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ABSTRACT

A series of amido-oxazolinate zinc complexes have been employed for the ring opening
polymerization of B-butyrolactone (BBL). Experimental results show that these complexes
efficiently catalyze the reactions, yielding cyclic poly(hydroxybutyrate)s (PHBs) with high
molecular weights (Mn up to 196 kg/mol) and low dispersity. In contrast, in the presence of alcohol
co-catalysts, the zinc-catalyzed ring-opening polymerization (ROP) reactions lead to the formation
of linear PHBs end-capped by the alcohol initiator and hydroxylbutyrate. A possible mechanism
for cyclic PHBs is proposed, in which the zinc catalysts function as a loose Lewis pair at elevated
temperature, followed by a fast propagation through a zwitterionic intermediate. Use of diols such
as 1,4-cyclohexane diol and 1,4-benzenedimethanol results in the formation of polyester diols. The
thermal properties were studied by differential scanning calorimetry (DSC) and thermogravimetric

analysis (TGA) to differentiate between the cyclic and linear polyesters.
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CHAPTER 1

1.1 Introduction

Plastic has become a beneficial and versatile material used in several applications like product
packaging, medicine, household products, garden applications, construction, vehicles, fabrics, and
textiles as well as in aerospace.! Plastics are of two types: thermoplastics and thermoset plastics.
Common thermoplastics include polypropylenes (PP), polyethylene (PE), polyamide, polystyrenes
(PS), and polyethylene terephthalate (PET). Thermoset, as the name indicates, is a plastic that
maintains its form permanently and cannot be melted by heating because its polymer chains are
bonded firmly with crosslinks, as in polyurethane, epoxy resin, and unsaturated polyester.> The
global market of plastics comprises of readily available, cheap, flexible, durable, and lightweight
products.

Most of these plastic materials are produced from petroleum products that do not undergo
degradation (decompose or break down), due to the strong carbon-carbon bond between the
monomers used resulting in a long life. It is estimated that by 2017, 8.3 billion metric tons of
plastic were produced globally, out of which 6.3 billion metric tons have become plastic waste.
Only 9% was recycled while 12% was incinerated and 79% dumped in landfills and oceans. The
recycling numbers are low because the recycling process and reuse of plastic waste products
require vast human resources and huge processing costs, meaning only a minimal amount of plastic
waste is recycled or reused.’ In the landfills and oceans, the plastic waste produces toxins and
chemical residues as a byproduct of its decomposition, which adversely affects the wildlife, land,

and human habitats.



1.1.1 Biodegradable polymers.

With an increase in environmental awareness related to the problem of effective disposal
of plastic waste and its growing demand for biomedical applications, a massive number of research
groups have focused on the development and synthesis of biodegradable polymers with a wide
range of possible sources (Figure 1).* These polymers can be produced from bacterial fermentation

or by synthetic methods using different bio-based or synthetic monomers available in the market.

I Biodegradable polymers \‘

l

Biomass products
(Agro polymers) from microorganism

- 1 / (Obtained by
! ] extraction)

l Polysaccharides I Proteins } ~

from biotechnology from oil-products
{Conventional (conventional

synthesis from bio- synthesis from

derived monomers) synthetic monomers)

—

polyhydroxy
alkanoates (PHA)
P
starches, lingo golycaprolactones
cellulogic Animals and (PCA), polyesteramides
products, Other gums, Plants (PEA), Aliphatic

chitosan copolyesters (PBSA),

animal and plant =i Aromah(%céof_?:yesters

Figure 1. Different classes of polymers, that are bio-based and biodegradable.*
A biodegradable polymer is a macromolecule that can be decomposed, or broken down by
microbes and bacteria. The biodegradation occurs under physiological conditions with water,

catalyzed by enzymatic mediation or under environmental conditions where the presence of



oxygen in the air, soil, and seawater is favorable for the action of micro-organisms. Moreover,
production of the biodegradable polymer requires only half the energy, which means by using the
same amount of energy it is possible to make twice the number of biodegradables as compared to
non-biodegradable products, as described in Table 1.° The process of recycling is also much more
straightforward, and furthermore, they cause no harm to the environment.

Table 1. Energy requirement for synthetic polymers compared to biopolymers.’

Energy Global warming, kg
Type of plastic requirement, MJ/kg CO2eq/kg
From non-renewable
sources
HDPE 80.0 4.84
LDPE 80.6 5.04
Nylon 6 120.0 7.64
PET 77.0 4.93
PS 87.0 5.98
PVOH 102.0 2.70
PCL 83.0 3.10
From renewable sources
TPS 25.4 1.14
TPS C 15% PVOH 24.9 1.73
TPS C 60% PCL 523 3.60
PLA 57.0 3.84
PHA 57.0 Not Available

Biodegradable polymers can be used in packaging, agriculture and for medical applications
such as drug delivery systems, especially for in-vivo biomedical uses. One of the advantages of
the synthetic biodegradable polymers over those produced from bacteria is that one can have

greater control over the chemical composition and physical properties of the material. In this field,



polyesters are mostly studied, because they are easily hydrolytically degradable at the ester group
since the process depends on the chemical and physical properties such as thermosoftening
plasticity and crystallinity, which can be controlled by varying the composition.

1.1.2 Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) are a family of aliphatic polyesters considered to be
biodegradable polymers. Until now, over 100 distinct types of PHAs have been successfully
synthesized using both synthetic and biosynthetic routes. Their unique biodegradable,
biocompatible, and thermoplastic characteristics make PHAs suitable for commodity applications,
including packaging and plastic containers, and they are especially useful in biomedical
applications as surgical sutures, swabs, wound dressings, vascular grafts, blood vessels, and
scaffolding for new tissue growth.

PHAs have a general structure of -substituted poly(B-propiolactone)s as the repeating unit
as shown below in Figure 2, which represents an exciting series of polyesters, and the properties
can be varied based on the composition of the attached R-group, with various applications as

shown in Figure 3.°

Figure 2. General structure of PHAs
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Figure 3. General structure, specific examples, and applications of PHAs.°

1.1.2.1 Poly(hydroxybutyrate) (PHB)

Among all the family members of PHAs, poly (3-hydroxybutyrate) (PHB) is a naturally
occurring polyester, which is produced by a variety of bacteria and micro-organisms as an internal
energy and carbon reserve and thus features biodegradability and biocompatibility. Lemoigne of
the Pasteur Institute, France, first detected it in 1926. It is produced by the joining of -
hydroxybutyrate monomers with ester bonds. Different microbial species presenting in the
environment able to produce approximately 100 PHAs have been identified. PHB resulting from
the bacteria’s fermentative process, possessing an isotactic structure with complete (R)-
configuration, is a typical semi-crystalline material with high melting temperature (7m) and

relatively low thermostability. Therefore, the crystalline PHB is difficult to process, significantly



limiting its applications in industrial manufacturing. Biotechnological methods produce most of
the PHBs. The only way to achieve the desired low melting transition is by changing the nutrient
media of the applied bacteria. Moreover, the bioengineering route to PHB is expensive compared
with the chemical synthesis of commodity polymers. However, ring-opening polymerization
(ROP) is a potent synthetic methodology for the synthesis of biodegradable aliphatic polyesters
from lactones or cyclic esters. ROP of rac-f-butyrolactone (rac-BBL) usually affords atactic PHB
with a low glass transition temperature (7¢) at 5 °C, which does not have any use in plastic
industries but has widespread biomaterials applications such as in vitro and in vivo drug delivery
systems by blending it with natural PHBs or synthesizing polyurethanes networks.

Some well-defined catalyst systems have been developed to produce PHBs with varying
stereotacticity, which alternatively vary the melting point. Among them, yttrium complexes
supported by aminoalkoxybis(phenolate) ligands, diamine bisphenolate Salan-type, and
binaphthyl Salen-type ligands have shown the excellent ability for stereoselectivity and reactivity
to afford syndiotactic PHBs under mild reaction conditions with different syndiotacticity (up to
0.94). The melting temperatures (7m) of the resultant syndiotactic PHBs varied from 120 to 183
°C depending on their syndiotacticity. Besides, high-molecular-weight PHBs with moderate
syndiotacticity (0.55—0.75) could be obtained in the presence of racemic and enantiopure zinc
catalysts supported by substituted diaminophenolate ancillary ligands. Isotactic-enriched high-

molecular-weight PHBs can be achieved in the presence of chromium (III) salophen complexes. ’
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Figure 4. List of catalysts used for ROP of B-butyrolactone.’

Distinct types of metal catalysts incorporated with different ligand moieties are used for
ROP of B-butyrolactone, and they all result in linear polyester with better control over
stereoselectivity. Among the ligands, B-diketiminate (BDI) ligand and its structures assume a

unique position due to the remarkable tunability of their steric and electronic properties. Holm and



co-workers reported these nitrogen-based, n-conjugated, bidentate chelating ligands with immense
potential for the variability of steric protection by manipulating the Ri and Rz groups located on
nitrogen atoms, and the R3 and R4 groups on the carbon backbone. Homoleptic complexes were

reported with different divalent transition metals M(II) (M = Ni, Co, Zn, Cu).?

Figure 5. The general form of the -diketimine ligand

The BDI-metal complexes have found extensive applications in catalytic processes. It is
due to the ability of the B-diketiminate ligand supported by coordinatively unsaturated metal
centers. For example, these complexes have been used as homogeneous catalysts for olefin

polymerization,’ for the ring opening polymerization of lactides,'® 2

and in the copolymerization
of carbon dioxide and epoxides,?’ copolymerization of oxiranes and cyclic anhydrides,!! and other
applications include cross-metathesis reactions involving the imine functionality of the ligand.'?
Among the different BDI metal complexes, the Zn metal-based complexes show a very high

activity towards the ROP of lactones, resulting in cyclic as well as linear polyesters in the presence

of alcohols as an initiator.!?

1.1.3 Cyclic polyester
Condensation polymerizations and ring opening polymerization of lactones provide an

essential synthetic route to aliphatic polyesters with end group functionalities. While most of

8



these polyesters possess linear structure, various polyester architectures such as star-shaped,
grafted, cross-linked, and hyperbranched structures are possible with an appropriate choice of
catalysts and initiators.'* Among them, macrocyclic polyesters have received considerable
interest because of their appealing physical properties that differ from their linear counterparts,
including glass transition temperature (7g), melting temperature (7m), morphologies, melt
viscosities, thermal stability, compatibilities, hydrodynamic volume, and intrinsic viscosity.!®

In addition to its unusual physical properties, the cyclic topology imparts unique
biophysical properties, which may provide enormous advantages for a range of biomedical
applications as drug delivery vectors.!® While the synthesis of high purity cyclic polymers is a
challenge, a number of approaches have been reported, such as statistical cyclization of linear
polyesters during ester condensation polymerizations,!” the ring opening polymerization of
lactone monomers with metal catalysts, the N-heterocyclic carbenes catalyzed
cyclopolymerization of lactides, and the cyclization of a,w-functionalized linear polymer under
high dilution.'® Each of these techniques have advantages and disadvantages in producing pure
cyclic polyesters.

Among the methods for synthesizing cyclic polyesters, ring opening polymerization has
become a powerful tool. Detailed studies have been done on the polymerization of lactide into
cyclic polyesters,'” and further, turning it into linear or branched polylactide in the presence of
alcohols as initiators and chain transfer agents (CTA).2® Waymouth et al. were the first to report
the cyclic polylactides using the zwitterionic polymerization of lactide (LA) and lactones by N-

heterocyclic carbenes (NHCs). The zwitterionic interaction between the intramolecular end



groups is the crucial step to create a cyclic structure. Interestingly, polymerization with similar
catalyst systems in the presence of alcohol led to the formation of linear or branched

polyesters.?!
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CHAPTER 2

2.1 Statement of Purpose

The growing environmental concerns due to plastic wastage have prompted the
development of biodegradable and biocompatible polyesters. These two properties are mostly used
to describe the capability of polymers to be decomposed by living organisms without harming any
living tissue or the environment. Research has been focused on developing end-of-life options that
generate materials suitable for recycling or biodegradation. Therefore, to overcome these
problems, our group is focused on synthesizing biodegradable polymers with different metal
complexes as catalysts.

In this work, the goal is to synthesize chiral amido-oxazolinate zinc complexes (BDI-
Zn-N(SiMes3)2) with aniline and chiral site moieties of different steric groups, which are used as
active catalysts for the highly controlled ROP of BBL into high molecular weight (MW) cyclic
polyesters.?? In the presence of mono- and bifunctional alcohols such as ethyl alcohol, benzyl
alcohol (BnOH), 1,6-hexanediol (1,6-HD), 1,4-benzenedimethanol (1,4-BDM), and 1.,4-
cyclohexanediol (1,4-CHD), as initiators the same catalysts remarkably produce linear PHBs
with a low dispersity. Low MW oligomers can be produced with increased concentrations of
alcohols, but a high concentration of alcohol leads to the deactivation of Zn-complexes.The
characterizations of the PHBs and molecular weights were studied by using NMR and GPC

techniques. whereas the thermal properties were studied using DSC and TGA.
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CHAPTER 3
3.1 Experimental Section
3.1.1 Materials and methods.

All reactions with air- and/or moisture-sensitive compounds were performed under dry nitrogen
using standard glovebox (VAC atmosphere controller) and/or Schlenk line techniques.
Deuterated solvents were purchased from Cambridge Isotope Laboratories. Analytical grade
THF was purchased from Fisher Scientific and used as received. Other chemicals were
purchased from Sigma-Aldrich. B-Butyrolactone was distilled over CaH: following three
freeze-pump-thaw cycles. CDCl3 was distilled over CaHz and degassed prior to use. Toluene
was distilled under nitrogen from Na/benzophenone. The synthesis of zinc complexes [1a—1d]

was conducted according to the literature methods.??

3.1.2 Instrumentation.

NMR experiments (1D and 2D) were recorded on a Bruker AVANCE 500 NMR
spectrometer, and the spectra were referenced to the residual peaks in CDCls. The
microstructures of PHBs samples were characterized by examination of the carbonyl region in
the Inverse gated 1*C NMR spectra recorded at room temperature in CDCIl3 with concentrations
in the range 1 to 1.5 mg/mL. Pm values of the PHBs were determined by Pm = (In/Im+1Ir) and Pr
= (I/Im+I;) where I and I are the integrations of the corresponding inverse gated '*C{1
H}peaks, according to the literature.*

Gel permeation chromatography (GPC) analysis was performed on a Varian Prostar

instrument with autosampler model 400, using a PLgel 5 mm Mixed-D column, a Prostar 355
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RI detector, and THF as eluent at a flow rate of 1 mL min™! (20 °C). Polystyrene standards from
Agilent technologies were used for calibration. Galaxie software was used to operate the
instrument, and Cirrus software was used for data processing. A 6210 TOF MS with ESI
detection (Agilent Technologies, Santa Clara, CA, USA) was used for mass spectra. The analyte
containing solution was introduced into the instrument by direct infusion using a syringe drive
(5 mL min). The electrospray ionization (e.g., capillary) and collision-induced dissociation
(e.g., fragmentor) potentials were set to 3500 V and 150 V, respectively. Acetic acid was used
as an electrolyte at 25 mmol L. Mass Hunter Qualitative Analysis software was used for data

processing.

3.1.3 General procedure for ROP.
An oven-dried 10 mL Schlenk flask equipped with a stir bar was charged with BBL (323 mg,
3.75 mmol, 200 equiv), and catalyst (1 equiv) in toluene (4.0 mL) in a glovebox under nitrogen.
The flask was capped and taken out, then heated in an oil bath preset at 100°C. The reaction
was monitored by 'H NMR spectroscopy until the complete conversion of BBL. After removal
of the volatile components, the residue was dissolved in DCM (1-3 mL), followed by addition
of hexane (4—5 ml). The precipitation of the polymeric products was facilitated by immersing
the flask in liquid nitrogen. The supernatant was decanted, and the residues were washed and
dried under reduced pressure. Various NMR techniques, ESI-MS, and GPC were then used to

characterize the purified polymers.
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3.2 Results and Discussion

ROP of rac-#-butyrolactone. ROP of -butyrolactone (BBL) using 1a as a catalyst was first
examined, and the progress of the reaction was monitored by 'H NMR spectroscopy. As shown
in Table 2, when the reaction was carried out in toluene at 100°C with 0.5 mol% catalyst 1a, a
complete conversion of BBL was achieved after 90 minutes (Table 2, entry 1), leading to high
molecular weight (Mn = 26992) with narrow dispersity (D = 1.08). Polymerization in DCM
(Table 2, entry 2) and THF (Table 2, entry 3) at 60°C achieved only 15% and 20% conversion
after 90 minutes respectively, and 100% conversion was attained at longer times (24 hours)
with relatively lower molecular weights. When the reaction was performed under bulk
conditions without solvent, maximum conversion of 79% was reached in 30 minutes with Mx
of 20000 and a broad dispersity (P = 2.56) (Table 2, entry 4). Consequently, the following
polymerizations were conducted in toluene as solvent. The activity of other zinc complexes
(1b-d) was next investigated in the ROP of BBL. Under similar conditions, PHBs with high
molecular weights and narrow P values were obtained for all the catalysts (Table 2, entries 5-
7). The activities of different zinc catalysts were comparable, affording 100% conversion of
BBL within 90 minutes. It was noted that the isolated yields of PHBs by the dissolution-
precipitation method were somewhat low in general. In addition, the Ri and Rz substituent
groups in the catalysts may affect the molecular weight and dispersity (D) of the polymer. As
the steric hindrance increased at the R2 moiety, there was a decrease in the polymer molecular

weight.
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Table 2. Polymerization of rac-p-butyrolactone with amido-oxazolinate zinc complexes

Time Conv
Entry Complex Solvent M,(GPC) b P./Pn°  Yield
(min) (%)
1 la Toluene? 26992 85 1.08 100 46/54 40
2 la DCM? 7106 1440 1.13 100 57/43 57
3 la THF? 17326 1440 1.49 100 46/54 59
No
4 la 20132 30 2.56 79 51/49 27
Solvent?
5 1b Toluene 33127 90 1.38 100 48/52 58
6 1c Toluene 26717 90 1.27 100 45/55 42
7 1d Toluene 17520 90 1.2 100 47/53 56

2Polymerizations are run with [BBL]/[Zn] = 200/1 in toluene & bulk at 100°C, and in THF & DCM the reaction
runs at 80°C. "Determined by gel permeation chromatography calibrated with polystyrene standards in THF.
“Determined by Inverse gated decoupling '3 C- NMR showing intensities of meso and racemic signals of the
carbonyl peak.

We further examined the activity of 1a by varying the catalyst loadings. Regardless of
the BBL/Zn ratio, the polymerization generally reached completion within 60-90 minutes. At
[BBL]/[Zn] = 400 (Table 3, entry 4), the polymerization yielded PHB with Mx = 45000 and
100% conversion. Only at low catalyst loadings ([BBL]/[Zn] = 1000 and 2000) did the reaction
require longer reaction time (~3 h). Higher molecular weight PHBs (Mn> 100 000) could be
achieved at [BBL]/[Zn] = 1000 (Table 3, entry 7), Mn = 140,433 at 99 % conversion and for
[BBL]/[Zn] = 2000 (Table 3, entry 8) Mn = 196,538 at 98%. The experimental molecular

weights by GPC of the resulting PHBs were generally higher than the Mx calculated from the
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initial catalyst loading and conversion. At the same time, the molecular weights of the polymers
increased roughly linearly with the [BBL]/[Zn] ratio (Appendix A, Figure A2). These
observations suggested that the initiation step was slow compared to propagation in the
polymerization, and not all catalysts were actively involved in the initiation, but the

polymerization was reasonably controlled.

0. 0O
O :
Zn-Catalyst O
O > n-2
Toluene, 100°C Oﬁ/\n,o
O

Scheme 1. ROP of BBL to cyclic poly(hydroxybutyrate) in the presence of zinc complexes.'® *

Table 3. Ring opening polymerization of B-butyrolactone initiated with complex la in toluene

Entry® [BBL]/[Zn] My(caled)® M (GPC)° b° Time(min) com Yield
(%)
1 20:1 1723 2848 1.21 70 100 94
2 100:1 8609 14649 1.31 90 100 31
3 200:1 17218 26992 1.08 90 96 40
4 400:1 34436 45314 1.53 85 99 53
5 600:1 51654 76357 1.35 80 99 61
6 800:1 68872 87291 1.23 60 98 48
7 1000:1 86090 140433 1.81 180 99 72
8 2000:1 172180 196538 1.97 180 98 84
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2All the polymerization reactions are run with [BBL]/[Zn] = [C]/1 in toluene at 100°C. ®Determined by equiv. Of
[BBL]*86.09 (mol.wt. of B-butyrolactone). ‘Determined by gel permeation chromatography calibrated with
polystyrene standards in THF.

3.3 Microstructure Studies of Cyclic PHBs

The microstructure of the resultant PHBs was evaluated by NMR spectroscopic
techniques. Two peaks at 2.45 ppm and 2.56 ppm in the '"H NMR spectrum (Figure 6) could be
assigned to the two diastereotopic methylene protons, whereas the peaks at 1.24 ppm and 5.22
ppm assigned to methyl and methine protons respectively. These data agreed with the expected
PHB main chain structure; however, the most remarkable feature was the absence of any other
signals typically associated with chain ends. A similar observation was noted in the '°C NMR,
where only four signals corresponding to the primary chain carbons were present (Figure 7). In
other words, no indication of any end groups could be detected, regardless of the molecular
weights of the polymers. We took this as evidence that the cyclization took place and cyclic
PHBs were obtained. These analyses were supported by an ESI-MS experiment (Appendix A,
Figure A3): the primary series of peaks of 86 Da difference between consecutive peaks
corresponded to the PHB main chain and could be assigned to the n(C4HsO2)+(CH3CN) series,
confirming the macrocyclic polymer structure. Additionally, inverse-gated *C NMR (IG-'*C)
shows roughly equal intensities of meso and racemic signals of the carbonyl peak at 169 ppm
(Figure 7), which suggested that the present catalyst was not stereoselective for the ROP of rac-
BBL, and mostly atatic PHB was obtained. This was entirely different from the ROP of rac-
lactides by these zinc catalysts, in which highly isotactic polylactides were obtained.?* Similar

contrasts have been noted for the diketiminate zinc catalyzed ROP of BBL and lactides.?
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Figure 8. IG-">C-NMR spectrum of cyclic PHB obtained with complex 1a
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3.4 Synthesis of Linear PHBs with 1a/Alcohols.

Next ROP of BBL was performed with catalyst 1a in the presence of an alcohol as co-
catalyst. Benzyl alcohol (BnOH) and ethanol were used as representatives (Table 4). The
resulting polymers showed a good agreement between calculated and experimental molecular
weights with relatively narrow dispersities (B = 1.09-1.74). Another interesting fact, the
molecular weight of the polymer can be controlled by changing the Zn/initiator ratio, with the
higher loading of initiator resulting in the formation of PHBs oligomers on 100% conversion
and all the PHBs generated with the zinc catalysts are mostly atatic. As the concentration of
initiators increases, the polymerization becomes slower. This could be explained by the
deactivation of Zn complex by alcohols and can be supported by the entry 8 & 12 in Table 5.
We also performed a reaction with high loading of BnOH (Zn:BnOH:BBL=1:50:200). Here
BnOH also behaves like a chain transfer agent and short chain oligomer was obtained. The 'H

NMR (Figure 8) analysis clearly shows the benzyl and hydroxyl chain ends.

O
Zn -Catalyst
[+ Gaeron == (o P o™
Toluene, 100°C n

Scheme 2. ROP of BBL to linear poly(hydroxybutyrate) in the presence of alcohol as initiator.>*
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Table 4. Polymerization of BBL in the presence of alcohols as an initiator

M, M,
Entry® Initiators [Zn]/[1]/[BBL] Time(min) b®  Yield
(caled)® (GPC)°

1 1:1:200 60 17264 9290 1.18 91
2 i, 1:10:2 1 1 1.

o 0:200 75 768 936 09 88

3 1:50:200 120 391 518 124 6l

4 1:1:200 60 17326 9439  1.13 78

5 @OH 1:10:200 40 1830 5363 174 54

6 1:50:200 150 452 791 1.18 51

2All the polymerization reactions are performed in toluene at 100°C. ®Determined by equiv. of {{BBL]/[1]}*86.09
(mol.wt. of B-butyrolactone)+ mol.wt. of initiator. “Determined by gel permeation chromatography calibrated with

polystyrene standards in THF.
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Figure 9. 'TH-NMR of poly(hydroxybutyrate) with BnOH ([BnOH]/[Zn] = 1).

The microstructure of the resulting PHBs was investigated by NMR and ESI-MS
techniques. Along with the four large 'H NMR peaks at 1.3 (methyl), 2.5 and 2.6 (methylene),
and 5.2 (methine) ppm assignable to the main chain repeating butyrate units, small yet
consistent peaks were notable that could be attributed to the end groups. A representative
spectrum of a PHB sample obtained with excess BnOH initiator (50 equiv vs. Zn, entry 6 in
Table 4) is shown in Figure 10. The peaks at 5.12 and 7.36 ppm can be assigned to the benzylic

and aryl protons of the benzyloxyl group at one end, whereas the other end of the polymer is
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characterized by a terminal hydroxybutyrate unit featuring a singlet at 4.21 ppm for methine
protons and a broad peak at 3.12 ppm for hydroxyl protons (other signals overlapped with large
main chain signals). The integration of the hydroxyl (3.2 ppm) vs. benzylic (5.2 ppm) protons
was 1:2, in agreement with them being the two ends of the polymer chain. Further support was
provided by the 2D NMR techniques. In the "H-'H COSY NMR spectrum, only one weak cross
peak with methine proton at 4.2 ppm was observed for the hydroxyl protons (3.2 ppm), whereas
two additional, stronger cross peaks with methylene (2.3 ppm) and methyl protons (1.2 ppm)
were noted for methine protons. Also, the 3.2 ppm signal showed no correlation with '*C signals
in the 'H-"*C HCCorr NMR spectrum (Figure 11 & 12). In the *C NMR, besides the main
chain carbons, the rest of the peaks can be assigned to benzyl and hydroxybutyrate end groups
(Figure 10). Together, these observations indicate that the polymer end groups are
hydroxybutyrate at one end and benzyloxyl at the other end. The linear structure and the end
groups were further established by the ESI-MS analysis, which showed a significant series of
peaks at 107 + 86n + 1 + 23 that could be assigned to the BnO + n(C4HsO2) + H + Na" structure

(Appendix F, Figure F1).
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Figure 12. 'TH-'H COSY NMR of the polymer with BnOH as an initiator
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Figure 13. 3C-'"H HETCOR NMR of the polymer with BnOH as an initiator

3.5 ROP of BBL in the presence of Diol Initiator

Given the previous observation that BnOH initiator leads to the formation of benzyl and
hydroxyl end-capped polyesters, we sought to use the ROP reaction to produce a,w-dihydroxyl
end-capped PHBs by employing diol initiators. Such polyester diols, or telechelic polymers in
general, are of great interest and have found uses in various applications such as thermoplastic

elastomers and polyurethane coatings.?® Thus, in the presence of diols such as 1,4-
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benzenedimethanol (1,4-BDM), 1,6-hexanediol, and 1,4 cyclohexanediol (1,4-CHD), ROP of
BBL was carried out at 100 °C in toluene with [BBL]:[Zn]:[diol] = 200:1:0.5.

O

I HO—-(nitiator)—OH Zn-Catalyst

Toluene, 100°C

0 0 0
s Bl SR oGy oy

Scheme 3. ROP of BBL to poly(hydroxybutyrate) in the presence of zinc zinc complex 1a with

diols as initiators. 24

Table 5. Polymerization of BBL in the presence of Diols as an initiator

Entry Initiators [Zn]/[1]/[BBL] Time M, M, b®  Yield
(min) (caled)® (GPC)*
12 1:0.5:200 90 34554 16832  1.25 88
2 HO L~ ~cn 1:1:200 60 17336 20449 1.34 97
3 1:10:200 90 1840 2668 1.17 89
4 1:20:200 150 980 1468 1.19 72
5° 1:0.5:200 110 34553 36318 1.41 62
6 1:1:200 60 17334 9769 1.19 55
7 IIOOOII 1:10:200 95 1838 2647 1.27 68
8 1:20:200 90 0 0 0
94 1:0.5:200 90 34574 33137 1.09 68
10 OH 1:1:200 60 17359 18884  1.26 59
11 H()/—Q_/ 1:10:200 100 1860 2732 1.23 62
12 1:20:200 90 0 0 0

2Polymerization reactions are performed at 80°C and rest of the reactions are performed at 100 °C in toluene.
"Determined by equiv. of {{[BBL]/[1]}*86.09 (mol.wt. of B-butyrolactone)+ mol.wt. of initiator. “Determined by
gel permeation chromatography calibrated with polystyrene standards in THF.
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The 'H NMR spectrum of the polymer synthesized from 1,4-BDM is shown in Figure

13. Along with the four major main chain peaks, similar small resonances peaks at 3.1 and 4.1
ppm for the hydroxyl butyrate group, and 5.1 ppm and 7.3 ppm for the BDM unit were
observed, which supports the statement that the diol unit is incorporated between the two
growing chains with the terminal hydroxybutyrate units. Although it is possible that diol could
be present as a chain end with only one of the two hydroxyl groups reacting, the lack of the
NMR signals for the unreacted corresponding benzylic protons (around 4.7 ppm) suggested that
the diol was incorporated in the chain. a,0-Dihydroxyl end-capped PHBs were also obtained
with an aliphatic diol, 1,4-CHD. This indicated that secondary alcohols are effective initiators
in these reactions as well. The butyrate end group was characterized by the hydroxyl (3.1 ppm)
and methine (4.1 ppm) peaks, while the incorporation of CHD unit was evidenced by the a-
OCH signal of the C¢Hio ring at 4.75 ppm. Again, the lack of the NMR signals for the unreacted

a-OHCH (part of CcH100H) protons (around 4.0 ppm) suggested that the diol was incorporated

in the chain, not at the chain end. These assignments were further supported by the 3¢ and

'H-'H COSY NMR spectra as well as the ESI-MS analysis of the isolated products. The ESI-
MS spectrum of BDM derived polymer showed a dominant series of at 136 + 86n + 2 + 23 that
could be assigned to the structure of CsHgO2 + n(C4sHeO2) + 2H+Na" (Appendix F, Figure F2).
Similarly, the ESI-MS spectrum of CHD derived polymer showed a dominant series of at 114
+ 86n + 2 + 23 that could be assigned to the CsH1002 + n(C4HsO2) + 2H + Na" structure

(Appendix F, Figure F3).
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It was noted that the integrations of diol unit and the end group signals deviated somewhat
from the expected 1:2 ratio. Close inspection of the 'H NMR spectra revealed the presence of
two minor peaks at 5.7 and 6.9 ppm when 1,4-BDM and 1,4-CHD were used as initiators. These
signals can be assigned to the alkenic protons in trans-crotonate group, which is presumably
derived from the dehydration of alcohols, and they could amount to up to half of the end groups.
These assignments are further supported by the presence of alkenic carbon peaks at ~130 ppm
in the '3C NMR. The minor series of peaks in ESI-MS spectrum could be attributed the polymer
with crotonate end groups (18 less than the main series of peaks). Similar dehydration has been
observed by Coates and coworkers in the polymerization of BBL in the presence of BnOH,
which was attributed to elimination reaction promoted by the metal complex.?’ In our case,
however, the crotonate end groups were only observed when diols are used as initiators, and no
or minimal formation of crotonate signals was noticed when BnOH was used as an initiator
(Figure 8). In the earlier example with short chain oligomer obtained from 50 equiv of BnOH,
the 'H NMR. Figure 9 clearly shows the benzyl and hydroxybutyrate chain ends; still, there is
no or minimal amount of crotonate groups. Since our initial goal was to produce polyester diols,
we attempted to explore the conditions to minimize the dehydration reaction. It was noted that
when the reaction was allowed to proceed at lower temperature (80 °C), no crotonate groups
were observed in the initial reaction mixture. However, after workup, the crotonate signals
showed up in the NMR spectrum, which typically negligible amount at the end groups.
Prolonged reaction times and repeated precipitation of the polymer product during purification

tend to increase the percentage of crotonate groups.
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Figure 14. "TH-NMR of isolated poly(hydroxybutyrate) with 1,4-cyclohexane diols ([1,4-

CHD]/[Zn] = 0.5) of 80 °C reaction temperature.
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Figure 15.3C-NMR of isolated poly(hydroxybutyrate) with 1,4 cyclohexane diols ([1,4-

CHD]/[Zn] = 0.5) of 80 °C reaction temperature.
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Figure 16. "TH-NMR of isolated poly(hydroxybutyrate) with [1,4-BDM]/[Zn] = 0.5) of 80 °C

reaction temperature.
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Figure 17. *C-NMR of isolated poly (hydroxybutyrate) with [1,4-BDM]/[Zn] = 0.5) of 80 °C

reaction temperature.

3.6 Mechanistic Consideration of B-butyrolactone polymerization by Zn complexes.

The cyclic polymers are generally produced from two pathways. In the first case, a linear
chain bearing a good leaving group was initially produced and backbiting (or ring closing)
under high dilution conditions in the end furnished the cyclic structure. This is usually
accompanied by the presence of both linear and cyclic polymers in the products. The present
zinc catalysts feature a silylamido group -N(SiMes)2 that could serve as an initiating group,
however, it tended to be sluggish due to its bulkiness. Furthermore, the linear chain end groups
were never observed even at low conversion of BBL and only cyclic PHBs were obtained
exclusively. These observations seemed at odds with such a pathway. In the second scenario
that could lead to exclusive formation of cyclic polymers, the two ends of the polymer chain
were never truly separated. They were held together by electrostatic interactions (or a Lewis
pair) as in zwitterionic ring opening polymerization®® or by a tethered initiating group as in ring
expansion polymerization.?’ The present zinc catalysts do not easily fit into these categories but
can be viewed as a classical Lewis adduct. The Lewis acidity of the zinc center was significantly
attenuated, as they typically do not react with bases such as pyridine at room temperature.*’
However, at elevated temperature, the Lewis adduct could loosen up to become a “loose” pair
that initiates the polymerization. "H NMR studies of 1a in Cs¢Ds at variable temperatures (from
25 to 100°C) showed a gradual shift (toward free ligands) of signals with increasing

temperature, and the largest shifts occurred for the oxazoline ring protons (Figure 18). This
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suggested that the imino nitrogen mostly likely dissociated from zinc at higher temperature,
forming a loose Lewis pair. The notion that the imino nitrogen dissociates instead of the
monodentate silylamido nitrogen is not unreasonable, considering that Nimino 1S neutral while
Namido is anionic. In the crystal structure of 1a, the Zn-Nimino distance (1.968(9) A) is
significantly longer than the Zn-Namido distance (1.874(9) A).>° The Zn and Nimino are still
associated, but the pair is loose enough to allow for coordination of the monomer, followed by
the typical insertion/propagation steps through a zwitterionic intermediate. The situation is
analogous to the cyclic polyesters synthesis via ROP promoted by Zn(CeFs)2, despite the
generation of Lewis adducts between Zn(CeFs)2 and Lewis bases.®! Furthermore, a solution of
1a and BBL (molar ratio 1:1 or 1:15) in C¢Ds showed no reaction at room temperature, but BBL
was converted to polymers at elevated temperature showing no presence of any intermediate
species. Only 1a, BBL and PHB signals were observed throughout the course of the reaction.
This suggested that the initiation step is slow relative to the propagation, which is in agreement
with the GPC analysis that the resulting molecular weights are higher than the calculated values

based on catalyst loadings and conversions.
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Figure 18. Predicted structures of Zn-complex at high temperature
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Table 6. "H-NMR shifts of 1a-oxazoline protons defined from variable temperature NMR
method.

Temp NCH(R;) CH;0 (1) NCH(R;) CHz0 (Hr) NCH(R;) CH;O (H.)
25°C 3.5307 3.6475 41362
40°C 3.5942 3.6956 4.1655
60°C 3.6626 3.7466 4.1955
80°C 3.7354 3.8070 4.2250
100°C 3.7905 3.8497 4.2596
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Figure 19. Variable temperature 'H-NMR of catalyst 1a in C¢Ds
In the presence of an alcohol co-catalyst, the first step would be the substitution of the

silylamide by an alkoxide, which can function as a better initiating group. The rest of the
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reaction proceeds through a typical coordination-insertion mechanism, leading to the formation
of linear polyesters end-capped by the initiating alkoxide at one end and hydroxyl butyrate at
the other. The absence of any detectable signals for benzyl ether protons in BnOH initiated
PHBs supported that only acyl-oxygen scission occurred in the presence of 1a, in accord with

the general depiction of metal-based ROP reaction.
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CHAPTER 4

4.1 Conclusion

In summary, a series of Zn complexes have been demonstrated to be highly active in
polymerizing BBL. Cyclic PHBs with high molecular weight were obtained in the absence of
alcohol, whereas the addition of an alcohol co-catalyst resulted in the formation of linear PHBs
with well-defined end groups. Based on experimental observations and catalyst structures, a
Lewis pair derived zwitterionic intermediate was proposed for the formation of cyclic
polymers. The ROP reaction was employed to synthesize a,m-dihydroxyl end-capped PHBs
with diol initiators, which were incorporated into the polymer chain. However, the mechanistic
details, especially those related to the cyclic polymer control and generation, warrant further
investigation, which will be the focus of future efforts, as well as improvement of stereocontrol

of the ROP process and exploration of the potential applications of polyester diols.
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APPENDICES

Appendix A
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Figure Al. 'H-">*C HETCOR NMR of the cyclic poly(hydroxybutyrate)
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Figure A2. Plots of observed PHB M as functions of [BBL]:[Zn] for catalyst 1a

€101 |+E5] Scan (0:291-0489 min, 7 scans) Frag=1500V 02 E5k_M5-P3HB 10 pob _ACN-water 25 mM Acatic Ad

o 712

751 6572858
1389
651
BX37I8
51 9154175
551
5
1001 4585

15
10574968
o

1735342

35

1238580
13456207

34

14318438
13175987
15037367
16897730

15615550
[t e

2930621

HEIEE BEEN s 29813555

S0 M B0 S0 1N 100 10 100 0 150 BN 0 180 1N 200 200 2N 2N M0 BN XN J0 2N 30

Counts (%) vz Mazs-10-Charga (miz)

Figure A3: ESI-MS spectrum of cyclic PHB isolated from the polymerization of [BBL]:[1a] ratio
of 200:1, in the presence of 25.0 mmol-L"! of acetic acid.
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Appendix C
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Figure C1. '"H-NMR of poly(hydroxybutyrate) with EtOH ([EtOH]/[Zn] = 10).
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°C reaction temperature.
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Appendix E
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Figure E1. IH-NMR of catalyst 1a at a variable temperature in CsDe
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Appendix F
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Figure F1. Positive ESI TOF mass spectra of 50 ppm PHBs with benzyl alcohol as an initiator

in the presence of 25.0 mmol-L™! of acetic acid.
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Figure F3. Positive ESI TOF mass spectra of 50 ppm PHBs with 1,4 CHD as an initiator in the
presence of 25.0 mmol-L™! of acetic acid.
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