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ABSTRACT

Hyperbranched polymers have unique physical and chemical properties that make them
interesting to people in both academia and industry. One way to make hyperbranched
polymers is to use self-condensing vinyl polymerization (SCVP).! Hyperbranched
polymethacrylates can be prepared from methacrylate inimers (inimers are monomers that
contain both initiation and polymerizable groups) by atom transfer radical polymerization
(ATRP)? and self-condensing vinyl polymerization (SCVP).> The methyl methacrylate
inimer was synthesized by reacting the carboxylic acid group of 2-bromo-3-hydroxy-2-
methylpropionic acid with methacrylic acid and esterifying the alcohol group with
methanol.* This methyl methacrylate inimer was then polymerized under atom transfer
radical polymerization conditions.

Post-polymerization functionalization is often used to change and/or improve the
properties of polymers. For hyperbranched polymers made by atom transfer radical
polymerization, the halogen atoms (chlorine or bromine) remaining in the polymer
backbone provide sites for post-polymerization functionalization. The halogen atoms in
polymethacrylates are bonded to tertiary carbons, which are more hindered and less
electrophilic than the halogen sites in hyperbranched polyacrylates, but are presumably
more susceptible to cationic rearrangement. The hyperbranched poly(methyl methacrylate)

is rearrangeable with heating and to give a primary bromine.
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CHAPTER I

INTRODUCTION

Hyperbranched polymers have received much attention in both academic and industrial
fields for their unique bulk properties such as enchanced solubility characteristics.’
Hyperbranched polymers can be polymerized from AB, monomers,® self-condensing vinyl
polymerization of an inimer,’” self-condensing ring-opening polymerization of an inimer,°
and proton-transfer polymerization of an inimer.® In our previous work, we successfully
produced hyperbranched polyacrylates using 3-hydroxyl-2-halopropionic acid with various

ester groups'%-12

and some polymethacrylates with 2-bromo-3-hydroxyl-2-methyl propionic
acid esterified with 1-butanol and 1-dodecanol.* Poly(methyl methacrylate) is a well-
developed polymer material applied in multiple areas such as coatings, additives, light
transmission and architectural structures. Compared to linear polymers, hyperbranched
polymers have lower intrinsic viscosities at the same molecular weight and behave as non-
Newtonian fluid. The hyperbranched poly(methyl methacrylate)s made in this thesis are
truly architecture analogues of linear poly(methyl methacrylate)s. These hyperbranched

poly(methyl methacrylate)s are prepared by polymerization of 2-bromo-3-methoxy-2-

methyl-3-oxopropyl methacrylate by atom transfer radical polymerization (ATRP). After



polymerization, the bromine atoms throughout in the polymer structure can be further
reacted to introduce functional groups into the polymer.

Potential routes to functionalize the polymer are showing in Scheme 1.1. The bromine
atom is a good leaving group but the carbon bonded to bromine is hindered by a methyl
group. The hindrance introduced by the methyl group decreases the nucleophilic
substitution accessibility but increase the possibility of rearrangement. The bromine in the
polymer can regenerate a radical under atom transfer radical polymerization conditions and
also be rearranged with heating to give a primary alkyl bromide. During the rearrangement,

an dioxolenium intermediate would be produced.

W g
TR —,

Br

\

Scheme 1.1 Mechanism of cationic rearrangement



CHAPTER II

LITERATURE REVIEW

2.1. Hyperbranched polymers

After years of development of polymers different, types of polymeric architectures were
investigated. We could simply divide them into linear, branched, cyclic and crosslinked.
Linear and crosslinked are the most usual types in our daily life. Branched polymers are
more complicated and can be distinguished by more detailed structure features, such as
stars,'?, combs,'* dendrimers,' linear dendritic hybrids,'¢ dendronized,!” hypergrafted'®
and hyperbranched.! Hyperbranched polymers were first coined by Kim and Webster in
1988.° The properties of hyperbranched polymers are also similar to dendritic such as low
viscosity, small shrinkage during phase transition from solution to solid, and low/no
crystallization. But hyperbranched polymers were much easier in both polymerization and
purification and provided engineers an alternative choice balancing price and properties.
Therefore, hyperbranched polymers are highly valued in both academic and industrial areas.
Compared to linear polymers, hyperbranched polymers show unique physical and chemical
properties. The viscosity of hyperbranched polymers are lower than linear analogues in both

molten and solution state.!” Generally, the relationship between solution viscosity and



molecular weight can be analyzed by the Mark-Houwink-Sakurada equation. The k and
a are constants to a certain solvent-polymer solution at a certain temperature.

[n] = kME Mark-Houwink-Sakurada Equation
Chang and Fréchet defined the intrinsic viscosity as a function of the logarithm molar mass,
they found that hyperbranched polymers exhibited a skewed gaussian distribution
relationship and did not obey the Mark-Houwink-Sakurada relationship (shows in Figure
2.1). The slope of hyperbranched polymers was smaller than the slope for linear polymers
and increased with increasing molecular weight. This phenomenon could be explained by
entanglements in hyperbranched polymers and indicated the globular shape of
hyperbranched polymers. The a was between 0.5 to 1 for a linear polymer and smaller

than 0.5 when it comes to hyperbranched polymer.> 1

]

Linear Polymers
== = = Myperbranched Polymers

= Dendrimers

M,
Figure 2.1 Relationship between My, and Ig [n]. (with permission from ref. 5.

Copyright 2004, Elsevier)



According to review by Dr. Smith,2° hyperbranched polymers attracted people by their
highly branched topological structures, numerous functional groups, one-pot synthetic
procedures, especially in biology applications. Scientists and engineers already apply
hyperbranched polymers into photoelectric materials, nanomaterials, coating, modifiers,

sensors, adhesives et. al.?°

2.2. Atom Transfer Radical Polymerization

Atom transfer radical polymerization is one of the most well-known approaches to realize
living radical polymerization. An important features of living polymerizations is no
irreversible terminations.?! Conventional radical polymerizations present very limited
control acting as bimolecular terminations due to the high reactivity of the radicals and slow
initiation. 2

The following equations show the propagating rate and bimolecular termination rate in a

radical polymerization system. Those rates are closely related to propagating center

concentration.
R, =k, [M][M -] Propagation rate.
R termination = Keer[M *]? Bimolecular Termination Rate.

The ki, for termination was much larger than k, . Consequently, irreversible
terminations happens once propagating centers encounter each other. The termination rate
is determined by the concentration of propagating radicals. The reduction of propagating
centers causes more changes to termination than propagation since the propagation rate is
15t order and termination is 2" in order to radical concentration. Decreasing the radicals’
concentration slows down the propagation but the decreasing in terminations was more

5



obvious. In this way, the termination is ignorable comparing to propagation, and living
radical polymerization is achieved.

For controlling radical polymerization, there are three main categories: nitroxide-mediated
polymerization (NMP),>® atom transfer radical polymerization (ATRP),?> and reversible
addition-fragmentation chain transfer polymerization (RAFT).2* The method used in our
work is atom transfer radical polymerization.

Classical atom transfer radical polymerizations systems contain: initiator, monomer, ligands,
Cu(I)/Cu(Il). As shown in Scheme 2.1, a reversible termination equilibrium is established

in atom transfer radical polymerizations system.

Initiation:

R-Cl + Cu'L, === [R" + Cl-CuL, |

;i;o.\/l k; 1 +M

R-M-Cl + Cu'L, == [RM + CI-Cu'L,|

Propagation:
Pi-Cl + Cully==— [P + Ci-CullL,|

(+™)
kP

Scheme 2.1 The ATRP mechanism. (with permission from ref. 2. 1995,

American Chemical Society)

Atom transfer radical polymerization realized the control over propagating radicals
(decrease the radical concentration) by the equilibrium (Scheme 2.1) between the
propagating radicals and dormant species (Pi*Cl). The dormant species reacts with copper-

ligand complex at lower oxidation state (Cu'Ly), producing propagating radicals (P; ) and



the deactivators (Cl-Cu'"Ly). The deactivators reacted with propagating radicals in a
reversible reaction and reformed the dormant species and activators. 2

The propagation rate of ATRP is decided by the rate constant of polymerization, the
concentration of monomer and the concentration of the propagating radicals, like all other
radical polymerizations. Since the propagating radicals are not consumed during the
propagation in ATRP systems, the concentration of propagating radicals depend on the
concentration of the activators, deactivators, dormant species and the equilibrium constant
of the reversible termination reaction according to the equation of propagating rate in ATRP

system., 23

cull

s . .
Rp = k,[M][P; "] = kpKurgp | —oir— propagating rate in ATRP system

L

This equilibrium was designed to decrease the concentration of the propagating radicals.
The concentration of propagating radicals in ATRP system was low, because most of the
growing chains are in dormant, favoring the deactivated state. As stated before, the
uncontrollability of radical polymerization is derived from radicals’ high reactivity and
tendency to terminate. The equilibrium efficiently limited the concentration of propagating
radicals in ATRP system and minimize irreversible terminations relative to propagation.
Therefore, we presumed that irreversible termination was not detectable in this
polymerization system and appeared to be a living polymerization.

2.3. Synthesis of Hyperbranched Polymers

The synthetic methods of hyperbranched polymers can be divided into four categories:

single-monomer methodology (SMM), double-monomer methodology (DMM),?® couple-



monomer methodology (CMM)?” and multi-component methodology (MCM).?® For the
single-monomer methodology, there are four approaches: Polycondensation of AB,
monomers;® self-condensing vinyl polymerization of inimer (SCVP);’ self-condensing
ring-opening polymerization of inimer (SCROP)? and proton transfer polymerization of
inimer (PTP).?

The polycondensation of AB, monomers to produce hyperbranched polymers was predicted
by Flory in 1952.2% 30 Various of hyperbranched polymers were synthesized after Flory’s
theories, including polyphenylenes,® polyesters,®! poly(ether ketone)s,?? and polyamides.*?
Furthermore, addition reactions can also involve in making hyperbranched polymers.
Aside from these step-growth polymerizations, chain-growth polymerizations were also
developed in producing hyperbranched polymers, including self-condensing vinyl
polymerization and self-condensing ring-opening polymerization. The monomer of self-
condensing vinyl polymerization and self-condensing ring-opening polymerization shared

a basic feature that the monomer included both polymerizable groups and initiation groups.

Type Monomer Ref. Monomer Ref.
SCVP x 7 X 34
-N_ CN
N K
cl NC

35
SCROP Oi>(OH 9 O;{D\)OH




0 36
PTP o/_V 3 0 @)

O\_Ao OH

Nuyken et al.3” reported that a branched structure were formed during the synthesis of a-
tert-butyl-w-[p-vinylphenyl]-terminated poly(2-methylpropene) macromonomers by using
4-chloromethylstyrene, triethylaluminium and water initiated d2-methylpropene. After that,

using initiator-monomer to polymerize hyperbranched polymers in one-pot was reported by

A
H,C=—CH External H,C ‘CH One vinyl group
I activation * __...Oneinitiating
3 - center
B
H,C=CH H’CTIH 4
- —H,C—CH?3.
N e IH . i
H ~B*
* One vinyl group ¢ }
One initiating /
Self-condensation ~ and one '
propagating

Hyperbranched polymer with center
many reactive chain ends

Scheme 2.2 The self-condensing vinyl polymerization
mechanism. (with permission from ref. 7. Copyright 1995, The

American Association for the Advancement of Science)

Fréchet.’
Scheme 2.2 shows the scheme of self-condensing vinyl polymerization.” The monomer

contains two functional groups: group A is the vinyl group and group B is the initiator. The

YOO

o) )

Figure 2.2 acrylate inimers
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activated B group could initiate an A group on another monomer to generate a dimer. This
dimer has a double bond, an initiation center and a propagating center. The initiation center
and the propagating center may have the same reactivity. Consequently, the inimer is
transformed to AB; type monomer and produce hyperbranched polymers.

Atom transfer radical polymerization has been applied to produce hyperbranched polymers
for years. If we introduce the halogenatecarbon into the ester group of acrylate/methacrylate,
which could act as initiation group and polymerizes under ATRP mechanism. In our

previous work,!%!2 a series of acrylate inimers were developed based on the 3-hydroxy-2-

Nu:’>
O H (0] (@] O (e}
\)J\O/S{)ko/\ M’ vj\ /\Qko/\ E— \)J\O_ + yj\o/\
Br Br

QO¢
Br
Scheme 2.3 The [-elimination of butyl acrylate inimer with nucleophile.

bromopropionic acid structure. Figure 2.2 shows the structure of the acrylate inimers. R
corresponds to different ester groups such as: alkyl groups, aromatic groups, sugars and et
al. This monomer contained a vinyl bond, which was the polymerizable group and a
brominate carbon as a pendent group, which could be activated and initiated a radical and
propagation under atom transfer radical polymerization scheme. It was reported by previous
students in our group that this kind of monomer had elimination problems in the presence
of a basic ligand such as PMDETA.!! After years of research, this elimination scheme was
speculated and showed in in Scheme 2.3. We predicted that this elimination could be
avoiding by substitute the hydrogen with a methyl group. As a consequence, the

methacrylate inimers’ structure was developed.

10



Liu developed the synthesis route of 2-methyl-3-hydroxyl-2-bromopropionic acid, which
was flawlessly analogs to methacrylate monomers. And the radical from this type pendent
group has familiar reactivity to linear methacrylate’s radicals. The methacrylate inimers for
hyperbranched poly(methacrylate)s were synthesized based on 2-methyl-3-hydroxyl-2-
bromopropionic acid with various linear alkyl groups and polymerized under conventional
ATRP conditions (polymerization scheme shows in Scheme 2.4) to produce hyperbranched

poly(methacrylate).*

0% ==

@%@w@k A

u(Il)Br2/Lx

Scheme 2.4 The mechanism of methyl methacrylate inimer react under SCVP mechanism.

2.4. Introduce functional groups to polymers

To introduce functional groups to polymer, we could use functional monomers, functional
initiators and post-polymerization.’® 3° In the polymer backbone, the initiator only
contributs very tiny amounts to the whole polymer chain and can’t influence the properties
of polymer chain. Consequently, end-capping is generally not considered as a methodology

to functionalize polymer chains. There were various monomers with different functional

11



groups and it is easy to introduce these functional monomers into polymerizations. But
these functional groups may introduced reactivity differences into the monomer, leading to
composition variances in the copolymers or even making them not polymerizable. 40 4!
Post-polymerization was coined during transformation of natural rubber with sulfur. The
advantage of post-polymerization is that the degree of polymerization can be maintained
during the functionalization, but post-polymerization requires reaction sites on the polymer.
Figure 2.3 shows four approaches provided by Boaen et al.* Approach (a) directly

introduces functional groups by directly polymerizing functional monomers. Approaches

(b), (¢), and (d) introduce functional monomers and post-polymerizations. Approach (b)

FG .
@ =+ )/ polymerization _

FG
& FS
)/® polymerization @ deprotection
o STEEE N T
& &, Fe = FG
LR FG
© = +)/ polymerization %\669\ functionalization WFG
FG
R IR FG
FG FG
(d) functionalization
e
FG
FG

Scheme 2.5 Four approaches to introduce functional groups into polymers. (with

permission from ref. 39. Copyright 2005, Royal Society of Chemistry)

uses a protected monomer participates in the polymerization and then deprotects the target
functional groups after polymerization. Approach (c) uses tolerant, latent reactivated
monomers and subsequent functionalization is carried on the polymer. Apporach (d) is

direct post-polymerization on an un-modified polymer.

12



Post-polymerization is a commonly used method to introduce functional groups in
polymer chains. Mechanistically, substitutions, additions, eliminations and isomerization
can be carried out on polymer chains (shown in Figure 2.4).#? Addition reactions in post-
polymerization generally are like their small molecule counterparts. Furthermore, additions
of small molecules to polymer via radical chain reactions was also used in post-

polymerization. Substitution reactions are the most important for post-polymerization

Actj Ve .
€7

9
o
@
z
> [o%
o o
5 Q
& S
=
o
=3
= 8
[S) 2y a
% s
o
39 )
<
»R
Q%
0, O
e

es
and Aldehydes -

Figure 2.3 Main classes of reactions that can be used for the preparation of
functionalized polymers via post-polymerization modification. (with permission from

ref. 42. Copyright 2012, John Wiley and Sons)
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because they can introduce various functional groups and involve many reaction types,
including free radical substitutions, esterifications, amidations, hydrolysis, oxidations and
reductions. Dehydrogenations and dehydrations can also happen on polymers and result in
unsaturated or conjugated polymers as post-polymerization via eliminations. Although
TUPAC does not regard isomerization as a modification approach, isomerization is worth
being considered as a post-polymerization approach as it changes the configuration of the
polymer chains. Theoretically, the isomerization will cause no change to the molecular
weight of polymers.

For hyperbranched poly(methacrylate)s produced by ATRP, the bromine atom on the
inimer plays two roles. The first role is as a pendent group that can be activated into the
propagating radical for the self-condensing vinyl polymerization to produce hyperbranched
polymers. The second role is the group with latent reactivity to incorporate the later post-
polymerization. It is a functional group along the polymer and the end group.

In the publications from Coessens,*® 434 the accessibility of the nucleophilic substitution
at the polymer end group (bromine or chlorine) produced by atom transfer radical
polymerization was explored. Azide groups, amine groups (reduction of azide groups),
acetate groups, phosphonium ion groups, hydroxyl groups (with n-butanolamine) were
successfully substituted on the polyacrylate.’® They also reported that the reactivity of
poly(methyl methacrylate) was much lower than poly(methyl acrylate). Poly(methyl
acrylate) reacted with 1.1 equivalents of sodium azide to reach conversion over 90% while

for poly(methyl methacrylate), there was only about 40%.38

14



3-Hydroxyl-2-bromopropionic acid was used to synthesize hyperbranched poly(acrylates)
and functionalized poly(lactic acid). To introduce functional groups into poly(lactic acid),
we copolymerize lactic acid with 3-hydroxyl-2-bromopropionic acid, and the bromine
introduced functional groups with latent reactivity to the polymer. The nucleophilic
substitution reactions were successfully with sodium iodide and sodium azide on this

copolymer.®’

15



CHAPTER III

EXPERIMENTAL SECTION

3.1 Materials

Acetyl chloride (CAS 75-36-5, Tokyo Chemical Industrial, 98+%), D,L-alanine (CAS 302-
72-7, Alfa Aesar, 99%), calcium oxide (CAS 1305-778-8, Honeywell, 96%), cupric sulfate
pentahydrate (CAS 7758-99-8, Aldrich, 98+%), formaldehyde aqueous solution (CAS 50-
00-0, Fisher, 37 wt%), hydrobromic acid aqueous solution (CAS 10035-10-6, EMD, 48%),
magnesium sulfate (CAS 7487-88-9, Mallinckrodt, 98%), methacrylic anhydride (CAS
7760-93-0, Aldrich, 94%), N,N,N’,N”’,N”’-pentamethyldiethylenetriamine (PMDETA,
CAS 3030-46-7, Fisher, 100%), phosphorus pentachloride (CAS 10026-10-6, STREM
Chemical, 98%), polyethyleneimine branched (CAS 9002-98-6, Sigma Aldrich, M,= 600
Da, My= 800 Da), potassium bromide (CAS 7760-93-0, Fisher, 98%), potassium

carbonate (CAS 584-08-7, J.T.Baker, 99%), potassium hydroxide (CAS 1310-73-2, Fisher,

85%), sodium bicarbonate (CAS 144-55-8, J.T.Baker, 98%), sodium chloride (CAS 7647-
14-5, Aldon, 98%), sodium nitrite (CAS 7632-00-0, Duda Disel, 99%), p-toluenesulfonic

acid anhydride (CAS 104-14-4, ) were used as recieved. Cuprous(I) bromide (CAS 7787-

70-4, Alfa Aesar, 98%) was regenerated over acetic acid (CAS 64-19-7, Fisher, 100%) and
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washed with methanol and diethyl ether till white, and dried under vacuum at room
temperature.*® Methanol (CAS 67-56-1, Fisher, 99%) was distilled from calcium oxide and
stored over 4 A molecular sieves. Triethylamine (CAS 121-44-8, J.T.Baker, 99%) was
stirred over potassium hydroxide for 4 hours and distilled under nitrogen, and stored over
potassium hydroxide. Reagent grade tetrahydrofuran (THF) was dried by distillation from
purple sodium benzophenone ketyl under nitrogen. All other reactants and solvents were

commercially available and used as received.

3.2 Techniques

NMR: 'H (300 MHz) and *C (75 MHz) NMR spectra (6, ppm) were recorded on a Varian
Mercury instrument. All the resonances were measured relative to residual solvent
resonances.

GPC: Number-average (M») and weight average (M) molecular weights relative to linear
polystyrene (GPCps;), and polydispersity (PDI=My/M,) was determined by gel permeation
chromatography (GPC) from calibration curve of log(M,) vs elution volume at 35 °C using
THEF as eluent (1.0 mL/min), a Phenogel guard column and set of 50 A (Phenogel), 100 A
(Styragel), 500 A (Styragel), 10* A (Styragel) and 2 linear (50-10° A) Styragel 5 mm
columns, a Waters 486 tunable UV/vis detector set at 254 nm, a Waters 410 differential
refractometer and Millenium Empower 3 software. The samples were dissolved and filtered
through a 0.45 um PTFE filter.

3.3 Synthesis of 2-amino-3-hydroxyl-2-methylpropionic acid
2-Amino-3-hydroxyl-2-methyl propionic acid was synthesized by the Alkabori reaction,

published by Otani and Winitz.#’ This reaction reached 100% conversion in 60 minutes.
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Potassium carbonate (31.1 g, 0.22 mol) was dissolved in DI water (1050 mL) a. This
solution was stirred and heated to boil with heating mantle. D,L-alanine (10.0 g, 0.11 mol),
IM cupric sulfate (11.2 mL, 0.0112 mol) and 50 mL DI water were added at once into the
system while refluxing. Heating to boiling again, 37% formaldehyde aqueous solution (33
mL, 0.42 mol) was added at once while refluxing. The blue solution was stirred at reflux
with a water condenser for 60 minutes. After 60 minutes, the solution turned purple with
red precipitates. The red precipitates were removed by filteration. The solution was
neutralized with hydrobromic acid (50 mL, 48 % aqueous solutions, 0.22 mol) and the
solution was concentrated by boiling off the solvent at 90°C to 150 mL. 'H NMR (300 MHz,
Deuterium Oxide) § = 1.62 (s, CHz), 3.83 (d, CHHOH, 2J = 12.4 Hz), 4.08 (d, CHHOH,
2] =12.4 Hz).

3.4 Synthesis of 2-bromo-3-hydroxy-2-methylpropionic acid
2-Bromo-3-hydroxy-2-methylpropionic acid was synthesized from 2-methylserine by
deaminohalogenation. This method was reported in the previous work of our group and
resulted in 17-24% yield as follows. The concentrated solution of 2-amino-3-hydroxy-2-
methyl propionic acid was transferred to a 250 mL 3-neck round bottom flask and potassium
bromide (21.1g, 0.117 mol) was added at once. The solution was cooled to -15 °C aided
by saturated calcium chloride solution and dry ice. The solution was acidified with
hydrobromic acid (38mL, 48% aq, 0.33 mol,) at 0 °C. Keep cooling down the solution with
dry ice till -10 °C to -15 °C. Sodium nitrite (19.5g, 0.282 mol) was added slowly over 45
minutes at -10 °C to -15 °C. The ice bath was removed after finishing adding sodium
nitrite. After stirring at room temperature for 17 hours, the brown solution was saturated
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with sodium chloride, and then extracted with diethyl ether (50 mL X 10 =500 mL). The
organic layers were combined and washed with saturated sodium chloride aqueous solution
(100 mL x 3 =300 mL) and dried over magnesium sulfate. The solvent was evaporated
at room temperature by open to air and got yellow transparent crystal. The crude product
was recrystallized in dichloromethane (120 mL) at boiling to obtain 4.96 g (yield 24%) of
2-bromo-3-hydroxyl-2-methylpropionic acid as white crystals. "H NMR (300 MHz, CDCl5)
& =1.97 (s, CH3), 3.85 (d, CHHOH, 2] = 12.1 Hz), 4.06 (d, CHHOH, 2] = 12.0 Hz).

3.5 Synthesis of 2-bromo-3-(methacryloyloxy)-2-methyl propanoic acid
2-Bromo-3-(methacryloyloxy)-2-methylpropanoic acid was synthesis by esterification of
2-bromo-3-hydroxyl-2-methylpropionic acid with methacrylic anhydride. To increase the
reaction efficiency, we used methacrylic anhydride and p-toluenesulfonic acid. 2-Bromo-3-
hydroxyl-2-methylpropionic acid (2.7408 g, 0.0150 mol), methacrylic anhydride (2.900 mL,
0.0195 mol) and p-toluenesulfonic acid (0.2152 g, 0.0011 mol) were added to a 50 mL
round bottom flask at once and the system was stirred at room temperature for 20 hours.
The mixtue became transparent, orange and viscous liquid after reaction. The reaction
mixture was stirred with 30 mL saturated sodium chloride aqueous for 30 minutes and
extracted with dichloromethane (10 mL X 3 =30 mL). And the organic layer was washed
with saturated sodium chloride aqueous (15 mL). The dichloromethane was evaporated at
room temperature by open to air and produced white crystal. The crystal was recrystallized
in boiling hexane (80 mL) and obtain 2.3598 g (yield 64%) target product as white crystals.

'H NMR (300 MHz, CDCls) § =1.95 (s, CHsC=), 1.97 (s, CHzCBr), 4.51 (d, CHHOH, 2J
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= 11.4 Hz), 4.64 (d, CHHOH, 2] = 11.4 Hz), 5.62 (s, CHH}, = trans to CO), 6.13 (s, CH,H
= cis to COy).

3.6 Synthesis of 2-bromo-3-chloro-2-methyl-3-oxopropyl methacrylate

The carboxylic acid group was converted to an acid chloride to increase the reactivity of
the 2-bromo-3-(methacryloyloxy)-2-methyl propanoic acid in the esterification. The
chloroformylation reaction has a yield between 85% to 92% using the procedure as
following. The reaction was carried in a round bottom flask. 2-Bromo-3-
(methacryloyloxy)-2-methylpropanoic acid (3.1401 g, 0.0125 mol) and phosphorous
pentachloride (3.4532 g, 0.0166mol) were added to the round bottom flask and stirred at
room temperature for 1 to 4 hours. After reaction, it became bright yellow transparent liquid.
The produced byproduct was removed by vacuum at room temperature and the product was
distilled under vacuum (45-65 °C/1 mm Hg) and the product 3.0245 g (yield 89.6%) was
collected at 0 °C as transparent and colorless liquid. 'H NMR (300 MHz, CDCl;3) 6§ = 1.
94 (s, CH3C=), 2.03 (s, CH3CBr), 4.55 (d, CHHOH, 2J = 11.6 Hz), 4.69 (d, CHHOH, 2] =
11.6 Hz), 5.64 (s, CHHy = trans to COy), 6.12 (s, CH,H = cis to CO»),

3.7 Synthesis of 2-bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate
2-bromo-3-chloro-2-methyl-3-oxopropyl methacrylate was esterified with methanol in dry
THF in the presence of triethylamine in 38% to 67% yield. Dry THF (40 mL) as the solvent
and was added to a round bottom flask with dry triethylamine (2.00 mL, 0.0143 mol) and
dry methanol (0.59 mL, 0.0146 mol). The 2-bromo-3-methoxy-2-methyl-3-oxopropyl
methacrylate (3.0235 g, 0.0112 mol) was diluted with dry THF (10 mL) and added to an
additional funnel. The 2-bromo-3-chloro-2-methyl-3-oxopropyl methacrylate solution was
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added to the round bottom flask drop by drop over 20 minutes at 0°C while stirring. After
finishing adding the 2-bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate, the reaction
was carried out at room temperature for 17 hours. After the reaction, the triethylamonium
chloride was removed by filtration and the solvent was removed by rotary evaporator. To
remove the by-product 2-bromo-3-(methacryloyloxy)-2-methylpropanoic acid (preinimer),
we used column chromatography with dichloromethane as eluent and the Rfi= 0.84 Rf,=
0.32 for the product and by-product. After the column, this reaction obtained 1.42 g (yield
47%) pure product as colorless transparent liquid. 'H NMR (300 MHz, CDCl;) § = 1.93
(s, CH3CBr and CH3C=), 4.48 (d, CHHOH, 2J = 12.8 Hz), 4.61 (d, CHHOH, ?J = 11.3 Hz),
5.60 (s, CHHy = trans to CO), 6.10 (s, CH,H = cis to CO3). 3*C NMR (75 MHz, CDCl3) &
= 18.32 (CH3C=), 25.64 (CH3CBr), 53.51 (CH30), 55.24 (CBr), 69.32 (CHz), 126.62
(CH»=), 153.68 (CH3C=), 166.26 (methacrylate C=0), 170.09 (CBrC=0).

3.8 Synthesis of methyl 2-bromo-3-hydroxy-2-methylpropanoate

The methyl 2-bromo-3-hydroxy-2-methylpropanoate was synthesis by reacting 2-bromo-3-
hydroxy-2-methylpropionic acid with methanol catalyzed by hydrobromic acid at refluxing.
2-Bromo-3-hydroxy-2-methyl propionate (3.60 g, 0.0186 mol) and methanol (25 mL,
0.6180 mol) was added to a round bottom flask and stirred till dissolve. Then, 5 drops of
hydrobromic acid was added to the solution. The esterification was carried at refluxing
while stirring for 17 hours. The solvent was removed by rotary evaporator. After removing
the solvent, we obtained a yellow oily liquid. The liquid was diluted with 50 mL
dichloromethane and washed twice with saturated sodium bicarbonate solution (25 mL X
2 =50 mL) and once with saturated sodium chloride solution (25 mL). The organic layer
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was dried over magnesium sulfate. After removing the magnesium sulfate by filtration, the
solvent was removed by rotary evaporator and the residue was distilled (65-80 °C/1 mm
Hg) to yield 1.8326 g (yield 50%) of methyl 2-bromo-3-hydroxy-2-methylpropionate as
slightly yellow oil. '"H NMR (300 MHz, CDCl;3) § = 1.94 (CH3CBr), 3.82 (CH3000),
3.83 (CHHOH), 4.02 (CHHOH).

3.9 Synthesis of methyl 3-acetoxy-2-bromo-2-methylpropanoate

A solution of acetyl chloride (0.84 mL, 0.0118 mol) in dry diethyl ether (SmL) was added
dropwise over 15 minutes via an additional funnel to the solution of methyl 2-bromo-3-
hydroxy-2-methylpropionate (1.8326 g, 0.0093 mol) and triethylamine (1.72 mL, 0.0123
mol) in dry diethyl ether (30 mL) at 0 °C. The reaction mixture was then stirred at room
temperature for 17 hours. After the reaction, the mixture was filtered and poured in to ice
water (50 mL) and then extracted the ice solution with diethyl ether (25 mL X 4 =100 mL)
and the organic layer was combined and dried over magnesium sulfate. After filtration, the
solvent was removed by rotary evaporation and then distilled out (85-90 °C/1 mm Hg) to
yield 1.1075g (yield 49%) colorless transparent liquid. "H NMR (300 MHz, CDCl3) § =
1.92 (s, CH3CBr), 2.08 (s, CH3C=0), 4.42 (d, CHHOH, 2J = 11.3 Hz), 4.55 (d, CHHOH, 2J
= 11.3 Hz). C NMR (75 MHz, CDCl3) 6= 20.80 (CH3;C=0), 25.47 (CH3CBr), 53.55
(CH30), 55.09 (CBr), 69.04 (CH2CBr), 170.09 (C=0).

3.10 ATRP of methyl 2-bromo-3-methacryloxy-2-methylpropionate with PMDETA as
ligand in toluene

In a typical procedure, Cu(I)Br (0.0018 g, 0.012 mmol) was added to a dry Schlenk tube

and evacuated at room temperature. The tube was refilled with nitrogen and then PMDETA
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(0.0023 g, 0.013 mmol) and toluene (0.1 mL) were added under nitrogen. The mixture was
stirring under nitrogen at room temperature for 5 minutes. Then, a solution of inimer
(0.1445 g, 0.545 mmol), toluene (0.2 mL) and drops of DMF was added under nitrogen.
The mixture was degassed by 5 freeze (5 minutes)-pump (15 minutes)-thaw (5 minutes)
cycles and the tube was refilled with nitrogen. The polymerization mixture was placed in a
90 °C oil bath and stirred for 24 hours. The reaction was quenched by immersing the tube
in liquid nitrogen and exposing to air to thaw. Then, the reaction mixture was diluted with
THF and passed through basic alumina, obtained colorless solution. The solution was
concentrated by rotary evaporator to about 0.5 mL and added in 3 mL cold methanol, but
no precipitation observed.

3.11 ATRP of methyl 2-bromo-3-methacryloxy-2-methylpropionate with PMDETA as
ligand in dioxane

In a typical procedure, Cu(I)Br (0.0013 g, 0.009 mmol) was added to a dry Schlenk tube
and evacuated at room temperature. The tube was refilled with nitrogen and then PMDETA
(0.0021 g, 0.012 mmol) and dioxane (0.1 mL) were added under nitrogen. The mixture was
stirred under nitrogen at room temperature for 5 minutes. Then, a solution of inimer (0.2003
g, 0.755 mmol), dioxane (0.1 mL) and drops of DMF were added under nitrogen. the
mixture was degassed by 5 freeze (5 minutes)-pump (15 minutes)-thaw (5 minutes) cycles
and the tube was refilled with nitrogen. The polymerization mixture was placed in 80°C oil
bath and stirred for 24 hours. The reaction was quenched by immersing in liquid nitrogen
and exposing to air to thaw. After the reaction, the mixture was diluted with THF and passed

through basic alumina and obtained colorless solution. The solution was concentrated by
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rotary evaporator to about 0.5 mL and added to in 5 mL cold methanol, but no precipitation

obtained.

3.12 ATRP of methyl 2-bromo-3-methacryloxy-2-methylpropionate with PMDETA as
lingand in THF

In a typical procedure, Cu(I)Br (0.0039 g, 0.027 mmol) was added to a dry Schlenk tube
and evacuated at room temperature. The tube was refilled with nitrogen and then PMDETA
(0.0048 g, 0.028 mmol) and THF (0.45 mL) were added under nitrogen. The mixture was
stirred under nitrogen at room temperature for 5 minutes. Then, a solution of inimer (0.7164
g, 2.702 mmol), THF (0.45 mL) and drops of DMF were added under nitrogen. the mixture
was degassed by 5 freeze (5 minutes)-pump (15 minutes)-thaw (5 minutes) cycles and the
tube was refilled with nitrogen. The polymerization mixture was placed in 50°C oil bath
stirring for 23 hours and quenched by immersing in liquid nitrogen. Then, the tube was
exposed to air and thawed. The mixture was diluted with THF and passed through basic
alumina as colorless solution. The solution was removed by rotary evaporator to about 0.3
mL and added to in 3 mL cold methanol directly, obtained 0.074 g product (yield 10%).
M= 1,675 Da, M= 42,180 Da, PDI=20.91.

3.13 ATRP of methyl 2-bromo-3-methacryloxy-2-methylpropionate with PEI as ligand in
dioxane

All of the ATRPs of methyl 2-bromo-3-methacryloxy-2-methylpropionate using
polyethyleneimine as ligand in dioxane were carried out in the following procedure. The

concentration (methyl 2-bromo-3-methyacryloxy-2-methylpropionate/dioxane= mmol/mL)
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of the reaction was varyied from 0.8 mmol/mL to 3 mmol/mL. The following is an example
of ATRP of the methyl inimer in dioxane with polyethyleneimine.

In a typical procedure, Cu(I)Br (0.0012 g, 0.008 mmol) was added to a Schlenk tube and
evacuated at room temperature. After refilling the Schlenk tube with nitrogen,
polyethyleneimine stock solution (3.0 uL, 400 mg/mL in toluene, 0.028 mmol) was added
to the Schlenk tube under nitrogen and stirred for 5 minutes. Then, toluene was removed
under vacuum. 2-Bromo-3-methacryloxy-2-methylpropionate (0.2437 g, 0.919 mmol),
dioxane (0.3 mL) and drops of DMF were added to the Schlenk tube under nitrogen. After
stirring at room temperature for 5 minutes, the mixture was degassed by 5 cycles of freeze
(5 minutes)-pump (15 minutes)-thaw (5 minutes) and then the Schlenk tube was refilled
with nitrogen. the Schlenk tube was placed in 80 °C oil bath and stirred for 1 hour, got a
brown insoluble gel. The mixture was diluted with THF, passed through basic alumina tip
column to remove copper. The solvent was removed by rotary evaporation. The residue was
dissolved in 0.5 mL THF and precipitated in 5 mL cold methanol to yield 0.024 g product
(yield 9.8%) as white powder. M,= 9,937 Da, M=41510 Da, PDI=4.18.

3.14 ATRP of methyl 2-bromo-3-methacryloxy-2-methylpropionate with PEI as ligand in
THF

All of the ATRPs of methyl 2-bromo-3-methacryloxy-2-methylpropionate using
polyethyleneimine as ligand in THF were carried out in the following procedure. And the
ratio of polyethyleneimine to Cu(I)Br was varied from 2 to 20. The following is an example

of ATRP of the methyl inimer in THF with polyethyleneimine.
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In a typical procedure, Cu(I)Br (0.0034 g, 0.025 mmol) was added to a Schlenk tube and
evacuated at room temperature. After refilling the Schlenk tube with nitrogen,
polyethyleneimine stock solution (30.6 uL, 300 mg/mL in THF, 0.25 mmol) was added
into the Schlenk tube under nitrogen and stirred for 5 minutes. 2-Bromo-3-methacryloxy-
2-methylpropionate (0.3280 g, 1.237 mmol), THF (1.55 mL) and drops of DMF were added
to the Schlenk tube under nitrogen. After stirring at room temperature for 5 minutes, the
mixture was degassed by 5 cycles of freeze (5 minutes)-pump (15 minutes)-thaw (5 minutes)
and then, the Schlenk tube was refilled with nitrogen. the reaction mixture was set in 50 °C
oil bath for 5 hours. The reaction was quenched by immersing in liquid nitrogen and thawed
to air. Dilute the mixture with THF and passed basic alumina tips column till solution was
colorless. The solvent was removed by rotary evaporation. The residual was dissolved in
0.5 mL of THF and precipitated into 5 mL of cold methanol to obtain 99 mg (yield 30.2%)
of product as white powder. M= 13,979 Da, My= 34,753 Da, PDI= 2.49.

3.15 Cationic rearrangement of hyperbranched poly(methyl methacrylate)

The precipitated hyperbranched poly(methyl methacrylate) (10 mg, 0.037 mmol) and
nitromethane (0.2 mL) were added to a Schlenk tube. The Schlenk tube was sealed with a
glass stopper aided with parafilm and a plastic clampa. The mixture was degassed by 5
cycles of freeze (5 minutes)-pump (15 minutes)-thaw (5 minutes). The Schlenk tube was
refilled with nitrogen and set in 100 °C oil bath stirred for 48 hours. The reaction was
quenched by immersing in liquid nitrogen and thawed to air. The mixture was diluted with
THF and transferred to 20 mL vial. All solvent was removed by rotary evaporation. 'H

NMR was used to characterize the mixture. Comparing to the 'H NMR spectrum before the
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rearrangement, there were two new resonance shows up at 3.60 ppm 1.25 ppm, which

matched the expectation that the new resonance moves to upfield.

3.16 Nucleophilic substitution of the hyperbranched poly(methyl methacrylate) in acetone
at room temperature

Hyperbranched poly(methyl methacrylate) (104 mg, 0.392 mmol, M,= 14,028 Da, M=
34,154 Da, PDI= 2.43) and sodium iodide (0.5953 g, 3.397 mmol) were added to a round
bottom flask at once. Added 1 mL of acetone to the round bottom flask as solvent. Alumina
foil was used to cover the round bottom flask during the reaction. The reaction mixture was
stirred at room temperature for 24 hours. After the reaction, acetone was removed by rotary
evaporation and the residue was washed by cold methanol. 77.5 g yellow solid was obtained.

The '"H NMR and 3C NMR shows no change before and after the reaction.
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CHAPTER 1V

RESULTS AND DISCUSSION

4.1. 2-Amino-3-hydroxy-2-methylpropionic acid
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Scheme 4.1 Synthesis of 2-amino-3-hydroxy-2-methylpropionic acid.
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Scheme 4.2 The mechanism of the Akabori reaction

2-Amino-3-hydroxy-2-methylpropionic acid was synthesized via an Akabori reaction*®
(scheme 4.1). The Akabori reaction was between the copper complex of an amino acid and
carbonyl compound. The mechanism was shown in Scheme 4.2. The copper-amino acid

complex stabilized the imine and increased the acidity of the a-proton, which gave the base
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a chance to abstract this proton and the carbanion group can react with a carbonyl group. In
this reaction, we use formaldehyde rather than carboxy acid and resulted in
hydroxymethylene group.

The synthesis of 2-amino-3-hydroxy-2-methyl propionic acid in this thesis followed the
experiments published by Otani and Winitz.*’ The reaction reached 100% conversion in 60

minutes according to the 'H NMR. Figure 4.1 is the "H NMR of the reaction aliquot, we
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Figure 4.1 '"H NMR spectrum of 2-amino-3-hydroxy-2-methyl propionic acid-reaction

/N PSRN

can saw that the resonance of the methine group in alanine completely disappeared at 3.84
ppm. For 2-amino-3-hydroxy-2-methyl propionic acid, the singlet resonance at 1.62 ppm
was most likely the methyl group without adjacent proton. The hydrogens of the methylene

group were attached to a chiral center and were inequivalent; they were therefore split by
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each other and appeared as a doublet of doublets at 3.85 ppm and 4.10 ppm. If we compared
the integral of those protons and set the integral of resonance at 1.62 ppm as 3.00, the
integral of the resonance at 3.85 ppm and 4.10 ppm were 1.16 and 1.11, which matched the
expectation of the proton integrals of this molecule. The reactant used in this reaction was
a racemic mixture, and the reaction was not stereoselective. Therefore, the product was a
racemic mixture. The hydroxyl group and carbonyl group were not detectable in the 'H

NMR spectrum due to the proton exchange.
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4.2. 2-Bromo-3-hydroxy-2-methylpropionic acid

This halohydrin was the key intermediate of the methyacrylate inimer for hyperbranched

o) O
H*, KBr
HO OH —Nano, — HO OH
NH, Br

Scheme 4.3 Synthesis of 2-bromo-3-hydroxy-2-methylpropionic acid.
poly(methacrylate). Generally, halohydrin was synthesized by hydrohalogenation of olefins,

which gave to the mixture of regioisomers and were hard to separate.* We used a
deaminohalogenation reaction to synthesize the bromohydrin (scheme 4.3) which could be
purified easily. A diazonium ion intermediate was formed during this reaction and
underwent nucleophilic substitution to give to an alkyl bromide and nitrogen. Figure 4.2

was the 'H NMR spectrum of 2-bromo-3-hydroxy-2-methylpropionic acid. The chemically
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Figure 4.2 '"H NMR spectrum of 2-bromo-3-hydroxy-2-methylpropionic acid.
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inequivalent hydrogens of the methylene group appeared as a doublet of doublets showed
at 3.85 ppm and 4.06 ppm which were moving from 3.85 ppm and 4.10 ppm. The methyl
group resonanted at 1.97 ppm. The proton integrals were 3.00 at 1.97 ppm, 0.97 at 3.85
ppm and 1.01 at 4.06 ppm. Those integrals matched the proton existence in 2-bromo-3-
hydroxy-2-methylpropionic acid.

4.3. 2-Bromo-3-(methacryloyloxy)-2-methyl propanoic acid

O O O 0
o p-TSA N
HO OH * RLI7h o) OH o~
Br O O Br
Scheme 4.4 Synthesis of 2-bromo-3-(methacryloyloxy)-2-methylpropionic acid.
2-Bromo-3-hydroxy-2-methylpropionic acid was reacted with methacrylic anhydride
catalyzed by p-toluenesulfonic acid to make the precursor of inimers (Scheme 4.4).
Methacrylic acid also was also produced in this reaction. Methacrylic acid was removed by
extracting the reaction mixture with water. The precursor was purified by recrystallizing
from boiling hexanes and yielded white crystals. Figure 4.4 showed the "TH NMR spectrum
of 2-bromo-3-(methacryloyloxy)-2-methylpropanoic acid. We can saw that the two methyl
groups on the methacrylate and bromohydrin were both singlets and overlapped. The
methyl group of the bromohydrin resonated at 1.97 ppm and the methyl group of the
methacrylate part resonated at 1.95 ppm. The two hydrogen at the methylene group of the
bromohydrin were still chemically inequivalent and resonated as a doublet of doublets at
4.51 and 4.63 ppm. The cis hydrogen to the methyl group had a resonance at 6.13 ppm and

the trans hydrogen to the methyl group at 5.62 ppm.
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The integrals of those protons fit the protons distribution in 2-bromo-3-(methacryloyloxy)-

2-methylpropionic acid which indicated that the target molecule was made.
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Figure 4.3 '"H NMR spectrum of 2-bromo-3-(methacryloyloxy)-2-methyl propionic acid.
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4.4. 2-Bromo-3-chloro-2-methyl-3-oxopropyl methacrylate

O O (e} O
PCl;
O OH (@] Cl
Br Br

Scheme 4.5 Synthesis of 2-bromo-3-chloro-2-methyl-3-oxopropyl methacrylate.

To increase the reactivity of the precursor inimer with different alcohols, the precursor was
reacted with phosphorous pentachloride to give a highly reactive acyl chloride. The acyl
chloride was purified by vacuum distillation. Compared to 2-bromo-3-(methacryloyloxy)-
2-methypropionic acid, the chemical shifts of the product were insignificant. The methyl
group on the bromohydrin shifted from 1.97 ppm to 2.03 ppm due to the acyl chloride

structure and all other resonances were slightly moved to downfield.
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Figure 4.4. '"H NMR spectrum of 2-bromo-3-chloro-2-methyl-3-oxopropyl methacrylate.
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4.5. Synthesis of 2-bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate

O O o) e}
Et;N, THF

Scheme 4.6 Synthesis of 2-bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate.

The 2-bromo-3-methyoxy-2-methyl-3-oxopropyl methacrylate was the inimer used to make
hyperbranched poly(methyl methacrylate). As shown in Scheme 4.6, the 2-bromo-3-chloro-
2-methy-3-oxopropyl methacrylate was reacted with methanol with the existence of
triethylamine in THF. 2-Bromo-3-(methacryloyloxy)-2-methylpropionic acid was produced
as side product in this reaction, and could be removed by gel chromatography using
dichloromethane as eluent. The 'H NMR and '*C NMR spectrum of the 2-bromo-3-
methyoxy-2-methyl-3-oxopropyl methacrylate were shown in Figure 4.5 and Figure 4.6. In
the '"H NMR spectrum, the hydrogens attached to the double bond resonated at 6.10 ppm
and 5.60 ppm (The hydrogen cis to the methyl group was at the downfield). The resonance
of the methylene in bromohydrin part moved upfield to 4.48 ppm and 4.60 ppm. The methyl
groups of the bromohydrin part and methacrylate part are completely overlapped into one
resonance at 1.94 ppm. If we integrated the hydrogen at the methoxy group at 3.80 ppm as
3.00, the integral of the resonance at 1.93 ppm was about 6. The integrals of the resonances
at 4.48 to 4.60 were about one. The integrals of the hydrogens on the double bonds also
matched our expectation. Those resonances and integrals imply that this "H NMR spectrum

was for our methyl methacrylate inimer.
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Figure 4.5 '"H NMR spectrum of 2-bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate.
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Figure 4.6 3C NMR spectrum of 2-bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate.

In the 3C NMR spectrum, the resonances at 170 ppm and 167 ppm were assigned to the

two carbonyl groups of the inimer, and the resonance at downfield belongs to the carbonyl
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group of the methacrylate. The carbons of the double bond resonated at 135 ppm and 126
ppm. The methylene group resonated at 70 ppm and the halogenated carbon resonated at
58 ppm. The resonance of the methoxy group was at 54 ppm, and the methyl groups were
upfield at 26 ppm and 19 ppm.

4.6. Methyl 2-bromo-3-hydroxy-2-methylpropanoate.

O O
/>gl\ MeOH, H* %
HO Br OH Reflux, 30 h HO Br O

Scheme 4.7 Synthesis of 2-bromo-3-hydroxy-2-methylpropanoate.
In the esterification of 2-bromo-3-hydroxy-2-methyl propanoate, Methanol was not only

the reactant but also the solvent (Scheme 4.7). The reaction was catalyzed by hydrobromic

acid and was carried out at reflux for 20 hours. The product was purified by distilling under
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Figure 4.7 '"H NMR spectrum of 2-bromo-3-hydroxy-2-methylpropanoate distillate.
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vacuum. Figure 4.7 was the '"H NMR of the distillate. The 'H NMR spectrum indicated
remained unreacted 2-bromo-3-hydroxy-2-methyl propanoate. The 'H NMR of methyl 2-
bromo-3-hydroxy-2-methylpropanoate showed the resonances of methoxy and methylene
of the bromohydrin are overlapped at 3.78 ppm to 3.85 ppm. The methyl group resonated
upfield at 1.94 ppm. The remained 2-bromo-3-hydroxy-2-methylpropionic acid had
resonances overlapping with methyl 2-bromo-3-hydroxy-2-methylpopanoate at 1.94 ppm
and 3.78 to 3.85 ppm. But the resonances of 2-bromo-3-hydroxy-2-methylpropanoate at
4.04 ppm and 4.07 ppm, which were slightly overlapping with the resonances of our target

molecule, provided that there was unreacted reactant remained.

4.7. Methyl 3-acetoxy-2-bromo-2-methylpropanoate
Methyl 3-acetoxy-2-bromo-2-methylpropanoate was the model compound of the

O O EsNEwo O o
HO%O/ + )km RT,20% Ao%o/
Br Br

Scheme 4.8 Synthesis of methyl 3-acetoxy-2-bromo-2-methylpropanoate
hyperbranched poly(methyl methacrylate) to help explore the reactivity in post-

polymerization. The reaction was carried between methyl 2-bromo-3-hydroxy-2-
methylpropionic acid and acetyl chloride in the presence of triethylamine in diethyl ether.
The product was purified by extraction and vacuum distillation. As shown in Figure 4.8,
the acetoxy protons resonated at 2.05 ppm and the methyl group of the bromohydrin
resonated at 1.92 ppm. The doublet of doublets of the methylene group moved downfield

to 4.43 ppm and 4.55 ppm. The methoxy group was similar to the inimer with a resonance
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at 3.81 ppm. The integrals approximately matched the hydrogen distribution of methyl 3-

acetoxy-2-bromo-2-methylpropanoate.
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Figure 4.8 '"H NMR spectrum of methyl 3-acetoxy-2-bromo-2-methylpropanoate.
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Figure 4.9 3C NMR spectrum of methyl 3-acetoxy-2-bromo-2-methylpropanoate
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4.8. Polymerization of 2-bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate using

PMDETA as ligand

9 9 CuBr
~ _—
YJ\O />gBrko PMDETA

The polymerization was carried in different solvent (toluene, dioxane and THF)

Scheme 4.9 polymerization of 2-bromo-3-methoxy-2-methyl-3-oxopropyl

methacrylate via ATRP with PMDETA
Table 4.1 Polymerization of 2-bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate with

PMDETA
Concentrati Tem Tim Yiel
entr [Inimer]/[Cu(I) Solve Conversi Comme
on p e d
y Br] nt on (%) nts
(mmol/mL) (°C) (h) (%)
toluen
1 49 1.9 90 14 - - Ref. 4
e
toluen
2 49 2.6 90 88 53 -
e
toluen
3 51 1.8 100 120 - -
e
dioxa
4 46 0.9 80 18 40 -
ne
5 99 THF 3 50 35 25 10
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Several attempts were made to polymerize the 2-bromo-3-methoxy-2-methyl-3-oxopropyl
methacrylate via ATRP using PMDETA as ligand (Scheme 4.9). The polymerization was
carried out in different solvents at different temperatures (Table 4.1). Table 4.1 listed the
attempts made with PMDETA. The polymerizations carried out using PMDETA as ligand
didn’t reach conversion over 60%. And no polymer was obtained after precipitation in cold
methanol. Those indicated that the polymerization of 2-bromo-3-methoxy-2-methyl-3-
oxopropyl methacrylate was not efficient.

Figure 4.10 was the '"H NMR spectrums of the aliquot taken from polymerization of 2-
bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate in dioxane with PMDETA at 80 °C
at 0 hour and 18 hours, and the aliquot of the polymerization of 2-bromo-3-methoxy-2-
methyl-3-oxopropyl methacrylate in toluene with PMDETA at 100°C after 120 hours. The
"H NMR shows conversion for those polymerizations while no polymer was yielded. It
indicated that some side reactions happened and leaded to no product. According to the 'H
NMR spectrums taken from the aliquots of the polymerization in dioxane with PMDETA
at different temperature, we could find that some unknown resonances resonated at the area
3.7 ppm to 4.2 ppm and close to the hydrogen on the double bond. Similar resonances also
resonated in the '"H NMR spectrum of the polymerization in toluene. Compared with the
reaction at 80°C in dioxane, the reaction at 100°C in toluene had more unknown resonances
at the same area in '"H NMR spectrums, which indicated that there were temperature-related
side reactions happened in this system. Another attempt made with PMDETA was carried
out in THF at 50 °C (entry 5, Table 4.1). No side reaction was observed in this reaction.

But the polymerization was not ideal as tiny polymer yielded in low conversion (about 27%
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in 72 hours). This data indicated that the polymerization of methyl 2-bromo-3-
methacryloxy-2-methylpropionate was not efficient with PMDETA as ligand via ATRP
condition.

4.9 Polymerization of 2-bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate using

polyethyleneimine(PEI) as ligand

o~ O
I
Scheme 4.10 polymerization of hyperbranched 2-bromo-3-methoxy-2-methyl-3-

oxopropyl methacrylate via ATRP using PEI as ligand.

Table 4.2 Polymerization of 2-bromo-3-methoxy-2-methyl-3-oxopropyl

methacrylate with PEI.
A indicates the polymer has problem with removing Cu(I)
[Inim [Liga Concentr
Conve Yiel
ent er]/[C nd]/[C Solve ation Temp  Time Comme
rsion d
ry u(l)Br u(I)Br nt (mmol/m  (°C) (h) nts
(%) (%)
] ] L)
Dioxa Cross
1 109 33 3.06 80 20 - 38
ne link
Dioxa
2 115 12 0.8 80 20 69 10 A
ne
3 121 12 THF 0.8 50 20 65 30 A
4 50 10 THF 0.8 55 5 92 42
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5 56 6 THF 0.8 55 21 50 42
6 48 5 THF 0.8 55 21 27 33

7 46 2 THF 0.8 55 45 25 -

Since the polymerization with PMDETA was not efficient, we move to a more active ligand,
branched polyethyleneimine (Scheme 4.10). The reaction was carried out in different
solvent, with different [ligand]/Cu(I)Br]| ratio and different inimer concentration. The
conversion was calculated by compared the integral of the double bond of methacrylate at

6.10 ppm and 5.60 ppm before and after reaction, DMF was used as internal standard.
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Figure 4.10 (a) '"H NMR spectrum of the aliquot taken from the polymerization of inimers in
dioxane with PMDETA at 80 °C 0 h; (b) '"H NMR spectrum of the aliquot taken from the

polymerization of inimers in dioxane with PMDETA at 80 °C 18 h; (¢) 'H NMR spectrum
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Table 4.2 showed results from different polymerization with polyethyleneimine as ligand
with different [ligand]/[Cu(I)Br] ratio in different solvent at different temperature. We can
see that the polymerization worked well with high [ligand]/[Cu(I)Br] ratio (table 4.2, entry
1) but the product was crosslinked. The gelation was avoided by decreasing the reaction
concentration. 0.8 mmol/mL inimer in THF was a proper concentration which can allow
the polymerization have high conversion without the gelation.

Another issue also stood out that the high conversion hyperbranched poly(methyl
methacrylate) had problem with removing the cupper (Table 4.2, entry 2, 3). The copper
compound was tried to be removed with basic alumina and extraction (the reaction mixture
was diluted with chloroform and then extract with saturated ammonium chloride aqueous
/methanol 1:1 v/v solution until the aqueous phase was colorless), and both failed to get
transparent and colorless solution. For the Table 4.2 entry 4, the copper compounds were
successfully removed by using both basic alumina and acidic alumina. As the
[ligand]/[Cu(I)Br] ratio decreasing, the reaction rate and the difficulty in remove cupper
compounds also decreased. Compared with [ligand]/[Cu(I)Br] equaled to 6, the ratio
equaled to 10 worked better which gave a conversion over 70% in 5 hours. And
[ligand]/[Cu(I)Br] =10 also decreased the difficulties in removing cupper comparing with
the case that the ratio was 12. The GPC data was shown in table 4.3, we can see that for 50%
conversion sample ( Table 4.3, entry 1), the molecule weight is about 3.5 kDa, while when
the conversion increase to 74% (Table 4.3, entry 2), the molecule weight is over 16.83 kDa,

which is four times than 50% conversion sample. It indicated that the molecule weight of
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hyperbranched polymer were not linear to the conversion. And to make high molecule

weight hyperbranched polymers, we should try to reach high conversion.

Table 4.3 the GPC data of hyperbranched poly(methyl methacrylate) polymerized in

THF using PEI as ligand, at 55 °C, 0.8 mmol/mL

Conve Yiel
[Inimer])/[C  [Ligand]/[C M, (107 My(1073
entry rsion d PDI
u(I)Br] u(I)Br] Da) Da)
() (%)

RI 3.41 6.11 1.79
1 56 6 50 42

uv 3.38 6.11 1.81

RI 16.83 37.14 2.20
2 49 10 77 30

Uuv 1398 34.74 2.24

RI 12.24 35.28 2.88
3 51 10 92 42

uv  10.75 34.45 3.20

RI 22.61 48.54 2.14
4 51 10 68 33

uv  20.87 46.76 2.24

RI 16.98 54.44 3.20
5 50 10 74 38

uv 1524 52.64 3.45
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According to the data in Table 4.3, we concluded that 10 equivalents of ligands to Cu(I)Br
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Figure 4.11 '"H NMR spectrum of hyperbranched poly(methyl methacrylate) produced by

ATRP from 2-bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate

was comparably the proper polymerization condition for polymerization of 2-bromo-3-
methoxy-2-methyl-3-oxopropyl methacrylate via ATRP using polyethyleneimine as ligand.
Figure 4.10 and Figure 4.11 are the "H NMR and '*C NMR spectrum of the hyperbranched
poly(methyl methacrylate). The hyperbranched poly(methyl methacrylate) had resonance
in the area of 4.00 ppm to 4.50 ppm, which belonged to the methylene group that was
connected to an unreacted initiating site. The methoxy group resonated at 3.83 ppm as a
comparably sharp signal. The methylene group on the polymer backbone resonated in the
area of 0.75 ppm to 1.45 ppm. The methyl group directly connected to the polymer
backbone resonated in the area of 1.45 ppm to 2.30 ppm. In the 3C NMR spectrum, the

resonance at 167 ppm for the carboxy group of the methacrylate disappeared, and the
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methylene group’s signal at 70 ppm is insignificant. The brominated carbon and the
methoxy still resonated at the same area. The resonance of the methyl group of the
methacrylate at 18.32 ppm disappeared and a new resonance resonated at 45 ppm which

possibly belonged to the methylene group on the polymer backbone.
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Figure 4.12 '3C NMR spectrum of the hyperbranched poly(methyl methacrylate)

from 2-bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate via ATRP
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4.10. Nucleophilic substitution with sodium iodide

L,
iy

Scheme 4.11 The nucleophilic substitution of hyperbranched poly(methyl methacrylate)

with sodium iodide

The reaction between hyperbranched poly(methyl methacrylate) and sodium iodide

(Scheme 4.11) can be only followed by 3C NMR spectroscopy since the bromide and
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Figure 4.13 (a) *C NMR spectrum of hyperbranched poly(methyl methacrylate)
produced by ATRP of 2-bromo-3-methoxy-2-methyl-3-oxopropyl methacrylate; (b) 1*C

NMR spectrum of hyperbranched poly(methyl methacrylate) stirring with sodium iodide
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iodide were not detectable on 'H NMR spectroscopy. The possibility of this reaction was
explored with 10 equivalents sodium iodide to bromide in acetone at room temperature.
Figure 4.11 was the '*C NMR of the hyperbranched poly(methyl methacrylate) before and
after stirring with sodium iodide. The '3C NMR spectrum showed a new resonate at 44.71
ppm after 24 hours, which also can be found in the '3C NMR spectrum of hyperbranched
poly(methyl methacrylate) of the methylene group located at polymer backbone. To
determine whether the reaction happened, we need the support from the model compound
(methyl 3-acetoxy-2-bromo-2-methylpropanoate) to located the resonance change.

4.11. Cationic Rearrangements of hyperbranched poly(methyl methacrylate)

Mﬂiﬂ /\/\Eif’ Nltromethane ﬁ
O 0 0 /i Br ﬁ

Scheme 4.12 Rearrangement of hyperbranched poly(methyl methacrylate).

The cationic rearrangements were carried out in nitromethane which had a boiling point at
100 °C to 103 °C (Scheme 4.11). After stirring in 100°C oil bath for 48 hours, new
resonance resonated at the 3.60 ppm and 1.45 ppm, which might be the rearranged structure-
a primary brominated methylene and a methyl group. Figure 4.14 was the 'H NMR

spectrums of hyperbranched poly(methyl methacrylate) before and after rearrangement.
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Figure 4.14 (a) "H NMR spectrum of hyperbranched poly(methyl methacrylate)
Polymer prepared by ATRP of 2-bromo-3-methoxy-2-methyl-3-oxopropyl

methacrylate M,= 3.41 kDa, My= 6.11 kDa.; (b) '"H NMR spectrum of rearranged

From Figure 4.14, we can see that the integral of each area’s ratio to the whole was changing.
Theoretically, the resonance at 4.00 ppm to 4.50 ppm would move upfield if an a-bromine
was produced and resonated at the area from 3.20 ppm to 4.00 ppm. The methyl group
participating the rearrangement will move upfield since the directly bonding carbon was
not substituted by a bromide. In theory, all of those integrals were changed during the
rearrangement. Therefore, the conversion of this reaction was calculated by comparing the
integrals’ proportion to the total before and after the rearrangement. The total integral was

calculated as the sum of the four integrals shown in Figure 4.14. The hydrogens that were
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involved in the rearrangement belonged to the methylene group with unreacted initiation
site and the methyl group. After the rearrangement, the new resonance was overlapped with
the methoxy group and methylene group of the backbone. The calculation result was shown
in Table 4.4. We could find the proportions’ increasing matches the total decreasing. The

conversion is calculated by the ratio changing divided by the whole hydrogen that could

participating and about 22% (Conversion = 527;/(;5 = 22%).
ar

Table 4.4 the integral variance of hydrogens in Figure 4.14 before and after

rearrangement at 100 °C in nitromethane 24 hours.

Hydrogen code before after A

btet+f
52% 45% -7%
(4.0-4.5 ppm & 1.45-2.2 ppm)

atg
27% 31% +4%
(1.0-1.45 ppm)
ct+d+h
21% 24% +3%
(3.5-4.0 ppm)
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CHAPTER V

SUMMARY

The synthesis pathway of the inimer to produce hyperbranched poly(methacrylate) was
developed by the previous student, Chenwei Liu. Starting from D,L-alanine, 2-amino-2-
methyl-3-hydroxy propionic acid was synthesized via the Akabori reaction. The key
intermediate, 2-bromo-3-hydroxy-2-methylpropionic acid, was successfully synthesized
starting from 2-amino-2-methyl-3-hydroxypropionic acid under deaminohalogenation.
After esterification of methacrylic anhydride and methanol, the methyl methacrylate inimer
was made.

The polymerization of the hyperbranched poly(methyl methacrylate) by ATRP using
Cu(I)Br as catalyst was not successful using PMDETA as ligand. Side reactions were found
during polymerization at high temperature. Therefore, we moved to polyethyleneimine as
ligand and THF as solvent to polymerize themethacrylate inimer. Suitable conditions were
developed for the polymerization that successfully polymerized using polyethyleneimine
as ligand in THF.

The post-polymerization reactivity of the hyperbranched poly(methyl methacrylate) was
also explored. The nucleophilic substitution of the bromide group was not successful at
room temperature with sodium iodide. During the cationic rearrangement, new resonances
were observed in the 'H NMR spectrum. More work needs to be done for the post-

polymerization of hyperbranched polymethacrylate as post-polymerization was one of the
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most popular ways to introduce functional groups into polymers, such as carrying out the
nucleophilic substitution with better nucleophiles at higher temperature. The model
compound should also be studies to help exploring the post-polymerization abilities of the

hyperbranched polymethacrylate.
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