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Abstract 

This work aims to develop a new synthetic strategy for synthesizing advanced functional 

pseudo-peptidic polymers. Pseudo-peptidic polymers mimic poly(glycine) backbone with 

substituents on either the α-carbon or the nitrogen, appealing properties for various biomedical 

applications. One of the critical challenges in pseudo-peptidic polymers research is the synthesis of 

functional pseudo-peptidic polymers under mild conditions. We developed a system based on ring-

opening polymerization (ROP) of N-Thiocarboxyanhydrides (NTAs) initiated by primary amines 

to synthesize polypeptides with a wide range of controlled molecular weights under mild 

conditions. Additionally, this method provides telechelic pseudo-peptidic polymers that have an 

amino terminus. Due to NTAs’ high hydrolytic and thermal stability, the system serves as an 

excellent alternative to the traditional ROP (N-carboxyanhydrides (NCA). Chapter 1 discusses the 

fundamental knowledge and the history of synthesis routes towards polypeptides. Chapter 2 will 

focus on why termination events are suppressed in the interfacial ROP compared to the homogenous 

solution polymerization, thus allowing for controlled polymerizations of α-amino acid-derived 

NTA in non-polar solution using a primary amine. In Chapter 3, I developed the first system to 

prepare polypeptides with controlled molecular weight via primary amine-initiated ROP of NTAs 

under mild conditions without requiring the exclusion of moisture with the assistance of a weak 

organic acid. The reaction does not require rigorous exclusion of moisture compared to 

conventional NCA polymerization. This method permits the synthesis of polypeptides with a broad 

molecular weight range (3.2– 57 kg/mol) and narrow molecular weight distribution (Ð < 1.08). The 

weak acid is proposed to promote the loss of carbonyl sulfide, thus circumventing termination by 

isocyanate formation typically seen in the polar medium. Chapter 4 focuses on developing 

zwitterionic ring-opening polymerization of Me-NNTAs with TMG. PNMG with a broad molecular 
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weight range (1.2– 42.8 kg/mol) and narrow molecular weight distribution (Ð < 1.12) can be readily 

prepared with this system. TMG-mediated ROP of Me-NNTA is proposed to propagate by a 

macrozwitterionic species. 
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Chapter 1. Overview of Pseudo-Peptidic Polymers. 

1.1. Significance of Pseudo-Peptidic Polymers.* 
 

Synthetic mimics of proteins, known as pseudo-peptidic polymers, tend to self-assemble 

into higher-order structures (e.g., α-helix and β-sheets).1 Certain pseudo-peptidic polymers 

backbone mimic α-amino acid repeat units where the substituent comes off the α-carbon; these 

polymers are known as polypeptides. The substituent on the α-carbon gives the backbone a center 

of chirality and hydrogen bonding between the primary amide repeat units, stabilizing higher-order 

structures.2 Constitutional isomers of polypeptides, known as polypeptoids, demonstrate another 

versatility of pseudo-peptidic polymers by investigating the substituent's effects on the nitrogen.3-

6 Relocating the substituent to nitrogen simplifies the analysis of the polymer backbone and 

substituent interactions. The simplified analysis is viable due to the absence of both the center of 

chirality and the acidic N-H on the polymer backbone, limiting the stabilizing effects for secondary 

interactions. Higher-order structures are uncommon for traditional polymers (ex. vinyl polymers), 

permitting interest in certain applications.1, 7-9 Bachmann et al. analyzed the helical protein 

interfaces in the Protein Data Bank, which showed helical interfaces contribute to about 62% of 

protein-protein interactions.10 Development of pseudo-peptidic polymers is advantageous since 

they can tune protein-protein interactions enhancing properties for drug delivery/targeting, gene 

therapy agents, tissue scaffolds, and antifouling coatings.1, 7, 9, 11  Additionally, these pseudo-

peptidic polymers provide an extensive library of substituents,  which are accessible from natural 

and synthetic amino acids. This diverse library of substituents and potential to change substituents' 

 
*This chapter was previously published as David Siefker “Ring-opening Polymerization of N-
carboxyanhydrides Using Organic Initiators or Catalysts” Organic Catalysis for Polymerisation 9 
(2019): 367-405. Reprinted by permission of Royal Chemistry Society. 
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location on the backbone allows for the ability to synthesize a wide range of pseudo-polypeptidic 

structures. Another advantage of the glycine backbone over conventional synthetic polymers 

concerns in vivo applications that include enzymatic degradability and low cytotoxicity, which are 

critical factors to consider when designing biomedical materials.12-15 Tuning the durability of the 

pseudo-polypeptidic polymer's backbone is easily achieved since both the substituent and 

placement of the substituent on the backbone will affect the degradation mechanism induced by 

enzymes.4, 5, 8, 16, 17 Arising from these appealing factors, pseudo-polypeptidic polymers are 

extensively investigated for the potential use in numerous biomedical applications (e.g., drug 

delivery, tissue engineering, antimicrobial, etc.).1, 4, 5, 18 Proteins in nature are known to have 

specific sequences that give rise to the numerous roles they play in the envoriment.18, 19 However, 

proteins in nature are efficiently synthesized by biological systems. In contrast, the polypeptides 

synthesized in the lab with a specific sequence are commonly synthesized through solid-phase 

peptide synthesis (SPPS).20 This strategy involves step-wise coupling reactions to link amino acids 

onto solid support resins through repeated cycles of deprotection-coupling events for each amino 

acid to be attached; this method produces mono-disperse sequence defined peptides(Scheme 1.1). 

SPPS synthetic strategy limits the large-scale production, purity, and formation of long-chain 

polypeptides(>50 repeat units) due to the incomplete deprotection or coupling between cycles. 
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Scheme 1.1. A generic scheme depicting synthesis of pseudo-polypeptidic polymers via 

SPPS or ROP Method. 
 
Another major limitation includes excessive reagents and long reaction times over 

numerous cycles to promote the formation of the desired pseudo-polypeptidic polymer. Another 

route towards pseudo-polypeptidic polymers is the batch reaction by the ring-opening 

polymerization (ROP) of pseudo-peptidic anhydride rings (Scheme 1.1). The batch reaction route 

is more promising for larger-scale production over SPPS; however, the repeat pattern of the 

pseudo-peptidic polymer's backbone is not as specific compared to SPPS. 

1.2. Background and Synthesis of Pseudo-Polypeptidic Polymers via Ring-Opening 
Polymerization of N-Carboxyanhydride. 

 
Batch reactions are very appealing since they provide larger-scale reactions targeting 

higher molecular weight pseudo-peptidic polymers via ROP of N-carboxyanhydride (NCAs). 

Hermann Leuchs first reported α-amino acid-derived NCA synthesis in the early 1900s.21-23 

Thermal instability of the NCAs caused these monomers to form via auto polymerization. During 

the 1920- 1930s, there was a renewed interest in developing synthetic strategies to access 

polymers, in particular polypeptides, by the polymerization and characterizing their physical 

properties.24 Prior to the 1970s, significant advances were made in understanding the reaction 

mechanism and kinetics25, 26 In the 100 years of being studied, a variety of α-amino acid-derived 
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NCAs have been synthesized and investigated.14, 27, 28 In the last 20 years or so, further advances 

in initiator/catalyst systems have been developed  to mediate the ROPs of α-amino acid-derived 

NCAs in a controlled manner, yielding polypeptides with predictable molecular weight and narrow 

molecular weight distribution.2, 14, 28, 29 The scope of NCAs has been expanded to include 

monomers bearing different functional sidechains which can either be further derivatized readily 

by “click” chemistry to confer unique physiochemical (e.g., stimuli-responsiveness)30 or biological 

properties (e.g., membrane activity, antigenicity).2, 14, 29 In the last 10 years the constitutional 

isomers of the NCA monomer, derived from N-substituted glycine, known as N-substituted 

glycine-derived N-carboxyanhydrides (R-NNCAs), have been studied as substrates for 

polymerization(Scheme 1.1).16, 31, 32 A commonly employed method in synthesizing α-amino acid-

derived NCAs is the Fuchs-Farthing method; this method uses phosgene or phosgene derivatives 

for acylation and cyclization of α-amino acid precursors (Scheme 1.2). Alternatively, NCAs and 

R-NNCAs can also be accessed by installation of an N-carbamoyl O-alkyl group at the nitrogen 

followed by cyclization with acylating agents (i.e. PCl3, PBr3, SOCl2), this is typically considered 

the Leuchs method (Scheme 1.2).33, 34 NCAs and R-NNCAs are moisture sensitive which typically 

require the purification by recrystallization, sublimation, or flash chromatography to be run under 

rigorously anhydrous conditions (e.g., using glovebox or Schlenk line).  
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Scheme 1.2. Synthetic routes towards the synthesis of NCA and R-NNCA’s.35 
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NCAs and R-NNCAs are naturally electrophilic, making them excellent reactants for 

organic molecules with sufficient nucleophilicity (e.g., water21, 36-40, alcohol35, 39, primary amine, 

secondary amine, 41, 42 aniline, 43-45 imidazoline) to initiate the ring-opening polymerization of 

NCAs by a mechanism commonly referred to as the normal amine mechanism (NAM)(Scheme 

1.3.). In this mechanism, the polymerization initiation happens when the nucleophilic initiator's 

ring-opening addition to the C5 carbonyl of the NCA/R-NNCA(Scheme 1.3, 1) monomer followed 

by decarboxylation to generate the propagating species bearing a primary/secondary amino 

terminus, from which propagation happens by the same sequence via primary/secondary amine 

propagating chain end (Scheme 1.3,5).  The most common nucleophilic initiators are sterically 

unhindered primary amines. Water,21, 36-40 alcohols,37, 46, 47 aniline,43-45 secondary amines,41, 42, and 

thiols48 can also initiate the ROP of NCAs/R-NNCAs by the exact mechanism except that they are 

less efficient initiators relative to unhindered primary amines due to their reduced nucleophilicity, 

resulting in either no reaction or long reaction time, along with poor molecular weight control 

arising to slow initiation relative to propagation.  
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Scheme 1.3. The normal amine mechanism for the ROPs of NCAs using organic nucleophiles. 
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Nucleophiles such as imidazoline can initiate the ROPs of NCAs, similarly, as a secondary 

amine, to form a growing polypeptide with a α-terminus that is imidazoline-derived amide along 

with a primary amine as the ω-terminus.49, 50 Imidazoline-derived terminus has an enhanced 

electrophilic nature compared to other amide bonds along the chain. The more electrophilic nature 

permits the peptides chains to react via a kinetically controlled polycondensation pathway, yielding 

cyclic polypeptides. Cyclic variations of polypeptoids could be synthesized similarly using either 

N-heterocyclic carbene (NHCs) or guanidine derivative as the initiator.50-53 

Primary amine-initiated ROPs of NCAs bearing N-H have numerous competing chain-

transfer and termination events that require optimized reaction conditions to produce well-defined 

pseudo-polypeptidic polymers. These conditions have been optimized ( i.e., lowering the reaction 

temperature,54, 55 conducting reactions in high vacuum condition56, or under a constant nitrogen 

flow57) to suppress side reactions and enhance polymerization control by the NAM. CO2 removal 

under reduced pressure or by blowing nitrogen through the reaction mixture can accelerate the 

polymerization rate of NCAs using a primary amine initiator.57 CO2 effect on the polymerization 

was accounted for in the proposed mechanism (Scheme 1.4). An increase in the polymerization 

rate is attributed to shifting the equilibrium from the carbamic acid/carbamate salt propagating 

intermediates to the active nucleophilic amino propagating species, thus resulting in the enhanced 

polymerization rate (Scheme 1.4). 
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Scheme 1.4. The reaction model proposed accounts for the CO2 effect on the polymerization rate. 
 

However, there have been reports where varying CO2 pressure has no notable effect on the 

polymerization rate.55, 58 Shown by the ROPs of NCA monomers derived from β-benzyl-L-

aspartate, O-benzyl-L-serine, and O-benzyl-L-threonine using benzyl amine initiators in DMF, 

which found the polymerization rate to be comparable at 1 or 1×10-5 bar for the headspace 

pressure.55 Another study showed the polymerization of DL-leucine-derived NCAs and DL-

phenylalanine-derived NCAs, initiated by pre-synthesized polypeptide in nitrobenzene under 

different CO2 pressure, found the polymerization rate is independent of the CO2 concentration in 

the solvent.58 Early studies showed that the polymerization rate of selected NCA monomers could 

be influenced by CO2 partial pressure. This proposed rate increase arises from the formation of 

carbamic acid species that is in equilibrium with the propagating amine species (Scheme 1.4, 3).25, 

58, 59 While the CO2 effect can be autocatalytic by aiding with decarboxylation, a significant excess 

of CO2 can also retard the polymerization due to the increased formation of the carbamate salts 

thus decreasing the effective concentration of active amine ends (Scheme 1.4.,4).58 When the CO2 
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does not affect the polymerization rate, the amine addition to the NCAs becomes the RDS. A recent 

DFT calculation has shown that the RDS for the reaction between L-alanine or sarcosine derived 

NCA with a primary amine (i.e., ethylamine) or a secondary amine (i.e., N, N-dimethylamine) is, 

in fact, the nucleophilic addition of an amine to the NCAs, not the ring-opening nor 

decarboxylation. 24, 60  

 
Figure 1.5. Representation of SIMPLE Polymerization Method.†,61 
 

Recent work demonstrated that a catalytic rate increase occurs when anchoring an α-helical 

initiator to an aqueous phase while polymerizing in the organic phase(Figure 1.5.). This method 

was coined SIMPLE (Segregation-Induced Monomer-Purification and initiator-Localization 

 
This figure was previously published as Xuefang Wang “Facile Synthesis of Helical Multiblock 
Copolypeptides: Minimal Side Reactions with Accelerated Polymerization of N-
Carboxyanhydrides” ACS Macro. Letter 10 (2019): 1517-1521. Reprinted by permission of. 
American Chemistry Society. 
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promoted rateEnhancement); the significant rate increase seen in this method has inspired much 

research for the synthesis of polypeptides from NCAs.62 SIMPLE has shown that it can permit the 

synthesis of polypeptides from impure NCA’s or produce well-defined multiblock polypeptides 

from pure NCAs.61, 63 Although SIMPLE is a promising method, it does require polymers to form 

α-helices limiting the monomer library. Additionally, it still requires anhydrous conditions to 

prepare the macro initiator and monomers for multiblock synthesis. 

1.3 Background and Synthesis of Pseudo-Polypeptidics Polymers via Ring-Opening 
Polymerization of N- Thiocarboxyanhydrides. 
 

NCAs and R-NNCAs' inherent instabilities inspire the investigation into hydrolytically 

more stable monomers such as amino acid-derived N-Thiocarboxyanhydrides (NTAs) or N-

substituted glycine-derived N-Thiocarboxyanhydrides (R-NNTAs). NTAs and NNTAs are 

structural analogs of NCAs where the endocyclic oxygen is replaced by sulfur. NTAs were first 

developed and investigated as substrates for the aqueous-phase synthesis of oligomeric peptides.33, 

64-68 These mercapto analogs are thermally and hydrolytically more stable than NCAs. 69 The 

enhanced stability permits purification, storage, and polymerization of NTAs on the benchtop 

without rigorously anhydrous conditions.  

Preparation of NTAs and R-NNTAs are similar to NCAs and NNCAs by following the 

Leuchs route in first N-protection of the amino acid or N-substituted glycine precursors with the 

thiocarboxyalkyl group followed by cyclization promoted by acylating agents (e.g., Ac2O, SOCl2, 

PX3, PX5, X=Br or Cl) (Scheme 1.3.1.).34, 64, 66  The optical purity of the resulting NTAs varies 

and is dependent on the reaction condition and the structure of the amino acid precursors.70  
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Scheme 1.6. Generic synthesis of NTA’s and R-NNTA’s 
 

The enhanced stability of the mercapto analogs of amino acid-derived NTAs has shown to 

be challenging to polymerize in a control fashion, where all polymerizations are found to be 

terminated at low conversion regardless of the initiator used.71, 72 Though, R-NNTAs were not as 

troublesome as both rare earth borohydrides and amine-terminated polymers can initiate them to 

produce polypeptoids. These initiators give polypeptoids at quantitative yields with predictable 

high molecular weights and low polydispersity indices. Initiation by the rare earth borohydrides 

mechanism is unclear; therefore, it limits the modification of polypeptoid end-groups.73 Amine-

initiated systems have shown to be advantageous due to ease of access. Still, these systems are 

limited due to a restricted degree of polymerization (DP) >300, higher temperature requirements, 

and long reaction times.74 Recently, the appealing aspect of new monomers from NTAs and 

NNTAs enhanced stabilities were shown in the synthesis and polymerization of unprotected  

carboxyl acid NNTAs; the downside is that these polymerizations require highly polar solvents 

and higher temperatures due to limited solubility of monomer and the resulting polymer.70 

  



11 
 

Chapter 2. Determining Termination Event in the Primary Amine-Initiated 
Ring-Opening Polymerization of N- Thiocarboxyanhydrides Toward 

Polypeptides.‡ 
 

2.1 . Introduction 

Polypeptides are widely investigated for various biomedical and biotechnological 

applications (e.g., gene delivery, drug delivery, tissue engineering, etc.) The combination of the 

appealing attributes such as structural tunability, backbone degradability, and low cytotoxicity.75-

77 Additionally, the availability of an extensive library of natural and synthetic amino acids permits 

the molecular characteristics and backbone conformations polypeptides to be readily adjusted, via 

the substituent, meeting the various technical application requirements.  The ROP of α-amino-acid 

commonly prepares polypeptides derived NCAs in solution phase12, 28, 47, 57, 61, 78-89and the solid 

phase for more precise structure.90-97 Numerous initiating systems have been shown to mediate the 

controlled polymerization of various NCAs to produce well-defined polypeptides with diverse 

structures.12, 14, 28, 29, 48, 57, 81, 88, 98-106 However, NCA monomers are hydrolytically107, and thermally 

unstable. These reactive parameters require anhydrous solvents and/or low temperature during the 

synthesis, purification, and storage of NCA monomers.107, 108  For example, dry flash 

chromatography in the glovebox using anhydrous silica gel and solvents was developed to purify 

NCA monomers due to their moisture instability.107 In addition, highly toxic chemicals such as 

phosgene or phosgene-derived reagents are required to synthesize NCA monomers.  A method to 

circumvent the instability of NCAs was synthesizing polypeptides with activated amino acid 

urethane derivatives. The latter approach proposes that the NCA forms in situ then polymerizes 

 
This chapter was previously published as Jinbao Cao “Interfacial Ring-Opening Polymerization 
of Amino-Acid-Derived N-Thiocarboxyanhydrides Toward Well-Defined Polypeptides” ACS 
Macro. Letter 8 (2017): 836-840. Reprinted by permission of. American Chemistry Society.  
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via chain-growth fashion.109 Though this method of making polypeptides is limited to low to 

moderate molecular weights (DP<50). Another technique, SIMPLE, was developed where impure 

NCA was polymerized at the organic and aqueous interface using macro initiators. Although this 

method provided a large range of molecular weight polypeptides, the synthesis still requires an 

unstable macroinitiator and is limited to polypeptides that form α-helix.61  

This variety of methods demonstrates a clear need to develop an alternative synthetic 

approach to access well-defined polypeptides with diverse substituents. Mercapto analogs of 

NCAs, NTAs, were reported to be more stable and less reactive than the corresponding NCAs.37, 

72 Initial investigations by Kricheldorf et al. looked at the polymerization of Gly NTA, D, L-Phe 

NTA, D, L-Leu NTA, in solution using primary amine initiators.71, 72 Though, all reactions resulted 

in low conversions yielding oligopeptide products even after 48 h at 20 °C or 60 °C. The origin of 

the low conversions remains puzzling, particularly given the predominant primary amine chain 

ends revealed by end-group analysis. The ROPs of sarcosine-derived NTAs (i.e., methyl NNTA) 

was shown to be initiated by using rare earth borohydride or primary amine initiators in solution 

to produce well-defined polysarcosine in a controlled manner,73, 110 though, no alpha substituted 

NTAs were investigated. 

NH2 N
H

SO
O

R

Hexane/Heptane,
[NTA]0= 0.2M

50-60°C, Air
- n COS

+
N
H

O

N
HR

H

n

n

 

Scheme 2.1. The generic reaction of NTA with hexylamine using interfacial ROP to form 
polypeptides. 
 

Recently, we reported a study on the interfacial polymerization of a variety of α-amino 

acid-derived NTAs (i.e., BG NTA, LYS NTA, and MET NTA) (Scheme 2.1.). Interfacial 

polymerization of these NTAs using a primary amine initiator produce well-defined polypeptides 
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with controlled molecular weight (Mn) and moderate molecular weight distribution (Ð). In 

contrast, the solution phase polymerization is slow and has low conversions. The enhanced 

polymerization activity in interfacial polymerization was unclear at the time. Chapter 2 focuses on 

spectroscopic analysis to identify side reactions that lead to termination in polar media but is absent 

non-polar media.  

2.2. Materials and Methods 

2.2.1. Materials 

All chemicals were purchased from Sigma-Aldrich and used as received unless specified. 

L-glutamic acid γ-benzyl ester (H-Glu(OBz)-OH) and ε-N-carbobenzyloxy-L-lysine (H-Lys(Z)-

OH) were purchased from AAPPTec, LLC and used as received. BLG-NCA was synthesized by 

using a published procedure.111 All solvents are regular ACS grade solvents and were used directly 

in the reactions without any special drying or purification step unless specified. All reactions are 

conducted in open-air unless otherwise noted.  

2.2.2. Instrumentation 

1H and 13C NMR spectra were recorded on a Bruker AV-400 or AV-500 spectrometer. 

Chemical shifts in parts per million (ppm) were referenced relative to proton impurities or 13C 

isotope of deuterated solvents (e.g., CDCl3). SEC-DRI analyses were performed with an Agilent 

1200 system equipped with three Phenomenex 5 μm, 300 × 7.8 mm columns [100 Å, 1000 Å and 

Linear(2)], Wyatt DAWN EOS multi-angle light scattering (MALS) detector (GaAs 30 mW laser 

at λ=690 nm) and Wyatt Optilab rEX differential refractive index (DRI) detector with a 690 nm 

light source. DMF containing 0.1 M LiBr was used as the eluent at a flow rate of 0.5 mL·min-1. 

The temperature of the column and detector was 25 °C. Electrospray ionization mass spectroscopy 

(ESI MS) was conducted on an ESI TOF 6210 (Electrospray Time-of-Flight) mass spectrometer 
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(Agilent Technologies). The sample solutions used in ESI MS analysis were prepared by 

dissolving the sample (5 mg) in chloroform (0.5 mL). The experiments were carried out in positive 

mode ionization. MALDI-TOF MS experiments were conducted on a Bruker UltrafleXtreme 

tandem time-of-flight (TOF) mass spectrometer. The instrument was calibrated with Peptide 

Calibration Standard II consisting of standard peptides Angiotensin I, Angiotensin II, Substance 

P, Bombesin, ACTH clip 1-17, ACTH clip 18-39, and Somatoratin 28 (Bruker Daltonics, Billerica, 

MA) before the experiment. A saturated methanol solution of α-cyano-4-hydroxycinnamic acid 

was used as a matrix. Samples were prepared by mixing a THF solution of polymers (5 mg/mL) 

with matrix at a 1:1 volume ratio, which was then deposited onto a 384-well ground-steel sample 

plate using the dry droplet method. Experiments were done in positive reflector mode. The data 

analysis was performed with flexAnalysis software. 

2.2.3 Synthesis of S-Ethoxythiocarbonyl Mercaptoacetic Acid (XAA) 

The synthesis of XAA is modified from a published procedure.71 KCO3H (32.0 g, 0.319 

mmol) was first dissolved in chilled DI water (260 mL), followed by the addition of chloroacetic 

acid (12.08 g, 0.128 mmol) to afford a clear solution. Potassium ethyl xanthogenate (20.5 g, 0.128 

mol) was added to the solution above. The mixture was allowed to stir at room temperature for 

one day, followed by acidification with 4 M HCl(aq.) to pH ~ 1. The resulting cloudy mixture was 

then extracted with CH2Cl2 (3 × 150 mL). The combined organic extract was dried over anhydrous 

MgSO4, filtered, and concentrated under a vacuum. Hexanes (500 mL) were then added to the oily 

residue with vigorous stirring to afford a white solid. The solid was collected by filtration, washed 

with hexanes, and dried under vacuum to give the final product a white solid (21.5 g, 93% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm): 1.43 (t, 3H, CH3), 3.97 (s, 2H, CH2), 4.65 (q, 2H, CH2).  
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Scheme 2.2. Synthesis of NTA’s derived from α-amino acids 

2.2.4. Synthesis of γ-Benzyl-DL-Glutamic Acid N- Thiocarboxyanhydrides (BG-NTA) 

H-Glu(OBz)-OH (7.32 g, 30.9 mmol) and XAA (5.84 g, 32.3 mmol) were suspended in 

DIH2O solution (70 mL), once suspended KHCO3 (80.84 g, 80.75 mmol) and triethylamine (TEA) 

(5.38 mL, 38.63mmol) was added to the solution. The suspension was stirred vigorously for 24 h 

at 22°C to afford a clear solution. The clear solution was then acidified with 37% concentrated 

HCl to pH ~ 3, followed by extraction with CH2Cl2 (3 × 100 mL). The combined organic extract 

was washed with DIH2O, then dried with anhydrous MgSO4, filtered, and concentrated under 

vacuum. The oily residue was then redissolved in CH2Cl2 (100 mL) under nitrogen, followed by 

the addition of PCl3 (3.2 mL, 37.1 mmol) at 0°C. The reaction mixture was stirred at 25°C for 16 

h, then sequentially quenched with saturated NaHCO3 (aq.) solution (100 mL) to PH~9. Then the 

organic layer was separated and washed with DIH2O (150 mL) and brine solution (150 mL). The 

organic phase was separated and dried over anhydrous MgSO4, filtered, and concentrated under 

vacuum to afford a light-yellow oil. The oil was dissolved in a minimum amount of CH2Cl2and 

precipitated into excess hexanes with vigorous stirring to afford an off-white solid (6.38 g). The 

crude solid product was further purified by running through a plug of silica gel (pore size 60 Å, 

particle size 40-60 µm) with CH2Cl2. A white solid (4.78 g, 56% yield) was collected via removal 
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of the solvent under vacuum after the chromatography purification. 1H NMR (400 MHz, CDCl3) 

δ (ppm): 7.42 (s, 1H, NH), 7.34 (m, 5H, C6H5), 5.12 (s, 2H, CH2), 4.37 (t, 1H, CH), 2.55 (t, 2H, 

CH2), 2.10 – 2.27 (m, 2H, CH2).(Figure 2.4.4.)  

2.2.5 Synthesis of ε-N-Carbobenzyloxy-DL-lysine N- Thiocarboxyanhydrides (Lys-NTA) 

KHCO3 (27.055 g, 70.9mmol) was dissolved in chilled DI H2O (60 mL). H-Lys(Z)-OH 

(10.74 g, 28.2 mmol) and XAA (5.43g, 29.5 mmol) were sequentially added to the above clear 

solution to afford a cloudy mixture. Finally, TEA (4.89 ml, 34.2 mmol) was added to the cloudy 

mixture. The reaction mixture was stirred vigorously for 48h at 25°C followed by acidification 

with 4 M HCl(aq.) to pH ~ 3 and extraction with CH2Cl2 (3 × 200 mL). The combined organic 

extract was washed with DIH2O, then dried with anhydrous MgSO4, filtered, and concentrated 

under vacuum to afford a yellow oil which was dissolved with ~120 mL CH2Cl2, to which PCl3 

(2.9 mL, 34 mmol) at 0°Cwas added under nitrogen. The reaction was allowed to stir at 25°C for 

16 h, then sequentially quenched with saturated NaHCO3 (aq.) solution (100 mL) to PH~9. Then 

the organic layer was separated and washed with DIH2O (150 mL) and brine solution (150 mL). 

The organic phase was separated and dried over anhydrous MgSO4, filtered, and concentrated 

under vacuum to afford an off-white solid. The solid was dissolved to a 2M solution with CH2Cl2 

then recrystallized by adding excess hexane, which afforded a white solid (8.75 g, 76% yield). 1H 

NMR (400 MHz, DMSO-d6) δ (ppm): 9.32 (s, 1H, NH), 7.33 (m, 5H, C6H5), 7.24 (t, 1H, NH), 

5.01 (s, 2H, CH2), 4.55 (t, 1H, CH), 3.00 (m, 2H, CH2), 1.72 (m, 2H, CH2), 1.40 (m, 4H, CH2CH2). 

Figure 2.4.5.)  

2.2.6. Synthesis of L-Leucine N- Thiocarboxyanhydrides (Leu-NTA) 

The synthetic of Leu-NTA is modified from a published procedure.33 KHCO3 (42.32g, 

422.7 mmol) was first dissolved in DI water (340) in an ice bath. L-Leucine (22.18 g, 169 mmol) 
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and XAA (32.1 g, 177 mmol), and TEA(29.2 ml, 211 mmol) were then added to the aqueous 

solution, which was stirred for 24h to form a clear solution. The clear solution was worked up by 

acidification with 4 M HCl (aq.) to pH ~ 3. CH2Cl2 (3×200 mL) was used to extract the aqueous 

solution. The combined organic solution was then washed with brine, separated, and dried over 

anhydrous MgSO4. Clear oil was afforded after the organic solution was filtered and concentrated 

under a vacuum. The clear oil was used directly for the cyclization step by dissolving in CH2Cl2 

(845 mL) at 0°C. Nitrogen was purged through the solution for 20 min before PCl3 (16.9 mL, 194 

mmol) was added dropwise to the above solution then left to react. An ice-cold saturated 

NaHCO3(aq.) solution (200 mL) was poured to quench the reaction. Additional NaHCO3 was 

added till pH~9. The organic layer was separated from the basic aqueous solution, which was then 

successively washed with cold saturated NaHCO3 (aq.) solution (150 mL), and brine (50 mL). The 

organic layer was concentrated to afford clear oil after drying over anhydrous MgSO4 and 

filtration. The crude oil was then recrystallized from CH2Cl2/hexanes to afford a needle-like solid 

(22.3 g, 83%). 1H NMR (400 MHz, CDCl3) δ (ppm): 7.13 (s, 1H, NH), 4.37 (m, 1H, CH), 1.79 (m, 

2H, CH2), 1.70 (m, 1H, CH), 1.00 (m, 6H, CH3)(Figure 2.4.6). 

2.2.7 Interfacial Ring-Opening Polymerization (iROP) of NTAs 

A representative polymerization procedure is given as follows. BG-NTA (52.8 mg, 0.189 

mmol) was suspended in hexanes (0.87 mL) and sealed in the open air. A measured volume of a 

stock solution of hexylamine in hexanes (74.7 µL, 1.58 µmol, 133 mM) was added to the above 

mixture. The polymerization was stirred at 50 °C for 48 h to reach the nearly quantitative 

conversion. The solvent was then removed under vacuum to afford the reaction mixture as a solid, 

which was re-dissolved in CH2Cl2 (TFA in the case of iROP of Met-NTA and Leu-NTA). The 
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final polymer product was precipitated by adding excess diethyl ether into the polymer solution, 

separated by filtration, and dried under vacuum to afford a white solid (36.2 mg, 91% yield). 

2.2.8. Homogeneous Solution-Phase Ring-Opening Polymerization of NTAs 

A representative polymerization procedure is given as follows. BG-NTA (59.9 mg, 0.215 

mmol) was dissolved in anhydrous DMF (0.40 mL) under a nitrogen atmosphere in the glovebox. 

A measured volume of a stock solution of hexylamine in DMF (31.1 µL, 1.79 µmol, 57.5 mM) 

was added to the above solution. The polymerization was stirred at 25 °C for 48 hours with and 

without N2 purge before sampling a reaction aliquot for conversion analysis. The final polymer 

product was precipitated by adding excess diethyl ether into the polymer solution, separated by 

filtration, and dried under vacuum to afford a white solid(20% yield). 

2.2.9. N2 Purge of Homogeneous Solution-Phase Ring-Opening Polymerization of NTAs 

A representative polymerization procedure is given as follows. BG-NTA (59.9 mg, 0.215 

mmol) was dissolved in anhydrous DMF (0.40 mL) under a nitrogen atmosphere in the glovebox. 

A measured volume of a stock solution of hexylamine in DMF (31.1 µL, 1.79 µmol, 57.5 mM) 

was added to the above solution. The polymerization was stirred at 25 °C for 48 h with and without 

N2 purge before sampling a reaction aliquot for conversion analysis. The final polymer product 

was precipitated by adding excess diethyl ether into the polymer solution, separated by filtration, 

and dried under vacuum to afford a white solid(35% yield). 

2.3. Results and Discussion 

Chapter 2 focuses on why the nature of solvents is critical to the controlled polymerization 

of the α-amino acid-derived NTAs. For example, while Leu-NTA is soluble and homogenous in 

both hexanes and dioxane at 50 °C, the polymerization in hexanes proceeds to quantitative 
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conversion after 48 hours, in contrast to the limited conversions in dioxane (9-36%) under similar 

conditions.  

Table 2.1.The effect of a continuous N2 flow on the polymerization conversion of BG-NTA and 
Lys-NTA in DMF using hexylamine initiator.a 

Entry # N2 flow NTA (ee) [M]0:[I]0 Conversion (%) 
b 

1 No BG (2%) 80:1 12 

2 Yes BG (2%) 80:1 44 

3 No Lys (2%) 80:1 6 

4 Yes Lys (2%) 80:1 47 

a.All reactions were conducted at room temperature in anhydrous DMF 
for 48 h using hexylamine initiators at [M]0 = 0.2 M with or without a 
continuous flow of N2 (flow rate = ~250 ml/min); b.determined by 1H 
NMR analysis of reaction aliquots. 
 

Additionally, polymerizations of BG-NTA and Lys-NTA conducted at 22°C in DMF 

([M]0=0.5 M, [M]0:[I]0= 80:1) under a constant flow of nitrogen resulted in higher conversion 

(44% and 47%) than those (12% and 6%) obtained without the nitrogen flow (Table 2.1.). The 

displacement caused by the N2 gas purge likely suggests that carbonyl sulfide (COS) release is the 

rate-limiting step in the chain propagation (Scheme 2.3).  
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Figure 2.1. A). ESI-MS spectrum of the reaction product from Leu-NTA and hexylamine in 1:1 
molar ratio in 50 °C hexanes ([M]0=0.2 M, 3 h). B) The PLEU chemical structure where the MS 
ESI analysis determines the end-groups. C) Comparison of selected experimental m/z with the 
calculated values based on the PLEU chemical structure shown in B). 
 

ESI MS analysis of the products obtained from the stoichiometric reaction between Leu-

NTA and hexylamine in 50°C hexane reveals oligomeric PLEU with primary amine terminus.  The 

formation of clean oligomeric PLEU emphasizes that the NTA ROP meditated by a primary amine 

follows the normal-amine mechanism (Figure 2.1.). Additionally, the appearance of oligomeric 

PLEU greater than one repeat unit indicates an efficient propagation versus any unknown 

termination events. 
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Figure 2.2. The corresponding 13C{1H} NMR spectra of the reaction product from (1) Leu-NTA 
and hexylamine in 1:1 molar ratio in 50°C dioxane ([M]0=0.2 M, 3 h), (2) after purging the 
stoichiometric reaction product in dioxane with nitrogen for 1 h and (3) from the same 
stoichiometric reaction in 50°C hexane ([M]0=0.2 M, 3 h). Reaction aliquots were directly 
dissolved in CDCl3 for NMR analysis. 
 

The presence of a single carbonyl peak at 175.7 ppm in the corresponding 13C{H1}21, 23 

NMR spectrum (Figure 2.2.) further shows a single reactive chain end. By contrast, the same 

stoichiometric reaction in 50°C dioxane yielded a significant fraction of oligomeric PLEU 

terminated by the hexyl urea end-group. These terminated species were found in conjunction with 

the oligomeric PLEUn formed by the normal-amine ROP pathway (Figure 2.1. and Scheme 2.3. 

P4). Further analysis of the reaction product by 13C{1H} NMR also reveals multiple sets of peaks 

in the carbonyl region (Figure 2.2.). At ~172-175 ppm, several disappeared upon further nitrogen 

purging and were tentatively assigned to be the oligomeric PLEUn species bearing thiocarbamic 

acid/thiocarbamate end-groups (Scheme 2.3.). 
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Figure 2.3. (A) Full and (B) expanded MALDI-TOF MS spectra of a low molecular weight PLEU 
polymer obtained by solution-phase polymerization of LEU-NTA in dioxane initiated with 
hexylamine at 50 °C ([M]0:[I]0=120:1, [M]0=0.5 M, 30% conversion, 48 h). (C) simulated isotope 
pattern of P2 (n=9) obtained via NAM. (D) simulated isotope pattern of P2 (n=9) obtained via urea 
formation.  (E) overlapped (C) and (D) at the ratio of [ (C)/(D)=10:1]. (F)The PLEU chemical 
structure where the MS analysis determines the end-groups. (G) Comparison of selected 
experimental m/z with the calculated values based on the PLEU chemical structure shown in (F). 
 

The peaks at 157-158 ppm are consistent with the urea linkages37 and remain unchanged 

with N2 purging. Consistently, MALDI-TOF MS analysis of the poly(L-leucine) (PLEU) obtained 

from the polymerization in dioxane also revealed a presence of urea-terminated polypeptides in 

addition to PLEU chains expected from a normal amine mechanism (Figure 2.3.). 
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Scheme 2.3. Proposed termination reaction that occurs in a polar solvent (e.g., dioxane or DMF) 
during the polymerization of α-aminoacid-derived NTA (e.g., Leu NTA, Lys-NTA). 
 

Controlled polymerization of NTAs in non-polar solvents (e.g., hexanes) is attributed to 

the faster elimination of COS from the propagating thiocarbamic acid/thiocarbamate 

intermediates. More rapid release of COS permits the formation of the preferred active propagating 

amine species(P2) relative to the elimination of H2S to form isocyanate intermediate(P3). The 

isocyanate terminates the chain growth by reacting with the primary amine to form the urea 

species(P4) (Scheme 2.3.). By contrast, in a polar solvent (e.g., dioxane), the termination reaction 

becomes kinetically competitive relative to the formation of active propagating amine species, 

resulting in low conversions. This mechanistic finding also explains why primary amine-initiated 

ROP of N-substituted NTAs afforded high conversion in various solvents. Without N-H proton, 

the formation of isocyanate intermediate to termination chain growth is suppressed.  

Results in Chapter 2 demonstrate that low polar solvents (e.g., hexane) form a 

heterogeneous reaction mixture that suppresses termination via isocyanate in the ROP of α-amino 

acid-derived NTAs mediated by hexylamine.  The heterogeneous phase polymerization is in stark 

contrast to homogenous reactions using common polar solvents (e.g., dioxane) that result in low 
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conversion regardless of temperature, concentration, or monomer. Recognizing the main 

termination pathway for the ROP of NTAs via NAM in homogeneous solution, Chapter 3 will 

focus on promoting the release of COS versus H2S by incorporating weak organic acid into the 

homogenous reaction medium.   
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Chapter 3. Organic Acid Promoted Controlled Ring-Opening Polymerization 
of α-Amino Acid-Derived N-Thiocarboxyanhrides Toward Well-Defined 

Polypeptides.§ 
 

3.1. Introduction 

As previously discussed in Chapter 2, NTAs have successfully been used as substrates for 

the stepwise synthesis of sequence-defined peptide oligomers in an aqueous solution,33. In contrast, 

polymerization of NTAs, particularly those bearing N-H protons, has been proven challenging.69, 

71, 72 NTAs are intrinsically less reactive toward nucleophilic ROP due to their reduced 

electrophilicity and diminished propensity to decarboxylate (COS loss) relative to NCAs.33, 69 

While there have been a few reports on the controlled polymerization of N-substituted NTAs (e.g., 

sarcosine or N-butyl glycine derived NTAs) using primary amine or rare-earth metal borohydride 

complexes,46, 74, 110, 112 all early attempts in the polymerization of various NTAs bearing N-H 

protons using primary or tertiary amine initiators in polar solvents (e.g., dioxane or DMF) have 

resulted in low conversions and the formation of low molecular weight polypeptides.69, 71, 72  

Chapter 2 discussed how the elimination H2S to form isocyanate is the major termination 

pathway when primary amine initiators are used in polar solvents.69 As discussed in Chapter 2, 

termination can be circumvented using a non-polar solvent (e.g., hexanes), yielding well-defined 

polypeptides with controlled molecular weight and narrow-to-moderate molecular weight 

distribution (Ð = 1.2-1.3) quantitatively yields. Since the reaction occurs at the interface of 

marginally soluble monomers and insoluble polymers, this method is not amenable to the synthesis 

of random polypeptide copolymers as the solubility limits of the monomers restricts the monomer 

 
This chapter was previously published as David Siefker “Organic Acid Promoted Controlled Ring-
Opening Polymerization of α-Amino Acid-Derived N-thiocarboxyanhydrides (NTAs) toward 
Well-defined Polypeptides” ACS Macro. Letter 7 (2018): 1272-1277. Reprinted by permission of. 
American Chemistry Society. 
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concentration in the reaction medium. Thus, methods that enable the controlled polymerization of 

NTAs in a homogenous solution are continuously sought after. 

Chapter 3 investigates the possibility of homogenous polymerizations by incorporating 

organic acid to promote the controlled ROP of α-amino acid-derived NTAs bearing N-H proton 

using primary amine initiators. The pKa of the organic acid and the solvent's nature were critical 

factors for the controlled polymerization of α-amino derived NTAs. Quantitative conversion of 

NTAs bearing N-H proton was achieved when using a weak organic acid (e.g., acetic acid) along 

with a primary amine initiator in CH2Cl2 at 22°C. Under these conditions well-defined 

polypeptides with controlled molecular weight (Mn= 3.2 – 57 kg/mol) and narrow molecular 

weight distribution (Ð = 1.02–1.12) were obtained. Which is in sharp contrast to low conversions 

from the polymerization of NTAs bearing N-H proton conducted without acetic acid. The reactions 

do not require the use of rigorously anhydrous solvent and can be conducted in air, enhancing the 

appeal of NTAs as substrates for polypeptide synthesis. 

3.2. Materials and Method 

3.2.1.  Materials  

All chemicals were purchased from VWR and used as received unless specified. 

Chloroform-D3 (99.5%) was purchased from EMD Millipore. Acetic acid (100%) was purchased 

from Fisher. Pivalic acid and methyl sulfonic acid (99%) was purchased from TCI. Potassium ethyl 

xanthate (98%) was purchased from Bean Town Chemicals. Phosphorus trichloride (98%) was 

purchased from Alpha Aesar. L-Glutamic acid γ-benzyl ester (H-Glu(OBz)-OH), ε-N-

carbobenzyloxy-L-lysine (H-Lys(Z)OH), L-leucine were purchased from AAPPTec, LLC. All 

reagents were used as received unless otherwise specified. BG-NTA and Lys-NTA were 

synthesized by using a published procedure.69 HCl etherate (2 M) was purchased from Acros 
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Chemical. All solvents (e.g., CH2Cl2, DMF, dioxane) are regular ACS grade solvents used directly 

in the reactions without any special drying or purification step unless specified. All reactions are 

conducted in the air unless otherwise noted. 

3.2.2.  Instrumentation 

SEC-DRI analyses were performed with an Agilent 1200 system equipped with two 

Phenomenex 5 μm, 300 × 7.8 mm columns [100 Å and 1000 Å ], Wyatt DAWN EOS multi-angle 

light scattering (MALS) detector (GaAs 30 mW laser at λ=690 nm) and Wyatt Optilab rEX 

differential refractive index (DRI) detector with a 690 nm light source. DMF containing 0.1 M 

LiBr was used as the eluent at a 0.5 mL/min flow rate. The temperature of the column and detector 

was 25 °C. Before injection into the SEC column, all sample solutions were filtered through 0.22 

µm PTFE filters. MALDI-TOF MS experiments on a Bruker UltrafleXtreme tandem time-of-flight 

(TOF) mass spectrometer. The instrument was calibrated with Peptide Calibration Standard II 

consisting of standard peptides Angiotensin I, Angiotensin II, Substance P, Bombesin, ACTH clip 

1-17, ACTH clip 18-39, and Somatoratin 28 (Bruker Daltonics, Billerica, MA) before the 

experiment. A saturated methanol solution of α-cyano-4-hydroxycinnamic acid was used as a 

matrix. Samples were prepared by mixing a THF solution of polymers (5 mg/mL) with matrix at 

a 1:1 volume ratio followed by deposition of a few drops (2μL) of the solution mixture onto a 384-

well ground-steel sample plate and drying in air. Experiments were done in positive reflector 

mode. Karl Fischer titration was conducted using a Mettler Toledo DL32 Karl Fischer Coulometer. 

3.2.3  Method 

3.2.3.1. Organic Acid-Promoted Ring-Opening Polymerization of NTAs.  

A representative polymerization procedure is given as follows. BG-NTA (101.3 mg, 0.362 

mmol) was dissolved by CH2Cl2 (512 µL) in the air. A measured volume of a stock solution of 



28 
 

acetic acid in CH2Cl2 (151.7 µL, 18.1 µmol, 119.2 mM) and a measured volume of a stock solution 

of n-hexylamine in CH2Cl2 (59.4 µL, 4.52 µmol, 76.0 mM) were sequentially added to the above 

monomer solution at room temperature. The polymerization was stirred at 22 °C for 24 h and then 

terminated by adding HCl etherate (15 µL, 2 M). An aliquot of the reaction mixture is taken for 

conversion analysis. The final polymer product was precipitated by adding excess diethyl ether 

into the polymerization solution, separated by filtration, and dried under vacuum to afford a white 

solid (74.4 mg, 94% yield). 

3.2.3.2. Chain Extension Experiments. 

LYS-NTA (50.7 mg, 0.157 mmol) was dissolved in CH2Cl2 (276 µL) air. A measured 

volume of a stock solution of acetic acid in CH2Cl2 (23.9 µL, 4.20 µmol, 175 mM) and a measured 

volume of a stock solution of n-hexylamine in CH2Cl2 (13.7 µL, 1.05 µmol, 76.6 mM) were 

sequentially added to the above monomer solution. The polymerization was stirred at 22 °C for 48 

h to reach a quantitative conversion. An aliquot of the polymerization solution (60.0 µL) was taken 

for conversion and molecular weight analysis by 1H NMR and SEC method, respectively. The 

second batch of LYS-NTA (38.2 mg, 0.119 mmol) was added to the remaining polymerization 

mixture. The reaction was stirred at 22 °C for an additional 36 h to allow a quantitative conversion. 

The volatiles were then removed under vacuum to yield a white solid, further characterized for 

conversion and molecular weight by 1H NMR and SEC method, respectively. 

3.2.3.3. Kinetic Study of Organic Acid-Promoted Ring-Opening Polymerization of NTAs with 
Varying Acid Concentration. 
 

A representative polymerization procedure is given as follows. BG-NTA (155.1 mg, 0.554 

mmol) was dissolved in CH2Cl2 (454 µL) in air. A measured volume of a stock solution of acetic 

acid in CH2Cl2 (39.5 µL, 6.92 µmol, 175 mM) and a measured volume of a stock solution of n-
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hexylamine in CH2Cl2 (60.5 µL, 6.92 µmol, 114.4 mM) were sequentially added to the above 

monomer solution at room temperature. The polymerization was stirred at 22 °C until it reached 

quantitative conversion. At varying time intervals (e.g., 1, 2, 4 h, etc.), an aliquot (30.0 µL) of the 

reaction mixture was taken from each vial and terminated with the addition of HCl etherate (15 

µL, 2 M). The volatiles was then removed under vacuum to afford a white solid residue, further 

analyzed for conversion and molecular weight by the 1H NMR and SEC method, respectively. 

Reactions were repeated at varying acid-to-initiator ratios (i.e., [I]0:[AA]0 = 1:1, 1:2, 1:4, 1:8, 1:16 

and 1:32) and a constant initial monomer-to-initiator ratio (i.e., [M]0:[I]0 = 80:1) in CH2Cl2. Each 

kinetic experiment was repeated three times to yield the mean observed rate constant (kobs) and the 

standard deviation. 

3.2.3.4. Kinetic Study of Organic Acid-Promoted Ring-Opening Polymerization of NTAs with 
Varying Initiator Concentration. 
 

A representative polymerization procedure is given as follows. A stock solution of n-

hexylamine in CH2Cl2 (202.5 µL, 23.2 µmol, 114.4 mM) was sequentially added to the above 

monomer solution at room temperature. The polymerization was stirred at 22 °C until reaching 

quantitative conversion at varying time intervals (e.g., 1, 2, 4 h, etc.), an aliquot (30.0 µL) of the 

reaction mixture was taken from each vial and terminated with the addition of HCl etherate (15 

µL, 2 M). The volatiles was then removed under vacuum to afford a white solid residue, further 

analyzed for conversion and molecular weight by the 1H NMR and SEC method, respectively. 

Reactions were repeated at varying monomer-to-initiator ratio (i.e., [M]0:[I]0 = 20:1, 40:1, 80:1 

and 120:1) and a constant monomer-to-acid ratio (i.e., [M]0:[AA]0=10:1) in CH2Cl2. Each kinetic 

experiment was repeated three times to yield the mean observed rate constant (kobs) and the 

standard deviation. 
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3.3. Results and Discussion 

Following previously mentioned methods(Chapter 2.2.4-6) of synthesizing the α-amino 

acid-derived NTAs [i.e., γ-benzyl-D, L-glutamate (BG-NTA), ε-N-Cbz-D, L-lysine (LYS-NTA), 

L-Leucine (LEU-NTA)] in two steps from the corresponding α-amino acid precursors. 69 All 

monomers were purified either by running through a silica plug or recrystallized in the air before 

polymerization studies. The structure of the NTAs is verified by 1H NMR spectroscopy (Figure B. 

4-6). The enantiomeric excess (ee) of NTAs varies from 2% to 100% as determined by optical 

polarimetry. The optical purity of the NTAs is dependent on the α-amino acid substituent, acylating 

agents, and reaction temperature used during monomer synthesis.33, 68  

Agreeing with earlier reports, polymerizations of BG-NTA (2% ee) mediated by n-

hexylamine in various polar solvents (e.g., DMF, CH2Cl2, dioxane) at 22°C resulted in low 

conversions (20–35%) after 24 h (Entry 1-3, Table 3.1).69, 71, 72 As discussed in Chapter 2, when 

using polar solvents the isocyanate formation is kinetically competitive relative to chain 

propagation in the primary amine-initiated ROP of NTAs bearing N-H proton.69 In addition, COS 

elimination from the thiocarbamate polymer chain ends to generate the amino growing chain ends 

(Scheme 3.1., P2,  vide infra) appears to be rate-limiting in the polymerization, evidenced by 

enhanced conversions under a continuous nitrogen purge.69 A similar effect of nitrogen purging 

on the conversions has been previously reported for the primary amine-initiated ROP of NCAs 

bearing N-H proton.57 Inspired by an early report where acids catalyzed the decarboxylation of 

thiocarbamate model compounds.58, 113 I set to investigate the effect of organic acids on the 

polymerization of NTAs bearing N-H proton using primary amine initiators in polar solvents. 
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Figure 3.1. General polymerization conditions towards polypeptides using a variety of acids. 
 

Polymerization of BG-NTA (2% ee) using n-hexylamine initiators ([M]0:[I]0=50:1) in the 

presence of one equivalent organic acid with varying pKa was allowed to proceed in CH2Cl2 at 

22°C for 24 h. Strong acids such as methanesulfonic acid (MSA, pKDMSO= 1.62) and pyridinium 

triflate (PyH-OTf, pKDMSO= 3.4) failed to yield any conversions (Entry 4-5, Table 3.1.), whereas 

weaker acids [e.g., benzoic acid (BnA, pKDMSO= 11.1), pivalic acid (PA, pKDMSO= 12.9) and acetic 

acid (AA, pKDMSO= 12.6)] afforded moderate (67%) to quantitative conversions (Entry 6-8, Table 

3.1.).114-116  
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Figure 3.2. Representative SEC chromatograms of PBG polymers obtained by ROPs of BG-NTA 
using n-hexylamine initiators in the absence or presence of different organic acids (i.e., benzoic 
acid, t-butyric acid, acetic acid). (Conditions: [M]0 = 0.5 M, [M]0:[I]0:[Acid]0 = 80:1:1, 22 °C in 
CH2Cl2). 
 

In addition, the molecular weight (Mn) of polypeptides obtained from the pivalic acid or 

acetic acid-mediated polymerization of BG-NTAs agree well with the theoretical values based on 

initiation by n-hexylamine (Entry 7 and 8, Table 3.1., Figure 3.2.). Comparing t-butyric acid and 

acetic acid that have similar pKa’s though differing steric hindrance indicates the importance of 

the pKa over the size of the organic acid. 
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Figure 3.3. Representative SEC chromatograms of PBG polymers obtained by acetic acid (AA)-
promoted ROPs of BG-NTA using n-hexylamine initiators where initial initiator concentration is 
kept constant, and the initial AA concentration is systematically varied. (Condition: [M]0 = 1.0 M, 
[I]0 = 12.5 mM, [M]0:[I]0:[AA]0=80:1:1, 80:1:2 and 80:1:4 respectively, 22 °C in CH2Cl2). 
 

A further increase of the stoichiometric ratio of acetic acid relative to n-hexylamine initiator 

from 1:1, 2:1 to 4:1 resulted in an acceleration of polymerization with a quantitative conversion in 

less than 24 h with only a slight change to the resulting polymer molecular weight and molecular 

weight distribution (Entry 8-10, Table 3.1., Figure 3.3.).  
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Figure 3.4. Representative SEC chromatograms of PBG polymers obtained by acetic acid (AA)-
promoted ROPs of BG-NTA using n-hexylamine initiators in different solvents (i.e., dioxane, 
DMF, and CH2Cl2). (Conditions: [M]0 = 0.5 M, [M]0:[I]0:[AA]0= 80:1:4, 22 °C). 
 

Furthermore, CH2Cl2 appears to be the optimal solvent for the polymerization of BG-

NTAs. Polymerization conducted in DMF or dioxane afforded incomplete conversions and 

polypeptides having molecular weights that deviate from the theoretical values based on initiation 

by n-hexylamine (Entry 11-12, Table 3.1.) and broad molecular weight distribution (Figure 3.4.).  
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Figure 3.5. (A) Full and (B) expanded MALDI-TOF MS spectra of the PBG polymer obtained by 
the acetic acid-promoted ROP of BG-NTA using n-hexylamine initiators in DMF for 24 h 
(Condition: [M]0 = 0.5 M, [M]0:[I]0:[AA]0=50:1:4, 22 °C) together with (C) the chemical structure 
of PBG polymers showing the end-group structures as determined by the MS analysis. (D) The 
selected experimental m/z with the calculated values based on the PBG polymer structure in (C). 
 

MALDI-TOF MS analysis of the resulting polymers indicates the presence of low 

molecular weight PBG species bearing γ-pyroglutamate or formyl end-group structure that are 

formed either via backbiting mechanism or reaction with DMF in varying amounts (Figure 3.5.). 
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Figure 3.6. (A) Full and (B) expanded MALDI-TOF MS spectra of the PBG polymer obtained by 
the acetic acid-promoted ROP of BG-NTA using n-hexylamine initiators in dioxane for 24 h 
(Condition: [M]0 = 0.5 M, [M]0:[I]0:[AA]0=50:1:4, 22 °C) together with (C) the chemical structure 
of PBG polymers showing the end-group structures as determined by the MS analysis. (D) The 
selected experimental m/z with the calculated values based on the PBG polymer structure in (C). 
 

The reaction with DMF can be circumvented by using dioxane instead of DMF. MALDI-

TOF MS analysis of the resulting polymers indicates the presence of low molecular weight PBG 

species bearing γ-pyroglutamate formed via backbiting mechanism with the primary amine chain 

end (Figure 3.6.). The potential of these two terminating pathways might explain the incomplete 

conversion and loss of molecular weight control seen in DMF and dioxane. 

Table 3.1. Organic acid-promoted ROP of α-amino acid-derived NTAs bearing N-H proton using 
n-hexylamine initiators.a (Table cont'd. p37) 

Entry # Solvent NTA 
Organic 

Acid 
[M]0:[I]0:[Acid]0 

Mn (Theo.) b 

(kg/mol) 

Mn (SEC) c 

(kg/mol) 
Ð c 

Conv.d 

(%) 

1 Dioxane BG - 50:1:0 2.3 3.0 1.17 20 

2 CH2Cl2 BG - 50:1:0 3.9 4.1 1.53 35 

3 DMF BG - 50:1:0 3.5 5.1 1.38 31 

4 CH2Cl2 BG MSA 50:1:1 - - - 0 
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Entry # Solvent NTA 
Organic 

Acid 
[M]0:[I]0:[Acid]0 

Mn (Theo.) b 

(kg/mol) 

Mn (SEC) c 

(kg/mol) 
Ð c 

Conv.d 

(%) 

5 CH2Cl2 BG PyH-OTf 50:1:1 - - - 0 

6 CH2Cl2 BG BnA 50:1:1 7.4 9.9 1.11 67 

7 CH2Cl2 BG PA 50:1:1 11.0 10.4 1.02 100 

8 CH2Cl2 BG AA 50:1:1 11.0 9.8 1.02 100 

9 CH2Cl2 BG AA 50:1:2 11.0 10.9 1.03 100 

10 CH2Cl2 BG AA 50:1:4 11.0 12 1.04 100 

11 Dioxane BG AA 50:1:4 7.6 11.9 1.38 69 

12 DMF BG AA 50:1:4 2.6 13.4 1.23 23 

13 CH2Cl2 BG AA 15:1:4 3.4 3.2 1.03 100 

14 CH2Cl2 BG AA 25:1:4 5.6 5.3 1.03 100 

15 CH2Cl2 BG AA 80:1:4 17.6 16.3 1.05 96 

16 CH2Cl2 BG AA 100:1:4 22.0 23.6 1.08 (100)e 

17 CH2Cl2 BG AA 150:1:4 24.4 24.6 1.04 (74)e 

18 CH2Cl2 BG AA 250:1:4 25.8 19.6 1.08 (47)e 

19 CH2Cl2 LYS AA 50:1:4 13.2 17.4 1.09 100 

20 CH2Cl2 LYS AA 100:1:4 26.3 28.6 1.12 100 

21 CH2Cl2 LYS AA 150:1:4 39.6 46.3 1.04 [100]e 

22 CH2Cl2 LYS AA 200:1:4 52.6 57.0 1.03 [100]e 

23 CH2Cl2 LEU AA 50:1:4 5.8 6.3f NA 100 

24 CH2Cl2 LEU AA 80:1:4 9.1 9.5f NA 100 

(Table cont’d. p36) a. All polymerizations of NTAs (BG-NTA (2 % ee), LYS-NTA (2 % ee), LEU-
NTA (100% ee), [M]0 = 0.5 M) proceeded in 22°C CH2Cl2 for 24 h unless otherwise noted. b. 

Theoretical molecular weights are calculated using the [M]0:[I]0 ratios and conversion assuming 
initiation by n-hexylamine. c. Mns and Đ’s were determined by SEC-DRI-MALS analysis (dn/dc = 
0.1292 mL/g for PBG, 0.123 mL/g for PLYS in 0.1 M LiBr/DMF at 25 °C). d. Conversions were 
determined by 1H NMR spectroscopy. e. The conversions in parenthesis ( ) or brackets [ ] were 
determined for polymerization after 48 h and 72 h, respectively.  f.Mn s were determined by end-
group analysis using 1H NMR spectroscopy.  
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Polymerizations of BG-NTA conducted at room temperature in CH2Cl2 with a systematic 

variation of the initial monomer to initiator feed ratio ([M]0:[I]0=15:1–250:1) while keeping a 

constant 4:1 stoichiometric ratio of acetic acid relative to initiator afforded the corresponding 

polypeptides (PBGs) with tunable molecular weights (Mn = 3.2–24.6 kg∙mol-1) and narrow 

molecular weight distribution (Đ= 1.02–1.08) (Entry 13-18, Table 3.1., Figure 3.7.). 
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Figure 3.7. Representative SEC chromatograms of PBG polymers obtained by acetic acid (AA)-
promoted ROPs of BG-NTA using n-hexylamine initiators with varying initial monomer to 
initiator ratio after 24 h or 48 h. (Conditions: [M]0 = 0.5 M, [M]0:[I]0:[AA]0=10:1:4, 25:1:4, 50:1:4, 
80:1:4 and 100:1:4 respectively, 22 °C in CH2Cl2). 

 

Furthermore, the molecular weights (Mns) of the resulting polypeptides (PBG) agree well 

with the theoretical values of initiation by n-hexylamine, indicative of a controlled polymerization. 
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Figure 3.8. (A) Full and (B) expanded MALDI-TOF MS spectra of a low molecular weight PBG 
polymer obtained by the acetic acid-promoted ROP of BG-NTA using n-hexylamine initiators 
immediately after reaching a quantitative conversion (Condition: [M]0 = 0.5 M, 
[M]0:[I]0:[AA]0=5:1:4, 22 °C in CH2Cl2) together with (C) the chemical structure of PBG polymers 
showing the end-group structures as determined by the MS analysis. (D) The selected experimental 
m/z with the calculated values based on the PBG polymer structure in (C). 

 

MALDI-TOF MS analysis of a low molecular weight PBG polymer obtained 1 h after 

polymerization reached quantitative conversion reveals the exclusive presence of polypeptides 

bearing n-hexyl amide and carboxyl chain ends (Figure 3.8.). The exclusive formation of 

polypeptides with both n-hexyl amide and primary amine terminus is consistent with the 

polymerization occurring by the normal amine pathway. 
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Figure 3.9. (A) Full and (B) expanded MALDI-TOF MS spectra of a low molecular weight PBG 
polymer obtained by the acetic acid-promoted ROP of BG-NTA using n-hexylamine initiators for 
an additional 24 h after reaching quantitative conversion (Condition: [M]0 = 0.5 M, 
[M]0:[I]0:[AA]0=5:1:4, 22 °C in CH2Cl2) together with (C) the chemical structures of PBG 
polymers showing the end-group structures as determined by the MS analysis. (D) The selected 
experimental m/z with the calculated values based on the PBG polymer structure in (C). 
 

Polymerizations ran longer after quantitative conversion resulted in PBG polypeptides 

bearing γ-pyroglutamate end-group formed by a backbiting mechanism (Figure 3.9.). 

Polymerization of BG-NTA with the [M]0:[I]0 ratio above 150:1 (Entry 17-18, Table 3.1.) resulted 

in partial conversions presumably due to the competitive termination by γ-pyroglutamate 

formation at the growing chain ends. Termination by γ-pyroglutamate has been previously reported 

for the primary amine-initiated ROP of analogous BG-NCA monomers.54  
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Figure 3.10. Representative SEC chromatograms of PLYS polymers obtained by acetic acid (AA)-
promoted ROPs of Lys-NTA using n-hexylamine initiators with varying initial monomer-to-
initiator ratio after 24 h or 48 h. (Conditions: [M]0 = 0.5 M, [M]0:[I]0:[AA]0=50:1:4, 100:1:4, 
150:1:4 and 200:1:4 respectively, 22 °C in CH2Cl2). Note: the tailing at high elution time is notable 
for polymerization with [M:]0[I]0:[AA]0 =50:1:4 and 100:1:4, which is consistent with the low 
molecular weight PLYS species observed in the MALDI-TOF MS analysis (Figure C.8). 
 

By contrast, monomers [e.g., LYS-NTAs (2% ee)] cannot undergo termination by a 

backbiting mechanism. Polymerizations of LYS-NTAs (2% ee) gave a wide range of [M]0:[I]0 

ratios (50:1-200:1), reaching quantitative conversions under identical conditions as those for BG-

NTAs, (Mn = 20-57 kg∙mol-1) (Entry 19-22, Table 3.1.). High molecular weight PLYS (targeted 

DPn=150-200, Entry 21-22, Table 3.1.) exhibited mono-modal molecular weight distribution with 

low polydispersity index (Đ = 1.03-1.04, Figure 3.10.). For the PLYS having DPn less than 100 

(Entry 18-19, Table 3.1.), a small amount of low molecular weight polymeric species is present, 

evidenced by the tailing of the SEC traces at the high elution volume (Figure 3.10.). The origin of 

the low molecular PLYS formation is currently under investigation. Polymerizations of BG-NTA 

and LYS-NTA remained homogenous in CH2Cl2; however, polymerizations of LEU-NTA became 
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heterogeneous over time with partial precipitation of the resulting polypeptides (PLEU) in CH2Cl2. 

Nevertheless, the Mns of the PLEU polymers (Entry 23-24, Table 3.1.) are in good agreement with 

theoretical values assuming initiation by n-hexylamine. 

Kinetic studies have revealed that the acetic acid-mediated ROP of BG-NTA in CH2Cl2 is 

first-order dependent on the monomer and n-hexylamine initiator concentration, respectively 

(Figure 3.11. A, B and Figure C.2). The dependence of the polymerization rate on the acetic acid 

concentration is non-linear, making it more complex as the observed polymerization rate constant 

(kobs) initially increases then starts to decrease with increasing acetic acid concentration (Figure 

3.11.C).  

 
Figure 3.11. Kinetic studies of the acetic acid (AA)-promoted ROPs of BG-NTA at 22 °C 

in CH2Cl2. (A) Plots of ln([M]0:[M]) vs. time and the linear fitting of the data (—,—,—,— 
R2=0.99,0.99, 0.98 and 0.99) where [AA]0 is kept constant and [I]0 is systematically varied ([M]0 
= 1.0 M, [AA]0=0.1 M, [I]0 = 8.3 (▼), 12.5 (▲), 25 (●) or 50 mM (■)). Fitting equation: 
ln([M]0:[M]) = kobs∙t, kobs= 0.31±0.02, 0.37±0.02, 0.79±0.05 and 1.6±0.2 M∙h-1. (B) Plot of kobs 
obtained from (A) vs. [I]0 (□) and the linear fitting (—, R2=0.98) of the data. (Fig. con’d. p43)            
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(C) Plot of kobs vs. [AA]0 (-∆-)where [I]0 is kept constant and [AA]0 is systematically varied ( [M]0 
= 1.0 M, [I]0 = 12.5 mM, [AA]0 = 12.5- 400 mM). (D) Plot of Mn (◆) and Đ (★) vs. conversion 
([M]0 = 0.5 M, [M]0:[I]0:[AA]0 = 80:1:4) and the linear fitting (—, R2=0.99) of the Mn vs. 
conversion data. (Fig. con’d. p42) 
 

Polymerization rates were observed to be the fastest at a ~4:1 stoichiometric ratio of acetic 

acid relative to a primary amine. In addition, for polymerization of BG-NTA conducted with a 4:1 

[AA]0:[I]0 ratio, the polymer molecular weight was found to increase linearly with the conversion 

(Figure 3.11.B and Figure 3.11.D), indicating a constant concentration of propagating species 

throughout the reaction. 
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Figure 3.12. SEC chromatograms of PLYS polymers obtained before (—) and after (—) the chain 
extension by the acetic acid (AA)-promoted sequential ROPs of LYS-NTA using n-hexylamine 
initiators in CH2Cl2 at 22 °C. Each polymerization step reached quantitative conversion (refer to 
Table C.1). 
 

The chain extension experiment demonstrated a reactive propagating amine species as the 

second batch of LYS-NTA monomers was quantitatively converted.  The resumed chain 

propagation with the second batch of LYS-NTA produced the corresponding PLYS polypeptide. 

The related molecular weight from both PLYS batches agrees with the theoretical value based on 

quantitative chain elongation (Figure 3.12. and Table C.1.). 
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The combined results support an acetic acid-promoted controlled polymerization of NTAs 

that proceeds by a normal amine mechanism in CH2Cl2 (Scheme 3.1.). The primary amine is 

regioselective upon addition at the C5 carbonyl addition.  This addition to the carbonyl initiates 

the polymerization of NTAs by ring-opening to form the thiocarbamate intermediate P1 followed 

by the elimination of COS to form the active amino propagating species P5 from which 

enchainment ensues. 
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Scheme 3.1. Acetic Acid promoted the synthesis of polypeptides via NAM. 

The organic acid is likely to play several essential roles in facilitating polymerization in a 

controlled manner. First of all, the organic acid promotes the release of COS from the 

thiocarbamate species P1 by stabilizing the amino leaving the group in the transition state via 

hydrogen bonding (Scheme 3.1.). The organic acid stabilized the leaving amino group as 

previously shown using thiocarbamate model compounds.113 This interaction can accelerate 

polymerization by promoting the chain growth relative to termination via the formation of 

isocyanate intermediate P3 (Scheme 3.1.). Secondly, the organic acid can modulate the amount of 

amino propagating species P2 via equilibrium with the dormant ammonium species P5, as was 

also reported for the primary ammonium-mediated ROP of NCAs.83, 101 The formation of P5 may 

retard the propagation via normal amine mechanism by decreasing the P2 concentration. The 

dormant ammonium species can reduce the extent of NTA deprotonation thus compete for 
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polymerization by the activated monomer mechanism,28, 37 resulting in improved polymerization 

control. The pKa of the acid is essential as it determines the relative abundance of active and 

dormant propagating species (P2 and P5). Strong acids (e.g., MSA or PyrOTf) or weak acids (e.g., 

AA) in high concentration can suppress polymerization activity. Suppression induced by these 

acids occurs by shifting the equilibrium towards the dormant P5 species (Scheme 3.1.).83, 101 The 

competing effects between promoting and inhibiting the polymerization activity depending on the 

acetic acid concentration can explain the maximum seen for polymerization rate (Figure 3.11., C). 

Similar kinetic behavior was observed for the ROP of sarcosine-derived NCA using a preformed 

polysarcosine initiator in the presence of weak acids.58 Additionally, certain solvents suitable for 

hydrogen bond acceptors (e.g., DMF and dioxane) can diminish the hydrogen bonding interaction 

between NTA and acetic acid. These solvents can disrupt the hydrogen bonds between NTA and 

acetic acid, thus lowering the effect of acetic acid on polymerization control and resulting in 

incomplete conversion and molecular weight deviation (Entry 11-12, Table 3.1.). While water may 

also disrupt hydrogen bonds, the potentially detrimental effect on polymerization control is 

negligible at the low concentration (H2O content in ACS grade CH2Cl2: ~90 ppm) used in this 

study.  

Strong acids have been shown to mediate the controlled ROP of various cyclic esters and 

carbonates, where activation of the monomer via direct hydrogen bonding interaction with the acid 

is often invoked.117, 118  
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Figure 3.13. 1H NMR spectra of acetic acid (—), LEU-NTA (—), and a 1:1 mixture of acetic acid 
(AA) and LEU-NTA (—) in CD2Cl2 at room temperature ([AA]0=[LEU-NTA]0=1.0 M). Note: the 
chemical shift change (∆δ) of various protons in LEU-NTA and acetic acid suggests non-
covalent interaction between the two molecules. The interaction is most likely to be hydrogen 
bonding between the thiourethane moiety of LEU-NTA with acetic acid, resulting in the most 
considerable chemical shift change for the N-H proton (∆δ=0.28 ppm) followed by other C-H 
protons (∆δ=0.01-0.02 ppm) due to inductive effect.  
 

To investigate the nature of the hydrogen bonding interaction between NTA and acetic 

acid, I conducted 1H and FT-IR spectroscopic on the 1:1 mixture of LEU-NTA with acetic acid 

(Figure 3.13-14.). Acetic acid was found to preferentially interact with LEU-NTA at the C2-

carbonyl and N-H position by two hydrogen bonds (Figure 3.13-14). Although the C2-carbonyl of 

LEU-NTA is slightly enhanced, making it a better electrophile via the hydrogen bonds, the C5-

carbonyl is still more reactive.  
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Figure 3.14. FTIR spectra of acetic acid (—), LEU-NTA (—), and a 1:1 mixture of acetic acid 
(AA) and LEU-NTA (—) in CH2Cl2 at room temperature ([AA]0=[LEU-NTA]0=1.0 M). The FTIR 
spectra in the carbonyl stretching region are shown in the inset. The peak assignment is in this 
region is as follows: hydrogen-bonded dimer of AA (1712 cm-1); AA monomer (1755 cm-1); 
thiourethane group in LEU-NTA (1694 cm-1); anhydride group in LEU-NTA (1746 cm-1). For the 
1:1 AA and LEU-NTA mixture, a new band appeared at 1664 cm-1 in the 1:1 mixture of AA and 
LEU-NTA mixture, which was attributed to the thiourethane group in the hydrogen bonding 
complex AA and LEU-NTA. 
 

Chapter 3 data demonstrates how a weak organic acid (e.g., acetic acid) can promote the 

controlled ROP of α-amino acid-derived NTAs bearing N-H protons using primary amine initiators 

in a polar solvent (e.g., CH2Cl2). Incorporation of the weak acid into the homogenous solution 

produces well-defined polypeptides with controlled molecular weight and narrow molecular 

weight distribution in high yields. The organic acid is proposed to facilitate the controlled 

polymerization of these NTAs by promoting the release of COS from the thiocarbamate 

intermediate to form the active amino propagating species. Additionally, the acid reduces side 

reactions' extent by modulating the relative abundance of active amino propagating species versus 
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the dormant ammonium species. As the NTAs are hydrolytically much more stable than the NCA 

analogs, the polymerization can be conducted in a sealed container under air without the need for 

rigorously anhydrous solvent, further enhancing the appeal of this method for the synthesis of well-

defined polypeptides.    
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Chapter 4. Zwitterionic Ring-Opening Polymerization of Sarcosine-Derived 
N-Thiocarboxyanhydride Toward Well-Defined Polysarcosine Mediated by 

1,1,3,3-Tetramethylguanidine. 
 

4.1. Introduction 

 
Chapter 4 proposes using the carbonyl sulfide as a nucleophile instead of an amine in the 

ROP of sarcosine-derived NTAs. Zwitterionic polymerization proceeds via zwitterionic 

propagating species where one chain end is positively charged while the other is negatively 

charged. Chain elongation can occur either by condensing the macro-zwitterions in a step-growth 

fashion or by adding monomer to a chain end of macro-zwitterion in a chain-growth manner.119, 

120 Intramolecular or intermolecular end-to-end coupling is a common mode of chain transfer or 

termination in zwitterionic polymerization. The zwitterionic propagating species can adopt either 

cyclic or linear architecture, depending on the polymer conformation/chain rigidity, nature of the 

ionic moieties at the chain ends (thereby the monomer and initiator), and solvent, which regulate 

the strength of the electrostatic interaction amongst the chain ends.53, 119, 121, 122 A variety of polar 

monomer (e.g., cyanoacrylate,123 N-substituted maleimide,124 cyclic ester,125-127  cyclic ether,128 

cyclic N-carboxyanhydride)51, 98 have been shown to undergo zwitterionic polymerization using 

nucleophilic initiators (e.g., tertiary amine,125, 129-132 pyridine,132-134 phosphine129, 130, 134, 135 or N-

heterocyclic carbene (NHC)51, 136-138) or electrophilic initiator in the case of cyclic ether.128 

Electron-rich monomers (e.g., oxazoline, cyclic phosphonite or imino ether) and electron-deficient 

monomers (e.g., propiolactone, 1,3-propane sultane, acrylic acid, ethylene sulfonamides, 

acrylamides, etc.) have also been shown to undergo spontaneous zwitterionic copolymerization, 

producing the respective alternating copolymers.120, 126, 139-147  

Polysarcosine, a structural analog of polyalanine, is the structurally most simple 

polypeptoid, an emerging class of pseudo-peptidic polymers featuring an N-substituted 
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polyglycine backbone.8 Due to N-methyl substitution, polysarcosine is highly water-soluble with 

a solvated coil conformation9 is distinctly different from polyalanine, which adopts an α-helical 

conformation water solution and exhibits poor solubility in water.148 The strong water solvation 

and minimal cytotoxicity of polysarcosine make it an attractive surrogate for poly(ethylene glycol) 

for various biomedical and biotechnological applications.149 Polysarcosine are most commonly 

obtained by controlled ring-opening polymerization of sarcosine-derived N-carboxyanhydride 

(Me-NNCA) monomers using nucleophilic initiators (e.g., primary amine,150 NHC,51, 52, or 

amidine (i.e., DBU)).151  
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Scheme 4.1. Synthetic routes towards Polysarcosine. 
 

Sarcosine-derived N-thiocarboxyanhydride (Me-NNTA), the mercapto analog of the Me-

NNCA, has been increasingly scrutinized for polymerization to produce polysarcosine, given its 

significantly enhanced hydrolytic stability and shelf-life relative to Me-NNCA.152 Primary amine 
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and rare earth metal borohydride initiators have been shown to successfully initiate the 

polymerization of Me-NNTA, producing polysarcosine with tailorable molecular weight in 

acetonitrile (ACN).73, 74 Polymerization of Me-NNTA using primary amine initiator proceeds by 

normal amine mechanism. The slow release of the COS from the thiocarbamate propagating chain 

end appears to be the rate-limiting step.69, 153 Free COS in the solution can undergo a side reaction 

with water,153 causing premature termination of chain growth. Controlled polymerization of Me-

NNTA in polar media (e.g., DMF, NMP, DMAc) requires the addition of excess weak acid to 

accelerate the COS release.74, 89 All reported synthesis of polysarcosine by polymerization of Me-

NNTA requires elevated temperature and prolonged reaction time, particularly when high polymer 

molecular weights are desired.70, 74, 110 

Chapter 4 focuses on investigating the ring-opening polymerization of sarcosine-derived 

NTA (Me-NNTAs) using 1,1,3,3,-tetramethylguanidine (TMG) as the initiator. The reaction was 

shown to exhibit controlled polymerization characteristics and proceed rapidly under mild 

conditions (25°C, in CH2Cl2), producing polysarcosine with tunable molecular weight (Mn=1.9-41 

kg/mol) and narrow molecular weight distribution (Ð = 1.01-1.08) (Scheme 4.1.). A combination 

of spectroscopy and kinetic analysis revealed that the polymerization occurs via a propagating 

macro-zwitterion bearing opposing charges with 1,1,3,3,-tetramethylguanidinium moiety and 

thiocarbamate moiety at each chain end. TMG not only initiates the polymerization but also serves 

to stabilize the thiocarbamate moiety from which monomer addition occurs. 

4.2. Materials and Methods 

4.2.1. Materials 
All chemicals were purchased from VWR and used as received unless specified. CCl2D2 

(99.5%) was purchased from Cambridge Isotope. Potassium ethyl xanthate (98%) was purchased 

from Bean Town Chemicals. Phosphorus trichloride (98%) was purchased from Alpha Aesar. All 
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reagents were used as received unless otherwise specified. All solvents (e.g., CH2Cl2, THF, ACN) 

were regular ACS grade solvents and used directly in the reactions without any special drying or 

purification step unless specified.  

 
4.2.2. Instrumentation  

SEC analysis was performed using a Tosoh Bioscience EcoSEC system (Tosoh Bioscience 

degasser, isocratic pump, autosampler, and column heater) equipped with two TSKgel Alpha-M 

13 μm, 7.8 mm ID × 30 cm columns, a Tosoh Bioscience dual flow RI detector with a 630–670 

nm LED light source, and a Tosoh Bioscience LenS3 multiangle light scattering (MALS) detector 

(30 mW diode laser at λ = 505 nm). HFIP with 3 mg/mL CF3CO2K was used as the eluent at a 

0.450 mL/min flow rate. The pump housing, column oven, and RI detector temperatures were 40 

°C. All data analysis was performed using SECview software. Polymer molecular weight and 

molecular weight distribution were obtained by analyzing the RALS-DRI data based on the LS 

and RI instrument constants that were calibrated with a PMMA standard (Mw(LS) = 32350 g/mol, 

PDI = 1.03) in HFIP/CF3CO2K (3 mg/mL) with known concentration. The refractive index 

increment (dn/dc) of the polymer was determined to be 0.230 mL/g in HFIP/CF3CO2K (3 mg/mL) 

at 40 °C. Before injection into the SEC column, all sample solutions were filtered through 0.45 

µm PTFE filters. MALDI-TOF MS experiments were conducted on a Bruker UltrafleXtreme 

tandem time-of-flight (TOF) mass spectrometer. The instrument was calibrated with PolyAlanine 

with a molecular weight range of 600-5000 Da at 30% energy before the experiment. A saturated 

methanol solution of α-cyano-4-hydroxycinnamic acid was used as a matrix. Samples were 

prepared by mixing with a MeCN (0.1% formic acid) solution of polymers (5 mg/mL) with a 

matrix at a 1:1 volume ratio, followed by the deposition of a few drops (2 μL) of the solution 

mixture onto a 384-well ground-steel sample plate and drying in air. Experiments were done in 
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positive reflector mode. FTIR spectra for kinetics were collected on a Mettler-Toledo ReactIR 

model 45m equipped with a liquid-nitrogen cooled MCT detector connected to an AgX fiber optic 

conduit to a Mettler-Toledo/Parr high-pressure IR cell that used a SiComp (silicon ATR) Sentinel 

probe. The headpiece of the IR cell was modified with Swagelok quick-connects equipped with 

solvent-resistant Markez O-rings to facilitate assembly and cleaning. Mettler-Toledo iC IR v7.0 

software was used for data collection. FTIR spectra to track conversion were recorded on a Bruker 

ALPHA II FTIR spectrometer equipped with Platinum ATR. Data were processed using OPUS 

v7.2 software. 

4.2.3. Methods  

4.2.3.1. Synthesis of N-Methoxythiocarbonyl sarcosine (SarXAA) 

The synthesis of SarXAA is modified from a published procedure.2 XAA (13.5, 74.3 

mmol) and Sarcosine (6.62g, 74.3 mmol) was weight then placed in a round bottom flask equipped 

with a stir bar to be dissolved to a 1M solution using DIH2O then  NaHCO3(17.11 g, 171 mmol) 

was added to the solution.  In a separate flask, triethylamine (10.3mL, 74.3 mmol) was dissolved 

to 1M solution in DIH2O, then added to the mixture in the round bottom flask and left to react for 

24h. After 24 hours, the reaction was acidified to pH=2 and then was washed 3 times with CH2Cl2. 

CH2Cl2 was combined. The combined organic layer was washed *2 with DIH2O, *2 with 10% 

Citric Acid(aq.), and *1 with DIH2O, then dried over anhydrous MgSO4, filtered, and concentrated 

under vacuum to give an off-white solid. The solid was vigorously washed with hexane then 

filtered to afford a white crystal product (90% yield). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.44 

(t, 3H, CH3), 3.19 (s, 3H, CH3) 3.99 (s, 2H, CH2), 4.67 (q, 2H, CH2) 
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4.2.3.2. Synthesis of N-Methyl- thiocarboxyanhdrosulfide (Me-NNTA). 

The synthesis of Me-NNTA follows an adapted, published procedure.72 SarNXAA (4.78g, 

26.9 mmol) was weighed and placed in a dry round bottom flask equipped with a stir bar to be 

dissolved to a 0.5M solution using CH2Cl2 that was then purged with N2 for 20 min. After purging, 

PCl3 (2.8 mL, 32 mmol) was added to the reaction and left to react for 16 h. The reaction was 

terminated upon the addition of NaHCO3 (aq.) to pH=9. Additional CH2Cl2 was added to the organic 

layer and extracted. CH2Cl2 was then washed once with DI H2O, dried over anhydrous MgSO4, 

filtered, and concentrated to a yellow oil. The crude oil was then distilled in a vacuum over a short-

path apparatus (bath temp. up to 90°C), resulting in a clear oil, 74% yield. 1H NMR (400 MHz, 

CD2Cl2) δ (ppm): 3.04 (s, 3H, CH3), 4.19 (s, 2H, CH2) 

4.2.3.3. Ring-Opening Polymerization of Me-NNTA using TMG initiators.  

A representative polymerization procedure is given as follows. Me-NNTA (1.2 g, 9.15 

mmol) was dissolved in CH2Cl2 (8.9 mL) in a round bottom flask. A measured volume of a stock 

solution of 1,1,3,3-Tetramethylguanidine in CH2Cl2 (241 µL, 183 µmol, 75.9 mM) was 

sequentially added to the above monomer solution at 25°C then sealed with a rubber septum. The 

polymerization was stirred at 25 °C for 2 h. An aliquot of the reaction mixture was taken for 

conversion analysis. The final polymer product was precipitated by adding excess hexane into the 

polymerization solution, separated by filtration, and dried under vacuum to afford a white solid 

(~611 mg, 94% yield). 

4.2.3.4. Chain Extension Experiments.  

Me-NNTA (250 µL, 500 µmol, 2.0M) was diluted to 1.0M CH2Cl2 (227 µL) in air. A 

measured volume of a stock solution of 1,1,3,3-Tetramethylguanidine in CH2Cl2 (23.2 µL, 3.33 

µmol, 135 mM) was sequentially added to the above monomer solution at room temperature. The 
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polymerization was stirred at 25 °C for 5 h. A 25 µL aliquot of the reaction mixture was taken for 

conversion and molecular weight analysis by FTIR and SEC methods, respectively. The second 

batch of Me-NNTA (225 µL, 450 µmol, 2.0 M) was added to the remaining polymerization 

mixture, which was left to react at 25 °C for an additional 5 h to reach the quantitative conversion. 

The aliquot and addition of the 3rd and 4th batch follow the same procedure as above. The volatiles 

is then removed under vacuum to yield a white solid, further characterized by SEC method for 

conversion and molecular weight. 

4.2.3.5. Kinetic study of TMG-mediated Ring-Opening Polymerization of NTAs with Varying 
Initiator Concentration. 
 

A representative procedure is given as follows. A stock solution of Me-NNTA (5 mL, 2.61 

mmol, 0.52 M) dissolved in CH2Cl2 was added to the cell. After initial scans of Me-NNTA in 

solution, TMG (130 µl, 0.104 mmol, 0.80 M) was added to the monomer solution, after which the 

progression of polymerization was monitored in situ by using a Mettler Toledo ReactIR 

instrument. 256 scans were collected with 1 min interval. Each kinetic experiment was repeated 

three times to yield the mean observed rate constant (kobs) and the standard deviation. 

4.3. Results and Discussion 

Me-NNTA monomer synthesized by following a reported procedure. The structure and 

purity of the monomer was confirmed by a combination of 1H NMR, 13C NMR, and FTIR 

spectroscopy (Figure D.1-3).73  
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Figure 4.1. Representative SEC-dRI chromatograms of polysarcosine polymers obtained by TMG-
mediated ROPs of Me-NNTA in different solvents (Conditions: [M]0 = 1.0 M, [I]0= 6.25 mM, 
[M]0:[TMG]0 = 160:1, 25 °C in THF, CH3CN and CH2Cl2, respectively). 
 

Polymerization of Me-NNTA in the presence of TMG was first screened in different 

solvents at 25°C using a constant monomer-to-initiator ratio ([Me-NNTA]0:[TMG]0=160:1). The 

quantitative conversion was obtained within 5 h for polymerization conducted in CH2Cl2, unlike 

those in THF or ACN, affording partial conversions (Table 4.1. and Figure 4.1.). As a result, 

subsequent polymerization studies were all conducted in CH2Cl2 solvent.   

A series of polymerizations of Me-NNTA in the presence of TMG were conducted in 

CH2Cl2 at 25°C with a constant initial monomer concentration ([Me-NNTA]0=1.0 M) and varying 

initial monomer-to-initiator molar ratios ([Me-NNTA]0:[TMG]0=25:1 ̶ 400:1) (Scheme 4.1). All 

reactions reached quantitative conversion within 24 h, evidenced by the complete disappearance 

of FT-IR peak at 1737 cm-1 characteristic of the Me-NNTA monomer (Figure D.5.). The polymers 

were fully characterized by MALDI-TOF MS, 1H and 13C NMR, and size-exclusion 
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chromatography coupled to a multiangle-light scattering and a differential refractive index detector 

(SEC-MALS-DRI). 1H and 13C NMR analysis confirmed the desired polysarcosine backbone 

structure and the presence of a cationic TMG moiety and an anionic thiocarbamate moiety affixed 

to the polymer chain (Figure D.6-7). MALDI-TOF MS analysis of the low molecular weight 

polymer revealed the presence of molecular ions that are consistent with the polysarcosine 

polymers bearing a cationic TMG moiety and a negative thiocarbamate moiety at each chain end 

(Figure 4.1.), consistent with initiation of polymerization by nucleophilic addition of TMG to Me-

NNTA. In addition, polysarcosine polymer bearing a neutral TMG moiety and a secondary amino 

chain end was observed, which is presumed to form in the presence of exogenous protic acid during 

the MALDI-TOF MS sample preparation (vide infra).  

Figure 4.2. (A) Full and (B) expanded MALDI-TOF MS spectra of a low molecular weight 
polysarcosine polymers obtained by the TMG-mediated ROP of Me-NNTA in CH2Cl2 at 25°C, 
and (C) the polymer structures that are consistent with the mass ions in the MS spectrum.  Note 
that thiocarbamate is known to form radicals under the influence of laser irradiation. 
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SEC-MALS-DRI analysis revealed a monomodal distribution of the polysarcosine 

polymers with Mn value in the 1.9-28.1 kg/mol-1 range that can be controlled by adjusting the initial 

monomer-to-TMG ratios (Table 4.1). The polymer molecular weight distribution remains narrow 

(Ɖ= 1.01-1.03) in the Mn range (Figure 4.2, A and 4.2, B). Furthermore, the experimental polymer 

molecular weights (Mn) determined by the SEC analyses agree well with the theoretical values 

based on single-site initiation by TMG (Table 4.1. and Figure 4.2., B). In addition, the experimental 

polymer molecular weight (Mn) was also found to increase linearly with conversion for the TMG-

mediated polymerization of Me-NNTA in CH2Cl2 at 25°C, indicating a constant concentration of 

propagating species throughout the reaction. The molecular weight distribution remains narrow 

(Ð=1.003-1.13) throughout the entire polymerization (Figure 4.2., C-D). 1H NMR analysis of the 

polymerization reaction mixture revealed the absence of any free TMG initiators, suggesting 

quantitative incorporation of TMG into the polymer chain through initiation.  

Table 4.1. Ring-opening polymerization of Me-NNTA using TMG initiator.a  

Entry # [I]0 [M]0:[I]0 Mn(Theo.)b  
(kg/mol) 

Mn (SEC)c  
(kg/mol) 

Ɖc 

1 TMG 25:1 1.8 1.9 1.03 
2 TMG 50:1 3.6 4.1 1.01 
3 TMG 100:1 7.2 7.7 1.02 
4 TMG 150:1 10.7 11.0 1.02 
5 TMG 400:1 28.4 28.1 1.02 

a. All polymerizations were conducted with [M]0 = 1.0 M in CH2Cl2 at 25 °C and reached 
quantitative conversion in 24 h.  b. Mn (Theo.) was calculated based on [M]0:[I]0 ratios and 
quantitative conversion. c. Mn (SEC) and polydispersity index were determined by SEC-DRI-MALS 
in HFIP/CF3CO2K (3 mg/mL) at 40°C using dn/dc = 0.23 mL/g.  
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Figure 4.3. (A) Representative SEC chromatograms of polysarcosine obtained by ZROPs of Me-
NNTA using TMG initiators with varying initial monomer-to-initiator ratios after reaching 
quantitative conversion in 1 to 20 h (Conditions: [M]0 = 1.0 M, [I]0=40, 20, 10, 6.7 and 2.5 mM 
respectively). (B) Plots of Mn (SEC) (♦), Mn (Theo.)(---) and Ɖ (▼) versus [M]0:[I]0 for the ROP 
of Me-NTA using the TMG initiator (Conditions: [M]0 = 1.0 M, [I]0=40, 20, 10, 6.7 and 2.5 mM 
respectively). (C) Representative SEC chromatograms of polysarcosine obtained by ZROPs of 
Me-NNTA using TMG initiators at different conversions (Conditions: [M]0 = 1.0 M, [M]0:[I]0= 
160:1). (D) Plots of Mn (■), Mn (Theo.)(---) and Ɖ (▲) versus conversion for the ROP of Me-
NNTA using the TMG initiator ([M]0=1.0 M, [M]0:[I]0= 160:1). All reactions were conducted at 
25°C in CH2Cl2 unless otherwise noted. 
 

Kinetic studies were conducted for the TMG-mediated polymerization of Me-NTA in 

CH2Cl2 at 25°C with a constant initial monomer concentration ([M]0= 0.5M) and varying the initial 

monomer-to-initiator ratio ([M]0:[I]0= 25:1-100:1) (Figure 4.3., A). The plots of ln([M]0:[M]t) 

versus time pass through (0,0) following a linear relationship (Figure 4.3., B), consistent with a 
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first-order dependence of polymerization rate on the monomer concentration and observed rate 

constants (kobs) in the 1.52±0.1 -0.304±0.01 h-1 range for varying initiator loading ([I]0= 5-20 

mM).154  

Figure 4.4. (A) Plots of ln([M]0/[M]t) versus time for polymerization of Me-NNTA using TMG 
initiators with varying initial monomer-to-initiator ratio ([M]0:[I]0 = 25:1 (■), 50:1 (▲), 80:1 (●), 
and 100:1 (▼)) and linear fitting of the data (---) (kobs= 1.52 ± 0.1, 0.753 ± 0.06, 0.408 ± 0.01, and 
0.304 ± 0.01 h-1 , respectively), and (B) plot of observed polymerization rate constant (kobs) versus 
[I]0 for polymerization of Me-NNTA using the TMG (■) or nBuNH2 initiator (●) (kobs= 0.404 ±0.05 
h-1).  and the linear fitting of the data (---) (kp=83±3 M-1h-1)  All reactions were conducted at 25°C 
in CH2Cl2 unless otherwise noted. 
 

The plots kobs versus initial TMG concentrations also afforded a linear relationship, 

indicating a first-order dependence of the polymerization rate on the initiator concentration with 

the polymerization rate constant (kp) of 83± 3 M-1h-1. In addition, the polymerization of Me-NNTA 

using the TMG initiator appears to be twice as fast as that conducted using the n-butylamine 

initiator under otherwise identical conditions, suggesting that these two polymerizations are likely 

to occur by different mechanisms (Figure 4.3., B) (vide infra). It should also be noted that the 

polymerization of Me-NNTA using TMG initiators in 25°C CH2Cl2 is comparable to that of 

benzylamine initiators in 70°C ACN solvent benzylamine-initiated polymerization of Me-NNCA 

in 20°C NMP solvent (Table D.2).   
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Figure 4.5. (A) SEC chromatograms of polysarcosine polymers obtained from the chain extension 
using a low molecular weight polysarcosine macroinitiator (Mn (SEC) = 4.4 kg/mol, Ɖ = 1.08) or 
(B) a high molecular weight polysarcosine macroinitiator (Mn (SEC) = 10.8 kg/mol, Ɖ = 1.004). 
The macroinitiator was formed in situ by TMG-initiated ROP of Me-NNTA in CH2Cl2 at 25°C 
and used directly in chain extension experiments. All chain extension reactions were allowed to 
reach quantitative conversion before new monomer addition.   
 

Chain extension was also conducted using a low (Mn (SEC) = 10.8 kg/mol, Ɖ = 1.004) or 

a high molecular weight polysarcosine macroinitiator (Mn (SEC) = 4.4 kg/mol, Ɖ = 1.08) formed 

in situ by the TMG-mediated polymerization of Me-NNTA in CH2Cl2 at 25°C. Additional three 

batches of Me-NNTA ([M]0:[PNMG macroinitiator]0=150:1) were sequentially introduced into 

the polysarcosine macroinitiator solution in CH2Cl2 to allow for chain extension at 25°C. Each 

chain extension was allowed to reach the quantitative conversion. SEC analysis revealed a 

systematic increase of molecular weight of the polysarcosine polymer with a low polydispersity 

(Ð=1.02-1.06) formed from each chain extension (Figure 4.5.). 

Table 4.2. Molecular weight and polydispersity of polysarcosine polymers obtained from chain 
extension experiment using a low or high molecular weight polysarcosine macroinitiator (Mn 
(SEC) = 4.4 kg/mol, Ɖ = 1.08; Mn (SEC) = 10.8 kg/mol, Ɖ = 1.004), respectively. (Table cont'd. p62) 

Extension # Mn(Theo.) c  
(kg/mol) 

Mn (SEC) d 
(kg/mol) 

Ɖ d 

1a 5.8 6.2 1.01 
2 a 8.6 8.4 1.05 
3 a 10.8 10.8 1.08 
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Extension # Mn(Theo.) c  
(kg/mol) 

Mn (SEC) d 
(kg/mol) 

Ɖ d 

1 b 21.4 21.1 1.02 
2 b 32.1 31.1 1.03 
3 b 42.8 41.2 1.06 

(Table cont'd. p61) a.Chain extension was conducted using a low molecular weight polysarcosine 
macroinitiator (Mn (SEC) = 4.4 kg/mol, Ɖ = 1.08) (condition: [M]0 = 1.0 M, [M]0:[polysarcosine 
macroinitiator]0=30:1). b. Chain extension was conducted using a high molecular weight 
polysarcosine macroinitiator (Mn (SEC) = 10.8 kg/mol, Ɖ = 1.004) (condition: [M]0 = 1.0 M, 
[M]0:[polysarcosine macroinitiator]0=150:1) c. Mn(Theo.) was calculated based on the cumulative 
[M]0:[polysarcosine macroinitiator]0 ratio and Mn of the polysarcosine  macroinitiators. d. Mn(SEC)s 
and polydispersity indexes were determined by SEC-DRI-MALS in HFIP/CF3CO2K (3 mg/mL) at 
40oC using dn/dc = 0.23 mL/g.  

 
In addition, the Mn of the polysarcosine polymers resulting from each chain extension 

reaction agrees well with the theoretical value assuming quantitative chain extension (Table 4.2). 

It should be noted that a small shoulder at a short elution time became visible in the SEC 

chromatogram after the third chain extension reaction. The formation of the small shoulder 

suggests the presence of a termination event whose effect on the polymer molecular weight 

distribution becomes more pronounced after multiple chain extensions. 

To further investigate the potential chain transfer or termination event, stoichiometric 

reactions between the Me-NNTA and TMG in 1:1 or 1:5 molar ratio were conducted at 25°C in 

CD2Cl2.  
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Figure 4.6. 13C{1H} NMR spectra of TMG, Me-NNTA, polysarcosine oligomers obtained by 
TMG-mediated polymerization of Me-NNTA with varying initial monomer-to-initiator ratio 
(Condition: [M]0=1.0 M, [M]0:[TMG]0=25:1, 10:1 and 5:1, respectively, 25 °C in CD2Cl2). All 
spectra were collected in CD2Cl2 solvent. 
 

Analysis of the reaction mixture by a combination of characterization techniques (ESI-MS, 

FTIR, and 13C NMR) (Figure D.7-11) revealed a chain transfer mechanism occurring by either 

intramolecular or intermolecular transamidation. The intramolecular transamidation can occur by 

the zwitterionic initiating species 1, while the intermolecular transamidation involves the 

zwitterionic propagating species 2. These pathways are evident by the experimental observation 

of the formation of N, N-dimethyl creatine 6, and the polysarcosine species 8 (Scheme 4.2.)155, 156 

However, there is no evidence for the formation of macrocyclic polysarcosine species beyond the 

5-membered cyclic species 6 (N, N-dimethyl creatine) from the 1:1 Me-NNTA and TMG reaction.  
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Figure 4.7. (A) Full and (C) expanded ESI MS spectra of the reaction mixture from the reaction 
between Me-NNTA and TMG in 5:1 molar ratio (25 °C in CD2Cl2) together with (B) the chemical 
structure corresponding to the various mass ions observed in the MS spectrum. (D) A comparison 
of m/z values of selected mass ions in the MS spectrum with the theoretical values based on the 
chemical structures in (C). 
 

Considering that the polysarcosine polymers with a broad range of molecular weight or 

degree of polymerization (DPn= 25-400) and narrow molecular weight distribution can be obtained 

by controlling the feed ratio of Me-NNTA relative to TMG initiator in the single batch reaction 

(Table 4.1.), the rate of chain transfer must be slow relative to the chain propagation. 
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Figure 4.8. Representative SEC chromatograms of polysarcosine polymers obtained by TMG-
mediated ROP of Me-NNTA (Conditions: [M]0= 1.0 M, [I]0= 8.33 mM, [M]0:[I]0=120:1, 25 °C 
in CH2Cl2) obtained immediately after reaching quantitative conversion in 6h ( ̶ ) and after being 
stirred at 25°C ( ̶ ) or 50°C (---) for additional 72 h. 
 

To further assess the extent of intermolecular coupling of propagating macrozwitterions 2 

via transamidation (Scheme 4.2.), polysarcosine polymers synthesized by TMG-initiated ROP of 

Me-NNTA was allowed to stand in CH2Cl2 at 25 °C or 50 °C for an additional 72 h after full 

conversion was reached in 6h. SEC analysis revealed an increase of polymer molecular weight 

with a slight broadening of molecular weight distribution for the polymer obtained immediately 

after reaching full conversion (Mn =  8.5 kg/mol, Ð= 1.02) compared to those allowed to stand for 

prolonged reaction time (Mn =  10.2-10.5 kg/mol, Ð= 1.07-1.08) (Figure D.12 and Table D.3). The 

increase in molecular weight with the slight broadening indicates that intermolecular coupling by 

transamidation can occur, albeit not to a significant extent.  
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Based on the above results, we propose that the TMG-mediated polymerization of Me-

NNTA is initiated by ring-opening addition of Me-NNTA with TMG to form a zwitterionic 

initiating species bearing an acyl guanidinium and a thiocarbamate moiety 1 (Scheme 4.2.). The 

propagation entails the addition of Me-NNTA onto the thiocarbamate chain end of the propagating 

macrozwitterions 2 to form a mixed thioanhydride intermediate 3 followed by COS elimination 

(Scheme 4.2.). This mechanism is akin to the proposed carbamate mechanism for the nucleophilic 

ring-opening polymerization of amino acid-derived NCAs using pyridine initiator, which remains 

controversial.58 
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Scheme 4.2. Proposed Mechanism Mediated by TMG and nBuNH2. 

Our proposed mechanism for the TMG-mediated polymerization of Me-NNTA is based on 

the following considerations. First, the rate of polymerization of Me-NNTA using TMG initiators 

is faster than that using nBuNH2  initiators by nearly two folds (Figure 4.3.B), suggesting the nature 

of propagating species is different in these two reactions. Secondly, a variety of organic salts 
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comprised of amidinium and guanidinium carbamate (+RNHCO2
-) or dithiocarbamate (+RNHCS2

-

) were stable at room temperature, suggesting favorable interactions amongst these specific organic 

ion pairs.52,156, 157 The positively charged acyl guanidinium chain end in the zwitterionic 

initiating/propagating species 1/2 is conceivably much more stable than the protonated 

primary/secondary amide moieties of the initiating/propagating intermediates 9/13 formed in the 

primary amine-initiated polymerization of Me-NNTA due to significant resonance stabilization in 

the former than the latter. As a result, the propagating macrozwitterions 2 do not readily convert 

to the neutral species 5, as the elimination of COS requires proton transfer. In addition, the proton-

transfer assisted dethiocarboxylation (COS release) of thiocarbamate species is known to be more 

retarded relative to the analogous decarboxylation of carbamate moieties, which contributes to the 

persistence of the propagating macrozwitterion 2 in the TMG-mediated ROP of Me-NNTA 

(Scheme 4.2.).98, 153  

Chapter 4 shows that TMG-mediated polymerization of Me-NNTA can occur rapidly under 

mild conditions. The reaction exhibits controlled polymerization characteristics, producing well-

defined polysarcosine polymers with predictable molecular weights in the 1.9-41 kg/mol range 

and narrow molecular weight distributions (Ɖ <1.08). The polymerization was shown to proceed 

by a zwitterionic propagating species, which differs from that of the primary amine-initiated 

polymerization of Me-NNTA.  

Table 4.2. Summary of polymerization rate constant (kp) of ROPs of Me-NNTA or Me-NNCA 
using different initiators or under different conditions (temperature or solvent). 

Entry # Monomer Initiator Solvent Temperature (°C) kp (10-3 M-1s-1) 

1 Me-NNCA BnNH2 NMP 20 28.7 158 

2 Me-NNTA BnNH2 ACN 70 31.774 

3 Me-NNTA nBuNH2 CH2Cl2 25 11.2 

4 Me-NNTA TMG CH2Cl2 25 23.1 
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The kp of the polymerization initiated by TMG is comparable to primary amine-initiated 

NCAs or NTAs that require anhydrous conditions or elevated temperatures (Table 4.2.). The living 

nature of the propagating species allows for multiple chain extension with reasonable control of 

resulting polymer molecular weight, making it helpful in synthesizing block copolymers. 

Considering the enhanced hydrolytic stability of NTAs, commercial availability of TMG, the 

synthetic method reported here represents an attractive route towards well-defined polysarcosine 

polymers. 
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Chapter 5. Future Research 

The most appealing aspect of pseudo-polypeptidic polymers is the glycine backbone. 

The backbone, which mimics glycine plays a critical role in numerous functions in the polymer 

(i.e., solubility, folding pattern, and degradation.)3, 5, 6, 18, 160 The bioinert nature, along with the 

tunability of the glycine backbone, makes it an ideal candidate for drug delivery 

applications.161  Increase interest in advancing these applications are continuously sought after. 

One desirable attribute is producing random (co)polymers with polypeptoid and polypeptides. 

The random placement of the repeat units in a (co)polymer affects the interaction of the 

(co)polymer with its environment. This change in environment interaction arises from the 

random structure from the different monomers' reactivity ratios. These varying reactivity ratios 

permit the repeat units to be dispersed among the backbone.  How the repeat units are dispersed 

in the backbone is dependent on the reactivity ratio between the monomers. A block polymer 

can be formed if one monomer is much more reactive. While, if the monomers are similar in 

reactivity, then a random conformation can be adopted(Figure 5.1).  

 

Figure 5.1. General Representation of Monomer Reactivity and resulting Polymer 
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Besides using SPSS, random pseudo-polypeptidic polymers typically are either polypeptoid or 

polypeptide. Combining the pseudo-polypeptidic constitutional isomers in a random repeat pattern 

in a high molecular weight polymer is uncommon due to synthetic issues.  
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Scheme 5.2. Activated monomer mechanism (AMM) for the ROPs of NCAs bearing the N-H 
proton in the presence of an organic base35.** 
 

These synthetic issues arise from the acidic proton on the nitrogen of α-amino acid-derived 

NCA. The acidic proton can be deprotonated during polymerization, thus producing a competing 

pathway that follows the known activated monomer mechanism (AMM)(Scheme 5.1). Stronger 

organic bases can favor the AMM pathway leading to loss of molecular weight control. Increased 

potential to proceed by AMM is emphasized during the polymerization of polypeptoids due to the 

secondary amine formed by the NAM during propagation. Therefore, random (co)polymerization 

of polypeptoids and polypeptides following the NAM will have to compete with AMM, thus 

leading to difficulty in molecular weight control. The competing AMM limits the application of 

 
This chapter was previously published as “Ring-opening Polymerization of N-carboxyanhydrides 
Using Organic Initiators or Catalysts” Organic Catalysis for Polymerisation 9 (2019): 367-405. 
Reprinted by permission of Royal Chemistry Society. 
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pseudo-polypeptidic polymers due to loss of control in the NAM, restricting the structure to either 

polypeptoid or polypeptide blocks rather than a random repeat pattern. 

NTAs provide a unique solution suppressing the AMM since a weak organic acid is used to 

promote the release of COS in the NAM.  Additionally, Chapter 3 inspired the investigation of 

incorporating weak organic acids into the ROP of R-NNTAs that resulted in faster polymerization 

and suppressed termination events.89 Since both systems demonstrate controlled living 

polymerizations with the incorporation of acetic acid, one should be able to combine these methods 

for a random copolymerization of both NTA and R-NNTA.  Combining the methods should prove 

advantageous due to the benchtop stability and unique substituent library of NTA and R-NNTA. 

Future research will first focus on the reactivity between monomers to confirm backbone structure.  
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Chapter 6. Conclusion 

The research discussed in this document demonstrates how investigating the mechanism 

pathway and the resulting polymer can help understand polymerizations and simplify the synthetic 

conditions. The application of this approach has permitted the development of robust synthetic 

routes towards pseudo-polypeptidic polymers from NTAs, which were previously perceived to be 

non-ideal due to the low reactivity. In chapter 2, the presented research demonstrated that low 

polar solvents could suppress termination events in the ROP of NTAs. Additional investigation of 

the resulting oligomers helps identify the termination event which was previously unknown for 

the ROP of NTAs. Chapter 3 focused on further investigation on suppressing the termination event 

seen in the ROP of NTAs with a weak organic acid to permit homogenous polymerizations. While 

Chapter 4 demonstrated the potential of ZROP of NNTAs for accessibility to a wide range of 

molecular weights with low dispersity in a reasonable time under moderate polymerization 

conditions. Finally, Chapter 5 discussed the potential of producing random pseudo-polypeptidic 

polymers under moderate conditions, further enhancing the appeal and application of the resulting 

polymers.   
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Appendix B. Chapter 2 Supplementary Data 

Figure B.1. A). ESI-MS spectrum of the reaction product from Leu-NTA and hexylamine in 1:1 
molar ratio in 50 °C dioxane ([M]0=0.5 M, 3 h). B) The PLEU chemical structure where the MS 
ESI analysis determines the end-groups. C) Comparison of selected experimental m/z with the 
calculated values based on the PLEU chemical structure shown in B). 
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Figure B.2. A 1H-NMR spectrum of BG-NTA monomers in CDCl3. 

 

 
Figure B.3. 1H NMR spectrum of LYS-NTA monomers in DMSO-d6 
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Figure B.4. 1H NMR spectrum of Leu-NTA monomers in CDCl3.  
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Appendix C. Chapter 3 Supplementary Data 

 
Figure C.1. (A) Full and (B) expanded MALDI-TOF MS spectra of the PLYS polymer obtained 
by the acetic acid-promoted ROP of LYS-NTA using n-hexylamine initiators (Condition: [M]0 
=0.5 M, [M]0:[I]0:[AA]0=50:1:4, 22 °C in CH2Cl2). (C) The chemical structures of PLYS polymers 
show the end-group structures determined by the MS analysis. (D) The selected experimental m/z 
with the calculated values based on the PLYS polymer structure in (C). Note: the presence of low 
molecular PLYS polymeric species is observed in the MS spectrum, consistent with the presence 
of high-elution-time tailing in the corresponding SEC trace (Figure 3.3.10, black curve).  
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Figure C.2. A plot of lnkobs vs. ln[I]0 (□) for the acetic acid (AA)-promoted ROPs of BG-NTA 
where the initial AA concentration is kept constant. The initial initiator concentration is 
systematically varied and the linear fitting (R2=0.98) of the data (Fitting equation: y= ax+b, a= 
0.95±0.07, b=-3.2±0.2). 
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Figure C.3. Plots of ln([M]0:[M]) versus time (■) and the linear fitting (R2=0.99,0.99,0.99, 0.98, 
0.99, and 0.99) of the data (—) for the acetic acid (AA)-promoted ROPs of BG-NTA using n-
hexylamine initiators where the initial AA concentration is systematically varied. Fitting equation: 
ln([M]0:[M]) = kobs∙t, kobs= 0.15±0.01, 0.25±0.02, 0.34±0.04, 0.37±0.02, 0.28±0.02, 0.23±0.01, and 
0.04±0.01 M∙h-1, respectively. (Condition: [M]0 = 1.0 M, [I]0 = 12.5 mM, [M]0:[I]0:[AA]0=80:1:1, 
80:1:2, 80:1:4, 80:1:16 and 80:1:32 respectively, 22 °C in CH2Cl2). 
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Figure C.4. Representative SEC chromatograms of PBG polymers obtained by acetic acid (AA)-
promoted ROPs of BG-NTA at different conversions using n-hexylamine initiators. (Condition: 
[M]0 = 0.5 M, [M]0:[I]0:[AA]0= 80:1:4, 22 °C in CH2Cl2). 
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Table C.1. Results from the chain extension experiment by the acetic acid (AA)-promoted 
sequential ROPs of LYS-NTA in 22°C CH2Cl2 using n-hexylamine initiators. a 

Entry [M]0:[I]0:[AA]0 
Mn (Theo.) b 
(kg∙mol-1) 

Mn (SEC) c 
(kg∙mol-1) Đ c 

Conv. d  
(%) 

1st batch 150:1:4 39.1 46.3 1.04 100 

2nd batch 76:1:4 65.1 66.8 1.03 100 

a.All reactions proceeded for 36 – 48 h in 22 °C CH2Cl2 to reach quantitative conversions. b 
Theoretical molecular weights were calculated using the [M]0:[I]0 ratios and conversion assuming 
initiation by only n-hexylamine. c.Mns and PDIs were determined by SEC-DRI-MALS analysis 
(dn/dc = 0.123 ml/g for PLY in 0.1 M LiBr/DMF at 25 °C). d. Conversions were determined by 1H 
NMR analysis of reaction aliquots. 

 
Figure C.5. 1H NMR spectrum of PBG polymer in CDCl3/CF3CO2D (95:5, v:v) obtained by acetic 
acid promoted ROP of BG-NTA using n-hexylamine initiators ([M]0:[I]0:[AA]0=50:1:4, CH2Cl2, 
22°C). 
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Figure C.6. 1H NMR spectrum of PLEU polymer in CF3CO2D/CDCl3 (9:1, v:v) obtained by acetic 
acid promoted ROP of LEU-NTA using n-hexylamine initiators ([M]0:[I]0:[AA]0=50:1:4, CH2Cl2, 
22°C) 

Figure C.7. 1H NMR spectrum of PLYS polymer in DMSO-d6 obtained by acetic-acid promoted 
ROP of LYS-NTA using n-hexylamine initiators ([M]0:[I]0:[AA]0=50:1:4, CH2Cl2, 22°C). 



83 
 

Appendix D. Chapter 4 Supplementary Data 

 
Figure D.1. 1H NMR spectrum of Me-NNTA monomers in CD2Cl2. 
 

 
Figure D.2. 13C{1H} NMR spectrum of Me-NNTA monomer in CD2Cl2. 
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Figure D.3. FTIR spectrum of Me-NNTA monomer in CD2Cl2. 
Table D.1. Summary of molecular weight and polydispersity of polysarcosine obtained by TMG-
mediated polymerization of Me-NNTA at 25°C in varying solvents a 

Solvent  
type 

Mn (Theo.) b 
(kg/mol)  

Mn (SEC) c 
(kg/mol)  

Ð c Conversion d 
(%) 

CH2Cl2 11.5 11.4 1.05 100 
CH3CN 10.9 13.8 1.07 95 

THF 6.5 10.5 1.02 57 
a. All polymerizations were allowed to proceed at 25 °C for 5 h ([M]0=1.0 M, [I]0= 6.25 mM, 
[M]0:[TMG]0 = 160:1) prior to SEC analysis (Figure 4.3.1). b. Theoretical molecular weights were 
calculated from [M]0:[TMG]0 ratio and conversion; c. Experimental molecular weights and 
polydispersity index were determined by the SEC-MALS-DRI method using dn/dc = 0.23mL/g in 
HFIP/CF3CO2K (3 mg/mL) at 40°C. d. The conversion was determined by FTIR spectroscopy. 
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Figure D.4. FTIR spectrum of Me-NNTA and polysarcosine polymers (Conditions: [M]0 = 1.0 M, 
[I]0= 6.25 mM, [M]0:[TMG]0 = 160:1, 25 °C, in CH2Cl2) 
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Figure D.5. 1H NMR spectrum of polysarcosine polymer in CD2Cl2 obtained by TMG-mediated 
polymerization of Me-NNTA ([M]0 = 1.0 M, [TMG]0 = 20 mM, [M]0:[TMG]0 = 50:1, 25°C, in 
CH2Cl2).  
 

 
Figure D.6. (A) Full and (C) expanded ESI MS spectra of the reaction mixture from the reaction 
between Me-NNTA and TMG in a 1:1 molar ratio (25 °C in CD2Cl2) together with (B) the 
chemical structure corresponding to the various mass ions observed in the MS spectrum. (D) A 
comparison of m/z values of selected mass ions in the MS spectrum with the theoretical values 
based on the chemical structures in (C). 
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Figure D.7. 13C{1H} NMR spectrum of the reaction mixture from the reaction between Me-NNTA 
and TMG in a 1:1 molar ratio (25 °C in CD2Cl2). 

 
Figure D.8. FTIR spectra of Me-NNTA, TMG and the reaction mixture from the reaction between 
Me-NNTA and TMG in 1:1 molar ratio (25 °C in CD2Cl2).51, 159 
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Table D.2. Summary of Mn and PDI results of polysarcosine polymers obtained by SEC analysis 
(Figure 4.8.). a 

Entry # polysarcosine 
samples 

Mn (Theo.) b  
(kg/mol)  

Mn (SEC) c  
(kg/mol)  

Ðc 

1 Freshly prepared 8.6 8.5 1.02 
2 25°C (72h) 8.6 10.5 1.08 
3 50°C  (72h) 8.6 10.2 1.07 
a. The freshly prepared polysarcosine was obtained by taking aliquots of the reaction mixture from 
the TMG-mediated polymerization of Me-NNTA at 25 °C in CH2Cl2 ([M]0=1.0 M, [I]0=8.33 mM, 
M]0:[TMG]0 = 160:1) immediately after quantitative conversion was reached in 6h. The remaining 
reaction mixture was stirred at 25°C or 50°C for an additional 72 h before SEC analysis. b. 

Theoretical molecular weights were calculated from the [M]0:[TMG]0 ratios and conversion; c. 

Experimental molecular weight and polydispersity index were determined by the SEC-MALS-DRI 
method using dn/dc = 0.23mL/g in HFIP/CF3CO2K (3 mg/mL) at 40°C.  



89 
 

References 
 
1. Gross, A.;  Hashimoto, C.;  Sticht, H.; Eichler, J., Synthetic Peptides as Protein Mimics. 
Front Bioeng Biotechnol 2015, 3, 211. 
 
2. Rasines Mazo, A.;  Allison-Logan, S.;  Karimi, F.;  Chan, N. J.;  Qiu, W.;  Duan, W.;  
O'Brien-Simpson, N. M.; Qiao, G. G., Ring opening polymerization of alpha-amino acids: 
advances in synthesis, architecture and applications of polypeptides and their hybrids. Chem. 
Soc. Rev. 2020, 49 (14), 4737-4834. 
 
3. Murnen, H. K.;  Rosales, A. M.;  Jaworski, J. N.;  Segalman, R. A.; Zuckermann, R. N., 
Hierarchical self-assembly of a biomimetic diblock copolypeptoid into homochiral superhelices. 
J. Am. Chem. Soc. 2010, 132 (45), 16112-9. 
 
4. Robertson, E. J.;  Battigelli, A.;  Proulx, C.;  Mannige, R. V.;  Haxton, T. K.;  Yun, L.;  
Whitelam, S.; Zuckermann, R. N., Design, Synthesis, Assembly, and Engineering of Peptoid 
Nanosheets. Acc. Chem. Res. 2016, 49 (3), 379-89. 
 
5. Xuan, S.; Zuckermann, R. N., Diblock copolypeptoids: a review of phase separation, 
crystallization, self-assembly and biological applications. J Mater Chem B 2020, 8 (25), 5380-
5394. 
 
6. Kang, L.;  Chao, A.;  Zhang, M.;  Yu, T.;  Wang, J.;  Wang, Q.;  Yu, H.;  Jiang, N.; 
Zhang, D., Modulating the Molecular Geometry and Solution Self-Assembly of Amphiphilic 
Polypeptoid Block Copolymers by Side Chain Branching Pattern. J. Am. Chem. Soc. 2021, 143 
(15), 5890-5902. 
 
7. Pelay-Gimeno, M.;  Glas, A.;  Koch, O.; Grossmann, T. N., Structure-Based Design of 
Inhibitors of Protein-Protein Interactions: Mimicking Peptide Binding Epitopes. Angew Chem Int 
Ed Engl 2015, 54 (31), 8896-927. 
 
8. Chan, B. A.;  Xuan, S.;  Li, A.;  Simpson, J. M.;  Sternhagen, G. L.;  Yu, T.;  Darvish, O. 
A.;  Jiang, N.; Zhang, D., Polypeptoid polymers: Synthesis, characterization, and properties. 
Biopolymers 2018, 109 (1). 
 
9. Weber, B.;  Birke, A.;  Fischer, K.;  Schmidt, M.; Barz, M., Solution Properties of 
Polysarcosine: From Absolute and Relative Molar Mass Determinations to Complement 
Activation. Macromolecules 2018, 51 (7), 2653-2661. 
 
10. Bachmann, A.;  Wildemann, D.;  Praetorius, F.;  Fischer, G.; Kiefhaber, T., Mapping 
backbone and side-chain interactions in the transition state of a coupled protein folding and 
binding reaction. Proc Natl Acad Sci U S A 2011, 108 (10), 3952-7. 
 
11. Zuckermann RN, K. T., Peptoids as potential therapeutics. Current Opinion in Molecular 
Therapeutics 2009, 11 (3), 299-307. 
 



90 
 

12. Aliferis, T.;  Iatrou, H.; Hadjichristidis, N., Living polypeptides. Biomacromolecules 
2004, 5 (5), 1653-6. 
 
13. Mintzer, M. A.; Simanek, E. E., Nonviral vectors for gene delivery. Chem. Rev. 2009, 
109 (2), 259-302. 
 
14. Deng, C.;  Wu, J.;  Cheng, R.;  Meng, F.;  Klok, H.-A.; Zhong, Z., Functional polypeptide 
and hybrid materials: Precision synthesis via α-amino acid N-carboxyanhydride polymerization 
and emerging biomedical applications. Prog. Polym. Sci. 2014, 39 (2), 330-364. 
 
15. Buckton, L. K.; McAlpine, S. R., Improving the Cell Permeability of Polar Cyclic 
Peptides by Replacing Residues with Alkylated Amino Acids, Asparagines, and d-Amino Acids. 
Org. Lett. 2018, 20 (3), 506-509. 
 
16. Kirshenbaum, K.; Zuckermann, R. N., Peptoids in Wonderland. Biopolymers 2019, 110 
(4), e23279. 
 
17. Thakkar, A.;  Cohen, A. S.;  Connolly, M. D.;  Zuckermann, R. N.; Pei, D., High-
throughput sequencing of peptoids and peptide-peptoid hybrids by partial edman degradation and 
mass spectrometry. J. Comb. Chem. 2009, 11 (2), 294-302. 
 
18. Patterson, A. L.;  Wenning, B.;  Rizis, G.;  Calabrese, D. R.;  Finlay, J. A.;  Franco, S. C.;  
Zuckermann, R. N.;  Clare, A. S.;  Kramer, E. J.;  Ober, C. K.; Segalman, R. A., Role of 
Backbone Chemistry and Monomer Sequence in Amphiphilic Oligopeptide- and Oligopeptoid-
Functionalized PDMS- and PEO-Based Block Copolymers for Marine Antifouling and Fouling 
Release Coatings. Macromolecules 2017, 50 (7), 2656-2667. 
 
19. Wang, S. T.;  Lin, Y.;  Spencer, R. K.;  Thomas, M. R.;  Nguyen, A. I.;  Amdursky, N.;  
Pashuck, E. T.;  Skaalure, S. C.;  Song, C. Y.;  Parmar, P. A.;  Morgan, R. M.;  Ercius, P.;  Aloni, 
S.;  Zuckermann, R. N.; Stevens, M. M., Sequence-Dependent Self-Assembly and Structural 
Diversity of Islet Amyloid Polypeptide-Derived beta-Sheet Fibrils. ACS Nano 2017, 11 (9), 
8579-8589. 
 
20. Merrifield, R. B., Solid Phase Peptide Synthesis. I. The Synthesis of a Tetrapeptide. J. 
Am. Chem. Soc. 1963, 85 (14), 2149-2154. 
 
21. Leuchs, H., Ueber die Glycin-carbonsäure. Ber. Dtsch. Chem. Ges. 1906, 39 (1), 857-
861. 
 
22. Leuchs, H.; Geiger, W., Über die Anhydride von α-Amino-N-carbonsäuren und die von 
α-Aminosäuren. Ber. Dtsch. Chem. Ges. 1908, 41 (2), 1721-1726. 
 
23. Leuchs, H.; Manasse, W., Über die Isomerie der Carbäthoxyl-glycyl glycinester. Ber. 
Dtsch. Chem. Ges. 1907, 40 (3), 3235-3249. 
 



91 
 

24. Block, H., Poly(γ-benzyl-L-Glutamate) and other Glutamic Acid Containing Polymers. 
Gordon and Breach, New York: 1983. 
 
25. Bamford, C. H.; Block, H., Chapter 8 The Polymerization of N-Carboxy-α-Amino Acid 
Anhydrides. In Comprehensive Chemical Kinetics, Bamford, C. H.; Tipper, C. F. H., Eds. 
Elsevier: 1976; Vol. 15, pp 583-637. 
 
26. Szwarc, M., Living polymers. Their discovery, characterization, and properties. J Polym 
Sci Pol Chem 1998, 36 (1), Ix-Xv. 
 
27. Kricheldorf, H. R., Polypeptides and 100 years of chemistry of alpha-amino acid N-
carboxyanhydrides. Angew. Chem. Int. Ed. Engl. 2006, 45 (35), 5752-84. 
 
28. Hadjichristidis, N.;  Iatrou, H.;  Pitsikalis, M.; Sakellariou, G., Synthesis of well-defined 
polypeptide-based materials via the ring-opening polymerization of alpha-amino acid N-
carboxyanhydrides. Chem. Rev. 2009, 109 (11), 5528-78. 
 
29. Lu, H.;  Wang, J.;  Song, Z.;  Yin, L.;  Zhang, Y.;  Tang, H.;  Tu, C.;  Lin, Y.; Cheng, J., 
Recent advances in amino acid N-carboxyanhydrides and synthetic polypeptides: chemistry, self-
assembly and biological applications. Chem. Commun. 2014, 50 (2), 139-155. 
 
30. He, C.;  Zhuang, X.;  Tang, Z.;  Tian, H.; Chen, X., Stimuli-Sensitive Synthetic 
Polypeptide-Based Materials for Drug and Gene Delivery. Adv. Health. Mater. 2012, 1 (1), 48-
78. 
 
31. Zhang, D.;  Lahasky, S. H.;  Guo, L.;  Lee, C.-U.; Lavan, M., Polypeptoid Materials: 
Current Status and Future Perspectives. Macromolecules 2012, 45 (15), 5833-5841. 
 
32. Gangloff, N.;  Ulbricht, J.;  Lorson, T.;  Schlaad, H.; Luxenhofer, R., Peptoids and 
Polypeptoids at the Frontier of Supra- and Macromolecular Engineering. Chem. Rev. 2016, 116 
(4), 1753-1802. 
 
33. Hirschmann, R.;  Dewey, R. S.;  Schoenewaldt, E. F.;  Joshua, H.;  Paleveda, W. J.;  
Schwam, H.;  Barkemeyer, H.;  Arison, B. H.; Veber, D. F., Synthesis of peptides in aqueous 
medium. VII. Preparation and use of 2,5-thiazolidinediones in peptide synthesis. J. Org. Chem. 
1971, 36 (1), 49-59. 
 
34. Hirschmann, R.;  Schwam, H.;  Strachan, R. G.;  Schoenewaldt, E. F.;  Barkemeyer, H.;  
Miller, S. M.;  Conn, J. B.;  Garsky, V.;  Veber, D. F.; Denkewalter, R. G., Controlled synthesis 
of peptides in aqueous medium. VIII. Preparation and use of novel .alpha.-amino acid N-
carboxyanhydrides. J. Am. Chem. Soc. 1971, 93 (11), 2746-2754. 
 
35. David Siefker, D. Z., Ring-opening Polymerization of N-carboxyanhydrides Using 
Organic Initiators or Catalysts. In Organic Catalysis for Polymerisation, Royal Society of 
Chemistry: 2019; pp 367-405. 
 



92 
 

36. Katchalski, E., Advances in Protein Chemistry. Academic Press, Inc. New York, NY: 
1951; Vol. VI. 
 
37. Kricheldorf, H. R., α-Amino acid-N-carboxy-anhydrides and related heterocycles: 
syntheses, properties, peptide synthesis, polymerization Springer-Verlag, Berlin 1987, Chapter 2. 
 
38. Woodward, R. B.; Schramm, C. H., SYNTHESIS OF PROTEIN ANALOGS. J. Am. 
Chem. Soc. 1947, 69 (6), 1551-1552. 
 
39. Go, Y.; Tani, H., Über die hochkondensierten Produkte aus einigen Aminosäuren. Bull. 
Chem. Soc. Jpn. 1939, 14 (11), 510-516. 
 
40. Wessely, F., Untersuchungen über α-Amino-N-Carbonsäureanhydride. I. Z. Physiol. 
Chem. 1925, 146, 72. 
 
41. Bamford, C. H.; Block, H., 982. The initiation step in the polymerization of N-carboxy-
[small alpha]-amino-acid anhydrides. Part II. Effects related to the structure of amine initiators. 
J. Chem. Soc. 1961, 4992-4995. 
 
42. Goodman, M.; Hutchison, J., The Mechanisms of Polymerization of N-Unsubstituted N-
Carboxyanhydrides1. J. Am. Chem. Soc. 1966, 88 (15), 3627-3630. 
 
43. Sigmund, F.; Wessely, F., Untersuchungen über α-Amino-N-Carbonsäureanhydride. II. 
Z. Physiol. Chem. 1926, 157, 91. 
 
44. Zhang, H.;  Nie, Y.;  Zhi, X.;  Du, H.; Yang, J., Controlled ring-opening polymerization 
of alpha-amino acid N-carboxy-anhydride by frustrated amine/borane Lewis pairs. Chem. 
Commun. 2017, 53 (37), 5155-5158. 
 
45. Sigmund, F.; Wessely, F., α-Amino-N-carboxylic acid anhydrides. II. Z. physiol. Chem. 
1926, 157 91-105. 
 
46. Tao, X.;  Zheng, B.;  Bai, T.;  Zhu, B.; Ling, J., Hydroxyl Group Tolerated 
Polymerization of N-Substituted Glycine N-Thiocarboxyanhydride Mediated by Aminoalcohols: 
A Simple Way to α-Hydroxyl-ω-aminotelechelic Polypeptoids. Macromolecules 2017, 50 (8), 
3066-3077. 
 
47. Zhao, W.;  Gnanou, Y.; Hadjichristidis, N., Organocatalysis by hydrogen-bonding: a new 
approach to controlled/living polymerization of α-amino acid N-carboxyanhydrides. Polym. 
Chem. 2015, 6 (34), 6193-6201. 
 
48. Zhang, X.;  Oddon, M.;  Giani, O.;  Monge, S.; Robin, J.-J., Novel Strategy for ROP of 
NCAs Using Thiols As Initiators: Synthesis of Diblock Copolymers Based on Polypeptides. 
Macromolecules 2010, 43 (6), 2654-2656. 
 



93 
 

49. Kricheldorf, H. R.;  Von Lossow, C.; Schwarz, G., Imidazole-initiated polymerizations of 
α-amino acidN-carboxyanhydrides - simultaneous chain-growth and step-growth polymerization. 
J. Polym. Sci., Part A: Polym. Chem. 2005, 43 (22), 5690-5698. 
 
50. Guo, L.;  Lahasky, S. H.;  Ghale, K.; Zhang, D., N-Heterocyclic Carbene-Mediated 
Zwitterionic Polymerization of N-Substituted N-Carboxyanhydrides toward Poly(α-peptoid)s: 
Kinetic, Mechanism, and Architectural Control. J. Am. Chem. Soc. 2012, 134 (22), 9163-9171. 
 
51. Guo, L.; Zhang, D., Cyclic Poly(α-peptoid)s and Their Block Copolymers from N-
Heterocyclic Carbene-Mediated Ring-Opening Polymerizations of N-Substituted N-
Carboxylanhydrides. J. Am. Chem. Soc. 2009, 131 (50), 18072-18074. 
 
52. Guo, L.;  Li, J.;  Brown, Z.;  Ghale, K.; Zhang, D., Synthesis and characterization of 
cyclic and linear helical poly(α-peptoid)s by N-heterocyclic carbene-mediated ring-opening 
polymerizations of N-substituted N-carboxyanhydrides. Pept. Sci. 2011, 96 (5), 596-603. 
 
53. Lee, C.-U.;  Smart, T. P.;  Guo, L.;  Epps, T. H.; Zhang, D., Synthesis and 
Characterization of Amphiphilic Cyclic Diblock Copolypeptoids from N-Heterocyclic Carbene-
Mediated Zwitterionic Polymerization of N-Substituted N-Carboxyanhydride. Macromolecules 
2011, 44 (24), 9574-9585. 
 
54. Habraken, G. J. M.;  Peeters, M.;  Dietz, C. H. J. T.;  Koning, C. E.; Heise, A., How 
controlled and versatile is N-carboxy anhydride (NCA) polymerization at 0 °C? Effect of 
temperature on homo-, block- and graft (co)polymerization. Polym. Chem. 2010, 1 (4), 514-524. 
 
55. Habraken, G. J. M.;  Wilsens, K. H. R. M.;  Koning, C. E.; Heise, A., Optimization of N-
carboxyanhydride (NCA) polymerization by variation of reaction temperature and pressure. 
Polym. Chem. 2011, 2 (6), 1322-1330. 
 
56. Pickel, D. L.;  Politakos, N.;  Avgeropoulos, A.; Messman, J. M., A Mechanistic Study of 
α-(Amino acid)-N-carboxyanhydride Polymerization: Comparing Initiation and Termination 
Events in High-Vacuum and Traditional Polymerization Techniques. Macromolecules 2009, 42 
(20), 7781-7788. 
 
57. Zou, J.;  Fan, J.;  He, X.;  Zhang, S.;  Wang, H.; Wooley, K. L., A facile glovebox-free 
strategy to significantly accelerate the syntheses of well-defined polypeptides by N-
carboxyanhydride (NCA) ring opening polymerizations. Macromolecules 2013, 46 (10), 4223-
4226. 
 
58. Ballard, D. G. H.; Bamford, C. H., Studies in polymerization - VII. The polymerization 
of N-carboxy-α-amino acid anhydrides. Proc. Royal Soc. Lond.Series A Math. and Phys. Sci. 
1954, 223 (1155), 495-520. 
 
59. Thunig, D.;  Semen, J.; Elias, H.-G., Carbon Dioxide Influence on NCA Polymerizations. 
Makromolekul. Chem. 1977, 178 (2), 603-607. 
 



94 
 

60. Ling, J.; Huang, Y., Understanding the Ring-Opening Reaction of α-Amino Acid N-
Carboxyanhydride in an Amine-Mediated Living Polymerization: A DFT Study. Macromol. 
Chem. Phys. 2010, 211 (15), 1708-1711. 
 
61. Song, Z.;  Fu, H.;  Wang, J.;  Hui, J.;  Xue, T.;  Pacheco, L. A.;  Yan, H.;  Baumgartner, 
R.;  Wang, Z.;  Xia, Y.;  Wang, X.;  Yin, L.;  Chen, C.;  Rodriguez-Lopez, J.;  Ferguson, A. L.;  
Lin, Y.; Cheng, J., Synthesis of polypeptides via bioinspired polymerization of in situ purified N-
carboxyanhydrides. Proc Natl Acad Sci U S A 2019. 
 
62. Grazon, C.;  Salas-Ambrosio, P.;  Ibarboure, E.;  Buol, A.;  Garanger, E.;  Grinstaff, M. 
W.;  Lecommandoux, S.; Bonduelle, C., Aqueous Ring-Opening Polymerization-Induced Self-
Assembly (ROPISA) of N-Carboxyanhydrides. Angew. Chem. Int. Ed. Engl. 2020, 59 (2), 622-
626. 
 
63. Wang, X.;  Song, Z.;  Tan, Z.;  Zhu, L.;  Xue, T.;  Lv, S.;  Fu, Z.;  Zheng, X.;  Ren, J.; 
Cheng, J., Facile Synthesis of Helical Multiblock Copolypeptides: Minimal Side Reactions with 
Accelerated Polymerization of N-Carboxyanhydrides. ACS Macro Lett. 2019, 8 (11), 1517-1521. 
 
64. Aubert, P.;  Jeffreys, R. A.; Knott, E. B., 477. Thiazolid-2 : 5-dione. J. Chem. Soc. 1951, 
2195-2197. 
 
65. Dewey, R. S.;  Schoenewaldt, E. F.;  Joshua, H.;  Paleveda, W. J.;  Schwam, H.;  
Barkemeyer, H.;  Arison, B. H.;  Veber, D. F.;  Denkewalter, R. G.; Hirschmann, R., Synthesis 
of peptides in aqueous medium. V. Preparation and use of 2,5-thiazolidinediones (NTA's). Use 
of the 13C-H nuclear magnetic resonance signal as internal standard for quantitative studies. J. 
Am. Chem. Soc. 1968, 90 (12), 3254-3255. 
 
66. Bailey, J. L., 679. The synthesis of simple peptides from anhydro-N-carboxyamino-acids. 
J. Chem. Soc. 1950, 3461-3466. 
 
67. Kato, H.;  Higashimura, T.; Okamura, S., Condensation polymerization of N-
dithiocarbonyl alkoxyearbonyl amino acids. Part V. Studies on reaction mechanism. 
Makromolekul. Chem. 1967, 109 (1), 9-21. 
 
68. Vinick, F. J.; Jung, S., Concerning the Preparation of Optically Pure N-(Thiocarboxy)-L-
Aspartic Anhydride. J. Org. Chem. 1982, 47 (11), 2199-2201. 
 
69. Cao, J.;  Siefker, D.;  Chan, B. A.;  Yu, T.;  Lu, L.;  Saputra, M. A.;  Fronczek, F. R.;  
Xie, W.; Zhang, D., Interfacial Ring-Opening Polymerization of Amino-Acid-Derived N-
Thiocarboxyanhydrides Toward Well-Defined Polypeptides. ACS Macro Lett. 2017, 6 (8), 836-
840. 
 
70. Zheng, B.;  Bai, T.;  Ling, J.; Sun, J., Direct N-substituted N-thiocarboxyanhydride 
polymerization towards polypeptoids bearing unprotected carboxyl groups. Communications 
Chemistry 2020, 3 (1). 
 



95 
 

71. Kricheldorf, H. R., ÜBer die Polymerisation von α-Aminosäure-N-carboxyanhydriden 
(1,3-Oxazolidin-2,5-dionen) und α-Aminosäure-N-thiocarboxyanhydriden (1,3-Thiazolidin-2,5-
dionen). Makromolekul. Chem. 1974, 175 (12), 3325-3342. 
 
72. Kricheldorf, H. R.;  Sell, M.; Schwarz, G., Primary Amine‐Initiated Polymerizations of 
α–Amino Acid N‐Thiocarbonic Acid Anhydrosulfide. J. Macro. Sci. Part A 2008, 45 (6), 425-
430. 
 
73. Tao, X.;  Deng, Y.;  Shen, Z.; Ling, J., Controlled Polymerization of N-Substituted 
Glycine N-Thiocarboxyanhydrides Initiated by Rare Earth Borohydrides toward Hydrophilic and 
Hydrophobic Polypeptoids. Macromolecules 2014, 47 (18), 6173-6180. 
 
74. Tao, X.;  Zheng, B.;  Kricheldorf, H. R.; Ling, J., AreN-substituted glycineN-
thiocarboxyanhydride monomers really hard to polymerize? J. Polym. Sci., Part A: Polym. 
Chem. 2017, 55 (3), 404-410. 
 
75. Deming, T. J., Synthetic polypeptides for biomedical applications. Prog. Polym. Sci. 
2007, 32 (8-9), 858-875. 
 
76. Shen, Y.;  Fu, X.;  Fu, W.; Li, Z., Biodegradable stimuli-responsive polypeptide materials 
prepared by ring opening polymerization. Chem. Soc. Rev. 2015, 44 (3), 612-22. 
 
77. Blout, E. R.; Asadourian, A., Polypeptides. V. The Infrared Spectra of Polypeptides 
Derived from γ-Benzyl-L-glutamate. J. Am. Chem. Soc. 1956, 78 (5), 955-961. 
 
78. Deming, T., Cobalt and Iron Initiators for the Controlled Polymerization of α-Amino 
Acid-N-Carboxyanhydrides. Macromolecules 1999, 32 (13), 4500-4502. 
 
79. Nagai, A., A Facile Synthesis of N-Carboxyanhydrides and Poly(r-amino acid) Using Di-
tert-butyltricarbonate. Macromolecules 2004, 37 (7), 2332-2334. 
 
80. Lu, H.; Cheng, J., Hexamethyldisilazane-mediated controlled polymerization of alpha-
amino acid N-carboxyanhydrides. J. Am. Chem. Soc. 2007, 129 (46), 14114-5. 
 
81. Lu, H.; Cheng, J., N-Trimethylsilyl amines for controlled ring-opening polymerization of 
amino acid N-carboxyanhydrides and facile end group functionalization of polypeptides. J. Am. 
Chem. Soc. 2008, 130 (38), 12562-3. 
 
82. Zhao, W.;  Gnanou, Y.; Hadjichristidis, N., Fast and living ring-opening polymerization 
of alpha-amino acid N-carboxyanhydrides triggered by an "alliance" of primary and secondary 
amines at room temperature. Biomacromolecules 2015, 16 (4), 1352-7. 
 
83. Vacogne, C. D.; Schlaad, H., Primary ammonium/tertiary amine-mediated controlled ring 
opening polymerisation of amino acid N-carboxyanhydrides. Chem. Commun. 2015, 51 (86), 
15645-8. 
 



96 
 

84. Yuan, J.;  Sun, Y.;  Wang, J.; Lu, H., Phenyl Trimethylsilyl Sulfide-Mediated Controlled 
Ring-Opening Polymerization of alpha-Amino Acid N-Carboxyanhydrides. Biomacromolecules 
2016, 17 (3), 891-6. 
 
85. Stukenkemper, T.;  Jansen, J. F. G. A.;  Lavilla, C.;  Dias, A. A.;  Brougham, D. F.; 
Heise, A., Polypeptides by light: photo-polymerization of N-carboxyanhydrides (NCA). Polym. 
Chem. 2017, 8 (5), 828-832. 
 
86. Gradišar, Š.;  Žagar, E.; Pahovnik, D., Ring-Opening Polymerization of N-
Carboxyanhydrides Initiated by a Hydroxyl Group. ACS Macro Lett. 2017, 6 (6), 637-640. 
 
87. Yuan, J.;  Zhang, Y.;  Li, Z.;  Wang, Y.; Lu, H., A S-Sn Lewis Pair-Mediated Ring-
Opening Polymerization of α-Amino Acid N-Carboxyanhydrides: Fast Kinetics, High Molecular 
Weight, and Facile Bioconjugation. ACS Macro Lett. 2018, 7 (8), 892-897. 
 
88. Wu, Y.;  Zhang, D.;  Ma, P.;  Zhou, R.;  Hua, L.; Liu, R., Lithium hexamethyldisilazide 
initiated superfast ring opening polymerization of alpha-amino acid N-carboxyanhydrides. Nat 
Commun 2018, 9 (1), 5297. 
 
89. Zheng, B.;  Xu, S.;  Ni, X.; Ling, J., Understanding Acid-Promoted Polymerization of the 
N-Substituted Glycine N-Thiocarboxyanhydride in Polar Solvents. Biomacromolecules 2021, 22 
(4), 1579-1589. 
 
90. Miller, E.;  Fankuchen, I.; Mark, H., Polymerization in the Solid State. Journal of Applied 
Physics 1949, 20 (6), 531-533. 
 
91. Kovács, G.;  Kovács, E.; Morawetz, H., Polymerization in the crystalline state. VIII. 
Polymerization in N-carboxy anhydrides of γ-benzyl glutamate, γ-methyl glutamate, and ε-
carbobenzoxylysine. Journal of Polymer Science Part A-1: Polymer Chemistry 1966, 4 (6), 
1553-1562. 
 
92. Kanazawa, H.; Kawai, T., Polymerization of N-carboxy-amino acid anhydrides in the 
solid state. I. Polymerizability of the various α-amino acid NCAs in the solid state. Journal of 
Polymer Science: Polymer Chemistry Edition 1980, 18 (2), 629-642. 
 
93. Kanazawa, H.;  Ohashi, Y.;  Sasada, Y.; Kawai, T., Polymerization of N-carboxy–amino 
acid anhydrides in the solid state. II. Relation between polymerizability and molecular 
arrangement in L-leucine NCA and L-alanine NCA crystals. Journal of Polymer Science: 
Polymer Physics Edition 1982, 20 (10), 1847-1862. 
 
94. Kanazawa, H., Investigation of the solid-state polymerization of N-carboxy α-amino acid 
anhydrides with reference to their crystal structures. Polymer 1992, 33 (12), 2557-2566. 
 
95. Kanazawa, H.; Ohashi, Y., Polymerization of N-Carboxy Anhydrides of L- and DL- 
Valine, and L- and DL- Phenylalanine in the Solid State. Molecular Crystals and Liquid Crystals 



97 
 

Science and Technology. Section A. Molecular Crystals and Liquid Crystals 1996, 277 (1), 45-
54. 
 
96. Kanazawa, H., Amino Acid N−Carboxy Anhydrides with High Polymerizability in the 
Solid State. Molecular Crystals and Liquid Crystals Science and Technology. Section A. 
Molecular Crystals and Liquid Crystals 1998, 313 (1), 205-210. 
 
97. Kanazawa, H.;  Inada, A.; Kawana, N., Re-examination of the Reactivity ofN-Carboxy 
Amino Acid Anhydrides 1. Polymerisation of Amino Acid NCAs in Acetonitrile and in the Solid 
State in Hexane. Macromolecular Symposia 2006, 242 (1), 104-112. 
 
98. Kricheldorf, H. R.; Bösinger, K., Mechanismus der NCA-Polymerisation, 3. Über die 
Amin katalysierte Polymerisation von Sarkosin-NCA und -NTA. Makromolekul. Chem. 1976, 
177 (5), 1243-1258. 
 
99. Kricheldorf, H. R.;  von Lossow, C.; Schwarz, G., Cyclic Polypeptides by Solvent-
Induced Polymerizations of α-Amino AcidN-Carboxyanhydrides. Macromolecules 2005, 38 
(13), 5513-5518. 
 
100. Kricheldorf, H. R.;  Sell, M.; Schwarz, G., Primary Amine-Initiated Polymerizations of 
α-Amino Acid N-Thiocarbonic Acid Anhydrosulfide. J. Macromol. Sci. A. 2008, 45 (6), 425-
430. 
 
101. Dimitrov, I.; Schlaad, H., Synthesis of nearly monodisperse polystyrene–polypeptide 
block copolymers via polymerisation of N-carboxyanhydrides. Chem. Commun. 2003,  (23), 
2944-2945. 
 
102. Lutz, J.-F.;  Schütt, D.; Kubowicz, S., Preparation of Well-Defined Diblock Copolymers 
with Short Polypeptide Segments by Polymerization ofN-Carboxy Anhydrides. Macromol. 
Rapid Commun. 2005, 26 (1), 23-28. 
 
103. Zhao, W.;  Gnanou, Y.; Hadjichristidis, N., From competition to cooperation: a highly 
efficient strategy towards well-defined (co)polypeptides. Chem. Commun. 2015, 51 (17), 3663-6. 
 
104. Wong, S.; Kwon, Y. J., Facile synthesis of high-molecular-weight acid-labile 
polypeptides using urethane derivatives. J. Polym. Sci., Part A: Polym. Chem. 2015, 53 (2), 280-
286. 
 
105. Zhao, W.;  Gnanou, Y.; Hadjichristidis, N., Well-defined (co)polypeptides bearing 
pendant alkyne groups. Polym. Chem. 2016, 7 (21), 3487-3491. 
 
106. Li, P.; Dong, C.-M., Phototriggered Ring-Opening Polymerization of a Photocaged l-
Lysine N-Carboxyanhydride to Synthesize Hyperbranched and Linear Polypeptides. ACS Macro 
Lett. 2017, 6 (3), 292-297. 
 



98 
 

107. Kramer, J. R.; Deming, T. J., General method for purification of alpha-amino acid-n-
carboxyanhydrides using flash chromatography. Biomacromolecules 2010, 11 (12), 3668-72. 
 
108. Deming, T. J., Facile synthesis of block copolypeptides of defined architecture. Nature 
1997, 390 (6658), 386-9. 
 
109. Yamada, S.;  Koga, K.; Endo, T., Useful synthetic method of polypeptides with well-
defined structure by polymerization of activated urethane derivatives of α-amino acids. Journal 
of Polymer Science Part A: Polymer Chemistry 2012, 50 (13), 2527-2532. 
 
110. Tao, X.;  Deng, C.; Ling, J., PEG-amine-initiated polymerization of sarcosine N-
thiocarboxyanhydrides toward novel double-hydrophilic PEG-b-polysarcosine diblock 
copolymers. Macromol. Rapid Commun. 2014, 35 (9), 875-81. 
 
111. Daly, W. H.; Poché, D., The preparation of N-carboxyanhydrides of α-amino acids using 
bis(trichloromethyl)carbonate. Tetrahedron. Lett. 1988, 29 (46), 5859-5862. 
 
112. Tao, X.;  Zheng, B.;  Bai, T.;  Li, M.-H.; Ling, J., Polymerization of N-Substituted 
Glycine N-Thiocarboxyanhydride through Regioselective Initiation of Cysteamine: A Direct 
Way toward Thiol-Capped Polypeptoids. Macromolecules 2018, 51 (12), 4494-4501. 
 
113. Ewing, S. P.;  Lockshon, D.; Jencks, W. P., Mechanism of cleavage of carbamate anions. 
J. Am. Chem. Soc. 1980, 102 (9), 3072-3084. 
 
114. Kolthoff, I. M.;  Chantooni, M. K.; Bhowmik, S., Dissociation constants of uncharged 
and monovalent cation acids in dimethyl sulfoxide. J. Am. Chem. Soc. 1968, 90 (1), 23-28. 
 
115. Bordwell, F. G.; Algrim, D., Nitrogen acids. 1. Carboxamides and sulfonamides. J. Org. 
Chem. 1976, 41 (14), 2507-2508. 
 
116. Zevatskii, Y. E.;  Samoilov, D. V.; Panina, N. S., Calculations of dissociation constants 
of carboxylic acids by empirical and quantum-chemical DFT methods. Russ. J. Gen. Chem. 
2009, 79 (5), 944-952. 
 
117. Gazeau-Bureau, S. p.;  Delcroix, D.;  Martín-Vaca, B.;  Bourissou, D.;  Navarro, C.; 
Magnet, S. p., Organo-Catalyzed ROP of ϵ-Caprolactone: Methanesulfonic Acid Competes with 
Trifluoromethanesulfonic Acid. Macromolecules 2008, 41 (11), 3782-3784. 
 
118. Coady, D. J.;  Horn, H. W.;  Jones, G. O.;  Sardon, H.;  Engler, A. C.;  Waymouth, R. M.;  
Rice, J. E.;  Yang, Y. Y.; Hedrick, J. L., Polymerizing Base Sensitive Cyclic Carbonates Using 
Acid Catalysis. ACS Macro Lett. 2013, 2 (4), 306-312. 
 
119. Johnston, D. S., Macrozwitterion polymerization. In Adv. Polym. Sci., Polymer: 1982; 
Vol. 42, pp 51-106. 
 



99 
 

120. Saegusa, T.;  Kobayashi, S.;  Kimura, Y.; Ikeda, H., No Catalyst Copolymerization by 
Spontaneous Initiation. A New Method of Preparation of Alternating Copolymers. Journal of 
Macromolecular Science: Part A - Chemistry 1975, 9 (5), 641-661. 
 
121. Jeong, W.;  Shin, E. J.;  Culkin, D. A.;  Hedrick, J. L.; Waymouth, R. M., Zwitterionic 
polymerization: a kinetic strategy for the controlled synthesis of cyclic polylactide. J. Am. Chem. 
Soc. 2009, 131 (13), 4884-91. 
 
122. Lahasky, S. H.;  Hu, X.; Zhang, D., Thermoresponsive Poly(α-peptoid)s: Tuning the 
Cloud Point Temperatures by Composition and Architecture. ACS Macro Lett. 2012, 1 (5), 580-
584. 
 
123. Pepper, D. C., Kinetics and Mechanisms of Zwitterionic Polymerizations of Alkyl 
Cyanoacrylates. Polym. J. 1980, 12 (9), 629-637. 
 
124. Azechi, M.;  Toyota, N.;  Yamabuki, K.;  Onimura, K.; Oishi, T., Anionic polymerization 
of N-substituted maleimide with achiral and chiral amines as an initiator. Polym. Bull. 2010, 67 
(4), 631-640. 
 
125. Jaacks, V.; Mathes, N., Formation of macrozwitterions in the polymerization of β-
lactones initiated by tertiary amines. 2nd communication on macrozwitterions. Makromolekul. 
Chem. 1970, 131 (1), 295-303. 
 
126. Saegusa, T.;  Kimura, Y.;  Ishikawa, N.; Kobayashi, S., Polymerization via Zwitterion. 9. 
Alternating Copolymerizations of 2-Phenyl-1,3,2-dioxaphospholane with Electrophilic 
Monomers of Acrylic Acid, β-Propiolactone, and Acrylamide. Macromolecules 1976, 9 (5), 724-
727. 
 
127. Kricheldorf, H. R.; Lee, S.-R., Polylactones. 35. Macrocyclic and Stereoselective 
Polymerization of .beta.-D,L-Butyrolactone with Cyclic Dibutyltin Initiators. Macromolecules 
1995, 28 (20), 6718-6725. 
 
128. Kern, W.; Jaacks, V., Some kinetic effects in the polymerization of 1,3,5-trioxane. 
Journal of Polymer Science 1960, 48 (150), 399-404. 
 
129. Mathes, N.; Jaacks, V., On the mechanism of polymerization of formaldehyde initiated 
by tertiary amines and phosphines. . Makromolekul. Chem. 1970, 135 (1), 49-67. 
 
130. Mathes, N.; Jaacks, V., On the Mechanism of Polymerization of Formaldehyde Initiated 
by Tertiary Amines and Phosphines. Makromolekul. Chem. 1970, 135 (1), 49-67. 
 
131. Jaacks, V.; Mathes, N., Formation of Macrozwitterions in the Polymerization of P-
Lactones Initiated by Tertiary Amines. Makromolekul. Chem. 1970, 131 (1), 295-303. 
 



100 
 

132. Kricheldorf, H. R.;  Von Lossow, C.; Schwarz, G., Tertiary amine catalyzed 
polymerizations of α-amino acidN-carboxyanhydrides: The role of cyclization. J. Polym. Sci., 
Part A: Polym. Chem. 2006, 44 (15), 4680-4695. 
 
133. Johnston, D. S.; Pepper, D. C., Ethyl and Butyl Cyanoacrylates Polymerised by Pyridine 
and Polyvin ylp yridine. Makromolekul. Chem. 1981, 182 (2), 407-420. 
 
134. Cronin, J. P.; Pepper, D. C., Zwitterionic polymerization of butyl cyanoacrylate by 
triphenylphosphine and pyridine. Makromolekul. Chem. 1988, 189 (1), 85-102. 
 
135. Johnston, D. S.; Pepper, D. C., Ethyl and Butyl Cyanoacrylates Polymerised by Triethyl 
and Triphenylphosphines. Makromolekul. Chem. 1981, 182 (2), 393-406. 
 
136. Connor, E. F.;  Nyce, G. W.;  Myers, M.;  Mock, A.; Hedrick, J. L., First example of N-
heterocyclic carbenes as catalysts for living polymerization: organocatalytic ring-opening 
polymerization of cyclic esters. J. Am. Chem. Soc. 2002, 124 (6), 914-5. 
 
137. Rodriguez, M.;  Marrot, S.;  Kato, T.;  Stérin, S.;  Fleury, E.; Baceiredo, A., Catalytic 
activity of N-heterocyclic carbenes in ring opening polymerization of cyclic siloxanes. J. 
Organomet. Chem. 2007, 692 (4), 705-708. 
 
138. Kamber, N. E.;  Jeong, W.;  Gonzalez, S.;  Hedrick, J. L.; Waymouth, R. M., N-
Heterocyclic Carbenes for the Organocatalytic Ring-Opening Polymerization of ε-Caprolactone. 
Macromolecules 2009, 42 (5), 1634-1639. 
 
139. Saegusa, T.;  Kobayashi, S.; Kimura, Y., Polymerization via Zwitterion. 11. Alternating 
Cooligomerizations of 2-Phenyl-1,3,2-dioxaphospholane with Vinyl Monomers having Electron-
Withdrawing Groups. Macromolecules 1977, 10 (1), 64-68. 
 
140. Saegusa, T.;  Ikeda, H.; Fujii, H., Alternating Copolymerization of 2-Oxazoline with β-
Propiolactone. Macromolecules 1972, 5 (4), 354-358. 
 
141. Saegusa, T.;  Kobayashi, S.; Kimura, Y., Polymerization via Betaine. II. Alternating 
Copolymerization of 2-Oxazoline with β-Lactones. Macromolecules 1974, 7 (1), 1-4. 
 
142. Saegusa, T.;  Kobayashi, S.; Kimura, Y., Polymerization via Betaine. III. Alternating 
Copolymerization of 2-Oxazoline with Acrylic Acid Involving Proton Transfer of the Acid. 
Macromolecules 1974, 7 (1), 139-140. 
 
143. Saegusa, T.;  Kimura, Y.;  Sawada, S.; Kobayashi, S., Polymerization via Betaine. V. 
Alternating Copolymerization of 1,3,3-Trimethylazetidine with Acrylic Acid. A Novel Method 
for the Preparation of Amine-Ester Type Polymer. Macromolecules 1974, 7 (6), 956-958. 
 
144. Saegusa, T.;  Ikeda, H.;  Hirayanagi, S.;  Kimura, Y.; Kobayashi, S., Polymerization via 
Zwitterion. VII. Alternating Ring-Opening Copolymerization of 2-Methyl-2-oxazoline with 3-
Hydroxy-1-propanesulfonic Acid Sultone. Macromolecules 1974, 8 (3), 259-261. 



101 
 

 
145. Saegusa, T.;  Kobayashi, S.; Kimura, Y., Polymerization via Zwitterion. VI. A Novel 
Alternating Copolymerization of Acrylamide with Cyclic Imino Ethers Involving Proton 
Transfer of the Amide. Macromolecules 1975, 8 (3), 374-376. 
 
146. Saegusa, T.;  Kobayashi, S.; Furukawa, J.-i., Polymerization via Zwitterion. VIII. 
Alternating Cooligomerizations of N-Benzylideneaniline with Electrophilic Monomers. 
Macromolecules 1975, 8 (6), 703-705. 
 
147. Saegusa, T.;  Kobayashi, S.; Furukawa, J.-i., Polymerization via Zwitterion. 10. 
Alternating Cooligomerization of 2-Methyl-2-oxazoline with Ethylenesulfonamide. 
Macromolecules 1976, 9 (5), 728-731. 
 
148. Vila, J. A.;  Ripoll, D. R.; Scheraga, H. A., Physical reasons for the unusual alpha-helix 
stabilization afforded by charged or neutral polar residues in alanine-rich peptides. Proc Natl 
Acad Sci U S A 2000, 97 (24), 13075-9. 
 
149. Hu, Y.;  Hou, Y.;  Wang, H.; Lu, H., Polysarcosine as an Alternative to PEG for 
Therapeutic Protein Conjugation. Bioconjug Chem 2018, 29 (7), 2232-2238. 
 
150. d, D. B. a. l. l. a. r. d. C. B. a. m. f. o. r., Studies in polymerization 
 
VII. The polymerization of iV-carboxy-a-amino acid anhydrides. 1953, 223 (1155), 495-520. 
 
151. Li, A.;  Lu, L.;  Li, X.;  He, L.;  Do, C.;  Garno, J. C.; Zhang, D., Amidine-Mediated 
Zwitterionic Ring-Opening Polymerization of N-Alkyl N-Carboxyanhydride: Mechanism, 
Kinetics, and Architecture Elucidation. Macromolecules 2016, 49 (4), 1163-1171. 
 
152. Bai, T.;  Shen, B.;  Cai, D.;  Luo, Y.;  Zhou, P.;  Xia, J.;  Zheng, B.;  Zhang, K.;  Xie, R.;  
Ni, X.;  Xu, M.;  Ling, J.; Sun, J., Understanding ring-closing and racemization to prepare alpha-
amino acid NCA and NTA monomers: a DFT study. Phys. Chem. Chem. Phys. 2020, 22 (26), 
14868-14874. 
 
153. Zheng, B.;  Bai, T.;  Tao, X.;  Schlaad, H.; Ling, J., Identifying the Hydrolysis of 
Carbonyl Sulfide as a Side Reaction Impeding the Polymerization of N-Substituted Glycine N-
Thiocarboxyanhydride. Biomacromolecules 2018, 19 (11), 4263-4269. 
 
154. Hernández de la Peña, L., Solving Simple Kinetics without Integrals. J. Chem. Educ. 
2016, 93 (4), 669-675. 
 
155. G. L. Rowley, G. L. K., The conversion of isotopically labeled glycine to 1-methyl-2-
amino-2-imidazolin-4-one (creatinine). J. Heterocycl. Chem. 1972, 9 (2), 203-205. 
 
156. Matsumoto, K.; Rapoport, H., Preparation and properties of some acyl-guanidines. J. 
Org. Chem. 2002, 33 (2), 552-558. 
 



102 
 

157. H. Kessler, D. L., Nachweis innermolekularer beweglichkeit durch NMR-
spektroskopie—XV : Untersuchungen zur inversion am doppelt gebundenen stickstoffatom am 
beispiel der tetramethylguanidine. Tetrahedron 1970, 26 (8), 1805-1820. 
 
158. Fetsch, C.;  Grossmann, A.;  Holz, L.;  Nawroth, J. F.; Luxenhofer, R., Polypeptoids from 
N-Substituted Glycine N-Carboxyanhydrides: Hydrophilic, Hydrophobic, and Amphiphilic 
Polymers with Poisson Distribution. Macromolecules 2011, 44 (17), 6746-6758. 
 
159. Yu, T.;  Yamada, T.; Weiss, R. G., In situ Formation of Thermally Stable, Room-
Temperature Ionic Liquids from CS2and Amidine/Amine Mixtures. Chem. Mater. 2010, 22 (19), 
5492-5499. 
 
160. Werner, H. M.;  Cabalteja, C. C.; Horne, W. S., Peptide Backbone Composition and 
Protease Susceptibility: Impact of Modification Type, Position, and Tandem Substitution. 
Chembiochem 2016, 17 (8), 712-8. 
 
161. Zhou, P.;  Shen, T.; Ling, J., Synthesis and properties of polypeptoid‐containing block 
copolymers: A review. Journal of Polymer Science 2021. 
  



103 
 

Vita 

David Thomas Siefker was born and raised in Meridian, Mississippi, USA. David received 

his Bachelor of Science degree in polymer science and engineering from the University of 

Southern Mississippi in 2016. The summer after graduating, David joined Professor Donghui 

Zhang’s group to start research at Louisiana State University. In the spring of 2017, David 

officially joined Prof. Zhang’s group and focused on his graduate research interests on developing 

new synthetic strategies towards pseudo-polypeptidic polymers. David will continue work in 

academia with a Post-Doctoral position at Sorbonne University. 


	Moisture-Tolerant and Operationally Simple Synthesis of Synthetic Polypeptides and Polypeptoids by Ring-Opening Polymerization of N-Thiocarboxyanhydrides
	Recommended Citation

	Chapter 4. Zwitterionic Ring-Opening Polymerization of Sarcosine-Derived N-Thiocarboxyanhydride Toward Well-Defined Polysarcosine Mediated by 1,1,3,3-Tetramethylguanidine.
	4.1. Introduction
	Chapter 4 proposes using the carbonyl sulfide as a nucleophile instead of an amine in the ROP of sarcosine-derived NTAs. Zwitterionic polymerization proceeds via zwitterionic propagating species where one chain end is positively charged while the othe...
	Polysarcosine, a structural analog of polyalanine, is the structurally most simple polypeptoid, an emerging class of pseudo-peptidic polymers featuring an N-substituted polyglycine backbone.8 Due to N-methyl substitution, polysarcosine is highly water...
	Sarcosine-derived N-thiocarboxyanhydride (Me-NNTA), the mercapto analog of the Me-NNCA, has been increasingly scrutinized for polymerization to produce polysarcosine, given its significantly enhanced hydrolytic stability and shelf-life relative to Me-...
	Chapter 4 focuses on investigating the ring-opening polymerization of sarcosine-derived NTA (Me-NNTAs) using 1,1,3,3,-tetramethylguanidine (TMG) as the initiator. The reaction was shown to exhibit controlled polymerization characteristics and proceed ...
	4.2. Materials and Methods
	4.3. Results and Discussion
	Me-NNTA monomer synthesized by following a reported procedure. The structure and purity of the monomer was confirmed by a combination of 1H NMR, 13C NMR, and FTIR spectroscopy (Figure D.1-3).73
	Polymerization of Me-NNTA in the presence of TMG was first screened in different solvents at 25 C using a constant monomer-to-initiator ratio ([Me-NNTA]0:[TMG]0=160:1). The quantitative conversion was obtained within 5 h for polymerization conducted i...
	A series of polymerizations of Me-NNTA in the presence of TMG were conducted in CH2Cl2 at 25 C with a constant initial monomer concentration ([Me-NNTA]0=1.0 M) and varying initial monomer-to-initiator molar ratios ([Me-NNTA]0:[TMG]0=25:1 ̶ 400:1) (Sch...
	Figure 4.2. (A) Full and (B) expanded MALDI-TOF MS spectra of a low molecular weight polysarcosine polymers obtained by the TMG-mediated ROP of Me-NNTA in CH2Cl2 at 25 C, and (C) the polymer structures that are consistent with the mass ions in the MS ...
	SEC-MALS-DRI analysis revealed a monomodal distribution of the polysarcosine polymers with Mn value in the 1.9-28.1 kg/mol-1 range that can be controlled by adjusting the initial monomer-to-TMG ratios (Table 4.1). The polymer molecular weight distribu...
	Figure 4.3. (A) Representative SEC chromatograms of polysarcosine obtained by ZROPs of Me-NNTA using TMG initiators with varying initial monomer-to-initiator ratios after reaching quantitative conversion in 1 to 20 h (Conditions: [M]0 = 1.0 M, [I]0=40...
	Kinetic studies were conducted for the TMG-mediated polymerization of Me-NTA in CH2Cl2 at 25 C with a constant initial monomer concentration ([M]0= 0.5M) and varying the initial monomer-to-initiator ratio ([M]0:[I]0= 25:1-100:1) (Figure 4.3., A). The ...
	Figure 4.4. (A) Plots of ln([M]0/[M]t) versus time for polymerization of Me-NNTA using TMG initiators with varying initial monomer-to-initiator ratio ([M]0:[I]0 = 25:1 (■), 50:1 (▲), 80:1 (●), and 100:1 (▼)) and linear fitting of the data (---) (kobs=...
	The plots kobs versus initial TMG concentrations also afforded a linear relationship, indicating a first-order dependence of the polymerization rate on the initiator concentration with the polymerization rate constant (kp) of 83± 3 M-1h-1. In addition...
	Figure 4.5. (A) SEC chromatograms of polysarcosine polymers obtained from the chain extension using a low molecular weight polysarcosine macroinitiator (Mn (SEC) = 4.4 kg/mol, Ɖ = 1.08) or (B) a high molecular weight polysarcosine macroinitiator (Mn (...
	Chain extension was also conducted using a low (Mn (SEC) = 10.8 kg/mol, Ɖ = 1.004) or a high molecular weight polysarcosine macroinitiator (Mn (SEC) = 4.4 kg/mol, Ɖ = 1.08) formed in situ by the TMG-mediated polymerization of Me-NNTA in CH2Cl2 at 25 C...
	In addition, the Mn of the polysarcosine polymers resulting from each chain extension reaction agrees well with the theoretical value assuming quantitative chain extension (Table 4.2). It should be noted that a small shoulder at a short elution time b...
	To further assess the extent of intermolecular coupling of propagating macrozwitterions 2 via transamidation (Scheme 4.2.), polysarcosine polymers synthesized by TMG-initiated ROP of Me-NNTA was allowed to stand in CH2Cl2 at 25  C or 50  C for an addi...
	Based on the above results, we propose that the TMG-mediated polymerization of Me-NNTA is initiated by ring-opening addition of Me-NNTA with TMG to form a zwitterionic initiating species bearing an acyl guanidinium and a thiocarbamate moiety 1 (Scheme...
	Scheme 4.2. Proposed Mechanism Mediated by TMG and nBuNH2.
	Our proposed mechanism for the TMG-mediated polymerization of Me-NNTA is based on the following considerations. First, the rate of polymerization of Me-NNTA using TMG initiators is faster than that using nBuNH2  initiators by nearly two folds (Figure ...
	Chapter 4 shows that TMG-mediated polymerization of Me-NNTA can occur rapidly under mild conditions. The reaction exhibits controlled polymerization characteristics, producing well-defined polysarcosine polymers with predictable molecular weights in t...
	Table 4.2. Summary of polymerization rate constant (kp) of ROPs of Me-NNTA or Me-NNCA using different initiators or under different conditions (temperature or solvent).
	The kp of the polymerization initiated by TMG is comparable to primary amine-initiated NCAs or NTAs that require anhydrous conditions or elevated temperatures (Table 4.2.). The living nature of the propagating species allows for multiple chain extensi...

