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PREFACE

The work in this thesis is presented in seven distinct chapters. The background of the study and

general introduction of the ROP cyclic esters is given in Chapter 1, while a review of the use of

metal complexes as catalysts in the ROP reactions of cyclic esters is covered in Chapter 2.

Chapter 3 describes the syntheses of Zn(Il) and Cu(ll) formamidine acetate complexes and their
structural, kinetics and polymer tacticity studies in the ROP of e-CL, -LA and p . -LA. The
complexes were fully characterized by spectroscopic and crystallographic methods.  These
complexes formed active catalysts in the ROP of esters and afforded moderate molecular weight
polymers exhibiting relatively moderate PDI and heterotactic PLAs. The findings have been

published in New J. Chem., 2016, 40, 3499-3510.

In Chapter 4, the role of the carboxylate anion is demonstrated by the syntheses and applications
of Zn(ll) complexes bearing N,N' diarylformamidines and benzoate anion in the ROP of esters.
All the complexes were fully characterized by spectroscopic methods, and formed active
initiators in the ROP of esters to afford moderate molecular weights polymers via coordination
insertion mechanism.  The nature of the N,N' diarylformamidines ligands, auxiliary benzoate
anion and solvents were found to affect the catalytic activities as well as the properties of the

polymers. The findings have been published in Polyhedron, 2016, 110, 63-72.
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Attempts to improve the control of the ROP reactions and polymer properties were made by the
syntheses of Zn(ll) and Mg(ll) alkoxides supported on benzimidazolyl ligands and their
investigations as initiators in the ROP of LAs and e-CL. The complexes showed appreciable
improvement in control of polymers properties.  Stereoselectivity was achieved resulting in
isotactic PLAs. The results of the Zn(ll) and Mg(ll) complexes as initiators in ROP are given in
Chapters 5 and 6, respectively. Finally, Chapter 7 contains the general conclusions and

recommendations for future studies.
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ABSTRACT

The synthesis and applications of new trinuclear Zn(ll) and dinuclear zZn(ll), Cu(ll) and Mg(ll)
metal complexes derived from N,N'-diarylformamidines and (benzimidazolylmethyl) amine

ligands as catalysts in ring-opening polymerization (ROP) of cyclic esters are described.

Compounds N,N'-bis(2,6-dimethylphenyl)formamidine (L1), N,N'-bis(2,6-
diisopropylphenyl)formamidine (L2), and N,N'-dimesitylformamidine (L3) were synthesized by
refluxing two mole equivalents of appropriate aniline and triethyl orthoformate in the presence of
catalytic amount of acetic acid. Ligands L1-L3 were reacted with either Zn(OAc),.2H,O or
Cu(OAc)2.H,O to produce the corresponding Zn(ll) and Cu(ll) N,N'-diaryformamidines
complexes [Zn3(L1)2(OAC)s] (1), [Zm(L2)2(0Ac)s] (2), [Zm(L3)2(0Ac)s] (3) and
[Cuy(L2),(OAC)s] (4). All new compounds prepared were characterized by 'H, *C, NOESY,
COSY NMR spectroscopy, FT-IR, mass spectrometry, EPR and microanalyses.  The
coordination of L1-L3 to the metal centers was through the imine nitrogen atom in a
monodentate fashion. Complex 1 is trinuclear, while complexes 2—-4 are dimeric as confirmed by
single crystal X-ray crystallography. The X-band EPR spectra of complex 4 in solid and solution

states confirmed retention of the dinuclear paddle-wheel core in the solution state.

Complexes 1-4 formed active catalysts in the ROP of e-caprolactone (e-CL) and lactides (LA).
Complexes 1 and 3 exhibited higher rate constants of 0.1009 h™ and 0.0963 h™* compared to the
rate constants of 0.0479 h'* and 0.0477 h'* observed for 2 and 4, respectively in the ROP of e-CL
at 110 °C. Higher rate constants of 0.5963 h™ and 1.2962 h™* were obtained for complexes 1 and
3 in ROP of LAs compared to those reported in ROP of ¢-CL at 110 °C. Activation parameters
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were determined as AH* = 25.08 kJ mol™ and AS* = —201.7 J K™* mol! for ROP of e-CL using 3.
Kinetic investigation of the polymerization of e-CL and LAs revealed first order dependence of
the ROP reactions on monomer concentration. Moderate molecular weight polymers of up to 21
286 g mol' exhibiting relatively moderate molecular weight distributions and moderately

heterotactic PLAs with Pr up to 0.65 were obtained.

With the flexibility exhibited by ligands L1 and L2 in coordination with the metal centers, and its
influences in the ROP reactions, auxiliary carboxylate ligands were introduced. The reactions of
L1-L2 with either Zn(OAc),.2H,O or Cu(OAc),.2H,O salts and auxiliary benzoate ligands
produced the respective Zn(ll) and Cu(ll) formamidine benzoate complexes 4-9. Single crystal
X-ray diffraction analyses for complexes 5, 6, 7 and 9 confirmed dinuclear solid state geometry
of the complexes. Complexes 5-9 were active in the ROP of e-CL, p-lactide (p -LA) and -
lactide (_-LA) monomers. The Kinetic results indicated a pseudo-first order dependency on the
monomers.  The nature of the N,N' diarylformamidines ligands, auxiliary benzoate and solvent
were found to affect the catalytic activity as well as the properties of the polymers. Activation
parameters obtained from Eyring plots for the ROP of e-CL using complex 8 pointed to
coordination-insertion mechanism.  While ROP of | -LA resulted in moderate isotactic PLA with

minimal epimerization, predominantly atactic PLA were obtained for ROP of p, -LA.

Attempts to improve the control of the ROP reactions and polymer properties metal alkoxide
initiators  were made using ligands  N-((1H-benzo[s]imidazol-2-yl)methyl)-2,6-dimethylaniline
(L4), N-((1H-benzo[d]imidazol-2-yl)methyl)-2,6-diisopropylaniline (L5) and N-((1H-

benzo[d]imidazol-2-yl)methyl)-2,4,6-trimethylaniline  (L6). Ligands L4-L6 reacted with two



moles equivalent of either BnOH or t-BuOH and ZnEt, to form the Zn(ll) alkoxide complexes
10-13. The Mg(ll) alkoxide analogous 14-17 were synthesized using a similar protocol with

Mg("Bu),.

The Zn(ll) alkoxide complexes formed effective catalysts in the ROP reactions of e-CL, p-LA.
The ROP reactions initiated by the Zn(ll) alkoxide complexes 10-13 in toluene demonstrated the
effect of ligand architecture, and proceeded in pseudo-first order dependence on monomer
concentration. The identity of the monomer and the stereochemistry of the LA monomer also had
effect on the rates of ROP reaction. Complexes 10-13 produced predominantly crystalline
isotactic poly(_.-LA) and heterotactic poly(p,.-LA). Mg(ll) alkoxide complexes 14-17 efficiently
initiated the ROP of e-CL, p-LA and _-LA to give polymers with moderate polydispersity
indexes (PDI), but exhibited lower catalytic activities. Kinetic studies showed pseudo first-order
dependency on monomer. ROP reactions using complexes 14-17 produced isotactic poly(_-LA)

and atactic poly(p,-LA).
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Chapter 1

Introduction to preparation, properties and applications of cyclic esters

1.1 Background
A polymeric material generally consists of many polymer chains of varying number of
monomeric units and hence, different size and shape.! Polymers are large molecules that consist

of a number of repeat units linked together in a repetitive fashion.

Large volumes of plastic materials in our daily lives are produced from oil-based sources.? With
the disposable régime of the world population being on the increase, more and more waste
plastic materials find their way into the environment.?®  Accumulations resulting from the
persistent entrance of non-biodegradable polymer materials into the environment have become
an environmental concern.* There is also an increased pressure on the world’s oil reserves; as a
result, polyesters from renewable biomass feedstock that possess excellent degradable and

t.>%  Polyesters obtained from renewable resources

biocompatible properties are increasingly sor
are thus fast replacing petrochemical-based plastics due to their biocompatible and biodegradable

nature.®’
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Figure 1. 1: Biodegradation cycle of a bio-based plastic.

The raw materials for bio-based plastics are generally available from the fermentation of sugar
(beet or cane) or starch (corn, wheat, potatoes, or manioc) (Figure 1.1).8° Such bio-plastics are
renewable and will eliminate concerns of long-term uses of these renewable materials. A typical
polylactides (PLAs) cycle showing the formation of lactic acid, ring-opening polymerization
(ROP) of lactide (LA) and degradation is as depicted in Figure 1.1. Polymers obtained from
lactone and lactide are consider as a ‘“green” alternative to oil based plastics largely due to their
eco-friendly nature and for their physical properties such as stiffness and tensile strength of the

resulting polymeric materials. %112

In continuous search of aliphatic polyesters with useful biocompatible and biodegradable
properties, ROP reactions of lactone and lactide have been employed.**!* Considering ring
strains as imparting on the ROP reactions, monomers such as lactide (1.1), e-caprolactone (1.2),
d-valerolactone (1.3) and B-butyrolactone (1.4) (Figure 1.2) are mainly used in the synthesis of

polyesters.’®
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Figure 1. 2: Cyclic esters mostly employed in ROP reactions.

1.2 Synthesis of polyesters

Polyesters are hetero-chain macromolecules containing repeating ester groups.'® The synthesis
of polyesters such as polycaprolactone (PCL) and polylactides (PLAs) can occur mainly via two
different approaches: the polycondensation of hydroxycarboxylic acids (Scheme 1.1), or by the

ROP of cyclic esters (Scheme 1.2).

0 Ke ol |
- HO )J\ = HO (n-1) H20 (a)
R OH R nOH

(1.5)
O O
o O] K
HO OH —— - R e en
N o0 IS — ~ 2 (2n-1) HO  (b)
n R? n HO RZJJ\OH HO/{ O R e
n
(1.6)

where R, R*and R? denotes alkylene groups

Scheme 1. 1: Polyesterification based on (a) homo polycondensation and (b) hetero

condensation.*

Polycondensation can either be by the homo polycondensation of hydroxycarboxylic acid
(Scheme 1.1a) or the hetero polycondensation of a diol with dicarboxylic acid (Scheme 1.1b).

The homo and hetero polycondensation route has an advantage of being less expensive compared



to the ROP method, but gives low molecular weight polymers because the process requires a
sufficiently high equilibrium constant (K¢) and 1:1 stoichiometry must be obeyed in the case of

hetero polycondensation.**’

The ROP of PCL and PLAs has been used in the last forty five years as it is versatile in
producing a variety of biodegradable, biocompatible and environmental friendly replacement of

conventional oil-based materials polymers in a controlled manner.*®
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- 5 \[]/\/\/\O Cat—>
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catalyst 0 @ H"
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Scheme 1. 2: Ring opening of (a) lactones and (b) LA: alcohol initiation and polymer

propagation, followed by termination by acid.*?%°

A number of initiator and catalyst systems have been developed and applied to a diversity of
monomers to produce all types of polymers since Carothers and co-workers?®2! first extensively
explored the ROP technique for lactones, anhydrides, and carbonates.  Stridsberg and co-

workers'” enumerated several reasons for studying the polymerization of cyclic esters. In order



to find the best polymerization system for a desired technological or industrial process, factors
such as optimized experimental conditions, economy, toxicology, and technical apparatus
development are important. Over the years, well defined metal catalysts, organic catalysts and
enzymatic catalysts have been developed, resulting in a certain of level control over polymer

molecular weight, polydispersity index (PDI) and tacticity.!*?

1.2.1 Ring-opening polymerization of cyclic esters

ROP processes are generally defined by three separate stages; namely, initiation, propagation and
termination (Scheme 1.2). Dubois and co-workers®® reported three primary ROP mechanisms:
cationic  polymerization, anionic polymerization and “coordination-insertion” polymerization

based on the initiation steps.

1.2.1.1 Anionic ring-opening polymerization

Anionic ROP involves the formation of an anionic species (1.9) that attacks the carbonyl carbon
of the monomer as depicted in Scheme 1.3. Lithium complexes among other complexes
involving potassium and magnesium are reported to have the highest stereocontrol in ROP of

rac-lactide (rac-LA) via anionic ROP mechanism.?



o o M

N\
RM ﬁiﬁ + RH (a)
0] 0]
(1.9)
0 o .
. M+ + o&ﬂ - . R\[(g\oj\{o M (b)
WJ\WO o

o (1.10)

R = alkyl, alkoxy and M = Li, K, Mg
Scheme 1. 3: Anionic mechanism in the ROP of LA via (a) deprotonation of the methine proton

of the monomer, and (b) direct nucleophilic attack.'2*

The anionic mechanism is initiated by either the deprotonation of the methine proton of the
monomer (Scheme 1.3a) or nucleophilic attack on the carbonyl carbon of the monomer (Scheme
1.3b), breaking the acyl bond forming a metal alkoxide. Propagation occurs with the addition of
another monomer forming a growing polymer chain (1.10).2* The two initiation pathways are
easily distinguished by end-group analysis. The deprotonation route is associated with the
absence of initiator fragments whereas the nucleophilic attack route typically results in ester end
groups derived from the alkoxide promoters.*? Jedlinski and co-workers® reported polymers
with molecular weights in agreement with the monomer-to-initiator ratios and relatively narrow
molecular weight distribution in the anionic polymerization of | -lactide (.-LA) and p-lactide
(o,L-LA) initiated with potassium methoxide. Anionic ROP tends to give uncontrolled molecular
weights distributions (PDI) due to side reactions such as epimerization, chain termination and

inter/intra molecular trans-esterification (1.11 — 1.14) (Scheme 1.4).122°
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Scheme 1. 4: Intra- and inter-molecular trans-esterification side reactions in the ROP of

LAS 12,26

1.2.1.2 Cationic ring-opening polymerization

Typically, cationic ROP reaction mechanism involves initiation by nucleophilic attack at the
methine carbon in 1.15 and subsequent cleavage of the alkyl oxygen bond in 1.16 (Scheme
1.5).12 The attack results in a ring opening of the positively charged species through an Sy2-type
process.!”  The cationic polymerization is difficult to control and often only low molecular
weight polymers are formed.?” Few catalysts such as trifluoromethanesulfonate (MeOTf) and
trifluoromethanesulfonic acid (HOTf) have been found to be active in the cationic

polymerization of LA.?%2°
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Scheme 1. 5: Schematic representation of the initiation steps for cationic ROP.":243

1.2.1.3 Coordination-insertion ring-opening polymerization

The most common ROP mechanism observed with respect to inorganic and organometallic
polymerization catalysts is the coordination-insertion mechanism as shown in Scheme 1.6.%
Coordination-insertion mechanism is a special case of anionic polymerization in that the overall
bonds formed and broken are identical; however, a portion of the initiating species remains
bound to the propagating terminus of the growing polymer chain. The coordination of the
monomer to the metal center of the catalyst through the carbonyl group is thought to control the
characteristics of the polymer. Insertion proceeds via nucleophilic addition to the activated
carbonyl carbon leading to the ring opening of the monomer and the breaking of the acyl-oxygen
bond. Insertion of a new monomer propagates the growing polymer chain (1.17).° Quenching
of the polymerization reaction by agents such as an alcohol may induce the termination of the
reaction thereby liberating the polymer from the catalyst via protonation. This may also occur
automatically if the propagating polymer chain undergoes deactivation thereby deactivating the
propagating terminus. In principle, this process may be used to recover the catalytically active

species, although success of this approach is largely dependent on the nature of the catalyst.®
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ROP reactions occurring through coordination-insertion mechanism are also prone to side
reactions such as intermolecular or intramolecular trans-esterification, leading to the termination
of the polymerization process. The undesirable trans-esterification is associated with molecular
weight broadening (manifested in a high PDI) and may produce low molecular weight
polymers.?® In the cases of LAs, developing growing PLA chain via chain end control and
enantiomorphic site  control gives stereocontrol in the polymer chain thereby reducing

undesirable side reactions.



1.2.2 Stereochemistry of PLAs

There are three possible configurations of LAs because of the presence of two chiral centers in
the molecule as shown in 1.18 — 1.20 (Figure 1.3). The relationship of the neighboring
stereocenters in LAs could be described by considering the combination of the stereocenter pairs.
When LAs undergo ROP reactions, four microstructures of PLA are possible; isotactic (1.21),
atactic (1.22), heterotactic (1.23), and syndiotactic (1.25). Isotactic PLA (1.24) can be produced
from either -LA (1.18) or p-LA (1.19) or a mixture of both in combination with a stereoselective
catalyst. Isotactic PLA (1.24) obtained has a pure enantiomeric enrichment in the polymer chain,
i.e. -SSSSSSSS- or —-RRRRRRRR- stereocenters. Heterotactic and atactic PLA can be synthesized
from rac-LA, when each - and p-LA are alternating resulting in a doubly alternating sequence in
polymer chain. Stereocontrol ROP of meso-LA (1.20) can conceivably yield either syndiotactic
PLA with alternating of S and R stereocenters in the polymer chain; -SRSRSR- or heterotactic

PLA having the stereocenters doubly alternating -SSRRSSRR- throughout the polymer chain.

0 o) o)
L-LA pLA meso LA
(1.18) (1.19) (1.20)

Figure 1. 3: Stereoisomer structures of LAS.

Stereocontrol in ROP of LAs is an mmportant parameter because the polymer’s tacticity
influences its properties, for example, crystallinity is associated with isotactic PLA whereas
atactic PLA is amorphous. The PLA tacticity depends on both the type of lactide and initiator
selected (Figure 1.4). Metal alkoxide mitiators’ giving high stereoselectivity in the ROP of LAs
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has been reported.'®32*3  Aluminum tris(alkoxide) or tin bis(carboxylate) catalysts is known to
produced isotactic PLA from the polymerization of optically active (R,R)-LA or (S5,S)-LA. The
polymerization of rac-LA or meso-LA with these catalysts also yields PLAs that were effectively

atactic polymers 333

iiéﬁﬁ“ﬁ

Isotactic poly(y-LA)

(1.22)
(@]
0-_0 1,5 0 _O Q Q }
TR IR foghe s
o o o o B > ‘05
05 = -
rac-LA Predominantly atactic poly(p,, -LA)
1.22)
R-0O._0 7,5 0. _-0 o) o] o Q
I 1 * /I/i f Jyo o 0\5.)L O\S.)Lf
o~ ©o o~ o B = ’n
rac-LA Heterotactic poly(p  -LA)
(1.23)
R.O._0O .5 OO Q Q Q
YK oo o
o~ o o~ o n oz :
rac-LA Stereoblock isotactic poly(p  -LA)
(1.24)
0] (0] [e] (@]
I fos’-os;
o~ o = ’n
meso-LA Syndiotactic poly(LA)
(1.25)

Figure 1. 4: Stereochemistry of PLAs microstructure for ROP of LAs. 03

The stereochemistry of PLAs is normally studied and quantified by homonuclear decoupled *H

NMR, together with *C NMR spectroscopy to obtained information about the microstructure of

the polymer.
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1.2.2.1 Homonuclear decoupled *H NMR spectroscopy

Homonuclear decoupled 'H NMR spectroscopy study is a vital tool in the quantification of
stereochemical microstructures of PLAs. Due to the different stereochemical environments
experienced in the polymer, multiple resonances of the methine proton can be observed in the *H
NMR spectrum of the polymer.®*®  Conventionally, these resonances are assigned to different
stereosequence combinations using notations ‘i’ and ‘s’. The number of possible combinations
for a stereosequence of n stereocenters is defined by 2™ and the probability of different
stereosequence combinations occurring in the polymer chain can be calculated based on

Bernoullian statistics (Table 1.1).%

Table 1. 1: Tetrad probabilities based on Bernoullian statistics.*°

Probability
Tetrad rac-lactide meso-lactide
[iii] P. +P.Pu/2 0
[1is] P.P./2 0
[sii] P.P./2 0
[sis] P2 (Py’ + PP,)/2
[sss] 0 P/ +P.Py/2
[ss1] 0 P.P./2
[1ss] 0 P.P.2
[isi] (P +P.P.)2 P.>/2
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Figure 1.5: *H NMR spectra illustrating expanded methine region before (1) and after (2)

homonuclear decoupling.

Decoupling the methine proton from the methyl group in the *H NMR (Figure 1.5) removes the
quartet splitting due to the adjacent methyl group and allows straightforward identification and
quantification of the tetrads seen for PLA formed from _-LA, p-LA or mixtures thereof
Assignment of tetrads of the PLA microstructure using spectra obtained from homonuclear
decoupled *H NMR is well established and reported in literature.3®3738:3%40 For example, atactic
PLA exhibit five resonances in the homonuclear decoupled *H NMR as depicted in Figure 1.6.
13C NMR spectroscopy can also give information about the polymer microstructure and is

generally used to support conclusions made from examination of the methine region of the

homonuclear decoupled *H NMR spectrum of the polymer.
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Figure 1. 6: Schematic representation of tetrad intensities for atactic PLAs.*!

The probability of racemic enrichment P, is calculated based on equation (1.1).3

p =24 (1.1)

r (L + L)

I, is the intensity of tetrad appearing between ¢ 5.20 — 5.25 ppm, and I, represent the intensity of

tetrad between ¢ 5.13 — 5.20 ppm in the homonuclear decoupled *H NMR (Figure 1.6).

Kinetic data obtained from the Kinetic studies of the ROP of rac-LA and | -LA has been used in
estimating the stereocontrol exhibited by the catalysts. The relationship in equation (1.2)*? under
the assumption that the concentration and order of initiator are kept constant and the pseudo-first
order rate constant of ROP of rac-LA is directly proportional to the pseudo-first order rate

constant of ROP of | -LA is used in calculating P;.

K

M} 1.2)

K,
aPP (rac-lactide)

T

p:l_ll
2
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1.3 Applications of PCL and PLAs

Biodegradable polymers are a special class of biomaterials that have received a lot of interest
because they degrade through hydrolysis of the ester bonds, an example of applications of some
of these polymers being that of degradable sutures.*® Versatile bio-plastic obtained from ROP of
e-CL and LA have many applications like in food packaging** with readily composted waste
materials, cutting down on problematic waste. The degradabilty of PLA to biocompatible
molecules is utilized in medical applications such as in surgery.*> In the medical field,
degradable PLA have also been used in bone fixation as screws that will degrade in vivo and
eliminate the need for follow-up surgery to remove the screws.** Polyesters from LA have also
been used as a wvehicle for controlled drug delivery enabling the controlled release of active

ingredients at the required site in the body.'**

Biocompatible and biodegradable polymers
obtained from the mentioned monomers have found applications in different fields as depicted in

Figure 1.7.

N
[Renewable resouces [Nonrenewable resouces]

PLA, PGA, PLGA

Biodegradable
Enviromental
Applications
Packaging l ¢ l l
Drug Orthopaedics Tissue

Biodegradable
Biocompatible

Medical
Applications

Sutures Delivery Implants Engineering

Figure 1. 7: Potential applications of polymers obtained from e-CL and LAs.”*?
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Chapter 2

Literature review of metal complexes as catalysts/initiators in ROP of
cyclic esters

2.1 Background

The driving force in the design of catalytic systems arises from the understanding of mechanisms
of ROP of cyclic esters resulting in desirable polymers with properties such as biocompatibility,
biodegradability, high molecular weight, narrow molecular weight distributions and certain
degree of stereoselectivity in the case of PLAs. This has brought about research on the design of
ligands and their complexes with transition metal centers both in the academic and the industrial

sectors.  Numerous publications®?3

on catalyst design based on structure-activity relationship
have appeared and the search for better and more efficient ROP catalyst systems is continuing.
This chapter is a review of relevant works on design and synthesis of Al, Sn, Mg, Ca, Zn, and Cu

complexes involving different ligand systems and their application as catalysts or initiators in

ROP reactions of cyclic ester.

2.2 Reviewof Al, Sn, Mg, Ca, Zn, Cu complexes involving N,O and S-donor ligands as
ROP catalysts/initiators

Several catalysts have been explored for the ROP of LAs and lactones,**>7:8:°

with the majority
being metal based. It is interesting to note that metal based compounds which take part in the
ROP of cyclic esters are described as catalysts or initiators based on their behaviors, mostly

determined via end group analysis Over the years, well defined metal catalysts, organic catalysts
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and enzymatic catalysts have also been developed, resulting in a certain of level control over

polymer molecular weight, PDI and tacticity.°

2.2.1 Tin and aluminum initiators
For the past three decades, research on homogeneous coordination insertion catalysts has focused
on inorganic main group metals based on tin and aluminum.!* Industrially, the initiator used to

prepare commercial grade PCLs and PLAs is a tin compound 2.1 depicted in Figure 2.1.2

R e=e
> / \O
2.1
Figure 2. 1: Tin(ll) 2-ethylhexanoate, an initiator used industrially to prepare polyesters.?

This commercially available initiator is soluble in both common organic solvents and in melt
monomers. It may be used for the preparation of polymers with molecular weights of up to 10° g
mol with reaction times from a few hours to a few days when used with an alcohol co-initiator.
However, there are toxicity issues related to organo-tin compounds and this has led to significant
efforts to dewvelop -catalyst/initiator systems based on less controversial, more environmentally

acceptable metals.

Salen-aluminum complexes have been intensively studied for the stereoselective polymerization

of LAs (Figure 2.2). Moderate to high levels of isotactic enrichments in the ROP of LAs upon
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using Schiff base ligands with non-substituted phenoxide groups were reported for compounds

2.2% and 2.4.14

0 R3
R* R4
R1=CH, R2=R3=R4=H (22)

R1=C,H,, R?=CHg, R3=R*=H (23)
R! = C,H,, C3Hg or CH,C(CH3),CH,, R?=R3=R*=H (2.4)

Figure 2. 2: Aluminum salen type complexes studied for the stereoselectivity polymerization of

LAS 13,14

Nomura and co-workers also investigated a series of analogous aluminum/achiral Schiff base

1516 “and reported much higher activities for ROP of rac-LA with complexes having

complexes
propylene spacer (R* = C3Hs) compared to the analogous ligands having an ethylene spacer (R* =
C2Ha), ascribing it to a higher flexibility imparted to the metal coordination sphere (Figure 2.3).
Ma and co-workers®’ described the use of similar compound in the ROP of rac-LA and reported
moderate activity when R is an ethylene spacer (2.6) with resulting polymers showing no
enrichment in stereoregular sequences (Figure 2.3). In contrast, when R' was an ortho-xylene
spacer (2.7), polymers with moderate heterotactic enrichments (P, = 0.65) were obtained. These
differences in activity was attributed to the weak coordination between the aluminum and sulfur

which causes rapid inter-conversion between conformations and no stereoselectivity is induced

in this chain-end controlled polymerization when R* is an ethylene bridge.
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R'=CsHg  (2.5)
R1=C,H, (2.6)
R1=ortho-xylene (2.7)

Figure 2. 3: Aluminum sulfanediyl bis(phenolate) complex in the ROP of rac-LA with resulting

polymers showing no enrichment in stereoregular sequences.*>*®

2.2.2 Magnesium and calcium based polymerization catalysts/initiators

Alkaline earth metals based catalysts have proven very attractive because of their high activity
and low toxicity.® The most commonly used alkaline earth metals catalysts/initiators are Mg(ll)
and Ca(ll) complexes because they combine high activity with relatively low toxicity. Indeed
they are prevalent in many metalloenzymes both in vivo and in the environment. They are mostly
grouped together because they show closely related properties and often their activities are
studied via coordination with similar ligand systems. Magnesium is the most abundant alkali
earth metal, and has become an interesting metal to use in the synthesis of polymers for

biomedical applications.

Considerable attention on [-diketiminate (BDI) complexes emanated from the report of Coates
and co-workers.'®  Mg(ll) iso-propoxide B-diketiminate complexes were reported to show

excellent activities and very high hetero-selectivity in rac-LA or meso-LA polymerization
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(Pr:0.9 rac-LA, P;:0.76 meso-LA).® The nature of the initiating groups was found to influence
the polymerization reactions, resulting in predictable molecular weight and narrow PDI. The
substituents on the BDI aryl rings affected both the rate and the stereochemistry: with apparent

rate constant kqpp decreasing in the order 'Pr>Et > Pr and the heterotactic bias for rac-LA also

decreased in the same order.*®

Wu and co-workers®® reported on the use of a mono-methylether Salen-type ligand in
combination with magnesium (Figure 2.4). They reported the complexes as efficiently initiating
the ROP of (-LA and rac-LA in a controlled fashion, yielding polymers with very low PDI.
Kinetic studies showed a second-order dependency on monomer concentration with magnesium
complex as an initiator. Moderate isotactic enriched PLA was obtained in rac-LA
polymerization in CH,CkL (P, = 0.58, T, = 0 °C), when the Mg(Il) complex (2.8) was employed.
The stereoselectivity was significantly increased upon lowering the polymerization temperature

(Pm = 0.67, T, = -30 °C).

Figure 2. 4: Mono-methylether Salen-complex reported by Wu and co-workers efficiently

initiating the ROP of | -LA and rac-LA in a controlled fashion.?°
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Sanchez-Barba and co-workers?® reported alkyl-containing magnesium complexes with good
polymerization properties, resulting in high molecular weight polymers with low to moderate
PDI. The ROP reaction was initiated by alkyl transfer into the monomer chain. Shueh and co-
workers®? investigated a magnesium aryloxide as a catalyst and reported a “‘living”
polymerization based on the linear relationship between the monomer : initiator ratio and the

molecular weight of the polymer.

Magnesium NNO-tridentate ketiminate complexes used for the ROP of rac-LA were investigated
by Huang and co-workers.”®> The magnesium complexes 2.9 and 2.10 shown in Figure 2.5 used
as a catalyst afforded PLAs with high levels of heterotactic enrichment (Prso°.c = 0.79, Proc =

0.85) in THF as the polymerization medium. When CH,CL was used as a solvent, the P, value

became smaller (P 30°c = 0.64).

/X W
/ NH
] Mg"Bu, 7
BnOH N\N

L-H: X
L-H: X

-CH2N(CHs),
-2-Py

X =-CH,N(CH3)> (2.9)
X =-2-Py (2.10)

Figure 2. 5: NNO-tridentate ketiminate Mg complexes affording PLAs with high levels of

heterotactic enrichment in THF as the polymerization medium .23
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20.23.2425 are pest known to exhibit this characteristics, and this

Organo-magnesium complexes,
has been attributed to the change in the stereogenic environment of the catalytic site in different

solvent media.

The biocompatible nature of calcium and the difference in coordination chemistry from
magnesium and zinc despite having +2 charges upon complex formation makes calcium
attractive for polyesters production.?®  Calcium isopropyloxide (2.11) shown in Figure 2.6
generated in situ from the reaction of bis(tetranydrofuran) calcium bis[bis(trimethyisilyl) amide]
and isopropanol, is highly active for the controlled ROP of cyclic esters in THF using mild
conditions (18 °C).?’ Complex 2.11 catalyzes the polymerization of cyclic esters, and the
isolated polymers had high PDIs and much higher molecular weights as compared to the

calculated values.

(2.11)
Figure 2. 6: Diketone supported calcium complex highly active for the controlled ROP of cyclic

esters in THF.%’

Chisholm and co-workers?® also prepared monomeric Ca(ll) complexes 2.12 and 2.13 for

stereoselective ROP of p-LA (Figure 2.7). In order to minimize aggregation, they employed a
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strategy to encapsulate the metal center in a sterically bulky multidentate nitrogen donor
framework specifically using tris(pyrazolyl) borate ligands. The Ca(ll) complex was reported to
be the most active for the ROP of p —LA when compared with the corresponding Mg(Il) and
Zn(l) complexes. This was attributed to the increasing polarity of the M-OR bond on going
from Zn(ll) to Mg(ll) to Ca(ll) as the carbonyl carbon was presumed to be most effectively

activated by the more electropositive metal.

/SiM93 - /SiMeg

—N o

2

—N

7 \Ca/N\SiMeg ] \Ca/N\SiMe3
] \
s S TTTHF s SO TTTHE
N N O
(2.12) (2.13)

Figure 2. 7: Calcium complexes supported by B-diketiminate ligands stereoselectivity in ROP
of D,L- LA.28

2.2.3 Zinc based polymerization catalysts/initiators

Dove?®, Chisholm®® and co-workers investigated a potentially tridentate PB-diiminate ligand in
combination with zinc (2.14) (Figure 2.8), resulting in catalysts with higher activity, but less
controlled and less stereoselective polymerizations than the B-diiminate complexes reported by
Chamberlain and co-workers.>* This was also explained by the fact that the extra O-donor with

respect to the symmetric diisopropyl analogous was dissociated from the metal center.
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OR = O'Bu

Figure 2. 8: BDI complexes reported by Chisholm and co-workers in the ROP reaction of cyclic

esters.3233

Figure 2. 9: Mono-methylether Salen-complex reported by Wu and co-workers showing

heterotactic enrichment in the ROP of p -LA.%°

Wu and co-workers?® reported on the use of a mono-methylether Salen-type ligand in
combination with Zn(ll) alkoxides as depicted in Figure 2.9. Kinetic studies showed a first order
dependency on both monomer concentrations. The Zn(ll) complex 2.15 gave polymers with a
significant heterotactic enrichment (P, = 0.75, T, = 25 °C) in CH,Cl as the polymerization

medium.
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Binuclear Zn(Il) alkoxide complexes supported by a bis-salalen ligand have been reported and
the complexes showed catalytic activities in the ROP of LA under a controllable mode.3*
Interestingly, the mechanisms of the ROP of LA were different at different temperatures, with
coordination insertion mechanism being suitable under a melt condition (130 °C), while at a low
temperature the ROP proceeded via an activated monomer mechanism.  The complexes
demonstrated stereoselectivity in the ROP of rac-LA affording a slightly isotactic preference (Pn,

=0.59) in toluene and a heterotactic preference (Pn, = 0.54) in THF, respectively.

Zn(Il) NNO-tridentate ketiminate complexes used for the ROP of rac-LA have been investigated
by Huang and co-workers (Figure 2.10).2®> The NNO-tridentate ketiminate Zn(Il) complexes give
higher stereoselectivity when the polymerization was performed in CH,CL (Pro.c = 0.71) (2.16)
compared to THF (Proc =0.61) (2.17). Huang and co-workers attributed the different
stereoselective behavior upon using THF as the polymerization medium to the ability of THF to

coordinate to the metal species

) NH N Q
N
i ZnEt, { \Z\n/ \ o= N
N\ o / O/ \ _— - /
N BnOH

L-H: X = -CH,N(CHg),
L-H: X =-2-Py X =-CH,N(CH3), (2.16)
X =-2-Py (2.17)
Figure 2. 10: NNO-tridentate ketiminate Zn(ll) complexes used for the ROP of rac-LA
investigated by Huang and co-workers giving higher stereoselectivity when the polymerization

was performed in CH,Ch.%
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Wang and co-workers®® reported Zn(ll) complexes bearing the anilido-aldiminate ligand (2.18 —
2.20) shown in Figure 2.11 as efficient initiators in the ROP of &-CL and B-BL in a “living”
fashion, furnishing polymers with controlled molecular weights and very narrow PDI. The four-
coordinate dinuclear Zn(ll) alkoxide complex 2.20 dissociates to form a three coordinate
monomeric zinc alkoxide complex at low temperatures, which was considered as an active
species during the ROP process at relatively high temperatures. Chisholm and co-workers®?23
reported the synthesis of related BDI complexes as THF adducts which were also efficient
initiators in the ROP of LAs. The Zn(ll) complex was reported to show good heteroselectivity in

rac-LA polymerization in THF.

~
o (0]
j 0.5 ZnEt, N (
NH N Toluene/ refluxed = /\’Zn/N

ZnEt, |Hexane

) o)

N
—0 Z / /b\(
(2.19) 2.20)

Figure 2. 11: Zinc alkoxide derivatives as initiators for ROP of cyclic esters.>®

Zn(ll) complexes prepared from the reactions of fluorous imino-alcohols with either
Zn[N(SiMes)2]> or ZnEt, when combined with benzyl alcohol (BnOH) showed activity for ROP

of rac-LA and B-butyrolactone at 20-50 °C.*® Atactic biased PLA with molecular weight up to
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20,700 g mol* and PDI of 1.06-1.57 respectively, were reported. The use of excess benzyl

alcohol as a transfer agent resulted in the immortal ROP of LA (or -butyrolactone).

Jensen and co-workers®’38

synthesized Zn(ll) alkoxide catalyst 2.21 supported by an N-
heterocyclic carbenes (Figure 2.12) and reported rapid polymerization of p-LA to heterotactic
enriched (P, = 0.60) PLA while the free carbenes and analogs was also reported to polymerize

LAs stereoselectively in the absence of a metal and yielded highly isotactic enriched PLA.

R Ph
/ Ph
i Et  2BnOH [ 5} /<O <o R
n ", N
Chuctzmon (P o
N\R = R 3 ol YN@
/
PN PH R
R = 2,4,6-trimethylphenyl (2.21)

Figure 2. 12: N-heterocyclic carbene Zn(ll) complex reported by Jensen and co-workers

resulting in rapid polymerization of | -LAto heterotactic enriched (P, = 0.60) PLA .*’

Jones and co-workers®® reported a series of homogeneous/heterogeneous mononuclear and
trinuclear Zn(I1) metal complexes of salicylaldimine ligands. The presence of substituents in the
phenyl ring of the ligands highly influenced the nature of complexes obtained.  The
heterogeneous salicylaldiminato  Zn(ll) system was shown to initiate the polymerization of LA
but with less efficiency compared to the homogeneous systems evaluated. Higher M, polymers
were obtained over time as the percentage conversion increased. The PDI values of the polymers
ranged from 1.34 to 1.85, with complexes with the least steric hindrance resulting in polymers

with the highest PDI values.
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Appavoo and co-workers*® synthesized series of pyrazole Cu(ll) and Zn(ll) complexes 2.22 -
2.25 (Figure 2.13) and reported the activities of the complexes in the ROP of e-CL and p-LA to
varied with respect to the metal center. No clear cut variation in the activities of initiators based
on substituents on the benzoic acids that were used as ancillary ligands to introduce a metal-
oxygen bond required for the polymerization was established. The reported stereoselectivity of

the PLASs was heterotactic biased.

\Zn/
HN—N/ \
/K)\ P
© —
~l

R=NO, (2.22)

R=cCl (2.23)
R=OH  (2.24)
R=H (2.25)

Figure 2. 13: Pyrazole Zn(ll) carboxylate complexes as catalysts in ROP of cyclic esters.*°

Owjach and co-workers** studied the ROP of e-CL using monometallic (pyrazol-1-
ylmethyl)pyridine  Zn(ll) acetate complexes (Figure 2.14). The polymerization reactions
followed pseudo first-order kinetic with respect to e-CL monomer. Moderate molecular weights
were obtained for the polymers and relatively broad molecular weight distributions associated

with trans-esterification reactions was also obtained.
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R=Me (2.26)
R=Ph (2.27)

Figure 2. 14: Monometallic (pyrazol-1-ylmethyl)pyridine Zn(Il) acetate complexes as catalysts

in ROP of e-CL.**

Attandoh and  co-workers*? investigated  (benzimidazolylmethy)amine  Zn(Il)  carboxylate
complexes 2.28 — 2.30 as catalysts in polymerization reactions of &-CL. The activities of these
catalysts were dictated to a great extent by the nature of the metal center and the ligand
architecture (Figure 2.15). The polymerization kinetics was first order with respect to both
monomer and catalyst and proceeded through a coordination-insertion mechanism. Despite the
inferior catalytic behavior of these complexes when compared with established zinc systems,

they provided a convenient synthetic route to very stable catalysts.

N R
27\
N HN
o\
/

MeOH, r.t.

H L
N R
% Zn(OAC)2.2H0
@NHHNC (0A)22H;0 o
R

)

R
N
7
N
H

R=H,R'=CH;, (2.28)
R =Br, R'=CHg, (2.29)
R=SH,R'=C¢Hs (2.30)

Figure 2. 15: ROP catalysts reported by Attandoh and co-workers.*
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2.2.4 Copper based polymerization catalysts/initiators

Interest in copper complexes as catalysts for ROP reactions emanated following the first highly
active Cu(ll) based catalysts for the polymerization of rac-LA reported in literature.*>*4%>  John
and co-workers synthesized Cu(ll) complexes 2.31 - 2.33 of phenoxy-ketimine ligands (Figure
2.16) and reported that the Cu(ll) complexes efficiently catalyzed the ROP of | -LA at elevated
temperatures under solvent- free melt conditions, producing PLA polymers of moderate
molecular weights (M, = 8000 —11 000, [M] : [I] = 50) and having narrow molecular weight

distributions (PDI = 1.3 — 1.4 at 70-80% conversion).*®

RI=R?=Et (2.31)
Rl =R?=Me (2.32)
Rl = H, R? = Me (2.33)

Figure 2. 16: Cu(ll) phenoxy-ketimine based catalysts for the polymerization of -LA at

elevated temperatures under solvent free melt conditions.*®

Fortun and co-workers reported diiminopyrrolide Cu(ll) alkoxide complexes 2.34 and 2.35,
LCuOR (OR! = N,N-dimethylamino ethoxide, OR?=2-pyridyl methoxide) (Figure 2.17).*
Compound 2.34 produces essentially atactic PLA (the typical slight heterotactic bias owing to

chain-end control was observed), while compound 2.35 shows a strong isotactic preference with
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Pn=0.68 — 0.70. The difference in stereocontrol was attributed to a dinuclear active species for

LCuOR? in contrast to a mononuclear species for LCUOR?.

(2.34) (2.35)
Figure 2. 17: Diiminopyrrolide Cu(ll) alkoxide complexes employed in ROP of LAs.*’

2.3 Statements of the problem

The toxicity and high cost of metal centers used in the synthesis of the most metal complexes
employed as catalysts in the ROP of cyclic esters has become a concern. The inability to
completely remove catalyst residues from synthesized polymer and potential toxicity of catalysts
depending on the metal center is a major concern bearing the potential applications of the
polymers.  Most of the metal complex catalysts used in ROP produces polymers with low
molecular weights, broad PDI, and lacks stereoselectivity in the case of PLAs. The challenge is
to produce biodegradable polymers from LAs or e-CL at low cost and with physical properties
that would make them industrial competitors to non-biodegradable, well established commodity
polymers such as poly(ethylene). Therefore, the development of non-toxic catalyst systems to
synthesize polymer with high levels of control over polymer molecular weight, tacticity, PDI and

end-group reliability has become highly desirable.
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2.4 Justification of study

Polymers synthesized from lactones and LAs as biodegradable polymers have generated lot of
interest as they are synthesized from bio-renewable resources and degrade into non-toxic
product. These polymers have found applications in the fields of agriculture,*® packaging,*®
biomedical®® and pharmaceutical industries.”®  In order to synthesize such polymers,
developments in synthesis of catalysts and initiators (usually metal complexes) that form well-
defined, stereospecific polymers with controlled molecular weights are required. Based on the
overview of metal containing catalysts in this chapter, we decided to extend this research area
further by developing and testing additional N-donor ligands containing formamidines and

benzimidazole derivatives.

The flexibility of amidines, amidinates and benzimidazole derivative ligands to coordinate either
as monodentate as well as chelating (n?), rendering their respective complexes very promising
for applications in catalysis.>> The steric bulk of the ligand affects the coordination mode around
the metal centers, and largely influences the control of polymer microstructure, and as such,

4153 The nature

careful design of the ligand motif could result in controlled ROP of cyclic esters.
and chemical activities of the polymers obtained could be controlled via modification of the
electronic and steric properties of these ligands. The metals Zn, Cu and Mg were chosen as
metal centers because they are cheap and less toxic. Hence, any successful catalyst based on

these metals will have lot of potentials from both the economic, health and environmental point

of view. These observations have led to the motivation for this study.
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2.5 Aim and objectives of this project
This study aimed to design and synthesize N-donor ligands and carry out complexation with less
expensive, less toxic metals, and investigate their catalytic activities in the ROP of cyclic esters.

The following specific objectives can thus be identified:

e Synthesis of formamidine ligands and their Zn(ll) and Cu(ll) complexes. The effect of
metal and ligand stoichiometry in the synthesis of such complexes will be investigated
and the coordination chemistry discussed.

e Synthesis of benzimidazole derivatives ligands and their Zn(ll) and Mg(ll) complexes.
The effect of metal and ligand stoichiometry in the synthesis of such complexes will be
investigated and the coordination chemistry discussed.

e Application of synthesized compounds as catalysts in the ROP of cyclic esters. It was
envisaged that these catalysts will aid the synthesis of polymers with controlled
architecture and controlled molecular weights.

e Kinetic and polymer tacticity studies of the ROP reactions.
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Chapter 3

Zn(11) and Cu(ll) formamidine complexes: Structural, kinetics and
polymer tacticity studies in ring-opening polymerization of e-caprolactone
and lactides

This chapter is adapted from the paper published in New J. Chem., 2016, 40, 3499-3510 and is
based on the experimental work of the first author, Ekemini D. Akpan. Copyright The Royal
Society of Chemistry and the Centre National de la Recherche Scientifique 2016. The
contributions of the first author include synthesis and characterization of the ligands and

complexes, e-CL and LAs ROP catalysis and drafting the manuscript.

3.1 Introduction

The development of new catalysts or initiators for ROP of esters has generated great interest.
Zn(ll) and Cu(ll) complexes have been shown to produce effective catalysts for the ROP
reactions of cyclic esters largely because they are easily synthesized, they are stable, less toxic

and more importantly biocompatible.*

The catalytic activitics of [-diketiminate complexes employed in the ROP reactions of cyclic
ester have been studied extensively.”? Reports on amidines and amidinates complexes employed
for ROP catalysis of cyclic esters are extremely rare.® Amidinate ligands have found many
applications in coordination chemistry and also as ancillary ligands to form complexes as

catalyst/initiators in organic transformation and polymerization reactions.  The flexibility of
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amidines and amidinates ligands to coordinate either as monodentate as well as chelating (n?)
render their respective complexes very promising for applications in catalysis.” The steric bulk of
the ligand affects the coordination mode around the metal centers, and largely influences the
control of polymer microstructure, and as such, careful design of the ligand motif could result in
controlled ROP of cyclic esters.® The nature and chemical activities of the polymers obtained
could be controlled via modification of the electronic and steric properties of amidines/amidinates
ligands. Neutral mono (amidinate) and bi-functional ligands with two amidinate moieties bridged
by a linker with rare earth metal complexes show catalytic activity towards cyclic ester
polymerization, giving high molecular weight and narrow molecular weight distribution
polymers.” Phomphrai and coworkers® reported rapid polymerization of ¢-CL and also found that
bis(amidinate) tin(ll) complexes with electron donating groups accelerated the polymerization

reactions and enhance the catalytic activities of the complexes.

In this chapter, we report the synthesis of Zn(ll) and Cu(ll) formamidine complexes and their
applications as catalysts in the ROP of &-CL and LAs. The expected structural rigidity offered
by these formamidine ligands as opposed to the more flexible (pyrazolylmethy)pyridine synthons
previously used may result in better control of the ROP reactions. The rest of this chapter
detailed the structural study of the complexes, kinetic and polymer tacticity of these ROP

reactions.
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3.2 Experimental Section

3.2.1 Materials and reagents

All experiments were carried out under argon using Schlenk techniques. All solvents (ACS
reagent grades > 99.5%) were obtained from Sigma-Aldrich. Reagent grade ethanol was distilled
and dried from magnesium turnings; dichloromethane (DCM) and hexane were dried from a
sodium-benzophenone  mixture. Metal salts (Cu(OAc),.H,O, Zn(OAc),.2H,0), 2,6-
dimethylaniline  (99%), 2,6-diisopropylaniline  (97%), 2,4,6-trimethylaniline (98%) and the

monomers (e-CL and LAs, 99%) were obtained from Sigma-Aldrich.

3.2.2 Instrumental characterization techniques

'H and ¥C NMR spectra were measured at room temperature with Bruker 400 MHz
spectrometer. *H NMR data were recorded in CDCl; listed as residual internal CDClz (8 7.26).
Similarly, *3C NMR data were recorded in CDCl; listed as residual internal CDClz (8 77.00). IR
spectra were obtained on PerkinElmer Universal ATR spectrum 100 FTIR spectrometer. Mass

spectra of compounds were obtained from Water synapt GR electrospray positive spectrometer.

3.2.3 Typical procedure for ligand syntheses L1-L3

Acetic acid (1.5 mole equivalents) was added to a round bottom flask charged with the aniline (2
mole equivalents) and triethyl orthoformate (1 mole equivalent). The reaction mixture was
heated under reflux and temperature maintained at 130-140 °C. After 3 h, the temperature was
increased to 150 °C and all volatiles removed via distillation. Upon cooling to room temperature,
the reaction mixture solidified. The crude product was triturated with cold hexane and collected

by vacuum filtration. The solids obtained was recrystallized in minimal hot acetone and stored at
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4 °C. Crystals formed were collected via filtration and dried in vacuo, yielding the pure products

(Figure 3.1).

-~ ~ ~
N N N N N N
H H H

L1 L2 L3

N,N'-bis(2,6-dimethylphenyl)formamidine (L1)
N,N'-bis(2,6-diisopropylphenyl)formamidine  (L2)
N,N'-dimesitylformamidine (L3)

Figure 3. 1: Formamidine ligands used in this study

3.2.4 Synthesis of Zn(I1) and Cu(ll) formamidine complexes 1-4

3.24.1 [Zns(L1)2(OAc)] (1)

To a solution of Zn(OAc),.H,O (0.087 g, 0.396 mmol) in ethanol a solution of L1 (0.200 g, 0.79
mmol) in ethanol was added drop wise. The resulting solution was stirred at room temperature
for 24 h. The solvent was removed under vacuum, and the crude product washed with hexane
and recrystallized from DCM/hexane solvent mixture to afford complex 1 as a white solid. (0.281
g, 67.2%) H NMR (CDCl, 400 MHz): & (ppm) 1.99 (s, 18H, Ac CHs), 2.32 (s, 24H, CH3), 6.07
(d, 3J = 10.9 Hz, 1H, NH), 7.22 (m, 12H, Ar), 7.74 (d, 3J = 9.8 Hz, 1H, N=CH). *C NMR
(CDCl;, 400 MHz) & (ppm) 180.2, 133.7, 129.0, 129.0, 128.5, 127.6, 22.9, 18.4, 17.7. IR (Nujol):
v = 3333 (w), 1630 (s), 1588 (s), 1471 (m). ESI-TOF MS: m/z (%); 391.28 [LZn, + Li]* (90),
569.26 [L2Zn + H]* (35). Anal. Calcd. For C46HsgN4O12Zn3: C, 52.16; H, 5.90; N, 5.29. Found:

C, 52.20; H, 6.10; N, 5.24
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3.24.2 [Zm(L2)2(0Ac)]  (2)

The reaction of compound L2 (0.150 g, 0.410 mmol) and Zn(OAc),.H,O (0.045 g, 0.021 mmol)
in ethanol afforded complex 2 as crystalline white solid. (0.150 g, 68%) *H NMR (CDCl;, 400
MHz): § (ppm) & (ppm) 1.19 (d, 3J = 6.80 Hz, 48H, CHs), 1.89 (s, Ac CHs, 6H), 3.33 (m, 8H,
CH), 7.24 (m, 12H, Ar), 7.38 (d, 3J = 11.7 Hz, 1H, N=CH), 5.72 (d, 3J = 11.8 Hz, 1H, NH). IR
(Nujol): v = 2960 (m), 1661 (s), 1587 (m), 1382 (w). ESI-TOF MS: m/z (%); 731.58 [LZn,(OAC)s
— H]* (45); 792 [L,Zn]" (100). Anal. Calcd. For CsgHgaN4OgZny: C, 63.55; H, 7.72; N, 5.11.

Found: C, 63.30; H, 7.66; N, 5.12

3.24.3 [Zmy(L3)2(OAc)s]  (3)

The reaction of compound L3 (0.130 g, 0.464 mmol) and Zn(OAc),.H,O (0.050 g, 0.023 mmol)
in ethanol afforded the crude product. The crude product was washed with hexane and
recrystallized from DCM/hexane solvent mixture to afford complex 3 as a white solid. (0.176 g,
82%) *H NMR (CDCl;, 400 MHz): & (ppm) 1.97 (s, 12H, Ac CHs), 2.27 (m, 36H, CHs), 5.99 (d,
3) = 11.9 Hz, 1H, NH), 6.93 (m, 8H, Ar), 7.67 (d, %J = 9.5 Hz, 1H, N=CH). *C NMR (CDCl,
400 MHz) & (ppm) 137.3, 133.7, 129.0, 129.0, 22.9, 20.8, 18.4, 18.3, 17.6. IR (Nyjol): v = 3147
(W), 2915 (m), 1641 (s), 1556 (m), 1478 (s), 1432 (s), 1369 (m). ESI-TOF MS: m/z (%); 561
[LZny(OAcC), + K]* (100), 812.28 [L,Zn(OAc), + Na]™ (20). Anal. Caled. For C4gHsoN4OgZny:

C,59.42;: H, 6.72; N, 6.03. Found: C, 59.07; H, 6.52; N, 6.19

3.2.4.4 [Cup(L2)2(CAc)] (4)
The reaction of compound L2 (0.200 g, 0.55 mmol) and Cu(OAc),.2H,0 (0.050 g, 0.250 mmol)

in ethanol afforded the crude product. The crude product was washed with hexane and
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recrystallized from DCM/hexane solvent mixture to afford complex 4 as a light green solid (0.200
g, 74%). IR (Nyjol): v = 3264 (w), 2963 (m), 2866 (w), 1652 (s), 1621 (s), 1436 (s), 1412 (s).
ESI-TOF MS: m/z (%); 791.50 [M" - 40Ac] (100). Anal. Calcd. For CsgHgsN4OgCuy: C, 63.54;

H, 8.09; N, 5.11. Found: C, 63.20; H, 7.79; N, 5.19.

3.2.5 Typical procedure for bulk polymerization of e-CL

Bulk polymerization reactions were performed by introducing an appropriate amount of the
complex and e-CL monomer (1.14 g, 0.01 mol) to a Schlenk tube immersed in pre-heated oil bath
at 110 °C and the reaction was initiated by stirring. Kinetics experiments were carried out by
withdrawing samples at regular interval using a syringe into NMR tube containing CDCl3
solvent. The tube and solution was then rapidly cooled down using ice water. The quenched
samples were analyzed by *H NMR spectroscopy for determination of polymerization of ¢-CL to
PCL. The percentage conversion of [PCL])/[CL], x 100, where [CL], is the initial concentration
of the monomer and [PCL] is the concentration of the polymer at time t, was evaluated by
integration of the peaks for CL (4.2 ppm, OCH; signal) and PCL (4.0 ppm, OCH, signal)
according to the equation [PCLJ/[CL]oc = la.0/(ls2 + ls0) where 14, is the intensity of the CL
monomer signal at 4.2 ppm and l4 is the intensity of PCL signal at 4.0 ppm for OCH, protons.
The observed rate constants were extracted from the slope of the line of best-fits of the plot of

In[CL]o/[CL]; vs. time.

3.2.6 Typical procedure for polymerization of o -LA and | -LA
A suitable LA (1.44 g, 0.01 mol) was dissolved in toluene in a Schlenk tube equipped with

magnetic stirrer under argon and the required amount of complex was added. The reaction
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mixture was stirred at 110 °C. Kinetics experiments were carried out by withdrawing samples at
regular interval using a syringe and quenched quickly by rapid cooling into NMR tube containing
CDCl; solvent using ice water. The quenched samples were analyzed by *H NMR spectroscopy
for determination of polymerization of LAs to PLA. The integration values of the methine proton

of the monomer and that of the polymer were used to calculate the percentage conversion using

the equation lcHpolymer/(IcHmonomer + IcHpolymer) X 100.

3.2.7 Polymer characterization by size exclusion chromatography (SEC)

The samples were analyzed by SEC at Stellenbosch University. The samples were dissolved in
Butylated hydroxytoluene (BHT) stabilized Tetrahydrofuran (THF) (2 mg/ml). Sample solutions
were filtered via syringe through 0.45 pm nylon filters before subjected to analysis. The SEC
instrument consists of a Waters 1515 isocratic HPLC pump, a Waters 717plus auto-sampler,
Waters 600E system controller (run by Breeze Version 3.30 SPA) and a Waters in-line Degasser
AF. A Waters 2414 differential refractometer was used at 30 °C in series with a Waters 2487
dual wavelength absorbance UV/Vis detector operating at variable wavelengths. THF (HPLC
grade, stabilized with 0.125% BHT) was used as eluent at flow rates of 1 ml min. The column
oven was kept at 30 °C and the injection volume was 100 pl. Two PLgel (Polymer Laboratories)
5 pm Mixed-C (300 x 7.5 mm) columns and a pre-column (PLgel 5 pm Guard, 50 x 7.5 mm)
were used. Calibration was done using narrow polystyrene standards ranging from 580 to 2 X

10° gmolt. All molecular weights were reported as polystyrene equivalents.
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3.2.8 X-ray crystallography

The crystal evaluation and data collection of 1, 2, 3, and 4 were done on a Bruker Smart APEXII
diffractometer with Mo Ka radiation (A = 0.71073 A) equipped with an Oxford Cryostream low
temperature apparatus operating at 100 K for all samples. Reflections were collected at different
starting angles and the APEXII program suite was used to index the reflections.® Data reduction
was performed using the SAINT® software and the scaling and absorption corrections were
applied using SADABS!! multi-scan technique. The structures were solved by the direct method
using the SHELXS program and refined.’>  The visual crystal structure information was
performed using OLEX2 system software.’> Non-hydrogen atoms were first refined isotropically
and then by anisotropic refinement with full-matrix least squares method based on F? using
SHELXL.}> Al hydrogen atoms were positioned geometrically, allowed to ride on their parent
atoms and refined isotropically. Disorder was found for one of the isopropyl methyl groups of
complex 2. The electron density was observed in the difference map and used to model the
disorder using PART instructions resulting in 58% occupancy of the major component. The C-C
bond distant in the disordered methyl group was improved using DFIX restraint. Disorder was
also found for one of oxygen atoms of the acetate anions in complex 3 in which the electron
density was observed in the difference map. The disorder was modelled using PART instructions
resulting in a ~60% occupancy of the major component. Distant restraints (DFIX, DANG and
SADI) was used to improve the C=0 bond length in the disordered oxygen atoms of the acetate
anions. The Cambridge Crystallographic Database contains supporting information with file
numbers CCDC-1413137 for complex 1, CCDC-1413165 for complex 2, CCDC-1413216 for
complex 3 and CCDC-1413168 for complex 4. Crystal data collection and structural refinement

parameters for complexes 1-4 are provided in Table 3.1.
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Table 3. 1: Crystal data collection and structural refinement parameters for complexes 1-4.

1 2 3 4

Empirical formula CasHseN4O 1203 Csg Hga N4 Og Zn, Cas Heo N4 Og Zn, Csg Hgs Cuy Ny Og

Formula weight 1055.07 1096.03 927.72 1092.37

Temperature (K) 173(2) 173(2) 293(2) 173(2)

Wavwelength (A) 0.71073 0.71073 0.71073 0.71073

Crystal system Monoclinic Triclinic Triclinic M onoclinic

Space group P2,/c P-1 P-1 P2,/c

a/A 9.5958(6) 13.9570(3) 9.4219(7) 15.4331(10)

b/A 15.6026(9) 21.3908(4) 12.1061(9) 12.4453(9)

c/A 16.4916(10) 21.4967(5) 20.8673(18) 16.2537(11)

a 90° 94.542(10)° 85.831(5)° 90°

B 103.752(2)° 108.766(10)° 85.579(5)° 104.965(3)°

Y 90° 100.316(10)° 77.657(4)° 90°

Volume (A% 2398.3(3) 5913.6(2) 2314.4(3) 3016.0(4)

z 2 4 2 2

Density (calculated) 1.461 Mg/m® 1.231 Mg/m® 1.331 Mg/m® 1.203 Mg/m®

Absorption coefficient 1.552 mm™ 0.864 mm™ 1.091 mm™ 0.757 mm™*

F(000) 1096 2336 976 1164

Crystal size 0.41 x 0.36 x 0.32 mm?® 0.36 x 0.33 x 0.29 mm?® 0.18 x 0.15 x 0.12 mm? 0.36 x 0.34 x 0.34 mm?*

Theta range for data collection 1.82 t028.59° 0.978 t0 28.433° 0.980t027.917° 1.366 to 25.493°

Index ranges -12<h<12,-20<k<20,- -17<h<18,-27<k<28,-27 -12<h<I12,-15< k<14,- -18<h<I18,-15<k<15,-19
21<1<22 <I<28 26<1<26 <1<19

Reflections collected 53536 133169 36720 57141

Independent reflections 6033 [R(int) =0.0176] 28279 [R(int) =0.0230] 10307 [R(int) =0.0342] 5593 [R(int) =0.0338]

Completeness to theta=28.59° 100% 100.0% 98.10% 100.0%

Absorption correction Semi-empirical from Semi-empirical from Semi-empirical from Semi-empirical from
equivalents equivalents equivalents equivalents

Max. and min. transmission 0.609 and 0.524 0.791 and 0.683 0.877 and 0.822 0.773 and 0.769

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

Full-matrix least-squares on
FZ

6032/0/ 302

1.059

R1=0.0273, wR,=0.0715

R1=0.0287, wR,=0.0725

0.949 and -0.742 e. A3

Full-matrix least-squares on
FZ

28279/2/1348

1.041

R1 =0.0338, wR,=0.0815

R1 =0.0475, wR,=0.0910

0.745 and -0.480 e. A3

Full-matrix least-squares on
F2

10307 /5/ 567

1.135

R1=0.0510, wR,=0.1165

R1=0.0633, wR,=0.1237

0.740 and -0.555 e.A™3

Full-matrix least-squares on F?

5593/0/ 325
1.095
R1=0.0312, wR,=0.0841

R1=0.0361, wR,=0.0875

0.351 and -0.361 e.A™3
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3.3 Results and discussion

3.3.1 Synthesis of N,N'-diarylformamidines Zn(Il1) and Cu(ll) complexes

The N,N'-diarylformamidines ligands, N,N'-bis(2,6-dimethylphenyl)formamidine  (L1), N,N'-
bis(2,6-diisopropylphenyl)formamidine  (L2), and  N,N'-dimesitylformamidine  (L3)  were
synthesized following literature procedure.!* Reactions of L1-L3 with two molar equivalents of
Zn(OAc)2.2H,0 or Cu(OAc),.H,O salts afforded the corresponding trinuclear and dinuclear
Zn(l1) and Cu(ll) complexes [Zns(L1)2(OAC)s] (1), [Zm(L2)2(OAC)4] (2), [Zn2(L3)2(0OAC)4] (3)
and [Cuz(L2)2(0OAcC)s] (4) in moderate to high yields (Scheme 3.1). Complexes 1-3 were

isolated as white solids, while complex 4 was obtained as green solid.
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k\ zn N

—=————— 7n(0OAc),.2H,0 — L8 — w
o O >=o HN Ethanol z Ethanol N \O\V/O/\O N
\( H
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OJ\\\O?\\(HN Zn(OAc),.2H,0 Lo Cu(OAc),.H,0 O}gf«éo o
(N/\Zn/ \ /O) Ethanol Ethanol KN\CG éu/

Zn Z
Q /\ /N VA 7 N
NH\. _ /O z o NH O, 0320
S \( >\%o
N,N'-bis(2,6-dimethylphenyl)formamidine (L1)

N,N'-bis(2,6-diisopropylphenyl)formamidine  (L2)

N,N'-dimesitylformamidine (L3)

Scheme 3. 1. Synthesis of Zn(Il) and Cu(Il) formamidine complexes 1-4.
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Complexes 1-4 were characterized using ‘H and **C NMR spectroscopy, mass spectrometry, IR
spectroscopy, elemental analyses and single crystal X-ray crystallography. For example, Figures

3.2 and 3.3 shows the *H and *C NMR spectra of complex 1.

*H NMR (CDCls, 400 MHz)
[Zn3(L1)2(OACc)s] (1)
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Figure 3.2: *H NMR spectrum of complex 1 in CDCl; at room temperature.

COSY spectra of complex 1 (Figure 3.4) showed correlation between aromatic protons (7.16 —
7.04 ppm) and the CH3 protons on the phenyl ring. A perfect correlation also existed between
the NH proton (6.07 — 6.04 ppm) and the CH=N methine proton (7.74 — 7.71 ppm). The cross
peaks in NOESY spectrum (Figure 3.5) could be due to cross relaxation between neighboring
protons in the ligand motif®® A distant of 2.779 A between the two types of protons was
measured in the crystal structure of complex 1, affirming the NOESY NMR spectra. Mass
spectra of complexes 1-4 showed m/z peaks corresponding to various fragments of the parent

compounds. For example, complex 3 showed a m/z = 645.13 corresponding to [LZn,(OAc), +

H]".
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Figure 3. 3: *C NMR spectrum of complex 1 in CDCl at room temperature.

FTIR spectra of complexes 1-4 displayed the characteristic carbonyl bands assignable to the

Vasym (OCO) and vsym (OCO) of the acetate ligands respective ly.®
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Figure 3. 4: COSY NMR spectrum of complex 1 in CDCl; at room temperature.

For example, the IR spectrum of complex 1 revealed two bands at 1639 cm™ and 1588 cm™

assignable to vasym (OCO) while the band at 1471 cm'!, 1404 cm, 1373 cm™ bands could be
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attributed to vsym (OCO). The IR spectra of complexes 1-4 showed shifts of the C=N bands at
higher frequencies in comparison to the free ligands. The measured effective magnetic moment
of the paramagnetic complex 4 at room temperature was 1.97 BM, signifying significant Cu-Cu

interaction.*’

2 6-dimeforZn analysis
b
] e ¢ B>
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Figure 3.5: Two dimensional (2D) 'H-'H nuclear overhauser effect spectroscopy (NOESY)

NMR of complex 1in CDCl; at room temperature.

3.3.2 Molecular structures of complexes 1, 2, 3and 4

X-ray quality crystals of complexes 1-4 were obtained by slow diffusion of hexane into
dichloromethane solutions of the respective complexes. Figures 3.6-3.9 show the molecular
structures of complexes 1-4, respectively while selected bond distances and angles are under the

captions of each figure.
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3.3.2.1 Crystal symmetry

The asymmetric unit of the trinuclear complex 1 has half a molecule of the complex with the
other half generated by a center of inversion at the central Zn atom. Dinuclear complex 2 has
one full molecule and two half molecules in the asymmetric unit and the molecules in 2 are
related by a d-glide. Dinuclear complex 3 has two half molecules in its asymmetric unit with the
other halves generated by a center of inversion located at <1 1 1> in one half and at <2 %2 %> in
the other half. The two full molecules are related by an n-glide but are however having different
acetate environments as discussed later in this section. Complex 4 has half a molecule in the

asymmetric unit.

Figure 3. 6: X-ray crystal structure of complex 1 with thermal ellipsoids drawn at 40%
probability level. Hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and
angles (°): Zn(1)~Zn(2) 3.2099(3), N(1)~Zn(1) 1.9932(13), O(2)~Zn(2) 2.0312(11), O(1)-Zn(1)
1.9581(12), N(1)-C(9) 1.299(2), O(3)-Zn(2) 2.1441(10), Zn(1)-O(3)-Zn(2) 102.97(4),
0B3)-Zn(1)-0(1) 104.24(5),  OQ)-Zn2-03) 90.39(4), O@B)-Zn(1)-N(1) 123.34(5),
O(1)~Zn(1)-N(1) 108.04(5), O(6)'~Zn(1)-N(1) 101.75(5). Symmetry transformations used to

generate equivalent atoms: (i) = —x+1, —y+1, —z+1.
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3.3.2.2 Bonding modes of complexes 1, 2, 3 and 4

The coordination to the metal centers in all four complexes is through the imine N atom of the
formamidine ligands (in a monodentate fashion) and O atoms of acetate anions in the remaining
coordination sites in monodentate, bidentate or bridging fashions. The three Zn(ll) centers in

complex 1 are arranged in a linear fashion revealing the two bridging modes.

Figure 3. 7: X-ray crystal structure of complex 2 with thermal ellipsoids drawn at 40%
probability level. Hydrogen atoms and the minor component of the disordered methyl groups
have been omitted for clarity. Only one of the dimers in the asymmetry unit is shown for clarity.
Selected bond lengths (A) and angles (°): Zn(1)-Zn(2) 3.7648(6), N(1)-Zn(2) 2.0515(13),
Zn(1)-0(6) 2.0256(12), Zn(2)~O(1) 2.0389(12), O(3)-Zn(2)-N(1) 97.05(5), O(1)~Zn(2)-0(3)

113.43(6), O(8)~Zn(2)-0(2) 91.50(5), N(1)~Zn(2)-O(1) 100.22(5).

In total six acetate anions are involved in the bridging environment where four are in the
bidentate while two are in the monodentate bridging mode. The acetate anions in the dinuclear
complex 2 coordinate to the Zn(ll) centers in two modes. Two are bridging in a bidentate mode

resulting in an eight member bi-metallacycle with two Zn atoms and two O—C—O moieties of
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the acetate anion. Each of the remaining two are chelating to the Zn(ll) centers in a bidentate
manner based on bond distances and angles.’®* Complex 3 as mentioned earlier has two half
molecules with the other halves generated by inversion. Both molecules form similar eight
member bi-metallacycles through two of the four acetate anions as in complex 2. However the
remaining two anions coordinate differently to the Zn(ll) centers, one in an anisodentate fashion
(Figure 3.8a) 3 and the other a monodentate fashion (Figure 3.8b) 3. The conformations of the
bi-metallacycle moieties in 3 are different from that of complex 3 and so is the coordination of
the acetate anions probably due to steric influences. Complex 4 exhibits a familiar dinuclear

paddle wheel conformation in which all four acetate anions bridge the two Cu(ll) centers in a

bidentate bridging mode.

3.3.2.3 Coordination environment, geometry and hydrogen bond

The three Zn(Il) centers in complex 1 adopt two coordination geometries in which the two axial
Zn atoms are in a distorted tetrahedral environment with a N atom and three O atoms from the
formamidine and the acetate anions, respectively while the middle Zn atom is in a distorted
octahedral environment in which the equatorial and axial coordination site are occupied by O
atoms. In complex 2 the geometries around the Zn atoms adopt a severely distorted trigonal
bipyramidal geometry due to the coordination of one of the acetate anions being anisobidentate
in manner, while the Zn(ll) atoms in complex 3 adopt a distorted tetrahedral geometry in one of
the molecules and a distorted trigonal pyramidal geometry in the second molecule. The
distortions from a regular arrangement and the selective formation of either trinuclear and
dinuclear complexes could be due to the flexibility in binding modes of the acetate ligands, in
6b,19

addition to steric restriction imposed by L1-L3 respectively.
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Figure 3. 8: X-ray crystal structure of complex 3 with thermal ellipsoids drawn at 30%
probability level. Hydrogen atoms and the minor component of the disordered O atom have been
omitted for clarity. Selected bond lengths (&) and angles (°): (a) molecule with anisodentate
coordination acetates, Zn(1)-N(1) 2.022(2), Zn(1)-O(2) 1.984(2), Zn(1)-O(1) 1.960(3),
Zn(1)-0O(4A)  2.34(2), O(1)-Zn(1)-0(2) 112.26(11), OQ)-Zn(1)-N(1)  98.58(9),
OB)Zn(1)-0(2) 111.28(10), Symmetry transformations used to generate equivalent atoms: (i)
= —x+2, —y+2, —z+2. (b) molecule with monodentate coordination acetate, Zn(2)—N(3) 2.018(2),
Zn(2)-0(5) 1.923(2), Zn(2)-O(7) 1.964(2), O(7)~Zn(2)-O(5) 121.90(11), O(7)~Zn(2)-N(3)
98.20(9), O(8)—Zn(2)—-O(5) 111.61(11), Symmetry transformations used to generate equivalent

atoms: (1) =1 —x+1, —y+1, —z+1.

The trigonal planar nature of the secondary amine group suggest conjugation of the amine lone
pair with the m—electron system of the aryl ring, possibly accounting for its apparently rather
poor o—donor strength, and could justify its inability to facilitate chelation of the metal ion.?°
The Zn—O bond distances in complexes 1-3 falls within the ranges of similar complexes in

21, 22, 23

literature. Only one of these seems a little longer as seen in complex 2 and complex 3a,

56



respectively resulting in anisobidentate chelating behavior.? The observed metal to metal
distances in complexes 1-3 is greater than the sum of the van der Waal radii of Zn (1.39 A)
indicating the absence of any meaningful Zn'Zn interatomic metal bond vis-a-vis metal-metal
interaction’®. Complex 4 exhibit CuCu distance of 2.6796(3) A typical of binuclear copper (II)

acetates that possess N-donating apical ligands.?*

In the crystals of all four complexes fairly strong intramolecular hydrogen bonds and interactions
exist in which acetate oxygen atoms are the acceptor atoms and the ligand N atom the donor

atoms. These interactions seem to play a significant role in the packing of the molecules in

CryStaIS 21c,21f

Figure 3. 9: X-ray crystal structure of complex 4 with thermal ellipsoids drawn at 30%
probability level. Hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and
angles (): Cu(1)-Cu(1) 2.6797(5), N(1)~Cu(1) 2.1821(13), O(4)—Cu(1) 1.9891(13), O(3)-Cu(1)
1.9654(14), N(1)-Cu(1)-0(2) 100.55(5), O(1)-Cu(1)-0(4) 166.70(5), O(4)-Cu(1)-0(3)

87.21(6), Symmetry code: (i) = —x+1, —y+1, —z
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3.3.3 Electron Paramagnetic Resonance spectra of complex 4

In order to gain additional insight into the coordination environment of the paddle-wheel Cu(ll)
complex in both solid state and solution, X-band EPR spectra of complex 4 were acquired in
methanol solution and solid at 295 K (Figure 3.10). In methanol solution, the EPR spectrum of
complex 4 (Figure 3.10a) is almost perfectly isotropic and is characterized by a single line (g =
2.1062). This indicates that there is a total symmetric environment where the electrons i the

different d-orbitals have equal interactions m all direction (all the principal g-factors are the

same).

(a)T g1 =2.1062 ® T
= =
E E
Solution Solid
L i 1 L 1 i 1 i 1 L 1 L " 1 " 1 i 1 1 L 1
2000 2500 3000 3500 4000 4500 2000 2500 3000 3500 4000 4500
Magnetic field /G Magnetic field /G

Figure 3. 10: (a) EPR spectrum of complex 4 in methanol solution (295 K, 9.786 GHz) and (b)

Solid state EPR spectrum of complex 4 (295 K, 9.870 GHz).

The spin-allowed Ams = =+1 transitions are thus degenerate and occur at a resonant frequency
governed by g™®. The significant g-shift of g™ = 2.1062 to g. (2.0025) reflects spin-orbit

coupling effect in the paddlewheel complex.”’ The solid state EPR spectrum (Figure 3.10b)
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shows axial symmetry such that the total magnetic moment in the Z-direction is rather large (gx

= gy # §;). The magnetic parameters for the exchange-couple copper-copper pairs are g, =

2.3554 and g, = 2.0840. A consistent interpretation of these data is presented on the basis of a

weak metal-metal interaction.’> The similarity in the solution and solid state EPR spectra of

complex 4 confirm the retention of the paddle-wheel structure in solution.

3.3.4 Ring-opening polymerization of e-CL and LAs

The ring-opening polymerization (ROP) reactions of e-CL using complexes 1-4 as catalysts
were initially investigated at 110 °C using [M]/[catalyst] ratio of 200 (M = monomer). Under
these conditions, complexes 1-4 exhibited significant catalytic activities giving maximum
conversions between 48 hto 76 h. Complexes 1 and 3 were also investigated in the ROP of p -
LA and _-LA at 110 °C using [M]/[catalyst] ratio of 200 in toluene and afforded conversions of
97% and 99% within 3.5 and 9 h, respectively. Tables 3.2 and 3.3 contain a summary of the

ROP data of e-CL and LAs for complexes 1-4, respectively.
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Table 3. 2: Summary of polymerization of e-CL data by complexes 1-42

Catalyst Time Conversion Kapp (™) My” PDI° =
(h) (%)

1 48 98 0.1009 +0.0111 12632 2.11 0.56

2 72 96 0.0479 £0.039 5426 1.86 0.25

3 53 96 0.0963 £0.0108 10342 2.14 0.47

4 76 98 0.0441 £0.0059 3838 1.66 0.17

®Reaction conditions, bulk polymerization, 110 °C, [CL]./[catalyst] = 200.

average and Polydispersity index (PDI) determined by GPC relative to polystyrene standard
values, the values obtained from GPC x correction factor of 0.56.*° CInitiator efficiency (IE) =
Muexp/Mucaic Where Mucaic = Mumonomery X [CL]o/[1] X [PCL)/[CL]o + Muw(chain-end group)-

®Molecular-weight

Having established that complexes 1-4 form effective catalysts in the ROP of e-CL and LAs, we
carried out detailed kinetic and polymer property studies to gain insight into the influence of

catalyst structure and reaction conditions on the kinetics of the polymerization reactions and

nature of polymers obtained.
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Table 3. 3: ROP of p -LA and | -LA using complexes 1 and 32

Entry Catalyst Time Conversion® Kapp () My® PDI® IE°
(h) (%)
1° 1 3.5 97 1.2765 £0.0885 10376 2.25 0.37
2' 1 5 96 0.8737 £0.0437 21286 1.79 0.77
3° 3 9 99 0.6412 £0.0679 15867 1.99 0.55
4 3 9 99 0.5963 +0.0236 18054 1.85 0.63
Reaction conditions: [CL]o/[I] = 200; solvent, toluene; temperature, 110 °C. °Maximum

conversion achieved “Molecular-weight average and PDI determined by GPC relative to
polystyrene standard values, the values obtained from GPC x correction factor of 0.58.1° dInitiator
efficiency (IE) = Muexp/Mucalc Where Mycaic = Mwmonomery X [CL]o/[I] X [PCLY/[CL]o + Muw(chain-end
group o,L-LAand fL-LA.

3.3.4.1 Kinetics of ROP reactions of e-CL and LAs

Kinetic studies of the ROP of e-CL were investigated for complexes 1-4 and monitored by ‘H
NMR spectroscopy. The rates of the reaction were determined by plot of In[CL]o/[CL]; vs. time
(Figure 3.11a).  Linear relationships consistent with pseudo-first-order dependency on the
monomer were observed in all cases (Figure 3.11a). Thus, the rate of e-CL polymerization can

be written as shown in equation (3.1).

d[CL]
dt

= k[CL] (3.1)

where k = kp[I]*; kp is the rate of chain propagation, | is the initiator, and x is the order of

reaction.
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Figure 3. 11: (a) First order kinetic plots of IN[CL],/[CL]; vs.time for complexes 1-4 in the
bulk polymerization of e-CLat 110 °C, [CL]o/[l] = 200. (b) First order kinetic plots of
InN[CL]o/[CL]; vs. time for complexes 1 and 3 in the polymerization of p -LAand -LA to PLA

in toluene at 110 °C, [CL]./[I] = 200.

The apparent rate constants for catalysts 1-4 in ROP of e-CL were extracted from Figure 3.11a
and are given in Table 3.2. More discerning was the drastic decrease in catalytic activity
observed for catalyst 2 (0.0479 +0.039 h™) bearing isopropyl groups relative to catalyst 1
(0.1009 +0.0111 h) containing the less bulky methyl groups. Reduction of catalytic activity
with increase in steric bulk of the ligand framework may be rationalized by inhibition of
monomer coordination to the metal center.”®  Similar trends have been observed for

bis(thiophosphinic amine) yttrium catalyst systems.?’

Kinetic studies of the ROP of LAs were also investigated using complexes 1 and 3. A linear

relationship of the plot of In[CL],/[CL]; vs. time was also obtained consistent with a pseudo-first-
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order dependency on LA concentration (Figure 3.11b). The apparent rate constants for
complexes 1 and 3 in ROP of LAs were extracted from Figure 3.11b and are given in Table 3.3.
We observed that the reaction rates of ROP of e-CL were much slower than that those of LA
reactions. This is in good agreement with literature finding and has largely been attributed to
the larger ring size of &-CL.*® The six-membered ring in LA increases the strain resulting in

rapid ROP reactions.?°

3.3.4.2 Order of ROP of e-CL reaction with respect to catalysts 1 and 3

ROP reactions at different catalyst concentrations at constant e-CL monomer concentration were
carried out to determine the order of reaction with respect to catalysts 1 and 3 (Table 3.4). A
Plot of Inkspp Vvs. In[1/3] gave linear relationships which allowed us to determine the order of
reaction with respect to 1 and 3 (Figure 3.12). The order of reaction with respect to 1 and 3 were
extracted from the gradients of the lines of best fit (Figure 3.12) and were obtained as 2.1420 = 2

and 0.6343 respectively.
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Figure 3. 12: (a) Plot of Inkapp vs. In[1] and (b) Inkapp vs. In[3] for the determination of order of

reactions with respect to catalysts 1 and 3.
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Table 3. 4: Effect of catalyst concentrations on polymerization kinetics of e-CL?

Catalyst [CL]o/[Cat] Time Conversion’ Kapp(h™) My PDI® 1=
(h) (%)
1 100 18 97 0.2894 7666 2.01 0.69
1 150 30 97 0.1409 7879 2.36 0.47
1 250 48 96 0.0450 13252 2.47 0.48
1 300 68 82 0.0252 13646 2.15 0.49
3 100 30 97 0.1557 5141 1.91 0.46
3 150 48 98 0.1097 7864 241 0.47
3 250 48 95 0.0797 13506 1.92 0.50
3 300 48 95 0.0781 14124 2.14 0.43

AReaction conditions, bulk polymerization, 110 °C. °Maximum conversion achieved “Molecular-
weight average and Polydispersity index (PDI) determined by GPC relative to polystyrene
standard values, the values obtained from GPC x 0.56.1° YInitiator efficiency (IE) = Muexp/Mucalc
where Mucaic = Mw(monomer) X [CL]o/[Cat] X [PCLJ/[CL]o + Mwchain-end group)-

Fractional orders of reaction with respect to catalysts have been previously reported and largely
attributed to catalyst aggregation especially in bulk polymerization reactions.> 3° DOSY NMR
experiment was carried out in other to ascertain if complexes 1 and 3 indeed undergo

aggregation.
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Figure 3. 13: DOSY NMR spectra of complex 1 showing single species in solution, and

negating the possibility of complex aggregations.

The DOSY spectrum (Figures 3.13 and 3.14) is consistent with one species in solution thereby
negating the possibility of complex aggregation. A slight difference in diffusion co-efficient of
1.666 x 10° m?/s and 1.112 x 10° m?/s was observed at 30 °C for 1 and 3, respectively. More
intriguing is the large difference in reaction orders with respect to catalysts 1 and 3. This might
be associated to the nuclearity and structures of the complexes; while complex 1 is trinuclear,

complex 3 is dinuclear.
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Figure 3. 14: DOSY NMR spectra of complex 3 showing single species in solution, and

negating the possibility of complex aggregations.

It is therefore conceivable to conclude that the active catalytic species produced from complexes
1 and 3 are structurally different and that the solid state structures are likely to be retained in
solution. The owverall order of the polymerization reactions catalyzed by complexes 1 and 3

could thus be described according to equations (3.2) and (3.3), respectively.

d[CL] _ ,
—— = kICLI[1] (3:2)
d[CL] _ B

0 = k[CL] [3]° (3.3)
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3.3.4.3 Effect of solvent and temperature on the ROP kinetics of e-CL

To understand the influence of solvent on the polymerization kinetics of €-CL, we compared the
activity of complex 3 in bulk and solution polymerization reactions. Table 3.5 shows a summary
of the bulk and solution ROP of ¢-CL data and at different reactions temperatures. The rate of
polymerization reactions recorded in toluene solvent was comparable to that in the bulk
experiment (Table 3.4). This contrasts previous reports where we observed higher catalytic

activities in bulk reactions in comparison to solution experiments.*®

Table 3.5: Effect of solvents and reaction temperature on polymerization kinetics of e-CL using

complex 3
Entry [CL]/[I] Time () Conversion® Kkapp (0 My PDI® IE
(%) (GPC)°

1 200¢ 52 08 0.0778 7073 2.02 0.32
2 200° 96 97 0.0640 4108 1.74 0.19
3 200 156 97 0.0371 2186 1.46 0.10
4 200° 168 93 0.0283 4319 1.76 0.20
5 200" 240 95 0.0257 2153 1.43 0.10

aMaximum conversion achieved °Molecular-weight average and Polydispersity index (PDI)
determined by GPC relative to polystyrene standard values, the values obtained from GPC X
0.56.1° CInitiator efficiency (IE) = Muexp/Mucalc Where Mucaic = Mumonomery X [CLI/[1] X
[PCLY/[CL]o + Muxchain-end group). “Solvent, toluene. Temp., 90 °C. "Temp., 80 °C. 9Temp., 70 °C.
"Temp., 60 °C.

The dependence of the kinetics of the ROP of e-CL reaction on reaction temperature was studied

by determination of the rate constants at various temperatures (60 °C to 110 °C) using complex
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3. After induction periods observed at lower temperatures, linear relationships consistent with
pseudo first-order dependency on the monomer were observed. A significant decrease in rate
constant from 0.0963 h™ to 0.064 h™ was recorded with decrease in the reaction temperature
from 110 °C to 90 °C. The observed rate constants extracted from the semi-logarithmic plots are

shown in Table 3.5.

The overall activation energy of the ROP of e-CL using complex 3 calculated from the slope of
Arrhenius plot of Ink vs. T was found to be 28.05 kJ mol™* (Figure 3.15a). This value is lower
than that reported for ROP reactions using the lanthanide tris(2,4,6-tri-tert-butylphenolate)
catalyst of 39.3 kJ mol™*3! but higher than the value of 12.05 kJ mol™ reported by Mei and co-
workers.®®  The low energy barrier hints to greater number of actives sites in the system at lower
temperatures. From the Eyring plot in Figure 3.15b, the enthalpy of activation AH* and entropy
AS* of activation were obtained as 25.08 kJ mol® and —201.7 J K™ mol?, respectively for
complex 3 at [CL]o/[I] = 200. These results are consistent with highly ordered transition state
systems and are in good agreement with those reported for coordination-insertion mechanisms in

the ROP of e-CL.%?
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Figure 3. 15: (a) Arrhenius plot of Ink vs. T for the bulk polymerization of e-CL initiated by 3,

M/I = 200. (b) Eyring plot of temperature dependence of rate constant.

3.3.5 Molecular weight and molecular weight distribution of polymers

The molecular weight and molecular weight distribution of polymers obtained were determined
by GPC and compared with the theoretical values calculated from *H NMR spectra (Tables 3.2—
3.5). Generally higher molecular weights of up to 21286 g mol' were obtained for PLA
compared to maximum values of 14 124 g mol* reported for PCL. ESI-MS spectra of Poly(p, -
LA) showed some minor signals in addition to the main peaks while that of Poly(,-LA) showed
mainly one signal corresponding to the mass of LA repeat unit (72 Da) (Figure 3.17) The minor
signals in the mass spectrum of poly(p-LA) is believed to originate from trans-esterification

process (back-biting) occurring in the system.®3

The ROP reactions of cyclic esters by metal-based catalysts is likely to proceed either via

coordination-insertion mechanism (CIM) or activated-monomer mechanism (AMM).2* In the
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CIM route, the polymer end chain bears the nucleophile on one end and the metal center on the
other end. However, hydrolysis of one end of the polymer chain to form an —OH end group
could be promoted by chain transfer agents such as water or alcohols.®®> To establish the nature
of the initiating and chain-end groups in this study, *H NMR and ESI-MS spectra of Poly( -LA)
obtained were analyzed. H NMR spectra of all the polymers revealed the absence of acetate
methyl signals at about 2.00 ppm (Figure 3.16). Similarly, no signals associated with ligand
moiety in the complexes were observed. However, analyses of the ESI-MS spectra of poly(.-
LA) exhibited signals indicating the presence of Zn-OH end groups, associated with the
hydrolysis and ligand dissociation of the zinc complex (Figure 3.17). These results are in
agreement with those reported by Pilone and co-workers®® in which water molecules hydrolyzed
the polymer end chains. From these data, the polymerization reactions in our system can thus be
said to proceed through coordination insertion mechanism followed by hydrolysis of the acetate

end groups.
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Figure 3. 16: 'H NMR spectrum of poly(_-LA) produced by complex 1 obtained at room

temperature.
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A linear relationship of the plot of the molecular weight vs. monomer conversion (Figure 3.18)

37,38 The observed increase in

established the living polymerization behavior of these catalysts.
polymer weight with increase in [CL]/[Catalyst] ratio (low catalyst concentration) further
supported this living polymerization nature (Table 3.4) and is consistent with small numbers of
active sites at lower concentration of the catalyst. Generally, the polymers obtained exhibited
narrow to moderate molecular weight distributions; 1.12-2.47 and 1.79-2.25 for PCLs and

PLAs, respectively indicating some degree of control of the ROP and minima esterification and

epimerization reactions.
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Figure 3. 17: ES-MS of the crude PLA (from -LA) from catalyst 3, [CL]o/[3] = 200, 9 h,

showing distribution of one structural components.
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The catalyst structure was also found to influence the molecular weights of the polymers
obtained. Contrary to expectations,®® increasing the steric bulk of the ligands resulted in
decreased PCL molecular weights. For example, molecular weight of 22 550 g mol® were
obtained using complex 1 bearing the less sterically demanding methyl substituents on the
phenyl ring compared to molecular weight of 9 689 g mol! observed for complex 2, containing

the bulkier isopropyl groups (Table 3.2, entries 1 and 2).3°
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Figure 3. 18: Plot of experimental molecular weight against % conversion, showing the living

polymerization nature complex 3 in bulk ROP of e-CL at 110 °C, [CL],/[I] = 200.

The dependence of PCL molecular weight and molecular weight distributions on the identity of
the solvent used in the ROP of e-CL was also noted. Interestingly, PCL obtained in methanol
solvent exhibited narrow PDI of 1.12 compared to PDI of 2.02 recorded in toluene solvent. It is
known that methanol as initiator increases the number of active sites, resulting in several

polymer chains per unit catalyst.
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3.3.6 Stereochemistry of PLAS

Poly(LA) tacticity was studied by inspecting the methine regions and tetrad sequences in the
homonuclear decoupled *H NMR and **C NMR spectra of the polymers.*® Figures 3.19 — 3.21
show the methine resonances of the homonuclear decoupled *H and **C NMR spectra of poly(_-
LA) and poly(p-LA). The peaks were assigned to the appropriate tetrads in accordance with
literature reports.®®  The iii tetrad is the predominant peak in the spectrum, thereby yielding
moderate isotactic poly(.-LA).**  However, minor signals in the decoupled *H NMR spectra
could be attributed to the epimerization of the chiral centers, thus randomizing their absolute
configuration therefore resulting to loss of control of polymer stereo-regularity.> Attempt was
made to use homonuclear decoupled *H NMR to quantify the number of defects in poly(L-LA)
chain.  In the homonuclear decoupled *H NMR spectra of the methine region of poly( -LA)
(Figure 3.19), the poly(_.-LA) or the defect content was estimated from the total iii cored tetrad
intensities by assuming a certain defect fraction and then continually corrected for changes in
defects fraction calculated from iis and sis/sii intensities.*> Based on the composition analysis,
we estimated the presence of 97.02% of poly(.-LA) and 2.98% of defects resulting from

epimerization reactions.  As reported in the literature,***3

polymer sequence showing a
characteristic resonance at & = 5.21 ppm in a decoupled *H NMR spectrum contains a single
defect, whereas the stereoregular sequence shows a resonance at & = 5.17 ppm. In addition,
double stereodefects shows two characteristic resonances at & = 5.22 and & = 5.23 ppm,
respectively. Considering the *H homonuclear decoupled NMR of the methine region of poly(L-
LA) formed with complexes 1 and 3, respectively, it is therefore conceivable to state that the

poly(.-LA) chain has double stereodefects arising from epimerization reactions. The core tetrad

stereosequences in poly(p,.-LA) are well resolved and peak assignments are consistent with
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41,43

literature and production of predominantly moderate heterotactic poly(p -LA) with Pr of up

to 0.65.
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Figure 3.19: H homonuclear decoupled NMR of the methine region of poly(,-LA) formed

39.06

with (a) complex 1 and (b) complex 3, respectively.
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Figure 3. 20: H homonuclear decoupled NMR of the methine region of poly(p,.-LA).
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Figure 3.21: (a) **C NMR spectra carbonyl region and (b) **C NMR methine region of

poly(p,L-LA).

3.4 Conclusions

This work demonstrates the coordination chemistry and the applications of Zn(ll) and Cu(ll)
formamidine complexes in the ring-opening polymerization of e-caprolactone and lactides. It
has shown that the substituents on the phenyl ring of the ligand backbone significantly affect the
coordination chemistry of the complexes to afford dinuclear and trinuclear complexes.
Complexes 1-4 formed active and stable catalysts in the ring-opening polymerization of e-
caprolactone and p-Lactide and -Lactide to produce polymers with moderate weights and
molecular weight distributions. The catalytic activities of the complexes were largely controlled
by the ligand architecture and metal atom. The kinetics of the ROP reactions was pseudo-first
order with respect to both e-caprolactone and lactides monomers. Both the temperature and

solvent significantly influenced the ring-opening polymerization of e-caprolactone and overall
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activation energy of 28.5 kJ mol® was obtained. The catalysts display reasonable degree of

control of polymer stereo-regularity producing predominantly heterotactic poly(p . -Lactide).

With the flexibility exhibited by compounds L1 and L2 in coordination with the metal centers,
and its influences in the ROP reactions, A auxiliary carboxylate ligands has been introduced, and
it is envisaged that the structural rigidity may result in controlled polymerization. This work is

described in chapter 4.
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Chapter 4

Structural and kinetic studies of the ring-opening polymerization of cyclic
esters using N,N’ diarylformamidines Zn(I1) and Cu(ll) complexes

This chapter is adapted from the paper published in Polyhedron, 2016, 110, 63-72 and is based
on the experimental work of the first author, Ekemini D. Akpan. Copyright 2016 Elsevier Ltd.
The contributions of the first author include synthesis and characterization of the ligands and

complexes, e-CL and LAs ROP catalysis and drafting the manuscript.

4.1 Introduction

The major method that has been employed in the preparation of the polyesters is the ROP with
the aid of a well-defined metal complexes'. The rational in the design and synthesis of metal
carboxylates for ROP by employing new synthetic tools, varying the nature of reactants, synthetic
conditions is currently under active investigations.”> Research on metal carboxylates has always
been fascinating in that they play important roles in synthetic chemistry largely due to the labile
coordination modes of the carboxylate group.> The carboxylate group can adopt a wide range of
bonding modes, including monodentate, symmetric and asymmetric chelating, bidentate and
monodentate bridging as depicted in Figure 4.1, and is mostly incorporated as an ancillary
ligand.>*>®7  Appavoo and co-workers® recently reported pyrazole Cu(ll) and Zn(Il) carboxylate
complexes as active catalysts in the ROP of e-CL and p.-LA. More recently,
(benzimidazolymethyl)Jamine  and  (pyrazolylmethyl)pyridine  Zn(ll) and  Cu(ll)  carboxylate

complexes catalyst for ROP of e-CL have been reported.®°
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Figure 4. 1: Various coordination modes of carboxylate ligands to transition metals.®

Zn(ll) and Cu(ll) complexes in the presence of auxiliary carboxylate ligands and formamidine
derivatives as catalyst for ROP of cyclic esters have not been reported and this has inspired us to
design these complexes as potential catalysts in the ROP of cyclic esters. In this chapter, we
envisaged that structural rigidity offered by the formamidine ligands together with the auxiliary
carboxylate ligands as opposed to the more flexible (pyrazolylmethy)pyridine systems’
previously reported may result in better control of the ROP reactions. Detailed structural and
kinetics studies of the complexes in the ROP reactions of e-CL and LAs have been performed and

are herein discussed in this chapter.

4.2 Experimental Section

4.2.1 Materials and reagents

All experiments were carried out under argon using Schlenk techniques. All solvents were dried
and purified by distillation over standard reagents under nitrogen prior to use. Compounds N,N'-
bis(2,6-dimethylphenyhformamidine (L1) and N,N'-bis(2,6-diisopropylphenyl)formamidine (L2)

11,12

(Figure 4.2) were synthesized following literature procedure. Benzoic acid, 2-nitrobenzoic

acid, Zn(OAc)2.2H,0, Cu(OAc)2.2H,0, 2,6-dimethylaniline (99%), 2,6-diisopropylaniline (97%),

81



2,4,6-trimethylaniline (98%) and the monomers(e-CL and LAs, 99%) were obtained from Sigma-

Aldrich.

4.2.2 Instrumental characterization techniques

'H and ®C NMR spectra were measured at room temperature with Bruker 400 MHz
spectrometer. The chemical shifts are reported m & (ppm) and referenced to the residual proton
and carbon signals 7.26 ppm and 77.00 ppm respectively of CDCl; NMR solvent. Elemental
analyses were recorded on a Vario elementar Il microcube CHN analyzer. IR spectra were
obtained on PerkinElmer Universal ATR spectrum 100 FTIR spectrometer. Mass spectra of

compounds were obtained from Water synapt GR electrospray positive spectrometer.

4.2.3 Synthesis of Zn(11) and Cu(ll) complexes

4.2.3.1 [Zny(L1)2(CeHsCOO)a] (5)

A solution of Zn(OAc),.2H,0O (0.130 g, 0.592 mmol) and benzoic acid (0.145 g, 1.187 mmol) in
ethanol (10 mL) was heated at 80 °C for 5 h followed by drop wise addition of L1 (0.149 g, 0.592
mmol ) in ethanol (5 mL). The resulting solution was further refluxed for 24 h. After the
specified period, the mixture was cooled to room temperature, filtered and the solvent removed
under reduced pressure to afford a white solid. Recrystallization of the crude product from
dichloromethane/hexane solvent mixture gave single crystals suitable for X-ray analysis (0.513 g,
77%). *H NMR (400 MHz, CDCL): & (ppm) 1.94 [s, 2H, NH], 2.30 [s, 24H, CHz], 6.92 [d, 3Jyn
= 7.2 Hz, 1H, N=CH], 7.01 [s, 14H, Ar], 7.27 [m, 8H, Ar], 7.40 [t, *Ju 4 = 6.8 Hz, 3H, Ar], 7.92
[d, 3Jhn = 7.2 Hz, 7TH, Ar]. 3C NMR (400MHz, CDCl) & (ppm) 173.62, 134.03, 131.24 130.24,

128.52, 128.24, 127.63, 126.66, 121.80, 118.07, 18.60, 17.62. IR (Nujol): 3207 v(N-H)
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stretching, 1579 v (C=0) carbonyl. ESI-TOF MS: m/z (%); 567.25 [LZn + 2C¢HsCOO]" (100).

Anal. Calcd. For Cgo,HgaN4OgZn,: C, 66.25; H, 5.74; N, 4.98. Found: C, 66.42; H, 5.85; N, 5.18.

Complexes 6-9 were prepared following the synthetic protocol described in 4.2.2.1.

4.2.3.2 [Zny(L2)2(CeHsCOO)s] (6)

Zn(OAC)2.2H,0 (0.200 g, 0.911 mmol), benzoic acid (0.223 g, 1.822 mmol) and L2 (0.332 g,
0.911 mmol). Recrystallization from dichloromethane/hexane solvent mixture gave white single
crystals suitable for X-ray analysis (0.834 g, 68%). 'H NMR (400 MHz, CDCk): & (ppm) 1.27
[m, 48H, CHs], 2.06 [s, 2H, NH], 3.43 [m, 8H, CH], 7.20 [d, 3Jun = 7.6 Hz, 7H, Ar], 7.31 [m,
12H, Ar], 7.45 [t, 3Jun = 7.2 Hz, 4H, Ar], 7.93 [d, J4 1 = 6.24 Hz, 8H, Ar]. *C NMR (400MHz,
CDCk) & (ppm) 174.07, 146.00, 131.82, 130.46, 127.74, 123.77, 28.28, 23.83. IR (Nujol): 3264
v(N-H) stretching, 1647 v (C=0) carbonyl, 1574 v(N-H) amine bending vibration. ESI-TOF MS:
m/z (%); 1223.54 [M — CgHsCOO]" (100). Anal. Calcd. For C7gHgsN4OsZn,: C, 69.58; H, 7.04;

N, 4.16. Found: C, 69.20; H, 7.31; N, 3.89.

4233 [Znp(L1)2(CeHsCOO)(NO2)s]  (7)

Zn(OAC)2.2H,0 (0.130 g, 0.592 mmol), 2-NO,-CsH,COOH (0.198 g, 1.184 mmol) and L1
(0.149 g, 0.592 mmol). Recrystallization of the crude product from DMF/ethanol solvent mixture
gave single crystals suitable for X-ray analysis (0.618 g, 80%). ‘H NMR (400 MHz, CDCh): &
(ppm) 2.26 [d, 24H, CHs], 7.11 [m, , 12H, Ar], 7.68 [m, Hz, 12H, Ar], 7.79 [d, 3Jun = 7.6 Hz,
10H, Ar], 7.45 [s, 2H, Ar], 8.43 [d, J4 1 = 9.6 Hz, 4H, Ar]. **C NMR (400MHz, CDCl) & (ppm)
168.52, 149.17, 131.93, 131.04, 130.54, 130.11, 127.63, 122.76, 18.33. IR (Nujol): 3207 v(N-H)
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stretching, 1579 v(N-H) amine bending vibration. ESI-TOF MS: m/z (%); 1223.54 [M - 2NO,]"
(100). Anal. Calcd. For Ce2Hs1NgO16Zmy: C, 57.11; H, 4.64; N, 8.59. Found: C, 57.17; H, 4.67,;

N, 8.51.

4.2.3.4 [Zm(L2)2(CsHsCOO)4(NO2)4] (8)

Zn(OAc)2.2H,0 (0.079 g, 0.362 mmol), 2-NO,-CsH,COOH (0.121 g, 0.724 mmol) and
compound L2 (0.132 g, 0.362 mmol). White solid (0.415 g, 75%). ‘H NMR (400 MHz, CDCl):
8 (ppm) 1.17 [d, 3Jnn = 5.6 Hz, 48H, CHs], 3.2 [b, 8H, CH], 7.60 [d, J4n = 7.5 Hz, 3H, Ar], 7.61
[d, 3Jnn = 6.8 Hz 12H, Ar], 7.68 [t, *Jyn = 7.6 Hz, 6H, Ar], 7.75 [d, *Jun = 7.6 Hz, 4H, Ar], 7.76
[s, 2H, Ar], 7.81 [d, ®Jqn = 7.8 Hz, 4H, Ar], 7.82 [d, %Jun = 7.6 Hz, 2H, Ar]. C NMR
(400MHz, CDCl3) 6 (ppm) 169.05, 149.72, 132.31, 131.77, 130.87, 130.66, 123.17, 79.62, 79.40,
79.18, 27.95, 24.10.IR (Nujol): 3256 v(N-H) stretching, 1571 v(N-H) amine bending vibration.
ESI-TOF MS: m/z (%); 122253 [M - 4-NO,-C¢HsCOO]" (30). Anal. Calcd. For

C78H92N80162n2: C, 6129, H, 607, N, 7.33. Found: C, 6128, H, 608, N, 7.38.

4.2.35 [Cuy(L2)2(CsHsCOO)4] (9)

Compound L2 (0.232 g, 0.636 mmol), benzoic acid (0.155 g, 1.273 mmol) and Cu(OAc),.2H,0
(0.127 g, 0.636 mmol) in ethanol to afford complex 9 as green solid. (0.633 g, 74%). IR (Nujol):
3250 v(N-H) stretching, 1575 v(N-H) amine bending vibration. peff = 1.87 BM. ESI-TOF MS:
m/z (%); 1219.55 [M - C¢HsCOO]" (100). Anal. Calcd. For C7gHgsN4OsCuy: C, 69.67; H, 7.20;

N, 4.17. Found: C, 69.91; H, 7.40; N, 4.13.
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4.2.4 Typical procedure for bulk polymerization of e-CL

Bulk polymerization reactions were performed by introducing an appropriate amount of the
complex and e-CL monomer (1.14 g, 0.01 mol) was added to Schlenk tube immersed in pre-
heated oil bath at 110 °C and the reaction was initiated by stirring. Kinetics experiments were
carried out by withdrawing samples at regular interval using a syringe and quenched quickly by
rapid cooling into NMR tube containing CDCl; solvent using ice water. The quenched samples
were analyzed by 'H NMR spectroscopy for determination of polymerization of e-CL to PCL.
The percentage conversion of [PCL]/[CL], X 100, where [CL], is the initial concentration of the
monomer and [PCL] is the concentration of the polymer at time t, was evaluated by integration of
the peaks for CL (4.2 ppm, OCH, signal) and PCL (4.0 ppm, OCH, signal) according to the
equation [PCL}/[CL]o = la.0/(la2 + la0) Where 14 is the intensity of the CL monomer signal at 4.2
ppm and 40 is the intensity of PCL signal at 4.0 ppm for OCH, protons. The observed rate
constants were extracted from the slope of the line of best-fits of the plot of In[CL]o/[CL]; vs.

time.

4.2.5 Typical procedure for polymerization of p-LA and -LA

A suitable LA (1.44 g, 0.01 mol) was dissolved in toluene in a Schlenk tube equipped with
magnetic stirrer under argon and the required amount of complex was added. The reaction
mixture was stirred at 110 °C. Kinetics experiments were carried out by withdrawing samples at
regular interval using a syringe and quenched quickly by rapid cooling into NMR tube containing
CDCl; solvent using ice water. The quenched samples were analyzed by *H NMR spectroscopy

for determination of polymerization of LAs to PLA. The integration values of the methine proton

85



of the monomer and that of the polymer were used to calculate the percentage conversion using

the equation IcHpotymer/(IcHmonomer + lcHpolymer) X 100.

4.2.6 Polymer characterization by size exclusion chromatography (SEC)

The samples were analyzed by SEC at Stellenbosch University. The samples were dissolved in
BHT stabilized THF (2 mg/ml). Sample solutions were filtered via syringe through 0.45 pm
nylon filters before subjected to analysis. The SEC instrument consists of a Waters 1515
isocratic HPLC pump, a Waters 717plus auto-sampler, Waters 600E system controller (run by
Breeze Version 3.30 SPA) and a Waters in-line Degasser AF. A Waters 2414 differential
refractometer was used at 30 °C in series with a Waters 2487 dual wavelength absorbance
UV/Vis detector operating at variable wavelengths.  Tetrahydrofuran (THF, HPLC grade,
stabilized with 0.125% BHT) was used as eluent at flow rates of 1 ml min. The column oven
was kept at 30 °C and the injection volume was 100 pl. Two PLgel (Polymer Laboratories) 5 pm
Mixed-C (300 x 7.5 mm) columns and a pre-column (PLgel 5 pm Guard, 50 X 7.5 mm) were
used. Calibration was done using narrow polystyrene standards ranging from 580 to 2 x 10° g
rt

mol~. All molecular weights were reported as polystyrene equivalents.

4.2.7 X-ray crystallography

The crystal evaluation and data collection of 5, 6, 7 and 9 were performed on a Bruker Smart
APEXII diffractometer with Mo Ka radiaton (A = 0.71073 A) equipped with an Oxford
Cryostream low temperature apparatus operating at 100 K for all samples. Reflections were

collected at different starting angles and the APEXIlI program suite was used to index the
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reflections.!®>  Data reduction was performed using the SAINT* software and the scaling and
absorption corrections were applied using SADABSY multi-scan technique. The structures were
solved by the direct method using the SHELXS program and refined.’® The visual crystal
structure information was performed using OLEX2 system software.!’  Non-hydrogen atoms
were first refined isotropically and then by anisotropic refinement with full-matrix least squares
method based on F? using SHELXL.'® All hydrogen atoms were positioned geometrically,
allowed to ride on their parent atoms and refined isotropically. Disorder was found for one of the
phenyl rings of complex 5. The electron density was observed in the difference map and used to
model the disorder using PART instructions resulting in 52% occupancy of the major component.
In the Crystallographic Information File for complexes 6 and 9, hydrogen atoms are not assigned
for the hexane molecule in the unit cell because of disorder as it renders refinement unstable. As
such, the reported molecular formula for 6 and 9 in the crystallographic table is less by 14
hydrogen atoms, but the correct formula is reported in the experimental section. The Cambridge
Crystallographic Database contains supporting information with file numbers CCDC- 1436109

for complex 5, CCDC- 1436099 for complex 6 and CCDC- 1436101 for complex 7.

4.3 Results and discussion

4.3.1 Synthesis and characterization of Zn(11) and Cu(ll) carboxylate complexes
supported by N,N" diarylformamidines ligands

Reactions of Zn(OAc),.2H,O salt with two molar equivalent of benzoic acid or substituted

benzoic  acid  derivatives followed by in situ  addition  of N,N'-bis(2,6-

dimethylphenyl)formamidine (L1) and N,N'-bis(2,6-diisopropylphenyl)formamidine ~ (L2)

afforded the corresponding dinuclear Zn(ll) complexes [Zny(L1)2(CsHsCOO)4] (5),

[Zn2(L2)2(CeHsCOO0)a]  (6),  [Zmp(L1)2(2-NO2—CeHsCOO)4] (7) and  [Znp(L2)2(2-NO2—
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CsHsCOO)4] (8) respectively (Scheme 4.1). Complexes 5-8 were isolated as white solids in
moderate to high yields. Also, the reaction of Cu(OAc),.2H,O salt with two molar equivalent of
benzoic acid followed by addition of N,N'-bis(2,6-diisopropylphenyl)formamidine (L2) in situ

afforded the corresponding dinuclear Cu(ll) complex [Cuz(L2)2(CsHsCOO)4] (9), as green solid.

HO
Rz R R 2 Ry
R, Rz
2

O —— el
e 2
M(OAC)z 2H0 N~ °N M(OAc). 2H,0 R,

NHOO R, H Ry NHoo/o
6 R2 6/ R2

Ry =H; R, = Isopropyl; M = Zn (6) R; =H; R, = Methyl; M = Zn (5)
R; = NOy; Ry = Methyl; M = Zn (7)
R; =NO,; R, = Isopropyl; M = Zn (8)
R; =H; R, = Isopropyl; M = Cu (9)

Scheme 4. 1. Synthesis of Zn(Il) and Cu(ll) carboxylate complexes 5-9.

All the complexes were characterized by *H and *C NMR spectroscopy, CHN elemental
analysis, mass spectroscopy, IR spectroscopy and single crystal X-ray crystallography for 5, 6, 7
and 9. 'H spectrum of the complexes showed appreciable shifts with respect to the ligand signals
on complexation (Figures 4.2). For example, the HC=N proton signal was observed at 7.37 ppm
in L1 in comparison to 6.92 ppm in the corresponding complex 5. In addition, signals in the *

NMR spectra of 5 observed in the region of 7.20 ppm to 7.92 ppm were typical for aromatic

protons of the benzoate groups (Figure 4.2).
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Figure 4. 2: *H NMR spectrum of complex 5 in CDCl; at room temperature.

Though detailed NMR spectroscopic analysis of the complexes was not carried out, NMR studies
for amidine ligands vis-a-vis complexes in solutions is rather complex. This is majorly because
amidine ligands exhibit various tautomeric structures in solutions.'!  Proton exchange at the
formation stages of the complexes may result in symmetric and asymmetric isomer and the
influence of deuterated NH group on the exchange rate of the different protons may result in the
collapse of doublet into singlet peak, for example, as observed for 24H protons of the eight
methyl groups on the formamidine ligands in complex 5 (Figure 4.2).}81° Mass spectra of

complexes 5-9 showed m/z peaks of fragments that supported their formulation (Table 4.1).

FTIR spectra of complexes 5-9 showed shifts in the benzoate carbonyl signals by approximately
v = 12 cm’ in relation to the free benzoic acid, indicating possible metal benzoate formation.

The frequency differences between vsym(OCO) and vasym(OCO) are in the range 184 cm? to 265
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cm! indicative of syn-syn bidentate and monoatomic coordination modes (Figure 4.1) of the

carboxylate ligands.2°

Table 4. 1: ES-MS spectra of complexes 5-9 supporting the formation of the compounds

Complexes Molecular formula m/z (%)
5 [LZn + 2CgHsCOOT" 567.25 (100)
6 [M — CgHsCOO]" 1223.54 (100)
7 [M — 2NO,]" 1224.65 (100)
8 [M - CHsCOO0.4ANO,]* 1219.55 (30)
9 [M — CgHsCOO]" 1219.77 (100)

In addition, IR spectra of compounds L1 and L2 and their corresponding complexes showed the
azomethine, vC=N shift to higher frequencies in the corresponding complexes. For example, the
strong band at 1630 cm of the free ligand L1 shifted to 1699 cm in the corresponding complex
L3. The measured effective magnetic moment of complex 9 at room temperature was 1.87 BM,

1

signifying  significant Cu~Cu interaction. Elemental analyses data of complexes 5-9 were

consistent with the proposed empirical formulae (Scheme 4.1) and confirmed their purity.

4.3.2 Molecular structures of complexes 5, 6, 7 and 9
Single crystals of complexes 5, 6 and 9 suitable for X-ray diffraction analyses were obtained by

recrystallization in dichloromethane and hexane solutions at room temperature while crystals of
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complex 7 were obtained from slow evaporation of a dimethylformamide/ethanol (1:1) solution at
room temperature. Molecular structures and selected bond parameters of 5, 6, 7 and 9 are given
in Figures 4.3-4.6, while structural refinement parameters and crystallographic data are given in

Table 4.2.

Figure 4. 3: Solid state structure of complex 5 drawn with 30% probability thermal ellipsoids. .
Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (°): N(2)—Zn(1)
1.946(2), O(1)-Zn(1) 1.962(2), O(3)—Zn(1) 1.928(2), O(2)—Zn(1) 1.984(2), N(2)—Zn(1)—O(1)
97.25(9), N(2)—Zn(1)-0(2) 102.51(8), O(3)—Zn(1)-O(4) 89.55(11), Symmetry transformations

used to generate equivalent atoms: (i) = -x, -y, -z+1.

The solid state structures of complexes 5, 6, and 7 are dinuclear and exhibit inversion symmetry
between the two metal centers while complex 9 is dinuclear with no inversion symmetry.
Complexes 5 and 7 contain half a molecule of the complex in their asymmetry units while 6 and 9
contain half a molecule of hexane in the asymmetric unit. The N,N' diarylformamidines ligand
units in complexes 5, 6, 7 and 9 coordinate in a monodentate fashion through the imine N-atom.

The coordination of the benzoate ligands in 5, 7 and 9 is different from their coordination in 6.
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In 5, 7 and 9, the carboxylate ligands bridge two Zn(ll) centers forming the familiar paddle wheel
structure and a square pyramidal geometry around the Zn(Il) and Cu(ll) centers, respectively, in
which four O atoms occupy the base while the formamidine N atom occupy the axial position of

the pyramid.

(b)

Figure 4. 4. (a) Solid state structure of complex 6 drawn with 30% probability thermal
ellipsoids. Hydrogen atoms are omitted for clarity. (b) View of hydrogen bonded chain in the
crystal structure of complex 6. Selected bond lengths (A) and angles (°): N(2)~Zn(1) 2.034(15),
O(1)~Zn(1) 1.954(14), OQ2)-Zn(1) 1.953(14), OB3)-Zn(1) 1.949(14), C(26)-0(4) 1.239(2),
O(1)-Zn(1)-0Q2) 124.57(6), OQ)-Zn(1)-O(3) 114.03(5), N(2)-Zn(1)-O(3) 102.62(6),
O@B)—Zn(1)—O(1) 111.89(6). Symmetry transformations used to generate equivalent atoms: (i) =

—x+2, -y, —Z

In complex 6 (Figure 4.4), one benzoate ligand bridges the two Zn(Il) centers while the second
unit coordinates in a monodentate fashion to give a distorted tetrahedral geometry around the
Zn(Il) atom. In the solid state structure of complex 6, there is an intramolecular hydrogen bond

interaction involving the non-zinc bonded carboxylate oxygen (O4) and the formamidine ligand
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N—H atom. The mean interaction metric for the intramolecular N—H'O hydrogen bond is
2.849(2) A; 149", symmetry code: —x, -y, 2-z. This falls within the range of weak non-classical
intramolecular hydrogen bond reported in literature®® and is reported to play a significant role in

the construction and stabilization of the dimeric Zn(ll) units.

The average Zn-O bond distances of 1.955(8) A in complexes 4 and 6 fall within the ranges
reported for similar Zn(1l) complexes in literature.>?®>  The longer Zn-O bond length of 2.0578 A
obtained in 7 (containing the nitrobenzoate) compared to 1.962(2) A obtained for complex 5
(simple benzoate ligand) could be attributed to the more steric demands in the substituted

benzoate ligand.

Figure 4. 5: Solid state structure of complex 7 drawn with 30% probability thermal ellipsoids. Hydrogen
atoms are omitted for clarity. Selected bond lengths (A) and angles (°): N(2)—Zn(1) 2.008(8), O(2)~Zn(1)
2.058(7), O(1)—Zn(1) 2.076(7), O(8)—N(4) 1.229(13), O(7)-N(4) 1.223(13), O(2)—Zn(1)-O(1) 86.45(3),
N(Q2)—Zn(1)-0(2) 96.99(3). Symmetry transformations used to generate equivalent atoms: (i) = —x+1,

—-y+1, —z+1.
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Table 4. 2: Crystal data collection and structural refinement parameters for complexes 5, 6, 7 and 9.

5 6 7 9

Empirical formula Cso Heo N4 Og Zn Cgs Hoy N, Og Zn, Ce2 Hss NgO152Zn, C,gHgsN4OgCus,

Formula weight 1119.88 1416.35 1299.88 1412.70

Temperature (K) 173(2) 173(2) 173(2) 173(2)

AA) 0.71073 0.71073 0.71073 0.71073

Crystal system Monoclinic Triclinic Triclinic Triclinic

Space group P2:/n P-1 P-1 P-1

alA 10.566(5) 11.3175(2) 11.3376(2) 11.5212(6)

b/A 15.140(7) 12.6100(3) 11.6384(2) 13.1171(7)

c/A 14.464(7) 14.1534(3) 12.0449(2) 15.3924(8)

a (%) 90 86.5030(10) 106.2300(10) 65.315(2)

BC°) 92.746(17) 75.2890(10) 97.4750(10) 70.273(2)

v(®) 90 84.7960(10) 99.6980(10) 68.916(2)

Volume (A% 2398.3(3) 1944.11(7) 1477.60(4) 1923.37(17)

z 2 1 1 2

P catc (Mg/m®) 1.609 1.210 1.461 1.220

2 (mm?) 1.108 0.673 0.890 0.609

F(000) 1168 748 672 746

Crystal size (mm®) 0.24x0.21x0.15 0.27 x0.23x 0.17 0.41x0.34x0.32 0.23x0.32x0.19

Thetarange for data collection 1.95t02.78° 1.489 to 28.501° 1.793 t0 28.602° 1.49t028.43°.

Index ranges -12<h<13,-19<k<10,-12<  -14<h<14,-15<k<16,-18<| -15<h<15,-15<k<15,-16<1 -15<h<15,-17<k<17,-20
1<18 <18 <16 <1<20

Reflections collected 11880 32233 34388 40257

Independent reflections 5236 [R(int) = 0.0402] 9381 [R(int) = 0.0296] 7515 [R(int) = 0.0145] 16632 [R(int) =0.0310]

Completeness to theta = 28.59° 98.9% 99.7% 99.9% 97.5%

Absorption correction Semi-empirical from Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents
equivalents

Max. and min. transmission 0.609 and 0.524 0.8802 and 0.8278 0.7828 and 0.7722 0.8604 and 0.8120

Refinement method Full-matrix least-squares on F* Full-matrix least-squares on F* Full-matrix least-squares on F* Full-matrix least-squares on F*

Data / restraints / parameters 5236/0/ 331 9381/0/ 435 7515/0/ 401 16632 /3 /883

Goodness-of-fit on F? 1.047 1.016 1.045 1.032

Final R indices [I1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

R1=0.0743, wR,=0.1987
R1 =0.0846, wR,=0.2083

1.371and -1.284 e A

R1=0.0454, wR,= 0.1293
R1=0.0492, wR, = 0.1338

2.041and -0.773 e A

R1 =0.0221, wR, = 0.0591
R1 =0.0231, wR, = 0.0598

0.405 and -0.299 e. A3

R1 =0.0454, wR,=0.1194
R1=0.0561, wR,=0.1308

0.682 and -0.466 e.A™3
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The Cu-O bond distances in 9 ranges from 1.957(6) A to 1.992(7) A averaging 1.970(7) A. The
Zn-N and Cu-N distances in all the complexes are compared well with Zn—N and Cu-N bond

22425 The observed ZnZn distances in

distances of similar complexes in reported in literature.
the solid state structures of complexes 5, 6 and 7 are within the range reported for dinuclear
Zn(l) complexes®® and are also greater than the sum of the van der Waal radii of Zn (1.39 A),

signifying lack of meaningful ZnZn interatomic interactions.?*

The ZnZn bond separation
(3.774 (4) A) in 6 is longer than those in complexes 5 and 7, but close to distance reported’:?’ for
compounds with similar coordination environment around the two Zn(ll) centers. The observed
CuCu distance of 2.685(5) A in complex 9 is typical of binuclear Cu(ll) complexes possessing

N-donating apical ligands.?®

Figure 4. 6: Solid state structure of complex 9. Hydrogen atoms are omitted for clarity. Selected
bond lengths (A) and angles (°): Cu(1)-Cu(2) 2.685(5), N(1)-Cu(2) 2.211(7), N(3)-Cu(2)
2.188(7), O()—Cu(l) 1.961(8), OR2)Cu) 1.963(7), O()Cu(l)-O(7) 88.4(3),

0(6)-Cu(2)-0(2) 166.8(3), O(1)~Cu(1)-N(3) 102.6(3), O(8)~Cu(2)-N(1) 91.5(3).
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4.3.3 ROP of e-CL and LAs by Zn(Il) and Cu(ll) complexes 5-9 as catalysts

Initial investigations of complexes 5-9 as catalysts in the ROP reactions of e-CL were performed
at 110 °C using [M]/[I] ratio of 200 (Table 4.3). Under these conditions, complexes 5-9 were
active in the ROP of &-CL giving conversions above 90% between 24 h to 84 h. Complexes 5
and 8 were also investigated in the ROP of p-LA and (-LA at 110 °C using [M]/[I] ratio of 200
in toluene giving conversions of 97% and 98% within 36 and 48 h for p -LA and (-LA

respectively.

4.3.3.1 Kinetics of ROP reactions of e-CL and LAs

Detailed kinetic studies for the ROP of e-CL with complexes 5-9 were performed by monitoring
the reactions using *H NMR spectroscopy. Thus a plot of In[CL]o/[CL]; vs. time (Figure 4.7a)
was linear, consistent with pseudo-first order kinetics with respect to monomer. The apparent
rate constants for catalysts 5-9 in ROP of e-CL were extracted from Figure 4.7a and are given in
Table 4.3. From the results obtained in Table 4.3, it is evident that no specific complex property
showed a dominant influence on the resultant catalytic activities of the complexes. For example,
while complex 8 (0.1553 +0.015 h*) bearing the nitro and isopropyl groups on the benzoate and
phenyl rings respectively, exhibited the highest catalytic activity, the analogous complex 6
(0.0469 +0.0039 h') showed the lowest rate constant. It is expected that bulky isopropyl groups
would block access of monomer to the active site due to steric factor thus decreasing the catalytic
activities of complexes 6 and 8 in comparison to catalysts 5, 7 and 9 respectively (Table 4.3,

entries 1-5).
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Table 4. 3: ROP data of e-CLand LAs by complexes 5-9%

Entry Catalyst Time (h) Conversion® (%) Kapp (W) My (GPC)® PDI°
1 5 30 96 0.1191 +0.011 7112 1.97
2 6 84 96 0.0469 +0.0039 8431 1.94
3 7 48 97 0.0778 £0.0067 10831 2.25
4 8 24 96 0.1553 +0.015 10063 2.31
5 9 60 95 0.0617+0.0057 5344 1.94
6 5 36 97 0.102 +0.0003 2200 1.74
7° 5 48 97 0.0746 +£0.0013 3936 2.52
g¢ 8 48 97 0.0772 +£0.0010 2067 1.69
9¢ 8 48 97 0.0480 +0.0016 3450 1.84

4Reaction conditions: [CL]o/[I] = 200; bulk, temperature, 110 °C. °Maximum conversion

achieved °Molecular-weight average and Polydispersity index (PDI) determined by GPC

relative to polystyrene standard, values are the values obtained from GPC X correction factor

of 0.56 for lactones and 0.58 for LAs?®. 5 | -LA, solvent, toluene; and . -LA, solvent, toluene.

Contrary to expectations, lower catalytic activity was obtained for complex 7 (0.0778 +0.0067
h1), bearing the electron withdrawing NO, groups on the benzoate ring compared to complex 5
(0.1191 +0.011 hl),
enhance the electrophilicity of the metal center thus facilitate monomer coordination resulting in
higher catalytic activity.3** Thus it is conceivable that both the electronic and steric factors that

control the catalytic activities of these complexes in the ROP reactions of ¢-CL are more

Electron withdrawing groups on the ligand motif has been shown to

complex than was originally perceived.
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Figure 4. 7: (a) First order kinetic plots of In[CL]o/[CL]; vs.time for complexes 5-9 in the bulk
polymerization of e-CL at 110 °C, [CL]o/[I] = 200. (b) First order kinetic plots of In[CL]./[CL]:
vs. time for complexes 5 and 8 in the polymerization of o -LA and -LA to PLAS in toluene at

110 °C, [CL]o/[I] = 200.

Kinetic investigation of the ROP of LAs using complexes 5 and 8 revealed that the ROP of LAs
were also consistent with a pseudo-first-order with dependency on monomer (Figure 4.7b). Thus
the ROP reactions of e-CL and LAs follow simple pseudo-first-order kinetics with respect to

monomer as shown in equations (4.1) and (4.2), respectively.

dlcL] _
=== k[CL] (4.1)
d[LA] _

= k([LA] (4.2)

where k = kp[I]*; kp is the rate of chain propagation, | is the initiator, and x is the order of

reaction.
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From the data obtained it was apparent that the reaction rates of ROP of e-CL were slightly
higher than that those of LA reactions. For example, rate constants of 0.1553 +0.015 h'! and
0.0772 +0.0010 h'* were obtained for e-CL and p,-LA respectively using complex 8 (Table 4.3,
entries 4 and 8). Similar observations have been reported in literature and have been largely
associated with the larger ring size of e-CL compared to LAs.® However, this contradicts other
reports®? where increased ring strain is expected to render LAs more reactive in ROP reactions.
We also observed that the reaction rate of the ROP LAs was influenced by monomer
stereochemistry. For instance, apparent rate constants of 0.102 +0.0003 h' and
0.0746 +£0.0013 h* were obtained in the ROP of p-LA and _-LA respectively (Table 4.3,
entries 6 and 7). This trend has been attributed to the differences in the stability of the p -LA
and _-LA in the ground state as suggested by Buffet®® and Chisholm® and co-workers. For
example, the ROP reaction of rac-LA and (-LA using the alkaline earth metal amide complexes
appears to be slower than that of meso-LA, where full conversion was obtained in toluene in less

than 30 min at room temperature.

4.3.3.2 Determination of order of the ROP reactions of e-CL with respect to complexes 5
and 8

To study the reaction order with respect to catalysts 5 and 8 the ROP reactions were carried at

different catalyst concentrations at constant e-CL monomer concentration (Figure 4.8, Table 4.4).

A graph of Inkapp vs. In[5 or 8] was plotted and the linear relationship obtained allowed us to

extract the order of reaction from the gradient of the line of best fit (Figure 4.8). From Figure

4.8, the order of the reactions with respect to catalyst 5 and 8 were obtained as 0.31 + 0.03 and

0.61 + 0.08 respectively. Fractional orders of reactions with respect to catalysts or initiators
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have been reported previously and are generally attributed to complicated aggregation of the
active species arising during polymerization processes.®® Variation in order of reaction with
respect to complexes 5 and 8 thus hint to different nature of the active species and or level of

aggregation for 5 and 8.

@) (b)

y=03117x-0999 *®

Error = =0.0311 v =0.609x - 4.0409

Error = +0.0806

5203 -

-Ink
app

1.96 —

92 9.4 96 98 10.0 102 104
-In[8]

9.2 9.4 9.6 9.8 10.0 10.2 10.4
-In[5]

Figure 4. 8: (a) Plot of Inkspp vs. IN[S] and (b) Inkapp vs. IN[8] for the determination of order of

reactions with respect to catalysts 5 and 8.

4.3.3.3 Evaluation of the effect of alcohols initiators on the ROP kinetics of e-CL using
complex 5

In order to establish the influence of alcohols initiators in combination with complex 5, methanol

and benzyl alcohol was used in the catalystinitiatormonomer ratio of 1:1:200 (Table 4.5). A

substantial increase in catalytic activity was observed when benzyl alcohol (0.0254 +0.0016

mint) and methanol (0.0246 +0.0012 min™) were employed, respectively (Figure 4.9a and

Table 4.5, entries 1 and 2), compared to the rate constant of 0.119 +0.011 h! obtained in bulk

reactions. The higher catalytic activity recorded in benzyl alcohol and methanol could be as a

100



result of the in situ generation of Zn-alkoxides, known to form more active initiators in the ROP
of cyclic esters.®®  Comparison of the bulk polymerization vs. solution polymerization was
achieved by performing the experiments in toluene solvent and comparing the results to the bulk
reactions. We noted that the use of toluene solvent resulted in a 2-fold drop in catalytic activity
(0.0528 +0.0027 h'') compared to the bulk experiment (Figure 4.9b, Table 4.5, entry 3). Similar
trend has been reported and attributed to reduced concentrations of the active species in the
reaction mixture. For example, the use of toluene solvent resulted in a drop in Kapp from 0.063 h'

(bulk reaction) to 0.026 h™.*°

y=0.254x - 0.8313 3.0 - .

3.5 Error =+0.0016 =

y =0.0528x - 0.3049

L ]
e Error = £0.0027

B L
3.0 -
| (a) v#0.0246x - 1.250 r (b)
s I Error ==0.0012 2.0 -
g =
g 20 SRERS
= =)
3! S
EL5F = o0
= 5(Toluene)
1.0 - = Benzyl alcohol
® Methanol 0.5 |-
0.5
0.0 -
0.0 - | A I N R R R I R 1 1 | L
20 40 60 80 100 120 140 160 180 200 0 10 20 30 40 50 60
Time (mins) Time (h)

Figure 4. 9: First order Kkinetic plots of In[CL]o/[CL]; vs. time for complex 5 in the
polymerization of &-CL in (a) benzyl alcohol and methanol as initiators, and (b) toluene at 110

°C, [CLIo/[1] = 200.
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Table 4. 4. ROP of e-CL at different catalyst concentrations.

Catalyst [CL],/[I] Time Conversion’ Kapp (™) My* PDI°
(h) (%)
5 100 30 97 0.156 +0.013 6920 2.01
5 150 30 97 0.137 £0.012 7012 2.15
5 250 48 99 0.117 £0.010 7356 2.08
5 300 48 97 0.111 +0.0088 7547 2.09
8 100 18 96 0.214 £0.012 7122 1.98
8 150 24 97 0.162 +£0.0070 7292 1.86
8 250 36 98 0.115+0.011 8053 2.04
8 300 48 98 0.109 £0.0090 9235 1.90

4Reaction conditions, bulk polymerization, 110 °C. °Maximum conversion achieved. *“Molecular
weight average and Polydispersity index (PDI) determined by GPC relative to polystyrene

standard, values are the values obtained from GPC x correction factor of 0.58 2°.

4.3.3.4 Effect of temperature onthe ROP kinetics of e-CL and determination of activation
parameters

ROP of e-CL using complex 8 was carried out at various temperature (60 °C to 110 °C), to

determine the activation parameters. A noticeable induction period was observed at lower

temperatures, after which a linear relationship of the plot of IN[CL]o/[CL]; vs. time was obtained.

The apparent rate constants extracted from the semi-logarithmic plot (Table 4.5) showed
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significant decrease from 0.115 +0.015 h! to 0.0627 +0.0048 h* at temperature of 110 °C and

60 °C, respectively.

Table 4.5: ROP of e-CL data in different solvents and at varied temperature for complexes 5

and 8.2
Entry Catalyst Time (n)  Conversion Kapp (™) Muw PDIC
(%)° (GPCY’

1 5 180 97 0.0254 £0.0016 7012 1.97
2° 5 180 96 0.0246 £0.0012 8431 1.94
3! 5 60 95 0.0528 +0.0027 5344 1.94
49 5 48 99 0.131+0.011 7711 1.94
5" 8 57 97 0.114 +0.011 4996 2.55
6 8 84 97 0.0631 £0.0030 3689 1.60
7 8 96 97 0.0627 £0.0048 2295 1.44
gk 5 72 95 0.0389 +0.0012 11068 2.04

AReaction conditions, 110 °C, [CL]o/[I] = 200. "Maximum conversion achieved. “Molecular weight
average and Polydispersity index (PDI) determined by GPC relative to polystyrene standard. Values
in parentheses are the values obtained from GPC X correction factor of 0.56.2° YInitiator, benzyl
alcohol, ratio, catalystinitiatormonomer = 1;1:200; time (mins), kapp(min'l). ®Initiator, methanol,
ratio catalystinitiator-monomer = 1:1:200; time (mins), kapp(min'l) . 'Solvent, toluene. 9Temp., 90
°C. "Temp., 80 °C. "Temp., 70 °C. ITemp., 60 °C. *Addition of second equivalent of e-CL without
adding the catalyst
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The apparent rate constants at each reaction temperature was converted from h™* to s, and used
to obtain the Eyring plot in Figure 4.10. From the Eyring plot, the enthalpies, AH* and entropies,
AS*  of activation were obtained as 18.77 +4.8kJ mol' and —280.74 +13.6 J K* mol?,
respectively for complex 8. This data is consistent with an ordered transition state typical for
coordination-insertion mechanisms in the ROP of cyclic esters by acyl oxygen bond cleavage
(Scheme 4.2).3"%® 1H NMR spectra acquired of the PCL obtained was also consistent with a
coordination mechanism due to the presence of signals associated with the complex/ligand motif
(Figure 4.11). However, mass spectral data was inconclusive as we could not unambiguously

assign all the signals or identify fragments associated with the complex or ligand molecules.

(@]
(@]
l~Zp----- o) — > L7ZnO7A™
L—Zn—0OBz / -~ N
LN
BzO BzO

o 0 (\ of .
L—Zn—O{\/\/\)J\ W ~BZ_ Propagation
O © L_Zn_o\/\/\)J\O/BZ

OBz = auxiliary carboxylate ligand
L =formamidine ligand

Scheme 4. 2 Proposed mechanism for bulk ROP of e-CL via coordination-insertion.
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Figure 4. 10: Eyring plot of temperature dependence of rate constant of the ROP of e-CL using

complex 8.

4.3.4 Molecular weight and molecular weight distribution of polymers

The molecular weight and molecular weight distribution of PCL and PLAs were determined by
gel permeation chromatography (Tables 4.3-4.5). Generally, low to moderate molecular weights
of up to 11 068 g mol* were obtained for PCL compared to a maximum molecular weight of 3
936 g mol! obtained for PLAs. The observed lower molecular weights in comparison to the
theoretical values (Figure 4.12) points to substantial degree of intramolecular trans-esterification

3940 |n addition, the broad molecular

process (back-biting) during the polymerization reactions.
weight distributions reported were indicative of intermolecular trans-esterification reactions
(Scheme 4.3). Indeed, analyses of the mass spectrum of a typical PCL gave m/z values
corresponding to n(CL) + OH.** Despite the wide molecular weight distributions and side

reactions observed, the increase in molecular weight of PCL with percentage conversion using

complex 5 (Figure 4.12), established the “living” polymerization nature of the ROP reactions.
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Figure 4. 11: *H NMR spectra of PCL obtained using complex 8 as catalyst.

To further support the “living” polymerization nature of 5, increase in polymer molecular weight
with increase in [CL]/[I] ratio was observed (Figure 4.12b and Table 4.4). Indeed, addition of a
second e-CL monomer after the first run without adding the initiator resulted in an increase in

molecular weight from 7 012 g mol™* to 11 068 g mol™ respectively (Table 4.5, entries 1 and 8).

It was also evident that complex structure influenced the molecular weights of the PCL obtained.
For example, molecular weights of 7 112 g mol* and 10 831 g mol* were obtained for

complexes 5 and 7, respectively.

with increase in electrophilicity of the metal atom.
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Figure 4. 12: Plot of experimental, theoretical molecular weight and PDI against (a) %
conversion at fixed [e-CL]o/[l] ratio of 200 and (b) different [e-CL]o/[1] ratios, showing the

living polymerization nature of complex 5 at 110 °C.

The dependency of molecular weight and molecular weight distributions on the identity of the
initiator was assessed by comparing the values obtained in benzyl alcohol, methanol and in the
absent of alcohol initiators. Interestingly, molecular weights obtained in benzyl alcohol (561 ¢
mol™) and methanol (560 g mol™) were extremely low compared to molecular weights of 6 236 g
mol obtained in toluene (Table 4.5). Benzyl alcohol and methanol are known as chain transfer
agents in ROP reactions thus promote chain termination to give low molecular weight
polymers.*?  This observation correlates well with the lower rate constants of 0.0528 +0.0027 h
! obtained in toluene compared to kapp Of 0.0254 £0.0016 min™ and 0.0246 +0.0012 min™*
recorded in benzyl alcohol and methanol solvents respectively. As expected, PCL obtained in
benzyl alcohol (1.12) and methanol (1.10) exhibited narrow PDIs, respectively, compared to

PDIs of 1.85 and 1.97 reported in toluene and bulk reactions respectively.
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It was also observed an increase in PCL molecular weights with increase in reaction temperature
for complex 8. As an illustration, molecular weights of 10 063 g mol* and 7 711 g mol™* were

obtained at 110 °C and 90 °C respectively. These results agree with some literature reports®**3

but contradict those by Dubois and co-workers***®

where higher molecular weights were
reported at lower reaction temperatures. Generally, a decrease in PDI with decrease in reaction
temperature was recorded, consistent with minimal side reactions at lower temperature (Table

4.5, entry 6).

4.3.5 Stereoselectivity of PLAS

Stereochemistry and tacticity of the PLAs were determined by inspecting the methine region of
the homonuclear decoupled *H NMR and **C NMR spectroscopy (Figures 4.13 — 4.16). Peaks
identities were based on assignments previously reported.*®*” The occurrence of epimerization
of . -LA under our ROP reaction conditions was envisaged, thereby giving rise to traces of isi, iis,
sii and sis tetrads (Figure 4.13). However, iii tetrad is predominant as seen in Figure 4.13
resulting in moderate isotactic PLA.*®*®  Figures 4.15 and 4.16 show homonuclear decoupled *H
NMR and **C NMR spectra of PLA obtained from ROP of p -LA , respectively. Predominantly
atactic PLA were obtained consistent with interpretation of the NMR data. The probability of
racemic enrichment, Pr of 0.64 and 0.69 was obtained for 5 and 8, respectively based on

calculations reported by Nomura and co-workers.*®
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Figure 4. 13: H homonuclear decoupled NMR of the methine region of poly(;.LA) showing

moderate isotactic PLA.
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Figure 4. 14: (a) **C NMR methine region and (b) **C NMR spectra carbonyl region of poly(, -

LA).
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Figure 4. 15: *H homonuclear decoupled NMR of the methine region of poly(p ..LA) showing

atactic PLA.
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Figure 4. 16: *C NMR methine region of poly(p .-LA).
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4.4  Conclusions

In this chapter, Zn(Il) and Cu(ll) complexes bearing N,N' diarylformamidines and benzoate
ligands was synthesized. The molecular structures of complexes 5, 6, 7 and 9 were confirmed by
X-ray studies to adopt dinuclear species in which the ligands are monodentate. All the
complexes formed active initiators in the ROP of e-CL and LAs to afford moderate molecular
weights polymers.  Kinetic studies indicated a pseudo-first order dependency on monomer
concentration.  Activation parameters obtained from Eyring plot and *H NMR data point to a

coordination-insertion mechanism of these ROP reactions.

Attempt was made to improve the control of the ROP reactions and polymer properties via the
syntheses of alkoxides supported on benzimidazolyl ligands. The synthesis of Zn(ll) alkoxides
supported on benzimidazolyl ligands and their investigations as initiators in the ROP of e-CL and

LAs is described in chapter 5.
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Chapter 5

Kinetics, mechanisms and polymer property studies of ring-opening
polymerization of e-caprolactone and lactides initiated by
(benzimidazolylmethyl)amine Zn(Il) alkoxides

5.1 Introduction
Many metal alkoxide systems supported with various well-tailored ligands such as pyrazolone

),2* have been

ketiminate,"?  bisphenolate, p-diketiminate, schiff base, amino-bis(phenolate
reported to achieve impressive catalytic activities for ROP reactions in a well-controlled manner.
The alkoxide based catalysts have been of great interest due to their unexpectedly diverse
structures, together with the metal-oxygen bonds playing an important role in the ROP of e-CL

and LAs to the polymers.®

Most promising Zn(Il) based initiators employed in the ROP reactions of cyclic esters are
homogeneous Zn(ll) alkoxides complexes due in part, to high rates of reaction, good selectivity
and favorable properties of the metal ion such as lower toxicity.®"#°1% Inoue and co-workers®!!
were among the first to describe the use of diethylzinc with protic reagents to prepare in situ the
alkoxide initiating system. However, in many of the zinc based complexes employed in the ROP
of cyclic esters, undesired side reactions take place, impeding control over the ROP

12,13,14

processes. As a result, there is continued search for new initiators/catalysts that can yield

well defined PCL and PLA.
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Benzimidazole derivatives are known to be important class of ligands in coordination
chemistry.’® A series of Pd(Il), Ni(ll), Cu(ll) and Zn(ll) complexes ligated by benzimidazoles
derivatives have been synthesized and has application in catalysis.’>*%1"  The ability to
functionalize the aryl ring can turned the electronic and steric properties of the ligand backbone,
which also impact on the coordination geometry around the metal centers it complexes and also

envisaged to impact on the properties on the resulting polymers.

Attempts to improve the control of the ROP reactions and polymer properties reported in
chapters 3 and 4 were made by the syntheses of Zn(ll) alkoxides supported on benzimidazolyl
ligands.  This chapter reports the synthesis, characterization of Zn(Il) alkoxide complexes of
(benzimidazolylmethyl)amine ligands, as well as their catalytic activities towards ROP reactions

e-CL, (—-LA and p, .—LA monomers.

5.2 Experimental section

5.2.1 Materials and reagents

All manipulations were carried out under a dry argon atmosphere except stated otherwise.
Solvents (ACS reagent grades > 99.5%) were dried by refluxing at least 24 h over
sodiunvbenzophenone (hexane, DCM and tetrahydrofuran (THF), and reagent grade ethanol was
distilled and dried from magnesium turnings. The monomers (e-CL and LAs; 99%), ZnEt; (1.0
M in hexane), BnOH (anhydrous 99.8%), t-BuOH (anhydrous > 99.5%), 2-
(chloromethyl)benzimidazole (96%), 2,6-dimethylaniline (99%), 2,6-diisopropylaniline (97%),

2,4,6-trimethylaniline (98%), Kl and KOH were purchased from Sigma Aldrich and used

without further purification.
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5.2.2 Instrumental characterization techniques

'H and ¥ C NMR spectra were measured at room temperature using a Bruker 400 MHz
spectrometer. ‘H NMR data were recorded in CDCl; listed as residual internal CDCl (5 7.26).
Similarly, *C NMR data were recorded in CDCl; listed as residual internal CDClz (8 77.00).
Mass spectra of compounds were obtained from a Water synapt GR electrospray positive
spectrometer.  Synthesized polyester samples were analyzed by size exclusion chromatography
at Stellenbosch University. Thermogravimetric analyses (TGA) were done on a TGA SDT Q600
V20.9 Build 20 modulus coupled with a thermal analyzer. The differential scanning calorimetric
(DSC) measurements of dried samples were performed from 30 to 500 °C at a heating rate of 10
°C/min on a TA Instrument (TGA SDT Q600 V20.9 Build 20). An aluminum pan was loaded
with ca. 5 mg of sample and heating ramped at 10 °C/min under a nitrogen atmosphere at a flow
rate of (50 ml/min). A pinhole on the lid was made to prevent pressure build up due to gaseous

products. The thermal analytical data was collected between 30 to 500 °C.

5.2.3 Typical procedure for the synthesis of (benzimidazolylmethyl) amine ligands

Equimolar amounts of 2-(chloromethyl)benzimidazole, KI and the respective amine were
dissolved in ethanol (20 mL) and heated to reflux for 6 h at 80 °C. This was followed by
addition of an equimolar amount of KOH and reflux was continued for a further 2 h. The
reaction mixture was cooled to room temperature and poured into ice-cold water and stirred to

give a precipitates. The precipitate was filtered and dried to yield the products.
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5.2.3.1 N-((1H-benzo[s]imidazol-2-yl)methyl)-2,6-dimethylaniline (L4)

2-(chloromethyl)benzimidazole (0.50 ¢, 3.00 mmol), KI (0.50 g, 3.00 mmol), 2,6-
dimethylaniline (0.36 g, 0.37 mL, 3.00 mmol) and KOH (0.17 g, 3.00 mmol) were reacted to
give L4 as a pale-yellow solid. (0.61 g, 81%). *H NMR (CDClk, 400 MHz): & (ppm) 2.31 (s, 6H,
CHs), 4.45 (s, 2H, CHy), 6.95 (t, °J = 7.5 Hz, 1H, Ar), 7.06 (d, 3J = 7.5 Hz, 2H, Ar), 7.29 (m, 2H,
Ar), 7.61 (m, 2H, Ar). **C NMR (CDCl, 400 MHz) & (ppm) 153.3, 144.8, 130.2, 129.1, 123.3,
122.6, 46.7, 18.3. IR (Nujol): v = 2927 (w), 1630 (m), 1533 (s), 1428 (s). ESI-TOF MS: m/z
calculated for C1gH17N3 [M + H'] 252.33; found 252.15. Anal. Calcd. For C16H17N3: C, 76.46;

H, 6.83; N, 16.72. Found: C, 76.40; H, 6.79; N, 16.69.

5.2.3.2 N-((1H-benzo[d]imidazol-2-yl)methyl)-2,6-diisopropylaniline  (L5)

2-(chloromethyl)benzimidazole (0.50 ¢, 3.00 mmol), KI (0.50 g, 3.00 mmol), 2,6-
diisopropylaniline (0.53 g, 0.56 mL, 3.00 mmol) and KOH (0.17 g, 3.00 mmol) were reacted to
give L5 as a pale-yellow solid. (0.82 g, 88%). 'H NMR (CDCk, 400 MHz): § (ppm) 1.26 (d,
12H, CHs), 3.34 (m, 2H, CH), 4.39 (s, 2H, CHy), 7.17 (s, 3H, Ar), 7.30 (m, 3H, Ar), 7.49 (t, 1H,
Ar), 7.78 (t, 1H, Ar), 9.73 (1H, NH). *C NMR (CDCl, 400 MHz) & (ppm) 152.9, 142.9, 141.6,
125.0, 123.9, 49.9, 27.8, 24.2. IR (Nujol): v = 3354 (w), 2960 (s), 2869 (m), 1630 (m), 1544 (w),
1457 (s), 1432 (s). ESI-TOF MS: m/z calculated for CooH25N3 [M + H'] 308.43; found 308.58

Anal. Calcd. For CyoH>5N3: C, 78.14; H, 8.20; N, 13.67. Found: C, 78.30; H, 8.29; N, 13.69.

5.2.3.3 N-((1H-benzo[d]imidazol-2-yl)methyl)-2,4,6-trimethylaniline  (L6)
2-(chloromethyl)benzimidazole (0.50 g, 3.00 mmol), KI (0.50 g, 3.00 mmol), 24,6-

trimethylaniline (0.41 g, 0.43 mL, 3.00 mmol) and KOH (0.17 g, 3.00 mmol) were reacted to
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give L6 as a pale-yellow solid. (0.72 g, 90%). ‘H NMR (CDCl, 400 MHz): & (ppm) 2.27 (s, 6H,
CHs), 4.40 (s, 2H, CHy), 6.88 (s, 2H, Ar), 7.29 (m, 3H, Ar), 7.44 (b, 1H, Ar), 7.76 (1H, Ar), 9.83
(s, 1H, NH). *3C NMR (CDCk, 400 MHz) & (ppm) 153.4, 143.4, 132.8, 130.5, 129.7, 122.9,
122.3, 119.4, 110.7, 46.9, 20.6, 18.1. IR (Nujol): v = 2908 (m), 1630 (s), 1481 (s), 1420 (s).
ESI-TOF MS: m/z calculated for C17Hi9N3 [M + H'] 266.35; found 266.25. Anal. Calcd. For

Ci17H19N3: C, 76.95; H, 7.22; N, 15.84. Found: C, 76.70; H, 7.29; N, 15.69.

5.2.4 Synthesis of (benzimidazolylmethyl) amine Zn(Il1) complexes

To a solution of benzyl alcohol (2 mmol) in dry THF (20 mL) at 0 °C under Ar was added drop
wise ZnEt; (1 mmol equivalent) and the resulting solution was stirred at room temperature for 12
h.  The mixture was further cooled to 0 °C and a solution of the respective ligand (1 mmol
equivalent) in dry THF was added slowly and the mixture stirred at room temperature for further
24 h. Volatiles were removed under vacuum, and the product washed with DCM and hexane to

afford the respective Zn(ll) complexes 10-12.

5.2.4.1 [(L4)Zn(OBN)]2 (10)

Following the general procedure (5.2.4), L4 (0.30 g, 1.19 mmol), benzyl alcohol (0.26 g, 0.25
mL) and ZnEt, (1.19 mL) were used as reagents. Pale yellow solid (0.85 g, 84%). 'H NMR
(CDCl, 400 MHz): 5 (ppm) 2.14 (s, 12H, CHs), 4.26 (s, 4H, NCH,), 4.59 (s, 4H, CH,Ph), 6.82
(t, 2H, Ar), 6.93 (d, 3J = 7.44 Hz, 4H, Ar), 7.29 (m, 14H, Ar), 7.61 (b, 4H, Ar), 10.22 (s, 2H,
NH). 3C NMR (CDCl, 400 MHz) & (ppm) 153.4, 144.8, 143.1, 141.0, 133.3, 130.3, 129.1,
128.5, 127.6, 127.6, 123.1, 122.6, 65.1, 46.6, 18.2. Anal. Calcd. For C4sH1sNsO2Zn,-2CH,Cly:

C, 56.77; H, 4.96; N, 8.28. Found: C, 57.02; H, 5.12; N, 8.58.
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5.24.2 [(L5)Zn(OBN)]. (11)

Following the typical procedure (5.2.4), L5 (0.50 g, 1.63 mmol), benzyl alcohol (0.34 g, 0.33
mL) and ZnEt, (1.63 mL) were used as reagents. Pale yellow solid (1.00 g, 64%). *H NMR
(CDCls, 400 MHz): & (ppm) 1.13 (d, 3J = 6.92 Hz, 24H, CHs), 3.19 (m, 4H, CH), 4.27 (d, 4H,
NCH,), 4.61 (s, 4H, CH,Ph), 7.05 (s, 6H, Ar), 7.29 (m, 16H, Ar), 7.35 (t, 2H, Ar), 7.66 (t, 2H,
Ar), 10.03 (s, 2H, NH). **C NMR (CDCl, 400 MHz) & (ppm) 152.9, 143.3, 142.9, 141.6, 140.9,
133.2, 128.5, 127.6, 126.9, 124.9, 123.8, 122.9, 119.3, 110.7, 65.2, 49.8, 27.8, 24.2. Anal.
Calcd. For Cs4HgsNgO2Znp2CH,Ch: C, 59.64; H, 5.90; N, 7.45. Found: C, 59.97; H, 5.96; N,

7.74.

5.2.4.3 [(L6)Zn(OBN)]. (12)

Following the general procedure (5.2.4), L6 (0.45 g, 1.88 mmol), benzyl alcohol (0.37 g, 0.35
mL) and ZnEt, (1.69 mL) were used as reagents. Yellow solid (0.97 g, 66%). ‘H NMR (CDCl,
400 MHz): § (ppm) 2.21 (s, 12H, CHs), 2.26 (s, 6H, CHs), 4.33 (s, 4H, NCH,), 4.76 (s, 4H,
CH,Ph), 6.84 (s, 5H, Ar), 7.58 (m, 19H, Ar), 10.77 (b, 2H, Ar). ¥C NMR (CDCl, 400 MHz) &
(ppm) 153.5, 142.1, 141.1, 132.6, 130.4, 129.6, 128.5, 127.5, 126.6, 122.5, 64.9, 46.7, 20.6, 18.0.
Anal. Calcd. For C4gHsoNegO2Zn"CH,Ch: C, 61.39; H, 5.47; N, 8.77. Found: C, 60.98; H, 5.77;

N, 8.52

5.2.4.4 [(L5)Zn(t-BuO)], (13)
To a solution of t-BuOH (2 mmol, 0.14 g, 0.12 mL) in dry toluene (15 mL) at -78 °C was added
drop wise ZnEt, (1 mmol,1.63 mL) and the resulting solution was warmed to room temperature

and stirred for 3 h. L5 (0.25 g, 0.81 mmol) in toluene (10 mL) was then added and the mixture
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heated at 70 °C for 6 h. Volatiles were removed under vacuum, and the residue washed with
hexane to afford complex 13. Light yellow solid (0.97 g, 76%). *H NMR (CDCl, 400 MHz): &
(ppm) 1.30 (d, 3J = 6.82 Hz, 24H, CHs), 1.59 (s, 18H, CHs), 2.98 (m, 4H, CH), 3.87 (s, 4H,
CH,), 6.83 (t, 1H, Ar), 7.06 (d, 2H, 3J = 7.82 Hz Ar), 7.17 (s, 2H, Ar), 7.31 (, 2H, 3J = 7.44 Hz
Ar), 9.53 (b, 2H, NH). **C NMR (CDCls, 400 MHz) & (ppm) 153.0, 142.5, 141.6, 132.4, 126.6,
120.9, 119.5, 110.7, 48.9, 27.9, 24.3,22.4. Anal. Calcd. For C4gHssNgO2Zn,: C, 64.78; H, 7.48;

N, 9.44. Found: C, 64.95; H, 7.91; N, 9.55

5.2.5 Typical procedure for ROP of e-CL

An appropriate amount of the complex was dissolved in toluene in a Schlenk tube immersed in
pre-heated oil bath at 110 °C, and e-CL monomer (1.14 g, 0.01 mol) was added and the reaction
was initiated by stirring.  Kinetics experiments were carried out by withdrawing samples at
regular interval using a syringe and quenched quickly by rapid cooling into NMR tube
containing CDCl; solvent using ice water. The quenched samples were analyzed by H NMR
spectroscopy for determination of polymerization of e-CL to PCL. The percentage conversion of
[PCL)/[CL]o x 100, where [CL], is the initial concentration of the monomer and [PCL] is the
concentration of the polymer at time t, was evaluated by integration of the peaks for CL (4.2
ppm, OCH, signal) and PCL (4.0 ppm, OCH, signal) according to the equation [PCL])/[CL], =
la.0/(ls2 + la0) where Iy is the intensity of the CL monomer signal at 4.2 ppm and ls0 is the
intensity of PCL signal at 4.0 ppm for OCH, protons. The observed rate constants were

extracted from the slope of the line of best-fits of the plot of IN[CL]o/[CL]; vs. time.
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5.2.6 Typical procedure for polymerization of p-LA and [ -LA

A suitable LA (1.44 g, 0.01 mol) was dissolved in toluene in a Schlenk tube equipped with
magnetic stirrer under argon and the required amount of complex was added. The reaction
mixture was stirred at 110 °C. Kinetics experiments were carried out by withdrawing samples at
regular interval using a syringe and quenched quickly by rapid cooling into NMR tube
containing CDCl; solvent using ice water. The quenched samples were analyzed by *H NMR
spectroscopy for determination of polymerization of LAs to PLA. The integration values of the
methine proton of the monomer and that of the polymer were used to calculate the percentage

conversion using the equation 5.1.

[
% Conversion = “polymer x 100 (5.1)

CHmonomer + CHpolymer

ICHpolymer = Intensity of the methine of the polymer obtained from proton NMR

= Intensity of the methine of the monomer obtained from proton NMR

CHmo nomer

5.2.7 Polymer characterization by size exclusion chromatography (SEC)

The samples were analyzed by SEC at Stellenbosch University. The samples were dissolved in
BHT stabilized THF (2 mg/ml). Sample solutions were filtered via syringe through 0.45 pm
nylon filters before subjected to analysis. The SEC instrument consists of a Waters 1515
isocratic HPLC pump, a Waters 717 plus auto-sampler, Waters 600E system controller (run by
Breeze Version 3.30 SPA) and a Waters in-line Degasser AF. A Waters 2414 differential

refractometer was used at 30 °C in series with a Waters 2487 dual wavelength absorbance
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UV/Vis detector operating at variable wavelengths.  Tetrahydrofuran (THF, HPLC grade,
stabilized with 0.125% BHT) was used as eluent at flow rates of 1 ml min™t. The column oven
was kept at 30 °C and the injection volume was 100 W. Two PLgel (Polymer Laboratories) 5
pm Mixed-C (300 x 7.5 mm) columns and a pre-column (PLgel 5 pm Guard, 50 x 7.5 mm)
were used. Calibration was done using narrow polystyrene standards ranging from 580 to 2 X
10° g molt. All molecular weights were reported as polystyrene equivalents and corrected by a

factor of 0.58 and 0.56 for PCL and PLAs, respectively

5.3 Results and discussion

5.3.1 Synthesis of (benzimidazolylmethyl) amine ligands

The (benzimidazolylmethyl) amine ligands, N-((1H-benzo[d]imidazol-2-yl)methyl)-2,6-
dimethylaniline (L4), N-((1H-benzo[d]imidazol-2-yl)methyl)-2,6-diisopropylaniline (L5) and N-
((1H-benzo[d]imidazol-2-yl)methyl)-2,4,6-trimethylaniline  (L6) were synthesized by using a

modified literature procedure®® as presented in Scheme 5.1.

NH,
R> Ry
H N 1 N R
Kl - 1
Lo, = CLi
N  ClI EtOH N N HN Rs
80 °C 2. EtOH, KOH, 80 °C
R2

Rl = R2 = methyl, R3 =H (L4)

R, =Ry, =isopropyl, Rz=H (L5)

R1=Ry,=R3= methyl (L6)
Scheme 5. 1: Synthesis of (benzimidazolylmethyl) amine ligands.

The compounds were isolated in good yields (83-85%) as pale-yellow solids and the identities of

the compounds were established by H and '*C NMR, FTIR spectroscopy and mass
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spectrometry. The NMR spectral signals were consistent with the respective proposed structures.
For example, the *H NMR spectrum of the ligand L4 exhibited signals at 4.45 ppm for the proton
of CH, in the —CH,—NH-Ar backbone and the corresponding 3*C NMR spectral signal was
around 46.70 ppm, which differ from those of the 2-(chloromethyl)benzimidazole starting

material, indicating the formation of the desired ligand.

5.3.2 Synthesis and characterization of Zn(11) alkoxide complexes of
(benzimidazolylmethyl) amine ligands L4-L6

Synthesis of Zn(ll) alkoxide complexes 10-13 bearing (benzimidazolylmethyl) amine ligands
L4-L6 is shown in Scheme 5.2. Treatment of L4-L6, respectively, with BnOH and ZnEt,, in
THF at 0 °C for 24 h afforded complexes 10-12, respectively. Also, treatment of L5 with t-
BuOH and ZnEty, in toluene at —78 °C and later heated to 70 °C for 6 h afforded complex 13.
Each of the complexes 10-13 was purified by recrystallizing from hexane and isolated as yellow
(10-12) and light yellow (13) solids, respectively, in good yields. Compounds 10-13 were
characterized *H and 3C NMR spectroscopy, FT-IR, mass spectroscopy and elemental analyses.

The elemental analysis of each of 10—13 was slightly different from the calculated values.
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N F Q |
1 1. ZnEt
I z R:
v AL N

2. BnOH/t-BuOH 1 N—__
Zn Zn\
1
HN
\ R
R
R3

R; =R, =Me, Rz =H, R =-CH,Ar, (THF,0°Ctort, 36 h) (10)
R; = R, ='Pr, R3 = H, R =-CHJAr, (THF, 0 °C to rt, 36 h) (11)
R; = R, =R3=Me, R =-CH,Ar, (THF, 0 °Cto rt, 36 h) (12)

R; = R, ='Pr, Ry = H, R = (CH3)4C, (toluene, -78 °Cto 70 °C, 9 h)  (13)

Scheme 5. 2: Synthesis of complexes 10-13.

In a typical 'H NMR spectra, significant shifts of the ligand proton signals in the respective
complexes relative to the respective free ligand signals was indicative of the formation of the
Zn(I1) complexes. For example, an upfield shift of the CH, proton in CH,NH linkage from 4.40
ppm in L6 to a resonance at 4.34 ppm was observed. In addition, the appearance of resonance of
methylene hydrogen of the bridging benzyl alkoxides at 4.76 ppm in complex 12 indicated the
formation of the alkoxide complexes (Figure 5.1). The 3C NMR spectra of 12 (Figure 5.2) was
significantly different from that of L6, and contain resonance peaks representative of the

complex.
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Figure 5. 1: *H NMR spectrum of ligand L6 (top) and complex 12 (bottom) showing the
appearance of resonance of methylene hydrogen of the bridging benzyl alkoxides at 4.76 ppm

indicative of complex formation.

Typical IR spectra of complexes 10-13 showed shifts of the C=N bands to higher frequencies
with respect to the ligands. For example, the C=N band of L6 was recorded at 1576 cm™
compared to 1601 cm’ observed for the corresponding complex 12. Strong bands associated
with the v(C-O) stretch around 1320, 1340, 1336 and 1343 cm™ in complexes 10, 11, 12 and 13,
respectively, were also obtained. This suggested that the oxygen from the benzyl alcohol

derivative coordinated to the Zn atom centers.*®

126



20 [rel

15
|

Xy
.o
3

L |

T . ‘ . . T : . . ‘ T . . ‘ . T . : . . ‘
200 150 100 50 0 [ppm]

Figure 5. 2: 3C NMR spectrum of ligand L6 (top) and complex 12 (bottom) showing

o

significant differences.

All the complexes were also characterized by mass spectroscopy and m/z values corresponding
to various fragments of the complexes were observed. For example, the mass spectrum of
complex 12 showed m/z peaks at 531 amu, 468 amu and a base peak at 266 amu (Figure 5.3)
corresponding to [Cas5H29N302Zmp]", CaoHasN302Zn; and ligand L6 fragments, respectively.
Micro-analyses data of compounds 10-13 with solent molecules (CH,Clk) were in good
agreement with the proposed structures and confirmed the purity of the isolated compounds. So

far, attempts to isolate crystals suitable for single X-ray analyses have been unsuccessful.
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Figure 5. 3: Mass spectra showing complex 12 showing its fragmentation pattern to give a base

peak at 266 amu corresponding to L6 unit.

5.3.3 ROP of e-CL and LAs using complexes 10-13 as catalysts

ROP reactions of e-CL, |-LA and p LA using complexes 10-13 generally progressed in
toluene under a dry argon atmosphere and were systematically studied as listed in Table 5.1. The
conversion of the monomers to the respective polymers at 110 °C using [M]/[I] ratio of 200
proceeded to near completion between 16 h to 36 h for complexes 10-13 (Table 5.1, entries 1—
10). For example, complex 12 gave a conversion of 98% within 18 h for e-CL, 95% within 16 h

and 18 hfor p -LA and -LA, respectively (Table 5.1, entries 3, 7 and 10).
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Table 5. 1: ROP data of e-CLand LAs catalyzed by Zn(Il) alkoxide complexes 10-13?

Entry Catalyst Time Conversion® Kapp (1) Muw PDI®  |EC
(h) (%) (GPC)*

1 10 20 98 0.1839 £0.0092 4456 1.34 0.20
2 11 26 96 0.1152 +£0.00582 3841 1.46 0.18
3 12 18 98 0.1988 +0.0119 4744 138 0.21
4 13 32 97 0.1034 +0.0065 nd nd -
5¢ 10 18 95 0.1556 +0.00602 8326 1.24  0.30
6° 11 18 98 0.1974 + 0.01 8675 1.34 031
7° 12 16 99 0.2715 £0.0184 10650 1.33 0.37
g' 10 24 95 0.1258 +£0.00286 3946 153 0.14
9' 11 36 95 0.0818 +0.00245 5428 1.29  0.20
10f 12 18 98 0.1390 +0.00627 5678 1.16 0.20

Reaction conditions: [CL]o/[]] = 200; solvent, toluene, temperature, 110 °C. °Maximum
conversion achieved °Molecular-weight average and Polydispersity index (PDI) determined by
GPC relative to polystyrene standard, values are the values obtained from GPC X correction
factor of 0.56 for lactones and 0.58 for LAs., nd = not determine. “Initiator efficiency (IE) =
Muexp/Mucaic Where Mycaic = Mwmonomer) X [CL]o/[1] X [PCLY/[CL]o + Muchain-end growp. ‘D,L-LA

and f{-LA%
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5.3.3.1 Kinetic studies of ROP reactions of e-CL and LAs

Kinetic studies for the polymerization of e-CL, p.-LA and _-LA using complexes 10-13 at
[CL]o/[1] = 200 at 110 °C were performed The apparent rates constants of polymerization (Kapp)
using these complexes were extracted from Figures 5.4 and the results are shown in Table 5.1.
The linearity of the semi logarithmic plots showed that the ROP reaction followed pseudo-first

order kinetics dependence on monomer concentration for all the complexes.
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Figure 5. 4: (a) First order kinetic plots of InN[CL]o/[CL]; vs.time for complexes 10-13 in the
polymerization of ¢-CL at 110 °C, [CL]o/[l] = 200 in toluene. (b) First order kinetic plots of
IN[CL]o/[CL]; vs. time for complexes 10-12 in the ROP of 5 -LAand | -LA to PLAs in toluene

at 110 °C, [CL]/[1] = 200.

The rate constants (Kapp) for each of the ROP reaction of e-CL were established to be 0.1839
+0.0092, 0.1152 +0.00582, 0.1988 +0.0119 h™* and 0.1034 +0.00657 for complexes 10, 11 12
and 13, respectively (Table 5.1, entries 1, 2 3 and 4). From the *H and **C NMR spectrum, and

elemental analyses data, complexes 10-13, have similar structures with the only difference being

130



the methyl and isopropyl substituents on the phenyl ring of the ligand backbone (Scheme 5.1),
and also t-BuOH initiating group in complex 13. The lower apparent rate constant of 0.1152
+0.00582 h* and 0.1034 +0.00657 obtained using 11 and 13 (isopropyl group substituent) in
comparison to complexes 10 and 12 with methyl group substituent on the ligand backbone point
to the effect of ligand architecture on the polymerization activity. The increase in catalytic
activity associated with sterically less bulky ligand complexes 10 and 12 is in agreement with

21,22,23,24

literature reports. It is believed that the sterically demanding isopropyl group blocks the

Zn(Il) center thus inhibiting access of the monomer to the active site resulting in lower activities.

The kinetics of ROP reactions of p-LA and .-L were monitored by *H NMR spectroscopy and
the monomer consumption vs. reaction time plots are shown in Figure 5.4b. The apparent rate
constants (kapp) extracted from the plots of In[CL]o/[CL]; vs. time gave a higher rate of
polymerization of 0.2715 +0.0184 h* (o -LA) compared to a kap, 0f 0.1988 +0.0119 h' for e-
CL when complex 12 was employed as the catalyst. The six-membered ring in LA increases the
strain resulting in rapid ROP reactions.”® The stereochemistry of the LA monomer also had
effect on the rates of ROP reaction rate. For instance, the kapp Obtained for p -LA (Table 5.1,
entries 5, 6 and 7) were higher compared to (-LA (Table 5.1, entries 8, 9 and 10) for complexes
10-12. We also observed similar trend in the case of ROP of LA using N,N ‘diarylformamidines
Zn(I1) complexes reported in chapter 4, and attributed this to the differences in the stability of the
pL-LA and [-LA in the ground state.?®?’  Although the recorded catalytic activities for
complexes 10-13 were lower compared to some of the most active Zn(ll) alkoxide complexes

found in literature,22282930 their catalytic activities were higher than those reported using
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(benzimidazolylmethyl)amine Zn(ll) and Cu(ll) carboxylate complexes.'® The recorded catalytic

activities using complexes 10—13 were comparable to other reported Zn(ll) alkoxide initiators.>!

Table 5.2: Effect of catalyst concentrations on polymerization kinetics of e-CL using complex

128
Entry [CL]o/[12] Time Conversion’ Kap(h™) My PDI® IEC
(h) (%) (GPC)*
1 100 8 08 0.3803 4176  1.45 0.37
2 150 14 97 0.2672 4322  1.32 0.26
3 250 24 96 0.1328 6428  1.26 0.19
4 300 36 95 0.0728 6804  1.46 0.17

Reaction conditions, Toluene, 110 °C. °Maximum conversion achieved °Molecular-weight
average and Polydispersity index (PDI) determined by GPC relative to polystyrene standard
values, the values obtained from GPC x 0.56.%° YInitiator efficiency (IE) = Muexp/Mucalc Where

Mucalc = Mwmonomer) X [CL]o/[Cat] X [PCL}/[CL]o + Mw(chain-end group)-

5.3.4 Order of ROP reactions of e-CL using complex 12 at different concentrations

The kinetics of ROP reactions using complex 12 was evaluated at various [CL]o/[Cat] ratios of
100, 150, 250 and 300 using e-CL as monomer in order to determine the order of ROP reactions
with respect to complex 12. The ROP reactions were carried out in toluene at 110 °C and data
collected are presented in Table 5.2 (entries 1-4) and Figure 5.5a. The Kapp Values increased with
increase in the concentration of the catalyst, confirming that the order with respect to the catalyst

was first order.>* A Plot of Inkapp Vs. IN[12] (Figure 5.5b) gave linear relationship which allowed
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us to determine the order of reaction with respect to 12. From the plot, the order of the reaction
extracted from the gradient of the line of best fit (Figure 5.5b) was obtained as 1.2132 ~ 1. Thus,

the overall Kinetic equation for the ROP of e-CL with 12 could be denoted as shown Equation

— g = klCLI[12] (5.2)
40 .
L y =0.3803x - 0.1985
3= 24
35 L R =0.9787 (a) (b)
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R = 0.9712 ror = =0.00941
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Figure 5. 5: (a) First order kinetic plots of IN[CL]o/[CL]; vs. time for complex 12 in the ROP of
e-CL in toluene at 110 °C, [CL]o/[1] = 100, 150, 250 and 300. (b) Plot of Inkapp vs. In[12] for the

determination of order of reactions with respect to complex 12 in the ROP of e-CL.

5.3.5 Effect of BnOH as initiator in ROP reaction of e-CL

The effect of BnOH initiator in the ROP reactions of e-CL was evaluated by varying [BnOH]
between 5, 10, 20 and 50, respectively. (Entries 1-4, Table 5.3). The apparent rate constant
(Kapp) obtained from the linear plots in Figure 5.6 indicated that catalytic activity using complex

12 increased with increase in concentrations of BnOH. For example, in the presence of 50

133



equivalent of BnOH, complex 12 displayed conversion of 98% in 14 h at 110 °C (entry 4; Kqapp =
0.2681 +0.01224 h, Table 5.3), whereas in bulk reactions, conversion of 98% was obtained in
18 h (entry 3; Kgpp = 0.1998 +0.0119 h!, Table 5.1). Addition of BnOH is known to result in
the formation of new benzyloxy-metal initiating groups,®? thus providing additional catalytic
sites for the of ROP reactions.*3? The increase of catalytically active sites upon addition of
BnOH may be responsible for the higher catalytic activities observed. For example, in the
presence of two equivalent of BnOH, Zn(Il) bis(iminopyrrolide) alkoxide complex led to 95%
conversion of 400 equivalent of e-CL to PCL in 50 min at 50 °C, whereas the bulk reaction

required 60 min and gave a lower conversion of monomer.>?
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Figure 5. 6: First order Kkinetic plots of In[CL]o/[CL]; vs. time for complex 12 in the ROP of ¢-

CL in toluene at 110 °C, [CL]o1]o:[BNOH], = 200:15, 10, 20, 50.
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Table 5. 3: The ROP of e-CL using complex 12 in the presence of BnOH as initiator

Entry [CLJo:[1]o:[BNOH], Time Conversion Kapp (™) My  PDI® IE°
(h) (%0) (GPC)®

1 200:15 20 95 0.1401 £0.006 2510 1.33 0.57

2 200:1:10 18 95 0.1553 £0.011 2640 141 1.16

3 200:1:20 18 98 0.1998 +0.011 1822 137 1.49

4 200:1:50 14 98 0.2681 +0.012 1523 122 275

Solvent: toluene, temperature, 110 °C. °Maximum conversion achieved °Molecular-weight
average and Polydispersity index (PDI) determined by GPC relative to polystyrene standard,
values are the values obtained from GPC x correction factor of 0.56 for lactones.?® YInitiator

efficiency (IE) = Muexp/Mucalc Where Mycaic = 114 x ([CL]o/([BnOH]o) X conv. (%) + 108.

5.3.6 Molecular weight and molecular weight distributions of polymers

The molecular weights and molecular weight distributions (PDI) of the PCL and PLAs obtained
from the ROP reactions using complexes 10-12 were determined by GPC (Table 5.1-5.3). For
the ROP of &-CL using 10-12, weight average molecular weights (M) ranging from 1523 to
6804 g mol'* was obtained. The experimental Mys were obtained as 4456, 3841, 4744 g mol™
for 10, 11 and 12, respectively. We observed a decrease in the average molecular weight of the
PCL as the steric bulk of the ligand increased (Table 5.1, entries 1-3). This observation
contradicts literature reports were an increased steric bulk increases the molecular weight by

34,35

retarded chain transfer. Thus at this stage, we are unable to definitely account for the

observed trend. Generally higher My, of PLAs was obtained compared to PCL. Significantly,
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greater dependence of M, on the stereochemistry of the LA monomer was observed. For
example, My, of PLA obtained from p-LA (10 650 g mol™) was twofold greater than the M,y of
5678 g mol! from _-LA monomer (Table 5.1, entries 7 and 10), respectively. Increasing the
[CL]o:[BNnOH], ratio resulted in low polymer molecular weights and narrower PDI (Table 5.3).
The BnOH initiating groups increases the number of active site, resulting in many short polymer
chains with low molecular weight.*>®>  Generally, the molecular weight distributions (PDI) of the
polymers were relatively narrow ranging from 1.16 to 1.53. The molecular weight values of the
resulting polymers catalyzed by complexes 10-12 were not in agreement with the calculated
molecular weight values pointing that the growth of one polymer chain per zinc-benzyloxyl
initiator was not obtained in our systems. This can be attributed to a slow initiation step
compared to propagation. Similar results were also found for bridged bis(amidinate) Ytterbium

alkoxide catalytic systems employed in ROP of e-CL and LAs.*®

5.3.7 Mechanism of ROP of e-CL and LAs

To determine the nature of the active species and the chain end groups, a low molecular weight
polymer sample was prepared and analyzed by *H NMR spectroscopy. For example, the proton
NMR spectra of PCL obtained from complex 12 facilitated ROP reaction showed a benzyloxy
end group on each polymer chain (Figure 5.7) indicating that the ROP was initiated from the
BnO- initiating group.  For instance, the *H NMR spectrum of PCL in Figure.5.7 shows the
presence of phenyl ring protons (a, 7.37 ppm) and CH, (b, 5.12 ppm) suggesting that the ROP
reaction was initiated by the insertion of BnO- group into CL via coordination-insertion

mechanism.
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Figure 5. 7: *H NMR spectrum of PCL at 95% conversion revealing the presence of phenyl ring
protons (a, 7.37 ppm) and CH> (b, 5.12 ppm) suggesting coordination-insertion mechanism.

Reaction condition:[CL],:[1]o =200:1 in toluene at 110 °C, 18 h.

The ESI-MS mass spectra of PLA obtained from catalyst 12 showed fragmentation pattern
corresponding to the presence of benzyloxy end group in the polymer backbone. ESI-MS mass
spectra show fragments with increments of 144 Da between consecutive peaks corresponding to
the repeat units LA. For example, a potassium-cationized polymer chain with n = 12 has a mass
of 1913.7 Da and confirmed the proposed polymer chain structure (Figure 5.8). The results from
'H NMR spectroscopy and ESI-MS analyses showed presence of one benzyl ester group per
polymer chain. Thus, it is plausible to conclude that there was incorporation of benzyl ester end-

groups in the polymer back-bone, establishing a coordination-insertion mechanism.3"*8
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Figure 5. 8: ESI-MS spectrum of PCL obtained by using catalyst 12, Reaction

condition:[CL]o:[1]o =200:1 in toluene at 110 °C, 18 h, 98% conversion.

5.3.8 Polymer Tacticity

The microstructural architecture of the PLAs were investigated using homonuclear decoupled *H
NMR. Figure 5.9 shows the methine region in the homonuclear decoupled *H NMR spectrum of
poly(p,.-LA) produced by complex 10. The peaks were assigned to the appropriate tetrads in
accordance with their chemical shifts.>® The methine region in the homonuclear decoupled ‘H
NMR spectrum displays isi and sis tetrads which are more intense than for a totally random

poly(p,.-LA) (Figure 5.9). The tacticity bias (Pr = 0.63) is similar to that reported for titanium
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alkoxides®® and for a single-site tin catalyst*! but the preference for heterotacticity is not as

42,43

strong as reported, for example, for B-diketiiminate zinc alkoxide complexes.

5.35 5.30 5.25 5.20 5.15 5.10 5.05 ppm

Figure 5.9: *H homonuclear decoupled *H NMR (400 MHz, CDCls) spectrum of the methine

region of partial heterotactic PLA prepared from p LA using complex 10.

The results of *H homonuclear decoupled *H NMR spectra showed that complexes 10-13 hardly
led to selective polymerization in toluene giving partially heterotactic selectivity.**  The
probability of racemic enrichment, Pr of 0.63 ,0.78 and 0.69 was obtained for 10, 11 and 12,
respectively based on calculations reported in literature®>#®.  The tacticity of the polymer was
influenced by the ligand used. For instance, changing the ligand from L4 to a sterically bulkier
ligand L5 resulted in an increase in Pr from 0.63 to 0.78. Similar observation were ligand
architecture impacts on the stereoselectivity of PLAs has been reported.®® Complex 11 (Pr =
0.78) gave a better stereocontrol PLA. It was envisaged that chain-end control by the growing
polymer chain typically leads to a preference for alternating RR,SS-insertion, which can lead to

modest stereoregular heterotactic PLA given sufficient bulk of the spectator ligands.*> The
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homonuclear decoupled *H NMR spectrum at the methine region of the PLA obtained from -LA

via ROP with 11 and 15 is isotactic predominance without observable epimerization (Figure

5.10).

— @ (b)
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Figure 5. 10: Homonuclear decoupled *H NMR (400 MHz, CDCls) spectra of the methine

region of isotactic PLA prepared from _-LA using complexes (a) 11 and (b) 12.

5.3.9 TGA and DSC analysis of PLAs

Thermal analyses of PLA wusing thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were carried out (Figures 5.11). From the DSC thermogram, the glass
transition temperature (Tg) and melting temperature (Trm) of PLA obtained from -LA occurred at
60 °C and 149 °C, respectively, which is consistent with the results reported in the literature for
highly isotactic polymers.*’#84%  The TGA trace gives the decomposition curve of the
synthesized PLA, and shows that the PLA decomposed at 298 °C. The Ty Tm and
decomposition temperatures recorded points to synthesis of crystalline PLAs with long isotactic

sequences in toluene.
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Figure 5. 11: DSC-TGA curves of PLA prepared from _.LA in toluene at 110 °C, [CL]./[l] =

200 using complex 12,

5.4  Conclusions

A series of (benzoimidazolylmethyl)amine Zn(ll) alkoxide complexes have been successfully
synthesized and the identities of the compounds were established by 'H and *C NMR, FTIR
spectroscopy and mass spectrometry. The Zn(ll) alkoxide complexes effectively catalyzed the
ring opening polymerization of e-caprolactone, | —lactide and p, —lactides in controlled manner.
All polymerization reactions follow pseudo-first order kinetics with respect to monomer. Both
the complex architecture and monomer stereochemistry influence the reaction kinetics and gives
better polymer properties. The Zn(ll) complexes initiates ring opening polymerization of |-

lactide giving highly isotactic PLA, while ring opening polymerization of p -lactide yields
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heterotactic PLA. Benzyl alcohol initiator enhances the catalytic activities of the complexes

compared to polymerization without benzyl alcohol, and the polymerization reactions proceeded

via coordination-insertion mechanism.
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Chapter 6

Magnesium alkoxide complexes of (benzimidazolylmethyl) amine ligands:
Synthesis and applications in ROP reactions of e-caprolactone and lactides

6.1 Introduction
Magnesium alkoxides as catalyst in the ROP of cyclic esters have attracted considerable

attention, because of their nontoxicity and high activity.t?*°

Magnesium alkoxides tend to
polymerized via intermolecular O—Mg donor—acceptor bonds, and has the advantages of single-
site catalyst system.® The alkoxide systems has been adjust as good catalysts/initiators because
most alkoxide metal are redox-inactive and inert to hydrogen atom abstraction from the growing

alkoxide polymer chain, thereby reducing side reactions(such as trans-esterification,

epimerization) that could lead to chain termination with loss of catalytic activity.’

Tolman and co-workers investigated the effect of steric environment around the metal center and
related the electrophilicity of the metal complex and the rate of coordination and insertion of
monomers.®®  The electronegativity of the metal center has been reported to affects the
coordination of monomers, as well as the bond energies in the transition states during insertion of
the monomers mto the metal-alkoxide bond. Recently, catalytic activities of
(benzimidazolylmethyl)amine Zn(II) and Cu(Il) carboxylate complexes in ROP reactions of ¢-
CL have been reported.® The activities of these catalysts were dictated to a great extent by the

nature of the metal center and the ligand architecture.
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Zn(ll) alkoxides based on (benzimidazolylmethyl)Jamine ligands reported in chapter 5 exhibited
improved control on ROP reactions and polymer properties, thus indicating that the alkoxide
initiating species were a better initiators compared to the acetates and the benzoates. In this
chapter, we aimed to build on the improved control of ROP process exhibited by the
(benzimidazolylmethyl)amine based Zn(ll) alkoxides complexes and developed analogous
Mg(Il) alkoxide complexes and investigate their potentials as catalysts in the ROP reactions of -

CL, L-LA and D’L-LA.

6.2 Experimental section

6.2.1 Materials and reagents

All manipulations were carried out under a dry argon atmosphere unless stated otherwise.
Solvents (ACS reagent grades > 99.5%) were dried by refluxing at least 24 h over
sodium/benzophenone (hexane, DCM and tetrahydrofuran (THF), and reagent grade ethanol was
distilled and dried from magnesium turnings. The monomers (e-CL and LAs; 99%), Mg("Bu),
(1.0 M in hexane), BnOH (anhydrous 99.8%), t-BuOH (anhydrous > 99.5%), 2-
(chloromethyl)benzimidazole (96%), 2,6-dimethylaniline  (99%), 2,6-diisopropylaniline  (97%),

2,4,6-trimethylaniline  (98%) were purchased from Sigma Aldrich and used without further

purification.

6.2.2 Instrumental characterization techniques
'H and ¥ C NMR spectra were measured at room temperature using a Bruker 400 MHz
spectrometer. *H NMR spectral data were recorded in CDCls listed as residual internal CDCl; (5

7.26). Similarly, *C NMR data were recorded in CDCl; listed as residual internal CDClz (8
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77.00). Mass spectra of compounds were obtained from a Water synapt GR electrospray positive
spectrometer. Thermogravimetric analyses (TGA) were done on a TGA SDT Q600 V20.9 Build
20 modulus coupled with a thermal analyzer. The differential scanning calorimetric (DSC)
measurements of dried samples were performed from 30 to 500 °C at a heating rate of 10 °C/min
on a TA Instrument (TGA SDT Q600 V20.9 Build 20). An aluminum pan was loaded with ca. 5
mg of sample and heating ramped at 10 °C/min under a nitrogen atmosphere at a flow rate of (50
ml/min). A pinhole on the lid was made to prevent pressure build up due to gaseous products.

The thermal analytical data was collected between 30 to 500 °C.

6.2.3 Synthesis of (benzimidazolylmethyl) amine Mg(ll) complexes

To a solution of benzyl alcohol (2 mmol) in dry THF (20 mL) at O °C under Ar was added drop
wise Mg("Bu), (1 mmol) and the resulting solution was stirred at room temperature for 12 h.
The mixture was again cooled to 0 °C and a solution of the ligand (1 mmol equivalent) in dry
THF was added slowly and the mixture stirred at room temperature for further 24 h. Volatiles
were removed under vacuum, and the product washed with hexane to afford the respective

complexes.

6.2.3.1 [(L4)Mg(OBN)], (14)

Following the general procedure (6.2.3), L4 (0.50 g, 1.99 mmol), benzyl alcohol (0.43 g, 0.41
mL) and Mg"Bu, (1.99 mL) were used as reagents. Pale yellow solid (0.93 g, 61%). ‘H NMR
(CDCls, 400 MHz): & (ppm) 2.21 (s, 12H, CHs), 4.34 (s, 4H, NCH,), 4.73 (s, 4H, CH,Ph), 6.92
(t, 2H, Ar), 7.01 (d, 3J = 7.44 Hz, 4H, Ar), 7.39 (m, 14H, Ar), 7.56 (b, 4H, Ar). ¥C NMR

(CDCl, 400 MHz) § (ppm) 153.6, 144.9, 141.2, 130.3, 129.1, 128.5, 127.5, 127.0, 123.1, 122.6,
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64.9, 46.5, 18.2. IR (Nujol): v = 1622 (s), 1330 (m), 1272 (m). ). Anal Caled. For

Ca6HasNgO2Mgy: C, 72.36; H, 6.07; N, 11.01. Found: C, 72.68; H, 6.08; N, 11.38.

6.2.3.2 [(L5)Mg(OBn)]; (15)

Following the general procedure (6.2.3), L5 (0.50 g, 1.63 mmol), benzyl alcohol (0.34 g, 0.33
mL) and Mg"Bu, (1.63 mL) were used as reagents. Pale yellow solid (0.84 g, 59%). ‘H NMR
(CDCls, 400 MHz): & (ppm) 1.14 (d, 3J = 6.92 Hz, 24H, CHs), 3.20 (m, 4H, CH), 4.27 (s, 4H,
NCH,), 4.62 (s, 4H, CH,Ph), 7.06 (s, 9H, Ar), 7.22 (m, 9H, Ar), 7.29 (m, 4H, Ar), 7.36 (b, 2H,
Ar), 7.66 (b, 2H, Ar), 9.87 (s, 2H, NH). *C NMR (CDCls, 400 MHz) & (ppm) 152.9, 143.3,
142.9, 141.6, 140.9, 133.2, 128.5, 127.6, 126.9, 124.9, 123.8, 122.9, 119.3, 110.7, 65.2, 49.8,
27.8, 24.2. IR (Nujol): v = 1616 (s), 1324 (s). Anal Calcd. For Cs4Hg2NgO2Mgp: C, 74.06; H,

7.14; N, 9.60. Found: C, 74.68; H, 7.08; N, 9.38.

6.2.3.3 [(L6)Mg(OBnN)]; (16)

Following the general procedure (6.2.3), L6 (0.50 g, 1.88 mmol), benzyl alcohol (0.41 g, 0.39
mL) and Mg"Buy (1.88 mL) were used as reagents. Yellow solid (0.97 g, 65%). H NMR
(CDCk, 400 MHz): & (ppm) 2.21 (s, 12H, CHs), 2.26 (s, 6H, CHs), 4.33 (s, 4H, NCH,), 4.76 (s,
4H, CH.Ph), 6.84 (s, 5H, Ar), 7.58 (m, 19H, Ar), 10.77 (b, 2H, Ar). *C NMR (CDCl, 400
MHz) 6 (ppm) 153.5, 142.1, 141.1, 132.6, 130.4, 129.6, 128.5, 127.5, 126.6, 122.5, 64.9, 46.7,
20.6, 18.0. IR (Nujol): v = 1611 (s), 1333 (s). Anal Calcd. For C48Hs50NsO2Mgy: C, 72.83; H,

6.37; N, 10.62. Found: C, 72.68; H, 6.78; N, 10.98.
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6.2.3.4 [(L5)Mg(t-BuO)]. (17)

To a solution of t-BuOH (2 mmol, 0.14 g, 0.12 mL) in dry toluene (15 mL) at -78 °C was added
drop wise Mg("Bu), (1 mmol,1.63 mL) and the resulting solution was warmed to room
temperature and stirred for 3 h. L5 (0.25 g, 0.81 mmol) in toluene (10 mL) was then added and
the mixture heated at 70 °C for 6 h. Volatiles were removed under vacuum, and the residue
washed with hexane to afford complex 17. Light yellow solid (0.97 g, *H NMR (CDCl;, 400
MHz): & (ppm) 1.16 (d, 3 = 5.82 Hz, 24H, CH3), 1.62 (s, 18H, CHs), 3.21 (m, 4H, CH), 4.29 (s,
4H, CHy), 7.07 (s, 1H, Ar), 7.20 (m, 2H, Ar), 7.39 (q, 2H, Ar), 7.69 (t, 2H, Ar), 9.62 (s, 2H, NH).
13C NMR (CDClz, 400 MHz) & (ppm) 152.6, 143.4, 142.9, 141.6, 133.2, 125.0, 123.9, 122.5,
122.7, 48.9, 27.9, 24.3,22.4. Anal. Calcd. For CigHssNsO22Zny: C, 64.78; H, 7.48; N, 9.44.

Found: C, 64.85; H, 7.21; N, 8.99.

6.2.4 Typical procedure for ROP of e-CL

An appropriate amount of the complex was dissolved in toluene in a Schlenk tube immersed in
pre-heated oil bath at 110 °C, and e-CL monomer (1.14 g, 0.01 mol) was added and the reaction
was initiated by stirring.  Kinetic experiments were carried out by withdrawing samples at
regular interval using a syringe and quenched quickly by rapid cooling into NMR tube
containing CDCl; solvent using ice water. The quenched samples were analyzed by *H NMR
spectroscopy for determination of polymerization of e-CL to PCL. The percentage conversion of
[PCL)/[CL], x 100, where [CL], is the initial concentration of the monomer and [PCL] is the
concentration of the polymer at time t, was evaluated by integration of the peaks for CL (4.2
ppm, OCH, signal) and PCL (4.0 ppm, OCH, signal) according to the equation [PCL])/[CL], =

la.0/(ls2 + la0) where 42 is the intensity of the CL monomer signal at 4.2 ppm and ls0 is the
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intensity of PCL signal at 4.0 ppm for OCH; protons. The observed rate constants were

extracted from the slope of the line of best-fits of the plot of IN[CL]o/[CL]; vs. time.

6.2.5 Typical procedure for polymerization of p -LA and (-LA

A suitable LA (1.44 g, 0.01 mol) was dissolved in toluene in a Schlenk tube equipped with
magnetic stirrer under argon and the required amount of complex was added. The reaction
mixture was stirred at 110 °C. Kinetics experiments were carried out by withdrawing samples at
regular interval using a syringe and quenched quickly by rapid cooling into NMR tube
containing CDCl; solvent using ice water. The quenched samples were analyzed by *H NMR
spectroscopy for determination of polymerization of LAs to PLA. The integration values of the
methine proton of the monomer and that of the polymer were used to calculate the percentage

conversion using the equation 6.1.

|
% Conversion = “polymer x 100 (6.1)

CHmonomer + CHpolymer

CHoolymer — Intensity of the methine of the polymer obtained from proton NMR

Icu = Intensity of the methine of the monomer obtained from proton NMR

monomer

6.2.6 Polymer characterization by size exclusion chromatography (SEC)
The samples were analyzed by SEC at Stellenbosch University. The samples were dissolved in
BHT stabilized THF (2 mg/ml). Sample solutions were filtered via syringe through 0.45 pm

nylon filters before subjected to analysis. The SEC instrument consists of a Waters 1515
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isocratic HPLC pump, a Waters 717plus auto-sampler, Waters 600E system controller (run by
Breeze Version 3.30 SPA) and a Waters in-line Degasser AF. A Waters 2414 differential
refractometer was used at 30 °C in series with a Waters 2487 dual wavelength absorbance
UV/Vis detector operating at variable wavelengths.  Tetrahydrofuran (THF, HPLC grade,
stabilized with 0.125% BHT) was used as eluent at flow rates of 1 ml min™t. The column oven
was kept at 30 °C and the injection volume was 100 . Two PLgel (Polymer Laboratories) 5
um Mixed-C (300 x 7.5 mm) columns and a pre-column (PLgel 5 pm Guard, 50 x 7.5 mm)
were used. Calibration was done using narrow polystyrene standards ranging from 580 to 2 X
10° g mort. All molecular weights were reported as polystyrene equivalents and corrected by a

factor of 0.58 and 0.56 for PCL and PLAs, respectively

6.3 Results and discussion

6.3.1 Synthesis of (benzimidazolylmethyl) amine ligands and Mg(ll) complexes

The (benzimidazolylmethyl) amine ligands, N-((1H-benzo[d]imidazol-2-yl)methyl)-2,6-
dimethylaniline (L4), N-((1H-benzo[d]imidazol-2-yl)methyl)-2,6-diisopropylaniline (L5) and N-
((1H-benzo[d]imidazol-2-yl)methyl)-2,4,6-trimethylaniline ~ (L6) were  synthesized using a

modified literature procedure! as presented in Scheme 6.1.

Ry Ry
N N 1 N R
Kl - 1
L Cri
N Cl EtOH N | N HN Rj
80 °C 2. EtOH, KOH, 80 °C

R>

Rl = R2 = methyl, R3 =H (L4)

R; =R, =isopropyl, Rz=H (L5)

R1:R2: R3: methyl (L6)

Scheme 6. 1: Synthesis of (benzimidazolylmethyl) amine ligands L4-L6.
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The compounds were isolated in good yields (83-85%) as pale-yellow solids and the identities of
the compounds were established by *H and 3C NMR, FT-IR spectroscopy, mass spectrometry
and elemental analysis. The 'H and *C NMR spectral signals were consistent with the
respective proposed structures. For example, the *H NMR spectrum of ligand L4 exhibited
signals at 4.45 ppm for the proton of CH, in the —CH,—NH-Ar backbone and the corresponding
13C NMR signal was around 46.70 ppm, which differ from those of the 2-
(chloromethyl)benzimidazole starting material, indicating the formation of the desired ligand.
Further reaction of ligands L4-L6 with Mg("Bu), and BnOH or t-BuOH afforded the
corresponding Mg(ll) alkoxide complexes [(L4)Mg(OBn)]. (14), [(L5)Mg(OBn), (15),

[(L6)Mg(OBnN), (16) and [(L5)Mg(t-BuO)]> (17) (Scheme 6.2) in moderate yields (59-66%)

H R
N R 1. Mg("B |
/>_\ - Mg("Bu), R,
N HN@R3 2. BnOH/-BUOH Ri N— / N /N\
Mg Mg
R < \ / N
HN Q

Ry, = R, =Me, R = H, R = -CHyAr, (THF, 0 °C to 1t, 36 h) (14)

Ry = R, ='Pr, R3 = H, R = -CH,Ar, (THF, 0 °C to rt, 36 h) (15)

Ry = R, =R3 = Me, R = -CHAT, (THF, 0 °C to rt, 36 h) (16)

R; =R, = 'Pr, Ry = H, R = (CH2)C, (toluene, -78 °Ct0 70 °C, 9 h) (17)

Scheme 6. 2: Synthesis of Mg(ll) alkoxide complexes 14-17.

Complexes 14-17 were characterized using *H and *C NMR spectroscopy, mass spectrometry,
IR spectroscopy and elemental analyses. The *H and **C NMR spectra of the Mg(Il) complexes
exhibited shifts relative to those of the respective ligands, which was useful in deducing complex
formation (Figures 6.1 and 6.2). For instance, the resonance frequency for peaks corresponding

to CHs, CH,NH and NH-Ar at 2.31, 4.45 and 7.06-6.93 ppm, respectively, for the free ligand L4
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shifted upfield to 2.21, 4.34, and 6.99-6.88 ppm for complex 14 (Figure 6.1).

Furthermore, the

methylene hydrogen of the bridging benzyl alkoxides was revealed at 4.73 ppm (Figure 6.2).

Also, 3C NMR spectrum of ligand L4 (top) and complex 14 (bottom) in Figure 6.2 showed the

appearance of resonance peak at 64.88 ppm for the methylene linkage carbon of —-OCH,CgHs

derivative indicating the formation of desired complex
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ligand L4 (top) and complex 14 (bottom) showing the

appearance of resonance of methylene hydrogen of the bridging benzyl alkoxides at 4.73 ppm

indicative of complex formation.

All the complexes were characterized by mass spectroscopy and m/z values corresponding to

various fragments of the complexes were observed. For instance, the mass spectrum of complex

14 showed m/z peaks at 512 amu, 382 amu and a base peak at 252 amu (Figure 6.3)

corresponding to [CaoH30MgaN30,]", [C23H23MgN3sO]" and ligand L4 fragments, respectively.
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Figure 6.2: 3C NMR spectrum of ligand L4 (top) and complex 14 (bottom) showing the
appearance of resonance peak at 64.88 ppm for the methylene linkage carbon of —-OCH,CsHs

derivative indicating formation of complex.

The main stretching frequency bands observed in the FT-IR spectra of the complexes 14-17
were those of the v(C=N) and v(C-O) bands. From the FT-IR data, it was observed that these
complexes showed a shift of the v(C=N) peak from around 1630 cm™ in the free ligands L4-L6
to 1622, 1616, 1620 and 1611 cm™ for complexes 14, 15, 16 and 17, respectively. The shift of
the mine v(C=N) stretching frequency to lower wave numbers suggests the mvolvement of the
nitrogen atom in the coordination to the magnesium center.  Moreover, the strong bands
associated with the v(C-O) stretch around 1330, 1324, 1333 and 1328 cm™ in 14, 15, 16 and 17,
respectively were also obtained. This suggested that the oxygen was also involved in complex

formation.*?
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Figure 6. 3: Mass spectra showing complex 14 showing its fragmentation pattern to give a base

peak at 252 amu corresponding to L4 unit.

The NMR and mass spectrometry results, together with the result of elemental analysis were in
good agreement with the proposed structures in Scheme 6.2. Attempts to isolate single crystals
suitable for X-ray analysis to confirm the proposed structures of complexes 14-17 have so far

been unsuccessful.

6.3.2 ROP of e-CL and LAs using complexes 14-17 as catalysts

ROP of e-CL and LAs catalyzed by Mg(ll) alkoxide complexes 14-17 were investigated in
toluene at 110 °C using [M]/[1] ratio of 200 and the results are listed in Table 6.1. Experimental
results disclosed that all the (benzimidazolylmethyl) amine Mg(ll) complexes 14-17 display

good catalytic activities for the polymerization of e-CL, (-LA and p-LA giving conversions
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above 95% within 36 h for e-CL , and 52 h for  -LA and p-LA, respectively (Table 6.1, Entries

1-10).

6.3.2.1 Kinetics of ROP reactions of e-CL and LAs

In order to understand the influence of Mg(ll) alkoxide complexes 10-12 in the mechanism of
ROP reactions, the ROP of &-CL and LAs catalyzed by the Mg(ll) compounds were
systematically investigated.  Conversion of e-CL with time was monitored by 'H NMR
spectroscopy and the rates of the reaction were determined from the semi logarithmic plots of
IN[CL]o/[CL]; vs. time (Figure 6.4a). The plots were linear, indicating that the kinetics of ROP
reactions obey pseudo-first order dependency on the monomer concentrations. The apparent rate
constants (kapp) Were extracted from Figure 6.4a and are presented in Table 6.1. Although no
clear dominant influence of ligand/complex property on the catalytic activities of the Mg(ll)
alkoxide complexes was obtained, the experimental results revealed that the catalytic activities
were enhanced by the sterically bulky isopropyl group as in complex 15 (Table 6.1, entry 2, Kapp =
0.1765 +0.00165).  Bulky substituents are generally known to inhibit the coordination of

monomer to metal center thereby impeding the reaction rate.l3

The increase in activity
associated with complex 15 can be rationalized by the effective separation of the electrophilic
active metal center and the counterion induced by the steric environment from the ligand.®®
Similar observation where a higher reaction rate was obtained in ROP reaction involving Mg(ll)

and Al complexes containing sterically bulky ligand have been reported.>*®

The apparent rate
constants obtained for complexes 14-17 were higher in comparison to those recently reported
using (benzimidazolylmethyl)amine Zn(II) and Cu(Il) carboxylate complexes on the ROP &-CL

monomer*’ .
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Table 6. 1: ROP data of e-CLand LAs by Mg(ll) alkoxide complexes 14-172

Entry Catalyst Time Conversion® Kapp (™) Muw PDI® IE°
(h) (%) (GPC)°

1 14 30 97 0.1330 +0.00619 6185 1.58 0.28
2 15 30 98 0.1765 £0.00165 8416 143 0.38
3 16 36 95 0.1075 +0.00790 3584 139 0.17
4 17 38 98 0.1034 +0.00658 nd nd -
5° 14 48 94 0.0574 +0.00310 2560 1.30 0.10
6° 15 36 97 0.1006 £0.00171 2340 148 0.08
7° 16 48 97 0.0714 +£0.00207 2500 1.31 0.09
8' 14 52 95 0.0520 £0.00420 1249 1.35 0.05
of 15 36 95 0.0815 +0.00288 2528 144 0.10
10' 16 48 96 0.0641+0.00583 1916  1.28 0.07

Reaction conditions: [CL]o/[I] = 200; solvent, toluene, temperature, 110 °C. °Maximum
conversion achieved °“Molecular-weight average and Polydispersity index (PDI) determined
by GPC relative to polystyrene standard, values are the values obtained from GPC X
correction factor of 0.56 for lactones and 0.58 for LAs. CInitiator efficiency (IE) =
Muexp/Mucatc Where Mucaic = Mwgmonomer) X [CL]o/[1] % [PCLY/[CL]o + Muchain-endgroup. ,L.-LA

and f.-LA.*® nd = not determine.
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Figure 6. 4: (a) First order kinetic plots of IN[CL]o/[CL]; vs.time for complexes 14-17 in the
ROP of e-CL in toluene at 110 °C, [CL]o/[1] = 200. (b) First order kinetic plots of In[CL]./[CL];
vs. time for complexes 14-16 in the ROP of p -LA and _-LA to PLAs in toluene at 110 °C,

[CLI/[1] = 200.

Kinetic studies for the ROP of p-LA and | -LA using complexes 14-16 in ratio [CL]./[l] = 200
at 110 °C were also performed. The In[CL]o/[CL]; vs. time plots (Figure 6.4b) exhibited linear
variation. From the slope of the plots, the values of the apparent rate constant (kapp) for ROP
reactions were obtained and presented in Table 6.1, entries 5-10. The semi-logarithmic plots
exhibited a good linear relationship manifesting that the ROP reaction proceeded with first-order
dependence on monomer concentration. High reaction rates were also recorded for complexes
with sterically bulky isopropyl group in the ROP of p-LA and _-LA (Table 6.1, entries 6 and 9).

19,20

Similar trend have been reported in the case of dialkylaluminium alkoxides and monomeric

Ti(IV) homopiperazine complexes.’X The bulky isopropyl group could also improve the

22,23

solubility of the complex and in return the activity. Coates and co-workers also reported
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increased catalyst activities upon increasing bulkiness of the ligand substituents and the
observation was explained by the fact that the more bulky substituents could possibly force the
catalyst in its monomeric and more active state. Generally, the reaction rates of ROP of e-CL
were slightly higher than that those of LA reactions. For example, rate constants of
0.1765 +£0.00165 h, 0.1006 £0.00171 h* and 0.0815 +0.00288 h™* were obtained for e-CL,
pL-LA and [ -LA respectively using complex 15 (Table 6.1, entries 2, 6 and 9). Similar trend

was reported in chapter 4, and attributed it to the larger ring size of e-CL compared to LAs.>*

Table 6. 2: Effect of catalyst concentrations on polymerization kinetics of e-CL and | -LA?

Catalyst [CL]o/[11] Time Conversion® Kap (W) My PDI° IE
(h) (%0) (GPC)*
15 100 15 08 0.2630 6185  1.58 0.55
15 150 20 97 0.1808 6469  1.44 0.39
15 250 36 96 0.1109 8280  1.40 0.30
15 300 48 95 0.0728 8560  1.30 0.26
15° 100 20 98 0.1754 2026  1.56 0.14
15° 150 30 97 0.1181 2430 141 0.12
15° 250 40 96 0.0778 2717  1.29 0.08
15° 300 48 96 0.0659 3016  1.39 0.07

Reaction conditions, Toluene, 110 °C. °Maximum conversion achieved °Molecular-weight
average and Polydispersity index (PDI) determined by GPC X correction factor of 0.56 for
lactones and 0.58 for LAs. ¢ -LA.*® YInitiator efficiency (IE) = Muexp/Mucaic Where Mycaie =

Mw(monomer) X [CL]o/[Cat] x [PCL}[CL], + Muw(chain-end group)- L -LA.
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6.3.3 Order of ROP of e-CL and | -LA reaction with respect to catalyst 15

Conversion of e-CL and _-LA in toluene with time was monitored by *H NMR for various
concentrations of 15, [CL]o/[I] = 100, 150, 250, 300 respectively, at 110 °C to determine the
reaction orders with respect to catalyst (Table 6.2). A graph of Inkspp vs. In[15] was plotted and
the linear relationship obtained allowed us to extract the order of reaction from the gradient of
the line of best fit (Figure 6.5). From this plot, the order of the reactions in the ROP of e-CL and
L-LA with respect to catalyst 15 were obtained as 1.08 + 0.13 (Figure 6.5a) and 0.88 + 0.09
(Figure 6.5b) respectively. Thus, the polymerization of e-CL and _-LA by 15 proceeded
according to the overall kinetic law of the form represented in Equations 6.2 and 6.3

respectively.

d[CL] )
~— " = klcLl[15] (6.2)
d[L_LA] — —LA 0.9
— == k[L][15] 6.3)
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Figure 6.5: (a) Plot of Inkapp vs. In[15] for the determination of order of reactions in the ROP of

e-CL and (b) for the determination of order of reactions in the ROP of | -LA.

6.3.4 Assessmentof the effect of alcohol initiators on the ROP kinetics of e-CL

The ROP of &-CL in the presence of BnOH and complex 15 was examined at different
[CL]o[1]o:[BNOH], ratios(Table 6.3). The catalytic activity of 15 increased with increase in the
concentration of BnOH.  This probably resulted from the increase of catalytically initiating
alkoxide sites in the system. For example, catalytic activities of Mg(ll) alkoxide complexes
reported by Kong and Zhong exhibited 83% conversion of 1000 equivalent of e-CL in 80 min at
30 °C, whereas in [Cat]o/[CL]o/[BNnOH], ratio of 1:1000:10, 98% conversion of the monomer
was obtained in 20 min*> The BnOH molecules added act as chain-transfer agents in the
polymerization reaction, and the exchange between the growing alkoxide species and alcohol
leads to chain transfer reaction, since the resulting benzyloxy-metal complex molecule is able to

reinitiate the polymerization reactions.?®
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Table 6. 3: Studies for ROP of e-CL in the presence of BnOH using complex 15°

Entry [CL]:[1]o:[BNOH], Time Conversion® Kapp (™) M,  PDI® IEC
(h) (%0) (GPC)°

1 200:15 22 95 0.1377 4£0.0073 1918 1.36 0.43

2 200:1:10 20 96 0.1588 +0.0097 1506 1.33 0.66

3 200:1:20 18 96 0.1781 +0.011 879  1.29 0.73

4 200:1:50 18 98 0.1998 +0.0114 715 1.24 1.29

Solvent: toluene, temperature, 110 °C. °Maximum conversion achieved °‘Molecular-weight
average and PDI determined by GPC relative to polystyrene standard, values are the values
obtained from GPC x correction factor of 0.56 for lactones.® Initiator efficiency (IE) =

Mwexp/cha|c Where chak: = 114 X ([CL]o/([BnOH]o) X conv. (%) + 108

6.3.5 Polymer molecular weight and molecular weight distributions

The polymers obtained from the ROP reactions were analyzed by GPC to determine the
molecular weights and molecular weight distributions (Tables 6.1-6.3). The observed low
weight average molecular weights (M,,) of the polymers obtained after corrections by a factor of
0.56 for PCL and 0.58 for PLAs*®, respectively, point to certain degree of intramolecular trans-
esterification process (back-biting) during the polymerization reactions.?’ Increasing the
concentration of benzyl alcohol initiator in the ROP reaction resulted in much more low
molecular weight consistent with availability of many active initiating sites (Table 6.3).2°

Molecular weight distributions of between 1.42 to 1.58 were obtained and were relatively narrow
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compared to previous reports using (benzomidazolylmethyl)amine Zn(ll) and Cu(ll)

catalysts*”*8, where PDI values were as high as 3.97 for ROP reactions of &-CL.

6.3.6 End-group analysis and ROP reaction mechanism

The kinetic data and the near integer order of ROP reactions obtained in the previous sections
(6.3.2.1 and 6.3.3) pointed to a coordination-insertion pathway as the ROP mechanism. In order
to gain more insight into the polymerization mechanism, end group analyses of polymers were

performed using *H NMR spectroscopy Figures 6.6 and 6.7.

JrCL

14 [rel]
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solvent

: p ,JL_JL_J
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Figure 6. 6: ‘H NMR spectrum of PCL in CDCl; revealing the presence of phenyl ring protons
(7.37 ppm) and CH, (5.12 ppm) signal of —-OCH,CsHs group. Reaction condition:[CL]o:[l]o =

200:1 in toluene at 110 °C, 12 h.

164



The presence of phenyl ring protons (7.37 ppm) and CH; (5.12 ppm) signal of —OCH,CgHs
group in the *H NMR spectra of PCL suggested that the polymer chain is capped with a benzyl
ester group on one end and a hydroxyl group on the other end with the integration ratio of 3:1 (—
CH(CH3)OH—OCH,CgHs) (Figure 6.6). Also, the *"H NMR spectrum of PLLA (Figure 6.7)
indicated that the polymer chain was capped with one benzyl ester and one hydroxyl end in the

ratio of 5:1. These results indicated that the ROP reactions occurred via coordination—insertion

mechanism, proceeding through acyl-oxygen cleavage of the monomer.?®

1PLA
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Figure 6. 7: *H NMR spectrum of PLA in CDCls showing signals that the polymer chain is
capped with one benzyl ester and one hydroxyl end. Reaction condition:[CL],:[I]o =200:1 in

toluene at 110 °C, 20 h.
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However, analyses of the ESI-MS spectra showed Na‘*—capped repeating units of the oligomers
(Figure 6.8). The —OCH,Cg¢Hs and —OH groups observed in the *H NMR spectra of the polymers

were also detected in the ESI-MS spectra, confirming coordination-insertion mechanism,?%:30:31

ZBL1Mg_CLMS krms 50 (0.838) Cm (1:50) TOF MS ES+

10m 470.2088 1.88ed
]
b :
. H \/\/\/MJI‘%.I /\@ .
SH
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802.2382 3 479
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7 935

707323 0 1163
e 7232054
301.1784
2451216
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B37 3545
102417 035 4408
1061852 - 0514127
203.0355 7243004
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4071840 P
11.2471 052 4175
[25.3038 ||| s284297 1163.5604
5 l|luJ .J.... ll } | \ . L “ M .
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Figure 6. 8: ESI-MS spectrum of PCL obtained by using catalyst 15, Reaction

condition:[CL]o:[1]o =200:1 in toluene at 110 °C, 12 h.

6.3.7 Microstructural analyses of the polymers

It is established that the physical, mechanical, and degradation properties of PLA are dependent

29,32,33

on the stereochemistry of PLAs. Determination of the stereochemical microstructures of
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PLA was achieved through inspection of the methine region of homonuclear decoupled ‘H
NMR, and ¥C NMR spectra of the polymers.>*3®  Microstructural analysis of homonuclear
decoupled *H NMR, and *C NMR spectra of PLA formed from -LA polymerized by complex
15 revealed that the complex structures exerted a significant influence on the tacticity of the
growing polymer chain producing a substantially isotactic PLA (Figures 6.9 and 6.10) without
observable epimerization. This finding present an improvement in stereoselectivity compared to
previous report in chapters 3 and 4, when the occurrence of epimerization of | -LA under our
ROP reaction conditions produced moderate isotactic bias PLAs. Zn(ll) carboxylate
(benzimidazolylmethyl) complexes reported in literature®® polymerized | -LA to moderate

isotactic PLA with observable epimerization.

(@) (b)

T T T T T T T T e e e N R R
£35 &30 A% AX 515 RA0 A5 AN ppm 5% 5% 55 50 515 510 505 500 pm

Figure 6.9: (a) *H NMR (400 MHz, CDCls) spectra of the methine region of isotactic PLA
prepared from | -LA using catalyst 15 (b) Homonuclear decoupled *H NMR (400 MHz, CDCl)

spectra of the methine region of isotactic PLA prepared from -LA using complex 15
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@) (b)

Figure 6. 10: (a) 3C NMR spectra carbonyl region and (b) 3C NMR methine region of poly(. -
LA) supporting isotactic microstructure of PLA prepared from -LA using complex 15. Reaction

condition:[CL]o:[l]o =200:1 in toluene at 110 °C.

The stereochemistry of PLA obtained from the ROP of p-LA was also investigated using
homonuclear decoupled *H NMR spectrum of the methine region (Figure 6.11). The core tetrad
stereosequences in poly(p,.-LA) are well resolved and peak assignments are consistent with

literature *°-3¢ and production of atactic poly(p-LA) with Pr of 0.49.

T
5.35 5.30 5.25 5.20 5.15 5.10 5.05 ppm

Figure 6. 11: H homonuclear decoupled NMR of the methine region of poly(p, -LA) obtained

from complex 15 showing atactic microstructure.
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6.3.8 TGA analysis of PLA

The melting points of polymers and the extents of crystallization depend on the composition of
the isomers and sequences in the polymer.®’” The PLA obtained using complex 15 as catalyst
was thermally analyzed by DSC-TGA and the results are presented in Figure 6.12. The initial
decomposition temperature was around 256 °C. This can be attributed to the formation of a

38,39

crystalline stereoblock PLAs. Moreover, the temperature of complete decomposition was

slightly higher than that reported in the literature. As illustrated in Figure 6.12, the DSC trace
has a melting temperature (Ty) occurring at 183 °C which is similar to reports in literature.®84°
The observed temperature at about 375 °C could not have been the glass transition temperature

(Tg) because, only highly isotactic polymers have been reported to have very high glass

transition temperature.*!

Sample: 2 File: G:\Thesis\DSC\2.txt
Size: 1.2420 mg DSC-TGA Operator: Unathi
Method: 20 deg ramp cal oxalate Run Date: 23-Sep-2016 09:06

Instrument: SDT Q600 V20.9 Build 20
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Figure 6. 12: DSC-TGA curves of PLA prepared from p.LAat 110 °C, [CL]./[l] = 200 using

complex 15.
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6.4 Conclusion

Mg(Il) alkoxides complexes bearing (benzimidazolylmethyl) amine ligands was synthesized and
characterized.  Each of complexes 14-17 catalyzed the ring opening polymerization of &-
caprolactone, p | -lactide and -lactide with the activity order of 15 > 14 > 16 >17. For the ring
opening polymerization of e-caprolactone, complex 15 showed the best control manifested by
good molecular weight control and narrow molecular weight distributions.  The resulted
demonstrated an improvement ROP reactions by the alkoxide initiating group in comparison
with the acetate and benzoate initiating groups resulted in controlled polymerization reactions
demonstrated in relatively narrow molecular weight distributions and certain degree of
streoregularity in the polylactides chains. The effect of employing alcohol as initiator in the
polymerization process was also demonstrated as seen in the rate polymerization and the
molecular weight of polymers obtained. The polymerization reactions proceeded via

coordination- insertion mechanism to produce both atactic and isotactic polymers.
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Chapter 7

Conclusions and future prospects

7.1 Researchsummary
In summary, this research project focused on the systematic investigations of Zn(Il), Cu(ll) and
Mg(Il) complexes of formamidine and benzimidazole derivatives ligands as catalysts in ring-

opening polymerization of cyclic esters.

A series of formamidine (L1-L3) and benzimidazole derivatives (L4-L6) ligands were
successfully synthesized in good yields. Ligands L1-L3 coordinates to the metal centers
through the imine nitrogen atom of the formamidine ligand in a monodentate fashion (Chapter
3). Ligand L1 form trinuclear Zn(ll) complex with the three Zn(Il) centers arranged in a linear
fashion, and revealing two bridging modes of the acetate anions. Ligands L2 and L3 form
dinuclear Zn(ll) complexes with distorted trigonal bipyramidal and trigonal pyramidal
geometries depending on the steric bulk of the ligand backbone and the flexibility of the bridging
acetate anions. Ligand L2 also exhibits a familiar dinuclear paddle wheel conformation in which
the acetate anions bridges the Cu(ll) centers in a bidentate mode. Introduction of benzoate
ligand as an auxiliary ligand changes the coordination mode of L1 around the Zn(ll) center
resulting in a dinuclear paddle wheel structure. Also, the ligand L2 with auxiliary benzoate
ligand in the other hand exhibit a distorted tetrahedral geometry around the Zn(Il) atom possibly
because of the steric contribution of the isopropyl and benzoate groups (Chapter 4). The
(benzimidazolylmethyl) amine ligands (L4-L6) were synthesized in good yields. The ligands

were obtained by condensation reaction of 2-chloromethyl-1H-benzimidazole with appropriate
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aromatic amines. Ligands L4-L6 form dinuclear four-coordinate Zn(ll) and Mg(ll) complexes
with the ligands binding in a bidentate fashion (Chapters 5 and 6). The metal centers are bridged
by BnO- or t-BuO- anions. All the compounds were comprehensively characterized using a
range of analytical techniques which include H and *C NMR spectrometry, FT-IR, mass
spectrometry and elemental analysis. Single crystal x-ray diffraction was also employed in the
characterization of complexes 1, 2, 3, 4, 5, 6, 7, and 9, respectively. The data acquired from all

these techniques confirmed the nature of the ligands and metal complexes.

The activities of complexes 1-4 (Chapter 3) as catalysts for the ROP reactions of e-CL and p | -
LA and _-LA were evaluated. The reactions were performed in bulk and various reaction
parameters including time, [CL]o/[Cat] ratio, temperature and solvent were investigated.
Complexes 4, 2, 3, and 1 showed moderate to high activity. However the low activity of 4 and 2
was attributed to the steric effected exerted by L2. The Zn(ll) and Cu(ll) complexes bearing
N,N" diarytlformamidines and benzoate ligands however, do form catalyst that catalyze ROP of
cyclic esters producing moderate molecular weights polymers (Chapter 4). The Zn(ll) and
Mg(Il) alkoxide complexes (10-17) were active initiators for the ROP of e-CL and p-LA and |-
LA in toluene. All ROP reactions followed pseudo-first order Kinetics with respect to the
monomers. Best controlled ROP reactions with the alkoxide complexes 10-17 were manifested

by good molecular weight control and narrow PDIs.

The benzoate initiating groups were inferior compared to the acetates, as depicted in lower

reaction rates and poor stereoselectivity towards ROP of p.LA. However, the alkoxides
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initiating groups resulted in higher ROP reaction rates and improved polymer properties and
stereoselectivity.  Complexes with Zn(ll) metal centers were better catalysts compared to
complexes with Mg(Il) and Cu(ll) centers with activities in the following order; Zn>Mg>Cu.
Bulky isopropyl substituents on the formamidine and benzimidazole derivatives ligands
backbone hindered rapid coordination of the monomers to the metal centers, resulting in lower
ROP reaction rates.  Complexes of benzimidazole derivatives ligands compared with the
formamidine complexes gave polymers with desirable properties such as narrow PDI and good
stereoselectivity. The ring size and strain of the monomers played a role in the ring opening
processes.  Generally, higher polymer M,, were obtained with complexes with the acetates
initiating groups, and from the experimental data obtained, the ROP reactions proceeded via
coordination-insertion mechanism.  The formamidines Zn(ll) complexes displayed certain degree
of control of polymer stereo-regularity producing predominantly heterotactic poly(p-LA) in the
case of the acetate initiating groups, and atactic poly(p-LA) with the benzoates groups.
Predominantly crystalline isotactic poly(.-LA) were obtained with the alkoxide complexes

indicating stereoselectivity by the alkoxide initiating groups.

7.2 Conclusions

The findings in this research work are summarized as follows;

v' The coordination chemistry and the effects of steric properties on the coordination
behaviors of the ligands to the metal centers, and the applications of the complexes in the
ROP of e-CL and LAs have been demonstrated.

v' The complexes formed active and stable catalysts in the ROP reactions of e-CL and p -

LA and | -LA
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In the

design

The results demonstrated that the ROP reactions (mostly activities and My, of polymers)
depended largely on the steric properties of the ligands.

The results showed that benzoate initiating groups are inferior in activity and polymer
properties compared to the acetates and alkoxide groups with activities in the following
sequence; alkoxide > acetates > benzoate.

The kinetics of all the ROP reactions was pseudo-first order with respect to both e-CL
and LA monomers.

Both the temperature, initiators (benzyl alcohol and methanol) and solvent (toluene)
significantly influenced the ROP reactions.

Based on the kinetic, Arrhenius and Eyring plots data, together with end group analyses
using 'H NMR and mass spectrometry, coordination-insertion mechanism as the
predominant mechanism of the ROP reactions was confirmed.

The catalysts display reasonable degree of control of polymer stereo-regularity.

area of ROP of cyclic esters, this work has significantly contributed to advances in the

and synthesis of catalysts/ initiators systems based on less toxic and cheap zinc, copper

and magnesium metals, in the synthesis of biodegradable and biocompatible polymers from

renewable bio-feedstock.

7.3 Future work

The findings reported in this study are significant contributions to the design and synthesis of

active metal complexes as catalysts in ROP reactions. Further work towards finding more

improved catalysts may be carried out as outline;
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X Alkaline earth metals based catalysts have proven very attractive because of their good
activity and low toxicity, and gives unique and controlled ROP reactions as demonstrated
with the Mg(ll) alkoxides systems reported in this studies. As such, synthesis of
benzimidazole derivatives with calcium alkoxides, and their investigations as catalysts in
ROP reactions would be useful.

X The benzimidazole derivatives ligands can be modified by introducing electron

withdrawing groups to establish how that would compare to the complexes reported in

these studies, and also how it would affect ROP processes and polymer properties. Also,
varying R; with substituents as shown Figure 7.1 will result in a perfect bidentate ligand,
and allow coordination to the metal center via the remaining secondary nitrogen atom and
the lone pairs of the tertiary nitrogen atom. Depending on the R-groups, solubility of the
resulting metal complexes could be enhanced thereby making it more suitable catalyst in

ROP reactions.

R; = CH3 C,Hs, benzyl, substituted phenyl
R, = OCHj;, Br, Cl, NO,

Figure 7. 1: Possible modification of the benzimidazole derivatives ligands.

*0

X Ligands precursors with chiral linkages (Scheme 7.1) with metal alkoxides may result in

better stereoselectivity onthe ROP of p | -LA, as such, this should be investigated.
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R,=CI,Br, | or CF3
R, = CHj, Isopropyl
'=-0Bn, t-OBu, OAc

Scheme 7. 1: Proposed simple ligand precursors with chiral backbone for the synthesis of

stereoselective alkoxide complexes.

X/

X DFT calculations to give more insight into the effect of steric and electronics on the
coordination of monomers to the metal centers of catalysts to initiates ROP reactions

should be given considerations.
X Crystal structure determination of metal alkoxides complexes in chapters 5 and 6 should

be investigated.

APPENDIXA

Supporting information on single crystal XRD data (check cif) for reported complexes is

provided as a PDF document on compact disc that accompanies this thesis.
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