x 72.02 + 22.99

(Na*). These results confirm that the PLLAS resulting from the polymerization of L-LA using iron

(11) amide complexes 13Py and 14Py are cyclic in nature with no chain ends.
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Figure 5.16. MALDI-ToF MS spectrum of PLLA obtained with 13Py (Table 5.2, Entry 14)
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This result also undermines the molecular weights obtained with the current SEC analysis,
however, still a comparison between the M, values can be drawn to rationalize the activity of each
catalytic system. Further studies can be conducted in future to determine the accurate molecular
weights using molecular weight sensitive detectors which are essential specially when complex
polymers have to be analyzed or when the shape of polymer is unknown. Multi-angle LS is by far
the most common LS detector for the measurement of dispersities and molecular weight averages.
In an SEC-MALLS setup, the RI-detector is required to determine the concentration of the analyte.
Being a universal detector, it recognizes every difference between the pure solvent and the sample
solution. Through the specific refractive index dn/dc, it is possible to calculate the concentration
of the sample. MALLS covers the full range of molecular weights and has earned strong

acceptance in some industries, in particular, for protein measurements.

5.2.3.4. Ring Opening Polymerization of e-caprolactone

The ring opening polymerization of -caprolactone (CL), a petro-sourced cyclic monomer
(Scheme 5.11), produces polycaprolactone (PCL), which is also an attractive biodegradable

polymer 119

éj roe_ (o)

n

g-caprolactone Poly(e-caprolactone)
Scheme 5.11. ROP of e-caprolactone

There have been various iron-based catalytic systems reported for the ROP of &-CL
including inorganic salts, coordination catalysts and well defined catalytic systems but their
activities varied from moderate to low in most of the cases. 2° Therefore, we assessed the ROP of
e-CL initiated by complexes 13Py and 14Py under optimized conditions, the results of which are

presented below in Table 5.4.
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Table 5.4. Polymerization of e-caprolactone (CL) using initiators 13Py and 14Py?

Entry? Fe Time (min)  Conv.? (%)  Mnexp) ¢ (g/mol) b
1 15 80 97 000 1.23
2 B 30 87 100 000 1.28
3 14 15 82 92 000 1.25
4 30 88 100 000 1.29

2 Polymerization conditions: 2.5 pmol of Fe (11) complex, CL/Fe = 200/1, toluene = 0.5 mL, [e-CL] = 1.0
M in toluene, temperature = 70 °C; ® determined by *H NMR; ¢ determined by (SEC) analysis in chloroform
using the correction Mnexp = Mnsec X 0.56;" Mniny = (CL/Fe) x 114.14 x conversion, considering one growing

chain per metal center.

From the results in Table 5.4, we can see that both complexes 13Py and 14Py were found
to be active for the ROP of s-CL. *H NMR spectroscopy was used to determine the conversion by
withdrawing an aliquot from the polymerization mixture and analyzing the resulting PCL, as
shown in Figure 5.17 at the end of this section.

Upon the addition of monomer to the catalyst solution, the solution slowly turns viscous in
a range of minutes and forms a gel, implying the completion of reaction. The initiator 13py
converts 80% of the CL units within 15 min and doubling the reaction time to 30 min increases
the conversion to 87% (Table 5.4, Entries 1 and 2). Changing the initiator to a bulkier complex
14Py does not significantly impact the activity of the catalyst, converting 82% of monomer in 15
min and 88% in 30 min, which illustrates the negligible effect of steric bulk on the activity of these
catalytic systems in the ROP of e-CL (Table 5.4, Entries 3 and 4).

The resulting PCLs were also analyzed by SEC to determine their My values. Like PLLA,
the analyses were performed in chloroform due to the better solubility of polymer and reliability
of data. The Mn values of the obtained PCL ranged from 92 000 to 100 000 g/mol, which is again
nearly 4-5 times higher than the theoretical value (M) = 18 000 — 20 000 g/mol), speaking again
in favor of higher rate of propagation than initiation or due to uncontrolled back-
biting/intramolecular transesterification reactions leading to the formation of cyclic PCL which
can be confirmed by the absence of —N(SiMes). signal around 0 ppm in *H NMR (Figure 5.17).
Nevertheless, all the PCLs displayed monomodal SEC traces with narrow disperties that tend to 1.
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5.2.3.5. Ring Opening Copolymerization of L-lactide and e-caprolactone

PLA is one of the major biodegradables and biocompatible thermoplastics that could serve
as an alternative to the widely used petroleum-based plastics. However, its limitations have
restricted the commercialization of PLA to food packaging, pharmaceutical and biomedical
fields.5°% As a matter of fact, PLA possesses several disadvantages such as (i) brittleness, (ii)
poor elasticity, (iii) low thermal stability and (iv) poor gas/water permeability that limit its
potential applications.?>2* One of the major strategies that can suppress these drawbacks is the
Ring-Opening copolymerization (ROCoP) of LA with another lactone, in particular e-CL, which
enables the inherent properties of each homopolymer to be incorporated into the resulting
copolymer. The contrasting physical and thermal properties of the two homopolymers make them
complementary to each other. For example, PCL (T4 =60 °C) is more permeable to drugs than
PLA (Tg =~ 57 °C) due to its less hydrophilicity, on the other hand, PLA has comparably shorter
lifetime (weeks) than PCL (1 year) under similar conditions of degradability.®®-® Therefore, the
copolymerization of LA and e-CL can produce biodegradable polymers with improved properties.
The ROCoP of LA and &-CL, results in the formation of block, poly(LA-block-CL) or gradient,
poly(LA-grad-CL) or statistical, poly(LA-stat-CL) copolymers as shown in Scheme 5.12

below, 99100
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Scheme 5.12. Possible microstructures of lactide-lactone copolymers

A various plethora of organocatalytic systems and metal based complexes have been used

for the ROCoP of LA and e-CL,2* but surprisingly, little attention has been paid to the development
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of iron catalysts in this field.®® Herein, we report the catalytic behavior of heteroleptic
amidopyridine iron (1) amide complex 13Py towards the statistical copolymerization of L-LA and
CL. The copolymerization was conducted with an equimolar feed monomer ratio LA:CL =
100:100 and the reactions were carried out in toluene at 70 °C. The results of the copolymerization

are presented below in Table 5.5.

Table 5.5. Copolymerization of L-lactide (L-LA) and e-caprolactone (CL) using initiator 13?

Conversion®  Composition P

Entry? Time (h Mn(exp) € (g/mol D¢
y M oA Tec 9oL secL e (@/mo)

1 1 71 12 93 7 90 000 1.18

2 16 94 12 9% 5 95 000 1.18

2 Polymerization conditions: 2.5 pmol of Fe (11) complex, LA/CL/Fe = 100/100/1; toluene = 0.5 mL, [L-
LA + CL] = 1.0 M in toluene, temperature = 70 °C; ® determined by *H NMR; ¢ determined by (SEC)
analysis in chloroform using the correction Mnexp = Musec X 0.58;™ Muny = (LA/Fe) x 144.13 x conversion
(LA) + (CL/Fe) x 114.14 x conversion (CL), considering one growing chain per metal center.

From the results in Table 5.5, we can see that the initiator 13Py was found to be active for
the ROCoP of L-LA and ¢-CL. The conversions and compositions of each monomer were
determined by *H NMR spectroscopy based on the methine signals of PLA and LA (incorporated
in the copolymer) found at 5.15 and 5.05 ppm, respectively, and the signals of methylene protons
of the PCL around 4.05, 4.13 ppm and CL (incorporated in the copolymer) at 4.23 ppm (Figure
5.18). In the presence of CL, the conversion of lactide units was limited to 71% in 1h whereas the
conversion of CL was very poor in comparison. This resulted in copolymers containing mostly LA
units (93%) whereas the percentage of CL (7%) incorporated was very low (Table 5.5, Entry 1).
The polymerization time was increased to observe the influence of prolongation on the conversion
of both monomers. After running the polymerization for 16h, the conversion of LA was improved
to 94% whereas very poor conversion of CL (1%) was again obtained (Table 5.5, Entry 2). The
compositions of both monomers hardly changed as obvious from their respective conversions.
From these results, we can conclude that despite the rate of propagation of e-CL is higher than that
of L-LA in their respective homopolymerizations, the copolymerization of both monomers often
leads to the preferential consumption of L-LA over e-CL. These results are also in agreement with
what is generally obtained in LA/CL copolymerization attempts under smooth experimental

conditions where LA inhibits the incorporation of CL, preventing to enchain two CL units
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successively.?* One of the hypothesis would be the higher coordination of ability of LA than CL

to the iron center, due to the presence of two ester groups. In this regard, the reduction of the

coordination ability of LA can reduce the reactivity gap in ROCoP by altering the structure of the

catalyst through the incorporation of bulkier ligands which might rebalance the reactivity ratios of

both comonomers.
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Figure 5.18. Determining conversions of LA (94%) and CL (1%) via *H NMR of the aliquot in CDCls

(Table 5.5, Entry 2)
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The resulting copolymers were also analyzed by SEC where the GPC profile of each
copolymer was found to be monomodal with very narrower dispersity (Table 5.5, Entries 1 and 2).
However, the obtained My values were found to be nearly 9 times greater than the theoretical value
(Mn@ny = 10 000 — 14 000 g/mol), which again implies a high propagation rate compared to the
initiation. It also means that the activity of the catalyst is reduced in ROCoP where only 10% of
active species are catalyzing the reaction whereas the number of active species generated for the

same complex was nearly 25% in the homopolymerization of L-LA and e-CL.

5.3. Conclusion

In this chapter, we developed the targeted heteroleptic amidopyridine iron (1) amide
complexes bearing bulky 'Pr groups as their N-aryl substituents. The synthesis of the complex 13Py
was performed in various solvents through which it was observed that the selectivity for the
formation of homoleptic/heteroleptic complexes depends on the type of solvent used and
especially its polarity. Performing the synthesis in THF, benzene and toluene, preferentially favors
the formation of homoleptic complex 12 in major amount whereas the inversion of selectivity was
observed in pentane, i.e. the major product being the heteroleptic analogue 13Py, which was
further recrystallized in pentane with excess of pyridine (Scheme 5.13). The implementation of the
same synthetic strategy in pentane could yield the other heteroleptic analogue 14Py, whereas the
formation of its associated homoleptic analogue (L?)2Fe was unsuccessful due to the steric bulk
imparted by relatively bulkier ligand rac-L?H which forbids the coordination of the two
deprotonated amido-pyridine chelate to the iron precursor, even after prolonging the reaction time
and increasing the temperature. The newly developed homoleptic/heteroleptic iron (1) complexes
were fully characterized by *H NMR, X-ray diffraction studies and their molecular formula were
confirmed by elemental analysis.
The heteroleptic complexes 13Py and 14Py were assessed as initiators for their catalytic
application in the ROP and ROCoP of L-LA and &-CL. Both of these complexes were found
efficient enough to catalyze the ROP of L-LA and &-CL producing up to 99% of PLLA and 88%
of PCL with moderate activities. The polymerization conditions were optimized by varying the
temperature from 23 °C to 70 °C and we observed that the catalytic activity of these systems
increased with the temperature, producing up to 94% PLLA in 1h and 88% of PCL in 15 min. To
our surprise, the catalytic systems 13Py and 14Py produced high molecular weight PLLAS with
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the M, values being nearly four times than the expected, speaking in favor of a high rate of
propagation with 25% of catalyst efficiency. The polymerizations seemed to be less controlled in
terms of molecular weight despite the dispersities being quite narrow, which is a characteristic of
a controlled process. Consequently, we attempted to control the polymerization by conducting it
in the presence of BnOH, to enhance the initiation but unfortunately no influence of alcohol was
observed on the molecular weights and dispersities of the resulting PLLAs, although, the catalytic

performance of the system 14Py was highly improved (up to 84% of PLLA in 15 mins).

N. L'H (R = H)
L?H (R = Me)

Fe[N(SiMe3)2]2

Scheme 5.13. Effect of solvent on the synthesis of heteroleptic/homoleptic amidopyridine iron

(11) amide complexes 12, 13Py and 14Py
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Furthermore, we also studied chain-end group analysis via *H NMR spectroscopy studies,
to confirm the initiation by —N(SiMes). group. The signals corresponding to the end group could
not be confirmed by *H NMR spectroscopy due to which we performed a 2D DOSY NMR from
where it was concluded that a total of two similar diffusion coefficients existed, each
corresponding to the methine protons and methyl protons of the polymer chain. On the basis of
this result, we can argue that the detection of chain-end was unsuccessful due to the relatively high
molecular weight possessed by the PLLA chain or the possibility of the occurrence of uncontrolled
transesterification reactions/back-biting that could lead to the formation of PLA macrocycle as
described above in Scheme 5.9. This was later confirmed through MALDI-ToF-MS experiment
where the obtained mass spectrum of PLA was consistent with the formation of cyclic PLLA with
no chain ends due to which we could not observe any end group in NMR studies.

The high catalytic activity of the initiator 13Py towards the ROP of ¢-CL prompted us to
conduct a statistical ROCoP of LA/CL for the synthesis of copolymers with improved properties
than exhibited by that of PLA alone. The catalyst 13Py was found to be active for the ROCoP of
LA/CL but unfortunately the poor conversions of CL units could not be improved, even after
prolonging the reaction hours that led to high conversion rate of L-LA units. Overall, these
observations are in accordance with the fact that despite the propagation for e-CL being higher
than that of LA, preferential consumption of LA over &-CL occurs in the ROcoP. This barrier could
possibly be surpassed by utilizing complexes offering very high reactivity towards e-CL such that
the inhibition of CL does not occurs by LA. Further, the incorporation of different ligands might
reduce the coordination ability of lactide, thereby reducing the reactivity gap in ROCoP and
enabling a better incorporation of the typically less reactive lactone under copolymerization
conditions.?* Also, the variation of LA:CL feed ratio could also be an important factor which might
improve the incorporation of CL units in the copolymer. Undeniably, further studies are needed in
the future for the development of limited iron-based catalytic systems for the controlled statistical
ROCoP of LA/CL or its extension to other bio-sourced comonomers such as epoxides or
carbonates instead of petro-sourced e-CL, for the development of new biodegradable polymeric

materials.?®
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5.4. Experimental
5.4.1. General Considerations

Reagents ["BuLi solution (2M in hexanes), NaBHs, dry dimethylacetamide, FeCl. and
LiN(SiMez)2] were acquired from Sigma-Aldrich or Fisher SAS or TCI Europe N.V. and used as
received. Deuterated solvent CsDs, pyridine, isopropanol, benzyl alcohol and e-caprolactone were
dried over CaHo>, distilled and degassed by freeze-pump-thaw before being stored over activated 4
A molecular sieves in the glove box L-LA was recrystallized twice from hot toluene followed by
sublimation under dynamic vacuum (0.01 mbar) at 70 °C. Size exclusion chromatography (SEC)
analysis of the samples were performed in chloroform as an eluent at 40 °C (1 mL/min) with a SIS
HPLC pump (Waters S.A.S, Saint-Quentin-en-Yvelines, France), a Waters 410 refractometer, and
Waters Styragel columns (HR2, HR3, HR4, and HR5E) calibrated with polystyrene standards,
with the correction Mnsec = Mnps X 0.56 (PCL)*! and Mn, sec = Mnps X 0.58 (PLA)."* The
remaining procedures are similar as described in previous chapters. The crystal and refinement

data is presented below in Table 5.6.

Table 5.6. Crystal and Refinement data for complexes 12, 13Py and 14Py

Parameters 12 13Py 14Py
Chemical Formula CagHsoFeN4 CaoHagFeN4Si2 Ca1HsoFeNsSi2
Formula Weight 618.67 576.75 590.78
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/c P2i/c P2i/c
a 20.2777 (10) 12.1488 (4) 11.9955 (4)
b 9.2534 (5) 15.9382 (6) 16.6908 (5)
C 19.4995 (8) 16.7038 (6) 17.9165 (5)
B (o=y=90° 111.475 (3) 97.568 (2) 109.182 (2)
V(A3 3404.8 (3) 3206.2 (2) 3387.98 (18)
z 4 4 4
Deaic(g/cm?3) - -
1 (Mo-Ky) (mm™™) 0.47 0.57 0.54
Rint, R[F? > 20(F?)] 0.057, 0.036 0.033, 0.032 0.034, 0.038
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5.4.2. General Procedure for the Synthesis of Ligands rac-L'H and rac-L?H

N-(2,6-Diisopropylphenyl)-1-(pyridin-2-yl)ethylaniline (rac-L*H): Synthesis of precursor is
similar to L4 in chapter 2. L4 (1.79 g, 6.1 mmol) was dissolved in 20 mL of CH2Cl in round
bottom flask equipped with a condenser followed by the addition of NaBH4 (23 g, 0.608 mol, 100
eq.) to afford a white yellowish slurry. MeOH (100 mL) was added by portion to this mixture
(caution exothermic reaction) and the solution was stirred at room temperature for 24 hours. The
evolution of the reaction was monitored by TLC (eluent: petroleum ether/EtOAc = 20/1) and, if
necessary, addition of NaBH4 and MeOH was carried out until the starting material disappeared.
The solvent was removed under vacuum and the resulting oil was further purified by column
chromatography (SiO2; petroleum ether/EtOAc = 30/1) to afford a colorless solid after the
evaporation of eluent. Yield = 75 %, m = 1.36 g. *H NMR (300 MHz, CD.Cl,, 25 °C) § (ppm) =
8.60 (ddd, Jun = 4.8 Hz, *Jun = 1.8 Hz, 5Jun = 0.9 Hz, 1H, Ha), 7.55 (ddd, 3Jun = 7.8 Hz, 3Jun =
7.8 Hz, 2Jun = 1.8 Hz, 1H, Hy), 7.16 (ddd, 3Jun = 7.8 Hz, 3Jun = 4.8 Hz, “Jun = 1.2 Hz, 1H, Hc),
7.04 —6.93 (M, 4H, Hqer), 4.16 (g, 3Jun = 6.9 Hz, 1H, Hg), 4.06 (br s, 1H, Hr), 3.23 (sept, 3Jun =
6.7 Hz, 2H, Hi), 1.47 (d, 3H, H;), 1.20 (d, *Jun = 6.7 Hz, 6H, Hx), 1.03 (d, 3Jun = 6.7 Hz, 6H, Hy).
The 'H NMR data were consistent with those found in the literature (Figure A32).42

N-(2,6-Diisopropylphenyl)-1-(6-methylpyridin-2-yl)ethylaniline ~ (rac-L?H):  Synthesis  of
precursor is similar to L5 in chapter 2.A procedure analogous to that described for rac-L'H,
employing L5 (588 mg, 2 mmol), NaBHa (7.57 g, n = 0.2 mol), CH2Cl> (8 mL), MeOH (40 mL),
produced rac-L2H as a colorless/yellow oil. Yield = 80 %, m = 474 mg. *H NMR (300 MHz,
CsDs, 25 °C) & (ppm): 7.13 — 7.03 (M, 3H, Hap), 6.88 (dd, 3Jun = 7.6 Hz, 3Jun = 7.6 Hz, 1H, Ho),
6.53 (d, 3Jun = 7.6 Hz, 2H, Hae), 4.56 (br s, 1H, Hr), 4.29 (g, 3Jun = 6.7 Hz, 1H, Hg), 3.23 (sept,
SJun = 6.8 Hz, 2H, Hn), 2.41 (s, 1H, Hi), 1.58 (d, 3Jun = 6.7 Hz, 3H, H;), 1.26 (d, 3Jun = 6.8 Hz,
6H, H), 1.13 (d, 3Jun = 6.8 Hz, 6H, Hi). 3C NMR (75 MHz, CeDs, 25 °C) & (ppm): 162.8, 157.9,
142.4,142.1, 136.0, 123.5, 123.3, 121.0, 118.5, 61.0, 27.7, 24.0, 24.0, 22.1 (Figure A33).

5.4.3. General Procedure for the Synthesis of Complexes 12, 13Py and 14Py

Iron bis(trimethylsilyl) amide Fe[N(SiCHz3)2]2: The iron precursor Fe[N(SiCHz3).2]> was prepared
according to a modified procedure described in the literature.®1%21% Typically, FeCl> (1 g,

7.9 mmol) was suspended in 30 mL of Et,O and the solution was cooled to 0°C. A solution of
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LiN(SiCHs3)2 (2.64 g, n = 15.8 mmol, 2 eq., dissolved in 50 mL of Et,O) was then added dropwise
to the suspension and the mixture was stirred at room temperature for 18 h (Scheme 5.14). The
solvent was removed under vacuum and the dark green product was extracted with pentane (3 x
20 mL). The dark green solution was dried under vacuum and the solid residue was distilled under
reduced pressure (0.1 mbar) at 95 — 100 °C to give a green oil that was stored at — 20°C in the
glove box. Yield = 68 %, m = 2.02 g. *H NMR (300 MHz, C¢Ds, 25 °C) & (ppm) = 61.15 (br. s).
The 'H NMR spectrum was consistent with those found in the literature (Figure A35).
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Scheme 5.14. Synthesis of Fe[N(SiCHs)2].

Further, the iron precursor Fe[N(SiCHzs)2]. was used to synthesize the homoleptic/heteroleptic

complexes as described in Scheme 5.15.

N
\ N
Fe[N(SiMes)zl,, THF, 20, RT 79
/ A

2
o
N" R 12 = (L1)2Fe
N.
H =
| 13Py = L'Fe[N(SiMes),](Py)
SN R 14Py = L2Fe[N(SiMe;),(Py)
L'HR=H) \__ FeNSiMes)l pyridine e\N: >
L?H (R = Me) pentane, 2h, RT

N / \S|
R
13Py and 14Py
Scheme 5.15. Synthetic strategy for complexes 12-14
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Bis(N-(2,6-Diisopropylphenyl)-1-(pyridin-2-yl)ethyl) iron (I1I) amide (12): The appropriate pro-
ligand (1.06 mmol, 2 eq.) was placed in 5 mL of THF and this solution was added to a solution of
5 mL of THF (5 mL) containing Fe[N(SiCH3)2]2 (0.53 mmol, 1 eq.). The solution turned from dark
green to dark red instantly and was left to stir at room temperature for 2 hours. The solution was
concentrated under vacuum and the dark red residue was placed in 6 mL of pentane. The mixture
was stirred for 5 — 10 min and subsequently filtered through celite. The solvent was evaporated to
obtain a dark red residue which was recrystallized in pentane at — 20°C. Yield: 65%. *H NMR (300
MHz, CeDe, 25 °C, 8): 134.5 (Avi2 = 1415 Hz, 1H), 87.7 (Avi2 = 516 Hz, 1H), 47.1, 46.3 and 43.7
(br, 3H), 37.4 (Av12=91 Hz, 1H), 30.7 (Av2= 96 Hz, 2H), 16.6 (Avi2 =175 Hz, 6H), -22.6 (Av1
=394 Hz, 6H), -37.3 (Av12 =706 Hz, 3H), -43.8 (Av12 =120 Hz, 2H). (Figure 5.3) Anal. Calc. for
CagHsoFeN4: C 73.77, H 8.15, N 9.06; Found: C 73.23, H 8.55, N 9.00.

N-(2,6-Diisopropylphenyl)-1-(pyridin-2-yl)ethyl) iron (1I) trimethylsilylamide (13Py): The rac-
L'H pro-ligand (1.06 mmol) was placed in 5 mL of pentane and this solution was added to a
solution of 5 mL of pentane (5 mL) containing Fe[N(SiCHz)2]2 (400 mg, 1.06 mmol, 1 eq.). The
solution turned from dark green to dark red after stirring at room temperature for 2 hours. The
solution was concentrated under vacuum and the dark red residue was placed in 6 mL of pentane.
The mixture was stirred for 5 — 10 min and was filtered through celite before being transferred to
a pentane solution (2 mL) containing 4 eq. of pyridine (340 pl, 4.24 mmol, 4 eq.). After 30 min,
red crystals of amidopyridine iron (trimethylsilyl) amide complexes were formed. In some cases,
the solution had to be triturated in the glove box with a small spatula to induce crystallization.
Yield: 47%, m = 290mg. *H NMR (300 MHz, C¢Ds, 25 °C) & (ppm) = 101.9 (Avy2 = 870 Hz, 1H),
74.4 (Avi2 = 1540 Hz, 2H), 51.9 (Avi2 = 386 Hz, 1H), 35.5 (Avi2 = 140 Hz, 1H), 34.1 (Avi2 = 106
Hz, 1H), 25.8 (Aviz = 670 Hz, 18H), 22.2 (Aviz = 323 Hz, 3H), 13.6 (Aviz = 153 Hz, 3H), 6.1
(Avi2 = 120 Hz, 2H), -22.8 (Aviz = 360 Hz, 3H), -37.7 (Avi2 = 82 Hz, 1H), -63.6 (Avi = 2218
Hz, 3H) (Figure A36). Anal. Calc. for CaoHasFeN4Si2: C 62.48, H 8.39, N 9.71; Found: C 62.03,
H 8.49, N 9.50.

N-(2,6-Diisopropylphenyl)-1-(6-methylpyridin-2-yl)ethyl) iron (1) trimethylsilylamide (14Py):
Under argon, Fe[N(TMS)2]> (m = 389 mg, 1.03 mmol) was placed in 5 mL of THF followed by
the addition of the rac-L2H pro-ligand (306 mg, 1.03 mmol) previously dissolved in 5 mL of THF.
The solution turned dark yellow/red after stirring for 1h30 at room temperature. The solution was
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reduced under vacuum to afford a red-yellow oil after 30 min. The oil was dissolved in 20 mL of
pentane and filtered through celite and the oil was washed two times with 20 mL of pentane. The
resulting solution was reduced to 10-20 mL and transferred by cannula to a solution of pentane (1
mL) containing pyridine (V =330 UL, 4 egs.) to afford a deep red solution. The mixture was placed
at — 40 °C for 2 days to give red crystalline solid of LoFe[N(TMS)2](Py) (m = 388 mg, yield = 64
%). *H NMR (300 MHz, C¢Ds, 25 °C) & (ppm) = 127.8 (Avi2= 985 Hz, 1H), 98.7 (Avi2 = 952 Hz,
3H), 65.6 (Avi2 = 137 Hz, 1H), 47.3 (Avi2 = 182 Hz, 4H), 33.1, 28.8 and 22.4 (br, 18H), 11.4
(Avi2 =55 Hz, 3H), 8.6 (Aviz = 32 Hz, 1H), 2.4 (Avi2 = 78 Hz, 3H), -26.4 and -31.1 (br, 6H), -
35.9 (Avi2 = 64 Hz, 1H), -93.2 (Avi2 = 573 Hz, 3H) (Figure A37). Anal. Calc. CaiHsoFeNsSiz: C
63.02, H 8.53, N 9.45; Found: C 62.62, H 8.78, N 9.09.

5.4.4. General Procedure for L-Lactide Polymerization

An ace pressure tube was charged with an iron catalyst solution (250 pL, 2.5 umol, 1 eq.,
0.01M in toluene) via syringe and toluene (0.5 ml) was added subsequently to obtain a red solution.
The solution was stirred for 1 min inside the glove box before adding purified L-LA (0.5 mmol,
200 eq.). The reactor was brought outside the glove box and the mixture was stirred at desired
temperature (RT, 50 or 70 °C) for appropriate time. The reaction was quenched with acidifed
toluene and the mixture was diluted with chloroform to homogenize the medium before
withdrawing an aliquot. The aliquot was dried to evaporate the solvent and the conversion was
determined by *H NMR spectroscopy in CDCls. The PLLA solution in chloroform was added
dropwise to ethanol (150ml) to precipitate the gummy solid which was dried overnight under

vacuum before being subjected to further characterization.

5.4.5. General Procedure for e-caprolactone Polymerization
Similar to 5.4.4 except the addition of distilled e-CL (0.5 mmol, 200 eq.) instead of L-LA.
5.4.5. General Procedure for L-Lactide/ e-caprolactone copolymerization

L-LA (0.25 mmol, 100 eq.) and &-CL (0.25 mmol, 100 eq.) were weighed inside the glove box
and added to a typical reactor. Toluene was added to the reactor and the mixture was homogenized
by stirring it for 1-2 mins. Further, iron catalyst solution (250 uL, 2.5 pmol, 1 eq., 0.01M in
toluene) was added to the mixture to initiate the polymerization. Remaining procedure was similar
to5.4.4.
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General Conclusion and Future Perspectives

General conclusion and future perspectives

The present study describes the synthesis of a family of iminopyridine and, to a lesser
extent, iminoquinoline as well as aminopyridine ligands and their related iron-based complexes.
All the complexes were fully characterized by *H NMR and IR spectroscopies, elemental analysis
and, in the case of newly developed iron complexes, their molecular structures were also deduced
via X-ray diffraction studies (Chart 1). These complexes have been deployed as
precatalysts/catalysts for their application in the controlled coordinative polymerization of various

monomers, affording (co)polymers with a wide range of potential applications.
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Chart 1. Family of complexes included in this thesis work

The iminopyridine/iminoquinoline ligands L1-L11 were synthesized via acid-catalyzed
condensation reactions of the carbonylated pyridine/quinoline substrates in the presence of 2,6-

diisopropylaniline, whereas the same pathway followed by reduction of the imine moiety of L4

271



General Conclusion and Future Perspectives

and L5 vyielded their related aminopyridine analogues rac-L'H and rac-L?H pro-ligands,
respectively. Thereafter, the family of iron iminopyridine/iminoquinoline complexes 1-11 were
obtained by reacting 1 eq. of ligand with 1 eq. of anhydrous FeCl> in DCM/THF. On the other
hand, iron amide complexes 12, 13Py and 14Py were obtained by reacting Fe[N(SiMesz)2]> with 2
or 1 egs. of aminopyridine ligands in THF or pentane. Additionally, the synthesis of heteroleptic
complex 13Py was performed in different solvents based on which it was observed that the

formation of homoleptic/heteroleptic analogue was dependent on the polarity of the solvent used.

The determination of the molecular structures of the newly developed iminopyridine iron-
based complexes 6-11 via X-ray diffraction studies illustrated different coordination modes of the
ligands, which was found to be highly dependent on the nature of the substituents. The
aldiminopyridine iron dichloride complexes 6 and 7 existed as bis-ligand mononuclear complexes
in the solid state, whereas their ketiminopyridine analogues 8 and 9 turned out to exist as binuclear
coordinated complexes, with complex 9 displaying a bridged tetranuclear assembly. The
aldiminoquinoline system 10, resulting from the modification of the iminopyridine skeleton, also
attained a similar symmetrical binuclear type of geometry, whereas the other aldiminoquinoline
counterpart 11 bearing bulky 'Pr groups as N-aryl substituents existed as mononuclear complex.
These observations highlight the importance of the steric hindrance around the iron center as well
as the presence of fluorinated groups on the N-aryl moiety, which collectively governs the structure
through various electronic effects such as HF, FF contacts and = — = stacking within the
assembly of these complexes. On the contrary, the newly developed homoleptic/heteroleptic
aminopyridine iron amide complexes displayed an unusual intermediate geometry between
distorted see-saw and trigonal pyramidal, as highlighted by the 14 value that defined the geometry

of tetracoordinated complexes.

Regarding the catalytic activity of complexes 1-11 in isoprene polymerization, we
observed that the activity of the catalytic system based on iminopyridine-iron complexes is clearly
related to the electron density on iron and, to a lesser extent, to the environment of the coordination
sphere at the metal center. Indeed, an increase of the electrophilicity on the metal center leads to
stronger monomer coordination and presumably faster chain propagation, while an increase in
steric hindrance, conferred by the presence of bulky N-aryl substituent, results in a decrease of

activity that could be attributed to the difficulty of the incoming monomer to coordinate with the
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active species, which was observed in the case of complexes 5, 10 and 11. As such, the alkylated
N-aryl substituted complexes were found to be less active than the complexes bearing fluorinated
groups on the N-aryl moiety. However, the aldiminopyridine complexes 6 and 7 comprising the
most electrophilic iron center turned out to be less active than the complexes 1-3 whereas their
ketiminopyridine analogues 8 and 9 displayed exceptionally high catalytic activity for the isoprene
polymerization that have been reported till now in the literature. These results suggested that the
simultaneous acceptor inductive effect (-1) of fluorinated N-aryl substituents and the donor
inductive effect (+1) of methyl group on the imino substituent of the ligands L8 and L9 collectively

enhanced the activity of the resulting catalysts from complexes 8 and 9.

In terms of selectivity, we could observe that the concomitant presence of methyl group on
the carbon of the imino substituent and N-aryl group with alkyl substituent on the ortho position
in complexes 3/4 favor 1,4-trans selectivity up to 76% at room temperature, which was later
improved to 87% at higher temperatures. In contrast, the presence of electronic effects of
fluorinated N-aryl substituent in complexes 6-9 leads to a fair 1,4-cis selectivity with a substantial
amount of 3,4, presumably due to a preferential n*-cis or n?-trans coordination of the incoming
monomer. Interestingly, these catalytic systems were not temperature dependent in terms of regio-
and stereo-selectivity whereas the improvement of 1,4-cis rate (90%) or the inversion of selectivity
for complexes 1-3 was observed at low temperature, revealing the importance of the anti/syn
isomerization of the propagating species in the stereoselective iron-catalyzed 1,3-dienes

polymerization.

In order to gain better control over the polymerization, we successfully and for the first
time implemented a reversible CCTP of isoprene with the iron-based complexes 1-4 and 6-9 in
combination with ZnEt, as CTA after activation. In search of the best Fe-CTA combination, we
conducted a preliminary screening with various metal alkyls as potential CTAs (Al'Bus, ZnEt, and
BuMgEt) through which we observed that the transfer is only efficient with ZnEt,, probably owing
to its i) monomeric nature in solution, ii) less steric bulk around Zn and iii) almost similar Fe-R
and Zn-R bond energies. Also, in order to optimize the transfer conditions by varying the
concentration of monomer from 1 M to 10 M resulted in the formation of low molecular weight
polyisoprenes with fair conversions, which could be attributed to a transfer blockage at certain
stage due to the possible formation of a stable heterobimetallic Fe-Zn allyl species.
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Further, the catalytic systems involving the iron complexes 1-4 and 6-9, under a
combination Fe/Al'Bus/[PhsC][B(CsFs)s]/ZnEt, were individually screened for the CCTP of
isoprene under optimized conditions, from which the order of transfer efficiency was deduced as
3-4>1-2>8-9 > 6-7. The complexes 6-9 bearing fluorinated substituents on their N-aryl moieties
were found to be the least efficient under transfer conditions due to their high rate of propagation.
In contrast, the complexes 1-4 bearing alkyl groups on the N-aryl substituents were found to be
more efficient under similar conditions, with the 4/Al'Bus/[PhsC][B(CsFs)4]/ZnEt; catalytic system
exhibiting the highest transfer efficiency (37%), which was also confirmed through a detailed

study.

Finally, we also attempted to perform a polymerization of isoprene using a dual catalytic
system 2 and 4 combined with 10 eq. ZnEt,, after cocatalyst activation, which produced
polyisoprene with a variety of stereo- and regioregularity. However, due to the resulting
inconsistency in the M, values in addition to the huge activity difference between the two
individual catalytic systems, a successful establishment of CSP stage could not be claimed
undoubtedly between the two catalytic precursors. On the bright side, using the other set of
catalytic precursors 1 and 3 combined with 10 eq. ZnEty, after cocatalyst activation, suggested the
occurrence of Chain Shuttling Polymerization process through which we observed a strong

selectivity dependence on the ratio of the catalytic precursors.

Apart from isoprene polymerization, we also assessed some of the catalytic systems
resulting from the complexes 3-5, 8, 9 and 11 in styrene polymerization, where most of them
proved to be active at room temperature. Ironically, the catalytic systems derived from sterically
hindered complexes 5 and 11, which were inactive for isoprene, turned out to be active for styrene.
These results again emphasize the crucial role of steric hindrance around the iron centre that might
inhibit the monomer insertion between the Fe-(alkyl) bond and consequently may lead to poor
chain propagation. Nevertheless, all the employed catalytic systems, led to the formation of
syndiotactic enriched (52%) polystyrenes with good conversions (up to 87%), albeit limited the
M values to 2 100-3 000 g/mol owing most likely to the consistent occurrence of -H elimination

reactions.

In the last phase of thesis, we studied the role of heteroleptic amidopyridine iron amide
complexes 13Py and 14Py as potential initiators for the ROP and ROCoP of L-LA and &-CL. These
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catalysts were found to be moderately active for the homopolymerization of L-LA and &-CL
producing up to >99% of PLLA and 88% of PCL. Through a series of experiments, we concluded
that the catalytic activity of these systems was proportional to the increase in temperature.
However, the polymerizations were not controlled and led to the formation of high molecular
weight polymers in all cases, speaking in favor of slow initiation compared to the faster chain
propagation. Even, attempts to control the polymerization in the presence of BnOH failed,

although, the presence of alcohol enhanced the catalytic activity of 14Py.

End group analysis to determine the chain ends of the obtained PLLA via *H NMR and
DOSY experiments could not provide the necessary information regarding the mechanism of
polymerization and the structure of PLLA. In this aspect, MALDI-ToF-MS proved to be an
efficient tool, which confirmed the absence of chain ends and as a result, the formation of cyclic

PLLA which is yet to be known in the case of iron catalysts.

Knowing that the ROCoP of L-LA and e-CL can be a promising way to yield copolymers
with controlled microstructure and mechanical properties, we attempted the statistical
copolymerization of L-LA and e-CL using 13Py as an initiator. The catalyst 13Py turned out to be
active for the ROCoP study, but sadly, in every case, poor conversions of CL units were obtained.
In general, these results are in accordance with what is expected in the copolymerization of L-LA

and e-CL, where the preferential consumption of LA occurs over g-CL.

Future research objectives will include the following:

e Development of new iminopyridine ligands and their related ketiminopyridine iron
complexes by replacing the N-aryl substituent with more bulkier groups like t-Bu, —
C(Me)CHat-Bu. Such complexes are expected to increase the 1,4-trans selectivity in
isoprene polymerization, though they might decrease the activity of the resulting catalysts.

e Another modification could be the replacement of methyl group on the imino carbon by
substituents like Et, 'Pr, t-Bu etc. and observe the influence on the activity/selectivity of
the systems. Last modification can be the simultaneous variation of electron donoting
groups on the imino carbon as well electron withdrawing groups on the N-aryl moiety,

which is expected to generate extremely active catalysts for isoprene polymerization.
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These new systems can also be assessed for styrene polymerization where the modification
in ligand skeleton is a possible way to supress the frequent occurrence of g-H elimination
reactions, which were consistent with our system.

The reported catalysts in this study can be further assessed for the polymerization of other
bio-sourced 1,3-diene monomers for e.g. f-myrcene. Further, an implementation of a CSP
between isoprene/S-myrcene or isoprene/styrene for the development of copolymers with
multiblock microstructures would be another advancement.

Regarding the CCTP, studies can be targeted to improve the transfer efficiency of the
iminopyridine iron-zinc diethyl system by deploying new complexes as suggested above
or by utilizing another Zn-based CTA such as ZnMe for the development of new catalytic
system and comparing it with the existing one.

Currently, work is still in progress for the ROP of L-LA and rac-LA to compare the activity
and selectivity of existing iron amide catalytic systems for obtaining cyclic PLA with
controlled microstructure. The idea would also be to study the influence of increasing the
LA/Fe ratio on the molar masses of the resulting PLAS.

Finally, the incorporation of bulkier ligands in the iron amide system can reduce the
coordination ability of LA, which might rebalance the reactivity ratios of LA and ¢-CL in
the ROCoP of both monomers. In this aspect, some of the ligands have already been
developed and are currently being assessed as a potential modification in the aminopyridine

structure for the synthesis of new iron amide complexes.

On a conclusive basis, over the past two decades, a revival began in using iron as a

catalytically active metal for homogeneous coordination-insertion polymerization catalysis and

significant progress in this field has been achieved so far. Iron-based catalysts possess interesting

features for multiple single-site catalysis giving access to new and unique polymers. A variety of

highly intriguing specific iron-catalyzed transformations with an enormous potential for future

polymerization catalysis were described in this work. Significant advances have been made in the

characterization part from where we observed a very varied chemistry in structural point of view.

Though, we encountered many challenges in this aspect with paramagnetic NMR and X-ray

diffraction but once these hurdles are overcome, the rich iron chemistry will undoubtfully carry on

changing the persona of polymerization catalysis. This will ensure a best alternative to precious
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noble metals and will additionally pave the path for green catalytic combinations, which can also

have a lot of potential for the development biodegradable polymers with controlled microstructure.
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Figure A28. *H NMR of 8 (300 MHz, CD-Cl,, 25 °C)
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Figure A32. 'H NMR of rac-L*H (300 MHz, CDCl,, 25 °C)
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Figure A33. C DEPT 135 NMR of rac-L2H (75 MHz, CgDs, 25 °C)
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Figure A34. HMQC 2D NMR spectrum of rac-L?H
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Figure A36. *H NMR spectrum of heteroleptic complex 13Py (300 MHz, C¢Ds, 25 °C)
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Figure A38. XRPD pattern of complex 8 for crystal (top) and powder (below).
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