
ABSTRACT 

DAVERN, CAROLYNN M. Expanding the Toolbox of Structure-Inducing Peptoid Monomers: 

Synthesis, Conformational Analysis, and Applications of N-imino, N-alkylamino, and N-3-

(alkylamino)propyl-glycines. (Under the direction of Dr. Caroline Proulx). 

 

Peptoids are a class of peptidomimetics in which the side chain is bound to the backbone 

nitrogen rather than the Ŭ-carbon, giving N-substituted glycine oligomers. Compared to peptides, 

peptoids exhibit increased resistance to proteases and greater side chain diversity. However, these 

peptide mimics possess greater flexibility than their peptide counterparts because of the lack of a 

chiral center and backbone hydrogen bond donor. Thus, peptoid monomers that are structure-

inducing, easy to incorporate, and tolerate diverse substitution patterns are especially valuable. To 

restrict conformational freedom in N-substituted glycines, incorporation of cis- and trans-inducing 

side chains have been reported. In this work, the use of a wide range of hydrazones as 

submonomers is demonstrated to give the trans-inducing N-imino side chains, as well as the 

reduction of this side chain to the N-alkylamino form. Analytical techniques such as NMR, X-ray 

crystallography, and computational analyses of model compounds were used to confirm the trans-

amide bond conformation. Oligomers were also synthesized on solid support following the 

submonomer method. The success of these oligomers indicates that the hydrazones are 

straightforward to install as well as be coupled on to. As hydrazones can be synthesized from 

hydrazine and any commercially available aldehyde, N-imino and N-alkylamino glycines are able 

to provide a wide range of side chain diversity, which is unusual for a structure-inducing 

compound. After the initial proof of concept, the hydrazones were further explored and issues such 

as imine exchange were addressed.  

Further applications of the N-imino and N-alkylamino glycines were also investigated. 

Examples include using these novel structure-inducing residue in antimicrobial peptoids or to 



provide ribbon-like secondary structures. Both of these applications also require the incorporation 

of a cationic side chain. While there has been some development with these types of peptoid 

submonomers, there was a necessity for further optimization to ensure synthetic compatibility with 

the N-imino glycines. Overall, a few methods were attempted to include a positively charged side 

chain on a peptoid oligomer including direct submonomer installation following literature 

precedent. When this did not work as well as was hoped, a new method for a late-stage amination 

was developed in which a 3-chloropropylamine submonomer was installed in pattern with other 

peptoid residues, and the chloride is later displaced with an amine of choice to form N-3-

(alkylamino)propyl glycines. This method allows for increased ease of synthesis compared to the 

direct installation of a cationic submonomer and will potentially allow for the formation of new 

antimicrobial peptoids or peptoids with novel secondary or higher order structures. 
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CHAPTER 1 

1.1 Introduction to peptoids 

Peptoids are a type of peptidomimetic in which the side chain is bound to the backbone nitrogen 

rather than the Ŭ-carbon, making it a constitutional isomer of a native peptide (Figure 1.1). 

Compared to a native peptide, peptoids have increased side chain diversity and are more resistant 

to proteolysis.1 They are easily synthesized following the submonomer method2 on both solid 

support and in solution. Peptoids can also adopt precise secondary structures (such as ribbons3, 

                                                 

                        
Figure 1.2 Structure-dependent applications of peptoids. A) Schematic model of a two-helix bundle made using cis-inducing Ŭ-

chiral N-(S)-( )-1-phenylethylamine glycine monomers and chiral anionic and cationic  monomers with a Gly-Pro-Gly-Gly turn 
region. Thiol and imidazole side chains were included as zinc-binding motifs to promote stabilization of the overall structure, 

mimicking the natural zinc finger domains in DNA-binding proteins. B) Helical porphyrin-peptoid conjugate synthesized using 

cis-inducing Ŭ-chiral N-(S)-( )-1-phenylethylamine glycine monomers to induce the helical fold, interspersed with N-(1,4-
diaminobutane) glycines for post synthetic porphyrin conjugation for use in artificial photosynthetic complexes. C) Molecular 

model of surfactant protein C peptoid structure. Helical/hydrophobic region is formed of chiral N-(S)-( )-1-phenylethylamine 
glycine monomers (green). Charged residues (NLys and NArg are in red while a flexible, achiral region is shown in blue. When 
integrated into a lipid film, it could be used as a biomimetic lung surfactant for the treatment of respiratory distress syndrome. D) 
Computational structure of a peptoid trimer with S-pyrrolidine group at the N-terminus and two N-(R)-1-naphthylethylamine 
glycines, forming a ɓ-turn peptoid for use as asymmetric catalysts in Michael reactions. E) Computationally optimized structure 
of a peptoid sequence coordinated with uranyl via N-piperonylamine glycine monomers. This work is the beginning of the design 
and synthesis of libraries of peptoids with high affinity for the uranyl group. F) Schematic view showing the different surface 
coatings of brush (left) and block (right) of peptoids containing charged N-ethylammonium glycine monomers on 3D wireframed 

octahedra-shaped DNA origami which results in varied protection effects. The study shows that peptoid-coated DNA origami may 
serve as a multifunctional fabrication platform for targeted drug delivery, therapeutics, and sensing. 

 
Figure 1.1 Peptide vs. peptoid structure with different peptoid characteristics highlighted. 

A. B. 

D. E. F.

. 

C. 
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turns,4ï6 helices7ï10, and sheets11), leading to some structure-dependent applications of peptoids. 

Some examples of these applications include use as 1) DNA-binding protein mimics for molecular 

recognition (Figure 1.2A),12 2) promoters of alternate amyloid-ɓ protein aggregation pathways,13 

3) helical scaffolds for use as photosensitizers (Figure 1.2B),14,15 antimicrobial lung surfactants 

(Figure 1.2C),16,17 or enantioselective oxidants,18 4) ɓ-turn structures for use as asymmetric 

catalysts (Figure 1.2D),4 5) ligands for uranyl sequestration from seawater (Figure 1.2E),19 6) 

rationally designed molecular coatings for DNA origamis (Figure 1.2F), 7) macrocyclic ɓ-catenin 

TCF interaction inhibitors,20 and 8) antibody-binding peptoids used in bioseparations.21 In 

addition, peptoids also have merit for their use in polymer mimicry and self-assembly into 2D 

structures (see Chapter 1.5).22ï27  

 

1.2 Solid phase synthesis 

Peptoids are easily synthesized on solid support following an iterative set of two steps called 

the submonomer method (Scheme 1.1).28 Distinct from round bottom flask chemistry, solid-phase 

peptide synthesis (SPPS) can be done in a plastic cartridge using resin with a specific linker used 

for building peptides, peptoids, or other peptide mimics. SPPS allows for the use of an excess of 

reagents at each step, which tends to promote high yields for each monomer addition cycle. After 

each reaction, the reagents are quickly drained from the reaction vessel and washed away from the 

resin with solvent, eliminating the need for lengthy purifications.  Standard peptoid synthesis is 

comprised of two reactions repeated until the desired oligomer length is reached. For some bulkier 

or otherwise difficult submonomers, alterations to these steps are necessary. Overall, each reaction 

step gives part of the whole monomer, which is why this method is dubbed the submonomer 

method. First, bromoacetylation of a primary amine is performed using bromoacetic acid activated 

with diisopropylcarbodiimide (DIC), followed by an SN2 displacement with a primary amine. 

These two steps are repeated until the desired peptoid length is reached (up to 50 N-substituted 

 
Scheme 1.1 Solid-phase submonomer peptoid synthesis method. 
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glycines is possible with up to 95% crude purity).2 Because of this straightforward mode of 

synthesis, peptoid synthesis is easily automatable and can be done using a robot.2 After synthesis, 

the peptoid is cleaved from the resin with a trifluoroacetic acid cleavage cocktail (see more in 

section 2.2). The cleavage cocktail typically includes a scavenger to quench reactive carbocations 

that may be present in side chain protecting groups (i.e. trityl or boc). 

A wide range of primary amines are commercially available, (Figure 1.3) providing a great 

opportunity for side chain diversity to be incorporated during the displacement step, which is 

important for downstream applications. Amines are available that simulate the canonical amino 

acids, as well as adding other interesting side chains such as sugars29,30 or propargyl/azide 

submonomers that are later used in click chemistry reactions to give triazole/triazolium 

moieities.31,32 However, one issue with using some primary amines is that there is typically a 

negligible energy difference between cis- and trans- amide bond confirmations for most of these 

submonomers (Figure 1.4), and as a result neither amide bond conformation is truly preferred. 

This is partially conferred by the tertiary amide that is not present in native peptides, along with 

the fact that without a native hydrogen bond donor in the backbone, long range interactions must 

be obtained through other means. Most N-substituted glycines typically do not readily allow for 

formation of secondary structures on their own, which tends to preclude their ability to mimic 

peptide-based drugs. Fortunately, there are some amine submonomers that have been shown in the 

past to provide N-substituted glycines with preferences for either cis- or trans- amide bond 

conformations. To quantify this preference, rotamer equilibrium constants (Kcis/trans) are calculated 

by dividing the population of the compound in the cis-amide bond conformation by the population 

 
Figure 1.4 A negligible energy difference between the cis- and trans- rotamers for most peptoid monomers means that neither 
amide bond conformation is preferred. 

 
Figure 1.3. Some commercially available amines that are available for use is solid phase peptoid synthesis. 
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of the compound in the trans-amide bond conformation. Values greater than 1 indicate a preference 

for the cis-conformation while values less than 1 indicate a trans-amide bond preference. 

 

1.3 Structure-inducing peptoid monomers 

Steric or electronic interactions between the side chains and backbone are typically necessary 

for inducing structure into peptoids. Some examples of monomers that promote the cis- amide 

bond conformation include those with bulky Ŭ-chiral aromatic,3,9,10,33 triazolium,31,34 

fluorinated,8,35,36 tert-butyl,7,37 and cationic alkyl ammonium38 side chains (Table 1.1, entries 1-

5). The cis- conformer is typically preferred with these types of monomers in order to avoid steric 

hindrance between the backbone and side chain. In some cases, the cis- conformation also provides 

stabilizing conditions like hydrogen bonding between the backbone and side chain. In comparison, 

trans- inducing monomers include those with aryl,5,33,39,40 hydroxyl,11 alkoxy,41 and acyl 

hydrazide42,43 side chains (Table 1.1, entries 6-8). We have also recently contributed to this space 

by developing hydrazones as submonomers to form N-imino or N-alkylamino glycines,44 which 

are described in detail in the following chapters. Trans- inducing residues typically rely on electron 

density in the side chain. In the trans- conformation, lone pairs on the carbonyl oxygen can avoid 

the electron dense side chains (i.e. aromatic rings and heteroatoms with lone pairs). Both cis- and 

trans- amide bond inducing residues are imperative in the design of predictable peptide-like 

secondary structures.  

Structure-inducing residues have proven to be difficult to incorporate in the past due to their 

reduced nucleophilicity, especially in the case of the N-aryl glycines (Table 1.1, entry 6). 

Prolonged and/or heated displacements and bromoacetylations are required to include more than 

one of these residues.39 The addition of AgClO4
45 has also been used in the past to improve yields 

for the N-aryl glycine residue, especially with electron-withdrawing groups.  

The other trans- inducing residues shown in Table 1.1 (entries 7-8) are somewhat less difficult 

to incorporate and are thought to utilize lone pair- lone pair repulsion to promote the amide bond 

conformation. N-alkoxy glycine monomers and their deprotected form, N-hydroxy glycine, both 

have oxygen as a heteroatom Ŭ to the backbone nitrogen. Work done by Blackwellôs group 

incorporates the N-hydroxy glycine11 in peptoid monomers and oligomers to induce a trans-amide 

bond conformation, confirmed by NMR and X-ray crystallography (Figure 1.5). An advantage of 

this side chain is the presence of a hydrogen bond donor in the side chain (rather than in the 
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Table 1.1. Characteristics of conformationally restricted peptoid monomers 
 Monomer Kcis/trans Characteristics Disadvantages 

1.  

Chiral 1-
naphthylethylamine/ 
1-phenylethylamine 

 

Nap: ~6 
Phen: ~3 

¶ Uses sterics to promote 
cis-amide  

¶ Chirality can promote 
handedness of 
secondary structures 
formed 

¶ Low monomer addition yields 

¶ Create overall structures that are 
too hydrophobic for use in 
aqueous media 

2.  

tert-butylamine 

 

>19 
¶ Uses sterics to promote 

cis-amide 

¶ Extremely nonpolar 

¶ Incompatible with solid phase 
synthesis because of instability 
during acid cleavage 

¶ No side chain diversity 

3.  

Cationic Triazolium 

 

~20 

¶ Uses electronics 
(nŸˊ*) to promote cis-
amide  

¶ Hydrophilic 

¶ Two extra synthesis steps per 
monomer incorporation 

4.  

Fluoroalkyl 

 

~2 

¶ Uses dipole-dipole 
interactions instead of 
chirality or charge to 
promote cis-amide 

¶ Limited diversity (R only = H or 
F) 

5.  

Ammonium alkyl 

 

Up to 70 
(R group 
dependent) 

¶ Uses intramolecular 
hydrogen bonding to 
promote cis-amide 

¶ Hydrophilic 

¶ Require multistep synthesis steps 
for some side chains 

6.  

Aryl  

 

0.07 
¶ Uses electronic 

repulsion to promote 
trans-amide 

¶ Displacements/bromoacetylations 
must be done under special 
conditions 

¶ Difficult to establish stereogenic 
groups 

¶ Difficult to establish chemical 
diversity 

7.  

Alkoxy/Hydroxy 

 

Alkoxy: 
<0.05 
Hydroxy: 
<0.05 

¶ Uses lone pair ï lone 
pair repulsion to 
promote trans-amide  

¶ Hydroxy side chains 
have a intramolecular 
hydrogen bond donor to 
form sheet-like 
structure 

¶ Limited side chain diversity 

¶ Requires deprotection step to 
access -OH 

8.  

Acyl hydrazide 

 

0.05 

¶ Uses lone pair ï lone 
pair repulsion to 
promote trans-amide  

¶ Potential intermolecular 
hydrogen bond donor 

¶ Incompatible with other amine 
submonomers in standard peptoid 
synthesis when R = Ar 

¶ Requires heating in bromo-
acetylation and displacement 
steps 
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backbone as in native peptides) which promotes a hydrogen bonding network. This network along 

with the other electrostatic forces promote the trans-amide bond conformation for this monomer. 

Homodimers of the N-hydroxy glycine monomer were found to form into a sheet-like secondary 

structure enabled by the intermolecular hydrogen bonds (Figure 1.5D).  

 

The third known trans-inducing monomer listed is the N-acyl hydrazide glycine42,43 developed 

by Kodadekôs group. Upon synthetic investigation on solid support, it was discovered that libraries 

of peptoids derived completely from acyl hydrazides were typically successful (though they 

require increased equivalents of reagents and higher temperatures than used in standard peptoid 

synthesis). However, including these residues in standard peptoids proved to be somewhat 

problematic in some cases. Using methylamine as the submonomer after an aryl acyl hydrazide 

was found to result in about 25% cyclization. Switching the primary amine used to isopropylamine 

increased the percent cyclization to 70%, so it was initially concluded that the use of amines and 

 
Figure 1.5: A) Structure of N-hydroxy glycine monomer with weak and strong NOESY interactions indicated from B) 2D-NOESY 
NMR, where 1 is a weak interaction between the acetyl and backbone methylene and 2 is a strong interaction between the acetyl 

and sidechain -OH. C) Structure of N-hydroxy glycine homodimer that crystallized into D) a sheet-like secondary structure enabled 
by intermolecular hydrogen bonds between side chain -OH and carbonyl oxygens of other homodimers. 

 
Scheme 1.2 Isopropylamine acts as a base instead of a nucleophile during the displacement step, promoting cyclization with aryl 
acyl hydrazide side chains. 
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acyl hydrazides to synthesize peptoid oligomers should be avoided when aryl acyl hydrazides are 

used. It was determined that during this displacement step, the amine acts as a base and 

deprotonates the side chain rather than acting as a nucleophile to do the expected displacement 

(Scheme 1.2).  Interestingly, oligomers with alkyl or heteroaromatic acyl hydrazides do not cause 

cyclization under the same conditions.43 Though it is now an option to include aryl acyl hydrazides 

in standard peptoids, alkyl or heteroaromatic acyl hydrazides are required to be used as spacers to 

prevent cyclization, which is a disadvantage when designing primary peptoid sequences.  

As for trans-inducing capabilities, this side chain also includes a heteroatom Ŭ to the backbone 

nitrogen (another nitrogen in this case) that again uses lone pair- lone pair repulsions to promote 

the amide bond conformation, verified by 1H NMR. The X-ray crystal structure of an N-acyl 

hydrazide monomer also demonstrates that it is trans- inducing in solid state in both the backbone 

and the side chain (Figure 1.6). The crystal structure also reveals that the side chain is at a ~90° 

angle from the backbone, with no indication of a possible intramolecular hydrogen bond between 

the side chain -NH and carbonyl.  

  

 
Figure 1.6: A) Structure of N-acylhydrazide glycine monomer B) X-ray crystal structure, indicating trans-amide bond 

conformations in the sidechain and backbone.  



 

8 

  

1.4 Peptoid self-assembly 

Along with their ability to promote different secondary structures, peptoids have been shown 

to self-assemble into different nanomaterials with both biological and electronic applications with 

improved processability over peptides. Additionally, the ability to directly synthesize peptoids 

with precision and increased diversity in the primary sequence gives them another advantage over 

peptides in this application.  

One of example of a novel nanostructure is the 2D peptoid nanosheet, first developed by 

Zuckermann et al.27 a decade ago (Figure 1.7A). Composed of amphiphilic polypeptoids with 

achiral aromatic and ionic side chains, these 28-mers form one of the largest 2D organic crystals 

known. The amphiphilicity of these peptoids allows for sheet formation from the collapse of a 

monolayer formed the air-water interface while the achirality of the chains provides completely 

flat peptoid sheets, in comparison to ɓ-sheets formed by native peptides that have an inherent twist 

because of amino acid chirality. The cationic side chains were recently discovered to be in the cis-

conformation,46,47 though they were initially believed to prefer the trans-conformation based on 

previous studies with isolated molecules. In fact, using simulations and solid-state NMR, it was 

determined that the peptoid backbone of the sheets adopted a completely new secondary structure, 

the Ɇ-strand, named such as it is the ñsumò of two rotational states of adjacent monomers within 

 
 

        
Figure 1.7 Adapted from Nature 2015, 526, 415ï420. The peptoid nanosheet has recently been studied at the atomic level using 
molecular-dynamics simulations and NMR analysis. A) Bond line structure of 28-mer used in the formation of the nanosheet. B) 
Peptoid nanosheet obtained from molecular dynamics simulations, showing hydrophobic side chains fill in the inside of the sheet 
while the charged residues are located on the outside of the sheet. C) Single chain image of the molecular dynamics 28-mer in the 

trans-conformation compared to D) single chain image of the molecular dynamics study of the 28-mer in the cis-conformation in 
which the cis-conformation is more ordered. E) Fluorescence microscopy image of observed nanosheets stained with Nile red. 

A. B. 

C. E. 

D. 
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the oligomer.24,46,48 When packed into lattices or crystals, peptoid polymers favor a regular, 

extended, mostly cis- secondary structure which allows for increased order and tighter packing 

compared to the trans- secondary structure (which was also modeled) (Figure 1.7b-c). 

 

1.5 Overall goal and summary of dissertation 

With fewer options currently available for trans-inducing peptoid monomers, introducing a 

new trans-inducing residue that is also easily incorporated and provides chemical diversity is 

desired. We propose that the use of hydrazones as submonomers to yield N-imino and N-

alkylamino glycine monomers (Figure 1.8) will meet both criteria listed. Both monomers are 

hypothesized to be trans-inducing due to the nitrogen heteroatom with lone pairs Ŭ to the backbone 

nitrogen. The monomer is installed in the ñprotectedò N-imino form to prevent possible side chain 

reactions like those seen in Kodadekôs work42 (Scheme 1.2) and may later be reduced post- peptoid 

synthesis to reveal the hydrogen bond donor in the N-alkylamino glycine monomer side chain. A 

hydrogen bond donor in the side chain has been shown to promote the formation of other secondary 

structures in the past, like the N-hydroxy glycine sheet like structure (Figure 1.5d) .11 Additionally, 

it has been shown that peptide N-amination supports the formation of ɓ-sheet secondary 

structures,49 so the inclusion of N-alkylamino glycines may also promote the formation of specific 

secondary structures. 

Ultimately, it is theorized that these peptoid monomers will have utility in a variety of 

areas.The ability to form specific secondary structures with a high amount of side chain diversity 

means that peptoids with these monomers included may be good drug candidates and antimicrobial 

peptide mimics, or be able to promote self-assembly into various nanostructures. 

 

  

 
Figure 1.8: Structure of N-imino and N-alkylamino glycine monomers. 
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CHAPTER 2: Solid phase peptoid synthesis of oligomers containing N-imino and N-

alkylamino glycines 

Part of this work was published in Chem. Sci. 2021, 12, 8401. 

 

Using solid phase chemistry is an efficient way to synthesize libraries of peptoid oligomers. 

To better understand the utility of hydrazones as submonomers in this type of chemistry, both N-

imino and N-alkylamino glycine monomers are examined in the context of longer peptoid 

oligomers (Figure 2.1). In this chapter, the synthesis of these oligomers is discussed along with 

methods for cleavage from resin and increasing side chain diversity of the hydrazone submonomer.  

 

2.1 N-imino glycine compatibility with other peptoid monomers 

Solid phase peptoid synthesis is comprised of two reactions repeated until the desired oligomer 

length is reached, discussed in more detail in section 1.3. General steps consist of a 

bromoacetylation of a primary amine using 0.6 M bromoacetic acid in DMF activated with neat 

DIC for 25 minutes, followed by a resin wash with DMF and then an SN2 displacement with 1.5 

M primary amine or hydrazone in DMF for one hour. Both steps of the synthesis are typically 

performed by exposing the resin to an excess of reagent which can be quickly drained and washed 

away with solvent when the reaction is complete, so no purification steps are required between 

steps. These two steps are repeated until the desired peptoid length is reached, at which point the 

peptoid is cleaved from the resin using a trifluoroacetic acid (TFA) cleavage cocktail (see more 

details about cleavages in section 2.2).  

To determine how compatible the prototype benzaldehyde hydrazone is with other amines, 10 

sandwich sequences1 were synthesized on Rink amide resin by alternating amines with 

benzaldehyde hydrazone (the submonomer of interest) as submonomers (Scheme 2.1À). Both 

aniline and aminooxy nucleophiles were included in the scope as examples of submonomers that 

give trans-inducing N-substituted glycines. As hydrazones have not been used as submonomers in 

peptoid synthesis before, this experiment was also imperative in determining 1) how nucleophilic 

 
Figure 2.1: Structure of N-imino and N-alkylamino glycine monomers. 
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the hydrazone is, 2) how easy or difficult the bromoacetylation of the hydrazone residue would be, 

and 3) how stable the hydrazone is to cleavage conditions. Oligomers were extended to the 

pentamer stage to demonstrate that benzaldehyde hydrazone could also be installed at least twice 

within an oligomer.  

The N-imino glycine includes a protected side chain nitrogen, preventing nucleophilic attack 

onto a bromoacetylated peptoid intermediate to give cyclic products. In comparison, when using 

certain N-(acylhydrazide)glycines, this nucleophilic attack is promoted, making it a more difficult 

monomer to include in some cases (see section 1.4).2 However, this same protective N-imino side 

chain was also suspected of being susceptible to trans-imination reactions with the electrophilic 

imine carbon (Scheme 2.2) because of the excess of primary amine present when performing 

SPPS. If occurring, trans-imination would provide a free N-amino glycine that would allow for the 

formation of side products upon further bromoacetylation and displacement cycles. Thus far, 

evidence of this side reaction occurring has not been detected via LC-MS.  

 
Scheme 2.1: Solid phase synthesis of sandwich sequence pentamers 2.4a-i. Crude purities determined from LC-MS at 214 nm. 
Unless otherwise noted, peptoids were cleaved from the resin using 95:5 TFA:H2O for 10 minutes. aCleavage was performed using 
95:5 TFA:H2O for 2h to ensure complete removal of a tert-butyl ester protecting group.  
ÀThis part of the work was completed as part of my participation in an NSF-REU in the Proulx lab. 

 
Scheme 2.2: Possible trans-imination due to excess primary amine during bromine displacement step is not detected via LC-MS. 
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Overall, high crude purities are reported for most pentamers made following standard 

conditions, demonstrating the ease of synthesis with benzaldehyde hydrazone as a submonomer. 

With these results, it was confirmed that the benzaldehyde hydrazone submonomer was 

nucleophilic enough to displace the bromine in the displacement step. Once installed, the 

benzaldehyde N-imino glycine monomer 1) can be bromoacetylated once installed in the peptoid, 

and 2) is stable to 95:5 TFA:H2O cleavge conditions.  

The relative nucleophilicity of benzaldehyde hydrazone was also tested in a tripeptoid version 

of 2.4f by changing the haloacetic acid used before its installation (use of chloroacetic acid is 

necessary when working with heterocyclic side chains, see section 2.3). When chloroacetic acid 

was used in place of bromoacetic acid, the displacement with benzaldehyde hydrazone failed 

unless potassium iodide (KI) is also present to give the more reactive iodoacetamide after in situ 

halogen exchange (see Table 2.1).3 Thus, it can be concluded that benzaldehyde hydrazone is not 

as strong of a nucleophile as other primary amines that do not require the presence of KI in the 

displacement step, such as 2-phenylethylamine. However, it is likely a stronger nucleophile than 

benzoic hydrazide (used to make aryl N-acylhydrazide glycines), which cannot displace the 

chloride at increased temperature or with the use of microwave irradiation.2 The use of KI was not 

tested. 

Pentamers 2.4h-i had lower crude purities than the other oligomers included in this scope. 

Amines like aniline and o-benzylhydroxylamine have proven to be difficult to incorporate in the 

past, whether due to reduced nucleophilicity of the glycine residue in bromoacetylation steps (N-

aryl glycines, see section 1.4) or side-reactions going on with the side chain imine. Previous work 

in the Proulx research group utilizing N-aryl peptides as precursors in oxime ligations led to the 

Table 2.1: Nucleophilicty of benzaldehyde hydrazone in peptoid trimer synthesis.

 

Entry  Haloacetic acid 
Haloacetylation 

reaction time 

hydrazone displacement 

conditions 

Crude 

purity of 

2.10 

Crude 

pur ity of 

2.11 

1 Bromoacetic acid 5 min 1.5 M in DMF 91 0 

2 Chloroacetic acid 5 min 1.5 M in DMF 9 86 

3 Chloroacetic acid 5 min 1.5 M in 1.0 M KI in DMF 95 0 
aBromoacetic acid was used in the haloacetylation step to make compound 2.8. The haloacetic acid listed in the table was used 
for the final two submonomer additions in the respective tripeptoid 
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consideration that the lower crude purity of pentamer 2.4h could be attributed to the oxidation of 

the N-terminal N-aryl glycine. (Scheme 2.3).4ï7 However, the corresponding Ŭ-oxo aldehyde side 

product (2.14) was not observed by LC-MS analysis. The ease of synthesis of sandwich sequences 

with other primary amines implies that the synthetic problem lies with the aniline submonomer 

rather than the benzaldehyde hydrazone.  

The o-benzyl hydroxylamine is suspected to be an issue because of cyclization (Scheme 2.4). 

After the displacement step with o-benzylhydroxylamine, the electron-donating character of the 

oxygen heteroatom seems to increase the nucleophilicity of the N-substituted glycine residue 

enough to attack the imine carbon in the previous side chain, resulting in a 6-member ring 

(discussed in further detail in Chapter 3). In sample 2.4i, a potential cyclized trimer is detected 

with 27% crude purity, thus preventing the oligomer from being extended to the pentamer stage. 

To include these two side chains in sequence, it would be best to order it so that the benzaldehyde 

hydrazone is included after the o-benzyl hydroxylamine, thus preventing any possible cyclization. 

However, if it is desired to pattern these two in a longer sandwich-sequence pattern, it would be 

best to bromoacetylate the N-alkoxy side chain immediately after the displacement wash steps are 

complete to reduce the likelihood that this undesired cyclization would occur. 

ɓ-alanine t-butyl ester (2.4g) was also included as a submonomer to determine the 

compatibility of benzaldehyde hydrazone with an ionic residue. The ɓ-alanine t-butyl ester was 

incorporated with ease, which is promising for the use of N-imino glycines and a negatively 

 
Scheme 2.4: Possible product formation of cyclized byproduct when N-alkoxy glycine is present at the N-terminus. Additional 
evidence of this occurring in the solid state is presented in section 3.2. 

 
Scheme 2.3: Possible product formation of Ŭ-oxoaldehyde product when N-phenyl glycine is present at the N-terminus is not 
detected via LC-MS. 
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charged residue for forming secondary structures. The longer 95:5 TFA:H2O cleavage (required 

for t-butyl ester deprotection) also did not seem to decompose the N-imino glycines in the 

pentamer. 

 

2.2 Cleavage of N-imino and N-alkylamino glycine containing peptoids 

To analyze peptoids synthesized with SPPS, they must be released from the resin using an 

acidic cleavage cocktail. In this work, the C-terminus of the peptoid is bound to the polystyrene 

Rink amide resin with a carbamate linker that is stable to mild acid or base. After synthesis of the 

peptoid following the submonomer method, the peptoid is released by cleaving the linker with a 

strong acid like TFA. The acid is typically the major component in a ñcleavage cocktailò that also 

contains carbocation scavengers that prevent any side reactions that may be caused by the 

deprotection of peptoid side chains (i.e. a tert-butyloxycarbonyl [Boc] or trityl [Trt] protecting 

group). Some common carbocation scavengers used in peptide and peptoid chemistry are water, 

triisopropylsilane (TIPS), triethylsilane (TES), and phenol, among others. 

In section 2.1, most oligomers were cleaved from the resin using a common peptoid cleavage 

cocktail: 95:5 TFA:H2O for 10 minutes (or 2h for peptoid 2.4g). During the synthesis of sandwich 

sequences, it was noted that if the peptoid was cleaved at the tetramer stage (where an N-imino 

glycine is at the N-terminus) with this cleavage cocktail, the hydrazone side chain would easily 

undergo acid-catalyzed hydrolysis (Scheme 2.5), giving an unsubstituted N-amino glycine residue. 

Luckily, in the case of benzaldehyde hydrazone, acetylation or embedding this submonomer within 

a peptoid resulted in little to no hydrolysis of the side chain. When embedded or acetylated, the 

pKa of the side chain nitrogen may be lower than when it is not embedded/acetylated, meaning it 

is less likely to be protonated in acidic conditions, thus nucleophilic attack by a weaker nucleophile 

(water) is not promoted. 

Additionally, the addition of common carbocation scavengers (such as TIPS or TES) to the 

cleavage cocktail resulted in the reduction of the C=N imine bond in the side chain to the N-

 
Scheme 2.5: Acid catalyzed hydrolysis of N-terminal N-imino glycine residue. Predicted pKaôs of imino nitrogen atoms in the side 
chain are indicated that may explain why N-terminal N-imino glycine side chains are more easily hydrolyzed than those that are 
embedded within the peptoid. 
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alkylamino form. Again, it is hypothesized that the TFA in the cleavage cocktail is protonating the 

imine nitrogen to some extent, thus making the imine carbon a good electrophile for the attack of 

the hydride (a strong nucleophile) present in the silyl agents. TES has been shown to be the most 

effective reducing agent during these reactions, possibly because it is less sterically hindered. The 

discovery of this one-pot cleavage and reduction was especially exciting because previous attempts 

to reduce the imine on resin using acetic acid and sodium cyanoborohydride8 did not produce a 

full reduction of a single N-imino glycine. Overall, using TES as a reducing agent in the cleavage 

cocktail provides easy access to peptoid monomers with a new hydrogen bond donor site (NH) 

that may contribute to the overall stability of secondary structures of the oligomers. 

The ability to achieve a single product is very important in the future use of these peptoid 

monomers, so with these different examples in mind, more resin cleavage conditions were tested 

using tripeptoid 2.20 as a model compound (Table 2.2). A standard peptide cleavage cocktail was 

attempted first (Table 2.2, entry 1). This resulted in a mixture of products including both the N-

imino and N-alkylamino versions at a surprisingly low total crude purity of 26% (% area 

corresponding to the sum of 2.21 + 2.22) among other unidentified peaks. Reducing the time of 

the reaction to 10 minutes instead of 2 h (entry 2) dramatically increased the crude purity of 2.21 

and 2.22, but the lack of selectivity led to the exploration of other cleavage conditions. After 

removing TIPS from the cleavage cocktail (entries 3-4), compound 2.21 is detected as the only 

Table 2.2 Optimization of peptoid cleavage from the resin4.30 

 
Entry Cleavage cocktail Time Crude puritya(%) 2.21:2.22 ratio 

1 TFA: H2O: TIPS 95: 2.5: 2.5 10 min 60 67:33 

2 TFA: H2O: TIPS 95: 2.5: 2.5 2 h 26 34: 66 

3 TFA: H 2O 95: 5 10 min 75 100: 0 

4 TFA: H2O 95: 5 2 h 66 100: 0 

5 TFA: TES 95:5 10 min 89 2: 98 

6 TFA: TES 95: 5 2 h 76 0: 100 

7 TFA: TIPS 90: 10 2 h 61 5: 95 

8 
TFA: CH2Cl2: TIPS 

45: 50: 5 
2 h 58 57:43 

9 TFA: phenol 95: 5b 2 h 69 100: 0 
aLC-MS purity of the crude peptoid mixture at 214 nm (i.e., % area corresponding to the sum of 2.21 + 2.22).bThe peptoid was 
precipitated in cold Et2O before LC-MS analysis. 
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major product in good crude purities at 10 minutes and two hours, consistent with previous results 

with pentamers (Scheme 2.1). With only TIPS as scavenger in the cleavage cocktail (entry 7), both 

2.21 and 2.22 were detected in about a 5:95 ratio, but without the other unknown byproducts that 

lowered the crude purity in entry 1. As using only water or only TIPS as the scavenger results in 

better crude purities, it would seem that a side reaction requiring both the TIPS and H2O to be 

present is occurring in entries 1 and 2. 

Using 95:5 TFA:TES for 10 minutes or 2 hours (entries 5-6) results in peptoid 2.22 as the 

major product with 100% conversion to 2.22 after 2 hours when a single benzaldehyde hydrazone 

submonomer is included. Entries 5 and 6 using TES both have higher crude purities than entry 7 

using TIPS, indicating that fewer side reactions are going on. TES is also shown to be a better 

reducing agent than TIPS in these entries because it resulted in more complete conversion to 2.22 

at half the concentration. Finally, to obtain 2.21 while preventing both hydrolysis and reduction 

reactions, a 95:5 TFA:phenol cleavage was used (entry 9). Phenol is another common scavenger 

used in peptide chemistry. Using these cleavage conditions, 2.21 was obtained in comparable crude 

purities to entries 3 and 4 after a cold ether precipitation to remove the excess phenol. 

As an example of the utility of cleavages 3 and 6 from Table 2.2, both were used on a longer 

oligomer. Benzaldehyde hydrazone was incorporated into a 15-mer to further demonstrate its ease 

of use in longer oligomers. The 15-mer includes 5 N-imino glycine residues, each separated by 

two N-(2-(methoxyethyl)glycines to increase solubility in water and was made using automated 

SPPS. Crude purities of 63% with a 10 minute 95:5 TFA:H2O cleavage (Cleavage A) and 69% 

with a two hour 95:5 TFA:TES cleavage (Cleavage B, repeated with fresh cocktail for another two 

hours to reach full reduction of all five N-imino glycine side chains to the N-alkylamino form) are 

very promising (Figure 2.2a-b). Disappointingly, reducing the number of N-(2-

(methoxyethyl)glycine residues between the N-imino glycines to one or zero instead of two also 

diminished the crude purity of the longer oligomers (11-mer and 7-mer) so they may require further 

optimization (Figure 2.2c-f). On the robot, the major byproduct of the 7-mer is a single hydrazone 

deletion. 
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Figure 2.2. Crude LC-MS traces before purification at 214 nm of an oligomer containing five N-imino glycine residues derived 
from benzaldehyde hydrazone A) with two 2-methoxyethylamine spacers cleaved using Cleavage A for 10 minutes (unreduced); 

B) with two 2-methoxyethylamine spacers cleaved using Cleavage B for 2h (reduced), followed by treatment of the crude peptoid 
with a fresh solution for another 2 h; C) with one 2-methoxyethylamine spacer, cleaved using Cleavage A for 10 minutes 
(unreduced); D) with one 2-methoxyethylamine spacer, cleaved using Cleavage B for 2h (reduced), followed by treatment of the 
crude peptoid with a fresh solution for another 2 h; E) with no 2-methoxyethylamine spacers cleaved, using Cleavage A for 10 
minutes (unreduced); and F) with no 2-methoxyethylamine spacers cleaved using Cleavage B for 2h (reduced). 

v 

v 
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2.3 Increasing side-chain diversity of N-imino glycines 

Diversity within the hydrazone side chain is imperative to the utility of N-imino and N-

alkylamino glycines. Most of the other trans- inducing residues in the literature do not have much 

of an opportunity to easily include various aliphatic, aromatic, or heterocyclic moieties. Two 

methods for increasing side chain diversity in N-imino glycines have been attempted here. 

In Method A, an acetylated peptoid trimer containing one N-imino glycine with an 

unsubstituted benzaldehyde hydrazone side chain was synthesized following normal procedures 

(trimer length being used for a proof of concept). 2-phenylethylamine was selected as the spacer 

because of its success with the original sandwich sequences (section 2.1) and to also provide an 

aromatic side chain to facilitate straightforward LC-MS analyses of oligomers that include non-

aromatic side chains. The benzaldehyde side chain is orthogonally deprotected using 1.5 M 

hydroxylamine hydrochloride in pyridine at 60°C (agitated in sonicator for 2 x 12 h), inspired by 

the solid phase azapeptide submonomer method in which a resin-bound semicarbazone 

intermediate is chemoselectively deprotected using these conditions.9 These conditions resulted in 

a full conversion to the free N-amino monomer within the tripeptoid by LC-MS. This trimer was 

 

Scheme 2.6: Method A for increasing side chain diversity. Crude purities of peptoid pentamers 2.32a-l and 2.33a-l at 214 nm. To 
obtain trimers 2.32a-l, Cleavage A (95:5 TFA:H2O) was used for 10 minutes, and to obtain 2.33a-l, Cleavage B (95:5 TFA:TES) 

was used for 2 h. 
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then treated with a 1.5 M aldehyde solution in DMF to perform a condensation reaction between 

the free amine and the aldehyde, resulting in the formation of several different N-imino side chains 

with reasonable crude purities (Scheme 2.6).  

The majority of the cleavages listed in Table 2.2 were tested on all side chains in this scope 

(see Table 5.3 in Chapter 5) and the various, new N-imino glycine residues had similar crude 

purities compared to the unsubstituted benzaldehyde hydrazone. However, it was noted that when 

the benzaldehyde side chain is replaced with an aliphatic side chain (j -l), the crude purity of trimer 

2.32 is greatly reduced compared to other entries in this scope when Cleavage A (95:5 TFA:H2O) 

is used for 10 minutes. The major byproduct using these cleavage conditions is the deprotected N-

amino glycine trimer (identical to 2.31), indicating that aliphatic hydrazone sidechains are more 

susceptible to hydrolysis even when embedded within the residue. It was considered that the 

condensation did not go to completion and the N-amino glycine residue was simply unreacted 2.31, 

but since this byproduct is not detected when Cleavage B (95:5 TFA:TES) is used for 2 h (only 

giving 2.33j-l), it can be deduced that the N-amino glycine is a result of hydrolysis instead of 

incomplete reaction. Related, TES had the best success as a reducing agent across the board with 

no observed unreduced N-imino glycines after two hours (with the exception of 2.33i which 

reached 90% reduction). The use of TIPS as the reducing agent did not provide full conversion to 

2.33 as the major product when the N-imino glycine monomer included electron-withdrawing 

aromatic rings (b-e). Overall, while Method A may be convenient for screening various side chains 

at a single position in a peptoid, the utility is limited because it should only be used if 1) it is 

desired for all N-imino glycines in a peptoid to be the same or 2) there is only one N-imino glycine 

in the peptoid to replace. 

In contrast, Method B is a more versatile method for increasing diversity. By synthesizing 

premade aliphatic, aromatic, or heterocyclic hydrazones and using them as different submonomers 

during peptoid synthesis, the limitations of Method A are avoided. To this end, pentamers 2.37-

2.38a-l (Schemes 2.7, 2.8 and 2.9) were synthesized to determine the effectiveness of various 

hydrazones as submonomers in solid phase submonomer peptoid synthesis. Electron-rich 

benzaldehyde hydrazone submonomers (a and b) were able to be installed following standard 

procedure (25-minute bromoacetylations followed by a 1-hour displacement with 1.5 M solutions) 

without detection of a deletion side product (Scheme 2.7). Displacements using p-bromo- and p-

(trifluoromethyl)benzaldehyde hydrazone submonomers required optimization (Table 2.3), likely 
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due to reduced nucleophilicity brought on by the electron-withdrawing groups. It was found that 

increasing hydrazone d concentration to 3 M, increasing the reaction time to 2 h, and performing 

the reaction in a heated sonicator was necessary to provide pentamer 2.37d in good crude purity 

when Cleavage A is used. This indicates that the issue was with the displacement and not the 

subsequent bromoacetylation (as it is with N-aryl glycines). When cleaved from the resin with 

Cleavage B, reduced pentamer 2.38d was detected with 74% conversion, with an additional peak 

corresponding to the pentamer with only one out of two of the N-imino side chains reduced to the 

N-alkylamino form. After a second exposure to the cleavage conditions for another two hours, the 

peptoid was completely reduced and detected in 84% crude purity. In comparison, the p-

bromobenzaldehyde hydrazone c also required heated displacements at the standard concentration 

and reaction time, and both N-imino side chains present in the pentamer were reduced to the N-

alkylamino form after a single exposure to Cleavage B conditions. The final methods used for 

hydrazone c and d are indicated in the table in red. 

Heterocyclic hydrazones also require special synthesis conditions for displacement (Scheme 

2.8). To prevent irreversible alkylation at the heteroatom as previously reported,3 chloroacetic acid 

was used instead of bromoacetic acid, and the haloacetylation step is shortened to 5 minutes. 

Chloroacetic acid is a less labile haloacetic acid than bromoacetic acid, thus increasing the 

 
Scheme 2.7. Method B for increasing side chain diversity. Crude purities of peptoid pentamers 2.37a-d and 2.38a-d at 214 nm. 
aHydrazone displacements were performed in a heated sonicator bath. bHydrazone displacements were performed with a 3 M 
solution for 2 h in a 60°C sonicator bath. cCrude purity after a second treatment with a fresh solution of 95: 5 TFA: TES for 2 h.  
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Table 2.3 Optimization pentamer synthesis including hydrazone submonomers c and d 

 First Hydrazone Displacement Second Hydrazone Displacement 

 Haloacetylation Displacement Haloacetylation Displacement 

R group 
Halo-

acetic acid 
used 

Time 
(min) 

Conc. (M) 
Time 
(h) 

Temp. 
Halo-

acetic acid 
useda 

Length 
(min) 

Conc. (M) Time (h) Temp. 

Crude 

Purity 
with 

Cleavage 
A 

2.37 

Crude 

purity 
with 

Cleavage 
B 

2.38b 

c 

BrAc 25 1.5 1 rt BrAc 25 1.5 1 60 °Cd 58 54 

BrAc 25 1.5 1 rt BrAc 25 1.5 1 rt 40 NAe 

BrAc 25 1.5 1 rt ClAc 5 1.5c 1 rt 38 NAe 

BrAc 25 1.5 1 rt ClAc 5 1.5c 1 60 °Cd 66 NAe 

BrAc 25 1.5 1 rt BrAc 25 1.5c 1 60 °Cd 58 55 

BrAc 25 1.5 1 60 °Cd BrAc 25 1.5 1 60 °Cd 63 72 

d 

BrAc 25 3.0 4 rt BrAc 25 3.0 4 rt 31 NAe 

BrAc 25 3.0 4 rt BrAc 25 3.0 4 60 °Cd 50 NAe 

BrAc 25 3.0 4 rt BrAc 25 3.0 2 60 °Cd 81 58(10) 

BrAc 25 3.0 4 rt BrAc 25 1.5 1 60 °Cd 80 NAe 

BrAc 25 3.0 2 60 °Cd BrAc 25 3.0 2 60 °Cd 89 74(11) 
aClAc is chloroacetic acid and BrAc is bromoacetic acid bValues in parentheses represents the crude purity of the pentamer with only a single N-imino glycine side chain reduced 
to the N-alkylamino glycine. cHydrazone solution made using 1.0 M KI in DMF instead of DMF.dHeated in a sonicator bath eCleavage B was not performed on this sample. 
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selectivity between the desired haloacetylation step and unwanted heteroatom alkylation. 

When performing the displacement step on oligomers that used chloroacetic acid in the 

haloacetylation step, including KI is imperative for less nucleophilic submonomers, such as 

hydrazones (as shown in section 2.1). While standard primary amines like 2-phenylethylamine are 

strong enough nucleophiles to displace the chlorine on their own (1.5 M solutions in DMF), 

hydrazones are required to be made with KI present (1.0 M KI in DMF is used to make the 1.5 M 

hydrazone solution). Interestingly, no reduction of the imine bond of hydrazones with nitrogen-

containing heterocycles (e and f) was detected after using the 95:5 TFA:TES cleavage conditions 

for 2 hours.  

While performing these studies, it was considered that the imine nitrogen could also be a 

nucleophilic atom where unwanted alkylation could occur when using bromoacetic acid for all 

hydrazones included in the scope, thus lowering crude purities of hydrazone containing oligomers. 

However, when results were compared for the same oligomer using either 25-minute 

bromoacetylations or 5-minute chloroacetylations, there was not an increase in yield using the 

chloroacetic acid. This indicates that the alkylation of the imine nitrogen with bromoacetic acid is 

not likely to be occurring and causing major side products.  

 
 

Scheme 2.8. Method B for increasing side chain diversity. Crude purities of peptoid pentamers 2.37e-g and 2.38ae-g at 214 nm. 
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Pentamers with aliphatic N-imino glycines were also synthesized following similar methods 

(Scheme 2.9, 2.24h-l). Similar to the results from Method B, pentamers with aliphatic N-imino 

glycines demonstrated increased rates of acid-catalyzed side chain hydrolysis compared to 

aromatic and heterocyclic side chains when using Cleavage A, even when embedded within an 

oligomer. This results in a mixture of products, with the free N-amino glycine sidechain as the 

major byproduct. This byproduct was detected at a much lower crude purity for pentamers with 

cyclic aliphatic N-imino glycine side chains. Phenol cleavage conditions were expected to prevent 

hydrolysis but was sometimes detected by LC-MS for aliphatic side chains which means that the 

hydrolysis may be taking place in the LC-MS vial itself. The use of Cleavage B increased the crude 

purities of all linear aliphatic N-imino glycines (2.38h-j ), while keeping the crude purities of both 

cyclic aliphatic N-imino glycines about the same (2.38k-l). 

To study aliphatic hydrazone analogs that lacked enolizable protons, pivaldehyde hydrazone 

was synthesized and incorporated into pentamer 2.39 following normal conditions used for other 

aliphatic side chains (Figure 2.3, not included in original scope). However, the bulkiness of the 

side chain seems to prevent the submonomer from installing completely, resulting in tetramer 2.41. 

The hydrolyzed product 2.40 is also still detected with Cleavage A at the pentamer stage. 

 
 

Scheme 2.9. Method B for increasing side chain diversity. Crude purities of peptoid pentamers 2.37h-l and 2.38h-l at 214 nm. 
 aThe major side product corresponds to hydrolysis of one or more hydrazone side chains. 
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Inconsistencies and reproducibility issues with oligomers containing aliphatic hydrazones led 

to the exploration of both the hydrazone synthesis method and the SPPS optimization. To optimize 

the displacement conditions for aliphatic hydrazones, hydrazone i was used as a model compound 

(Table 2.4). Ultimately, using chloroacetic acid and KI in the hydrazone displacements, decreasing 

the haloacetylation time, and heating the second hydrazone displacement did not provide as high 

crude purities as the standard conditions that are also used for electron-donating benzaldehyde 

hydrazone submonomers (see Scheme 2.7). The final method used for all aliphatic hydrazone 

submonomers is indicated in red. .32 

Table 2.4 Optimization pentamer synthesis including hydrazone submonomers i 

 First Hydrazone Displacement Second Hydrazone Displacement 

 Haloacetylation Displacement Haloacetylation Displacement 

R 
group 

Halo-
acetic 
acid 
useda 

Time 
(min) 

Conc. 
(M) 

Time 
(h) 

Temp. 

Halo-
acetic 
acid 
useda 

Lengt
h 

(min) 

Conc. 
(M) 

Time 
(h) 

Temp. 

Crude 
Purity 
with 

Cleava
ge A 
2.37b 

Crude 
purity 
with 

Cleava
ge B 
2.38 

i 

ClAc 5 1.5c 1 rt ClAc 5 1.5d 1 rt 20(35) 63 

BrAc 5 1.5 1 rt BrAc 5 1.5 1 rt 19(27) 51 

BrAc 25 1.5 1 rt BrAc 25 1.5 1 60 °Cd 37(29) NAe 

BrAc 25 1.5 1 rt BrAc 25 1.5 1 rt 27(42) 73 
aClAc is chloroacetic acid and BrAc is bromoacetic acid bValues in parentheses represents the crude purity of the pentamer with 
one hydrolyzed N-imino glycine side chain cHydrazone solution made using 1.0 M KI in DMF instead of DMF. dHeated in a 

sonicator bath eCleavage VI was not performed on this sample. 

          

 
Figure 2.3. Detected products and byproducts of attempted synthesis of a pivaldehyde hydrazone containing pentamer 2.39 by LC-
MS at 214 nm. 
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To show the generality of hydrazone submonomers in peptoid synthesis, a longer oligomer 

containing multiple, different hydrazones with varying characteristics and electronics was 

synthesized (Figure 2.4). Following the 2-spacer patterning of the most successful oligomer with 

5 benzaldehyde hydrazones, another 15-mer was synthesized by automated solid phase peptoid 

synthesis. All hydrazones included were installed in 1 h using 1.5 M solutions of freshly prepared 

hydrazone in DMF except for p-(trifluoromethyl)benzaldehyde hydrazone which required a 3 M 

solution to be used for 4 h. When the peptoid was cleaved from resin using 95:5 TFA:TES for 2h, 

followed by a second treatment with the same conditions for another 2 h, the desired product with 

all 5 imines reduced was detected by LC-MS. Cleavage A (95:5 TFA:H2O) was not attempted as  

two aliphatic side chains were included, which tend to hydrolyze more rapidly. The ability to 

incorporate aromatic side chains with differing electronics along with aliphatic side chains show 

how versatile hydrazone submonomers are in the synthesis of peptoid oligomers.  

 

2.4 Optimization of hydrazone synthesis methods 

While completing the scopes of Schemes 2.7-2.9, it was discovered that the method of 

hydrazone synthesis was imperative to the success of the on-resin oligomer synthesis. Generally, 

hydrazones are synthesized by reacting an aldehyde with an excess of hydrazine in ethanol, and 

then used without further purification, only an aqueous workup.10 An excess of hydrazine is 

 
Figure 2.4. LC-MS traces before purification at 214 nm of a peptoid 15mer containing five different N-alkylamino glycine residues, 
cleaved from solid support using 95: 5 TFA: TES for 2 h (Cleavage B), followed by a second treatment with a fresh solution of 95: 
5 TFA: TES for 2 h. 

All 5 reduced 
65.5% 

4 reduced 
6.5% 
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typically necessary along with a slow addition of the aldehyde or ketone to avoid a major byproduct 

being formed when the hydrazine attacks two distinct carbonyls using the two nucleophilic 

nitrogen atoms present (see Scheme 2.10). Following this general method, hundreds of new 

hydrazone submonomers should be able to be synthesized from common carbonyl building blocks 

for use in SPPS for oligomers containing N-imino and N-alkylamino glycines. In this work, three 

hydrazone synthesis procedures are attempted. 

Procedure I for synthesizing hydrazones is a modified version of the general hydrazone 

synthesis done by the Lubell group.10 In Procedure I (Scheme 2.11, I), the aldehyde of interest is 

added dropwise to the stirring excess of hydrazine monohydrate in ethanol at 0°C. This method is 

followed by aqueous workup including saturated brine and 5% NaHCO3. The organic product is 

not purified. While attempting to synthesize 12 different hydrazones using this method, it was 

discovered that it may not be the best method for electron-poor benzaldehydes or aliphatic 

aldehydes, though it works well for the synthesis of electron-donating benzaldehydes and 

heterocycles.  

Procedure II11 (Scheme 2.11, II) was found in the literature specifically for use with 

benzaldehydes including  electron-withdrawing substituents (c and d) as they were not as 

compatible with the conditions in Procedure I. Both of the aldehydes used to make these 

hydrazones [4-(trifluoromethyl)benzaldehyde and 4-bromobenzaldehyde] had lower solubility in 

ethanol at room temperature or lower, so the elevated temperature helped the reaction proceed and 

provided more consistent results than Procedure I. In comparison to Procedure I, Procedure II uses 

a smaller excess of hydrazine, which was added in a single addition to the aldehyde solution in 

 
Scheme 2.10: Typically, without a large excess of hydrazine, hydrazone 2.45 is present in high enough relative concentration to 
attack the aldehyde or ketone 2.44 still remaining in solution, leading to production of unreactive byproduct 2.46. 

          
Scheme 2.11. Procedures I & II for synthesis of hydrazone submonomers a-l, using an excess of hydrazine in EtOH. 

I. II. 
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ethanol. After the hydrazine addition, the solution was stirred at reflux for the same amount of 

time as Procedure I.  

The hydrazones synthesized in the literature with Procedure II were crystalline, so they were 

simply washed with cold water before use. One change made to that portion of Procedure II in this 

work is the replacing this step with the same aqueous wash used in Procedure I. For example, p-

bromobenzaldehyde hydrazone c crystallizes upon cooling to room temperature. However, 

bypassing the aqueous extraction and simply rinsing the crystals with cold water causes a large 

side product (m/z = 630.5) to appear (see Figure 2.5) when the hydrazone is used in the synthesis 

of a tripeptoid sandwich sequence. From this result, this aqueous workup is clearly important and 

cannot be ommitted even when the hydrazone product crystallizes. 

In order to access more volatile and water-soluble hydrazones (i.e. hydrazones h-j ) that were 

originally low-yielding using Procedure I, a third alternative procedure (Procedure III, Scheme 

2.12) was explored.12 It was presumed that the aliphatic hydrazones were more water soluble and 

had higher volatility, so a method without an aqueous workup was desired. With Procedure III, 

only 1.1 equivalents of hydrazine monohydrate is used, and the desired aldehyde is added dropwise 

to the stirring hydrazine solution. The reaction is done in THF and for 30 minutes at room 

temperature. Instead of doing an aqueous workup, sodium sulfate is added directly in the reaction 

 

 
Figure 2.5. Use of p-bromobenzaldehyde hydrazone with and without aqueous workup a) Scheme of tripeptoid synthesis with p-
bromobenzaldehyde hydrazone as submonomer. b) LC-MS chromatogram at 214 nm of a test tripeptoid synthesized by using p-
Br-benzaldehyde hydrazone crystals washed with water (no aqueous extraction). c) LC-MS chromatogram at 214 nm of a test 
tripeptoid synthesized by using p-Br-benzaldehyde hydrazone that was redissolved in CH2Cl2 and washed with saturated brine (x 

2) and 5% NaHCO3 (x 2). 
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vessel to dry the reaction. The product is decanted into a second vial and diluted to an 

approximately 2 M solution with fresh THF before use on solid support.  

To optimize the synthesis of isobutyraldehyde hydrazone as a model hydrazone using 

Procedure III, several variables were tested (see Table 2.5). To test the efficacy of these 

modifications, sandwich sequence tripeptoids were synthesized using 2-phenylethylamine 

alternating with isobutyraldehyde hydrazone and those crude purities are reported in the table. The 

hydrazone synthesized following the literature method for Procedure III was providing about 59% 

crude purity of the test trimer on its best trial, but the results were not very consistent across batches 

of hydrazone. After many trials with model hydrazone i, it was determined that Procedure I that 

includes an aqueous wash was necessary for consistent results.  

First, varying amounts of Na2SO4 salt were added in the second part of the reaction to see what 

effect the salt has on the reaction (entries 5-7). Compared to 120 mg (the amount listed in the 

literature procedure for the scale of the reaction), adding no salt significantly reduced the tripeptoid 

 
Scheme 2.12. Procedure III for synthesis of hydrazone submonomers.  

 
Table 2.5 Attempted optimization of the in situ isobutryaldehyde hydrazone synthesis in THF, used in the synthesis of tripeptoid 
2.51 

 

 Hydrazone synthesis parameters Effect on trimer 2.51 synthesis 

Entry  
Na2SO4 

amount (mg) 
aldehyde addition 

procedure 
Filtration  Scale (mmol) 2.51 (%) 

unidentified 

byproduct, m/z 630.5 

(%)  

1 120 Dropwise No 2 59 8 

2 120a Dropwise Yes 2 58 6 

3     41 17 

4     56 8 

5 0 Dropwise No (no salt) 2 26 5 

6 60 Dropwise No 2 56 2 

7 400 Dropwise No 2 38  

 

8 
1200 

Syringe pump (50 
µL/min) 

Yes 10 43 33 

 

 

9 

240 

Portioned, 

6 x 61µL with 2 min 
between additions 

Yes 4 39 12 

10 120 Single addition Yes 2 41 17 
          aPerformed in triplicate 
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crude purity of the test trimer to 26%. Using 400 mg, or about 3x the amount called for, also 

lowered crude purity of the test trimer to 38%. Different types of aldehyde addition procedures 

were also tested including: dropwise addition using syringe pump, a portioned addition, and single 

addition (entries 8-10). A dropwise addition (entry 1) seemed to have the highest crude purity of 

subsequent tripeptoid. These types of tests allowed for an optimization of this reaction, but 

ultimately results were found to be too inconsistent for future use, so it was decided to return to 

Procedure I with some mild modifications instead and got more reliable results. The same concerns 

about volatility and water solubility remained, so when aliphatic hydrazones are synthesized using 

Procedure I, 1) the number of aqueous washes is reduced compared to aromatic hydrazones and 2) 

the time on the high vacuum is reduced.  

 

2.5 Stability of N-imino glycines 

Though they have increased stability compared to the linear aliphatic side chains, certain 

aromatic N-imino glycine residues were also found to undergo hydrolysis over time to varying 

degrees. Four different peptoids were selected for more careful monitoring by LC-MS in two 

different conditions over 5 days (Figure 2.6). To make the samples, resin was cleaved with the 

95:5 TFA:H2O conditions and all residual TFA was removed by lyophilization to ensure that the 

only acid is coming from the experiments and not left over from the cleavage. The first conditions 

for LC-MS study was to dissolve each of the four samples in 0.1% TFA in 1:1 MeCN:H2O. All 

 

  

Figure 2.6. Stability studies in a) 0.1% TFA MeCN: H2O and b) pH 7. % Hydrolysis was determined by integrating the LC-
MS peak areas for 2.52 and 2.53 at 214 nm. The gray curve overlays with the blue curve and is not visible in the pH 7 study. 
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four trimers started to see some degree of hydrolysis, though the N-imino glycine residue with the 

electron-withdrawing p-(trifluoromethyl)benzaldehyde hydrazone side chain only reached 10% 

hydrolysis over 100 hours. In contrast, the N-imino glycine residues with aliphatic hydrazone side 

chains increased more rapidly, with the linear isobutyraldehyde hydrazone side chain reaching 

about 85% hydrolysis after 100 hours. These results show that care should be taken when purifying 

oligomers that contain the electron rich aromatic side chain by preparative HPLC if there is 0.1% 

TFA in the mobile phase. The desired fractions should be immediately anlayzed, frozen and 

lyophilized to prevent hydrolysis of the side chain. Using 95:5 TFA:TES cleavage conditions 

would be the best way to access an aliphatic side chain without risking rapid hydrolysis of the side 

chain. 

 In comparison, the pH 7 buffer conditions only seemed to affect the aliphatic side chains, 

hydrolyzing 2.52c to 2.53c completely after about 80 hours and 2.52d hydrolyzing to give 80% 

2.53d after 100 hours. Neither of the aromatic hydrazone side chains (2.52a-b) tested showed any 

hydrolysis over the timescale of the experiment. As expected based on the literature, N-imino 

glycine containing peptoids with aromatic side chains should be stable enough for biological 

studies at neutral pH. Again, it would be best to use the 95:5 TFA:TES cleavage conditions for 

aliphatic side chains to prevent rapid hydrolysis. 

 

2.6 Summary of solid-phase work 

N-imino and N-alkylamino glycine containing peptoids were efficiently synthesized using 

hydrazones as submonomers in the submonomer method. It was found that hydrazones are 

compatible with a variety of other peptoid submonomers. They are nucleophilic enough to displace 

the bromine in the displacement step and easily haloacetylated once installed, which is an 

advantage over N-aryl glycines (one of the more popular current trans-inducing residues in the 

literature). The crude purity of pentamer sandwich sequences with the N-imino glycine residue 

was only lowered when alternated with trans-inducing submonomers (aniline and o-

benzylhydroxylamine).   

Peptoids containing N-imino glycines were generally stable to cleavage conditions. Several 

cleavage conditions were tested, and 95:5 TFA:H2O for 10 minutes (Cleavage A) and 95:5 

TFA:TES for 2 h (Cleavage B) were chosen as the most selective cleavages to obtain the N-imino 

glycine and N-alkylamino glycine monomers, respectively. Aliphatic N-imino glycine residues 
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were susceptible to hydrolysis using Cleavage A, but retained the side chain in the N-alkylamino 

form when using Cleavage B. 

A total of 15 different aromatic, aliphatic, and heterocyclic hydrazone side chains have also 

been shown to be able to be installed in peptoid oligomers following two different methods, each 

with their own merit. Hydrazone synthesis methods and hydrazone submonomer displacement 

methods were optimized for most of the side chains. With this knowledge, a 15-mer peptoid was 

able to be synthesized using 5 different hydrazone submonomers (including aromatic and aliphatic 

hydrazones) with >60% crude purity. Being able to include a wide array of diversity is another 

advantage over other trans- amide bond inducing residues in the literature.  

This solid phase work has provided proof of concept for using hydrazones as diverse and stable 

submonomers in SPPS. To prove that they are also trans-inducing, peptoid monomers containing 

N-imino and N-alkylamino glycines will be synthesized and analyzed using X-ray and NMR 

methods. Computational methods are also used to reinforce the results. 

 

2.7 Experimental data 

2.7.1 General methods 

Polystyrene Rink Amide resin (0.78 mmol/g or 0.61 mmol/g) was purchased from Protein 

Technology, IncTM
. Manual solid-phase submonomer peptoid synthesis was performed in 

disposable filter cartridges with 20µM PE frit filters and caps from Applied Separations (cat # 

2413  for 3 mL filter cartridges) with gentle agitation on a Thermo Fisher vortex mixer equipped 

with a microplate tray. Solution draining and washing of the resin was accomplished by connecting 

the filter columns to a water aspirator vacuum via a waste trap. For heated reactions, the cartridge 

caps were wrapped in Teflon tape and parafilm and placed in a Fisher Scientific Ultrasonic Bath 

9.5L (Model # 15337425). Analytical LC-MS analyses were performed using Agilent 

Technologies 1260 Infinity II series LC-MS Single Quad instrument with ESI ion-source and 

positive mode ionization, equipped with either a 5 µM, 150 x 4.6 mm C18 Vydac column 

purchased from Mac-Mod Analytical, Inc. (Column 1, cat # 218TP5415) or a 5 µM, 150 x 4.6 mm 

C18 Luna column purchased from Phenomenex Analytical, Inc.  (Column 2, cat # 00F-4252-E0). 

A flow rate of 0.5 mL/min and varying gradients of CH3CN [0.1% trifluoroacetic acid (TFA)] in 

water (0.1% TFA) over 12 minutes (total run time = 22 minutes) were used for all LC-MS analyses. 
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Automated peptoid synthesis was done using a Biotage® Syro WaveTM peptide synthesizer in 10 

mL reactors with PTFE frits.  

 

2.7.2 Reagents 

Triisopropylsilane (TIPS), trifluoroacetic acid (TFA), bromoacetic acid, and 

diisopropylcarbodiimide (DIC) were purchased from Chem Impex Intôl, Inc. N,N-

diisopropylethylamine (DIEA), triethylamine (TEA), triethylsilane (TES), piperidine, acetyl 

chloride, 4-fluorobenzaldehyde, 4-chlorobenzaldehyde, 4-bromobenzaldehyde, p-anisaldehyde, 

isobutyraldehyde, 4-(trifluoromethyl)benzaldehyde, p-tolualdehyde, 2-methoxyethylamine, 

methylamine (40% in water), isobutylamine, benzylamine, aniline, 2-pyrrolecarboxaldehyde, 

isobutyraldehyde, butyraldehyde, chloroacetic acid, potassium iodide, and benzaldehyde were 

purchased from Sigma Aldrich. Bromoacetyl bromide, phenol, isopropylamine, 2-

phenylethylamine, ɓ-alanine tert-butyl ester hydrochloride, and NaBH3CN were purchased from 

Alfa Aesar (Thermo Fisher Scientific). 2-furaldehdye, cyclopentanecarboxaldehyde, 

cyclohexanecarboxaldehyde, and hydroxylamine hydrochloride were purchased from Acros 

Organics. All chemicals were used as received without further purification. 

 

2.7.3 Experimental Procedures 

2.7.3.1 Manual Solid Phase Submonomer Peptoid Synthesis13 

All reactions are gently agitated on a vortex mixer equipped with a microplate tray for the 

designated amount of time. For the first cycle, 100 mg of Rink Amide resin (0.061-0.078 mmol) 

was added to a 3 mL solid phase peptide synthesis (SPPS) cartridge and swelled with DMF (1 mL) 

for 20 minutes. The DMF was drained, and the resin was treated with 20% piperidine in DMF 

solution (v/v) for Fmoc deprotection (1 mL, 2.02 mmol, 5 minutes) followed by another 15-minute 

incubation with fresh reagent (1 mL, 2.02 mmol). The solution was drained and the resin was 

washed with DMF (5 x 1 mL). Each subsequent monomer addition cycle consisted of 1) a 

bromoacetylation reaction and 2) a displacement step. The bromoacetylation reaction was 

performed by addition of a 0.6 M bromoacetic acid or chloroacetic acid solutiona in DMF (1 mL, 

0.6 mmol) and 86 ɛL of N,N-diisopropylcarbodiimide (DIC, 0.56 mmol) for 25 minutes followed 

by the same wash cycle as above with DMF (5 x 1 mL). Displacements were performed with 1.5 

M solution of amine or hydrazone in DMF (1 mL, 1.5 mmol) for 1 hour at room temperature, 
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unless otherwise noted.b This process was repeated until the desired length of peptoid was 

achieved. When the peptoid was finished or at a stopping point for the day, the resin was washed 

with CH2Cl2, left to dry, and stored in the fridge (if stored for a prolonged period) or in a fume 

hood at room temperature (if stored overnight).  

 

a Chloroacetic acid was used with hydrazone submonomers possessing heterocylic side chains. 

bWhen p-CF3-benzaldehyde hydrazone d is used, the reaction time is lengthened to two hours, 

the concentration of the hydrazone is increased to 3.0 M, and the reaction is performed in a heated 

sonicator bath (60°C). When p-Br-benzaldehyde hydrazone c is used, the reaction is performed in 

a heated sonicator bath (60°C). When heterocyclic hydrazones e, f, or g are used, the reaction is 

performed using 1.5 M hydrazone in 1.0 M KI in DMF instead of neat DMF.  

 

Note: Resin-bound peptoid should be stored after a displacement reaction and should not be 

stored at the dimer stage where on-resin cyclization to a diketopiperazine side product may occur. 

 

2.7.3.2 Automated Solid Phase Submonomer Peptoid Synthesis 

Protocol on the Biotage® Syro WaveTM Peptide Synthesizer includes similar synthesis 

procedures as manual synthesis. For the first cycle, 200 mg of Rink Amide resin (0.122-0.156 

mmol) was swollen in DMF (3.0 mL, reaction time 30 minutes: vortex 20 s, break time 1 min, 

empty 45 s) prior to Fmoc deprotection by treatment with 1) 40% piperidine in DMF (v/v) (3.3 

mL, reaction time 3 minutes: vortex 10 s, break time 1 min, empty 45 s) followed by 2) 40% 

piperidine in DMF and neat DMF (1.7 mL each, reaction time 12 minutes: vortex 10 s, break time 

1 min, empty 45 s). The resin was washed with DMF (5 x 3.1 mL, reaction time 2 minutes: vortex 

20 s, break time 1 min, empty 50 s).  Each subsequent monomer addition cycle consisted of 1) a 

bromoacetylation reaction and 2) a displacement step. The bromoacetylation reaction was 

performed by addition of a 0.6 M bromoacetic acid solution in DMF (3.2 mL, 1.92 mmol) and a 

1:1 v/v DIC: DMF solution (700 µL, 2.28 mmol) (reaction time 30 minutes: vortex 20 s, break 

time 1 min, empty 30 s), followed by the same wash cycle as above with DMF (6 x 3.1 mL). 

Displacements were performed with 1.5 M amine or hydrazone solution in DMFa (3.2 mL, 4.8 

mmol) (reaction time 60 minutes: vortex 20 s, break time 1 min, empty 30 s), followed by another 

wash cycle with DMF (5 x 3.1 mL).  
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aWhen p-CF3-benzaldehyde hydrazone d is used, the reaction time is lengthened to four hours 

and the concentration of the hydrazone is increased to 3.0 M. 

 

2.7.3.3 Cleavage test of resin-bound peptoids 

200 µL of a cleavage cocktail was added to a small amount of resin in a 1 mL SPPS cartridge. 

Solutions must be used the same day they are made, especially those containing TES or TIPS as 

they lose their efficacy as reducing agents if not used right away. The cleavage solution was 

collected by filtering the resin through the disposable fritted cartridge into a 20 mL scintillation 

glass vial. The resin was washed with CH2Cl2 (3 x 500µL) into the same vial. The filtrate was 

evaporated to dryness using a Biotage® V10 evaporator and the crude peptoid was typically 

dissolved in 1:1 v/v MeCN: H2O (1 mL) for analysis on the LC-MS. The exact cleavage cocktail 

and cleavage times varied (see Table 1 in the article main text). 

 

Cleavage I:  95/2.5/2.5 v/v/v TFA/TIPS/H2O, 10 min. 

Cleavage II:  95/2.5/2.5 v/v/v TFA/TIPS/H2O, 2 h. 

Cleavage III: 95/5 v/v TFA/H2O, 10 min. (Cleavage A in the main text) 

Cleavage IV:  95/5 v/v TFA/H2O, 2 h.  

Cleavage V:  95/5 v/v TFA/TES, 10 min. 

Cleavage VI:  95/5 v/v TFA/TES, 2 h. (Cleavage B in the main text) 

Treating the crude peptoid with a fresh solution for an additional 2 h may 

be required for reduction of the N-imino glycine residues.  

Cleavage VII:  90/10 v/v TFA/TIPS, 2 h. 

Cleavage VIII:  45/5/50 v/v/v TFA/TIPS/CH2Cl2, 2 h. 

Cleavage IX:  95/5 v/w TFA/phenol, 2 h. After evaporating filtrate to dryness, a cold ether 

precipitation is required to remove excess phenol before making the LC-

MS samples. 

 

Note: If the N-terminal residue in an oligomer is an N-imino glycine residue, the hydrazone 

side chain is more susceptible to hydrolysis. Acetylation can be done on a small sample prior to 

test cleavage for analysis. Add 1 mL of 10% acetic anhydride in DMF per 100 mg resin for 40 
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minutes. Drain and wash the resin with DMF (5 x 1 mL) and CH2Cl2 (5 x 1 mL) prior to the test 

cleavage. 

 

2.7.3.4 Hydrazone submonomer synthesis 

The procedures for making the hydrazone submonomers are critical for reproducible results in 

submonomer peptoid synthesis. The hydrazones should be made immediately before use for best 

results. 

 

 

General Procedure I for synthesis of hydrazone submonomers a-b, e-l: 10 The selected 

aldehyde (1.0 equiv, 15 mmol) was dissolved in EtOH (4 mL) and cooled to 0 °C before being 

added dropwise to a solution of hydrazine monohydrate (8.0 equiv, 120 mmol, 5.6 mL) in EtOH  

(6 mL) at 0 °C. The reaction was stirred for 1.5 h at 0 °C before removing the ice bath and leaving 

the reaction stirring for an additional 30 minutes. The reaction mixture was transferred to a 250 

mL separatory funnel and diluted with 75 mL CH2Cl2. The organic layer was washed sequentially 

with saturated brine (2 x 75 mL) and 5% NaHCO3 (2 x 75 mL).a The organic layer was dried with 

Na2SO4 and the solvent was removed under vacuum. The samples were placed on high vacuum 

for two hours (hydrazones a, b, and e) or 20 minutes (hydrazones f-l), depending on their predicted 

boiling points. 

aThe number of washes was reduced to 1x each when making aliphatic hydrazones (h-l). 
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General Procedure II for synthesis of hydrazone submonomers c and d:11 The selected 

aldehyde (1.0 equiv, 10 mmol) was dissolved in EtOH (10 mL). Hydrazine monohydrate (2.0 

equiv, 20 mmol, 1 mL) was added in a single addition to the aldehyde solution, and the reaction 

mixture was heated to reflux at 85 °C for 1.5 h. The reaction mixture was cooled to room 

temperature and stirred for another 30 minutes before being transferred to a 250 mL separatory 

funnel and diluted with 75 mL of CH2Cl2. The organic layer was washed sequentially with 

saturated brine (2 x 75 mL) and 5% NaHCO3 (2 x 75 mL). The organic layer was dried with 

Na2SO4 and the solvent was removed under vacuum. The samples were placed on high vacuum 

for two hours.  

 

Attempted alternative procedure for the in situ synthesis of aliphatic hydrazones 

(Procedure III): 12 The selected aldehyde (1.0 equiv, 2 mmol) was added dropwise to a stirring 

solution of hydrazine monohydrate (1.1 equiv, 2.2 mmol) in THF (500 µL) for 30 min at room 

temperature. Na2SO4 (120 mg) was added to the stirring reaction and stirred for 10 more minutes. 

The solution was then decanted into another vial and diluted to 2 M by adding THF (~500 µL). 

The solutions can be stored at room temperature if necessary, but it is best to use them as soon as 

possible. Attempted optimization of this reaction can be found Table 2.5 in the main text. 

 

2.7.3.5 Stability studies of tripeptoids 2.52a-d 

A small amount of tripeptoids 2.52a-d were cleaved with Cleavage III (TFA:H2O 95:5 v/v, 10 

mins) for each stability experiment run. The cleavage solution was collected by filtering the resin 

through the disposable fritted cartridge into a 20 mL scintillation glass vial. The resin in the 

cartridge was washed with CH2Cl2 (3 x 500µL) into the same vial. The filtrate was evaporated to 
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dryness using a Biotage® V10 evaporator, then the peptoid redissolved in fresh CH2Cl2 and 

evaporated to dryness again on the Biotage® V10 evaporator. To ensure removal of all residual 

TFA, samples were dissolved in 1 mL 1:1 MeCN:H2O, frozen, and put on the lyophilizer 

overnight. To make the samples for the stability studies containing 0.1% TFA, tripeptoid samples 

2.52a-d were dissolved in 1 mL 1:1 0.1% TFA in MeCN: 0.1% TFA in H2O. To make the samples 

for the stability studies at neutral pH tripeptoids 2.52a-d were dissolved in 1 mL of phosphate 

buffer (0.1 M, pH 7), tripeptoid samples 2.52a-d were dissolved in 1 mL pH 7 phosphate buffer 

and 150 µL MeCN to increase peptoid solubility in the buffer. 

LC-MS data was taken for each sample approximately every 24 hours for about ~100 hours. 

Percent hydrolysis conversions were calculated using areas obtained from peaks on LC-MS 

chromatograms at 214 nm, where percent hydrolysis = [(area of 2.52)/(area of 2.52 + 2.53)] x 100.  

 

2.7.4 Peptoid Characterization Data.  

 

Table 2.6. Characterization data for peptoids 2.4a-2.4h. 

 
aLC-MS analyses were performed using a 12 min 40-80% linear gradient of MeCN (0.1% TFA) in water (0.1% 

TFA) on Column 1. bLC-MS analyses were performed using a 12 min 5-95% linear gradient of MeCN (0.1% 

TFA) in water (0.1% TFA) on Column 1. cLC-MS analyses were performed using a 12 min 50-95% linear gradient 

of MeCN (0.1% TFA) in water (0.1% TFA) on Column 1. dLC-MS analyses were performed using a 12 min 50-

95% linear gradient of MeCN (0.1% TFA) in water (0.1% TFA) on Column 2.

Peptoid Calculated m/z [M + H] + Observed m/z [M + H] + RT (min) 

2.4a 635.3664 635.3642 6.17a 

2.4b 551.2725 551.2715 9.57b 

2.4c 677.4133 677.4117 5.91c 

2.4d 683.3511 683.3495 10.57b 

2.4e 779.3664 779.3669 9.47a 

2.4f 821.4133 821.4115 7.60c 

2.4g 725.2889 725.2886 9.16b 

2.4h 737.3194 737.3186 12.00d 

2.4i 827.3511 827.3506 13.45d 
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Table 2.7. Characterization data for peptoids 2.23-2.28. 

  

 Structure Synthesis type 
Cleavage 

Conditions 

Crude 

purity
a 

Calcd m/z 

[M + H]
+
 

Obsd m/z 

[M + 2H]
2+

 

RT 

(min) 

2.23 

 

Automated III  63 984.9964b 984.9944b 9.62 

2.24 

 

Automated VI c 69 990.0355b 990.0329b 7.94 

2.25 

 

Manual III  47 1508.7321 1508.7357 9.45 

Automated III  55 1508.7321 1508.7357 9.44 

2.26 

 

Automated VI c 40 1518.8104 1518.8117 8.16 

2.27 

 

Manual III  47 1090.4897 1090.4870 10.71 

2.28 

 

Manual VI  26 1100.5676 1100.5649 8.85 

aLC-MS analyses were performed using a 12 min 50-95% linear gradient of MeCN (0.1% TFA) in water (0.1% TFA) on Column 2. b[M + 2H]2+ instead of [M + H]+ cCrude 
peptoid was treated with a fresh solution of the Cleavage VI cocktail for an additional 2 h.  
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Table 2.8. Crude purities of peptoids 2.32a-l and 2.33a-l (Starts next page) 

H = hydrolyzed product 
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Table 2.8 (continued)  

Entry Compound 
Cleavage 

Cocktail 

Crude 

Puritya H 2.33 2.32 
Unidentified 

byproductb 

Sum of 

additional 

byproducts 

H:2.33:2.32 Gradient 

1.  

a 

III  69 0 0 69 14 17 0:0:100 30-90 

2.  IV 51 0 0 51 11 38 0:0:100 30-90 

3.  VI  69 0 69 0 11 20 0:100:0 30-90 

4.  VII  31 10 21 0 16 53 33:67:0 30-90 

5.  VIII  55 0 29 26 13 32 0:53:47 30-90 

6.  IX 76 0 0 76 0 24 0:0:100 30-90 

7.  

b 

III  74 0 0 74 7 19 0:0:100 30-90 

8.  IV 53 0 0 53 14 33 0:0:100 30-90 

9.  VI  62 0 62 0 15 23 0:100:0 30-90 

10.  VII  55 0 18 37 12 33 0:32:68 30-90 

11.  VIII  58 0 0 58 16 26 0:0:100 30-90 

12.  IX 29c 0 0 29 18 53 0:0:100 30-90 

13.  

c 

III  73 0 0 73 23 4 0:0:100 30-90 

14.  IV 34 0 0 34 17 49 0:0:100 30-90 

15.  VI  61 0 61 0 17 22 0:100:0 30-90 

16.  VII  59 0 48 11 13 28 0:82:18 30-90 

17.  VIII  52 0 8 44 19 29 0:16:84 30-90 

18.  IX 60 0 0 60 17 23 0:0:100 30-90 
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Table 2.8 (continued) 

Entry Aldehyde 
Cleavage 

Cocktail 

Crude 

Puritya 
H 2.33 2.32 

Unidentified 

byproductb 

Sum of 

additional 

byproducts 

H:2.33:2.32 Gradient 

19.  

d 

III  76 0 0 76 20 4 0:0:100 30-90 

20.  IV 54 0 0 54 20 26 0:0:100 30-90 

21.  VI  69 0 69 0 11 20 0:100:0 30-90 

22.  VII  68 0 50 18 11 21 0:74:26 30-90 

23.  VIII  71 0 16 55 12 17 0:22:78 30-90 

24.  IX 62 0 0 62 23 15 0:0:100 30-90 

25.  

e 

III  80 0 0 80 0 20 0:0:100 30-90 

26.  IV 54 0 0 54 17 29 0:0:100 30-90 

27.  VI  75 0 75 0 8 17 0:100:0 30-90 

28.  VII  73 0 57 16 10 17 0:78:22 30-90 

29.  VIII  79 0 9 70 6 15 0:12:88 30-90 

30.  IX 57 0 0 57 19 24 0:0:100 30-90 

31.  

f 

III  76 0 0 76 19 5 0:0:100 30-90 

32.  IV 34 0 0 34 18 48 0:0:100 30-90 

33.  VI  70 0 70 0 8 22 0:100:0 30-90 

34.  VII  56 0 56 0 14 30 0:100:0 30-90 

35.  VIII  39 3 24 13 17 44 5:62:33 30-90 

36.  IX 44 0 0 44 23 33 0:0:100 30-90 
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Table 2.8 (continued) 

Entry Aldehyde 
Cleavage 

Cocktail 

Crude 

Puritya 
H 2.33 2.32 

Unidentified 

byproductb 

Sum of 

additional 

byproducts 

H:2.33:2.32 Gradient 

37.  

g 

III  82 9 0 73 0 18 12:0:88 30-90 

38.  IV 41 0 0 41 20 39 0:0:100 30-90 

39.  VI  56 0 56 0 10 34 0:100:0 30-90 

40.  VII  45 2 31 12 16 39 4:69:27 30-90 

41.  VIII  44 2 9 33 15 41 5:20:75 30-90 

42.  IX 38c 0 0 38 10 52 0:0:100 30-90 

43.  

h 

III  60 0 0 60 16 24 0:0:100 30-90 

44.  IV 30 0 0 30 15 55 0:0:100 30-90 

45.  VI  61 0 61 0 15 24 0:100:0 30-90 

46.  VII  56 0 46 10 11 33 0:82:18 30-90 

47.  VIII  45 0 16 29 13 42 0:35:65 30-90 

48.  IX 25c 0 0 25 9 66 0:0:100 30-90 

49.  

i  

III  39 6 0 33 35 26 15:0:85 30-90 

50.  IV 19 5 0 14 36 45 26:0:74 30-90 

51.  VI  42 4 38 0 23 35 10:90:0 30-90 

52.  VII  36 2 34 0 25 39 6:94:0 30-90 

53.  VIII  43 0 27 16 25 32 0:62:38 50-95d 

54.  IX 20 3 0 17 47 33 15:0:85 30-90 
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Table 2.8 (continued) 

 

aCrude purity is total of H, 2.33, and 2.32  bA byproduct with m/z=482 was detected in several cleavages, and does not seem dependent on cleavage cocktail or 

sidechain.cA major byproduct was identified in 33-46% crude purity with an m/z of 454.4 and a retention time of 4.8 minutes. This mass corresponds to the mass 

of H, but has a different retention time than typically detected for H on the 30-90 gradient (usually 6.8 minutes). dwas run on Column 2  

Entry Aldehyde 
Cleavage 

Cocktail 

Crude 

Purity1 
H 2.33 2.32 

Unidentified 

byproductb 

Sum of 

additional 

byproducts 

H:2.33:2.32 Gradient 

55.  

j  

III  57 7 0 50 23 20 12:0:88 40-80 

56.  IV 26 7 0 19 33 41 27:0:73 50-95d 

57.  VI  49 0 49 0 22 29 0:100:0 40-80 

58.  VII  46 0 46 0 15 39 0:100:0 40-80 

59.  VIII  29 0 26 3 23 48 0:91:9 40-80 

60.  IX 32 0 0 32 31 37 0:0:100 40-80 

61.  

k 

III  55 17 0 38 19 26 32:0:68 30-90 

62.  IV 27 14 0 13 26 47 52:0:48 30-90 

63.  VI  65 0 65 0 15 20 0:100:0 30-90 

64.  VII  70 0 70 0 15 15 0:100:0 30-90 

65.  VIII  45 0 45 0 16 39 0:100:0 30-90 

66.  IX 31 6 0 25 21 48 20:0:80 30-90 

67.  

l 

III  63 24 0 39 14 23 38:0:62 30-90 

68.  IV 30 15 0 15 17 53 50:0:50 30-90 

69.  VI  68 0 68 0 9 23 0:100:0 30-90 

70.  VII  68 0 68 0 11 21 0:100:0 30-90 

71.  VIII  54 0 54 0 14 32 0:100:0 30-90 

72.  IX 46 8 0 38 15 39 17:0:83 30-90 
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Table 2.9. Characterization data for peptoids 2.37a-l and 2.38a-l.

 

 

Peptoid 

Calculated 

m/z [M + 

H] + 

Observed 

m/z [M + 

H] + 

RT 

(min)a Peptoid 

Calculated 

m/z [M + 

H] + 

Observed 

m/z [M + 

H] + 

RT 

(min)a 

2.37a 881.4345 881.4328 9.07 2.38a 885.4658 885.4632 8.64 

2.37b 849.4446 849.4424 10.33 2.38b 853.4759 853.4734 10.17 

2.37c 977.2344 977.2319 10.59 2.38c 981.2657 981.2613 10.34 

2.37d 957.3881 957.3883 11.00 2.38d 961.4194 961.4172 10.56 

2.37eb 823.4038 823.4027 8.58 N/A N/A N/A N/A 

2.37f 799.4038 799.4029 7.71 N/A N/A N/A N/A 

2.37g 801.3719 801.3696 7.57 2.38g 805.4032 805.4013 7.47 

2.37h 753.4446 753.4429 8.54 2.38h 757.4759 757.4740 9.02 

2.37i 753.4446 753.4428 8.57 2.38i 757.4759 757.4744 8.96 

2.37j 781.4759 781.4753 9.93 2.38j 785.5072 785.5067 10.35 

2.37k 805.4759 805.4751 10.15 2.38k 809.5072 809.5066 10.66 

2.37l 833.5072 833.5067 11.14 2.38l 837.5385 837.5375 11.61 

aLC-MS analyses were performed using a 12 min 50-95% linear gradient of MeCN (0.1% TFA) 

in water (0.1% TFA) on Column 2 unless otherwise indicated. bLC-MS analyses were performed 

using a 12 min 30-90% linear gradient of MeCN (0.1% TFA) in water (0.1% TFA) on Column 2
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Table 2.10. Characterization data for peptoid 2.42 (peptoid with 5 different N-imino glycine monomers) 

 

aLC-MS analyses were performed using a 12 min 50-95% linear gradient of MeCN (0.1% TFA) in water (0.1% TFA) on Column 2. 
bCrude peptoid was treated with a fresh solution of the Cleavage VI cocktail for an additional 2 h.

Pept

oid 
Structure 

Synthesis 

type 

Cleavage 

Conditions 

Crude 

purity a 

Calcd m/z 

[M + 2H] 2+ 

Obsd m/z 

[M + 2H] 2+ 

RT 

(min) 

2.42 

 

Automated VI b 69 1025.0658 1025.0685 10.00 
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CHAPTER 3: Solution phase synthesis and conformational analysis of peptoids containing  

      N-imino and N-alkylamino glycines 

Part of this work was published in Chem. Sci. 2021, 12, 8401. 

 

From the synthesis studies on solid support in Chapter 2, it was observed that hydrazone 

submonomers are compatible with standard solid phase synthesis conditions and offer advantages 

over other submonomers such as side chain diversity. As mentioned in Chapter 1, heteroatom 

substitution on the backbone nitrogen atom in peptoids1ï4 and peptides5,6 has been shown to 

facilitate a trans-amide bond conformation because of disfavored lone pair-lone pair interactions 

present in the cis-conformation (Figure 3.1). Therefore, it was also hypothesized that N-imino 

glycine and N-alkylamino glycine monomers would promote a trans-amide bond conformation. 

Additionally, inter- and intramolecular hydrogen bonding in the N-alkylamino glycine form is also 

possible. In order to verify the conformation of these monomers and detect hydrogen bonding, 

synthesis was moved into solution phase to perform X-ray and NMR analyses. 

 

3.1 Solution phase synthesis of N-imino glycine and N-alkylamino glycine containing 

peptoids. 

While solid phase submonomer synthesis is ideal for efficiently synthesizing libraries of 

sequence specific peptoid oligomers, solution phase synthesis of model compounds is an effective 

way to make larger amounts of material for conformational analysis. NMR and X-ray studies, in 

tandem with computational work, will be used to confirm the hypothesized trans- amide bond and 

hydrogen bonding in model compounds.  

Using model monomers with  piperidinyl C-terminal and acetyl N-terminal capping groups 

have been shown in the past to be useful for conformational analysis of peptoids.2,7,8 Synthetic 

steps in solution are very similar to those in solid phase (see sections 1.2 and 2.1 for more details 

on solid phase synthesis). It follows modified versions of the bromoacetylation and displacement 

steps with benzaldehyde hydrazone is again used as the model hydrazone submonomer. Three 

 
Figure 3.1. Hypothesized lone pair-lone pair repulsion present in the cis-conformation of the N-imino glycine monomer. The same 
repulsions are present in the N-alkylamino glycine monomer. 
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other substituted benzaldehyde hydrazones (p-methyl, p-methoxy, and p-(trifluoromethyl) 

benzaldehydes) were used as submonomers to determine what (if any) changes the electron-

donating or -withdrawing character would impose on the monomerôs overall trans-inducing 

capabilities. These compounds (3.4b-d and 3.5b-d) were synthesized and analyzed by my 

undergraduate mentees, Brandon Lowe (NSF-REU student, summer 2019) and Adam Rosfi 

(NCSU chemistry major, fall 2019-spring 2021). In order to synthesize compounds 3.4a-d and 

3.5a-d (Scheme 3.1a) for conformational analysis, optimization of known literature methods were 

required.2 For optimal yields, reaction times were increased, and THF was used. Side chain 

reduction was performed using acetic acid and sodium cyanoborohydride (NaBH3CN)9,10 as 

opposed to TFA and TES, which was used for cleavage of the peptoid from the resin and also 

found to promote reduction.  

Along with the compounds of interest, a control monomer was synthesized for conformational 

analysis. The same procedure was used (Scheme 3.1b), substituting an aryl hydrazone with 2-

phenylethylamine in the displacement step. This monomer lacks a nitrogen atom in the side chain 

but maintains the side chain spacing of compounds 3.4a-d and 3.5a-d (aromatic ring two atoms 

away from backbone nitrogen). It is not expected for the control monomer 3.7 to have a strong 

preference for either the cis- or trans- amide bond configuration. 

 

3.2 X-ray analysis of model monomers. 

Crystals of all monomer compounds were obtained via vapor diffusion of hexanes into ethyl 

acetate (3.4a-d and 3.5a-d) apart from the control monomer. The crystal structures were used to 

evaluate the dihedral angles of interest in each compound (Figure 3.2). The amide bond dihedral 

angle (ɤ) quantifies the cis- or trans- conformation (ɤ = ~0Á in the cis- conformation while ɤ = ~ 

 
 

 
Scheme 3.1. Solution phase synthesis scheme of compounds a) 3.4a-d and 3.5a-d and b) 3.7. 
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±180° in the trans- conformation). The ű and ɣ dihedral angles refer to the remaining two 

backbone angles in a monomer that can help predict secondary structures, and the ɢ dihedral angle 

refers to the side chain orientation.  

Crystal structures of each compound present the amide bond (ɤ) in the trans- configuration, 

as expected (see Table 3.1). In the N-imino glycine form (3.4), the side chain the side chain 

dihedral angle (ɢ) is close to 0Á and the aromatic ring is in plane with the amide bond. Bond angles 

about the amide nitrogen are also close to 120°, indicating a trigonal planar geometry that is 

common in amide bonds. 

 
Figure 3.2. Dihedral angles of interest in the analysis of an N-substituted glycine monomer. 
 

Table 3.1. Dihedral angles of peptoids 3.4a-d and 3.5a-d  

 

Structure ɤ ű ɣ ɢ 

3.4a 179.1 102.7 159.8 1.8 

3.5aa 167.4 77.9 178.0 69.5 

3.4b 173.6 105.5 164.6 5.9 

3.5b 178.1 98.8 174.3b 65.3 

3.4c 178.9 100.2 158.0 0.7 

3.5c 176.5 108.9 177.8 65.9 

3.4d 176.7 102.6 160.6 1.7 

3.5d 167.5 76.8 178.1 65.6 
aA second structure with opposite dihedral angles was present in the unit cell. bDisorder is present in the piperidinyl region. In the 
minor conformation, ɣ = 150.6 
 



 

56 

 

Structurally, reduction of the C=N bond to give the N-alkylamino glycine form of the 

monomers (3.5a-d) primarily caused changes in the ɢ dihedral angle: rotating from an average of 

1.7° in the N-imino glycine form to  66.6° in the N-alkylamino glycine form. All backbone dihedral 

angles (ɤ, ű, and ɣ) remained within about ~30Á upon side chain imine reduction. There is also a 

moderate intramolecular hydrogen bond in all cases (see Table 3.2). Distances between the side 

chain nitrogen (D) and C-terminal amide carbonyl (A) range from 2.93-3.12 Å with D-HéA 

angles of 112.4-122.0°. This type of hydrogen bond is not detected in N-acyl hydrazide glycine 

monomers (see section 1.4) as the side chain ɢ dihedral angle is 87.5Á and the possible D-HéA 

angle is 91.1°, outside of the desired range for hydrogen bonding. Further analyses were completed 

in solution using NMR spectroscopy. 

 

3.3 1D NMR analysis of model monomers. 

In the peptoid literature, it is common to be able to observe both cis- and trans- amide bond 

conformations using 1D proton NMR and use their integrations to calculate the population ratio 

of the two (Kcis/trans values). For most monomers that promote a cis-amide bond conformation, 

Kcis/trans values above 10 indicate a strong preference for the cis-conformation (including N- 

triazolium and N-ammonium alkyl glycines, see Chapter 1), and values below 1 indicate a 

preference for a trans-amide bond conformation. Values Ò 0.05 are the strongest trans-inducing 

monomers (including N-alkoxy, N-hydroxy, and N-acylhydrazide glycines, see Chapter 1).  

1D H-NMRs of 3.4a-d and 3.5a-d were taken to calculate Kcis/trans values for each compound 

in CDCl3 at room temperature using the acetyl CH3 (Ha) and the backbone CH2 (Hb) signals, see 

Table 3.3. The electronics of the aromatic ring did not seem to have a large impact on the Kcis/trans 

values. Additional peaks representing a minor conformer were not detected for most N-imino 

glycine monomers (3.4a-c), with a minor conformer detected for 3.4d with a Kcis/trans value equal 

to 0.05. The Kcis/trans value for 3.5c is slightly higher than the rest, indicating that the electron 

withdrawing group may help stabilize the monomer in the cis- conformation. A similar trend is 

Table 3.2. Hydrogen bond geometry (Å) for compounds 3.5a-d 

Structure D-HéA D-H HéA DéA D᷁-HéA 

3.5a N-HéO 0.88 2.66 3.10 112.4 

3.5b N-HéO 0.90 2.47 3.00 118.4 

3.5c N-HéO 0.90 2.35 2.93 122.0 

3.5d N-HéO 0.90 2.65 3.12 113.5 
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seen with the N-aryl glycines where electron-donating groups increase the trans-amide preference 

and electron-withdrawing groups decrease this preference.11 The control monomer has a higher 

Kcis/trans value than all other compounds of interest, indicating that there is a slight trans-amide 

bond preference, but not as strong as 3.4a-d and 3.5a-d. This is expected because of the lack of 

heteroatom in the side chain that is present in the N-imino glycine and N-alkylamino glycine 

monomer side chains, therefore removing the lone pair-lone pair electronic repulsion that 

presumably destabilizes the cis-conformer in analogs 3.4a-d and 3.5a-d. 

The unsubstituted benzaldehyde hydrazone monomers 3.4a and 3.5a were chosen as model 

compounds along with the control monomer 3.7 for further analysis in more solvents that are 

commonly used to measure Kcis/trans values in peptoids and at more concentrations (see Table 3.4). 

Across solvents and concentrations, 3.4a appears to be predominately in a single conformation 

because of the single acetyl peak (>99%), which is hypothesized to represent the trans-amide bond 

conformation based off previous literature and the X-ray crystallography results. Compound 3.5a 

has two peaks present for the acetyl region (Ha) and backbone CH2 (Hb) signals, meaning that both 

the cis- and trans- amide conformation populations are being detected on the NMR time scale. The 

trans- conformation is still more dominant in all solvents and concentrations tested (~90% trans). 

Additionally, following the shift of the -NH proton of 3.5a in CDCl3 at room temperature across 

concentrations (100, 10, 5, and 1 mM) showed very little change (ȹŭ = 0.01 ppm), consistent with 

Table 3.3. Kcis/trans values of 3.5a-d, 3.4a-d, and 3.7 at 100 mM 

 

Compound 
1H-NMR (CDCl3) 

1Ha, Kcis/trans 
1Hb, Kcis/trans 

3.4aa <0.05 <0.05 

3.5a 0.11 <0.05 

3.4ba <0.05 <0.05 

3.5b 0.10 0.14 

3.4ca <0.05 <0.05 

3.5c 0.16 --b 

3.4d 0.05 0.06 

3.5d 0.11 0.10 

3.7 --b 0.24 
aNo additional peaks for a minor conformer were detected for these N-imino glycine monomers. bShoulder begins to appear that 
may represent different rotamers, but they are not fully resolved at this concentration. 
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intramolecular hydrogen bonding (Figure 3.3a).12 In the trans-amide bond conformation, it is 

expected for the hydrogen bond acceptor to be the C-terminal carbonyl oxygen, as discussed in 

section 3.2. Finally, compound 3.7 has a lower preference for the trans-conformation compared to 

both the N-imino and N-alkylamino glycines (about 80%). 

Variable temperature experiments were also performed in CD3OD to ensure that the NMR 

spectra are indicative of a single conformation rather than rapidly interconverting states that are 

not detectable on the NMR time scale. As the temperature was lowered to 35 °C, there was no 

evidence of another conformational isomer for either the acetyl CH3 peak or the backbone CH2 

peak for 3.4a. For compound 3.5a as the temperature was increased to 45°C, the two 

conformational peaks did not coalesce. The Kcis/trans values at each temperature in the range did not 

vary greatly, also indicating a consistent population of both conformations across temperatures. 

Variable temperature experiments were continued in CD3CN for sample 3.5a to see if the 

Table 3.4. Kcis/trans values of model compounds in different solvents and concentrations 

 

1H-NMR (CDCl3)
 

AVG 

K cis/trans 

AVGȹGci

s/trans
 

(kcal/mol) 

1Ha, 

cis/trans 

1Ha, 

cis/trans
 

1Ha, 

cis/trans 

1Ha, 

cis/trans
 

1Hb, 

cis/trans 

1Hb, 

cis/trans
 

1Hb, 

cis/trans
 

1Hb, 

cis/trans 

100 

mM 
10 mM 5 mM 1 mM 

100 

mM 
10 mM 5 mM 1 mM 

3.4aa <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05  

3.5a 0.11 0.14 0.13 0.14 <0.05 <0.05 <0.05 <0.05 
0.13± 

0.01 

1.22± 

0.06 

3.7 --b --b --b --b 0.24 0.25 0.21 0.35 
0.26± 

0.05 

0.80± 

0.11 

 

1H-NMR (CD3CN) 

AVG 

K cis/trans 

AVGȹGci

s/trans
 

(kcal/mol) 

1Ha, 

cis/trans 

1Ha, 

cis/trans
 

1Ha, 

cis/trans 

1Ha, 

cis/trans
 

1Hb, 

cis/trans 

1Hb, 

cis/trans
 

1Hb, 

cis/trans
 

1Hb, 

cis/trans 

100 

mM 
10 mM 5 mM 1 mM 

100 

mM 
10 mM 5 mM 1 mM 

3.4aa <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05  

3.5a --c --c --c --c 0.15 0.17 0.17 0.19 
0.17± 

0.01 

1.05± 

0.05 

3.7 --b --b --b --b 0.74 0.67 0.73 0.74 
0.72± 

0.03 

0.19± 

0.02 

 

1H-NMR (CD3OD) 

AVG 

K cis/trans 

AVGȹGci

s/trans
 

(kcal/mol) 

1Ha, 

cis/trans
 

1Ha, 

cis/trans
 

1Ha, 

cis/trans
 

1Ha, 

cis/trans 

1Hb, 

cis/trans 

1Hb, 

cis/trans 

1Hb, 

cis/trans 

1Hb, 

cis/trans 

100 

mM 10 mM 5 mM 1 mM 100 

mM 10 mM 5 mM 1 mM 

3.4aa <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05  

3.5a 0.15 0.17 0.16 0.16 0.15 0.18 0.16 0.19 
0.16± 

0.01 

1.07± 

0.05 

3.7 0.45 0.44 0.45 0.42 --b --b --b --b 
0.44± 

0.01 

0.48± 

0.02 
aNo additional peaks for a minor conformer were detected. bShoulder begins to appear that may represent different rotamers but 
are not fully resolved. cThe residual solvent peak has the same ppm shift as the acetyl group; cis/trans ratios were measured using 
the backbone methylene peaks only. 
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temperature was simply not high enough to detect a coalescence of peaks, but even increasing to 

75°C did not show coalescence of the backbone CH2 peak (the CH3 peak overlaps with the residual 

solvent in CD3CN, so it was not observed). However, the peaks do broaden and the Kcis/trans 

increases up to 0.30 at 75°C.  

Based on the barrier of rotation about an amide bond (15-20 kcal/mol), it is reasonable to not 

detect a coalescence point for 3.5a as the temperatures may not be high enough to provide enough 

energy to cross that barrier. N-alkoxy glycine monomers have a predicted energy of rotation of 

about 10-12 kcal/mol1 while aza-proline peptide sidechains have a predicted energy of rotation of 

about 18-20 kcal/mol.6 More discussion of the rotational barrier is discussed in the computational 

section below. 

For compound 3.5a, variable temperature experiments were also performed in DMSO-d6 in 

order to be able to detect the NH peak (not seen with CD3OD). Across temperatures from 25-55 

°C, the temperature coefficient of the -NH peak was determined to be 0.59 ppb/K (Figure 3.3b). 

According to  amide bond -NH data, this value is consistent with solvent shielding and implies 

intramolecular hydrogen bonding in the molecule.13,14   

With the reported Kcis/trans values from 1H-NMR along with variable temperature experiments 

it is shown that one conformer is preferred, though the structure of this conformational isomer 

needed to be confirmed using 2D NMR. The chemical shift of the -NH proton in 3.5a is indicative 

of an intramolecular hydrogen bond in the molecule. The trans-amide bond conformation and will 

be further analyzed in the next two sections. 

 

 

 
Figure 3.3. a) NMR chemical shift of the NH proton of the amino alkyl side chain of 3.5a in CDCl3 at room temperature, as a 
function of the logarithm of concentration in M. b) Temperature coefficient (Tcoeff) of compound 3.5a in DMSO-d6 determined 
using the 1H-NMR chemical shift of the NH proton of the amino alkyl side chain at 17 mM with respect to temperature (25-55 °C).  
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3.4 2D NMR analysis of model monomers. 

Model monomers 3.4a and 3.5a and control monomer 3.7 were also analyzed using 2D Nuclear 

Overhauser effect spectroscopy (NOESY) NMR at 10 mM in CD3OD. This type of NMR 

experiment is commonly used to help establish the geometry of the amide bond in peptides and 

peptoids by showing interactions between protons that are close together in space. For these model 

monomer systems, a trans- isomer was expected to have NOEs between the acetyl CH3 and the 

side chain CH (Hi) and side chain aryl CH (Hj), while a cis- isomer was expected to show NOEs 

between the acetyl CH3 (Ha) and the backbone methylene (Hb). 

All 2D experiments were performed following the parameters used by Blackwell2 in analysis 

of the N-alkoxy glycine monomer precursor to the N-hydroxy glycine monomer. This compound 

is similar to N-imino and N-alkylamino glycine monomers, with a heteroatom substitution from 

nitrogen to oxygen.  

NOE crosspeaks were detected between the acetyl group (Ha) and the side chain phenyl ring 

(Hj) for both 3.4a and 3.5a (X-ray crystal distances of 3.18 Å and 3.13 Å, respectively) consistent 

with a trans-amide  bond configuration (see Figure 3.4).2 Unexpectedly, a weak cross-peak was 

also detected between Ha and Hb in the major conformation peaks for 3.4a and 3.5a, which would 

normally be expected in the cis-amide bond conformation. However, these interactions have also 

been observed in the 2D NOESY NMRs for N-hydroxy glycine monomers in the trans- 

conformation.2 Compared by integration to the intensity of a necessarily cis- interaction between 

the Hb and a piperidinyl CH (Hc), the Ha/Hb was found to be 13x and 8x less intense for 3.4a and 

3.5a, respectively. NOESY can also detect interactions up to 5 Å apart, which is consistent with 

the atomic distances of 4.32-4.37 Å between Ha and Hb detected by X-ray analysis. Overall, these 

interactions indicate that the single acetyl peak in 3.4a and the major conformation of the acetyl 

 
Figure 3.4. Proton identification for 3.4a, 3.5a, 3.5aô (cis conformation of 3.5a), 3.7 and 3.7ô (cis conformation of 3.7). 
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peak in 3.5a both correspond to the trans-amide bond conformation whereas the minor peak in 

3.5a corresponds to the cis-conformation. 

In the minor conformational isomer of 3.5a, crosspeaks were detected between Haô and Hbô. 

This interaction is expected since the minor peaks of each proton were determined to be in the cis- 

amide bond configuration. Additionally, a positive crosspeak between Hb and Hbô was observed, 

indicating conformational exchange between the two protons, as opposed to interaction between 

space. 

Finally, for the control compound 3.7 the expected interactions between the acetyl protons (Ha) 

and the sidechain (Hh, Hi, and Hj) are present. The minor acetyl peak (Haô) has an interaction with 

what is presumably Hbô, which is likely overlapping with Hb in this sample. Overall, these 2D 

NOESY NMR spectra confirm the trans-amide bond conformation for both 3.4a and 3.5a and the 

control monomer 3.7.  

 

3.5 Computational analysis of model monomers. 

Computational analysis of model peptoids is another way to determine their geometric 

conformations and possible non-covalent interactions within the molecule. Theoretical 

calculations using the model monomers and the control (3.4a, 3.5a, and 3.7) were performed using 

the Gaussian 1615 implementation of B3LYP16ï19 density functional theory. These calculations 

further confirmed the trans-inducing capabilities of N-imino and N-alkylamino glycine residues. 

Preliminary computational work was completed during my NSF-REU in the Proulx lab under the 

guidance of Profs. Elena Jakubikova and Elon Ison. Prof. Ison has also collaborated to assist with 

other calculations more recently during my graduate studies. 

At the outset, the structures of 3.4a and 3.5a were generated using the coordinates from their 

respective X-ray crystal structures, and 3.7 by editing the crystal structure of 3.5a in GaussView. 

The geometry of each structure was optimized in the gas phase using specific keywords with the 

6-31G(d,p)20 basis set (see Experimental section for more details). As the main interest of this 

study is determining the lowest energy amide bond configuration (i.e. cis- or trans-), relaxed 

potential energy scans were performed about the ɤ dihedral angle of each of the 3 optimized 

structures. In this type of scan, the molecule undergoes geometry optimization at each step, which 

is more accurate than a rigid scan that can be used to get a rough estimate of energies without 

optimizing at each step.  
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This experiment resulted in a plot of energies that, while inflated, reinforced the trends seen in 

solution (Figure 3.5). All three compounds had large rotational barrier energies (between 20-25 

kcal/mol) which is expected from rotating around an amide bond. The amide resonance form gives 

the C-N bond appreciable double bond character, raising the rotational barrier energy. Differences 

between the cis- (ɤ = 0Á) and trans- (ɤ = Ñ180Á) energies also trended in an expected way: 3.4a > 

3.5a >> 3.7 (Table 3.5). The low energy difference for compound 3.7 means it can more easily 

have populations in both conformations, whereas the higher energy differences for 3.4a and 3.5a 

indicate that the one conformation (trans) is more preferred. This reflects the calculated ȹGcis/trans 

values from the 1H-NMR studies.  

The ȹGcis/trans values for compounds 3.4a and 3.5a are around 7-9 kcal/mol according to this 

original plot, which are inflated compared to the experimental data collected by 1H-NMR. 

Professor Ison provided some guidance and collaborated with us on the project by performing 

energy calculations on the cis- and trans- conformation structures with different energy calculation 

corrections. In his work, energy minima from the ɤ angle scan were optimized at the same level 

of theory as the scan, with the addition of the D3 version of Grimmeôs empirical dispersion 

correction (meaning that the calculations took the effects of the potentially fluctuating charge 

distribution around the system into account).21 

In the trans- conformation of 3.5a, a hydrogen bond is present between the side chain NH and 

the C-terminal carbonyl. It was postulated that in the cis- conformation, that hydrogen bond could 

also potentially form between the side chain NH and the acetyl carbonyl. Interestingly, it was 

discovered by doing another relaxed potential energy scan about the ɢ dihedral angle of 3.5a that 

 

 
Figure 3.5. Relative energy for relaxed potential energy scan of optimized structures about the ɤ dihedral angle for monomers 
3.4a, 3.5a, and 3.7 reported at the B3LYP/6-31G(d,p) level of theory. See Experimental section for more computational details. 
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the lowest energy conformation of this compound in the cis- conformation in fact has a hydrogen 

bond present between the acetyl carbonyl and side chain NH (Figure 3.6). This interaction gives 

a lower relative energy difference between the two conformations and provides more insight into 

why the cis- conformation may be present only in the reduced N-alkylamino glycine version of the 

compound. With this new low energy conformation for the cis conformation of 3.5a, it and the 

other cis and trans energy minima for 3.4a, 3.5a, and 3.7, energy calculations for the now 

optimized structures were done with a different basis set (6-311+G(2d,p)22) and included solvation 

corrections in acetonitrile via the PCM method23, rather than in the gas phase like the optimization 

calculations. These calculations resulted in less inflated values that still follow the trend indicated 

on the original plot (Table 3.5).  

 

As mentioned earlier, previous literature has suggested that electron repulsion between the lone 

pair on the carbonyl oxygen and side chain nitrogen explains this preference for the trans- 

conformation1,2,4, and therefore these trends in free energies. These interactions can be observed 

in HOMO-1 of compound 3.4a (Figure 3.7). Natural bond orbitals24,25 (NBOs) 70 and 71 show 

that the orbitals originate from the lone pair on the imino nitrogen and carbonyl oxygen, 

respectively. The removal of the side chain nitrogen to obtain 3.7 causes a reduction in the electron-

electron repulsion present, causing a smaller preference for the trans- conformation and much 

lower ȹGcis/trans value for 3.7. As for 3.5a, electron-electron repulsion is a major contributor to the 

trans-amide bond preference, but a small population is detected in the cis- conformation likely 

because of the presence of a hydrogen bond between the acetyl oxygen and the amino NH bond 

(N-HéO = 2.24 Å, computationally). This hydrogen bond reduces the energetic difference between 

 

 
 

 

Figure 3.6 Potential energy surface scan for rotation around the ɢ (CïNïNïH) dihedral angle in the cis conformation of 3.5a. Two 
minima were identified with hydrogen bonding to the carbonyl oxygens. A total of 36 points were scanned at 10° increments.  
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the cis- and trans- isomers, resulting in a smaller ȹGcis/trans value for 3.5a. Overall, these results 

support that N-imino glycines and N-alkylamino glycines prefer the trans- amide bond 

configuration, which should allow for secondary structure stabilization in longer oligomers. 

 

 

 

 

Table 3.5. Relative ȹE and ȹG values for compounds 3.4a, 3.5a. and 3.7 (computational and experimental)  

 

Structure 

ȹG 

(Experimental, CD3CN) 

(kcal/mol) 

Relative ȹE (Computational, 

Fig. 3.3) (kcal/mol) 

ȹG 

(Computational, Ison) 

(kcal/mol) 

3.4a -- 9.0 5.6 

3.5a 1.05± 0.05 7.2 2.9 

3.7 0.19± 0.02 1.5 0.67 

 

3.4a 3.5a 3.7

Cis-amide

Trans-amide

 

 
 
 

Figure 3.7. Molecular and natural bonding orbitals (NBOs) for 3.4a. Orbitals are shown at 0.045 isocontours. 

HOMO- 1

NBO 70

NBO 71
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3.6 Experimental Data 

3.6.1 General 

Solution phase reactions done with dry solvents were performed in oven-dried glassware under 

argon sealed with rubber septa and were stirred with Teflon-coated magnetic stir bars. Thin layer 

chromatography (TLC) was performed using Silicycle silica gel 60 F-254 precoated plates (0.25 

mm) and visualized using ultraviolet light (UV) and/or submersion in aqueous ninhydrin or 

KMnO4 staining solutions. Samples were purified using a Biotage® Isolera One, employing 

polypropylene cartridges preloaded with silica gel (25 micron) and were eluted with UV detection 

(254, 280 nm). Nuclear magnetic resonance (NMR) spectra (1H, 13C) were recorded on a 600 or 

700 MHz Bruker spectrometer at 25 ºC unless otherwise specified. Chemical shifts are expressed 

in parts per million (ppm, ŭ scale) and are referenced to residual protium in the NMR solvent 

(CHCl3, ŭ 7.26, MeOH, ŭ 3.31, or MeCN, ŭ 1.94). NMR data is presented by listing chemical shift, 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), coupling 

constant in Hertz, and integration. Chemical shifts for 13C NMR spectra are recorded in parts per 

million (ppm, ŭ scale) and are referenced to the central peak of deuterochloroform (ŭ 77.16). All 

spectra were obtained with complete proton decoupling. Infrared (IR) spectra were collected on a 

Thermo Scientific Nicolet iS5 FTIR instrument using attenuated total reflectance (ATR) mode and 

signals are reported in reciprocal centimeters (cm-1). Melting points were obtained on a Mettler 

Toledo MP50 One Click Melting Point System. 

 

3.6.2 Reagents 

Triisopropylsilane (TIPS), trifluoroacetic acid (TFA), bromoacetic acid, and 

diisopropylcarbodiimide (DIC) were purchased from Chem Impex Intôl, Inc. N,N-

diisopropylethylamine (DIEA), triethylamine (TEA), triethylsilane (TES), piperidine, acetyl 

chloride, 4-fluorobenzaldehyde, 4-chlorobenzaldehyde, 4-bromobenzaldehyde, p-anisaldehyde, 

isobutyraldehyde, 4-(trifluoromethyl)benzaldehyde, p-tolualdehyde, 2-methoxyethylamine, 

methylamine (40% in water), isobutylamine, benzylamine, aniline, 2-pyrrolecarboxaldehyde, 

isobutyraldehyde, butyraldehyde, chloroacetic acid, potassium iodide, and benzaldehyde were 

purchased from Sigma Aldrich. Bromoacetyl bromide, phenol, isopropylamine, 2-

phenylethylamine, ɓ-alanine tert-butyl ester hydrochloride, and NaBH3CN were purchased from 

Alfa Aesar (Thermo Fisher Scientific). 2-furaldehdye, cyclopentanecarboxaldehyde, 
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cyclohexanecarboxaldehyde, and hydroxylamine hydrochloride were purchased from Acros 

Organics. All chemicals were used as received without further purification. 

 

3.6.3 Representative protocols for synthesis of peptoids in solution 

2-bromo-1-(piperidin -1-yl)ethan-1-one (3.2)  

The synthesis was performed following literature procedure with minor 

modifications.2 A solution of piperidine (5 mmol, 0.5 mL) and TEA (8 mmol, 1.1 

mL) in dry CH2Cl2 (13 mL) was cooled to 78 °C in an oven-dried round bottom flask under an 

argon atmosphere. Bromoacetyl bromide (7.5 mmol, 0.65 mL) was added dropwise to the stirring 

solution. After addition, the solution was reacted at room temperature for 15 minutes. After the 

reaction was complete, the solution was transferred to a separatory funnel with 30 mL CH2Cl2 and 

washed with cold saturated aq. NaHCO3 (2x), 10% w/v citric acid solution (2x), and saturated 

brine (1x). The organic layer was collected, dried with Na2SO4, and the solvent was removed under 

reduced pressure. The material was carried on to the next step without further purification.  

 

(E)-2-(2-benzylidenehydrazineyl)-1-(piperidin -1-yl)ethan-1-one (3.3a) 

The crude 2-bromo-1-(piperidin-1-yl)ethan-1-one, 3.2 (5.0 mmol) and TEA 

(1.4 mL, 10.0 mmol) were dissolved in dry THF (20 mL) in an oven-dried round 

bottom flask under an argon atmosphere and cooled to 0 °C in an ice bath. 

Benzaldehyde hydrazone (2.40 g, 20.0 mmol) was dissolved in dry THF (5 mL) in a 20 mL vial 

under argon atmosphere and cooled to 0 °C before being added dropwise to the solution of 3.2. 

After the addition, the reaction was removed from the ice bath and left under an argon balloon for 

2 hours at room temperature. The reaction mixture was filtered and the THF was removed under 

reduced pressure. The product was purified by flash chromatography with a Biotage® Isolera using 

a 40-100% ethyl acetate in hexanes gradient to give 3.3a as an orange oil (0.7894 g, 3.2 mmol, 

64% yield over two steps): Rf = 0.42 (40% ethyl acetate in hexanes); 1H NMR  (600 MHz, CDCl3) 

ŭ 7.70 (s, 1H), 7.53 (d, J = 7.69 Hz, 2H), 7.31 (t, J = 7.41 Hz, 2H), 7.24 (t, J = 7.35 Hz, 1H), 6.30 

(broad s, 1H), 4.05 (s, 2H), 3.55 (t, J = 5.66 Hz, 2H), 3.37 (t, J = 5.50 Hz, 2H), 1.65-1.53 (m, 6H); 

13C NMR  (150 MHz, CDCl3) ŭ 167.50, 138.99, 135.54, 128.21, 127.87, 125.80, 49.63, 45.23, 

42.70, 26.03, 25.20, 24.17; HRMS (HESI/orbitrap) calculated for [C14H19N3O] calculated m/z [M 

+ H]+ = 246.1601, observed m/z [M + H]+ = 246.1605. 
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(E)-2-(2-(4-methoxybenzylidene)hydrazineyl)-1-(piperidin -1-yl)ethan-1-one (3.3b) 

3.3b was synthesized according to the procedure described above for the 

synthesis of 3.3a from 3.2 (3.4 mmol) and 4-methoxybenzaldehyde hydrazone 

(1.02 g, 6.8 mmol). The product was purified by flash chromatography with a 

Biotage® Isolera using a 20-100% ethyl acetate in hexanes gradient to give 3.3b 

as a dark yellow oil (0.3194 g, 1.2 mmol, 23% yield over two steps). Due to its 

instability, the product was used immediately after purification in the next step. 

 

(E)-1-(piperidin -1-yl)-2-(2-(4-(trifluoromethyl)benzylidene)hydrazineyl)ethan-1-one (3.3c) 

3.3c was synthesized according to the procedure described above for the 

synthesis of 3.3a from 3.2 (2.2 mmol) and 4-(trifluoromethyl)benzaldehyde (800 

mg, 4.3 mmol). The product was purified by flash chromatography with a 

Biotage® Isolera using a 20-100% ethyl acetate in hexanes gradient to give 3.3c 

as an orange oil (0.3523 g, 1.1 mmol, 52% yield over two steps). Due to its 

instability, the product was used immediately after purification in the next step. 

 

(E)-Nô-benzylidene-N-(2-oxo-2-(piperidin -1-yl)ethyl)acetohydrazide (3.4a) 

Compound 3.3a (500 mg, 2.04 mmol) was dissolved in dry CH2Cl2 (21 mL) 

in an oven-dried 100 mL round bottom flask under an argon atmosphere and 

cooled to 0 °C in an ice bath. TEA (0.70 mL, 5.10 mmol) was added followed 

by the dropwise addition of acetyl chloride (0.40 mL, 5.10 mmol). The reaction 

(yellow solution) was removed from the ice bath and stirred under an argon atmosphere for 30 

minutes at room temperature. The solvent was removed under reduced pressure and the product 

was purified by flash chromatography with a Biotage® Isolera using a 40-100% ethyl acetate in 

hexanes gradient to give 3.4a as a light yellow solid (0.5044 g, 1.76 mmol, 86% yield): Rf = 0.24 

(40% ethyl acetate in hexanes); 1H NMR  (600 MHz, CDCl3) ŭ 7.67 (d, J = 6.38 Hz, 2H), 7.64 (s, 

1H), 7.39-7.33 (m, 3 H), 4.82 (s, 2H), 3.54 (t, J = 5.67 Hz, 2 H), 3.38 (t, J = 5.34 Hz, 2 H), 2.52 

(s, 3H), 1.67-1.54 (m, 6H); 13C NMR  (150 MHz, CDCl3) ŭ 172.62, 163.68, 139.30,134.41, 129.38, 

128.33, 126.90, 45.95, 43.07, 42.52, 26.18, 25.26, 24.12, 21.38 IR (neat) 2939, 2859, 1670, 1636, 

1411, 1233, 945, 756, 695, 554. HRMS (HESI/orbitrap) calculated for [C16H21N3O2] calculated 

m/z [M + H]+ = 288.1707, observed m/z [M + H]+ = 288.1710. MP = 143.4 °C - 146.5 °C. 
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(E)-N' -(4-methoxybenzylidene)-N-(2-oxo-2-(piperidin -1-yl)ethyl)acetohydrazide (3.4b) 

3.4b was synthesized according to the procedure described above for the 

synthesis of 3.4a from 3.3b (311 mg, 1.1 mmol). The product was purified by 

flash chromatography with a Biotage® Isolera using a 30-100% ethyl acetate in 

hexanes gradient to give 3.4b as a light orange solid (0.2995 g, 0.94 mmol, 84% 

yield); Rf = 0.18 (40% ethyl acetate in hexanes); 1H NMR  (600 MHz, CDCl3) 

ŭ 7.60 (s, 2H), 7.58 (s, 1H), 6.88 (d, J =  8.85 Hz, 2 H), 4.79 (s, 2H), 3.81 (s, 3H),  3.53 (t, J = 5.77 

Hz, 2 H), 3.47 (t, J = 4.76 Hz, 2 H), 2.49 (s, 3H), 1.65-1.53 (m, 6H) 13C NMR (125 MHz, CDCl3) 

ŭ  172.87, 164.38, 160.90, 139.75, 128.67, 127.48. 114.05. 55.35, 46.36, 43.47, 43.12, 26.47, 

25.56, 24.43, 21.66; IR (neat) 2934, 1645, 1512, 1409, 1243, 1165, 1025, 829, 530. HRMS 

(HESI/orbitrap) calculated for [C17H23N3O3] calculated m/z [M + H]+ = 318.1812, observed m/z 

[M + H]+ = 318.1810. MP = 121.7 °C -122.8 °C. 

 

(E)-N-(2-oxo-2-(piperidin -1-yl)ethyl)-N'-(4-(trifluoromethyl)benzylidene)acetohydrazide 

(3.4c)  

3.4c was synthesized according to the procedure described above for the 

synthesis of 3.4a from 3.3c (350 mg, 1.1 mmol). The product was purified by 

flash chromatography with Biotage® Isolera using a 30-100% ethyl acetate in 

hexanes gradient to give 3.4c as a light yellow solid (0.3290 g, 0.93 mmol, 83% 

yield): Rf = 0.23 (40% ethyl acetate in hexanes); 1H NMR  (500 MHz, CDCl3) ŭ 7.77 (d, J = 8.12 

Hz, 2H), 7.65 (s, 1H), 7.62 (d, J = 8.31 Hz, 2H), 4.83 (s, 2H), 3.55 (t, J = 5.55 Hz, 2 H), 3.49 (t, J 

= 5.23 Hz, 2 H), 2.53 (s, 3H), 1.68-1.55 (m, 6H); 13C NMR (125 MHz, CDCl3) ŭ  173.18, 163.95, 

138.00, 131.68 (q, J = 32.2 Hz), 127.42, 125.74 (q, J = 3.8 Hz), 46.51, 43.61, 43.15, 26.62, 25.66, 

24.51, 21.76; IR (neat) 2938, 1675, 1645, 1410, 1157, 1106, 1064, 979, 951, 928, 841, 599, 563, 

435. HRMS (HESI/orbitrap) calculated for [C17H20F3N3O2] calculated m/z [M + H]+ = 356.1580, 

observed m/z [M + H]+ = 356.1578. MP = 184.6 °C ï 186.9 °C.  
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Nô-benzyl-N-(2-oxo-2-(piperidin -1-yl)ethyl)acetohydrazide (3.5a) 

Compound 3.4a (100 mg, 0.35 mmol) was dissolved in THF (1.7 mL) in a 10 mL round bottom 

flask. AcOH (59 µL, 1.05 mmol) was added followed by NaBH3CN (218.7 mg, 

3.48 mmol) and the solution was stirred for 2 h at room temperature. The THF was 

removed under reduced pressure, and the cloudy oil was redissolved in ethyl 

acetate and washed with 1 M KHSO4 (1x) and saturated brine (1x). The organic 

layer was dried with Na2SO4, filtrered, and the solvent was removed under reduced pressure. The 

solution was redissolved in EtOH and was refluxed for 2 h at 85 °C, followed by removal of EtOH 

under reduced pressure. The oil was purified by flash chromatography with a Biotage® Isolera 

with a 4-10% MeOH in CH2Cl2 gradient to give 3.5a as a white solid (0.0799 g, 0.28 mmol, 79% 

yield). Rf = 0.43 (5% MeOH in CH2Cl2), stains with KMnO4; 
1H NMR  (600 MHz, CDCl3) trans 

rotamer: ŭ 7.32-7.21 (m, 5H), 4.94 (t, J = 5.26 Hz, 1H), 4.39 (s, 2H), 3.88 (d, J = 5.24 Hz, 2H), 

3.47 (t, J = 5.56 Hz, 2H), 3.33 (t, J = 5.47 Hz, 2H), 2.07 (s, 3H), 1.66-1.53 (m, 6H). cis rotamer: ŭ 

7.37-7.25 (m, 5H), 5.40 (t, J = 5.12 Hz, 1H), 3.95 (s, 2H), 3.94 (d, J = 3.64 Hz, 2H), 3.52 (t, J = 

5.61 Hz, 2H), 3.16 (t, J = 5.46 Hz, 2H), 2.04 (s, 3H), 1.60-1.48 (m, 6H); 13C NMR (150 MHz, 

CDCl3) ŭ 175.22, 166.66, 137.31, 129.05, 128.62, 127.79, 52.35, 46.18, 43.06, 42.22, 26.38, 25.53, 

24.47, 21.01; IR (neat) 3282, 2936, 2854, 1637, 1229,1026, 756, 737, 549. HRMS (HESI/orbitrap) 

calculated for [C16H23N3O2] calculated m/z [M + H]+ = 290.1863, observed m/z [M + H]+ = 

290.1869; MP = 109.5 °C - 112.5 °C.  

 

N' -(4-methoxybenzyl)-N-(2-oxo-2-(piperidin -1-yl)ethyl)acetohydrazide (3.5b) 

3.5b was synthesized according to the procedure described above for the 

synthesis of 3.5a from 3.4b (150.0 mg, 0.47 mmol). The oil was purified by flash 

chromatography with a Biotage® Isolera with a 2-8% MeOH in CH2Cl2 gradient 

to give 3.5b as a pale yellow solid (0.1099 g, 0.34 mmol, 73% yield). Rf = 0.50 

(5% MeOH in CH2Cl2), product stains with KMnO4; 
1H NMR  (500 MHz, CDCl3) 

trans rotamer: 7.22 (d, J =  8.85 Hz, 2 H), 6.85 (d, J =  8.85 Hz, 2 H), 4.91 (s, broad, 1H), 4.44 (s, 

2H),  3.86 (s, 2H), 3.79 (s, 3H), 3.52 (t, J = 5.77 Hz, 2H), 3.39 (t, J = 4.76 Hz, 2H), 2.11 (s, 3H), 

1.65-1.53 (m, 6H) cis rotamer: 7.22 (d, J =  8.85 Hz, 2 H), 6.85 (d, J =  8.85 Hz, 2 H), 4.81 (s, 

broad, 1H), 4.01 (s, 2H),  3.92 (s, 2H), 3.83 (s, 3H), 3.52 (t, J = 5.77 Hz, 2 H), 3.22 (t, J = 5.56 Hz, 

2 H), 2.03 (s, 3H), 1.65-1.53 (m, 6H); 13C NMR (125 MHz, CDCl3) ŭ  175.07, 166.57, 159.14, 
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130.17, 129.24, 113.88, 55.28, 51.52, 46.10, 42.96, 42.05, 26.28, 25.44, 24.37, 20.92; IR (neat) 

3276, 2929, 2852, 1634, 1442, 1249, 1032, 849, 803, 585, 542 HRMS (HESI/orbitrap) calculated 

for [C17H25N3O3] calculated m/z [M + H]+ =320.1969, observed m/z [M + H]+ = 320.1965; MP = 

84.6 °C ï 87.6 °C.  

 

N-(2-oxo-2-(piperidin -1-yl)ethyl)-N'-(4-(trifluoromethyl)benzyl)acetohydrazide (3.5c) 

3.5c was synthesized according to the procedure described above for the 

synthesis of 3.5a from 3.4c (150 mg, 0.42 mmol). The oil was purified by flash 

chromatography on the Biotage® Isolera with a 2-8% MeOH in CH2Cl2 gradient 

to give 3.5c as a white solid (0.1268 g, 0.35 mmol, 84% yield). Rf = 0.42 (5% 

MeOH in CH2Cl2), product stains with KMnO4; 
1H NMR  (500 MHz, CDCl3): 

trans rotamer: 7.59 (d, 2H), 7.45 (d, 2H), 5.12 (t, J = 5.23 Hz, 1H), 4.44 (s, 2 H), 3.98 (d, 2 H), 

3.52 (t, J = 5.23 Hz, 2H), 3.39 (t, J = 5.23 Hz, 2H), 2.12 (s, 3H),  1.67-1.54 (m, 6H) cis rotamer: 

7.59 (d, 2H), 7.45 (d, 2H), 5.12 (t, J = 5.23 Hz, 1H), 4.05 (s, 2 H), 4.04 (s, 2H), 3.52 (t, J = 5.23 

Hz, 2H), 3.22 (t, J = 5.52 Hz, 2H), 2.03 (s, 3H), 1.67-1.54 (m, 6H); 13C NMR (125 MHz, CDCl3) 

ŭ  175.15, 166.62, 141.40, 130.52 (q, J = 32.4 Hz),129.31, 125.63 (q, J = 3.7 Hz), 51.91, 46.24, 

43.11, 42.13, 26.42, 25.55, 24.46, 21.09; IR (neat) 2950, 2860, 1633,1447, 1405, 1324, 1158, 

1110, 1066, 1018, 814, 801, 615, 590, 557. HRMS (HESI/orbitrap) calculated for [C17H22F3N3O2] 

calculated m/z [M + H]+ = 358.1737, observed m/z [M + H]+ = 358.1733; MP = 138.6 °C ï 141.6 

°C.  

 

2-(phenethylamino)-1-(piperidin -1-yl)ethan-1-one (3.6) 

18b was synthesized according to the procedure described above for the 

synthesis of 18a from 17 (5.0 mmol) and 2-phenylethylamine (1.3 mL, 10 mmol). 

The product was purified by flash chromatography with a Biotage® Isolera using 

a 3-8% MeOH in CH2Cl2 gradient to give 3.6 as a dark orange oil (0.8892 g, 3.6 

mmol, 72% yield over two steps): Rf = 0.29 (5% MeOH in CH2Cl2); 
1H NMR  (600 MHz, CDCl3) 

ŭ 7.26-7.15 (m, 5H), 3.50 (t, J = 5.63 Hz, 2H), 3.38 (s, 2H), 3.25 (t, J = 5.58 Hz, 2H), 2.86-2.83 

(m, 2H), 2.81-2.78 (m, 2H), 2.33 (broad s, 1H), 1.59-1.48 (m, 6H); 13C NMR (150 MHz, CDCl3) 

ŭ 168.89, 139.92, 128.63, 128.34, 126.03, 51.35, 50.28, 45.43, 42.88, 36.61, 26.24, 25.45, 24.42; 

IR (neat) 2933, 2853, 1635, 1440, 1252, 1228, 1121, 1011, 852, 748, 699, 588, 486. HRMS 
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(HESI/orbitrap) calculated for [C15H22N2O] calculated m/z [M + H]+ = 247.1805, observed m/z [M 

+ H]+ = 247.1801. 

 

N-(2-oxo-2-(piperidin -1-yl)ethyl)-N-phenethylacetamide (3.7) 

3.7 was synthesized according to the procedure described above for the 

synthesis of 3.4a from 3.6 (800 mg, 3.2 mmol). The product was purified by flash 

chromatography with a Biotage® Isolera using a 3-10% MeOH in CH2Cl2 gradient 

to give 3.7 as an orange oil (0.5535 g, 1.9 mmol, 59% yield): Rf = 0.35 (5% MeOH in CH2Cl2); 

1H NMR  (600 MHz, CDCl3) ŭ trans rotamer: 7.30-7.15 (m, 5H), 4.10 (s, 2H), 3.62 (t, J = 7.38 

Hz, 2H), 3.52 (t, J = 5.74 Hz, 2H), 3.33 (t, J = 5.57  Hz, 2H), 2.86 (t, J = 7.38 Hz, 2H), 1.98 (s, 

3H), 1.63-1.52 (m, 6H) cis rotamer: 7.30-7.15 (m, 5H), 3.79 (s, 2H), 3.59 (t, J = 7.38 Hz, 2H), 3.52 

(t, J = 5.74 Hz, 2H), 3.17 (t, J = 5.61 Hz, 2H), 2.86 (t, J = 7.38 Hz, 2H), 1.98 (s, 3H), 1.63-1.52 

(m, 6H); 13C NMR (150 MHz, CDCl3) ŭ 171.05, 166.39, 138.50, 128.83, 128.56, 126.8, 51.17, 

46.59, 46.13, 43.23, 35.06, 26.39, 25.57, 24.56, 21.04; IR (neat) 2935, 1636, 1440, 1251, 1226, 

1003, 746, 700, 497. HRMS calculated for [C17H24N2O2] calculated m/z [M + H]+ = 289.1911, 

observed m/z [M + H]+ = 289.1916 

 

Compounds 3.2, 3.3a, 3.4a-c, 3.5a-c, 3.6, and 3.7 were characterized by 1H and 13C NMR in 

CDCl3. Compounds 3.4a, 3.5a, and 3.7 were further characterized in three different solvents 

(CDCl3, CD3CN, and CD3OD) and four concentrations (1, 5, 10, and 100 mM) to measure average 

Kcis/trans values. Kcis/trans is reported as the average value of the ratio between the cis and trans pairs 

of signals arising from two sets of rotamer related peaks7: the backbone methylene protons (Hb) 

and the methyl acetyl protons (Ha). Mean values are given with the corresponding standard 

deviation. The values observed in each solvent are shown in Table 3.4 in the main text. 1H NMRs 

of 3.4a and 3.5a were also taken at temperatures ranging from 35°C to 45°C. 1H and NOESY 

experiments were used to assign proton signals and analyze interactions through space to identify 

cis- or trans- amide configurations of 3.4a, 3.5a, and 3.7. 
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3.6.4 Conformational Analysis  

3.6.4.1 Variable solvent and concentration 

1D spectra were collected for samples prepared at 100, 10, 5, and 1 mM concentrations at 

25 °C in three solvents (CDCl3, CD3OD, and CD3CN) for 3.4a, 3.5a, and 3.7.   

 

 
 

 

Figure 3.8. 1H NMR (600 MHz, CDCl
3
) 1mM, 5 mM, 10mM and 100 mM (top to bottom) of 3.4a 

Figure 3.9. 
1

H NMR (600 MHz, CD3OD) 1mM, 5 mM, 10mM and 100 mM (top to bottom) of 3.4a 

Chemical shifts for all 

peaks remain the same 

for 10, 5, and 1 mM 

with 100 mM shifts off 

by 0.01 ppm.  

 

Chemical shifts for all 

peaks remained the 

same throughout. 

 

3.4a 

3.4a 

1 mM 

5 mM 

10 mM 

100 mM 

1 mM 

5 mM 

10 mM 

100 mM 
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Figure 3.10. 
1

H NMR (600 MHz, CD3CN) 1mM, 5 mM, 10mM and 100 mM (top to bottom) of 3.4a 

Chemical shifts for 

all peaks remain the 

same for 10, 5, and 

1 mM with 100 mM 

shifts off by 0.01 

ppm.  

 

Figure 3.11. 
1

H NMR (600 MHz, CDCl
3
) 1mM, 5 mM, 10mM and 100 mM (top to bottom) of 3.5a 

Chemical shifts for 

all peaks remained 

the same 

throughout. 

 

3.4a 

3.5a 

1 mM 

5 mM 

10 mM 

100 mM 

1 mM 

5 mM 

10 mM 

100 mM 



 

74 

 

 
 
 

 
  

Figure 3.12. 
1

H NMR (600 MHz, CD3OD) 1mM, 5 mM, 10mM and 100 mM (top to bottom) of 3.5a 

Chemical shifts for 

all peaks remain 

the same for 10, 5, 

and 1 mM with 100 

mM shifts off by 

0.01 ppm.  

 

Figure 3.13. 
1

H NMR (600 MHz, CD3CN) 1mM, 5 mM, 10mM and 100 mM (top to bottom) of 3.5a 

Chemical shifts for 

all peaks remain the 

same for 10, 5, and 1 

mM with 100 mM 

shifts off by 0.01 

ppm.  

 

3.5a 

3.5a 

1 mM 

5 mM 

10 mM 

100 mM 

1 mM 

5 mM 

10 mM 

100 mM 
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1 mM 

5 mM 

10 mM 

100 mM 

Figure 3.14. 
1

H NMR (600 MHz, CDCl3) 1mM, 5 mM, 10mM and 100 mM (top to bottom) of 3.7 

Chemical shifts for 

all peaks remain the 

same for 10, 5, and 1 

mM with 100 mM 

shifts off by 0.02 

ppm.  

 

 

3.7 

1 mM 

5 mM 

10 mM 

100 mM 

Chemical shifts for 

all peaks remain the 

same for all 

concentrations. 

 

 

Figure 3.15. 
1

H NMR (600 MHz, CD3OD) 1mM, 5 mM, 10mM and 100 mM (top to bottom) of 3.7 

3.7 
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Figure 3.16. 
1

H NMR (600 MHz, CD3CN) 1mM, 5 mM, 10mM and 100 mM (top to bottom) of 3.7 

1 mM 

5 mM 

10 mM 

100 mM 

Chemical shifts for 

all peaks remain 

the same for 10, 5, 

and 1 mM with 100 

mM shifts off by 

0.01 ppm.  

 

 

3.7 
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Figure 3.17. Variable temperature 1H NMRs for peptoid 3.4a To confirm that the single peak 

was due to the presence of a single conformer, 1H NMRs were taken at a range of temperatures 

( 35°C to 45ºC), presented below. The acetyl peak for monomer 3.4a shifted downfield, but did 

not split into two peaks or broaden considerably over this temperature range. 

3.6.4.2 Variable temperature NMRs for peptoids 3.4a and 3.5a 

45ÁC 

35ÁC 

25ÁC 

15ÁC 

5ÁC 

5ÁC 
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1
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Figure 3.18. Variable temperature 1H NMRs for peptoid 3.4a The backbone methylene proton 

singlet (ŭ 4.96 ppm in CD3OD at 5mM at 25ºC) also did not split into multiple peaks but instead 

shifted downfield slightly as the temperature was lowered. As the temperature is lowered, the water 

peaks (ŭ 4.85 and 4.48 ppm in CD3OD at 5mM at 25ºC) shift downfield quickly at the same rate 

and overlap slightly with the CH2 peak at 15°C. The backbone methylene peak broadens slightly 

as the temperature is lowered. 

1
H NMR (600 MHz, 
CD3OD) 5 mM 

3.4a 
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Figure 3.19. Variable temperature 1H NMRs for peptoid 3.5a The major peak (ŭ 1.99 in 

CD3OD at 5 mM at 25°C) shifted downfield slightly as the temperature was increased (total of 

0.12 ppm across the observed temperature range), while the minor peak shifted a total of 0.02 ppm 

across the observed temperature range with the major peak at 35°C. Although the peaks did not 

coalesce, the Kcis/trans values trended lower as the temperature was lowered. 
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Figure 3.20. Variable temperature 1H NMRs for peptoid 3.5a The backbone methylene proton 

peaks (ŭ 4.48 and 4.25 ppm in CD3OD at 5mM at 25ºC) also did not coalesce as the temperature 

was raised. Both peaks shifted upfield as the temperature increased. The major peak broadened as 

temperature was lowered.  
aKcis/trans values are listed as NA because the water peak begins to overlap with the major peak at these temperatures 
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Figure 3.21. Variable temperature tests of peptoid 3.5a To determine whether the peaks would 

coalesce at a higher temperature than 45 ºC, a 1H NMR was taken of 3.5a in CD3CN at 5 mM at 

35, 55, and 75 ºC. There was no detected coalescence at these temperatures in the backbone 

methylene peaks (the acetyl CH3 peaks are obscured by the residual solvent), though there is a 

slight shift downfield as the temperature increases. The peaks also broaden and the Kcis/trans 

increases as temperature does. The piperidine peaks do coalesce as the temperature increases. 

75ÁC 

55ÁC 

35ÁC 

Kcis/trans = 0.30 
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1
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Figure 3.22. Variable temperature tests of peptoid 3.5a Variable temperature NMRs were 

collected in DMSO-d6 to make Tcoefficient plot.  Acetyl CH3 peaks seem to coalesce at 55 ºC, but 

may just be crossing over as in CD3OD. 

  

3.5a 

1
H NMR (600 MHz, DMSO-d6) 17 mM 
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Figure 3.23. Variable temperature tests of peptoid 3.5a Variable temperature NMRs were 

collected in DMSO-d6 to make Tcoefficient plot.  Backbone CH2 peaks shift very slightly upfield 

across the observed temperatures. 
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3.6.4.2 NOESY NMRs of 3.4a, 3.5a, and 3.7 

 

Table 3.6. NOESY Parameters2 for peptoids 3.4a, 3.5a, and 3.7 

Spectral Width (ppm) nt ni (s) Mix time (s) d1 (s) 

7.5 8 256 2 19 

 

 
 
 
Figure 3.24. 2D NOESY NMR of peptoid 3.4a 

 
Positive crosspeaks are blue and negative are green. The acetyl/sidechain 

Ph (Ha/Hj) interaction [atomic distance of 3.18 Å from crystal structure] is 

boxed in red, and the acetyl/backbone methylene (Ha/Hb) interaction is 

boxed in black [atomic distance of 4.32 Å from crystal structure]. While still 

detectable, the Ha/Hb interaction is less intense than the Ha/Hj interaction, 

and also 13x less intense than the necessarily cis backbone 

methylene/piperidinyl interaction (Hb/Hc) boxed in blue [atomic distance of 

2.03 Å from crystal structure]. 

2D NOESY (700 MHz, CD3OD) 10 mM 

Ha MeOH 
Hc Hg Hb H2O Hi 
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Figure 3.25. 2D NOESY NMR of peptoid 3.5a 

 
Positive cross-peaks are blue and negative are green. The expected trans 

acetyl/sidechain Ph (Ha/Hj) NOE [atomic distance of 3.14 Å from crystal 

structure] is boxed in red, and the small NOE between the acetyl/backbone 

methylene (Ha/Hb) interaction is boxed in black [atomic distance of 4.37 Å 

from crystal structure]. While still detectable because the atomic distance 

between the protons is within the upper limit detectable by NOESY and the 

long parameters used obtaining the NMR, the Ha/Hb interaction is less 

intense than the Ha/Hj interaction, and also 8x less intense than the 

necessarily cis backbone methylene/piperidinyl interaction (Hb/Hc) boxed in blue [atomic distance 

of 2.19 Å from crystal structure], suggesting that there are weak NOEs between the Ha/Hb protons 

in the trans conformation as well. A positive crosspeak (boxed in purple) between Hb/Hbô indicate 

exchange between the two protons.  

 

Boxed in green is an interaction between the acetyl and backbone methylene 

protons in what we believe is the cis conformer (Haô/Hbô). 

2D NOESY (700 MHz, CD3OD) 10 mM 

0 

Ha 
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Hd-f 

Hb Hbô 
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H2O 
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Figure 3.26. 2D NOESY NMR of peptoid 3.7 

 
Positive cross-peaks are blue and negative are green. The expected trans 

acetyl/sidechain methylene and Ph (Ha/Hj, Ha/Hh, Ha/Hi) NOEs are boxed in 

red. The minor conformation acetyl peak (Haô) has an interaction with the 

backbone methylene (Hb) boxed in black that isnôt detected with Ha, 

evidence that the minor peak corresponds to the cis conformation.  
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3.6.5 Computational Studies.  

All computational studies were done with the Gaussian 201615 implementation of B3LYP.16ï

19 The structures of 3.4a and 3.5a were generated using the coordinates from their respective X-

ray crystal structures, and 3.7 by editing the crystal structure of 3.4a in GaussView. The geometry 

of each structure was optimized in the gas phase using tight convergence criteria (ñopt=tightò) and 

pruned ultrafine grids (ñint=ultrafine) with the 6-31G(d,p)20 basis set. All structures were fully 

optimized and analytical frequency calculations were performed on all structures to ensure either 

a zeroth-order or first-order saddle point (a local minimum or transition state) was achieved. After 

optimizing the geometry of each structure, a relaxed potential energy scan was run about the ɤ 

dihedral angle of each structure with 36 steps of 10° at the same level of theory. Structures from 

the energy minima of each scan (ɤ = ~0Á and ɤ = ~180Á) were optimized once more at the same 

level of theory. For compound 3.5a in the cis conformation (ɤ = ~0Á), further investigation into 

the ɢ dihedral angle was done to further understand potential hydrogen bonding with the acetyl 

carbonyl (see Figure 3.6 in the main text). A new energy minimum was found for the cis 

conformer by running another relaxed potential energy scan was run about the ɢ dihedral angle 

with 36 steps of 10° at the same level of theory. Energy calculations were done on optimized 

structures from the energy minima of each scan (B3LYP-D3/6-31G(d,p)) to obtain the reported 

ȹG values. Energies were calculated with the 6-311+G(2d,p)22 basis set and also included the D3 

version of Grimmeôs empirical dispersion correction.21 Reported energies utilized analytical 

frequencies and the zero-point corrections from the gas phase optimized geometries, along with 

solvation corrections with the PCM solvation corrections method23 in acetonitrile, as implemented 

in Gaussian 16.  Natural bond orbital analysis was performed with NBO 6.0.24,25 (see Figure 3.7 

in the main text). 
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3.6.6 X-ray Crystallographic Information  
Table 3.7. Crystal data and structure refinement of peptoids 3.4a-c and 3.5a-c 

 

 3.4a 3.5a 3.4b 3.5b 3.4c 3.5c 

Empirical 

formula 
C16H21N3O2 C16H23N3O2 C17H23N3O3 C17H25N3O3 C17H20F3N3O2 C17H22F3N3O2 

Formula weight 

(g/mol) 
287.36 289.37 317.38 319.40 355.36 357.37 

Crystal size 

(mm3) 

0.116 x 0.128 x 

0.329 

0.096 x 0.246 x 

0.338 

0.091 x 0.119 x 

0.337 

0.1664 x 0.198 x 

0.319 

0.033 x 0.056 x 

0.228 

0.110 x 0.138 x 

0.154 

Crystal system monoclinic monoclinic Triclinic Triclinic Triclinic Monoclinic 

Radiation 
Mo KŬ (ɚ = 

0.71073 Å) 

Mo KŬ (ɚ = 

0.71073 Å) 

CuKŬ, ɚ = 

1.54178 Å 

Cu KŬ, ɚ = 

1.54178 Å 

Cu KŬ, ɚ = 

1.54178 Å 

Cu KŬ, ɚ = 

1.54178 Å 

Temperature 

(K) 
100(2) 100(2) 120(2) 298(2) 100(2) 100(2) 

ɗ range (Á) 2.00 to 26.02 2.20 to 30.58 3.17 to 70.78 4.14 to 66.65 2.96 to 77.41 3.11 to 77.42 

Space group P 1 21/c 1 P 1 21 1 P -1 P -1 P -1 P21/c 

Unit cell 

dimensions a (Å) 
5.0586(8) 6.0726(3) 5.0802(2) 8.9857(2) 5.10660(10) 6.1398(2) 

b (Å) 27.489(4) 9.9182(5) 11.6666(5) 10.0171(2) 10.9857(2) 9.9741(3) 

c (Å) 10.9711(17) 26.1540(12) 14.3550(6) 11.6679(2) 15.6081(3) 28.5440(9) 

Ŭ (°) 90 90 101.7036(13) 66.1920(10) 105.2980(10) 90 

ɓ (°) 90.664(4) 93.3620(15) 95.1179(12) 82.8390(10) 96.9290(10) 95.1500(10) 

ɔ (°) 90 90 98.2498(11) 66.4290(10) 91.0110(10) 90 

Volume (Å3) 1525.5(4) 1572.53(13) 818.32(6) 879.95(3) 837.29(3) 1740.95(9) 

Z 4 4 2 2 2 4 

Density (g/cm3) 

(calc.) 
1.251 1.222 1.288 1.206 1.410 1.363 

F (000) 616 624 340 344 372 752 

Reflections 

collected 
30759 27709 12430 23611 26360 40369 

Independent 

reflections 

3001 [R(int) = 

0.0676] 

9683 [R(int) = 

0.0361] 

2982 [R(int) = 

0.0248] 

3089 [R(int) = 

0.0265] 

3472 [R(int) = 

0.0392] 

3695 [R(int) = 

0.0240] 

Completeness 100.0% 99.9% 94.3% 99.5% 97.5 99.8% 
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Table 3.7 (continued) 

 

 

 

 

 

 

 

Data/restraints/

parameters 
3001/0/191 9683/1/389 2982/0/210 3089/12/268 3472/0/227 3695/0/230 

Max. 

transmission 
0.9900 0.9920 0.9370 0.8970 0.9680 0.9020 

Minimum 

transmission 
0.9730 0.9730 0.7920 0.8130 0.8050 0.8670 

Goodness-of-fit 

on F2 
1.186 1.026 1.046 1.076 1.043 1.042 

Final R indices 

[I > 2 ů (I)] 
R1 = 0.0754 R1 = 0.0419 R1 = 0.0414 R1 = 0.0691 R1 = 0.0368 R1 = 0.0374 

 wR2 = 0.1741 wR2 = 0.0823 wR2 = 0.1061 wR2 = 0.2121 wR2 = 0.0938 wR2 = 0.0915 

Final R indices 

(all data) 
R1 = 0.0964 R1 = 0.0569 R1 = 0.0447 R1 = 0.0775 R1 = 0.0424 R1 = 0.0383 

 wR2 = 0.1829 wR2 = 0.0882 wR2 = 0.1091 wR2 = 0.2250 wR2 = 0.0984 wR2 = 0.0923 

Largest diff. 

peak and hole 

(eÅ-3) 

0.342 and 

-0.359 

0.328 and 

-0.196 

0.178 and 

-0.267 

0.456 and 

-0.231 

0.294 and 

-0.279 

0.472 and 

-0.435 
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CHAPTER 4: Continued work with N-imino and N-alkylamino glycines 

Part of this work was published in the supplementary information of Chem. Sci. 2021, 12, 8401. 

 

 After the initial development of N-imino and N-alkylamino glycine monomers for peptoid 

synthesis,1 further testing and applications were pursued. The stability and diversity of these 

monomers were probed along with some preliminary testing of new directions. Some shortcomings 

of the monomers were detected as we moved further, but solutions are proposed. 

 

4.1 Stability of N-imino glycines. 

Initial stability testing on the N-imino glycine monomer included some testing of their ability 

to withstand hydrolysis in acidic and neutral conditions. These tests were performed on trimers 

without N-terminal protection (Chapter 2, Figure 2.6). It was found that the aliphatic N-imino 

glycines tested had increased susceptibility to hydrolysis under these conditions compared to the 

aromatic N-imino glycines, so increased care should be taken when purifying those samples, or 

the N-alkylamino glycine version should be used instead in the final product.  

More testing was done on similar, acetylated substrates to test their ability to withstand 

different nucleophiles and acids. First, the trimers were exposed to solutions of free cysteine or 

lysine to test the stability of the imines under more physiological conditions (Figure 4.1a-b). 

Nucleophilic amine and thiol functional groups may be able to attack and degrade the imine, thus 

potentially causing a detriment to the trans-inducing ability in vivo. In the test, 1.0 mM solutions 

of lyophilized trimer 4.1 in pH 7 buffer was combined in a 1:1 ratio by volume with 1.0 mM 

cysteine or lysine, also in pH 7 buffer. Over 100 hours, it was again seen that the aliphatic residues 

suffer 45 to 70% hydrolysis, which is similar to the results in pH 7 buffer alone. This means that 

perhaps the amine and thiol side chains are not being more nucleophilic than water. Aromatic N-

imino glycines did not see any degradation to the free amine side chain under the same conditions. 

Additionally, stability tests were done on the same acetylated trimer to compare the effect of 

trifluoroacetic acid (TFA, pKa = 0.23) compared to formic acid (FA, pKa = 3.77) as the acid used 

in the eluent, seen in Figure 4.1c-d. During purifications with a Prep-HPLC, 0.1% acid is typically 

used as the eluent and then the purified sample is sitting in that 0.1% acid solution until the solvent 

is removed and the sample lyophilized. It was thought that if the samples were purified with a 

weaker acid, then there would be less risk of hydrolysis while the sample is in the 0.1% acid 
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solution as the imine nitrogen may be less likely to be protonated. The tests were done by 

dissolving acetylated trimer 4.1 in 0.1% acid in 1:1 MeCN:H2O and testing them on the LC-MS 

every two hours for eight hours (simulating leaving the samples in purification eluent for a day). 

The FA tests resulted in much slower hydrolysis of the imine, with even the most susceptible 

isobutyraldehyde N-imino glycine only reaching 25% hydrolysis over 8 hours compared to over 

50% when TFA is the acid used. Compared to the TFA tests on a trimer with an unprotected N-

terminus in Figure 2.6 (Chapter 2), we do begin to see hydrolysis of the samples with aromatic 

N-imino glycines. The p-(trifluoromethyl)benzaldehyde N-imino glycine still has no hydrolysis 

after 8 hours with FA, but there is an appearance of the hydrolyzed product after 8 hours in TFA. 

The p-methoxybenzaldehyde version has low hydrolysis in FA, but a much-increased occurrence 

in TFA. This could be because now that the N-terminus is protected, the imine nitrogen is now 

more susceptible to protonation (i.e. there is no longer any competition).  

 

  

  
Figure 4.1. Stability studies in a) 1:1 1 mM 4.1: 1 mM Cys, b) 1:1 1 mM 4.1: 1 mM Lys, c) 0.1% TFA, and d) 0.1% FA. % 

Hydrolysis was determined by integrating the LC-MS peak areas for 4.1 and 4.2 at 214 nm. The gray curve overlays with the 

blue curve and is not visible in studies A or B. 
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Along with nucleophilic and acidic conditions, it was a concern that heating our resin-bound 

peptoids containing N-imino glycines was causing degradation. Heating a displacement reaction 

is required in some cases (see Chapters 2 and 5), but with this experiment it could be determined 

if heat was causing any other problems on the side. To test this, trimer 4.3 was heated in a sonicator 

at 60ºC to determine if there was any effect on the two N-imino glycines present. After 16 hours 

at 60ºC in either A) DMF or B) DMF with aqueous trimethylamine as a nucleophile, there was no 

degradation to the trimer compared to LC-MS chromatograms taken before the experiment (see 

experimental details). Only product 4.5 was detected for both conditions. 

It can be concluded that the imine moiety is susceptible to acidic aqueous conditions, especially 

the aliphatic residues tested. Acetylation of the N-terminus also seems to increase the susceptibility 

to hydrolysis in acidic conditions compared to the un-acetylated version in Chapter 2. Overall, a 

switch to formic acid for HPLC purifications and only utilizing aliphatic hydrazones as the N-

alkylamino monomer versions could be the best mode of action. Additionally, heating the resin-

bound peptoids to 60ºC did not have any effect on the N-imino glycines, so steps that require heat 

should not be a problem with degrading the N-imino glycines moving forward. 

 

4.2 Hydrazone exchange 

In Chapter 2, a 15-mer sequence containing five different N-alkylamino glycine monomers is 

highlighted (compound 2.42). There had previously been difficulties with identifying the N-imino 

glycine version of the same peptoid, and eventually the cleavage and sample preparation 

conditions had to optimized to using new cleavage conditions (Cleavage C ï 45:5:50 

TFA:TIPS:CH2Cl2 for 10 minutes). Overall, the N-imino glycine version of the peptoid was still 

messier than the N-alkylamino version and had more unidentified peaks. It was thought that maybe 

it was because of the presence or position of the aliphatic monomer, as it has been shown that the 

aliphatic residues can be problematic and susceptible to hydrolysis from various causes when left 

in the N-imino glycine form. Because of this, new sequences were designed with varying order of 

 
Scheme 4.1. Exposing resin-bound trimer 4.3 to either heated conditions only or heated conditions with a nucleophile to see if it 
causes any degradation to the imine. 
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N-imino glycine residues and made on the automated synthesizer. Additionally, it was decided to 

only include a single aliphatic N-imino glycine instead of two, so only cyclohexylcarboxaldehyde 

hyrdrazone was used as a submonomer as it is more stable. The plan was to synthesize the peptoids 

in smaller segments in order to not leave hydrazone solutions for too long at room temperature. 

The 6-mer, 12-mer, and 15-mer stages were all planned stopping points for the synthesis.  

The first segment of synthesis was for 6-mers that contain two different N-imino glycines 

sandwiched between Nme monomers (made with 2-methoxyethylamine as the submonomer) 

which can be seen as compounds 4.6a-d. When the samples were acetylated and test cleaved 

(Cleavage A ï 95:5 TFA:H2O for 10 minutes) after automated synthesis to confirm their identities 

before continuing to the 12-mer, there was three major peaks detected for each 6-mer at 214 nm 

on the LC-MS. At first, it was assumed that there was some sort of truncation during the synthesis, 

perhaps that a hydrazone displacement did not go to completion. However, upon further 

investigation, it was found that there were no truncations, but rather what seemed to be an imine 

exchange occurring. The major product was typically the desired mass with two different N-imino 

glycines (i.e. R1 and R2 were both present, 4.7a-d) but the other two peaks contained 6-mers with 

both hydrazone side chains containing R1 or both hydrazone side chains containing R2 (4.8a-d and 

4.9a-d, respectively). This finding indicates that the issue with detecting 15-mer 2.42 is likely that 

during the cleavage, there was an exchange between the five different N-imino glycines, giving a 

possible total of 27 products. 

Entries 1-4 in Table 4.1 include the initial product ratios between the desired product 4.7 and 

exchange products 4.8 and 4.9. Entries 2-4 showed all had 50% desired product, whereas entry 1 

actually has 50% of byproduct 4.9a. This indicates that the aliphatic R1 in hexamer a is particularly 

susceptible to hydrolysis and the p-tolualdehyde condenses more readily with the free amine after 

displacement. Switching the cleavage cocktail to Cleavage C (45:5:50 TFA:TIPS:CH2Cl2, 10 min) 

and changing the eluting solvents to have 0.1% FA instead of 0.1% TFA (entries 5-8) increased 

the crude purity the desired product 4.7 by about 10% after the cleavage of 6-mers 4.6a and c, by 

about 20% for 4.6d, and by about 30% for 4.6b.  

Being able to control the exchange using pH would be interesting, so it was attempted to 

change the pH conditions from acidic to neutral (entries 9-12). Dissolving the samples in pH 7 

buffer had a similar effect as changing the eluent conditions to FA for all samples, which indicates 
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that the exchange may be highly sensitive to the cleavage conditions. It seems like the cleavage 

conditions rather than the eluent are more important in determining the overall product ratio for 

all four 6-mers, so even if there was slight exchange during the column run, the exchange could 

likely be mostly avoided on the HPLC column if 0.1% FA is used instead of 0.1% TFA.  

Overall, the imine exchange with the N-imino glycines should be kept in mind when 

synthesizing compounds with varying hydrazone submonomers. Using Cleavage C can greatly 

reduce the exchange, but not completely. To avoid the exchange altogether, the samples should be 

cleaved with Cleavage B (95:5 TFA:TES for 2 hours), or reduced to the N-alkylamino form with 

AcOH and NaBH3CN before cleavage from the resin with Cleavage A. Conditions to alter the 

ratios of products could be developed to utilize the imine exchange effect in a positive way. This 

exchange could also be useful in synthesizing three different 6-mers at once, as long as the samples 

do not re-equilibrate after purification. 

 

 

 

 

 

Table 4.1. Detection of mixtures of products after standard peptoid cleavage when two different N-imino glycines are present. 

 

Entry  Sample Cleavage Conditions Column Conditions 
Product Ratios 

4.7 4.8 4.9 

1 A 95:5 TFA:H2O, 10 min 0.1% TFA 41 9 50 
2 B 95:5 TFA:H2O, 10 min 0.1% TFA 47 11 42 
3 C 95:5 TFA:H2O, 10 min 0.1% TFA 51 13 36 
4 D 95:5 TFA:H2O, 10 min 0.1% TFA 52 19 29 
5 A 45:5:50 TFA:TIPS:CH2Cl2, 10 min 0.1% FA 54 12 34 
6 B 45:5:50 TFA:TIPS:CH2Cl2, 10 min 0.1% FA 79 5 16 
7 C 45:5:50 TFA:TIPS:CH2Cl2, 10 min 0.1% FA 61 10 29 

8 D 45:5:50 TFA:TIPS:CH2Cl2, 10 min 0.1% FA 74 15 11 
9 A 45:5:50 TFA:TIPS:CH2Cl2, 10 min pH 7, 0.1% TFA 56 11 33 
10 B 45:5:50 TFA:TIPS:CH2Cl2, 10 min pH 7, 0.1% TFA 78 7 15 
11 C 45:5:50 TFA:TIPS:CH2Cl2, 10 min pH 7, 0.1% TFA 66 10 24 
12 D 45:5:50 TFA:TIPS:CH2Cl2, 10 min pH 7, 0.1% TFA 76 12 12 

 



 

98 

 

4.3 Fmoc-protected peptoid monomers 

4.3.1 Solution phase monomer synthesis 

As the issue with the N-imino glycine imine exchange has been elucidated, it was thought that 

it would be a good option to synthesize fluorenylmethyloxycarbonyl (Fmoc)-protected N-imino 

and N-alkylamino glycine monomers and do monomer-based synthesis rather than submonomer 

synthesis. This would allow for the installation of N-alkylamino glycines directly without having 

to worry about exchange during cleavage or having to use special cleavage conditions. 

Additionally, with monomer addition, it would be possible to include both N-imino and N-

alkylamino glycines in the same oligomer if it were so desired. The synthetic steps are similar to 

the monomers synthesized in Scheme 3.1 in Chapter 3 with piperidinyl C-terminal and acetyl N-

terminal capping groups as they both follow a submonomer synthesis method. In this case, the 

final product will have a free C-terminus and the N-terminus will be Fmoc protected (compounds 

4.14a and 4.15a). With these monomers, Fmoc monomer peptide synthesis methods will be 

utilized instead of the submonomer method to add them to the resin. 

The synthesis of these monomers in Scheme 4.2a begins with an SN2 displacement of the 

bromine on tert-butyl bromoacetate (4.10) with either benzaldehyde hydrazone (a) or p-

bromobenzaldehyde hydrazone (b). A small optimization of this step with b can be seen in Table 

4.2 starting with displacement conditions from Chapter 2 as well as conditions from a similar 

paper.2 Switching solvent, base, and workup conditions allowed for an increase to 45% yield, and 

the sample was then Fmoc protected inspired by literature procedure.3 Initial attempts with an 

 
Scheme 4.2. a) General synthesis scheme of Fmoc protected monomers 4.14 and 4.15. b) Proposed synthesis of Boc protected 

monomer 4.17. 
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Fmoc protection of 4.11b was also difficult (resulting in a 12% yield). It was initially thought that 

the electron-withdrawing character of the p-bromobenzaldehyde hydrazone increased the 

difficulty of the displacement step and subsequent Fmoc protection.  

After the difficulty with p-bromobenzaldehyde, it was decided to move forward with the 

unsubstituted hydrazone a using the methods from entry 3 as a new starting point since they are 

the only conditions to provide product with hydrazone b. After the displacement with a to form 

4.11a, (54% yield) the terminus is Fmoc protected inspired by a literature procedure3 to form 4.12a 

(75% yield), and then the tert-butyl ester is deprotected with a 90% TFA solution to form 4.14a 

(90% yield). Overall, the displacement with hydrazone a was more straightforward.  

To achieve the N-alkylamino monomer 4.15a, a reduction step to form 4.13a (72% yield) is 

added to the synthesis before the tert-butyl ester deprotection step (93% yield). After installation 

on solid support (vide infra), it was decided that the uncertainty of where the next coupling was 

occurring requires Boc-protection of the side chain (Scheme 4.2b). This step is still being 

optimized with the assistance of a first-year graduate student. Our initial attempts have not yet 

yielded product 4.17.  

Upon revisiting this reaction from 4.11b to 4.12b, it was determined that a filtration step is 

required to remove insoluble byproducts of the reaction and allow for more straightforward 

purification. With this, an increase to 72% yield was achieved. Reduction and tert-butyl 

deprotection steps have not yet been performed on this substrate. 

 

4.3.2 Installation of Fmoc-protected peptoid monomers on solid support. 

Monomers 4.14a and 4.15a were both white solids that could be used in Fmoc peptoid 

synthesis, mimicking methods used in Fmoc peptide synthesis. Fmoc synthesis of peptides consists 

of two repeated steps in which the Fmoc group is removed from the N-terminus using piperidine, 

and then the free N-terminus is reacted with the subsequent Fmoc-protected amino acid or other 

monomer in the presence of base (diisopropylethylamine, DIEA) and an activator (such as 

N,N,Nǋ,Nǋ-Tetramethyl-O-(1H-benzotriazol-1-yl)uranium hexafluorophosphate, or HBTU). 

Table 4.2. Conditions attempted to perform bromide displacement with p-bromobenzaldehyde hydrazone to form 4.11b 

Entry  
Scale 

(mmol) 
Solvent 

Equiv. 

hydrazone 
Base 

Equiv. 

base 

Time 

(h) 
Workup  

4.11b 

Yield 

1 2.5 Dry THF 2.0 TEA 2.0 19 Filter <1% 
2a 1.25 Dry THF 2.0 TEA 2.0 48 Filter <1% 

3 4.0 DMF 1.1 DIEA 1.1 21 
Aqueous 

wash 
45% 

aHydrazone used is purified material from the column run after entry 1. 
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The same reaction conditions for an Fmoc-protected amino acid are used here in Scheme 4.3 

in concert with standard submonomer methods to install the Npe monomer in the sandwich 

sequence. The synthesis of 4.19 and 4.20 using 4.14a resulted in 91% and 59% crude purities, 

respectively. The pentamer crude purity is almost identical to the crude purity of the same 

compound made using the submonomer method (see compound 2.4f in Scheme 2.1). 

When 4.15a is used as the monomer in solid phase synthesis to reach the trimer stage, two 

peaks with identical masses corresponding to 4.21 appear at 214 nm in the LC-MS chromatogram 

in a 24:76 ratio and the crude purity of the two peaks added together is 93%. Upon further 

investigation, the less hydrophobic peak at 8.8 minutes (24%) only has [M+1]+ and [M+23]+ 

adducts present. The more hydrophobic peak at 9.2 minutes (76%) has the same adducts detected 

as the first peak, along with [2M+1]+, a multimer of the desired mass. As seen in Scheme 4.4 it is 

possible that the two peaks with the same mass are occurring because the bromoacetylation after 

the addition of 4.15a could be occurring at two different positions within the dimer sequence: 

either on the backbone (forming 4.21 after subsequent amine displacement) or within the side 

chain (forming 4.23 after subsequent amine displacement). There is a possibility for hydrogen 

bonding between both -NH moieties and the preceding carbonyl oxygen, so it cannot yet be 

determined which is the major product, or if there is simply a detection of two isomers. The mass 

corresponding to both positions being bromoacetylated and subsequently displaced with 2-

phenylethylamine (4.24) is not detected. 

Scheme 4.3 Solid-phase Fmoc-monomer peptoid synthesis method to form peptoids 4.19-4.22. 

Scheme 4.4. Potential byproducts if the secondary amine position in the N-alkylamino glycine is bromoacetylated instead of the 

desired backbone secondary amine (4.23) or if the bromoacetylation/displacement occurs at both secondary amine positions (4.24). 
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Though it seems like there are some potential issues with using the unprotected monomer 

4.15a, it was decided to continue synthesis from 4.21 to 4.22 to determine if there would be a 

larger mix of products. The overall chromatogram is still relatively clean and still has two peaks 

that correspond to the desired [M+1]+ mass. The total crude purity of the two peaks is 73% at this 

point. As discussed, optimization of the side chain -NH Boc protection to form compound 4.17 

would be imperative to determine which product is the majority product. 

Further optimization of the monomer synthesis would be helpful to expand the side chain 

diversity available with this method, especially the N-alkylamino version. It would be especially 

useful to have a method to install an N-alkylamino glycine directly with a broader scope, compared 

to the reported synthesis of homo-oligomers made with only N-methylamino glycines reported by 

Pypec et al.4
 

 

4.4 New hydrazone submonomers 

4.4.1 Aliphatic submonomer synthesis for incorporation into peptoid oligomers in solution 

and on solid support 

Aliphatic hydrazones have been shown to have more difficult synthesis and incorporation onto 

solid support than their aromatic counterparts, as discussed in Chapter 2 and in section 4.1. Once 

installed on solid support, they are more susceptible to hydrolysis in a range of conditions, though 

if they are cleaved to the N-alkylamino version this is not expected to occur.  

It was decided to explore the effect of these aliphatic side chains on the Kcis/trans values of the 

N-imino and N-alkylamino glycine family. It is expected that the compounds will still be trans-

inducing because of the lone pair-lone pair repulsion between the side chain nitrogen and the 

carbonyl oxygen. However, it is hypothesized that since the aliphatic side chains lack the electron 

density of their aromatic counterparts that they may not be able to promote this in the same way. 

Additionally, the varying side chains may have different packing in an X-ray crystal structure 

compared to the aromatic monomers that were synthesized in Chapter 3.  

The submonomers explored here are isobutyraldehyde hydrazone, cyclohexanecarbox-

aldehyde hydrazone, and cyclohexylmethylketone hydrazone. Isobutyraldehyde hydrazone and 

cyclohexanecarboxaldehyde hydrazone were synthesized in Chapter 2 and installed on solid 

support, but this is the first time we have attempted to synthesize cyclohexylmethylketone 

hydrazone 4.26m (Scheme 4.5). It is expected that the ketimine will be more stable than the 
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aldimines, but still provide the same aliphatic character. The synthesis was different than the other 

syntheses for hydrazones to account for the increased bulkiness of the ketone and was inspired by 

the synthesis of cyclopropylmethylketone hydrazone in previous literature.5 This is also the first 

time that a ketone hydrazone has been synthesized in our hands, though commercially available 

benzophenone hydrazone has been used in the past. Once all the aliphatic submonomers were 

synthesized, they were for the first time used as submonomers in a similar fashion to the aromatic 

hydrazones in Chapter 3 (Scheme 4.6). The displacement steps were a little more challenging 

here in terms of stability of the submonomer.  

With compound 4.30a, the synthesis was handled slightly differently than when aromatic 

submonomers are used. Because of the increased volatility of isobutyraldehyde hydrazone, it was 

hypothesized that excess hydrazone may be able to be evaporated afterwards rather than doing a 

full purification with the unprotected aliphatic terminus. In preparation for this, compound 4.28 

was purified to achieve a 98% yield. A purification is not normally done at this point and the 

bromoacetylated piperidine is normally carried forward crude. However, the plan to evaporate 

excess isobutyraldehyde hydrazone did not work as well as it was originally thought that it would, 

so 4.29a was also purified to give only a 25% yield. This is comparable to the yield when p-

methoxybenzaldehyde was used as the submonomer. Both are lower than the yields with 

benzaldehyde hydrazone and p-(trifluoromethyl)benzaldehyde hydrazone are used as the 

submonomer (64% and 52% yields, respectively). It is thought that maybe 4.29a is more likely to 

 
Scheme 4.6. Solution phase synthesis scheme of compounds 4.30a-c and 4.31a-c. 

 

 
Scheme 4.5. Procedure for the synthesis of 4.26m. 
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degrade on the column. The following acetylation step to achieve 4.30a also had a lower-than-

normal yield after purification (42% compared to ~80% yields for acetylations of aromatic 

compounds). At this point, a Kcis/trans value was able to be calculated for a 100 mM sample in 

CDCl3 using the integrations from the 1H NMR. The Kcis/trans value between the two acetyl peaks 

is calculated to be 0.04, which is just as strongly trans-inducing as aromatic residues. 2D NMR 

have not been taken yet to confirm the identity of the 1H NMR peaks but based on the rules learned 

from the aromatic monomers, the shifts make sense so far. Some material was carried forward to 

the reduction step to form 4.31a, but the purification did not go well enough to provide enough 

material for NMR yet. 

Switching the submonomer to cylohexylcarboxaldehyde hydrazone was expected to have 

increased stability compared to the isobutyraldehyde hydrazone based on previous stability 

experiments. In this case, compound 4.28 was not purified but instead carried forward as crude to 

do the cyclohexylcarboxaldehyde hydrazone displacement, resulting in an 18% yield over two 

steps to achieve 4.29b. This is again lower compared to the aromatic residues in Chapter 2. 

However, the acetylation step ended up going much better than with the isobutyraldehyde 

hydrazone, giving a 64% yield. The Kcis/trans value of 4.30b was calculated to be 0.13, which is still 

strongly trans-inducing but still higher than that of the isobutyraldehyde monomer 4.30a. Some 

material was carried forward to the reduction step to form 4.31b, but the purification did not go 

well enough to provide enough material for NMR yet.  

Cyclohexylmethylketone hydrazone 4.26m was installed on solid support and in solution in 

parallel. In solution, the displacement was similar to that of the other two aliphatic hydrazones. 

The acetylation step seemed to be the failure point in this synthesis, though the NMR of 4.29c 

showed that it stayed relatively stable in the refrigerator over the course of 9 days without 

acetylation or other protection. There was some change in the aliphatic protons from 2.5-1.0 ppm 

in terms of intensity and shifts of the sharper peaks (see Figure 4.6 in the experimental section). 

When the synthesis was attempted again, a 24% yield over two steps was achieved for compound 

4.29c, which is comparable to the yields for 4.29a and 4.29b. In this case the scale was doubled to 

have a little more material to work with, and a crude NMR was taken after the acetylation step to 

form 4.30c. The crude NMR didnôt seem very promising, so perhaps new conditions will need to 

be utilized to acetylate or otherwise protect the cyclohexylmethylketone hyrazone monomer 4.29c.  
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The installation of the cyclohexylmethylketone hydrazone submonomer on solid support had 

its difficulties as well. When utilized in a sandwich sequence trimer with Npe, a large peak with 

the 630.5 m/z detection in the MS portion of the LC-MS chromatogram. This indicates that the 

aqueous workup following the synthesis also was not enough to remove impurities, similar to other 

hydrazones in Chapter 2. Regardless of the major byproduct, it was found that when using 

Cleavage B, the imine could be successfully reduced and the desired product detected. However, 

when Cleavage A is used, the desired product was not detected, only the hydrolyzed mass 4.35 

among the 630.5 byproduct and other byproducts. Unsure with what was occurring here, different 

displacement conditions were tested to try and clean up the chromatogram (Table 4.3). 

Unfortunately, varying the concentration of the hydrazone and the reaction time and temperatures 

did not seem to have a huge effect on what was occurring, and the desired product was still not 

detected using Cleavage A. In entries 2 and 10, Cleavage B was used and the desired reduced 

trimer was detected as the major product instead of the hydrolyzed mass. This is surprising because 

it would be expected for the ketimine submonomer to be more stable to nucleophilic attack than 

the aldimine submonomers. Overall, the effort to find a more stable aliphatic N-imino glycine has 

not yet been fruitful but could require further optimization or the utilization of a different ketone.  

 
Table 4.3. Optimization of cyclohexylmethylketone hydrazone displacement on solid support.  

 

Entry  

Displacement conditions Crude purities 

Concentration 

(M) 

Temperature 

(ºC) 
Time (h) 4.33 4.34 4.35 630.5 

1 1.5 rt 1 0 -- 41 39 

2a 1.5 rt 1 0 45 10 31 

3 1.5 rt 2 0 -- 43 37 

4 1.5 60 1 0 -- 41 39 

5 1.5 60 2 0 -- 39 37 

6 3.0 rt 1 0 -- 48 35 

7 3.0 rt 2 0 -- 49 33 

8 3.0 60 1 0 -- 44 33 

9 3.0 60 2 0 -- 40 36 

10a 3.0 60 2 0 43 13 26 
aCleavage done with 95:5 TFA:TES for 2 h 
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4.4.2 Amino acid mimic submonomer synthesis for incorporation into peptoid oligomers 

on solid support. 

Along with aliphatic hydrazone submonomers, it was desired to expand the types of 

hydrazones submonomers available to include mimics of canonical amino acids. Benzaldehyde 

hydrazone mimics phenylalanine, and isobutyraldehyde hydrazone (discussed in the previous 

section) mimics leucine. To further expand the toolbox, tyrosine, histidine, and tryptophan mimics 

were synthesized using commercially available aldehydes as starting material. 

The tyrosine mimic as a side chain on an N-imino glycine has been attempted with two different 

methods. Initially, a tert-butyl dimethylsilyl protected aldehyde was utilized in the exchange 

method discussed in Chapter 2, but the tert-butyl dimethylsilyl deprotection was difficult after 

the hydrazone submonomer was installed on solid support. The deprotection could not be 

completed following standard conditions or the specific conditions reported by Lubell et al.6 for 

deprotection on resin. It was decided to switch the protecting group to a simpler tert-butyl protected 

aldehyde as well as the method of synthesis. The 4-(tert-butoxy)benzaldehyde was reacted with 

hydrazine monohydrate following Procedure I (Scheme 4.7a, see more details in Chapter 2). This 

submonomer was successfully installed on solid support into Npe trimer sandwich sequences 

following standard coupling conditions and the tert-butyl deprotection was successful using 

Cleavage A (Scheme 4.7b). With TES as scavenger (Cleavage B), full conversion to the N-

alkylamino version was detected with full tert-butyl deprotection as well. 

Tryptophan and histidine mimic hydrazone synthesis required the use of Procedure II (Scheme 

4.8a, see more details in Chapter 2) as the aldehydes were difficult to dissolve in ethanol at room 

 
Scheme 4.7. A) Synthesis of hydrazone 4.26n. B) Incorporation of hydrazone 4.26n into sandwich sequence trimers on solid 

support. 
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temperature. Trp mimic hydrazone was made using tert-butyl 3-formyl-1H-indole-1-carboxylate 

and the His mimic hydrazone was made using 1-Trityl -1H-imidazole-4-carboxaldehyde. After 

synthesis, each hydrazone was used as a submonomer to make two different analogs of Npe trimer 

sandwich sequence 4.38 on solid support. Heated displacements were done with 1.5 M hydrazone 

solutions made with 1.0 M KI in DMF following a 5-minute haloacetylation with chloroacetic acid 

and DIC. The following Npe residue was installed following the same conditions. A 95:5 

TFA:TIPS cleavage cocktail for 10 minutes (Cleavage C) was used for these trimers because the 

Boc and Trityl protecting groups on the hydrazones require a stronger scavenger than water. Like 

other nitrogen-containing heterocyclic hydrazones in Chapter 2, the imine bond is not reduced 

using Cleavage B for these two compounds (i.e. 4.40 is not detected for either hydrazone type).  

With the Trp mimic hydrazone sandwich sequence synthesis specifically, dimer byproduct 

4.37o (not bound to resin) made up about 34% of the crude purity. Since the final Npe monomer 

was not coupled on correctly but there is no chloracetylated product detected, this indicates that it 

is difficult to haloacetylate the secondary amine once installed. Being able to detect 4.37o and no 

hydrolyzed dimer though there is an N-imino glycine on the N-terminus also indicates that the Trp 

mimic has increased stability compared to other N-imino glycines. Some troubleshooting with the 

haloacetylation step was attempted, including 1) trying the five-minute chloroacetylation twice 

and 2) leaving the chloroacetylation for 25 minutes instead of 5 minutes. Both attempts resulted in 

about the same outcome as the original single 5-minute haloacetylation. Further exploration would 

be required to increase the overall yields of sequences containing this monomer.  

Scheme 4.8. A) Synthesis of hydrazone 4.26o-p. B) Incorporation of hydrazone 4.26o-p into sandwich sequence trimers on solid 
support.  
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Expanding the toolbox of N-imino and N-alkylamino glycines to contain amino acid-li ke side 

chains is expected to change the way that peptoids can be used in direct peptide mimicry. No other 

structure-inducing residues currently have the side chain diversity that is available to N-imino and 

N-alkylamino glycines. While we currently have the ability to mimic five amino acids (along with 

several other aromatic, aliphatic and heterocyclic side chains), development of more mimics will 

be developed in due course.  

 

4.5 Accessing secondary and higher order structures with N-imino and N-alkylamino glycine 

monomers 

4.5.1 Preliminary work with dimer sequences 

Longer peptoid sequences can be synthesized in solution to discover any secondary structures 

promoted when N-imino and N-alkylamino glycine monomers are included in the primary 

sequence. Elongation in solution simply requires repeating the bromoacetylation and displacement 

steps from Scheme 3.1 in Chapter 3 until the desired length is reached, and then performing the 

acetylation. Some longer oligomers have undergone limited conformational analysis to obtain 

preliminary data. This is an ongoing part of the project being carried out in the lab.  

The first dimer of interest with our study is the patterning of the N-alkylamino glycine with the 

trans-inducing N-O-benzyl glycine (see synthesis in Scheme 4.9). It was expected to achieve an 

interesting hydrogen bonding network when these two monomers are adjacent, as the N-

alkylamino glycine has a hydrogen bond donor and the N-O-benzyl glycine has a hydrogen bond 

acceptor. Both trans- inducing residues would be expected to promote a sheet-like secondary 

 
Scheme 4.9 Planned synthesis of dimers 4.44 and 4.45. 


