Regioselective Synthesis of Polysaccharibased
Polyelectrolytes

Shu Liu

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State

University in partial fulfilment of the requirements for the degree of

Doctor of Philosophy
In

Chemistry

Kevin J. Edgar, Chair
S. Richard TurnerCo-Chair
Alan R. Esker

Maren Roman

Nov. 1§ 2015

Blacksburg, VA

Keywords:polysaccharidegolysaccharidelerivatives, regioselective synthesis,
polyelectrolytes, Staudinger reactions

Copyright © 2017, Shu Liu



Regioselective Synthesis of Polyseharide-based
Polyelectrolytes
Shu Liu

Abstract

Polysaccharides are one of the most abundant and diverse families of natural polymers,
and have an incredibly wide range of natural functions including strucéimébrcement,
energy storage, aqueous rheology modification, and communication and identity.
Application of native polysaccharides like cellulose as sustainable materials is limited by
some inherent drawbacks such as insolubility in common solventslimglwater, and

poor dimensional stability. To increase their functionality and utility, researchers have
sought to tailor the chemical and physical properties of cellulose and other polysaccharides
using a variety of chemical modification techniques, ltegyin a number of important,

useful commercial derivatives.

Because of their greater biocompatibility and biodegradability, and low immunogenicity,
naturally derived cationic polymers includingtionic polysaccharide derivatives are very
attractive andidates for biomedical applications, due to the fact that they are capable of
binding with anionic biomolecules, such as nucleic acids and certain proteins, via
electrostatic interactions. However, there are relatively few practical synthetic methods
reported for their preparation. We demonstrated a useful and efficient strategy for cationic
polysaccharide salt preparation by reaction-bf@no-6-deoxypolysaccharides such as 6

broma6-deoxycellulose esters with pyridine cinfethylimidazole exclusivelytahe G6



position, resulting in high degrees of substitution (DSs). These permanently cationic
polysaccharide derivatives have been demonstrated to dissolve readily in water, and bind
strongly with a hydrophilic and anionic surface. Availability of thesationic
polysaccharides will facilitate structupgoperty relationship studies for biomedical uses
including drug delivery and bioel@onics applications. Walso extended the chemistry,
reacting 6imidazolo6-deoxycellulose with propane sultone, legdio a new synthetic

pathway to zwitterionic cellulose derivatives.

In addition to cationic and zwitterionic derivativege found a simple,fécient route to
carboxytcontaining polysaccharide derivatives from curdlan esters via regioselective ring
opening reactions catalyzed yphenylphosphinéPhsP) under mild conditions. Curdlan,

a polysaccharide used by the food industry and in biomedical applications, was employed
as starting material for preparing these carbawyltaining derivatives by a rdam
sequence of bromination, azide displacement and-apeming reaction with cyclic
anhydrides, affordinghigh conversions.These modification techniques have been
demonstrated to display essentially complete regol chemeselectivity at C6. These

novel polysaccharidbased materialstarting from abundant and inexpensive cur@iss
promising for some applications such as amorphous solid dispersion (ASD) oral drug

delivery.



Gener al Audi ence Abstr a

Polysaccharideare chains of naturaligars. Thegonstitute one of the most abundant and
diverse families of natural polymer®olymers are chains of small molecules, and
polysaccharides are a class of polymeasylin nature polysaccharides plag incredibly

wide range of functionsuch asstructural reinforcement, energy storagkanging the
viscosity of solutions of things in wateand communicationCellulose, a polymer
comprisinglong chairs of linked glucose moleculespay bethe most abundant natural
polysaccharide on eartApplication of native cellulose as a sustainable material is limited
by itsinability to dissolven water orcommonlyused organisolvents, poor dimensional
stability, inability to melt and flow when heated, and the fact that it degrades when exposed
to the enwronment In order to increase its functionality and utilisynumber of research
groupshavetried to tailor the chemical and physicalgperties of things made from
cellul ose (cell ul ose dianeal imodification éeshiijjlues,u s i n g
resuting in some important, useful commerat&llulosederivatives.The Edgar group, in

the recent yearsas developed a series of new techniques to synthesize various cellulose
derivatives for effective oral drug deliver\ZWe have demonstrated thaiese chulose
derivativesare capable opreventing drugs from forming insoluble crystals, meanwhile
protecting the drugs from the harsh environmehthe stomachAs a resultthese
formulatiors based on cellulose derivativeashance the solubilityf drugsin the digestive

tract and the ability of the drug tgermeat to the blood steam thereby enhance
distributionto the pag of the body where it is needad ,enhanceds well Cellulose and

other polysaccharidbased polyelectrolytes are very attracttemdidates for biomedical



and therapeutical applicatianslowever, currently, the set of commercially available
cellulosederivativess limited in number and diversity, and containgsitivelycharged

derivatives

This dissertation foceson the dgelopment ohew ways to make charged polysaccharide
derivatives usingchemical modification of cellulose,cellulose estersand other
polysaccharidedJnlike conventional methods whicaquire harsh reaction condit®r
metal catalystshe newapproacksin this dissertation offer simple and efficiewaysto
makea wide variety ofcharged derivatives dafelluloseor other polysaccharides under
mild conditions Availability of thesepolysacchariddased charged polymessil help us
design more usefuleconomical materials for biomedical, pharmaceutical, and other
applicationgncluding gene or drug delivergral delivery of potent and selectiyotein

drugs, agricultural applications, and coatings
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Chaplermi ssertation Revi

Sustainable materials based on natural polysaccharides reatepgpularity because of
declining reserves of fossil fuels, global climate change, and energy and materials security.
Polysaccharides, perhaps the most danhorganic polymer family oragth, constitute a

large family of polymers made up of cyclic bahydrateunits, joined together through

ketal or more typically acetal linkages between a hydroxyl group of one carbohydrate
monasaccharideand the aldehyde or ketone group of the next rmaocharidewith the

loss of one molecule of water for each linkaBolysaccharides have in nature a variety of
functions such as structural component, energy storage, aqueous rheology modification,
and identity and communication. Due to their abundance, relatively low cost, renewability
and biodegradability, polysacadide materials are promising for use in areas as diverse as

textiles, composite materials, drug delivery, and personal care. Billions of kilograms of

polysaccharides and their derivatives are sold annually and used for numerous applications.

We demonstted a useful and efficient strategy for preparing polysacchbaded
polyelectrolytes including cationic, zwitterionic and carbesghtaining derivatives, from
cellulose and curdlan esters by a series of regioselective reactions abtpestion,
reailting in high DS These madifications can be carried out with essentially perfectregio
and chemeselectivity, and the new methodology constitutes a synthesis of novel
polyelectrolytes starting from uncharged, commercial, inexpensive polysaccharide ester

These cationic polysaccharide derivatives have great potential for biomedical applications

€



including complexation of poly(nucleic acids) for delivery to cell nuclei, delivery of

anionic drugs, and epithelial tight junction opening for oral protein esliv

My doctoral research work in this dissertation presents a complete study on the synthesis
of a series of polyelectrolytes derivatives substituted at the less hind€&rg@mbgition for
potential biomedical applications such as tight junction openimd) édrug delivery.

Detailed spectroscopic and property anesysf those derivatives are described as well.

Chapter 2 reviews recent investigations that exploit chemical modifications such as
chlorination, bromination, azide displacement and Staudired®ed reactions for
effectively altering physical and chemical properties of polysaccharides in order to make

them more diversely applicable.

Chapter 3 presents the synthesis of cationic polysaccharides by reacticirofr@ 6-
deoxypolysaccharides such &sbromo6-deoxycellulose esters with pyridine or 1
methylimidazole exclusively at the-&position, resulting in high degrees of substitution.
These permanently cationic polysaccharide derivatives have been demonstrated to dissolve
readily in water, andibd strongly with a hydrophilic and anionic surface. In addition, we
further extended this chemistry, and reported a zwitterionic cellulose derivative by reacting

6-imidazolo6-deoxycellulose with 1;propane sultone.

Chapter 4 describes the preparatiohaellulosebased sustainable materials for advanced
technologies, by applying phosphinatalyzed bromination and subsequent aromatic

2



amine displacements to commercial cellulose esters. A commercial cellulose acetate with
high DS(OH), cellulose acetate $IPAc) = 1.78) was selected as substrate for phosphine
catalyzed bromination, and was further functionalized by azide and aromatic amine
displacements, resulting in cellulebased N-containing copolymers such as

polyelectrolytes.

Chapter 5 presentsa simpe and dicient pathway for synthesizing-carboxyamide
polysaccharide derivatives from curdlan esters via regioselectivep@egng reactions
catalyzed byriphenylphosphing¢PhsP). Curdlan, a polysaccharide used for food industry
and biomedical applications, was selected as starting mdtarisynthesizing carboxyl
containing derivatives by a reaction sequence of regioselective bromination, azide
displacement Staudinger reduction to the iminophosphorane ylal®l ringopening

reaction with cyclic anhydrides, affordiiggh reaction conveians.

Chapter 6 reportsa new approach to regioselectively substituted iminated/aminated
curdlan derivatives from a Staudinger ylideABido-6-deoxy-2,4-di-O-acylcurdlan was
reacted with P4P, affording a highly nucleophilic iminophosphorane, which lmamused

to prepare émino curdlans by reaction with several aromatic aldehydes, and 6
monoalkylamino curdlans by reductive amination with aromatic aldehydes in the presence

of NaBH:CN.

Chapter 7 summarizes the research results for Chapte8sir? this dssertation and

discusses future work.



Chapter 2. Literature Review: Staudinger Reactions for

Selective Functionalization of Polysaccharides

Liu S.; Edgar, K. JBiomacromolecule2015 16, 2556 2571 Used with permission of

American Chemical Society, 2015

2.1 Abstract

Staudinger reactions are frequently highly chemoselective, and can occur under very mild
conditions, so are attractive methods for efficient functionalization of polysaccharides.
This review describes recent investigations that exploit Staudinger related reactions to
effectively alter physical and chemical properties of polysaccharides, in order to make them
more diversely applicable. Staudingetated reactions, such as Staudingeduction,
Staudinger ligation, and traceless Staudinger ligation comprise a powerful family of
techniques enabling preparation of a wide range of polysaccharide derivatives with
excellent chemoselectivity, and the potential for excellent regiosetgatiien combined

with other methods. The remarkably mild conditions of the Staudinger reactions, combined
with the abiotic nature of the azide group, make these reactions exceptionally attractive for

modification of intact biological entities including iing cells.

2.2 Introduction
Polysaccharides are a remarkably diverse, abundant family of natural polymers that

perform an equally diverse assortment of natural functions including structural



reinforcement, energy storage, modification of aqueous rheosogl,communication.
Polysaccharides are ubiquitous: for example, cellulose, starch, hemicellulose and pectin
originate primarily from plants, chitosan is mainly extracted from crustacean shells, and
alginate is an important component of algae and a prafumrtain bacteria? Due to

their structural and functional diversity, abundance, relatively low cost, renewable nature,
and biodegradability, polysaccharidased materials are promising for use in areas as
diverse as textiles, personal care, drugiveey, and composite material8. Native
polysaccharides, however, have some inherent drawbacks that limit their application. For
example, although billions of kilograms of cellulose and their derivatives are sold annually
and used for numerous applicatsy cellulose itself is difficult to apply more widely due

in part to its insolubility in common solvents, poor dimensional stability, hydrophilicity,

and lack of thermoplasticit}/

Appending functional groups with new properties onto polysacchariddtaes through
chemical modification is an effective way to overcome those drawbacks. If designed
properly, the new derivative will preserve for the most part the desirable intrinsic properties
of the natural polysaccharideAfter the first chemical modifation of cellulose was
carried out in 1848 by Schdbein to generate cellulose nitrate, which was then used to
produce the first thermoplastic polymeric material named celluloid at the Hyatt
Manufacturing Comparfy?, chemical modification was subsequemtigployed to prepare
various cellulose derivatives such as cellulose acetate, cellulose acetate propionate,
cellulose acetate butyrate, methyl cellulose, carboxymethyl cellulose and hydroxyalkyl

celluloses. So far, a variety of techniques have been dematmusto be applicable for

5



effective functionalization of polysaccharides such as esterification, etherification, and
reaction with isocyanates. However, most of the commonly used techniques are based
principally upon reactions between nucleophiles anttrelghiles, and thus cannot readily

be carried out in biological systems that contain a large and diverse assortment of

competing electrophiles and nucleophfles.

In order to be able to better exploit the great diversity of natural, sustainable
polysacchedes, we need to expand our synthetic toolkit. There is particular need for
methods that are more regioselective, and more chemoselective; every polysaccharide
possesses multiple functional groups (including alcohol, amine, and carboxylic acid
groups, forexample). Often there are multiple groups of the same type (very often
alcohols), which are chemically n&guivalent, differ slightly in inherent reactivity, and

all of which are relatively unreactive compared to equivalent groups on small molecules.
The low reactivity usually requires more aggressive reaction conditions (temperature,
duration, equivalents of reagent, powerful catalysts) which are not conducive to selectivity.
Hence achieving regioand chemoselectivity is a huge challenge in polysaabdari
chemistry; these challenges must be surmounted if polysaccharide chemists are to reach

their goal of designing polysaccharide derivatives precisely to deliver desired performance.

Several chemistries have been more recently applied to polysaccherivgiziation to
help achieve these selectivity goals, including approaches like highly selective protection
and deprotection (e.g. using trityl or thexyldimethylsilyl moieti¢%) oxidation at the

primary alcohol groupé?5, regioselective deacylatianith tetraalkylammonium fluorides
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or hydroxide$?”?%, and olefin metathesis chemis#{?? Among these more recent
approaches, Staudinger chemistry stands out, for reasons of efficiency and mild nature
upon which we elaborate in this review. Comparedther functionalization techniques,
Staudinger reactions between azides and phosphines are also more suitable for biological
systems, due to the fact that azide groups are absent in almost all organisms and naturally
occurring compounds, and to the fewt azides only undergo reactions with a very limited
number of functional group typé%in comparison to an amide linkage accomplished via
amine related techniques such as classical peptide chemistry, azides are highly and
selectively reactive to phosioles via Staudinger ligation and traceless Staudinger ligation,
and azide dependent Staudinger reactions can avoid undesired side reactions that often
occur between amines and other compounds in classical amide formations. In addition, due
to its small sie, the azide group can be introduced easily into biological samples and results
in no significant increase in molecular si#2eNo need of catalyst is another attribute of
Staudinger reactions, and does make Staudinger reactions preferred in biolotpoas sys
whereas the highly efficient and setective
al.3*3%is a cupper(bcatalyzed azidalkyne cycloaddition that is not favored for some
biomedical applications such as cell encapsulation. It is, thereforartaypar interest to

review Staudinger reactions between azides and phosphines and their use for selective
functionalization of polysaccharides. This review covers recent studies that employed
Staudinger related reactions, including Staudinger reducStenidinger ligation and
traceless Staudinger ligation, for selective functionalization of illustrative polysaccharides

for a variety of biomedical and pharmaceutical applications.



2.3 Staudinger reactions

2.3.1Staudinger reduction

In 1919, Staudinger and Meyer cefed a reaction in which an azide reacts with a triaryl
phosphine to generate an iminophosphorane almost quantitatively, with the loss of one
molecule of nitrogen (Scheme 2.3§.This reaction proceeds under mild conditions,

without formation of any bymducts besidesN

Scheme 2.1. Staudinger reaction between a triphenylphosphine and an -azide

functionalized benzene.

In recent decades, investigators have attempted to probe in depth the mechanism of this
reaction33% As Scheme 2.2 shows, in a primary imination reaction triaryl phosphjne (

and azide 2) react to form a phosphazid®) (vhich decomposes during the reaction with

the loss of nitrogen. The rate of the formation of phosphazide is controlled only by the
inductive effects of the groups attached to the phosphorus atom and the azide, and not by
steric factors. Phosphazide?) (are stable at room temperature in organic solvents if
substituents are present that delocalize the positive charge on the phospmoraisdite

provide steric shielding of the phosphorus atom. The final form of iminophosphorane
(represented by or 6) and the loss of nitrogen are achieved via-mefmbereeing

transition state4) with retention of the original configuration at phosphorus
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Scheme 2.2Mechanism of Staudinger reaction between a phosphine and an azide and
hydrolysis of iminophosphoranddapted with permission frotddn, M.; Breinbauer, R.
Angew. Chem. Int. EQ004 43, 31063116.Copyright2004Wiley-VCH Verlag GmbH

& Co. KGaA, Weinheim.

The iminophosphorane possesses a highly nucleophilic negatively charged nitrogen atom.
If the reaction is carried out in an aqueous solvent, the iminophosphorane (represented by
5or 6) is hydrolyzed rapily to generate a primary aming) @nd phosphine (V) oxide).

This reaction is the scalled Staudinger reduction that is frequently used to convert azides
into amines. Sincthe iminophosphorane is so highly nucleophilic, it can react with a wide
range of electrophiles. For exampl&taudinger and eworkers also discovered that
iminophosphorane can react not only with water to form amines, but also with aldehydes
and ketones to form iminé8More recently, less reactive carbonyl electrophiles including
amides and esters have been shown to reactimititophosphoranesespecially if the

electrophiles react with iminophosphoranes in an intramolecular fashion.



2.3.2Staudinger Ligation

In 2000, Saxon and Bertozzi introduced Staudinger ligation as agaittion between two

truly bioorthogonal functionalities for the metabolic engineering of cell surfacks.
described above, the amine and phosphine oxide are formed in an aqueous environment by
hydrolyzing the azglide. Based upon previous studies, Beri et al. prepared a ligand

in which an electrophilic trap like an ester moiety is attached to the phosphine, and can
capture the nucleophilic azdide by intramolecular cyclization (Scheme 2.3). This
reaction would result in formation of a stable aenimbnd before the competing adale
hydrolysis occurs. Through standard esterifications or amidations, the phesphine
containing ligand is reacted with the probe to form a conjugate, which can then undergo

Staudinger ligation in agueous solution with #zéde.
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Scheme 2.3Staudinger ligation for cell surface engineeriAglapted with permission
from Kdn, M.; Breinbauer, RAngew. Chem. Int. EQ004 43, 31063116. Copyright

2004Wiley-VCH Verlag GmbH & Co. KGaA, Weinhim.

Saxon and Bertozzi employed Staudinger ligation as a mild reaction for the metabolic
engineering of cell surfaces. They incubated mammalian cells with peracetylated
azidoacetylmannosamine (AdanNAz), which was processed by the sialic acid

biosynthett pathway to produce azidoacetylsialic acid {S&e). SiaNAz was then used
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to form cell surface glycoconjugat&sThe azide groups on the cell surface are capable of
linking with a phosphine probe, such as biotinylated phosphimd-LAG (Asp-Tyr-Lys-
Asp-Asp-Asp-Asp-Lys) peptidefunctionalized phosphirté through Staudinger ligation.

Such a probe, once attached to a glycoprotein on the cell surface, can be used for flow
cytometry. More importantly, in comparison to conventionalsetface ketonéydrazine
reactions, the ceBurface Staudinger ligation is superior due to the relatively high level of
fluorescence generated, the abiotic nature of azides, the pH independence of the reaction,

and the absence of side reactions.

In addition to cell surfacengineering, chemical biologists have employed Staudinger
ligations for bioconjugate preparation, in which a probe, such as a dye, label, or recognition
motif, is attached to a biomolecule such as protein or nucleic acid. Bertozzi-aumikesys
successfily covalently coupled a fluorogenic coumarin phosphine dye to an -azido
functionalized murine dihydrofolate reductase (MDHFR) via Staudinger lightibis. of
particular interest to observe that the fluorogenic coumarin phosphine dye itself is not
fluorescent, but can be activated by the azide through the Staudinger ligation. The resulting
fluorescently labeled mDHFR could be directly observed, without Western blotting,
washing or secondary labeling. dual. have also reported using a fluoresemiadified
phosphine to | abel an oligonucleotide, previ
end, under Staudinger conditions to generate a fluorescein labeled oligonucleotide, which
acts as a primer for producing fluorescent DNA extension fragmentsangeSdideoxy

sequencing reactiot.
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2.3.2Traceless Staudinger Ligation

Shortly after their report of Staudinger ligation, Bertozzi and Rairadified the reaction

by using a triaryl phosphine oxide moiety to act as a connector between the two coupling
partnes, and almost at the same time reported a more attractive ligation named traceless
Staudinger ligation, in which the triaryl phosphine oxide moiety is cleaved by hydrlysis.

48 n this reaction (Scheme 2.4), phosphir@ss(ich as 2liphenylphosphanylgnol and
diphenylphosphanylmethanethiol are acylated, then the phosphine moiety is reacted with
an azide 10) to form an azglide intermediateX1). The nucleophilic nitrogen atom of this
intermediate attacks the carbonyl group, transferring the acyl@onsto N and forming

an amide 12). Finally, amidesX3) and phosphine oxide%4) are produced by hydrolysis

with water. The net result is reduction of the original azide to amine and ligation with the

original acyl group to form an amide.
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Scheme2.4. Mechanism of traceless Staudinger ligation. Adapted with permission from
Kdn, M.; Breinbauer, RAngew. Chem. Int. EQ004 43, 31063116.Copyright 2004

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Traceless Staudinger ligation has been employeal @eyptide ligation reaction for total
synthesis of proteins. Raines andworkers reported that-acetylglycine is capable of
smoothly coupling with azido functionalized amino acids to give various dipeptides via
traceless Staudinger ligations, affordivery good yields and no epimerizatitrRaines

et al.also completed the total synthesis of ribonuclease A (RNAse A) containing 124 amino

acids by linking three fragments using traceless Staudinger ligations.

Due to its high chemoselectivity and tlaef that phosphorusontaining moieties are not

appended to the final product, traceless Staudinger ligation is favored as an immobilization
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technique for protein microarray preparation. As Scheme 2.5 shows, Rsiras
covalently attached a thiglontaning phosphine (HSCi#PPR) to an aminopropylsilane
functionalized glass slidel®) which was previously modified with a bifunctional
polyethyleneglycol (PEG) spacer (NHED-PEGCO-NHS), resulting in a phosphanyl
thioester formationl(6) on the glass slid&ubsequently, an azidenctionalized $eptide
(residues 415 of RNAse A) (N-PEGS-peptide) was ligated to the slide via traceless
Staudinger ligatioR® The array was finally formed after incubation withp@®tein
(residues 21124 of RNAse A) 17), endling assays based upon ribonucleolytic activity

and immunostaining.

PPh,

NH, HN/QO

1. NHS-CO-PEG-CO-NHS 1. N3-PEG-S-peptide
2. HSCH,PPh, 2. S-protein

glass slide glass slide glass slide

15 16 17
Scheme 2.5Protein microarray prepared through traceless Staudinger ligation. Adapted
with permission frongoellner, M. B.; Dickson, K. A.; Nilsson, B.;LRaines, R. TJ. Am.

Chem. So2003 125 11790 11791. Copyright 2003 American Chemical Society.

2.4 Applications of Staudinger reactions to polysaccharide functionalization

2.4.1Aminated polysaccharidepreparation via Staudinger reduction
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Polysaccharids containing amine functional groups are of interest due to properties that
may be beneficial to a wide range of biomedical and pharmaceutical applications. Natural
aminecontaining polysaccharides like chitosan are capable of electrostatically binding or
encapsulating anionic compounds such as proteins and nucleic acids, and may act as
delivery carriers that protect certain nucleic acids and proteins from enzymes in biological
system$12 |t has been reported that chitosan has potential to be a losityasarrier to

deliver poly(nucleic acids) and anionic drugs as polyelectrolyte complexes for gene

therapy?*

To mimic the biomedical properties of chitosan and avoid potential issues with chitosan
such as protein impurities and lack of structural conpralysaccharide chemists began to
modify some neutral polysaccharides including cellulose, curdlan and pullulan with amino
groups, via chemical attachment of amamntaining side chains to the polysaccharide
backbone. It has been demonstrated that thesdified polysaccharides were able to
effectively encapsulate nucleic acids and improve the transfection efficiency into model
cells5550 Amine groups can also be introduced into polysaccharides by a reaction sequence
resulting in overall substitution g@olysaccharide primary hydroxyl groups by an amine.
This approach involves first tosylating or halogenating the polysaccharide, then reacting
the resulting intermediate compound with an azide salt, and finally reducing the azide to
an amine. Although thedransformations involve more than one step, one of the merits of
this approach is that all reactions are regioselective, preferentially occurring at primary
hydroxyl groups, and thus result in regioselectively substituted aminated polysaccharide

derivatives such as-@mino6-deoxy-cellulose®! In the case of bromination, it can be
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essentially perfectly regioselective for polysaccharides containing a free 6

hydroxymethylene group (e.g. cellulose, amylose, cHifify).

Among various azide reduction reacts, Staudinger reduction is one of the most useful
approaches to introduce amine groups onto polysaccharides. The Kaplan group first
prepared éaminc6-deoxyamylose from amylose under Staudinger conditf8nAs
Scheme 2.6hows, amylosel] is a naturahnd mostly linear polysaccharide composed of
D-glucopyranose residues linked yig1Y 4)-glycosidic linkage$? Kaplanet al.directly
halogenated amylose at the6Cposition either by using methanesulfonyl chloride in
dimethylformamide (DMF)/lithium chloride (LiCl), resulting in-dhloro-6-deoxy
amylose 2), or using PP# and N-bromosiccinimide (NBS) in DMHithium bromide
(LiBr), affording 6bromo-6-deoxy-amylose 8). 6-Halo-6-deoxy-amylosesZ and3) were

then converted to the correspondinga#ido6-deoxyamylose 4) by quantitatively
chloride or bromide displacement with an azide in dipolar aprotic media such Bs
methyl2-pyrrolidone (NMP) or dimethylsulfoxide (DMSO). Subsequent Staudinger
reduction with PPhin DMSO was employed to completely reduce the azide groups at
room temperature, resulting inanina6-deoxyamylose §) in 100 % vyield with 100%
conversion. Moreover, it was found that tharBino6-deoxyamylose obtained from-6
chloro-6-deoxyamylose has the same high amine degree of substitution (D®ptas

obtained fronB-bromao-6-deoxy-amylose (displacement was quaatiite).
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Scheme 2.6Syntheses o6-amina6-deoxyamylose via Staudinger reduction. Adapted
with permission fromCimecioglu, A. L.; Ball, D. H.; Kaplan, D. L.; Huang, S. H.

Macromoleculed994 27, 2917 2922. Copyright 1994 herican Chemical Society.

Aminated polysaccharides are often further modified to append other important
functionality that can satisfy the requirements of specific biomedical applications. For
example, additional modifications of aminated polysacchagdasalter the solubility in
water or organic solvents, attach ligands for targeting a particular cell type, or improve the
affinity for a particular encapsulated compoufié¢’: Most of these additional modifications
involve esterification, due to the préeace of hydroxyl groups along the polysaccharide
backbone and the relatively mild conditions necessary for esterification. It is a problem to
modify the hydroxyls of polysaccharides that bear both amino and hydroxyl groups, due to
the higher nucleophility of amines. ThéN-phthaloyl protecting group has been used to
protect chitosan amino groups, allowing selective esterification at the hydroxyl dfoups.
However, deprotection can be problematic; for example, phthalimide deprotection with
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hydrazine couldesult in the cleavage of esters or other easily removable groups linked at
the hydroxyl sites, and could cause chitosan molecular weight degradation. An alternative
approach is to first acylate azidentaining polysaccharides, then chemoselectively eeduc
the azide to an amine. In this approach, the azide can act as a latent protected amine. It is
potentially challenging to find a reducing reagent that can selectively reduce azide to
amine, in the presence of readily reduced ester linkages. Commonhgedsenhg reagents

like lithium aluminum hydride (LiAlH) can convert azide groups into amines, but also
react with a variety of reducible functional groups including e$teP# suitable reducing
reagent for this selective transformation was lacking Daly and Lee demonstrated the

use of 1,3propanedithiol to selectively reduce the azide moieties-aziéo6-deoxy
cellulose esters, while retaining the ester functionalifiedowever, although 1;3
propanedithiol reduction results in the desiredaly, only a small proportion of the

azide groups were reduced to free amines.

In comparison to other azide reduction reactions, Staudinger reduction is the most suitable
method for reducing azide to amine while retaining ester groups on polysacshdtide

to its high chemoselectivity and mild reaction conditions. The Edgar group first prepared
6-azido6-deoxy-2,3-di-O-acykcellulose from cellulose, and successfully selectively
reduced the azide groups through a Staudinger reduétioellulose 6), one of the
simplest polysaccharides, is a linear polymer consisting of singigud@pyranose
monosaccharides, with no branching or substituents in nature, composed of D
glucopyranose units with-(1Y 4)-anomeric linkages. Each anhydroglucose unit (AGU)
possesses one primary hydroxyl group at thé @osition and two secondary hydroxyl
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groups at the € and G3 positions. As Scheme 2shows, Edgaet al. modified cellulose

with PPl and NBS inN, N-dimethylacetamide (DMAc)/LiBr, followed by peracylation,
affording 6bromo6-deoxy2,3-di-O-acytcellulose ). The bromoester was then
transformed to @zido6-deoxy2,3-di-O-acykcellulose 8) by quantitatively bromide
displacement with azide ion in DMSO. The azide group at HéepOsition was finally
convertednto an amine in tetrahydrofuran (THF) or DMAc using a Staudinger reduction
under mild conditions (room temperature and atmospheric pressure), in the presence of
water, with little or no loss of esters at th@nd C3 positions. The product;&mninc6-
deoxy-2,3-di-O-acylcellulose 9), possesses a regiospecifically substituted free amine and
selectively acylated hydroxyl groups. This approach represents a substantial improvement
over previous efforts to synthesigeacyt6-aminccellulose derivativesjue to shorter
reaction times and very high regioselectivity. It should be noted that, reminiscent of
traceless Staudinger ligations, the anionic aminophosphorane ylide intermediate may tend
to attack the ester carbonyls, causing acyl transtétadforman amide. Such acyl transfer
reactions can be avoided by carrying out the Staudinger reduction in the presence of a
carboxylic acid anhydride such as acetic anhydride; the anhydride reacts with the
negatively charged nitrogen of the Staudinger ylide gtiyeforming an amidel(Q) at G6

whose acyl group may be either the same as those of the-&s&rs, or different,
depending on the choice of anhydride uJdgk ability to carry out Staudinger reduction
successfully even in the presence of a reactieeisp like a carboxylic acid anhydride is

striking evidence for its mild and chemoselective nature.
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Scheme 2.7Conversion of cellulose to-&mino or amides-deoxycellulose esters.

After 6-aminc6-deoxycellulose derivatey preparation using Staudinger reduction, Edgar
et al. extended the use of Staudinger reduction to the bacterial exopolysaccharide
pullulan’® As Scheme 2.8hows, pullulan11) is a linear polysaccharide of-@lucose
monosaccharides, with exclusivelinkages between the monosaccharides and no
branching or substituents. Unlike those of amylose or cellulose, the repeating unit of
pullulan is maltotriose trisaccharide, linkee(1Y 6), resulting in a 2:1 proportion 6f

(1Y 4) to h-(1Y 6) linkages in the polysaharide. They began the synthesis with
regioselective bromination of pullulan at8by reaction with NBS and P¥in DMF/LIBr,
producing ebromao-6-deoxy-pullulan. In contrast to the rigid rod, poorly solubler®@mo
6-deoxy-cellulose, brominated pullulamas found to have good organic solubility, and is
thus a useful intermediate for further reactionBrémo-6-deoxy-pullulan estersi2) were

obtained in a onpot method (bromination/acylation in one pot) by peracylation-of 6
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broma6-deoxypullulan with a carboxylic anhydride (e.g. acetic anhydride). Bromide
from 6-bromo6-deoxypullulan esters was displaced by azide, providing the
corresponding @zido6-deoxypullulan esters13). Finally, the azide was efficiently and

chemoselectively reduced to an amgroup through Staudinger reduction in DMF at room

temperature, resulting in&@minc6-deoxy-pullulan estersi4).

At
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HO 1. PPhy, NBS AGO
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O'aco 2. H,0 O'aco
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14 OH 13 OH

Scheme 2.8Conversion of pullulan to-&minc6-deoxy-2,3,40-acetytpullulan.

Furthermore, based on tlseiccess on cellulose and pullulan, Edgaal. preparedO-
acylated éamino6-deoxy-curdlan using a similar approach under Staudinger conditfons.
Curdlan is a bacterial, helical polysaccharide generated from a mutant bacterium and was

first discovered ¥ Harada and cavorkers in 1966%8'As Scheme 2.8hows, curdlani()
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is a linear homopolymer of Dlucose monosaccharides covalently bonded WY 3)
linkages (Schem@.9).8? Edgaret al. brominated curdlan in DMACc/LiBr using PPand
NBS, affording ébromo6-deoxy-curdlan (6). Similar to 6bromao6-deoxy-pullulan, 6
bromao6-deoxy-curdlan is soluble in common organic solventBrémo-6-deoxy-curdlan

was converted to the&zido derivativeX7) by nucleophilic substitution with sodium azide
(NaNg), following with peracylation with carboxylic anhydride such as acetic anhydride or
propionic anhydride in the presence of pyridine argirdethylaminopgridine (DMAP).

The product éazido6-deoxy2,3-di-O-acykcurdlan (8) finally was chemoselectively and
guantitatively reduced to-&mino6-deoxy-2,3-di-O-acykcurdlan @9) under Staudinger
conditions (PPH H20, DMAc, room temperature), with no spectrgsicoevidence of

incompletion or side reactions.
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Scheme 2.9Conversions of curdlan to&minc6-deoxy-2,4-di-O-acylcurdlan.
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However, O-acylated 6amino6-deoxypolysaccharide derivatives of cellulose, pullulan
and wrrdlan generally appeared to have poor solubility in both water and organic solvents.
To enhance solubility for some specific biomedical applications, Eetgak reported a
modified approach for the selectiieacylation of the aminated cellulose, prawigl an
efficient and convenient route (only three isolations from natural cellulose, no protecting
groups) for the synthesis ofanido6-deoxycellulose2,3-O-esters in which the acyl
groups orN- andO- may be selected separateA\s Schemes 2.10 and 2.&fhow, the 6
azido6-deoxy-2,3-di-O-acykcellulose was reduced by a Staudinger reduction under
anhydrous conditions in the presence of carboxylic anhydrides, which afforded erganic
soluble 6amido6-deoxy2,3-di-O-acylcellulose derivatives with > 93% re@act
conversion.” Again, remarkably the Staudinger conditions are so mild that even the highly
reactive anhydrides were not consumed by the reducing agent, and thus were available for
reaction with the azglide intermediate as it formed. This modified eggech was applied

to curdlan and pullulan as well, and generateaimido6-deoxy-2,3-di-O-acylcurdlan
derivatives and-@mido6-deoxy-2,3,40-acylpullulan derivatives, respectively’°More
importantly, it has been demonstrated that theamido6-deoxy2,3-di-O-
acylpolysaccharide derivative has improved solubility in comparison with-&mei6o 6-

deoxypolysaccharides and th@esters.
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Based upon previous studies of aminated polysaccharides prepared by Staudinger
reductions, it has been observed that most of treni®o6-deoxymlysaccharide
derivatives so produced reductions exhibit poor water and organic solubility, probably due
to small amounts of phosphutentaining residues and/or phosphine oxide byproduct. The
poor solubility greatly limits the further use of these amithgtalysaccharide derivatives.
Therefore,a clean separation of product frgghosphinecontainingresidual reagent and
phosphine oxiddyproduct is needed, to improve product solubility. Boehal. used
trimethylphosphine (PM# instead of PPhas a reduant, and employed Staudinger
reduction for preparing welkdefined heparan sulfate hexasacchaitdenvestigation of
structureactivity relationship$® As a consequence, the product from Staudinger reduction
was easily isolated in pure form, due intga the fact that gaseous PMmssesses better
solubility and is more easily removed than BM another approach, in order to improve

the solubility of éaminc6-deoxy-curdlan, the Edgar group recently reported a-non
Staudinger protocol in which -&ado-6-deoxycurdlan was reduced by sodium
borohydride (NaBH) under mild conditions, affording watsoluble aminated curdlan
derivatives with very high regioselectivity. As Scheme 2.1Zhows, Edgaret al.
brominated curdlan2Q) using PPhiand NBS in DMAC/LIBr, and displaced the bromide
using NaN in DMSO, affording 6azido6-deoxy-curdlan 22). It is of particular interest

to find that the final product-6minc6-deoxy-curdlan 23) (DS(NH) = 0.95) generated

from 6-azido6-deoxy-curdlan by NaBH reducton exhibited good solubility in water and
some common organic solvents, as opposed to the water insolubility observed for the
Staudinger reduction product of the same azide. Based upon the successful transition from
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6-azido to éamino through NaBkreducton, the Edgar group further developed a similar
method to yield another wateoluble curdlan derivative. After initial bromination of
curdlan and azide displacement of the bromide, hydrophilic anecmemged 3,69
trioxodecanoate (TOD) groups appendeddgcylation at the € and G4 positions of
curdlan in the presence of DMAc and pyridine, affordirgz&lo2,4-di-O-TOD-curdlan

(24); the 6azido group was then reduced to tharmdine by NaBEL Additionally, it is
interesting to find that upon NaBHeduction of the 6azido group to the-&mine, TOD
group migration occurred, along with concomitant reduction of residual ester groups,
providing theN-TOD amide B5), which is also water soluble. Therefore, borohydride
reduction can be a suitable method foegaring watesoluble aminocurdlan derivatives,
since it involves no phosphine containing reagents or byproducts. However, this example
also illustrates the disadvantages of borohydride reduction, since it is not sufficiently
selective to reduce azides Nehpreserving esters from reduction. In addition, it cannot be
used in the presence of anhydrides, so the amines cannot be irappeds amides; this
inability thereby promote® to N acyl migration. These watasoluble, regioselectively
substituted curdlan derivatives are helpful for investigations of strucproperty

relationships for biomedical applications.
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Scheme 2.12 Syntheses of-@mina6-deoxycurdlans using NaBH

2.4.2Bioconjugate preparation via Stauinger ligation

Being biocompatible, efficient, chemoselective, and catalyst free, the recently introduced
Staudinger ligation has been used for numerous biological applications, from cell surface
modification to protein detection. Howevegmpared to Swudinger reductionshere are

few examples of Staudinger ligation for modifying polysaccharides other than alginate.
Alginate, also known as alginic acid, is one of the most popular polysaccharides for
biomedical applications, because of its desirablesioejpemical properties and high

biocompatibility. Alginate is a linear polysaccharide comprisingh@nnuronic (M) and
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L-guluronic (G) acids, with entirelp-(1Y 4) linkages $cheme 2.13 Each alginate
monosaccharide possesses two secondary hydroxyl groups2 ean@ CG3, and one
carboxyl group at &. Partial hydrolysis studies reveal that alginate is made up of blocks
of M, blocks of G, and mixed N& blocks Particularly, alginate solutions are capable of
forming hydrogels via ionic crodiking with divalent cations such as €ar B&", and

these crostinked alginate hydrogels have been prepared in various sizes and shapes for
diverse application® Notably this ability to gel under very mild conditions (neutral pH,
room or physiological temperature) allows alginate to be used to encapsulate living cells,
such as islets of Langerhans for treatment of Type 1 diaffefdginate chemical
modifications hag been pursued for a variety of applications, since the carboxylic groups
and hydroxyl groupsin alginate provide sites for chemical modificatfdd® The most
common motivation for alginate modification is to improve the durability of alginate
hydrogelsvia covalent crossinking of alginate chains, either independently of or in

addition to ionic crosslinking.

o
HO
HO
0 o 0 oH

H ) o |

! OH 0,
HO OH HO o

o 0
OH

N J \ Y,
N '

D-Mannuronic (M) acid L-Guluronic (G) acid

Scheme 2.13Molecular structure of alginate showibg(1Y 4) linkages.
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To improve the stability of alginate hydrogels without losing their desirable properties,
Stableret al.used aziddunctionalized alginate as a novel platform for the chemoselective
crosslinking of complimentary agents via biologicdbyored Staudinger ligatior¥8 As
Figure 2.1 shows, in the presence ®f-hydroxysuccinimide (NHS)and 1-ethyk
(dimethylaminopropyl)carbodiimide hydrochloride (ED@JginatePEGazide @8) was
prepared by conjugation between alginate carboxylic gr&§)sad an amine group of a
PEG whose other end had an azide end gr@dy o afford a product which then formed
hydrogel beadsA) with B&* via ionic interactions. The azide groups of algiFREG

azide hydrogel bead#@\] can also act as platforms foretleovalent linkage of methy
(diphenylphosphino)terephthalate (MDflinctionalized bioactive or labeling agents via
Staudinger ligation. Stablet al. used an MDTunctionalized carboxyfluorescein agent
(29) to conjugate with alginattEGazide hydrogebeadsA) inDul beccods phosplt
buffered saline (DPB33t 37°C viaStaudinger ligation, resulting in up to 40% of the azide
groups on alginatPEGazide £8) reacted with MDT groups on MDfunctionalized
carboxyfluorescein agen29). The resulting florescent hydrogel bead30(or C) studied

by confocal microscopy exhibit good stability and have potential for use wvo
monitoring. In addition, Stablet al.used difunctional PEG polymers with complementary
MDT groups 81) that are able to crosmk with azide functionalized PE@&lginate 29)

via Staudinger ligation, affording-B2% of the azide groups were functionalized,
suggesting that the resulting polymesg)(are capable of forming highly stable hydrogels

(B) through strong covalent bonds.
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Figure 2.1. Alginate PEG N3 can form gels via divalent ion (e.g., Bacrosslinking, or

via incubation with MDTPEGMDT under Staudinger conditions. The gels formed with
Ba&* can be futher functionalized with MDTabeled agents like MDPEG
carboxyfluorescein. Adapted with permission fr@att&-Asfura, K. M.; Stabler, C. L.

Biomacromolecule2009,10,3122 3129. Copyright 2009 American Chemical Society.
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After the report of alginatbydrogels modified by Staudinger ligation, Stabler and co
workers fabricated ionically and covalently crosslinked algiR4&6& microbeads for islet
microencapsulations using ionic interaction and Staudinger lig&ids. Figure 22
shows, aziddunctiondized alginate 33) and MDT-terminated PEG 34) were pre
incubated for 1 h and 15 min at 3Z prior to B&* addition. This preéncubation allowed
initially covalent linkage between azidienctionalized alginate and MDierminated PEG

by Staudinger ligatio, and avoided significant leakage of Midarminated PEG during
crosslink between aziefeinctionalized alginate and Baresulting in premixed alginate

PEG @5). After B&* was added into prmixed alginatePEG, ionically crosslinked
alginatePEG @6) was formed due to crosslink between?Band azidefunctionalized
alginate. The final ionically and covalently crosslinked algiiRE€S microbeads3{’) were
generated by further incubation between the two polymers through Staudinger ligation.
The resulting msslinked alginat®®EG microbeads exhibit greater resistance to osmotic
swelling than conventional barium crosslinked alginate beads. Based upon diffusion and
porosity studies, crosslinked algind®&G beads have permeability properties comparable
to tho® of conventional barium crosslinked alginate beads. More importantly, crosslinked
alginatePEG beads exhibit excellent cellular compatibility with insulinoma cell lines, and
rat and human pancreatic islets, where the viability and functional assessncefis of
within crosslinked alginatPEG beads are comparable with those of barium crosslinked
alginate bead controls. Due to their enhanced stability and high cellular compatibility, the
crosslinked alginatEG hydrogels prepared by Staudinger ligation premising

materials for a wide variety of tissue engineering applications.
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Figure 2.2. Crosslinked alginatPEG microbead fabrication based upon Staudinger
ligation and ionic interaction. Adapted froficta Biomater2011, 7, Hall, K. K.; Gatt&
Asfura, K. M.; Stabler, C. L. Microencapsulation of islets within alginate/poly(ethylene
glycol) gels crosdinked via Staudinger ligationp14i 624, Copyright 2011, with

permission from Elsevier.

Stabler and cavorkers also employed Staudinger ligation to i@dte hyperbranched,
polymerbased, ultrathin capsules possessing bioorthogonal functionality and altered
physiochemical propertié¢d. Ns-PEGNHS (38) was first covalently linked to amine
groups on the surface qgfancreatic islet cellsat room temperatur€Figure 23).
Poly(amidoamine) (PAMAM) dendrimers39) functionalized with phosphirleearing

MDT groups were then covalently bound to the pancreatic islet cells via Staudinger ligation
between the azide and MDT moieties at °87 Finally, hyperbranched afgte @0)

functionalized with azide was coupled to the exposed MiDittionalized PAMAM
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coating, also via Staudinger ligation under similar conditions. Additional layers could be
built via stepwise incubation of MDTunctionalized PAMAM and hyperbrancheattjinate

azide, until the desired number of layers was achieved. This encapsulation of viable tissues
through layetby-layer polymer assembly offers a versatile platform for cell surface
engineering, providing tailored properties, and could only be pessibuse of a gentle,
rapid, and chemospecific reaction like Staudinger ligation. Moreover, the hyperbranched
polymers provide a highly functionalized surface for bioorthogonal conjugation of
bioactive or labeling motifdn addition, Stabler and emorkers used a similar approach

to develop a polymeric material by coupling azidectionalized alginates with phosphine
functionalized 4arm PEGs through Staudinger ligati8it has been demonstrated that the
polymeric material can be used for preparing imoprotective and ultrathin coatings on
murine primary pancreatic islets, and the resulting-teaic coatings provide significant

protective effects in an allograft murine model.
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Figure 2.3. Ultrathin coating assembly opancreatic islet cells through &bidinger

ligation. Adapted with permission fror@att&-Asfura, K. M.; Stabler, C. LACS Appl.

Mater. Interface013,5, 9964 9974. Copyright 2013 American Chemical Society.
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Traceless Staudinger ligation has been shown also to be a valuable tool flangcoup
polysaccharides to certain biomolecules. In recent decades, a number of glycoconjugates
have been prepared and developed as potentiainggttious and amitancer vaccines,

and some of these have already been licensed as pharmacétialse pdy- or
oligosaccharides are so extraordinarily complex, they often are highly useful for targeting
only one organism or part of an organism with great precision. However, adjuvants are
frequently necessary, since the poly/oligosaccharide portion alone nddeslicit a
sufficiently strong immune response. Proteins are far better at eliciting strong immune
responses, hence one clear application of protein/saccharide conjugates. Although a
number of other coupling reactions have been employed for covalesjygating
polysaccharides to certain proteins, there remained a need for a chemoselective and
efficient reaction to provide wetlefined conjugate structure, and enhance efficiency by
reducing the need for excess of expensive and complex reagents. ithendhgelective
traceless Staudinger ligation is a very attractive technique for biological chemists to
conjugate polysaccharides with certain biomolecules. Traceless Staudinger ligation is a
good choice for achieving a welefined amide bond connectiosince it is a highly
selective reaction in which the phosphine is incorporated in the leaving group and not in
the transferred acyl group. Wider use of traceless Staudinger ligations, however, is
restricted by the difficulty in designing and synthesizimg phosphine for overcoming the

two main limitations: competitive hydrolysis of the iminophosphorane intermediate and

premature oxidation of the phosphorus atom.
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To further develop the utility of traceless Staudinger ligation for preparation of
glycoconpgates, Mulard and eworkers designed two new phosphifumctionalized
protein carriers to allow construction of potential glycoconjugate vactreiially, o-
(diphenylphosphino)pheno{, Scheme 2.1)4and a borane protected phosphidé, (
Scheme 2.B) were reacted with glutaric anhydride in DMF &ito room temperature,
affording the corresponding carbekynctionalized phosphines(42) and @7),
respectively. To prepare them for traceless Staudinger ligation to prepare the
glycoconjugates, bot¥2) and @7) were activated into their corresponding succinimide
esterg43 and48), respectively) in the presence of NHS and EDC. Succinimide (@8)er
was further linked with tetanus toxoid (TT) @2 M phosphate buffered saline (PBS)
affording the phsphinafunctionalized protein carrig@4), while the other succinimide
ester(48) was further covalently associatetth TT and bovine serum albumin (BSA) in
0.2 M PBS, resulting in the corresponding phospfiuretionalized protein carriel®l9)

and (50), respectively. Mulardet al. chose a polysaccharide moiety of the
lipopolysaccharide (pmLPS) afibrio choleraeO1 serotype Inaba, a causative agent of
cholera. This surface polysaccharide is the major target of human protective immune
response againstithdisease. The researchers modified pmLPS by daid#ionalized
succinimidyl esters to give the corresponding azidotaining pmLPS derivatives §N
pmLPS, Scheme 2.)6/ia amide bonding, and finally these azmmtaining pmLPS
derivatives were coupledith (44), (49), and 60) in potassium phosphate buffer or DMF
containing DABCO and sodium chloride (NaCl) via traceless Staudinger ligation in good
yields (between 52% and 83%), forming the corresponding glycoconjud&te&(), and

(52), respectively
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Scheme 2.14Synthesis of glycoconjugate from(diphenylphosphino)phenol. Adapted
with permission fromGrandjean, C.; Boutonnier, A.; Guerreiro, C.; Fournier, J.; Mulard,

L. A. J. Org. Chem2005 70, 7123 7132. Copyript 2005 American Chemical Society.
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Scheme 2.15Synthesis of glycoconjugates from a borane protected phosphine. Adapted

with permission fronGrandjean, C.; Boutonnier, A.; Guerreiro, C.; Fournier, J.; Mulard,

L. A. J. Org.Chem.2005 70, 7123 7132. Copyright 2005 American Chemical Society.
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Scheme 2.16Synthesis of azidgontaining polysaccharide derivatives. Adapted with
permission fronGrandjean, C.; Boutonnier, A.; Guerreiro, C.; Foarnd.; Mulard, L. A.

J. Org. Chem2005 70, 7123 7132. Copyright 2005 American Chemical Society.

In addition to glycoconjugate syntheses, Mulatdil. assessed the antigenicity of these
glycoconjugate derivativeky enzymelinked immunosorbent assd#LISA) inhibition

assays, in order to indicate whether the functionality of the carbohydrate haptens was
affected by conjugation. Their results revealed that all of these conjugates were capable of
inhibiting the interaction betweew. choleraO1 serotyperiaba LPS and the monoclonal
antibody (mlgG) 124-2, with some conjugates evexhibiting antigenicity equipotent to

that of Inaba LPS, suggesting that both pmLPS derivatizations and traceless Staudinger
ligations do not greatly affect the unique antigeteterminant recognized by mig&4-

2. This example is an excellent demonstration of the value of the unique combination of

selectivity, efficiency, and mild reaction conditions available through Staudinger ligations.
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2.5Conclusionsand future perspectives

Staudinger reduction offers an efficient way to selectively functionalize polysaccharides,
resulting in regioselectively aminated polysaccharide derivatives that are partial structural
analogs of natural, highly bioactive polysaccharides like glycosamirenigy@nd semi
synthetic chitosans, and therefore have promise for biomedical applications. This
methodology has been used to prepare a series -ahiftc and 6amido6-
deoxypolysaccharide derivatives from native polysaccharides including cellulose,
amylose curdlan, pullulan, and others. In addition, Saxon and Bertozzi pioneered
Staudinger ligation, which as we have discussed is a powerful technique for mild,
chemoselective modification of polysaccharides, other more sensitive biomolecules, and
even livingcells. The application by polysaccharide chemists of Staudinger ligation to
alginate modification promises to provide great benefits, complementing and enhancing
the natural ability of alginates to gel under extremely mild conditions, enabling
enhancementf alginate hydrogel durability, fluorescent labeling of alginate hydrogels,
and the attachment of targeting moieties, to name just a few potential advantages. The
further discovery by Bertozzi and Raines of traceless Staudinger ligation, in which the
triaryl phosphine oxide moiety is cleaved by hydrolysis to end up as part of the leaving
group rather than part of the conjugate, permits us to think even more about the exciting
possibilities that can be realized by using traceless Staudinger ligationltorlatieerwise
modify the surfaces of living cells and other sensitive biomolecules. The promise of
traceless Staudinger ligation is well illustrated by the examples we have presented of
conjugation of oligeor polysaccharide haptens to immunogenic pnatarriers, providing

a fully stable and biocompatible amide link between the haptens and protein carriers. These
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bioconjugates combine the incredible targeting specificity available from polysaccharides
with the strong immune response elicitation avadafstbm the protein portion of the
conjugate, in a manner that is structurally very well defined thanks to the specificity and

mild nature of the Staudinger ligation chemistry.

In the future, we believe that a greater variety of complex aminated polysdecha
derivatives will be available through the efficiency and selectivity of Staudinger
reductions, in some cases in combination with other selective chemistries. There will be
many more exciting synthetic possibilities created by the intermediacy ofpoharide
6-deoxy-6-iminophosphorane ylides and their bromo precuf8diwough Staudinger
related reactions. These ylides contain remarkably nucleophilic, negatively charged
nitrogen atoms, and the exploitation of these intermediates in polysacchamdistci is

still in its infancy. Although there are still relatively few examples of Staudinger ligations

in polysaccharide chemistry, a large number of researchers have successfully used
Staudinger ligations in small molecule carbohydrate chemistry xtongle to conjugate
biological molecules with carbohydrates such glucose and mannose, and it has been
demonstrated that those bioconjugates have great potential for use in applications such as
biosensing and drug delivery. More of these carbohydrate neethitidoe imported for

use in Staudinger ligation with polysaccharides.

Biomolecules such as peptides, proteins, and nuclei acids can in principle be conjugated
with cellulose and other polysaccharides via Staudinger ligations. Since traceless

Staudingerligations are capable of providing a wdkfined amide bond between two
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moieties, it is promising to use this method for coupling azide functionalized
polysaccharides with different bioactive probes to produce afurdgionalized
polysaccharide derivates possessing various bioactive, targeting, and other
physicochemical properties. Further work should aim at designing and preparing
phosphine linkers that are entirely stable toward oxidation for allowing intramolecular
acylation in the absence of an anic coesolvent. Also, watesoluble phosphine
functionalized linkers for traceless Staudinger ligations are still needed, in order to make

bioconjugates in aqueous environments.

Overall the intrinsic attractive properties and versatility of Staudimglrations, ligations,
traceless ligations, and other variants yet to be described and named are likely to make
them important components of the synthetic arsenals of polysaccharide chemists,
biomaterial developers, cell biologists, and a panoply of ottientsts and engineers for

many decades to come.
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Chapter 3. An Efficient, Regioselective Pathway to
Cationic and Zwitterionic N-Heterocyclic Cellulose

lonomers

Liu, S.; Liu, J.; Esker, A. R.; Edgar, K.Biomacromolecule2016 17,503 513.Used

with permission oAmerican Chemical Societ2016.

3.1 Abstract

Cationic derivatives of cellulose and other polysaccharides are attractive temgets
biomedical applications due to their propensity for electrostatically binding with anionic
biomolecules, such as nucleic acids and certain proteins. To date however, relatively few
practical synthetic methods have been described for their prepatdgiain, we report a
useful and efficient strategy for cationic cellulose ester salt preparation by the reaction of
6-broma6-deoxycellulose acetate with pyridine enfethylimidazole. Dimethyl sulfoxide
solvent favored this displacement reaction to preduationic cellulose acetate derivatives,
resulting in high degrees of substitution (DS) exclusively at tke gosition. These
cationic cellulose derivatives bearing substantial, permanent positive charge exhibit
surprising thermal stability, dissolve iy in water, and bind strongly with a hydrophilic

and anionic surface, supporting their potential for a variety of applications such as
permeation enhancement, mucoadhesion, and gene or drug delivery. Expanding upon this

chemistry, we reacted aididazdyl-6-deoxycellulose derivative with 1&opane sultone
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to demonstrate the potential for further elaboration to regioselectively substituted

zwitterionic cellulose derivatives.

3.2Introduction

Polymers bearing positive and/or negative charges, known aspiolyimers or ionomers,
exhibit remarkable physical and chemical properties that may be exploited for various uses
Recently, ionomers, includingpolyelectrolyte$® and polyzwitteriond®, have been
extensively investigated for biomedical uses. For exaymahionic polymers have been
employed to form polyelectrolyte complexes through electrostatic interactions with
cationic biomolecules including cationic drugs, basic peptides, and blood proteins, for
therapeutic applicatiorfs’ Conversely, cationic polyars can bind electrostatically with
anionic biomolecules including nucleic acids and certain proteins, producing
polyelectrolyte complexes for gene and drug delivery, tissue engineering, and other
therapeutic useslt has been reported that cationic pognh are potentially effective
vehicles for delivery of nucleic acids to the cell, since they effectively protect these anionic

biomolecules from degradative enzymes and aid in transféctfon.

Naturally derived cationic polymers may in some cases be atveetive candidates for
therapeutic uses than commonly investigated synthetic cationic polymers such as
poly(ethyleneimine) (PEI) or polyfN,N-dimethylamino)ethyl methacrylate]
(PDMAEMA), because of their greater biocompatibility and biodegradabditg, low
immunogenicity:® Chitosan is one of the most commonly used cationic polysaccharides.
It is a semisynthetic polymer, derived from the naturally occurring polysaccharide chitin.
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Protonated chitosan is able to increase permeation of peptide dmgss anucosal
epithelia, showing promise as an effective absorption enhancer in specific regions of the
intestinal lumert! Chitosan can encapsulate anionic nucleic acids or certain proteins via
electrostatic interactions, protecting them from degradatimeymes? Despite its
promising properties as a vehicle for gene and drug delivery, the limited charge and
solubility of chitosan at neutral pH, and the potential for protein contamination from the
original crustacean shell source of the precursor ohigatly affect its suitability. In order

to overcome these limitations, researchers have sought to prepare superior derivatives of
chitosan, as well as cationic derivatives of other polysaccharides. Peralkylation of chitosan
amine groups affords quaternizeammonium derivatives bearing substantial permanent
positive charge, that as a result have greater aqueous solubility across a wider range of pH.
TheseN-quaternized chitosan derivatives show promising ability to enhance absorption of
hydrophilic drugs bytemporary opening of tight junctions between gastrointestinal
enterocytes at pH values similar to those of the intestine (piA.6)4 It has been reported
thatN,N,Ntrimethyl chitosan chloride (TMC) acts as a permeation enhancer for the peptide

drug tuserelin and for mannitol across Cézoell monolayers at neutral pH.

In addition to cationic polysaccharidesyitterionic polysaccharides are also of special
interest. Some polysaccharides bear both basic amino groups and acidic carboxylate
groups,and thus possess zwitterionic character at physiological pH. It has been reported
that zwitterionic polysaccharides are capablestohulating CD4* T-cell proliferation,

after being presented via the MHEC processing pathwa¥*'® Some semisynthetic

polyzwitterions prepared from naturally occurring polysaccharides possess potent
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immunostimulatory activity; it has been demonstrated that structurally varied zwitterionic
polysaccharides appear to stimulate distinct immunological respbri8észwitterionic
polysaccharide was also reported to form a cancer vaccine candidate by conjugating with
the carbohydrate hapten ThMoreover, some mammalian glycoaminoglycans (GAGS)
are members of the zwitterionic polysaccharide family, due to the fact that theardye p
sulfated copolymers consisting of alternating glucosamine and uronic acid
monosaccharides. These zwitterionic GAGs play important roles in biological systems. For
example, it has been demonstrated that the adhesion of the malaria p&hiadgpaum

to placental cells is mediated by chondroitin sulfate.

Our group has previously explored preparation of cationic polysaccharide derivatives.
Compared with similar reactions of tosylated cellulose reported by other gfoups,
employing trialkylamines s nucleophiles for & displacement of the primary alkyl
bromides of é@romo6-deoxyglycans, e.g.-Bromo6-deoxy-cellulose esters and- 6
broma6-deoxy-curdlan, results iré-(N, N, N-trialkylammonio}6-deoxypolysaccharide
derivatives with essentially compéechemoselectivity and regiocontféP*However, this

body of work showed that trialkylamine nucleophilic bromide displacementboirGo
6-deoxyglucans are quite difficult to drive to high reaction conversion. These publications
presented the hypothssthat accumulating cationic charge along the glycan chain as
displacement by trialkylamines proceeds is responsible for the poor conversion, and
presented evidence in support of this hypothesis, including the fact that displacements with
dialkylamines (n which case the tertiary amine product is not charged) under otherwise
equivalent conditions proceed nearly to completion. Our previous work with curdlan also
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indicated that displacement with more nucleophilic aromatic amines could be more
favorable anddad to higher DS valuééput it was uncertain whether these results with

the relatively soluble curdlan would translate to the more intractable cellulose. In this work,
we hypothesize that nucleophilic displacements by aromatic amines such as pyridine or
alkyl imidazoles will proceed to much higher degrees of substitution-adtiénic
substituents than is the case for tertiary aliphatic amines, because of the greater
nucleophilicity of these aromatic amines, as well as their greater ability to dispsitbeep
charge. If this hypothesis is correct, it could enable us to improve reaction efficiency and
prepare cationic polysaccharides with the necessary properties, including charge density,
for the biomedical applications mentioned above. Herein, wetreppefforts to confirm

this hypothesis by carrying out regioselective nucleophilic displacementboon® 6-
deoxycellulose derivatives, using pyridine and imidazoles. In addition to confirming the
hypothesis, we hoped that these methods would progétesedectively substituted, water
soluble quaternary pyridinium andmethylimidazolium cellulose derivatives that would
enable future structugroperty experiments to determine their utility in gene delivery,
tight junction opening, and other valuablg@hbgations. We planned to test their affinity for
negatively charged molecules and surfaces by measuring adsorption to a hydrophilic,
anionic surface using surface plasmon resonance (SPR). Moreover, we hoped to be able to
test the ability to utilize aromiatamines synthesized by this general approach for further

elaboration to poly(zwitterions).

3.3Materials and methods

3.3.1Materials
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Microcrystalline cellulose (MCC, Avicel PHO01, Fluka, degree of polymerization (DP) =

80, measured by size exclusion chromatphyaof the per(phenylcarbamate) derivattye

was dried under vacuum at 50 € overnight before use. Lithium bromide (LiBr, Fisher)
was dried under vacuum at 125 @\-Bromosuccinimide (NBS, 99%, Acros) was
recrystallized from boiling water and dried fordvdays under reduced pressure over
anhydrous calcium chloride. TriphenylphosphinesfRIStrem), acetic anhydride (Acros),
pyridine (anhydrous, 99+%, AcroSeal), imidazole (Sighidrich 99+%), 1
methylimidazole (Sigm&ldrich 99+%,), 1,3propane sultone (Arich, 99+%), 16
mercaptohexadecanoic acid (Sigildrich) and thexadecanethiol (Sigrmaldrich) were

used as received. Ethanol and acetone were from Fisher Scientific, Pittsburgh, PA and used
as receivedN, N-Dimethylacetamide (DMAc, FisherlN, N-dimethylformamide (DMF,

Fisher) and dimethyl sulfoxide (DMSO, Acros) were kept over 4 A molecular sieves under
dry nitrogen until use. Regenerated cellulose dialysis tubing (3500 g/mol molecular weight
cutoff (MWCQO)) was from Fisher and used as recei@@R @ld sensor (20 mm x 20

mm) was from Reichert Technologies Life Sciences and used as received. Ultrapure water

(18.2MWA ¢ 2BC) was obtained from SynergyUV (EMD Millipore, Billerica, MA).

3.3.2Measurements

H, 13C NMR, HMBC ancHSQCspectra were obtained on a Bruker AVANCE 11 500 MHz
spectrometer in DMS€@ at room temperature or 50 €. Infrared spectroscopic analyses
of samples as pressed KBr pellets were obtained on a Thermo Electron Nicolet 8700
instrument using 64 scans and 4-tmesolution. Thermogravimetric analyses were
performed on a Q500 Thermogravimetric analyzer, TGA (TA Instruments, DE, USA).
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Approximately 5mg of the sample was heated from 25€C to 600€C at a rate of 10C/min
under a continuous nitrogen flow at 60 mL/min. Modulatetfedential scanning
calorimetry (MDSC) was conducted using a TA Instruments DSC Q2000. DSC data were
obtained from50 € to 200 € at heating rates of 20 €/min under nitrogen. An atomic

force microscope (MFBD-BIO, Asylum Research, Goleta, CA) was used in tapping
mode to image adsorption on SPR sensor surfaces. Height images were obtained by a
silicon tip (OMCL-AC160TS, OlympusCorp., Tokyo, Japan) under ai@bt conditions

(22°C, 50% humidity). The roughnesses of the samples were calculatedupasetie

rootmeansquare (RMS) values offin; 5 nm scan area€arbon, nitrogen and bromine

contents were performed by Micro Ansly Inc. using a Perkin Elmer 2400 Il analyzer.
Carbon and nitrogen contents were measured by flask combustion followed by ion
chromatography, and bromine content was determined with a thermal conductivity
detector. DS values were determined by meafkl 8fMR spectroscopy, according to the

following equations, respectively.
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3.3.3Regioselective brominatiorand acetylation of MCC

The method of MCC dissolution in DMACc/LiBr was adapted from previous othe
synthesis of @rCA has been previously publish&’ Briefly, PhsP (32.35 g, 4 equiv per
anhydroglucose unit (AGU)) was dissolved in 100 mL of DM#bile 21.95 g NBS (4
equiv per AGU) was dissolved in an additional 100 mL of DMAc. Th&Rolution was
added dropwise to the MCC solution (5 g MCC in 200 mL DMAC/LIBr), followed by the
dropwise addition of the NBS solution. The resulting solution veagdd to 70 € under
nitrogen for 1 h. Acetic anhydride (10 equiv per AGU) was then added dropwise, and the
resulting solution was stirred overnight at 70 €. It was then cooled and added slowly to 4
L of a 50:50 (v/v) mixture of methanol and deionizedexab precipitate the product,
followed by filtration. The precipitate was then twice redissolved in acetone, followed by
precipitation in ethanol, and then it was dried overnight in a vacuum oven at 50 €. Yield:
87%.H NMR (500 MHz, DMSQds): 2.00-2.10 (Oi (C=0)i CHs), 3.305.40 (cellulose
backbone). DS byH NMR: DS(Ac) 2.05. Elemental analysis: %C 38.86, %H 4.33, %N
Not Found, %Br 25.32; DS by elemental analysis: DS(Br) 0.98. Average molar mass of

AGU, <M>s.srca = 309 g/mol.

3.3.4Synthesis of epyridinio -6-deoxy-2,3-di-O-acetytcellulose (6PyrCA)
In a 100 mL threemecked roundottom flask, eBrCA (250 mg) was weighed and
dissolved in 10 mL of DMSO. Pyridine (M0 equiv per AGU) was added to the flask.

The solution was heated to 80 € for a selected tpreod under nitrogen while stirring.
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The solution was transferred to dialysis tubing. After 3 days of dialysis against ethanol and
3 days of dialysis against deionized water, the solution was foretkto yield 6PyrCA.

Data from experiment using 50wq pyridine at 80 € in DMSO: Yield: 77%H NMR

(500 MHz, DMSQde): 1.752.25 (Q (C=0)i CHs), 3.006.00 (cellulose backbone), 8.20

(Ni CH=CHi CH), 8.65(N CH=CHi CH), 9.04 (N CH=CHi CH); 3C NMR (500 MHz,
DMSO-de): 21.17 (O (C=O})i CHs), 60.12 (C6), 60. 15 (G606 ) , -77.00Q (BN C3, G

4 and G5), 98.18 (G1), 99.67 (CL 0 ) , 1iTB=CHi&H),(146.21 (NCH=CHi CH

and N CH=CHi CH), 169.90 (®(C=0)i CHs). DS by'H NMR: DS(Pyf) 0.71. Elemental
analysis: %C 45.88, %H 4.88, %N 2.86, %Br 15.25. DS by elementakand)s(Pyr)

0.73. Average molar mass of AGU, <Msrca = 308 g/mol.

3.3.5Synthesis of (1-methyl-3-imidazolyl)-6-deoxy-2,3-di-O-acetykcellulose (6
MelMCA)

6-BrCA (250 mg) was dissolved in 10 mL of DMSO in a 100 mL threeked round

bottom flask. IMethylimidazole (10100 equiv per AGU) was added to the flask. The

solution was heated to 80 € and stirred for a selected time period under nitrogen. The

cooled solution was transferred to dialysis tubing. After 3 days of dialysis against ethanol

and 3 days oflialysis against deionized water, the solution was frelemel to yield 6

MelMCA. Data from experiment using 10 equivriethylimidazole at 80 € in DMSO:

Yield: 88%. 'H NMR (500 MHz, DMSQds): 1.752.25 (Q (C=0O)i CHs), 3.066.00

(cellulose backbone andi8Hs), 7.83 (N CH=CHi Ni CHs and N CH=CHi Ni CHs3),

9.47 (N=CHi Ni CHa); $3C NMR (500 MHz, DMSQde): 21.05 (@ (C=O})i CHs), 36.10

(N7 CHs), 49.40 (G6), 62.57 (G6 6 ) , -77.0D (Q2,05-3, G4 and G5), 98.58 (G1),
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99.69(C16) , 1iZH=CHIRIiICHIN123.70 (NCH=CHi Ni CHzs), 137.71 (N€Hi
N CHz), 169.82 (@ (C=0)i CHs). DS by*H NMR: DS(MelM*) 0.74. Elemental analysis:
%C 41.32, %H 4.82, %N 5.25, %Br 14.26. DS by elemental analysis: DS(Y18I¥D.

Average molar mass of AGU, <M®eivmca = 310 g/mol.

3.3.6Syntheses of @midazolyl-6-deoxy-2,3-di-O-acetytcellulose (6IMCA) and 6-(1-
(3-sulfopropyl)-3-imidazolyl)-6-deoxy-2,3-di-O-acetylcellulose (6SPrIMCA)

Under nitrogen in a 100 mL threecked rounébottom flask, 6BrCA (250 mg) was

dissolved in 10 mL of DMSO. Imidazol&@ equiv per AGU) was added to the flask and

dissolved. The solution was heated to 80 € for 48 h under nitrogen with mechanical

stirring. The cooled reaction solution was added to dialysis tubing, followed by 3 days of

dialysis against ethanol and 3 dafdialysis against deionized water. The retentate was

finally freezedried to yield 6IMCA. Yield: 75%.'H NMR (500 MHz, DMSQds): 1.70

2.30 (Q (C=0)i CHs), 3.006.00 (cellulose backbone), 7.701(@H=CHi N), 7.74 (N

CH=CHi N), 9.08 (N CH=N); $3C NMR (500 MHz DMSO-dg): 21.02 (@ (C=O)i CHs3),

46.88 (G6), 62.56 (C6 6 ) , -77.0D (GQ, @3, G4 and G5), 98.36 (G1), 99.66 (C1 6 ) ,

120.48 (N CH=CHi N), 128.97 (N CH=CHi N), 138.05 (NICH=N), 169.87 (®(C=0O)i

CHz). DS by*H NMR: DS(IM) 0.74. Elemental analysis: %C 39, %H 5.15, %N 6.47.

DS by elemental analysis: DS(IM) 0.72.

6-IMCA (100 mg) was dissolved in 5 mL of DMSO in a 25 mL thneeked roundottom
flask under nitrogen. Then 3 equiv per AGU of-p/®8pane sultone was added. The

resulting solution was heaténl80 € and stirred 20 h under nitrogen. The cooled solution
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was transferred to dialysis tubing, followed by 3 days of dialysis against ethanol and 3 days
of dialysis against deionized water. The resulting precipitate was collected by filtration,
and therthe sulfobetaineontaining product,-§1-(3-sulfopropyl}3-imidazolio)6-deoxy
2,3-di-O-acetytcellulose (6SPrIMCA), was dried overnight in a vacuum oven at 50 €.
Yield: 67%.'"H NMR (500 MHz, DMSQde): 1.70-2.10 (O (C=0)i CHz and N CHzi CHyi

CH2i SGs), 2.88 (Ni CHzi CH2i CH2i SOs), 3.006.00 (cellulose backbone and GHzi

CHzi CHzi SOs), 7.5068.00 (N CH=CHi N and N CH=CHi N), 9.16 (N CH=N). DS by

H NMR: DS(3sulfopropyl) 0.43.

3.3.7Self-assembled monolayer (SAM) preparation and surface plasmon resonance
(SPR)

Square 8R gold sensors (20 mm x20 mm) were loaded into an UV/Ozone Procleaner for

20 min, and were then placed fage in a solution of 1:1:5 (v/v/v) hydrogen peroxide:

ammonium hydroxide: ultrapure water. The solution was heated to boiling for at least 40

min. Then each sensor was rinsed with ultrapure water, and dried under nitfbgen.

cleaned sensor slides were then placed in a 1 mM solutionmkiéptehexadecanoic

acid or thexadecanethiol absolute ethanol for at least 24 h. The slide was then removed

from the solution, rinsed with absolute ethanol to remove exceswmefdapte

hexadecanoic acid, and dried with nitrogen. Finally, the SAM sensor slide was washed

with ultrapure water and dried with nitrogen.

Cationic cellulose derivative adsorption ontoNsAurfaces was investigated by SPR. The

sensor slide with the desired film (bare gold, S&@OH, SAMCHzs) was refractive
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indexmatched to the prism of a Reichert SR 7000 surface plasmon resonance
refractometer with immersion oil. This SPR system usedea [#isde with an emission
wavelength of 780 nm. The flow cell was equipped with a Viton gasket (Dupont Dow
Elastomers, LLC) and was mounted on top of the sensor slide. Solutions were pumped into
the flow cell at a flow rate of 0.10 min via Teflon tubingconnected to a cartridge pump
(Masterflex) at 20 €. The pump was linked to a switch valve that made it possible to
switch between the polymer solutions and ultrapure water without the introduction of air
bubbles into the system-ByrCA and éMelMCA solutions were prepared from stock
solutions by dilution with ultrapure water and were degassed before SPR experiments.
Prior to data acquisition, gold or SARIOOH surfaces were allowed to reach equilibrium
swelling as ultrapure water was flowed through theteay. Once a stable baseline was
established,®yrCA or 6MelMCA solution was pumped into the flow cell. Each solution
flowed over the sensor until adsorption ceased and was followed by a switch to water via

the solvent selection valve.

3.4Results and Disassion

Synthesis of cationically substituted polysaccharide derivatives by direct displacement of
6-halo substituents by amines is a simple and appealing approach, particularly so because
of the essentially complete regioselectivity fe6Gubstitution ofuruhata brominatici.

There is reason for concern about the potential of this approach however, since substitution
could be limited by developing charge along the cellulose chain; at a certain point charge
charge repulsion of the cationic substituentsyrmmpede creation of additional positive
charges. A similar phenomenon limits the achievable DS (in one pass) of carboxymethyl
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groups (anionically charged) in the synthesis of carboxymethyl cellulose to approximately
half of the theoretical maximud§. Other work in our laboratory has shown that
displacement of -halides from derivatives of cellulose or curdlan by trialkylamines does
indeed seem to be limited by developing cationic ch&réfeand large reagent excesses

and other measures were require@dbieve high DS of the cationic substituents. On the
other hand, aromatic amines are often better nucleophiles than trialkylamines because of
reduced steric hindrance and other faéfpmnd the resulting aromatic substituent on the
guaternary ammonium kahould be better able to disperse positive charge, so we were

hopeful that the direct approach might be particularly useful for aromatic amines.

Jo}
DMSO °
80°C
OH Br o
1. PhsP, NBS 6-PyrCA
H o 2. (CH4C0),0 H O Y
o OH —————> ° OH
HO DMAg, LiBr [o}
n 70°C n

6-MelMCA

Scheme3.1. Reaction scheme for conversion of cellulose to cationic cellulose derivatives.

3.4.16-Bromo-6-deoxy-2,3-di-O-acetylcellulose
Using a reaction reported by Furuhata e¥ atellulose can be directly brominated using

PhsP and NBS with selectivity at-6 that appears to be complete by spectroscopic and
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monosaccharide analyses, affordingrémo6-deoxycellulose. Acetylation of bromo
6-deoxycellulose affords fully regioselectively substituted derivatives that exhibit good
solubility in polar aprotic solvents such as DMSO, DMF or DMAc, and thus can be widely
used to prepare other regioselectively stnstd derivatives by displacement of the 6
bromo substituer®3-31Using an adaptation of that reported procedure, we prepared 6
BrCA (Scheme3.1), which was then dissolved in DMSO for further reactions Wth
heterocyclic compounds. DS(Ac) ofEfCA was calculated by integration of thid NMR
spectrum (Figur8.1) as 2.05, and thus DS(Br) was 0.95 by difference. DS(Br) calculated

from elemental analysis was 0.98, showing good agreement between the two methods.
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Figure 3.1.*H NMR spectrum of éoromo6-deoxy-2,3-di-O-acetytcellulose (6BrCA).

3.4.2Cationic N-heterocyclic cellulose derivatives
Direct displacement of bromide fromBF¥CA was attempted with pyridine as a reagent in
DMSO at 80 € for 48 h (Schem&.1). Initially, we added 30 equiv pyridine p&GU to

the 6BrCA solution in DMSO!H NMR spectroscopy confirmed that product identity was
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as targeted, -@yrCA (Figure3.2); new resonances atl® ppm belong to the aromatic
protons of the added pyridinium substituent. T#& NMR spectrum gee Suppontig
Information, Figure S8.1) supported this proposed product identity; for example the
chemical shift for @G appeared at 50 ppm, shifted downfield from 32 ppm in the
brominated starting material. No trace of the starting material brominated carbon remains
in the product spectrum. A weak signal from an acetylatédCevident at 62 ppm, due

to a previously observed minor side reaction during the bromination step between the
cellulose and the DMACc reaction solvéhthe FTIR spectrasge Supporting Inforation,

Figure S33) demonstrate that compared tBBCA, a weak @i N stretch at 1560 cthand

an aromatic €H bending absorption at 760 cnappear in the spectrum ofF8/rCA,
indicating successful pyridinium incorporation. In addition, the disappearé&itioe weak

Ci Br absorption at ca. 550 chfrom the starting material spectrum supports the contention
that most of the bromide was displaced by pyridine. A broad absorption present around
3500 cm' suggests the presence of free hydroxyl groups, mosty lilesulting from
moisture in the hygroscopic sample. Pyridine base could in theory catalyze the hydrolysis
or deacylation of some cellulose ester grotfgdowever, DS(Ac) was measured Hy

NMR to be 2.07, indicating that little or no deacetylation o@uirduring the &
displacement. Compared to related displacements by trialkylaffitfeqyridine

displacement appeared to be relatively clean and efficient, as we had hypothesized.
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Figure 3.2. 'H NMR spectrum of &yridinio-6-deoxy2,3-di-O-acetytcellulose (6

PyrCA).

With the success of pyridinium substitution, we wished to explore further the breadth of
this synthesis of cationic cellulose derivatives using diibeterocyclic compounds, in
order to improve the reaction efficiency and obtain moghlizicharged cellulose esters.

It is known that nucleophilicity is one of the important factors affecting the efficiency of
S\2 displacementd, and the pKa of pyridine is only moderately high at 5e&(Supporting
Information, Table 8.1). Therefore, wahought that pyridine might not be an optimal
nucleophile for the & displacement? In order to improve reaction conversion, ldn
heterocyclic compound with higher nucleophilicity is needelllethylimidazole, whose

pKa is 7.4 §ee Supporting InformatioriTable $.1), was deemed to be a promising

candidate for this displacement reaction.
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We attempted to synthesizeMelMCA by a method analogous to that used for the
pyridinium derivatives, reacting-BrCA with 1-methylimidazole in DMSO at 80 €
(Schemes.1). Initially 30 equiv Imethylimidazole per AGU was employed. TieNMR
spectrum of the product (FiguBe3) shows new resonances at 7%5 ppm, belonging to

the aromatic protons of theriethylimidazolium substituent, and a sharp and strong peak
at4 ppm from the protons of the-Methyl group. The produétC NMR spectrum<ee
Supporting Information, Figure 32) shows a new resonance for the imidazolium
substituted & at 50 ppm, and no trace of the brominated carbon (32 ppm) remains in the
productspectrum. The weak signal at 62 ppm is from a small amountGoa€etylation
from the side reaction with DMAc, as described for the pyridinium derivative. The FTIR
spectrumgee Supporting Information, Figur8.8) shows a @ N stretch at 1560 crhand

eder C=0 stretch at 1761 ckn indicating successful incorporation of- 1
methylimidazolium, and suggesting retention of the-@-8ster groups. The absorption at
ca. 3500 cnt is again likely from a small amount of moisture in the hygroscopic sample.
The HMBC spectrum (Figur8.4) shows that there is a correlation (blue circled) between
the aromatic protons of therfiethylimidazolium substituent (7.8 ppm) aneb@50 ppm),
while no correlation between aromatic protons and other carbons on the cellulosmbackb
is found. The result from the HMBC spectrum supports the contention thdtl-the

heterocyclic substitution is regioselective and occurs exclusivelyéat C
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Figure 34. HMBC spectrum of g1-methyt3-imidazolio)6-deoxy-2,3-di-O-acetyt

cellulose (EMelMCA).
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We explored reaction conditions seeking those that would achievecorepiete
displacement, while being as efficient as possible with regaehgent use. If one or more

of these derivatives proves to be effective in biomedical applications like gene delivery or
tight junction opening, it would be undesirable from a toxicological perspective to allow
the presence of residual unreacted alkyhiid®e at C6. First we examined the effect of

the ratio of pyridine equiv/AGU (10 100) using an otherwise standardized set of
conditions (6BrCA in DMSO at 80 € for 2 days), with product pyridinium DS calculated
from 'H NMR spectra. As expected the react conversion (DS(PY)) rises with
increasing equivalents pyridine/AGU (Taldd), but DS(Pyf) levels off around 0.70 as
equiv. (pyridine) reaches 50/AGU. Therefore, we can conclude that Dy 71 or
conversion ~ 75% is the upper limit for thésction under these conditions. In comparison

to trialkylamine displacement, the DS(Pyis much higher than that of triethylammonium
obtained by §2 substitution of the & Br (DS ~ 0.4) under similar conditiof®We expect

that the higher DS(PYy obtaned is due to the fact that the nucleophilic pyridine nitrogen
atom is less sterically encumbered than that of triethylamine, and thus pyridine is able to
more easily approach-€ of 6:BrCA, affording high reaction efficiency, even though
triethylamine isa stronger base than pyridiffleThe greater ability of pyridinium to

disperse positive charge may also contribute to the higher DS observed.
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Table 3.1. Effect of equiv (Pyf) on reaction with @romo6-deoxy2,3-di-O-acetyt

cellulose*
Equivalent / AQ DS(Pyr) Conversion (%)
10 0.25 26
30 0.51 54
50 0.69 73
70 0.69 73
100 0.71 75

*DMSO solvent, 80 T, conversion(%) = DS(Pyr+)/DS(Br) x100% frdid NMR.

The relationship between equiv (10, 20, 30 or 40 per AGhiethylimidazole and DS or
reaction conversion was investigated in similar fashion as described for the pyridine
reaction. In contrast to pyridine displacementnédthylimidazolium DS does not vary
significantly with the molar excess ofmethylimidazole, remaining around 0.78eé
Supporing Information, Table $2); 20 equiv imethylimidazole/AGU is enough to
ensure maximum reaction conversion under these conditions, with no apparent deacylation
as indicated by bottH NMR and FTIR spectra. The highest DS(Mé)Mbtained from 4
methylimidazole displacement is slightly higher than that of pyridinium, since 1

methylimidazole is a slightly better nucleophile than is pyridine.

Moreover, since partial cellulose degradation can occur under some conditions at 80 € or

higher?® it was importantto understand the kinetics of pyridine omkthylimidazole
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substitution, in order to avoid unnecessary DP loss and maintain high reaction efficiency.
Initially, Sn2 reaction progress was monitored by a kinetic study in which 50 equiv Pyr/
AGU reacted witl6-BrCA and the reaction product was isolated after predetermined times
(12, 24, 36, 48, 60 and 72 hours) ¥BrNMR analysis (Tabl@.2). After 12 h, DS(Py) =

0.28 is obtained, increasing to the maximum of 0.71 by 48 h, and leveling off at that point;

longer reaction time does not afford higher DS{Ryr

Table 3.2. Kinetic study of pyridine displacement orbomao6-deoxy-2,3-di-O-acetyt

cellulose*
Reaction time (h) DS(Pyr) Conversion (%)
12 0.28 29
24 0.49 52
36 0.60 63
48 0.71 75
60 0.71 75
72 0.73 77

*DMSO solvent at 80 T, conversion(%) = DS(PYWDS(Br) x100% from'H NMR.

A similar kinetic study was carried out to monitomkthylimidazole (10 equiv/AGU)
substitution progress B4 NMR analysis (Tabl8.3). Imidazolium substitution incases

to 0.74 after 36 h, and levels off at ca. 0.79 after 48 h, slightly higher DS than for pyridine
at the same reaction time (Tal8e), even though a fivéold lower mole ratio of 1

methylimidazole was used than for pyridine.
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Table 3.3. Kinetic studyof 1-methylimidazole displacement oAbBomao6-deoxy-2,3-di-

O-acetylcellulose*

Reaction time (h) DS(MelM") Conversion (%)
12 0.41 43
24 0.62 65
36 0.74 78
48 0.79 83
60 0.79 83
72 0.79 83

*DMSO solvent at 80 T, conversion (%) = DS(MefYMDS(Br) x100% from*H NMR.

The effect of solvent was also explored; other polar aprotic solvents, DMAc and DMF,
were examined under otherwise identical conditions. DMSO afforded the highest
conversion to DS(MelM = 0.79, while in the other solvents lower DSued were
obtained (0.74 and 0.68 in DMAc and DMF, respectively (T@&x@). We attempted
unsuccessfully to determine molecular weights fdPy8CA and éMelMCA by size
exclusion chromatography (SEC) in DMAc, THF or DMF systems, observing considerable
aggegation in each solvent system, confirmed by dynamic light scattering experiments.
This sort of behavior has been previously observed for other polyelectroytes upon
attempted SEC analysi%Solubility of the cationic derivatives is also important to their
suitability in biomedical and other applications. BotR@CA and éMelMCA were found

to exhibit good solubility in common polar aprotic solvents such as DMSO and DMF.
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Moreover, whereas the startingB8CA is insoluble in water, the-Byr- (DS 0.71) andb-
MelM- (DS 0.79) derivatives are soluble in water (FigB#), enhancing their potential

for use in areas such as coatings, or gene or drug delivery.

Table 3.4. Solvent effects on-inethylimidazole substitution*

Solvent DS(MelM")

DMSO 0.79

DMACc 0.74
DMF 0.68

*at 80 € for 24 h

! )

Figure 3.5. Comparison of water solubility among-bBomodeoxy2,3-di-O-acetyt
cellulose, 6(1-methyl3-imidazolio)6-deoxy-2,3-di-O-acetylcellulose (1 mg/mL) and-6

pyridinio-6-deoxy-2,3-di-O-acetytcellulose (1 mg/mL).
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3.4.3Thermal stability of cationic N-heterocyclic cellulose derivatives

Thermal stability is of interest for these ammoniaomtaining polymers, since quaternary
ammonium compounds (e.g. tetraalkylammonium salts) can undergo Hofmann elimination
reactions at fgjh temperaturé’ Therefore, we investigated the thermal stability-6{6CA

and 6MelMCA using TGA. As Table8.5andFigure 8.5 (see Supporting Information)
show, the degradation temperature) @ 6-BrCA is 207 €, while 6PyrCA (DS(Pyr) =
0.71) andb-MelMCA (DS(MelM*) = 0.79) do not degrade until 250 €. Moreover, three
6-PyrCA samples with different DS(PY(0.25, 0.51 and 0.71) were compared with regard
to thermal stability. It was interesting to observe (T&d¢ that degradation temperature
(Td) increases as DS(PYyrincreases; the highest DS(Py(0.71) sample possesses the
highest T (249 €). This interesting and unexpected thermal stability is worthy of further
mechanistic study, but in any case is encouraging with regard to potentidlGBgrCA

and 6MelMCA as durable materials for specific applications at higher temperatures.

Table 3.5. Degradation temperatures ofbBomodeoxy2,3-di-O-acetytcellulose (6
BrCA), 6-pyridinio-6-deoxy2,3-di-O-acetytcellulose (6PyrCA) and 6(1-methy-3-

imidazolio)}6-deoxy2,3-di-O-acetytcellulose (6MelMCA)

Derivatives Ta (T)
6-BrCA 207
6-PyrCA 249
6-MelMCA 251
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Table 3.6. Degradation temperatures op@ridinio-6-deoxy-2,3-di-O-acetytcellulose (6

PyrCA) vs. DS(Py"

DS(Pyr) Ta (€)
0.25 214
0.51 224
0.71 249

3.4.4Adsorption of cationic N-heterocyclic cellulose derivativesonto SAM-COOH
surfaces

Having developed synthetic access to cationic cellulose derivatives, it was important to

guantify their interactions with anionic molecules and sedacAs a preliminary

investigation of their binding properties, we employed SPR to study the adsorption of these

cationic cellulose derivatives onto a hydrophilic and anionic surface, gold functionalized

by a selfassembled monolayer of -bBercaptohexadenaic acid (SAMCOOH).

Ultrapure water was initially flowed over the SABIOOH surfaces to reach equilibrium

swelling. Once a stable baseline was establish@yr6A or 6MelMCA aqueous solution

was allowed to flow over the surface until adsorption ceaBeen the flowing solution

was switched to ultrapure water for the removal of reversibly adsorbed cellulose derivative.

A representative SPR curve for the adsorption of 1 mg/iRr€A aqueous solution onto

a SAM-COOH surface is provided in Figuds. As Figure3.6 shows, most of the

adsorption was irreversible, as the majority of adsorbed cationic cellulose derivative

remained attached to the SABOOH surface after the surface wassed with ultrapure
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water. Moreover, the adsorption ofMeIMCA aqueous solution onto SAI@OOH
monitored by SPR also exhibited a similarly high degree of irreversible binding. Thus,
based upon these SPR results, it is demonstratedEhatOA and éMelMCA are capable

of binding strongly to hydrophilic and anionic molecules.

0.03 ——————————————
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Figure 3.6. Representative SPR data for the adsorption of 1 mgARir6&A onto SAM

COOH surface. Label arroviisdicate where a solution started flowing.

At least three parallel trials were carried out Bogp at each concentration amjspwas

converted to surface concentrati@#r using the formula of de Feijter et

where nis the refractive index of the film (assumed to be 1.45), n = 1.333 is the refractive

0 . ovas3obtaindck fpd Fresnel calculations, and

index of water, (d/ d L)

(dn/dc) = 0.146 mL/g?
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Surface vs. bulk concentrations forP§rCA and éMelMCA adsorption onto SAM
COOH surfaces are shown in Figu8e. Irreversible adsorption of-ByrCA and 6
MelMCA onto SAM-COOH surfaces plateaued @rr~ 0.44 mgn2 and 0.47 mgat?,
respectively. Values ofGspr for adsorption of both -®yrCA and eéMelMCA are
remarkably similar to calculated values for a flat cellulose monolayer (~ 0.454ngn
assuming an anhydroglucose cresstional area oD66 A2molecule 1)*°, Adsorption
onto bare gold and SANCHs surfaces was also investigated by SPR. Surface vs. bulk
concentrations for-®yrCA and éMelMCA adsorption onto bare gold surfaces are shown
in Figure S10Irreversible adsorption ofByrCA andé-MelMCA onto bare gold surfaces
plateaued a€spr~ 1.65 mgn? and 1.55 mgn?, respectivelyWettabilities of different
surfaces (bare gold, SAI@OOH and SAMCHz) were also studied by static water contact
anglesbefore and after-®yrCA or 6MelMCA adsaption (see Supporting Information,
Table 3.3). In addition to SPR and contact angle measuremgrgsurface morphologies
were studied by atomic force microscopy (AFNgé¢ Supporting Information, Figures
S3.11 and 8.12). Comparisons of AFM images aRMS roughness values revealed no
significant differences betweenR/rCA or 6MelMCA adsorption onto the SANCOOH
surfaces. The AFM images afteifPgrCA or 6MelMCA adsorbed onto SAMCOOH are
consistent with a flat monolayer. In contrasR@CA or 6MelMCA adsorbed onto bare
gold surfaces as aggregates with an increase in the RMS roughness. Similar behavior was
observed for @yrCA and eMelMCA adsorption onto SAMCHSs surfaces, althoug@ser

for 1 mg/mL solutions were smaller than for adsorption onto @e&k Supporting
Information, Figure 8.13). For SAM-CHs surfaces, dispersive interactions drive the

adsorption, whereas gold surfaces have both dispersive interactions and image charge that
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can enhance adsorption. The observation of aggregates for the«C5ARhd gold surfaces
indicates threglimensional conformations of the polymers. In contrast, the adsorption of
the highly charged polymers on the highly and oppositely charged surface avoids aggregate
formation leading to quagwo-dimensional conformains. Since both cellulose
derivatives are highly charged, the likelihood of monolayer coverage is also examined in
terms of current theories for polyelectrolyte adsorption and their predictions for theoretical

surface concentration&y,
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Figure 3.7. Surface vs. bulk concentrations for (AXRyrCA and (B) éMelMCA
adsorption onto SAMCOOH surfaces at 20 €. The dashed lines are theoretical surface

concentrations for-®yrCA and eMelMCA adsorbed on SAMCOOH at pki 5.5 and 5.6.
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Based upon the scaling thgaf polyelectrolyte adsorption at oppositely charged surfaces
developed by Dobrynin et &f,at very low salt concentrations, tvdemensional (2D)
adsorbed layers are formed due to the balance between chain entropy penalties and the
energy gained througlelectrostatic attractions to the charged surface. Under these
conditions, the 2D adsorbed polyelectrolyte neutralizes the oppositely charged SAM
surface. Therefore, the surface charge densitjof SAM-COOH is equal to and opposite

in sign to the charge density of the adsorbed cationic cellulose derivatives. In this limit:

- [ 2)
where the equivalent molar mass per molehairge Miob = <M>/DS of the charged group

(Pyrt or MelM*) and n, the moles of adsorbed charge per unit area is given as

T == (3)

wheres, srepresents the absolute value of sheface charge density of the SABDOH,

e is the elementary charge andiNs Avogadr ods number .

Fears et at? published a model fos for SAMs. The HenderseHasselbalch equation
relates the bulk pH to the relative concentrations of the protonatedo{)Cand
deprotonated (€5o0) forms of the SAMCOOH molecules and their effective surface

dissociation constant ¢

p( P+ 11 €6— (4)
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Rearrangement of Equation 4 yields the fraction (f) of ionized molecules in the SAM

COOH:

The result of Equation 5 can be used to calcidate

A2 mx TOeE (6)
where zis -1 for SAM-COOH, and A =21.4 A/alkanethiol chains the crossectonal

area for aralkanethiolSAM chain formed on a gold (111) surfate

Application of Equations 2, 3, 5 and 6 to the adsorption-Bly&CA and eMelMCA
requires a value for the pkof the SAMCOOH. Literature values for pivary widely
(5.2-10.3) for ;AM-COOH on the basis of technique and length of the hydrocarbon spacer
between the gold surface and the COOH. However, many of the effeciweajuies for
SAM-COOH are in a range of 5 td*8%* Values of pki= 5.5 and 5.6 for SAMCOOH, in
conjunction wih the measured average pH values for 1 mg/rRlyi@CA and 6MelMCA,

of 4.7 and 4.8, respectively, bracketed the plateau regidgsmoiersus bulk concentration
in Figure 7. These pKvalues correspond to f = 0.1¢t= 0.10 C/md andG= 0.46 mg/m
(pKd=5.5, 6PyrCA); f=0.17s =0.12 C/mdandG= 0.51 mg/mM (pKd = 5.5, 6MelMCA);
f=0.11,s = 0.08 C/m andG= 0.38 mg/m (pKd = 5.6, 6PyrCA); and f = 0.14s = 0.10
C/m? and G = 0.42 mg/m (pKd = 5.6, 6MelMCA). These values along with the

experimentalf Gsprare reasonable and consistent with essentially monolayer adsorption
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of 6-PyrCA and eMelIMCA on SAM-COOH via a charge neutralization mechanism in the
low salt limit. This behavior is different from recent work in the literdfti® for
polysaccharid polyelectrolyte adsorption onto cellulose and other surfaces where ions
such as Cd and Na shift adsorption away from the low salt regithand afford thicker

adsorbed polyelectrolyte layers because of charge screening.

3.4.56-Imidazolyl-6-deoxy-2,3-di-O-acetyl-cellulose and 6(1-(3-sulfopropyl)-3-
imidazolyl)-6-deoxy-2,3-di-O-acetylcellulose

The success of-fhethylimidazolium substitution led us to believe that a variety of

imidazoliumcontaining cellulose derivatives could be prepared in similar fashioms

of particular interest for us to explore the reaction betweBrOR and imidazole. Unlike

1-methylimidazole or other imidazolium compounds, imidazole contains two nucleophilic

nitrogen atoms. If imidazole can be efficiently incorporated on celulda &2 reaction

of one basic imidazole nitrogen displacing & ®romide, the other basic nitrogen of

imidazole could then be used as a nucleophile for further incorporation of other interesting

functional groups. On the other hand, there was alsdethger that this difunctional amine

could cause crosslinking by further reaction of the second nucleophilic nitrogen-with 6

halo-6-deoxy substituents on other cellulose chains.

To determine whether monosubstitution without crosslinking could be successfess
imidazole was employed to react wittB6CA in DMSO at 80 € for 48 h (Schema.2).
'H NMR spectroscopy (Figur@8) confirmed the identity of-BMCA; new resonances at

8-10 ppm belong to the aromatic protons of the introduced imidazole subistithe*C
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NMR spectrumgee Supporting Information, Figur8.6) supported this proposed product
identity; for example the chemical shift for substitute® @ppeared at 50 ppm, shifted
downfield from 32 ppm in the brominated starting material. No tratteestarting material
brominated carbon remains in the product spectrum. The highest DIMaiA obtained,

as indicated byH NMR analysis, is 0.74. Thus, the reaction efficiency of imidazole
substitution is close to that ofrfiethylimidazole substitudn, in spite of the fact that no
charge is being generatedIMCA exhibits good solubility in common organic solvents
including DMSO and DMF, whereas it is insoluble in water, presumably due to the lack of
cationic charge in-BMCA. Spectroscopic evidena@nd the good solvent solubility of 6

IMCA support the notion that crosslinking has not occurred.

N

Yo Z_A

0
D o D

6-BrCA 6-IMCA 6-SPrIMCA

Scheme3.2. Reaction scheme for the conversion of cellulose to a zwitterionic cellulose

derivative.
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Figure 3.8.'H NMR spectra of 8midazolyt6-deoxy2,3-di-O-acetytcellulose (6IMCA)

and 6(1-sulfonic propyt3-imidazolyl)}-6-deoxy-2,3-di-O-acetytcellulose (6SPrIMCA).

With the successful synthesis ofarosslinked @MCA, we wished to investigate whether

the remaining basic nitrogen of thdMCA imidazole substituents could be exploited to
provide access to zwitterionic derivatives. Imidazoles have previously been used for
preparing zwitterionic polymer$. Thus, we attempted reaction ofIdCA with an
electrophile that would generate negative chdmgeing-opening reaction with the basic

imidazole nitrogen, while simultaneously providing positive charge on nitrogen. As
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Scheme3.2 shows, 1,3ropane sultone (3 equiv per AGU) was employed as electrophile
to react with EIMCA in DMSO at 70 €. 'H NMR spectroscopy (Figur&.8) confirms
successful formation of the targeted poly(zwitteriorRgF¥IMCA. Nucleophilic attack of

the remaining basic imidazolerirogen upon the sultone creates a positive charge at the
imidazolium atom, while at the same timeaatompanying negative charge is created by
the tethered sulfate leaving group. The resonancesl@tgpm are due to the aromatic
protons of the imidazolium substituent. New resonances around 2.2, 2.6 and 4.6 ppm
belong to the protons of thesBilfopropylgroup, and the protons of thes8lfopropyl group

were assigned according to HSQC spectrimigure ST and a previously published
paper*® The DS(3sulfopropyl) calculated from théH NMR spectrum is 0.43. As is
common for zwitterionic polymers, this ztationic cellulose derivative exhibits poor
solubility in water or organic solvents. The potential utility of the zwitterionic cellulose
derivative for various applications such as antifouling coatings or immunomodulatory

agents will be explored in futumeork.

3.5Conclusions

An efficient method has been developed for synthesizing cationic cellulose esters from 6
bromo2,3-di-O-acetytcellulose by regioselective substitution abCaffording cationic
cellulose derivatives, -pyridinio-2,3-di-O-acetylcellulose and  g1-methy}3-
imidazolio)2,3-di-O-acetytcellulose, with high DS values. These cationic cellulose
derivatives exhibit surprisingly high thermal stability and good water solubility. Based
upon surface plasmon resonance experiments, these polysadetizesed ionomers are

found to be capable of binding irreversibly with a hydrophilic and anionic surface.
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Availability of these families of cationic cellulose derivatives will accelerate structure
property relationship studies, i.e. for biomedical apgbee including complexation of
poly(nucleic acids) for delivery to cell nuclei, delivery of anionic drugs, and epithelial tight
junction opening for oral protein delivery. In additionjntidazolyl6-deoxy-2,3-di-O-
acetytcellulose was prepared by reagtinG-bromo2,3-di-O-acetytcellulose with
imidazole, andwas further functionalized by Xfopane sultone for generating a new
zwitterionic cellulose derivativeg-(1-(3-sulfopropyl)}3-imidazolyl)}-6-deoxy2,3-di-O-
acetylcellulose This route to new zwittéonic cellulose derivatives may be of particular

value, and their possible uses are of special interest to us.

Pyridinium and imidazolium compounds are important families of organic compounds,
comprising a large and diverse number of derivati#€sThe success of regicand
chemoselective pyridine andmethylimidazole substitutions points the way to broader
exploration of other pyridinium and imidazolium derivatives of cellulose and other
polysaccharides to generate a family of catiddweterocycligpolysaccharide derivatives.

It will be useful to study other interesting properties of the catigfhieterocyclic cellulose
derivatives such as morphology and ion conductivity to gain structure/property relationship
understanding, and reveal their potafior specific uses. In order to apply these cationic
materials in biomedical and pharmaceutical areas, it is of particular interest for us to
investigate the interactions between the cationic cellulose derivatives and biomolecules
such as nucleic acider certain anionic proteins, as well as cellular toxicity and
antimicrobial activity. Moreover, while the reaction conversions obtained were

gratifyingly high in most cases, we will further explore methods of enhancing synthesis of
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these cationic and zwetionic derivatives so as to obtain quantitative or{oegntitative
conversions, thereby obtaining polymers of well defined structure and lacking potential

alkylating agents, so as to enhance potential utility for biomedical applications.

3.6 Supporting information
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Figure S3.1.13C NMR spectrum of yridinio-6-deoxy-2,3-di-O-acetytcellulose (6
PyrCA).
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Figure S3.2.13C NMR spectrum of §1-methy}t3-imidazolyl)-6-deoxy2,3-di-O-acetyt

cellulose (6BMelMCA).
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Figure S3.3.FTIR spectra of §yridinio-6-deoxy-2,3-di-O-acetytcellulose (6PyrCA)

and 6bromo6-deoxy-2,3-di-O-acetytcellulose (6BrCA).
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Figure S3.4. FTIR spectra of 41-methyt3-imidazolyl}6-deoxy-2,3-di-O-acetyt

cellulose and ®romo-6-deoxy-2,3-di-O-acetytcellulose (6BrCA).
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Figure S3.5.Thermal stability of @oromo6-deoxy2,3-di-O-acetytcellulose (6BrCA),
6-pyridinio-6-deoxy-2,3-di-O-acetytcellulose (6PyrCA) and 6(1-methyt3-imidazolyl)

6-deoxy-2,3-di-O-acetytcellulose (6BMelMCA).
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Figure S3.7.HSQC spectrum of -§1-sulfonic propy3-imidazolyl)-6-deoxy-2,3-di-O-

acetylcellulose (6SPrIMCA).
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Figure S3.8. DSC thermogram of -pyridinio-6-deoxy-2,3-di-O-acetytcellulose (6
PyrCA).
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Figure S3.9.DSC thermogram of-§1-methyt3-imidazolyl}-6-deoxy-2,3-di-O-acetyt

cellulose (6MelMCA).
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adsorption onto bare gold surfaces at 20 €.
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Figure S3.11.AFM height images (3:m 3 5 mm) of (A) SAM-COOH coated SPR
sensor, and (B) 1 mg/mL-ByrCA and (C) 1 mg/mL -61eIMCA adsorbed onto SAM
COOH surfaces. RMS roughnesses for the images are48)nm, (B~ 4.8 nm, and

©) ~ 4.5 nm.

& & A H o N 2 O ®

Figure S3.12.AFM height images (m3 5 mm) of (D) bare gold SPR sensor, and (E)
1 mg/mL 6PyrCA and (F) 1 mg/mL 81eIMCA adsorbed onto bare gold surfaces. RMS

roughnesses for the images are 2.5 nm, (E)~ 8.5 nm, and (F} 6.9 nm.
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Figure S3.13.AFM height images (3rm3 5 nm) of (G) SAM-CHs coated SPR sensor,
and (H) 1 mg/mL &yrCA Gspr~ 0.9 mgn2) and (1) 1 mg/mL éMelMCA (Gspr~ 0.74
mgn %) adsorbed onto SAMCHs surfaces. RMS roughnesses for the images are §3)

nm, (H)~9.4 nm, and (I>>119 nm.
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Table S3.1pKa values of triethylamine, pyridine anehiethylimidazole

Compound pKa
triethylamine 11
pyridine 5.2
1-methylimidazole 7.4

Table S3.2.Effect of equiv (MelM) on reaction with-Bromo6-deoxy-2,3-di-O-acetyt

cellulose
Equivalent / AGU DS(MelM™)
10 0.74
20 0.79
30 0.79
40 0.79
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Table S3.3.Static water contact angleg) (f the different surfaces (bare gold, SAM

COOH and SAMCHs3) before and after-8yrCA or 6MelMCA adsorption

Surface q (deg)
bare gold 73 2
6-PyrCA-bare gold 49 1
6-MelMCA-bare gold 47 2
SAM-COOH 62 1
6-PyrCA-SAM-COOH 50 1
6-MelMCA-SAM-COOH 49° 1
SAM-CHs 82° 2
6-PyrCA-SAM-CHs 52° 2
6-MelMCA-SAM-CHs 59° 2

Method: a contact angle measurement systeassembled by a stage (Technical
Manufacturing Corporation), a camera (SANYO) and an analyzer (FTA200 Dynamic
Contact Angle Analyzer), was employed to measure the wettabilities of different surfaces,
using the sessile drop methddl the measurements weperformed with at least three

drops per surface, and an average value was calculated.
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Chap4 erWastoelrubp @l Co®l ect rol yte

Selective Modi fication of

Liu, S.; Edgar, K. JCarbohydrate Polymera017 162, 1i 9. Used permission of

Elsevier, 2017

4.1 Abstract

Cellulosebased meerials are welkuited for biomedical uses, because of their abundance,
renewable nature, biodegradability, and relatively low cost. However, the set of
commercially available cellulose esters and ethers is limited in number and diversity, and
contains nocationically charged cellulose esters. Herein we report a simifileieat
strategy for synthesizing cationic, wasauble cepolyelectrolytes from commercial,
hydrophobic, renewableased cellulose esters. Cellulose acetate (degree of substitution
(DS) 1.78, CA320S), was the exemplary starting material for preparing these cationic
polyelectrolytes by a reaction sequence of phosptéta@yzed bromination and
subsequent displacement by an aromatic amine, affording high reaction conversions. We
show thathese modification techniques can be carried out with essentially complete regio
and chemoselectivity, proceeding in the presence of multiple ester groups, yet preserving
those groups. Availability of these novel polysacchabdsed electrolytes stargjrfrom
uncharged, commercial, inexpensive cellulose esters may open up multiple new application

areas, including in several aspects of gene or drug delivery.
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4.2 Introduction

Polysaccharides, one of the most abundant and diverse families of natural padyimérts,

an incredibly wide range of naturainctions including structural reinforceméngénergy
storagé, modfication of aqueous rheolofjyand communicatidn Native cellulose is a
homopolymer ‘{ 4-b-D-Glcp-1" ) of the monosaccharide -glucopyranose, without
branching or substituentsits derivatives dominate commercial uses and sales of
polysaccharide derivativésApplication of native cellulose as a sustainable material is
impeded by its insolubity in common solvents including water, poor dimensional stability,
and lack of thermoplasticityTo increase its functionality and utility, researchers have
tailored the chemical and physical properties of cellulosics using a variety of chemical
modificaion techniques, resulting in a relatively small number of commercial derivatives.
Hundreds of millions of kilogramsf cellulosederivatives are sold annually and used for
numerous applications includirgpatings, optical films, pharmaceuticaésd compase

materials’

Esters of cellulose, including cellulose nitrate and its organic esters, have been among its
most important and useful derivativesMore recently, the small set of cellulose organic
esters that could be synthesized practically given ltmétations of conventional
esterification has been expan&tl assisted by the development of cellulose solVétts
Regioselective ester synthesis has afforded access to new structures and properties, e.g.
through seledte protection and deproteat?®0, oxidation at the primary alcohol groups

3135 and Staudinger reactiofis”. In 1992, Furuhata et al. reported a simple and powerful
method for regioselective halogenatiahthe G6 positior#® by dissolving cellulose in
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DMACc/lithium bromide, the adding triphenylphosphine (§#) and Nbromosuccinimide
(NBS). An advantage versus frequentlgscribed cellulose tosylation is that Furuhata
bromination is virtually quantitative and completely selective fé8, @ contrast with a
significant amount obff-target reaction with tosylatioit*3 6-Deoxy-6-bromocellulose

has proven to be a versatile intermediate for further modification of cellulose. Thiols can
effectively displace the-Bromide, thereby regioselectively attachindfelient pendent
functional groups, such as carboxylic acids to form anionic cellulose derivdtioes

reaction with sodium sulfite can afford wasmluble 6sulfonate derivatives.

Cationic cellulose derivatives have recently received increasing attesitios, they are
cgpable of binding electrostatically with anionic biomolecules including nucleic acids and
certain proteins to produce therapeutically usplyelectrolyte complexe$¥.Compared

to synthetic cationic polymers, cationic cellulose derivatives may in soree basmore
attractive candidates for therapeutic uses because they frequently are more biocompatible
and biodegradable, and have low immunogenfi¢ifgecently we haverepared cationic
derivatives of cellulose and other glucans that possess {&d Groys by reacting
trialkylamines with 6bromo6-deoxyglucans, for example-lBomo6-deoxy2,3-O-
diacetylcellulose, which is generated from native cellulose by Furuhata bromination and
in situ peracylatiort® However, we found that such nucleophilic bromidspthcements

by trialkylamines are quite difficult to drive to high reaction conversion, possibly due to
developing chargeharge repulsion in the increasingly cationic prodéittWe have also
observed thaaromatic aminege.g., pyridine and -inethylimidazole) are more efficient
nucleophiles in such displacement reactions, affording high DS values of the cationic
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substituent$? These cationic cellulose derivatives exhibit surprisingly high thermal
stability and good water solubility, and are capablbinfling irreversibly to hydrophilic

and anionic surfaces. However, all of these cationic cellulose ionomers synthesized using
phosphinecatalyzed bromination and aromatic amine displacements were derived from
low degree of polymerization (DP) microcrysitag cellulose (MCC). MCC is popular for
cellulose solution methods, since its solutions are less viscous and more easily managed
than those that result from high DP dissolving pulp. However, this low startif®@ PR
100)restricts the utility of its deratives for plastics and other applications where high DP
(DP >100)is needed. Also, since 100% conversion of thedno groups of ®romo6-
deoxycellulose to cationic substituents is very difficult to achieve, the products still contain
6-bromide resides, which could be alkylating sit@s vivo (reacting for example with

endogenous proteins and peptides) and therefore could lead to polymer toxicity.

Thus, there could be considerable advantage if one could start with high DP commercial
esters, so longs they contain substantial DS of residugDi8 groups. Such starting
materials could in theory afford quantitative conversion of the resultimgp®o groups

to, e.g., ammonio substituents (since positive charges would be on average more widely
separate and provide waterand organiesoluble, high DP products useful in a wider
variety of applications. However, there was considerable reason to be concerned about
whether bromination of such derivatives would be effective. Would the simultaneous
presencen the brominated cellulose esters of alkyl halides and hydroxyl groups lead to

crosslinking via bromide displacement? Would the ester groups lead to undesired side
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reactions (e.g. deacylation catalyzed by the trialkylamine base)? Would the products have

sufficient DS of ammonio groups to afford the desired properties?

We hypothesize that Furuhata bromination of cellulose esters containing a sufficient
concentration of free-©H groups will afford selectively, partially brominatecb®mo
6-deoxy celluloseester derivatives. We further hypothesize that displacement of these 6
bromo groups by tertiary amines will afford, in high conversiorantinonic6-
deoxycellulose ester polyelectrolytes that will have high DP, and good solubility in both
water and organisolvents. In this work, we attempt to confirm these hypotheses by
applying phosphineatalyzed bromination and subsequent aromatic amine displacements
to commercial cellulose esters, in order to prepare celldased sustainable materials for
advancedédchnologies. We selected a commercial cellulose acetate with high DS(OH),
cellulose acetate (DS(Ac) 1.78ide infra), as substrate for our planned phosphine
catalyzed bromination. We report attempts to functionalize the resulting derivative by azide
and aomatic amine displacements to prepare cellulssedN-containing copolymers,

including polyelectrolytes.

4.3 Materials and methods

4.3.1Materials

Cellulose acetate (CA320SPS(Ac) 1.78, DS(80OH) 0.49 (measured using
perpropionylated sample Bl nuclear magnetiresonance (NMR)PP = 191(measured
by SEC), Eastman Chemical Company) was dried under vacuum at 50 C overnight

before uselN-Bromosuccinimide (NBS, 99%, Acros) was recrystallized from boiling water
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and dried for two days under reduced pressure over anhydrous calcium cheride.
(Dimethylamino)pyridine(DMAP, SigmaAldrich), triphenylphosphine (BR, Sigma
Aldrich), sodium azide (Na#\ Fisher), pyridine (anhydrous, 99+%, AcroSeal), imidazole
(99+%, SigmaAldrich), 1-methylimidazole (99+%, Sigmaldrich), methyl iodide
(SigmaAldrich), and potassium bromide (KBr, SigiAldrich) were used as received.
Methanol, ethanol andN-methyl2-pyrrolidone (NMP) were from Fisher Scientific,
Pittsburgh, PA and used as receiddN-Dimethylacetamide (DMAc, Fishempropionic
anhydride SigmaAldrich), and dimethyl sulfoxide (DMSO, Acros) were kept over 4 A
molecular sieves under dry nitrogen until use. Regenerated cellulose dialysis tubing (3500
g/mol molecular weight cenff (MWCO)) was purchased from Fisher and used as

received.

4.3.2Measurements

H and3C NMR spectra were obtained on a Bruker AVANCE Il 500 MHz spectrometer
in DMSO-ds at room temperature or 5C. Infrared spectroscopic analyses of samples as
pressed KBr pellets were obtained on a Thermo Electron Nicolet 8700 instrument using 64
scans and 4 ciresolution. Size exclusion chromatography (SEC) was performed on
Agilent 1260 Infinity MultiDetectorSEC using DMAc with 0.05 M LiCl as the mobile
phase (50 C) with 3 PLgel 10mm mixedB 300 x 7.5 mm columns in series. Data
acquisition and analysis was conducted using Astra 6 software (Wyatt Technology
Corporation, Goleta, CA). Monodisperse polystyreiaadard (MwD 21k, polydispersity

index (PDI)D 1.02) was run first in every sample series for the purpose of calibration and

confirmation. Carbon, nitrogen, and bromine contents were determined by Micro Analysis
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Inc. using a Perkin Elmer 2400 Il analyz€arbon and nitrogen contents were measured
by flask combustion followed by ion chromatography, and bromine content was
determined with a thermal conductivity detector. Zeta potentials (Zetasizer NanoZS,
Malvern Instruments) were measured at €5 DS vales were determined by means of

'H NMR spectroscopy, according to the following equations, respectively.

$ 3 > X)
$ 3 y X)
$ 3 =3 X
) (0)
$ 3 O)X)

4.3.3Perpropionylation of CA320S

Cellulose acetate (CA320S) was propionylated for easier NMR analysis using methods
first described by the Heinze group and adapted from previous Stidies 4-
(Dimethylamino)pyridine (15 mg) and propionic anhydride (4 mL) were added to a
solution of CA320S (300 mg) in pyridine (4 mL) at 8D and stirred for 24 h, then the
cooled reaction solution was added slowly to ethafbk precipitated product was
collected byfiltration and was washed several times with ethanol. The crude product was

redissolved in chloroform (5 mL), reprecipitated into ethanol (150 mL), and washed several
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times with ethanol. The resulting material was dried under vacuum to vyield the

perpropionylated CA320S.

4.3.4Regioselective bromination of CA320S

In a 100 mL threaecked roundottom flask, 1.00 g CA320S (4.22 mmol) was dissolved
in 40 mL of DMAc.PhsP (3 equiv per AGU, 12.66 mmol, 3.32 g) and NBS (3 equiv per
AGU, 12.66 mmol, 2.25 g) we separately dissolved in 10 mL portions of DMAbte

PhsP solution was added dropwise to the CA320S solution, followed by the dropwise
addition of the NBS solution. The resulting solution was heated t&€7Athder nitrogen

for 1 h while stirring. It washen cooled and added slowly to 1 L of a 50:50 (v/v) mixture
of methanol and deionized water to precipitate the product, followed by filtration. The
precipitate was then twice redissolved in acetone, followed by precipitation in ethanol, then
was dried oveight in a vacuum oven at 5, affording (6bromo6-deoxy)}co-(6-O-
acetylyCA 320S (6BrCA320S) (992 mg, 3.59 mmol). Yield: 85%6C NMR (500 MHz,
CDCl): 21.06 (O (C=0)i CHs), 33.52 C-6i Br), 62.87 (-6 i0i Ac) 71.8478.46 (G2,

C-3, G4 and G5), 100.09 (€1), 103.47 (CL 6 ) , (OV(©C=O)BCHs). Elemental
analysis: %C 42.13, %H 4.69, %N None Found, %Br 14.21 (Theoretical: (DS(Br) 0.49)

%C 41.69, %H 6.44 %, N 0 %, Br 14.18); DS by elemental analysis: DS(Br) 0.49.

4.3.5Synthesis of (6azido-6-deoxy)co-(6-O-acetyl}CA320S (6N3CA320S)
In a 100 mL thresecked rounddottom flask, 250 mg -8rCA320S (0.9 mmol) was
dissolved in 10 mL of DMSO. Sodium azide (3 equiv per AGU, 2.7 mmol, 176 mg) was

added to the flaski'he solution was heated to 80 andstirred at that temperatufer 24
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h under nitrogenThe cooled solution was then transferred to dialysis tubing. After 3 days
of dialysis against ethanol and 3 days of dialysis against deionized water, the solution was
freezedried to yield BN3CA320S (207 mg, 0.79 mmol). Yield: 87%C NMR (500 MHz,
DMSO-de): 21.02 (O (C=0)i CHs), 50.41 (G6i Br), 62.86 -6 i60i Ac), 77.0081.00 (G

2, G3, G4 and G5), 99.75 (G1), 103.05 (C1 6 ) , 1 6@=0)8(3s3). ElGmental
analysis: %C 45.13, %H 5.30, %N 7.86Br None Found (Theoretical: (DS{ND.49) %C

44.70, %H 6.90, %N 7.99, %Br 0). DS by elemental analysis: B)S(MO.

4.3.6Synthesis of (épyridinio -6-deoxy)co-(6-O-acetyl}CA320S (6PyrCA320S)

In a 100 mL threaecked roundottom flask, 250 mg -8rCA320S (0.9 mmol) was
dissolved in 10 mL of DMSO. Pyridine (1.42 g, 18 mmol, 20 equiv per AGU) was added
to the flask. The solution was heated to 8@&nd stirred at that temperatdog 48 h under
nitrogen. The cooled solution was then transferred to dialylsisg. After dialysis (3 days
against ethanol, then 3 days against deionized water), the solution wagdifiedze yield
6-PyrCA320S (243 mg, 0.80 mmol). Yield: 89%1 NMR (500 MHz, DMSGQGde): 1.84
2.07 (O (C=0)i CHzg), 3.006.00 (cellulose backbone), ZNi CH=CHi CH), 8.67(N
CH=CHi CH), 8.95 (N CH=CHi CH); 13C NMR (500 MHz, DMSQds): 20.65 (@ (C=O)i
CHs), 60.98 (CG6), 62.85 (G6 6 ) , -77.0D (CGQ, @-3, G4 and G5), 99.73 (C1), 103.16
(C106), 1iTB=CRI€H)(1M6.41 (NCH=CHi CH and N CH=CHi CH), 16986
(Oi (C=0)i CHz). DS byH NMR: DS(Pyt) 0.41, DS(Ac) 1.82. Elemental analysis: %C
44.09, %H 4.91, %N 1.91, %Br 8.62 (Theoretical: (DS(PYr49) %C 45.65, %H 6.41,

%N 2.21, %Br 12.44). DS by elemental analysis: DS{RyA2.
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4.3.7Synthesis of (6(1-methyl-3-imidazolio)-6-deoxy)co-(6-O-acetyl}CA320S (6
MelMCA 3209

6-BrCA320S (250 mg, 0.9 mmol) was dissolved in 10 mL of DMSO in a 100 mL-three

necked roundottom flask. IMethylimidazole (1.47 g, 18 mmol, 20 equiv per AGU) was

added to the flask. The soloi was heated to 8@ and stirred at that temperature for 48

h under nitrogen. The cooled solution was transferred to dialysis tubing. After dialysis (3

days against ethanol, then 3 days against deionized water), the solution wadrieskize

yield 6MelMCA320S (255 mg, 0.81 mmol). Yield: 90%4 NMR (500 MHz, DMSQG

ds): 1.862.07 (Q (C=0)i CHa), 3.066.00 (cellulose backbone and GHs), 7.697.82 (N

CH=CHi Ni CHz and N CH=CHi Ni CHs), 9.14 (N=CHi Ni CHs); 3*C NMR (500 MHz,

DMSO-ds): 20.64 (3@ (C=O) CHs), 36.23(Ni CHz), 49.55 (G6), 63.01 (6 6) , - 71. 00

80.00 (G2, CG3, G4 and G5), 99.80 (C1), 103.57 (€1 6 ) ,  1iZB=CHiOli CHN

123.70 (N CH=CHi Ni CHs), 137.69 (N€Hi Ni CHs), 169.82 (®(C=0)i CHs). DS by

'H NMR: DS(MelM*) 0.46, DS(Ac) 1.70. Elemental analysisC%4.28, %H 5.32, %N

4.19, %Br 6.63 (Theoretical: (DS(Mely0.49) %C 47.53, %H 6.54, %N 4.34, %Br

12.39). DS by elemental analysis: DS(Mé)N3.47.

4.3.80ne pot synthesis of 8MelIMCA320S

CA320S (1.00 g, 4.22 mmol) was dissolved in 40 mL of DMAc in a 100hreenecked
roundbottom flask. P§P (3.32 g, 12.66 mmol, 3 equiv per AGU) and NBS (2.25 g, 12.66
mmol, 3 equiv per AGU) were separately dissolved in 10 mL portions of DMAc. Tde Ph
solution was added dropwise to the CA320S solution, followed by the dr®@gdition

of the NBS solution. The resulting solution was heated toC7@nder nitrogen for 1 h
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while stirring. 2Methylimidazole (20 equiv per AGU) was added to the flask. The solution
was heated to 80C and stirred at that temperature for 48 h undgogen. The cooled
solution was transferred to dialysis tubing. After dialysis (3 days against ethanol, then 3
days against deionized water), the solution was frdeere to yield 6MelMCA 320S (990

mg, 3.19 mmol). Yield: 88%4H NMR (500 MHz, DMSQds): 1.862.07 (Q (C=0O)i CHs),
3.006.00 (cellulose backbone andi GHs), 7.697.82 (N CH=CHiNiCHs and N
CH=CHi Ni CHs), 9.14 (N=CHi Ni CHs); 3C NMR (500 MHz, DMSQds): 20.66 (T

(C=0)i CHs), 36.27 (N CH3), 49.59 (G6), 63.04 (G6 6 ) , -80.0D (G2,0C-3, G4 and

C-5), 99.80 (Gl1), 103.57 (L 6 ) ,  1IXTBI=CHi®i CHsNind N CH=CHi Ni CHs),
138.50 (N=€Hi Ni CHs), 170.86 (@(C=0)i CHs). DS by!H NMR: DS(MelM*) 0.41,

DS(Ac) 1.70.

4.3.9Synthesis of (6imidazolyl-6-deoxy)co-(6-O-acetyl}CA320S (6IMCA320S) and
guaternization of 6-IMCA320S

In a 100 mL threaecked roundottom flask, 6BrCA320S (250 mg, 0.9 mmol) was

dissolved in 10 mL of DMSO. Imidazole (1.84 g, 30 equiv per AGU) was added to the

flask and dissolved. The solution was heated to@B@nd held at that temperature for 48

h under nitrogen with stirring. The cooled reaction solution was added to dialysis tubing,

followed by dialysis (3 days against ethanol, then 3 days against deionized water. The

retentate was finally dried under vacuwvernight to yield @MCA320S (192 mg, 0.71

mmol). Yield: 79%.'H NMR (500 MHz, DMSQde): 1.76:2.30 (Q (C=0O)i CHs), 3.00

6.00 (cellulose backbone), 7-6080 (N CH=CHi N and N CH=CHi N), 8.809.10 (N

CH=N); 3C NMR (500 MHz, DMS@Gds): 21.03 (O (C=0)i CHs), 46.90 (G6), 62.88 (C
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6 6) , -77.0D (CQ,@-3, G4 and G5), 99.72 (1), 103.17 (€1 6 ) , 1iZBE=CHI0O ( N
N), 128.78 (N CH=CHi N), 138.35 (NICH=N), 169.89 (®(C=0)i CHs). DS byH NMR:

DS(IM) 0.49, DS(Ac) 1.77. Elemental analysis: %C 49.41, %H 5.63, %N %B2 None

Found (Theoretical: (DS(IM) 0.49) %C 49.35, %H 7.51, %N 5.18 %Br 0). DS by elemental

analysis: DS(IM) 0.49.

In a 25 mL rounebottom flask, MCA320S (100 mg, 0.37 mmol) was dissolved in 10
mL of NMP. Methyl iodide (10 equiv per AGU) was addedhe flask. The solution was
heated to 50C and held at that temperature for 48 h under reflux with stirring. The cooled
reaction solution was added to dialysis tubing, followed by dialysis (3 days against ethanol,
then 3 days against deionized water). The retentate was finally dried under vacuum
overnight to yield 8MelIMCA320S (101 mg, 0.32 mmol). Yield: 86%1 NMR (500 MHz,
DMSO-ds): 1.862.07 (Q (C=0)i CHs), 3.006.00 (cellulose backbone and GHs), 7.69

7.82 (N CH=CHi Ni CHz and N CH=CHi Ni CHs), 9.14 (N=CHi Ni CHs); 13C NMR (500

MHz, DMSO-ds): 20.% (Oi (C=O)i CHs), 36.17 (N CHs), 49.49 (C6), 63.08 (G6 6 ) ,
71.0680.00 (G2, G-3, G4 and G5), 99.83 (G1), 103.58 (1 6 ) , 1iTB=CEiNi ( N
CHs and N CH=CHi Ni CHa), 138.58 (N£Hi Ni CHs), 170.94 (®(C=0)i CHs). DS by

IH NMR: DS(N-methyl) 0.39, DS(Ac) 1.70.

4.4 Results and discussion

In this work, a commercial cellulose acetate (CA320S) was selected as starting material
because it has relatively high molecular weight and, most crucially, contains a high
DS(OH). Because cellulose ester synthesis typically invghezacylation followed by
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backhydrolysis to the desired DS(acyl), CA 320S should have a relatively high@$)6

(since the primary alcohol acetate has wider approach angles and therefore should be
hydrolyzed most rapidly). In order to measure the aceiytent at each position, CA320S

was perpropionylated by reacting with propionic anhydride in the presence of pyridine and
DMAP. The acetyl singlets in thtH NMR spectrum were readily assigned based on
HMBC and other NMR methods and thus readily quafigd by the ratios of their
integrals to that of the backbone protons. By this method (Figur®S{Ac) for CA 320S
calculated is 1.78, which is consistent with previous repa@tier{g, Gandour& Edgar,

20133. DS(6Pr) calculated fromtH NMR is 0.49. Tlerefore, DS(6Ac) is 0.51 and DS(6

OH) is 0.49 ¢ee Table S4.1 for other positional DS data by this mgthod
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Schemed.1. Reaction scheme for conversions of CA320S-Ms6A320S, 6PyrCA320S

and 6MelMCA320S.

4.4.16-BrCA320S

We attempted to brominate CA32@Sing a procedure adapted from Furuhata &%, al.
reacting with PP and NBS in DMAc at 70C for 1 h (Schemd.1). The product3C
NMR spectrum (Figurd.l) provides confirmation that the desireeb@romination has

cleanly occurred. A new resonance appears at 37 ppm, consistent with-darostituted
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C-6%6. Based on previous repdtts® theresonance at 63 ppm is frorcérbons bearing

acetyl groups. Resonances at 130 and 135 ppm indicate that the product contains small
proportions of P§P and its oxide; as in our previous studies, it was difficult to completely
remove phosphine impuritiesofn the initial brominated produg%*3Satisfyingly, DS(Br)
calculated from elemental analysis was 0.49. Since the -D8(j60of CA320S was
measured as 0.49 by integration of th@répionate methyl in the perpropionylated
product, G6 bromination is quarttive. The resulting 6BrCA320S exhibits good
solubility in commonly used organic solvents such as DMAc, DMSO or DMF, indicating
that little or none of the feared crosslinking reaction had taken place. The ability to carry
out the desired bromination ctdg and quantitatively on a cellulose ester was a promising

start.
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OR
H(\ o
0 ro o_RO oH
or x @ ¥ Ac CH,
OAc
R=AcorH
C=0 C2,345
——
C1 C6-OAc C6-Br

I : I ¢ I ¥ I ' I J I . I ¥ I Y I
180 160 140 120 100 80 60 40 20
f1 (ppm)

Figure 4.1.13C NMR spectrum of 8rCA320S.
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4.4.2Azide displacement

The key remaining questions were whether tiid@no substituents ofBrCA320S were
sufficiently susceptible to nuclebjtic displacement, and whether the reaction would be
free of side reactions like basatalyzed deacylation. We first explored displacement by
the highly nucleophilic azide. The Edgar and Kaplan groups, for example, have previously
demonstrated that brode displacement by azide was efficient orRbrémoo6-
deoxypolysaccharide derivatives of native cellulose, amylose, pullulan, and
curdlan36:324243In addition, azide is a useful handle for click chemfStoy Staudinger
ligation4, permitting complex ahuseful polysaccharide functionalization. In the event,
reaction of 6BrCA320S with NaN in DMSO at 80 C for 24 h (Schemé.l) was
successful. By3C NMR (Figure S4.2, the GBr peak at 37 ppm was absent in the product,
while a new peak at 50 ppm was igeed as the @3 resonance. The product FTIR
spectrum Figure S4.3is conclusive, with a strongzide absorption at 2110 énand a
carbonyl absorption from the ester at 1760'ceupporting successful azide displacement
without apparent loss of esterogps. The absorption at 3500 emesults fromthe
unreactedas expected¥econdary OH groups at-Zand CG3, and possiblffrom trace
moisture in the sample. Elemental analysis indicated B)S(M9, with no bromine content
found, supporting quantitativeverall conversion of the originak®H groups to é\s
groups. Successful synthesis of azalnstituted cellulose ester-polymers creates a
gateway to a panoply of useful, regioselectively functionalized cellldased amines and

amideés.
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4.4.3 Cationic copolymer electrolytes (6PyrCA320S and 6MelMCA320S) derived

from 6-BrCA320S
We first tested our hypothesis that the lower DS(Br)-8r6A320S would permit more
complete displacement by aromatic amines by reacting pyridine WBrCB320S in
DMSO at 80 C for 48 h (Schemd.1). In the product?C NMR spectrumFKigure S4.3,
the peak for @romide at 37 ppm was absent, while the new peak at 61 ppm is consistent
with pyridinio-substituted @&. The 'H NMR spectrum also supported product
identification as PyrCA320S Figure 4.2; new resonances atl® ppmare assignetb
the aromatic protons of the added pyridinium substituent. D§(Egtculated fromtH
NMR is 0.41, implying that the reaction conversion is 84%e conversion is indeed
higher than from pydine displacement on -Bromo6-deoxy MCC (75%%. Still
incomplete conversion may result from the fact that pyridine is a weak base and thus not a
very good nucleophile forN2 displacement. Pyridine acting as a base could in theory have
catalyzed deacgtion of some cellulose ester groups. However, DS(Ac) was measured by
'H NMR to be 1.75 (vs. the starting CA 320S DS(Ac) of 1.78), indicating that little or no
deacetylation occurred during phosphosalyzed bromination and pyridine

displacement.
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Figure 4.2. 'H NMR spectrum for @yrCA320S.

In order to improve the conversion, we explored displacement by the more basic and
nucleophilic Xmethylimidazole. Reaction of-BrCA320S with tmethylimidazole in
DMSO at 80 C for 48 h (Schemet.1) afforded a product whosSéC NMR spectrum
(Figure S4.5shows a new resonance for the imidazotsubstituted @ around 50 ppm;

no trace of the brominated carbon (37 ppm) remains. The préldustMR spectrum
(Figure4.3) shows newesonances at 7:59.5 ppm,assignedo the aromatic protons of

the Xmethylimidazolium substituent, and a sharp and strong peak at 4 ppm from the
protons of theN-methyl group. DS(MelM) calculated fromtH NMR is 0.46, implying

that the reaction conveos is 94%. This is improved vs. pyridine displacement (84%),
consistent with the higher nucleophilicity of the imidazole, leaving very little covalently

bonded bromide in the product. It is also improved vs. that observed from fully 6
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brominated MCC (83%)consistent with the hypothesis that developing charge density
(higher in 6BrMCC) limits conversioff. The DS(Ac) of eMelMCA320S calculated from

'H NMR is 1.70, again indicating that there is no significant deacetylation during the

reaction.
\, \f
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Figure 4.3.*H NMR spectrum for 8VlelMCA320S.

4.4.40ne-Pot gynthesis of 6MelMCA320S

Having achieved a high degree of conversion to a cationic polyelectrolyte using 1

methylimidazole as nucleophile, we wondered whether bromination and aromatic amine
displacement coulte carried out in one puatithout isolation of the intermediate in order

to enhance efficiency. To test this possibility, CA320S was first reacted with NBS and

PheP in DMAc (70 C, 1 h). Then dmethylimidazole was added to this solution, and

temperature as increased to 8 for 48 h. The'3C NMR spectrumKigure 4.4 of the
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product isolated from this ofot sequence haa new resonance for the imidazolium

substituted @ around 50 ppm, with no trace of the brominated carbon (37 ppm)iBoth

and® C NMRspectra were essentially i deprottiocal

synthesis, indicating that the epet reaction was successful. DS(Mé)Malculated from
'H NMR spectrum of the ongot sequence product was 0.41, slightly lower conversion

(84%) tha in the 2pot sequence.
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Figure 4.4.13C NMR spectrum for onpot synthesized-81eIMCA320S.

4.4.56-IMCA320S and quaternization of 6-IMCA320S
Successful dmethylimidazole displacement at rather high conversion was encouraging,
but conversion was still shoof 100%. This was perhaps due to random instances along

the CA320S chain where multiple successive monosaccharides had-@eegsoups,
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thus resulting in charge repulsion between the eventual neighboring cationic groups. On
the other hand, displacemey azide, since it did not generate charged groups, was
guantitative. Therefore, it was of particular interest for us to study the reaction between 6
BrCA320S and imidazole itself, since such displacement would create no charge and thus
might be expectedtoccur in quantitative fashion, eliminating albfomide groups. Note

that, unlike lalkylimidazoles, imidazole contains two nucleophilic nitrogen atoms. If
imidazole can bef@ciently appended to-6 of cellulose via & bromide displacement,

the othetbasic nitrogen of imidazole could then be used as a nucleophile for incorporation
of other interesting functional groups. In particular, we could generate cationic charge e.g.
by methylation, or zwitterionic derivatives by reaction, e.g., with propanenstf, and

these derivatives would not possess any undesirably reactive alkyl bromide ¢irbaps.

also been demonstrated that the imidazole group can be involved inligeetdl

interactions vth metal ions, e.g. zinc iort8

There was some concerhat reaction with difunctional imidazole could cause cross
linking by further reaction of the second nucleophilic nitrogen wHbr@no6-deoxy
substituents on other cellulose chaifis.avoid such crosslinking, excess imidazole was
employed to react witB-BrCA in DMSO (80 C, 48 h,Scheme4.2). The productsC
NMR spectrum Figure S4.% confirmed the desired product identity; for example, the
imidazolesubstituted & appeared at 48 ppm, shifted ddmveid from 32 ppm in the
brominated starting material.d\lrace of the starting material brominated carbon remains
in the product spectrurtd NMR spectroscopyHigure 4.9 also supported product identity
as 6IMCA320S; new peaks at-B0 ppmare assignedo the aromatic protons of the
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incorporated imidazole sabtuent. Elemental analysis indicated no residual bromine in the
product, confirming quantitative nucleophilic displacement by imidazole (DS(IM) 0.49,
confirmed by'H NMR). 6 IMCA exhibits good solubility in common organsolvents
including DMSO and DMFwhereas the uncharged polymer is insoluble in water. This
good solvent solubility along with the spectroscopic evidence support the notion that no

crosslinking has occurred during®1CA synthesis.
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Br 4N
OR N OR
H<\ % \Logo + 4 T H<\ %\ LoRo
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Scheme4.2. Reaction scheme for conversion eBECA320S to 6IMCA320S.
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Figure 4.5.'H NMR spectrum of 8MCA320S.
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Next, we used the fully converted, bromidee imidazolyl derivative for further
polyelectrolyte preparatioilVe wished to investigate whether the remaining basic nitrogen
of the 6IMCA imidazole substituents could be exploitegtovide access to bromidese
polyelectrolyte As Schemet.3 shows, methyl iodide (10 equiv/AGU) was employed as
electrophile to react with-BVICA in NMP at 50 C. *H NMR spectroscopyHigure S4.Y
corfirms succssful formation of the targeted cationic ionomeMeéIMCA. Nucleophilic

attack of the remaining basic imidazolai®ogen upon methyl iodide creates a positive
charge at the imidazolium atom. The resonancesldt Bpm are due to the aromatic
protons ofthe imidazolium substituent, while the resonance around 3.8 ppm indicates
imidazolium N-methyl, confirming successful conversion to the targeted -cationic
derivative.DS(N-methyl) calculated byH NMR is 0.39.13C NMR spectroscopyFigure

S4.8 also shows aew resonance at 37 ppm which we assign to the methyl group appended
to the cationic nitrogen atom of imidazole. BasediddnNMR and FTIR spectroscopy
(Figure S4.9 it appears that the quaternization reaction does not greatly affect the acetyl
groups ofCA320S. DS(Ac) 1.70 calculated By NMR (supported by the strong carbonyl
absorbance at ca. 1750 ¢nim the FTIR spectrum) means that there is no significant loss
of ester groups of cellulose esters during imidazole displacement and quaternization by

metyl iodide.
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Schemed.3. Quaternization of BMCA320S with methyl iodide.

4.4.6Water solubility and zeta potential of 6PyrCA320S and 6MelMCA320S

Having successfully prepared cationic cellutbsesed polyelectrolytes from a commercial
cellulose ester (CA3XS), an important question was whether these amphiphilic
polyelectrolytes would have sufficient water solubility for the anticipated biomedical
applications. We found thaelatively concentratecbQ mg/mL) aqueous solutions could
be prepared from either-ByrCA320S or 8MeIMCA320S, in addition to their good
organicsolubility in DMF and DMSOIt is interesting to note thatByrCA320S and -6
MelMCA320S are more water soluble than pyridine (DS(pyridinio) = 0.71) -or 1
methylimidazole (DS(methylimidazolio) =70) substituted cellulose acetate (acetylated
at the G2/3 positions) derived from MC¥; in spite of the overall lower charge density of
the CA 320Sbhased polymers. Improved solubility could be due in part to the reduced
stereoregularity of the CA 320&mivatives (leading to less tendency to crystallize or self
associate), and could also be influenced by fact that CA320S retains some hydrophilic

hydroxyl groups at € and G3.

Since the cationic polyelectrolytes are very soluble in water,measured eta {)-
potentials for aqueous solutiorf®.1 mg/mL) of our polyelectrolytes to confirm the
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expected charg&eta potential measurement is a simple but powerful tool to prove the
successful preparation of cationic cellulose ionomers by phospata/zed brormation

and subsequent aromatic amine displacement, and to affirm polyelectrolyte nature prior to
testing in biomedical and other potential uses. Thepetantial values for-®yrCA 320S

and 6MelMCA320S solutions were £2.43° 1.16 mV and + 52.68 0.19 mV,

respectively, consistent with the proposed polyelectrolyte structures.

4.5 Conclusions

A simple and #icient (high yields and conversions) strategy has been developed for
preparing renewablbased copolymers containing useful leaving groups -& 6y
PPR/NBS bromination of commercial cellulose esters, with complete +egmal
chemoselectivity. We show that displacement of these nedvb@omides to afford
uncharged products{@&ide, 6imidazolyl) is quantitative, providing derivatives with high
promise for introduction of amine or amide (azide) or cationic/zwitterionieni@azolyl)
functional groups to form derivatives that contain no residdmbénide and will therefore

be devoid of toxicity therefromThe 6bromo6-deoxy copolymers are also useful
precursors to cationic polyelectrolytes, demonstrated fBr@A320S by nucleophilic
displacement with aromatic amines including pyridine ansethylimidazole.These
polyelectrolytes exhibit very good solubility in water. Note that it should be pogsible
eliminate the (for some purposes) undesired resideBi Substituents by polishing
reaction with a neutral nucleophile, such as imidazole or a thiol. Moreover, we
demonstrated thateutral 6IMCA320S, prepared by imidazole displacement reaction of
6-BrCA320S in quantitative conversion and high yield, provides an efficient pathway to
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bromidefree polyelectrolytes, by quaternization of the other imidazole nitrogen with

methyl iodide.

It is perhaps surprising and certainly satisfying that such halogeratid displacement
reactions can be carried out in the presence of somewhat labile groups like acetate esters.
Further, it is gratifying that these methods provide access to what promises to be a wide
variety of novel cationic and zwitterionic polysacatlarester derivatives, in a few steps
from readily available commercial polymers. Availability of these polysacchbaded
electrolytes will accelerate structypeoperty relationship studies for a variety of emerging
usesincluding complexation of polycleic acids) for delivery to cell nuclei, delivery of
anionic drugs, and epithelial tight junction opening for oral protein delivery. The ability to
prepare neutral -GMCA320S by related, quantitative displacement reactions -of 6
BrCA320S provides acces® other interesting applications requiring zwitterionic
polyelectrolytes (e.g. antifouling applications), by reaction with propane sultone or related
reagents. The simple methodology for preparing wsairble (and amphiphilic)
derivatives from relativglhydrophobic cellulose esters is especially notable, and valuable.
In order to apply these cationic polyelectrolytes to biomedical and pharmaceutical
application areas, it will be of particular interest for us to investigate the interactions
between theationic cellulose derivatives and biomolecules such as nucleic acids or certain

anionic proteins, as well as their cellular toxicity and antimicrobial activity.
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4.6 Supporting information

Table S4.1.Degree of Substitutions (DSs) of Perpropionylated C/A320

DS(P) DS(AC)
6- 0.49 0.56
2,3 0.91 1.22

*Measured by'H NMR

Table S4.2.SEC Data for CA320S,-BrCA320S and 8N3CA320S.

Mn(kDa) Mw(kDa) PDI (Mu/Mn)

CA320S 29.6 45.3 1.53
6-BrCA320S 158.5 166.2 1.05
6-N3CA320S 95.9 102.8 1.07
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Chapter 5. Selectiwe Synthe
Carboxyamides by Staudinger Y

opening

5.1 Abstract

Chemoselective modification of polysaccharides is a significant challenge, and
regioselective modification is even more difficudue to the low and similar reactivity of

the various polysaccharide hydroxyl groups directly linked to the main polymer chain.
Bromination of glycans that possess fre@l8 groups is exceptional in that regard, giving
regiospecific, higkyield access t6-bromo6-deoxyglycans. Herein we report a simple and
efficient pathway for synthesizing -v8-carboxyalkanamid®&-deoxycontaining
polysaccharide derivatives in a sequence starting frmo&c6-deoxycurdlan, via azide
displacement, then conversion of the azide to the iminophosphorane vylide by
triphenylphosphine (PhsP). We take advantage of thaucleophilicity of the
iminophosphorane nitrogen by subsequent regioselectiveopaging reactions of cyclic
anhydrides. These reactions of curdlan, a useful polysaccharide for food and biomedical
applications, were essentially completely regad chero-selective, proceeding under
mild conditions in the presence of ester groups, yet preserving those gitgse
interesting polysaccharideased materials have pendant carboxyls attached through a

hydrocarbon tether and hydrolytically stable amide likas such they are promising for
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diverseapplication areas, including aqueous dispersions for coatings, adhesives, and other

consumer products, as well as for amorphous solid dispersions and oral drug delivery.

5.2Introduction

Carboxytcontaining polysacdrides are useful in many applications, being based on
abundant, renewable, often biodegradable, and diverse polysacchedeent carboxyl
groups impart pH responsiveness to the polymer, and can enhance specific interactions
with small molecules, enabl dissolution or dispersion in water, and stabilize the
polysaccharide itself or other molecules with which it associates against aggregation, due
to the polyelectrolytic nature of the carboxylated polysaccharide. Despite their utility, there
are not manyeffective methods for making carboxylated polysaccharides. Existing
methods include direct oxidation of polysaccharides that contain unsubstit@tpdr@ary
hydroxyls'= reaction with chloroacetic acid to form carboxymethyl derivaffve®ss
metathes to introduce carboxyl terminal suibsénts®® and ring opening of cyclic
anhydrides by polysaccharide hydroxyfs Each has limitations; 6 oxidation for
example gives no flexibility with regard to length of the tether to the polysaccharide chain,
ard is limited to a maximundegree of substitutiorDS) of 1.0. Carboxymethylation is

very useful; carboxymethylcellulose (CMC) has the largest markets among cellulose ethers,
including in detergent applicatioAsHowever it is quite difficult to achieve Hig
carboxymethyl DS (above ca. 11%)due to developing repulsion between the appended
carboxymethyl groups and approaching chloroacetate electrophiles, both of which are
anionic under standard CMC reaction conditions. Ring opening of cyclic anhydri@es by

centered nucleophiles is more flexible (though limited by the stability of the needed
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anhydrides, with adipi@anhydridebeing the practical maximum ring size), but affords
hydrolytically labile ester linkag€.In this way cellulose succinates have bpegpared

by ring-opening of succinic anhydride by cellulose or cellulose esters with or without an
organic base catalyst?while the commercial enteric polymer cellulose acetate phthalate
has been produced by bassalyzed reaction of cellulose acetawvith phthalic
anhydride!? These hydrolytically labile ester linkages might be adequate to survive their
brief (ca. 46 h) exposure to neutral pH in the gastrointestinal tract as part of drug delivery
systems, but are not stable enough to survive loteger exposure to alkaline pH, as in
paint dispersions or other consumer produ€taus new, more flexible approaches are

needed, that tether the carboxyl to the polysaccharide by more hydrolytically robust links.

The bacterial exopolysaccharide curdlarof particular interedbecause of itsow oral

toxicity, good solubility and rheological propertiésCurdlan is a linear, neutral glucan

with (1Y 3)-r -glucosidic linkages, without branching or substituefitse primary 60H

is the most reactive hydroxyl group due tobttter accessibilityCurdlan is soluble in

alkaline media, though insoluble in water, and has enhanced solubility in orgaeistsolv
compared to many other natural polysacchartéléBhis solubility facilitates curdlan

chemical reactions and processing. In recent years, curdlan and its derivatives have been
investigated for biomedical or owtbxigity& peutic

Therefore nortoxic, relatively soluble curdlan was a sensible starting point for our work.

In spite of the challenges that (generally poorly reactive) polysaccharides present to chemo
and regioselective modification, some progress has imeele lately2 Perhaps the most
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selective reaction of polysaccharides that possess unsubstituted, pri®dydéxyls is
bromination using triphenylphosphine adéromosuccinimide (NBS), discovered by the
Furuhata group*?® This reaction appeats be essentially perfectly selective within the
limitations of spectroscopic methods, and hydrolysis to monosaccharides and
chromatographic analysis confirms the absence otaoffet bromination producté.
Several groups have leveraged this selecth@odnination as a patfor synthesis of
regioselective & amination of polysaccharides includiogllulos&®2628 and amylos#.
Our group has exploited-liromo-6-deoxycurdlan, prepared by Furuhata bromination,
through azide displacement followed by Stimger reduction of the azide, or direct amine
displacements of the-lBromide, for regioselective synthesis of a series -de@xy-6-
(azido/amino/amido/ammonium) curdlan derivati¥&%.Indeed, the full range of amine,
ammonium, and amide types are asdde in this way, and include promising candidates

for biomedical and pharmaceutical applications.

The iminophosphorane ylide that results from PPéduction of 6azido6-deoxy
polysaccharides, including curdlan, has a highly nucleophilic, negatiatged nitrogen

atom. Having proven that these curdlan ylides could be successfully acylated, alkylated
with alkyl iodides, and reacted to aldehydes to form imines (which could be reduced to
secondary amines), we realized that they might also be suffycgpd nucleophiles to
effectively ringopen cyclic carboxylic acid anhydrides. We hypothesized that such ring
opening would be successful and selective, and that the products would be ctwelan 6
carboxyalkanamides, where the carbesghtaining chain wa appended by a
hydrolytically stable amide linkage. We further hypothesized that such derivatives could
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be highly valuable as amorphous solid dispersion (ASD) polymers, for enhancing solubility
and oral bioavailability of otherwise poorly soluble dri§.The potential for these target
curdlan 6w-carboxyalkanamides as stable, carbecgitaining, amphiphilic polymers for
ASD is exciting, especially since they could likely be tailored to have high glass transition
temperatures (g), desired solubility parameters, and other key ASD properties. diieey
also materials of interest beyond ASD; the likely hydrolytic stability of the amide linkage
means that the tether to the key carboxyl group, which would provide the pH
responsiveness, watdispersibility, and specific interactions with other molesuleould
remain intact across a broad pH range. Therefore we could anticipate utility in higher pH
dispersions such as those typically used in aqueous coating and adhesive formulations, to
cite two examples. These characteristics could provide broady utilitdemanding
applications. Furthermore, success at the iminophosphoranrefrergng strategy could

have impact far beyond curdlan derivatives.

Herein, we describe our attempts to realize a simple fiirudeat strategy for synthesizing
w-carboxyalkanamde-substituted polysaccharide derivatives from curdlan esters by
reacting iminophosphorane ylides with cyclic anhydrides. We fully characterize the
products of these attempts, report their interesting physical properties, and describe initial

screening a#SD polymers by crystallization inhibition experiments.

5.3 Materials and methods

5.3.1Materials
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Curdlan (degree of polymerization (DP) 221 , measured by size exclusion
chromatography of the per(phenylcarbamate) derivativas obtainedfrom Wako
Chemicals andried under vacuum at 40 € overnight prior to use. Lithium bromide (LiBr,
laboratory grade, Fisher) was dried under vacuum at 128-Bromosuccinimide (NBS,
99%, Acros) was recrystallized from boiling water and dried for two days under reduced
pressur@ver anhydrous calcium chloridg,N-Dimethylacetamide (DMAageagent grade,
Fisher) wasstored over 4A molecular sievesPyridine (anhydrous, 99%\croSea), 4-
dimethylaminopyridine (DMAP, Acrosjriphenylphosphine (RP, 99%, Acros)sodium
azide (NaN, 99%, Acros), acetic anhydride (&2, 99+%, SigmaAldrich), succinic
anhydride (99%, SigmaAldrich), glutaric anhydride (99%, Sigr#ddrich), potassium
bromide (KBr, SigmaAldrich), ethanol (HPLC grade, Fisher), molecular sieved\ (4

Fisher) and regendwal cellulose dialysis tubing (MW 3500, Fisher) were used as received.

5.3.2Measurements

H and**C NMR spectra were obtained on a Bruker Avance Il 500MHz spectrometer in
DMSO-ds or DMF-d7 at room temperature, employing 32, and 15,000 scans, respectively.
Infrared spectra of samples as pressed KBr pellets were obtained on a Thermo Electron
Nicolet 8700 instrument using 64 scans and 4*cmasolution. Size exclusion
chromatography (SEC) was performed on Agilent 1260 Infinity MultiDetector SEC using
DMAc with 0.06 M LiCl as the mobile phase (8C) with 3 PLgel 10mm mixedB 300x

7.5 mm columns in series. Data acsgjtion and analysis were conducted using Astra 6
software (Wyatt Technology Corporation, Goleta, CA). Monodisperse polystyrene
standard (MWD21k, polydispersity index (PDD1.02) was run first in every sample series
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for the purpose focalibration and confirmationCarbon and nitrogen contents were
determined by Micro Analysis Inc. using a Perkin EImer 2400 Il analyzer, while bromine
content vas determined with a thermal conductivity detedd®.values were determined

by means ofH NMR spectroscopy, according to the following equations, respectively.

$ 3 AQAAOﬁ(;’l"l@L‘ﬁE)@A—X)(p 0

$3 A X)—
(0)

5.3.3 Synthesis of ®romo-6-deoxy-curdlan

The method for dissolving curdlan in DMAC/LiBr was adapted from one previously
reported for cellulose dissolutidhPhP (25.96 g, 4 equiv/AGU) and NBS (17.58 g, 4
equiv/AGU) were sepately dissolved in 50 mL of dry DMAc each. ThesPlsolution
was added dropwise via a liquid addition funnel to curdlan (4.@3§9 mmo) solution

in DMACc/LIBr, followed by addition of the NBS solution in similar fashion. The reaction
solution was theheated at 70C for 1 h. The cooled mixture was added slowly to 1 L of
a 50:50 mixture of methanol and deionized water and then filtered to recover the precipitate.
The isolated product was redissolved in DMSO anpregipitated in ethanol twice. The
sampe was dried under vacuum at o) overnight to yield @&romao6-deoxycurdlan
(brownfine powder)3C NMR (DMSOG-d6): 103.3 (G1), 85.0 (G3), 74.6 (G5), 73.6 (G

2), 70.0 (G4), 34.5 (G6-Br). Yield: 4.89 g, 21.67 mmoB8%.
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5.3.4 Syntheses of-@zido-6-deoxy-curdlan and 6-azido-6-deoxy-2,4-di-O-acety}

curdlan
The procedure was adapted fr@previously reported methd® Briefly, in a 100 mL
roundbottom flaskdry 6-bromo-6-deoxycurdlan (2.00 g, 8.88mol) was dissolved iBO
mL DMSO. Then Nahl(2.88g, 5 equiv/AGU) was added to the solution. The resulting
mixture was heated at 8C and stirred for 24 h under nitrogen. The solution was cooled
to room temperature, then the product was precipitated by pouring into 300 mL of
deionized water, then collectéd filtration. The precipitate was-gissolved in acetone,
re-precipitated into deionized water, and again isolated by filtration. The sample was dried
under vacuum (40C) overnight to yield @zido6-deoxy-curdlan(brown powder) 13C
NMR (DMSO-d6): 1033(C-1), 84.8 (G3), 74.6 (G5), 73.4 (G2), 70.1 (G4), 51.5 (C6-

Ns). Yield: 1.51g, 8.08 mmoR1%.

Dry 6-azido6-deoxycurdlan (1.00 g, 5.35 mmol),ddmethylaminopyridine (DMAP, 20

mg), pyridine (3.6 mL, 10 eq per AGU), and 20 eq per AGU of acetic aitey(AcO,

10.93 g, 107 mmol) were combined. The mixture was heat& € and held at that
temperaturéor 24 h while stirring, then the product was precipitated by adding the solution
slowly to 200 mL deionized water, and the resulting solid prodwag wollected by
filtration. The precipitate was +@issolved in chloroform, rprecipitated into ethanol, and
finally isolated by filtration. The product was washed with ethanol and water several times
and then dried under vacuum (40 €) overnight to yi®dzido6-deoxy-2,4-di-O-acetyt

curdlan(brownfine powder) 13C NMR (DMSG-d6): 170.0 (C=0), 99.4 (1), 78.0 (C3),
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72.1(G5), 71.1 (G2), 68.5 (G4), 50.5 (G6-N3), 20.6 (CH). Yield: 1.35 g, 5.03 mmol,

94%.

5.3.5 Synthesis of @v-carboxypropionamido-6-deoxy-2,4-di-O-acetytcurdlan

In a 100 mL rounébottom flask, 0.150 g-@zido6-deoxy-2,3-di-O-acetytcurdlan was
dissolved in 5 mL of anhydrous DMAc under dry nitrogen, and 1.11 g succinic anhydride
(20 equiv/AGU) was added to the flask. In a sepatatkf0.290 g P (2 equiv/AGU)

was dissolved in 5 mL DMAc, after which the solution was added to the first flask. The
reaction solution was stirred for 24 h at room temperature under dry nitrogen. Afterward,
the solution wasransferred to 3,500 MWCO dyais tubing (prewet with water) that was
then placed in a large beaker containing ethanol. The precipitate was isolated by filtration,
washed with additional water, and dried in a vacuum ové40a€) overnight to yield6-
w-carboxypropionamid@-deoxy-2,4-di-O-acetytcurdlan (brown powder) H NMR
(DMSO-d6): 3.35.5 (curdlan backbone), 2.7 (@H2.52.0 (CH).2*3C NMR (DMSO-d6):
160-180 (C=0),103.2(G1), 6580 (G2, G-3, G4, G5), 60.2 (G6-amido), 30.3 (CHh),

20.7 (CH). DS by'H NMR: DS(n-carboxyprojfpmnamidg 0.85. Yield:0.14g, 0.41 mmol,

73%.

5.3.6 Synthesis of @v-carboxybutyramido-6-deoxy-2,4-di-O-acetytcurdlan

In a 100 mL rounébottom flask, 0.150 g-@zido6-deoxy-2,3-di-O-acetytcurdlan was
dissolved in 5 mL of anhydrous DMAc under dry nifem, and 1.26 g glutaric anhydride
(20 equiv/AGU) was added to the flask. In a separate flask, 0.296Py(Plequiv/AGU)

was dissolved in 5 mL DMACc, after which the solution was added to the first flask. The
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reaction solution was stirred for 16 h at rotmperature under dry nitrogen. Afterward,

the solution wasransferred to 3,500 MWCO dialysis tubing (prewet with water) that was
then placed in a large beaker containing ethanol. The precipitate was isolated by filtration,
washed with additional watemad dried in a vacuum oven @O0 €) overnight to yield 6
w-carboxybutyramides-deoxy2,4-di-O-acetytcurdlan (brown powder) H NMR
(DMSO-d6): 3.35.5 (curdlan backbone), 2565 (CH and Ac CH). 13C NMR (DMSO

d6): 160180 (C=0),103.2(G1), 6580 (G2, C-3, G4, G5), 60.2 (C6-amido), 34.3 (Ch),

21.2 (CH). DS by'H NMR: DS{n-carboxybutyramidp0.85. Yield:0.14g, 0.40 mmol,

71%.

5.3.7Nucleation induction time measurements
6-w-Carboxypropionamid@-deoxy-2,4-di-O-acetytcurdlan and av-
carboxybutyranido-6-deoxy-2,4-di-O-acetytcurdlan were predissolved in  THF,
respectively, and sonicated for 60 minutes or until the polymer was fully dissolved. Next,
the THF solution was added to pH 6.8 100 mM buffer, and the volume was adjusted to 5
rg/mL polymer corcentration, followed by sonication. The final solution had less than 1%
THF. The6-w-carboxypropionamid®-deoxy-2,4-di-O-acetytcurdlanfinal solution had a
cloudy appearance, but polymer agglomerates were not observed; whi@whe
carboxybutyramides-deoxy-2,4-di-O-acetytcurdlansolution was completely transparent.
Supersaturated kaions were generated by adding 3®JmL of telaprevir stock solution

in methanol (7 mg telaprevir/mL) to 47 mL buffer solution containing 5 g/mL
predissolved polymer with a constant agitation of 300 rpm, and temperature controlled at

37 °C. The experirantal nucleation time is defined as the sum of the time for critical
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nucleus formation and growth to a detectable size. The nucleation time was determined
using an S| Photonics UV/vis spectrometer (Tucson, Arizona) coupled to a fiber optic
probe (path legth 5 mm). Measurements were recorded every 1 min at two wavelengths:
the maximum UV absorbance wavelength of telaprevir (270 nm) and -alrsonbing
wavelength (370 nm) to account for changes in scattering. The point at which the apparent
telaprevir concetration dropped wadefined as the induction time with S8tatistical

significance

5.4 Results and dscussion

The regioselectivity of this approach is set by the selectivity of the Furuhata bromination,
and the chemoselectivity is aided by the mild natdréhe conversion of the azide to
iminophosphorane ylide using Staudinger reduction. As we showed in earlier work, curdlan
was readily converted to-&ido6-deoxy-curdlan, and if desired to-#&ido6-deoxy-2,4-
di-O-acetytcurdlan, with each step taking piawith high regieand chemoselectivity, and

high yield (Schemé.1; from curdlan to azide 80% overall, and to the azide diester, 75%
overall for the three steps). We have previously reported Staudinger reduction of curdlan
6-azides in the presence of afloic anhydrides (e.g., acetic anhydride) to afford the
corresponding N-amides (e.g., Acetamides-deoxy2,4-di-O-acetylcurdlanf®3° This

gave us confidence that nucleophilic attack of the curdlan iminophosphorane upon a cyclic
anhydride would be suessful, affording an amidocarboxylate intermediate. However, one
must keep in mind that these cyclic anhydrides are difunctional; therefore upon ring
opening, the pendent carboxylate may also be reactive towards the cyclic anhydride

reagent. Indeed, we eapenced such issues in our previously reported syntheses of
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cellulose adipates that involved ring opening of adipic anhydride by cellulose hydroxyl
nucleophiles. We found that it was important not to lectikilose adipatesaction go on

too long, lestgelation occur. We hypothesized that such gelation was the result of
formation of oligo(anhydride) side chains by additional ring opening reactions, and attack
by a hydroxyl on another polysaccharide chain upmof theanhydride linkagg thereby
forming crosslinks $cheme S5)1 We were concerned that similar issues could

accompany reactions of curdlan iminophosphoranes with cyclic anhydrides.

- 1\1\ DMSO
fo) - Ph;P, NBS 2. Ac,0O, Pyridine 0, OH
HO — o — > AcO
0 , DMAc/ LiBr o o n
H OH H
Ll DMAc, RT O%O\O
[e]
Ph;P

l)\[-\r RT l Ph;P

‘/"# (0]
1) P
V' )j\/\
MCOOH HN COOH
HN
0

0 OH

A0 OH Ae0 %O
n
H% oac " H Ohg

Scheme 5.1Conversion of curdlan t6-w-carboxyamido curdlans

5.4.1Synthesis of éazido-6-deoxycurdlan via 6bromo-6-deoxycurdlan

DMAC/LIBr is useful for curdlan dissolution and chemical modification, since it is a
reasonable curdlan solvent and is unreactive towards many common reagents.iBise of
instead of LiCl inhibits halogen exchange of thlkerémo derivative prepared by Furuhata
bromination (NBS/P#P)2* As we have shown previouslyeplacement of the curdlan

primary hydroxyl by bromide is entirely regioselective (ca. 100%, DS(Br) = ds0)
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indicated by3C NMR analysis, as a result of the fact that it involves two consecut®e S
displacements, which are severely disfavored at the secondary hydroxyl trBupsuct
spectra *C NMR and FTIR) and interpretation can be found th®e Suppding

Information

Azide displacement of thelromide of Bbromo6-deoxycurdlans in DMSO proceeded in
high yield (94%) as we have previously reported, to afford theido-6-deoxy derivative.
Displacement was complete and selective according to bofR (@ spectrum shown in
Figure5.1A) and IR analysesee the Supporting Information (Figures S5.3 and 36x4)

full description of characterization and peak assignments. Quantitative esterification of the
secondary hydroxyl groups has likewise been iptesly reported; it can be carried ont

situor as a separate step, as was done here (see FTIR spectrazidd®deoxy-2,4-di-

O-acetylcurdlan to illustrate, FigutelB).
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Figure 5.1.(A) 13C NMR of 6-azido6-deoxy-curdlan. (B)FTIR spectrum of-azido6-

deoxy-2,4-di-O-acetytcurdlan.
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5.4.2 Synthesis 06-w-carboxypropionamido-6-deoxy-2,4-di-O-acetytcurdlan

Staudinger reduction (BB, HO, room temperature) is a remarkably useful, mild method

for reducing azides to amin&sOur previous work indicated that Staudinger reduction of
polysaccharide azides tamines is sufficiently mild to preserve ester bonds against
reduction?® We have also found that the Staudinger reduction to the iminophosphorane can
occur in the presence of anhydrides, without interference, and that the ylide so generated
then reacts snuthly with monofunctional anhydrides (e.g., acetic anhydride) to form
amides. In this work, @zido6-deoxy-2,4-di-O-acetytcurdlan was first reacted with the
difunctional cyclic anhydride succinic anhydride andAPim DMAc at room temperature

for 24 h. The 13C NMR (Figure5.2) spectrum of the product confirmed that the starting
azide CNs peak at 51 ppm had disappeared, while a new peak at 61 ppm was assigned as
the resonance of -6 bearing the new amide carbonyl. In further confirmatiow,
comparingwith thel3C NMR spectrunior 6-azido-6-deoxy2,3-di-O-acetytcurdlan three
carbonyl resonances appeain the range of 16080 ppm: Ac C=0 164 ppm, amide C=0
166ppm, and carboxyl C=0 167 ppmhile two resonances at ca. 30 ppm are assigned to
the succinanide methylenes. In the produtt NMR spectrum (Figur&.3), the resonance
around 2.7 ppm is attributed to the two succinamide methylene groups, while the resonance
between 2.0 and 2.5 ppm is from the acetyl methyl groups2atid G4. The product

FTIR gpectrum Figure S5.5displayed a strongmide absorption at 1650 drand an ester
carbonyl absorption at 1760 dimsupporting successful rirmpening reaction without
apparent loss of acetyl groups. The absorption at 3500 pmovides further support,
resulting from the sgarboxyl acid group generated by succinic anhydride-opgning.

The ratio of thedH NMR integratiors of the amide methylenes vs. the curdlan backbone
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revealed that the product had D&garboxypropionamid0.85 and DS(Ac) 1.98, shomg

that the ring opening reaction occurs with high conversion and with no more than minimal
loss of ester groups. This is particularly important, since acyl migration is a known
complication of Staudinger reactions in the presence of ester gtainisesult indicates

that reaction of the ylide with the cyclic anhydride is sufficiently fast and favored to
compete successfully with acetyl migration (intaintermolecular) from an ester group.
Resonances itherange of 120 140 ppmwere assignetb residual PBP and PkP- O.1221

Our attempts to completely removecéntaining impurities were not fully successful. As
we and many others have previously repéfe@sidues ofPhsP and its oxide are very
difficult to remove from polysaccharide Staudingelidg products, for which
chromatographic purification is impractical. Nonetheless, the product has good solubility
in commonly used organisolvents such as DMAc and DMS@aken together, the
characterization data show conclusively that the product was dédsered 6w-

carboxypropionamid®-deoxy-2,4-di-O-acetytcurdlan
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Figure 5.2.13C NMR spectrum o6-w-carboxypropionamid®@-deoxy-2,4-di-O-acetyt
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Figure 5.3.'"H NMR spectrum oB-w-carboxypropionamid@-deoxy-2,4-di-O-acetyt

curdlan.
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5.4.3Synthesis of6-w-carboxybutyramido-6-deoxy-2,4-di-O-acetylcurdlan

Having successfully demonstrated the ropEening strategy with succinic anhydride, we
wished to explore the impact of the tether length upon product properties and of anhydride
ring size upon ractivity. For this purpose,-&zido6-deoxy-2,4-di-O-acetytcurdlan was
reacted with glutaric anhydride, possessing-metnbered ring. Reaction of the ylide
generated in the presence of the anhydride usislg RrDMACc for 24 h afforde@ white

solid produt after isolation by dialysisAs the product®C NMR (Figure5.4) spectrum
shows, the €-Ns peak at 51 ppm was absent in the product, while a peak at 61 ppm was
assigned as the the new amide carbonyl appended to-@heitebgen. Three carbonyl
resonanes appear in th€C NMR spectrum, which we assign to the am(tié6 ppm)
carboxyl (168 ppm)and two overlapping resonances for the acetyl grqufg ppm)
Resonances between 120 and 140 ppm are attributed to resigRiandPsP- O. In this

case, we ted dialysis, precipitation and -dkalysis, in order to obtain product free of
phosphine and phosphine oxide impurities, but the product still contains small amounts of
these impurities.FTIR analysis of the product (Figurg5) revealed the expected
carboxamide absorption at 1650 cima broad absorption at 3500 €mesulting from the
carboxyl acid OH and amide NH (and likely also from contaminatitdiHg, see below),

and a strong ester carbonyl absorption at 1768 draken together, these infraredtfeas
support the hypothesis that the Hogening reaction was successful with no substantial
loss of ester groups. The produtéi NMR spectrum Figure S5.5 shows multiple
resonances in the5-2.5 ppm range that we attribute to the three methylene gitpe

C-6 appended warboxybutyramide chain, and the acetyls aP @Gnd G4. DS{v-
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carboxybutyramide) measured B NMR integration was 0.85, indicating high ring
opening conversion; we suspect that conversion does not reach 100% due to competitive
side reaction of the ylide with adventitious water. As with the succinic anhydride product,
thew-carboxyglutaramide product is soluble in organic solventsrapd 6.8 bufferat the

level of 16.2 mg/mL

We carried out a kinetic study of the ylide reactwith glutaric anhydride, in order to
monitor and limit any chain extension during the reaction that would occur by reaction of
the initially formed warboxybutyramide anion with glutaric anhydride, forming an
oligoanhydride chainsge Figure S5.6A As Figure S5.6Bshows, over 24 h, the D&{
carboxybutyramide) value does not exceed 1.0, suggesting that there is no apparent chain
extension within this reaction timeWe also attempted thereacton of the
iminophosphorane frorg-azido6-deoxy-2,4-di-O-acetytcurdlan with adipic anhydride

In this case gelationwas observediuring the reactionAdipic anhydride isrelatively
reactive due to its less favored seweembered ring size, and so is prone to
homopolymerization. This cdead toformation ofpoly(adpic anhydride)which we have
postulated is capable of reacting in multiple sites along the polyanhydride chain with a
polysaccharide OH group (or iminophosphorane ylide in this case), thereby forming

crosslinks (Scheme 5.1), aswe have discussed previous work.
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Figure 5.4.13C NMR spectrum o6-w-carboxybutyramides-deoxy2,4-di-O-acetyt

curdlan.
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Figure 5.5.FTIR spectrum of @v-carboxybutyramides-deoxy-2,4-di-O-acetytcurdlan.
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5.4.4Crystallization inhibition properties of 6-w-carboxypropionamido-6-deoxy-2,4-
di-O-acetylcurdlan and  6-w-carboxybutyramido-6-deoxy-2,4-di-O-acetyk
curdlan

The crystallization inhibition properties of several cellulose ethers and dssigsed and

synthesizedor that purpose byhe Taylor and Edgagroups have been sudied®3! and

several derivatives have been demonstrated to be promising for ASD applications. Herein,

we explored the performance of our curdlan derivatives, which differ from previous ASD

candidate polymers from our labs in that they are based on cusllaellulose, include

an amide linkage instead of an ether or ester linkage, and are also entirely regioselectively

substituted (vs. the relatively random substitution patterns of prdyiaugestigated

polymers).

Telaprevir, a protease inhibitor ftne treatment of hepatitis C, was used as the model
poorly soluble drug (MP 246 €, solubility in water.7 ng/mL). The polymers explored
include carboxylic acid subst#ats based on our previous stesgthatshowed clearly that
carboxylate groups areighly effective at promotingcrystallization inhibilon among a
numberof polysacchariddasedpolymers bearingvarious chemical group3.The only
difference between the two polymers used in this study is the length of the hydrocarbon
tether to thew-carboy group: two methylenes fd-w-carboxypropionamid®@-deoxy
2,4-di-O-acetytcurdlanvs. three methylenes f@-w-carboxybutyramides-deoxy-2,4-di-
O-acetylcurdlan The degrees of substitution were kept constant to facilitate comparison
of variations in naleation time as a function of hydrocarbon chain length. As Figugés

and5.6B showthat, while 6-w-carboxypropionamid®&-deoxy2,4-di-O-acetytcurdlanis
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only slightly effective, not reaching statistical significancé;w-carboxybutyramides-
deoxy2,4-di-O-acetytcurdlansignificantly increases nucleation induction times. These
results agree with our previous observations about the importance of maintaining a
hydrophilic/hydrophobic balance to create effective polymers. We Ipageiously
observedgood performanceby cellulose esters including adipate (four carbons) and
suberate (six carbond). It is interesting that the swaregularity of 6-w-
carboxybutyramides-deoxy-2,4-di-O-acetytcurdlandoes not seem to impair its ability to

inhibit telaprevir crystallization.
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Figure 5.6.(A) Change in apparent concentration as a function of time for supersaturated
solutions containing $g/ml polymer and 15Q g/ml telaprevir. (B) Nucleation induction
times in the absence and presencecwafdlan w-carboxyamides. (SA Curdlarg-w-
carboxypropionamid®-deoxy-2,4-di-O-acetytcurdlan, GA Curdlan: Bv-

carboxybutyramides-deoxy-2,4-di-O-acetytcurdlar).

5.5Conclusions

174



We have developed a simple and useful route for synthesis of regioselectively substituted
carboxytcontaining curdlan derivatives.-Azido-6-deoxy-2,4-di-O-acetylcurdlan was

used to generate the correspondinganinophosphorane ylide by chemiestive
Staudinger reduction. This ylide smoothly reacted wggltlic anhydrides at room
temperature, opening the anhydride ring to create a new amide linkage and generating an
w-carboxyalkanoyl substituent appended to th& @itrogen, all inhigh reaction
conversion. More importantlyt, was demonstrated that these modification techniques can
be carried out with essentially complete regiad chemeselectivity, proceeding irhe
presence of ester groups, yet preserving those grdines resulting products possess
durable amide linkages that should lhech morestabletowardshydrolysisthan ester

linkages.

This phosphindriggeredring-openingreactionis exciting in terms othe potential to
greatly expand the synthetic routes to curdlan carboxyamides andpotiisaccharide
derivatives beyond traditional methodsis new method will provide access to a broad
variety of availablepolysaccharidesvith durable amide linkageand terminal carboxy
groups, including those that are promising for drug delivery applications, such as ASD,
and for waterborne coatings addition, it is of particular interest for us to investigate
structuré propertyperformance relationships for a iesr of polymerswith desired
functionality created by this novel method for dwdejivery polymeric matrices and for

other emerging technologies.
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5.6 Supporting information

poly(adipic anhydride) © o

Cellulose-OH Cellulose-OH
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Scheme S5.1Gelation mechanism for cellulose reacting with adipic anhydride.
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Figure S5.1.13C NMR spectrum oB-broma6-deoxy-curdlan.
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Figure S5.2.FTIR spectrum oB-bromo6-deoxy-curdlan.
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curdlan.
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Figure S5.6. (A) Hypothetical ©ain extension mechanism by reactingw-6
carboxybutyramides-deoxy-2,4-di-O-acetytcurdlan with additional glutaric anhydride.
(B) Kinetic study for conversion of -&zido-6-deoxy-2,4-di-O-acetytcurdlan to 6éw-

carboxybutyramides-deoxy-2,4-di-O-acetytcurdlan.
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Synthesis of ebromo-6-deoxy-curdlan

In the event, we brominated curdlan by reacting with NBS and iPPDMAC/LIBr at

70 € for 1 h. The product3C NMR spectrm (Figure $.1) shows that distinct single
resonances for-@ to G5 of the curdlan backbone appear in a range of 65 and 105 ppm,
while the strong peak for-6 upon substitution by bromine is around 34 ppm, implying
that the bromination on curdlan worke@Ny In addition, there is no resonance observed
at 60 ppm which belongs to the originalé€OH of native curdlan, suggesting that the

bromination reaction was quantitative.

Syntheses o6-azido-6-deoxy-curdlan and 6-azido-6-deoxy-2,4-di-O-acetytcurdlan

We carried out azide displacement reaction by reactibgoBo6-deoxy-curdlan with
NaNs in DMSO at 80°C for 24 h (Schemé.1), resulting in 6azido6-deoxy-curdlan.
NMR and FTIR were employed for determining the structure of product and confirming
its regioselectivity. FTIR spectrum for the product (Figuee33 shows that there is a strong

N3 stretching absorption around 2100'é&rindicating successful incorporation of azide
group with curdlan backbone. The prodti@ NMR spectrum (Figurg.2) indicates that

the G6 chemical shift appears at 51 ppm, while thé @sonanceubstitution by bromine

at 34 ppm disappear$>C NMR and FTIR spectra suggest that in this work, azide

displacement was highly cherend regiorselective and its conversion was quantitative.

In order to prevent side reactions from next step modifications, we need to esterify the free
hydroxyl groups at € and G4 of 6azido6-deoxycurdlan. It was simple and

straightforward to convert pureaido6-deoxycurdlan to its peracetylated derivatives. In
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this work, 6azido-6-deoxy-curdlan was reacted with acetic anhydride in the presence of
pyridine and DMAP aB0 °C for 24 h (Schemé&.1) to fully esterify the free -2and 4
hydroxyls. As the product’C NMR spectrum (Figure 34) shows the 2liacetate
carbonyl peaks appear around 170 ppm, and the methyl resonance is at 20 ppm. The FTIR

spectrum (Figur®.1B) stows a strong ester carbonyl stretch around 1750.cm
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ChapéerEfficient Synthesis of

Reducti ve Amination of Cur dl

Zhang, R.; Liu, S.; Edgar, K. Carbohydrate Polymer8017,171, 11 8. Used per mi

of Elsevier, 2017

6.1 Abstract

Staudngerrelated reactions between azides and phosphines are important in organic
chemistry due to their chemoselectivity, high efficiency, and mild reaction conditions.
Staudinger reduction of azides affords highly reactive iminophosphorane ylides; the
reactvity of the negatively charged ylide nitrogen atom has not previously been fully
explored in polysaccharide chemistry. Curdlan, a natural, biocompatible and bitactive
1,3-glucan with low toxicity, has remarkable potential in biomedical and pharmaceutical
applications. Herein we describe a new method for preparation of regioselectively
iminated/aminated curdlan derivatives via a Staudinger ylidei®o-6-deoxy-2,4-di-O-
acylcurdlan was treated with triphenylphosphine to generate the highly nucleophilic
iminophosphorane intermediate which afforded: 4)m@ho curdlans by reaction with
several aromatic aldehydes, and Hmn@noalkylamino curdlans by reductive amination
using these aldehydes and NaBMl. This new chemistry combined with our previous
results makes available valuable primary, secondary, and tertiary amines, quaternary
ammonio derivatives, and amides, all with complet®é @gioselectivity for theN-

substitdion.
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6.2 Introduction

Natural polysaccharides are remarkably abundant, diverse materials that have many
important functions in living organisms. These sustainable polymers are underutilized,
with only a few being used to create functional derivativeseiwe society (albeit in
important ways). In order to effectively utilize polysaccharides, we need to understand the
fundamental relationship between structure and properties, and we need better methods for
selective modification of natural polysaccharid€xurdlan, an extracellular bacterial
polysaccharide, is of significant interest due to its valuable rheological properties and
inherent bioactivity. The simple homopolymeric, unbranched and uncharged structure of
the (1,3)b-D-glucan curdlan can be elalated using a range of chemical modifications,
such as esterificatidncarboxymethylatiof)y phosphorylatiof) sulfatiort> and TEMPO
oxidizatiorf’. Our laboratory has developed a series of regioselectévenGdifications of
curdlan to synthesize-@eoxy-6-(bromo/azido/amino/amido/ammonium) derivatives that

are promising candidates for biomedical and pharmaceutical applicatibidée have
observed that the iminophosphorane intermediate generated during Staudinger reduction
of 6-azido6-deoxycurdlan is Ighly nucleophilic, in accord with the previous work of
Bertozzit'12and others. @A zido-6-deoxycurdlan is an efficient ylide precursor that upon
treatment with triphenylphosphine at ambient temperature forms a phosphazide, which in

turn loses nitrogen gdse form the desired iminophosphorane.

Iminophosphoranes are organic compounds of general composifaNR that possess

a highly polarized P=N bond and are best described as resonance hybrids of the two

191



extreme forms A and B={gure S6.1.'2 Staudingereaction of a phosphine {R:) with an
organic azide is by far the most widely used method to synthesize iminophosphoranes.
Although Staudinger and Meyétgrepared the first a2@/ittig reagent P§P=NPh in 1919,

the chemistry of iminophosphoranes was m@avily explored until three decades later.
Since then, az§Vittig reaction between iminophosphoranes and aldehydes has become a
powerful tool in small molecule organic synthetic strategies due to the absence of metal
catalysts, mild reaction conditionsydarelatively high yield of the product imine. Small
molecule iminophosphoranes can also react with other carbonyl compounds, such as
ketones, esters, thioesters, amides, and anhydrides, providing an effective method for
construction of EN bonds, includig C=N double bond® We have previously reported

using iminophosphorane intermediates, generated by Staudinger reduction of azides, for
synthesis ofO-acylated éamido(or 6-amino)6-deoxy-cellulosé®18 -curdlarf, and i
pullulant® derivatives byin situreaction of the ylide with water, or with excess carboxylic
anhydride. The Heinze group has synthesized a clasanofr polysaccharide derivatives

by an alternate route, usingt@ylate as the precurstr?!

Isolated small molecule imines from imirtagsphoran@ldehyde condensations can be
further reduced by borohydride to produce amines; this is known as indirect reductive
amination. In direct reductive amination, imine formation and reduction occur sequentially
in one pot, so the imine must be reedanuch faster than the carbonyl group of the
aldehyde reagent. Therefore the more selective reducing agent Na@Ngidferred for

the direct process; in the indirect process its selectivity vs. ester reduction can also be
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useful?2 There appear to be mwevious reports in polysaccharide chemistry of reductive
amination between an aldehyde and a polysaccharide iminophosphorane intermediate
formed by Staudinger reaction. We hypothesize that the cubdised 6
iminophosphorane intermediate generated dutimve Staudinger reduction may be a
sufficiently reactive nucleophile to undergo reductive amination with aldehydes, in the
presence of a borohydride reductant, thereby providing a regioselective and chemoselective
route to 6monoalkylamine6-deoxy-curdlars. Success in this endeavor would
complement our recent effoftd 161923 together affording access to an exceptionally
broad array of amines (primary, secondary, tertiary, quaternary ammonium) and amides
from either Bbromao or 6-azido6-deoxycurdlanThis synthetic capability would enable
flexible structureproperty studies with regard to cationic curdlan derivatives, afford useful
intermediates for prdrug synthesis, and feed many other potential applicatiéei®in

we report our attempts to prepaa family of Bmonoalkylamino curdlans by reacting 6

azido6-deoxy-2,4-di-O-acylcurdlan with PBP and aldehydesS¢heme 6.1
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Scheme 6.1Synthetic scheme for@&minated curdlan derivatives via Staudinger ylide.

6.3 Materials and methods

6.3.1 Materials

Curdlan (DP ~ 500was obtained from Wako Chemicals and dried under vacuum at 40 €
overnight prior to use. Lithiurbromide (LiBr, laboratory grade, Fisher) was dried under
vacuum at 125 €.N-Bromosuccinimide (NBS, 99%Acros) was recrystallized from
boiling water and dried for two days under reduced pressure over anhydrous calcium
chloride. N,N-Dimethylacetamide (DMAc, reagent grade, Fisher) and\,N-
dimethylformamide (DMF, HPLC grade, Fisher) were stored ov&mdolecular sieves.
Tetrahydrofuran (THF, 99.8%, extra dry, stabilized, AcroQe&l-methyt2-pyrrolidone

(NMP, 99.5%, extra dry, AcroS&3) pyridine (Pyr, anhydrous, 99%AcroSedp),
benzal dehyde (PhCHO, puri fi e dnittobenaldehggdest i | | at

(NO2PhCHO, 98%, Aldrich), 4€hlorobenzaldehyde {@IPhCHO, 98%, Aldrich), 2
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pyridinecarboxaldehyde (P@CHO, 99%, Aldrich), 4dimethylaminopyridine (DMAP,
Acros), triphenylphosphine (BR, 99%, Acros)sodium azide (Nadj 99%, Alfa Aesar),
sodium hydroxide (NaOH, reagent grade, 97%, Sighidrich), sodium cyanoborohydride
(NaBHsCN, reagent grade, 95%, Aldrich), acetic anhydrideQA\®9+%, SigmaAldrich),
propionic anhydride (RO, 97% SigmaAldrich), n-butyric anhydride (BzO, 98%, Acros),
ethanol (HPLC grade, Fisher), molecular sievesA(4Fisher) and regenerated cellulose

dialysis tubing (MW 3500, Fisher) were used as received.

6.3.2 Measurements

H, 13C and HSQC NMR spectra were obtained on a Bruker Avance Il 500MHz
spectrometer in CDg| DMSO-ds, DMF-d7, or D20 at room temperature or 50,
employing 32, 15,000 and 19,000 scans, respectively. Infrared spectroscopic analyses of
samples as pressed KBr pellets were obtained on a Thermo Electron Nicolet 8700
instrument using 64 scans and 4-ctmesolution. Carbon and nitrogen contents were

determined by Micro Analysis Inc. using a Perkin Elmer 2400 Il analyzer.

6.3.3 Synthesis of ®romo-6-deoxycurdlan in DMACc/LiBr

The procedure was adapted from a previously reported méfddedd curdlan (40 g,

24.7 mmol AGU) was dissolved in DMAc (110 mL) and LiBr (36.00 g, 42.4 mmol).
Separate solutions of B (25.96 g, 4 eq per AGU) and NBS (17.58 g, 4 eq per AGU),
each in dry DMAc (50 mL), were added dropwise, sequentially, to the curdlan solution.
Thereaction solution was then heated at 70 € for 1 h. The mixture was added slowly to 1
L of a 50:50 mixture of methanol and deionized water and then filtered to recover the
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precipitate. The isolated sample was washed with ethanol twice and then dried under
vacuum (40 €) overnight to yield ®romo6-deoxycurdlan*C NMR (DMSO-de):

d 103.2 (G1), 84.9 (G3), 74.4 (G5), 73.6 (G2), 70.1 (G4), 34.6 (G6-Br). Yield: 86%.

6.3.4 Synthesis of @izido-6-deoxycurdlan

The procedure was adapted from one reported eérlgriefly, dry 6-bromo6-
deoxycurdlan (1.00 g, 4.44 mmol) was dissdluve DMSO (25 mL). Then NaiN1.44 g,

5 eq per AGU) was added to the solution. The resulting mixture was heatedafto8@4

h under nitrogen. The product was isolated by pouring into 300 mL of deionized water and
collected by filtration. The precipitatwas redissolved in acetone, q@ecipitated into
deionized water, and again isolated by filtration. The sample was dried under vacuum (40
“C) overnight to yield @zido6-deoxycurdlant*C NMR (DMSO-ds): d 103.4 (G1), 84.9

(C-3), 74.9 (G5), 73.9 (G2), 69.4 (G4), 51.7 (G6-N3). Yield: 92%.

6.3.5Synthesis of éazido-6-deoxy-2,4-di-O-acyl-curdlan

The procedure was adapted from one reported e&iligr.6-azido6-deoxycurdlan (1.00

g, 5.35 mmol), dimethylaminopyridine (DMAP, 20 mg), pyridine (3.6 mL, 10 eq per
AGU), and 20 eq per AGU of carboxylic anhydride {8¢10.1 mL; P1O, 13.8 mL) were
combined. The mixture was stirred at 80 € for 24 h, then cooled and added slowly to 200
mL deionized water t@recipitate the product, which was recovered by filtration, re

dissolved in chloroform, rprecipitated into ethanol, and finally isolated by filtration. The
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product was washed with ethanol and water several times and then dried under vacuum

(40 €) overnight.

6-Azido-6-deoxy-2,4-di-O-acetytcurdlan:*H NMR (CDCk) Fidure S6.2ad 4. 7 ( H- 5) ,
4.6 (H5), 4.3 (H1), 3.7 (H6), 3.5 (H6 6 ) , -33,.33 (HR)H2.21.9 (ChHs-acetate).

Yield: 91%.

6-Azido-6-deoxy-2,4-di-O-propionytcurdlan:*H NMR (CDCB) (Figure S6.2b)d 4.7 (H
5), 4.6 (H5), 4.3 (H1), 3.7 (H6), 3.5 (H6 6 ) , -3, 33 (H2H 2.62.0 (CH-

propionate), 1.34.0 (CHs-propionate). Yield: 90%.

6.3.6Syntheses of (@mino-N-benzylidene/4nitrobenzylidene

/4-chlorobenzylidene/2pyridinylmet hylene)6-deoxy-2,4-di-O-acetylcurdlans
Dry 6-azido-6-deoxy-2,4-di-O-acetytcurdlan (0.25 g, 0.92 mmol) was dissolved in 15 mL
of THF or DMAc in a 50 mL flask with molecular sieves. ThenRP{2 eq per AGU) and
30 eq per AGU of aldehyde (PhCHO (2.944NO2PhCHO (4.17 g), £ IPhCHO (3.88
g), or Pyr2-CHO (2.96 g)) were added to the flask. The solution was stirred under nitrogen
at room temperature for 24 h. The solution was transferred to 3,500 g/mol molecular weight
cutoff (MWCO) dialysis tubing that &s then placed in a large beaker containing ethanol.

After three to five days of dialysis, the precipitate formed within the tubing was isolated
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by filtration and then dried undetacuum (40 €) overnight. The D&ne values were

determined according the following equatiorby *H NMR.

$3 S E—

| = integral,H,aromatic= aromatic protond,acu= curdlan backbone protons

6-Amino-N-benzylidenes-deoxy-2,4-di-O-acetytcurdlan:*H NMR (CDCk): d 8.2 (H7),

7.7 (H9, 13), 7.5 (H10~12), 5.23.2 (curdlan backbone protons1H6), 2.21.8 (Chs-
acetate);’3C NMR (CDCk): d169 (C=QGacetate), 162 (N=Q), 145125 (aromatic
carbons €&~13), 100 (Cl1), 8268 (G2~5), 62 (C6-N), 20 (CH-acetate). Yield: 90%.
Elemental analysis: %C 57.25, %H 5.38, %N 4.40 (theoretical (DS 1.0) %C 61.26, %H

5.71, %N 4.20); DiSine, ea= 0.93.

6-Amino-N-4-nitrobenzylidenes-deoxy-2,4-di-O-acetytcurdlan:*H NMR (CDCk): d 8.3
(H-10, 12), 7.9 (H7, 9, 13),4.93.4 (curdlan backbone protons1H6), 2.21.8 (Chs-
acetate)3C NMR (DMSOds): d 170 (C=Qacetate), 162 (@=N), 156120 (aromatic

protons G8~13), 100 (€1), 8268 (G2~5), 60 (C6-N), 21 (CHs-acetate)Yield: 81%.

6-Amino-N-4-chlorobenzylidend-deoxy-2,4-di-O-acetytcurdlan: H NMR

(CDCl): d8.1 (H7), 7.6 (H9, 13), 7.4 (H10, 12), 5.63.3 (curdlan backbone protons H
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1~6), 2.31.8 (CH-acetate)13C NMR (CDCh): d 21 (CHs-acetate), 61 (&-N), 70-105
(curdlan backbone carbons), 1285 (aromaticarbons), 162 (=N), 169 (C=CGacetate).

Yield: 87%.

6-Amino-N-2-pyridinylmethylene6-deoxy-2,4-di-O-acetytcurdlan: H NMR (CDCB):
d7.5 (H10, 11, 12), 7.7 (F9, 13), 8.2 (H7), 5.23.2 (curdlan backbone protonsiH6),
2.2-1.8 (CH-acetate)*C NMR (CDCh): d 21 (CHs-acetate), 61(6-N), 70-105 (curdlan
backbone carbons), 160 (aromatic carbons), 164-{GN), 169 (C=CQacetate)Yield:

84%.

6.3.7 Synthesis of @iamino-N-benzyl6-deoxy-2,4-di-O-acetylcurdlan

Dry 6-aminoN-benzylidenes-deoxy2,4-di-O-acetytcurdlan (0.1 g, 0.30 mmol) was
dissolved in 10 mL of THF in a 50 mL flask. Then Nai&8t (0.19 g, 3.0 mmol, 5 eq per
AGU) was added to the flask. The solution was stirred at ambient temperature (ca. 23€C)
for 24 h.The mixture was added to 100 noff ethanol. The precipitate was isolated by
filtration and washed with ethanol, then dried under vacuum (40 €) overnight. The®S
values were determined accordingtt® following equationby 'H NMR. Elemental
analysis: %C 56.46, %H 5.45, %N 4.78ehetical (DS 1.0) %C 60.89, %H 6.27, %N

4.18); DSnine, ea=0.35.

$3 o
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6-Amino-N-benzyt6-deoxy-2,4-di-O-acetytcurdlan:*H NMR (CDCk): d8.2 (H-7), 7.7
H9, 96, 1310482) , 1 FH2%cur@lad pddonk pr8tons H~6 & H-

7 0 ) ;1.8 CHs-Acetate).

6.3.8 Synthesis 06-amino-N-benzyl6-deoxy-2,4-di-O-acetylcurdlan by one-pot

reductive amination via Staudinger ylide
Dry 6-azido-6-deoxy-2,4-di-O-acetytcurdlan (0.25 g, 0.92 mmol) was dissolved imil5
of DMF in a 50 mL flask containing molecular sieves (28) 4Then PBP (2 eq per AGU),
PhCHO (2.82 mL, 30 eq per AGU), and Na&H\ (0.23 g, 10 eq per AGU) were added
to the flask. The solution was stirred under nitrogen at ambient temperaturerfor 24
solution was transferred to 3,500 g/mol MWCO dialysis tubing and dialyzed against
ethanol for at least three days; the ethanol was replaced daily. The precipitate formed within
the tubing was isolated by filtration and then dried um@euum (40 €) overnight. The

DSaminevalues were determined accordingtte following equatioroy *H NMR.

$3

6-Amino-N-benzyt6-deoxy-2,4-di-O-acetytcurdlan: *H NMR (CDCk): d7.87.2

(aromatic protons ¥9~13), 5.12.8 (curdlan backbone protonsH6 & H-7). Yield: 69%.
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6.3.9 Synthesis 06-amino-N-benzyl6-deoxycurdlan by onepot reductive amination

via Staudinger ylide

Dry 6-azido6-deoxycurdlan (0.25 g, 1.34 mmol) was dissolved in 15 mL of THF in a 50

mL flask containing molecular sieves (2 gd4 Then PP (2 eq per AGU), PhCHO (2.82

mL, 30 eq per AGU), and NaBBN (3.36 g, 40 eq per AGU) were adde the flask. The

clear solution was stirred under nitrogen at ambient temperature for 24 h. The solution was

transferred to 3,500 g/mol MWCO dialysis tubing and dialyzed against ethanol for at least

three days; the ethanol was replaced daily. The pta@dormed within the tubing was
isolated by filtration and then dried undexcuum (40 €) overnight. The Dsmine values

were determined according to the following equatioAHhWMR.

$3

6-Amino-N-benzy-6-deoxycurdlan:*H NMR (CDCh): d 7.6-7.3 (aromatic protons H

9~13), 5.12.8 (curdlan backbone protonslH6 & H-7). Yield: 75%.

6.4 Results and discussion
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6.4.1 Synthesis o6-amino-N-benzylidene6-deoxy-2,4-di-O-acyl-curdlan

The Furuhata brominatioand iminophosphorane ylideased approaches previously
reported by our laboratory provided ready access to mamgigc, 6-ammonio, and 6
amido6-deoxy curdlan derivatives, but could not provide access to secondary amines.
Secondary amines can be chaljiely to synthesize, since alkylation of a primary amine
precursor frequently affords a mixture of the corresponding secondary and tertiary amines,
and quaternary ammonium, due to insufficiently differentiated starting material and
product reactivity’* We felt that a reductive amination protocol, previously unreported
from polysaccharidéinked Staudinger ylides, could be an effective approach to these
secondary amines. Hereimg prepared a family of-gonoalkylamino curdlan derivatives

by reacting éazido6-deoxy-2,4-di-O-acytcurdlan with PP and aldehydeS¢heme 6.1

In the event, we found that treating ®Macetyt6-azido6-deoxycurdlan in THF with
triphenylphosphine at ambient temperature to form the iminophosphorane ylide as we had
before, but ths time in the presence of benzaldehyde as electrophile, afféral®tho N-
benzylidenes-deoxy-2,4-di-O-acetytcurdlan product identity was confirmed by FTIR
and'H/13C NMR spectroscopy as described in detail below. FTIR analysis (Fig. S6.10)
showed a caracteristic imino C=N stretch at 1671 ¢ms well as aromatic-€& bend at

762 cm! and 701 cr, indicating successful amiflg-benzylidene introduction. No azido

N3 stretch was observed around 2100'cf@onversion to the imine appeared to be high
but incomplete under these conditions, as indicatetHoMMR integration, so we sought

to optimize the reaction conditions to enhance conversion. We explored the effects of
changing solvent (DMAw®s. THF), temperature (RV¥s.50 €), reaction time (24 lvs.36

h) and benzaldehyde molar excess2@0 equiv. per AGU). As can be seen froable
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S6.1entries land2, reaction in THF gave slightly higher i3ae than in DMAc. Extending

the reaction time by 12 h did not enhance conversion as might have beee@xpstgad,
DSmine decreased from 0.8@ntry 1) to 0.73 éntry 3. We feel that the most logical
explanation is hydrolysis of the initially formed imine due to the presence of adventitious
water. Note that, even when azide reduction is complete agdaepto be here, there are
two potential sources of an unsubstituteandino-6-deoxy byproduct (that is-&minc6-
deoxy-2,4-di-O-acetytcurdlan). This product can arise by hydrolysis of the imine product
(from coproduct water, or adventitious water), alternatively by protonation of the
intermediate iminophosphorane ylide by water (as in the intentional synthesis of the
primary amine by running the Staudinger reduction in water as solvensohamnt)16.1°
Increasing either the excess of PhCHirfy 4) or the reaction temperaturenfry 95
afforded slightly increased DS (Ix@e 0.91), approaching full conversion (BSf the
starting 6bromo product was 0.95). Due to the potential for degradation and instability of
imino derivatives at higher tgmeratures, we applied the reaction conditionsnify 4for

the following imine syntheses.

13C NMR was useful for characterizing titeaminoN-benzylidenes-deoxy-2,4-di-O-
acetytcurdlan product Figure 6.); resonances in the range 0fl26-:137 ppm wes
assigned to the aromatic carbons of the phenyl ring. Additionally, signdB2aand 162
ppm were assigned to tlie-N and N=C7 respectively. Diagnostic features of #ieNMR
spectrumFigure S6.3included the aromatic proton resonances/@ab ppm(Hio,11,19 and
d7.7 ppm (H,13 as well as the imino proton signal &.2 ppm (H) from theH-C7=N

moiety. DSmine Values were calculated by the ratio of the intregral of protans td that
203



of curdlan backbone protons ik Jsand are summarized Trable6.1. Our previous work
indicated that the Staudinger reaction sfPhto reduce the curdlan azide to amine is
sufficiently mild to preserve ester bonds against reduttisa confirmed that they were

also stable during imine formation by the preseincthe productH NMR spectrum of
singlets from of acetyl groups aroud@.0 ppm, integration of which indicated full 2, 4
O-substitution (Dac 2.0). However, there were some small peaks evident close to the
imino aromatic signals as well as the apparent aldehyde proton sighb0.& ppm and

the carbonyl carbon signal @i92.0 ppm, attributed to a residual benzaldehyde impurity;
this is likely to be the result of imide hydrolysis rather than or in addition to failure to
separate excess benzaldehyde from the product by dialysis. In order to increase the DS and
avoid the acompanying hydrolysis by eproduct or adventitious water, we hypothesized
that inclusion of molecular sieves in the reaction mixture would capture any water present,
thereby minimizing imine hydrolysis. When molecular sieves were so used, benzaldehyde
signals were absent in the products, as evidenced BiAtN&R spectraFigure 6.2 with
complete imine substitution (e 1.0), confirming our hypothesis and providing a

highly efficient route to the regioselectively substituted imines.
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Figure 6.1. 3C NMR spectrum of @minoN-benzylidenes-deoxy2,4-di-O-acetyt
curdlan performed in CD€ht RT @G0 equiv. PhCHO/AGU, THF, RT, 24 B Smine=

0.9).
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Figure 6.2.1H NMR spectra (performeith CDCl at RT)of (a) 6-aminoN-benzylidene
6-deoxy2,4-di-O-acetytcurdlan and (b) 6-amincN-benzylidenes-deoxy-2,4-di-O-
propionytcurdlan(30 equiv. PhACHO/AGU, THF, RT, 24 h, molecular sievesps 1.0

(conversion 100%)).

In order to explore the breadth of applicability of thidebxy-6-iminocurdlan synthtic
method, three other aldehydesN®2PhCHO, 4CIPhCHO and 2yrCHO) were reacted
with 6-azido-6-deoxycurdlan under otherwise identical reaction conditiGthéme 6.1

13C NMR spectroscopy (Figures S&M) helped to confirm product structures.
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Resomnces in the range df120-160 ppmwere assigned to the aromatic carbons, while
peaks around 60 ppm (imirsubstituted C6) and 162 ppm (imine carbon, C7) confirmed
successful curdlan aryl imine formation. The imines were also characteriZzetiNiyiR
spectroscopyHigure S6.4 In each case, curdlan backbone proton resonances fell within
d 5.0-3.0 ppm while aromatic ring artdtC=N-R protons resonated in the ranged&.7-

7.4 ppm.tH and®*C NMR spectra indicated that the isolated imine products were free of
azide or brominatedmpurities within the sensitivities of the techniqudable 6.1
summarizes the chemical structure,ifdg product yield, and chemical shift assignments

of the imino analogs. Degrees of substitution of the imino products were determined as
DSciphimine 0.63, DSyrimine 0.76 and DSozphimine 0.77, respectively. The apparent
incomplete imine formation could rather be due to partial hydrolysis of the initially formed
imine (each derivative has a more electron poor, thus more reactive imine moiety than that

of theN-benzylidenes-aminoderivative).
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Table 6.1.'H NMR chemical shift assignments for aromatic ring and imine protons,

DSimine Values, and yields of-8eoxy-6-imino-curdlans.

Aldehyde 'H NMR assignment Yield
Imine structure DSimine
used proton (ppm) (%)
0Ny 10 10. 12 8.3
12 ’
7
K 4-0:NPhCHO 077 | 81
Aco% 7.9.13 7.9
IR
RNIBEC 7 8.1
9
7
L 4-CIPhCHO 9.13 7.6 063 | 87
4 65 0
PN, 10.12 7.4
)</ 3 OAc . )
1 _10 12 8.6
9
12 \N /8
7
L Pyr2-CHO 7.9 8.3-8.2 0.76 | 84
4 b5 0
Mo, 10. 11 7.77.9
f 3 OAc - ey

6.42 Borohydride reduction of 6-amino-N-benzylidene6-deoxy-2,4-di-O-acetyt
curdlan
We selected sodium cyanoborohydride for initial experiments on reduction of the imine to

secondary amine, since it is known to be less readbwards ester groups than
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NaBHs.222527  Therefore we treated 2,4-di-O-acetyt(6-aminoN-benzylidene)-
deoxycurdlan (D@ine 1.0) with different molar ratios of NaB¢CN to attempt imine to
amine reduction. As clearly indicated HY NMR spectra and integtion Figure S6.5,
the amine product was obtained but withala&only 0.18 Table 6.2 entry 1), far lower
than the starting DGine 1.0. We could increase amine DS to 0.88le 6.2 entry 2 by
increasing reaction time from 5 h to 24 h, indicatimgt incomplete reduction was at least
part of the problem. On the other hand, increasing the N@RHmMolar excess had

essentially no effect on R&ine Which leveled off at around 0.Fgble 6.2 entry 35).

Table 6.2.Substitution achieved (R%ing vs NaBH:CN imine reduction condition’s.

NaBHsCN Temp. Time
Entry Solvent DSamine
(ea/AGU) (©) (h)
1 5 0.15
2
2 0.38
3 5 THF RT 0.41
24
4 10 0.38
5 20 0.42

“Isolated 6aminoN-benzylidenes-deoxy 2,4di-O-acetytcurdlan (D$nine 1.0) usedas

starting material.
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6.4.3 Onepot reductive amination via Staudinger ylide

We initially explored the twstep process for conversion of iminophosphorane to
secondary amine (imine formation, followed by separate reduction) in order to make sure
we under®od each step and the influence of reaction conditions on each. We hoped
however that ultimately a ofmot process of imine formation and reduction would be
successful, as is commonly employed in small molecule cherdisftye hypothesized

that a ongoot method, by avoiding isolation of the hydrolytically sensitive imine, would
provide improved overall selectivity and efficiency. Our @a reductive amination
started by generating a Staudinger iminophosphorane from the corresponding azide in the
pres@éce of molecular sieves, then reacting with excess aldehyde in the presence of sodium
cyanoborohydride, by a method in which all reagents -Qatetyt6-azido6-
deoxycurdlan, PP, PhCHO, NaBBLCN) were present from the beginning in various
solvent systemsWe investigated the influence of solvent upon the reduction; reduction
proceeded in common organic solvents including THF, NMP and DMF (Table 6.3, entry
1-3). The D@aminevalue reached 0.5 when thedluctionwas carried out in DMF, while DS

0.27 and 0.31vere achieved in THF and NMP, respectively. We also noted thatiddS
obtained was much higher (0.89) whea#do-6-deoxycurdlan, lacking the ester moieties

at 02 and G4, was used as starting material (Table 6.3, entry-Ayi@o-6-deoxycurdlan

has letter solubility than its acetylated analog in THF solvent, which may influence
reduction conversion. The electron withdrawing ester moieties may also influence the rate
of ylide attack upon the aldehyde, and the stability of the intermediate ylide wysysir

both of which could negatively influence Be Figure 6.3clearly shows the broad
aromatic protons in the range7.5- 7.3 ppm with disappearance of the imino proton at
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d 8.2 ppm, indicating high conversionbenzylidenes-aminc-6-deoxycurdlan. We note

that the spectrum also shows a small amount of residualdPBfor triphenyl phosphine
oxide (7.6 8.0 ppm). It is well understood that it can be difficult to remove such residues,
especially from polymeric products; our previous work damonstrated that they are
typically removed in subsequent st8p&In addition, the FTIR spectrum (Figure S6.11)
demonstrated a significant absorption at 326600 cm!, assigned to NH stretch of the
amine product. This confirmed our hypothesis thatrolytic instability of the imine had
been the limiting factor in the twpot, imine isolation approach, and provided a far more
efficient route from @azido6-deoxycurdlan to the corresponding(k@&nzylamino)6-

deoxycurdlan derivative.

Table 6.3. Substiution achieved (D&mind by onepot reductive amination of the

Staudinger ylidée.

NaBHsCN Temp. | Time
Entry Solvent D Samine
(ea/AGU) (€) (h)
1 THF 0.27
2 10 NMP 0.31
RT 24
3 DMF 0.50
4 40 THF 0.89

"2,4-Di-O-acetyt6-azido6-deoxycurdlan useds starting materialeqtries 13) except

entry 4(used 6azido-6-deoxycurdlan), with Pi? (2 eq/AGU), PhCHO (30 eg/AGU).
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Figure 6.3.1H NMR spectrum (performeth DMSO-ds at RT) of 6-aminoN-benzyt6-

deoxycurdlanTable S6.1entry 4.

6.5 Conclusims

We have developed methods for further exploitation of the nucleophilic Staudinger ylide
(iminophosphorane intermediate) obtained by reduction-afiéo 6-deoxycurdlans for

the synthesis of -@minated curdlans, specifically by reductive aminatiBy. adding
aldehydes and/or sodium cyanoborohydride, a series of iraimb aminecurdlans was
produced with high chemoselectivity, providing a new strategy for regioselective

incorporation of a range ofionoalkylamingpendants at & of curdlan.

The succesand selectivity of these approaches complersgmthetic strategies previously
developed in our lab for preparing families of regioselectively aminated curdlan derivatives,

now providing access to a very broad variety of amines (primary, secondary,temy ter
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amines, and quaternary ammonio derivatives) and amides (with amide acyl moieties the
same as those appended to the OH groups as esters, different from those moieties, or with
only amides and no esters present, whichever is preferred). All of thesg ammonio,

and amido curdlans are prepared froitorémo or 6-azido-6-deoxycurdlan $cheme 6.2

with very high degrees of chemand regioselectivity. This set of complementary synthetic
methods opens doors to a wide variety of potentially useful aadfsahidated polymers

for use biomedical, pharmaceutical, and other fields, and should of course be applicable to
other polysaccharides, for example other glucans with unencumbé&€HCgroups. We

will continue to explore new ways to exploit the nucletpt$taudinger ylide for regio

and chemoselective synthesis of substituted, functional, and useful polysaccharide

derivatives.
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Scheme 6.2Example syntheses ofirdlan derivativesegioselectively aminated/amidated

at G6.

6.6 Supporting information
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SchemeS6.1.Depictions of general iminophosphorane structure, and structure of curdlan

iminophosphorane generated by Staudinger reaction.
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Figure S6.2.'H NMR spectra DSester =2.0) of: (a) 6-azido6-deoxy-2,4-di-O-acetyl-

curdlan andb) 6-azido6-deoxy-2,4-di-O-propionykcurdlan.
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Figure S6.3. '"H NMR of 2,4Di-O-acetyt(6-aminoN-benzylidene)-deoxycurdlan

performed in CDGlat RT @0 equiv. PhCHO/AGU, THF, RT, 24 BSmine= 0.9J).
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Figure S6.4.'"H NMR spectra ofa) 2,4-di-O-acetyt(6-aminoN-4-chlorobenzylidenep-
deoxycurdlan and (b) 2,4-di-O-acetyt(6-aminoN-2-pyridinidylmethylene)e-
deoxycurdlan (c) 2,4-di-O-acetyl(6-amincN-4-nitrobenzylidenep-deoxycurdlan B0

equiv. aldehyde/AGU, THF, RT, 24 h, molecular sig¢ves
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Figure S6.5.'H NMR (in CDCb) spectrum of 2 4li-O-acetyt(6-aminoN-benzylidene)

6-deoxycurdlan reduced by NaBEN (Table 6.2, entry )1
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Figure S6.6. 'H NMR (in DMSOds) spectrum of 24li-O-acetyt(6-aminoN-

benzylideneX-deoxycurdlan prepared by epet method Table 6.2, entry 8

219



O,Ng1 10

9
12 s DMSO-d6
1LI7
4 b5 O
AcO
,fo 3 2 1'n
OAc
aromatic carbons
C=0 CHs
curdlan backbone (Ac)
e e GN JL,WL.N

160 140 120 100 80 60 40 20
f1 (ppm)

Figure S6.7. 13C NMR (in DMSOds) spectrum of 24li-O-acetyt(6-aminoN-4-

nitrobenzylidenep-deoxycurdlan.
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Figure S6.8. 13C NMR (in CDCB) spectrum

chlorobenzylidenep-deoxycurdlan.
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Figure S6.9. ¥3C NMR (in CDCk) spectrum of 24i-O-acetyt(6-aminoN-2-

pyridinylmethylene)6-deoxycurdlan.
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Figure S6.10. FTIR spectrum of 24i-O-acetyl(6-amincN-benzylidene)s-
deoxycurdlanZ equiv. PhP, 30 equiv. PhCHO/AGU, THF, RT, 24 h, molecular sieves,

DSmine= 1.0).
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Figure S6.11.FTIR spectrum of 24li-O-acetyt(6-aminoN-benzyl}6-deoxycurdlan
(onepot reductive amination,&yiv. PhisP,30 equiv. PhACHO/AGU, 40 equiv. NaBEN,
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Table S6.1.Substitution achieved)(Smine) Vs. conditions for the synthesis &f4-di-O-

acetyl(6-aminoN-benzylidene)s-deoxycurdlanby conversion of6-azido-6-deoxy-2,4-

O-acetytcurdlan (DSuzide1.0) with benzaldehyde.

PhCHO | Temp. | Time
Entry Solvent| DSimine
(eq/AGU) | (T) (h)
1 20 RT 24 THF 0.89
2 20 RT 24 DMAc 0.83
3 20 RT 36 THF 0.73
4 30 RT 24 THF 0.91
5 20 50 24 THF 0.91
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DS calculation for 2,4-di-O-acetylk(6-amino-N-benzylidene}6-deoxycurdlan from

elemental analysis

We made the calculations based on the assumption that the curdlan derivative comprises
benzylidene substituted monosaccharide c, as well as (potentially) unreactedagzido

and aminesubstituted (pmonosaccharides.

N
Ns NH, o
O 0 e} o
o 5 o
_— >\\o % o n
Derivative structure: @) n J( n J( lo)
f o (0] o) o OK
~ B
DS value: a b C

Chemical Formula: CiH 1N 06 CiH1NOg CiH 1 NOg
eééeée.(1) éeeéeée. . C/' N weight r
Y : .
- €Eeéééé.(2)eeeecece N/ H weight rati

Solving equations (1), (2), and (3) above for c by MATLAB, we can calculate that c = ca.
0.933, which means that the DS(benzylidene) value efl2Z(#acetyt(6-amincN-

benzylidene)-deoxycurdlan is 0.93.
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ChapfZerSummary and Future

Polysaccharidéased polyelectigtes including cationic, zwitterionic and carboxyl
containing derivatives, have great potential for biomedical applications including drug and
gene delivery and tight junction openiriepr instance, cationic polymers are capable of
binding electrostatichl with anionic biomolecules such as nucleic acids and certain basic
proteins, resulting in polyelectrolyte complexes for gene and drug delivery and other
therapeutic applicationisCationic polysaccharides may in some cases be more attractive
candidates dr therapeutic uses than synthetic cationic polymers, due to their greater
biocompatibility and biodegradability, and low immunogeniéityowever, relatively few
practical methods have been reported for their preparation. A simple and efficient method

isneeded for synthesizing polyelectrolytes from abundant and inexpensive polysaccharides.

My doctoral research work in this dissertation presents an extensive study on the synthesis
of a series of polyelectrolytes derivatives substituted at the less &ih@& position for

potential biomedical applications such as tight junction opening and drug delivery.

7.1 Syntheses of-@yridinio -6-deoxy-2,3-di-O-acetylcellulose (6PyrCA), 6-(1-
methyl-3-imidazolio)-6-deoxy-2,3-di-O-acetytcellulose (6MeIMCA) and 6-(1-(3-
sulfopropyl)-3-imidazolio)-6-deoxy-2,3-di-O-acetylcellulose (6SPrIMCA).

It has been demonstrated by Furuh#tat bromination of cellulose with NBS andsPhin

DMAC/LIBr is completely regioselective at the-@ position, resulting in ®romo6-
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dexy-cellulose with quantitative conversion. Based upon Furuhata bromination, we
developed a simple, efficient route for synthesizing cationic polysaccharides by reaction of
6-broma6-deoxycellulose like bromo6-deoxy-2,3-di-O-acetytcellulose (6BrCA) with
pyridine or tmethylimidazole at the ® position in DMSO, DMF or DMACc, resulting in
6-PyrCA and eMelMCA, respectivelywith highdegrees of substitutionVe have found

that these permanently cationic polysaccharide derivatives dissolve readily inamaker
exhibit surprisingly high thermal stability. Based upon surface plasmon resonance studies,
these polysaccharideased ionomers have been demonstrated to be capable of binding
strongly and irreversibly with a hydrophilic and anionic surface, mainlglégtrostatic
interaction. Availability of these cationic cellulose derivatives will enable structure
property relationship studies, which can be used in biomedical areas such as complexation
of poly(nucleic acids) for delivery to cell nuclei, anionic gldelivery, and tight junction
opening for oral protein delivery. In addition, we further extended this chemistry, and
succefully prepared a zwitterionic cellulose derivative: neuti®A was synthesized

by reacting éBrCA with imidazole, and was furth&nctionalized by 1,3ropane sultone,

affording a new zwitterionic cellulose derivativeS@rIMCA.

7.2 Syntheses of watesoluble cepolyelectrolytes from commercial cellulose esters

by selective modification
We prepared celluloseased sustainable teaials for advanced technologies, by applying
Furuhata bromination and subsequent aromatic amine displacements to cellulose acetate
320S (CA320S, DS(Ac) 1.78), which is a commercial cellulose ester with relatively low

acetyl content, for generating renésd@based copolymers such as polyelectrolytes. We
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brominated CA320S with BR and NBS in DMAc at 70C for 1 h, confirming by NMR
spectroscopy and elemental analysis that #teb@omination is quantitative. We further
demonstrated that displacement ofsn@ew G6 bromides to result in uncharged products
such as @zido6-deoxycellulose and-Bnidazolo6-deoxycellulose is quantitative. The 6
broma6-deoxy copolymers are also useful precursors to cationic polyelectrolytes, and we
have demonstrated thatBomo-6-deoxy CA320S (BrCA320S) wasegion and chemeo
selectivelyreacted with aromatic amines including pyridine archeithylimidazole by
nucleophilic displacement, generating the corresponding cationic derivatives. These high
DP polyelectrolytes exhibitery good solubility in water, despite the fact that they bear

only ca. one positive charge for every two monosaccharides.

In addition, we demonstrated that bromination and aromatic amine displacement could be
carried out in one pot rather than in tvemgential reactions, in order to improve efficiency.
CA320S was first reacted with NBS andsPhn DMAc at 70°C for 1 h, and then-1
methylimidazole was added to this solution with temperature increased @f8048 h.
Consequently, bothH and '3C NMR spectra indicate that the opet reaction was
successful and exhibited conversion similar to that of thetXsequenceMoreover, in

order to eliminate all covalentlgonded bromide for some purposes, we created an
efficient pathway to bromid&ee polydectrolytes prepared by methyl iodide
guaternization with neutratB1CA320S, synthesized by imidazole displacement reaction

of 6-BrCA320S in quantitative conversion.
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7.3 Syntheses of carboxytontaining curdlan derivatives via regioselective ring
openingmodifications
We developed a simple, practical route for synthesizing carbeogmhtaining
polysaccharide derivatives from curdlan esters via regioselectiv@pegng reactions in
the presence of BR. Curdlan was regioselectively and quantitatively nbirated in
DMAC/LIBTr in the presence of NBS and ) resulting in @ébroma6-deoxy-curdlan. The
brominated intermediate was further modified with MaNd acetic anhydride to displace
the bromo groups at-6 with azide groups for generatinga@ido6-deoxy-2,4-di-O-
acetytcurdlan Based on the previous studies for modifying polysaccharides via
Staudinger reduction,-&zido6-deoxy curdlan acetate was reacted with cyclic anhydride
including succinic anhydride and glutaric anhydride catalyzed hi?,Rind thse ring
opening reactions lead to carboxgntaining curdlan derivatives: 6-w-
carboxypropionamid®-deoxy-2,4-di-O-acetytcurdlan and 6-w-carboxybutyramides-
deoxy2,4di-O-acetytcurdlan More impotantly, compared to other techniques for
preparing carboxytontaining polysaccharides, this synthetic route can guarantee
essentiall complete regio and chemeselectivity, and the resulting products possess
amide linkages that are hydrolytically stable under all but forcing conditions, thereby
ensuring retention of the pkesponsivew-carboxyl group, for example under any
imaginable pysiological conditions or at the pH of latex coating dispersions (ca-§H 8
These new polysaccharibased materialffom abundant and inexpensive curdiame
promising for application areas including amorphous solid dispersion for oral drug delivery,

coatings, or other aqueous dispersions.
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7.4 Syntheses aminated and aminated curdlan derivatives from a Staudinger ylide

We developed a new method for regioselective incorporation of a variety of
monoalkylamino pendants at-& of curdlan, affording imio- and aminecurdlan
derivatives. By reactions with aldehydes and/or sodium cyanoborohydride, a series of
imino- and aminecurdlans was obtained with high chemoselectivity, and result in families
of regioselectively aminated curdlan derivativéde have denonstrated that the
Staudinger ylide provides an access to a variety of aminated polymers including amines
(primary, secondary, and tertiary amipegiaternary ammonio derivativesid amides. A

broad range of aminated/amidated polymers have a wide ywarfigiotential uses in
biomedical, pharmaceutical, arather areas, and the preparation method should be

applicable to other polysaccharides with unencumber6dDEl groups.

7.5 Proposed future work
Novel polysaccharidéased polyelectrolytes with valdalproperties as described above
have potential for biomedical and pharmaceutical applications. However, some issues still

have to be addressed, in order to widely use these polymers in biomedical areas.

Cationic N-heterocyclic cellulose derivatives aadtractive candidates to interact with
proteins for tight junction opening applications. Although we have prepared cellulose
ammonium salts with high DS by pyridine ontethylimidazole displacement, still there
were bromides present after reaction. Thedapolymers have been demonstrated to
improve mucoadhesive properties and permeagidrancing properties for tight junction

opening*® Therefore, the substitution reactions of those catibriieterocytic cellulose
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derivatives with thiols can eliminate residual bromides and thereby further enhance
paracellular transportation efficiency. In addition, we will further improve methods for
synthesis of zwitterionic derivatives, in order to reach quantitativeear quantitative

conversion and enhance potential utility for biomedical applications.

It will be also important to investigate other interesting properties of the cafibnic
heterocyclic cellulose derivatives such as morphology and ion condudbvigpeciic
applications. In order to use these cationic materials in biomedical and pharmaceutical
areas, it is interesting to study the interactions between the cationic cellulose derivatives
and biomolecules such as nucleic acids or certain anionteipso Cellular toxicity and

antimicrobial activity should be studied.

Carboxytcontaining derivatives were produced by rmgening reactions catalyzed by
PhsP, but the residual arylphosphorus impurities includingPPand PkP=0 were
extremely difficut to remove. It has been reported that trimethyl phosphine{)Ride be
employed as a reductant in carbohydrate chemistry for efficiently reducing the azide to
amine in organic solvents like THF in the presence of NaOH, providing a clean product
without phosphinecontaining residual reagent and its oxide bypro8dttis worthwhile

to attempt PMein the reduction of azid&unctionalized polysaccharides, and optimize

reaction conditions to improve conversion.

Finally, work in our group has proven thatinophosphoraneontaining polysaccharide
derivatives can be versatile intermediates for further modification. In addition to the
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reductive amination reaction with aldehydes for synthesizingni®o- and 6
monoalkylamino curdlans, we will also be lookifay other subsequent possibilities. It is
worthwhile to attempt to react Staudinger ylide with some other carbonyl compounds such
as ketones, amides, esters and thioe&tetich may afford a wide range of acyclic and

heterocyclic functionalities on polgscharide backbone.
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