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Abstract

In chapter one, recent progress in the synthesis of functional glycopolymers was

described.

In chapter two, combination of catalytic chain transfer polymerisation (CCTP) with
both thiol-ene and copper catalysed alkyne azide coupling (CUAAC) click chemistry
has been employed to give a new route to functional glycopolymers for applications
in bioconjugation and biological targeting. Ring opening of poly (glycidyl
methacrylate) with sodium azide and subsequent reaction with alkyne functional
carbohydrates, as prepared by Fischer glycosylation, has been exploited. This
combination of a range of efficient chemistry gives a route to multi gram quantities of

glycopolymers avoiding the need for living radical polymerisation chemistry.

In chapter three, multi-block glycopolymers made of mannose, glucose, fucose and
di(ethylene glycol) ethyl ether acrylate monomers were synthesized by Cu(0) wire
mediated single electron transfer living radical polymerization (SET-LRP). These
highly narrow disperse glycopolymers were then tested for binding and inhibition of

DC-SIGN, a protein important for HIV infection.

In chapter four, a series of cyclodextrin-based glycoconjugates, including
glycoclusters and star glycopolymers, were synthesised via combination of CUAAC
click reaction and copper-mediated living radical polymerization. These
glycoconjugates show high affinity in binding with human DC-SIGN lectin and could
be used as inhibitor to prevent the binding of HIV envelope protein gp120 to DC-
SIGN at nanomolar concentration. The star block glycopolymer show high loading
capacity of hydrophobic anti-cancer and anti-HIV drugs, indicating promising

application in HIV-therapeutic and smart drug delivery.

In chapter five, a new approach to perform SET-LRP in pure water is described. The
key step in this process is to allow full disproportionation of CuBr/MesTREN
(MesTREN = tris(dimethylamino)ethyl amine) to Cu(0) powder and CuBr; in water
prior to addition of both monomer and initiator. This provides an extremely powerful
tool for the synthesis of functional water-soluble polymers with controlled chain
length and narrow molecular weight distributions (PDI approx. 1.10), including poly-
NIPAM, DMA, PEG acrylate, HEA and glycomonomers. The polymerizations are
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performed at or below ambient temperature with quantitative conversions attained in
minutes. Polymers have high chain end fidelity capable of undergoing chain
extensions to full conversion or multi-block copolymerization via iterative monomer
addition after full conversion. Activator generated by electron transfer atom transfer
radical polymerization (AGET ATRP) of NIPAM in water was also conducted as a
comparison with the SET-LRP system. This shows that the addition sequence of L-
ascorbic acid is crucial in determining the onset of disproportionation, or otherwise.
This robust technique was applied to polymerizations under biologically relevant
conditions (PBS buffer), a complex ethanol/water mixture (Tequila) and a truly
biological condition: sheep blood serum. Finally, double hydrophilic diblock
glycopolymers composed of mannose glycopolymer block and LCST PNIPAM or
PDEGEEA block were successfully synthesized by this aqueous SET-LRP technique.
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Chapter 1 Introduction

Glycopolymers are generally considered as synthetic macromolecules featuring sugar
moieties, which have showed promise in bio-related applications.! This field has
benefited from the development of synthetic polymer chemistry and the past two
decades has evidenced a dramatical progress in the synthesis of functional
glycopolymers. The strategies in the glycopolymer synthesis have been generally
carried out as either direct polymerization of glycomonomers or post-glycosylation of
pre-formed polymers.? As a special case, glycopolymers can also be synthesised via
simultaneous Cu(l)-catalysed azide-alkyne cycloaddition reactions (CuAAC) and
living radical polymerization, which is in actual fact a hybrid of the previous two

strategies.’

By the combination of living polymerization (LP) and click chemistry, different
strategies have been developed for the efficient synthesis of glycopolymers with
defined structure and function, which have been already discussed in detailed reviews
separately by Haddleton, Stenzel, Cameron, Maynard and co-authors.>?*® The
applications of glycopolymers such as therapeutic and drug delivery, multivalent
recognitions with lectins and signal transduction have been summarized in recent
reviews by Cameron, Stenzel, Remzi, Kiessling and co-authors.>"® Thus there has
been very intensive research on glycopolymers’ synthesis and application and most of
the research until 2011 has been summarized in previous reviews. However, new

strategies are constantly emerging during 2011-2013 and thus introduced as below.

1.1 Novel strategies in the direct polymerization of

glycomonomers

1.1.1 Ring-opening polymerization

Ring-opening polymerization, including cationic, anionic and enzymatic ring-opening
polymerization which depends on the catalyst type or the reactive centre of the
propagating chain is carbocation or carbanion, has a long history since 1950s and
widely used for polymerization of different functional cyclic monomers.*® However,
its application in the direct polymerization of carbohydrate-containing cyclic

monomers was limited.*** Recently, the Schubert group synthesized a glucose-
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substituted 2-oxazoline monomer (Figure 1.1) via CuAAC and used it for cationic
ring-opening copolymerization (CROP) with 2-oxazoline-based monomers, yielding
well-defined glycopolymers bearing functional groups for thiol-ene reactions to tune
the properties.'®
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N —N n+1
Initiation * i inati
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Figure 1.1 Synthesis of glyco-poly(2-oxazoline)s by ring-opening polymerization.
Although the polymerisation of protected glycomonomer require high reaction
temperatures (~120 °C) and long reaction times (overnight) for this CROP, final
glycopolymers have relatively narrow MW distribution (~1.3) and the poly(2-

oxazoline) backbones are biocompatible and considered as analogues of poly(amino
acids), which may have potential application in drug delivery.

1.1.2 Copper mediated living radical polymerization

Dormant Active
ka [ ]

PX —  P° +X

Q+M : ®+M

Figure 1.2 Reversible and dynamic equilibrium between active radical growing

species and dormant species

Radical species usually have poor chemo- and regio-selectivity in organic reactions
and tend to wundergo bimolecular termination and disproportionation in
polymerizations. Thus in order to get precise control in radical polymerization, a
reversible and dynamic equilibrium between active radical growing species and
dormant species is necessary to control the concentration of active radicals at low
level, while the relatively stable dormant species could avoid side reactions or

propagations yet able to generate propagation-active intermediate by dissociation of
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the leaving groups via chemical catalysis or physical stimuli.** Different strategies
have been developed to conduct this equilibrium with different leaving groups
including halides, stable radicals or thiolcarbonylthio compounds etc. via varying
dissociation manners such as reversible termination, degenerative chain transfer and
addition-fragmentation chain transfer etc. Most of the present methods in living

radical polymerizations should be based on this concept.’®

Transition metal-catalyzed living radical polymerization is one of the most popular,
versatile and robust polymerization methods for synthesis of various functional
polymers with controlled chain length, architecture and molecular weight distribution
since its development in late 20™ century.®*® The initiators are generally organic
halides with potentially active carbon-halogen bonds for radical generation or
conventional radical initiators, of which both are either commercially available or
could be facilely synthesized. The transition-metal catalysts are generally from
transition metals of groups 8-11, typically including iron, nickel, ruthenium and
copper. Copper catalysts have been the most popular within the transition-metal
catalysts, which showed to be easily handled and highly efficient in catalysis.™

For the copper(l) system, probably the most well-known case is the so-called atom
transfer radical polymerization (ATRP), which utilized lower oxidation state copper
() halide and nitrogen-based ligand complexes as the catalyst. Further research
including simultaneous reverse and normal initiation (SR&NI) ATRP, activators
generated by electron transfer (AGET) ATRP, activator regenerated by electron
transfer (ARGET) ATRP, initiators for continuous activator regeneration (ICAR)
ATRP and electrochemically mediated ATRP (eATRP) were developed, in which
copper (1) generated by reduction of higher oxidation state copper (11) was believed to

be always present in the system and act as the predominant activator.™

For the copper(0) system, copper(l) was believed as a catalyst precursor to generate
copper (0) to react with organic halides for radical generation. Previous research
suggested that in polar solvents copper(l) halides and nitrogen-based ligand
complexes perform rapid disproportionation into copper(0) and copper (Il) halide and
this disproportionation facilitates an ultrafast LRP, in which the radicals are generated
from the nascent copper (0) atomic species and the deactivation is mediated by

copper(1l) halide. Both steps proceed via low activation energy outer-sphere single-
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electron-transfer mechanism and thus the polymerization was named as single

electron transfer living radical polymerization (SET-LRP).2%?

Direct polymerization of a protected glycomonomer via ATRP was first reported in
1998 using CuBr/4, 4°-Di-n-heptyl-2, 2’-bipyridine catalyst in veratrole at 80 °C,*
Table 1.1, whilst direct copper mediated polymerization of unprotected
glycomonomers was generally performed in high polar solvents such as alcohol,
DMF, DMSO, NMP or mixtures with water.?> The main reason choosing such highly
polar solvents is to solubilize the glycomonomer and obtained glycopolymer, yet in
some cases it showed low initiation efficiency or lack of control.*** Previous
research also revealed that direct aqueous ATRP of unprotected glycomonomers
showed poor living character and high ratios of alcohol as the co-solvent were
required.®® The main reason is due to the fast propagation yet inefficient
deactivation and side reactions under aqueous condition, such as hydrolysis of
initiator and propagating polymer chain terminal groups and more important
disproportionation of copper catalysts etc.?” Pure water has only been used as the
solvent for surface initiated polymerization, in which cases the chain end fidelity and
molecular weight distribution tend to be not easily elucidated.?®*° Thus more efforts
are necessary to develop a proper catalyst system which could efficiently catalyse the
polymerization of glycomonomers under different conditions especially in aqueous

media.

Table 1.1 Specific polymerization conditions for the synthesis of glycopolymers via

copper mediated LRP

Reaction

Glycomonomers Catalysts Solvents Reference
temperature
oM oj/f/o H,0O x
HSOﬁO&(“ﬁ MeOH
— e
CuBr/ N N

MeOH/ H,0

Homo OH H
HOA—T~ Hoﬁwm NMP
OHO

OH

HOO
Haoﬁ‘ﬁ — MeOH/ H,0
Oy O_\\ 25°C %
N@é 0 cugrt N (5:2)
S
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1.1.3 Reversible addition-fragmentation chain transfer (RAFT) polymerization

Since the discovery of RAFT in 1998 it has become one of the most popular living
polymerization processes as it is tolerant of a wide variety of functional monomers
and reaction conditions and also is promising in bioapplications.**** For the synthesis
of glycopolymers, RAFT is probably the most popular LRP route at present (about
twice more published papers than ATRP on the synthesis of glycopolymers) and
different strategies have been developed for polymerization of both protected and
unprotected glycomonomers.>** As an interesting case, direct RAFT polymerization
of unprotected glycomonomers in pure water was already reported in 2003, at which
time it was still a challenge for direct aqueous ATRP of glycomonomers.?>* Thus
now most of the RAFT polymerizations of glycomonomers were conducted in
aqueous systems with some ratio of organic solvents (DMF, alcohol, DMSO etc.) for
the aim to solubilize the RAFT agents and radical sources. As illustrated in Table 1.2,
most of the polymerizations were under 60-80 °C, although aqueous RAFT was

already reported at room temperature.*

Table 1.2 Specific polymerization conditions for the synthesis of glycopolymers via
RAFT

Reaction
Glycomonomers RAFT agent Solvents Reference
temperature

oo S CN 45
OH H @)J\SMOH H,O 70 °C
o)
HO o
A

oH| ¢ Ho | S o
o M ~N H,O/DMF
N 2
H g ; o s)]\s/\)kona 70°C 4
HO © (5:1)
HO o " ‘
o M ~N
H
(o]
OH Acetate
HO Q S CN buffer :
HO OH OH ° 48
NH \/\S)J\S ethanol n°C

01 © (4:1)
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1.2 Novel strategies in the post-glycosylation of pre-formed

polymers

1.2.1 Copper-catalyzed azide-alkyne cycloaddition (CUAAC) reaction

CUAAC has been widely used in the post-glycosylation of pre-formed polymers, for
which the protected alkyne monomers could be first polymerized by different LRP
followed by removal of TMS protection groups using TBAF/acetic acid for click
reaction with azido functional sugars (Figure 1.3).°%®! This approach avoids the use of
hazardous azide-functionalised monomers and utilizes diversity of well-documented

azido functional sugars.®

*i*n

:ézo + Ho Qldy Simultaneous ATRP and CuAAC o o
HO N3

/ u(l)Br, pyridylimine, TEA \

\\N
/
N>
(0]
(0]
HO!
HO
HO
OH

Figure 1.3 Synthesis of glycopolymers via CuUAAC of azide sugar with alkyne

functional polymer or monomer.

As an inverse approach, an insulin based glycopolymer was synthesized by sequential
chemical modification composed of tosylation, azidation and subsequent click
reaction with alkyne sugars.®® Due to the low ratio of tosylation, the azido functional
insulin tends to be safe and obtained insulin-based glycopolymers showed enhanced

lectin affinity and gelation properties (Figure 1.4).
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Figure 1.4. Synthesis of glycopolymers via CUAAC of alkyne sugar with azido

functional insulin.

Based on the combination of CUAAC and LRP, one-pot simultaneous ATRP and
CUAAC was developed as a new tool for synthesis of glycopolymer, which utilized
unprotected alkyne monomer and azido sugar (Figure 1.3).> As an inverse approach, a
fluorescent glycopolymer could be synthesized via similar one-pot ATRP and
CuAAC strategy using 2-azidoethyl methacrylate and alkyne mannose (Figure 1.5).%

HO OH
HO
oH
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o N
AN o
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Q + + o i
o HO¥
2 Cu(l)Br, PMDETA O

Na HO N
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0\)%/ -\_‘O Br
O,
HO
OH
HO

OH

Figure 1.5. Synthesis of glycopolymers via simultaneous ATRP and CuAAC using

azido monomer and alkyne sugars.
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Figure 1.6. Synthesis of glycopolymers via thiol-alkyne click reaction.

1.2.2 Thiol-click chemistry

Thiol groups can react with many chemical species with high yields under benign
conditions and thus many thiol-related reactions, such as thiol-ene, thiol-yne, thiol-
epoxy, thiol-isocyanate and thiol-halogen reactions, are considered as click type

reactions.®

Thiol-yne coupling reaction is versatile, robust and can tolerate different functional
groups due to its radical nature. It allows facile addition of two thiols to one alkyne
group, which suits for construction of complex polymer structure such as network,
dendrimer and hyper-branched polymers.®*® Successful glycosylation of linear
polymers and dendrimers can be performed via radical-mediated thiol-alkyne click
reaction, in which the 1-thiol-B-D-glucose reacted with the alkyne group under the

existence of photo-initiator and UV light, Figure 1.6.%

o DMAc
J/\[ 1\ +  NaS(H,C);,0 NaS(CH,);1CHj 4/\[ i\/l/\[
m+n

cl o~ JOH S(CH3)11CH3
(CHz
HO HO o_P°
(6]
OH /%}0':
HQHO

Figure 1.7. Synthesis of glycopolymers via thiol-halogen click reaction

Thiol-halogen reactions, such as nucleophilic substitution reactions of
thiocarbohydrate sodium salt with halogen-containing polymers, have been used for

direct synthesis of glycopolymers.®” This is a relatively slow reaction, however, no
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catalyst is needed and hazardous side products are also avoided. Thus further research

was reported utilizing a similar method as shown in Figure 1.7.%

1.2.3 Amine chemistry

aminooxy sugar

_ :
= 6! %ﬂ/g:%

Figure 1.8. Synthesis of glycopolymers by the reaction of ketones with aminooxy

sugars.

Condensation reactions between ketone groups and aminooxy sugars have become a
tool for synthesis of glycopolymers and glycopeptides (Figure 1.8).°*"* Generally the
reactions can be performed in acetate buffer or organic solvent/water mixtures at
ambient temperature or higher temperatures (up to 95 °C). The reaction conversion is
medium at ambient temperature and close to full conversion under high temperature;
however, reaction times could be up to 4-7 days.

N._0O
N
H

HAN' L T2 oH L

acetate buffer
pH=5.5, 50°C
0.5% aniline

Figure 1.9. Synthesis of glycopolymers by reaction of free reducing sugar with

hydrazide functional polymer.

In order to eliminate the multistep reactions required for glycopolymer synthesis, free
reducing sugars were directly used for the reaction with hydrazide functional polymer
(Figure 1.9) under acidic conditions in the presence of aniline catalyst.” Different
sugars including mannose, fucose, lactose, xylose and panose etc. were demonstrated

with this reaction giving conversions ranging from 34% to up to 95%.

Poly(pentafluorophenyl methacrylate) (PPFMA) bearing active ester groups could
react with a wide variety of functional amines (Figure 1.10). Glycopolymers have
been synthesized by direct reaction of PPFMA with glucose amine or first with
propargyl amine then with azido sugar via CUAAC, in which case glycopolymer with

11
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different linker length and density could be adjusted by the length of propargyl

amines.”>"

TEA
NH, HOOH
/T‘o/\%m — n o+ o —
HO Ny HN - o)

F F
F Ho OH HO
o TEA
— = tHo n
on N on o
o OH
HO

Figure 1.10. Synthesis of glycopolymers by reaction of poly(pentafluorophenyl

methacrylate) with functional amines.
70°C
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Figure 1.11. Synthesis of glycopolymers by reaction of polymers bearing reactive p-

nitrophenyl carbonate with amine functional sugar.

HO OH

Figure 1.12. Synthesis of glycopolymers by reaction of poly(azlactone) with amine

functional sugar.
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Other polymers bearing active ester groups, such as highly reactive p-nitrophenyl
carbonate groups, can also react with amine functional sugar for the synthesis of
glycopolymer (Figure 1.11).”" Utilizing the nucleophilic ring opening reaction of
azlactone with amine, poly(galactose) glycopolymers with long linker length between
carbohydrate and backbone were synthesized by direct post-polymerization
modification of poly(azlactone) scaffold and showed to be very active against the

cholera toxin (Figure 1.12).”’
1.3 Novel applications of glycopolymers

1.3.1 Therapeutic application: Anti-cancer and Anti-HIV

o (o)
S St S
CN HN S CN HN O HN (6] HN OS

O HN"TO HN"TO AUPPh;Cl, DCM

- .
H,0, 3hr J) J) J)
Ho  HN" CHHH,N HN Ho  HNT CIHH,N HN
OH PN OH
o0 "Na's” s o
HEO HBO

Figure 1.13. Synthesis of glycopolymer-dithiocarbamates gold conjugates.

Carbohydrate based anticancer agents have been explored with the aim of increasing
the efficacy and to decrease the side effects of traditional anticancer Pt-based
drugs.”®" Recently, glycopolymer based dithiocarbamates conjugates modified with
glod(l) phosphine (Figure 1.13) are synthesized and explored for the cytotoxicity
profiles, which suggested that the gold conjugates showed higher accumulation and
cytotoxicity to cancer cells due to the existence of glycopolymers and the affection to

the normal breast cell is not significant.®°

Tn antigen glycan

| oH o
o

mucin

* .- HO

£y NMAO
I\ []
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Figure 1.14. Multicopy Multivalent’ glycopolymer-stabilized gold nanoparticles as

Normal cell Breast cancer cell

ca. 10 um

potential synthetic cancer vaccines.*
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Alison et al synthesized a series of N-acetyl-D-glucosamine based glycopolymers by
RAFT and subsequently conjugated these glycopolymers to gold nanoparticles
yielding a type of multicopy multivalent nanosacle glycoconjugate (Figure 1.14).>°
These glycopolymer-stabilized gold nanoparticles could generate strong and long-
lasting production of antibodies for selective recognition with Tn-antigen thus has the

potential as a novel anticancer vaccine.

«

il I

Glycopolymer
DP = x+y =58 a-mannoside 8-galactoside

HO

Figure 1.15. High-affinity glycopolymer binding to human-DC-SIGN and disruption
of DC-SIGN interactions with gp120.%*

Relatively simple mannose containing glycopolymers can effectively bind to human
dendritic cell associated lectin (DC-SIGN) and disrupted the interaction of DC-SIGN
interactions with HIV envelope glycoprotein gp120, which could be seen as a new

approach for therapeutic (Figure 1.15).%
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1.3.2 Bio-compatible materials

Hyperbranched glycopolymers (Figure 1.16) have been tested for the blood
biocompatibility, which revealed that glycopolymers are highly hemocompatible and
do not induce clot formation, red blood cell aggregation and immune response

suggesting a fine bio-compatible materials.**

COOH

NC.

ACVA, CTP, 70 °C

b romem
/A/OH NH Crosslinker
\/O w DMF:Water

CN

HoOC

Figure 1.16. Synthesis of hyperbranched glycopolymers via RAFT.**

Lactose and biotin-tagged glycopolymer could effectively absorb ricin and the
obtained toxin-glycopolymer conjugate could be transferred onto the streptavidin-

modified magnetic particles and thus decontamination was obtained (Figure 1.17).%2

N

Biotin-tagged
lactose polymer

\

Streptavidin modified g}
magnetic particles \§5&: %)

Ricin-contaminated solution

Figure 1.17. Ricin decontamination using biotin-tagged lactose polymer.2?
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1.4 Conclusion

Although great progress has been achieved in the synthesis of functional
glycopolymers, further efforts are still quite necessary for the synthesis of precise
glycopolymers with defined structures and functions, including control of sugar
sequence and synthesis of star glycopolymers which bear more close structure with
cluster/dendritic oligosaccharides.

Based on the promising application of glycopolymers, it should be of great
importance to make the synthesis more efficient, economy and environmental
friendly. New catalyst system and more understanding are still required for copper
mediated living radical polymerization in aqueous system.

In chapter two, a combination of CCTP, Fischer glycosylation and three consecutive
click reactions was developed as a more commercial strategy for synthesis of
glycopolymers.

In chapter three and four, SET-LRP and CuAAC were utilized for control of sugar
sequence along polymer backbone and synthesis of complex cyclodextrin based
glycoclusters and star glycopolymers.

In chapter five, new strategy was developed for copper mediated living radical
polymerization in pure water. Block glycopolymers were then synthesized via
aqueous SET-LRP.
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Chapter 2 Terminal functional glycopolymers
via a combination of catalytic chain transfer
polymerisation (CCTP) followed by three

consecutive click reactions

5 R
:ézo ccTp M e 0”0 0”0 NaN,
7 O% o~ O 07) T e 07) [e5ie) Of xirane

07/ 0\7/ Ring Opening
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O

R
e :
R HO o] 070 (o)
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(o) 0”0
HO HO / OH N-N Hg 7 3 OH
— OH N N
lo) 0 o i f \Q& OOH
Ny Hoj) Ny CuAAC HO o N-n o
OH =
Ns HO og Functional
HO o Glycopolymer

The combination of catalytic chain transfer polymerisation (CCTP) with both thiol-
ene and copper catalysed alkyne azide coupling (CUAAC) click chemistry has been
employed to give a new route to functional glycopolymers for applications in
bioconjugation and biological targeting. Ring opening of poly (glycidyl methacrylate)
with sodium azide and subsequent reaction with alkyne functional carbohydrates, as
prepared by Fischer glycosylation, has been exploited. This combination of a range of
efficient chemistry gives a route to multi gram quantities of glycopolymers avoiding
the need for living radical polymerisation chemistry.
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2.1 Introduction

Synthetic glycopolymers are important biological materials and play a vital role in
many cell-cell communication events, such as preventing the interactions of human
DC-SIGN lectin and the viral envelope glycoprotein gp120.%' The attachment of
glycopolymers to peptides could significantly increase the stability of the conjugates
to environmental stress, including lyophilization and heat.*® The development of
living polymerization and click chemistry have achieved great success in synthesizing
many glycopolymers with different function and structure by either direct
polymerization of glycomonomers or post polymerization glycosylation reactions.?
Since the introduction of Cu-catalyzed azide-alkyne cycloaddition reaction (CUAAC),
it has become a highly versatile tool in polymer science for the design of novel
materials and straightforward construction of complex macromolecular structures. &
8 CuAAC click reaction also provides a variety of new route to synthesizing
glycopolymers. For the aim of post polymerization glycosylation, alkyne-
functionalised polymers have been first synthesized by a number of techniques
including atom transfer radical polymerization (ATRP), reversible addition
fragmentation chain transfer polymerization (RAFT), ring opening polymerization
(ROP) and catalytic chain transfer polymerisation (CCTP) for click reaction with
azide sugar to yield targeted glycopolymers with different carbohydrate
functionalities.?®®®188"  This approach although effective, generally requires
synthesis of monomers and in many cases such as ATRP, RAFT and CCTP it is often
necessary to employ the TMS-based protection groups which need to be deprotected
prior to a click reaction.

As an alternative approach, it would be possible to first synthesize the azide
functionalised polymer and then carry out a click reaction with the alkyne sugar. ROP
of 2-bromo-g-caprolactone was carried out to give polymer with side bromide groups
in order to avoid using an unstable azide monomer under heating polymerization
conditions, which then was transformed into azide groups via substitution reaction
with NaNg.88 However, the multistep reactions were carried out under strict reaction
conditions free from water and air prior to click reaction with an alkyne sugar to yield
the biodegradable glycopolymers.

In order to search for better strategies for the synthesis of azide functionalised
polymers, we noticed that commercial glycidyl methacrylate (GMA) monomer could
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be polymerised via living radical polymerization which is suitable for a range of post
polymerisation modification, including ring opening of the epoxide with NaNj for
generation of both hydroxyl and azide functionalities.?® Previous research reported the
synthesis of graft polymers via ring opening of GMA based copolymers with NaN3
and subsequent modification with alkyne-functionalised PEG using CUAAC to vyield
the desired graft polymer.®® This strategy has proven to be an effective route to
synthesise polymer brushes and “hairy” polymer nanoobjects.”% Despite the
efficiency of this approach for the introduction of azido-functionality to polymer
chains, its application for the synthesis of reactive scaffolds has not yet been explored.
GMA could be polymerized via CCTP using low levels of appropriate cobalt(Il)
catalysts without a requirement for catalyst removal.*® CCTP results in termination of
a methacrylate polymerisation via abstraction of a hydrogen atom from the
propagating chain to give a vinyl terminated product, which is available for
subsequent nucleophilic thiol-ene Michael addition with small thiols to give end
functional polymers.**

Nurmi et al. previously reported the synthesis of functional glycopolymers using a
combination of CCTP, CUAAC and thiol-ene chemistry.®* This chapter reports an
alternative approach to these structures, without the requirement for any protecting
group chemistry. Polymerisation of GMA by CCTP, followed by three consecutive
click reactions, namely thiol-ene, ring opening of the oxirane and CuAAC were

employed as an efficient route to functional glycopolymers.
2.2 Results and discussion

2.2.1 Synthesis of alkyne functionalised sugar via Fischer glycosylation

Carbohydrates are one of the most widespread materials in nature. They are found not
only in cellulose, starch, sucrose etc. which compromise macroscopic plants but also
in cell membrane peptidoglycans and well-known glycoproteins such as ricin etc.
which exist in the microscopic cell world. Although modern chemistry has developed
for more than one century, since the introduction of quantum mechanics,
glycochemistry is still considered as a challenge and a frontier of science, mainly due
to the difficulty in the synthesis of complex carbohydrate structures and wide

application in glycobiology.®® Carbohydrate containing polymers are considered to
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be at the centre of life’s origins and the research of glycochemistry and glycobiology

are recognized as one key route to find how natural life works.*"%

OR OR

Fischer-Helferich
0 o
RRo % C R%
O OH o) O + A o S O-R!

Acid activation
1
Reactive intermediates 10N HA + H0

Scheme 2. 1. Scheme for the Fischer-Helferich type glycosylation reaction.”

Synthetic chemists have developed different synthetic protocols for oligosaccharide
and glycoprotein synthesis, including chemical, enzymatic and automated solid-phase
synthesis.’%%* Amongst these techniques the Fischer glycosylation reaction (Scheme
2.1), developed by Emil Fischer in 1890s for the acid-catalyzed synthesis of
glycosides, still plays important role in the synthesis of simple alkyl and aryl
glycosides even now.’®*% However, this famous reaction has some draw backs,
including requirement for strong inorganic acids and excess alcohol at high

temperature for relatively long reaction times.'%%1%

Recently, silica gel supported acid catalysts such as silica-HCIO,4 and silica-H,SO, et
al have been widely used in carbohydrate chemistry, including glycosylation,
functional group transformation and hydrolysis.***'* Silica-H,SO, is a useful form of
liquid H,SO4 acid as it is easier to handle and also easier to remove after reaction
which only requires filtration. Its use in glycosylation has been proved to be an
efficient alternative for the required transformation with less reaction time and lower
alcohol equivalents.® Thus this one-pot Fischer glycosylation reaction was used for
the synthesis of alkyne functional sugars from free sugars such as mannose, glucose
and fucose with one propargyl alcohol functionality using silica-H,SO, as catalyst at
65 °C (Scheme 2.2).

I I AgO I
"o ~OH HHMO A 2o o 7
OH OH OAc
o silica-H,SO,4 silica-H,SO4 o
H m p ZETER g Y st e Y.
Ho OR~OH + HO\/ 65 °C Ho OHNo\/ o o Aco 5 co/
)J\O)J\
OH N o
HsC7~0 HsC HsC7—~0
i NOH : mw OAc
Ho OH HO OH Ach  OAc

Scheme 2. 2. Scheme representation for the synthesis of alkyne functionalised sugar.
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The glycosylation reactions were performed on a relatively large scale (100 mmol for
D-mannose) and flash silica gel column chromatography (CHCl3: MeOH = 8: 1)
could separate the alkyne sugar product from any excess propargyl alcohol and
unreacted free sugar. The desired propargyl glycosides were achieved as white solids
as an anomeric mixture due to the thermodynamic equilibrium. *H NMR spectroscopy
revealed the appearance of doublets at 4.27 and 4.33 ppm which are assigned to the a
& B (o: B = 4: 1) anomeric protons of O-CH,-C=CH and also overlapped triplets at
2.80-2.90 ppm from the proton of O-CH,-C=CH, Figure 2.1. *C NMR spectroscopy
showed the presence of a series of propargyl group peaks at 55.0, 56.5 (o &  O-CH,-
C=CH), 72.5 (0O-CH,-C=CH) and 75.3 (O-CH,-C=CH) ppm. FT-IR also
demonstrated propargyl group absorbance at 3285 (C=C-H) and 2118 (C=C) cm™
ESI-MS analysis confirmed peaks at 241.1 which is in accordance with the theoretical
value for CoH140¢ (M+Na', 241.1). All characterizations proved the successful

synthesis of 1-(2'-Propargyl) D-Mannose.

H,0

H-7 a

MeOD

H-1

_ U

5.0

110 100 90 80 70 60 50 40

OH
C=C-H

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm’™

Figure 2. 1. 'H NMR (top), *C NMR (middle) and FT-IR (bottom) spectra of 1-(2'"-
Propargyl) D-Mannose.
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For more detailed characterization, the alkyne sugar was per-O-acetylated using
excess Ac,0 with silica-H,SO, catalysis at ambient temperature. After flash silica gel
column chromatography (hexane: ethyl acetate = 8: 1) purification, the anomeric 2, 3,
4, 6-tetra-O-acetyl-1-(2'-propargyl)-a-D-mannose and 2, 3, 4, 6-tetra-O-acetyl-1-(2'-
propargyl)-p-D-mannose could be separated and characterized by NMR, ESI-MS and

FT-IR spectroscopies.

OAc 4xCOCH,
4 16 AcO_o
AcO 5
AcO— 2 1
3
(0] =
N_—
7 8 9 H-7
H-3,2, 4 H-6b H-9
CDCI, b HA H-6a i He5
A b
8 7 6 5 4 3 2 1 0
o/ ppm
4xCOCH,

3 \//j///
1 7 8 9
H-1
H-2, 4 H-7 H-9
cocl, H-3 H-6
l H-5 l EtoAC
4
8 7 6 5 4 3 2 1 0

—2, 3, 4, 6-Tetra-O-acetyl-1-(2"-propargyl)-a-D-mannose

C=0
——2, 3, 4, 6-Tetra-O-acetyl-1-(2'-propargyl)-B-D-mannose

C=0

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm”
Figure 2. 2. '"H NMR (top, middle) and FT-IR (bottom) spectra of 2, 3, 4, 6-tetra-O-
acetyl-1-(2'-propargyl)-a-D-mannose and 2, 3, 4, 6-tetra-O-acetyl-1-(2'-propargyl)-f-

D-mannose.
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'H NMR spectroscopy clearly revealed the small difference between the 3, 4, 6-tetra-
O-acetyl-1-(2'-propargyl)-a-D-mannose and 2, 3, 4, 6-tetra-O-acetyl-1-(2'-propargyl)-
-D-mannose in detail due to the difference of axial bond and equatorial bond on C-1,
Figure 2.2. The FT-IR spectra showed the remaining absorbance peak of alkyne group
and the disappearance of the OH absorbance. All these results further proved the
structure of the desired alkyne glycoside.

Subsequently, D-glucose and L-fucose were also used for the alkyne glycosylation
reaction. The obtained unprotected alkyne glycosides were directly used for the next
step click reaction and only partial product were per-O-acetylated for detailed
characterization. The detailed reaction procedure and characterization data are shown

in the experimental section.

2.2.2 Thiol-ene Michael addition reaction of thiol with vinyl terminal CCTP

polymers
o H*ﬁr G
0 o O DMPP 0" Noo
f O 07) 07) 3: n=12 R=benzyl
o 4: n=12 R=propyl
1: n=12 5: n=31 R=benzyl
2: n=31 NaNs, NH4CIl DMF, 50 °C

uBr/bpy -
0" No 0" o - HMS
HO HO
164 Al
-N -N, 6: n=12 R=benzyl

N °N N

\§g %N 7: n=12 R=propy!
5 I\ 9: n=12 R' = H R=propyl 8: n=31 R=benzyl
||?, ||q' 10: n=31 R’ = di(ethylene glycol) methyl ether R=benzyl

11: n=31 R' = mannose R=benzyl
12: n=12 R' = fucose R=benzyl
Scheme 2. 3. Scheme representation for synthetic approach to end-functionalised

glycopolymers.

GMA was polymerised via CCTP (by Dr Stacy Slavin and Miss Alice Haddleton) and
a polyGMA macromonomer isolated following purification. The presence of the -
unsaturated end-group was confirmed by both *H NMR and MALDI-ToF-MS
spectroscopy. Previous work has shown that the thiol-ene addition reaction is highly
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efficient for the modification of polymers synthesised by CCTP.***** A number of
amines and phosphines are effective catalysts for this type reaction, in which catalytic
amount phosphine can provide relatively fast reaction rates with minimal side
reactions. The thiolysis of oxiranes* can also occur under basic conditions'* or in

116 \which was postulated as a competitive reaction for the

the presence of a catalyst,
thiol-ene end-group modification. In order to test this hypothesis, we initially
performed a model reaction by reacting GMA with excess benzyl mercaptan in the

presence of 5% DMPP in DMSO.

a g) I\
S
&o . thiol-epoxy click 4 oo

@_/SH thiol-ene click \/\CS 777777777777777
5% pmpp  HO~C

Qy 5%DMPP 00
{ DMSO b DMSO s
o ol

a

/ N\ PN

(o
d '3
t=0min ’
t=4min
t=30miIn e
t=60min N )
t=120min L |
tt;iﬁZmin 10
t=48h 0/
6.0 5.5 5.0 4.5 4.0
0/ ppm

Figure 2. 3. Evolution of the *H NMR spectra with time in the reaction of glycidyl
methacrylate with benzyl mercaptan (3 equiv) in DMSO-ds at 25 °C. The numbering
of the typical hydrogen atoms used for the NMR peak assignment is shown in the

reaction scheme.

The expected thiol-ene modification was complete in < 4 min, which was revealed by
the disappearance of the two vinyl signals at 5.71 and 6.07 ppm, Figure 2.3. The thiol-
epoxy reaction was also shown to occur, which was confirmed by the gradual
disappearance of the signals at 3.92 and 4.46 ppm (the two protons from CO,CH,),
indicating ring-opening of the oxirane. New peaks were seen at 4.11ppm (the two

protons from CO,CHy) and 5.31 ppm (the proton from OH). However, complete ring
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opening of the oxirane was not observed for up to 48 h. This indicates that under these
conditions, a clear preference for Michael addition was observed by the thiol over

ring-opening of the oxirane.

f H.0 acetonitrile
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Figure 2. 4. 'H NMR spectra of PGMA 1 (top), benzyl end-functionalised polymer 3
(middle) and *3C NMR spectrum of benzyl end-functionalised polymer 3 (bottom) in
DMSO-dg.

The large difference in reactivity of the unsaturated end group relative to the pendant
epoxides was exploited in order to selectively modify the vinyl functionality. The
PGMA macromonomers were reacted with benzyl mercaptan in DMSO in the
presence of DMPP as catalyst. After full conversion of the vinyl groups was observed,

the reaction was stopped via precipitation into methanol to avoid side-reactions with
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the oxiranes. The isolated benzyl end-functionalised product was characterised by
NMR, GPC, FT-IR and MALDI-TOF MS spectroscopies.

. OH N,
H,C ;‘Q;OHIﬁC;\QéOH

epoxy benzene

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm”

Figure 2. 5. FT-IR spectra of CCTP PGMA 1, benzyl end-functionalised polymer 3,
azide functionalised polymer 6 and fucose functionalised glycopolymer 12.

——CCTP PGMA 1

Benzyl end-functionalised polymer 3
Azide functionalised polymer 6
Fucose funtionalised glycopolymer 12

6 8 10 12 14 16 18 20
Retention time / min

Figure 2. 6. DMF SEC traces (Rl detector) of CCTP PGMA 1, benzyl end-
functionalised polymer 3, azide functionalised polymer 6 and fucose functionalised

glycopolymer 12.
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Figure 2. 7. MALDI-ToF MS analysis of CCTP PGMA 1(top), and benzyl end-
functionalised polymer 3 (bottom). (Characterization performed by Dr Stacy Slavin).

The success of the thiol-Michael addition reaction was confirmed by '‘H NMR
spectroscopy with the disappearance of the vinyl peaks at 5.7 and 6.2 ppm and
appearance of signals corresponding to the benzyl group at 7.2-7.4 ppm, Figure 2.4.
Although small peaks at around 4.0 and 5.2 ppm were observed, which could be
attributed to the thiol-epoxy reaction, *H NMR analysis showed that only less than 3%
of the epoxy groups had reacted with the thiol, meaning the thiol-epoxy reaction was
limited during this reaction. *C NMR revealed the appearance of benzyl carbons at

around 126.7-129.4 ppm and the existence of epoxy ring carbon peaks at 43.8 and
48.5 ppm.

FT-IR spectra revealed the appearance of mono-substituted benzene ring at 703 cm™

and the remaining of epoxy ring absorbance at around 905 cm™ after reaction, Figure
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2.5. In Figure 2.6, the SEC traces did not move significantly following the thiol-ene

reaction due to the slight molecular weight increase.

MALDI-ToF-MS (Figure 2.7) revealed a molecular weight increase of ~120 Da after
the reaction, which was attributed to the addition of benzyl mercaptan to the polymer
chain-end. MALDI-ToF-MS analysis also showed the molecular weight spacing of
each peak remained at 142.06 Da, which remained as the mass of GMA repeating unit

and thus confirmed that side thiol-epoxy reaction was not obvious.
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Figure 2. 8. *H NMR spectra of PGMA 2 (top), propyl end-functionalised polymer 4
(middle) and benzyl end-functionalised polymer 5 (bottom) in DMSO-ds.

In order to investigate the versatility of the thiol-Michael addition to CCTP

macromonomers, CCTP polymers with different chain lengths were reacted with
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different thiols in DMSO, catalysed by DMPP. The PGMA macromonomer 1
(DP=12) and 2 (DP=31) were incubated with 1-propanethiol and benzyl mercaptan
respectively (Scheme 2.3). The 'H NMR spectra of the purified propyl end-
functionalised product 4 and benzyl end-functionalised product 5 also showed the
disappearance of vinyl peaks and the appearance of corresponded end groups (Figure
2.8), indicating the success of Michael addition reaction for CCTP GPMA with
different thiols.

2.2.3 Epoxy ring opening reactions of PGMA with sodium azide

Based on the wide application of CUAAC in polymer science, it is desirable to
synthesise polymers bearing pendant azide groups. Due to the potential dangers of the
direct synthesis and polymerisation of azide-containing monomers, the ring-opening
reaction of epoxides with sodium azide was used to introduce azide to polymer
backbone.®*" The ring opening reaction of oxiranes in the presence of ammonium
chloride is very efficient and considered a click type reaction.™® Similar reaction
conditions were employed for the ring opening of the epoxides of the thiol-
functionalised PGMA with NaN3 (Scheme 2.3). Polymer 3 was first used to react with
excess sodium azide / ammonium chloride in DMF at 50 °C for 24 h.

gh c b a g
0 o 070 A% a
Ho\g Ho\g
e e
g h
a Ns f Ns OH d’ < f acetone  BHT
8 ] 6 5 4 3 2 1 0
O/ ppm

Figure 2. 9. 'H NMR spectrum of azide functionalised polymer 6 in DMSO-ds.

Following the reaction, azide functionalised polymer 6 was analysed by SEC, *H
NMR and FT-IR spectroscopy. The SEC elution trace (Figure 2.6) of 6 (M,=3800 Da,
Mw/M, = 1.44) shifted to the higher MW position compared with 3 (M,=2800 Da,
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Mw/M, = 1.53), indicating the molecular weight increase due to the addition of azide

groups.

Subsequently, the *H NMR spectra (Figure 2.9) showed the complete disappearance
of the peaks at 3.1-3.3 ppm (the proton of CH from the cycle) and 2.60-2.72 and 2.75-
2.82 ppm (the two protons of CH, from the cycle), which belong to the protons from
the epoxy ring. New peaks were observed at 5.49 ppm (CH-OH), 3.7-4.0 ppm
(CO,CH;and CH-OH) and 3.2-3.4 ppm (CH.Ns3), similar as previous report.® FT-IR
spectrum of polymer 6 revealed a strong absorbance at 2098 cm™ which was related
to the absorption of azide group and also a broad peak at 3200-3600 cm™ belonging to
the absorbance of OH groups, Figure 2.5. The epoxy ring absorbance of polymer 3

(905 cm™) was not observed after reaction.

0/ ppm

Figure 2. 10. *H NMR spectra of azide functionalised polymer 7 (top) and 8 (bottom)
in DMSO-ds.

Different end-functionalised PGMA 4 (DP=12) and 5 (DP=31) were functionalised
with azide via the same method. *H NMR spectra of polymer 7 and 8 (Figure 2.10)
showed the proton shifts due to the epoxy ring opening reaction with sodium azide.

30

Qiang Zhang



[Post-glycosylation] | [Chapter 2]

FT-IR spectra (Figure 2.11) revealed the corresponding appearance of azide and
hydroxyl groups and disappearance of epoxy groups. SEC traces (Figure 2.12, 2.17)
also revealed the molecular weight increase after reaction. All these results clearly
revealed the efficient reaction of epoxy ring with sodium azide/ammonium chloride,

azide grafted polymer was obtained for the subsequent CUAAC reaction.

4

benzene

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm’

Figure 2. 11. FT-IR spectra of azide functionalised polymer 7 (top) and 8 (bottom).
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Figure 2. 12. Molecular weight distributions of polymer 1, 4, 7 and 9 via SEC
employing DMF as the eluent.
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2.2.4 CuAAC reactions of azide-containing polymers with alkyne compounds

In order to prepare glycopolymers from azide functionalised polymer via CuAAC,
sugar alkynes are required. Since the discovery of Fischer glycosylation, it has been
widely used in the preparation of simple alkyl or aryl glycosides from free sugars.'®
120 Recently, sulfuric acid immobilised on silica was proved to be an efficient catalyst
for the preparation of alkyl glycosides from free sugars via Fischer
glycosylation.****?? Thus D-mannose and L-fucose were alkyne functionalised in a
large scale via reacting with propargyl alcohol in the presence of H,SO4-silica catalyst
at 65 °C. The obtained unprotected sugar alkyne was an anomeric mixture, which
could be separated by silica gel column chromatography after per-O-acetylation using

acetic anhydride.

/\ on \O\/\O/\/O\

13 14

OH g/\
HO
0 HsC7~~0
HO o/ ;%

15 16

Scheme 2. 4. Alkyne compounds employed in the study: propargyl alcohol (13),
diethylene glycol alkyne (14), mannose alkyne (15) and fucose alkyne (16).

The glycopolymers were then synthesised by CuAAC reaction of the azide
functionalised polymers with 15 and 16 (Scheme 2.4). Reactions were conducted in
DMSO using CuBr / bpy as catalyst. Polymer 6 was reacted with fucose alkyne 16 to
yield glycopolymer 12, which was characterised by SEC, 'H NMR and FT-IR
spectroscopies.

After the reaction the SEC trace (Figure 2.6) of 12 (M,=8300 Da, M,/M, =1.30)
shifted to higher MW relative to 6 (M,=3800 Da, M./M, =1.44), indicating the
molecular weight increase due to of the addition of fucose groups. *H NMR spectra of
12 (Figure 2.13) showed the appearance of triazole peak at 8.03 ppm, which
confirmed the success of CUAAC reaction. Peaks at 1.08 and 1.15 ppm (from CH3 of
the fucose sugar) and multiple peaks from 3.0 to 5.0 ppm (protons from the rest of
fucose alkyne, overlapped with polymer backbone protons) confirmed the existence of
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fucose. The benzyl proton peaks at 7.2-7.4 ppm still exist, indicating that CUAAC
didn’t affect the end group. FT-IR spectra (Figure 2.5) showed the complete
disappearance of azide absorbance at 2098 cm™, indicating the success of CUAAC
reaction. Due to the addition of fucose, the absorbance strength of OH at 3100-3600

cm™ enhanced compared with the C=0 absorbance at 1725 cm™.
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Figure 2. 13. *"H NMR spectrum of benzyl terminal fucose-functional glycopolymer
12 in DMSO-ds.
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Figure 2. 14. 'H NMR spectrum of benzyl terminal mannose-functional
glycopolymer 11 in DMSO-ds.

Polymer 8 was reacted with mannose alkyne 15 to yield glycopolymer 11. After
reaction, the SEC trace (Figure 2.17) of 11 (M,=23100 Da, M./M, =2.08) shifted to
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higher MW compared with 8 (M,=18000 Da, M,/M, =2.11), indicating the molecular
weight increase due to the addition of mannose moieties. *H NMR spectra of 11
(Figure 2.14) showed the appearance of triazole peak at 8.02 ppm, which confirmed
the success of CUAAC reaction. FT-IR spectra (Figure 2.16) also revealed the
disappearance of azide absorbance and enhancement of the OH absorbance. The
results presented above clearly demonstrate the efficient reaction of sugar alkyne with

azide functionalised polymer.

In order to investigate the versatility of the CuAAC reaction to these azide
functionalised polymers, propargyl alcohol 13 and diethylene glycol alkyne 14 were

used to react with different azide functionalised polymers 7 and 8.

c

k /C\/a K HO [DbMSO-d,

H " S b o
f (¢} 0 o

HO d HO d
e e
N
Jd >N N g N'N..N
=S h's |
i i
HO HO
j j fj (d.e9 al

9 8 7 6 5 4 3 2 1 0
o/ ppm
N a_ X Ho
S P L
CO (8} aaa

o]
j J h,i,j, k
ng OSK IJ DMSO-d_
\L \L \ ¢
g
f d b, c, e ] m n
a
N A 8 AR
9 8 7 6 5 4 3 2 1 0
0/ ppm

Figure 2. 15. 'H NMR spectra of polymer 9 (top) and 10 (bottom) in DMSO-d.
Following the reaction the *H NMR spectra of 9 and 10 (Figure 2.15) showed the

appearance of triazole peak at 7.89 and 7.97 ppm respectively, which confirmed the
success of CUAAC reaction. SEC traces of 9 and 10 (Figure 2.12, 2.17) showed the
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molecular weight increase after reaction. FT-IR (Figure 2.16) revealed the
disappearance of azide absorbance and enhancement of OH or methyl and methylene
absorbance respectively. Functional polymer 10 showed a concentration dependant
LCST behaviour at 46 °C (10 mg/mL) and 63 °C (5 mg/mL).'?®

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm’

Figure 2. 16. FT-IR spectra of polymer 11 (top), 9 (middle) and 10 (bottom).

1.0 polymer M M, M
= ——2 11000 1.75
S o0s] ——5 12100 1.86
o ——8 18000 2.11
> 06l ——10 20500 1.43
5 — 11 23100 2.08
©
(0]
N 04
@
£
S 0.2
s

004 =/ =@ A== @

30 35 40 45 50 55 60 65 7.0

log MW

Figure 2. 17. Molecular weight distributions of polymer 2, 5, 8, 10 and 11 via SEC
employing DMF as the eluent.
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2.2.5 Conclusions

In summary, CCTP has been used to synthesise polymers with w-vinyl terminal
groups and epoxide side groups. These have been functionalised with three different
click-type reactions. The m-polymer end group was transformed via Michael thiol-ene
addition with different thiols to obtain a range of w-end-functionalised polymers. The
side epoxy ring was reacted with sodium azide in the presence of ammonium chloride
to yield the corresponding azide functionalised polymers in high yield. Sugar alkynes
were prepared from free sugar via a one-step Fisher type glycosylation using a H,SO;-
silica catalyst. Glycopolymers were produced by the CUAAC reaction of sugar alkyne
with azide functionalised polymer. This is a method based on free radical
polymerisation which leads to a diverse range of glycopolymers. The combination of
a range of efficient chemistry gives a route to multi gram quantities of glycopolymers
which avoids the need for living radical polymerisation and some of the potential
problems this can introduce. CCTP as a route to control free radical polymerisation
has been shown to be a very scalable and commercialisable process. The chemistry
described has the potential to be a very powerful route to targeting polymers in a

range of therapeutic applications.
2.3 Experimental

2.3.1 Materials

Glycidyl methacrylate (GMA, 97%) was obtained from Sigma-Aldrich and the
inhibitor was removed by passing the monomer through a column filled with neutral
alumina prior to use. Copper (I) bromide (98%, Sigma-Aldrich) was washed
sequentially with acetic acid and ethanol and dried under vacuum so as to remove
residual Cu(lIl)Br,. Dimethylphenylphosphine (DMPP, 97%, Sigma-Aldrich) was
stored under nitrogen. D-Mannose (99%, Sigma-Aldrich), L-fucose (98%, Sigma-
Aldrich), propargyl alcohol (99%, Sigma-Aldrich), 2, 2’-bipyridyl (bpy, 99%, Sigma-
Aldrich), benzyl mercaptan (99%, Sigma-Aldrich), 1-propanethiol (99%, Sigma-
Aldrich), sodium azide (99%, Sigma-Aldrich) were used as received.

The H,SO4-silica catalyst was prepared according to the literature procedure.*?* Vinyl

terminal polymers were synthesised by Dr Stacy Slavin and Miss Alice Haddleton of
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Haddleton group. Diethylene glycol alkyne (3-(2-(2-methoxyethoxy)ethoxy)prop-1-

yne) was synthesised by Dr Mathew W. Jones as described by Fitch et al.***

All other reagents and solvents were obtained at the highest purity available from
Sigma-Aldrich and used without further purification unless otherwise stated.

2.3.2 Instruments and analysis

'H and C NMR spectra were recorded on Bruker DPX-300 and DPX-400
spectrometers using deuterated solvents obtained from Aldrich. Mass spectra were

recorded on an Esquire2000 using electrospray ionisation (ESI) in positive mode.

FTIR spectra were recorded on a Bruker VECTOR-22 FTIR spectrometer using a

Golden Gate diamond attenuated total reflection cell.

SEC was conducted on Varian 390-LC system in DMF (1 g/L LiBr) at 50 °C,
equipped with refractive index and viscometry detectors, 2 x PLgel 5 mm mixed-D
columns (300 x 7.5 mm), 1 x PLgel 5 mm guard column (50 x 7.5 mm) and
autosampler. PGMA molar mass distributions were measured on a SEC system
equipped with two PL gel 3 um mixed E-columns (300 x 7.5 mm) and one PL gel 5
mm guard column (50 x 7.5 mm) (Polymer Laboratories) with differential refractive
index detection using THF as eluent.

MALDI-ToF data was collected using a Bruker Ultraflex Il MALDI ToF Instrument
which has a mass range up to 500 kDa and analysed using FlexAnalysis software. The
MALDI contains a 337 nm wavelength N, (pulse energy of 100 pJ) at a maximum
repetition rate 50 Hz. The system is kept inside a vacuum at 5 x 10 Torr to avoid
contamination of the sample reading. A matrix was used (DHTB) to protect the
product from being destroyed from direct laser beam and to facilitate vaporisation and
ionisation. ToF-MS instrument, Bruker MaXis with proxeon easy-nLC and Dionex

RS3000 HPLC was used for high resolution mass spectrometry analysis.
2.3.3 Synthesis of alkyne functionalised sugar via Fischer glycosylation

2.3.3.1 Synthesis of 1-(2'-Propargyl) D-Mannose

A suspension solution of D-mannose (18.02 g, 100 mmol), propargyl alcohol (29.1
mL, 500 mmol) and H,SO4-silica (500 mg) was stirred at 65°C until all reagents

completely dissolved (~3 h). Stirring was continued at 65 °C for an additional 3 h
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after complete dissolution. After cooling to ambient temperature, a part of the reaction
mixture (8.00 g) was transferred to a silica gel column and eluted with CHCl3-MeOH
(8:1) to remove the excess propargyl alcohol. 1-(2'-Propargyl) D-mannose was
obtained as white solid after drying under vacuum (Yield: 26.7%). 'H and *C NMR

revealed formation of the desired glycoside anomeric mixture.
FT-IR v (cm™): 3347 (OH), 3285 (C=C-H), 2118 (C=C).
ESI-MS m/z: calcd for CgH1406 (M+Na®), 241.1; found, 241.1.

For detailed characterisation, a part of the product was per-O-acetylated using acetic
anhydride. A suspension solution of 1-(2'-propargyl) D-mannose (218 mg, 1.0 mmol),
acetic anhydride (3.0 mL, 32.0 mmol), H,SO,-silica (6 mg) was stirred at ambient
temperature for 48 h. After completion of the reaction, the solution was diluted with
CH,Cl, (20 mL) and washed sequentially with saturated aq. NaHCOj3 solution and
water twice. The extract was dried over MgSO, and concentrated under vacuum. The
crude anomeric mixture was then separated by silica gel column chromatography
using hexane-ethyl acetate (8:1) as eluent. 2, 3, 4, 6-tetra-O-acetyl-1-(2'-propargyl)-o-
D-mannose (298 mg) and 2, 3, 4, 6-tetra-O-acetyl-1-(2'-propargyl)-p-D-mannose (37

mg) were obtained after drying under vacuum (Yield: 86.7%).
2, 3, 4, 6-Tetra-O-acetyl-1-(2’-propargyl)-a-D-mannose

'H NMR (CDCls, 298 K, 400 MHz): 5 (ppm) =5.34 (dd, 1H, J 3.3, 6.5 Hz, H-3), 5.25-
5.32 (M, 2H, H-2, H-4), 5.02 (d, 1H, J 1.8 Hz, H-1), 4.28 (dd, 1H, J 5.2, 7.1Hz, H-6%),
4.27 (d, 2H, J 2.4 Hz, CH,-C=CH), 4.10 (dd, 1H, J 2.5 Hz, 9.8Hz, H-6"), 3.98-4.05
(m, 1H, H-5), 2.47 (t, 1H, CH,-C=CH), 2.16, 2.10, 2.03, 1.98 (4s, 12H, 4xCOCH).

3C NMR (CDCls;, 298 K, 400 MHz): & (ppm) =170.7, 170.0, 169.9, 169.8
(4xCOCH3), 96.3 (C-1), 78.0 (CH,-C=CH), 75.7 (CH2-C=CH), 69.4, 69.1, 69.0, 66.1,
62.4 (C-6), 55.0 (CH,-C=CH), 20.9, 20.8 (2), 20.7 (4xCOCHs).

FT-IR v (cm™): 3253 (C=C-H), 2117 (C=C), 1737 (C=0).
ESI-MS m/z: calcd for C17H2010 (M+Na®), 409.1; found, 409.0.
2, 3, 4, 6-Tetra-O-acetyl-1-(2'-propargyl)-p-D-mannose

'H NMR (CDCls, 298 K, 400 MHz): & (ppm) =5.49 (dd, 1H, J 1.0, 2.3 Hz, H-3),
5.06-5.31 (M, 2H, H-2, H-4), 4.95 (d, 1H, J 1.0 Hz, H-1), 4.35-4.45 (m, 2H, CHo-
C=CH), 4.31 (dd, 1H, J 5.3, 7.0 Hz, H-6), 4.16 (dd, 1H, J 2.6, 9.7 Hz, H-6), 3.66-
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3.74 (m, 1H, H-5) 248 (t, 1H, CH,-C=CH), 2.18, 2.10, 2.04, 1.99 (4s, 12H,
4xCOCHs).

C NMR (CDCl;, 298 K, 400 MHz): & (ppm) =170.8, 170.4, 170.1,
169.7(4xCOCHS3), 95.7 (C-1), 77.9 (CH2-C=CH), 76.1 (CH,-C=CH), 72.6, 71.2, 68.8,
66.0, 62.4 (C-6), 55.9 (CH2-C=CH), 20.9 (2), 20.8, 20.7 (4xCOCHs).

FT-IR v (cm™): 3268 (C=C-H), 2123 (C=C), 1741 (C=0).

ESI-MS m/z: calcd for C17H2,010 (M+Na™), 409.1; found, 409.0.

2.3.1.2 Synthesis of 1-(2'-Propargyl) L-Fucose

A suspension solution of L-fucose (2.46 g, 15.0 mmol), propargyl alcohol (4.4 mL,
75.0 mmol) and H,SO;-silica (75 mg) was stirred at 65 °C for 5 h. After cooling down
to ambient temperature, the reaction mixture was transferred to a silica gel column
and eluted with CHCI3-MeOH (10:1) to remove the excess propargyl alcohol. 1-(2'-
Propargyl) L-fucose was obtained as white solid after drying under vacuum. (Yield:
50.1%) *H and 3C NMR revealed formation of the desired glycoside in a 10:4 (a/B)

ratio.
FT-IR v (cm™): 3360 (OH), 3254 (C=C-H), 2125 (C=C).
ESI-MS m/z: calcd for CgH1406 (M+Na™), 225.1; found, 225.1.

For detailed characterisation, a part of the product was per-O-acetylated using acetic
anhydride. A suspension solution of 1-(2"-propargyl) L-fucose (202 mg, 1.00 mmol),
acetic anhydride (1.42 mL, 15.0 mmol), I, (2 mg, 7.88x10™ mmol) was stirred at
ambient temperature for 48 h. After completion of the reaction, the obtained yellow
solution was diluted with CH,CIl, (20 mL) and washed sequentially with 5% aqg.
Na,S,0;3 solution, saturated ag. NaHCOg3 solution and water. The extract was dried
over MgSO, and concentrated under vacuum. The crude anomeric mixture was then
separated by silica gel column chromatography using hexane-ethyl acetate (8:1) as
eluent. 2, 3, 4-tri-O-acetyl -1-(2'-propargyl)-a-L-fucose (60 mg) and 2, 3, 4-tri-O-
acetyl -1-(2'-propargyl)-p-L-fucose (22 mg) were obtained after drying under vacuum.
(Yield: 25.0%)

2, 3, 4-Tri-O-acetyl-1-(2'-propargyl)-a-L-fucose
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'H NMR (CDCls, 298 K, 400 MHz): & (ppm) = 5.34 (dd, 1H, J 3.4 Hz, 7.5 Hz H-3),
5.28 (dd, 1H, J 1.0 Hz, 2.3 Hz, H-4), 5.23 (d, 1H, J 3.8 Hz, H-1), 5.14 (dd, 1H, J
3.7Hz, 7.1Hz, H-2), 4.24 (d, 2H, J 2.4 Hz, CH,-C=CH), 4.18 (q, 1H, J 6.4 Hz, H-5),
2.42 (t, 1H, CHp-C=CH), 2.15, 2.07, 1.97 (3s, 9H, 3xCOCH3), 1.13 (d, 3H, J 6.6 Hz,
H-6).

13C NMR (CDCls, 298 K, 400 MHz): & (ppm) = 170.7, 170.5, 170.1 (3xCOCHs), 95.2
(C-1), 78.7 (CH-C=CH), 75.0 (CH,-C=CH), 71.2, 67.9 (2), 65.1, 55.3 (CH,-C=CH),
20.9, 20.8, 20.7 (3xCOCHs), 15.9 (C-6).

FT-IR v (cm™): 3276 (C=C-H), 2121 (C=C), 1740 (C=0).
ESI-MS m/z: calcd for Ci5H200g (M+Na'*), 351.1; found, 351.1.
2, 3, 4-Tri-O-acetyl-1-(2'-propargyl)-p-L-fucose

'H NMR (CDCls, 298 K, 400 MHz): § (ppm) =5.24 (dd, 1H, J 1.0 Hz, 2.5 Hz, H-3),
5.19 (dd, 1H, J 8.1 Hz, 2.4 Hz, H-4), 5.05 (dd, 1H, J 3.5 Hz, 6.9 Hz, H-2), 4.70 (d,
1H, J 7.9Hz, H-1), 4.37 (t, 2H, CH,-C=CH), 3.83 (q, 1H, J 6.4 Hz, H-5), 2.44 (t, 1H,
CH,-C=CH), 2.17, 2.06, 1.98 (3s, 9H, 3xCOCHs), 1.22 (d, 3H, J 6.4 Hz, H-6).

3C NMR (CDCls, 298 K, 400 MHz): § (ppm) =170.8, 170.4, 169.8 (3xCOCHj), 98.6
(C-1), 78.6 (CH,-C=CH), 75.2 (CH,-C=CH), 71.4, 70.3, 69.5, 68.7, 55.8 (CH,-
C=CH), 20.9, 20.8, 20.7 (3xCOCHz), 16.2 (C-6).

FT-IR v (cm™): 3274 (C=C-H), 2121 (C=C), 1742 (C=0).

ESI-MS m/z: calcd for Cy5H200g (M+Na'*), 351.1; found, 351.1.

2.3.1.3 Synthesis of 1-(2'-Propargyl) D-Glucose

A suspension solution of D-glucose (12 g, 67 mmol), propargyl alcohol (19.4 mL, 333
mmol) and H,SO,-silica (333 mg) was stirred at 65°C overnight. After cooling to
ambient temperature, a part of the reaction mixture (14 g) was transferred to a silica
gel column and eluted with CHCI3-MeOH (8:1) to remove the excess propargyl
alcohol. 1-(2’-Propargyl) D-glucose was obtained as white solid after drying under

vacuum (3.7 g, yield: 56 %).
FT-IR v (cm™): 3347 (OH), 3285 (C=C-H), 2118 (C=C).
ESI-MS m/z: calcd for CgH1406 (M+Na™), 241.1; found, 241.1.

For detailed characterisation, a part of the product was per-O-acetylated using acetic
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anhydride. A suspension solution of 1-(2'-propargyl) D-glucose (218 mg, 1.00 mmol),
acetic anhydride (3.0 mL, 32.0 mmol), H,SO-silica (6 mg) was stirred at ambient
temperature for 48 h. After completion of the reaction, the solution was diluted with
CH,Cl, (20 mL) and washed sequentially with saturated aq. NaHCOj3 solution and
water twice. The extract was dried over MgSO, and concentrated under vacuum. *H
NMR spectrum revealed the formation of the desired glycoside anomeric mixture in a
ratio of 100:43 (o/B). The crude anomeric mixture was then separated by silica gel
column chromatography using hexane-ethyl acetate (10:1) as eluent. 2, 3, 4, 6-tetra-O-
acetyl-1-(2'-propargyl)-a-D-glucose (170 mg) and 2, 3, 4, 6-tetra-O-acetyl-1-(2'-
propargyl)-p-D-glucose (70 mg) were obtained after drying under vacuum (Yield:
62.2%).

2, 3, 4, 6-Tetra-O-acetyl-1-(2'-propargyl)-a-D-glucose
'H NMR (CDCls, 298 K, 400 MHz): & (ppm) =5.47 (t, 1 H, J 9.9 Hz, H-3), 5.27 (d, 1
H, J3.9 Hz, H-1), 5.07 (t, 1 H, J 9.9 Hz, H-4), 4.89 (dd, 1 H, J 3.8, 6.6 Hz, H-2), 4.20-

4.30 (M, 3 H, CH,-C=CH, H-6%), 3.92-4.13 (m, 2 H, H-5, H-6%), 2.44 (t, 1 H, J 2.4 Hz,
CH,-C=CH), 2.08, 2.06,2.01, 2.00 (4s, 12H, 4xCOCHs).

3C NMR (CDCls, 298 K, 400 MHz): & (ppm) =170.8, 170.2, 170.1, 169.7
(4xCOCH;), 94.7 (C-1), 78.3 (CH»-C=CH), 75.4 (CH,-C=CH), 70.5, 70.0, 68.5, 67.9,
61.8 (C-6), 55.5 (CH,-C=CH), 20.8 (3), 20.7 (4xCOCHs).

FT-IR v (cm™): 3268 (C=C-H), 2123 (C=C), 1741 (C=0).
ESI-MS m/z: calcd for C17H22010 (M+Na®), 409.1; found, 409.1.
2, 3, 4, 6-Tetra-O-acetyl-1-(2'-propargyl)-p-D-glucose

'H NMR (CDCls, 298 K, 400 MHz): & (ppm) =5.22 (d, 1 H, J 9.5 Hz, H-3), 4.95-5.13
(m, 2 H, H-2, H-4), 4.72 (d, 1 H, J 8.0 Hz, H-1), 4.22-4.38 (m, 3 H, CH,-C=CH, H-
69, 4.02-4.12 (m, 1 H, H-6%), 3.69-3.75 (m, 1 H, H-5), 2.46 (t, 1 H, J 2.5 Hz, CHo-
C=CH), 2.07, 2.04, 2.01, 1.99 (4s, 12H, 4xCOCHs) ppm.

3C NMR (CDCls, 298 K, 400 MHz): § (ppm) =170.4, 169.7, 169.5 (2) (4xCOCHs),
98.2 (C-1), 78.3 (CH,-C=CH), 75.6 (CH,-C=CH), 72.9, 72.0, 71.1, 68.4, 61.9(C-6),
56.0(CH,-C=CH), 19.7, 19.6 (3) (4xCOCH3) ppm.

FT-IR v (cm™): 3268 (C=C-H), 2123 (C=C), 1741 (C=0).

ESI-MS m/z: calcd for C17H2,010 (M+Na"), 409.1; found, 409.1.
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2.3.4 Michael addition reactions of glycidyl methacrylate and PGMA with thiols

The reactions were carried out at ambient temperature and monitored by *H NMR
spectroscopy. In a typical reaction of GMA with thiol, (71 mg, 0.5 mmol, 1 eq) GMA,
(186 mg, 1.5 mmol, 3 eq) benzyl mercaptan, DMPP (3.6 uL, 2.5x10 mmol, 0.05 eq)
and 0.4 mL DMSO-dg were added into a NMR tube for *H NMR analysis. In a typical
reaction of CCTP PGMA with thiol, 1.02 g PGMA (M,=1700 Da, 0.6 mmol of vinyl
groups) was dissolved in DMSO (4 ml). Benzyl mercaptan (149 mg, 1.2 mmol) and
DMPP (4.1 pL, 0.03 mmol) were added to this solution, and the mixture was stirred at
ambient temperature. A part of the solution (0.1 mL) was taken out for *H NMR
analysis. After conversion of the vinyl groups was achieved, the reaction was stopped
by precipitation in methanol and purified via dialysis in methanol for one day. The
benzyl end-functionalised product was dried under vacuum. (Yield: 42.2%)

2.3.5 Epoxy ring opening reaction of PGMA with sodium azide

The polymers containing 2-hydroxy-3-azidopropyl methacrylate (HAZPMA) units
were prepared according to previous procedure.” In a typical reaction, benzyl end-
functionalised PGMA (0.42 g, 2.75 mmol of epoxide groups) was dissolved in DMF
(8 mL). Sodium azide (0.358 g, 5.50 mmol) and ammonium chloride (0.294 g, 5.50
mmol) were added to the solution and stirred at 50 °C for 24 h. After cooling down to
ambient temperature, the mixture was directly transferred to dialysis tubing and
dialysed against water for two days. 0.484 g product was obtained after drying under

vacuum.

2.3.6 CUAAC reactions of azide-containing polymers with alkyne compounds

A general procedure is shown as follows. A solution of 1-(2'-propargyl) L-fucose
(0.225 g, 1.11 mmol), benzyl end-functionalised PHAZPMA (0.150 g, 0.78 mmol of
azide groups), bpy (30 mg, 0.20 mmol) in DMSO (5 mL) was deoxygenated by three
freeze-pump-thaw cycles. The solution was then transferred via cannula under
nitrogen into a Schlenk tube, previously evacuated and filled with nitrogen,
containing CuBr (14 mg, 0.10 mmol). The resulting solution was stirred at 30 °C for
24 h. Upon the reaction was completed, the reaction mixture was diluted with water
(20 mL) and purged with air for 1 h and then dialysed against water for two days after
which the glycopolymer (0.226 g) could be recovered by freeze drying.
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Chapter 3 Sequence-Controlled Multi-Block
Glycopolymers to Imnhibit DC-SIGN-gp120
Binding
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Multi-block glycopolymers made of mannose, glucose, fucose and di(ethylene glycol)
ethyl ether acrylate monomers were synthesized by Cu(0) wire mediated single
electron transfer living radical polymerization (SET-LRP). These highly narrow
disperse glycopolymers were then tested for binding and inhibition of DC-SIGN, a
protein important for HIV infection.
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3.1 Introduction

Glycan-protein interactions are essential for many physiological processes including
cell-cell recognition, cell adhesion, cell signalling, pathogen identification and
differentiation. These interactions also play a critical role in infectious disease
processes such as pathogen-cell interactions and immune responses. Dendritic cells
(DC) are the most antigen presenting cells and form a major component of the
immune system. DCs act as messengers between the innate and adaptive immunity
and their main function is to process antigen material and present it on the surface to
other cells of immune systems such as T-cells. Dendritic cell-specific intercellular
adhesion molecule-3-grabbing non-integrin (DC-SIGN; CD209) is a C-type lectin
(carbohydrate-binding protein) present on both macrophages and dendritic cell
subpopulations. DC-SIGN binds to microorganisms and host molecules by
recognizing surface rich mannose containing glycans through multivalent glycan-
protein interactions and notably serves a target molecule for several viruses such as
human immunodeficiency virus (HIV) and hepatitis C virus (HCV).'?*>*?® Both gp120
and gp41 are heavily glycosylated and it is estimated that gp120 consists of glycans,
which account for almost 50% of its molecular weight. Carbohydrate binding proteins
(CBP) have been suggested as potential candidate microbiocides for the prevention of
HIV infection.'?"*?® However, the isolation of natural CBPs is relatively difficult due
to their hydrophilic nature and they show notably low affinities to virus.}?**°
Therefore, synthetic lectins are of interest for carbohydrate recognition and Davis et.
al. have reported the discovery of a simple monocyclic host, which was prepared in 5
steps and 23% overall yield instead of 21 steps and 0.1% vyield.*** Alternatively, non-
carbohydrate inhibitors of mammalian lectins can be used to prevent the interaction
between DC-SIGN and gp120.*2*** Borrock and Kiessling have reported 1C50 values
of 1.6-10 puM for monovalent small molecule inhibitors. Monovalent ligands have
access to a limited number of binding mechanisms and typically bind to a single
glycan-binding domain. However, multivalent ligands can interact with receptors
through chelate effect, subsite binding, steric stabilization, statistical rebinding, and
receptor clustering. The architectures of the multivalent ligands can have a large effect
on carbohydrate binding to lectins and the use of linear polymers on effective lectin

binding has been demonstrated by several research groups.®2%1%>13
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Carbohydrate sequence and conformation potentially supply a vast source of
information and could act as biological information transfer beyond genetic code,
namely “sugar code” or “glyco code”, which has been proved to play critical role
during evolution.”****" Sequence control in polymer synthesis had been largely
ignored mainly due to the difficulty in precise control and characterization during
monomer sequencing.*** Since the important breakthrough of solid-phase synthesis in
the 1960’s, it has been widely utilized in synthesis of many important high-ordered
biopolymers and non-biological polymers.**** Template polymerization and step-
growth polymerization could also result in sequence-specific polymers.*****’ Chain-
growth copolymerization tends to be more promising for complex monomer sequence

construction, including random, block, alternate and gradient microstructures.**’

Synthetic polymer chemistry has developed rapidly in the last decades owing to much
to the discovery of controlled/living radical polymerization and more rencently in
combination with efficient click reactions.”>**¥**! Currently, polymerization of
functional monomers with desired chain length, architecture and composition is

straightforward whereas sequence controlled structures™****>

and controlled folding of
synthetic macromolecules are current important challenges in polymer chemistry.*
There are a few recent reports where sufficient control has been achieved in
controlling the monomer sequence along the polymer chain.?******" Noteworthy, a
successful sequence controlled polymerization technique, single electron transfer

living radical polymerization (SET-LRP)?*!1%6158159

, allows facile synthesis of high-
order multiblock copolymers via iterative monomer addition in an one-pot reaction
featuring high yield, high chain end fidelity and requiring purification only at the last

step.*®

The synthesis of glycopolymers featuring well-defined macromolecular architectures
has been developed by using different polymerization techniques and click
reactions.”* However, direct transition metal-catalyzed polymerization of unprotected
glyco monomers is still limited mainly due to the difficulty in synthesis of

unprotected glyco monomers and optimization of polymerization conditions.?242:160-

162

This inspired us to introduce SET-LRP into synthesis of sequence-controlled

glycopolymers for a glycopolymer code. To the best of our knowledge this is the first
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report on the preparation of sequence controlled glycopolymers and the demonstration
of their binding to the human lectin DC-SIGN.

3.2 Results and discussion

3.2.1 Synthesis of glycomonomers via CUAAC click reaction

In order to get a sugar sequence, different carbohydrate units should be inserted along
the polymer backbone either through polymerization of different sugar monomers or
via post-modification after polymerization. Based on the demand of carbohydrate
diversity, direct polymerization of different functional glyco monomers is the first

choice compared with multistep chemical modification after polymerization.

OH
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Scheme 3. 1. Synthesis of glycomonomers via Fischer glycosylation & CuAAC.

CUAAC has supplied a facile route for the synthesis of glycomonomers. From an
azide functionalized sugar, methacrylate type sugar monomers and novel 4-vinyl-1, 2,
3-triazole type sugar monomers could be synthesized via reaction with alkyne
compounds in MeOH/H,O or THF/H,O under the catalysis of CuSO./sodium
ascorbate.”®'®® For an alternative approach, one-pot Fischer type glycosylation
reaction was first conducted to prepare alkyne-functionalised sugars, which were then
reacted with one azide acrylate intermediate via CUAAC reaction in MeOH/H,0
under the catalysis of CuSQOg/sodium ascorbate. Three different stable solid acrylate

glyco monomers could be obtained through this protocol, Scheme 3.1.

'H NMR clearly revealed the appearance of triazole ring proton at ~7.9 ppm and vinyl
peaks at 5.5-6.5 ppm after click reaction, Figure 3.1. **C NMR spectrum showed the
existence of D-glucose C-1 peaks at 99.6 & 103.6 ppm, suggesting that the monomer
is an anomeric mixture. Combination with further ESI-MS and FT-IR analysis proved

that targeted glyco monomer has been successfully synthesized.
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D-mannose and L-fucose acrylate monomers were also synthesized in same way and

detailed synthesis and characterization were shown in the experimental section.

C-2 C-10 C-14,12,11,13
200 175 150 125 100 75 50 25 0
0/ ppm

Figure 3. 1. *H (top) and *C (bottom) NMR spectra of D-glucose acrylate monomer
in MeOD.

3.2.2 Homopolymerization of glycomonomers by SET-LRP in DMSO at ambient
temperature

O

:>:O o~ Br
d Cu(0) / Cu(ll) o 10
o) O{

0
/\O)H(B s { MesTREN

. NN DMSO, 25 °C )
N_/ N-
e ™, Nf
Ro oHO HQM‘MO
O

Scheme 3. 2. Homo polymerization of D-glucose acrylate monomer with [EBIiB]o =
33 mmol/L, [CuBr;]p = 3.3 mmol/L, [MegTREN],;=6 mmol/L in DMSO (3 mL), 25
°C.
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The glycomonomers have good solubility in DMSO and were polymerized at ambient
temperature via the catalysis with Cu(0)/Cu(ll)/MesTREN system with EBIB as
initiator and DMSO as solvent (Scheme 3.2).
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0.0
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Figure 3. 2. Dependence of M, and M,/M, on conversion (top) and first order kinetic
plots (bottom) for the polymerization of D-glucose glycomonomer via SET-LRP in
DMSO.

Monomer conversion reached 91% in 4 h and after 24 h full conversion could be
obtained, Figure 3.2. Number average molecular weight (M,) by DMF SEC generally
increased linearly with monomer conversion. However, the M, by SEC is higher than
theoretical molecular weight mainly due to the different structure of glycopolymer
with PMMA calibration standard, which would cause a significant difference of
hydrodynamic volume of polymer in DMF. The molecular weight distribution kept

narrow (M./M,<1.10) through the whole polymerization, even after full conversion
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no significant bimolecular termination could be detected by SEC, which revealed high
chain end fidelity. A linear agreement in the plot of Ln[M]o/[M] versus time was
observed, which indicates that the concentration of growing radicals remains constant

during propagation and termination is not significant.

From the *H NMR spectrum, Figure 3.3, the resonance of the broad triazole ring
protons at 8.1 ppm and D-glucose protons from 2.8 to 5.2 ppm indicated that glucose
units have been linked to the polymer backbone. Furthermore, the ratio of integral for
the triazole ring protons at 8.11 ppm with EBiB methyl groups at 1.04 to 1.12 is
approximately 10: 9.4, which is in good agreement with the theoretical value (10: 9),

suggesting the successful and efficient synthesis of D-glucose glycopolymer by SET-

LRP.
o g
2 r
S &
15070
3
4 X Ho
(e
N-N 5 DMSO-d
OH N6
LA AR
8 7
L HO1O 90 e} ' 9,10J111,12,13 5 1 14,15
9 8 7 6 5 4 3 2 1 0
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Figure 3. 3. 'H NMR spectrum of D-glucose glycopolymer in DMSO-ds.

3.2.3 Synthesis of multiblock glycopolymers via iterative monomer addition by
SET-LRP

2 DP=2 DP=2 DP=2 DP=2 DP=2

o
i P P P i = Br
B T I Sl I s o AR e e
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Cu(0)/ Cu(lly < N< N{ N{ N{ N{
o NN MegTREN N o o) o} o o N,,\i N’j N’j N’j N’j ”,\}
AOJ\]( H H H N{ N{ N\< N{ {
Br { DMSO, 25 °C N{ Q HR Q e o o o o M, .
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o Reaction time: 12h Hoo
Con: 100%  Con: 100% Con: 100% Con: 99% Con: 97% HO %O

Time: 16h Time: 20h  Time: 25h  Time: 30h Time: 46h

Scheme 3. 3. Schematic representation for the synthesis of sequence-controlled
multiblock glycopolymer by iterative addition of glyco monomers without

intermediate purification (DP=2 for each block).
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Synthesis of high-order multiblock glycopolymers with very short blocks (DP=2 for
each block, (mannose),-(glucose),-(mannose).-(glucose),-(mannose),-(glucose),) was
first explored by SET-LRP via iterative chain extension under similar reaction

condition, as shown in Scheme 3.3.

Long reaction times were employed to ensure monomer conversion of each block was
close to full conversion such that no purification procedure was necessary for the next
step reaction. The conversion of first four blocks by NMR showed close to 100% as
evidenced by disappearance of vinyl groups at 5.7-6.5 ppm. With the addition of
monomer in DMSO for chain extension, the system became more diluted and traces

of vinyl groups could be detected since 5™ and 6™ block (conversion is 99%, 97% in

turn).
1.0 1
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0.8 1 2600 1.15
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Figure 3. 4. Molecular weight distributions (normalized to peak height) of multiblock
glycopolymer obtained by SET-LRP via iterative chain extensions (DP=2 for each
block).

During the first five blocks, SEC traces (Figure 3.4) almost shift totally after chain
extension and Mw/M, kept narrow (for the 5™ block M./M, = 1.15, even including the
tailing peak), confirming the polymerizations are well-controlled. A small tailing peak
at low molecular weight position which may be caused by termination reaction could
be detected; however, compared with propagating polymer peak this ratio is very
small. After the 6™ block, SEC trace became much broader and the M,/M, has a

significant increase to 1.21. Although no significant shoulder peak at high MW
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position was found, the SEC trace didn’t shift totally compared with the 5™ block,

suggesting possible termination happened and reaction was then stopped.

High resolution ESI-MS (Figure 3.5, 3.6) and MALDI-ToF MS analysis (Figure 3.7)
were performed to characterize the exact structure of glycopolymer during

polymerization.
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i CoH,0,0uN, BT DP=2
' 60k 4 Calculated : gg;g (2M+Na") C21H34O1ONSBr +
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o 965.3 (M+Na")
- 981.3 (M+K")
:'U;; ] M+Na"
C 40k ] 865 866 867 868 869 870 965.3
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E 30k s C21H35010N3
() | Calculated : 863.4 (M+H")
._; 885.4 (M+Na’)
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Figure 3. 5. ESI-MS spectra of the 1% block poly(mannose), by SET-LRP(top: whole
spectra; bottom: zoom of 800-1000 region).

High resolution ESI-MS spectra, Figure 3.5, clearly show peaks belonging to the 1%
block poly(mannose),, which reveal the exact structure of extremely low DP
glycopolymer with only 1, 2, 3 and 4 mannose units initiated with EBiB and
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terminated with bromine. Typically, Figure 3.5, DP = 2 showed mass peaks at 943.3,
965.3 and 981.3 (m/z), which is cationised with H*, Na* and K" respectively.

Peaks at 863.4, 885.4 and 901.4 (m/z) were attributed to dead polymer chains with
terminal hydrogen, which were mainly caused by disproportionation and chain
transfer side reaction and thus leading to lose of terminal bromine. However, the

signal strength of these peaks was weaker than that of propagating polymer chains.

20.0k
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Figure 3. 6. ESI-MS spectra of the 2" block poly(mannose),-(glucose), by SET-
LRP(top: whole spectra; bottom: zoom of 800-1800 region).

After the chain extension reaction, the main peaks (Figure 3.6) clearly shifted to
higher MW region by 2-3 units, which are in accord with theoretical values and SEC

results.
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Figure 3. 7. MALDI-ToF MS spectra of the 1% block poly(mannose), (top) and 2"
block poly(mannose),-(glucose), (bottom) glycopolymers obtained by SET-LRP.

As comparison, MALDI-ToF MS was also used for the characterization of these
glycopolymers, which showed similar results as in the ESI-MS analysis. Following
the block copolymerization the polymer peaks have a significant shift to higher MW
region, Figure 3.7, suggesting the success of block copolymerization. However, with
the increase of MW and incorporation of more sugar units, the ionization of the
glycopolymer tends to become more difficult. Thus the resolution of the spectra
decreased and became unable to define the exact structure after the 3™ block

polymerization or even cannot be detected after 4™ block polymerization.

1 1 XD.0
2 2 Br AN2
/\
54 OW 9,10,11,12,13
0

Figure 3. 8. 'H NMR spectrum of multiblock D-mannose/D-Glucose glycopolymer in
D,0.
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'H NMR spectrum of final polymer product also revealed peaks from mannose and

glucose units, typically shown as peaks of C-1 protons at 4.8 and 4.9 ppm (Figure
3.8).

Thus, the above results clearly proved the successful synthesis of multiblock

glycopolymer and the microstructure is highly controlled.
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Scheme 3. 4. Schematic representation for the synthesis of sequence-controlled
multiblock glycopolymers by iterative addition of glyco monomers without
intermediate purification (DP=4 for each block).

The chain length of each block was then increased to DP=4 with overnight reaction

conditions to ensure full conversion (the first three blocks) was achieved (Scheme
3.4).
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Figure 3. 9. Molecular weight distributions (normalized to peak height) of multiblock
glycopolymer obtained by SET-LRP via iterative chain extensions (DP=4 for each
block).
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The SEC traces shift totally after the 2" block polymerization and no significant
tailing or coupling peaks were found, Figure 3.9. However, after the 3™ monomer
addition the PDi increased to 1.22 and tailing peaks at lower MW position were seen.
After the 4™ block with a conversion of 60% the PDi increased to 1.37 and double
peaks were noticed, including the one overlapped with the 3" peak due to termination

and the shoulder peak at higher MW region due to on-going chain propagation.

To summarize, these experiments demonstrated the successful synthesis of multiblock
glycopolymers via a facile iterative monomer addition. However, after multiblock full
conversion polymerization termination still happened and chain propagation thus
stopped. Further research especially on the reaction mechanism is necessary for full

understanding of such phenomenon.

3.2.4 Control of sugar sequence in glycopolymers via iterative monomer addition
before full conversion by SET-LRP

Cu(Il) has been used as a deactivator to reduce the rate of SET-LRP and remove the
period of slow reaction rate at the start of the reaction.®**** Initially added Cu (I1) has
also been proved to play an important role in maintaining the chain end fidelity during

156165 and preventing the star-star coupling in

one-pot multiblock copolymerization
the synthesis of star copolymers.*®® Livingness for a decablock copolymer could be
kept up to more than 50% according to SEC, although tailing peaks caused by dead

polymers in each block could be detected.*®

In previous experiments, radical coupling termination was not significant in the
presence of initially added Cu(ll), however, termination by disproportionation and
chain transfer still occurred during the polymerization. In order to reach full
conversion, the reaction time was prolonged with the addition of new monomer which
unavoidably diluted the reaction system. The total reaction time was even more than
one week, which is generally uncommon and possibly would lead to increased
termination side reaction. However, due to the complexity of this reaction system the

exact reason is still not perfectly understood.
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Scheme 3. 5. Schematic representation for the synthesis of multiblock glycopolymers

by iterative addition of glyco monomers at defined time period.

In order to solve this problem it was thought better to add the new monomer prior to
full conversion. To test this strategy, new monomer was added after a period of

around four hour in a one-pot polymerization, Scheme 3.5.
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Figure 3. 10. Molecular weight distributions (normalized to peak height) of
multiblock glycopolymers obtained by SET-LRP via iterative addition of glyco

monomers at defined time period.
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'H NMR showed that total conversion is around 90%-94% and after 5™ block reaction
time need to be prolonged to 7 h in order to reach a similar conversion. The high
conversion means that the obtained glycopolymer is still highly sequence-controlled,
although seriously speaking it is not multiblock copolymer. SEC analysis (Figure
3.10) revealed the total shift of elution traces after each monomer addition and final
Mw/Mpis = 1.13 and no significant tailing or coupling peaks were detected during the
polymerization, indicating that the chain end fidelity is better than the long time scale

full conversion reaction.

These results revealed that it’s possible to control the glyco code during
polymerization via controlled addition of different glyco monomers at high

conversion.
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Scheme 3. 6. Schematic representation for the synthesis of sequence-controlled
multiblock glycopolymers by iterative addition of DEGEEA and mannose

glycomonomer at defined time period.

The “cluster glycoside effect” is defined as “an affinity enhancement over and beyond
what would be expected from the concentration increase of the determinant sugar in a
multivalent ligand”.**" Glycopolymers as a typical class of polyvalent glycosidic

ligands could dramatically increase the affinity during the multivalent carbohydrate-
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protein interaction.*®® The dense sugar units along polymer backbone create cluster
glycoside effect and the binding ability of glycopolymer with lectin compared with
monosaccharide was thus dramatically enhanced. It has been shown that the sugar
number, sugar density, ligand shape, size and linker spacing strongly contribute to the
specific binding behaviour.”****™ In order to further understand the multivalent
binding of polymeric ligands, it would be of great importance to control the density,

distance and distribution of sugar units along the polymer chain.

Thus SET-LRP was utilized to synthesize a multiblock glycopolymer bearing
sequential lectin-binding and lectin-non-binding segments. DEGEEA and mannose
glycomonomer were used as monomers for the non-binding and binding blocks and
the DP was controlled as 6 and 3 for the aid of characterization. As shown in Scheme
3.6, reaction time was kept longer after each chain extension to gain a high conversion
(total conversion was 93%-97% according to *H NMR) yet new monomer was added

before full conversion in order to keep high chain end fidelity.

1.0-
E y
=z M PDi
o 0.8
o —— 11400 1.12
~ 23100 1.28
2 06 34300 1.17
- ] 46200 1.17
O 044 58100 1.20
© 6 9600 1.23
£
S 0.2-
Z
0.0+ T T T T T T T T
27 30 33 36 39 42 45 48 51

log MW

Figure 3. 11. Molecular weight distributions of multiblock glycopolymer obtained by
SET-LRP via iterative addition of DEGEEA and mannose glycomonomer at defined

time period.

SEC analysis confirmed the MW increase after each chain extension, Figure 3.11.
Although it still showed tailing after chain extension (especially after the 4™ block
polymerization) causing slight PDi increase, the final dispersity was still relatively
narrow (~1.2), indicating high chain end fidelity. The *"H NMR spectrum (Figure
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3.12) of the final product clearly showed resonance and correct ratio from mannose
and DEGEEA units, such as 8.1 ppm (triazole ring proton) & 4.9 ppm (C-1 proton)
for the mannose and 3.4 - 3.8 ppm (ethylene glycol protons) for the DEGEEA.

(e}
N 12 1 2)\Br 4,5,6_,7 8
15 18 9 sugar residue
16 0O (0] (0] (0] y

(DO
9 1=z
423 1o€
5

(0}
)7 130 3
8 L 13|
HO* 14 9
12 HO 11 210 115,3‘6
A B J) LN
9 8 7 6 5 4 3 2 1 0
0/ ppm

Figure 3. 12. *H NMR spectrum of multiblock DEGEEA-mannose glycopolymer in
D,0.

MALDI-ToF MS analysis supported a successful block structure and the MW
increased after chain extension, Figure 3.13. Due to the close MW between polymers
with different DP, such as poly(DEGEEA)s-b-(mannose), and poly(DEGEEA);-b-
(mannose)1, higher resolution ESI-MS was utilized to confirm the right structure
(Figure 3.18). As previous characterization, resolution of the spectra decreased with
incorporation of more sugar units. However, MADLI-ToF MS under linear flight
model still revealed appearance of polymer peaks at higher MW region although exact

structure cannot be defined (Figure 3.22).

In order to demonstrate the versatility of this synthetic protocol, the multiblock
copolymerization of DEGEEA and D-glucose monomer was conducted in the same
way and similar results were obtained (see experimental section). Homo mannose
glycopolymer and random DEGEEA-Mannose glycopolymer with similar chain
length and DEGEEA-mannose ratio were also synthesised in order to compare the
different lectin-binding behaviour with sequence-controlled multiblock glycopolymer

(see experimental part).
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These results show the successful synthesis of multiblock DEGEEA-Mannose
glycopolymer, which means that sugar density and distribution along polymer chain

can be adjusted by the control of monomer addition during SET-LRP.
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Figure 3. 13. MALDI-ToF MS spectra of the 1% block poly(DEGEEA)s (top) and 2™
block poly(DEGEEA)es-b-(mannose)s (bottom) glycopolymers obtained by SET-LRP.
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3.2.5 Chain end group functionalization of multiblock glycopolymer by CUAAC

High chain end fidelity was kept during SET-LRP and could be used for further
modification.’® In order to obtain a terminal end functional glycopolymer for bio-
conjugation, the bromine end group of a multiblock DEGEEA-Mannose
glycopolymer was transformed into azido group and then used for CUAAC reaction

with alkyne-functionalised dibromomaleimide, Scheme 3.7.

Scheme 3. 7. Schematic representation for the azido and CuUAAC modification of

multiblock glycopolymer.

FT-IR spectra (Figure 3.14) showed the appearance and disappearance of an azide

absorbance at 2116 c¢cm?, indicating the successful reaction with NaN3 and further

CUuAAC reaction.

The dibromomaleimide modified polymer following the CuAAC reaction was
characterized via DMF SEC equipped with Rl and UV detectors (Figure 3.15, 3.16).
The elution traces by UV detector at 400 nm showed a significant absorbance peak
compared with azide-functionalised polymer, which is attributed to the clicked
dibromomaleimide group according to previous research.!”>'’® The elution time of the
peak in UV detector is the same as in RI detector, which means that it is maleimide-

functionalised polymer not small molecules that caused the absorbance.
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Figure 3. 14. FT-IR spectra of azide and dibromomaleimide modified multiblock

glycopolymer.
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Figure 3. 15. DMF SEC elution traces of the azide and dibromomaleimide modified

glycopolymer via RI detector.
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Figure 3. 16. DMF SEC elution traces of the azide and dibromomaleimide modified

glycopolymer via UV detector at 400 nm.

All these results show that the terminal bromine end groups have been successfully
modified into dibromomaleimide groups via CuAAC reaction, which could be
potentially used for conjugation with thiol-containing peptide and protein.

3.2.6 Interactions between glycopolymers and DC-SIGN

Detailed research has been conducted on the preference of DC-SIGN binding to
monosaccharide, Table 3.1, which suggested that DC-SIGN bind with
monosaccharides by recognition of C-3 and C-4 hydroxyl groups as other C-type
ligands do.*™ Inhibition by mannose is 2- and 7-fold more effective than inhibition by
glucose and galactose, but 2-fold less effective than inhibition by L-fucose, which
suggested that L-fucose glycopolymer may be a good inhibitor for the binding of DC-
SIGN with gp120 as gp120 has a mannose-rich oligosaccharide cluster.

It also suggested that DC-SIGN show preference for axial C-2 substituents in which
case N-acetylmannosamine showed higher efficiency than mannose, which revealed
that the hydrophobic interaction of the C-2 substituents may contribute for the
binding.

It also revealed that mannose and methyl a-mannoside almost has the same binding
constant with DC-SIGN, Table 3.1. This showed that C-1 methyl substituted groups
did not contribute much for the binding with DC-SIGN compared with C-1 hydroxyl
groups.
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Although mannose has an anomeric structure, its binding compared with methyl a-
mannoside did not reveal any significant difference. This prove that the anomeric
specificity may did not affect the binding of mannose with DC-SIGN. However, it’s
worth trying to synthesize the pure o or f mannose homopolymers in order to verify
the difference in binding with DC-SIGN.

Table 3. 1. Literature reported constants for monosaccharide binding to extracellular

domain fragments of DC-SIGN*"

Monosaccharide K, K1 sugar / Ki,Man
Mannose 13.1+ 1

Methyl a-mannoside 12.5+0.5 1.0+0.1
N-acetylmannosamine 8.7+0.2 0.7+0.1
Galactose 7245 6.7+0.5
Methyl a-galactose 270£10 27+3
Glucose 23+1 1.9+0.3
Methyl a-glucose 32+1 2.60.3
N-acetylglucosamine 32+4 2.5+0.3
2-Deoxyglucose 28+4 2.9+0.6
L-fucse 6.7+0.5 0.50+0.03

Inhibition constants (k;) for each monosaccharide were determined by solid-phase

competition assay.

Interactions between the glycopolymers and DC-SIGN were measured using surface

plasmon resonance spectroscopy (SPR) in a high-throughput multichannel mode.

In the concentration experiments, ManMAsg, a methacrylate mannose homopolymer
previously synthesized by ATRP by Haddleton group and gpl20, the HIV virus
glycoprotein, were used as control for binding.8* All glycopolymers and gp120 were
measured at 6-10 different concentrations, in which the buffer was flowed over the
chip alone before (90 s) and after (650 s) injection of the analyte (900 s).
Glycopolymers with higher mannose content showed higher affinities during binding
with DC-SIGN than glycopolymers with non-binding DEGEEA or glucose, Figure

3.17, which reflects the preference of DC-SIGN for mannose over glucose.

Competition experiments were performed by flowing 4 nM of DC-SIGN in buffer

with varying amounts of glycopolymers over immobilized gp120. The highest Ryax iS
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observed when DC-SIGN is passed over gp120 in the absence of glycopolymer, thus
representing maximal binding, Figure 3.18. DC-SIGN binding decreases upon
addition of more glycopolymer as carbohydrate moieties of the polymer block binding
sites on the lectin.

IC50 values of each of the polymers were determined as the concentration required to
reduce DC-SIGN binding to 50% of the maximal level, Table 3.2. The lowest 1C50
value observed was for solution-phase gp120 (11 nM). Impressive inhibition was also
observed for ManMAsg, ManA,3 and ManA;3-b-OEGA,, only 10-30-fold weaker than
for gp120. S3, S4, S5 and S6 showed little inhibition over the measured concentration
range, possibly due to the low mannose content. Favourable binding of ManA,3 over
ManMAssg, despite its shorter chain length may reflect differences in acrylic and
methacrylic polymer backbones and also the linker structure, which could lead to
different behaviour in chain folding and lectin binding (Figure 3.19).

Table 3. 2.The results of inhibition concentration of glycopolymers.

DC-SIGN binding

Code Sequence IC50 (nM)
gpl120 gp120 11

C1l ManMAsg 230

S1 ManAy; 153

S2 ManA;;-b-OEGA, 380

S3 ManAgy-r-DEGEEA 5 >1000

S4 ManAy-s-DEGEEA 5 >1000

S5 GluAs-s-ManA,-s-FucA, >1000

S6 GluA;-s-ManA,-s-GluA, n/a

[a] -b-, -r-, and -s- stand for block, random, and sequence controlled, respectively.
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Figure 3. 17. SPR sensorgrams showing the binding of (a) gp120; (b) C1 ManMAsg;
(c) S1 ManA;3; (d) S2 ManAj3-b-OEGA;; (e) S3 ManAq-r-DEGEEAg; (f) S4 ManAg-s-
DEGEEAs; (9) S5 GluAg-s-ManAy-s-FucAy; (h) S6 GluAs-s-ManAy-s-GluA4 onto DC-
SIGN functionalized surfaces.
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Figure 3. 18. Competition experiments on gp120 functionalized surface between DC-
SIGN and (a) gp120; (b) C1 ManMAsg; (€) S1 ManA,3; (d) S2 ManAj3-b-OEGA; at a
concentration range of 0-64 nM for gp120, 0-512 nM for glycopolymer and 4 nM for
DC-SIGN.
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4 nM DC-SIGN and different concentration for gp120 and the glycopolymers.
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Based on previous results, we observed higher affinity binding for the polymers with
higher mannose content. However, we could not conclude any effect of sequence on
binding in this system, most likely because DC-SIGN preferentially recognises a
range of high-mannose structures whilst other DC-SIGN binding glycans of mixed
monosaccharide character possess very defined glycosidic branching.'”® Thus,
inhibition is likely to occur only if all (or most) of the binding sites on DC-SIGN are
blocked by sugar moieties of the polymer. This in turn will be dependent on the
sequence and structure of the polymer highlighting the potential importance of this

synthetic strategy.

It has been suggested by Prof Daniel Mitchell that further work should be performed
using lectin libraries and sequence controlled polymer libraries to evaluate the sugar
sequence or distance and their impact on specific lectin binding properties, in addition
to the polymerization of small disaccharide and oligosaccharide units such as Man-a.-

(1,2)-Man and blood group antigens.*"

3.2.7 Conclusion

In conclusion, we have prepared sequence controlled multi-block glycopolymers in
various compositions by the polymerization of glycomonomers via SET-LRP.
Glycomonomers containing mannose, glucose and fucose moieties were synthesized
by the CUAAC click reaction of a sugar alkyne and azide acrylate, which were
subsequently copolymerized in different sequences. Polymerizations were followed
by *H NMR, SEC and HR ESI-MS or MALDI-ToF MS to obtain information on the
products. This technique provides very precise control over the monomer sequence
along the polymer chain. Moreover, the polymerization is performed in one pot by
sequential addition of the subsequent monomers in a relatively a large scale, which is
critical when compared with the preparation of synthetic glycans or lectins. The
obtained sequence controlled glycopolymers were then examined for their binding
behaviour to DC-SIGN. The synthesized polymers reported here show distinct
binding properties to DC-SIGN and an inhibition of the DC-SIGN binding to HIV
gp120 using nano molar concentrations. We believe the approach presented here will
open new avenues not only in polymer science but also in chemical biology and

dendritic cell physiology.
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3.3 Experimental

3.3.1 Materials

Di(ethylene glycol) ethyl ether acrylate (DEGEEA, >90%) was obtained from Sigma-
Aldrich and the inhibitor was removed by passing the monomer through a column of
activated basic alumina prior to use. Cu(l)Br (98%, Sigma-Aldrich) was washed
sequentially with acetic acid and ethanol and dried under vacuum. tris(2-
(Dimethylamino)ethyl)amine (MesTREN) was synthesized according to literature
procedure and stored under a nitrogen atmosphere prior to use.*’"*"® Copper wire
(diameter=0.25 mm) was pre-treated by washing in hydrochloric acid for 15 min and
rinsed thoroughly with MiliQ water, dried under nitrogen and used immediately. 1-
(2'-Propargyl) D-mannose’?,1-(2"-propargyl) L-fucose'?® and 3-azido-propan-1-ol*"
were synthesised as previous report. The H,SOg-silica catalyst was prepared
according to the literature procedure.® Ethyl a-bromoisobutyrate (EBiB, 98%,
Sigma-Aldrich), D-(+)-glucose (99.5%, Sigma-Aldrich), propargyl alcohol (99%,
Sigma-Aldrich), 2, 2'-bipyridyl (bpy, 99%, Sigma-Aldrich) and (+)-sodium L-
ascorbate (98%, Sigma-Aldrich) were used as received. Membrane dialysis (1K

MW(CO) was obtained from Spectrum Laboratories.

3.3.2 Instruments and analysis

'H and C NMR spectra were recorded on Bruker DPX-300 and DPX-400
spectrometers using deuterated solvents obtained from Aldrich. Monomer conversion
for glycomonomer polymerization was calculated by comparing the integral of vinyl
protons with triazole ring proton or EBiB methyl protons. Mesitylene was used as an
internal standard to calculate the conversion for the copolymerization of
glycomonomer with DEGEEA.

SEC was conducted on Varian 390-LC system in DMF (1 g/L LiBr) at 50 °C,
equipped with refractive index and viscometry detectors, 2 x PLgel 5 mm mixed-D
columns (300 x 7.5 mm), 1 x PLgel 5 mm guard column (50 x 7.5 mm) and
autosampler. Narrow linear PMMA standards in range of 200 to 1.0 x 10° g-mol™

were used to calibrate the system.

High resolution ESI-MS was recorded on Bruker UHR-Q-TOF MaXis equipped with

electrospray ionisation source in positive mode; samples were directly infused at 2
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mL min™ with a syringe pump. Nitrogen was used as nebulizer gas (0.4 bar) and dry
gas (4 L min™ at 180 °C). The capillary voltage was set at -3000 V and data were
acquired in the 50-3000 m/z range. Calibration was carried out with sodium formate
solution (10 mM in 50% IPA).

MALDI-ToF MS was recorded in linear or reflex mode on a Bruker Daltonics
Ultraflex 11 MALDI-ToF mass spectrometer, equipped with a nitrogen laser delivering
2 ns laser pulses at 337 nm with positive ion ToF detection performed using an
accelerating voltage of 25 kV. The matrix solution was prepared by dissolving a-
cyano-4-hydroxycinnamic acid (CHCA) or sinapic acid in THF (20 mg/mL solution).
Sodium iodide was added at a 0.1% overall concentration to improve the ionization.
Polymer analytes were dissolved to a concentration of 1 mg/mL. Samples were
prepared by layering matrix solution and analyte solution on the stainless steel side.
Calibration was performed with different linear poly(ethylene glycol) methyl ether

standards.

Infrared absorption spectra were recorded on a Bruker VECTOR-22 FTIR
spectrometer using a Golden Gate diamond attenuated total reflection cell.

SPR Sensorgrams were recorded in a Biorad ProteOn XPR36 SPR biosensor (Biorad,
Hercules CA). Soluble DC-SIGN and gp120 were immobilized to 6000 response units
(RU) on discrete channels within Biorad GMC sensor chips via amine coupling.
Soluble-phase analytes were prepared in 25 mM HEPES pH 7.4, 150 mM NacCl, 5
mM CaCl,, 0.01% Tween-20 and flowed over the immobilized materials at a rate of
25 pL/min at 25°C. Regeneration of the sensor chip surfaces was performed using 10
mM glycine pH 2.5. Datasets were exported to BIAcore BlAevaluation software for

kinetic calculations.

Note: Miss Jennifer Collins of Haddleton group contributed in the synthesis of three

glyco monomers.
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3.3.3 Synthesis of 3-azidopropyl acrylate

HO — TEA :>:o
4>: -

+ ]
Cl anhydrous Et,O %

N3
Scheme 3. 8. Schematic synthesis approach to 3-azidopropyl acrylate.

A solution of 3-azido-propan-1-ol (3.12 g, 3.0 mmol), TEA (5.8 mL, 4.2 mmol),
hydroquinone (30 mg) and anhydrous diethyl ether (200 mL) was cooled in an ice-
water bath. Acryloyl chloride (3 mL, 3.6 mmol) in 20 mL diethyl ether was added
dropwise into the solution over a period of ca. 30 min. The mixture was stirred in the
ice bath for 1 h and then at ambient temperature overnight. The ammonium salts were
removed by filtration and the residue was extracted sequentially with aqueous
solution of hydrochloric acid (1/10 v/v, 2x 50 mL), water (2x 50 mL), 5 wt% aqueous
NaOH (2x 50 mL) and water (2x 50 mL) and dried over magnesium sulphate. The
organic solvent was removed under vacuum. The product was recovered as yellow
liquid and used directly (yield: 53%).

'H NMR (CDCls, 298 K, 400 MHz): & (ppm) =6.40 (dd, 1 H, J 1.4, 15.9 Hz,
CH,=CH), 6.11 (dd, 1 H, J 10.5, 6.9 Hz, CH,=CH), 5.84 (dd, 1 H, J 1.4, 9.0 Hz,
CH,=CH), 4.24 (t, 2 H, J 6.2 Hz, O-CH,), 3.40 (t, 2 H, J 6.7 Hz,CH,N3), 1.95 (m, 2 H,
CCH,C).

13C NMR (CDCls, 298 K, 400 MHz): & (ppm) = 166.1 (C=0), 131.2 (CH,=CH),
128.3 (CH,=CH), 61.5 (O-CH,), 48.3 (CH,-N3), 28.3 (C-CH,-C).

FT-IR v (cm™): 2095 (-N3), 1722 (C=0).
ESI-MS m/z: calcd for CgHoN3O, (2M+H™), 311.1; found, 311.1.

Note: The organic azide is a very sensitive compound and it should be handled with
great care. After synthesis this intermediate was directly used for the next step
reaction without further purification. Long period storage even in the fridge is not

recommended.
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3.3.4 Synthesis of D-glucose glycomonomer via CUAAC
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Scheme 3. 9. Synthesis of D-glucose glycomonomer via CUAAC.

To a solution of 3-azidopropyl acrylate (2.68 g, 17.3 mmol) and 1-(2'-propargyl) D-
glucose (3.45 g, 15.8 mmol) in MeOH/H,0 (2:1 vol/vol, 100 mL), aqueous solution
of CuS0O4-5H,0 (312 mg, 1.2 mmol) and (+)-sodium L-ascorbate (313 mg, 1.6 mmol)
were sequentially added. The mixture was stirred at ambient temperature for 24 h. The
methanol was removed via rotary evaporator and residue mixture was freeze dried to
remove water. The obtained green solid was purified by silica gel column
chromatography using dichloromethane-MeOH (10:1) as eluent. The relevant
fractions were collected and after removal of solvent pure 3-(4-((((3R,4S,5S,6R)-
3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)methyl)-1H-1,2,3-
triazol-1-yl)propyl acrylate (D-glucose glycomonomer) was isolated as white solid
(3.57 g, yield: 60.6%).

The obtained unprotected D-glucose glycomonomer is anomeric mixture (o/3=10/4,
by comparing the integration area of H-1 proton of glucose, almost the same ratio as
1-(2'-propargyl) D-glucose), which has been confirmed by 'H and *C NMR

characterization.

'H NMR (MeOD, 298 K, 400 MHz): & (ppm) =8.07, 8.06 (s, overlaped, 1 H,
NCH=C), 6.38 (dd, 1 H, J=1.6, 15.6 Hz, CH,=C), 6.14 (dd, 1 H, J=10.4, 6.9 Hz,
CH,=CHC=0), 5.90 (dd, 1 H, J=1.5, 8.9 Hz, CH,=C), 4.97 (d, J=12.6 Hz, CH,-OH, B
anomeric), 4.91 (d, 1 H, J=3.7 Hz, H-1 of glucose, a anomeric), 4.65-4.90 (m, C-CH,-
O, C=0-0-CH; B anomeric, overlap with H,0), 4.54 (t, 2 H, J=6.9 Hz, CH,-N), 4.39
(d, J=7.7 Hz, H-1 of glucose, B anomeric), 4.12-4.24 (m, 2 H, C=0-0-CH,), 3.15-4.00
(m, H residues of glucose), 2.30 (m, 2H, CH,-CH,-CHy,).

3C NMR (MeOD, 298 K, 400 MHz): & (ppm) =167.5 (C=0), 145.6 (N-CH=C),
131.9 (CH,=C), 129.2 (CH,=C), 125.5 (N-CH=C), 103.6 (B anomeric, C 1 of
glucose), 99.6 (o anomeric, C 1 of glucose), 78.0,77.9, 75.0, 74.0, 73.5, 71.8, 71.6
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(carbons of anomeric glucose), 62.7(CH,-OH), 62.5 (C=0-0-CH,), 61.4 (C-CH,-0),
49.0 (CH,-CH2-N, overlap with MeOD, confirmed by HMQC), 30.3(CH2-CH,-CH,).

FT-IR v (cm™): 3350.6 (OH), 2901.6 (C=C-H), 1720.5 (C=0).

ESI-MS m/z: calcd for C1sH23N30g (M+Na*), 396.1; found, 396.1.

3.3.5 Synthesis of D-Mannose Glycomonomer via CUAAC

‘>:o
:>: (e}
o
oH OH o CuSO4, NaAsc
@&W ' oo
HGo o\/// é MeOH / H,0 N-N

OH !
oH N
N3 -0
HO
HO O

Scheme 3. 10. Synthesis of D-mannose glycomonomer via CUAAC.

To a solution of 3-azidopropyl acrylate (2.46 g, 15.9 mmol) and 1-(2'-propargyl) D-
mannose (3.16 g, 14.5 mmol) in MeOH/H,0 (2:1 vol/vol, 100 mL), aqueous solution
of CuSO4-5H,0 (224mg, 0.90 mmol) and (+)-sodium L-ascorbate (225 mg, 1.1
mmol) were sequentially added. The mixture was stirred at ambient temperature for
24 h. The methanol was removed via rotary evaporator and residue mixture was
freeze dried to remove water. The obtained green solid was purified by silica gel
column chromatography using dichloromethane-MeOH (10:1) as eluent. The relevant
fractions were collected and after removal of solvent pure 3-(4-((((3S,4S,5S,6R)-
3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)methyl)-1H-1,2,3-
triazol-1-yl)propyl acrylate (D-mannose glycomonomer) was isolated as white solid
(3.85 g, yield: 71.2%).

The obtained unprotected D-mannose glycomonomer is an anomeric mixture
(o/B=10/2.1), which has been confirmed by *H and **C NMR characterization.

'H NMR (MeOD, 298 K, 400 MHz): & (ppm) =8.07, 8.06 (s, overlaped, 1 H,
NCH=C), 6.37 (dd, J=1.8, 15.5 Hz), 6.36 (dd, J=1.6, 15.7 Hz) (anomeric 1 H,
CH,=C), 6.14 (dd, J=10.4, 6.9 Hz), 6.13(dd, J=10.4, 7.0 Hz) (anomeric, 1 H,
CH,=CHC=0), 5.89 (dd, 1 H, J=1.5, 8.9 Hz, CH,=C), 4.70-5.05 (m, CH,-OH, H-1 of
mannose , overlap with H,0), 4.64 (d, 1 H, J=12.3 Hz, CH,-OH), 4.55 (t, 2 H, J=6.9
Hz, CH,-N), 4.19 (t, 2 H, J=6.0 Hz, C=0-0-CH,), 3.40-3.92 (m, H residues of
mannose), 2.30 (m, 2H, CH,-CH,-CH,).
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B3C NMR (MeOD, 298 K, 400 MHz): & (ppm) =167.4 (C=0), 145.4 (N-CH=C),
131.9 (CH,=C), 129.2 (CH,=C), 125.6 (N-CH=C), 100.8 (B anomeric, C 1 of
mannose), 100.7 (a anomeric, C 1 of mannose), 78.4,75.2, 75.0, 72.5, 72.3, 72.0, 68.6,
68.4 (carbons of anomeric mannose), 63.0(CH,-OH), 62.6 (C=0-0-CH,), 60.7 (C-
CH,-0), 48.5 (CH,-CH2-N, overlap with MeOD), 30.3(CH2-CH2-CHy).

FT-IR v (cm™): 3350.6 (OH), 2901.6 (C=C-H), 1720.5 (C=0).

ESI-MS m/z: calcd for C1sH23N30g (M+Na*), 396.1; found, 396.1.

3.3.6 Synthesis of L-Fucose Glycomonomer via CUAAC

-
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Scheme 3. 11. Synthesis of L-fucose glycomonomer via CUAAC.

To a solution of 3-azidopropyl acrylate (0.83 g, 5.4 mmol) and 1-(2’-propargyl) L-
fucose (0.99 g, 4.9 mmol) in MeOH/H,0 (2:1 vol/vol, 50 mL), aqueous solution of
CuSQO4-5H,0 (97 mg, 0.39 mmol) and (+)-sodium L-ascorbate (97 mg, 0.49 mmol)
were sequentially added. The mixture was stirred at ambient temperature for 24 h. The
methanol was removed via rotary evaporator and residue mixture was freeze dried to
remove water. The obtained green solid was purified by silica gel column
chromatography using dichloromethane-MeOH (10:1) as eluent. The relevant
fractions were collected and after removal of solvent pure 3-(4-((((3S,4R,5S,6S)-
3,4,5-trihydroxy-6-methyltetrahydro-2H-pyran-2-yl)oxy)methyl)-1H-1,2,3-triazol-1-
yDpropyl acrylate (L-fucose glycomonomer) was isolated as white solid (1.29 g,
yield: 73.7%).

The obtained unprotected L-fucose glycomonomer is an anomeric mixture
(o/p=10/1.6, by comparing the integration area of CHjz protons of fucose), which has

been confirmed by *H and **C NMR characterization.

'H NMR (MeOD, 298 K, 400 MHz): & (ppm) =8.04, 8.02 (s, overlaped, 1 H,
NCH=C), 6.37 (dd, 1 H, J=1.6, 15.7 Hz, CH,=C), 6.14 (dd, 1 H, J=10.3, 6.9 Hz,
CH,=CHC=0), 5.89 (dd, 1 H, J=1.6, 8.8 Hz, CH,=C), 4.88 (d, 1 H, J=1.6 Hz, H-1 of
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fucose, a anomeric), 4.86 (s, OH,overlap with H,0),4.70 (dd, 2 H, J=12.4, 28.8 Hz,
C-CH,-0), 454 (t, 2 H, J=6.9 Hz, CH,-N), 4.32 (d, J=7.3 Hz, H-1 of glucose, B
anomeric), 4.19 (t, 2 H, J=6.1 Hz, C=0-0-CH,), 3.89-4.02 (m, 1 H,CHOH-CHOH-
CHOH), 3.39-3.85 (m, H residues of fucose), 2.30 (m, 2H, CH,-CH,-CH,), 1.28 (d,
J=6.5 Hz, CH-CH3, B anomeric). 1.19(d, J=6.7 Hz, CH-CHj3, o anomeric)

B3C NMR (MeOD, 298 K, 400 MHz): & (ppm) =167.4 (C=0), 145.8 (N-CH=C),
131.8 (CH,=C), 129.3 (CH,=C), 125.4 (N-CH=C), 104.0 (B anomeric, C 1 of fucose),
100.2 (o anomeric, C 1 of fucose), 75.0,73.6, 72.9, 72.2, 72.0, 71.6, 69.9, 67.8
(carbons of anomeric fucose), 62.5 (C=0-0-CH), 61.7 (C-CH,-0), 48.4 (CH,-CH.-
N, overlap with MeOD), 30.3(CH,-CH,-CH,), 16.8(CH-CHs, B anomeric), 16.6 (CH-

CHs, a anomeric).
FT-IRv (Cm'l): 3350.6 (OH), 2901.6 (C=C-H), 1720.5 (C=0).

ESI-MS m/z: calcd for C15H23N307 (M+Na®), 380.1; found, 380.1.

3.3.7 Homopolymerization of D-glucose acrylate glycomonomer via SET-LRP

All polymerizations were carried out using standard Schlenk techniques under an inert
atmosphere of oxygen-free nitrogen, unless otherwise stated. All obtained
glycopolymer products should be stored in the fridge (-18 °C) if stored for more than

three months.

To a Schlenk tube fitted with a magnetic stir bar and a rubber stopper, glucose
glycomonomer (373 mg, 1 mmol, 10 eq), CuBr; (2 mg, 0.01 mmol, 0.1 eq) and
DMSO (3 mL) were charged and the mixture was bubbled with nitrogen for 15 min.
Pre-degassed MesTREN (4.2 uL, 0.018 mmol, 0.18 eq) and EBiB (14.7 uL, 0.1 mmol,
1 eq) were then added via gas tight syringe sequentially. After that, pre-activated
copper wire (3 cm, 14 mg, 0.21 mmol) was carefully added under nitrogen protection.
The Schlenk tube was sealed and the light green solution was allowed to polymerize
at 25 °C. Samples of the reaction mixture were carefully removed at suitable time
periods for analysis. The sample for *H NMR was directly diluted with DMSO-
ds.Catalyst residues were removed by filtering through a column of neutral alumina
prior to SEC analysis. After 24 h, the reaction was stopped via exposure to the air and
the mixture was diluted with water and dialysed against water for two days after

which the glycopolymer could be recovered by freeze drying.
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3.3.8 Synthesis of multiblock glycopolymer by iterative addition of glyco

monomers after full conversion polymerization

For the synthesis of (mannose),-(glucose),-(mannose),-(glucose),-(mannose),-

(glucose),, the procedure is shown as below.

To a Schlenk tube fitted with a magnetic stir bar and a rubber stopper, mannose
glycomonomer (187 mg, 0.5 mmol, 2 eq), CuBr, (6 mg, 0.025 mmol, 0.1 eq) and
DMSO (2 mL) were charged and the mixture was bubbled with nitrogen for 15 min.
Pre-degassed MesTREN (10.4 pL, 0.045 mmol, 0.18 eq) and EBiB (36.7 uL, 0.25
mmol, 1 eq) were then added via gas tight syringe sequentially. After that, pre-
activated copper wire (3 cm, 14 mg, 0.21 mmol) was carefully added under nitrogen
protection. The Schlenk tube was sealed and the light green solution was allowed to
polymerize at 25 °C. After reaction overnight, sample was carefully removed for
characterization. For chain extension, a further solution of glucose glycomonomer
(187 mg, 0.5 mmol) in 1 mL DMSO previously degassed via nitrogen sparging for 20
min, was then transferred via cannula under nitrogen into the Schlenk reaction tube.
The solution was allowed to polymerize at 25 °C overnight with stirring. The above

polymerization-sampling-extension procedure was repeated as required.

For the synthesis of (glucose)s-(mannose)s-(glucose)s-(mannose),, the procedure is

the same as above with only changed charging amounts.

To a Schlenk tube fitted with a magnetic stir bar and a rubber stopper, glucose
glycomonomer (248 mg, 0.67 mmol, 4 eq), CuBr; (4 mg, 0.017 mmol, 0.1 eq) and
DMSO (2 mL) were charged and the mixture was bubbled with nitrogen for 15 min.
Pre-degassed MegTREN (7 uL, 0.03 mmol, 0.18 eq) and EBiB (24.5 uL, 0.17 mmol, 1
eq) were then added via gas tight syringe sequentially. After that, pre-activated copper
wire (3 cm, 14 mg, 0.21 mmol) was carefully added under nitrogen protection. The
Schlenk tube was sealed and the light green solution was allowed to polymerize at 25
°C. For chain extension, a further solution of mannose glycomonomer (248 mg, 0.67
mmol) in 1 mL DMSO previously degassed via nitrogen sparging for 20 min, was
then transferred via cannula under nitrogen into the Schlenk reaction tube. The
solution was allowed to polymerize at 25 °C overnight with stirring. The above

polymerization-sampling-extension procedure was repeated as required.
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3.3.9 Synthesis of multiblock glycopolymer by controlled addition of glyco

monomers

For the synthesis of multiblock glucose-mannose-fucose glycopolymer by controlled
addition of glyco monomers, the procedure is shown as below.

To a Schlenk tube fitted with a magnetic stir bar and a rubber stopper, glucose
glycomonomer (248 mg, 0.67 mmol, 4 eq), CuBr; (4 mg, 0.017 mmol, 0.1 eq) and
DMSO (2.5 mL) were charged and the mixture was bubbled with nitrogen for 15 min.
Pre-degassed MegTREN (7 uL, 0.03 mmol, 0.18 eq) and EBiB (24.5 uL, 0.17 mmol, 1
eq) were then added via gas tight syringe sequentially. Subsequently, pre-activated
copper wire (3 cm) was carefully added under nitrogen protection. The Schlenk tube
was sealed and the light green solution was allowed to polymerize at 25 °C. After
reaction for 4h, sample was carefully removed for characterization. For chain
extension, a further solution of mannose glycomonomer (124 mg, 0.33 mmol) in 1 mL
DMSO, or glucose glycomonomer (124 mg, 0.33 mmol) in 1 mL DMSO, or fucose
glycomonomer (119 mg, 0.33 mmol) in 1 mL DMSO which has been degassed via
nitrogen sparging for 20 min, was then transferred via cannula under nitrogen into the
Schlenk reaction tube. The solution was allowed to polymerize at 25 °C for 4h with

stirring. The above polymerization-sampling-extension procedure was repeated as

required.
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Figure 3. 20. 'H NMR spectrum of multiblock glucose-mannose-fucose

glycopolymer in D,0 obtained by SET-LRP.
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3.3.10 Multiblock copolymerization of DEGEEA and mannose glycomonomer via
SET-LRP

For the multiblock copolymerization, DEGEEA (565 mg, 3 mmol) and mesitylene (18
mg, 0.15 mmol, used as internal standard for *H NMR conversion calibration) were
soluble in DMSO (4.5 mL) and each time 1/3 of the solution was used for
polymerization. Mannose glycomonomer (560 mg, 1.5 mmol) and mesitylene (9 mg,
0.075 mmol) were soluble in DMSO (4.5 mL) and each time 1/3 of the solution was

also used for chain extension.

To a Schlenk tube fitted with a magnetic stir bar and a rubber stopper, DEGEEA-
DMSO solution (188 mg, 1 mmol, 6 eq), CuBr, (4 mg, 0.017 mmol, 0.1 eq) were
charged and the mixture was bubbled with nitrogen for 15 min. Pre-degassed
MegTREN (7 pL, 0.03 mmol, 0.18 eq) and EBiB (24.5 pL, 0.17 mmol, 1 eq) were
then sequentially added via gas tight syringe. Subsequently, pre-activated copper wire
(3 cm) was carefully added under nitrogen protection. The Schlenk tube was sealed
and the light green solution was allowed to polymerize at 25 °C. After reaction for 2.5

h, sample was carefully removed for characterization.

For chain extension, a further mannose glycomonomer-DMSO solution (186 mg, 0.5
mmol) which has been degassed via nitrogen sparging for 20 min was then transferred
via cannula under nitrogen into the Schlenk reaction tube. The solution was allowed
to polymerize at 25 °C for 4.5 h with stirring.

The above polymerization-sampling-extension procedure was repeated at defined

reaction time, Scheme 3.6.
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Figure 3. 21. MALDI-ToF MS (top) and high resolution ESI-MS (bottom) zooming
spectra of the 2" block (DEGEEA)s-(mannose)s glycopolymers obtained by SET-

LRP.
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3.3.11 Multiblock copolymerization of DEGEEA and glucose glycomonomer via
SET-LRP
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Scheme 3. 12. Schematic representation for the synthesis of sequence-controlled
multiblock glycopolymers by iterative addition of DEGEEA and glucose

glycomonomer at defined time period.

For the multiblock copolymerization, DEGEEA (565 mg, 3 mmol) mesitylene (18
mg, 0.15 mmol, used as internal standard for *H NMR conversion calibration) were
soluble in DMSO (4.5 mL) and each time 1/3 of the solution was used for
polymerization. Glucose glycomonomer (560 mg, 1.5 mmol) and mesitylene (9 mg,
0.075 mmol) were soluble in DMSO (4.5 mL) and each time 1/3 of the solution was
also used for chain extension. To a Schlenk tube fitted with a magnetic stir bar and a
rubber stopper, DEGEEA-DMSO solution (188 mg, 1 mmol, 6 eq), CuBr, (4 mg,
0.017 mmol, 0.1 eq) were charged and the mixture was bubbled with nitrogen for 15
min. Pre-degassed MegTREN (7 pL, 0.03 mmol, 0.18 eq) and EBiB (24.5 uL, 0.17
mmol, 1 eq) were then added via gas tight syringe sequentially. After that, pre-
activated copper wire (3 cm) was carefully added under nitrogen protection. The
Schlenk tube was sealed and the light green solution was allowed to polymerize at 25
°C. After reaction for 2 h, sample was carefully removed for characterization. For
chain extension, a further glucose glycomonomer-DMSO solution (186 mg, 0.5

mmol) which has been degassed via nitrogen sparging for 20 min was then transferred
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via cannula under nitrogen into the Schlenk reaction tube. The solution was allowed
to polymerize at 25 °C for 4.5 h with stirring. The above polymerization-sampling-

extension procedure was repeated at defined reaction time.
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Figure 3. 22. Molecular weight distributions of multiblock DEGEEA-glucose
glycopolymer obtained by SET-LRP via iterative monomer addition at defined time
period.
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Figure 3. 23. 'H NMR spectrum of multiblock DEGEEA-glucose glycopolymer in
D,0.
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Figure 3. 24. MALDI-ToF MS spectra (RP model) of the 1% block poly(DEGEEA)g
(top) and 2™ block poly(DEGEEA)g-b-(glucose)s (bottom) glycopolymers obtained
by SET-LRP.
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Figure 3. 25. MALDI-ToF MS spectra (LP model) of the 1% block to 6™ block
DEGEEA/glucose (from top to bottom) glycopolymers obtained by SET-LRP. Due to
incorporation of more sugar which causes the loss of resolution under LP model,

definition of exact structure after 3" block is difficult and is for reference only.
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3.3.12 Homopolymerization of mannose acrylate glycomonomer via SET-LRP

To a Schlenk tube fitted with a magnetic stir bar and a rubber stopper, mannose
glycomonomer (248 mg, 0.67 mmol) and DMSO (1.5 mL) were charged and the
mixture was bubbled with nitrogen for 15 min. A quarter of pre-degassed MesTREN
(4 uL, 0.018 mmol), EBiB (14.4 uL, 0.1 mmol), CuBr; (2.2 mg, 0.01 mmol) in 6 mL
DMSO solution were then added via gas tight syringe sequentially. After that, pre-
activated copper wire (1 cm) was carefully added under nitrogen protection. The
Schlenk tube was sealed and the light green solution was allowed to polymerize at 25
°C. After 23h, reaction was directly stopped and ‘H NMR analysis revealed a
conversion of 85%, which means that the average DP is 23. The rest reaction mixture
was dialysed against water for two days after which the glycopolymer could be
recovered by freeze drying. SEC analysis confirmed M, = 8400 and M,/M,, = 1.10 of

final product.

'H NMR analysis indicated the expected structure of homo mannose glycopolymer
and the integral ratio of triazole ring proton at 8 ppm to methyl groups of EBIB at 1.1
ppm is 10: 4.3, according to which the calculated DP is 21 thus in accordance with the

value expected from conversion.
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Figure 3. 26. '"H NMR spectrum of home D-mannose glycopolymer in D,O.
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3.3.13 Statistical copolymerization of DEGEEA and mannose glycomonomer via
SET-LRP

To a Schlenk tube fitted with a magnetic stir bar and a rubber stopper, DEGEEA (564
mg, 3 mmol, 18 eq), mannose glycomonomer (560 mg, 1.5 mmol, 9 eq), CuBr;, (4 mg,
0.017 mmol, 0.1 eq) were charged and the mixture was bubbled with nitrogen for 15
min. Pre-degassed MegTREN (7 pL, 0.03 mmol, 0.18 eq) and EBiB (24.5 uL, 0.17
mmol, 1 eq) were then added via gas tight syringe sequentially. After that, pre-
activated copper wire (3 cm) was carefully added under nitrogen protection. The
Schlenk tube was sealed and the light green solution was allowed to polymerize at 25
°C. After reaction for 22.5 h, *H NMR analysis showed total disappearance of vinyl
groups. Reaction was then stopped via exposure to the air and the mixture was
dialysed against water for two days after which the glycopolymer could be recovered
by freeze drying. SEC analysis confirmed M, = 6200 and M,/M, = 1.16 of the final

product.

'H NMR spectrum of the random copolymer showed broader peaks from mannose
and DEGEEA units compared with the block copolymer and the ratio between

mannose and DEGEEA is also similar with that in the block copolymer.
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Figure 3. 27. *H NMR spectrum of random DEGEEA-mannose glycopolymer in
D,0.

85
Qiang Zhang



[Multiblock glycopolymers] | [Chapter 3]

3.3.14 Terminal end group modification

3.3.14.1 Reaction of terminal the bromide with sodium azide

In a typical reaction, the multiblock DEGEEA/mannose glycopolymer (400 mg, ~0.06
mmol) was dissolved in DMF (10 ml). Sodium azide (20 mg, 0.3 mmol) was added to
the solution and stirred at 25 °C for 24 h. After reaction, the mixture was directly
transferred to one dialysis tubing and dialyzed against water for 3 days. 320 mg

product was obtained after freeze drying.

3.3.14.2 CuAAC click reaction with alkyne-functionalised dibromomaleimide

The general procedure is shown as follow. A solution of azido-terminated
glycopolymer (200 mg, ~0.03 mmol), 3, 4-dibromo-1-(prop-2-ynyl)-1H-pyrrole-2, 5-
dione (26 mg, 0.09 mmol), bpy (56 mg, 0.36 mmol) in DMF (5 ml) was deoxygenated
by three freeze-pump-thaw cycles. The solution was then transferred via cannula
under nitrogen into a Schlenk tube, previously evacuated and filled with nitrogen,
containing CuBr (26 mg, 0.18 mmol). The resulting solution was stirred at 25 °C for
48 h. When the reaction was completed, the reaction mixture was directly dialysed
against MeOH for 2 days and subsequently with water for a further 2 days in order to
remove small molecule impurities. After dialysis the glycopolymer (170 mg) was

recovered by freeze drying.
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Chapter 4 High-affinity cyclodextrin-based
glycoconjugates for HIV-therapeutic and drug

delivery
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A series of cyclodextrin-based glycoconjugates, including glycoclusters and star
glycopolymers, were synthesised via combination of CuAAC click reaction and
copper-mediated living radical polymerization. These glycoconjugates showed high
affinity in binding with human DC-SIGN lectin and could be used as inhibitor to
prevent the binding of HIV envelope protein gpl20 to DC-SIGN at nanomolar
concentration. The star block glycopolymer showed high loading capacity of
hydrophobic anti-cancer and anti-HIV drugs, indicating promising application in

HIV-therapeutic and smart drug delivery.
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4.1 Introduction

Dendritic cell specific ICAM-3 grabbing nonintegrin (DC-SIGN) is a C-type lectin
present on the surface of dendritic cell and plays a key role in the immune response,
including capturing HIV-1 and enhancing trans-infection of T cells.*® The
oligosaccharides on the HIV envelope protein gp120 could be recognized by the DC-
SIGN and this carbohydrate-protein interaction is considered as the main promotion
of viral infection.'®® In addition to the research into the HIV inhibitor, anti-adhesion
therapy has been developed as a new avenue for anti-HIV therapy, which focuses on
the application of carbohydrates to interfere with the binding between the lectin and
pathogen.” #8182 Multivalent carbohydrate ligands have been proved to show high-
avidity interaction with lectins due to the clustering of glycans, which gives a “Cluster
Glycoside Effect”.’®® Considerable interest has been generated in cyclodextrin (CD)-
based glycoclusters, not only due to its highly branched carbohydrate-containing
structure for protein binding but also its potential to act as host for the complexation
of drug molecules, which can be considered as a kind of intelligent drug delivery
system.'®*2% Different synthetic methodologies have been developed, however,
multistep reactions are generally required to prepare these glycoclusters with complex
structures.’® % Compared to oligosaccharides, glycopolymers can also undergo
similar recognition events with lectins and could be obtained in a relatively facile
manner, which have been considered as alternative structures for oligosaccharides.™?
Well-defined CD-based star polymers could be synthesised via core-first approach
from functional CD initiators for different controlled radical polymerization,
including ATRP, RAFT and NMP.**1% However, reports on synthesis of CD-based

glycopolymers are very limited and RAFT polymerization did not work.'%*

In order to synthesize an intelligent drug delivery system for therapeutic application,
this system needs to bear a glycoconjugate structure, either glycocluster or
glycopolymer, and can specifically bind to the DC-SIGN lectin and thus used as
inhibitor to prevent the binding of HIV gp120. Besides, this system should be able to
load anti-HIV drug in order to deliver the drug to the target area and also release the

drug under control.

As our first try, p-CD-based glycoclusters with seven mono saccharides on the
primary face were synthesized via CuAAC. Subsequently, p-CD-based
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glycoconjugates with seven mono saccharides on the primary face and
thermoresponsive polymers on the secondary face were synthesized. Finally, we will
describe our approach to synthesize B-CD-based homo and diblock star
glycopolymers via SET-LRP.

The different binding ability of these synthesised glycoconjugates with DC-SIGN was
characterized by SPR, which revealed the tendency of proper glycoconjugate as high-
affinity inhibitor for HIV gp120-DC-SIGN interaction. The drug delivery ability of
obtained glycoconjugates for hydrophobic anti-cancer and anti-HIV drug was also
tested.

4.2 Results and Discussion

4.2.1 Synthesis and characterization of glycoclusters

Persubstituted CD-based glycoclusters with multivalent monosaccharides showed
binding behaviour with different lectins at much lower concentration compared with
monosaccharides.’®*#1% These promising results inspired us to develop similar
structures with glycoclusters on the primary face as recognition sites and secondary
face unmodified so that the CD host can still encapsulate drugs. However, this is a
complicated process for the synthesis of CD-based glycoclusters according to the
previous synthetic route, which used multistep organic reactions, protection,

deprotection chemistry and chromatographic purification.*®"**

The development of click chemistry supplies routes to potentially simplify this
process, which fulfils the property of modular, stereospecific, wide in scope,
quantitative yields and by-products could be easily removed by non-chromatographic
methods.**® Different click chemistry has been applied into the modification of CD in
relatively facile manner and we are inspired to use click chemistry to prepare complex

CD-based glycoclusters. >

Herein, the synthesis of core moiety, per-6-azido-B-CD and its click reaction with
alkyne monosaccharides are first presented (Scheme 4.1). Starting from raw B-CD and
free monosaccharides, target glycoclusters could be obtained in high conversion
through four step reactions, which allowed us to avoid the tedious multistep reaction

and protection chemistry.
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Scheme 4. 1. Synthesis of persubstituted B-CD-based glycocluster via CUAAC of per-
6-azido B-CD and alkyne sugar.

First, the per-6-azido B-CD core was synthesized in 90% vyield, according to a
modification of the previous method.® Secondly, unprotected alkyne
monosaccharides were synthesized via a one pot Fischer type glycosylation reaction

using H,SO,-silica catalyst (Scheme 4.1).19°*%3

The CuAAC of azide CD and alkyne mannose was then carried out using CuBr/bpy
catalyst in DMSO solvent to yield the persubstituted B-CD-(Man); glycocluster
(Scheme 4.1). The product was precipitated in methanol and washed with methanol
without further chromatographic purification. The final product was characterized
using different techniques to prove total substitution and pure product formation. The
'H NMR spectrum showed the presence of a triazole ring proton at approximately 7.9
ppm and CD residues at around 6.0 ppm (OH) and 5.2 ppm (H-1) and the integral ratio
is consistent with theoretical values, Figure 4.1, which indicated the success of the
CuAAC. The MALDI-ToF spectrum (Figure 4.1) showed peaks corresponding to the
fully substituted product at ~2860 (m/z). The FT-IR spectra (Figure 4.2) confirmed the
total disappearance of azide functionalities at around 2100 cm™ following the click
reaction. Even DMF SEC analysis (Figure 4.2) revealed the shift of elution traces after
reaction due to the change of hydrodynamic volume. All these data support the
synthesis of pure B-CD-based mannose glycocluster decorated through 1, 2, 3-triazole

linker with seven mannose units on the primary face and unmodified secondary face.
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Figure 4. 1. *H NMR (top) and MALDI-ToF MS (bottom) spectra of p-CD-(Man); &
B-CD-(Fuc); glycoclusters.

91
Qiang Zhang



[Cyclodextrin centered glycoconjugates] | [Chapter 4]

B-CD-(Br),

—— B-CD-(Br),

——B-CD-(N,),
B-CD-(N,) —— B-CD-(Man),
M —— B-CD-(Fuc),
B-CD-(Man), N

4000 3500 3000 2500 20001 1500 1000 500 10 12 14 16 18
Wavenumber/cm Elution time (min)

Figure 4. 2. FT-IR (left) spectra and normalized SEC elution traces (right) of 3-CD-
(Man); & B-CD-(Fuc); glycoclusters.

In order to verify the versatility of this approach, a B-CD-based fucose glycocluster
was also synthesized according to same procedure. ‘H NMR, MALDI-ToF MS, FT-
IR and SEC analysis revealed similar results as mannose glycocluster and confirmed
the right target structure, Figure 4.1 & 4.2. In summary, persubstituted f-CD-based
glycoclusters were prepared by Huisgen 1, 3 dipolar cycloaddition of appropriate

sugar alkynes with 3-CD bearing azide groups on the primary face.

4.2.2 Synthesis of CD-based initiators and glyco monomers for SET-LRP
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Scheme 4. 2. Synthesis of B-CD-(Br)1s, (N3)7-B-CD-(Br)1 and glyco monomer.

The CD-based initiator was synthesized via a one pot esterification reaction according

to a previous report.’®® Under these experimental conditions, this esterification
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reaction cannot reach full conversion and *H NMR and MALDI-ToF MS analysis
(Figure 4.3, 4.4) confirmed the average degree of substituted hydroxyl groups at the
periphery CD was approximately 16, which is given the descriptor -CD-(Br)s.

A further CD-based initiator bearing seven azide groups on the primary face was also
synthesised in same way from the B-CD-(Ns); with the average degree of substituted
hydroxyl groups at the secondary CD = 10, (N3)7-p-CD-(Br).0. Compared to that of B-
CD-(N3)7, the *H NMR spectrum of (N3);-B-CD-(Br)y revealed the appearance of a
new signal at 1.92 ppm, which can be ascribed to the methyl groups of BrC(CHjs),.
The C NMR spectrum of (N3);-B-CD-(Br)x showed the appearance of signals at
30.5, 51.2 and 171.2 ppm, which can be ascribed to methyl and methane carbons and
carbonyl groups, respectively. However, as in the synthesis of B-CD-(Br) 1, the
esterification reaction was not 100% complete. According to the peak integral ratio of
resonance signals at 1.92 ppm to those in the range of 3.2-5.8 ppm, the average degree
of substituted bromines was approximately 10. MALDI-TOF MS analysis (Figure
4.5.) also confirmed the existence of (N3)7-p-CD-(Br)s.12, which meant that the
obtained product was in actual fact a mixture of (Ns3);-B-CD-(Br)x with different
degrees of substitution. Silica gel column chromatography with dichloromethane
(0.2% ethanol) as eluent could not separate these similar chemicals from each other,
so the multifunctional initiator, (N3)7-B-CD-(Br)10, Which contains 7 azido groups on
the primary face and on average 10 bromine moieties on the secondary face of f-CD,

was directly used for the next step of the reaction.

1
5 6a6b23 4
6.0 55 50 45 40 35
cocl, CD residues
] A A A AAAA . T T T 1
8 7 6 5 4 3 2 1 0 200 150 100 50 0
d/ppm Slppm

Figure 4. 3. *H (left) and *C (right) NMR spectra of B-CD-(Br) 16 in DMSO-d.
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Figure 4. 4. MALDI-ToF MS spectrum of -CD-(Br)s.
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Figure 4. 5. MALDI-ToF MS spectrum of (N3)7-p-CD-(Br)s.12 in linear model.
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CUAAC was used to synthesize glycomonomers via reaction of alkyne sugar with
azide acrylate intermediate in MeOH/H,O under catalysis of CuSO,/sodium

ascorbate.’™® Acrylate mannose and glucose glyco monomers were prepared and used

for SET-LRP, Scheme 4.2.

Qiang Zhang
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4.2.3 Synthesis of CD-based glycocluster-smart star polymer hybrids via
combination of ATRP and CuUAAC

N3

o@%ﬂb * :}:O :IogzO

AT T

LCST

Scheme 4. 3. Schematic representation for the synthesis of CD-based glycocluster-
smart star polymer hybrids via combination of ATRP and CuAAC and their LCST
self-assembled behaviour.

CD-centered star responsive polymers have interesting self-assembling behaviours
and could form different type vesicles by tuning solution pH or temperature, which
has potential application in controlled drug delivery.?®® Star-shaped block copolymers
have also been applied as universal hydrophobic drug carriers using the host-guest
interaction.?>?% Thus this inspired us to synthesize such Janus-type star responsive
polymers with sugar moieties for conjugation and potential drug delivery, through
which the surface sugar intensity should also be increased via specific self-assembly
in water by tuning the temperature.

The strategy was to first use the azide functionalised CD-based initiator for ATRP of
NIPAM or DEGEEA and to subsequently use CUAAC to attach the monosaccharide
on the primary face of cyclodextrin, Scheme 4.3.

The polymerization of NIPAM was performed under the catalysis of CuCl/MesTREN
in a propanol/DMF mixture as solvent via adding CuCl last such that there will be
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enough Cu(l) in the system to initiate ATRP at ambient room temperature, in Scheme

4.4,
(0] _ CuCl/ MegTREN 0
o) o] o) o'7
HN -
o o DMF / 2-propanol d 5
/ 25 OC Br. Br
Br Br n n
(0] (0]

Scheme 4. 4. Schematic representation for the synthesis of cyclodextrin-based
PNIPAM via ATRP.

In a similar to a previous report®®®

, the first-order kinetic plots (Figure 4.6) show
significant curvature and in that report this was attributed to the 2-propanol solvent,
which was thought to hydrogen-bond to monomer and polymer and thus reduce the
deactivation of the polymerization catalyst. However, low dispersities were obtained
during the reaction and GPC analysis of the final polymer showed M, sec = 21.6 kDa

and M/M,, = 1.25.

1:2 1.5
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0.0 ‘ . ‘ 6000 | ‘ | | '
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Figure 4. 6. Semi-logarithmic kinetic plots (left) and molecular weight and PDi vs
reaction time plots for polymerization of NIPAM from (N3)7-5-CD-(Br)1o.

The polymerization of diethylene glycol methyl ether methacrylate (DEGEEA) was
conducted in toluene under the catalysis of CuBr/ N-ethyl-2-pyridylmethanimine at 60
°C. The kinetic results showed the linear dependence of Ln[M]o/[M] versus time in
Figure 4.7, which indicated that the chain radical concentration remained constant
during the polymerization. The molecular weight of obtained polymer increase
linearly with time and the PDI remained low (~1.2) during the polymerization, which

indicated the living nature for the polymerization of DEGMEMA.
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Figure 4. 7. Semi—logarithmic kinetic plots (left) and molecular weight and PDI vs
reaction time plots (right) for ATRP of DEGMEMA from (N3);-4-CD-(Br) .

Subsequently, the CD-centered PNIPAM with azide groups on the primary face of the
CD was used for the CUAAC with 1-(2'-propargyl) D-mannose in DMSO under the
catalysis of CuBr/bpy. The success of the click reaction was demonstrated by the
disappearance of azide group absorbance at 2100 cm™ in the FT-IR spectrum (Figure
4.8) and the LCST temperature shifting from 31.8 to 36.9 °C due to the very
hydrophilic sugar hydroxyl groups (Figure 4.9).

The SEC and NMR analysis did not reveal significant change due to the low content
of mannose moieties compared with PNIPAM. The elution traces only changed
slightly after click reaction, Figure 4.10. M, calculated from PMMA standards
showed that it increased from 21600 to 21800 and the PDi kept the same at 1.25. Due
to the low ratio of mannose compared with PNIPAM component and also the overlap
between N-H and tri-azole ring proton at 7 — 9 ppm, *H NMR only revealed PNIPAM

components and did not show significant peaks from mannose, Figure 4.11.

Propargyl Mannose

(N,),-CD-(PNIPAM), N

(Mannose),-CD-(PNIPAM),

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figure 4. 8. FT-IR spectra obtained for propargyl mannose, (N3)7-5-CD-(PNIPAM);
and (Mannose);-4-CD-(PNIPAM)1o.
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Figure 4. 9. Cloud point measurements of (N3);-5-CD-(PNIPAM), (Mannose);-4-
CD-(PNIPAM);o (left) and (N3)7-8-CD-(PDEGMEMA)10-(Br)10,  (N3)7--CD-
(PDEGMEMA)10-(N3)10 and (Mannose)7-S-CD-(PNIPAM);o-(Mannose);o (right) by
UV/Vis spectroscopy at 500 nm. The analytes concentrations in water are all 1
mg/mL.

(Mannose) -B-CD-(PNIPAM), —— (N,),-B-CD-(PNIPAM)

M =21800 PDi=1.25 M_=21600 PDi=1.25

r T T T T T 1
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Figure 4. 10. Normalized SEC elution traces for (N3);-8-CD-(PNIPAM)y and
(Mannose);-5-CD-(PNIPAM); via RI detector. The two samples were injected in
sequence at the same time.

The click reaction of CD-centered PDEGMEMA with 1-(2'-propargyl) D-mannose
was first conducted under the same conditions. However, after the reaction SEC
(Figure 4.12) showed a significant star-star coupling shoulder peak at higher MW

region, which is probably due to the similar click and ATRP reaction conditions.
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Figure 4. 11. *H NMR spectra recorded in DO for (N3)7-8-CD-(PNIPAM)yo (left)
and (Mannose);-4-CD-(PNIPAM)y (right).
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Figure 4. 12. Normalized DMF SEC traces of (N3);-f-CD-(PDEGMEMA),o and
(Mannose);-5-CD-(PNIPAM);.

—— (N,),-3-CD-(PDEGMEMA), -(Br),,
——(N,),B-CD-(PDEGMEMA), ~(N,),,
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Figure 4. 13. Normalized DMF SEC traces of (N3)7-5-CD-(PDEGMEMA);0-(Br)10,
(N3)7-ﬂ-CD-(PDEGMEMA)lo-(Ng)lo (Mannose)y-ﬂ-CD-(PNIPAM)lo-

(Mannose)1o. These three samples were injected in sequence at the same time.

and
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Figure 4. 14. FT-IR spectra obtained for propargyl mannose, (N3);-5-CD-
(PDEGMEMA)lo-(Br)lo, (N3)7-ﬂ-CD-(PDEGMEMA)lo-(Ng)lo and (mannose)rﬁ-CD-
(PNIPAM)10-(mannose)o.

Thus the terminal bromine groups were first transformed into azide groups to avoid
the star-star coupling which will also attach more sugar on the star polymers. After
reaction, DMF SEC analysis (Figure 4.13) revealed M, = 22.0 KDa and PDi = 1.23
for (N3)7-$-CD-(PDEGMEMA)10-(N3)10, Which almost has no change compared with
(N3)7-5-CD-(PDEGMEMA)1-(Br)1o. FT-IR analysis (Figure 4.14) confirmed the
disappearance of absorbance at ~630 cm™ (C-Br). The absorbance peak at ~2100cm™,
which is characteristic of azide moieties, became stronger than that of (N3);-4-CD-
(PDEGMEMA);0-(Br)10, which may be attributed to the increase of azide moieties.

Following the click reaction, the coupling phenomenon disappeared and SEC (Figure
4.13) showed slight MW increase and *H NMR spectroscopy (Figure 4.15) proved
slight triazole ring peak at ~ 8 ppm, indicating the successful addition of mannose.
FT-IR (Figure 4.14) revealed the absorbance increase at ~2100 cm™ after reaction
with sodium azide and total disappearance of the azide peak after click reaction with a
new absorbance at ~3000-3600 cm™ showing the existence of mannose sugar
hydroxyl groups. The LCST temperature increased from 23.2 to 32.6 °C (Figure 4.9),

which further showed the success of the click reaction.
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Figure 4. 15. "H NMR spectra recorded in CDCl; for (N3)7-8-CD-(PDEGMEMA);o-
(Br)1o (left) and (Mannose);-5-CD-(PDEGMEMA)10-(Mannose)y (right).

All the above results demonstrated that the CD-based glycocluster - star polymer
hybrids have been successfully synthesized by the combination of ATRP and
CUAAC. The obtained glycoclusters and glycocluster-star polymer hybrids were then
tested for the binding with DC-SIGN.

DC-SIGN is a tetrameric transmembrane protein and has a cluster structure. We are
interested in whether these CD-centered glycocluster structures could bind with this
lectin. Interestingly, SPR characterization showed that the binding between the
mannose glycocluster and DC-SIGN tends to be very weak, although this
supermolecule bears seven mono mannose units in a cluster shape. SPR revealed a
slight response up to 10 Riu after injection of the analytes with flowing over the gold
chip bearing DC-SIGN lectin on the surface for 900 seconds, Figure 4.23; however,
after a further buffer flush the response decreased to close to the buffer line,
suggesting that the previous response was not from the binding of glycocluster to DC-
SIGN. The competition test also revealed a very weak inhibition effect between gp120
and DC-SIGN even under very high concentrations (4096 nM), as shown in Figure
4.24. Similarly, the glycocluster-star polymer hybrids showed very weak binding with
DC-SIGN (Figure 4.23 & 4.24), which further indicates that the special cluster
structure is not good for binding with DC-SIGN. This phenomenon maybe related to
the narrow and crowded cluster structure, which cannot block all or most of the

binding sties of complex DC-SIGN, thus the bindings are seen to be weak.
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4.2.4 Synthesis of cyclodextrin-based star glycopolymers

Based on the above experiments, it is apparent that the design of glycocluster or
glycocluster-star polymer hybrid needs to be improved. The sugar density should be
increased enough to allow for efficient binding with DC-SIGN. Glycopolymers are a
good alternative due to the increase in the sugar density. In order to attach
glycopolymers onto the CD core, two synthetic routes are available. The first route is
to synthesize alkyne functionalised glycopolymers from a TMS-protected alkyne
initiator for click reaction with the previously synthesized azide CD. The second route
is the direct polymerization of glycomonomers from CD-based initiator. The
Haddleton group has previous experience in synthesis and polymerization from CD-

based initiator, which made the second synthetic route the first choice.'*
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Scheme 4. 5. Synthesis of B-CD based glycopolymers via SET-LRP and chain

extension reaction.

CD-based star glycopolymers were synthesised via direct SET-LRP of glyco
monomers, Scheme 4.5. The polymerization of glucose monomer was first conducted
at ambient temperature under the catalysis of Cu(0)/Cu(11)/MegTREN system with 3-
CD-(Br)s6 as initiator and DMSO as the solvent. The polymerization was continued
for 24 h, which led to full conversions according to *H NMR analysis revealed by the
disappearance of vinyl groups at 5.8-6.4 ppm. DMF SEC analysis showed a narrow
dispersity polymer with M,=9300 and M,/M,=1.16 was obtained (Figure 4.16). The
M, by SEC is lower than the theoretical molecular weight which is ascribed to a lower
hydrodynamic volume of a star polymer when compared with a linear polymer of the
same molar mass. It is worth noting that no significant star-star coupling termination,
which would lead to a shoulder peak at higher molecular weight was detected even
after polymerization to full conversion overnight. This phenomenon is mainly
attributed to the initially added Cu (I1) which possibly aids in the preservation of high

chain end fidelity.'%®2%

102
Qiang Zhang



[Cyclodextrin centered glycoconjugates] | [Chapter 4]

1.0 o i o
AN 22 B
M,  PDi X ¢ ot oo "
s 084 —\ 23 e
=) — 9300 1.16 L e AN
) ——11800 1.17 x'}s ”»“}6 DMSO-d,
S 064 \ {
S o 7-0
° 58 fg  CD resid
8 04 9%
© Ho~/ 1 Ho—/) H-7
: 6wt
2 021 H-6 YR
L '
0.0 . T T T ; T T : T T r T T ]
3.0 35 4.0 45 5.0 9 8 i 6 5 4 3 2 1 0
log MW S/ppm

Figure 4. 16. DMF SEC molecular weight distributions (normalized to height, left;
black trace: before chain extension; red trace: after chain extension) and ‘H NMR

spectra (right) of the diblock CD-based glucose-mannose glycopolymer by SET-LRP.

For the chain extension ability test, another equivalence of mannose glycomonomer
was directly added into the reaction mixture and allowed to polymerize for another 48
h. Following the reaction, "H NMR spectrum showed a conversion of 88% by
comparing the integral of triazole proton area at 7.9-8.2 ppm with the vinyl groups at
5.9-6.4 ppm. SEC analysis revealed the increase of M, to 11800 and M,/M, to 1.17
(Figure 4.16), which is still a quite narrow dispersity for such a multiarm star
polymer. The elution traces almost shift totally and no coupling peaks were detected
at this stage. "H NMR analysis of the final product showed broad resonance from the
triazole protons at 8.1 ppm, overlapped CD and sugar units from 3 to 5 ppm and
typical initiator methyl groups at 1.1 ppm, Figure 4.16, which supported the structure
of CD-based star glycopolymer bearing sugar units with 1, 2, 3-triazole linker. All of
the previous results clearly indicated that CD-based star glycopolymer with controlled
structure and high chain end fidelity could be synthesized by SET-LRP.

This inspired us to prepare a library of B-CD-based mannose star glycopolymers as
binding inhibitors between DC-SIGN and HIV gp120. Three polymerizations with
target DP=2, 5, 10 were conducted and long reaction times were kept to give a high
conversion. Under these reaction conditions, Table 4.1, polymerization with DP=2
could reach full conversion after 24 h, while conversion of polymerization with DP=5
and 10 only reached 86% and 96% after 48 h.
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Table 4. 1. Polymerization data for CD-centered star glycopolymers via SET-LRP.

Target  B-CD-(Br)ss® Monomer Conversion®  Conversion®  M,/M,® M, ¢ M, ¢
DP (umol of Br) (mmol) (24 h) I % (46 h) /% (SEC) (SEC) / Da (Theory) / Da
2 170 0.33 100 1.07 10300 15500
5 68 0.33 75 86 111 13700 29200
10 68 0.67 87 96 117 20000 60800

% Polymerization conditions: [Br]o:[MesTREN]o:[CuBr,]o=1 : 0.18 : 0.08 (mol/mol);
Cu wire: length 1 cm / 0.08 mmol;, DMSO: 3 mL; b calculated via *H NMR
spectroscopy; © calculated via DMF SEC with RI detector and linear PMMA standard.

¢ calculated according to conversion from *H NMR spectroscopy.

Sampling analysis of polymerization with DP=10 revealed that conversion already
reached > 80% in the first 10 h (Figure 4.17), suggesting that with the monomer
consumption, reaction rate decreased, mainly due to the highly diluted reaction

condition.
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Figure 4. 17. Molecular weight and PDI vs conversion plots (left) and semi-
logarithmic kinetic plots (right) for the SET-LRP of mannose glycomonomer from [3-
CD-(Bfr) 16.

SEC analysis revealed that narrow dispersity star glycopolymers with different chain
length were prepared, Figure 4.18. The My/M, is approximately 1.1 and the tailing
peak in glycopolymer DP=10 may be caused by sampling during the polymerization,

which may introduce air into the reaction system and cause some termination.
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Figure 4. 18. DMF SEC molecular weight distributions (normalized to height, top)
and 'H NMR spectra (bottom) of CD-based mannose glycopolymers obtained by
SET-LRP.

'"H NMR analysis (Figure 4.18) revealed the ratio decreased for the integral of
initiator methyl groups (H-9) at 1.1 ppm relative to the triazole proton units at 8.1
ppm when the DP increased from 2 to 10, which showed the incorporation of more
sugar units. Due to the overlap between initiator residues (H-9), polymer backbone
protons (H-1, 2), monomer units (H-4) and DMSO-ds, calculations from the
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equivalence of [ H-6 "#83PP™: [ H-1 2, 4, 9 %723PP™M = Dp: (5DP+6) leads to values of
DP = 1.6, 3.0 and 8.5, which are close to the values of DP = 2, 4.3 and 9.6 according
to the conversion. However, this still proved the successful synthesis of star
glycopolymers with different chain lengths. Nevertheless, according to the previous
results three B-CD-based mannose star glycopolymers with defined structures have

been successfully prepared for the lectin binding tests.
4.2.5 Synthesis of cyclodextrin-based diblock glycopolymers

Water soluble star shaped polymers have been applied as useful polymeric
nanocontainers with high loading capacity of hydrophobic drugs.?®%? Wwith the
synthesis of highly water soluble CD based star glycopolymers, the CD core became
surrounded with dense sugar units at the outside shell, which would make the
inclusion of drug molecular into CD host more difficult. To construct an intelligent
drug delivery system with carbohydrate recognition sites at the outside sphere,
hydrophobic core area was necessary to be built for drug loading through the host-

guest interaction.
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Scheme 4. 6. Synthesis of B-CD based diblock glycopolymer via SET-LRP of
DEGEEA and one-pot chain extension reaction with glycomonomer.
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A B-CD based diblock glycopolymer was synthesized by SET-LRP with a one-pot
chain extension reaction. Polymerization of DEGEEA initiated from B-CD-(Br);s with
the Cu(0)/Cu(ll)/MesTREN catalyst system in DMSO could reach almost full
conversion (98% according to *H NMR) in 4 h, Scheme 4.6, after which a part of the
solution was removed for characterization and another portion of mannose glyco
monomer was directly added into the system for chain extension reaction without

purification.

After reaction for further 20 h, conversion was up to 95% and the reaction was then
stopped. SEC and NMR analysis confirmed the synthesis of B-CD-[(DEGEEA)10]1s
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and B-C D-[(D EG EEA) 1o-b-(mannose)5] 16

distributions, Figure 4.19.
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Figure 4. 19. DMF SEC molecular weight distributions (top) and *H NMR spectra
(bottom) of CD-based diblock glycopolymer obtained by SET-LRP.

For the synthesis of the first block B-CD-[(DEGEEA)10]1s, it is noted that the M,,/M,

is as low as 1.07 at almost full conversion, even when the small shoulder peak is

included, which may be caused by the star-star coupling or diacrylate impurities in the
DEGEEA monomer. Following this chain extension, the SEC elution trace almost

shifted totally which revealed that high chain end fidelity was maintained during the
polymerization. The M, increased from 12600 to 30100 g-mol™ and the M,,/M, had a
slight increase from 1.07 to 1.11. Although the shoulder peak at higher molecular
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weight region became more obvious after reaction overnight, the ratio relative to the

main peak was still small.

'H NMR analysis of the final product (Figure 4.19) showed resonances from mannose
monomer units after chain extension, including triazole ring protons at 8.1 ppm and
typical mannose protons at 3.0-5.0 ppm. FT-IR spectra (Figure 4.20) also revealed
strong OH absorbance due to the addition of mannose units. All these data clearly
proved the successful synthesis of diblock B-CD-[(DEGEEA)1o-b-(mannose)s]is
glycopolymer.

—— B-CD-{(DEGEEA), ,, 100+
——B-CD-| [1DEGEEA) ]
804
9
—— B-CD-[(DEGEEA), -b-(mannose),] @ 60
:
S
OH 5 404
=
5
’_
204
4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber / cm’ = b

Temperature/ C

Figure 4. 20. FT-IR spectrum (left) of CD-based diblock glycopolymers obtained by
SET-LRP and cloud point measurement (right) of B-CD-[(DEGEEA)1g]1s by UV/vis
spectroscopy at 500nm and 1 mg/mL.

4.2.6 SPR binding test of CD-based glycoconjugates with DC-SIGN

Carbohydrate-recognition domain
Repeat domain
) [ CQQQQQQ’J
Transmembrane domain 6(53 b ud)b AAAAAES
Cytoplasmic domain

Scheme 4. 7. Schematic structure of human DC-SIGN lectin.
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Scheme 4. 8. Molecular structure of MangGlcNac,, B-CD-(Man); and B-CD-
[(Man)g,6]16.

C-type (calcium dependent) animal lectins participates in many cell-surface
carbohydrate-recognition events, in which Ca®* proved to form a coordination bond

with the carbohydrate ligand.?®®

As a typical C-type ligand, DC-SIGN is composed of
a carbohydrate-recognition domain (CRD), connected with a neck repeat domain and
tailed with a cytoplasmic domain and functions as a cluster structure, as shown in

Scheme 4.7.%2%¢

The CRD is a tightly folded modular unit with a diameter of ~ 4 nm.?"?% |t was
suggested that the individual CRDs in the tetramers possess high affinity for
mannose-containing oligosaccharides by binding with the mannose spaced at
appropriate distances.!™ The repeat domain is seven and a half tandem repeat units of
23 amino acids with a length of ~ 20-30 nm.?®® Although this neck region did not
contain any carbohydrate-recognition units, it plays important role in stabilizing the
tetramer nanocluster of DC-SIGN, enabling the formation of multibinding sites and

increases ligand-binding avidity.*®

In previous research, MangGlcNac, (Scheme 4.8) has been widely used as a model
oligosaccharide for the binding with CRDs of DC-SIGN, in which it showed 130-fold
increase relative to the binding of a single mannose.™*?%2%° Compared with dendritic

MangGlcNacy, B-CD-(Man)7also has a cluster structure; notably, with different linker
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length and space for the terminal mannose. B-CD-(Man); even under high
concentration showed weak binding during the concentration test, Figure 4.20 & 4.23.
Under competition test (Figure 4.21 & 4.24), the binding of gp120 with DC-SIGN
was inhibited only ~ 12% in the existence of 4096 nM B-CD-(Man);. Thus the limited
number of mannose units, crowded structure and short linker length between mannose
units and B-CD may be not a proper structure for each mannose to reach the binding

sites.

However, for the CD-based star glycopolymer, even with only DP=2, the binding
affinity with DC-SIGN is much higher than that of the CD-based glycocluster. The
total mannose units were increased to ~32, about 4-5-fold than the -CD-(Man);. It is
noted that for each chain of the star glycopolymer, average DP=2 means that each
chain should contain 1, 2, 3, 4 et al mannose units, which makes it more like the

structure of MangGIlcNac, (Scheme 4.8) and thus we see a much better binding effect.

With an increase of DP to ~4, the concentration test showed higher RiU value when
compared with DP=2; however, the 1Csy value only decreased slightly from 436 nM
to 389 nM (Figure 4.21 & 4.24), suggesting that the slight increase in DP did not

affect the binding too much.

1000
= 800
2 —B-CD-(Man),
x ——B-CD-{(Man),],,
8 600 - — B-CD-[(Man), ..
c —_— B—CD—[(Man),ﬂ,]v
8. —— B-CD-[(DEGEEA)
B 400 -b-(Man)].
A buffer
o
o
) 200

0

0 300 600 900 1200 1500 1800 2100
Time (sec)

Figure 4. 21. SPR sensorgrams showing the binding of f-CD based glycol conjugates
onto DC-SIGN functionalized surfaces. The concentration for B-CD based glycol

conjugates was 4096 nM.
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Figure 4. 22. Competition experiments on gp120 functionalized surface between DC-
SIGN and B-CD based glycol conjugates at a concentration range of 0-4096 nM for
glycol conjugates and 4 nM DC-SIGN.

With an increase of DP to ~10, the concentration test showed an increasing RiU value
relative to both DP=2 and 4. In the competition test, B-CD-[(Man)g¢]16 Showed
unpredictable I1Csq values as low as ~30 nM, which is only slightly higher than that of
gp120 (~11 nM) under same test conditions. This dramatic difference indicates that
the linker length and spacer is very important for binding with DC-SIGN. It also
reveals that there should be multiple binding sites on the DC-SIGN CRDs and tandem
mannose units in a cluster structure with enough density are necessary to increase the

chance to block all the binding sites.

Interestingly, the block star polymer B-CD-[(DEGEEA)o-b-(mannose)s]:s, which
bears a similar number of mannose units as B-CD-[(Man)4.s]ss, it showed higher IC50
value (~1420 nM), Figure 4.21. With the addition of the poly(DEGEEA) core, the
space of the mannose units between each chain should became bigger, which may not
favour the binding.

In summary, the above SPR experiments demonstrated the high affinity for the
binding of CD-based conjugates between DC-SIGN. The low ICsy value of B-CD-
[(Man)g¢]16 to inhibit the binding of gpl120 to DC-SIGN is as low as ~30 nM,
suggesting the potential application in HIV therapeutic.
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Figure 4. 23. SPR sensorgrams showing the binding of A-CD-(Man); (a), B-CD-
[(Mannose);lis (D), p-CD-[(Mannose)ss]is (), pS-CD-[(Mannose)gslis, (d) p-CD-
[(DEGEEA).o-b-(Mannose)s]1s (e), f-CD-(Fuc); (f) and (Man);-8-CD-(PNIPAM);, (g) onto
DC-SIGN functionalized surfaces. The concentration ranges for all the glycoconjugates were

128-4096 nM. Characterization of sample f and g was performed by Dr Remzi Becer.
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Figure 4. 24. Competition experiments on gp120 functionalized surface between DC-
SIGN and p-CD-(Man); (a), f-CD-[(Mannose);]1s (b), f-CD-[(Mannose)s 3]s (C), S-
CD-[(Mannose)oglis (d) and p-CD-[(DEGEEA)ic-b-(Mannose)s]is (). The
concentration ranges for all the glycoconjugates were 4-4096 nM and 4 nM for the
DC-SIGN.

4.2.7 Encapsulation ability of the CD-based glycoconjugates

Molecular encapsulation behaviours of the obtained cyclodextrin-based
glycoconjugates were first characterized by UV-Vis spectroscopy using 1,4-
dihydroxyanthraquione (DHA) as guest molecule, which is considered as a potential
anticancer chemotherapeutic agent.?’® DHA has been chosen as a model compound
for CD encapsulation test since this hydrophobic drug possesses sensitive UV-Vis

absorbance.?!
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Figure 4. 25. UV-Vis spectra of DHA solution in the presence of different
cyclodextrin products. All measurements with pB-CD, p-CD-(Man); and
glycopolymers were performed at a concentration of 1 mg/mL.

Due to the poor solubility in water, only very weak absorbance could be detected for
DHA in water without addition of CD conjugates. After addition of B-CD, B-CD-
(Man) 7, B-CD-[(Man)]16, B-CD-[(Man)4.3]16 and B-CD-[(Man)g 6]16, the absorbance is
still at the same level and no significant increase could be detected, which revealed
that no stable inclusion could be formed between DHA and -CD, p-CD-(Man); and
B-CD-based homo glycopolymers. Upon addition of DHA to the aqueous solution of
B-CD-[(DEGEEA);o-b-(Mannose)s]ss, the absorption at 479 nm (Amax) Significantly
increased (Figure 4.25), indicating the encapsulation and solubilisation of DHA by the
diblock copolymer. The homo B-CD-[(DEGEEA)10]1s exhibited a LCST = 6.2 °C
(Figure 4.20), after attachment to the glycopolymer the LCST phenomenon
disappeared between 0-80 °C. Thus it is assumed that the core of B-CD-
[(DEGEEA)10-b-(Mannose)s]1s acted as a hydrophobic area at ambient temperature in
aqueous solution and could encapsulate hydrophobic molecule based on the host-
guest interaction. Due to the larger hydrophobic core area compared with 3-CD, B-
CD-based glycocluster and homo glycopolymers, the star block copolymer could
encapsulate more guest molecules and thus showed more significant absorbance in

UV-Vis spectroscopy.

114
Qiang Zhang



[Cyclodextrin centered glycoconjugates] | [Chapter 4]
o o (D ,Ho ‘7DMF
DMF
'
R Y N WA [
101 516 1®

6.3 31.5 100

0/ ppm

Figure 4. 26. 'H NMR spectra of saquinavir mesylate (bottom) and of saquinavir
mesylate encapsulated into polymer B-CD-[(DEGEEA)o-b-(Mannose)s]is(top). Both
measurements were performed in D,O with 10 mM DMF as an internal standard.

Table 4. 2. Properties of saquinavir mesylate encapsulation test from CD-based

glycoconjugates.

Sample name [CD glycoconjugate]o (mM)  [saquinavir mesylate], ° (mM)
D,0 / 1.9
B-CD 16 4.0
B-CD-(Man), 1.0 2.3
B-CD-[(Man)]i6 0.3 2.0
B-CD-[(Man),3]s6 0.3 2.1
B-CD-[(Man)s c]1s 0.3 2.0
B-CD-[(DEGEEA);o-b-(Man)s]1s 0.3 3.0

# Concentrations of CD or CD-based conjugates were calculated from [mass]/[molecular
weight]. The molecular weights of glycopolymer were theoretical value based on conversion
from 'H NMR. ® Solubility of saquinavir mesylate was determined by *H NMR using DMF
(10 mM) as internal standard.

This motivated us to investigate if this system could be applied in anti-HIV drug
delivery. Saquinavir is an important class of archetypal HIV protease inhibitor,
however, its poor aqueous solubility results in low and variable bioavailability.**? B-

CD derivatives have been applied to enhance the aqueous solubility of saquinavir base
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and mesylate salt.”** Thus saquinavir mesylate was also used as guest molecules to

test the encapsulation ability of CD-based glycoconjugates by NMR.

For the quantitative evaluation of the encapsulated drug by *H NMR spectroscopy,
several solutions of CD-based glycoconjugates were prepared in D,O, with excess of

the guest saquinavir mesylate and DMF as internal standard (10 mM).

Firstly, a control measurement was performed in order to detect the intrinsic water
solubility of drug (C;) in the absence of glycoconjugates, which revealed a water
solubility of saquinavir mesylate of C; =1.9 mM (Figure 4.26). With the addition of B-
CD and B-CD-(Man);, the solubility of saquinavir mesylate was also increased,
suggesting that inclusion of CD host with saquinavir mesylate could be obtained.
Following the addition of B-CD-based homo glycopolymer, the solubility of
saquinavir mesylate was almost at the same level, indicating that larger hydrophobic
core area was needed in order to increase the solubility even with low concentrations

of polymer.

Following the addition of block copolymer the peaks integral of saquinavir mesylate
clearly increased compared with the DMF standard, indicating that the solubility of
saquinavir mesylate could be increased due to the encapsulation of star block
copolymer, Figure 4.26. The solubility of saquinavir mesylate increased to 3.0 mM as
calculated from the ratio of the integrated DMF signal with the characteristic peaks of
guest molecule, Table 4.2. Followed by a subtraction of the intrinsic concentration in
water, the encapsulated drug concentration was calculated as 1.1 mM. The maximum
loading capacity of the block copolymer was then determined as ~4 by dividing the
mole ratio of drug with the mole ratio of polymer, which means that each star block

copolymer can encapsulate up to 4 saquinavir mesylate molecule on average.

In summary, all of these results show that CD-based glycoconjugates, and especially
the star block copolymer, could be potentially used as universal anti-cancer and anti-

HIV drug carriers.
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4.2.8 Conclusion

Cyclodextrin-based mannose and fucose clusters were synthesized via the CUAAC
reaction of azide-functionalised CD with relative alkyne sugar following precipitation
in methanol without the need of protection chemistry and column chromatography
purification. Different glycocluster-smart star polymer hybrids were then synthesised
via combination of ATRP and CuAAC. For the design of high affinity lectin-
glycoprotein binding inhibitor, star-shaped glycopolymers containing cyclodextrin
core and oligosaccharide chains were synthesized by direct SET-LRP of
glycomonomers from CD-based initiator, which also allowed facile synthesis of

diblock glycopolymer via in-situ monomer addition.

SPR analysis revealed that these glycoconjugates have high affinity in binding with
human DC-SIGN lectin and could be used as inhibitor to prevent the binding of HIV
envelope protein gp120 to DC-SIGN at nanomolar concentration. From different
binding phenomenon of glycoclusters and star glycopolymers with varying DP, it can
be concluded that sugar density, linker length and space between sugars contribute
much in the binding with cluster CRDs of DC-SIGN.

Encapsulation test of these glycoconjugates via UV/Vis and NMR revealed that star
diblock glycopolymer bearing a hydrophobic core area showed high loading capacity
of hydrophobic anti-cancer and anti-HIV drugs, indicating promising application in
HIV-therapeutic and smart drug delivery.

4.3 Experimental

4.3.1 Materials

B-Cyclodextrin (B-CD, 97%, Sigma-Aldrich) was recrystallized twice from water and
dried in a vacuum oven at 100 °C for two days prior to use. Di (ethylene glycol) ethyl
ether acrylate (DEGEEA, >90%) was obtained from Sigma-Aldrich and the inhibitor
was removed by passing the monomer through a column filled with activated basic
aluminium prior to use. Copper (I) Bromide (98%, Sigma-Aldrich) was washed
sequentially with acetic acid and ethanol and dried under vacuum. Copper wire
(diameter=0.25 mm) was activated by washing in hydrochloric acid for 15 min and
rinsed thoroughly with MiliQ water and dried under nitrogen. The copper wire was

used immediately. 1-(2-propargyl) D-mannose'?’, 1-(2'-propargyl) L-fucose'*® and
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the mannose and glucose acrylate glycomonomers

were synthesised as in a
previous report. Sodium methoxide (5.4 M in methanol), a-bromoisobutyryl bromide
(BIBB, 98%, Sigma-Aldrich), triphenyl phosphine (PhsP, 98.5%, Sigma-Aldrich), N-
bromosuccinimide (NBS, 99%, Sigma-Aldrich), 2, 2'-bipyridyl (bpy, 99%, Sigma-
Aldrich), (+)-sodium L-ascorbate (98%, Sigma-Aldrich), saquinavir mesylate (98%,
Sigma-Aldrich) and 1, 4-dihydroxyanthraquinone (DHA, 98%, Sigma-Aldrich) were

used as received.

4.3.2 Instruments and analysis

SEC in this work was conducted on a Varian 390-LC system in DMF (1 g/L LiBr) at
50 °C, equipped with refractive index and viscometry detectors, 2 x PLgel 5 mm
mixed-D columns (300 x 7.5 mm), 1 x PLgel 5 mm guard column (50 x 7.5 mm) and

autosampler.

MALDI-ToF MS was recorded in linear or reflex mode on a Bruker Daltonics
Ultraflex 11 MALDI-ToF mass spectrometer, equipped with a nitrogen laser delivering
2 ns laser pulses at 337 nm with positive ion ToF detection performed using an
accelerating voltage of 25 kV. The matrix solution was prepared by dissolving a-
cyano-4-hydroxycinnamic acid (CHCA) or trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2 propenylidene] malononitrile (DCTB) in THF(10 mg/mL solution). Sodium iodide
was added at a 0.1% overall concentration to improve the ionization. CDs or polymer
analytes were dissolved to a concentration of 1 mg/mL. Samples were prepared by
layering matrix solution and analyte solution on the stainless steel side. Calibration

was performed with different linear poly (ethylene glycol) methyl ether standards.

UV-vis spectroscopy measurement was performed on a PerkinElmer Lambda 35 UV-
VIS spectrometer. The transmittance of the solution at a concentration of 1 mg/mL
was measured at A=500 nm through 10 mm path length cuvettes with a micro-stir bar

and total volumes =2 mL.

SPR Sensorgrams were recorded in a Biorad ProteOn XPR36 SPR biosensor (Biorad,
Hercules CA). Soluble DC-SIGN and gp120 were immobilized to 6000 response units
(RU) on discrete channels within Biorad GMC sensor chips via amine coupling.
Soluble-phase analytes were prepared in 25 mM HEPES pH 7.4, 150 mM NacCl, 5
mM CaCl,, 0.01% Tween-20 and flowed over the immobilized materials at a rate of

25 puL/min at 25°C. Regeneration of the sensor chip surfaces was performed using 10
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mM glycine pH 2.5. Datasets were exported to BIAcore BlAevaluation software for
kinetic calculations. Kinetic parameters were obtained by fitting curves to a 1:1
Langmuir model with correction for baseline drift where necessary. Competition

assays were evaluated using Origin software.

4.3.3 Synthesis of Heptkis (6-deoxy-6-bromine)-p-cyclodextrin (§-CD-(Br) ;)

OH Br

o) Br DMF o
o N_o
oi» + PPhy ) ONC Of
7 80°C 7

HO OH HO ~ OH
Scheme 4. 9. Schematic representation of the synthetic approach to -CD-(Br);.

B-CD-(Br) 7 was prepared via a modification of procedures reported by Defaye et
a|.198

PhsP (7.35 g, 28 mmol) was dissolved in anhydrous DMF (30 mL) under stirring and
cooled to 0 °C. NBS (4.99 g, 28 mmol) dissolved in anhydrous DMF (10 mL) was
added dropwise to the PhsP solution under N, atmosphere and then stirred at ambient
temperature for 30 min. To a solution of anhydrous B-CD (2.27 g, 2 mmol) in
anhydrous DMF (30 mL), the obtained Ph3sP/NBS solution was added dropwise at
ambient temperature. The solution temperature was increased to 80 °C after the
addition was completed. The mixed brown solution was stirred under N, atmosphere
for 5 h at 80 °C. After completion (TLC, 7:7:5:4 EtOAc-2-propanol-25% aq NH,CI-
water), methanol (5 mL) was added at ambient temperature and stirring was continued
for 30 min. The reaction mixture was then cooed to -15 °C and the pH was adjusted to
9 with sodium methoxide, while stirring for further 1 h. The reaction mixture was then
poured into stirred ice-water (1 L) resulting the formation of a precipitate which was
filtered and washed with MeOH. B-CD-(Br) 7 (3.02 g, 95.8%; M, sec = 1.4 KDa,

Mw/M, = 1.05) was obtained as white solids and dried under vacuum for 1 day.

'H NMR (DMSO-ds, 298 K, 400 MHz): & (ppm) =6.03 (d, J=6.7 Hz, 7 H, OH-2), 5.90
(d, J=1.5 Hz, 7 H, OH-2), 4.98(d, J=3.4 Hz, 7 H, H-1), 4.01(d, J=9.8 Hz, 7 H, H-6a),
3.82(t, J=9.0 Hz, 7 H, H-5), 3.54-3.74 (m, 14 H, H-3, H-6b), 3.24-3.46 (m, 14 H, H-2,
H-4, overlap with H,0).

3C NMR (DMSO-dg, 298 K, 400MHz): & (ppm) =102.1 (C-1), 84.6 (C-4), 72.3 (C-3),
72.1(C-2), 71.0(C-5), 34.4 (C-6).
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FT-IR v (cm™): 3334(OH); 2916 (CH) cm™.

MALDI-ToF MS m/z: calcd for C4HgsBr,0.5 (M+Na®), 1596.8; found, 1596.9.

4.3.4 Synthesis of Heptkis-(6-deoxy-6-azido)-g-cyclodextrin (f-CD-(N3);)

Br N3

0 DMF o)
of + NaN; ———— Of7
7 70°C

HO  OH HO  OH

Scheme 4. 10. Schematic representation of the synthetic approach to f-CD-(N3)7.

B-CD-(Br) 7 (4.73 g, 3 mmol) was dissolved in anhydrous DMF (40 ml) and NaNj3
(2.73 g, 42 mmol) was added. The resulting suspension was stirred at 70 °C under N,

atmosphere for 24h. The suspension was then concentrated under reduced pressure

before precipitation into large excess of water. The precipitate was filtered and
washed with water. The obtained white powder (3.51g, 90%; Mpsec = 1.7 KDa,

Mw/M, = 1.06) was dried under vacuum at ambient temperature for 24 h.

'H NMR (DMSO-dg, 298 K, 400 MHz): & (ppm) =5.89 (d, J=6.8 Hz, 7 H, OH-2), 5.75
(d, =1.7 Hz, 7 H, OH-3), 4.91(d, J=3.3 Hz, 7 H, H-1), 3.67-3.86 (M, 14 H, H-6a, H-
5), 3.50-3.66 (M, 14 H, H-3, H-6b), 3.26-3.44 (m, 14 H, H-2, H-4, overlap with H,0).

3C NMR (DMSO-dg, 298 K, 400MHz): & (ppm) =102.1 (C-1), 83.2 (C-4), 72.6 (C-3),

72.0(C-2), 70.3(C-5), 51.3 (C-6).
FT-IR v(cm™): 3334(0OH); 2922 (CH); 2098 (N3) cm™.

MALDI-ToF MS m/z: calcd for C4HgsN2102g (M+Na*), 1332.4; found, 1332.7.

Qiang Zhang
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4.3.5 Synthesis of Hepkis-(2, 3, 6-tri-O-(2-bromo-2-methylpropionyl)-g-
cyclodextrin ($-CD-(Br)1)

Br
OH O‘QL

0

o) ? NMP o)
0% + Br —_ oﬁ
7 Br o o'7
HO  OH 72;0 oéﬁ
Br Br

Scheme 4. 11. Schematic representation of the synthetic approach to B-CD-(Br)ys.

The cyclodextrin-centred initiator was synthesized via the esterification reaction of -
CD with BIBB in 1-methyl-2-pyrrolidone (NMP) according to a previous report.*®
Anhydrous B-CD (3.41 g, 3 mmol) was dissolved in 30 mL anhydrous NMP and was
cooled to 0 °C. BIBB (29.0 mL, 235 mmol) dissolved in anhydrous NMP (15 mL) at
0 °C was then added dropwise to the B-CD solution with magnetic stirring. The
reaction temperature was maintained at 0 °C for 2h and then was allowed to rise
slowly to ambient temperature after which the reaction was allowed to continue for
another 56 h. The brown solution was then concentrated under vacuum for 16 h. The
obtained syrup was diluted with 100 mL dichloromethane and subsequently washed
sequentially with saturated NaHCOj3 aqueous solution (2x100 mL) and water (2x100
mL). The dichloromethane was removed by rotary evaporator and the syrup obtained
was diluted with 10 mL acetone and then poured into 1 L water to obtain a precipitate.
The product was purified by repeating the precipitation procedure for three times.
Fine white powder was obtained after drying under vacuum (8.75 g, yield: 68.5%).

'H NMR (CDCls, 298 K, 400 MHz): 5 (ppm) = 5.15-5.35 (m, 7 H, H-1), 4.72-4.95
(m, 7 H, H-5), 4.45-4.68 (m, 7 H, H-6,), 4.25-4.40 (m, 7 H, H-6y), 3.90-4.24 (m, 14 H,
H-2, 3), 3.65-3.85 (m, 7 H, H-4), 5.15-5.35 (broad s, 102 H, CHa).

3C NMR (CDCls, 298 K, 400MHz): & (ppm) = 171.2, 171.0 (C=0), 98.45 (C-1), 80.4
(C-4), 74.3 (C-5), 70.5 (C-3), 69.7 (C-2), 63.8 (C-6), 56.1 (C-Br), 30.7-31.2 (CHs).

FT-IR v(cm™): 2976, 2931 (CH); 1738(C=0) cm™.

MALDI-ToF MS m/z: calcd for CigsH150Bri0s1 (M+Na*), 3539.60; found, 3539.12;
calcd for CjiooH145Bris0s9, 3391.64; found, 3391.04; calcd for CggH140Bri40ag,
3243.69; found, 3243.04.
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4.3.6 Synthesis of Heptkis-(2, 3-di-O-(2-bromo-2-methylpropionyl)-6-azido)-p-
cyclodextrin ((N3);-p-CD-(Br)10)

Br Br

Scheme 4. 12. Schematic representation of the synthetic approach to (N3);-B-CD-
(BN1o.

In one 250 ml three-neck round-bottom flask, heptkis (6-deoxy-6-azido)-p3-
cyclodextrin (2.62 g, 2 mmol) was dissolved in anhydrous NMP (30 ml) under stirring
and cooled to 0 °C. 2-Bromo-isobutyryl bromide (13.9 ml, 112 mmol) was dissolved
in anhydrous NMP (10 ml) and added dropwise over 2 h via a dropping funnel. The
reaction temperature was maintained at O °C for 2h and then was then allowed to rise
slowly to ambient temperature after which the reaction was allowed to continue for
further 2 days. The brown solution was then concentrated under vacuum for 1 day.
The obtained syrup was dissolved with 100 ml dichloromethane and washed
sequentially with 1 N HCI (2x50 ml), saturated NaHCOj3 aqueous solution (2x100
ml), saturated NaCl aqueous solution (2x100 ml) and water (2x100 ml). The
dichloromethane was removed by rotary evaporator and the pale yellow solid was
further purified by silica gel column chromatography using dichloromethane (0.2%
ethanol) as eluent, yielding a white powder (3.70 g, 53.4%).

'H NMR (CDCls, 298K, 400MHz): & (ppm) =3.2-5.8 (70H, sugar residues), 1.92 (s,
84H, CHs).

3C NMR (CDCls, 298K, 400MHz): & (ppm) =171.2 (C=0), 98.4 (C-1), 73.6, 69.5-
71.0 (C-2, C-3, C-4, C-5), 55.7 (C-6), 51.2 (C-Br), 30.5 (CH3).

FT-IR v (cm™): 2977, 2930 (ve.ry); 2101 (vns): 1739(ve=o).

MALDI-TOF MS m/z: calcd for CgoH123BrisN»104 (M+Na®), 3119.83; found,
3120.42; calcd for CggH118Bri11N21030, 2969.88; found, 2970.76; calcd for CgoH113Brio
N2103s, 2821.93; found, 2921.73; calcd for CsgHipsBrg N»;1Os7, 2673.98; found,
2673.16.
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4.3.7 Synthesis of persubstituted cyclodextrin-based mannose glycocluster via
CuAAC (B-CD-(Man) 7).
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Scheme 4. 13. Schematic representation of the synthetic approach to f-CD-(Man) ».

A solution of 1-(2’-propargyl) D-mannose (349 mg, 1.6 mmol, o/f=5/1), B-CD-(N3)7
(262 mg, 0.2 mmol), bpy (50 mg, 0.32 mmol) in DMSO (5 ml) was deoxygenated by
three freeze-pump-thaw cycles. The solution was then transferred via cannula under
nitrogen into a Schlenk tube, previously evacuated and filled with nitrogen,
containing CuBr (23mg, 0.16 mmol). The resulting solution was stirred at 50 °C for
24 h. When the reaction was completed, the reaction mixture was purged with air for
1 h. Most of the DMSO could be removed either under high vacuum or by
compressed air blowing overnight. Anhydrous methanol was then added into this
concentrated deep blue solution to get a precipitate. The upper layer blue solution was
removed and the precipitate was carefully collected and washed with anhydrous
methanol to get a white powder. To increase the isolated conversion, the solution was
collected and concentrated via rotary evaporator and precipitated into methanol again.
The above procedure was repeated at least five times in order to remove DMSO,
excess alkyne mannose and Cu/bpy residues. The collected precipitate was soluble in
water and passed through a short neutral alumina column to remove the residue
copper and the final product could be recovered as white powder after freeze drying
(432 mg, yield: 76%).

'H NMR (DMSO-ds, 298 K, 400 MHz): & (ppm) = 7.95, 7.92 (s, overlaped, 7 H,
NCH=C), 5.80-6.10 (m, 14 H, OH-2, OH-3 of CD), 5.10 (s, 7 H, H-1), 3.00-5.00 (m,
CD & mannose residues, overlap with H,0).
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BBC NMR (DMSO-ds, 298 K, 400 MHz): & (ppm) = 143.3 (N-CH=C), 125.8 (N-
CH=C), 101.7 (C-1 of CD), 99.4 (B anomeric, O-CH-O of mannose), 99.0(a
anomeric, O-CH-O of mannose), 82.6 (C-4 of CD), 77.4, 74.0, 72.5, 71.9, 71.0, 70.2,
67.0 (carbons of mannose and CD residues), 61.5, 61.2 (C-CH,-0), 58.9 (CH,-OH),
49.4(CH»-N).

FT-IR v (cm™): 3326(0OH); 2910 (CH) cm™.

MALDI-ToF MS m/z: calcd for C195H161N21070 (M+Na+), 2859.96; found, 2860.15.

4.3.8 Synthesis of persubstituted cyclodextrin-based fucose glycocluster via
CuAAC (B-CD-(Fuc),).
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Scheme 4. 14. Schematic representation of the synthetic approach to 3-CD-(Fuc);.

The general procedure is shown as follows. A solution of 1-(2’-propargyl) L-fucose
(323 mg, 1.6 mmol, o/f=6/1), B-CD-(N3) 7 (262 mg, 0.2 mmol), bpy (50 mg, 0.32
mmol) in DMSO (5 ml) was deoxygenated by three freeze-pump-thaw cycles. The
solution was then transferred via cannula under nitrogen into a Schlenk tube,
previously evacuated and filled with nitrogen, containing CuBr (23mg, 0.16 mmol).
The resulting solution was stirred at 50 °C for 24 h. When the reaction was completed,
the reaction mixture was purged with air for 1 h. Most of the DMSO was removed by
compressed air blowing overnight. Anhydrous methanol was then added into the
concentrated deep blue solution to get a precipitate. The upper layer blue solution was
removed and the precipitate was carefully collected and washed with anhydrous
methanol to get a white powder. To increase the isolated conversion, the solution was
collected and concentrated via rotary evaporator and precipitated into methanol again.

The above procedure was repeated at least five times in order to remove DMSO,
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excess alkyne fucose and Cu/bpy residues. The collected precipitate was soluble in
water and passed through a short neutral alumina column to remove the residue
copper and the final product could be recovered as white powder after freeze drying
(355 mg, yield: 65%).

'H NMR (DMSO-dg, 298 K, 400 MHz): & (ppm) = 7.95 (s, overlaped, 7 H, NCH=C),
5.91 (br s, 7 H, OH-2 of CD), 5.91 (s, 7 H, OH-3 of CD), 5.10 (s, 7 H, H-1 of CD),
3.10-4.90 (m, CD & fucose residues, overlap with H,0), 1.13 (d, J = 6.1 Hz, CH3, B
anomeric), 1.06 (d, J = 6.3 Hz, CH3, a anomeric).

BC NMR (DMSO-ds, 298 K, 400 MHz): & (ppm) = 143.8 (N-CH=C), 125.6 (N-
CH=C), 102.2 (B anomeric, O-CH-O of fucose),101.7 (C-1 of CD), 98.6 (a anomeric,
O-CH-O of fucose), 82.6 (C-4 of CD), 73.6, 72.4, 71.9, 71.6, 71.1, 70.2, 70.1, 69.6,
68.1, 66.1(carbons of fucose and CD residues), 60.0 (C-CH»-0O), 49.5 (CH2-N), 16.6(p

anomeric, CHgs), 16.5(a anomeric, CH3).
FT-IR v (cm™): 3326(OH); 2908 (CH) cm™.

MALDI-ToF MS m/z: calcd for C15H161N21063 (M+Na™), 2748.00; found, 2748.05.

4.3.9 Synthesis of cyclodextrin-based mannose cluster-star PNIPAM hybrid via
combination of ATRP and CuAAC.

Ambient temperature polymerization of NIPAM was carried out according to the
literature.?®?% NIPAM (3.39 g, 30 mmol), tris[2-(dimethylamino)ethyl]Jamine
(MegTREN) (0.19 mL, 0.7 mmol), (N3)7-CD-(Br)10 (0.193 g, ~0.7 mmol Br moieties)
were charged into a dry Schlenk tube along with 2-propanol (6.0 ml) and DMF (4.0
mL) as solvent. The tube was sealed with a rubber septum and subjected to five
freeze-pump-thaw cycles. This solution was subsequently cannulated under nitrogen
into a second Schlenk tube, previously evacuated and filled with nitrogen, containing
Cu()ClI (0.069 g, 0.7 mmol) and a magnetic follower. The temperature was adjusted
at 25 °C with constant stirring (t = 0). Samples were removed using a degassed
syringe for molecular weight and conversion analysis. The reaction was allowed to
stir at 25°C under N protection for 4 h, reaching a monomer conversion of ~64.4%.
After diluting with 20 mL of THF, air was bubbled through for 1 h. The reaction
mixture was passed through a short neutral alumina column and subsequently washed

with THF. The volatiles were removed under reduced pressure and the residues
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dissolved in THF (ca. 5 mL) prior to precipitation into diethyl ether (ca. 500 mL). The
white solid was isolated by filtration, washed with additional diethyl ether and the
volatiles removed under reduced pressure. The apparent molecular weight and
molecular weight distribution of (N3);-5-CD-(PNIPAM);o were determined by SEC
using PMMA standards: My sec = 21.6KDa, M/M, = 1.25.

N3 N~N
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Scheme 4. 15. Schematic representation for the CUAAC reaction of cyclodextrin-

based PNIPAM with 1-(2'-propargyl) D-mannose.

Into a dry Schlenk tube containing a magnetic follower, 1-(2'-propargyl) D-mannose
(0.018 g, 0.08 mmol), (N3)7-5-CD-(PNIPAM) (0.21 g, 0.04 mmol azido moieties),
2, 2’-bipyridyl (bpy) (0.050 g, 0.32 mmol) and DMF (5 ml) were added. The tube was
sealed with a rubber septum and subjected to five freeze-pump-thaw cycles. This
solution was then cannulated under nitrogen into a second Schlenk tube, previously
evacuated and filled with nitrogen, containing Cu(l)Br (0.023 g, 0.16 mmol) and a
magnetic follower and placed in an oil bath thermostated at 70°C. The reaction was
allowed to stir at 70°C under N, protection for 48 h, and then cooled to ambient
temperature. DMF was removed under reduced pressure and 20ml deionised water
was added in and the solution was bubbled with air for 2 h. Then it was directly
transferred into a dialysis tubing (NMWCO 1,000 Da) and dialyzed against water for
24 hours with the water being changed 4 times. The dialysed solution was then freeze-
dried to give the glycopolymer as a white solid (0.16 g, yield: 76.2%). The apparent
molecular weight and molecular weight distribution of (N3);-5-CD-(PNIPAM);o were
determined by SEC using PMMA standards: M, sec = 21.8KDa, M/M,, = 1.25.
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4.3.10 Synthesis of cyclodextrin-based mannose cluster-star PDEGMEMA
hybrid via combination of ATRP and CuAAC.
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Scheme 4. 16. Schematic representation for the synthesis of cyclodextrin-based
PDEGMEMA via ATRP.

DEGMEMA (3.2 ml, 17.2mmol), N-ethyl-2-pyridylmethanimine (0.108g, 0.8 mmol),
(N3)7-8-CD-(Br)10 (0.193 g, ~0.4 mmol Br moieties) were charged into a dry Schlenk
tube along with toluene (10.0 ml) as solvent. The tube was sealed with a rubber
septum and subjected to five freeze-pump-thaw cycles. This solution was then
cannulated under nitrogen into a second Schlenk tube, previously evacuated and filled
with nitrogen, containing Cu(l)Br (0.057 g, 0.4 mmol) and a magnetic follower. The
temperature was adjusted at 60 ° C with constant stirring (t = 0). Samples were
removed using a degassed syringe for molecular weight and conversion analysis. The
reaction was allowed to stir at 60 °C under N, protection for 160 min, reaching a
monomer conversion of 42%. After diluting with 20 mL of THF, air was bubbled
through for 1 h. The reaction mixture was passed through a short neutral alumina
column and subsequently washed with THF. The volatiles were removed under
reduced pressure and the residues dissolved in THF (ca. 5 mL) prior to precipitation
into cold hexane (ca. 500 mL). The polymer precipitate was isolated by filtration,
washed with additional cold hexane and volatiles removed under reduced pressure.
DMF SEC analysis based on PMMA standards revealed a single peak with an
apparent M,= 24.7KDa and M,/M, = 1.21 (Figure. 4.18).
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Scheme 4. 17. Schematic representation for the CUAAC reaction of cyclodextrin-
based PDEGEEA with 1-(2'-propargyl) D-mannose.

Into a dry Schlenk tube containing a magnetic follower, a-propargyl mannose (0.060
g, 0.27mmol), (N3)7-f-CD-(PDEGMEMA)10-(Br)1o (0.500 g, 0.09 mmol azido
moieties), 2, 2’-bipyridyl (bpy) (0.172g, 1.09 mmol) and DMF 10mL were added.
The tube was sealed with a rubber septum and subjected to five freeze-pump-thaw
cycles. This solution was then cannulated under nitrogen into a second Schlenk tube,
previously evacuated and filled with nitrogen, containing Cu(l)Br (0.078 g, 0.54
mmol) and a magnetic follower and placed in an oil bath thermostated at 70 °C. The
reaction was allowed to stir at 70 °C under N, protection for 24 h, and then cooled to
ambient temperature. 20mL deionised water was added in and the solution was
bubbled with air for 2h. Then it was directly transferred into a dialysis tubing
(NMWCO 1,000 Da) and dialyzed against water for one day with the water being
changed 4 times. The dialysed solution was then freeze-dried to give the solid

glycopolymer.

Scheme 4. 18. Schematic representation for the end group transformation of (N3)7-S-
CD-(PDEGMEMA)10-(Br)10 into (N3)7-4-CD-(PDEGMEMA)10-(N3)10.

In order to avoid the coupling reaction during click reaction, the bromide end group

was first transformed into an azide group via reaction with NaNs.
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In a 50 ml round-bottom bottle, (N3);-CD-(PDEGMEMA); (0.300 g, 0.065 mmol Br
moieties, My, sec = 22.1KDa, My/M,=1.21) and NaNj3 (0.022 g, 0.33 mmol) was
dissolved in DMF (10 mL) and stirred at 25°C for 24 h. After reaction, water (20 mL)
was added into the solution and then directly transferred into a dialysis tubing
(NMWCO 1,000 Da) and dialyzed against water for 1 day with the water being
changed 4 times. The dialysed solution was then freeze-dried to give the azide-

terminated polymer (0.200 g, yield: 66.7%).
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Scheme 4. 19. Schematic representation for the CUAAC reaction of cyclodextrin-
based (N3)7-5-CD-(PDEGMEMA)10-( N3)10 With 1-(2'-propargyl) D-mannose.

Into a dry Schlenk tube containing a magnetic follower, a-propargyl mannose (0.018
g, 0.08mmol), (N3)7--CD-(PDEGMEMA)10-(N3)10 (0.105 g, ~0.04 mmol azido
moieties), 2, 2’-bipyridyl (bpy) (0.025g, 0.16 mmol) and DMF (10ml) were added.
The tube was sealed with a rubber septum and subjected to five freeze-pump-thaw
cycles. This solution was then cannulated under nitrogen into a second Schlenk tube,
previously evacuated and filled with nitrogen, containing Cu(l)Br (0.012 g, 0.08
mmol) and a magnetic follower and placed in an oil bath thermostated at 70 °C.The
reaction was allowed to stir at 70 °C under N, protection for 24 h, and then cooled to
ambient temperature. 20mL deionised water was added and the solution was bubbled
with air for 2h. Then it was directly transferred into a dialysis tubing (MWCO 1,000
Da) and dialyzed against water for 1 day with the water being changed 4 times. The
dialysed solution was then freeze-dried to give the solid glycopolymer. The apparent
molecular weight and molecular weight distribution of (Mannose);-f-CD-
(PNIPAM)1o-(Mannose),o were determined by GPC using PMMA standards: M, sec =
23.7 KDa, M,,/M;=1.19.
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4.3.11 Cyclodextrin-based star glycopolymers via SET-LRP and chain extension
ability test

All polymerizations were carried out using standard Schlenk techniques under an inert
atmosphere of oxygen-free nitrogen, unless otherwise stated. All obtained
glycopolymer products were stored in the cold room (4 °C) or fridge (-18 °C) if stored

for more than three months.

To a Schlenk tube fitted with a magnetic stir bar and a rubber stopper, B-CD-(Br) 16
(48 mg, 0.22 mmol Br, 1 eq), glucose glycomonomer (124 mg, 0.33 mmol, 1.5 eq),
CuBr; (4 mg, 0.018 mmol, 0.08 eq) and DMSO (2 mL) were charged and the mixture
was bubbled with nitrogen for 15 min. Pre-degassed MesTREN (9.2 uL, 0.04mmol,
0.18 eq) and pre-activated copper wire (1.5 cm, 7 mg, 0.11 mmol) were then carefully
added into the bottle sequentially under nitrogen. Subsequently, the Schlenk tube was
sealed and the light green solution was allowed to polymerize at 25 °C for 24 h.
Sample of the reaction mixture was then carefully removed for analysis. The sample
for 'H NMR was directly diluted with DMSO-ds. Catalyst residues were removed by
filtering through a column of neutral alumina prior to SEC analysis.

A further solution of mannose glycomonomer (124 mg, 0.33 mmol) in 1 mL DMSO
which has been pre-degassed via nitrogen sparging for 20 min, was then transferred
via cannula under nitrogen into the Schlenk reaction tube. The solution was allowed
to polymerize at 25 °C for another 48 h with stirring. After the reaction a sample was
removed for analysis. The reaction mixture was directly diluted with water and
bubbled with air for 1 h and then passed through a short neutral alumina column. The
collected aqueous solution was dialysed against water for two days after which the
glycopolymer (111 mg) could be recovered by freeze drying.
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4.3.12 Synthesis of cyclodextrin-centred star mannose glycopolymers (B-CD-
[(Mannose),] 16, B-CD-[(Mannose)s].e, B-CD-[(Mannose)io]1s)
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Scheme 4. 20. Synthesis of B-CD based glycopolymers via SET-LRP.

For the synthesis of B-CD-[(Mannose).]:s, the general procedure is shown as follows.
To a Schlenk tube fitted with a magnetic stir bar and a rubber stopper, B-CD-(Br):s
(37 mg, 0.17 mmol Br, 1 eq), mannose glycomonomer (124 mg, 0.33 mmol, 2 eq),
CuBr; (3 mg, 0.013 mmol, 0.08 eq) and DMSO (3 mL) were charged and the mixture
was bubbled with nitrogen for 15 min. Pre-degassed MesTREN (6.9 uL, 0.03mmol,
0.18 eq) and pre-activated copper wire (1 cm, 5 mg, 0.08 mmol) were then carefully
added into the bottle sequentially under nitrogen protection. Subsequently, the
Schlenk tube was sealed and the light green solution was allowed to polymerize at 25
°C for 24 h. After reaction, sample of the reaction mixture was removed for *H NMR
and SEC analysis. 'H NMR spectrum revealed a conversion of 100% from the
disappearance of vinyl groups at 5.8-6.4 ppm. The reaction mixture was then diluted
with water and bubbled with air for 1 h and then passed through a short neutral
alumina column. The collected aqueous solution was then dialysed against water for

two days after which the glycopolymer (110 mg) could be recovered by freeze drying.

For the synthesis of B-CD-[(Mannose)s]is, the procedure is similar as previously
described. To a Schlenk tube fitted with a magnetic stir bar and a rubber stopper, B-
CD-(Br) 16 (15 mg, 68 umol Br, 1 eq), mannose glycomonomer (124 mg, 0.33 mmol,
5 eq), CuBr; (1.2 mg, 5.4 umol, 0.08 eq) and DMSO (3 mL) were charged and the
mixture was bubbled with nitrogen for 15 min. Pre-degassed MegTREN (2.8 uL, 12
umol, 0.18 eq) and pre-activated copper wire (1 cm, 5 mg, 0.08 mmol) were then
carefully added into the bottle sequentially under nitrogen protection. Subsequently,
the Schlenk tube was sealed and the light green solution was allowed to polymerize at
25 °C for 46 h. After reaction, sample of the reaction mixture was removed for *H

NMR and SEC analysis. *H NMR spectrum revealed a conversion of 86%. The
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reaction mixture was then diluted with water and bubbled with air for 1 h and then
passed through a short neutral alumina column. The collected aqueous solution was
then dialysed against water for two days after which the glycopolymer (85 mg) could

be recovered by freeze drying.

For the synthesis of B-CD-[(Mannose)io]is, the procedure is similar as previously
described. To a Schlenk tube fitted with a magnetic stir bar and a rubber stopper, B-
CD-(Br) 16 (15 mg, 68 umol Br, 1 eq), mannose glycomonomer (248 mg, 0.67 mmol,
10 eq), CuBr; (1.2 mg, 5.4 pumol, 0.08 eq) and DMSO (3 mL) were charged and the
mixture was bubbled with nitrogen for 15 min. Pre-degassed MesTREN (2.8 uL, 12
umol, 0.18 eq) and pre-activated copper wire (1 cm, 5 mg, 0.08 mmol) were then
carefully added into the bottle sequentially under nitrogen protection. Subsequently,
the Schlenk tube was sealed and the light green solution was allowed to polymerize at
25 °C for 46 h. During the reaction, samples of the reaction mixture were carefully
removed for *H NMR and SEC analysis. After reaction, ‘H NMR spectrum revealed a
conversion of 96%. The reaction mixture was then diluted with water and bubbled
with air for 1 h and then passed through a short neutral alumina column. The collected
aqueous solution was then dialysed against water for two days after which the

glycopolymer (113 mg) could be recovered by freeze drying.
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4.3.13 Synthesis of cyclodextrin-based star diblock mannose glycopolymer (p-
CD'[(DEGEEA)lO‘b'(MannOSG)5]15)

Q
o
s
o)

/\O/\/O\/\o
z:z
A/

MeeTREN Conversion: 95%

o
= Br 10
o —3*:0 Cu(0)/ Cu(ll % ;O)KKOIEO ] 16 ;o? o

/O)
[}
@

>
~_O

+

zZ _~_O S

Conversion: 98%

C%

N-N

{ Reaction time: 20h
o

HO
HO HO
Q, HO

Scheme 4. 21. Synthesis of B-CD based diblock glycopolymer via SET-LRP of

DEGEEA and one-pot chain extension reaction.
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To a Schlenk tube fitted with a magnetic stir bar and a rubber stopper, B-CD-(Br) 16
(66 mg, 0.3 mmol Br, 1 eq), DEGEEA (565 mg, 3 mmol, 10 eq), CuBr; (8 mg, 0.036
mmol, 0.12 eq) and DMSO (7 mL) were charged and the mixture was bubbled with
nitrogen for 15 min. Pre-degassed MegTREN (12.5 pL, 0.054mmol, 0.18 eq) and pre-
activated copper wire (5 cm, 25 mg, 0.4 mmol) were then carefully added into the
bottle sequentially under nitrogen protection. Subsequently, the Schlenk tube was
sealed and the light green solution was allowed to polymerize at 25 °C for 4 h. After
that, 2/3 volume of the reaction mixture (5.7 mL) was carefully removed from the
bottle under nitrogen protection and sample was taken for *H NMR and SEC analysis.
The sample for *H NMR was directly diluted with CDCls. Conversion at this stage
was calculated by comparing the integral of vinyl groups at 5.4-6.2 ppm with integral
of oligo ethylene glyco groups at 3.2-4.6 ppm, CD initiator residues at this region
cannot be detected due to the high total DP and thus were overlooked. Catalyst
residues were removed by filtering through a column of neutral alumina prior to SEC
analysis. The rest mixture was diluted with acetone and bubbled with air for 1 h and
then passed through a short neutral alumina column. The collected solution was
dialysed against acetone for two days after which the DEGEEA polymer (160 mg)

could be recovered for characterization after drying under vacuum.

A further solution of mannose glycomonomer (186 mg, 0.5 mmol) in 2 mL DMSO
which has been pre-degassed via nitrogen sparging for 20 min, was then transferred
via cannula under nitrogen into the Schlenk reaction tube. The solution was allowed
to polymerize at 25 °C for another 20 h with stirring. After reaction, sample was also
removed for 'H NMR and SEC analysis. The sample for *H NMR was directly diluted
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with DMSO-ds. Conversion at this stage was calculated by comparing the integral of
vinyl groups at 5.9-6.4 ppm with integral of triazole protons at 8.0-8.2 ppm. The
reaction mixture was directly diluted with water and bubbled with air for 1 h and then
passed through a short neutral alumina column. The collected aqueous solution was
dialysed against methanol/water (1:1) and then water for three days after which the

glycopolymer (260 mg) could be recovered after drying.

4.3.14 Drug encapsulation ability of the cyclodextrin-based glycoconjugates

The general procedure for the encapsulation test of DHA is shown as follow. To a vial
with a magnetic stir, 5 mL CD glycoconjugate solution (1 mg/mL) and excess DHA
(10 mg) was added. After ultrasonication for 30 min, the mixture was vigorously
stirred for 12 h under ambient temperature and then was passed through a 0.45um
filter to remove any insoluble drug. The obtained clear solution was directly used for
UV-Vis test.

The typical procedure for the encapsulation test of saquinavir mesylate is shown as
follows. To a vial with a magnetic stir and 0.6 mL D,0 (with 10 mM DMF as internal
standard), 6 mg B-CD-[(DEGEEA)1,-(Mannose)s] 16 and excess saquinavir mesylate
(6 mg) were added. After ultrasonication for 30 min, the mixture was vigorously
stirred for 12 h under ambient temperature and then was carefully passed through a
0.45um filter to remove any insoluble drug. The obtained clear solution was directly

transferred into a NMR tube for *H NMR test (400 M, proton weak).
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Chapter 5 Aqueous Copper Mediated Living
Polymerization: Exploiting Rapid
Disproportionation of CuBr with Me,TREN

2 Cu'Br _ - —
}o _ :’\}zo }o §© *,\}to >0
0 N HN
MeeTREN Hzo ) 2 { HO?%OH
OH O HO g
. Cu'Br; 8 OH
+

A new approach to perform single-electron transfer living radical polymerization (SET-LRP)
in water is described. The key step in this process is to allow full disproportionation of
CuBr/MesTREN (MesTREN = tris(dimethylamino)ethyl amine) to Cu(0) powder and CuBr, in
water prior to addition of both monomer and initiator. This provides an extremely powerful
tool for the synthesis of functional water-soluble polymers with controlled chain length and
narrow molecular weight distributions (PDI approx. 1.10), including poly- NIPAM, DMA,
PEG acrylate, HEA and glyco monomers. The polymerizations are performed at or below
ambient temperature with quantitative conversions attained in minutes. Polymers have high
chain end fidelity capable of undergoing chain extensions to full conversion or multi-block
copolymerization via iterative monomer addition after full conversion. Activator generated by
electron transfer atom transfer radical polymerization (AGET ATRP) of NIPAM in water was
also conducted as a comparison with the SET-LRP system. This shows that the addition
sequence of L-ascorbic acid is crucial in determining the onset of disproportionation, or
otherwise. This robust technique was applied to polymerizations under biologically relevant
conditions (PBS buffer), a complex ethanol/water mixture (Tequila) and a truly biological
condition: sheep blood serum. Finally, double hydrophilic diblock glycopolymers composed
of mannose glycopolymer block and LCST PNIPAM or PDEGEEA block are successfully
synthesized by this aqueous SET-LRP technique.
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5.1 Introduction

Controlled and living radical polymerisation methods have evolved to become almost
routine. However, in the majority of cases they still prove problematic in water. Given
the expanding interest in hydrophilic and biocompatible polymers in an ever widening
array of applications, this deficiency in the synthetic toolbox needs to be addressed.

Copper mediated living polymerisation remains one of the most widely applied and
useful methods of controlling vinyl polymerization. Thus, a greater understanding and
development of very well controlled Cu-mediated polymerization in water and other
aqueous media is required. All existing protocols are encumbered by important, and
often overlooked, competing reactions that can reduce the polymerisation control,
broadening PDi values which can generally fall between 1.2->1.4. However, living
anionic polymerisation, a standard bearer in living polymerization, allows facile
access to polymers with PDi values < 1.10. As many applications are increasingly in
biological and therapeutic fields, there is a pressing requirement for better control

over both PDi and end group fidelity.

As polymerisation initiators and propagating chains are usually secondary or tertiary
alkyl halides in Cu-mediated radical polymerization (typically bromide or chloride,
X), hydrolysis or elimination of HX can occur at an appreciable rate leading to chain
termination. Although conceptually a simple reaction, hydrolysis usually requires a
base and, as a result, this reaction is seldom used for synthetic organic purposes.
However, it has been reported that tertiary alkyl a-halocarbonyls can be efficiently

converted to alcohols with silver oxide in aqueous acetonitrile.*

The use of copper complexes - as polymerisation catalysts - extends the likelihood of
competing side reactions via possible removal of a halide anion or homolytic bond
cleavage. With respect to controlled polymerization reactions in aqueous media, any
such aqua-mediated side reactions which occur at an appreciable rate relative to
initiation and/or propagation, will lead to loss of active species, low initiation
efficiency and/or premature termination. The overall consequence of this is a loss of
both molecular weight control and the inability to chain extend to block copolymers
and introduce desirable chain end functionality. Despite Cu(l) retaining a full
complement of d-electrons (d'%) it is very unstable with respect to oxidation and

readily undergoes rapid disproportionation to Cu(0) and Cu(ll) in aqueous and polar
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media. The equilibrium constants for the disproportionation vary considerably
depending on the ligands, temperature, counter anions and solvent composition.
Unless there is a stabilising effect such as a m-acceptor orbital on the ligand, as in
pyridine imines,?**?!® diazabutadienes,?” tripyridylmethylamine (TPMA),?*® and

17,219

bipyridine, or other stabilising effects such as solvation by acetonitrile, these

equilibrium constants can be high, particularly in water (approaching 10°).

The occurrence, or not, of disproportionation is also highly dependent on ligand
geometry. Many sterically constrained ligands, such as MegTREN, cause deviations
away from a preferred geometry, exposing coordination sites to water, monomer and
other ligation. Although this does not seem to be fully understood, it is ascribed in
inorganic text books to be in part due to greater lattice and solvation energetics as well
as higher formation constants for Cu(ll) complexes relative to Cu(l).Thus there is a
very large thermodynamic driving force towards disproportionation under appropriate
conditions e.g. in water. Matyjaszewski et al. have reported that atom transfer radical

polymerisation (ATRP)'"?%°

can be influenced by a conditional disproportionation
constant??!, This knowledge, they suggest, can be used to select an appropriate ligand
for ATRP which should exhibit high activity towards activation and deactivation
processes but remain stable with respect to disproportionation.??? Using this rationale,
it is clear that aqueous ATRP employing Cu(l) in conjunction with tertiary amine
ligands that distort complex geometry (MesTREN or PMDETA) is not a favoured
approach. A well accepted mechanism for Cu(l) mediated ATRP, which is reproduced

in many publications, is shown in Scheme 5.1:%%

)V
KaTrP

P,-X+ Cull~—=— P;, + X-Cu'iL

(o)

kp

Scheme 5. 1. Accepted mechanism for ATRP.

The mechanism is often discussed in terms of the equilibrium constant, Kargp Which
has been measured during polymerisation of methyl acrylate (MA) under a range of
conditions and in a variety of polar solvents. Considering the contrasting stability of
Cu(l) under these conditions, it is notable that the additional equilibrium between

Cu(l) and Cu(0)/Cu(ll) is often omitted from reaction schemes. As the equilibrium

137

Qiang Zhang |



[Aqueous SET-LRP] | [Chapter 5]

lies very much to the left, with measured Karre values in the order of 10° — 10°®, there
should be very significant amounts of Cu(l) in solution. In DMSO, in the presence of

MesTREN, there is a significant level of disproportionation,?*%%

thus, there are many
different complexes present during propagation. The removal of Cu(l) from this
equation via disproportionation increases complexity and should not be ignored when

considering the reaction mechanism.

The ATRP of acrylamide monomers has proven problematic with Brittain concluding
that ATRP of N,N-dimethylacrylamide (DMA) was not controlled.”® This was
purported to be due to complexation of the amido group at the chain ends, which
stabilized the propagating radicals. It was suggested that this retarded the deactivation
step in ATRP, giving an unacceptably high concentration of radicals and leading to
bimolecular termination. Additionally, cyclization involving nucleophilic Br
displacement by the penultimate amide nitrogen was invoked and hydrolysis of the

resulting onium intermediate furnished hydroxyl-terminated polymers.

Greater success has been achieved in the polymerisation of N-isopropylacrylamide
(NIPAM) under apparent ATRP conditions®*’. It is worthwhile to note that most Cu-
mediated LRP of NIPAM have usually been performed using chloro-based initiators
with CuCl/CuCl,/MesTREN catalyst in high polarity organic solvents (alcohol, DMF
or DMSO) or binary mixtures of water and organic solvents.?2*® The only example
of ATRP of NIPAM in water with no added co- solvent required a high ratio of Cu(ll)
salts for effective deactivation in order to retain good control.?" Likewise, in the
expanding field of nano-medicine, NIPAM containing (block) copolymers are
desirable for the formation of responsive, dynamic assemblies. Statistical
copolymerisation and in-situ chain extension of NIPAM have been conducted,
however, due to the complex nature of (meth)acrylamide systems, examples of block
copolymerizations via Cu-mediated methods are limited.>*?3%?®® Nitroxide mediated
polymerisation (NMP) and reversible addition fragmentation chain transfer
polymerization (RAFT), are therefore often employed for the (co)polymerisation of
NIPAM .239—242

SET-LRP employs Cu(0) as the activator and cites the disproportionation of in situ
formed Cu(l) into highly active ‘nascent’ Cu(0) and Cu(Il) as a key step in the
mechanism.??24324 percec et al have conducted numerous investigations towards

identifying the degree, rate, location and effect of the disproportionation phenomenon
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under assumed SET-LRP conditions.**3%242428 The presence of ‘nascent’ Cu(0) has

been microscopically verified®*°

and the enhanced activity of these species has been
demonstrated via polymerisation mediated by Cu(0) particles prepared in situ from
disproportionation [L,Cu(1)X] in polar solvents and their binary mixtures in water.?®
Intentional termination and reactivation experiments have also been used to ascertain

the activating species and highlight the ‘living’ nature of this process.?"?*?

Thus there are currently conflicting reports in the literature regarding the effectiveness
and mechanism of Cu-mediated polymerisation in aqueous media (particularly for
acrylamide monomers). Herein, we report the SET-LRP polymerisation of a variety of
water soluble monomers using Cu(0) and CuBr, as the activator and deactivator
respectively. The catalyst is prepared, for the first time, by in situ disproportionation
of CuBr/MesTREN in pure water prior to addition of monomers and initiator. Careful
experimental design allowed the use of hydrolytically labile bromine containing
initiator and propagating species. Optimisation of the reaction conditions also
provides near quantitative end-group fidelity which is exemplified by iterative chain
extension towards the synthesis of well-defined multiblock copolymers.

5.2 Results and discussion

5.2.1 Disproportionation of Cu(l)X (X = Br, Cl) / N-ligand complexes in water.

Cu(l)X/N-ligand complexes are frequently employed in living radical polymerization,
either as catalysts in ATRP or activator precursors in SET-LRP.™%%! The
disproportionation of Cu(l)X/N-ligand complexes into nascent Cu(0) and Cu(ll) is
considered the crucial step in SET-LRP, which has been demonstrated to occur in a

series of polar solvents and monomers.?**

Many papers report that the
disproportionation is a slow process relative to propagation and overall chain
formation. As such, SET-LRP has also been considered in some of the literature as
ARGET ATRP or SARA ATRP.Y In order to conduct successful polymerization in
water, it is important to define more precisely the nature of Cu(l)X/N-ligand

complexes in water.
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Figure 5. 1. Visual observation of the disproportionation of CuBr/MegsTREN in H,0.
Conditions: H,O =5 mL, (a) CuBr =72 mg, 0.5 mmol; (b) CuBr = 72 mg, 0.5 mmol;
MegTREN = 130 pL, 0.5 mmol; (¢) zoom of the bottom copper (0) powder of (b).

Pictures were taken 1 h after mixing the reagents.

Disproportionation of Cu(l) in water in the absence of N-donor ligands proceeds
efficiently (with an equilibrium constant of ~10°) when non-coordinating ClO4” and
S04 counter ions are present.”>> However, Cu (1) halides, which are widely used in
both ATRP and SET-LRP, have low solubility in water. Consequently, the
disproportionation to Cu (0) and Cu(ll) halides, which should lead to a slightly blue
color in water, is not significant at ambient temperature when ligands are absent
(Figure 5.1).

Figure 5. 2. Visual observation of the disproportionation of CuBr/N-ethyl-2-
pyridylmethanimine in H,O. Conditions: H,O =2 mL, (a) CuBr = 14 mg, 0.1 mmol;
N-ethyl-2-pyridylmethanimine = 27 mg, 0.2 mmol; (b) zoom of (a). Pictures were

taken 1 h after mixing the reagents.
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Figure 5. 3. Visual observation of the disproportionation of CuBr/MesTREN in H,0.
Conditions: H,O = 12 mL; CuBr = 43 mg, 0.3 mmol; MegTREN = 78 uL, 0.3 mmol;
nitrogen protection. Picture was taken 45 min after mixing the reagents.

With the addition of N-donor ligands, Cu(l) halides coordinate to form water-soluble

complexes®™*

. As Cu(l) can be stabilized in water by ligands that have m-acceptor
orbitals both N-ethyl-2-pyridylmethanimine and CuBr were added to water to form a
stable water-soluble complex which is dark brown in colour, due to metal to ligand
charge transfer. No precipitate or color change resulting from disproportionation was

observed even when the mixture was heated to 50 °C for 1 h (Figure 5.2).

MesTREN is a widely-used tetradentate tertiary amine-based ligand in both ATRP
and SET-LRP. Previously it has been reported that this ligand does not stabilize Cu(l)
in aqueous solution with disproportionation proceeding with an equilibrium constant
of ~1.4 x 10°.%*%* |n our hands, when CuBr was added to an aqueous solution of
MesTREN, the solution instantly became blue and Cu(0) powder is formed even in
the presence of air (Figure 5.1). Under oxygen-free conditions, disproportionation of
CuBr /MesTREN in water is fast and significant, yielding an obvious purple-red
colored Cu(0) precipitate and a bright blue solution (Figure 5.3). Careful separation of
the blue solution from the Cu(0) precipitate and UV/Vis characterization, by way of
comparison with known concentrations of CuBr,/MesTREN/H,O solutions (Figure
5.4), confirmed the existence of CuBr, from disproportionation and the results were in

accordance with the literature.??*?*> Concurrent mass measurement of Cu(0)
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precipitate and concentration calculations via UV/Vis showed that the extent of
disproportionation is close to 100% (Figure 5.5), implying that stable, detectable
CuBr / MesTREN complexes cannot exist in a water solution for any significant
period of time. Indeed, visual and quantitative analysis of the suspension formed after
mixing CuBr with MegTREN in water revealed the existence of newly formed Cu(0)
powder and CuBro/Mes TREN/H,O complexes.
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—2.25mg/mL
0.754 ——2.50 mg / mL
3
c —275mg/mL
©
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Figure 5. 4. Optical microscopy image (top) of copper powders from
disproportionation of CuBr/MesTREN in H,O and UV-Vis spectra (bottom) of the
solution of CuBr,/MesTREN and filtered disproportionation solution (dashed line).
All the samples were diluted ten times before analysis (0.5 mL sample solution into
4.5 mL degassed H,0O). The optical microscopy analysis was helped by Dr Yunhua
Chen.
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Figure 5. 5. Calibration curve based on UV-Vis absorbance at 700 nm (top) and 865
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nm (bottom). The intercept for the linear fit was set as 0.

In a previous report regarding the ATRP of NIPAM, a catalyst stock solution of
CuCl/MesTREN in water was used without reference to any observation of this

disproportionation

MesTREN, we predictably observed significant existence of purple-red colored Cu(0)

reaction.’?® However, upon addition of CuCl to aqueous

precipitate and a blue solution, indicative of rapid disproportionation.
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5.2.2 Synthesis of PNIPAM by ATRP in water.

ATRP

H,0
initiator
NIPAM
Me,TREN
Disproportionation SET-LRP
30 min [ .
______________________ > 1 |
H,O0 full Cu (0) powder
Me TREN disproportionation Z [ CuBry/ MeTREN
/2

Scheme 5. 2. Schematic representation of procedures for ATRP and SET-LRP via
prior disproportionation of CuBr/MesTREN in water.

The challenges in performing ATRP in protic media are often attributed to inefficient
deactivation, relative to activation and propagation, and the existence of side reactions

with both the catalyst and chain end.**®

As a useful reference point for the present
study, we first investigated the ATRP of NIPAM in water using a traditional

experimental approach.

In order to avoid the direct disproportionation of Cu(l)Br promoted by MesTREN in
water, a degassed initiator/NIPAM/MesTREN aqueous solution was transferred to a
second Schlenk tube containing CuBr under nitrogen for ATRP (Scheme 5.2). In a
polymerization using a ratio of [initiator]: [CuBr]: [MesTREN] = 1: 1: 1 at ambient
temperature, fast polymerization resulted in a gel precipitate with PDi = 2.60 and
100% conversion in 30 min (Figure 5.6). CuBr was observed to diminish during the
polymerization as exemplified by the blue color of the solution becoming more

intense (Figure 5.7).
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Figure 5. 6. Molecular weight distributions of PNIPAM by ATRP at ambient
temperature via DMF SEC. Reaction conditions: H,O = 5 mL; NIPAM = 1.13 g, 10
mmol; 2, 3-dihydroxypropyl 2-bromo-2-methylpropanoate = 60 mg, 0.25 mmol;
MesTREN = 65 pL, 0.25 mmol; CuBr = 36 mg, 0.25 mmol. Note: The gel was not
soluble in DMF and was removed by filtration before analysis. So SEC did not reveal
the MW of the gel.

a) 10s b) 2min c) 30 min

Figure 5. 7. Visual observation of the ATRP of NIPAM in H,O under ambient
temperature (~18 °C). Pictures were taken at different time after mixing the reagents.
(a) 10 seconds; (b) 2 min; c) 30 min.

145

Qiang Zhang |



[Aqueous SET-LRP] | [Chapter 5]

Optimization of polymerization conditions with a lower ratio of [initiator]: [CuBr]:
[MesTREN] = 1: 0.8: 0.4 in an ice/water bath allowed polymerization without gel
formation attaining 100% conversion in 30 min but the PDi was still high (2.70)
(Figure 5.8). The high molecular weight tail may be caused by the fast initiation and
propagation due to the highly reactive catalyst in water and also ineffective
deactivation due to the absence of additional Cu(ll) halides. To summarize, the ATRP
of NIPAM in water via the traditional ATRP approach of adding degassed ligand,
monomer and initiator to CuBr under an inert blanket does not vyield a

controlled/living system.

1.0
s M PDi
> 0.8-
O — ATRP 15700 2.70
© —— SET-LRP 11800 1.10
~~
> 061
©
D 041
N
©
€ 02-
O
Z
0.0
3 4 5 6 7
log MW

Figure 5. 8. Molecular weight distributions of PNIPAM by ATRP and SET-LRP with
[NIPAM]: [initiator]: [CuBr]: [MesTREN] = 80: 1: 0.8: 0.4 at 0 °C as measured via
SEC employing DMF as eluent.
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5.2.3 Cu(0) wire mediated SET-LRP of NIPAM and PEGA.g, in water.

Cu(0) wire-mediated SET-LRP of NIPAM and PEGA.g was performed in both
dipolar aprotic and protic solvents.’**?2%° Addition of Cu(ll) halides proved to be
required for deactivation and suppression of an induction period. As a further
reference point, the SET-LRP of NIPAM and PEGA4g, were performed using a Cu(0)
wire/CuBro/Mes TREN catalyst system in water.

For NIPAM polymerization, there tends to be an induction period > 2 h prior to
monomer conversion reaching > 99% in a further 2 h, resulting in a final polymer
with M, = 7200 and dispersity = 1.13 (Figure 5.9, 5.10).

For the analogous polymerization of PEGA.g, the polymerization rate is moderate
without significant induction period, reaching approximately 99% conversion in 5h
and resulting in a final polymer with M, = 6500 and dispersity = 1.11 (Figure 5.11).

The results attained are in accordance with a previous report.**®
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Figure 5. 9. Dependence of conversion on time for the copper (0) wire mediated SET-
LRP of NIPAM in H,O at ambient temperature.
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Figure 5. 10. Molecular weight distributions of PNIPAM by copper (0) wire mediated
SET-LRP at ambient temperature via DMF SEC.
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Figure 5. 11. Molecular weight distributions of poly (PEGA4s0)10 by copper (0) wire
mediated SET-LRP at ambient temperature via DMF SEC.
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5.2.4 Generation of Cu(0) powder and CuBr; via disproportionation of
CuBr/MesTREN in water for SET-LRP of NIPAM under apparent ATRP

conditions.

Disproportionation of CuBr promoted by MesTREN in water yields a purple-red
colored precipitate of Cu(0) powder and CuBr,/MesTREN aqua complexes (Figure
5.12). The fine Cu(0) powders should be highly active toward reaction with the
initiator while CuBr, in solution is necessary in mediating the deactivation step,

particularly at the beginning of the polymerization.

Figure 5. 12. Visual observation of the disproportionation of CuBr/MegsTREN in H,O
under strict freeze-pump-thaw degas procedure. Conditions: H,O = 2 mL; CuBr = 10
mg, 0.07 mmol; MesTREN =9 uL, 0.035 mmol. Picture was taken 1 min after mixing

the reagents via cannula.

Previous work describing ATRP using stock solutions of CuCl/MegTREN and in-situ
SET-LRP of NIPAM seem to have either ignored the above phenomena or did not
discuss the occurrences nor consequences. This could be due to the use of mixed
water/organic solvents where the organic solvents act as dispersants for the Cu(0) or
the additional complexity associated with employing mixed initiator/Cu(l)
halogen/ligand/monomer/solvent systems together, which likely has an effect on the

rate and extent of disproportionation,?2%2332%
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In order to investigate the potential of the suspension arising from disproportionation
to control polymerization, we injected a degassed solution of initiator and NIPAM
into the obtained blue suspension and left the mixture to react in an ice/water bath for
30 min. It is noteworthy that the reagent quantities and conditions used mirror those
applied to the ATRP procedure discussed above with the only change being the
precursory disproportionation reaction. *H NMR analysis confirmed full conversion
according to the disappearance of the vinyl peaks. Surprisingly, SEC characterization
revealed a very symmetrical Poisson-shaped distribution with M, = 11800 and
dispersity = 1.10 without tailing at either high or low molecular weight (MW) (Figure
5.8).

Disproportionation

full disproportionation 30 min

Cu (0) powder
CuBr,/ MesTREN

| H,0
Cu (0) powder Initiaor
. NIPAM
H,0/ Me,TREN
o |
H,0
Cu (0) powder | | Initiaor
Me,TREN NIPAM

Scheme 5. 3. Scheme representation of the disproportionation of CuBr/MesTEN in
H,O and separation of copper (0) powder and CuBr,/MesTREN solution after

disproportionation.

In order to identify the synergistic nature of the disproportionation products the Cu (0)

precipitate was carefully separated from the blue solution, washed with water
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repeatedly and added to equivalent amounts of MegTREN/H,O (Scheme 5.3).
Initiator/NIPAM solutions were then injected separately into both the Cu(0) /
MesTREN and CuBr,/ MesTREN systems to test for polymerization activity.

The polymerization catalyzed by the separated Cu(0) (and additional MegTREN),
reached 96 % conversion in 15 min according to *H NMR. However, the reaction
solution had an observable high viscosity and SEC showed a very broad peak with M,
= 5400 and dispersity = 13.25 (Figure 5.13). Addition of an initiator/NIPAM solution
to the bright blue CuBr, / MesTREN solution showed no detectable polymerization
after 24 h according to both *H NMR and SEC analysis.

1.0
—— Cu (0) / Me, TREN

s M, = 5400 PDi=13.25
S 0.8-
o ——Cu (0)/ CuBr,/ Me , TREN
K M,, = 4000 PDi= 1.09
~~
2= 06-
©
©
R 04
©
% 0.2-
p

0.0+ T T T T T T T v

3 4 5 6 7
logMW

Figure 5. 13. Molecular weight distributions of PNIPAM (DP=20) catalyzed by
separated Cu(0) powder/MesTREN (black) or Cu (0) powder/CuBr,/MesTREN (red)

in H,O at ambient temperature as measured via SEC employing DMF as eluent.

For the polymerization catalyzed by the Cu(0)/CuBr,/MesTREN suspension resulting
from the initial disproportionation, full conversion was obtained in 30 min and SEC
showed a final polymer with M,, = 4000 and dispersity = 1.09 (Figure 5.13). These
experiments indicate it is unlikely CuBr/MesTREN complexes exist under these

conditions or any minute quantities present are incapable of efficiently catalyzing
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ATRP. Crucially, the in-situ generated Cu(0) powders and CuBr, are required to be

present in tandem for a controlled SET-LRP polymerization.
5.2.5 Synthesis of PNIPAM by AGET ATRP in water.

AGET ATRP utilizes water-soluble reducing agents (typically L-ascorbic acid) to
reduce higher oxidation state Cu(ll) / ligand complexes and generate Cu(l) / ligand
complexes which are claimed to have higher catalytic stability. This allows for
reduced catalytic loadings, and hence, more applicability in heterogeneous

systems.?>"2%®

In order to check the stability and behavior of the obtained Cu(l) / ligand complexes
for AGET ATRP, we polymerized NIPAM using CuBr,/MesTREN and L-ascorbic
acid at ambient temperature. Initial experiments were carried out according to the
literature reported procedure using slightly less reducing reagent with a ratio of
[CuBr;]:[Mes TREN]:[L-ascorbic acid] = 1: 1: 0.4, resulting in only 60% conversion
after 16 h to give a product with M, = 2500 and dispersity = 1.11 (Figure 5.14). Under
more optimized conditions, with a ratio of [CuBr;]: [MesTREN]: [L-ascorbic acid] =
1: 2: 0.5 the polymerization rate was increased and conversion reached 85% in 15 min
with full conversion obtained with a final M, = 4000 and dispersity = 1.10 (Figure
5.15). Interestingly, the initially blue solution remained clear throughout the
polymerization when L-ascorbic acid was added and no significant visible Cu(0)
precipitation was observed (Figure 5.16), suggesting that disproportionation of the

reduced Cu(l) / ligand complexes possibly does not occur under these conditions.
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Figure 5. 14. DMF SEC molecular weight distributions for the ARGET ATRP of
NIPAM (DP=20) in H,O at ambient temperature with [initiator]: [CuBr,]:
[MesTREN]: [Ascorbic acid] = 1: 0.4: 0.4: 0.16.
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Figure 5. 15. DMF SEC molecular weight distributions for the ARGET ATRP of
NIPAM (DP=20) in H,O at ambient temperature with [initiator]: [CuBr,]:
[MesTREN]: [Ascorbic acid] = 1: 0.4: 0.8: 0.2.
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Figure 5. 16. Visual observation of the AGET ATRP of NIPAM in H,O with
[initiator]: [CuBry]: [MesTREN]: [Ascorbic acid] = 1: 0.4: 0.4: 0.16 before (a) and
after (b) addition of L-ascorbic acid. Conditions: a) Picture was taken 15 min after

nitrogen bubbling. b) Picture was taken 1 min after addition of L-ascorbic acid.

Figure 5. 17. Visual observation of the reduction of CuBr,/MesTREN complex by L-
ascorbic acid for AGET ATRP of NIPAM in H,O under ambient temperature with
[initiator]: [CuBr;]: [MesTREN]: [Ascorbic acid] = 1: 0.4: 0.4: 0.16. Conditions: a)
CuBr, / MegTREN in H,0; b) picture was taken 1 min after addition of L-Ascorbic
acid; c) picture was taken 15 min after addition of L-Ascorbic acid; d) picture was

taken 1 min after addition of initiator and monomer.
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In order to distinguish the Cu(l)/ligand complexes from the polymerization solution,
we first made a solution of Cu(l)/ligand prior to addition of initiator and monomer,
either by addition of the L-ascorbic acid to the CuBr,/MesTREN solution or addition
of MesTREN after mixing CuBr,/L-ascorbic acid. Interestingly, foaming occurred
when L-ascorbic acid was added to the clear blue solution of CuBr,/MesTREN,
resulting in a turbid white suspension. Following the injection of monomer and
initiator, the suspension immediately became clear (Figure 5.17). 'H NMR
spectroscopy showed that polymerization stopped at conversion = 36% and SEC

analysis revealed an asymmetric peak with M, = 1800 and dispersity = 1.10.

Figure 5. 18. Visual observation of the reduction of CuBr, by L-ascorbic acid into
CuBr following disproportionation into Cu (0) & CuBr; for SET-LRP of NIPAM in
H,O under ambient temperature with [initiator]: [CuBr;]: [MesTREN]: [Ascorbic
acid] = 1: 0.4: 0.4: 0.16. Conditions: a) CuBr, in H,O; b) after addition of L-Ascorbic
acid; c) after addition of MegTREN; d) after addition of initiator and monomer; All

pictures were taken 1 min after relative reaction.
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A white precipitate of CuBr was obtained when L-ascorbic acid was added to the light
blue solution of CuBr, disappearing when MesTREN was added leave a bright blue
solution and the appearance of a red Cu(0) precipitate, indicative of
disproportionation (Figure 5.18). Subsequently, initiator and monomer was added to
start polymerization. When a ratio of [CuBr;]: [MesTREN]: [L-ascorbic acid] = 1: 1:
0.4 was used polymerization stopped at 61 % conversion with final M, = 2500 and
dispersity = 1.08. With [CuBr;]: [MesTREN]: [L-ascorbic acid] = 1: 2: 0.5,
polymerization was fast and full conversion was attained in 15 min with final M, =
4000 and dispersity = 1.12.

These experiments further underline the complexity inherent in Cu-mediated LRP,
which showed that the copper aquo ion behaves very differently to the Cu(l, 1) /
ligand complexes. L-ascorbic acid has been shown to coordinate with copper even in
the presence of N-ligands.?*>?® The reduction of CuBr, also releases HBr into the
solution and it is still not clear whether this protonates MesTREN or affects the
disproportionation. Thus, the catalyst in this AGET ATRP system does not seem to be
a CuBr / MegTREN / H,O complex or disproportionation does not proceed under such

conditions. Further research is required for full understanding.

156
Qiang Zhang



[Aqueous SET-LRP] | [Chapter 5]

5.2.6 Synthesis of PNIPAM with varying DP by SET-LRP in water.

DP=8 20 40 80160 320
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Figure 5. 19. Molecular weight distributions of PNIPAM (DP=8, 20, 40, 80, 160,
320) catalyzed by the in-situ generated Cu(0) powders/CuBr,/MesTREN in H,O as

measured via SEC employing DMF as eluent.

SET-LRP catalyzed by in-situ generated Cu(0) and CuBr, formed via
disproportionation of CuBr/MesTREN in water was used for the synthesis of
PNIPAM with DP between 8 and 320. Polymerizations were conducted under strict
degassing procedures using either repeated freeze-pump-thaw procedures or, more
conveniently, nitrogen bubbling. For DP = 8, 20 and 40, polymerizations were
conducted at ambient temperature (~18 °C) using a ratio of [CuBr]: [MesTREN] = 1:
1. 'H NMR analysis of the polymerization (DP=40) showed conversion reached 93%
in 5 min, 99% in 10 min and 99.9% in 15 min, with full conversion obtained in < 30
min (Figure 5.20 & 5.21). SEC characterization of all final polymer products revealed
narrow molecular weight distributions (dispersity~ 1.10, Figure 5.19) with

symmetrical peaks without tailing.
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Figure 5. 20. DMF SEC molecular weight distributions at different time for the
aqueous SET-LRP of NIPAM (DP=40) at ambient temperature.
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Figure 5. 21. Dependence of conversion, M, and M,, / M, on time for the SET-LRP of
NIPAM (DP=40) via disproportionation of CuBr / MegTREN in H,O at ambient

temperature.

When using the same ratio of [CuBr]: [MesTREN] = 1: 1 for polymerizations
targeting higher DP (80 & 160), increased amounts of water and NIPAM were used

(lower overall catalyst concentration). In this case, inefficient deactivation was
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observed. The dispersity observed during the early stages of polymerization was
approximately 3.0 with final values > 1.4 (Figure 5.22). Consequently, we changed
the ratio of [CuBr]: [MesTREN] to 2: 1, which should provide more CuBr; and thus
more efficient deactivation. Polymerization of DP = 80 under ambient temperature
reached 99% conversion in 30 min with M, = 10300 and dispersity = 1.08 (Figure
5.23) a significantly improved control. Interestingly, previous reports also suggested
that a ratio of [CuBr]: [MesTREN] = 2: 1 showed maximum degree of
disproportionation in DMS0.?%*

25 25
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Figure 5. 22. DMF SEC molecular weight distributions at different time for the SET-
LRP of NIPAM (DP=80, left; DP=160, right) in H,O at ambient temperature with
[initiator]: [CuBr]: [MesTREN] = 1: 0.4: 0.4.

5
44 Reaction time ~ conversion M, PDi
30min 99% 10300 1.08

3 - - =60 min 100% 10300 1.09
=
g
S 21
b
]
©

14

04 o S

T T T T
35 4.0 4.5 5.0
logMW

Figure 5. 23. DMF SEC molecular weight distributions at different time for the SET-
LRP of NIPAM (DP=80) in H,O at ambient temperature with [initiator]: [CuBr]:
[MesTREN] = 1: 0.8: 0.4.
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Figure 5. 24. Visual observations for SET-LRP of NIPAM (DP=160) in H,O at
ambient temperature (~18 °C) with [initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4.
Conditions: white equipment = time meter; blue equipment = IKA electronic contact
thermometer. Video screenshot (d) shows highest temperature as 31.6 °C (3 min 40 s).
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When applying the same conditions in a polymerization targeting DP = 160 under
ambient temperature, an interesting LCST phenomenon was observed after
approximately 3 min. This was manifested by way of a cloudy suspension and
precipitation of polymer, caused by an enhanced exotherm associated with the larger
scale reaction. A temperature profile revealed that the temperature increased from ~
18 °C to ~ 31 °C over the first 3 min, bringing it close to the LCST temperature of
PNIPAM. This further illustrated that there is no significant induction period and the
polymerization rate was fast (Figure 5.24). Although conversion reached 93% in 60

min with M, = 18200 and dispersity = 1.13, a tailing peak at low molecular weight
was observed (Figure 5.25).
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Figure 5. 25. DMF SEC molecular weight distributions at 1 h for the SET-LRP of

NIPAM (DP=160) in H,O at ambient temperature with [initiator]: [CuBr]:
[MesTREN] = 1: 0.8: 0.4.
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Figure 5. 26. DMF SEC molecular weight distributions at different time for the SET-
LRP of NIPAM (DP=160) in H,O at 0 °C with [initiator]: [CuBr]: [MesTREN] = 1:
0.8:0.4.
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The polymerization was repeated in an ice/water bath, which eliminated the
previously observed LCST phenomenon and resulted in 99% conversion in 60 min
and a final M, = 17200 and dispersity = 1.08 (Figure 5.26).

Successful polymerization targeting a DP = 320 under the same reaction conditions
resulted in 99.9% conversion in 60 min, M, = 35400 and dispersity = 1.11 (Figure
5.27). At a higher ratio of [CuBr]: [MesTREN] = 3: 1 (DP = 160) at ambient
temperature the polymerization was slower, reaching only 70% conversion in 150 min
and M, = 12900 and dispersity = 1.20, indicative of increased termination during the
polymerization (Figure 5.28).
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Figure 5. 27. DMF SEC molecular weight distributions at different time for the SET-
LRP of NIPAM (DP=320) in H,O at 0 °C with [initiator]: [CuBr]: [MesTREN] = 1:
0.8:0.4.
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Figure 5. 28. DMF SEC molecular weight distributions at different time for the SET-

LRP of NIPAM (DP=160) in H,O at ambient temperature with [initiator]: [CuBr]:
[MesTREN] = 1: 1.2: 0.4.
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5.2.7 Chain end fidelity and chain extension of PNIPAM by SET-LRP in water.

It is normally difficult to maintain high chain end fidelity under aqueous
polymerization conditions, mainly due to the facile hydrolysis of the terminal halogen
group via a cyclic onium intermediate.”*?%? Significant termination and very broad
MW distributions have been observed when employing ATRP procedures for block

copolymerization of NIPAM in water.?®

Previous reports suggested that chlorine-containing initiator/CuCl systems were
preferable in invoking good control and high chain end fidelity. Interestingly, while
we used a bromide initiator with CuBr for all polymerizations we did not observe any
deleterious effects in employing the more labile halide.?**?° Narrow dispersity was
maintained throughout all SET-LRP polymerizations from low conversion to full
conversion. No detectable coupling peaks were observed, even when reactions were
left overnight. Chain extension polymerization was initially performed at ambient
temperature as a qualitative assessment of the terminal bromide. The polymerization
to produce the first block was allowed to proceed for 2 h, although ‘H NMR
spectroscopy showed 100% conversion already at 30 min. After addition of new
monomer and reaction for a further 3 h, total conversion reached 87%. However, SEC
revealed a bimodal peak which overlapped with the initial polymer trace, implying

significant loss of the terminal bromide (Figure 5.29).
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Figure 5. 29. Molecular weight distributions of PNIPAM by SET-LRP for chain
extension in H,O under ambient temperature as measured via SEC employing DMF

as eluent.
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As a more quantitative assessment of bromo- functionality, DMF SEC, high
resolution NMR and MALDI-ToF MS analysis were used to characterize low MW
PNIPAM samples (DP=8) obtained by SET-LRP at both ambient temperature (~ 18
°C)and 0 °C.

SEC spectroscopy revealed similar MW and MW distribution, Figure 5.30. FT-IR
showed same peak absorbance for PNIPAM obtained at both ambient temperature (~
18 °C) and 0 °C, Figure 5.31.
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Figure 5. 30. Molecular weight distributions of PNIPAM (DP=8) by SET-LRP at 0
°C and ambient temperature via DMF SEC.
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Figure 5. 31. FTIR spectra of PNIPAM (DP=8) by SET-LRP at 0 °C (left) and
ambient temperature (right).

'H, ¥¥c, cOSY and HSQC NMR spectra showed that the bromide end groups of
PNIPAM obtained at ambient temperature underwent quantitative hydrolysis to yield
terminal hydroxyl (OH) groups (3.75 ppm (*H NMR) and 69 ppm (**C NMR)). The
relative correlation with polymer backbone on COSY and clear overlap with initiator
residue at 3.9 ppm & 69 ppm on HSQC was also observed, Figure 5.32-5.35.
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Figure 5. 32. *H NMR spectrum of PNIPAM (DP=8) in D,O by SET-LRP at ambient
temperature. The numbering of the hydrogen atoms used for the NMR peak

assignment is shown in the spectrum. Peak i is overlapped with peak c.

C=0 e

i ]

|

Me, TREN

ik o

4B

200 175 150 125 100 75 50 25
O/ ppm

o_

Figure 5. 33. ®*C NMR spectrum of PNIPAM (DP=8) in D,O by SET-LRP at
ambient temperature. The numbering of the carbon atoms used for the NMR peak

assignment is shown in the spectrum. Peak f is overlapped with peak i.
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at ambient temperature.
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Figure 5. 35. *H-"*C HSQC NMR spectrum of PNIPAM (DP=8) in D,O by SET-LRP

at ambient temperature.

Hydrolysis was also found in PNIPAM polymerized at 0 °C. However, in this case we
were able to identify some bromo- functional PNIPAM, via a resonance at 3.95
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(terminal CH-Br) and appropriate correlation with the polymer backbone from COSY

spectroscopy, Figure 5.36-5.39.
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Figure 5. 36. '"H NMR spectrum of PNIPAM (DP=8) in D,O by SET-LRP at 0 °C.
The numbering of the hydrogen atoms used for the NMR peak assignment is shown in

the spectrum. Peak i-OH is overlapped with peak c.
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Figure 5. 37. *C NMR spectrum of PNIPAM (DP=8) in D,O by SET-LRP at 0 °C.

The numbering of the carbon atoms used for the NMR peak assignment is shown in

the spectrum. Peak f is overlapped with peak i-OH.
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Scheme 5. 4. Scheme representation of hydrolysis and disproportionation termination
of chain end of PNIPAM (DP=8) by SET-LRP via disproportionation of CuBr /
MesTREN in H,0.

MALDI-ToF MS analysis (Figure 5.40-5.42) of the same sample (0 °C) confirmed
peaks of PNIPAM with terminal bromide groups, OH groups from hydrolysis, and
also internal vinyl groups, as a result of HBr elimination, Scheme 5.4.
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Figure 5. 40. MALDI-ToF MS spectrum of PNIPAM (DP=8) by SET-LRP at 0 °C.

The MALDI-ToF MS analysis was done as soon as possible after taking sample from

the reaction.
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Figure 5. 41. MALDI-ToF MS spectrum of PNIPAM (DP=8) by SET-LRP at
ambient temperature (~ 18 °C). The MALDI-ToF MS analysis was done as soon as

possible after taking sample from the reaction.
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Figure 5. 42. MALDI-ToF MS spectrum of PNIPAM (DP=8) by SET-LRP at
ambient temperature (~ 18 °C). The MALDI-ToF MS analysis was done after taking
sample from the reaction overnight. Note: The peaks and peak height of PNIPAM in
the MALDI-ToF MS spectra may not reveal the total information or right ratio of
each component during the reaction and are only supplied as reference for NMR and

GPC characterization results.

From 600 MHz NMR we can conclude that the hydrolysis of bromine is the
predominant termination reaction. The hydrolysis reaction becomes more obvious
subsequent to full conversion but lower reaction temperatures (i.e. ice / water bath)

suppress the rate.

Given the above end group fidelity, both initial polymerization and chain extension
was carried out at 0 °C using a ratio of [CuBr]: [MesTREN] = 1: 1 or 2: 1. Successful
chain extensions were carried out to very near full conversions (96-99%). The ratio of
[CuBr]/[MesTREN] influenced the MW distribution of the first block and also
affected the reaction rate, whereby [CuBr] / [MesTREN] = 1: 1 showed worse control

but a faster reaction rate.

For the polymerization under the reaction ratio of [CuBr]: [MesTREN] = 1: 1, after 30
min, NMR confirmed 100% conversion of the first block polymerization and new
NIPAM monomer was added for chain extension. Reaction time for the second, third
and fourth block polymerization was extended to 30 min, 60 min and 80 min.
Conversion was all >99% according to *H NMR spectroscopy. The control of the
“first block” polymerization was not good, which leaded to a high PDI value (1.63).
However, SEC revealed increase of M, from 6600 to 19100, 31300 and 43300 and
also decrease of My, / M, from 1.63 to 1.27, 1.21 and 1.20 for the second, third and
fourth block polymerization, Figure 5.43.
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Figure 5. 43. DMF SEC molecular weight distributions for chain extension reaction
of SET-LRP of NIPAM in H,0 at 0 °C with [initiator]: [CuBr]: [MesTREN] = 1: 0.4:
0.4.

5

4
Conversion Mn PDi

= 3
2 — 1" 100% 5700 1.06
kS, X ——2" >97% 16000 1.09
% ’ ——3" >96% 26800 1.13
——4" >98% 39500 1.13

1_
O— ¥ T p T v T ¥ T ¥ T J T X T
3.0 35 40 45 5.0 55 6.0 6.5

logMW
Figure 5. 44. DMF SEC molecular weight distributions for chain extension reaction

of SET-LRP of NIPAM in H,0 at 0 °C with [initiator]: [CuBr]: [MesTREN] = 1: 0.8:
0.4.

For the polymerization under the reaction ratio of [CuBr]: [MesTREN] = 2: 1, After
80 min, NMR confirmed 100% conversion for the first block polymerization and new

NIPAM monomer was added for chain extension. Reaction time for the second, third
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and fourth block polymerization was extended to 75 min, 150 min and overnight.
Conversion was separately calculated as only >97%, >96% and >98% according to *H
NMR spectroscopy. SEC revealed increase of M, from 5700 to 16000, 26800 and
39500 and also slight increase of My, / M, from 1.06 to 1.09, 1.13 and 1.13 for the
second, third and fourth block polymerization, and even included small tailing peak at

low molecular weight position, Figure 5.44.

Nevertheless, the clear MW shift after chain extension and only slight increase of
dispersity to 1.13 (including small tailing peaks at low MW) showed that high chain

end fidelity could be maintained under these conditions.

5.2.8 Multiblock copolymers by SET-LRP in water.
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Figure 5. 45. 'H NMR spectrum of poly (NIPAM) 5 -b- (HEA) 4 by iterative SET-
LRP in D,O. The numbering of the hydrogen atoms used for the NMR peak

assignment is shown in the spectrum.

We subsequently applied this technique for the preparation of di-block copolymer
poly(NIPAM)2o-b-(HEA)4. Block co-polymerization was performed by in situ
addition of monomers to the reaction solution at full conversion with respect to the
first block, negating the need for purification between each block and further
highlighting the high versatility of this one-pot reaction. *H NMR analysis confirmed
100% conversion of each block according to the total disappearance of vinyl groups
and the expected ratios of each component in the product (Figure 5.45), which is in

agreement with FT-IR analysis (Figure 5.46). SEC characterization revealed a clear
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and total MW shift after block co-polymerization and a final dispersity < 1.2 (Figure
5.47).
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Figure 5. 46. FTIR spectrum of poly (NIPAM) 2 -b- (HEA) 4 by iterative SET-LRP.
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Figure 5. 47. DMF SEC molecular weight distributions for poly (NIPAM) 0 -b-
(HEA) 4 by iterative SET-LRP in H,0.
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Scheme 5. 5. Schematic representation for synthesis of poly(NIPAM),o-b-(HEA)40-b-
(PEGA480)10 by iterative SET-LRP in H,0.
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Figure 5. 48. Molecular weight distributions of poly (NIPAM)-b-(HEA)40-b-
(PEGAs0)10 by iterative SET-LRP in H,O at 0 °C as measured via SEC employing
DMF as eluent.
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Figure 5. 49. '"H NMR spectrum of poly (NIPAM)g-b-(HEA)e-b-(PEGAug0)10 by
iterative SET-LRP in D,0.

Furthermore, a tri-block copolymer was synthesized via iterative monomer addition
(Scheme 5.5). Aqueous solutions of HEA and PEGAg, were sequentially added to the
reaction solution of PNIPAM at full conversion. SEC characterization using Rl and

viscosity detector again revealed a MW shift after each block polymerization with
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only a slight increase of dispersity to 1.15 (Figure 5.48, 5.50). SEC revealed a higher
M, than the theoretical target for the second poly(NIPAM),0-b-(HEA)4 copolymer,
which is likely due to the different hydrodynamic volume of HEA block with narrow
PMMA calibration standard. '"H NMR spectrum of the final product confirmed the
correct ratio of NIPAM — HEA - PEGA (Figure 5.49).
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Figure 5. 50. DMF SEC elution traces for poly (NIPAM)y -b- (HEA)s -b-
(PEGAus0)10 by iterative aqueous SET-LRP at 0 °C. Conditions: a) 1% block; b) 2"
block; c) 3™ block. Red line for refractive index detector; green line for viscosity

detector.
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5.2.9 SET-LRP in PBS buffer, ethanol/water (Tequila) and sheep blood serum.

PBS buffer is a medium used to mimic biological conditions and alcohol/water
mixtures can extend the scope of this process to less hydrophilic initiators and
monomers. Accordingly, we conducted SET-LRP, with prior disproportionation, in
these solvents. In PBS buffer (pH = 6.2 and 6.8) disproportionation of
CuBr/MesTREN was observed, although with a slower rate than in pure water. SET-
LRP in PBS buffer tended to be slower than that in pure water and resulted in final
polymers with higher dispersity = 1.21 and 1.29, suggesting that the buffer affected
the catalyst and polymerization (Figure 5.51).
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Figure 5. 51. DMF SEC molecular weight distributions at different time for the SET-
LRP of NIPAM (DP=80) in PBS buffer (pH=6.2, left; pH=6.8, right) at 0 °C with
[initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4.

b)

Figure 5. 52. Visual observation of the disproportionation of CuBr / MegTREN (a)
and SET-LRP of NIPAM (DP=80) in Tequila (b). Conditions: a) Tequila = 2 mL;
CuBr = 10 mg, 70 pmol; MegTREN = 9 pL, 35 umol. Picture was taken 30 min after
mixing the reagents. b) Picture was taken 5 min after transferring the initiator /

NIPAM solution into the catalyst solution of (a).
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For SET-LRP in an alcohol/water mixture, we directly used commercial Tequila (38%
ethanol) as the solvent. Disproportion of CuBr/MesTREN resulted in a deep green
solution with insoluble Cu(0) precipitate (Figure 5.52). The SET-LRP of NIPAM in
Tequila showed similar results as in pure water, with 99% conversion obtained in 30
minutes (M, = 9900 and dispersity = 1.08 for the final polymer, Figure 5.53-5.54).
This finding intimates that previous reports on ATRP of NIPAM using water / alcohol
mixture as the solvent, especially when stock solutions of CuCl/MesTREN have been
employed prior to addition of initiator/NIPAM, are likely proceeding via SET-LRP
rather than ATRP.

6.0

M,  PDi
Tequila SET-LRP 9900  1.08
4.5
=
g
S 3.0-
=
3
©
1.5
0.0
3.0 35 4.0 45 5.0 55

log MW

Figure 5. 53. DMF SEC molecular weight distributions at different time for the SET-
LRP of NIPAM (DP=80) in Tequila at 0 °C with [initiator]: [CuBr]: [MesTREN] = 1:
0.8: 0.4.

D,0
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Figure 5. 54. '"H NMR spectrum for SET-LRP of NIPAM in Tequila at 30 min in
D,0.
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After that, we moved on to perform the aqueous SET-LRP under a truly biological
system: sheep serum. Mammals’ blood serum generally contains a series of inorganic
constitutes, amino acids, proteins, carbohydrates, fats, vitamins and hormones et al. in
water, which is considered as a preferred solvent for biochemical experiment. 242%
Upon addition of CuBr to a degassed solution of MesTREN in sheep serum a blue
suspension prevailed instantaneously containing a purple, metallic copper precipitate

(Figure 5.55), which indicated the occurrence of disproportionation.

Figure 5. 55. Visual observation of the disproportionation of CuBr / MegTREN in
sheep serum. Conditions: sheep serum= 2 mL; CuBr = 10 mg, 0.07 mmol; MesTREN
= 9 uL, 0.035 mmol. Picture was taken 1 min after mixing CuBr with the other

reagents.

The polymerization of NIPAM and DMA was then investigated in the serum media
according to previous procedure. NIPAM was found to undergo efficient
polymerization resulting in a slightly broader dispersity (1.26) compared with ~1.10
in pure water, Figure 5.56. The drift in PDI is caused by low molecular weight tailing
as a result of side reactions producing unidentified small molecule by-products during
the early part of the reaction which could be removed after polymerization by

precipitation and dialysis.

The polymerization of DMA exhibited optimum control reaching full conversion
within 2 hours to yield poly(DMA) with agreement between theoretical and observed
molecular weights and narrow, symmetrical molecular weight distribution (PDI =
1.09, Figure 5.56). Crude reaction mixtures were isolated from the serum solution by

precipitation of the biological macromolecules into DMF followed by centrifugation.
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Dialysis of the polymer containing supernatant against water removed any remaining

unwanted soluble material, furnishing the desired pure polymers, Figure 5.57-5.59.
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Figure 5. 56. Molecular weight distributions of poly (NIPAM)go and poly(DMA)g, by
SET-LRP in sheep serum at 0 °C as measured via SEC employing DMF as eluent.
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Figure 5. 57. *H NMR spectra for SET-LRP of NIPAM in sheep serum at 1 h (left)
and PNIPAM (right) recovered after dialysis. D,O was used as the NMR solvent.
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Figure 5. 58. 'H NMR spectra for SET-LRP of DMA in sheep serum at 2 h (left) and
PDMA (right) recovered after dialysis. D,O was used as the NMR solvent.
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Figure 5. 59. FTIR spectra of PNIPAM (DP=80, left) and PDMA (DP=80, right) by
SET-LRP in serum.

In serum, poly(NIPAM) was attained using established reaction conditions [NIPAM]:
[1]: [CuBr]: [MesTREN] = 80: 1: 0.8: 0.4 at 0 °C within 1 hour. At this time DMA (80
eq), as a degassed serum solution (4 mL) was injected into the reaction mixture. *H
NMR analysis after 18 hours revealed complete consumption of the vinyl peaks from
DMA (Figure 5.60) and SEC analysis revealed a complete shift in molecular weight
distribution (Figure 5.62). A final PDI of 1.30 was obtained for the poly(NIPAM)-b-
(DMA) which is broader than related blocks obtained previously in our agqueous

system.
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Figure 5. 60. '"H NMR spectra for SET-LRP of poly (NIPAM) g -b- (DMA) g in
sheep serum during polymerization (left) and product (right) recovered after dialysis.

D,0 was used as the NMR solvent.

Considering the results obtained for the homopolymerization of NIPAM in serum, the
effect of the order of monomer addition was investigated. Under the same conditions
poly(DMA) homopolymer was obtained with near quantitative conversion after 1
hour at which point NIPAM (80 eq) as a degassed serum solution (4 mL) was
injected. Near quantitative conversion (>97%, Figure 5.61) was observed after 22
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hours and the final poly(DMA)-b-(NIPAM) molecular weight distribution was
improved (PDI=1.21, Figure 5.62). In this example a small, low molecular weight,
shoulder peak, attributed to premature termination as a result of chain end hydrolysis
etc., was observed in the SEC chromatogram of the final block copolymer (Figure
5.62).
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Figure 5. 61. "H NMR spectra for SET-LRP of poly (DMA) g -b- (NIPAM) g in
sheep serum during polymerization (left) and product (right) recovered after dialysis.

D,0O was used as the NMR solvent.
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Figure 5. 62. Molecular weight distributions for the In situ SET-LRP block
copolymerization of poly(NIPAM) (top) and poly(DMA) (bottom) in sheep serum at
0 °C as measured via SEC employing DMF as eluent.
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'H NMR spectra of final block copolymers revealed ratio of NIPAM/DMA close to
theoretical values (Figure 5.60, 5.61) and FT-IR spectra confirmed absorbance from

both NIPAM and DMA compared with homopolymers, Figure 5.63.
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Figure 5. 63. FTIR spectrum of poly (NIPAM)g-b-(DMA)g (left) and poly
(DMA)go-b-(NIPAM)g, (right) by SET-LRP in sheep serum.

In summary, SET-LRP has been conducted for the first time in biological media
without any additional aqueous dilution. The controlled nature of the polymerizations
performed in this media was exemplified by in situ block copolymerization of
poly(NIPAM) and poly(DMA) macroinitiators with DMA and NIPAM respectively.

5210 SET-LRP of hydrophilic monomers mediated by prior
disproportionation of CuBr/MesTREN in pure water.

;o w0 vo Tro vo o o

ARSI @ &w

H 0-P=0 N
-8 > OH N ]/
HOo
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N— Mo 0

Scheme 5. 6. Schematic representation for the hydrophilic monomers polymerized by
the aqueous SET-LRP.
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The initial scope of this approach to SET-LRP has been extended to the
polymerization of common hydrophilic monomers including PEGA, HEA, DMA and
synthesized acrylamide based glycomonomer, glucose acrylamide (GAm) et al, as
shown in Scheme 5.6. The general procedure for NIPAM polymerization was
followed, with variations in temperature and [CuBr]/[MesTREN] ratios dependent on
the targeted DP. For each monomer, the polymerizations reached quantitative
conversion within 1 hour. Pleasingly, narrow molecular weight distributions were
attained and good agreement between theoretical and observed molecular weights
were obtained, indicative of controlled polymerization. A part of the results were

reported as shown in Table 5.1.2%

Table 5. 1. Summary of results obtained from the polymerization of hydrophilic
monomers via SET-LRP mediated by in situ disproportionation of CuBr / MesTREN.

[M]: [1]: [CuBr]: [L] Conv'/% Myn/Da Mygec®/Da  PDi

DMA’® 80:1:0.8: 0.4 >99% 8200 9700 1.18
HEA 20:1:0.4:0.4 97% 2600 8800 1.07
PEGA 10:1:0.4: 0.4 >99% 5000 7600 1.07
PEGA 20:1:0.4:0.4 >99% 10000 11300 1.09
GAm 10:1:0.4: 0.4 >99% 2600 2800 1.15

! Measured by *H NMR; > DMF eluent, PMMA standards; * Performed at T = 0 °C.

These polymerizations were performed by members from Haddleton group.

5.2.11 Synthesis of double hydrophilic diblock glycopolymers via aqueous SET-
LRP.

Synthetic carbohydrate-containing block copolymers are being increasingly explored
as novel biocompatible and biodegradable materials for wide use in self-assembly,
drug & nucleic acids delivery and lectin recognition.?**%7%% The glycopolymer
segments are hydrophilic to impart water-solubility and recognized as alternative to
poly(ethylene glycol) (PEG) for avoiding aggregation.*® The combination with
hydrophobic segments could form amphiphilic block copolymers and have been
intensively studied due to the interesting aggregation behavior in aqueous solution.?
While the combination with thermo-responsive or pH-responsive hydrophilic block
segments could assemble into interesting vesicles or aggregates for association with

bacteria and pDNA & siRNA, which showed a promising application in cell sensing
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and delivery et al. ***° Living radical polymerization, such as atom transfer living
radical polymerization (ATRP) and reversible addition-fragmentation chain transfer
polymerization (RAFT), combined with click chemistry has supplied a facile route for
the synthesis of diblock glycopolymers.? However, previous research on direct
aqueous ATRP of unprotected glycomonomer showed poor living character and has
to use high ratio alcohol as the co-solvent.®% Alternatively acetyl protected
glycomonomers were frequently used for ATRP and even RAFT in organic

solvents.270-272

For the aim of atom-efficiency and environment-friendly
consideration, aqueous RAFT was tried for the polymerization of unprotected
glycomonomers.* However, it still suffered from loss of control during chain

extension which represents as significant increase of PDi to as high as 1.63.

We recently developed a new approach to perform SET-LRP in pure water under
ambient temperature or below and high chain end fidelity was maintained in this

system for multiblock copolymerization.”®®

Thus we use this polymerization technique for the polymerization of unprotected
glycomonomer in pure water. At first, a relatively low DP poly(Mannose);o was
prepared by transferring the initiator/Mannose acrylate monomer solution into a
catalyst suspension containing Cu(0)/CuBr,/MesTREN, resulting from prior rapid
disproportionation of CuBr/MesTREN in water, starting fast polymerization even
under 0 °C and reached 100% in 1 h.

SEC characterization of final polymer revealed M,=7100 and dispersity=1.09, Figure
5.64, which is higher than theoretical molecular weight due to the different

hydrodynamic volume of glycopolymer with PMMA calibration standard in DMF.
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Figure 5. 64. Molecular weight distribution of poly(Mannose);o by SET-LRP in H,0
at 0 °C via DMF SEC.
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'H NMR analysis (Figure 5.65) confirmed the right structure of targeted
glycopolymer and right DP by comparing the integral of triazole ring proton at around

8.1 ppm with the initiator methyl groups at around 1.1 ppm.
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Figure 5. 65. "H NMR spectra of poly(Mannose)yo in D,0.

Compared with copper(0) wire mediated SET-LRP which resulted in glycopolymers
with similar M, and dispersity, Figure 5.66, the reaction rate was much faster,

possibly due to the much larger surface area of the fine copper powders with copper

wire.
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Figure 5. 66. Molecular weight distributions for the copper(0) wire mediated SET-
LRP of D-Mannose glyco monomer in H,O at ambient temperature via DMF SEC.

For the polymerization of DEGEEA, which could form another thermal-responsive

polymer, MeOH/H,0 mixture was utilized to make sure the monomer is soluble in the
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system. The polymerization was also fast and SEC characterization showed the final
polymer with M,=13200 which is close to the theoretical value. The final dispersity is
as low as 1.12 even with a shoulder peak at high MW position, which may be caused
by diacrylate residue in the DEGEEA monomer. An unidentified very small peak at
low MW position via Rl detector was noticed before dialysis, Figure 5.67, which may
be caused by side reaction of catalyst or monomer under agqueous polymerization
condition according to previous report.?*’*?"> Due to the low content and challenge
for separation from the polymer, its exact structure has not yet been confirmed by
NMR under clear and high resolution; however, this could be removed by
precipitation or dialysis purification. Nevertheless, the fast polymerization showed
similar results as previous research and targeted polymer with defined molecular

weight and narrow polydispersity could be successfully synthesized.
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Figure 5. 67. Molecular weight distribution of poly(DEGEEA)g, (left: elution traces;
right: after dialysis) by aqueous SET-LRP at 0 °C via DMF SEC.
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Figure 5. 68. 'H NMR spectra of poly(DEGEEA)g, in DMSO-d.
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Scheme 5. 7. Schematic representation for the synthesis of poly(Mannose)io-b-
(NIPAM)g, via aqueous SET-LRP.

After that two different double hydrophilic diblock copolymers containing
poly(mannose) segments and thermoresponsive PNIPAM and PDEGEEA segments

were facilely synthesized via a one-pot iterative monomer addition.

As shown in Scheme 5.7, new degassed NIPAM monomer solution was directly
added to the reaction tube after full conversion of the 1% block polymerization for
chain extension at 0 °C. After 330 min, reaction was directly stopped for

characterization.

As shown in Figure 5.69, the elution traces shifted totally after block
copolymerization and the dispersity only increased slightly from 1.06 to 1.13,
although there is a small shoulder peak at low MW position overlapped with peak of
the first block glycopolymer, which could be attributed to the unavoided termination
during polymerization including disproportionation and terminal bromine hydrolysis

et al.
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Figure 5. 69. Molecular weight distributions of poly (Mannose)io -b- (NIPAM) g by
SET-LRP in H,O at 0 °C via DMF SEC.
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Figure 5. 70. *H NMR spectrum for the poly (Mannose) 1o -b- (NIPAM) g by SET-
LRP in H,0 at 0 °C. D,O was used as the NMR solvent.

'H NMR spectrum (Figure 5.70) clearly revealed peaks from glycopolymer
components, such as triazole ring protons at around 8 ppm and mannose residues at
3.5-5.0 ppm and also typical PNIPAM peaks at 1.1 and 3.8 ppm. The ratio of NIPAM
to Mannose is ~1:10, which is higher than theoretical value 1:8. This is due to the
sampling during the first block polymerization for SEC and NMR analysis, which

unavoidably took the 1% block macro initiator from the system.

FT-IR spectrum (Figure 5.71) also revealed peak absorbance from both components,

typically shown as different C=0 absorbance between 1500-1750 cm™.
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Figure 5. 71. FTIR spectra for the poly (Mannose) 1o (top) and poly (Mannose) 1o -b-
(NIPAM) g, (bottom).
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Figure 5. 72. Cloud point measurements of poly(NIPAM)g, and poly (Mannose) 1o -b-
(NIPAM) g0 by UV/Vis spectroscopy at 500 nm. Sample concentration: 1mg / mL.

Interestingly, the poly(NIPAM)go with initiator residue OH groups and terminal OH
groups due to the hydrolysis of terminal bromine showed a LCST temperature of
~40.2 °C (1 mg/mL), which is higher than typical LCST temperature of PNIAM (~32
°C), as shown in Figure 5.72. The diblock glycopolymer at same concentration
showed even higher LCST temperature at ~42.6 °C due to more hydrophilic sugar
components. The absorbance value at same concentration is also significantly lower
than the PNIPAM, which could be attributed to the self-assemble behaviour of the

block copolymer in water.
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Scheme 5. 8. Schematic representation for the synthesis of poly(Mannose)io-b-
(DEGEEA)g via aqueous SET-LRP.

After that, a different block copolymer bearing poly(DEGEEA) segment was
synthesized in similar way. For chain extension with DEGEEA monomer,
MeOH/H,0 mixture was used as the solvent. As shown in Figure 5.73, the SEC traces
also showed total shift and after block copolymerization the dispersity increased
slightly to 1.13 with a shoulder peak at higher MW region, which is similar as
poly(DEGEEA) homopolymer.
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Figure 5. 73. Molecular weight distributions of poly (Mannose) 1o -b- (DEGEEA) g
by SET-LRP in H,O at 0 °C via DMF SEC.

'H NMR spectrum (Figure 5.74) showed peaks from glycopolymer components and
also typical PDEGEEA peaks at 1.1 (methyl groups) and 3.2-3.8 (methylene groups)
ppm. The ratio of DEGEEA to Mannose is ~1:9 due to sampling during the 1% block

polymerization, which is higher than theoretical value 1:8.
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Figure 5. 74. *H NMR spectrum for the poly (Mannose) 1o -b- (DEGEEA) g by SET-
LRP in H,0O at 0 °C. D,O was used as the NMR solvent.

FT-IR spectrum (Figure 5.75) did not reveal significant absorbance peak from the
mannose glycopolymer block, mainly due to the high ratio of poly(DEGEEA) block
and similar functional groups. The diblock glycopolymer at same concentration
showed thoroughly different LCST temperature compared with poly(DEGEEA),
Figure 5.76. The absorbance value of the glycopolymer at concentration of Img/mL is
significantly lower than that of Poly(DEGEEA), which could be attributed to the

mannose content making the block copolymer more hydrophilic.

—— poly(DEGEEA),,

R, e

— poly(Mannose), - b-(DEGEEA),

Ty )

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figure 5. 75. FTIR spectra for the poly (DEGEEA) g (top) and poly (Mannose) 1o -b-
(DEGEEA) g (bottom).
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Figure 5. 76. Cloud point measurements of poly(DEGEEA)g, and poly (Mannose) 1o -
b- (DEGEEA) g by UV/Vis spectroscopy at 500 nm. Sample concentrations: 1mg /

mL

In summary, two different double hydrophilic diblock glycopolymer have been
successfully synthesized by the aqueous SET-LRP and one-pot chain extension. Full
conversion and low dispersity was maintained even after block copolymerization. The
targeted block copolymer showed different LCST temperature due to the presence of

glycopolymer segment, which favors interesting self-assemble behavior in water.
5.2.12 Exploration of ligand and solvent effect on the in-situ SET-LRP.

Previous research has pointed out that solvent and ligand play vital role in mediating
the disproportionation of Cu(l)X into Cu(0) and Cu(l)X,.2*** Solvents, such as
water and ethanol, do not stabilize colloidal Cu(0) and thus give large particulate
precipitates. In our hands, water strongly facilitates the disproportionation of
CuBr/MesTREN with agglomeration of Cu(0), which resulted in apparent clumps of
Cu(0) particles easily separating from a blue aqueous solution (Figure 5.77, 5.78).
However, with the addition of ethanol, the Cu (0) precipitate became finer with a

reduction in particle size (Figure 5.79, 5.80).

Figure 5.77-80 clearly showed the disproportionation of CuBr mediated by MesTREN
and water/ethanol, which yielded purple-red Cu (0) precipitate in the blue or green
CuBr,/MesTREN containing solution. Both water and ethanol proved to facilitate the

agglomeration of Cu (0) particles, which could be visually observed clearly.

In pure water, the aggregation tends to be very fast; causing a big lump of random Cu
(0) precipitate and the solution became clear in less than 5 min. However, with the
addition of ethanol, the Cu (0) particles tend to become more even and fine and it
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needs up to more than 120 min for the fine Cu (0) particles to precipitate in pure

ethanol, as shown in Figure 5.77.

The copper particles dispersed in solvents were observed using a Leica DM2500M
optical microscope equipped with a Nikon D5100 camera under dark field. As shown
in Figure 5.79 & 5.80, Cu (0) particles obtained from disproportionation in 100%
water assemble together randomly. With the addition of ethanol from 25% to 75%,
the size of the aggregates became much smaller, however, could still be observed by

optical microscopy. The particle size can go down to 1 um in 100% ethanol.

c)
Figure 5. 77. Visual observation of the disproportionation of CuBr / MesTREN in
water / ethanol mixture. Conditions: solvent = 12 mL (Vwater: Vethanol from left to right:
100%: 0% — 75%: 25% — 50%: 50% — 25%: 75% — 0%: 100%); CuBr = 43 mg, 0.3
mmol; MegTREN = 78 uL, 0.3 mmol. Picture was taken after setting down for a) 5
min; b) 30 min; ¢) 120 min.

195
Qiang Zhang



[Aqueous SET-LRP] | [Chapter 5]

Figure 5. 78. Zoom of Figure 5.96 for the disproportionation of CuBr / MegTREN in

water (left) and ethanol (right). Pictures were taken after setting down for 120 min.

Figure 5. 79. Optical microscopy images of copper powders from the

disproportionation of CuBr / MesTREN in water.

Figure 5. 80. Optical microscopy images of copper powders from the
disproportionation of CuBr / MegsTREN in water / ethanol mixture. Conditions: Vater:
Vethanol = 75%: 25% (A), 50%: 50% (B); 25%: 75% (C); 0%: 100% (D). The white

scale bar is 300 um.
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In order to investigate the versatility of this system we further investigated two
ligands which have been previously widely utilized in SET-LRP, Tris(2-
aminoethyl)amine (TREN) and N, N, N', N", N"-Pentamethyldiethylenetriamine
(PMDETA), for the polymerization of NIPAM, HEA and PEGA.

Disproportionation tests showed that both TREN and PMDETA favor the
disproportionation of CuBr in water, Figure 5.81, 5.82, purple red colour copper
precipitates were found on the inside wall of reaction tubes with a deep blue (for
PMDETA) or light blue (for TREN) solution .

Figure 5. 81. Visual observation of the disproportionation of CuBr / PMDETA (a)
and SET-LRP of NIPAM (DP=80) in water (b). Conditions: a) H,O = 2 mL; CuBr =
10 mg, 70 umol; PMDETA = 7.4 uL, 35 pmol. Picture was taken 30 min after mixing
the reagents. b) Picture was taken 2 min after transferring the initiator / NIPAM

solution into the catalyst solution of (a).

b) | | W

Figure 5. 82. Visual observation of the disproportionation of CuBr / TREN (a) and
SET-LRP of NIPAM (DP=80) in water (b). Conditions: a) H,O = 2 mL; CuBr = 10
mg, 70 pmol; TREN = 5.3 uL, 35 pmol. Picture was taken 30 min after mixing the
reagents. b) Picture was taken 2 min after transferring the initiator / NIPAM solution

into the catalyst solution of (a).
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Polymerization of NIPAM using PMDETA and TREN resulted in final polymer with
dispersity = 1.50, showing worse control than MesTREN (Figure 5.83). However,
polymerizations of HEA and PEGA using PMDETA and TREN under similar
reaction conditions gave better control and the dispersity of final polymer was as low
as 1.16, suggesting that NIPAM may coordinate with the copper catalyst and thus
affects the polymerization. Thus choice of ligand is important to mediate a

living/controlled polymerization and future work is underway to optimize reaction

conditions.
1.00- ) 1.00 .
s ligand: PMDETA s ligand: TREN
{o2] [o)]
k<) 0.75 Time conversion M, PDi o 0.75 Time conversion M, PDi
S h 70% 7700 161 | 3 —1h  99% 9500 1.56
——3h 95% 9600 151 — % 104
B 050- T 0504 3h 100% 10400 1.49
N N
© ©
€ 0251 E 025
[e] [e]
z z
0.004 0.001
30 35 40 45 50 55 60 65 30 35 40 45 50 55 60 65 7.0
logMW logMW

Figure 5. 83. DMF SEC molecular weight distributions at different time for the SET-
LRP of NIPAM (DP=80) in H,O at 0 °C with [initiator]: [CuBr]: [PMDETA] = 1:
0.8: 0.4 (left) and [initiator]: [CuBr]: [TREN] = 1: 0.8: 0.4 (right).

5.2.13 Conclusion

The prior disproportionation of CuBr/MesTREN in water has been exploited for the
SET-LRP of hydrophilic monomers. Reactions proceed faster and with no induction
periods when compared to SET-LRP mediated by commercial Cu(0) sources without

any compromise in polymerization control.

Thorough analysis of model and reaction mixtures confirmed complete
disproportionation of CuBr/MesTREN in the water system. Attempted polymerization
with the separated products of disproportionation revealed the synergistic character of
the products of the disproportionation reaction. Comparison with L-ascorbic acid
mediated aqueous AGET-ATRP revealed the sensitive and complex nature of all Cu-
mediated systems, as observations were found to be highly dependent on the order of
reagent addition. The SET-LRP polymerization of NIPAM was investigated and
careful selection of catalyst ratio and reaction temperature provided access to a range

of molecular weights (DP = 8-320). Full characterization of the low molecular weight

198
Qiang Zhang |



[Aqueous SET-LRP] | [Chapter 5]

PNIPAM resulted in identification of the end-group functionality. Suppression of
hydrolysis, leading to premature termination, permitted preparation of block
copolymers. lterative, in situ chain extension up to a triblock copolymer was also

tolerated without appreciable loss of polymerization control.

The robustness of this procedure has been further exemplified by performing SET-
LRP of NIPAM in biologically relevant media (PBS pH 6.2 and 6.8) and in a
commercial water-alcohol mixture (Tequila) and finally under a truly biological
condition: sheep blood serum. A small library of acrylamide and acrylate monomers
was then polymerized to provide an indication of the potential scope of this

procedure.

Two different double hydrophilic diblock glycopolymer were synthesized by this
aqueous SET-LRP and chain extension after full conversion. It is our belief that this
process could be applied to a wide range of hydrophilic monomers and less

hydrophilic monomers in mixed solvent systems.
5.3 Experimental

5.3.1 Materials

N-Isopropylacrylamide (NIPAM, 97%) was obtained from Sigma-Aldrich and was
recrystallized from hexane to remove the inhibitor. 2-Hydroxyethyl acrylate (HEA,
96%, Sigma-Aldrich), Poly (ethylene glycol) methyl ether acrylate (PEGAu4g0, average
M, 480, Sigma-Aldrich), N, N-Dimethylacetamide (DMA, 99.5%, Sigma-Aldrich)
were de-inhibited by passing through a column of basic alumina prior to use. Glucose

acrylamide was synthesised according to a previously reported procedure.”’

HPLC grade water (H,O, VWR international, LLC) was directly used as the solvent
for polymerizations unless otherwise stated. Tequila (Jose Cuervo Gold Tequila, 38%
v/v, TESCO) was used as received. Sheep serum (USA origin, sterile-filtered, suitable
for cell culture, Sigma-Aldrich) was directly used as the solvent for polymerization
unless otherwise stated. The sheep serum was stored under -20 °C in the freezer and
transferred to the cold room to defreeze under 4 °C overnight before use.

Tris(2-(dimethylamino)ethyl)amine (MesTREN) was synthesized according to
177,178 N-

literature procedure and stored under a nitrogen atmosphere prior to use.

Ethyl-2-pyridylmethanimine was synthesized according to literature procedure and
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stored under a nitrogen atmosphere prior to use.’” N, N, N’, N, N'-
Pentamethyldiethylenetriamine (PMDETA, 99%, Sigma-Aldrich) and Tris(2-
aminoethyl)amine (TREN, 96%, Sigma-Aldrich) was used as received. Water soluble
initiator 2, 3-dihydroxypropyl 2-bromo-2-methylpropanoate was synthesized

according to literature procedure.?*®

Copper (1) bromide (CuBr, 98%, Sigma-Aldrich) was washed sequentially with acetic
acid and ethanol and dried under vacuum. Copper(ll) bromide (CuBr,, 99%, Sigma-
Aldrich) was used as received. Copper wire (diameter=0.25 mm) was pre-treated by
washing in hydrochloric acid for 15 min and rinsed thoroughly with MiliQ water,
dried under nitrogen and used immediately. Membrane dialysis (1K MWCO) was
obtained from Spectrum Laboratories.

5.3.2 Instruments and analysis

'H and **C NMR spectra were recorded on Bruker DPX-300, DPX-400 and DPX-600
spectrometers using deuterated solvents obtained from Aldrich. Monomer conversion
for NIPAM polymerization was calculated by comparing the integral of vinyl protons

with isopropyl protons.

SEC was conducted on Varian 390-LC system in DMF (5 mM NH;4BF,) at 50 °C,
equipped with refractive index, UV and viscometry detectors, 2 x PLgel 5 mm mixed-
D columns (300 x 7.5 mm), 1 x PLgel 5 mm guard column (50 x 7.5 mm) and
autosampler. Narrow linear poly (methyl methacrylate) standards in range of 200 to
1.0 x 10° g-mol™ were used to calibrate the system. All samples were passed through
0.45 um PTFE filter before analysis.

UV/Vis spectra were recorded on Agilent Technologies Cary 60 UV-Vis in the range
of 200-1100 nm using a cuvette with 10 mm optical length.

MALDI-ToF MS was recorded in linear or reflex mode on a Bruker Daltonics
Ultraflex 11 MALDI-ToF mass spectrometer, equipped with a nitrogen laser delivering
2 ns laser pulses at 337 nm with positive ion ToF detection performed using an
accelerating voltage of 25 kV. The matrix solution was prepared by dissolving a-
cyano-4-hydroxycinnamic acid (CHCA) or trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malononitrile (DCTB) in THF (20 mg/mL solution). Sodium iodide
was added at a 0.1% overall concentration to improve the ionization. Polymer

analytes were dissolved to a concentration of 1 mg/mL. Samples were prepared by

200
Qiang Zhang |



[Aqueous SET-LRP] | [Chapter 5]

layering matrix solution and analyte solution on the stainless steel side. Calibration
was performed with different linear poly (ethylene glycol) methyl ether standards.
The MALDI-ToF MS characterization in this chapter was performed by Miss Athina
Anastasaki of Haddleton group.

Infrared absorption spectra were recorded on a Bruker VECTOR-22 FTIR

spectrometer using a Golden Gate diamond attenuated total reflection cell.

The copper particles dispersed in solvents were observed using a Leica DM2500M
optical microscope equipped with a Nikon D5100 camera under dark field. This

analysis was performed by Dr Yunhua Chen of Bon’s group.

5.3.3 Disproportionation of CuBr / MegTREN into Cu (0) and CuBr; in H,O

w
N

\'Tl/\/NV\,Tl/

2 CuBr Cu + CuBr,

H,O /18 °C
Scheme 5. 9. Disproportionation of CuBr / MegTREN in water.

For the disproportionation test in the presence of air, to one vial with 5 mL H,O and a
magnetic stir bar, MegTREN (130 pL, 0.5 mmol) and CuBr (72 mg, 0.5 mmol) were
sequentially added and the mixed solution was allowed to stir for 1 h under the

existence of air.

To calculate the degree of disproportionation of CuBr / MegTREN in H,O, another
experiment was carried out under oxygen-free condition to avoid possible side
oxidation reaction of the in-situ generated copper (0) powders. One typical

experiment was shown as follow.

A magnetic stir bar, H,O (12 mL) and MesTREN (78 uL, 0.3 mmol) were charged to
a vial fitted with a rubber septum and the mixture was degassed via nitrogen sparging
for 15 min. CuBr (43 mg, 0.3 mmol) was then carefully added into the solution under
stirring. The solution became blue at once after the addition of CuBr and massive
purple red powders could be observed in the suspension, but the stirring was allowed
to continue for 30 min under nitrogen protection. After that, the stirring was stopped
to allow the powders settle down (for 15 min) and the blue aqueous solution was

carefully transferred through a gas tight syringe and 0.45 um PTFE filter to another
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vial, previously filled with nitrogen. The residue copper (0) powders were washed
with degassed water carefully for 6 times until the water became colourless. The vial
with copper (0) powders was then directly transferred to a vacuum oven and dried
under vacuum for two days. After that the total weight increase of the vial and stir bar
was measured and it revealed the weight of copper (0) powder as 9.4 mg, which is
very close to the theoretical value of 9.5 mg when 100% disproportionation happened.

(Note: the readability of the balance is 0.1 mg)

The filtered blue solution was diluted in order to get an accurate UV-Vis spectrum.
0.5 mL of the solution was transferred to a vial filled with 4.5 mL degassed water.
Then 3 mL of the diluted solution was transferred to a UV-Vis cuvette (optical length,
10 mm), which was fitted with a rubber septum and previously filled with nitrogen.
The cuvette was directly taken for UV-Vis measurements.

To calculate the concentration of CuBr; in disproportionation solution, a series of
CuBr,/MesTREN solution, with same amount of MesTREN (78 pL, 0.3 mmol) and
different amounts of CuBr, (24, 27, 30, 33, 36, 39 mg) in 12 mL water, were made for
UV-Vis measurements according to the same procedure as the disproportionation of
CuBr/ MegTREN in H,0.

As shown in Figure 5.4, the UV-Vis spectrum of the solution from disproportionation
of CuBr / MesTREN in H,O is the same as the spectra of CuBr, / MegTREN in H,0,
which proved the existence of CuBr; due to the disproportion of CuBr. Its trace is
almost overlapped with one spectrum of CuBr, / MegTREN in H,O (3.00 mg / mL).
The CuBr; concentration from the disproportionation of CuBr / MesTREN in H,O
was then calculated as 3.00 = 0.01 mg / mL, which was according to the calibration
curves based on UV-Vis absorbance at 700 and 865 nm. This value is slightly higher
than the theoretical value (2.79 mg / mL) if 100% disproportionation happened, which
was first thought as experimental error due to limit of equipment (balance and UV-
Vis) or artificial factor during dilution. However, we notice that such phenomenon
also happened when higher ratio MegTREN (2.0-3.0 equivalents to CuBr) was used in
the disproportionation of CuBr in H,O, which was attributed that high level
MesTREN could help water stabilize Cu (0) colloids.??* However, combined with the
results of Cu (0) amount and CuBr, concentration, CuBr / MesTREN in water tends to
disproportionate fast and totally into Cu (0) and CuBr,. Stable CuBr / MesTREN
complex could hardly exist in water or cannot be detected by previous experiments.
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5.3.4 Disproportionation test of the CuBr / N-ethyl-2-pyridylmethanimine

/, \
QﬁN\
2 CuBr X—— Cu + CuBr,
H,O / 18 °C or 50 °C

complex in H,O

Scheme 5. 10. Disproportionation of CuBr / N-ethyl-2-pyridylmethanimine in water.

A magnetic stir bar, H,O (2 mL) and N-ethyl-2-pyridylmethanimine (27 mg, 0.1
mmol) were charged to a vial fitted with a rubber septum and the mixture was
degassed via nitrogen sparging for 15 min. CuBr (14 mg, 0.1 mmol) was then
carefully added into the solution under stirring and nitrogen protection. The solution
became dark brown at once after the addition of CuBr. The tube was then sealed and

immersed in a thermostated water bath at 50 °C and kept stirring for 1 h.

5.3.5 Atom transfer radical polymerization of NIPAM in H,O at ambient

temperature
1eq 1eq  1eq
O = CuBr / MegTREN o) 5
;
MO0 e ¢ O MO GO T
) H,O /18 °C H/"L O

Scheme 5. 11. ATRP of NIPAM in H,O at ambient temperature.

A magnetic stir bar, H,O (5 mL), 2, 3-dihydroxypropyl 2-bromo-2-methylpropanoate
(60 mg, 0.25 mmol), NIPAM (1.13 g, 10 mmol) and MegTREN (65 pL, 0.25 mmol)
were charged to a Schlenk tube fitted with a rubber septum and the solution was
deoxygenated via freeze-pump-thaw for six times. The degassed solution was then
transferred via cannula to another Schlenk tube, previously evacuated and filled with
nitrogen, containing CuBr (36 mg, 0.25 mmol) and a magnetic stir bar. The resulting
solution became turbid immediately and massive gel was also found. The reaction
mixture was allowed to stir at ambient temperature (~ 18 °C) for 30 min. Sample of
the reaction mixture was then removed for analysis. The sample for *H NMR was

directly diluted with D,O, which confirmed 100% conversion according to the total
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disappearance of vinyl groups. Catalyst residues were removed by filtering through a

column of neutral alumina prior to DMF SEC analysis.

5.3.6 Atom transfer radical polymerization of NIPAM in H,O at 0 °C

1eq 0.8 eq 0.4 eq
o - CuBr / MegTREN 0
o Br
HO/\J)?OJH(BF BN ° Homow 80
)= H,0/0°C ﬂ“\ 0

Scheme 5. 12. ATRP of NIPAM in H,0 at 0 °C.

A magnetic stir bar, H,O (55 mL), 2, 3-dihydroxypropyl 2-bromo-2-
methylpropanoate (21 mg, 0.087 mmol), NIPAM (0.79 g, 7 mmol) and MesTREN
(9uL, 0.035 mmol) were charged to a Schlenk tube fitted with a rubber septum and
the solution was deoxygenated via freeze-pump-thaw for six times. The degassed
solution was then transferred via cannula to another Schlenk tube, previously
evacuated and filled with nitrogen, containing CuBr (10 mg, 0.07 mmol) and a
magnetic stir bar, which has already been immersed in ice / water bath. The resulting
solution became blue immediately and no significant gel was noticed, although
system viscosity tends to be high. The reaction mixture was allowed to stir at 0 °C for
30 min. Sample of the reaction mixture was then removed for analysis. The sample
for 'H NMR was directly diluted with D,O, which confirmed 100% conversion
according to the total disappearance of vinyl groups. Catalyst residues were removed

by filtering through a column of neutral alumina prior to DMF SEC analysis.

3.0 3.0
high limit
254 254
2.04 W B 2.0
I
" 2 M PDi
= 154 —— ATRP 15700 2.70 o 154
2 > —— ATRP 14600 1.25
2 1.0 2 1.0
2 ©
T 054 054
0.04 0.0
30 35 40 45 50 55 60 65 30 35 40 45 50 55 60 65
log MW log MW

Figure 5. 84. Molecular weight distributions of PNIPAM by ATRP at 0 °C via DMF
SEC. Include tailing peak at high MW position (left); Ignore tailing peak at high MW
position (right).
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5.3.7 SET-LRP of NIPAM in H,O at 0 °C via disproportionation of CuBr /
MesTREN

'MegTREN| H0 |

o _ !  Cu + CuBry! o)
il Br
OH r H,0/0°C OH
)_

30 min 100%

Scheme 5. 13. SET-LRP of NIPAM in H,0 at 0 °C via disproportionation of CuBr /
MesTREN.

A magnetic stir bar, H,O (2 mL) and MegTREN (9 pL, 0.035 mmol) were charged to
a Schlenk tube (No. 1) fitted with a rubber septum and the solution was deoxygenated
via freeze-pump-thaw for six times. The degassed solution was then transferred via
cannula to another Schlenk tube (No. 2), previously evacuated and filled with
nitrogen, containing CuBr (10 mg, 0.07 mmol) and a magnetic stir bar. The mixed
suspension became blue immediately after cannula transfer and massive purple red
colour copper (0) powder was found in the suspension. The reaction mixture was
allowed to stir at ambient temperature (~ 18 °C) for 30 min under nitrogen protection.

After that, Schlenk tube (No. 2) was immersed into ice/water bath.

A magnetic stir bar, H,O (35 mL), 2, 3-dihydroxypropyl 2-bromo-2-
methylpropanoate (21 mg, 0.087 mmol), and NIPAM (0.79 g, 7 mmol) were charged
to a Schlenk tube (No. 3) fitted with a rubber septum and the solution was
deoxygenated via freeze-pump-thaw for six times. The degassed initiator / monomer
solution was then transferred via cannula to Schlenk tube (No. 2), which has already
been immersed in the ice / water bath. The mixed solution was allowed to stir at 0 °C
for 30 min. Sample of the reaction mixture was then removed for analysis. The
sample for 'H NMR was directly diluted with D,O, which confirmed 100%
conversion according to the total disappearance of vinyl groups. Catalyst residues
were removed by filtering through a column of neutral alumina prior to DMF SEC

analysis.
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5.3.8 Copper (0) wire mediated SET-LRP of NIPAM and PEGAg in H,O at

ambient temperature

0] Cu(0) wire / CuBry/ MegTREN o
HO/\O(H\O%r R HO ™0 < g
— H,0 /18 °C OH HN™SO0

Scheme 5. 14. Copper (0) wire mediated SET-LRP of NIPAM in H,O at ambient

temperature.

To a Schlenk tube fitted with a magnetic stir bar and a rubber septum, 2, 3-
dihydroxypropyl 2-bromo-2-methylpropanoate (60 mg, 0.25 mmol), NIPAM (1.13 g,
10 mmol), CuBr; (12 mg, 0.05 mmol) and H,O (5 mL) were charged and the mixture
was bubbled with nitrogen for 15 min. Pre-degassed MesTREN (26 uL, 0.1 mmol)
were then added via gas tight syringe. After that, pre-activated copper wire (4 cm, 18
mg, 0.28 mmol) was carefully added under nitrogen protection. The Schlenk tube was
sealed and the blue solution was allowed to polymerize at ambient temperature (~18
°C). Samples of the reaction mixture were carefully removed at suitable time periods
for analysis. The sample for *H NMR was directly diluted with D,O. Catalyst residues
were removed by filtering through a column of neutral alumina prior to SEC analysis.

Cu(0) wire / CuBr, / MegTREN

(@]
Ho™ o <G
OH

0 _
Ho“oﬁoj\ﬁ3r + _%io

H,0 /18 °C oo
el <
7.8 0
)‘(9

Scheme 5. 15. Copper (0) wire mediated SET-LRP of PEGAg in H,O at ambient

temperature.

The polymerization procedure is the same as copper (0) wire mediated SET-LRP of
NIPAM in H,0 at ambient temperature. The charging amounts of each component are
listed below: 2, 3-dihydroxypropyl 2-bromo-2-methylpropanoate (120 mg, 0.5 mmol),
PEGAug (2.4 g, 5 mmol), CuBr; (22 mg, 0.1 mmol), H,O (3 mL), MegTREN (26 uL,

0.1 mmol) and copper wire (4 cm, 18 mg, 0.28 mmol).
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5.3.9 Test polymerizations of NIPAM in H,O at ambient temperature via
separated copper(0) powder and CuBr,/MesTREN solution from
disproportionation of CuBr/Mes TREN

A magnetic stir bar, H,O (2 mL) and MegTREN (26 uL, 0.1 mmol) were charged to a
Schlenk tube (No. 1) fitted with a rubber septum and the solution was deoxygenated
via freeze-pump-thaw for six times. The degassed solution was then transferred via
cannula to another Schlenk tube (No. 2), previously evacuated and filled with
nitrogen, containing CuBr (14 mg, 0.1 mmol) and a magnetic stir bar. The mixed
suspension became blue immediately after cannula transfer and massive purple red
colour copper (0) powder was found in the suspension. The reaction mixture was
allowed to stir at ambient temperature (~ 18 °C) for 30 min under nitrogen protection.
After that, stirring was stopped for static settlement about 15 min to allow all the
copper (0) powders to precipitate at the bottom of tube. A gas tight syringe was then
carefully used to take the blue solution out and transferred through a 0.45 pm PTFE

filter to another Schlenk tube (No. 3), previously evacuated and filled with nitrogen.

In order to remove the residue CuBr, / MesTREN, degassed water (~ 3 mL) was then
transferred via cannula to Schlenk tube No. 2, stir for 1 min to wash the copper (0)
powders, static settlement for 2 min and then the water was removed via gas tight
syringe. The above procedure was repeated for five times until the solution became
totally colourless. After that a solution of H,O (2 mL) and MesTREN (26 pL, 0.1
mmol), previously degassed via freeze-pump-thaw for three times, was transferred via

cannula to Schlenk tube No. 2.

To test polymerizations catalyzed by copper (0) powder / MegTREN or CuBr; /
MesTREN, two same solutions of H,O (2.5 mL), 2, 3-dihydroxypropyl 2-bromo-2-
methylpropanoate (60 mg, 0.25 mmol) and NIPAM (0.57 g, 5 mmol), previously
degassed via freeze-pump-thaw for at least three times, were then transferred
separately via cannula to Schlenk tube No. 2 and No. 3. The mixed solutions were
then allowed to stir at ambient temperature (~18 °C). Samples of the reaction mixtures
were carefully removed at suitable time periods for analysis. The sample for *H NMR
was directly diluted with D,O. Catalyst residues were removed by filtering through a

column of neutral alumina prior to SEC analysis.
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b)

Figure 5. 85. Visual observation of the SET-LRP of NIPAM catalyzed by separated
Cu (0) powder / MegTREN (a) and CuBr, / MesTREN (b) in H,O. Conditions: a)
Picture was taken 15 min after starting polymerization. b) Picture was taken 24 after

starting polymerization.
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Figure 5. 86. Molecular weight distributions of PNIPAM (DP=20) catalyzed by Cu
(0) powder / MesTREN (left) and CuBr, / MesTREN (right) in H,O at ambient
temperature via DMF SEC.
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Figure 5. 87. 'H NMR spectra for SET-LRP of NIPAM catalyzed by Cu (0) powder /
MesTREN (left) and CuBr, / MesTREN (right) in D,0.
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5.3.10 SET-LRP of NIPAM (DP=20) in H,O at ambient temperature via
disproportionation of CuBr / MesTREN

{MesTREN | H,0 |

o) Cu + CuBry!

o)

= [ Br

HO/\(\O%r TN B — HO/\/\OW 20
OH — OH

H,0/0°C HN"SO

N

30 min 100%

Scheme 5. 16. SET-LRP of NIPAM (DP=20) in H,O at ambient temperature via
disproportionation of CuBr/Meg TREN.

To a Schlenk tube fitted with a magnetic stir bar and a rubber septum, H,O (2 mL)
and MegTREN (26 pL, 0.1 mmol) were charged and the mixture was bubbled with
nitrogen for 10 min. CuBr (14 mg, 0.1 mmol) was then carefully added under slight
positive pressure of nitrogen. The nitrogen bubbling was continued for another 10 min
and then the blue suspension with purple red colour copper (0) powder was allowed to
stir at ambient temperature under nitrogen protection for 15 min. At the same time, to
another vial fitted with a magnetic stir bar and a rubber septum, H,O (2.5 mL), 2, 3-
dihydroxypropyl 2-bromo-2-methylpropanoate (60 mg, 0.25 mmol) and NIPAM (0.57
g, 5 mmol) were charged and the mixture was bubbled with nitrogen for 15 min. After
that, the degassed monomer/initiator aqueous solution was transferred via cannula to
the Schlenk tube with Cu(0)/CuBr,/MesTREN catalyst. The Schlenk tube was sealed
and allowed to polymerize at ambient temperature (~18 °C) for 30 min. Sample of the
reaction mixture was then removed for analysis. The sample for *H NMR was directly
diluted with D,O, which confirmed 100% conversion according to the total
disappearance of vinyl groups. Catalyst residues were removed by filtering through a

column of neutral alumina prior to DMF SEC analysis.

b)

Figure 5. 88. Visual observation of the disproportionation of CuBr / MesTREN (a)
and SET-LRP of NIPAM (DP=20) in H,O (b). Conditions: a) H,O =2 mL; CuBr = 14
mg, 0.1 mmol; MegTREN = 26 uL, 0.1 mmol. Picture was taken 30 min after mixing
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the reagents. b) Picture was taken 15 min after transferring the initiator/NIPAM

solution into the catalyst solution of (a).

5.3.11 SET-LRP of NIPAM (DP=8) in H,O at 0 °C and ambient temperature
via disproportionation of CuBr/MesTREN

OH
)~ H0/0°Cor18°C *ﬂ“\o
30 min 100%

Scheme 5. 17. SET-LRP of NIPAM (DP=8) in H,0 at 0 °C and ambient temperature
(~18 °C) via disproportionation of CuBr / MegTREN.

The polymerization procedure is the same as described in SET-LRP of NIPAM

(DP=20). The charging amount for each component is listed below.

Table 5. 2. Charging amounts for SET-LRP of NIPAM (DP=8) in H,0 at 0 °C and
ambient temperature with [initiator]: [CuBr]: [MesTREN] = 1: 0.4: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H,O CuBr MesTREN H,O
0.25 mmol 2 mmol 2 mL 0.1 mmol 0.1 mmol 2 mL

After 30 mins, sample of the reaction mixture was removed for NMR, SEC and
MALDI-ToF MS analysis. The sample for '"H NMR was directly diluted with D,0,
which confirmed 100% conversion for both polymerizations under 0 °C or ambient
temperature (~18 °C) according to the total disappearance of vinyl groups. The
sample for MALDI-ToF MS analysis was diluted with THF first. Catalyst residues
were removed by filtering through a column of neutral alumina prior to DMF SEC

analysis.

The rest solution was diluted with more water and passed through a basic alumina
column to remove the copper catalyst. Then the PNIPAM products could be recovered
by freezing dry. Note: Due to the high polarity of water, basic alumina was not able to
remove all the copper catalyst. If high purity was demanded, diluted with THF for

alumina column or dialysis against water will result in better results.
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5.3.12 SET-LRP of NIPAM (DP=40) in H,O at ambient temperature via
disproportionation of CuBr / MesTREN

! MegTREN | H,0

Cu + CuBr2§

Scheme 5. 18. SET-LRP of NIPAM (DP=40) via disproportionation of CuBr /
MesTREN in H,O at ambient temperature.

The polymerization procedure is the same as described in SET-LRP of NIPAM

(DP=20). The charging amount for each component is listed below.

Table 5. 3. Charging amounts for SET-LRP of NIPAM (DP=40) in H,O at ambient
temperature with [initiator]: [CuBr]: [MesTREN] = 1: 0.4: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H,0 CuBr MesTREN H,0
125 pmol 5 mmol 2.5mL 50 pumol 50 pmol 2mL

5.3.13 SET-LRP of NIPAM (DP = 80) in H,O at different ratios of CuBr /

MesTREN under ambient temperature

O4eq !
2CuBr or !
0.8eq !

HO |

04eq
{MegTREN

1eq

Cu + CuBr, |

o | | o
HO o)ﬁ( Qe ‘ Br
0O Tt HO/Y\OWSO

> H,0 / 18 °C OH Fﬂ\l\o
Scheme 5. 19. SET-LRP of NIPAM (DP=80) via disproportionation of CuBr /
MesTREN in H,O at ambient temperature.

The polymerization procedure is the same as described in SET-LRP of NIPAM
(DP=20). The charging amount for each component is listed below.

Table 5. 4. Charging amounts for SET-LRP of NIPAM (DP=80) in H,O at ambient
temperature with [initiator]: [CuBr]: [MesTREN] = 1: 0.4: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H,O CuBr MesTREN H,0
87 pumol 7 mmol 3.5mL 35 pmol 35 pumol 1mL
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For polymerization with[initiator]: [CuBr]: [MesTREN] = 1: 0.4: 0.4, after transfer of
initiator / monomer solution into the catalyst solution, the solution became turbid at
once and then became clear after 10 min. After 1 h, the conversion reached 100%

according to 'H NMR analysis.

Table 5. 5. Charging amounts for SET-LRP of NIPAM (DP=80) in H,O at ambient
temperature with [initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H.0 CuBr MesTREN H,0
87 umol 7 mmol 3.5mL 70 pmol 35 pmol 2 mL

For polymerization with[initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4, after transfer of
initiator / monomer solution into the catalyst solution, the solution kept clear through
the reaction and the conversion reached 99% in 30 min and 100% in 60 min.

5.3.14 SET-LRP of NIPAM (DP = 160) in H,O at different ratios of CuBr /
MesTREN under ambient temperature and 0 °C.

: 2 CuBr O_g"
1 04eq
1eq {MegTREN | H,O
o _ Cu + CuBr,
A N Ho ™o 8

H,O /18 °C or 0 °C

Scheme 5. 20. SET-LRP of NIPAM (DP = 160) via disproportionation of CuBr /
MesTREN in H,O at ambient temperature.

The polymerization procedure is the same as described in SET-LRP of NIPAM

(DP=20). The charging amounts for each component are listed below.

Table 5. 6. Charging amounts for SET-LRP of NIPAM (DP=160) in H,O at ambient
temperature with [initiator]: [CuBr]: [MesTREN] = 1: 0.4: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H,O CuBr MegTREN H>O
87 pmol 14 mmol 7 mL 35 pumol 35 pumol 1mL

For polymerization with[initiator]: [CuBr]: [MesTREN] = 1: 0.4: 0.4 at ambient
temperature, after transfer of initiator / monomer solution into the catalyst solution,

the solution became turbid at once with a small amount of gel noticed and then the
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system became clear after 10 min. After 2.5 h, the conversion reached 100%

according to *H NMR analysis.

Table 5. 7. Charging amounts for SET-LRP of NIPAM (DP=160) in H,O at ambient
temperature with [initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H,O CuBr MesTREN H,0O
87 pumol 14 mmol 7 mL 70 pumol 35 pumol 2mL

For polymerization with [initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4 at ambient
temperature, after transfer of initiator / monomer solution into the catalyst solution, no
turbid phenomenon was noticed at first, however, after about 2.5 min, the solution
became turbid and lots of polymer gel was noticed to precipitate on the magnetic stir.
After about 10 min, the system became clear again. *H NMR analysis of sample at 1 h

showed that conversion reached 93%.

Table 5. 8. Charging amounts for SET-LRP of NIPAM (DP=160) in H,O at 0 °C with
[initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H,O CuBr MesTREN H,O
87 umol 14 mmol 7mL 70 pmol 35 pmol 2mL

For polymerization with [initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4 at 0 °C, the
solution kept clear and no precipitate was noticed through the reaction period.

For polymerization with [initiator]: [CuBr]: [MesTREN] = 1: 1.2: 0.4 at ambient
temperature, after transfer of initiator / monomer solution into the catalyst solution, no

turbid phenomenon was noticed.

Table 5. 9. Charging amounts for SET-LRP of NIPAM (DP=160) in H,O at ambient
temperature with [initiator]: [CuBr]: [MesTREN] = 1: 1.2: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H,O CuBr MegTREN H>O
87 pmol 14 mmol 7 mL 105 pmol 35 pumol 2mL

213
Qiang Zhang



[Aqueous SET-LRP] | [Chapter 5]

5.3.15 SET-LRP of NIPAM (DP = 320) via disproportionation of CuBr /
MesTREN in H,0O at 0 °C.

| 2 CuBr 08eq!
0.4 eq :
1eq i MeGTREN Hzo ;
@) _ Cu + CuBr, | 0
HOMOJW(BF N : Ho«noWgo
OH - H,0/0°C OH H)N\ o)

Scheme 5. 21. SET-LRP of NIPAM (DP = 320) via disproportionation of CuBr /
MesTREN in H,O at 0 °C.

The polymerizations were performed at the ratio of initiator / CuBr / MesTREN = 1:
08: 0.4 in H,O at 0 °C according to previous procedure. The charging amounts for

each component are listed below.

Table 5. 10. Charging amounts for SET-LRP of NIPAM (DP=320) in H,O at 0 °C
with [initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H,0 CuBr MesTREN H,0
87 umol 28 mmol 14 mL 70 pmol 35 pmol 2mL

5.3.16 Chain extension reaction for SET-LRP of NIPAM in H,O at ambient

temperature.
2 CuBr
MegTREN H,0 _
HN 7 H0
°) _ Cu + CuBrp o B o
——————————————————————————— r Br
HO/\(\O)H(BT * O OuN ° HO/Y\OWZO ----------------------------- > Ho/\/\owso
Van H,0/18°C OH HN™"0 H HNSO
2 PN chain extension

2h

Scheme 5. 22. Chain extension reaction for SET-LRP of NIPAM via
disproportionation of CuBr / MesTREN in H,O at ambient temperature.

The “first block” polymerization procedure is the same as described in SET-LRP of
NIPAM (DP=20). After full conversion of the first block polymerization, a solution of
NIPAM (0.29 g, 2.5 mmol) in 1.5 mL H,O, previously degassed by nitrogen sparging
for 15 min, was directly transferred via cannula to the Schlenk tube under nitrogen
protection. Sample of the reaction mixture was removed for analysis at defined time

period.
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Table 5. 11. Charging amounts for SET-LRP of NIPAM (DP=20) in H,O at ambient
temperature with [initiator]: [CuBr]: [MesTREN] = 1: 0.4: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H.,O CuBr MesTREN H,O
250 pmol 5 mmol 2.5 mL 100 umol 100 umol 2 mL

The “first block” polymerization was performed at the ratio of initiator / CuBr /
MesTREN = 1: 04: 0.4 in H,O at ambient temperature. The charging amounts for each
component are listed above.

'H NMR and SEC analysis of sample at 0.5 h of the first block polymerization
confirmed full conversion with M,=3700 and M,, / M, =1.09. However, new monomer
for the “second block” was added after stirring for 2 h while waiting for NMR
analysis result. *H NMR analysis of samples at 1.5 h and 3 h of “second block”
polymerization showed that total conversion was only 83% and 87% separately,
which means that second block conversion was only about 50% and 61% for the new

added monomer.

5.3.17 Chain extension reaction for SET-LRP of NIPAM in H,O at 0 °C.

3 | o
| MesTREN | HO | HN ~ / H,0 0°C
Q - {  Cu+cuBrp o g, DP=80 DP=80 DP=80 o 5
Homo*{& N HOMOW G0 m e - HO/\/\OW >80
) H.0/0°C OH HNTO  >09%  >99%  >99% OH HN"O
2 /\ 30 min 60 min 80 min )\

100% at 30 min chain extension

Scheme 5. 23. Chain extension reaction for SET-LRP of NIPAM in H>,O with
[initiator]: [CuBr]: [MesTREN] =1: 0.4: 0.4 at 0 °C.

The “first block” polymerization procedure is the same as described in SET-LRP of
NIPAM (DP=20).

After full conversion of the first block polymerization, a solution of NIPAM (0.79 g,
7 mmol) in 2 mL H,0, previously degassed by nitrogen sparging for 15 min, was
directly transferred via cannula to the Schlenk tube under nitrogen protection. Sample

of the reaction mixture was removed for analysis at defined time periods.
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Table 5. 12. Charging amounts for SET-LRP of NIPAM (DP=40) in H,0 at 0 °C with
[initiator]: [CuBr]: [MesTREN] = 1: 0.4: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H.,O CuBr MesTREN H,O
87 umol 3.5 mmol 2 mL 35 pumol 35 umol 2 mL

The “first block” polymerization was first performed at the ratio of initiator / CuBr /

MesTREN = 1: 04: 0.4 in H,O at 0 °C. The charging amounts for each component are

listed above.
2 CuBr
| | Mo
| MegTREN H,0 : HN ~ / H,0 0°C
Q - | Cu+ CuBp o g DP=80 DP=80 DP=80 o .
HO“OGOJYBr TN HOﬂO?OW 40 m e - HO o,
)= H.0 /0 °C HNSO  >97%  >96%  >98% OH HN"SO
2 AL 75 min 150 min overnight A

100% at 80 min chain extension

Scheme 5. 24. Chain extension reaction for SET-LRP of NIPAM in H>,O with
[initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4 at 0 °C.

In order to get a good control for the first block polymerization, the amount of CuBr
was doubled so that there will be more CuBr; to slow down the polymerization. The
“first block” polymerization was then performed at the ratio of initiator / CuBr /
MesTREN = 1: 08: 0.4 in H,O at 0 °C. The charging amounts for each component are
listed below.

Table 5. 13. Charging amounts for SET-LRP of NIPAM (DP=40) in H,O at 0 °C with
[initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H,O CuBr MesTREN H,0
87 pmol 3.5 mmol 2mL 70 pumol 35 pumol 2mL
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5.3.18 Synthesis of diblock copolymer by SET-LRP in H,0.

H,0/0°C OH HNSO  H,0/0°C OH HN""0
100% at 30 min 100% at 90 min 6H

Scheme 5. 25. Synthesis of poly (NIPAM) 2 -b- (HEA) 40 by SET-LRP in H,O with
[initiator]: [CuBr]: [MesTREN] =1: 0.4: 0.4 at 0 °C.

The “first block” polymerization procedure is the same as described in SET-LRP of
NIPAM (DP=20) but reaction at 0 °C.

After full conversion of the first block polymerization, a solution of HEA (1.16 g, 10
mmol) in 2 mL H,O, previously degassed by nitrogen sparging for 15 min, was
directly transferred via cannula to the Schlenk tube under nitrogen protection and
polymerization for 90 min. Sample of the reaction mixture was removed for analysis

at defined time periods.

Table 5. 14. Charging amounts for SET-LRP of NIPAM (DP=20) in H,O at 0 °C with
[initiator]: [CuBr]: [MesTREN] = 1: 0.4: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H,O CuBr MesTREN H,O
250 pmol 5 mmol 2.5mL 100 pmol 100 pmol 2mL

The first block polymerization was performed at the ratio of initiator / CuBr /
MesTREN = 1: 04: 0.4 in H,O at 0 °C. The charging amounts for each component are

listed above.

After 30 min, *H NMR confirmed 100% conversion of the first block polymerization
and new HEA monomer was added for chain extension. Reaction time for the second
block polymerization was 90 min and *H NMR revealed 100% conversion was
obtained and reaction was then stopped. After reaction, the aqueous solution was
directly transferred to a dialysis tube (MWCO = 1000) and dialyzed against water for

two days. The product was then recovered as white powder via freezing dry.
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5.3.19 Synthesis of tri-block copolymer by iterative SET-LRP in H,O.

2 CuBr C;/&o Oﬁo
) a
MesTREN | H,0 - S
‘ : 78
o - : Cu + CuBrp | o g DP=40 DP=10 o
el SO . )ty
I R i - - Moo T
on ) H,0/0°C OH  'HWNSO >g0%  >90% OH  'pn“o o0 oo
2 A 50min 120 min EN . BS
100% at 30 min iterative monomer addition OH 0

@

Scheme 5. 26. Synthesis of poly (NIPAM)zo -b- (HEA)40 -b- (PEGA4g0)10 by iterative
aqueous SET-LRP with [initiator]: [CuBr]: [MesTREN] =1: 0.4: 0.4 at 0 °C.

The first block polymerization was performed at the ratio of initiator / CuBr /
MesTREN = 1: 04: 0.4 in H,O at 0 °C. The charging amounts for each component are
listed below.

Table 5. 15. Charging amounts for SET-LRP of NIPAM (DP=20) in H,O at 0 °C with
[initiator]: [CuBr]: [MesTREN] = 1: 0.4: 0.4.

Initiator / monomer system Catalyst system
Initiator NIPAM H,0 CuBr MesTREN H,0
250 pmol 5 mmol 2.5mL 100 pmol 100 pmol 2mL

After full conversion of the first block polymerization, a solution of HEA (1.16 g, 10
mmol) in 2 mL H,0, previously degassed by nitrogen sparging for 15 min, was
directly transferred via cannula to the Schlenk tube under nitrogen protection and
polymerization for 50 min. *H NMR revealed that conversion was over 99%.

After full conversion of the second block polymerization, a solution of PEGAg (1.20
g, 2.5 mmol) in 2 mL H,0, previously degassed by nitrogen sparging for 15 min, was
directly transferred via cannula to the Schlenk tube under nitrogen protection and
polymerization for 120 min, conversion of which reached 90% according to *H NMR.
Reaction was then stopped and product was recovered via direct dialysis and freezing

dry.
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Figure 5. 89. FTIR spectrum of poly (NIPAM)y -b- (HEA)4 -b- (PEGA4s0)10 by
iterative SET-LRP.

5.3.20 Synthesis of PNIPAM by AGET ATRP in H;O under ambient

temperature.
HO " oH
oo
= r
HO ™0
Hoﬁ/\ojﬁ%r + ;@FO + CuBr,/MegTREN /\oﬁ WZO
OH \ o HN"SO
2

Scheme 5. 27. Synthesis of PNIPAM by AGET ATRP in H,O with [initiator]:
[CuBr;]: [MesTREN]: [Ascorbic acid] = 1: 0.4: 0.4: 0.16 & 1: 0.4: 0.8: 0.2 at ambient

temperature.

For the polymerization with [initiator]: [CuBr;]: [MesTREN]: [Ascorbic acid] = 1:
0.4: 0.4: 0.16, the typical procedure is shown as follow. To a Schlenk tube fitted with
a magnetic stir bar and a rubber septum, H,O (3 mL) CuBr; (22 mg, 0.1 mmol),
MesTREN (26 pL, 0.1 mmol), 2, 3-dihydroxypropyl 2-bromo-2-methylpropanoate
(60 mg, 0.25 mmol) and NIPAM (0.57 g, 5 mmol) were charged and the mixture was
bubbled with nitrogen for 15 min. At the same time, to another vial fitted with a
magnetic stir bar and a rubber septum, H,O (2mL) and L-ascorbic acid (7 mg, 0.04
mmol) were charged and the solution was bubbled with nitrogen for 15 min. After
that, the degassed L-ascorbic acid solution was transferred via cannula to the Schlenk
tube with initiator / monomer / copper complex. The Schlenk tube was sealed and the
mixed solution was allowed to polymerize at ambient temperature (~18 °C). Sample

of the reaction mixture was removed for analysis at defined time period. The sample
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for '"H NMR was directly diluted with D,O. Catalyst residues were removed by

filtering through a column of neutral alumina prior to DMF SEC analysis.

For the polymerization with [initiator]: [CuBr;]: [MesTREN]: [Ascorbic acid] = 1:
0.4: 0.8: 0.2, the amount of MegTREN was increased to 52 uL, 0.2 mmol and the
amount of L-ascorbic acid was increased to 9 mg, 0.05 mmol, without change of the

rest components. The polymerization procedure is the same as shown above.

5.3.21 Reduction of CuBr, by L-ascorbic acid into CuBr following
disproportionation into Cu (0) & CuBr; for SET-LRP of NIPAM in H,O under
ambient temperature.

HO

OH
O% 0
0" " oH HN

OH MegTREN ) o 5
CuBr, ————————=  CuBr Cu (0) + CuBr, —————5—— Hoﬁﬁowzg
H20 H,0 OH HN"SO
Ho/\(\o)H(B . L
OH
Reduction Disproportionation

SET-LRP

Scheme 5. 28. Synthesis of PNIPAM by SET-LRP in H,O with [initiator]: [CuBr,]:
[MesTREN]: [Ascorbic acid] = 1: 0.4: 0.4: 0.16 & 1: 0.4: 0.8: 0.2 at ambient

temperature.

For the polymerization with [initiator]: [CuBr;]: [MesTREN]: [Ascorbic acid] = 1:
0.4: 0.4: 0.16, the typical procedure is shown as follow.

To a Schlenk tube fitted with a magnetic stir bar and a rubber septum, H,O (1 mL)
and CuBr; (22 mg, 0.1 mmol) were charged and the mixture was bubbled with
nitrogen for 10 min. At the same time, to another vial fitted with a magnetic stir bar
and a rubber septum, H,O (1mL) and L-ascorbic acid (7 mg, 0.04 mmol) were
charged and the solution was bubbled with nitrogen for 10 min. After that, the
degassed L-ascorbic acid solution was transferred via cannula to the Schlenk tube
with CuBr; solution. White CuBr precipitate was immediately got after addition of L-
ascorbic acid. The mixed suspension was allowed to stir under nitrogen protection for
5 min. After that, degassed MegTREN (26 uL, 0.1 mmol) was carefully added to the
suspension via a gas-tight syringe. The suspension became blue at once with total
disappearance of white precipitate and appearance of red colour copper (0) powders.
The obtained blue suspension was allowed to stir under nitrogen protection for 15

min. After that, a solution of 2, 3-dihydroxypropyl 2-bromo-2-methylpropanoate (60
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mg, 0.25 mmol) and NIPAM (0.57 g, 5 mmol) in 3.5 mL H,0, previously degassed
via nitrogen bubbling for 15 min, was added via cannula under nitrogen protection.
The Schlenk tube was sealed and the mixed solution was allowed to polymerize at
ambient temperature (~18 °C). Sample of the reaction mixture was removed for
analysis at defined time period. The sample for *H NMR was directly diluted with
D,0. Catalyst residues were removed by filtering through a column of neutral

alumina prior to DMF SEC analysis.

For the polymerization with [initiator]: [CuBr;]: [MesTREN]: [Ascorbic acid] = 1:
0.4: 0.8: 0.2, the amount of MesTREN was increased to 52 uL, 0.2 mmol and the
amount of L-ascorbic acid was increased to 9 mg, 0.05 mmol, without change of the

rest components. The polymerization procedure is the same as shown above.

Reaction time  conversion Mn PDi

90 min 61% 2400 1.08
—— 160 min 61% 2500 1.08

dw/dlogM

3.0 35 4.0 45 5.0
logMW

Figure 5. 90. DMF SEC molecular weight distributions for the SET-LRP of NIPAM
(DP=20) in H,O at ambient temperature with [initiator]: [CuBr;]: [MesTREN]:
[Ascorbic acid] = 1: 0.4: 0.4: 0.16.

4

Reaction time  conversion Mn PDi

15min 100% 4000 1.12

dw/dlogM

30 35 40 45 50 55
logMW
Figure 5. 91. DMF SEC molecular weight distributions for the SET-LRP of NIPAM
(DP=20) in H,O at ambient temperature with [initiator]: [CuBr;]: [MesTREN]:
[Ascorbic acid] =1: 0.4: 0.8: 0.2.
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Scheme 5. 29. Synthesis of PNIPAM by AGET ATRP in H,O with [initiator]:
[CuBr;]: [MesTREN]: [Ascorbic acid] = 1: 0.4: 0.4: 0.16 at ambient temperature.

To check what happened during the reduction of CuBr, complex by L-ascorbic acid,
the reduction reaction without the existence of initiator and monomer was conducted
with the ratio of [initiator]: [CuBr;]: [MesTREN]: [Ascorbic acid] = 1: 0.4: 0.4: 0.16,

the typical procedure is shown as follow.

To a Schlenk tube fitted with a magnetic stir bar and a rubber septum, H,O (1 mL)
and CuBr; (22 mg, 0.1 mmol) were charged and the mixture was bubbled with
nitrogen for 10 min. Degassed MesTREN (26 pL, 0.1 mmol) was then added to the
suspension via a gas-tight syringe. The solution became bright blue and the solution
was stirred under nitrogen protection for 5Smin. At the same time, to another vial fitted
with a magnetic stir bar and a rubber septum, H,O (1mL) and L-ascorbic acid (7 mg,
0.04 mmol) were charged and the solution was bubbled with nitrogen for 10 min.
After that, the degassed L-ascorbic acid solution was transferred via cannula to the
Schlenk tube with CuBr, / MegTREN solution. The solution became a bit cloudy at
once and was stirred under nitrogen protection for 15 min. After that, a solution of 2,
3-dihydroxypropyl 2-bromo-2-methylpropanoate (60 mg, 0.25 mmol) and NIPAM
(0.57 g, 5 mmol) in 3.5 mL H,0O, previously degassed via nitrogen bubbling for 15
min, was added via cannula under nitrogen protection. The solution became clear at
once with total disappearance of white precipitate. The Schlenk tube was sealed and
the mixed solution was allowed to polymerize at ambient temperature (~18 °C).

Sample of the reaction mixture was removed for analysis at defined time period.

222
Qiang Zhang



[Aqueous SET-LRP] | [Chapter 5]

4
Reaction time  conversion Mn PDi
3.
— 15h 34% 1700 1.12
> — 18 h 36% 1800 1.10
3
= -
s
©
14
0— T T T T
2:5 3.0 3.5 4.0 4.5 5.0
logMW

Figure 5. 92. DMF SEC molecular weight distributions for the AGET ATRP of
NIPAM (DP=20) in H,O at ambient temperature with [initiator]: [CuBr,]:
[MesTREN]: [Ascorbic acid] = 1: 0.4: 0.8: 0.2.

5.3.22 SET-LRP of NIPAM (DP=80) via disproportionation of CuBr/MesTREN
in Tequilaat 0 °C.

: 2 CuBr 08eq|
| 0.4eq :
iMegTREN | Tequila |

Cu + CuBr, | o}

Tequila /0 °C OH HN"SO
30 min >99%

Scheme 5. 30. SET-LRP of NIPAM (DP = 80) via disproportionation of CuBr /
MesTREN in Tequila at 0 °C.

The disproportionation and polymerization procedure is the same as described in
SET-LRP of NIPAM (DP=80) with only change of H,O into Tequila. The
polymerization was performed at the ratio of initiator / CuBr / MegTREN (1: 0.8: 0.4)
in Tequila under ice / water bath (0 °C).

For the disproportionation of CuBr / MesTREN in Tequila (mainly water / ethanol
mixture), metallic copper (0) powder was also noticed under same procedure when
water was used for the solvent. However, the colour of the suspension changed from
bright blue into deep green. After 30 min, the reaction was directly stopped and
sample was then removed for analysis. The conversion was over 99% according to *H

NMR spectrum.
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5.3.23 SET-LRP of NIPAM via disproportionation of CuBr/MesTREN in PBS
buffer (pH=6.2 & 6.8) at 0 °C.

2CuBr 08eq |
{04eq |
{MegTREN | PBS buffer!

Cu + CuBr, fo)
HO o)ﬁ( o T ' Br
U0 TR ¢ Ho ™o <5
/~  PBSh ° of Ho
uffer /0 °C

Scheme 5. 31. SET-LRP of NIPAM (DP = 80) via disproportionation of CuBr /
MesTREN in PBS buffer at 0 °C.

The disproportionation and polymerization procedure is the same as described in
SET-LRP of NIPAM (DP=80) with only change of H,O into PBS buffer (pH = 6.2 or
6.8).

5.3.24 SET-LRP of NIPAM in sheep serum at 0 °C via disproportionation of
CuBr/MesTREN

Disproportionation SET-LRP

Sheep serum |
Me TREN

Sheep serum
.. Initiator
NIPAM

Cu (0) powder

sheep serum;

iMegTREN

(e] _ Cu + CuBr,

sheep serum /0 °C

60 min 100%

Scheme 5. 32. SET-LRP of NIPAM in sheep serum at 0 °C via disproportionation of
CuBr/ MesTREN.

A magnetic stir bar, sheep serum (2 mL) and MesTREN (9 uL, 0.035 mmol) were
charged to Schlenk tube fitted with a rubber septum and the solution was
deoxygenated via nitrogen bubbling for ten minutes. CuBr (10 mg, 0.07 mmol) was
then carefully added under slight positive pressure of nitrogen. The nitrogen bubbling
was continued for another 10 min and then the blue suspension with purple red colour
copper (0) powder was allowed to stir at ambient temperature under nitrogen

protection for 15 min. After that, the tube was immersed into ice / water bath.

At the same time, to another 100 mL single neck round bottom bottle fitted with a

magnetic stir bar and a rubber septum, sheep serum (4 mL), 2, 3-dihydroxypropyl 2-
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bromo-2-methylpropanoate (21 mg, 0.087 mmol) and NIPAM (0.79 g, 7 mmol) were
charged and the mixture was bubbled with nitrogen for 15 min. After that, the
degassed monomer / initiator serum solution was transferred via cannula to the
Schlenk tube with Cu (0) / CuBr, / MegTREN catalyst. The tube was sealed and the
mixed solution was allowed to polymerize at 0 °C for 60 min. Sample of the reaction
mixture was then removed for analysis. The sample for *H NMR was directly diluted
with D,0O, which confirmed 100% conversion according to the total disappearance of
vinyl groups. Catalyst residues and protein precipitate were removed by filtering

through a column of neutral alumina prior to DMF SEC analysis.

Then 20 mL DMF was added to the rest polymer / serum solution, which caused lots
of protein precipitate. The suspension was directly transferred to one 50 mL
centrifuge tube for centrifuge at 11000 rpm for 20 min. After that the up-layer clear
liquid was transferred to one dialysis tube for dialysis against water for 3 days. The

polymer product could then be recovered by freeze drying.

5.3.25 SET-LRP of DMA in sheep serum at 0 °C via disproportionation of
CuBr/ MesTREN

sheep serum /0 °C )

120 min 100%

Scheme 5. 33. SET-LRP of DMA in sheep serum at 0 °C via disproportionation of
CuBr/ MesTREN.

The polymerization was performed at the ratio of initiator / CuBr / MesTREN (1: 0.8:
0.4) under ice / water bath (0 °C) for 2 h according to same procedure described in

SET-LRP of NIPAM. The charging amounts for each component are listed below.

Table 5. 16. Charging amounts for SET-LRP of DMA (DP=80) in sheep serum at 0
°C with [initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4.

Initiator / monomer system Catalyst system

Initiator NIPAM Sheep serum CuBr MesTREN Sheep serum

87 pmol 7 mmol 4 mL 70 umol 35 pumol 2mL
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5.3.26 Synthesis of poly (NIPAM) g -b- (DMA) go by SET-LRP in sheep serum

MegTREN | sheep serum

o o Cu + CuBr, i o} R N %
e T 4 r \ ) B
Homo%r PO T o o ) ————— WO o < e o
)7 sheep serum / 0 °C OH HN"SO sheep serum /0 °C OH HNO N0
60 min 100% AN overnight 100% N !

Scheme 5. 34. Synthesis of poly (NIPAM) g, -b- (DMA) g by SET-LRP in sheep
serum with [initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4 at 0 °C.

The procedure of the first block polymerization is the same as described in SET-LRP
of NIPAM (DP=80). It was performed at the ratio of initiator / CuBr / MegTREN = 1:
08: 0.4 in sheep serum at 0 °C for 1 h. The charging amounts for each component are

listed below.

Table 5. 17. Charging amounts for SET-LRP of NIPAM (DP=80) in sheep serum at 0
°C with [initiator]: [CuBr]: [MegTREN] = 1: 0.8: 0.4.

Initiator / monomer system Catalyst system
Initiator  NIPAM  Sheep serum CuBr MesTREN  Sheep serum

87 umol 7 mmol 4 mL 70 pmol 35 pmol 2mL

After 1 h, a solution of DMA (0.70 g, 7 mmol) in 4 mL sheep serum, previously
degassed by nitrogen sparging for 15 min, was directly transferred via cannula to the
Schlenk tube under nitrogen protection and polymerization overnight and the reaction
was then stopped. The sample for *H NMR was directly diluted with D,O. Catalyst
residues and protein precipitate were removed by filtering through a column of neutral

alumina prior to DMF SEC analysis.

After reaction, 30 mL DMF was added to the rest polymer / serum solution, which
caused lots of protein precipitate. The suspension was directly transferred to one 50
mL centrifuge tube for centrifuge at 11000 rpm for 20 min. After that the up-layer
clear liquid was transferred to one dialysis tube for dialysis against water for 3 days.

The polymer product could then be recovered by freeze drying.
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5.3.27 Synthesis of poly (DMA) g -b- (NIPAM) g, by SET-LRP in sheep serum

? | e
(e} _ Cu + CuBr, o HN)f °)
HO ™07, 4 o0 Ty ooy ———— W0 o < e R
OH \ sheep serum / 0 °C OH NS0 sheep serum/0°C OH NSO HNTSO
60 min >99% : overnight >97% ! /\

Scheme 5. 35. Synthesis of poly (DMA) g -b- (NIPAM) g, by SET-LRP in sheep
serum with [initiator]: [CuBr]: [MesTREN] =1: 0.8: 0.4 at 0 °C.

The procedure of the first block polymerization is the same as described in SET-LRP
of NIPAM (DP=80) in serum. It was performed at the ratio of initiator / CuBr /
MesTREN = 1: 08: 0.4 in sheep serum at 0 °C for 1 h. The charging amounts for each

component are listed below.

Table 5. 18. Charging amounts for SET-LRP of DMA (DP=80) in sheep serum at 0
°C with [initiator]: [CuBr]: [MesTREN] = 1: 0.8: 0.4.

Initiator / monomer system Catalyst system
Initiator DMA Sheep serum CuBr MesTREN  Sheep serum
87 umol 7 mmol 4 mL 70 pmol 35 pmol 2mL

After 1 h, a solution of NIPAM (0.79 g, 7 mmol) in 4 mL sheep serum, previously
degassed by nitrogen sparging for 15 min, was directly transferred via cannula to the
Schlenk tube under nitrogen protection and polymerization overnight and the reaction
was then stopped. The sample for *H NMR was directly diluted with D,O. Catalyst
residues and protein precipitate were removed by filtering through a column of neutral

alumina prior to DMF SEC analysis.

After reaction, 30 mL DMF was added to the rest polymer / serum solution, which
caused lots of protein precipitate. The suspension was directly transferred to one 50
mL centrifuge tube for centrifuge at 11000 rpm for 20 min. After that the up-layer
clear liquid was transferred to one dialysis tube for dialysis against water for 3 days.
The polymer product could then be recovered by freeze drying.
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5.3.28 Aqueous SET-LRP of D-Mannose acrylate glycomonomer at 0 °C via
disproportionation of CuBr / MesTREN

2 CuBr
! H,O | MegTREN;
. : i [e)
o j: ;
(0] Br
Ho O)H(Br N d . Cu + CuBr, | Ho/Y\oWn
OH { """"""""""" OH o Yo
N-N H,0/0°C
OH [
on "N 100% 60 min N-N

OH
HO N/
" ° @K
HO
HO o

Scheme 5. 36. SET-LRP of D-mannose glyco monomer in H,O at 0 °C via
disproportionation of CuBr / MegTREN.

To a Schlenk tube fitted with a magnetic stir bar and a rubber septum, H,O (1 mL)
and MegTREN (10.6 pL, 0.04 mmol) were charged and the mixture was bubbled with
nitrogen for 5 min. CuBr (11 mg, 0.08 mmol) was then carefully added under slight
positive pressure of nitrogen. The nitrogen bubbling was continued for another 10 min
and then the blue suspension with purple red colour copper (0) powder was allowed to
stir under ice/water bath cool for 15 min. At the same time, to another vial fitted with
a magnetic stir bar and a rubber septum, H,O (2 mL), 2, 3-dihydroxypropyl 2-bromo-
2-methylpropanoate (24 mg, 0.1 mmol) and D-Mannose glyco monomer (373 mg, 1
mmol) were charged and the mixture was bubbled with nitrogen for 15 min. After
that, the degassed monomer / initiator aqueous solution was transferred via cannula to
the Schlenk tube with Cu (0) / CuBr, / MesTREN catalyst. The Schlenk tube was
sealed and the mixed solution was allowed to polymerize at 0 °C for 1 h. Sample of
the reaction mixture was then removed for analysis. The sample for 'H NMR was
directly diluted with D,0O, which confirmed 100% conversion according to the total
disappearance of vinyl groups. Catalyst residues were removed by filtering through a
column of neutral alumina prior to DMF SEC analysis. The rest polymer product was

purified via dialysis against water for two days and recovered by freeze drying.
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5.3.29 Copper(0) wire mediated SET-LRP of D-mannose glycomonomer in
H,O

o)
= Br
o ~ o Cu(0) wire /CuBr,/MegTREN HO/\/\"W"
o) OH o o
.
OH
N-N

N-N
OH N N
OH
% on N
HO -Q
HO o] H?uo o

Scheme 5. 37. Copper(0) wire mediated SET-LRP of D-mannose glyco monomer in

B < H,O / Ambient temperature

H,O at ambient temperature.

To a Schlenk tube fitted with a magnetic stir bar and a rubber septum, 2, 3-
dihydroxypropyl 2-bromo-2-methylpropanoate (24 mg, 0.1 mmol), D-mannose glyco
monomer (373 mg, 1 mmol), CuBr; (4.5 mg, 0.02 mmol) in 3 mL H,0 (note: this was
performed by using a stock solution of 9 mg CuBr; in 6 mL H,O due to balance limit)
were charged and the mixture was bubbled with nitrogen for 15 min. Pre-degassed
MegTREN (5.2 pL, 0.02 mmol) were then added via gas tight micro syringe. After
that, pre-activated copper wire (4 cm, 18 mg, 0.28 mmol) was carefully added under
nitrogen protection. The Schlenk tube was sealed and the blue solution was allowed to

polymerize at ambient temperature (~18 °C).

5.3.30 Aqueous SET-LRP of DEGEEA at 0 °C via disproportionation of
CuBr/MesTREN

' H,0 | MegTREN |

O
=0 | ‘

Q qg° HO o
HO/\&\O Br + 2 i Cu + CuBr, OH ; o)
O O ——
$ MeOH: H,0 (1: 1) /0°C jo

O) >99% 120 min 0
J

Scheme 5. 38. SET-LRP of DEGEEA in MeOH/H,0 at 0 °C via disproportionation
of CuBr/ MegTREN.

To a Schlenk tube fitted with a magnetic stir bar and a rubber septum, H,O (1 mL)
and MegTREN (9.1 pL, 35 pumol) were charged and the mixture was bubbled with
nitrogen for 5 min. CuBr (10 mg, 0.07 mmol) was then carefully added under slight

positive pressure of nitrogen. The nitrogen bubbling was continued for another 10 min
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and then the blue suspension with purple red colour copper (0) powder was allowed to

stir under ice/water bath cooling for another 15 min.

At the same time, to another vial which is also immersed in ice/water bath and fitted
with a magnetic stir bar and a rubber septum, H,O/MeOH mixture (4 mL, 1:1 in
volume ratio), 2, 3-dihydroxypropyl 2-bromo-2-methylpropanoate (21 mg, 87 pumol)
and DEGEEA (1317 mg, 7 mmol) were charged and the mixture was bubbled with
nitrogen for 15 min. After that, the degassed monomer / initiator solution was
transferred via cannula to the Schlenk tube with Cu (0) / CuBr, / MesTREN catalyst.
The Schlenk tube was sealed and the mixed solution was allowed to polymerize at 0
°C for 2 h. Sample of the reaction mixture was then removed for analysis. The sample
for '"H NMR was directly diluted with D,O, which confirmed >99% conversion
according to integral of vinyl groups with that of the O-CH, groups at 4.15-4.40 ppm.
Catalyst residues were removed by filtering through a column of neutral alumina prior
to DMF SEC analysis. The rest polymer product was purified via dialysis against

MeOH for two days and recovered by drying under vacuum.

5.3.31 Synthesis of poly (Mannose) 10 -b- (NIPAM) g, by aqueous SET-LRP

MegTREN |

: : o o

3 ‘ Br 110 Br
o N\ o Cu + cubp | HO/\/\OW o HN HO Y N0 o 20
d OH o Yo /L OH 0 HN"SO
HO/\O(H\O)Kﬁr . < A

H,0/0°C H,0/0°C <
N
&ij
Ao 0

N 100% 60 min on N-N >99% 330min ’\‘l}j/N

Y% OH N~ OH 7

HQMOJ) Hﬁmo])
Scheme 5. 39. Synthesis of poly (Mannose) 1o -b- (NIPAM) g by SET-LRP in H,O
with [initiator]: [CuBr]: [MesTREN] =1:0.8: 0.4 at 0 °C.

! H0

The procedure and charging amounts for the first block polymerization is the same as
described in the SET-LRP of D-Mannose glyco monomer (DP=10).

After polymerization for 1 h, sample (0.3 mL of the reaction solution) was taken for
'H NMR and SEC analysis.

After another 0.5 h (waiting for the NMR results), *H NMR analysis confirmed 100%
conversion of the glyco monomer and then a solution of NIPAM (905 mg, 8 mmol) in

5 mL H,O, previously degassed by nitrogen sparging for 15 min, was directly
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transferred via cannula to the Schlenk tube under nitrogen protection and
polymerization for another 6.5 h. The reaction was then stopped and samples were
taken for *H NMR and SEC analysis. The sample for *H NMR was directly diluted
with D,0, which confirmed >99% conversion according to integral of vinyl groups
with that of the O-CH, groups at 4.15-4.40 ppm. Catalyst residues were removed by

filtering through a column of neutral alumina prior to DMF SEC analysis.

After that, the rest solution was directly transferred to a dialysis tube (MWCO 1000)
for dialysis against water for three days. The diblock glycopolymer product was then
recovered as white solid via freezing dry.

5.3.32 Synthesis of poly (Mannose) 1o -b- (DEGEEA) g by aqueous SET-LRP
O¥O

N

' H,O | MegTREN !

(e}

o)
| | 0 g
' Br \Br
o Vo Cu + cusp | HOTYTTO L HO/E/H\O oo ke
‘ ‘ OH oo } o o
H,0/0°C < H,0/0°C <
N N T

>99% 60 min N >99% overnight
N

NN N
OH o N/ OH oy Ny OHoy N O
90 o] QO O QO O

Scheme 5. 40. Synthesis of poly (Mannose) 1o -b- (DEGEEA) g, by SET-LRP in
sheep serum with [initiator]: [CuBr]: [MegTREN] = 1: 0.8: 0.4 at 0 °C.

The procedure and charging amounts for the first block polymerization is the same as
described in the SET-LRP of D-Mannose glyco monomer (DP=10).

After polymerization for 1 h, sample (~0.3 mL of the reaction solution) was taken for
'"H NMR and SEC analysis.

After another 0.5 h (waiting for the NMR results), *"H NMR analysis confirmed
conversion of the glyco monomer was >99% by comparing the integral of vinyl

groups with that of the triazole ring protons as 7.80-8.00 ppm.

Then a solution of DEGEEA (905 mg, 8 mmol) in 6 mL H,O/MeOH mixture (2 mL
H.O+4 mL MeOH), previously degassed by nitrogen sparging for 15 min, was
directly transferred via cannula to the Schlenk tube under nitrogen protection and
polymerization was continued overnight. The reaction was then stopped and samples
were taken for '"H NMR and SEC analysis. The sample for *"H NMR was directly

diluted with D,0O, which confirmed >99% conversion according to integral of vinyl
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groups with that of the N-H groups at 3.70-3.90 ppm. Catalyst residues were removed

by filtering through a column of neutral alumina prior to DMF SEC analysis.

After that, the rest solution was directly transferred to a dialysis tube (MWCO 1000)
for dialysis against water for three days. The diblock glycopolymer product was then
recovered as white solid via freezing dry.

5.3.33 Optical microscopy characterization of Cu (0) powders from the

disproportionation of CuBr / MesTREN in water and ethanol.

Previous detailed research has pointed out that both water and ethanol are competent
solvents to mediate the disproportionation of CuBr / MesTREN.?* The Kgisp
determined by UV/Vis spectroscopy for [CuBr]: [MesTREN] = 1:1 is 1.40x10° in
water and 1.85x10% in ethanol, which suggested that ethanol is not as effective as
water for mediating the disproportionation of CuBr. Compared with DMSO, DMF,
DMAC and NMP which could stabilize Cu (0), it was also demonstrated that ethanol
and water facilitate the agglomeration of Cu (0) particles. To further check the
disproportionation behaviour of CuBr / MesTREN in water and ethanol, a series of
disproportionation experiments were conducted in 100%water, 100% ethanol and
water-ethanol mixture (75% : 25%, 50% : 50% and 25% : 75% in volume ratio). The

typical procedure was shown as follow.

A magnetic stir bar, solvent (12 mL) and MegTREN (78 pL, 0.3 mmol) were charged
to a vial fitted with a rubber septum and the mixture was degassed via nitrogen
sparging for 15 min. CuBr (43 mg, 0.3 mmol) was then carefully added into the
solution under stirring and nitrogen protection. The solution was allowed to stir for 30
min under nitrogen protection. After that, the stirring was stopped to allow the
powders settle down for observation. All the samples were stirred at 1000 rpm for 1

min before optical microscopy analysis.
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5.3.34 SET-LRP of NIPAM via disproportionation of CuBr / PMDETA or
TREN in pure water.

2 CuBr 08 eqi
PMDETA ‘
] 10.4eq Or H;0
ea . TREN 1 o
o — 3 Cu + CuBr, | Br
HO/\(\O)K{ + S J ‘ HOMOWSO
Br HN o OH HN"O
OH — H,0 /0 °C

Scheme 5. 41. SET-LRP of NIPAM (DP = 80) via disproportionation of CuBr /
PMDETA or TREN in H,O at 0 °C.

The polymerization procedure is the same as described in SET-LRP of NIPAM
(DP=20). The polymerizations were performed with a ratio of [initiator]: [CuBr]:
[PMDETA] or [TREN] = 1: 0.8: 0.4 in H,O at 0 °C. The charging amounts for each

component are listed below.

Table 5. 19. Charging amounts for SET-LRP of NIPAM (DP=80) in H,O at 0 °C with
[initiator]: [CuBr]: [PMDETA] or [TREN] =1: 0.8: 0.4.

Initiator / monomer system Catalyst system
. PMDETA/
Initiator NIPAM H,0 CuBr TREN H,O
87 umol 7 mmol 3.5mL 70 pmol 35 pmol 2mL
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Chapter 6 Overview and Prospect

Novel strategies in the synthesis of functional glycopolymers were described in this

thesis.

From the view of post-glycosylation method, a combination of CCTP with thiol-ene,
epoxy ring opening and CuAAC click reactions was utilized as a novel strategy to
synthesize terminal functional glycopolymers in chapter two. Fischer glycosylation
was used for the synthesis of alkyne functionalized monosaccharides, which were in
actual fact an anomeric mixture. Although obtained glycopolymers bearing both a &
B type mannose etc. showed high affinity in binding with human DC-SIGN lectin,
people questioned that the p type mannose may not contribute in the binding. The
author believes that after attached onto polymer backbones both a & B type
carbohydrate issues would bind with DC-SIGN as the C-1 substituted functional
groups did not participate in the key recognition with the binding sites of lectin. To
check this, it is worth trying to synthesize poly(glycidyl acrylate) as a precursor for
click reaction with pure or mixed a and B type alkyne functionalised mannose and

then test the binding with DC-SIGN or Con A lectin.

The synthesis of glycopolymers benefited from the development of polymer
chemistry. As a development of copper mediated living radical polymerization, SET-
LRP allowed the direct polymerization of unprotected glycomonomers in DMSO at
ambient temperature. The chain end fidelity was kept high for multiblock
glycopolymer synthesis via iterative monomer addition under full or high conversion,
in chapter 3. The radical-radical coupling side reactions in SET-LRP system even
after full conversion polymerizations are not significant. Thus SET-LRP was also
utilized for the synthesis of cyclodextrin-centered star glycopolymers, chapter 4,
which showed high affinity in binding with DC-SIGN and low ICs, values in
inhibition the binding of DC-SIGN with HIV glyco protein gp120.

It was also noticed that there was a great debate on the mechanism of SET-LRP, in
many cases it was thought as SARA ATRP. Recently detailed research has been
conducted on reversible-deactivation radical polymerization in the presence of
metallic copper, including comproportionation-disproportionation equilibria and
kinetics, kinetic simulation, activation of alkyl halides by Cu®and solvent effects on

the activation rate constant.?’®?8! It revealed that the relative amount of Cu' at
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comproportionation/disproportionation  equilibrium  increased  with  ligand
concentration, Cu' even represents approximately 99.95% of all soluble Cu species
under ratio of [MesTREN]o/[Cu'"]o=6/1 in the presence of copper wire in MA/DMSO
= 2/1, in which the authors seem to overlooked the ratio lower than 2.2’ It should also
be noticed that in this thesis the utilized ratio of [MesTREN]o/[Cu"]o=1.8/1, thus
should not be the same situation and the disproportionation should not be ignored. It
also suggested that Cu® worked as supplemental activator and a reducing agent,
following SARA mechanism rather than SET-LRP mechanism, as the contribution of
Cu'Br/MesTREN to activate the alkyl halides is 99% while the activity of Cu® is much
less effective.?®® Based on these results, both processes of SARA ATRP and SET-
LRP may both exist in polymerizations using copper wire Cu’/Cu'/MesTREN/DMSO
catalyst system.

It revealed that with the increase of solvent polarity the activation rate is higher,
which is also a factor affecting the disproportionation rate of Cu'.?®* Thus, in water,
the disproportionation degree and rate of Cu' could be much higher and faster than in
organic solvents, under which case the activation rate of alkyl halides by Cu® should
be verified more carefully compared with Cu'. The disproportionation rate and degree
of Cu'/MesTREN in pure water was being researched utilizing electrochemistry

analysis tool by Haddleton group.

Successful aqueous copper mediated living radical polymerization has been
performed in chapter five. It suggested that the disproportionation of Cu' to Cu® and
Cu" is the key step in obtaining good control during polymerization in pure water. A
small library of acrylate and acrylamide water-soluble homopolymers and copolymers
with low MW distribution could be facilely synthesized via a one-pot reaction and
synthesis of diblock glycopolymers also worked under same strategy. The exact detail

should be checked more carefully to verify the role of Cu' in this system.

Nevertheless, a tool for copper mediated living radical polymerization under aqueous
condition has been developed. It should have wide application in synthesis of a series
of hydrophilic polymers under water-containing conditions including bio-related
conditions. Further research on surface initiated polymerization under aqueous

conditions is in progress.
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