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ABSTRACT OF THE DISSERTATION

Trehalose Polymers and Ruthenium-Catalyzed Polymerizations: Synthesis and Applications

by

Jeong Hoon Ko
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2018

Professor Heather D. Maynard, Chair

Since the definition of polymers as covalently linked macromolecules by Hermann
Staudinger in 1920, polymers have become indispensable components of our society as industrial
materials, consumer products, and medical devices only to name a few applications. This explosive
growth of polymer use in the past century, referred to as “The Plastics Revolution”, was driven by
research into polymerization techniques for various monomer types appropriate for the desired
application. The past two decades have been marked by the development of controlled
polymerization methods in addition to advances in new chemical reactions that are highly efficient.
The combination of controlled polymerization techniques with methodologies in other fields of
organic chemistry is expected to lead to a second plastics revolution, enabling polymers to further
enhance our society by materials with new applications.

The first five chapters of this dissertation are related to the use of controlled radical

polymerization in combination with methods for protein-polymer conjugation, carbohydrate



synthesis, and click chemistry to enhance the properties of protein drugs. Proteins have many
desirable traits for therapeutic use, but their potential has yet to be fully realized due to their low
physical stability and rapid clearance from the body by multiple elimination pathways. Synthetic
polymers produced from the natural sugar trehalose, which stabilizes proteins in nature, would be
effective in protecting various proteins from physical stressors and also in vivo clearance when
covalently conjugated to proteins.

Even though polymers based on sugars are used for various applications, their syntheses
are hindered by the difficulty in monomer synthesis. This is because the multiple hydroxyl groups
in sugars have minimal reactivity difference under most reaction conditions, and the reported
syntheses are multi-step and low yielding. In Chapter 1, an efficient one-step synthesis of a
trehalose monomer was developed using the specific interaction of borinic acids with 1,3-diol of
trehalose, thereby overcoming the challenge in carbohydrate monomer synthesis. In Chapter 2,
trehalose polymers with varying attachment site of the polymer backbone to the trehalose side
chain were synthesized, and the effect of the regioisomers on protein stabilization was evaluated.

In Chapter 3, polymeric hydrogels based on trehalose were used to stabilize proteins
important for medical and industrial applications. In the first section, a glucose-responsive
trehalose hydrogel was developed to stabilize insulin against heat stress and release insulin in
response to high glucose level as in diabetic patients after a meal. The second section presents the
industrially scalable synthesis of trehalose hydrogel that did not require any chromatographic
purification. The hydrogel fully stabilized phytase, an important animal feed enzyme, under
industrially relevant conditions when the hydrogel was used at 10 or higher weight equivalents.

In Chapter 4, trehalose polymers were conjugated to therapeutic proteins to enhance both

their stability and in vivo pharmacokinetics. The first section demonstrates that this strategy was



effective for insulin as a model protein drug, and the insulin-trehalose polymer conjugate exhibited
significantly higher thermal stability and in vivo half-life compared to insulin itself. In the second
section, the approach was extended to granulocyte colony-stimulating factor (G-CSF). Click
chemistry was used for efficient synthesis of the G-CSF-trehalose polymer conjugate. In vivo
evaluations including bioactivity, biodistribution, toxicity, and immunogenicity were conducted.

Although conjugation of a polymer to a therapeutic protein has benefits that outweigh the
costs, the conjugates often have reduced activity due to steric hindrance by the attached polymer.
In Chapter 5, a new traceless conjugation method was developed to address this drawback of
polymer conjugation to proteins. Traceless conjugation such as the method described herein would
help the protein regain full activity while retaining all the benefits of polymer conjugation.

In the last three chapters, ruthenium-catalyzed controlled polymerization techniques were
combined with new organic chemistry methodologies to access new types of polymers. In Chapter
6, ruthenium-catalyzed living radical polymerization (Ru-catalyzed LRP) was used to prepare
amphiphilic fluorinated random copolymers that encapsulated a fluorinated agrochemical and
exhibited interesting self-assembly behavior. In Chapter 7, cyclic ketene acetal was used with Ru-
catalyzed LRP to synthesize degradable fluorinated polymers, and their degradation rates were
shown to be modulated by the shielding of degradable units by the fluorous side chains. In Chapter
8, aryne chemistry was used to prepare monomers for ring-opening metathesis polymerization
(ROMP). Previous syntheses of benzonorbornadiene polymers showed that these polymers are
highly unstable and spontaneously oxidize and degrade upon exposure to air. Aryne chemistry
enabled the efficient syntheses of monomers with substitution at the benzylic/allylic position,

which prevented the resulting polymer from oxidative deformation in air.
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“[...] the creative function of organic chemistry will continue to augment Nature, with

great rewards, for mankind and the chemist in equal measure.”

R. B. Woodward, “Synthesis” in Perspectives in Organic Chemistry, 1956.
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1H,1H,2H,2H,3H,3H-Perfluoropentyl methacrylate
Acetonitrile
American Chemical Society
Acetylated trehalose methacrylate
Azobisisobutyronitrile
Alanine aminotransferase
Ammonium persulfate
Animal Research Committee
Aspartate aminotransferase
Attenuated total reflection
Atom transfer radical polymerization
Area under the curve
5,6-Benzo-2-methylene-1,3-dioxepane

Bovine serum albumin

2-[4-[(Bis[(1-tert-butyl-1H-1,2,3-triazol-4-yl)methyl]Jamino)methyl]-1H-

1,2,3-triazol-1-yl]acetic acid
Blood urea nitrogen
Complete blood count
Correlation spectroscopy
Creatinine

Chain transfer agent
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CuAAC Copper-catalyzed azide-alkyne cycloaddition

DART Direct analysis in real time

DCE 1,2-Dichloroethane

DCM Dichloromethane

DFO Deferoxamine

DFT Density functional theory

DIPEA N,N-diisopropylethylamine

DLS Dynamic light scattering

DMAP 4-(Dimethylamino)pyridine

DMF N,N-dimethylformamide

DMI 1,3-dimethyl-2-imidazolidinone
DMSO Dimethyl sulfoxide

DOSY Diffusion-ordered spectroscopy

DP Degree of polymerization

D-PBS Dulbecco’s phosphate buffered saline
DSC Dynamic scanning calorimetry
EBPA Ethyl 2-bromo-2-phenylacetate
ECPA Ethyl-2-chloro-2-phenylacetate

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
EDTA Ethylenediaminetetraacetic acid

EK Enterokinase

ELISA Enzyme-linked immunosorbent assay
ESI Electrospray ionization
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FDA
FITC
FPLC
FT-IR
GAMESS
GPC
GRAS
HES
HMBC
HOMO
HPLC
HPMA
HRMS
HRP
HSQC
Hz

ICP-MS

ITT
LAL
LC-MS
LS

MALDI

Food and Drug Administration

Fluorescein isothiocyanate

Fast protein liquid chromatography
Fourier-transform infrared spectroscopy
General Atomic and Molecular Electronic Structure System
Gel permeation chromatography
Generally regarded as safe

Hydroxyethyl starch

Heteronuclear multiple bond correlation
Highest occupied molecular orbital

High performance liquid chromatography
N-(2-hydroxypropyl) methacrylamide
High resolution mass spectrometry
Horseradish peroxidase

Heteronuclear single quantum coherence
Hertz

Inductively coupled plasma mass spectrometry
Infrared

Insulin tolerance tests

Limulus amebocyte lysate

Liquid chromatography-mass spectrometry
Light scattering

Matrix-assisted laser desorption/ionization
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MALS
MBP
MW
MWCO
NMP
NMR
NTA
OPLS
PAGE
PDB
pDNA
PEG
PEGMA
PEP
PET
PMMA
RAFT
RBC
RC

RI
RID
ROMP

SDS

Multi-angle light scattering
Maltose-binding protein

Molecular weight

Molecular weight cut-off
Nitroxide-mediated polymerization
Nuclear magnetic resonance
Nitrilotriacetic acid

Optimized potentials for liquid simulations
Polyacrylamide gel electrophoresis

Protein Data Bank

Plasmid DNA

Poly(ethylene glycol)

Poly(ethylene glycol) methyl ether methacrylate
Proline-specific endopeptidase

Positron emission tomography
Poly(methyl methacrylate)

Reversible addition-fragmentation chain transfer
Red blood cell count

Regenerated cellulose

Refractive index

Refractive index detector

Ring-opening metathesis polymerization

Sodium dodecyl sulfate
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SEC Size exclusion chromatography

SEM Scanning electron microscope
SET Styrenyl ether trehalose

SIRNA Small interfering RNA

SMD Solvation model based on density
SOMO Singly occupied molecular orbital
TBAF Tetrabutylammonium fluoride
TEMED Tetramethylethylenediamine
TEV Tobacco etch virus

TFA Trifluoroacetic acid

Tg Glass transition temperatures
TGA Thermogravimetric analysis

THF Tetrahydrofuran

TIPS Triisopropylsilyl

TLC Thin-layer chromatography

TMB 3,3’,5,5’-Tetramethylbenzidine
TOF Time-of-flight

TreMA Trehalose methacrylate

UPLC Ultra performance liquid chromatography
uv Ultraviolet

WBC White blood cell count
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Chapter 1.

Regioselective Synthesis of Trehalose Monomers



1.1 Introduction

Trehalose is a naturally occurring sugar composed of two glucose units linked by a,0-1,1
glycosidic linkage. It increases the tolerance of various organisms to extreme environments such
as dehydration and heat.> Many studies have explored the stabilization mechanism. Although
multiple stabilization mechanisms seem to be in effect,? preferential exclusion theory? is frequently
invoked. According to this theory, trehalose has more favorable interaction with water molecules
than with biomacromolecules such as proteins and is excluded from the surface. As a result, the
protein is preferentially hydrated (and hence the alternative name “preferential hydration
hypothesis™).* Since the unfolded state of a protein has a higher surface area, the folded state is
entropically favored in the presence of trehalose (see also depletion interaction in the colloid
literature® ©). Trehalose occupies about 2.5 to 2.9 times larger hydration volume than other
disaccharides (e.g., sucrose, lactose and maltose),™ ” and this larger size has been attributed to the
greater effect on preferential exclusion and consequently the superior stabilization effect of
trehalose over other sugars for several proteins.” 8

Due to its unique properties, trehalose has been incorporated into synthetic polymers for
diverse applications ranging from inhibiting amyloid fibril formation,® ° stabilizing nucleic acid
complexes,'* 2 and protecting proteins from degradation.'®?! However, many of the trehalose
monomers for these studies are synthesized via laborious multi-step syntheses involving protecting
group strategies, which are both time-consuming and low-yielding. Miura and co-workers
synthesized their trehalose-pendant acrylamide monomer in 8 steps with 16% overall yield.®
Reineke and co-workers later optimized the synthesis of the same monomer utilizing silyl
protecting group instead of an acetyl group in the final stages, but increase in the yield was only

20%.'2 An alternative approach involves chemoenzymatic esterification using enzymes;?'-23



however, the use of enzymes increases the cost. Moreover, enzyme instability and batch variability
are potential concerns, and the scope is limited to ester-based monomers.

To address these limitations, our group has researched protecting group-free chemical
syntheses of trehalose monomers (Figure 1-1). In our first report, transacetalization between 04
and O6 of trehalose with a vinyl benzaldehyde acetal yielded a trehalose monomer with acetal
linkage between the sugar and the styrenyl group in one step with 41% yield.*® In addition to direct
synthesis without the use of protecting groups, this approach involved only a single step and had
a moderate yield that was higher than other multi-step syntheses of trehalose monomers.
Subsequently, a trehalose monomer with ether linkage was synthesized by Williamson
etherification, which is non-selective and yields various regioisomers.** 8 Surprisingly, the
secondary alcohol at O4 was found to be more reactive than the primary alcohol at O6 due to the
ionic complexation of the sodium ion with the O6 hydroxyl. Density functional theory (DFT)
calculations revealed that O6-substituted monomer best retains the native conformation of

trehalose (see Chapter 2),® but an efficient route to access this monomer remains to be discovered.
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Figure 1-1. Synthesis of trehalose monomers without protecting groups from the Maynard group.

Recently, an effective method to regioselectively modify carbohydrates and other polyols
using borinic acids has been developed by Taylor and co-workers.?*?6 Selectivity arises from the
ability of borinic acid to form borinate ester with cis-1,2- and 1,3-diols, which activates the alcohol
towards reaction with an electrophile (Figure 1-2). We envisioned that this chemistry could be
used for regioselective trehalose modification since the sugar lacks cis-1,2-diols and only has 1,3-
diols at the O4 and O6 positions, which should result in selective modification at the O6 position.

Although various methods to selectively modify a primary alcohol exist,?”-?° they do not work for
4



trehalose due to its ionic complexation'® or they involve organometallic reagents that are
incompatible with strongly polar and coordinating solvents such as dimethyl sulfoxide (DMSOQ)
and N,N-dimethylformamide (DMF) that are required to dissolve trehalose. In this chapter, we will
present our results on using the borinic acid reagents to efficiently synthesize an O6-styrenyl
trehalose monomer in one step without the use of protecting groups, in addition to attempts at the

synthesis of other trehalose derivatives.

o)
Ar\é/
rd R1
Ar \0 Rz

OH

S~
R'O R R'-X

(TsCl, BzBr, acyl chloride)

OH
R X
HO&.:Rz il\r
Ar’B‘O
S
R'O Rz
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Figure 1-2. Mechanism of regioselective modification of carbohydrates and polyols using borinic
acid.?

1.2 Results and Discussion

The first borinic acid reagent investigated for regioselective modification of trehalose was
2-aminoethyl diphenyl borate (1, Figure 1-3b) reported by Taylor and co-workers.?* While the
previous Williamson etherification using sodium hydroxide in DMSO resulted in all four possible
regioisomers and higher substituted products (Figure 1-3a), 10 mol % of 1 with N,N-

diisopropylethylamine (DIPEA) as the base, potassium iodide (KI) to activate the benzyl halide,
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and 4 A molecular sieves exclusively yielded the O6 product in 22% yield (Figure 1-3b). In the
absence of the borinic acid, the amount of product obtained was negligible as quantified by high
performance liquid chromatography (HPLC) area under the curve (AUC); the reaction also
produced other isomers (Experimental Section Figure 1-6). Although the yield from this initial
reaction was only 22% as calculated from the calibration curve, it was a significant improvement

from the 13% from our previous non-selective route® and encouraged further optimization.

(a)
oH oH oH oH
HO, A Ar_ Oy~
A0 Ao
AT HO™ ™
o, .0 * o .0
= HO HO
OH oH HO™ "OH HO™' ""OH
Ho, OH OH 04
Lo 02 03
HO™ ™y NaOH, ci

= _—
HO 0@ DMS$0, 23 °C, 24 h Ar Ar
HO™ “*OH kc_) oH oH o)
OH HO\CH HO\C'H
HO™ o HO™ o 02 06
0.0 * 0. ‘_qé
HO - HO -
" ., o .. 03
HO™ “OH HO™ “OH

OH OH
04 a8

4 5 6
Retention time (min)

-

(b) \

OH OH
0 Phg0

Ho, /B\@j How -
PN
;] 2 |
HO™ ™ o'

1 , Br

F - H
HO 0«0 KI, DIPEA, 4 AM.S. Ho 0.0
DMF, 60 *C, 16 h
HOY" ""OH HO™" “OH

OH OH

4 5 6
Retention time (min)

[=]
&
w

Figure 1-3. Synthesis of vinylbenzyl trehalose monomer using (a) Williamson etherification
condition or (b) borinic acid reagent, with HPLC chromatograms of the product mixtures (A =280
nm).

Borinic acid catalysis has been reported to give high yield (95%) at 10 mol % loading,

although the reaction was conducted in acetonitrile.?* Under our reaction condition using DMF as
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the solvent, the borinic acid turnover number was only 2.2, which suggested the decomposition of
the borinic acid or the vinylbenzyl substrate. Borinic acid only showed a single species at 2.1 ppm
in DMF as observed by !B NMR (Experimental Section Figure 1-7), which corresponds to the
anionic borate species® as expected from the undissociated aminoethanol from the borinic acid.
The peak did not show any change after 28 h, and had similar chemical shift as the peak in
acetonitrile in which the borinic acid has been reported to be stable.?* However, the vinylbenzyl
substrate subjected to the reaction conditions in the absence of trehalose and the borinic acid
showed slight degradation as observed by *H NMR and some aldehyde species even in deuterated
acetonitrile (Experimental Section Figure 1-8). It has been previously reported that alkyl iodide
can oxidize benzyl halides to benzaldehydes,®® and similar mechanism may be in effect.
Nevertheless, the reaction seems to proceed fast enough for the desired product to form.

The reaction was optimized by varying the amount of electrophile, Kl, and the borinic acid
loading (Table 1-1). Increasing the amount of 4-vinylbenzyl bromide from 0.5 to 2 equiv. increased
the yield from 0% to 23.6% (entries 1 — 3). It was also found that 4-vinylbenzyl chloride was
equally competent substrate and gave 24.4% yield when 1.5 equiv. were used (entry 4) presumably
because both benzyl halides (chloride or bromide) needs to be converted to the iodide by KI for
reaction with the activated alcohol of trehalose. Since 4-vinylbenzyl chloride is commercially
available, it was used for the following experiments unless stated otherwise. When the amount of
KI was varied (entries 5 — 11), the yield did not increase past 32% and 0.5 — 1 equiv. of KI was
optimal. Increasing both the vinylbenzyl chloride and Kl did not result in noticeable increase in
the yield, which remained around 30% and decreased to 25.7% at the highest equivalents (4.5
equiv. of vinylbenzyl chloride and 3 equiv. of KI) (entries 12 — 15). Finally, borinic acid loading

increased the yield but saturated around 40% (entries 16 — 21).
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Table 1-1. Optimization of the reaction condition.

Entry Screen for electrophile equivalents? Entry Screen for electrophile/KI equivalents®
4-Vinylbenzyl halide equiv. | Yield (%) Equiv. electrophile / Kl Yield (%)

1 0.5 (Br) 0 12 3/1 28.8

2 1 (bromide) 12.8 13 3/2 28.9

3 2 (bromide) 23.6 14 45/1 30.3

4 1.5 (chloride) 24.4 15 45/3 25.7

Entry Screen for Kl equivalents® Entry Screen for borinic acid equivalents®
KI Equiv. Yield (%) Borinic acid (1) (mol %) Yield (%)

5 0 13 16¢ 10 29.6

6 0.25 19.2 17 20 37.7

7 0.5 27.3 18 40 39.7

8 0.75 28.2 19 60 42.8

9 1 29.6 20 80 435

10 1.5 26.3 21 100 42.6

11 2 32.0

21 equiv. trehalose (0.2 M in DMF), 4-vinylbenzyl bromide (equiv. as designated in the table), 1
equiv. KI, 2.3 equiv. DIPEA, 4 A molecular sieves. ® 1 equiv. trehalose (0.2 M in DMF), 1.5 equiv.
4-vinylbenzyl bromide, K1 (as designated in the table), 2.3 equiv. DIPEA, 4 A molecular sieves.
1 equiv. trehalose (0.2 M in DMF), 4-vinylbenzyl bromide (equiv. as designated in the table), Kl
(as designated in the table), 2.3 equiv. DIPEA, 4 A molecular sieves. ¢ 1 equiv. trehalose (0.2 M
in DMF), 1.5 equiv. 4-vinylbenzyl bromide, K1 (as designated in the table), 2.3 equiv. DIPEA, 4
A molecular sieves. ¢ Same as entry 9.

Different borinic acids were also screened in an attempt to further increase the yield. One
disadvantage of 2-aminoethyl diphenyl borate (1) is that the dissociated aminoethanol will react
with the electrophile to lower the yield. Other borinic acids such as oxaboraanthracene (2) and
diphenylborinic anhydride (3) that do not have such nucleophilic ligands were thus compared
(Table 1-2). Both 2 and 3 can be synthesized in one step using reported procedures.? 3233 While
1 gave the typical yield of 21.6% (entry 1), the cyclic borinic acid 2 only gave 5.8% of the desired
O6-modified trehalose (entry 2), consistent with previous observation that this borinic acid is
optimally suited for cis-1,2-diol modification.®* In contrast, the anhydride yielded significantly

more product giving 55.0% vyield after 14 h (entry 3). Although 1 and 3 have the same active

borinic acid species, 3 would release additional borinic acid upon entering the reaction cycle



instead of ethanolamine. Further increasing the amount of borinic acid 3 to 0.4 equiv. did not

noticeably enhance the yield (entry 4).

Table 1-2. Screening of borinic acids.

Entry | Borinic acid used / Equiv. | Time (h) | Yield (%)
18 1/0.1 16 21.6
22 2/0.1 16 5.8
3P 3/0.2 14 55.0
4° 3/0.4 24 57.7

21 equiv. trehalose (0.2 M in DMF), 1.5 equiv. 4-vinylbenzyl
bromide, 1 equiv. Kl, 3 equiv. DIPEA, 4 A molecular sieves.
b1 equiv. 4-vinylbenzyl chloride (0.3 M in DMF), 2 equiv.
trehalose, 2 equiv. K1, 0.5 equiv. DIPEA, 4 A molecular sieves.

o
Ph
\(;)/0 Ph Ph
;D B B
PK N EI&
OH

Ph”~~0”" ~Ph
Ha

(1) (2) (3)

Although borinic acid proved to be effective in producing styrene-modified trehalose in
synthetically useful yields, a method to selectively tosylate trehalose at the O6 hydroxyl would
also be valuable for synthesizing various trehalose analogs such as trehalose azides.'! 35-%
Unfortunately the borinic acid approach did not yield any product for the tosyl chloride substrate,
which is more active than the benzyl chloride. Interestingly, the typical tosylation condition
(alcohol with tosyl chloride in pyridine) yielded only two isomers with O6-tosylated trehalose in
50.4% yield. Although this is comparable to the borinic acid approach, the presence of other isomer
necessitates HPLC purification. Thus, it would be desirable to develop a method to selectively
tosylate O6 without generating other isomers. The other isomer could not be conclusively assigned

but *H and **C NMR spectra showed that it is a single isomer (Experimental Section Figure 1-12).
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It was hypothesized that the pyridinium tosylate that is formed as the reactive species poses steric

hindrance for modification by other hydroxyl groups, resulting in preferred modification at O6
(Figure 1-4a). It was envisioned that further selectivity may be achieved by using 2,6-lutidine,

which forms a much bulkier electrophile that would only be accessible by the primary alcohol O6

(Figure 1-4b).

More accessible

Only accessible to I-I,()‘\'[lJ “*OH

primary alcohol

cl
o} o
W+ CI—'SI~©— — \N"-g—@—
= 8 = 8
Figure 1-4. Modulation of regioselectivity by steric load around the electrophile.

A cosolvent 1,3-dimethyl-2-imidazolidinone (DMI) was required to solubilize trehalose in
the presence of 2,6-lutidine. Although trehalose is soluble in pyridine, a control reaction with
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pyridine was conducted in DMI to directly compare the regioselectivity. The reaction using
pyridine yielded two isomers, while 2,6-lutidine selectively produced O6 modified product as
hypothesized (Figure 1-5). Unfortunately, the added steric hindrance also decreased the reactivity
of the tosylate and only resulted in 10.8% yield after 24 h. Although this approach seems promising
with regards to its regioselectivity, further optimization of the reaction conditions is required to

increase the yield to a useful level.

OH OH OH OH
@ " (0) "
o} 0
HO™ ™y » HOY ™y o
o_ b TsCl, pyridine o '\\6 TsCl, lutidine
HO ’ DMI, 23 °C, 24 h HO ' DMI, 23°C, 24 h
HO™" “‘OH Ho™ "“QH
OH OH
120 -
110 06 75 1 06
i 65
£ 100 £
§ 90 1 Isomer § 55
§ 801 §45
70 A
60 | 35
50 T ‘ T ) 25 T T ‘ ‘
7 7.5 8 8.5 9 7 7.5 8 8.5 9
Time (min) Time (min)

Figure 1-5. Synthesis of tosylated trehalose using (a) pyridine or (b) 2,6-lutidine as the base in
1,3-dimethyl-2-imidazolidinone (DMI).

1.3 Conclusions

A one-step regioselective route to access styrene-type trehalose monomer in synthetically
useful 55% vyield was established using a borinic acid reagent. Given that other trehalose
monomers such as methacrylamide are typically synthesized in 8 steps with 16 — 20% yield, the

current methodology involves only a single step, is protecting-group free, and is higher yielding
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than our previously reported one step syntheses. Thus, it represents a significant advance in the
synthesis of carbohydrate monomers. It is expected that the trehalose monomer synthesis presented
in this chapter will greatly facilitate research into trehalose polymers and their diverse applications.
In addition, selective tosylation of trehalose was achieved by increasing the steric bulk of the
electrophile, but the reaction requires further optimization to enhance the yield to a synthetically

useful level.

1.4 Experimental Section

Materials

Trehalose was purchased from The Endowment for Medical Research (Houston, TX) and was
azeotropically dried with ethanol and kept under vacuum until use. 2-Aminoethyl diphenyl borate
was used as received (Sigma-Aldrich). Oxaboraanthracene® and diphenylborinic anhydride3? 2

were synthesized according to literature procedure.

Analytical Techniques

NMR spectra were recorded on a Bruker DRX 500 MHz or a Bruker AV 500 MHz. HPLC
experiments were performed on an Agilent analytical HPLC system (Agilent 1260 Infinity 11 LC
System) connected to Quaternary Pump, Vialsampler, and VWD UV detector using a Phenomenex
Luna 5 um C18(2) 100 A column (250 x 4.6 mm) with isocratic elution of 25% solvent B over 14
min (solvent A: water + 0.1% trifluoroacetic acid (vol/vol), solvent B: acetonitrile + 0.1%
trifluoroacetic acid (vol/vol)) for the vinyl trehalose monomer and elution gradient of 10-100%
solvent B over 14 min (solvent A: water + 0.1% trifluoroacetic acid (vol/vol), solvent B:

acetonitrile + 0.1% trifluoroacetic acid (vol/vol)) for the tosylated trehalose.
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Synthesis of Trehalose Monomers

Representative Procedure: Synthesis of O6-substituted vinylbenzyl ether trehalose using
diphenylborinic anhydride. Diphenylborinic anhydride (10.4 mg, 0.03 mmol, 0.2 equiv.),
trehalose (103 mg, 0.3 mmol, 2 equiv.), potassium iodide (50 mg, 0.3 mmol, 2 equiv.), N,N-
dimethylformamide (DMF) (0.5mL), and 4 A molecular sieves (approximately 96 mg) were added
to a dram vial and stirred at 60 °C until trehalose fully dissolved. Then 4-vinylbenzyl chloride
(23.5 uL, 0.15 mmol, 1 equiv.) followed by N,N-diisopropylethylamine (DIPEA) (13 uL, 0.075
mmol, 0.5 equiv.) were added. The reaction was stirred for 14.5 h at 60 °C before removal of the

solvent in vacuo and dissolution of the solid in 2 mL MilliQ water for HPLC analysis.

Representative Procedure: Synthesis of O6-substituted tosyl trehalose using diphenylborinic
anhydride. Trehalose (257 mg, 0.75 mmol, 3 equiv.) was dissolved in 1,3-dimethyl-2-
imidazolidinone (DMI, 5 mL) with gentle heating, followed by addition of 2,6-lutidine (1 mL).
The solution was cooled to 0 °C, and tosyl chloride (48 mg, 0.25 mmol, 1 equiv.) was added. The
mixture was warmed to 23 °C and stirred for 24 h, and then precipitated into 100 mL of 1:1
hexanes:diethyl ether. The solid was dissolved in 9:1 water:methanol (30 mL) and analyzed by

HPLC.
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Figure 1-6. Control experiment without borinic acid reagent, showing negligible formation of the
product.

Borinic acid (1) in DMF, 0 h

T T T T
150 100 50 0 -50 -100 -150 ppm

Borinic acid (1) in DMF, 28 h

T T T T
150 100 50 0 -50 =100 -150 ppm

Borinic acid (1) in ACN

T T T T
150 100 50 0 -50 -100 -150 ppm

Figure 1-7. 1B NMR spectrum of boric acid in N,N-dimethylformamide (DMF) or acetonitrile
(ACN) (20 mg/mL).
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Figure 1-8. *H NMR spectrum of (top) 4-vinylbenzyl chloride in CDCIs and (bottom) 4-
vinylbenzyl chloride with KI and DIPEA in CD3CN after 17 h at 60 °C.
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Figure 1-9. H (top) and 3C (bottom) NMR spectra of O6-tosyl trehalose (CD3OD).
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Figure 1-10. COSY NMR spectrum of O6-tosyl trehalose magnified for better visualization of
sugar protons (CD3s0OD).
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Chapter 2.

Regioisomeric Effect of Trehalose Polymers on

Protein Stabilization

This chapter contains portions of an edited version of the following published paper:
Messina, M. S.;1 Ko, J. H.;T Yang, Z.; Strouse, M. J.; Houk, K. N.; Maynard, H. D. Polym. Chem.

2017, 8, 4781. (1 Equal contribution). — Reproduced by permission of The Royal Society of
Chemistry.
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2.1 Introduction

Proteins are widely used as therapeutics in the pharmaceutical industry, feed-stock
additives in the agricultural industry, and biochemical reagents in the laboratory setting. However,
many proteins are prone to inactivation when exposed to outside stressors such as heat,! pH
changes,? agitation,® and desiccation,* and their instability during the production, storage, and
transport increases their cost.’ To prevent denaturation and thereby prolong protein activity,
excipients such as sugars and polymers are often added to protein formulations.®

Trehalose is a non-reducing disaccharide formed by a,a-1,1-linked glucose units,” and is
upregulated in lower-level organisms such as tardigrades during long periods of desiccation.® °
This increase in trehalose concentration stabiliizes the organism by protecting the cell membrane
and proteins.’® The mechanism of trehalose protein stabilization is under debate and there exist
several different hypotheses.!*® The three main hypotheses include water replacement,®3
mechanical entrapment (vitrification),*® and water entrapment.* In the water replacement theory,
trehalose forms direct hydrogen bonds with the protein, effectively replacing water molecules and
acting as the protein hydration shell. The mechanical entrapment hypothesis suggests that trehalose
forms a glassy matrix around the protein, thereby reducing the mobility of the protein and allowing
it to retain its tertiary structure. The water entrapment theory states that trehalose molecules trap
water molecules around the protein to form a water hydration layer between the protein and
trehalose. While the exact mechanism, or the combination of multiple mechanisms, responsible
for the stabilization of proteins by trehalose remains to be fully determined,® the stability that
trehalose imparts on proteins remains clear. It is this feature that has enabled its use as an excipient
in a range of protein therapeutic formulations such as Herceptin® , Avastin® , and Advate® .

Trehalose has also been effective as an excipient for the stabilization of reverse transcriptase,!’ as
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an embedding medium for preserving protein structure during electron crystallography,® and as
an additive to improve shelf-life of food/pharmaceutical/cosmetic products.*®

Motivated by these features of trehalose, we developed polymeric materials based on
trehalose that stabilize proteins ranging from enzymes,'®2! growth factors,?? 22 hormones,?* and
antibodies?® %° to various stressors including heat, lyophilization, agitation, and direct electron
beam irradiation. Other groups have also used trehalose containing polymers in the prevention of
amyloid beta (AP) aggregation®® and small interfering RNA (siRNA) and plasmid DNA (pDNA)
delivery.?” 2 Previously, we have explored the effect of the polymer backbone identity on the
overall stabilization properties of trehalose glycopolymers by comparing polystyrene and
polymethacrylate backbones as excipients to stabilize horseradish peroxidase (HRP) to heat and
B-galactosidase (B-Gal) to lyophilization.?’ Slight differences in stabilizing effect were observed
for different polymer backbones at low equivalents of the polymer, but at higher equivalents all of

the polymers stabilized the proteins, regardless of polymer backbone.

OH OH OR" OR™
A HO A~ R'Oy_~
0 ~\_O
* HOT Y DMSNOaOtH16 h RO Y
HO 0 ‘\\\o o HO 0 ‘\\\o
Cl HO "OH HOY "OH
OH OH

02= R=CH,(C¢H,)CHCH,, R'=H, R"=H, R"'=H; 11%
03= R=H, R'=CH,(CgH,)CHCH,, R"=H, R"'=H; <1%
04= R=H, R'=H, R"=CH(CgH,)CHCH,, R"'=H; 39%
06= R=H, R'=H, R"=H, R"'=CH(C¢H,)CHCH,; 13%

Figure 2-1. Synthesis of trehalose monomer regioisomers.

We were thus motivated to systematically investigate the effect of the point of linkage on
trehalose while keeping the polymer backbone the same. To study possible differences between

trehalose regioisomers on protein stabilization, we prepared styrenyl trehalose monomers with
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trehalose modified at the 2-O, 3-0, 4-O, or 6-O positions (Figure 2-1). The resulting polymers, as
well as a polymer containing all of the regioisomers, were then tested as excipients for the

stabilization of the model protein insulin to mechanical agitation.

2.2 Results and Discussion

The styrenyl trehalose monomers were synthesized using a single-step Williamson
etherification. While the synthetic route does not require protecting group strategies, it does result
in four regioisomeric monomers O2, O3, O4, and O6. Fortunately, the isomers exhibited
significantly different retention times on the HPLC (Table 2-1, top), which allowed us to separate
the monomers.

The identity of each regioisomer was assigned after extensive characterization by NMR
spectroscopy (COSY, HMBC, and HSQC) (Experimental Section Figure 2-3 through Figure 2-22).
Although the regioisomers were expected to exhibit very similar characteristics, the coupling of
the geminal benzyl protons in the *H NMR spectra varied significantly, with O4 exhibiting strong
coupling (10.8 Hz) indicative of nonequivalent geminal protons in significantly different
environments and large Ad (0.16 ppm; Figure 2-2B) and O2 and O6 exhibiting similarly strong
coupling (Figure 2-2A and C), while O3 did not show any benzyl proton coupling (Figure 2-8).
This spectroscopic data gave us an indication that each monomer likely adopts a different
conformation in solution. Direct NMR observation of through-space correlation in aqueous
environment was not possible due to the broadening of the trehalose hydroxyl proton signals in
water. Therefore, we computationally explored the differences in the aqueous conformation of the

regioisomers.
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Figure 2-2. Benzyl region of *H NMR for monomers O2, O4, and O6, and their corresponding
lowest energy conformations in aqueous solution.

Table 2-1. HPLC trace and yields for trehalose monomer regioisomers.

T Monomer Isolated Yield
rehalose

02 11%
£
o o2 0 03 <1%
ad 08
8 04 39%
]
H - 06 13%
a
< OA 64%

T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
Time / min

Briefly, for each isomer a conformational search was conducted using Maestro 10.4 and

select conformers were optimized by density functional theory (DFT) calculation at B3LYP-D3/6-

29



31G(d) level of theory in Gaussian 09.2° As shown by the lowest energy conformers for each
isomer (Figure 2-2D-F), all of the isomers retain the so-called clam shell conformation, in which
the disaccharide is bent at the anomeric position, bringing the two glucose rings in close proximity
that is characteristic for trehalose.®® 3! All of the stable conformations (defined prior to the
calculations as within 2 kcal/mol energy with respect to the most stable conformation) retain the
clam shell conformation (Figure 2-23) as opposed to the higher energy more open conformation
(Figure 2-24). However, O6 has a single most stable conformation within 4 kcal/mol (i.e., 99.9 %
of the population will be in this conformation at any given time according to Boltzmann
distribution), and O4 has two stable conformations within 2 kcal/mol that only differ by 0.1
kcal/mol in energy. O2 has multiple stable conformations within 2 kcal/mol. These results suggest
that O6 and O4 have a relatively rigid conformation while other regioisomers are more flexible
and fluctuate among the multiple low energy conformations. This result is reasonable, since O2
substitution would cause the most steric hindrance to the opposite ring due to the spatial proximity
of the vinyl benzyl unit, while O6 would cause the least hindrance. Furthermore, both of the
lowest-energy conformations of O4 show that one of the benzyl protons is proximal to the oxygen
of the adjacent hydroxyl on C3 (2.41 and 1.92 A for the two lowest energy conformers, (Figure
2-2E), which would explain the exceptionally large AS of O4 benzyl protons in the *H NMR
spectrum (Figure 2-2B).

The yields for all of the regioisomers are provided in Table 2-1; OA denotes the combined
yield of all of the monomer regioisomers. Interestingly, O4 was the most favored product. This
observed regioselectivity was unexpected, as the primary hydroxyl (O6) would be anticipated as
the major product in a simple Sn2 reaction such as Williamson etherification. Based on literature

reports of metal-trehalose ionic complexation,® 33 we hypothesized that ionic complexation of
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sodium with trehalose may be responsible for the reduced nucleophilicity of the primary hydroxyl.
It has been reported that sugars complex with cations in the following order: Ca?* > Mg?* > Na* >
K* 32 and the crystal structure of Ca?* with trehalose indicates that 2-O, 3-O, and 6-O chelate the
cation.®®* One would therefore expect that the use of potassium hydroxide in place of sodium
hydroxide would result in a relatively looser ion pairing at 6-O and increased modification at the
primary hydroxyl due to its intrinsically higher nucleophilicity, if ionic complexation were
responsible for the unusual selectivity. Indeed, the yield of O6 relative to O4 was increased when
potassium hydroxide was used as the base or when less sodium hydroxide was used than in the
reaction (Experimental Section Table 2-2). This was further supported by the increased relative
yield of O6 at higher temperature or in water, both of which would attenuate the effect of ionic
complexation (Experimental Section Table 2-3). In water O6 was the major product as expected.
However, the absolute yield of the monomers in water was low even in the presence of a phase
transfer catalyst, which was likely due to the hydrolysis of the vinylbenzyl chloride.

Modulation of sugar hydroxyl reactivity by intramolecular hydrogen bonds®** and metal
ions® has been previously observed. Benzoylation of methyl a-D-glucopyranoside in pyridine
showed that hydroxyl reactivity followed the order 6-OH > 2-OH > 3-OH > 4-OH.34 However,
different reaction conditions changed the reactivity, sometimes even favoring the secondary
alcohol 2-OH over the primary 6-OH when mannose was methylated in the presence of silver
oxide.3* Miller et al. leveraged the calcium complexation of fructose to selectively modify the 3°-
OH secondary hydroxyl of the fructose unit in a glycosyl acceptor in the presence of four primary
hydroxyls in the donor and the acceptor.® Our observation on the interesting chemical reactivity

of trehalose adds to the body of work on regioselectivity of sugars.
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With the monomer regioisomers assigned, we synthesized polymers from each regioisomer
and tested their ability to prevent protein aggregation. Using insulin as a model protein, all
polymers added at 10 weight equivalents similarly prevented aggregation of insulin that was
agitated at 37 °C with 250 rpm shaking (97 — 100% intact insulin; refer to the publication for
polymer synthesis and stabilization data®), and none of the polymers stabilized at lower amounts
(1 weight equivalent). Since there were no statistical differences in stabilization between polymers
at 10 wt. equiv., we conclude that the trehalose monomer regioisomers can be combined to achieve
higher monomer yield, and all polymers can be utilized interchangeably, at least with the protein
insulin.

The computational studies have shown that while there seem to be differences in
conformational flexibility between the monomer regioisomers, all of the stable conformations still
possess the clam shell conformation of trehalose (Experimental Section Table 2-2), and it is mostly
the vinyl benzyl substituent that moves in the conformations for each isomer. Studies have pointed

to the axial a,a-(1-> 1) linkage that results in the clam shell conformation as being important for

the protective ability of trehalose.®® 3 Indeed, we have observed that trehalose polymers have
superior protein stabilizing ability over polymers from other sugars such as lactose that have more
open conformations.?® More thorough investigation is needed in the future to conclusively
decouple the effects of conformational rigidity and the clam shell conformation on protein
stabilization; in other words, more work will need to be done to determine if it is the clam shell
conformation and the spatial arrangement of the hydroxyl groups itself or the molecular rigidity
that results from the clam shell that is responsible for the stabilization. Nonetheless, we observe
that the site of attachment of the trehalose to the polymer backbone does not have significant

influence on the stabilizing ability. It should also be noted that the trehalose polymer stabilizes
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better than trehalose, likely due to the cluster glycoside effect from increased local concentration®
37 and/or the nonionic surfactant character of the hydrophilic sugar side chain attached to the
hydrophobic backbone.?® 2 Together, our findings offer an interesting view on the synthesis of
trehalose monomers and provide us with data suggesting that monomer regioisomers can be pooled

to increase trehalose polymer yields without reducing protein stabilization ability.

2.3 Conclusions

In conclusion, we synthesized four trehalose regioisomers containing an ether-linked
styrene moiety positioned at the 2-O, 3-0O, 4-O, or 6-O position of trehalose. The substitution
position of each monomer was rigorously identified via NMR spectroscopy. NMR data suggested
that each regioisomer adopted a distinct conformation in solution and computational methods were
employed to explore this. Calculations gave insight into the relative rigidity of the trehalose
regioisomers in solution, with monomers O6 and O4 being the least flexible with only one or two
stable conformations, and monomer O2 showing multiple stable conformations suggesting that it
is conformationally flexible. Despite the differences in conformational flexibility, all monomer
regioisomers retained the native clam shell conformation of trehalose. We then probed the
stabilization capability of each trehalose regioisomer in polymeric form. Polymers containing each
monomer separately and one containing all monomer regioisomers together were synthesized via
free radical polymerization. The stabilization capability of the polymers as excipients against
mechanical agitation with moderate heating was then tested using insulin as a model protein. There
was no substantial difference in the stabilization capability between each polymer; the different
polymers prevented protein aggregation (> 97%) while there was no intact insulin with trehalose

itself or free protein. We conclude that different regioisomers may be combined to achieve higher
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yields of the polymer material while being able to effectively stabilize proteins, at least insulin, to

mechanical stress.

2.4 Experimental Section
Materials

Trehalose was purchased from The Healthy Essential Management Corporation (Houston,
TX), dried with ethanol, and stored under vacuum. Azobisisobutyronitrile (AIBN) (98%) was
purchased from Sigma-Aldrich and recrystallized from acetone before using. 4-Vinylbenzyl
chloride (90%) was purchased from Sigma-Aldrich. Insulin, human recombinant (Cat. No.
91077C; Lot No. 15L.255-D) was purchased from Sigma Aldrich. Sodium hydroxide (> 97%,
Pellets/Certified ACS), N,N-dimethylformamide (DMF) (> 99.8%, Certified ACS), dimethyl
sulfoxide (DMSO) (> 99.9%, Certified ACS), Eppendorf LoBind® microcentrifuge tubes (0.5 mL
and 1.5 mL), and pyridine (> 99%, Certified ACS) were purchased from Fisher Scientific. Pyridine
was dried via distillation over calcium hydride and stored over 3A molecular sieves. Spectra/Por®
3 dialysis membrane standard RC tubing (MWCO: 3.5 kDa) was used for dialysis of polymers.
Deuterated solvents (Cambridge Isotope Laboratories) for NMR spectroscopic analyses were used

as received.

Analytical Techniques

NMR spectra were recorded on Bruker AV 400, 500, or DRX 500 MHz spectrometers.
Chemical shifts are reported in ppm relative to the residual signal of the solvent (D20: & 4.79 ppm,
CDCls: § 7.26 ppm, or (CD3)2S0: § 2.50 ppm). *H NMR spectra are reported as follows: chemical

shift (6 ppm), multiplicity (t= triplet, d= doublet, dd= doublet of doublets, m= multiplet), coupling
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constant (Hz), and integration. *H NMR spectra were acquired with a relaxation of 2 s for small
molecules and 30 s for polymers with an acquisition time of 3.27 s and 30° pulse angle. Gel
permeation chromatography (GPC) was conducted on a Shimadzu high performance liquid
chromatography (HPLC) system with a refractive index RID-10A, one Polymer Laboratories
PLgel guard column, and two Polymer Laboratories PLgel 5 pum mixed D columns. Eluent was
DMF with LiBr (0.1 M) at 50 °C (flow rate: 0.80 mL/min). Calibration was performed using near-
monodisperse pPMMA standards from Polymer Laboratories. HPLC purification of trehalose
monomers was performed on a Shimadzu HPLC system with a refractive index and UV detector
SPD-10A monitoring at A = 254 and 220 nm, and one Luna 5 um C18(2) 100 A LC column (250
x 21.2 mm) with 40% MeOH and 60% H-O isocratic eluent mixture at a flow rate of 20 mL/min.
The same HPLC system, equipped with an analytical Luna 5 um C18(2) 100 A column (250 x 4.6
mm), was utilized for detection of insulin with a gradient solvent system (water:acetonitrile =
30:70 to 40:60 + 0.1 % trifluoroacetic acid over 15 min at 1 mL/min). Thermogravimetric analysis
(TGA) was performed on a Perkin ElImer Diamond TG/DTA instrument with a ramping rate of 10
°C per minute. Infrared (IR) spectra were obtained with a Perkin-Elmer Spectrum One instrument
equipped with a universal attenuated total reflection (ATR) assembly; spectra are reported in
wavenumbers (V). Mass spectra were acquired on a Waters Acquity Ultra Performance Liquid
Chromatography (UPLC) connected to a Waters LCT-Premier XE Time of Flight Instrument
controlled by MassLynx 4.1 software. The mass spectrometer was equipped with a Multi-Mode
Source operated in the electrospray mode. Trehalose samples were separated using an Acquity
BEH C18 1.7 um column (2.1 x 50 mm) and were eluted with a gradient of 5-50% or 10-45%
solvent B over 6 min (solvent A: water, solvent B: acetonitrile, both with 0.2% formic acid
(vol/vol)). Mass spectra were recorded in the negative ion mode in the m/z range of 70-2000 with
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leucine enkephalin (Sigma L9133) as the lock mass standard. Mass spectra were also collected on
a Thermo Scientific Exactive Plus mass spectrometer with lonSense Direct Analysis in Real Time
(DART-MS) ID-CUBE. Samples of insulin were stressed in a New Brunswick Scientific Excella

E24 Incubator Shaker.

Synthesis of Monomers (02 — O6)

6-0-(4-Vinylbenzyl ether)-o,a-trehalose (0O6), 4-O-(4-vinylbenzyl ether)-o,a-trehalose
(O4), 3-O-(4-vinylbenzyl ether)-a,a-trehalose (O3), 2-O-(4-vinylbenzyl ether)-a, a-trehalose (02):
NaOH (4.44 g, 1.14x10* mol) was added to DMSO (100 mL) and stirred for 5 min. Trehalose
(4.86 g, 1.42x102 mol) was then added to the reaction flask. Once trehalose dissolved, 4-
vinylbenzyl chloride (0.4 mL, 2.55x102 mol) was added dropwise and reaction turned yellow. The
reaction was stirred for 12 hours at 25 °C and was then precipitated in a mixture of cold hexanes
(1.6 L) and dichloromethane (400 mL). Precipitate was collected via filtration and dried under
reduced pressure to afford a yellow-white solid. The solid was dissolved in H,O (50 mL) and
neutralized with 12 N hydrochloric acid (HCI). Once neutralized, MeOH (50 mL) was added and
the solution mixed. The solution was then filtered through a 0.45 um cellulose acetate filter and
purified via preparative HPLC (40% MeOH in H.0). MeOH was removed under reduced pressure
and water was removed via lyophilization to afford compounds O2, O3, O4, and O6 in 11%, <1%,
39%, and 13% vyield, respectively, as fluffy white powders. The combined yield for all the

regioisomers was 64%.

02: HPLC retention time (peak intensity): 10.3 minutes. *H NMR (500 MHz in D20, 298 K): 6 =

7.47-7.45 (m, 2H), 7.35-7.33 (m, 2H), 6.77-6.71 (m, 1H), 5.84-5.80 (d, J = 17.69 Hz, 1H), 5.30-
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5.28 (d, J = 11.42 Hz, 1H), 5.23-5.22 (d, J = 3.68 Hz, 1H), 5.14-5.13 (d, J = 4.05 Hz, 1H), 4.69-
4.61 (m, 2H), 3.91-3.51 (m, 10H), 3.45-3.39 (m, 2H); 3C NMR (125 MHz in D;0, 298 K): & =
137.5, 136.6, 136.2, 128.9, 126.4, 114.7, 93.5, 91.4, 78.7, 73.2, 72.4, 72.2, 72.0, 72.0, 71.0, 69.8,
69.2, 60.6, 60.1; IR ¥ (cm™): 3294 (br), 2923, 1635, 1362, 1043, 988, 827, 803; LC-MS (+ 1.0)

observed (predicted): [M+HCOO] 503.1762 (503.1765).

0O3: HPLC retention time (peak intensity): 11.7 minutes. *H NMR (500 MHz in D0, 298 K): 6 =
7.53-7.45 (g, 4H), 6.83-6.78 (dd, 1H), 5.88-5.85 (d, J = 17.86 Hz, 1H), 5.33-5.31 (d, J = 11.02 Hz,
1H), 5.20-5.19 (m, 2H), 4.86 (s, 2H), 3.91-3.82 (m, 6H), 3.78-3.73 (M, 3H), 3.67-3.64 (M, 1H),
3.57-3.53 (t, J = 9.63 Hz, 1H), 3.47- 3.43 (t, J = 9.63 Hz, 1H); *3C NMR (125 MHz in D,0, 298
K): 0=137.3,136.2,128.9, 126.2, 114.4,93.2, 93.0, 81.3, 74.8, 72.4, 72.2, 72.1, 70.9, 70.8, 69.6,
69.3, 60.4, 60.3. IR ¥ (cm™): 3301 (br), 2932, 1628, 1512, 1406, 1358, 1285, 1259, 1216, 1146,
1105, 1080, 1027, 986, 943, 910, 827, 802; DART-MS observed (predicted): [M-H]" 457.17040

(457.17044).

O4: HPLC retention time (peak intensity): 14.6 minutes. *H NMR (500 MHz in D;0, 298 K): 6 =
7.53-7.41 (g, 4H), 6.83-6.78 (dd, 1H), 5.89-5.85 (d, J = 17.73 Hz, 1H), 5.34-5.32 (d, J = 10.97 Hz,
1H), 5.19-5.16 (m, 2H), 4.89-4.84 (d, J = 10.81 Hz), 4.71-4.69 (d, J = 10.81 Hz, 1H), 3.99-3.95 (t,
J=9.62, 1H), 3.86-3.79 (m, 5H), 3.76-3.72 (m, 2H), 3.68-3.66 (M, 1H), 3.63-3.59 (M, 1H), 3.54-
3.50 (t, J = 9.46 Hz, 1H), 3.45-3.41 (t, J = 9.62 Hz, 1H); 23C NMR (125 MHz in D20, 298 K): &
=137.5,136.6, 136.2, 129.2, 126.3, 114.6, 93.2,93.0, 77.7, 74.6, 72.6, 72.4,72.0, 71.1, 71.1, 70.9,
69.6, 60.4, 60.2; IR v (cm™): 3234 (br), 2930, 1629, 1360, 1107, 1043, 992, 913, 827, 805; LC-

MS (z 1.0) observed (predicted): [M+HCOQ]" 503.1720 (503.1765).
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06: HPLC retention time (peak intensity): 19.7 minutes. *H NMR (500 MHz in D0, 298 K): 6 =
7.52-7.38 (g, 4H), 6.82-6.76 (dd, 1H), 5.87-5.84 (d, J = 17.51 Hz, 1H), 5.32-5.30 (d, J = 11.03 Hz,
1H), 5.17-5.15 (m, 2H), 4.62-4.56 (g, 2H), 3.97-3.94 (m, 1H), 3.85-3.79 (m, 5H), 3.76-3.70 (m,
2H), 3.64-3.60 (m, 2H), 3.47-3.41 (g, 2H); 3C NMR (125 MHz in D0, 298 K): & = 137.3, 136.8,
136.2, 128.7, 126.3, 114.5, 93.3, 93.2, 72.6, 72.5, 72.4, 72.1, 70.9, 78.8, 70.7, 69.9, 69.6, 68.6,
60.5; IR v (cm™): 3328 (br), 2928, 1630, 1512, 1407, 1365, 1212, 1147, 1105, 1076, 1032, 987,

942, 909, 826, 805, 718; LC-MS (¢ 1.0) observed (predicted): [M+HCOO]" 503.1765 (503.1765).
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Synthesis of 02, O3, 04, and 06 Using Different Bases — Representative Example

The reaction was conducted as in the experimental section of the manuscript, with different
molar equivalents of base (entry 1 corresponds to the original condition). A representative reaction
condition (entry 2) is detailed as follows: Potassium hydroxide (573 mg, 1.02 x 10 mol) was
suspended in dry dimethyl sulfoxide (9.5 mL) and stirred at room temperature. Trehalose (437 mg,
1.28 x 10 mol) was then added and stirred until it dissolved. 4-Vinylbenzyl chloride (40 pL, 2.55
x 10 mol) was added dropwise. The reaction was stirred for 12 hours at 25 °C and was then
precipitated into a mixture of cold hexanes (160 mL) and dichloromethane (40 mL). The
precipitate was collected via filtration and dried under reduced pressure, and the resulting solid

was analyzed by HPLC (40% MeOH in Hx0).

Table 2-2. Modulation of regioselectivity in monomer synthesis using different hydroxyl bases.

Base .. .

Entry Regioisomer ratio
n -

Base used Mol. eq. relative 02:03:04:06°
to trehalose

1 NaOH 8 1:0.21:3.38:1.42

2 KOH 1:024:1.49:1.44

3 NaOH 1 1:0.36:1.45:1.34

4 KOH 1 1:0.35:1.02:1.36

2 Ratio calculated from HPLC chromatogram AUC.
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Synthesis of 02, O3, 04, and O6 in Water or at a Higher Temperature

The reaction was conducted as in the experimental section of the manuscript, except at a different
temperature (50 °C) or in water. Briefly, 8 equivalents of NaOH and 1 equivalent of trehalose were
dissolved in DMSO (to make 0.15 M trehalose), and 0.2 equivalent of 4-vinylbenzyl chloride was
added dropwise and the reaction was allowed to stir for 15 to 21 hours at respective temperature.
The reaction was neutralized with dilute hydrochloric acid, and analyzed by LC-MS. The reactions
in water was conducted both with (entry 3) and without (entry 2) the phase transfer catalyst

(tetrabutylammonium hydrogensulfate) at 0.2 molar equivalents with respect to the added

trehalose.

Table 2-3. The effect of solvent and temperature on regioselectivity.

. Regioisomer ratio
Entry | Solvent | Temperature Additive
02 +032: 04 : 06
1 DMSO 50 °C None 1:227:212
2 Water 23 °C None 1:3.78:4.61
3 | water | 23°c |Tetrabutylammoniumi 5 0,524
hydrogensulfate

& Due to the low overall yield and weak signal, O2 and O3 peaks were overlapping.

b Ratio calculated from UPLC-MS chromatogram.
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Monomer Characterization
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Figure 2-3. *H NMR spectrum of O2 (D20).
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Computational Methods

Conformers for regioisomer O2, O4, and O6 were searched by using Maestro 9.4. with
OPLS_2015 force field in implicit water. For each regioisomer, the ensemble of conformers
consists of those whose energies are within 10 kcal/mol from the lowest one. This ensemble
typically includes ~400 structures. The structures were then clustered to 25 representatives for O2,
33 for O4, and 42 for O6 using the chemical informatics tool in Maestro 9.4. These structures were
then optimized using B3LYP/6-31g(d) with SMD water model in Gaussian 09. Frequency analysis
was conducted to confirm that the structures are stationary points on the potential energy surface
with no imaginary frequency. Thermal energies are calculated by using simple harmonic oscillator

model. The reported energies are Gibbs free energies at 298.15 K and 1 bar.
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Figure 2-23. Conformers for the regioisomers within 2 kcal/mol of the most stable conformer
(energy difference in kcal/mol shown below the structures).
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Figure 2-24. Example of conformer with disrupted clam shell conformation (O4 conformer with
2.2 kcal/mol higher energy than the most stable conformation).
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Chapter 3.

Trehalose Hydrogels for Stabilization of Proteins

This chapter contains portions of an edited version of the following published papers:

Lee, J.; Ko, J. H.; Mansfield, K. M.; Nauka, P. C.; Bat, E.; Maynard, H. D. Macromol. Biosci.
2018, 18, 1700372. — Reproduced by permission of John Wiley and Sons.

Lee, J.;7 Ko, J. H.;T Lin, E.-W.; Wallace, P.; Ruch, F.; Maynard, H. D. Polym. Chem. 2015, 6,
3443. (+ Equal contribution). — Reproduced by permission of The Royal Society of Chemistry.
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Polymeric hydrogels are used for a variety of biomedical applications owing to their
hydrophilicity and tunable properties.! They can absorb large amounts of water and encapsulate
macromolecules such as proteins and even live cells.? 2 By choosing appropriate components, the
hydrogel can be programmed to protect its cargo and/or release the cargo upon exposure to a
desired stimulus.

In particular, hydrogels containing trehalose possess many advantages for protein delivery.
As demonstrated by many examples in the other chapters, trehalose stabilizes proteins against
many physical stressors. Moreover, the high hydrophilicity of trehalose allows cross-linked
trehalose polymers to naturally absorb water and form a hydrogel without the need to incorporate
additional hydrophilic monomers. In the first part of this chapter, we combine the protein-
stabilizing ability of trehalose with the glucose-responsive property of boronic esters to form a
trehalose-boronic acid hydrogel that protects insulin to heat and releases it when glucose level
increases, as in diabetic patients after eating meals. The second part of this chapter deals with
industrially scalable trehalose hydrogel that stabilizes an enzyme important for the agricultural
industry. These examples highlight the versatility of trehalose-based materials in many different

applications.

3.1 Glucose-Responsive Trehalose Hydrogel for Insulin Stabilization and Delivery
3.1.1 Introduction

Insulin was the first Food and Drug Administration (FDA)-approved recombinant protein
drug, and is one of the most widely used treatment for diabetes.* However, one of the challenges
associated with insulin therapy is the requirement of repeated injection or insertion of an insulin

bolus after each meal in the case of the insulin pump, which may be problematic especially for

70



children and active young adults.® To address these challenges, glucose-responsive insulin delivery
systems have been proposed. Early works focused on the sugar binding capability of the lectin,
concanavalin A (Con A)..8 While some of these systems demonstrated excellent glucose-
responsive behavior,” 8 the toxicity® and potential denaturation'® of Con A itself were pointed out
as inherent problems with the materials. Another popular glucose-responsive material is the
enzyme glucose oxidase,***2 but delivery systems based on glucose oxidase could also suffer in
long term performance due to the instability of the enzyme.

More recently, phenylboronic acid that is non-toxic and durable has been widely used in
materials for insulin release.'® ' Since boronic acid forms dynamic covalent complexes with 1,2-
or 1,3-diols,®® its incorporation into hydrogels results in glucose-responsive materials. The two
main mechanisms of insulin release reported from boronic acid hydrogels are swelling and
competitive binding.!% * The swelling mechanism is caused by the shift in the equilibrium of
different boronic acid species toward the anionic tetrahedral form upon binding to diols such as
those on sugars, which causes osmotic swelling of the hydrogels.® Alternatively, boronic acid-
based polymers*®-18 can form a hydrogel upon complexation with diol-containing polymers in the
presence of insulin, and later be competitively displaced by glucose to dissolve the hydrogel and
release insulin.®

In addition to controlled release of insulin, the instability of the protein is an important
issue that needs to be addressed. Exposure of insulin to changes in temperature during storage
often leads to inactivation of the protein resulting in health complications for patients.?® Instability
also contributes to the medical costs of diabetes treatment from drug that is discarded and wasted.?
While insulin has been modified to increase its half-life in vivo (by covalent attachment of a

polymer)?? and to prevent insulin hexamer formation (by mutation of the amino acid sequence),?®
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few studies have reported stabilizing insulin to environmental heat exposure.?* 2> Peppas and co-
workers have used nanospheres composed of poly(N-isopropylacrylamide) and poly(ethylene
glycol) (PEG) to enhance thermal and mechanical stability of insulin,?* but their system lacked a
release mechanism. Sunamoto and co-workers have used cholesterol-bearing pullulan nanogels to
stabilize insulin against heat and enzymatic degradation, and the nanogel released insulin when
exposed to bovine serum albumin (BSA) levels by association of BSA with pullulan.? Although
this system successfully stabilized insulin, it lacked glucose responsiveness, which is highly
desirable in insulin delivery systems. To our knowledge, a hydrogel that is both glucose-responsive
and insulin stabilizing has not yet been reported.

Our group has previously shown that trehalose glycopolymers are effective stabilizers for
proteins, including insulin, against lyophilization and heat either as conjugates or as excipients.?®-
30 We hypothesized that the trehalose glycopolymer, also named PolyProtek, could be used to
entrap insulin by complexing with a boronic acid cross-linker and that the resulting hydrogel would
also stabilize insulin against environmental stressors, while releasing the hormone upon
competitive addition of insulin (Scheme 3-1). Herein, we describe results that demonstrate that the
trehalose-boronic acid hydrogel can deliver insulin upon increase in glucose level, while also

stabilizing the protein under thermal stress.

3.1.2 Results and Discussion

We designed the three-component glucose-responsive insulin delivery system consisting
of trehalose polymer (poly(styrenyl ether trehalose) or poly(SET)), multivalent boronic acid cross-
linker (8-arm PEG boronic acid), and insulin (Scheme 3-1). When trehalose and boronic acid

polymers are mixed in the presence of insulin, the diols in trehalose polymer should form the
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tetrahedral boronate ester with boronic acid moieties and physically entrap insulin within the
hydrogel pores. We anticipated that when glucose was added, the 1,2 diols in glucose would

competitively displace the 1,3 diols of trehalose to dissolve the hydrogel, leading to insulin release.
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Scheme 3-1. Design for insulin delivery using trehalose-boronic acid hydrogel (insulin PDB ID:
4INS).

Ideally, glucose as the competitive displacer of trehalose polymer should have higher
binding to boronic acid in order for the system to exhibit high sensitivity to glucose. Some studies
have found no binding affinity between trehalose and boronic acid, limiting its usefulness for
applications such as sugar sensing.3! Yet, other studies have demonstrated weak binding to
trehalose.® Thus to both confirm trehalose-boronic acid interaction and compare glucose and
trehalose binding affinities, we measured the binding constants using a fluorescence-based method

(Figure 3-1).% Fluorescence of the boronic acid probe was quenched by trehalose in a
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concentration-dependent manner at neutral pH, showing that 1,3 diol does indeed bind to boronic
acid. Moreover, glucose had 5.4 times higher binding than trehalose (2.57 versus 0.48 M),
providing support that competitive displacement by glucose was possible. Moreover, we expected
the multivalent effect of the polymer to help facilitate gel formation due to an increase in local

concentration of diols available to form cross-links.

(@) 1.3 7 K (glucose) = 2.57 M" (b) 1.3 7 K,(trehalose) = 0.48 M
1.2 1 1.2 A
- = I,/ 1=1+0.48[Q]
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Figure 3-1. Relative fluorescence of boronic acid at pH 7.4 as a function of (a) glucose (n = 3) and
(b) trehalose concentration (n =5 or 6).

With trehalose binding to boronic acid confirmed to be non-zero but weaker than glucose,
we then prepared non-covalent hydrogels for study. For the materials, a boronic acid cross-linker
was synthesized through reductive amination, using 4-formylphenylboronic acid and 8-arm PEG
amine as starting materials. Complete modification of the amine end-groups with phenylboronic
acid was confirmed by 'H NMR spectroscopy (Experimental Section Figure 3-4). Next, the

trehalose hydrogel was prepared by mixing the 8-arm PEG boronic acid with Poly(SET) ata 1:1
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molar ratio of boronic acid to trehalose units (Scheme 3-1) in Dulbecco’s phosphate-buffered
saline (D-PBS). The gelation occurred instantaneously after mixing the solutions of the two
components, thus we envision that the materials may be injected as the hydrogel is fast-forming
after mixing.

To test insulin release upon addition of glucose, the poly(SET) boronic acid hydrogels were
prepared in the presence of FITC-labeled insulin. 8-Arm PEG boronic acid was dissolved in a
buffer containing FITC-labeled insulin and mixed with the poly(SET) to prepare hydrogels, and
these were added into D-PBS containing 0, 1, 2, 5, and 10 mg/mL glucose. At first the release at
pH 8.0 was tested since boronic acid-diol binding is stronger at basic pH.® Aliquots were taken
from the solutions at each time point and released insulin was quantified (Experimental Section
Figure 3-6). Glucose responsive behavior was observed, with slower release at lower glucose
concentrations (1, 2, and 5 mg/mL) and faster release at high glucose concentrations (10 mg/mL).
We also conducted the release experiment at pH 7.4 to characterize the glucose-responsive insulin
release at a physiological pH (Figure 3-2). We utilized 0, 5, and 10 mg/mL glucose levels since
the pH 8 data had demonstrated no statistical differences between 1, 2 and 5 mg/mL. After one
hour, the hydrogel in the 10 mg/mL glucose solution was completely dissolved to yield 99 + 1 %
insulin release, while over the same time period 80 £ 9 % and 49 + 12 % insulin were released in
5 mg/mL and 0 mg/mL glucose solution, respectively. The gel could be completely dissolved with
0.1 M HCI (pH 1); as expected the boronic acid-diol interaction is disrupted at acidic pH.%
Together, the data shows that the hydrogel was able to release insulin in a glucose-dependent
manner, and the system may be fine-tuned in the future to exhibit a more sensitive release profile
in accordance with the narrow therapeutic window. For example, the release in more basic buffer

(pH 8.0) was slower than at neutral pH suggesting that the pKa of boronic acid may be tailored as
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desired for more rapid or delayed insulin delivery. This has been exploited in other systems.® 7+ 34
Additionally, improved stability of the ester using B-O dative bond formation may be utilized to
tune the insulin delivery at neutral pH.3> Another possible approach to increase the binding affinity
and thus decrease the insulin release at low glucose levels is to incorporate a monomer with a cis-

1,2 diol into the trehalose polymer chains.
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Figure 3-2. Insulin released in D-PBS, pH 7.4, containing 0, 5, and 10 mg/mL glucose (n = 6 per
group).

Next, we tested the ability of the trehalose hydrogel to stabilize insulin against heating.
Insulin solutions were separately prepared without any additive, with poly(SET), with 8-arm PEG
boronic acid, or with the trehalose hydrogel. The samples were heated for 30 min at 90 °C to

accelerate heat-induced degradation and then tested with insulin ELISA to confirm the structural
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integrity of insulin. A control group with insulin and the trehalose hydrogel stored at 4 °C
demonstrated that the hydrogel did not affect the ELISA results (second entry compared to the first
entry, Figure 3-3). We have observed that trehalose polymers stabilize proteins to both heat and

Iyophilization.?® We hypothesized that the presence of the trehalose network stabilizes insulin in a

similar manner.
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Figure 3-3. ELISA results of insulin (no heat control), insulin with hydrogel (no heat control),
insulin with no additive (heated), insulin with 8-arm PEG boronic acid (heated), insulin with
trehalose polymer (heated), and insulin with hydrogel (heated). Heating condition was 90 °C for
30 min. *** js p <0.001 relative to no additive, ## is p < 0.01 relative to 8-arm PEG boronic acid
(n=6).

The data shows that the glucose-responsive trehalose hydrogel is effective at stabilizing
insulin against heating stress (Figure 3-3). Insulin without any additive underwent degradation and

no longer bound to the antibody upon heating, showing less than 2% signal by ELISA.
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Significantly more insulin was detected in the presence of additives. Poly(SET) remarkably
stabilized insulin and 63 + 15 % of the original protein was detected after heating to 90 °C for 30
min. Insulin was also partially stabilized in the presence of the 8-arm PEG boronic acid alone (39
+ 13%). The literature is divided on the effect of PEG on protein stability; it has been suggested
that PEG may accelerate protein denaturation at higher temperatures due to the interaction of
hydrophobic PEG with the denatured state of protein.®® 3" However, the specific architecture of
PEG polymer may dictate whether PEG stabilizes or destabilizes proteins. For example,
Amirgoulova et al. have reported that linear PEG interacts with the denatured state of a protein to
favor unfolding, and they therefore used star-shaped PEG instead for their surface coating
applications.®® Importantly, the combination of both poly(SET) and branched PEG as a hydrogel
resulted in 74 + 22% stabilization, significantly better than the 8-arm PEG boronic acid (p < 0.01)
and similar to poly(SET) alone. These results suggest that even though the poly(SET) is partially
bound to the 8-arm PEG boronic acid in the gel, the stabilizing properties of the polymer are

maintained.

3.1.3 Conclusions

In summary, we have synthesized a glucose-responsive hydrogel based on a trehalose
glycopolymer for insulin delivery and stabilization against heat. The results demonstrate that
hydrogels can be readily prepared from trehalose polymers and boronic acid cross linkers. The
gelation occurred under physiological conditions, and the resulting hydrogel was capable of
releasing insulin in a glucose-responsive manner. The addition of glucose led to breaking of the
boronate ester bond between the trehalose polymer and the boronic acid cross-linker through

competitive displacement by glucose, which has 5.4 times higher binding affinity to boronic acid
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than trehalose. As expected, higher glucose concentration in the buffer increased the rate of
dissolution of the hydrogel and resulted in faster release of loaded insulin. Additionally, the
trehalose hydrogel can effectively protect insulin against extreme heat stress. Since most of the
protein drugs must be stored under regulated temperature to maintain their activities, trehalose
hydrogels in general may be used to enhance the quality of life of patients by not requiring
specialized refrigeration and this is being tested. Also, as boronic acid has been used to create pH-
responsive materials,3* the trehalose boronic-acid hydrogels may have potential applications for
delivery of a wider range of protein therapeutics. For example, this has been exploited to release

anti-cancer drugs such as therapeutic antibodies at acidic extracellular pH near tumors.3®

3.1.4 Experimental Section
Materials

All chemicals were purchased from Sigma-Aldrich and Fisher Scientific and were used
without purification unless noted otherwise. Recombinant human insulin was purchased from
Sigma-Aldrich. Trehalose was purchased from The Healthy Essential Management Corporation
(Houston, TX), and was azeotropically dried with ethanol and kept under vacuum until use.
Azobisisobutyronitrile (AIBN) was recrystallized from acetone before use. 8-arm PEG amine was
purchased from Jenkem Technology (Allen, TX). Human insulin ELISA kit was purchased from
Mercodia (Uppsala, Sweden). Styrenyl ether trehalose monomer was prepared using our

previously reported procedure.?®
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Analytical Techniques

NMR spectra were recorded on a Bruker DRX 500 MHz spectrometer. Gel permeation
chromatography (GPC) was conducted on a Shimadzu HPLC system equipped with a refractive
index detector RID-10A and two Polymer Laboratories PLgel 5 um mixed D columns (with guard
column). Lithium bromide (0.1 M) in N,N-dimethylformamide (DMF) at 40 °C was used as the
solvent (flow rate: 0.6 mL/min). Near-monodisperse poly(methyl methacrylate) standards
(Polymer Laboratories) were employed for calibration. Infrared spectra were obtained with a
Perkin-Elmer Spectrum One instrument equipped with a universal attenuated total reflection
(ATR) accessory. Preparatory reverse phase high performance liquid chromatography (HPLC) was
carried out on a Shimadzu HPLC system equipped with a UV detector using a Luna 5 um C18 100
A column (preparatory: 5 pm, 250 x 21.2 mm) with monitoring at A, =215 nm and 254 nm. Isocratic
solvent system (water:methanol = 50:50) was used as the mobile phase at a flow rate of 10 mL/min.
Fluorescence measurement was made on a FlexStation Il (Molecular Devices). UV-Vis
absorbance was measured using a microplate reader ELx800 (BioTek Instruments, Winooski, VT).
Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) analysis of FITC-
labeled insulin was performed on a Bruker Ultraflex MALDI-time-of-flight (TOF) mass
spectrometer in linear positive ion mode. FITC-labeled insulin (1 mg/mL) in Dulbecco’s
phosphate-buffered saline (D-PBS) was diluted 10-fold with deionized (Milli-Q filtered) water and
mixed 1:1 with sinapinic acid (10 mg/mL) dissolved in 50% acetonitrile with 0.1 % trifluoroacetic

acid on the MALDI target plate.
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Determination of Boronic Acid Binding Constants

The method was adopted from the report by Deshayes et al.>® Fluorescent boronic acid (2-
naphthaleneboronic acid, Aex = 268 nm, Aem = 344 nm) was dissolved at 335 uM concentration in
Dulbecco’s phosphate-buffered saline (D-PBS, pH 7.4) containing 2% dimethyl sulfoxide
(DMSO), and then 150 uL of the boronic acid solution was mixed with equal volume of D-PBS
solution containing trehalose or glucose. Fluorescence quenching was plotted as lo / I as a function
of sugar concentration, where lo is the fluorescence in the absence of any sugar and | is the
fluorescence in the presence of sugar. The intercept was fixed at 1, and the slope was taken to be
the binding constant Ky according to the Stern-VVolmer equation:

Iy/I =1+ Ky[quencher] Q)

Synthesis of trehalose polymer, poly(SET)

AIBN (5.28 mg, 3.22x102 mmol) and styrenyl ether trehalose monomer (634 mg, 1.38
mmol) were dissolved in a mixture of DMF (2.31 mL) and H20 (4.61 mL). Oxygen was removed
by three cycles of freeze-pump-thaw and polymerization was initiated at 75 °C. The
polymerization was stopped after 8.5 h by immersing the reaction into liquid nitrogen. The
polymer was purified by dialysis against H.O (MWCO 3,500) resulting in a polymer with M, =
7.0 kDa and b = 1.28 (for hydrogel dissolution experiment) and M, = 7.6 kDa and ® = 1.33 (for
all other experiments). *H NMR (500 MHz in D20) &: 7.01, 6.45, 5.05, 3.81, 3.71, 3.59, 3.48, 3.36,

1.50.
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Synthesis of 8-arm PEG Boronic Acid

8-arm PEG amine (400 mg, 10 kDa, 4x102 mmol) and 4-formylphenylboronic acid (96
mg, 6.40x10 mmol) were dissolved in 2.8 mL of MeOH. NaBHsCN (37.7 mg, 6.00x 10"t mmol)
was added and the reaction was stirred at 25 °C. After 5 days the reaction solution was purified by
dialysis against MeOH for 3 days. The sample was lyophilized and the *H NMR spectrum was
used to calculate the % modification of the amine end-groups of the PEG. For the aromatic peaks
attached at the ends of 8-arm, there are 32 protons (8 arm x 4 aromatic protons per ring). For 10
kDa PEG, there are approximately 10,000 / 44 Da = 227 repeat units (i.e. “n” in the polymer
structure is 227 / 8 = 28 per arm), and 227 x 4 protons per repeat unit = 908 protons. This
calculation showed that approximately 100 % of the end-groups of the PEG were modified with
the boronic acid. *H NMR (500 MHz in D20) &: 7.75 (16 H), 7.41 (16 H), 3.69 (908 H). IR: § =

3390, 2869, 1699, 1456, 1410, 1348, 1297, 1247, 1079, 1041, 986, 947, 839 cm™.

FITC Labeling of Insulin

Insulin was labeled with fluorescein isothiocyanate isomer | (FITC) by dissolving insulin
(0.65 mg, 0.112 umol) and FITC (3.48 mg, 8.94 umol) in 0.33 mL of 1 M sodium bicarbonate
buffer, pH 8.3. The mixture was stirred for two hours, and free FITC was removed by repeated
centrifugation through a membrane using Centriprep™ tubes with molecular weight cut-off
(MWCO) of 3 kDa. Typical degree of labeling was approximately 0.7 FITC per insulin as
determined by UV absorbance.*® The MALDI-TOF spectrum (Experimental Section Figure 3-5)
confirmed labeling of insulin with 1 or 2 FITC molecules, which is in accordance with the expected
reactivity of the three reactive amine groups on insulin (GlyAl, PheB1, and LysB29), with GlyAl

and LysB29 being much more reactive than PheB1.%2
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FITC-Labeled Insulin Release from Trehalose Hydrogel

FITC-labeled insulin (13.22 mg/mL in D-PBS, pH 7.4 or pH 8) was added to the trehalose
polymer to make a polymer concentration of 500 mg/mL. The PEG cross-linker was dissolved in
D-PBS at 200 mg/mL concentration. Next, 1 uL of the trehalose polymer and FITC-labeled insulin
stock solution and 6.84 pL of the PEG cross-linker stock solution were added to an Eppendorf Lo-
Bind® centrifuge tube. The tube was agitated on a ThermoShaker (Allsheng Instruments, China)
at 1,500 rpm at 21 °C for 1 h. The gels were transferred into a 24-well plate filled with 1 mL D-
PBS and left to hydrate for 30 min. Next, the gels were transferred to a 96-well plate that had been
blocked with 1% wt/vol BSA in D-PBS to prevent protein adsorption and filled with 0.3 mL of D-
PBS containing 0, 5, or 10 mg/mL glucose. At each time point, all the solution was aliquoted and
the wells containing the gels were immediately refilled with 0.3 mL of the same buffer. After the
last time point, the wells were treated with 0.3 mL of D-PBS containing 100 mg/mL glucose and
incubated at 37 °C for 5 min to completely dissolve the gels. All the solution was then transferred
for measurement, and fluorescence of the time point aliquots and the residual insulin solutions

recovered after gel dissolution was measured.

Trehalose Hydrogel Heating Assay

A stock insulin solution was prepared by first dissolving insulin in D-PBS, pH 7.4 at 1
mg/mL concentration, and then concentrated by centrifugation through a membrane using
Centriprep™ tubes with molecular weight cut-off (MWCQO) of 3 kDa. The protein concentration
was quantified by UV absorbance at 280 nm, and the solution was diluted to 3.93 mg/mL such that
the final insulin concentration in the samples was 0.5 mg/mL. Trehalose polymer stock solution

was prepared by dissolving poly(SET) in the insulin stock solution at a 500 mg/mL concentration.
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The PEG cross-linker was dissolved in D-PBS at 200 mg/mL concentration. The gels were
prepared by adding 1 pL of insulin or trehalose polymer stock solution and 6.84 uL of PEG cross-
linker stock solution or D-PBS to an Eppendorf Lo-Bind® centrifuge tube, and agitating the tube
on a ThermoShaker at 1,500 rpm at 21 °C for 1 h to aid in mixing. The samples were heated at
90 °C for 30 min and the controls were kept at 4 °C. All samples and controls were treated with 1
mL of 100 mg/mL glucose in order to dissolve the hydrogel. The amount of insulin was assayed
by ELISA, which was conducted according to manufacturer’s instructions. Briefly, 25 uL of the
diluted samples were added to the wells pre-coated with the capture antibody. Buffer containing
detection antibody was added (100 pL), and the plate was incubated on a rocker at room
temperature for 1 h. To prevent residual boronic acid binding to the sugar moieties on horseradish
peroxidase used for ELISA,*" %2 the wells were washed with 350 pL of deionized water acidified
with HCI (pH = 3.5) five times after the incubation, and then six times with 350 pyL of the wash
buffer. These additional washing steps do not affect the ELISA results as confirmed by the controls.
3,3”,5,5’-Tetramethylbenzidine (TMB) solution was added (200 pL), and the plate was incubated
at room temperature for 15 min before the addition of 50 uL stop solution (1 N H2SO4). The
amount of insulin detected was quantified by absorbance at 450 nm relative to the standards

supplied by the manufacturer.

Statistical Analysis

One-tailed Student’s t-test assuming unequal sample variance was used to test the

difference between experimental groups. Results were considered significantly different if p <0.05.
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Figure 3-5. MALDI-TOF mass spectrum of FITC-labeled insulin.
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Figure 3-6. Insulin released in D-PBS, pH 8.0, containing 0, 1, 2, 5, and 10 mg/mL glucose (n=3
per group).
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3.2 Trehalose Hydrogels for Stabilization of Agricultural Enzymes
3.2.1 Introduction

Enzymes have well-defined three-dimensional structures formed by multiple noncovalent
interactions such as hydrogen bonds, salt bridges, and hydrophobic interactions.** At high
temperatures, enzymes lose their original structure and denature to form insoluble aggregates that
are no longer active.*** Because of their high efficiency and selectivity in catalyzing biological
processes, enzymes are used for numerous industrial purposes.** 464 However, this thermal
instability of the proteins has negative impact on their applications in the pharmaceutical, food,
and biotechnology industries. Many techniques such as chemical modification*® %° and protein
engineering®* have been developed to address this problem. Additionally, polymers have been
used as conjugates or excipients to enhance thermostability of enzymes.>>*® Yet some of these
approaches are too expensive for certain industrial and agricultural applications.

For industrial applications, polymeric hydrogels are especially attractive materials for
enzyme stabilization. Enzyme immobilization by hydrogels has been extensively studied in the
context of industrial enzyme stabilization, especially to organic solvents.®’ Enzymes can be loaded
onto hydrogels without the need of a conjugation reaction, which simplifies the synthesis and
stabilization process. And unlike polymer excipients that are difficult to remove from the enzyme
solution, the macroscopic hydrogels can be easily separated by filtration or centrifugation. Due to
these advantages, hydrogels have been frequently used for stabilization of enzymes as well as other
proteins.®2%% Herein, we propose a novel hydrogel system based on trehalose as an effective
excipient for enhancing the stability of enzymes at elevated temperatures.

Trehalose is a non-reducing disaccharide that has been shown to stabilize proteins and cells

against stresses such as heat,54-% desiccation,®”-%° and freezing.”®"> Some animals accumulate
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trehalose to significant levels in response to environmental stresses,” * emphasizing the ability
of trehalose to stabilize biological molecules. Moreover, trehalose is generally regarded as safe
(GRAS)” and is used in several pharmaceutical drugs as stabilizers.”® Our group has previously
utilized trehalose-based linear polymers as excipients’’ or conjugates?’ to stabilize proteins and
retain their activity against heat and lyophilization. We sought to develop trehalose-based material
to stabilize enzymes against heat and focused on hydrogels for the advantages described above.
We chose to study stabilization of phytase because of its importance in the animal feed
industry. Phytase is a phosphohydrolytic enzyme that catalyzes the conversion of phosphate in
indigestible phytic acid to a highly digestible form.”®-8! The conversion of phytic acid is essential
for simple-stomached species such as swine, poultry, and fish to utilize this storage form of
phosphate present in common feed grains such as corn, soy, and wheat.”® In 2011, phytase
accounted for approximately 60% of the $550 million global feed enzyme market.?? Yet, the
biggest challenge in the use of phytase in animal feeds is its low thermostability during steam
heating of the pelleting process, during which the temperature between 70-90 °C is reached.’®
Despite previous efforts to enhance its heat stability,’® 83-% a simple and cost-effective method is
still of great interest. As described below, we have found that phytase retains 100% activity when

heated to 90 °C in the presence of trehalose hydrogels.

3.2.2 Results and Discussion

Straightforward synthesis, commercially available starting materials, and simple
purification steps are some of the most important factors in industrial-scale reactions.®® Thus, the
hydrogel was synthesized in only two steps. First, Williamson etherification using 4-vinylbenzyl

chloride and trehalose yielded a crude product mixture that was subsequently precipitated into
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DCM. The DCM wash contained mostly DMSO and some trehalose and mono- and di-substituted
products, while the precipitate that was used for gelation consisted of unmodified trehalose and
vinyl-substituted products (79 % mono-substituted, 16 % di-substituted, and 5 % tri-substituted)
as measured by HPLC and LC-MS (Experimental Section Figure 3-11, Figure 3-12, and Table
3-1). We envisioned that the multi-substituted products of the crude monomer reaction mixture
could be used as cross-linkers to synthesize a trehalose-based hydrogel directly from the crude
reaction mixture (Scheme 3-2). Due to the presence of cross-linkers, polymerization would yield

a hydrogel rather than a linear polymer.
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Scheme 3-2. Two-step synthesis of trehalose hydrogel.

The crude mixture was then polymerized by radical polymerization using a redox initiator
pair, APS and TEMED. The crude mixture was dissolved in water with TEMED. After the addition
of APS, the solution started gelling within 10 min at 25 °C, and the hydrogel network remained
intact after lyophilization and rehydration. After 1 day, all of the di- and tri-substituted trehalose
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had reacted (Experimental Section Figure 3-13). The crude gel was washed with a Soxhlet
extractor for 3 days to remove unreacted monomers, residual initiator and trehalose, yielding a
colorless hydrogel. The purified trehalose hydrogel was grounded into a powder with a mortar and
pestle for ease of handling and to increase the surface area for internalization of phytase.

The purified hydrogel was characterized by a variable pressure SEM, as shown in Figure
3-7. The images revealed hydrogel architecture with micron-sized pores. Since phytase diameter
is approximately 11.1 nm along the major axis as measured from the crystal structure (PDB:
1DKL),¥" phytase was thus expected to be incorporated within the hydrogel. To test this hypothesis,
we observed the hydrogel under a confocal microscope after incubation in fluorescein
isothiocyanate (FITC)-labeled phytase solution followed by a brief wash in water (Figure 3-8). An
even distribution of the fluorophore throughout the gel matrix demonstrated that the phytase was
fully internalized into the hydrogel and not simply adsorbed on the hydrogel surface. Because of
the pore size, we anticipated that the enzyme would be released from the hydrogel when diluted
with water. Indeed, the release profile of FITC-labeled phytase from the hydrogel after
lyophilization showed that 78 % of the phytase is released in 6 hours followed by a gradual release
(Figure 3-9), providing further evidence that the phytase is internalized inside the hydrogel. Similar
release profile was observed when the phytase was released from a hydrated gel (Experimental
Section Figure 3-14). This result also demonstrates that the gel can be used to recover enzyme

after loading.
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Figure 3-7. SEM images of trehalose hydrogel. (a) Images at 500X magnification and (b) at 1000X
magnification.

Figure 3-8. Confocal images of trehalose hydrogel incubated overnight in a solution containing
FITC-labeled phytase and washed with deionized water. Numbers in the lower right corner
indicate transaxial slice indices. Axial resolution =2 pm.
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Figure 3-9. Release profile of FITC-labeled phytase from trehalose hydrogel after loading and

lyophilization (n=6).
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Currently in the animal feed industry, pelleting is the most common process for preparing
animal feeds since it improves their efficiency and reduces nutrient excretion compared to mashed
forms.8% 8 Typically temperatures reach 70 - 90 °C for a few minutes during pelleting. For phytase
in particular, the dry ingredients including phytase are mixed in a pelleting mill conditioner,
reaching a temperature of 80 - 90 °C for 35 - 45 sec , followed by extrusion to produce the desired
pellets. Thus, phytase was loaded into the hydrogel and heated in a condition simulating the steam
pelleting process (90 °C, 1 min). The phytase solution was added to three different weight
equivalents (1, 10, and 40) of lyophilized trehalose hydrogel and incubated for 24 h. The sample
was lyophilized again, 53 wt % of water was added to the phytase-loaded trehalose hydrogel, and
the gel was incubated for another 24 h to replicate the moisture level of the steam heating process.
The water is essential for the pelleting process, but it also expedites denaturation of phytase under
the extreme heating.”® 8 The results showed that phytase heated in the presence of the hydrogel
retained significantly higher activity for all weight equivalents tested. Even when only 1 weight
equivalent of hydrogel was used, 81% activity was retained compared to the control that had not
been heated, and 10 and 40 weight equivalents retained 100% enzyme activity (Figure 3-10). When
the hydrogel was absent, only 39% of heated phytase remained active. he average activity indicated
that 10 wt equiv of hydrogel to phytase was the optimal amount to completely retain the original

phytase activity, while utilizing the minimal amount of hydrogel.
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Figure 3-10. Activity of phytase after heating with different weight equivalents of trehalose
hydrogel. All the samples except the control were heated for 1 min at 90 °C with 53 wt % of water
(n=3). *** = p < 0.005 relative to phytase only.

The results demonstrated that the trehalose hydrogel can stabilize phytase against extreme
heat conditions. The trehalose hydrogel may be suitable for industrial-scale applications as the
synthesis only requires two steps and involves minimal purification that can be easily adapted to a
large scale. Specifically, the proposed method uses chromatography-free purification, easily
accessible starting materials, protecting group-free chemistry, and a minimal number of steps.%®

Another advantage of hydrogel formulation is its ease of removal. The release results
demonstrate that the protein of interest can be removed from the hydrogel. The release occurred
over several hours with 78% release at 6 hours. However, this is with passive diffusion. Since the
hydrogel is not soluble in water or organic solvents, it can be separated from the mixture by simple
filtration or centrifugation. One can anticipate that by rinsing or pushing water through the system,
or with the agitation that occurs in the gastrointestinal tract in the case of phytase-loaded
hydrogel,the enzyme would be released faster. This is a potential advantage of the system since

the hydrogel could be added and then removed from the protein after stress if so desired.
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In addition, despite much research on the genetic engineering of enzymes for improving
their thermal stability, multiple optimization iterations or enzyme-specific mutation strategies are
usually required, accompanied with a higher cost.®® Thus, the strategy described herein may be
more flexible and cost effective than genetic engineering techniques. Since our group has already
demonstrated that linear trehalose polymers stabilize various proteins against heating,?” '’ the
trehalose-based hydrogel hereby described may be readily applicable to thermal stabilization of a

wide variety of industrially important enzymes and proteins.

3.2.3 Conclusions

We have detailed the synthesis of a trehalose hydrogel for thermal stabilization of phytase
as a model enzyme. This hydrogel can be prepared via simple synthesis and purification steps,
which are important considerations in industrial processes. The resulting trehalose hydrogel fully
preserved the activity of phytase under temperatures relevant in the pelleting procedure for animal
feed preparation. Currently, many enzymes in animal feeds lose the majority of their activity
during this steam pelleting process. As demonstrated by the stabilization of phytase in this report,
the trehalose hydrogel is a promising material for stabilizing various enzymes and proteins against

high-temperature processes.

3.2.4 Experimental Section
Materials

All chemicals were purchased from Sigma-Aldrich and Fisher Scientific and were used
without purification unless noted otherwise. All solvents for liquid chromatography mass

spectrometry (LC-MS) were purchased from VWR or Fisher Scientific in LC-MS grade. Trehalose
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was purchased from The Healthy Essential Management Corporation (Houston, TX), and was
azeotropically dried with ethanol and kept under vacuum until use. Phytase was provided by

Phytex, LLC.

Analytical Techniques

NMR spectra were recorded on a Bruker DRX 500 MHz spectrometer. LC-MS
experiments were carried out on a Waters Acquity UPLC connected to a Waters LCT-Premier XE
Time of Flight Instrument controlled by MassLynx 4.1 software. The mass spectrometer was
equipped with a Multi-Mode Source operated in the electrospray mode. Trehalose samples were
separated using an Acquity BEH C18 1.7 um column (2.1 x 50 mm) and were eluted with a
gradient of 5 —50% solvent B over 6 min (solvent A: water, solvent B: acetonitrile, both with 0.2%
formic acid (vol/vol)). Mass spectra were recorded in the negative ion mode in the m/z range of
70-2000 with leucine enkephalin (Sigma L9133) as the lock mass standard. Preparatory reverse
phase HPLC was carried out on a Shimadzu HPLC system equipped with a UV detector using a
Luna 5 pm C18 100 A column (preparatory: 5 pm, 250 x 21.2 mm) with monitoring at A = 215
nm and 254 nm. A linear gradient solvent system (H20 : methanol = 70:30 to 50:50) was used as
the mobile phase at a flow rate of 10 mL/min. Scanning electron microscopy (SEM) images were
acquired on a FEI Nova Nano 230 SEM in the UCLA Molecular and Nano Archaeology (MNA)
facility under a low vacuum of 50 Pa and high voltage of 5 or 2.5 kV with a spot size of 3.0.
Fluorescence images of the hydrogels were acquired using a confocal laser scanning microscope
(Leica SP2 1P-FCS, Leica) at the CNSI Advanced Light Microscopy/Spectroscopy Shared
Resource Facility at UCLA. Diameter of phytase (PDB: 1DKL)%® was measured using Swiss-

PdbViewer (Swiss Institute of Bioinformatics).”! Fluorescence measurement was made on a
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FlexStation Il (Molecular Devices). Light absorbance for phytase activity assay was measured

using a Biotek EPOCH microtiter plate reader.

One Pot Reaction for Synthesis of Trehalose Monomers and Cross-Linkers

The one pot reaction for the monomers and cross-linkers was performed by modifying a
previously reported literature procedure.”” Sodium hydroxide (NaOH, 4.44 g, 1.11 x 10" mol) was
added to dimethyl sulfoxide (DMSO, 96 mL). After stirring for 5 min, trehalose (4.86 g, 1.42 x
102 mol) was added to the reaction. After all the trehalose was dissolved, 4-vinylbenzyl chloride
(0.4 mL, 2.84 x 10" mol) was slowly added to the reaction and was stirred for 24 h at 25 °C. The
crude product was then precipitated into 2 L of DCM to remove highly modified trehalose. The

resulting solid was dried in vacuo and used for gelation without further purification.

Preparation of Phytase-Loaded Trehalose Hydrogel

The crude mixture (3.23 g) from the previous Williamson etherification was dissolved in
H20 (3.23 mL) and then treated with tetramethylethylenediamine (TEMED, 16 uL, 1.07 x 10*
mol). Next, 807 puL of 10 mg/mL aqueous stock solution of ammonium persulfate (APS, 8.07 mg,
3.54 x 10 mol) was added to initiate the gelation. The solution started gelling within 10 min at
25 °C. LC-MS was used to quantify the extent of conversion, by comparing the relative amount of
mono-substituted trehalose compared to unmodified trehalose before and after gelation. LC-MS
analysis showed that all cross-linkers had reacted after 24 h. After the gelation, the gel was washed
with a Soxhlet extractor for 3 days with H>O to remove unreacted monomers. The hydrogel was
lyophilized and then ground into fine powder. 10 pL of phytase solution (40 mg/mL) was added

to each dried gel to make phytase : hydrogel ratios of 1:1, 1:10, and 1:40 weight equivalents. The
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gels were incubated at 4 °C with the phytase solution for 24 h and lyophilized to yield a white

powder for testing in the heat burden study.

Fluorescein Isothiocyanate (FITC) Labeling of Phytase

Phytase (2 mg, 3.57 x 10 pmol) and FITC (0.3 mg, 7.71 x 10! pmol) were dissolved in
50 mM borate buffer, pH 8.5 (1 mL). The mixture was magnetically stirred at room temperature
for an hour. Excess FITC was removed by repeated centrifugation through a 3,000 Da MWCO
membrane using 0.5 mL centrifugal filtration tubes until no FITC was detected by UV-Vis in

filtrate. Degree of labeling was 0.28 FITC per phytase as determined by UV absorbance.®?

Release of Phytase from Trehalose Hydrogel

FITC-labeled phytase (74 mg/mL) in 0.1 M sodium acetate buffer (pH 5.0, 10 puL) was
added to 4 mg of trehalose hydrogel. The mixture was incubated at 4 °C for 24 h, and then
lyophilized. To the gel was added 1000 pL buffer to initiate the passive diffusion of the phytase
from the hydrogel. Aliquots (200 pL) were taken at respective time points and the samples were
immediately replenished with fresh buffer. The concentrations of the time point aliquots were
calculated from the fluorescence measured on a spectrofluorometer using a FITC-labeled phytase

calibration curve.

Heat Burden Studies of Phytase

To the dried hydrogel and phytase mixture, 53 wt % of H>O with respect to the phytase

was added. The hydrogel was incubated at 4 °C for 24 h with gentle rocking to evenly distribute
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the solution. The hydrogel was then heated at 90 °C for 1 min, and diluted with 0.1 M sodium

acetate buffer, pH 5, and incubated for at least 24 h prior to the activity assay.

Phytase Activity Assay

The control and heat treated hydrogels (10 uL) were first diluted in 10 mL of 0.2 M sodium
citrate pH 5.5 buffer, and 0.5 mL aliquots of diluted sample were transferred to each of four
reaction tubes (1 blank and 3 sample). To all sample tubes, 0.5 mL of 1% phytic acid solution (0.2
M sodium citrate buffer, pH 5.5) was added and the tubes were incubated at 37 °C for 15 minutes.
The reactions were then quenched by the addition of 1.0 ml of 15% trichloroacetic acid, and 0.5
mL of phytic acid was added to the blank tubes. Samples (30 uL) were diluted ten-fold with
distilled water, and the diluted solutions (150 uL) were treated with 150 uL of 1:3:1 solution of
2.5% ammonium molybdate : 10% sulfuric acid : 10% ascorbic acid in a microtiter plate. The plate
was incubated in a 50 °C water bath for 15 minutes, cooled at 4 °C for 15 minutes, and the 820 nm
absorbance of individual wells were measured. Phytase activity (FTU) is defined as the amount of
enzyme that catalyzes the release of 1.0 micromole of inorganic phosphate per minute from 1%

phytic acid in pH 5.5 buffer at 37 °C.

Statistical Analysis

One-tailed Student’s t-test assuming unequal sample variance was used. Results were considered

significantly different if p < 0.05.
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Figure 3-11. LC-MS chromatogram of crude styrenyl ether trehalose mixture after precipitation
in DCM.
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Figure 3-12. LC-MS chromatogram of the DCM wash of the crude styrenyl ether trehalose
mixture.
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Figure 3-13. LC-MS chromatogram of the trehalose hydrogel reaction mixture after 1 d.
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Figure 3-14. Release profile of FITC-labeled phytase from hydrated trehalose hydrogel (n = 6).

Table 3-1. Theoretical and observed masses of [M+HCOQ]" ion of trehalose and its derivatives
from LC-MS chromatogram in Figure 3-12.

Retention time | Theoretical mass | Observed mass | A m/z
(min) (m/z) (m/z) (ppm)
Trehalose 0.6 387.1139 387.1143 -1.1
2.5 503.1765 503.1762 0.5
Mono-substituted | 2.8 503.1765 503.1720 8.9
2.9 503.1765 503.1765 -0.1
Di-substituted 4.4 619.2391 619.2369 35
Tri-substituted 5.5 735.3017 735.3012 0.6
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Chapter 4.

Trehalose Polymer-Protein Drug Conjugates for

Therapeutic Applications

This chapter contains portions of an edited version of the following published paper:

Reprinted with permission from Liu, Y.;{ Lee, J.; Mansfield, K. M.; Ko, J. H.; Sallam, S;
Wesdemiotis, C.; Maynard, H. D. Bioconj. Chem. 2017, 28, 836. ( Equal contribution). Copyright
2018 American Chemical Society.
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Proteins are an important class of therapeutics with growing potential and distinct
advantages compared to the traditional small molecule drugs. However, they frequently suffer
from physical instability and low pharmacokinetics, which lead to consequences that range from
inconvenience and increased financial burden on the patients to medical emergencies from
underdosage, if the protein is stable enough to be used as a drug at all. Given that trehalose
polymers are excellent protein stabilizers, conjugating the polymers to protein drugs would
enhance both their stability by the protective effect of trehalose and serum half-life by decreased
renal filtration as well as other elimination pathways.

Insulin is first used as a model drug to test the hypothesis that trehalose polymer
conjugation is an effective strategy to enhance solution stability and pharmacokinetics of protein
drugs. In the second part of this chapter, the strategy is extended to granulocyte colony-stimulating
factor and extensive in vivo evaluations of the conjugate including biodistribution, toxicity, and
immunogenicity are conducted. Trehalose polymer conjugates of these two model protein drugs
demonstrate the great potential of this approach to stabilize a range of therapeutic drugs both inside

and outside the body.
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4.1 Enhancing Solution Stability and Pharmacokinetics of Insulin by Trehalose Polymer
Conjugation
4.1.1 Introduction

Protein drugs have high specificity and potency, and as a result more than 130 proteins or
peptides are approved by the FDA.* However, proteins also face substantial challenges including
short half-lives in the bloodstream, as well as chemical and physical instability upon exposure to
environmental stressors leading to short shelf lives.?* Covalent attachment of poly(ethylene
glycol) (PEG) to proteins, or PEGylation, is the most widely used polymer conjugation technique
to address the pharmacokinetic challenge of proteins, and ten FDA-approved PEGylated proteins
are currently on the market.? >" However, linear PEG does not necessarily improve the stability of
proteins to environmental stressors during storage and transport: close to 80% of all protein drugs
need to be refrigerated or frozen even in the presence of PEG or other stabilizing excipients.? This
lowers patient compliance and quality of life and increases costs due to refrigeration during
delivery and storage.>* " More importantly, denaturation of protein drugs as a result of inadequate
storage can result in life-threatening events caused by inadequate dosage.

While many PEG alternatives are under development, most have been employed to
increase the in vivo half-life of protein therapeutics and few have the ability to increase
environmental stability.” & Protein-polymer conjugates with improved in vivo half-lives have been
successfully prepared with polymers such as poly-(N-(2-hydroxypropyl) methacrylamide)
(PHPMA),*1! polyoxazolines,>** and hydroxyethyl starch (HES).'> 6 However, conjugating
these polymers does not necessarily improve protein stability during storage. There are few recent
examples of protein-stabilizing polymers such as zwitterionic carboxybetaine polymer for

enzymes,® 17 cationic dendrimer for proline-specific endopeptidase (PEP),*® and branched or
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“comb” PEG for oxytocin,'® % but these have been mainly limited to enzyme or small peptide
stabilization. There is still a tremendous need and interest in developing new PEG alternatives that
can confer both increased half-life and storage stability for a variety of proteins and stressors.
Herein, we describe a trehalose glycopolymer that we call PolyProtek (Figure 4-1) to
address protein instability during both storage and use. The polymer has the disaccharide trehalose
at the side chains and stabilizes various enzymes and proteins to fluctuations in temperature and
Iyophilization in solution.?*?® We have also employed a trehalose glycopolymer as a resist material
and demonstrated that the polymer stabilizes proteins to high vacuum and direct electron beam
irradiation in solid films.?* 2 Trehalose is known to stabilize proteins with a mechanism attributed
to vitrification, water replacement, and/or water entrapment.?® 27 Yet, trehalose glycopolymers
have outperformed trehalose itself in several studies.?™ 2> 2* This may be a result of both the
osmolyte and nonionic surfactant character of the polymer.?? 2 Others have shown that polymers
with trehalose side chains can inhibit amyloid formation and form stable nanoparticles for nucleic
acid delivery.?®3! We hypothesized that trehalose glycopolymers would also stabilize proteins in
vivo similar to PEG. In this chapter, we demonstrate that the trehalose glycopolymer can maintain
the plasma protein concentration within the therapeutic window over an extended period of time
and also stabilize a protein therapeutic at elevated temperature and under mechanical stress. Insulin
was chosen as a model protein because of its wide clinical usage and well-established structure

and bioactivity assays.*?
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Figure 4-1. Insulin-trehalose glycopolymer conjugate where the polymer improves both the
storage stability and in vivo plasma half-life (protein structure from the Protein Data Bank 4INS).

4.1.2 Results and Discussion

A protein-reactive trehalose glycopolymer was prepared through reversible addition-
fragmentation chain transfer (RAFT) polymerization using a benzaldehyde-functionalized chain
transfer agent (Mn = 9.9 kDa and D = 1.10 for benzaldehyde end-group polymer) and subsequently
conjugated to insulin via reductive amination, which is commonly used to conjugate to amines
(Figure 4-2, Experimental Section Figure 4-5 through Figure 4-6).3% 34 Conjugation was confirmed
by native gel (Figure 4-3 and Experimental Section Figure 4-7) and the conjugate was purified via
fast protein liquid chromatography (FPLC). Benzaldehyde polymer conjugated with quantitative
conversion after 14 hours using 12.5 molar equivalent of the polymer (native polyacrylamide gel
electrophoresis (PAGE) in Experimental Section Figure 4-7). PEG aldehyde monomethoxy ether
(10 kDa) was also conjugated to insulin as a control (PAGE in Experimental Section Figure 4-8).
Characterization of the conjugate by tandem mass spectrometry showed that the trehalose
glycopolymer was conjugated to the N-terminal glycine of chain A (GlyAl) and to N-terminal
phenylalanine or lysine of chain B (PheB1 or LysB29),*® consistent with the reported reactivity of
these amines followed the order GlyAl > LysB29 >> PheB1.% For the PEG conjugate, MALDI-
TOF analysis showed that the PEG conjugate was also mostly mono- and di-substituted
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(Experimental Section Figure 4-9), presumably at GlyAl and LysB29 as previously reported for

PEG conjugates.®® This result also agreed with the PAGE result where two overlapping conjugate

species were observed (Experimental Section Figure 4-8). The peaks were separated by roughly

44 m/z, which corresponds to the molecular weight of the PEG repeat unit (Experimental Section

Figure 4-9Db).
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Figure 4-2. Synthesis of insulin trehalose glycopolymer conjugate. (a) RAFT polymerization and
(b) subsequent conjugation of trehalose glycopolymer to insulin (PDB: 4INS) by reductive

amination.
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Figure 4-3. Characterization of insulin-trehalose glycopolymer conjugate by Native-PAGE after
Coomassie stain (insulin structure PDB: 4INS).

Conjugation of both PEG and trehalose polymer significantly increased the plasma half-
life of insulin after intravenous injection into mice.® Although the differences in the plasma levels
of insulin-trehalose glycopolymer and insulin-PEG conjugates were statistically insignificant at all
time points (p > 0.1), PEG conjugate showed slightly higher levels. It is interesting to note that the
PEG in this instance, even though it was the same molecular weight as the trehalose glycopolymer,
had a ten-fold larger degree of polymerization (DP = 227 versus 21.9, respectively). When PEG
and trehalose polymer of similar size (20 kDa for PEG and 19 kDa for trehalose polymer) were
analyzed by diffusion-ordered spectroscopy (DOSY), hydrodynamic radius of PEG (5.91 A,
Experimental Section Figure 4-10) was twice as large as that of trehalose polymer (2.94 A,
Experimental Section Figure 4-11). Conjugates of PEG with the same molecular weight as
trehalose polymer would be expected to have a longer half-life due to its larger hydrated volume,
and this should be taken into account for comparing pharmacokinetics of different types of
polymers. The slower clearance observed for both conjugates was likely due to reduced renal

filtration from the increased hydrodynamic volume,®” as well as increased protease resistance and
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decreased opsonization as is known for PEGylated proteins,® and this will be verified along with
the effect of degree of polymerization of the trehalose glycopolymer in future studies. Together,
this data shows that trehalose glycopolymer conjugation is an effective strategy to extend the half-
life of exogenously delivered insulin.

Next, the bioactivities of insulin and the insulin-trehalose glycopolymer conjugate were
compared in mice. Generally, conjugation of polymers to proteins results in decreased bioactivity
of the protein. Previous reports have shown that attachment of even a relatively small 2 kDa PEG
decreases the in vivo bioactivity of insulin to about 80% of the original activity, and the effect
becomes larger when higher molecular weight PEG is conjugated.®® In the present work, a loss in
activity compared to native insulin was also observed in insulin tolerance tests (ITT) in mice; a
five-fold dose of trehalose glycopolymer conjugate (concentration determined by ELISA) was
required to achieve equivalent short-term biological activity of native insulin (Figure 4-4a). A
similar result has been reported with insulin conjugated to 20 kDa PEG, which had 17-fold lower
binding affinity to the insulin receptor than the native protein.®® This effect may be due to steric
hindrance to insulin binding to the receptor as well as prolonged blood circulation and delayed
transendothelial transport to tissue of action also observed for the basal insulin analogue insulin
detemir.*® Higher bioactivity may be obtained in the future by site-specific conjugation of the
trehalose glycopolymer.®® Yet, the results did demonstrate that the conjugate was bioactive and
able to reduce blood glucose levels in mice.

The heat stability of the conjugate was further investigated in vivo by ITT in mice (Figure
4-4D). The results confirmed the HPLC and dynamic light scattering (DLS) data® and showed that
the protein insulin retained a very low level of activity after heating (17%). In contrast, insulin

heated in the presence of 2 molar (10 weight) equivalents of the trehalose glycopolymer added as
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an excipient retained 81% of its activity. Importantly, the mice treated with insulin-trehalose
glycopolymer conjugate that was heated at 90 °C exhibited full retention of activity relative to the
conjugate stored refrigerated, demonstrating that the conjugate was fully active after heating to

these conditions.
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Figure 4-4. Bioactivity study of insulin-trehalose glycopolymer conjugate. (a) Blood glucose
levels in fasted mice after i.v. injection with unmodified insulin (16 pug/kg) and insulin-trehalose
glycopolymer conjugate (80 pg/kg) (n = 5). (b) Activity of heated insulin, insulin with trehalose
glycopolymer excipient (2 molar equivalents), and insulin-trehalose glycopolymer conjugate
(90 °C, 30 min) relative to unheated samples during ITT in mice (n =4, * p < 0.05 and *** p <
0.005).
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With these promising results of the stabilization effect of the trehalose glycopolymer both
in vitro and in vivo, we further tested in vivo toxicity of the polymer. We have previously
investigated the cytotoxicity in four different cell lines and found that the polymer does not
decrease cell viability up to 8 mg/mL.?2 To evaluate the toxicity in vivo, hematological parameters
were analyzed to assess if the trehalose glycopolymer, as a nonionic surfactant, would cause
hemolysis;** kidney and liver toxicities were also tested since protein-polymer conjugates are
known to be mainly cleared through renal and hepatic pathways.*> A dosage of 1.6 mg/kg was
injected via tail vein into mice. This dosage was selected because it was 100-fold higher dosage
than was used in the pharmacokinetic studies and 20-fold higher than used in the bioactivity
studies. The animals were monitored for signs of stress and weight loss, which were not observed,
and after 48 hours the animals were sacrificed for evaluation of the trehalose glycopolymer
toxicity.*> 4 Liver and kidney enzyme levels for both trehalose glycopolymer and phosphate-
buffered saline (PBS) treated groups were both within the normal range (Table 4-1). In addition,
hematological parameters including complete blood cell count (CBC) were found to be normal
and comparable to the control group of PBS alone, and the histology of all the major organs was
normal. These promising results suggest that the polymer is biocompatible at least up to 1.6 mg/kg
in mice.

Our results demonstrate that like PEG, trehalose glycopolymer increases the in vivo
lifetime of a model therapeutic protein. Yet, the trehalose glycopolymer improves upon PEG by
also stabilizing the protein to stressors that typically cause aggregation and reduce the activity of
the protein. Enhanced pharmacokinetics is desirable because it translates to fewer doses and better
dosing regimens, which improves patient compliance and ultimately the therapeutic efficacy of

treatment. Stability to external heat and mechanical stress is additionally helpful for longer term
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storage of proteins and for better stability during transportation where protein drug solutions can
undergo agitation. Thus, this data is the initial work in demonstrating the value of the trehalose
glycopolymer (also called PolyProtek) as a potentially superior analog to PEG to enhance both the
pharmacokinetics and storage stability of therapeutic proteins. Research along these lines is
important to move away from refrigeration of protein therapeutics and to enhance the safety of
therapeutics while avoiding the cold chain.

Our study of insulin as a model protein was evaluated only by intravenous injections in
mice mainly to test our hypothesis that trehalose glycopolymer could improve the
pharmacokinetics of protein drugs. PEG-insulin (Lispro® ) has been studied as a once-daily
injection for patients with type 1 and type 2 diabetes.3® %> 46 Thus, a major application of an analog
of PEGylated insulin would be for subcutaneous injection for use as basal insulin. Absorption of
insulin from subcutaneous depots is a nonlinear process, which depends on many factors such as
the dissolution and diffusion of insulin or insulin conjugates, local blood flow, and local
temperature.*” %8 Intravenous administration of conjugates in the current study helps to rule out
these confounding factors to accurately test one of the hypotheses, which is that the trehalose
glycopolymer improves blood plasma lifetimes. This was a first test to evaluate whether or not a
therapeutic protein could be stabilized in vivo with the trehalose glycopolymer. Future studies will
entail subcutaneous and muscular injections of the trehalose glycopolymer-insulin conjugate.

We also chose insulin as the model therapeutic protein since insulin instability is clinically
relevant and has been reported to cause medical emergencies such as ketoacidosis due to insulin
degradation.*® There has been work on insulin stabilization using modified insulin analogs,
small-molecule excipients,>>® liposomes,® and polymeric vehicles,>>’ yet due to the large

demand of insulin around the world and rapid growth of diabetic population, there is still

122



significant value in the study of additional approaches. Our research shows that adding trehalose
glycopolymer as an excipient can prevent heat and mechanical-induced aggregation and
inactivation of insulin, and initial studies show that the polymer is non-toxic in mice. These results
indicate that the trehalose glycopolymer should also be further investigated as a potential stabilizer
of insulin as an excipient.

The current study also lends support for the further study of the trehalose glycopolymer as
a versatile polymer for delivery of various therapeutic proteins. With improved pharmacokinetics
and storage stability, protein drugs that are in general prone to degradation and elimination
pathways could be stored without special precaution and be delivered with extended bioactivity if
stabilized. Currently the most frequent strategy to improve protein stability is through genetic
modification of liable amino acid residues. However, this requires a priori knowledge of possible
degradation pathways. Moreover, modification of even a single amino acid may disrupt the tertiary
structure of a protein, making this approach a trial-and-error process that is both time consuming
and costly. Trehalose glycopolymers have been shown to be effective stabilizers of various protein
classes including enzymes,?*?® growth factors,?* antibodies,?* 2 and insulin as a hormone in this
work, to external stressors such as heat, lyophilization, electron beam irradiation, and mechanical
agitation. Therefore, we expect that trehalose glycopolymer conjugation will be a generalizable
and reliable formulation strategy for stabilizing various proteins of clinical value, and investigation

of this hypothesis is underway.

4.1.3 Conclusions
This report presents research on trehalose glycopolymer (PolyProtek) as a polymer that can

enhance the stability and pharmacokinetics of a therapeutic protein. Specifically, we describe the
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ability of a polymer with pendant trehalose groups to stabilize the model protein insulin to high
temperatures and mechanical agitation, and retain its bioactivity by inhibiting protein aggregation.
Conjugated to the protein, the polymer increased the concentration of insulin in plasma over time
and exhibited bioactivity as shown by the reduction of blood glucose levels even after heating. The
in vivo toxicity results also suggested that the trehalose glycopolymer is a biocompatible polymer.
Together, this research demonstrates that conjugation of the trehalose glycopolymer should be
explored as an improvement over PEGylation for protein therapeutics because of its ability to

enhance both environmental stability and in vivo bioavailability.

4.1.4 Experimental Section

Materials

All chemicals were purchased from Sigma-Aldrich and Fisher Scientific and were used without
purification unless noted otherwise. Azobisisobutyronitrile (AIBN) was recrystallized from
acetone before use. Trehalose was purchased from The Healthy Essential Management
Corporation (Houston, TX) and was azeotropically dried with ethanol and kept under vacuum until
use. Recombinant human insulin was purchased from Sigma-Aldrich. Human insulin ELISA kit
was purchased from Mercodia (Uppsala, Sweden). 2-(Ethyltrithiocarbonate)propionic acid was
synthesized according to a literature procedure.>® mPEG-propionaldehyde (10.5 kDa by MALDI,
b =1.02 by GPC) was purchased from Jenkem Technology (Allen, TX). PEG without end group
(20 kDa) was purchased from Sigma-Aldrich. Styrenyl acetal trehalose monomer and trehalose
glycopolymer (styrenyl acetal trehalose polymer without end-group synthesized by free radical
polymerization, M, = 29.5 kDa, D = 2.11 by GPC) were prepared using previously reported

procedure.?
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Analytical Techniques

Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker DRX 500 MHz
spectrometer. Gel permeation chromatography (GPC) was conducted on a Shimadzu HPLC
system equipped with a refractive index detector RID-10A and two Polymer Laboratories PLgel 5
um mixed D columns (with guard column). Lithium bromide (0.1 M) in N,N-dimethylformamide
(DMF) at 40 °C was used as the eluent (flow rate: 0.6 mL/min). Near-monodisperse poly(methyl
methacrylate) standards (Polymer Laboratories) were employed for calibration. Trehalose
monomer was purified by preparatory reverse phase HPLC on a Shimadzu HPLC system equipped
with a UV detector using a Luna 5 um C18 100 A column (preparatory: 5 pm, 250 x 21.2 mm)
with monitoring at A = 215 nm and 254 nm. Isocratic solvent system (water:methanol = 50:50)
was used as the mobile phase at a flow rate of 20 mL/min. Matrix-assisted laser
desorption/ionization (MALDI)-MS analysis of insulin and the insulin-PEG conjugate was
performed on a Voyager DE-STR (Applied Biosystems, Forster City, CA) in linear positive ion
mode. Insulin-PEG conjugate was desalted by centriprep ultrafiltration (MWCO 3 kDa) and mixed
1:1 with sinapinic acid dissolved in 50 % acetonitrile with 0.1 % trifluoroacetic acid on the MALDI
target plate. Cytochrome c was used for the calibration of the insulin-PEG conjugate spectrum and
a mixture of angiotensin I, angiotensin Il, substance P, neurotensin, and ACTH (18-39) were used

for the calibration of the insulin spectrum.
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Preparation of Insulin-PEG Conjugate

Insulin (0.50 mg, 8.6x10 pmol), sodium cyanoborohydride (0.64 mg, 10 umol), and 10 kDa
mPEG-propionaldehyde (45 mg, 4.5 umol, 52 molar equiv to insulin) were dissolved in 1 mL of
100 mM sodium acetate buffer, pH 4, in a 1.5 mL protein Lo-Bind® tube. The mixture was
incubated at 4 9 for 20 h on a rocker, and the buffer was exchanged to D-PBS, pH 7.4, by
centriprep ultrafiltration (MWCO 3 kDa) several times before purification by fast protein liquid
chromatography (FPLC). The amount of insulin was assayed by ELISA according to
manufacturer’s instructions. Briefly, 25 pL of the diluted samples were added to the wells pre-
coated with the capture antibody. Buffer containing detection antibody was added (100 pL), and
the plate was incubated on a rocker at room temperature (23 °C) for 1 h. The wells were washed
six times with 350 uL of the wash buffer. 3,3”,5,5’-Tetramethylbenzidine (TMB) solution was
added (200 pL), and the plate was incubated at room temperature for 15 min before the addition
of 50 uL stop solution. The amount of insulin detected was quantified by absorbance at 450 nm

relative to the standards supplied by the manufacturer.
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Synthesis of Benzaldehyde End-Functionalized Chain Transfer Agent (CTA)

To the flame-dried flask, 2-(ethyltrithiocarbonate)propionic acid (500 mg, 2.38 mmol) and 4-
hydroxybenzaldehyde (377.38 mg, 3.09 mmol) were added and dissolved in DCM (20 mL). The
reaction flask was cooled with an ice bath, and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC, 911.38 mg, 4.75 mmol) and DMAP (58.08 mg, 4.75x10 mmol) were added. The reaction

was stirred at 0 °C for 30 min and stirred at 25 °C for another 2 h. The reaction was washed with
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H20 three times and the organic layer was collected, dried over MgSO4 and purified by silica gel
column chromatography (EtOAc : Hex =1 : 1) to yield 466.7 mg of yellow CTA2 (62% yield). *H
NMR (500 MHz in CDCls) &: 9.99 (s, 1H), 7.92-7.90 (d, J = 9.47 Hz, 2H), 7.29-2.27 (d, J = 8.84
Hz, 2H), 5.01-4.97 (g, J = 7.18, 7.40 Hz, 1H), 3.42-3.35 (m, 2H), 1.75-1.73 (d, J = 7.41 Hz, 3H),
1.38-1.35 (t, J = 857.62 Hz, 3H), 1*C NMR (500 MHz in CDCls) &: 221.7, 190.9, 169.3, 155.2,
134.2, 131.3, 122.2, 47.8, 31.8, 16.3, 13.0. IR: v = 2974, 2925, 2740, 1755, 1698, 1597, 1501,
1449, 1425, 1376, 1298, 1266, 1202, 1151, 1420, 1066, 1032, 1013, 970, 896, 857, 821 cm™.

HRMS (ESI) calculated for C13H14S303Na ([M + Na]*) 337.0003, found 337.0012.
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RAFT Polymerization of Trehalose Monomer

CTA (2.35 mg, 7.47x10° mmol), styrenyl acetal trehalose monomer (92.0 mg, 2.02x10t mmol),
and AIBN (0.49 mg, 2.99x 10 mmol) were dissolved in 0.25 mL of DMF. The solution underwent
four cycles of freeze-pump-thaw, and polymerization was initiated by immersing the flask into
80 °C oil bath. The polymerization was stopped at 89 % conversion by *H-NMR and purified by
dialyzing against H.O (MWCO 3.5 kDa). H NMR (500 MHz in CDCls) &: 9.92, 7.59, 7.15, 6.52,
5.44,5.17,4.92,4.79, 4.37, 4.08, 3.95, 3.75, 3.67, 3.55, 3.46, 3.14, 1.49. M, = 9.9 kDa (by GPC),

b =1.10.
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Preparation of Insulin-Trehalose Glycopolymer Conjugate

Insulin (1.5 mg, 2.59x10°* pmol), sodium cyanoborohydride (4 mg, 63.8 pmol), and benzaldehyde
end-functionalized trehalose polymer (31 mg, 3.1 umol, 12 molar equiv to insulin) were dissolved
in 1 mL of 200 mM phosphate buffer, pH 8.0, in a 1.5 mL protein Lo-Bind® tube. The mixture
was incubated at 37 °C water bath for 12 h, and the buffer was exchanged to Dulbecco’s phosphate-
buffered saline (D-PBS), pH 7.4, by centriprep ultrafiltration (MWCO 3 kDa) several times before

purification by FPLC. The amount of insulin was assayed by ELISA as previously described.

Bioactivity of Insulin and the Insulin-Polymer Conjugates

Bioactivity was determined by the ITT assay using standard protocols.>® CD1 mice (6-8 wks,
female, n = 5, Charles River Laboratories) were fasted for 4-6 hours to reduce variability in
baseline blood glucose. Pristine insulin, insulin after heating, insulin with addition of trehalose
glycopolymer, insulin-trehalose glycopolymer conjugate, and insulin-trehalose glycopolymer
conjugate after heating were intravenously injected at appropriate doses. For the stability assay,
insulin formulations were injected at the dose of 40 ug/kg of insulin. To determine the bioactivity
of the conjugate, the injection dose was 80 pg/kg and 16 pg/kg of insulin was injected as a control.
At each prescribed time point, approximately 2 pL of blood sample was obtained from the tail vein
in conscious mice by pricking the tail vein with a needle and sampling the formed blood droplet
with a commercially available glucometer to measure the glucose concentration. The percent

decrease in blood glucose level was calculated using the following formula:

[GIUCOSG]O min, heated — [GIUCOSE]30 min, heated

x 100
[GIUCOSB]O min, not heated — [Glucose]30 min, not heated

% Blood glucose decrease =
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Toxicity Study

CD1 mice (5-6 wks, female, Charles River Laboratories) were injected subcutaneously with either
PBS or trehalose glycopolymer (n=5). The animals received one injection of trehalose
glycopolymer at a dose of 1.6 mg/kg. After 48 h, 600 uL of blood was collected by cardiac puncture
and the major organs were harvested for histology analysis. Complete blood count (CBC) was
performed with whole blood to determine the hematological compatibility of the polymer. Serum
aspartate (AST) and alanine (ALT) aminotransferase activities were determined to assess liver
toxicity; serum creatinine (Creat) and blood urea nitrogen (BUN) levels were determined to assess
kidney toxicity. A sample from one animal in the control group (PBS) exhibited hemolysis and
was discarded from the dataset. Histology sections of heart, lung, liver, spleen, and kidney were
assessed by Dr. Gregory Lawson (Division of Laboratory Animal Medicine, UCLA). They were

all found to be normal.

Statistical Analysis

For assessment of the statistical significance of differences, Student’s t-test assuming unequal

sample variance was employed. Results were considered significantly different if p < 0.05.
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Figure 4-5. *H (top) and 3C (bottom) NMR spectra of benzaldehyde chain transfer agent (CDCl5).
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Figure 4-6. 'H NMR spectrum of benzaldehyde end-functionalized trehalose polymer from RAFT
polymerization (DMSO-ds).
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Figure 4-7. Native PAGE of insulin-trehalose glycopolymer conjugation mixture after Coomassie
staining (lane 1-3: insulin/trehalose glycopolymer conjugation mixture at 12.5 molar (1), 25 molar
(2), and 50 molar (3) equivalents of polymer at the start of conjugation, lane 4-6: insulin/trehalose
glycopolymer conjugation mixture at 12.5 molar (4), 25 molar (5), and 50 molar (6) equivalents
of polymer after 14 hours, lane 7: insulin).
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Figure 4-8. PAGE of insulin-PEG conjugate after Coomassie staining. (a) Native PAGE (lanel:
insulin, lane2: mPEG-propionaldehyde, lane3: insulin-PEG conjugate after purification) and (b)
SDS-PAGE (lane 1: molecular weight ladder, lane 2: insulin, lane 3: insulin-PEG conjugate).
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Figure 4-9. MALDI-TOF mass spectrum of insulin-mPEG conjugate. (a) Insulin-PEG conjugate,
(b) Zoomed view of insulin-PEG conjugate.
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Figure 4-10. Diffusion constant measurement by diffusion-ordered spectroscopy (DOSY))
calculate the hydrodynamic radius of 20 kDa PEG (D0).
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Figure 4-11. Diffusion constant measurement by diffusion-ordered spectroscopy (DOSY)) used to
calculate the hydrodynamic radius of 18.6 kDa trehalose polymer (D20).
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Table 4-1. In vivo toxicity of trehalose polymer in liver and kidney after acute polymer challenge.

Organ Test PBS Trehalose glycopolymer | Normal Range
ALT (U/L)? 51.5+18.9 322+7.6 17~77
Liver
AST (U/L)P 1304 £52.4 105.2 £33.5 54~298
BUN (mg/dL)%% | 258=+123 17.6 +2.7 8~33
Kidney
Creat (mg/dL)¢ | 0.27 +0.04 0.25+0.03 0.2~0.9

3ALT: alanine transaminase, PAST: aspartate transaminase, °SBUN: blood urea nitrogen, ?Although
BUN in both groups were all within the normal range, it was statistically lower for the trehalose
glycopolymer group than the PBS group. The experiment was repeated and BUN evaluated to give
26.0 £ 4.1 for PBS group and 22.2 + 1.6 for the trehalose glycopolymer group, with p = 0.11 >
0.05. °Creat: creatinine. (n=4 for PBS and n=5 for the trehalose glycopolymer).
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4.2 Synthesis and In Vivo Evaluation of Granulocyte Colony-Stimulating Factor-Trehalose
Polymer Conjugate
4.2.1 Introduction

Therapeutic proteins have various advantages to traditional small molecule drugs. They are
highly specific and typically have fewer side effects,®® and can act on targets that are often
inaccessible by small molecule drugs.®* These intrinsic benefits of proteins compared to small
molecules lead to their higher success rate in clinical trials and subsequent FDA approvals,®? which
make proteins increasingly attractive for the pharmaceutical companies to develop into therapeutic
drugs. However, the precise tertiary structure of proteins that enables their high specificity and
efficiency also make them susceptible to degradation by physical stresses including heat, agitation,
and freezing.

In addition to the physical instability, proteins have poor half-life in the body due to
multiple elimination pathways. Proteins smaller than 20 kDa such as insulin (tyz 4-6 min)®® are
rapidly cleared by renal filtration,®* but larger proteins such as hyaluronidase (56 kDa) can have
an even shorter half-life (2.1 min)® due to other clearance mechanisms such as uptake by the liver
or the immune system. Increasing the hydrodynamic radius by conjugation of a polymer such as
poly(ethylene glycol) is an effective strategy to improve the pharmacokinetics,® but it does not
necessarily improve the physical stability of the protein.

Our group has used trehalose polymers to stabilize a wide range of proteins that range from
enzymes,?® 232486 hormones and growth factors,?* 3>67-6% and antibodies.?* % It may be envisioned
that conjugating a trehalose polymer that improves physical stability of proteins will also enhance
the serum half-life, thereby addressing two major weaknesses of protein therapeutics at once. This

approach was shown to be effective using insulin as a model protein drug (see Section 4.1 of this
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chapter). The strategy was extended to granulocyte colony-stimulating factor (G-CSF) to establish
trehalose conjugation as a generalizable platform for stabilization of protein drugs to both physical
stressors and in vivo elimination mechanisms, and the work is described in this section. An efficient
conjugation method was developed to synthesize G-CSF-trehalose polymer conjugate, and in vivo

evaluation of bioactivity, biodistribution, toxicity, and immunogenicity was conducted.

4.2.2 Results and Discussion

We have previously synthesized a G-CSF-trehalose polymer conjugate by direct reductive
amination between G-CSF and benzaldehyde-functionalized trehalose polymer.” This conjugate
was shown to exhibit significantly enhanced stability to heat compared to free G-CSF. However,
the conjugation efficiency was only modest even when 100 mol. equiv. of the polymer was used,
resulting in only 63% modification as assessed by gel densitometry. Even though this conjugation
approach has been used by Amgen for G-CSF-PEG conjugate (Neulasta® ) and also by our group
for insulin-trehalose polymer conjugate, the increased bulk of trehalose polymer compared to PEG
as well as the larger size of G-CSF (18.8 kDa) compared to insulin (5.8 kDa) appeared to lower
the conjugation yield. We thought to increase the yield by adopting a two-step conjugation
approach, in which an alkyne linker will be conjugated to G-CSF by reductive amination that is
selective for the N-terminus due to its lower pKa compared to €-amino group of lysines, followed
by highly efficient copper-catalyzed azide-alkyne cycloaddition (CUAAC) to conjugate G-CSF
with azide-functionalized trehalose polymer. First the small-molecule alkyne/benzaldehyde
heterobifunctional linker was synthesized using penta(ethylene glycol) as the core since
tri(ethylene glycol) was not sufficient to make the linker soluble in water. The alkyne-

penta(ethylene glycol)-benzaldehyde linker was synthesized in 6 steps with 25.1% overall yield
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(excluding the first desymmetrization step that naturally has low yield, the yield is 49.3%)
(Experimental Section Figure 4-20).

The coupling partner azide-functionalized trehalose polymer was synthesized by using
reversible addition-fragmentation chain transfer (RAFT) polymerization. The azide group was
installed on the polymer by using a chain transfer agent (CTA) connected to an azide via amide
linkage to prevent possible hydrolysis. The first CTA (CTAL) was synthesized by coupling 2-
azidoethanamine to an acid with a methyl at o—position to the trithiocarbonate (colored blue in
Figure 4-12). Although an ester-linked benzaldehyde CTA had given good control over the
polymerization and narrow dispersity (P = 1.10),° changing the ester to an amide resulted in both

lower conversion (55%) and higher dispersity (b = 1.31).

R group R group
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N3\/\N S\n/s\/ N3\/\N S\"/S\/
H H
CH; S NC CH, S
CTA1 CTA2

Figure 4-12. Chain transfer agents (CTA) used for the synthesis of azide-functionalized trehalose
polymer.

It has been reported that an ester group at the a—position has more favorable chain transfer
enthalpy (-29.4 kJ/mol) than an amide group (-14.3 kJ/mol)’* and may explain the poor
performance of the amide CTAL compared to the ester CTA previously used. To enhance chain
transfer efficiency, CTA2 was synthesized that had an ethylene linker to move the amide away

from the carbon-centered radical that forms during RAFT polymerization, and also contained a
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nitrile group at the o—position to further stabilize the radical and promote chain transfer (Figure
4-12). This type of CTA has a very favorable chain transfer enthalpy (-56.6 kJ/mol). Indeed, RAFT
polymerization using CTA2 (Figure 4-13) yielded a polymer that reached a higher conversion
(88%) and had lower dispersity (b = 1.20). The trithiocarbonate group was removed by aminolysis
as confirmed by the loss of the 314 nm trithiocarbonate absorption peak in the UV-vis spectrum
(Experimental Section Figure 4-32), and the resulting polymer had an essentially identical SEC
elution profile (Experimental Section Figure 4-33) showing that the process was mild and did not

affect other functionalities within the polymer.
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Figure 4-13. Synthesis of azide-functionalized trehalose polymer by reversible addition-
fragmentation chain transfer (RAFT) polymerization using CTA2.
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With both the alkyne linker and the azide polymer in hand, we proceeded with G-CSF
conjugation. Since reductive amination at pH 5 is known to selectively modify the N-terminus of
G-CSF,* the alkyne-penta(ethylene glycol)-benzaldehyde linker was conjugated to G-CSF at pH
5. Matrix-assisted laser desorption/ionization (MALDI) spectrum showed expected m/z shift of
365 Da (Experimental Section Figure 4-34), confirming the conjugation of the linker. Conjugation
site was verified by protease digestion of the conjugate followed by liquid chromatography-mass
spectrometry (LC-MS) (Table 4-2). We detected the alkyne-modified peptide fragment for only
the N-terminus fragment, thereby confirming the N-terminus conjugation. It should be noted that
we did not detect the intact fragment for the residues 42 — 175, likely due to the low resolution of

high mass species upon deconvolution.

Table 4-2. Peptide fragments detected by LC-MS for determination of conjugation site.

Fragments (residue number) | Expected mass (Da) | Observed mass (Da)
1-17 1788 1786
1-17 + alkyne 2153 2151
18-24 933 933
25-35 1131 1130
36-41 756 756
42-175 14549 None

Azide-functionalized trehalose polymer was conjugated to G-CSF-alkyne by copper-
catalyzed azide-alkyne cycloaddition (CUAAC). Using the triazole-type ligand 2-[4-[(bis[(1-tert-
butyl-1H-1,2,3-triazol-4-yl)methylJamino)methyl]-1H-1,2,3-triazol-1-yl]acetic acid (BTTAA)"
together with copper (1) sulfate, sodium ascorbate, and aminoguanidine” yielded G-CSF-
trehalose polymer conjugate in 90% vyield as estimated by densitometric analysis of the silver-

stained gel (Experimental Section Figure 4-36). Copper was removed by the use of
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ethylenediaminetetraacetic acid (EDTA) during the purification process, and the residual level was
measured by inductively coupled plasma mass spectrometry (ICP-MS) as 1.88 ng copper / ug
protein in the conjugate. Given that clinical dose of G-CSF-PEG conjugate (Neulasta® ) is 6 mg,’*
7> the copper level of G-CSF-trehalose polymer conjugate from the current process is 11.3 pg /
dose and 30-fold lower than the US Food and Drug Administration (FDA) recommended limit of
340 pg/day.’

The bioactivity of G-CSF and G-CSF-trehalose polymer conjugate was evaluated in an in
vivo model of neutropenia.”” White blood cell count is decreased in mice by cyclophosphamide
injection on days -2 and 0, followed by injection of G-CSF (two injections on days 1 and 2 with 1
mg/kg dose each) or G-CSF-trehalose polymer conjugate (single injection on day 1 with 1 mg/kg
dose). The granulocyte count continued to decrease in both groups until day 3, after which the
protein promoted granulocyte production and the level started increasing. G-CSF showed a sharp
increase in granulocyte count before decreasing again. This is consistent with the short half-life of
G-CSF (3.8 h),’® which necessitates daily injections up to 14 days in the clinic.”* In contrast,
granulocyte count in mice injected with G-CSF-trehalose polymer conjugate continued to increase
up to the terminal collection on day 7. This is likely due to the increased serum half-life of the
conjugate such that it stimulated granulocyte growth over a longer period even though the same

amount of protein was injected at 1 mg/kg (dose is with respect to protein).
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Figure 4-14. Bioactivity of G-CSF (1 mg/kg on days 1 and 2 as denoted by the red arrows) and
G-CSF-trehalose polymer conjugate (1 mg/kg on day 1 as denoted by the blue arrow) (n =4 —6).

We next investigated the biodistribution of G-CSF and the conjugates by positron emission
tomography (PET). Zirconium-89 (3°Zr) has a sufficiently long half-life of 3.3 days’ to observe
the extended lifetime of G-CSF conjugates in the body. Deferoxamine (DFO) is the most
frequently used chelator for 8Zr, and the commercially available p-isothiocyanatobenzyl-DFO
was conjugated to G-CSF.% The conjugation requires a basic pH condition, but G-CSF precipitated
during the conjugation as it is prone to aggregation at higher pH.8! To circumvent this problem,
DFO may be conjugated to a more stable form of G-CSF. G-CSF is expressed in E. coli as a
maltose-binding protein (MBP) fusion, and this form has significantly increased stability in the
solution even at high pH. DFO can be conjugated to the MBP-G-CSF, which would non-
selectively modify both the MBP and G-CSF, before cleaving the MBP with tobacco etch virus
(TEV) protease. The added benefit of this approach is that MBP is linked at the N-terminus of G-
CSF and would block the DFO from modifying at that site, thus acting as a protecting group for

the N-terminus and allowing for the polymer to be later installed at the site.
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Using this approach, MBP-G-CSF was conjugated with DFO-squaramide (which has been
reported to be more water soluble and resistant to ligand exchange’®) and subsequently cleaved
with TEV protease to yield the desired G-CSF-DFO conjugate (Figure 4-15). MALDI spectrum
showed unmodified and mono-functionalized G-CSF (Figure 4-16). Even though G-CSF has four
lysines available for modification, the absence of higher functionalized species suggests that one
lysine is more reactive than others. The conjugation site was not determined since this protein was
used only for the biodistribution experiment. Also, PET has high sensitivity and incomplete

modification of G-CSF would not pose a problem for the imaging study.

o NH

(0]
DFO-squaramide L
I _OH 0

0.1 M carbonate buffer,pH9 N

23°C
H

/

TEV protease .
- 0 HO_ LimW
0.1 M acetate buffer, pH 6 OH N Y el
23 °C N” OQ\/ ¢ 9.8
H @~
ﬁ/\,H N\/C - }

Figure 4-15. Conjugation of DFO to MBP-G-CSF fusion protein and cleavage of MBP with TEV
protease.
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Figure 4-16. MALDI spectrum of G-CSF-DFO, showing 637 Da shift in molecular weight (635
Da expected).

To synthesize the conjugates, G-CSF-DFO was first modified with the alkyne-
penta(ethylene glycol)-benzaldehyde linker to yield G-CSF-DFO-alkyne (Experimental Section
Figure 4-37), which was then reacted with azide-functionalized trehalose polymer or PEG using
CuAAC as described above. SDS-PAGE showed successful formation of the conjugates
(Experimental Section Figure 4-38). PEG has 2-fold larger hydrodynamic radius than trehalose
polymer with the same molecular weight (see Section 4.1.2 of this chapter) and therefore shows
up around 60 kDa instead of the expected 40 kDa molecular weight (19 kDa G-CSF and 20 kDa
PEG). MALDI spectrum of G-CSF-DFO-PEG shows a broad signal due to the dispersity of PEG
but the distribution is centered at 40 kDa as expected (Experimental Section Figure 4-39). Since
trehalose polymer is known to inhibit ionization,®® G-CSF-DFO-trehalose polymer was not

analyzed by MALDI.
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G-CSF-DFO was radiolabeled with 8Zr and injected into mice for the biodistribution
study.®2 Dynamic PET scans over 1 h (Figure 4-17) showed that intravenously injected G-CSF-
DFO-%Zr circulates throughout the body via the heart at earlier time points, but quickly
accumulates in the kidneys and bladder as expected for a relatively small protein such as G-CSF.
PET scans at extended time points showed residual radioactivity in the kidneys (Figure 4-18a),
and this may be from the breakdown of G-CSF and reabsorption as single amino acids.?* 8 When
the mice were euthanized and the organs were analyzed for radioactivity, the liver, spleen, and
bone were the major sites of accumulation (Figure 4-18b). Whereas the liver and the spleen are
typical organs involved in elimination of proteins, G-CSF has been previously shown to
accumulate in the bone marrows®* to stimulate neutrophil production. In accordance with literature,
G-CSF starts accumulating in the bones (around the knee) beginning around 4 h as shown by the
scans (Figure 4-18a). 8Zr is also known to be released from the chelator and accumulate in the
bone at longer time points’ and some of the signal from the radioactivity in the bone at 40 h after
injection may be attributed to this non-specific accumulation. Biodistribution of the conjugates is

currently underway.
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Figure 4-17. Dynamic PET scans of a mouse injected with G-CSF-DFO over 1 h (3600 s).
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Figure 4-18. (a) PET scans over 40 h after injection with G-CSF-DFO. (b) Biodistribution of
radioactivity in the organs 40 h after injection (n = 3).
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Finally, in vivo safety of the polymer was assessed. Mice were injected with the trehalose
polymer at 10 mg/kg, which is 10-fold higher than the therapeutic dose that would be used for G-
CSF conjugate. Levels of liver enzymes (alanine transaminase (ALT) and aspartate transaminase
(AST)) and kidney metabolites (blood urea nitrogen and creatinine) did not increase relative to the
buffer-injected control group (Table 4-3), showing that the polymer did not induce liver or kidney
damage. It should be noted that the creatinine level was slightly lower in the polymer treated group
(p = 0.0414), but the level was well within the normal range. Immunogenicity of the trehalose
polymer was also assessed by measuring cytokine levels after intraperitoneal injection into mice.
Whereas lipopolysaccharide as the positive control elicited strong immune response as shown by
the elevated levels of multiple cytokines, trehalose polymer injection did not significantly differ
from the buffer injection (Figure 4-19) thus showing that the trehalose polymer does not stimulate

the innate immune system.

Table 4-3. Liver enzyme and kidney metabolite levels 48 h after acute challenge of trehalose
polymer.

Buffer Trehalose Normal
Test

(control) polymer Range

WBC (10%uL) | 5.92+1.54 530+ 1.90 4.6 ~16.2%
Hematology

RBC (10%/uL) 9941044 | 10.64 £ 0.57 7.2~11.42

ALT (U/L) 32+19 269 7~227°

Liver enzymes

AST (U/L) 135+ 93 181 + 66 57 ~ 329°

BUN (mg/dL) 24+ 3 22+3 15 ~ 59P

Kidney indices
Creat (mg/dL) | 0.45+0.11 | 0.33+0.06 0.4~ 16"

2 From the supplier (Charles River CD-1 Mouse Hematology), ° Loeb, WF and Quimby,
FW. 1999. The Clinical Chemistry of Laboratory Animals, 2nd ed. Philadelphia: Taylor
& Francis USA.), Abbreviations: WBC: white blood cell count, RBC: red blood cell count,
ALT: alanine transaminase, AST: aspartate transaminase, BUN: blood urea nitrogen,
Creat: creatinine (n = 5 for buffer, n = 6 and 10 mg/kg for trehalose polymer).
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Figure 4-19. Cytokine levels in mice injected with buffer, lipopolysaccharide (20 pg/kg), or
trehalose polymer (p(Tre), 10 mg/kg) (n = 5).

4.2.3 Conclusions

We have developed an efficient approach to synthesize G-CSF-trehalose polymer

conjugate using CUAAC, with low residual copper levels. The conjugate exhibited extended in

vivo activity profile compared to the free protein, likely due to the extended serum half-life. We

also established a route to modify the unstable G-CSF with a PET chelator by using the MBP

fusion protein as both a stabilizing group to prevent G-CSF degradation during conjugation at

basic pH and a protecting group for the N-terminus that can be later used for conjugation to

polymers. PET imaging of G-CSF showed rapid clearance from the blood, with the kidneys as the
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major elimination pathway. The conjugates are expected to significantly reduce this renal
elimination pathway, and this will be confirmed by PET imaging of the conjugates. Toxicity and
immunological evaluation indicate that the trehalose polymer is non-toxic and non-immunogenic.
In the future, the bioactivity of G-CSF and the conjugate will be tested for their stability, and the
biodistribution and toxicity experiments will be conducted for the conjugate. Overall, the results
strongly suggest that trehalose polymer conjugation to therapeutic proteins is an effective method

to improve stability and pharmacokinetics of protein drugs.

4.2.4 Experimental Section

Materials

Trehalose (The Endowment for Medical Research, Houston, TX) was dried by azeotropically
drying with ethanol, and was kept under vacuum until use. Azobisisobutyronitrile (AIBN) was
recrystallized from  acetone before use.  2-[4-[(bis[(1-tert-butyl-1H-1,2,3-triazol-4-
yl)methyllamino)methyl]-1H-1,2,3-triazol-1-yl]acetic acid (BTTAA) was purchased from Ark
Pharm and used as received. Endoproteinase Lys-C used for conjugation site analysis was
purchased from Thermo Fisher Scientific. Deferoxamine (DFO) (Sigma-Aldrich) and p-
isothiocyanatobenzyl-DFO (Macrocyclics) were used as received. Trehalose monomer,? 2-azido-
1-ethylamine,® 2-(ethyltrithiocarbonate)propionic acid,® 4-cyano-4-
(ethylthiocarbonothioylthio)pentanoic acid,® and deferoxamine-squaramide’® were synthesized as
previously reported. Trehalose polymer used for toxicity and immunological experiment was
synthesized by free radical polymerization (Mn = 33.4 kDa, P = 2.56 by DMF SEC).?? Methoxy
poly(ethylene glycol) azide was purchased from Jenkem Technology (Plano, TX) and used as

received (Mn = 20.4 Kda, P = 1.02). G-CSF was expressed as previously reported,%® but using
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tobacco etch virus (TEV) protease cleavage sequence in place of enterokinase (EK) cleavage
sequence. TEV protease was obtained from the Protein Expression Lab at the UCLA-DOE
Institute. Ni-NTA resin was purchased from Thermo Fisher Scientific. Endotoxin was removed
using Triton-X114 followed by detergent removal using a macroporous hydrophobic resin (Bio-
Beads™ SM-2, Bio-Rad),®” and endotoxin level was measured using ToxinSensor™ Chromogenic

LAL Endotoxin Assay Kit (GenScript).

Analytical Techniques

NMR spectra were recorded on a Bruker DRX 500 MHz or a Bruker AV 500 MHz. Silica gel
column chromatography was performed on a Biotage Isolera One purification system. Size
exclusion chromatography (SEC) was conducted on a Shimadzu HPLC system equipped with a
refractive index detector RID-10A and two Polymer Laboratories PLgel 5 um mixed D columns
(with guard column). Lithium bromide (0.1 M) in N,N-dimethylformamide (DMF) at 50 °C was
used as the eluent (flow rate: 0.8 mL/min). Fast protein liquid chromatography (FPLC) was
performed on a Bio-Rad BioLogic DuoFlow chromatography system equipped with a GE
Healthcare HiTrap Heparin HP column (1 mL) and eluted with 20 mM sodium acetate buffer, pH
5.0 with a salt gradient from 0 M to 1 M NaCl. Infrared (IR) spectra were acquired on a Perkin-
Elmer Spectrum One instrument equipped with a universal attenuated total reflection (ATR)
assembly. UV-vis absorbance was measured using a microplate reader ELx800 (BioTek
Instruments, Winooski, VT). High-resolution mass spectra were obtained on a Thermo Scientific
Exactive Plus mass spectrometer with lonSense Direct Analysis in Real Time (DART-MS) ID-
CUBE. Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) analysis was

performed on a Bruker Ultraflex MALDI-time-of-flight (TOF) mass spectrometer in linear
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positive ion mode. Sample was mixed 1:1 with sinapinic acid (10 mg/mL) dissolved in 50%
acetonitrile with 0.1 % trifluoroacetic acid on the MALDI target plate. Copper concentration was

measured at the UCLA ICP-MS facility by Professor Shane Que Hee.

Synthesis of Small Molecules and Polymers

0 0
NH s s EDC-HCI, DMAP \ s s
N2 ~ > TN ~
: HO)H/ g DCM, 0 °C to 23 °C N g
S S
CTA1
(37.7 %)

Synthesis of CTAL. 2-(Ethyltrithiocarbonate)propionic acid (81 mg, 0.39 mmol, 1 equiv.) and 2-
azido-1-ethylamine (39 mg, 0.39 mmol, 1 equiv.) were dissolved in 3 mL of dry DCM and cooled
to 0 °C. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI) (148 mg,
0.771 mmol, 2 equiv) and 4-dimethylaminopyridine (DMAP) (9 mg, 0.08 mmol, 0.2 equiv.) were
added. The mixture was allowed to warm to 23 °C and stirred for 16 h. The mixture was purified
by column chromatography (1:1 hexanes:ethyl acetate) to yield the product (41 mg, 0.15 mmol,
38% vield). *H NMR (500 MHz in CDCls) 8: 6.67 (br s, 1H), 4.73 (q, J = 7.4 Hz, 1H), 3.43-3.37
(m, 6H), 1.58 (d, J = 7.3 Hz, 3H), 1.37 (t, J = 7.4 Hz, 3H). 3C NMR (500 MHz in CDCls) §: 224.1,
171.0, 50.9, 47.8, 39.3, 32.1, 16.1, 13.0. IR: 3291, 3078, 2972, 2927, 2871, 2095, 1650, 1527,

1446, 1371, 1343, 1300, 1262, 1216, 1077, 1027, 984, 878, 817 cm™.
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EDC-HCI, DMAP
3 NG II/ DCM, 0 °C to 23 °C H NG \ﬂ/

CTA2
(25.5 %)

Synthesis of CTAZ2. 4-cyano-4-(ethylthiocarbonothioylthio)pentanoic acid (338 mg, 1.29 mmol,
1 equiv.), 2-azido-1-ethylamine (130 mg, 1.29 mmol, 1 equiv.) were dissolved in 10 mL of dry
DCM and cooled to 0 °C. EDC-HCI (493 mg, 2.57 mmol, 2 equiv) and DMAP (31 mg, 0.26 mmol,
0.2 equiv.) were added. The mixture was allowed to warm to 23 °C and stirred for about 16 h.
Solvent was removed in vacuo, and purified by column chromatography (gradient elution of
hexanes + 40-50% ethyl acetate) to yield the product (109 mg, 0.329 mmol, 25.5% vyield). H
NMR (500 MHz in CDCl3) &: 5.79 (br s, 1H), 3.48-3.44 (m, 4H), 3.35 (g, J = 7.4 Hz, 2H), 2.57—
2.37 (m, 4H), 1.90 (s, 3H), 1.36 (t, J = 7.5 Hz, 3H). 3C NMR (500 MHz in CDCl3) &: 216.9,
171.6,119.2,61.2,46.5, 34.1, 31.5, 30.0, 25.0, 14.3, 12.9. IR: 3292, 3085, 2971, 2929, 2872, 2098,
1649, 1546, 1445, 1375, 1343, 1294, 1260, 1214, 1152, 1115, 1079, 1030, 975, 936, 908, 866, 799

cm?,
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RAFT polymerization of trehalose monomer using CTAL. Trehalose monomer (200 mg, 0.438
mmol, 55 equiv.), CTAL (2.22 mg, 0.00797 mmol, 1 equiv.), and AIBN (0.52 mg, 0.0032 mmol,
0.4 equiv) were dissolved in dry DMSO (0.55 mL) and freeze-pump-thawed three times. The
polymerization was initiated by immersing the flask into 80 °C oil bath. The polymerization was
quenched at 55% conversion by freezing with liquid nitrogen and exposing to air, and dialyzed in
deionized water to remove the unreacted monomer (Spectra/Por3® regenerated cellulose
membrane, MWCO 3.5 kDa). The water was removed by lyophilization to yield the product. H
NMR (500 MHz in DMSO-de) 6: 7.66-6.91, 6.91-6.05, 5.67-5.32, 5.32-5.11, 5.11-4.88, 4.88—
4.69, 4.53-4.31, 4.22-4.05, 4.05-3.89, 3.89-3.76, 3.76-3.67, 3.67-3.53, 3.53-3.46, 3.46-3.39,
3.24-3.09, 2.31-0.61. IR: 3372, 2921, 2875, 2106, 1711, 1638, 1615, 1514, 1418, 1375, 1337,
1307, 1264, 1211, 1145, 1072, 1046, 1016, 983, 928, 824, 799, 720 cm™. M, = 11.7 kDa, b = 1.31

(DMF SEC).
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RAFT polymerization of trehalose monomer using CTAZ2. Trehalose monomer (200 mg, 0.438
mmol, 65 equiv.), CTA2 (2.22 mg, 0.00797 mmol, 1 equiv.), and AIBN (0.52 mg, 0.0032 mmol,
0.48 equiv) were dissolved in dry DMSO (0.55 mL) and freeze-pump-thawed three times. The
polymerization was initiated by immersing the flask into 80 °C oil bath. The polymerization was
quenched at 88% conversion by freezing with liquid nitrogen and exposing to air, and dialyzed in
deionized water to remove the unreacted monomer (Spectra/Por3® regenerated cellulose
membrane, MWCO 3.5 kDa). The water was removed by lyophilization to yield the polymer. 'H
NMR (500 MHz in DMSO-de) 6: 7.73-6.93, 6.93-6.01, 5.69-5.35, 5.35-5.12, 5.12-4.89, 4.89—
4.72, 4.54-4.34, 4.25-4.04, 4.04-3.89, 3.89-3.76, 3.76-3.67, 3.67-3.54, 3.54-3.47, 3.24-3.06,
2.30-0.58. IR: 3362, 2921, 2865, 2111, 1635, 1618, 1514, 1423, 1375, 1271, 1211, 1148, 1110,
1072, 1044, 1016, 976, 928, 826, 799 cm™. M, = 15.5 kDa, P = 1.20 (DMF SEC). UV-vis spectrum

showed trithiocarbonate absorption at Amax = 314 nm.
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Removal of trithiocarbonate group from the azide-functionalized trehalose polymer by

aminolysis. Azide-functionalized polymer (76 mg, 0.0048 mmol, 1 equiv.), n-butylamine (94 uL,

0.96 mmol, 200 equiv.), and 2-hydroxypropyl methacrylate (0.13 mL, 0.96 mmol, 200 equiv.)

were dissolved in 1:1 water:DMSO (1 mL total) and monitored by UV-vis spectrometer for

disappearance of the trithiocarbonate absorption at 314 nm. Cleavage was complete in 3 h. The

mixture was diluted with 5 mL of deionized water

and dialyzed to remove DMSO before

Iyophilization to yield the product (72 mg, 95% yield). *H NMR (500 MHz in DMSO-dg) &: 7.53—

6.87, 6.87-6.02, 5.70-5.33, 5.33-5.12, 4.88-4.74, 4.47-4.33, 4.27-4.04, 4.04-3.88, 3.88-3.76,

3.76-3.66, 3.66-3.53, 3.53-3.47, 3.47-3.40, 3.24-3.09, 2.20-0.49. M, = 15.8 kDa, b = 1.22 (DMF

SEC). UV-vis spectrum showed disappearance of the trithiocarbonate absorption.
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Figure 4-20. Synthesis of alkyne-penta(ethylene glycol)-benzaldehyde linker.

Pyr, 60 °C
(50.9 %)
Tritylation of penta(ethylene glycol) (1). Penta(ethylene glycol) (1 g, 4.197 mmol, 2 equiv.) and
trityl chloride (585 mg, 2.10 mmol, 1 equiv.) were dissolved in dry pyridine (40 mL) and stirred
at 60 °C for 16.5 h. Solvent was removed in vacuo, and the solid was extracted with 100 mL of
0.5 M HCl and 100 mL DCM, and the aqueous phase was extracted two more times with 100 mL
DCM. The combined organic layer was dried with MgSQO4 and added to silica gel and concentrated
in vacuo for dry load, and purified by column chromatography (ethyl acetate + 0 — 10% MeOH)

to yield the product (513 mg, 1.07 mmol, 50.9% yield). *H NMR (500 MHz in (CD3)2CO) &: 7.50

(d,J=7.6 Hz, 6H), 7.33 (t, = 7.7 Hz, 6H), 7.25 (t, J = 7.5 Hz, 3H), 3.67 (t, J = 5.1 Hz, 2H), 3.64—
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3.57 (M, 14H), 3.50 (t, J = 5.1 Hz, 2H), 3.18 (t, J = 5.0 Hz, 2H). 3C NMR (500 MHz in (CD3)2CO)
5: 145.27, 129.56 128.61, 127.80, 87.21, 73.54, 71.54, 71.36, 71.34, 71.29, 71.27, 71.13, 64.32,

61.98. DART-MS [C29H3606 + NH4]" calculated 498.2856, observed 498.2858.

TsCl, DMAP, Et,N

Tno’f\/oﬂs\H oM = Trto’('\/o‘)s\Ts
2

1

(93.8 %)
Tosylation of tritylated penta(ethylene glycol) (2). Tritylated penta(ethylene glycol) (2.036 g,
4.236 mmol, 1 equiv.), tosyl chloride (1.615 g, 8.473 mmol, 2 equiv.), and DMAP (104 mg, 0.847
mmol, 0.2 equiv.) were dissolved in DCM (21 mL) and cooled to 0 °C. Triethylamine (1.18 mL,
8.47 mmol, 2 equiv.) was added dropwise, and the mixture was warmed to 23 °C and stirred for
24 h. The mixture was extracted with 100 mL DCM and 100 mL brine, and the aqueous layer was
extracted twice with 100 mL DCM. The combined organic layer was dried with MgSQO4 and added
to silica gel and concentrated in vacuo for dry load, and purified by column chromatography (1:1
hexanes:ethyl acetate to 100% ethyl acetate) to yield the product (2.523 g, 3.975 mmol, 93.8%
yield). 'H NMR (500 MHz in CDCl3) &: 7.79 (d, J = 8.3 Hz, 2H) 7.46 (d, J = 7.5 Hz, 6H), 7.33—
7.26 (M, 8H), 7.22 (t, J = 7.3 Hz, 3H), 4.13 (t, J = 4.8 Hz, 2H), 3.68-3.60 (m, 12H), 3.57-3.54 (m,
4H), 3.23 (t, J = 5.2 Hz, 2H), 2.43 (s, 3H). 23C NMR (500 MHz in CDCls) &: 144.30, 128.85,
127.89, 127.05, 86.65, 79.81, 74.62, 70.94, 70.85, 70.82, 70.81, 70.78, 70.75, 70.71, 70.54, 69.24,

63.46, 58.53. DART-MS [C3sHsNOsS + NH4]" calculated 652.2944, observed 652.2947.
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(95.6 %)

Propargylation of tritylated penta(ethylene glycol) tosylate (3). Sodium hydride (60%
dispersion in mineral oil) (630 mg, 15.8 mmol, 10 equiv.) was suspended in dry THF (10 mL) and
cooled to 0 °C. Propargyl alcohol (0.92 mL, 16 mmol, 1 equiv.) was added dropwise. The mixture
was stirred at 0 °C for 30 min. Tritylated penta(ethylene glycol) tosylate (1 g, 1.575 mmol, 1 equiv.)
dissolved in 20 mL of dry THF was added dropwise. The reaction mixture was warmed to 23 °C
and stirred for 21.5 h. Solvent was removed in vacuo, and the mixture was extracted with 50 mL
brine and 50 mL DCM, and the aqueous layer was extracted twice with 50 mL DCM and then with
50 mL ethyl acetate. The combined organic layer was dried with MgSO4 and added to silica gel
and concentrated in vacuo for dry load, and purified by column chromatography (1:1
hexanes:diethyl ether to 100% diethyl ether) to yield the product (781 mg, 1.51 mmol, 95.6%
yield). '"H NMR (500 MHz in CDCl3) &: 7.46 (d, J = 7.7 Hz, 6H), 7.29 (t, J = 7.7 Hz, 6H), 7.22 (t,
J=7.4Hz, 3H), 4.19 (d, J = 2.3 Hz, 2H), 3.69-3.64 (m, 18H), 3.23 (t, J = 5.2 Hz, 2H), 2.41 (t, J
= 2.2 Hz, 1H). *C NMR (500 MHz in CDCls) §: 144.27, 128.86, 127.90, 127.06, 86.66, 79.82,
74.63, 70.94, 70.86, 70.83, 70.81, 70.78, 70.75, 70.72, 70.54, 69.25, 63.46, 58.54. DART-MS

[Ca2H3806 + NH4]" calculated 536.3012, observed 536.3012.
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Detritylation of penta(ethylene glycol) alkyne (4). Tritylated penta(ethylene glycol) alkyne (925
mg, 1.78 mmol) and triisopropylsilane (1 mL) were dissolved in 8 mL DCM and cooled to 0 °C.
To this mixture was added trifluoroacetic acid (TFA, 1 mL) in 4 mL dropwise. The mixture was
stirred at 0 °C for 5 min, after which the reactant was fully consumed as monitored by TLC.
Saturated sodium bicarbonate (25 mL) was added dropwise, and the mixture was extracted by
adding additional 25 mL of saturated sodium bicarbonate and 50 mL DCM. The aqueous layer
was extracted two times with 50 mL DCM. The combined organic layer was dried with MgSOa4
and added to silica gel and concentrated in vacuo for dry load, and purified by column
chromatography (ether + 0 — 10% MeOH) to yield the product (469 mg, 1.70 mmol, 95.2% yield).
IH NMR (500 MHz in CDCls) &: 4.19 (d, J = 2.3 Hz, 2H), 3.72-3.59 (m, 20H), 2.87 (br s, 1H),
2.42 (t,J = 2.4 Hz, 1H). 3C NMR (500 MHz in CDCl3) §: 79.76, 74.64, 72.52, 70.67, 70.63, 70.60,
70.51, 70.39, 69.21, 61.76, 58.50. DART-MS [C13H2406 + NH4]* calculated 294.1917, observed

294.1917.

DCM, 23 °C 5 5

(70.7 %)

A TsCl, DMAP, EtN
\\/fo\/‘);OH - \\/(o\/\}o/TS
4

Tosylation of penta(ethylene glycol) alkyne (5). Penta(ethylene glycol) alkyne (468 mg, 1.69
mmol, 1 equiv.), tosyl chloride (646 mg, 3.39 mmol, 2 equiv.), and DMAP (41 mg, 0.34 mmol,
0.2 equiv.) were dissolved in 8.5 mL DCM and cooled to 0 °C. Triethylamine (0.47 mL, 3.4 mmol,
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2 equiv.) was added dropwise, and the reaction was allowed to warm to 23 °C and stirred for 25 h.
The mixture was exracted with 100 mL DCM and 100 mL brine, and the aqueous layer was
extracted twice with 50 mL DCM. The combined organic layer was dried with MgSO4 and
concentrated in vacuo, and purified by column chromatography (ether + 0 — 70% ethyl acetate) to
yield the product (499 mg, 1.20 mmol, 70.7% yield). *H NMR (500 MHz in CDCls) &: 7.80 (d, J
= 8.2 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 4.20 (d, J = 2.3 Hz, 2H), 4.16 (t, J = 4.8 Hz, 2H), 3.70-
3.68 (m, 6H), 3.65-3.61 (m, 8H), 3.58 (s, 4H), 2.45 (s, 3H), 2.42 (t, J = 2.3 Hz, 1H). 3C NMR
(500 MHz in CDCls) 8: 144.93, 133.15, 129.98, 128.15, 79.81, 74.66, 70.91, 70.76, 70.72, 70.71,
70.67, 70.55, 69.38, 69.26, 68.83, 58.55, 21.80. DART-MS [C20H300sS + NH4]+ calculated

448.2005, observed 448.2006.

0
0
H
X N "
No _Ts HO \\/{0
> o
\/\)50 K,COs, DMF, 90 °C \/j;
5 6
(81.7 %)

Synthesis of alkyne-penta(ethylene glycol)-benzaldehyde linker (6). Tosylated penta(ethylene
glycol) alkyne (496 mg, 1.19 mmol, 1 equiv.), 4-hydroxybenzaldehyde (175 mg, 1.43 mmol, 1.2
equiv.), and potassium carbonate (658 mg, 4.76 mmol, 4 equiv.) were dissolved in 12 mL DMF
and stirred at 90 °C for 47 h. The solvent was removed in vacuo, and extracted with 250 mL brine
and 150 mL DCM. The aqueous layer was extracted twice with 150 mL DCM. The combined
organic layer was dried with MgSO4 and added to silica gel and concentrated in vacuo for dry load,
and purified by column chromatography (ether + 0 — 100% ethyl acetate) to yield the product (370

mg, 0.973 mmol, 81.7% yield). *H NMR (500 MHz in CDCls) &: 9.89 (s, 1H), 7.83 (d, J = 8.6 Hz,
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2H), 7.02 (d, J = 8.6 Hz, 2H), 4.22 (t, J = 4.7 Hz, 2H), 4.20 (d, J = 2.5 Hz, 2H), 3.89 (t, J = 4.8 Hz,
2H), 3.74-3.72 (m, 2H), 3.71-3.65 (M, 14H), 2.42 (t, J = 2.2 Hz, 1H). *C NMR (500 MHz in
CDCls) &: IR: 3251, 2866, 2739, 2111, 1684, 1598, 1575, 1510, 1454, 1426, 1393, 1310, 1254,
1216, 1161, 1095, 1054, 1034, 946, 921, 832 cmt. DART-MS [C20H2807 + NHa]* calculated

398.2179, observed 398.2179.
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Conjugation of Alkyne-Penta(ethylene glycol)-Benzaldehyde Linker to G-CSF

To G-CSF (456 pg in 82 uL of 100 mM sodium acetate buffer, pH 5.0) was added 9.1 pL of
alkyne-penta(ethylene glycol)-benzaldehyde dissolved in NaBH3CN (10 mg/mL of the alkyne and
12.5 mg/mL of NaBH3CN (5 mg/mL G-CSF, 10 mol equiv. of the alkyne linker, 75 mol equiv. of
NaBH3CN). The mixture was incubated at 25 °C with 1250 rpm shaking for 36 h, and the free
linker was removed by repeated buffer exchange with Centriprep™ tubes (molecular weight cut-

off (MWCO) = 3 kDa). G-CSF-DFO-alkyne was synthesized using the same procedure.

Lys-C Digestion of G-CSF for Conjugation Site Determination

G-CSF-alkyne conjugate (100 pug) was buffer exchanged to 100 mM ammonium bicarbonate, pH
8.0 and concentrated to about 20 pL. Urea (7.2 mg, 6 M) was added and the mixture was sonicated
for 10 min. The protein was reduced by adding 0.2 pL of 500 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCI) (about 20 mM in the mixture) and incubated at 60 °C for 30 min. After
warming to 23 °C, 0.2 uL of 500 mM 2-iodoacetamide (about 20 mM in the mixture) was added
and the mixture was incubated in the dark at 23 °C for 30 min. After alkylating the cysteines, 40
uL water was added to dilute the urea to 2 M. To this mixture was added 2 pL Lys-C (1 mg/mL,
1:50 ratio compared to the G-CSF conjugate), and the sample was incubated at 60 °C for 13 h
before LC-MS analysis (Dr. Julian Whitelegge, The Pasarow Mass Spectrometry Laboratory, The

NPI-Semel Institute, UCLA David Geffen School of Medicine).

Conjugation of Polymers to G-CSF-Alkyne
Representative Procedure: Trehalose polymer conjugation to G-CSF. To G-CSF-alkyne (203

pg in 25 pl of 25 mM sodium acetate buffer, pH 4.0) was added azide-functionalized trehalose
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polymer (3.4 mg, 220 nmol, 20 mol equiv.). The mixture was mixed by pipetting and centrifuged
for 1 min to remove any air bubbles. To this mixture was added 1.35 puL of CuSO4/BTTAA (15
mM CuSO4 and 90 mM of BTTAA), 1.35 uL of 150 mM aminoguanidine, and 1.35 pL of 300
mM sodium ascorbate (final concentrations: 0.5 mM CuSOs, 3 mM BTTAA, 5 mM
aminoguanidine, and 10 mM sodium ascorbate). The mixture was incubated at 23 °C for 23 h, and
then exchanged to 20 mM sodium acetate buffer, pH 5 with 10 mM EDTA and purified by cation
exchange chromatography on FPLC using a heparin column. Residual unmodified G-CSF was
removed by repeated centrifuge cycles using Centriprep™ tubes with MWCO of 30 kDa. PEG
conjugate was synthesized using the same procedure, except using PEG-azide instead of trehalose

polymer.

Conjugation of Deferoxamine (DFO) to G-CSF

Maltose binding protein (MBP)-G-CSF fusion protein (17.2 mg of total protein content) in 3.1 mL
of 0.1 M carbonate-bicarbonate buffer, pH 9 was mixed with 344 uL of 5 mg/mL DFO-squaramide
in 10% DMSO. The mixture was incubated at 23 °C for 58 h, and then buffer exchanged into 0.1
M sodium acetate, pH 6 using 30 kDa MWCO Centriprep™ tubes to remove unreacted DFO. MBP
was cleaved from G-CSF by digestion with TEV protease (1.72 mg, 10:1 weight ratio of
protein:protease) at 23 °C for 7 h. G-CSF-DFO and free G-CSF were purified from MBP by Ni-

nitrilotriacetic acid (NTA) affinity chromatography.

Animal Usage
All animal experiments were conducted according to the protocol approved by the UCLA Animal

Research Committee (ARC).
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In Vivo Bioactivity of G-CSF and G-CSF-Trehalose Polymer Conjugate

CD1 mice (female, 6 wks, n = 6) were intraperitoneally injected with cyclophosphamide (150
mg/kg each) at days -2 and 0 to induce neutropenia (second injection date is day 0 by convention).
Drinking water was treated with enrofloxacin (0.25 mg/mL) as a prophylactic antibiotic to prevent
infection during neutropenia. The mice were either administered with G-CSF (1 mg/kg on days 1
and 2) or G-CSF-trehalose polymer conjugate (1 mg/kg based on the protein concentration on day
1) by subcutaneous injection. Blood (around 40 uL) was collected into EDTA-coated tubes by
saphenous bleed on days 0, 1, 3, and 5. On day 7, the mice were euthanized and the blood was
collected by cardiac puncture. Samples were analyzed for blood cell counts by the Pathology and

Laboratory Medicine Services, UCLA Division of Laboratory Animal Medicine (DLAM).

PET Imaging of G-CSF-DFO

Radiolabelling and PET/CT imaging were conducted by the UCLA Crump Institute for Molecular
Imaging. Briefly, C57BL/6 mice (female, 8-12 wks, n = 3) were injected intravenously with G-
CSF-DFO that has been radiolabeled with 89Zr using a literature procedure®? (around 11 pCi
radioactivity or 13 pg of protein). Briefly, 89Zr-oxalate and G-CSF-DFO were incubated at pH
7.0 at room temperature for 1 h, and radiolabeling efficiency was measured using instant thin layer
chromatography (Biodex Medical Systems) with a Wizard 3” 1480 Automatic Gamma Counter
(Perkin-Elmer). The protein was purified from the free 8Zr by BioRad6 Spin columns (Bio-Rad).
The mice were observed by PET for 40 h, and then euthanized for analysis of radioactivity in each

organ.

163



Toxicological Evaluation of Trehalose Polymer

CD1 mice (female, 6 wks, n = 6) were intravenously injected with trehalose polymer synthesized
by free radical polymerization (10 mg/kg). After 48 h, the mice were euthanized and blood was
collected by cardiac puncture. Blood for liver enzyme (ALT and AST) and kidney metabolite
(blood urea nitrogen and creatinine) analysis was collected into the silica clot activator tubes (BD
Vacutainer® ), and blood for hematology was collected into EDTA-coated tubes. Serum and blood
samples were analyzed by the Pathology and Laboratory Medicine Services, UCLA Division of

Laboratory Animal Medicine (DLAM).

Immunological Evaluation of Trehalose Polymer

CD1 mice (female, 6 wks, n = 5) were intraperitoneally injected with a trehalose polymer
synthesized by free radical polymerization (10 mg/kg). The negative control group was injected
with buffer (Dulbecco’s phosphate buffered saline (D-PBS)), and the positive control group was
injected with lipopolysaccharide (20 pg/kg). Blood was collected from alternate sides by retro-
orbital bleeding at 1 h and 6 h after the injection. At 24 h, the mice were euthanized and the blood
was collected by cardiac puncture. Blood was collected into the silica clot activator tubes (BD
Vacutainer® ), and serum was separated by centrifuging at 2000 x g for 10 min at 4 °C. IL1b, IL2,
IL4, L6, KC (IL8 murine analog), IL10, IL12, IFNy, and TNFa were measured using the
multiplexed ELISA-type assay (Luminex XMAP) at the UCLA Immune Assessment Core (Dept.

Pathology and Laboratory Medicine).
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Statistical Analysis
Student’s t-test assuming unequal sample variance was used to test the difference between

experimental groups. Results were considered significantly different if p < 0.05.
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NMR Spectra
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Figure 4-21. H (top) and *3C (bottom) NMR spectra of CTA1 (CDCls).
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Figure 4-22. H (top) and *3C (bottom) NMR spectra of CTA2 (CDCls).
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Figure 4-23. TH NMR spectrum of trehalose polymer from RAFT polymerization using CTA1
(DMSO-d).
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Figure 4-24. *H NMR spectrum of trehalose polymer from RAFT polymerization using CTA2
(DMSO-de).
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Figure 4-25. 'H NMR spectrum of azide-functionalized trehalose polymer (from CTAZ2) after
removal of the trithiocarbonate group (DMSO-de).
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Figure 4-26. H (top) and *3C (bottom) spectra of tritylated penta(ethylene glycol) 1 ((CD3)2CO).

170



00 b
Q 2 o (CD,),CO

T T T
130 129 128 ppm

B
QR
S

A c I b'L”

T 1
50 40 30 20 ppm

T T T T T
140 130 120 110 100 90 80 70 60

150
Figure 4-27. 'H (top) and *3C (bottom) spectra of tritylated penta(ethylene glycol) tosylate 2

((CDs)2CO).
171



()]
B
w 3
V]
-
o
-

6 ppm
I
o~ 0 o n N o™
S oo alca @
00N ~- 2 - (=]
M
C
B
T T
70.8 70.6 ppm
D
A H-0
G FQR
]
L
T T T T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 ppm

Figure 4-28. H (top) and *3C (bottom) spectra of tritylated penta(ethylene glycol) alkyne 3

(CDClg).
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Figure 4-29. 'H (top) and *3C (bottom) spectra of penta(ethylene glycol) alkyne 4 (CDCls).
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Figure 4-30. H (top) and *3C (bottom) spectra of tosylated penta(ethylene glycol) alkyne 5
(CDCly).
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Figure 4-31. H (top) and *3C (bottom) spectra of alkyne-penta(ethylene glycol)-benzaldehyde
linker 6 (CDCls).
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Additional Figures
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Figure 4-32. UV-vis spectrum of azide-functionalized trehalose polymer before (solid) and after
(dashed) aminolysis to remove the trithiocarbonate end-group.
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Figure 4-33. SEC chromatogram of azide-functionalized trehalose polymer before (red) and after

(blue) aminolysis.
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Figure 4-34. MALDI spectrum of G-CSF-alkyne.
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Figure 4-35. Fast protein liquid chromatography (FPLC) chromatogram of G-CSF-trehalose
polymer mixture.

177



kDa 2 3 4 5 6 7 8 9 10

250
150
100

75

50
37

25
20

Vi hpe -

15
10 .

1 Ladder | 213|314 | 415|516
617|718 |8 f19|9 Crude | 10 f5

1 2

250
150
100

75

50
37

25
20

15
10

1 Ladder | 2 f16-
18,centriprepped

——

Figure 4-36. SDS-PAGE of FPLC fractions from Figure 4-35 with silver stain.
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Figure 4-37. MALDI spectrum of G-CSF-DFO-alkyne.
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Chapter 5.

Traceless Conjugation to Primary Alkyl Amines with

Potential Application in Protein Conjugation
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5.1 Introduction

Biomolecules such as proteins are commonly modified with synthetic small molecules and
polymers to improve their properties or for novel functions. For example, polymers have been
conjugated to proteins to enhance their stability™ ? and pharmacokinetics,® while antibody-drug
conjugates are used clinically to deliver anti-cancer drugs selectively to the tumor while
minimizing off-target effects.* However, such modifications very frequently reduce the activity of
the protein. Site-specific conjugation® to an amino acid distal to the active site or binding motif
can minimize such an effect, but the decrease in activity often cannot be completely avoided.

An alternative strategy is to use a reversible conjugation chemistry such that the small
molecule or polymer remains attached to the protein until a desired stimulus is encountered, after
which the small molecule or polymer releases itself to regenerate the native protein. Referred to as
traceless conjugation, common release mechanisms include 1,6-elimination, disulfide exchange,
and photoresponsive linkers.® The most frequently used linker is the benzyl carbamate linkage’
that is formed with amines that are abundant in proteins and can release the protein via 1,6-
elimination upon uncapping of the phenol (Figure 5-1). The quinone methide by-product is
immediately trapped by the solvent (water) to generate a 4-hydroxybenzyl alcohol by-product that

has minimal toxicity.®
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Figure 5-1. Mechanism of 1,6-elimination by benzyl carbamate linker.

This linker has proven to be effective and used for many antibody-drug conjugates,® but
there are some limitations (Figure 5-2). First, the conjugation optimally proceeds at basic pH, since
sufficient amounts of the nucleophilic amine of the protein should be deprotonated for the Sn2
reaction with the electrophile on the synthetic molecule. However, this conjugation condition is
not compatible with proteins that are unstable at high pH such as granulocyte-colony stimulating
factor (G-CSF).® Second, the benzylic position of the linker must be activated in order to form the
carbamate linkage. This has negative consequences such as additional synthetic steps, the
instability of the reagent, and limited functional group tolerance during the synthesis of the
molecules. Finally, the formed conjugate loses the positive charge on the amine as it is transformed
into a carbamate, and a loss of charge may lead to protein destabilization.°

A complementary and potentially superior approach for traceless conjugation would be to
directly couple the protein and the synthetic molecule via reductive amination using benzaldehyde
derivatives (Figure 5-2). Reductive amination occurs in the mildly acidic to mildly basic pH (5 —
8), which is complementary to the neutral to basic pH range (7 — 10) required for the traditional

linker. Moreover, commercially available benzaldehydes can be used as starting materials without
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the need for additional activation. In addition, compared with the activated carbonyl,
benzaldehydes are more tolerant to nucleophiles and are not subject to hydrolysis. Finally, the
conjugate formed from reductive amination retains the positive charge on the secondary amine at
a neutral pH, which renders the conjugate more similar to the native protein and help improve the

stability of the conjugate.©
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Figure 5-2. Comparison of benzyl linkers for traceless conjugation to proteins.

It was recently reported that tertiary and heteroaryl amines conjugated at the benzylic
position of this linker can undergo 1,6-elimination to release small molecule amine-containing
drugs.* However, the conjugation of the amine with the linker required the use of thionyl chloride
in N,N-dimethylformamide, precluding any potential use in protein conjugation. Moreover, the
report does not discuss primary alkyl amines, which are presumably not activated enough to
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undergo 1,6-elimination. We hypothesized that increasing the density in the aromatic system by
adding electron-donating groups may lower the activation energy to allow release of alkyl amines.

In this chapter, we will present a linker design that allows for traceless conjugation of
synthetic molecules to alkyl amines, similar to those in proteins, under mild conditions that would
be suitable for biomolecules. This simple methodology is complementary to the existing benzyl
carbamate approach widely used in both the academia and the industry, and may provide easier

access to traceless conjugates and offer advantages for proteins unstable at high pH.

5.2 Results and Discussion

Given that only tertiary and heteroaryl amines are capable of undergoing 1,6-elimination
from the benzyl position, we hypothesized that electron donating groups would stabilize the
intermediate and allow the reaction to proceed at an appreciable rate for alkyl amines. Since the
proposed quinone methide intermediate resulting from the 1,6-elimination is a positively charged
species, electron-donating groups would lower the activation barrier.*> Hammett parameters for
hydrogen (para = 0.00), methyl (Gpara = -0.17) and methoxy (cpara = -0.27) groups ** suggested that
the rate of 1,6-elimination would increase in the following order: H < Me < OMe. We designed
the linker to contain two electron donating groups at the ortho position to maximally accelerate
1,6-elimination (Figure 5-3). Density-functional theory (DFT) calculations showed that 1,6-
elimination occurs with a monotonous increase in energy towards the product (i.e., no transition
state along the reaction coordinate) (courtesy of Dr. Zhongyue Yang from Professor Ken Houk’s
research group). Moreover, the calculated free energy change correlated with the trend expected

from the Hammett parameters.
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Figure 5-3. Computed structures to study the electronic effect on the 1,6-elimination of benzyl
amines (structures optimized using B3LYP/6-31g(d) with SMD water model in GAMESS*).

With the computational results supporting the hypothesis, the silyl-protected benzyl amines
were used as a model system to show the feasibility of alkyl amine release from the benzyl linker
(Figure 5-4). A silyl protecting group was chosen because it has been previously used to cap the
phenolic oxygen for benzyl carbonates,'® and the silyl deprotection with a fluoride source such as
tetrabutylammonium fluoride (TBAF) is selective and rapid. We chose 2-(2-aminoethyl)pyridine
as the model alkyl amine; its pyridine ring allows for UV measurement during the high-
performance liquid chromatography (HPLC) and also improves water solubility of the silyl-

protected benzylamine substrates.
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Silyl-protected benzyl amines were dissolved in 70:30 methanol:buffer (Dulbecco’s
buffered saline (D-PBS), pH 7.4) with 0.3 M TBAF. The kinetics of amine release was quantified
using HPLC calibration curve of known concentrations of 2-(2-aminoethyl)pyridine. According to
the assumed mechanism, the kinetics should be approximately first-order since the initial silyl
deprotection is fast and the fluoride reagent is in great excess (0.3 M) compared to the tested
compounds (5 — 7 uM). The rate of amine released followed the expected trend H < Me < OMe
(Figure 5-5). The control experiments without TBAF showed slow but noticeable release for the
dimethyl and dimethoxy linkers (Experimental Section Figure 5-19), which was attributed to the
hydrolysis of the TIPS group. Indeed, when the phenol of the dimethoxy linker is methylated

(trimethoxy in the figure) the background release is suppressed.
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Figure 5-5. Kinetics of amine release for different traceless linkers (n = 3).

In accordance with the unimolecular reaction mechanism for the 1,6-elimination, the
logarithmic plot was linear for the unsubstituted and the dimethyl substituted linker. It should be
noted that the slight deviation at very high conversion (98%) of the dimethyl substituted linker
was due to the amplification of error close to 100% on the logarithmic plot (Experimental Section
Figure 5-18). In contrast, the dimethoxy linker was only linear for the initial time points. At this
time, we presume that strong electron donation from the dimethoxy substituents stabilizes the
quinone methide, intermediate that had been previously assumed to be immediately quenched by
the solvent.® The quinone methide may reversibly add to the amine, forming a shunt pathway that

slows down the reaction once enough quinone methide has accumulated (Figure 5-6).
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Figure 5-6. Proposed pathway responsible for delayed amine release at high conversion.

Having confirmed that increased electron density around the ring accelerates the 1,6-
elimination, we thought to further accelerate the kinetics. The first approach was to substitute the
—OH with —NH> at the para position. Because corresponding anilines were not commercially
available, the three differently substituted 4-hydroxybenzaldehydes were converted to aniline by
reacting with 2-bromopropionamide followed by in situ Smiles rearrangement (Figure 5-7).1°
However, the resulting anilines had poor solubility in organic solvents and were difficult to

derivatize, and this route was abandoned.

a) KOH, DMSO R

50 °C HoN
H
+ Br b) KOH H

140 °C

Figure 5-7. Conversion of 4-hydroxybenzaldehydes to corresponding anilines.

The second approach was to install a dimethylamino group, which has a very large
Hammett constant (opara = -0.83). Since 4-hydroxybenzaldehyde with ortho-dimethylamino

substitution was not commercially available, 2-hydroxybenzaldehyde with para-dimethylamino
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substitution that can undergo analogous 1,4-elimination was selected for the study instead. It was
reported that 1,4-elimination occurs in the same manner as 1,6-elimination albeit at a slightly
diminished rate.!” Even with only a single substitution, the large Hammett constant for
dimethylamino suggested that it will release amine faster than the doubly-substituted dimethoxy
linker (OCH3 opara = -0.27). The DFT calculation supported this hypothesis and predicted that the
energy for amine release will be 4.5 kcal/mol more favorable for the dimethylamino linker

compared to the dimethoxy linker.

N
Ve
:2\ : + HpN_
\r~ CH; CH;
HO ) .

HO
28.7 kcal/mol

Figure 5-8. Dimethylamino linker undergoing 1,4-elimination (structures optimized using
B3LYP/6-31g(d) with SMD water model in GAMESS).

While we were synthesizing the silyl-protected dimethylamino linker, we found that the
TIPS deprotected compound (Figure 5-9) was able to be isolated as a cyanoborohydride salt. The
solvent used in the previous kinetic experiments was 70:30 methanol:D-PBS with 0.3 M TBAF to
deprotect the phenol to initiate the release, but since this compound has a free phenol it was
dissolved in 70:30 methanol:D-PBS without TBAF. This linker exhibited even faster amine release,
with more than 50% release occurring within the first 5 hours, whereas the dimethoxy linker took
1 day and the dimethyl linker took 3 days to release 50% amine. The log plot (Experimental Section
Figure 5-18) deviated from linearity as it did for dimethoxy linker, likely due to the stabilization

of the quinone methide intermediate, which potentially creates a shunt pathway as discussed earlier.
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Figure 5-9. Kinetics of amine release from the dimethylamino linker (n = 3).

The slope of the linear portions of the log plots (Experimental Section Figure 5-18) gives
the first-order rate constants (Table 5-1). General trend of the rate constant follows the electron
donating ability of the substituent as denoted by the Hammett parameter, with the most electron-
donating dimethylamino linker having a rate constant that is 368-times larger than that of the
unsubstituted linker. Although the 1,6-elimination of amine from the benzyl position is reminiscent
of reactions explained by the Hammett equation, the rate constant does not follow a linear free
energy relationship and increases much slower than predicted by the Hammett parameters even
within only the 1,6-elimination series (H, dimethyl, and dimethoxy). Steric effects from ortho
position as well as the double substitution would contribute to the deviation. In addition, the

dimethoxy linker was shown to form a hydrogen bond (2.109 A ) between the ammonium hydrogen
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and the methoxy oxygen, and the benzyl amine arm is tilted to the left side (Experimental Section
Figure 5-20). In contrast, unsubstituted and dimethyl substituted linkers do not have such hydrogen
bonds and show near oy symmetry except for the phenol hydrogen. The stabilization of the reactant
by hydrogen bonding increases the energy barrier to product formation, and partially offsets the
electronic acceleration from the dimethoxy substitution. Similarly, the dimethylamino linker has a
hydrogen bond between the amine and the phenolic oxygen (2.069 A). Future efforts at further

accelerating the amine release may involve disrupting this hydrogen bond.

Table 5-1. Electronic effect on the rate constants.

Hammett parameter

Ring substituent k(s (Goae)

H 6.65 x 10°® 0.00

CHs (doubly substituted) 2.86 x 10°® -0.17
OCHs (doubly substituted) 7.24 x 10°® -0.27
N(CHa)2 2.45 x 10° -0.83

5.3 Conclusions

A new traceless conjugation strategy was developed using commercially available
benzaldehydes to couple to primary amines via reductive amination. The key to the success of this
approach was to stabilize the cationic quinone methide intermediate by increasing the electron
density around the aromatic ring. The rate of amine release followed the Hammett parameter trends,
although it significantly deviated from the linear free energy relationship likely due to the steric
effects as well as internal hydrogen bonding observed for several linkers. Dimethylamino
substitution enabled the release of 52% amine in 5 hours, while the linker with no substitution

would require ~120 days to reach the same level of release. Unlike the benzyl carbamate linker,
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this conjugation strategy does not require a separate activation step for modification at the benzylic
site. Moreover, the benzaldehyde moiety has higher functional group tolerance than activated
carbonates used for the benzyl carbamate linker and is more stable. The reductive amination for
conjugation of primary alkyl amine occurs at a pH range (pH 5 — 8) that is complementary to the
basic pH (pH 7 — 10) used for the conjugation via carbamate linker, which would be beneficial for
proteins that are unstable at high pH. Another advantage of this method is that the resulting
conjugate retains the positive charge on the amine, which has been reported to help with protein
stability. These benefits suggest that the newly developed traceless methodology will find many

applications in conjugation of polymers as well as small molecules to proteins.

5.4 Experimental Section

Materials

4-Hydroxybenzaldehyde (Sigma-Aldrich), 4-hydroxy-2,6-dimethylbenzaldehyde (Ark Pharm), 4-
hydroxy-2,6-dimethoxybenzaldehyde = (Combi-Blocks),  4-(dimethylamino)salicylaldehyde
(Combi-Blocks), 2-(2-aminoethyl)pyridine (Oakwood Chemical), sodium cyanoborohydride
(Strem Chemicals), triisopropylchlorosilane (Oakwood Chemical), and 2-bromopropionamide

(Sigma-Aldrich) were used as received.

Analytical Techniques

NMR spectra were recorded on a Bruker AV 400 MHz, a Bruker DRX 500 MHz, or a Bruker AV
500 MHz. Silica gel column chromatography was performed on a Biotage Isolera One purification
system. Substituted benzyl amines were purified on a Shimadzu preparative high-performance

liquid chromatography (HPLC) system connected to two LC-8A pumps and a SPD-10A UV
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detector using a Phenomenex Luna 5 pm C18(2) 100 A LC column (250 x 21.2 mm, AXIA packed)
(flow rate: 20 mL/min). The kinetic experiments were performed on an Agilent analytical HPLC
system (Agilent 1260 Infinity 11 LC System) connected to Quaternary Pump, Vialsampler, and
VWD UV detector using a Phenomenex Luna 5 um C18(2) 100 A column (250 x 4.6 mm) with
elution gradient of 10-95% solvent B over 14 min (solvent A: water + 0.1% trifluoroacetic acid
(vol/vol), solvent B: methanol). Infrared (IR) spectra were acquired on a Perkin-Elmer Spectrum
One instrument equipped with a universal attenuated total reflection (ATR) assembly. High-
resolution mass spectra were obtained on a Thermo Scientific Exactive Plus mass spectrometer

with lonSense Direct Analysis in Real Time (DART-MS) ID-CUBE.

TIPS-protection of Benzaldehydes

HO TIPS-CI, imidazole TIPSO
H DMF, 40 °C H

o o)
(85.3%)

Representative Procedure: TIPS-protected 4-hydroxybenzaldehyde. 4-Hydroxybenzaldehyde
(250 mg, 2.05 mmol, 1 equiv), triisopropylchlorosilane (0.66 mL, 3.1 mmol, 1.5 equiv), and
imidazole (348 mg, 5.12 mmol, 2.5 equiv) were dissolved in 0.5 mL of N,N-dimethylformamide
(DMF) dried and stored with 4 A molecular sieves under argon. The reaction mixture was stirred
at 40 °C for 15 h, and extracted with 50 mL water and 50 mL dichloromethane (DCM) three times.
The combined organic layer was dried with MgSQOg4, concentrated in vacuo, and purified by column
chromatography (95:5 hexanes:ethyl acetate) to yield the product (486 mg, 85.3% yield). *H NMR

(500 MHz in CDCls) 5: 9.88 (s, 1H), 7.78 (d, J = 8.5 Hz, 2H), 6.98 (d, J = 8.5 Hz, 2H), 1.30 (sept,
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J=7.6 Hz, 3H), 1.11 (d, J = 7.6 Hz, 18H). *C NMR (500 MHz in CDCls) &: 191.0, 162.1, 132.1,

130.3, 120.5, 18.0, 12.8. DART-MS [C16H2602Si + H]* calculated 279.1780, observed 279.1750.

HO TIPS-CI, imidazole Tipso
H DMF, 40 °C H
0 o}

(81.6%)

TIPS-protected 4-hydroxy-2,6-dimethylbenzaldehyde. The reaction was conducted as in the
representative procedure to yield the product (416 mg, 81.6% yield). *H NMR (500 MHz in CDCls)
8: 10.47 (s, 1H), 6.56 (s, 2H), 2.57 (s, 6H), 1.28 (sept, J = 7.6 Hz, 3H), 1.11 (d, J = 7.5 Hz, 18 H).
13C NMR (500 MHz in CDCls) 6: 191.9, 160.2, 144.5, 126.4, 120.9, 21.1, 18.0, 12.9. DART-MS

[C18H3002Si + H]" calculated 307.2093, observed 307.2087.

HO oM
€ TIPs-cl, imidazole TIPSO OMe

.
-

H
DMF, 40 °C

OMe O OMe O
(64.1%)

TIPS-protected 4-hydroxy-2,6-dimethoxybenzaldehyde. The reaction was conducted as in the
representative procedure to yield the product (298 mg, 64.1% yield). *H NMR (500 MHz in CDCls)
8: 10.35 (s, 1H), 6.06 (s, 2H), 3.85 (s, 6H), 1.29 (sept, J = 7.4 Hz, 3H), 1.13 (d, J = 7.4 Hz, 18H).

13C NMR (500 MHz in CDCls) : 188.0, 164.1, 163.6, 109.2, 96.2, 56.1, 18.0, 12.9.
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N N
-~ TIPS-CI, imidazole -
H DMF, 40 °C H
OH O TIPSO (o)
(93.7%)

TIPS-protected 4-(dimethylamino)salicylaldehyde. The reaction was conducted as in the
representative procedure to yield the product (456 mg, 93.7% yield). *H NMR (500 MHz in CDCls)
8:10.26 (s, 1H), 7.71 (d, J = 8.9 Hz, 1H), 6.33 (dd, J = 8.9, 1.9 Hz, 1H), 6.02 (d, J = 2.0 Hz, 1H),
3.03 (s, 6H), 1.34 (sept, J = 7.5 Hz, 3H), 1.14 (d, J = 7.5 Hz, 18H). 3C NMR (500 MHz in CDCl5)
o: 188.1, 161.4, 155.9, 129.8, 116.8, 105.7, 100.8, 40.2, 18.2, 13.2. IR: 2962, 2936, 2886, 2865,
2825, 2749, 2658, 1673, 1646, 1587, 1547, 1524, 1486, 1441, 1416, 1373, 1327, 1284, 1244, 1218,

1158, 1112, 1067, 983, 920, 880, 834, 816, 796, 766 cm™.

Reductive Amination of TIPS-protected Benzaldehydes

o
H,N Ny _OJ\CFS
TIPSO | TIPSO
2 NaBHCN \©\1H2
H MeOH/ACOH, 23 °C N | Na
o >

(27%)
Representative Procedure: Reductive amination of TIPS-protected 4-hydroxybenzaldehyde.
TIPS-protected benzaldehyde (200 mg, 0.72 mmol, 1 equiv), 2-(2-aminoethyl)pyridine (0.10 mL,
0.86 mmol, 1.2 equiv), and acetic acid (0.16 mL, 2.9 mmol, 4 equiv) were dissolved in 2 mL
methanol and stirred in a dram vial for 30 min. The mixture was then cooled to 0 °C, and sodium
cyanoborohydride (90 mg, 1.4 mmol, 2 equiv) in 2 mL methanol was added dropwise at °C. The

mixture was stirred at 23 °C for 5 h, and quenched by addition of 4 mL saturated aqueous

205



ammonium chloride and stirring for around 12 h. To this mixture was added 10 mL methanol and
2 mL water to make 70% methanol solution, which was filtered and purified by preparative HPLC
(70% methanol isocratic) to yield the product (98 mg, 27% yield). *H NMR (400 MHz in CD3OD)
8: 8.52 (d, J = 4.9 Hz, 1H), 7.80 (t, J = 8.0 Hz, 1H), 7.40 (d, J = 8.4 Hz, 2H), 7.36-7.31 (m, 2H),
6.97 (d, J = 8.4 Hz, 2H), 4.22 (s, 2H), 3.42 (t, J = 6.9 Hz, 2H), 3.18 (t, J = 6.9 Hz, 2H), 1.29 (sept,
J=7.4Hz, 3H), 1.12 (d, J = 7.4 Hz, 18H). 3C NMR (500 MHz in CDs0D) &: 158.7, 158.6, 150.1,
139.0, 132.6, 125.1, 124.9, 123.8, 121.6, 51.6, 47.2, 33.3, 18.3, 13.9. F NMR (400 MHz in

CD30D) 4 -74.5. DART-MS [C23H3sN20Si + H]" calculated 385.2675, observed 385.2666.

H
N Ny cl
TIPSO | TIPSO
Z  NaBH,CN _ H,
H > N
MeOH/ACOH, 23 °C + \/\LJ
0

N
i >
=
)

(15%
Reductive amination of TIPS-protected 4-hydroxy-2,6-dimethylbenzaldehyde. The reaction
was conducted as in the representative procedure to yield the product (43 mg, 15% yield). *H NMR
(400 MHz in CDz0OD) &: 8.50 (d, J = 4.9 Hz, 1H), 7.82 (td, J = 7.7, 1.8 Hz, 1H), 7.39-7.32 (m,
2H), 6.69 (s, 2H), 4.35 (s, 2H), 3.58 (t, J = 6.3 Hz, 2H), 3.25 (t, 6.4 Hz, 2H), 2.45 (s, 6H), 1.28
(sept, J = 7.2 Hz, 3H), 1.11 (d, J = 7.3 Hz, 18H). $3C NMR (500 MHz in CD30OD) &: 159.2, 158.2,
149.9, 141.3, 139.1, 125.0, 123.9, 1225, 121.3, 48.2, 46.2, 32.4, 20.0, 18.3, 13.9. DART-MS

[C25Ha0N20Si + H]* calculated 413.2988, observed 413.2975.
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0

o er,
H,N N\
TIPSO OMe \/\EJ TIPSO OMe
Z ,NaBH,CN - H,
\E;[N/H MeOH/AcOH, 23 °C \E;(/ﬂ N\
OMe O OMe | =

(2%)
Reductive amination of TIPS-protected 4-hydroxy-2,6-dimethoxybenzaldehyde. The reaction
was conducted as in the representative procedure and purified by preparative HPLC with elution
gradient of 65-90% solvent B over 20 min (solvent A: water, solvent B: methanol) to yield the
product (4 mg, 2% yield). *H NMR (400 MHz in CDzOD) &: 8.51 (d, J = 5.0 Hz, 1H), 7.80 (td, J
= 7.7, 1.7 Hz, 1H) 7.35-7.31 (m, 2H), 6.23 (s, 2H), 4.26 (s, 2H), 3.86 (s, 6H), 3.40 (t, J = 6.5 Hz,
2H), 3.19 (t, J = 6.4 Hz, 2H), 1.32 (sept, J = 7.3 Hz, 3H), 1.14 (d, J = 7.3 Hz, 18H). 3C NMR (500
MHz in CD30D) 6: 161.1, 160.9, 159.2, 149.9, 139.0, 124.9, 123.7, 101.3, 97.3, 56.5, 47.2, 40.9,
32.6, 18.4, 13.9. F NMR (400 MHz in CDsOD) & -72.7. DART-MS [C2sHaoN20sSi + H]*

calculated 445.2887, observed 445.2878.

H MeOH/AcOH, 23 °C E N\

TIPSO o OH Z
(37%)

| HzN Ns |
N | N -BH,CN
\Q\W ' NaBH,CN _ H,

Reductive amination of TIPS-protected 4-(dimethylamino)salicylaldehyde. The reaction was
conducted as in the representative procedure, and the major product collected was the TIPS-
deprotected compound that was purified by preparative HPLC with elution gradient of 10-95%
solvent B over 20 min (solvent A: water, solvent B: methanol) to yield the product (71 mg, 37%

yield). *H NMR (400 MHz in CDsOD) &: 8.51 (d, J = 4.8 Hz, 1H), 7.79 (td, J = 7.7, 1.8 Hz, 1H),
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7.34-7.31 (m, 2H), 7.1 (d, J = 8.1 Hz, 1H), 6.29-6.27 (m, 2H), 4.14 (s, 2H), 3.40 (t, J = 6.5 Hz,
2H), 3.18 (t, J = 6.5 Hz, 2H), 2.93 (s, 6H), 0.41 (q and septet, J = 88.0, 29.1 Hz, 3H). 1*C NMR
(500 MHz in CDsOD) §: 159.1, 158.3, 154.7, 149.9, 138.9, 133.0, 124.8, 123.7, 106.4, 105.4, 9.8,
48.4, 46.9, 40.5, 32.8. IR: 3356, 3083, 3017, 2951, 2805, 2318, 2172, 1676, 1618, 1595, 1577,
1529, 1476, 1438, 1362, 1319, 1279, 1246, 1221, 1203, 1173, 1150, 1115, 1062, 1024, 998, 978,

940, 897, 859, 824, 776, 756, 718 cm™™.,

Release of Alkyl Amine from Traceless Linkers

TIPS-protected traceless linkers conjugated with pyridyl amine (1.5 mg) were dissolved in 0.15
mL of Dulbecco’s phosphate buffered saline (D-PBS, pH 7.4) and 0.3 mL of methanol. Kinetic
experiment was initiated by addition of 3 M TBAF in 0.05 mL MeOH. For the dimethylamino
linker that has a free phenol, kinetic experiment was initiated by dissolving the compound in 7:3
methanol:D-PBS without TBAF. Kinetics of amine release was monitored by analytical HPLC,

and percent amine released was quantified using a calibration curve of 2-(2-aminoethyl)pyridine.
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Figure 5-10. *H (top) and **C (bottom) NMR spectra of TIPS-protected 4-hydroxybenzaldehyde

(CDClg).
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Figure 5-11. 'H (top) and *C (bottom) NMR spectra of TIPS-protected 4-hydroxy-2,6-
dimethylbenzaldehyde (CDCly).
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Figure 5-12. *H (top) and *C (bottom) NMR spectra of TIPS-protected TIPS-protected
hydroxy-2,6-dimethoxybenzaldehyde (CDCIs).
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Figure 5-14. *H (top), 3C (middle), and *°F (bottom) NMR spectra of unsubstituted linker
conjugated to 2-(2-aminoethyl)pyridine (CD30OD).
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Figure 5-15. H (top), *C (middle), and **F (bottom) NMR spectra of dimethyl linker conjugated
to 2-(2-aminoethyl)pyridine (CD30D).
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Figure 5-16. H (top), *C (middle), and '°F (bottom) NMR spectra of dimethoxy linker conjugated
to 2-(2-aminoethyl)pyridine (CDsOD).
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Figure 5-18. Logarithmic plots for the amine release from traceless linkers. Reactant concentration
[R] is calculated as (100% - % amine released), and the slope of the linear region is taken as the
rate.
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Figure 5-19. Control experiments for amine release kinetics (n = 1). Dimethoxy, dimethyl, and
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Figure 5-20. DFT optimized structures showing hydrogen bonding for dimethoxy and
dimethylamino substituted linkers (structures optimized using B3LYP/6-31g(d) with SMD water
model in GAMESS').
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Chapter 6.

Amphiphilic Random Copolymers for Encapsulation of a

Fluorinated Agrochemical

This chapter contains portions of an edited version of a paper submitted as:
Ko, J. H.; Bhattacharya, A.; Terashima, T.; Sawamoto, M.; Maynard, H. D. J. Polym. Sci., Part A:
Polym. Chem., provisionally accepted.
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6.1 Introduction

Amphiphilic copolymers with hydrophilic and hydrophobic units exhibit different self-
assembly behavior depending on various factors including the solvent interaction () of the two
units,* their spatial arrangement, 2 as well as molecular weight distribution* and stereochemistry.®
While block copolymers have dominated the self-assembly research, amphiphilic random
copolymers have recently been found to exhibit self-folding behavior in which a single polymer
chain forms a core-shell structure where the core is composed of hydrophobic units and the shell
is composed of hydrophilic units.6*° Polymers with alkyl pendants as the hydrophobic unit self-
folded only in water, whereas polymers with fluorinated pendants as the hydrophobic unit self-
folded in water, organic solvent, and fluorous solvent'® due to the unique immiscibility and
partitioning of fluorinated compounds from both aqueous and organic solvents.?

The previous studies on self-assembly of amphiphilic random copolymers have mostly
focused on polyethylene glycol (PEG) as the hydrophilic unit. Since the change in the hydrophobic
unit resulted in significantly different properties as described above, we were interested in
observing the effect of the hydrophilic unit identity on the properties of the resulting polymer.
Even though PEG is water soluble, it has amphiphilic character and intermediate polarity. Strongly
polar molecules such as sugars are interesting candidates as the hydrophilic unit. An amphiphilic
polymer with strongly hydrophilic sugar units and strongly hydrophobic fluorinated units may
possess different self-assembly properties, but at the same time also presents a unique synthetic
challenge.

Moreover, fluorinated amphiphilic polymers have been previously used to sequester and
encapsulate fluorinated small molecules.'? 3 Although these examples used star polymers with

cross-linked cores, the self-folded amphiphilic polymers are expected to possess similar ability to
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encapsulate fluorinated molecules. Especially of interest are fluorinated agrochemicals as many
agrochemicals contain one or more fluorines and there is a need for efficient formulation of these
molecules for their use.** > Amphiphilic polymers encapsulating these fluorinated agrochemicals
would be useful for their formulation and use for agriculture.

In this chapter, we optimized the copolymerization of a sugar-modified methacrylate as the
hydrophilic monomer and a fluorinated methacrylate as the hydrophobic monomer, and compared
the encapsulation of a fluorinated agrochemical by polymers possessing PEG and/or sugar units,

as well as their self-assembly behavior in solution.

6.2 Results and Discussion

Synthesis of Polymers

Previously we synthesized amphiphilic random copolymer using poly(ethylene glycol)
methyl ether methacrylate (PEGMA\) as the hydrophilic unit while the hydrophobic unit was varied
from alkyl monomers such as dodecyl methacrylate® to fluorinated monomers such as
1H,1H,2H,2H-perfluorooctyl methacrylate (13FOMA).° To study the effect of changing the
hydrophilic unit, we chose a methacrylate modified with trehalose. Trehalose is a naturally
occurring disaccharide that is non-toxic and has interesting properties in stabilizing biomolecules
such as proteins and DNA.® We and others have synthesized polymeric versions and observed

that the polymer retains the protective properties of trehalose.'’2

The copolymerization of acetylated trehalose methacrylate (AcTreMA) and 13FOMA was
conducted using the ruthenium indenyl catalyst (Ru(Ind)CI(PPh3)2) with the chloride initiator
(ethyl-2-chloro-2-phenylacetate, ECPA) (Figure 6-1). The polymerization was initially undertaken
in toluene, which led to a polymer with relatively high dispersity of = 1.55 (P1, Table 6-1) even

223



though both monomers were consumed at equal rates (Figure 6-2). The polymer did not visibly
precipitate during the polymerization at 80 °C, but did precipitate out of toluene after quenching
and cooling the reaction to room temperature. Given that trehalose substitution greatly increases
the polarity of the methacrylate, toluene may poorly solvate the growing polymer chain and/or
may induce self-assembly of the growing polymer chain resulting in low mobility or partial
burying of the chain ends; this could lead to non-uniform activation and the observed molecular

weight dispersity.?

Ru(Ind)CI(PPh,), / n-Bu,N
Toluene and/or DCE, 80 °C

Figure 6-1. Ruthenium-catalyzed living radical polymerization of AcTreMA and 13FOMA.
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Table 6-1. Copolymerization of AcTreMA and 13FOMA.

Polymer

P1°
p2°
P3
P4
p5*

AcTreMA: Time

13FOMA (h)
50:50 30
50:50 96.5
70:30 56
90:10 46.3
30:70 405

Conv.

Mn

(%)*  (kDa)

87/83
74194
81/82
77182
78189

37.5
30.3
39.2
36.9
N/A

D

1.55
1.27
1.35
1.37
N/A

[Monomer]/[ECPA])/[Ru(Ind)CI(PPhz)2/[n-BusN] = 500/4/2/20 mM
in 6:4 toluene:DCE at 80 °C. 2 AcTreMA conv. / 13FOMA conv. °

© DCE instead of 6:4

toluene:DCE. 9 Insoluble so molecular weight could not be

Toluene instead of 6:4 toluene:DCE.
determined.

(a) Solvent: Toluene

100 -
— M M, =1.55
§ _AcTreMA. . 30 hours
c
o
% 50 -
2
o
(@)

0 T T T 1
0 20 40 10° 10 10 108
Time (h) MW (PMMA)
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Figure 6-2. Effect of solvent on copolymerization of AcTreMA and 13FOMA. Left column:
conversion plot, right column: SEC chromatogram. Polymerizations were conducted in (a) toluene,

(b) DCE, or (c) 6:4 toluene:DCE. For (a) and (b), AcTreMA:13FOMA = 50:50. For (c),
AcTreMA:13FOMA = 70:30.
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Switching the polymerization solvent to more polar 1,2-dichloroethane (DCE) resulted in
lower dispersity (P = 1.27) (P2, Table 6-1). The polymerization time increased from 30 h to 96.5
h when the solvent was changed from toluene to DCE, which was also previously observed for the
Cp RuCI(PPhs), catalyst.?> However, the two monomers were consumed at significantly different
rates and the monomer conversion differed by 20 % at the end of the polymerization (Figure 6-2b).
The two experiments suggested that toluene promotes equal reactivity of both monomers while
DCE helps to keep the dispersity low. Thus, 6:4 toluene:DCE mixture was chosen as the
polymerization solvent. Using this condition, polymers with different AcTreMA:13FOMA ratios
were synthesized. The 70:30 AcTreMA:13FOMA (P3, Table 6-1) and 90:10 AcTreMA:13FOMA
(P4, Table 6-1) were relatively well controlled ( = 1.35 — 1.37) and both monomers were
consumed at comparable rates. The more fluorinated 30:70 AcTreMA:13FOMA (P5, Table 6-1)
was insoluble in DMF, and the molecular weight could not be analyzed.

The polymers with acetylated trehalose units were deacetylated using hydrazine hydrate.®
Removal of the acetyl groups was confirmed by the loss of the sharp peak centered at 2.0 ppm in
the 'H NMR spectrum (see SI). Under these relatively mild conditions, cleavage of the backbone
methacrylate ester was not observed in the IR spectra, as shown by the lack of the broad carboxylic
acid O-H stretch centered around 3000 cm™ (Experimental Section Figure 6-22 through Figure
6-28).

The large polarity difference between TreMA and 13FOMA in p(TreMA-co-13FOMA)
led to moderate dispersity (P ~ 1.35) even after optimization of polymerization conditions. To
address this issue, PEGMA was added as a comonomer with intermediate polarity that may
mitigate the unfavorable interaction between the TreMA and 13FOMA. The random terpolymer

p(AcTreMA-co-PEGMA-co-13FOMA) was readily synthesized under the condition previously
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optimized for p(AcTreMA-co-13FOMA) (Figure 6-3). With addition of PEGMA to help solubilize
the growing chain, the dispersity decreased to 1.26 (P6, Table 6-2) when all monomers were added
in equimolar amounts. When AcTreMA content was increased to 56% and PEGMA content was
decreased to 18%, the dispersity returned to moderate level (P = 1.34, P7, Table 6-2). The polymer
with equimolar amounts of TreMA and PEGMA but lower 13FOMA content (26%) again showed

lower dispersity at 1.27 (P8, Table 6-2).

OAc s 85

Ru(Ind)CI(PPh.), / n-Bu,N
Toluene/DCE, 80 °C

o
o_ .0
AcO -~
AcO™ T

Figure 6-3. Ruthenium-catalyzed living radical polymerization of AcTreMA, PEGMA, and
13FOMA.
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Table 6-2. Copolymerization of AcTreMA, PEGMA, and 13FOMA.

AcTreMA:
Polymer PEGMA: Conv. (%)? Mhn (kDa) D
13FOMA
P6P 33:33:33 86/83/84 39.8 1.26
P7¢ 56:18:26 85/86/74 26.4 1.34
P8° 37:37:26 72168/ 74 28.3 1.27

[ECPA]/[Ru(Ind)CI(PPh3)2/[n-BusN] = 4/2/20 mM in 6:4 toluene:DCE
at 80 °C. Combined monomer concentrations are listed below. #
AcTreMA conv. / PEGMA conv. / 13FOMA conv. ® [Monomer] = 510
mM, ¢ [Monomer] = 448 mM.

The evidence for incorporation of all three types of monomer in the same polymer chain
was as follows. First, the monomers were consumed at comparable rates and reached similar
conversion, suggesting copolymerization. Second, p(TreMA-co-13FOMA) that lack PEGMA
were not soluble in fluoroalcohols at any compositions, while the terpolymers with lower trehalose
content and PEGMA (P6 and P8) were soluble in fluoroalcohols dodecafluoroheptanol and
hexafluoroisopropanol. Third, *H diffusion-ordered NMR spectroscopy of P8 showed that peaks
corresponding to TreMA and PEGMA (13FOMA peak is too broad to be observed by *H NMR)
have the same diffusion constants (Figure 6-17) as expected if TreMA and PEGMA were on the

same chain.

Encapsulation of a Fluorinated Agrochemical
As a potential application for the use of the amphiphilic fluorinated polymers, p(PEGMA-
c0-13FOMA), p(TreMA-co-13FOMA), and p(TreMA-co-PEGMA-co-13FOMA) were tested for

their ability to encapsulate fluorinated agrochemicals. Many agrochemicals are fluorinated; for
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example, around 25% of herbicides are reported to be fluorinated.®®> However, fluorination
decreases the aqueous solubility and as a result, formulation is non-trivial. For example, novaluron
is a pesticide that is co-formulated with the organic solvent N-methyl-2-pyrrolidone (NMP).?
Replacing this organic solvent with a polymeric material may be beneficial with regard to toxicity
concerns. p(PEGMA-co-13FOMA\) is noncytotoxic?’ and trehalose polymers have been tested to
be safe in vivo.?® Given that amphiphilic star polymers with fluorinated core have been shown to
sequester fluorinated compounds in water,* 3 we hypothesized that amphiphilic random
copolymers with PEGMA, TreMA, or combination of both as the hydrophilic unit may be capable
of encapsulating fluorinated agrochemicals such as novaluron.

To encapsulate novaluron, p(PEGMA-co-13FOMA) (PO, 60:40 PEGMA:13FOMA),
p(TreMA-co-13FOMA) (P3, 70:30 TreMA:13FOMA and P4, 90:10 TreMA:13FOMA), or
p(TreMA-co-PEGMA-co-13FOMA) (P8, 37:37:26 TreMA:PEGMA:13FOMA) were dissolved in
DMSO in the presence of novaluron, and nanoprecipitated into water. After dialysis to remove
DMSO, the novaluron-polymer mixture was lyophilized and redissolved in deuterated DMSO-de
to calculate percent encapsulation. Note that redissolution in D20 led to disappearance of peaks
corresponding to novaluron due to its encapsulation within the polymer and reduced mobility that
led to significant peak broadening®® (Experimental Section Figure 6-18 through Figure 6-21),
suggesting that the sharp peak observed in DMSO-ds is from the free novaluron released from the
polymer chain. At a polymer:pesticide ratio of 10:1, the percent encapsulation was 34.9 + 6.9 %
(n =5) for p(PEGMA-c0-13FOMA) (P0) and 31.1 + 6.4 % (n = 5) for p(TreMA-co-PEGMA-co-
13FOMA) (P8). Trehalose polymers without PEGMA (P3 and P4) did not fully redissolve in
DMSO and the percent encapsulation was low at 10.7 £ 3.5 % for P3 and 14.2 £ 17.0 % for P4 (n

=5 each). DLS showed significant amount of large aggregates for P3 (d > 1000 nm) (Figure 6-29)

229



but not for P4 or any other polymers (Experimental Section Figure 6-30 through Figure 6-32). A
control experiment with nanoprecipitation of novaluron alone in the absence of any polymer led
to visible precipitation, and dialysis followed by filtration as done for polymer-containing samples
(see the Experimental Section) showed negligible amounts of novaluron at 1.9 £ 0.8 % (n = 3).
Increasing the novaluron loading to 5:1 polymer:pesticide resulted in even higher loading at 44.7
+ 7.6 % (n = 5) for p(TreMA-co-PEGMA-co-13FOMA) (P8). However, highly variable loading
(32.9 £ 15.7 %, n = 6) was observed for p(PEGMA-co-13FOMA\) (P0) possibly due to the excess
hydrophobicity from the pesticide and 13FOMA, making the polymer more prone to aggregation.
As with 10:1 polymer:pesticide ratio, trehalose polymers without PEGMA showed low and
variable encapsulation efficiencies of 20.6 + 10.6 (P3) and 21.5 + 12.4 (P4) (n = 5 each). Further
increase in loading to 1:1 polymer:pesticide led to visible precipitation for all polymers and the
encapsulation efficiency was not quantified. Table 6-3 provides a summary of all the encapsulation
data. These experiments show that PEGMA/13FOMA amphiphilic polymer and
TreMA/PEGMA/13FOMA terpolymer are the most efficient at encapsulating novaluron in water
at an appropriate polymer:pesticide ratio and provide a benchmark for future design of fluorinated

amphiphilic polymers for encapsulation of fluorinated agrochemicals.
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Table 6-3. Encapsulation efficiency of agrochemical novaluron inside amphiphilic random
copolymers.

Polymer:novaluron
(average + std. dev.)

Polymer
10:1 5:1
PO? 34.9 £ 6.9% 32.9 + 15.7%
P3P 10.7 + 3.5% 20.6 + 10.6%
P4° 14.2 + 17.0% 21.5+ 12.4%
pg¢ 31.1+6.4% 44.7 + 7.6%
Control® 19+0.8%

6.3 Conclusions

Amphiphilic random copolymers with PEG and/or trehalose as the hydrophilic units were
synthesized, and used to encapsulate novaluron as a model fluorinated agrochemical. The
challenging copolymerization of highly polar TreMA and fluorous 13FOMA required solvent
optimization as well as the addition of PEGMA as the comonomer with intermediate polarity to
improve the dispersities of the resulting polymers. The PEG and trehalose/PEG polymers were the
most efficient at encapsulating novaluron, and provide a benchmark to explore fluorous

amphiphilic polymers to replace the organic solvent used for formulation of novaluron.

6.4 Experimental Section
Materials

All commercially obtained reagents were used as received unless otherwise specified.
Novaluron was obtained from AdipoGen Life Sciences and used as received. Acetylated trehalose
methacrylate (AcTreMA) was synthesized as reported previously.'® Ethyl-2-chloro-2-

phenylacetate (ECPA, Aldrich) was purified by distillation under reduced pressure.
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Ru(Ind)CI(PPh3). (Aldrich) was used as received and handled in a glove box under a moisture-
and oxygen-free argon atmosphere (H.0 <1 ppm, O2 < 1 ppm). Poly(ethylene glycol) methyl ether
methacrylate (PEGMA, Aldrich, M, = 475 (n = 8.5) ) and 1H,1H,2H,2H-perfluorooctyl
methacrylate (13FOMA, Wako) were purified by column chromatography charged with inhibitor
remover (Aldrich) and purged by argon before use. The co-catalyst tributylamine (n-BusN, TCI)
was degassed by reduced pressure. Tetralin (TCI), used as the internal standard for calculating
monomer conversion by *H NMR, was purified by drying over calcium chloride overnight and
distilling from calcium hydride. Toluene (Kishida Chemical) was purified by passing through a
purification column (Glass Contour Solvent Systems, Nikko Hansen & Co., Ltd.) and sparged with
nitrogen gas. 1,2-Dichloroethane (DCE, TCI) was dehydrated with molecular sieves (4 A) and
sparged with nitrogen gas. The polymer p(PEGMA-co-13FOMA\) (referred to as PO in the text,
PEGMA:13FOMA = 60:40, M, = 50.9 kDa, = 1.18 by size exclusion chromatography (SEC) in

N,N-dimethylformamide (DMF) ) was synthesized as reported previously.*

Analytical Techniques

NMR spectra were recorded on a Bruker AV 400 MHz, a Bruker DRX 500 MHz, or a
JEOL JNM-ECA500 spectrometer with a relaxation delay of 10 s. Analytical size exclusion
chromatography (SEC) was conducted in N,N-dimethylformamide (DMF) containing 10 mM
lithium bromide at 40 °C (flow rate: 1 mL/min) on three linear-type polystyrene gel columns
(Shodex KF-805L) connected to a Jasco PU-2080 precision pump, a Jasco RI-2031 refractive
index detector, and a Jasco UV-2075 UV/Vis detector set at 270 nm. Near-monodisperse
poly(methyl methacrylate) standards (Polymer Laboratories) were employed for the SEC

calibration. Preparative SEC was conducted in chloroform at room temperature on a polystyrene
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gel column (Shodex K-5003) that was connected to a Jasco PU-2086 precision pump, a Jasco RI-
2031 refractive index detector, and a Jasco UV-2075 UV/vis detector set at 250 nm. Dynamic light
scattering (DLS) measurements were conducted on a Malvern ZetaSizer Nano or an Otsuka Photal
ELSZ-0 at 10 mg/mL polymer concentration. Infrared (IR) spectra were acquired on a Perkin-

Elmer Spectrum One instrument equipped with a universal ATR assembly.

Synthesis of Polymers

Representative Procedure: Co-polymerization of AcTreMA, PEGMA, and 13FOMA (ratio
=33:33:33) (P8). Inside a glove box, Ru(Ind)CI(PPhs), (1.54 mg, 1.98 x 10~ mmol) was weighed
out into a Schlenk flask equipped with three-way stopcock. To this flask under argon were added
AcTreMA (117 mg, 1.66 x 10! mmol), PEGMA (75 puL, 1.7 x 10" mmol), 13FOMA (50 uL, 1.7
x 10" mmol), 41.7 mM toluene solution of ECPA (95 uL, 4.0 x 10" mmol), tetralin (15 pL, 1.1 x
10"t mmol), and 400 mM toluene solution of n-BusN (50 uL, 2.0 x 102 mmol), toluene (0.43 mL),
and DCE (0.29 mL) were added under argon (total volume: 1.01 mL). This corresponds to the
following reagent concentrations: [AcTreMA] / [PEGMA] / [13FOMA] / [ECPA] /
[Ru(Ind)CI(PPh3)2] / [n-BusN] = 165/170/ 172/ 4/ 2/ 20 mM. The flask was immersed in an oil
bath maintained at 80 °C over a magnetic stirrer, and approximately 50 uL aliquots were taken to
measure monomer conversion. The polymerization was quenched after 22.5 h by cooling the
mixture to -78 °C and exposing it to air (AcTreMA conversion 86%, PEGMA conversion 83%,
and 13FOMA conversion 84% by H NMR). The polymer was purified by preparative size
exclusion chromatography in chloroform. *H NMR (500 MHz in CDCls) §: 5.58—4.86, 4.41-3.89,
3.72-3.56, 3.56-3.46, 3.42-3.31, 2.68-2.33, 2.33-1.68, 1.22-0.60 ppm. °F NMR (500 MHz in

CDCIs with TFA at & = -76.5 ppm as an internal standard) 6: -81.4-82.5, -113.6-115.7, -122.5—
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123.5,-123.5-124.3, -124.3-125.3, -126.7-127.2 ppm. Number average molecular weight (M) =

39.8 kDa, dispersity (P) = 1.26 (DMF SEC).

p(AcTreMA-co-13FOMA), AcTreMA:13FOMA = 50:50 (polymerized in toluene, P1 in
Table 7-1). Polymerization was conducted as in the representative procedure above, with the
following reagent concentrations: [AcTreMA] / [13FOMA] / [ECPA] / [Ru(Ind)CI(PPh3).] / [n-
BusN] =250/ 250/ 4 /2 /20 mM. Polymerization was quenched after 30 h. *H NMR (500 MHz
in CDCl3) &: 5.57-4.82, 4.45-3.66, 2.66-2.32, 2.32-1.72, 1.21-0.54 ppm. **F NMR (500 MHz in
CDCIs with TFA at & = -76.5 ppm as an internal standard) &: -81.4-82.9, -113.5-116.6, -122.6—
123.7,-123.7-124.5, -124.5-125.4, -126.9-128.0 ppm. M, = 37.5 kDa, P = 1.55 (DMF SEC).
This polymer was deprotected as described below. *H NMR (500 MHz in DMSO-ds) §:
5.31-4.18, 4.18-3.85, 3.85-3.39, 3.20-2.82, 1.35-0.25 ppm. °F NMR (500 MHz in DMSO-ds
with TFA at 6 = -76.5 ppm as an internal standard) o: -80.1-85.8, -111.4-117.6, -121.1-123.7, -
123.7-126.3, -126.3-129.8 ppm. IR: 6 = 3387.34, 2936.70, 1729.49, 1446.34, 1431.17, 1390.73,
1362.92,1317.41, 1233.98, 1188.48, 1142.97, 1077.24,1041.85, 1021.62, 988.76, 940.73, 842.13,

804.21, 746.06, 730.89, 708.14, 698.03 cm™.

p(AcTreMA-co-13FOMA), AcTreMA:13FOMA = 50:50 (polymerized in DCE, P2 in Table
7-1). Polymerization was conducted as in the representative procedure above, with the following
reagent concentrations: [AcTreMA] / [13FOMA] / [ECPA] / [Ru(Ind)CI(PPh3).] / [n-BusN] = 248
1249/ 412 /20 mM. Polymerization was quenched after 96.5 h. *tH NMR (500 MHz in CDCls) &:

5.66-4.83, 4.47-3.68, 2.71-2.33, 2.33-1.69, 1.29-0.60 ppm. F NMR (500 MHz in CDCls with
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TFA at § =-76.5 ppm as an internal standard) d: -81.2-82.6, -113.4-116.3, -122.6-123.6, -123.6—
124.4,-124.4-125.5, -126.8-128.1 ppm. M, = 30.3 kDa, & = 1.27 (DMF SEC).

This polymer was deprotected as described below. *H NMR (500 MHz in DMSO-ds) §:
5.39-3.82, 3.82-3.40, 3.20-2.96, 2.06-1.51, 1.30-0.43 ppm. °F NMR (500 MHz in DMSO-ds
with TFA at 6 = -76.5 ppm as an internal standard) o: -80.4-84.6, -111.9-117.3, -121.6-123.7, -
123.7-126.3, -126.3-129.3 ppm. IR: 6 = 3367.08, 2936.70, 1726.96, 1641.01, 1451.40, 1390.73,
1365.44, 1319.94, 1233.98, 1188.48, 1142.97, 1122.75, 1077.24, 1044.38, 1024.15, 988.76,

943.25, 842.13, 806.74, 746.06, 730.89, 708.14, 698.03 cm™,

p(AcTreMA-co-13FOMA), AcTreMA:13FOMA = 70:30 (P3 in Table 7-1). Polymerization
was conducted as in the representative procedure above, with the following reagent concentrations:
[AcTreMA] / [13FOMA] / [ECPA] / [Ru(Ind)CI(PPhs)2] / [n-BusN] = 360 / 153 / 4/ 2 / 21 mM.
Polymerization was quenched after 56 h. *H NMR (500 MHz in CDCls) &: 5.66—4.76, 4.50-3.69,
2.73-2.33, 2.33-1.72, 1.26-0.50 ppm. **F NMR (500 MHz in CDCls with TFA at § = -76.5 ppm
as an internal standard) d: -81.2-82.8, -113.0-116.4, -122.5-123.6, -123.6-124.4, -124.4-125.6, -
126.6-128.1 ppm. M, = 39.2 kDa, P = 1.35 (DMF SEC).

This polymer was deprotected as described below. *H NMR (500 MHz in DMSO-ds) §:
5.44-4.24, 4.24-3.85, 3.85-3.37, 3.20-2.84, 2.04-1.50, 1.31-0.42 ppm. °F NMR (500 MHz in
DMSO-dswith TFA at 8 =-76.5 ppm as an internal standard) : -80.0-84.7, -111.3-117.3, -121.0—
123.4, -123.4-125.9, -125.9-129.0 ppm. IR: 6 = 3362.02, 2931.64, 1721.91, 1646.06, 1448.87,
1388.20, 1362.92, 1319.94, 1233.98, 1191.01, 1142.97, 1074.71, 1044.38, 1024.15, 986.23,

940.73, 842.13, 804.21, 746.06, 730.89, 705.61, 695.50 cm™,
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p(AcTreMA-co-13FOMA), AcTreMA:13FOMA = 90:10 (P4 in Table 7-1). Polymerization
was conducted as in the representative procedure above, with the following reagent concentrations:
[AcTreMA] / [L13FOMA] / [ECPA] / [Ru(Ind)CI(PPh3);] / [n-BusN] = 444 / 48 [ 4/ 2 / 20 mM.
Polymerization was quenched after 46.3 h. *H NMR (500 MHz in CDCls) 8: 5.79-4.67, 4.67-3.27,
2.47-1.69, 1.23-0.36 ppm. °F NMR (500 MHz in CDCl; with TFA at § = -76.5 ppm as an internal
standard) o: -81.2-82.4, -82.9-83.5, -113.5-116.5, -122.3-123.4, -123.4-124 3, -124.3-125.2, -
125.2-125.8, -126.5-127.7, -127.8-128.5 ppm. Note that the residual 13FOMA monomer is not
removed even with prep GPC and two-time DMF dialysis of the deprotected polymer below. This
is likely due to the large polarity difference of TreMA and 13FOMA, the residual 13FOMA
strongly interacts with the polymer 13FOMA side-chains. M, = 36.9 kDa, P = 1.37 (DMF SEC).

This polymer was deprotected as described below. *H NMR (500 MHz in DMSO-ds) §:
5.46-4.27, 4.27-3.86, 3.86-3.42, 3.22-2.88, 2.06-1.53, 1.28-0.39 ppm. °F NMR (500 MHz in
DMSO-dewith TFA at 6 =-76.5 ppm as an internal standard) &: -79.5-82.7, -111.8-115.1, -121.0-
122.7, -122.7-125.0, -125.6-127.7 ppm. IR: 6 = 3367.08, 2931.64, 1716.85, 1643.53, 1448.87,
1362.92, 1332.58, 1239.04, 1142.97, 1105.05, 1074.71, 1041.85, 1024.15, 986.23, 940.73, 842.13,

804.21, 746.06, 730.89, 698.03 cm™.

p(AcTreMA-co-13FOMA), AcTreMA:13FOMA = 30:70 (P5 in Table 7-1). Polymerization
was conducted as in the representative procedure above, with the following reagent concentrations:
[AcTreMA] / [13FOMA] / [ECPA] / [Ru(Ind)CI(PPhs)2] / [n-BusN] = 150 / 347 / 4/ 2/ 20 mM.
Polymerization was quenched after 40.5 h. 'H NMR (500 MHz in CDCls) &: 5.62—4.84, 4.42-3.68,

2.63-2.29, 2.22-1.69, 1.19-0.64 ppm. °F NMR (500 MHz in CDCl3 with TFA at § = -76.5 ppm

236



as an internal standard) d: -81.3-83.1, -113.6-116.4, -122.5-123.7, -123.7-124.6, -124.6-125.6, -

127.0-128.2 ppm. My and D were unable to be measured due to insolubility.

p(AcTreMA-co-PEGMA-co-13FOMA), AcTreMA:PEGMA:13FOMA = 33:33:33 (P6 in
Table 7-2). This polymerization is listed as the representative procedure above with the
corresponding spectral data.

This polymer was deprotected as described below. *H NMR (500 MHz in DMSO-ds) §:
5.19-4.49, 4.49-3.82, 3.82-3.37, 3.27-3.18, 3.18-2.99, 2.15-1.47, 1.19-0.48 ppm. °F NMR (500
MHz in DMSO-ds with TFA at 6 =-76.5 ppm as an internal standard) o: -80.2-84.2, -111.8-116.0,
-121.6-123.4, -123.4-125.7, -125.7-128.6 ppm. IR: & = 3387.34, 2916.45, 2875.94, 1726.96,
1635.95, 1451.40, 1385.67, 1350.28, 1236.51, 1191.01, 1140.44, 1102.52, 1077.24, 1044.38,

1029.21, 988.76, 943.25, 842.13, 806.74, 746.06, 730.89, 708.14, 695.50 cm™.

p(AcTreMA-co-PEGMA-co-13FOMA), AcTreMA:PEGMA:13FOMA = 56:18:26 (P7 in
Table 7-2). Polymerization was conducted as in the representative procedure above, with the
following reagent concentrations: [AcTreMA] / [PEGMA] / [13FOMA] / [ECPA] /
[Ru(Ind)CI(PPh3)2] / [n-BusN] =246 /83/120/ 4/ 2 /20 mM. Polymerization was quenched after
18.6 h. M, = 26.4 kDa, P = 1.34 (DMF SEC). The crude polymerization mixture was directly
subject to deacetylation as described below.

!H NMR (500 MHz in DMSO-dg) &: 5.26-4.48, 4.48-3.77, 3.77-3.40, 3.24-3.15, 3.15-
2.99, 2.19-1.41, 1.20-0.45 ppm. °F NMR (500 MHz in DMSO-ds with TFA at § = -76.5 ppm as
an internal standard) 6: -79.8-84.1, -111.7-116.2, -121.3-123.5, -123.5-125.5, -125.9-128.7 ppm.

IR: 6 = 3372.15, 2921.51, 2881.01, 1726.96, 1646.06, 1451.40, 1388.20, 1350.28, 1236.51,
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1193.53, 1142.97, 1102.52, 1074.71, 1044.38, 1024.15, 988.76, 940.73, 842.13, 804.21, 746.06,

730.89, 705.61, 698.03 cm™.

p(AcTreMA-co-PEGMA-co-13FOMA), AcTreMA:PEGMA:13FOMA = 37:37:26 (P8 in
Table 7-2). Polymerization is listed as the representative procedure above, with the following
reagent concentrations: [AcTreMA] / [PEGMA] / [13FOMA] / [ECPA] / [Ru(Ind)CI(PPh3),] / [n-
BusN] =165/ 166 / 117 / 4/ 2 / 20 mM. Note that for this polymerization, inadvertent oxygen
oxidized the catalyst, and the polymerization was quenched at 23.3 h and then resumed by addition
of more Ru catalyst. Polymerization was quenched after total 47.3 h. M, = 28.3 kDa, b = 1.27
(DMF SEC). The crude polymerization mixture was directly subject to deacetylation as described
below.

'H NMR (500 MHz in DMSO-dg) &: 5.16-4.52, 4.52-3.85, 3.85-3.46, 3.46-3.40, 3.26—
3.20, 3.20-3.04, 2.25-1.38, 1.38-0.43 ppm. °F NMR (400 MHz in DMSO-ds with TFA at § = -
76.5 ppm as an internal standard) 6: -80.1-83.0, -111.5-115.6, -121.5-122.8, -122.8-124.9, -
125.6-127.7 ppm. IR: 6 = 3377.21, 2921.51, 2875.94, 1726.96, 1646.06, 1451.40, 1388.20,
1350.28, 1236.51, 1191.01, 1140.44, 1102.52, 1077.24, 1044.38, 1026.68, 988.76, 940.73, 842.13,

804.21, 746.06, 730.89, 705.51, 695.50 cm™.

Deacetylation of p(AcTreMA-co-13FOMA) and p(AcTreMA-co-PEGMA-co-13FOMA)

The acetyl groups from AcTreMA were removed either from the purified polymer or from
the crude polymerization mixture. For the purified polymer p(AcTreMA-co-13FOMA), 56 mg of
the polymer (0.345 mmol of acetyl protecting groups) was dissolved in 1 mL DMF and to this

mixture was dropwise added hydrazine hydrate (98 pL, 5.8 mol equiv. with respect to the acetyl
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groups). After stirring at room temperature for 22 h, the reaction was quenched with 0.1 mL
acetone and the polymer was purified by dialysis in a regenerated cellulose membrane (Spectra/Por
3, MWCO 3.5 kDa) with water for 24 hours with 5 times change of water. Water was removed by
lyophilization.

Deprotection can be simplified by treating the crude polymerization mixture directly with
hydrazine to remove the acetyl groups. The p(AcTreMA-co-PEGMA-co-13FOMA)
polymerization mixture (P8, Table 6-2) was dried in vacuo to remove toluene and DCE, and the
solid (1.78 g of total monomer mass in the original polymerization mixture, 1.28 g estimated from %
conv.) was redissolved in 21 mL dimethyl sulfoxide (DMSO) and hydrazine hydrate (2.04 mL, 6.9
molar equiv. with respect to hydroxyl group estimated from % conv.) was added dropwise. After
stirring at room temperature for 16 h, the reaction was quenched with 3.5 mL acetone and the
polymer was purified by dialysis in a regenerated cellulose membrane (Spectra/Por 3, MWCO 3.5

kDa) with DMF for 12 hours then with water for 12 hours. Water was removed by lyophilization.

Encapsulation of the Agrochemical by the Amphiphilic Copolymers

The fluorinated agrochemical novaluron was dissolved in DMSO (1 mg/mL), and the
solution was used to dissolve p(PEGMA-co-13FOMA) or p(TreMA-co-PEGMA-co-13FOMA) at
10 mg/mL (polymer:agrochemical = 10:1 by weight). This final solution (0.5 mL) was added to
deionized water (1 mL) dropwise with rapid stirring for nanoprecipitation. The mixture was rapidly
stirred for 30 min, and dialyzed in regenerated cellulose membrane (Spectra/Por 3, MWCO 3.5
kDa) for 1 day with frequent water change. The dialyzed solution was filtered with a 0.45 um

syringe filter (cellulose acetate) and lyophilized.
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Percent encapsulation was calculated by *H NMR integration of the aromatic proton of
novaluron ortho to the chloride (7.98 ppm) compared to the aldehyde peak (9.71 ppm) in the 4-
hydroxybenzaldehyde standard added to the DMSO-ds stock solution (0.3 mg/mL, 0.6 mL used to

dissolve each sample).
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NMR Spectra
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Figure 6-4. 'H (top) and °F (bottom) NMR spectra of p(AcTreMA-co-13FOMA) (P1,
AcTreMA:13FOMA = 50:50) (CDClIs for *H, CDCIls with TFA capillary for 1°F).
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Figure 6-5. 'H (top) and °F (bottom) NMR spectra of deacetylated p(TreMA-co-13FOMA) (P1,
AcTreMA:13FOMA = 50:50) (DMSO-ds for 'H, DMSO-ds with TFA capillary for 1°F).
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Figure 6-6. H (top) and °F (bottom) NMR spectra of p(AcTreMA-co-13FOMA) (P2,
AcTreMA:13FOMA = 50:50) (CDCls for *H, CDCls with TFA capillary for *°F).
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Figure 6-7. *H (top) and *°F (bottom) NMR spectra of deacetylated p(TreMA-co-13FOMA) (P2,
AcTreMA:13FOMA = 50:50) (DMSO-ds for *H, DMSO-ds with TFA capillary for 1°F).
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Figure 6-8. *H (top) and °F (bottom) NMR spectra of p(AcTreMA-co-13FOMA) (P3,
AcTreMA:13FOMA = 70:30) (CDClIs for *H, CDCIls with TFA capillary for 1°F).
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Figure 6-9. *H (top) and °F (bottom) NMR spectra of deacetyated p(TreMA-co-13FOMA) (P3,
AcTreMA:13FOMA = 70:30) (DMSO-ds for *H, DMSO-ds with TFA capillary for 1°F).
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Figure 6-10. H (top) and *°F (bottom) NMR spectra of p(AcTreMA-co-13FOMA) (P4,
AcTreMA:13FOMA = 90:10) (CDClIs for *H, CDCIs with TFA capillary for 1°F).
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Figure 6-11. H (top) and °F (bottom) NMR spectra of deacetyated p(TreMA-co-13FOMA)
(P4, AcTreMA:13FOMA = 90:10) (DMSO-ds for *H, DMSO-ds with TFA capillary for 1°F).
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Figure 6-12. *H (top) and *°F (bottom) NMR spectra of p(AcTreMA-co-13FOMA) (P5,
AcTreMA:13FOMA = 30:70) (CDClIs for tH, CDCIls with TFA capillary for 1°F).

249



cocl,| f 0.0
3 AcO ’
H,0
AcO' “0OAc
OAc
f
c
d
f
a b e g
NN e 00000000
10 9 8 7 6 5 4 3 2 1 0 4 ppm

TFA

A I R A M I L R I I I I I B
-75 -80 -85 -90 -95 100 05 110 115 -120 125 -130 -135 ppm

Figure 6-13. 'H (top) and *°F (bottom) NMR spectra of p(AcTreMA-co-PEGMA-co-13FOMA)
(P6, AcTreMA:PEGMA:13FOMA = 33:33:33) (CDCl; for *H, CDCls with TFA capillary for 1°F).
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Figure 6-14. H (top) and *°F (bottom) NMR spectra of deacetyated p(TreMA-co-PEGMA-co-
13FOMA) (P6, TreMA:PEGMA:13FOMA = 33:33:33) (DMSO-ds for *H, DMSO-ds with TFA
capillary for '°F).
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Figure 6-15. 'H (top) and *°F (bottom) NMR spectra of deacetyated p(TreMA-co-PEGMA-co-
13FOMA) (P7, TreMA:PEGMA:13FOMA = 56:18:26) (DMSO-ds for *H, DMSO-ds with TFA
capillary for '°F).

252



DMSO

10 9 8 7 6 5 4 3 2 1 0 1 ppm
TFA
HO' “OH
OH
A C-E
F
B j\/\/\
——QM J\
I T T T T T T T T T T T T T
-75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -130 -135 ppm

Figure 6-16. *H (top) and *°F (bottom) NMR spectra of deacetyated p(TreMA-co-PEGMA-co-
13FOMA) (P8, TreMA:PEGMA:13FOMA = 37:37:26) (DMSO-ds for *H, DMSO-ds with TFA
capillary for '°F).
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Figure 6-18. 'H NMR spectra of p(PEGMA-co-13FOMA) nanoprecipitated with novaluron
(polymer:novaluron = 10:1) in (a) D20 and (b) DMSO-ds. Samples analyzed in DMSO-ds contain
4-hydroxybenzaldehyde as an internal standard (denoted by X in the spectra). Red asterisk denotes
the peak (corresponding to the proton ortho to the chlorine in novaluron) used for the quantification
of encapsulation efficiency. The standard is present at 1.47 x 10° mol (0.18 mg), and the
integration ratio leads to 4.13 x 10" mol of the novaluron. Comparing with novaluron added (0.5
mg, 1.01 x 10 mol), the percent encapsulation is 40.7 % for this sample. Following the same
procedure for 4 other independently prepared samples, the average encapsulation efficiency was

34.9+ 6.9 % (n=5).
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Figure 6-19. 'H NMR spectra of p(TreMA-co-PEGMA-co-13FOMA) nanoprecipitated with
novaluron (polymer:novaluron = 10:1) in (a) D20 and (b) DMSO-de. Samples analyzed in DMSO-
ds contain 4-hydroxybenzaldehyde as an internal standard (denoted by X in the spectra). Red
asterisk denotes the peak (corresponding to the proton ortho to the chlorine in novaluron) used for
the quantification of encapsulation efficiency. The standard is present at 1.47 x 10°° mol (0.18 mg),
and the integration ratio leads to 2.36 x 107 mol of the novaluron. Comparing with novaluron
added (0.5 mg, 1.01 x 10 mol), the percent encapsulation is 23.2 % for this sample. Following
the same procedure for 4 other independently prepared samples, the average encapsulation
efficiency was 31.1 £ 6.4 % (n = 5).
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Figure 6-20. 'H NMR spectra of p(TreMA-co-13FOMA) (70:30 TreMA:13FOMA)
nanoprecipitated with novaluron (polymer:novaluron = 10:1) in (a) D.O and (b) DMSO-ds.
Samples analyzed in DMSO-ds contain 4-hydroxybenzaldehyde as an internal standard (denoted
by X in the spectra). Red asterisk denotes the peak (corresponding to the proton ortho to the
chlorine in novaluron) used for the quantification of encapsulation efficiency. The standard is
present at 1.47 x 10 mol (0.18 mg), and the integration ratio leads to 1.47 x 107 mol of the
novaluron. Comparing with novaluron added (0.5 mg, 1.01 x 10" mol), the percent encapsulation
is 14.5 % for this sample. Following the same procedure for 4 other independently prepared
samples, the average encapsulation efficiency was 10.7 + 3.5 % (n = 5).
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Figure 6-21. 'H NMR spectra of p(TreMA-co-13FOMA) (90:10 TreMA:13FOMA)
nanoprecipitated with novaluron (polymer:novaluron = 5:1) in (a) D-O and (b) DMSO-ds. Samples
analyzed in DMSO-ds contain 4-hydroxybenzaldehyde as an internal standard (denoted by X in
the spectra). Red asterisk denotes the peak (corresponding to the proton ortho to the chlorine in
novaluron) used for the quantification of encapsulation efficiency. The standard is present at 1.47
x 10 mol (0.18 mg), and the integration ratio leads to 2.36 x 10" mol of the novaluron. Comparing
with novaluron added (0.5 mg, 1.01 x 10® mol), the percent encapsulation is 23.2 % for this sample.
Following the same procedure for 4 other independently prepared samples, the average
encapsulation efficiency was 14.2 £ 17.0 % (n = 5).
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Figure 6-22. IR spectrum of p(TreMA-co-13FOMA) (P1, TreMA:13FOMA = 50:50).
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Figure 6-23. IR spectrum of p(TreMA-c0-13FOMA) (P2, TreMA:13FOMA = 50:50).
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Figure 6-24. IR spectrum of p(TreMA-co-13FOMA) (P3, TreMA:13FOMA = 70:30.
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Figure 6-25. IR spectrum of p(TreMA-co-13FOMA) (P4, TreMA:13FOMA = 90:10).
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Figure 6-26. IR spectrum
TreMA:PEGMA:13FOMA = 33:33:33).
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Figure 6-27. IR spectrum of p(TreMA-co-PEGMA-co-13FOMA) (P7,

TreMA:PEGMA:13FOMA = 56:18:26).
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Figure 6-28. IR spectrum of p(TreMA-co-PEGMA-c0-13FOMA) (P8,
TreMA:PEGMA:13FOMA = 37:37:26).
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Figure 6-29. DLS intensity (top) and volume (bottom) distribution of p(TreMA-co-13FOMA) (P3,
TreMA:13FOMA = 70:30) nanoprecipitated with novaluron at polymer:novaluron = 10:1.
Maximum (red) and minimum (blue) values from repeated measurements (n = 3).
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Figure 6-30. DLS intensity (top) and volume (bottom) distribution of p(PEGMA-co-13FOMA)
(PO, PEGMA:13FOMA = 60:40) nanoprecipitated with novaluron at polymer:novaluron = 10:1.
Maximum (red) and minimum (blue) values from repeated measurements (n = 3).
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Figure 6-31. DLS intensity (top) and volume (bottom) distribution of p(TreMA-co-13FOMA) (P4,
TreMA:13FOMA = 90:10) nanoprecipitated with novaluron at polymer:novaluron = 10:1.
Maximum (red) and minimum (blue) values from repeated measurements (n = 3).
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Figure 6-32. DLS intensity (top) and volume (bottom) distribution of p(TreMA-co-PEGMA-co-
13FOMA) (P8, TreMA:PEGMA:13FOMA = 37:37:26) in water with maximum (red) and
minimum (blue) values from repeated measurements (n = 3).
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Chapter 7.

Modulation of Cyclic Ketene Acetal Reactivity and Vinyl

Polymer Degradation Using Fluorous Co-Monomer

This chapter is an edited version of a published paper:
Reprinted with permission from Ko, J. H.; Terashima, T.; Sawamoto, M.; Maynard, H. D.
Macromolecules 2017, 50, 9222. Copyright 2018 American Chemical Society.
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7.1 Introduction

Fluorinated compounds have widespread utility as durable coating materials,® 2
agrochemicals,® # fuel cell membranes,® therapeutic drugs,* ® 7 and radiotracers for positron
emission tomography (PET).”® In addition, interest in using fluorinated compounds for medical
applications has been steadily increasing,* & 7 with fluorinated polymers emerging as a promising
platform for drug delivery for fluorinated drugs and imaging reagents.%** Fluorinated polymers
possess unique properties such as high chemical resistance,* ? preference for fluorous phase over
both aqueous and organic phases,'® enhanced cell membrane permeability,'® ¢ and self-assembly
in water.t” ® However, most fluorinated polymers are non-degradable, and the use of non-
degradable polymers in vivo may lead to build up in the body and environment causing undesired
side-effects in the long term.!® Therefore, there is a need for fundamental understanding of the
synthesis and properties of degradable fluorinated polymers; yet very few studies on the subject
EXiSt.lg' 20,21

We envisioned that co-polymerization of a fluorinated vinyl monomer and cyclic ketene
acetal using ruthenium-catalyzed living radical polymerization would enable easy access to
degradable fluorous polymers. Along with other controlled polymerization techniques such as
nitroxide-mediated polymerization (NMP),?? reversible addition-fragmentation chain-transfer
(RAFT) polymerization,”® and ring-opening metathesis polymerization (ROMP),?* metal-
catalyzed living radical polymerization enables synthesis of well-defined and highly functional
polymeric materials. More recently, we have studied the behavior of amphiphilic fluorous
polymethacrylates synthesized by various ruthenium catalysts and demonstrated the ability of the
polymers to recognize and segregate fluorous compounds in water?>?” and also form single-chain

nanoparticle via intra-molecular folding of fluorous side chains.’
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Such fluorous vinyl polymers may be made degradable by the incorporation of degradable
units into the backbone. Cyclic ketene acetals are well-characterized monomers that co-polymerize
with common vinyl monomers, such as methacrylates, to impart degradability to the resulting
polymer.283% Upon radical addition to the double bond of a cyclic ketene acetal, its ring strain
causes the structure to open and produce a hydrolytically degradable ester linkage in the polymer
backbone. Cyclic ketene acetals typically contain a radical-stabilizing aromatic ring adjacent to
the ketene acetal to facilitate ring opening, such as in 5,6-benzo-2-methylene-1,3-dioxepane
(BMDO). In particular, BMDO undergoes quantitative ring opening with vinyl monomers®! and
its degradation product has shown to be cell compatible and non-cytotoxic,? making it one of the
most popular ketene acetals used.

We set out to develop degradable fluorous polymers from poly(ethylene glycol methyl
ether methacrylate) (PEGMA), fluorinated methacrylates, and the cyclic ketene acetal BMDO. We
decided to use PEGMA as a co-monomer to solubilize the resulting polymer in aqueous media.
We have previously shown that PEGMA co-polymerizes well with fluorinated methacrylates to
form self-folded assemblies that can be conjugated to proteins®® and can be also used to stabilize
proteins in fluorous solvent.3* Moreover, PEGMA and fluorous methacrylates have been shown to
produce polymers that are biocompatible and non-cytotoxic to cells at least up to 1 mg/mL.3

In this chapter, we report the synthesis of co-polymers of cyclic ketene acetal with both
hydrophilic and fluorous methacrylates by ruthenium-catalyzed living radical polymerization. The
technique allowed us to create a series of well-defined polymers with varying fluorous contents,
which was used to establish the relationship between the monomer feed ratios and the resulting

co-polymerization properties and polymer degradation kinetics. We anticipate that by combining
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the findings in this study with powerful living radical polymerization techniques, researchers will

be able to design well-defined degradable fluorous materials for a variety of applications.

7.2 Results and Discussion

Given the limited examples of degradable fluorous polymers, we were interested in
exploring the co-polymerization of BMDO and fluorous methacrylates as a facile route to
degradable fluorous polymers. BMDO is known to co-polymerize slowly with activated
monomers® 3 due to its high electron density. We hypothesized that the fluorous methacrylates
(RFEMA) with electron-withdrawing side chains will have better orbital overlap with BMDO than
alkyl-substituted methacrylates, allowing the BMDO incorporation to be modulated by the amount
of the ReEMA in the random co-polymer of BMDO, RekMA, and PEGMA. The report by Yamago
and Mishima provides quantitative support for this hypothesis.®’ In their study, various acrylates
and methacrylates were more readily co-polymerized with vinyl ether monomers when the
acrylate/methacrylate contained the electron-withdrawing CF3 pendant group. Their density
functional theory (DFT) calculations suggested that the CF3 acts to lower the singly occupied
molecular orbital (SOMO) energy of the acrylate/methacrylate radical interacting with the highest
occupied molecular orbital (HOMO) energy of electron-rich vinyl ether.

We adopted the analysis of Yamago and Mishima to gain a theoretical insight into our
hypothesis. Our DFT calculation (at UB3LYP/6-31G(d) level of theory using GAMESS® %) of
BMDO and ReMAs leads to a similar conclusion (Figure 7-1). It has been previously demonstrated
that 1H,1H,2H,2H-perfluorooctyl methacrylate (13FOMA) exhibits high fluorous property, which
directs the folding behavior in p(PEGMA-co-13FOMA)’ and was thus chosen for our study. Since

poor polymer solubility was expected at high 13FOMA feed ratio, 1H,1H,2H,2H,3H,3H-
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perfluoropentyl methacrylate (5SFPMA)* was also employed for the high fluorous monomer feed
ratios. The calculations show that fluorinated substituents lower the SOMO energy of methacrylate
by 6 kcal/mol for the 13FOMA analog with ethyl spacer and 4 kcal/mol for the 5FPMA analog
with propyl linker, which bring the SOMO energies closer to the HOMO energy of BMDO. In this
instance, the perfluorinated chain of REMA was substituted with CF3 to decrease the calculation
time. This result encouraged us that both 13FOMA and 5FPMA will exhibit enhanced reactivity

with BMDO.
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Figure 7-1. Structures of monomers utilized in this study. HOMO energy of BMDO, and SOMO
energies of fluorous methacrylate radicals representing 13FOMA and 5FPMA, and corresponding
alkyl methacrylate radicals are shown below the structures. Structures were optimized by DFT
calculation at UB3LYP/6-31G(d) level of theory in GAMESS®® % and visualized by MacMolPIt.*:

Optimization of Polymerization Condition. Although BMDO has previously been co-
polymerized with acrylates and methacrylates using reversible addition-fragmentation chain-
transfer (RAFT) polymerization,* #* nitroxide-mediated polymerization (NMP),% % and atom
transfer radical polymerization (ATRP) via copper catalysis,***' the use of ruthenium complexes
for BMDO co-polymerization with vinyl monomers has not been explored to date. Ruthenium

catalysts have excellent functional group tolerance and large coordination sphere, which allow

275



them to accommaodate ligands with various electronic and steric properties and achieve fine control
over the polymerization of various monomers.*® Therefore, we set out to initially optimize the
conditions for Ru-catalyzed polymerization of BMDO with methacrylates, using PEGMA as a
model methacrylate (Scheme 7-1). The half-metallocene indenyl complex Ru(Ind)CI(PPhs); is a
versatile catalyst that produces polymers with a narrow molecular weight distribution for a wide
range of monomers*® %° and was used for the experiment. The chloride initiator ethyl 2-chloro-2-
phenylacetate (ECPA) is particularly well-suited for polymerization of methacrylates using
Ru(Ind)CI(PPhs). and was employed for the first set of polymerizations (Table 7-1, entries 2
through 4). Polymerizations proceeded smoothly at low BMDO feed (20 mol %) but became
sluggish at higher feed ratios; the polymerization only reached 58 % conversion after 86 hours
using 60 mol % of BMDO compared to 77 % conversion after 24 hours with 20 mol % of BMDO.
Moreover, the size exclusion chromatography (SEC) trace was asymmetrical and indicated some
low molecular weight tailing (Figure 7-2, red). The asymmetry of the SEC traces was quantified
using asymmetry factor (As), which is a chromatographic index® 5! recently used by the Fors group
to analyze molecular weight distribution change with controlled initiator addition.>? When As is
greater than 1, the SEC peak exhibits tailing towards the low molecular weight region. As a control,
a well-defined p(PEGMA-co-13FOMA\) polymer that did not contain BMDO exhibited relatively
low As = 1.45 (entry 1). However, the polymers synthesized using ECPA had large As > 2 (entries
2 and 3) demonstrating that addition of BMDO inhibits chain growth and causes the tailing with
this initiator. At very high BMDO content (60 mol%), low monomer conversion resulted in the
calculation of a smaller As (entry 4). It should also be noted that the current difficulty of co-

polymerization of cyclic ketene acetal with activated vinyl monomers is the moderate control (D
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= 1.3 — 1.7) due to the limited reactivity of cyclic ketene acetal,3> > 4353 and our data are

comparable to previous results obtained by copper-mediated ATRP, RAFT, and NMP.
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Scheme 7-1. Ruthenium-catalyzed living radical polymerization of poly(ethylene glycol) methyl
ether methacrylate (PEGMA) and 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) using chloride
and bromide initiators.

Table 7-1. Molecular weight data and asymmetry factor of p(PEGMA-co-BMDO) polymers
synthesized with chloride or bromide initiator.

. PEGMA: Time PEGMA Mn
Entry  Initiator D As
BMDO (h) conv. (%) (kDa)

Control
1 N/A 49 80.6 50.9 1.18 1.45

(ECPA, CI)?
2 80:20 24 76.9 34.1 1.43 2.38
3 ECPA (CI)® 60:40 48 69.4 28.4 1.66 2.00
4 40:60 86 58.2 17.9 1.61 1.39
5 80:20 18 80.7 21.6 1.53 1.55
6 EBPA (Br)° 60:40 23 69.4 26.0 1.60 1.57
7 40:60 34 77.6 19.0 1.54 1.60

2 [PEGMA]:[13FOMA] = 60:40. ? [PEGMA + BMDO] / [ECPA] / [Ru(Ind)CI(PPh3).] / [n-BuzN]
=500/4/2/20 mM in toluene at 80 °C. ¢ [PEGMA] / [BMDQ] / [EBPA] / [Ru(Ind)CI(PPhz)2] /
[n-BusN] =400/ 100 or 267 or 600 /4 /2 /20 mM in toluene at 80 °C.
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Figure 7-2. Comparison of SEC chromatogram peak asymmetry for p(PEGMA-co-BMDO) (20%
BMDO) synthesized using CI (red, Table 7-1, entry 2) or Br initiator (blue, Table 7-1, entry 5).

To explain the chain growth inhibition by BMDO when using the chloride initiator, we
turned our attention to the disparity between the C-Cl bond strengths for BMDO (69.4 kcal/mol
for the benzylic C-Cl) and methyl methacrylate (MMA) (66.9 kcal/mol for the methacrylic C-
CI).>* Once BMDO adds to the chain end, the polymer has 2.5 kcal/mol higher thermodynamic
barrier for C-Cl bond cleavage to form the active chain compared to polymers with PEGMA at the
chain ends. As a result, the PEGMA-end chains will continue to polymerize while BMDO-end
chains will remain mainly dormant. In contrast, the more scissile C-Br bond has energies that are
more comparable for both BMDO (60.2 kcal/mol) and MMA (58.9 kcal/mol),>* which suggests
that the bromide initiator ethyl 2-bromo-2-phenylacetate (EBPA) may reduce tailing. Indeed,
EBPA-initiated polymerizations yielded polymers with As < 1.6 and reduced tailing (Figure 7-2,
blue). Yet the D values are similar to the chloride initiator likely due to the innate BMDO reactivity
with PEGMA. To accelerate polymerization at high BMDO contents, the monomer concentrations
were increased by 1.3 fold for 40 mol % and 2 fold for 60 mol % BMDO, which effectively led to
decreased polymerization time and high conversion even at 60 mol % (77.6 % at 34 h) (Table 7-1,
entry 7).
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Using this bromide initiator, PEGMA and BMDO were then co-polymerized with
13FOMA and 5FPMA at various fluorous methacrylate ratios (Scheme 7-2). BMDO feed amount
was fixed at 40 % for all polymerizations as our aim was to study the effect of fluorous content on
polymerization and resulting material properties. When PEGMA and BMDO were co-polymerized
in the absence of 13FOMA, BMDO incorporation was only 8.6 % (Table 7-2). This BMDO
incorporation is comparable to our previous result using RAFT to co-polymerize BMDO and
PEGMA (between 9 and 10.5 % at 50 % BMDO feed ratio).*? At higher 13FOMA feed ratios,
significantly more BMDO was incorporated into the polymer (Figure 7-3 and Table 7-2), with
13.4 % BMDO being incorporated at the highest 13FOMA feed ratio (entry 4). However, the
molecular weight could not be measured by SEC at this feed ratio since the dn/dc was nearly zero
due to the very low polarizability of fluorine leading to a low refractive index.>® We have
previously reported a similar decrease in the polymer dn/dc with increasing ReEMA content.!” In
addition, the polymerization time was extended to 52 hours in order to maintain the monomer
conversion at around 75 % as in other polymerizations; the increased polymerization time was
presumably due to increased BMDO incorporation. To study p(PEGMA-co-RFMA-co-BMDO) at
high ReEMA content, the less fluorous monomer 5SFPMA was used in place of 13FOMA for co-
polymerization with PEGMA and BMDO. To compensate for the decreased polymerization rate
at high fluorous monomer content, 5SFPMA polymerizations were conducted at a slightly higher
concentration (25 % more concentrated). As a result, high conversion was reached in 24 hours and

at the same time the dn/dc remained positive for the 5SFPMA polymers allowing for SEC analysis.
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Scheme 7-2. Ruthenium-catalyzed living radical polymerization of PEGMA, perfluoroalkyl
methacrylates (RFEMA: 13FOMA, 5FPMA), and BMDO.

Table 7-2. Degradable fluorous polymers synthesized by ruthenium-catalyzed living radical
polymerization.

PEGMA: Time PEGMA conv. M, % BMDO
Entry RrMA D
REMA (h) (%) (kDa)
1 None? 100:0 23 69.4 26.0 1.60 8.6
2 80:20 315 749 22.6 1.46 10.6
3 13FOMA®  60:40 475  75.9 21.3 1.50 12.1
4 40:60 52 73.3 N/AS N/AS  13.4
5 40:60 24 75.0 20.0 1.37 12.7
5FPMA¢
6 20:80 24 73.7 16.8 134 135

3 Reproduced from Table 7-1 (EBPA, PEGMA:BMDO = 60:40) for easy comparison. ® [PEGMA
+ 13FOMA] / [BMDO] / [EBPA] / [Ru(Ind)CI(PPhs)2] / [n-BusN] =400 /267 /4 /2 /20 mM in
toluene at 80 °C. ¢ SEC trace was not observable due to near-zero dn/dc at this composition.*”
[PEGMA + 5FPMA] / [BMDO] / [EBPA] / [Ru(Ind)CI(PPhs),] / [n-BusN] =500/333/5/25/
25 mM in toluene at 80 °C.
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Figure 7-3. Polymerization kinetics of p(PEGMA-co-RFMA-co-BMDO) polymers at fixed
BMDO feed ratio (40% BMDO with respect to combined methacrylates). (a) 10:0 PEGMA:REMA,
(b) 8:2 PEGMA:13FOMA, (c) 6:4 PEGMA:13FOMA, (d) 4:6 PEGMA:13FOMA, (e) 4:6
PEGMA:5FPMA | and (f) 2:8 PEGMA:5FPMA (orange: REMA, blue: PEGMA, green: BMDO).

RrFMA Content Modulates BMDO Incorporation. When BMDO incorporation was
plotted as a function of REMA content, a highly linear relationship was observed for both 13FOMA
and 5FPMA (Figure 7-4). This result supports the hypothesis that the increased electrophilicity of
ReMA improves the incorporation of BMDO. DFT calculation showed that the orbital energy gap
between the methacrylate and BMDO decreases from 6.5 kcal/mol for alkyl methacrylates to 0.5
kcal/mol for 13FOMA and 2.3 kcal/mol for 5SFPMA (Figure 7-1). The slightly smaller orbital
energy gap for 13FOMA may be responsible for the larger slope for 13FOMA compared to
5FPMA, although the difference is not pronounced. It is possible that the higher BMDO
incorporation was caused by the solvent or polar effects from the presence of the fluorous unit at
the chain end. However, such through-space field effects of fluorine are expected to show greater

discrepancy in the % BMDO incorporation between 13FOMA and 5FPMA than the observed
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result since 13FOMA contains 2.6 times more fluorine atoms per repeat unit than 5SFPMA. The
combined data suggests that the higher BMDO incorporation is indeed due to the increased
electrophilicity of the ReEMAs from the inductive electron withdrawal by the fluorous side chain.
Finding that electron-deficient fluorinated methacrylates better react with BMDO may give

insights into strategies for improving the control of cyclic ketene acetal co-polymerizations in

future studies.
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Figure 7-4. BMDO incorporation as a function of REMA content in the polymer (black: 13FOMA,
red: 5SFPMA).

Degradation Rate is Controlled by RFMA Content. Given the effect of fluorous monomer
content on BMDO incorporation, it was also reasonable to expect that fluorous content would
affect the polymer degradation kinetics. To examine this relationship, the polymers with different
REMA content were exposed to hydrolysis in a basic aqueous media. All polymers were soluble
in water except 80 % 5FPMA, which required 10 % DMSO for solubilization. Thus, to make the
test condition comparable across the polymers, the degradation was carried out in the presence of
10 % DMSO.

Degradation of the polymers was monitored over 24 hours by measuring polymer
molecular weight by SEC (Figure 7-5). Polymer without any fluorous unit quickly degraded and
exhibited a drastic shift in the SEC chromatogram for the first time point at 15 min. The rate of
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chromatogram shift corresponding to the degradation decreased as RFMA content increased. When
the molecular weights are plotted as % original molecular weight (Figure 7-6a), the trend of faster
degradation for lower fluorous content polymer is clear. This is despite the fact that the more
fluorous polymer contains more degradable units (Table 7-2). A control polymer p(PEGMA-co-
13FOMA) without any degradable unit did not show significant shift in the SEC chromatogram
after 24 hours under the same hydrolysis condition (Figure 7-5f), confirming that the observed
shifts were due to degradation of the BMDO units and not due to the cleavage of methacrylate side
chains. The SEC chromatograms qualitatively confirmed that the degradation rate continuously

decreases with increased hydrophobicity from the fluorous units.
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Figure 7-5. SEC chromatogram of p(PEGMA-co-RFMA-co-BMDO) polymers in 4.5% KOH +
10% DMSO. (a) 0% ReMA, (b) 20% 13FOMA, (c) 40% 13FOMA, (d) 60% 5FPMA, (e) 80%
5FPMA, and (f) control polymer without BMDO (p(PEGMA-co-13FOMA) with 60:40
PEGMA:13FOMA).
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Figure 7-6. Degradation kinetics of p(PEGMA-co-ReFMA-co-BMDO) polymers. (a) Percent
molecular weight over time and (b) pseudo-first order reaction kinetics of BMDO unit over time.
Red: 0%, yellow: 20%, green: 40%, blue: 60%, and purple: 80% RrMA with respect to total
methacrylate content.

Modeling the Degradation Rate. To gain a quantitative understanding of the effect of
fluorous content on degradation rate, we sought to convert the molecular weight information into
the number of hydrolyzed BMDO units. Towards this goal, we modeled the degradation Kinetics
as a pseudo-first order reaction of BMDO hydrolysis with large excess of hydroxide ions.
Recognizing that hydrolysis of each BMDO unit will increase the number of polymer chains by 1
and the total mass of all the polymers does not change, for the degradation of a single polymer
chain, the relationship between the average molecular weight of degraded polymer chains and the

number of hydrolyzed BMDO (n) at any time can be expressed as MW(degraded) = MW(original)
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/ (n + 1). Rearranging this equation gives n = [MW(original)/ MW/(degraded)] — 1 as the expression
for the number of hydrolyzed or reacted BMDO in terms of molecular weight data from SEC. A
Monte Carlo simulation was used to validate the extension of this model from a single polymer
chain to a polymer ensemble (see Experimental Section for details). The simulation used the
reported reactivity ratio of MMA and BMDO® to generate 1,000 polymer chains, which showed
a gradient polymer with higher BMDO distribution near the polymer tail as would be predicted
from its lower reactivity (Experimental Section Figure 7-26). When BMDO units in these
polymers were randomly degraded, the simulation agreed perfectly with the analytical solution
from the equation validating our degradation model (Experimental Section Figure 7-27).

The degradation model was used to generate a pseudo-first order reaction plot (Figure 7-6b).
The plot showed good linearity at early time points, but deviation was observed at longer times
(see Experimental Section Figure 7-20). This deviation from linearity is likely due to the model
assumption that all BMDO units are susceptible to hydrolysis with equal probability regardless of
their position in the polymer or chain length. Nevertheless, the model provides a platform for
quantitative comparison of degradation rates and shows good linearity for the first four hours. The
slope of each plot for the first four hours (except for 0% RrMA, which reaches complete
degradation in 2 hours) was converted to a rate constant (Table 7-3). The degradation rate spans
two orders of magnitude with different fluorous monomer contents. The most drastic decrease is
observed when REMA content is increased from 0 % to 20 %, as the rate constant decreases by 11-
fold. It should also be noted that the decreasing rate trend of 13FOMA (20 and 40 %) continues
for 5SFPMA (60 and 80 %), suggesting that it is the number of fluorous units and not the number

of fluorine atoms that has the largest impact on the degradation rate.

285



Table 7-3. Rate constant for degradation for different fluorous monomer contents.

% ReEMA k x 10® (M min?)

0 23.07
20 2.08
40 1.14
60 0.38
80 0.22

Self-Folding of the Polymers in Aqueous Media. Next, the aggregation state of polymers
in aqueous solution (10% DMSO in water) was investigated by dynamic light scattering (DLS)
(Figure 7-7). Although we typically conduct these studies in pure water,)” DMSO was added to
solubilize the 80% fluorous content polymer in order to make direct comparisons to the
degradation data, which was undertaken in the same media. We have previously studied the self-
folding behavior of p(PEGMA-co-13FOMA) in water, and observed that the polymer folds into a
single-chain aggregate (or “unimer micelle”) at fluorous contents up to 40 mol % 13FOMA and
forms larger micelles at higher fluorous content.r” By DLS intensity distribution, polymers with
low fluorous content exhibited similar distributions of unimer micelles and multi-chain aggregates
(Figure 7-7a — c) while polymers with higher fluorous content assembled into larger multi-chain
particles (Figure 7-7d and e). Note that larger particles dominate the intensity distribution,*® and
by volume distribution the polymers with low fluorous contents (0-40% RrMA) were mostly
unimer micelles (8~10 nm, > 99.5% volume fraction) (Experimental Section Figure 7-21a — )
whereas multi-chain micelles were observed at higher fluorous contents (60-80 % RrMA)

(Experimental Section Figure 7-21d —e).
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Figure 7-7. DLS intensity distribution in water + 10 % DMSO with maximum (red) and
minimum (blue) values from independent sample repeats (n = 3). (a) 0% RrMA, (b) 20%
13FOMA, (c) 40% 13FOMA, (d) 60% S5FPMA, and (e) 80% 5FPMA.

We were interested to determine if the modulation of degradation kinetics stems from the
multi-chain micelles observed at higher fluorous content being better able to protect BMDO from
hydrolytic degradation. If the self-assembled structures were directly responsible for the
degradation rate, then the polymers with more unimer micelle population would degrade faster
while the polymers with more multi-chain aggregate population would degrade slower. However,
all polymers with low fluorous content (0-40 % ReMA) exhibit similar size distributions (Figure
7-7a — c) yet have very different degradation rates (Table 7-3). Since unimer micelles also have a
fluorous/hydrophobic core, both the single-chain (~10 nm) and multi-chain (40~200 nm) particles
would be able to slow the degradation of BMDO. Therefore, the primary factor for hindering

degradation seems to be the presence of ReMA in the vicinity of BMDO units (local proximity).
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Decreased Degradation Rate is Due to Shielding by the Fluorous Side Chains.
Comparison of *H NMR spectra of the polymers in organic and aqueous media further reinforced
the view that the water-repelling microenvironment of the polymer modulates the degradation rate
(Figure 7-8). We have previously demonstrated that the NMR signal of fluorous side chain
broadens with increasing solvent polarity and completely disappears in DO due to the line
broadening of less mobile aggregated side chains at the core of unimer micelles.’” It was
anticipated that if BMDO units are indeed shielded by the fluorous core, BMDO peak broadening
in water would increase with fluorous content. Polymer without any fluorous units showed only
slight broadening for the BMDO peak (peaks a and b in Figure 7-8f compared to Figure 7-8a) in
aqueous media. As the fluorous content increases, PEG peaks e and f that interact with water
molecules remain mostly sharp while BMDO peaks a and b gradually broaden until they nearly
disappear for 80 % RrMA (Figure 7-8j). Other peaks corresponding to hydrophobic protons in the
fluorous methacrylates (c) and near the backbone (d, g-j) also broaden and features of the
hydrophobic backbone peak (j) progressively become indistinguishable as the fluorous content
increases. NMR data shows that the ester backbone of BMDO is in a more water-repelling
environment likely because of the hydrophobic and fluorous core at higher RFMA content, and

thus more resistant to degradation by hydroxide ions.
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Figure 7-8. *H NMR of p(PEGMA-co-ReMA-co-BMDO) polymers in (a-e) CDsCN and (f-j) D20
+ 10% DMSO-des. Hydrophilic peaks are colored in blue and hydrophobic peaks are colored in red.
Note that y-axis is enlarged at higher fluorous contents to facilitate viewing of the broadened

BMDO peak.

The present study establishes the fundamental understanding of chemistry and properties

of degradable fluorous polymers. We have discovered that fluorous methacrylates can modulate

both the reactivity of propagating chain end to enhance the incorporation of BMDO and the
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degradation kinetics by shielding BMDO within the water-repelling environment, likely provided
by the self-assembly of fluorous side chains. With growing interest in the use of fluorous polymers
for therapeutic and other applications, routes to various degradable fluorous polymers would be
highly valuable. The knowledge on degradable polymer synthesis garnered by the polymer
chemistry field in the past couple decades will undoubtedly help us make progress towards this
goal. One approach would be to incorporate labile linkages such as disulfide, acetal, and orthoester
within a monomer containing fluorous molecule and assemble the units by methods such as
polycondensation, as done by Tang and co-workers in a recent publication.** Some limitations to
this approach include the difficulty in controlling the size and dispersity of the polymer, and the
limited functionalities available when compared to vinyl monomers. The alternative route
delineated herein, which combines the metal-catalyzed radical polymerization technique with
advances in degradable vinyl monomer, is attractive in that it yields polymers with controllable
size, and allows the use of numerous vinyl monomers that can be easily functionalized with various
side chains. The metal catalyst would be efficiently removed by various methods®®%° prior to use

in biological systems.

7.3 Conclusions

We have demonstrated that ruthenium-catalyzed living radical polymerization enables the
straightforward synthesis of degradable fluorous polymers. By judicious choice of polymerization
conditions, the degradable BMDO monomer can be readily incorporated into a methacrylic
polymer. Co-polymerization of BMDO with hydrophilic PEGMA and fluorous methacrylate
(13FOMA or SFPMA) yields water-soluble and degradable fluorous polymers. It was found that

increased electrophilicity of fluorous methacrylates help lower the SOMO-HOMO gap with
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BMDO to improve the reactivity of BMDO with the methacrylates, while the
fluorous/hydrophobic core of the polymers in solution provides a varying degree of protection for
the BMDO towards hydrolytic degradation. Using a simulation-validated degradation model, the
degradation rate was quantified to span two orders of magnitude depending on the fluorous content
of the polymer. Spectroscopic data suggests that the microenvironment of unimer micelle and
multi-chain micelle is responsible for the delayed BMDO hydrolysis at higher fluorous contents.
Our findings provide at once a practical route to a series of degradable fluorous polymers and

insight into the effect of fluorous monomers on polymer reactivity and degradation rate.

7.4 Experimental Section
Materials

Ethyl-2-chloro-2-phenylacetate (ECPA, Aldrich) and ethyl-2-bromo-2-phenylacetate
(EBPA, Aldrich) were purified by distillation under reduced pressure. Ru(Ind)CI(PPh3). (Aldrich)
was used as received and handled in a glove box under a moisture- and oxygen-free argon
atmosphere (H2O < 1 ppm, Oz < 1 ppm). Poly(ethylene glycol) methyl ether methacrylate
(PEGMA, Aldrich, M,, =475 (1=8.5) ) and 1H,1H,2H,2H-perfluorooctyl methacrylate (13FOMA,
Wako) were purified by column chromatography charged with inhibitor remover (Aldrich) and
purged by argon before use. 1H,1H,2H,2H,3H,3H-Perfluoropentyl methacrylate (SFPMA)* and
5,6-benzo-2-methylene-1,3-dioxepane (BMDO)** were synthesized as previously reported. The
co-catalyst tributylamine (n-BuzN, TCI) was degassed by reduced pressure. Tetralin (TCI), used
as the internal standard for calculating monomer conversion by '"H NMR, was purified by drying
over calcium chloride overnight and distilling from calcium hydride. Toluene (Kishida Chemical)

was purified by passing through a purification column (Glass Contour Solvent Systems by SG
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Water, USA) and sparged with nitrogen gas. The control polymer p(PEGMA-co-13FOMA)
(PEGMA:13FOMA = 60:40, M, = 50.9 kDa, b = 1.18 by DMF SEC) was prepared using a

previously reported procedure.!’

Analytical Techniques

NMR spectra were recorded on a Bruker AV 400 MHz, a Bruker DRX 500 MHz, or a
JEOL JNM-ECAS500 spectrometer with a relaxation delay of 10 s. Size exclusion chromatography
(SEC) for polymer characterization was conducted in N,N-dimethylformamide (DMF) containing
10 mM lithium bromide (flow rate: 1 mL/min) on three linear-type polystyrene gel columns
(Shodex KF-805L) connected to a Jasco PU-2080 precision pump, a Jasco RI-2031 refractive
index detector, and a Jasco UV-2075 UV/vis detector set at 270 nm. SEC for polymer degradation
was conducted on a Shimadzu HPLC system equipped with a refractive index detector RID-10A
and two Polymer Laboratories PLgel 5 pm mixed D columns (with guard column). Lithium
bromide (0.1 M) in DMF at 50 °C was used as the eluent (flow rate: 0.8 mL/min). Near-
monodisperse poly(methyl methacrylate) standards (Polymer Laboratories) were employed for the
calibration of both systems. Dynamic light scattering (DLS) measurements were conducted on a
Malvern ZetaSizer Nano, and intensity size distribution is reported. Infrared (IR) spectra were

acquired on a Perkin-Elmer Spectrum One instrument equipped with a universal ATR assembly.

Synthesis of Polymers
Representative Procedure: Co-polymerization of PEGMA, 13FOMA, and BMDO
(PEGMA:13FOMA = 80:20). Inside a glove box, Ru(Ind)CI(PPhs), was weighed out into a

Schlenk flask equipped with three-way stopcock, and toluene was added to the flask under argon
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to make 2.05 mg/mL concentration of the catalyst. In a separate Schlenk flask equipped with a
magnetic stir bar, BMDO (100 mg, 6.2 x 10"! mmol) was added. To this flask, the ruthenium
catalyst stock solution (1.75 mL, 4.62 x 10 mmol catalyst), PEGMA (325 uL, 7.39 x 10"! mmol),
13FOMA (55 uL, 1.9 x 10! mmol), 287 mM toluene solution of EBPA (32 pL, 9.2 x 10> mmol),
tetralin (35 puL, 2.6 x 10" mmol), and 400 mM toluene solution of #n-BuzN (115 pL, 4.6 x 1072
mmol) were added under argon (total volume: 2.31 mL). This corresponds to the following reagent
concentrations: [PEGMA] / [I13FOMA] / [BMDO] / [EBPA] / [Ru(Ind)CI(PPh3)2] / [n-BusN] =
320/82/267/4/2/20 mM. The flask was immersed in an oil bath maintained at 80 °C over a
magnetic stirrer, and approximately 50 pL aliquots were taken to measure monomer conversion.
After 31.5 h, the polymerization was terminated by cooling the mixture to -78 °C and exposing it
to air (PEGMA conversion 75%, 13FOMA conversion 80%, BMDO conversion 18% by 'H
NMR). The polymer was purified by dialysis in a regenerated cellulose membrane (Spectra/Por®
3, MWCO 3.5 kDa) in DMF for 2 days followed by solvent exchange to water for 2 days, and
water was removed by lyophilization. Percent BMDO incorporated was calculated using 'H NMR
spectrum integrations of the characteristic benzyl/ester CH, peak at approximately 5.0 ppm and
the PEGMA CH3 peak around 3.3 ppm. '"H NMR (500 MHz in CDsCN) §: 7.57-7.02, 5.31-4.86,
4.42-3.84, 3.81-3.36, 3.35-3.20, 2.80-2.38, 2.38-1.61, 1.54-0.70 ppm. "’F NMR (400 MHz in
CDsCN with TFA at é = -76.5 ppm as an internal standard) o: -80.8-81.5, -112.9-113.8, -121.6—
122.2, -122.6-123.2, -123.4-124.0, -125.9-126.6 ppm. IR: & = 2865.82, 1726.96, 1651.12,
1451.40, 1347.75, 1254.21, 1239.04, 1094.94, 1024.15, 948.31, 852.24, 799.15, 748.59, 695.50

cm’™!. M, =22.6 kDa, P = 1.46 (DMF SEC).

293



p(PEGMA-c0-13FOMA-co-BMDO), PEGMA:13FOMA = 60:40

Polymerization was conducted as in the representative procedure above, with the following reagent
concentrations: [PEGMA] / [13FOMA] / [BMDO] / [EBPA] / [Ru(Ind)CI(PPhs)] / [n-BusN] =
241 /159 /266 / 4/ 2 /20 mM. Polymerization was terminated after 47.5 h. 'H NMR (500 MHz
in CD3CN) &: 7.53-6.99, 5.29-4.88, 4.43-3.83, 3.83-3.36, 3.36-3.20, 2.83-2.36, 2.36-1.60, 1.55—
0.68 ppm. °F NMR (400 MHz in CD3CN with TFA at § = -76.5 ppm as an internal standard) &: -
80.9-81.9, -113.0-114.0, -121.7-122.5, -122.8-123.5, -123.5-124.2, -126.1-126.8 ppm. IR: 6 =
2865.82, 1729.49, 1451.40, 1350.28, 1236.51, 1196.06, 1140.44, 1097.47, 1021.62, 950.84,

844.66, 801.68, 746.06, 733.42, 708.14, 695.50 cm™. M, = 21.3 kDa, P = 1.50 (DMF SEC).

p(PEGMA-c0-13FOMA-co-BMDO), PEGMA:13FOMA = 40:60

Polymerization was conducted as in the representative procedure above, with the following reagent
concentrations: [PEGMA] / [13FOMA] / [BMDO] / [EBPA] / [Ru(Ind)CI(PPhs)] / [n-BusN] =
163 /240 /267 /4 /2 /20 mM. Polymerization was terminated after 52 h. *H NMR (500 MHz in
CD3CN) o: 7.59-6.96, 5.27-4.83, 4.47-3.82, 3.82-3.35, 3.35-3.18, 2.83-2.24, 2.24-1.61, 1.61-
0.66 ppm. *F NMR (400 MHz in CD3CN with TFA at § = -76.5 ppm as an internal standard) & -
81.2-82.0, -113.8-114.8, -122.2-122.9, -123.2-123.9, -123.9-124.7, -126.5-127.2 ppm. IR: 6 =
3002.53, 2870.88, 1729.49, 1453.93, 1350.28, 1233.98, 1191.01, 1140.44, 1120.22, 1100.00,
1024.15, 950.84, 844.66, 801.68, 748.59, 705.61, 695.50 cm™. M, and D were unable to be

measured due to low dn/dc.

p(PEGMA-co-5FPMA-co-BMDO), PEGMA:5FPMA = 40:60
Polymerization was conducted as in the representative procedure above, with the following reagent
concentrations: [PEGMA] / [SFPMA] / [BMDO] / [EBPA] / [Ru(Ind)CI(PPhs).] / [n-BusN] = 197

/291 /334 /5/25 /25 mM. Polymerization was terminated after 24 h. *H NMR (500 MHz in
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CDsCN) 6: 7.52-7.01, 5.26-4.86, 4.30-3.82, 3.75-3.35, 3.35-3.21, 2.90-2.47, 2.47-1.61, 1.61-
0.66 ppm. *F NMR (400 MHz in CD3CN with TFA at 8 =-76.5 ppm as an internal standard) &: -
85.4-86.1, -117.9-118.6 ppm. IR: 6 = 2951.89, 2870.88, 1726.96, 1451.40, 1388.20, 1347.75,
1259.26, 1239.04, 1191.01, 1092.41, 1016.57, 1001.40, 945.78, 854.77, 801.68, 756.17, 715.73

cm™. M, = 20.0 kDa, P = 1.37 (DMF SEC).

p(PEGMA-co-5FPMA-co-BMDO), PEGMA:5FPMA = 20:80

Polymerization was conducted as in the representative procedure above, with the following reagent
concentrations: [PEGMA] / [SFPMA] / [BMDO] / [EBPA] / [Ru(Ind)CI(PPhs).] / [n-BusN] = 100
/398 /332 /5/ 25 /25 mM. Polymerization was terminated after 24 h. *H NMR (500 MHz in
CD3CN) o: 7.55-7.01, 5.28-4.81, 4.26-3.82, 3.72-3.35, 3.35-3.21, 2.89-2.47, 2.47-1.59, 1.59-
0.64 ppm. *F NMR (400 MHz in CD3CN with TFA at 8 =-76.5 ppm as an internal standard) &: -
85.5-86.2, -118.0-118.6 ppm. IR: 6 = 2956.96, 2875.94, 1726.96, 1471.62, 1451.40, 1388.20,
1347.75,1314.88, 1259.26, 1236.51, 1191.01, 1135.39, 1092.41, 1016.57, 998.87, 862.35, 799.15,

753.65, 715.73 cm™. M, = 16.8 kDa, b = 1.34 (DMF SEC).

p(PEGMA-co-BMDO), PEGMA:BMDO = 80:20, ECPA initiated

Polymerization was conducted as in the representative procedure above, with the following reagent
concentrations: [PEGMA] / [BMDOQO] / [ECPA] / [Ru(Ind)CI(PPhs)2] / [n-BusN] =402 /100/4 /
2/ 20 mM. Polymerization was terminated after 24 h. *H NMR (500 MHz in CD3sCN) &: 7.40—
7.10, 5.12-4.95, 4.23-3.93, 3.79-3.35, 3.35-3.24, 1.92-1.65, 1.56-0.69 ppm. IR: & = 2870.88,
1729.49, 1474.15, 1451.40, 1347.75, 1249.15, 1110.11, 1036.79, 948.31, 852.24 cm™. M = 34.1

kDa, D = 1.43 (DMF SEC).
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p(PEGMA-co-BMDO), PEGMA:BMDO = 60:40, ECPA initiated

Polymerization was conducted as in the representative procedure above, with the following reagent
concentrations: [PEGMA] / [BMDO] / [ECPA] / [Ru(Ind)CI(PPhs)2] / [n-BusN] =304 / 202/ 4 /
2 / 20 mM. Polymerization was terminated after 48 h. *H NMR (500 MHz in CD3sCN) &: 7.48—
7.10, 5.19-4.93, 4.27-3.89, 3.80-3.34, 3.34-3.22, 2.81-2.53, 1.91-1.65, 1.56-0.74 ppm. IR: 0 =
2865.82, 1726.96, 1453.93, 1347.75, 1289.60, 1249.15, 1107.58, 1036.79, 991.29, 948.31, 854.77,

748.59 cm™. M, = 28.4 kDa, D = 1.66 (DMF SEC).

p(PEGMA-co-BMDO), PEGMA:BMDO = 40:60, ECPA initiated

Polymerization was conducted as in the representative procedure above, with the following reagent
concentrations: [PEGMA] / [BMDO] / [ECPA] / [Ru(Ind)CI(PPhs)2] / [n-BusN] =204 /302 /4 /
2 / 20 mM. Polymerization was terminated after 86 h. *H NMR (500 MHz in CD3CN) §: 7.46—
7.04,5.22-4.91, 4.27-3.89, 3.78-3.34, 3.34-3.23, 2.99-2.51, 1.90-1.65, 1.59-0.76 ppm. IR: 0 =
2865.82, 1726.96, 1451.40, 1347.75, 1287.07, 1246.62, 1097.47, 1034.26, 993.82, 945.78, 852.24,

758.70 cm™. My = 17.9 kDa, b = 1.61 (DMF SEC).

p(PEGMA-co-BMDO), PEGMA:BMDO = 80:20, EBPA initiated

Polymerization was conducted as in the representative procedure above, with the following reagent
concentrations: [PEGMA] / [BMDOQO] / [EBPA] / [Ru(Ind)CI(PPhs)2] / [n-BusN] =400/100/4 /
2/ 20 mM. Polymerization was terminated after 18 h. *H NMR (500 MHz in CD3sCN) &: 7.50—
7.09, 5.20-4.89, 4.30-3.93, 3.79-3.35, 3.35-3.22, 1.90-1.68, 1.56-0.72 ppm. IR: & = 2865.82,
1726.96, 1641.01, 1453.93, 137.75, 1244.10, 1100.00, 1036.79, 993.82, 945.78, 917.97, 852.24,

748.59 cm™. M, = 21.6 kDa, D = 1.53 (DMF SEC).

296



p(PEGMA-co-BMDO), PEGMA:BMDO = 60:40, EBPA initiated

Polymerization was conducted as in the representative procedure above, with the following reagent
concentrations: [PEGMA] / [BMDO] / [EBPA] / [Ru(Ind)CI(PPhs)2] / [n-BusN] = 400/ 267 / 4 /
2 / 20 mM. Polymerization was terminated after 23 h. *H NMR (500 MHz in CD3sCN) &: 7.36—
7.07, 5.23-4.88, 4.28-3.92, 3.80-3.35, 3.35-3.21, 2.79-2.51, 1.91-1.72, 1.54-0.73 ppm. IR: 6 =
2865.82, 1726.96, 1643.53, 1453.93, 1385.67, 1347.75, 1325.00, 1282.02, 1246.62, 1097.47,

1034.26, 993.82, 945.78, 852.24, 751.12 cm™. M, = 26.0 kDa, D = 1.60 (DMF SEC).

p(PEGMA-co-BMDO), PEGMA:BMDO = 40:60, EBPA initiated

Polymerization was conducted as in the representative procedure above, with the following reagent
concentrations: [PEGMA] / [BMDO] / [EBPA] / [Ru(Ind)CI(PPhs).] / [n-BusN] =400/ 600/ 4 /
2 / 20 mM. Polymerization was terminated after 34 h. 'H NMR (500 MHz in CD3CN) §: 7.46—
7.10, 5.18-4.90, 4.26-3.88, 3.79-3.34, 3.34-3.20, 2.87-2.27, 1.88-1.64, 1.57-0.78 ppm. IR: 0 =
2865.82, 1726.96, 1641.01, 1453.93, 1385.67, 1347.75, 1325.00, 1284.55, 1246.62, 1094.94,

1034.26, 991.29, 945.78, 852.24, 758.70 cm™. M, = 19.0 kDa, P = 1.54 (DMF SEC).

Degradation of Fluorous Polymers

Polymer was weighed into a dram vial and then dissolved in aqueous solution containing
10% DMSO and 4.5% KOH to make the final polymer concentration of 1 mg/mL for the most
fluorous 20:80 PEGMA:5FPMA polymer (Table 7-1, entry 6) for dissolution or 5 mg/mL for all
other polymers. At pre-determined time points (0.25, 0.5, 1, 2, 4, and 24 h), 2 mL was taken out
for the most fluorous polymer and 0.4 mL was taken out for all others. Hydrolysis was quenched
by approximately 15 drops (for 2 mL aliquot) or 3 drops (for 0.4 mL aliquot) of acetic acid, and

the polymer was extracted with 10 mL brine and 5 mL THF (for the 2:8 PEGMA:5FPMA polymer)
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or 2 mL brine and 2 mL THF (for all others), and aqueous layer was extracted two more times
with THF. The combined organic fractions were dried in vacuo, dissolved in 55 uL of DMF,

filtered with 0.45 um PTFE filter, and analyzed by DMF SEC.

Model for Degradation Kinetics

For each polymer chain, n degradation events from BMDO hydrolysis leads to n + 1 chain
fragments (Experimental Section Figure 7-22). Therefore, the number-average molecular weight
for degraded chain fragments from a single polymer chain can be expressed as the following.

M, (original)

M, (degraded) = n+ D
This expression relates the molecular weight data observable by SEC to the number of BMDO

units that have degraded (n) at each time point. The equation can be rearranged as

n= My, (original)
- My (degraded)

Eq. 1

To validate the equation for an ensemble of polymers, Monte Carlo simulation was used to first
generate 1000 polymer chains using the reported reactivity ratios of MMA and BMDO, and then
the chains were degraded. The simulation provided both the “true value” for n, and the M, of
degrading polymer ensemble at each time point that could be used with Eq. 1 to calculate n. The
true value and the calculated value were compared to validate the equation. The true value and
calculated value agreed very closely and their difference was less than 0.9% for all iterations
(Experimental Section Figure 7-27), thereby validating Eqg. 1. Flowcharts of the simulation are

given in Experimental Section Figure 7-23 through Figure 7-25, and the simulation codes written

in R® using pracma package®! are included below.
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Calculation of Asymmetry Factor (As)>%-%

From the SEC trace, the time for the peak to increase from 10% intensity to maximum
intensity was defined as a, and the time for the peak to decrease from maximum intensity back
down to 10% intensity was defined as b. The asymmetry factor was given as the ratio of b to a (As

= b/a). Refer to Figure 7-2 for the graphical representation of the calculation.
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Figures and Tables
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Figure 7-9. 'H NMR spectrum of p(PEGMA-co-BMDO) synthesized with chloride initiator at
PEGMA:BMDO = 80:20 (CDsCN).
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Figure 7-10. *H NMR spectrum of p(PEGMA-co-BMDO) synthesized with chloride initiator at
PEGMA:BMDO = 60:40 (CD3CN).
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Figure 7-11. 'H NMR spectrum of p(PEGMA-co-BMDO) synthesized with chloride initiator at
PEGMA:BMDO = 40:60 (CDsCN).
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Figure 7-12. *H NMR spectrum of p(PEGMA-co-BMDO) synthesized with bromide initiator at
PEGMA:BMDO = 80:20 (CD3CN).
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Figure 7-13. *H NMR spectrum of p(PEGMA-co-BMDO) synthesized with bromide initiator at
PEGMA:BMDO = 60:40 (CDsCN).
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Figure 7-14. 'H NMR spectrum of p(PEGMA-co-BMDO) synthesized with bromide initiator at
PEGMA:BMDO = 40:60 (CD3sCN).
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Figure 7-15. 'H (top) and *°F (bottom) NMR spectra of p(PEGMA-co-13FOMA-co-BMDO)
(PEGMA:13FOMA = 8:2, methacrylate:BMDO = 6:4) (CD3sCN for tH, CDCls with TFA capillary
for 1°F).
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Figure 7-16. 'H (top) and *°F (bottom) NMR spectra of p(PEGMA-co-13FOMA-co-BMDO)
(PEGMA:13FOMA = 6:4, methacrylate:BMDO = 6:4) (CDsCN for *H, CDCls with TFA capillary
for 1°F).
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Figure 7-17. H (top) and *°F (bottom) NMR spectrum of p(PEGMA-co-13FOMA-co-BMDO)
(PEGMA:13FOMA = 4:6, methacrylate:BMDO = 6:4) (CDsCN for *H, CDCls with TFA capillary
for 1°F).
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Figure 7-18. H (top) and °F (bottom) NMR spectra of p(PEGMA-co-5FPMA-co-BMDO)
(PEGMA:5FPMA = 4:6, methacrylate:BMDO = 6:4) (CD3CN for 'H, CDCls with TFA capillary
for 1°F).
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Figure 7-19. 'H (top) and °F (bottom) NMR spectra of p(PEGMA-co-5FPMA-co-BMDO)
(PEGMA:5FPMA = 2:8, methacrylate:BMDO = 6:4) (CD3CN for 'H, CDCls with TFA capillary
for 1°F).
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Table 7-4. Percent BMDO incorporated in p(PEGMA-co-BMDO) polymers synthesized with
chloride or bromide initiator.

Entry Initiator PEGMA:BMDO % BMDO

1 80:20 3.1
2 ECPA (CI) 60:40 9.4
3 40:60 14.8
4 80:20 36
5 EBPA (Br) 60:40 8.6
6 40:60 19.4
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Figure 7-20. Extended degradation kinetics of p(PEGMA-co-RFMA-co-BMDO) polymers. (a)

Percent molecular weight over time and (b) pseudo-first order reaction kinetics of BMDO unit

over time.
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Figure 7-21. DLS volume distribution in water + 10 % DMSO with maximum (red) and minimum
(blue) values from independent sample repeats (n = 3). (a) 0% ReMA (d = 9.2 nm), (b) 20%

13FOMA (d = 8.2 nm), (c) 40% 13FOMA (d = 10.6 nm), (d) 60% S5FPMA (d = 17.6 nm), and (&)
80% 5FPMA (d = 63.6 nm).
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Simulation of Polymer Degradation

—_——  ——
n=1: M, (degraded) = M, (original) / 2

Degradation_ e
—o—o—o— of n BMDO units , n=2:M,_ (degraded) =M, (original)/ 3

n =3: M, (degraded) = M, (original) / 4

Figure 7-22. Schematic representation of the relationship between the number of degraded BMDO
units and the polymer number-average molecular weight.

Main routine
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Define parameters
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1000 Create a polymer chain
polymers using copolymerization
generated? function

Degrade polymers using
polymer degradation function

A 4

[ End of simulation ]

Figure 7-23. Flowchart for the simulation main routine.
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Figure 7-24. Flowchart for the copolymerization function.
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Degrade polymer

Move to the first BMDO
in the ensemble
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Figure 7-25. Flowchart for the polymer degradation function. @ The arbitrary threshold for BMDO
hydrolysis is set to 20% to introduce randomness to the system. The threshold can be increased or
decreased to change sparsity of the sampled data without affecting the trend. Alternative stochastic
model of choosing a single BMDO from all of the polymer chains to be degraded per iteration
gave identical result, but it involved approximately 15-fold more iterations and thus required more
computation time than the model presented here.
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In the copolymerization function, the probability of propagating chain with either PEGMA or
BMDO chain end to react with respective monomer was derived as follows, based on the terminal

model.%?

Co-polymerization can be represented by the following four reactions:
* kll *
M1 + Ml — M1M1
* k12 *
Ml + M2 — Mle
* k22 *
MZ + MZ — M2M2

* k21 *
MZ + Ml — M2M1

where M1 and M, are monomers and M; and M; are polymers with M1 and M at chain ends,

respectively.

Let M;_,; be a polymer with Mz chain end that derived from M;, and M;_,, be a polymer with M

chain end that also derived from Mj.

d[M;_,

% = k11[M1][Mik]
a[M;_,] .
—ar - ki, [M;][M7]

Then at any instant the probability that a given M; will react with My is

ki1[M;][M]] _ ki1[M;] _ 1
k11 [M1][M]] + k12 [Mo][M]] - ki1[Mq] + kq2[M,] a 1+ [1[\;1\/21]]
Ty [Mq
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and the probability that a given M; will react with My is

ki2[M,][M{] _ k12[M,] _ 1
kia [My][M7] + ki [Mo][M]  keyq[My] + kep[M,] 7‘1% 1

Similarly, probability for M to react with M is

k21[Ml] [M;] — k21[M1] — 1
k21[M1][M;] + kZZ[MZ][M;] kZI[Ml] + k22 [MZ] 1 [MZ]
A
and the probability that M; will react with M is
k22 [MZ][M;] — k22 [MZ] — 1
k21[M1][M;] + k22 [MZ][M;] k21[M1] + k22 [MZ] [Ml] + 1
12[M,]
where ry = X and r, = 22
k1> ka1
4 -
>
< 3 ° ...'
@ . o
Q *.%
§ o oo oo ®
o 2 ] @, L .. ® ¢
O o® ..... ... (2
|| "ty o
E [ N [
o 1 4°
2
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Position within the polymer chain

Figure 7-26. Normalized BMDO occupancy at each position in the polymer chain (position 1
corresponds to the initiating chain end).
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Figure 7-27. Molecular weight as a function of number of degraded BMDO units from the Monte

Carlo simulation.

R Codes Used for Simulation

HEHFHAHHAH AR

Written by Jeong Hoon Ko (3JK)
Maynard Research Group

o oo oH HH

# April 28, 2017

p(PEGMA-co-BMDO) degradation simulation

Dept. of Chemistry and Biochemistry
University of California, Los Angeles

(main routine)

HEHAFHAHHAHHHH AR

Legend
M1: Number of monomer 1 - PEGMA
M2: Number of monomer 2 - BMDO

T T T T

# Clear workspace
rm(list = 1s());

# Load function
source("copolymerization.r");

# Monomer feed - 60:40 PEGMA:BMDO
M1 = 60;

rl: Reactivity ratio of monomer 1, ri
r2: Reactivity ratio of monomer 2, r2

k11/k12
k21/k22
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M2 = 40;

# MMA/BMDO reactivity ratio from Junkers et al.

# Stephan Kobben, Anitha Ethirajan, Thomas Junkers, J. Polym. Sci. A, 2014, 52, 1633.
rl = 6.0; # PEGMA (MMA)

r2 = 0.33; # BMDO

L = (0.8 * M1)+1; # 80% PEGMA conversion; add 1 for initiator (which will be
subtracted below)

# Run the copolymerization function

n = 1000;

out = matrix(o@,n,L)

for (i in 1:n) {
temp <- copolymerization(M1, M2, rl, r2, L)
out[i,] = temp;

}

# Substract the initiator
out = out[,2:L];
L = L-1;

# Export degradable unit composition (inds_all)
df2 <- data.frame(Pos=1:ncol(out),DegradeSum=colSums(out));
write.table(df2, "Pos_gradient.txt", sep="\t")

HHHFHAHHAHHHH R

# Load function
source("degrade_polymer.r");

# Indices of BMDO units
inds_all = which(t(out)!=0,arr.ind = T);

n = 1000;

prob = 0.02; # Threshold for degradation; higher value leads to faster calculation
MW_PEGMA = 475;

MW_BMDO = 162.19;

out2 <- degrade_polymer(L,n,inds_all,prob,MW_PEGMA,MW_BMDO)

N_degraded = out2[,2]; # Number of degraded units
Mn = out2[,1]; # Number average chain length

# Make dataframe
df <- data.frame(round=1:nrow(out2),chainlen=c(Mn));

# Save current data

df2 <- data.frame(N_degraded=c(N_degraded),Mn=c(Mn));
write.table(df2, "Mn_degradation.txt", sep="\t")
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e
Copolymerization

#

#

# Written by Jeong Hoon Ko (3JK)

# Maynard Research Group

# Dept. of Chemistry and Biochemistry
# University of California, Los Angeles
#
#

April 28, 2017
U

# Legend
# ©: Monomer unit M1
# 1: Monomer unit M2

copolymerization <- function(M1, M2, ri1, r2, L) {

out = rep(9,L); # Initialize output vector (polymer chain)
out[1] = @; # Treat initiator as PEGMA so that rl can be used for first
monomer addition

for (i in 2:L) {
if (out[i-1] == @){ # If previous monomer is M1
M2 _prob =1 / (r1*M1/M2 + 1); # Probability that M2 adds
if (runif(1l) < M2_prob) { # If below threshold, add M2

out[i] = 1;
M2 = M2 - 1;
} else { # If not, add M1
out[i] = o;
M1 = M1 - 1;
}
} else if (out[i-1] == 1) { # If previous monomer is M2

M1 _prob =1 / (r2*M2/M1 + 1); # Probability that M1 adds
if (runif(1) < M1_prob) { # If below threshold, add M1
out[i] = O;
M1 = M1l - 1;
} else { # If not, add M2
out[i] = 1;
M2 = M2 - 1;

}

# Return output
return(out)
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e
Polymer degradation

Written by Jeong Hoon Ko (3JK)

Maynard Research Group

Dept. of Chemistry and Biochemistry
University of California, Los Angeles

HOoHEHHHHFHEH

April 28, 2017
A

Legend
0: Regular monomer unit

1: Intact degradable monomer unit

2: Degraded monomer unit

L: Initial polymer length

n: Total number of polymers to be simulated
inds: Indices of degradable units

prob: Degradation probability, between @ and 1
MW1: MW of regular monomer unit

MW2: MW of degradable monomer unit

HoHHHHHEHHHH

degrade_polymer <- function(L, n, inds, prob, MW1, MW2) {

# Load pracma package
library('pracma');

# Degraded BMDO fragment MWs
fragl = 59.04; # Acid fragment
frag2 = 121.16; # Benzyl alcohol fragment

HHHHHEE AR
# Create the starting polymer matrix

# Create empty polymer chain ensemble
master_mat = matrix(@,n,L);

# Place degradable units
for (i in 1l:nrow(inds)){
master_mat[inds[i,2],inds[i,1]] = 1;

}

num_deg = nrow(inds);
#HHH S S

HHHHHE AR

# Start degradation routine

count = num_deg; # Counter to keep track when the chain has fully degraded

out <- vector(mode="numeric", length=0); # Initialize output vector

deg_count <- vector(mode="numeric", length=0); # Counter for number of degraded
units

# Skip first iteration to store MW of initial polymer chain
first_iter = 1;
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while(count) {
# Single iteration, go through each degradable unit and cleave the chain
# if a random number is smaller than the probability threshold

if (first_iter == 1){
first_iter = 0;
} else {
for (k in 1:num_deg){
i=inds[k,2]; # Polymer chain ID (1 through n)
j=inds[k,1]; # BMDO position within the polymer
if (master_mat[i,j] < 2){
if (runif(1) < prob){ # Generate random number from
uniform distribution and compare to prob
master_mat[i,j] = 2;
count = count - 1; # Decrease counter by 1 BMDO

degradaed
}
}
}
}
# Store molecular weights of each chain
MW_now = @; # Initialize MW_now
for (i in 1:n) {
for (j in 1:L){
if (master_mat[i,j] == @){ # If monomer unit is 0, add MWl
to MW_now

MW_now[length(MW_now)] = MW_now[length(MW_now)] + MW1;
} else if (master_mat[i,j] == 1) { # If monomer unit is 1,
add MW2 to MW_now
MW_now[length(MW_now)] = MW_now[length(MW_now)] + MW2;
} else{ # If monomer unit has degraded, add fragl for current
chain, store current chain length, and add frag2 for the next chain

MW_now[length(MW_now)] = MW_now[length(MW_now)] +
fragi;
MW_now[length(MW_now)+1] = frag2;
}
}
MW_now[length(MW_now)+1] = 0;
}
# Store Mn
out[length(out)+1] = sum(MW_now) / length(MW_now);
deg_count[length(deg_count)+1] = num_deg/1000 * n - count;
}

out = cbind(out,deg_count)

# Return output

return(out)

B R R e S s e e
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Chapter 8.

Air-Stable Benzonorbornadiene Polymers

Enabled by Aryne Chemistry

This chapter is an edited version of a paper published as:
Medina, J. M.;1 Ko, J. H.;1 Maynard, H. D.; Garg, N. K. Macromolecules 2017, 50, 580. (1 Equal
contribution).
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8.1 Introduction

Since its original discovery, ring-opening metathesis polymerization (ROMP) has enabled
ready access to well-defined polymers for numerous industrial applications including drug
delivery,’ 2 electronic materials,® # and nanostructures.> © This process typically relies on strained
monomers, such as norbornene and cyclopentene, to provide the thermodynamic driving force
necessary to achieve ring opening and promote polymerization. In particular, norbornene and its
related analogues have proven to be ideal substrates for ROMP. The energy stored as ring strain
(~27.2 kcal / mol) allows for facile ring opening and promotes the subsequent polymerization,
while substituents prevent the secondary metathesis of the polymer backbone.” In fact,
norbornenes are the most frequently used substrates for ROMP .8

Despite the widespread utility of norbornenes in various synthetic applications,
norbornadienes fused to a benzene ring, or benzonorbornadienes, have been rarely investigated.
As a result, the potential utility of the resulting polymers have been largely overlooked. El-Saafin
and Feast first reported the synthesis of poly(benzonorbornadiene) (1, Figure 8-1) in 1982.% %0 In
their study, this polymer was found to be susceptible to oxidation under ambient conditions.
Molecular oxygen was thought to facilitate oxidation of the benzylic / allylic position, which then
led to intermolecular cross-linking, chain scission, and the ultimate formation of ill-defined
materials. Similar studies on related systems by the groups of Grubbs! and Schrock!? 3 further
suggested that polymers containing a C—H bond at the readily oxidized benzylic / allylic position
undergo rapid decomposition, rendering the polymers unstable and of limited utility.

To evade the problem of poly(benzonorbornadiene) stability, one approach is to chemically
alter the resulting polymer to essentially mask the troublesome functional groups, thus avoiding

the undesired reactivity (Figure 8-1, Solution A). In fact, the Swager group opted to hydrogenate
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the olefins in the benzonorbornadiene polymer backbone to give 2, in order to prevent oxidation
and improve polymer solubility.** This strategy proved effective for further electrochemical
polymerization and cross-linking of the polymers to form conducting materials. However, the
hydrogenation reaction was shown to change the polymer properties such as glass transition

temperatures and oxidation onset values.

X X X
n Solution N Solution N
H H A H H B R R
Hydrogenation Substituted
of olefins derivatives
2 1 3
Less prone to Prone to Benzylic/Allylic
properties of polymer possible

Two-step sequence to synthesize air-stable polymers

6

Benzyne ﬂ

R @ R Diels-Alder R~ >x” R
Annulation +

: VT O

Figure 8-1. Possible solutions to poly(benzonorbornadiene) oxidation problem

An alternative solution for the synthesis of air-stable poly(benzonorbornadiene) involves
substituting the benzylic / allylic position that is otherwise prone to oxidation with an unreactive
substituent (R = alkyl group) (Figure 8-1, Solution B). Ideally, the substituents would be introduced
prior to ROMP, thus allowing for the synthesis of polymers without further chemical modification.
Such a strategy would not only complement the approach taken by Swager, but could also allow
for the potential utilization of the intact double bonds for post-polymerization modification.'5-8

To test this general strategy, we envisioned accessing substituted polymers 3 (Figure 8-1) via
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ROMP of monomers 4. The success of this approach hinged on the development of an efficient
route to access various monomers 4. For this purpose, we sought to utilize the Diels—Alder trapping
of benzyne (5) with cyclic dienes 6. Although historically avoided due to their high reactivity,
arynes have been recently employed in chemical synthesis,'®#? albeit with only limited
applications in polymer chemistry.*3-6 In this chapter, we report the use of a benzyne annulation /
ROMP reaction sequence to furnish well-defined poly(benzonorbornadiene) derivatives, including

two that are stable to oxidation.

8.2 Results and Discussion

The benzonorbornadiene monomers M1-M4 were easily synthesized using the
commercially available benzyne precursor 7,*” as summarized in Table 8-1. Whereas M3 and M4
would later be used to access air-stable polymers, the less substituted monomers, M1 and M2,
were targeted for comparative purposes. Silyltriflate 7 was exposed to CsF in the presence of cyclic
diene trapping partners in acetonitrile at 60 °C. This simple protocol promotes an elimination
reaction to give the benzyne intermediate (5), which is subsequently trapped in Diels—Alder
cycloadditions to give monomers M1-M4 in excellent yields. Several features of this approach
should be noted: (a) the reactions are operationally trivial to perform and generally do not require
the rigorous exclusion of water or oxygen; (b) the benzyne trapping allows for the formation of
two new carbon—carbon bonds and two tertiary stereocenters in a single transformation, and (c)

purification of the desired monomers is straightforward using chromatography.
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Table 8-1. Benzonorbornadiene monomers M1-M4 synthesized by aryne chemistry.

A~

X
TfO SiMe; (3 equiv)
CsF (5 equiv)

CH4CN, 60 °C

M1-M4

Entry Trapping agent Product Yield

! O

M1 99%

2 @ M2 94%

=
9,
° 9,

Et 0\ M4 91%

The results of polymerization studies are shown in Table 8-2. Monomers M1-M3 were

readily polymerized using the first-generation Grubbs catalyst in toluene at room temperature

(entries 1-9) at various monomer to catalyst ratios. Initially we observed that ROMP of

benzonorbornadiene M1 resulted in polymers P1 with moderate dispersities (b = 1.60 — 1.73,

Experimental Section Figure 8-5b). Based on the aforementioned precedents, we suspected that

polymers P1 were highly sensitive to molecular oxygen and readily oxidized at the benzylic /

allylic position when exposed to air. Since the polymers were stored in the freezer and thus

exposed to ambient oxygen prior to analysis, we theorized that this was the origin of the observed

molecular weight distributions. To test this hypothesis, we took freshly polymerized samples

directly from the glove box and dissolved them in chloroform immediately before analyzing by
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gel permeation chromatography (GPC). Even with this precaution, the traces of P1 exhibited
shoulder peaks (Figure 8-2a); however the dispersities of the polymers (b = 1.15 — 1.20, Table
8-2) were much smaller than those of the stored samples. It is also interesting to observe that the
molecular weight of P1 decreased after incubation in air (Experimental Section Table 8-4)
suggesting chain scission. El-Saafin and Feast had postulated that molecular oxygen reacts at the
benzylic / allylic of poly(benzonorbornadiene) to produce peroxy radical and that oxidation of the

polymer both degrades and cross-links the polymer;® the GPC data for P1 supports this hypothesis.

Table 8-2. ROMP of monomers M1-M4 using Grubbs catalysts.
X

v @ y  Crubhcatast P1: X=CHyY =H
- T y " [P2:X=0;Y=H
toluene P3: X=0;Y =Me
23 or 60 °C P4: X=0;Y = Et
M1-M4 P1-P4
Entry Catalyst Monomer [M] /1] M, (theo) My b
1 Gl M1 50 7.1 kDa 11.8 kDa 1.16
2 Gl M1 150 21.3kDa 31.6 kDa 1.15
3 Gl M1 300 42.6 kDa 53.0 kDa 1.20
Gl M2 50 7.2 kDa 15.7 kDa? 1.832
Gl M2 150 21.6 kDa 38.4 kDa? 1.862
6 Gl M2 300 43.3 kDa 50.6 kDa? 2.002
7 Gl M3 50 8.6 kDa 5.4 kDa 1.14
8 Gl M3 150 25.8 kDa 25.2 kDa 1.14
9 Gl M3 300 51.7 kDa 54.0 kDa 1.17
10 G3 M4 50 10.0 kDa 17.4 kDa 111
11 G3 M4 150 30.0 kDa 46.4 kDa 112
12 G3 M4 300 60.1 kDa 162.0 kDa 1.07
a8 Major peak calculated from RI trace [\
Mes—N N~Mes
PCy;
| < \: o
Grubbs 1 R“\C Grubbs 3 / N—Rd‘ﬂ
G1 u=\ G3 -
a” |l Ph — CI’,{I Ph
PCy; Z |
N
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Figure 8-2. SEC-MALS Chromatograms of unsubstituted polymers (a) P1 and (b) P2 show broad
overlapping peaks. Chromatograms of substituted polymers (c) P3 and (d) P4 show well-defined
peaks.

The oxygen-containing analogue M2 resulted in ill-defined polymers with high dispersities
even when analyzed right after polymerization (Experimental Section Figure 8-5c). The light
scattering (LS) trace significantly differed from the refractive index (RI) trace and showed larger
molecular weight species that eluted prior to the main peak (Experimental Section Figure 8-5c). It
should be noted that LS is more sensitive to higher molecular weight species than R1,%3%° and thus
the high molecular weight shoulder is more pronounced in the LS trace. Continued exposure of
the sample to air resulted in further deformation of the LS trace, and a second distinct peak
appeared near the 10 min mark on the chromatogram (Experimental Section Figure 8-5d).
Comparison of P1 and P2 GPC traces suggested that P2 underwent more significant oxidation
(Experimental Section Figure 8-5a vs. ¢), suggesting that P2 is especially prone to oxidation and

will likely oxidize immediately upon contact with air. To compare the relative oxidation potentials
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of P1 and P2, energies of monomer units were computed by density functional theory (DFT)
calculations.® Results show that the oxidation potential of P2 is 0.238 V higher than that of P1,
which supports the experimental observation that P2 oxidizes more readily than P1 (see
Calculation of Oxidation Potential section in the Experimental Section).

It was also noted that the main peaks from the P2 chromatogram had higher dispersity
values (Figure 8-2b, b = 1.83 — 2.00) than those observed for fresh P1 (Figure 8-2a, 0 = 1.15 —
1.20). It has been previously reported that monomer M2 is roughly 19 times more reactive than
monomer M1.%2 Assuming similar rate of initiation (ki) for the first-generation Grubbs catalyst in
the ROMP of M1 and M2, this increased reactivity likely leads to high propagation rate (kp) and
low ki / kp ratio that consequently results in the observed higher dispersities for M2.

Whereas the unsubstituted polymers P1 and P2 were highly susceptible to oxidation,
polymers P3 and P4 (bearing alkyl substituents at the benzylic / allylic positions) did not exhibit
such discrepancy between RI and LS traces, suggesting that benzylic substitution effectively
prevents oxidation. For the dimethyl-substituted monomer M3, the substitution attenuates the
reactivity of the system, allowing for well-controlled polymerizations with narrow dispersity (b =
1.14 — 1.17) for all molecular weights tested (Figure 8-2c). Effective polymerization of monomer
M4 required the use of the more reactive third-generation Grubbs catalyst and higher reaction
temperatures (60 °C) (Table 8-2, entries 10-12) to give polymers with low dispersity values
(Figure 8-2d, D =1.07 - 1.12).

In order to verify that alkyl substitution at the benzylic / allylic positions results in polymers
that are stable to oxidation, we analyzed polymers P1-P4 by elemental analysis (Table 8-3).
Benzonorbornadiene polymer P1 was detected to contain 0.37 oxygen atoms per repeat unit. This

represents direct evidence for the incorporation of oxygen to the polymer once it is exposed to air.
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Similarly, oxabenzonorbornadiene polymer P2 was found to contain 1.32 oxygen atoms per repeat
unit. The instrumental error in the measurement of oxygen is 0.30%. The data indicates that both
unsubstituted polymers have higher oxygen-content than we would normally expect (>30% more
oxygen). In stark contrast, polymers P3 and P4 both contained the expected number of oxygen
atoms per repeat unit, suggesting that substitution at the benzylic / allylic positions successfully

suppressed the oxidation pathway.

Table 8-3. Elemental analysis data for polymers P1-P4.

% observed # of atoms per unit # of atoms per unit

Polymer Element

observed theoretical

P1 Carbon 88.70 1 1
Hydrogen 7.27 10.74 10

Oxygen 3.96 0.37 0
P2 Carbon 80.38 10 10
Hydrogen 5.58 8.27 8

Oxygen 14.14 1.32 1
P3 Carbon 83.54 12 12
Hydrogen 7.09 12.14 12

Oxygen 9.46 1.02 1
P4 Carbon 83.89 14 14
Hydrogen 7.93 15.77 16

Oxygen 8.08 1.01 1

To further confirm the oxidation of P1 and P2, the polymer samples were subjected to
Fourier-transform infrared spectroscopy (FT-IR) analysis (Figure 8-3). Upon oxidation and
incorporation of an OH group, the FT-IR spectrum is expected to show a broad alcohol or peroxide
O-H stretch in the 3600-3200 cm™ range. Polymer P1 shows a small broad peak at 3400 cm™
(Figure 8-3a), in good agreement with the IR spectrum previously reported for the
poly(benzonorbornadiene).!® The same indicative stretch (3400 cm™) is more pronounced in

polymer P2 (Figure 3b), and it is completely absent in the cases of polymers P3 and P4 (Figure
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8-3c and d). Taken together with the elemental analysis data, these experimental findings confirm
that benzonorbornadiene monomers with benzylic / allylic substitution give air-stable polymers.
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Figure 8-3. FT-IR spectra: (a) P1, (b) P2, (c) P3, and (d) P4.

Having determined the relative stability to oxygen of non-substituted (P1 and P2) and
substituted (P3 and P4) polymers, we measured the glass transition temperatures (Tq) by dynamic
scanning calorimetry (DSC) (Figure 8-4). Polymers P1 and P3 each have a high T¢ (P1: 155.40 °C
and P2: 151.99 °C), whereas the diethyl-substituted polymer P4 has a lower Tq (93.58 °C). This
drastic decrease in glass transition temperature, related to the longer alkyl substituent (methyl vs.
ethyl), has been previously attributed to the internal plasticization effect.>® °* Longer alkyl
substituents are thought to disrupt intermolecular interactions between polymer chains, thereby
reducing the thermal barrier required to reach the glass transition threshold. For polymer P2

(Figure 8-4b), Schrock and coworkers have previously reported a Ty of 167 °C.* Interestingly, we
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do not observe a Ty in the —50 to 250 °C range. We suspect that the polymer cross-linked through
the oxidation pathway prior to analysis, which would restrict polymer chain motion that causes the
onset of glass transition.>® As cross-linking would make the microstructure of the polymer highly
heterogeneous, the glass transition of the polymer may be altered to different extents, ultimately

leading to broadening of Tg such that it is not detectable.
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Figure 8-4. DSC curves for polymers P1-P4, (a) P1, (b) P2 (not detected), (c) P3, and (d) P4.

8.3 Conclusions

We have successfully demonstrated an efficient approach for the synthesis of air-stable

benzonorbornadiene polymers. Monomers were synthesized in high yields using benzyne Diels—
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Alder reactions involving a commercially available benzyne precursor. Subsequently, ruthenium-
based Grubbs catalysts were used to promote ROMP, giving polymers with good control over
molecular weight dispersity. This approach complements more commonly used strategies for
handling unstable materials, such as post-polymerization modifications. We anticipate that this
report will enable research of the synthesis and properties of benzonorbornadiene polymers, and

also stimulate further efforts to utilize arynes in the synthesis of polymers.

8.4 Experimental Section
Materials and Methods

Unless stated otherwise, reactions were conducted in flame-dried glassware under an
atmosphere of nitrogen using anhydrous solvents (freshly distilled or passed through activated
alumina columns). All commercially obtained reagents were used as received unless otherwise
specified. Cesium fluoride (CsF) was obtained from Strem Chemicals and stored on the bench-top
at  ambient  temperature under an Nz atmosphere.  2-(Trimethylsilyl)phenyl
trifluoromethanesulfonate, dicyclopentadiene, and 2,5-dimethylfuran were obtained from Sigma
Aldrich. Furan was obtained from Alfa Aesar. First-generation and second-generation Grubbs
catalysts were obtained from Materia Inc. Third-generation Grubbs catalyst was synthesized from
second-generation catalyst according to literature.>® Reaction temperatures were controlled using
an IKAmag temperature modulator and, unless stated otherwise, reactions were performed at room
temperature (rt, approximately 23 °C). Thin-layer chromatography (TLC) was conducted with
EMD gel 60 F254 pre-coated plates (0.25 mm) and visualized using a combination of UV light
and potassium permanganate staining. Silicycle Siliaflash P60 (particle size 0.040-0.063 mm) was

used for flash column chromatography. *H NMR spectra were recorded on Bruker spectrometers
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(at 400 MHz, or 500 MHz) and are reported relative to deuterated solvent signals. Data for H
NMR spectra are reported as follows: chemical shift (6 ppm), multiplicity, coupling constant (Hz)
and integration. 3C NMR spectra were recorded on Bruker spectrometers (at 125 MHz) and are
reported relative to deuterated solvent signals. Data for **C NMR spectra are reported in terms of
chemical shift and, when necessary, multiplicity, and coupling constant (Hz). IR spectra were
recorded on a Perkin-Elmer 100 spectrometer and are reported in terms of frequency of absorption
(cm™). High-resolution mass spectra were obtained on Waters LCT Premier with ACQUITY LC

and Thermo Scientific™ Exactive Mass Spectrometers with DART ID-CUBE.

Analytical Techniques

Gel permeation chromatography (GPC) was conducted on a Shimadzu HPLC Prominence-
i system equipped with a UV detector, Wyatt DAWN Heleos-I1 Light Scattering detector, Wyatt
Optilab T-rEX RI detector, one MZ-Gel SDplus guard column, and two MZ-Gel SDplus 100 A 5
um 300 x 8.0 mm columns. Chloroform (CHCls3) at 40 °C was used as the eluent (flow rate: 0.70
mL/min). For polymers P1, P3, and P4, dn/dc was calculated by the Astra 6.0 software and used
for calculation of molecular weights. For P2, near-monodisperse poly(styrene) standards (Polymer
Laboratories) were employed for calibration and molecular weights were calculated from
refractive index. Infrared absorption spectra were recorded on a PerkinElmer FT-IR equipped with
an ATR accessory. Elemental analysis was conducted through Midwest Microlab, Inc., on an
Exeter Analytical CE-440. For each polymer series, equal amounts of samples were combined
from all equivalents (50, 150, and 300 equiv) and submitted for analysis. The samples were
vacuum dried overnight prior to the elemental analysis. Differential scanning calorimetry was

conducted on a DSCQ200 calorimeter (TA Instruments) equipped with a RSC 90 electric freezing
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machine, using approximately 5 mg of dried polymer sample (150 equiv as the representative
sample) in an aluminum pan under a dry nitrogen flow at a heating/cooling rate of 10 °C/min, with

a total of two cycles from —80 to 200 °C.

Synthesis of Monomers M1-M4

O

TfO SiMe, (3 equiv) /=\
CsF (5 equiv) '
CH,CN, 60 °C O

7 (99% yield) M1

Representative Procedure: Cyclopentadiene Diels-Alder monomer M1. Cyclopentadiene was
purified as follows: a 250 mL round bottom flask containing a stir bar was attached to a Vigreux
column. The Vigreux column was fitted with a short-path distillation head, which in turn, was
connected to a Schlenk tube. The apparatus was flame-dried, and then the 250 mL round bottom
flask was charged with dicyclopentadiene (100 mL). The apparatus was purged with N3, and the
250 mL round bottom flask was heated to 220 °C. After several hours, approximately 50 mL of
cyclopentadiene was collected in the Schlenk tube, which was submerged in a —78 °C bath
(acetone/dry ice). The distillate was stored at —80 °C.

To a stirred solution of silyltriflate 7 (500 mg, 1.68 mmol) and cyclopentadiene (705 pL,
8.38 mmol, 5 equiv) in CH3CN (17 mL) was added CsF (1.3 g, 8.38 mmol, 5 equiv). The reaction
vessel was sealed and placed in an aluminum heating block maintained at 60 °C for 16 h. After
cooling to 23 °C, the reaction mixture was filtered over silica gel (EtOAc eluent). Evaporation

under reduced pressure afforded the crude M1. The crude residue was further purified by column
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chromatography (hexanes) to afford M1 (239 mg, 99% vyield) as a colorless oil: Spectral data

matched those previously reported.®’

!\
0o
TIO  SiMe, (3 equiv) @
CsF (5 equiv)
[ ———
7 (94% vyield) M2

Furan Diels-Alder monomer M2. To a stirred solution of silyltriflate 7 (500 mg, 1.68 mmol) and
furan (370 pL, 5.03 mmol, 3 equiv) in CH3CN (17 mL) was added CsF (1.3 g, 8.38 mmol, 5 equiv).
The crude residue was purified by column chromatography (95:5 hexanes:EtOAc) to afford M2

(227 mg, 94% vyield) as a colorless oil: Spectral data matched those previously reported.>®

/[_\>\
Me o Me
TIO  SiMe, (3 equiv) Me @ Me
CsF (5 equiv)
—_—
CH3CN, 60 °C O
7 (99% yield) M3

2,5-Dimethylfuran Diels-Alder monomer M3. To a stirred solution of silyltriflate 7 (500 mg,
1.68 mmol) and 2,5-dimethylfuran (555 pL, 5.03 mmol, 3 equiv) in CH3CN (17 mL) was added
CsF (1.3 g, 8.38 mmol, 5 equiv). The crude residue was purified by column chromatography (95:5
hexanes:EtOAC) to afford M3 (289 mg, 99% yield) as a faint yellow oil: Spectral data matched

those previously reported.>®
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Et /ﬂ\ Et

o)
TIO  SiMe, (3 equiv) Et @ Et
CsF (5 equiv)
[ E—"
CHLCN, 60 °C O

7 (91% yield) M4

2,5-Diethylfuran Diels-Alder monomer M4. To a stirred solution of silyltriflate 7 (500 mg, 1.68

mmol) and 2,5-diethylfuran (625 mg, 5.03 mmol, 3 equiv) in MeCN (17 mL) was added CsF (1.3

g, 8.38 mmol, 5 equiv). The crude residue was purified by column chromatography (99:1

hexanes:EtOAc) to afford M4 (305 mg, 91% vyield) as a faint orange oil. M4: Rt 0.63 (9:1

hexanes:EtOAC); tH NMR (500 MHz, CDCls): § 7.15-7.10 (m, 2H), 6.99-6.93 (m, 2H), 6.79 (s,

2H), 2.40-2.32 (m, 2H), 2.30-2.22 (m, 2H), 1.19 (t, J = 7.53, 6H); 13C NMR (125 MHz, CDCls):

5 152.6, 146.0, 124.7, 119.0, 92.5, 22.5, 9.2; IR (film): 3069, 2970, 2937, 1452, 1379, 1291 cm™*;

HRMS-ESI (m/z) [M + H]" calcd for C14H170, 201.12739; found, 201.12732.

Synthesis of Polymers P1-P4

PCy3
| i
Ri=
a”l ~ph
A PCys
O (1 equiv)
toluene, 23 °C
M1 (50 equiv) P1

Representative Procedure: Polymerization P1 (50 equiv) (Table 2, Entry 1). A 1-dram vial

containing a magnetic stir bar was flame-dried under reduced pressure, and then allowed to cool

under N2. The vial was charged with monomer M1 (20.0 mg, 0.14 mmol, 50 equiv), and the vial

was flushed with N.. The vial was taken into a glove box and the monomer was dissolved in

toluene (100 pL).
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In the glovebox, a separate vial was charged with Grubbs first-generation catalyst (5.9 mg)
and toluene (230 pL). A 90 uL aliquot of the resulting solution (2.3 mg Grubbs 1% gen. cat., 2.8
umol, 1 equiv) was then added to the monomer M1 solution while stirring vigorously. The reaction
mixture was allowed to stir at 23 °C for 24 h. The vial was then removed from the glove box and
the reaction was quenched with ethyl vinyl ether (10 uL, 0.1 mmol). The polymer was then
precipitated by dropwise addition into a scintillation vial containing 15 mL of MeOH kept at —20
°C. The precipitated polymer was recovered and freeze-dried from benzene to afford P1 (50
equiv). 'H NMR (400 MHz, CD,Cly) §: 7.56-6.93 (4H), 5.88-5.41 (2H), 4.35-4.09 (1H), 3.93—

3.60 (1H), 2.74-2.43 (1H), 1.92-1.64 (1H). My (MALS): 5.8 kDa, b = 1.73.

PCy;

| .ci

Rua
/=\ 7| Ph
7 o n
O (1 equiv)

—>
toluene, 23 °C
M1 (150 equiv) P1

P1 (150 equiv) (Table 2, Entry 2). *H NMR (400 MHz, CD:Cl,) §: 7.66-7.04 (4H), 5.85-5.43

(2H), 4.33-4.00 (1H), 3.92-3.55 (1H), 2.74-2.39 (1H), 1.89-1.61 (1H). M, (MALS): 10.8 kDa,

=1.62.

PCy3

| .ci

Rua
/—\ 7| Ph
) ron n
O (1 equiv)

—>
toluene, 23 °C
M1 (300 equiv) P1

P1 (300 equiv) (Table 2, Entry 3). *H NMR (400 MHz, CD,Cl,) §: 7.41-7.09 (4H), 5.80-5.46
(2H), 4.32-4.04 (1H), 3.92-3.59 (1H), 2.74-2.38 (1H), 1.90-1.61 (1H). M, (MALS): 17.4 kDa, D

= 1.60.
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PCy3
I \c|

@ CI/ F',cy Ph 0 \
' (1 equiv) k8§
M2 (50 equiv) P2

P2 (50 equiv) (Table 2, Entry 4). 'H NMR (400 MHz, CD,Cl,) &: 7.45-7.11 (4H), 6.27-5.91

(2H), 5.89-5.54 (2H). My (PS standards): 15.7 kDa, b = 1.83.

PCY3
| CI
/l Ph o
Gy n
O (1 equiv)
—_—
toluene, 23 °C
M2 (150 equiv) P2

P2 (150 equiv) (Table 2, Entry 5). *H NMR (400 MHz, CD,Cl,) §: 7.45-7.08 (4H), 6.28-5.94

(2H), 5.91-5.56 (2H). Mn (PS standards): 38.4 kDa, b =1.86.

PCy;
| .ci
Ru=
ol en °
Gy o n
O (1 equiv)
—>
toluene, 23 °C
M2 (300 equiv) P2

P2 (300 equiv) (Table 2, Entry 6). *H NMR (400 MHz, CD:Cl,) &: 7.44-7.09 (4H), 6.33-5.93

(2H) 5.92-5.54 (2H). M, (PS standards): 50.6 kDa, b = 2.00.

PCy3
WCl

Me CI/‘l’CV Ph
(1 equiv)
toluene, 23 C
M3 (50 equiv)
P3 (50 equiv) (Table 2, Entry 7). *H NMR (400 MHz, CD.Cly) §: 7.35-6.89 (4H), 6.13-5.84
(2H), 1.70-1.40 (6H). Mn (MALS): 5.4 kDa, b = 1.14.
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PCy3
.

Ru=
a’ | 1Ph o
Me Me PCy; n
O (1 equiv) Me e
%
toluene, 23 °C
M3 (150 equiv) P3

P3 (150 equiv) (Table 2, Entry 8). *H NMR (400 MHz, CD:Cl,) &: 7.35-6.90 (4H), 6.10-5.86

(2H), 1.67-1.40 (6H). M (MALS): 25.2 kDa, b = 1.14.

PCy3
| <
Ru=
7| th (o]
Cl
Me @ Me PCys A
O (1 equiv) Me Me
—>
toluene, 23 °C
M3 (300 equiv) P3

P3 (300 equiv) (Table 2, Entry 9). *H NMR (400 MHz, CD.Cly) : 7.37-6.87 (4H), 6.08-5.88

(2H), 1.69-1.46 (6H). My (MALS): 54.0 kDa, D = 1.17.

N ~Mes

Mes -N T
JCl
/ \ N —Rlzl‘a
C— c”’l Ph
N
iy n
Et Et
(1 equiv)
W, -

toluene, 23 °C
M4 (50 equiv) P4

P4 (50 equiv) (Table 2, Entry 10). *H NMR (400 MHz, CD,Cl,) &: 7.25-7.01 (2H), 7.01-6.82
(2H), 6.13-5.85 (2H), 1.99-1.80 (2H), 1.80-1.62 (2H), 1.02-0.77 (6H). M, (MALS): 17.4 kDa, D

=1.11.
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[\

Mes ~ N TN ~Mes

JCl
/ \ N —Rﬁa
C— c”’l Ph

N
e n
Et Et
(1 equiv)
W, -

toluene, 60 °C
M4 (150 equiv) P4

P4 (150 equiv) (Table 2, Entry 11). A 1-dram vial containing a magnetic stir bar was flame-dried
under reduced pressure, and then allowed to cool under N.. The vial was charged with monomer
M4 (20.2 mg, 0.10 mmol, 150 equiv), and the vial was flushed with N2. The vial was taken into a
glovebox.

In the glovebox, a separate vial was charged with Grubbs third-generation catalyst (4.5 mg)
and toluene (560 pL). A 60 pL aliquot of the resulting solution (0.48 mg Grubbs 3™ gen. cat., 0.67
umol, 1 equiv) was then added to the monomer M4 (neat) while stirring vigorously. The reaction
mixture was allowed to stir at 60 °C for 24 h. The vial was then removed from the glovebox and
the reaction was quenched with ethyl vinyl ether (10 pL, 0.1 mmol). The polymer was then
precipitated by dropwise addition into a scintillation vial containing 15 mL of MeOH kept at —20
C. The precipitated polymer was recovered and freeze-dried from benzene to afford P4 (150 equiv).
IH NMR (400 MHz, CD2Cl,) §: 7.14-6.99 (2H), 6.99-6.84 (2H), 6.09-5.92 (2H), 1.94-1.80 (2H),

1.80-1.65 (2H), 0.97-0.79 (6H). M, (MALS): 46.4 kDa, b = 1.12.
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[\

Mes -N TN ~Mes

«Cl
/ \ N —Rﬁa
C— c”’l Ph

N
z | o)
e n
Et Et
(1 equiv)
W, -

toluene, 60 °C
M4 (300 equiv) P4

P4 (300 equiv) (Table 2, Entry 12). A 1-dram vial containing a magnetic stir bar was flame-dried
under reduced pressure, and then allowed to cool under N.. The vial was charged with monomer
M4 (20.4 mg, 0.10 mmol, 300 equiv), and the vial was flushed with N2. The vial was taken into a
glovebox.

In the glovebox, a separate vial was charged with Grubbs third-generation catalyst (3.2 mg)
and toluene (800 pL). A 60 pL aliquot of the resulting solution (0.24 mg Grubbs 3™ gen. cat., 0.33
umol, 1 equiv) was then added to the monomer M4 (neat) while stirring vigorously. The reaction
mixture was allowed to stir at 60 °C for 24 h. The vial was then removed from the glovebox and
the reaction was quenched with ethyl vinyl ether (10 pL, 0.1 mmol). The polymer was then
precipitated by dropwise addition into a scintillation vial containing 15 mL of MeOH kept at —20
C. The precipitated polymer was recovered and freeze-dried from benzene to afford P4 (300 equiv).
IH NMR (400 MHz, CD,Cly) &: 7.13-7.02 (2H), 7.01-6.84 (2H), 6.05-5.92 (2H), 1.94-1.78 (2H),

1.78-1.64 (2H), 0.95-0.77 (6H). M (MALS): 162 kDa, b = 1.07.
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Figures and Tables

(b) —RIl ---LS
/ \‘\
| / AR
Ll e
12 17 22 27 32 12 17 22 27 32
Time (min) Time (min)
() —RI ---LS ) —RI ---LS
Y ,’\\
,l \ / N
‘/ ‘\ /, \\\
0 10 20 30 0 10 20 30
Time (min) Time (min)
e f
©) —RIl ---LS ") —RI ---LS
"\ N
'y FEEN
i \ ] N
____________ / N [ \\‘__k_____
14 19 24 29 34 10 15 20 25 30
Time (min) Time (min)

Figure 8-5. Comparison of Rl and LS traces of benzonorbornadiene polymers. (a) P1 immediately

after polymerization, (b) P1 after incubation in air, (¢) P2 immediately after polymerization, (d)

P2 after incubation in air, (e) P3, and (f) P4.
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Table 8-4. Molecular weight of P1 after incubation in air.

M] /[ M, (theo) M, D
50 7.1 kDa 5.8 kDa 1.73
150 21.3 kDa 10.8 kDa 1.62
300 42.6 kDa 17.4 kDa 1.60

Calculation of Oxidation Potential

Oxidation potential calculation for P1 and P2 were calculated as reported by Nicewicz and
co-workers.®! Briefly, neutral and cation radical structures for respective model compounds P1°
and P2’ were optimized using B3LYP/6-31+G(d,p) in the gas phase with Gaussian 09 and their

energies were computed.

P11’ Cation radical
Neutral Oxidized

Gogsg(neutral) = —581.928047 Hartree
Gogs(oxidized) = -581.626248 Hartree

AG{)/2 = (-581.928047 — (-581.626248 Hartree)) x 627.5 kcal mol Hartree* = —189.4 kcal mol~

1
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P2’ Cation radical
Neutral Oxidized

Gogs(neutral) = —617.841918 Hartree

Goos(oxidized) = —617.531377 Hartree

AGY), = (-617.841918 — (-617.531377 Hartree)) x 627.5 kcal mol* Hartree * = —194.9 kcal mol-
1

The obtained free energies were transformed into oxidation potential by the following equation:

0,SCE
+ Ej);

0
gocale _ AG1/2 _ EOSHE
vz T T F 1/2

where ne = number of electrons (one electron in the oxidation of interest), F = Faraday’s constant
(23.061 kcal mol™ V), EPSHF and E775°F are the potential of the standard hydrogen electrode and

the saturated calomel electrode, respectively.

Taking the difference in oxidation potential of P1° and P2’ cancels out the electrode potentials

EPSE and E{S°F to yield the following expression:

AEf,calc — Ef'calC(le) _ Ef’calC(Pll)
2 2 2

0 n _ 0 /
AGL(PZ) —AGL(PT) 1949 _ (189.4) keal mol-!

2 2
_ - _ =0.238V
n,F 1 % 23.061 kcal mol=1 V-1
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Figure 8-6. 'H (top) and 3C NMR spectra of M4 (CDCls).
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Figure 8-7. *H NMR spectrum of P1 (50 equiv) (CD2Cly).
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Figure 8-8. *H NMR spectrum of P1 (150 equiv) (CD2Cly).
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P1 (300 equiv)

Figure 8-9. *H NMR spectrum of P1 (300 equiv) (CD2CLy).

o

P2 (50 equiv)

Figure 8-10. *H NMR spectrum of P2 (50 equiv) (CD,Cly).
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Figure 8-11. *H NMR spectrum of P2 (150 equiv) (CD2Cly).
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Figure 8-12. *H NMR spectrum of P2 (300 equiv) (CD2Cly).
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P3 (50 equiv)
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Figure 8-13. *H NMR spectrum of P3 (50 equiv) (CD2Cly).
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Figure 8-14. *H NMR spectrum of P3 (150 equiv) (CD,Cly).
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P3 (300 equiv)
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Figure 8-15. *H NMR spectrum of P3 (300 equiv) (CD2Cly).
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Figure 8-16. *H NMR spectrum of P4 (50 equiv) (CD2Cly).
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[e]

P4 (150 equiv)

Figure 8-17.*H NMR spectrum of P4 (150 equiv) (CD2Cly).

o
Et Et "

P4 (300 equiv)

Figure 8-18.*H NMR spectrum of P4 (300 equiv) (CD,Cly).
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