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ABSTRACT 

 

Chemical modification of naturally occurring cellulose into ester and ether derivatives 

has been of growing interest due to inexhaustible cellulose resources, and to excellent properties 

and extremely broad applications of these derivatives. However, traditional esterification and 

etherification involve relatively harsh conditions (strongly acidic or strongly alkaline), greatly 

limiting the content and range of functional groups that may be installed onto the cellulose 

backbone. Amorphous solid dispersion (ASD) is an effective method to promote oral delivery of 

poorly-soluble drugs by dispersing crystalline drugs in a polymer matrix, creating drug 

supersaturation upon release. Cellulose w-carboxyesters have been proven to be effective ASD 

matrices for many different drugs; however, synthesis of such polymers involves protecting-

deprotecting chemistry and one synthetic route only leads to one structure. Developing a new 

generation of cellulosic polymers for oral drug delivery such as ASD matrices requires new 

synthetic techniques and powerful tools.  

Olefin cross-metathesis (CM) is a mild, efficient and modular chemistry with extensive 

applications in organic, polymer, and polysaccharide chemistry. Successful CM can be achieved 

by appending olefin “handles” from cellulose esters and reacting with electron-deficient olefins 

like acrylic acid. Cellulose ethers have much better hydrolytic stability compared to esters and 

are also commercially very important. The overarching theme of this dissertation is to investigate 

modification of cellulose ether derivatives, and to design and synthesize effective ASD polymers 

by olefin CM. We first validated the strategy of performing CM by appending metathesis 

“handles” through etherification and then subjected these terminal olefins to various partners 

(acrylic acid and different acrylates). After demonstration of the concept, we applied different 

starting materials (e.g. ethyl cellulose, methyl cellulose, microcrystalline cellulose, and 

hydroxypropyl cellulose) with distinctive hydrophobicity/hydrophilicity balance. Furthermore, 

a,b-unsaturated CM products tended to undergo radical crosslinking through abstraction of g-



 

protons and recombination of polymer radicals. In order to resolve this issue, we first applied 

post-CM hydrogenation and then explored a thiol-Michael addition to the a,b-unsaturation, 

which also incorporates an extra functional group through the thioether. We have successfully 

prepared a collection of cellulose w-carboxyether derivatives through the above-mentioned 

method and preliminary drug induction experiments also revealed that these derivatives hold 

high promise for ASD application.  

We also explored the possibility of conducting CM in a reverse order: i.e. appending 

electron-deficient acrylate groups to the polymer, then subjecting it to electron-rich small 

molecule terminal olefins. The failure of this metathesis approach was speculated to be due 

mainly to low acrylate reactivity on an already crowded polymer backbone and the high 

reactivity of rapidly diffusing, small molecule terminal olefins. Last but not least, we further 

utilized olefin CM to conjugate bile salt derivatives (e.g. lithocholic acid and deoxycholic acid) 

to a cellulose backbone by converting bile salts into acrylate substrates. Successful CM of bile 

salt acrylates to cellulose olefin “handles” further demonstrated the great versatility, excellent 

tolerance, and very broad applicability of this strategy.  

Overall, we have founded the strategy for performing successful olefin CM in many 

cellulose ether derivatives with acrylic acid and a variety of different acrylates. Post-CM 

hydrogenation efficiently removes the a,b-unsaturation and provides stable and effective 

cellulose w-carboxyether derivatives for ASD application. Tandem CM/thiol-Michael addition 

not only eliminates the crosslinking tendency but also enables an even broader library of polymer 

structures and architectures for structure-property investigations. We anticipate these methods 

can be readily adapted by polysaccharide chemists and applied with numerous complex 

structures, which would greatly broaden the range of cellulose and other polysaccharide 

derivatives for applications including ASDs, P-glycoprotein inhibition, antimicrobial, coating, 

and other biomedical applications.  
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GENERAL ABSTRACT 

 

When it comes to drug administration, oral delivery is often preferred over other methods 

like intravenous injection since it is cheap, convenient, painless and easily conducted without 

requiring professional training or clinical environment. However, one of the most common issues 

for oral drugs to be absorbed by human body is that a large portion of drugs do not dissolve in 

water. An effective method to conquer this problem is to blend a properly designed polymer with 

the poorly dissolving drug, making the drug dissolve in water more effectively and thus be able 

to enter the bloodstream. Such polymers have to be safe, stable, non-toxic, and biodegradable. 

Cellulose is one of the most abundant polysaccharides on earth and it has inexhaustible 

source from wood, cotton and many other plants. Natural cellulose is a linear polymer and is 

highly crystalline and therefore does not tend to dissolve in water or any other simple organic 

solvents. Chemical modifications of cellulose to make derivatives (e.g. cellulose esters and 

ethers) will disrupt the crystallinity and make it more soluble and processible for many 

applications including coating, packaging, food and pharmaceuticals. The Edgar and Taylor 

groups have demonstrated that some cellulose derivatives with specific properties are very good 

polymer matrices to facilitate the delivery of poorly soluble drugs. These cellulose-based 

polymers can stabilize the active drugs, protect drug from the acidic stomach and make them 

more soluble in the digestive tract so they can be absorbed by human body.  

However, previous synthetic methods to prepare such cellulose derivatives are very time- 

and effort- consuming. Meanwhile, one polymer is usually not suitable for every drug since each 

drug will have different issues, for example different water solubility and/or stability in acidic 

stomach. Therefore, design and preparation of new polymers with enhanced performance is 

extremely desirable, which highly depends on development of new chemistry. 

This dissertation focuses on investigating novel chemistry to modify cellulose ethers and 

creating a broad range of polymer candidates for oral drug delivery. Unlike traditional methods, 



 

the new method is very mild and efficient with short reaction time, neutral pH, complete 

conversion and almost quantitative yield. It also allows incorporation with all kinds of functional 

groups to afford a variety of polymer structures. As a result, this method has enabled a library of 

polymers with diverse structures for drug delivery application and for structure-property 

relationship evaluations, which will further provide valuable information for designing next-

generation polymers with optimized performance. The cellulose derivatives prepared in this way 

are also very promising for coating, food additive, and other biomedical applications.  
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Rules for Polymer Abbreviations 

The rules for polymer abbreviation/nomenclature in this dissertation are summarized as 

follows: For terminally olefinic cellulose ethers, e.g. EC2.30C5, EC denotes ethyl cellulose 

backbone with DS of ethyl group as 2.30; C5 denotes the five-carbon terminal olefin. Methyl 

cellulose derivative MC1.82C5 and ethyl cellulose derivative EC2.58C5 follow the same rules. 

Whereas in Chapter 5, HPC-Pen106 refers to a hydroxypropyl cellulose derivative with a five-

carbon terminal olefin and 1.06 indicates DS of each olefinic side chain.  

For cross-metathesis products (Chapter 3, 4, 5, 6, and 8), e.g. EC2.30C5-XX, EC2.30C5 

indicates the terminally olefinic cellulose ether, while XX stands for the CM partner used in the 

reaction e.g. AA denotes acrylic acid and MA is methyl acrylate. For post metathesis 

hydrogenation products, a simple H is added after the metathesis product, e.g. EC2.30C5-XX-H. 

For thiol-Michael addition products (Chapter 6), e.g. EC2.30C5-BA-YY, EC2.30C5-BA 

indicates that the thiol-Michael substrate is from CM product EC2.30C5-BA, while YY stands 

for the thiol donor employed e.g. 2ME denotes 2-mercaptoethanol and 3MPA denotes 3-

mercaptopropionic acid. 

For acrylated compounds in Chapter 7, e.g. HEC-Acr075, HEC refers to the starting 

material hydroxyethyl cellulose, Acr refers to acrylate, and 075 denotes the DS of acrylate group 

is 0.75. For corresponding thiol-Michael products, the thiol will be added afterwards, e.g. HEC-

ACr075-3MPA refers to addition of 3-mercaptopionic acid to the HEC acrylate HEC-Acr075. 
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Chapter 1  : Dissertation Overview  

 

Cellulose is one of the most abundant polysaccharides and its derivatives (i.e. cellulose 

esters and ethers) are being comprehensively applied in every aspect of our daily life including 

packaging, coating, cosmetics, construction, food and pharmaceuticals. Sustainable development 

and clean technology require advanced biomaterials with desirable properties; design and 

synthesis of such materials highly depends on innovative chemistry.  

One of the greatest hurdles for oral drug delivery is that a large portion of drug candidates 

(estimated 75%) suffer from poor aqueous solubility. Amorphous solid dispersion (ASD) is an 

efficient method for solving the solubility issue by dispersing hydrophobic crystalline drug 

molecularly into a polymer matrix to form a truly miscible blend. Drug molecules are kept in an 

amorphous state within the dispersion and will thus afford a supersaturated concentration upon 

release, which will further promote permeation into blood stream and enhance drug 

bioavailability. The ability of polymers to work as effective ASD matrix depends on miscibility 

with drugs, solubility of formulation and swelling of polymer to facilitate drug diffusion, as well 

as maintaining the supersaturation and preventing drug re-crystallization. Recent work from the 

Edgar and Taylor groups has revealed that cellulose w-carboxyesters with proper 

hydrophobicity/hydrophilicity balance, terminal carboxyl groups and sufficiently high glass 

transition temperatures are effective ASD polymers, which provides very insightful information 

for design of future polymers.  

 Olefin cross-metathesis (CM) is a carbon-carbon double bond transformation that 

happens under very mild conditions with great efficiency and tolerance to different substrates. It 

has been extensively used in organic and polymer chemistry and has been demonstrated viable 

for polysaccharide modification (i.e. cellulose esters) using proper strategies. Chapter 2 will 

introduce the mechanism, selectivity and applications of CM in polymer and polysaccharide 

chemistry, including polymerization, polymer functionalization as well as polysaccharide 

modifications. Compared to esters, cellulose ethers are extremely hydrolytically stable and are 

also commercially important. Modification of cellulose ethers using powerful techniques like 

olefin CM would provide a broad collection of stable derivatives for applications like ASDs. 
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Moreover, most of the commercial ASD polymers (e.g. PVP and HPMCAS) are not specifically 

designed for this purpose and our new research would also open an avenue to diverse polymers 

for detailed structure-property relationship studies. 

Chapter 3 introduces the successful CM in cellulose ethers by appending terminal olefin 

“handles” through a Williamson etherification with an w-unsaturated alkyl halide, which were 

then subject to CM with an excess of different partners including acrylic acid and various 

acrylates. The selectivity of CM over self-metathesis (SM), which could lead to polymer 

crosslinking, was achieved by using mixtures of olefins with different reactivity and applying 

Hoveyda-Grubbs’ 2nd generation catalyst. Products of CM are a,b-unsaturated acids or esters, 

which are liable to a radical g-proton abstraction and recombination of side chains, eventually 

leading to crosslinking and undesirable loss of solubility. A simple hydrogenation can be applied 

to eliminate the a,b-unsaturation and provide stable products with various functionalities 

including carboxyl groups that are promising for ASD application.  

Hydrophobicity/hydrophilicity balance is another critical factor when applying such 

prepared cellulose w-carboxyethers for ASDs. In order to create a library of polymers for 

structure-property evaluation, we explored in Chapter 4 the CM procedure in different 

commercial cellulose derivatives, i.e., ethyl cellulose, methyl cellulose and microcrystalline 

cellulose. We further investigated a hydroxypropyl cellulose starting material in Chapter 5, 

which has hydroxyl terminis from ring-opening of propylene oxides and a degree of substitution 

of hydroxyl groups 3.0, allowing a full-range modification. Different starting materials gave us 

dramatically different properties including solubility, glass transition temperatures, and ability to 

prevent drug crystallization. More importantly, we were able to incorporate solubility parameter 

calculations and precisely design materials with desirable properties. Drug induction experiments 

also demonstrated that some of the polymers are very effective for retarding drug crystallization 

and are promising candidates for ASD application.  

Furthermore, a post-CM thiol-Michael addition was also investigated for the initial a,b-

unsaturated CM products in Chapter 6. Addition of a thioether not only eliminates the a,b-

unsaturation but also provides an additional functionality. Failure of thiol addition with carboxyl-

containing CM products has also been rescued by performing a saponification of acrylate esters 
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after Michael addition. Overall, this tandem CM/thiol-Michael addition has enabled an even 

broader collection of polymers for detailed structure-property-performance evaluations.  

We also investigated the possibility of conducting CM in a reverse order in Chapter 7: 

by appending less reactive acrylate groups to a hydroxyethyl cellulose backbone. The resulting 

failure of CM was mainly due to the relatively much more SM-reactive small molecule olefins. 

Last but not least, Chapter 8 describes modification of bile acids with acrylate groups and CM 

with olefin “handles” from cellulose backbone further proved the concept of conjugating large 

molecules to polysaccharides by olefin CM. We believe this strategy could be easily applied into 

a broad range of polysaccharide/polymer conjugation with complicated structures, other 

biomolecules and synthesis of prodrugs. Chapter 9 concludes all the research chapters and 

proposes several examples of future work, presenting the even broader applications of CM 

strategy and successive drug test experiments for structure-property relationship evaluations.  
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Abstract 

Olefin cross-metathesis, a ruthenium-catalyzed carbon-carbon double bond 

transformation that features high selectivity, reactivity, and high tolerance of various functional 

groups, has been extensively applied in organic synthesis and polymer chemistry. Herein we 

review strategies for performing selective cross-metathesis and its applications in polymer and 

polysaccharide chemistry, including constructing complex polymer architectures, attaching 

pendant groups to polymer backbones and surfaces, and modifying polysaccharide derivatives. 

 

2.1 Introduction: Olefin Cross-metathesis 

2.1.1 Olefin metathesis 

In the past several decades, olefin metathesis (OM) has been vigorously developed into a 

powerful and convenient synthetic tool in organic and polymer chemistry.1-3 Compared with 

other transition-metal catalyzed carbon-carbon bond formation reactions, OM enjoys the 

advantage of using commercially available, well-defined, and easily handled catalysts, and has 

broad scope with respect to product transformations.1, 4-5 Figure 2.1 shows the most common 

metathesis transformations among different types of olefin-containing compounds. These include 

ring-opening metathesis polymerization (ROMP) and acyclic diene metathesis polymerization 

(ADMET), which are well-known methods for polymer synthesis,6-14 ring-closing metathesis 

(RCM),15-17 which is widely used in the synthesis of complex small molecules, and cross-

metathesis (CM), which until recently had been used primarily in small molecule chemistry and 

industrial processes.18  
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Figure 2.1 Various OM reactions: a) ring-closing metathesis (RCM), ring-opening metathesis polymerization 
(ROMP) and acyclic diene metathesis (ADMET) and b) olefin cross-metathesis (CM). 

In the mid-1950s a carbon–carbon double bond scrambling reaction was first reported,19 

where the olefins underwent a redistribution of alkylidene components in the presence of a 

titanium, tungsten, molybdenum or rhenium transition metal catalyst. At that time the 

mechanism and the influence of catalyst properties were unknown. In 1967, Calderon and co-

workers first named the double bond migration reaction “olefin metathesis”.20 Among all the 

possible mechanisms of OM, the most convincing one was proposed by Chauvin and his co-

workers in 1971.21 As shown in Figure 2.2, the reaction involves an olefin and a metal alkylidene, 

which undergo a [2+2] cycloaddition to form a metallacyclobutane intermediate. The 

metallacyclobutane then collapses to form a new olefin and a new alkylidene complex. This may 

be described as a molecular dance where two sets of partners join hands into a ring and split 

hands to form two new sets of partners.22  

2 RCH=CHR' RCH=CHR + R'CH=CHR'

M C
H

R
+ RCH=CHR' M

R
H

R
HH

R'
-RCH=CHR

M C
H

R'

(a)

(b)

 

Figure 2.2 (a) Initial metathesis reaction and (b) Chauvin proposed mechanism. 

Development of efficient catalysts that tolerate various organic functionalities was vital 

for the eventual wide application of OM. In 1980, a major milestone was reached when Schrock 

reported highly active tungsten23 and molybdenum24 catalysts, which were considerably more 

reactive than the earlier tantalum catalyst.25 These catalysts catalyze OM very efficiently but are 
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also quite oxophilic.5, 26 In 1988, Grubbs reported on the ruthenium-catalyzed ROMP of 7-

oxonorbornene derivatives, initiating new efforts toward making  ruthenium-based catalysts with 

high reactivity and selectivity for OM.4, 27-30 These late transition OM metal catalysts were less 

oxophilic than the early transition metal variants, increasing functional group tolerance and ease 

of handling. Early well-defined ruthenium OM catalysts had the general structure 

(PR3)2Cl2Ru=CHR’ and featured a distorted square pyramidal geometry with the alkylidene 

moiety in the apical site. Loss of one phosphine ligand forms a highly active mono(phosphine) 

intermediate. The intermediate is a 14-electron Ru alkylidene that is both catalytically active and 

stable to air and many functional groups, making Ru catalysts versatile and easy to handle.31 

Later, N-heterocyclic carbenes (NHC) were introduced as phosphine replacements, which greatly 

enhanced the rates and further broadened the scope of OM reactions.32 With the development of 

active, stable, and robust catalysts, OM has become a powerful synthetic tool in organic and 

polymer chemistry.2, 18, 33-36 In 2005, Chauvin, Grubbs and Schrock were collectively awarded 

the Nobel Prize in Chemistry for their elucidation of the mechanism of OM and contribution to 

development of effective OM catalysts. 

Several air-stable and functional group-tolerant OM catalysts are commercially available; 

the most commonly used are listed in Figure 2.3. These include Grubbs’ first generation catalyst 

(1), Grubbs’ 2nd generation catalyst (2) and Hoveyda-Grubbs’ 2nd generation catalyst (3). With 

these active, robust catalysts, the range of metathesis olefinic substrates has been significantly 

expanded, and the application of different OM transformations has been widely explored. For 

olefin CM to be effective, it must be fast, high-yielding, broad in scope, and selective. Ru 

catalyst 1 is effective for a wide variety of substrates, but it does not effectively catalyze CM of 

moderately electron-deficient or conjugated olefins such as acrolein due their low 

nucleophilicity.37 It was the advent of Ru catalysts 238 and 339-40 that revolutionized the field of 

olefin CM. The NHC ligand in catalysts 2 and 3 offers stronger σ-donation and less π back-

bonding compared to the phosphine ligand in catalyst 1, making catalysts 2 and 3 more reactive, 

yet still stable towards air and moisture. These catalysts also react with moderately electron-

deficient olefins, including α,β-unsaturated carbonyl compounds.41 As a result, catalysts 2 and 3 

are used widely in OM for small molecule and polymer synthesis. The ortho-

isopropoxybenzylidene moiety in catalyst 3 also provides great stability and permits fast 

initiation. As a result, catalyst 3 is one of the most widely used catalysts for olefin CM, 
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generating products in high yields and converting a variety of olefinic substrates including highly 

electron-deficient olefins (e.g. acrylonitrile), thereby enabling access to a broad range of moieties 

of synthetic interest. 40, 42  
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Figure 2.3 Most commonly used ruthenium-based metathesis catalysts. (Mes =2,4,6-trimethylphenyl, Cy = 
cyclohexyl) 1: Grubbs’ 1st generation catalyst, 2: Grubbs’ 2nd generation catalyst, 3: Hoveyda-Grubbs’ 2nd 
generation catalyst. 

 
2.1.2 Olefin cross-metathesis 

While CM efficiency largely relies on the development of active and stable catalysts, CM 

selectivity is heavily influenced by reactant structural features.18 CM selectivity includes both 

selectivity vs. self-metathesis (SM), which refers to olefin homodimerization (Scheme 2.1), and 

stereochemical selectivity between Z and E product olefin isomers.43-46 In 2002, Grubbs and co-

workers proposed a general model for selective CM, where various olefins were sorted into 

several categories depending on their reactivity. Table 2.1 summarizes four olefin categories for 

olefin CM employing commonly used catalyst 2 (categorization is similar for catalyst 3).47 This 

categorization was based on the tendency of olefins to undergo homodimerization (i.e., SM) 

relative to their tendency to undergo CM, as well as the reactivity of their homodimers towards 

further metathesis reactions with olefin substrates (secondary metathesis).  
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Scheme 2.1 Cross-metathesis and self-metathesis between two olefins and secondary metathesis of olefin 
homodimers. 

Type I olefins are defined as those with relatively high electron density and reactivity 

towards metathesis, such as terminal alkenes or allylic alcohols/esters. Type I olefins can 

undergo rapid homodimerization (SM), and their homodimers have CM reactivity similar to that 

of the starting olefins. Type II olefins have lower electron density and lower CM reactivity; 

examples include acrylic acid, acrylates, and acrylamides. These olefins homodimerize only 

slowly, and their homodimers are only sparingly reactive towards further OM reactions. Type III 

olefins are usually sterically hindered and/or electron-deficient, like 1,1-disubstituted olefins and 

tertiary allylic alcohols. They are unreactive towards homodimerization but are still able to 

undergo CM reaction with Type I or Type II olefins. Type IV includes olefins that are not 

reactive towards CM, but also do not deactivate the metathesis catalyst. These include electron 

deficient and sterically hindered olefins, such as methacrylates. 

The key to selective CM is to eliminate homodimerization products, either by preventing 

the initial formation of homodimers and/or by completely consuming homodimers in secondary 

metathesis. If a Type I olefin reacts with another Type I olefin, both olefins are highly reactive 

and will form homodimers that are still reactive towards secondary metathesis. The desired 

cross-product will equilibrate with the two possible homodimers, and the result will be a 

statistical mixture of SM and CM products. The most straightforward approach for selective CM 

is to react a Type I olefin with a less reactive but more selective Type II/III olefin. Scheme 2.2 

illustrates the primary reactions among mixtures of different olefin types. Type II/III olefins 

homodimerize very slowly, and the initial homodimers of Type I olefins are consumed by CM 

with Type II/III olefins, driven by loss of ethylene. Using a higher molar excess of the Type II/III 

olefin will drive its CM with the Type I olefin, thereby minimizing SM of the Type I olefin. 
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Both steric and electronic properties of an olefin affect its reactivity, and it may be difficult to 

precisely predict the selectivity of an olefin that has not previously been evaluated as an OM 

substrate. Nonetheless, these empirical observations and categories provide guidance for 

achieving selective CM by choosing the optimal catalyst and olefin type combination, while 

employing a molar excess of the less reactive olefin. They also offer insights for designing and 

altering properties of olefins by functionalization and substitution to achieve successful CM with 

product selectivity, regioselectivity, and chemoselectivity. We will point out herein the 

functional group tolerance (chemoselectivity) of CM, illustrated by the examples in this review; 

CM is carried out successfully in the presence of functional groups including carboxylic acids, 

esters, and amides; also alcohols, thioethers, acetals, and unsaturated esters. Rapid kinetics also 

contribute to the gentle nature of CM, with reactions frequently going to completion at or near 

ambient temperature, and within 1-2 h. CM stereoselectivity depends on the steric bulk of 

reacting olefin substituents, wheres bulky groups lead to strong preference for trans products. 

CM between a Type I terminal olefin and Type II acrylates, acrylic acid, or acrylamides is 

typically highly selective for the E isomer (E/Z > 20).47 

 

 
Table 2.1 Olefin categories for selective CM when using catalyst 2. 

Olefin type Reactivity and selectivity Examples 
Type I Highly reactive, non-selective 

Rapid homodimerization 
terminal olefins, 1° allylic alcohols/esters, 
allyl boronate esters, allyl halides, styrenes 
(no large ortho substituent), allyl silanes, 
allyl sulfides 

Type II Low reactivity and selective 
Slow homodimerization 

acrylates, acrylamides, acrylic acid, acrolein, 
vinyl ketones, unprotected 3° allylic alcohols, 
vinyl epoxides,  2° allylic alcohols 

Type III Low reactivity, highly 
selective 
No homodimerization 

1,1-disubstituted olefins, non-bulky trisub. 
olefins, vinyl phosphates, 4° allylic carbons 
(all alkyl substit.), 3° allylic alcohols 
(protected) 

Type IV Not able to participate in CM 
but do not inhibit catalyst 
reactivity 

vinyl nitro olefins, trisubstituted allyl 
alcohols (protected) 
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Scheme 2.2 Primary reactions during metathesis of Type I with Type II/III olefins. 

 

2.2 Cross-Metathesis as Polymerization Technique 

Several aspects of olefin CM have led chemists to explore it as a polymerization method, 

including the following; 1) well-defined, reactive, and functional group tolerant ruthenium OM 

catalysts are commercially available; 2) CM can occur between terminal and internal olefins; 3) 

CM can be conducted under relatively mild reaction conditions and can tolerate a wide variety of 

functional groups. Under proper conditions (catalyst, solvent, temperature and stoichiometric 

ratio), successful olefin CM has been adapted for polymer synthesis. The most widely used 

olefin CM polymerization technique is ADMET. As we focus here on using olefin CM in other 

contexts, the reader is referred to recent reviews on the ADMET topic.7, 48-49  

2.2.1 Macromolecular cross-metathesis 

Besides traditional step-growth and chain-growth polymerization, recently emerging 

macromonomer polymerization has been of increasing interest.50-52 In 2009 Otsuka reported the 

preparation of a block-copolymer of 1,4-polybutadiene (PBD) and an olefin-containing polyester 

(PES).52 As shown in Figure 2.4, with 1 mol% catalyst 1 (based on total olefins), the exchange 

degree between the two blocks, PBD with Mn around 50 kDa and PES with Mn about 22 kDa, 

reached 75% after 24 h with over 70% yield. This is a clever method of using polymer 

scrambling to integrate two types of polymers, which are normally synthesized through chain-

growth and step-growth polymerization separately, into one block copolymer. Unlike 

copolymers prepared by ADMET polymerization, this systematic polymer main chain 
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exchanging step allows control over the degree of PBD and polyester scrambling as well as 

sequence of product functionalities. This strategy provided a solution to the incompatibility of 

traditional polymerization methods (i.e. step-growth vs. chain-growth) so that polymer blocks 

prepared by different methods can still be incorporated together. Furthermore, the number and 

type of components, and the length of blocks could be tailored through control of monomers, 

monomer ratio, and reaction time. Due to the reversibility of CM, both multiblock copolymers 

and amorphous random copolymers are accessible through this macromolecular scrambling 

reaction, providing distinct polymer compositions and physical properties. Hybrid polyester/PED 

prepared by macromolecular CM are also promising for biodegradable polymers. Further 

hydrogenation of the CM products also enabled preparation of saturated and chemically stable 

polyethylene/polyester block copolymers.53 

 

Figure 2.4 (a) Representative scheme of polymer-scrambling by macromolecular olefin cross-metathesis; (b) Time 
dependence of the degree of exchange and the average segment length in hybrid polymers. 
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2.2.2 Olefin CM for constructing complex macromolecular architectures 

2.2.2.1 Hyperbranched, star, and block copolymers 

Synthesis of block copolymers and novel polymer architectures has been of great interest 

in the field of polymer chemistry.54-59 By incorporating chemically diverse polymer blocks into a 

copolymer, product properties can be tuned and material performance can be precisely tailored to 

serve a variety of potential applications. In 2007, Grubbs reported the preparation of 

hyperbranched polymers via CM under very mild conditions using ABn type monomers 

possessing both isolated terminal olefins and acrylates (Scheme 2.3).60 This strategy 

demonstrated OM as a mild and versatile pathway to functionalized hyperbranched polymers.  
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Scheme 2.3 Synthesis of hyperbranched polymer by olefin cross-metathesis. 

In 2011 the Meier group reported selective ADMET/CM of terminal olefins and acrylates 

to prepare diblock and star-copolymers through a step growth polymerization.61 Scheme 2.4 

depicts the synthesis of head-to-tail homopolymer (Scheme 2.4a) and diblock copolymers 

(Scheme 2.4b). Scheme 2.5 shows the preparation of a star polymer, where the end olefin groups 

were further functionalized by thiol-Michael reaction with 2-mercaptoethanol in the presence of 

triethylamine base catalyst. Selective ADMET/CM is thus a solid and straightforward approach 

for construction of various polymer architectures. However, the final products with internal α,β-

unsaturated double bonds may undergo free radical-induced crosslinking, so further reactions to 

eliminate these conjugated double bonds (e.g., hydrogenation) may be necessary to prepare a 

saturated and stable polyester. 
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Scheme 2.4 ADMET cross-metathesis synthesis of (a) homopolymer and (b) diblock copolymer using monomer 
(M) and chain stopper (S). 
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Scheme 2.5 ADMET/CM synthesis of a 3-arm star polymer and its end group functionalization with 2-
mercaptoethanol. 

 
A recent report from Lee and co-workers62 has demonstrated the concept of one-pot 

multiple olefin metathesis (MOMP) that incorporates ring-opening, ring-closing, and cross-
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metathesis. As shown in Scheme 2.6a, monomers containing two cyclopentenes preferentially 

underwent intramolecular RO/RCM polymerization, controlled by using a critical concentration 

of monomers (below 1M). The polymerization produced cross-linked gel at higher concentration 

due to dominant intermolecular ROMP, whereas lower concentration led to reversible decross-

linking via intramolecular RO/RCM and soluble product. The internal olefins on the RO/RCM 

product were then subjected to olefin CM with 1,4-butanediol-diacrylate, where the diacrylates 

were inserted into the polymer backbone to yield an A,B-alternating copolymer. Selectivity for 

CM between internal olefins from polymer backbone and diacrylate monomers was excellent—

after 12 h refluxing with catalyst 3, the alternating ratio of the product polymer reached over 

97% with 100% E isomer. The two-step sequential reaction can also proceed in one pot (Scheme 

2.6b), where the monomer and the diacrylate can undergo MOMP simultaneously to afford the 

same alternating copolymer. This approach represents a smart and concise route for preparing 

well-defined polymer structures with precise control. The complex MOMP reactions occur in 

controlled, one-pot fashion due to the product-selective and chemoselective nature of olefin CM.  
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Scheme 2.6 (a) Tandem RO/RCM polymerization followed by olefin CM for well-defined block copolymer; (b) 
one-shot RO/RCM/CM multiple olefin metathesis polymerization (MOMP). 

2.2.2.2 Divergent dendrimer construction 
End groups can have substantial influence on polymer properties. Dendrimers are highly 

branched polymers which are mono-disperse, have symmetrical structures, and possess high 

densities of surface functional groups.63-65 Dendrimers (and also hyperbranched polymers) have 

significantly larger numbers of end groups per molecule than do linear polymers. These unique 

properties make dendrimers valuable for a range of biomedical applications including targeted 

delivery of cancer drugs and genes.66-68 In 2008, Ornelas and co-workers reported the 
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construction of a divergent dendrimer using CM between a terminal olefin and an acrylate 

dendron (Scheme 2.7).69 The reaction quantitatively yielded a 27-arm dendrimer; a subsequent 

Williamson reaction with p-HOC6H4-O(CH2)8CH=CH2 attached another layer of olefin tether. 

The next iteration of the identical reaction sequence afforded an 81-olefinic dendrimer. Recently, 

Meier and coworkers also reported a divergent dendrimer synthesis using the Passerini three-

component (3C) reaction and olefin CM.70 As shown in Scheme 2.8, the olefin-terminated 

Passerini 3C product underwent CM with tert-butyl acrylate, followed by hydrogenation of the 

α,β-unsaturation. Mild acidic hydrolysis of the tert-butyl esters then created new carboxylic acid 

termini, which served as components for a new Passerini 3C reaction. Combination of the 

Passerini 3-C reaction and olefin CM is an efficient way to build up dendrimer structure. 

However, as mentioned by the authors, incomplete hydrogenation of α,β-unsaturated double 

bonds would permit further CM with new olefins, resulting in numerous fragments. With growth 

of the dendrimer size, heterogeneous hydrogenation (i.e. Pd/C) may become more and more 

challenging.  
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Scheme 2.7 (a) Preparation of acrylate-functionalized dendron; (b) dendrimer construction from a 9-olefinic 
dendrimer to a 27-olefinic dendrimer by olefin CM. 
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Scheme 2.8 Divergent construction of dendrimer via Passerini 3-C reaction and olefin cross-metathesis. 



 17 

2.3 Olefin CM for Polymer Post-functionalization 

Post-polymerization functionalization has become popular for tailoring macromolecular 

architectures and installing new functional groups. Post-functionalization by mild methods like 

CM, which employs no strongly acidic or basic conditions, can be used to modify polymers with 

unique and sensitive functionalities (e.g. carboxyl groups), and/or for tailoring polymer 

properties (e.g. hydrophobicity/hydrophilicity). In this section, we will discuss CM side chain 

modification of linear polymers, functionalization of polymer surfaces, and surface 

functionalization of globular polymers and nanoparticles. 

2.3.1 Installing functionalities on polymer side chains 

Side chain modification has been very important for imparting different functionalities 

into polymer structures, thus enabling various properties. Over the years, modification of 

polymer side chains has been widely explored using chemistries like thiol-ene addition71 and 

Diels-Alder cycloadditions.72-73 In 2012, Schubert74 reported the first post-functionalization of a 

poly(2-oxazoline) with terminal double bonds via olefin CM. As shown in Scheme 2.9, the 

polymer backbone was prepared through cationic ring-opening polymerization of a 2-substituted-

oxazoline monomer, where the side chain double bonds were spaced from the backbone by eight 

carbons to reduce steric interference. SM of terminal olefins was suppressed by using an excess 

of CM partner (Type II acrylate). According to size-exclusion chromatography (SEC) analysis, 

the dispersity values (Ð) remained quite low (1.15-1.33) after functionalization using CM, 

verifying the absence of undesired cross-linking. In 2013, Meier reported side chain modification 

of renewable unsaturated polyesters containing pendant terminal olefins through either thiol-ene 

or CM.75 Both thiol-ene and CM methods were efficient under relatively mild conditions (room 

temperature initiation, 100% completion and almost quantitative yields), demonstrating their 

viability and versatility for differentially functionalizing poly(oxazoline)s. Very recently, CM 

modification of olefin-terminated branches from polymer backbones has also been applied to 

camphor-based synthetic polyesters.76 The great tolerance of CM catalysts for various functional 

groups has enabled synthesis of a range of diverse structures with tunable properties through this 

simple and modular approach. 
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Scheme 2.9 Side-chain functionalization of oxazoline derivative. 

2.3.2 Post-modification of polymer films  

Synthesis of low-fouling and biologically selective films has been of enduring interest 

due to the potential of engineering for specific biological interactions.77 In 2013, Caruso and 

coworkers reported using a modified version of layer-by-layer (LBL) assembly to prepare low-

fouling and bioactive polymer films.78 Poly(acrylic acid) (PAA) films are predominantly 

protonated at pH 5 (pKa = 4.2) and bind bovine serum albumin (BSA), while poly(hydroxyethyl 

acrylate) (PHEA) films possess low-fouling behavior towards BSA regardless of pH. As shown 

in Scheme 2.10, film modification by continuous assembly of polymers (CAP) was initiated by a 

surface bound Ru alkylidene (bispyridine modified catalyst 2). An inner layer of polymer P1 

(norbornene-functionalized PAA) was first prepared by ROMP and an outer layer of polymer P2 

(norbornene-functionalized PHEA) was fabricated by re-initiation of catalyst 2 and further film 

growth. The dual-layer (P1 and P2) film exhibited a low tendency to foul, due to the hydrophilic 

nature of the PHEA outermost layer.79 To enable biological recognition, the norbornene groups 

were then further post-functionalized with biotin by CM. To accomplish this, catalyst 3 was 

added to the CAP-coated surface, and then alkene-modified biotin (M1) solution was added to 

append biotin ligands by efficient CM. Fluorescence microscopy revealed that the biotin-

conjugated dual-layer film repelled BSA but bound specifically to the protein avidin. This 

CAPROMP approach by submersion of surface-immobilized Ru catalysts into different polymer 

solutions provides a facile route for functionalized polymer film fabrication, extending the range 

of olefin CM beyond conventional solution or bulk reactions. This work demonstrates that 

symmetrical type-1 olefins (e.g. M1 in Scheme 2.10) can be used to efficiently incorporate 
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complicated biomolecules into a polymer backbone using olefin CM, enabling potential 

applications like drug release and bio-recognition. 

 

Scheme 2.10 Schematic illustrating film formation and surface modification via the CAPROMP approach and 
structures of compounds used in biospecific film preparation. 

 

2.3.3 Modification of dendrimers and nanoparticles 

It is more challenging to modify dendrimers than to modify small molecules or mono-

functionalized compounds because clean, quantitative reactions are needed to avoid the 

formation of mixtures among the branch termini.80-84 In 2005 Ornelas and co-workers85 reported 

successful functionalization of polyolefin dendrimers by olefin CM with acrylic acid and methyl 

acrylate (Scheme 2.11). In a single step, the hydrophobic dendrimer was easily functionalized 

with a hydrophilic surface. In 2008, the same group also reported CM as a simple, convenient, 

and modular method for post-functionalization of dendrimers and hyperbranched polymers.69 

Undesired intramolecular RCM of the polyolefin dendrimers was avoided by using long tethers, 

removing the possibility for favorable five- or six-membered ring formation. Selectivity of CM 
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over intermolecular cross-linking was achieved by employing a ruthenium catalyst with an 

unsaturated NHC and electron-deficient acrylates as the monomeric olefins. This work has 

validated CM as an efficient way to transform polyolefin dendrimers into polyacids, polyesters, 

and polyferrocenyls.34, 69 A similar concept has also been used to functionalize alkene-terminated 

AuNP nanoparticles.69  

 

 

Scheme 2.11 CM as modular post-modification for dendrimer surface groups: (a) preparation of water-soluble 
dendrimer; (b) 81-tethered dendrimer. 
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2.4 Cross-metathesis of Polysaccharide Derivatives 

Polysaccharides are abundant, diverse polymers that comprise cyclic carbohydrates 

linked through acetal linkages. They come almost exclusively from nature and are ubiquitous: 

cellulose, starch, hemicellulose and pectin are major components of plants, chitin comes from 

crustaceans, and alginic acid is made by from algae; even mammals have heparin and other 

glycosaminoglycans playing vital biological functions. Degradable, renewable polysaccharides 

and their derivatives find important commercial applications in many fields including drug 

delivery,86-88 coating and adhesive materials,89-90 antimicrobials,91-93 and biomedical 

engineering.94-95 Properties of polysaccharides can be tuned by installing different functional 

groups and altering structural features to meet specific requirements.96-97 Traditional 

modification methods like esterification and etherification usually require harsh conditions 

(acidic for esterification and alkaline for etherification) that are incompatible with sensitive 

functional groups. As a result, only a limited functional range of polysaccharide derivatives is 

commercially available to address increasingly demanding application needs; therefore, new 

modification chemistry is highly desirable. As a result, the mild and efficient nature of CM, 

along with its great functional group tolerance, have recently led polysaccharide chemists to 

explore its potential as a key element of new pathways to functionalized polysaccharide 

derivatives. 

2.4.1 Modification of polysaccharides and cross-linking tendency 

Modification of polysaccharides using CM has been challenging because their 

multifunctional nature raises the specter of competing SM, leading to crosslinking and non-

processable products. In 2004, Joly98 et al. reported application of OM to cellulose onto which 

long w-unsaturated ester groups had been appended; the product was indeed a crosslinked plastic 

film, resulting from SM as shown in Scheme 2.12. In 2013, Malzahn99 reported the preparation 

of hollow nanocapsules through an interfacial CM procedure of hydrophilic acrylated dextran 

with a hydrophobic unsaturated organophosphate. As shown in Figure 2.5, the nanocapsule 

shells were made by cross-linked dextran through a water-in-oil miniemulsion procedure. This 

work has demonstrated CM as a useful method to make biodegradable and biocompatible 

nanocapsules. As water-soluble polysaccharides (e.g. dextran, curdlan or chitosan) are being 

used and/or have great potential to be used in biological environments, this miniemulsion CM 
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method holds high promise for preparing such polysaccharides as aqueous drug delivery or bio-

recognition vehicles. 
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Scheme 2.12 OM between cellulose ω-undecenoates leading to crosslinked plastic film. 

 

 

Figure 2.5 (a) Olefin CM between acrylated dextran and olefin-containing phosphoester, leading to a crosslinked 
polymer network; (b) schematic representation of interfacial olefin CM at a water-oil interface. 
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2.4.2 Successful CM of functionalized cellulose ester derivatives  

In 2014, Edgar and co-workers reported the first olefin CM of cellulose derivatives in the 

synthesis of cellulose ω-carboxyalkanoates.100 By appending terminal olefins (Type I according 

to Grubbs’ categorization) to a cellulose ester backbone, then reacting with excess acrylic acid 

(Type II olefin) in the presence of CM-selective catalyst 3, 100% olefin CM with over 90% yield 

was achieved, providing discreet, soluble, functionalized cellulose derivatives. This approach has 

proven to be very versatile with regard to functional groups appended (Scheme 2.13), creating 

the potential for preparing diversely functionalized polysaccharides with tailored properties. 

Further reports from the Edgar group have demonstrated the possibility of CM between olefin-

terminated cellulose esters101-102 and a variety of Type II olefins, including acrylic acid, many 

kinds of acrylates, and various acrylamides.74 The success of the measures noted above in 

favoring CM over SM is remarkable and complete as far as one can tell from solubility and 

molecular weight measurements. The α,β-unsaturated CM products, however, were observed to 

be unstable towards radical formation in the -position. After weeks of storage the cellulose 

derivatives became insoluble through radical recombination. The Edgar group showed that the 

cross-linking issue can be suppressed by inclusion of the radical scavenger butylated 

hydroxytoluene (BHT) during storage100 and can be permanently addressed by elimination of the 

a,b-olefin, e.g., by hydrogenation.101  
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Scheme 2.13 Olefin CM of cellulose ester derivatives with acrylic acid and various acrylates. 

 

2.4.3 Tandem CM and thiol-Michael addition 

Successful application of olefin CM to cellulose modification, with near-total suppression 

of undesired SM, (undesired when CM is the goal since SM leads to crosslinking and loss of 

processability), represented an important step forward in polysaccharide modification. The 

unfavorable crosslinking tendency of the initial products, derived from a proton abstraction at the 

position γ to the α,β-unsaturation, can be effectively addressed by hydrogenation of the initial 

product unsaturation as described above.101 Alternatively, that same α,β-unsaturated olefin is also 

electron-deficient, and therefore are reactive towards nucleophiles in conjugate addition 

reactions.103-105 This opens up the possibility that, rather than simply eliminate the CM product 

unsaturation, it can be exploited to introduce still more functionality, for example through a 

thiol-Michael reaction. Indeed, the initial α,β-unsaturated CM products react with thiol 

nucleophiles which can themselves have appended functionality (e.g., 2-mercaptoethanol or 3-

mercaptopropionic acid). This single step effectively removes the α,β-unsaturation, eliminates 

the crosslinking tendency, and provides still more diversely functionalized products (Figure 2.6). 

It is important to appreciate the potential of these mild olefin CM and thiol-Michael “click” 
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reactions, with their broad functional group tolerance, for illuminating structure-property 

relationships of functionalized polysaccharide derivatives. Polysaccharide derivatives can be 

quite complicated with regard to monosaccharide sequence, degree of polymerization (DP), and 

position of substitution. Through these CM and thiol-Michael methods, a broad range of 

functional CM partners and thiols can be used, starting from a single polysaccharide derivative 

that possesses olefin “handles” (e.g., structure Cell-1 in Figure 2.6). Application of CM to Cell-1 

with an appropriate type-II olefin will afford Cell-2, which represents a series of polymers that 

all possess the same backbone, DP, degree of substitution (DS), and monosaccharide sequences, 

with the only difference being the functionality introduced by CM. The structure can be further 

elaborated using thiol-Michael chemistry to generate Cell-3, which represents a library of dual-

functional polysaccharides that vary only in the type or structure of appended functional groups. 

Combination of olefin CM with thiol-Michael chemistry turns a disadvantage (the 

residual, unstable unsaturation resulting from CM) into an advantage, providing a powerful and 

versatile strategy for multifunctional modification of cellulose derivatives. We anticipate that this 

method will become a useful and powerful tool for design, synthesis and modification of various 

polysaccharide derivatives (e.g. amylose, pullulan, curdlan, alginate). This method has become a 

useful and powerful tool for design, synthesis and modification of polysaccharide derivatives, 

providing a much more versatile alternative to traditional esterification or etherification methods 

(harshly acidic or alkaline, respectively). Furthermore, it also opens up the possibility for 

appending complicated, sensitive structures like drug molecules or targeting moieties, which can 

be useful for a variety of biomedical applications including ASD.  
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Figure 2.6 Schematic illustration of olefin cross-metathesis and thiol-Michael addition towards functionalized 
cellulose derivatives. Circles of different colors represent different functionalities introduced by CM and triangles of 
different colors represent different functionalities introduced by thiol-Michael reactions.106 

 

2.5 Conclusions and Future Prospects 

Over the past decade, the mild and “clickable” nature of olefin CM has led to its powerful 

influence and impact in polymer chemistry. Well-defined, easily handled, and commercially 

available catalysts with great reactivity and stability have enabled the widespread application of 

this synthetic technique. Categorization of olefins according to their metathesis reactivity has 

facilitated a practical strategy for selectivity between cross-metathesis and self-metathesis, which 

has already been applied by numerous researchers. Additionally, the mild reaction conditions 

permit great tolerance to diverse functional groups, which in turn offer the possibility for 

designing substrates with specific electronic or steric properties for tunable reactivity and 

selectivity. Thus, application of CM has extended from small molecule synthesis to 

polymerization, polymer side chain functionalization, and surface modification. 

Preparation of block copolymers by macromolecular CM has become a unique method 

for incorporating different blocks, even when synthesized by different polymerization methods 

(i.e. step-growth and chain-growth), into one multiblock or random copolymer. Functionalization 
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of monomers/polymer blocks/dendrons with different types of olefins (e.g. an acrylate and/or a 

terminal olefin) has become a very convenient method for constructing block copolymers and 

hyperbranched polymers. The recent demonstration of multiple olefin metathesis polymerization 

(MOMP) also further highlights the ways in which CM selectivity can be used imaginatively to 

construct complex, useful polymer structures in a highly efficient manner. CM modification of 

polymer side chains (e.g. poly(oxazoline), polyester) also showcased the versatility of CM. 

Conjugation of biomolecules onto polymer films by CM has validated the principle of 

incorporating complicated moieties into polymer structures. We expect future exploitation of this 

method in the fields of biomedical and pharmaceutical science with conjugation of biomolecules 

like peptides, proteins, drug candidates, and targeting ligands.  

By appending terminal olefins onto a polysaccharide backbone through esterification, 

successful CM can be performed with a variety of Type II olefins (e.g. acrylic acid, various 

acrylates, and acrylamides), which has provided effective new routes to an extremely broad 

range of derivatives. Post-CM modifications such as thiol-Michael “click” reaction with the α,β-

unsaturated metathesis products also afford powerful and versatile tools for well-controlled 

polymer synthesis. Moreover, the mild nature and great tolerance of CM enables selective 

modification of polysaccharides (e.g. with a terminal olefin or an acrylate), enabling possible 

conjugation of complicated biomolecules onto a polysaccharide backbone and synthesis of pro-

drugs. We envision this procedure can be easily adapted into all kinds of different 

polysaccharides with the potential of creating an even broader structural and architectural 

diversity and tunable functionalities and properties. Therefore, continuous growth and advances 

in research and applications of olefin CM can be expected in all aspects of polymer and 

polysaccharide science.  
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Abstract 

Olefin cross-metathesis is a valuable new approach for imparting functional variety to 

cellulose ethers. Starting from commercially available ethyl cellulose, terminally unsaturated 

alkyl groups were appended as metathesis handles: allyl chloride, 5-bromo-1-pentene, 7-bromo-

1-heptene and 11-bromo-1-undecene, employing sodium hydride catalyst. These olefin-terminal 

ethyl cellulose derivatives were then subjected to olefin cross-metathesis with a variety of 

electron-poor olefin substrates, including acrylic acid and acrylate esters under optimized 

conditions (5-10 mol% Hoveyda-Grubbs’ 2nd generation catalyst, 37 oC, 2 h). The effects of 

varying the length of the ω-unsaturated alkyl handle, and of the solvent systems used were 

evaluated. Ethyl cellulose containing a pent-4-enyl substituent performed best in cross metathesis 

reactions and a hept-6-enyl substituent gave similarly good results. Ethyl cellulose with allyl 

substituents gave low to moderate metathesis conversion (< 50%), possibly due to steric effects 

and the proximity of the ether oxygen to the terminal olefin. Interestingly, longer tethers (undec-

10-enyl) gave high conversions (up to 90%) but relatively slow reactions (ca. 12 h needed for 

high conversion). While limited in this study by the relatively low DS (OH) of the starting 

commercial ethyl cellulose materials, this methodology has strong promise for introduction of 

diverse functionality to cellulose ethers in chemospecific and mild fashion, enabling amorphous 

solid dispersion and other applications.  

 

3.1 Introduction 

Modifications of naturally occurring cellulose to prepare cellulose ethers are of 

substantial scientific and commercial value, not only imparting solubility (frequently in water) 
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and processibility, but also providing new properties that have greatly extended the range of 

applications of cellulose and its derivatives into coatings, personal care, cleaning products, foods, 

and pharmaceuticals,1-6 to name just a few. The historical development of cellulose ether 

synthetic methods has provided useful derivatives including methyl cellulose (MC), ethyl 

cellulose (EC), carboxymethyl cellulose (CMC), hydroxypropyl cellulose (HPC) and 

hydroxypropylmethyl cellulose (hypromellose or HPMC). Even though these cellulose ethers 

have great functional and commercial utility, and are produced on billions of kilograms per 

annum scale, the range of available cellulose ether derivatives is still surprisingly limited if we 

consider the high functionality of hydroxyl groups per anhydroglucose unit (AGU), and the 

increasing demands for and upon renewable biopolymers. To a significant extent this narrow 

scope has to do with the requirements of traditional synthesis methods, in which alkali cellulose 

is reacted in aqueous media with electrophiles like alkyl halides and epoxides. This methodology 

is limiting with respect to the solubility and reactivity of the electrophiles that may be used. 

Cellulose ether esters have also been of considerable recent interest, including in 

particular cellulose ether esters that possess pendent carboxylic acid functionality.7-9 This 

pendent carboxyl functionality can be of value for imparting pH responsiveness, promoting 

specific interactions with small molecules, and for other purposes.10 The synthesis of these 

carboxy-containing cellulose ether esters can be complicated, since they typically possess both 

hydroxyl and carboxyl groups, and thus can be prone to crosslinking via ester formation during 

synthesis and/or use. Thus carboxymethyl cellulose acetate butyrate is a very promising polymer 

for coatings11 and drug delivery applications,12-14 but since it is synthesized by esterification of 

carboxymethylcellulose under acidic and anhydrous conditions,15 it may be expected to be prone 

to crosslinking. Acylation of cellulose ethers under mildly basic catalysis can be more successful, 

especially when the acylating reagent is a cyclic anhydride; hydroxypropyl methyl cellulose 

acetate succinate (HPMCAS) is a commercially important cellulose ether ester that can be made 

in this way.8  

Cellulose ether esters have been of particular interest of late for their ability to enhance 

aqueous solubility of hydrophobic drugs, by incorporation of the drug into an amorphous solid 

dispersion (ASD);16-20 that is, to form a miscible blend of polymer matrix and hydrophobic drug, 

thereby preventing drug crystallization and removing from the dissolution process the need to 

surmount the energy barrier of the drug heat of fusion. These ASDs thereby provide a 
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supersaturated solution of the hydrophobic drug, increasing drug permeation and hence 

bioavailability in oral drug delivery.21 Cellulose derivatives have proven to be highly valuable 

for use in ASDs due to their generally low toxicities, inability to permeate through the 

gastrointestinal (GI) epithelium, and high glass transition temperatures (keeping the formulation 

in the glassy state prevents drug mobility which may lead to drug crystallization). Carboxylated 

cellulose derivatives like HPMCAS can be especially useful for ASDs since they are pH 

responsive and can participate through the carboxyl group in specific interactions with drug 

functional groups.22-26 HPMCAS has hydrophobic moieties that interact with drug molecules in 

the ASD matrix and hydrophilic moieties (hydroxypropyl and succinate groups) that provide 

sufficient aqueous solubility such that HPMCAS can form stable drug-polymer colloids in the 

aqueous media of the GI tract.27 ASD is of growing importance to the pharmaceutical industry, 

but its ability to help patients by reducing dosage, cost, side effects, and pill size is restricted due 

to the fact that only polymers already used for other pharmaceutical purposes have been 

exploited to date (e.g., HPMCAS, HPMC, poly(ethylene glycol), and poly(vinyl pyrrolidinones)). 

There is a strong need for new polymers that are specifically designed for ASD, possessing the 

correct hydrophobic/hydrophilic balance, Tg, release triggers, and other important ASD 

properties.9, 28 Therefore, strong fundamental structure-property studies of cellulose ether 

derivatives for ASD should be intriguing for polysaccharide chemists. However, traditional 

cellulose etherification typically requires harsh alkaline catalysts and aqueous-soluble reagents, 

so how can we practically vary the ether substituent across a wide structural range in order to 

investigate these structure-property relationships?  

Recently, Meng and co-workers have demonstrated that olefin metathesis (OM) is a mild, 

efficient, and versatile method for synthesis of cellulose ester derivatives.29 Grubbs and his group 

pioneered OM as a powerful and convenient synthetic tool which is being extensively applied in 

both organic and polymer chemistry.30-32 Compared with all other transition-metal catalyzed 

carbon-carbon bond formation reactions, metathesis enjoys the advantages of using 

commercially available and easily handled ruthenium carbene-based catalysts, and has broad 

tolerance of functional groups.33-38 While there are many variants of OM, we have focused on 

olefin cross-metathesis (CM) due to its high selectivity, excellent efficiency, and ability to 

append different functional groups. Figure 3.1 illustrates the structure of Hoveyda-Grubbs’ 2nd 

generation catalyst which shows the best catalyst reactivity and selectivity for olefin CM.39-43 
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Figure 3.1 Hoveyda-Grubbs’ 2nd generation catalyst applied for CM. 

In using CM to modify polymers, the major issue is the selectivity for CM at the expense 

of self-metathesis (SM). SM leads to cross-linking, and cross-linking leads to poor processability, 

so is undesirable except in cases where loss of solubility, for example, is the goal. Fortunately 

Grubbs has categorized olefins39 according to their electron density and steric crowding into 

types that differ in CM reactivity, and has observed that by combining reactive and unreactive 

types, e.g. reactive Type I (electron rich and terminal olefins) with less reactive Type II (e.g, 

electron-deficient acrylates), highly selective CM can be achieved (Table 3.1), driven by the loss 

of volatile ethylene by-product. Recently, CM has also been explored as a method for 

synthesizing variously functionalized polysaccharide derivatives.29, 44 Malzahn has reported an 

elegant preparation of hollow nanocapsules through interfacial olefin CM of hydrophilic 

acrylated dextran with a hydrophobic unsaturated organophosphate, employing a water-in-oil 

miniemulsion.45 Recently the Edgar group reported the first successful CM of cellulose ester 

derivatives that afforded soluble, discrete products.29 Successful CM of olefin terminated 

cellulose esters with different acrylates and hydrogenation of the product olefin to provide 

saturated derivatives afforded various modified cellulose esters with tailored functional groups.44  

Table 3.1 Grubbs categorization of olefins and rules for selectivity. 

olefin type reactivity and selectivity examples 

Type I high reactivity, no selectivity 
rapid homodimerization 

terminal olefins, allyl 
silanes 

Type II 
low reactivity and some 
selectivity 
slow homodimerization 

acrylic acid and 
acrylates 
 

Type III low reactivity, high selectivity 
no homodimerization tertiary allylic alcohols 

 

In this work we hypothesize that functionalized cellulose ethers may be excellent 

candidate ASD matrix polymers, and that olefin CM may be a novel, versatile, and efficient 



 36 

route for their synthesis. We put forward this hypothesis because of the far greater hydrolytic 

stability of ether linkages than ester linkages, which supports possible application in aqueous 

media, and because successful olefin CM would afford the opportunity to broadly vary the 

pendent functional groups, far beyond the variety available from conventional cellulose ether 

chemistry, thereby permitting detailed structure-property studies and tailoring of the polymer to 

high performance in ASD.4, 46-48 At the same time these cellulose ether CM products, if properly 

designed, should be attractive for a wide variety of other applications due to retention of 

favorable cellulose ether properties like stability to ultraviolet radiation, high Tg, and low toxicity. 

In order to illuminate the key structure-reactivity-property-performance relationships, we explore 

synthesis and CM of a series of olefin-terminated ethylcellulose derivatives with different side 

chain lengths (C3, C5, C7, and C11). We also probe the influence of the CM partner, beginning 

with acrylic acid and further extending to different acrylates like methyl acrylate (MA), 

hydroxyethyl acrylate (HEA), poly(ethylene glycol) methyl ether acrylate (PEGMEA) and 

poly(propylene glycol) acrylate (PPGA). The influences of catalyst load, reaction time and 

solvent system are also important and are fully explored. 

 
3.2 Experimental 

3.2.1 Materials 

Ethyl cellulose N50 (EC2.58, Mw = 56 KDa, DP = 240 as determined by size exclusion 

chromatography) was from Ashland Specialty Chemical Company. DS(Et) was determined by 

perpropionylation (SI). Allyl chloride, 5-bromo-pent-1-ene, 11-bromo-undec-1-ene, anhydrous 

tetrahydrofuran (THF), acrylic acid, methyl acrylate, 2-hydroxyl ethyl acrylate, poly(ethylene 

glycol) methyl ether acrylate, poly(propylene glycol) methyl ether acrylate, 3,5-di-tert-

butylhydroxytoluene (BHT), and Hoveyda-Grubbs 2nd generation catalyst were purchased from 

Sigma-Aldrich. Monopotassium phosphate (KH2PO4), dimethyl sulfoxide (DMSO), 

dichloromethane, ethanol and isopropanol were purchased from Fisher Scientific. Sodium 

hydride (NaH) and potassium phosphate dibasic (K2HPO4) were from Acros Organics. Ethyl 

vinyl ether was purchased from Fluka Analytical. All reagents were used as received without 

further purification. Dialysis tubing (MWCO 3500 Da) was purchased from Fisher Scientific. 
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3.2.2 Measurements 

 1H NMR spectra were acquired on a Bruker Avance 500 spectrometer operating at 500 MHz. 

Samples were analyzed as solutions in CDCl3 or DMSO-d6 (ca. 10 mg/mL) at 25 °C in standard 

5 mm o.d. tubes. Three drops of trifluoroacetic acid were added to shift the water peak in 

DMSO-d6 downfield from the spectral region of interest. 13C NMR spectra were acquired on 

Bruker 500 MHz spectrometer with a minimum of 5000 scans in DMSO-d6 (ca. 40 mg/mL). FT-

IR spectra were obtained on a Nicolet 8700 instrument using KBr powder as matrix. Tg values 

were obtained by differential scanning calorimetry (DSC) on a TA instruments Q100 apparatus 

using heat/cool/heat mode. Dry powders (ca. 5 mg) were loaded in Tzero aluminum pans; each 

sample was equilibrated at -50 or -20 °C and then heated to 150 °C at 20 °C min-1. The sample 

was then quenched at 100 °C min-1 to -50 °C. During the second heating cycle the sample was 

heated to 190 °C at 20 °C min-1. For transitions that were not sufficiently resolved, modulated 

DSC (MDSC) was performed: sample first equilibrated at -25 °C and then gradually heated up to 

190 °C with the underlying ramp heating rate as 3 °C/min and the oscillation amplitude ±0.5 °C 

with oscillation period 60s. Size exclusion chromatography (SEC) was performed in HPLC 

grade THF or DMAc/LiCl at 40 °C at flow rate 1 mL/min using a Waters size exclusion 

chromatography equipped with an autosampler, three in-line 5 µm PLgel Mixed-C columns, and 

a Waters 410 refractive index (RI) detector operating at 880 nm, which was programmed to a 

polystyrene calibration curve.  

3.2.3 Solubility tests 

Dried sample (∼10 mg) was added to a 10 mL glass vial, then 2–3 mL of solvent was added. The 

mixture was subjected to vortex mixing for 5 min (moderate heating was applied) and placed on 

a roller overnight; the solubility was determined by visual examination. 

3.2.4 General etherification procedure for commercial EC2.58 

Ethyl cellulose EC2.58 (1.0 g, 4.30 mmol AGU, 1.85 mmol -OH) was dissolved in 10 mL 

anhydrous THF at room temperature with mechanical stirring. NaH (95%, 0.47 g, 18.5 mmol, 10 

equiv) was added. The solution was cooled to 0 °C, then allyl chloride (1.42 g, 18.5 mmol, 10 

equiv) was added dropwise with vigorous stirring. The solution was stirred at room temperature 

for 1 day and at 50 °C for three days. Solidification occurred during this process, but after the 
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temperature reached 50 °C, the solid gradually disappeared. The reaction was quenched by 

isopropanol to destroy residual NaH, and then the mixture was poured into 500 mL pH 7.4 buffer 

(7.14 g K2HPO4 and 3.54 g KH2PO4 in 1000 mL deionized water). The resulting precipitate was 

collected by vacuum filtration, washed with water and ethanol, and dried overnight under 

vacuum at 40 °C. 1H NMR (500 MHz, CDCl3): 1.14 (br s, OCH2CH3), 2.85-5.58 (m, cellulose 

backbone, OCH2CH3 and OCH2CH=CH2), 4.95-5.35 (dq, OCH2CH=CH2), 5.80-6.05 (m, 

OCH2CH=CH2). 13C NMR (500 MHz, CDCl3): 16.0 (OCH2CH3), 66.8 (OCH2CH3), 68.6 

(OCH2CH=CH2), 72.4 (C6), 74.3 (C5), 75.6 (C2), 82.3 (C4), 83.9 (C3), 103.3 (C1), 115.6 

(OCH2CH=CH2), 136.7 (OCH2CH=CH2). DS by 1H NMR: DS (Et) 2.58, DS (allyl) 0.38; yield: 

93%. 

Similar procedures were followed for the preparation of EC2.58C5, EC2.58C7 and 

EC2.58C11 using 5-bromo-1-pentene, 7-bromo-1-heptene and 11-bromo-1-undecene, 

respectively, and NaH catalyst. The last two polymers were purified as follows: EC2.58C7 was 

centrifuged after precipitation into buffer, the upper liquid was then discarded and the polymer 

was collected and washed sufficiently by hexane to remove the alkyl halide reagent before 

vacuum drying. EC2.58C11 was dialyzed against ethanol for three days with ethanol replaced 

five times and in water for another two days before freeze-drying. 

EC2.58C5. 1H NMR (500 MHz, CDCl3): 1.14 (br s, OCH2CH3), 1.63 (s, 

OCH2CH2CH2CH=CH2), 2.08 (s, OCH2CH2CH2CH=CH2), 2.85-4.50 (cellulose backbone, 

OCH2CH3 and OCH2CH2CH2CH=CH2), 4.80-5.12 (m, OCH2CH2CH2CH=CH2), 5.81 (m, 

OCH2CH2CH2CH=CH2). 13C NMR (500 MHz, CDCl3): 15.6 (OCH2CH3), 29.5 

(OCH2CH2CH2CH=CH2), 30.3 (OCH2CH2CH2CH=CH2), 66.4 (OCH2CH3), 68.2 

(OCH2CH2CH2CH=CH2), 72.6 (C6), 75.5 (C5), 77.5 (C2), 81.8 (C3), 83.6 (C4), 102.8 (C1), 

114.1(OCH2CH2CH2CH=CH2), 139.0 (OCH2CH2CH2CH=CH2). DS by 1H NMR: DS (Et) 2.58, 

DS (C5) 0.38; yield: 89%.  

EC2.58C7. 1H NMR (500 MHz, CDCl3): 1.15 (m, OCH2CH3), 1.25-1.37 (m, 

OCH2CH2CH2CH2CH2CH=CH2), 1.54 (m, OCH2CH2CH2CH2CH2CH=CH2), 2.05 (q, 

OCH2CH2CH2CH2CH2CH=CH2), 2.83-4.50 (m, cellulose backbone, OCH2CH2 and 

OCH2CH2CH2CH2CH2CH=CH2), 4.85-5.05 (dd, OCH2CH2CH2CH2CH2CH=CH2), 5.79 (m, 

OCH2CH2CH2CH2CH2CH=CH2). DS by 1H NMR: DS (Et) 2.58, DS (C7) 0.41; yield: 86%. 
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EC2.58C11. 1H NMR (500 MHz, CDCl3): 1.15 (m, OCH2CH3), 1.25-1.37 (m, 

OCH2CH2CH2CH2CH2CH2CH2CH2CH2CH=CH2), 1.80-1.92 (m, 

OCH2CH2CH2CH2CH2CH2CH2CH2CH2CH=CH2), 2.04 (q, 

OCH2CH2CH2CH2CH2CH2CH2CH2CH2CH=CH2), 2.85-4.50 (m, cellulose backbone, OCH2CH2 

and OCH2CH2CH2CH2CH2CH2CH2CH2CH2CH=CH2), 4.88-5.04 (dd, 

OCH2CH2CH2CH2CH2CH2CH2CH2CH2CH=CH2), 5.82 (m, 

OCH2CH2CH2CH2CH2CH2CH2CH2CH2CH=CH2). DS by 1H NMR: DS (Et) 2.58, DS (C11) 

0.36; yield: 74%. 

3.2.6 General procedure for olefin cross-metathesis 

To a flask charged with EC2.58C5 (100 mg, 0.38 mmol AGU, 0.14 mmol terminal olefin), 5 mg 

BHT and 3 mL DCM or THF were added. The mixture was stirred under N2 protection at 37 °C 

for DCM system (or THF) until all reagents were completely dissolved. Then acrylic acid (0.42 g, 

5.8 mmol, 40 equiv) was added, followed by Hoveyda-Grubbs’ 2nd generation catalyst C3 (4.4 

mg, 5 mol% based on olefin, dissolved in DCM or THF). After stirring at 40 °C for 2 h, the 

reaction was stopped by adding 2 drops of ethyl vinyl ether. For DCM as solvent, after 

quenching the reaction with ethyl vinyl ether, the reaction solution was dialyzed in a 600 mL 

beaker against EtOH overnight, then the medium was changed to water and dialyzed for another 

day, with both EtOH and water changed twice during dialysis. When THF was the solvent, the 

product was precipitated in water and sufficiently washed by water before vacuum drying at 40 

°C. 

General Procedure for Olefin Metathesis of Pent-4-enyl Ethylcellulose with Acrylic Acid as 

Solvent and Reagent. To a flask charged with EC2.58C5 (100 mg, 0.38 mmol AGU, 0.14 mmol 

terminal olefin), 5 mg BHT and 3 mL acrylic acid were added. The mixture was stirred under N2 

protection at 40 °C until all reagents were completely dissolved. Then Hoveyda-Grubbs’ 2nd 

generation catalyst C3 (4.4 mg, 5 mol%, dissolved in 3 mL acrylic acid) was added. After 

stirring at 40 °C for 2 h, the reaction was stopped by adding 2 drops of ethyl vinyl ether. The 

solution was added to water to precipitate the product. The product was collected by vacuum 

filtration, then was sufficiently washed with water before vacuum drying at 40 °C. 

 General Procedure for Olefin Metathesis of Pent-4-enyl Ethylcellulose EC2.58C5 with Methyl 

Acrylate in DCM. To a flask charged with EC2.58C5 (100 mg, 0.38 mmol AGU, 0.14 mmol 
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terminal olefin), 5 mg BHT and 3 mL DCM were added, and the mixture was stirred under N2 

protection at 37 °C until all reagents were completely dissolved. Then methyl acrylate (0.50 g, 

5.8 mmol, 40 equiv) was added followed by Hoveyda-Grubbs’ 2nd generation catalyst C3 (4.4 mg, 

5 mol%, dissolved in DCM). After 2 h reaction, two drops of ethyl vinyl ether was added to stop 

CM. The product was dialyzed in a 600 mL beaker against EtOH overnight, then against water 

for one more day, with both EtOH and water changed twice every 24h. The CM product 

precipitated during dialysis, then was collected by filtration and vacuum dried overnight at 40 °C. 

Similar procedures were performed for CM of EC2.58C3, EC2.58C7 and EC2.58C11 in 

other solvent systems. Each sample is labeled with an additional number referring to specific 

reaction conditions. Analysis of CM conversion is based on the ratio of olefin peak integrations 

in the 1H NMR spectra, and one example calculation of EC2.58C5-MA-3 with partial conversion 

is shown in ESI S6. 

EC2.58C3-AA-2. 1H NMR (500 MHz, CDCl3): 1.15z (br s, OCH2CH3), 2.85-5.58 (m, 

cellulose backbone, OCH2CH3 and OCH2CH=CH2), 4.95-5.35 (dq, unreacted OCH2CH=CH2), 

5.80-6.05 (m, unreacted OCH2CH=CH2), 6.05-6.18 (m, OCH2CH=CHCOOH), 6.96 (m, 

OCH2CH=CHCOOH).  

EC2.58C5-AA-5. 1H NMR (500 MHz, CDCl3): 1.14 (br s, OCH2CH3), 1.67 (s, 

OCH2CH2CH2CH=CHCOOH), 2.28 (s, OCH2CH2CH2CH=CHCOOH), 2.85-4.50 (cellulose 

backbone, OCH2CH3 and OCH2CH2CH2CH=CHCOOH), 5.75 (m, 

OCH2CH2CH2CH=CHCOOH, Z configuration), 5.83 (m, OCH2CH2CH2CH=CHCOOH, E 

configuration), 6.29 (m, OCH2CH2CH2CH=CHCOOH, Z configuration), 6.99 (m, 

OCH2CH2CH2CH=CHCOOH, E configuration). 13C NMR (500 MHz, CDCl3): 16.0 (OCH2CH3), 

28.9 (OCH2CH2CH2CH=CHCOOH), 29.2 (OCH2CH2CH2CH=CHCOOH), 66.8 (OCH2CH3), 

68.6 (OCH2CH2CH2CH=CHCOOH), 72.5 (C6), 75.6 (C5), 77.5 (C2), 82.2 (C3), 83.9 (C4), 

103.2 (C1), 121.2 (OCH2CH2CH2CH=CHCOOH), 150.2 (OCH2CH2CH2CH=CHCOOH), 167.6 

(OCH2CH2CH2CH=CHCOOH). CM conversion by 1H NMR: 100%, E/Z ratio 11.1; yield: 92%. 

EC2.58C5-MA-5. 1H NMR (500 MHz, CDCl3): 1.12 (br s, OCH2CH3), 1.68 (s, 

OCH2CH2CH2CH=CHCOOCH3), 2.27 (s, OCH2CH2CH2CH=CHCOOCH3), 2.85-4.50 (cellulose 

backbone, OCH2CH3 and OCH2CH2CH2CH=CHCOOCH3), 5.73 (d, 

OCH2CH2CH2CH=CHCOOCH3, Z configuration), 5.82 (d, OCH2CH2CH2CH=CHCOOCH3, E 
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configuration), 6.27 (m, OCH2CH2CH2CH=CHCOOCH3, Z configuration), 6.97 (m, 

OCH2CH2CH2CH=CHCOOCH3, E configuration). CM conversion by 1H NMR: 100%, E/Z ratio 

12.5; yield: 90%.  

EC2.58C5-HEA. 1H NMR (500 MHz, CDCl3): 1.13 (br s, OCH2CH3), 1.67 (s, 

OCH2CH2CH2CH=CHCOOCH2CH2OH), 2.12-2.38 (mf, 

OCH2CH2CH2CH=CHCOOCH2CH2OH), 2.85-4.50 (cellulose backbone, OCH2CH3 and 

OCH2CH2CH2CH=CHCOOCH2CH2OH, OCH2CH2CH2CH=CHCOOCH2CH2OH), 5.78 (d, 

OCH2CH2CH2CH=CHCOOCH2CH2OH, Z configuration), 5.95 (d, 

OCH2CH2CH2CH=CHCOOCH2CH2OH, E configuration), 6.34 (m, 

OCH2CH2CH2CH=CHCOOCH2CH2OH, Z configuration), 6.97 (m, 

OCH2CH2CH2CH=CHCOOCH2CH2OH, E configuration). CM conversion by 1H NMR: 100%, 

E/Z ratio 11.8; yield: 95%.  

 

3.3 Results and Discussion 

We began our exploration of CM of cellulose ether derivatives using commercially 

available ethyl cellulose with DS(Et) of 2.58 (EC2.58), since the ethyl groups should provide 

needed hydrophobicity for attaining good miscibility with hydrophobic drugs, by analogy to our 

earlier design of cellulose esters for ASDs.10 The DS(Et) was measured as 2.58 by 1H NMR 

spectroscopy after perpropionylation  (Figure S3.2). 

We investigated etherification of EC2.58 by use of sodium hydride base in THF solution, 

using alkyl halides as electrophiles. We used this method since its experimental simplicity on lab 

scale was conducive to the planned extensive structure-property studies, and since it would 

eliminate hydroxide/alkyl halide side reactions that would be expected had we used NaOH 

catalyst. Initial work was with the electrophiles allyl chloride, 5-bromo-1-pentene, 7-bromo-1-

heptene and 11-bromo-1-undecene. We were gratified to learn that the reaction of available 

hydroxyl groups was nearly quantitative for C3, C5 and C7 with the ω-unsaturated alkyl halide 

used. Even with C11 the etherification was still efficient considering the steric bulk and 

hydrophobicity of the long chain alkyl bromide. As shown in Table 3.2, the DS values obtained 

by 1H NMR for these w-unsaturated alkyl chains were 0.38, 0.38, 0.41 and 0.36, respectively, 



 42 

which correspond to efficiencies of 93%, 93%, 98% and 86%, respectively vs. the measured DS 

(OH) of 0.42 (Figure S3.3- S3.5). 

With these cellulose ethers possessing metathesis “handles” in hand, we proceeded to 

study their potential as olefin CM substrates. In order to ensure against undesired SM and 

crosslinking, we made three experimental choices: 1) use of Grubbs type II, electron-poor, less 

reactive olefins as partners; 2) use of the partner in excess to limit self-reaction of the cellulose 

derivatives; and 3) use of the highly reactive and selective Hoveyda-Grubbs’ 2nd generation 

catalyst C3. For initial studies we selected type II olefin partners acrylic acid (AA) and its ester 

methyl acrylate (MA), both electron-poor, relatively unreactive olefins. Initial CM reaction of 

EC2.58C3 employed 5 mol% Hoveyda-Grubbs’ 2nd generation catalyst in 0.1 mol/L solution of 

terminal olefin under nitrogen protection for 2 h. A minimal amount of radical scavenger 3,5-di-

tert-4-butylhydroxytoluene (BHT) was added to each reaction to suppress any free-radical 

reactions that could result from the product α,β-unsaturation;29 hydrogen atoms in the γ position 

of these product α,β-unsaturated acids and esters are quite labile towards H-atom abstraction.49 

The CM products were solids that were isolated by precipitation, in some cases following 

purification by dialysis and freeze-drying. Scheme 3.1 shows the preparation of olefin terminated 

cellulose ethers and the further CM reactions. Results of CM reactions with acrylic acid and 

different acrylate esters are summarized in Table 3.3. Each CM product is labeled with an 

additional number referring to different reaction conditions. All CM conversions were calculated 

based on 1H NMR of olefin peaks. 

OO
O

OH
OR

RO
H

n

m OH

O

H2C CH2+

OO
O

OH
OR

RO
H

n

m OCH3

O

H2C CH2+

OH

OCH3

m = 0, EC2.58C3-AA
m = 2, EC2.58C5-AA
m = 4, EC2.58C7-AA
m = 8, EC2.58C11-AA

m = 0, EC2.58C3-MA
m = 2, EC2.58C5-MA
m = 4, EC2.58C7-MA
m = 8, EC2.58C11-MA

OO
OH

OH
OR

RO
H X m

n
OO

O

OH
OR

RO
H

n

m

THF, NaH

m = 0, EC2.58C3
m = 2, EC2.58C5
m = 4, EC2.58C7
m = 8, EC2.58C11

EC2.58
X = Cl or Br

R = H or CH2CH3

HG II

HG II

O

O

 

Scheme 3.1 Two-step CM procedure using ethyl cellulose EC2.58. Note that structures are not meant to imply 
regioselectivity; particular positions of substitution in all schemes are only for convenience of depiction and clarity. 
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Table 3.2 Etherification results of ethyl cellulose EC2.58. 

start. mater. unsaturated alkyl halide product a DS (olefin) b 

EC2.58 

allyl chloride EC2.58C3 0.38 
5-bromo-1-pentene EC2.58C5 0.38 
7-bromo-1-heptene EC2.58C7 0.41 
11-bromo-1-undecene EC2.58C11 0.36 

a Reaction conditions: NaH (10 equiv/AGU), unsaturated alkyl halide (10 equiv/AGU), THF, 
R.T. for 1d and 50 ° C for 3 d. b DS of terminal olefin determined by 1 H NMR (see Figure S3.3-
3.5). 

 
Our initial CM reactions of EC2.58C3 with both acrylic acid and methyl acrylate in 

different solvent systems using 5 mol% Hoveyda-Grubbs’ 2nd generation catalyst gave low to 

moderate conversion (< 50%). Even though by increasing the catalyst load to 10 mol%, reaction 

with methyl acrylate in dichloromethane gave improved (70%) conversion, the overall CM 

reaction was still not as efficient as those previously reported for long-chain ω-unsaturated 

cellulose esters. We thus propose that the partial conversion is due to the short olefin chain 

length of EC2.58C3 and the resulting steric effect from the cellulose backbone. The electron 

withdrawing effect from the ether oxygen also may reduce the electron density of the allyl group 

and thus the reactivity of terminal olefin. Therefore, we explored the CM of EC2.58C5 and 

EC2.58C7 and EC2.58C11, with longer olefin terminated side chains (C5, C7 and C11 

respectively). 
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Table 3.3 Cross-metathesis results of EC2.58 derivatives with different side chain length. 

cell. ether 
(DSolefin) 

CM 
partner 

cat. 
load. 
(mol%) 

solven
t 

time 
(h) CM product conv. 

 
EC2.58C3 
(DSC=C = 0.38) 

AA 
5 THF 2 EC2.58C3-AA-1 31% 
5 DCM 2 EC2.58C3-AA-2 40% 
5 AA 2 EC2.58C3-AA-3 23% 

MA 
5 THF 2 EC2.58C3-MA-1 47% 
5 DCM 2 EC2.58C3-MA-2 49% 
10 DCM 2 EC2.58C3-MA-3 70% 

 
EC2.58C5 
(DSC=C = 0.38) 

AA 

5 THF 2 
2 
2 

EC2.58C5-AA-1 60% 
5 DCM EC2.58C5-AA-2 45% 
5 AA EC2.58C5-AA-3 72% 
10 THF 2 EC2.58C5-AA-4 87% 
10 DCM 2 EC2.58C5-AA-5 100% 
10 AA 2 EC2.58C5-AA-6 100% 

MA 

5 THF 2 EC2.58C5-MA-1 35% 
5 DMI 2 EC2.58C5-MA-2 38%b 

5 DCM 2 EC2.58C5-MA-3 71% 
10 THF 2 EC2.58C5-MA-4 51% 
10 DCM 2 EC2.58C5-MA-5 100% 

HEA 10 DCM 2 EC2.58C5-HEA 100% 

PEGMEA 
10 DCM 2 EC2.58C5-

PEGMEA-1 85% 

10 DCM 12 EC2.58C5-
PEGMEA-2 100% 

PPGA 
10 DCM 2 EC2.58C5-PPGA-1 < 20% 
10 DCM 12 EC2.58C5-PPGA-2 < 25% 
10 THF 12 EC2.58C5-PPGA-3 42% 

EC2.58C7 
(DSC=C = 0.41) 

AA 10 DCM 2 EC2.58C7-AA > 95% 
MA 10 DCM 2 EC2.58C7-MA > 90% 

EC2.58C11 
(DSC=C = 0.36) 

 
AA 

5 DCM 2 EC2.58C11-AA-1 44% 
5 AA 2 EC2.58C11-AA-2 38% 
10 AA 2 EC2.58C11-AA-3 59% 
5 DCM 12 EC2.58C11-AA-4 83% 
10 DCM 12 EC2.58C11-AA-5 100% 

 
MA 

5 DCM 2 EC2.58C11-MA-1 33% 
5 THF 2 EC2.58C11-MA-2 29% 
5 DMI 2 EC2.58C11-MA-3 46%b 
5 DCM 12 EC2.58C11-MA-4 95% 
10 DCM 12 EC2.58C11-MA-5 100% 

a HEA: 2-hydroxyethyl acrylate, PEGMEA: poly(ethylene glycol) methyl ether acrylate; PPGA: 
poly(propylene glycol) acrylate; THF: tetrahydrofuran; DCM: dichloromethane; DMI: 1,3-
dimethyl-2-imidazolidinone. b Reaction at 70 oC for 2 h. 
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EC2.58C5 with its pent-4-enyl substituents reacts more efficiently in CM reactions with 

methyl acrylate than does the corresponding allyl derivative at 5 mol% catalyst (conversion in 

DCM > 70%), and we were pleasantly surprised to observe that increasing the catalyst load from 

5 mol% to 10 mol% afforded 100% of CM conversion with methyl acrylate within 2 h. Figure 

3.2 shows the FT-IR spectra of EC2.58C5 and the 100% CM product EC2.58C5-MA-5, where 

the ester C=O stretch at 1726 cm-1 is quite distinct, confirming successful introduction of ester 

groups after CM. 

 

Figure 3.2 (a) FT-IR spectra of EC2.58C5 and (b) EC2.58C5-MA-5. 

1H NMR can often be diagnostic for reaction progression (Figure 3.3, S2-S8), since the 

terminal olefin protons resonate not only cleanly downfield of the backbone region, at 4.98 and 

5.82 ppm in this case, but also are quite sharp since the olefin is distant from the cellulose main 

chain and therefore has rather free rotation compared to backbone protons and those more 

proximate to the main cellulose chain. Furthermore, the CM products now have conjugated 

olefins, so the olefin proton resonances appear even further downfield, in this case at 5.75 and 

6.92 ppm. It is evident by comparing the 1H NMR spectrum of product EC2.58C5-MA-5 in 

Figure 3.3 with that of the starting EC2.58C5 that the starting olefin was completely consumed, 

as shown by the complete disappearance of resonances at 4.98 and 5.82 ppm, to be replaced by 
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the anticipated α, β-unsaturated ester CM product, with olefin proton resonances at 5.75 and 6.92 

ppm, demonstrating essentially perfect CM conversion to the conjugated ester. The CM product 

olefin is predominantly in the E configuration, in accordance with results from previous CM 

reactions of cellulose esters.29 

 

Figure 3.3 (a) 1H NMR spectra of EC2.58C5 and (b) EC2.58C5-MA-5. 

13C NMR is also diagnostic for conversion to EC2.58C5-MA-5 (Figure 3.4) since 

EC2.58C5 possesses no carbonyl group and, after CM, a distinct ester carbonyl resonance at 

167.2 ppm appeared. At the same time, the two olefin resonances shifted downfield from 114.1 

and 139.0 ppm to 121.2 and 150.2 ppm due to conjugation with the ester group. Moreover, the 

methoxy group from methyl acrylate also gave a sharp resonance at 51.7 ppm, strongly 

supporting successful CM. 1H-13C HSQC was also performed to help confirm the Z/E 

configuration. Figure 3.5 showed clear correlation of the carbon signal at 150.2 ppm with proton 

signals at 6.98 and 6.28 ppm, and correlation of the carbon signal at 121.2 ppm with proton 

signals at 5.82 and 5.74 ppm, which confirmed the assignment of proton peaks of the E/Z 

isomers. The carbon α to the carbonyl group was shifted 11.2 ppm downfield after CM (from 
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139.0 ppm) due to conjugation with the ester group, and was correlated to proton peaks at 6.98 

(E configuration) and 6.28 ppm (Z configuration). The β carbon was shifted 7.1 ppm downfield 

(from 114.1 ppm) and correlated with proton peaks at 5.82 (E configuration) and 5.74 ppm (Z 

configuration).  The 1H-13C HSQC spectra also helped identify the cellulose backbone peaks; the 

small peak at 72.5 ppm was found to be a methylene, assigned as the backbone C6, and the 

backbone C2 peak at 77.4 ppm, overlapping with the CDCl3 solvent peak (77.2 ppm), was also 

revealed by the HSQC spectra. 

 

Figure 3.4 (a) 13C NMR spectra of EC2.58C5 and (b) EC2.58C5-MA-5. 
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Figure 3.5 (a) 1H-13C HSQC spectrum of EC2.58C5-MA-5 and (b) enlarged cellulose backbone region. 

 

Knowing that CM of the pent-4-enyl ether with methyl acrylate could be efficient in 

DCM, we explored the flexibility with regard to solvent (i.e. tetrahydrofuran (THF) and 1,3-

dimethyl-2-imidazolidinone (DMI)). We found that DCM gave the highest conversion among all 

these solvents, even vs. increased temperature in DMI (38% CM conversion when using 5 mol% 

catalyst in DMI at 70oC for 2 h, vs. 74% in DCM in 2 h under same catalyst load at 37 oC). We 

further explored CM of EC2.58C5 using acrylic acid as the partner, since this would afford ω-

carboxy substituents that are known to be favorable structural elements for ASD.9, 50 At 5 mol% 

catalyst load, reaction in DCM or THF gave moderate conversion (45% and 60% separately), but 

upon increasing to 10 mol% catalyst CM of EC2.58C5 with acrylic acid in DCM was completely 

successful, affording 100% conversion to the desired CM product EC2.58C5-AA-5. On the other 

hand, we found that acrylic acid could be used as both solvent and reagent, thereby promoting 

high conversion. Under these somewhat acidic conditions, reaction of EC2.58C5 in acrylic acid 
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afforded relatively high conversion (72%) with 5 mol% catalyst, and gratifyingly 100% 

conversion to the desired, α,β-unsaturated acid CM product EC2.58C5-AA-6 with 10 mol% 

catalyst within 2 h. Therefore, the optimized CM conditions for successful CM of EC2.58C5 to 

afford desired product EC2.58C5-AA and EC2.58C5-MA are 10 mol% catalyst, DCM solvent 

for methyl acrylate, and either DCM or acrylic acid for CM with acrylic acid. Successful CM of 

EC2.58C5 with both acrylic acid and methyl acrylate led us to extend the range of CM partners. 

We further explored the CM of EC2.58C5 with a variety of hydrophilically substituted acrylates, 

since hydrophilicity is important for drug release and polymer solubility: 2-hydroxyethyl acrylate 

(HEA), poly(ethylene glycol) methyl ether acrylate (PEGMEA) (average Mn = 480 Da) and 

poly(propylene glycol) acrylate (PPGA) (average Mn = 475 Da). 2-Hydroxyethyl acrylate also 

reacts efficiently with EC2.58C5 under conditions optimized for the other acrylates (10 mol% 

catalyst in DCM, 2 h). We were also delighted by the high CM conversion with PEGMEA (85%), 

given concerns about potential steric interactions between the polymers, the relatively short 

tether between cellulose and olefin, and the high solution viscosity due to the polymeric 

metathesis partner. With extended reaction time (12 h), CM with the high molecular weight 

PEGMEA also reached 100%. Reaction with PPGA gave relatively low CM conversion even 

with 12 h reaction time (< 25%), perhaps due to the more viscous nature of the PPGA and the 

poor homogeneity of the reaction system. For better solubility of the polymer CM partner, the 

CM reaction with PPGA was also performed in THF under the same conditions, and slightly 

increased but still moderate conversion (42%) was observed. Overall the pent-4-enyl substituted 

EC2.58C5 undergoes rapid, high conversion at mild temperatures to discrete CM products with 

various acrylates (AA, MA, HEA and PEGMEA), with no evidence of crosslinking (initial CM 

products were very solvent-soluble, see Table 3.4).  

To further explore the influence of olefin tether length, we explored CM of EC2.58C7 

(hept-6-enyl ether) with acrylic acid and methyl acrylate, with interesting initial results. Firstly, it 

was evident that the reactivity of EC2.58C7 is slightly lower than that of EC2.58C5. Using the 

earlier identified optimized conditions, CM with either acrylic acid and methyl acrylate afforded 

nearly quantitative conversion (> 95% and > 90%), but product 1H NMR spectra still reveal 

small peaks from unreacted terminal olefins (δ 4.96 and 5.80, respectively, see Figure S3.8). It is 

likely that 100% conversion of EC2.58C7 would be achievable, e.g. with longer reaction time. 

The apparently slightly lower CM reactivity of the hept-6-enyl substituted ether may be due to 
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enhanced self-association driven by side chain hydrophobic interactions.51-52 The CM reactivity 

of EC2.58C11 was even more intriguing. Using 5 mol% catalyst 37 oC, CM conversions with 

either acrylic acid or methyl acrylate were no better than moderate (< 50%). We first considered 

that the low CM conversions may be due to the fact that THF or DCM are weaker solvents for 

EC2.58C11 than for the shorter chain ethers, leading to polymer self-association. Hence we 

looked at solvent variation, employing both more (DMI) and less polar (toluene) solvents at 

increased temperature (70 °C) but under otherwise similar conditions (2 h reaction, 5 mol% 

catalyst); however with these solvents of varying polarity, CM conversion remained below 50%. 

Even with increased catalyst (10 mol%, 2 h) the conversion was still less than 60%. We next 

explored whether we might simply be experiencing a kinetics problem. We found that after 12 h 

reaction in DCM (5% catalyst, 37 °C), CM conversion with acrylic acid rose to 83%, and with 

methyl acrylate reached near complete conversion (95%). Upon increasing to 10 mol% catalyst 

in DCM for 12 h, reactions with both CM with acrylic acid and methyl acrylate reached 100% 

conversion. Therefore, CM of EC2.58C11 does proceed, but more slowly than with other tether 

lengths. It is possible that EC2.58C11 may tend to aggregate and self-assemble through 

hydrophobic interaction of the side chains, and therefore requires extended reaction time. 

An overall comparison of the observed reactivity of the ω-unsaturated cellulose ethers 

prepared reveals that the pent-4-enyl substituted ether (EC2.58C5) reacts most quickly and 

completely in CM with acrylic acid and various acrylate esters including MA, HEA and 

PEGMEA. The hept-6-enyl ether EC2.58C7 has similar but slightly lower reactivity than the 

pent-4-enyl ether, while the allyl and undec-10-enyl ethers show lower CM conversions under 

the same conditions. We propose that the pent-4-enyl has side chain length adequate to minimize 

steric concerns, while not so long as to negatively impact solubility, catalyst interactions, or 

cause excessive self-association.  

We used SEC to monitor the change of polymer molecular weight during CM process, 

and the results are summarized in Table 3.5. Only products with 100% CM conversion were 

characterized for comparison. For both C5 and C11 chain length, the molecular weight and 

degree of polymerization (DP) of starting materials EC2.58 decreased during the four-day 

etherification due to alkaline peeling from the end of cellulose chain. However, the DP of 

EC2.58C5 CM products did not greatly decrease during the 2 h CM reactions at 37oC in DCM or 
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even acetic acid solvents. Dispersity (Đ) was used to evaluate the molecular weight distribution 

and from the results we can see that with the same starting material EC2.58C5, the CM products 

EC2.58C5-AA-5, EC2.58C5-HEA and EC2.58C5-PEGMEA-2 have almost the same dispersity 

(Đ), demonstrating the mild nature of the CM conditions and their minimal impact on molecular 

weight during the 2 h reaction. CM of EC2.58C11 also gave products with relatively unchanged 

molecular weight and dispersity, providing further support for the conclusion that successful 

intermolecular CM had occurred to the exclusion of SM; SM of the cellulose ω-olefins would 

result in rapid cross-linking and sharply increasing molecular weight.   

Glass transition temperature (Tg) is an important parameter for polymer materials. For 

amorphous solid dispersion applications, a Tg that is ³ 50 °C higher than any likely ambient 

temperature is used as a rule of thumb to predict the ability of the polymer to keep the 

formulation in the glassy state, preventing drug mobility and therefore recrystallization.53 We 

used DSC to determine polymer Tg values. Commercial cellulose ethers are complex mixtures of 

monosaccharides and monosaccharide sequences, making DSC glass transitions quite broad 

(sometimes ranging across ca. 40 °C) with low resolution; therefore modulated DSC was applied 

where necessary to improve resolution and clarity. The starting material EC2.58 showed a broad 

transition at 127 °C, which is comparable to the previous reported value for ethyl cellulose.54 

After etherification the EC2.58C5 showed an even broader DSC transition (analysis by MDSC 

also gave no clear transition) (Figure S3.9). However, by applying MDSC, all EC2.58C5 CM 

products showed lower Tg compared to the starting material EC2.58, which is as expected since 

the C5 side chains should increase the free volume of the polymer and thus enhance the main 

chain mobility, resulting in a lower Tg (Table 3.5 and Figure S3.9). The better resolution of CM 

products than the olefin terminated cellulose ethers may be due to the dispersive interaction 

between the terminal polar functional groups.55-57 On the other hand, the EC2.58C11 CM 

products showed higher Tg than EC2.58C5 CM products, which we suppose is due to the 

hydrophobic interaction of hydrocarbon chain and the interaction between the acid/ester terminal 

groups promoting the C11 side chain stacking, which stiffen the backbone and decrease free 

volume and eventually contribute to measured higher Tg when compared to EC2.58C5 CM 

products.57-58 Overall the Tg values of many CM products are ≥ 50 °C higher than any likely 

ambient temperature (maximum ca. 40 – 50°C), indicating these cellulose ethers are suitable for 



 52 

ASD application with regard to maintaining the amorphous state and preventing drug 

recrystallization. 

 
Table 3.4 Solubility of cellulose ether derivatives in various solvents.a 

Sample CH2Cl2 CHCl3 THF acetone DMSO DMF 
EC2.58 P + + P P P 
EC2.58C5 + + + + + + 
EC2.58C5-AA-5 P P + + + + 
EC2.58C5-MA-5 + + + P - + 
EC2.58C5-HEA + + + + + + 
EC2.58C5-
PEGMEA-2 + + + + + + 

EC2.58C11 + + + P + + 
EC2.58C11-AA-5 + + + + + + 
EC2.58C11-MA-5 + + + P + + 

a (+) soluble; (-) insoluble; (P) partially soluble. b Solubility determined by visual examination 
using ~10 mg dried sample in 2–3 mL of solvent after vortex mixing for 5 min, followed by 
gentle rolling overnight. 
 
Table 3.5 Molecular weight and Tg values for cellulose ethers and derivatives. 

Sample Mn (kDa) DP PDI Tg (°C) 
EC2.58 56.0a 240 1.51 127 

EC2.58C5 27.9 107 1.45 80b  

EC2.58C5-AA-5 23.5a 85 1.35 96 
EC2.58C5-MA-5 21.4 76 2.24 81 
EC2.58C5-HEA 23.0 78 1.33 88 
EC2.58C5-
PEGMEA-2 42.0 102 1.23 82 

EC2.58C11 29.0a 97 1.30 117 

EC2.58C11-AA-5 40.0a 127 1.15 96c 

EC2.58C11-MA-5 34.6 107 1.81 120c 

a Measured by SEC in THF solvent vs. polystyrene standards. b Transition very broad, see 
Appendix Figure S3.9. c EC2.58C11-AA-5 was measured by a TA Q100 instrument and 
EC2.58C11-MA-5 was measured using a TA Q200 instrument. 
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An issue of potential concern is the stability of these pendant α,β-unsaturated carboxylic 

acid and ester products, given the previously mentioned lability of the γ-hydrogen atoms to 

radical abstraction. The previous report by Meng revealed that free radical oligomerization can 

lead to crosslinking and loss of solubility in analogous cellulose ester CM products.29 With 

regard to the current cellulose ether CM products, adding BHT as radical scavenger for the CM 

reaction prevented crosslinking and maintained product solubility during CM reaction and 

purification (either precipitation or dialysis). Additional BHT was also added into to the products 

for storage, which helped keep these cellulose ether CM products soluble for extended periods. 

Ultimately, the key to permanently eliminating this instability will be to eliminate the α,β-

unsaturation, either by means of hydrogenation44 or by further double bond elaboration, e.g. by 

Michael addition.59-60 

 

3.4 Conclusions 

Cellulose ω-unsaturated alkyl ethers were synthesized and olefin cross-metathesis of this 

series of cellulose ω-unsaturated alkyl ether derivatives was successful under very mild 

conditions, with high efficiency and selectivity in many cases. Conversions were modest for the 

sterically crowded and rather electron poor C3 (allyl) ethers, whereas they were high under the 

right conditions for longer chain unsaturated ethers (C5, C7, and C11). Free-radical initiated 

crosslinking of α,β-unsaturated carboxylic acid and ester products could be suppressed by using 

a minimal amount of a radical scavenger such as BHT. Each type II olefin examined could afford 

high CM conversion under the appropriate, mild reaction conditions, which were readily 

determined. The molecular weight, solubility and glass transition temperatures of the CM 

products were studied and were also related to structural features in predictable fashion.  

This first successful olefin CM of cellulose ether derivatives opens broad and novel 

pathways, enabling us to increase the diversity of accessible cellulose ether derivatives, thus 

providing ready access for example to a varied group of carboxy-terminal substituents for use in 

ASD and other forms of drug delivery.21 Certain limitations revealed themselves in this initial 

study as well. The relatively low DS (OH) available in commercial EC samples limits the 

amount of CM “handle” group that can be incorporated, thereby limiting the DS of other 

functional groups that can be appended by CM. This could be for example cripple ASD 
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structure-property studies, where a higher DS of carboxyl functionality has been found to be 

desirable in cellulose ester derivatives. Furthermore, the residual unsaturation and resulting 

reactivity towards H-atom abstraction of these derivatives can be managed in the short term by 

adding radical scavengers, but in the longer term may prove problematic. Our future studies will 

seek to address these issues, for example through hydrogenation and/or Michael addition, and 

will seek to illuminate in detail the structure-property-performance relationships of these new 

cellulose ether derivative families, especially with regard to amorphous solid dispersion. 
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Abstract 

Olefin cross-metathesis recently has been shown to be a valuable approach for appending 

a variety of functional groups to cellulose ethers and esters, providing that an olefin handle for 

metathesis can be attached. This synthetic pathway gives access to these functional derivatives 

under very mild conditions and at high efficiency. Modification of ethyl cellulose by metathesis 

to prepare useful derivatives, for example for solubility and bioavailability enhancement of drugs 

by amorphous solid dispersion (ASD), has been limited by the low DS(OH) of commercial ethyl 

cellulose derivatives. This is problematic since ethyl cellulose is otherwise a very attractive 

substrate for synthesis of amphiphilic derivatives by olefin metathesis. Herein we explore two 

methods for overcoming this limitation, permitting synthesis of more hydrophilic derivatives. 

One approach is to start with the more hydrophilic commercial methyl cellulose, which contains 

much higher DS(OH) and therefore is better suited for introduction of high DS of olefin 

metathesis “handles”. In another approach, we explored a homogeneous one-pot synthesis 

methodology from cellulose, where controlled DS of ethyl groups was introduced at the same 

time as the w-unsaturated alkyl groups, thereby permitting complete control of DS(OH), DS(Et), 

and ultimately DS of the functional group added by metathesis. We describe the functionalized 

derivatives available by these successful approaches. In addition, we explore new methods for 

reduction of the unsaturation in initial metathesis products, in order to provide robust methods 

for enhancing product stability against further radical-catalyzed reactions. We demonstrate initial 

evidence that the products show strong promise as amphiphilic matrix polymers for amorphous 

solid dispersion and other applications.  
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4.1 Introduction 

Cellulose is an abundant, naturally occurring polysaccharide that is an attractive material 

since it is renewable, generally is benign, and has high potential for functionalization by 

employing the three hydroxyl groups per anhydroglucose unit (AGU).1 Naturally occurring 

cellulose is unfortunately insoluble in simple aqueous or organic solvents, and decomposes 

before melting, causing poor processibility. Synthesis of cellulose derivatives such as cellulose 

esters (e.g. with acetate, propionate, butyrate, succinate, or phthalate) or cellulose ethers (e.g. 

with methyl, ethyl, carboxymethyl, hydroxyethyl or hydroxypropyl) affords valuable properties 

including solubility, suitable hydrophobicity/hydrophilicity, viscoelasticity, and thermal 

processibility, thus enabling the use of cellulose derivatives in challenging applications such as 

drug delivery,2 edible films,3 automobile coatings,4 antimicrobials,5 and in biomedical 

engineering.6-7 However, to date, virtually the entire range of commercial cellulose derivatives 

actually involves only the small number of ester and ether substituents described above. The 

nature of the available derivatization reactions, invariably involving strong catalysts (e.g. H2SO4, 

NaOH), severely limits the functionality that can be attached and the range of practically 

accessible derivatives. Therefore, applying remarkable modern advancements in organic and 

polymer chemistry to create new methods for synthesis of functional polysaccharide derivatives 

is extremely desirable, potentially addressing the societal need to more fully utilize the 

abundance and diversity of renewable polysaccharides. 

Appropriately functionalized cellulose derivatives can be used as polymeric matrices for 

amorphous solid dispersions (ASD).8-9 Amorphous materials dissolve to generate higher solution 

concentrations (supersaturation) than do crystalline solids. Therefore, amorphous formulations 

are appealing options for improving drug aqueous solubility and bioavailability. Polymers are 

typically used to stabilize the amorphous form of the drug in the solid formulation and to 

maintain the high supersaturation generated upon dissolution that can persist throughout the 

gastrointestinal (GI) tract, leading to higher permeation and bioavailability.10-11 Amphiphilic 

derivatives like cellulose ether esters with pendant carboxylic acids are very promising as ASD 

polymeric matrices and for other applications.12-14 The hydrophobic alkyl chain enhances 

miscibility with hydrophobic drugs and the terminal carboxylic acid provides pH responsiveness, 

as well as specific polymer-drug intermolecular interactions that could help prolong 

supersaturation.8  
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Synthesis of carboxy-terminal cellulose ether esters is a challenging endeavor by 

conventional means; etherification of cellulose esters is impractical due to competing ester 

hydrolysis by the required base catalyst. Direct esterification of cellulose ethers with diacids 

under acidic conditions could lead to crosslinking between the pendant carboxyl groups and 

residual hydroxyl groups.15-16 Reaction of cellulose ethers with cyclic anhydrides under mildly 

basic conditions, as in the synthesis of hydroxypropyl methyl cellulose acetate succinate 

(HPMCAS), can be successful but is restricted to the small number of practically accessible 

cyclic anhydrides (C5-C7).17-18 More flexible chemistries that are efficient and broadly tolerant 

of potentially sensitive or reactive functional groups would be extremely valuable for enhancing 

our ability to explore structure-property relationships for ASD and other applications. 

One such method could be olefin cross-metathesis (CM), which has seen growing 

application in organic and polymer chemistry.19-25 The overriding issue with using olefin 

metathesis to functionalize existing polymers like polysaccharides is the potentially disastrous 

competition between self-metathesis (SM) of an olefin-bearing polysaccharide derivative, 

leading to crosslinking, and the desired cross-metathesis, leading to non-crosslinked products 

that may have good processability. Initial reports of application of olefin metathesis of 

polysaccharide derivatives described SM of cellulose undec-10-enoate derivatives using early 

generation metathesis catalysts, creating some concern about whether the necessary dominance 

of CM over SM could be achieved.26-27 Recently, the Edgar group and others27 have shown that 

CM can be a mild, efficient, and modular method for the functionalization of cellulose esters and 

ethers.28-30 The crucial selectivity for CM over SM can be achieved by: 1) using the highly 

reactive and selective Hoveyda-Grubbs’ 2nd generation catalyst (HG II), 2) selecting the right 

combination of olefin types according to Grubbs’ categorization, e.g. electron rich, reactive Type 

I olefin (e.g. terminal alkene) to react with electron poor, selective Type II olefin (e.g. acrylates) 

and 3) applying an excess of Type II olefin.31 This synthetic approach is so mild, involving no 

acidic or alkaline catalysts, that it can provide discrete and soluble products without substantial 

decrease in polymer molecular weight, demonstrating promise for the synthesis of novel 

polysaccharide derivatives and the evaluation of structure-property relationships. 

Our initial efforts to employ CM to make functional derivatives from cellulose ethers 

used commercial ethyl cellulose (DS 2.58, termed herein EC2.58) as the starting material. 

Terminally unsaturated alkyl groups (C3 – C11) were appended as metathesis handles (e.g. by 
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reaction with 5-bromo-1-pentene, using NaH base). For chain lengths ≥ 5, successful CM was 

achieved under proper conditions (10 mol% HG II, dichloromethane, 37 oC, 2-12 h). While this 

chemistry was gratifyingly successful, there were two issues impeding its use for making 

amphiphilic polymers that would be valuable in ASD. One was the tendency of the product a,b-

unsaturated acids or esters to crosslink, due to the lability of the -hydrogen atoms to H-atom 

abstraction, leading to radical-initiated crosslinking reactions and eventual product insolubility.28 

While the crosslinking issue could be temporarily alleviated by using a free radical scavenger 

(e.g. 2,6-di-tert-butyl-4-methylphenol (BHT)), this instability issue required a more permanent 

solution, for example by complete, selective elimination of the a,b-unsaturation. Secondly, it 

was convenient to use commercial, relatively hydrophobic ethyl cellulose as starting material, 

but its utility was limited by its high DS(Et) (2.58) and resulting low DS(OH) (0.42). As a result, 

only a low DS of ω-unsaturated substituents could be appended as metathesis handles, leading to 

a low degree of functionalization by CM, and ultimately to a polymer product that is quite 

hydrophobic, rather than having the amphiphilicity needed for adequate drug release.2, 9  

To address these issues and provide a useful pathway to functional ASD polymer 

candidates, we hypothesize that by using commercial methyl cellulose as a starting cellulose 

ether, we can achieve adequate substitution by CM to afford amphiphilic polymers with optimal 

hydrophilicity. We further hypothesize that by one-pot synthesis of ethyl cellulose derivatives 

containing w-unsaturated substituents directly from cellulose, we can control substituent DS and 

target the needed CM substitution and hydrophilicity. We suggest that homogeneous 

hydrogenation of the a,b-unsaturatted CM products will be efficient, since interaction of the 

rigid polymer with a heterogeneous catalyst surface will not be required, thus eliminating the 

tendency to crosslink and providing stable polymers, which will be useful for structure-property 

studies as ASD matrices.  We report herein our efforts to confirm these hypotheses. 

 

4.2 Experimental  

4.2.1 Materials 

Ethyl cellulose N50 (EC2.58, Mw = 56 kDa, DP = 240 as determined by size exclusion 

chromatography) was from Ashland Specialty Chemical Company. Methyl cellulose (MC1.82) 



 61 

was from Sigma Aldrich. DS(OH) was determined by perpropionylation and determining the 

integration ratio of the propionate CH2 peak (2.3 - 2.5 ppm) to the cellulose backbone hydrogens 

(2.8 - 5.0 ppm) by 1H NMR using previously reported methods.30 Allyl chloride, 5-bromo-pent-

1-ene, 11-bromo-undec-1-ene, anhydrous THF, acrylic acid, methyl acrylate, 2-hydroxyl ethyl 

acrylate, poly(ethylene glycol) methyl ether acrylate, poly(propylene glycol) methyl ether 

acrylate, 2,6-di-tert-butyl-4-methylphenol (BHT), Hoveyda-Grubbs 2nd generation catalyst, 

Wilkinson’s catalyst, and p-toluenesulfonyl hydrazide were from Sigma-Aldrich. 

Monopotassium phosphate (KH2PO4), dimethyl sulfoxide (DMSO), dichloromethane, ethanol 

and isopropanol were from Fisher Scientific. Sodium hydride (NaH) and potassium phosphate 

dibasic (K2HPO4) were from Acros Organics. Microcrystalline cellulose (MCC) and ethyl vinyl 

ether were from Fluka Analytical. All reagents were used as received without further purification. 

Dialysis tubing (MWCO 3500 Da) was from Fisher Scientific. 

4.2.2 Measurements 

1H NMR spectra were acquired on a Bruker Avance 500 spectrometer operating at 500 MHz. 

Samples were analyzed as solutions in CDCl3 or DMSO-d6 (ca. 10 mg/mL) at 25 oC in standard 

5 mm o.d. tubes. Three drops of trifluoroacetic acid were added to shift the water peak in 

DMSO-d6 downfield from the spectral region of interest. 13C NMR spectra were acquired on a 

Bruker 500 MHz spectrometer with a minimum of 5000 scans in DMSO-d6 (ca. 40 mg/mL). FT-

IR spectra were obtained on a Nicolet 8700 instrument using KBr powder as matrix. Tg values 

were obtained by differential scanning calorimetry (DSC) on a TA Discovery instrument using 

heat/cool/heat mode. Dry powders (ca. 5 mg) were loaded in Tzero aluminum pans; each sample 

was equilibrated at -50 or -20 oC and then heated to 150 oC at 20 oC min-1. The sample was then 

quenched at 100 oC min-1 to -50 oC. During the second heating cycle the sample was heated to 

190 oC at 20 oC min-1. For transitions that were not sufficiently resolved, modulated DSC 

(MDSC) was performed: sample first equilibrated at -25 oC and then gradually heated up to 190 
oC with the underlying ramp heating rate 3 oC/min and the oscillation amplitude ± 0.5 oC with 

oscillation period 60s. Size exclusion chromatography (SEC) in HPLC grade THF was carried 

out at 30 o C at flow rate 1 mL/min on two Agilent PLgel Mixed-B columns connected in series 

with a Wyatt Dawn Heleos light scattering detector and a Wyatt Optilab Rex refractive index (RI) 

detector. No calibration standards were used and dn/dc values were obtained by assuming 100% 

mass elution from the columns. 
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4.2.3 Preparation of methyl pent-4-enyl cellulose (MC1.82C5)  

Methyl cellulose MC1.82 (1.0 g, 5.30 mmol AGU, 7.31 mmol -OH) was dissolved in 10 mL 

anhydrous THF at room temperature with mechanical stirring. NaH (95%, 1.49 g, 58.9 mmol, 8 

equiv) was added. The solution was cooled to 0 oC, then 5-bromo-1-pentene (8.78 g, 58.9 mmol, 

8 equiv) was added dropwise with vigorous stirring. The solution was stirred at room 

temperature for 1 day and at 50 oC for three days. Solidification occurred during this process, but 

after the temperature reached 50 oC, the solid gradually disappeared. The reaction was quenched 

by isopropanol to destroy residual NaH, and then the mixture was poured into 500 mL pH 7.4 

buffer (7.14 g K2HPO4 and 3.54 g KH2PO4 in 1000 mL deionized water). The resulting 

precipitate was collected by vacuum filtration, washed with water and ethanol, and dried 

overnight under vacuum at 40 oC. 1H NMR (500 MHz, CDCl3): 1.64 (s, OCH2CH2CH2CH=CH2), 

2.09 (s, OCH2CH2CH2CH=CH2), 2.82-4.85 (cellulose backbone, OCH3 and 

OCH2CH2CH2CH=CH2), 4.88-5.06 (m, OCH2CH2CH2CH=CH2), 5.72-5.93 (m, 

OCH2CH2CH2CH=CH2). 13C NMR (500 MHz, CDCl3): 29.4 (OCH2CH2CH2CH=CH2), 30.4 

(OCH2CH2CH2CH=CH2), 58.8 (OCH3), 60.8 (OCH2CH2CH2CH=CH2), 70.2 (C6), 72.6 (C5), 

75.1 (C2), 83.6 (C3), 85.1 (C4), 103.3 (C1), 114.6 (OCH2CH2CH2CH=CH2), 138.9 

(OCH2CH2CH2CH=CH2). DS by 1H NMR: DS (OCH3) 1.62, DS (C5) 1.37; yield: 89%. 

4.2.4 One-pot synthesis of ethyl pent-4-enyl cellulose EC2.30C5  

Microcrystalline cellulose MCC (1.0 g, 6.17 mmol AGU, 18.5 mmol -OH) was dissolved in 

DMAc (40 mL) and LiCl (1.88 g) by a previously reported procedure.32 After overnight stirring 

and cooling down to room temperature, NaH (95%, 1.20 g, 49.2 mmol, 2.7 equiv) was added. 

The solution was cooled to 0 oC, then 5-bromo-1-pentene (3.07 g, 20.6 mmol, 1.1 equiv) and 

ethyl iodide (7.68 g, 49.2 mmol, 2.7 equiv) were added dropwise with vigorous stirring. The 

solution was stirred at room temperature for 1 day and at 50 oC for three days. The reaction was 

quenched by isopropanol to destroy residual NaH, and then the mixture was poured into 500 mL 

pH 7.4 buffer (7.14 g K2HPO4 and 3.54 g KH2PO4 in 1000 mL deionized water). The resulting 

precipitate was collected by vacuum filtration, washed with water and ethanol, and dried 

overnight under vacuum at 40 oC.  1H NMR (500 MHz, CDCl3): 1.15 (br s, OCH2CH3), 1.62 (s, 

OCH2CH2CH2CH=CH2), 2.08 (s, OCH2CH2CH2CH=CH2), 2.85-4.50 (cellulose backbone, 

OCH2CH3 and OCH2CH2CH2CH=CH2), 4.80-5.08 (m, OCH2CH2CH2CH=CH2), 5.81 (m, 
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OCH2CH2CH2CH=CH2). 13C NMR (500 MHz, CDCl3): 15.7 (OCH2CH3), 29.6 

(OCH2CH2CH2CH=CH2), 30.2 (OCH2CH2CH2CH=CH2), 66.4 (OCH2CH3), 68.2 

(OCH2CH2CH2CH=CH2), 70.1 (C6), 72.4 (C5), 75.2(C2), 81.8 (C3), 83.6 (C4), 102.9 (C1), 

114.5 (OCH2CH2CH2CH=CH2), 138.4 (OCH2CH2CH2CH=CH2). DS by 1H NMR: DS (Et) 2.30, 

DS (C5) 0.69; yield: 89%. 

4.2.5 General procedure for olefin cross-metathesis  

To a flask charged with EC2.58C5 (100 mg, 0.38 mmol AGU, 0.14 mmol terminal olefin), 5 mg 

BHT and 3 mL DCM or THF were added. The mixture was stirred under N2 protection at 37 oC 

until all reagents were completely dissolved. Then acrylic acid (0.42 g, 5.8 mmol, 40 equiv) was 

added, followed by Hoveyda-Grubbs’ 2nd generation catalyst (4.4 mg, 5 mol% based on olefin, 

dissolved in DCM or THF). After stirring at 40 oC for 2 h, the reaction was stopped by adding 2 

drops of ethyl vinyl ether. For DCM as solvent, after quenching the reaction with ethyl vinyl 

ether, the reaction solution was dialyzed in a 600 mL beaker against EtOH overnight, then the 

medium was changed to water and dialyzed for another day, with both EtOH and water changed 

twice during dialysis. When THF was the solvent, the product was precipitated in water and 

sufficiently washed by water before vacuum drying at 40 oC.  

Similar procedures were performed for CM of EC2.58C5 and EC2.30C5 with various 

partners in different solvent systems.  

MC1.82C5-AA. 1H NMR (500 MHz, CDCl3): 1.60 (br s, OCH2CH2CH2CH=CHCOOH), 

2.21z (s, OCH2CH2CH2CH=CHCOOH), 2.70-4.55 (cellulose backbone, OCH3 and 

OCH2CH2CH2CH=CHCOOH), 5.66 (m, OCH2CH2CH2CH=CHCOOH, Z configuration), 5.76 

(m, OCH2CH2CH2CH=CHCOOH, E configuration), 6.21 (m, OCH2CH2CH2CH=CHCOOH, Z 

configuration), 6.84 (m, OCH2CH2CH2CH=CHCOOH, E configuration). 13C NMR (500 MHz, 

CDCl3): 27.0-28.2 (OCH2CH2CH2CH=CHCOOH), 58.5 (OCH3), 68.6 

(OCH2CH2CH2CH=CHCOOH), 72.5 (C6), 75.6 (C5), 77.5 (C2), 82.2 (C3), 83.9 (C4), 101.8 

(C1), 120.5 (OCH2CH2CH2CH=CHCOOH), 149.9 (OCH2CH2CH2CH=CHCOOH), 166.1 

(OCH2CH2CH2CH=CHCOOH). CM conversion by 1H NMR: 100%, E/Z ratio 12.9; yield: 93%. 

MC1.82C5-MA. 1H NMR (500 MHz, DMSO-d6): 1.63 (s, 

OCH2CH2CH2CH=CHCOOCH3), 2.25 (s, OCH2Cz2CH2CH=CHCOOCH3), 2.65-4.55 (cellulose 

backbone, OCH3 and OCH2CH2CH2CH=CHCOOCH3), 5.780 (d, 
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OCH2CH2CH2CH=CHCOOCH3, Z configuration), 5.85 (d, OCH2CH2CH2CH=CHCOOCH3, E 

configuration), 6.33 (m, OCH2CH2CH2CH=CHCOOCH3, Z configuration), 6.92 (m, 

OCH2CH2CH2CH=CHCOOCH3, E configuration). CM conversion by 1H NMR: 100%, E/Z ratio 

16.2; yield: 90%.  

MC1.82C5-HEA. 1H NMR (500 MHz, CDCl3): 1.61 (s, 

OCH2CH2CH2CH=CHCOOCH2CH2OH), 2.25 (s, OCH2Cz2CH2CH=CHCOOCH2CH2OH), 

2.65-4.45 (cellulose backbone, OCH3 and OCH2CH2CH2CH=CHCOOCH2CH2OH, 

OCH2CH2CH2CH=CHCOOCH2CH2OH), 5.76 (d, OCH2CH2CH2CH=CHCOOCH2CH2OH, Z 

configuration), 5.84 (d, OCH2CH2CH2CH=CHCOOCH2CH2OH, E configuration), 6.10-6.40 (m, 

OCH2CH2CH2CH=CHCOOCH2CH2OH, Z configuration), 6.85-7.05 (m, 

OCH2CH2CH2CH=CHCOOCH2CH2OH, E configuration). CM conversion by 1H NMR: 100%, 

E/Z ratio 11.6; yield: 95%. 

MC1.82C5-tBuA. 1H NMR (500 MHz, CDCl3): 1.47 (s, 

OCH2CH2CH2CH=CHCOOC(CH3)3), 1.67 (s, OCH2CH2CH2CH=CHCOOC(CH3)3), 2.25 (s, 

OCH2CH2CH2CH=CHCOOC(CH3)3), 2.80-4.45 (cellulose backbone, OCH3 and 

OCH2CH2CH2CH=CHCOOC(CH3)3), 5.67 (d, OCH2CH2CH2CH=CHCOOC(CH3)3, Z 

configuration), 5.76 (d, OCH2CH2CH2CH=CHCOOC(CH3)3), E configuration), 6.13 (m, 

OCH2CH2CH2CH=CHCOOCH2CH2OH, Z configuration), 6.86 (m, 

OCH2CH2CH2CH=CHCOOCH2CH2OH, E configuration). CM conversion by 1H NMR: 100%, 

E/Z ratio 18.9; yield: 85%. 

MC1.82C5-BA. 1H NMR (500 MHz, CDCl3): 1.62 (s, 

OCH2CH2CH2CH=CHCOOCH2Ph), 2.24 (s, OCH2Cz2CH2CH=CHCOOCH2Ph), 2.65-4.50 

(cellulose backbone, OCH3 and OCH2CH2CH2CH=CHCOOCH2Ph), 5.11 (s, 

OCH2CH2CH2CH=CHCOOCH2Ph) 5.60-6.05 (s, OCH2CH2CH2CH=CHCOOCH2Ph, Z 

configuration and E configuration), 6.15-6.45 (m, OCH2CH2CH2CH=CHCOOCH2Ph, Z 

configuration), 6.94 (m, OCH2CH2CH2CH=CHCOOCH2Ph, E configuration), 7.32 (s, 

OCH2CH2CH2CH=CHCOOCH2Ph). CM conversion by 1H NMR: 100%, E/Z ratio 10.1; yield: 

95%. 

MC1.82C5-PEGMEA. 1H NMR (500 MHz, CDCl3): 1.6-1.9 (m, 

OCH2CH2CH2CH=CHCOO(CH2CH2O)xCH3), 2.26 (s, OCH2Cz2CH2CH= 
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CHCOO(CH2CH2O)xCH3), 2.65-4.60 (cellulose backbone, OCH3 and OCH2CH2CH2CH= 

CHCOO(CH2CH2O)xCH3), 5.78 (s, OCH2CH2CH2CH=CHCOO(CH2CH2O)xCH3, Z 

configuration 5.84 (m, OCH2CH2CH2CH=CHCOO(CH2CH2O)xCH3, Z configuration), 6.25 (m, 

OCH2CH2CH2CH=CHCOO(CH2CH2O)xCH3, Z configuration), 6.99 (m, OCH2CH2CH2CH= 

CHCOO(CH2CH2O)xCH3, E configuration). CM conversion by 1H NMR: 100%, E/Z ratio 15.1; 

yield: 82%. 

4.2.6 General procedure for hydrogenation reduction in CM products  

Hydrogenation of a,b-unsaturation using Pd/C: to a solution of 500 mg CM product dissolved in 

50 mL anhydrous THF, 150 mg palladium on carbon (10 wt% Pd loading) was added. The 

mixture was stirred overnight under 80 psi H2 in a Parr reactor at room temperature. The mixture 

was filtered through Celite, then another 150 mg Pd/C was added to the solution, followed by 

treating overnight under the same hydrogenation conditions (two hydrogenation cycles). The 

mixture was then concentrated and then precipitated into hexanes. The precipitated was collected 

and dried under vacuum at 40 oC. 

Hydrogenation using Wilkinson’s catalys: To a solution of 500 mg CM product dissolved 

in 50 mL anhydrous THF, 50 mg Wilkinson’s catalyst (10 wt% loading) was added and 

dissolved. The solution was stirred overnight under 80 psi H2 at room temperature, concentrated 

using a rotary evaporator and dialyzed against ethanol for three days, then water for another day, 

with solvent changed at least once a day. Product was collected after freeze-drying for three days. 

Hydrogenation using para-toluenesulfonyl hydrazide (p-TSH). 100 mg EC2.58C5-AA 

(0.49 mmol AGU, 0.18 mmol C=C) was dissolved in 5 mL DMF at room temperature. 10 mg 

BHT was added and the system purged with nitrogen for 20 min before adding 242 mg (7 equiv) 

p-TSH. The solution was then heated to 135 oC and reacted under reflux for 5 h. After cooling 

down to room temperature, the solution was dialyzed against methanol for three days, then water 

for another day, with solvent changed at least once a day. Product was then collected after 

freeze-drying for three days. Similar procedures were also performed on different ethers and 

different CM products. 

Hydrogenation product EC2.58C5-AA-H. 1H NMR (500 MHz, DMSO-d6): 1.08 (br s, 

OCH2CH3), 1.21 (s, OCH2CH2CH2CH2CH2COOH), 1.32 (OCH2CH2CH2CH2CH2COOH) 1.53 

(s, OCH2CH2CH2CH2CH2COOH), 2.28F (s, OCH2CH2CH2CH2CH2COOH), 2.65-4.48 (cellulose 
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backbone, OCH2CH3 and OCH2CH2CH2CH2CH2COOH. 13C NMR (500 MHz, DMSO-d6): 15.5 

(OCH2CH3), 25.0 (OCH2CH2CH2CH2CH2COOH), 25.7 (OCH2CH2CH2CH2CH2COOH), 29.9 

(OCH2CH2CH2CH2CH2COOH), 34.2 (OCH2CH2CH2CH2CH2COOH), 58.5 (OCH3), 60.2 

(OCH2CH2CH2CH2CH2COOH), 70.6 (C6), 72.0 (C5), 74.1 (C2), 77.1 (C3), 83.4 (C4), 101.9 

(C1), 166.1 (OCH2CH2CH2CH2CH2COOH). Yield: 83% 

EC2.58C5-HEA-H. 1H NMR (500 MHz, DMSO-d6): 1.08 (s, OCH2CH3), 1.23 (s, 

OCH2CH2CH2CH2CH2COOCH2CH2OH), 1.30 (OCH2CH2CH2CH2CH2COOCH2CH2OH) 1.48 

(s, OCH2CH2CH2CH2CH2COOCH2CH2OH), 2.19 (s, OCH2CH2CH2CH2CH2COOCH2CH2OH), 

2.65-4.95 (cellulose backbone, OCH2CH3 and OCH2CH2CH2CH2CH2COOCH2CH2OH).  

MC1.82C5-AA-H. 1H NMR (500 MHz, DMSO-d6): 1.30 (br s, 

OCH2CH2CH2CH2CH2COOH), 1.48 (s, OCH2CH2CH2CH2CH2COOH), 2.18 (s, 

OCH2CH2CH2CH2CH2COOH), 2.75-4.55 (cellulose backbone, OCH3 and 

OCH2CH2CH2CH2CH2COOH. 13C NMR (500 MHz, DMSO-d6): 24.5 

(OCH2CH2CH2CH2CH2COOH), 25.2 (OCH2CH2CH2CH2CH2COOH), 29.4 

(OCH2CH2CH2CH2CH2COOH), 33.7 (OCH2CH2CH2CH2CH2COOH), 58.5 (OCH3), 60.2 

(OCH2CH2CH2CH2CH2COOH), 70.6 (C6), 72.0 (C5), 74.1 (C2), 77.1 (C3), 83.4 (C4), 101.9 

(C1), 174.9 (OCH2CH2CH2CH2CH2COOH). 

EC2.30C5-AA-H. 1H NMR (500 MHz, DMSO-d6): 1.08 (br s, OCH2CH3), 1.25 (s, 

OCH2CH2CH2CH2CH2COOH), 1.47 (s, OCH2CH2CH2CH2CH2COOH), 2.16 (s, 

OCH2CH2CH2CH2CH2COOH), 2.75-4.50 (cellulose backbone, OCH2CH3 and 

OCH2CH2CH2CH2CH2COOH. 13C NMR (500 MHz, DMSO-d6): 15.8 (OCH2CH3), 25.0 

(OCH2CH2CH2CH2CH2COOH), 25.9 (OCH2CH2CH2CH2CH2COOH), 29.0f 

(OCH2CH2CH2CH2CH2COOH), 34.2 (OCH2CH2CH2CH2CH2COOH), 58.5 (OCH3), 66.2 

(OCH2CH2CH2CH2CH2COOH), 67.9 (C6), 72.0 (C5), 75.1 (C2), 77.0 (C3), 83.1 (C4), 102.3 

(C1), 174.6 (OCH2CH2CH2CH2CH2COOH). 

4.2.7 Solubility parameter (SP) calculation 

SP values were used to estimate the relative hydrophobicity of the cellulose derivatives. SPs 

were calculated by the Fedors method33 using a procedure similar to the one reported by 

Babcock et al.34 It considers the energy of vaporization, molar volume and the degree of 
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substitution for the diverse substituents. Details about the calculation can be found in Appendix 

Table S4.1. 

4.2.8 Aqueous solubility test 

Each polymer (0.3 g; EC2.58C5-AA-H, MC1.82C5-AA-H, EC2.30C5-AA-H) was dispersed in 6 

mL pH 6.8 potassium phosphate buffer at room temperature and magnetically stirred for 24 h at 

200 rpm. The suspension was then centrifuged at 14,000 g for 10 min and 1 mL of the 

supernatant was collected. The solvent was then evaporated in vacuum oven at 40 oC for 12 h. 

The weight of dissolved polymer was calculated by subtracting the weight of the salt (6.8 mg/mL) 

in the buffer solution. The concentration of dissolved polymer (w/v) was then calculated by 

dividing the weight by volume.  

4.2.9 Preparation of polymer solution for nucleation-induction time experiments 

Polymers were predissolved in a small amount of organic solvent (Table S2) and then sonicated 

for over an hour, until no undissolved material was observed. Then, sodium phosphate buffer pH 

6.8 100 mM was added, and the solution was sonicated for an hour. Polymer solutions were 

visually inspected and no undissolved polymer could be seen at the concentration used (5 g /mL).  

Nucleation-Induction Time Experiments. The experimental nucleation time (Tind) is 

defined as the sum of the time for the critical nucleus formation (Tn) and the growth to a 

detectable size (Tg).35  

!"#$ = !# + !'   

The crystallization induction time from unseeded-desupersaturation experiments was 

measured using an SI Photonics UV/vis spectrometer (Tucson, Arizona) coupled to a fiber optic 

probe (path length 10 mm). Supersaturated solutions were created by adding 150 µg/mL of a 

telaprevir methanolic stock solution (7 mg/mL) to 47 mL phosphate buffer pH 6.8 100 mM held 

at 37 ˚C using a 50 mL jacketed flask coupled to a water bath, with magnetic stirring at 300 rpm.  

Measurements were recorded every minute 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 due to the presence of a second phase, either crystalline or 

amorphous. The difference in absorbance between the two wavelengths was converted to 

concentration by using a standard curve that exhibited good linearity (R2 > 0.999) over the 
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relevant concentration range. The non-absorbing wavelength (370 nm) does not give an accurate 

value for onset of crystallization because telaprevir exhibits glass-liquid phase separation (GLPS) 

at a concentration around 90- 100 µg /mL.36 As a consequence, the point at which the apparent 

concentration drops was assumed to be the induction time.  

 

4.3 Results and Discussion 

4.3.1 Synthesis and characterization of polymers 

We have reported successful CM of derivatives of ethyl cellulose EC2.58, bearing w-

unsaturated alkene substituents of ≥ 5 carbons (5, 7 and 11).30 We chose to focus on C5 

substituents for this study since reaction with C5 alkene substituents was most efficient, reaching 

100% CM conversion within 2 h, and since the relatively shorter length would provide higher 

hydrophilicity than C7/C11. In order to overcome the hydrophobicity of commercial ethyl 

cellulose, we first explored another commercially available cellulose ether, methyl cellulose with 

DS(Me) 1.82 (MC1.82) and DS(OH) 1.18, which is more hydrophilic and has a high DS (-OH) 

for derivatization. Solubility parameter (SP) values can provide information about the relative 

polymer hydrophobicity. SP calculations herein are based on Fedor’s group addition method (for 

SP calculation methods, see SI).37-38 The starting material EC2.58 has a SP value of 19.94 MPa1/2, 

while MC1.82 has SP 24.90 MPa1/2, illustrating that it is substantially more hydrophilic than 

EC2.58. As shown in Scheme 4.1, MC1.82 was first etherified with an excess of 5-bromo-1-

pentene using NaH as base. The product MC1.82C5 has DS(C5) of 1.18, which reflects nearly 

quantitative conversion of the available backbone hydroxyls into w-unsaturated substituents. 

MC1.82C5 with w-unsaturated C5 substituents was then subjected to metathesis reactions with a 

collection of CM partners including acrylic acid (AA) and various acrylates. The reaction 

conditions for metathesis were fully explored and are summarized in Table 4.1. 
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Scheme 4.1 Three-step CM procedure starting from MC1.82. Note that structures are not meant to imply 
regiospecificity; particular positions of substitution in all schemes are only for convenience of depiction and clarity. 

 

CM results for MC1.82C5 (Table 4.1) can be compared to the conditions required for 

100% CM of the commercial ethyl cellulose derivative EC2.58C5 (10 mol% catalyst load, 37 oC 

and 2 h). It is interesting that MC1.82C5 is significantly more reactive towards CM than is 

EC2.58C5, with as little as 3 mol% catalyst being adequate for 100% conversion, and reaction is 

complete within 1 h for CM partners including acrylic acid (AA), methyl acrylate (MA) and 2-

hydroxyethyl acrylate (HEA). For bulkier metathesis partners like tert-butyl acrylate (tBuA), 

benzyl acrylate (BA) and even a polymeric poly(ethylene glycol) methyl ether acrylate 

(PEGMEA, average Mn = 480 Da), 5 mol% catalyst also afforded 100% with extended reaction 

time. It is likely that the higher reactivity of MC1.82C5 relative to EC2.58C5 is due mainly to 

the steric influence of the polymer itself, since methyl groups are less bulky than ethyl groups. 

Other factors whose influence is less clear include the fact that the DS(Me) (1.82) of the MC 

used is lower than the DS(Et) (2.58) of the EC used (but the DS(pent-4-enyl) of the alkylated 

product is higher). On the other hand, commercial EC is made by a heterogeneous method in 

which cellulose is reacted with alkyl halide in alkaline aqueous solution, resulting in the most 

reactive hydroxyl groups (C2-OH and C6-OH) being substituted first, leaving largely the most 

sterically hindered hydroxyl groups (C3-OH) to be further etherified in the next step to attach w-

unsaturated substituents. In the case of commercial EC (DS(OH) 0.42), the available hydroxyl 

group should be mostly the C3-OH. In contrast, for commercial MC (DS(OH) 1.38) the available 

hydroxyls will be largely C3-OH but also including substantial quantities of C6- and C2-OH 

groups, which are more reactive than the C3-OH. As a result of these multiple factors, the 
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terminal olefin substituents on MC1.82C5 are generally more reactive than those on EC2.58C5, 

such that even with a much higher DS of terminal olefin on MC1.82C5, the CM reactions are 

more efficient than for EC2.58C5. 

Table 4.1 Results of CM of MC1.82C5 with acrylic acid and various acrylates. 

start. mater. CM partner catalyst load 
(mol%) 

reaction 
time (h) conv.a yield E/Z ratioa 

MC1.82C5 

AA 3 1 100% 95% 14.6 
MA 3 1 100% 96% 16.2 
HEA 3 1 100% 93% 11.6 
tBuA 3 2 100% 90% 18.9 
BA 5 2 100% 91% 10.1 
PEGMEA 5 12 100% 82% 15.1 

a Both CM conversion and E/Z ratio were determined by proton NMR spectroscopy.  
 

The CM reaction can be monitored using 1H NMR spectroscopy. Figure 4.1 shows an 

overlay of the spectra of the starting material MC1.82C5 and its various CM products, where we 

can clearly see the shift of terminal olefin peaks from 4.98 and 5.81 ppm to 5.65 and 6.83 ppm 

for conjugated olefins in MC1.82C5-AA, and similar downfield shifting for all other CM 

products. The complete disappearance of the terminal olefin peaks and the new conjugated olefin 

peaks confirmed 100% CM conversion. The ratio of E to Z configurations is > 10 for all CM 

products, which is in accordance with previous reports using the HG II catalyst.29-30 For CM 

partners like MA, HEA, tBuA and BA, the proton resonances of the corresponding ester 

substituents, e.g. the MA methyl singlet (3.61 ppm) or the BA aromatic resonance (7.32 ppm), 

are also diagnostic of successful CM. 
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Figure 4.1 1H NMR spectra of MC1.82C5 and its CM products with AA, MA, HEA, tBuA, and BA. 

 

The CM reaction can be monitored using 1H NMR spectroscopy. Figure 4.1 shows an 

overlay of the spectra of the starting material MC1.82C5 and its various CM products, where we 

can clearly see the shift of terminal olefin peaks from 4.98 and 5.81 ppm to 5.65 and 6.83 ppm 

for conjugated olefins in MC1.82C5-AA, and similar downfield shifting for all other CM 

products. The complete disappearance of the terminal olefin peaks and the new conjugated olefin 

peaks confirmed 100% CM conversion. The ratio of E to Z configurations is > 10 for all CM 

products, which is in accordance with previous reports using the HG II catalyst.29-30 For CM 

partners like MA, HEA, tBuA and BA, the proton resonances of the corresponding ester 

substituents, e.g. the MA methyl singlet (3.61 ppm) or the BA aromatic resonance (7.32 ppm), 

are also diagnostic of successful CM. 

As we have observed previously for CM products, those from MC1.82C5 also suffered 

from the issue of loss of solubility after extended storage due to crosslinking initiated by g-
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hydrogen abstraction from the α,β-unsaturated products.28, 39 Adding the radical scavenger BHT 

during reaction and storage can help alleviate this crosslinking tendency, but the same issue 

recurs when the radical scavenger is consumed. Therefore the problematic α,β-unsaturation 

needs to be eliminated, e.g. by hydrogenation or by further elaboration (e.g. Michael addition).39-

40 As shown in Scheme 4.1, the CM products of MC1.82C5 were hydrogenated to produce 

saturated cellulose ether products with terminal acid or ester functional groups.  

Palladium catalyzed hydrogenation has been reported to reduce olefins in carbohydrate41 

and polysaccharide derivatives29 and was explored first. CM products were dissolved in THF and 

Pd/C (20 wt% Pd (dry basis) on carbon) was applied under 80 psi in a high pressure Parr reactor. 

However for either EC2.58C5-AA or MC1.82C5-AA, the hydrogenation using Pd/C was not 

very efficient: an overnight reaction provided only partial hydrogenation (30 to 50%) and 

multiple cycles (up to three) provided higher conversion (above 90%), but the polymer would 

become insoluble after multiple hydrogenation cycles, which presumably is due to side reactions 

during the extended hydrogenation process. The steric impacts of the cellulose backbone (only 3 

carbons distant from the olefin) and the olefin configuration (CM products are mostly in the E 

configuration which is bulkier than the Z configuration) may hinder heterogeneous 

hydrogenation due to poor accessibility to the catalyst surface. Therefore we investigated 

homogeneous catalytic hydrogenation using Wilkinson’s catalyst, which was reported to have 

greater ability to effectively catalyze reaction of polymeric substrates.42-44 We found, as had 

previous investigators, that the choice of solvent had a strong effect on catalytic efficiency.44 We 

started with 10 mol% catalyst load and carried out the hydrogenation reaction of MC1.82C5-AA 

in THF blended 1:1 (V: V) with a polar cosolvent. EtOH cosolvent provided 100% 

hydrogenation (overnight reaction, 80 psi H2), while tBuOH was slightly less effective (80 psi H2, 

20 h, 90% conversion), and DCM cosolvent was not useful (< 20% conversion) under the same 

conditions. For the bulkier EC2.58C5 CM products 15 mol% Wilkinson’s catalyst was applied 

(20 h, 80 psi H2) to afford 100% hydrogenation in THF/EtOH (Figures S4.1-S4.2).  

Homogeneous hydrogenation using Wilkinson’s catalyst was more successful than 

heterogeneous hydrogenation (Pd/C), but in some cases (e.g. EC2.58-C5-HEA), the 

hydrogenated product was no longer soluble in polar solvents like THF or DMSO, perhaps due 

to a side reaction during high-pressure hydrogenation. Given the high stability of the ether 

linkage, we also explored diimide hydrogenation by thermolysis of para-toluenesulfonyl 
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hydrazide (pTSH) (135 oC, 5 h).45-46 Dimethylformamide (DMF) was used as a polar solvent to 

dissolve the CM products and 5-7 equiv pTSH per olefin was employed. For CM products of 

MC1.82C5, 6 equivalents of pTSH provided complete hydrogenation, while for sterically 

hindered CM products of EC2.58C5, 7 equivalents of pTSH ensured complete hydrogenation. 

All products hydrogenated using pTSH were soluble in polar organic solvents like THF, acetone 

and DMSO. The CM and hydrogenation of methyl cellulose MC1.82 with acrylic acid to obtain 

5-carboxypentyl methyl cellulose, MC1.82C5-AA-H, is taken as an example for the 

characterization methods used below. 

 

Figure 4.2 FT-IR spectra of terminally olefinic cellulose ether MC1.82C5, its CM product with AA, and the 
hydrogenated product. 

 

Figure 4.2 shows FT-IR spectra of MC1.82C5, MC1.82C5-AA, and the hydrogenated 

MC1.82C5-AA-H, illustrating monitoring of reaction progress by tracking the distinct peaks 

associated with different functional groups. The peak at 3083 cm-1 for MC1.82C5 is assigned to 

the C-H stretch of the terminal olefin RCH=CH2 and is absent after CM. The carbonyl C=O 

stretches at 1720 cm-1 and 1698 cm-1 emerged after CM, and the olefin C=C stretch at 1650 cm-1 

also shifted to higher wavenumber at 1654 cm-1 due to conjugation with the carboxyl group, 
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confirming successful CM. The final hydrogenated product MC1.82C5-AA-H retained the 

carbonyl peak at 1732 cm-1 but the C=C peak at 1654 cm-1 disappeared, supporting complete 

olefin reduction. 

NMR spectroscopy was also diagnostic for the functional group changes during the three-

step procedure (Figure 4.3). The olefin resonances of MC1.82C5 are sharp and cleanly downfield 

from the cellulose backbone; upon CM they shift downfield (in MC1.82C5-AA from 4.98 and 

5.81 ppm to 5.65 and 6.83 ppm) because of conjugation to the carboxylic acid. Integration of the 

olefin peaks confirmed 100% CM and showed the E/Z ratio (mainly trans, (E/Z = 14.6)).28, 30 The 
1H NMR spectrum of the hydrogenation product MC1.82C5-AA-H showed complete 

disappearance of olefin peaks, confirming successful hydrogenation. 13C NMR analysis, as 

shown in Figure 4.4, also provided solid support for successful CM and hydrogenation. The 

terminal olefin peaks at 114.6 and 138.9 ppm shifted downfield to 120.5 and 149.9 ppm after 

CM introduced conjugation. The carbonyl peak in MC1.82C5-AA (166.1 ppm) confirmed 

successful introduction of the acid functionality. The final hydrogenation product has no olefin 

peaks in the region from 110-160 ppm, and retains the carbonyl peak, shifted downfield to 174.9 

ppm, demonstrating complete hydrogenation and elimination of the a,b-unsaturation. 
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Figure 4.3 1H NMR spectra of MC1.82C5, MC1.82C5-AA and MC1.82C5-AA-H. 
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Figure 4.4 13C NMR spectra of MC1.82C5, MC1.82C5-AA and MC1.82C5-AA-H. 

 

The three-step metathesis/hydrogenation procedure successfully introduced substituents 

with carboxylic acid or ester terminal functional groups to commercial MC. We were encouraged 

by the fact that these products had good solubility in organic solvents such as DMSO and THF, 

which is a promising sign for application as ASD polymeric matrices. We did have concern, 

however, that MC derivatives might not possess sufficient hydrophobicity to ensure favorable 

interactions with hydrophobic drugs, an important requirement for an ASD matrix polymer. 

Therefore, the ideal starting material could be a cellulose ether with a more hydrophobic alkyl 

chain (e.g. ethyl group) and proper DS of both terminally functional substituents and free 

hydroxyl groups, so that the polymer will have the desired hydrophobic/hydrophilic balance. 

Towards this end, we investigated the preparation of lab-prepared ethyl cellulose derivatives 

with controllable DS of ethyl, hydroxyl, and metathesis “handle” groups. 

Scheme 4.2 shows the three-step procedure for synthesis of these EC derivatives: 

microcrystalline cellulose (MCC) was reacted in solution (DMAc/LiCl)32 simultaneously with 5-
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bromo-1-pentene and ethyl iodide, in a one-pot approach, using NaH as base. Homogeneous 

etherification afforded ethyl pent-4-enyl cellulose with DS(Et) 2.30 and DS(pent-4-enyl) 0.69 as 

determined by 1H NMR analysis (Figure S4.4). Then CM of the new EC2.30 proceeded with 

similar reactivity to that observed for commercial EC-based EC2.58, providing 100% CM with 

AA, MA or HEA (10 mol% HG II catalyst) within 2 h. 1H NMR spectra of the product sequence 

of CM with AA is illustrative (Figure 4.5); the two EC2.30C5 terminal olefin resonances at 4.97 

and 5.80 ppm shift downfield to 5.77 and 6.83 ppm after CM, then disappear completely after 

hydrogenation, strongly supporting 100% CM and complete hydrogenation. This one-pot 

etherification introduced both ethyl and C5 terminal olefin groups in homogeneous solution, so 

pent-4-enyl substitution will not be limited to the less reactive residual hydroxyl (C3-OH) 

remaining after commercial etherification, and the substitution pattern on average should be 

more homogeneous than those of the blocky polymers made by commercial heterogeneous 

methods.47 Overall the method is convenient for preparation of olefin-terminated polymeric 

metathesis substrates directly from cellulose. 
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Figure 4.5 1H NMR spectra of EC2.30C5, EC2.30C5-AA and EC2.30C5-AA-H. 

 

4.3.2 Polymer physicochemical properties 

SEC was employed to monitor changes in molecular weight, DP and dispersity (Đ) of 

these cellulose ethers through the three-step procedure (Table 4.2). Products of CM of AA with 

all three olefin-terminated cellulose ethers (EC2.58C5, MC1.82C5 and EC2.30C5) were 

evaluated after hydrogenation, to illustrate any changes. Neither CM nor the hydrogenation 

procedure dramatically impacted molecular weight or distribution, demonstrating the selective 

and mild nature of these methods. Furthermore, all products presented in Table 4.2 were 

hydrogenated using p-toluenesulfonyl hydrazide; the same product EC2.30C5-AA-H prepared by 

hydrogenation using Wilkinson’s catalyst had higher molecular weight and DP (MW ~33 kDa 

and DP ~111 compared to MW ~20 kDa and DP ~67). This further demonstrated the possibility 

of side reaction when applying Wilkinson’s catalyst and the advantage of diimide hydrogenation 

for preserving polymer DP. 
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Glass transition temperature (Tg) is an important property that reflects polymer chain 

mobility vs. temperature. It is a critical parameter when choosing a polymer for an ASD; 

polymers with Tg values of at least 50 oC higher than any likely ambient temperature should 

maintain the formulation in the glassy state, even at high humidity and even if the drug is a 

plasticizer for the polymer, thereby preventing drug molecular mobility and recrystallization.48 

Ethyl pent-4-enyl cellulose has higher Tg (Table 3.2) than methyl pent-4-enyl cellulose due to the 

higher DS of olefin terminated alkyl chain, which creates higher free volume in MC1.82C5-AA-

H, promotes chain mobility and decreases Tg. The 5-carboxypentyl CM product of each cellulose 

ether has a higher Tg value than the olefin-terminated ether, likely due to the introduction of 

polar carboxylic acid functional group leading to enhanced hydrogenation bonding that will 

restrict polymer chain mobility.49-50 Overall each cellulose ether product has a Tg that is ≥ 85 oC, 

indicating that all three 5-carboxypentyl cellulose ether derivatives may be suitable for ASD 

application with respect to maintaining the amorphous state and preventing drug recrystallization. 

Table 4.2 Molecular weight, PDI, and glass transition temperature of selected products. 

sample Mn (kDa) a DP Đ a  Tg (oC) b 
EC2.58C5 27.9 109 1.45 80 
EC2.58C5-AA-H 27.0 99 1.70 112 

MC1.82C5 38.0 144 1.54 62 

MC1.82C5-AA-H 56.0 171 1.27 85 

EC2.30C5 12.9 49 1.35 N/A 

EC2.30C5-AA-H 20.0 67 1.57 126 
a Measured by SEC using absolute MW determination by light scattering. b Measured by 
modulated DSC. 

 

4.3.3 Ability of novel polymers to inhibit crystallization 

It has been previously shown that polymers that most effectively inhibit nucleation and 

crystal growth from aqueous solution are those with moderate hydrophobicity; this is because 

they can form favorable interactions with the drug and, at the same time, are soluble in an 

aqueous environment.9, 13 Previous studies indicated that cellulose esters with SP value ~20-23 

MPa1/2 and terminal carboxylic acid functionality were effective as crystal growth inhibitors and 

as ASD polymeric matrices.9, 13 To compare the relative hydrophobicity, the SP values of these 
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5-carboxypentyl cellulose ethers were calculated (Table 4.3; for SP calculation methods, see SI). 

As expected, EC2.58-C5-H from commercial EC with its high DS(Et) was relatively 

hydrophobic, with SP = 19.31 MPa1/2. The CM product of lab-synthesized EC (EC2.30C5-AA-

H), with lower DS(Et) and thus higher DS(5-carboxypentyl) had the expected decreased 

hydrophobicity, with SP of 19.86 MPa1/2. For the CM product made from hydrophilic 

commercial MC as starting material (MC1.82C5-AA-H), the length of the alkyl substituent was 

decreased and the DS of the -COOH substituent was increased, which led as expected to a 

higher SP at 21.28 MPa1/2. It was expected that these two more hydrophilic new derivatives 

would perform better as ASD matrices, since their SP was very close to or in the 20 - 23 MPa1/2 

range in which we previously observed high performance.9, 13 The aqueous solubility of three 

polymers was then determined by dispersing each polymer in pH 6.8 potassium phosphate buffer 

for 24 h51 and the results are summarized in Table 4.3. MC1.82C5-AA-H has the highest water 

solubility as 10.4 mg/mL and is most hydrophilic among three polymers, which is in accordance 

to its highest solubility parameter. The solubility of EC2.30C5-AA-H is similar but still higher 

than EC2.58C5-AA-H, due to the increased DS(5-carboxypenthyl) and decreased DS(Et), 

supporting the fact that the lab-synthesized EC derivative is more hydrophilic than the 

commercial EC.  

Table 4.3 Solubility parameters of cellulose ether derivatives. 

cell. ethers R= DS (-OR) DS (-COOH) SP (MPa1/2) Solubility 
(mg/mL)a 

EC2.58C5-AA-H CH2CH3 2.58 0.38 19.31 0.6 

MC1.82C5-AA-H CH3 1.82 1.14 21.14 10.4 

EC2.30C5-AA-H CH2CH3 2.30 0.69 19.86 1.0 

a Solubility measured in pH 6.8 potassium phosphate buffer 0.05 M, R.T. 
 

The ability of these polymers to inhibit nucleation in supersaturated solutions of the drug 

telaprevir was then evaluated to test this premise; ASD matrix polymers need to effectively 

inhibit crystallization from the supersaturated solutions produced by dissolution of an ASD. 

Telaprevir is a protease inhibitor used in the treatment of hepatitis C and it is formulated as an 

ASD due to the very low solubility of the crystalline material.36, 52 In order to perform the 

nucleation-induction time experiments, 5 µg/mL polymeric solutions were prepared, followed by 
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the addition of a stock solution of telaprevir in water-miscible organic solvent, to generate a 150 

µg/mL telaprevir concentration, a supersaturated solution with a concentration approximately 32 

times higher than the equilibrium solubility of the crystalline form (i.e. C/Ceq =32). Figure 4.6 

shows the change in the apparent concentration as a function of time with and without polymer, 

measured by UV spectroscopy, and the induction time is defined as the time at which the 

apparent concentration drops. In the absence of polymer the apparent concentration of telaprevir 

rapidly drops to about 100 µg/mL, previously attributed to the formation of an amorphous 

precipitate,36 and after around 20 minutes the drug crystallizes.  

Figure 4.7 summarizes the nucleation induction times for the various systems, according 

to which two of the cellulosic polymers promote extended induction time for telaprevir: EC2.58-

C5-AA-H gives an induction time similar to that observed for the system without polymer, 

MC1.82C5-AA-H affords a longer induction time, possibly due to its enhanced hydrophilicity, 

while EC2.30C5-AA-H is the most effective of the three polymers tested. The results strongly 

support our initial hypothesis that synthesis of more hydrophilic derivatives of this 5-

carboxypentyl cellulose ether family would provide optimal polymer 

hydrophobicity/hydrophilicity balance. This allows the polymer both to partially dissolve in 

aqueous solution, and create more favorable polymer-drug interactions due to the enhanced 

concentration of polymer -carboxylic acid groups. 

One of the main limitations of previously synthesized cellulose ether CM polymers30 was 

their low water solubility, especially for EC2.58-C5-H (0.6 mg/mL), which also restricted the 

maximum amount of polymer that could be dissolved in aqueous solution. In contrast, the results 

indicate that EC2.30C5-AA-H (solubility ~1.0 mg/mL) and MC1.82C5-AA-H (solubility ~10.4 

mg/mL) are able to retard the nucleation of telaprevir, a model poorly water soluble compound, 

and thus they are promising for ASD applications. These cellulose derivatives had moderate 

hydrophobicity and some water solubility, terminal carboxylic acid functionality, as well as Tg 

values greater than 85 oC, and worked effectively as crystallization inhibitors. Future studies will 

focus on the evaluation the ASD performance, drug release, and crystallization time applying the 

above polymers based on the approach described herein. 
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Figure 4.6 Change in apparent concentration as a function of time for telaprevir solutions. 

 

 

Figure 4.7 Nucleation induction time for supersaturated solutions of telaprevir in the presence of three predissolved 
polymers (n = 3). 

 



 83 

4.4 Conclusions 

We have successfully demonstrated design and synthesis of new cellulose w-

carboxyalkyl derivatives by olefin cross-metathesis, that inhibit crystallization of supersaturated 

solutions of a model poorly water-soluble drug. In order to obtain cellulose ethers with the 

required balance of hydrophobicity/hydrophilicity, we evaluated two strategies: either starting 

from a hydrophilic methyl cellulose or by a one-pot homogeneous reaction. Through a three-step 

olefin CM procedure involving etherification, CM, and hydrogenation, we were able to prepare a 

series of cellulose ethers with adjustable DS, proper hydrophobicity (according to SP) and 

terminal functionality. In addition, the instability of CM products to -hydrogen abstraction and 

resulting crosslinking was resolved either by homogeneous hydrogenation using Wilkinson’s 

catalyst, or by diimide hydrogenation using p-toluenesulfonyl hydrazide. These hydrogenated 

polymers have promising features as potential ASD matrix polymers: moderate SP and some 

water solubility, sufficiently high Tg, and terminal functional groups for polymer-drug 

interaction. In addition, it was demonstrated that these polymers were effective at inhibiting 

nucleation from supersaturated solutions of the poorly water-soluble drug telaprevir, strongly 

supporting their potential use as ASD matrix forming polymers.  

This three-step olefin CM procedure is exciting in terms of the potential to greatly expand 

the synthetic routes to various cellulose ether derivatives beyond traditional etherification 

methods, providing a substituent attachment step (CM), which lacks the harshly basic conditions 

that are usually incompatible for sensitive functional groups. This new method will provide 

access to a broad variety of available cellulose ethers with terminal functional groups, including 

those that are promising for drug delivery applications such as ASD and waterborne coatings. 

The mild and modular nature of the CM reaction, the hydrolytic stability and the possibility for 

tailoring the hydrophobicity of final products, together could lead to a group of cellulose ethers 

and polysaccharide derivatives with novel structures. Furthermore, this enhanced ability to create 

polymers with desired functionality will greatly contribute to the investigation of structure-

property-performance relationships, and provide guidance for synthesis of novel polysaccharide 

derivatives as drug delivery polymeric matrices and for other demanding applications. 
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Abstract 

Olefin cross-metathesis (CM) has enabled design and synthesis of diverse, amphiphilic 

cellulose ether derivatives (e.g. of ethyl and methyl cellulose). In this paper, hydroxyalkyl 

cellulose was selected as a hydrophilic starting material, with the additional advantage that it has 

DS (OH) 3.0 that allows targeting of a full range of DS of selected functional groups. 

Hydroxypropyl cellulose (HPC) was first etherified with 5-bromopent-1-ene to attach olefin 

“handles” for metathesis, whereby control of molar ratios of sodium hydride and 5-bromopent-1-

ene permits full DS control of appended olefin. These olefin-terminated HPC ethers then were 

subjected to CM with acrylic acid and different acrylates, followed by diimide hydrogenation to 

reduce the resulting α,β-unsaturation. NMR and FT-IR spectroscopies were useful tools for 

following reaction progress. One of the product carboxyl-functionalized HPC derivatives, 

designated HPC-Pen106-AA-H, showed high promise as a crystallization inhibitor of the 

antiviral drug telaprevir. Its nucleation-induction inhibitory ability was compared to those of 

commercial controls, HPC and HPMCAS. All three polymers were very effective for inhibiting 

telaprevir crystallization, increasing induction time up to 8-fold. HPC did not effectively prevent 

amorphous particle growth, whereas the carboxyl-containing HPC-Pen106-AA-H and HPMCAS 

were able to prevent formation of agglomerates of amorphous drugs. 
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5.1 Introduction 

Cellulose is a renewable, natural polysaccharide, readily available from plant and 

bacterial sources in almost inexhaustible quantities, and is a polymeric material with fascinating 

structure and properties.1-4 Commercial cellulose esters (e.g., acetate, propionate, butyrate, 

succinate and phthalate) and ethers (e.g., methyl, ethyl, carboxymethyl, hydroxyethyl and 

hydroxypropyl) are important for applications including automobile coatings, cleaning products, 

building materials and drug delivery systems.2-6 Compared to cellulose esters, where the ester 

linkages are relatively hydrolytically unstable and tend to hydrolyze in alkaline or acidic 

environments, cellulose ether derivatives are very stable even under extreme pH conditions. 

Cellulose ethers are frequently used in aqueous systems, for example as rheology modifiers, as 

part of drug delivery systems, and in waterborne coatings.7-8  

Hydroxyalkyl celluloses (e.g. hydroxyethyl and hydroxypropyl cellulose) are a 

commercial cellulose ether family prepared by reaction of deprotonated cellulose hydroxyl 

groups with epoxides (e.g. ethylene oxide or propylene oxide).9 Ring-opening of the epoxide by 

the cellulose alkoxide creates a new terminal hydroxyl group which is more distant from the 

backbone, and thus is more reactive than hydroxyls directly appended to the anhydroglucose 

rings. As a result, the side chains of hydroxyalkyl cellulose are typically oligo(hydroxyalkyl) 

groups, and each anhydroglucose unit (AGU) has a degree of substitution (DS) (OH) of 3.0. This 

provides a high degree of hydroxyl groups for further modifications, due to the broad available 

approachable angle to the OH functionality because it is distant from the main cellulose chain. 

However, to date the scope of commercially available hydroxyalkyl cellulose derivatives is 

narrow, primarily due to the harsh conditions used in traditional alkaline etherification 

procedures.9 Given rising demand for high performance sustainable biomaterials, more efficient 

and powerful methods to greatly widen the range of hydroxyalkyl cellulose derivatives are 

needed. 

It is estimated that up to 80% of current drugs and/or drug candidates10 suffer from poor 

bioavailability due to poor aqueous solubility.11 Several approaches have been developed to 

enhance drug solubility and improve bioavailability. Amorphous solid dispersions (ASDs) 

represent some of the most efficient formulations for this purpose.12-13 By creating an amorphous 

blend of polymer and drug, solution concentrations of released drug can be greatly enhanced. 
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The energy barrier of the heat of fusion of the drug is eliminated by ASD, thereby leading to 

supersaturated solutions upon drug release.6 In order for polymers to be designed as efficient 

ASD matrices, certain structural criteria have been elucidated:14 1) a terminal carboxyl group can 

interact with drug molecules and also function as a pH trigger to promote drug release;14 2) 

moderate hydrophobicity can promote good miscibility with hydrophobic drugs; 3) some 

hydrophilicity can allow the polymer to release the drug in an aqueous environment and to 

maintain high supersaturations in solution prior to permeation through the gastrointestinal 

epithelium, and 4) a sufficiently high glass transition temperature (Tg), at least 50 oC higher than 

any possible ambient temperature, can immobilize the drug, prevent recrystallization, and ensure 

that the polymer dispersion remains in the glassy state.6  

Cellulose ω-carboxyesters are ASD matrix polymers that have been shown to be miscible 

and effective at inhibiting crystallization for a wide variety of hydrophobic drugs.5-6 However the 

synthetic process of preparing discrete cellulose derivatives with terminal carboxylic acid and 

hydroxyl groups can be problematic, forcing synthetic chemists to adopt protection-deprotection 

strategies.14 In addition, one of the main limitations of the ω-carboxyesters produced to date is 

their hydrophobicity that impedes drug release from their ASDs. Building ASD polymer 

candidates upon polymer backbones that are amphiphilic, yet have greater water affinity may be 

an effective approach for solving this dilemma. Commercial hydroxypropylmethyl cellulose 

acetate succinate (HPMCAS)13, 15-16 and hydroxypropyl cellulose (HPC)17-19 have been widely 

utilized as drug delivery matrices, including for ASD. Design and synthesis of amphiphilic 

hydroxyalkyl cellulose derivatives may thus be valuable for drug delivery applications including 

ASD matrices, as well as for other amphiphilic polymer applications. Such polymers may be 

effective at inhibiting drug-crystallization and at the same time able to release the drug into 

solution.5-6, 20  

Olefin cross-metathesis (CM) is a mild, efficient carbon-carbon bond forming 

transformation that has been extensively used in both organic and polymer chemistry.21-28 In 

2014, Meng et al.29 reported the first successful CM of polysaccharide derivatives (CM of mono- 

and oligosaccharides has been reported previously)30 by attaching an ester group possessing a 

terminal olefin onto a cellulose ester backbone as a metathesis handle. CM with an excess of 

acrylic acid (AA) and a Hoveyda-Grubbs’ 2nd generation catalyst provided discreet and soluble 

products with carboxyl functionality. Recent work by the Edgar group has shown that CM of 
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cellulose esters (e.g. cellulose acetate)31-32 and ethers (e.g. ethyl cellulose and methyl cellulose)33-

34 with various acrylates can be achieved and hydrogenation of these CM products can provide 

saturated cellulose ester and ether derivatives with promising performance as amphiphiles, 

including as drug crystallization inhibitors.34  

In this research, we explore CM modification of hydroxypropyl cellulose (HPC) 

derivatives, anticipating synthesis of amphiphilic CM products that possess useful features 

because: (1) HPC is more hydrophilic than most other cellulose esters and ethers and thus has 

good aqueous solubility, which may enable effective drug release; (2) hydroxyl groups of the 

oligo(hydroxypropyl) branches are separated from the backbone, thus less sterically hindered and 

therefore more reactive than backbone hydroxyl groups; (3) DS (OH) is 3.0, where all three 

hydroxyl groups in each AGU should be available for etherification and attaching terminal olefin 

metathesis “handles”.35 We hypothesize that olefin CM of a,b-unsaturated HPC ethers could 

provide amphiphilic cellulose derivatives that display enhanced performance as ASD matrices. 

This would provide a range of derivatives with fully controllable DS, thereby enabling 

illumination of structure-property relationships relevant to ASD and other applications. We 

propose a three-step synthetic strategy: 1) etherification with an ω-unsaturated alkyl halide, 2) 

olefin CM, and 3) hydrogenation. We also carry out preliminary drug crystallization induction 

experiments using these new amphiphilic HPC derivatives. 

 

5.2 Experimental 

5.2.1 Materials 

Hydroxypropyl cellulose (HPC, Mw ~ 100 kg/mol as reported, MS and DS(HP) measured 

as described below) and potassium phosphate dibasic (K2HPO4) were purchased from Acros 

Organics. Sodium hydride (95%, NaH), 5-bromopent-1-ene, anhydrous tetrahydrofuran (THF), 

acrylic acid (AA), methyl acrylate (MA), 2-hydroxyethyl acrylate (HEA), tert-butyl acrylate 

(tBuA), 3,5-di-tert-butylhydroxytoluene (BHT), Hoveyda-Grubbs’ 2nd generation catalyst, and 

para-toluenesulfonyl hydrazide (pTSH) were from Sigma-Aldrich. Monopotassium phosphate 

(KH2PO4), dichloromethane (DCM), isopropanol, and N,N-dimethylformamide (DMF) were 

purchased from Fisher Scientific. Ethyl vinyl ether was purchased from Fluka Analytical. All 
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reagents were used as received without further purification. Dialysis tubing (MWCO 3.5 kDa) 

was from Fisher Scientific. Telaprevir was purchased from Attix Pharmaceuticals. 

5.2.2 Measurements 

1H NMR spectra were acquired on a Bruker Avance II spectrometer operating at 500 

MHz or an Agilent MR4 operating at 400 MHz. Samples were analyzed as solutions in CDCl3 (δ 

7.26) or DMSO-d6 (δ 2.50) (ca. 10 mg/mL) at 25 °C in standard 5 mm o.d. tubes. Three drops of 

trifluoroacetic acid were added to shift the water peak in DMSO-d6 downfield from the spectral 

region of interest. 13C NMR spectra were acquired using a Bruker Avance II 500 MHz NMR 

with samples in solutions of CDCl3 or DMSO-d6 (ca. 40 mg/mL) and with a minimum of 5000 

scans. FT-IR spectra were obtained using a Nicolet 8700 instrument with 1 mg of each polymer 

and 99 mg of potassium bromide (KBr) matrix compressed into transparent pellets. Glass 

transition temperatures (Tg) were measured by a TA Instruments Discovery instrument 

differential scanning calorimeter using modulated differential scanning calorimetry (MDSC). 

Each polymer sample (ca. 5 mg dry powder in a Tzero aluminum pan) was first equilibrated at -

25 oC and then heated to 190 oC at 3 oC/min with a modulation amplitude of 0.5 oC and an 

oscillation period of 60 s. Molecular weights (Mw) were measured by size exclusion 

chromatography (SEC) in HPLC grade THF at 30 oC with a 1 mL/min flow rate, applying two 

connected Agilent PLgel Mixed-B columns with a Wyatt Dawn Heleos light scattering detector 

and a Wyatt Optilab Rex refractive index (RI) detector. The dn/dc values were obtained by 

assuming 100% mass elution from the columns and no calibration standards were used. 

Ruthenium concentration was determined by a Thermo Electron X-Series inductively coupled 

plasma mass spectrometer (ICP-MS) using Standard Method 3125-B.36 Polymer solubility was 

tested by adding 1 mL of solvent into a 4 mL vial with ~10 mg sample. The mixture was 

subjected to vortex mixing for 10 min and then allowed to stand overnight at room temperature. 

Solubility was judged by visual examination.  

5.2.3 Determination of molar substitution (MS) and DS hydroxypropyl (HP) 

DS(HP) of HPC was determined by 1H NMR spectroscopy in CDCl3 solution (Figure 

S5.1-5.2) as 2.2. The MS of HPC was determined by the carbanilation of HPC with 

phenylisocyanate and subsequent 1H NMR analysis. The ratio of the integral of the internal HP 
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methyl groups and that of the terminal methyl group (the one closest to the electron-withdrawing 

carbamate moiety enabled MS determination.37-38 The HPC used in this work had MS(HP) 4.4. 

5.2.4 Preparation of hydroxypropyl pent-4-enyl cellulose (HPC-Pen106) 

HPC etherification was modeled on an alkyl cellulose etherification procedure from our 

previous paper.34 HPC (1.0 g, 2.40 mmol AGU, 7.19 mmol -OH) was dispersed in 15 mL of 

anhydrous THF using a mechanical stirrer and with a nitrogen purge. Polymer gradually 

dissolved to form a clear and transparent solution after overnight stirring. NaH (95%, 0.28 g, 

21.6 mmol, 3 equiv/-OH) was added with N2 protection. The reaction system was cooled to 0 oC 

in an ice bath and then 5-bromopent-1-ene (1.13 g, 7.2 mmol, 1.0 equiv/-OH) was added 

dropwise under vigorous stirring. The solution was stirred at room temperature for 1 d and then 

at 50 oC for 3 d. After cooling to room temperature, isopropanol was gradually added to 

deactivate any residual catalyst. The solution was added to 300 mL of pH 7.4 buffer solution 

(3.54 g KH2PO4 and 7.14 g K2HPO4 in 1000 mL deionized water) to precipitate the product, 

which was then recovered by filtration. The precipitate was redissolved in THF, then 

reprecipitated into hexanes and recovered by filtration, before vacuum drying at 40 oC overnight. 

DS determined by 1H NMR: DS (HP) = 2.2, DS (Pen) = 1.06; yield: 1.03 g, 89%. 1H NMR 

(CDCl3): 1.12 (br, s, OCH2CHCH3OH), 1.63 (br, s, OCH2CH2CH2CH=CH2), 2.10 (br, s, 

OCH2CH2CH2CH=CH2), 2.78-4.58 (m, cellulose backbone, OCH2CHCH3OH, 

OCH2CH2CH2CH=CH2), 4.88-5.07 (dd, OCH2CH2CH2CH=CH2), 5.82 (m, 

OCH2CH2CH2CH=CH2). 13C NMR (CDCl3): 17.6 (OCH2CHCH3OH), 29.4 

(OCH2CH2CH2CH=CH2), 30.4 (OCH2CH2CH2CH=CH2), 65.8 (C-6), 68.5 (OCH2CHCH3OH), 

73.4-77.4 (C-2, C-3, C-5, OCH2CHCH3OH), 83.8 (C-4), 102.6 (C-1), 114.8 

(OCH2CH2CH2CH=CH2), 138.5 (OCH2CH2CH2CH=CH2). 

5.2.5 General procedure for olefin cross-metathesis reaction  

The olefin CM reactions were performed according to a previously reported method.33-34 

In brief, BHT (5 mg) and 3 mL of THF were added to a flask containing HPC-Pen106 (100 mg; 

0.20 mmol AGU; 0.22 mmol terminal olefin). The mixture was stirred under N2 protection at 

37 °C until all reagents were completely dissolved. Next, acrylic acid (0.82 g; 10.8 mmol; 50 

equiv/terminal olefin) was added, followed by the Hoveyda-Grubbs’ 2nd generation catalyst (12.8 

mg; 8 mol%, dissolved in 4 mL THF). After stirring at 37 °C for 2 h, the reaction was stopped by 
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adding two drops of ethyl vinyl ether. The product solution was concentrated by evaporating the 

THF solvent with a nitrogen purge and was then added to water to precipitate the product, which 

was collected by vacuum filtration, then vacuum dried overnight at 40 °C. DS by 1H NMR (500 

MHz, DMSO-d6): DS (hp) 2.2, DS (carboxylic acid) 1.06. Percent conversion by 1H NMR: 

100%; yield: 108 mg, 92%. 1H NMR (DMSO-d6): 1.02 (br, s, OCH2CHCH3OH), 1.58 (br, s, 

OCH2CH2CH2CH=CHCOOH), 2.16 (br, s, OCH2CH2CH2CH=CHCOOH), 2.70-4.14 (m, 

cellulose backbone, OCH2CHCH3OH, OCH2CH2CH2CH=CHCOOH), 5.70 (d, 

OCH2CH2CH2CH=CHCOOH), 6.81 (m, OCH2CH2CH2CH=CHCOOH). 13C NMR (DMSO-d6): 

17.3 (OCH2CHCH3OH), 28.2 (OCH2CH2CH2CH=CHCOOH), 28.3 

(OCH2CH2CH2CH=CHCOOH), 67.4 (C-6), 72.2-77.4 (OCH2CHCH3OH, C-2, C-3, C-5, 

OCH2CHCH3OH), 82.5 (C-4), 101.3 (C-1), 122.0 (OCH2CH2CH2CH=CHCOOH), 148.2 

(OCH2CH2CH2CH=CHCOOH), 167.1 (OCH2CH2CH2CH=CHCOOH). 

5.2.6 General procedure for transfer hydrogenation of the CM product  

BHT (8 mg; 10 wt%) and 4 mL DMF were added to a flask containing HPC-Pen106-AA 

(80 mg; 0.15 mmol AGU; 0.16 mmol olefin). The mixture was stirred under N2 protection at 

room temperature until all reagents were completely dissolved. Next, pTSH (0.18 g; 0.95 mmol; 

6 equiv/olefin) was added. After refluxing at 135 °C for 5 h, the product was dialyzed against 

acetone for 3 d and then against water for 2 d, with the acetone and water being changed daily, 

and then freeze dried. 1H NMR (DMSO-d6): 0.86 (s, OCH2CHCH3OH), 1.02 (s, 

OCH2CH2CH2CH2CH2COOH), 1.26 (s, OCH2CHCH3OCH2CH2CH2CH2CH2COOH), 1.45 (m, 

OCH2CH2CH2CH2CH2COOH), 2.17 (br, s, OCH2CH2CH2CH2CH2COOH), 2.63-4.76 (cellulose 

backbone, OCH2CHCH3OH, OCH2CH2CH2CH2CH2COOH ). 13C NMR (DMSO-d6): 17.4 

(OCH2CHCH3OH), 24.4 (OCH2CH2CH2CH2CH2COOH), 25.4 (OCH2CH2CH2CH2CH2COOH), 

29.5 (OCH2CH2CH2CH2CH2COOH), 33.7 (OCH2CH2CH2CH2CH2COOH), 65.3 (C-6), 68.2 

(OCH2CH2CH2CH2CH2COOH), 72.1-76.5 (OCH2CHCH3OH, C-2, C-3, C-5), 82.9 (C-4), 101.6 

(C-1), 174.4 (OCH2CH2CH2CH2CH2COOH). Yield: 55 mg, 69%. 

5.2.7 Nucleation-induction time 

The experimental nucleation time (Tind) is defined as the sum of the time for the critical 

nucleus formation (Tn) and the growth to a detectable size (Tg).39  

!"#$ = !# + !'   
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The crystallization induction time from unseeded-desupersaturation experiments was 

measured using an SI Photonics UV/vis spectrometer (Tucson, Arizona) coupled to a fiber optic 

probe (path length 5 mm). Polymers were dissolved in sodium phosphate buffer pH 6.8 100 mM 

and then sonicated until no undissolved material was observed. Supersaturated solutions were 

created by adding 150 µg/mL of a telaprevir methanolic stock solution (7 mg/mL) to 47 mL 

buffer solution with predissolved polymer, held at 37 ˚C using a 50 mL jacketed flask coupled to 

a water bath, and 300 rpm. Measurements were recorded every 1 minute at two wavelengths: the 

maximum UV absorbance wavelength of telaprevir (270 nm) and a non-absorbing wavelength 

(370 nm) to account for changes in the scattering due to the presence of a second phase. The 

point at which the apparent concentration drops was assumed to be the induction time. The 

methodology has been described by Dong et al. 34 

5.2.8 Water solubility test 

300 mg dried polymer was dispersed in 6 mL pH 6.8 potassium phosphate buffer and the 

suspension was stirred at room temperature for 24 h. After centrifuging at 14,000 g for 10 min, 1 

mL of the supernatant liquid was transferred into a small vial and vacuum dried at 40 oC for 12 h 

to remove water. The weight of the dissolved polymer was calculated by subtracting the weight 

of salt (6.8 mg/mL) in the buffer and concentration was determined by dividing the weight by 

volume (1 mL). 

5.2.9 Ruthenium concentration measurement 

10 mg polymer was digested with 200 µL nitric acid and 2.8 mL deionized water, placed 

on a shaker at room temperature for three days. The solution was then diluted into 10 mL and 

filtrated before ICP-MS measurement. Ruthenium concentration was determined as 67 ppb in 10 

mL solution, which is 0.67 µg per 10 mg polymer (67 ppm). 

 

5.3 Results and Discussion 

Successful olefin CM of cellulose ester29, 31-32 and ether derivatives33-34 has encouraged 

polysaccharide chemists to further explore this mild, efficient and modular strategy. In our 

previous study of olefin CM of commercial ethyl cellulose with DS (Et) 2.58 (EC2.58), the DS 

(OH) was limited to 0.42. Consequently, both the starting material EC2.58 and its metathesis 
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products were quite hydrophobic; and the desired polymer amphiphilicity, crucial for success as 

an ASD polymer-matrix, could not be achieved. In order to overcome this limitation, we 

employed two different strategies: firstly, use of the more hydrophilic commercial methyl 

cellulose MC1.82; and secondly a one-pot synthesis of lower DS(Et) pentene-terminated 

EC2.30C5.34 Nevertheless, the DS(OH) was still limited, restricting the DS of terminal olefins 

and CM functional groups such as carboxylic acid. The maximum DS (OH) when using MC1.82 

was 1.18, and 0.70 for the EC2.30 polymer.  

In the current research, we explored the possibility of CM modification of derivatives of 

hydrophilic HPC, with its DS (OH) 3.0. The DS(hydroxypropyl, HP) and MS(HP) of the 

commercial HPC and its phenyl carbamate derivative were measured by 1H NMR spectroscopy, 

using methods described in detail in the supporting information (Figure S5.1-S5.2). The results 

are in good agreement with previous reports of DS (HP) 2.2, and MS (HP) 4.4 for HPC, 

determined by 1H NMR spectroscopy.37-38  
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Figure 5.1 Three-step synthetic route for HPC derivatives by etherification, CM, and hydrogenation. 

 

HPC was first etherified with 5-bromopent-1-ene (Figure 5.1), as we have found that a 

chain length of C5 provides effective reaction with different CM partners.33 Compared to 

cellulose esters or ethers, HPC has not only significantly higher DS(OH), but most of the 

hydroxyl groups are also more reactive towards SN2 displacement due to enhanced approach 

angles resulting from their greater separation from the cellulose backbone. We started with a 

reduced molar equivalent ratio of NaH catalyst (5 equiv/-OH) and of 5-bromopent-1-ene (2 
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equiv/-OH) compared to those used in earlier work with commercial EC2.58 (10 equiv/-OH for 

both NaH and 5-bromopent-1-ene), due to the anticipated higher OH reactivity.33 Etherification 

results are briefly summarized in Table 5.1. These lower reagent ratios provided the olefin-

terminated HPC-Pentene (HPC-Pen) derivative with pent-4-enyl DS of 2.82, which corresponds 

to 94% conversion of all the available hydroxyl groups. By further reducing the molar 

equivalents of NaH and 5-bromopent-1-ene, we were also able to prepare olefin-terminated 

HPC-Pen derivatives with predictably lower DS (Pen) (i.e. DS 1.06 and 0.69). 

Table 5.1 Summary of the etherification products of HPC with 5-bromopent-1-ene. 

starting 
material 

NaH 
equiv/-OH 

5-bromopent-1-ene 
equiv/-OH 

DS 
(olefin) product OH conv.% 

HPC 
5 2 2.82 HPC-Pen282 94 
3 1 1.06 HPC-Pen106 35 
2 0.5 0.69 HPC-Pen069 23 

 

With these olefin-terminated HPC derivatives in hand, we then investigated the CM 

reaction of HPC-Pen with acrylic acid (AA). Here we adopted methodology that previously was 

successful in completely suppressing undesired self-metathesis (SM; crosslinking) in favor of the 

desired CM:29, 33 (1) reacting olefins of two Grubbs types, the terminal olefin appended to 

cellulose (Type I olefin) and the small molecule acrylic acid (less SM-reactive Type II olefin); (2) 

using an excess of the Type II olefin (acrylic acid) to suppress SM of the Type I olefin; and (3) 

applying Hoveyda-Grubbs 2nd generation catalyst (HG II), with its high selectivity for CM vs. 

SM, and high activity.40-41 A minimal amount of the radical scavenger 3,5-di-tert-

butylhydroxytoluene (BHT) was also applied to prevent radical-induced crosslinking during the 

CM reaction.29 Table 5.2 summarizes CM results with HPC-Pen106. Initially, 30 equiv of AA, 5 

mol% of HG II catalyst, and 2 hours of reaction provided 83% CM conversion, which was an 

encouraging start. Conversion % and E/Z ratio were calculated based on proton NMR integration 

of olefin hydrogens vs. backbone hydrogens, as described in detail in Figure S5.3. By increasing 

the amount of CM partner and catalyst (50 equiv AA and 10 mol% HG II), we achieved the 

desired 100% CM conversion. With these satisfying results with AA in hand, we explored the 

scope of the reaction with regard to Type II CM partner olefin. CM reactions with different 

acrylates including methyl acrylate (MA), 2-hydroxyethyl acrylate (HEA) and tert-butyl acrylate 

(tBuA) were carried out under conditions similar to those employed for AA. CM with MA using 
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30 equiv of the acrylate ester and 5 mol% catalyst afforded 90% CM conversion; with 50 

equivalents of MA and 8 mol% HG II the CM reaction reached 100%. We were also gratified to 

observe that under similar conditions (50 equivalents of the CM partner and 8 mol% HG II for 3 

hours), CM with HEA and tBuA both achieved 100% conversion. Meanwhile the yields of these 

CM reactions were high to quantitative (> 88%), supporting the high efficiency of CM 

modification of these polysaccharide ethers, and its tolerance for various functional groups. All 

metathesis products were predominantly in the E configuration (E/Z ratio > 11.0), in accordance 

with previous reports.29, 33  

 
Table 5.2 Cross-metathesis results of HPC-Pen106 with AA, MA, HEA, and tBuA. 

starting 
material 

CM partnerα olefin ratio 
(mol equiv) 

cat. load 
(mol%) 

conv.b 

(%) 
Yield 
(%) E/Z 

HPC-Pen106 

OH

O

 
30 5 85 90 NMc 

AA 50 10 100 92 14.3 

O

O

 
30 5 90 90 NM 

MA 50 8 100 88 11.0 

O

O
OH

 
HEA 

50 8 100 95 32.7 

O

O

 
tBuA 

50 8 100 93 14.3 

a AA: acrylic acid, MA: methyl acrylate, HEA: 2-hydroxyethyl acrylate, tBuA: tert-butyl 
acrylate. b Analysis of CM conversion is based on the ratio of olefin peak integrations in 1H 
NMR spectra. c Not measured (measured only on complete conversion samples). 

 

These α,β-unsaturated, ω-carboxy CM products are prone to H-atom abstraction from the 

γ-position, leading to radical reactions including radical coupling, which creates crosslinks. This 

chemistry, analogous to development of rancidity by natural unsaturated fatty acids, and similar 

to that observed by us and others29, 33 for structurally related CM polysaccharide products, can be 

delayed by adding the radical scavenger BHT, and may be permanently addressed by 

hydrogenation to saturate the olefin.31-32, 34 Therefore we performed homogeneous diimide 

hydrogenation to reduce the a,b-unsaturated CM products from HPC, thereby eliminating the 
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propensity for radical-induced instability. Employing 6 equivalents of para-toluenesulfonyl 

hydrazide (pTSH) at reflux in DMF (135 oC) provided clean hydrogenation of all CM products 

with different functionalities, complete within 5 h. Similar CM and hydrogenation reactions were 

also performed for HPC-Pen282 and HPC-Pen069 with acrylic acid and various acrylates. For 

each combination of polymer and CM partner, 100% CM and complete hydrogenation were 

achieved under the conditions described above, providing a collection of saturated HPC 

derivatives with various functional groups (e.g. carboxylic acid and different esters) and 

controllable DS. Synthesis of HPC-Pen106-AA-H is used to exemplify the structural 

characterization methods used and results. 

As shown in Figure 5.2, the =C-H stretch in the FT-IR spectrum at 3079 cm-1, resulting 

from the terminal olefin in the starting material HPC-Pen106, completely disappeared after CM. 

A distinct C=O stretch from the carboxylic acid appeared at 1720 and 1697 cm-1, indicating 

successful CM and introduction of the carbonyl group. After hydrogenation, the C=C stretch 

around 1654 cm-1 disappeared, leaving only the C=O stretch at 1735 and 1710 cm-1, strongly 

supporting complete hydrogenation. 1H NMR spectra can be diagnostic and quantitative for 

successful CM and hydrogenation, simply by tracing the appearance, downfield migration with 

conjugation, and then disappearance upon saturation of the olefin peaks. As shown in Figure 5.3, 

the two proton peaks from the terminal olefin in HPC-Pen106 at 4.96 and 5.82 ppm completely 

disappeared and two new peaks corresponding to the conjugated olefin protons emerged at 5.70 

and 6.81 ppm. After hydrogenation, the olefinic peaks cleanly disappeared, indicating complete 

reduction of a,b-unsaturated HPC-Pen106-AA. 13C NMR spectra provided equally strong 

evidence of the proposed identity (Figure 5.4). The starting material HPC-Pen106 has no 

carbonyl groups; after CM, a sharp and distinct signal at 167.1 ppm appeared, indicating 

successful introduction of the carbonyl group. Meanwhile the two carbon peaks at 114.8 and 

138.5 ppm, assigned to the terminal olefin carbons in HPC-Pen106, also shifted downfield to 

122.0 and 148.2 ppm respectively, with no evident residual carbon signals from the starting 

olefin, further supporting 100% CM and conjugation with the carbonyl groups. After 

hydrogenation, the carbonyl peak of the final product HPC-Pen106-AA-H shifted slightly 

downfield from 167.1 to 174.4 ppm, while the olefinic peaks disappeared completely, indicating 

quantitative hydrogenation. 
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Figure 5.2 FT-IR spectra of HPC-Pen106, the CM product with acrylic acid HPC-Pen106-AA, and the 
hydrogenated product HPC-Pen106-AA-H. 
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Figure 5.3 1H NMR spectra of HPC-Pen106, the CM product with acrylic acid HPC-Pen106-AA, and the 
hydrogenated product HPC-Pen106-AA-H. 
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Figure 5.4 13C NMR spectra of HPC-Pen106, the CM product with acrylic acid HPC-Pen106-AA, and the 
hydrogenated product HPC-Pen106-AA-H. 

 

We applied SEC to evaluate the molecular weight of the starting material and final 

product. As we can see from Figure 5.5, the starting material HPC has a molecular weight about 

112.0 kDa (DP = 268), which is close to the 100 kDa reported by the supplier. The HPC-Pen106 

has much lower molecular weight as 20.5 kDa and DP decreased to 42, which is a result of the 

strongly alkaline conditions during the four-day etherification reaction. We expect based on our 

previous studies that the olefin metathesis and hydrogenation reactions would not cause 

significant change in DP. However, from the SEC results, the final product HPC-Pen106-AA-H 

has a much higher molecular weight (69.0 kDa) and increased DP (129). We also noticed that the 

SEC in THF system is providing a much lower dispersity (Đ) and dn/dc value for the carboxy-

containing final product. We assume that the carboxyl groups from the end of polymer branches 

are promoting some self-association in solution and this was also confirmed by dynamic light 
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scattering (DLS) of the polymer under the same condition (0.1 mg/mL, THF, sonication for 20 

min). The polymer HPC-Pen106-AA-H was showing an average diameter as 240 nm and PDI 

about 0.28, suggesting polymer aggregation with a relatively uniform particle size rather than 

entering the column as single chains.  

 

 
sample Mn (kDa) DP Mw (kDa) Đ dn/dc 
HPC 112.0 268 206.1 1.84 0.070 
HPC-Pen106 20.5 42 33.8 1.65 0.085 
HPC-Pen106-AA-H 69.0 129 70.4 1.02 0.012 

Figure 5.5 SEC curves of HPC-Pen106 and the final product HPC-Pen106-AA-H after CM and hydrogenation. 

 

Useful ASD polymer matrices must have Tg values that are sufficiently high so that after 

mixing with drug, and even in very high ambient temperature and humidity conditions, the ASD 

will still remain in the glassy state, immobilizing the drug and helping to prevent crystallization. 

While cellulose derivatives tend to be high Tg polymers, the addition of multiple hydrophobic 

and hydrophilic substituents is certainly likely to result in some degree of internal plasticization, 

so it was important to see whether the products still had sufficiently high Tg values. In this study, 

modulated DSC (MDSC) was applied to determine product Tg values. Starting HPC comprises a 

large number of different monosaccharides, due to the many possible chain lengths of 

oligo(hydroxypropyl) group, the possibility of occasional nucleophilic attack at the more 

substituted end of the polysaccharide, and the different possible positions of substitution. For this 
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reason the heterogeneous polymer has a very broad Tg, which can only be readily observed by 

MDSC, and a Tm around 205 oC, as reported by other investigators using either thermal or 

dynamic mechanical analysis.42-43 Glass transition temperatures of our CM products, which are 

synthesized from this heterogeneous polymer, would also be expected to be broad and indistinct, 

as was indeed observed; thus MDSC was required to measure them. As shown in Figure 5.6, the 

olefin terminated HPC-Pen106 has a broad Tg around 91 oC, while the CM product with AA has 

a Tg around 96 oC. The hydrogenated product HPC-Pen106-AA-H has a very broad Tg around 94 
oC, which is barely detectable. By analogy to our previous studies,31, 34 the hydrogenated 

products would be expected to have a Tg value similar to that of the CM product prior to 

hydrogenation, due to their similar chemical structures. Overall, the final product HPC-Pen106-

AA-H with its Tg above 90 oC shows promise for maintaining the polymer-drug dispersion in the 

glassy state, thereby preventing recrystallization. 

 

 

Figure 5.6 MDSC curves of HPC-Pen106 and the final product HPC-Pen106-AA-H after CM and hydrogenation. 

Crystallization induction experiments measure the time required for drug molecules to 

crystallize and achieve a detectable size of crystal nuclei. This is a first screening test to 

determine the effectiveness of polymers at inhibiting nucleation, an important requirement for 
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effective ASDs. The experiments were conducted as previously described, using an in situ UV-

vis spectrometer.34 The poorly water soluble (4.6 µg/mL) antiviral drug telaprevir44-45 was 

chosen as the model drug compound. Supersaturated drug solutions corresponding to 150 µg/mL 

of telaprevir were prepared in pH 6.8 100 mM sodium phosphate buffer solution (with or without 

predissolved polymer). The concentration of drug in solution was monitored by UV-vis 

spectroscopy, and the time when the apparent solution concentration of the drug started to drop 

was selected as the induction time.  

Telaprevir induction times were measured in the absence and presence of 5 µg/mL of 

HPMCAS, HPC and HPC-Pen106-AA-H. Figure 5.7a shows an example of a concentration 

versus time profile for the diverse polymers. Figure 5.7b summarizes average induction time 

values for each polymer. Our previous study34 showed the effectiveness of the relatively 

hydrophobic 5-carboxypentyl cellulose ether derivatives made from commercial EC, commercial 

MC, and lab-made EC-C5 (EC2.58C5-AA-H, MC1.82C5-AA-H and EC2.30C5-AA-H). The 

most efficient polymer, EC2.30C5-AA-H, delayed the crystallization induction times of 

telaprevir to more than 90 minutes. In the present study, the induction times for HPC and 

HPMCAS were measured as negative and positive controls, respectively, where carboxylic acid 

groups are present in HPMCAS and absent in HPC. Figure 5.7a shows that in the absence of 

polymer or in the presence of HPC, there are two drops in the apparent concentration of 

telaprevir. The first drop in the apparent concentration is assigned to a change in the optical 

properties of amorphous aggregates due to agglomeration/particle growth, and the second drop is 

attributed to crystallization with a subsequent decrease of molecularly dissolved drug. We also 

observed similar results for systems containing HPMC, PVP and PVP-VA, which do not contain 

carboxylic acid groups.  

Although the induction time results for HPC, HPMCAS and HPC-Pen106-AA-H are 

similar (Figure 5.7b), the concentration versus time profiles suggest that the addition of 

substituents that include a terminal carboxylic acid helps to prevent the formation of 

agglomerates of amorphous drug. Addition of the 5-carboxypentyl groups to the HPC polymer 

(HPC-Pen106-AA-H) generates concentration versus time profiles more similar to HPMCAS 

than to HPC. These polymers allow an increase in the induction time of telaprevir to around 160 

minutes, which is an 8-fold increase vs. that of the drug itself. We speculate that the excellent 

performance of these polymers is due to the moderate balance of hydrophobicity and 
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hydrophilicity, and in the case of HPMCAS and HPC-Pen106-AA-H is also due to the pendent 

carboxyl groups. 

Table 5.3 Solubility of cellulose derivatives in various organic solvents and water. 

 CH2Cl2 CHCl3 THF Acetone DMSO DMF H2O 
HPC + + + + + + + 
HPMCAS + + + + + + - 
HPC-Pen069-AA-H + + + + + + P 
HPC-Pen106-AA-H + + + + + + P 
HPC-Pen282-AA-H - - - - + + + 

 

Modification of commercial HPC by this CM synthetic method permits full control of DS 

of functional groups, including carboxylic acid. Organic solubility of ASD polymers is important 

not only because spray drying from organic solvents is an important method of making drug-

polymer ASDs, but also because good organic solubility is a predictor of broad polymer-drug 

miscibility. Solubility properties of the CM products are summarized in Table 4.3, where they 

are compared with those of important cellulosic ASD polymers HPC and HPMCAS. All HPC 

CM derivatives some organic solubility, and those from moderate DS(pentenyl) substrate (DS 

0.69 or 1.06) are soluble in all organic solvents tested. The water-soluble starting material HPC 

allows synthesis of more hydrophilic products compared to previously reported methyl and ethyl 

cellulose derivatives: aqueous solubility of HPC-Pen106-AA-H is 43.5 mg/mL (for comparison, 

HPMCAS solubility is 23.4 mg/mL,46 while that of 5-carboxypentyl ethyl cellulose (EC2.30C5-

COOH) is 1.0 mg/mL34), which is a very promising sign for fast dissolution of polymer/drug 

solid dispersions. In future work, we plan to study the impact of DS (carboxylic acid) on the 

crystallization behavior of different drugs to determine the optimal content of carboxylic acid 

groups for effective ASD performance, and performance in other applications.  
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Figure 5.7 (a) Change in apparent concentration as a function of time for supersaturated solutions containing 5 
µg/ml polymer and 150 µg/ml telaprevir. (b) Nucleation induction times in the absence and presence of different 
predissolved polymers (n = 3). 

 

Given that a transition metal is being applied for the synthesis of HPC derivatives, we 

also did an initial ICP-MS test to check the ruthenium content in HPC-Pen106-AA-H as an 

exemplary and promising ASD polymer. We were pleased to find the residual ruthenium is only 

about 67 ppm (i.e. 67 µg per 1 gram polymer) compared to the U.S. Food and Drug 

Administration’s limit for ruthenium oral consumption from pharmaceutical formulations of 100 

µg per day. This is overall a quite low concentration of ruthenium even without any special 

measures to remove and/or recover the catalyst.47 Further studies on target ruthenium level and 

methods to minimize the level in the product will await completion of our structure-property 

studies to identify the optimum polymer structure for ASD. 

 

 



 106 

5.4 Conclusions 

We have demonstrated that olefin CM is an efficient method for synthesizing amphiphilic 

derivatives of hydroxypropyl cellulose. Etherification with 5-bromopent-1-ene created olefin-

terminated HPC derivatives with controllable DS. CM with acrylic acid and various acrylates 

provided different functionalities and hydrogenation by pTSH afforded stable, saturated products. 

This is the first application of CM to hydroxyalkyl cellulose ethers; the starting material is 

significantly more hydrophilic than cellulose esters or ethers previously used in CM studies, 

which enables higher aqueous solubility of the final products than our previously reported 

cellulose ester/ether derivatives. The 5-carboxypentyl HPC derivative HPC-Pen106-AA-H has 

shown excellent ability to inhibit crystallization of telaprevir from supersaturated solution. This 

is a highly promising in vitro indication of future success for these polysaccharide derivatives in 

ASD and other drug delivery applications. Furthermore, a series of HPC-based derivatives with 

the same DP, different terminal functional groups, and controllable DS of functional group can 

be prepared through this procedure, which enables a valuable collection of derivatives for 

detailed structure-property relationship investigations. These versatile amphiphiles, efficiently 

prepared by a mild, tolerant, and rapid process, have substantial promise not only for drug 

delivery but for many other delivery applications and for other applications in which 

amphiphilicity is valuable. 
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Abstract 

Olefin cross-metathesis (CM) has been shown to be a valuable, versatile strategy for 

modifications of cellulose derivatives with appended olefin “handles”. This synthetic method 

provides access to polysaccharide derivatives with a diverse assortment of functional groups 

under very mild conditions and with high efficiency. One potentially problematic aspect of the 

initial α,β-unsaturated CM products is their tendency to undergo free radical abstraction of 

hydrogen atoms γ to the introduced unsaturated carbonyl, which may lead to polymer 

crosslinking and loss of solubility. In order to eliminate this instability, we showed previously 

that diimide hydrogenation reliably removes the α,β-unsaturation, affording carboxyl-containing 

amphiphilic cellulose ethers that are promising candidates for amorphous solid dispersion (ASD). 

In this work, we show how to exploit, rather than eliminate the reactivity of the α,β-unsaturated 

CM products, employing thiol-Michael addition. Addition of a thiol to the conjugated olefin not 

only eliminates the cross-linking tendency, but also incorporates new functionality, thereby 

providing a doubly functional, branched polymer side chain. Due to the fact that we chose to 

append these substituents by hydrolytically stable ether tethers, we could also saponify selected 

ester-terminal CM and thiol-Michael addition products to provide an additional carboxyl group. 

Preliminary drug crystallization experiments were also performed with the model drug telaprevir, 

and these newly synthesized amphiphilic, branched, carboxypentyl cellulose ethers were shown 

to be efficient inhibitors of drug crystallization. This facile, efficient overall method enables 

synthesis of a collection of amphiphilic, branched cellulose ether derivatives with multiple 
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functional groups, feeding detailed structure-property relationship studies for applications 

including ASD. 

 

6.1 Introduction 

Modification of natural, renewable polysaccharides has been attractive due to their nearly 

inexhaustible abundance, the ease of isolating some pure polysaccharides from nature, and their 

typically good biodegradability and biocompatibility.1-6 Homopolymeric cellulose is one of the 

simplest and most useful polysaccharides. Its derivatives find extensive and diverse uses 

including in automotive coatings, pharmaceuticals, cosmetics, plastics, and other markets.7-10 

Worldwide, nature is estimated to create about 1010 to 1011 tons of new cellulose annually, with 6 

× 109 tons being processed by paper, textile, materials and other chemical industries.1 However, 

even with hundreds of millions of kilograms of cellulose derivatives sold annually, the entire 

market for these derivatives is dominated by only a few esters (containing acetate, propionate, 

butyrate, succinate, and phthalate groups) and ethers (containing methyl, ethyl, carboxymethyl, 

hydroxyethyl, and hydroxypropyl groups). This narrow range of commercial cellulose 

derivatives is in part a result of limits of standard preparative chemistries; strong acid catalyzed 

esterification, and strong aqueous base catalyzed etherification. The low reactivity of cellulosic 

backbone hydroxyl groups, especially secondary hydroxyls, and the incompatibility of 

esterification and etherification reactions with different solvent systems and reagents are 

significant limitations. For instance, neither etherification reagents with limited water solubility, 

nor esterification reagents that are not stable to strong acid are useful in conventional 

modification chemistries. The necessary harsh traditional esterification (acidic) and etherification 

(alkaline) conditions place strict limits upon the functional groups that may be appended. Groups 

that may be multifunctional under the reaction conditions (i.e., diacids under esterification 

conditions) may also be entirely impractical. The increasing demand for sustainable biomaterials 

requires innovative and flexible chemistry. Mild, efficient, and powerful synthetic strategies are 

thus needed for expanding the range of cellulose and other polysaccharide markets. 

Some of the most fascinating applications of cellulose derivatives are in drug formulation 

and delivery, ranging from enteric coatings to improve drug solubility and stability,11-12 in 

matrices as polymer blends,13-14 or as the sole polymer component in amorphous dispersion15-19 
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and other formulations.20-21 Amorphous solid dispersion (ASD)  can improve drug solution 

concentration. In ASDs, a miscible blend of drug and polymer is created, leading to 

supersaturated drug concentrations upon release.16, 22 Cellulose ω-carboxyesters have been 

proven to be highly effective matrix polymers for ASD applications, forming ASDs with a wide 

variety of drug molecules.16, 22-23 It has been noted that these polymers need to have certain 

physicochemical properties to work effectively as ASD matrices. These required properties 

include moderate hydrophobicity, the presence of carboxylic acid groups to promote 

amphiphilicity, and high glass transition temperatures (Tg) to maintain the dispersions in a glassy 

state.24 However, most current polymers used in ASDs were not specifically designed for that 

purpose (e.g. hydroxypropyl methyl cellulose phthalate (HPMCP) and hydroxypropyl methyl 

cellulose acetate succinate (HPMCAS)) and therefore may not possess optimal ASD properties. 

Purposeful design of ASD polymers according to the above requirements should shed light on 

structure-property relationships, and ultimately enable optimized ASD performance. 

Olefin cross-metathesis (CM) has proven to be mild and efficient, as a new modular 

means by which we can modify, e.g., cellulose esters25-27 and ethers.28-29 The mild nature of CM 

permits efficient modification of polysaccharides with a broad variety of functionalities 

including carboxylic acids,25 various esters,26, 28 alcohols,26 and amides.27 However, the initial 

a,b-unsaturated carbonyl CM products suffer from the propensity to undergo radical reactions, 

including radical recombination leading to crosslinking, due to facile hydrogen atom abstraction 

from the position γ to the α,β-unsaturated acid/ester/amide. Such instability can be addressed by 

saturation of the α,β-olefin, employing catalytic or transfer hydrogenation.29 Very recently, 

Meng30 reported post-CM thiol-Michael addition to cellulose ester derivatives, in which the 

electron-deficient, α,β-unsaturated cellulose CM products were employed as Michael acceptors 

for addition of different thiols as Michael donors. The mild natures of both olefin CM and thiol-

Michael addition accommodate a broad range of CM partners (e.g. acrylic acid, various acrylates 

and acrylamides) and thiols (e.g. 2-mercaptoethanol (2ME) and 3-mercaptopropionic acid 

(3MPA)). Together, these effective partners provide access to an even broader spectrum of 

functionalized polysaccharide derivatives. However, thiol-Michael addition of 3-MPA to 

carboxyl-containing cellulose CM products (e.g. products of CM with acrylic acid) was 

ineffective, likely due to electrostatic repulsion between the two anions during hydrothiolation 

process.30 This was unfortunate, since the targets would be branched polymers possessing two 
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carboxylic groups at each former saturated olefin reactive site, potentially very attractive ASD 

polymers.23-24  

Our previous publications have discussed the design and synthesis of amphiphilic 

cellulose ether derivatives via olefin CM.28-29 We started with commercial ethyl cellulose EC2.58 

with DS(Et) 2.58; this cellulose ether is quite hydrophobic and has few hydroxyl groups (DS(OH) 

0.42) for modification. In order to reach a higher DS of CM-introduced functional groups, we 

explored w-unsaturated ethers of commercial methyl cellulose MC1.82 with DS(OH) 1.18. We 

also carried out a one-pot homogeneous etherification of microcrystalline cellulose (MCC) to 

prepare ethyl pent-4-enyl cellulose with higher DS pentenyl and thus higher potential DS of CM-

introduced functionality; in this way EC2.30C5 with DS(olefin) ca. 0.69 was prepared. 

Crystallization induction time experiments with the model drug, telaprevir, showed that the more 

highly functional EC2.30C5-AA-H was the most effective crystallization inhibitor, with 

MC1.82C5-AA-H less effective, though more effective than EC2.58C5-AA-H.29 However, for 

all previously reported ASD polymers, diimide hydrogenation was performed to reduce the α,β-

unsaturated CM products and provide one carboxylic acid for each olefin-terminated branch in 

the starting material. We were intrigued by the possibility of post-CM thiol-Michael addition, to 

eliminate α,β-unsaturation and simultaneously provide additional functionality to, for example, 

the already demonstrated effective crystallization inhibitors, MC1.82C5-AA and EC2.30C5-AA. 

We explore in this work tandem modification of cellulose ether derivatives (e.g. 

MC1.82C5 and EC2.30C5) by olefin CM and thiol-Michael addition. We hypothesize that such 

modification will eliminate the initial, unstable α,β-unsaturation and thereby provide two 

functional groups per originally appended olefin. We also hypothesize that the products 

containing stable ether bonds will be suitable for applications in aqueous media, such as ASD 

and as waterborne coating resins. Given the hydrolytic stability of ether linkages, we further 

hypothesize that CM of ω-unsaturated cellulose ethers with acrylate esters, subsequent thiol-

Michael addition of carboxyl-containing thiols (e.g. 3MPA) to α,β-unsaturated products of CM 

with acrylate esters, and saponification of the ester group will provide a branched polymer with 

two carboxylic acids per olefinic reactive site in the starting material. These multifunctional 

polymers will provide even more diverse polymer architectures for systematic studies of the 

relationship of polymer structure to its ability to inhibit crystallization. 
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6.2 Experimental 

6.2.1 Materials 

Methyl cellulose (DS (Me) = 1.82 (determined by 1H NMR analysis of the perpropionate 

as previously reported;29 MC1.82) was from Sigma-Aldrich. Microcrystalline cellulose (MCC 

Avicel PH-101, DP = 80 as determined by size exclusion chromatography of 

per(phenylcarbamate) derivative31) was from Fluka Analytical. Anhydrous tetrahydrofuran 

(THF), 95% sodium hydride (NaH), 5-bromopent-1-ene, ethyl iodide, 2-hydroxyethyl acrylate 

(HEA), 3,5-di-tert-butylhydroxytoluene (BHT), Hoveyda-Grubbs 2nd generation catalyst, 2-

mercaptoethanol (2ME), 3-mercaptopropionic acid (3MPA), benzyl mercaptan (BM) 

trifluoroacetic acid, potassium bromide (KBr) were purchased from Sigma-Aldrich. 

Monopotassium phosphate (KH2PO4), dimethyl sulfoxide (DMSO), triethylamine (TEA), 

ethanol and isopropanol were purchased from Fisher Scientific. Benzyl acrylate (BA) was 

purchased from Alfa Aesar. Potassium phosphate dibasic (K2HPO4) and tetrabutylammonium 

hydroxide (40 wt%, 1.5M) solution in water were purchased from Acros Organics and ethyl 

vinyl ether from Fluka Analytical. Dialysis tubing with MWCO 3.5 kDa was from Fisher 

Scientific. The model drug, telaprevir, was obtained from Attix Pharmaceuticals (Toronto, 

Ontario, Canada). 

6.2.2 Measurements 

1H NMR spectra were obtained on either a Bruker Avance II spectrometer operating at 

500 MHz (Billerica, MA) or an Agilent U4-DD2 operating at 400 MHz (Santa Clara, CA). All 

samples were measured in either CDCl3 or DMSO-d6 solution (ca. 10 mg polymer in 1 mL 

deuterated solvent) at 25 oC in standard 5 mm o.d. NMR tubes. When the solvent was DMSO-d6, 

three drops of trifluoroacetic acid were added to shift the water peak downfield. 13C NMR 

spectra were acquired on a Bruker Avance II spectrometer operating at 500 MHz in either CDCl3 

or DMSO-d6 solution (ca. 40 mg/mL polymer). FT-IR spectra were acquired on a Nicolet 8700 

instrument (Madison, WI) using KBr powder as matrix (ca. 1 mg polymer in 100 mg KBr). Glass 

transition temperatures (Tg) were measured by a TA Discovery instrument (New Castle, DE) 

using modulated differential scanning calorimetry (MDSC). Sample (ca. 5 mg dry powder) was 

placed in a Tzero aluminum pan. It was first equilibrated at -25 oC for 5 minutes and then 

gradually heated to 180 oC at 3 oC/min with oscillation amplitude ± 0.5 oC every 60 s. Gel 
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permeation chromatography (GPC) (Tokyo, Japan) was performed using a Waters 150C system 

equipped with a refractive index detector. The relative molecular weight was determined at 40 oC 

using monodisperse polystyrene samples (PDI = 1.14) as the references and tetrahydrofuran as 

the mobile phase at a flow rate of 0.35 mL/min. 

6.2.3 Preparation of olefin-terminated cellulose ether derivatives 

The etherification procedures were adapted from those previously published.29 In brief, 

MC1.82 (1.0 g, 5.30 mmol AGU and 7.31 mmol -OH) was dispersed in 20 mL anhydrous THF 

with nitrogen purge and mechanical stirring. NaH (95%, 1.49 g, 58.9 mmol, 8 equiv -OH) was 

added under nitrogen atmosphere. After 1 hour, 5-bromopent-1-ene (8.78 g, 58.9 mmol, 8 equiv) 

was gradually added under vigorous stirring. For one-pot preparation of EC2.30C5: 

microcrystalline cellulose (MCC, 1.0 g, 6.17 mmol AGU and 18.5 mmol -OH) was first 

dissolved in 40 mL DMAc/LiCl at elevated temperature and the solution was stirred overnight to 

cool down to room temperature. NaH (95%, 1.2 g, 49.2 mmol and 2.7 equiv/OH) was added 

under nitrogen protection followed by 5-bromopent-1-ene (3.07 g, 20.6 mmol, 1.1 equiv/OH) 

and ethyl iodide (7.68 g, 49.2 mmol, 2.7 equiv/OH). In both cases, the solution was stirred at 

room temperature for 1 day, then 50 oC for another three days before cooling to room 

temperature and adding isopropanol dropwise to destroy residual NaH. The polymer was then 

precipitated into 300 mL pH 7.4 buffer solution (3.54 g KH2PO4 and 7.14 g K2HPO4 in 1000 mL 

deionized water). The precipitate was collected by filtration, washed with water and ethanol, and 

vacuum dried at 40 oC overnight. For MC1.82C5, DS (Me) = 1.82 and DS (C5) = 1.14; for 

EC2.30C5: DS (Et) = 2.30 and DS (C5) = 0.69. 

Spectral assignments using EC2.30C5 as an example: 1H NMR (500 MHz, CDCl3): 1.15 

(br s, OCH2CH3), 1.62 (s, OCH2CH2CH2CH=CH2), 2.08 (s, OCH2CH2CH2CH=CH2), 2.85-4.50 

(cellulose backbone, OCH2CH3 and OCH2CH2CH2CH=CH2), 4.80-5.08 (m, 

OCH2CH2CH2CH=CH2), 5.81 (m, OCH2CH2CH2CH=CH2). 13C NMR (500 MHz, CDCl3): 

15.7Z (OCH2CH3), 29.6 (OCH2CH2CH2CH=CH2), 30.2 (OCH2CH2CH2CH=CH2), 66.4 

(OCH2CH3), 68.2 (OCH2CH2CH2CH=CH2), 70.1 (C6), 72.4 (C5), 75.2(C2), 81.8 (C3), 83.6 (C4), 

102.9 (C1), 114.5 (OCH2CH2CH2CH=CH2), 138.4 (OCH2CH2CH2CH=CH2). DS by 1H NMR: 

DS (Et) 2.30, DS (C5) 0.69; yield: 89%. 
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6.2.4 General procedure for olefin cross-metathesis of EC2.30C5 

Olefin CM procedures were adapted from those previously published.29 In short, 

EC2.30C5 (100 mg, 0.31 mmol, 0.21 mmol C=C), BHT (10 mg), and anhydrous THF (3 mL) 

were added into a 25 mL two-neck round-bottom flask and the solution was stirred under 

nitrogen purge at 37 oC until the polymer completely dissolved. CM partner (30 equiv, acrylic 

acid or different acrylates) was added followed by Hoveyda-Grubbs’ 2nd generation catalyst 

(13.2 mg, 10 mol%). The solution was stirred for 3 h under nitrogen protection before adding 

three drops of ethyl vinyl ether. After another 5 min the solution was precipitated into a poor 

solvent for the product (e.g. water or hexanes) and the polymer was collected by filtration. 

Product was then washed sufficiently by water before vacuum drying at 40 oC. 

Spectral assignments using EC2.30C5-BA as an example: 1H NMR (500 MHz, CDCl3): 

1.14 (s, OCH2CH3), 1.67 (s, OCH2CH2CH2CH=CHCOOCH2Ph), 2.26 (s, 

OCH2CH2CH2CH=CHCOOCH2Ph), 2.85-4.70 (cellulose backbone, OCH2CH3 and 

OCH2CH2CH2CH=CHCOOCH2Ph), 5.16 (OCH2CH2CH2CH=CHCOOCH2Ph) 5.75-5.95 (d, 

OCH2CH2CH2CH=CHCOOCH2Ph), 7.26 (s, OCH2CH2CH2CH=CHCOOCH2Ph), 7.36 (m, 

OCH2CH2CH2CH=CHCOOCH2Ph). 13C NMR (500 MHz, CDCl3): 15.7 (OCH2CH3), 28.0-29.5 

(OCH2CH2CH2CH=CHCOOCH2Ph), 66.1 (OCH2CH3), 68.4 

(OCH2CH2CH2CH=CHCOOCH2Ph), 70.6 (C6), 72.2 (C5), 75.3(C2), 82.0 (C3), 83.6 (C4), 103.3 

(C1), 121.3 (OCH2CH2CH2CH=CHCOOCH2Ph) ，  128.0-130.0 

(OCH2CH2CH2CH=CHCOOCH2Ph (2, 2’, 3, 3’, 4)) ，  136.2 

(OCH2CH2CH2CH=CHCOOCH2Ph-(1)), 149.4 (OCH2CH2CH2CH=CHCOOCH2Ph), 166.6 

(OCH2CH2CH2CH=CHCOOCH2Ph). Yield: 123 mg, 91%. 

6.2.5 General procedure for thiol-Michael addition to cellulose ether CM products 

EC2.30C5-BA (100 mg, 0.27 mmol AGU, 0.19 mmol double bond) was dissolved in 3 mL 

DMSO at room temperature under nitrogen purge. 2-Mercaptoethanol (83 µL, 6 equiv/ C=C) 

was added followed by triethylamine (238 µL, 9 equiv/C=C). The solution was stirred for 24 h, 

then the product was collected by dialysis against water for three days and then freeze-drying. 

Yield: 85 mg, 74%. 
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Spectral assignments using EC2.30C5-BA-2ME as an example: 1H NMR (500 MHz, 

DMSO-d6): 1.07 (s, OCH2CH3), 1.57 (s, OCH2CH2CH2 CH(SCH2CH2OH)CH2COOCH2Ph), 

2.52-2.70 (m, OCH2CH2CH2 CH(SCH2CH2OH)CH2COOCH2Ph), 2.85-4.70 (cellulose backbone, 

OCH2CH3 and OCH2CH2CH2CH(SCH2CH2OH)CH2COOCH2Ph),), 5.09 (s, OCH2CH2CH2 

CH(SCH2CH2OH)CH2COOCH2Ph),) 7.35 (m, OCH2CH2CH2 

CH(SCH2CH2OH)CH2COOCH2Ph). 13C NMR (500 MHz, DMSO-d6): 15.5 (OCH2CH3), 27.2 

(OCH2CH2CH2CH(SCH2CH2OH)CH2COOCH2Ph), 31.2 

(OCH2CH2CH2CH(SCH2CH2OH)CH2COOCH2Ph), 32.3 

(OCH2CH2CH2CH(SCH2CH2OH)CH2COOCH2Ph), 40.5 (OCH2CH2CH2 

CH(SCH2CH2OH)CH2COOCH2Ph), 41.5 (OCH2CH2CH2 CH(SCH2CH2OH)CH2COOCH2Ph), 

61.1 (OCH2CH2CH2 CH(SCH2CH2OH)CH2COOCH2Ph), 65.6 (OCH2CH2CH2 

CH(SCH2CH2OH)CH2COOCH2Ph), 65.9 (OCH2CH3), 67.5 

(OCH2CH2CH2CH(SCH2CH2OH)CH2COOCH2Ph), 70.4 (C6), 74.6 (C5), 76.8 (C2), 81.5 (C3), 

82.6 (C4), 102.4 (C1),， 127.5-129.0 (OCH2CH2CH2CH(SCH2CH2OH)CH2COOCH2Ph(2, 2’, 3, 

3’, 4)) ，  136.0 (OCH2CH2CH2CH(SCH2CH2OH)CH2COOCH2Ph-(1)), 170.8 

(OCH2CH2CH2CH(SCH2CH2OH)CH2COOCH2Ph).  

6.2.6 General procedure for saponification of thiol-Michael addition product  

Saponification of EC2.30C5-BA-2ME is described as an example: EC2.30C5-BA-2ME 

(Mw = 419.7 g/mol, 80 mg, 0.19 mmol AGU, 0.14 mmol C=O) was dissolved in 5 mL DMSO 

and then TBAOH solution (1.5 M in water, 400 µL, 4 equiv/C=O) was added to the flask. The 

solution was stirred at room temperature for 6 h, then the pH was adjusted by adding 

trifluoroacetic acid dropwise to make the solution slightly acidic before dialyzing the polymer 

against water. After changing the water three times over two days, the product precipitated in the 

tubing. It was recovered by filtration and washed thoroughly with water. The polymer was then 

collected and dried under vacuum at 40 oC overnight. In other cases, when the polymer was 

soluble after dialysis in water, product was collected by lyophilization. Yield of EC2.30C5-BA-

2ME-TBAOH was calculated based on 0.19 mmol AGU (Mw = 357.6 g/mol): 55 mg, 81%. 1H 

NMR (500 MHz, DMSO-d6): 1.08 (s, OCH2CH3), 1.57 (s, OCH2CH2CH2 

CH(SCH2CH2OH)CH2COOH), 2.52-2.70 (m, OCH2CH2CH2 CH(SCH2CH2OH)CH2COOH), 

2.85-4.70 (cellulose backbone, OCH2CH3 and OCH2CH2CH2CH(SCH2CH2OH)CH2COOH)). 
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6.2.7 Nucleation induction time measurements 

The experimental nucleation time is defined as the sum of the time for the critical nucleus 

formation and the growth to a detectable size. Polymers were predissolved in a small amount of 

DMSO, and sonicated for 90 minutes at 50 ˚C, until no undissolved material was observed. Next, 

small aliquots of the DMSO solution were added, using constant agitation, to 20 mL of pH 6.8 

100 mM buffer at 50 ˚C. The volume was then adjusted to obtain 5 µg/mL polymer solutions, 

and sonicated for a few more minutes. The final solution had less than 1% DMSO.  

Supersaturated drug solutions were created by adding 150 µg/mL of a telaprevir 

methanolic stock solution (7 mg/mL) to 47 mL buffer solution containing predissolved polymer, 

held at 37 ˚C using a 50 mL jacketed flask coupled to a water bath, and magnetically stirred at 

300 rpm. 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 minute at two wavelengths: the maximum UV absorbance wavelength of 

telaprevir (270 nm) and a non-absorbing wavelength (370 nm) to account for changes in the 

scattering. The point at which the apparent telaprevir concentration dropped was assumed to be 

the induction time. The methodology has been described by Dong et al.29  

 

6.3 Results and Discussion 

We have previously reported design and synthesis of amphiphilic cellulose ether 

derivatives by olefin CM for ASD.28-29 In that work, we focused on two starting materials: 

MC1.82C5 and EC2.30C5, which, after CM with acrylic acid and hydrogenation, were shown to 

be promising polymers for inhibiting drug crystallization.29 As shown Figure 6.1, herein we 

prepared cellulose ethers with five-carbon olefin-terminated substituents by etherification of 

MC1.82 with 5-bromopent-1-ene, or alternatively in one pot from microcrystalline cellulose in 

order to attain any desired olefin DS up to 3, e.g. from MCC solution in DMAc/LiCl by 

simultaneous reaction with 5-bromopent-1-ene and ethyl iodide (EtI). Note that at the 100% 

conversion frequently obtained by our olefin CM protocols,29 olefin DS translates directly into 

terminal functional group DS of the CM product. We then subjected the terminal olefin 

“handles” to olefin CM with acrylic acid (AA) and various acrylates (e.g. methyl acrylate (MA), 

2-hydroxyethyl acrylate (HEA), tert-butyl acrylate (tBuA), and benzyl acrylate (BA)) using 
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Hoveyda-Grubbs 2nd generation catalyst. This mild reaction (37 °C, 3 h) afforded in each case 

100% conversion, with product yields ranging from 85% to 96%.29 Thus CM afforded fully 

modified derivatives containing C5 side chains with various terminal α,β-unsaturated acid or 

ester groups.  

The new olefins in CM products are electron-deficient due to conjugation to the 

carboxylic acid or ester, and thus can be utilized as acceptors for Michael addition reactions.32 

After isolation of the CM products, we first investigated thiol-Michael addition employing 

MC1.82C5-AA as acceptor and 2-mercaptoethanol (2ME) as donor. We applied triethylamine 

(TEA) as a base catalyst since it can catalyze Michael additions without significant side 

reactions.30, 33-34 Using 3 equiv/olefin each of thiol and TEA, we observed no addition (starting 

olefin peaks only by 1H NMR, Figure S6.1). Increasing both thiol and TEA to 9 equiv/olefin still 

gave no sign of Michael addition, which we suppose is because 1) the electron density of the 

double bond is insufficiently deficient due to conjugation with the anionic carboxylate and 2) the 

ionized carboxylate inhibits formation of Michael adducts due to electrostatic repulsion with 

ionized 2ME.30 When we substituted the ester MC1.82C5-HEA for MC1.82C5-AA as Michael 

acceptor, we saw improvement. Using 3 equiv of TEA and 2 equiv of 2ME per olefin at room 

temperature for 20 h, the product olefin peaks had been reduced dramatically (50% by 1H NMR 

integration). Increasing the molar ratio of TEA and thiols to 9 and 6 equiv/olefin, respectively, 

provided the desired 100% conversion, as confirmed by the complete disappearance of olefin 

peaks in the 1H NMR spectrum. Moreover, diverse thiols could be used for thiol-Michael 

addition to MC1.82C5-HEA. Benzyl mercaptan (BM, 6 equiv) in the presence of TEA (9 equiv) 

provided > 95% Michael addition. It was particularly pleasing to observe that the carboxylic 

acid-containing thiol 3-mercaptopropionic acid (3MPA), using the same molar ratios (olefin: 

TEA: thiol = 1:9:6), afforded 85% Michael addition. This is slightly lower than the conversion 

observed with 2ME and BM under the same conditions, likely due to consumption of base 

catalyst by salt formation with 3MPA. This hypothesis was supported by the fact that higher 

mole ratios of TEA and 3MPA (olefin: TEA: 3MPA = 1:18:12) afforded complete conversion of 

the olefins present, similar to our observations of thiol-Michael addition of 3MPA to α,β-

unsaturated cellulose w-carboxy alkanoate esters.30 

 



 119 

 

 

Figure 6.1 General scheme of olefin CM followed by thiol-Michael addition. 

Table 6.1 Molar ratios of TEA and thiols/olefin vs. thiol-Michael addition conversions. 

CM product TEA equiv thiol thiol equiv conv. 

MC1.82C5-AA 9 2ME 6 0 

MC1.82C5-MA 9 2ME 6 >95% 

MC1.82C5-HEA 
 

3 
2ME 

2 50% 
6 5 80% 
9 6 100% 
6 

BM 
5 72% 

9 6 >95% 
9 3MPA 6 85% 

 18 12 100% 
EC2.30C5-AA 9 2ME 6 0 

EC2.30C5-BA 
9 2ME 6 100% 
9 3MPA 6 80% 
18 12 100% 
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FT-IR spectroscopy was very helpful for tracking progress of the CM reaction of 

MC1.82C5 with HEA and following thiol-Michael addition with BM. As shown in Figure 6.2, 

starting material MC1.82C5 had an olefinic C-H stretch at 3083 cm-1, which disappeared after 

CM. Appearance of the distinct C=O stretch at 1720 cm-1 also confirmed successful introduction 

of the ester group. Meanwhile, the olefin peak at 1650 cm-1 also shifted slightly to 1653 cm-1 due 

to conjugation with the ester linkage. After thiol-Michael addition with BM, an aromatic C-H 

stretch at over 3000 cm-1 emerged, indicating addition of the aromatic thiol. Aromatic carbon-

carbon stretching at 1652 and 1602 cm-1, as well as C-H bending at 702 cm-1 also validated the 

existence of the benzyl substituent. The C=O stretch also shifted from 1720 cm-1 to 1732 cm-1 

after thiol-Michael addition, consistent with an ester group no longer in conjugation, and 

supporting successful thiol conjugate addition. 

 

Figure 6.2 FT-IR spectra of MC1.82C5, MC1.82C5-HEA and MC1.82C5-HEA-BM. 

1H NMR is also very useful for product characterization, simply by tracking olefin 

resonances (Figure S6.2-6.3). Figure 6.3 illustrates the example of CM with hydroxyethyl 

acrylate, followed by thiol-Michael addition with benzyl mercaptan. After CM, the terminal 

olefin peaks at 4.98 and 5.81 ppm cleanly shifted downfield to 5.65 and 6.83 ppm as a result of 

conjugation. After thiol-Michael addition, complete disappearance of olefin resonances revealed 
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100% Michael addition. Proton resonances from the added groups, i.e. the acrylate ester and the 

thioether, were also diagnostic. Appearance of ethylene glycol peaks at 3.57 and 4.06 ppm in 

MC1.82C5-HEA, and aromatic peaks at 7.19 and 7.28 ppm in MC1.82C5-HEA-BM, supported 

tandem incorporation of new functional groups by the two-step CM/thiol-Michael addition 

strategy; acrylate HEA (hydroxyl group) and the thiol BM (benzyl group). Both reactions were 

very mild (room temperature to 37 oC, 3 h for CM and 20 h for thiol-Michael addition) with 

100% conversion and high isolated yields.  

Having established conditions for successful CM and subsequent thiol-Michael addition 

using MC1.82C5, we then explored these reactions with EC2.30C5, the ethyl pent-4-enyl 

cellulose derivative prepared by one-pot reaction from cellulose, in order to control and 

maximize the DS of the w-olefin handles for CM. We decided to attempt to add the same 

functional groups, i.e. hydroxyethyl and benzyl groups, but using a different sequence, that is to 

conduct CM with benzyl acrylate (BA) and thiol-Michael addition with 2ME (thereby of course 

affording a different polymer). Under similar conditions to those described for MC1.82C5 above, 

both reactions worked perfectly with EC2.30C5, as shown by the results displayed in Figures. 

6.4 and 6.5. 
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Figure 6.3 1H NMR spectra of MC1.82C5, MC1.82C5-HEA and MC1.82C5-HEA-BM. 

As shown in Figure 6.4, starting from EC2.30C5, olefin resonances in the CM product 

EC2.30C5-BA shifted strongly and completely downfield from 4.97 and 5.80 ppm to 5.77 and 

6.83 ppm, supporting 100% CM. Meanwhile the aromatic peaks of EC2.30C5-BA at 7.36 ppm 

and the methylene peaks at 5.16 ppm indicated successful introduction of the benzyl group. After 

reaction with 2ME, these olefinic peaks completely disappeared, indicating 100% thiol-Michael 

addition. The ethylene peaks from 2ME emerging in the cellulose backbone region also revealed 

successful addition of thiol. 13C NMR spectra were even more diagnostic (Figure 6.5): the 

presence of a carbonyl peak at 136.6 ppm as well as the aromatic resonances at 128.0-130.0 ppm 

and 136.2 ppm were clear evidence of successful CM. The olefin resonances at 114.5 and 138.4 

ppm in EC2.30C5 completely shifted downfield to 121.3 and 149.4 ppm, demonstrating 100% 

CM. After exposure to 2ME, the carbonyl and aromatic peaks all remained while the olefin 

peaks disappeared, indicating successful thiol-Michael addition. For the 2ME product, 2ME 

ethylene peaks were also assigned at 27.2 and 61.1 ppm, further confirming successful 

introduction of the hydroxyethyl group. Proton/carbon connectivities in CM/thiol-Michael 
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product EC2.30C5-BA-2ME were mapped out by HSQC NMR spectroscopy, affording 

backbone proton assignments (Figure S6.3-6.4).  

 

Figure 6.4 1H NMR spectra of EC2.30C5, EC2.30C5-BA and EC2.30C5-BA-2ME. 
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Figure 6.5 13C NMR spectra of EC2.30C5, EC2.30C5-BA and EC2.30C5-BA-2ME. 

From our previous studies, the presence of carboxyl groups greatly improves the ability 

of the polymer to inhibit crystallization.22-23 Since all side chains of the cellulose ethers that we 

worked with in this study were appended by alkali-stable ether linkages to cellulose, we were 

inspired to investigate saponification of the benzyl ester moiety of EC2.30C5-BA-2ME (Figure 

6.6). Using an excess of tetrabutylammonium hydroxide (TBAOH, employed due to its good 

organic solubility) for 6 h at room temperature, the ester group was successfully saponified; the 

carboxyl-containing product could be recovered by gradually adding trifluoroacetic acid to adjust 

pH to slightly acidic values. The solution was then dialyzed against water and the product 

collected by lyophilization. As shown in the 1H NMR spectra (Figure 6.7), after saponification, 

the benzyl resonances at 7.36 and 5.16 ppm completely disappeared, indicating 100% ester 

hydrolysis. By using a carboxyl-containing thioether 3MPA and performing saponification of 

EC2.30C5-BA-3MPA, a branched final product with two carboxyl groups can be prepared. 

Synthesis of such derivativewas was exciting since it could provide insight, vs. similar 

derivatives with fewer carboxyls/monosaccharide, into whether even higher proportions of 

COOH groups could further inhibit crystallization. Success of this simple saponification 

approach to diacid derivatives is encouraging, since it can be envisioned that other esters (e.g. 
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MA, tBuA) would work equally well as precursors, and since this alkaline hydrolysis approach 

avoids any concern about crosslinking of the multifunctional products. 

 

Figure 6.6 Saponification of thiol-Michael addition product EC2.30C5-BA-2ME. 

 

Figure 6.7 1H NMR of EC2.30C5-BA-2ME and saponification product EC2.30C5-BA-2ME-TBAOH. 

SEC analysis of selected samples was employed to track changes in polymer DP that 

might result from olefin CM and thiol-Michael addition. As shown in Table 6.2, most cellulose 

ethers showed a relatively broad molecular weight distribution due to the heterogeneous 

procedure of commercial etherification and the disperse nature of native cellulose. Unstabilized 

CM products tend to cross-link during storage and dissolution, but overall we observed no 

significant change of DP in these stabilized products of sequential CM and thiol-Michael 

addition. It is interesting to note that EC2.30C5-BA-3MPA-TBAOH with its branched moiety 

containing two carboxyl groups appears by SEC to have higher DP and lower PDI than other 

thiol-Michael adducts. We hypothesize that this increase in DP is apparent, not real, resulting 

from polymer self-association promoted by formation of carboxylic acid dimers.35  
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For ASD applications, sufficiently high polymer Tg is an important requirement. High 

polymer Tg will provide sufficiently high formulation Tg to maintain the glassy state, preventing 

drug mobility in the polymer/drug dispersion, even at high humidity and ambient temperature, 

and even when the drug is a plasticizer for the polymer. Preventing drug recrystallization is 

crucial to maintain the ability of the ASD to create drug supersaturation upon oral administration. 

Modulated DSC (MDSC) was used to probe polymer thermal behavior; the measured Tg values 

are shown in Table 6.2. All thiol-Michael addition products have Tg values above 79 oC, with 

some approaching 100 °C. This is promising for preventing drug recrystallization even from high 

drug-content ASDs.  

Table 6.2 Properties of CM and thiol-Michael addition products. 

Sample Mn (kDa) DP PDI Tg (oC) 
MC1.82C5 43.4 164 3.94 62 
MC1.82C5-HEA-3MPA -a - - 94 
MC1.82C5-HEA-BM 48.5 94 2.22 87 
EC2.30C5 13.4 49 2.62 N/A 
EC2.30C5-BA-2ME 17.6 42 2.64 82 
EC2.30C5-BA-3MPA 18.8 43 3.09 79 
EC2.30C5-BA-3MPA-TBAOH 60.5 180 2.01 92, 152 

a Polymer not soluble in THF, probably due to strong chain association.  
 

Telaprevir induction time experiments were measured in the absence and presence of 5 

µg/mL of each thiol-containing polymer. Our previous results showed that cellulose esters 

derived from the thiol-Michael addition reaction can be good crystallization inhibitors when the 

right balance between hydrophobic and hydrophilic regions is created.24 The cellulose esters 

previously tested are analogous to EC2.30C5-HEA-3MPA, in which one of the branches 

contains a terminal carboxylic acid that will provide amphiphilicity to the polymer.24 The 

cellulose ethers synthesized herein are structurally similar, but the thiol-Michael/cellulose ether 

approach enables illuminating, controlled polymer variations. Changing the position of the 

carboxylic acid from one branch to the other (EC2.30C5-BA-2ME-TBAOH), or creating 

polymers with two carboxylic acids, one at each branch terminus (EC2.30C5-BA-3MPA-

TBAOH), can provide improved insight into which polymer structural features are critical for 

disruption of crystallization. The MC derivatives were not sufficiently soluble in buffer to 
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maintain a clear solution for UV measurement of crystallization, so their influence on induction 

times could not be investigated. 

Figure 6.8 shows that telaprevir promptly crystallizes in the absence of polymers. Adding 

polymers from this family with one carboxylic acid terminus appeared to substantially retard 

telaprevir crystallization. The crystallization induction time of EC2.30C5-AA-H was included as 

a control,29 since this polymer also possesses one carboxylic acid terminus, but lacks the 

additional branches introduced by thiol-Michael addition. EC2.30C5-HEA-3MPA and 

EC2.30C5-BA-2ME-TBAOH delayed crystallization for around 80 minutes, while EC2.30C5-

BA-3MPA-TBAOH did not significantly influence nucleation induction times. It is important to 

highlight that EC2.30C5-BA-3MPA-TBAOH has twice as many carboxylic acid groups per 

monosaccharide as the other two polymers; this may impact the hydrophilic/hydrophobic balance 

and hence the polymer effectiveness at inhibiting crystallization. Table 6.3 summarizes the water 

solubility and solubility parameters of four polymers; EC2.30C5-BA-3MPA-TBAOH has a 

relatively lower solubility parameter, but its aqueous solubility is comparable to that of 

EC2.30C5-HEA-3MPA. This is because solubility parameter calculations alone cannot be used 

to quantify the change in hydrophobic/hydrophilic balance, since they do not take into account 

the effects of carboxyl ionization (or its extent). Thus we find that for these thiol-Michael and 

parent polymers, roughly one carboxylic acid group per monosaccharide is optimal, while the 

precise location of this group (terminating the metathesis-introduced substituent chain, versus 

terminating a branch on that chain introduced by thiol-Michael addition) does not appear to 

impact the ability to inhibit crystallization. 
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Figure 6.8 (a) Nucleation induction time for supersaturated solutions containing 150 µg/mL telaprevir (TPV) and 5 
µg/mL polymer, (n=3). (b) structures of cellulose derivatives tested. 

Table 6.3 Water solubility and solubility parameters of carboxyl-containing thiol-Michael products. 

Polymer Water solubility 
(mg/mL) 

Solubility 
Parameter (MPa1/2) 

EC2.30C5-AA-H 1.0 19.86 
EC2.30C5-HEA-3MPA 11.1 22.21 
EC2.30C5-BA-2ME-TBAOH 7.1 22.03 
EC2.30C5-BA-3MPA-TBAOH 11.0 21.40 

 

6.4 Conclusions  

In this work, we explored thiol-Michael addition to further functionalize a range of α,β-

unsaturated cellulose ether CM products. We examined addition of variously functional thiols as 

Michael donors to α,β-unsaturated acid and ester Michael acceptors, using triethylamine as the 

base catalyst. Successful Michael addition can be achieved between CM products with ester 

groups (e.g. CM with HEA, tBuA and BA) and different thiols (2ME, BM and 3MPA). This 

transformation has particular value for these CM products, since it simultaneously eliminates the 

susceptibility of the α,β-unsaturated polymers to radical-induced crosslinking reaction, and 

introduces new functionality. The thiol-Michael reactions provided very high conversions and 

yields under relatively mild conditions. Combination of these two mild, versatile, and modular 
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reactions allows incorporation of a broad range of functionalities through both acrylates and 

thioethers, making accessible a series of polymers with diverse structures and tunable properties. 

In addition, exploiting the hydrolytic stability of cellulose ethers, products of acrylate ester CM 

can be rapidly and mildly saponified to generate a terminal carboxyl group; in combination with 

use of a carboxyl-containing thiol as the Michael donor (such as 3MPA), this permits synthesis 

of branched adducts containing two carboxyl groups for every olefin present in the initial 

polysaccharide CM substrate. Some of the selected carboxyl-containing cellulose ethers were 

shown to be effective inhibitors of drug crystallization, and the preliminary data also provided 

useful insight that will enhance our future design and preparation of ASD polymers.  

Overall, the tandem CM/thiol-Michael procedure, followed by saponification where 

appropriate, enables multifunctional modification of cellulose ether derivatives, and this 

methodology should be readily applied to comparable derivatives of other polysaccharides. This 

combination of click (thiol-Michael) and “click-like” (CM) reactions,36 carried out upon a stable 

cellulose ether backbone, provides remarkable versatility. In addition, it is easy to imagine 

adding moieties to cellulose or other polysaccharides that would be much too labile to append by 

more conventional means. This methodology has allowed us to prepare a collection of carboxyl-

containing polymers specifically designed for ASD, and will enable comprehensive structure-

property studies for ASD and other applications. Based on the mild conditions and great 

tolerance of both CM and thiol-Michael addition, we anticipate that this approach will become a 

powerful strategy for modification of different polysaccharides as well as synthesis of diverse 

polymer architectures.  
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Abstract 

Olefin cross-metathesis (CM) has been proven to be a powerful synthetic tool for modification of 

polysaccharide derivatives, e.g. cellulose esters and ethers. Selective CM can be achieved with 

complete conversion by following specific strategies, i.e. appending terminal olefins (electron-

rich, more reactive and non-selective Type I olefins according to Grubbs’ categorization) onto 

the cellulose backbone and reacting with acrylic acid, acrylates and/or acrylamides (electron 

deficient, more selective and less reactive Type II olefins). Employing excess small molecule 

Type II olefin ensured that all cellulose-appended terminal olefins were consumed and converted 

into CM products, completely avoiding potentially competing polymer self-metathesis (SM), 

which would create crosslinks and impair processability. We had originally hypothesized that by 

performing CM in the opposite order, i.e. appending a less reactive Type II olefin (e.g. acrylate) 

to polysaccharide backbone, and reacting with small molecule Type I olefins, would most 

effectively promote CM and prevent SM. We were previously unable to test this hypothesis due 

to the challenges inherent in efficiently appending acrylates to the sterically hindered cellulose 

backbone. Herein we report acrylation of commercial hydroxyalkyl cellulose derivatives to 

afford hydroxypropyl cellulose (HPC) and hydroxyethyl cellulose (HEC) esters, and attempted 

CM with small molecule Type I olefins. We observed no CM for either ester, and hypothesize 

that the failure is due to rapid SM of the fast-diffusing, small molecule Type I olefin. On the 

other hand, we discovered that these hydroxyalkyl cellulose acrylates are facile acceptors for 

thiol-Michael addition, providing a ruthenium-free route to terminally-functionalized (e.g., 

carboxyl-containing) cellulose derivatives.  
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7.1 Introduction 

Abundant, benign natural cellulose, with its excellent biodegradability, readily isolated 

from renewable resources, has enabled commercial derivative markets based on broad 

applications, e.g. in the food, pharmaceutical, cosmetics, construction, and vehicle industries.1-4 

Societal interest in cellulosic research and materials has increased due to the power of meeting 

materials needs using feedstocks created by nature from sunlight, water, and carbon dioxide. 

However, the entire existing cellulose derivative market predominantly only a few esters (with 

acetate, propionate, butyrate, succinate and/or phthalate groups) and ethers (with methyl, ethyl, 

carboxymethyl, hydroxyethyl and/or hydroxypropyl groups) due to the harsh conditions of 

traditional esterification (strongly acidic) and etherification (strongly alkaline) reactions. If we 

wish to use derivatives of these and other sustainable polysaccharides to meet demanding 

application needs, we must supply innovative and efficient chemistry to broaden the range of 

cellulose derivatives. 

Over the past decade, drug discovery has shifted towards producing poorly water-soluble 

drug candidates:5-6 estimates are that 40% of the top 200 oral drugs marketed in the US, 75% of 

compounds under development, and 90% of new chemical entities suffer from poor aqueous 

solubility.7 The cost of this problem is evident; it strongly contributes to the $2.6 billion cost for 

developing a new drug as reported in 2014.8 Amorphous solid dispersion (ASD) is one of the 

most effective methods for enhancing the solubility of orally administered drugs. ASD in a 

polymer matrix keeps the drug molecules in a metastable, high-energy amorphous state, creating 

supersaturated drug concentration upon release.9-11 ASD will thus enhance both drug solubility 

and its permeation through the gastrointestinal epithelium, and thereby greatly promote 

bioavailability (that is, the percentage of the dose that reaches the bloodstream intact). in 

bloodstream.12-13 Cellulose w-carboxyesters11, 14-15 and ethers16-17 have been proven to be 

effective polymers for a wide diversity of drug structures; in the course of these studies, certain 

polymer structural characters have been shown to be critical for effective ASD performance.11, 13-

14 These include 1) proper hydrophobic/hydrophilic balance to ensure both miscibility with 

hydrophobic drug and some water solubility to enable drug release; 2) carboxyl groups to 

provide specific interactions with drug molecules and serve as pH release trigger, and 3) 
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sufficiently high Tg to stabilize the ASD formulation and keep it in a glassy state even at high 

ambient humidity and/or temperature, and even when the drug plasticizes the polymer.  

We have previously demonstrated that olefin cross-metathesis (CM) is a mild, efficient 

and modular chemistry for preparation of polysaccharide derivatives including cellulose esters18-

19 and ethers.17, 20 Upon appending w-olefins as metathesis “handles” to the cellulose backbone 

through either ester or ether linkages, CM with quantitative conversions and near-quantitative 

yields rapidly transformed these olefin branches into carboxylic acids, esters, alcohols, and 

amides. This technique has provided ready access to a very broad of cellulosic derivatives with 

various functionalities and a range of effective ASD polymers, many of which would be difficult 

to synthesize in any other way.16-17 The key to promoting selective CM over self-metathesis (SM, 

which in post-polymerization modification would lead to undesirable polymer crosslinking,21 

insolubility, and otherwise inadequate processability) is to select polymer-appended and small 

molecule olefins that differ in electron density, and thus metathesis reactivity. In our successful 

work to date, relatively electron rich, more reactive, and less CM-selective terminal olefins 

(Type I according to Grubbs categorization22) were appended to the polysaccharide backbone, 

while relatively electron poor acrylic acid,18 acrylates19-20 and acrylamides23 (Type II olefins) 

were used as the small molecule CM partners, and applied in excess (usually 20-30 equiv).  

As it happens however, our original hypothesis was the opposite. We felt that appending 

the less reactive, Type II olefin to the polysaccharide would be the more desirable strategy, since 

it would render the potentially disastrous polysaccharide SM far less likely21. Therefore, we 

initially planned to esterify cellulose or other polysaccharide hydroxyl groups to make acrylate 

esters (Type II olefins), and react these groups with small molecule Type I olefins. As we 

initially explored CM of cellulose ester derivatives, it proved difficult to test this hypothesis, 

since it was unexpectedly challenging to append an electron-deficient acrylate to the sterically 

hindered residual hydroxyl groups of commercial cellulose esters. It was simpler to test the 

approach we had felt was less promising (append Type 1, react with small molecule Type II), 

and this approach was surprisingly successful, so until now we have not been able to report a true 

test of the original hypothesis. We felt that acrylation of hydroxyalkyl cellulose derivatives, i.e. 

hydroxypropyl cellulose (HPC)16 and hydroxyethyl cellulose (HEC), might be successful, since 

the reactive hydroxyl groups would be further from the sterically demanding cellulose main 
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chain. Successful acrylation would afford HPC/HEC acrylates (HPC/HEC-Ac) and permit 

attempts to perform CM with Type I olefins like pent-4-enoic acid (4PA).  

We hypothesize that terminal hydroxyl groups from the hydroxyalkyl branches are less 

sterically hindered and will allow successful conjugation with acryloyl chloride. We also 

hypothesize that acrylated HPC and HEC will confirm the viability of an alternative strategy for 

olefin CM in polysaccharide chemistry; complete conversion would provide a potentially more 

efficient CM method that should not require an excess of small molecule olefins (e.g. 20-30 

equivalents of acrylic acid needed for reaction with appended Type I olefin17-20), due to the high 

reactivity of small molecule Type I olefins. We furthermore hypothesize that acrylates appended 

from the termini of oligo(hydroxyalkyl) branches are good candidates for thiol-Michael addition 

by various functional thiols, providing a ruthenium-free method to prepare functional, e.g. 

carboxyl-containing cellulose derivatives for applications like ASD. 

 

7.2 Experimental 

7.2.1 Materials  

2-Hydroxyethyl cellulose (HEC, MS = 2.5, DS = 1.5, average Mv ~90 kg/mol), acryloyl 

chloride, N,N-dimethylformamide (DMF), Hoveyda-Grubbs’ 2nd generation catalyst (HGII), 3,5-

di-tert-butylhydroxytoluene (BHT), allyl alcohol, pent-4-enoic acid, 2-mercaptoethanol (2ME), 

3-mercaptopropionic acid (3MPA), benzyl mercaptan (BM), and 4-mercaptosuccinic acid 

(4MSA) were purchased from Sigma-Aldrich. Hydroxypropyl cellulose (HPC, MS = 4.4, DS = 

2.2 as previously reported,16 Mw ~ 100k) was purchased from Acros Organics. Triethylamine 

(TEA), dimethyl sulfoxide (DMSO) and dialysis tubing (MW CO 3.5 kDa) were from Fisher 

Scientific. Ethyl vinyl ether was from Fluka Analytical. 

7.2.2 Measurements 

1H NMR spectra were acquired on either a Bruker Avance II spectrometer operating at 

500 MHz or an Agilent MR4 operating at 400 MHz. 13C NMR spectra was acquired on a Bruker 

Avance II spectrometer operating at 500 MHz. Sample (ca. 10 mg for proton and 30 mg for 

carbon NMR) was dissolved in 1 mL deuterated DMSO-d6 and sonicated to ensure complete 
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dissolution. FT-IR was performed on a Nicolet 8700 instrument using potassium bromide 

powder as matrix (ca. 1 mg polymer in 100 mg KBr). 

7.2.3 Acrylation of HPC 

Vacuum-dried HPC (200 mg, 0.48 mmol AGU, 1.44 mmol OH) and BHT (10 mg) were 

dispersed in 10 mL anhydrous THF under a nitrogen purge. The solution was stirred overnight 

while HPC gradually dissolved and formed a viscous solution. Potassium tert-butoxide (tBuOK) 

(48 mg, 0.3 equiv/OH) was dispersed in 3 mL THF and added to the solution, then acryloyl 

chloride (116 µL, 3.0 equiv, diluted with 3 mL THF) was added gradually through a syringe. The 

solution was then heated to 70 oC using a reflux condenser to prevent loss of acryloyl chloride. 

The solution was stirred at 70 oC under N2 for 24 h. The final viscous light brown solution was 

carefully added to water to precipitate the product, which was isolated by filtration and washed 

with copious amounts of water before being vacuum dried at 40 oC. DS (Ac) = 0.50, determined 

by 1H NMR integration of acrylate proton peaks and HEC backbone proton peaks. Yield: 183 mg. 

86%. 1H NMR (500 MHz, CDCl3): 1.10 (OCH2CH(CH3)OCH2CH(CH3)OCOCH=CH2), 1.22 

(OCH2CH(CH3)OCH2CH(CH3)OCOCH=CH2), 3.10-4.43 (cellulose backbone, 

OCH2CH(CH3)OCH2CH(CH3)OCOCH=CH2), 5.09 

(OCH2CH(CH3)OCH2CH(CH3)OCOCH=CH2), 5.85 

(OCH2CH(CH3)OCH2CH(CH3)OCOCH=CH2, E configuration), 6.13 

(OCH2CH(CH3)OCH2CH(CH3)OCOCH=CH2), 6.43 

(OCH2CH(CH3)OCH2CH(CH3)OCOCH=CH2, Z configuration). 

7.2.4 Acrylation of HEC 

Dried HEC (200 mg, 0.72 mmol AGU, 2.16 mmol -OH) and BHT (10 mg) were dispersed in 10 

mL DMF under nitrogen. The solution was heated to 80 oC, and held at that temperature for an 

hour as the polymer gradually dissolved. Acryloyl chloride (116 µL, 1.1 equiv) was diluted with 

2 mL DMF and gradually added to the solution via syringe. White solid began to precipitate, and 

the solution was stirred at 50 oC for 20 h. The final viscous light brown solution was carefully 

added to water to precipitate the product, which was isolated by filtration and washed with 

excess water before being vacuum dried at 40 oC. DS (Ac) = 0.75 as determined by integration of 

acrylate proton and HEC backbone proton peaks. 1H NMR. Yield: 190 mg, 82%. 1H NMR NMR 

(500 MHz, DMSO-d6): 2.87-5.09 (cellulose backbone, O(CH2CH2O)mCOCH=CH2), 4.20 
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(O(CH2CH2O)mCOCH=CH2), 5.88 (O(CH2CH2O)mCOCH=CH2, E configuration), 6.16 

(O(CH2CH2O)mCOCH=CH2) and 6.29(O(CH2CH2O)mCOCH=CH2,  Z configuration).  

7.2.5 Exemplary procedure for attempted olefin CM of HEC-Acr075 with pent-4-enoic acid 

HEC-Acr075 (100 mg, 0.32 mmol AGU, 0.24 mmol acrylate) and 10 mg BHT were dissolved in 

5 mL DMSO under nitrogen. Hoveyda-Grubbs’ 2nd generation catalyst was dissolved in 3 mL 

DMSO and added to the solution, then pent-4-enoic acid was dissolved in 2 mL DMSO and 

carefully added to the solution. The solution was stirred at 37 oC for 20 h before three drops of 

ethyl vinyl ether were added to terminate the reaction. After another 5 minutes, the solution was 

added to water to precipitate the product, which was isolated by filtration and washed with water 

before vacuum drying at 40 oC. 1H NMR NMR (500 MHz, DMSO-d6): 2.65-5.23 (cellulose 

backbone, O(CH2CH2O)mCOCH=CH2), 4.18 (O(CH2CH2O)mCOCH=CH2), 5.83 

(O(CH2CH2O)mCOCH=CH2, E configuration), 6.13 (O(CH2CH2O)mCOCH=CH2) and 6.29 

(O(CH2CH2O)mCOCH=CH2,  Z configuration). 

7.2.6 Exemplary procedure for thiol-Michael addition of HEC-Ac075 with 3-

mercaptopropionic acid 

HEC-Ac075 (50 mg, 0.16 mmol AGU, 0.12 mmol acrylate) was dissolved in 5 mL DMSO, 

followed by addition of 3-mercaptopropionic acid (20 µL, 2.0 equiv/acrylate) and TEA (36 µL, 

2.2 equiv/acrylate). The solution was stirred at room temperature for 20 h before being added to 

dialysis tubing. The reaction mixture was dialyzed against ethanol, then against water, and the 

retentate was freeze dried. Yield: 38 mg, 61%. 1H NMR(500 MHz, DMSO-d6): 2.61 

(O(CH2CH2O)mCOCH2CH2SCH2CH2COOH), 2.68 

(O(CH2CH2O)mCOCH2CH2SCH2CH2COOH), 2.87 

(O(CH2CH2O)mCOCH2CH2SCH2CH2COOH), 3.09 

(O(CH2CH2O)mCOCH2CH2SCH2CH2COOH), 3.25-4.35 (cellulose backbone, 

O(CH2CH2O)mCOCH2CH2SCH2CH2COOH.  

 

7.3 Results and Discussion 

Commercial hydroxyalkyl cellulose ethers are made by reacting cellulose with propylene 

oxide (HPC) or ethylene oxide (HEC). Ring-opening of the epoxide affords oligo(hydroxyalkyl) 
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substituents, each of which has a terminal hydroxyl group which is somewhat distant from the 

polymer backbone. In the case of HEC, the terminal hydroxyl is also a reactive primary alcohol, 

which provides particular increase in reactivity when appended to the secondary cellulose OH 

groups. DS of HPC hydroxypropyl groups was determined by 1H NMR spectrometry as 2.2, and 

molar substitution (MS) as 4.4;16 DS of hydroxyethyl groups was 2.0 for HEC and MS was 2.5.   

Commercial HPC has very good solubility in most organic solvents including chloroform, 

THF, acetone, and DMSO, and is also water-soluble. Acrylation of HPC was carried out in 

anhydrous THF with acryloyl chloride (AcrCl) using either triethylamine or potassium tert-

butoxide (tBuOK) as a catalyst. As shown in Table 7.1, room temperature reactions usually gave 

very low DS of acrylate groups. To enhance acrylate content and that of further functionality (e.g. 

carboxyl groups for ASD application16), we increased the temperature to 70 oC, thereby 

affording DS(acrylate) of 0.5 after 20 hours of reaction. Clearly acrylate DS is limited by the 

limited nucleophilicity of the secondary hydroxyl groups that dominate the HPC chain ends. 

HEC is more hydrophilic than HPC, and is water-soluble, with poor solubility in many organic 

solvents, including DMAc, THF, and acetone. Reaction of HEC with acryloyl chloride was 

attempted in two solvents: DMI and DMF, with or without the use of triethyl amine (TEA) as a 

base catalyst. The presence of TEA results in precipitation of NH(Et)3Cl salt, and eventually 

leads to a crosslinked gel. Presumably TEA catalyzes conjugate addition of HEC hydroxyl 

groups to pendent acrylate groups, creating crosslinks. Thus base-catalyzed reaction of cellulose 

and its hydroxyalkyl ethers, especially HEC with its less hindered distal primary alcohols, is 

expected to be difficult.24 Conversely, by reacting HEC with acryloyl chloride in DMF without 

added base, esterification was a bit more efficient, reaching DS(acrylate) 0.7-0.8.  
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Scheme 7.1 Acrylation reaction of HEC with acryloyl chloride (AcrCl). 

Table 7.1 Acrylation conditions for HPC and HEC and corresponding DS of acrylate groups. 

start. 
mater. 

AcrCl 
(equiv) 

solvent  cat. 
/equiv 

temp 
(oC) 

Time 
(h) 

DS 
(Acrylate) 

HPC 5  THF 
 

TEA/10 R.T./37 20  low DS 
10 TEA/100 48 
2.0 tBuOK/1.0 RT 16  
3.0 tBuOK/0.3 70 24  0.50 

HEC 1.0 DMI - 50 20 insoluble 
- R.T. 

1.0 DMF TEA/10 R.T. gelled 
- 50 0.71 

2.0 - 60 0.75 
3.0 - 60 0.82 

 

We used 1H NMR spectra to follow the reaction of HPC and HEC with acryloyl chloride. 

Figure 7.1 shows the example of the 1H NMR spectra of HEC and its product with DS(Acr) 0.75 

(HEC-Acr075). The three distinct acrylate vinyl proton peaks (5.93, 6.20 and 6.33 ppm) strongly 

support successful esterification of the terminal hydroxyls by acrylate. The methylene protons 

next to the acrylate groups also shifted downfield to 4.27 ppm, further indicating successful 

esterification.  

 



 140 

 

Figure 8.1 1H NMR spectra of HEC and HEC-Acr075. 

After successfully synthesizing acrylate-modified HPC and HEC, we then attempted 

olefin CM with the Type I olefins pent-4-enoic acid (4PA) and allyl alcohol. Due to the different 

solubilities of HPC and HEC derivatives, we carried out the metathesis reactions in DCM for 

HPC-Ac050 and in DMSO or THF for HEC-Acr075. We selected Hoveyda-Grubbs’ 2nd 

generation catalyst (HGII) due to its high selectivity for CM and great tolerance towards various 

functional groups.17, 19 CM was attempted by pre-dissolving the acrylate-containing polymer 

with a small amount of radical scavenger 3,5-di-tert-butyl-hydroxyltoluene (BHT, to prevent 

radical-induced cross-linking of the polymer18), then adding 4PA or allyl alcohol, followed by 5 

mol% HGII catalyst. All reactions were carried out at 37 oC under N2 for 5-20 h. As shown in 

Table 7.2, no matter what solvent we used, we observed a color change of the catalyst from 

green to pink but the isolated polymer showed no structural change as determined by 1H NMR. 

An example of HEC-Acr075 before and after CM is shown in Figure 7.2. We rationalize these 

results as being due to the high SM reactivity of the small molecule, Type I 4PA. The small 4PA 

molecule diffuses much more quickly than the high molecular weight HEC or HPC acrylates, 

thus 4PA SM appears to be heavily favored vs. CM with either HEC-Acr075 or HPC-Acr050.  
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Scheme 7.2 Attemped olefin CM of HEC-Acr075 with pent-4-enoic acid. 

Table 7.2 Attempted CM conditions for HPC and HEC acrylate and corresponding conversion. 

entry Type II olefin solvent olefin equiv/ 
acrylate 

HG II/ 
mol% 

time/h conv. 

1 HPC-Acr050 DCM 4PA 2.0 8 5  0  
2 HEC-Acr075 DMSO 4PA 1.1 5 12 0 
3 Allyl-OH 1.1 5 12  0 
4a Allyl-OH 1.2 5 20 0 
5 THF 4PA 1.2 8 20 0 

a Entry 4 was conducted by adding catalyst first and gradually adding diluted Allyl-OH, 
otherwise similar to entry 3.  

 

Figure 7.2 1H NMR spectra of HEC-Acr075 and the product after CM with 4PA. 

 

While attempted olefin CM of HEC-acrylate was unsuccessful, we also realized that the 

electron-deficient acrylate olefin could be a good acceptor for thiol-Michael addition. Therefore, 
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we investigated thiol-Michael addition of HPC-Ac050 and HEC-Ac075 with thiols bearing a 

variety of terminal functional groups of interest, including 2-mercaptoethanol (2ME), benzyl 

mercaptan (BM), 3-mercaptopropionic acid (3MPA) and mercaptosuccinic acid (MSA), as 

shown in Scheme 7.3. Table 7.3 summarizes the reaction conditions. Compared to previous 

thiol-Michael addition to cellulose ester/ether CM products,25 addition to HEC acrylate groups 

requires only a small excess of thiol and amine. We attribute this higher reactivity to the fact that 

the CM products previously investigated had internal olefins, substituted by relatively bulky 

groups at the b-carbon, while the acrylates studied herein are primarily attached to the termini of 

the hydroxyalkyl chains. Thus the acrylates are both distant from the cellulose chain and 

unsubstituted on the b-carbon, providing wider approach angles and much higher reactivity 

towards conjugate addition. HEC-Ac075 was even more reactive than HPC-Ac050 since the 

terminal acrylates are even less crowded. Figure 7.3 demonstrates the successful thiol-Michael 

addition of HEC-Ac075 with 3MPA by complete disappearance of the acrylate proton peaks 

from the olefinic region, and the emergence of new methylene protons from 2.55 to 3.30 ppm. 

We were also gratified to find that thiol-Michael addition proceeded to 100% conversion even 

with MSA, with its two carboxyls containing MSA. Charge repulsion can sometimes limit 

achievable charge density in synthesis of densely charged polyelectrolytes.25-27 The carboxyl-

terminal products are of special immediate interest since carboxyls are highly useful 

functionality for application in amorphous solid dispersion.10-11, 14 
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Scheme 7.3 Thiol-Michael addition of HEC-Ac075 with 3-mercaptopropionic acid (3MPA). 

 
Table 7.3 Thiol-Michael addition for HPC and HEC acrylate and corresponding conversion. 

entry  start. mater. solvent   thiol equiv TEA/equiv time/h conv. 
1 HPC-Ac050 THF 2ME 6.0 9.0 20  100% 
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2 THF BM 6.0 9.0 > 95% 
3 HEC-Ac075 DMSO 3MPA 2.0 2.2 100% 
4 DMSO MSA 5.0 20  100% 

 

 

Figure 7.3 1H NMR spectra of HEC-Ac075 and its thiol-Michael product with 3MPA. 

 

Figure 4 shows nucleation induction times for the model compound telaprevir in the 

presence of predissolved HEC derivatives. These results emphasize that the presence of a 

terminal carboxylic acid (HEC-Acr075-3MPA) helps to maintain high drug supersaturations for 

longer times. Moreover, polymers with two terminal carboxylic acids (HEC-Acr075-MSA) are 

ineffective, which is in good agreement with crystallization inhibition results for EC 

derivatives.28 It can be speculated that intramolecular interactions between the carboxylic acid 

groups in the polymer hinder its interaction with drug molecules.  

Use of HEC and HPC derivatives is attractive since the backbone polymers are 

hydrophilic and water-soluble, and hence, will facilitate the drug release from amorphous solid 

dispersions. However, the HEC derivatives show lower effectiveness to inhibit drug 

crystallization than the HPC or EC derivatives.16-17 We speculate that this is due to insufficient 

amphiphilicity in the HEC derivatives. Therefore, further hydrophobic modification (e.g. with 
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ethyl groups) may help increase the hydrophobicity/amphiphilicity and enhance polymer-drug 

interaction.  

 

 

Figure 7.4 Telaprevir induction time with HEC, HEC-Acr075-3MPA and HEC-Acr075-MSA. 

 

7.4 Conclusions 

Acrylated HPC and HEC derivatives were prepared with moderate DS(Acr) (0.5-0.8); 

acidic conditions appeared to give the best results, which we attribute to competing conjugate 

addition of HEC or HPC hydroxyls to the newly pendent acrylates under base catalysis. We 

observed gelation under some base-catalyzed conditions, supporting this explanation. These HPC 

and HEC acrylates allowed us to test our original CM hypothesis, that appending less SM-

reactive Type II olefins to the polysaccharide and reacting with small molecule Type I olefins 

would be optimum for promoting CM and suppressing SM. However, the test was a resounding 

failure, refuting our original hypothesis. Neither HPC-Acr050 nor HEC-Acr075 showed any 

evidence of olefin CM with Type I olefins (4PA or allyl alcohol). We attribute this failure to fast 

diffusion and high reactivity of the Type I small molecule olefins, depleting them due to SM; this 

also means that further metathesis of the small molecule SM products, well-known in metathesis 

chemistry,22 did not afford detectable amounts of CM products with either the HPC or HEC 

acrylates. 
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Despite the failure of our original hypothesis, we did find success in previously published 

studies by carrying out CM of polysaccharide derivatives bearing Type I olefin substituents, 

reacting them with small molecule Type II olefins (e.g., acrylates of various types19-20). 

Furthermore, we discovered that the acrylated HPC and HEC derivatives of the current study as 

good electron acceptors, are useful substrates for conjugate addition. Thiol-Michael additions 

approaching or reaching 100% conversion were easily achieved with only a small molar excess 

of thiol (e.g. 2-6 equivalents, 2ME, BM, 3MPA or MSA) and amine (i.e. TEA). Reactivity was 

observed to be much higher for these terminal olefins than for the internal olefins that result from 

earlier CM chemistry,25 as expected from approach angle considerations.  

This work has demonstrated the importance of conducting CM by an appropriate strategy, 

that is to append a Type I terminal olefin to the polysaccharide backbone, then react with a Type 

II small molecule olefin (e.g. acrylic acid and acrylates). Successful thiol-Michael addition with 

acrylated HPC and HEC is of great interest as it provides a ruthenium catalyst-free, economical 

pathway for making novel, functional cellulose derivatives, for example new carboxyl-

containing derivatives for applications including ASD. 
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Abstract 

Bile salts play critical roles in the human body including promoting fat digestion and 

absorption, and in removal of bilirubin and cholesterol. Amphiphilic bile salts tend to form 

micelles in aqueous media and can thereby contribute to solubilizing poorly soluble drugs. 

Recently, bile salts have been found to have remarkable crystallization inhibitory ability for 

hydrophobic drugs. Conjugation of bile salts onto polysaccharide backbones, which are already 

good matrices for amorphous solid dispersion with crystalline drugs, thus becomes very 

interesting. In this work, we introduce the efficient conjugation of cholesterol (as a model 

compound for bile salts), lithocholic acid, and deoxycholic acid by mild and modular olefin 

cross-metathesis reactions. Cholesterol and bile acids were first modified with an acrylate group 

from the A-ring hydroxyl and then reacted with cellulose derivatives with olefin-terminated 

metathesis “handles”. Complete cross-metathesis was achieved using Hoveyda-Grubbs’ 2nd 

generation catalyst followed by quantitative hydrogenation to remove the a,b-unsaturation. 

Successful conjugation of bile acids has demonstrated the possibility of chemoselective cross-

metathesis with complex, polyfunctional structures, and even large ring systems. It also enabled 

an efficient and general pathway for polysaccharide-bile salt conjugates, which are promising for 

applications like amorphous solid dispersion.  

 

8.1 Introduction 

Most (up to 90%) current drugs in discovery and development pipelines suffer from poor 

water solubility, which greatly limits drug development, delivery, and bioavailability.1 

Amorphous solid dispersion (ASD) is one of the most effective methods to rescue these poorly 

water-soluble drugs or drug candidates, where drug molecules are kept in an amorphous state by 
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the matrix, affording supersaturated concentration upon release.2, 3 However, the high drug 

concentration is not thermodynamically stable and the hydrophobic molecules tend to nucleate 

and crystallize from solution, which eventually leads to concentration dropping towards 

equilibrium solubility.4, 5 Therefore, preventing or delaying drug crystallization and maintaining 

supersaturation is critical for oral drugs to penetrate through the lipid bilayer lining the 

gastrointestinal tract into the bloodstream.  

Polysaccharide derivatives (i.e. cellulose ω-carboxyesters and ethers) have been reported 

as promising polymeric matrices for ASD3, 4 and to be effective for drug crystallization 

inhibition.6, 7 Bile salts are a family of cholesterol derivatives that are synthesized in the liver, 

stored in the gall bladder, and released into the small intestine to promote digestion of fats and 

lipids. As shown in Figure 1a, each bile acid has an anionic hydrophilic head and a rigid, 

hydrophobic steroid ring; the planar amphiphilicity promotes micelle formation to reduce 

interfacial tension, and facilitates solubilizing of fats and hydrophobic drug molecules. Recently, 

the Taylor group has reported that bile salts (e.g. sodium taurocholate, (STC) and sodium 

glycodeoxycholate (SGDC)) are remarkable inhibitors of crystallization from supersaturated 

solutions of the hydrophobic drugs celecoxib and nevirapine.8 Hence, conjugation of 

polysaccharide and bile salts has become very appealing and the conjugates are promising for 

applications like ASD and P-glycoprotein inhibition.9, 10  

However, conjugation of bile salts onto a polysaccharide backbone has been quite 

challenging due to the multifunctional nature of both polysaccharides (e.g. three hydroxyls per 

anhydroglucose unit in cellulose) and bile salts (e.g. carboxyl and hydroxyl groups, Figure 1b), 

not to mention the low reactivity of polysaccharide backbone hydroxyls. In most cases, synthesis 

of such conjugates involves modification of both polysaccharides (e.g. heparin,11, 12 chitosan,13, 14 

or hyaluronic acid15) and bile salts (e.g. deoxycholic acid,11, 13, 15, 16 taurocholic acid12) and 

usually through formation of an amide12, 15 or ester17, 18 bond, either from the position 3 

hydroxyl19-21 or the position 24 carboxyl group of the bile salt.15, 16 Such procedures are burdened 

by multiple steps and tedious purification of intermediates; the products also suffer from limited 

degree of substitution (DS) due to steric hindrance from the polysaccharide backbone. 

Furthermore, no one synthetic method is applicable for different combinations of polysaccharide 

and bile salt structures.16, 22, 23 Therefore, a mild, efficient, and flexible pathway to a range of bile 
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salt/polysaccharide conjugates is needed so that their potentially valuable properties can be 

explored.  

 

Figure 8.1 (a) Steroid four-ring structure and (b) structure of cholesterol and selected bile salts. 

Olefin cross-metathesis (CM) has been widely used as a powerful synthetic tool for 

polymer chemistry24, 25 and has also been adapted for modification of polysaccharide derivatives 

(e.g. cellulose esters and ethers).7, 26, 27 As shown in Figure 2, cellulose esters/ethers were first 

modified with olefin-terminated branches (Type I olefin according to Grubbs’ categorization28) 

as metathesis “handles”. Dominance of olefin CM over self-metathesis (SM) can be achieved by 

using a mixture of olefins with different reactivity and selectivity, an excess of less reactive 

olefins (Type II olefins, e.g. acrylic acid,26 various acrylates27, 29 and acrylamides30) and 

employing Hoveyda-Grubbs’ 2nd generation catalyst (HG II) which frequently displays strong 

CM selectivity. Diversely functionalized cellulose derivatives have been prepared by CM 

between olefin-terminated cellulose esters/ethers and various Type II olefins.7, 27, 29, 30 In this 

work, we hypothesize that by appending an acrylate group from the A-ring hydroxyls of 

cholesterol and bile acids, we can convert them to Type II olefin substrates and effective CM 

partners for reaction with olefin-terminated cellulose derivatives, for example EC2.30C5. We 

also hypothesize that the mild nature of CM will allow efficient conjugation of cholesterol and 

bile acid acrylates without altering the complicated ring structures. We anticipate that validation 
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of this strategy would provide a general synthetic pathway for conjugating different 

polysaccharides with bile salts and other complicated biomolecules as well as synthesis of 

prodrugs.  
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Figure 8.2 Example of CM between olefin-terminated cellulose ether derivatives and type II olefins. 

 

8.2 Experimental 

8.2.1 Materials.  

Microcrystalline cellulose (MCC, DP = 80 measured by size exclusion chromatography of 

per(phenylcarbamate) derivative31) and ethyl vinyl ether were bought from Fluka Analysis. 

Sodium hydride (95%), anhydrous tetrahydrofuran (THF), 5-bromo-pent-1-ene, Hoveyda-

Grubbs’ 2nd generation catalyst, 3,5-di-tert-butylhydroxytoluene (BHT), cholesterol, lithocholic 

acid, deoxycholic acid, and para-toluenesulfonyl hydrazide (pTSH) were purchased from Sigma-

Aldrich. N,N-Dimethylacetamide (DMAc), lithium chloride (LiCl), dichloromethane (DCM), 

methanol, ethanol and dialysis tubing (MWCO 3.5k Da) were purchased from Fisher Scientific.  

8.2.2 Measurements. 

 1H and 13C NMR was acquired on a Bruker Avance II spectrometry operating at 500 MHz. 

Polymers (ca. 10 mg for 1H NMR and 40 mg for 13C NMR) was dissolved in about 1 mL of 

CDCl3 or DMSO-d6 and three drops of trifluoroacetic acid was added to shift the water peak 

downfield.  

8.2.3 Synthesis of EC2.30C5 

Ethyl cellulose with pentene branches (EC2.30C5) was prepared according to a previously 

reported procedure.6  In brief, 1 g microcrystalline cellulose (18.5 mmol OH) was dissolved in 

DMAc/LiCl (40 mL/1.88 g) solution by our previously reported procedure,6 affording a crystal-
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clear solution upon cooling to room temperature. NaH (1.20 g, 95, 2.7 equiv) was added under 

nitrogen protection and vigorous stirring, followed by ethyl iodide (7.68 g, 2.7 equiv) and 5-

bromopent-1-ene (3.07 g, 1.1 equiv). The solution was stirred at room temperature for 1 day and 

50 oC for another three days before being quenched by isopropanol and added to pH 7.4 buffer to 

precipitate the product. The polymer was then washed with water and ethanol before being 

vacuum dried at 40 oC. Yield: 1.24 g, 89%. 

8.2.4 Acrylation of cholesterol 

Cholesterol (1.0 g, 2.59 mmol) was dissolved in 15 mL anhydrous THF and the solution 

was chilled in an ice bath. Triethylamine (1.31 g, 5.0 equiv) was added to the solution, then 

before acryloyl chloride (0.28 g, 1.2 equiv) was added carefully over 10 minutes. The solution 

was stirred at room temperature for 20 h. The solution was filtered to remove Et3N HCl salt, and 

the precipitate was washed with THF. The filtrates were combined and concentrated by rotary 

evaporation. The product cholesterol acrylate (ChAcr) was further purified by recrystallization 

from a mixture of petroleum ether and ethanol before being vacuum dried overnight at 40 oC. 

Yield: 450 mg, 41%. 1H NMR (500 MHz, CDCl3): d = 0.68 (s, 3H, C18 CH3), 0.85-0.87 (dd, 6H, 

C26 &C27 CH3), 0.92 (d, 3H, C19 CH3), 0.95-1.75 (m, 24H, cholesterol rings), 2.37 (d, 2H, C4 

CH2), 4.70 (m, 1H, C3 OCH), 5.38 (d, 1H, C6 =CH), 5.80 (dd, 1H, =CH2, trans), 6.10 (dd, 1H, 

=CH), 6.38 (dd, 1H, =CH2, cis). 

8.2.5 Olefin CM of EC2.30C5 and cholesterol acrylate (ChAcr) 

EC2.30C5 (100 mg, 0.37 mmol AGU, 0.26 mmol C=C), ChAcr (575 mg, 1.31 mmol, 5 equiv) 

and butylated hydroxytoluene (10 mg, BHT) were dissolved in dichloromethane (15 mL) under 

nitrogen purge. Hoveyda-Grubbs’ 2nd generation catalyst (HG II, 15 mg, 8 mol%) was dissolved 

in 5 mL dichloromethane and gradually added to the solution. The solution was stirred at 37 oC 

for 24 h before adding three drops of ethyl vinyl ether to stop the reaction. The solution was 

added to ethanol to precipitate the product, which was isolated by filtration and dried overnight 

under vacuum at 40 oC. Yield: 180 mg, 84%. 1H NMR (500 MHz, CDCl3): d = 0.68 (s, C18 

CH3), 0.85-0.87 (dd, C26 &C27 CH3), 0.92 (d, C19 CH3), 0.95-1.75 (m, cholesterol rings, 

OCH2CH2CH2CH=CHCOO-ChA), 2.35 (d, OCH2CH2CH2CH=CHCOO-ChA), 2.80-4.45 (m, 

cellulose backbone, OCH2CH2CH2CH=CHCOO-ChA, cholesterol C4 CH2), 4.68 (m, cholesterol 



 152 

C3 OCH), 5.38 (d, cholesterol C6 =CH), 5.82 (OCH2CH2CH2CH=CHCOO-ChA), 6.95 

(OCH2CH2CH2CH=CHCOO-ChA). 

8.2.6 Hydrogenation of EC2.30C5-ChAcr 

EC2.30C5-ChAcr (150 mg, 0.27 mmol AGU and 0.19 mmol C=C) and BHT (15 mg) were 

dissolved in o-xylene (8 mL) at room temperature under nitrogen purge. Para-toluenesulfonyl 

hydrazide (pTSH; 211 mg, 1.14 mmol, 6 equiv) was then added and solution was heated to 135 
oC for 5 h. After cooling down to room temperature, the reaction mixture was dialyzed against 

methanol for three days and then against water for two days before being collected by 

lyophilization. Yield: 102 mg, 68%. 1H NMR (500 MHz, CDCl3): d = 0.68 (s, C18 CH3), 0.85-

0.87 (dd, C26 &C27 CH3), 0.92 (d, C19 CH3), 0.95-2.68 (m, cholesterol rings, 

OCH2CH2CH2CH2CH2COOChA), 2.80-4.45 (m, cellulose backbone, 

OCH2CH2CH2CH2CH2COOChA, cholesterol C4 CH2), 4.61 (m, cholesterol C3 OCH), 5.36 (d, 

cholesterol C6 =CH).  

8.2.7 Methylation of lithocholic acid (LCA) 

Lithocholic acid (2.66 g, 6.7 mmol) was dissolved in methanol (20 mL) containing hydrochloric 

acid (0.1 mL). The solution was heated to reflux and held at reflux for 1 h, then was cooled to 

room temperature. The product was concentrated by rotary evaporation, crystallized in solution, 

collected by filtration and washed until neutral pH; the white solid was then dried under vacuum. 

Yield: 2.50 g, 91%. 1H NMR (selected signals): 0.63 (s, CH3), 0.89 (s, CH3), 0.91 (s, CH3), 3.62 

(m, 1H, C3 OCH), 3.66 (s, 3H, COOCH3). 

8.2.8 Acrylation of methyl lithocholate (MLCA) 

Methyl lithocholate (2.0 g, 5.12 mmol) was dissolved in THF (20 mL) and chilled in an ice bath. 

Triethylamine (2.59 g, 5 equiv), then acryloyl chloride (0.56 g, 1.2 equiv) were gradually added. 

The solution was stirred at room temperature for 20 h, then the salt was filtered off, and the 

filtrate concentrated by rotary evaporation. The product was recrystallized from ethyl ether and 

ethanol. Yield: 1.32 g, 66%. 1H NMR (selected signals): 0.64 (s, CH3), 0.90 (d, CH3), 0.93 (s, 

CH3), 3.62 (), 3.66 (s, 3H, COOCH3), 4.80 (m, 1H, C3 OCH), 5.79 (dd, COOCH=CH2, trans), 

6.10 (dd, COOCH=CH2), 6.39 (dd, COOCH=CH2, cis). 
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8.2.9 Esterification of deoxycholic acid (DCA) with methanol 

DCA (2.0 g, 5.1 mmol) was dissolved in methanol (20 mL) containing hydrochloric acid (0.1 

mL). Solution was refluxed for 1 h and cooled to room temperature. The product was 

concentrated by rotary evaporation, collected by filtration and washed until neutral pH before 

dried under vacuum as white solid. Yield: 1.99 g, 96%. 1H NMR (selected signals): 0.66 (s, CH3), 

0.89 (s, CH3), 0.96 (d, CH3), 3.63 (m, 1H, C12 HO-CH), 3.65 (s, 3H, COOCH3), 3.96 (m, 1H, 

C3 HO-CH). 

8.2.10 Acrylation of methyl deoxycholate (MDCA) with acryloyl chloride 

MDCA (500 mg, 1.23 mmol) was dissolved in anhydrous THF (20 mL) and solution was cooled 

in an ice bath; triethylamine (0.62 g, 5 equiv) was gradually added and the solution was stirred 

for 10 minutes. Acryloyl chloride (134 mg, 1.48 mmol, 1.2 equiv) was diluted with THF (5 mL) 

and added dropwise into the flask through a syringe. The solution was stirred at room 

temperature for 12 h. The solution was then filtered, the salt was washed with THF, and the 

combined filtrates were concentrated by rotary evaporation. The product was redissolved in 3 

mL dichloromethane and subjected to flash chromatography on a silica gel column using a mixed 

eluant of hexanes and ethyl acetate (8:2 volume ratio) to afford the mono-substituted acrylate at 

A-ring hydroxyl, MDCAcrylate (MDCAcr), in pure form. Yield: 255 mg, 45%.  1H NMR 

(selected signals): 0.68 (s, CH3), 0.92 (s, CH3), 0.97 (d, CH3), 3.65 (s, 3H, COOCH3), 3.98 (t, 1H, 

C12 HOCH), 4.80 (m, 1H, C3 CH2=CHCOOCH), 5.78 (dd, COOCH=CH2, trans), 6.08 (dd, 

COOCH=CH2), 6.36 (dd, COOCH=CH2, cis).  

8.2.11 Olefin CM of EC2.30C5 with methyl deoxycholate acrylate (MDCAcr) 

EC2.30C5 (100 mg, 0.26 mmol C=C), MDCAcr (644 mg, 1.3 mmol, 5.3 equiv) and BHT (10 

mg ) were dissolved in dichloromethane (15 mL) under nitrogen. HG II catalyst (15 mg , 8 mol%) 

was dissolved in dichloromethane (5 mL) and gradually added to the solution. The solution was 

stirred at 37 oC for 24 h before adding three drops of ethyl vinyl ether to terminate the reaction. 

The solution was added to hexanes to precipitate the product, which was redissolved in THF and 

reprecipitated into water, then dried overnight under vacuum at 40 oC. Yield: 210 mg, 85%. 1H 

NMR (500 MHz, CDCl3): d = 0.68 (d, CH3), 0.92 (d, CH3), 0.97 (d, CH3), 1.00-2.44 (m, steroid 

ring protons, OCH2CH2CH2CH=CHCOO-MDCAcr), 2.90-4.50 (m, cellulose backbone, 

OCH2CH2CH2CH=CHCOO-MDCAcr, MDCAcr COOCH3 & C12 HO-CH), 4.75 (m, MDCAcr 
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C3 CH), 5.80 (OCH2CH2CH2CH=CHCOO-MDCAcr), 6.94 (OCH2CH2CH2CH=CHCOO-

MDCAcr). 

8.2.12 Hydrogenation of EC2.30C5-MDCAcr 

EC2.30C5-MDCA (200 mg, 0.34 mmol AGU, 0.24 mmol C=C) and BHT (20 mg) were 

dissolved in DMF (8 mL) at 37 oC under nitrogen. pTSH (265 mg, 1.44 mmol, 6 equiv) was then 

added, the solution was heated to 135 oC, and stirred at that temperature for 5 h. After cooling to 

room temperature, the solution was dialyzed against methanol for three days, then against water 

for two days before the product was collected by lyophilization. Yield: 102 mg, 51%. 1H NMR 

(500 MHz, CDCl3): d = 0.68 (s, CH3), 0.91 (s, CH3), 0.97 (d, CH3), 1.00-2.45 (m, steroid ring 

protons, OCH2CH2CH2CH2CH2COO-MDCAcr), 2.83-4.45 (m, cellulose backbone, 

OCH2CH2CH2CH2CH2COO-MDCAc, MDCAcr COOCH3, C12 HO-CH), 4.71 (m, MDCAc C3 

CH). 13C NMR (500 MHz, CDCl3): d = 12.8, 15.4, 15.7, 16.8, 17.4, 23.2, 21.7, 25.1, 25.8, 26.1, 

27.1, 27.5, 28.8, 29.7, 30.1, 31.0, 31.2, 32.3, 33.7, 34.2, 34.8, 35.0, 35.2, 36.0, 41.9, 46.6, 47.4, 

48.3, 51.7, 66.5, 68.4, 71.1, 73.2, 74.1, 75.2, 77.4, 81.8, 83.6 (cellulose C4), 103.3 (cellulose C1), 

173.4 (C=OOMDCAcr), 174.9 (C=OOCH3). 

 

8.3 Result and Discussion 

The olefin-terminated cellulose ether derivative EC2.30C5 was prepared as we reported 

previously, by etherification of microcrystalline cellulose with ethyl iodide and 5-bromopent-1-

ene in a homogeneous one-pot method.7 We prepared the first, model steroid CM substrate by 

reaction of cholesterol with acryloyl chloride, in order to append an acrylate group from the A-

ring hydroxyl (Figure 3). The reaction was complete after 20 h at room temperature and pure 

cholesterol acrylate (ChAcr) was obtained by precipitation and recrystallization. CM of the 3-

acryloyl cholesterol was then performed using 8 mol% HG II and an excess of ChAcr (5 equiv 

per terminal olefin) in dichloromethane at 37 oC. The reaction was terminated at 12 h by ethyl 

vinyl ether addition and the product isolated by precipitation.  
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Scheme 8.1 (a) Acrylation of cholesterol with acryloyl chloride; (b) olefin CM of EC2.30C5 with ChAcr. 

Proton NMR spectra of starting EC2.30C5 and acrylated cholesterol, and the CM-product 

conjugate EC2.30C5-ChAcr are shown in Figure 4; CM conversion was determined by following 

the olefin peaks. Polymer EC2.30C5 displayed two isolated olefin peaks at 4.96 and 5.60 ppm. 

The acrylated cholesterol ChAcr exhibited three distinct acrylate proton resonances at 5.80, 6.10, 

and 6.38 ppm. Integration of these acrylate protons was compared to the integral of the 

cholesterol C6-H olefin peak at 5.38 ppm to confirm 100% acrylation of A-ring hydroxyl group. 

After CM, the EC2.30C5-ChAcr conjugate exhibited the backbone resonances expected from 

both cellulose and cholesterol rings. There were some ChAcr residual acrylate peaks in the 

olefinic region, but complete disappearance of the terminal olefin peak at 4.96 ppm and the 

newly emerged conjugated olefins at 5.82 and 6.94 ppm demonstrated 100% metathesis 

conversion; the ChAcr present was part of the excess reagent that was not separated in the first 

precipitation.  
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Figure 8.3 Proton NMR spectra of (a) EC2.30C5, (b) acrylated cholesterol (ChAcr) and (c) CM product EC2.30C5-
ChAcr. 

Encouraged by successful CM with the model acrylated cholesterol, we then addressed 

acrylation of the difunctional bile acid, lithocholic acid (LCA), possessing a hydroxyl group at 

the A-ring position 3 and a carboxyl group at D ring position 24. In order to prevent side 

reactions (e.g., oligomerization of LCA by esterification) during acrylation, we decided to first 

protect the carboxyl group with a methyl ester.32 As shown in Figure 5, methylation is complete 

within one hour using a small amount of hydrochloric acid catalyst, verified by integrating the 

methoxyl group resonance at 3.66 ppm. Reaction of methyl lithocholate (MLCA) with acryloyl 

chloride afforded 3-O-acrylated methyl lithocholate (MLCAcr). The acrylated lithocholate was 

then set up as the Type II olefin partner for olefin CM with Type I EC2.30C5 (Fig. 5). Figure 6 

displays the 1H NMR spectra of the two olefin starting materials as well as that of the product. 

Starting MLCAcr shows distinct acrylate resonances (5.79, 6.10 and 6.38 ppm); in contrast, the 

product spectrum (a,b-unsaturated CM product EC2.30C5-MLCAcr) no longer displays isolated 

terminal olefin peaks, and these have been replaced by the expected conjugated olefin proton 

peaks at 5.80 and 6.95 ppm, strongly supporting complete CM.  
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Scheme 8.2 (a) Methylation of lithocholic acid; (b) acrylation of methyl litholate (MLCA) and (c) olefin CM of 
EC2.30C5 with MLCAcr. 

 

 

Figure 8.4 1H NMR spectra of a) EC2.30C5, b) acrylated methyl lithocholate (MLCAc) and c) the CM product 
EC2.30C5-MLCAcr. 

Deoxycholic acid (DCA) is a more complex bile acid, possessing two hydroxyl groups at 

positions 3 and 12, and one carboxyl group. Due to the multifunctional nature of cellulose 
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derivative EC2.30C5 (i.e. multiple terminal olefins), difunctionalized acrylates would work as 

crosslinkers between cellulose branches and thereby lead to crosslinking and loss of solubility. 

Reactivity of the A-ring hydroxyl (C3-OH) has been reported to be greater than that of the C-ring 

hydroxyl (C12-OH), due to the limited approach angles available to the latter.20 Figure 7 shows 

our reaction scheme for making cellulose-deoxycholic acid conjugate, where we attempt to 

exploit the greater reactivity of the A ring OH group. We prepared monofunctionalized MDCA 

acrylate (MDCAcr) by gradually adding a slight excess (1.2 equiv) of acryloyl chloride to chilled 

methyl deoxycholic acid (MDCA). This afforded a mixture of the two monoacylated products 

and the 3, 12 diacylated product, even though 3-acylation appeared to dominate. The mixture 

was purified by flash column chromatography to afford the desired A-ring acrylated product in 

pure form, albeit in modest yield (45%). The purified monosubstituted MDCAcr was then 

subjected to CM with EC2.30C5, followed by stabilization of the CM initial product to remove 

the a, b-unsaturation using transfer hydrogenation with pTSH. 

 

Scheme 8.3 (a) Methylation of deoxycholic acid; (b) acrylation of methyl deoxycholate (MDCA), (c) olefin CM of 
EC2.30C5 with MDCAcr and (d) hydrogenation of EC2.30C5-MDCAcr. 

The structure of monosubstituted MDCAcr was confirmed by integration of acrylate 

protons (f, g, f’) as well as the unchanged proton resonance at 3.98 ppm (Figure 8b), which we 

assigned to the proton a to the C12 hydroxyl. Table 1 summarizes the reaction conditions for 

CM with cholesterol and bile acid acrylates. We were very pleased to find that CM conversion 

was up to 87% even using only 3.5 equivalents of the precious MDCAcr (vs. 20 equiv of small 

molecule Type II olefin used in our early polysaccharide CM studies26, 29) and 5 mol% of HG II 
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catalyst. In addition, by increasing to five-fold acrylate excess vs. terminal polysaccharide olefin 

content, in the presence of 8 mol% HG II, we were able to achieve 100% CM conversion. As 

shown in Figure 8c and 8d, disappearance of the starting material isolated terminal olefin peaks 

in the 1H NMR spectrum of CM product EC2.30C5-MDCAcr proved 100% CM conversion. 

The clean olefinic region observed in the proton spectrum of hydrogenated EC2.30C5-MDCAcr-

H confirmed that conversion to the hydrogenated, saturated product also proceeded in 100% 

conversion. Residual MDCAcr evident in the 1H spectrum of EC2.30C5-MDCAcr (Fig. 8c) was 

completely removed during isolation of the hydrogenated product EC2.30C5-MDCAcr-H by 

dialysis. By 13C NMR spectroscopy, this final product (Fig. 9b) displayed two distinct carbonyl 

resonances, assigned to the ester moiety in the C-3 appended linker to cellulose arising from CM 

(173.4 ppm) and the C24 methyl ester (174.9 ppm). The clean olefinic region, discrete cellulose 

backbone, and steroid ring resonances, as well as the retained methyl ester peak at 51.7 ppm, all 

confirmed that we had successfully obtained the target deoxycholate bile salt-decorated  

cellulose derivative.  

Table 8.1 Reaction conditions for olefin CM with different acrylates. 

Entry Bile salt Acrylate/eq Cat/eq Time/h Conv. 
1 ChAcr 5 8 mol% 20 100% 
2 MLCAcr 5 8 mol% 20 100% 
3 MDCAcr 15 8 mol% 20 100% 
4 MDCAcr 3.5 5 mol% 12 87% 
5 MDCAcr 5 8 mol% 20 100% 

*37 oC in DCM, nitrogen purge. 
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Figure 8.5 Proton NMR spectra of (a) EC2.30C5, (b) acrylated MDCAcr, (c) CM product EC2.30C5-MDCAcr and 
(d) hydrogenation product EC2.30C5-MDCAcr-H. 
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Figure 8.6 Carbon NMR spectra of (a) EC2.30C5 and (b) EC2.30C5-MDCAcr-H. 

 
8.4 Conclusions 

We have demonstrated in this work an efficient, versatile strategy for conjugating bile 

salts to polysaccharide derivatives via olefin CM. An acrylate handle was appended to the model 

steroid cholesterol, and to bile salts lithocholic acid and deoxycholic acid, through the A-ring 

hydroxyl to prepare them as Type II olefins for selective CM. We successfully prepared a 

monoacrylated deoxycholate derivative exploiting the relatively higher reactivity of the A-ring 

hydroxyl group than the less accessible C-ring hydroxyl, though selectivity was imperfect. We 

achieved complete CM in spite of the bulk of the steroid Type II olefins and the bulky and rigid 

nature of the cellulose backbone, even with a moderate excess (5 fold) of the dear bile acid 

acrylates. Successive hydrogenation also removes the a,b-unsaturation, thereby preventing 

potential radical crosslinking, and affording stable bile salt-decorated cellulose derivatives. 

Future work of interest will include selective hydrolysis of the C-24 methyl ester of the obtained 

lithocholate- and deoxycholate-decorated cellulose derivatives, thus creating a position 24 
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carboxyl group, that may be useful for enhancing pH-responsive and amphiphilic properties. We 

will also explore application of these conjugates for drug crystallization inhibition and 

amorphous solid dispersion.  

We anticipate that this CM approach can be easily adopted for modification of different 

cellulose derivatives (e.g. esters and ethers) and various other polysaccharides (e.g. heparin, 

pullulan, curdlan, alginate). This strategy should also be applicable for decoration with other bile 

salts (e.g. cholic acid, taurocholic acid, glycocholate), providing that strategies can be developed 

for selective acrylation of the bile salt at a single targeted position (we have developed such 

proposed strategies in each case). This approach should also be applicable to decoration of 

polysaccharides and derivatives with complicated biomolecules, as well as the creation of 

prodrugs. Conjugated polysaccharide-bile salts prepared this way are promising candidates for 

oral drug delivery including amorphous solid dispersion and other applications including P-

glycoprotein inhibition.9, 10, 33 
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Chapter 9  : Summary and Future Work 

9.1 Summary 

This dissertation describes successful modification of cellulose and cellulose ethers by 

olefin cross-metathesis (CM) chemistry and design of such prepared derivatives for amorphous 

solid dispersion (ASD) to enhance oral drug delivery. Chapter 3 introduces the strategy to 

conduct CM in commercial ethyl cellulose EC2.58 by appending terminal olefins branches on 

cellulose backbone as metathesis “handles” through Williamson etherification and applying Type 

II olefins (e.g. acrylic acid and various acrylates) in excess as CM partners (Figure 9.1). 

Hoveyda-Grubbs’ 2nd generation catalyst has been used for all reactions due to its great 

selectivity for CM and high tolerance with different substrates. In this case, the terminal olefin 

branches could have a chain length of five, seven, or eleven carbons and 100% CM can be 

achieved after 2- 12 hours. When the chain length is three-carbon, however, we observed low 

metathesis conversion since allyl group is not a very reactive Type I olefin due to both the 

electron withdrawing effect from oxygen and steric hindrance from the cellulose backbone. 

Overall we have established the basis for CM reactions of EC2.58 with variable chain length 

under optimized conditions and with a variety of functionalities. 
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Figure 9.1 Reaction scheme of olefin CM in cellulose ether derivatives. 
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ASD is an effective method for oral drug delivery where hydrophobic drugs are dispersed 

molecularly in a polymer matrix to form an amorphous state, creating supersaturation upon 

release. ASD will hence improve the solubility, permeability, and bioavailability of orally 

administered drugs. Cellulose w-carboxyalkanoates are effective ASD polymers and a couple of 

essential criteria for cellulosic polymers to work as efficient ASD matrices include: proper 

hydrophobic/hydrophilic balance, terminal functional groups like carboxylic acids, and 

sufficiently high Tg. These rules as well as calculation of solubility parameters have helped us 

design effective polymers for ASD application in Chapter 4. We prepared a series of 5-

carboxypentyl cellulose ethers of commercial ethyl cellulose EC2.58, methyl cellulose MC1.82 

and lab-made EC2.30C5 (Figure 9.2). We also investigated further transfer hydrogenation of 

a,b-unsaturated CM products to remove the crosslinking tendency through g-position hydrogen 

abstraction and recombination. It turns out that different backbones afford dramatically different 

properties (e.g. solubility, glass transitions) and performance as telaprevir crystallization 

inhibitors and the best-performed lab-made EC2.30-AA-H was able to extend telaprevir 

induction time up to five fold.  
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Figure 9.2 (a) Homogeneous synthesis of EC2.30C5, CM and hydrogenation; (b) telaprevir induction time results. 

While the above-mentioned 5-carboxypentyl cellulose derivatives are effective for 

retarding drug crystallization, these polymers all suffer from relatively low water solubility (e.g. 

1 mg/mL for best-performing EC2.30C5-AA-H) and limited carboxyl content (e.g. DS 0.7 for 

EC2.30C5-AA-H). Chapter 5 provides a solution to this issue by applying a commercial 

hydroxypropyl cellulose (HPC) as starting material. Unlike cellulose alkyl ethers, HPC was 

made by reacting cellulose with propylene oxide and ring-opening of each epoxide reveals an 

extra hydroxyl group which is further away from the polymer backbone and thus more reactive. 

As a result, HPC has a DS (OH) 3.0 which allows a full-range of modification by etherification, 

reached by applying different electrophile molar ratios, followed by CM and hydrogenation 

(Figure 9.3a). The induction time of HPC-Pen-AA-H with DS around 1.06 was also compared to 

a negative and positive control, starting material HPC and commercial HPMCAS respectively. 

Although all three polymers extended telaprevir induction time to eight fold, only carboxyl-

containing HPC-Pen106-AA-H and HPMCAS were able to prevent the agglomeration of 

amorphous drug molecules in solution.  
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Figure 9.3 (a) 3-Step synthesis of HPC-Pen-AA-H; (b) induction time results of telaprevir, HPMCAS, HPC and 
HPC-Pen106-AA-H. 

When our lab first discovered the radical mechanism for CM product crosslinking and 

loss of solubility, we tried adding radical scavenger BHT, and later hydrogenation to completely 

remove the a,b-unsaturation. In Chapter 6, we report a further post-CM thiol-Michael addition 

to eliminate the conjugated a,b-unsaturation as well as provide an additional functionality from 

the thioether end (e.g. hydroxyl, carboxyl in Figure 9.4a). However, addition with carboxyl-

containing CM product (i.e. CM with AA) has been unsuccessful in both cellulose ester and 

ether derivatives, possibly due to charge-charge repulsion during hydrothiolation. Given the 

great hydrolytic stability of ether linkages, saponification can be applied after thiol-Michael of 

cellulose ether CM products with acrylate esters (e.g. MA or BA) to expose an extra carboxyl 

group. By applying different CM partners and thiols, a series of polymers with identical 

backbone, molecular weight, DP, DS, substitution pattern and chain length can be prepared 

(Figure 9.4c). This tandem CM/thiol-Michael strategy not only provides a controlled method for 

polymer synthesis but also an extremely broad library of derivatives for detailed structure-

property relationship studies.  
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Figure 9.4 (a) Tandem olefin CM/thiol-Michael addition; (b) induction time results; (c) structurally diverse 
polymers. 

 
As shown in Scheme 9.1, Chapter 7 talks about successful acrylation of hydroxyalkyl 

cellulose (HPC and HEC) and the possibility of using these acrylate groups for olefin CM with 

Type I olefin pent-4-enoic acid. The attempted CM was not successful, perhaps due to the low 

reactivity of electron deficient and sterically hindered polymer acrylates and high self-reactivity 

of small molecule Type I olefins. Nevertheless, the acrylated HPC/HEC derivatives that we 

prepared are good substrates for thiol-Michael addition. A small excess of both thiol (2.0 

equivalents) and amine (2.2 equivalents) affords 100% conversion, which offers a metal-catalyst 

free, economic method for making cellulose w-carboxyl derivatives. Such derivatives are 

promising waterborne coating, ASDs, and other biomedical applications.   
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Scheme 9.1 Acrylation of HEC, attempted CM with 4PA and thiol-Michael with 3MPA. 

 

Bile salts have been recently proven to be remarkable crystallization inhibitors for 

hydrophobic drugs, and thus conjugation of bile salts onto a biodegradable polysaccharide 

backbone has become very attractive. Give the mild nature of CM and its great tolerance for 

various functionalities, we explored in Chapter 8 the conjugation of bile acids to a cellulose 

backbone by olefin CM. As shown in Scheme 9.2, an acrylate handle was appended from the A-

ring hydroxyl groups of cholesterol, lithocholic acid and deoxycholic acid to convert them to 

Type II olefin substrates for CM. Successful and complete CM can be accomplished with 5 

equivalents of steroid acrylates and 8 mol% HG II, followed by hydrogenation to make stable 

products. Demonstration of this method has enabled a synthetic pathway for possible conjugation 

with different polysaccharide backbones and various bile salts, and even more complicated 

biomolecules. Derivatives made this way can be promising candidates for applications like 

amorphous solid dispersion and P-glycoprotein inhibition.  
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Scheme 9.2 Acrylation of cholesterol, lithocholic acid and deoxycholic acid and olefin CM with EC2.30C5. 

 

9.2 Suggested future work 

9.2.1 Etherification of cellulose ethers with olefin-containing epoxides   

Olefin CM has been widely applied in cellulose ether derivatives where in most of the 

cases, Type I olefin (e.g. terminal olefin) was appended through etherification with a terminally 

unsaturated haloalkene (e.g. 5-bromo-pent-1-ene as shown in Scheme 9.3a). Working with 

hydroxyalkyl cellulose derivatives like HPC and HEC has interested us in the possibility of 

appending Type I olefin by an epoxide (e.g. 3,4-epoxybutene or 1,2-epoxy-7-octene). Our 

previous work has shown that CM of EC derivatives with a C3 allyl chain length suffer from 

both electronic effect and steric hindrance, and C11 is too hydrophobic for ASD applications. 

Therefore, we used HPC with less hindered terminal hydroxyls to react with 3,4-epoxybutene 

(Scheme 9.3b) and MC to react with 1,2-epoxy-7-octene (Scheme 9.3c) to yield HPC-C4OH 

with MS of terminal olefin as 0.85 and MC-C8OH with MS around 1.2 respectively. CM with 

AA reached 75% for HPC-C4OH and the incomplete conversion is possibly due to the electron 

withdrawing effect from oxygen atom (three carbons apart). For CM of MC-C8OH, complete 
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CM with almost quantitative yield was achieved for both AA and MA. Appending Type I olefins 

through ring-opening of epoxides affords a more hydrophilic PEG chain and could possibly 

provide high extent of reactive olefin site (i.e. high MS of terminal olefins) if necessary. Further 

work would involve optimization of reaction conditions and tailoring of polymer 

hydrophobicity/hydrophilicity balance to synthesize highly functionalized materials and study 

the structure-property-performance relationship for applications such as ASDs.  

 

Scheme 9.3 (a) Terminal olefin “handles” attached by etherification with 5-bromo-pent-1-ene; (b) HPC reacting 
with 3,4-epoxybutene and (c) MC reacting with 1,2-epoxy-7-octene followed by CM with AA. 

 

9.2.2 Structure-property-performance relationship investigation and optimization of 

polymers for applications like ASD 

Over the past four years, we have established the strategy for conducting olefin CM in 

cellulose ether derivatives and post-CM hydrogenation or thiol-Michael addition. The mild 

nature of metathesis and “click” thiol-Michael has enabled great tolerance with very broad range 

of both acrylates (also acrylic acid and acrylamides) and thiols. With these powerful techniques, 

we were also able to design w-carboxyl cellulose ether derivatives for drug crystallization 

inhibition and ASDs. As shown in Scheme 9.4, we can use different starting materials (e.g. MCC, 
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commercial EC, MC and HPC), have a tunable terminal olefin chain length (e.g. C5 is a proper 

length), and have various functionalities coming from both CM partners and thioethers. 

Collaboration with Dr. Lynne Taylor and Laura Mosquera-Giraldo has helped us learn more and 

more about the structure-property relationship and the optimization of polymer structure for the 

best performance. For example, our preliminary drug induction time experiments have provided 

very useful information about the crystallization inhibition ability of structurally diverse 

polymers (Scheme 9.4c). Future work includes more detailed characterization of polymer 

physical properties to understand the interactions between polymer-polymer, polymer-drug, and 

polymer-solution in physiological environment, for example by measuring the critical micelle 

concentration, contact angle and polymer absorption. Some of the polymers are already being 

tested by both Dr. Taylor’s group and AbbVie to make ASDs with different drug combinations 

and formulations. Characterization of such dispersions as well as performing in vitro and in vivo 

dissolution studies are also very meaning future work. We anticipate investigations into both 

polymer physical properties and polymer-drug dispersions will provide valuable information for 

the rational design of next-generation polymers with specific applications like oral drug delivery.  

 

Scheme 9.4 (a) Different cellulose ether starting materials; (b) cellulose ethers with metathesis “handles”, and (c) 
final product structures of CM/hydrogenation or CM/thiol-Michael addition. 
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Appendix: Supplementary Information 

Chapter 3: Imparting Functional Variety to Cellulose Ethers via Olefin Cross-metathesis 
 
 

 
 
Figure S3.1 FT-IR spectra of EC2.58C5 (upper) and EC2.58C5-AA-5 (lower). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1720 cm-1 
C=O stretch 
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Figure S3.2 1H NMR spectrum of ECN50-propionate. 
 
The DS of free hydroxyl group is calculated as follows: 

 
0.07
1.00 =

2'
7 + 2(3 − ')  

 
! = 0.42  

 
!" #$ = 3.0 − 0.42 = 2.58  

 
 

acetone 
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Figure S3.3 1H NMR spectrum of EC2.58C3. 
  
The DS of terminal olefin is calculated as follows: 
 

!
7 + 2! + 2×2.58 =

1
33.80 

 
 

! = 0.38  
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Figure S3.4 1H NMR spectrum of EC2.58C5. 
 
The DS of terminal olefin is calculated as follows: 
 

!
7 + 2! + 2×2.58 =

1
33.98 

 
 

! = 0.38  
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Figure S3.5 1H NMR spectrum of ECN50-C11. (DSC=C = 0.42) 
 

!
7 + 2! + 2×2.58 =

1
35.43 

 
 

! = 0.36  
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Figure S3.6 1H NMR spectrum of EC2.58C5-MA-3. (5 mol% catalyst, 2 h) 
 
The CM conversion is calculated as follows: 
 

!"#$%&'("# = 1
1 + 0.81/2 = 71% 
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Figure S3.7 1H NMR spectra of EC2.58C5 and CM products with AA, MA, HEA, PEGMEA 
and PPGA. All showing 100 % CM conversion except for with PPGA. 
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Figure S3.9 1H NMR spectra of EC2.58C7-AA and EC2.58C7-MA. 
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Figure S3.10 DSC curves of EC2.58C5 and its 100% CM products with AA, MA and HEA. 
(Embedded: zoomed region from 80-130 oC.) 
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Chapter 4: Design of Functionalized Cellulose Ethers for Amorphous Solid Dispersion via 
Olefin Cross-Metathesis  
 
Proton NMR assignments of MC1.82C5 CM products: 

MC1.82C5-MA. 1H NMR (500 MHz, DMSO-d6): 1.63 (s, OCH2CH2CH2CH=CHCOOCH3), 

2.25 (s, OCH2Cz2CH2CH=CHCOOCH3), 2.65-4.55 (cellulose backbone, OCH3 and 

OCH2CH2CH2CH=CHCOOCH3), 5.780 (d, OCH2CH2CH2CH=CHCOOCH3, Z configuration), 

5.85 (d, OCH2CH2CH2CH=CHCOOCH3, E configuration), 6.33 (m, 

OCH2CH2CH2CH=CHCOOCH3, Z configuration), 6.92 (m, OCH2CH2CH2CH=CHCOOCH3, E 

configuration). CM conversion by 1H NMR: 100%, E/Z ratio 16.2; yield: 90%.  

MC1.82C5-HEA. 1H NMR (500 MHz, CDCl3): 1.61 (s, 

OCH2CH2CH2CH=CHCOOCH2CH2OH), 2.25 (s, OCH2Cz2CH2CH=CHCOOCH2CH2OH), 

2.65-4.45 (cellulose backbone, OCH3 and OCH2CH2CH2CH=CHCOOCH2CH2OH, 

OCH2CH2CH2CH=CHCOOCH2CH2OH), 5.76 (d, OCH2CH2CH2CH=CHCOOCH2CH2OH, Z 

configuration), 5.84 (d, OCH2CH2CH2CH=CHCOOCH2CH2OH, E configuration), 6.10-6.40 (m, 

OCH2CH2CH2CH=CHCOOCH2CH2OH, Z configuration), 6.85-7.05 (m, 

OCH2CH2CH2CH=CHCOOCH2CH2OH, E configuration). CM conversion by 1H NMR: 100%, 

E/Z ratio 11.6; yield: 95%. 

MC1.82C5-tBuA. 1H NMR (500 MHz, CDCl3): 1.47 (s, 

OCH2CH2CH2CH=CHCOOC(CH3)3), 1.67 (s, OCH2CH2CH2CH=CHCOOC(CH3)3), 2.25 (s, 

OCH2CH2CH2CH=CHCOOC(CH3)3), 2.80-4.45 (cellulose backbone, OCH3 and 

OCH2CH2CH2CH=CHCOOC(CH3)3), 5.67 (d, OCH2CH2CH2CH=CHCOOC(CH3)3, Z 

configuration), 5.76 (d, OCH2CH2CH2CH=CHCOOC(CH3)3), E configuration), 6.13 (m, 

OCH2CH2CH2CH=CHCOOCH2CH2OH, Z configuration), 6.86 (m, 

OCH2CH2CH2CH=CHCOOCH2CH2OH, E configuration). CM conversion by 1H NMR: 100%, 

E/Z ratio 18.9; yield: 85%. 

MC1.82C5-BA. 1H NMR (500 MHz, CDCl3): 1.62 (s, OCH2CH2CH2CH=CHCOOCH2Ph), 

2.24 (s, OCH2Cz2CH2CH=CHCOOCH2Ph), 2.65-4.50 (cellulose backbone, OCH3 and 

OCH2CH2CH2CH=CHCOOCH2Ph), 5.11 (s, OCH2CH2CH2CH=CHCOOCH2Ph) 5.60-6.05 (s, 

OCH2CH2CH2CH=CHCOOCH2Ph, Z configuration and E configuration), 6.15-6.45 (m, 

OCH2CH2CH2CH=CHCOOCH2Ph, Z configuration), 6.94 (m, 
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OCH2CH2CH2CH=CHCOOCH2Ph, E configuration), 7.32 (s, 

OCH2CH2CH2CH=CHCOOCH2Ph). CM conversion by 1H NMR: 100%, E/Z ratio 10.1; yield: 

95%. 

 
Table S1. Hydrogenation results using different catalyst and loading. 
 

CM product Cat. Cat. Load Solvent Conversion 

EC2.58C5-AA 
Pd/C 

20% DCM/THF 30% 
20%×  3 THF 90%, later insoluble 

M1.82-C5-AA 50% DCM/THF 60% 
50% ×  2 THF Product insoluble 

MC1.82C5-AA Wilkinson’s 
catalyst 

10% 
DCM/THF <20% 
EtOH/THF 100% 

tBuOH/THF 90% 
EC2.58C5-AA 15% EtOH/THF 100% 

EC2.58C5-HEA 15% EtOH/THF Product insoluble 
EC2.58C5-AA 

p-TSH 
7 equiv 

DMF 
100% 

MC1.82C5-AA 6 equiv 100% 
EC2.30C5-AA 6 equiv 100% 
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Figure S4.1 FT-IR spectra of terminally olefinic cellulose ether EC2.58C5, its CM product with 
AA and the hydrogenated product. 
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Figure S4.2 1H NMR spectra of MC-propionate. All hydroxyl has been substituted by 

propionate group therefore DS (-OH) = DS (propionate) and is calculated by the following 

equation: 
!

7 + 3(3 − !) = 0.19 
 

! = 1.18&  
!"# $% = #3.0 − !"# –,- = 1.82  

 
 
Figure S4.3 1H NMR spectra of MC1.82C5.  
 
DS of terminal olefin is calculated by the following equation: 

!
7 + 3×1.82 + 2! =

1
12.97 

 
 

! = 1.14  
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Figure S4.4 1H NMR spectra of EC2.58C5, EC2.58C5-AA and EC2.58-AA-H. 

 

 
Figure S4.5 13C NMR spectra of EC2.58-AA-H.  
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Figure S4.6 1H NMR spectra of MC1.82C5, MC1.82C5-BA and MC1.82C5-BA-H.  
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Figure S4.7 1H NMR spectra of MC1.82C5, MC1.82C5-PEGMEA and MC1.82C5-PEGMEA-H.  
 
 
 
 

O
OO

O

OH
O

HO
H

n

8

9

10

11

12
O

O

13

14

15
m

OO
O

OH
O

HO
H

n
1

23

4 5
6

7

8

9

10

11

12

O
OO

O

OH
O

HO
H

n

8

9

10

11

12
O

O

13

14

15
m

12 

12 

12 

11 

11 

11 

14, 15 



 189 

 
 
Figure S4.8 a) HSQC NMR spectrum of MC1.82C5-AA (full spectrum). 
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Figure S4.8 b) HSQC NMR spectra of MC1.82C5-AA (backbone region). 7 and 7’ are proton 
peaks from methoxyl groups at primary and secondary –OH, separately. 
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Figure S4.9 1H NMR spectra of one-pot synthesized EC2.30C5. 

 

Set x as the DS of terminal olefin, y as the DS of ethyl group, 
!

7 + 2! + 2% =
1

18.67 
 

!
3# =

1
10.00 

 
Therefore, ! = 0.69, ( = 2.30   
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Figure S4.10 13C NMR spectra of one-pot synthesized EC2.30C5. 
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Figure S4.11 DSC curves of EC2.58-C5-AA-H, MC1.82C5-AA-H and EC2.30-C5-AA-H. 
 

Solubility Parameter Calculation 

The solubility parameters were calculated by the Fedors method1 and using a similar procedure 
than the one reported by Babcock et al.2 It considers the energy of vaporization, molar volume 
and the degree of substitution for the diverse chemical features.  

For compounds with Tg and Tm above room temperature an additional correction must be applied 
to account for differences in the molar volume (Equation S1 and S2). In these equations, n is the 
number of main chain skeletal atoms in the smallest repeating unit1. As shown in Figure S4.12, 
cellulosic polymers have a value of n equal to 7 (6 atoms in the ring and the oxygen that will be 
bonded to the adjacent monomer). Therefore, Equation S2 is used for the molar volume 
correction.  
 

∆"# = 4&, & < 3   Equation S1 
∆"# = 2&, & ≥ 3   Equation S2 

 
Table S4.2 shows that some of the groups are constant for all cellulose based polymers: 1 ring 
closure, 5 -CH, 1 -CH2 and 2 –O– , therefore these groups are independent of the degree of 
substitution (column a). In contrast, the substituents and its DS will vary for each polymer and 
thus this number of groups is variable (column b), these groups would be OR where R can take 
different structures. 
 

Tg	  =	  85	  oC 

Tg	  =	  112	  oC 

Tg	  =	  126	  oC 

	  	  	  	  	  	  	  EC2.58C5-‐AA-‐H 
	  	  	  	  	  	  	  MC1.82C5-‐AA-‐H 
	  	  	  	  	  	  	  EC2.30C5-‐AA-‐H 
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Figure S4.12 Schematic for SP calculation. The groups in green are not affected by the DS and 
are constant for diverse cellulose based polymers: 1 ring closure, 5 -CH, 1 -CH2 and 2 –O–. The 
groups in red will change depending on the DS for each polymer: OR. 
 
For example, the polymer EC2.58C5-AA-H has three substituents: –CH2CH3 with a 2.58 DS, –
CH2CH2CH2CH2CH2COOH with a 0.38 DS, and –H with a 0.04 DS (Table 3). As a consequence, 
the OR group will vary depending on the DS (e.g. the OH number of groups is 0.04 for the 
polymer EC2.58C5-AA-H). The calculation of the total number of groups of CH2 and O, OH, 
COOH and CH3 for this polymer is shown below.  

!"#$%&'() = 1!"#,-./012×45,-./012 + 51!"#898::;12 1×145898::;12

+ 11!"#<=>?-@>-1AB=CD = 1×2.58 + 5×0.38 + 1 = 5.481  
 

!"!#$%&'( = 1+,-./01234×67./01234 + 13+,-9:9;;<34 3×3679:9;;<34
+ 23!"!>?@A/B@/3CD?EF = 1×2.58 + 1×0.38 + 2 = 4.963  

 

!"#!$%&'() = 1,"#-,.×01-,. = 0.04×1 = 0.04  
 

!"##$!%&'()* = 1-"##$./.001-2 -×-45./.001-2 = 0.38×1 = 0.38  
 

!"#$%&'() = 1!",-./0123×56-./0123 = 1×2.58 = 2.58  
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Table S4.2 Solubility parameter calculation for EC2.58C5-AA-H. 
 

Group Number of 
groups 

E 
(cal*mol-

1) 

!"($%&*()&*+) 
 

V 
(cm3*mol-

1) 
!"($%&*%()) 

 
 a b Total 

-CH3 0 2.58 2.58 1125 2902 33.5 86.4 
-CH2 1 4.48 5.48 1180 6466 16.1 88.2 
-CH 5 0 5.00 820 4100 -1 -5.0 
Ring 

closurec 
1 0 1 250 250 16 16 

-OH 0 0.04 0.04 7120 285 10 0.4 
-O- 2 2.96 4.96 800 3968 3.8 18.8 

-COOH 0 0.38 0.38 6600 2508 28.5 10.8 
Correctiond 0  - - - - 14.0 

Total 0    20480  229.7 
aConstant number of groups for all cellulose based polymers 
bIt will change depending on DS for different substituents 
cRing closure (5 or more atoms) 
dCorrection when Tg > 25˚C 
 

! = E$(J ∗ mol+,)
V$(cm0*m+,) =

85688J ∗ mol+,
229.7cm0*m+, = 19.31;<=,/? 

 
 
 
Table S4.3 Solvents used to predissolve polymers for a finals solution concentration of 5 µg/mL 

Polymer Solvent used to predissolve polymer 
EC2.58C5-AA-H DMF 
MC1.82C5-AA-H DMF 
EC2.30C5-AA-H THF 

 
 
 
 
 
 
 
 
 
 



 196 

Table S4.4. Solubility parameter for starting materials and cellulose ether derivatives 
 

cell. ethers R= DS (-OR) DS (-OH) DS (-COR’) SP (MPa1/2) 

EC2.58 CH2CH3 2.58 0.42 - 19.94 

MC1.82 CH3 1.82 1.18 - 24.90 

MC1.82C5-MA-H CH3 1.82 0.04 1.14 19.52 

MC1.82C5-HEA-H CH3 1.82 0.04 1.14 22.56 

 

OO
O

OH
OR

RO
H

n

OR'

O

 
 

R’ = CH3: MC-C5-MA-H 
R’ = CH2CH2OH: MC-C5-HEA-H 
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Chapter 5: Amphiphilic Hydroxyalkyl Cellulose Derivatives for Amorphous Solid 
Dispersion Prepared by Olefin Cross-Metathesis 
 

The DS of hydroxypropyl group in hydroxypropyl cellulose (HPC) is determined by 1H NMR 

spectrometry in CDCl3 (Figure S5.1). The MS is determined by carbanilation of HPC with 

phenylisocyanate, where the methyl group from the terminal hydroxypropyl group is shifted 

downfield due to electron withdrawing effect from the carbanilate group. The integration of the 

original methyl peak in HPC is used to calculate DS and the ratio of the new methyl peak in 

HPC-carbanilate and the original methyl peak in HPC is used to calculate MS. 

 

 

Figure S5.1 1H NMR spectrum of hydroxypropyl cellulose (HPC). 

3"
7 + 3" =

1
1.53 , " = 4.4 
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H H
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Figure S5.2 1H NMR spectrum of HPC carbanilate.  

 

!"($%&'(%)*"+,-)
!"(&'(/$%)*"+,-)

= 1.0 
 

!" = 1
2&" = 2.2 

 

 

cellulose backbone,  
-(CH2CHCH3)OH 
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Figure S5.3 1H NMR spectrum of incomplete CM product HPC-Pen106-AA. 

CM conversion can be calculated as: 

 

1.06
1 + 0.48/2 = 85% 
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Chapter 6: Tandem Modification of Amphiphilic Cellulose Ethers for Amorphous Solid 
Dispersion via Olefin Cross-metathesis and Thiol-Michael Addition 
 

 

  

 

Figure S6.1 1H NMR spectra of MC1.82C5-AA and its thiol-Michael product with 2ME. (no 

sign of thiol addition) 
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Figure S6.2 1H NMR spectra of MC1.82C5, MC1.82C5-HEA, MC1.82C5-HEA-2ME and 

MC1.82C5-HEA-3MPA.  
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Figure S6.3 HSQC spectra of EC2.30C5-BA-2ME.  
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Figure S6.4 HSQC spectra of EC2.30C5-BA-2ME (backbone region). 
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Figure S6.5 MDSC curve of MC1.82C5-HEA-2ME.  
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Figure S6.6 MDSC curve of EC2.30C5-BA-2ME. 
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Figure S6.7 MDSC curve of EC2.30C5-BA-3MPA. 
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Figure S6.8 MDSC curve of EC2.30C5-BA-2ME-TBAOH. 

 

 


