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ABSTRACT OF THE DISSERTATION 

 

Stimuli Responsive NCAs for the  

Preparation of Novel Biomaterials 

 

by 

 

Eric Dennis Raftery 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2019 

Professor Timothy J. Deming, Chair 

 

Polypeptides are naturally occurring polymers that are utilized for a variety of different 

biological processes including structural support, catalysis, and signaling. Composed of 

repeating amino acid monomeric units, the structure and function of polypeptides is easily 

modified by the side chain group of the amino acids. Preparation of biomaterials from a variety 

of α-amino acids is best accomplished through ring opening polymerization of α-amino acid N-

carboxyanhydrides (NCAs). Various initiation systems to prepare polymers via this methodology 
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are outlined in chapter 1. Although classical preparations include the use of primary amines and 

strong base systems, the field has been greatly expanded to include transition metals, alcohols, 

and thiols. Each of the systems provides a unique set of criteria for the resulting polymer, which 

allows the final function of polypeptide biomaterials to be matched to the optimized initiation 

system. The use of three distinct initiation systems for the preparation of biomaterials is covered 

in subsequent chapters. 

In chapter 2, the preparation of stimuli responsive chemically crosslinked polypeptide 

biomaterials is outlined.  Biologically occurring non-canonical di-α-amino acids were converted 

into new di-N-carboxyanhydride (di-NCA) monomers in reasonable yields with high purity. Five 

different di-NCAs were separately copolymerized with tert-butyl-L-glutamate NCA to obtain 

covalently crosslinked copolypeptides capable of forming hydrogels with varying crosslinker 

densities. Comparison of hydrogel properties with residue structure revealed that different di-α-

amino acids were not equivalent in crosslink formation. Notably, L-cystine was found to produce 

significantly weaker hydrogels compared to L-homocystine, L-cystathionine, and L-lanthionine, 

suggesting that L-cystine may be a sub-optimal choice of di-α-amino acid for preparation of 

copolypeptide networks. The di-α-amino acid crosslinkers also provided different chemical 

stability, where disulfide crosslinks were readily degraded by reduction, and thioether crosslinks 

were stable against reduction. This difference in response may provide a means to fine tune the 

reduction sensitivity of polypeptide biomaterial networks. 

In chapter 3, an approach to the preparation of poly(dehydroalanine) (ADH) is discussed. 

Examination of bulky side chain modified α-amino acid N-carboxyanhydrides based off of serine 

and cysteine is performed, including their ability to undergo fast living polymerization utilizing 

Co(PMe3)4. The lead candidate, tBu-MA Cys NCA, displayed unique properties similar to that of 



	 iv 

Mn-MA Cys NCA, which allowed for the preparation of long soluble polymer chains of a variety 

of architectures. Subsequent modification of poly(S-carbo-tert-butoxymethyl-L-cysteine) under 

mild conditions with iodomethane leads to selective and near quantitative conversion to ADH. 

Preliminary studies into the modification of these residues with small molecule nucleophiles are 

discussed.   

Finally, in chapter 4, the potential of α-amino acid N-thiocarboxyanhydrides for the 

preparation of polypeptides via transition metal mediated ring opening polymerization is 

examined. The preparation of poly(L-methionine) as a precursor to functionalizeable 

biomaterials from Met NTA is reported. Optimization of the polymerization is explored through 

systematic variation of polymerization conditions. Furthermore, examination of the 

polymerization mechanisms through the generation of a thioalloc α-amino acid amide ligand 

demonstrates that the presence of the carbonyl sulfide byproduct in the polymerization can lead 

to the formation of nickel carbonyl species, which may lead to poisoning of the initiator. This 

demonstrates that the end chain active metallocycle species is not stabile during this 

polymerization. Additional work will need to be performed to optimize the transition metal based 

polymerization of NTAs. 
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Chapter 1 
 

Overview of Polypeptide Synthesis  



 

2 
 

1.1 Introduction to Polypeptides 

Polypeptides are a diverse class of biologically relevant polymers. They can be divided 

into two sectors, peptides and proteins, based on the number of amino acid residues in the polymer 

of interest. Peptides are shorter polymers comprised of amino acid monomer units up to 

approximately 100 residues, and find biochemical use as signaling molecules such as hormones. 

Proteins are polypeptides that are over 100 residues and are used by the body for key functions as 

enzymes, antibodies, receptors and more. Fabrication of both proteins and polypeptides for these 

types of functions requires precise sequence control in order to generate a unique amino acid 

sequence that dictates the resulting structure and function of biomolecules. The various amino acid 

monomers used in these systems possess the same general structure with an alpha-amino, alpha-

carboxyl group and a variable side chain. These side chains provide diverse chemical 

functionalities to the resulting biopolymers. Furthermore, the sequence of the amino acid residues 

drives the secondary and/or tertiary structure of the polypeptide, which provides numerous 

distinctive structural outcomes. Polypeptides and proteins play a role in almost all biological 

processes, and therefore the ability to synthetically fabricate these biomolecules is incredibly 

advantageous.  

There are three main synthetic techniques that have been developed for the assembly of 

polypeptides requiring sequence specificity. These include solution and solid phase peptide 

synthesis (SPPS) for shorter peptides and engineered expression for larger proteins. The ubiquitous 

nature of peptides in biological systems has also led to the development of ring opening 

polymerization (ROP) of N-carboxyanhydrides (NCA) to prepare polymers that do not require 

control of amino acid sequence (Figure 1.1). Once prepared synthetic polypeptides and proteins 

are used in a variety of applications including therapeutics and drug delivery systems. 
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Figure 1.1 Overview of current methodologies to prepare biologically useful polypeptides A) 

Solid phase peptide synthesis B) Engineered polypeptide expression C) ROP of NCAs 

1.2 Peptides Through Step-Wise Synthesis 

The preparation of a small polypeptide can be accomplished via the stepwise coupling of 

protected amino acids. Initial approaches performed the coupling in solution, which required the 

desired coupling product to be isolated after each step.1 This often limits the complexity of the 

peptide that could be targeted as well as increases the time for synthesis. Currently, the majority 

of peptide sequences are synthesized via SPPS. When introduced in 1963 by Merrifield, SPPS 

allowed for great improvement over peptide preparation via solution phase synthesis. This 

methodology employs a functionalized bead that the peptide of interest is grown from, one residue 

at a time. This is advantageous due to the fact that the target peptide can be retained on a solid 

resin while unreacted amino acid is washed away.2 Although it has improved the speed of peptide 
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synthesis greatly, this method requires the use of protecting groups on both the N-terminus and 

side chains of amino acids being coupled to the growing peptide. Additionally, expensive coupling 

reagents are often used to improve the yield of each coupling reaction. In order to provide the 

desired peptide, the product must first be deprotected, which often requires the use of hazardous 

reagents, and then cleaved off of the bead. This provides an impure product, which must be purified 

via high performance liquid chromatography (HPLC) to yield the desired product. This process 

has been automated, allowing this methodology to be applied to a variety of peptide applications 

including the preparation of therapeutically relevant peptides.3 

1.3 Polypeptides Through Engineered Expression 

The production of polypeptides is carried out ubiquitously throughout the natural world. 

Evolution over millennia has led to the development of biological machinery that is extremely 

quick and precise at manufacturing polypeptides. Scientists have investigated this system for 

production of a wide variety of proteins due to their size and sequence specificity. This process 

involves the preparation of a DNA fragment that encodes the polypeptide to be produced, followed 

by its insertion into a DNA plasmid that can be up taken into an organism such as Escherichia coli. 

The native protein synthesis machinery in the organism is used to produce the polypeptide of 

interest, which is then purified away from the other cell debris by methods including affinity 

chromatography.4 This method has allowed for the development of numerous therapeutics 

including insulin5 and Herceptin.6  

1.4 Polypeptides Through Controlled Polymerization 

Polypeptides have been an attractive target for use as biomaterials due to their 

biocompatible backbone structure and the ability to generate a plethora of unique and reactive 
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functionalities from canonical or tailor designed amino acids. The resulting primary sequence of a 

polypeptide can generate an α-helix or β-sheet secondary structure. Subsequent interactions 

between these structures can lead to further 3 dimensional conformations (tertiary and quaternary 

structure). While specific sequence is required for biological function, structural motifs are often 

found in repeats of the same amino acid. For example, poly(L-leucine)7 and poly(L-methionine)8 

adopt an α-helical conformation while poly(L-serine)9 and poly(L-cysteine)10 preferentially form 

β-sheets. This allows the preparation of materials from amino acid monomers to form 

supramolecular architectures such as hydrogels11, 12 and vesicles13. These types of materials are 

best prepared form the ROP of α-amino acid N-carboxyanhydrides (NCA). This polymerization 

can be accomplished via initiation of this monomer class with a variety of initiators including 

amine based, metal based, thiol based, and alcohol based systems. The advancement of these 

systems as well as the functional polypeptide biomaterials prepared from these systems will be 

covered more in depth below. 

1.4.1 Preparation of N-Carboxyanhydrides 

Due to the disadvantages of sequence specific polypeptide synthesis, new methods were 

developed to rapidly and efficiently prepare high molecular weight polypeptides that do not require 

precise sequence control. Ring opening polymerization of NCAs is the most common technique 

employed for this goal. The versatile NCA monomer was first discovered in 1906 by Herman 

Leuchs when he treated N-protected amino acids with a halogenating agent followed by heating 

under vacuum to yield the heterocycle.14 Subsequent methodologies for the preparation of NCAs 

have been developed including the treatment of amino acids with phosgene, developed by Fuchs 

in 1922 and improved by Farthing in 1950.15, 16 This method provides a relatively clean NCA 

preparation as the major byproduct is hydrogen chloride (HCl) and HCl salts of any unreacted 
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amino acid.17 N-Chloroformyl amines and 2-isocyanatoacyl chlorides can also form during the 

reaction, the latter of which can also be problematic due to its electrophilic nature.18 However, 

these side products can be removed via column chromatography in the case that the resulting NCA 

cannot be purified by recrystallization.19 Modifications to the NCA preparation with phosgene, 

most notably incorporating the use of α-pinene as a proton sponge or formation of the bis-

trimethylsilyl (bTMS) protected amino acid via reaction with trimethylsilyl chloride (TMSCl) and 

triethylamine (TEA), have allowed for the use of acid sensitive protecting groups in the synthesis 

of NCAs.20, 21 While other methodologies have been developed such as the formation of NCAs 

from phenyl carbamate modified amino acid imidazolium salts,22 the majority of syntheses utilize 

phosgene derivatives.23, 24 

1.4.2 Preparation of Polypeptides from NCAs 

The first synthesis of polypeptides from NCA polymerization utilized primary amines or 

strong bases such as alkoxides to initiate the polymerization.  These two initiation systems led to 

very different types of polymers, with amines giving low molecular weight polymers with 

relatively low dispersities and alkoxide initiators produced high molecular weight polymers with 

broad dispersites.25, 26 These two processes displayed unique polymerization mechanisms, which 

have been described as the normal amine mechanism and activated monomer mechanism (Scheme 

1.1). Although, nucleophilic amine initiated polymerization proceeds through a well-understood 

mechanism, the polymerization is often slow, taking several days and elevated temperatures to 

produce relatively short polypeptides. In the last two decades there has been exceptional growth 

in the development of novel initiation systems that have led to the improvement of polypeptide 

synthesis via ROP. (Fig 1.2) 
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Scheme 1.1 General mechanism for the activated monomer polymerization of N-

Carboxyanhdyrides.  
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Figure 1.2 Representative examples of initiation systems for the controlled preparation of 

polypeptides via ring opening polymerization.  

1.4.3 Amine Initiators for the Controlled Polymerization of NCAs  

The majority of polypeptide polymerization methodologies are still based on the use of an 

amine initiator with modification of groups around the amine functionality. General amine initiated 

polymerization, although well understood, has been improved with the modification of 

temperature and pressure, which limit the rate of undesired side reactions (Scheme 1.2). 

Vayaboury and coworkers found that performing the polymerization of γ-benzyl-L-glutamate 

NCA (Bn-Glu NCA) in dimethylformamide (DMF) at 0 ˚C reduced the number of side reactions 
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as they had a higher energy barrier compared to chain propagation.27 Subsequent investigations by 

the Hadjinchristidis group found that the use of reduced pressure could also provide living amine 

initiated polymerization.28 Further investigation from the Heise group found that this phenomenon 

was monomer dependent and that monomers such as Bn-Glu NCA also displayed improved 

polymerization characteristics under high vacuum, while others including β-benzyl-L-aspartate 

NCA (Bn-Asp NCA) showed no effect under reduced pressure, but showed improved 

polymerization at lower temperatures.29 Furthermore, researchers from the Wooley lab reported 

that flowing nitrogen over the polymerization reaction resulted in improved control of polymer 

molecular weights.30 These methodologies work through the removal of carbon dioxide from the 

polymerization system. This increases the overall rate of chain propagation while suppressing 

potential chain termination side reactions. 

 

Scheme 1.2 Mechanism for amine initiated polymerization of N-Carboxyanhydrides 

  A major milestone in amine based NCA polymerization techniques was the introduction of 

bis(trimethylsilyl) amine (HMDS) as an amine based initiation system via the Cheng group.31 This 

initiation system relies on the lability of the nitrogen silicon bond and the ability of the 

trimethylsilyl group to work as an activator for the NCA carbonyl providing excellent control over 

polymer dispersity without the need to modulate temperature or pressure (Scheme 1.3). This work 

has been further explored resulting in the development of mono silyl functionalized amines 

allowing for the development of a wide variety of end functionalized polypeptides.32 Recently, it 
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has been reported that the use of LiHMDS, a deprotonated form of HMDS, allowed for a dramatic 

decrease in the polymerization time.33  

 

Scheme 1.3 Mechanism for TMS-amine initiated polymerization of N-Carboxyanhydrides  

The Hadjichristidis lab demonstrated the use of an ‘allied’ amine based system that 

implements an initiator composed of primary and secondary amines. This system uses internal 

hydrogen bonding to activate the terminal amine on the initiator to provide rapid polymerization. 

It has led to the development of initiation systems based on other nucleophiles discussed shortly.34 

Other systems that have been developed to provide control of amine initiated 

polymerizations include the use of binaphthol phosphoric acid, Zn(OAc)2●H2O, and  amine borane 

Lewis pairs.35-37 

1.4.4 Metal Based Initiation Systems 

Deming and coworkers have developed several transition metal based initiators for the 

preparation of high molecular weight living polypeptides. Their initial nickel system was based 

off of Ni(BPY)(COD) prepared as a solution, which allows for the preparation of high molecular 

weight homopolymers and block copolymers in a rapid timeframe.38, 39 It was also found that the 

nickel based systems can utilize a pre-initiated complex. This pre-initiated complex is prepared 

with an amido-amidate functionality based off an amino acid, which has allowed for the 

introduction of a wide variety of end group functionalities including azides for subsequent click 

modifications.40, 41 Additional work by the Deming group investigated the use of other transition 
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metals including platinum and palladium species which were found to preferentially interact with 

the N-H bond of the NCA in lieu of oxidative insertion into the anhydride moiety. This gave 

uncontrolled high molecular weight polymers via a mechanism similar to strong base initiation.42 

Subsequent advances have led to the use of a Co(PMe3)4 transition metal initiator that can be stored 

as a solid and gives excellent control for the preparation of polypeptides for a variety of common 

and unique NCAs.43 The mechanism of initiation involves oxidative insertion into the anhydride 

bond with the loss of carbon monoxide. This is followed by addition of another NCA followed by 

proton transfer. Ring contraction yields the active amido-amidate species, which can then proceed 

via nucleophilic attack by the metal bound terminal amine on NCAs to yield polymers (Scheme 

1.4). This system provided an impressive advancement in the synthesis of polypeptides via ROP 

allowing for the rapid a facile preparation of multi-block copolypeptides on very quick 

timescales.44 Additionally, the orthogonality of these metal based initiation systems has been 

demonstrated with the preparation of brush-like polypeptides.45 

 

Scheme 1.4 A) Mechanism of initiation for transition metal based initiators. B) Mechanism of 

propagation for transition metal based initiators. 
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Recently, Peng and coworkers investigated rare earth metal complexes for the initiation of 

NCAs. They evaluated a wide variety of rare earth metals including yttrium, scandium, lanthanum, 

and dysprosium paired with alkoxide, boron, and amine based ligands. This polymerization 

mechanism was found to proceed via competing pathways based on normal amine and activated 

monomer mechanisms. Reduction of the reaction temperature was found to favor the normal amine 

mechanism allowing for the production of uniform polypeptides.  The group found that some of 

the systems gave reasonable yields with dispersities as low as 1.1Ð over several days at room 

temperature. Of interest was a dysprosium borohydride complex which gave an α-hydroxy-ω-

amino telechelic polypeptide compared to the normal α-carboxy functionalization.46, 47  

1.4.5 Thiol Based Initiation Systems 

Thiol based initiation systems were first investigated in 2010 by Zhang and coworkers. 

Results from the initial use of a small molecule thiol to prepare polypeptides from Bn-Glu NCA 

indicated that the polymerizations were not living and therefore had very high dispersities (over 

1.8 Ð) even when the polymerization was performed at 0 ˚C.48 While initial work suggested that 

thiols may not be efficient initiators, recent advancements from the Lu lab have shown that 

trimethylsilyl and trimethylstannyl functionalized thiophenols give living polymerizations of a 

wide variety of functional NCAs.49, 50 One unique feature of these initiators is the incorporation of 

a thioester c-terminus on the polypeptide. This allows for native chemical ligation to be used to 

prepare N-terminal conjugates of the polymers to proteins or peptides that have a cysteine residue 

at the N-terminus. The trimethylsilyl system gave complete conversion to polymer over 50 hours 

displaying kinetics similar to that of the HMDS initiation system described earlier. The 

trimethylstannyl system improved on this greatly giving complete conversion to polymer on the 

order of hours, which is comparable to transition metal initiators developed by Deming and 
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coworkers. This initiation system has been recently used for the preparation of protein peptide 

conjugates with therapeutically relevant proteins.51, 52 Data from these studies have shown 

improved immune response when compared to PEGylated proteins allowing for a new 

methodology to improve protein based drug systems.53  

1.4.6 Alcohol Based Initiation Systems 

Alcohol based initiators are of great interest because they allow for direct polymerization 

from long chain hydrophilic polymer macroinitiators, including polyethylene glycol (PEG), 

polycarbonates, and polyesters without the need for end group modification to an amine. Alcohol 

initiators alone give broad dispersities and poor polymerization kinetics due to their slow initiation 

compared to propagation during the polymerization. Initial work by the Hajinchristidies lab 

showed that a thiourea based organocatalyst could be applied to a tertiary amino alcohol initiation 

system to provide a living polymerization to prepare high molecular weight polypeptides on a 

timescale of hours.54 This system works in a twofold manner; the thiourea catalyst provides 

hydrogen bonding activation of the C5 carbonyl of the NCA monomer and the tertiary amine in 

the initiator provides hydrogen bonding activation of the hydroxyl group for nucleophilic attack. 

This system was used to prepare star polymers using a multiarm initiator. The drawback of this 

system is the need for an amino alcohol based initiator in order for this methodology to work in a 

controlled manner. Subsequent work from this lab has shown that functional NCAs, such as an 

alkynyl terminated glutamate, are compatible with this system.55 More recent work from Gradisar 

and coworkers has shown that hydroxyl groups can be used without an internal amino group to 

prepare polypeptides.56 This relies on the use of a strong acid to protonate the active terminal amine 

end chain after initiation, which allows for all of the alcohol groups to complete the initiation step 

before propagation occurs. Initiation was shown to be complete after 24 hours via nuclear magnetic 
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resonance (NMR) and mass spectrometry (MS) after which a base was added to allow the 

polypeptide chain to grow.  This system provides relatively long polypeptide chains with 

reasonable dispersities. 

1.4.7 Other Initiation Systems 

Another initiation system that provides unique polypeptides via controlled living 

polymerization is the use of N-heterocyclic carbene salts. N-heterocyclic carbenes (NHC) have 

been used extensively to prepare polypeptoids from N-substituted carboxyanhydrides but have not 

been applied to NCAs.57 Recent work by the Kim lab has shown that NHC carbonate salts can be 

used to provide access to linear polypeptides when combined with an amine initiator or cyclic 

polypeptides if used on their own.58 This system has been shown to be compatible with a wide 

variety of monomer types including polar and nonpolar NCAs and gives reasonable dispersities 

(around 1.2 Ð). This unique control of polypeptide architecture provides an interesting possibility 

for the study of the effects of differing topologies on the properties of polypeptides.  

1.5 Functional Biomaterials from Polypeptides  

The preparation of polypeptides via ROP of NCAs allows for the synthesis of long chains 

of the same amino acid and the ability to form distinct domains of amino acids with differing 

properties to create a variety of functional materials including hydrogels, liposomes, and 

micelles.59 These materials can respond to a wide variety of biologically relevant triggers including 

pH, temperature, oxidation and reduction. Often these systems may be combined to generate 

multiresponsive polypeptides. Two strategies to design these materials have been pursued: 

polymerizing functional monomers and employing post polymerization modification. The 

development of functional monomers is often more straight forward but this methodology can have 
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disadvantages as the modified monomers may not polymerize in a controlled manner and the 

development of target NCAs can be involved and require several synthetic steps. In order to get 

around this, post polymerization modification can be employed to modify a polymer prepared from 

well-behaved NCAs to provide the desired functionality.  

1.5.1 Temperature Responsive Polypeptides 

Temperature responsive materials offer great potential to the biomedical field. The main 

features of temperature responsive polypeptides are thermogelation and temperature dependent 

solubility via a lower critical solution temperature (LCST) or upper critical solution temperature 

(UCST). Thermogelating polypeptides provide the unique opportunity to develop injectable and 

degradable gel networks for a variety of uses including drug delivery. A majority of 

thermoresponsive polypeptides utilize oligo ethylene glycol functionality. The hydration sphere 

around the ethylene glycol units imparts water solubility that can be tuned by temperature as the 

water is dissociated from hydrogen bonding with the polymer and the ethylene glycol units begin 

to aggregate together leading to either a gel or a polymer with a LCST.60 One of the main classes 

of thermogelating polymers are PEG-b-polypeptide. A common polymer system based on this 

architecture is PEG-b-poly(L-alanine) (PEG-b-PA)61. Recently, this material has been explored 

for potential biomedical applications. The Jeong lab reported the development of a PEG-b-PA 

filled silk tube that could be used as a nerve conduit for the regeneration of peripheral nerves.62 

The polypeptide gel allowed for the differentiation of tonsil mesenchymal stem cells into 

astrocytes. Yu and coworkers have illustrated the use of another PEG-b-polypeptide, PEG-b-

poly(ethyl-L-glutamate), as a polypeptide depot for the delivery of chemotherapeutic drugs. The 

polypeptide gel showed excellent biocompatibility, tunable degradation and showed improved 

antitumor efficacy when injected into mice compared to free drug alone.63  
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In addition to the modulation of the peptide block amino acid composition of these systems 

the chirality based immune response of this type of thermogel has also been newly reported. Wang 

et. al. examined the effect of the chirality of the poly(L-alanine) portion of the PEG-b-PA 

structure.64 They found that the immune response to polypeptides could be tuned via the inclusion 

of unnatural D-alanine residues resulting in an increased immune response. This illustrates the 

potential of polypeptide systems to be used as immunoadjuvants by the controlled inclusion of 

unnatural D-amino acids in the polypeptide sequence.  

Polymers that display a temperature induced solubility change (LCST or UCST) are of 

interest for a variety of potential applications and have been heavily studied.65  In the field of 

synthetic polypeptides, extensive work by the Li66, 67 and Chen68 groups has been focused on the 

development of ethylene glycol modified polypeptide architectures to achieve this temperature 

response. More recently, Fu and coworkers used and alkynyl terminated poly(L-glutamate) to 

prepare y-shaped ethylene glycol polymers through thiolyne chemistry.69 These y-branched 

polymers displayed tunable transition temperatures that depended on the length of the ethylene 

glycol unit attached. This property was reversibly removed via the oxidation of the thioether group 

to the sulfoxide or sulfone. Subsequent studies by the Wang and Tang groups evaluated the effect 

of y-branching of the ethylene glycol moiety on the transition properties compared to their linear 

counterparts.70, 71 Both polymer systems were based off of poly(L-glutamate) with small changes 

to the linker moieties connecting the oligoethylene glycol units to the polymer backbone (Figure 

1.3). These studies showed that the y-branched polymers provided finer control in the LCST 

behavior, which suggests that they may be more useful in biomedical applications compared to 

linear conjugates. Expanding outside of glutamate modified polypeptides, detailed studies by the 

Deming group have shown that S-alkyl-L-homocysteine based polypeptides could display tunable 
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LCST values as well, by augmenting the length of the ethylene glycol based epoxide used to 

alkylate the polymers.72 These examples illustrate the versatility of ethylene glycol 

functionalization of polypeptides for the development of thermally responsive polypeptides. 

  Recently, the Koyama group investigated the effect of polymer sequence of the thermal 

properties of polypeptides.73 They compared diblock, random, and alternating copolymers of 

equimolar glycine and valine polypeptides. It was found that the block copolymers displayed cloud 

point behavior upon heating indicating that these polymers adopt random coil conformation at low 

temperature. Conversely, the alternating copolymers were found to display a UCST type of 

behavior suggesting that these polymers have a globule to coil transition upon heating. This 

behavior was shown to be independent of the chirality of the alternating polymers suggesting that 

the behavior is a sequence specific trait. Finally, the random copolypeptide displayed both coil-to-

globule transition a lower temperatures and a globule to coil transition at higher temperatures due 

to the inclusion of distinct and alternating sequences in the polymer structure. This insight into the 

effect of polymer architecture on the thermoresponsive properties may lead to better designed 

polypeptides with improved thermoproperties. 

1.5.2 Redox Responsive Polypeptides 

The natural variation in the oxidation potential in differing parts of the body provides an 

interesting trigger for use in polypeptide materials. The most often targeted amino acids for redox 

response are sulfur containing amino acids cysteine, homocysteine, and methionine. Cysteine 

residues are used naturally in the body to form structural crosslinks through the formation and 

reduction of disulfide bonds. Other oxidatively responsive amino acids that have been targeted are 

selenocysteine and selenomethionine.  
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 One interesting approach to the development redox responsive biomaterials has been the 

introduction of amino acid based cross linkers focused on the disulfide bond, notably L-cystine 

bis-NCA.  First reported by the Jones and Lundgren74 , L-cystine bis-NCA has been used more 

recently in short blocks for the preparation of nanogels and star polymers,75, 76 The Deming Lab 

has worked to increase the range of this bis-NCA system with the preparation of crosslinked 

hydrogels based on bis-NCAs (Figure 1.3).77 Reduction responsive bis-NCAs cystine and 

homocystine were compared to thioether bis-NCAs lanthionine, cystathionine, and 

homolanthionine. They noted that the cystine crosslinked polypeptide hydrogels gave the lowest 

gel strength when compared with the other bis-NCA cross linkers including homocystine. This 

work illustrated that a large variety of bis-NCAs can be incorporated as chemical crosslinkers for 

the preparation of tunable redox responsive hydrogels.  

Although bis-NCAs provide excellent structural stability they may hinder the preparation 

of controlled polypeptides due to the chain crosslinking that occurs during the polymerization.  

Recently, the Barz group has developed an ethylsulfonyl group for the protection of the thiol side 

chains of cysteine and homocysteine, which can overcome the problems of crosslinking during 

polymerization (Figure 1.3).72,73 Once converted into NCAs, these monomers can be polymerized, 

with cysteine giving shorter polymers due to its preference to form β-sheets when compared to 

homocysteine which forms α-helices. These polymers were shown to rapidly and selectively react 

with thiols to form side chain disulfides. This would allow the polymers to be used as potential 

precursors for drug delivery by attaching the small molecules to the side chains. 

In contrast to the chemical connection modulation provided by the disulfide bond, the 

interchange between thioether and the sulfoxide moiety provides an interesting physical redox 

response.  In this vein, Rodriguez and coworkers developed vesicle assemblies based on water 
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soluble poly(L-methionine sulfoxide) that were sensitive to a reductase, which caused degradation 

of the vesicles allowing for cargo delivery.78 Additionally, Kramer and coworkers have shown the 

ability of oxidation and reduction to control the secondary structure of a variety of sugar 

functionalized cysteine and homocysteine derived polypeptides. This multimodal switching 

allowed for a unique and reversible control of a peptide secondary structure.79  

 

Figure 1.3 Selected examples of recently developed stimuli responsive polypeptide moieties. 

1.5.3 pH Responsive Polypeptides 

Natural amino acids display a wide variation of side chain pKa values. Of interest in this 

class are acidic and basic residues, which give negative and positive charges, respectively, upon 

the variation in the pH of the environment that the polypeptide is in.  This variable change in 

protonation also allows for the controlled conformational change of polypeptides by simple 
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modulation of the pH and provides and attractive target for responsive biomaterials. The traditional 

amino acids that are used to introduce pH responsive nature into polypeptides are L-lysine and L-

glutamate. Extensive work has been done to develop a variety of biomaterials from these pH 

responsive residues.80  

The Lu lab recently reported the development of a positively charged poly(L-glutamate) 

derivate based on an ethylene glycol linker, which displayed a pH helix-coil transition around 

physiological conditions of pH 5.3-6.5 (Figure 1.3). This is in contrast to poly(L-lysine), which 

displays a transition at around pH 10.81 Interestingly, this polymer also showed response to a 

change in the salt concentration of the solution at acidic pH values. The addition of salt to the 

system resulted in a coil to helix transition even at acidic pH, which was not seen in a comparable 

poly(L-lysine) sample.  

Along with the development of novel pH responsive residues, biomaterials continue to be 

developed based on L-lysine and L-glutamate. One recent example by Ryu and co-workers is a 

gene delivery system based on a polyethylene imine macroinitiator sequentially polymerized with 

ε- Carboxybenzyl- Lys NCA followed by benzyl-Glu NCA.82 This polymer was able to be 

successfully complexed with genetic material for delivery to cells. Interestingly, the delivery of 

the materials was more effective at pH 6 than pH 7.4, which is in contrast to polyethylene imine 

alone. The authors attribute this to the pH responsive nature of the poly(L-glutamate) segments 

providing a buffer against the change in pH. These examples reinforce the great potential of pH 

responsive polypeptides. 
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1.6 Conclusions and Perspectives 

Polypeptide synthesis via ROP of N-carboxyanhydrides has been in use for over a century. While 

the polymerization chemistry was well established over 60 years ago, development in the field, 

especially with relation to controlled and living polymerization and high molecular weight 

polypeptides, has languished until recently. Starting with the development of transition metal 

initiators by the Deming group the field has seen strong growth with the introduction of a variety 

of novel initiation systems that generate a robust methodology for the preparation of unique 

polymers with diverse end groups for further functionalization of surfaces and biomolecules. 

Furthermore the expansion of the monomer toolbox for the development of biologically relevant 

and responsive polypeptides with triggers such as temperature, pH, and redox properties has led 

to the continued development of unique and exciting polypeptide biomaterials for the future.  
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2.1 Introduction 

Novel hydrogel networks are continuously investigated for their potential to fulfill unmet needs in 

drug delivery, wound healing, and tissue engineering applications.1, 2 Hydrogels, cross-linked 

polymer systems that swell in aqueous environments, are useful biomedical materials that can be 

biocompatible and possess several tunable properties (e.g. cross-link density, pore size, 

degradation rate, etc.). One of the most important factors for successfully achieving a desired 

performance property is the rational selection of constituent molecules from which the hydrogel 

network is prepared. To date, a number of natural (e.g. collagen, hyaluronan, cellulose, etc.) and 

synthetic polymers (e.g. poly(ethylene glycol), poly(acrylamide), poly(vinyl alcohol), etc.) have 

been utilized in hydrogels for various purposes.3, 4 In the present study, we highlight the potential 

to synthesize new hydrogel networks with advantageous functionalities through the use of 

previously unexplored bio-based compounds as starting monomers for polymerization.  

Many molecules that exist within living organisms are multi-functional and chiral. The 

unique characteristics of such molecules enable their incorporation into various polymer systems 

with tunable features such as 3D structure, biodegradability, and biomimetic rheological 

properties. 3, 4 Additionally, the presence of multiple functional groups offers reactive sites for 

chemical cross-linking, drug or cell attachments, and surface property alterations. Amino acids are 

one such class of compounds that are frequently investigated for use in biomedical 

applications.5 Natural amino acids are attractive building blocks, as they offer an array of 

functionalities that can be inserted into homo- and co-polymeric systems through the use of 

straightforward and scalable N-carboxyanhydride (NCA)-based polymerization.5  

While many of the 20 standard amino acids have been utilized in biomimetic materials,5 

the realm of possibilities for amino acid based technologies extends beyond these common 
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moieties. A number of non-translated amino acids are known to exist in living systems and recent 

advances in microbial engineering strategies may allow for cost-effective production of these non-

canonical amino acids in large quantities.6 The integration of high throughput technologies, 

machine learning, and advanced genomics offers the potential to increase the ease with which 

biomolecules can be produced through fermentation in high yields, and at low costs, particularly 

compared to synthetic routes.7 In the present work, we focus on the exploration of a sub-class of 

compounds in this category: di-α-amino acids (Figure 2.1). If found to be valuable for materials 

applications, these di-a-amino acids have potential to be practical feedstocks for downstream 

applications.  

 

Figure 2.1. Chemical structures of di‐α‐amino acids used to prepare di‐NCA chemical cross-

linkers. 
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The use of di-α-amino acids for the synthesis of covalently crosslinked polypeptides dates 

back to the early 1950s, when the di-N-carboxyanhydride, di-NCA, of L-cystine was first prepared 

and subsequently homopolymerized to produce an intractable solid that could be solubilized by 

reduction with 2-mercaptoethanol.8 Copolymerization of D/L-cystine di-NCA with NCAs of L-

lysine and L-glutamic acid was also reported, which yielded water insoluble, crosslinked solids 

presumably containing both covalent and ionic crosslinks.9, 10 These materials were found to 

reversibly swell in either acidic (pH<5) or basic media (pH>10), which would be expected to 

disrupt ionic crosslinks via neutralization of glutamate or lysine side-chains, respectively.  

In more recent usage, L-cystine di-NCA has been incorporated into covalently crosslinked 

polypeptide containing nanogels or star particles. In these systems, linear polymer chains, typically 

either PEG,11-13 poly-L-lysine,14, 15 or poly-L-glutamate16 with free amine groups on their chain 

ends were reacted with L-cystine di-NCA with or without additional NCA monomers to give 

covalently crosslinked nanoparticles. The resulting water soluble particles offer attractive 

properties for drug delivery since they can be either swollen or dissolved by reduction of the 

cystine disulfide bond crosslinks.11-16 The ability to degrade a cross-linked system in a controlled 

manner through exposure to a trigger, such as a reducing agent, is an area of high interest in the 

development of stimuli-responsive materials. For example, disulfide based technologies are often 

investigated for the targeted intracellular release of therapeutics owing to increased levels of the 

reducing agent glutathione in the cytosol compared to the bloodstream.11-16  

An important observation from previous polymerizations of L-cystine di-NCA was that 

consumption of this monomer during polymerization was typically incomplete, stopping around 

70 to 80% conversion.11-16 This result may be due to the inability of polymer bound NCA groups 

from single additions of L-cystine di-NCA to find and react with growing chain ends once 
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networks are formed. In the nanoparticle systems described above, the unreacted cystine NCA 

groups were beneficially utilized for attachment of functional amines to tune nanoparticle 

properties.11-16 However, lack of complete polymerization hints that L-cystine di-NCA may not 

fully incorporate during co-polypeptide synthesis.  

Here, we sought to explore the potential for preparation of covalently crosslinked co-

polypeptide hydrogels via copolymerization of di-NCA monomers and a monofunctional NCA. In 

particular, due to potential issues observed with incomplete incorporation of L-cystine di-NCA 

during copolymerizations, as well as the limited availability of alternative di-NCA molecules to 

evaluate structure-property relationships, we sought to develop and incorporate other natural di-a-

amino acids as co-monomers for hydrogel preparation. More specifically, we aimed to expand the 

palette of di-NCA monomers toward the goal of tuning hydrogel properties including their 

sensitivity to reduction and oxidation. We selected the set of di-α-amino acids shown in Figure 2.1 

since they allow evaluation of copolymerization and hydrogel formation with different linker 

segment lengths, and also utilize both reducible (i.e. disulfide) and non-reducible (i.e. thioether) 

tethers. In this study, we prepared di-NCA monomers for all the di-α-amino acids shown in Figure 

2.1 (Figure 2.2), and individually investigated their copolymerization with tert-butyl-L-glutamate 

NCA (Bu-Glu NCA) to prepare covalently crosslinked co-polypeptide hydrogels. Subsequent 

comparison of hydrogel properties with residue structure was used to evaluate the potential of each 

di-α-amino acid to act as a cross-linker. The ability of each hydrogel to respond to chemical 

reduction stimulus was also evaluated. 
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Figure 2.2 Structures of di‐NCAs 1a–1e. 

2.2 Preparation of Diamino Acids and Di-NCAs 

In order to study the potential of di-α-amino acids in Figure 2.1 for formation of crosslinked 

co-polypeptide hydrogels, many di-α-amino acids and new di-NCAs needed to be prepared. Of the 

molecules in Figure 2.2, only L-cystine di-NCA has been previously reported.8 Since L-cystine is 

readily available, it can be converted to the di-NCA via direct reaction with phosgene or a 

phosgene equivalent such as triphosgene. Due to the low solubility of L-cystine in the reaction 

mixture, low yields of L-cystine di-NCA (1a) have typically been reported (ca. 20–25%, isolated 

and purified).8, 11 Higher yields have been reported with use of a more soluble precursor for this 
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reaction, such as N,N’- bis(benzyloxycarbonyl)-L-cystine, at the expense of reduced atom 

economy.14, 16 Since L-homocystine is also commercially available, we prepared its corresponding 

di-NCA (1b) by direct reaction with triphosgene. Due to the greater solubility of L-homocystine 

versus L-cystine in THF, a reasonable yield of new di-NCA 1b was obtained (ca. 42 %, isolated 

and purified).  

Due to their limited commercial availability and high cost, the remaining di-α-amino acids 

in Figure 2.1 were prepared using chemical synthesis. L-Cystathionine was prepared from L-

homocysteine thiolactone and L-chloroalanine via a modified literature procedure as shown in 

Scheme 1.17 This product was subsequently phosgenated to obtain the new L-cystathionine di-

NCA (1d) in reasonable yield (ca. 54 %, isolated and purified). 

Scheme 2.1 Preparation of di‐NCA monomer 1d. 

 

L-lanthionine and L-homolanthionine were prepared from protected L-cystine and L-

homocystine derivatives, respectively, via desulfurization using a modified literature procedure as 

shown in Scheme 2.2.18Their corresponding new di-NCAs (1c, 1e) were obtained by phosgenation. 

While 1c was obtained in reasonable yield (ca. 59 %, isolated and purified), poor solubility of L-

homolanthionine resulted in a low yield of 1e (ca. 12%, isolated and purified). 
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To determine the scalability of di-NCA synthesis we examined the gram scale production 

of 1b and 1d. Modification of these NCAs on larger scale was needed due to the poor solubility of 

the precursor amino acid leading to formation of a hydantoin side product observed via Fourier-

transform infrared spectroscopy (FTIR). To circumvent this problem we prepared the tetra-

trimethylsilyl (tTMS) protected amino acid via reaction with TEA and TMSCl followed by 

filtration. (Scheme 2.3) This intermediate was then reacted with phosgene to yield the NCA. While 

column chromatography was used to isolate the di-NCAs on smaller scale we investigated 

purification via crystallization and were pleased to find that the NCAs could the crystallized from 

THF-hexanes mixtures. 

Scheme 2.2 Preparation of di‐NCA monomers 1c (X=‐SS‐, Y=‐S‐) and 1e (X=‐CH2SSCH2‐, Y=‐

CH2SCH2‐). 

 

Scheme 2.3 Large scale preparation of di-NCA monomers 1b (Y = -CH2SSCH2-) and 1d (Y = -

CH2S-) 
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2.3 Preparation of Co-polypeptides  

With di-NCAs 1a–1e in hand, we prepared co-polypeptides of each of these with γ-tert-

Butyl glutamate (Bu-Glu)  NCA toward the goal of preparing covalently crosslinked networks.19 

γ-tert-Butyl-l-glutamate was chosen as a suitable residue to form soluble, linear polypeptide 

segments between the di-α-amino acid crosslinks.20 After removal of tert-butyl protecting groups, 

L-glutamate residues also provide water solubility at neutral pH, which should enable co-

polypeptide network swelling in water to form hydrogels. Co-polypeptides of Bu-Glu NCA with 

each different di-NCA were prepared in THF using KOtBu initiator (Scheme 2.4, Table 2.1).  

Scheme 2.4 Copolymerization of di‐NCAs (1 a–1 e) with Bu‐Glu NCA to form copolypeptide 

networks. y,z = mole percent of each comonomer. n = degree of polymerization. 
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Table 2.1 Copolymerization data for varying co-monomer feed ratios. 

di‐NCA 

[mol %] 

Bu‐Glu NCA 

[mol %] 
Yield [%][a] 

    3 a 3 b 3 c 3 d 

1.0 99.0 81 99 89 97 
1.5 98.5 99 83 99 99 
2.5 97.5 97 91 98 90 

5.0 95.0 74 84[b] 93[b] 91 
[a] Isolated yield of deprotected co-polypeptides. [b] Incomplete monomer consumption   

observed in copolymerization. 

While other initiators, for example, Co(PMe3)4, could be used to obtain living NCA co-

polymerizations,21 we deemed this unnecessary here since all chains were ultimately expected to 

be crosslinked into networks. Strongly basic KOtBu initiator was chosen since it favors formation 

of high molecular weight copolymers,22 which was advantageous since long chain lengths were 

expected to maximize the number of crosslinks per chain. The mole percentage of di-NCA in 

copolymerizations was varied from 1.0 to 5.0% of total monomer content, and under these 

conditions most copolymerizations went to complete consumption of all NCA monomers. 

Notably, the copolymerizations using L-homolanthionine di-NCA were exceptions, since they 

were found to stop with considerable amounts of monomer remaining (ca. 30%). Also, at higher 

di-NCA fractions, small amounts of co-polypeptide precipitation was observed in some samples, 

which also likely limited monomer consumption.  

All the co-polypeptide samples (2a–2e) prepared in Scheme 2.4 were found to form self-

supporting organogels in THF, with 2a–2d shown in Figure 2.3. These organogels were stable 

against dilution confirming the formation of crosslinked networks in these samples. By visual 

inspection, organogel stiffness for all samples was generally observed to increase with increasing 
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mole fraction of di-NCA, as would be expected for increased crosslink density. Due to 

organogelation during the polymerizations in THF, we explored DMF as a potential solvent to 

allow for the incorporation of higher mol% of di-NCA crosslinker. In contrast to the THF 

polymerizations, the DMF polymerizations remained fluid without precipitate throughout the 

reaction and allowed for the incorporation of up to 20 mol% di-NCAs.   

After removal of THF from these samples under vacuum, the tert-butyl groups were 

removed from L-glutamate residues by addition of TFA, followed by neutralization with NaHCO3 

and exhaustive dialysis against DI water to give the deprotected co-polypeptides as sodium salts 

(3a–3e) (Scheme 2.5). 

 

Figure 2.3 Sample images. 2a–2d) 4.0 wt % organogels formed during copolymerization in THF. 

3a–3d) Hydrogels formed from copolymers at 1.0 wt % in DI H2O. 4a–4d) Network degradation 

after exposure of copolymer networks (1.0 wt %) to TCEP for 48 hrs. 
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2.4 Preparation and Characterization of Co-polypeptide Hydrogels 

Addition of DI water to samples 3a–3e resulted in swelling of the co-polypeptide networks 

and hydrogel formation. The samples from L-homolanthionine formed only weak hydrogels (3e, 

Figures 2.4 and 2.5). Since the compositions of these samples (3e) were not known due to 

incomplete monomer consumption, more detailed analysis of their properties was not pursued.  

 

Figure 2.4. Formation of hydrogels from copolypeptide 3e at 1.0 wt% in DI water with different 

di-NCA crosslinker mol %. 

 

Figure 2.5. Rheology data for hydrogels 3e at 1.0 wt% in DI water. Frequency sweep experiments 

at constant strain amplitude of 0.1. G′ = solid symbols; G″ = open symbols. 

With sufficient water added to give 1.0 wt% sample concentrations, all of the remaining 

co-polypeptides prepared with 2.5 mole percent di-NCA gave self-supporting hydrogels (Figure 

2.3, Figure 2.4).  
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Figure 2.6 Formation of hydrogels from samples 3a-d at 1 wt% in DI water as a function of di-

NCA crosslinker mol %. 

 

 

Scheme 2.5 Deprotection of copolymers to yield samples capable of hydrogel formation. y,z = 

mole percent of each comonomer. n = degree of polymerization. X = same as in Scheme 2.4. 

Equilibrium swelling studies of samples in excess DI water also showed that hydrogel 

swelling ratio was inversely correlated to cross-linker content, as would be expected since 

crosslink density should increase with cross-linker content (Figure 2.7, Table 2.2). 
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Figure 2.7 Hydrogel samples (3a-d) with different mol% di-NCA crosslinker (1a-d) after swelling 

in excess DI water for 24 hrs. 

Table 2.2 Swelling ratios measured for hydrogel samples (3a-d) with different mol% di-NCA 

crosslinker (1a-d) after swelling in excess DI water for 24 hrs.  

Sample  
mol% Crosslinker 

1.0 1.5 2.5 5.0 
3a 392±31 412±3 276±35 231±29 
3b 193±24 168±25 128±14 101±16 
3c 314±7 240±21 204±6 125±3 
3d 232±5 152±21 113±17 70±4 

 

 An important observation from this initial set of samples was that L-cystine was the least 

effective cross-linker among the different di-amino acids tested, as it formed the most fragile 

hydrogels (3a) via visual inspection (vide infra). In contrast, samples prepared using all the other 

di-amino acids formed hydrogels with much greater stiffness.  
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Scheme 2.6 Reduction of hydrogel networks with TCEP. y,z = mole percent of each co-monomer. 

n=degree of polymerization. 

To better quantify differences in hydrogel properties among different samples, we chose to 

compare samples 3a–3d, all containing 2.5 mole percent di-a-amino acid cross-linker. Rheological 

analysis revealed that all four samples behaved as elastic hydrogels, as evidenced by storage 

moduli (G′) being greater than loss moduli (G″) over a range of frequency (Figure 2.8 A).  
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Figure 2.8 Rheology data for hydrogels 3 a (•), 3 b (♦), 3 c (▪), and 3 d (▴) at 1.0 wt % in DI water. 

A) Frequency sweep experiments at constant strain amplitude of 0.1. B) Strain sweep experiments 

at constant frequency of 10 rad s−1. G′ = solid symbols; G′′ = open symbols. 

The hydrogels were found to be somewhat brittle, as they began to break down at strain 

amplitudes of ca. 10 (Figure 2.8 B). The most important result from the rheology measurements 

was how hydrogel stiffness, as measured by G′, differed as a function of di-α-amino acid cross-

linker. As expected from visual observations discussed above, the L-cystine crosslinked sample 

3a formed the weakest hydrogel (lowest G′), which was substantially weaker than all the others 

tested. The L-homocystine 3b and L-lanthionine 3c samples gave hydrogels with nearly an order 

of magnitude greater G’ compared to the L-cystine hydrogel (Figure 2.8 A). The sample containing 

L-cystathionine 3d gave the stiffest hydrogel, which was more than twice as rigid as the 3b and 3c 

hydrogels. In terms of efficiency of network formation, these data show that L-cystine is the least 

efficient, and L-cystathionine is most efficient, in forming covalent co-polypeptide hydrogel 

networks. While additional studies are needed to analyze these systems in more detail, it is clear 

that small changes in di-NCA tether length and the nature of the tether itself (i.e. thioether vs. 
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disulfide) greatly impact the ability of the di-NCA monomers to form interchain crosslinks during 

copolymerization.  

Beyond their utility for formation of co-polypeptide hydrogel networks, the di-α-amino 

acids of this study also provide chemical functionality that can impart different stimulus responsive 

properties to the hydrogels. As a proof of concept, hydrogels 3a–3d were subjected to chemical 

reduction using tris-carboxyethylphosphine (TCEP) in aqueous media (Scheme 2.6). TCEP is well 

known to readily reduce disulfide linkages to thiols, but should not reduce thioether linkages. Upon 

treatment with TCEP, we observed that disulfide crosslink containing samples 4a and 4b became 

free-flowing liquids (Figure 2.3), which confirmed that the di-a-amino acids were acting as the 

network crosslinks in the hydrogels and that these were broken upon reduction. As expected, the 

thioether crosslink containing hydrogels 4c and 4d were unaffected by treatment with TCEP, 

which confirmed that these linkages were resistant to cleavage by reduction. These different 

responses to chemical reduction provide a means to tune hydrogel properties by choice of cross-

linker. 

 

2.5 Conclusions 

We have shown that biologically occurring non-canonical di-α-amino acids can be 

converted into di-NCA monomers in reasonable yields with high purity. While di-α-amino acids 

are present in biology, the new di-NCA monomers reported here have never before been used in 

the chemical synthesis of polypeptide biomaterials. In order to evaluate structure-property effects 

of different di-α-amino acid tethers on network properties, each di-NCA was copolymerized with 

a monofunctional NCA to obtain covalently crosslinked co-polypeptides capable of forming 

hydrogels. Notably, use of widely studied L-cystine di-NCA resulted in significantly weaker 
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hydrogels compared to the di-NCAs of L-homocystine, L-cystathionine, and L-lanthionine, 

suggesting that L-cystine is likely not the best choice of di-α-amino acid for preparation of co-

polypeptide networks. The di-α-amino acid cross-linkers also provided different chemical stability, 

where disulfide crosslinks were readily degraded by reduction, and thioether crosslinks were stable 

against reduction. This difference in reduction response may provide a means to fine tune the 

reduction sensitivity of polypeptide biomaterial networks.  

This work exemplifies that while readily available bio-based compounds are attractive 

targets for biomaterials, there exists a greater palette of naturally occurring molecules to be 

explored. Such compounds can offer enhanced performance properties and may be produced 

through advanced microbial engineering technologies. More specifically, we have shown that 

biological di-α-amino acid feedstocks can be converted into monomers for preparation of 

covalently crosslinked co-polypeptide networks with attractive biomaterial properties. These new 

building blocks thus expand the design possibilities of novel functional biomaterials for 

applications such as drug delivery, wound healing, and tissue engineering. 

 

2.6. Experimental 

2.6.1 Materials and Methods 

TEA (Fisher) was distilled from calcium hydride (CaH2) under N2 and stored over 4 Å molecular 

sieves. TMSCl (Sigma–Aldrich) was purified by distillation under N2. The following chemicals 

were used as received from the vendor: trifluoroacetic acid (Oakwood), L-cystine dimethyl ester 

and L-homocystine dimethyl ester (Chem-Impex Intl.), tris(diethylamino)- phosphine (Sigma–

Aldrich), triphosgene and 15% phosgene in toluene (Sigma–Aldrich), tris(carboxyethyl)phosphine 

0.5m in H2O (Sigma–Aldrich). H2O was purified by reverse osmosis. L-Homocysteine thiolactone 
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hydrochloride,23 3-chloro-L-alanine24 and 2 kDa PEG-isocyanate25 were prepared by previously 

reported methods. NCA purification26 and polymerizations21 were performed in an N2 filled glove 

box using established techniques. 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. 22 ˚C ambient temperature. All reactions were performed under 

N2, and unless otherwise described at 22 ˚C. THF and hexanes were degassed by sparging with 

nitrogen and dried by passage through columns of dried alumina. 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 mm). ESI-MS spectra were recorded on a Waters LCT Premier spectrometer or a Q 

Exactive® Plus Hybrid Quadrupole-Orbitrap_ 

Mass Spectrometer. FTIR spectroscopy was performed on a PerkinElmer Spectrum RX 

spectrometer or a JASCO FT/IR-4100 spectrometer. NMR spectroscopy was performed on a 

Bruker AV400 spectrometer. Abbreviations: acetic acid (AcOH), attenuated total reflectance 

infrared spectroscopy (ATR-IR), chlorotrimethylsilane (TMSCl), circular dichroism (CD), 

methoxy polyethylene glycol (PEG), molar equivalent (eq), molecular weight cutoff (MWCO), 

triethylamine (TEA), trifluoroacetic acid (TFA), trifluoroacetic anhydride (TFAA), trimethylsilyl 

(TMS), tetrahydrofuran (THF), tris(carboxyethyl)phosphine (TCEP) 

 

 

 

 

2.6.2 Synthetic Procedures 
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TFA-L-cystine-OMe and TFA-L-homocystine-OMe were prepared from commercially available 

L-cystine-OMe and L-homocystine- OMe according to a literature procedure.11 TFA-L-

lanthionine-OMe was prepared from TFA-L-cystine-OMe according to a literature procedure.18 

 

TFA-L-homolanthionine-OMe 

TFA-L-homocystine-OMe (0.60 g, 1.2 mmol, 1.0 equiv) was dissolved in anhydrous benzene. 

Tris(diethylamino)phosphine (0.35 mL, 1.3 mmol, 1.05 equiv) was added dropwise. The reaction 

was heated to 30 ˚C and allowed to react for 16 h. The reaction was cooled to room temperature 

and solvent was removed in vacuo. The residue was purified via column chromatography (9:1 

Hex:EtOAc to 3:1 Hex:EtOAc) to yield TFA-L-homolanthionine-OMe as a white solid. (0.52 g. 

94% yield). 

 

L-lanthionine18 

TFA-L-lanthionine-OMe (1.0 g, 2.3 mmol, 1.0 equiv), was dissolved in THF (12 mL) and cooled 

to 0 ˚C. 2N NaOH (25 mL) was added dropwise and the reaction was allowed to stir for 1 h at 0 

˚C. 1N HCl (12 mL) was added and the mixture was adjusted to pH 6 with 1N HCl. The solvent 

was removed in vacuo. The residue was suspended in water and filtered to give L-lanthionine as 

white crystals (0.27 g, 55% yield). 1H NMR (400 MHz, TFA-D, 25 ˚C): d=4.69 (s, 2 H), 3.63–

3.53 (m, 2 H), 3.5–3.4 ppm (m, 2H). 13C NMR (100 MHz, TFA-D, 25 ˚C): d=170.3, 53.0, 31.2 

ppm. 

 

 

L-homolanthionine27 
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TFA-L-homolanthionine-OMe (0.56 g, 1.2 mmol, 1.0 equiv), was dissolved in THF (8 mL) and 

cooled to 0 ˚C. 2N NaOH (12 mL) was added dropwise and the reaction was allowed to stir for 1 

h at 0 ˚C. 1N HCl (6 mL) was added and the mixture was adjusted to pH 6 with 1N HCl. The 

solvent was removed in vacuo. The residue was dissolved in water (5 mL) and precipitated into 

absolute ethanol (45 mL) and placed in the freezer overnight. The reaction was centrifuged and 

the supernatent was removed. Excess ethanol was removed under high vacuum to yield white 

crystals (0.24 g, 81% yield). 1H NMR (400 MHz, TFA-D, 25 ˚C): d=4.70 (q, J=6.0 Hz, 2H), 3.00 

(t, J=6.7 Hz, 2H), 2.67–2.45 ppm (m, 4 H). 13C NMR (100 MHz, TFA-D, 25 ˚C): d=172.7, 53.0, 

28.3, 26.8 ppm. 

 

L-cystathionine17 

L-homocysteine thiolactone-HCl (0.60 g, 3.9 mmol, 1.0 equiv) and 3-chloro-L-alanine (0.63 g, 5.1 

mmol, 1.3 equiv) were added to a flask and flushed with N2. Degassed 5 N NaOH (3.5 mL, 18 

mmol, 4.5 equiv) was added. The mixture was stirred for 64 h. The pH was adjusted to 10.5–11.0 

with conc. HCl(aq). The mixture was cooled to 4 ˚C and allowed to stand for 16 h. The precipitate 

was collected by vacuum filtration. The amino acid was recovered as a colorless solid (470 mg, 

54% yield). 1H NMR (400 MHz, D2O, 25˚C): d=4.30 (dd, J=7.3, 4.5 Hz, 1 H), 4.20 (t, J=6.5 Hz, 

1 H), 3.25 (dd, J=15.2, 4.6 Hz, 1H), 3.15 (dd, J=15.1, 7.2 Hz, 1H), 2.80 (tm, J=7.6 Hz, 2H), 2.30 

(m, 1H), 2.21 (m, 1H). 

 

 

 

L-cystine di-NCA (1a) 
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L-cystine (1.5 g, 6.2 mmol, 1.0 equiv) was suspended in THF (50 mL). Triphosgene (2.5 g, 8.3 

mmol, 1.3 equiv) was added in one portion. The mixture was stirred at 50 ˚C for 24 h. The turbid 

mixture was concentrated and the crude product was purified by column chromatography (50:50 

THF:hexanes) under inert atmosphere. After concentration, the material was diluted with THF and 

precipitated into hexanes. This provided a pale yellow solid (0.42 g, 23% yield). The IR and 1H 

NMR for this material were in accordance with those previously reported.11 

 

L-homocystine di-NCA (1b) 

L-homocystine (0.4 g, 1.5 mmol, 1.0 equiv) was suspended in THF (30 mL). Triphosgene (0.59 g, 

2.0 mmol, 1.3 equiv) was added in one portion. The mixture was stirred at 50 ˚C for 24 h. The 

turbid mixture was concentrated and the crude product was purified by column chromatography 

(60:40 THF:hexanes) under inert atmosphere. After concentration, the material was diluted with 

THF and precipitated into hexanes. This provided a colorless solid (0.20 g, 42% yield). 1H NMR 

(400 MHz, CD3CN, 25 ˚C): d=6.87 (br s, 2 H), 4.47 (ddd, J=6.9, 5.4, 1.3 Hz, 2H), 2.80 (t, J=7.2 

Hz, 4 H), 2.19 ppm (m, 4H). 13C NMR (100 MHz, CD3CN, 25 ˚C): d=172.1, 153.2, 57.5, 34.2, 

31.8 ppm. FTIR (thin film): 1860, 1792 cm-1 ESI-MS m/z = 319.0063 [M-H]- (calcd 319.0059 for 

C10H11N2O6S2). 

 

L-homocystine di-NCA Large Scale Preparation (1b) 

L-homocystine (1.0 g, 3.7 mmol, 1.0 eq) was suspended in THF (200 mL). Triethylamine (2.07 

mL, 14.9 mmol, 4.0 eq) was added followed by TMSCl (1.90 mL, 14.9 mmol, 4.0 eq). The reaction 

was stirred at room temperature 16 hrs. The resulting turbid mixture was concentrated down and 

pumped into a glove box. The white solid was resuspended in THF, filtered, and concentrated in 
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vacuo to yield a cloudy oil (1.4 g). The oil was dissolved in 40 mL of THF in a glove box and 

transferred to an addition funnel. The funnel was sealed on both ends and removed from the box. 

Phosgene 15% in toluene (4.3 mL, 6.2 mmol, 2.5 eq) was added to a Schlenk flask containing 125 

mL of anhydrous THF. The addition funnel was quickly added to the top of the Schlenk flask and 

the atmosphere quickly purged with three vacuum/N2 cycles. The reaction was left under nitrogen 

and the TMS amino acid was added dropwise over 30 minutes during which the reaction turned 

cloudy. The addition funnel was removed and the reaction was sealed and heated to 45 ˚C for 2 

hours during which the turbid mixture cleared. The reaction was concentrated down and pumped 

into the box. The crude material was purified by crystallization 3 times from 2:1 Hex:THF to yield 

white needles (0.47 g, 60% yield). Spectral data was in agreement with small scale preparation. 

 

L-lanthionine di-NCA (1c) 

L-lanthionine (0.27 g, 1.3 mmol, 1.0 equiv) was suspended in THF (30 mL). 15% phosgene 

solution in toluene (3.6 mL, 5.1 mmol, (4 equiv) was added. The mixture was stirred at 45 ˚C for 

18 h and then concentrated. The crude product was purified by column chromatography (60:40 

THF:hexanes) under inert atmosphere. After concentration, the material was diluted with THF and 

precipitated into hexanes. This provided the product as a white solid (0.20 g, 59% yield). 1H NMR 

(400 MHz, CD3CN, 25 ˚C): d=6.84 (br s, 2 H), 4.62–4.58 (m, 2 H), 3.12–3.07 (dd, J=4.0, 14.5 Hz, 

2 H), 3.01–2.95 ppm (m, 2 H). 13C NMR (100 MHz, CD3CN, 25 ˚C): d=169.51, 151.67, 58.4, 34.0 

ppm. FTIR (thin film): 1860, 1790 cm-1. ESI-MS m/z=259.0031 [M-H]- (calcd 259.0025 for 

C8H7N2O6S). 

 

L-cystathionine di-NCA (1d) 
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L-cystathionine (0.30 g, 1.3 mmol, 1.0 equiv) was suspended in THF (20 mL). 15% phosgene 

solution (3.9 mL, 5.4 mmol, 4 equiv) was added. The mixture was stirred at 45 ˚C for 18 h and 

then concentrated. The crude product was purified by column chromatography (60:40 

THF:hexanes) under inert atmosphere. After concentration, the material was diluted with THF and 

precipitated into hexanes. This provided a colorless solid (0.20 g, 54% yield). 1H NMR (400 MHz, 

CD3CN, 25 ˚C): d=6.86 (br m, 2H), 4.62 (dd, J=4.2, 1.3 Hz, 1H), 4.44 (dd, J=1.4, 5.6 Hz, 1H), 

3.04 (dd, J=14.5, 4.0 Hz, 1H), 2.92 (dd, J=14.5, 5.2 Hz, 1H), 2.71 (t, J=7.4 Hz, 2H), 2.06 ppm (m, 

2H). 13C NMR (100 MHz, CD3CN, 25 ˚C): d=170.9, 169.7, 151.8, 151.8, 58.2, 56.1, 32.4, 30.8, 

28.0 ppm. FTIR (thin film):1860, 1792 cm-1. ESI-MS m/z=273.0204 [M-H]- (calcd 273.0181 for 

C9H9N2O6S2). 

 

L-cystathionine di-NCA (1d) Large Scale Preparation 

L-cystathionine  (1.0 g, 4.5 mmol, 1.0 eq), was suspended in THF (200 mL). Triethylamine 

(2.5mL, 18 mmol, 4.0 eq) was added followed by TMSCl (2.3 mL, 18 mmol, 4.0 eq). The reaction 

was stirred at room temperature 16 hrs. The resulting turbid mixture was concentrated down and 

pumped into a glove box. The white solid was resuspended in THF, filtered, and concentrated in 

vacuo to yield a cloudy oil (1.3 g). This oil (1.3, 2.5 mmol, 1.0 eq) was dissolved in 40 mL of THF 

in a glove box and transferred to an addition funnel. The funnel was sealed on both ends and 

removed from the box. Phosgene 15% in toluene (4.5 mL, 6.4 mmol, 2.5 eq) was added to a 

Schlenk flask containing 125mL of anhydrous THF. The addition funnel was quickly added to the 

top of the Schlenk flask and the atmosphere quickly purged with three vacuum/N2 cycles. The 

reaction was left under nitrogen and the TMS amino acid was added dropwise over 30 minutes 

during which the reaction turned cloudy. The addition funnel was removed and the reaction was 
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sealed and heated to 45 ˚C for 2 hours during which the turbid mixture cleared. The reaction was 

concentrated down and pumped into the box. The crude material was purified by crystallization 3 

times from 2:1 Hex:THF to yield white needles. (0.44 g, 63% yield). Spectral data was in 

agreement with small scale preparation. 

 

L-homolanthionine di-NCA (1e) 

L-homolanthionine (0.23 g, 1.0 mmol, 1.0 equiv) was suspended in THF (30 mL). A solution of 

15% phosgene in toluene (2.8 mL, 4.0 mmol, 4 equiv) was added. The mixture was stirred at 45 

˚C for 24 h. The turbid mixture was concentrated and the crude product was purified by column 

chromatography (60:40 THF:hexanes) under inert atmosphere. After concentration, the material 

was diluted with THF and precipitated into hexanes. This provided a sticky white solid (0.03 g, 

12% yield). 1H NMR (400 MHz, CD3CN, 25 ˚C): d=6.87 (br s, 2H), 4.47 (ddd, J=6.9, 5.4, 1.3 Hz, 

2H), 2.80 (t, J=7.2 Hz, 4H), 2.19 ppm (m, 4H). 13C NMR (100 MHz, CD3CN, 25 ˚C): d=171.0, 

151.8, 56.2, 30.5, 26.3 ppm. FTIR (thin film): 1856, 1788 cm-1. 

ESI-MS m/z=287.0337 [M-H]- (calcd 287.0338 for C10H11N2O6S). 

 

γ-tert-Butyl l-glutamate NCA (Bu-Glu NCA) 

γ-tert-Butyl L-glutamic acid (2.0 g, 9.8 mmol, 1.0 equiv) was suspended in THF (60 mL). 

Triethylamine (2.75 mL, 19.7 mmol, 2.0 equiv) and TMSCl (2.5 mL, 19.7 mmol, 2.0 equiv) were 

added and the turbid mixture was stirred for 1 h at room temperature. Phosgene (15% in toluene) 

(10.2 mL, 14.7 mmol, 1.5 equiv) was added and the mixture was heated to 45 ˚C and allowed to 

react for 2 h. The turbid mixture was concentrated, filtered, and the crude product was purified by 

column chromatography (30:70 THF:Hexanes to 50:50 THF:Hexanes) under inert atmosphere. 
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After concentration, the material was crystallized twice from 3:1 Hex:THF to provide a white 

fluffy solid (1.75 g, 68%). The IR and 1H NMR for this material were in accordance with those 

previously reported.20 

 

Binary copolymerizations of di-NCAs with Bu-Glu NCA 

Separate stock solutions of each di-NCA (1a–1e) and tBu-Glu NCA were prepared in THF (note 

that 3:1 THF:DMF was required to dissolve 1c at concentrations of 50 mg/mL each. These were 

mixed in different proportions to obtain the desired co-monomer feed ratios. The resultant 

solutions were treated with a defined volume of initiator (20 mg/mL solution of KOtBu in THF) 

to obtain the desired monomer to initiator ratio. The mixtures were then heated at 40 ˚C for 24 h 

whereupon all samples formed organogels. For each copolymerization, an aliquot of the 

polymerization mixture was analyzed by FTIR spectroscopy to determine if consumption of NCA 

monomers was complete. The copolymerizations were then concentrated under a gentle stream of 

air followed by high vacuum. The obtained solids were then carried through to deprotection 

without further purification. 

 

Co-polypeptide deprotection 

Protected co-polypeptides (2a–2e) were each treated with TFA (40 μL per mg of sample) and 

allowed to stand for 24 h. The mixtures were then evaporated under a stream of air to provide 

solvent-swollen solids. Volatiles were then removed under high vacuum. The crude copolymer 

networks were each transferred to 2 kDa MWCO dialysis bags and dialyzed against aqueous 50 

mm NaCl and 50 mm NaHCO3 (8 h, 2 solvent changes) followed by H2O (16 h, 3 solvent changes). 

The retentates were then lyophilized to provide the deprotected co-polypeptide networks. 
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Preparation of Hydrogels 

Deprotected co-polypeptide networks (3a–3e) were swollen at 1 wt% concentration in DI H2O, 

sealed under N2, and centrifuged for 30 seconds to obtain hydrogel samples. 

 

Reduction of Hydrogels 

Deprotected co-polypeptide networks (3a–3d) were swollen at 1 wt% concentration in a 10 mM 

NaOAc/10 mM TCEP aqueous solution, sealed under N2, and then centrifuged to obtain hydrogel 

samples, which were let stand for 12 h. Degradation of hydrogel networks was determined via 

inversion of resulting samples (4a–4d). 

 

Rheology 

An Anton Paar MCR 102 rheometer with a 25 mm cone and plate geometry and aqueous solvent 

trap was used for all measurements. Frequency sweeps were measured at a constant strain 

amplitude of 0.1. Strain sweeps were measured at a constant frequency of 10 rad s-1 

 

Equilibrium Hydrogel Swelling Experiments 

Each co-polypeptide network sample (3a–3d) (5 mg) was swollen in excess (3 mL) DI H2O for 24 

hours at room temperature. Excess water was wicked away and the mass of the maximally swollen 

hydrogel was measured. 
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2.6.3 Spectral Data 
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Chapter 3 

 

Access to Poly(Dehydroalanine) from Masked Serine 

and Cysteine Precursors 
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3.1 Introduction  

Dehydroalanine (DHA) is a unique non-proteogenic amino acid that is found in several 

interesting biomolecules.1, 2 The first reports of DHA were made by Bergmann and Miekeley in 

1927 who postulated that serine could undergo a dehydration reaction to form the dehydroalanine 

residue.3 This residue is of great interest due to its unique structural properties including the 

presence of an α,β unsaturated carbonyl, which is receptive to Michael type addition as well as 

other alkene functionalization reactions including dehydrogenation. Direct isolation of DHA has 

not been shown to be possible due to its propensity to rapidly degrade into ammonia and glycolic 

acid. However, protected versions of this amino acid have been isolated. Initial work by Sakakibara 

in the late 1950s reported the synthesis of DHA N-carboxyanhydride (NCA), and subsequent 

studies examined the potential of this NCA to be used in the preparation of DHA polypeptides via 

ring opening polymerization (ROP).4, 5 Attempts to polymerize DHA NCA through amine 

initiation resulted in less than 40% conversion after 24 hours. Higher conversions were achieved 

under relatively harsh conditions of boiling toluene or neat pyridine at 100 ˚C. The authors found 

that the resulting polymer, while initially soluble in a variety of solvents, lost its solubility upon 

storage and after drying, possibly due to crosslinking between the residues. Further work by this 

group analyzed the reaction of poly(dehydroalanine) (ADH) with a variety of agents including 

sodium cyanide, benzyl mercaptan, and acetonitrile. Analysis of these reactions after polymer 

hydrolysis yielded complex mixtures of amino acids including serine and alanine that were 

visualized via ninhydrin staining.6 

While work on the synthesis of ADH has been limited, incorporation of DHA residues into 

peptides7 and proteins8 has flourished. Methodologies for this transformation have been based 

around cysteine, serine, and selenocystine amino acid systems. Initial work by Koshland in 1963 
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showed the potential for elimination at a tosyl serine residue to form a dehydroalanine residue in 

the active site of a chymotrypsin under basic conditions.9 Subsequently, in 1977 the modification 

of cysteine residues in peptides was explored as a route to form DHA. Lawton showed that the 

formation of a cyclic sulfonium derivative of cysteine residues in acidic media leads to DHA, 

while Tam and coworkers showed that thermal elimination of cysteine sulfoxide using a sulfenic 

acid trap would also lead to the desired moiety.10, 11 More recently, several groups have explored 

the oxidation of alkyl and aryl selenocysteine containing peptides as a method to form the DHA 

structure.12-15 Moreover, additional work on an enzymatic methodology has also been explored via 

the formation of a phosphoserine intermediate.16 Additionally, numerous modification chemistries 

such as thia-Michael, aza-Michael, selena-Michael, and radical carbon-carbon coupling have been 

explored to modify DHA with a variety of small molecule moieties including ethylene glycol 

derivatives, sugars, and charged groups.17 While this work has demonstrated the robustness of 

DHA residue modification in peptides and proteins, the development of longer chain polypeptides 

of DHA has not caught up to the progress made in these other areas. 

 In order to prepare long chain polypeptides containing DHA residues several 

considerations need to be made. For the preparation of polypeptides via ROP in organic solvent, 

it is important for the growing chain to adopt a soluble conformation, typically an α-helix or 

random coil. While serine and cysteine derivatives have been shown to be excellent precursors to 

DHA, protected homopolypeptides of these moieties tend to form β-sheets, often leading to 

polymer precipitation during polymerization and allowing only short chain length polymers to be 

accessed.  

 Here, we sought to utilize the formation and subsequent modification of DHA residues in 

polypeptides to prepare long functionalized chains that adopt disordered conformations due to 
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racemization of D-carbon stereocenters during DHA modification. Disordered conformations were 

desired since these are difficult to obtain in enantiopure polypeptides, and have been found to be 

valuable for assisting self-assembly of block copolypeptides in solution. We investigated several 

potential pathways for the preparation of ADH centered on cysteine and serine derivatives and 

investigated their potential as masked DHA precursors for the preparation of polypeptides via 

metal initiated ROP of NCA monomers (Figure 3.1). 

 

Figure 3.1. Masked ADH polymer precursors targeted via metal initiated ROP (top). Direct access 

to ADH from DHA NCA (bottom). 

3.2 Results 

3.2.1 Preparation of Serine and Cysteine based NCAs 

 While the majority of poly(S-alkyl-L-cysteines) prefer to adopt a β-sheet conformation, 

one notable exception is poly(S-carbomenthoxymethyl-L-cysteine) (CCMM) reported by 

Hayakawa and coworkers.18 The literature preparation involved a sodium ammonia reduction, 

however, we were pleased to find that modification of chloro-menthylacetate to iodo-

menthylacetate via a Finkelstein reaction allowed for preparation of S-carbomenthoxymethyl-L-
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cysteine (Mn-CM Cys) under milder conditions in reasonable yield (73%). This product was 

converted to the NCA via direct phosgenation and purified by recrystallization (Scheme 3.1). 

 

Scheme 3.1. Synthesis of Mn-CM Cys NCA 

  The bulky nature of the menthyl group has been hypothesized to be part of the reason that 

CCMM forms an α-helical structure in organic solvents. For comparison, poly(S-

carbobenzoxymethyl-L-cysteine) adopts a E-sheet structure in organic solvents.19 In order to 

further study this effect, we explored other functionalized amino acids containing bulky tert-butyl 

substituents. The two DHA precursors that we chose to investigate were S-carbo-tert-

butoxymethyl-L-cysteine (tBu-CM Cys) and O-carbo-tert-butoxy-L-serine (O-Boc Ser). 

  tBu-CM Cys was prepared via a modified literature procedure as shown in Scheme 3.2.20 

The amino acid was converted into the corresponding NCA in good yield (60%) using a 

chlorotrimethylsilane-triethylamine (TMS-TEA) phosgenation procedure. TMS-TEA was utilized 

in conjunction with phosgene due to the acid sensitive nature of the side chain. Removal of TEA 

salts via filtration followed by column chromatography and crystallization yielded pure NCA. 
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Scheme 3.2. Preparation of tBu-CM Cys NCA 

Similarly, O-Boc Ser was prepared via reaction of doubly protected serine with di-tert-

butyl dicarbonate (Boc Anhydride) followed by hydrogenation to remove the carboxybenzyl and 

benzyl ester protecting groups in reasonable yield. Conversion to the NCA was identical to that of 

tBu-CM Cys (Scheme 3.3) and resulted in pure NCA in good yield (55%)  

 

Scheme 3.3. Preparation of O-Boc Ser NCA 

3.2.2 Polymerization of NCAs 

The most straight forward route to the preparation of ADH is through the polymerization of 

DHA NCA which has been reported albeit under harsh conditions (vide supra). We initially 

examined the ability of Co(PMe3)4 to prepare ADH via direct DHA NCA ROP. We found that 

resulting polypeptide would precipitate from solution during the polymerization at low monomer 
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to initiator (M:I) ratios leading to very limited monomer consumption. This result supported our 

decision to target the polymerization of masked DHA precursors. 

   In order to evaluate the ability of these modified cysteine and serine residues to be used 

as precursors to DHA we first had to investigate their ability to form polypeptides. O-Boc Ser 

NCA was polymerized via ROP using Co(PMe3)4 (Scheme 3.4). The polymerization was found to 

go to completion when monitored by FTIR at monomer to initiator (M:I) ratios of up to 80:1  

 

Scheme 3.4. Preparation of poly(O-carbo-tert-butoxy-L-serine) (SBoc) via cobalt mediated ROP. 

FTIR analysis of the polymerization reaction showed a strong Amide I band of the polymer 

at 1644 cm-1, suggesting that this polymer may not adopt a β-sheet conformation. We compared 

this result with polymers of O-pivaloyl-L-serine to determine if the placement of the bulky tert-

butyl group in relation to the peptide backbone may play a role in the secondary structure of the 

polypeptides. Poly(O-pivaloyl-L-serine) (SPiv) displayed a strong Amide I β-sheet band (1632 cm-

1) via FTIR suggesting the distance of the bulky group from the backbone plays a significant role 

in determining the secondary structure of the resulting polypeptides (Figure 3.2) 
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Figure 3.2. Comparison of FTIR spectra of THF solutions of homopolypeptide highlighting the 

difference in the amide I band for SPiv (top, 1635 cm-1) and SBoc (bottom, 1644 cm-1). 

  During the synthesis of SBoc, we encountered difficulty analyzing chain lengths of polyethylene 

glycol capped polypeptides via 1H NMR as the polymers were poorly soluble in common 

polypeptide NMR solvents including deuterated trifluoroacetic acid (d-TFA) and deuterated 

chloroform (CDCl3). Furthermore, gel permeation chromatography (GPC) analysis of these 

polymers did not show an increase in polymer length as a function of M:I ratio. However, due to 

their moderate solubility in HFIP, some of the more soluble smaller chains could be analyzed by 

GPC (Figure 3.3). 
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Figure 3.3. a) Molecular weight (g/mol) of SBoc determined by endgroup analysis using 1H NMR 

as a function of M:I. b) GPC traces of SBoc in HFIP containing 0.5% (w/w) KTFA at M:I of 80:1 

and 20:1. 

Initial studies on elimination reactions of SBoc with potassium carbonate in dimethyl 

formamide (DMF) to form DHA were undertaken, however no DHA formation was noted via 

NMR analysis. Due to the poor polymerization and solubility properties of O-Boc Ser derived 

polypeptides we next investigated the modified cysteine NCAs. 

Although the preparation of CCMM has been previously reported, that work was performed 

before the advent of living polymerization of NCAs. In order to prepare relevant and useful 

biomaterials it is imperative to have control over the polymerization. We were pleased to find that 

during the polymerization of our monomers chain growth proceeded in a linear fashion for the Mn-

CM Cys NCA as a function of M:I when using Co(PMe3)4 initiator (Figure 3.4).  
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Figure 3.4. Growth in polymer molecular weight of CCMM determined by 1H NMR as a function 

of M:I via Co(PMe3)4 mediated ROP. 

  A similar trend was seen for the tBu-CM NCA, although with significantly improved 

initiation efficiency. We were pleased to find that these polymerizations, like those of Mn-CM 

NCA, yielded soluble polymers up to chain lengths of 120 residues. Solid state FTIR and circular 

dichroism (CD) analysis of these polymers indicated that poly(S-carboxy-tert-butoxymethyl-L-

cysteine) (CCMB) adopted a conformation resembling a 310-helix21 even in the solid state which is 

unusual for poly(L-cysteine) derived polypeptides (Figure 3.5). Furthermore, CCMB possessed low 

dispersity values (1.17-1.28), and linear chain growth could be seen as a function of M:I via GPC 

as well as by 1H NMR after endcapping (Figure 3.6). 
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Figure 3.5. a) Solid State FTIR spectrum of the amide band region for CCMB. The bands at 1546 

and 1654 cm-1 are indicative of α-helical or random coil conformation. The band at 1727 cm-1 is 

the carbonyl stretch of the tert-butyl ester. b) CD spectrum of CCMB in HFIP. Minima at 197 and 

224 nm suggest that the polymer is adopting a partial 310-helix conformation. 

 

Figure 3.6. a) Variation in polymer molecular weight, determined by 1H NMR, and dispersity of 

CCMB, determined by GPC, as a function of M:I using Co(PMe3)4 mediated ROP. b) GPC traces 

of CCMB in HFIP containing 0.5% (w/w) KTFA. 
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We also examined the ability of the tBu-CM Cys NCA to be used in the preparation of 

diblock copolymers with γ-tert-butyl-L-glutamate NCA (tBu-Glu NCA). Poly(γ-tert-butyl-L-

glutamate-block-S-carboxy-tert-butoxymethyl-L-cysteine) (EtBu-b-CCMB) and poly(S-carboxy-

tert-butoxymethyl-L-cysteine-block-γ-tert-butyl-L-glutamate) (CCMB-b-EtBu) were prepared using 

Co(PMe3)4 mediated ROP via sequential addition of desired NCAs. (Scheme 3.5).  

 

Scheme 3.5. Preparation of block copolymers with tBu-CM Cys and tBu-Glu NCAs. 

We found that the tBu-CM Cys NCA was able to be successfully incorporated as both a 

first or second block segment. GPC analysis of the resulting block copolypeptides showed 

monomodal peaks for the initial segments and diblock copolymers and no increase in polymer 

dispersity supporting the formation of uniform block copolymer species. Moreover, endcapping 

analysis via 1H NMR showed an appropriate increase in molecular weight based on the targeted 

size of the second block. (Table 3.1, Figure 3.7) 
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Figure 3.7. a) Chain extension of EtBu-b-CCMB monitored via GPC in HFIP containing 0.5% (w/w) 

KTFA. b) Chain extension of CCMB-b-EtBu monitored via GPC in HFIP containing 0.5% (w/w) 

KTFA.  

Table 3.1. Preparation and analysis of block copolypeptides 

aFirst and second monomers added stepwise to the initiator; number indicates equivalents of 

monomer per Co(PMe3)4. bMolecular weight and dispersity after polymerization of the first 

monomer determined by 1H NMR and GPC of polypeptide. cMolecular weight and dispersity after 

polymerization of the second monomer determined by 1H NMR and GPC of block copolypeptide. 

dTotal isolated yield of deprotected diblock copolypeptide as the sodium salt. DP = number average 

degree of polymerization. 

We also successfully incorporated tBu-CM Cys NCA into a statistical copolymer with tBu-

Glu NCA to generate poly(γ-tert-butyl-L-glutamate-stat-S-carbo-tert-butoxymethyl-L-cysteine) 

Compositions First Blockb Diblock copolymerc 

First Monomera Second Monomera Mn
 DP Ð Mn

 DP Ð Yield(%)d 

40 tBu-Glu NCA 40 tBu-CM Cys NCA 20,172 88 1.28 42,381 173 1.29 96 

40 tBu-CM Cys NCA 40 tBu-Glu NCA 20,209 77 1.17 41,298 169 1.17 93 
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(EtBu-stat-CCMB) (Scheme 3.6). GPC analysis of the copolymer showed a monomodal peak with 

low dispersity. 1H NMR analysis of the resulting copolymer showed that the two different NCA 

monomers had been incorporated into the copolymer in accordance to their molar feed ratio. (Table 

2, Figure 3.8) 

Scheme 3.6. Preparation of a statistical copolymer with tBu-CM Cys and tBu-Glu NCAs 

 

Figure 3.8. GPC Trace of EtBu-stat-CCMB in HFIP containing 0.5% (w/w) KTFA. 
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Table 3.2. Preparation and characterization of statistical copolypeptide 

aFirst and second monomers were combined before initiation; number indicates mol %  of 

monomer.b Molar ratio of total monomers to Co(PMe3)4 initiator. cMolecular weight and residue 

composition determined by1H NMR. dDispersity determined by GPC of copolypeptide. dTotal 

isolated yield of deprotected random copolypeptide as the sodium salt.  

These data demonstrate the versatility of the tBu-CM Cys NCA as a potential avenue for 

the introduction of the DHA moiety into a variety of polymer architectures. 

3.2.3 Modification of Polypeptides 

With two possible polymerization systems in hand we began to investigate the side chain 

modification of these polypeptides to produce ADH through either alkylation or oxidation of the 

thioether groups in CCMM and CCMB. (Figure 3.9). Our initial studies focused on the preparation 

of poly(S-carbo-menthoxymethy-L-cysteinesulfoxide) (CCMMO). When modifying the thioether of 

the CCMM side chain it was critical to only generate the sulfoxide and not over oxidize to the 

sulfone so that the elimination of the side chain can proceed via a thermal Cope elimination. When 

oxidation reactions are performed in water on other hydrophobic thioether containing polypeptides 

to generate sulfoxides, heterogeneous mixtures are commonly formed that become homogeneous 

over the course of the reaction as the water soluble fully oxidized polymer is formed. However, 

initial attempts to oxidize CCMM in water (as a heterogeneous mixture) with tert-butyl 

hydroperoxide (TBHP) and hydrogen peroxide proved unsuccessful. The lack of modification may 

be due to the steric bulk of the hydrophobic polymer side chains causing the thioether to be buried 

First Monomera Second Monomera M:Ib Compositionc Ðd Mnc Yield(%)e 

50% Bu-Glu NCA 50% tBu-CM Cys NCA 40:1 EtBu33-stat- CCMB34 1.28 42,381 90 
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and inaccessible during attempted oxidation. In order to alleviate this problem we attempted 

oxidation with meta-chloroperoxybenzoic acid (MCPBA) in DMF, where the polymer was fully 

soluble. After 3 days, FTIR and NMR analysis of the product showed complete conversion of the 

polypeptide to the sulfone derivative. Additional attempts to oxidize the polymer were performed 

using ethanol as a solvent to disrupt the helix packing. This allowed for availability of the thioether 

for modification and we found that oxone® and hydrogen peroxide could be used to generate the 

targeted CCMMO.  

With CCMMO in hand we investigated elimination reactions to form ADH. Thermal reactions 

at elevated temperatures in toluene and benzene did not give any DHA residues via NMR analysis. 

In an alternative approach focused on preparation of a sulfonium precursor to DHA, attempts to 

alkylate CCMM with methyl iodide in either acidic or neutral water yielded no sulfonium 

derivatives. This result may be due to steric bulk of the hydrophobic polymer side chains causing 

the thioether to be buried and inaccessible, as seen during oxidation attempts in water.  

 

Figure 3.9. Methodologies investigated for the development of DHA from S-alkyl-L-cysteine 

derived polypeptides. 
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We next investigated the modification of CCMB under similar conditions. Initial attempts 

at modification via oxidation or alkylation of the protected polypeptide proved to be unsuccessful 

in a variety of solvents regardless of polymer solubility. This, in conjunction with the difficulty 

observed for modification of CCMM, supports the idea that bulkiness of the side chain groups may 

be sterically shielding the thioether groups and inhibiting these modification reactions. We were 

pleased, however, to find that deprotection of the tert-butyl groups to yield poly(S-carboxymethyl-

L-cysteine) (CCM) as the sodium salt allowed for facile modification of the polymer with either 

methyl iodide or TBHP.  

Due to the straightforward nature of sulfonium elimination from cysteine derivatives we 

focused our DHA formation studies on alkylation of CCM. Initial studies in neutral water showed 

that both DHA as well as the sulfonium intermediate were being formed in alkylation reactions. 

Attempts to isolate solely the sulfonium intermediate proved difficult as DHA formation occurred 

even as low as pH 4 in water. At pH values below 4 the polymer was not soluble in aqueous 

systems and no modification was seen. Conversion of the side chain carboxylate group into an 

alcohol may merit investigation if isolation of the sulfonium intermediate is desired. Optimization 

of alkylation of CCM to form DHA was performed and it was found that pH 8 water at 37 ºC for 3 

days with 10 equivalents of methyl iodide per S-alkyl-L-cysteine residue in CCM provided ADH in 

quantitative yield. Conformation of ADH formation was achieved through FTIR and NMR analysis 

(Figure 3.10, see spectral data).  
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Figure 3.10. Comparison of solid-state FTIR spectra of CCm (top), ADH (middle), and rac-CEG4 

(bottom). Bands at 779 and 1656 cm-1 correspond to DHA alkene bands at =C-H and C=C, 

respectively. All polymer species as solids display β-sheet characteristics with Amide I bands in 

the region of 1621-1629 cm-1. 

Freshly prepared ADH formed a suspension in water but was soluble in organic solvents 

such as DMSO and HFIP. GPC analysis of ADH in HFIP containing 0.5% (w/w) KTFA showed a 

monomodal peak supporting the stability of the polypeptide chains upon conversion to ADH (Figure 

3.11). 
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Figure 3.11. GPC trace of ADH in HFIP containing 0.5% (w/w) KTFA.  

 Modified polymers of block or random copolypeptide architectures with a DHA content 

of ca. 50% were found to be soluble in water. Conversion to DHA in these polymers proved to be 

highly selective for the CM Cys residues and could be tracked by the disappearance of the CM 

Cys α proton as well as the appearance of alkene C-H resonances in 1H NMR (Figure 3.12, see 

spectral data). 

 

Figure 3.12. Homopolypeptide, random copolypeptide and block copolypeptide architectures 

containing DHA residues.  

We next sought to investigate the modification of DHA containing polypeptides with thiol 

and amine containing small molecules via Michael addition type chemistry. These modifications 
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would allow for the generation of distinct architectures containing functionalized racemic 

polypeptide segments (Scheme 3.7). 

 

Scheme 3.7. Functionalization of ADH containing polypeptides with amine and thiol 

nucleophiles. 

 We found that the reaction of thiol containing small molecules with block copolymers 

containing ADH segments in pH 8 phosphate buffer overnight gave quantitative conversion to 

poly(S-alkyl-rac-cysteine), rac-CR segments. Moreover addition of amines via aza-michael 

addition to the polymers could be achieved at pH 9 overnight to give poly(N-alkyl-amino-rac-

alanine), rac-AAR segments (Table 3.3). Modification of ADH homopolymer in aqueous buffer 

proved more difficult as only partial modification of the polymer was observed, likely due to the 

low aqueous solubility of ADH. However, subsequent studies utilizing organic /aqueous solvent 

systems allowed complete modification of this polypeptide.  
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Table 3.3 Preparation of racemic polypeptides from ADH containing polypeptides 

   

 

 

 

 

a Determined by 1H NMR analysis of resulting polypeptide b Isolated yield, purified via dialysis 

The generation of racemic polypeptides was confirmed via CD of resulting polypeptides 

(Figure 3.13). This methodology for the post-polymerization introduction of the DHA residue in 

polypeptides and subsequent modification illustrates an important step forward in the development 

of functional, racemic polypeptide segments. 

 

 

 

Starting Polymer Nucleophile Product  Functionalization (%)a Yield (%)b 

ADH72 EG4-SH racCEG472 >99 86 

E33-stat-ADH34 EG4-SH E33-stat-racCEG434 >99 89 

E88-b-ADH85 EG4-SH E88-b-racCEG485 >99 Quant. 

E88-b-ADH85 Ethanolamine E88-b-racAAHE85 >99 98 

E88-b-ADH85 β-mercaptoethanol  E88-b-racCHE85 >99 99 

E88-b-ADH85 β-D-Thioglucose E88-b-racCGlu85 >99 95 
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Figure 3.13. CD Spectra of CCM (black) in DI H2O, ADH (red) in HFIP, and rac-CEG4 (blue) in DI 

H2O demonstrating the loss of enantiopurity of the polypeptide side chains during the conversion 

to DHA and subsequent functionalization. 

3.3. Conclusions 

In this study we investigated the potential of modified cysteine and serine NCAs as 

precursors to DHA residues in polypeptides. We were able to prepare soluble, long chain 

polypeptides from tBu-CM Cys NCA in a variety of homopolypeptide and copolypeptide 

architectures. Moreover, quantitative conversion of CM Cys residues to DHA residues was 

achieved via alkylation with methyl iodide under basic aqueous conditions. This allowed for the 

preparation of a variety of racemic functional polypeptides. 

Additionally, we successfully prepared O-Boc Ser NCA which was able to undergo 

polymerization using transition metal initiators. Further work is required to elucidate the ability of 

this monomer to undergo controlled, living ROP as well as to serve as a precursor to 

dehydroalanine residues. This would be of interest as it could provide an orthogonal methodology 
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that could be used in conjunction with tBu-CM Cys NCA to prepare distinct blocks of racemic 

polypeptides containing different functionality. 

3.4 Experimental 

3.4.1 Materials and Methods 

TEA (Fisher) was distilled from CaH2 under N2 and stored over 4 Å molecular sieves. TMSCl 

(Sigma–Aldrich) was purified by distillation under N2. The following chemicals were used as 

received from the vendor: trifluoroacetic acid (Oakwood), tert-butyl bromo acetate (Combi-

Blocks), L-cysteine (Sigma–Aldrich), Boc Anhydride (Chem-Impex), Cbz-L-serine-Benzyl Ester 

(Bachem), tetramethyl guanididne (Alfa Aeser), (-)-menthol (Sigma-Aldrich), 15% phosgene in 

toluene (Sigma–Aldrich), Iodomethane (Sigma-Aldrich). H2O was purified by reverse osmosis. 1 

kDa PEG-isocyanate22 was prepared by a previously reported method. NCA purification23 and 

polymerizations24 were performed in an N2 filled glove box using established techniques. 

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. 22 ˚C 

ambient temperature. All reactions were performed under N2 at 22 ˚C unless otherwise described. 

THF and hexanes were degassed by sparging with nitrogen and dried by passage through columns 

of dried alumina. Thin-layer chromatography was performed with EMD gel 60 F254 plates (0.25 

mm thickness) and visualized using a UV lamp or ninhydrin stain. Column chromatography was 

performed using Silicycle Siliaflash G60 silica (60–200 mm). ESI-MS spectra were recorded on a 

Waters LCT Premier spectrometer or a Q Exactive® Plus Hybrid Quadrupole-Orbitrap Mass 

Spectrometer. FTIR spectroscopy was performed on a PerkinElmer Spectrum RX spectrometer or 

a JASCO FT/IR-4100 spectrometer. NMR spectroscopy was performed on a Bruker AV400 

spectrometer. Tandem gel permeation chromatography/light scattering (GPC/LS) was performed 
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at 25 ˚C using an SSI Accuflow Series III pump equipped with Wyatt DAWN EOS light scattering 

and Optilab REX refractive index detectors. Separations were achieved using 100 Å and 1000 Å 

PSS-PFG 7 μm columns at 30 ºC with 0.5% (w/w) KTFA in 1,1,1,3,3,3-hexafluoroisopropanol 

(HFIP) as eluent and sample concentrations of 10 mg/ml. Abbreviations: attenuated total 

reflectance infrared spectroscopy (ATR-IR), chlorotrimethylsilane (TMSCl), circular dichroism 

(CD), methoxy polyethylene glycol (PEG), molar equivalent (equiv), molecular weight cutoff 

(MWCO), triethylamine (TEA), trifluoroacetic acid (TFA), trimethylsilyl (TMS), tetrahydrofuran 

(THF), Hexanes (Hex), poly(γ-tert-butyl-L-glutatmate) EtBu, poly(L-glutamate) E, poly(S-carbo-

tert-butoxymethyl-L-cysteine) CCMB, poly(S-carboxymethyl-L-cysteine) CCM, 

poly(dehydroalanine) ADH 

 

3.4.2 Synthetic Procedures 

Dehydroalanine NCA was prepared according to literature procedure.25 

Menthyl Chloroacetate was prepared according to literature procedure.26 

Menthyl Iodoacetate 

Menthyl Chloroacetate (2.0 g, 8.6 mmol, 1.0 equiv) was dissolved in acetone (20 mL). NaI (2.2 g, 

15 mmol, 1.7 equiv) was added and reaction was covered in foil and allowed to stir for 16 h. The 

reaction was transferred to a separatory funnel and EtOAc (100 mL), saturated sodium thiosulfate 

(10 mL) and water (100 mL) were added. The organic layer was removed and the aqueous layer 

was extracted twice with EtOAc (100 mL). The organic layers were combined, dried and solvent 

was removed in vacuo yielding a white solid (2.5 g, 89% yield). 1H NMR (300 MHz, CDCl3, 25 

˚C): 4.73 (td, J=4.4, 10.9 Hz 1H), 3.70 (d, J=2.2 Hz 2H), 2.08-1.94(m, 2H), 1.77-1.67 (m, 2H), 

1.62-1.40 (m, 2H), 1.18-1.00 (m, 2H), 0.95 (dd, J=2.5, 6.5 Hz, 7H), 0.81 (d, J=7 Hz, 3H) 
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S-(Carbo-menthoxymethyl)-L-cysteine 

L-cysteine (0.5 g, 3.3 mmol, 1.0 equiv) was suspended in methanol (5 mL) cooled to 0 ˚C and 

degassed with bubbling nitrogen for 10 min. K2CO3 (1.1 g, 8.1 mmol, 2.0 equiv) was dissolved in 

10 mL of methanol and added in one portion. Menthyl iodoacetate (1.4 g, 4.1 mmol, 1.0 equiv) 

was added in one portion. The reaction was allowed to stir under N2 overnight. The solvent was 

removed under vaccum and the product was recrystallized form EtOH to yield white crystals (1.1g, 

73% yield). 1H NMR (400 MHz, DMSO-D6, 25 ˚C): 4.57 (td, 1H), 3.31 (q, 1H), 3.03(dd, 1H), 

2.79 (dd, 1H), 1.85 (m, 2H), 1.61 (m, 2H), 1.82 (pd, 1 H), 1.49-1.25 (m, 2H), 0.97 (m, 1H), 0.81 

(t, 6H), 0.72 (d, 3H). 

S-(Carbo-menthoxymethyl)-L-cysteine NCA (Mn-CM Cys NCA)27 

S-(Carbo-menthoxymethyl)-L-cysteine (0.94 g, 3.1 mmol, 1.0 equiv) was suspended in THF (50 

mL). Phosgene 15% solution in toluene (0.61 g, 6.2 mmol, 2.0 equiv) was added and the reaction 

immediately turned clear and yellow. The mixture was stirred at 45 ˚C for 2h and concentrated 

under vacuum and moved into a glove box. The crude product was purified via crystallization from 

3:1 Hex:THF to provide white needle like crystals. (910 mg, 85% yield).  1H NMR (400 MHz, 

CDCl3, 25 ˚C): 6.88 (s, 1H), 4.75 (td, 1H), 4.52 (dd, 1H), 3.33(s, 2H), 3.30-3.21 (dd, 1H), 2.93-

2.83 (dd, 1H), 1.98 (d, 1H), 1.82 (pd, 1 H), 1.70 (d, 4H), 1.49 (m, 1H), 1.40 (t, 1H), 1.05 (m, 2H), 

0.9 (dd, 6H), 0.76 (d, 3H).  13C NMR (100 MHz, CDCl3, 25 ˚C): 170.8, 168.0, 151.0, 58.3, 46.9, 

4-.6, 35.4, 34.9, 34.1, 31.4, 26.3, 23.3, 21.9, 20.7, 16.3 ppm. 
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S-(Carbo-tert-butoxymethyl)-L-cysteine20 

L-cysteine (2.4 g, 20 mmol, 1.0 equiv) was suspended in methanol (20 mL). Tetramethyl guanidine 

(TMG) (5 mL, 40 mmol, 2.0 equiv) in methanol (10 mL) was added dropwise and the mixture 

cleared. Tert-butyl bromoacetate (3 mL, 20 mmol, 1.0 equiv.) in THF (5 mL) was added dropwise 

to the solution. The reaction was heated to 50 ˚C for 1h. The reaction was allowed to cool and the 

solvent was removed in vacuo. The sticky residue was dissolved in water (30 mL) and glacial 

acetic acid (1.1 mL, 20 mmol, 1.0 equiv) was added dropwise. Methanol was added dropwise until 

crystals started to appear (~10 mL). The reaction was allowed to crystalize overnight at 4 ˚C. The 

resulting white solid was filtered to remove excess water. The recovered solid was transferred to 

50 mL falcon tubes and washed with 95:5 Et2O:MeOH exhaustively to obtain a white solid. (2.4 

g, 53% yield) 1H NMR (400 MHz, D2O, 25 ˚C): 3.81 (q, J=4.2 Hz, 1H), 3.26 (s, 2H), 3.10(dd, 

J=4.2, 14.9 Hz, 1H), 2.97 (dd, J=7.9, 14.9 Hz, 1H), 1.36 (s, 9H). 13C NMR (100 MHz, D2O, 25 

˚C): 172.4, 171.8, 84.1, 53.4, 34.7, 32.7, 27.1 ppm. 

 

S-(Carbo-tert-butoxymethyl)-L-cysteine NCA (tBu-CM Cys NCA) 

 S-(Carbo-tert-butoxymethyl)-L-cysteine (2.0 g, 8.5 mmol, 1.0 equiv) was suspended in THF (60 

mL). Triethylamine (2.4 mL, 17 mmol, 2.0 equiv) and TMSCl (2.2 mL, 17 mmol, 2.0 equiv) were 

added and the turbid mixture was stirred for 1 h at room temperature. Phosgene (15% solution in 

toluene) (12 mL, 17 mmol, 2.0 equiv) was added and the mixture was heated to 45 ˚C and allowed 

to react for 2 h. The turbid mixture was concentrated, filtered, and the crude product was purified 

by column chromatography (10:90 THF:hexanes to 30:70 THF:hexanes) under inert atmosphere. 

After concentration, the material was crystallized three times from 10:1 hexanes:THF to provide 

long, white needles (1.4 g, 60%).1H NMR (400 MHz, CDCl3, 25 ˚C): 6.98 (s, 1H), 4.53-4.49(ddd, 
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J=0.9, 3.3, 8.9 Hz 2H), 3.30-3.24(m, 3H), 2.90-2.82 (dd, J=8.9, 14.8 Hz, 1H), 1.48 (s, 9H). 13C 

NMR (100 MHz, CDCl3, 25 ˚C): 170.5, 168.1, 83.3, 58.3, 36.0, 35.5, 27.9 ppm.  

 

 N-Cbz-O-carbo-tert-butoxy-L-Serine Benzyl Ester 

N-Cbz-L-serine benzyl ester (3.0 g, 9.1 mmol, 1.0 equiv) was dissolved in anhydrous THF (25 

mL) and cooled to 0 ˚C. DMAP (110 mg, 0.91 mmol, 0.1 equiv) was added followed by di-tert-

butyl dicarbonate (2.0 g, 9.1 mmol, 1.0 equiv). The reaction was allowed to warm to room 

temperature and stirred overnight. The solvent was removed in vacuo and residue was redissolved 

in ethyl acetate (100 mL), washed with water (3X, 100 mL), and then brine (3X, 100 mL). The 

organic layer was dried, filtered, and concentrated down in vacuo. The resulting residue was 

purified via column chromatography (3:1 hexanes:EtOAc) to yield a clear oil (2.7 g, 69% yield). 

1H NMR (400 MHz, CDCl3, 25 ˚C): 3.81 (q, J=4.2 Hz, 1H), 3.26 (s, 2H), 3.10(dd, J=4.2, 14.9 Hz, 

1H), 2.97 (dd, J=7.9, 14.9 Hz, 1H), 1.36 (s, 9H). 13C NMR (100 MHz, CDCl3, 25 ̊ C): 172.4, 171.8, 

84.1, 53.4, 34.7, 32.7, 27.1 ppm. 

 

O-(carbo-tert-butoxy)-L-Serine  

N-Cbz-O-carbo-tert-butoxy-L-serine benzyl ester (5.0 g, 12 mmol, 1.0 equiv) was dissolved in wet 

methanol (20 mL). 5% Pd/C (300 mg) was added and the reaction was filled with 1 atm H2 over 3 

vacuum cycles and left under 1 atm static H2 overnight. The reaction was filtered through a Celite 

cake and concentrated down to yield a white solid (2.4 g, 77% yield). 1H NMR (400 MHz, D2O, 

25 ˚C): 4.38 (d, J=4.3 Hz, 2H), 3.94 (t, J=4.4 Hz 1H), 1.36 (s, 9H). 13C NMR (100 MHz, D2O, 25 

˚C): 170.7, 153.1, 85.2, 65.2, 53.7, 26.8 ppm. 
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O-(carbo-tert-butoxy)-L-serine NCA (O-Boc Ser NCA)  

O-(Carbo-tert-butoxy)-L-serine (630 mg, 3.0 mmol, 1.0 equiv) was suspended in THF (30 mL). 

Triethylamine (0.85 mL, 6.1 mmol, 2.0 equiv) and TMSCl (0.78 mL, 6.1 mmol, 2.0 equiv) were 

added and the turbid mixture was stirred for 1 h at room temperature. Phosgene (15% solution in 

toluene) (4.3 mL, 6.1 mmol, 2.0 equiv) was added and the mixture was heated to 45 ˚C and 

allowed to react for 2 h. The turbid mixture was concentrated, filtered, and the crude product was 

purified by column chromatography (10:90 THF:hexanes to 30:70 THF:hexanes) under inert 

atmosphere. After concentration, the material was crystallized three times from 10:1 

hexanes:THF to provide long, white needles (410 mg, 55%).1H NMR (400 MHz, CD3CN, 25 

˚C): 4.57 (td, J=1.2, 3.2 Hz, 1H), 4.38-4.34 (dd, J=3.1, 11.9 Hz 1H), 4.29-4.24 (dd, J=3.1, 11.9 

Hz 1H), 1.43 (s, 9H) 13C NMR (100 MHz, CD3CN, 25 ˚C): 168.5, 152.6, 151.7, 82.9, 63.8, 57.3, 

26.8 ppm. ESI-MS m/z=230.0661 [M-H]- (calcd 230.0665 for C9H12NO6). 

 

γ-tert-Butyl L-glutamate NCA (tBu-Glu NCA) 

γ-tert-Butyl L-glutamic acid (2.0 g, 9.8 mmol, 1.0 equiv) was suspended in THF (60 mL). 

Triethylamine (2.8 mL, 20 mmol, 2.0 equiv) and TMSCl (2.5 mL, 20 mmol, 2.0 equiv) were added 

and the turbid mixture was stirred for 1 h at room temperature. Phosgene (15% solution in toluene) 

(10 mL, 15 mmol, 1.5 equiv) was added and the mixture was heated to 45 ˚C and allowed to react 

for 2 h. The turbid mixture was concentrated, filtered, and the crude product was purified by 

column chromatography (30:70 THF:hexanes to 50:50 THF:hexanes) under inert atmosphere. 

After concentration, the material was crystallized twice from 3:1 hexanes:THF to provide a white 

fluffy solid (1.75 g, 68%). The IR and 1H NMR for this material were in accordance with those 

previously reported.28 
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General procedure for preparation of homopolymers 

To prepare polypeptide at ca. 100 mg scale, a defined volume of initiator (20 mgmL-1 solution of 

Co(PMe3)4 in THF) was quickly added to a solution tBu-CM Cys, Mn-CM Cys, or O-Boc Ser 

NCA in THF (50 mgmL-1). After ca. 90 min, complete consumption of NCA was confirmed by 

FTIR spectroscopy. In order to determine polypeptide chain lengths a small aliquot of the reaction 

(200 μL) was removed for end-group analysis (vide infra). The polypeptide was then precipitated 

by addition to DI H2O (50 mL), centrifuged and supernatant removed. The polymer was then 

washed 2 more times with DI H2O and dried under reduced pressure to yield a dense brown powder 

for CCMB or white powder for SBoc and CCMM. CCMB was carried immediately on to deprotection. 

General procedure for preparation of block copolymers of tBu-CM Cys NCA and tBu-Glu 

NCA 

To prepare polypeptide at ca. 100 mg scale, a defined volume of initiator (20 mgmL-1 solution of 

Co(PMe3)4 in THF) was quickly added to a solution of either tBu-CM Cys NCA or tBu-Glu NCA 

in THF (50 mgmL-1). After ca. 90 min, complete consumption of NCA was confirmed by FTIR 

spectroscopy. In order to determine the lengths and dispersity of the first blocks small aliquots 

(200μL for end-group analysis (vide infra), and 100 μL for GPC analysis) were removed. A defined 

volume of either tBu-CM Cys NCA or tBu-Glu NCA in THF (50 mgmL-1) was then added to the 

polymerization and allowed to react for ca. 120 min. Consumption of the second NCA was 

confirmed by FTIR spectroscopy and a small aliquot (100 μL) was removed for GPC analysis. The 

polypeptides were then precipitated by addition to DI H2O (50 mL), centrifuged and supernatant 

removed. The polymer was then washed 2 more times with DI H2O and dried under reduced 
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pressure to yield a dense light brown powder. These products were carried immediately onto 

deprotection. 

 

Statistical copolymerizations of tBu-CM Cys NCA with tBu-Glu NCA 

Separate stock solutions of tBu-CM Cys NCA and tBu-Glu NCA were prepared in THF at 

concentrations of 50 mgmL-1 each. These were combined to obtain the desired co-monomer feed 

ratio. The resultant solution was treated with a defined volume of initiator (20 mgmL-1 solution of 

Co(PMe3)4 in THF) to obtain the desired monomer to initiator ratio.  After ca. 90 min an aliquot 

of the polymerization mixture was analyzed by FTIR spectroscopy to determine if consumption of 

NCA monomers was complete. In order to determine copolymer composition, chain length and 

dispersity small aliquots (200μL for end-group analysis (vide infra) and 100μL for GPC analysis) 

were removed. The copolymerization was then precipitated by addition to DI H2O (50 mL), 

centrifuged and supernatant removed. The polymer was then washed 2 more times with DI H2O 

and dried under reduced pressure to yield a dense off white powder. This product was carried 

immediately on to deprotection. 

 

General procedure for endcapping of polypeptides with PEG chains.  

The general procedure for polymerization of NCAs was followed. Once the reaction was 

determined to be complete by FTIR, a solution of α-methoxy-ω-isocyanoethyl-poly(ethylene 

glycol), PEG-NCO (MW = 1000 Da, 4 eq per Co(PMe3)4) in THF was added to the polymerization 

mixture inside a dinitrogen filled glovebox. The reaction was let stand overnight, and then removed 

from the glovebox and the reaction was precipitated with water, centrifuged at 3000 rpm and the 

supernatant was discarded. The pellet was washed 3 times with DI water to remove unconjugated 
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PEG-NCO, and the resulting pellet was then lyophilized to yield PEG-endcapped polypeptides as 

white solids. To determine the molecular weight of the polypeptides (Mn), 1H NMR spectra were 

obtained in deuterated trifluoroacetic acid (TFA-d) similar to procedures described in literature.22 

The integral of the methylene unit furthest from the backbone was compared to the integral of the 

polyethylene glycol resonance to obtain polypeptide lengths (see spectral data section)  

CCMB: 1H NMR (400 MHz, d-TFA, 25 ˚C): 5.03 (bs, 67H), 3.96 (bs, 88H), 3.56 (bs, 142H), 3.27 

(bs, 134H), 1.66 (bs, 568H). 

CCMM: 1H NMR (400 MHz, d-TFA, 25 ˚C): 4.75 (bm, 127H), 3.78 (bs, 88H), 3.41 (bs, 131H), 

3.03 (bs, 124H), 2.09-1.62 (bm, 279H), 1.48 (bm, 138H), 1.04 (bt, 145H), 0.88 (bq, 491H), 075 

(bd, 205H).  

 

SBoc: 1H NMR (400 MHz, d-TFA, 25 ˚C): 5.45 (bs, 15H), 5.20 (bs, 49H), 5.03 (bs, 23H), 4.50 (bd, 

92H) 4.16 (bs, 88H), 1.86 (bs, 571H). 

 

Polypeptide deprotection 

Protected polypeptides were dissolved in TFA (20mgmL-1) and allowed to stand for 5 h. The crude 

mixtures were each transferred to 2 kDa MWCO dialysis bags and dialyzed against aqueous 50 

mM NaHCO3 (24 h, 3 solvent changes) followed by DI H2O (24 h, 4 solvent changes). The 

retentates were then lyophilized to provide the deprotected polypeptides as white fluffy solids. 

 

CCM72 The general procedure for polypeptide deprotection was followed. CCMB72 and TFA (3 mL) 

were used to prepare the product, obtained as a white fluffy solid (59 mg, 98% over 2 steps). 1H 
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NMR (400 MHz, D2O, 25 ˚C): 4.49 (bt, J= 7.6 Hz, 1H), 3.15 (bs, 2H), 2.93-2.85 (bm, 1H), 2.82-

2.72 (bm, 1H). 

 

E88-b-CCM85 The general procedure for polypeptide deprotection was followed. EtBu88-b-CCMB85 

and TFA (3 mL) were used to prepare the product, obtained as a white fluffy solid (50 mg, 96% 

over 2 steps). 1H NMR (400 MHz, D2O, 25 ˚C): 4.63 (bs, 1H), 4.36 (bs, 1H), 3.30 (bs, 2H), 3.02 

(bm, 1H), 2.92 (bm, 1H), 2.36 (bs, 2H), 2.06 (bm, 1H), 1.96 (bm, 1H).  

 

E33-stat-CCM34 The general procedure for polypeptide deprotection was followed. EtBu33-stat-

CCMB34 and TFA (3 mL) were used to prepare the product, obtained as a white fluffy solid (53 mg, 

90% over 2 steps). 1H NMR (400 MHz, D2O, 25 ˚C): 4.47 (bs, 1H), 4.28 (bs, 1H), 3.16 (bs, 2H), 

2.87 (bs, 1H), 2.77 (bs, 1H), 2.24 (bs, 2H), 1.96 (bs, 1H), 1.83 (bs, 1H). 

 

 

Formation of Dehydroalanine Residues in Polypeptides 

Deprotected CCM containing polypeptides were dissolved in 150 mM sodium phosphate buffer pH 

8 at a concentration of 20 mgmL-1. Iodomethane (10 equiv per CM Cys residue) was added and 

reactions were sealed and placed in a heating block at 37 ˚C, covered in foil and allowed to react 

for 3 days. The resulting solutions (block and statistical copolymers) or suspensions 

(homopolymers) were transferred to 2 kDa MWCO dialysis bags and dialyzed against DI H2O (48 

h, 4 solvent changes). The retentates were then lyophilized to provide the modified polymers 

 



94 
 

ADH72 The general procedure for formation of dehydroalanine residues was followed. CCM72 (58 

mg) and methyl iodide (197 μL) were used to prepare the product, obtained as an off white powder 

(22 mg, quantitative). 1H NMR (400 MHz, DMSO-D6, 25 ˚C): 9.51 (bs, 1H), 5.80 (bs, 1H), 5.65 

(bs, 1H). 13C NMR (9 Gz, solid, 25 ˚C) 2 conformers: 166.4, 161.6, 136.3, 133.6, 122.2, 108.7. 

 

E88-b-ADH85 The general procedure for formation of dehydroalanine residues was followed. E88-

b-CCM85 (29 mg) and methyl iodide (53 μL) were used to prepare the product, obtained as a white 

fluffy solid (16.5 mg, 86%). 1H NMR (400 MHz, D2O, 25 ˚C): 5.87 (bs, 0.16H), 5.75 (bs, 0.17H), 

4.25 (bs, 1H), 2.46 (bs, 2H), 2.14 (bs, 2H). Note that the low integration of the alkene peaks may 

be due to aggregation of hydrophobic DHA segments. 

 

E33-stat-ADH34 The general procedure for formation of dehydroalanine residues was followed. E33-

stat-CCM34 (20 mg) and methyl iodide (38 μL) were used to prepare the product, obtained as an 

white fluffy solid (11 mg, 83% incomplete conversion) 1H NMR (400 MHz, D2O, 25 ˚C): 5.60 

(bm, 1.1 H), 4.26 (bs, 1H), 4.25 (bs, 1H), 2.33 (bs, 2H), 2.00 (bm, 2H). Note the low integration 

of the alkene peaks are due to partial conversion (See NMR Spectra) 

 

Modification of ADH polypeptides 

DHA containing polymers were dissolved in a defined volume of 150 mM pH 8 phosphate buffer 

(1:1 DMSO:Buffer for ADH). The desired small molecule thiol or amine (5 equiv per DHA residue) 

was added directly if liquid or as a defined volume of a 50 mgmL-1 solution if a solid so that the 

final reaction volume was 10 mgmL-1 based on polymer. The reactions were sealed and allowed 

to stir for 16 hours. Reactions were then transferred to 2 kDa MWCO dialysis bags and dialyzed 
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against DI H2O (48 h, 4 solvent changes). The retentates were then lyophilized to provide the 

modified polymers. 

 

E88-b-rac-CEG485 The general procedure for modification of dehydroalanine residues was 

followed. E88-b-ADH85 (3 mg) and EG4-SH (13 μL) were used to prepare the product, obtained as 

a white fluffy solid (6 mg, quantitative). 1H NMR (400 MHz, D2O, 25 ˚C): 4.61 (bs, 1), 4.16 (bs, 

1H), 3.64 (bm, 14H), 3.39 (s, 3H), 3.11 (bs, 2H), 2.98 (bs, 1H), 2.83 (bs, 1H), 2.58 (bs, 2H), 2.23 

(bs, 2H) 

 

E88-b-rac-AAHE85 The general procedure for modification of dehydroalanine residues was 

followed. E88-b-ADH85 (3 mg) and ethanolamine (5 μL) were used to prepare the product, obtained 

as a white fluffy solid (4 mg, 98%). 1H NMR (400 MHz, D2O, 25 ˚C): 4.20 (bs, 1H), 3.74 (bs, 1H), 

3.67 (bt, J= 5.2 Hz, 1H), 3.53 (bs, 1H), 3.34 (bs, 1H), 3.13 (bs, 2H), 3.00 (bt, 1H), 2.58 (bt, J=5.2 

Hz, 1H), 2.17 (bs, 2H), 1.92 (bs, 1H), 1.81 (bs, 1H). 

 

E88-b- rac-CHE85 The general procedure for modification of dehydroalanine residues was followed. 

E88-b-ADH85 (3 mg) and β-mercaptoethanol (5 μL) were used to prepare the product, obtained as a 

white fluffy solid (4.3 mg, 99%). 1H NMR (400 MHz, D2O, 25 ˚C): 4.48 (bs, 1H), 4.20 (bs, 1H), 

3.68 (bt, J=5.2 Hz, 1H), 3.63 (bt, J=5.6 Hz, 1H), 3.00 (bm, 2H), 2.86 (bs, 1H), 2.64 (bs, 2H), 2.18 

(bs, 2H), 1.90 (bs, 1H), 1.81 (bs, 1H). 

 

E88-b-rac-CGlu85 The general procedure for modification of dehydroalanine residues was followed. 

E88-b-ADH85 (3 mg) and 1-thio-β-D-glucose sodium salt (283 μL) were used to prepare the product, 
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obtained as a white fluffy solid (5.3 mg, 95%). 1H NMR (400 MHz, D2O, 25 ˚C): 4.67 (bm, 2H),  

4.34(bs, 1H), 3.94 (bm, 1H), 3.75 (bs, 1H), 3.59-2.95 (bm, 6H), 2.30 (bs, 2H), 2.03 (bs, 1H), 1.93 

(bs, 1H). 

 

rac-CEG472 The general procedure for modification of dehydroalanine residues was followed. 

ADH72 (3 mg) and EG4-SH (48 μL) were used to prepare the product, obtained as a white fluffy 

solid (11 mg, 86%). 1H NMR (400 MHz, DMSO-D6, 25 ˚C): 8.37 (bs, 1H), 4.55 (bs, 1H), 3.50 

(bm, 12H), 3.49 (bs, 2H), 3.24 (bs, 3H), 2.92 (bs, 1H), 2.65 (bs, 3H). 

 

E33-stat-CEG434 The general procedure for formation of dehydroalanine residues was followed. 

E33-stat-ADH34 (3 mg) and EG4-SH (39 μL) were used to prepare the product, obtained as an white 

fluffy solid (5.5 mg, 89%) 1H NMR (400 MHz, D2O, 25 ˚C): 4.59 (bs, 1 H), 4.40 (bs, 1H), 3.70 

(bs, 12H), 3.39 (bs, 3H), 3.13 (bs, 2H), 3.01 (bs, 2H), 2.50 (bs, 2H), 2.17 (bs, 1H), 2.02 (bs, 1H).  
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3.4.3 Spectral Data 
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Chapter 4 

 

Toward the Metal Initiated Polymerization of N-

Thiocarboxyanhydrides 
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4.1 Introduction 

The fabrication of polypeptide biomaterials via ring opening polymerization (ROP) of N-

carboxyahydrides (NCAs) has been well developed and a large array of monomers and initiators 

can be used for their synthesis.1, 2 One of the drawbacks of NCA polymerization by ROP is the 

sensitivity of the anhydride moiety of the monomer to nucleophilic attack and uncontrolled 

opening from moisture in the air. Additionally, the preparation and purification of these monomers 

must be completed under anhydrous conditions. Furthermore, these monomers must be stored 

under stringent anhydrous conditions, often requiring the use of an air-free glove box. These 

requirements have limited the use of industrially prepared polypeptides via ROP while the 

development of excellent biomaterials has flourished in academia. One class of monomers, N-

thiocarboxyanhydrides (NTAs), is an attractive target to overcome some of the drawbacks of 

NCAs. First reported by Aubert and Knott3 in 1950, NTAs differ structurally from the much 

studied NCAs by replacement of the bridging oxygen of the anhydride bond with a sulfur atom. 

This small change provides enhanced stability of the monomer allowing for purification and 

storage under standard atmospheric conditions. While these monomers possess many advantages 

over NCAs, initial studies into their polymerization yielded poor results.4-6 Polymerization of a 

variety of NTAs with amine based initiation systems led to the formation of only short oligomers 

leading to the conclusion that NTAs may not be suitable for the preparation of polypeptides.7 

  Recently, interest in NTAs has reemerged as the drive to prepare biomaterials under mild 

conditions has increased. Initial work by the Ling lab8, 9 showed that rare earth metal based 

initiation systems initiate the polymerization of a variety of polypeptoids, i.e. poly(N-alkyl-

glycines) from N-alkyl-NTAs. With this initial success several other labs began to examine the 

ability to prepare polypeptides from these monomers. Cao and coworkers were able to prepare 
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polypeptides using an interfacial polymerization technique.10 This led to polymers with a moderate 

dispersity after two days heating in hexane or heptane. The NTA monomers were found to be 

slightly soluble in hexane and heptane allowing for the polymerization to occur at the interface 

between the insoluble growing polymer and the solubilized monomer. Subsequent work by the 

Zhang lab11 showed that the solvent in which amine initiated NTA polymerizations are performed 

in plays an important role in the nature of the propagation step of the polymerization. Termination 

events occurring via loss of hydrogen sulfide (H2S) were found to be a prevalent pathway in polar 

solvents. This was not noted for polymerizations performed in non-polar solvents. They also found 

that polymers could be prepared in dichloromethane containing acetic acid under ambient 

conditions open to air. The acetic acid was suggested to play a role in promoting the removal of 

carbonyl sulfide (COS) from the end of the active chains.  

Previous work from the Deming lab has shown that metal initiators are potentially 

promising for the preparation of polypeptides from NTAs. One of the major hurdles that must be 

overcome with the use of metal initiated NTA polymerization is the potential poisoning of the 

initiator due to the high affinity of transition metals for sulfur.12 The mechanism of initiation for 

transition metal initiators involves oxidative addition into the anhydride bond. For initiation of 

NTAs this would allow for dative bond formation between the sulfur and the transition metal (NiII 

or CoII), which has previously been shown to lead to initiator poisoning. In order to circumvent 

initiator poisoning the pre-initiation of a zerovalent nickel complex with an alloc-α-amino acid 

amide, which generates the active NiII chain end metallacycle complex,13 has been investigated. 

The use of a pre-formed nickel 1,2-bis(dimethylphosphino)ethane amido-amidate complex 

(Ni(DMPE)(AmA)) has shown some success in the polymerization of L-leucine NTA (Figure 4.1).  
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Figure 4.1. Synthesis of polypeptides using a pre-formed Ni(DMPE)(AmA) complex 

Furthermore, the Deming lab has recently shown that the preparation of methionine 

polypeptides are of interest due to their click-like reactivity with activated electrophiles, such as 

alkyl iodides and triflates, as well as epoxides.14, 15 These chemistries can be used to impart unique 

functionalities onto polypeptide side-chains. Additionally, methods for demethylation of 

methionine based sulfonium derivatives has recently been developed to allow for the preparation 

of a variety of homocysteine polypeptide derivatives.16 Based off these precedents we chose to 

examine the polymerization of NTAs, further focusing on L-methionine NTA to develop a 

moisture insensitive route to the preparation of poly(L-methionine). 

4.2 Results 

4.2.1 Preparation of N-Thiocarboxyanhydrides 

N-Thiocarboxyanhydrides (NTAs) were prepared in a method analogous to the Leuchs 

preparation of NCAs (Chapter 1). First, the amino acid was modified to contain an alkyl 

thiocarbamate linkage though reaction with ethylxanthic anhydride. The modified amino acid was 

then reacted with a halogenating reagent, PBr3, at low temperature in the presence of base 

(imidazole) to generate the resulting NTA (Scheme 4.1). 
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Scheme 4.1. Preparation of N-thiocarboxyanhydrides. 

We were able to purify L-methionine NTA (Met NTA) in a manner analogous to the 

corresponding NCA via column chromatography.17 Generation of the thiocarbamate protected 

amino acid was straightforward and proceeded in good yield (72%). Subsequent cyclization of the 

precursor was performed and the resulting residue was purified via column chromatography under 

ambient conditions to yield the product as a white powder in 65% yield on gram scale. We 

subsequently prepared leucine and alanine NTAs via established methodologies for use in potential 

block copolymerization studies. 

4.2.2 Preparation of Polymers 

Previous work from the Deming lab has shown that the preparation of polypeptides from 

NTAs polymerized via a pre-formed (Ni(DMPE)(AmA)) complex was possible. Therefore, we 

initially examined the preparation of poly(L-methionine) from the pre-fromed nickel complex in 

THF. We found that, after 16 hours at 80 ˚C, consumption of monomer and formation of polymer 

was observed via FTIR. In order to determine the length of the prepared polymers we endcapped 

the chains using an isocyanate functionalized monomethoxy polyethylene glycol (mPEG-NCO) 

followed by analysis using 1H NMR. After each propagation step of the polymerization, the active 

chains should expel COS, resulting in regeneration of the active NiII metallacycle chain end. These 

active species have been shown to react quantitatively with excess mPEG-NCO to give an end 
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handle that can be used to determine the length of the polypeptide.18 Endcapping of a 

polymerization reaction, run at 80 ˚C, was performed at both room temperature and 80 ˚C. 

Accurate chain length of the polymer determined via 1H NMR requires that all of the chain ends 

react quantitatively with the mPEG-NCO. Interestingly, the end-capping at elevated temperature 

gave an initiation efficiency of 23% while the reaction at room temperature gave an initiation 

efficiency of 4%. This variance in initiation efficiency is likely caused by poor endcapping 

efficiency suggesting that all of the polymer chain ends are not reaction with mPEG-NCO. The 

elevated temperature during the endcapping step may help increase the reactivity of the polymer 

chain ends with mPEG-NCO yielding a higher endcapping efficiency. Based on these data all 

subsequent end-capping experiments were performed at 80 ˚C. Moreover, successive experiments 

in THF were not reproducible and required overnight reaction times, which led us to investigate 

the polymerization process in more detail.  

Polymerization conditions have previously been established that result in the sucessful 

synthesis of polypeptides via NTAs, however, the current methodology requires the reaction to be 

performed at elevated temperatures for extended periods of time. This may limit the ability of this 

methodology to be used for the preparation of block copolypeptides, as the longer reaction times 

can lead to undesired reactions. In order to optimize our NTA polymerization methodolgy we 

examined chain growth in two differing polymerization environments. 

 Initially, preparation of polypeptides was performed in sealed reaction vessels under a 

nitrogen atmosphere. This may allow for build up of COS in the headspace. Therefore, we chose 

to compare these conditions with polymerization under slight vacuum to remove the gaseous 

byproduct from the reaction vessel.  We utilized 1H NMR end-group analysis to follow the 

polymerizations, by integrating the isobuytl group from the amido amidate initatior versus polymer 
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resonances. This technique helps eliminate any variation that may arise from endcapping chains 

with mPEG-NCO. Using this methodolgy we were able access longer polypeptides by performing 

the polymerization under vacuum in the same time frame as polymerizations in sealed reaction 

vessels. (Table 4.1). 

Table 4.1. Comparison of poly(L-methionine) prepared via NTA polymerization under different 

conditions 

 Monomera Time Mn
b DPb Reaction Condition 

35 Met NTA 6 Hrs 3,936 30 Sealed Vessel 

35 Met NTA 6 Hrs 8,133 62 Under Vacuum  

aNumber indicates equivalents of monomer per Ni(DMPE)(AmA). bMolecular weight and degree 

of polymerization determined by 1H NMR. 

 The difference in polymer length under the two conditions suggests that the expulsion of 

COS from the chain ends to regenerate the active intermediate may be rate limiting. In order to 

confirm the accuracy of end group analysis methodology we compared mPEG end-capping data 

to initiator end group analysis data. Endcapping polymers at monomer to initator (M:I) ratios (15 

to 35) showed that the isobutyl group integrated in a 6:88 ratio as expected when compared to the 

PEG peak. However, when larger M:I ratios (45 and 60) were tested, the isobutyl peaks became 

buried in the base line of the NMR, thus limiting the use of this method to short polypeptide 

lengths.  

In order to obtain a stronger signal from the end-group, an isobutyl amido amidate based 

initiator was prepared via analogous EDC coupling using neopentyl amine instead of isobutyl 

amine (Scheme 4.2). While the resulting end-group peak in the NMR was significantly stronger, 
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there was large variation in the integration of the neopentyl group. Due to this issue FTIR analysis 

of initiation using both the neopentyl (1a′) and the isobutyl (1a) ligand was performed (Figure 

4.2).  

 

Scheme 4.2. Preparation of alloc-α-L-methionine ligands 

 

Figure 4.2. FTIR analsyis of Ni(AmA)(DMPE) formation using ligand 1a and 1a′. A) Directly 

after addition. B) After 18 hours at 80  ˚C. 

The successful formation of the amidoamidate species utilizing ligand 1a and 1a′ was 

monitored via FTIR. The dissapearance of peaks at 1724 cm-1 and 1684 cm-1  correspondting to 

the carbamate and amide bonds, respectivly, of the ligand was observed. Furthermore the 

appearance of a peak at 1574 cm-1 corresponding to the amidate carbonyl was present. The low 
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intesity of the band at 1574 cm-1 compared to the amide band at 1684 cm-1  for ligand 1a′ suggests 

that the neopentyl amide was too large to allow for complete conversion to the amidoamidate 

species from Ni(DMPE)(COD). This data suggests that anything more sterically demanding than 

the isobutyl group may not work successfully. The results of these stuides show that there are 

limits in the use of initiator end group analysis for NTA polypeptide preparation, mainly for short 

lengths,  and so we continuted to focus on endcapping with mPEG-NCO.  

We next examined the effects of solvent on the polymerization of NTAs. Preparation of 

polypeptides via metal initiated ROP is often performed in a variety of organic solvents including 

DMF, THF, and DCM, based upon the characteristics of the monomer and initiator used in the 

polymerization. We chose to utilize a mixture of DMAc and THF, in order to minimize the 

potential aggregation of the initiator species, which is known to occur in pure THF. To analyze the 

effects of aggregation we prepared the initiator in both 1:1 DMAc:THF and 3:1 DMAc:THF with 

the monomer being dissolved in DMAc to minimize the amount of THF present, which is required 

to solubilize the Ni(COD)2 starting material. Both of these initiation systems resulted in successful 

conversion of monomer to polypeptide. However, after analysis of end-capped samples via 1H 

NMR, lack of linearity in polymer molecular weights as a function of M:I ratio was observed 

(Figure 4.3).  
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Figure 4.3. A) Molecular weight (g/mol) (●) and dispersity (■) of poly(L-methionine) prepared in 

DMAc with Ni(DMPE)(AmA) prepared in 1:1 DMAc:THF. B) Molecular weight (●) and 

dispersity (■) of poly(L-methionine) prepared in DMAc with Ni(DMPE)(AmA) prepared in 3:1 

DMAc:THF 

GPC analysis of the polymers indicated excellent dispersity values (Ð < 1.1), however, 

elution time separation as a function of M:I was not noted (Figure 4.4). This is in agreement with 

the end-capping data obtained that suggested the polymerizations experience chain breaking 

reactions at higher M:I ratios. 
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Figure 4.4. GPC chromatograms of poly(L-methionine) in HFIP containing 0.5% (w/w) KTFA at various 

M:I ratios using Ni(DMPE)(AmA) prepared in A) 1:1 DMAc:THF B) 3:1 DMAc:THF. 

 In order to determine if the poor polymerization control was due to the initiator preparation 

or the NTA monomer, we prepared samples of poly(L-methionine) from either Met NCA or Met 

NTA using the same initiator (Figure 4.5). Poly(L-methionine) prepared via Met NCA 

polymerized as expected giving increasing molecular weight as a function of M:I in reactions 

performed at room temperature. Moreover, polymer molecular weights were highly consistent for 

both initiator preparation methodologies. Conversely, poly(L-methionine) prepared from Met 

NTA gave much lower molecular weight polypeptides compared to the NCA at equivalent M:I 

ratios. Additionally, polymer molecular weights at equivalent M:I ratios varied significantly 

depending on initiator preparation methodology.  Furthermore, a more non-linear increase in 

molecular weight as a function of M:I ratio was not observed.  Taken together these data confirm 

that problems with the polymerization are due to the NTA monomer during chain propagation. 
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Figure 4.5. Molecular weights (g/mol) of poly(L-methionine) determined by 1H NMR endcapping 

anlysis. Polypeptides were prepared from Met NCA or Met NTA and Ni(DMPE)(AmA) prepared 

in either 1:1 or 3:1 DMAc:THF. 

4.2.3 Effect of COS on the Nickel Center 

Next we looked to examine the effects of COS generated during the polymerization of the 

active chain ends. Although polymer was being produced, the poor linearity in the polymerization 

curve and the overlapping GPC traces suggest that the nickel amido-amidate metallacycle may not 

be present during the entire polymerization and may be getting poisoned during the reaction. In 

order to examine the effects of the active chain end species on the Ni complex stability we set out 

to investigate thiocarbamate analogs of the alloc-α-amino acid amide precursor.  

 

Figure 4.6. Structures of alloc-α-amino acid ligands investigated for initiation. 
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The set of alloc-α-amino acid amide analogs shown in Figure 4.6 was chosen to modify 

the position of the sulfur during the initial steps of amido-amidate formation with the metal center.  

 

Figure 4.7. Mechanism for the preparation of a nickel amido-amidate complex from an alloc-α-

amino acid amide species. Sulfur used to replace either the blue or the red oxygen in each of the 

ligands targeted. 

Straightforward preparation of these two analogs was envisioned through the use of 1,1-

thiocarbonyl diimidazole, followed by coupling of the activated S or O-allyl intermediates with L-

methionine and formation of the amide via reaction with isobutyl amine (Scheme 4.3).  
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Scheme 4.3. Preparation of thiocarbamate analogs of alloc-α-amino acid amide ligand. 

We were able to prepare ligand 3b in reasonable yield (52%) through the above mentioned 

pathway. We encountered difficulty in the preparation of the s-allyl intermediate (a, Scheme 4.3) 

and were only able to access it in low yields. Subsequent coupling of the s-allyl intermediate with 

L-methionine also gave a product that proved difficult to isolate. The location of the sulfur in the 

resulting analog (3c) might place the sulfur in direct contact with the nickel center during the 

initiation step, which has been previously shown to poison the initiator during reaction of zero 

valent transition metals with NTA monomers. Therefore, further attempts isolate this ligand were 
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not pursued.  Ligand 3b was of more interest as the metal center may not interact with the sulfur 

until its ejection from the active chain end as COS. We set up reactions with either ligand 1a or 3b 

to form the active amido amidate species overnight at 80 ˚C under otherwise identical reaction 

conditions. FTIR analysis of the resulting mixture was used to confirm successful preparation of 

the active species. Interestingly we noted bands for ligand 3b at 1990 cm-1 and 1928 cm-1 after 18 

hours, which were not present for ligand 1a (Figure 4.8b). These bands correspond to Ni carbonyl 

species and indicate that the metal center is complexing with a source of carbon monoxide (CO) 

during the reaction. Furthermore the presence of 2 bands in this region supports the existence of 

two terminal M-CO interactions on the metal center suggesting that the amido amidate ligand was 

not formed. 

 

Figure 4.8. A) FTIR analysis of reactions of ligands 1a or 3b with Ni(DMPE)(COD) directly after 

mixing. B) FTIR analysis of reactions of ligands 1a or 3b with Ni(DMPE)(COD) after 18 hours at 

80 ˚C. Bands at 1990 and 1928 cm-1 correspond to the formation of terminal M-C≡O interactions. 
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4.3 Conclusions 

 In this study we investigated the use of transition metal based initiator complexes to prepare 

polypeptides from NTAs. We were able to successfully prepare polypeptides utilizing a pre-

formed NiII amido amidate complex (Ni(DMPE)(AmA)). The preparation of these polypeptides 

suffered from poor reproducibility and we subsequently preformed analysis to better understand 

these polymerizations. Several investigations into the polymerization pointed to the release (or 

lack of release) of COS as the most likely culprit of the polymerization issues. Although, the rate 

of polymerization could be increased by the removal of COS, subsequent studies with an 

allyloxythiocarbonyl functionalized alloc-α-amino acid amide showed that released COS can 

interfere with formation of the metallacycle active species. Taken together these data illustrate that 

the polymerization of NTAs via a transition metal mediated route still requires further 

development.  

 

4.4 Experimental 

4.4.1 Materials and Methods 

N,N′-dimethyl acetamide (anhydrous) was distilled under vacuum and stored over 3 Å molecular 

sieves in a dinitrogen filled glovebox. The following chemicals were used as received from the 

vendor: 1,1′-thiocarbonyldimidazole (Combi-blocks), ethyl chloroformate (Sigma-Aldrich), 

carbon disulfide (Acros), allyl alcohol (Alfa Aesar), L-methionine (Bachem), Boc Anhydride 

(Chem-Impex), L-alanine (Bachem), L-leucine (Bachem), phosphorus tribromide (Sigma-

Aldrich), imidazole (Acros). H2O was purified by reverse osmosis. 1 kDa PEG-isocyanate20 was 

prepared by a previously reported method. Reactions at elevated temperature were controlled using 
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a Corning PC 420D thermostated hotplate equipped with a thermocouple probe. Room temperature 

reactions were performed at ca. 22 ˚C ambient temperature. All reactions were performed under 

N2, and unless otherwise described at 22 ˚C. THF and hexanes were degassed by sparging with 

nitrogen and dried by passage through columns of dried alumina. Thin-layer chromatography was 

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

ninhydrin stain. Column chromatography was performed using Silicycle Siliaflash G60 silica (60–

200 mm). FTIR spectroscopy was performed on a PerkinElmer Spectrum RX spectrometer or a 

JASCO FT/IR-4100 spectrometer. NMR spectroscopy was performed on a Bruker AV400 

spectrometer. Tandem gel permeation chromatography/light scattering (GPC/LS) was performed 

at 30 ˚C using an SSI Accuflow Series III pump equipped with Wyatt DAWN EOS light scattering 

and Optilab REX refractive index detectors. Separations were achieved using 100 Å and 1000 Å 

PSS-PFG 7 μm columns at 30 ºC with 0.5% (w/w) KTFA in 1,1,1,3,3,3-hexafluoroisopropanol 

(HFIP) as eluent and sample concentrations of 10 mg/ml. Abbreviations: attenuated total 

reflectance infrared spectroscopy (ATR-IR), methoxy polyethylene glycol (mPEG), molar 

equivalent (equiv), tetrahydrofuran (THF), Hexanes (Hex) 

4.4.2 Synthetic Procedures 

Bis(ethoxythiocarbonyl) Sulfide (Ethylxanthic Anhydride). 

Prepared according to literature procedure21. Isolated as long yellow needles (12.8g, 48%) 1H 

NMR (400 MHz, CDCl3, 25 ˚C)  4.68 (q, J=7.2 Hz, 2H ), 1.47 (t, J=7.2 Hz, 2H) 13C NMR (100 

MHz, CDCl3, 25 ˚C): 205.1, 71.0, 13.6 ppm. 
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General Procedure for the Preparation of the N-ethoxythiocarbonyl α-Amino Acid 

Derivatives. 

Amino acid was suspended in 2:1 H2O:THF in a round bottom flask equipped with a stir bar. 

NaOH or NaHCO3 (2 equiv) was add to the turbid solution. Bis(ethoxythiocarbonyl) sulfide (1.2 

equiv.) was added and the reaction mixture left to stir overnight. The resulting yellow 

homogeneous solution was then washed with 3 portions of DCM, acidified to pH 2, and extracted 

with 3 portions of EtOAc. The organic extracts were combined, dried over NaSO4, and 

concentrated down. Crude products were used directly for NTA formation without further 

purification. 

General Procedure for the Preparation of the N-thiocarboxyanhydride Derivatives 

In an oven-dried Schlenk flask equipped with a magnetic stir bar, the appropriate N-

ethoxythiocarbonyl α-amino acid (1 equiv.) and imidazole (1 equiv.) were dissolved in dry THF. 

The reaction mixture was cooled to 0 oC and PBr3 (1. equiv.) was added dropwise. A white 

precipitate formed immediately. After complete addition of PBr3, the reaction mixture was allowed 

to stir for 15 min at room temperature before pouring into 1:1 saturated NaHCO3:EtOAc. The 

organic layer was washed sequentially with 1 N HCl, saturated NaHCO3, and brine, dried over 

Na2SO4 and concentrated down. 

L-methionine N-thiocarboxyanhydride 

Prepared from N-ethoxythiocarbonyl-L-methionine (1.3 g) as described in the N-

thiocarboxyanhydride preparation general procedure. Purified via column chromatography (30:70 

EtOAc: Hex) to yield a clear oil that spontaneously solidified (790 mg, 65%). 1H NMR (400 MHz, 

CDCl3, 25 ˚C)  7.45 (s, 1H,), 4.49 (qd, J=1.2, 4.4 Hz, 1H ), 2.67(t, J=6 Hz, 2H), 2.22 (m, 1H), 2.10 
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(s, 3H), 2.07 (m, 1H). 13C NMR (100 MHz, CDCl3, 25 ˚C): 198.2, 167.4, 66.1, 31.5, 30.0, 15.2 

ppm. 

L-alanine N-thiocarboxyanhydride 

Prepared from N-ethoxythiocarbonyl-L-alanine (3.0 g) as described in the N-

thiocarboxyanhydride preparation general procedure. Purified via crystallization from 3:1 

Hex:THF (2.7 g, 77%). 1H NMR (400 MHz, CDCl3, 25 ˚C)  7.19 (s, 1H,), 4.39 (qd, J=1.2, 6.8 Hz, 

1H ), 1.51 (d, J=6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3, 25 ˚C): 198.8, 167.2, 62.8, 18.5 ppm. 

L-leucine N-thiocarboxyanhydride 

Prepared from N-ethoxythiocarbonyl-L-leucine (500 mg) as described in the N-

thiocarboxyanhydride preparation general procedure. Purified via crystallization from 3:1 

Hex:THF (260 mg, 53%). 1H NMR (400 MHz, CDCl3, 25 ˚C)  4.39 (qd, J=1.2, 4.4 Hz, 1H ), 1.82-

1.68 (m, 3H), 0.99  (s, 6H). 13C NMR (100 MHz, CDCl3, 25 ˚C): 197.8, 167.6, 65.6, 41.9, 25.1, 

23.2, 21.3 ppm. 

N(Boc)-L-alanine N-thiocarboxyanhydride 

Alanine N-thiocarboxyanhydride (300 mg, 2.3 mmol, 1.0 equiv) was dissolved in anhydrous THF 

and cooled to 0 ˚C. TEA (0.38 mL, 2.8 mmol, 1.2 equiv) was added dropwise followed by Boc 

anhydride (0.52 mL, 2.3 mmol, 1.0 equiv). The reaction was allowed to warm to room temperature 

and stirred overnight. The reaction was concentrated down in vacuo and crude oil purified via 

column chromatography (30% EtOAc in Hexanes) to yield a white solid (230 mg, 43%). 1H NMR 

(400 MHz, CDCl3, 25 ˚C) 4.75 (q, 1H ), 1.63(d, 3H), 1.55 (s. 9H). 13C NMR (100 MHz, CDCl3, 

25 ˚C): 194.8, 163.0, 147.3 85.6, 66.4, 27.9 18.9 ppm. 



134 
 

O-allyl 1H-imidazole-1-carbothioate 

Synthesized according to literature procedure.22 

 (Carboallyloxy)-L-methionine derivative and (thiocarboallyloxy)-L-methionine derivative 

Synthesized according to literature procedure23 using allyl chloroformate or O-allyl 1H-imidazole-

1-carbothioate respectively. 

Preparation of (carboallyloxy)-L-methionine and (thiocarboallyloxy)-L methionine amino 

acid amide 

N-protected L-methionine (1.0 equiv) was dissolved in THF and cooled to 0 ˚C. EDC (1.1 equiv) 

and DMAP (0.2 equiv) were added and the reaction was stirred for 1 hour. Amine (1.5 equiv) was 

added and the reaction was allowed to warm to room temperature and stirred overnight. The 

reaction was concentrated down and partitioned between EtOAc (100 mL) and water (100 mL). 

Organic layer was washed with 0.1 M HCl (100 mL), Sat. NaHCO3, (100 mL), DI H2O (100 mL), 

and brine (100 mL). Organic layer was dried and concentrated down in vacuo. Resulting residue 

was purified via column chromatography (1:1 EtOAc: Hex). 

Alloc-L-methionine isobutylamide 

Prepared from (carboallyloxy)-L-methionine (1.0 g), EDC (900 mg), DMAP (100 mg), and 

isobutyl amine (470 mg) via amino acid amide preparation procedure. White powder (650 mg, 

53%).1H NMR (400 MHz, CDCl3, 25 ˚C) 6.29 (s, 1H ),  5.95 (m, 1H), 5.41- 5.20 (m, 2H), 4.61 (d, 

2H), 4.44 (m, 1H), 3.12 (m, 2H), 2.73-2.50 (m, 2H), 2.15 (m, 5H), 1.81, (m, 1H), 0.94 (d, 6H).  
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Alloc-L-methionine neopentylamide 

Prepared from (carboallyloxy)-L-methionine (1.4 g), EDC (1.1 g), DMAP (220 mg), and neopentyl 

amine (740 mg) via amine acid amide preparation procedure. White powder (860 mg, 47% yield). 

1H NMR (400 MHz, CDCl3, 25 ˚C)  6.28 (s, 1H ), 5.88 (m, 1H), 5.58 (d, J=8Hz, 1H), 5.31-5.19 

(m. 2H), 4.56 (d, J= 5.6Hz, 2 H), 4.32 (m, 1H), 3.04 (m, 2H), 2.54 (m, 2H), 2.08 (m, 4H), 1.99 (m, 

1H), 0.89 (2, 9H). 13C NMR (100 MHz, CDCl3, 25 ˚C): 171.1, 156.1, 132.5, 117.9, 65.9, 54.0, 

50.6, 31.8, 31.4, 30.2, 27.1, 15.1 ppm. 

Thioalloc-L-methionine isobutylamide  

Prepared from (thiocarboallyloxy)-L-methionine (1.5 g), EDC (1.0 g), DMAP (150 mg), and 

isobutyl amine (660 mg) via amino acid amide preparation procedure. Off white powder (950 mg, 

52%). 1H NMR (400 MHz, CDCl3, 25 ˚C) 5.94 (m, 1H ), 5.43-5.20 (m, 2H), 4.92 (m. 2H), 3.12 

(m, 2H), 2.68-2.41 (m, 2H), 2.10 (s, 5H), 1.75 (m, 1H), 0.88 (d, 6 H). 13C NMR (100 MHz, CDCl3, 

25 ˚C): 189.6, 169.0, 131.9, 118.6, 71.1, 41.8, 30.7, 30.2, 30.0, 22.6, 15.0 ppm. 

 

Amido-amidate Initiator 

Prepared according to literature procedure using amide ligand 1a, 1a′, or 3b.13 
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Homopolymerization of Met NTA monomer. 

 In a dinitrogen filled glovebox 25 mg (0.13 mmol) Met NTA was dissolved in 0.5 mL THF (or 

DMAc) in a 15 mL bomb tube. 35 μL pre-formed nickel initiator (50 mgmL-1 in THF, 3:1 

DMAc:THF, or 1:1 DMAc:THF) was added to the solution. The reaction vessel was sealed, 

removed from the glovebox and heated at 80 ˚C for 18 hours. Reaction vessel was allowed to cool 

and brought into the glovebox and an aliquot of the reaction was removed and analyzed via FTIR 

for monomer consumption. Polymer was isolated via precipitation into acidic water followed by 

several washes with DI H2O. 

Homopolymerization of Met NTA monomer under vacuum  

 In a dinitrogen filled glovebox 25 mg (0.13 mmol) Met NTA was dissolved in 1 mL DMAc in a 

15 mL Schlenk tube. 35 μL pre-formed nickel initiator was added to the solution. The reaction 

vessel was sealed, removed from the glovebox, attached to a Schlenk line and the arm was purged 

for 5 minutes. The reaction flask was placed under minimal vacuum and the vessel heated 80 ˚C. 

Reaction vessel was allowed to cool and brought into the glovebox and an aliquot of the reaction 

was removed and analyzed via FTIR for monomer consumption. Polymer was isolated via 

precipitation into acidic water followed by several washes with DI H2O. 

General procedure for end-capping of polypeptides with mPEG chains.  

The general procedure for polymerization of NCAs was followed. Once the reaction was 

determined to be complete by FTIR, a solution of α-methoxy-ω-isocyanoethyl-poly(ethylene 

glycol), mPEG-NCO (MW = 1000 Da, 4 eq per Ni(DMPE)(AmA)) in DMAc was added to the 

polymerization mixture inside a dinitrogen filled glovebox. The reaction was let stand at 80 ˚C 

overnight, and then removed from the glovebox and the reaction was precipitated with water, 
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centrifuged at 3000 rpm and the supernatant was discarded. The pellet was washed 3 times with 

DI water to remove unconjugated mPEG-NCO, and the resulting pellet was then lyophilized to 

yield mPEG-endcapped polypeptides as white solids. To determine the molecular weight of the 

polypeptides (Mn), 1H NMR spectra were obtained in deuterated trifluoroacetic acid (TFA-d) 

similar to procedures described in literature.20 The integral of the methylene unit furthest from the 

backbone was compared to the integral of the polyethylene glycol resonance to obtain polypeptide 

lengths (see spectral data section). 

1H NMR (400 MHz, CDCl3 with d-TFA, 25 ˚C) 4.24 (bs, 148H), 3.73 (bs, 88H), 2.65 (bd, 356H), 

2.15 (bd, 851H). 

4.4.3 Spectral Data 
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