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Abstract

Project Code : MRG5580130

Project Title : Synthesis, Characterization and properties of bio-based scaffolds from
polynorbornene functionalized amino acid and polylactic acid

Investigator : Dr. Sutthira Sutthasupa Faculty of Agro- Industry, Chiangmai University

E-mail Address : yam133@gmail.com, sutthira.s@cmu.ac.th

Period project: 2 years

Amino acid derived norbornene monomer (1) and oligo(lactic acid) derived norbornene
macromonomer (2) and (3) were synthesized and copolymerized by ring opening metathesis
polymerization (ROMP) with the Grubbs 2" generation ruthenium catalyst. Macromonomer 2, and 3
were synthesized by ring opening polymerization (ROP) of 10 and 20 repeating units of lactides,
respectively, to 5-norbornene-2, 3-exo-exo-dimethanol using DBU as a catalyst. The random and
block copolymers with M, ranging from 28,000-180,000 were obtained in quantitative yields where
the block copolymers gave higher molecular weight than the random ones. The three dimensional
porous structures were obtained by drying the precipitate of poly(2) and(3) solution (50% w/v,
CH,CI,) from hexane under reduced pressure, but the same structure was not observed in poly (1).
SEM micrograph revealed average pore sizes of around 10 ym of poly(1) and 50-200 pm of poly(2)
and poly(3). Copolymers gave homogeneous pore distribution whereas randomly disperse pores
were found in block copolymers. The porosity increased with increasing the unit ratios of 1. The
compressive strength of the three dimensional porous structure from poly(2) and poly(3) was
improved with the copolymerization with 1. The results indicated that the developed polymers and
copolymers showed good ability of macroporous structure formation. The study represents new

biomaterials toward polymeric scaffolds with potential use in medical applications.
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Chapter 1

Introduction

1.1 Research Background

To produce materials with controlled nano- and micro-order structures,
researchers in precision polymerization chemistry continually seek ways to synthesize
copolymers with controlled sequences.1'3 Block copolymers are also important for
practical applications; for example, as thermoplastic elastomers, emulsifiers, and drug
delivery materials.*® The properties of block copolymers are controllable by monomer
composition and block sequence. Block copolymers are commonly synthesized using
living polymerization techniques, including anionic, cationic, atom-transfer radical
polymerization, reversible addition-fragmentation chain-transfer polymerization, ring-

57
. Recent

opening polymerization and ring-opening metathesis polymerization (ROMP)
remarkable advances in ROMP catalysts (Chart 1) make it possible to synthesize well-

defined block copolymer with controlled molecular weights and stereostructures.” ®

Intermolecular Chain Transfer :
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Intramolecular Chain Transfer :

LnME— | backbiting M/: ML, +

‘\/ polymer chain
Chart 1. ROMP mechanism

In particular, ROMP of norbornene derivatives achieves a high level of control
over polydispersity, tacticity, and backbone conflguration,m"13 wherein metal carbene
complexes have recently been used as catalysts. (Chart 2) Among them, the Grubbs
ruthenium (Ru) carbene complexes efficiently catalyze ROMP under ambient conditions,

with high tolerance toward polar functional groups. ® ROMP with living features opens



capacity to prepare well-defined block-, graft-, and other types of copolymers,
functionalized polymers, and various polymeric materials with complex architectures and

useful functions.

@ Grubbs 2nd {:\Q/%:
n

R R R R

Chart 2. ROMP of Norbornene derivatives

Amino acids are essentials sources of biomimetic synthetic polymers.14 Various
attempts have been made to synthesize peptides and amino acid containing polymers
that show wuseful functions similarly to proteins,15 form self-assemblies,’”
pharmaceutical,17 and biomedical applications.18 Furthermore, peptide and amino acids
based amphiphilic block copolymers have become available as larger size building
blocks for self-assembled materials. Interestingly, most peptide-mimic block copolymers
focus on development of materials for drug delivery and tissue engineering.19
Considering the polar functional groups of amino acids, the polymerization requires
compatibility with such functional groups. Since, Ru complexes for ROMP are tolerant

20-22

to various functional groups such as acids, alcohols, amides, and ester. ROMP
allows synthesis of polymers and block copolymers with defined lengths and narrow
PDIs, showing unique structural features that contain biologically relevant functional
groups. Biologically polymers based norbornene-peptide sequences were synthesized
via ROMP. These polymers serve as drugs for inflammation, cancer metathesis since
they inhibit cell attachment and induce apoptosis, inhibitors of fibroblast adhesion, and
inhibition ability of fertilization.”> As mentioned above, block copolymers are important

for practical applications, while block copolymerization is commonly used to provide

novel synthetic materials with improved properties.

Polylactic acid (PLA) is an intriguing polymer from both a biomedical and
sustainable perspective due to its biorenewable origins and degradation produc:ts.24

(Chart 3) This polymer has been investigated as material for use in scaffold-based



tissue engineering.25 Requirements for polymer based-scaffolds include biocompatibility
and biodegradability, suitable mechanical properties, growth and differentiation, suitable
pore architecture interconnectivity, and surface properties that support cell adhesion.”
However, scaffold-based PLA are found limited of sufficient mechanical support.27 It has

been found that scaffolds based on block copolymers have shown promising results.”

o)
\Hko Sn(Oct), wo
! ;
o)
o)

Chart 3. Synthesis of PLA

The synthesis of copolymers by combining the ring-opening polymerization
(ROP) of lactides with ROMP of norbornene derivatives provided polymers with
significant improvements of toughness over PLA. These studies mostly focused on the
improvement of mechanical properties of PLA.” The combination of PLA with amino
acid- or peptide-based polymers is still limited. Since many biological processes are
governed by macromolecular interactions and cell adhesion. Then the synthesis of
scaffold polymer with the surface properties that support the cell adhesion plays an
important role in avidity of biological processes. Amino acid- and peptide-sequence—
based polymers have been found as the active sites that support the binding properties
in cell adhesion. Therefore, ROMP of amino acids functionalized norbornene combining
with ROP of lactides (chart 4) may enhance polymer surface properties as well as

mechanical properties.

Chart 4. Block copolymerization of Polynorbornene derivatives with PLA

This strategy may provide the opportunity for the attachment of a variety of

ligand-based amino acids, allowing for the fabrication of biodegradable and



biocompatible scaffolds. Since amino groups response to pH and can be protonated,
further potential is to design and synthesize ampbhiphilic block copolymers from
norbornene functionalized-amino acids and lactides to obtain the pH responsive

micelles. This strategy may also be useful for the Drug Delivery Systems.

1.2 Literature review

Ring-opening metathesis polymerization (ROMP) of norbornene derivatives
generate polymers with diverse features, which can be tailored by the functional groups
substituted at the backbone.” Development of ruthenium complexes tolerant to the
polar groups has made it possible to synthesize biological polymers carrying amino
acids, peptides, and saccharides by ROMP.*" Ru complex catalysts for ROMP are

tolerant to various functionalities, such as carboxy, hydroxy amide, and ester groups.

ROMP-based polymers carrying sugars and carbohydrates serve as inhibitor
and receptor.32 Polymers containing sulfated carbohydrates are used to examine the
role of multivalent protein-carbohydrate interactions in inhibiting inflammation. *® ©
Inhibitors of selectin-ligand interactions that function under physiological flow conditions

32(g)

such as those in blood are generated by ROMP. Mannose-substituted polymer is

. . . . 32(h)
applicable as a reagent for cleaning pathogenic organisms.

Moreover, galactose-
substituted polymer influences bacterial chemotaxis through inter-receptor
communications.” These results point out the potential of ROMP-derived polymers as

biologically active materials.

Gibson and coworkers have reported the design of artificial analogs to
biologically active peptides.34 Amino acid-functionalized 5-norbornene-2,3-dicarboximide
monomers have been polymerized with Mo-carbene complexes.34(a) These amino acid-
derived norbornene-imide monomers undergo living ROMP to give the corresponding
optically active polymers. The analogous polymers possessing amino acid-derived
carboxy groups can also be synthesized by ROMP using Grubbs-first generation
catalyst,34(°) without the need to protect the carboxy groups. Wanner et al. also studied
the synthesis of biologically active polymers containing sulfonamide by ROMP with the

Grubbs catalysts.35 A ftripeptide motif, the arginine-glycine-aspartic acid (RGD)



sequence, occurs in cellular matrix proteins.36 RGD peptides are cell adhesion
molecues, and are used as drugs for inflammation and cancer metastasis. Polymers
containing RGD" and analogous ponmers38 have been synthesized by ROMP. These
polymers serve as inhibitors of fibroblast adhesion. As they show greater inhibition than
the corresponding peptides, they are useful as drugs for disease-related applications

such as tumor therapy.

Elastin is a protein that allows many tissues in the body to resume their shape
after stretching or contracting. Elastin-like polymers are biocompatible and show
uncommon self-assembling capabilities, which are tunable and expandable in many
different ways by substituting the amino acids of the dominating repeating peptide.39
They are useful as biologically compatible scaffolds for tissue repair and engineering.
Bioactive polymers show high capacity to promote cell attachment, especially those
based on RGD, which have cell attachment capabilities almost equivalent to those of
human fbronectin.* ROMP-synthezied elastin mimic oligomer with peptide pendant
shows stimuli responsiveness and supports cell survival and proliferation.41 The lower
critical solution temperatures of copolymer composed of an elastin-based monomer and
a hydrophilic polyethylene glycol (PEG)-based monomer are independent on their

molecular weight, and tunable for target applications.42

Several attempts have been made to incorporate PEG units into ROMP
copolymers, including postpolymerization loading of an amphiphilic ROMP copolymer
with a high-density peptide sequence with PEG incorporated as a part of the hydrophilic
block.” The block copolymerization of a norbornene derivative having a short peptide
with a norbornene having PEG substituent gives block copolymer consisting of a
segment with hydrophilic PEG side chain and a segment with more hydrophobic peptide

side chains.*** The copolymer form aggregates upon dispersion in water.

The ROMP of norbornene monomer containing an activated ester linkage gives
polynorbornene having N-hydroxysuccinimide-derived activated ester moieties. This
polymer is subsequently converted into water-soluble polymer having oligoethylene

glycol side chains terminated with alkyl chloride as handle for modification.”  This



method allows the functionalization of polymers with proteins and peptides in a
controlled orientation in aqueous media. The multivalent biofunctionalized of activated
polymer is demonstrated by the reaction with thioglycerol and a thiol-terminated peptide

that binds to the heptameric subunit of anthrax toxin and inhibits toxin assembly.

Mimics of antimicrobial peptides based on polynorbornene derivatives have also
been synthesized.46 The polymers with facially amphiphilic antibacterial units have
tunable antimicrobial activity depending on the ratio of hydrophobic and hydrophilic
moieties in the monomer unit. The selectivity for bacteria versus human red blood cells
is over 100." A molecular construction kit approach was examined utilizing ROMP of a
broad variety of facially amphiphilic oxanorbornene-derived monomers.* Polymers
having a ‘lysine-like’ primary amine as a hydrophilic component have been synthesized.
Some of the polymers are 50 times as selective for Gram-positive over Gram-negative
bacteria, whereas some of them show the opposite preference. This unprecedented
double selectivity (bacteria over mammalian and one bacterial type over another) is
attributable to the monomer’s ‘facial amphiphilicity’ (location of hydrophilic and
hydrophobic group on two opposite sites). The selectivity of the polymers appears to be

affected by the overall hydrophilic/hydrophobic balance.

Brush-like copolymers bearing polypeptide side chains have been synthesized
via ROMP with controlled polymerization of N-carboxyanhydrides (NCAs) initiated by the
trimethylsilylamino group at the side chain of the precursor copolymer. * The polymer
backbone is frst prepared by ROMP of a norbornene having a trimethylsilyl-protected
amino group, and then this polymer is used as a macromolecular initiator for
subsequent NCA polymerization. The polymers form aggregates with sizes around 60-

150 nm.

As mentioned above, ROMP of amino-acid and peptide-functionalized
norbornene monomers has a high probability for synthesizing biologically and medically
useful materials. As endo,endo-, endo,exo- and exo,exo-5-norbornene-2,3-dicarboxylic
acids are commercially available, it is easy to synthesize norbornene monomers bearing

=52

two amino acid arms with different stereostructures.” Although Ru-carbene

10



complexes are highly tolerant to various functional groups, they cannot efficiently
polymerize norbornene monomers bearing amino or cyano groups, because of strong
coordination to the Ru leading to a large decrease of catalytic activity. However,
Sutthasupa et al. reported that amino acid-derived exo,exo-norbornene monomers
having unprotected methylamino groups undergoes ROMP to give the polymer in good
yields.53 The key to successful polymerization is the presence of appropriate spacers
between the amino groups and the norbornene skeleton, and possibly intramolecular
hydrogen bonding between the amino and carbonyl groups, which presumably prevents
the amino groups from deactivating the catalyst. This studied extends the possibility of
application of ROMP-based polymers to biocompatible and pH-responsive materials.
Block copolymers with different functionalities are prepared by utilizing the nature of
ROMP. Amphiphilic block copolymers are of interest because of their ability to self-

54—56
assemble and form nano scale structures.

There have been several reports of
amino acid-based amphiphile materials, such as pH-sensitive amphiphile vesicles
applicable to drug delivery systems57 and polyacetylene with leucine pendant groups.58
Another block copolymer consisting of a hydrophobic norbornene unit having
unprotected amino groups and a hydrophilic part containing 7-oxanorbornene having
ester group has been synthesized. This block copolymer is pH-responsive, and self-
assemblies in water (pH=7) but disassembles under acidic and basic conditions. It forms

micelle with diameters of about 80 nm in H,O and reverse micelles with diameters of

about 45 nm in CH,Cl,.”

Sutthasupa et al. also achieved a unique alternating ROMP using a combination
of norbornene monomer having carboxy groups and monomer having amino groups.60
The possible key factor favoring alternating copolymerization is acid-base interaction
between the monomers, leading to enhancement of local monomer concentration, and
acid-base interaction between the metal carbene propagating species and the incoming
monomers. This is the frst successful example of an alternating ring-opening
metathesis copolymerization between two kinds of norbornene monomers substituted

with different functional groups.
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Polylactide (PLA) is a linear aliphatic polyester synthesized by ring-opening
polymerization of lactides which are the cyclic dimers of lactic acid and are derived from
corn starch fermentation.””  Starch grade PLA has a high modulus and strength
comparable to that of many petroleum-based plastics but its low toughness and physical
aging present problems for its applications in medical device and consumer products.
The brittleness of PLA can be modified by copolymerization of lactides with other
monomers.”* Nakayama et al. synthesized a biodegradable polyester by ring-opening
polymerization of L-lactide with DL-B-methyl-ii-valerolactone.64 The copolymers
containing more than 90 mol% L-lactide formed tough and hard flms, whereas those
with less than 80 mol % L-lactide formed flexible fims similar to natural rubber. Linear
and star-shaped copolymers of trimethylene carbonate/caprolactone were synthesized
and used as a macro initiator for the subsequent lactide/glycolide polymerization.65 The
obtained copolymer showed extensive toughening effect at relatively low TMC-co-CL

content.

Blending PLA with other polymers can modify the mechanical and thermal
properties, degradation rate, and permeability. PLA/poly(g-caprolactone) blends have
been extensively studied.”®  The blends displayed better mechanical properties
compared to neat PLA. Poly(L-lactic acid-co-g-caprolactone-urethane) showed the
increase of impact strength of the blends.””  Particulate or forous filers such as
woolastonite, kaolinite, and wood fber added as a third component increased the

. 67(b
stiffness.”’®

PLA was also blended with other nonbiodegradable polymers, including
polyethylene, poly(ethylene oxide), poly(ethylene glycol). Poly(vinyl acetate), poly(4-
vinylphenol), and polyacrylates.68 Varying degrees of property modifications of PLA
were achieved by blending with these polymers. Many of these blends are immiscible
or partially miscible and may need compatibilizers to increase their compatibility.
Polylactide/poly(butylene adipate-co-terephthalate) blends were studied. The
mechanical properties and toughening mechanism were investigated and found that
elongation and toughness were dramatically increased.”’ It has been reported that high

performance of PLA blends was obtained by reactive blending of PLA and

poly(ethylene-glycidyl methacrylate).69 The blends had impact strengths over 50 times

12



higher than that of the neat PLA. A PLA ternary blend system consisting of PLA,
epoxy-containing elastomer, and a zinc ionomer was studied. The obtained PLA ternary
blends displayed super-toughness with moderate levels of strength and modulus. It was
found that the zinc ions catalyzed the cross-linked of epoxy-containing elastomer and

also promoted the reactive compatibilization at the interface of PLA and the elastomer.”

Nerve guides composed of poly(D,L-lactide) were fabricated and used in the
repair of transected sciatic nerves of rats. The basic fbroblast growth factor was
embedded in the inner layer of the nerve guides. The transected 15 mm sciatic nerve
was regenerated successfully within 4 months. The degradation of the polymer did not

appear to inhibit the axonal growth.71

It has been reported that a nanostructure-controlled polylactide was created by
in-situ cross-linking of hyperbranched polymer in the PLA matrix through reactive
extrusion blending. This improved the toughness and elongation at break by ~570%
and ~ 847%, respectively as compared to unmodified PLA.” Polylactide-b-polyisoprene-
b-polylactide (PLA-PI-PLA) triblock copolymers were prepared by an efficient protocol
starting with @, w-dihydroxy isoprene. These triblock copolymers were free of
homopolymer or diblock contaminants. They showed the excellent elongations and also
the best elastomeric recovery.73 Polylactide-b-polymenthide-b-polylactide triblock
copolymers have been synthesized. These triblock copolymers behaved as
thermoplastic elastomers. They suggested that these triblock copolymers are potentially

suitable for numerous applications in the biomedical and pharmaceutical fields.”

A shortcoming of PLA is its lack of functional group diversity along the polymer
backbone. Pendant functionalities incorporated as side-chains of a PLA would allow for
greater control of its material properties such as degradation rate, hydrophilicity, and
mechanical strength.75 Side-chain functionalized lactide analogues have been
synthesized from commercially available amino acids and polymerized using stannous
octoate as a catalyst. The synthetic strategy presented allows for the incorporation of
any protected amino acid for the preparation of functionalized diastereomerically pure

lactide monomers. The strategy allowed for the introduction of functional groups along

13



a PLA backbone that after deprotection can be viewed as chemical handles for further
functionalization of PLA, yielding improved biomaterials for a variety of applications.76 A
polylactide copolymer with pendant benzyloxy groups has been synthesized by the
copolymerization of a benzyl-ether substituted with lactide. Debenzylation of the
polymer followed by modification with succinic anhydride afforded the carboxylic acid
functionalized copolymer that could be attached to the amine—containing biological
molecules. The copolymer films were formed and treated with a biotin-amine derivative
showing that the carboxylic acid-functionalized copolymer can be modified with amine
terminated biomolecules. RGD-containing peptide sequence also immobilized onto the
copolymer fims and a cell assay showed enhanced cell adhesion to RGD-containing
flms. This provides a general strategy whereby a variety of biomacromolecules can be
attached to functionalized PLA copolymers, leading to novel materials with numerous

potential biomedical applications.77

The copolymerization via ring-opening metathesis polymerization of
polynorbornene and ring opening polymerizaiton (ROP) of polylactide have also been
reported. Nanoporous thin fims were obtained with PLA grafted norbornene
copolymers. Polynorbornene main chains were polymerized via ROMP and PLA side
chains were grafted onto the main chains by ring opening polymerization. Thermally
labile PLA chains act as pore generators in polynorbornene fims. The porosity of the
porous polynorbornene thin fims could be controlled with pore size below 5 nm by
varying the chain length of grafted PLA. These may fnd good use in packaging
applications based on polynorbornene.78 Highly porous 3D scaffolds with tunable pore
sizes were obtained form PLA-block-poly(norbornene) copolymers which bear
photocrosslinkable cinnamte side-chains. Copolymerization was conducted by
combining the ROMP of norbornenes with ROMP of lactides. These scaffolds provided

the potential for use in regenerative medicine applications.79
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1.4 Objectives

1) Design, synthesis and characterization of monomers from norbornene
functionalized amino acids derivatives and lactic acid

2) Block and copolymerization of monomers via ROMP

3) Characterization and study of polymer properties

1.5. Scope of study

Synthesis and characterization of amino acids functionalized norbornene
monomer and (oligo)lactic acid derived norbornene monomer. Homopolymerization
and copolymerization of monomers via Ring Opening Metathesis Polymerization
(ROMP) using Grubbs 2nd catalyst (scheme 1) to obtain novel polymers then

characterization of copolymers and study of chemical and physical properties.

Scheme 1

+ Grubbs 2nd
Q @ - - . %/ _A\i/:u., n\%:
R R R’ R’ n
(0] R R R’ R’
R= Amino acid R' = /O‘EH\OJ\&OH
X
(0]

Grubbs 2nd :é”' ‘%:
m 1)
R R R R % : : )
R= Amino acid o Q m Q n
R R R’ R’
R =/O{TH\OHOH
X
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Chapter 2
Experimental
2.1 Material and method

Measurements. 'H (400 MHz) and c (100 MHZ) spectra were recorded using
tetramethylsilane as an internal standard in CDCI; on a Bruker DPX 400 NMR
spectrometer. IR spectra were measured on a Nicolet FTIR-6700 spectrometer.
Number- and weight- average molecular weights (M, and M,) of polymers were
determined by gel permeation chromatography (GPC) on a Water 2695 separations
modules, model 3580 Refractive Index (RI) detector (viscotex) equipped with
polystyrene gel columns on PL gel (bead size 10 pym) mixed 2 columns (Mx resolving
range 500-1107) using THF as an eluent at a fow rate of 1.0 mL/min, calibrated by
polystyrene standards at 35 °C. Compression test was operated on an Instron 5565 at
a cross head speed 1Tmm/min using a 100 N load cell equipped with 6 mm probe size.
Scanning electro microscopy (SEM) images were obtained from a JEOL JSM-5910LV
with samples previously coated with gold and from a JEOL JSM-5410LV under low
vacuum mode.

Materials. 5- cis-5-Norbornene-exo-2,3-dicarboxylic anhydride (Aldrich),
Norbornene-2,3-exo,exo-dimethanol (Aldrich), L-leucine methyl ester hydrochloride
(Aldrich), 3,6-Dimethyl-1,4-dioxane-2,5-dione (Aldrich), N-[3-(dimethylamino)propyl]-N'-
ethylcarbodiimide hydrochloride (EDC<HCI; Aldrich), 1,8-Diazabicyclo [5.4.0]-undec-7-
ene; DBU (Aldrich), Triethylamine (Aldrich), Ethyl vinyl ether (Aldrich), the Grubbs
second generation catalyst (Aldrich), were purchased and used as received.
Dichloromethane (CH,CI,) (Labscan). CH,CI, used for polymerization was distilled by the

standard procedure before use.

2.2 Monomer synthesis

Synthesis of (1). Monomer 1 was synthesized according to the previous
report.51 cis-5-norbornene-exo-2,3-dicarboxylic anhydride (1.03 g, 6.75 mmol) and L-
leucine methyl ester hydrochloride (1.75 g, 12.5 mmol) were dissolved in CH,Cl,

(100mL). Triethylamine ( 2.5 mL, 12.5 mmol) and EDC HCI (1.2 g, 6.75 mmol) were
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added to the solution at 0 °C, and the resulting mixture was stirred at room temperature
overnight. After that, the mixture was subsequently washed with 1M HCI aq., saturated
NaHCO3 aq., and water (twice), then dried over anhydrous MgSO,. CH,CI, was
removed on a rotary evaporator to obtain 1 as white solid. Yield 60%. Mp °C. IR
(KBr): 3298 (N-H), 3064, 2957, 2870, 1755 (ester C=0), 1660 (amide C=0), 1555,
1469, 1448, 1369, 1328, 1301, 1256, 1234, 1209, 1169, 1149, 1055, 994, 736 cm™. 'H
NMR (400 Hz, CDCI3): 6 0.92-0.95 (m, 12H, 4 x CHj3), 1.47-1.75 (m, 8H, 2 x CHCH;, 2
x CH,CH, norbornene CH,), 2.46 (d, J = 8.0 Hz, 2H, 2 x CH), 3.01 (s, 2H, bridge
position), 3.72 (s, 3H, COOCH,), 3.73 (s, 3H, —COOCH,), 4.49-4.62 (m, 2H, 2 x
>CHNH-), 6.00 (d, J = 8.0 Hz, 1H, -CONH-), 6.13 (d, J = 8.0 Hz, 2H, 2 x —CH=CH-),
6.22 (d, J = 7.6 Hz, 1H, —-CONH-). 13C NMR (100 Hz, CDCl,): § 22.19, 22.52, 22.66,
24.62, 24.69, 41.53, 41.81, 45.18, 45.59, 46.00, 48.38, 49.19, 50.68, 50.91, 52.11
(COOCH;), 52.14 (COOCH;), 138.23 (2C, —-HC=CH-), 172.22, 172.55, 173.62, 173.75.
Synthesis of (2). 10 eq. of 3,6-Dimethyl-1,4-dioxane-2,5-dione (D,L-lactide) ( g,
mmol) was dissolved in CH,CIl, until homogeneous then added into the flask equipped
with 5-Norbornene-2-exo,3-exo-dimethanol (0.93 g, 6 mmol). The resulting mixture was
stirred at room temperature for 30 min to ensure homogeneous mixing. Then, 1,8
diazabicyclo[5.4.0]-undec-7-ene (DBU, 1.2 eq.) was quickly added to the mixture to
initiate the polymerization. After 1 h reaction time, the reaction was quenched by
adding several drops of acetic acid. The reaction was further stirred for 10 min before
the mixture was concentrated to the half-amount on a rotary evaporator. After that, the
mixture was washed with H,O (3 times) then dried over anhydrous MgSO4. CH,CI, was
removed on a rotary evaporator to obtain 2 as colorless sticky solid. Yield 60%. Mp
C. IR : 2972, 2858, 1752 (ester C=0), 1469, 1448, 1364, 1268, 1158, 1130, 1065, 906
cm”. "H NMR (400 Hz, CDCl.): & 1.46-1.54 (m, 60H, 20 x CH), 1.78 (s, 2H, norbornene
CH,), 2.61-2.63 (m, 2H, bridge position), 3.08 (s, broad, 4H, 2 x —OH, 2 x CH), 3.99 (s,
broad, 2H, —CH,0), 4.16 (s, broad, 2H, —CH,0), 4.25-4.29 (m, 2H, >CHOH), 5.06-5.08
(m, 10H, >CHCH3), 6.07 (m, 2H, 2 x —-CH=CH-) 13C NMR (100 Hz, CDCI3): & 15.99,

16.58, 16.68, 17.27, 19.96, 20.40, 39.60, 42.54, 44.55, 44.62, 66.36, 66.66, 68.23,
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68.96, 69.03, 69.13, 69.27, 69.34, 69.38, 69.78, 137.16 (2C,—HC=CH-), 169.31, 169.39,
169.56, 169.92, 174.96.

Synthesis of (3). The monomer 3 was synthesized in the similar manner with 2
by using 20 eq. of lactide to obtain 3 as sticky white solid. Yield 90%. Mp C. IR : 3509
(O-H), 2993, 2945, 1742 (ester C=0), 1451, 1380, 1266, 1183, 1127, 1078, 955, 864,
764 cm”. '"H NMR (400 Hz, CDCl,): & 1.41-1.61 (m, 120H, 40 x -CH.), 1.85 (s, 2H,
norbornene -CH,), 2.67-2.69 (m, 2H, bridge position), 2.87 (s, broad, 4H, 2 x —OH, 2 x
CH), 4.08 (s, broad, 2H, —CH,0), 4.25 (s, broad, 2H, —CH,0), 4.31-4.35 (m, 2H,
>CHOH), 5.11-5.22 (m, 20H, >CHCH3), 6.14 (m, 2H, 2 x —HC=CH-) "“C NMR (100
Hz, CDCI3): & 16.06, 16.68, 16.72, 17.31, 20.06, 20.48, 39.73, 42.60, 44.68, 66.42,
66.69, 66.74, 66.77, 68.20, 69.06, 69.14, 69.22, 69.36, 69.46, 69.85, 137.28 (2C,

—-HC=CH-), 169.31, 169.39, 169.44, 169.62, 169.99, 174.87, 175.07.

2.3 Polymerization

Homopolymerization of 1, 2 and 3. Polymerizations were carried out in a
glass tube equipped with a three-way stopcock under nitrogen. Monomer 1 ( 183 mg,
0.42 mmol) and Grubbs 2" generation Ru catalyst (3.6 mg, 4.2 107 mmol) were
dissolved in CH,CI, (1.0 mL). The resulting mixture was vigorously stirred and kept in
water bath at 38 °C for 2h, during which the color of the polymerization mixture
gradually change from pink to yellow. Then, ethyl vinyl ether was added to the mixture
to quench the reaction. The mixture was poured into a large amount of hexane to
precipitate a polymer. It was separated by filtration using a membrane fiter and dried
under reduced pressure. In the case of homopolymerization of monomer 2 and 3. The
monomer and catalyst concentrations and all polymerization conditions were the same
as those of the polymerization of 1. The color of polymerization mixture changed from
pink to pale yellow. Ethyl vinyl ether was added to the mixture to quench the reaction.
The polymer was isolated in a manner similar to the polymerization of 1.
2.4 Spectroscopic data of the polymers.

Poly(1). IR 3369 (—NH), 2954, 2870, 1737 (ester C=0), 1659, (amide C=0),

1521, 1437, 1368, 1272, 1201, 1175, 1153, 1010, 978, 828, 745 cm™. '"H NMR (400 Hz,
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CDCI3): 6 0.92-0.95 (m, 12H, 4 x CHj), 1.47-1.75 (m, 8H, 2 x CHCH,, 2 x CH,CH,
norbornene CH,), 2.46 (d, J = 8.0 Hz, 2H, 2 x CH), 3.01 (s, 2H, bridge position), 3.72
(s, 3H, -COOCH,), 3.73 (s, 3H, —COOCHS,), 4.49-4.62 (m, 2H, 2 x >CHNH-), 6.00 (d, J
= 8.0 Hz, 1H, —-CONH-), 6.13 (d, J = 8.0 Hz, 2H, 2 x -CH=CH-), 6.22 (d, J = 7.6 Hz,
1H, —CONH-). Poly(2). IR 3500 (O-H), 2992, 2944, 1742 (ester C=0), 1451, 1380,
1265, 1184, 1126, 1082, 1043, 956, 864, 746 cm”. 'H NMR (400 Hz, CDCl,): & 1.39-
1.59 (broad, 60H, 20 x CH,), 1.72 (broad, 2H, norbornene CH,), 2.09-2.31 (broad, 2H,
bridge position), 2.64 (broad, 4H, 2 x —OH, 2 x CH), 4.15 (broad, 4H, 2 x —CH,0),
4.35-4.38 (m, 2H, >CHOH), 5.16-5.18 (m, 12H, 10 x >CHCH,, -CH=CH-). Poly(3). IR
3501 (O-H), 2993, 2944, 1743 (ester C=0), 1451, 1380, 1266, 1183, 1127, 1079, 1044,
955, 864, 747 cm”. 'H NMR (400 Hz, CDCl,): 6 1.42-1.58 (m, 60H, 20 x CH;), 1.78
(broad, 8H, norbornene CH,, bridge position, 2 x —OH, 2 x CH), 4.00-4.38 (m, broad,
6H, 2 x >CH,0, 2 x >CHOH), 5.15-5.22 (m, 22H, >CHCH,, —CH=CH-). poly(1)ss-block-
poly(2)e,. IR 3500 (—OH), 3371 (=NH), 2957, 2927, 1742 (ester C=0), 1668 (amide
C=0), 1532, 1451, 1265, 1184, 1127, 1082, 1043, 864, 746 cm™. poly(15-co-35,). IR
3499 (—OH), 3379 (-NH), 2993, 2945, 1744 (ester C=0), 1671 (amide C=0), 1530,

1450, 1380, 1266, 1183, 1127, 1080, 1044, 864, 746 cm"".

Random Copolymerization. It was carried out using monomer mixtures at set

ratios in a manner similar to the homopolymerization.

Block Copolymerization. Monomer 1 at a set ratio was polymerized for 2-3 h
in CH,CI, ensuring the completely polymerized. Then, 2 or 3 were fed into the
polymerization mixture, and the resulting mixture was further stirred for 5 h. The

polymer was isolated in a manner similar to the homopolymerization.
2.5 Preparation of macroporous structure. The polymer was dissolved in CH,CI,,

then the mixture was charged in to the PTFE well plate (2 x 2 x 1.5 (h) mm). Hexane

was subsequently charged into the well to precipitate polymer for several times. The
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polymers in well were dried under reduced pressure to obtain the white macroporous
structure.

2.6 Mechanical testing. Compression tests were performed on poly (2), poly (3) and
copolymers to evaluate both the effect of the ratios of 1 and the difference of homo-,
random and block copolymers. All tests were carried out using macroporous polymer in
dry state, at a cross-head speed of 1 mm/min up to extension 5 mm. trough and
INSTRON 5565 testing system using a 100 N load cell and a probe size of 6 mm. Five
specimens were measured for each type of sample and the average compression

strength along with the standard deviation were calculated.
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Chapter 3
3. Results and discussion
3.1 Monomer Synthesis.

The amino acid-derived novel norbornene monomer (1) was synthesized by the
reaction of 5-norbornene-exo,exo-2,3-dicarboxylic anhydride with one equivalent of L-
leucine methyl esters, followed by the condensation of the formed half esters with an-
other equivalent of amino acid methyl esters in 60 % yield (Scheme 2). EDC<HCI was
employed as a condensation agent, because the urea derivative is easily removable
from the reaction mixture by washing with water.” The structures of the monomers
were confirmed by IR, 'H, "CNMR spectroscopies.

The (oligo)lactic acid-derived novel norbornene monomer (2 and 3) were synthe-
sized by Ring Opening Polymerization (ROP) of 10 and 20 equivalent of lactide (3,6-
Dimethyl-1,4-dioxane-2,5-dione), respectively to 5-Norbornene-2-exo,3-exo-dimethanol
using 1,8 diazabicyclo[5.4.0]-undec-7-ene (DBU) as a catalyst in 60 and 90 %yield,
(scheme 3). The reaction took place in CH,Cl, at room temperature. The structure of
the monomer was also confirmed by IR, 'H, "CNMR spectroscopies. The 'H NMR
spectra of 2 in figure 1 exhibits signals reasonable to the structure in the proper integra-
tion ratios.

Scheme 3
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Figure 1. 'H NMR spectra (400 MHz) of 2 measured in CDCl;
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3.2 Homo and Copolymerization.
Monomer 1 and 2 were carried out in CH,Cl, using Grubbs second generation
Ru catalyst (1 mol%). As listed in Table 1, monomer 1 and 2 satisfactorily underwent

homopolymerization to produce polymer with molecular weight 14 000 and 248 000,
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respectively. Judging from the polydispersity index and monomodal GPC trace of
poly(1) (1.70), it is considered that the polymerization proceeded in a living fashion. It
has been reported that monomer 1 underwent ROMP in a living manner and various
block copolymer with other monomers could be obtained.

The polymerization mixture of 2 became viscous soon after the polymerization
was initiated. Polymer 2 satisfactorily gave the polymer with high molecular weights in
80 %yields as well as high polydispersity (2.8). The relatively large PDI is due to the

fast propagation compared with the initiation. o 8

This suggesting monomer 2 could
not be polymerized in the living manner. The results are in similar manner to the
previous report of amino-alcohol derived norbornene diester monomer.”  Those
monomer exhibited fast polymerization and large PDI.

Table 1 also lists the results of the copolymerization of 1 and 2 (scheme 4) at

different feed ratios. The copolymers with M, of 28 000 — 58 000 (M,/M, = 1.39-1.90)

were obtained in quantitative yields. The M, increased with increasing feed ratios of 2.

Scheme 5
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3.3 Block Copolymerization.
By using 1 for the first stage, block copolymerize with other monomers could be
achieved (scheme 5). In the frst stage of the polymerization, 1 was quantitatively

converted within 2 h. After that, 2 was added to the mixture and then the resulting
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mixture was stirred for another 4 h, leading to the well-defined block copolymers with M,
of 69 000 — 132 500 (M. /M, = 1.4 —1.88). The block copolymers with M, ranging from
28,000-132,000 were obtained in quantitative yields as lists in Table 2, where the block
copolymers gave higher molecular weight than the random ones.

Table 1. Homo and copolymerization of 1 and 2 °

Feed ratio Yield ° . Unit ratio®

1 5 (%) M, M, /M, ) )
100 0 75 14 000 1.70 100 0
75 25 quant 28 000 1.41 80 20
62 38 quant 39 000 1.48 53 47
50 50 quant 51 000 1.63 54 46
38 62 quant 58 000 1.80 34 66
25 75 quant 56 000 1.88 28 72
0 100 ° 80 250 000 2.80 0 100

? Conditions: [M]ww = 0.42 M in CH,Cl,, catalyst Grubbs 2™ generation, [M]ww/[RU] =
100, 38 °C, 2 h. bPonmerization time = 1 h. “Hexane-insoluble part. ‘ Determined by

GPC (THF, polystyrene calibration). °Determined by 'H NMR (CDCls).

Figure 2. GPC traces of homopolymers, random copolymer and block copolymer (feed

ratio of 1:2 = 50:50)
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Table 2. Block Copolymerization of 1 and 2 *

Feed ratio Yield © Unit ratio °
. M,° M./M,
1 2 (%) 1 2
75 25 quant 120 000 1.40 70 30
62 38 quant 130 000 1.72 60 40
50 50 quant 95 000 1.75 56 44
38 62 83 110 000 1.90 49 51
25 75 88 69 000 1.85 35 65

“Conditions: [M]ew = 0.42 M in CH,Cl,, catalyst Grubbs 2™ generation, [M],w/[RU] =
100, 38 °C, 2 h. bPonmerization time = 1 h. ° Hexane-insoluble part. ‘ Determined by

GPC (THF, polystyrene calibration). °Determined by 1H NMR (CDCI,).

Figure 2 depicts the representative GPC chromatograms of the homopolymer,
random, and block-copolymer. The chromatogram of copolymers were in the range of

molecular weight between poly(1) and poly(2).

The 'H NMR spectra of the homo polymer and block copolymer were examined
to verify the completion of polymerization. As shown in Figure 3, the olefin protons
signal of monomer at 6.1 ppm could not be observed while these two olefinic protons
signals of block copolymer exhibits around 5.1-5.2 ppm. This indicated the

accomplishment of copolymerization.
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Figure 3. 'H NMR spectra of poly (2) and poly(1)-block-poly(2) (feed ratio of 1:2 = 50:50)

measured in CDCl;, (* grease).

Further investigate on the effect of monomer structure for macroporous
formation and strength, monomer 3 was synthesized. The longer repeating units of
lactic acid (20 eq. to norbornene dimethanol) gave 3 in colorless sticky solid, with higher
viscosity than 2. Interestingly, poly(3) could be polymerized with smaller PDI (table 4) in
quantitative yields when compared with poly(2). The relatively large PDI of poly (2)
caused by the fast propagation compared with the initiation. o Increasing repeating
units of lactic acid resulted in bulky substituents which retarded the fast propagation
state and made ROMP in more living manner, that resulted in a narrower PDI besides

quantitative yields of poly(3).
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Table 3. Homo and Copolymerization of 1 and 3 °

Feed ratio Yield Unit ratio °
M,* MM,
1 3 (%) 1 3
75 25 quant 23 000 1.23 65 35
62 38 96 28 000 1.32 54 46
50 50 85 37 000 1.35 42 58
38 62 92 47 000 1.39 36 64
25 75 87 88 000 1.63 23 77
0 100” quant 79 000 1.56 0 100

“Conditions: [M]ew = 0.42 M in CH,Cl,, catalyst Grubbs 2™ generation, [M],w/[RU] =
100, 38 °C, 4 h. bPonmerization time = 2 h. ° Hexane-insoluble part. ? Determined by

GPC (THF, polystyrene calibration). °Determined by 'H NMR (CDCly).

Table 3 also lists the results of the copolymerization of 1 and 3 at different feed
ratios. The copolymers with M, of 23 000 — 88 000 (M, /M, = 1.23-1.63) were obtained
in quantitative yields. The M, increased with increasing feed ratios of 3.

Block copolymerization with 3 could also be achieved. In the first stage of the
polymerization, 1 was quantitatively converted within 2 h. After that, 3 was added to
the mixture and then the resulting mixture was stirred for another 5 h, leading to the
well-defined block copolymers with M, of 110 000 — 180 000 (M,/M, = 1.82 -2.34). The
block copolymers were obtained in quantitative yields as lists in Table 4, where the
block copolymers gave higher molecular weight than the random ones. 'H NMR and
GPC traces of copolymers suggested the complete polymerization between 1 and 3,

where no residue of monomer remained.
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Table 4. Block Copolymerization of 1 and 3 °

Feed ratio Yield ° Unit ratio °
. M, ° M,J/M,
1 3 (%) 1 3
75 25 69 110 000 1.82 77 23
62 38 71 120 000 2.03 71 29
50 50 99 150 000 1.91 58 42
38 62 99 180 000 2.32 39 61
25 75 88 180 000 2.34 26 74

“Conditions: [M]ew = 0.42 M in CH,Cl,, catalyst Grubbs 2™ generation, [M],w/[RU] =
100, 38 °C, 5 h. ° Hexane-insoluble part. “Determined by GPC (THF, polystyrene

calibration). “Determined by 'H NMR (CDCl,).

3.4 Macroporous structure
Poly(lactic acid) has been reported as a bio-based material for fabrication into

79, 82
3D macroporous scaffold.

However, PLA based scaffold still lack of mechanical
support such as toughness, tensile and compression strength. ¥ Various techniques
have been applied toward fabrication of biodegradable polymeric materials into high

porosity and high three-dimensional area scaffolds. 8. 84

Each technique give resulting
in different of pore sizes.

Interestingly, the novel oligo(lactic acid)-derived norbornene polymer; poly(2) and
poly(3) gave a foam-like structure (figure 4) by a simple fabrication technique.
Precipitation of polymer solution (10% w/v in CH,Cl,) into excess amount of hexane for
several times in a PTFE well pate or glass vial then subsequently put the PTFE well or
vial into desiccator and dried under reduce pressure. This process is somewhat similar
to conventional polymer foaming to produce porous materials.” However, this kind of
structure could not be observed from poly(1) under the same preparation. The
copolymers of poly(1), poly(2), and poly(3) both random and block also gave 3D porous

structures. According to figure 4, the macro-porosity could not be formed if increasing

ratios of 1 in copolymers. This suggested that poly(2) and poly(3) were the major
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component of macro-porous formation. The key features of macroporous structure
formation may resulted from the potential of intermolecular hydrogen bonding interaction
of OH group of oligo(lactic) acid side chains. According to IR absorption peaks based
on OH of poly(2) and poly(3) which were broad and shifted to lower frequencies when
compared with monomer (from 3509 to 3500 cm” ; Fig.S1, S2 in supporting
information). The lowering of the frequency if the impact of hydrogen bonding.86
Besides, the structures of 2 and 3 as grafted oligo(lactic acid) to polynorbornene
provided brush-like polymer, a densely branched macromolecules which can be self
organized in the shape that they are placed.az(d)' o
Furthermore, block copolymers of 1 with 2 or 3 could be self-assembled from
the hydrophilic nature of leucine and hydrophobic of oligo(lactic) acid chains, thus
generated hybrid molecules that are covalently linked together. The phase separation
occurs because of the thermodynamic incompatibility of these segments to minimize

contact energy between the segments of the copolymer, thus porous formation

88
occurred.

Figure 4. Macro-porous structure of a) polymer (2) and block copolymers with feed

ratios of 1:2; b) 25:75, c) 38:62, d) 50:50, e) 62:38, and f) 75:25
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Figure 5. Macro-porous structure of random copolymers with feed ratios of 1:2 = a)

25:75, b) 38:62, c) 50:50, d) 62:38, and e) 75:25.

3.5 Determination of pore morphology

The pore morphology and distribution could be seen by the SEM micrographs
presented in Figure 6. Although a three-dimensional macro porous structure could not
be observed from poly(1), the micropores in the range of 5-10um could be founded as
shown in figure 6a), and b). Whereas figure 6¢) and d) represented the porosity from
poly(2) and poly(3) with larger pore sizes in the range of 50-300 um and 200-300 um,
respectively. It was found that the porosity and pore sizes were strongly dependent on
the compositions of polymer.

Ingeneral, SEM images revealed that the micro (5-10 ym) and macro pores
(100-500 pm), regarding block of poly(1) and poly(2), respectively were heterogeneous
distributed. When higher ratio of 1 in block copolymer, large amount of micro pores
could be observed and the pores were randomly dispersed (Fig.7a, b). Increasing
ratios of (2), the pore sizes increased to around 200 um (Fig. 7c, d) and the distribution
of pores were more homogeneous when compared with the ones of higher ratios of (1).
Interestingly, pore interconnected could be observed in random-copolymer (Fig. 7(d))

and pore sizes were in the range of 100-200 pm.
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Figure 6. SEM images of cross section of porous structure from polymer a) and b)
poly(1), c) poly(2), and d) poly(3) and scale bars; a) x 70, 200 ym, b) x 1,000, 10 ym, c)
x 75, 100 ym, and d) x 50, 500 pym.

The heterogeneity distribution of micro and macro pores could also be observed
in the case of block copolymer of 1 with 3 (Fig. 8a, c). The same phenomena of higher
ratios of 1 in block copolymer gave large amounts of micro pores. The porosities of
random-copolymers were more uniform and homogeneous through out the structure
(Fig.8b, d). The pore sizes varied from 100—300 um which were larger when compared
to random-copolymer of 1 and 2. The porous formation of block and random
copolymers may caused by a high functional group density at the periphery.89 Further,
self-assembly of block copolymer also provides access to a variety of nanoporous

. 88
materials.
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Figure 7. SEM images of cross section of porous structure from polymer ; a) and b)
block-copolymer in the ratio of 1:2 = 75:25, c¢) block-copolymer, and d) copolymer in the
ratio of 1:2 = 38:62 and scale bars; a) x 300, 50 ym, b) x 500, 50 ym, c) x 100, 100

pm, and d) x 50, 500 um.
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Figure 8. SEM images of cross section of porous structure from copolymer 1:3 ; a)
block-copolymer, and b) copolymer in the ratio of 1:3 = 38:62, c) block-copolymer, and
d) copolymer in the ratio of 1:3 = 62:38, and scale bars; a) x 50, 500 uym, b) x 75, 100

pm, ¢) x 100, 100 pym, and d) x 75, 100 pm.

3.6 Mechanical properties

Table 5. Compressive strength of homopolymers °

Polymer Compressive strength (Mpa)b
poly(2) 0.069+0.01
poly(3) 0.11+0.03

* measured by an Instron 5565 equipped with a 100 N load cell and a probe size of 6
mm at a rate of 1 mm/min up to extension 5 mm. ® pased on an average of five

samples, (+ = standard deviation).

The compression strength is an important property of scaffolding materials. As
in the previous report, PLA scaffolds based on block copolymers have shown

improvement of mechanical properties compared to the PLA. % In this study, macro-
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porous structure of copolymers showed improvement compressive strength than macro-
porous structure based and oligo(lactic acid) poly(2), poly(3) functionalized

polynorbornene. (table 5 and 6)

Table 6. Compressive strength of copolymers °

Block copolymer Compressive Copolymer Compressive
strength (Mpa)b strength (Mpa)b
poly(1)-block-poly(2) poly(1-co-2)
25:75 0.071+0.01 25:75 0.18+0.05
38:62 0.17+0.12 38:62 0.25+0.11
50:50 0.27+0.09 50:50 0.14+0.01
62:38° 0.26+0.12 62:38 0.16+0.01
75:25° 0.26+0.05 75:25 0.29+0.04
poly(1)-block-poly(3) poly(1-co-3)
25:75 0.13+0.04 25:75 0.25+0.05
38:62 0.22+0.03 38:62 0.16+0.01
50:50 0.23+0.08 50:50 0.30+0.001
62:38° 0.30+0.09 62:38 0.34+0.07
75:25° 0.25+0.04 75:25 0.27+0.07

* measured by an Instron 5565 equipped with a 100 N load cell and a probe size of 6
mm at a rate of 1 mm/min up to extension 5 mm. ® based on an average of fve

samples, (+ = standard deviation).  up to extension 3mm. ¢ up to extension 2 mm.

Poly(3) provided higher compressive strength than poly(2), presumably due to
the longer repeating units of lactic acid and higher of molecular weights. According to
table 5, compressive strength of poly(2) and poly(3) tend to increase up to 300 % with

increasing ratio of 1 in copolymers, for both block- and random ones. This results
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indicated that copolymerization of 2, 3 with 1 improved mechanical strength of oligo
lactic acid base norbornene polymer, probably due to the strong intermolecular
hydrogen bonding between amide group of 1 or OH group of 2 and 3 that extended
polymer aggregation. Further, some of the grafted oligo(lactic acid) chains can be
entangle each other® and or with amino-acid substituents. Judging from FTIR (Fig. S$1,
S2), the carbonyl group of amide of 1 shifted to higher frequency which suggested the
intermolecular hydrogen bonds that stabilized aggregated strand”’ resulted in the higher

mechanical strength of macroporous structures from copolymers.

Conclusions

The synthesis and ROMP of amino acid and (oligo)lactic acid-derived novel
norbornene monomers, 1, 2 and 3 could be successfully synthesized. The homo,
random, and block copolymerizations using Grubbs 2" generation catalyst satisfactorily
proceeded to give the correspondings polymers in quantitative yields. The macro
porous structure polymers could be fabricated. SEM revealed that the pore size of
macroporous structure are in the range of 100-300 um, while micropore (5-10 um) could
be observed in poly(1). The random and block copolymers, gave higher mechanical
strength than the homo ones. Amino acid functionalized nobornene polymer, poly(1)
play an important role in the improvement of mechanical strength of and (oligo)lactic
acid functionalized norbornene polymers. The achievement in this work may contributes
to the development of macro porous scaffold and extends the possibility of application
of amino-acid-base norbornene polymer to biocompatible materials. The

cytocompatibility of these materials in vitro is also being investigated.

35



References

1.

10

11.

12.

13.

14.

15.

16.

Hamley, W. Nanotechnology 2003, 14, 39-54.

. Mann, S. Nature Mat. 2009, 8, 781-792.

. Vandermeulen, G. W. M.; Klok, H. A. Macromol. Biosci. 2004, 383—-398.

. Duncan, r. Nat. Rev. Drug. Discov. 2003, 2, 347-360.

. Lodge, T. P. Macromol. Chem. Phys. 2003, 204, 265-273.

. Shenhar, R.; Norsten, T. B.; Rotello, V. M. Adv. Mater. 2005, 17, 657—669.

. Hadjichristidis, N.; Pitsikalis, M.; latrou, H. Adv. Polym. Sci. 2005, 189, 1-124.

. Trnka, T. M.; Grubbs, R. H. Acc. Chem. Res. 2001, 34, 18-29.

. Schrock, R. R.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2003, 42, 4592—-4633.

. Grubbs, R. H.; Tunas, w. Science 1989, 243, 907-915.

Schrock, R. R. Acc. Chem. Res. 1990, 23, 158—-165.

Bazan, G. C.; Schrock, R. R.; Khosravi, E.; Feast, W. J.; Gibson, V. C.;
O’'Regan, M. B.; Tomas, J. K.; Davis, W. M. J. Am. Chem. Soc. 1990, 112,

8378-8387.

Feast, W. J.; Gibson, V. C.; Marshall, E. L. J. Chem. Soc., Chem. Commun.

1992, 1157-1158.

Sanda, F.; Endo, T. Macromol. Chem. Phys. 1999, 200, 2651-2661.

(a) Mcpherson, D. T.; Morrow, C.; Minehan, D. S.; Wu, J.; Hunter, E.; Urry, D.
W. Biotechnol. Prog. 1992, 8, 347-352. (b) Prince, J. T.; McGrath, K. P;

DiGirolamo, C. M.; Kaplan, D. L. Biochemistry 1995, 34, 10879-10885.

(a) Petka, W. A.; Harden, J. L.; Ncgrath, K. P.; Wirtz, D.; Tirrell, D. A. Science

1998, 281, 389-392. (b) Krejchi, M. T.; Atkins, E. D. T.; Waddon, A. J;

36



17.

18.

19.

20.

21.

Fournier, M. J.; Mason, T. L.; Tirrell, D. A. Science 1994, 265, 1427-1432. (c)
Huang, J.; Valluzzi, R.; Bini, E.; Vernaglia, B.; Kaplan, D. L. J. Biol. Chem. 2003,

278, 46117-46123.

Chilkoti, a.; Dreher, M. R.; Meyer, D. E. Adv. Drug Delivery. Rev. 2002, 54,

1093-1111.

(a) Panitch, A.; Yamaoka, T.; Fournier, M. J.; Mason, T. L.; Tirrell, D. A.
Macromolecules 1999, 32, 1701-1703. (b) Beter, H.; Setton, L. A.; Meyer, D.
E.; Chilkoti, A. Biomacromolecules 2003, 3, 910-916. (c) Dizio, K. A_; Tirrell, D.
A. Macromolecules 2003, 36, 1553-1558. (d) Heilshorn, S. C.; Dizio, K. A;
Welsh, E. R.; Tirrell, D. A. Biomaterials 2003, 24, 4245-4252. (e) Mi, L
Fischer, S.; Chung, B.; Sundelacruz, S.; Harden, J. L. Biomacromolecules 2006,
7, 38—47. (f) Chen, J. S.; Attman, G. H.; Karageorgiou, V.; Horan, R.; Collette,
A.; Volloch, V.; Colabro, T.; Kaplan, D. L. J. Biomed. Mater. Res. A. 2003, 67,

559-570.

(a) Kwon, G. S.; Naito, M.; Kataoka, K.; Yokohama, M.; Sakurai, Y.; Okano, T.
Colloids and Surfaces. B: Biointerfaces 1994, 2, 429-434. (b) Welsh, E. R;;
Tirrell, D. A. Biomacromolecules 2000, 1, 23-30. (c) Deming, T. J. Advanced

Drug Deliv. Res. 2002, 54, 1145-1155.

(a) Herrmann, W. A.; Kocher, C. Angew. Chem. Int. Ed. 1997, 36, 2163-2187.
(b) Weskamp, T.; Schattenmann, W.C.; Spiegler, M.; Herrmann, W. A. Angew.
Chem. Int. Ed. 1998, 37, 2490-2493. (c) Arduengo, A. J. Acc. Chem. Res.
1999, 32, 913-921. (d) Huang, J.; Schanz, H. J.; Stevens, E. D.; Nolan, S. P.
Organometallics 1999, 18, 5375-5380. (e) Bourissou, D.; Guerret, O.; Gabbai,

F. P.; Bertland, G. Chem. Rev. 2000, 700, 39-91.

(a) Scholl, M.; Ding, S.; Lee, C. W. Org. Lett. 1999, 1, 953-956. (b) Scholl, M.;
Trnka, T. M.; Morgan, J. P.; Grubbs, R. H. Tetrahedron Lett. 1999, 40, 2247—
2250. (c) Weskamp, T.; Kohl, F. J.; Herrmann, W. A. J. Organomet. Chem.

1999, 582, 362-365.

37



22.

23.

24,

25.

25.

27.

28.

29.

30.

31.

(a) Sanford, M. S.; Love, J. A.; Grubbs, R. H. Organometallics 2001, v, 5314—
5318. (b) Love, J. A.; Morgan, J. P.; Trnka, T. M. Grubbs, R. H. Angew. Chem.,
Int. Ed. 2002, 41, 4035-4037. (c) Love, J. A.; Sanford, M. S.; Day, M. W,;
Grubbs, R. H. J. Am. Chem. Soc. 2003, 125, 10103—-10109. (d) Slugovc, C.;
Demel, S.; Stelzer, F. Chem. Commun. 2002, 2572-2573. (e) Frenzel, U.;
Weskamp, T.; Kohl, F. J.; Schattenmann, W. C.; Nuyken, O.; Herrmann, W. A.

J. Orgamomet. Chem. 1999, 586, 263—-265.

Sutthasupa, S.; Shiotsuki, M.; Sanda, F. Polymer Journal, 2010, 1-11.

(a) Williams, C. K.; Hillmyer, M. A. Polym. Rev. 2008, 48, 1-10. (b) Gupta, A.

P.; Kumar, V. Eur. Polym. J. 2007, 43, 4053-4074.

(a) Nair, L. S.; Laurencin, C. T. Prog. Polym. Sci. 2007, 32, 762.

(a) Yaszemski, M. J.; Payne, R. G.; Hayes, W. C.; Langer, R.; Mikos, A. G.
Biomaterials 1996, 17, 175. (b) Agrawal, C. M.; Ray, R. B. J. Biomed. Mater.

Res. 2001, 55, 141.

Hutmacher, D. W. J. Biomater. Sci., Polym. Ed. 2001, 12, 107.

Waite, J. H.; Lichtenegger, H. C. Stucky, G. D.; Hansma. P. Biochemistry 2004,

43, 7653.

(a) Frick, E. M.; Zalusky, A. S.; Hillmyer, M. A. Biomacromolecules 2003, 4,
216-223. (b) Cohn, D.; Hotovely-Salomon. A. Polymer 2005, 46, 2068-2075. (c)
Wanamaker, C. L.; O’Leary, L. E.; Lynd, N. A.; Hillmyer, M. A.; Toman, W. B.

Biomacromolecules 2007, 8, 3634—-3640.

Handbook of Metathesis; Grubbs, R. H., Ed.; Wiley-VCH: Weinheim, 2003;

Vol.3.

Kiessling, L. L.; Owen, R. M. In Handbook of Metathesis; Grubbs, R. H., Ed;

Wiley-VCH: Weinheim, 2003; Vol. 3, Chapter 3.6.

38



32.

33.

34.

35.

36.

37.

38.

(a) Mortell, K. H.: Gingras, M.: Kiessling, L. L. J. Am. Chem. Soc. 1994, 116,
12053-12054. (b) Fraser, C.; Grubbs, R. H. Macromolecules 1995, 28, 7248—
7255. (c) Nguyen, S. T.; Grubbs, R. H.; Ziller, J. W. J. Am. Chem. Soc. 1993,
115, 9858-9859. (d) Manning, D. D.; Hu, X.; Beck, P.; Kiessling, L. L. J. Am.
Chem. Soc. 1997, 119, 3161-3162. (e) Manning, D, D.; String, L. E.; Hu, X,
Beck, P. J.; Kiessling, L. L. Tefrahedron 1997, 53, 11937-11952. (f) Gordon, E,
J.; Sanders, W. J.; Kiessling, L. L. Nature 1998, 392, 30-31. (g) Sanders, W. J.;
Gordon, E. J.; Dwir, O.; Beck, P. J.; Alon, R.; Kiessling, L. L. J. Biol. Chem.
1999, 274, 5271-5278. (h) Gestwicki, J. E.; Strong, L. E.; Cairo, O.; Boehm, F.

J.; Kiessling, L. L. Chem. Biol. 2002, 9, 163—169.

(a) Gestwicki, J. E.; Strong, L. E.; Kiessling, L. L. Chem. Biol. 2000, 7, 583-591.
(b) Gestwicki, J. E.; Strong, L. E.; Borchardt, S. L.; Cairo, C. W.; Schnoes, A.

M.;Kiessling, L. L. Bioorg. Med. Chem. 2001, 9, 2387-2393.

(a) Biagini, S. C. G.; Coles, M. P.; Gibson, V. C.; Giles, M. R.; Marshall, E. L.;
North, M. Polymer 1998, 39, 1007-1014. (b) Coles, M. P.; Gibson. V. C;
Mazzariol, L.; North, M.; Teasdale, W. G.; Williams, C. M.; Zammuer, D. J.
Chem. Soc. Chem. Commun. 1994, 2505-2506. (c) Biagini, S. C. G.; Davis, R.
G.; Gibson, V. C.; Giles, M. R.; Marshall, E. L.; North, M. Polymer 2001, 42,

6669—6671.

Wanner, J.; Harnen, A. M.; Probst, D. A.; Poon, K. W. C.; Klein, T. A,

Snelgrove, K. A.; Hanson, P. R. A. Tetrahedron Lett. 2002, 43, 917-921.

Ruoslahti, E.; Pierschbacher, M. D. Science 1987, 238, 491-497.

Maynard, H. D.; Okada, S. Y.; Grubbs, R. H. Macromolecules 2000, 33, 6239—

6248.

Maynard, H. D.; Okada, S. Y.; Grubbs, R. H. J. Am. Chem. Soc. 2001, 123,

1275-1279.

39



39.

50.

41

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Urry, D. W.; Parker, T. M.; Reid, M. C.; Gowda, D. C. J. Bioact. Compat. Polym.

1991, 6, 263-282.

Pierschbacher, M. D.; Ruoslahti. E. Nature, 1984, 309, 30-33.

. Robert, S. K.; Chilkoti, A. Biomacromolecules 2007, 8, 2618—-2621.

Conrad, R. M.; Grubbs, R. H. Angew. Chem. Int. Ed. 2009, 48, 8328—-8230.

Carillo, A.; Gujraty, K. V.; Rai, P. R.; Kane, R. S. Nanotechnology 2005, 16,

S416-421.

Biagini, S. C. G.; Parry, A. L. J. Polm. Sci. A Poly. Chem. 2007, 45, 3178-3190.

Parry, A. L.; Bomans, P. H. H.; Holder, S. J.; Sommerdijk, N. A. J. M.; Biagini,

S. C. G. Angew. Chem. Int. Ed. 2008, 47, 8859-8862.

Lienkamp, K.; Tew, G. N. Chem. Eur. J. 2009, 15, 11784-11800.

llker, M. F.; Nusslein, K.; Tew, G. N.; Coughlin, E. B. J. Am. Chem. Soc. 2004,

126, 15870-15875.

Lienkamp, K.; Madkour, A. E.; Musante, A.; Nelson, C. F.; Nusslen, K.; Tew, G.

N. J. Am. Chem. Soc. 2008, 130, 9836-9843.

Lu, H.; Wang, J.; Lin, Y.; Cheng, J. J. Am. Chem. Soc. 2009, 131, 13582—-1358

3.

Sutthasupa, S.; Terada, K.; Sanda, F.; Masuda, T. J. Polym. Sci. A Poly. Chem.

2006, 44, 5337-5343.

Sutthasupa, S.; Sanda, F.; Masuda, T. Macromol. Chem. Phys. 2008, 209, 930—

937.

Sutthasupa, S.; Terada, K.; Sanda, F.; Masuda, T. Polymer 2007, 48, 3026—

3032.

Sutthasupa, S.; Sanda, F.; Masuda, T. Macromolecules 2009, 42, 1519-1525.

40



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Forster, S.; Plantenberg, T. Angew. Chem., Int. Ed. 2002, 41, 688-714.

Lodge, T. P. Macromol. Chem. Phys. 2003, 204, 265-273.

Hamley, |I. W.; Castelletto, V.; Prog. Polym. Sci. 2004, 29, 909-948.

Wang, C.; Huang, J.; Tang, S.; Zhu, B. Langmuir 2001, 17, 6389-6392.

Li, B. S.; Cheuk, K. K. L.; Yang, D.; Lam, J. W. Y.; Wan, L. J.; Bai, C.; Tang, B.

Z. Macromolecules 2003, 36, 5447-5450.

Sutthasupa, S.; Shiotsuki, M.; Matsuoka, H.; Masuda, T.; Sanda, F.

Macromolecules 2010, 43, 1815-1822.

Sutthasupa, S.; Shiotsuki, M.; Masuda, T.; Sanda, F. J. Am. Chem. Soc. 2009,

131, 10546-10551.

Jiang, L.; Wolcott, M. P.; Zhang, J. Biomacromolecules 2006, 7, 199-207.

Grijpma, D. W.; Zondervan, G. J.; Pennings, A, J. Polym. Bull. 1991, 25, 327—-

333.

Hiljanen-Vainio, M.; Karjalainen, T.; Seppala, J. V. J. Appl. Polym. Sci. 1996, 59,

1281-1288,

Nakayama, A.; Kawasaki, N.; Arvanitoyannis, L.; lyoda, J.; Yamamoto, N.

Polymer 1995, 36, 1295-1301.

Joziasse, C. A. P.; Grablowitz, H.; Pennings, A. J. Macromol. Chem. Phys.

2000, 201, 107-112.

(a) Aslan, S.; Calandrelli, L.; Laurienzo, P.; Malinconico, M.; Migliaresi, C. J.
Mater. Sci,: Mater. Med. 2000, 35, 1615-1622. (b) Hiljanen-Vainio, M.
Varpomaa, P.; Seppala, J.; Tormala, P. Macromol. Chem. Phys. 1996, 197,
1503-1523. (c) Maglio, G.; Migliozzi, A.; Palumbo, R.; Immirzi, B.; Volpe, M. G.

Macromol. Rapid Commun. 1999, 20, 236—-238. (d) Maglio, G.; Malinconico, M.;

41



67.

68.

69.

70.

71.

72.

73.

74.

75.

Migliozzi, A.; Groeninckx, G. Macromol. Chem. Phys. 2004, 205, 946-950. (e)

Meredith, J. C.; Amis, E. J. Macromol. Chem. Phys. 2000, 201, 733—739.

(a) Kylma, J.; Hiljanen-Vainio, M.; Seppala, J. J. Appl. Poly. Sci. 2000, 76,
1074-1084. (b) Kylma, J.; M.; Seppala, J. J. Appl. Poly. Sci. 2001, 79, 1531—

1539.

(a) Whang, Y.; Hillmyer, M. A. J. Polym. Sci., Part A: Polym. Chem. 2001, 39,
2755-2766. (b) Malzert, A.; Boury, F.; Saulnier, P.; Benoit, J. P.; Proust, J. E.
Langmuir 2000, 16, 1861-1867. (c) Gajria, A. M.; Dave, V.; Gross, R. A;
McCarthy, S. P. Polymer 1996, 37, 437-444. (d) Avella, M.; Errico, M. E,;
Immirzi, B.; Malinconico, M.; Falcigno, L.; Paolillo, L. Macromol. Chem. Phys.

2000, 201, 1295-1302.

Oyama, H. T. Polymer 2009, 50, 747-751.

Liu, H.; Chen, F.; Liu, B,; Estep, G.; Zhang, J. Macromolecules 2010, 43, 6058—

6066.

Wang, S.; Cai, Q.; Hou, J.; Bei, J.; Zhang, T.; Yang, J.; Wan, Y. J. Biomed.

Mater. Res. 2003. 66A, 522-531.

Bhardwaj, R.; Mohanty, A. K. Biomacromolecules 2007, 8, 2476—2484.

Frick, E. M.; Zalusky, A. S.; Hillmyer, M. A. Biomacromolecules 2003, 4, 216—

223.

Wanamaker, C. L.; O'Leary, L. E.; Lynd, N. A. Hilmyer, M. A.

Biomacromolecules 2007, 8, 3634—3640.

(a) Kimura, Y.; Shirotani, K.; Yamane, H.; Kitao, T. Polymer 1993, 34, 1741—
1748. (b) Leemhuis, M. van Steenis, J. H.; van Uxem, M. J.; van Nostrum, C.
F.; Hennink, W. E. Eur. J. Org. Chem. 2003, 3344-3349. (c) Trimaille, T;
Moller, M.; Gurny, R. J. Polym. Sci., Part A. Polym. Chem. 2004, 42, 4379—

4391.

42



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Gerhardt, W. W.; Noga, D. E.; Hardcastle, K. |.; Gracia, A. J.; collard, D. M,;

Weck, M. Biomacromolecules 2006, 7, 1735-1742.

Noga, D. E.; Petrie, T. A.; Kumar, A.; Weck, M.; Gracia, A, J.; Collard, D. M.

Biomacromolecules 2008, 9, 2056—2062.

Oh, S;; Lee, J. K.; Theato, P.; Char, K. Chem. Mater. 2008, 20, 6974—6984.

Wang, Y.; Noga, D. E.; Yoon, K.; wojtowicz, A. M.; Lin, A. S. P.; Garcia, A. J.;

Collard, D. M.; Weck, M. Adv. Funct. Mater. 2008, 18, 3638—3644.

Singh, R.; Czekelins, C.; Schrock, R. R. Macromolecules 2006, 39, 1316-1317.

(a) Kanaoka, S.; Grubbs, R. H. Macromolecules 2002, 35, 7878-7882. (b) Choi,

T. H.; Grubbs, R. H. Angew. Chem., Int. Ed. 2003, 42, 1743-1746.

(a) Dhandayuthapani, B.; Yoshida, Y.; Maekawa, T.; Kumar, D. S. Int. J. Polym.
Sci. 2011, 1-19. (b) Nair, L. S.; Laurencin, C. T. Prog. Polym. Sci. 2007, 762—
768. (c) Cheng, K.; Lai, Y.; Kisaalita, W. S. Biomaterials 2008, 29, 2802-2812.

(d) Ma, P. X. Adv. Drug. Deliv. Res. 2008, 184—198.

Jiang, L.; Wolcott, M. P.; zhang, J. Biomacromolecules 2006, 7, 199-207.

Ma, P. X.; Materials Today, 2004, 31-40.

Wang, Y.Li, F. Adv. Mater. 2011, 23, 2134-2148.

Coates, J. In Encyclopedia of analytical chemistry; Meyers, R. A., Ed.; John

Wiley & Sons Ltd, Chichester, 2000; 10815-10837.

Bolton, J.; Bailey, T. S.; Rzayev, J. Nano Lett. 2011, 11, 998-1001.

Wu, D.; Fei Xu, F.; Sun, B.; Fu, R.; He, H.; Matyjaszewski, K. Chem reviews.

2012, 112, 3959-4015.

Nystrém, A.; Malkoch, M.; Furd, |.;Nystrém, D.; Unal, K.; Antoni, P.; Vamvounis,
G.; Hawker, C.; Wooley, K.; Malmstrém, Hult, A. Macromolecules 2006, 39,

7241-7249.

43



90. Huang, T.; Xu, H.; Jiao, K.; Zhu, L.; Brown, H. R.; Wang, H. Adv. Mater. 2007,

19, 1622-1626.

91. Jackson, M.; Mantsch, H. H. Critical Reviews in Biochemistry and Molecular

Biology. 1995, 30, 95-120.

44



Supporting information

Figure S1. FTIR spectra of poly(1), poly(2), poly(1)-block-poly(2) and poly(1-co-2)
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Figure S2. FTIR spectra of monomer (3), poly(3), poly(1), poly(1)-block-poly(3) and

poly(1-co-3)
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