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Abstract 

ABSTRACT OF THE DISSERTATION 

 

Functionalized Poly(methionine): Methods and Applications 

 

 

by 

 

Eric Gregory Gharakhanian 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2016 

Professor Timothy J. Deming, Chair 

 

 Polypeptide materials enjoy a wide breadth of realized and potential applications in the 

fields of biotechnology, medicine, tissue engineering and drug delivery.   Key to enabling the 

progress of this field is developing and applying new synthetic methodologies that allow access 

to more complex materials easily and efficiently.  As polypeptide materials are being used in 

evermore complex systems to tackle increasingly difficult problems, flexible rapid syntheses are 

required. 

 This dissertation will recount the development and application of new methodology for 

the functionalization of thioether residues in methionine (Met) containing polypeptides.  A new 

method for the alkylation of Met residues by ring opening of epoxides under acidic protic 

conditions was developed, providing alkyl-methionine (MetR) sulfoniums.  This method was 

amenable for introducing large functional groups such as glyco and oligoethylene glycol (OEG).  
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The chemoselectivity of this transformation was investigated; selective thioether 

functionalization was found to be possible in the presence of nucleophilic residues such as lysine 

and cysteine.  The sulfoniums were found to be stable under physiological conditions and in the 

presence of nucleophiles.  The high stability of these epoxide adducts in comparison to other 

MetR derivatives was further explored.  The course of the reaction of MetR with sulfur containing 

nucleophiles was found to be easily controlled by proper choice of substrate and conditions.  For 

these and other sulfoniums, selective demethylation of certain MetR derivatives to functional R-

HCys products could be achieved.  This reaction was used to introduce a wide degree of 

structural diversity into Met containing polypeptides.  These new methodologies were used to 

study the effect of certain molecular features on the lower critical solution temperature (LCST) 

of OEG-HCys derivatives.  A library of OEG-HCys polypeptides was synthesized, allowing the 

effect of three different structural features on the LCST to be systematically analyzed.  This 

allowed predictable tuning of the LCST of these materials by modification of sidechain structure 

and polypeptide conformation.   
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Chapter 1: Strategies for Synthesis of Polypeptide Materials 

1.1 Introduction  

Synthetic polypeptides are a unique and versatile class of materials inspired by the 

exquisite balance of structure and functional characteristics of natural proteins.  As nature has 

designed proteins as an assembly of domains, each with a precisely controlled residue sequence 

conferring the properties for protein function, we employ sequenced block structures of specific 

conformations tuned for a discrete application.  As research in these materials draws from two 

vast wells: proteomics and polymer science, the scope of realized and attainable applications is 

large.  These materials have been applied in medicine,1 diagnostics,2 biomineralization,3 optics4 

and as structural materials.5 

     Two different approaches to the synthesis of polypeptide materials have been 

developed.6  Biological polypeptide synthesis uses genetic engineering to exploit cellular 

machinery for the production of unnatural polymers.  Conversely, chemical polypeptide 

synthesis draws upon methods of organic chemistry and polymer science to assemble new 

materials.  These techniques are highly complementary which gives synthetic polypeptides 

access to a wide materials space.  

 Biological polypeptide synthesis involves choosing the sequence of amino acids which is 

desired for the intended structure and function.  This design information is encoded into a 

complementary DNA sequence by solid-phase DNA synthesis.  Due to limitations of the 

maximum nucleobase length that can be practically prepared using solid-phase techniques, often 

short segments are separately synthesized and spliced together using recombinant techniques.6  

Synthesis of the DNA sequence is most facile when the intended peptide is repetitive as this is 

accessible by polymerizing one DNA segment.7  These DNA strands are cloned into plasmid 



2 

DNA which is incorporated and expressed by host cells to generate recombinant plasmids.8 Once 

introduced into cells (such as E. Coli), these plasmids can program the synthesis of the desired 

protein which may be isolated and purified from the cells/culture medium.  This method is 

ideally suited for preparation of sequences that require precise residue control and incorporate a 

large degree of sequence repetition.  Block copolymers can be prepared where each block is 

comprised of repeating sequences, often excised from natural proteins such as elastin and 

oleosin.9  

 

 

Figure 1.1 Scheme for the polymerization of an NCA to produce a polypeptide. 

 

 

Chemical polypeptide synthesis can be subdivided into two approaches: stepwise peptide 

synthesis and polymerization of amino acid N-carboxyanhydrides (NCAs).  Stepwise peptide 

synthesis involves using either solution or solid-phase coupling reactions to synthesize polymers 

with a high degree of sequence control.  Solid-phase approaches generally provide higher yields 

per coupling, easier isolation and more definite sequence control.10  Despite this, even with 

automated peptide synthesizers, high efficiency coupling reagents and well understood 

protecting group chemistries, there are many issues with solid-phase peptide synthesis that make 

it impractical for the development of materials.  These include: an incredibly low atom 

efficiency, sequence defects, especially with longer polymers, low overall yields, difficult 

purifications and high costs. 10,11  NCA polymerization involves the polymerization of NCAs, 

cyclic anhydrides of amino acids, that in the presence of suitable initiators can undergo well 

controlled polymerization reactions (Figure 1.1).  The available initiators are suitably advanced 
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so that multi-block copolymers with low polydispersities are easily attainable.  Polymerization of 

NCAs is much more economical than other methods.  Additionally, purification and isolation of 

the polymers is a straightforward process.  Fewer deprotection steps are required than stepwise 

synthesis, and the preparation of polymers is more expedient and scalable.11  This chapter will 

focus on polypeptide synthesis from NCAs. 

1.2 Polymerization of Amino Acid NCA Monomers 

 The polymerization of amino acid NCAs has been employed for over half a century to 

prepare polypeptides.12  The preparation of functional polypeptide materials requires the 

production of well-defined polymers which are only accessible through controlled 

polymerization techniques.11  Only in the past few decades have these techniques made it 

possible to prepare discrete materials with low dispersities and controlled composition.   

 

 

Figure 1.2 Proposed mechanism for controlled amine initiated polymerization of NCAs. 

 

 

 The three most important techniques are: amine initiated polymerizations, silane 

mediated polymerizations and transition metal initiated polymerizations.  Polymerizations 

initiated by primary amines in some conditions, such as under high vacuum13 or at low 

temperature,14 show all the characteristics of living polymerizations.  These allow control over 
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chain length, low length distributions and the ability to prepare block copolymers with 

compositions which match the monomer feed.14 The most likely polymerization mechanism in 

these cases is ring-opening of the NCA by the nucleophilic amine and loss of CO2.
15 (Figure 1.2)  

The N-terminal amine of this peptide may then add to another monomer in a similar fashion to 

allow propagation.  Unfortunately, without careful control of conditions and choice of initiator, 

other polymerization mechanisms and side reactions can lead to uncontrolled polymerizations. 

 Polymerizations mediated by silanes are a related, but mechanistically distinct technique.  

By this method, silylamine16 or silylsulfide17 initiators ring open the NCA monomer to provide a 

silyl carbamate endgroup.  Decarboxylation of the carbamate through reversible association and 

disassociation of the TMS group controls the polymerization in a process similar to group 

transfer polymerization of vinyl monomers.18  The TMS carbamate endgroup suppresses side 

reactions common in aforementioned amine initiated polymerizations allowing for a living 

polymerization. 

 The most rapid controlled polymerization technique for NCAs employs transition metal 

catalysts to initiate polymerization as well as control the propagating chain via the covalently 

bound metal.19  The most common initiators for this technique are zero-valent Ni and Co 

complexes.  The initiation for this process is much different than the aforementioned techniques.  

It begins with an oxidative addition of the metal across the anhydride bond (Figure 1.3, i) 

followed by extrusion of carbon monoxide to yield an amido-amidate.20 A second addition of 

monomer forms a five-membered amido-amidate metallacycle (Figure 1.3, ii), which becomes 

the active polymerization intermediate.  Propagation is envisioned to occur via the attack of 

monomer by the metal amide which undergoes decarboxylation and a proton migration to allow 
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the metal to remain chelated to the chain end (Figure 1.3, iii).  This technique allows rapid 

polymerizations while maintaining excellent polymerization control.   

 

 

Figure 1.3 Proposed mechanism for initiation and polymerization of NCAs with a zero-valent  

Co complex.  i) Oxidative addition to NCA. ii) Formation of amido-amidate metallacycle by 

addition of second monomer.  iii) Propagation through active amido-amidate chain end. Dmpe = 

1,2-Bis(dimethylphosphino)ethane. Reprinted (adapted) with permission from Deming, T.J. 

Cobalt and Iron Initiators for the Controlled Polymerization of α-Amino-N-Carboxyanhydrides. 

Macromolecules, 1999, 32, 4500-4502.  Copyright 1999 American Chemical Society. 

 

One notable difference of NCA polymerization to other methods: no attempt is made to 

control the exact sequence. Instead, the block composition is designed to confer a domain of 

specific properties.  These blocks are either composed of a single monomer or a mixture of 

monomers (generally as a statistical copolymer).  Because of this, the design of block 

copolymers puts much greater emphasis on the properties of the constituent monomer(s) as the 
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properties of a block cannot be tuned simply by a subtle change in the sequence.  On the other 

hand, the blocks are less complicated and therefore it is generally straightforward to predict the 

properties before synthesis.  Important design considerations for a block include its 

conformation, its hydrophilicity and its sidechain functionality.   

The solubility and conformation of a block are of importance particularly for engineering 

the self-assembly of a polymer.  Just as they are important for the structure of natural proteins, 

conformations frequently utilized for the design of polypeptide materials include: α-helices, 

random coils and β-sheets.  The solubility and conformation of blocks go hand in hand.  

Disordered random coils which readily offer solvent access to their peptide backbone are 

generally the most hydrophilic.  α-Helices tend to be less soluble in water, with their ordered 

rod-like structure having a tendency to aggregate.21  Finally, β-sheets, while highly hydrated H-

bonding networks, are extremely insoluble in essentially all solvents.  The insolubility of β-

sheets and the kinetically controlled nature of their aggregation can make these materials a 

challenge to design and reproducibly process.22  

The sidechain functionality has enormous control over the solubility and conformational 

habit of a residue and any blocks containing it.  Beyond this, sidechain functionality, such as 

OEG23, PEG24, glyco25, mesogen26 and charged groups,27 give the material its essential properties 

to perform an intended application.  We frequently look beyond the 20 common amino acids and 

employ functional residues derived from rare or unnatural amino acids to tailor the 

characteristics of a block for its intended application.  This chapter reviews the practical aspects 

of synthesizing polypeptide materials with emphasis placed on unnatural amino acid residues and 

sidechain modification of natural residues.  
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1.3 Functional Polypeptide Materials 

Since most active research in the development of polypeptide materials has focused on 

the development of biomaterials, it follows that most of the sidechain functionality introduced 

has been included to control interactions of the materials with a physiological environment.  In 

some instances, sidechain functionality may render the material bioinert, for example hydrogel 

cell growth scaffolds which incorporate OEGylated residues to render them non-toxic to cells.28  

In other cases, the functionality may be added to allow efficient translocation of the material 

across the cell membrane while minimizing toxicity.29 The sidechain functionality may control 

the solubility of a polymer block, allowing response to certain environmental conditions such as 

a specific temperature,28 pH27 or the presence of an endogenous enzyme.30 

Additionally, the sidechain structure also greatly impacts the self-assembly of a material.  

It has been demonstrated that by controlling the length, hydrophilicity and conformation of 

diblock copolymers, structures including micelles,31 hydrogels32 and vesicles33 are accessible. 

When selecting a target material it is important not only to consider what sidechain functional 

groups are important for the application but also what conformation is most suitable.   
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Figure 1.4 Pathways for the synthesis of sidechain modified polypeptides. A) Functional 

monomer approach. B) Post-polymerization functionalization. This is an unofficial adaptation of 

an article that appeared in an ACS publication. ACS has not endorsed the content of this 

adaptation or the context of its use. 

 

Irrespective of the structure or intended application, there are two strategies for synthesis 

of sidechain functionalized polypeptides: via functional monomers or through post-

polymerization modification reactions (Figure 1.4).34  The functional monomer approach 

involves synthesis and polymerization of a sidechain modified monomer which undergoes no 

significant modification post-polymerization, save protecting group cleavage reactions.  Post-

polymerization modification instead utilizes a monomer containing reactive groups which act as 

a handle for the introduction of functionality after polymerization.   

 The major merit of the functional monomer route is that complete functionalization of 

every residue is achieved, provided a pure NCA is polymerized.  Additionally, incorporation of 

the monomer into many different materials is rapid and facile.  The greatest detriment to the 

functional monomer route is that there is a large up-front cost: time invested in developing the 

http://pubs.acs.org/doi/abs/10.1021/acs.chemrev.5b00292
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synthesis of the monomer.  Unlike other monomers, the synthesis of NCAs is often involved.  In 

order to undergo controlled polymerization, the purity of NCA monomers must be extremely 

high, yet due to their reactivity the purification techniques available are limited.  Finally, some 

functional groups are simply not tolerated by polymerization techniques or lead to unstable 

NCAs.35  This can sometimes be mitigated through the use of protecting groups, although certain 

functionalities are difficult to protect, and in other cases protecting group cleavage is difficult or 

leads to side reactions.36 

  Post-polymerization modification circumvents a potentially challenging monomer 

synthesis and generally employs relatively simple monomers.  Highly efficient polymer 

functionalization reactions in many cases allow quantitative functionalization of the polymer.34  

There is more flexibility to the types of groups which can be introduced because there is no 

constraint that they must be unreactive with an NCA or non-interfering with a polymerization, 

and many derivatives can be made from one monomer.  The major caveat to the post-

polymerization modification approach is that these functionalization reactions are not always 

efficient and side reactions can be difficult to avoid.  Related to this, the solubility of 

polypeptides is often low in common solvents and is at times unpredictable; choosing solvents 

compatible with reaction chemistries yet able to fully solvate the polymer can be a tedious trial-

and-error process. 

 One type of post-polymerization modification that successfully circumvents some of 

these shortcomings is hybrid synthesis approaches.  In these, a functional monomer which bears 

most of the functionality of the final polymer is synthesized, polymerized and subsequently 

modified post-polymerization to tune the polymer structure.  This strategy is unique as the post-

polymerization reactions are simpler, but allows functionality which is difficult to incorporate 
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into a stable NCA or poorly tolerated during polymerization.  Up to now, most of these strategies 

have exploited the unique reactivity of thioether-containing polypeptides.   

1.4 Functional Monomers 

Synthesis of polypeptides by the functional monomer approach is mostly an exercise in 

small molecule organic synthesis and purification.  There are two key checkpoints in any 

functional monomer synthesis: preparation of an amino acid (or protected derivative) and the 

synthesis and purification of an NCA from that amino acid intermediate.  We will examine each 

key step retrosynthetically, beginning with strategies for the preparation of NCAs and then 

examining the synthesis of amino acids and precursors which are compatible with these methods.  

From there, we will briefly mention protecting group strategies for sidechain functional groups. 

There are two important methods for the preparation of NCAs.  The Leuchs method 

involves the cyclization of an amino acid carbamate by suitably activating its carboxylate 

functionality, generally by halogenating agents (Figure 1.5).37  The Fuchs-Farthing method 

instead begins with a free amino acid which is directly condensed with phosgene to form an 

NCA (Figure 1.6).38,39   

 

 

Figure 1.5 Leuchs method of NCA Synthesis. X = activating group.  

 

The Leuchs method is a two-step reaction, with the first step consisting of activating the 

carboxyl group of the amino acid carbamate and the next step being the subsequent cyclization 

of the carboxylate (Figure 1.5).15  The carboxyl group is generally activated by conversion to the 

acyl chloride or bromide.  Reagents commonly used for this transformation include: PX3, PX5, 
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SOCl2, COCl2, oxalyl chloride, dichloromethyl methyl ether,15 and Ghosez’s reagent40 (where X 

is Cl or Br).  Acyl bromide intermediates generally cyclize more rapidly than acyl chlorides.15  

Sometimes other activating groups are used, such as acyl fluorides and anhydrides, but these 

generally provide no practical advantage. The carbamate starting material plays a large role in the 

rate of cyclization.  The rate-determining step for this cyclization is the loss of the R group either 

through displacement by X- or as a carbocation.15  For this reason, the conditions of this reaction 

are directly dependent on the type of carbamate used.  Carbamates commonly used, listed by 

increasing rate of cyclisation are: ethyl, methyl, allyl, benzyl, t-butyl. The range of reactivities 

cannot be understated; acid chlorides of ethyl carbamate protected amino acids are isolable 

materials that must be heated to allow cyclization at reasonable rates; conversely, the 

corresponding benzyl derivatives readily undergo cyclization at 0 oC.  

The Leuchs method is well suited for multi-step synthesis of amino acids.  N-protected 

amino acid carbamates are directly used for this method which is convenient as these are 

common protecting groups employed during the synthesis of functional amino acids.  These 

carbamates are straightforward to isolate in high purity as they are organosoluble and can be 

chromatographed on silica.41 Some variants of the Leuchs method, such as those employing 

Ghosez’s reagent or COCl2 in the presence of N-methylmorpholine, are extremely mild, 

occurring under essentially neutral conditions, which is useful for the preparation of acid 

sensitive NCAs.42   

 

 

Figure 1.6 Fuchs-Farthing method for synthesis of NCAs. 
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The Fuchs-Farthing method on the other hand involves heating a suspension of an amino 

acid with phosgene in a suitable solvent.  This process releases two equivalents of HCl, which 

can cause side reactions both with solvent and acid sensitive substrates (Figure 1.6).43  The most 

common solvent for this process is THF, with 1,4-dioxane or ethyl acetate being used less 

frequently.  In general, THF adequately solubilizes the amino acid and amino acid hydrochloride 

salt (which forms during the reaction).  It is minimally degraded under the reaction conditions,  

although impurities arising from the degradation of THF during the phosgenation are known.43,44 

Classically, phosgene has been used for this reaction, but due to its toxicity, other more easily 

handled precursors such as diphosgene and triphosgene are frequently used.  These form 

phosgene in situ, but generally reactions are slower and often the crude NCAs are less pure.  

Invariably, NCAs prepared by the Fuchs-Farthing method contain chloride impurities, both in 

ionic and organic form.  One significant impurity is the 2-isocyanatoacyl chloride (2, Figure 

1.7).45  The formation of this impurity is extremely dependent on the HCl concentration in the 

reaction mixture and becomes the major product when phosgenation is performed in an HCl 

saturated solvent.  Acid scavengers such as α-pinene are sometimes added to reduce this and 

other acid-promoted side reactions.43  Many pathways likely lead to this impurity.  The best 

characterized mechanism involves the acid-catalyzed ring-opening of the NCA to an acyl 

chloride (1) followed by subsequent reaction with phosgene (Figure 1.7).45  It is important to 

mention that trace amounts of certain amides (ex DMF) and ureas also promote formation of 2 

by catalyzing formation of 1 directly from the amino acid.43 One important variation of the 

Fuchs-Farthing method is the phosgenation of N,O-bis-TMS amino acids.46 This method leads to 

fewer side reactions because TMSCl is the byproduct of the phosgenation instead of HCl.44  An 
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added benefit is that these bis-TMS amino acid derivatives have higher solubility in organic 

solvents than free amino acids. 

 

 
Figure 1.7 One proposed mechanism for the formation of 2-isocyanatoacyl chloride (2)  

impurities during NCA synthesis by the Fuchs-Farthing method. 

 

For the preparation of NCAs from simple amino acids obtainable from commercially 

available sources, the Leuchs method is more tedious and only advantageous if the amino acid is 

very polar with low solubility in organic solvents.  Likewise, for amino acids that can be 

synthesized without the requirement of protecting the amine functionality and can be readily 

purified by non-chromatographic techniques the Fuchs-Farthing method is more suitable.  Some 

short-comings of the Fuchs-Farthing method can be abated by the aforementioned phosgenation 

of bis-TMS amino acids.  With both methods, certain functional groups pose difficulty for NCA 

synthesis.  Many amides and ureas undergo imidoyl halide (3) formation (Figure 1.8) and other 

side reactions.35,47 There are techniques for minimizing these, but they can still be troublesome. 

Sulfoxide NCAs may not be produced, as they are prone to Pummerer and related reactions 

irrespective of what preparation is used.48 

 
Figure 1.8 Scheme for the formation of imidoyl halides during the conditions of both Leuchs 

and Fuchs-Farthing NCA syntheses. X = Halogen. 

 

Regardless of the method utilized, the crude NCA must be purified before it will undergo 

polymerization in a controlled manner.  Recrystallization is a very efficient method of purifying 
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NCAs, although a few recrystallizations are generally required to obtain a material that 

polymerizes adequately.15  Another method for the purification of NCAs is column 

chromatography under inert atmosphere using dehydrated silica gel.49  Chromatography is the 

only viable option for purification when an NCA has a low melting point and is non-volatile.  In 

rare cases, such as is in the preparation of highly polar sulfonium salt NCAs, there are no 

suitable purification methods, as these resist crystallization and are too polar to chromatograph 

on silica.  

The preparation of functionalized amino acids is an expansive topic, but some common 

methods will be briefly discussed.  They are rarely synthesized de novo, but instead from 

commercial amino acids.  Generally, the starting amino acid has sidechain functional groups that 

may be readily modified.  Glutamic acid is a common substrate for modification, as in most 

cases it may be selectively esterified at the γ ester simply by Fischer-type esterifications with a 

suitable functional alcohol.50  Lysine protected as an α-amino carbamate is another common 

substrate which can be easily modified at the ε-amine to form functionalized amides and 

carbamates.23  Cysteine and homocysteine, either as free amino acids or α-amino protected 

carbamates, are frequently converted to functional thioethers, either through thiol-ene reactions 

or through nucleophilic substitution.51,52   

 In order to avoid side reactions during NCA synthesis and produce a stable product, 

many sidechain functional groups must be protected.  Acid-labile protecting groups are generally 

preferred as peptides have a lower tendency to aggregate in acidic conditions and undergo fewer 

side reactions than in strongly basic conditions.36  Amine, alcohol and carboxyl groups are 

common functionalities which require protection.  Boc, CBz and TFA groups are well suited for 
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amine protection.  Alcohols are generally protected as Boc, CBz or Ac derivatives.  Finally, 

carboxyl groups are usually masked as benzyl or t-butyl esters.      

 The functional monomer approach is a very important strategy for the preparation of 

polypeptide materials.  Careful planning is required, both in target selection as well as synthetic 

strategy, in order for this route to be successful.  However, when properly executed it allows 

synthesis of complex, densely functionalized, polypeptide materials.    

1.5 Post-Polymerization Modification 

In contrast to the functional monomer approach, post-polymerization modification shifts 

most of the challenges of material synthesis to macromolecular reactions.  This approach is more 

flexible, allowing many derivatives to be made from one monomer, and frequently allows the 

synthesis of materials in a more straightforward, less time consuming manner.34  In order to be 

successful, highly efficient chemoselective reactions must be employed.  Since the separation of 

macromolecules is very difficult, a uniform product must be obtained directly from the post-

polymerization reaction.  The types of reactions which may be used are directly governed by the 

reactive monomer which is incorporated into the polymer.  In this section we will discuss a few 

of the most important reactive functional groups for polypeptide functionalization (Figure 1.9). 
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Figure 1.9 Common functionalization reactions for prototypical reactive monomers.  LG =  

Leaving group, X- = any anion. 

 

Amino groups, for example those introduced with Lysine residues (Lys, 4), are readily 

converted to amides, carbamates and ureas by a wide variety of methods.53,54  The chemistry of 

these coupling reactions is well developed, providing useful alternatives in the event of poor 

functionalization.  In general, a carboxylic acid is either activated in situ, for example with a 

carbodiimide, or converted to an active derivative in advance, such as an acid chloride, 
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anhydride or active ester (ex NHS ester).  Carbamates are made similarly, either through 

activated carbonates or from chloroformates.  Finally, ureas and thioureas are made by reactions 

with isocyanates and thiocyanates.  The alkylation of amino groups is a technique which has 

been employed, but is generally uncontrolled, providing mixtures of amines with varying degrees 

of substitution.55 All of these methods provide access to conjugates which have a high degree of 

stability both in aqueous environments as well as during subsequent functionalization.   The 

stability of conjugates, and the wide variety of conditions which can be used to introduce 

functionality, make amino groups highly versatile for post-polymerization modification.   

Unsaturated alkene and alkyne groups provide excellent reactive handles for 

functionalization.  Some prototypical residues which have been used to incorporate these groups 

are allylglycine (5)56 and γ-propargyl glutamate.24 Both of these groups have been utilized for 

thiol-ene type reactions to conjugate functionality.56  Alkene groups have also been used as 

masked aldehyde groups, allowing conjugation via substituted amines.57  In this process, alkene 

groups are converted to aldehydes through ozonolysis and the polymer is subsequently modified 

by reductive amination.  Alkyne groups are particularly useful as they are amenable to copper 

azide alkyne cycloaddition (CuAAC) reactions.24  These reactions generally allow high degrees 

of functionalization and conjugation of bulky groups, although in some cases removal of Cu 

from the product can be difficult.58  

Azides can also be used as handles for triazole formation via CuAAC reactions with 

alkynes, for example in the case of azidonorvaline residues (6).40  Incorporating azides allows for 

catalyst free, bio-orthogonal functionalization reactions using strained alkynes.59  

Carboxylic acid containing polypeptides, such as poly(glutamic acid) (poly(Glu), 7), are 

commonly used for post-polymerization modification.  Amide formation via activation of the 
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carboxylate group is one common reaction.60 Formation of esters from carboxylic acids either by 

activation or with acid catalysis, is also common, but this reaction is often inefficient, only 

providing low degrees of functionalization in many cases.61,62 Related carboxy esters have been 

used to make ester and amide conjugates by transesterifcation and amidation reactions. These 

often occur with significant side reactions or low degrees of functionalization.63  While useful in 

some cases, these cannot be considered general processes.  

Thiol groups have been incorporated, but they are prone to oxidation which causes 

crosslinking through disulfide formation.  Therefore, while powerful intermediates in functional 

monomer approaches, they can be difficult to employ post-polymerization.64 

 

 
Figure 1.10 Removal of functionality by reacting a Met sulfonium with a nucleophile to  

regenerate Met (8).    

 

Thioethers are a recently exploited functional group for polypeptide modifications.  They 

are especially attractive for functional monomer approaches as they can be incorporated into 

NCAs without requiring protection.49,51,52  These functional handles are accessible simply by 

incorporating methionine residues (Met, 8) into a polymer.  Thioether monomers with more 

complex functionality (see Section 1.6) are also accessible by simple routes.  Functionality can 

be added to thioethers through alkylation reactions with certain activated alkyl halides as well as 

alkyl triflates 65  When alkyl halides are used, this alkylation is chemoselective, allowing 

modification of a Met residue in the presence of amine and thiol functionalities.65,66  These 

sulfoniums are disordered in water and are generally highly water soluble.52  Conjugation of 
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certain functional groups to sulfoniums, such as substituted benzyl groups, enables reversible 

conjugation that can be removed through reaction with sulfur-containing nucleophiles (Figure 

1.10).66 In addition, thioethers can be oxidized under mild conditions to sulfoxides, which 

represents a very simple way of converting generally hydrophobic, helical thioether containing 

blocks to hydrophilic, disordered sulfoxide blocks (Figure 1.11, A).  This process is reversible in 

the presence of reducing agents, and in the case of Met-sulfoxide can be performed 

enzymatically.30,67  Oxidation under more forcing conditions to the sulfone provides a less 

hydrophilic, α-helical material (Figure 1.11, B).67  This transformation is essentially irreversible.  

These redox processes provide a simple method to toggle the conformation of thioether derived 

polypeptides.  The unique properties and reactivity of thioether containing polypeptides is further 

explored in subsequent chapters. 

 

 
Figure 1.11 Schemes for the oxidation of thioether residues to sulfoxides (A) and sulfones (B). 

 

1.6 Hybrid Approaches 

Hybrid approaches to polypeptide synthesis are a new and emerging strategy.  This 

approach falls in between a functional monomer and a post-polymerization modification 

strategy.  A monomer is prepared which has a portion of the functionality of the target polymer.  

After polymerization, the polymer is further modified, adding additional functionality.  This 
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enables more straightforward post-polymerization reactions and incorporation of groups which 

are incompatible with functional monomer techniques.  Hybrid approaches which utilize the 

unique characteristics of thioether containing polypeptides are the most significant examples of 

this strategy. 

One important demonstration of a hybrid synthesis strategy was demonstrated in the 

synthesis of OEG functionalized alkyl homocysteine (R-HCys) derivatives.52 In this work, an 

OEG-HCys NCA was synthesized from homocysteine.  This NCA could be purified by 

chromatography and the product could be polymerized in a controlled manner.  The material was 

α-helical, and showed lower critical solution temperature (LCST) behavior in water (i.e. polymer 

solution phase seperated upon heating).  These polymers could be further functionalized by 

oxidizing the thioether to the sulfoxide or alkylating the thioether to form a sulfonium (Figure 

1.12).  

 

Figure 1.12 Post-polymerization modification of R-HCys to switch the conformation and charge.   

(a) H2O, AcOH, H2O; (b) 4-(bromomethyl)phenylacetic acid or methyl iodide, H2O; (c) 

thioglycolic acid, H2O; (d) mercaptopyridine, H2O. Pathway only interconverts 5Bn and 8Bn, 

does not affect 5Me and 8Me. Reprinted (adapted) with permission from Kramer, J.R.; Deming, 

T.J. Multimodal Switching of Conformation and Solubility in Homocysteine Derived 

Polypeptides. J. Am. Chem. Soc., 2014, 136, 5547-5550.  Copyright 2014 American Chemical 

Society. 
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Oxidation to the sulfoxide switched the conformation of the polymer to a disordered 

random coil.  Post-oxidation, the solubility behavior of the polymer also drastically changed: it 

no longer showed LCST behavior.  Both the charge and conformation of the polymer could be 

controlled by alkylation.  Alkylation with an anionic alkylating agent provided a zwitterionic 

sulfonium product, while alkylation with a neutral alkylating agent yielded a polycation.  In both 

cases, the conformation switched from an α-helix to a random coil and the LCST behavior was 

abolished.  

Using available post-polymerization modification techniques there is no acceptable 

method to prepare an OEG functionalized homocysteine.  By a functional monomer approach, 

both the sulfoxide and sulfonium functionalized NCAs would be impossible to prepare due to 

instability of sulfoxide NCAs, or to purify due to the high polarity and poor crystallinity of 

sulfonium NCAs.  Additionally, without utilizing post-polymerization reactions, these would be 

static materials without the ability to modify the charge and conformation. 

Therefore, hybrid approaches can be planned which play to the strengths of both the 

functional monomer and post-polymerization techniques.  The material can be complex, uniform 

and highly tunable.  
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Chapter 2: Versatile Synthesis of Stable, Functional Polypeptides via Reaction with 

Epoxides 

This chapter is reproduced in part with permission from: 

Gharkahanian, E.G.; Deming T.J. Biomacromolecules 2015, 16, 1802-1806. 

Copyright 2015, American Chemical Society. 

2.1 Abstract 

Methodology was developed for efficient alkylation of methionine residues using 

epoxides as a general strategy to introduce a wide range of functional groups onto polypeptides. 

Use of a spacer between epoxide and functional groups further allowed addition of sterically 

demanding functionalities. Contrary to other methods to alkylate methionine residues, epoxide 

alkylations allow the reactions to be conducted in wet protic media and give sulfonium products 

that are stable against dealkylation. These functionalizations are notable since they are 

chemoselective, utilize stable and readily available epoxides, and allow facile incorporation of an 

unprecedented range of functional groups onto simple polypeptides using stable linkages. 

2.2 Introduction 

The development of robust methods for facile synthesis of well-defined functional 

polymers is an ongoing challenge. To circumvent the common incompatibility of reactive side-

chain functional groups with polymerization chemistries, there has been considerable effort to 

develop selective and efficient methods for post-polymerization modification.1-3 This is 

especially true for synthesis of functional polypeptides, which are desirable as mimics of post-

translationally modified proteins and for uses in biological and medical applications.4 

Consequently, a variety of precursor polypeptides, and their reactions with functional molecules, 

have been reported in recent years.5-14 Our lab has reported the reaction of methionine, Met, 
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residues with alkylating agents as an efficient means to prepare functional polypeptides, which 

utilizes an inexpensive amino acid precursor and is broad in scope.15 In this system, some 

functional groups can be installed using commercial reagents in water, while others require use 

of stoichiometric silver salts or preparation of reactive alkyl triflates and anhydrous conditions. 

We now report the development of Met alkylation using epoxides as an efficient, general method 

to introduce a wide range of functional groups onto polypeptides. These functionalizations are 

notable since they can be conducted in wet protic media and are chemoselective, they utilize 

stable, easily accessible epoxides, and they allow facile incorporation of an unprecedented range 

of functional groups onto polypeptides using stable linkages. 

In our previous work, activated alkyl halides were found to react readily with poly(L-

methionine), M, in protic media to give high yields of fully alkylated polysulfonium products.15 

However, many of the activating groups in these examples (i.e. carbonyl, alkyne, aryl), also 

made the product sulfonium ions unstable toward nucleophiles, resulting in dealkylation.16 While 

such reversibility is desirable for temporary modifications, the ability to prepare permanently 

functionalized materials under mild conditions is also important for many uses. We had found 

that stable sulfonium products could be obtained, but required use of anhydrous conditions and 

use of highly reactive or expensive reagents,15 which may limit their applicability. In search for 

an improved methodology, we were inspired by early studies on reactions of ethylene oxide (EO) 

with protein functional groups.17-18 It was found that EO reacts with many functional amino 

acids, including Met residues, which gave stable β-hydroxyethyl sulfonium products (Figure 

2.1).19 Similar to reactions of alkyl halides with Met,15 the reaction of EO with proteins was 

observed to be selective for Met residues at pH < 3, where all other nucleophilic functional 

groups are protonated and unreactive.17-18 Subsequent studies, utilizing N-protected Met amino 
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acid, showed that substituted epoxides, such as propylene oxide and tert-butyl glycidyl ether, 

also react with Met to give sulfonium ions that were stable to acid and mild base.20-22 In these 

cases, the sulfur of Met adds primarily to the least hindered side of the epoxide to give the β-

alkyl-β-hydroxyethyl sulfonium (Figure 2.1). These data showed that addition of epoxides to 

Met residues is promising as a potentially chemoselective reaction to prepare stable sulfonium 

products, which can be accomplished in protic media. Since a large variety of epoxides are either 

commercially available or readily prepared, we sought to further develop this reaction as a 

general means to synthesize a broad range of functional and stable Met derivatives under mild 

conditions. 

2.3 Results and Discussion 

 

Figure 2.1  Alkylation of M60 with epoxides in acetic acid. Conditions: 37 oC for 24-48h  

followed by counterion exchange. Yield is total isolated yield of completely functionalized 

polypeptide. a = Percent functionalization is reported instead of yield. 

 

To test epoxide reactivity with polypeptides, we reacted a 60-mer Met polymer, M60,
15 

with EO, propylene oxide or glycidyl azide under different conditions in protic media. We found 
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that highest degrees of functionalization and shortest reaction times were obtained using a small 

excess of epoxide (1.5 to 3 equivalents) in glacial AcOH at 37 ºC (Figure 2.1). The reaction is 

significantly faster under acidic conditions compared to neutral pH although some epoxide is 

consumed by the acidic solvent, hence the use of 3 equivalents of epoxide per Met residue. If the 

epoxide is added in stages over time, quantitative functionalization can also be obtained using 

1.5 equivalents of epoxide (see Experimental). High degrees of functionalization were also 

obtained with epoxides containing other desirable functional groups, such as protected amine, 

alkyl chloride, alkene, alkyne, and oligoethylene glycol (Figure 2.1). Many of these are reactive 

groups that can be utilized for secondary functionalization using a diverse range of chemistries.1-

3  The resulting sulfoniums were all highly water soluble and exclusively contained the alkyl 

substituents at the β-position except in the case of 2, which showed a trace of the α-alkylation 

product due to low steric demand of the substrate (see Experimental). The potential advantages 

of this methodology can be seen by the introduction of azido groups via an epoxide in wet media, 

which previously required use of an azido triflate in anhydrous solvent.15 
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Figure 2.2 Alkylation of M60 with epoxides containing an oxoethylene spacer (red) in acetic  

acid, 37 oC for 36h followed by ion exchange. Yield is total isolated yield of completely 

functionalized polypeptide. a = Sulfonate partially deprotected under reaction conditions. b =  

Yield is of fully deprotected glycopolypeptide. 
 

  When we attempted to functionalize M60 with more sterically demanding epoxides, 

including those containing monosaccharides, ATRP initiating groups, and phosphonates, we 

found that complete conversion of all Met residues to sulfoniums could not be readily obtained 

(Figure 2.1). Such functional groups are difficult to introduce onto polypeptides by other 

methods, and are useful for a variety of applications including binding to biomolecules,23 

synthesis of hybrid copolymers,24 or mimicking biomineralization processes.25 We reasoned that 

the inability to completely functionalize M polymers with bulky epoxides was simply due to 

crowding of neighboring groups on the polymer backbone preventing further functionalization. 

To circumvent this issue, we prepared functional epoxides containing oxoethylene spacers that 

increased the distance between functional groups and the epoxides (Figure 2.2). With these 

longer tethers, we found that quantitative alkylations of M60 polymers with a wide array of large 

functional groups was achieved, allowing facile preparation of polypeptides containing a variety 
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of unprecedented or difficult to introduce functional groups such as sulfonate, phosphonate, and 

malonate (Figure 2.2). These polybetaines should possess interesting properties potentially useful 

for binding metal ions or creating non-fouling surfaces.26 

 

 

Figure 2.3. Removal of protecting groups from representative functionalized M60 polymers. 

 

 

Some of the functional epoxides above required use of protecting groups during 

synthesis. In general, the sulfonium products exhibited sufficient stability to allow full removal 

of these protecting groups after alkylation without loss of the functional groups (Figure 2.3). The 

sufonium products were also stable toward secondary bio-orthogonal functionalizations, such as 

azide-alkyne cycloadditions (Figure 2.4). To study the stability of the sulfonium M polymers in 

more detail, we subjected a select group of samples to different aqueous conditions (Figure 2.5).  

Methylated (MMe) and benzylated (MBn) samples were chosen as points of reference since these 

have been shown respectively to be unreactive and highly reactive towards dealkylation by 

nucleophiles.16 Polypeptides 4 (MN3) and 8 (MEG), prepared by alkylation with functional 
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epoxides, were found to display good stability in aqueous buffers ranging in pH from 5 to 9. 

These polymers were also quite stable against dealkylation by the potent nucleophile 2-

mercaptopyridine. These results show that the polysulfonium structures obtained from epoxide 

alkylation are significantly more stable than those prepared from activated alkyl halides (e.g. 

benzyl bromide). 

 

Figure 2.4 Modification of a sulfonium by azide-alkyne cycloaddition. 

 

 

To test the chemoselectivity for epoxide alkylation of Met over other nucleophilic 

functional groups, we prepared a statistical copolymer of Met and L-lysine and studied its 

alkylation. We chose lysine as a competing nucleophile since it is the most abundant nucleophile 

found in proteins, it is more widely used in synthetic polypeptides compared to histidine or 

cysteine, and it is known to compete with thiol and imidazole groups in protein alkylations.27,28 

Similar to results obtained in other Met alkylations,15 we found that the Met residues in the 

copolymer could be alkylated chemoselectively with glycidyl azide in acidic media in the 

presence of a fourfold excess of amine groups (Figure 2.6).  
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Figure 2.5 Dealkylation studies on sulfonium M60 polymers. 

 

 

Figure 2.6 Chemoselective alkylation of (M0.2K0.8)80. 

 

For a more demanding test of chemoselectivity, we attempted to alkylate only the Met 

residues in the antioxidant peptide PHCKRM, which also contains highly nucleophilic histidine, 

cysteine and lysine residues (Figure 2.7).16 Treatment of PHCKRM with glycidyl azide in 

glacial AcOH gave high conversion to a single product (18), where only the Met residue was 

alkylated. The identity of 18 was determined using ESI-MS (Figure 2.7, see Experimental), 

where the parent ion (MR+, R = 3-azido-2-hydroxypropyl group) showed addition of only a 

single 100 Da 3-azido-2-hydroxypropyl group to the peptide. The additional presence of a single 

dominant fragment corresponding to the loss of the thioether RSCH3, which is commonly 

observed in MS analysis of Met sulfonium ions,29,30 confirmed that alkylation was only occurring 
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at the Met residue. These results also demonstrate that, in addition to polypeptides, peptides can 

be chemoselectively modified in high yields at Met residues via epoxide alkylation at low pH. 

 

 

Figure 2.7 Chemoselective alkylation of PHCKRM.  (A) Reaction scheme for alkylation of  

PHCKRM with glycidyl azide.  (B) ESI-MS spectrum of PHCKRM with the [M+H]+ and 

[M+Na]+ peaks labeled.  (C) Product after alkylation showing 18, [MR]+, as well as the 

characteristic [M-RSCH3]
+ fragment. 

 

2.4 Conclusion 

The alkylation of Met residues in polypeptides using functional epoxides was developed 

to give high yields of fully functionalized Met sulfonium containing materials, which were found 

to possess high water solubility and good stability against dealkylation. The epoxide reagents 

were optimized to provide chemoselective functionalization of Met, even when multiple 

sterically demanding functional groups were added to polypeptides. This methodology provides 

a simple solution for preparation of a diverse array of functional polypeptides in wet conditions 



35 

using readily available or easily prepared reagents. Since M polymers are readily prepared from 

an inexpensive amino acid without need of protecting groups,15 we expect that this economical 

approach to functional polypeptides will allow their use in an expanded array of applications.  

2.5 Experimental 

2.5.1 Materials and Methods 

Unless otherwise stated, all polymer functionalization reactions were performed in glass 

vials, under ambient atmosphere.  Small molecule reactions were performed under N2 using oven 

dried glassware.  Reactions at elevated temperature were controlled using a Corning PC 420D 

thermostated hotplate equipped with a thermocouple probe.  Room temperature reactions were 

performed at ca. 20 oC ambient temperature.  THF and CH2Cl2 were degassed by sparging with 

N2 and dried by passing through alumina columns.  Commercial anhydrous DMF was used as 

received. Fisher ACS grade glacial AcOH was used as received. The PHCKRM peptide was 

obtained from NeoBioLab and was reported 96.7% pure. Poly(S-methylmethionine sulfonium 

chloride), MMe, and poly(S-benzylmethionine sulfonium chloride), MBn, were prepared as 

previously described.15 Allyl alcohol was dried by storing over 3 Å molecular sieves.  All other 

reagents were used as received. Dialysis was performed using deionized water (18.2 MΩ-cm) 

prepared by passing in-house deionized water through a Millipore Milli-Q Biocel A10 unit.  In 

all other cases, in-house reverse osmosis purified water was used.  Thin-layer chromatography 

was performed with EMD gel 60 F254 plates (0.25 mm thickness) and visualized using a UV 

lamp or permanganate stain.  Column chromatography was performed using Silicycle Siliaflash 

G60 silica (60-200 µm).  Chromatography eluents are reported as volume percent.  Dialysis was 

performed using regenerated cellulose dialysis tubing obtained from Spectrum Labs.  NMR 

spectra were recorded on either a Bruker AV400 or AV300 instrument with chemical shifts 
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reported relative to solvent signal.  Abbreviations of splitting pattern designations are listed in 

the abbreviation section.  ESI-MS was performed using a Waters LCT Premier spectrometer.  

Small molecule samples were prepared in MeOH (1 mg/mL) and injected at a rate of 20 µL/min.  

Peptide samples (5 mM) were analyzed analogously using a 50% MeCN/H2O matrix. 

2.5.2 General Synthetic Procedures 

Poly(L-methionine)60, M60 

Prepared by previously reported method.15 L-Methionine N-carboxyanhydride was polymerized 

with Co(PMe3)4 using a 20:1, monomer to initiator ratio.  The DP was determined by endcapping 

a small aliquot from the polymerization mixture with 2 kDa PEG-isocyanate 

(CH3(OCH2CH2)45N=C=O ) followed by 1H NMR analysis.15    Found Composition, DP = 59. 

 

M60 alkylation procedure A (Procedure A) 

M60 was suspended in glacial AcOH (16 mg/mL). The epoxide (3 eq per Met residue) was added 

in one portion.  The mixture was stirred vigorously at 37 oC.  After 24 h, the limpid solution was 

transferred to a 2 kDa MWCO dialysis bag and dialyzed against 3 mM HCl(aq) (24 h, 3 H2O 

changes).  The retentate was lyophilized, to provide the functionalized polypeptide. 

 

M60 alkylation procedure B (Procedure B) 

M60 was suspended in glacial AcOH (27 mg/mL).  The epoxide (1.5 eq per Met residue) was 

added.  The mixture was stirred vigorously at 37 oC.  After the peptide dissolved (ca. 2-6 h), a 

second portion of epoxide (1.5 eq per Met residue) was added.   After 24 h, the limpid solution 

was transferred to a 2 kDa MWCO dialysis bag and dialyzed against 3 mM HCl(aq) (24 h, 3 H2O 

changes).   The retentate was lyophilized, to provide the functionalized polypeptide. 
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M60 glycosylation (Procedure C) 

The procedure was analogous to Procedure B, however before transfer to the dialysis bag, 1 mL 

of 2 M HCl(aq) was added.  The solution was allowed to stand at RT for 16 h.   After dialysis and 

lyophilization, the deprotected, fully glycosylated peptide was recovered. 

 

Alternative M60 alkylation using 1.5 eq of epoxide 

M60 (6.0 mg) was suspended in glacial AcOH (0.20 mL).  Glycidyl Azide (4a) (3.4 mg, 0.034 

mmol, 0.75 eq per Met residue) was added.  The suspension was stirred vigorously at RT and 

became homogenous over 24 h.  Another addition of 4a (3.4 mg, 0.034 mmol, 0.75 eq per Met 

residue) was performed and stirring was continued for an additional 24 h.  The reaction mixture 

was transferred to a 2 kDa MWCO dialysis bag and dialyzed against 3 mM HCl(aq) (24 h, 3 H2O 

changes).   The retentate was lyophilized, to provide 4 (12 mg, 94% yield, >99% functionalized 

(1H NMR)). 

 

Poly(S-alkyl-L-methionine) stability studies 

Polymer stock solutions (25 mmol Met residue per mL) were prepared in H2O.  Buffers were 

prepared by titrating 0.1 M solutions of the parent acid with 1 N NaOH.  PBS 10x was prepared 

by dissolving a PBS tablet and adjusted to pH 7.4.  The polymer stock (0.9 mL) was diluted with 

the buffer stock (0.1 mL) and if necessary, nucleophile (0.1 mmol) was added.  The mixture was 

incubated on a 37 oC H2O bath for 24 h.  The solution was transferred to a 2 kDa MWCO 

dialysis bag and dialyzed against 3 mM HCl(aq) (24 h, 3 H2O changes).   The retentate was 
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lyophilized.  The products were analyzed by 1H NMR, and the ratio of S-alkyl-Met/Met was 

determined.  In all studies of 4, 8 and MMe mass recoveries were greater than 90%.     

 

Alternative M60 alkylation in aqueous buffer using epoxide 4a 

M60 (8.0 mg), was suspended in H2O (0.50 mL) with vigorous stirring at RT.  NaH2PO4•H2O (17 

mg, 0.12 mmol) and Na2HPO4•7H2O (16 mg, 0.061 mmol) were added, followed by 4a (18 mg, 

0.18 mmol, 3 eq per Met residue).   The mixture became completely limpid at 2 d and was stirred 

3 d in total.  The reaction mixture was transferred to a 2 kDa MWCO dialysis bag and dialyzed 

against 3 mM HCl(aq) (24 h, 3 H2O changes).   The retentate was lyophilized, to provide a 

partially functionalized material (14 mg, 77% functionalized (1H NMR)). 

 

2.5.3 Details of Specific Sulfonium Polymers 

 

Poly(S-(2-hydroxyethyl)-L-methionine sulfonium chloride), 1 

Prepared from M60 and 1a using Procedure A.  The reaction was conducted in a sealed glass 

ampule.   

1H NMR (300 MHz, D2O, 25 oC): δ 4.70-4.53 (br m, 1H), 4.22-4.00 (br m, 2H), 3.81-3.41 (br m, 

4H), 3.05 (d,  J = 3.1 Hz, 3H), 2.58-2.20 (br m, 2H).  
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Poly(S-(2-hydroxypropyl)-L-methionine sulfonium chloride), 2 

Prepared from M60 and 2a using Procedure A.   The product contained 6% (1H NMR) of the 1-

hydroxypropan-2-yl regioisomer as evidenced by signals at 1.55 (SCH-CH3), 3.93 (SCH-

CH2OH) and 4.11 (S-CH).   

1H NMR (400 MHz, D2O, 25 oC): δ 4.72-4.53 (br m, 1H), 4.48-4.29 (br m, 1H), 3.81-3.39 (br m, 

4H), 3.24-2.91 (br m, 3H), 2.62-2.23 (br m, 2H), 1.68-1.33 (m, 3H). 

 

 

Poly(S-(3-chloro-2-hydroxypropyl)-L-methionine sulfonium chloride), 3 

Prepared from M60 and 3a using Procedure A. 

1H NMR (400 MHz, D2O, 25 oC): δ 4.71-4.59 (br m, 1H), 4.59-4.44 (br m, 1H), 3.94-3.42 (br m, 

6H), 3.20-3.00 (br m, 3H), 2.59-2.26 (br m, 2H). 

 

 

Poly(S-(3-azido-2-hydroxypropyl)-L-methionine sulfonium chloride), 4 

Prepared from M60 and 4a using Procedure A. 

1H NMR (400 MHz, D2O, 25 oC): δ 4.71-4.60 (br m, 1H), 4.51-4.37 (br m, 1H), 3.82-3.41 (br m, 

6H), 3.21-3.00 (br m, 3H), 2.58-2.24 (br m, 2H). 
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Poly(S-(2-hydroxy-3-(2,2,2-trifluoroacetamido)propyl)-L-methionine sulfonium chloride), 5 

Prepared from M60 and 5a using Procedure A. 

 1H NMR (400 MHz, D2O, 25 oC): δ 4.71-4.48 (br m, 1H), 4.48-4.27 (br m, 1H) 3.96-3.33 (br m, 

6H), 3.30-2.90 (br m, 3H) 2.81-2.72 (br m, 1H), 2.59-2.27 (br m, 2H). 19F NMR (376 MHz, D2O, 

25 oC): δ -72.92. 

 

 

Poly(S-(3-(allyloxy)-2-hydroxypropyl)-L-methionine sulfonium chloride), 6 

Prepared from M60 and 6a using Procedure A. 

1H NMR (400 MHz, D2O, 25 oC): δ 6.07-5.90 (br m, 1H),  5.44-5.34 (br m, 1H), 5.34-5.26 (br 

m, 1H), 4.67-4.58 (br m, 1H), 4.47-4.32 (br m, 1H), 4.23-4.08 (br m, 2H), 3.81-3.40 (br m, 6H), 

3.16-2.99 (br m, 3H), 2.56-2.23 (br m, 2H). 

 

 

Poly(S-(2-hydroxy-3-(prop-2-yn-1-yloxy)propyl)-L-methionine sulfonium chloride), 7 

Prepared from M60 and 7a using Procedure A.   
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1H NMR (400 MHz, D2O, 25 oC): δ 4.70-4.56 (br m, 1H), 4.52-4.38 (br m, 1H), 4.33 (s, 2H), 

3.89-3.41 (br m, 6H), 3.23-3.04 (br m, 3H), 3.01 (s, 1H), 2.56-2.24 (br m, 2H). 

 

 

Poly(S-(2-hydroxy-4,7,10,13-tetraoxatetradecyl)-L-methionine sulfonium sulfonium 

chloride), 8 

Prepared from M60 and 8a using Procedure A, alkylation was allowed to proceed 36 h.   

1H NMR (400 MHz, D2O, 25 oC): δ 4.74-4.56 (br m, 1H), 4.53-4.32 (br m, 1H), 3.97-3.36 (br m, 

21H), 3.31-2.97 (br m, 3H), 2.66-2.16 (br m, 2H). 

 

 

Poly(S-(3-(diisopropoxyphosphoryl)-2-hydroxypropyl)-L-methionine sulfonium chloride), 9 

Prepared from M60 and 9a using Procedure A.    The product was found to be 74% 

functionalized (1H NMR).    

1H NMR (300 MHz, D2O, 25 oC): δ 4.68-4.42 (br m, 2H), 3.87-3.38 (br m, 4H), 3.19-3.00 (br m, 

3H), 2.72-2.54 (br m, 1.1H), 2.53-2.21 (br m, 4H), 2.20-2.00 (br m, 2.6H), 1.53-1.25 (d, J = 4.2 

Hz, 12H). Note: Peaks arising from unfunctionalized Met residues are italicized.  Percent 

functionalization was calculated from the integrals of the peaks at δ 3.19-3.00 ppm (sulfonium) 

and 2.20-2.00 ppm (unfunctionalized Met). 
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Poly(S-(3-((2-bromo-2-methylpropanoyl)oxy)-2-hydroxypropyl)-L-methionine sulfonium 

chloride), 10 

Prepared from M60 and 10a using Procedure A.  The product was found to be 52% 

functionalized (1H NMR).    

1H NMR (400 MHz, D2O, 25 oC): δ 4.68-4.50 (br m, 1H), 4.50-4.31 (br m, 1H), 3.87-3.40 (br m, 

4H), 3.30-3.03 (br m, 3H), 2.82-2.56 (br m, 2.4H), 2.57-2.27 (br m, 2H), 2.27-2.07 (br m, 4.9H), 

2.07-1.89 (s, 6H).  Note: Peaks arising from unfunctionalized Met residues are italicized.  

Percent functionalization was calculated from the integrals of the peaks at δ 3.30-3.03 ppm 

(sulfonium) and 2.27-2.07 ppm (unfunctionalized Met).  

 

 

Poly(S-((3-(1,2:5,6-Di-O-isopropylidene-3-deoxy-α-D-glucofuranosid-3-yl)oxy)-2-

hydroxypropyl)-L-methionine sulfonium chloride), 11  

Prepared from M60 and 12a using Procedure A.  The product was found to be 54% 

functionalized (1H NMR).    

1H NMR (400 MHz, D2O, 25 oC): δ 6.17-5.97 (br m, 1H), 5.02-4.87 (br m, 1H), 4.67-3.41 (br m, 

13H), 3.23-2.94 (br m, 3H), 2.81-2.55 (br m, 1.8H), 2.56-2.26 (br m, 2H), 2.26-1.93 (br m, 

4.3H), 1.74-1.28 (br m, 12H).  Note: Peaks arising from unfunctionalized Met residues are 
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italicized.  Percent functionalization was calculated from the integrals of the peaks at δ 3.23-2.94 

ppm (sulfonium) and 2.26-1.93 ppm (unfunctionalized Met). 

 

 

Poly(S-(3-(3-(dimethoxyphosphoryl)propoxy)-2-hydroxypropyl)-L-methionine sulfonium 

chloride), 12 

Prepared from M60 and 12a using Procedure B. 

1H NMR (400 MHz, D2O, 25 oC): δ 4.72-4.53 (br m, 1H), 4.48-4.31 (br m, 1H), 3.96-3.75 (d, J = 

10.9 Hz, 6H) 3.75-3.36 (br m, 8H), 3.21-2.96 (br m, 3H), 2.59-2.21 (br m, 2H), 2.10-1.96 (br m, 

2H), 1.96-1.80 (br m, 2H). 

 

 

Poly(S-(3-(2-(1,3-diethoxy-1,3-dioxopropan-2-yl)ethoxy)-2-hydroxypropyl)-L-methionine 

sulfonium chloride), 13 

Prepared from M60 and 13a using Procedure B. 

1H NMR (400 MHz, D2O, 25 oC): δ 4.69-4.53 (br m, 1H), 4.45-4.32 (br m, 1H), 4.32-4.18 (br m, 

4H), 3.84-3.38 (br m, 9H), 3.21-2.98 (br m, 3H), 2.58-2.27 (br m, 2H), 2.27-2.14 (br m, 2H), 

1.42-1.18 (t, J = 7.1 Hz, 6H).  
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Poly(S-(2-hydroxy-3-((2-(2-bromo-2-methylpropanoyl)oxy)ethanoxy)propyl)-L-methionine 

sulfonium chloride), 14 

Prepared from M60 and 14a using Procedure B.   

1H NMR (400 MHz, D2O, 25 oC): δ 4.71-4.59 (br m, 1H), 4.50-4.35 (br m, 3H), 3.98-3.83 (br m, 

2H), 3.82-3.41 (br m, 6H), 3.19-3.01 (br m, 3H), 2.58-2.25 (br m, 2H), 2.10-1.89 (br m, 6H).  

 

 

Poly(S-(2-hydroxy-3-(2-(isobutoxysulfonyl)ethanoxy)propyl)-L-methionine sulfonium 

chloride), 15 

Prepared from M60 and 15a using Procedure B.  Recovered product was found to be 11% 

deprotected (1H NMR).  

1H NMR (400 MHz, D2O, 25 oC): δ 4.72-4.58 (br m, 1 H), 4.46-4.34 (br m, 1 H), 4.19 (d, J = 6.3 

Hz, 2 H), 4.07 (m, 2 H), 3.82-3.41 (br m, 8 H), 3.15-2.98 (br m, 3 H), 2.51-2.25 (br m, 2 H), 2.08 

(sep, J = 7.2 Hz, 1 H), 1.01 (d, J = 7.0 Hz, 6 H). 
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Poly(S-((3-(2-(3-deoxy-D-glucopyranosid-3-yl)oxy)ethoxy)-2-hydroxypropyl)-L-methionine 

sulfonium chloride), 16  

Prepared from M60 and 16a using Procedure C. The product was found to contain a 1:1 ratio of 

α:β anomers (1H NMR) in D2O at 25 oC.  Identification of anomers based on reported spectral 

assignments of D-glucose. 2  

1H NMR (400 MHz, D2O, 25 oC): δ 5.30-5.19 (br m, 0.3H), 4.72-4.52 (br m, 1.7H), 4.50-4.32 (br 

m, 1H), 4.12-3.96 (br m, 2H), 3.96-3.26 (br m, 14H), 3.23-2.94 (br m, 3H), 2.59-2.22 (br m, 1H).  

 

 

Poly(S-((3-(2-(6-deoxy-D-galactopyranosid-6-yl)oxy)ethoxy)-2-hydroxypropyl)-L-

methionine sulfonium chloride), 17     

Prepared from M60 and 17a using Procedure C.  The product was found to contain a 3:7 ratio of 

α:β anomers (1H NMR) in D2O at RT.  Identification of anomers based on reported spectral 

assignments of D-galactose. 3  

1H NMR (400 MHz, D2O, 25 oC): δ 5.31-5.26 (d, J = 5.6 Hz, 0.3H), 4.70-4.56 (br m, 1.7H), 

4.49-4.32 (br m, 1H), 4.10-3.39 (br m, 16H), 3.20-2.97 (br m, 3H), 2.56-2.23 (br m, 2H). 

 

 



46 

Poly[(S-(3-azido-2-hydroxypropyl)- L-methionine sulfonium chloride)54-b-(polyethylene 

glycol)45 

Prepared from M54PEG45
1 and 4a using Procedure A, with the exception: 8 kDa MWCO 

membranes were used for dialysis.  The DP of the peptide block in the product was calculated 

based on the PEG45 end-group.  Found DP: 53. 

1H NMR (400 MHz, D2O, 25 oC): δ 4.74-4.53 (br m, 1H), 4.53-4.36 (br m, 1H), 3.73 (m, 3.4H), 

3.72-3.44 (br m, 6H), 3.41 (s, 0.09 H), 3.21-2.99 (br m, 3H), 2.61-2.24 (br m, 2H).  

Note: Peaks arising from the PEG end-group are italicized. 

 

2.5.4 Details for Functional Sulfonium Polypeptide Deprotections and Reactions 

 

Poly(S-(3-ammonio-2-hydroxypropyl)-L-methionine sulfonium dichloride) 

A solution of 5 (18 mg, 0.048 mmol) in H2O (1.5 mL) was treated with K2CO3 (10 mg, 0.072 

mmol).  The solution was allowed to stand 24 h.  The solution was transferred to a 2 kDa 

MWCO dialysis bag and dialyzed against 3 mM HCl(aq) (24 h, 3 H2O changes).   The retentate 

was lyophilized, to provide the deprotected polypeptide (14 mg, 93% yield) which was found to 

be fully deprotected (19F NMR).    

 

Alternate Method:  A solution of 5 (8.0 mg, 0.023 mmol) in absolute EtOH (0.5 mL) was stirred 

at RT.  NaBH4 (5.0 mg, 0.125 mmol) was added and the solution was stirred vigorously for 30 

min.  Another portion of NaBH4 (5.0 mg, 0.125 mmol) was added and the suspension was 
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allowed to stir an additional 30 min.  The suspension was acidified with dilute HCl(aq) and 

transferred to a 2 kDa MWCO dialysis bag and dialyzed against 3 mM HCl(aq) (24 h, 3 H2O 

changes). The retentate was lyophilized, to provide the deprotected polypeptide (6.9 mg, 95% 

yield) which was found to be fully deprotected (19F NMR). 

1H NMR (400 MHz, D2O, 25 oC): δ 4.712-4.45 (br m, 2 H), 3.90-3.46 (br m, 4 H), 3.41-3.04 (br 

m, 5 H), 2.60-2.25 (br m, 2 H). 19F NMR (376 MHz, D2O, 25 oC): No Peaks. 

 

 

Poly(S-(3-(2-(1-Hydroxy-3-oxido-1,3-dioxopropan-2-yl)ethoxy)-2-hydroxypropyl)-L-

methionine sulfonium) 

A solution of 13 (8.9 mg, 0.021 mmol) in H2O (0.4 mL), was treated with 1 N NaOH(aq) (0.15 

mL, 0.15 mmol).  The solution was allowed to stand 16 h at 4 oC. The solution was acidified with 

dilute HCl(aq), transferred to a 2 kDa MWCO dialysis bag and dialyzed against 3 mM HCl(aq) (24 

h, 3 H2O changes).  The retentate was lyophilized to provide the deprotected polypeptide (6.7 

mg, 96 % yield) which was found to be >99% deprotected (1H NMR). 

 

Alternate Method:  The deprotection was conducted as above, with 1 N NaOH(aq) (0.10 mL, 0.10 

mmol) at RT for 4 h.  The polypeptide (6.7 mg, 96 % yield) was found to be >97% deprotected 

(1H NMR). 
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1H NMR (400 MHz, D2O, 25 oC):  4.69-4.50 (br m, 1 H), 4.50.4.43 (br m, 1 H), 3.82-3.34 (br m 

8 H), 3.06 (m, 3 H), 2.60-2.06 (br m, 4 H).     

 

 

Poly(S-(2-hydroxy-3-(2-(oxidosulfonyl)ethanoxy)propyl)-L-methionine sulfonium chloride) 

A solution of 15 (8.0 mg, 0.020 mmol) was dissolved in 10% (w/v) NaN3(aq) (0.5 mL).  The 

solution was stirred for 24 h on a 37 oC H2O bath.  The solution was transferred to a 2 kDa 

MWCO dialysis bag and dialyzed against 3 mM HCl(aq) (24 h, 3 H2O changes).   The retentate 

was lyophilized, to provide the deprotected polypeptide (5.7 mg, 91% yield) which was found to 

be >99% deprotected (1H NMR).   

1H NMR (400 MHz, D2O, 25 oC): δ 4.67-4.55 (br m, 1 H), 4.47-4.34 (br m, 1 H), 4.03 (m, 2 H), 

3.81-3.38 (br m, 6 H), 3.24 (t, J = 5.7 Hz, 2 H), 3.04 (m, 3 H), 2.54-2.23 (br m, 2 H). 

 

Note:  Deprotection under the same conditions with 10% NaI provided a 77% deprotected 

material.  Using 0.67 M HBr: 60% deprotection. In all cases no side products due to sulfonium 

decomposition were observed. 
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Poly(S-(2-hydroxy-3-(4-(2,5,8,11-tetraoxadodecyl)-1H-1,2,3-triazol-1-yl)propyl)-L-

methionine sulfonium chloride 

A solution of 4 (15 mg, 0.056 mmol azide), 2,5,8,11-tetraoxatetradec-13-yne33 (21 mg, 0.10 

mmol) and sodium ascorbate (5.0 mg, 0.025 mmol) was degassed in H2O (0.50 mL) by stirring 

under N2 for 1 hr.  A separate solution of PMDTA (2.0 µL, 0.010 mmol) and CuSO4•5H2O (1.3 

mg, 0.0051 mmol) in H2O (0.50 mL) was degassed analogously.  The copper solution was added 

to the azide solution and stirring of the mixture was continued for 24 h.  The solution was 

transferred to a 2 kDa MWCO dialysis bag and dialyzed against 3 mM HCl(aq) (36 h, 5 H2O 

changes).   The retentate was filtered through a 0.45 µM syringe filter and lyophilized, to provide 

the completely PEGylated polypeptide (19 mg, 89% yield).    

1H NMR (400 MHz, D2O, 25 oC): δ 8.27-7.95 (br s, 1 H), 4.75-4.56 (br m, 4 H), 3.83-3.54 (br m, 

18 H), 3.38 (s, 3 H), 3.13-3.00 (br m, 3 H), 2.55-2.23 (br m, 2 H). 

 

2.5.5 Studies on Chemoselectivity of Met Alkylations  

 

Poly[(L-methionine)0.2-stat-(L-lysine hydrochloride)0.8]80, (M0.2K0.8)80 
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Prepared by previously reported method.1  Briefly, ε-TFA-lysine NCA and Met NCA were 

polymerized with Co(PMe3)4 using a 30:1, monomer to initiator ratio.  The polymer was 

deprotected using K2CO3/MeOH followed by dialysis and cation exchange.   DP was determined 

by endcapping a small aliquot from the polymerization mixture with 2 kDa PEG-isocyanate 

(CH3(OCH2CH2)45N=C=O ) followed by 1H NMR analysis.1    Found composition: (M0.2K0.8)82. 

 

 

Poly[(S-(3-azido-2-hydroxypropyl)- L-methionine sulfonium chloride)0.2-stat-(L-lysine 

hydrochloride)0.8]80 

A suspension of (M0.2K0.8)80 (6 mg) in a mixture of 0.1 M NaOAc/AcOH  (0.17 mL) and HFIP 

(0.030 mL) was treated with 4a (1.5 µL, 2 eq per Met residue).  The mixture was stirred 

vigorously for 16 h at RT.  The mixture was treated again with 4a (1.5 µL, 2 eq per Met residue) 

and stirring was continued for another 24 h.  The reaction mixture was transferred to a 2 kDa 

MWCO dialysis bag and dialyzed against 3 mM HCl(aq) (24 h, 3 H2O changes).   The retentate 

was lyophilized, to provide 21 (6.2 mg, 88% yield). 

1H NMR (400 MHz, D2O, 25 oC): δ 4.68-4.57 (br m, 0.2 H), 4.52-4.16 (br m, 1.2 H), 3.88-3.35 

(br m, 1.2 H), 3.08 (m, 2.6 H), 2.49-2.20 (br m, 0.4 H), 2.16-1.24 (br m, 6 H). 
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PHCKRM-Glycidyl Azide Conjugate, 18 

A solution of peptide PHCKRM (2.0 mg, 0.0026 mmol) in glacial AcOH (0.30 mL) was treated 

with 4a (2.6 mg, 0.026 mmol).  The solution was stirred for 48 h.  The mixture was concentrated 

under high vacuum and the residue was triturated with 3x 0.5mL Et2O; the solids were separated 

by centrifugation after each step.   Residual ether was evaporated under high vacuum and 

completely removed by re-dissolving the solid in H2O (0.5 mL) and lyophilizing the solution.  

Colorless solid (1.7 mg).  MS established the major product to be 18 (see Figure 2.8). 

ESI-MS m/z = 870.1824 M+ (calcd 870.4191 for C34H60N15O8S2).   
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Figure 2.8  Peptide mass spectra. Top: Full ESI-MS data for PHCKRM, with [M+H]+  

(771.1745 m/z) labeled.  Bottom: Full ESI-MS data after alkylation of PHCKRM with glycidyl 

azide to give product 18 [MR]+ and the characteristic [M-RSCH3]
+ fragment, which are both 

labeled (870.1824 & 723.1735 m/z, respectively). 
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2.5.6 Preparation of Epoxides 

Epoxidation Procedure (Procedure D) 

The alkene (1 eq) was dissolved in CH2Cl2 (3.3 mL/mmol alkene).  Commercial 70% mCPBA 

(1.5 eq) was added and the mixture was stirred at room temperature.  After TLC showed full 

conversion of the alkene (36-48 h) the suspension was cooled on an ice bath.  The mixture was 

treated with 10% Na2SO3(aq) (1.5 eq) followed by 10% Na2CO3(aq)  (1.3 eq) and stirred for 5 min.  

The reaction mixture was diluted with EtOAc, and washed 2x with sat. NaHCO3(aq) followed by 

brine.  The organic extract were dried over Na2SO4, concentrated in vacuo and purified by flash 

chromatography. 

 

‘Dry’ Epoxidation Procedure (Procedure E) 

A stock solution of 0.45 M mCPBA in CH2Cl2 was prepared from commercial 70% mCPBA.  

This solution was dried over MgSO4 and freed of drying agent by centrifugation.  The alkene (1 

eq) was treated with this ‘dry’ mCPBA solution (1.5 eq).  Thereafter, the synthesis was 

conducted analogous to Procedure D.      

 

 

Glycidyl azide, 4a 

Epichlorohydrin (4.0 mL, 51 mmol) was added to a solution of sodium azide (4.0 g, 61 mmol) 

and acetic acid (3.5 mL, 61 mmol) in 25% (v/v) ethanol/water (20 mL).  The biphasic mixture 

was stirred vigorously at room temperature for 24 h.  Brine (25 mL) was added and the mixture 

was extracted with EtOAc (3x 40 mL).   The combined extracts were dried over Na2SO4 and 
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concentrated in vacuo to provide 1-azido-3-chloropropan-2-ol as a colorless oil (6.7 g, 97% 

yield) with spectral data in agreement with those previously reported.5 

1H NMR (400 MHz, CDCl3, 25 oC): δ 3.99 (pent, J = 5.5 Hz, 1 H), 3.66-3.56 (m, 2 H), 3.48 (d, J 

= 5.3 Hz, 2 H).  

 

An aqueous solution of 1N sodium hydroxide (55 mL, 55 mmol) was added to 1-azido-3-

chloropropan-2-ol with stirring on a RT H2O bath.   Stirring was continued for 30 min after the 

addition.   The suspension was then extracted with CH2Cl2 (3x30 mL).  The combined extracts 

were washed with brine (20 mL) and dried over Na2SO4.  Concentration in vacuo provided 4a 

(4.0 g, 83% yield) as a colorless mobile oil with spectral data in agreement with those previously 

reported.3 

1H NMR (400 MHz, CDCl3, 25 oC): δ 3.56 (dd, J = 13.8, 3.2 Hz, 1 H), 3.31 (dd, J = 13.5, 5.4 

Hz, 1 H), 3.19 (m, 1 H), 2.84 (dd, J = 4.7, 4.1 Hz, 1 H), 2.71 (dd, J = 4.8, 2.5 Hz, 1 H).  

 

 

2,2,2-trifluoro-N-(oxiran-2-ylmethyl)acetamide, 5a 

Prepared from N-allyl-2,2,2-trifluoroacetamide35 by Procedure D.  Flash chromatography eluent: 

30% EtOAc/Hexanes.  Colorless mobile oil, 74% yield.  RF: 0.33; 30% EtOAc/Hexanes. 

1H NMR (300 MHz, CDCl3, 25 oC): δ 7.35-6.99 (br s, 1H), 3.82 (ddd, J = 14.7, 6.3, 3.0 Hz, 1 H), 

3.34 (dt, J = 14.6, 5.7 Hz, 1 H), 3.14 (m, 1 H), 2.82 (t, J = 4.3 Hz, 1 H), 2.60 (dd, J = 4.5, 2.8 Hz, 

1 H).  13C NMR (100 MHz, CDCl3, 25 oC): δ 158.4 (q, J = 37.8 Hz), 120.2 (q, J = 287.4 Hz), 

49.8, 45.3, 41.4.  19F NMR (376 MHz, D2O, 25 oC): δ -76.0.   
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2-(2,5,8,11-tetraoxadodecyl)oxirane, 8a 

A stirred solution of triethylene glycol monomethyl ether (10 g, 61 mmol) and water (1.0 mL) on 

an ice bath was treated with NaOH (7.2 g, 180 mmol) followed by 0.4 M tetrabutylammonium 

hydroxide(aq) (7.7 mL, 3.1 mmol).  Once the mixture returned to 0 oC, epichlorohydrin (14 mL, 

180 mmol) was added portionwise over 3 min.  The mixture was stirred at room temperature 16 

h.  H2O (15 mL) was added and the mixture was extracted with EtOAc (4x 30 mL).  The 

combined extracts were washed with brine (30 mL) and dried over Na2SO4.  The extracts were 

concentrated by rotory evaporation.  The residue was distilled in vacuo, providing 8a (11 g, 79% 

yield) as a colorless liquid boiling at 110-117 oC (0.1 mmHg) with spectral data in agreement 

with those previously reported.36    

1H NMR (400 MHz, CDCl3, 25 oC): δ 3.80 (dd, J = 15.5, 4.1, 1 H), 3.71-3.62 (m, 10 H),  3.54 

(m, 2 H),  3.44 (dd, J = 15.5, 7.8 Hz, 1 H), 3.37 (s, 3 H),  3.15 (m, 1 H), 2.79 (dd, J = 6.6, 5.6 

Hz, 1 H), 2.61 (dd, J = 6.7, 3.6 Hz, 1 H).   

 

 

Diisopropyl allylphosphonate, 9b 

Allyl bromide (1.8 mL, 20 mmol) was added to a mixture of BHT (10 mg) in triisopropyl 

phosphite (5 mL, 20 mmol).   The flask was set-up for reflux and heated on a 115 oC oil bath for 

16 h.  The reaction mixture was vacuum distilled to provide 9b (4.2 g, 100% yield) as a colorless 

oil boiling at 40-41 oC (0.1 mmHg) with spectral data in agreement with those previously 

reported.37 
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1H NMR (400 MHz, CDCl3, 25 oC): δ 5.83-5.75 (m, 1 H), 5.18 (m, 2 H), 4.72-4.64 (m, 2 H), 

2.58 (dd, J = 21.9, 7.4 Hz, 2 H), 1.30 (dd, J = 6.2, 4.6 Hz, 12 H). 

 

    

Diisopropyl (oxiran-2-ylmethyl)phosphonate, 9a 

Prepared from 9b by Procedure D.  Flash chromatography eluent, 75% EtOAc/Hexanes to neat 

EtOAc.  Colorless oil with spectral data in agreement with those previously reported.37 Yield 

75%.  RF: 0.2; 75% EtOAc/Hexanes. 

1H NMR (400 MHz, CDCl3, 25 oC): δ 4.74 (m, 2 H), 3.17 (m, 1 H), 2.84 (t, J = 4.8 Hz, 1 H), 

2.59 (dd, J = 4.8, 2.6 Hz, 1 H), 2.22 (m, 1 H), 1.77 (ddd, J = 21.9, 15.0, 6.7 Hz, 1 H), 1.34 (d, J = 

6.4 Hz, 12 H). 

 

 

Glycidyl 2-bromo-2-methylpropanoate, 10a 

Prepared by previously reported procedure.38 

 

 

2-((1,2:5,6-Di-O-isopropylidene-3-deoxy-α-D-glucofuranosid-3-yl)oxymethyl)oxirane, 11a 

Prepared by previously reported procedure.39 
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2-(3-(dimethoxyphosphoryl)propoxymethyl)oxirane, 12a 

Prepared by previously reported procedure.40   

 

 

 

2-allyloxyethyl methanesulfonate  

Prepared by previously reported procedure.41 Colorless to pale yellow oil, stable at room temp 

when stored in amber glass bottle. 

 

 

2-(2-(1,3-diethoxy-1,3-dioxopropan-2-yl)ethoxymethyl)oxirane, 13a 

A suspension of 60% NaH (1.44 g, 36 mmol) and KI (5.4 g, 1 eq) in DMF (125 mL) was stirred 

on an ice bath.  Diethyl malonate (5.0 mL, 33 mmol) was added dropwise and allowed to stir for 

5 min.  2-Allyloxyethyl methanesulfonate (8.8 g, 49 mmol) was added portionwise.  The mixture 

was stirred at 60 oC for 18 h.  The solvent was evaporated in vacuo and the residue was diluted 

with 200 mL EtOAc.  The solution was washed with 250 mL H2O.  The aqueous wash was 

extracted with 2x 125 mL EtOAc.  The combined organic extracts were dried over Na2SO4 and 

concentrated by rotary evaporation.  The residue was purified by filtering through a silica plug 

with 10% EtOAc/Hexanes.  After concentration, 7.3 g of a colorless oil was recovered.  The oil 

was found by 1H NMR to contain diethyl 2-(2-(allyloxy)ethyl)malonate (79% yield) with 12 mol 
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%  diethyl 2,2-bis(2-(allyloxy)ethyl)malonate.  From this mixture 13a was prepared by 

Procedure D.  Flash chromatography eluent: 25% EtOAc/Hexanes.  The title compound, 13a 

(6.5 g, 76% yield overall) was recovered as a colorless oil.  RF = 0.39; 30% EtOAc/Hexanes. 

1H NMR (400 MHz, CDCl3, 25 oC): δ 4.19 (dq, J = 7.0, 2.0 Hz, 4 H), 3.70 (dd, J = 11.8, 3.0 Hz, 

1 H), 3.53 (m, 3 H), 3.35 (dd, J = 11.8, 5.6 Hz, 1 H), 3.10 (m, 1 H), 2.77 (t, J = 4.5 Hz, 1H), 2.58 

(dd, J = 5.0, 2.5 Hz, 1H), 2.18 (q, J = 6.3 Hz, 2 H), 1.26 (t, J = 7.2 Hz, 6 H).  13C NMR (100 

MHz, CDCl3, 25 oC): δ 169.2, 71.3, 68.5, 61.3, 50.6, 48.9, 44.0, 28.7, 13.9.  ESI-MS m/z = 

283.2110 [M + Na]+ (calcd 283.1158 for C12H20NaO6). 

 

 

2-(allyloxy)ethyl 2-bromo-2-methylpropanoate, 14b 

A solution of 2-allyloxyethanol (1.0 mL, 9.3 mmol) and pyridine (2.3 mL, 28 mmol) in CH2Cl2 

(75 mL) was stirred on a -10 oC MeOH bath.  2-Bromoisobutyryl bromide (2.3 mL, 19 mmol) 

was added dropwise.  The solution was removed from the bath and stirred at room temperature 

for 3.5 h.  Water (0.3 mL) was added and the solution was concentrated in vacuo.  The residue 

was purified by flash chromatography, 15% EtOAc/Hexanes.  12a was recovered as a colorless 

oil (2.2 g, 99%).  RF = 0.50; 15% EtOAc/Hexanes. 

1H NMR (400 MHz, CDCl3, 25 oC): δ 5.87 (m, 1 H), 5.31 (dm, J = 17.3 Hz, 1 H), 5.20 (dm, J = 

10.5 Hz, 1 H), 4.33 (t, J = 5.0 Hz, 2 H), 4.03 (dt, J = 5.6, 1.5 Hz, 2H), 3.69 (t, J = 5.0 Hz, 2H), 

1.94 (s, 6 H). 13C NMR (100 MHz, CDCl3, 25 oC): δ 171.6, 134.3, 117.2, 72.0, 67.4, 65.0, 55.6, 

30.7.  ESI-MS m/z = 273.2030 [M + Na]+ (calcd 273.0102 for C9H15BrO3Na). 
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2-(2-((2-bromo-2-methylpropanoyl)oxy)ethanoxymethyl)oxirane, 14a 

Prepared from 14b by Procedure D.  Flash chromatography eluent: 30% EtOAc/Hexanes.  

Recovered as a colorless oil, 71% yield.  RF = 0.34; 30% EtOAc/Hexanes. 

1H NMR (400 MHz, CDCl3, 25 oC): δ 4.33 (t, J = 5.1 Hz, 2 H), 3.73 (m, 3 H), 3.46 (dd, J = 11.7, 

5.7 Hz, 1 H), 3.16 (m, 1 H), 2.77 (dd, J = 5.0, 4.2 Hz, 1 H), 2.62 (dd, J = 5.1, 2.7 Hz), 1.94 (s, 6 

H).  13C NMR (100 MHz, CDCl3, 25 oC): δ 171.5, 71.7, 68.8, 64.9, 55.6, 50.7, 43.9, 30.7.  ESI-

MS m/z = 289.00 [M + Na]+ (calcd 289.01 for C9H15BrO4Na). 

 

 

Isobutyl 2-(allyloxy)ethane-1-sulfonate, 15b 

Isobutyl ethenesulfonate42 (0.50 mL, 3.6 mmol) was added to dry allyl alcohol (7.0 mL).  The 

mixture was stirred on a MeOH bath maintained at ca. -20 oC by periodic additions of LN2.  

KOtBu (40 mg, 0.36 mmol) was added.  The mixture was stirred overnight while the bath was 

allowed to warm to 10 oC.  AcOH (6 µL, 0.4 mmol) was added and the mixture was concentrated 

in vacuo.  The residue was dissolved in EtOAc (50 mL) and washed with 0.01 N HCl(aq) (40 mL) 

followed by H2O (40 mL).   The organic extract was dried over Na2SO4 and concentrated by 

rotary evaporation.  The residue was purified by flash chromatography (15% EtOAc/Hexanes).  

Alkene 15b (0.50 g, 62% yield) was recovered as a colorless oil.  RF = 0.30; 15% 

EtOAc/Hexanes. 

1H NMR (400 MHz, CDCl3, 25 oC): δ 5.89 (m, 1 H), 5.27 (dm, J = 17.2 Hz, 1 H), 5.21 (dm, J = 

10.5 Hz, 1 H), 4.02 (dt, J = 5.6, 1.4 Hz, 2 H), 4.01 (d, J = 6.6 Hz, 2 H), 3.86 (t, J = 6.4 Hz, 2 H), 
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3.39 (t, J = 6.6 Hz, 2 H),  2.02 (sep, J = 6.6 Hz, 1 H), 0.98 (d, J = 6.6 Hz, 6 H).  13C NMR (100 

MHz, CDCl3, 25 oC): δ 133.8, 117.9, 76.1, 72.3, 63.6, 50.4, 28.3, 18.7.  ESI-MS m/z = 245.0810 

[M + Na]+ (calcd 245.0823 for C9H18O4SNa). 

 

 

Isobutyl 2-(oxiran-2-ylmethoxy)ethane-1-sulfonate, 15a 

Prepared from 15b by Procedure D.  Flash chromatography eluent: 30% EtOAc/Hexanes.  

Recovered as a colorless oil, 78% yield.  RF = 0.32; 40% EtOAc/Hexanes. 

1H NMR (400 MHz, CDCl3, 25 oC): δ 4.00 (d, J = 6.6 Hz, 2 H), 3.91 (m, 2 H), 3.84 (dd, J = 

11.6, 2.6 Hz, 1 H), 3.39 (d, J = 6.6 Hz, 2 h), 3.37 (d, J = 5.7 Hz, 1 H), 3.13 (m, 1 H), 2.78 (t, J = 

4.4 Hz, 1 H), 2.60 (dd, J = 4.8, 2.4 Hz, 1 H), 2.01 (sep, J = 6.6 Hz, 1 H), 0.98 (d, J = 6.8 Hz, 6 

H).  13C NMR (100 MHz, CDCl3, 25 oC): δ 76.1, 72.0, 64.9, 50.5, 50.3, 44.0, 28.3, 18.6.  ESI-

MS m/z = 245.0823 [M + Na]+ (calcd 261.0773 for C9H18O5SNa). 

  

 

 

3-(2-(allyloxy)ethyloxy)1,2:5,6-di-O-isopropylidene-3-deoxy-α-D-glucofuranoside, 16b 

1,2:5,6-di-O-isopropylidene-α-D-glucofuranose (0.75 g, 2.9 mmol) and KI (0.46 g, 2.9 mmol) 

were dried under high vacuum for ca. 15 min.  DMF (40 mL) was transferred by cannula into the 

reaction flask, and the mixture was cooled on an ice bath.  60% NaH (0.17g, 4.3 mmol) was 
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added in one portion.  After 5 min, the ice bath was removed and the mixture was allowed to stir 

20 min at room temperature.  2-allyloxyethyl methanesulfonate (1.2 mL, 5.7 mmol) was added 

and the mixture was stirred 48 h on a 60 oC oil bath.  The reaction mixture was concentrated 

under high vacuum overnight.  The residue was directly purified by flash chromatography (7.5% 

Acetone/Hexanes).   Alkene 16b (0.80 g, 81% yield) was recovered as a thick colorless oil.   RF = 

0.24; 10% Acetone/Hexanes. 

1H NMR (400 MHz, CDCl3, 25 oC): δ 5.89 (m, 2 H), 5.29 (dm, J = 17.3 Hz, 1 H), 5.19 (dm, J = 

10.9 Hz, 1 H), 4.59 (d, J = 4.1 Hz, 1 H), 4.32 (q, J = 6.12, 1 H), 4.12 (dd, J = 7.5, 3.0 Hz, 1 H), 

4.08 (dd, J = 8.5, 6.1 Hz, 1 H), 4.00 (m, 3 H), 3.93 (d, J = 2.7 Hz, 1 H), 3.75 (m, 2 H), 3.56 (t, J 

= 4.8 Hz, 2 H),  1.49 (s, 3 H), 1.42 (s, 3 H), 1.34 (s, 3 H), 1.30 (s, 3 H).  13C NMR (100 MHz, 

CDCl3, 25 oC): δ 134.6, 116.8, 111.6, 108.8, 105.2, 82.7, 82.6, 81.1, 72.5, 72.1, 70.2, 69.3, 67.1, 

26.8, 26.7, 26.1, 25.3.  ESI-MS m/z = 367.18 [M + Na]+ (calcd 367.17 for C17H28O7Na). 

 

 

 

2-(2-((1,2:5,6-di-O-isopropylidene-3-deoxy-α-D-glucofuranosid-3-

yl)oxy)ethoxymethyl)oxirane, 16a 

Prepared from 16b by Procedure E.  Flash chromatography eluent: 20% Acetone/Hexanes.  

Colorless thick oil, 82 % yield.  RF = 0.30; 20% Acetone/Hexanes. 

1H NMR (400 MHz, CDCl3, 25 oC): δ 5.87 (d, J = 3.8 Hz, 1 H), 4.57 (d, J = 3.5 Hz, 1 H), 4.32 

(q, J = 6.2 Hz, 1 H), 4.10 (m, 2 H), 3.99 (dd, J = 8.5, 5.8 Hz, 1 H), 3.93 (d, J = 2.8 Hz, 1 H), 3.80 
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(dd, J = 11.7, 2.8 Hz, 1 H), 3.77–3.63 (m, 4 H), 3.41 (ddd, J = 11.3, 5.8, 3.5 Hz, 1 H), 3.14 (m, 1 

H),  2.78 (t, J = 4.6 Hz, 1 H), 2.60 (m, 1 H), 1.48 (s, 3 H), 1.41 (s, 3 H), 1.33 (s, 3 H), 1.31 (s, 3 

H).  13C NMR (100 MHz, CDCl3, 25 oC): δ 111.6, 108.8, 105.2, 82.7, 82.6, 81.0, 72.4, 71.8, 

70.6, 70.0, 67.1, 50.7, 44.0, 26.8, 26.7, 26.1, 25.3.  ESI-MS m/z = 383.1663 [M + Na]+ (calcd 

383.1682 for C17H28O8Na). 

 

 

6-(2-(allyloxy)ethyloxy)-1,2:3,4-dDi-O-isopropylidene-6-deoxy-α-D-galactopyranoside, 17b 

Prepared analogously to 16b using 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose as the 

substrate.  Flash chromatography eluent: 7.5% Acetone/Hexanes.  Colorless thick oil, 86 % 

yield.  RF = 0.31; 10% Acetone/Hexanes. 

1H NMR (400 MHz, CDCl3, 25 oC): δ 5.94 (m, 1 H), 5.54 (d, J = 5.0 Hz, 1 H), 5.30 (dq, J = 

16.9, 1.5 Hz, 1 H), 5.19 (dm, J = 10.7 Hz, 1 H), 4.61 (dd, J = 8.0, 2.4 Hz, 1 H), 4.31 (dd, J = 5.0, 

2.4 Hz, 1 H), 4.28 (dd, J = 7.7, 2.1 Hz, 1 H), 4.03 (m, 3 H), 3.75-3.60 (m, 6 H), 1.53 (s, 3 H), 

1.44 (s, 3 H), 1.34 (s, 3 H), 1.33 (s, 3 H).  13C NMR (100 MHz, CDCl3, 25 oC): δ 134.8, 116.9, 

109.1, 108.4, 96.3, 72.1, 71.1, 70.7, 70.6, 70.5, 69.8, 69.3, 66.7, 26.0, 25.9, 24.8, 24.3. ESI-MS 

m/z = 367.17 [M + Na]+ (calcd 367.17 for C17H28O7Na). 
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2-(2-(( 1,2:3,4-di-O-isopropylidene-6-deoxy-α-D-galactopyranosid-6-

yl)oxy)ethoxymethyl)oxirane, 17a 

Prepared from 17b by Procedure E.  Flash chromatography eluent: 15-20% Acetone/Hexanes.  

Colorless thick oil, 94 % yield.  RF = 0.19; 15% Acetone/Hexanes. 

1H NMR (400 MHz, CDCl3, 25 oC): δ 5.53 (d, J = 5.0 Hz, 1 H), 4.60 (dd, J = 8.1, 2.5 Hz, 1 H), 

4.30 (dd, J = 4.9, 2.4 Hz, 1 H), 4.26 (dd, J = 7.9, 1.5 Hz, 1 H), 3.98 (t, J = 6.1 Hz, 1 H), 3.79 

(dm, J = 11.7 Hz), 3.72-3.60 (m, 6 H), 3.47 (ddd, J = 11.6, 5.7, 3.3 Hz, 1 H), 3.15 (m, 1 H), 2.78 

(t, J = 4.7 Hz, 1 H), 2.61 (m, 1 H), 1.53 (s, 3 H), 1.43 (s, 3 H), 1.33 (s, 3 H), 1.32 (s, 3 H).  13C 

NMR (100 MHz, CDCl3, 25 oC): δ 109.3, 108.6, 96.4, 72.0, 71.9, 71.2, 70.9, 70.7, 70.6, 70.0, 

66.9, 50.9, 44.4, 26.2, 26.1, 25.0, 24.5.  ESI-MS m/z = 383.1698 [M + Na]+ (calcd 383.1682 for 

C17H28O8Na). 
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Chapter 3: Chemoselective Synthesis of Functional Homocysteine Residues in 

Polypeptides and Peptides 

Adapted from Gharakhanian, E.G.; Deming T.J. Chem. Commun., 2016, 52, 5336-9 with 

permission from The Royal Society of Chemistry. 

 

3.1 Abstract 

Methodology was developed for efficient, chemoselective transformation of methionine 

residues into stable, functional homocysteine derivatives. Methionine residues can undergo 

highly chemoselective alkylation reactions at low pH to yield stable sulfonium ions, which could 

then be selectively demethylated to give stable alkyl homocysteine residues. This mild, two-step 

process is chemoselective, efficient, tolerates many functional groups, and provides a means for 

creation of new functional biopolymers, site-specific peptide tagging, and synthesis of 

biomimetic and structural analogs of peptides. 

3.2 Introduction 

Practical methods for selective conversion of natural amino acids in peptides, 

polypeptides and proteins into different functional residues are desirable for many areas 

including chemical biology,1 materials science,2 and pharmaceuticals.3 The introduced 

functionality can provide probes for tracking,1,4 mimicking of post-translational modifications,1 

or a means to adjust biological and physical properties of biomacromolecules.2 Both biological5 

and chemical synthesis1 methods have been developed to either replace or convert natural 

residues using highly selective processes. In order to introduce functionality at unique sites, it is 

essential that the natural residues are present in low abundance, which has focused much 

attention on cysteine,6 methionine,5,7 and N-terminal residues.8 Most chemical strategies focus on 

the modification of highly nucleophilic cysteine residues.6 While many excellent methods are 

available for chemoselective cysteine modification, some are potentially limited by racemization 
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and moderate yields.6,9 Here, we have developed methodology for efficient, chemoselective 

transformation of methionines in peptides and polypeptides into stable, functional homocysteine 

derivatives. This process uses easily handled, readily available reagents, and allows facile 

incorporation of a wide range of functional modifications for different uses. 

 

 
Figure 3.1 Alkylation of M residues by displacement reactions or ring opening of epoxides. 

 

 Methionine residues (M) are a good choice for site-specific peptide and protein 

modification, as well as for post-polymerization polypeptide functionalization, since they occur 

in low abundance in proteins, are easily introduced into peptides and polypeptides usually 

without protecting groups, and can undergo highly chemoselective alkylation reactions at pH < 3 

in high yield (Figure 3.1).7 While alkyl methionine sulfonium (MR) products themselves are 

potentially valuable as functional derivatives,7 they can be unstable toward nucleophiles,10 and 

their cationic nature may be undesirable for some uses. Reactions of MR salts with nucleophiles 

can yield up to three different products (Figure 3.2).10 The demethylation pathway is attractive as 

it leads to stable alkyl homocysteine residues (R-CH), where the initial alkylating reagent reacted 

with M becomes the functional group in R-CH through a two-step transformation.  

 

Figure 3.2  Possible products for reaction of MR sulfonium residues with nucleophiles. Nu =  

nucleophile; AH = L-homoalanine. 
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However, pioneering studies on MR salts showed that dealkylation, demethylation and 

substitution reactions all can occur. Substitution occurs primarily when the nucleophile is 

intramolecular.11 Our lab has shown that MR salts containing labile R groups, e.g. benzyl, can be 

readily and selectively dealkylated, but this only leads back to the starting material M.10 

Selective demethylation to give an R-CH product was obtained for R = tBu,12 but required a 

complex procedure due to instability of the sulfonium intermediate, which dealkylates under 

most conditions.13 In effort to develop a versatile, selective process for conversion of M to R-CH 

in peptides and polypeptides, we studied the reactions of MR salts with nucleophiles in greater 

detail. 

3.3 Results and Discussion 

Our lab has reported that formation of MR salts from M residues in peptides, 

polypeptides and proteins can be accomplished chemoselectively and quantitatively using a 

variety of functional alkylating reagents (Figure 3.1).7,10,14 To favor demethylation, as opposed to 

dealkylation or substitution (Figure 3.2), the methyl substituent needs to be the most electrophilic 

site in the MR group. We found that labile R groups were readily removed from MR salts using 

thione and thiol nucleophiles, yet these were unable to demethylate MR salts when R = Me.10 We 

reasoned that more potent nucleophiles should be able to demethylate MR salts, and that use of 

more sterically demanding, non-labile R groups should favor the demethylation pathway over 

dealkylation. Since MR salts prepared by reaction of M with functional epoxides were shown to 

be stable against dealkylation under a variety of conditions (see Chapter 2),7 we studied the 

reactions of a model poly(L-methionine sulfonium), poly(S-(2-hydroxy-4,7,10,13- 

tetraoxatetradecyl)-L-methionine sulfonium chloride)60, MEG3
60 (see Chapter 2),7 with different 

nucleophiles in NaOAc buffered 95% EtOH (Figure 3.3).  We chose to use MEG3
60 since it 
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allows for facile purification and isolation of products via precipitation and dialysis, and the 

uniform sequence of MEG3
60 also allows for facile product characterization by NMR. While KI 

and 2-mercaptopyridine gave no reaction, and sodium thioglycolate gave 7% dealkylation, the 

more potent nucleophiles sodium thioacetate and ammonium pyrrolidinedithiocarbamate 

(APDC) were found to give selective and quantitative demethylation at 24 h to the 

corresponding fully functionalized poly(L-homocystene) derivative, EG3-CH
60 (Figure 3.3). At a 

shorter reaction time of 3 h, APDC gave higher conversion to EG3-CH groups compared to less 

nucleophilic thioacetate (Figure 3.4), and hence was used for all subsequent studies. 

 
 

Nucleophile 

Product 

Selectivity (%) 

MEG

3 

EG3

-CH 

M

  

 

 

None 100 0 0 

KI 100 0 0 

 
93 0 7 

 

100 0 0 

 
0 100 0 

 0 100 0 

 

Figure 3.3 Reaction of MEG3
60 with various nucleophiles.  Product selectivity indicates percent  

conversion to each type of product functional group. Conditions: MEG3
60 and 5 eq nucleophile in 

sodium acetate-buffered 95% EtOH for 24h at 22 °C, followed by dialysis. Isolated yields ranged 

from 92 to 100%. 
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Nucleophile Conversion (%) 

 
20 

 

80 

 

Figure 3.4 Comparison of extent reaction conversion (i.e. percent of methionine sulfonium  

groups converted) using thioacetate or APDC nucleophiles for the demethylation of MEG3
60 at 3h 

time point. Conditions: MEG3
60 and 5 eq nucleophile in 75% EtOH for 3h at 22 °C, quenched 

with HCl(aq), followed by dialysis.  

 

 The successful selective demethylation of MEG3
60 to EG3-CH

60 was found to be highly 

dependent on both the choice of nucleophile as well as the solvent used. The combination of 

resonance stabilized anionic nucleophiles (thioacetate or APDC) with less polar, EtOH rich 

solvent mixtures was found to be optimal for efficient demethylation. Use of EtOH/water 

mixtures with lower EtOH content led to much slower, albeit selective demethylation reactions ( 

Figure 3.5). These results agree with early studies on sulfonium hydrolysis that show ion-pairing 

occurs in low dielectric constant solvent mixtures, i.e. > 75% EtOH, which accelerates the 

reaction of sulfonium ions paired with anionic nucleophiles.15 In addition, the electron 

delocalization in APDC may provide additional demethylation rate enhancement similar to that 

seen with sulfonium hydrolysis in the presence of acetate ions.16 Using APDC and 75% EtOH, 

we found that complete conversion of MEG3
60 to EG3-CH

60 occurred in ca. 8 h at 22 °C 

 (Figure 3.6, Figure 3.8).  
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Mass Fraction EtOH (%) 
Conversion (%) 

3h 24h 

0 10 58 

50 33 99 

75 80 100 

 

 

Figure 3.5 Influence of EtOH/H2O solvent composition on demethylation rate.  Conditions:  

MEG3
60 and 5 eq APDC in 0-75% EtOH for 3-24h at 22 °C, quenched with HCl(aq), followed by 

dialysis. Conversion = percent of methionine sulfonium groups converted.   

 

Figure 3.6 Conversion vs. time for demethylation of MEG3
60 using APDC.  Conditions: MEG3

60  

and 5 eq APDC in 75% EtOH for 0-22h at 22 °C, quenched with HCl(aq), followed by dialysis. 

Conversion = percent of methionine sulfonium groups converted.   

 

 

Figure 3.7 Selectivity for demethylation versus dealkylation. Conditions: 1a-6a and 5 eq. APDC  
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in 75% EtOH for 24h at 22 °C.  1, 5, 6 dialyzed.  2-4 washed with MeOH.  a = M is the only 

possible product. Yields are of isolated, purified, fully converted polypeptides. 

 

 To further examine the selectivity of the demethylation reaction, we prepared a series of 

fully functionalized poly(L-methionine sulfonium)s, MR
60, where R were alkyl substituents of 

different size and electrophilicity (samples 1a-6a, Figure 3.7, (see Chapter 2).7 Under optimized 

reaction conditions from above, we found that poly(S-methyl-L-methionine sulfonium), 1a, 

could be converted completely back to poly(L-methionine) in high yield. Notably, poly(S-ethyl-

L-methionine sulfonium), 2a, gave the fully demethylated product with 93% selectivity in high 

yield, showing that the steric difference between ethyl and methyl is enough to strongly favor the 

demethylation pathway. Larger n-alkyls, 3a and 4a, gave exclusively the fully demethylated R-

CH products. These reactions allow straightforward conversion of M residues to known analogs 

such as ethionine and buthionine.17 Sulfoniums with activated alkyls, such as allyl (5a) and 

benzyl (6a), were found to give exclusively the fully dealkylated product poly(L-methionine),10 

confirming that demethylation does not occur if R has enhanced electrophilicity. 
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Figure 3.8 1H NMR spectra at indicated time points for the reaction of MEG3
60 with APDC.   

Resonances highlighted in red correspond to the methyl protons from MEG3
60 residues (*); 

resonances highlighted in blue correspond to the of two sets of methylene protons from EG3-

CH
60 residues (*). 
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Figure 3.9  Complete conversion of MR
60 to R-CH

60. Conditions:  7a-12a and 5 eq. APDC in  

75% EtOH for 24h at 22 °C, then dialyzed.  a = Washed with MeOH in lieu of dialysis. b = 

Starting material protected, and product deprotected by treating with K2CO3 before dialysis (See 

SI).  Yields are of isolated, deprotected, and purified polypeptides. 

 

 As seen above with MEG3
60, MR residues derived from epoxide alkylations of M strongly 

favor demethylation when treated with APDC, with possible enhanced selectivity due to the 

presence of the β-OH substituents on these R groups.18 To test the functional group tolerance of 

M to R-CH conversions, a variety of fully functionalized MR
60 derivatives were prepared in high 

yield using readily obtained, functional epoxides (samples 7a-12a, Figure 3.9, see Chapter 2).7 

All the examples shown (Figure 3.9) gave exclusively the fully demethylated products in high 

yields after treatment with APDC. Reactive azido groups were readily incorporated (7), as well 

as charged (8,9) and zwitterionic (10) groups. Polar, non-ionic oligoethylene glycol (11) and 

monosaccharide (12) functionalized R-CH were also selectively prepared in high yield, providing 

an economical route to functional polypeptides with desirable properties.19 It is worth noting that 



76 

samples 7-12 all possessed good solubility (> 10 mg/mL) in water at 22 °C, which was enhanced 

by the presence of the hydroxyl groups. 

 

 

 

Figure 3.10 Effect of chemical transformations on polypeptide properties. A) Scheme for  

complete conversion of helical, water-insoluble M60 to disordered, water soluble 11a (MEG3
60), 

then to helical, water soluble 11 (EG3-CH
60) via M alkylation followed by demethylation. B) CD 

spectra of M60, 11a and 11 in either THF (M60) or DI water (11a & 11). For M60, no data are 

presented below 204 nm due to solvent absorption that prohibits data collection. 11 found to be 

85% α-helical. All CD spectra recorded at 0.5 mg/ml, 20 °C. 

 

The characteristic solubility and conformational changes that occur in the complete 

transformation of an M60 polymer to an MR
60 polymer then to the R-CH

60 product are shown by 

the example in Figure 3.10. Poly(L-methionine) is a hydrophobic polypeptide with poor water 

solubility that adopts a rigid α-helical conformation (M60, Figure 3.10).20 After alkylation, 

resulting MR
60 polymers (11a (MEG3

60), Figure 3.10) are highly charged polyelectrolytes with 

good water solubility and disordered chain conformations. After demethylation, the R-CH
60 

polymers contain non-ionic thioether linkages, and are hydrophilic, water soluble polymers that 

can adopt stable α-helical conformations if the R substituents are not charged (11 (EG3-CH
60), 

Figure 3.10). The ability of EG3-CH
60 to adopt a predominantly helical conformation also shows 
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that ordered chain conformations can be obtained, which are beneficial for tuning polypeptide 

properties, and may allow for improved biomimicry in peptide derivatives.2 

 

 

 

Figure 3.11 Chemoselective modification of met-enkephalin amide (13). (A) Reaction scheme  

for modification of M residues in 13 to yield azido functionalized R-CH residues. ESI-MS 

spectra of (B) starting peptide 13, with the proton [13+H]+ and sodium [13+Na]+ adducts 

labeled; (C) Product after alkylation, with molecular ion [14]+ and characteristic  fragment [14-

RSMe]+ labeled; and (D) Product after demethylation, with proton [15+H]+ and sodium 

[15+Na]+ adducts labeled. R = 3-azido-2-hydroxypropyl.  

 

 To show the conversion of M to R-CH residues is not only applicable to polypeptides, we 

also studied this conversion in a model bioactive peptide, met-enkephalin amide (13) (Figure 

3.11a,b). Enkephalins are natural, endogenous opioid peptides that are conformationally flexible 

and tolerate substantial chemical modification.3b Numerous structure-activity relationship studies 

have been conducted on enkephalins to improve and understand their selectivity for binding to 

different opioid receptors, and are aimed at developing better treatment of neuropathic pain.3b,21 

In addition to the use of conformational restraints, glycosylation and addition of lipophilic and 
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aromatic groups have been used to modify enkephalins to improve their activity, receptor 

selectivity, and bioavailability.3b,21,22 Hence, we reasoned that conversion of M residues to 

functional R-CH analogs in met-enkephalin amide may have potential value for such studies.  

 Similar to our prior work on M alkylation in peptides (see Chapter 2),7,10 treatment of 13 

with glycidyl azide in glacial AcOH gave a dominant product (14), where the M residue was 

chemoselectively alkylated. The identity of 14 was determined using ESI-MS (Figure 3.11a,c), 

where the parent ion [14]+ showed addition of a single 100 Da 3-azido-2-hydroxypropyl group to 

each peptide. The presence of a fragment corresponding to the loss of a thioether group [14-

RSMe]+, which commonly occurs during MS analysis of MR ions,23 also confirmed that 

alkylation was exclusively occurring at the M residues. Subsequent demethylation of 14 using 

APDC gave the desired product 15, which was confirmed by observation of the [15+H]+ and 

[15+Na]+ adducts by ESI-MS (Figure 3.11a,d). Expanded range ESI-MS data for all samples are 

shown in Figure 3.12.  High conversion in the demethylation reaction of 14 was seen by LC-MS 

analysis of the crude reaction mixture, which showed 15 as the predominant product (84% 

purity, Figure 3.13).    
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Figure 3.12 Expanded ESI-MS data for the modifications of 13. Top: ESI-MS data for 13 with  

[13+H]+ (573.0398 m/z) and [13+Na]+ (595.0241 m/z) ions labeled. Middle: ESI-MS data for 14 

with [14]+ (672.2755 m/z) and fragment [14-RSMe]+ (525.2473 m/z) ions labeled. Bottom:  ESI-

MS data for 15 with [15+H]+ (658.2784 m/z), [15+Na]+ (680.2617 m/z) and fragment [15-Tyr]+ 

(493.9630 m/z) ions labeled. 
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Figure 3.13 LC-MS data for 15.  Conditions: 14 (8.2 mM) and APDC (82 mM) in 75% EtOH at  

22 °C for 26h.  Crude reaction mixture directly injected for LC-MS analysis.  A) Scheme for 

synthesis of 15.  B) UV trace (l = 280.4 nm) for LC of 15.  C) MS of LC peak at 12.659 min 

confirming identity of [15+TFA]- (770.2 m/z).   

 

3.4 Conclusion 

Here, we described methodology for complete conversion of M residues in peptides and 

polypeptides into functionalized R-CH derivatives. This mild process is chemoselective, tolerates 

a variety of functional groups, and gives excellent yields of products. Previously, M residues, 

mainly as the amino acid, have been converted to R-CH analogs through use of Na/NH3,
24 which 

is incompatible with some functional groups and can lead to racemization,25 resulting in this 

method being rarely used for peptides. We envision our methodology for facile preparation of 

stable R-CH derivatives from natural M residues will provide many opportunities for creation of 

new functional biopolymers, site-specific peptide tagging, and synthesis of biomimetic and 

structural analogs of peptides. 

 This work was supported by the NSF under MSN 1412367. We thank Brice Curtin and 

Professor Patrick Harran for access to equipment and assistance with LC-MS studies. 
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3.5 Experimental 

3.5.1 Materials and Methods 

Unless otherwise stated, all polymer functionalization reactions were performed in glass vials, 

under ambient atmosphere.  Small molecule reactions were performed under N2 using oven dried 

glassware.  All ethanol concentrations are reported in weight percent (w/w).  Reactions at 

elevated temperature were controlled using a Corning PC 420D thermostated hotplate equipped 

with a thermocouple probe.  CH2Cl2 was degassed by sparging with N2 and dried by passing 

through alumina columns.  Commercial anhydrous DMF and MeCN were used as received.  All 

other reagents were used as received.  Fisher ACS grade glacial AcOH was used as received.  

Met-Enkephalin amide (14) was obtained from GenScript and was reported >95% pure.  Alkyl 

triflates were synthesized according to established procedures and used promptly.26  Dialysis was 

performed using deionized water (18.2 MΩ-cm) prepared by passing in-house deionized water 

through a Millipore Milli-Q Biocel A10 unit.  In all other cases, in-house reverse osmosis 

purified water was used.  Thin-layer chromatography was performed with EMD gel 60 F254 

plates (0.25 mm thickness) and visualized using a UV lamp or permanganate stain.  Column 

chromatography was performed using Silicycle Siliaflash G60 silica (60-200 µm).  

Chromatography eluents are reported as volume percent (v/v).  Dialysis was performed using 

regenerated cellulose dialysis tubing obtained from Spectrum Labs.  CD Spectra were obtained 

with an Olis DSM 10 spectrophotometer using a 0.1 cm path length quartz cell.  NMR spectra 

were recorded on a Bruker AV400 instrument with chemical shifts reported relative to residual 

solvent signal.  Abbreviations of splitting pattern designations are listed in the abbreviation 

section.  ESI-MS was performed using a Waters LCT Premier spectrometer.  Small molecule 

samples were prepared in MeOH (1 mg/mL) and injected at a rate of 20 µL/min.  Peptide 



82 

samples (5 mM) were analyzed analogously using a 50% MeCN/H2O matrix.  Analytical HPLC 

was performed using an Agilent 1100 HPLC system equipped with a Waters Sunfire™ C18, 

4.6x250mm, 5µm column, an Agilent G1312A binary pump, a G1314A VWD and 6130 LC/MS 

system equipped with an ESI source.  Gradients of Solvent A (0.1% TFA/H2O) and Solvent B 

(0.1% TFA/MeCN) were used as the mobile phase, operated with a 1.00 mL/min flow rate. 

3.5.2 General Synthetic Procedures 

Poly(L-methionine)60, M60 

Prepared as described in Section 2.5.2.7 Found average DP = 58. 

 

M60 alkylation procedure A (Alkylation Procedure A) 

M60 was alkylated with an alkyl halide in H2O as previously reported.7 

 

M60 alkylation procedure B (Alkylation Procedure B) 

M60 was alkylated with an alkyl triflate in CH2Cl2/MeCN as previously reported.7 

 

M60 alkylation procedure C (Alkylation Procedure C) 

M60 was alkylated with an epoxide as described in Section 3.5.2.7 

 

MR demethylation procedure A (Demethylation Procedure A) 

A solution of MR
60 in 75% EtOH(aq) (20 mM MR) was prepared in a vial and treated with APDC 

(5.0 eq per MR).  The headspace of the vial was briefly flushed with a stream of N2, then rapidly 

capped.  The mixture was stirred vigorously at 22 oC. The initially homogenous solution became 

turbid with precipitate (polypeptide) over the course of minutes (products 5 & 6) to hours (1-4).  
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After 24h, the reaction mixture was centrifuged and the supernatant separated.  The precipitate 

was triturated and then centrifuged 3x with MeOH, then 2x with H2O (both 40 μL per μmol MR 

in substrate) and lyophilized.   

 

MR demethylation procedure B (Demethylation Procedure B) 

A solution of MR
60 in 75% EtOH(aq) (20 mM MR) was prepared in a vial and was treated with 

APDC (5.0 eq per MR).  The headspace of the vial was briefly flushed with a stream of N2 and 

rapidly capped.  The vial was vortexed until homogenous, then allowed to stand for 24h at 22 oC. 

The reaction mixture was directly treated with K2CO3/H2O to cleave the protecting group(s) 

(detailed deprotection conditions described below in Section 3.5.6).  The reaction mixture was 

transferred to a 2 kDa MWCO dialysis bag and dialyzed against 50% MeOH(aq) containing 3 mM 

HCl or 3 mM NH3 (24h, 3 solvent changes) followed by H2O (8h, 3 H2O changes).  The retentate 

was lyophilized to provide the functionalized polypeptide. 

 

MR demethylation procedure C (Demethylation Procedure C) 

A solution of MR
60 in 75% EtOH(aq) (20 mM MR) was prepared in a vial and was treated with 

APDC (5.0 eq per MR).  The headspace of the vial was briefly flushed with a stream of N2 and 

rapidly capped.  The vial was vortexed until homogenous, then allowed to stand for 24h at 22 oC.  

The reaction mixture was transferred to a 2 kDa MWCO dialysis bag and dialyzed against 50% 

MeOH(aq) (24h, 3 solvent changes) followed by H2O (8h, 3 H2O changes).  The retentate was 

lyophilized, to provide the functionalized polypeptide. 

3.5.3 Synthesis of Alkylating Agents 
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Ethyl 2-(oxiran-2-ylmethoxy)acetate, 9b 

Ethyl 2-(allyloxy)acetate27 (0.95 g, 6.6 mmol, 1.0 eq) was dissolved in CH2Cl2 (25 mL).  

Commercial 70% mCPBA (2.4 g, 9.8 mmol, 1.5 eq) was added. The mixture was allowed to stir 

2 days at 22 oC, then cooled on an ice bath.  10% Na2SO3(aq) (12 mL) was added followed by 

10% Na2CO3(aq) (8.7 mL, 8.3 mmol, 1.3 eq) and EtOAc (60 mL). The solution was stirred for 10 

min, then transferred to a separatory funnel using EtOAc (60 mL) and H2O (40 mL) to complete 

the transfer. The mixture was partitioned.  The organic phase was washed with sat. NaHCO3(aq) 

(60 mL) and dried over Na2SO4.  The extract was concentrated in vacuo and the residue was 

purified by flash chromatography (35% EtOAc/Hexanes).  9b (0.73 g, 70% yield) was recovered 

as a colorless oil.  RF = 0.61; 40% EtOAc/Hexanes.    

1H NMR (400 MHz, CDCl3, 25 oC): δ 4.24 (q, J = 7.1 Hz, 2H), 4.15 (d, J = 16.4 Hz, 1H), 4.14 

(d, J = 16.5 Hz, 1H), 3.90 (dd, J = 11.7, 2.9 Hz, 1H), 3.49 (dd, J = 11.6, 5.9 Hz, 1H), 3.19 (m, 

1H), 2.80 (dd, J = 4.8, 4.2 Hz, 1H), 2.62 (dd, J = 4.9, 2.7 Hz, 1H), 1.28 (t, J = 7.2 Hz, 3H).  13C 

NMR (100 MHz, CDCl3, 25 oC): δ  170.1, 72.1, 68.5, 60.9, 50.6, 44.0, 14.2.  ESI-MS m/z = 

182.9952 [M+Na]+ (calcd 183.0633 for C7H12O4Na).  

 

 

Methyl O-(oxiran-2-ylmethyl)-N-(2,2,2-trifluoroacetyl)-(S)-serinate, 10b 

O-allyl-N-(2,2,2-trifluoroacetyl)-(S)-serine, 10d 

O-allyl-N-(tert-butoxycarbonyl)-(S)-serine28 (6.0 g, 25 mmol, 1.0 eq) was cooled on an ice bath.  

TFA (20 mL) was added.  TFAA (4.1 mL, 29 mmol, 1.2 eq) was added dropwise over 5 minutes.  
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The solution was stirred for 1h on the ice bath, then concentrated in vacuo.  The residue was 

directly purified by flash chromatography (0:40:60 to 0.5:40:59.5 HCOOH:EtOAc:Hexanes).  

10d was isolated as an orange-red viscous oil (5.0 g, 85% yield).     

1H NMR (400 MHz, CDCl3, 25 oC): δ 7.75-7.29 (br s, 1H), 7.14 (d, J = 7.7 Hz, 1H), 5.84 (m, 

1H), 5.26 (m, 2H), 4.78 (m, 1H), 4.04 (dt, J = 5.8, 1.3 Hz, 2H), 4.01 (dd, J = 7.0, 2.8 Hz, 1H), 

3.75 (dd, J = 9.8, 3.4 Hz, 1H).  13C NMR (100 MHz, CDCl3, 25 oC): δ 172.8, 157.6 (q, 38.5 Hz), 

133.2, 118.4, 117.0 (q, J = 287.0 Hz), 72.5, 68.2, 52.9.  19F{1H} NMR (376 MHz, D2O, 25 oC): δ 

-75.6.  ESI-MS m/z = 240.0082 [M-H]- (calcd 240.0484 for C8H9F3NO4). 

 

Methyl O-allyl-N-(2,2,2-trifluoroacetyl)-(S)-serinate, 10c 

10d (1.3 g, 5.1 mmol, 1.0 eq) and NaHCO3 (0.86 g, 10 mmol, 2.0 eq) were suspended in DMF 

(50 mL).  Methyl iodide (1.6 mL, 26 mmol, 5.0 eq) was added.  The suspension was stirred at 22 

oC overnight.  The mixture was concentrated in vacuo and the residue was directly purified by 

flash chromatography (15% EtOAc/Hexanes).  10c (1.0 g, 76% yield) was recovered as a pale 

yellow, mobile oil.  RF = 0.30; 15% EtOAc/Hexanes. 

1H NMR (400 MHz, CDCl3, 25 oC): δ 7.13 (br s, 1H), 5.81 (m, 1H), 5.25 (dm, 13.9 Hz, 1H), 

5.21 (dm, J = 6.9 Hz, 1H), 4.72 (dm, J = 8.2 Hz, 1H), 3.99 (dq, J = 5.7, 1.5 Hz, 2H), 3.94 (dd, J 

= 9.9, 3.0 Hz, 1H), 3.81 (s, 3H), 3.72 (dd, J = 9.8, 3.2 Hz, 1H).  13C NMR (100 MHz, CDCl3, 25 

oC): δ 169.1, 157.1 (q, J = 38.3 Hz), 133.5, 118.0, 117.1 (q, J = 288.6 Hz), 72.3, 68.5, 53.0, 53.0.  

19F{1H} NMR (376 MHz, D2O, 25 oC): δ -75.9.  ESI-MS m/z = 254.0211 [M-H]- (calcd 

254.0640 for C9H11F3NO4). 

 

Methyl O-(oxiran-2-ylmethyl)-N-(2,2,2-trifluoroacetyl)-(S)-serinate, 10b 
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10c (0.90 g, 3.5 mmol, 1.0 eq), was dissolved in a 0.45 M mCPBA solution in CH2Cl2
7 (12 mL, 

5.3 mmol, 1.5 eq).  The mixture was allowed to stir 3 days at 22 oC, then cooled on an ice bath.  

10% Na2SO3(aq) (7 mL) was added followed by 10% Na2CO3(aq) (4.6 mL, 4.4 mmol, 1.3 eq) and 

EtOAc (60 mL). The solution was stirred for 10 min.  H2O (20 mL) was added, then the mixture 

was partitioned.  The organic phase was washed with sat. NaHCO3(aq) (30 mL) and dried over 

Na2SO4.  The extract was concentrated in vacuo and the residue was purified by flash 

chromatography (35-40% EtOAc/Hexanes).  10b (0.73 g, 76% yield) was recovered as a 

colorless oil.  Epoxide dr: 2:1 (1H NMR).  RF = 0.25; 40% EtOAc/Hexanes.   NMR data is for 

major diastereomer.   

1H NMR (400 MHz, CDCl3, 25 oC): δ 4.69 (m, 1H), 4.10 (dd, J = 10.2, 3.3 Hz, 1H), 3.81 (m, 

2H), 3.77 (s, 3H), 3.73 (dd, J = 10.1, 3.2 Hz, 1H), 3.43, (dd, J = 12.0, 5.4 Hz, 1H), 3.07 (m, 1H), 

2.76 (t, J = 5.0 Hz, 1H), 2.59 (dd, J = 5.0, 2.8 Hz, 1H).  13C NMR (100 MHz, CDCl3, 25 oC): δ 

168.0, 156.9 (q, J = 37.1 Hz), 117.1 (q, J = 285.5 Hz), 71.6, 70.4, 53.2, 53.0, 50.7, 43.7.  19F{1H} 

NMR (376 MHz, D2O, 25 oC): δ -75.9.  ESI-MS m/z = 293.9496 [M+Na]+ (calcd 294.0565 for 

C9H12F3NO5Na). 

3.5.4 Synthesis of MR Polymers 

 

Poly(S-methyl-L-methionine sulfonium chloride), 1a 

Prepared from M60 and methyl iodide using Alkylation Procedure A.  Spectral data in agreement 

with those previously reported.7 
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Poly(S-ethyl-L-methionine sulfonium chloride), 2a 

Prepared from M60 and ethyl triflate using Alkylation Procedure B. Yield: 99%. 

1H NMR (400 MHz, D2O, 25 oC): δ 4.68-4.55 (br m, 1H), 3.60-3.30 (br m, 4H), 2.98 (d, J = 5.2 

Hz, 3H), 2.51-2.17 (br m, 2H), 1.50 (dt, J = 7.4, 2.8 Hz, 3H). 

 

 

Poly(S-(n-propyl)-L-methionine sulfonium chloride), 3a 

Prepared from M60 and propyl triflate using Alkylation Procedure B. Yield: 97%. 

1H NMR (400 MHz, D2O, 25 oC): δ 4.71-4.53 (br m, 1H), 3.74-3.23 (br m, 4H), 2.98 (d, J = 5.2 

Hz, 3H), 2.59-2.14 (br m, 2H), 2.05-1.79 (br m, 2H), 1.11 (t, J = 7.3 Hz, 3H). 

 

 

Poly(S-(n-butyl)-L-methionine sulfonium chloride), 4a 

Prepared from M60 and butyl triflate using Alkylation Procedure B. Yield: 96%. 

1H NMR (400 MHz, D2O, 25 oC): δ 4.72-4.50 (br m, 1H), 3.62-3.29 (br m, 4H), 2.99 (d, J = 5.0 

Hz, 3H), 2.58-2.17 (br m, 2H), 1.85 (m, 2H), 1.54 (sext, J = 7.3 Hz, 2H), 0.99 (t, J = 7.3 Hz, 3H). 
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Poly(S-allyl-L-methionine sulfonium chloride), 5a 

Prepared from M60 via a modified Alkylation Procedure A.  M60 (16 mg, 0.122 mmol M, 1.0 eq) 

was suspended in AcOH.  Allyl bromide (32 μL, 0.37 mmol, 3.0 eq) was added.  The mixture 

was vigorously stirred at 37 oC.  After 24h, the limpid solution was transferred to a 2 kDa 

MWCO dialysis bag and dialyzed against 3 mM HCl(aq) (24h, 3 H2O changes). The retentate was 

lyophilized, to provide 5 (25 mg, 99% Yield).  

1H NMR (400 MHz, D2O, 25 oC): δ 6.07-5.89 (br m, 1H), 5.84-5.61 (br m, 2H), 4.66-4.55 (br m, 

1H), 4.26-4.03 (br m, 2H), 3.57-3.32 (br m, 2H), 2.94 (t, J = 6.0 Hz, 3H), 2.53-2.18 (br m, 2H).  

 

 

Poly(S-benzyl-L-methionine sulfonium chloride), 6a 

Prepared from M60 and benzyl bromide using Alkylation Procedure A.  Spectral data in 

agreement with those previously reported.7 

 

 

Poly(S-(3-azido-2-hydroxypropyl)-L-methionine sulfonium chloride), 7a 

Prepared from M60 and glycidyl azide (see Section 2.5.3). 
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Poly(S-(2-hydroxy-3-(2,2,2-trifluoroacetamido)propyl)-L-methionine sulfonium chloride), 

8a 

Prepared from M60 and glycidyl trifluoroacetamide (see Section 2.5.3).   

 

 

Poly(S-(3-((1-ethoxy-1-oxoeth-2-yl)oxy)-2-hydroxypropyl)-L-methionine sulfonium 

chloride), 9a 

Prepared from M60 and 9b using Alkylation Procedure C.  Dialysis was conducted against 6 mM 

NaCl (24h, 3 H2O changes) then H2O (8h, 3 H2O changes) instead of HCl(aq), to reduce 

hydrolysis of the uncharacteristically labile ethyl ester.  Recovered product showed 34% ethyl 

ester deprotection.  Yield 96%.   

1H NMR (400 MHz, D2O, 25 oC): δ 4.70-4.51 (br m, 1H), 4.51-4.35 (br m, 1H), 4.35-4.21 (br m, 

2.6H), 4.01 (s, 0.6H), 3.97-3.40 (br m, 6H), 3.21-2.92 (br m, 3H), 2.55-2.18 (br m, 2H), 1.30 (t, J 

= 7.2 Hz, 2H). 
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Poly(S-(3-(((S)-1-methoxy-1-oxo-2-(2,2,2-trifluoroacetamido)prop-3-yl)oxy)-2-

hydroxypropyl)-L-methionine sulfonium chloride), 10a 

Prepared from M60 and 10b using Alkylation Procedure C.  Yield: 96%   

1H NMR (400 MHz, D2O, 25 oC): δ 4.98-4.89 (br m, 1H), 4.71-4.56 (br m, 1H), 4.44-4.32 (br m, 

1H), 4.06-4.96 (br m, 2H), 3.83 (s, 3H), 3.79-3.34 (br m, 6H), 3.15-2.96 (br m, 3H), 2.58-2.17 

(br m, 2H). 19F{1H} NMR (376 MHz, D2O, 25 oC): -75.1.  

 

 

Poly(S-(2-hydroxy-4,7,10,13-tetraoxatetradecyl)-L-methionine sulfonium chloride), 11a 

Prepared from M60 and 2-(2,5,8,11-tetraoxadodecyl)oxirane (see Section 2.5.3). 

 

Poly(S-((3-(2-(6-deoxy-D-galactopyranosid-6-yl)oxy)ethoxy)-2-hydroxypropyl)-L-

methionine sulfonium chloride), 12a 

Prepared from M60 and 2-(2-((1,2:3,4-di-O-isopropylidene-6-deoxy-α-D-galactopyranosid-6- 

yl)oxy)ethoxymethyl)oxirane followed by deprotection (see Section 2.5.3). 

3.5.5 Studies of Demethylation Reaction Conditions 

Example reaction of MR
60 with various nucleophiles 

A stock solution of 11a (22 mg/mL, 55 mM MR) in 95% EtOH was prepared.  A buffered 

ethanol solution was prepared by mixing equal volumes of 0.27 M NaOAc in 95% EtOH with 
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0.27 M AcOH in 95% EtOH.  11a stock (0.33 mL, 0.018 mmol MR, 1.0 eq) was diluted with 

buffered ethanol (0.33 mL).  Nucleophile (KI, 2-mercaptopyridine, potassium thioaceate or 

APDC) (0.090 mmol, 5.0 eq) was added if required. The reaction mixture was vortexed briefly 

and allowed to stand at 22 oC for 24h.  The reaction mixture was transferred to a 2 kDa MWCO 

dialysis bag and dialyzed against H2O (36h, 5 H2O changes).   The retentate was lyophilized and 

the reaction selectivity determined by 1H NMR. 

   

For thioglycolate the procedure was as above, except a NaOAc solution was used instead of 

buffer.  Therefore, 11a stock (0.33 mL, 0.018 mmol MR, 1.0 eq) was diluted with 0.27 M 

NaOAc in 95% EtOH (0.33 mL).  Thioglycolic acid (0.090 mmol, 6.2 µL, 5.0 eq) was added.  

From there the procedure was as above. 

Comparison of extent of reaction conversion 

An 11a stock solution (7.8 mg/mL, 20 mM MR) in 75% EtOH(aq) was prepared.  11a stock (0.65 

mL, 0.013 mmol MR, 1.0 eq) was added to a vial containing an accurately weighed quantity of 

APDC (11 mg, 0.064 mmol, 5.0 eq) or potassium thioacetate (7.4 mg, 0.064 mmol, 5.0 eq).  The 

headspace of the vial was briefly flushed with N2 then rapidly capped.  The reaction was stirred 

for 3.0h at 22 oC.  The reaction was then immediately quenched with 3 drops of con. HCl(aq), 

transferred to a 2 kDa MWCO dialysis bag and dialyzed against 3 mM HCl(aq) (4h, 2 H2O 

changes) followed by H2O (24h, 3 H2O changes).   The retentate was lyophilized and extent of 

reaction conversion determined by 1H NMR. 
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Influence of EtOH/H2O solvent composition on demethylation rate  

As above, using 11a stock solutions in 75% EtOH(aq), 50% EtOH(aq) or 0% EtOH(aq).  Aliquots 

were removed from the reaction and quenched at either 3h or 24h time points.     

 

Conversion vs. time study 

As preceding experiments, this study was performed using a stock solution of 11a in 75% 

EtOH(aq).  Aliquots were removed from the reaction mixture and quenched at 0.33, 0.83, 2.0, 3.0, 

5.0, 8.0 and 22.0h time points. 

 

For the 0.00h time point a slight deviation was made.  11a stock (0.65 mL, 0.013 mmol MR, 1.0 

eq) was treated with 3 drops of con. HCl(aq).  APDC (11 mg, 0.064 mmol, 5.0 eq) was added.  

The mixture was vortexed until homogenous and allowed to stand for 2 minutes.  The mixture 

was transferred to dialysis and isolated as in preceding experiments. 

3.5.6  Details for Synthesis of Specific R-CH Polymers 

 

Poly(L-Methionine), 1, 5-6 

Prepared from 1a, 5a or 6a using Demethylation Procedure A.  5a and 6a became turbid with 

precipitate (polypeptide) in <10 min, while for 1a precipitate began forming after ~6h. 

1H NMR (400 MHz, D-TFA, 25 oC): δ 4.93-4.70 (br m, 1H) 2.77-2.53 (br m, 2H) 2.29-1.94 (br 

m, 5H). 
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Poly[(S-ethyl-L-homocysteine)0.93-stat-(L-Methionine)0.07], 2 

Prepared from 2a using Demethylation Procedure A. 

1H NMR (400 MHz, D-TFA, 25 oC): δ 4.98-4.82 (br m, 1.07H), 2.88-2.55 (br m, 4.14H), 2.38-

2.03 (br m, 2.4H), 1.53-1.12 (t, J = 7.6 Hz, 3H).   

 

 

Poly(S-propyl-L-homocysteine), 3 

Prepared from 3a using Demethylation Procedure A. 

1H NMR (400 MHz, D-TFA, 25 oC): δ 4.93-4.77 (br m, 1H), 2.89-2.63 (br m, 2H), 2.59 (t, J = 

7.4 Hz, 2H), 2.27-2.07 (br m, 2 H), 1.65 (sext, J = 7.4 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H).  

 

 

Poly(S-Butyl-L-homocysteine), 4 

Prepared from 4a using Demethylation Procedure A. 

1H NMR (400 MHz, D-TFA, 25 oC): δ 5.52-5.13 (br m, 1H), 3.32-3.09 (br m, 2H), 3.05 (t, J = 

7.6 Hz, 2H), 2.73-2.52 (br m, 2H), 2.03 (p, J = 7.6 Hz, 2H), 1.86 (sext, J = 7.6 Hz, 2H), 1.35 (t, J 

= 7.6 Hz, 3H).  
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Poly(S-(3-azido-2-hydroxypropyl)-L-homocysteine), 7 

Prepared from 7a using Demethylation Procedure A. 

1H NMR (400 MHz, D-TFA, 25 oC): δ 5.26-4.68 (br m, 1H), 4.36-4.07 (br m, 1H), 3.89-3.43 (br 

m, 2H), 3.16-2.58 (br m, 4H), 2.43-2.04 (br m, 2H). 

 

 

Poly(S-(3-ammonio-2-hydroxypropyl)-L-homocysteine chloride), 8 

Prepared from 8a using Demethylation Procedure B.  Deprotection conditions:  H2O (7.5 µL per 

μmol R-CH) and K2CO3 (10 eq per R-CH) were added.  Allowed to stir vigorously at 40 oC for 

48h.   Dialysis conditions: 50% MeOH(aq) containing 3 mM HCl (24h, 3 solvent changes) 

followed by H2O (8h, 3 H2O changes).  

1H NMR (400 MHz, D2O, 25 oC): δ 4.67-4.39 (br m, 1H), 4.18-3.97 (br m, 1H) 3.32 (d, J = 12.9 

Hz, 1H), 3.04 (dd, J = 12.9, 9.6 Hz, 1H), 2.95-2.49 (br m, 4H), 2.23-2.00 (br m, 2H).  

 

 

Poly(ammonium S-(3-(carboxylatomethoxy)-2-hydroxypropyl)-L-homocysteine), 9 



95 

Prepared from 9a using Demethylation Procedure B.  Deprotection conditions:  H2O (5.5 µL per 

µmol R-CH) and K2CO3 (6 eq per R-CH) were added.  The mixture was allowed to stir 18h at 37 

oC.  Dialysis conditions: 50% MeOH(aq) containing 3 mM NH3 (24h, 3 solvent changes) followed 

by H2O (8h, 3 H2O changes).   

1H NMR (400 MHz, D2O, 25 oC): δ 4.49-4.21 (br m, 1H), 4.22-3.86 (br m, 3H), 3.81-3.51 (br m, 

2H), 3.27-3.55 (br m, 4H), 2.42-1.97 (br m, 2H). 

 

 

Poly(S-((S)-3-2-ammonio-2-carboxylatoethoxy)-2-hydroxypropyl)-L-homocysteine), 10 

Prepared from 10a using Demethylation Procedure B.  Deprotection conditions:  H2O (7.5 µL 

per μmol R-CH) and K2CO3 (10 eq per R-CH) were added.  Allowed to stir vigorously at 40 oC 

for 48h.  Dialysis conditions: 50% MeOH(aq) containing 3 mM NH3 (24h, 3 solvent changes) 

followed by H2O (8h, 3 H2O changes).   

1H NMR (400 MHz, D2O, 25 oC): δ 4.8-4.7 (1H)*, 4.61-4.16 (br m, 1H), 4.15-3.82 (br m, 3H), 

3.82-3.45 (br m, 2H), 3.15-2.48 (br m 4H), 2.48-1.84 (br m, 2H). *Obscured by solvent residual 

peak. 

 

 

Poly(S-(2-hydroxy-4,7,10,13-tetraoxatetradecyl)-L-homocysteine), 11 

Prepared from 11a using Demethylation Procedure C. 
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1H NMR (400 MHz, D2O, 25 oC): δ 4.50-4.15 (br m, 1H), 4.07-3.92 (br m, 1H), 3.85-3.51 (br m, 

14H), 3.41 (s, 3H), 3.10-2.57 (br m, 4H), 2.57-1.96 (br m, 2H).  

 

 

Poly(S-((3-(2-(6-deoxy-D-galactopyranosid-6-yl)oxy)ethoxy)-2-hydroxypropyl)-L-

homocysteine), 12 

Prepared from 12a using Demethylation Procedure C.  The product was found to contain a 1:2 

ratio of α:β anomers (1H NMR) in D2O at 25 oC.  Identification of anomers based on reported 

spectral assignments of D-galactose.29   

1H NMR (400 MHz, D2O, 25 oC): δ 5.29 (m, 0.34H), 4.62 (d, J = 7.8 Hz, 0.66H), 4.54-4.29 (br 

m, 1H), 4.29-3.41 (br m, 13H), 3.10-2.56 (br m, 4H), 2.56-1.84 (br m, 2H). 

 

3.5.7 Peptide Modifications 

 

H-YGGF(MN3)-NH2, 14 

A 35 mM solution of 13 in AcOH was prepared.  A 150 mM solution of glycidyl azide in AcOH 

was prepared immediately before use.  The solution of 13 (0.11 mL, 3.8 μmol, 1.0 eq) was 

treated with the glycidyl azide solution (0.25 mL, 38 μmol, 10 eq).  The mixture was stirred on a 

30 oC H2O bath for 24h.  The volatiles were removed under high vacuum at 22 oC.  The residue 
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was triturated with Et2O (2x 1.0 mL) then dissolved in 10 mM HCl(aq) (1 mL).  The solution was 

lyophilized to provide 14 (2.4 mg, 88% yield) as a colorless amorphous solid.  

ESI-MS m/z = 672.2780 [M]+ (calcd 672.2927 for C30H42N9O7S). 

 

 

H-YGGF(N3-CH)-NH2, 15 

14 (2.2 mg, 3.3 μmol, 1.0 eq) was dissolved in an 82 mM APDC solution in 75% EtOH(aq) (0.40 

mL, 33 μmol, 10 eq).  The solution was stirred for 26h under N2, then directly analyzed by 

HPLC-MS. Crude 15 was found to be 84% pure (% a/a) by UV (280.4 nm). ESI-MS 

concomitantly showed [15+TFA]- (calcd: 770.3 m/z, found: 770.2 m/z).  The reaction mixture 

was also analyzed by high resolution ESI-MS.   

ESI-MS m/z = 658.2784 [M+H]+ (calcd 658.2771 for C29H40N9O7S). 
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Chapter 4: Role of Side-Chain Molecular Features in Tuning Lower Critical 

Solution Temperatures (LCSTs) of Oligoethylene Glycol Modified Polypeptides 

This chapter is reproduced in part with permission from: 

Gharakhanian E.G.; Deming T.J.  J. Phys. Chem. B, 2016, 120, 6096–6101. 

Copyright 2016, American Chemical Society. 

 

4.1 Abstract 

A series of thermoresponsive polypeptides has been synthesized using methodology that 

allowed facile adjustment of side-chain functional groups. The lower critical solution 

temperature (LCST) properties of these polymers in water were then evaluated relative to 

systematic molecular modifications in their side-chains. It was found that in addition to the 

number of ethylene glycol repeats in the side-chains, terminal and linker groups also have 

substantial, and predictable effects on cloud point temperatures (Tcp). In particular, we found that 

the structure of these polypeptides allowed for inclusion of polar hydroxyl groups, which 

significantly increased their hydrophilicity and decreased the need to use long oligoethylene 

glycol repeats to obtain LCSTs. The thioether linkages in these polypeptides were found to 

provide an additional structural feature for reversible switching of both polypeptide 

conformation and thermoresponsive properties.  

4.2 Introduction 

Polymers that respond to temperature in solution, especially in aqueous media, have 

received much attention for a variety of applications such as stimulus-responsive assemblies, and 

as materials for potential use in medicine.1-3 Double hydrophilic block copolymers containing a 

thermoresponsive segment, i.e. possessing a lower critical solution temperature (LCST), are able 
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to transform from solutions in water into hydrogels4,5 or suspensions of nanoparticles6,7 upon 

heating to above the LCST. In recent years there has been considerable development of new 

polymers that possess LCSTs in water, primarily based on repeats bearing short oligoethylene 

glycol (OEG) side-chains.8 Initial efforts in this area focused on polymethacrylates and 

polyacrylates containing OEG side-chain groups,9-12 and now this motif has been used to prepare 

other types of thermoresponsive polymers, such as OEG containing polypeptides.13-23  

Thermoresponsive polypeptides are desirable compared to other polymers since they can 

degrade in living systems, which is advantageous for biological and medical applications. OEG 

containing thermoresponsive polypeptides have been prepared using a variety of methods, using 

different core amino acid residues, and also with a wide range in number of ethylene glycol (EG) 

repeats and means of their attachment to different residues.13-23 While many thermoresponsive 

polypeptides have been described that possess LCSTs, there is limited understanding of how the 

molecular features of different side-chain structures affect solution properties. For most 

thermoresponsive polypeptides, LCST is mainly adjusted by variation of the number of side-

chain EG repeats, with less attention given to the components of different linkages.13-23 Hence, it 

can be difficult to understand the differences in thermoresponsive properties of OEG containing 

polypeptides prepared using different amino acids and side-chain linkages. Here, we have 

utilized a recently developed synthetic methodology that allows facile modification of 

polypeptide side-chains (see Chapters 2 and 3) 24,25 to prepare a series of thermoresponsive OEG 

containing polypeptides, where the number of EG repeats, EG terminal groups, and linkage 

groups were all systematically varied in order to obtain insights on how these molecular features 

affect LCST behavior (Figure 4.1). Using this family of polypeptides with side-chain diversity, 

we show that adjustment of each of these molecular features can be used to predictably adjust 
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LCST, allowing for an understanding of how different molecular components influence 

polypeptide solution properties.  

 

Sample n R 1 (% yield) 2 (% yield) 

a 1 H 100 98 

b 1 Me 97 80 

c 1 Ac 94 97 

d 2 Me 95 81 

e 2 Et 92 99 

f 3 Me 90 99 

 

Figure 4.1 Synthesis of OEG functionalized polypeptides. M60 alkylated with OEG  

epoxides to provide sulfoniums, 1a-f. Sulfoniums were demethylated to afford OEG-Hcy, 2a-f.  

Yields are of isolated, fully functionalized polypeptides. 

 

4.3 Results and Discussion 

     

Figure 4.2 Scheme for the modification of the sidechain hydroxyl group of 2f. 

 

A series of poly(OEG-alkylated-L-homocysteine)60 derivatives, OEG-Hcy (2a-2f) were 

prepared using a recently developed two-step process from poly(L-methionine)60, M60, via its 

alkylation using functionalized epoxides in acetic acid (see Chapter 2), followed by 
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demethylation using ammonium pyrrolidinedithiocarbamate (APDC) (Figure 4.1, see Chapter 

3).24,25 This methodology allowed us to rapidly and efficiently synthesize a systematic series of 

OEG functionalized polypeptides, which contained an unprecedented level of side-chain 

diversity (Figure 4.1). In these samples, the number of EG repeats was varied from 1 to 3, and 

the EG terminal groups were also varied to include H, Ac, Me, and Et. To further increase 

diversity, samples of polypeptide 2f were modified at the hydroxyl groups in the linker between 

EG and amino acid into acetate (3a) and 2-methoxyethylcarbonate (3b) derivatives (Figure 4.2). 

An equimolar statistical copolymer of 2d and 2e (Figure 4.3, 4b) was also prepared for analysis. 

All of the non-ionic OEG-Hcy samples described above were found to adopt predominantly -

helical conformations in deionized water at 22 °C (except for water insoluble 2c, which was 

measured in MeOH at 22 °C), as determined by circular dichroism (CD) spectroscopy (Figure 

4.4). 

 

 

Figure 4.3 Preparation of an equimolar statistical copolymer from M6o.  
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Polymer CD Spectrum Heating Curve 
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Figure 4.4 CD Spectra and heating curves of OEG-Hcy derivatives.  All CD spectra recorded in 

H2O at 22 oC in H2O except 2c which was recorded in MeOH due to low solubility 

(concentration: 0.25 mg/mL). (5a), 0.4 mg/mL (2e) 0.5 mg/mL (2a, 2b, 2f, 3b, 4b, 5b), 1.0 

mg/mL (2c), 1.5 mg/mL (2d, 3a).  Heating curves measured by heating polymer samples (3.0 

mg/mL) at a rate of 1 °C/min while recording transmittance (500 nm). 
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Polypeptide n R1 R2 Tcp (°C) 

2a 1 H H --a 

2b 1 H Me 33 

2c 1 H Ac NAb 

2d 2 H Me 53 

2e 2 H Et 28 

2f 3 H Me 76 

3a 3 Ac Me 39 

3b 3 ECc Me 41 

4b 2 H Me/Etd 40 

 

Figure 4.5 Cloud point temperatures (Tcp) of OEG-Hcy polypeptides. Tcp determined by 

heating polymer samples (3.0 mg/mL) at a rate of 1 °C/min while recording transmittance (500 

nm). Tcp was the temperature where 50% transmittance was observed. a) No Tcp detected, 

polymer fully soluble from 20 to 80 °C. b) Not applicable, polymer insoluble in H2O down to 5 

°C. c) EC = (CH3OCH2CH2OC(O)-). d) Equimolar statistical copolymer.  

 

We envisioned that most of these OEG-Hcy derivatives would be thermoresponsive 

similar to OEG containing polypeptides reported by ourselves and other workers.13-23 The 

significance of this new series of polymers is the incorporation of precise side-chain structural 

modifications, which enable systematic study of the effects of different functionalities on the 

properties of the materials. Figure 4.5 shows the results obtained from analysis of aqueous 

solutions of all the different OEG-Hcy homopolymers at concentrations of 3.0 mg/ml. Cloud 

point temperatures (Tcp) were determined at 50% transmittance by monitoring solution 
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transmittance as a function of temperature, and were used to approximate the equilibrium LCST 

values.19 Since chain length variation and polymer concentration are well known to affect Tcp 

values,1-3,8 all samples were identical in length, being prepared from the same stock of M60. 

 

  

Figure 4.6 Reversibility of the thermo-transition and conformational stability of 2b. A) Heating  

and cooling curves for 2b (3.0 mg/mL) in H2O.  Heating or cooling rate: 1 °C/min, transmittance 

recorded at 500 nm. B) CD spectra for 2e (0.5 mg/mL) in H2O for a sample incrementally heated 

from 20 oC to 45 oC and returned back to 20 oC (label: 20 oC *). Aggregation at 35 oC and 45 oC 

decreased the magnitude of [θ], however the characteristic double minima indicate the 

polypeptide remained helical.     

  

As can be seen in Figure 4.5, all samples, except fully water soluble 2a and water 

insoluble 2c, showed a Tcp in water, which varied widely depending on number of EG repeats, as 

well as the nature of both the terminal and linker groups. These Tcp were found to be reversible 

with minimal hysteresis, and polymers remained -helical above Tcp (Figure 4.6).  To study the 

effect of salts on Tcp, solutions of 2e were examined in the presence of different Hofmeister 

anions.33 Anions were varied since they are known to have more substantial effects on polymer 

thermoresponsive properties compared to cations (Figure 4.7).34 Different salt concentrations 

affected the cloud point temperatures of polymer 2e in ways similar to observations made on 

other thermoresponsive polymer systems,19,34,35 and allow for predictable tuning of Tcp in 
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different ionic media. Note that none of the polycationic precursor polymers 1a-1f showed a Tcp 

in water, and were fully water soluble due to their polyelectrolyte nature.2 

 

 

Figure 4.7 Cloud point temperatures (Tcp) for 2e (3.0 mg/mL) in aqueous solutions 

containing different concentrations of Hofmeister salts (counterion = Na+). 

 

In order to better understand the origins of the differences in Tcp values for the samples in 

Figure 4.5, we examined trends in Tcp as individual molecular features were varied. Samples 2b, 

2d, and 2f, differ only in that the number of side-chain EG repeats increased from 1 to 3, which 

resulted in commensurate increases in Tcp of ca. 20 °C per EG residue (Figure 4.8a), similar to 

the increases observed in OEG containing polymethacrylates.9-12 Variation in number of EG 

repeats is the most common method used to adjust Tcp, since OEG units enhance water solubility 

at lower temperatures via H-bonding interactions with solvent that favor mixing, but these H-

bonding interactions are disrupted at elevated temperatures, resulting in an LCST.8 Beyond 

variation of EG repeats, we observed that the nature of linker and EG terminal groups, R1 and R2 

from Figure 4.5, respectively, also had significant effects on Tcp. 
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Figure 4.8 Heating curves for selected OEG-Hcy polymers.  (A) Heating curves for methyl  

terminated OEG-Hcy polymers as number of OEG repeats increased from 1 (2b) to 2 (2d) to 3 

(2f). (B) Change in Tcp upon conversion of the side-chain alcohol in 2f to the acetate ester (3a) or 

2-methoxyethyl carbonate (3b). (C) Comparison of methyl (2d) and ethyl (2e) terminated OEG-

Hcy polypeptides with the equimolar Me/Et terminated statistical copolymer (4b). (D) 

Reversibility of thermal transition of 2b with repeated cycling between 15 and 45 °C. All 

measurements performed with polypeptide (3.0 mg/mL) in H2O with heating or cooling rates of 

1 °C/min (2 °C/min for panel D).      

 

Samples with different linker groups (R1), which included hydroxyl (2f), acetate (3a) and 

2-methoxyethylcarbonate (3b), were also found to possess a range of Tcp values (Figure 4.8b). 

Both carbonate and ester functionalities were found to greatly lower Tcp compared to the parent 

hydroxyl group, which has much greater ability to H-bond, both as donor and acceptor, to water 

solvent. The similarity in Tcp between 3a and 3b may be explained by the higher polarity of the 

ester group being counterbalanced by a less polar carbonate that also includes a solubilizing EG 

group. This series of samples shows that the hydroxyl group in the linker of 2f provides a 

substantial enhancement in water solubility as evidenced by the increase in Tcp of ca. 36 °C over 

the other samples. Polar hydroxyl groups have been introduced previously in thermoresponsive 

statistical copolymers as a means to increase Tcp.
9,12,15 However, no other homopolymers with 

hydroxyl groups in each side-chain are known to possess an LCST in water, as high hydroxyl 
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group density typically results in chains being fully soluble in water regardless of 

temperature.9,12,15 The unique localization of hydroxyl groups in our samples within the linker 

region, as opposed to the side-chain terminus, may be the reason why hydroxyl containing OEG-

Hcy polypeptides possess LCSTs. Supporting this hypothesis, sample 2a, which contains an 

additional hydroxyl group at the side-chain terminus, was found to be fully water soluble with no 

LCST (Figure 4.5). 

The effect of the EG terminal groups (R2) on Tcp was also studied with samples 2d, 2e, 

and 4b, where R2 was either Me, Et, or a 1:1 statistical mixture of Me and Et. As the groups 

became more hydrophobic, the polymers became less water soluble, and Tcp values decreased 

(Figure 4.8c). The statistically grafted copolymer 4b showed that terminal groups can be mixed 

to obtain a single transition at an intermediate Tcp value, which remained reversible. Slight 

broadening of the thermal transition for this statistical copolymer compared to the homopolymers 

may be due to small differences in comonomer distribution among individual copolymer chains. 

Physical blends were also prepared of sample 2e with 2d or 2f, which upon heating showed the 

presence of distinct Tcp for each polymer component (Figure 4.9).36 These data suggest that 

statistical functionalization of individual chains is necessary to obtain a single, average Tcp, while 

physical blending retains the characteristics of the individual components. These principles are 

potentially useful for fine adjustment of Tcp values, as well as preparation of sequentially 

thermoresponsive blends and block copolymers.36 
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Figure 4.9 Heating curves for physical mixtures of 2e (0.5 mg/mL) with 2d or 2f (1.0 mg/mL)  

in H2O.  Two distinct cloud point temperatures were observed. The transition at lower 

temperature was attributed to the less hydrophilic polypeptide (2e) and the transition at higher 

temperature to the more hydrophilic polypeptide (2d or 2f). The low polypeptide concentrations 

needed to enable observation of both cloud points resulted in broader LCST transitions with 

higher cloud point temperatures than those reported at 3.0 mg/mL.  

    

 

The above data show that OEG-Hcy polymers are a robust platform whose 

thermoresponsive properties can be adjusted predictably through variation of three distinct side-

chain molecular features. Another important structural characteristic of OEG-Hcy polymers is 

their stable -helical conformation, also found in other thermoresponsive polypeptides,13,19 

which allows for sharp thermal transitions with excellent reversibility over many heating/cooling 

cycles (Figure 4.8d). Thermoresponsive polypeptides with disordered or less stable -helical 

conformations can adopt -sheet conformations above Tcp, which leads to irreversible phase 

separation of the polymers.13,17,20 The -helical conformations of OEG-Hcy are also an 

important reason why these polymers possess lower LCSTs with fewer EG repeats compared to 

disordered polypeptides. The lack of conformational freedom in the -helical chains leads to 

small entropy of mixing with water, which facilitates their phase separation at lower 

temperatures. By comparison, analogs of -helical thermoresponsive polypeptides that possess 

disordered conformations, which have much greater entropy of mixing with water, are fully 

0

20

40

60

80

100

20 30 40 50 60 70 80 90

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Temperature (°C)

• 2d, 2e

• 2e, 2f



114 

water soluble and do not have LCSTs.13 Similar behavior was also observed here for a sample of 

2b prepared from racemic poly(DL-methionine) (i.e. rac-2b, Figure 4.4, Figure 4.10). 

 

 

Figure 4.10 Heating curve for rac-2b (3.0 mg/mL) in H2O.  Heating or cooling rate: 1 oC/min, 

transmittance recorded at 500 nm. 

 

 

Figure 4.11 Scheme for the oxidation of 2b to sulfoxide (5a) and sulfone (5b) derivatives. 

 

Since chain conformations of OEG-Hcy polymers affect whether or not they have 

LCSTs in water, we utilized oxidation of the thioether linkages in these polymers as a means to 

alter both chain conformation and side-chain polarity (Figure 4.11). As we previously 

reported,19,37,38 oxidation of thioether groups in poly(alkyl-L-homocysteine)s to sulfoxides results 

in a transition from -helical to disordered conformations, and further oxidation to sulfones 

results in reversion to stable -helical conformations. As shown by example with 2b, these 

oxidation induced conformational changes, as measured using CD spectroscopy, also occur in 

the OEG-Hcy polypeptides (Figure 4.12a). Examination of the water solubility for the sulfoxide 

0

20

40

60

80

100

20 30 40 50 60 70 80

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Temperature (°C)



115 

(5a) and sulfone (5b) derivatives of 2b as a function of temperature showed that both have good 

solubility and neither polymer has a LCST (Figure 4.12b). The disordered conformation of 5a 

likely improves solubility of this sample compared to 2b, however the increased polarity of both 

the sulfoxide and sulfone groups in 5a and 5b also significantly increases their water solubility, 

such that the helicity of 5b does not lead to recovery of an LCST. Overall, oxidation of thioether 

groups in OEG-Hcy polymers is an effective means to switch off their LCST properties. Since 

sulfoxides can also be reduced back to thioether groups under mild conditions,19,37,38 

interconversion between these two states can be envisioned as a means to reversibly switch 

OEG-Hcy polymers between thermoresponsive and fully water soluble states.  

 
 

 

 

 

Figure 4.12 Effects of sulfur oxidation on chain conformation and thermoresponsive behavior of 

OEG-Hcy derivatives. (A) CD spectrum of thioether (2b) shows an -helical conformation. 

Oxidation to the sulfoxide (5a) shows a disordered conformation, and further oxidation to the 

sulfone (5b) restores the -helical conformation. All data were recorded in H2O at 0.5 mg/mL, 

20 °C. For 5b no data were recorded below 198 nm due to sulfoxide absorption. 2b and 5b were 

found to be 84% and 86% -helical, respectively. (B) 2b shows a Tcp in water, but the more 

hydrophilic (5a, 5b) and disordered (5a) derivatives do not. 

 

4.4 Conclusion 

A series of new thermoresponsive polypeptides with systematic side-chain diversity has 

been reported and their LCST properties were evaluated relative to different molecular 

modifications in their side-chains. In addition to LCST adjustment due to variation of EG 

repeats, we found that terminal and linker groups can also have substantial, and predictable 

effects on Tcp. In particular, we have found that OEG-Hcy structures allowed for inclusion of 
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polar hydroxyl groups into homopolymers, which significantly increased their hydrophilicity and 

decreased the need to use long OEG repeats to obtain LCSTs. The thioether linkages in these 

polypeptides provided an additional structural feature for reversible switching of both 

polypeptide conformation and thermoresponsive properties. Overall, these OEG-Hcy polymers 

possess a number of side-chain molecular features that can be readily incorporated and 

manipulated to adjust Tcp and chain conformation, thus making this system attractive for 

applications requiring highly tunable thermoresponsive polymers.  

4.5 Experimental 

4.5.1 Materials and Methods 

Reactions at elevated temperature were controlled using a Corning PC 420D thermostated 

hotplate equipped with a thermocouple probe.  AcOH (Fisher), Ac2O (Fisher), CH2Cl2 (Fisher), 

30% H2O2(aq) (Fisher), TEA (Fisher), APDC (Acros), 70% mCPBA (Acros), 2-allyloxyethanol 

(Sigma-Aldrich), HCOOH (Sigma-Aldrich), OEG-monoalkyl ethers (Sigma-Aldrich) and 

epichlorohydrin (Alfa Aesar) were used as received.  THF was degassed by sparging with N2 and 

dried by passing through alumina columns.  OEG-Epoxides, except 2-acetoxyethyl glycidyl ether 

(details below) have been previously reported and were prepared by known procedures.24,26-28  2-

methoxyethyl chloroformate was prepared by a reported method.29 Thin-layer chromatography 

was performed with EMD gel 60 F254 plates (0.25 mm thickness) and visualized using a UV 

lamp or permanganate stain.  Silicycle Siliaflash G60 silica (60-200 µm) was used for flash 

chromatography.    Dialysis was performed using deionized water (18.2 MΩ-cm), purified by 

passing in-house deionized water through a Millipore Milli-Q Biocel A10 unit.  Regenerated 

cellulose dialysis tubing obtained from Spectrum Labs.  Cloud point temperature measurements 

were recorded on an HP 8453 spectrophotometer equipped with an Agilent 8909A temperature 
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controller.  CD spectra were recorded on either an Olis DSM 10 spectrophotometer or a JASCO 

J-715 spectrophotometer, using a 0.1 cm path length quartz cell.  Elevated temperature CD 

spectra were obtained on the JASCO J-715 spectrophotometer using a water-jacketed cuvette 

holder heated by a PolyScience circulator.  NMR spectra were recorded on a Bruker AV400 

instrument with chemical shifts reported relative to residual solvent signal. ESI-MS was 

performed using a Waters LCT Premier spectrometer.   

4.5.2 General Synthetic Procedures 

Poly(L-methionine)60, M60 

Prepared as described in Section 2.5.2.  Found DP = 58, designated as M60. 

 

Poly(DL-methionine)60, rac-M60 

Prepared analogously to M60 using DL-Met NCA.  Found DP = 56, designated as rac-M60. 

1H NMR (400 MHz, d-TFA, 25 oC): 4.81 (m, 1H), 2.64 (m, 2H), 2.36-1.89 (br m, 5H). 

 

2-acetoxyethyl glycidyl ether 

A solution of 2-(allyloxy)ethyl acetate32 (1.0 g, 6.9 mmol, 1 eq) in CH2Cl2 (25 mL)  was cooled 

on an ice bath.  mCPBA (2.6 g, 10.4 mmol, 1.5 eq) was added in one portion.  The mixture was 

allowed to warm to room temperature and stirred for 48 h.  The reaction was quenched on an ice 

bath with 10% Na2SO3 (13 mL) and Na2CO3 (11 mL).  The mixture was stirred for 5 min and 

transferred to a separatory funnel using EtOAc (30 mL) to complete the transfer.  The organic 

phase was partitioned, and washed with sat. aqueous NaHCO3 (30 mL) followed by brine (30 

mL).  The organic extract was dried over Na2SO4 and concentrated by rotary evaporation.  The 
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residue was purified by flash chromatography (50% EtOAc/hexanes) to provide 2-acetoxyethyl 

glycidyl ether (0.79 g, 71 % yield) as a colorless liquid.  RF = 0.40; 50% EtOAc/Hexanes. 

 1H NMR (400 MHz, CDCl3, 25 oC): 4.23 (t, J = 4.9 Hz, 2H), 3.82 (dd, J = 11.7, 2.9 Hz, 1H), 

3.17 (m, 2H), 3.43 (dd, J = 11.7, 6.0 Hz, 1H), 3.16 (m, 1H), 2.80 (dd, J = 5.0, 4.2 Hz, 1H), 2.61 

(dd, J = 5.0, 2.7 Hz, 1H), 2.09 (s, 3H).  13C NMR (100 MHz, CDCl3, 25 oC): δ 170.9, 71.8, 69.2, 

50.7, 44.0, 20.8.  ESI-MS m/z = 182.9794 [M+Na]+ (calcd 183.0633 for C7H12O4Na).  

 

M60 Alkylation 

M60 was alkylated with OEG-epoxides (3 eq per Met residue) in AcOH at 37 °C (see Chapter 2) 

to provide 1a-f and 4a.24 

 

M60 Sulfonium Demethylation 

M60 sulfonium derivatives (1a-f, 4a) were demethylated with APDC (5 eq per sulfonium 

residue) in 75% EtOH according (see Chapter 3).25 

 

Modification of OEG-HCy Polymers 

Poly(S-(2-acetoxy-4,7,10,13-tetraoxatetradecyl)-L-homocysteine), 3a 

A solution of 2f (6.0 mg, 0.020 mmol OH-groups, 1 eq) in THF (0.50 mL) was treated with 

Ac2O (19 μL, 0.20 mmol, 10 eq) followed by TEA (28 μL, 0.20 mmol, 10 eq).  The mixture was 

allowed to stand 20 h at 22 oC.  The reaction mixture was transferred to a 2 kDa MWCO dialysis 

bag and dialyzed against H2O (48 h, 6 H2O changes).  The retentate lyophilized, to provide 3a 

(6.1 mg, 90% yield). 
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1H NMR (400 MHz, D2O, 25 oC): 5.37-5.03 (br m, 1H), 4.48-4.11 (br m, 1H), 4.11-3.49 (br m, 

14H), 3.41 (s, 3H), 3.18-2.46 (br m, 4H), 2.46-1.81 (br m, 5H). 

  

Poly(S-(2-(((2-methoxyethoxy)carbonyl)oxy)-4,7,10,13-tetraoxatetradecyl)-L-

homocysteine), 3b 

A solution of 2f (6.0 mg, 0.020 mmol OH-groups, 1 eq) in THF (0.50 mL) was treated with 2-

methoxyethyl chloroformate (24 μL, 0.20 mmol, 10 eq) followed by pyridine (17 μL, 0.20 mmol, 

10 eq).  The product was purified and isolated analogously to 3a, to provide 3b (7.7 mg, 99% 

yield).   

1H NMR (400 MHz, D2O, 25 oC): 5.20-4.91 (br m, 1H), 4.56-4.08 (br m, 3H), 4.05-3.19 (br m, 

22H), 3.11-2.58 (m, 6H), 3.11-2.58 (br m, 4H), 2.47-1.99 (br m, 2H).  

 

Poly(S-(2-hydroxy-4,7-dioxaoctyl)-L-homocysteine sulfoxide), 5a 

2b (9.5 mg, 0.038 mmol thioether groups, 1 eq) was dissolved in HFiP (0.75 mL).  The solution 

was treated with 30% aqueous H2O2 (11 μL, 0.10 mmol, 2.8 eq), vortexed briefly and allowed to 

stand for 16 h.  The reaction mixture was quenched with 10% Na2SO3 (75 μL), transferred to a 2 

kDa MWCO dialysis bag and dialyzed against H2O (24 h, 4 H2O changes).  The retentate 

lyophilized, to provide 5a (9.6 mg, 95% yield).    

1H NMR (400 MHz, D2O, 25 oC): 4.59-4.19 (br m, 2H), 3.94-3.18 (br m, 13H), 2.75-2.26 (br m 

2H).  ATR-FTIR: 1650, 1542, 1100, 1033 cm-1.  

 

Poly(S-(2-hydroxy-4,7-dioxaoctyl)-L-homocysteine sulfone), 5b 
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2b (10.1 mg, 0.041 mmol thioether groups, 1 eq) was suspended in HCOOH (0.50 mL).  The 

mixture was cooled to 8 oC and treated with 30% aqueous H2O2 (19 μL, 0.19 mmol, 5 eq), then 

allowed to stir at room temp for 16 h.  The reaction mixture was quenched with 10% aqueous 

NaHSO3 (0.1 mL), transferred to a 2 kDa MWCO dialysis bag and dialyzed against 3 mM 

aqueous HCl (48 h, 6 H2O changes) followed by H2O (24 h, 3 H2O changes).  The retentate 

lyophilized, to provide 5b (10.9 mg, 96% yield).    

1H NMR (400 MHz, D2O, 25 oC): 4.60-4.49 (br m, 1H), 4.38-4.25 (br m, 1H), 3.90-3.27 (br m, 

9H), 3.27-2.93 (br m, 4H), 2.50-2.10 (br m, 2H).  ATR-FTIR: 1651, 1550, 1284, 1115 cm-1.  

 

4.5.3 Details of OEG Sulfonium Polymers 

 

Poly(S-(3-(2-hydroxyethoxy)-2-hydroxypropyl)-L-methionine sulfonium chloride), 1a 

Prepared by the M60 Alkylation procedure using 2-hydroxyethyl glycidyl ether. 

1H NMR (400 MHz, D2O, 25 oC): 4.72-4.55 (br m, 1H), 4.52-4.25 (br m, 1 H), 3.83-3.39 (br m, 

10H), 3.15 (m, 3H), 2.61-2.20 (br m, 2H). 

 

 

Poly(S-(3-(2-methoxyethoxy)-2-hydroxypropyl)-L-methionine sulfonium chloride), 1b 

Prepared by the M60 Alkylation procedure using 2-methoxyethyl glycidyl ether. 
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1H NMR (400 MHz, D2O, 25 oC): 4.71-4.51 (br m, 1H), 4.51-4.29 (br m, 1H), 3.87-3.44 (br m, 

10H), 3.41 (s, 3H), 3.11 (m, 3H), 2.59-2.12 (br m, 2H). 

 

 

Poly(S-(3-(2-methoxyethoxy)-2-hydroxypropyl)-DL-methionine sulfonium chloride), rac-1b 

Prepared by the M60 Alkylation procedure, substituting M60 with rac-M60 using 2-methoxyethyl 

glycidyl ether. 

1H NMR (400 MHz, D2O, 25 oC): 4.72-4.52 (br m, 1H), 4.50-4.25 (br m, 1H), 3.89-3.45 (br m, 

10H), 3.42 (s, 3H), 3.18-2.93 (br m, 3H), 2.66-2.19 (br m, 2H).  

 

 

 

Poly(S-(3-(2-acetoxyethoxy)-2-hydroxypropyl)-L-methionine sulfonium chloride), 1c 

Prepared by the M60 Alkylation procedure using 2-acetoxyethyl glycidyl ether. 

1H NMR (400 MHz, D2O, 25 oC): 4.73-4.34 (br m, 1H), 4.51-4.34 (br m, 1H), 4.30 (t, J = 4.2 

Hz, 2H), 3.89-3.47 (br m, 8H), 3.09 (m, 3H), 2.56-2.23 (br m, 2H), 2.15 (s, 3H). 
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Poly(S-(2-hydroxy-4,7,10-trioxaundecyl)-L-methionine sulfonium chloride), 1d 

Prepared by the M60 Alkylation procedure using (2-(2-methoxyethoxy)ethyl) glycidyl ether. 

1H NMR (400 MHz, D2O, 25 oC): 4.72-4.54 (br m, 1H), 4.46-4.33 (br m, 1H), 3.82-3.44 (br m 

14H), 3.40 (s, 3H), 3.08 (m, 3H), 2.63-2.19 (m, 2H). 

 

 

Poly(S-(2-hydroxy-4,7,10-trioxadodecyl)-L-methionine sulfonium chloride), 1e 

Prepared by the M60 Alkylation procedure using (2-(2-ethoxyethoxy)ethyl) glycidyl ether. 

1H NMR (400 MHz, D2O, 25 oC): 4.73-4.56 (br m, 1H), 4.52-4.32 (br m, 1H), 3.84-3.43 (br m, 

16H), 3.09 (m, 3H), 2.60-2.21 (br m, 2H), 1.23 (t, J = 7.0 Hz, 3H). 

 

 

Poly(S-(2-hydroxy-4,7,10,13-tetraoxatetradecyl)-L-methionine sulfonium chloride), 1f 

Prepared as described in Section 2.5.3.24 
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Poly[(S-(2-hydroxy-4,7,10-trioxaundecyl)-L-methionine sulfonium chloride)0.5-stat-(S-(2-

hydroxy-4,7,10-trioxadodecyl)-L-methionine sulfonium chloride)0.5], 4a 

Prepared by the M60 Alkylation procedure, using a 1:1 mixture of (2-(2-methoxyethoxy)ethyl) 

glycidyl ether (1.5 eq) and (2-(2-ethoxyethoxy)ethyl) glycidyl ether (1.5 eq).  The distribution of 

the copolymer matched the ratio of the epoxide feed, as determined by comparing the integration 

of the terminating -OCH3 and -OCH2CH3 group resonances in the 1H NMR spectrum of the 

product. 

1H NMR (400 MHz, D2O, 25 oC): 4.70-4.58 (br m, 1H), 4.50-4.30 (br m, 1H), 3.92-3.45 (br m, 

15H), 3.40 (s, 1.5H), 3.08 (m, 3H), 2.58-2.19 (br m, 2H), 1.22 (t, J = 7.0 Hz, 1.5H). 

   

4.5.4 Details of Specific OEG-Hcy Polymers 

 

Poly(S-(3-(2-hydroxyethoxy)-2-hydroxypropyl)-L-homocysteine), 2a 

Prepared from 1a using the M60 Sulfonium Demethylation procedure. 

1H NMR (400 MHz, D2O, 25 oC): 4.54-4.12 (br m, 1H), 4.08-3.92 (br m, 1H), 3.80-3.55 (br m, 

6H), 3.08-2.53 (br m, 4H), 2.53-1.96 (br m, 2H). 

 



124 

 

Poly(S-(3-(2-methoxyethoxy)-2-hydroxypropyl)-L-homocysteine), 2b 

Prepared from 1b using the M60 Sulfonium Demethylation procedure. 

1H NMR (400 MHz, D2O, 25 oC): 4.49-4.17 (br m, 1H), 4.09-3.93 (br m, 1H), 3.86-3.48 (br m, 

6H), 3.52 (s, 3H), 3.10-2.56 (br m, 4H), 2.44-2.02 (br m, 2H). 

 

 

Poly(S-(3-(2-methoxyethoxy)-2-hydroxypropyl)-DL-homocysteine), rac-2b 

Prepared from rac-1b using the M60 Sulfonium Demethylation procedure. 

1H NMR (400 MHz, D2O, 25 oC): 4.71-4.16 (br m, 1H), 4.13-3.86 (br m, 1H), 3.83-3.50 (br m, 

6H), 3.42 (s, 3H), 3.01-2.47 (br m, 4H), 2.31-2.03 (br m, 2H). 

 

 

 

Poly(S-(3-(2-acetoxyethoxy)-2-hydroxypropyl)-L-homocysteine), 2c 

Prepared from 1c using the M60 Sulfonium Demethylation procedure. 

1H NMR (400 MHz, D-TFA, 25 oC): 4.94-4.68 (br m, 1H), 4.51-4.32 (br m, 1H), 4.40 (m, 2H), 

4.32-4.12 (br m, 4H), 3.05-2.56 (br m, 4H), 2.17 (m, 5H). 
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Poly(S-(2-hydroxy-4,7,10-trioxaundecyl)-L-homocysteine), 2d 

Prepared from 1d using the M60 Sulfonium Demethylation procedure. 

1H NMR (400 MHz, D2O, 25 oC): 4.52-4.12 (br m, 1H), 4.12-3.88 (br m, 1H), 3.88-3.49 (br m, 

10H), 3.41 (s, 3H), 3.07-2.59 (br m, 4H), 2.50-2.04 (br m, 2H). 

 

 

Poly(S-(2-hydroxy-4,7,10-trioxadodecyl)-L-homocysteine), 2e 

Prepared from 2e using the M60 Sulfonium Demethylation procedure. 

1H NMR (400 MHz, D2O, 25 oC): 4.52-4.18 (br m, 1H), 4.09-3.90 (br m, 1H), 3.83-3.48 (br m, 

12H), 3.19-2.58 (br m, 4H), 2.50-2.00 (br m, 2H), 1.25 (t, J = 7.2 Hz, 3H). 

 

 

 

Poly(S-(2-hydroxy-4,7,10,13-tetraoxatetradecyl)-L-homocysteine), 2f 

Prepared as described in Section 3.5.6.25 
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Poly[(S-(2-hydroxy-4,7,10-trioxaundecyl)-L-homocysteine)0.5-stat-(S-(2-hydroxy-4,7,10-

trioxadodecyl)-L-homocysteine)0.5], 4b 

Prepared from 4a using the M60 Sulfonium Demethylation procedure, with the slight modification 

that potassium thioacetate (KSAc) was used instead of APDC (synthesis predated development 

of demethylation methodology using APDC). 

1H NMR (400 MHz, D2O, 25 oC): 5.04-4.61 (br m, 1H), 4.33-4.14 (br m, 1H), 4.14-3.62 (br m, 

11H), 3.55 (s, 1.5H), 3.13-2.44 (br m, 4H), 2.31-1.94 (br m, 2H), 1.29 (t, J = 7.0 Hz, 1.5H). 
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