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Abstract 

Polysaccharides are one of the most abundant and diverse families of natural polymers, 

and have an incredibly wide range of natural functions including structural reinforcement, 

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 solvents including water, 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, resulting in a number of important, 

useful commercial derivatives.  

 

Because of their greater biocompatibility and biodegradability, and low immunogenicity, 

naturally derived cationic polymers including cationic polysaccharide derivatives are very 

attractive candidates 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 of 6-bromo-6-deoxypolysaccharides such as 6-

bromo-6-deoxycellulose esters with pyridine or 1-methylimidazole exclusively at the C-6 



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 these cationic 

polysaccharides will facilitate structure-property relationship studies for biomedical uses 

including drug delivery and bioelectronics applications. We also extended the chemistry, 

reacting 6-imidazolo-6-deoxycellulose with propane sultone, leading to a new synthetic 

pathway to zwitterionic cellulose derivatives.  

 

In addition to cationic and zwitterionic derivatives, we found a simple, effi cient route to 

carboxyl-containing polysaccharide derivatives from curdlan esters via regioselective ring-

opening reactions catalyzed by triphenylphosphine (Ph3P) under mild conditions. Curdlan, 

a polysaccharide used by the food industry and in biomedical applications, was employed 

as starting material for preparing these carboxyl-containing derivatives by a reaction 

sequence of bromination, azide displacement and ring-opening reaction with cyclic 

anhydrides, affording high conversions. These modification techniques have been 

demonstrated to display essentially complete regio- and chemo-selectivity at C-6. These 

novel polysaccharide-based materials starting from abundant and inexpensive curdlan are 

promising for some applications such as amorphous solid dispersion (ASD) oral drug 

delivery. 

 

       

 

 



General Audience Abstract 

 

Polysaccharides are chains of natural sugars. They constitute one of the most abundant and 

diverse families of natural polymers (polymers are chains of small molecules, and 

polysaccharides are a class of polymers), and in nature polysaccharides play an incredibly 

wide range of functions such as structural reinforcement, energy storage, changing the 

viscosity of solutions of things in water, and communication. Cellulose, a polymer 

comprising long chains of linked glucose molecules, may be the most abundant natural 

polysaccharide on earth. Application of native cellulose as a sustainable material is limited 

by its inability to dissolve in water or commonly used organic solvents, poor dimensional 

stability, inability to melt and flow when heated, and the fact that it degrades when exposed 

to the environment. In order to increase its functionality and utility, a number of research 

groups have tried to tailor the chemical and physical properties of things made from 

cellulose (cellulose ñderivativesò) using various chemical modification techniques, 

resulting in some important, useful commercial cellulose derivatives. The Edgar group, in 

the recent years has developed a series of new techniques to synthesize various cellulose 

derivatives for effective oral drug delivery. We have demonstrated that these cellulose 

derivatives are capable of preventing drugs from forming insoluble crystals, meanwhile 

protecting the drugs from the harsh environment of the stomach. As a result, these 

formulations based on cellulose derivatives enhance the solubility of drugs in the digestive 

tract, and the ability of the drug to permeate to the blood stream, thereby enhance 

distribution to the parts of the body where it is needed, is enhanced as well. Cellulose- and 

other polysaccharide-based polyelectrolytes are very attractive candidates for biomedical 



and therapeutical applications. However, currently, the set of commercially available 

cellulose derivatives is limited in number and diversity, and contains no positively charged 

derivatives.  

 

This dissertation focuses on the development of new ways to make charged polysaccharide 

derivatives using chemical modification of cellulose, cellulose esters, and other 

polysaccharides. Unlike conventional methods which require harsh reaction conditions or 

metal catalysts, the new approaches in this dissertation offer simple and efficient ways to 

make a wide variety of charged derivatives of cellulose or other polysaccharides under 

mild conditions. Availability of these polysaccharide-based charged polymers will help us 

design more useful, economical materials for biomedical, pharmaceutical, and other 

applications including gene or drug delivery, oral delivery of potent and selective protein 

drugs, agricultural applications, and coatings. 
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Chapter 1. Dissertation Review 

 

Sustainable materials based on natural polysaccharides have great popularity because of 

declining reserves of fossil fuels, global climate change, and energy and materials security. 

Polysaccharides, perhaps the most abundant organic polymer family on earth, constitute a 

large family of polymers made up of cyclic carbohydrate units, joined together through 

ketal or more typically acetal linkages between a hydroxyl group of one carbohydrate 

monosaccharide and the aldehyde or ketone group of the next monosaccharide, with the 

loss of one molecule of water for each linkage. Polysaccharides 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, polysaccharide 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 demonstrated a useful and efficient strategy for preparing polysaccharide-based 

polyelectrolytes including cationic, zwitterionic and carboxyl-containing derivatives, from 

cellulose and curdlan esters by a series of regioselective reactions at the C-6 position, 

resulting in high DS. These modifications can be carried out with essentially perfect regio- 

and chemo-selectivity, and the new methodology constitutes a synthesis of novel 

polyelectrolytes starting from uncharged, commercial, inexpensive polysaccharide esters. 

These cationic polysaccharide derivatives have great potential for biomedical applications 
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including complexation of poly(nucleic acids) for delivery to cell nuclei, delivery of 

anionic drugs, and epithelial tight junction opening for oral protein delivery. 

 

My doctoral research work in this dissertation presents a complete study on the synthesis 

of a series of polyelectrolytes derivatives substituted at the less hindered C-6 position for 

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

Detailed spectroscopic and property analyses of those derivatives are described as well. 

 

Chapter 2 reviews recent investigations that exploit chemical modifications such as 

chlorination, bromination, azide displacement and Staudinger-related 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 reaction of 6-bromo-6-

deoxypolysaccharides such as 6-bromo-6-deoxycellulose esters with pyridine or 1-

methylimidazole exclusively at the C-6 position, resulting in high degrees of substitution. 

These permanently cationic polysaccharide derivatives have been demonstrated to dissolve 

readily in water, and bind strongly with a hydrophilic and anionic surface. In addition, we 

further extended this chemistry, and reported a zwitterionic cellulose derivative by reacting 

6-imidazolo-6-deoxycellulose with 1,3-propane sultone. 

 

Chapter 4 describes the preparation of cellulose-based sustainable materials for advanced 

technologies, by applying phosphine-catalyzed bromination and subsequent aromatic 
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amine displacements to commercial cellulose esters. A commercial cellulose acetate with 

high DS(OH), cellulose acetate (DS(Ac) = 1.78) was selected as substrate for phosphine-

catalyzed bromination, and was further functionalized by azide and aromatic amine 

displacements, resulting in cellulose-based N-containing copolymers such as 

polyelectrolytes. 

 

Chapter 5 presents a simple and effi cient pathway for synthesizing w-carboxyamide 

polysaccharide derivatives from curdlan esters via regioselective ring-opening reactions 

catalyzed by triphenylphosphine (Ph3P). Curdlan, a polysaccharide used for food industry 

and biomedical applications, was selected as starting material for synthesizing carboxyl-

containing derivatives by a reaction sequence of regioselective bromination, azide 

displacement, Staudinger reduction to the iminophosphorane ylide, and ring-opening 

reaction with cyclic anhydrides, affording high reaction conversions. 

 

Chapter 6 reports a new approach to regioselectively substituted iminated/aminated 

curdlan derivatives from a Staudinger ylide. 6-Azido-6-deoxy-2,4-di-O-acyl-curdlan was 

reacted with Ph3P, affording a highly nucleophilic iminophosphorane, which can be used 

to prepare 6-imino curdlans by reaction with several aromatic aldehydes, and 6-

monoalkylamino curdlans by reductive amination with aromatic aldehydes in the presence 

of NaBH3CN. 

 

Chapter 7 summarizes the research results for Chapters 2-6 in this dissertation and 

discusses future work. 
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Chapter 2. Literature Review: Staudinger Reactions for 

Selective Functionalization of Polysaccharides 

Liu S.; Edgar, K. J. Biomacromolecules 2015, 16, 2556ī2571. 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. Staudinger-related reactions, such as Staudinger reduction, 

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 regioselectivity when 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 living 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 
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reinforcement, energy storage, modification of aqueous rheology, and 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 product of certain bacteria.1,2 Due to 

their structural and functional diversity, abundance, relatively low cost, renewable nature, 

and biodegradability, polysaccharide-based materials are promising for use in areas as 

diverse as textiles, personal care, drug delivery, and composite materials.3-5 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 applications, cellulose itself is difficult to apply more widely due 

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

and lack of thermoplasticity.3,6 

 

Appending functional groups with new properties onto polysaccharide backbones 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 polysaccharide.6 After the first chemical modification of cellulose was 

carried out in 1848 by Schönbein to generate cellulose nitrate, which was then used to 

produce the first thermoplastic polymeric material named celluloid at the Hyatt 

Manufacturing Company7,8, chemical modification was subsequently employed 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 demonstrated to be applicable for 
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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 and electrophiles, and thus cannot readily 

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

competing electrophiles and nucleophiles.9 

 

In order to be able to better exploit the great diversity of natural, sustainable 

polysaccharides, 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, for example). Often there are multiple groups of the same type (very often 

alcohols), which are chemically non-equivalent, 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 regio- and chemoselectivity is a huge challenge in polysaccharide 

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 polysaccharide derivatization to 

help achieve these selectivity goals, including approaches like highly selective protection 

and deprotection (e.g. using trityl or thexyldimethylsilyl moieties)10-21, oxidation at the 

primary alcohol groups22-26, regioselective deacylation with tetraalkylammonium fluorides 
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or hydroxides4,27-29, and olefin metathesis chemistry.30-32 Among these more recent 

approaches, Staudinger chemistry stands out, for reasons of efficiency and mild nature 

upon which we elaborate in this review. Compared to other 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 fact that azides only undergo reactions with a very limited 

number of functional group types.33 In comparison to an amide linkage accomplished via 

amine related techniques such as classical peptide chemistry, azides are highly and 

selectively reactive to phosphines 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 size, the azide group can be introduced easily into biological samples and results 

in no significant increase in molecular size.33 No need of catalyst is another attribute of 

Staudinger reactions, and does make Staudinger reactions preferred in biological systems, 

whereas the highly efficient and selective ñClick Chemistryò reported by Sharpless et 

al.34,35 is a cupper(I)-catalyzed azide-alkyne cycloaddition that is not favored for some 

biomedical applications such as cell encapsulation. It is, therefore, of particular 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 reduction, Staudinger ligation and 

traceless Staudinger ligation, for selective functionalization of illustrative polysaccharides 

for a variety of biomedical and pharmaceutical applications. 
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2.3 Staudinger reactions 

2.3.1 Staudinger reduction 

In 1919, Staudinger and Meyer reported 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 2.1). 36 This reaction proceeds under mild conditions, 

without formation of any byproducts besides N2.  

 

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 

reaction.37-39 As Scheme 2.2 shows, in a primary imination reaction triaryl phosphine (1) 

and azide (2) react to form a phosphazide (3) which 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. Phosphazides (3) are stable at room temperature in organic solvents if 

substituents are present that delocalize the positive charge on the phosphorus atom and/or 

provide steric shielding of the phosphorus atom. The final form of iminophosphorane 

(represented by 5 or 6) and the loss of nitrogen are achieved via a 4-membered-ring 

transition state (4) with retention of the original configuration at phosphorus. 
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Scheme 2.2. Mechanism of Staudinger reaction between a phosphine and an azide and 

hydrolysis of iminophosphorane. Adapted with permission from Köhn, M.; Breinbauer, R. 

Angew. Chem. Int. Ed. 2004, 43, 3106-3116. Copyright 2004 Wiley-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 

5 or 6) is hydrolyzed rapidly to generate a primary amine (7) and phosphine (V) oxide (8). 

This reaction is the so-called Staudinger reduction that is frequently used to convert azides 

into amines. Since the iminophosphorane is so highly nucleophilic, it can react with a wide 

range of electrophiles. For example, Staudinger and co-workers also discovered that 

iminophosphorane can react not only with water to form amines, but also with aldehydes 

and ketones to form imines.40 More recently, less reactive carbonyl electrophiles including 

amides and esters have been shown to react with iminophosphoranes, especially if the 

electrophiles react with iminophosphoranes in an intramolecular fashion.33 
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2.3.2 Staudinger Ligation 

In 2000, Saxon and Bertozzi introduced Staudinger ligation as a mild reaction between two 

truly bioorthogonal functionalities for the metabolic engineering of cell surfaces.41 As 

described above, the amine and phosphine oxide are formed in an aqueous environment by 

hydrolyzing the aza-ylide. Based upon previous studies, Bertozzi et al. prepared a ligand 

in which an electrophilic trap like an ester moiety is attached to the phosphine, and can 

capture the nucleophilic aza-ylide by intramolecular cyclization (Scheme 2.3). This 

reaction would result in formation of a stable amide bond before the competing aza-ylide 

hydrolysis occurs. Through standard esterifications or amidations, the phosphine-

containing ligand is reacted with the probe to form a conjugate, which can then undergo 

Staudinger ligation in aqueous solution with the azide.  
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Scheme 2.3. Staudinger ligation for cell surface engineering. Adapted with permission 

from Köhn, M.; Breinbauer, R. Angew. Chem. Int. Ed. 2004, 43, 3106-3116. Copyright 

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

 

Saxon and Bertozzi employed Staudinger ligation as a mild reaction for the metabolic 

engineering of cell surfaces. They incubated mammalian cells with peracetylated 

azidoacetylmannosamine (Ac4ManNAz), which was processed by the sialic acid 

biosynthetic pathway to produce azidoacetylsialic acid (Sia-NAz). Sia-NAz was then used 
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to form cell surface glycoconjugates.41 The azide groups on the cell surface are capable of 

linking with a phosphine probe, such as biotinylated phosphine41 or FLAG (Asp-Tyr-Lys-

Asp-Asp-Asp-Asp-Lys) peptide-functionalized phosphine42, 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 conventional cell-surface ketone-hydrazine 

reactions, the cell-surface 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 surface engineering, 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 and co-workers 

successfully covalently coupled a fluorogenic coumarin phosphine dye to an azido-

functionalized murine dihydrofolate reductase (mDHFR) via Staudinger ligation.43 It is 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. Ju et al. have also reported using a fluorescein-modified 

phosphine to label an oligonucleotide, previously modified with an azido group at its 5ô 

end, under Staudinger conditions to generate a fluorescein labeled oligonucleotide, which 

acts as a primer for producing fluorescent DNA extension fragments in a Sanger dideoxy 

sequencing reaction.44 
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2.3.2 Traceless Staudinger Ligation 

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

by using a triaryl phosphine oxide moiety to act as a connector between the two coupling 

partners, 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 hydrolysis.45-

48 In this reaction (Scheme 2.4), phosphines (9) such as 2-diphenylphosphanylphenol and 

diphenylphosphanylmethanethiol are acylated, then the phosphine moiety is reacted with 

an azide (10) to form an aza-ylide intermediate (11). The nucleophilic nitrogen atom of this 

intermediate attacks the carbonyl group, transferring the acyl from O or S to N and forming 

an amide (12). Finally, amides (13) and phosphine oxides (14) 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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Scheme 2.4. Mechanism of traceless Staudinger ligation. Adapted with permission from 

Köhn, M.; Breinbauer, R. Angew. Chem. Int. Ed. 2004, 43, 3106-3116. Copyright 2004 

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

 

Traceless Staudinger ligation has been employed as a peptide ligation reaction for total 

synthesis of proteins. Raines and co-workers reported that N-acetylglycine is capable of 

smoothly coupling with azido functionalized amino acids to give various dipeptides via 

traceless Staudinger ligations, affording very good yields and no epimerization.45 Raines 

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

acids by linking three fragments using traceless Staudinger ligations.49 

 

Due to its high chemoselectivity and the fact that phosphorus-containing 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, Raines et al. 

covalently attached a thiol-containing phosphine (HSCH2PPh2) to an aminopropylsilane-

functionalized glass slide (15) which was previously modified with a bifunctional 

polyethyleneglycol (PEG) spacer (NHS-CO-PEG-CO-NHS), resulting in a phosphanyl 

thioester formation (16) on the glass slide. Subsequently, an azide-functionalized S-peptide 

(residues 1-15 of RNAse A) (N3-PEG-S-peptide) was ligated to the slide via traceless 

Staudinger ligation.50 The array was finally formed after incubation with S-protein 

(residues 21-124 of RNAse A) (17), enabling assays based upon ribonucleolytic activity 

and immunostaining. 

Scheme 2.5. Protein microarray prepared through traceless Staudinger ligation. Adapted 

with permission from Soellner, M. B.; Dickson, K. A.; Nilsson, B. L.; Raines, R. T. J. Am. 

Chem. Soc. 2003, 125, 11790ï11791. Copyright 2003 American Chemical Society. 

 

2.4 Applications of Staudinger reactions to polysaccharide functionalization  

2.4.1 Aminated polysaccharide preparation via Staudinger reduction 
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Polysaccharides containing amine functional groups are of interest due to properties that 

may be beneficial to a wide range of biomedical and pharmaceutical applications. Natural 

amine-containing 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 

systems.51-53 It has been reported that chitosan has potential to be a low toxicity carrier to 

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

therapy.54 

 

To mimic the biomedical properties of chitosan and avoid potential issues with chitosan 

such as protein impurities and lack of structural control, polysaccharide chemists began to 

modify some neutral polysaccharides including cellulose, curdlan and pullulan with amino 

groups, via chemical attachment of amine-containing side chains to the polysaccharide 

backbone. It has been demonstrated that these modified polysaccharides were able to 

effectively encapsulate nucleic acids and improve the transfection efficiency into model 

cells.55-60 Amine groups can also be introduced into polysaccharides by a reaction sequence 

resulting in overall substitution of polysaccharide 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 these transformations 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 6-amino-6-deoxy-cellulose.61 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, chitin).62-67 

 

Among various azide reduction reactions, Staudinger reduction is one of the most useful 

approaches to introduce amine groups onto polysaccharides. The Kaplan group first 

prepared 6-amino-6-deoxy-amylose from amylose under Staudinger conditions.68 As 

Scheme 2.6 shows, amylose (1) is a natural and mostly linear polysaccharide composed of 

D-glucopyranose residues linked via ɻ-(1Ÿ4)-glycosidic linkages.69 Kaplan et al. directly 

halogenated amylose at the C-6 position either by using methanesulfonyl chloride in 

dimethylformamide (DMF)/lithium chloride (LiCl), resulting in 6-chloro-6-deoxy-

amylose (2), or using PPh3 and N-bromosuccinimide (NBS) in DMF/lithium bromide 

(LiBr) , affording 6-bromo-6-deoxy-amylose (3). 6-Halo-6-deoxy-amyloses (2 and 3) were 

then converted to the corresponding 6-azido-6-deoxy-amylose (4) by quantitatively 

chloride or bromide displacement with an azide ion in dipolar aprotic media such as N-

methyl-2-pyrrolidone (NMP) or dimethylsulfoxide (DMSO). Subsequent Staudinger 

reduction with PPh3 in DMSO was employed to completely reduce the azide groups at 

room temperature, resulting in 6-amino-6-deoxy-amylose (5) in 100 % yield with 100% 

conversion. Moreover, it was found that the 6-amino-6-deoxy-amylose obtained from 6-

chloro-6-deoxy-amylose has the same high amine degree of substitution (DS) as that 

obtained from 6-bromo-6-deoxy-amylose (displacement was quantitative). 
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Scheme 2.6. Syntheses of 6-amino-6-deoxyamylose via Staudinger reduction. Adapted 

with permission from Cimecioglu, A. L.; Ball, D. H.; Kaplan, D. L.; Huang, S. H. 

Macromolecules 1994, 27, 2917ï2922. Copyright 1994 American 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 polysaccharides can alter the solubility in 

water or organic solvents, attach ligands for targeting a particular cell type, or improve the 

affinity for a particular encapsulated compound.70-72 Most of these additional modifications 

involve esterification, due to the prevalence 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 nucleophilicity of amines. The N-phthaloyl protecting group has been used to 

protect chitosan amino groups, allowing selective esterification at the hydroxyl groups.73 

However, deprotection can be problematic; for example, phthalimide deprotection with 
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hydrazine could result 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 azide-containing polysaccharides, then chemoselectively reduce 

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. Commonly used reducing reagents 

like lithium aluminum hydride (LiAlH4) can convert azide groups into amines, but also 

react with a variety of reducible functional groups including esters.74,75 A suitable reducing 

reagent for this selective transformation was lacking until Daly and Lee demonstrated the 

use of 1,3-propanedithiol to selectively reduce the azide moieties of 6-azido-6-deoxy-

cellulose esters, while retaining the ester functionalities.76 However, although 1,3-

propanedithiol reduction results in the desired selectivity, 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 polysaccharides, due 

to its high chemoselectivity and mild reaction conditions. The Edgar group first prepared 

6-azido-6-deoxy-2,3-di-O-acyl-cellulose from cellulose, and successfully selectively 

reduced the azide groups through a Staudinger reduction.77 Cellulose (6), one of the 

simplest polysaccharides, is a linear polymer consisting of single D-glucopyranose 

monosaccharides, with no branching or substituents in nature, composed of D-

glucopyranose units with ɼ-(1Ÿ4)-anomeric linkages. Each anhydroglucose unit (AGU) 

possesses one primary hydroxyl group at the C-6 position and two secondary hydroxyl 
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groups at the C-2 and C-3 positions. As Scheme 2.7 shows, Edgar et al. modified cellulose 

with PPh3 and NBS in N, N-dimethylacetamide (DMAc)/LiBr, followed by peracylation, 

affording 6-bromo-6-deoxy-2,3-di-O-acyl-cellulose (7). The bromoester was then 

transformed to 6-azido-6-deoxy-2,3-di-O-acyl-cellulose (8) by quantitatively bromide 

displacement with azide ion in DMSO. The azide group at the C-6 position was finally 

converted into 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 the C-2 and C-3 positions. The product, 6-amino-6-

deoxy-2,3-di-O-acyl-cellulose (9), possesses a regiospecifically substituted free amine  and 

selectively acylated hydroxyl groups. This approach represents a substantial improvement 

over previous efforts to synthesize O-acyl-6-amino-cellulose derivatives, due 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 transfer to N to form an 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, thereby forming an amide (10) at C-6 

whose acyl group may be either the same as those of the 2,3-O-esters, or different, 

depending on the choice of anhydride used. The ability to carry out Staudinger reduction 

successfully even in the presence of a reactive species like a carboxylic acid anhydride is 

striking evidence for its mild and chemoselective nature. 
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Scheme 2.7. Conversion of cellulose to 6-amino or amido-6-deoxycellulose esters. 

 

After 6-amino-6-deoxycellulose derivative preparation using Staudinger reduction, Edgar 

et al. extended the use of Staudinger reduction to the bacterial exopolysaccharide 

pullulan.78 As Scheme 2.8 shows, pullulan (11) is a linear polysaccharide of D-glucose 

monosaccharides, with exclusive ɻ-linkages between the monosaccharides and no 

branching or substituents. Unlike those of amylose or cellulose, the repeating unit of 

pullulan is maltotriose trisaccharide, linked -h(1Ÿ6), resulting in a 2:1 proportion of h-

(1Ÿ4) to -h(1Ÿ6) linkages in the polysaccharide. They began the synthesis with 

regioselective bromination of pullulan at C-6 by reaction with NBS and PPh3 in DMF/LiBr, 

producing 6-bromo-6-deoxy-pullulan. In contrast to the rigid rod, poorly soluble 6-bromo-

6-deoxy-cellulose, brominated pullulan was found to have good organic solubility, and is 

thus a useful intermediate for further reactions. 6-Bromo-6-deoxy-pullulan esters (12) were 

obtained in a one-pot method (bromination/acylation in one pot) by peracylation of 6-
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bromo-6-deoxy-pullulan with a carboxylic anhydride (e.g. acetic anhydride). Bromide 

from 6-bromo-6-deoxy-pullulan esters was displaced by azide, providing the 

corresponding 6-azido-6-deoxy-pullulan esters (13). Finally, the azide was efficiently and 

chemoselectively reduced to an amino group through Staudinger reduction in DMF at room 

temperature, resulting in 6-amino-6-deoxy-pullulan esters (14). 

 

Scheme 2.8. Conversion of pullulan to 6-amino-6-deoxy-2,3,4-O-acetyl-pullulan. 

 

Furthermore, based on the success on cellulose and pullulan, Edgar et al. prepared O-

acylated 6-amino-6-deoxy-curdlan using a similar approach under Staudinger conditions.79 

Curdlan is a bacterial, helical polysaccharide generated from a mutant bacterium and was 

first discovered by Harada and co-workers in 1966.80,81 As Scheme 2.9 shows, curdlan (15) 
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is a linear homopolymer of D-glucose monosaccharides covalently bonded via ɼ-(1Ÿ3) 

linkages (Scheme 2.9).82 Edgar et al. brominated curdlan in DMAc/LiBr using PPh3 and 

NBS, affording 6-bromo-6-deoxy-curdlan (16). Similar to 6-bromo-6-deoxy-pullulan, 6-

bromo-6-deoxy-curdlan is soluble in common organic solvents. 6-Bromo-6-deoxy-curdlan 

was converted to the 6-azido derivative (17) by nucleophilic substitution with sodium azide 

(NaN3), following with peracylation with carboxylic anhydride such as acetic anhydride or 

propionic anhydride in the presence of pyridine and 4-dimethylaminopyridine (DMAP). 

The product 6-azido-6-deoxy-2,3-di-O-acyl-curdlan (18) finally was chemoselectively and 

quantitatively reduced to 6-amino-6-deoxy-2,3-di-O-acyl-curdlan (19) under Staudinger 

conditions (PPh3, H2O, DMAc, room temperature), with no spectroscopic evidence of 

incompletion or side reactions.    

 

 

Scheme 2.9. Conversions of curdlan to 6-amino-6-deoxy-2,4-di-O-acyl-curdlan.   
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However, O-acylated 6-amino-6-deoxypolysaccharide derivatives of cellulose, pullulan 

and curdlan generally appeared to have poor solubility in both water and organic solvents. 

To enhance solubility for some specific biomedical applications, Edgar et al. reported a 

modified approach for the selective N-acylation of the aminated cellulose, providing an 

efficient and convenient route (only three isolations from natural cellulose, no protecting 

groups) for the synthesis of 6-amido-6-deoxycellulose-2,3-O-esters in which the acyl 

groups on N- and O- may be selected separately. As Schemes 2.10 and 2.11 show, the 6-

azido-6-deoxy-2,3-di-O-acyl-cellulose was reduced by a Staudinger reduction under 

anhydrous conditions in the presence of carboxylic anhydrides, which afforded organic-

soluble 6-amido-6-deoxy-2,3-di-O-acylcellulose derivatives with > 93% reaction 

conversion.77 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 aza-ylide intermediate as it formed. This modified approach was applied 

to curdlan and pullulan as well, and generated 6-amido-6-deoxy-2,3-di-O-acylcurdlan 

derivatives and 6-amido-6-deoxy-2,3,4-O-acylpullulan derivatives, respectively.78,79 More 

importantly, it has been demonstrated that the 6-amido-6-deoxy-2,3-di-O-

acylpolysaccharide derivative has improved solubility in comparison with the 6-amino-6-

deoxypolysaccharides and their O-esters. 
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Scheme 2.10. Synthesis of 6-amido-6-deoxy-cellulose esters. 

 

Scheme 2.11. Proposed mechanism for the N-acylation of 6-iminophosphorane-6-deoxy-

cellulose esters. 
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Based upon previous studies of aminated polysaccharides prepared by Staudinger 

reductions, it has been observed that most of the 6-amino-6-deoxypolysaccharide 

derivatives so produced reductions exhibit poor water and organic solubility, probably due 

to small amounts of phosphine-containing residues and/or phosphine oxide byproduct. The 

poor solubility greatly limits the further use of these aminated polysaccharide derivatives. 

Therefore, a clean separation of product from phosphine-containing residual reagent and 

phosphine oxide byproduct is needed, to improve product solubility. Boons et al. used 

trimethylphosphine (PMe3) instead of PPh3 as a reductant, and employed Staudinger 

reduction for preparing a well-defined heparan sulfate hexasaccharide for investigation of 

structure-activity relationships.83 As a consequence, the product from Staudinger reduction 

was easily isolated in pure form, due in part to the fact that gaseous PMe3 possesses better 

solubility and is more easily removed than PPh3. In another approach, in order to improve 

the solubility of 6-amino-6-deoxy-curdlan, the Edgar group recently reported a non-

Staudinger protocol in which 6-azido-6-deoxy-curdlan was reduced by sodium 

borohydride (NaBH4) under mild conditions, affording water-soluble aminated curdlan 

derivatives with very high regioselectivity.84 As Scheme 2.12 shows, Edgar et al. 

brominated curdlan (20) using PPh3 and NBS in DMAc/LiBr, and displaced the bromide 

using NaN3 in DMSO, affording 6-azido-6-deoxy-curdlan (22). It is of particular interest 

to find that the final product 6-amino-6-deoxy-curdlan (23) (DS(NH2) = 0.95) generated 

from 6-azido-6-deoxy-curdlan by NaBH4 reduction 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 6-amino through NaBH4 reduction, the Edgar group further developed a similar 

method to yield another water-soluble curdlan derivative. After initial bromination of 

curdlan and azide displacement of the bromide, hydrophilic and non-charged 3,6,9-

trioxodecanoate (TOD) groups appended by O-acylation at the C-2 and C-4 positions of 

curdlan in the presence of DMAc and pyridine, affording 6-azido-2,4-di-O-TOD-curdlan 

(24); the 6-azido group was then reduced to the 6-amine by NaBH4. Additionally, it is 

interesting to find that upon NaBH4 reduction of the 6-azido group to the 6-amine, TOD 

group migration occurred, along with concomitant reduction of residual ester groups, 

providing the N-TOD amide (25), which is also water soluble. Therefore, borohydride 

reduction can be a suitable method for preparing water-soluble 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 while preserving esters from reduction. In addition, it cannot be 

used in the presence of anhydrides, so the amines cannot be trapped in situ as amides; this 

inability thereby promotes O to N acyl migration. These water-soluble, regioselectively 

substituted curdlan derivatives are helpful for investigations of structure-property 

relationships for biomedical applications.  
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Scheme 2.12.  Syntheses of 6-amino-6-deoxycurdlans using NaBH4. 

 

2.4.2 Bioconjugate preparation via Staudinger 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. However, compared to Staudinger reductions, there 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 desirable physiochemical properties and high 

biocompatibility. Alginate is a linear polysaccharide comprising D-mannuronic (M) and 
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L-guluronic (G) acids, with entirely ɓ-(1Ÿ4) linkages (Scheme 2.13). Each alginate 

monosaccharide possesses two secondary hydroxyl groups at C-2 and C-3, and one 

carboxyl group at C-6. Partial hydrolysis studies reveal that alginate is made up of blocks 

of M, blocks of G, and mixed M-G blocks. Particularly, alginate solutions are capable of 

forming hydrogels via ionic cross-linking with divalent cations such as Ca2+ or Ba2+, and 

these cross-linked alginate hydrogels have been prepared in various sizes and shapes for 

diverse applications.85 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 diabetes.86 Alginate chemical 

modifications have been pursued for a variety of applications, since the carboxylic groups 

and hydroxyl groups in alginate provide sites for chemical modification.87,88 The most 

common motivation for alginate modification is to improve the durability of alginate 

hydrogels via covalent cross-linking of alginate chains, either independently of or in 

addition to ionic crosslinking. 

 

Scheme 2.13. Molecular structure of alginate showing ɓ-(1Ÿ4) linkages. 
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To improve the stability of alginate hydrogels without losing their desirable properties, 

Stabler et al. used azide-functionalized alginate as a novel platform for the chemoselective 

crosslinking of complimentary agents via biologically favored Staudinger ligations.89 As 

Figure 2.1 shows, in the presence of N-hydroxysuccinimide (NHS) and 1-ethyl-

(dimethylaminopropyl)carbodiimide hydrochloride (EDC), alginate-PEG-azide (28) was 

prepared by conjugation between alginate carboxylic groups (26) and an amine group of a 

PEG whose other end had an azide end group (27), to afford a product which then formed 

hydrogel beads (A) with Ba2+ via ionic interactions. The azide groups of alginate-PEG-

azide hydrogel beads (A) can also act as platforms for the covalent linkage of methyl-2-

(diphenylphosphino)terephthalate (MDT)-functionalized bioactive or labeling agents via 

Staudinger ligation. Stabler et al. used an MDT-functionalized carboxyfluorescein agent 

(29) to conjugate with alginate-PEG-azide hydrogel beads (A) in Dulbeccoôs phosphate 

buffered saline (DPBS) at 37 oC via Staudinger ligation, resulting in up to 40% of the azide 

groups on alginate-PEG-azide (28) reacted with MDT groups on MDT-functionalized 

carboxyfluorescein agent (29). The resulting fluorescent hydrogel beads (30 or C) studied 

by confocal microscopy exhibit good stability and have potential for use in in vivo 

monitoring. In addition, Stabler et al. used difunctional PEG polymers with complementary 

MDT groups (31) that are able to cross link with azide functionalized PEG-alginate (29) 

via Staudinger ligation, affording 9-12% of the azide groups were functionalized, 

suggesting that the resulting polymers (32) 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., Ba2+) cross-linking, or 

via incubation with MDT-PEG-MDT under Staudinger conditions. The gels formed with 

Ba2+ can be further functionalized with MDT-labeled agents like MDT-PEG-

carboxyfluorescein. Adapted with permission from Gattás-Asfura, K. M.; Stabler, C. L. 

Biomacromolecules 2009, 10, 3122ï3129. Copyright 2009 American Chemical Society.   
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After the report of alginate hydrogels modified by Staudinger ligation, Stabler and co-

workers fabricated ionically and covalently crosslinked alginate-PEG microbeads for islet 

microencapsulations using ionic interaction and Staudinger ligation.90 As Figure 2.2 

shows, azide-functionalized alginate (33) and MDT-terminated PEG (34) were pre-

incubated for 1 h and 15 min at 37 oC prior to Ba2+ addition. This pre-incubation allowed 

initially covalent linkage between azide-functionalized alginate and MDT-terminated PEG 

by Staudinger ligation, and avoided significant leakage of MDT-terminated PEG during 

crosslink between azide-functionalized alginate and Ba2+, resulting in pre-mixed alginate-

PEG (35). After Ba2+ was added into pre-mixed alginate-PEG, ionically crosslinked 

alginate-PEG (36) was formed due to crosslink between Ba2+ and azide-functionalized 

alginate. The final ionically and covalently crosslinked alginate-PEG microbeads (37) were 

generated by further incubation between the two polymers through Staudinger ligation. 

The resulting crosslinked alginate-PEG microbeads exhibit greater resistance to osmotic 

swelling than conventional barium crosslinked alginate beads. Based upon diffusion and 

porosity studies, crosslinked alginate-PEG beads have permeability properties comparable 

to those of conventional barium crosslinked alginate beads. More importantly, crosslinked 

alginate-PEG beads exhibit excellent cellular compatibility with insulinoma cell lines, and 

rat and human pancreatic islets, where the viability and functional assessment of cells 

within crosslinked alginate-PEG beads are comparable with those of barium crosslinked 

alginate bead controls. Due to their enhanced stability and high cellular compatibility, the 

crosslinked alginate-PEG hydrogels prepared by Staudinger ligation are promising 

materials for a wide variety of tissue engineering applications. 
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Figure 2.2. Crosslinked alginate-PEG microbead fabrication based upon Staudinger 

ligation and ionic interaction. Adapted from Acta Biomater. 2011, 7, Hall, K. K.; Gattás-

Asfura, K. M.; Stabler, C. L. Microencapsulation of islets within alginate/poly(ethylene 

glycol) gels cross-linked via Staudinger ligation, 614ï624, Copyright 2011, with 

permission from Elsevier.   

 

Stabler and co-workers also employed Staudinger ligation to fabricate hyperbranched, 

polymer-based, ultrathin capsules possessing bioorthogonal functionality and altered 

physiochemical properties.91 N3-PEG-NHS (38) was fi rst covalently linked to amine 

groups on the surface of pancreatic islet cells at room temperature (Figure 2.3). 

Poly(amidoamine) (PAMAM) dendrimers (39) functionalized with phosphine-bearing 

MDT groups were then covalently bound to the pancreatic islet cells via Staudinger ligation 

between the azide and MDT moieties at 37 oC. Finally, hyperbranched alginate (40) 

functionalized with azide was coupled to the exposed MDT-functionalized PAMAM 
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coating, also via Staudinger ligation under similar conditions. Additional layers could be 

built via stepwise incubation of MDT-functionalized PAMAM and hyperbranched alginate 

azide, until the desired number of layers was achieved. This encapsulation of viable tissues 

through layer-by-layer polymer assembly offers a versatile platform for cell surface 

engineering, providing tailored properties, and could only be possible by use 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 motifs. In addition, Stabler and co-workers used a similar approach 

to develop a polymeric material by coupling azide-functionalized alginates with phosphine 

functionalized 4-arm PEGs through Staudinger ligation.92 It has been demonstrated that the 

polymeric material can be used for preparing immunoprotective and ultrathin coatings on 

murine primary pancreatic islets, and the resulting non-toxic coatings provide significant 

protective effects in an allograft murine model. 

 

Figure 2.3. Ultrathin coating assembly on pancreatic islet cells through Staudinger 

ligation. Adapted with permission from Gattás-Asfura, K. M.; Stabler, C. L. ACS Appl. 

Mater. Interfaces 2013, 5, 9964ï9974. Copyright 2013 American Chemical Society. 
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Traceless Staudinger ligation has been shown also to be a valuable tool for coupling 

polysaccharides to certain biomolecules. In recent decades, a number of glycoconjugates 

have been prepared and developed as potential anti-infectious and anti-cancer vaccines, 

and some of these have already been licensed as pharmaceuticals.93 Since poly- 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 does not elicit 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 covalently conjugating 

polysaccharides to certain proteins, there remained a need for a chemoselective and 

efficient reaction to provide well-defined conjugate structure, and enhance efficiency by 

reducing the need for excess of expensive and complex reagents. The rapid and selective 

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 well-defined amide bond connection, since 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 synthesizing the 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 

glycoconjugates, Mulard and co-workers designed two new phosphino-functionalized 

protein carriers to allow construction of potential glycoconjugate vaccines.94 Initially, o-

(diphenylphosphino)phenol (41, Scheme 2.14) and a borane protected phosphine (46, 

Scheme 2.15) were reacted with glutaric anhydride in DMF at 0 oC to room temperature, 

affording the corresponding carboxy-functionalized phosphines (42) and (47), 

respectively. To prepare them for traceless Staudinger ligation to prepare the 

glycoconjugates, both (42) and (47) were activated into their corresponding succinimide 

esters (43 and 48), respectively) in the presence of NHS and EDC. Succinimide ester (43) 

was further linked with tetanus toxoid (TT) in 0.2 M phosphate buffered saline (PBS), 

affording the phosphino-functionalized protein carrier (44), while the other succinimide 

ester (48) was further covalently associated with TT and bovine serum albumin (BSA) in 

0.2 M PBS, resulting in the corresponding phosphino-functionalized protein carriers (49) 

and (50), respectively. Mulard et al. chose a polysaccharide moiety of the 

lipopolysaccharide (pmLPS) of Vibrio cholerae O1 serotype Inaba, a causative agent of 

cholera. This surface polysaccharide is the major target of human protective immune 

response against this disease. The researchers modified pmLPS by azide-functionalized 

succinimidyl esters to give the corresponding azido-containing pmLPS derivatives (N3-

pmLPS, Scheme 2.16) via amide bonding, and finally these azide-containing pmLPS 

derivatives were coupled with (44), (49), and (50) 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 glycoconjugates (45), (51), and 

(52), respectively. 
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Scheme 2.14. Synthesis of glycoconjugate from o-(diphenylphosphino)phenol. Adapted 

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

L. A. J. Org. Chem. 2005, 70, 7123ï7132. Copyright 2005 American Chemical Society. 
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Scheme 2.15. Synthesis of glycoconjugates from a borane protected phosphine. Adapted 

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

L. A. J. Org. Chem. 2005, 70, 7123ï7132. Copyright 2005 American Chemical Society. 
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Scheme 2.16. Synthesis of azido-containing polysaccharide derivatives. Adapted with 

permission from Grandjean, C.; Boutonnier, A.; Guerreiro, C.; Fournier, J.; Mulard, L. A. 

J. Org. Chem. 2005, 70, 7123ï7132. Copyright 2005 American Chemical Society. 

 

In addition to glycoconjugate syntheses, Mulard et al. assessed the antigenicity of these 

glycoconjugate derivatives by enzyme-linked immunosorbent assay (ELISA) 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 between V. cholera O1 serotype Inaba LPS and the monoclonal 

antibody (mIgG) I-24-2, with some conjugates even exhibiting antigenicity equipotent to 

that of Inaba LPS, suggesting that both pmLPS derivatizations and traceless Staudinger 

ligations do not greatly affect the unique antigenic determinant recognized by mIgG I-24-

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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2.5 Conclusions and 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 glycosaminoglycans, and semi-

synthetic chitosans, and therefore have promise for biomedical applications. This 

methodology has been used to prepare a series of 6-amino- and 6-amido-6-

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 living cells. 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 

enhancement of 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 ligation to label or otherwise 

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 oligo- or polysaccharide haptens to immunogenic protein carriers, 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 available from 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 polysaccharide 

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 of polysaccharide 

6-deoxy-6-iminophosphorane ylides and their bromo precursors95 through Staudinger-

related reactions. These ylides contain remarkably nucleophilic, negatively charged 

nitrogen atoms, and the exploitation of these intermediates in polysaccharide chemistry 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, for example 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 methods will be 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 

Staudinger ligations are capable of providing a well-defined 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 amide-functionalized 

polysaccharide derivatives 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 organic co-solvent. Also, water-soluble 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 Staudinger reductions, 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 other scientists and engineers for 

many decades to come. 
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Chapter 3. An Efficient, Regioselective Pathway to 

Cationic and Zwitterionic N-Heterocyclic Cellulose 

Ionomers 

Liu, S.; Liu, J.; Esker, A. R.; Edgar, K. J. Biomacromolecules 2016, 17, 503ī513. Used 

with permission of American Chemical Society, 2016. 

 

3.1 Abstract 

Cationic derivatives of cellulose and other polysaccharides are attractive targets for 

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 preparation. Herein, we report a 

useful and efficient strategy for cationic cellulose ester salt preparation by the reaction of 

6-bromo-6-deoxycellulose acetate with pyridine or 1-methylimidazole. Dimethyl sulfoxide 

solvent favored this displacement reaction to produce cationic cellulose acetate derivatives, 

resulting in high degrees of substitution (DS) exclusively at the C-6 position. These 

cationic cellulose derivatives bearing substantial, permanent positive charge exhibit 

surprising thermal stability, dissolve readily 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 a 6-imidazolyl -6-deoxycellulose derivative with 1,3-propane sultone 
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to demonstrate the potential for further elaboration to regioselectively substituted 

zwitterionic cellulose derivatives. 

 

3.2 Introduction  

Polymers bearing positive and/or negative charges, known as ionic polymers or ionomers, 

exhibit remarkable physical and chemical properties that may be exploited for various uses. 

Recently, ionomers, including polyelectrolytes1-3 and polyzwitterions4,5, have been 

extensively investigated for biomedical uses. For example, anionic polymers have been 

employed to form polyelectrolyte complexes through electrostatic interactions with 

cationic biomolecules including cationic drugs, basic peptides, and blood proteins, for 

therapeutic applications.6,7 Conversely, cationic polymers 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 uses.8 It has been reported that cationic polymers 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 transfection.9,10 

 

Naturally derived cationic polymers may in some cases be more attractive candidates for 

therapeutic uses than commonly investigated synthetic cationic polymers such as 

poly(ethyleneimine) (PEI) or poly[2-(N,N-dimethylamino)ethyl methacrylate] 

(PDMAEMA), because of their greater biocompatibility and biodegradability, and low 

immunogenicity.10 Chitosan is one of the most commonly used cationic polysaccharides. 

It is a semi-synthetic polymer, derived from the naturally occurring polysaccharide chitin. 
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Protonated chitosan is able to increase permeation of peptide drugs across mucosal 

epithelia, showing promise as an effective absorption enhancer in specific regions of the 

intestinal lumen.11 Chitosan can encapsulate anionic nucleic acids or certain proteins via 

electrostatic interactions, protecting them from degradative enzymes.12 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 chitin greatly 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 quaternized ammonium derivatives bearing substantial permanent 

positive charge, that as a result have greater aqueous solubility across a wider range of pH. 

These N-quaternized chitosan derivatives show promising ability to enhance absorption of 

hydrophilic drugs by temporary opening of tight junctions between gastrointestinal 

enterocytes at pH values similar to those of the intestine (pH 6.4-7.5).11 It has been reported 

that N,N,N-trimethyl chitosan chloride (TMC) acts as a permeation enhancer for the peptide 

drug buserelin and for mannitol across Caco-2-cell monolayers at neutral pH.13  

 

In addition to cationic polysaccharides, zwitterionic 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 capable of stimulating CD-4+ T-cell proliferation, 

after being presented via the MHC-II processing pathway.14-16 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 responses.17-19 A zwitterionic 

polysaccharide was also reported to form a cancer vaccine candidate by conjugating with 

the carbohydrate hapten Tn.20 Moreover, some mammalian glycoaminoglycans (GAGs) 

are members of the zwitterionic polysaccharide family, due to the fact that they are partly 

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 pathogen P. falciparum 

to placental cells is mediated by chondroitin sulfate.21 

 

Our group has previously explored preparation of cationic polysaccharide derivatives. 

Compared with similar reactions of tosylated cellulose reported by other groups,22 

employing trialkylamines as nucleophiles for SN2 displacement of the primary alkyl 

bromides of 6-bromo-6-deoxyglycans, e.g. 6-bromo-6-deoxy-cellulose esters and 6-

bromo-6-deoxy-curdlan, results in 6-(N, N, N-trialkylammonio)-6-deoxypolysaccharide 

derivatives with essentially complete chemoselectivity and regiocontrol.23,24 However, this 

body of work showed that trialkylamine nucleophilic bromide displacements of 6-bromo-

6-deoxyglucans are quite difficult to drive to high reaction conversion. These publications 

presented the hypothesis that 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 (in 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 and lead to higher DS values,24 but 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 of 6-cationic 

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 disperse positive 

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, we report our efforts to confirm 

this hypothesis by carrying out regioselective nucleophilic displacement on 6-bromo-6-

deoxycellulose derivatives, using pyridine and imidazoles. In addition to confirming the 

hypothesis, we hoped that these methods would provide regioselectively substituted, water-

soluble quaternary pyridinium and 1-methylimidazolium cellulose derivatives that would 

enable future structure-property experiments to determine their utility in gene delivery, 

tight junction opening, and other valuable applications. 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 aromatic amines synthesized by this general approach for further 

elaboration to poly(zwitterions).  

 

3.3 Materials and methods 

3.3.1 Materials 
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Microcrystalline cellulose (MCC, Avicel PH-101, Fluka, degree of polymerization (DP) = 

80, measured by size exclusion chromatography of the per(phenylcarbamate) derivative25) 

was dried under vacuum at 50 °C overnight before use. Lithium bromide (LiBr, Fisher) 

was dried under vacuum at 125 °C. N-Bromosuccinimide (NBS, 99%, Acros) was 

recrystallized from boiling water and dried for two days under reduced pressure over 

anhydrous calcium chloride. Triphenylphosphine (Ph3P, Strem), acetic anhydride (Acros), 

pyridine (anhydrous, 99+%, AcroSeal), imidazole (Sigma-Aldrich 99+%), 1-

methylimidazole (Sigma-Aldrich 99+%,), 1,3-propane sultone (Aldrich, 99+%), 16-

mercaptohexadecanoic acid (Sigma-Aldrich) and 1-hexadecanethiol (Sigma-Aldrich) were 

used as received. Ethanol and acetone were from Fisher Scientific, Pittsburgh, PA and used 

as received. N, N-Dimethylacetamide (DMAc, Fisher), N, N-dimethylformamide (DMF, 

Fisher) and dimethyl sulfoxide (DMSO, Acros) were kept over 4 Å molecular sieves under 

dry nitrogen until use. Regenerated cellulose dialysis tubing (3500 g/mol molecular weight 

cut-off (MWCO)) was from Fisher and used as received. SPR gold sensor (20 mm × 20 

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

(18.2 MWÅcm, 25°C)  was obtained from a Synergy UV (EMD Millipore, Billerica, MA). 

 

3.3.2 Measurements  

1H, 13C NMR, HMBC and HSQC spectra were obtained on a Bruker AVANCE II 500 MHz 

spectrometer in DMSO-d6 at room temperature or 50 °C. Infrared spectroscopic analyses 

of samples as pressed KBr pellets were obtained on a Thermo Electron Nicolet 8700 

instrument using 64 scans and 4 cm-1 resolution. Thermogravimetric analyses were 

performed on a Q500 Thermogravimetric analyzer, TGA (TA Instruments, DE, USA). 
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Approximately 5 mg of the sample was heated from 25°C to 600°C at a rate of 10°C/min 

under a continuous nitrogen flow at 60 mL/min. Modulated differential scanning 

calorimetry (MDSC) was conducted using a TA Instruments DSC Q2000. DSC data were 

obtained from -50 °C to 200 °C at heating rates of 20 °C/min under nitrogen. An atomic 

force microscope (MFP-3D-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, Olympus Corp., Tokyo, Japan) under ambient conditions 

(22 ºC, 50% humidity). The roughnesses of the samples were calculated based upon the 

root-mean-square (RMS) values of 5 mm ¦ 5 mm scan areas. Carbon, nitrogen and bromine 

contents were performed by Micro Analysis Inc. using a Perkin Elmer 2400 II 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 means of 1H NMR spectroscopy, according to the 

following equations, respectively. 

$3
χ)

σ)  
 

$3
χ)

υ)  
 

$3
χ)

σ)  
 

$3
χ

σ)  

) σ

 



61 

 

$3
χ)

ς)  )
 

 

3.3.3 Regioselective bromination and acetylation of MCC  

The method of MCC dissolution in DMAc/LiBr was adapted from previous work.26 The 

synthesis of 6-BrCA has been previously published.26,27 Briefly, Ph3P (32.35 g, 4 equiv per 

anhydroglucose unit (AGU)) was dissolved in 100 mL of DMAc, while 21.95 g NBS (4 

equiv per AGU) was dissolved in an additional 100 mL of DMAc. The Ph3P solution 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 was heated to 70 °C under 

nitrogen for 1 h. Acetic anhydride (10 equiv per AGU) was then added dropwise, and the 

resulting solution was stirred overnight at 70 °C. It was then cooled and added slowly to 4 

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, and then it was dried overnight in a vacuum oven at 50 °C. Yield: 

87%. 1H NMR (500 MHz, DMSO-d6): 2.00-2.10 (Oï(C=O)ïCH3), 3.30-5.40 (cellulose 

backbone). DS by 1H 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>6-BrCA = 309 g/mol. 

 

3.3.4 Synthesis of 6-pyridinio -6-deoxy-2,3-di-O-acetyl-cellulose (6-PyrCA)   

In a 100 mL three-necked round-bottom flask, 6-BrCA (250 mg) was weighed and 

dissolved in 10 mL of DMSO. Pyridine (10-100 equiv per AGU) was added to the flask. 

The solution was heated to 80 °C for a selected time period 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 freeze-dried to yield 6-PyrCA. 

Data from experiment using 50 equiv pyridine at 80 °C in DMSO: Yield: 77%. 1H NMR 

(500 MHz, DMSO-d6): 1.75-2.25 (Oï(C=O)ïCH3), 3.00-6.00 (cellulose backbone), 8.20 

(NïCH=CHïCH), 8.65(NïCH=CHïCH), 9.04 (NïCH=CHïCH); 13C NMR (500 MHz, 

DMSO-d6): 21.17 (Oï(C=O)ïCH3), 60.12 (C-6), 60. 15 (C-6ô), 71.00-77.00 (C-2, C-3, C-

4 and C-5), 98.18 (C-1), 99.67 (C-1ô), 128.08 (NïCH=CHïCH), 146.21 (NïCH=CHïCH 

and NïCH=CHïCH), 169.90 (Oï(C=O)ïCH3). DS by 1H NMR: DS(Pyr+) 0.71. Elemental 

analysis: %C 45.88, %H 4.88, %N 2.86, %Br 15.25. DS by elemental analysis: DS(Pyr+) 

0.73. Average molar mass of AGU, <M>6-PyrCA = 308 g/mol. 

 

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

MeIMCA)   

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

bottom flask. 1-Methylimidazole (10-100 equiv per AGU) was added to the flask. The 

solution was heated to 80 °C 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 of dialysis against deionized water, the solution was freeze-dried to yield 6-

MeIMCA. Data from experiment using 10 equiv 1-methylimidazole at 80 °C in DMSO: 

Yield: 88%. 1H NMR (500 MHz, DMSO-d6): 1.75-2.25 (Oï(C=O)ïCH3), 3.00-6.00 

(cellulose backbone and NïCH3), 7.83 (NïCH=CHïNïCH3 and NïCH=CHïNïCH3), 

9.47 (N=CHïNïCH3); 13C NMR (500 MHz, DMSO-d6): 21.05 (Oï(C=O)ïCH3), 36.10 

(NïCH3), 49.40 (C-6), 62.57 (C-6ô), 71.00-77.00 (C-2, C-3, C-4 and C-5), 98.58 (C-1), 
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99.69 (C-1ô), 123.42 (NïCH=CHïNïCH3), 123.70 (NïCH=CHïNïCH3), 137.71 (N=CHï

NïCH3), 169.82 (Oï(C=O)ïCH3). DS by 1H NMR: DS(MeIM+) 0.74. Elemental analysis: 

%C 41.32, %H 4.82, %N 5.25, %Br 14.26. DS by elemental analysis: DS(MeIM+) 0.70. 

Average molar mass of AGU, <M>6-MeIMCA = 310 g/mol. 

 

3.3.6 Syntheses of 6-imidazolyl-6-deoxy-2,3-di-O-acetyl-cellulose (6-IMCA) and 6-(1-

(3-sulfopropyl)-3-imidazolyl)-6-deoxy-2,3-di-O-acetyl-cellulose (6-SPrIMCA)  

Under nitrogen in a 100 mL three-necked round-bottom flask, 6-BrCA (250 mg) was 

dissolved in 10 mL of DMSO. Imidazole (50 equiv per AGU) was added to the flask and 

dissolved. The solution was heated to 80 °C 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 days of dialysis against deionized water. The retentate was 

finally freeze-dried to yield 6-IMCA. Yield: 75%. 1H NMR (500 MHz, DMSO-d6): 1.70-

2.30 (Oï(C=O)ïCH3), 3.00-6.00 (cellulose backbone), 7.70 (NïCH=CHïN), 7.74 (Nï

CH=CHïN), 9.08 (NïCH=N); 13C NMR (500 MHz, DMSO-d6): 21.02 (Oï(C=O)ïCH3), 

46.88 (C-6), 62.56 (C-6ô), 71.00-77.00 (C-2, C-3, C-4 and C-5), 98.36 (C-1), 99.66 (C-1ô), 

120.48 (NïCH=CHïN), 128.97 (NïCH=CHïN), 138.05 (NïCH=N), 169.87 (Oï(C=O)ï

CH3). DS by 1H NMR: DS(IM) 0.74. Elemental analysis: %C 49.31, %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 three-necked round-bottom 

flask under nitrogen. Then 3 equiv per AGU of 1,3-propane sultone was added. The 

resulting solution was heated to 80 °C 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 then the sulfobetaine-containing product, 6-(1-(3-sulfopropyl)-3-imidazolio)-6-deoxy-

2,3-di-O-acetyl-cellulose (6-SPrIMCA), was dried overnight in a vacuum oven at 50 °C. 

Yield: 67%. 1H NMR (500 MHz, DMSO-d6): 1.70-2.10 (Oï(C=O)ïCH3 and NïCH2ïCH2ï

CH2ïSO3), 2.68 (NïCH2ïCH2ïCH2ïSO3), 3.00-6.00 (cellulose backbone and NïCH2ï

CH2ïCH2ïSO3), 7.50-8.00 (NïCH=CHïN and NïCH=CHïN), 9.16 (NïCH=N). DS by 

1H NMR: DS(3-sulfopropyl) 0.43. 

 

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

(SPR)  

Square SPR gold sensors (20 mm × 20 mm) were loaded into an UV/Ozone Procleaner for 

20 min, and were then placed face-up 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 nitrogen. The 

cleaned sensor slides were then placed in a 1 mM solution of 16-mercapto-hexadecanoic 

acid or 1-hexadecanethiol absolute ethanol for at least 24 h. The slide was then removed 

from the solution, rinsed with absolute ethanol to remove excess 16-mercapto-

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

with ultrapure water and dried with nitrogen. 

 

Cationic cellulose derivative adsorption onto SAM surfaces was investigated by SPR. The 

sensor slide with the desired film (bare gold, SAM-COOH, SAM-CH3) was refractive 
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index-matched to the prism of a Reichert SR 7000 surface plasmon resonance 

refractometer with immersion oil. This SPR system used a laser diode 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 mL/min via Teflon tubing connected to a cartridge pump 

(Masterflex) at 20 °C. 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. 6-PyrCA and 6-MeIMCA solutions were prepared from stock 

solutions by dilution with ultrapure water and were degassed before SPR experiments. 

Prior to data acquisition, gold or SAM-COOH surfaces were allowed to reach equilibrium 

swelling as ultrapure water was flowed through the system. Once a stable baseline was 

established, 6-PyrCA or 6-MeIMCA 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.  

 

3.4 Results and Discussion 

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 for C-6 substitution of Furuhata bromination27. 

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 substituents may impede 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 maximum.28 Other work in our laboratory has shown that 

displacement of 6-halides from derivatives of cellulose or curdlan by trialkylamines does 

indeed seem to be limited by developing cationic charge,23,24 and large reagent excesses 

and other measures were required to achieve 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 factors29, and the resulting aromatic substituent on the 

quaternary ammonium salt should be better able to disperse positive charge, so we were 

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

 

Scheme 3.1. Reaction scheme for conversion of cellulose to cationic cellulose derivatives. 

 

3.4.1 6-Bromo-6-deoxy-2,3-di-O-acetyl-cellulose  

Using a reaction reported by Furuhata et al.27, cellulose can be directly brominated using 

Ph3P and NBS with selectivity at C-6 that appears to be complete by spectroscopic and 
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monosaccharide analyses, affording 6-bromo-6-deoxycellulose. Acetylation of 6-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 substituted derivatives by displacement of the 6-

bromo substituent.26,30,31 Using an adaptation of that reported procedure, we prepared 6-

BrCA (Scheme 3.1), which was then dissolved in DMSO for further reactions with N-

heterocyclic compounds. DS(Ac) of 6-BrCA was calculated by integration of the 1H NMR 

spectrum (Figure 3.1) 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. 

 

Figure 3.1. 1H NMR spectrum of 6-bromo-6-deoxy-2,3-di-O-acetyl-cellulose (6-BrCA). 

 

3.4.2 Cationic N-heterocyclic cellulose derivatives  

Direct displacement of bromide from 6-BrCA was attempted with pyridine as a reagent in 

DMSO at 80 °C for 48 h (Scheme 3.1). Initially, we added 30 equiv pyridine per AGU to 

the 6-BrCA solution in DMSO. 1H NMR spectroscopy confirmed that product identity was 
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as targeted, 6-PyrCA (Figure 3.2); new resonances at 8-10 ppm belong to the aromatic 

protons of the added pyridinium substituent. The 13C NMR spectrum (see Supporting 

Information, Figure S3.1) supported this proposed product identity; for example the 

chemical shift for C-6 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 acetylated C-6 is evident at 62 ppm, due 

to a previously observed minor side reaction during the bromination step between the 

cellulose and the DMAc reaction solvent.26 The FTIR spectra (see Supporting Information, 

Figure S3.3) demonstrate that compared to 6-BrCA, a weak C6ïN stretch at 1560 cm-1 and 

an aromatic C-H bending absorption at 760 cm-1 appear in the spectrum of 6-PyrCA, 

indicating successful pyridinium incorporation. In addition, the disappearance of the weak 

CïBr absorption at ca. 550 cm-1 from the starting material spectrum supports the contention 

that most of the bromide was displaced by pyridine. A broad absorption present around 

3500 cm-1 suggests the presence of free hydroxyl groups, most likely resulting from 

moisture in the hygroscopic sample. Pyridine base could in theory catalyze the hydrolysis 

or deacylation of some cellulose ester groups.32 However, DS(Ac) was measured by 1H 

NMR to be 2.07, indicating that little or no deacetylation occurred during the SN2 

displacement. Compared to related displacements by trialkylamines,23,24 pyridine 

displacement appeared to be relatively clean and efficient, as we had hypothesized. 
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Figure 3.2. 1H NMR spectrum of 6-pyridinio-6-deoxy-2,3-di-O-acetyl-cellulose (6-

PyrCA). 

 

With the success of pyridinium substitution, we wished to explore further the breadth of 

this synthesis of cationic cellulose derivatives using other N-heterocyclic compounds, in 

order to improve the reaction efficiency and obtain more highly charged cellulose esters. 

It is known that nucleophilicity is one of the important factors affecting the efficiency of 

SN2 displacements33, and the pKa of pyridine is only moderately high at 5.2 (see Supporting 

Information, Table S3.1). Therefore, we thought that pyridine might not be an optimal 

nucleophile for the SN2 displacement.34 In order to improve reaction conversion, an N-

heterocyclic compound with higher nucleophilicity is needed. 1-Methylimidazole, whose 

pKa is 7.4 (see Supporting Information, Table S3.1), was deemed to be a promising 

candidate for this displacement reaction.  
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We attempted to synthesize 6-MeIMCA by a method analogous to that used for the 

pyridinium derivatives, reacting 6-BrCA with 1-methylimidazole in DMSO at 80 °C 

(Scheme 3.1). Initially 30 equiv 1-methylimidazole per AGU was employed. The 1H NMR 

spectrum of the product (Figure 3.3) shows new resonances at 7.5 - 9.5 ppm, belonging to 

the aromatic protons of the 1-methylimidazolium substituent, and a sharp and strong peak 

at 4 ppm from the protons of the N-methyl group. The product 13C NMR spectrum (see 

Supporting Information, Figure S3.2) shows a new resonance for the imidazolium-

substituted C-6 at 50 ppm, and no trace of the brominated carbon (32 ppm) remains in the 

product spectrum. The weak signal at 62 ppm is from a small amount of C-6 acetylation 

from the side reaction with DMAc, as described for the pyridinium derivative. The FTIR 

spectrum (see Supporting Information, Figure S3.4) shows a C6ïN stretch at 1560 cm-1 and 

ester C=O stretch at 1761 cm-1, indicating successful incorporation of 1-

methylimidazolium, and suggesting retention of the 2, 3-O-ester groups. The absorption at 

ca. 3500 cm-1 is again likely from a small amount of moisture in the hygroscopic sample. 

The HMBC spectrum (Figure 3.4) shows that there is a correlation (blue circled) between 

the aromatic protons of the 1-methylimidazolium substituent (7.8 ppm) and C-6 (50 ppm), 

while no correlation between aromatic protons and other carbons on the cellulose backbone 

is found. The result from the HMBC spectrum supports the contention that the N-

heterocyclic substitution is regioselective and occurs exclusively at C-6. 
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Figure 3.3. 1H NMR spectrum of 6-(1-methyl-3-imidazolio)-6-deoxy-2,3-di-O-acetyl-

cellulose (6-MeIMCA). 

 

Figure 3.4. HMBC spectrum of 6-(1-methyl-3-imidazolio)-6-deoxy-2,3-di-O-acetyl-

cellulose (6-MeIMCA). 
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We explored reaction conditions seeking those that would achieve near-complete 

displacement, while being as efficient as possible with regard to reagent 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 alkyl bromide at C-6. First we examined the effect of 

the ratio of pyridine equiv/AGU (10 - 100) using an otherwise standardized set of 

conditions (6-BrCA in DMSO at 80 °C for 2 days), with product pyridinium DS calculated 

from 1H NMR spectra. As expected the reaction conversion (DS(Pyr+)) rises with 

increasing equivalents pyridine/AGU (Table 3.1), but DS(Pyr+) levels off around 0.70 as 

equiv. (pyridine) reaches 50/AGU. Therefore, we can conclude that DS(Pyr+) ~ 0.71 or 

conversion ~ 75% is the upper limit for this reaction under these conditions. In comparison 

to trialkylamine displacement, the DS(Pyr+) is much higher than that of triethylammonium 

obtained by SN2 substitution of the C-6 Br (DS ~ 0.4) under similar conditions.23 We expect 

that the higher DS(Pyr+) obtained 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 C-6 of 6-BrCA, affording high reaction efficiency, even though 

triethylamine is a stronger base than pyridine.35 The 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 (Pyr+) on reaction with 6-bromo-6-deoxy-2,3-di-O-acetyl-

cellulose*  

Equivalent / AGU 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 °C, conversion(%) = DS(Pyr+)/DS(Br) × 100% from 1H NMR. 

 

The relationship between equiv (10, 20, 30 or 40 per AGU) 1-methylimidazole and DS or 

reaction conversion was investigated in similar fashion as described for the pyridine 

reaction. In contrast to pyridine displacement, 1-methylimidazolium DS does not vary 

significantly with the molar excess of 1-methylimidazole, remaining around 0.79 (see 

Supporting Information, Table S3.2); 20 equiv 1-methylimidazole/AGU is enough to 

ensure maximum reaction conversion under these conditions, with no apparent deacylation 

as indicated by both 1H NMR and FTIR spectra. The highest DS(MeIM+) obtained from 1-

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 °C or 

higher,25 it was important to understand the kinetics of pyridine or 1-methylimidazole 
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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 with 6-BrCA and the reaction product was isolated after predetermined times 

(12, 24, 36, 48, 60 and 72 hours) for 1H NMR analysis (Table 2.2). After 12 h, DS(Pyr+) = 

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(Pyr+).  

 

Table 3.2. Kinetic study of pyridine displacement on 6-bromo-6-deoxy-2,3-di-O-acetyl-

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 °C, conversion(%) = DS(Pyr+)/DS(Br) × 100% from 1H NMR. 

 

A similar kinetic study was carried out to monitor 1-methylimidazole (10 equiv/AGU) 

substitution progress by 1H NMR analysis (Table 3.3). Imidazolium substitution increases 

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 (Table 3.2), even though a five-fold lower mole ratio of 1-

methylimidazole was used than for pyridine.  
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Table 3.3. Kinetic study of 1-methylimidazole displacement on 6-bromo-6-deoxy-2,3-di-

O-acetyl-cellulose*  

Reaction time (h) DS(MeIM+) 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 °C, conversion (%) = DS(MeIM+)/DS(Br) × 100% from 1H 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(MeIM+) = 0.79, while in the other solvents lower DS values were 

obtained (0.74 and 0.68 in DMAc and DMF, respectively (Table 3.4)). We attempted 

unsuccessfully to determine molecular weights for 6-PyrCA and 6-MeIMCA by size 

exclusion chromatography (SEC) in DMAc, THF or DMF systems, observing considerable 

aggregation in each solvent system, confirmed by dynamic light scattering experiments. 

This sort of behavior has been previously observed for other polyelectroytes upon 

attempted SEC analysis.36 Solubility of the cationic derivatives is also important to their 

suitability in biomedical and other applications. Both 6-PyrCA and 6-MeIMCA were found 

to exhibit good solubility in common polar aprotic solvents such as DMSO and DMF. 
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Moreover, whereas the starting 6-BrCA is insoluble in water, the 6-Pyr- (DS 0.71) and 6-

MeIM- (DS 0.79) derivatives are soluble in water (Figure 3.5), enhancing their potential 

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

 

Table 3.4. Solvent effects on 1-methylimidazole substitution* 

Solvent DS(MeIM+) 

DMSO 0.79 

DMAc 0.74 

DMF 0.68 

*at 80 °C for 24 h 

 

 

Figure 3.5. Comparison of water solubility among 6-bromo-deoxy-2,3-di-O-acetyl-

cellulose, 6-(1-methyl-3-imidazolio)-6-deoxy-2,3-di-O-acetyl-cellulose (1 mg/mL) and 6-

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

Thermal stability is of interest for these ammonium-containing polymers, since quaternary 

ammonium compounds (e.g. tetraalkylammonium salts) can undergo Hofmann elimination 

reactions at high temperature.37 Therefore, we investigated the thermal stability of 6-PyrCA 

and 6-MeIMCA using TGA. As Table 3.5 and Figure S3.5 (see Supporting Information) 

show, the degradation temperature (Td) of 6-BrCA is 207 °C, while 6-PyrCA (DS(Pyr+) = 

0.71) and 6-MeIMCA (DS(MeIM+) = 0.79) do not degrade until 250 °C. Moreover, three 

6-PyrCA samples with different DS(Pyr+) (0.25, 0.51 and 0.71) were compared with regard 

to thermal stability. It was interesting to observe (Table 3.6) that degradation temperature 

(Td) increases as DS(Pyr+) increases; the highest DS(Pyr+) (0.71) sample possesses the 

highest Td (249 °C). This interesting and unexpected thermal stability is worthy of further 

mechanistic study, but in any case is encouraging with regard to potential use of 6-PyrCA 

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

 

Table 3.5. Degradation temperatures of 6-bromo-deoxy-2,3-di-O-acetyl-cellulose (6-

BrCA), 6-pyridinio-6-deoxy-2,3-di-O-acetyl-cellulose (6-PyrCA) and 6-(1-methyl-3-

imidazolio)-6-deoxy-2,3-di-O-acetyl-cellulose (6-MeIMCA) 

Derivatives Td (°C)  

6-BrCA 207 

6-PyrCA 249 

6-MeIMCA 251 
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Table 3.6. Degradation temperatures of 6-pyridinio-6-deoxy-2,3-di-O-acetyl-cellulose (6-

PyrCA) vs. DS(Pyr+) 

DS(Pyr+) Td (°C)  

0.25 214 

0.51 224 

0.71 249 

 

3.4.4 Adsorption of cationic N-heterocyclic cellulose derivatives onto SAM-COOH 

surfaces 

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

quantify their interactions with anionic molecules and surfaces. As 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 self-assembled monolayer of 16-mercaptohexadecanoic acid (SAM-COOH). 

Ultrapure water was initially flowed over the SAM-COOH surfaces to reach equilibrium 

swelling. Once a stable baseline was established, 6-PyrCA or 6-MeIMCA aqueous solution 

was allowed to flow over the surface until adsorption ceased. Then 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/mL 6-PyrCA aqueous solution onto 

a SAM-COOH surface is provided in Figure 3.6. As Figure 3.6 shows, most of the 

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

remained attached to the SAM-COOH surface after the surface was rinsed with ultrapure 
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water. Moreover, the adsorption of 6-MeIMCA aqueous solution onto SAM-COOH 

monitored by SPR also exhibited a similarly high degree of irreversible binding. Thus, 

based upon these SPR results, it is demonstrated that 6-PyrCA and 6-MeIMCA are capable 

of binding strongly to hydrophilic and anionic molecules.  

 

Figure 3.6. Representative SPR data for the adsorption of 1 mg/mL 6-PyrCA onto SAM-

COOH surface. Label arrows indicate where a solution started flowing. 

 

At least three parallel trials were carried out for Dqsp at each concentration and Dqsp was 

converted to surface concentration (GSPR) using the formula of de Feijter et al.38: 

ː
Ў

ϳ ϳ
                                                        (1) 

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

index of water, (dq/dL) = 0.0039 degÅ¡-1 was obtained from Fresnel calculations, and 

(dn/dc) = 0.146 mL/g.39 
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Surface vs. bulk concentrations for 6-PyrCA and 6-MeIMCA adsorption onto SAM-

COOH surfaces are shown in Figure 3.7. Irreversible adsorption of 6-PyrCA and 6-

MeIMCA onto SAM-COOH surfaces plateaued at GSPR ~ 0.44 mg·m-2 and 0.47 mg·m-2, 

respectively. Values of GSPR for adsorption of both 6-PyrCA and 6-MeIMCA are 

remarkably similar to calculated values for a flat cellulose monolayer (~ 0.45 mg·m-2, 

assuming an anhydroglucose cross-sectional area of Ḑ66 Å2 ·molecule -1)40. Adsorption 

onto bare gold and SAM-CH3 surfaces was also investigated by SPR. Surface vs. bulk 

concentrations for 6-PyrCA and 6-MeIMCA adsorption onto bare gold surfaces are shown 

in Figure S10. Irreversible adsorption of 6-PyrCA and 6-MeIMCA onto bare gold surfaces 

plateaued at GSPR ~ 1.65 mg·m-2 and 1.55 mg·m-2, respectively. Wettabilities of different 

surfaces (bare gold, SAM-COOH and SAM-CH3) were also studied by static water contact 

angles before and after 6-PyrCA or 6-MeIMCA adsorption (see Supporting Information, 

Table S3.3). In addition to SPR and contact angle measurements, the surface morphologies 

were studied by atomic force microscopy (AFM) (see Supporting Information, Figures 

S3.11 and S3.12). Comparisons of AFM images and RMS roughness values revealed no 

significant differences between 6-PyrCA or 6-MeIMCA adsorption onto the SAM-COOH 

surfaces. The AFM images after 6-PyrCA or 6-MeIMCA adsorbed onto SAM-COOH are 

consistent with a flat monolayer. In contrast, 6-PyrCA or 6-MeIMCA adsorbed onto bare 

gold surfaces as aggregates with an increase in the RMS roughness. Similar behavior was 

observed for 6-PyrCA and 6-MeIMCA adsorption onto SAM-CH3 surfaces, although GSPR 

for 1 mg/mL solutions were smaller than for adsorption onto gold (see Supporting 

Information, Figure S3.13). For SAM-CH3 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 SAM-CH3 and gold surfaces 

indicates three-dimensional 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 quasi-two-dimensional conformations. 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 concentrations (G). 

 

Figure 3.7. Surface vs. bulk concentrations for (A) 6-PyrCA and (B) 6-MeIMCA 

adsorption onto SAM-COOH surfaces at 20 °C. The dashed lines are theoretical surface 

concentrations for 6-PyrCA and 6-MeIMCA adsorbed on SAM-COOH at pKd 5.5 and 5.6. 
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Based upon the scaling theory of polyelectrolyte adsorption at oppositely charged surfaces 

developed by Dobrynin et al.,41 at very low salt concentrations, two-dimensional (2D) 

adsorbed layers are formed due to the balance between chain entropy penalties and the 

energy gained through electrostatic attractions to the charged surface. Under these 

conditions, the 2D adsorbed polyelectrolyte neutralizes the oppositely charged SAM 

surface. Therefore, the surface charge density (s) for SAM-COOH is equal to and opposite 

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

ː - Î                                                              (2) 

where the equivalent molar mass per mole of charge Mblob = <M>/DS of the charged group 

(Pyr+ or MeIM+) and n, the moles of adsorbed charge per unit area is given as 

 Î  
ȿȿ
                                                                   (3) 

where ȿ„ȿ represents the absolute value of the surface charge density of the SAM-COOH, 

e is the elementary charge and NA is Avogadroôs number. 

 

Fears et al.42 published a model for s for SAMs. The Henderson-Hasselbalch equation 

relates the bulk pH to the relative concentrations of the protonated (CCOOH) and 

deprotonated (CCOO-) forms of the SAM-COOH molecules and their effective surface 

dissociation constant (Kd): 

Ð( Ð+ ÌÏÇ                                                         (4) 
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Rearrangement of Equation 4 yields the fraction (f) of ionized molecules in the SAM-

COOH: 

Æ                                               (5) 

The result of Equation 5 can be used to calculate s: 

ʎ
ȿȿ

πȢχτωȿÚȿÆ                                                       (6) 

where zi is -1 for SAM-COOH, and A = 21.4 Å2/alkanethiol chain is the cross-sectional 

area for an alkanethiol-SAM chain formed on a gold (111) surface43. 

 

Application of Equations 2, 3, 5 and 6 to the adsorption of 6-PyrCA and 6-MeIMCA 

requires a value for the pKd of the SAM-COOH. Literature values for pKd vary widely 

(5.2-10.3) for SAM-COOH on the basis of technique and length of the hydrocarbon spacer 

between the gold surface and the COOH. However, many of the effective pKd values for 

SAM-COOH are in a range of 5 to 6.42-44 Values of pKd = 5.5 and 5.6 for SAM-COOH, in 

conjunction with the measured average pH values for 1 mg/mL 6-PyrCA and 6-MeIMCA, 

of 4.7 and 4.8, respectively, bracketed the plateau regions of GSPR versus bulk concentration 

in Figure 7. These pKd values correspond to f = 0.14, s = 0.10 C/m2 and G = 0.46 mg/m2 

(pKd = 5.5, 6-PyrCA); f = 0.17, s = 0.12 C/m2 and G = 0.51 mg/m2 (pKd = 5.5, 6-MeIMCA); 

f = 0.11, s = 0.08 C/m2 and G = 0.38 mg/m2 (pKd = 5.6, 6-PyrCA); and f = 0.14, s = 0.10 

C/m2 and G = 0.42 mg/m2 (pKd = 5.6, 6-MeIMCA). These values along with the 

experimentally GSPR are reasonable and consistent with essentially monolayer adsorption 
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of 6-PyrCA and 6-MeIMCA on SAM-COOH via a charge neutralization mechanism in the 

low salt limit. This behavior is different from recent work in the literature46-48 for 

polysaccharide polyelectrolyte adsorption onto cellulose and other surfaces where ions 

such as Ca2+ and Na+ shift adsorption away from the low salt regime41 and afford thicker 

adsorbed polyelectrolyte layers because of charge screening. 

 

3.4.5 6-Imidazolyl -6-deoxy-2,3-di-O-acetyl-cellulose and 6-(1-(3-sulfopropyl)-3-

imidazolyl)-6-deoxy-2,3-di-O-acetyl-cellulose  

The success of 1-methylimidazolium substitution led us to believe that a variety of 

imidazolium-containing cellulose derivatives could be prepared in similar fashion. It was 

of particular interest for us to explore the reaction between 6-BrCA and imidazole. Unlike 

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

nitrogen atoms. If imidazole can be efficiently incorporated on cellulose via SN2 reaction 

of one basic imidazole nitrogen displacing a C-6 bromide, 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 also the danger 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 successful, excess 

imidazole was employed to react with 6-BrCA in DMSO at 80 °C for 48 h (Scheme 3.2). 

1H NMR spectroscopy (Figure 3.8) confirmed the identity of 6-IMCA; new resonances at 

8-10 ppm belong to the aromatic protons of the introduced imidazole substituent. The 13C 
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NMR spectrum (see Supporting Information, Figure S3.6) supported this proposed product 

identity; for example the chemical shift for substituted C-6 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. The highest DS of 6-IMCA obtained, 

as indicated by 1H NMR analysis, is 0.74. Thus, the reaction efficiency of imidazole 

substitution is close to that of 1-methylimidazole substitution, in spite of the fact that no 

charge is being generated. 6-IMCA 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 6-IMCA. Spectroscopic evidence and the good solvent solubility of 6-

IMCA support the notion that crosslinking has not occurred. 

 

Scheme 3.2.  Reaction scheme for the conversion of cellulose to a zwitterionic cellulose 

derivative. 
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Figure 3.8. 1H NMR spectra of 6-imidazolyl-6-deoxy-2,3-di-O-acetyl-cellulose (6-IMCA) 

and 6-(1-sulfonic propyl-3-imidazolyl)-6-deoxy-2,3-di-O-acetyl-cellulose (6-SPrIMCA). 

 

With the successful synthesis of un-crosslinked 6-IMCA, we wished to investigate whether 

the remaining basic nitrogen of the 6-IMCA imidazole substituents could be exploited to 

provide access to zwitterionic derivatives. Imidazoles have previously been used for 

preparing zwitterionic polymers.49 Thus, we attempted reaction of 6-IMCA with an 

electrophile that would generate negative charge by ring-opening reaction with the basic 

imidazole nitrogen, while simultaneously providing positive charge on nitrogen. As 
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Scheme 3.2 shows, 1,3-propane sultone (3 equiv per AGU) was employed as electrophile 

to react with 6-IMCA in DMSO at 70 °C. 1H NMR spectroscopy (Figure 3.8) confirms 

successful formation of the targeted poly(zwitterion), 6-SPrIMCA. Nucleophilic attack of 

the remaining basic imidazole 3-nitrogen upon the sultone creates a positive charge at the 

imidazolium atom, while at the same time an accompanying negative charge is created by 

the tethered sulfate leaving group. The resonances at 8-10 ppm 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 the 3-sulfopropyl group, and the protons of the 3-sulfopropyl group 

were assigned according to HSQC spectrum (Figure S7) and a previously published 

paper.49 The DS(3-sulfopropyl) calculated from the 1H NMR spectrum is 0.43. As is 

common for zwitterionic polymers, this zwitterionic 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 future work. 

 

3.5 Conclusions 

An efficient method has been developed for synthesizing cationic cellulose esters from 6-

bromo-2,3-di-O-acetyl-cellulose by regioselective substitution at C-6, affording cationic 

cellulose derivatives, 6-pyridinio-2,3-di-O-acetyl-cellulose and 6-(1-methyl-3-

imidazolio)-2,3-di-O-acetyl-cellulose, with high DS values. These cationic cellulose 

derivatives exhibit surprisingly high thermal stability and good water solubility. Based 

upon surface plasmon resonance experiments, these polysaccharide-based 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 applications 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 addition, 6-imidazolyl-6-deoxy-2,3-di-O-

acetyl-cellulose was prepared by reacting 6-bromo-2,3-di-O-acetyl-cellulose with 

imidazole, and was further functionalized by 1,3-propane sultone for generating a new 

zwitterionic cellulose derivative, 6-(1-(3-sulfopropyl)-3-imidazolyl)-6-deoxy-2,3-di-O-

acetyl-cellulose. This route to new zwitterionic 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 derivatives.50,51 The success of regio- and 

chemoselective pyridine and 1-methylimidazole substitutions points the way to broader 

exploration of other pyridinium and imidazolium derivatives of cellulose and other 

polysaccharides to generate a family of cationic N-heterocyclic polysaccharide derivatives. 

It will be useful to study other interesting properties of the cationic N-heterocyclic cellulose 

derivatives such as morphology and ion conductivity to gain structure/property relationship 

understanding, and reveal their potential for 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 acids or 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 



89 

 

these cationic and zwitterionic derivatives so as to obtain quantitative or near-quantitative 

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 

 

Figure S3.1. 13C NMR spectrum of 6-pyridinio-6-deoxy-2,3-di-O-acetyl-cellulose (6-

PyrCA). 
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Figure S3.2. 13C NMR spectrum of 6-(1-methyl-3-imidazolyl)-6-deoxy-2,3-di-O-acetyl-

cellulose (6-MeIMCA). 
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Figure S3.3. FTIR spectra of 6-pyridinio-6-deoxy-2,3-di-O-acetyl-cellulose (6-PyrCA) 

and 6-bromo-6-deoxy-2,3-di-O-acetyl-cellulose (6-BrCA). 

 



92 

 

 

Figure S3.4. FTIR spectra of 6-(1-methyl-3-imidazolyl)-6-deoxy-2,3-di-O-acetyl-

cellulose and 6-bromo-6-deoxy-2,3-di-O-acetyl-cellulose (6-BrCA). 
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Figure S3.5. Thermal stability of 6-bromo-6-deoxy-2,3-di-O-acetyl-cellulose (6-BrCA), 

6-pyridinio-6-deoxy-2,3-di-O-acetyl-cellulose (6-PyrCA) and 6-(1-methyl-3-imidazolyl)-

6-deoxy-2,3-di-O-acetyl-cellulose (6-MeIMCA). 
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Figure S3.6. 13C NMR spectrum of 6-imidazolyl-6-deoxy-2,3-di-O-acetyl-cellulose (6-

IMCA). 
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Figure S3.7. HSQC spectrum of 6-(1-sulfonic propyl-3-imidazolyl)-6-deoxy-2,3-di-O-

acetyl-cellulose (6-SPrIMCA). 
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Figure S3.8. DSC thermogram of 6-pyridinio-6-deoxy-2,3-di-O-acetyl-cellulose (6-

PyrCA). 
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Figure S3.9. DSC thermogram of 6-(1-methyl-3-imidazolyl)-6-deoxy-2,3-di-O-acetyl-

cellulose (6-MeIMCA). 
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Figure S3.10. Surface vs. bulk concentrations for (C) 6-PyrCA and (D) 6-MeIMCA 

adsorption onto bare gold surfaces at 20 °C. 
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Figure S3.11. AFM height images (5 mm ³ 5 mm) of (A) SAM-COOH coated SPR 

sensor, and (B) 1 mg/mL 6-PyrCA and (C) 1 mg/mL 6-MeIMCA adsorbed onto SAM-

COOH surfaces. RMS roughnesses for the images are (A) ~ 4.8 nm, (B) ~

(C) ~  

 

 

Figure S3.12. AFM height images (5 mm ³ 5 mm) of (D) bare gold SPR sensor, and (E) 

1 mg/mL 6-PyrCA and (F) 1 mg/mL 6-MeIMCA adsorbed onto bare gold surfaces. RMS 

roughnesses for the images are (D) ~ 2.5 nm, (E) ~ 8.5 nm, and (F) ~ 6.9 nm. 
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Figure S3.13. AFM height images (5 mm ³ 5 mm) of (G) SAM-CH3 coated SPR sensor, 

and (H) 1 mg/mL 6-PyrCA (GSPR ~ 0.9 mg·m-2) and (I) 1 mg/mL 6-MeIMCA (GSPR ~ 0.74 

mg·m -2) adsorbed onto SAM-CH3 surfaces. RMS roughnesses for the images are (G) ~ 5.4 

nm, (H) ~ 9.4 nm, and (I) ~ 11.9 nm. 
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Table S3.1. pKa values of triethylamine, pyridine and 1-methylimidazole 

Compound pKa 

triethylamine 11 

pyridine 5.2 

1-methylimidazole 7.4 

 

Table S3.2. Effect of equiv (MeIM) on reaction with 6-bromo-6-deoxy-2,3-di-O-acetyl-

cellulose 

Equivalent / AGU DS(MeIM+) 

10 0.74 

20 0.79 

30 0.79 

40 0.79 
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Table S3.3. Static water contact angles (q) of the different surfaces (bare gold, SAM-

COOH and SAM-CH3) before and after 6-PyrCA or 6-MeIMCA adsorption 

Surface q  

bare gold 73 ° 2 

6-PyrCA-bare gold 49 ° 1 

6-MeIMCA-bare gold 47 ° 2  

SAM-COOH 

6-PyrCA-SAM-COOH 

62 ° 1 

50 ° 1 

6-MeIMCA-SAM-COOH 49 °  

SAM-CH3 82 °  

6-PyrCA-SAM-CH3 52 °  

6-MeIMCA-SAM-CH3 59 ° 2 

Method: a contact angle measurement system, assembled 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 method. All the measurements were performed with at least three 

drops per surface, and an average value was calculated. 
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Chapter 4. Water-soluble Co-polyelectrolytes by 

Selective Modification of Cellulose Esters 

Liu, S.; Edgar, K. J. Carbohydrate Polymers 2017, 162, 1ï9. Used permission of 

Elsevier, 2017 

 

4.1 Abstract 

Cellulose-based materials are well-suited 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 no cationically charged cellulose esters. Herein we report a simple, effi cient 

strategy for synthesizing cationic, water-soluble co-polyelectrolytes from commercial, 

hydrophobic, renewable-based 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 phosphine-catalyzed bromination and 

subsequent displacement by an aromatic amine, affording high reaction conversions. We 

show that these 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 polysaccharide-based electrolytes starting from 

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 polymers, exhibit 

an incredibly wide range of natural functions including structural reinforcement1, energy 

storage2, modification of aqueous rheology3, and communication4. Native cellulose is a 

homopolymer ("4-b-D-Glcp-1") of the monosaccharide D-glucopyranose, without 

branching or substituents.5 Its derivatives dominate commercial uses and sales of 

polysaccharide derivatives.6 Application of native cellulose as a sustainable material is 

impeded by its insolubility in common solvents including water, poor dimensional stability, 

and lack of thermoplasticity. To increase its functionality and utility, researchers have 

tailored the chemical and physical properties of cellulosics using a variety of chemical 

modification techniques, resulting in a relatively small number of commercial derivatives. 

Hundreds of millions of kilograms of cellulose derivatives are sold annually and used for 

numerous applications including coatings, optical films, pharmaceuticals, and composite 

materials.7 

 

Esters of cellulose, including cellulose nitrate and its organic esters, have been among its 

most important and useful derivatives.6,8 More recently, the small set of cellulose organic 

esters that could be synthesized practically given the limitations of conventional 

esterification has been expanded9-16, assisted by the development of cellulose solvents17-19. 

Regioselective ester synthesis has afforded access to new structures and properties, e.g. 

through selective protection and deprotection20-30, oxidation at the primary alcohol groups 

31-35, and Staudinger reactions36,37. In 1992, Furuhata et al. reported a simple and powerful 

method for regioselective halogenation at the C-6 position38 by dissolving cellulose in 
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DMAc/lithium bromide, then adding triphenylphosphine (Ph3P) and N-bromosuccinimide 

(NBS). An advantage versus frequently-described cellulose tosylation is that Furuhata 

bromination is virtually quantitative and completely selective for C-6, in contrast with a 

significant amount of off-target reaction with tosylation.39-43 6-Deoxy-6-bromocellulose 

has proven to be a versatile intermediate for further modification of cellulose. Thiols can 

effectively displace the 6-bromide, thereby regioselectively attaching different pendent 

functional groups, such as carboxylic acids to form anionic cellulose derivatives44 or 

reaction with sodium sulfite can afford water-soluble 6-sulfonate derivatives45.  

 

Cationic cellulose derivatives have recently received increasing attention, since they are 

capable of binding electrostatically with anionic biomolecules including nucleic acids and 

certain proteins to produce therapeutically useful polyelectrolyte complexes.46 Compared 

to synthetic cationic polymers, cationic cellulose derivatives may in some cases be more 

attractive candidates for therapeutic uses because they frequently are more biocompatible 

and biodegradable, and have low immunogenicity.47 Recently we have prepared cationic 

derivatives of cellulose and other glucans that possess free 6-OH groups by reacting 

trialkylamines with 6-bromo-6-deoxyglucans, for example 6-bromo-6-deoxy-2,3-O-

diacetyl-cellulose, which is generated from native cellulose by Furuhata bromination and 

in situ peracylation.48 However, we found that such nucleophilic bromide displacements 

by trialkylamines are quite difficult to drive to high reaction conversion, possibly due to 

developing charge-charge repulsion in the increasingly cationic product.48-50 We have also 

observed that aromatic amines (e.g., pyridine and 1-methylimidazole) are more efficient 

nucleophiles in such displacement reactions, affording high DS values of the cationic 
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substituents.49 These cationic cellulose derivatives exhibit surprisingly high thermal 

stability and good water solubility, and are capable of binding irreversibly to hydrophilic 

and anionic surfaces. However, all of these cationic cellulose ionomers synthesized using 

phosphine-catalyzed bromination and aromatic amine displacements were derived from 

low degree of polymerization (DP) microcrystalline 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 starting DP (DP < 

100) restricts the utility of its derivatives for plastics and other applications where high DP 

(DP > 100) is needed. Also, since 100% conversion of the 6-bromo groups of 6-bromo-6-

deoxycellulose to cationic substituents is very difficult to achieve, the products still contain 

6-bromide residues, which could be alkylating sites in 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 long as they contain substantial DS of residual 6-OH groups. Such starting 

materials could in theory afford quantitative conversion of the resulting 6-bromo groups 

to, e.g., ammonio substituents (since positive charges would be on average more widely 

separated), and provide water- and organic-soluble, 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 

presence in 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 6-OH groups will afford selectively, partially brominated 6-bromo-

6-deoxy cellulose ester derivatives. We further hypothesize that displacement of these 6-

bromo groups by tertiary amines will afford, in high conversion, 6-ammonio-6-

deoxycellulose ester polyelectrolytes that will have high DP, and good solubility in both 

water and organic solvents. In this work, we attempt to confirm these hypotheses by 

applying phosphine-catalyzed bromination and subsequent aromatic amine displacements 

to commercial cellulose esters, in order to prepare cellulose-based sustainable materials for 

advanced technologies. We selected a commercial cellulose acetate with high DS(OH), 

cellulose acetate (DS(Ac) 1.78, vide infra), as substrate for our planned phosphine-

catalyzed bromination. We report attempts to functionalize the resulting derivative by azide 

and aromatic amine displacements to prepare cellulose-based N-containing copolymers, 

including polyelectrolytes. 

 

4.3 Materials and methods 

4.3.1 Materials 

Cellulose acetate (CA320S, DS(Ac) 1.78, DS(6-OH) 0.49 (measured using 

perpropionylated sample by 1H nuclear magnetic resonance (NMR)), DP = 191 (measured 

before use. N-Bromosuccinimide (NBS, 99%, Acros) was recrystallized from boiling water 
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and dried for two days under reduced pressure over anhydrous calcium chloride. 4-

(Dimethylamino)pyridine (DMAP, Sigma-Aldrich), triphenylphosphine (Ph3P, Sigma-

Aldrich), sodium azide (NaN3, Fisher), pyridine (anhydrous, 99+%, AcroSeal), imidazole 

(99+%, Sigma-Aldrich), 1-methylimidazole (99+%, Sigma-Aldrich), methyl iodide 

(Sigma-Aldrich), and potassium bromide (KBr, Sigma-Aldrich) were used as received. 

Methanol, ethanol and N-methyl-2-pyrrolidone (NMP) were from Fisher Scientific, 

Pittsburgh, PA and used as received. N, N-Dimethylacetamide (DMAc, Fisher), propionic 

anhydride (Sigma-Aldrich), and dimethyl sulfoxide (DMSO, Acros) were kept over 4 Å 

molecular sieves under dry nitrogen until use. Regenerated cellulose dialysis tubing (3500 

g/mol molecular weight cut-off (MWCO)) was purchased from Fisher and used as 

received. 

 

4.3.2 Measurements  

1H and 13C NMR spectra were obtained on a Bruker AVANCE II 500 MHz spectrometer 

in DMSO-d6 at room temperature or 50 ̄C. Infrared spectroscopic analyses of samples as 

pressed KBr pellets were obtained on a Thermo Electron Nicolet 8700 instrument using 64 

scans and 4 cm-1 resolution. Size exclusion chromatography (SEC) was performed on 

Agilent 1260 Infinity MultiDetector SEC using DMAc with 0.05 M LiCl as the mobile 

phase (50 ̄C) with 3 PLgel 10 mm mixed-B 300 × 7.5 mm columns in series. Data 

acquisition and analysis was conducted using Astra 6 software (Wyatt Technology 

Corporation, Goleta, CA). Monodisperse polystyrene standard (Mw Ḑ 21k, polydispersity 

index (PDI) Ḑ 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 II analyzer. Carbon 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 25 C̄. DS values were determined by means of 

1H NMR spectroscopy, according to the following equations, respectively. 
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4.3.3 Perpropionylation of CA320S 

Cellulose acetate (CA320S) was propionylated for easier NMR analysis using methods 

first described by the Heinze group and adapted from previous studies15,51,52. 4-

(Dimethylamino)pyridine (15 mg) and propionic anhydride (4 mL) were added to a 

solution of CA320S (300 mg) in pyridine (4 mL) at 80 C̄ and stirred for 24 h, then the 

cooled reaction solution was added slowly to ethanol. The precipitated product was 

collected by fi ltration 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 yield the 

perpropionylated CA320S. 

 

4.3.4 Regioselective bromination of CA320S  

In a 100 mL three-necked round-bottom flask, 1.00 g CA320S (4.22 mmol) was dissolved 

in 40 mL of DMAc. Ph3P (3 equiv per AGU, 12.66 mmol, 3.32 g) and NBS (3 equiv per 

AGU, 12.66 mmol, 2.25 g) were separately dissolved in 10 mL portions of DMAc. The 

Ph3P solution was added dropwise to the CA320S solution, followed by the dropwise 

addition of the NBS solution. The resulting solution was heated to 70 C̄ under nitrogen 

for 1 h while stirring. It was then 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 overnight in a vacuum oven at 50 ̄C, affording (6-bromo-6-deoxy)-co-(6-O-

acetyl)-CA 320S (6-BrCA320S) (992 mg, 3.59 mmol). Yield: 85%. 13C NMR (500 MHz, 

CDCl3): 21.06 (Oï(C=O)ïCH3), 33.52 (C-6ïBr), 62.87 (C-6ôïOïAc) 71.84-78.46 (C-2, 

C-3, C-4 and C-5), 100.09 (C-1), 103.47 (C-1ô), 170.85 (Oï(C=O)ïCH3). 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.  

 

4.3.5 Synthesis of (6-azido-6-deoxy)-co-(6-O-acetyl)-CA320S (6-N3CA320S) 

In a 100 mL three-necked round-bottom flask, 250 mg 6-BrCA320S (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 flask. The solution was heated to 80 C̄ and stirred at that temperature for 24 



117 

 

h under nitrogen. The 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 

freeze-dried to yield 6-N3CA320S (207 mg, 0.79 mmol). Yield: 87%. 13C NMR (500 MHz, 

DMSO-d6): 21.02 (Oï(C=O)ïCH3), 50.41 (C-6ïBr), 62.86 (C-6ôïOïAc), 77.00-81.00 (C-

2, C-3, C-4 and C-5), 99.75 (C-1), 103.05 (C-1ô), 169.86 (Oï(C=O)ïCH3). Elemental 

analysis: %C 45.13, %H 5.30, %N 7.86, %Br None Found (Theoretical: (DS(N3) 0.49) %C 

44.70, %H 6.90, %N 7.99, %Br 0). DS by elemental analysis: DS(N3) 0.49.  

 

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

In a 100 mL three-necked round-bottom flask, 250 mg 6-BrCA320S (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 80 C̄ and stirred at that temperature for 48 h under 

nitrogen. The cooled solution was then transferred to dialysis tubing. After dialysis (3 days 

against ethanol, then 3 days against deionized water), the solution was freeze-dried to yield 

6-PyrCA320S (243 mg, 0.80 mmol). Yield: 89%. 1H NMR (500 MHz, DMSO-d6): 1.84-

2.07 (Oï(C=O)ïCH3), 3.00-6.00 (cellulose backbone), 8.22 (NïCH=CHïCH), 8.67(Nï

CH=CHïCH), 8.95 (NïCH=CHïCH); 13C NMR (500 MHz, DMSO-d6): 20.65 (Oï(C=O)ï

CH3), 60.98 (C-6), 62. 85 (C-6ô), 71.00-77.00 (C-2, C-3, C-4 and C-5), 99.73 (C-1), 103.16 

(C-1ô), 128.26 (NïCH=CHïCH), 146.41 (NïCH=CHïCH and NïCH=CHïCH), 169.86 

(Oï(C=O)ïCH3). DS by 1H NMR: DS(Pyr+) 0.41, DS(Ac) 1.82. Elemental analysis: %C 

44.09, %H 4.91, %N 1.91, %Br 8.62 (Theoretical: (DS(Pyr+) 0.49) %C 45.65, %H 6.41, 

%N 2.21, %Br 12.44). DS by elemental analysis: DS(Pyr+) 0.42.  
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4.3.7 Synthesis of (6-(1-methyl-3-imidazolio)-6-deoxy)-co-(6-O-acetyl)-CA320S (6-

MeIMCA 320S)  

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

necked round-bottom flask. 1-Methylimidazole (1.47 g, 18 mmol, 20 equiv per AGU) was 

added to the flask. The solution was heated to 80 ̄C 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 was freeze-dried to 

yield 6-MeIMCA320S (255 mg, 0.81 mmol). Yield: 90%. 1H NMR (500 MHz, DMSO-

d6): 1.86-2.07 (Oï(C=O)ïCH3), 3.00-6.00 (cellulose backbone and NïCH3), 7.69-7.82 (Nï

CH=CHïNïCH3 and NïCH=CHïNïCH3), 9.14 (N=CHïNïCH3); 13C NMR (500 MHz, 

DMSO-d6): 20.64 (Oï(C=O)ïCH3), 36.23 (NïCH3), 49.55 (C-6), 63.01 (C-6ô), 71.00-

80.00 (C-2, C-3, C-4 and C-5), 99.80 (C-1), 103.57 (C-1ô), 123.50 (NïCH=CHïNïCH3), 

123.70 (NïCH=CHïNïCH3), 137.69 (N=CHïNïCH3), 169.82 (Oï(C=O)ïCH3). DS by 

1H NMR: DS(MeIM+) 0.46, DS(Ac) 1.70. Elemental analysis: %C 44.28, %H 5.32, %N 

4.19, %Br 6.63 (Theoretical: (DS(MeIM+) 0.49) %C 47.53, %H 6.54, %N 4.34, %Br 

12.39). DS by elemental analysis: DS(MeIM+) 0.47.  

 

4.3.8 One pot synthesis of 6-MeIMCA320S 

CA320S (1.00 g, 4.22 mmol) was dissolved in 40 mL of DMAc in a 100 mL three-necked 

round-bottom flask. Ph3P (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. The Ph3P 

solution was added dropwise to the CA320S solution, followed by the dropwise addition 

of the NBS solution. The resulting solution was heated to 70 C̄ under nitrogen for 1 h 
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while stirring. 1-Methylimidazole (20 equiv per AGU) was added to the flask. The solution 

was heated to 80 ̄C 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 was freeze-dried to yield 6-MeIMCA 320S (990 

mg, 3.19 mmol). Yield: 88%. 1H NMR (500 MHz, DMSO-d6): 1.86-2.07 (Oï(C=O)ïCH3), 

3.00-6.00 (cellulose backbone and NïCH3), 7.69-7.82 (NïCH=CHïNïCH3 and Nï

CH=CHïNïCH3), 9.14 (N=CHïNïCH3); 13C NMR (500 MHz, DMSO-d6): 20.66 (Oï

(C=O)ïCH3), 36.27 (NïCH3), 49.59 (C-6), 63.04 (C-6ô), 71.00-80.00 (C-2, C-3, C-4 and 

C-5), 99.80 (C-1), 103.57 (C-1ô), 123.68 (NïCH=CHïNïCH3 and NïCH=CHïNïCH3), 

138.50 (N=CHïNïCH3), 170.86 (Oï(C=O)ïCH3). DS by 1H NMR: DS(MeIM+) 0.41, 

DS(Ac) 1.70. 

 

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

quaternization of 6-IMCA320S 

In a 100 mL three-necked round-bottom flask, 6-BrCA320S (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 80 C̄ and 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 vacuum overnight to yield 6-IMCA320S (192 mg, 0.71 

mmol). Yield: 79%. 1H NMR (500 MHz, DMSO-d6): 1.70-2.30 (Oï(C=O)ïCH3), 3.00-

6.00 (cellulose backbone), 7.60-7.80 (NïCH=CHïN and NïCH=CHïN), 8.80-9.10 (Nï

CH=N); 13C NMR (500 MHz, DMSO-d6): 21.03 (Oï(C=O)ïCH3), 46.90 (C-6), 62.88 (C-
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6ô), 71.00-77.00 (C-2, C-3, C-4 and C-5), 99.72 (C-1), 103.17 (C-1ô), 120.50 (NïCH=CHï

N), 128.78 (NïCH=CHïN), 138.35 (NïCH=N), 169.89 (Oï(C=O)ïCH3). DS by 1H NMR: 

DS(IM) 0.49, DS(Ac) 1.77. Elemental analysis: %C 49.41, %H 5.63, %N 4.82, %Br 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 round-bottom flask, 6-IMCA320S (100 mg, 0.37 mmol) was dissolved in 10 

mL of NMP. Methyl iodide (10 equiv per AGU) was added to the flask. The solution was 

heated to 50 ̄C 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 6-MeIMCA320S (101 mg, 0.32 mmol). Yield: 86%. 1H NMR (500 MHz, 

DMSO-d6): 1.86-2.07 (Oï(C=O)ïCH3), 3.00-6.00 (cellulose backbone and NïCH3), 7.69-

7.82 (NïCH=CHïNïCH3 and NïCH=CHïNïCH3), 9.14 (N=CHïNïCH3); 13C NMR (500 

MHz, DMSO-d6): 20.56 (Oï(C=O)ïCH3), 36.17 (NïCH3), 49.49 (C-6), 63.08 (C-6ô), 

71.00-80.00 (C-2, C-3, C-4 and C-5), 99.83 (C-1), 103.58 (C-1ô), 123.82 (NïCH=CHïNï

CH3 and NïCH=CHïNïCH3), 138.58 (N=CHïNïCH3), 170.94 (Oï(C=O)ïCH3). DS by 

1H 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 involves peracylation followed by 
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back-hydrolysis to the desired DS(acyl), CA 320S should have a relatively high DS(6-OH) 

(since the primary alcohol acetate has wider approach angles and therefore should be 

hydrolyzed most rapidly). In order to measure the acetyl content at each position, CA320S 

was perpropionylated by reacting with propionic anhydride in the presence of pyridine and 

DMAP. The acetyl singlets in the 1H NMR spectrum were readily assigned based on 

HMBC and other NMR methods15, and thus readily quantified by the ratios of their 

integrals to that of the backbone protons. By this method (Figure S1), DS(Ac) for CA 320S 

calculated is 1.78, which is consistent with previous reports (Zheng, Gandour & Edgar, 

2013a). DS(6-Pr) calculated from 1H NMR is 0.49. Therefore, DS(6-Ac) is 0.51 and DS(6-

OH) is 0.49 (see Table S4.1 for other positional DS data by this method).  
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Scheme 4.1. Reaction scheme for conversions of CA320S to 6-N3CA320S, 6-PyrCA320S 

and 6-MeIMCA320S. 

 

4.4.1 6-BrCA320S 

We attempted to brominate CA320S using a procedure adapted from Furuhata et al.38, 

reacting with Ph3P and NBS in DMAc at 70 ̄C for 1 h (Scheme 4.1). The product 13C 

NMR spectrum (Figure 4.1) provides confirmation that the desired C-6 bromination has 

cleanly occurred. A new resonance appears at 37 ppm, consistent with bromo-substituted 



123 

 

C-636. Based on previous reports49,50, the resonance at 63 ppm is from 6-carbons bearing 

acetyl groups. Resonances at 130 and 135 ppm indicate that the product contains small 

proportions of Ph3P and its oxide; as in our previous studies, it was difficult to completely 

remove phosphine impurities from the initial brominated product.36,43 Satisfyingly, DS(Br) 

calculated from elemental analysis was 0.49. Since the DS(6-OH) of CA320S was 

measured as 0.49 by integration of the 6-propionate methyl in the perpropionylated 

product, C-6 bromination is quantitative. The resulting 6-BrCA320S 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 cleanly and quantitatively on a cellulose ester was a promising 

start.  

 

 

Figure 4.1. 13C NMR spectrum of 6-BrCA320S. 
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4.4.2 Azide displacement  

The key remaining questions were whether the 6-bromo substituents of 6-BrCA320S were 

sufficiently susceptible to nucleophilic displacement, and whether the reaction would be 

free of side reactions like base-catalyzed deacylation. We first explored displacement by 

the highly nucleophilic azide. The Edgar and Kaplan groups, for example, have previously 

demonstrated that bromide displacement by azide was efficient on 6-bromo-6-

deoxypolysaccharide derivatives of native cellulose, amylose, pullulan, and 

curdlan.36,39,42,43 In addition, azide is a useful handle for click chemistry53 or Staudinger 

ligations54, permitting complex and useful polysaccharide functionalization. In the event, 

reaction of 6-BrCA320S with NaN3 in DMSO at 80 ̄ C for 24 h (Scheme 4.1) was 

successful. By 13C NMR (Figure S4.2), the C-Br peak at 37 ppm was absent in the product, 

while a new peak at 50 ppm was assigned as the C-N3 resonance. The product FTIR 

spectrum (Figure S4.3) is conclusive, with a strong azide absorption at 2110 cm-1 and a 

carbonyl absorption from the ester at 1760 cm-1, supporting successful azide displacement 

without apparent loss of ester groups. The absorption at 3500 cm-1 results from the 

unreacted (as expected) secondary OH groups at C-2 and C-3, and possibly from trace 

moisture in the sample. Elemental analysis indicated DS(N3) 0.49, with no bromine content 

found, supporting quantitative overall conversion of the original 6-OH groups to 6-N3 

groups. Successful synthesis of azido-substituted cellulose ester co-polymers creates a 

gateway to a panoply of useful, regioselectively functionalized cellulose-based amines and 

amides43. 
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4.4.3 Cationic copolymer electrolytes (6-PyrCA320S and 6-MeIMCA320S) derived 

from 6-BrCA320S 

We first tested our hypothesis that the lower DS(Br) of 6-BrCA320S would permit more 

complete displacement by aromatic amines by reacting pyridine with 6-BrCA320S in 

DMSO at 80 ̄C for 48 h (Scheme 4.1). In the product 13C NMR spectrum (Figure S4.4), 

the peak for 6-bromide at 37 ppm was absent, while the new peak at 61 ppm is consistent 

with pyridinio-substituted C-6. The 1H NMR spectrum also supported product 

identification as 6-PyrCA320S (Figure 4.2); new resonances at 8-10 ppm are assigned to 

the aromatic protons of the added pyridinium substituent. DS(Pyr+) calculated from 1H 

NMR is 0.41, implying that the reaction conversion is 84%. The conversion is indeed 

higher than from pyridine displacement on 6-bromo-6-deoxy MCC (75%)49. Still 

incomplete conversion may result from the fact that pyridine is a weak base and thus not a 

very good nucleophile for SN2 displacement. Pyridine acting as a base could in theory have 

catalyzed deacylation of some cellulose ester groups. However, DS(Ac) was measured by 

1H NMR to be 1.75 (vs. the starting CA 320S DS(Ac) of 1.78), indicating that little or no 

deacetylation occurred during phosphine-catalyzed bromination and pyridine 

displacement. 
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Figure 4.2. 1H NMR spectrum for 6-PyrCA320S. 

 

In order to improve the conversion, we explored displacement by the more basic and 

nucleophilic 1-methylimidazole. Reaction of 6-BrCA320S with 1-methylimidazole in 

DMSO at 80 ̄C for 48 h (Scheme 4.1) afforded a product whose 13C NMR spectrum 

(Figure S4.5) shows a new resonance for the imidazolium-substituted C-6 around 50 ppm; 

no trace of the brominated carbon (37 ppm) remains. The product 1H NMR spectrum 

(Figure 4.3) shows new resonances at 7.5 - 9.5 ppm, assigned to the aromatic protons of 

the 1-methylimidazolium substituent, and a sharp and strong peak at 4 ppm from the 

protons of the N-methyl group. DS(MeIM+) calculated from 1H NMR is 0.46, implying 

that the reaction conversion 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-



127 

 

brominated MCC (83%), consistent with the hypothesis that developing charge density 

(higher in 6-BrMCC) limits conversion49. The DS(Ac) of 6-MeIMCA320S calculated from 

1H NMR is 1.70, again indicating that there is no significant deacetylation during the 

reaction. 

 

 

Figure 4.3. 1H NMR spectrum for 6-MeIMCA320S. 

 

4.4.4 One-Pot synthesis of 6-MeIMCA320S 

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

methylimidazole as nucleophile, we wondered whether bromination and aromatic amine 

displacement could be carried out in one pot without isolation of the intermediate in order 

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

Ph3P in DMAc (70 ̄ C, 1 h). Then 1-methylimidazole was added to this solution, and 

temperature was increased to 80 ̄C for 48 h. The 13C NMR spectrum (Figure 4.4) of the 
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product isolated from this one-pot sequence had a new resonance for the imidazolium-

substituted C-6 around 50 ppm, with no trace of the brominated carbon (37 ppm). Both 1H 

and 13C NMR spectra were essentially identical to those of the product from ñ2-potò 

synthesis, indicating that the one-pot reaction was successful. DS(MeIM+) calculated from 

1H NMR spectrum of the one-pot sequence product was 0.41, slightly lower conversion 

(84%) than in the 2-pot sequence.  

 

 

Figure 4.4. 13C NMR spectrum for one-pot synthesized 6-MeIMCA320S. 

 

4.4.5 6-IMCA320S and quaternization of 6-IMCA320S 

Successful 1-methylimidazole displacement at rather high conversion was encouraging, 

but conversion was still short of 100%. This was perhaps due to random instances along 

the CA-320S chain where multiple successive monosaccharides had free 6-OH groups, 



129 

 

thus resulting in charge repulsion between the eventual neighboring cationic groups. On 

the other hand, displacement by azide, since it did not generate charged groups, was 

quantitative. 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 expected to occur in quantitative fashion, eliminating all 6-bromide groups. Note 

that, unlike 1-alkylimidazoles, imidazole contains two nucleophilic nitrogen atoms. If 

imidazole can be effi ciently appended to C-6 of cellulose via SN2 bromide displacement, 

the other basic 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 propane sultone49, and 

these derivatives would not possess any undesirably reactive alkyl bromide groups. It has 

also been demonstrated that the imidazole group can be involved in metal-ligand 

interactions with metal ions, e.g. zinc ions.55  

 

There was some concern that reaction with difunctional imidazole could cause cross-

linking by further reaction of the second nucleophilic nitrogen with 6-bromo-6-deoxy 

substituents on other cellulose chains. To avoid such crosslinking, excess imidazole was 

employed to react with 6-BrCA in DMSO (80 C̄, 48 h, Scheme 4.2). The product 13C 

NMR spectrum (Figure S4.6) confirmed the desired product identity; for example, the 

imidazole-substituted C-6 appeared at 48 ppm, shifted downfield from 32 ppm in the 

brominated starting material. No trace of the starting material brominated carbon remains 

in the product spectrum. 1H NMR spectroscopy (Figure 4.5) also supported product identity 

as 6-IMCA320S; new peaks at 8-10 ppm are assigned to the aromatic protons of the 
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incorporated imidazole substituent. Elemental analysis indicated no residual bromine in the 

product, confirming quantitative nucleophilic displacement by imidazole (DS(IM) 0.49, 

confirmed by 1H NMR). 6-IMCA exhibits good solubility in common organic solvents 

including DMSO and DMF, whereas the uncharged polymer is insoluble in water. This 

good solvent solubility along with the spectroscopic evidence support the notion that no 

cross-linking has occurred during 6-IMCA synthesis.  

 

 

Scheme 4.2. Reaction scheme for conversion of 6-BrCA320S to 6-IMCA320S. 

 

 

Figure 4.5. 1H NMR spectrum of 6-IMCA320S. 
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Next, we used the fully converted, bromide-free imidazolyl derivative for further 

polyelectrolyte preparation. We wished to investigate whether the remaining basic nitrogen 

of the 6-IMCA imidazole substituents could be exploited to provide access to bromide-free 

polyelectrolyte. As Scheme 4.3 shows, methyl iodide (10 equiv/AGU) was employed as 

electrophile to react with 6-IMCA in NMP at 50 ̄C. 1H NMR spectroscopy (Figure S4.7) 

confi rms successful formation of the targeted cationic ionomer, 6-MeIMCA. Nucleophilic 

attack of the remaining basic imidazole 3-nitrogen upon methyl iodide creates a positive 

charge at the imidazolium atom. The resonances at 8-10 ppm are due to the aromatic 

protons of the 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 by 1H NMR is 0.39. 13C NMR spectroscopy (Figure 

S4.8) also shows a new resonance at 37 ppm which we assign to the methyl group appended 

to the cationic nitrogen atom of imidazole. Based on 1H NMR and FTIR spectroscopy 

(Figure S4.9), it appears that the quaternization reaction does not greatly affect the acetyl 

groups of CA320S. DS(Ac) 1.70 calculated by 1H NMR (supported by the strong carbonyl 

absorbance at ca. 1750 cm-1 in the FTIR spectrum) means that there is no significant loss 

of ester groups of cellulose esters during imidazole displacement and quaternization by 

methyl iodide. 
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Scheme 4.3. Quaternization of 6-IMCA320S with methyl iodide.  

 

4.4.6 Water solubility and zeta potential of 6-PyrCA320S and 6-MeIMCA320S 

Having successfully prepared cationic cellulose-based polyelectrolytes from a commercial 

cellulose ester (CA320S), an important question was whether these amphiphilic 

polyelectrolytes would have sufficient water solubility for the anticipated biomedical 

applications. We found that relatively concentrated (50 mg/mL) aqueous solutions could 

be prepared from either 6-PyrCA320S or 6-MeIMCA320S, in addition to their good 

organic solubility in DMF and DMSO. It is interesting to note that 6-PyrCA320S and 6-

MeIMCA320S are more water soluble than pyridine (DS(pyridinio) = 0.71) or 1-

methylimidazole (DS(methylimidazolio) = 0.79) substituted cellulose acetate (acetylated 

at the C-2/3 positions) derived from MCC49, in spite of the overall lower charge density of 

the CA 320S-based polymers. Improved solubility could be due in part to the reduced 

stereoregularity of the CA 320S derivatives (leading to less tendency to crystallize or self-

associate), and could also be influenced by fact that CA320S retains some hydrophilic 

hydroxyl groups at C-2 and C-3.  

 

Since the cationic polyelectrolytes are very soluble in water, we measured zeta (z)-

potentials for aqueous solutions (0.1 mg/mL) of our polyelectrolytes to confirm the 
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expected charge. Zeta potential measurement is a simple but powerful tool to prove the 

successful preparation of cationic cellulose ionomers by phosphine-catalyzed bromination 

and subsequent aromatic amine displacement, and to affirm polyelectrolyte nature prior to 

testing in biomedical and other potential uses. The zeta-potential values for 6-PyrCA 320S 

and 6-MeIMCA320S solutions were + 52.43 ° 1.16 mV and + 52.68 ° 0.19 mV, 

respectively, consistent with the proposed polyelectrolyte structures.  

 

4.5 Conclusions  

A simple and effi cient (high yields and conversions) strategy has been developed for 

preparing renewable-based copolymers containing useful leaving groups at C-6 by 

PPh3/NBS bromination of commercial cellulose esters, with complete regio- and 

chemoselectivity. We show that displacement of these new C-6 bromides to afford 

uncharged products (6-azide, 6-imidazolyl) is quantitative, providing derivatives with high 

promise for introduction of amine or amide (azide) or cationic/zwitterionic (6-imidazolyl) 

functional groups to form derivatives that contain no residual 6-bromide and will therefore 

be devoid of toxicity therefrom. The 6-bromo-6-deoxy copolymers are also useful 

precursors to cationic polyelectrolytes, demonstrated for 6-BrCA320S by nucleophilic 

displacement with aromatic amines including pyridine and 1-methylimidazole. These 

polyelectrolytes exhibit very good solubility in water. Note that it should be possible to 

eliminate the (for some purposes) undesired residual 6-Br substituents by polishing 

reaction with a neutral nucleophile, such as imidazole or a thiol. Moreover, we 

demonstrated that neutral 6-IMCA320S, prepared by imidazole displacement reaction of 

6-BrCA320S in quantitative conversion and high yield, provides an efficient pathway to 
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bromide-free polyelectrolytes, by quaternization of the other imidazole nitrogen with 

methyl iodide.  

 

It is perhaps surprising and certainly satisfying that such halogenation and 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 polysaccharide ester derivatives, in a few steps 

from readily available commercial polymers. Availability of these polysaccharide-based 

electrolytes will accelerate structure-property relationship studies for a variety of emerging 

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

anionic drugs, and epithelial tight junction opening for oral protein delivery. The ability to 

prepare neutral 6-IMCA320S by related, quantitative displacement reactions of 6-

BrCA320S provides access to other interesting applications requiring zwitterionic 

polyelectrolytes (e.g. antifouling applications), by reaction with propane sultone or related 

reagents. The simple methodology for preparing water-soluble (and amphiphilic) 

derivatives from relatively hydrophobic 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 the cationic cellulose derivatives and biomolecules such as nucleic acids or certain 

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

 

 

 



135 

 

4.6 Supporting information  

 

Table S4.1. Degree of Substitutions (DSs) of Perpropionylated CA320S. 

 

DS(Pr) DS(Ac) 

6- 0.49 0.56 

2,3- 0.91 1.22 

*Measured by 1H NMR 

 

Table S4.2. SEC Data for CA320S, 6-BrCA320S and 6-N3CA320S. 

 
Mn (kDa) Mw (kDa) PDI (Mw/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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Figure S4.1. 1H NMR spectrum of perpropionylated CA320S. 
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Figure S4.2. 13C NMR spectrum of 6-N3CA320S. 
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Figure S4.3. FTIR Spectrum of 6-N3CA320S. 
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Figure S4.4. 13C NMR spectrum of 6-PyrCA320S. 
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Figure S4.5. 13C NMR spectrum of 6-MeIMCA320S. 
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Figure S4.6. 13C NMR spectrum of 6-IMCA320S. 
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Figure S4.7. 1H NMR spectrum of 6-IMCA320S quaternized with methyl iodide. 
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Figure S4.8. 13C NMR spectrum of 6-IMCA320S quaternized with methyl iodide. 
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Figure S4.9. FTIR spectrum of 6-IMCA320S quaternized with methyl iodide. 
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Chapter 5. Selective Synthesis of Curdlan w-

Carboxyamides by Staudinger Ylide Nucleophilic Ring-

opening 

 

5.1 Abstract  

Chemoselective modification of polysaccharides is a significant challenge, and 

regioselective modification is even more difficult, due to the low and similar reactivity of 

the various polysaccharide hydroxyl groups directly linked to the main polymer chain. 

Bromination of glycans that possess free 6-OH groups is exceptional in that regard, giving 

regiospecific, high-yield access to 6-bromo-6-deoxyglycans. Herein we report a simple and 

effi cient pathway for synthesizing 6-w-carboxyalkanamido-6-deoxy-containing 

polysaccharide derivatives in a sequence starting from 6-bromo-6-deoxycurdlan, via azide 

displacement, then conversion of the azide to the iminophosphorane ylide by 

triphenylphosphine (Ph3P). We take advantage of the nucleophilicity of the 

iminophosphorane nitrogen by subsequent regioselective ring-opening reactions of cyclic 

anhydrides. These reactions of curdlan, a useful polysaccharide for food and biomedical 

applications, were essentially completely regio- and chemo-selective, proceeding under 

mild conditions in the presence of ester groups, yet preserving those groups. These 

interesting polysaccharide-based materials have pendant carboxyls attached through a 

hydrocarbon tether and hydrolytically stable amide linkage; as such they are promising for 
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diverse application areas, including aqueous dispersions for coatings, adhesives, and other 

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

 

5.2 Introduction   

Carboxyl-containing polysaccharides are useful in many applications, being based on 

abundant, renewable, often biodegradable, and diverse polysaccharides. Pendent carboxyl 

groups impart pH responsiveness to the polymer, and can enhance specific interactions 

with small molecules, enable 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 many effective methods for making carboxylated polysaccharides. Existing 

methods include direct oxidation of polysaccharides that contain unsubstituted C-6 primary 

hydroxyls,1-3 reaction with chloroacetic acid to form carboxymethyl derivatives,4 cross-

metathesis to introduce carboxyl terminal substituents,5,6 and ring opening of cyclic 

anhydrides by polysaccharide hydroxyls.7,8 Each has limitations; C-6 oxidation for 

example gives no flexibility with regard to length of the tether to the polysaccharide chain, 

and is limited to a maximum degree of substitution (DS) of 1.0. Carboxymethylation is 

very useful; carboxymethylcellulose (CMC) has the largest markets among cellulose ethers, 

including in detergent applications.9 However it is quite difficult to achieve high 

carboxymethyl DS (above ca. 1.5)10, 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 anhydrides by O-

centered nucleophiles is more flexible (though limited by the stability of the needed 
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anhydrides, with adipic anhydride being the practical maximum ring size), but affords 

hydrolytically labile ester linkages.11 In this way cellulose succinates have been prepared 

by ring-opening of succinic anhydride by cellulose or cellulose esters with or without an 

organic base catalyst,7,12 while the commercial enteric polymer cellulose acetate phthalate 

has been produced by base-catalyzed reaction of cellulose acetate with phthalic 

anhydride.13 These hydrolytically labile ester linkages might be adequate to survive their 

brief (ca. 4-6 h) exposure to neutral pH in the gastrointestinal tract as part of drug delivery 

systems, but are not stable enough to survive longer term exposure to alkaline pH, as in 

paint dispersions or other consumer products. Thus new, more flexible approaches are 

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

 

The bacterial exopolysaccharide curdlan is of particular interest because of its low oral 

toxicity, good solubility and rheological properties.14 Curdlan is a linear, neutral glucan 

with (1Ÿ3)-ɼ-glucosidic linkages, without branching or substituents. The primary 6-OH 

is the most reactive hydroxyl group due to its better accessibility. Curdlan is soluble in 

alkaline media, though insoluble in water, and has enhanced solubility in organic solvents 

compared to many other natural polysaccharides.15 This solubility facilitates curdlan 

chemical reactions and processing. In recent years, curdlan and its derivatives have been 

investigated for biomedical or therapeutic uses, in part due to curdlanôs low toxicity.16 

Therefore non-toxic, 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 been made lately.17-23 Perhaps the most 



155 

 

selective reaction of polysaccharides that possess unsubstituted, primary C-6 hydroxyls is 

bromination using triphenylphosphine and N-bromosuccinimide (NBS), discovered by the 

Furuhata group.24,25 This reaction appears to be essentially perfectly selective within the 

limitations of spectroscopic methods, and hydrolysis to monosaccharides and 

chromatographic analysis confirms the absence of off-target bromination products.24  

Several groups have leveraged this selective 6-bromination as a path for synthesis of 

regioselective C-6 amination of polysaccharides including cellulose20,26-28 and amylose29. 

Our group has exploited 6-bromo-6-deoxycurdlan, prepared by Furuhata bromination, 

through azide displacement followed by Staudinger reduction of the azide, or direct amine 

displacements of the 6-bromide, for regioselective synthesis of a series of 6-deoxy-6-

(azido/amino/amido/ammonium) curdlan derivatives.30,31 Indeed, the full range of amine, 

ammonium, and amide types are accessible in this way, and include promising candidates 

for biomedical and pharmaceutical applications.  

 

The iminophosphorane ylide that results from PPh3 reduction of 6-azido-6-deoxy 

polysaccharides, including curdlan, has a highly nucleophilic, negatively charged 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 sufficiently good nucleophiles to 

effectively ring-open cyclic carboxylic acid anhydrides. We hypothesized that such ring 

opening would be successful and selective, and that the products would be curdlan 6-w-

carboxyalkanamides, where the carboxyl-containing chain was 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 drugs.32,33 The potential for these target 

curdlan 6-w-carboxyalkanamides as stable, carboxyl-containing, amphiphilic polymers for 

ASD is exciting, especially since they could likely be tailored to have high glass transition 

temperatures (Tg), desired solubility parameters, and other key ASD properties. They are 

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, water-dispersibility, and specific interactions with other molecules, would 

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 broad utility in demanding 

applications. Furthermore, success at the iminophosphorane/ring-opening strategy could 

have impact far beyond curdlan derivatives. 

 

Herein, we describe our attempts to realize a simple and effi cient strategy for synthesizing 

w-carboxyalkanamide-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 as ASD polymers by crystallization inhibition experiments. 

 

5.3 Materials and methods 

5.3.1 Materials 
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Curdlan (degree of polymerization (DP) = 421 , measured by size exclusion 

chromatography of the per(phenylcarbamate) derivative) was obtained from Wako 

Chemicals and dried under vacuum at 40 °C overnight prior to use. Lithium bromide (LiBr, 

laboratory grade, Fisher) was dried under vacuum at 125 °C. 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) was stored over 4 Å molecular sieves. Pyridine (anhydrous, 99%, AcroSeal), 4-

dimethylaminopyridine (DMAP, Acros), triphenylphosphine (Ph3P, 99%, Acros), sodium 

azide (NaN3, 99%, Acros), acetic anhydride (Ac2O, 99+%, Sigma-Aldrich), succinic 

anhydride (99%, Sigma-Aldrich), glutaric anhydride (99%, Sigma-Aldrich), potassium 

bromide (KBr, Sigma-Aldrich), ethanol (HPLC grade, Fisher), molecular sieves (4 Å, 

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

 

5.3.2 Measurements 

1H and 13C NMR spectra were obtained on a Bruker Avance II 500MHz spectrometer in 

DMSO-d6 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 cm-1 resolution. Size exclusion 

chromatography (SEC) was performed on Agilent 1260 Infinity MultiDetector SEC using 

DMAc with 0.05 M LiCl as the mobile phase (50 °C) with 3 PLgel 10  mm mixed-B 300 × 

7.5 mm columns in series. Data acquisition and analysis were conducted using Astra 6 

software (Wyatt Technology Corporation, Goleta, CA). Monodisperse polystyrene 

standard (Mw Ḑ21k, polydispersity index (PDI) Ḑ1.02) was run first in every sample series 
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for the purpose of calibration and confirmation. Carbon and nitrogen contents were 

determined by Micro Analysis Inc. using a Perkin Elmer 2400 II analyzer, while bromine 

content was determined with a thermal conductivity detector. DS values were determined 

by means of 1H NMR spectroscopy, according to the following equations, respectively. 

 

$3ÏÍÅÇÁÃÁÒÂÏØÙÓÕÃÃÉÎÁÍÉÄÅ 
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5.3.3 Synthesis of 6-bromo-6-deoxy-curdlan  

The method for dissolving curdlan in DMAc/LiBr was adapted from one previously 

reported for cellulose dissolution.34 Ph3P (25.96 g, 4 equiv/AGU) and NBS (17.58 g, 4 

equiv/AGU) were separately dissolved in 50 mL of dry DMAc each. The Ph3P solution 

was added dropwise via a liquid addition funnel to curdlan (4.00 g, 24.69 mmol) solution 

in DMAc/LiBr, followed by addition of the NBS solution in similar fashion. The reaction 

solution was then heated at 70 °C 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 and re-precipitated in ethanol twice. The 

sample was dried under vacuum at 40 ǓC overnight to yield 6-bromo-6-deoxycurdlan 

(brown fine powder). 13C NMR (DMSO-d6): 103.3 (C-1), 85.0 (C-3), 74.6 (C-5), 73.6 (C-

2), 70.0 (C-4), 34.5 (C-6-Br). Yield: 4.89 g, 21.67 mmol, 88%. 
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5.3.4 Syntheses of 6-azido-6-deoxy-curdlan and 6-azido-6-deoxy-2,4-di-O-acetyl-

curdlan 

The procedure was adapted from a previously reported method.30 Briefly, in a 100 mL 

round-bottom flask, dry 6-bromo-6-deoxycurdlan (2.00 g, 8.88 mmol) was dissolved in 50 

mL DMSO. Then NaN3 (2.88 g, 5 equiv/AGU) was added to the solution. The resulting 

mixture was heated at 80 ̄C 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 collected by filtration. The precipitate was re-dissolved in acetone, 

re-precipitated into deionized water, and again isolated by filtration. The sample was dried 

under vacuum (40 ̄C) overnight to yield 6-azido-6-deoxy-curdlan (brown powder). 13C 

NMR (DMSO-d6): 103.3(C-1), 84.8 (C-3), 74.6 (C-5), 73.4 (C-2), 70.1 (C-4), 51.5 (C-6-

N3). Yield: 1.51g, 8.08 mmol, 91%. 

 

Dry 6-azido-6-deoxycurdlan (1.00 g, 5.35 mmol), 4-dimethylaminopyridine (DMAP, 20 

mg), pyridine (3.6 mL, 10 eq per AGU), and 20 eq per AGU of acetic anhydride (Ac2O, 

10.93 g, 107 mmol) were combined. The mixture was heated to 80 °C and held at that 

temperature for 24 h while stirring, then the product was precipitated by adding the solution 

slowly to 200 mL deionized water, and the resulting solid product was collected by 

filtration. The precipitate was re-dissolved in chloroform, re-precipitated into ethanol, and 

finally isolated by filtration. The product was washed with ethanol and water several times 

and then dried under vacuum (40 °C) overnight to yield 6-azido-6-deoxy-2,4-di-O-acetyl-

curdlan (brown fine powder). 13C NMR (DMSO-d6): 170.0 (C=O), 99.4 (C-1), 78.0 (C-3), 
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72.1(C-5), 71.1 (C-2), 68.5 (C-4), 50.5 (C-6-N3), 20.6 (CH3). Yield: 1.35 g, 5.03 mmol, 

94%. 

 

5.3.5 Synthesis of 6-w-carboxypropionamido-6-deoxy-2,4-di-O-acetyl-curdlan  

In a 100 mL round-bottom flask, 0.150 g 6-azido-6-deoxy-2,3-di-O-acetyl-curdlan 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 separate flask, 0.290 g Ph3P (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 was transferred 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 water, and dried in a vacuum oven at (40 °C) overnight to yield 6-

w-carboxypropionamido-6-deoxy-2,4-di-O-acetyl-curdlan (brown powder). 1H NMR 

(DMSO-d6): 3.3-5.5 (curdlan backbone), 2.7 (CH2), 2.5-2.0 (CH3).13C NMR (DMSO-d6): 

160-180 (C=O), 103.2(C-1), 65-80 (C-2, C-3, C-4, C-5), 60.2 (C-6-amido), 30.3 (CH2), 

20.7 (CH3). DS by 1H NMR: DS(w-carboxypropionamido) 0.85. Yield: 0.14 g, 0.41 mmol, 

73%. 

 

5.3.6 Synthesis of 6-w-carboxybutyramido-6-deoxy-2,4-di-O-acetyl-curdlan 

In a 100 mL round-bottom flask, 0.150 g 6-azido-6-deoxy-2,3-di-O-acetyl-curdlan was 

dissolved in 5 mL of anhydrous DMAc under dry nitrogen, and 1.26 g glutaric anhydride 

(20 equiv/AGU) was added to the flask. In a separate flask, 0.290 g Ph3P (2 equiv/AGU) 

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

the solution was transferred 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 water, and dried in a vacuum oven at (40 °C) overnight to yield 6-

w-carboxybutyramido-6-deoxy-2,4-di-O-acetyl-curdlan (brown powder). 1H NMR 

(DMSO-d6): 3.3-5.5 (curdlan backbone), 2.5-1.5 (CH2 and Ac CH3). 13C NMR (DMSO-

d6): 160-180 (C=O), 103.2(C-1), 65-80 (C-2, C-3, C-4, C-5), 60.2 (C-6-amido), 34.3 (CH2), 

21.2 (CH3). DS by 1H NMR: DS(w-carboxybutyramido) 0.85. Yield: 0.14 g, 0.40 mmol, 

71%. 

 

5.3.7 Nucleation induction time measurements 

6-w-Carboxypropionamido-6-deoxy-2,4-di-O-acetyl-curdlan and 6-w-

carboxybutyramido-6-deoxy-2,4-di-O-acetyl-curdlan 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 

µg/mL polymer concentration, followed by sonication. The final solution had less than 1% 

THF. The 6-w-carboxypropionamido-6-deoxy-2,4-di-O-acetyl-curdlan final solution had a 

cloudy appearance, but polymer agglomerates were not observed; while the 6-w-

carboxybutyramido-6-deoxy-2,4-di-O-acetyl-curdlan solution was completely transparent. 

Supersaturated solutions were generated by adding 150 ʈg/mL of telaprevir stock solution 

in methanol (7 mg telaprevir/mL) to 47 mL buffer solution containing 5 µg/mL 

predissolved polymer with a constant agitation of 300 rpm, and temperature controlled at 

37 °C. The experimental 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 SI Photonics UV/vis spectrometer (Tucson, Arizona) coupled to a fiber optic 

probe (path length 5 mm). Measurements were recorded every 1 min at two wavelengths: 

the maximum UV absorbance wavelength of telaprevir (270 nm) and a non-absorbing 

wavelength (370 nm) to account for changes in scattering. The point at which the apparent 

telaprevir concentration dropped was defined as the induction time with 5% statistical 

significance. 

 

5.4 Results and discussion 

The regioselectivity of this approach is set by the selectivity of the Furuhata bromination, 

and the chemoselectivity is aided by the mild nature of the conversion of the azide to 

iminophosphorane ylide using Staudinger reduction. As we showed in earlier work, curdlan 

was readily converted to 6-azido-6-deoxy-curdlan, and if desired to 6-azido-6-deoxy-2,4-

di-O-acetyl-curdlan, with each step taking place with high regio- and chemoselectivity, and 

high yield (Scheme 5.1; 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 alkanoic anhydrides (e.g., acetic anhydride) to afford the 

corresponding 6-N-amides (e.g., 6-acetamido-6-deoxy-2,4-di-O-acetylcurdlan).26,30 This 

gave us confidence that nucleophilic attack of the curdlan iminophosphorane upon a cyclic 

anhydride would be successful, 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 experienced 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 let the cellulose adipate reaction go on 

too long, lest gelation 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 upon one of the anhydride linkages, thereby 

forming crosslinks (Scheme S5.1). We were concerned that similar issues could 

accompany reactions of curdlan iminophosphoranes with cyclic anhydrides.  

 

 

Scheme 5.1. Conversion of curdlan to 6-w-carboxyamido curdlans. 

 

5.4.1 Synthesis of 6-azido-6-deoxycurdlan via 6-bromo-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. Use of LiBr 

instead of LiCl inhibits halogen exchange of the 6-bromo derivative prepared by Furuhata 

bromination (NBS/Ph3P).24 As we have shown previously, replacement of the curdlan 

primary hydroxyl by bromide is entirely regioselective (ca. 100%, DS(Br) = 1.0) as 
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indicated by 13C NMR analysis, as a result of the fact that it involves two consecutive SN2 

displacements, which are severely disfavored at the secondary hydroxyl groups.15 Product 

spectra (13C NMR and FTIR) and interpretation can be found in the Supporting 

Information.  

 

Azide displacement of the 6-bromide of 6-bromo-6-deoxycurdlans in DMSO proceeded in 

high yield (94%) as we have previously reported, to afford the 6-azido-6-deoxy derivative. 

Displacement was complete and selective according to both NMR (13C spectrum shown in 

Figure 5.1A) and IR analyses. See the Supporting Information (Figures S5.3 and S5.4) for 

full description of characterization and peak assignments. Quantitative esterification of the 

secondary hydroxyl groups has likewise been previously reported; it can be carried out in 

situ or as a separate step, as was done here (see FTIR spectrum of 6-azido-6-deoxy-2,4-di-

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

deoxy-2,4-di-O-acetyl-curdlan. 
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5.4.2 Synthesis of 6-w-carboxypropionamido-6-deoxy-2,4-di-O-acetyl-curdlan 

Staudinger reduction (Ph3P, H2O, room temperature) is a remarkably useful, mild method 

for reducing azides to amines.35 Our previous work indicated that Staudinger reduction of 

polysaccharide azides to amines is sufficiently mild to preserve ester bonds against 

reduction.26 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 smoothly with monofunctional anhydrides (e.g., acetic anhydride) to form 

amides. In this work, 6-azido-6-deoxy-2,4-di-O-acetyl-curdlan was first reacted with the 

difunctional cyclic anhydride succinic anhydride and Ph3P in DMAc at room temperature 

for 24 h. The 13C NMR (Figure 5.2) spectrum of the product confirmed that the starting 

azide C-N3 peak at 51 ppm had disappeared, while a new peak at 61 ppm was assigned as 

the resonance of C-6 bearing the new amide carbonyl. In further confirmation, by 

comparing with the 13C NMR spectrum for 6-azido-6-deoxy-2,3-di-O-acetyl-curdlan, three 

carbonyl resonances appeared in the range of 160-180 ppm: Ac C=O 164 ppm, amide C=O 

166 ppm, and carboxyl C=O 167 ppm, while two resonances at ca. 30 ppm are assigned to 

the succinamide methylenes. In the product 1H NMR spectrum (Figure 5.3), 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 groups at C-2 and C-4. The product 

FTIR spectrum (Figure S5.5) displayed a strong amide absorption at 1650 cm-1 and an ester 

carbonyl absorption at 1760 cm-1, supporting successful ring-opening reaction without 

apparent loss of acetyl groups. The absorption at 3500 cm-1 provides further support, 

resulting from the w-carboxyl acid group generated by succinic anhydride ring-opening. 

The ratio of the 1H NMR integrations of the amide methylenes vs. the curdlan backbone 
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revealed that the product had DS(w-carboxypropionamido) 0.85 and DS(Ac) 1.98, showing 

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 groups26; this result indicates 

that reaction of the ylide with the cyclic anhydride is sufficiently fast and favored to 

compete successfully with acetyl migration (intra- or intermolecular) from an ester group. 

Resonances in the range of 120 - 140 ppm were assigned to residual Ph3P and Ph3P­O.12,21 

Our attempts to completely remove P-containing impurities were not fully successful. As 

we and many others have previously reported28, residues of Ph3P and its oxide are very 

difficult to remove from polysaccharide Staudinger ylide products, for which 

chromatographic purification is impractical. Nonetheless, the product has good solubility 

in commonly used organic solvents such as DMAc and DMSO. Taken together, the 

characterization data show conclusively that the product was the desired 6-w-

carboxypropionamido-6-deoxy-2,4-di-O-acetyl-curdlan. 
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Figure 5.2. 13C NMR spectrum of 6-w-carboxypropionamido-6-deoxy-2,4-di-O-acetyl-

curdlan. 

 

 

Figure 5.3. 1H NMR spectrum of 6-w-carboxypropionamido-6-deoxy-2,4-di-O-acetyl-

curdlan. 
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5.4.3 Synthesis of 6-w-carboxybutyramido-6-deoxy-2,4-di-O-acetyl-curdlan 

Having successfully demonstrated the ring-opening strategy with succinic anhydride, we 

wished to explore the impact of the tether length upon product properties and of anhydride 

ring size upon reactivity. For this purpose, 6-azido-6-deoxy-2,4-di-O-acetyl-curdlan was 

reacted with glutaric anhydride, possessing a 6-membered ring. Reaction of the ylide 

generated in the presence of the anhydride using Ph3P in DMAc for 24 h afforded a white 

solid product after isolation by dialysis. As the product 13C NMR (Figure 5.4) spectrum 

shows, the 6-C-N3 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 the C-6 nitrogen. Three carbonyl 

resonances appear in the 13C NMR spectrum, which we assign to the amide (166 ppm), 

carboxyl (168 ppm) and two overlapping resonances for the acetyl groups (164 ppm). 

Resonances between 120 and 140 ppm are attributed to residual Ph3P and Ph3P­O. In this 

case, we tried dialysis, precipitation and re-dialysis, 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 (Figure 5.5) revealed the expected 

carboxamide absorption at 1650 cm-1, a broad absorption at 3500 cm-1 resulting from the 

carboxyl acid OH and amide NH (and likely also from contaminating 6-NH2, see below), 

and a strong ester carbonyl absorption at 1760 cm-1. Taken together, these infrared features 

support the hypothesis that the ring-opening reaction was successful with no substantial 

loss of ester groups. The product 1H NMR spectrum (Figure S5.6) shows multiple 

resonances in the 1.5-2.5 ppm range that we attribute to the three methylene groups of the 

C-6 appended w-carboxybutyramide chain, and the acetyls at C-2 and C-4. DS(w-
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carboxybutyramide) measured by 1H 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, 

the w-carboxyglutaramide product is soluble in organic solvents and in pH 6.8 buffer at the 

level of 16.2 mg/mL.  

 

We carried out a kinetic study of the ylide reaction with glutaric anhydride, in order to 

monitor and limit any chain extension during the reaction that would occur by reaction of 

the initially formed w-carboxybutyramide anion with glutaric anhydride, forming an 

oligoanhydride chain (see Figure S5.6A). As Figure S5.6B shows, over 24 h, the DS(w-

carboxybutyramide) value does not exceed 1.0, suggesting that there is no apparent chain 

extension within this reaction time. We also attempted the reaction of the 

iminophosphorane from 6-azido-6-deoxy-2,4-di-O-acetyl-curdlan with adipic anhydride. 

In this case, gelation was observed during the reaction. Adipic anhydride is relatively 

reactive due to its less favored seven-membered ring size, and so is prone to 

homopolymerization. This can lead to formation of poly(adipic 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 S5.1), as we have discussed in previous work8.  
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Figure 5.4. 13C NMR spectrum of 6-w-carboxybutyramido-6-deoxy-2,4-di-O-acetyl-

curdlan. 

 

 

Figure 5.5. FTIR spectrum of 6-w-carboxybutyramido-6-deoxy-2,4-di-O-acetyl-curdlan. 
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5.4.4 Crystallization inhibition properties of 6-w-carboxypropionamido-6-deoxy-2,4-

di-O-acetyl-curdlan and 6-w-carboxybutyramido-6-deoxy-2,4-di-O-acetyl-

curdlan 

The crystallization inhibition properties of several cellulose ethers and esters designed and 

synthesized for that purpose by the Taylor and Edgar groups have been studied,6,31 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 curdlan vs. cellulose, include 

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

substituted (vs. the relatively random substitution patterns of previously investigated 

polymers).  

 

Telaprevir, a protease inhibitor for the treatment of hepatitis C, was used as the model 

poorly soluble drug (MP 246 °C, solubility in water 4.7 mg/mL). The polymers explored 

include carboxylic acid substituents, based on our previous studies that showed clearly that 

carboxylate groups are highly effective at promoting crystallization inhibition among a 

number of polysaccharide-based polymers bearing various chemical groups.31 The only 

difference between the two polymers used in this study is the length of the hydrocarbon 

tether to the w-carboxy group: two methylenes for 6-w-carboxypropionamido-6-deoxy-

2,4-di-O-acetyl-curdlan vs. three methylenes for 6-w-carboxybutyramido-6-deoxy-2,4-di-

O-acetyl-curdlan. The degrees of substitution were kept constant to facilitate comparison 

of variations in nucleation time as a function of hydrocarbon chain length. As Figures 5.6A 

and 5.6B show that, while 6-w-carboxypropionamido-6-deoxy-2,4-di-O-acetyl-curdlan is 
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only slightly effective, not reaching statistical significance, 6-w-carboxybutyramido-6-

deoxy-2,4-di-O-acetyl-curdlan significantly 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 have previously 

observed good performance by cellulose esters including adipate (four carbons) and 

suberate (six carbons).31 It is interesting that the stereoregularity of 6-w-

carboxybutyramido-6-deoxy-2,4-di-O-acetyl-curdlan does 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 5 ʈg/ml polymer and 150 ʈg/ml telaprevir. (B) Nucleation induction 

times in the absence and presence of curdlan w-carboxyamides. (SA Curdlan: 6-w-

carboxypropionamido-6-deoxy-2,4-di-O-acetyl-curdlan, GA Curdlan: 6-w-

carboxybutyramido-6-deoxy-2,4-di-O-acetyl-curdlan). 

 

5.5 Conclusions  
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We have developed a simple and useful route for synthesis of regioselectively substituted 

carboxyl-containing curdlan derivatives. 6-Azido-6-deoxy-2,4-di-O-acetylcurdlan was 

used to generate the corresponding 6-aminophosphorane ylide by chemoselective 

Staudinger reduction. This ylide smoothly reacted with cyclic anhydrides at room 

temperature, opening the anhydride ring to create a new amide linkage and generating an 

w-carboxyalkanoyl substituent appended to the C-6 nitrogen, all in high reaction 

conversion. More importantly, it was demonstrated that these modification techniques can 

be carried out with essentially complete regio- and chemo-selectivity, proceeding in the 

presence of ester groups, yet preserving those groups. The resulting products possess 

durable amide linkages that should be much more stable towards hydrolysis than ester 

linkages.  

 

This phosphine-triggered ring-opening reaction is exciting in terms of the potential to 

greatly expand the synthetic routes to curdlan carboxyamides and other polysaccharide 

derivatives beyond traditional methods. This new method will provide access to a broad 

variety of available polysaccharides with durable amide linkages and terminal carboxy 

groups, including those that are promising for drug delivery applications, such as ASD, 

and for waterborne coatings. In addition, it is of particular interest for us to investigate 

structureīproperty-performance relationships for a series of polymers with desired 

functionality created by this novel method for drug-delivery polymeric matrices and for 

other emerging technologies. 
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5.6 Supporting information 

 

 

Scheme S5.1. Gelation mechanism for cellulose reacting with adipic anhydride. 
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Figure S5.1. 13C NMR spectrum of 6-bromo-6-deoxy-curdlan. 
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Figure S5.2. FTIR spectrum of 6-bromo-6-deoxy-curdlan. 
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Figure S5.3. FTIR spectrum of 6-azido-6-deoxy-curdlan. 
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Figure S5.4. 13C NMR spectrum of 6-azido-6-deoxy-2,4-di-O-acetyl-curdlan. 
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Figure S5.5. FTIR spectrum of 6-w-carboxypropionamido-6-deoxy-2,4-di-O-acetyl-

curdlan. 
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Figure S5.6. 1H NMR spectrum of 6-w-carboxybutyramido-6-deoxy-2,4-di-O-acetyl-

curdlan. 
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(A) 

 

 

(B) 

Time (hours) DS 

 (6-w-carboxybutyramide) 

1 0.11 

3 0.28 

9 0.61 

20 0.80 

24 0.85 

 

Figure S5.6. (A) Hypothetical chain extension mechanism by reacting 6-w-

carboxybutyramido-6-deoxy-2,4-di-O-acetyl-curdlan with additional glutaric anhydride. 

(B) Kinetic study for conversion of 6-azido-6-deoxy-2,4-di-O-acetyl-curdlan to 6-w-

carboxybutyramido-6-deoxy-2,4-di-O-acetyl-curdlan. 
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Synthesis of 6-bromo-6-deoxy-curdlan 

In the event, we brominated curdlan by reacting with NBS and PPh3 in DMAc/LiBr at 

70 °C for 1 h. The product 13C NMR spectrum (Figure S5.1) shows that distinct single 

resonances for C-1 to C-5 of the curdlan backbone appear in a range of 65 and 105 ppm, 

while the strong peak for C-6 upon substitution by bromine is around 34 ppm, implying 

that the bromination on curdlan worked well. In addition, there is no resonance observed 

at 60 ppm which belongs to the original C-6-OH of native curdlan, suggesting that the 

bromination reaction was quantitative. 

 

Syntheses of 6-azido-6-deoxy-curdlan and 6-azido-6-deoxy-2,4-di-O-acetyl-curdlan 

We carried out azide displacement reaction by reacting 6-bromo-6-deoxy-curdlan with 

NaN3 in DMSO at 80 °C for 24 h (Scheme 5.1), resulting in 6-azido-6-deoxy-curdlan. 

NMR and FTIR were employed for determining the structure of product and confirming 

its regioselectivity. FTIR spectrum for the product (Figure S5.3) shows that there is a strong 

N3 stretching absorption around 2100 cmī1, indicating successful incorporation of azide 

group with curdlan backbone. The product 13C NMR spectrum (Figure 5.2) indicates that 

the C-6 chemical shift appears at 51 ppm, while the C-6 resonance substitution by bromine 

at 34 ppm disappears. 13C NMR and FTIR spectra suggest that in this work, azide 

displacement was highly chemo- and region-selective and its conversion was quantitative.  

 

In order to prevent side reactions from next step modifications, we need to esterify the free 

hydroxyl groups at C-2 and C-4 of 6-azido-6-deoxy-curdlan. It was simple and 

straightforward to convert pure 6-azido-6-deoxycurdlan to its peracetylated derivatives. In 
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this work, 6-azido-6-deoxy-curdlan was reacted with acetic anhydride in the presence of 

pyridine and DMAP at 80 °C for 24 h (Scheme 5.1) to fully esterify the free 2- and 4-

hydroxyls. As the product 13C NMR spectrum (Figure S5.4) shows the 2,4-diacetate 

carbonyl peaks appear around 170 ppm, and the methyl resonance is at 20 ppm. The FTIR 

spectrum (Figure 5.1B) shows a strong ester carbonyl stretch around 1750 cmī1.  
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Chapter 6. Efficient Synthesis of Secondary Amines by 

Reductive Amination of Curdlan Staudinger Ylides 

Zhang, R.; Liu, S.; Edgar, K. J. Carbohydrate Polymers 2017, 171, 1ī8. Used permission 

of Elsevier, 2017 

 

6.1 Abstract 

Staudinger-related 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 

reactivity of the negatively charged ylide nitrogen atom has not previously been fully 

explored in polysaccharide chemistry. Curdlan, a natural, biocompatible and bioactive b-

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 ylide. 6-Azido-6-deoxy-2,4-di-O-

acyl-curdlan was treated with triphenylphosphine to generate the highly nucleophilic 

iminophosphorane intermediate which afforded: i) 6-imino curdlans by reaction with 

several aromatic aldehydes, and ii) 6-monoalkylamino curdlans by reductive amination 

using these aldehydes and NaBH3CN. This new chemistry combined with our previous 

results makes available valuable primary, secondary, and tertiary amines, quaternary 

ammonio derivatives, and amides, all with complete C-6 regioselectivity for the N-

substitution.  
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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 derivatives to serve 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 polysaccharides. Curdlan, 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 elaborated using a range of chemical modifications, 

such as esterification1, carboxymethylation2, phosphorylation3, sulfation4,5 and TEMPO 

oxidization6,7. Our laboratory has developed a series of regioselective C-6 modifications of 

curdlan to synthesize 6-deoxy-6-(bromo/azido/amino/amido/ammonium) derivatives that 

are promising candidates for biomedical and pharmaceutical applications.8-10 We have 

observed that the iminophosphorane intermediate generated during Staudinger reduction 

of 6-azido-6-deoxycurdlan is highly nucleophilic, in accord with the previous work of 

Bertozzi11,12 and others. 6-Azido-6-deoxycurdlan is an efficient ylide precursor that upon 

treatment with triphenylphosphine at ambient temperature forms a phosphazide, which in 

turn loses nitrogen gas to form the desired iminophosphorane. 

 

Iminophosphoranes are organic compounds of general composition R3P=NR that possess 

a highly polarized P=N bond and are best described as resonance hybrids of the two 
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extreme forms A and B (Figure S6.1).13 Staudinger reaction of a phosphine (R3P:) with an 

organic azide is by far the most widely used method to synthesize iminophosphoranes. 

Although Staudinger and Meyers14 prepared the first aza-Wittig reagent Ph3P=NPh in 1919, 

the chemistry of iminophosphoranes was not heavily explored until three decades later. 

Since then, aza-Wittig 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 conditions, and relatively 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 C-N bonds, including C=N double bonds.15 We have previously reported 

using iminophosphorane intermediates, generated by Staudinger reduction of azides, for 

synthesis of O-acylated 6-amido-(or 6-amino)-6-deoxy-cellulose16-18, -curdlan8, and ï

pullulan19 derivatives by in situ reaction of the ylide with water, or with excess carboxylic 

anhydride. The Heinze group has synthesized a class of 6-amino polysaccharide derivatives 

by an alternate route, using 6-tosylate as the precursor.20,21 

 

Isolated small molecule imines from iminophosphorane-aldehyde 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 reduced much faster than the carbonyl group of the 

aldehyde reagent. Therefore the more selective reducing agent NaCNBH3 is preferred for 

the direct process; in the indirect process its selectivity vs. ester reduction can also be 
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useful.22 There appear to be no previous reports in polysaccharide chemistry of reductive 

amination between an aldehyde and a polysaccharide iminophosphorane intermediate 

formed by Staudinger reaction. We hypothesize that the curdlan-based 6-

iminophosphorane intermediate generated during the 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 6-monoalkylamino-6-deoxy-curdlans. Success in this endeavor would 

complement our recent efforts8,10,16-19,23, together affording access to an exceptionally 

broad array of amines (primary, secondary, tertiary, quaternary ammonium) and amides 

from either 6-bromo- or 6-azido-6-deoxycurdlan. This synthetic capability would enable 

flexible structure-property studies with regard to cationic curdlan derivatives, afford useful 

intermediates for pro-drug synthesis, and feed many other potential applications. Herein 

we report our attempts to prepare a family of 6-monoalkylamino curdlans by reacting 6-

azido-6-deoxy-2,4-di-O-acyl-curdlan with Ph3P and aldehydes (Scheme 6.1). 
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Scheme 6.1. Synthetic scheme for 6-aminated curdlan derivatives via Staudinger ylide. 

 

6.3 Materials and methods 

6.3.1 Materials 

Curdlan (DP ~ 500) was obtained from Wako Chemicals and dried under vacuum at 40 °C 

overnight prior to use. Lithium bromide (LiBr, laboratory grade, Fisher) was dried under 

vacuum at 125 °C. 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,N-

dimethylformamide (DMF, HPLC grade, Fisher) were stored over 4 Å molecular sieves. 

Tetrahydrofuran (THF, 99.8%, extra dry, stabilized, AcroSeal®), N-methyl-2-pyrrolidone 

(NMP, 99.5%, extra dry, AcroSeal®), pyridine (Pyr, anhydrous, 99%, AcroSeal®), 

benzaldehyde (PhCHO, purified by redistillation, Ó  99.5%, Aldrich), 4-nitrobenzaldehyde 

(NO2PhCHO, 98%, Aldrich), 4-chlorobenzaldehyde (4-ClPhCHO, 98%, Aldrich), 2-
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pyridinecarboxaldehyde (Pyr-2-CHO, 99%, Aldrich), 4-dimethylaminopyridine (DMAP, 

Acros), triphenylphosphine (Ph3P, 99%, Acros), sodium azide (NaN3, 99%, Alfa Aesar), 

sodium hydroxide (NaOH, reagent grade, 97%, Sigma-Aldrich), sodium cyanoborohydride 

(NaBH3CN, reagent grade, 95%, Aldrich), acetic anhydride (Ac2O, 99+%, Sigma-Aldrich), 

propionic anhydride (Pr2O, 97% Sigma-Aldrich), n-butyric anhydride (Bu2O, 98%, Acros), 

ethanol (HPLC grade, Fisher), molecular sieves (4 Å, Fisher) and regenerated cellulose 

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

 

6.3.2 Measurements 

1H, 13C and HSQC NMR spectra were obtained on a Bruker Avance II 500MHz 

spectrometer in CDCl3, DMSO-d6, DMF-d7, or D2O at room temperature or 50 °C , 

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 cm-1 resolution. Carbon and nitrogen contents were 

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

 

6.3.3 Synthesis of 6-bromo-6-deoxycurdlan in DMAc/LiBr  

The procedure was adapted from a previously reported method.8 Dried curdlan (4.00 g, 

24.7 mmol AGU) was dissolved in DMAc (110 mL) and LiBr (36.00 g, 42.4 mmol). 

Separate solutions of Ph3P (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. 

The reaction solution was then heated at 70 °C 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 °C) overnight to yield 6-bromo-6-deoxycurdlan. 13C NMR (DMSO-d6): 

d 103.2 (C-1), 84.9 (C-3), 74.4 (C-5), 73.6 (C-2), 70.1 (C-4), 34.6 (C-6-Br). Yield: 86%. 

 

6.3.4 Synthesis of 6-azido-6-deoxycurdlan  

The procedure was adapted from one reported earlier.8 Briefly, dry 6-bromo-6-

deoxycurdlan (1.00 g, 4.44 mmol) was dissolved in DMSO (25 mL). Then NaN3 (1.44 g, 

5 eq per AGU) was added to the solution. The resulting mixture was heated at 80 C̄ for 24 

h under nitrogen. The product was isolated by pouring into 300 mL of deionized water and 

collected by filtration. The precipitate was re-dissolved in acetone, re-precipitated into 

deionized water, and again isolated by filtration. The sample was dried under vacuum (40 

C̄) overnight to yield 6-azido-6-deoxycurdlan. 13C NMR (DMSO-d6): d 103.4 (C-1), 84.9 

(C-3), 74.9 (C-5), 73.9 (C-2), 69.4 (C-4), 51.7 (C-6-N3). Yield: 92%. 

 

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

The procedure was adapted from one reported earlier.8 Dry 6-azido-6-deoxycurdlan (1.00 

g, 5.35 mmol), 4-dimethylaminopyridine (DMAP, 20 mg), pyridine (3.6 mL, 10 eq per 

AGU), and 20 eq per AGU of carboxylic anhydride (Ac2O, 10.1 mL; Pr2O, 13.8 mL) were 

combined. The mixture was stirred at 80 °C for 24 h, then cooled and added slowly to 200 

mL deionized water to precipitate the product, which was recovered by filtration, re-

dissolved in chloroform, re-precipitated 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 °C) overnight.  

 

6-Azido-6-deoxy-2,4-di-O-acetyl-curdlan: 1H NMR (CDCl3) (Figure S6.2a): d 4.7 (H-5), 

4.6 (H-5), 4.3 (H-1), 3.7 (H-6), 3.5 (H-6ô), 3.3 (H-3), 3.1 (H-2), 2.2-1.9 (CH3-acetate). 

Yield: 91%. 

 

6-Azido-6-deoxy-2,4-di-O-propionyl-curdlan: 1H NMR (CDCl3) (Figure S6.2b): d 4.7 (H-

5), 4.6 (H-5), 4.3 (H-1), 3.7 (H-6), 3.5 (H-6ô), 3.3 (H-3), 3.1 (H-2), 2.6-2.0 (CH2-

propionate), 1.3-1.0 (CH3-propionate). Yield: 90%. 

 

6.3.6 Syntheses of (6-amino-N-benzylidene/4-nitrobenzylidene 

/4-chlorobenzylidene/2-pyridinylmet hylene)-6-deoxy-2,4-di-O-acetyl-curdlans  

Dry 6-azido-6-deoxy-2,4-di-O-acetyl-curdlan (0.25 g, 0.92 mmol) was dissolved in 15 mL 

of THF or DMAc in a 50 mL flask with molecular sieves. Then Ph3P (2 eq per AGU) and 

30 eq per AGU of aldehyde (PhCHO (2.94 g), 4-NO2PhCHO (4.17 g), 4-ClPhCHO (3.88 

g), or Pyr-2-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 was 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 under vacuum (40 °C) overnight. The DSimine values were 

determined according to the following equation by 1H NMR. 

 

$3 ȟ ȟ

ȟ
                                            

I = integral, H,aromatic = aromatic protons, H,AGU = curdlan backbone protons 

 

6-Amino-N-benzylidene-6-deoxy-2,4-di-O-acetyl-curdlan: 1H NMR (CDCl3): d 8.2 (H-7), 

7.7 (H-9, 13), 7.5 (H-10~12), 5.2-3.2 (curdlan backbone protons H-1~6), 2.2-1.8 (CH3-

acetate); 13C NMR (CDCl3):  d 169 (C=O-acetate), 162 (N=C-7), 145-125 (aromatic 

carbons C-8~13), 100 (C-1), 82-68 (C-2~5), 62 (C-6-N), 20 (CH3-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); DSimine, EA= 0.93. 

 

6-Amino-N-4-nitrobenzylidene-6-deoxy-2,4-di-O-acetyl-curdlan: 1H NMR (CDCl3): d 8.3 

(H-10, 12), 7.9 (H-7, 9, 13), 4.9-3.4 (curdlan backbone protons H-1~6), 2.2-1.8 (CH3-

acetate). 13C NMR (DMSO-d6): d 170 (C=O-acetate), 162 (C-7=N), 150-120 (aromatic 

protons C-8~13), 100 (C-1), 82-68 (C-2~5), 60 (C-6-N), 21 (CH3-acetate). Yield: 81%. 

 

6-Amino-N-4-chlorobenzylidene-6-deoxy-2,4-di-O-acetyl-curdlan: 1H NMR 

(CDCl3): d 8.1 (H-7), 7.6 (H-9, 13), 7.4 (H-10, 12), 5.0-3.3 (curdlan backbone protons H-
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1~6), 2.3-1.8 (CH3-acetate). 13C NMR (CDCl3): d 21 (CH3-acetate), 61 (C-6-N), 70-105 

(curdlan backbone carbons), 125-145 (aromatic carbons), 162 (C-7=N), 169 (C=O-acetate). 

Yield: 87%. 

 

6-Amino-N-2-pyridinylmethylene-6-deoxy-2,4-di-O-acetyl-curdlan: 1H NMR (CDCl3): 

d 7.5 (H-10, 11, 12), 7.7 (H-9, 13), 8.2 (H-7), 5.2-3.2 (curdlan backbone protons H-1~6), 

2.2-1.8 (CH3-acetate). 13C NMR (CDCl3): d 21 (CH3-acetate), 61(C-6-N), 70-105 (curdlan 

backbone carbons), 120-160 (aromatic carbons), 164 (C-7=N), 169 (C=O-acetate). Yield: 

84%. 

 

6.3.7 Synthesis of 6-amino-N-benzyl-6-deoxy-2,4-di-O-acetyl-curdlan  

Dry 6-amino-N-benzylidene-6-deoxy-2,4-di-O-acetyl-curdlan (0.1 g, 0.30 mmol) was 

dissolved in 10 mL of THF in a 50 mL flask. Then NaBH3CN (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 mL of ethanol. The precipitate was isolated by 

filtration and washed with ethanol, then dried under vacuum (40 °C) overnight. The DSamine 

values were determined according to the following equation by 1H NMR. Elemental 

analysis: %C 56.46, %H 5.45, %N 4.78 (theoretical (DS 1.0) %C 60.89, %H 6.27, %N 

4.18); DSimine, EA=0.35. 

 

$3 ρ
υ )ȟ
)ȟ
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6-Amino-N-benzyl-6-deoxy-2,4-di-O-acetyl-curdlan: 1H NMR (CDCl3): d 8.2 (H-7), 7.7 

(H-9, 9ô, 13, 13ô), 7.5 (H-10~12. 10ô~12ô), 4.8-3.2 (curdlan backbone protons H-1~6 & H-

7ô), 2.2-1.8 (CH3-acetate). 

 

6.3.8 Synthesis of 6-amino-N-benzyl-6-deoxy-2,4-di-O-acetyl-curdlan by one-pot 

reductive amination via Staudinger ylide 

Dry 6-azido-6-deoxy-2,4-di-O-acetyl-curdlan (0.25 g, 0.92 mmol) was dissolved in 15 mL 

of DMF in a 50 mL flask containing molecular sieves (2 g, 4 Å) . Then Ph3P (2 eq per AGU), 

PhCHO (2.82 mL, 30 eq per AGU), and NaBH3CN (0.23 g, 10 eq per AGU) were added 

to the flask. The 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 precipitate formed within 

the tubing was isolated by filtration and then dried under vacuum (40 °C) overnight. The 

DSamine values were determined according to the following equation by 1H NMR. 

 

$3
υ )ȟ ȟ

)ȟ
χȾς 

 

6-Amino-N-benzyl-6-deoxy-2,4-di-O-acetyl-curdlan: 1H NMR (CDCl3): d 7.8-7.2 

(aromatic protons H-9~13), 5.1-2.8 (curdlan backbone protons H-1~6 & H-7). Yield: 69%.  
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6.3.9 Synthesis of 6-amino-N-benzyl-6-deoxycurdlan by one-pot reductive amination 

via Staudinger ylide 

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

mL flask containing molecular sieves (2 g, 4 Å) . Then Ph3P (2 eq per AGU), PhCHO (2.82 

mL, 30 eq per AGU), and NaBH3CN (3.36 g, 40 eq per AGU) were added to 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 precipitate formed within the tubing was 

isolated by filtration and then dried under vacuum (40 °C) overnight. The DSamine values 

were determined according to the following equation by 1H NMR. 

 

$3
υ )ȟ ȟ

)ȟ
χȾς 

 

6-Amino-N-benzyl-6-deoxycurdlan: 1H NMR (CDCl3): d 7.6-7.3 (aromatic protons H-

9~13), 5.1-2.8 (curdlan backbone protons H-1~6 & H-7). Yield: 75%.  

 

6.4 Results and discussion 
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6.4.1 Synthesis of 6-amino-N-benzylidene-6-deoxy-2,4-di-O-acyl-curdlan 

The Furuhata bromination and iminophosphorane ylide-based approaches previously 

reported by our laboratory provided ready access to many 6-amino-, 6-ammonio-, and 6-

amido-6-deoxy curdlan derivatives, but could not provide access to secondary amines. 

Secondary amines can be challenging 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.24 We felt that a reductive amination protocol, previously unreported 

from polysaccharide-linked Staudinger ylides, could be an effective approach to these 

secondary amines. Herein, we prepared a family of 6-monoalkylamino curdlan derivatives 

by reacting 6-azido-6-deoxy-2,4-di-O-acyl-curdlan with Ph3P and aldehydes (Scheme 6.1). 

In the event, we found that treating 2,4-O-acetyl-6-azido-6-deoxycurdlan in THF with 

triphenylphosphine at ambient temperature to form the iminophosphorane ylide as we had 

before, but this time in the presence of benzaldehyde as electrophile, afforded 6-amino-N-

benzylidene-6-deoxy-2,4-di-O-acetyl-curdlan; product identity was confirmed by FTIR  

and 1H/13C NMR spectroscopy as described in detail below. FTIR analysis (Fig. S6.10) 

showed a characteristic imino C=N stretch at 1671 cm-1 as well as aromatic C-H bend at 

762 cm-1 and 701 cm-1, indicating successful amino-N-benzylidene introduction. No azido 

N3 stretch was observed around 2100 cm-1. Conversion to the imine appeared to be high 

but incomplete under these conditions, as indicated by 1H NMR integration, so we sought 

to optimize the reaction conditions to enhance conversion. We explored the effects of 

changing solvent (DMAc vs. THF), temperature (RT vs. 50 °C), reaction time (24 h vs. 36 

h) and benzaldehyde molar excess (20 vs. 30 equiv. per AGU). As can be seen from Table 
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S6.1 entries 1 and 2, reaction in THF gave slightly higher DSimine than in DMAc. Extending 

the reaction time by 12 h did not enhance conversion as might have been expected; instead, 

DSimine decreased from 0.89 (entry 1) to 0.73 (entry 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 as it appears to be here, there are 

two potential sources of an unsubstituted 6-amino-6-deoxy byproduct (that is, 6-amino-6-

deoxy-2,4-di-O-acetyl-curdlan). This product can arise by hydrolysis of the imine product 

(from co-product water, or adventitious water), or 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 solvent or co-solvent).8,16,19 

Increasing either the excess of PhCHO (entry 4) or the reaction temperature (entry 5) 

afforded slightly increased DS (DSimine 0.91), approaching full conversion (DSBr of the 

starting 6-bromo product was 0.95). Due to the potential for degradation and instability of 

imino derivatives at higher temperatures, we applied the reaction conditions of entry 4 for 

the following imine syntheses.  

 

13C NMR was useful for characterizing the 6-amino-N-benzylidene-6-deoxy-2,4-di-O-

acetyl-curdlan product (Figure 6.1); resonances in the range of d 126-137 ppm were 

assigned to the aromatic carbons of the phenyl ring. Additionally, signals at d 62 and 162 

ppm were assigned to the C6-N and N=C7 respectively. Diagnostic features of the 1H NMR 

spectrum (Figure S6.3) included the aromatic proton resonances at d 7.5 ppm (H10,11,12) and 

d 7.7 ppm (H9,13) as well as the imino proton signal at d 8.2 ppm (H7) from the H-C7=N 

moiety. DSimine values were calculated by the ratio of the intregral of protons H7-13 to that 



204 

 

of curdlan backbone protons (H1-6/6ô) and are summarized in Table 6.1. Our previous work 

indicated that the Staudinger reaction (Ph3P) to reduce the curdlan azide to amine is 

sufficiently mild to preserve ester bonds against reduction8; we confirmed that they were 

also stable during imine formation by the presence in the product 1H NMR spectrum of 

singlets from of acetyl groups around d 2.0 ppm, integration of which indicated full 2, 4-

O-substitution (DSAc 2.0). However, there were some small peaks evident close to the 

imino aromatic signals as well as the apparent aldehyde proton signal at d 10.0 ppm and 

the carbonyl carbon signal at d 192.0 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 accompanying hydrolysis by co-product 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 by the 1H NMR spectra (Figure 6.2) with 

complete imine substitution (DSimine 1.0), confirming our hypothesis and providing a 

highly efficient route to the regioselectively substituted imines. 
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Figure 6.1. 13C NMR spectrum of 6-amino-N-benzylidene-6-deoxy-2,4-di-O-acetyl-

curdlan performed  in CDCl3 at RT (30 equiv. PhCHO/AGU, THF, RT, 24 h, DSimine = 

0.91). 
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Figure 6.2. 1H NMR spectra (performed in CDCl3 at RT) of (a) 6-amino-N-benzylidene-

6-deoxy-2,4-di-O-acetyl-curdlan and (b) 6-amino-N-benzylidene-6-deoxy-2,4-di-O-

propionyl-curdlan (30 equiv. PhCHO/AGU, THF, RT, 24 h, molecular sieves, DSimine = 1.0 

(conversion 100%)). 
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13C NMR spectroscopy (Figures S6.7-6.9) helped to confirm product structures. 

curdlan backbone 

a) 

b) CH3 (Pr) 

CH2 (Pr) 

CH3 (Ac) 

10,11,12 

9&13 

CDCl3 

CDCl3 

7 
RO

O

O

OR

N

n

7
8

9

1011

12

13

12
3

4 56

R= Ac or Pr



207 

 

Resonances in the range of d 120-160 ppm were assigned to the aromatic carbons, while 

peaks around 60 ppm (imino-substituted C6) and 162 ppm (imine carbon, C7) confirmed 

successful curdlan aryl imine formation. The imines were also characterized by 1H NMR 

spectroscopy (Figure S6.4). In each case, curdlan backbone proton resonances fell within 

d 5.0-3.0 ppm while aromatic ring and H-C=N-R protons resonated in the range of d 8.7-

7.4 ppm. 1H and 13C NMR spectra indicated that the isolated imine products were free of 

azide or brominated impurities within the sensitivities of the techniques. Table 6.1 

summarizes the chemical structure, DSimine, product yield, and chemical shift assignments 

of the imino analogs. Degrees of substitution of the imino products were determined as 

DSClPh-imine 0.63, DSPyr-imine 0.76 and DSNO2Ph-imine 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 the N-benzylidene-6-amino derivative).  
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Table 6.1. 1H NMR chemical shift assignments for aromatic ring and imine protons, 

DSimine values, and yields of 6-deoxy-6-imino-curdlans. 

Imine structure 

Aldehyde 

used 

1H NMR assignment 

DSimine 

Yield 

(%)  proton  (ppm) 

 

4-O2NPhCHO  

10. 12 8.3 

0.77 81 

7. 9. 13 7.9 

 

4-ClPhCHO 

7 8.1 

0.63 87 9. 13 7.6 

10. 12 7.4 

 

Pyr-2-CHO 

12 8.6 

0.76 84 7. 9 8.3-8.2 

10. 11 7.7-7.9 

 

6.4.2 Borohydride reduction of 6-amino-N-benzylidene-6-deoxy-2,4-di-O-acetyl-

curdlan 

We selected sodium cyanoborohydride for initial experiments on reduction of the imine to 

secondary amine, since it is known to be less reactive towards ester groups than 
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NaBH4.22,25-27 Therefore we treated 2,4-di-O-acetyl-(6-amino-N-benzylidene)-6-

deoxycurdlan (DSimine 1.0) with different molar ratios of NaBH3CN to attempt imine to 

amine reduction. As clearly indicated by 1H NMR spectra and integration (Figure S6.5), 

the amine product was obtained but with DSamine only 0.18 (Table 6.2, entry 1), far lower 

than the starting DSimine 1.0. We could increase amine DS to 0.38 (Table 6.2, entry 2) by 

increasing reaction time from 5 h to 24 h, indicating that incomplete reduction was at least 

part of the problem. On the other hand, increasing the NaBH3CN molar excess had 

essentially no effect on DSamine, which leveled off at around 0.4 (Table 6.2, entry 3-5).  

 

Table 6.2. Substitution achieved (DSamine) vs. NaBH3CN imine reduction conditions.*  

Entry  

NaBH3CN 

(eq/AGU) 

Solvent 

Temp. 

(°C)  

Time 

(h) 

DSamine 

1 

2 

THF RT 

5 0.15 

2 

24 

0.38 

3 5 0.41 

4 10 0.38 

5 20 0.42 

*Isolated 6-amino-N-benzylidene-6-deoxy 2,4-di-O-acetyl-curdlan (DSimine 1.0) used as 

starting material. 
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6.4.3 One-pot reductive amination via Staudinger ylide 

We initially explored the two-step process for conversion of iminophosphorane to 

secondary amine (imine formation, followed by separate reduction) in order to make sure 

we understood each step and the influence of reaction conditions on each. We hoped 

however that ultimately a one-pot process of imine formation and reduction would be 

successful, as is commonly employed in small molecule chemistry.28-30 We hypothesized 

that a one-pot method, by avoiding isolation of the hydrolytically sensitive imine, would 

provide improved overall selectivity and efficiency. Our one-pot reductive amination 

started by generating a Staudinger iminophosphorane from the corresponding azide in the 

presence of molecular sieves, then reacting with excess aldehyde in the presence of sodium 

cyanoborohydride, by a method in which all reagents (2,4-O-acetyl-6-azido-6-

deoxycurdlan, Ph3P, PhCHO, NaBH3CN) were present from the beginning in various 

solvent systems. We 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 DSamine value reached 0.5 when the reduction was carried out in DMF, while DS 

0.27 and 0.31 were achieved in THF and NMP, respectively. We also noted that DSamine 

obtained was much higher (0.89) when 6-azido-6-deoxycurdlan, lacking the ester moieties 

at O-2 and O-4, was used as starting material (Table 6.3, entry 4). 6-Azido-6-deoxycurdlan 

has better 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 to hydrolysis, 

both of which could negatively influence DSamine. Figure 6.3 clearly shows the broad 

aromatic protons in the range of d 7.5 - 7.3 ppm with disappearance of the imino proton at 
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d 8.2 ppm, indicating high conversion to N-benzylidene-6-amino-6-deoxycurdlan. We note 

that the spectrum also shows a small amount of residual PPh3 and/or triphenyl phosphine 

oxide (7.6 ï 8.0 ppm). It is well understood that it can be difficult to remove such residues, 

especially from polymeric products; our previous work has demonstrated that they are 

typically removed in subsequent steps.8,16 In addition, the FTIR spectrum (Figure S6.11) 

demonstrated a significant absorption at 3200 - 3600 cm-1, assigned to N-H stretch of the 

amine product. This confirmed our hypothesis that hydrolytic instability of the imine had 

been the limiting factor in the two-pot, imine isolation approach, and provided a far more 

efficient route from 6-azido-6-deoxycurdlan to the corresponding 6-(benzylamino)-6-

deoxycurdlan derivative. 

Table 6.3. Substitution achieved (DSamine) by one-pot reductive amination of the 

Staudinger ylide.* 

Entry  

NaBH3CN 

(eq/AGU) 

Solvent 

Temp. 

(°C)  

Time 

(h) 

DSamine 

1 

10 

THF 

RT 24 

0.27 

2 NMP 0.31 

3 DMF 0.50 

4 40 THF 0.89 

*2,4-Di-O-acetyl-6-azido-6-deoxycurdlan used as starting material (entries 1-3) except 

entry 4 (used 6-azido-6-deoxycurdlan), with Ph3P (2 eq/AGU), PhCHO (30 eq/AGU). 
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Figure 6.3. 1H NMR spectrum (performed in DMSO-d6 at RT) of 6-amino-N-benzyl-6-

deoxycurdlan (Table S6.1, entry 4). 

 

6.5 Conclusions  

We have developed methods for further exploitation of the nucleophilic Staudinger ylide 

(iminophosphorane intermediate) obtained by reduction of 6-azido-6-deoxycurdlans for 

the synthesis of 6-aminated curdlans, specifically by reductive amination. By adding 

aldehydes and/or sodium cyanoborohydride, a series of imino- and amino-curdlans was 

produced with high chemoselectivity, providing a new strategy for regioselective 

incorporation of a range of monoalkylamino pendants at C-6 of curdlan.  

 

The success and selectivity of these approaches complement synthetic 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, and tertiary 
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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 these amino, ammonio, 

and amido curdlans are prepared from 6-bromo- or 6-azido-6-deoxycurdlan (Scheme 6.2) 

with very high degrees of chemo- and regioselectivity. This set of complementary synthetic 

methods opens doors to a wide variety of potentially useful aminated/amidated polymers 

for use biomedical, pharmaceutical, and other fields, and should of course be applicable to 

other polysaccharides, for example other glucans with unencumbered C-6 OH groups. We 

will continue to explore new ways to exploit the nucleophilic Staudinger ylide for regio- 

and chemoselective synthesis of substituted, functional, and useful polysaccharide 

derivatives.  
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Scheme 6.2. Example syntheses of curdlan derivatives regioselectively aminated/amidated 

at C-6. 

6.6 Supporting information 

 

 

Scheme S6.1. Depictions of general iminophosphorane structure, and structure of curdlan 

iminophosphorane generated by Staudinger reaction. 
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Figure S6.2. 1H NMR spectra (DSester =2.0) of: (a) 6-azido-6-deoxy-2,4-di-O-acetyl-

curdlan and (b) 6-azido-6-deoxy-2,4-di-O-propionyl-curdlan.  
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Figure S6.3. 1H NMR of 2,4-Di-O-acetyl-(6-amino-N-benzylidene)-6-deoxycurdlan 

performed  in CDCl3 at RT (30 equiv. PhCHO/AGU, THF, RT, 24 h, DSimine = 0.91). 
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Figure S6.4. 1H NMR spectra of (a) 2,4-di-O-acetyl-(6-amino-N-4-chlorobenzylidene)-6-

deoxycurdlan and (b) 2,4-di-O-acetyl-(6-amino-N-2-pyridinidylmethylene)-6-

deoxycurdlan (c) 2,4-di-O-acetyl-(6-amino-N-4-nitrobenzylidene)-6-deoxycurdlan (30 

equiv. aldehyde/AGU, THF, RT, 24 h, molecular sieves). 
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Figure S6.5. 1H NMR (in CDCl3) spectrum of 2,4-di-O-acetyl-(6-amino-N-benzylidene)-

6-deoxycurdlan reduced by NaBH3CN (Table 6.2, entry 1).  
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Figure S6.6. 1H NMR (in DMSO-d6) spectrum of 2,4-di-O-acetyl-(6-amino-N-

benzylidene)-6-deoxycurdlan prepared by one-pot method (Table 6.2, entry 8).  
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Figure S6.7. 13C NMR (in DMSO-d6) spectrum of 2,4-di-O-acetyl-(6-amino-N-4-

nitrobenzylidene)-6-deoxycurdlan. 
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Figure S6.8. 13C NMR (in CDCl3) spectrum of 2,4-di-O-acetyl-(6-amino-N-4-

chlorobenzylidene)-6-deoxycurdlan. 

 



222 

 

 

Figure S6.9. 13C NMR (in CDCl3) spectrum of 2,4-di-O-acetyl-(6-amino-N-2-

pyridinylmethylene)-6-deoxycurdlan. 
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Figure S6.10. FTIR spectrum of 2,4-di-O-acetyl-(6-amino-N-benzylidene)-6-

deoxycurdlan (2 equiv. Ph3P, 30 equiv. PhCHO/AGU, THF, RT, 24 h, molecular sieves, 

DSimine = 1.0). 
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Figure S6.11. FTIR spectrum of 2,4-di-O-acetyl-(6-amino-N-benzyl)-6-deoxycurdlan 

(one-pot reductive amination, 2 equiv. Ph3P, 30 equiv. PhCHO/AGU, 40 equiv. NaBH3CN, 

DMF, RT, 24 h). 
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Table S6.1. Substitution achieved (DSimine) vs. conditions for the synthesis of 2,4-di-O-

acetyl-(6-amino-N-benzylidene)-6-deoxycurdlan by conversion of 6-azido-6-deoxy-2,4-

O-acetyl-curdlan (DSazide 1.0) with benzaldehyde. 

 

 

 

 

 

 

 

 

 

 

  

Entry  

PhCHO 

(eq/AGU) 

Temp. 

(°C)  

Time 

(h) 

Solvent DSimine 

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-acetyl-(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) unreacted azido- (a) 

and amino-substituted (b) monosaccharides.  

 

 

Ȣ

Ȣ
      ééééé...(1) ééééé..    C/N weight ratio 

 

Ȣ

Ȣ
     éééééé...(2)éééééé   N/H weight ratio 

 

ὥ ὦ ὧ ρ éééééééééé...(3)éééééé   DStotal is 1 

 

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 of 2,4-di-O-acetyl-(6-amino-N-

benzylidene)-6-deoxycurdlan is 0.93. 
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Chapter 7. Summary and Future Work 

 

Polysaccharide-based polyelectrolytes including cationic, zwitterionic and carboxyl-

containing derivatives, have great potential for biomedical applications including drug and 

gene delivery and tight junction opening. For instance, cationic polymers are capable of 

binding electrostatically with anionic biomolecules such as nucleic acids and certain basic 

proteins, resulting in polyelectrolyte complexes for gene and drug delivery and other 

therapeutic applications.1 Cationic polysaccharides may in some cases be more attractive 

candidates for therapeutic uses than synthetic cationic polymers, due to their greater 

biocompatibility and biodegradability, and low immunogenicity.2 However, relatively few 

practical methods have been reported for their preparation. A simple and efficient method 

is needed 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 hindered C-6 position for 

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

 

7.1 Syntheses of 6-pyridinio -6-deoxy-2,3-di-O-acetyl-cellulose (6-PyrCA), 6-(1-

methyl-3-imidazolio)-6-deoxy-2,3-di-O-acetyl-cellulose (6-MeIMCA) and 6-(1-(3-

sulfopropyl)-3-imidazolio)-6-deoxy-2,3-di-O-acetyl-cellulose (6-SPrIMCA).  

It has been demonstrated by Furuhata3 that bromination of cellulose with NBS and Ph3P in 

DMAc/LiBr is completely regioselective at the C-6 position, resulting in 6-bromo-6-
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deoxy-cellulose with quantitative conversion. Based upon Furuhata bromination, we 

developed a simple, efficient route for synthesizing cationic polysaccharides by reaction of 

6-bromo-6-deoxycellulose like 6-bromo-6-deoxy-2,3-di-O-acetyl-cellulose (6-BrCA) with 

pyridine or 1-methylimidazole at the C-6 position in DMSO, DMF or DMAc, resulting in 

6-PyrCA and 6-MeIMCA, respectively, with high degrees of substitution. We have found 

that these permanently cationic polysaccharide derivatives dissolve readily in water, and 

exhibit surprisingly high thermal stability. Based upon surface plasmon resonance studies, 

these polysaccharide-based ionomers have been demonstrated to be capable of binding 

strongly and irreversibly with a hydrophilic and anionic surface, mainly by electrostatic 

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 drug delivery, and tight junction 

opening for oral protein delivery. In addition, we further extended this chemistry, and 

succefully prepared a zwitterionic cellulose derivative: neutral 6-IMCA was synthesized 

by reacting 6-BrCA with imidazole, and was further functionalized by 1,3-propane sultone, 

affording a new zwitterionic cellulose derivative, 6-SPrIMCA. 

 

7.2 Syntheses of water-soluble co-polyelectrolytes from commercial cellulose esters 

by selective modification 

We prepared cellulose-based sustainable materials 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 renewable-based copolymers such as polyelectrolytes. We 
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brominated CA320S with Ph3P and NBS in DMAc at 70 °C for 1 h, confirming by NMR 

spectroscopy and elemental analysis that the C-6 bromination is quantitative. We further 

demonstrated that displacement of these new C-6 bromides to result in uncharged products 

such as 6-azido-6-deoxycellulose and 6-imidazolo-6-deoxycellulose is quantitative. The 6-

bromo-6-deoxy copolymers are also useful precursors to cationic polyelectrolytes, and we 

have demonstrated that 6-bromo-6-deoxy CA320S (6-BrCA320S) was region- and chemo-

selectively reacted with aromatic amines including pyridine and 1-methylimidazole by 

nucleophilic displacement, generating the corresponding cationic derivatives. These high 

DP polyelectrolytes exhibit very 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 two sequential reactions, in order to improve efficiency. 

CA320S was first reacted with NBS and Ph3P in DMAc at 70 °C for 1 h, and then 1-

methylimidazole was added to this solution with temperature increased to 80 °C for 48 h. 

Consequently, both 1H and 13C NMR spectra indicate that the one-pot reaction was 

successful and exhibited conversion similar to that of the 2-pot sequence. Moreover, in 

order to eliminate all covalently-bonded bromide for some purposes, we created an 

efficient pathway to bromide-free polyelectrolytes prepared by methyl iodide 

quaternization with neutral 6-IMCA320S, synthesized by imidazole displacement reaction 

of 6-BrCA320S in quantitative conversion. 
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7.3 Syntheses of carboxyl-containing curdlan derivatives via regioselective ring-

opening modifications 

We developed a simple, practical route for synthesizing carboxyl-containing 

polysaccharide derivatives from curdlan esters via regioselective ring-opening reactions in 

the presence of Ph3P. Curdlan was regioselectively and quantitatively brominated in 

DMAc/LiBr in the presence of NBS and Ph3P, resulting in 6-bromo-6-deoxy-curdlan. The 

brominated intermediate was further modified with NaN3 and acetic anhydride to displace 

the bromo groups at C-6 with azide groups for generating 6-azido-6-deoxy-2,4-di-O-

acetyl-curdlan. Based on the previous studies for modifying polysaccharides via 

Staudinger reduction, 6-azido-6-deoxy curdlan acetate was reacted with cyclic anhydride 

including succinic anhydride and glutaric anhydride catalyzed by Ph3P, and these ring-

opening reactions lead to carboxyl-containing curdlan derivatives: 6-w-

carboxypropionamido-6-deoxy-2,4-di-O-acetyl-curdlan and 6-w-carboxybutyramido-6-

deoxy-2,4-di-O-acetyl-curdlan. More importantly, compared to other techniques for 

preparing carboxyl-containing polysaccharides, this synthetic route can guarantee 

essentially complete regio- and chemo-selectivity, and the resulting products possess 

amide linkages that are hydrolytically stable under all but forcing conditions, thereby 

ensuring retention of the pH-responsive w-carboxyl group, for example under any 

imaginable physiological conditions or at the pH of latex coating dispersions (ca. pH 8-9). 

These new polysaccharide-based materials from abundant and inexpensive curdlan are 

promising for application areas including amorphous solid dispersion for oral drug delivery, 

coatings, or other aqueous dispersions. 

 



236 

 

7.4 Syntheses of iminated and aminated curdlan derivatives from a Staudinger ylide 

We developed a new method for regioselective incorporation of a variety of 

monoalkylamino pendants at C-6 of curdlan, affording imino- and amino-curdlan 

derivatives. By reactions with aldehydes and/or sodium cyanoborohydride, a series of 

imino- and amino-curdlans was obtained with high chemoselectivity, and result in families 

of regioselectively aminated curdlan derivatives. We have demonstrated that the 

Staudinger ylide provides an access to a variety of aminated polymers including amines 

(primary, secondary, and tertiary amines), quaternary ammonio derivatives, and amides. A 

broad range of aminated/amidated polymers have a wide variety of potential uses  in 

biomedical, pharmaceutical, and other areas, and the preparation method should be 

applicable to other polysaccharides with unencumbered C-6 OH groups. 

 

7.5 Proposed future work 

Novel polysaccharide-based polyelectrolytes with valuable properties 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 are attractive candidates to interact with 

proteins for tight junction opening applications. Although we have prepared cellulose 

ammonium salts with high DS by pyridine or 1-methylimidazole displacement, still there 

were bromides present after reaction. Thiolated polymers have been demonstrated to 

improve mucoadhesive properties and permeation-enhancing properties for tight junction 

opening.4,5 Therefore, the substitution reactions of those cationic N-heterocyclic 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 quantitative or near quantitative 

conversion and enhance potential utility for biomedical applications. 

 

It will be also important to investigate other interesting properties of the cationic N-

heterocyclic cellulose derivatives such as morphology and ion conductivity for specifi c 

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 anionic proteins. Cellular toxicity and 

antimicrobial activity should be studied.  

 

Carboxyl-containing derivatives were produced by ring-opening reactions catalyzed by 

Ph3P, but the residual arylphosphorus impurities including Ph3P and Ph3P=O were 

extremely difficult to remove. It has been reported that trimethyl phosphine (PMe3) can 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 phosphine-containing residual reagent and its oxide byproduct.6,7 It is worthwhile 

to attempt PMe3 in the reduction of azide-functionalized polysaccharides, and optimize 

reaction conditions to improve conversion. 

 

Finally, work in our group has proven that iminophosphorane-containing polysaccharide 

derivatives can be versatile intermediates for further modification. In addition to the 
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reductive amination reaction with aldehydes for synthesizing 6-imino- and 6-

monoalkylamino curdlans, we will also be looking for other subsequent possibilities. It is 

worthwhile to attempt to react Staudinger ylide with some other carbonyl compounds such 

as ketones, amides, esters and thioesters,8 which may afford a wide range of acyclic and 

heterocyclic functionalities on polysaccharide backbone. 
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