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ABSTRACT

The first polysulfenamides were synthesized with S-N and N-S-N bonds along the
backbone. We demonstrated that sulfenamides were stable in polar protic and aprotic
solvents, but degraded rapidly when exposed to acidic conditions. Microparticles were
fabricated from polysulfenamides with S-N bonds, their surfaces were readily
functionalized, and they were internalized by cells allowing for intracellular delivery of
their cargo. These microparticles were also stable at physiological pH, degraded under
acidic conditions, and possessed minimal toxicity towards cells. This work demonstrated
that polysulfenamides form the basis for a new set of polymers for drug delivery that
greatly differ from prior work in this field.

New biodegradable polymers with N-S-N bonds along the backbone were
synthesized. These were the first polymers with these bonds and possessed many of the
same characteristics as polymers synthesized with S-N bonds.

The synthesis and characterization of comb block copolymers with arms
composed of poly(lactic acid), poly(butyl acrylate), and poly(styrene-b-vinylpyridine)
were described. The self-assembled morphologies in the solid state of comb tri- and
tetrablock copolymers with poly(styrene) were also described. These assemblies
demonstrated that well-ordered and complex morphologies were assembled from these
polymers.

The steric effect of substitutions on oxanorbornenes in ring-opening metathesis
polymerization (ROMP) was investigated. Oxanorbornenes substituted with methyls at
the bridgehead positions showed limited reactivity with the Grubbs first and second

generation catalysts and the Grubbs first generation methylidene catalyst.
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CHAPTER 1
INTRODUCTION

Biomedical Polymers

In this chapter I will briefly review some of the key polymers used in medicine
and their properties. This field is too large to be reviewed in its entirety; rather, I will
focus on the most important polymers in this field and give a few key examples of their
applications to illustrate the applied aspects of polymers in medicine. For instance, these
polymers are used to deliver drugs and DNA; as scaffolds to grow organs, bone, or nerve
cells; and as replacements for heart valves. The applications of these polymers require an
understanding of their chemical properties and I will discuss how their chemical

structures are chosen to achieve the right mechanical or physical properties.

Biomedical Polymers from Nature

Biomedical polymers can be defined as polymers which are used for medical
treatments and therapies such as the regeneration of damaged tissues and organs, cell
therapies, materials for artificial organs and prostheses, and drug delivery systems.
Because of their applications in the body, biomedical polymers must be biocompatible or
biodegradable such that they promote no toxic or harmful effects. Naturally occuring
polymers such as collagen, fibrin, and derivatives of polysaccharides (Figure 1.1) are
widely used for biomedical purposes.' These polymers show little to no cytotoxicity and
readily mimic cellular environments because they are derived from biological sources
such as animal tissues, body-fluids, and plants. In the subsequent paragraphs I will

discuss some of these polymers, their origins, and key applications.
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Figure 1.1 Natural biopolymers derived from polysaccharides. a) Alginate. b) Hyaluronic
acid. ¢) Chondroitin sulfate. d) Chitosan."

Collagen is a group of proteins which are found in the tissue of all vertebrates.” It
is extracted from animal skin and can be processed into various forms such as gels,
sponges, and films.? Collagen has been mainly used for wound dressing and scaffolds on
which artificial liver, bone, cartilage, and skin are grown.3

Fibrin is another kind of natural polypeptide which originates in the process of
blood coagulation and plays a pivotal role in wound treatment.* > Because of its
adhesiveness, fibrin has been used as surgical glue for plastic and reconstructive surgery,
as a surgical sealant for skin repair, and to grow bone graft. It is also known to form
heparin-containing hydrogels which can deliver growth factor to cells.’

Alginate is extracted from seaweed and possesses an abundant number of
carboxylic acid groups along its backbone compared to other polysaccharide-derivatives
as shown in Figure 1.1a. Because of the carboxylic acid groups, alginate is negatively

charged and cross-links well in the presence of the divalent cation Ca®" through the ionic



interactions with two acids. Alginate has been used for wound dressing and as a hydrogel
scaffolding for tissue engineering.’

Hyaluronic acid (HA), one of a group of polysaccharides, exists in all tissues and
body fluids of vertebrates.” Hyaluronic acid plays a pivotal role in biological process such
as tissue repair, tissue hydration, and cell differentiation.” Hyaluronic acid has been
widely utilized for ocular surgery, alleviating osteoarthritis, and wound healing
applications.®'°

Chitosan, another polysaccharide-derivative, is biosynthetically produced by
deacylating chitin, which is found in the shell of clams.'""'* Chitosan is a semi-crystalline
polymer and its degree of crystallinity is determined by the degree of deacylation.' It is
degraded in cells by various chitinases and the rate of its biodegradation varies with the
number of acetyl group remaining in the backbone."® Because chitosan is positively
charged due to amine groups along its backbone, it is one of most promising nonviral
vectors for gene delivery.'* Chitosan also has been widely investigated for space-filling
prostheses, wound dressings, and a scaffold for tissue engineering because of its
biodegradability and biocompatibility."> '°

Although these naturally derived polymers possess numerous positive attributes
as biomedical polymers, there are some limitations to their use due to their rapid
degradation in vivo and lack of long term physical stability." The physical weakness of
natural polymers and their rapid degradation profiles make it challenging to control their
physicochemical properties and limit their applications. Consequently, synthetic
biomedical polymers have attracted the attention of scientists as a way to tailor the

chemical and physical properties of polymers used in medicine.

Synthetic Biomedical Polymers
Numerous synthetic biomedical polymers have been used for more than four

decades because of their ease of synthesis, the ability to control their physical properties



through molecular weights and chemical composition, and the ease of molding devices
with tailored properties. Synthetic biomedical polymers can be categorized into two basic
types: nonbiodegradable and biodegradable polymers. In Figure 1.2 the structures of

common synthetic polymers used in biomedical applications are shown.
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Figure 1.2 Synthetic biomedical polymers and their chemical structures. a)
Nonbiodegradable polymers. b) Biodegradable polymers.

As can be seen in Figure 1.2a, nonbiodegradable polymers lack functional groups
along their backbones that can be cleaved to degrade the polymer in vivo. Therefore,
these polymers are mostly inert and persist in the human body. These polymers are

typically used in applications where they must persist for long periods of time such as for



hip replacements or to increase the molecular weight of proteins to increase their lifetime
in blood.

These polymers include ultrahigh-molecular-weight polyethylene (UHMWPE)
which has a molecular weight in excess of a million g mol™."” Although UHMWPE is
nondegradable in the body, it is considered biocompatible because it has no solubility in
blood. Because UHMWPE is a hard material and relatively safe in vivo, it is used as a
major material for joint replacements such as artificial hips and knees.'® "’

Silicones are also important polymers for biomedical application because of their
biocompatibility, ease of fabrication, and high permeability to various steroids.*** As a
result, silicones have been exploited for cosmetics, shampoos, contraceptives, lubricating
oils, and transdermal delivery of drugs.”

Among the nonbiodegradable polymers used in medicine, poly(ethylene glycol),
poly(vinyl alcohol), poly(vinyl pyridine), and polyethyleneimine are all water-soluble.
These polymers possess amine, carboxylic acid, ethyleneoxy, or amine groups along their
backbone, and can be easily hydrated, ionized, or protonated to dissolve in physiological
fluids. Water-soluble polymers have a number of applications such as matrices for drug
delivery applications, hydrogels for tissue engineering,24 and nonviral vectors for DNA
delivery.” Many of these polymers are commonly used for preparing capsules and tablets
of drugs which are orally administrated. When these capsules and tablets are taken into
the body, the drugs are slowly released as the polymers dissolve. The size and shape of
the tablet as well as the molecular weight and identity of polymers influence the rate of
release of drug.”

Biodegradable polymers possess a backbone that can be fragmented in vivo to
shorter chains through a chemical reaction. As a result of the fragmentation, the
segmented chains are water-soluble or small enough to be excreted from the body by
physiological metabolic pathways. These biodegradable polymers mainly contain

hydrolyzable functional groups such as ester and anhydride groups along their backbone



as shown in Figure 1.2b and readily degrade through a hydrolysis reaction in
physiological fluids. Commercially available and widely used biodegradable polymers
are poly(e-caprolactone), poly(lactic acid), poly(glycolic acid) and numerous
polyanhydrides. Their synthesis, properties, and applications as a drug delivery matrix

will be discussed in more detail later in this chapter.

Scaffolds for Tissue Engineering and Organ Replacement

One of the remarkable applications of biomedical polymers is that they can be
utilized for tissue engineering and as scaffolds to grow replacement organs. In tissue
engineering applications, damaged tissues and organs are healed by the growth of new
cells on a defective site. Tissue engineering typically requires three components: a group
of reparative cells which have ability to migrate, proliferate, and differentiate;
biodegradable scaffolds on or in which cells can grow; and growth factors which provide

nutrients to the cells. "2

The scaffold plays a key role because it influences the growth,
differentiation, and organization of the cells as well as the size and shape of the revived
tissue. In order to provide the optimal environment for the growth of cells, the scaffold
should ideally meet the following requirements.*’
1. The scaffold material should be biocompatible and biodegradable with controlled
kinetics of degradation.
2. The scaffold should possess an appropriate surface chemistry which facilitates the
attachment of cell, proliferation, and differentiation.
3. The mechanical properties of the scaffold should match the properties of the site
where the scaffold is implanted.
4. The architecture of the scaffold should expedite the formation of the ingenuous

structure of tissue and be manufactured reproducibly to medically proper sizes

and shapes.



5. The scaffold should be three-dimensional and extremely porous. The pores should
be interconnected to allow cellular migration, production of the extracellular

matrix, and the exchange of nutrients and metabolic waste.

Poly(lactic acid), poly(glycolic acid), poly(lactic-co-glycolic acid), and poly(e-
caprolactone) are the main polymers used to prepare scaffolds because they fulfill the
five requirements.”® Among those five requirements, the preparation of a highly porous
and interconnected pore structure is the most challenging. Consequently, efforts to
produce a highly porous scaffold with interconnected pores have been investigated by
many groups. Techniques such as gas-foaming, salt-leaching, thermally induced phase
separation, and freeze drying have been used to fabricate such scaffolds.*®

The main problems with these methods are that resulting scaffolds do not have a
high concentration of interconnected pores. As a result, scaffolds derived from these
methods are ineffective at cultivating cells inside them because of the lack of internal
channels to effectively facilitate transport of oxygen, nutrients, and metabolic wastes.”®
Therefore, alternative techniques to produce fully interconnected channels within a

porous scaffold are still needed.

Hydrogels
Hydrogels are a distinct type of three-dimensional polymeric scaffold that consist
of hydrophilic, water-soluble cross-linked polymers in contrast to the scaffolds
mentioned previously which were prepared from hydrophobic polymers.” The cross-
linked scaffold is constructed through physical connections, covalent bonds, or ionic
bonds as shown in Figure 1.3." Hydrogels have an important advantage in that they are
prepared in water without organic solvents so the risks of toxicity from organic solvents,

which may cause serious inflammation to cells, are eliminated.
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Figure 1.3 Schematic illustration of how to form a hydrogel through a cross-linked
network of hydrophilic polymers. The cross-links between polymers can be
generated through physical connections, covalent bonds, or ionic bonds.

The physical properties of hydrogels such as swelling, elasticity, and permeability
are determined by the molecular weight and chemical structure of the polymers. Because
hydrogels are quite analogous to biological aqueous gels in the human body,” they may
provide an optimal biological environment for cells. Covalent cross-linked hydrogels are
generally prepared by radical polymerization using water-soluble polymers which have a
vinyl group at the end of the polymer chain.*® The radical polymerization of the vinyl
group can be initiated by heat, redox catalysts, or UV light.*"*? The use of
photopolymerization for cross-linking polymers is favored because it is simple, fast, and
controllable, thus enabling the formation of gels in situ.*> Direct photoencapsulation of
cells in a hydrogel can be performed by reacting photo-reactive oligomers in solution

with cells in one batch as shown in Figure 1.4." 33
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Figure 1.4 Schematic diagram of how to encapsulate cells within hydrogels and create
bilayer hydrogels using photopolymerization.

Figure 1.5 Photopolymerization of poly(ethylene glycol) diacrylate to yield a hydrogel
for the treatment of arthrosis. a) Procedure of photopolymerization to form a
hydrogel on the defect of human cadaveric knee. b) The defects filled with the
hydrogel after 5 min of photopolymerization.'
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One of the best advantages of using photo-hydrogelation is the ability to directly
prepare a hydrogel with viable cells in situ at the defective site. Consequently, it is
possible to implant a hydrogel-cell material into a body with a minimally invasive
procedure;** whereas, the scaffold made from hydrophobic polymers requires invasive
surgical operations because the scaffolds are implanted in the body after growing the
encapsulated cells in the scaffolds in vitro for several weeks.” Varghese et al. showed
that spatial, controllable, and fast photo-hydrogelation is possible by injecting
poly(ethylene glycol) diacrylate with a photoinitiator into the defective site on a human

cadaver knee using a syringe and polymerizing it with UV light for 5 min (Figure 1.5)."

Polymeric Scaffolds for Regeneration of Cells

The applications of the scaffolds composed of either hydrophobic or hydrophilic
polymers discussed in this chapter will focus on musculoskeletal tissue such as cartilage,
bone, muscle, and tendon. One advantage of synthetic biodegradable polymers is that
they can be cast into molds due to their ease of fabrication and durability, whereas,
biomedical polymers from nature are not readily cast into molds. For instance, if three-
dimensional scaffolds with multichannels possessing specific sizes, shapes, and durability
are required for implantation, only synthetic biodegradable polymers can provide the
appropriate mechanical and physical properties for these scaffolds.

Olson et al. prepared a scaffold 2 mm in length and 3 mm in diameter with seven
internal channels using poly(lactic-co-glycolic acid) for regeneration of neural stem cells
(NSCs) and Schwann cells (SCs) to support axonal regeneration to heal spinal cord
injuries.” They demonstrated that the NSCs and SCs in the multichannel scaffolds
successfully proliferated in vitro for 65 h (Figure 1.6) and in vivo for 1 month after
transplantation of the scaffolds into rats. When the axonal regeneration was quantitatively
analyzed 1 month post-transplantation, the number of axons in the scaffolds seeded with

NSCs and SCs significantly increased compared to the controls with no NSCs and SCs.
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This results show that the scaffolds made from poly(lactic-co-glycolic acid) are

potentially effective at guiding axonal regeneration in the spinal cord.
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Figure 1.6 Confocal microscopy images showing the application of PLGA scaffolds for
growing neural stem cells (NSCs) and Schwann cells (SCs) in vitro. a) The
shape of the PLGA scaffolds. b) and d) NSCs and SCs stained blue distributed
in the scaffold channels after 2 hour in culture ¢) and e) The channels were
filled with the proliferated NSC and SCs after 65 hours in culture. f) NSCs
maintained the ability to proliferate after 24 hours in culture.”

Wang et al. fabricated a single-channel scaffold 1.92 mm in outer diameter and
10.22 mm in length by photo-crosslinking poly(e-caprolactone-co-fumerate) in a glass
mold for regeneration of peripheral nerve as shown in Figure 1.7a.*® The conduit
fabricated from cross-linked poly(e-caprolactone-co-fumerate) was able to hold sutures
that connected it to the surrounding tissue, flexible such that it remained connected to
tissues for long periods of time, biocompatible, and biodegradable such that 70 ~ 80 % of

the original weight was lost after 71 weeks. The surface properties of the conduit were
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also favorable to support the attachment and proliferation of cells. When the conduit was
sutured between the proximal and distal sciatic nerve stumps of a rat as shown in Figure
1.7b, a nerve cable with myelinated axons was observed after 17 weeks. This result
demonstrated that poly(e-caprolactone-co-fumerate) was an excellent candidate for

preparing a scaffold for the regeneration of nerve cells.

Figure 1.7 Application of biodegradable polymers for regeneration of nerves. a) A
fabricated conduit made from photo-crosslinked poly(e-caprolactone
fumerate) (PCLF). b) Overview of a crosslinked PCLF conduit implanted
between sciatic nerve stumps (shown by the arrow) after 17 weeks. Reprinted
from Wang et al.*°

Synthetic Biomedical Polymers for Drug Delivery Systems

Medications given orally consist of active pharmaceutical ingredients, which are
often reactive in the human body and are readily damaged by gastric enzymes and acidic
fluids of the stomach before they reach the site of action. Also, drugs are commonly toxic

or have adverse reaction in the body when their total dosage is released at once.
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Therefore, direct administration of drugs to the body without any delivery vector is
limited. To safely deliver drugs to a target in the body, the drugs need to be coated or
encapsulated and released at a controlled rate over an extended period of time.

Synthetic biomedical polymers have been used as vectors for the delivery of drugs
because they do not immediately dissolve in the body, form polymeric membranes to coat
or encapsulate drugs, and enable the controlled release of drugs through the mechanisms
of diffusion, osmotic effects, and erosion of the polymer.?*’

The polymers used for drug delivery matrices need to be biodegradable for
optimal safety and controlled-release profiles. If the polymers are nonbiodegradable, they
will be accumulated in organs such as the liver, heart, and spleen and may result in toxic
effects in the body. Accordingly, polymers in drug delivery systems need to be degraded
and their degradation products should be biocompatible or effectively excreted by
kidneys.

The degradation of polymers also needs to be controlled by physiological stimuli
such as pH, temperature, cations, or enzymes. For instance, if drugs are targeted to the
lysosomal compartments of cells, the polymer matrix which surrounds the drugs should
be stable in the bloodstream at pH 7.4 but readily degrade in the lysosome at pH 4.5 to 5
to release the drugs.

Another significant factor in designing synthetic biomedical polymers for the
application of drug delivery is that the polymeric matrix should be readily functionalized
with receptors to directly bind to the surface of specific cells. However, most developed
synthetic biomedical polymers lack reactive functional groups on their backbone or the
surface of their polymeric matrix, thereby limiting their use in various applications.

The most extensively studied and commonly used synthetic biomedical polymers
for drug delivery systems are polyanhydrides and polyesters as shown in Figure 1.2b

because they are simple to design and synthesize, readily biodegrade through hydrolysis,
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and are biocompatible such that some are approved for use by the Food and Drug

Administration (FDA).>

Polyanhydrides
Polyanhydrides are among the most intensively investigated biodegradable
polymers for use in drug delivery systems. Polyanhydrides composed of aliphatic,
aromatic, and heterocyclic dicarboxylic acid monomers have been synthesized because
the polymers and their syntheses possess the following advantages.>

1. These polymers are synthesized through a one-step reaction without the
need for further purification.

2.  Commercially available, inexpensive dicarboxylic acid monomers are used
for the preparation of these polymers.

3. The structure and molecular weight of the polymers are well characterized
and they degrade via hydrolysis reactions with controllable kinetics of
degradation. Thus, the controlled release of drugs is possible by varying the
composition of the polymers.

4.  Polymeric matrices are easily fabricated through melting or compression at
low temperature, and the physical properties of the resulting materials can
be varied by manipulating the composition of polymers, additives, and
surface area.

5. The products of degradation are typically nontoxic in the body and are
readily removed from the body within a reasonable period of time.

6.  These polymers can be disinfected via terminal y-irradiation.

Polyanhydrides are synthesized by melt condensation, dehydrochlorination,
dehydrative coupling, and ring-opening polymerization as shown in Figure 1.8.%° In melt

condensation, dicarboxylic monomers are first reacted in refluxing acetic anhydride to
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yield low molecular weight prepolymers with degrees of polymerization between 1 and
20, followed by further polymerization at high temperature under vacuum to produce
polymers with degrees of polymerization from 100 to over 1,000.%° Melt condensation
enabled chemists to synthesize the first high molecular weight polyanhydrides with no
further purification.*' Although successful, this method is unsuitable for heat sensitive

monomers.
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Figure 1.8 Synthetic methods to yield polyanhydrides. a) Melt condensation. b) and c)
Dehydrochlorination. d) Dehydrative coupling. €) Ring-opening
polymerization.

For heat-sensitive monomers, polymerization under mild conditions can be

achieved by reacting dicarboxylic acid monomers with diacyl chloride or phosgene in the

presence of a base to neutralize the hydrochloric acid produced during the reaction.*>* A
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second option is to react dicarboxylic acid monomers with a dehydrating agent in the
presence of base. The both methods yield reasonable molecular weight polymers with

degrees of polymerization of 15 to 30.*

Figure 1.9 Treatment for malignant brain tumors using Griadel®, polyanhydride drug
delivery matrix of polyanhydride in the surgical resection cavity. a) - ¢)
Magnetic resonance imaging of the brain in axial, coronal, and sagittal views,
respectively, after implanting Griadel wafers to the resection bed (arrows
pointed). d) — f) Magnetic resonance imaging of the brain demonstrating no
enhanced lesion with tumor activity after four months.*

An important property of polyanhydrides is that their anhydride bonds are
susceptible to hydrolysis with water and their degradation products are non-toxic diacids.
Because of their rapid hydrolysis, the surface of a polymeric matrix of polyanhydrides is
readily eroded in water and the rate of surface erosion is faster than the rate of permeation

of water into the polymeric matrix.”* Because of these features, polyanhydrides are
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mostly used to fabricate drug delivery matrices in the form of wafers, slabs, beads, or

394 For instance, Gliadel® made from

rods to deliver drugs locally in the body.
poly[(carboxyphexnoy)proane-sebacic anhydride] is commercially used to deliver the

brain cancer drug carmustine through surgery as shown in Figure 1.9.%°

Polyesters

Polyesters are a representative group of biodegradable polymers which have ester
bonds along their backbone. The most commonly used polyesters are poly(e-
caprolactone), poly(lactic acid), poly(glycolic acid), and poly(lactic-co-glycolic acid)
shown in Figure 1.2b. Unlike polyanhydrides, water can readily permeate into a polyester
matrix which results in bulk erosion.*®*” The rate of hydrolytic degradation is determined
by the chemical composition, hydrophobicity, and crystallinity of the matrix.**In the
preparation of polyesters, ring-opening polymerization (ROP) of cyclic esters is favored
over polycondensation of hydroxycarboxylic acid because the ROP results in higher
molecular weight polymers, well-defined end groups, and the copolymerization of
multiple esters.*

Poly(e-caprolactone) is prepared from e-caprolactone through several different
ROPs such as anionic polymerization, cationic polymerization, coordination-insertion

0.* % The anionic

polymerization, and free-radical polymerization as shown Figure 1.1
ROP of e-caprolactone is initiated when a carbonyl carbon is attacked by a nucleophile
forming a negatively charged propagating species. Although the synthesis of high
molecular weight polymers is possible using anionic ROP, extensive intermolecular
transesterification can occur. In cationic ROP, cationic initiators such as protic acids and
Lewis acids associate with the carbonyl oxygen to form a positively charged ¢-
caprolactone which reacts with a second monomer. A drawback of cationic ROP is that

this method does not result in high molecular weight polymers. In the proposed

mechanism of coordination-insertion ROP, the catalyst coordinates to the monomer with
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the co-initiating alcohol to form a metal-alkoxide complex and the monomer inserts into
the metal-oxygen bond to yield the propagating species. Various metal alkoxides or metal
carboxylates such as tin(II) 2-ethylhexaonate (Sn(Oct),), zinc butoxide, and aluminum

49,51

tri-isopropoxide can be used as catalysts. Free-radical ROP utilizes 2-methylene-1,3-

dioxepane and a radical initiator as shown in Figure 1.10d.>*
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Figure 1.10 Methods to yield poly(e-caprolactone). a) Anionic ring-opening
polymerization. b) Cationic ring-opening polymerization. ¢) Coordination-
insertion ring-opening polymerization. d) Free radical ring-opening
polymerization.
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Poly(e-caprolactone) degrades at a significantly slower rate than poly(lactic acid)
and poly(glycolic acid) because it has a longer hydrophobic alkyl group. Therefore,
poly(e-caprolactone)s are used for long-term drug delivery within a implantable matrix.**
In addition, poly(e-caprolactone) is readily copolymerized with other polymers such as
poly(ethylene glycol), poly(lactic acid), and poly(glycolic acid). The use of copolymers
allows the degradation profile to be tuned for each application.*®

Poly(lactic acid), poly(glycolic acid), and their copolymer [poly(lactic-co-glycolic
acid)] are preferentially prepared from the ROP of cyclic diesters using coordination
catalysts as shown in Figure 1.11. The direct condensation of lactic acid and glycolic acid
yields low molecular weight polymers.”' Tin(II) 2-ethylhexaonate is commonly used as
the catalyst for the ROP of these monomers because it has a reasonable solubility in

various solvents, a low toxicity, and a high catalytic activity.”

\
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Figure 1.11 Synthesis of a) poly(lactic acid), b) poly(glycolic acid), and c) poly(latic-co-
glycolilc acid) through coordination-insertion ring-opening polymerization.

Poly(lactic acid) (PLA), poly(glycolic acid) (PLA), and poly(lactic-co-glycolic

acid) (PLGA) are widely accepted biodegradable and biocompatible polymers and have
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been approved by the FDA.? 3¢ PLA degrades more slowly than PGA because PLA
possesses an additional hydrophobic methyl group.*” The degradation of PLA and PGA
yields carboxylic acids which accelerate further degradation.”® Their degradation
products, lactic acid and glycolic acid, are eventually converted to water and carbon
dioxide and are eliminated through the citric acid cycle.”’ Because lactic acid (LA) exists
as three stereoisomers, L-lactide, D-lactide, and meso-lactide, PLA also exists in three
forms of L-PLA, D-PLA, and D,L-PLA, with varying physical properties.” > L-PLA,
and D-PLA are semicrystalline, whereas D,L-PLA is an amorphous polymer.**>' By
adjusting the ratio of PLA and PGA, the physical properties and degradation profiles of
PLGAs can be controlled. Microspheres fabricated from PLGAs (Figure 1.12) have been

widely used in drug delivery systems.>

Figure 1.12 Scanning electron microscopy micrographs of microparticles from PLGA. a)
Gross view of microparticles fabricated by a water-in-oil-in-oil double
emulsion technique. b) Inside view of one microparticle to show its interior
morphology. *
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Requirements of New Biodegradable Polymers for Drug
Delivery Systems

Although a number of biodegradable polymers have been synthesized and used
for drug deliver systems, the development of new biodegradable polymers is still required
for the following reasons.

First, current biodegradable systems of polymers mostly depend on the hydrolysis
of ester or anhydride groups along polymer backbones. Although acidic conditions
promote the hydrolytic degradation of these polymers, the controlling factor is not strictly
a change in pH. Microparticles composed of these polymers release some of their drug
cargo in the blood stream before they are taken into cells. The nonspecific release of
drugs is an important issue that requires further study.

Second, it is challenging to functionalize a polymeric matrix of polyesters or
polyanhydrides to express ligands on their surfaces. In order to target the delivery of
drugs to specific cells, the surface of the polymeric matrix must be functionalized with
ligands. However, the functionalization of microparticles composed of polyesters or
polyanhydrides is limited due to the lack of reactive moieties on their backbones and
typically uses the end groups of the polymers which are present in dilute amounts on the
surface of microparticles. Therefore, although polyesters and polyanhydrides are
biodegradable and biocompatible, their applications in direct drug delivery are limited.

Third, the optimal delivery vehicle for each drug may require a unique release
profile and ability to direct to targeted cells. It is well known that changes in polymer
structures affect the efficacy of drug delivery.”’ For instance, dodecylation of primary
amines on polyethylenimine (PEI) results in an increase of five times of gene delivery. If
the primary and secondary amines are acylated, the gene delivery efficacy doubles and its
cytotoxicity is also reduced (Figure 1.13).” These results demonstrate how changes in

polymer structures yield dramatic and unexpected effects on the function of a polymeric
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matrix. Accordingly, if new polymers with new structures are synthesized, they may

provide superb drug delivery systems.
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Figure 1.13 Effects of chemical modifications of PEI on the efficacy of gene delivery. a)
Dodecylation of primary amines along the backbone of branched PEI with
dodecyl iodide, resulting in increased gene delivery efficacy and a nontoxic
polymer. b) Acylation of primary and secondary amines along the backbone
of branched PEI with an amino acid, resultingg in 2 times increased gene
delivery efficacy and reduced cytotoxictity.’

In conclusion, the drugs, target organs, and routes of administration may require
unique chemical and physical properties that spur the development of new biodegradable
polymers. Furthermore, new drugs are being continually developed may require
specifically devised drug delivery systems based on new biodegradable and
biocompatible polymers which are readily functionalized with specific ligands or are
positive charged. Therefore, the development of new polymers with new mechanisms of

degradation and new structures is required.
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Objectives

Polysulfenamides
Synthesize sulfenamide molecules
Develop the synthesis of disulfenamide molecules
Study the kinetics of sulfenamides with secondary amine in organic solvents
Perform the transamination reactions of sulfenamides and secondary amine
Synthesize thiosuccinmide molecule
Develop the synthesis of thiodisuccinimide molecules
Study the kinetics of thiosuccinmides with secondary amine in several organic
solvents.
Perform the transamination reactions of thiosuccinimide and secondary amine
Polymerize thiodisuccinimides with various secondary diamines
Study the stability of sulfenamides in organic solvents
Study the stability of S-N bond in the presence of acid
Isolate the degradation-products of sulfenamide in acidic water
Produce microparticles from polysulfenamide
Show the uptake of microparticles of polysulfenamides into cells
Study the toxicity of microparticles of polysulfenamides toward cells

Functionalize the surface of microparticles of polysulfenamides

Polymers with N-S-N Bonds
Synthesize dithiobis-secondary amines
Develop the synthesis of bis(secondary amine)sulfides
Study the kinetics of bis(N-ethylmethyl)sulfide with secondary amine in several
organic solvents
Perform the transamination reactions of bis(N-ethylmethyl)sulfide and bis(N,N -

dimethyl)sulfide with secondary amine in several organic solvents
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Polymerize bis(N, N’-dimethyl)sulfide and various secondary diamines
Study the stability of bis(NV-ethylmethyl)sulfide in organic solvents
Synthesize water-soluble N-S-N molecule and study its kinetics under various

acidic conditions (pH 3 ~ 10)

Comb Block Copolymers
Synthesize three types of comb block copolymers with poly(butyl acrylate),
poly(lactic acid), and poly(styrene-b-vinylpyridine) arms.
Develop how to graft poly(4-vinylpyridine) arms from comb block copolymers
with poly(styrene) arms
Self-assemble comb block copolymers in the solid state

Image the morphologies of assembled polymer films by SEM

Steric Effects on Grubbs Catalysts
Synthesis of Grubbs first and second generation methylidene catalysts.
Study the reactivity of sterically hindered oxanorbornenes on their bridgehead

carbon with Grubbs catalysts.
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CHAPTER 2
SYNTHESIS OF POLYSULFENAMIDES FOR DRUG DELIVERY
APPLICATIONS

Abstract

Most synthetic polymers used to deliver pharmaceutical drugs in the body are
polyesters, polyanhydrides, or polyamides because of the need to degrade these polymers
into small, excretable molecules before any toxic effects are observed. We introduce a
major advance in this field by using a new functional group to synthesize biodegradable,
nontoxic polymers and show, for the first time, that polysulfenamides possess many of
the desired characteristics for drug delivery. The sulfenamide (RSNR;) is a new
functional group in polymer chemistry — no reports of polysulfenamides are known — so
we synthesized the first polymers with this functional group along their backbones. We
demonstrated that sulfenamides were stable in polar protic and aprotic solvents, but
degraded rapidly when exposed to acidic conditions. These properties are important
because polysulfenamides were formulated into microparticles loaded with drugs. These
microparticles must be stable in blood where the pH is 7.4 but rapidly degrade when
endocytosed into lysosomes in the cells where the pH is approximately 4-5. The drug
should be released from the microparticles only under acidic conditions where
polysulfenamides are rapidly degraded. Microparticles were fabricated from
polysulfenamides, their surfaces were readily functionalized, and they were internalized
by cells allowing for intracellular delivery of their cargo. This work demonstrates that
polysulfenamides form the basis for a new set of polymers for drug delivery that greatly

differ from the prior work in this field.

Introduction
Biodegradable polymers have shown wide utility in a variety of biomedical

applications ranging from sutures, scaffolds for the growth of cells, and polymeric depots
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that provided sustained release of therapeutic agents.””* Optimal use of these materials
requires their molecular and macromolecular properties be tailored to the specific
application for which the material is to be used.®” °*®” For instance, polymeric particles
loaded with drugs that are targeted to the endosomal compartments of cells should ideally
be stable at physiological pH in the bloodstream, but readily break down at a lower pH to
release its drug cargo in the endosome where the pH is approximately 4 to 5.%*"
"'Biodegradable polymers are attractive in drug delivery applications because polymeric
particles injected in vivo can accumulate in several organs including the liver, spleen,
lungs and heart and often result in toxic side effects if they do not break apart into

smaller, easily excretable side products.”> "

The degradation of these polymers is also the
mechanism by which controlled release of drugs and other therapeutics is achieved. Most
synthetic polymers in biomedical research are polyesters, polyamides, polyanhydrides, or
some combination of these three functional groups. These polymers degrade to short
polymers or small molecules at reasonable times without the use of enzymes.”*”® Thus,
these polymers can be excreted from the body before toxic side-effects occur.

It is very challenging to design a polymer with a new functional group along its
backbone that renders it stable at physiological pH but also allows it to be degraded at
reasonable time scales in the body without toxic side effects. The introduction of a new
functional group that can be used to synthesize biopolymers has the potential to open up
new applications in this field and will allow more complex, potentially “smart” drug
delivery vehicles to be synthesized.® " " In this paper, we report the first synthesis of
polymers with the sulfenamide functional group within the backbone, how these
polymers degrade under different conditions, and how they can be fabricated into micron-
sized particles loaded with fluorescent dye that are internalized into cells with minimal

toxicity. Polysulfenamides are a new class of polymers that we believe will have real

applications in medicine.
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Sulfenamides are an understudied functional group with the general formula of
RS-NR’R” that are used as protecting groups for amines [typically as (CPh3)S-NR;] and
vulcanizing agents in the rubber industry.””** Although a variety of different functional
groups are identified as sulfenamides or sulfenamines (e.g. RSSNR,, RSN(R)SR, and
R,NSNRy), this paper focuses on sulfenamides formed from secondary amines and thiols

having the general formula RS-NR’R”."®

Results and Discussion

Synthesis of Polysulfenamides

Because polysulfenamides were unknown prior to this work, the first step in this
project was to develop their synthesis. Two different methods to synthesize
polysulfenamides were attempted based on transamination reactions. In one method,
dithiols were reacted with SO,Cl; to yield molecules with S-CI bonds that were too
unstable to be isolated (Figure 2.1a). Rather, these molecules were reacted with N-
ethylmethylamine to yield sulfenamides in high yields. These sulfenamides were reacted
with diamines to yield a polymer; the leaving group in this polymerization was N-
ethylmethylamine (boiling point of 36-37 °C) which was removed with heat to drive the
reaction to completion. In the second method, dithiols were reacted with N-
chlorosuccinimide to yield dithiosuccinimides (Figure 2.1b). These molecules were then
reacted with diamines to yield polysulfenamides. The second approach was developed
due to the better leaving group on the sulfur that would be expected to accelerate the
polymerization reaction.

Simple bimolecular reactions were studied to determine the kinetics of each
transamination reaction shown in Figure 2.1 to determine the best conditions for the
polymerization. Molecule A was synthesized and reacted with N-benzylmethylamine in
CsDg, DMSO-ds, and CD;OD at different temperatures (Figure 2.1¢). This reaction was

very slow in C¢Dg with no conversion after 24 h at room temperature and only 11%
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Figure 2.1 Synthesis of polysulfenamides and the kinetics of transamination reactions. a)
In one method dithiols were reacted to form S-Cl bonds which were readily
transformed in situ into sulfenamides. The polymerization proceeded by
displacement of N-ethylmethylamine with a different amine. b) In a second
method dithiols were activated by reaction with N-chlorosuccinimide to yield
stable products which were purified and then exposed to secondary diamines
to yield polymer. c) The kinetics of reaction of a sulfenamide with a secondary
amine in CD3OD. The reaction yielded a 50/50 mixture of the two
sulfenamides. d) The kinetics of reaction of a thiosuccinimide with a
secondary amine in CD,Cl,. The reaction yielded >97% sulfenamide after
extended reaction times. €) The kinetics of a typical polymerization to
demonstrate that the polymerizations were rapid and went to quantitative
conversions at reasonable concentrations. f) A polymerization that was
completed. g) The structure of allicin.

conversion after 24 h at 60 °C. When DMSO-ds was used as the solvent, the conversion
reached 7% after 24 h at room temperature and 32% after 24 h at 50 °C. Clearly aprotic
solvents were poor choices for this reaction, so the solvent was switched to CD;OD.
Here, the kinetics were much faster at room temperature with a rate constant of 5.04 x 10°

*M"' s (Figure 2.1c). This reaction was run in a sealed NMR tube and reached a
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conversion of 40% after 3 h, and at longer periods of time it reached an equilibrium
mixture of 50% of each sulfenamide.

When the polymerization of a disulfenamide with a diamine was attempted as
shown below, the results were not promising (Figure 2.1f). Although the kinetics of
reaction were rapid in methanol, the resulting polymer was insoluble in methanol which
made this solvent a poor choice to conduct polymerizations. Polymerizations at high
concentrations of monomers in solvent mixtures of (1/1 v/v) CD;0D/CDCI; or (1.2/1 v/v)
CD3;0D/DMSO-ds at 40 °C yielded soluble oligomers even after 3 days. This
polymerization was attempted in refluxing benzene for 24 h with the reaction vented to
allow N-ethylmethylamine to boil off resulting in a low yield of a modest molecular
weight polymer (Mw = 2,840 g mol™"). This method of polymerization was hindered by
lack of solubility of the polymer in methanol and the slow kinetics for polymerization in
aprotic solvents.

The reaction of a thiosuccinimide (molecule B in Figure 2.1d) with N-
benzylmethylamine was much faster in aprotic solvents than the same reaction between
molecule A and N-benzylmethylamine. In CD,Cl, at room temperature the reaction
between molecule B and N-benzylmethylamine had a rate constant of 8.18 x 10* M 5™
and reached 35% conversion after 4 h. Not only was this transamination reaction
approximately 1.6x faster than the reaction between molecule A and N-
benzylmethylamine in CD3;OD, but the difference in solvent was also critically important.
Methylene chloride and chloroform were excellent solvents for both monomers and
polymers, and the reaction of thiosuccinimides with secondary amines went to >97%
conversion at reasonable concentrations at room temperature. For instance, the
polymerization reaction shown in Figure 2.1e went to >95% conversion within 50 min in
CDCl; at room temperature. This polymerization method was used in all subsequent

polymerizations.
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A series of polymers were synthesized from dithiosuccinimides and secondary
diamines (Table 2.1). The polymerizations were completed in methylene chloride or
chloroform at room temperature for 24 h. The polymers had molecular weights up to
6,300 g mol™' and degrees of polymerization that ranged from 90% to 97%. Secondary
diamines were chosen for this work because the synthesis of polymers using primary
diamines (such as NH,CH,CH,;NH,) resulted in cross-linked polymers possibly due to
the reaction of an amine with two equivalents of a thiosuccinimide to yield cross-links of

the form RN(SR”’),.

Table 2.1 Synthesis of polysulfenamides.

M,,
Entry Composition (gmol')*  PDI
1 fS\/\o/\/S\N’ \N>> 3,700 1.42
\ / n
2b NSNS 6,300 1.22
4<S N N>T )
3P _(S/\/\/\/S\N/\/N)— 3,700 1.06
4 s SN 2300 1.60
s \
5 —(s/\/\/\/ S S f 2000  1.13

*The absolute M,, and PDI were measured with mu1t1 -angle laser light scattering and
refractive index detectors unless otherwise noted. "The M, and PDI were measured
versus polystyrene standards using a calibration curve and the reflective index peaks of
the polymer.
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Polysulfenamides were synthesized to probe whether they could act as new drug
delivery vehicles through the formation of pm-sized particles. No polymers have been
reported with S-N bonds along the backbone despite their apparent ease of synthesis and
that this bond is stable at neutral pH but can be hydrolyzed in water under acidic

se 9, 80, 83-
conditions,”® 80 83-85

Polysulfenamides represent a new class of polymers that may have
real applications in the delivery of pharmaceuticals. Some of the minimal requirements
for a polymer to be useful as a drug delivery vehicle are that it should be biocompatible,
biodegradable, able to be loaded with a drug, taken into cells, and able to be
functionalized on its surface to express molecules that can be used as ligands to target
certain cell lines. Here, we have demonstrated that polysulfenamides meet all of these

. 60, 62, 86-89
requirements.

Degradation of Sulfenamides in Aprotic and Protic
Solvents

Because most synthetic polymers in the body cause toxic effects if they do not
degrade at a reasonable rate, it is important to use a polymer that degrades by reaction
with water without the need for enzymes. Prior evidence by others indicated that the S-N
bond would degrade under acidic conditions with protic solvents. In fact, one challenge
of working with small molecules containing sulfenamides is that they tend to degrade on
acidic silica gel and poor yields are obtained after column chromatography.® > We
observed poor yields for sulfenamides cleaned on silica gel, but when they were cleaned
by chromatography on basic aluminum oxide the isolated yields were high. Furthermore,
when a small molecule with a sulfenamide bond was added to a NMR tube in CDCl; with
30 mg of silica gel, approximately 50% of it decomposed after 16 h at room temperature
but no decomposition was seen in an identical experiment in the absence of silica gel.

These results indicated that polymers with sulfenamides along the backbone would
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decompose under acidic conditions — a result that is desirable for many applications in

drug delivery.
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Figure 2.2 Degradation of sulfenamides and characterization of their products. a)
Molecule C was added to C¢D¢ and CD3OD to study how rapidly it degraded.
b) Molecule C was added to D,O with seven molar equivalents of acetic acid.
Products D, E, and F were characterized. ¢) Sulfenic acids were the first
product of degradation of molecule C, but they were known to rapidly react to
yield thiosulfinates as shown. d) Sulfenamides were protonated by benzoic
acid in CD;0D.
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To further study the degradation of the S-N functional group, molecule C from
Figure 2.2a was synthesized and studied under a variety of reaction conditions. To probe
the stability of this molecule under neutral conditions, it was added to CD;0D and C¢Ds.
After 30 days, the "H NMR spectrum of molecule C in C¢Dg was unchanged which
demonstrated its stability in aprotic solvents. This molecule slowly degraded in CD;0OD;
after 33 days 15% of it degraded at room temperature and only 27% degraded when
heated to 40 °C for the same period of time. These conditions were attempted to provide
an understanding of the stability of polysulfenamides in water under neutral conditions
and indicate that these polymers will slowly degrade at neutral pH, but possess
reasonable stabilities under neutral conditions in a polar, protic solvent.

The degradation of molecule C was studied under acidic conditions in CD;0D
and D,0 to understand how polysulfenamides would break down in the endosome of
cells where the pH is approximately 4 to 5. Molecule C was not soluble in D,O so the
kinetics of degradation were not studied in this solvent, but the products were isolated
and characterized. Molecule C was added to D,O with seven molar equivalents of acetic
acid. After 41 h the organics were extracted and initially studied by 'H NMR
spectroscopy prior to isolation by column chromatography. The "H NMR spectrum of
the extract before chromatography indicated that approximately 75% of the product was
the thiosulphinate (molecule D in Figure 2.2b) with the remainder mostly composed of
molecules E and F. The initial reaction of molecule C with water yielded a sulfenic acid,
but sulfenic acids are transient intermediates that rapidly condense as shown in Figure
2.2¢.”%%°! Bases on literature precedent, molecule D further decomposed via multiple
pathways to yield molecule E, molecule F, and a sulfinic acid (molecule G).”'*
Thiosulfinate esters such as molecule D are known oxidation states for cysteine residues
and found in nature products such as allicin (a component of garlic; Figure 2.1g). As

such, thiosulfinates are already present in the body and are known to decompose at
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reasonable rates — the half-life of the decomposition of allicin at pH = 7.5 at 37 °C is
approximately 2 days.** 2

When the kinetics of degradation of molecule C were studied in CD;0D with
benzoic acid, it decomposed at a much faster rate than in the identical reaction without
benzoic acid. With five equivalents of benzoic acid the molecule reached 51%
degradation within 4 min compared to only 15% degradation after 33 days in the absence
of benzoic acid. When molecule C was exposed to two molar equivalents of p-
toluenesulfonic acid (pKa < -2) or trifluoroacetic acid (pKa = 0.3) in CD3;OD it degraded
to >90% within four minutes. Clearly, the decomposition of sulfenamides is catalyzed by
acid as observed by others in prior work.* * During the course of these experiments, we
also noticed that benzoic acid only partially protonated the sulfenamide (Figure 2.2d).
This result indicated that the protonated sulfenamide had approximately the same pKa as
benzoic acid (pKa of 4.2 in water) despite the typical pKa of approximately ten for
protonated amines. The reason for the low pKa of sulfenamides was due to the a-lone
pair effect which typically lowers a pKa by orders of magnitude and has been observed in

other molecules such as hydrogen peroxide.”

Fabrication and Degradation of Microparticles of
Polysulfenamides

Microparticles were fabricated from the polymer in entry 2 in Table 2.1 to study
whether these polymers could form the basis of drug delivery vehicles. The
microparticles were prepared using an oil in water single emulsion solvent evaporation
methodology. In this approach, the polymer was dissolved in chloroform and then
emulsified in surfactant containing water phase. The emulsion was stirred overnight until
the chloroform evaporated. Drugs and fluorescent molecules such as rhodamine could be
incorporated into the microparticles by mixing them in the polymer/chloroform mixture

prior to emulsification. The average size of the microparticle was 2.6 microns with a PDI
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of 0.62. They were spherical in shape, had a smooth surface, and had a negative charge of

-41 mV in PBS buffer at pH = 7.4 (Figure 2.3b). The reason for the negative charge was
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Figure 2.3 Microparticles with the structure of entry 2 in Table 2.1 were studied for their
degradation and surface reactions. a) Time dependent weight loss of the
polymer incubated at acidic pH (4.0) and physiological pH (7.4). Data
represents the percentage weight loss as mean of three samples. The weight
loss was significant at all the time points as indicated (*** P<0.001, **
P<0.01, two-tailed unpaired t test). b) Scanning electron microscopy (SEM)
image of microparticles as prepared. c) SEM image of microparticles after
incubation in acetate buffer (pH 4.0) for 14 days. Microparticles at various
stages of degradation can be observed. d) A small fraction of the
microparticles that were degraded at different pHs were removed at the
indicated times, dissolved in CHCl3, and studied by size exclusion
chromatography. The molecular weight of the polymers as a function of time
the microparticles were degraded is shown. ) Microparticles were exposed to
PEI that coated their surfaces. We believe that the amines in PEI reacted with
the sulfenamides on the surface to covalently bond the PEI to the surface of
the microparticle according to the reaction shown in Figure 1c and reproduced
here.



36

understood in terms of prior experiments that demonstrated that sulfenamides did not
appreciably protonate at pH = 7.4, but they slowly degraded to yield sulfinic acids that
deprotonated and led to a negatively charged surface.

The most common biodegradable polymer used in drug delivery applications is
poly(lactic-co-glycolic acid) but this polymer lacks reactive surface functional groups
that can be functionalized to expose ligands to direct attachment to cells. An important
property of microparticles used in drug delivery is that their surfaces should be readily
functionalized to bind therapeutics or to conjugate ligands that can target and bind cell
surface specific receptors. To study whether these microparticles could be functionalized
by the transamination reaction shown in Figure 2.1c, they were reacted with polyethylene
imine in water at 4 °C for 5 h (Figure 2.3). After washing with copious amounts of
deionized water, they were collected by centrifugation and their surface charge was
measured. These particles had surface charges from 8 to 25 mV in PBS buffer at pH =
7.4 which indicated that they were coated with positively charged amines. This work
demonstrated the ability to functionalize the surface of these particles using simple
transamination reactions with free amines.

Microparticle degradation was studied at both physiological pH (7.4) and acidic
pH (4.0) to learn whether these particles would decompose over time. Figure 2.3a shows
the percentage weight loss of the samples at different points in time. After one week, a
weight loss of 24% was observed for microparticles in acetate buffer as compared to a
weight loss of 13% for particles in PBS. On day 35, the weight loss in acidic buffer was
~33% as compared to ~17% at physiological pH. Weight loss was significantly higher for
particles in acetate buffer as compared to particles in PBS, indicating faster degradation
of the microparticles in acidic environments. The differences in the rates of degradation
at pH 7.4 and 4.0 were expected based on the rapid degradation of molecule C under
acidic conditions in methanol and its slow degradation in methanol in the absence of acid.

SEM images of the acidic pH-degraded particles revealed a rough morphology of the
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polymer surface that was consistent with polymer degradation (Figure 2.3c). Some
microparticles were dissolved in chloroform at each time period and size exclusion
chromatography spectra were obtained. These spectra showed that the polymer had a
lower molecular weight after being degraded in water as expected (Figure 2.3d).

This difference in rate of degradation at different pHs is often desired.
Microparticles of this polymer containing a drug should be stable in the bloodstream
where the pH is 7.4; however, when they are endocytosed into a cell they should break

down rapidly in the endosome where the pH is approximately 4 to 5.

Uptake of Microparticles into Cells and Cytotoxicity

a) b) C)
- - =

Figure 2.4 Uptake of microparticles fabricated from entry 2 in Table 1 and loaded with
rhodamine and studied using confocal microscopy. a) — ) The cells are
JAWSII immature dendritic cells and in f)-j) they are HEK293 cells. The
nucleus of the cell was stained with DAPI to appear blue and the rhodamine
appeared red. In d) and 1) the transmitted light images indicate the periphery of
the cells and the location of the microparticles. In e) and j) merged images
clearly outline the periphery of the cell, the location of the nucleus, and the
microparticles to clearly demonstrate that the microparticles were found on the
interior of the cells. The images were taken at different sections to ensure that
the microparticles were in the same focal plane as the planes taken through the

cells. The microparticle in the far left of images g)-j) was not found in a cell
and was used to show a free microparticle.
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The uptake of these microparticles was studied in JAWSII and human embryonic
kidney (HEK293) cells using confocal microscopy. JAWSII cells are immature dendritic
cells derived from mouse bone marrow and are commonly targeted by particle based
vaccines for generation of therapeutic immune responses. HEK293 cells are one of the
most common cell lines used to evaluate novel gene therapies. Microparticles were
loaded with rhodamine B during fabrication and were then exposed to the JAWSII and
HEK293 cells. The microparticles were found to be located near the cytoplasm of the
cell, indicating the phagocytosis of the microparticles by cells (Figure 2.4). The uptake of
microparticles by both cell lines suggests that this system has potential in immunological
applications, especially in vaccine delivery and potential for gene therapy applications.

The in vitro toxicity of these microparticles was evaluated with HEK293 cells. In
initial work, these cells were incubated with the microparticles at a range of
concentrations of 1 to 1,000 pg per mL of growth medium for 4 h. The cell viability was
measured by standard techniques of measuring the metabolic activity of cells in a control
without microparticles and the metabolic activity of cells that were exposed to the
microparticles. The ratio of these concentrations was plotted as the “cell viability” in the
y-axis of Figure 2.5. No toxicity was observed at even the highest concentrations after 4
h, so a longer incubation time of 24 h was studied and shown in Figure 5. At the expected
working concentrations of microparticles minimal toxicity was observed. Interestingly, at
the highest concentration of 1 mg of microparticles per mL of solution where the wells
containing HEK293 cells were beginning to become saturated with microparticles, the
cell viability was still 57 %. This suggests that polysulfenamides have low toxicity and

are therefore suitable for drug, gene, and vaccine delivery applications.
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Figure 2.5 Cytotoxicity of microparticles fabricated with the structure shown in entry 2 of
Table 1 towards HEK293 cells. Microparticles were suspended in media
immediately before addition into cells. Cells were incubated with the
microparticles for 24 hours at 37 C in a humidified 5% CO,-containing
atmosphere. Cell viability was determined by MTS assay and the expressed as
percentage of control (without microparticles).

Conclusions

In conclusion, we described the synthesis of polymers that are the first to possess
sulfenamides along their backbone and can be used as drug delivery vehicles. These
polymers are exciting because they possess many of the right characteristics to be useful
in drug delivery such as their stability at physiological pH and ease of degradation under
acidic conditions. These polymers can be readily functionalized to express new functional
groups, a characteristic that is not possible with the functional groups present on the
backbone of polyesters typically used in this field. These microparticles were readily
internalized by two different cell lines and possessed minimal toxicity. We believe that
the introduction of sulfenamides in the synthesis of polymers will provide new
opportunities to synthesize more complex drug delivery vehicles that will have real

applications in medicine.
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Experimental Section

Materials and Methods

Materials

Polyethylenimine (PEI, Mw 25 kDa) and phosphate buffer saline (PBS) are
products of Sigma-Aldrich (St. Louis, MO). Dulbecco’s Modified Eagle’s Medium
(DMEM) was obtained from Gibco BRL (Grand Island, NY). LysoTracker® Green was
obtained from Invitrogen (Eugene, Oregon, USA). Paraformaldehyde (16% solution, EM
grade) was obtained from Electron Microscopy Services (Hatfield, PA) and Vectashield
mounting medium for fluorescence with DAPI was a product of Vector Laboratories
(Burlingame, CA). 1-Hexanethiol, 1,6-hexanedithiol, 2-mercaptoethyl ether, V-
benzylmethylamine, N-ethylmethylamine, N,N’-dimethyl-1,6-hexanediamine, N-
chlorosuccinimide, triethylamine, ethylenediamine, benzoic acid, p-toluenesulfonic acid,
acetic acid, and sulfuryl chloride were purchased from Aldrich or Acros Organics at their
highest purity and used as received. HPLC-grade chloroform purchased from Acros
Organics was used as the GPC solvent after filtering it through a glass frit. All other
solvents were reagent grade and purchased from Acros Organics. Piperazine (99%) was
purchased from Aldrich. It was purified by sublimation under vacuum at 130 °C. N,N -
Diethylethylenediamine (95%) was purchased from Aldrich and distilled under vacuum
at 30 °C. Genduran silica gel 60 (230-400 mesh) and basic alumina Brockman activity I
(60-325 mesh) were purchased from Fisher Scientific and used for column

chromatography.

Cell culture
Human embryonic kidney cells (HEK293) and JAWSII were obtained from
American Type Culture Collection (ATCC, Rockville, MD). HEK293 cells were

maintained in DMEM supplemented with 10% fetal bovine serum (FBS) and gentamycin
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sulfate at 50 ug ml". JAWSII were maintained in Alpha MEM with ribonucleosides,
deoxyribonucleosides, 4 mM L-glutamine, 1 mM sodium pyruvate, 5 ng/ml murine GM-
CSF, and 20% fetal bovine serum (FBS). Cells were incubated at 37 °C in a humidified

5% CO,-containing atmosphere.

Characterization of small molecules and polysulfenamides

'H and "*C NMR spectra were recorded on a Bruker DPX 300 at 300 MHz and 75
MHz, respectively. CDCIl; was used as NMR solvent with tetramethylsilane (TMS) as an
internal standard. HR ESI-MS data were recorded on a Waters Q-Tof Premier instrument
in positive ion mode and HR EI-MS data were recorded on a Waters GCT Premier
instrument. Size exclusion chromatography (SEC) was performed using chloroform as
the mobile phase (1.00 mL min™) at 40 °C. A Waters 515 HPLC pump and two Waters
columns (Styragel HR4 and HRSE) were used in series. A DAWN EOS 18 angle laser
light scattering detector from Wyatt Corp. to measure light scattering and a Wyatt Optilab
DSP to measure changes in refractive index were used to measure absolute molecular
weights of polymers. Polystyrene standards (1,260 g mol™, 3,790 g mol™, 13,000 g mol’
! and 30,300 g mol™") were used to generate a calibration curve to measure relative

molecular weights of some polysulfenamides as indicated in Table 1.
Synthesis of Small Molecules and Polymers

Hexanesulfenyl chloride

Alkylsulfenyl chlorides were prepared according to a literature procedure.”” Since
they quickly returned to thiols after being exposed to air, alkylsulfenyl chlorides were
used in situ for the preparation of sulfenamides. Sulfuryl chloride (6.28 g, 0.047 mol) was
added dropwise to a solution of hexanethiol (5 g, 0.042 mol) in CH,Cl, (30 mL) at 0 °C
under nitrogen and stirred for 2 h 45 min. 'H NMR (CDCls): 8 0.90 (t, 3H, J = 6.8 Hz),
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1.39 (m, 6H), 1.78 (m, 2H), 3.11 (t, 2H, J = 7.1 Hz). *C NMR (CDCl;): § 14.03, 22.52,
27.83,28.02, 31.31, 41.52.

2.2’-Oxydiethanesulfenyl dichloride

2-Mercaptoethyl ether (3 g, 0.22 mol) was reacted with a solution of sulfuryl
chloride (6.15 g, 0.046 mol) in CH,Cl, (30 mL) following the previous procedure. 'H
NMR (CDCls): § 3.33 (t, 4H, J = 6.3 Hz), 3.88 (t, 4H, J = 6.2 Hz). >C NMR (CDCl;): &
40.92, 68.10.

N-Ethylmethyl-hexanesulfenamide (Molecule A)

A solution of hexanesulfenyl chloride (6.45 g, 0.042 mol) in CH,Cl, (30 mL) was
slowly added to a solution of N-ethylmethylamine (7.50 g, 0.13 mol) in CH,ClI, (50 mL)
at 0 °C under nitrogen and stirred for 7 h. The reaction was diluted with anhydrous Et,O
(130 mL) and washed with saturated NaCl solution in water (3 x 50 mL). The organic
phase was dried over anhydrous MgSO, sulfate and evaporated to give a brown oil. The
product was isolated by vacuum distillation at 30 °C to yield a colorless oil (3.93 g, 53%
yield). "H NMR (CDCl3): & 0.89 (t, 3H, J = 6.8 Hz), 1.14 (t, 3H, J = 7.2 Hz), 1.35 (m,
6H), 1.54 (m, 2H), 2.65 (t, 2H, J = 7.2 Hz), 2.75 (s, 3H), 2.82 (q, 2H, J= 7.1 Hz). *C
NMR (CDCls): 6 13.79, 14.09, 22.58, 28.27, 28.89, 31.59, 31.86, 46.82, 53.93. HRMS
calcd for CoH, NS: 175.1395. Found: 175.1392.

N, N’-Ethylmethyl-bis(2-mercaptoethyl)disulfenamide

A solution of 2,2’-oxydiethanesulfenyl dichloride (4.49 g, 0.022 mol) in CH,Cl,
(30 mL) was reacted with a solution of N-ethylmethylamine (7.70 g, 0.13 mol) in CH,Cl,
(50 mL) following the previous procedure. The extract was filtered through basic alumina
to yield a colorless oil (3.29 g, 60% yield). "H NMR (CDCls): & 1.13 (t, 6H, J= 7.1 Hz),
2.74 (s, 6H), 2.82 (m, 8H), 3.67 (t, 4H, J=7.1 Hz). >C NMR (CDCL): § 13.70, 32.68,
46.89, 54.13, 70.01. HRMS calcd for C;oH4N>OS,: 252.1321. Found: 252.1324.
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N-(Hexanethio)succinimide (Molecule B)*®

Hexanethiol (3 g, 25.37 mmol) was added dropwise to a solution of N-
chlorosuccinimide (3.36 g, 26.64 mmol) in CH,Cl, (70 mL) at 0 °C under nitrogen and
stirred for 20 min. The solution changed to a yellow-green color and immediately became
cloudy. A solution of triethylamine (2.82 g, 27.91 mmol) in CH,Cl, (10 mL) was added
dropwise to the reaction. After the mixture was stirred for 2.5 h, it was washed with a
saturated NaCl solution in water (4 x 30 mL). The organic layer was dried over
anhydrous MgSQO, and evaporated to give a colorless oil. The product was isolated by
column chromatography using silica gel and 20% EtOAc in hexanes to yield a colorless
oil (4.73 g, 87% yield). '"H NMR (CDCl;): § 0.88 (t, 3H, J = 6.6 Hz), 1.28 (m, 4H), 1.40
(m, 2H), 1.54 (m, 2H), 2.85 (m, 6H). °C NMR (CDCls): § 13.99, 22.45, 27.90, 28.11,
28.61, 31.28, 37.62, 177.23. HRMS calcd for C;oH;7NO,S: 215.0980. Found: 215.0979.

(2.2’-Oxvydiethenthio)disuccinimide

2-Mercaptoethyl ether (10 g, 0.072 mol) was reacted with a solution of N-
chlorosuccinimide (20.28 g, 0.15 mol) in CH,ClI, (300 mL) and a solution of
triethylamine (16.10 g, 0.16 mol) in CH,Cl, (55 mL) following the previous procedure.
The mixture was purified by column chromatography using 95% EtOAc in hexanes to
yield a white solid (11.42 g, 48% yield). 'H NMR (CDCls): & 2.78 (s, 8H), 2.95 (t, 4H, J
= 5.9 Hz), 3.68 (t, 4H, J = 5.9 Hz). °C NMR (CDCl;): § 28.68, 36.93, 70.90, 177.29.
HRMS calcd for C1,HigN,05sS; + Na': 355.0398. Found: 355.0387.

N, N’-(Hexanethio)disuccinimide

1,6-Hexanedithiol (7 g, 0.047 mol) was reacted with a solution of N-
chlorosuccinimide (13.06 g, 0.098 mol) in CH,Cl, (230 mL) and a solution of
triethylamine (10.37 g, 0.102 mol) in CH,Cl, (35 mL) following the previous procedure
to give a brown solid. The solid was recrystallized from methanol (350 mL) 3 times to

yield a white solid (9.90 g, 62% yield). 'H NMR (CDCls): § 1.47 (m, 8H), 2.83 (m, 12H).
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BC NMR (CDCls): 6 27.62, 27.65, 28.62, 37.48, 177.26. HRMS calcd for C14H20N,04S,
+Na': 367.0762. Found: 367.0757.

N-Benzylmethyl-hexanesulfenamide (Molecule C)

N-Benzylmethylamine (1.11 g, 9.19 mmol) was added to a solution of molecule B
(1.94 g, 9.01 mmol) in CH,Cl; (2.5 mL) and stirred at room temperature for 19 h. The
reaction was diluted with anhydrous Et,O (30 mL) and washed with water (4 x 20 mL).
The organic phase was dried over anhydrous MgSO, and evaporated to give a yellowish
oil (1.7 g, 81% yield). '"H NMR (CDCl;):  0.89 (t, 3H, J = 6.8 Hz), 1.34 (m, 6H), 1.56
(m, 2H), 2.69 (m, 5H), 4.01 (s, 2H), 7.28 (m, 5H). °C NMR (CDCL): & 14.07, 22.56,
28.26, 28.80, 31.56, 32.88,45.97, 65.47, 127.25, 128.23, 128.68, 138.90. HRMS calcd
for C14H»3NS: 237.1551. Found: 237.1541.

‘(5\/\0/\/5\N’ ‘n)—
\__/

Piperazine (0.176 g, 2.05 mmol) was added to a stirred solution of (2,2’-

Polymer A

oxydiethenthio)disuccinimide. (0.71 g, 2.05 mmol) in CHCl; (3.5 mL) and reacted at
room temperature for 24 h. The polymer was precipitated into methanol (35 mL) and
washed with methanol 3 times. The polymer was dried under vacuum to yield a white
powder. '"H NMR (CDCls): § 2.86 (t, 4H, J = 6.8 Hz), 2.97 (s, 8H), 3.65 (t, 4H, J= 6.9
Hz). *C NMR (CDCls):  32.92, 57.28, 70.10.

(Mw: 3,700 g / mol, PDI: 1.42)

N\

246 266 28.6 306 32.6
Time (min)
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_<S/\/\/\/5\N/—\N>_
N
Polymer B

N,N’-(Hexanethio)disuccinimide (3 g, 8.71 mmol) in CHCI; (19 mL) was reacted
with piperazine (0.75 g, 8.71 mmol) following the previous procedure to yield a white
powder. '"H NMR (CDCls): & 1.40 (m, 4H), 1.56 (m, 4H), 2.69 (t, 4H, J = 7.5 Hz). *C
NMR (CDCls): 6 28.62, 28.82, 32.17, 57.30.

(Mw: 6,300 g / mol, PDI: 1.22)

— N

26.4 284 304 324

Time (min)

N

—<Sv\o/\/S‘N/\/N>n_
Polymer C
(2,2’-Oxydiethenthio)disuccinimide (0.625 g, 1.77 mmol) in CH,Cl, (1.5 mL)

was reacted with NV, N ’-diethylethylenediamine (0.21 g, 1.77 mmol) following the
previous procedure. After evaporating the solvent, the polymer was precipitated into
methanol (10 mL) and washed with methanol (15 mL). The polymer was dried under
vacuum to yield a yellowish oil. "H NMR (CDCls): & 1.14 (t, 6H, J = 6.9 Hz), 2.77 (t, 4H,
J=17.1Hz),2.90 (q, 4H, J=7.0 Hz), 3.04 (s, 4H), 3.65 (t, 4H, J= 7.2 Hz). C NMR
(CDCl3): & 14.27, 35.14, 53.66, 56.79, 69.98.

(Mw: 2,300 g / mol, PDI: 1.60)

27.8 28.8 29.8 30.8 31.8 32.8

Time (min)
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_<S/\/\/\/S~N/\/N)"—
Polymer D §

N,N’-(Hexanethio)disuccinimide (1 g, 2.90 mmol) in CHCI; (5 mL) was reacted
with N,N’-diethylethylenediamine (0.34 g, 2.90 mmol) following the previous procedure.
The polymer was precipitated into methanol (10 mL). The polymer was redissolved in a
minimal amount of CHCl; and precipitated into methanol (2 mL) to yield a yellowish oil
after drying it under vacuum. 'H NMR (CDCL): & 1.14 (t, 6H, J= 7.1 Hz), 1.40 (m, 4H),
1.54 (m, 4H), 2.60 (t, 4H, J = 7.4 Hz), 2.90 (q, 4H, J = 7.1 Hz), 3.05 (s, 4H). °*C NMR
(CDCl3): 813.99, 27.92, 28.91, 34.27, 53.23, 56.52.

(Mw: 3,700 g / mol, PDI: 1.06)

N\

283 293 303 31.3 323

Time (min)

4< AN SN /\/\/\/'l\‘)’
S N \

Polymer E |

N,N’-(Hexanethio)disuccinimide (1 g, 2.90 mmol) in CHCl; (6 mL) was reacted
with N,N’-dimethyl-1,6-hexanediamine (0.42 g, 2.90 mmol) following the previous
procedure. The polymer was precipitated into methanol (10 mL). The polymer was
redissolved in a minimal amount of CHCl; and precipitated into methanol (7 mL) to yield
a yellowish oil after drying it under vacuum. '"H NMR (CDCl): & 1.31 (m, 4H), 1.41 (m,
4H), 1.55 (m, 8H), 2.64 (t, 4H, J = 7.4), 2.76 (m, 10H). °C NMR (CDCl;): & 26.87,
28.18, 28.40, 28.89, 31.68, 47.12, 59.87.
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N
—<S\/\O/\/S\N/\/N>ﬂ_
Polymer C from a disulfenamide.

N,N’-Ethylmethyl-bis(2-mercaptoethyl)disulfenamide (1.34 g, 5.32 mmol) was
reacted with N, N’-diethylethylenediamine (0.62 g, 5.32 mmol) in refluxing benzene (5
mL) for 24 h. After evaporating the solvent, the polymer was precipitated into methanol
(2 x 15 mL). The polymer was dried under vacuum to yield a yellowish oil (0.12 g). 'H
NMR (CDCls): 6 1.14 (t, 6H, J = 6.9 Hz), 2.77 (t, 4H, J= 7.1 Hz), 2.90 (q, 4H, J= 7.0
Hz), 3.04 (s, 4H), 3.65 (t, 4H, J= 7.2 Hz). >C NMR (CDCL): & 14.27, 35.14, 53.66,
56.79, 69.98.

Kinetic Reactions with Sulfenamides and Thiosuccinimides

Kinetics of molecule A and N-benzylmethylamine (Figure

2.1¢)
Molecule A (71.1 mg, 406 umol) was dissolved in 1.75 mL of CD;0D and 1 mL

(40.7 mg, 232 umol) of the solution was transferred to a NMR tube. After the addition of
N-benzylmethylamine (28.1 mg, 232 pmol), the reaction was monitored by 'H NMR

spectroscopy.

Kinetics of molecule B and N-benzylmethylamine (Figure

2.1d)
Molecule B (29.0 mg, 135 pmol) was dissolved in 2 mL of CD,Cl, and 0.69 mL

(10 mg, 46.4 umol) of the solution was transferred to a NMR tube. N-
Benzylmethylamine (37.7 mg, 311 umol) was dissolved in 2 mL of CD,Cl,, from which
0.30 mL (5.6 mg, 46.4 umol) was withdrawn and added to the NMR tube. The reaction

was monitored by "H NMR spectroscopy.
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Kinetics of reaction between N,N -

(hexanethio)disuccinimide and piperazine (Figure 2.1¢e)

N,N’-(Hexanethio)disuccinimide (48.4 mg, 141 pmol) was dissolved in 1 mL of
CDCls, Piperazine (12.6 mg, 155 pmol) was added and the reaction was monitored by 'H

NMR spectroscopy.
Degradation of Sulfenamides

Kinetics of the degradation of molecule C under neutral

conditions (Figure 2.2a)

Molecule C (363.2 mg, 1.53 mmol) was dissolved in 3.3 mL of CD;OD, from
which 0.5 mL (55.1 mg, 232 pmol) was transferred to a NMR tube. After adding an
additional 0.5 mL of CD;OD, "H NMR spectra were recorded at room temperature every
few days. After 33 days, 15 % of molecule C degraded to yield N-benzylmethylamine.

This procedure was also followed but the NMR tube was added to a heat bath at 40
°C. The reaction showed 27 % degradation of molecule C to N-benzylmethylamine after
33 days.

For the kinetics in C¢Dg at room temperature, a solution of molecule C (33.9 mg,
143 pmol) in 0.7 mL of C¢D¢ was added to a NMR tube and "H NMR spectra were
recorded every few days for 30 days. The NMR spectra did not change which

demonstrated that <3% of molecule C degraded.

Kinetics of the degradation of molecule C with benzoic

acid in CD;0D

Molecule C (103.5 mg, 436 umol) was dissolved in 0.94 mL of CD;0OD and 0.5
mL (55.1 mg, 232 umol) was transferred to a NMR tube. Benzoic acid (202.5 mg, 1.66
mmol) was dissolved in 0.72 mL of CDs;OD, from which 0.5 mL (141.8 mg, 1.16 mmol)

was withdrawn and added to the NMR tube. The 'H NMR spectrum after 4 min showed
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51 % conversion of molecule C to protonated N-benzylmethylamine. This reaction was

too rapid to monitor the kinetics.

Degradation of molecule C with acetic acid in water

(Figure 2.2b)
Acetic acid (0.44 g, 7.37 mmol) was added to a solution of molecule C (0.25 g,

1.05 mmol) in D,0 (4 mL) and stirred at room temperature for 41 h. The protonated N-
benzylmethylamine was soluble in D,O but the other organic products were not soluble.
The reaction was extracted with Et,0O (20 mL) and washed with water (4 x 10 mL). The
organic layer was dried over anhydrous MgSO, and evaporated to give a yellowish oil
(122 mg). A '"H NMR spectrum was obtained of this reaction mixture prior to
chromatography to characterize the distribution of products. The products were separated
by column chromatography using 4 % EtOAc in hexanes to give S-hexyl hexanesulfinate
(molecule D in Figure 2b; 84 mg) and a mixture (28 mg) of hexyl disulfide and
byproducts. Molecule D was fully characterized as described below.

Molecules E and F were only small components of this reaction mixture and were
not obtained in sufficient yield and purity for full characterization. Rather, they were
obtained as pure solids from the next reaction described below and were fully
characterized at that point. Their presence when molecule C was decomposed with acetic
acid was based on their peaks in the 'H NMR spectrum which made them simple to
identify.

S-hexyl hexanesulfinate (molecule D): '"H NMR (CDCL): & 0.90 (m, 6H), 1.37

(m, 12H), 1.80 (m, 4H), 3.13 (m, 4H). *C NMR (CDCls): § 13.97,14.00, 22.39, 22.48,
23.43,28.27, 28.28, 30.82, 31.22, 31.32, 32.91, 56.23. HRMS calcd for Cj,Ha60S5:
250.1425. Found: 250.1416.



50

Degradation of molecule C with p-toluenesulfonic acid in

water

p-Toluenesulfonic acid (0.24 g, 1.24 mmol) was added to a solution of molecule
C (0.30 g, 1.24 mmol) in D,0O (4 mL) and stirred at room temperature for 16 h. The
reaction was extracted with anhydrous Et,O (20 mL) and washed with water (4 x 10 mL).
The organic layer was dried over anhydrous MgSO, and evaporated to give a yellowish
oil (116 mg). The distribution of products was checked by '"H NMR spectroscopy prior to
chromatography. The products were isolated through column chromatography using 4 %
EtOAc in hexanes to give three main products; hexyl disulfide (molecule F in Figure 2b;
49.1 mg), S-hexyl hexanesulfinate (molecule D in Figure 2b; 16.4 mg), S-hexyl
hexanesulfonate (molecule E in Figure 2b; 37.3 mg). The 'H and BC NMR spectra of
99-101

these compounds matched those reported in the literature and are described below.

Hexyl disulfide: "H NMR (CDCLy): 8 0.89 (t, 6H, J = 7.0 Hz), 1.48 (m, 12H), 1.67

(m, 4H), 2.68 (t, 4H, J = 7.4 Hz). *C NMR (CDCls): & 14.05, 22.56, 28.23, 29.20, 31.45,
39.21. HRMS calcd for C12H26S,: 234.1476. Found: 234.1469
S-hexyl hexanesulfonate: '"H NMR (CDCL): & 0.90 (m, 6H), 1.38 (m, 12H), 1.69

(m, 2H), 1.92 (m, 2H), 3.13 (t, 2H, J= 7.4 Hz), 3.29 (t, 2H, J=8). BC NMR (CDCl3): &
13.94, 13.97, 22.32,22.45, 23.49, 27.66, 28.26, 29.63, 31.15, 31.21, 36.28, 62.71. HRMS
calcd for C1oHy60,S5: 266.1374. Found: 266.1367.

Characterization of Microparticles
All of the microparticles were prepared polymer with the structure shown in entry

2 of Table 2.1.

Preparation of microparticles

Blank microparticles were prepared by oil-in-water (o/w) single emulsion, solvent
evaporation technique. Briefly, 300 mg of polymer was dissolved in 3.5 mL of

chloroform in a heated waterbath (55 °C). This organic phase was then emulsified with
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35 mL of 1% (w/v) mowiol® at 13,500 rpm for 1 min using an IKA Ultra-Turrax T25
basic homogenizer (IKA, Wilmington, NC). The mixture was stirred overnight to
evaporate the organic phase. The microparticles were then washed three times with
deionized water (5000 rpm for 10 min) and lyophilized (Labconco FreeZone 4.5, Kansas
City, MI). Microparticles were stored at -20 °C until use.

For in vitro particle uptake studies, 2 mg of Rhodamine B (Sigma, St. Louis, MO)
was dissolved along with the polysulfenamide in chloroform prior to the formation of the
oil-in-water single emulsion. The rhodamine labeled particles were washed and collected

as described above.

Surface morphology

Microparticle morphology was assessed by scanning electron microscopy (SEM,
Hitachi S-4000). Air-dried microparticles were placed on silicon wafers mounted on
SEM specimen stubs. The stubs were coated with ~5 nm of gold by ion beam evaporation

followed by imaging using SEM operated at 3 kV accelerating voltage.

Particle size and zeta potential

Microparticle size and zeta potential was measured using the Zetasizer Nano ZS
(Malvern, Southborough, MA). The microparticles were suspended in deionized water at
a concentration of 1 mg ml"'. The zeta potential was measured using folded capillary cell
in automatic mode and the size was measured using a disposable sizing cuvette

(DTS0012). The size was measured at 25 °C at a 173° scattering angle.

Crosslinking with polyethylene imine (PEI)

PEI crosslinking was carried out by adding PEI into a suspension of
microparticles in deionized water (1 mg ml™). The solution was vortexed for 30 sec and

left at 4 °C for 5 h. The microparticles were washed with deionized water and collected
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by centrifugation (7000 rpm for 10 min). The zeta potential of the crosslinked particles

was measured as described above.

In vitro analysis of microparticle degradation

For in vitro analysis, ~85 mg of the microparticles was suspended in either
phosphate buffer saline (PBS, pH 7.4) or acetate buffer (pH 4). The samples were
agitated at 37 °C, 150 rpm in a horizontal shaker (C24 incubator shaker, New Brunswick
Scientific, Edison, NJ). At specific time points, the samples were centrifuged for 10 min
at 7000 rpm. The pellet was washed three times with deionized water and lyophilized.
The dry weight of the pellet was recorded and percentage weight loss was calculated for
each sample. In addition, the samples were also analyzed by scanning electron

microscopy to observe change in surface morphology of microparticles.

Particle uptake

Uptake of rhodamine-labeled microparticles was studied in JAWSII cells and
HEK?293 cells. Chambers were initially coated with 300 pL of poly L-lysine (0.1% w/v)
overnight. Following coating, ~ 1 x 10* cells were seeded per well and incubated
overnight at 37 °C in a humidified 5% CO,-containing atmosphere. Rhodamine labeled
particles were added to the media at a concentration of 50 micrograms per well. The
particles were incubated with the cells for ~ 18 h. Cells were washed three times with
sterile PBS and fixed with 4% paraformaldehyde. The nucleus was stained with DAPI.
Vectashied mounting medium was added onto slide and sealed with coverslip. The

samples were imaged using LSM710 confocal microscope (Carl Zeiss Microlmaging).

Cytotoxicity evaluation of microparticles

The cytotoxicity of polymer microparticles was evaluated using the MTS assay.
HEK293 cells were seeded in a 96 well plate at a density of 1 x 10* cells/well and

incubated for 24 hours at 37 °C in a humidified 5% CO,-containing atmosphere.
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Following this, the cells were incubated with 200 pL of complete DMEM containing
various concentrations of microparticles. The particles were incubated at 4 h and 24 h to
study the time-dependent effect on toxicity of the microparticles. MTS solution in PBS
was added to each well and incubated for 4 h. The optical density of the sample was
measured at 490 nm using a Spectramax plus microplate spectrophotometer (Molecular
Device). The values obtained for cell viability represent the average of eight values. Cell
viability (%) was calculated as [(mean absorbance of the sample — reference

absorbance])/mean absorbance of the control] % 100.

Statistical analysis

Group data are reported as mean+/—SD. Differences between groups were
analyzed by two-tailed unpaired t test. Levels of significance were accepted at the P<0.05
level. Statistical analyses were performed using Prism 3.02 software (Graphpad Software,

Inc., San Diego, CA)

(This work was submitted to Proc. Natl. Acad. Sci. USA, 2011.)
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CHAPTER 3
SYNTHESIS OF POLYMERS WITH BIODEGRADABLE N-S-N
BONDS

Introduction
This chapter describes work that builds on our synthesis of polysulfenamides to
synthesize the first polymers with NSN bonds along their backbones. In our prior work
we synthesized polysulfenamides primarily from dithiosuccinimides and secondary

diamines as shown in Figure 3.1a. These polymers were stable in methanol but readily
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Figure 3.1 The synthesis of polysulfenamides and polymers with NSN bonds.

degraded under acidic conditions. To further explore the types of polymers that could be
synthesized with SN bonds, we synthesized two sulfur transfer reagents and developed
methods to synthesize polymers with NSN bonds (Figure 3.1b). No examples of these
polymers had been reported in the literature, so our syntheses are unique. In this chapter

we will report the synthesis of two sulfur transfer reagents, their rates of reaction with a
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secondary amine in various solvents, and the characterization of a set of polymers with

NSN bonds.

Results and Discussion

Synthesis and Reactions of Sulfur Transfer Reagents.

The synthesis of polymers with NSN bonds required the synthesis of sulfur
transfer reagents that would readily react with diamines. Based on the success of
synthesizing polymers with SN bonds, two approaches to sulfur transfer reagents were
investigated based on the use of succinimides and ethylmethylamine as leaving groups. In
prior work, amines readily reacted with activated thiols to yield molecules with SN bonds
according to Figure 3.2. These reactions were robust and high yielding so the synthesis of

two types of sulfur transfer reagents was completed as shown in Figure 3.3.

Figure 3.2 Two approaches to synthesize SN bonds that were successful in our prior
work.

Molecule B was initially explored as a sulfur transfer reagent based on the rapid
reactions of thiosuccinimides with secondary amines in our prior work. A literature
procedure was followed to synthesize molecules A and B. The synthesis of A had a crude
yield of 81% and yielded a clean intermediate that was carried onto the next step without

need for further purification. Although the synthesis of B was straightforward, its
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purification was challenging because of its poor solubility in many solvents. Molecule B
was mostly insoluble in benzene, chloroform, and methylene chloride but dissolved when
briefly heated in DMSO. Molecule B was cleaned by washing the crude product with
hexanes and an isolated yield of 69% was obtained. Replacement of N-
chlorosuccinimide with N-chlorophthalimide in the second step yielded a diphthalimide

sulfur transfer reagent that was more insoluble than B.
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Figure 3.3 The synthesis of two sets of sulfur transfer reagents. a) The synthesis of a
dithiosuccinimide. b) and c¢) The synthesis of two examples of bis-
aminosulfides.

Although B was partially soluble in DMSO, it was not used to synthesize
polymers for several reasons. First, many of the polymers that were anticipated will
possess poor solubilities in DMSO. Second, the synthesis of B had poor atom efficiency.
The addition of one sulfur (atomic weight: 32 g mol™) to two amines to yield two S-N
bonds along the backbone of a polymer would require the use of two equivalents of
tributyltin chloride (MW: 326 g mol™) and two equivalents of N-chlorosuccinimide

(MW: 134 g mol™). Thus, significant amounts of waste are produced for each NSN bond
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synthesized using molecule B. Also, the poor solubility of molecule B made it
challenging to purify it to the level needed for a step polymerization. For instance, it
decomposed within minutes when heated in CDCl; and DMSO-d.

A second sulfur transfer reagent was synthesized (E in Figure 3.3) based on a
literature precedent. In the first step, an excess of ethylmethylamine was reacted with
sulfur chloride at -78 °C. Reactions run at 0 °C had unidentified side products, but the
reaction at -78 °C yielded C in high purity. Molecule C could be carried onto the next
step without purification or it could be purified by distillation. In the second step, C was
reacted with SO,Cl, to yield D that was not isolated. Rather, D was slowly added to
ethylmethylamine to yield the sulfur transfer reagent E. This procedure was followed to
synthesize F using dimethylamine in both steps. Both E and F were isolated as clean
products as shown by "H NMR spectroscopy, and they were readily further purified by

distillation. The yield of the second step was 32% for E and 46% for F.

Kinetics of Transamination Reactions

To synthesize polymers via transamination reactions between E or F and
secondary diamines, the kinetics of reactions between E and benzylmethylamine were
studied in four solvents (Figure 3.4). Benzylmethylamine was chosen for these reactions
because of the easily identified benzylic CH, group that shifted downfield in the 'H NMR
spectra when proceeding from benzylmethylamine to H to I. The chemical shifts of the
peaks are given in the experimental section for each solvent.

Four reactions between molecule E and two molar equivalents of
benzylmethylamine were studied and the rate constants were measured in CD,Cl, (rate
constant = 7.81 x 10° M s™), DMSO-ds (4.89 x 10° M s™), CDCL; (2.79x 10° M §°
1, and C¢Dg (5.47 x 10° M s™). The rate constants were found using the data points for
conversions of less than 10% and with the assumption that the reaction was irreversible.

Although the reaction was reversible, this assumption is typically used in to find rate
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constants for reactions that have proceeded to low conversions.” In Figure 3.4b the
conversion was the number of S-N(CH3)(Bn) bonds divided by the total number of S-N
bonds.

N ~—
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Figure 3.4 Kinetics of transamination reactions. a) The reaction that was studied in a
sealed NMR tube. b) The conversion of the transamination reactions as a
function of time. The conversion was defined as the sum of the S-N(CH;3)Bn
bonds divided by the sum of all of the S-N bonds for molecules E, H, and I. ¢)
The plot of the initial data points to find the rate constants for each solvent.

Although the reaction was most rapid in CD,Cl, and reached equilibrium in 14 h,
small amounts of unidentified side products were visible. The presence of side products
made methylene chloride a poor choice for the polymerization. The reaction in CDCl;3
took 8 days to reach equilibrium and the reaction in C¢Dg did not reach equilibrium after
8 days. Despite the slower rates for reactions in these solvents, the reactions were clean
and no side products were observed. The reaction in DMSO-d; also did not show any

side products even after 3 days, but this reaction reached 37% conversion and did not



proceed any further. The final conversion was less than 50% because molecule I had

limited solubility in DMSO-d; due to the apolar structure of molecule I and the polar

structure of DMSO-ds. The 'H NMR spectra of this reaction in DMSO-d¢ showed a lower

than expected concentration of molecule I even after three days.

The reaction between molecule E and benzylmethylamine reached 51%
conversion in 17 h when run at 40 °C in an uncapped NMR tube, but prolonged reaction
times resulted in a slow increase in conversion. To lower the boiling point of the free
amine to allow the reaction to go to a higher conversion, molecule F with dimethylamine
(boiling point 7 °C) as the leaving group was used rather than molecule E with

ethylmethylamine (boiling point 36-37 °C) as the leaving group.

o/ / \ A, /
N—S—N + 2HN —_— N—S—N + N—S—N + HN
/B O\ /3N a YT

Figure 3.5 Transamination reactions with dimethylamine as the leaving group.

Reactions between molecule F and benzylmethylamine were studied in CDCls,
DMSO-ds, and C¢Dg in vented reaction vessels to allow the dimethylamine to boil off
(Figure 3.5). Each of the reactions in Table 3.1 did not show any impurities even when
heated to 85 °C for extended periods of time. The conversions for the reactions were high
for each solvent for reactions at 50 °C, but went to quantitative conversions for reactions

in C¢Dg at 85 °C.
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Table 3.1 Transamination reactions of molecule F and benzylmethylamine.

Ent Solvent Temperature Reaction time aConversion
v Y (°0) (h) (%)
2 CDCl, 50 72 93
3 DMSO-dg 50 73 34
4 CsDs 50 24 41
5 CDg 50 72 84
6 CeDg 85 24 ~97

“The conversion was defined as the sum of the S-N(CH;3)Bn bonds divided by all of the
S-N bonds in molecules F, J, and 1.

Synthesis of Polymers with NSN Bonds

Polymers with NSN bonds were synthesized by reaction of secondary diamines
and molecule F at elevated temperatures (Table 3.2). These polymerizations were run for
24 to 96 h and the resulting polymers were characterized by GPC against polystyrene
standards, "H NMR spectroscopy, and ?C NMR spectroscopy.

The polymers synthesized in entries 1, 2, 5, and 6 had high molecular weights and
degrees of polymerization. The degree of polymerization was determined using the
molecular weight measured by GPC and by end group analysis in '"H NMR spectroscopy.
The separate values for the degree of polymerization agreed with each and demonstrated
that these reactions cleanly proceeded to high conversions.

The polymer synthesized in entries 3 and 4 had limited stability. The polymer
was isolated by removing the solvent under vacuum and characterized without further
purification. When this polymer was precipitated into methanol and water, it rapidly

degraded as shown by the presence of numerous, unidentified peaks in the '"H NMR
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spectra. The internal tertiary amine was believed to be the source of the instability of this

polymer.

solvents. The monomer in entry 8 failed to react with molecule F

Table 3.2 Synthesis of N-S-N bond polymers.

The polymerization with piperazine (entry 7) yielded an insoluble polymer in all

Reaction a . b c
.. Temperature . M, . Yield DP> DP
Entry Diamine Solvent ©C) t?}?)e (g mol™) PDI ©) %) (%)
H
1 NN e 85 24 5,600 3.7 75 98 99
H
2 NP CsHg 85 24 5,200 3.4 97 98 99
H
H [ H
3 ANANANS H, 85 7 810 16 97 8 97
H [ H
4 NANANG oy, 85 96 1,600 1.6 89 93 98
5 CHCl, 60 72 12,400 6.6 88 99 98
6 CHCl, 60 96 7,200 33 95 98 98
47 uN. NH CeHs 85 -
_/
H H
g O CeHq 85 ]

*The relative M, and PDI were measured versus polystyrene standards using a calibration
curve and the reflective index peaks of the polymer. "The degree of polymerization based
on the values for M,. “The degree of polymerization based on '"H NMR spectra. “The
polymer was insoluble. “No polymerization occurred.
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Degradation of the N-S-N Bond
In preliminary work, molecule E was stable in C¢Dg for 37 days and DMSO-ds for
35 days (Figure 3.6). No evidence of degradation was observed by "H NMR spectroscopy
in these solvents. In contrast, some degradation was observed in CDCl; and a 10:1 (v:v)
mixture of DMSO-de/D;0. In future work the degradation of the NSN bond in water will

be studied.

CeDs no degradation after 37 days
RT
CDCly .
16% degradation after 37 days
AN a RT g y
e\
E szsdﬁ no degradation after 35 days

DMSO-ds/ D,0

=T 18% degradation after 30 days

Figure 3.6 Degradation of N-S-N bond: Molecule D was added to C¢Ds, CDCl3, DMSO-
ds, and DMSO-d¢ /D,0 (10/1 v/v) to study how rapidly it degraded.

Conclusions
This chapter described our work to synthesize the first polymers with NSN bonds
along their backbones. We synthesized these polymers to apply them as new
biodegradable polymers in biomedical applications similar to how the polysulfenamides
were applied. This project is not complete, but rather, it is an excellent start. Before
publication of this work, more complex polymers will be synthesized and the degradation
of the NSN bond will be studied in more detail. Specifically, the degradation of a

molecule with an NSN bond will be investigated in water to learn if it degrades rapidly
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under acidic conditions. Our work has shown that these polymers can be synthesized and

that they are stable to many conditions and our future work will build on these results.

Experimental Section

Materials and Methods

Materials

Sodium sulfide nonahydrate (Na,S-9H,0), tributyltin chloride, N-
chlorosuccinimide, sulfur monochloride (S,Cl,), sulfurly chloride (SO,Cl,), V-
ethylmethylamine, N-benzylmethylamine, N, N’-dimethyl-1,6-hexanediamine, N, N -bis[3-
(methylamino)propyl]mentylamine, 4,4’-trimethylenedipieridine, N, N -di-sec-butyl-p-
phenylenediamine, dimethylamine, p-toluenesulfonyl chloride, and 3-
methoxypropylamine were purchased from Aldrich or Acros Organics at their highest
purity and used as received. HPLC grade chloroform purchased from Fisher Scientific
was used as the GPC solvent after filtering it through a glass frit. All other solvents
including petroleum ether (39 ~ 56 °C) were reagent grade and purchased from Fisher
Scientific. Because dimethylamine is a gas at room temperature, it was condensed inside
a graduate cylinder in a - 78 °C bath before using it. Piperazine (99%) was purchased
from Aldrich and was purified by sublimation under vacuum at 130 °C. Genduran silica
gel 60 (230-400 mesh) and Basic Alumina Brockman Activity I (60-325 mesh) purchased

from Fisher Scientific were used for all column chromatography.

Characterization

'H and "*C NMR spectra were recorded on a Bruker DPX 300 at 300 MHz and 75
MHz respectively. CDCl; and DMSO-ds were used as NMR solvent with
tetramethylsilane (TMS) as an internal standard. HR ESI-MS data were recorded on a
Waters Q-Tof Premier instrument in positive ion mode and HR EI-MS data were

recorded on a Waters GCT Premier instrument. Size exclusion chromatography (SEC)
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was performed using tetrahydrofuran as the mobile phase (1.00 mL min™) at 25 °C. A
Shimadzu LC-10AT HPLC pump and one Varian column (PLgel 5 pm MIXED-D) were
used in series. A Shimadzu RID-10A refractive index detector and a Shimadzu SCL-10A
system controller were used to measure molecular weights of polymers based on a

polystyrene standard calibration curve.
Synthesis of Small Molecules and Polymers

Bis(tributyltin) sulfide (Molecule A)

This molecule was prepared according to a literature procedure.'”* A solution of
sodium sulfide nonahydrate (Na,S-9H,0) (42.0 g, 175 mmol) in deionized water (34.8
ml) was prepared by heating it with a heat gun. This solution was added to a solution of
tributyltin chloride (28.5 g, 87.4 mmol) in THF (174 mL). Extra deionized water (17.4
mL) was used to transfer the Na,S-9H,O0 to the flask. The mixture was reacted at 65 °C
for 5 h. After cooling the reaction, the organic layer was evaporated. The residue was
extracted with Et,O. The extract was dried over anhydrous MgSO, and evaporated to
give a colorless oil (21.8 g, 81% yield). '"H NMR (CDCls): § 0.91 (t, 18H, J = 7.2 Hz),
1.08 (m, 12H), 1.34 (m, 12H), 1.55 (m, 12H). °C NMR (CDCl;): § 13.66, 15.85, 27.17,
28.68.

Bis(succinimide) sulfide (Molecule B)'*

N-chlorosuccinimide (2.22 g, 16.6 mmol) was slowly added to a solution of
molecule A (5.08 g, 8.30 mmol) in CHCl; (22 mL) at 0 °C and stirred. After 1.7 h, the ice
bath was removed and the reaction was stirred for 8 h. A yellow solid precipitated along
the wall of flask. The CHCI; was decanted. The yellow solid was washed with hexanes 3
times and dried under vacuum to give a crude yellow solid (1.30 g, 69% yield). "H NMR
(DMSO-dq): & 2.57 (s, 8H). >C NMR (DMSO-dq): § 29.55, 179.47.
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N.N’-Dithiobis-ethylmethylamine (Molecule C)'*

A solution of N-ethylmethylamine (10.5 g, 178 mmol) in petroleum ether (400
mL) was cooled to -78 °C. To this solution, sulfur monochloride (6.00 g, 44.4 mmol) was
added dropwise for 10 min. The solution was stirred for 20 min at -78 °C and another 35
min at room temperature. The mixture was washed with an aqueous NaCl solution. The
organic layer was dried over anhydrous MgSO4 and evaporated to give a yellow—green
oil (7.00 g). The product was isolated by vacuum distillation at 30-35 °C to yield a
colorless oil (6.20 g, 78% yield). '"H NMR (CDCls): 6 1.14 (t, 6H, J= 7.2 Hz), 2.64 (s,
6H), 2.69 (q, 4H, J= 7.1 Hz). C NMR (CDCl;): 5 13.81, 46.28, 53.54. HRMS calcd for
CeH16N2S2: 180.0755. Found: 180.0759.

N-Ethylmethylsulfenyl chloride (Molecule D)'*

A solution of molecule C (4.81 g, 26.7 mmol) in CH,Cl, (70 mL) was precooled
to 0 °C for 40 min under nitrogen. Sulfuryl chloride (3.96 g, 29.4 mmol) was added
dropwise to the solution for 17 min under N,. The reaction was stirred for 30 min at 0 °C
and another 50 min at room temperature to yield a crude product (6.70 g, 53.4 mmol),

which was used in situ for the preparation of Molecule E.

Bis(N-ethylmethyl)sulfide (Molecule E)'*

A solution of Molecule D (6.70 g, 53.4 mmol), in CH,Cl, (40 mL) was slowly
added to a solution of N-ethylmethylamine (7.89 g, 13.3 mmol) in CH,Cl, (60 mL) at 0
°C under nitrogen and stirred for 1 h. The reaction was washed with an aqueous NaCl
solution. The organic phase was dried over anhydrous MgSO4 and evaporated to give a
yellow—green oil (4.22 g). The product was purified by distillation under vacuum at room
temperature to yield a colorless oil (2.53 g, 32% yield). 'HNMR (CDCL): & 1.14 (t, 6H, J
= 7.2 Hz), 2.95 (s, 6H), 3.11 (q, 4H, J= 7.1 Hz). >C NMR (CDCls): & 14.24, 46.29,
54.89. HRMS calcd for CsHigN,S: 148.1034. Found: 148.1033.
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N.N’-Dithiobis-dimethylamine'®

A solution of dimethylamine (8.01 g, 178 mmol) in anhydrous Et,O (400 mL)
was cooled to -78 °C. Sulfur monochloride (6.00 g, 44.4 mmol) was added dropwise to
the solution for 14 min. The solution was stirred for 30 min at -78 °C and another 30 min
at room temperature. The mixture was washed with an aqueous NaCl solution. The
organic layer was dried over anhydrous MgSO, and evaporated to give a colorless oil
(6.66 g, 99% yield), which was used directly for the preparation of N-dimethylsulfenly
chloride without further purification. '"H NMR (CDCls): & 2.63 (s, 12H). BC NMR
(CDCls): 6 48.31. HRMS calcd for C4H2N,S,: 152.0442. Found: 152.0444.

N-Dimethylsulfenly chloride'*

A solution of N,N’-dithiobis-dimethylamine (6.03 g, 39.6 mmol) in anhydrous
Et,0O (50 mL) was cooled to 0 °C for 1 h under N,. Sulfuryl chloride (5.88 g, 43.6 mmol)
was added dropwise to the solution under N,. The reaction was stirred for 36 min at 0 °C
and another 50 min at room temperature to give a crude product (8.84 g, 79.2 mmol),

which was used in situ for the preparation of Molecule F.

Bis(N.N’-dimethyl) sulfide (Molecule F)'**

A solution of N-dimethylsulfenly chloride (8.84 g, 79.2 mmol) in anhydrous Et,O
(50 mL) was slowly added to a solution of dimethylamine (17.9 g, 39.6 mmol) in
anhydrous Et,O (75 mL) at - 5 °C to - 7 °C under N, and stirred for 1.2 h. The reaction
was washed with a saturated NaCl solution in water. The organic phase was dried over
anhydrous MgSOj, and the solvent was blown off after freezing the product at - 5 °C to -
7 °C to give yellow-green oil (7.00 g). Further purification was achieved by distillation
under vacuum at 30 °C to yield a colorless oil (4.39 g, 46% yield). 'H NMR (CDCls): &
3.02 (s, 12H). >C NMR (CDCls): & 49.69. HRMS calcd for C4H,N5S: 120.0721. Found:
120.0719.
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Polymer A fs—ﬁmw%

Molecule F (0.942 g, 7.83 mmol) was reacted with
N,N’-dimethyl-1,6-hexanediamine (1.13 g, 7.83 mmol) in refluxing benzene (11 mL) at
85 °C for 24 h. After evaporating the solvent, the polymer was precipitated into methanol
(10 mL). The polymer was dried under vacuum to yield a brown oil (1.02 g, 75 % yield).
'H NMR (CDCls): & 1.29 (m, 4H), 1.54 (m, 4H), 2.94 (s, 6H), 3.07 (t, 4H, J = 7.2 Hz).

13C NMR (CDCly): & 26.88, 28.86, 46.90. 61.05.

Polymer B
Molecule F (0.186 g, 1.55 mmol) was reacted with N, N -bis[3-

(methylamino)propyl]mentylamine (0.268 g, 1.55 mmol) in refluxing benzene (1.4 mL)
at 85 °C for 72 h. After evaporating the solvent, the polymer was directly dried under
vacuum to yield a brown oil (0.310 g, 97 % yield). '"H NMR (CDCls): & 1.71(m, 4H),
2.21 (s, 3H), 2.32 (t, 4H, J = 7.5 Hz), 2.95 (s, 6H), 3.12 (t, 4H J = 7.1 Hz). *C NMR
(CDCl3): 6 25.59,42.43, 46.90, 55.38, 59.01.

{52~

Polymer C

Molecule F (0.186 g, 1.55 mmol) was reacted with 4,4’-trimethylenedipieridine
(0.326 g, 1.55 mmol) in CHCI; (1.6 mL) at 60 °C for 72 h. After evaporating the solvent
and redissolving the polymer in CH,Cl, (4 mL), the polymer was precipitated into
methanol (8 mL) to yield a white-yellow powder (0.330 g, 88 % yield). "H NMR
(CDCl3): 8 1.22(m, 12H), 1.59 (m, 4H), 3.08 (t, 4H, J= 11.0 Hz), 3.44 (m, 4H). °C
NMR (CDCl3): & 23.68, 34.02, 34.96, 36.72, 58.57. Anal. calcd for C;3H24N»S: C, 64.95;
H, 10.06; N, 11.65; S, 13.34. Found: C, 64.70; H, 9.97; N, 11.76; S, 13.44.
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Calculation of Degree of Polymerization Based on 'H
NMR Spectroscopy.

The degree of polymerization of polymer A was measured by the ratio of the peak
corresponding to the terminal N-dimethyl (2.99 ppm) and the peak corresponding to the
N-methyl (2.94 ppm) of the polymer chain. The degree of polymerization of polymer B
was measured by the ratio of the peak corresponding to the terminal N-dimethyl (3.01
ppm) and the peak corresponding to the N-methyl (2.21 ppm) of the polymer chain. The
degree of polymerization of polymer C was measured by the ratio of the peak
corresponding to the terminal N-dimethyl (2.97 ppm) and peaks corresponding to

piperazine (3.44 ppm) of the polymer chain.

Kinetic Reactions with Molecule E and N-
Benzylmethylamine

Molecule E (46.3 mg, 312 umol) was dissolved in 1.35 mL of CD,Cl, and 1 mL
(34.4 mg, 232 umol) of the solution was transferred to a NMR tube. After the addition of
N-benzylmethylamine (56.3 mg, 464 umol) and sealing the NMR tube with a rubber
septum, 'H NMR spectra were periodically recorded for 3 days. The reaction was
monitored by conversion of the benzyl hydrogens in N-benzylmethylamine at 3.71 ppm
to the benzyl hydrogens for molecule H at 4.31 ppm and for molecule I at 4.38 ppm.

The same procedure was also followed for the kinetics of this reaction in CDCl;.
The conversion from molecule E to molecule H and I was monitored by comparing the
benzyl peak (3.74 ppm) of N-benzylmethylamine with the benzyl peak (4.32 ppm) of
molecule H and the benzyl peak (4.38 ppm) of molecule I for 10 days.

For the kinetics in DMSO-ds, molecule E (51.3 mg, 345 umol) was dissolved in
1.49 mL of DMSO-dg, from which 1 mL (34.4 mg, 232 pmol) was added to a NMR tube.
After adding N-benzylmethylamine (56.3 mg, 464 pmol) and sealing the NMR tube with

a rubber septum, the reaction was monitored by 'H NMR spectroscopy for 5 days. The
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conversion was observed by comparing the benzyl hydrogens in N-benzylmethylamine at
3.63 ppm with the benzyl hydrogens for molecule H at 4.29 ppm and for molecule I at
4.36 ppm.

For the kinetics in C¢Dg, molecule E (49.4 mg, 333 pmol) was dissolved in 1.44
mL of C¢Dg and 1 mL (34.4 mg, 232 umol) was added to a NMR tube, followed the
addition of N-benzylmethylamine (56.3 mg, 464 umol) and sealing the NMR tube with a
rubber septum. The conversion from molecule E to molecule H and I was monitored by
comparing the benzyl hydrogens in N-benzylmethylamine at 3.62 ppm with the benzyl

hydrogens for molecule H at 4.34 ppm and for molecule I at 4.36 ppm for 8 days.

Transamination Reaction of Molecule F and V-
Benzylmethylamine

N-benzylmethylamine (153 mg, 1.26 mmol) was added to a solution of molecule
F (75.8 mg, 631 pmol) in 1.26 mL of CDCl;, After connecting a condenser to the reactor,
the mixture was reacted at 50 °C in air and the reaction was monitored by 'H NMR
spectroscopy every 24 h showing 9% conversion to J and 88% conversion to I after 72 h.

The same procedure was followed for the reaction of molecule F (88.3 mg, 735
pmol) and N-benzylmethylamine (178 mg, 1.47 mmol) in 1.47 mL of DMSO-ds showing
13% conversion to J and 77 % conversion to I after 72 h and the reaction of molecule F
(82.3 mg, 685 pmol) and N-benzylmethylamine (166 mg, 1.37 mmol) in 1.37 mL of C¢Dsg
showing 17% conversion to J and 75% conversion to I after 72 h.

For a reaction at 85 °C, molecule F (89.9 mg, 748 umol) and N-
benzylmethylamine (181 mg, 1.50 mmol) were reacted in 1.5 mL of refluxing C¢Ds for

24 h to yield a 3% conversion to J and 97% conversion to I.

Degradation of N-S-N Bonds
Solutions of molecule E (43.4 mg in 1.26 ml of CDCl3, 49.8 mg in 1.35 mL of
DMSO0-de¢/D;0 (10/1 v/v), 45.3 mg in 1.32 mL of C¢Dg, 48.4 mg in DMSO-de) were
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prepared, from which 1 mL of the solutions were transferred to seperate NMR tubes.
After 37 days, 15% of molecule E in CDCl; degraded to unidentified products (1.18-1.32
ppm and 2.55-2.78 ppm). The degree of degradation was calculated using the residual
peak of CDClj; at 7.27 ppm as an internal standard. 18 % of molecule E in DMSO-de¢/D,0O
(10/1 v/v) degraded to unknown products (1.03-1.07 ppm, 2.33 ppm, 2.55 ppm and 2.60-
2.70 ppm) after 30 days and the degree of degradation was calculated using the residual
peak of DMSO-dg at 2.50 ppm as an internal stardard. The NMR spectra in C¢Ds and

DMSO-ds did not change after 37 days and 35 days, respectively.
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CHAPTER 4
SYNTHESIS OF COMPLEX ARCHITECTURES OF COMB BLOCK
COPOLYMERS AND THEIR ASSEMBLY IN THE SOLID STATE

Abstract

The synthesis of comb block copolymers by ring-opening metathesis
polymerization (ROMP), ring-opening polymerization (ROP), and atom transfer radical
polymerization (ATRP) is described. Block copolymers were synthesized by the ROMP
of oxanorbornene and norbornene monomers followed by hydrogenation of the olefins
along the backbone. One block of these diblock copolymers possessed initiators either for
the ROP of (35)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione or the ATRP of butyl acrylate.
The synthesis and characterization of comb polymers with arms composed of poly(lactic
acid) and poly(butyl acrylate) are described. These polymers had well defined peaks in
the size exclusion chromatography spectra which indicated that no homo polymers were
synthesized. A comb block copolymer with polymeric arms of poly(styrene-b-
vinylpyridine) is described. Vinylpyridine was polymerized from a comb polymer with
poly(styrene) arms by ATRP at high dilution of the comb polymer. Finally, the assembly
of a series of comb polymers with tri- and tetra-block copolymers as backbones and

possessing poly(styrene) arms is described.

Introduction
Comb polymers are an interesting morphology of polymers that often possess
molecular weights in excess of one million grams per mole (Figure 4.1).'"'"" Because
these polymers have large molecular weights and possess radii measured in the tens of
nanometers, they are interesting nanomaterials that are nearly monodisperse and possess
well-defined distributions of functional groups. Comb polymers possess one or two
polymeric arms attached to each monomer unit along a backbone polymer that often

results in significant steric crowding between the arms and elongation of the backbone
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polymer such that comb polymers may be shaped as cylinders. Recently, we and others
synthesized complex architectures of comb polymers including those that possessed
dendrimer wedges as arms, liquid crystalline arms, arms with hydrogen bonding motifs,
and a block copolymer backbone that resulted in comb block copolymers.'**'* Comb
block copolymers are an interesting motif because they offer the ability to extend the
assembly of block copolymers in the solid state to morphologies that possess domain
sizes in excess of 100 nm. Linear block copolymers assemble in the solid state into
ordered morphologies with domain sizes that are measured in the tens of nanometers.'**
127 Reaching larger domain sizes requires the use of additives such as low molecular
weight homopolymers, solvents, or nanoparticles that often lead to a decrease in the
degree of order and an increase in defects.'**'*” Comb block copolymers offer an
opportunity to reach domain sizes well in excess of 100 nm without the use of additives.
In recent work, we demonstrated that comb block copolymers possessing arms composed
of poly(styrene) assembled into ordered arrays in the solid state with domain sizes up to
258 nm.''* 2112 These were the largest domain sizes for assembled polymers that did

not require the use of additives.

b)
3 = AP
o%, o3

Figure 4.1 Architectures of comb polymers. a) A chemical structure and schematic of a
comb polymer with poly(styrene) arms is shown. b) A comb block copolymer
is shown with a schematic of its structure.
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The synthesis of comb polymers typically involves the use of one or more
living/controlled polymerization methods including atom transfer radical polymerization
(ATRP), radical addition-fragmentation transfer polymerization, ring-opening
polymerization (ROP), and ring-opening metathesis polymerization (ROMP).'*! The
development of the Grubbs catalysts has spurred advances in comb polymers such that
metathesis has been used to synthesize both the backbone and, less commonly, the
arms.'® '*! In our prior work, we used ROMP with the Grubbs first generation catalyst to
synthesize block copolymers exposing initiators for ATRP and ROP with degrees of
polymerization exceeding 2,000."'* 12123 Additionally, the olefins along the polymer
were hydrogenated in situ to yield stable, robust polymers that were used as backbone
polymers. Both the polymerization of the backbone polymer and its hydrogenation were
accomplished in one pot with high degrees of hydrogenation (>97%). In more recent
work, Grubbs reported the synthesis of comb block copolymers directly from the
polymerization of macromonomers using the G3 catalyst,'*® 4> 143

This chapter primarily reports the synthesis of new sets of high molecular weight
comb block copolymers possessing new polymeric arms that increase the complexity of
what can be synthesized in this field. In our prior work, polystyrene arms were
synthesized from a backbone polymer to yield comb block copolymers that assembled in

!1%123 These polymers demonstrated that it was

the solid state into ordered arrays.
possible to assemble comb block copolymers with molecular weights in excess of two
million grams per mole and that these morphologies could be understood based on
analogy to those assembled from linear block copolymers. To generate more functional
arrays of comb block copolymers, the use of different monomers in their synthesis must
be included. Here, the synthesis of comb block copolymers with arms composed of
poly(butyl acrylate), poly(lactic acid), and poly(styrene-b-vinylpyridine) are described

and the assembly of a variety of comb triblock copolymers is shown. The substitution of

poly(styrene) arms for other polymers allowed the formation of comb polymers with
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arms possessing either a low Tg (the Tg for poly(styrene) is 95 °C and for poly(butyl
acrylate) it is -49 °C) or arms that could be readily etched from a final assembly such as
those with poly(lactic acid) arms. These new comb polymers extend the possible

applications of this architecture by allowing for functionally diverse polymers to be used.

Experimental Section

Materials and Methods

Materials

Styrene, n-butyl acrylate, 4-vinylpyridine, ethylenediamine, copper(I) bromide,
copper(Il) bromide, N,N,N’,N’’,N’-pentamethyldiethylenetriamine (PMDETA), and
Sn(II) 2- ethylhexanoate were purchased from Aldrich or Across Organics at their highest
purity and used as received. HPLC grade chloroform purchased from Fisher Scientific
was used as the GPC solvent after filtering it through a glass frit. All other solvents were
reagent grade and purchased from Fisher Scientific. (35)-cis-3,6-Dimethyl-1,4-dioxane-
2,5-dione (98%) was purchased from Aldrich and was purified by recrystallization from
ethyl acetate three times and stored under N; in a glovebox. 2-Methoxyethyl ether and
CH,Cl, were freeze-pump-thawed three times before being taken into the glove box,
poured over aluminum oxide, and stored. Genduran silica gel 60 (230-400 mesh) and
Basic Alumina Brockman Activity I (60-325 mesh) purchased from Fisher Scientific

were used for all column chromatography.

Characterization

'H and "*C NMR spectra were recorded on a Bruker DPX 300 at 300 MHz and 75
MHz, respectively. CDCl; was used as NMR solvent with tetramethylsilane (TMS) as an
internal standard. Size exclusion chromatography (SEC) was performed using CHCl; as
the mobile phase (1.00 mL min™") at 40 °C. A Waters 515 HPLC pump and two Waters
columns (Styragel HR 4 and HR 5E) were used in series. A DAWN EOS 18 angle laser
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light scattering detector, Wyatt-QELS detector to measure quasi-elastic light scattering,
and Wyatt Optilab DSP to measure changes in refractive index were used to measure
absolute molecular weights of the polymers. The Zimm plot of comb block copolymers
was measured and the second virial coefficient of 1.16 x 10° mol mL g was found for
comb block copolymers with poly(butyl acrylate) arms. Polymers with poly(4-
vinylpyridine) showed significant adsorption in the GPC column resulting in a systematic
error of retention time of the polymers. The degree of polymerization of the poly(4-
vinylpyridine) block was measured by the ratio of peaks corresponding to the phenyl ring
(6.3-7.1 ppm) and peaks corresponding to the pyridine ring (8.1-8.6 ppm) in the '"H NMR
spectra. Images from scanning electron microscopy were obtained using a Hitachi S-4800

at accelerating voltages between 1 to 5 kV.
Synthesis of Comb Block Copolymers

Synthesis of comb block copolymers with poly(butyl

acrylate) arms

The same procedure was applied for all entries in Table 1. The synthesis of entry

13 is described. CuBr (20.9 mg, 0.145 mmol) and a stir bar were added to a Schlenk flask
which was connected to a Schlenk manifold. Butyl acrylate (71.7 g, 0.56 mol) was
poured over aluminum oxide to remove inhibitor and was added to the Schlenk flask.
PMDETA (27.7 mg, 0.16 mmol) was added, and the reaction was degassed by three
freeze-pump-thaw cycles. The reaction flask was then placed in a 50 °C oil bath for 10
min, and the block copolymer backbone (0.5 g, 0.73 umol) was dissolved in 10 mL of
acetone and transferred to the flask under flowing N». The reaction was heated at 50 °C
for 3.5 h and cooled in an ice bath for 15 min. The reaction was filtered through a column
filled with silica gel to remove the copper complex and the remaining butyl acrylate was
removed through vacuum distillation. The polymer was redissolved in 10 mL of THF and

precipitated into methanol to yield a colorless polymeric gel. GPC: M, = 651,000 g mol ™',
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PDI = 1.08. '"H NMR (CDCl5): § 0.91 (m, 5.6H), 1.37 (m, 6H), 1.59 (broad peak, 8.7H),
1.96 (broad peak, 4.6H), 2.25 (t, 2.9H, J = 7.5 Hz), 3.12 (broad peak, 2H), 3.73 (broad
peak, 2H), 3.85 (broad peak, 2H), 4.02 (broad peak, 1.9H), 4.23 (broad triplet, 2H, J =
5.1 Hz).

Synthesis of comb block copolymers with poly(lactic acid)

arms

The same procedure was followed for all entries in Table 2. The synthesis of entry
2 is described. The block copolymer backbone (0.4 g, 0.13 mmol), L-lactide (0.77g, 5.34
mmol), and 2-methoxyethyl ether (13 ml) were added to a Schlenk flask in a glovebox.
After sealing the Schlenk flask, it was removed from the glovebox, attached to a Schlenk
manifold, and heated to 110 °C for 30 min. Sn(II) 2-ethylhexanoate (10.3 mg, 25.4 umol)
was added under flowing N and the reaction was stirred for 3 h. After cooling the
reaction in an ice bath, it was precipitated into methanol. The polymer was redissolved in
minimal CH,Cl, and precipitated again into methanol to yield a white, polymeric powder.
GPC: M, = 817,500 g mol™', PDI = 1.14. "H NMR (CDCl5): § 0.87 (t, 3H, J = 6.8 Hz),
1.25 (broad peak, 18H), 1.58 (m, 31H), 1.97 (broad peak, 4H), 3.11 (broad peak, 2H),
3.43 (broad peak, 2H), 3.63 (broad peak, 0.7H), 3.80 (broad peak, 2H), 5.16 (q, 8.7H, J =
7.0)

Synthesis of comb block copolymers with poly(styrene-

block-4-vinylpyridine) arms

CuBr (5.1 mg, 35.3 pmol) and a stir bar were added to a Schlenk flask which was
connected to a Schlenk manifold. 4-Vinylpyridine (85.7g, 0.82 mol) was distilled under
vacuum at 30 °C and added to the Schlenk flask. PMDETA (24.4 mg, 0.14 mmol) and
the comb block copolymer with polystyrene arms (0.6 g, 0.236 umol) in 30 mL of
distilled 4-vinylpyridine were added, and the reaction was degassed by three freeze-

pump-thaw cycles. The reaction vessel was then placed in a 50 °C oil bath and stirred for
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1.5 h under flowing N». After cooling the reaction in an ice bath, it was filtered through a
column filled with basic alumina (the upper layer) and silica gel (the lower layer) to
remove copper complex. The polymer was precipitated into the mixture of hexane (400
mL) and Et,O (400 mL). After decanting the solvents, the polymer was redissolved in
100 mL of CH,Cl, and precipitated again into 600 mL of hexane. This procedure of
purifying the polymer was repeated one more time to yield a peach-colored powder. M,
(cal) = 3,951,000 g mol™. "H NMR (CDCls): & 0.88 (m, 4.8H), 1.61 (broad peak, 57.5H),
2.25(t,2.8H, J=17.5 Hz), 3.11 (broad peak, 2H), 3.73 (broad peak, 2H), 3.85 (broad
peak, 2H), 4.23 (broad triplet, 2H, J = 4.8 Hz), 6.66 (broad peak, 52.1H), 8.30 (broad
peak, 9.7H).

Results and Discussion

Synthesis of Comb Block Copolymers with Arms
Composed of Poly(butyl acrylate)

Comb block copolymers with poly(butyl acrylate) arms were synthesized as
shown in Figure 4.2. The backbone polymer was synthesized and hydrogenated in one
pot as previously described, and poly(butyl acrylate) arms were grown from these
polymers using ATRP (Table 4.1).114 122123 Although butyl acrylate is readily
polymerized under standard ATRP conditions, the synthesis of comb polymers were run
under very dilute conditions to avoid cross-linking that led to insoluble polymers. In these
polymerizations, the ratio of butyl acrylate to each ATRP initiator along the backbone
was 3800:1 and the polymerizations went to approximately 1% to 6% conversions.
Reactions at lower ratios of butyl acrylate to ATRP initiator resulted in cross-linked

polymers.
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Figure 4.2 Synthesis of a comb block copolymer with poly(butyl acrylate) arms. a) How
the backbone polymer was synthesized in one pot. b) How poly(butyl acrylate)
arms were grown from the backbone polymer.

The physical characteristics of the polymers were measured using SEC connected
to a laser light scattering apparatus to find the absolute molecular weight (Figure 4.3). We
and others have shown that comb polymers characterized by SEC using poly(styrene)
standards in the absence of light scattering underestimate the molecular weight by up to

: 114, 122, 123, 144
an order of magnitude.” ™ >

The backbone polymers all possessed low PDIs
which was consistent with prior work. The PDIs of the comb polymers were also
reasonable and low which indicated that little to no cross-linking occurred during

synthesis of the arms. Furthermore, the absence of any low molecular weight peaks

demonstrated that poly(butyl acrylate) was only grown from the backbone polymer.
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Table 4.1 Synthesis of comb block copolymers with poly(butyl acrylate) arms.

Backbone Polymer Comb Block Copolymer Poly(butyl acrylate) Arms
"Predicted ‘Measured “Predicted ‘Measured R "Predicted £Calculated
Entry ‘A:B M, M, PDI M, M, PDI ’ M, M,
(kg mol™) (kg mol™) (kg mol™) (kg mol™) (am) (g mol™) (g mol™)
1 200:2000 688 737 1.03 2,560 1,920 1.41 85 9,360 5,930
2 1,230 1,000 1.30 87 2,690 1,330
3 1,680 1,990 1.22 71 5,000 6,240
4 1,610 1,330 1.30 59 4,610 2,990
5 1,770 1,390 1.30 56 5,380 3,250
6 200:2000 688 699 1.02 1,480 1,360 1.02 46 3,970 3,330
7 2,360 2,490 1.50 89 8,330 8,940
8 1,280 1,670 1.32 65 2,950 4,860
9 1,300 1,400 1.27 63 3,080 3,500
10 150:1500 516 674 1.05 1,020 1,020 1.17 46 3,330 2,310
11 1,480 1,710 1.21 50 6,410 6,910
12 100:1500 499 453 1.02 922 1,070 1.10 41 4,220 6,120
13 665 651 1.08 39 1,670 1,980
14 1,690 1,260 1.22 42 11,900 8,090
15 1,840 1,940 1.23 47 13,500 14,900
16 500:1500 637 812 1.02 2,180 2,660 1.33 67 3,080 3,690

“The number of monomers A and B along the backbone polymer °The predicted
molecular weight from the composition of the backbone. “The molecular welght was
measured by SEC with light scattering to find the absolute molecular weight. “The
predicted molecular weight from the comp0s1t10n of the backbone polymer and amount
of poly(butyl acrylate) as determined by "H NMR spectroscopy. “The root-mean-square
radii of comb block copolymers measured by light scattering. ‘The predicted molecular
welght of the arms based on the known composition of the backbone polymer and the

'H NMR spectra of the comb polymers. £The calculated molecular weights based on the
molecular weights of the comb and backbone polymers measured by SEC.

r T T Ll r T T 1

16 18 20 22 17.5 195 215 235
Time (min) Time (min)

Figure 4.3 SEC micrographs of comb polymers with a) poly(butyl acrylate) arms and b)
poly(lactic acid) arms.
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The characterization of these comb polymers was further accomplished using 'H
NMR spectroscopy to provide more evidence for their structures. Because the molecular
weights and compositions of the backbone polymers were known to a high degree of
accuracy, the chemical composition of the comb polymer by 'H NMR spectroscopy was
used to predict the molecular weight of the comb polymer and the poly(butyl acrylate)
arms. The predicted molecular weight for the comb polymers agreed well with the
measured molecular weights which indicated that the comb polymer had the structure
shown in Figure 4.2.

It was not possible to separate the arms from the backbone polymer to
characterize them independently from the comb polymers, but the molecular weights of
the arms were calculated by two different methods. First, the molecular weight of the
arms were predicted based on the composition and measured molecular weight of the
backbone polymer and the composition of the comb polymer as measured by 'H NMR
spectroscopy. For instance, it was straightforward to measure the number of moles of
butyl acrylate that had polymerized relative to the number of moles of the backbone
polymer by "H NMR spectroscopy, and from this data the “predicted Mn” for the arms
were calculated (Table 4.1). The values for the “calculated Mn” for the arms were
calculated from the composition and measured molecular weight of the backbone
polymer and the molecular weight of the comb polymer. These numbers agreed well with
each other and demonstrated that the arms had molecular weights of a couple thousand to
nearly fifteen thousand grams per mole.

As a further proof for the structure of these polymers, the root-mean-square radii
of the comb polymers were measured. These values were in the tens of nanometers which

was consistent with other comb polymers with these molecular weights.''* %% 1%



81

Synthesis of Comb Block Copolymers with Arms
Composed of Poly(lactic acid)

Comb block copolymers with arms composed of poly(lactic acid) were
synthesized following a procedure reported earlier (Figure 4.4).12%12 One critical aspect
of this polymerization was that the backbone polymer was dissolved in
methylmethoxyether with (35)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione prior to the
addition of the Sn catalyst. In experiments where the backbone polymer was not first

fully dissolved, a cross-linked polymer was isolated.

a
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Figure 4.4 Synthesis of a comb block copolymer with poly(lactic acid) arms. a) The
monomers that were used to synthesize the backbone polymer for comb
polymers with poly(lactic acid) arms. b) The polymerization to yield comb
block copolymers is shown.
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In contrast to the polymerization of butyl acrylate, the polymerizations of L-
lactide were run to near quantitative conversions. The reason for this difference is that
two carbon centered radicals can combine to yield cross-links between comb polymers in
the growth of poly(butyl acrylate) arms by ATRP, but the opportunities for cross-links in
the synthesis of comb polymers with poly(lactic acid) arms is much lower. In fact, a
transesterification reaction between poly(lactic acid) arms on comb polymers does not
yield cross-links unless the reaction occurs with the ester bond in the backbone polymer

(Figure 4.5).

oo

Figure 4.5 Cross-links between the comb polymers will only occur when
transesterification occurs with the ester group in the backbone polymer.
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Table 4.2 Synthesis of comb block copolymers with poly(lactic acid) arms.

Backbone Polymer Comb Block Copolymer Poly(lactic acid) Arms
®Predicted “Measured dPredicted “Measured » Predicted Calculated
Entry *C:D M, M, PDI M, M, PDI ‘ M, M,
(kg mol™) (kg mol™) (kg mol™) (kg mol™) (o) (g mol™) (g mol™)
1 100:1000 367 519 1.38 555 838 1.13 39 1,870 3,190
2 814 818 1.14 41 4,470 2.290
3 1,450 1,770 1.22 93 10,800 12,600
4 929 1,100 1.22 56 5,620 5,810
5 900 952 1.10 40 5,330 4,330
6 100:1000 367 396 1.23 999 1,110 1.19 54 6,340 7,140
7 913 1,030 1.19 48 5,480 6,300
8 567 524 1.30 44 2,020 1,280
9 150:1500 547 616 1.37 1,290 1,170 1.17 40 4,900 3,700
10 1,480 1,290 1.29 45 6,230 4,510
11 789 764 1.20 46 1,590 987
12 874 734 1.09 29 2,160 787
13 100:2000 698 679 1.33 1,250 1,560 1.23 51 5,480 8,850
14 919 1,460 1.22 55 2,160 7,770

“The number of monomers C and D along the backbone polymer °The predicted
molecular weight from the composition of the backbone. “The molecular We1ght was
measured by SEC with light scattering to find the absolute molecular weight. “The
predicted molecular weight based on the composition of the backbone and amount of
poly(lactic acid) as determined by H NMR spectroscopy. “The root-mean-square radii of
comb block copolymers are shown. "The predicted molecular weights based on the
known composition of the backbone polymer and the 'H NMR spectra of the comb
polymers. #The calculated molecular weights based on the molecular weights of the comb
and backbone polymers measured by SEC.

The characterization of comb polymers with poly(lactic acid) arms possessed
many of the same challenges as comb polymers with poly(butyl acrylate) arms (Table
4.2). The biggest limitation was that the arms could not be separated and characterized
independent of the backbone polymer. The molecular weight of the comb polymers was
measured using SEC with light scattering detectors and it was also calculated using the
composition and molecular weight of the backbone polymer and the composition of the
comb polymers by 'H NMR spectroscopy. The calculated and measured molecular

weights for the comb polymers agreed with a reasonable degree of accuracy. The
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predicted and calculated molecular weights for the poly(lactic acid) arms were also in
reasonable agreement and demonstrated that these polymers possessed the structures

shown in Figure 4.4. The SEC micrographs of the comb polymers did not show a low
molecular peak which demonstrated that the poly(lactic acid) grew from the backbone

polymer (Figure 4.3).

Synthesis of Comb Block Copolymers with Block
Copolymer Arms
To further extend the types and complexities of comb polymers that could be
synthesized, two comb polymers with arms composed of block copolymers were
synthesized (Figure 4.6). The starting comb polymers contained polystyrene arms and
were synthesized and characterized by SEC as described previously. The ends of the
polystyrene arms possessed ATRP initiators that were used to grow poly(vinylpyridine)

to demonstrate how to introduce more functionality into the comb polymers.
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Figure 4.6 Vinylpyridine was polymerized from comb block copolymers with
poly(styrene) arms.
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The polymerization of vinylpyridine was challenging due to the formation of
cross-links that led to insoluble comb polymers. To overcome these cross-links, the initial
comb polymer was dissolved in a large excess of vinylpyridine prior to the introduction
of Cu and PMDETA. Furthermore, the ratio of vinylpyridine to ATRP initiator was
23,000:1 which represented a six fold increase from the ratio of butyl acrylate to ATRP
initiator used in the synthesis of comb polymers with poly(butyl acrylate) arms. After 1.5
h of heating at 50 °C, the reaction was quenched and the product was isolated as a solid.
The polymer was repeatedly precipitated and filtered to ensure that no free
poly(vinylpyridine) was present.

Similar to reports by others, the characterization of the final comb polymer by
SEC was not possible because it did not pass through the SEC columns.'** ' The lack of
a peak in the SEC further demonstrated that the vinylpyridine had grown from the comb
polymer because the starting comb polymer with poly(styrene) arms had very strong
peaks both in the light scattering and refractive index detectors. The composition of the
final polymer was found by 'H NMR spectroscopy and the molecular weight of the comb
polymer was calculated using this spectrum and the molecular weight and composition of
the initial comb polymer. Two different comb polymers were used as starting materials
and two different final polymers were produced. The first comb polymer that was used as
a starting material had a M, of 2,550,000 g mol and polystyrene arms with a M, of
13,500 g mol™. After polymerization of vinylpyridine, the comb polymer was calculated
to have a molecular weight of 3,500,000 g mol™ and the M,, of each poly(styrene-b-
vinylpyridine) arm was 19,800 g mol™. The second comb polymer that was used as a
starting material possessed a M, of 1,360,000 g mol™ and poly(styrene) arms with M, of
5,600 g mol™. After polymerization of vinylpyridine, the comb polymer was calculated to
possess a M, of 1,450,000 g mol" and the M, of each poly(styrene-b-vinylpyridine) arm

was 6,300 g mol™.
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Assembly of Comb Triblock Copolymers with Polystyrene
Arms

= e

Figure 4.7 Comb block copolymers and their morphologies. a) Two examples of comb
polymers with poly(styrene) arms that were assembled in the solid state. The
capitalized letters refers to the monomer units along the backbone and the
subscript letters refer to the degree of polymerization along the backbone and
polystyrene arms as shown. b) An SEM micrograph of an assembled array of a
comb polymer with composition of BsgoA00:3950B500 18 shown. ¢) and d) SEM
micrographs of an assembled array of a comb polymer with a composition of
As0:5190B1000A50:5190 18 shown. €) A SEM micrograph of an assembled array of
a comb polymer with composition of BsooA00:4710Bs00 1S shown.

The synthesis of a series of comb tri- and tetra-block copolymers with arms

composed of polystyrene were described previously (Figure 4.7)."'* These polymers were
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synthesized in a similar manner to the comb polymers with poly(butyl acrylate) arms in a
two pot approach where the backbone was synthesized first followed by the ATRP of
styrene to yield the final comb polymers.

These polymers readily assembled in the solid state into ordered morphologies.
Although some of the morphologies were easily understood based on their SEM
micrographs, many of these polymers assembled into more complex morphologies. The
complexity was expected based on analogies to the morphologies assembled from linear
triblock copolymers which are often very interesting and complex. In Figure 4.7 four of
the SEM micrographs are shown to illustrate the complexity of these assemblies and
many more are provided in the supporting information. The complexity of the
morphologies exceeded our ability to characterize them by SEM; we provide these

micrographs to illustrate that many complex morphologies are possible.

Conclusions

The synthesis of three new sets of comb block copolymers were reported that
expanded the complexity and functional groups that could be realized with this
architecture. The synthesis and characterizations of comb polymers with poly(butyl
acrylate), poly(lactic acid), poly(styrene-b-vinylpyridine) arms were described and
demonstrate that a wide range of these polymers can be realized. The challenging
synthesis of comb polymers with block copolymer arms was overcome by the high
dilution of the comb polymers in vinylpyridine followed by an ATRP polymerization. To
demonstrate some potential applications of these polymers, the assembly in the solid state
of comb tri- and tetrablock copolymers with poly(styrene) arms was described. These
polymers represent a new approach to achieve the ordered assembly of complex
morphologies in the solid state with domain sizes exceeding 100 nm. The use of the new,
functional polymers described in this paper will open up new possibilities for their

applications.
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Supporting Information

Series of Comb Tri- and Tetra-Block Copolymers with

Polystyrene Arms

Structure and Characterization
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Figure 4.8 Structure of multi-block comb polymers.
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Table 4.3 Characterization of multi-block comb polymers.

. ®Predicted  “Measured dArms d
Entry Backbone M, M, PDI R, R, M, PDI of
Polymer r r (nm) (nm) r arms
(kg mol™) (kg mol™) (g mol™)

1 BsooA 100:1430Bs00 487 552 1.14 56.5 45.5 1,430 1.14
2 BsooA 100:4630Bs00 807 1,270 1.27 41.2 26.8 4,630 1.02
3 BisooA 100:3950Bs00 739 756 1.15 51.6 224 3,950 1.04
4 BsooA100:11400Bs00 1,480 2,080 1.16 372 26.0 11,400 1.02
5 As0:5190B1000A50:5190 863 614 1.21 38.6 21.7 5,190 1.28
6 Bso0E1002740Bs00 917 753 1.16 29.3 20.0 2,740 1.10
7 BsooE100:6810Bs00 1,730 1,590 1.17 31.0 22.7 6,810 1.18
8 Bso0E100:7280B500 1,830 1,510 1.14 27.8 21.5 7,280 1.06
9 Es0:1530B1000Es0:1830 732 477 1.20 339 19.7 1,830 1.20
10 Es0:.4700B1000Es0:4700 1,310 983 1.17 38.6 21.7 4,700 1.04
11 Es0.4750B1000E50:4750 1,320 726 1.17 324 18.5 4,750 1.13
12 E20B200E 10B200 210 214 1.15 12.0 10.8
13 E20:4050B200E 10:4050B200 385 314 1.18 21.2 13.6 4,050 1.08
14 E100B750E10B200 520 528 1.19 31.8 19.4
15 B200E 10:3820B750E 100:3820 1,080 820 1.13 30.0 19.1 3,280 1.19
16 E100B750E10B200 1,500 1,720 1.15 339 222
17 BsooA 100:3240B500 656 655 1.03 22.3 17.6 3,240 1.06
18 B300A 100:8710B300 1,030 1,300 1.10 24.1 16.6 8,710 1.02
19 B300A100:13200B300 1,190 1,180 1.13 29,7 19.5 13,200 1.02
20 BisooA 100:7420B500 1,200 1,020 1.06 24.8 17.9 7,420 1.05
21 BsooA 100:3800Bs00 750 581 1.08 244 16.8 3,800 1.04
22 BisooA 100:4710Bs00 875 614 1.08 20.7 16.5 4,710 1.04

“The letters refer to the monomers. The subscripts refer to the degree of
polymerlzatlon of each monomer and the styrene in the arms as shown in Figure
4.1. °The predicted molecular weight of the comb polymers from the known
molecular weight of the backbone polymer and the ratio of styrene to monomers in
the backbone as measured bgf 1H NMR spectroscopy. “Measured by SEC with light
scattering and RI detectors. “The molecular weight and PDI of the arms were
found by cleaving the arms from the backbone polymer and characterizing them by
SEC as described in our prior work.

Self-assembly and characterization of multi-block

copolymer films

Polymers were dissolved in CH,Cl, (9 mL) at concentrations from 8 to 30 mg mL"
!. The solvent was allowed to vaporize at room temperature to form thin films inside
glass vials. These films were exposed to CH,Cl, under vacuum for three days. The films
were frozen in liquid nitrogen, fractured, mounted on an aluminum holder with the

fractured interior facing upward and then stained with RuO4 vapor. The samples were
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imaged by scanning electron microscopy (SEM) on a Hitachi S-4800 at accelerating

voltages between 2 to 5 kV.

SEM Micrographs for the Polymers in Table 4.3

1. 00um

Figure 4.9 SEM micrographs of entry 1.



Figure 4.10 SEM micrographs of entry 2.
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Figure 4.11 SEM micrographs of entry 3.
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Figure 4.12 SEM micrographs of entry 4.
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Figure 4.13 SEM micrographs of entry 5.
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Figure 4.14 SEM micrographs of entry 6.
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Figure 4.15 SEM micrographs of entry 7.
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Figure 4.16 SEM micrographs of entry 8.
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Figure 4.17 SEM micrographs of entry 9.
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Figure 4.18 SEM micrographs of entry 10.
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Figure 4.19 The SEM micrograph of entry 11.



101

Figure 4.20 SEM micrographs of entry 12.
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Figure 4.21 SEM micrographs of entry 13.
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Figure 4.22 SEM micrographs of entry 14.
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Figure 4.23 SEM micrographs of entry 15.
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Figure 4.24 SEM micrographs of entry 16.
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Figure 4.25 SEM micrographs of entry 17.
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Figure 4.26 SEM micrographs of entry 18.
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Figure 4.27 SEM micrographs of entry 19.
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Figure 4.28 SEM micrographs of entry 20.
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Figure 4.29 SEM micrographs of entry 21.
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Figure 4.30 SEM micrographs of entry 22.

(Part of this work was accepted for publication in polymer, 2011.)
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CHAPTER 5
FACILE SYNTHESIS OF THE GRUBBS FIRST GENERATION
METHYLIDENE CATALYST AND ITS REACTIVITY TOWARDS
STERICALLY HINDERED OXANORBORNES

Abstract
The Grubbs first generation catalyst was reacted with 1,7-octadiene to yield a
ruthenium methylidene catalyst in 69% isolated yield. The reaction between this
ruthenium methylidene catalyst and the commercially available Grubbs first and second
generation catalysts with oxanorbornenes substituted with methyls at the bridgehead
carbons was studied. Surprisingly, no reaction was observed even at high loadings of

catalyst and oxanorbornene.

Introduction

The importance of the Grubbs catalysts in the synthesis of small molecules and
polymers has made it one of the most studied catalysts in the last ten years.'*”'** These
catalysts are very stable and active when substituted with a ruthenium benzylidene, but
the ruthenium methylidene is significantly less stable (Figure 5.1). The methylidene is an
intermediate in many ring closing and cross metathesis reactions which makes it an
important molecule when considering how to improve the lifetime and activity of Grubbs
catalysts."”® Because of this importance, catalysts with a ruthenium methylidene have
been synthesized and studied. The ruthenium methylidenes have been synthesized by
exposing Grubbs catalysts to ethylene and, in the case of the Grubbs second generation

catalyst, using heat to drive the reaction to completion.154’ 155

Here, we report a facile
synthesis of the ruthenium methylidene for the Grubbs first generation catalyst that does
not require the use of a gas. Furthermore, we will describe how this catalyst reacts with

oxanorbornenes that are substituted at the bridgehead carbons.
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Figure 5.1 How the ruthenium methylidenes were synthesized.

Results and Discussion

When the Grubbs catalysts catalyze ring closing metathesis reactions with dienes,
a ruthenium methylidene is formed if the dienes contain vinyl groups (Figure 5.1).°%1%
This reaction was used to generate ruthenium methylidenes for the Grubbs first
generation catalyst by reacting it with fifteen equivalents of 1,7-octadiene in methylene
chloride. The catalyst was cleaned by removing methylene chloride, styrene, and
cyclohexene under reduced pressure. The ruthenium methylidene was isolated in 69%
yield and its "H and ">C NMR spectra matched the reported values.'>

The reaction between the Grubbs second generation catalyst and 1,7-octadiene
was more complicated. This catalyst has a slow rate of initiation but fast rate of
propagation, so a higher diene to catalyst loading was required to convert all of the

1341591 addition, the ruthenium methylidene was

catalyst to the ruthenium methylidene.
reported to be unstable and decomposed in the solid state under N,.">* A reaction with a
100:1 molar ratio of 1,7-octadiene to Grubbs second generation catalyst yielded the

ruthenium carbene at an approximate 80% crude yield after removal of the solvent in

vacuo and redissolving in CDCl;.
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A clean sample of the Grubbs second generation catalyst with a ruthenium
methylidene could not be isolated. It was generated as shown in Figure 5.1 and the
solvent was removed, but when the solid ruthenium methylidene was washed with
hexane under N, a gel formed that contained no evidence of product by 'H NMR
spectroscopy. Repeated efforts to purify the ruthenium methylidene catalyst failed.

The first and second generation catalysts were reacted with sterically hindered
oxanorbornenes (Figure 5.2). Although the steric requirements around olefins for cross
metathesis and ring closing metathesis reactions are well studied, these requirements for
ring opening metathesis polymerization (ROMP) are less well understood.''®
Norbornenes and oxanorbornenes are common monomers for ROMP because of their
ease of synthesis by Diels-Alder reactions and rapid polymerization with Grubbs
catalysts. For instance, monomer 5 from Figure 5.2 polymerizes with a first order rate
constant of 0.84 L mol™ s with the Grubbs first generation catalyst.'?! 12> 19170 The
effect of endo and exo substituents on the rates of ROMP are well known, but no study

had addressed substitutions at the bridgehead carbons (monomers 6 and 7 in Figure 5.2)

prior to this work.

Ao S0, Beon Boo
o]
S ‘("\Of\écf( L~on Lo
racemic mixture
5 6 7

Figure 5.2 All of these molecules were isolated as the pure exo isomers.

To study the steric requirements for oxanorbornenes substituted at the bridgehead
carbons, monomer 6 was reacted with the Grubbs first and second generation catalysts at

monomer:catalyst loadings of 3:1 and high concentrations of catalyst (5.3 x 10 M). No
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reaction occurred even after 2 h for either catalyst. When monomer 7 was reacted under
similar conditions with catalysts 1 and 3, no reaction occurred. To eliminate any
possibility of steric crowding between the benzylidene carbene and the methyl group on
monomer 7, catalyst 2 was reacted with monomer 7. Even after 2 h at a

monomer:catalyst loading of 3:1, no reaction was observed by 'H NMR spectroscopy.

e e e

RuCl, Cl,Ru -H

J/f

HO
HO

Figure 5.3 Steric effects of the methyl at the bridgehead position of oxanorbornes. a)
Significant steric crowding exists between the Grubbs second generation
catalyst and monomer 6 when it undergoes a metathesis reaction. b) and c)
The reaction of monomer 7 and the Grubbs first generation methylidene
catalyst has significant steric interactions in the transition state regardless of
the orientation of molecule 7.

A possible explanation of these results is proposed based on the crystal structures
of the Grubbs first and second generation catalysts."*"'"'"'"* An examination of these
crystal structures does not indicate any potential steric interactions for the initial
coordination of monomers 6 or 7 to ruthenium. In contrast, the metallocyclobutane
intermediate would be expected cause significant steric interactions between the methyls

and either the PCy; or imidazolium carbene ligand (Figure 5.3a and b). Somewhat
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surprising to us was that monomer 7 did not react with the Grubbs first generation
methylidene catalyst. Monomer 7 was synthesized as a racemic mixture and could form
a metallocyclobutane with the methyl group pointed towards the PCy; or away from it
(Figure 5.3b and ¢). A significant steric interaction may exist between the methyl group
and the two hydrogens in Figure 5.3c that result in no reaction between molecules 7 and

2.

Conclusions
In summary, an efficient synthesis of the Grubbs first generation methylidene
catalyst and its reactivity with oxanorbenes substituted at the bridgehead carbons was
described. The lack of reaction between monomers 6 and 7 with the Grubbs catalysts 1,
2, and 3 demonstrated that a significant steric hindrance resulted when even one tertiary,
bridgehead hydrogen was replaced with a methyl group in the monomer. These results
were unexpected and are presented as a limitation for which monomers may react with

the Grubbs catalysts.

Experimental Section

Synthesis and NMR Data

RuCly(=CH,)(PCy3), (1)

A solution of Grubbs first generation catalyst (0.69 g, 0.84 mmol) in CH,Cl, (20
mL) was stirred under an atmosphere of nitrogen at room temperature. After the addition
of 1,7-octadiene (1.38 g, 12.5 mmol), the mixture was stirred for 2 h. The solvent was
evaporated under vacuum, and the residue was washed with acetone (5 x 3 mL) and dried
under vacuum for 4 h. The residue was redissolved in CH,Cl, (10 mL) and the solvent
was evaporated again under vacuum to yield a brown solid (0.43 g, 69%).'”> '"H NMR
(CDCl3): & 1.51 (m, 60H), 2.48 (m, 6H), 18.92 (s, 2H). *C NMR (CDCls): & 26.50 (s, p-
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Cof P(C6H11)3), 27.73 (pseudo-t, J= 5.2, 0-C of P(C6H11)3), 29.16 (S, m-C of P(C6H11)3),
30.70 (pseudo-t, J = 9.9, ipso-C of P(CeHy1)3), 293.84 (s, Ru=CH).

n 1% 0 5 0 PPM

Figure 5.4 "H NMR spectrum of RuCly(=CH,)(PCys3)s.

Figure 5.5 °C NMR spectrum of RuCl,(=CH,)(PCy3),.
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Figure 5.6 °C NMR spectrum of RuCl,(=CH,)(PCy3),.

1.4-Dimethyl-7-oxabicyclo[2.2.1]heptene-2.3-dicarboxylic

anhydride (A)
Maleic anhydride (5.1 g, 52.0 mmol) and 2,5-dimethylfuran (5.0 g, 52.0 mmol)

were placed in a 100 mL of round bottom flask and 10 mL of anhydrous Et,O was
added. The mixture was stirred until the maleic anhydride completely dissolved. The
flask was sealed and allowed to stand at room temperature for 5 days. The resulting
crystals were filtered and washed with cold anhydrous Et,O (3 x 10 mL) to yield a white
solid (5.14 g, 51%).""> ' This solid was the pure exo isomer. 'H NMR (CDCls): & 1.74
(s, 6H), 3.16 (s, 2H), 6.34 (s, 2H). *C NMR (CDCls): § 15.65, 54.10, 88.90, 141.20,
168.67.

1-Methyl-7-oxabicyclo[2.2.1]heptene-2.3-dicarboxylic

anhydride (B)
Maleic anhydride (2.00 g, 20.4 mmol) and 2-methyfuran (2.51 g, 30.6 mmol)

were reacted according to the procedure used for compound A. The product was isolated
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as a white solid (3.01 g, 82%).""° "H NMR (CDCls): & 1.78 (s, 3H), 3.04 (d, 1H, J= 6.9),
3.30 (d, 1H, J=6.9), 5.33 (s, 1H), 6.35 (d, 1H, J = 6.0), 6.55 (m, 1H,). *C NMR
(CDCls): 8 15.50, 51.06, 51.94, 81.94, 89.64, 137.54. 140.77, 168.75, 170.23.

1.4-Dimethyl-7-oxabicyclo[2.2.1]heptene-2,3-dimethanol

©

Molecule A (1.72 g, 8.85 mmol) was added to a suspension of LiAIH4(0.84 g,
22.1 mmol) in dried THF (10 mL) at 0 °C under N, and stirred at room temperature for
24 h. The mixture was carefully quenched with water and 3 N HCI solution at 0 °C and
extracted with CH,Cl; (3 x 15 mL). The organic layer was dried over MgSO,4, and
evaporated. The product was cleaned by column chromatography using 80% EtOAc in
hexanes to yield a white solid (0.52 g, 32%) 'H NMR (CDCls): & 1.52 (s, 6H), 2.08 (s,
2H), 3.52 (s, 2H), 3.91 (m, 4H), 6.17 (s, 2H). >C NMR (CDCls): & 16.24, 46.35, 60.78,
86.67, 140.20.

1-Methyl-7-oxabicyclo[2.2.1Theptene-2.3-dimethanol (D)

Reduction of B (2.03 g, 11.3 mmol) was carried out with LiAlH4 (1.11 g, 29.4
mmol) following the procedure used for compound C. The product was cleaned by
column chromatography using EtOAc to yield a white solid (0.7 g, 35%). 'H NMR
(CDCl3): 6 1.53 (s, 3H), 1.95 (m 1H), 2.09 (m, 1H), 3.72 (s, 2H), 3.85 (m, 4H), 4.58 (s,
1H), 6.18 (d, 1H, J = 6.0), 6.39 (m, 1H). °C NMR (CDCLs): 5 16.00, 44.21, 44.69, 60.59,
63.30, 81.01, 87.10, 136.10, 139.94.
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Figure 5.7 "H NMR spectrum of 1,4-Dimethyl-7-oxabicyclo[2.2.1]heptene-2,3-
dimethanol.
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Figure 5.8 °C NMR spectrum of 1,4-Dimethyl-7-oxabicyclo[2.2.1]heptene-2,3-
dimethanol.
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Figure 5.9 "H NMR spectrum of 1-Methyl-7-oxabicyclo[2.2.1]heptene-2,3-dimethanol.
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Figure 5.10 >C NMR spectrum of 1-Methyl-7-oxabicyclo[2.2.1]heptene-2,3-dimethanol.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

Conclusions

In this thesis, the main achievements of our research are syntheses of new
biodegradable polymers called polysulfenamides that are composed of new functional
groups (S-N and N-S-N bonds) along their backbones. Polysulfenamides provide a route
to the synthesis of new biodegradable polymers based on S-N bond cleavage under acidic
conditions. These polymers were well-defined and characterized, and they were the first
biodegradable polymers based on these functional groups ever reported in the literature

A high conversion of transamination reactions was critical to the step-growth
polymerization between sulfenamides and secondary diamines to yield polysulfenamides
with S-N bonds. The polymerizations were completed at room temperature through the
synthesis of dithiosuccinimides which possessed a good leaving group. Polysulfenamides
were successfully synthesized with degrees of polymerization up to 97% through the
transamination of dithiosuccimimides and secondary diamines. Microparticles were
fabricated from polysulfenamides which were stable at physiological pH and degraded
under acidic conditions. These microparticles were readily absorbed into JAWSII and
HEK 293 cells and showed minimal toxicity with many potential applications in vaccine
delivery and gene therapy. The surfaces of these microparticles were easily
functionalized to express new functional groups through trasamination reactions.

To synthesize a second new biodegradable polymer based on N-S-N bonds, an
excellent sulfur-transfer reagent, bis(V, N '-dimethyl) sulfide was prepared. This molecule
showed reasonable kinetics in a transamination reaction with a secondary amine in
refluxing benzene and provided a method to prepare polymers with N-S-N bonds. These

polymers are expected to posses a positive zeta value without functionalization of the
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polymers and degrade more rapidly than polysulfenamides because the degradation
products will consist of only free amines and SO gas.

The introduction of a new functional group (S-N or N-S-N bonds) in the synthesis
of polymers will expand the types and properties of biomedical polymers and provide an
easy method to functionalize microparticles. These polymers will provide new routes to
design more complex and specific drug delivery matrices that will be required in
medicine.

As for other achievements, we have developed the syntheses of three new sets of
comb block copolymers with polymeric arms composed of poly(lactic acid), poly(butyl
acrylate), and poly(styrene-b-vinylpyridine) using ring opening metathesis
polymerization (ROMP), ring opening polymerization (ROP), and atom transfer radical
polymerization (ATRP). The block copolymers were synthesized by the ROMP of
oxanorbornene and norbornene using the Grubbs first generation catalyst. The olefins
along the backbone were subsequently hydrogenated in a one-pot reaction to increase the
stability of the polymers. The polymeric arms were grafted from the backbone polymers
using ATRP or ROP. The challenging issue in grafting poly(vinylpyridine) onto comb
polymers was overcome by using ATRP at a high dilution of the comb polymers with
poly(styrene) arms. The synthesis of these polymers demonstrated that a range of comb
block copolymers with expanded complexity and functional groups could be realized.
The self-assembled morphologies in the solid state of comb tri- and tetrablock
copolymers with poly(styrene) arms demonstrate some potential applications of these
polymers.

In the context of the ROMP, the steric effect of oxanorbornene on the Grubbs
catalysts was studied. The Grubbs first and second generation catalysts showed a lack of
reactivity with oxanorbornene when one bridgehead-hydrogen was substituted with a
methyl group. Even when Grubbs first generation methylidene catalyst was synthesized

and reacted with the methyl substituted oxanorbornene, there was no reaction. This result
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implied a significant steric interaction between the methyl group and the two hydrogens
of the metallocyclobutane intermediate. These results demonstrate that the
oxanorbornenes substituted at the bridgehead position have limited reactivity with the

Grubbs catalysts.

Recommendations for Future Work

In future work, optimization of the synthesis of polysulfenamides should be
completed because there are possibilities to improve the yield of polymerization. In the
first synthesis of polysulfenamides, the molecular weights of the polymers were below
10,000 g mol™ although the reaction of thiosuccinimides with secondary amines went to
>97% conversion at reasonable concentrations at room temperature. Also,
dithiosuccinimides were mainly reacted with secondary diamines for the polymerization
because the reaction between disulfenamides and secondary diamines was hindered by
slow kinetics of polymerization in refluxing aprotic solvents and lack of solubility of the
polymer in protic solvents.

By improving some factors in polymerization, high molecular weight
polysulfenamides can be synthesized. The reaction time of polymerization needs to be
reexamined to find the best condition to obtain high molecular weight polymers because
the polymerization time in the first synthesis was 24 hours although the kinetics of the
polymerization showed >95% conversion within 50 min at room temperature. Some of
the S-N bonds might be cleaved due to acidic protons originating from succinimide
produced as a byproduct during the long polymerization time. Therefore, finding the
optimal polymerization time is critical to obtaining high molecular weight polymers.
Some bases such as triethylamine, pyridine, and potassium hydroxide can be applied
together to neutralize the acidic protons from the succinimide, which might increase the

molecular weight of the polymers.
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The reactivity of disulfenamides with secondary diamines can be improved by
replacing the leaving group, N-ethylmethylamine (boiling point of 36 °C) with
dimethylamine which is easier to boil off because of its low boiling point of 7 °C as
shown in Figure 6.1. In the synthesis of polymers with N-S-N bonds, dimethylamine
proved an even better leaving group than N-ethylmethylamine, resulting in >97%
conversion in refluxing benzene after 24 h and 97% conversion in CDCl; at 50 °C after
72 h. Therefore, the disulfenamide with dimethylamine will provide another novel route

to synthesize polysulfenamides.

| v
I \ N (bp: 7 °C)

Figure 6.1 Polymerization of disulfenamide with dimethylamine as a leaving group.

Another recommendation for future work that needs to be pursued is the
introduction of a functional group to the polysulfenamide backbones. Although the
polysulfenamides are well-defined and biodegradable, their backbones are too simple to
be functionalized for various applications in medicine. The modification of the backbone
structures might be achieved by reacting dithiosuccinimides with N, N -bis(2-
hydroxyethyl)ethylenediamine as shown in Figure 6.2a. The alcohol groups along the
backbone can be functionalized with a cyclooctyne derivative which exhibits Cu-free
click chemistry with azide-modified biomolecules as shown in Figure 6.2a. This small
modification of the backbone will allow the construction of bioconjugate systems with

azide-modified biomoleucules and polysulfenamides.'”’
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Figure 6.2 Functionalization of polysulfenamdies. a) Synthesis of a polysulfenamide with
an alcohol group along the backbone. b) Functionalization of a
polysulfenamide with a cyclootyne derivative using Cu-free click chemistry
with azide-modified biomolecues.
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APPENDIX
SYNTHESIS OF COMB TRI- AND TETRABLOCK COPOLYMERS
CATALYZED BY THE GRUBBS FIRST GENERATION CATALYST

Abstract

High molecular weight tri- and tetrablock copolymers were synthesized from the
commercially available Grubbs first generation catalyst for the first time. These polymers
had degrees of polymerization from 430 to 1100, molecular weights up to 419,000 g mol’
! and narrow polydispersities. Oxanorbornene monomers were chosen due to their fast
rates of polymerization and slow rates of cross metathesis. Polystyrene arms were grown
from selected blocks by atom transfer radical polymerization to yield architecturally
complex comb tri- and tetrablock copolymers. These polymers self-assembled in the solid

state into ordered morphologies that were characterized by scanning electron microscopy.
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Ring opening metathesis polymerization (ROMP) is an important method to
synthesize polymers that has recently found numerous applications in the synthesis of
complex polymers.'*" 11917183 Of the many metathesis catalysts reported in the
literature, the Grubbs first, second, and third generation catalysts are the most widely
used because of their wide functional group tolerance and high activities. The Grubbs

first generation catalyst is the most common choice for ROMP, but its activity is much
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lower than that of the second or third generation catalyst. Most examples of tri- or
tetrablock copolymers synthesized with the Grubbs first generation catalyst have modest
degrees of polymerization less than 100."**'*® Although, the second generation catalyst
has a much higher activity than the first generation catalyst, it possesses a slow initiation
step that leads to excessively poor control over molecular weight of the polymers.'®” This
problem was addressed at some level by the addition of bromopyridine to the second
generation catalyst to yield a third generation catalyst with a rate of initiation that

1% 1 This catalyst has been reported to yield

increased by up to six orders of magnitude.
homo and block polymers with low PDIs and controlled molecular weights.

We and others are very interested in the development of block polymers for
applications as diverse as photonic materials, catalysis, drug delivery, antimicrobial
polymers, membranes, and microchip patterning,'2'"> 30 133 178 18, 192197 p OMP provides
an attractive route to block polymers, but it has remained underutilized compared to
anionic and radical polymerizations. Two reasons for its underutilization are the lack of a
wide range of commercially available strained cyclic olefins that are readily polymerized
and the low activity of the Grubbs first generation catalyst. The latter problem was
addressed at some level by the development of the Grubbs third generation catalyst that
has a higher activity in ROMP, but it has only been used to synthesize a few examples of
triblock copolymers with total degrees of polymerization between 140 and 460, 7! 1%%-
%1 In addition, the high cost of the third generation catalyst ($322/g) compared to that of
the first generation catalyst ($72/g) limits its uses.

In this paper, we report the first synthesis of high molecular weight tri- and
tetrablock copolymers by ROMP catalyzed via the Grubbs first generation catalyst.'®®
Although tri- and tetrablock copolymers with degrees of polymerization up to 100 have
been synthesized with the Grubbs first generation catalyst, the synthesis of these

polymers with much higher degrees of polymerization is unknown. A possible reason for

this limitation is that some monomers polymerize slowly such that cross metathesis
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between the polymer chains limits the overall degree of polymerization. In this article, we
will describe how a set of monomers polymerize rapidly such that tri- and tetrablock
copolymers with high degrees of polymerization are possible. We define high degrees of
polymerization as 1,000 units, which is an order of magnitude larger than reported by
others for tri- and tetrablock copolymers synthesized with the Grubbs first generation
catalyst.

This work builds on prior efforts by us to synthesize diblock copolymers with
degrees of polymerization in excess of 1,000."""'** This work was successful and
extended the degrees of polymerization to 2,000 units for diblock polymers synthesized
via the Grubbs first generation catalyst. In this paper, we extend this work to include
critical tri- and tetrablock copolymers and demonstrate that their degrees of
polymerization can be exceed 1,000. The polymers reported in this work had degrees of
polymerization up to 1,100 and molecular weights in excess of 400,000 g mol™'. The
monomers used in these studies were based on crystallizable exo-oxanorbornenes, and
over a hundred grams were synthesized in two simple steps that required no

chromatography or distillations.'* >**

These monomers were readily reacted to yield
more complex molecules that displayed initiators for atom transfer radical
polymerizations. These tri- and tetrablock copolymers were further used to synthesize
comb block copolymers that assembled in the solid state into ordered arrays. This work

demonstrated that the combination of appropriate monomers and the Grubbs first

generation catalyst can be used to synthesize complex block copolymers.

Experimental Section

Materials
Chemicals were purchased from Aldrich or Acros and used as is unless otherwise

stated. Methylene chloride was freeze-pump-thawed three times before filtration over
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aluminum oxide in a glove box. CDCIl; was freeze-pump-thawed three times before

storage in a glove box.

Kinetic Experiments

For experiments with monomer to catalyst loading of 500 and 1,000 to one,
monomer A (0.1 g, 330 pmol) was dissolved in 0.6 mL of CDCI; and added to an NMR
tube. Grubbs catalyst (24.2 mg, 29 umol) was dissolved in 17.9 mL of CDCl;. For a
monomer to catalyst loading of 500 to one, 0.4 mL of the Grubbs catalyst solution was
added to the NMR tube and 'H NMR spectra were obtained approximately every minute.
For a monomer to catalyst loading of 1,000 to one, 0.2 mL of catalyst solution was added
to another NMR tube with the same amount of monomer and an additional 0.2 mL of
methylene chloride. The polymerization rate of monomer B at a monomer to catalyst
loading of 50 to one was investigated at a lower concentration. A solution of monomer B
was prepared by dissolving 100 mg in 2.5 mL CDCl3, and 0.5 mL of solution was
transferred to an NMR tube. Grubbs catalyst (21.7 mg, 26 pmol) was dissolved in 11.4
mL CDCls. 0.5 mL of this catalyst solution was added to monomer B and '"H NMR

spectra were recorded every minute.

Size Exclusion Chromatography (SEC)

The polymers were characterized by SEC using chloroform (1 mL min™) as the
mobile phase at 35 °C. Two Waters columns (two styragel HMW7 columns or a
combination of HR4 and HR5E columns) were used in series. The columns were
connected to a DAWN EOS 18 angle laser light scattering detector from Wyatt Corp., a
Wyatt QELS detector to measure quasi-elastic light scattering, and a Wyatt Optilab DSP
to measure changes in refractive index. These detectors were used to find the absolute

molecular weights without the need for polymer standards.
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Synthesis of ABA Triblock Copolymer by ROMP

Grubbs first generation catalyst (103 mg, 0.12 mmol) was dissolved in 4.8 mL of
methylene chloride. Monomer A (2.0 g, 6.5 mmol) was dissolved in 7.5 mL of
methylene chloride. Grubbs catalyst solution (0.5 mL, 10.7 mg, 13 umol) was added to
monomer A. The polymerization proceeded for 30 min before monomer B (0.448 g, 1.3
mmol) dissolved in 4 mL of methylene chloride was added and stirred for an additional
25 min. A second batch of monomer A (2.0 g, 6.5 mmol) was dissolved in 10 mL
methylene chloride, added to the polymerization, and stirred for 45 min. Silica gel (400
mg) and 8 equivalents of Grubbs catalyst were added, the reaction vessel was placed in a
Parr reactor, it was pressurized with H, to 1100 psi, and the Parr reactor was placed in a
50 °C oil bath. After 18 h, the Parr reactor was cooled and the polymer was filtered

through silica gel and precipitated into methanol twice.

Synthesis of CACA Tetra-block Copolymer by ROMP

A solution of Grubbs first generation catalyst (101.5 mg, 123 umol) dissolved in
3.15 mL of methylene chloride was prepared. 0.5 mL of the Grubbs catalyst solution
(16.1 mg, 20 umol) was added to monomer C (0.233 g, 0.39 mmol) dissolved in 1.7 mL
methylene chloride while stirring. The polymerization proceeded for 15 min before the
addition of monomer A (1.2 g, 3.9 mmol) dissolved in 3 mL methylene chloride and
stirred for an additional 25 min. Monomer C (0.116 g, 195 umol) dissolved in 0.3 mL
methylene chloride was added and then stirred for 20 min before the addition of
monomer A (1.2 g, 3.9 mmol) dissolved in 7 mL. After 40 min, silica gel (300 mg) and 5
equivalents of Grubbs catalyst (80.5 mg, 98 pmol) were added. The reaction was placed
inside a Parr reactor, pressurized with H, to 1000 psi, and placed in a 50 °C oil bath.
After 18 h the Parr reactor was cooled, the polymer was filtered through silica gel, and it

was twice precipitated into methanol.
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Synthesis of Comb Polymers and Cleavage of Their Arms
from the Backbone
The polystyrene arms were grafted onto the backbone polymers using dilute,
copper catalyzed atom transfer radical polymerizations as described in previous

121-123

publications. In addition, the polystyrene arms were cleaved from the backbone

polymers under basic conditions using KOH.

Self-assembly of Comb Block Copolymer Films
Block copolymer films were prepared as reported previously by casting films

12
1123 These films were

from polymer solutions of 10-30 mg mL™" in methylene chloride.
vapor annealed with methylene chloride for three days. The films were frozen in liquid
nitrogen and fractured to expose their interiors. The samples were stained with RuO4

vapor prior to imaging by scanning electron microscopy (SEM) on a Hitachi 4800 at

accelerating voltages between 1 to 5 kV.

Results and Discussion

Exo-oxanorbornenes were chosen for this study because they are readily

123.169. 202 The first step in

synthesized and have high rates of polymerization (Figure A.1).
their synthesis is the Diels-Alder reaction between furan and maleic anhydride. This
reaction is very clean, and the product forms crystals of the exo-Diels-Alder adduct at
room temperature. The anhydride is readily converted to a crystallizable imide in one step
by reaction with ethanol amine. This synthesis provided simple access to over one
hundred grams of clean product without requiring column chromatography or a
distillation. The monomers used in this work were synthesized by simple reactions from

this common intermediate.'?!
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Figure A.1 Synthesis of comb tri- and tetra block copolymers. a) The simple, two-step
synthesis of an oxanorbornene and the resulting monomers used in this study.
b) The synthesis of comb block copolymers by ROMP and ATRP. In the final
step, the arms were cleaved from the backbone polymer and characterized by
SEC.

To polymerize these monomers by ROMP into tri- and tetrablock copolymers,
their kinetics of polymerization were studied to learn when each monomer was
completely consumed. This information was critical to the synthesis of block polymers
because the sequential addition of monomers requires that each monomer be consumed
prior to the addition of a new monomer. Three different monomer to catalyst ratios of 50,
500, and 1,000 to 1 were studied to obtain their kinetics of polymerization by '"H NMR
spectroscopy (Figure A.2). The rates of polymerization were very rapid; in fact, with
initial monomer concentrations of 0.33 M polymerizations with a monomer to catalyst
ratio of 1,000 to 1 reached >97% completion in 15 min and required only 12 min to reach
>97% completion for a monomer to catalyst ratio of 500 to 1. This concentration was too

high to gather meaningful data on the rates of polymerization at lower monomer to



134

catalyst ratios, so the initial monomer concentration was lowered to 0.058 M for a

monomer to catalyst loading of 50 to 1. At this lower concentration, the kinetics of

polymerization were easily measured and were close to the concentration of monomers in

the synthesis of the tri- and tetrablock copolymers. Notably, even at this low

concentration of monomer, the polymerization reached >97% completion in under 20

min.
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Figure A.2 Kinetics of ring opening metathesis polymerlzatlons of monomer A and B. a)
Plots of conversion versus time were measured by "H NMR spectroscopy for
monomer B with a monomer to catalyst ratio of 50:1, and monomer A with
monomer to catalyst ratios of 500:1 and 1000:1. The ‘initial concentration of
monomer was 0.058 M for the monomer to catalyst ratio of 50:1, and it was
0.33 M for monomer to catalyst ratios of 500:1 and 1000:1. b) The kinetics of
the polymerizations were measured for the monomer to catalyst ratios of 50:1,

500:1, and 1000:1.
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Although the polymerizations were rapid, cross metathesis was a potential
limiting problem for these polymerizations. Cross metathesis between polymer chains
would scramble them leading to an increase in the polydispersity and polymers with
either none or two ruthenium carbenes on their ends. Although these undesired side
reactions are typically slower than ROMP of strained olefins, they are well documented

160, 161

for the Grubbs first generation catalyst. Prior work by us and others indicated that

cross metathesis would be slow and have little noticeable effect on the polymer, and

121-123 -
In one experiment, 500

experiments were carried out to confirm these results.
equivalents of monomer A were polymerized and the polymer was studied by SEC as a
function of time. The molecular weight and PDI of the polymer did not vary with time for
4 h despite the presence of the active Ru catalyst on the end of the polymer.

To further probe the effect of cross metathesis on the polymers, 500 equivalents
of monomer A were polymerized followed by the addition of 100 equivalents of 4-
octene. The 4-octene would lower the molecular weight of the polymer by nearly two
orders of magnitude and result in a broad polydispersity if cross metathesis was rapid.
Even under these conditions, the values for Mn and PDI remained mostly constant over 4
hours (Figure A.3b). This work clearly demonstrated that cross metathesis was much
slower than ROMP.

Based on these experiments, tri- and tetrablock copolymers were synthesized
according to Figure A.1 and the results are shown in Table A.1. The times required for
each polymerization were short and were based on the kinetic experiments completed

earlier. Twice the necessary time was typically used to ensure that each reaction went to

>97% completion.
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Figure A.3 Changes of SEC traces, Mn, and PDI of block polymers. a) SECs of three
polymers to show the progression from a homopolymer to diblock polymer to
triblock polymer. b) Monomer A (500 units) was initially polymerized to
completion. Next, 100 equivalents of 4-octene were added to study the effect
of cross metathesis on the polymer. The molecular weight and PDI of the
polymer were consistent over four hours after the addition of 4-octene.

Table A.1 Characterization of multi-block backbones.

a Predicted  "Measured ‘Monomer “Polymerization
Backbone Polymer . .

. Mn Mn PDI concentration time
Composition (kgmol") (kg mol”) (mole L) (min)
As00B100As00 344 360 1.04 0.30:0.06:0.20 30:25:45
BsoA1000Bs0 344 398 1.25 0.30:0.59:0.032 51:70:90
As00C100A500 369 389 1.15 0.81:0.13:0.26 30:20:40
Cs0A1000Cs0 369 415 1.17 0.17:0.66:0.02 15:65:60

C10A200C10A%00 142 138 1.35 0.18:0.75:0.04:0.31 15:25:20:40
A200C10A750C100 359 407 1.17 0.87:0.03:0.65:0.08 20:15:60:35
As00B100As00 344 419 1.12 0.33:0.05:0.15 43:21:44
Az00B100A300 220 268 1.06 0.33:0.08:0.14 26:15:36
As00B100As00 343 344 1.05 0.33:0.05:0.15 30:15:41

‘”The numbers in subscript refer to the degree of polymerization of each monomer.
®Measured Mn by SEC with light scatting and refractive index detectors. “The
monomer concentration and polymerization times for each block polymerization.
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In Figure A.3, the SEC traces of a series of block polymers are shown to
demonstrate the clean conversion of each polymer to the subsequent block copolymer.
First, 500 equivalents of monomer A were polymerized to yield a homopolymer
displaying the Grubbs catalyst at the end of each polymer chain. A small high molecular
weight peak was seen in the SEC, and this peak was still present after 100 equivalents of
B and another 500 equivalents of A were block polymerized onto the initial polymer.
This peak was studied by Register et al. and was found to be due to the a cross metathesis
reaction between two polymer chains that resulted in a small fraction of polymer with
ruthenium carbenes on each end.””?** This peak has been observed by other groups
including, most recently, the Grubbs group.?” Despite this peak, the measured molecular
weights agreed with the predicted molecular weights and the polymers had low PDIs
(typically below 1.25). No evidence of unreacted Asgy or AspoBioo was observed in the
SEC trace of the final triblock polymer, which demonstrated clean conversion of these
polymerizations.

After completion of the polymerizations, the backbone was hydrogenated
according to our previously described method outlined in the experimental section.'**
Both silica gel and 5x to 10x equivalents of the Grubbs catalyst were added and the
reaction vessel was pressurized with approximately 1,000 psi of H,. The excess Grubbs
catalyst was added to provide more Ru metal to act as a hydrogenation catalyst. The
reactor was heated to 50 °C for 18 h to hydrogenate the backbone. Greater than >97% of
the olefins along the backbone were hydrogenated as judged by the lack of olefin
hydrogens in the 'H NMR spectra. This method was robust and successful for all of the
polymers in Table A.1. Thus, a blocky polymer was synthesized and the backbone was
hydrogenated in one reactor without intervening cleaning steps.

The polymers were hydrogenated to increase their resistance to oxidation and to

limit side reactions when styrene was polymerized from them via atom transfer radical
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polymerization (ATRP). Monomers B and C exposed one or two ATRP initiators that
were useful for the synthesis of polystyrene under modified, dilute ATRP conditions
(Figure A.1 and Table A.2). The experimental aspects of these polymerizations were
reported elsewhere, but it is noted that they were completed at low concentrations to yield
comb polymers that were not cross-linked but readily characterized by SEC."*'"'*> Comb
polymers with low to moderate molecular weight arms were emphasized such that the
comb polymers would assemble well in the solid state.

The comb polymers and arms were each characterized by SEC with refractive
index and multiangle laser light scattering detectors to measure their molecular weights
and PDIs. Because the arms were readily cleaved from the backbone polymers under
basic conditions, it was simple to characterize the molecular weights of the arms
independent of the backbone (Figure A.1). The PDIs of the arms were low and consistent

184188 The molecular weights of

with what was observed before for these polymerizations.
the comb polymers were predicted from the composition of the backbone polymer and
the molecular weights of the arms; these values matched the measured molecular weights
with a reasonable degree of accuracy. The PDIs were low for the comb polymers which
reflected the low PDIs for the backbone polymers and arms.

Although these comb polymers had molecular weights of several hundred
thousand to two million grams per mole, they assembled in the solid state into well-
ordered arrays. In prior work, we demonstrated that comb diblock copolymers assembled
in the solid state into ordered arrays; here, we extend this result to include more complex
comb tri- and tetrablock copolymers.'* In Figure A.4 we show two representative
examples of assembled polymers. In each of these examples, the polymer was dissolved
in methylene chloride at approximately 10 mg/mL, the solvent was allowed to evaporate,

and the resulting polymer was solvent annealed for three days by placing it under static

vacuum with methylene chloride.
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Table A.2 Characterization of multi-block comb polymers.

“Measured

4Comb block bPredicted Mn IR, Ry, fArms Mn
Polymer (kg mol™) Mn PDI (nm) (nm) (g mol™)
Y (kg mol™)

As00B100:1430A500 487 552 1.14 56.5 455 1,430
As00B100:3950A500 739 756 1.15 51.6 22.4 3,950
Bs0:8530A1000B50:8530 1,197 1,530 1.43 57.3 28.6 8,530
As00C100:2740A500 917 753 1.16 29.3 20.0 2,740
As00C100:3370A500 1,043 900 1.18 28.5 21.0 3,370
As00C100:6810A500 1,731 1,587 1.17 31.0 22.7 6,810
As00C100:7280A500 1,826 1,506 1.14 27.8 21.5 7,280
Cs0:1830A1000C50:1830 732 477 1.20 339 19.7 1,830
C50:4700A1000C50:4700 1,309 983 1.17 38.6 21.7 4,700
Cs50:6520A1000C50:6520 1,672 1,451 1.22 35.6 20.2 6,520
Cs0.4750A1000C50:4750 1,320 726 1.17 324 18.5 4,750
C10:4050A200C 10:4050A200 385 314 1.18 21.2 13.6 4,050
As00C10:3280A750C100:3280 1,080 820 1.13 30.0 19.1 3,280
As00B100:3240A500 656 655 1.03 223 17.6 3,240
Asz00B100:5770A300 762 785 1.07 19.6 14.8 5,770
A300B100:3550A300 595 526 1.04 17.5 13.8 3,550
As00B100:4120A500 688 617 1.06 20.1 16.8 4,120
As00B100:2680A500 625 496 1.07 232 16.7 2,680
As00B100:12400A 500 1,906 1,580 1.13 28.6 19.7 12,400
As00B100:3800A500 750 581 1.08 24.4 16.8 3,800
As00B100:4710A500 875 614 1.08 20.7 16.5 4,710

YThe numbers in subscript refer to the degree of polymerization of each block along the
backbone and to the molecular weights of the polystyrene arms. ”The Mn is predicted
based on the measured molecular weight of the backbone polymer, the comp0s1t10n of
the backbone polymer, and the measured molecular weights of the arms. “Measured
us1ng SEC with light scattering and refractive index detectors. “Radius of gyration.
®Hydrodynamic radius. "The arms were cleaved from the backbone according to
Figure 1 and characterized by SEC.
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Figure A.4 SEM micrographs of morphologies of a) Azooc10;3280A750C1()0;3230 and b)
As00B100:1430A500 that were assembled in the solid state.

SEM micrographs are shown of well-ordered cylindrical and lamellar
morphologies that were assembled from two different polymers (Figure A.4). Polymer
labeled A200C10:3280A750C100:3280 (the numbers in subscripts refer to the degree of
polymerization of each monomer along the backbone polymer and the Mn of the
polystyrene arms) assembled into the cylindrical morphology with a domain size of
approximately 60 nm and polymer AsooBioo:1430A500 assembled into a lamellar
morphology with a domain size of approximately 52 nm. These results are particularly
notable because the polymers had complex architectures and molecular weights of

820,000 and 552,000 g mol'l; yet, they assembled under standard conditions.
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Conclusions

In summary, we report the first examples of high molecular weight triblock
copolymers and the first tetrablock copolymers synthesized from the Grubbs first
generation catalyst. This result is important because it extends the types and molecular
weights of block copolymers that can be polymerized with this commercially available,
important catalyst. Oxanorbornene monomers were chosen for this work because of their
high rates of polymerization and ease of synthesis. These monomers are simple to
fabricate in hundred-gram quantities and can be functionalized to display a variety of
different groups. Architecturally complex comb tri- and tetrablock copolymers were
synthesized and assembled in the solid state into ordered morphologies. The structure-

property relationship of these polymers will be studied in future work.

(This work was published in Macromol. Rapid Commun. 2009, 30, 1392-1398.)
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