
ABSTRACT 

GUTHRIE, QUIBRIA, A.E. N-aryl Peptides as Tunable Precursors for Oxime and Hydrazone 

Peptide Ligations. (Under the direction of Dr. Caroline Proulx). 

 

Bioorthogonal chemistry has become a powerful tool in the manipulation of biomolecules 

chemoselectively. Aniline catalysis has allowed oxime ligations between α-oxo aldehydes or 

ketones with aminooxy functional group to proceed at pH 7, which has increased their utility in 

macrocyclization, live-cell imaging and peptide-peptide ligation. Methods to install α-oxo-

carbonyl functional groups on peptide substrates typically require NaIO4 exposure, which may 

lead to side-reactions with sensitive residues (e.g. Met, Trp). Additionally, there has also been a 

lack of diversity at the site of ligation which has limited the utility of this ligation technique in 

chemical protein synthesis. Starting from ketone substrates instead of aldehydes in oxime ligation 

reactions would allow substitution at the site of ligation; however, synthetic challenges to readily 

access ketone derivatives from common amino acid building blocks have precluded the 

widespread use of ketoxime peptide ligation reactions thus far. Moreover, ketones are typically 

much slower to react in condensation reactions compared to aldehydes. In most cases upon 

ligation, mixtures of E/Z isomers are observed. For the context of biological applications, high 

concentrations of aniline can be toxic to cells and selectivity in the presence of endogenous ketones 

and aldehydes can be problematic. We were interested in finding mild straightforward methods to 

access oxime ligation products that can used in various application with the ability to have diversity 

at the site of ligation.  

In this dissertation, the utility of N-aryl peptides as novel precursors for oxime and 

hydrazone ligations will be described. We take advantage of site-selective oxidation into a reactive 

(protonated) Schiff base intermediates to access ligation products. Chemoselective oxidation is 

possible using oxygen as the only oxidant in buffer at pH 7.0. Moreover, the addition of potassium 



ferricyanide allows for fast, high yielding ligations and can be used in selective unmasking of an 

inert residue. Among the various advantages of this method, tuning the electronics of the phenyl 

ring in electron-rich N-aryl peptides have allowed: 1) orthogonal reactivity at varying pHs, and 2) 

efficient ketoxime peptide ligations, increasing diversity at the site of ligation. We discuss the use 

of N-aryl peptides in both intermolecular and intramolecular hydrazone ligations. Peptide-peptide 

oxime and hydrazone ligation will be demonstrated and well as insight on stability and 

conformational control of the resulting ligated peptides. Head-to -tail peptide macrocyclization 

possessing substituents at the α-carbon via hydrazone ligation showed to be accessible with 

sequence diversity and varying ring sizes. Conditions for E/Z isomerization as well as stability will 

be discussed. This one-pot catalyst-free oxidative coupling method offers unique advantages over 

conventional approaches for both oxime and hydrazone ligations.  
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CHAPTER 1:  Introduction  

1.1. Introduction to bioconjugation reactions 

Bioconjugations are chemical reactions that form stable covalent bonds selectively 

between two molecules, where at least one molecule is a biomolecule.1 To be broadly applicable, 

it is important for bioconjugation reactions to be “bioorthogonal”, meaning non-toxic under 

physiological conditions (≤ 37°C, pH 7) and without interfering with biological processes. 

Chemoselectivity is crucial to their applications in complex settings in the presence of various 

unprotected functional groups,1 which include site-selective protein modification (e.g. fluorescent 

labeling) in live cells.2 Chemoselective ligation reactions are also important for total chemical 

protein synthesis.3  

1.1.1. Bioorthogonal reactions for chemistry in live cells 

There are many different types of bioconjugation reactions that have been used for imaging 

in live cells. Strained systems are highly reactive species that have been used in bioorthogonal 

reactions.  For example, strained alkynes (i.e. cyclooctynes) react very rapidly with azides in [3+2] 

cycloaddition reactions without the addition of a catalyst and at physiological temperatures (Table 

1.1, Entry 3, k = 7.6 x 10-2 M-1 s-1).2 Similarly, strained alkenes (i.e. trans-cyclooctenes) have been 

used in inverse-electron demand Diels-Alder reactions with tetrazines (Table 1.1, Entry 4, k = 2 x 

103 M-1 s-1).4 The by-product of this reaction is N2 and the reaction proceeds very fast in water, 

which is appealing for bioconjugation reaction applications. Due to the fast rates and minimal by-

products, these methods of bioconjugation are frequently used in applications such as labeling in 

live cells.4 Even though the inverse demand Diels-Alder reactions with tetrazines is a widely used 

method for bioconjugation, having more than one type of biorthogonal reaction to choose from is 

highly desirable to allow for multiple sequential site-specific functionalization. Oxime and 
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hydrazone ligations have also been used for live cell imaging.5-6 Oxime and hydrazone ligations 

are bioorthogonal reactions that combine aldehydes/ketones with aminooxy and hydrazine 

functional groups, respectively. Aminooxy groups and hydrazines have enhanced nucleophilicity 

relative to primary amines (e.g. Lys side-chains) due to the α-effect.7 Previous studies have shown 

that these reactions are reversible, albeit to a lesser extent compared to imines, and that hydrazone 

linkages are more prone to hydrolysis compared to oxime ligation products.8-9 

 

Entry Reaction Ref 

1 Strained Promoted Alkyne Azide Cycloaddition 2 

2 Inverse-demand Diels-Alder Strained-Alkene Tetrazines Reaction  4 

3 Oxime Ligation 

 

5 

4 Hydrazone Ligation 

 
6 

Table 1.1 General schemes of selected bioorthogonal reactions for chemistry in live cells.  



   

3 

 

1.1.2. Chemoselective ligation reactions for chemical protein synthesis 

When a chemoselective ligation results in the formation of a native amide bond between 

two amino acids, it is termed a “native chemical ligation” and often referred to as “traceless”. The 

first development of such a reaction was reported by Kent et al., which combined an unprotected 

peptide containing a C-terminal thioester with another peptide containing an N-terminal cysteine 

residue to ultimately provide an amide bond (Table 1.2, Entry 1).10 This reaction takes advantage 

of an irreversible intramolecular S,N-acyl shift resulting in amide bond formation, following a 

reversible transthioesterification reaction. This ligation allows for the chemical synthesis of 

proteins, which cannot be achieved using only solid phase synthesis. The disadvantage for this 

method is the requirement of having a cysteine at the site of ligation and to install a thiol to another 

amino acid side chain requires multi-step synthesis.11 The “traceless” Staudinger ligation between 

azides and phosphinothioesters (Table 1.2, Entry 2) is a modified version the Staudinger reaction 

and resembles native chemical ligation.12 The goal of this modification is to form amide bonds 

without including a phosphine oxide moiety in the product. This “traceless” feature is important 

for total chemical protein synthesis, where the presence of unnatural linkers may alter folding and 

function. The reaction rate for this reaction is relatively slow (k = 1.9 x 10-3 M-1 s-1) compared to 

other bioconjugation techniques,12 which has limited the use of this ligation reaction in vivo. 

Another “traceless” method for chemoselective chemical protein synthesis is the 

α‑ketoacid−hydroxylamine (KAHA) ligation developed by Bode et al.13 The ligation utilizing C-

terminal α‑ketoacid and either substituted or unsubstituted hydroxylamines on the N-terminus 

(Table 1.2, Entry 3). This ligation can take place in aqueous conditions and does not need 

additional reagents for ligation. However, drawbacks for this method is the multi-step synthesis 

required to install the unnatural building block necessary for ligation and always results in a 
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homoserine at the site of ligation.  Serine and threonine ligation uses O-salicylaldehyde esters and 

N-terminal serine or threonine residues to form a N,O-benzylidine acetal which is cleaved to form  

an amide bond (Table 1.2, Entry 4).14 

Entry Reaction Ref 

1 Native Chemical Ligation 

 

10 

2 “Traceless” Staudinger Ligation 12 

3 KAHA Ligation 13 

4 Ser/Thr Ligation 

 

14 

5 Oxime Ligation 

 

15 

6 Hydrazone Ligation 16 

Table 1.2 General schemes of selected chemoselective ligation reactions for chemical protein 

synthesis.  
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This method allows for ligation at the site of a natural amino acid which requires less synthetic 

modified fragment for ligation. As the name implies, the ligation can only take place at serine or 

threonine residues which limits the utility of this ligation method. These methods all demonstrate 

traceless chemoselective and effective ways to ligate peptides.  

1.2. Oxime and hydrazone ligations  

Oxime and hydrazones have been utilized in both bioorthogonal chemistry in live cells5-6 

(Table 1.1, Entry 3 and 4) and peptide ligations (Table 1.2, Entry 5 and 6).15-16 Although these are 

not “traceless” ligations, the small one atom extension from a native bond has allowed for its use 

in several applications (See p. 8, section 1.5) including the ligation of peptide fragments. The 

formation of an oxime bond without a catalyst at pH 7 is slow (k = 1.5 x 10-3 M-1 s-1).15 A decrease 

in pH to 4.5 has been found to increase the rate by 40-fold (k = 5.7 x 10-2 M-1 s-1); however, low 

pH values are not always compatible with biomolecules.  

To address these shortcomings, Dawson et al. demonstrated that aniline can be used as a 

nucleophilic catalyst for oxime ligation of two peptides (Figure 1.1a). More specifically, the use 

of 100 mM p-methoxyaniline as a catalyst resulted in a rate acceleration of 40-fold at pH 7 (k = 

6.1 x 10-2 M−1 s−1, Figure 1.1b). To afford the α-oxo-aldehyde needed for coupling, oxidation of a 

N-terminal serine was achieved using sodium periodate. The glyoxylyl-teminated peptide 1.1 was 

then reacted with aminooxyacetyl-terminated peptide 1.2 in the presence of p-methoxyaniline in 

phosphate buffer pH 7 to give oxime product 1.3. This significant increase in rate at neutral pH 

has led to the use of oxime ligation in applications such as cell imaging.5,17-18 Aniline catalysis has 

also been shown to be useful for increasing hydrazone ligation rates as well. 
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1.3. Mechanistic study of aniline catalysis 

At neutral pH, protonated carbonyls (Scheme 1.1, compound 1.4) are in low concentration 

(pKa = - 4 to -10),19 which makes it less likely to undergo nucleophilic attack by the aminooxy 

coupling partner. The addition of a nucleophilic aniline allows for the formation of an aniline 

Schiff base intermediate 1.7, which is more often protonated at pH 7 (pKa = 4 - 5.3) and promotes 

the nucleophilic attack of the aminooxy functional group. Following the formation and collapse of 

tetrahedral intermediate 1.9 the aniline catalyst is released and provides the oxime product 1.10, 

which has a lower pKa value and is less likely to be protonated, giving a stable product in aqueous 

conditions. The rate determining step is typically the dehydration step to give the Schiff base 

intermediate 1.7, as determined both experimentally20 and using density functional theory (DFT) 

studies.21      

Figure 1.1. a) Scheme of peptide-peptide ligation via p-methoxyaniline catalysis.15 b) 

Formation of ligation product 1.3 in the absence and presence of 100 mM p-methoxyaniline.15 

c) HPLC traces recorded after 22 h for the two ligation reactions (the peaks marked with an 

asterisk correspond to two isomers of the cyclization product of 1.1). 15 

 



   

7 

 

 

 

 

 

 

 

 

 

 

1.4. Expanding aniline catalysts 

To increase both water solubility and reaction rate constants, several other electron-rich 

aniline, 2-aminophenols, and 2-(aminomethyl)benzimidazoles derivatives have been investigated 

to catalyze oxime and hydrazone ligations (Figure 1.2). For example, Distefano et al. studied the 

use of m-phenylenediamine 1.11 for protein labeling, which showed a 2-fold increase in rate 

compared to an unsubstituted aniline.22 Multiple other aniline catalysts have been screened in 

oxime ligations by other groups.23-28 p-phenylenediamine 1.12, which has the highest pKa value 

(pKa = 6.1) showed a 19-fold increase in rate. However, it has been found to be unstable due to 

oxidation in air, as well as exhibits cellular toxicity at high concentrations (10 mM), which has 

limited its applications.24  Anthranilic acid derivatives (e.g. Figure 1.2a, compound 1.17) have 

been explored by Kool et al. on the basis that an intramolecular proton source could potentially 

assist with protonation of the hemiaminal intermediate via an 8-membered ring transition state, 

ultimately speeding up the reaction by a factor of 12 relative to the uncatalyzed reaction and a 

factor of 2 relative to aniline  (Figure 1.2b).25 

Scheme 1.1. Mechanism of aniline-catalyzed oxime ligations. 
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Modifying the catalyst structure to achieve a 7-membered ring transition state (Figure 1.2c) 

instead allowed for an increase of catalytic activity (Figure 1.2a, compounds 1.16 and 1.18) by a 

factor of 13 and 5.2 in hydrazone and oxime ligations relative to the uncatalyzed reaction, 

respectively.26 In total, >40 catalysts have been tested in hydrazone ligations, and the best analogs 

were subsequently used in oxime ligations. These contributions have allowed for a variety of 

options for catalyzing this reaction. Overall, these studies have allowed the discovery of new 

catalysts with increased water solubility, diminished cell toxicity, and enhanced reactivity.  

1.5. Utility of oxime ligation 

The discovery of methods with and without aniline catalysis to perform oxime ligations 

have allowed for increased utility of this method in a variety of applications. An early 

demonstration of the orthogonality of oxime ligation was done by Kent et al. in the total protein 

synthesis of cMyc-Max using sequential thioester formation followed by oxime ligation (Figure 

1.3a) under acidic conditions.29 Oxime ligation has also been used in live cell imaging techniques 

(Figure 1.3b).5,17-18,30-31 Horne et al. used oxime ligation in an i, i+4 side-chain-to-side-chain 

macrocyclization technique which promotes and stabilizes α-helical structures while leading to a 

Figure 1.2. a) Selected examples of other aniline catalysts. b) Representation of the 8-

membered transition state of condensation of anthranilic acid derivatives. c) Representation of 

the 7-membered transition state of condensation of 2- aminophenols and 2-

(aminomethyl)benzimidazoles derivatives. 

b) a) 

c) 
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mixture of E/Z isomer products (Figure 1.3c).32 While aniline catalysis has made oxime ligation 

more appealing for use in biological settings, there are still limitations that need to be addressed. 

 

 

 

 

 

 

 

 

 

 

1.6. Limitations of oxime ligation 

Oxime ligation reactions have not received as much attention as other bioconjugation 

techniques. In general, synthesis and manipulation of biomolecules consisting of α-oxo-aldehydes 

and aminooxy functional groups are difficult. For the application of bioconjugation in a biological 

system, it is important that the ligation has selectivity and low toxicity. Aldehydes and ketones can 

be found in biological systems (e.g. co-factors, carbohydrates, etc.), which makes any 

bioconjugation reaction involving them “bio-restricted”, i.e. not truly “bio-orthogonal”.33 Without 

a catalyst, acidic conditions are necessary for the reaction to proceed at a reasonable rate. In some 

cases, acidic conditions are not optimal for certain biological systems. Research has also shown 

Figure 1.3. Utility of oxime ligation via (a) total protein synthesis29, (b) live cell imaging5 and 

(c) macrocyclization32a. 

a) 

c) 
b) 
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that aniline is toxic to E. coli 34 and some aquatic life,35 although other aniline derivatives have 

been shown to have reduced toxicity (vide supra). As such, being able to get to the reactive Schiff 

base intermediate in situ under mild conditions could be an enhanced way to get to the desired 

oxime product.  

For total protein synthesis, it is important to have methods of ligation that are orthogonal 

to each other and limit the number of purifications between ligations. For the incorporation of 

aldehydes or ketones onto peptides, additional steps are typically required after cleavage and 

purification of peptide substrates, such as oxidation of serine using sodium periodate to afford the 

glyoxylyl-substituted peptides. These oxidation conditions have been shown to degrade sensitive 

residues such as methionine, tryptophan, tyrosine, and cysteine.32b,36 Having an additional step for 

the synthesis that could lead to possible degradation is not ideal for any application of this 

chemistry. Upon ligation, there is no conformational control of isomers and it is important in 

protein synthesis to be able to control the secondary structures. The ability to incorporate natural 

and unnatural amino acids at the site of ligation is a selling point for total protein synthesis. There 

has been limited amount of side chain diversity at the site of ligation using traditional methods for 

oxime ligation as ketones have been shown to be less reactive than aldehydes.37 Side chain 

diversity opens up the possibility to perform structure activity relationship (SAR) studies for 

potential peptide drug candidates. The side chain at the site of ligation could possibly be used in 

conformational control and could allow for unique stability properties by varying the side chain. 

Overall, having a method that can be accessed through straightforward synthesis methods and mild 

ligation conditions with access to diversity at the site of ligation could make the oxime ligation 

more appealing for a number of applications. 
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1.7. Site-selective C-H functionalization of N-arylglycine residues. 

Over the years, many strides have been made towards using peptides as therapeutic 

agents.38 More specifically, strategies to make unnatural amino acids and peptides through both 

side-chain and backbone modifications have expanded, elevating their use in drug discovery.39-40 

Direct chemoselective C-H bond functionalization of amino acids and peptide substrates is 

appealing because it a) reduces the number of steps in a synthesis and decreases waste, b) allows 

for amino acids to be used as starting building blocks to create libraries of derivatives, and c) 

allows for late-stage functionalization during synthesis.39 One of the major challenges is being able 

to selectively functionalize a particular C-H bond in the presence of many other C-H bonds.40-41 

Having C(sp3)-H bonds alpha to a heteroatom such as nitrogen and the carbonyl can stabilize a 

reactive intermediate after oxidation.39 N-aryl glycine derivatives are particularly interesting 

substrates due to the fact that upon oxidizing selectively the Cα- position, they form a reactive α-

imino amide intermediate which is structurally identical to the intermediate obtained in aniline-

catalyzed oxime ligations between α- oxo aldehydes and aminooxyacetyl-peptides (Scheme 1.1, 

compound 1.7).  

Many ways to selectively oxidize these N-aryl glycine derivatives and subsequently 

functionalize them with various nucleophiles have been reported in the literature (Scheme 1.2).42-

49 Both cross-dehydrogenative coupling (CDC) and mono-oxidative coupling reactions have been 

developed using N-arylglycines substrates. For example, nucleophiles such as styrene derivatives 

(Scheme 1.2A)47, indole (Scheme 1.2B-C),47-49 acetone(Scheme 1.2D),49 boronic acids (Scheme 

1.2E),46 malonates (Scheme 1.2F),44 terminal alkynes (Scheme 1.2G),39 and tetrahydrofuran 

(Scheme 1.2H)48 have all been coupled to N-arylglycine substrates, typically using stoichiometric 

oxidant (e.g. TBHP, DDQ, O2) in the absence or presence of catalytic metal salts.  Li et al. initially 
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reported the use of a copper salt and tert-butyl hydroperoxide (TBHP) to promote the oxidation 

and coupling of aryl boronic acids (Scheme 1.2E) and terminal alkynes (Scheme 1.2G) to the 

αCH position of a N-terminal N-p-methoxyphenyl glycine residue. The most important part of this 

coupling is the selectivity of that position giving clean conversion to the desired product, even in 

the presence of other amino acid α-carbons in dipeptide substrates. The proposed mechanism can 

be found in Scheme 1.3a.  

 

More recently, auto-oxidative coupling of N-arylglycine esters to indole, dihydrofuran, and 

styrene, have been reported using an oxygen balloon and trace amounts of acid in MeCN/ DCE 

solvent mixtures (Scheme 1.2A-B).42 Compared to some of the metal/ oxidant promoted 

Scheme 1.2. Examples of site-selective oxidation couplings with N-aryl glycine substrates. 



   

13 

 

reactions,43-44 the reactions were longer and some of the yields were lower.42 Only a small 

screening of substitution on the aryl ring was reported. The proposed mechanism and intermediates 

for this transformation can be found in Scheme 1.3b.  

 

 

 

 

 

  

 

 

 

These mild oxidation reaction conditions, eliminating the metal catalyst and strong oxidant, 

inspired us to investigate N-arylglycines in bioconjugation reactions. Previously, there was no 

known example of N-phenylglycine substrate oxidation proceeding in water. In addition, while the 

presence of trace amounts of acids was found to be important in earlier reports, the role, 

importance, and strength (pKa) of the acid were all poorly understood.  

 

 

 

Scheme 1.3. Proposed mechanism for a) Cu/TBHP-mediated 40 and b) O2-promoted 42                 

oxidative coupling of N-arylglycine residues. 

a) 

b) 
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1.8. Overall goal and summary of thesis 

To address the current limitations of oxime ligations (see p. 9, section 1.6), we propose 

exploiting the mild and chemoselective oxidation of N-aryl peptides to afford a reactive α-imino 

amide intermediate in situ. Chemoselective oxidation of N-aryl peptides has been demonstrated 

previously for synthesis of unnatural amino acids in short dipeptide sequences. In these 

transformations, the α-imino amide intermediate is the key reactive intermediate, which is identical 

to the critical aniline-Schiff base intermediate obtained in aniline-catalyzed oxime ligation 

reactions between aldehydes and aminooxy groups at neutral pH. However, these reactions have 

typically required catalysts such as copper salts and strong oxidants such as tert-butyl hydrogen 

peroxide (TBHP) and 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to proceed. These 

reactions are also done in organic solvent and have not been demonstrated in aqueous conditions 

to date. Our goal is to translate these selective oxidation conditions for bioconjugation reactions in 

pH regulated buffers (Scheme 1.4). 

Exploring the substitutions (electronics) of these N-arylglycine residues could reveal the 

opportunity for a variety of reaction conditions for unmasking the reactive α-imino amide 

intermediate for oxime ligation. Once the ligation conditions have been optimized, this technique 

will be applied to exploring the reactivity of α-carbon substituted N-aryl peptides for 

diversification at the oxime or hydrazone bond and utility for peptide-peptide ligation and head-

to-tail peptide macrocyclization reactions. 

Scheme 1.4. General scheme for oxime and hydrazone ligation via in situ oxidation of N-aryl 

peptides (our approach). 
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CHAPTER 2: Oxime Ligation via in situ Oxidation of N‑Phenylglycinyl Peptides 

Part of this work was published in Org. Lett. 2018, 20, 2564. 

2.1. Introduction to mild oxidation of N-phenylglycine peptides.  

Having a method to form oxime ligation products under mild conditions would allow for 

more opportunities to utilize this ligation technique. As previously mentioned in chapter 1, the 

oxidation of N-phenylglycine forms the same reactive intermediate in situ as the aniline catalyzed 

technique for oxime and hydrazone ligation reported by Dawson et al.1 Our objective was to find 

even milder conditions than Huo et al. (organic solvent, and trace amounts of strong acid) to 

oxidize the residues selectively and use them for oxime ligation (see chapter 1, p. 11, section 1.7).2 

This chapter describes the initial optimization of oxidizing N-phenylglycine peptides in aqueous 

conditions and utilization of this method of oxime ligation (Scheme 2.1).  

 

 

2.2. Synthesis of N-phenylglycine peptides. 

The first task for this project was to synthesize N-phenylglycine peptides as model 

compounds to screen mild conditions for the tandem oxidation/aminooxy coupling reaction. A 

model peptide (LYRAG) was selected based on the presence of a wide variety of functional groups, 

such as an aromatic tyrosine, sterically hindered leucine, and a positively charged side-chain 

(arginine). This peptide has also been used previously in methodology development for aniline-

catalyzed oxime ligations.1 Peptide synthesis was done using standard fluorenylmethoxycarbonyl 

(Fmoc) solid phase peptide synthesis procedures on Rink amide resin (see experimental data 2.13, 

Scheme 2.1. General scheme of oxime ligation via oxidation of N-phenylglycine peptides.  
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p. 42).3-4 To install the N-phenylglycine residues, submonomer peptoid synthesis procedures were 

used,5 where the resin-bound peptide 2.1 was first bromoacetylated to give 2.2, and subsequently 

treated with the corresponding aniline derivatives to give 2.3 via displacement of the bromide 

(Scheme 2.2).   

 

 

 

 

Seven analogs (2.4a-g) were synthesized with various substitutions on the phenyl ring, 

with the selection of substituents based on literature precedence: p-methoxyaniline (See Chapter 

1, p. 6, Figure 1.1) and other electron rich anilines (See Chapter 1, p. 8, Figure 1.2) have been 

used for catalyzing oxime ligation.1,6-10 Moreover, the electron donating effect of the p-methoxy 

substituent has been shown to facilitate oxidation of N-phenylglycine amide derivatives to α-imino 

amides in C-H activation applications.2,11-16 We wanted to explore the effect of number and 

position of methoxy substituents, which inspired the synthesis of 2.4c-d and 2.4f. To further 

explore the relationship between the pKa of the aniline and oxidation rates, analog 2.4e with a 

dimethylamino substituent at the para position of the phenyl ring was synthesized (pKa ~ 6.317 and 

σ =  −0.8318 vs pKa = 5.419 and σ =  −0.2718 for p-methoxyaniline). Taking inspiration from Kool 

Scheme 2.2. Submonomer peptoid synthesis procedures for N-phenylglycine residue on 

solid support.  
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et al.’s work,12 we also synthesized analog 2.4g, which had the potential to act as an intramolecular 

proton source (See chapter 1, p. 8, Figure 1.2, compound 1.17). 

In previous studies using submonomer approaches, difficulties synthesizing N-arylglycine 

residues due to the lack of nucleophilicity of anilines were addressed by using long displacement 

reaction times (~16h),20 microwave assisted synthesis,21 or silver salts22 to accelerate the 

displacement step in peptoid solid phase synthesis. However, electron-rich anilines did not require 

special conditions to speed up the reaction. In fact, under silver-promoted displacement reaction 

conditions, oxidation to afford an α-oxo-aldehyde was previously observed showing their 

possibility of downstream oxidation in situ for oxime ligation.22 It is important that the synthetic 

methods are mild enough to avoid premature oxidation on solid support.  In our hands, the 

incorporation of the N-phenylglycine residues onto the model peptide LYRAG was completed 

using the submonomer solid-phase method with 3 h displacement times at room temperature, 

without silver salt additives. Likely due to the electron-withdrawing nature of the carboxylic acid 

substituent and steric hindrance (ortho position), analog 2.4g needed an additional 3 h 

displacement time with fresh reagents to go to completion (total = 6 h). To cleave the N-

phenylglycine-terminated peptides off the solid support, a solution of trifluoroacetic acid (TFA), 

H2O and triisopropylsilane (TIPS) was used. This method resulted in the desired peptide being the 

major product. After purification using preparative high-performance liquid chromatography 

(HPLC) (see experimental data 2.13, p. 42), all the analogs were isolated in >98% purity in 11-

41% yields (Table 2.1) exhibiting good stability throughout the cleavage and purification process 

and providing enough material for several ligation studies. 
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 2.3. Testing oxidation and coupling ability of N-(p-MeO-Ph)G-LYRAG with O-

benzyhydroxylamine. 

N-phenylglycinyl peptide 2.4b was used for optimizing the ligation reaction conditions. 

This analog was chosen due to Huo et al.2 and Dawson et al.’s1 previous reports, which employed 

p-OMe substitution in their attempts to form α-imino amide intermediates from N-phenylglycine 

amides or in aniline-catalyzed oxime ligation of α-oxo-aldehyde substrates, respectively. The 

small molecule O-benzylhydroxylamine was used as an aminooxy coupling partner for proof of 

concept because it has a UV-active handle and a distinct retention time from the starting peptides 

and oxime products, rendering it easy to monitor via Liquid Chromatography Mass Spectrometry 

(LC-MS) (Scheme 2.3). 

Peptide Crude 

purity 

(%)a 

Crude 

yield 

(%) 

Purity 

(%)b 

Yield 

(%)c  

m/z 

(cald) 

[M + 1]+ 

m/z 

(obsd) 

[M + 1]+ 

Retention 

time 

(min) 

2.4a N-(Ph)GLYRAG 81.5 88.1 99 39 711.4 711.5 9.27 

2.4b N-(4-OMe-

C6H4)GLYRAG 

65.0 62.5 99 41 741.4 741.6 8.78 

2.4c N-(2,4-(OMe)2-

C6H3)GLYRAG 

87.1 71.6 99 17 771.4 771.6 8.91 

2.4d N-(3,5-(OMe)2-

C6H3)GLYRAG 

90.9 86.9 99 40 771.4 771.6 9.30 

2.4e N-(4-(NMe2)-

C6H4)GLYRAG 

73.8 77.8                           >99 20 754.4 754.6 7.74 

2.4f N-(3,4,5-(OMe)3-

C6H2)GLYRAG 

93.5 59.7 99 34 801.4 801.6 8.78  

2.4g N-(2-(COOH)-

C6H4)GLYRAG 

39.8 63.4 99 11 755.4 755.6 9.27 

Table 2.1. Characterization data for N-phenylglycine-terminated peptides 

a) Unless otherwise noted, analytical LC-MS analyses were performed on a 5 μM, 150 x 4.6 mm C18 Vydac 

column from Mac-Mod Analytical, Inc (cat# 218TP5415) with a flow rate of 0.5 mL/min using a 12 min 5- 95% 

linear gradient of MeCN (0.1% TFA) in water (0.1% TFA). The purity at 214 nm wavelength is reported in all 

cases. b) RP-HPLC purity at 214 nm after purification. c) Yields after purification by RP-HPLC are based on resin 

loading. 
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The first set of mild oxidation condition consisted of using just air as an oxidant, taking 

inspiration from previous work.2 Given that trace amounts of acids had been found to be essential, 

the reaction was initially tried at different acidic pH values (pH = 4.5, 5.5, and 6.5), as well as at 

neutral pH (Figure 2.1). Ligation progression was monitored by LC-MS at 214 nm. Under these 

mild conditions, in situ oxidation of 2.4b was found to occur leading to formation of the ligation 

product 2.6 at pH 4.5 and 5.5. At pH 4.5, the ligation proceeded the fastest giving 76% oxime 

product after 24 h with no side products observed. This conversion is comparable with Dawson’s 

aniline-catalyzed oxime ligation condition at pH 7.1 However, at neutral pH 7 under our conditions, 

Scheme 2.3. Ligation of N-(p-MeO-Ph)G-LYRAG 2.4b and O-benzylhydroxylamine via 

in situ oxidation using air. 

0

20

40

60

80

100

0 20 40 60 80 100

%
 L

ig
a

ti
o

n
 P

ro
d

u
c
t

Time (hours)

pH4.5

pH 5.5

pH 6.5

pH 7

pH 4.5 

t = 24h b) a) 

pH 5.5 

pH 6.5 

pH 7.0 

2.6 

2.6 
2.4b 

2.4b 

2.4b 

2.4b 

Figure 2.1. Monitoring ligation of 1 mM N-(p-MeO-Ph)G-LYRAG 2.4b and 1 mM O-

benzylhydroxylamine at varying pHs (4.5-7) via in situ oxidation using air a) % Oxime 

ligation product over time at varying pHs. b) LC-MS traces at 214 nm of the reaction after 

24 h at varying pHs.  
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the oxime product formation was slow (< 2% oxime after 24 h). This initial screening confirmed 

that oxidative couplings of N-phenylglycinyl peptides with aminooxy residues using just air in the 

absence of metal or organocatalysts can be achieved in aqueous conditions.  

2.4. Screening of oxidative coupling of other N-phenylglycine peptides with O-

benzylhydroxylamine using air. 

Encouraged by the oxidation of 2.4b using just air, analogs 2.4a, 2.4c-g were also tested at 

various pH values to examine the effect of electronics of the aryl ring (Figure 2.2). Control analog 

2.4a showed slower production of oxime relative to 2.4b, giving less than 10% product at all pH 

values tested. Analog 2.4d showed very similar results as 2.4b, while 2.4c, 2.4f and 2.4g showed 

little product (< 5%) formation after 24 h (not shown due to low reactivity). Analog 2.4e, however, 

showed opposite reactivity compared to 2.4b where at pH 4.5, the least amount of product was 

observed after 24 h, and at pH 6.5-7, there was >99% oxidation of the N-phenylglycine residue. 

Since the pKa of the primary amine of p-dimethylamino aniline is ~6.3, this may account for why 

the reaction proceeded better at pH values near 6.5. The lack of reactivity at lower pHs may be 

0

10

20

30

40

50

60

70

80

90

100

4a 4b 4d 4e

%
 O

x
id

a
ti
o

n
 a

t 
t 

=
 2

4
h

pH 4.5 pH 5.5 pH 6.5 pH 7.0

Figure 2.2. Percent oxidation at t = 24 h for analogs 2.4a-b, d-e at varying pHs.  

2.4a 2.4b 2.4d 2.4e 



   

27 

 

due to the possibility of the tertiary amine being protonated, which would destabilize the reactive 

intermediate. 

2.5. Closer examination of the oxidation and coupling of N-(p-Me2N-Ph)G-LYRAG and O-

benzylhydroxylamine using air/oxygen. 

The reaction with 2.4e was studied further to quantify exactly how long it took for >99% 

oxidation to take place (Table 2.2). Analysis of aliquots at different time points by LC-MS 

revealed that >99% oxidation was achieved after 8 h (Table 2.2, Entry 1). The yield of oxime 

product 2.6, however, was only 70%. The remaining 30% was the α-oxo-aldehyde side product 

2.7, arising from competitive hydrolysis of the protonated Schiff base 2.5e which was not observed 

in the case for N-(p-MeO-Ph)G-LYRAG 2.4b. This α-oxo-aldehyde side product had never been 

observed previously (i.e. with analog 2.4b at pH 4.5), which could be due to the increase in 

oxidation rate with peptide 2.4e.  

Entry Oxidation 

conditions 

at pH 7 

Time Initial aminooxy: 

peptide ratio 

Aldehyde: 

oxime ratio 

% Oxidation % Oxime 

product 

1 Air 8h 1:1 30:70 >99 70 

2 O2
a 8h 5:1 8:92 >99 91 

3 Air 8h 5:1b 40:60b >99b 60b 

4 Air 

(Control) 

8h 5:1 N/A 9 9 

Table 2.2. Oxidation conditions and conversion of N-(p-Me2N-Ph)G-LYRAG 2.4e to oxime 

product. 

aReaction was performed under O2 atmosphere (oxygen balloon). bReaction was performed with a 10-fold dilution, 

with reactant concentration of either 0.1 or 0.5 mM. 
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To increase the yield of the desired oxime product vs hydrolysis, the number of equivalents 

of O-benzylhydroxylamine was increased from 1 to 5 equivalents. However, once the 

concentration of the aminooxy substrate increased, we observed fluctuation in oxidation/oxime 

formation yields when the systems were just opened to air, which required some troubleshooting. 

Since the O-benzylhydroxylamine was being introduced as an HCl salt, we wanted to be sure that 

this was not influencing the reaction by potentially changing the pH of the solution. However, free-

basing of the O-benzylhydroxylamine prior to its addition did not address the reproducibility 

issues. Surprisingly, it was noticed that the location of the reaction flask in the fume hood made a 

difference in oxime product formation yields. Therefore, to keep the amount of oxygen consistent 

throughout the experiment and from day to day, the use of an oxygen balloon was put into place. 

Ultimately, changing the number of equivalents of the aminooxy coupling partner and using an 

oxygen balloon allowed for the reproducible formation of oxime products in 91% yields after 8 h 

(Table 2.2, Entry 2). Notably, this oxime ligation reaction is faster than previously reported 

methods.1 

Because bioconjugation reactions have been shown to be done in the nanomolar range, we 

tested our optimized conditions after a 10-fold dilution (Table 2.2, Entry 3). Under these dilute 

conditions, the oxidation still proceeded in >99% conversion, but there was only 60% oxime 

product and the remaining 40% was the hydrolysis side product (α-oxo-aldehyde 2.7). As a control, 

the reaction was also performed by bubbling argon instead of oxygen and leaving it under an argon 

balloon, which slowed down the reaction significantly (Table 2.2, Entry 4). Complete shut-down 

of the reaction was not observed and could have been the result of not completely getting rid of 

oxygen in the system. 
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2.6. Demonstration of peptide-peptide ligation via the oxidative coupling of N-(p-Me2N-

Ph)G-LYRAG and aminooxyacetyl-GRGDSGG. 

Next, to demonstrate the ligation of two biomolecules, two peptides were used (Scheme 

2.4). For comparative analysis, the same aminooxyacetyl-peptide substrate (Scheme 2.4, 

compound 2.8) utilized by Dawson et al. was synthesized and used for ligation.1 The synthesis of 

this additional aminooxy peptide was not trivial and needed special attention throughout the 

synthesis and isolation process. Originally, the same conditions to couple on natural amino acids 

(i.e., HBTU, DIEA) were used for the (boc-aminooxy)acetic acid and resulted in no desired 

product. Delmas et al. reported that the (boc-aminooxy)acetic acid can over acylate during the 

coupling when base is present.23 Keeping these findings in mind, coupling of the (boc-

aminooxy)acetic acid was done using N,N'-diisopropylcarbodiimide (DIC) and N-

hydroxysuccinimide (NHS) instead (Scheme 2.4). 

 

 

The aminooxy functional group is very nucleophilic and optimizing the cleavage 

conditions from the resin was necessary to detect the peptide by LC-MS. An additional scavenger 

(1,2 ethanedithiol) was needed in the TFA cocktail to prevent reattachment to solid support. After 

the cleavage solution was altered, the desired mass was still not observed, and a M + 40 ion was 

observed instead. This was thought to be an irreversible product of the aminooxy functional group 

reacting with acetone to undergo a condensation after dehydration, which was used throughout the 

lab. This particular problem has been mentioned in the literature previously, where working in an 

Scheme 2.4. Synthesis procedures for an aminooxyacetyl-peptide on solid support.  
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“acetone-free” lab space was recommended.24 Once acetone was removed from the lab, the desired 

mass was finally detected.  

After aminooxyacetyl-peptide 2.10 was successfully cleaved and purified, it was mixed 

with N-phenylglycinyl peptide 2.4e under the mild conditions previously reported (oxygen, pH 7) 

(Scheme 2.5). After 8 h, >99% oxidation was observed with a 1:1 ratio of the desired ligation  

 

 

 

 

 

 

Scheme 2.5. Oxime ligation of N-(p-Me2N-Ph)G-LYRAG 2.4e and an aminooxyacetyl-peptide 

2.10 under oxygen oxidation conditions at pH 7.  

 

t = 0  

t = 4 h  

2.4e 

2.11 2.7 

2.10 

2.10 

a) 

b) 

 Figure 2.3. LC-MS traces of ligation reaction of N-(p-Me2N-Ph)G-LYRAG 2.4e and an 

aminooxyacetyl-peptide 2.10 a) at time 0 and b) after 4h.  
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product 2.11 and α-oxo-aldehyde side product 2.7, even after increasing the number of equivalents 

of aminooxyacetyl-peptide 2.10 from 5 to 10 (Figure 2.3). Throughout these studies, the 

aminooxyacetyl-peptide was found to be very hydrophilic and hard to monitor via LC-MS, with a 

retention time near the injection peak. In the future, the sequence of the aminooxyacetyl-peptide 

model could be altered to include more hydrophobic residues to better monitor the disappearance 

of this coupling partner and potentially improve peptide-peptide ligation yields.  

2.7. Testing oxidation compatibility in the presence of a methionine residue. 

When placing peptides under oxidation conditions, one should be cautious of residues that 

could be oxidized and decompose during the process. Horne et al. studied the oxidation of a 

methionine containing peptide in the presence of sodium periodate and found that there was a 51-

minute half-life of the methionine residue.25 Additionally, oxidative couplings using sodium 

periodate in the presence of cysteine residues are not compatible due to cross-linking.26 Although 

we are not using a harsh oxidant, we wanted to be sure that our method was mild. To test the 

compatibility of our oxidation conditions, a sensitive residue, methionine, was incorporated in a 

N-phenylglycinyl peptide 2.12 and exposed to our oxidation conditions (air, pH 7, 6 h) (Scheme 

2.6). We were glad to see that exposing Met-containing peptide 2.12 to air for 6 h showed no sign 

of methionine oxidation (Figure 2.4). These studies suggest that our method of employing mild 

oxidation conditions can be utilized in the presence of sensitive residues on peptides whereas 

Scheme 2.6. Oxime ligation of methionine containing peptide N-(p-N(Me)2Ph)G-LYRAM 

2.12 and O-benzylhydroxylamine using air. 
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previous methods such as oxidation with periodate have oxidized sensitive residues on peptides. 

A cysteine-containing peptide was also synthesized but solubility prevented testing in solution.   

2.8. Oxidative coupling of N-(p-Me2N-Ph)G-LYRAG  and O-benzylhydroxylamine using 

potassium ferricyanide as the source of oxidant. 

To increase the rate of oxime formation with analog 2.4e, the addition of a mild oxidant 

was explored (Scheme 2.7). Francis et al. has worked on site-selective oxidative couplings of 

electron-rich aromatic species, such as aminophenols and N,N-dialkyl anilines, onto electron-rich 

amino acids and proteins using mild oxidants such as potassium ferricyanide, sodium periodate, 

cerium (IV) ammonium nitrate, and light.27-30 This work also highlights which functional groups 

are compatible with each oxidant. Unlike sodium periodate, used to synthesize an α-oxo-aldehyde 

species from serine residues, potassium ferricyanide was shown to be compatible with sensitive 

residues on peptides such as methionine and cysteines, as well as sugars.29 Based on this 

observation, 1 mM of this mild oxidant was added to our ligation reaction and in 5 minutes, >80% 

oxidation of the N-phenylglycine residue took place and 70% oxime product 2.6 was observed. 

Figure 2.4. LC-MS traces of ligation reaction a) at time 0 and b) after 6h with no sign of 

methionine oxidation 

t = 6 h
2.12  

2.14 
b) 

t = 0 
2.12 
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Excitingly, this is faster than any previous reported oxime ligation conditions. These conditions 

were also tested with methionine-containing peptide 2.10 and showed no over oxidation of the 

sensitive residue after 5 minutes. Additionally, after 24 h, no over oxidation of methionine was 

observed. This reaction can be quenched using tris(2-carboxyethyl)phosphine (TCEP).  

The concentration of potassium ferricyanide was found to be crucial for product formation. 

When the concentration was increased from 1 to 2 mM, the oxime product no longer corresponded 

to the major product. Instead, adding another equivalent of oxidant appears to lead to oxidation of 

the tetrahedral intermediate 2.15 resulting in an amidine product 2.16, as observed by LC-MS 

analysis (Scheme 2.8). When this peptide was treated with 10 mM potassium ferricyanide, 

decomposition occurred.  

 

 

 

 

 

 

 

Scheme 2.7. Oxime ligation of N-(p-Me2N-Ph)G-LYRAG 2.4e and O-benzylhydroxylamine 

under potassium ferricyanide oxidation conditions at pH 7. 

 

Scheme 2.8. Proposed formation of amidine 2.16 via a second oxidation after the nucleophilic 

attack of the O-benzylhydroxylamine. 
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2.9. Unmasking of α-imino amide intermediate using N-(p-MeO-Ph)G-LYRAG and 

Potassium Ferricyanide.  

Previously, it was demonstrated that with N-(p-MeO-Ph)G-LYRAG 2.4b at pH 7, 

oxidation is slow and acidic conditions are needed (pH 4.5). In the case of analog 2.4e, potassium 

ferricyanide was shown to increase the reaction rate significantly, which inspired us to use it in 

attempts to increase reactivity at pH 7 for analog 2.4b. If successful, this would allow N-

phenylglycinyl peptides to be selectively unmasked into the reactive α-imino amide intermediate 

in the presence of chemical oxidants. This could be used orthogonally to the N-(p-Me2N-Ph)- 

peptide which oxidizes readily at pH 7 with just oxygen if the N-(p-MeO-Ph)-peptide remains inert 

under these conditions until addition of a chemical oxidant.  

In previous screenings of analog 2.5b (N-(p-MeO-Ph)G-LYRAG), using just air showed 

limited reaction progress (Table 2.3, Entry 1). The control study with an O2 balloon was done 

(Table 2.3, Entry 2) and showed very similar results to having the system open to air. With the 

addition of just 1 mM K3[Fe(CN)6], in 24 h at pH 7, there was 68% oxidation where previously it 

was inert (<2%) with no oxidant (Table 2.3, Entry 3). The α-oxo-aldehyde 2.7 was now observed 

under these conditions. To combat the hydrolysis side product, the concentration of aminooxy was 

adjusted to 5 mM to minimize the side product formation (Table 2.3, Entry 4). This adjustment 

resulted in 66% oxime product in 24 h. To increase product formation and decrease reaction time, 

Scheme 2.9. Oxime ligation of N-(p-MeO-Ph)G-LYRAG 2.4b and O-benzylhydroxylamine 

under potassium ferricyanide oxidation conditions at pH 7. 
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the use of 10 mM K3[Fe(CN)6] was explored. This concentration was tested and confirmed to be 

compatible with sensitive amino acid residues and sugars previously.29 In as little as 4 h, 84% 

oxime ligation product is achieved under these conditions (Table 2.3, Entry 5). However, under 

10 mM K3[Fe(CN)6] oxidation conditions, reaction time is key for maximizing oxime product 

yield. After 24 h, an over oxidation peak is observed (M+16) (Table 2.3, Entry 6). The reaction 

can be quenched after 4 h with TCEP to avoid this side product. These unmasking conditions have 

allowed to change the reactivity of an analog that wasn’t very active at pH 7. This feature can be 

tested for orthogonal triggering capabilities in the presence of aldehydes.   

 

2.10. Testing orthogonality of N-(p-MeO-Ph)G-LYRAG in the presence of glucose. 

With these methods for unmasking the reactive intermediate in hand, we wanted to 

demonstrate that these oxime ligation conditions could be used orthogonally in the presence of 

another aldehyde or ketone, which had previously restricted the use of aniline-catalyzed oxime 

ligations (Scheme 2.10). The test aldehyde was glucose, which can ring open to expose an 

aldehyde. Aniline has also been shown to catalyze glucose oxime formation.31 N-(p-MeO-Ph)G-

LYRAG (2.4b) in the presence of glucose was  exposed to aniline and O-benzylhydoxylamine at 

pH 7 in the absence of K3[Fe(CN)6] (Scheme 2.10a). These conditions produced the glucose oxime 

Entry Oxidation conditions 

at pH 7 

Time Initial 

aminooxy: 

peptide ratio 

Aldehyde: 

oxime ratio 

% 

Oxidation 

% 

Oxime 

product 

1 Air 24h 1:1 N/A <2 <2 

2 O2 24h 1:1 N/A <2 <2 

3 1 mM K3[Fe(CN)6]
a 24h 1:1 18:82 68 56 

4 1 mM K3[Fe(CN)6]
a 24h 5:1 7:93 71 66 

5 10 mM K3[Fe(CN)6]
a 4h 5:1 12:87 96 84 

6 10 mM K3[Fe(CN)6]
a 24h 5:1 6:94 >99 77b 

aReaction can be quenched using TCEP. bAppearance of an over oxidation by-product (M+16) is observed after 24 

h.  

Table 2.3. Oxidation conditions and conversion of N-(p-Me2N-Ph)G-LYRAG 2.4b to oxime 

product at pH 7. 
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product 2.17 as the major product and little peptide oxime formation. Under milder conditions 

where there is an equal concentration of glucose and N-(p-MeO-Ph)G-LYRAG 2.4b (1 mM each) 

at room temperature in the presence of aniline, the same trend was observed where the glucose 

oxime product 2.15 was the major product and little peptide oxime product 2.6 was observed; 

however,  the overall reaction rate was slower. To test the selective peptide oxime ligation via N-

phenylglycine peptide unmasking, the reaction was done in the presence of glucose with 

K3[Fe(CN)6] and O-benzylhydroxylamine (Scheme 2.10b). Here, the desired peptide oxime 

product 2.7 was the major product. This simple test shows the masking and unmasking potential 

of this N-phenylglycine analog.  

2.11. Synthesis of p-boronic acid-substitution N-phenylglycine.  

To expand the diversity of oxime bonds even more, synthesis of an additional N-

phenylglycine derivative was pursued. Boronic acids have been used for different reactions such 

as the Suzuki–Miyaura cross-coupling.32 They have been used for traditional organic synthesis as 

well as biological applications.33-36 More specifically, boronic acids have been shown to be a useful 

functional group for click-bioorthogoal chemistry and have been incorporated within protein 

Scheme 2.10. Demonstration of selective ligation with O-benzylhydroxylamine of a) glucose in 

the presence of 2.4b under aniline catalysis and b) 2.4b in the presence of glucose and potassium 

ferricyanide.  
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structures for labeling.36  When looking at Hammett substituent constants, boronic acid has a value 

of σ = +0.27;18 however, the boronate adduct (B(OH)3
-) has a value of σ = -0.44,18 which sits 

between the substituent constants for p-methoxy and p-dimethylamino. This means that a boronic 

acid substitution could allow for oxidations under mild conditions, similar to the previous analogs 

tested. Ideally, the goal is to achieve double oxidation as seen with 2 mM K3[Fe(CN)6] with the p- 

dimethylamino analog (Scheme 2.7, p. 33) to have the boronate substitution N-arylglycine still 

attached to use for additional diversification after coupling the aminooxy (Scheme 2.11).  

 

 

 

 

 

 

The same submonomer method was used for this analog, with p-aminophenylboronic acid 

pinacol ester as the nucleophile (Scheme 2.12). When test cleaving this analog, 3 peaks were 

observed via LC-MS. One corresponded to the boronic acid substituted analog 2.25, another was 

Scheme 2.11. Proposed formation of amidine 2.21 via a second oxidation after the 

nucleophilic attack of the O-benzylhydroxylamine. 

Scheme 2.12. Submonomer peptoid synthesis procedures for N-phenylglycine residue for the 

p-boronic pinacol ester incorporation on solid support.  
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the N-phenylglycine with no substitution 2.24, and the final peak was the expected boronic ester 

product 2.23 (Figure 2.5). To attempt to minimize the amount of decomposition by 

protodeboration that could be a result of the acidic cleavage, a more dilute cleavage cocktail was 

used, which decreased the formation of 2.20. It is also found to be important to flash-freeze and 

lyophilize immediately after purification by HPLC due to the presence of 0.1% TFA in the eluent 

which can also lead to protodeboration. 

 

 

 

 

 

 

     

To convert the boronic pinacol ester to the boronic acid, the test cleavage sample was dissolved in 

pH 4.5 buffer. After being left overnight, all of the ester was found to be converted to the boronic 

acid. At this time, the pH was adjusted to pH 8 using 0.2 M NaOH solution to attempt to form the 

boronate. After being left overnight under air, the majority of the product observed was the α-oxo 

aldehyde, indicating that oxidation had occurred under these conditions. This encouraged us to try 

finding conditions for a “double oxidation”, i.e. oxidation to the amidine as seen with the p-

dimethylamino analog with 2 mM K3[Fe(CN)6] (Scheme 2.7, p. 33) , so that the boronate is still 

available for further bioorthogonal ligations after oxime formation. 

2.25 

2.24 

2.23 

Figure 2.5. LC-MS trace of crude p-boronic pinacol ester analog 2.23. 
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To investigate this, we screened pH conditions to find the optimal pH for sequential 

oxidations with K3[Fe(CN)6] at the pH it oxidizes the fastest (Table 2.4). We began by just using 

the air oxidation conditions at varying pHs to see if oxidation was possible with this analog. At 

neutral pH 7, there was little reactivity of the boronic acid substituted analog 2.25 (Table 2.4, 

Entry 1). Increasing the pH resulted in only a slight increase of conversion to the desired oxime 

(Table 2.4, Entries 2-4). Since hypothesize that the boronate adduct (B(OH)3
-) is required for 

oxidation, we decide to try a buffer that contains a possible hydroxide source. Using Tris buffer 

instead of Phosphate buffer under air oxidation conditions resulted in > 99% oxidation of boronic 

acid substituted analog 2.25 but resulted in a large amount of hydrolysis (Table 2.4, Entry 5). We 

know from previous observations that air oxidation can lead to inconsistencies which lead to try 

using a O2 atmosphere. When switching to O2, > 99% oxidation of boronic acid substituted analog 

2.25 was observed and 74% desired oxime was achieved (Table 2.4, Entry 6). Using the optimal 

pH 8 Tris buffer, double oxidation was attempted using 2 mM K3[Fe(CN)6] which only resulted 

in 11% oxidation and conversion to oxime 2.6 and no double oxidation was observed. Further 

investigation would be necessary to find conditions to have the boronate substitution N-arylglycine 

still attached to use for additional diversification after coupling the aminooxy (Table 2.4, Entry 

6). The unique conditions to oxidize and undergo ligation using pH 8 Tris buffer could be useful 

for orthogonal ligation in the presence of other N-aryl peptides.  
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2.12. Summary of Optimization.  

 Being able to perform site-selective oxidation of these N-phenylglycine residues under 

mild conditions allows for the opportunity to be used in a number of bioconjugation applications. 

It has been demonstrated that air, mild yet strong enough to oxidize the N-phenylglycine, can be 

used for this reaction. Additionally, tuning the electronics of the phenyl ring allows for reactivity 

at physiological pH. Analog 2.4e showed that using oxygen or potassium ferricyanide can result 

in fast reaction times and high yields of oxime product (Table 2.3). Analog 2.4b was able to be 

unmasked into the reactive α-imino amide intermediate at pH 7 using a mild oxidant with high 

yields and fast reaction times (Table 2.5). 

Entry Oxidation conditions  Initial 

aminooxy: 

peptide 

ratio 

Aldehyde: 

oxime 

ratio 

% 

Oxidation 

% 

Oxime 

product 

% 

Amidine 

1 air, pH 7 Phosphate buffer 1:1 N/A < 4 < 4 < 1 

2 air, pH 7.5 Phosphate buffer 1:1 38:62 19 12 < 1 

3 air, pH 8 Phosphate buffer 1:1 41:59 21 13 < 1 

4 air, pH 9 Phosphate buffer  1:1 N/A 17 17 < 1 

5 air, pH 8 Tris buffer 1:1 67:33 >99 33 < 1 

6 O2
a, pH 8 Tris buffer 5:1 26:74 >99 74 < 1 

7 2 mM K3[Fe(CN)6], pH 8 

Tris buffer 

5:1 N/A 11 11 < 1 

Table 2.4. Oxidation conditions and conversion of N-(p-OH2B-Ph)G-LYRAG 2.25 to oxime 

product. 

aReaction was performed under O2 atmosphere (oxygen balloon).  
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This method addresses some of the limitations of oxime ligation that has limited its use in 

bioconjugation applications. Oxidation of serine using NaIO4 is no longer needed, which limits 

the potential of over-oxidation of residues and removes a step of the reaction. In this method, there 

is no need for the addition of 100 mM aniline which could lower toxicity in downstream 

applications. This also decreases the number of components needed for the reaction. Performing 

this oxidation in situ and the test in the presence of another aldehyde is a demonstration that this 

method is no longer “bio-restricted”. Oxime formation via mild oxidation of analog 2.4b and 2.4e 

is faster than previous methods at pH 7. One of the exciting aspects for this chemistry is utilizing 

multiple N-phenylglycine peptides orthogonally to one another since analog 2.4b is inert at pH 7 

but can be unmasked with an oxidant despite the optimal pH for analog 2.4b being 4.5. After 

optimizing these conditions, the next step was to explore other applications where these residues 

can be used such as access to diverse ketoxime products (Chapter 3) and expanding the strategies 

towards hydrazone ligation for peptide-peptide ligation (Chapter 4) and head to tail 

macrocyclization (Chapter 5). 

Peptide analog Oxidation 

conditions 

at pH 7 

Time Aminooxy: 

peptide 

ratio 

Aldehyde

: oxime 

ratio 

% 

Oxidation 

% Oxime 

product 

 

O2 8h 5:1 8:92 >99% 91% 

 

1 mM 

K3[Fe(CN)6] 

5 min 5:1 14:86 84% 70% 

 

1 mM 

K3[Fe(CN)6] 

24h 5:1 7:93 71% 66% 

 

10 mM 

K3[Fe(CN)6] 

4h 5:1 12:87 96% 84% 

Table 2.5. Summary of optimized conditions and the resulting conversions. 
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2.13. Experimental data 

A. General Methods 

General: Polystyrene Rink Amide resin (0.78 mmol/g) was purchased from Protein Technology, 

Inc™, and the manufacturer’s reported loading of the resin was used in the calculation of the yields 

of the final products. Solid phase peptide synthesis was performed using an automated Biotage 

Syro WaveTM peptide synthesizer in 10 mL parallel reactors with PTFE frits. Incorporation of Boc-

aminooxy acetic acid and N-phenylglycines were performed manually in disposable filter columns 

with 20 µM PE frit filters and caps purchased from Applied Separations (cat # 2413 and 2416 for 

3 mL and 6 mL filter columns, respectively) 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. Analytical LC-MS 

analyses were performed using an Agilent Technologies 1260 Infinity II series LC-MS Single 

Quad instrument with ESI ion-source and positive mode ionization, equipped with a 5 µM, 150 x 

4.6 mm C18 Vydac column purchased from Mac-Mod Analytical, Inc (cat # 218TP5415).  A flow 

rate of 0.5 mL/min and 5-95%, 2-15%, or 10-30% 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. Peptides were purified on a preparative HPLC (Agilent 218 purification system) 

using a preparative column (10-20 µM, 250 mm x 22 mm, C18 Vydac column, cat # 

218TP101522) at a flow rate of 10 mL/min with gradients of CH3CN [0.1% trifluoroacetic acid 

(TFA)] in water (0.1% TFA) over 30 minutes (total run time = 60 minutes). 

 

Reagents: Amino acids, N,N-diisopropylethylamine (DIEA), triisopropylsilane (TIPS), 

bromoacetic acid, and diisopropylcarbodiimide (DIC) were purchased from Chem Impex Int’l, 
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Inc. Reagents such as piperidine, O-benzylhydroxylamine hydrochloride, 1,2-ethanedithiol, 

potassium ferricyanide, D-(+)-glucose, tris(2-carboxyethyl)phosphine hydrochloride (TCEP),  N-

hydroxysuccinimide, aniline, p-anisidine, 3,5-dimethoxyaniline, 2,4-dimethoxyaniline, 3,4,5-

trimethoxyaniline, N,N-dimethyl-p-phenylenediamine, and anthranilic acid were purchased from 

Sigma Aldrich. Sodium hydroxide, glacial acetic acid, potassium phosphate monobasic and 

dibasic, trifluoroacetic acid (TFA), and solvents were purchased from Fisher Chemical.  HBTU 

was purchased from Oakwood Chemicals. All chemicals were used as received without further 

purification.      

B. Experimental Procedures and Characterization Data 

Fmoc-based SPPS: Fmoc deprotection and HBTU couplings 

Peptide syntheses were performed under standard manual conditions on an automated shaker or 

using a Biotage Syro WaveTM peptide synthesizer using Polystyrene Rink Amide resin (0.78 

mmol/g). Couplings of amino acids (3 equiv) were performed in DMF using HBTU (3 equiv) as 

coupling reagent and DIEA (6 equiv). Fmoc deprotections were performed by treating the resin 

with 20% piperidine in DMF (v/v) for 5 minutes, followed by treatment with a fresh solution of 

20% piperidine in DMF (v/v) for 15 minutes. Resin was washed after each coupling and 

deprotection reaction with DMF (3 x 1 mL). Prior to cleavage from the resin or storage, resin was 

washed with CH2Cl2 (3 x 1 mL).   

Incorporation of N-terminal N-(phenyl)glycine residues 
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Resin-bound Fmoc-LYRAG (100 mg) was transferred to a 3 mL disposable filter column, treated 

with 1 mL of a 20% piperidine in DMF solution (v/v) and gently agitated on a vortex mixer 

equipped with a microplate tray for 5 minutes, followed by another 15 minute incubation with 

fresh reagent (1 mL). The resin was washed with DMF (5 x 1mL) and treated sequentially with a 

0.6 M bromoacetic acid solution in DMF (1 mL, 0.6 mmol) and 86 μL of N,N-

diisopropylcarbodiimide (DIC, 0.56 mmol) for 25 minutes. The bromoacetylation procedure was 

repeated a second time with fresh reagent and the resin was washed with DMF (5 x 1 mL). The 

resin was then treated with a 1.5 M solution of aniline in DMF for 3 hours at room temperature to 

afford N-(phenyl)glycine-terminated peptides 2.4a-f. Displacement with anthranilic acid to give 

analog 2.4g required 2 x 3 h displacement reactions. 

Synthesis of aminooxyacetyl-GRGDSGG 2.10 

 

 

 

Resin-bound Fmoc-GRGDSGG (100 mg) was transferred to a 3 mL disposable filter columns, 

treated with 1 mL of a 20% piperidine in DMF solution (v/v) and gently agitated on a vortex mixer 

equipped with a microplate tray for 5 minutes, followed by another 15 minute incubation with 

fresh reagent (1 mL). The resin was washed with DMF (5 x 1mL). (Boc-aminooxy)acetic acid (60 

mg, 0.31 mmol, 4 equiv), DIC (48 μL, 0.31 mmol, 4 equiv) and N-hydroxysuccinimide (36 mg, 

0.31 mmol, 4 equiv) were dissolved in DMF (1 mL) and pre-mixed for 5 minutes in a 4 mL vial. 

The solution was then transferred to the resin and allowed to agitate for 1 h at room temperature. 

The solution was drained and the resin washed with DMF (5 x 1 mL).  
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Note: As previously reported, care must be taken to avoid addition of base during activation and 

coupling of (Boc-aminooxy)acetic acid to prevent overacylation.23 Once it is cleaved from solid 

support, aminooxyacetyl-terminated peptides should be manipulated in an acetone-free laboratory 

to avoid side-reactions, and pooling and freezing of HPLC fractions must be done 

immediately.24,37-38 

Cleavage test of resin-bound peptides  

A small aliquot of resin (1-5 mg) was washed with CH2Cl2 to remove traces of DMF, drained, and 

treated with a freshly made solution of TFA/H2O/TIPS (95:2.5:2.5, v/v/v, 0.2 mL) for 2 h at room 

temperature. For the aminooxyacetyl-terminated peptide, a freshly made solution of 

TFA/EDT/H2O/TIPS (94:2.5:2.5:1, v/v/v/v, 0.2 mL) was used for the cleavage. The cleavage 

solution was collected by filtering the resin through a disposable, PP fritted cartridge. The filtrate 

was evaporated to dryness and the crude peptide was precipitated twice with cold ether (1 mL) 

followed by decanting. The pellet (crude peptide sample) was dissolved in 1:1 MeCN/H2O v/v (1 

mg/mL) and subjected to LC-MS analysis. 

Full cleavage 

The resin-bound peptide was washed with CH2Cl2 to remove traces of DMF, drained, transferred 

into a 20 mL scintillation glass vial, and treated a freshly made solution of TFA/H2O/TIPS 

(95:2.5:2.5, v/v/v, 4 mL). Aminooxy-terminated peptides were treated with a freshly made solution 

of TFA/EDT/H2O/TIPS (94:2.5:2.5:1, v/v/v/v, 4 mL). The vial was capped and agitated for 2 hours 

at room temperature on an orbital shaker. The cleavage mixture was filtered through a disposable, 

PP fritted cartridge into a 50 mL falcon tube containing cold ether (~30 mL). Following 

centrifugation using a pulse method for 20 seconds (x 3), the ether was decanted and the peptide 

pellet was suspended in 1:1 MeCN/H2O v/v. The sample was frozen and lyophilized.  
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Analysis and purification of peptides 2.4a-g, 2.10 and 2.12 

Crude peptides 2.4a-g were analyzed and characterized by LC-MS as described in the General 

Methods. Following gradient optimization, the peptides were purified by preparative HPLC as 

described in the General Methods. Peptides 2.4a, d, and g were purified using a gradient of 25-

80% CH3CN (0.1% TFA) in water (0.1% TFA). Peptides 2.4b-c, and 2.4e were purified using a 

gradient of 20-80% CH3CN (0.1% TFA) in water (0.1% TFA). Peptide 2.4f was purified using a 

gradient of 10-70% CH3CN (0.1% TFA) in water (0.1% TFA).  Peptide N-(4-(NMe2)-

C6H4)GLYRAM 2.12 was purified using a gradient of 10-60% CH3CN (0.1% TFA) in water (0.1% 

TFA). Aminooxyacetyl-GRGDSGG 2.10 was purified using a gradient of 2-15% CH3CN (0.1% 

TFA) in water (0.1% TFA). HPLC fractions containing the desired peptide product were pooled, 

frozen immediately and lyophilized. Characterization data for all peptides can be found in Table 

2.1 above.  

Oxime ligation reactions procedures 

General: Fresh stock solutions were prepared in all cases and used immediately in the ligation 

reactions. The reagents were combined in a 4 mL glass vial with a small stir bar. Vials were either 

left uncapped exposed to air, the solution was sparged with O2 and left under a balloon filled with 

O2, or the vial was flushed with argon and left under a balloon filled with argon. Small aliquots 

(50 µL) were periodically diluted and quenched prior to being analyzed by LC-MS to monitor the 

progress of the reaction (quenching procedures described on p. 53). % Oxidation conversions were 

calculated using areas obtained from peaks on LC-MS traces at 214 nm, where % oxidation = 

[(area of oxime 2.6 + α-oxo-aldehyde 2.7)/(area of 2.4 + 2.6 + α-oxo-aldehyde 2.7)] x 100. % 

oxime product = [(area of oxime 2.6 /(area of 2.4 + 2.6 + α-oxo-aldehyde 2.7)] x 100. 
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Representative protocols for the oxime ligation reactions 

All ligations studies reported in Figures 2.1 and 2.2, and in Table 2.1 (Entries 1 and 5) were 

performed using the following conditions: 

1:1 O-benzylhydroxylamine: peptide 2.4a-g ratio under air  

4 mM stock solutions of peptide (2.4a-g) and O-benzylhydroxylamine were prepared separately 

using 0.1 M potassium phosphate buffer (pH 6.5 and 7) or 0.1 M ammonium acetate buffer (pH 

4.5 and 5.5). In a 4 mL vial, 250 μL of the peptide stock solution (4 mM) was mixed with 250 μL 

of the O-benzylhydroxylamine stock solution (4 mM). The resulting solution was diluted further 

with 500 μL of the corresponding 0.1 M buffer to give a final concentration of 1 mM for both 

reagents. The samples were left uncapped and stirring for up to 24h. Samples were tested at 

different time points by taking aliquots and analyzing them by LC-MS, following dilution and 

quenching (see quenching procedures on p. 51). Appearance of oxime 2.6 was observed: HPLC 

(5-95% MeCN, 12 min gradient) retention time = 10.06 min; LC-MS (ESI) calcd for C35H51N10O8 

[M + H]+ 739.4, found m/z 739.5. α-oxo-aldehyde 2.7 side product: HPLC (5-95% MeCN, 12 min 

gradient) retention time = 7.36 min; LC-MS (ESI) calcd for C28H44N9O8 [M + H]+ 634.3, found 

m/z = 634.5. 

Oxime ligation reaction conditions reported in Table 2.2, entry 2 was performed under the 

following conditions to minimize the competing hydrolysis of the α-imino amide intermediate 

(2.7): 

5:1 O-benzylhydroxylamine: peptide 2.4f ratio under O2  atmosphere 

A 4 mM stock solution of peptide 2.4f and a 20 mM stock solution of O-benzylhydroxylamine in 

0.1 M potassium phosphate buffer (pH 7) were prepared separately. In a 4 mL vial, 250 μL of the 

peptide 2.4f stock solution (4 mM) was mixed with 250 μL of the O-benzylhydroxylamine stock 
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solution (20 mM). The resulting solution was diluted further with 500 μL of 0.1 M potassium 

phosphate buffer (pH 7) to give a final concentration of peptide 2.4f and O-benzylhydroxylamine 

of 1 mM and 5 mM, respectively. The solution was then sparged with oxygen for 10 seconds before 

removing the exit needle and sealing the reaction mixture under an oxygen balloon. Samples were 

tested at different time points by taking aliquots and analyzing them by LC-MS, following dilution. 

Samples were analyzed immediately without quenching. Appearance of oxime 2.6 was observed 

as the major product. The ligation reported in Table 2.2, entry 3) was performed under similar 

conditions with a 10-fold dilution: 100 μL of the solution was diluted with 900 μL of 0.1 M 

phosphate buffer pH 7 to give final reagent concentrations of 0.1 mM and 0.5 mM. Of note, 

sparging with O2 was found to be unnecessary under these diluted conditions. 

Oxime ligation between peptide 2.4f and aminooxyacetyl-GRGDSGG (2.10) under O2 

atmosphere 

A 4 mM stock solution of peptide 2.4f and a 40 mM stock solution of aminooxyacetyl-GRGDSGG 

(2.10) were prepared separately in 0.1 M potassium phosphate buffer (pH 7). In a 4 mL vial, 250 

μL of peptide 2.4f stock solution (4 mM) was mixed with 250 μL of the aminooxyacetyl-

GRGDSGG (4) stock solution (40 mM). The resulting solution was diluted further with 500 μL of 

0.1 M potassium phosphate buffer (pH 7) to give final concentrations of 1 mM and 10 mM for 

peptides 2.4f and 2.10, respectively. Samples were tested at different time points by taking aliquots 

and analyzing them by LC-MS, following dilution. Samples were analyzed immediately without 

quenching. Appearance of oxime 2.11 was observed: HPLC (10-30% MeCN, 12 min gradient) 

retention time = 7.95 min; LC-MS (ESI) calcd for C51H82N21O19[M + H]+ 1292.6, found m/z 

1292.8. α-oxo-aldehyde side product: HPLC (10-30% MeCN, 12 min gradient) retention time = 
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7.77 min; LC-MS (ESI) calcd for C28H44N9O8 [M + H]+ 634.3, found m/z = 634.5. The data for 

oxime 2.11 (m/z) is in accordance with the literature.1  

5:1 O-benzylhydroxylamine: N-(p-Me2NPh)GLYRAM peptide ligation under O2  

atmosphere 

Oxime ligation of the methionine-containing peptide N-(p-Me2NPh)GLYRAM (2.12) with O-

benzylhydroxylamine was performed under O2 atmosphere as above. After 6 h, appearance of the 

oxime was observed as the major product (90%): HPLC (5-95% MeCN, 12 min gradient) retention 

time = 10.59 min; LC-MS (ESI) calcd for C38H57N10O8S [M + H]+ 813.4, found m/z 813.6. α-oxo-

aldehyde side product (6%): HPLC (5-95% MeCN, 12 min gradient) retention time = 8.20 min; 

LC-MS (ESI) calcd for C31H50N9O8S [M + H]+ 708.3, found m/z = 708.5. Importantly, no over-

oxidation side product of the methionine was observed after 6 h. However, after 24 h, methionine 

oxidation was apparent to give a product with M +16 relative to oxime 2.6: HPLC (5-95% MeCN, 

12 min gradient) retention time = 10.01 min; LC-MS (ESI) calcd for C38H57N10O9S [M + H]+ 

829.4, found m/z 829.6. Consequently, the oxime ligation product should be purified immediately 

after the oxidation/ligation reaction sequence is done and the resulting product should be stored 

under an inert gas atmosphere.  

Note on methionine compatibility with potassium ferricyanide: performing the oxime ligation 

between N-(p-Me2NPh)GLYRAM and O-benzylhydroxylamine in the presence of 1 mM of 

K3[Fe(CN)6] for 5 minutes afforded the oxime product in 70% conversion with no trace of 

methionine oxidation. This is in accordance with literature reports, where K3[Fe(CN)6] was found 

to be mild enough to use with sulfur-containing amino acids and 1,2-diols.  
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5:1 O-benzylhydroxylamine: peptide 2.4f ratio, with 1 mM K3[Fe(CN)6] under argon 

atmosphere 

A 4 mM stock solution of peptide 2.4f, 20 mM stock solution of O-benzylhydroxylamine, and 4 

mM stock solution of potassium ferricyanide were prepared separately in 0.1 M potassium 

phosphate buffer (pH 7). In a 4 mL vial, 250 μL of the peptide 2.4f stock solution (4 mM) was 

mixed with 250 μL of the O-benzylhydroxylamine stock solution (20 mM). The resulting solution 

was diluted further with 250 μL of 0.1 M potassium phosphate buffer (pH 7), followed by addition 

of 250 μL of the K3[Fe(CN)6] stock solution (4 mM), to give final concentrations of peptide, O-

benzylhydroxylamine, and K3[Fe(CN)6] of 1 mM, 5 mM, and 1 mM, respectively. The vial was 

flushed with argon for 10 seconds before removing the exit needled and sealing the reaction 

mixture under an argon balloon. Samples were tested at different time points by taking aliquots 

and analyzing them by LC-MS, following dilution and quenching (see quenching procedure on p. 

53). Appearance oxime 2.6 (>70%) was observed after 5 minutes as a major product. Of note, 

increasing the potassium ferricyanide concentration to 2 mM led to the appearance of a major side 

product: HPLC (5-95% MeCN, 12 min gradient) retention time = 9.40 min; LC-MS (ESI) calcd 

for C43H61N12O8 [M + H]+ 873.5 found m/z 873.7, hypothesized to correspond to amidine 7 (Figure 

S1). Treating peptide 2.4f with 10 mM potassium ferricyanide led to decomposition.  

Oxime ligation reaction conditions reported in Table 2.3, Entry 4 was performed under the 

following conditions: 

5:1 O-benzylhydroxylamine: peptide 2.4b ratio with 1 mM K3[Fe(CN)6] oxidant 

Same procedure as above but using peptide 2.4b with a reaction time of 24 h without sparging the 

solution with argon and sealing the reaction vial under argon, as reactivity of peptide 2.4b was 

found to be minimal (< 2%) under air. Samples were tested at different time points by taking 
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aliquots and analyzing them by LC-MS, following dilution and quenching (see quenching 

procedure on p. 53).  

Oxime ligation reaction conditions reported in Table 2.3 (entries 5-6) were performed under the 

following conditions: 

5:1 O-benzylhydroxylamine: peptide 2.4b ratio with 10 mM K3[Fe(CN)6] oxidant 

A 4 mM stock solution of peptide 2.4b, 20 mM stock solution of O-benzylhydroxylamine, and 40 

mM stock solution of potassium ferricyanide were prepared separately in 0.1 M potassium 

phosphate buffer (pH 7). In a 4 mL vial, 250 μL of the peptide 2.4b stock solution (4 mM) was 

mixed with 250 μL of the O-benzylhydroxylamine stock solution (20 mM). The resulting solution 

was diluted further with 250 μL of 0.1 M potassium phosphate buffer (pH 7), followed by addition 

of 250 μL of the K3[Fe(CN)6] solution (40 mM), to give final concentrations of peptide, O-

benzylhydroxylamine, and K3[Fe(CN)6] of 1 mM, 5 mM, and 10 mM, respectively. Samples were 

tested at different time points by taking aliquots and analyzing them by LC-MS, following dilution 

and quenching (see quenching procedure on p. 53). Oxime 2.6 was observed as the major product 

after 4 h; an over-oxidation by-product of oxime 2.6 (M + 16) was observed after 24 h: HPLC (5-

95% MeCN, 12 min gradient) retention time = 9.51 min; LC-MS (ESI) calcd for C35H51N10O9 [M 

+ H]+ 755.4, found m/z 755.5. 

Selective oxime ligation studies reported in Scheme 3: 

A) 10:1 Glucose: O-benzylhydroxylamine ratio in the presence of 100 mM aniline 

catalyst and peptide 2.4b, pH 7. 

A 4 mM stock solution of peptide 2.4b, 20 mM stock solution of O-benzylhydroxylamine, 200 

mM stock solution of glucose, and 400 mM stock solution of anilines were prepared separately in 
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0.1 M potassium phosphate buffer (pH 7). In a 4 mL vial, 250 μL of the peptide 2.4b stock solution 

(4 mM), 250 μL of the glucose stock solution (200 mM), 250 μL of the O-benzylhydroxylamine 

stock solution (20 mM), and 250 μL of the aniline stock solution (400 mM) were mixed together 

sequentially. The reaction progress was monitored after 24 h by taking a small aliquot and 

analyzing it by LC-MS, following dilution. Samples were analyzed immediately without 

quenching. Appearance of glucose oxime 2.17 was observed: HPLC (5-95% MeCN, 12 min 

gradient) retention time = 7.57 min; LC-MS (ESI) calcd for C13H19NO7Na [M + Na]+ 324.1, found 

m/z 324.2. Oxime 2.6 was detected as a minor product (< 5%): HPLC (5-95% MeCN, 12 min 

gradient) retention time = 10.06 min; LC-MS (ESI) calcd for C35H51N10O8 [M + H]+ 739.4, found 

m/z 739.5. 

B) 1:1 O-benzylhydroxylamine: peptide 2.4b ratio in the presence of 1 mM glucose and 

1 mM K3[Fe(CN)6] oxidant, pH 7. 

4 mM stock solutions of peptide 2.4b, O-benzylhydroxylamine, glucose, and potassium 

ferricyanide were prepared separately in 0.1 M potassium phosphate buffer (pH 7). In a 4 mL vial, 

250 μL of the peptide 2.4b stock solution (4 mM), 250 μL of the glucose stock solution (4 mM), 

250 μL of the O-benzylhydroxylamine stock solution (4 mM), and 250 μL of K3[Fe(CN)6] (4 mM) 

were mixed together to give 1 mM final concentrations for all reagents. The reaction progress was 

monitored after 24 h by taking a small aliquot and analyzing it by LC-MS, following dilution and 

quenching (see quenching procedure on p. 53). Appearance of oxime 2.6 was observed as the 

major product. Oxime 2.17 was not detected. 
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Quenching procedures for oxime ligation reactions: 

Under air or oxygen atmosphere oxidation conditions at pH 4.5, 5.5 and 6.5, quenching of the 

reaction prior to LC-MS analysis was achieved by diluting an aliquot with water and altering the 

pH to 7-7.2. In particular: 

▪ For samples at pH 4.5, a 50 μL aliquot was diluted with 11 μL of H2O. To alter the pH, 49 

μL of a 0.2 M sodium hydroxide stock solution was added and the sample was vortexed 

for 20-30 seconds.  

▪ For samples at pH 5.5, a 50 μL aliquot was diluted with 46 μL of H2O. To alter the pH, 14 

μL of a 0.1 M sodium hydroxide stock solution was added and the sample was vortexed 

for 20-30 seconds.  

▪ For samples at pH 6.5, a 50 μL aliquot was diluted with 50 μL of H2O. To alter the pH, 10 

μL of a 0.1 M sodium hydroxide solution was added and the sample was vortexed for 20-

30 seconds. 

Note: because peptide 2.4f oxidizes at pH 7, reaction involving air oxidation of peptide 2.4f 

were not quenched prior to LC-MS analysis. However, particular care was taken to analyze the 

samples immediately after aliquot was taken from the reaction in these cases. 

Under potassium ferricyanide oxidation conditions, the reactions were quenched with tris(2-

carboxyethyl)phosphine hydrochloride (TCEP).5 For reactions using 1 mM K3[Fe(CN)6], a 50 μL 

aliquot was treated with 50 μL of a 2 mM TCEP stock solution. The sample was vortexed for 20-

30 seconds prior to LC-MS analysis. For reactions using 2 mM potassium ferricyanide, a 50 μL 

aliquot was treated with 50 μL of a 4 mM TCEP stock solution. The sample was vortexed for 20-

30 seconds. For reactions using 10 mM potassium ferricyanide, a 50 μL aliquot as treated with 50 
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μL of a 20 mM TCEP stock solution. The sample was vortexed for 1-2 minutes until the sample 

turned from yellow to clear.  
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CHAPTER 3: Accessing Ketoxime Ligation Products via Oxidation of N-aryl Peptides 

Part of this work was published in Chem. Sci., 2019, 10, 9506. and J. Org. Chem. 2020, 85, 1748. 

3.1. Introduction to ketoximes 

Oxime ligation has been seen in a number of applications including peptide-peptide 

ligation and side-chain-to-side-chain macroyclizations.1-2 Although there are many examples of 

aldoxime ligation products, there are a limited number of examples of substituted oxime formation 

in the literature (Scheme 3.1). Development of simple diversification methods for linkage site of 

oxime products would increase downstream applications of these ligation products. For example, 

changing the electronics at the site of ligation could influence the stability of the ligation product 

and be used to access different conformation by controlling E/Z ratios. Being able to control 

conformations is an important feature since conformation is directly related to the bioactivity of 

peptides and proteins. Adding functional groups could be used to increase cell permeability which 

has historically been an issue with peptide therapeutics. For the application of total chemical 

protein synthesis, having a method to mimic natural amino acids would also be a powerful tool as 

ligation could be done at any location in a protein. Having an efficient method for the rapid 

synthesis of these highly functionalized ligation products would allow for rapid structure–activity 

relationship (SAR) studies of the linker itself.  

 

 

Scheme 3.1. General scheme of a) aldoxime ligation vs. b) ketoxime ligation.  
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One method to gain diversity at the site of ligation could be done by reacting α-nucleophiles 

with ketones. However, traditional oxime and hydrazone ligation conditions using an aminooxy or 

a hydrazine, respectively, with ketone functional group are slower than aldehydes due to sterics 

(Figure 3.1).3  

 

 

 

Francis et al. were interested in being able to do site selective modifications of proteins. 

They were able to demonstrate that pyridoxal 5′-phosphate (PLP) can be used in N-terminal 

transamination to form substituted oximes on proteins and short resin-bound tetrapeptides (Figure 

3.2a).4 In this reaction, the aldehyde on PLP 3.2 reacts with the N-terminal amino acid 3.1 to form 

an imine Schiff base intermediate 3.3. After tautomerization and hydrolysis, ketone 3.5 is formed 

at the N-terminus. This can be subjected to oxime ligation conditions resulting in a site-selective 

ligation product. Although the application of this work was to perform bioconjugation at the N-

terminus of any protein site-selectively, this is one of the few methods to access α-substituted 

oxime ligation products. However, this method is not compatible with all amino acids.4 In some 

cases, the ketone intermediate was the major product when peptide sequences containing a N-

terminal Phe, Met and Gln were utilized (Figure 3.2b). Additionally, PLP has been shown to be 

difficult to remove after reactions, which led to this chemistry being done on resin where the excess 

reagents can be washed away. In cases of N-terminal His and Lys, there were predominantly 

covalently linked PLP adducts and little to no desired product was achieved (Figure 3.2b).   

Figure 3.1. Example of reactivity differences for ketone and aldehydes in hydrazone ligations. 
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In a different strategy, Man-Kin Wong et al. demonstrated accessing ketoxime ligation 

products through oxone oxidation and oxime exchange under acidic conditions of the N-terminus 

of peptides (Scheme 3.2).5 The inspiration of this work was similar to Francis’s work: to find 

methods to do site selective modification at the site of any of the 20 amino acids. Under oxone 

oxidation conditions, peptides containing Trp, Met and Cys resulted in the oxidation of the side 

chain. The conditions used in the oxime exchange includes strong acid with a large excess (20 

equiv.) of the aminooxy containing reagent.  Although this method was demonstrated to be site-

selective in most cases, it does have some limitations. 

Figure 3.2. Matthew Francis’s work: a) Scheme of pyridoxal 5′-phosphate (PLP)-mediated 

oxidation of N-terminal amino acids. b) % conversion for varying N-terminal amino acids.2  

a) 

b) 
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In chapter 2, it was demonstrated that having an electron-rich 4-dimethylamino substitution 

on the aryl ring of N-aryl peptides allowed for oxidation and oxime ligation at neutral pH using 

oxygen as the oxidant.6 These high yielding, mild conditions encouraged us to explore reactivity 

of Cα- substituted N-aryl peptide substrates. However, there is no report in the literature of 

oxidative coupling on Cα-substituted N-aryl peptides, and the current reaction conditions for 

reacting onto a tertiary carbon can be harsh (Scheme 3.3).7 Jingsong You and co-workers were 

able to access α-quaternary α-amino acids using a neighboring 2-pyridinecarbonyl group for 

coordination in a transition-metal-catalyzed oxidative cross-coupling (Scheme 3.3a).8 Under these 

conditions, changing to a neighboring N-aryl group resulted in no reaction which also demonstrates 

the lack of oxidative coupling abilities of Cα-substituted N-aryl amino acids (Scheme 3.3b).  

 

 

 

 

 

This chapter builds on our previous work with N-aryl glycinyl peptides and extends it to Cα-

substituted N-aryl peptides to provide ketoxime peptides (Scheme 3.4). 

Scheme 3.2. Oxone-mediated oxidation of N-terminal amino acid for site-selective oxime 

exchange. 

 

Scheme 3.3. Transition-metal-catalyzed oxidative cross-coupling α-C(sp3)-H centers of α-

amino acid derivatives using a neighboring a) 2-pyridinecarbonyl group and b) a N-aryl 

group. 
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3.2. Synthesis of N-aryl-alanine peptides 

 To test the viability of this approach, we first synthesized Cα-substituted N-aryl peptides 

to investigate their oxidative coupling abilities. Without making too much of a drastic change from 

the glycine variant, we targeted the simple addition of a methyl group at the Cα-position to give 

N-aryl-alanine peptides as our initial test sequences. Since the glycine variants showed success in 

oxidative couplings with aminooxy nucleophiles, both N-(p-MeO-Ph)-alanine- and N-(p-Me2N-

Ph)-alanine- containing-peptides 3.11 and 3.12 were synthesized (Scheme 3.5). The synthesis of 

these analogs was done using a slightly modified version of the submonomer peptoid synthesis 

procedures used previously, using the same model peptide LYRAG.6,9 The α-substitution was 

achieved by coupling racemic α-substituted 2-bromopropionic acid (Scheme 3.5). Due to steric 

hindrance from the methyl group, the displacement step was predicted to be an issue. To overcome 

 

Scheme 3.5. Submonomer peptoid synthesis procedures for N-aryl-alanine incorporation on 

solid support. 

Scheme 3.4. Oxidative couplings of N-aryl peptides with an alkoxyamine via in situ oxidation 

to form ketoxime products. 
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this, the displacement was first done at ~60°C for 16 h.  This worked for giving the desired product 

N-(p-MeO-Ph)A-LYRAG 3.11 in good purity (>99%), but did not appear to work well for N-(p-

Me2N-Ph)A-LYRAG 3.12 as multiple unidentified side products were observed. Because this may 

be due to on-resin oxidation leading to decomposition, the synthesis of N-(p-Me2N-Ph)A-LYRAG 

3.12 was attempted using milder displacement conditions (room temperature, 1 h) which 

ultimately showed conversion to the desired product in good purity (93%). The synthesis of N-(p-

MeO-Ph)A-LYRAG 3.11 was also achievable under milder conditions in the displacement step 

(room temperature, 3 h).  

3.3. Investigating the oxidation potential of N-aryl-alanine-peptides for oxime ligations 

N-(p-MeO-Ph)A-LYRAG 3.11 and N-(p-Me2N-Ph)A-LYRAG 3.12 were subjected to the 

optimized conditions for the oxidation of the glycine variants,  N-(p-MeO-Ph)G-LYRAG and N-

(p-Me2N-Ph)G-LYRAG (see Chapter 2.4 and 2.6) for oxime ligation with O-

benzylhydroxylamine. To confirm the lack of literature precedence on the oxidation of α-tertiary 

N-aryl amino acids, we tested N-(p-MeO-Ph)A-LYRAG 3.11 using optimized oxidation 

conditions for the glycine derivatives (air, pH 4.5) for oxime ligation (Figure 3.3). Under these 

conditions, little to no oxidation or product formation was observed after 24h.   

 

 

Figure 3.3. a) Oxime ligation of N-(p-MeO-Ph)A-LYRAG 3.11 with O-benzylhydroxylamine 

under air oxidation conditions at pH 4.5. b) LC-MS traces at 214 nm at t = 0 and t = 24h.  

 

t = 24h t = 0 
3.11 3.11 

b) 

a) 
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Next, oxidation of N-(p-MeO-Ph)A-LYRAG 3.11 was attempted with potassium 

ferricyanide, conditions that successfully oxidized the glycine variant at pH 7 (Scheme 3.6). After 

exposure to 10 mM K3[Fe(CN)6] for 4h, less than 9% oxime product was observed. There was 

34% of the ketone as a result of hydrolysis, indicating that some oxidation was taking place, but 

not reacting with O-benzylhydroxylamine.  

Although there was no success with oxime ligation using N-(p-MeO-Ph)A-LYRAG 3.11, 

there was still hope that N-(p-Me2N-Ph)A-LYRAG 3.12 could be used for ketoxime ligation due 

to the ease of oxidation observed with the glycine variant and during the synthesis of this alanine 

variant. Gratifyingly, in the case of N-(p-Me2N-Ph)A-LYRAG 3.12, the ligation was monitored 

by LC-MS and the desired ketoxime product 3.15 observed in 52% conversion with the remaining 

49% being unoxidized peptide 3.12 after 7.5 h. The oxidation appears to be slower than the glycine 

derivative (Chapter 2.4), which resulted in 91% oxime ligation product after 8 h. This may be due 

to steric hindrance from the methyl substituent. After 24h of oxidation, 94% ketoxime formation 

was observed with no sign of the formation of the competitive hydrolysis side product, which 

demonstrates that the key for reactivity in Cα-substituted N-aryl peptide substrates is the electron-

rich aryl substitution (Figure 3.4b). To verify that trace amounts of metal were not required for 

this reaction to proceed, the reaction was run in the presence of 10 mM EDTA, using a new stir 

Scheme 3.6. Ketoxime ligation of N-(p-MeO-Ph)A-LYRAG 3.11 and O-benzylhydroxylamine 

under potassium ferricyanide oxidation conditions at pH 7. 
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bar and vial. This control reaction resulted in similar conversions to the desired ketoxime product, 

supporting the mild, metal-free nature of the reaction.  

  

 Pleased to see this work with just oxygen again for N-(p-Me2N-Ph)A-LYRAG 3.12, we 

also tested our oxidation conditions using 1mM potassium ferricyanide (Scheme 3.7). Consistent 

with our previous studies with N-phenyglycinyl-peptide substrates, in less than 5 min, ~70% 

oxidation of N-(p-Me2N-Ph)A-LYRAG 3.12 was achieved with high yields (68%) to the ketoxime 

product 3.15. Because these results are very similar to those obtained with the glycine variant, this 

constitutes an exciting possibility for expanding functional groups on the α-position beyond a 

methyl group, yielding oxime bonds with chemical diversity at the α-carbon.  

 

 

 

 

 

Scheme 3.7. Oxime ligation of N-(p-Me2N-Ph)A-LYRAG 3.12 and O-benzylhydroxylamine 

under K3[Fe(CN)6] oxidation conditions at pH 7. 

 

Figure 3.4. a) Ketoxime ligation of N-(p-Me2N-Ph)A-LYRAG 3.12 with O-benzylhydroxylamine 

under oxygen oxidation conditions at pH 7. b) LC-MS traces at 214 nm at t = 0 and t = 24h.  

 

t = 0 t = 24h 

3.12 
3.15 
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3.4 Testing the effect of Cα-substitution in oxidative coupling with N-aryl peptides 

Encouraged by the results found with the electron-rich N-(p-Me2N-Ph)A-LYRAG peptide, 

a wider array of N-aryl peptides were synthesized (Scheme 3.8) and explored next. While the 

alanine variant N-(p-MeO-Ph)A-LYRAG was not successfully oxidized, other Cα-substituted 

were synthesized as well to confirm the lack of reactivity (Scheme 3.8). The same conditions (3h, 

room temperature) as the alanine derivatives were used to access the N-aryl phenylglycine analogs 

3.11c and 3.12c. In contrast, N-aryl phenylalanine analogs 3.11d and 3.12d required an additional 

3 hours with fresh aniline solution for the displacement step. When trying to access N-aryl peptides 

with an isopropyl group at the Cα-position, modified displacement conditions were necessary 

likely due to sterics. In the case of using p-methoxyaniline for the displacement step, little to no 

desired product was achieved, even with extended time and heat. Since the α-substituted N-(p-

MeO-Ph)-peptide analogs are not expected to oxidize and be used for oxime ligation, efforts were 

focused on optimizing the synthesis of N-(p-Me2N-Ph)-valine peptides instead. Gratifyingly, the 

displacement was successful at ~60°C after 24 h of reaction time resulting in a 65% crude purity. 

 

Scheme 3.8. Submonomer peptoid synthesis procedures for N-(p-MeO-Ph)-LYRAG analogs 

3.11a-d and N-(p-Me2N-Ph)-LYRAG analogs 3.12a-e on solid support. 
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Overall yields varied from 29-52% for the Cα-substituted analogs and their full characterization 

can be found in Table 3.1. 

 

 To confirm that the N-(p-MeO-Ph)-peptide analogs with Cα-substitutions are not reactive, 

the same oxime ligation conditions used for testing for the N-aryl glycine and N-aryl alanine 

variants were tested on the N-aryl phenylglycine and N-aryl phenylalanine analogs (Table 3.2, 

Entries 1-4). As expected, N-(p-MeO-Ph)phenylglycine-LYRAG 3.11c and N-(p-MeO-Ph)F-

LYRAG 3.11d were not able to be oxidized, which is similar to what was observed with the alanine 

derivative N-(p-MeO-Ph)A-LYRAG 3.11b. Even trying conditions with potassium ferricyanide 

did not result in ketoxime product for these substituted variants (Table 3.2, Entries 5-8).  

 

 

Peptide crude 

purity 

(%)a 

purity 

(%)b 

yield 

(%)c 

m/z 

 [M + 

H]+ 

(cald)  

m/z  

[M + H]+ 

(obsd)  

Retention 

time  

(min) 

3.11a: R1= H, R2 = OMe 65 99 41 763.3862d  763.3798d  8.78 

3.11b: R1= Me, R2 = OMe 54 >99 32 755.4199 755.4188 8.49/8.78 

3.11b: R1= Ph, R2 = OMe 92 >99 48 409.2214e  409.2211e  9.92/10.12 

3.11d: R1= CH2Ph, R2 = OMe 92 99 28 416.2292e  416.2289e  10.06/10.21 

3.12a: R1= H, R2 = NMe2 74 >99 20 754.4359 754.4350 7.74 

3.12b: R1= Me, R2 = NMe2 89 >99 52 768.4515 768.4497 7.76 

3.12c: R1= Ph, R2 = NMe2 95 96 42 415.7372e 415.7356e  8.65/8.84 

3.12d: R1= CH2Ph, R2 = NMe2  96 >99 29 422.7451e 422.7434e  8.99 

3.12e: R1= CH(CH3)2, R
2 = NMe2 65 >99 35 796.4828 796.4804 8.54 

aUnless otherwise noted, analytical LC-MS analyses were performed on a 5 µM, 150 x 4.6 mm C18 Vydac column 

from Mac-Mod Analytical, Inc (cat# 218TP5415) with a flow rate of 0.5 mL/min using a 12 min 5-95% linear 

gradient of MeCN (0.1% TFA) in water (0.1% TFA). The purity at 214 nm wavelength is reported in all cases. bRP-

HPLC purity at 214 nm after purification. cYields after purification by RP-HPLC are based on resin loading d[M + 

Na]+ detected. e[M + 2H]+ detected. 

 

Table 3.1. Characterization data for N-aryl peptides 3.11a-d and 3.12a-e. 
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 The next series of analogs to test for reactivity were the N-(p-Me2N-Ph)-peptides (3.12a-

e).  The previous conditions (O2, pH 7) used in the case of N-(p-Me2N-Ph)A-LYRAG (3.12b) were 

tested with the additional analogs 3.12c-e (Table 3.3). N-(p-Me2N-Ph)-phenylglycine-LYRAG 

(3.12c) resulted in high conversion to the desired ketoxime product (3.15c) with no hydrolysis side 

product observed (Table 3.3, Entry 3). While monitoring the reaction over time, the rate of the 

reaction seemed slightly faster for 3.12c vs 3.12b, resulting in over 95% product after 24h.  In both 

cases, the rate of oxidation/ coupling was slower compared to the glycine variant (Figure 3.5a). 

For N-(p-Me2N-Ph)F-LYRAG (3.12d), the oxidation and ketoxime formation was slower than the 

other Cα- substituted analogs 3.12b-c (Figure 3.5a); however, overall conversion to the desired 

ketoxime (3.15d) was high yielding (69%) after 24h (Table 3.3, Entry 4). Steric hindrance might 

be the reason for the decrease in rate. The rate difference between 3.12c and 3.12d may also be 

Entry Conditions Peptides % Oxime at t = 24h 

1 A 3.11a: R1 = H 72a 

2 A 3.11b: R1 = Me < 1a 

3 A 3.11c: R1 = Ph < 1a 

4 A 3.11d: R1 = Bn < 1a 

5 B 3.11a: R1 = H 66b 

6 B 3.11b: R1 = Me < 1b 

7 B 3.11c: R1 = Ph < 1b 

8 B 3.11d: R1 = Bn < 1b 

Table 3.2. Oxime ligation of N-(p-MeOPh)-LYRAG 3.11a-d and O-benzylhydroxylamine 

under air oxidation conditions at pH 4.5. 

 

aConditions A: Reactions were performed in ammonium acetate buffer pH 4.5 under air 

with 1 mM O-benzylhydroxylamine hydrochloride, 1 mM peptide concentrations.  
bConditions B: Reactions were performed in phosphate buffer pH 7 with 1mM potassium 

ferricyanide, 5 mM O-benzylhydroxylamine hydrochloride and, 1 mM peptide 

concentrations.  

 

 

aConditions A: Reactions were performed in ammonium acetate buffer pH 4.5 under air 

with 1 mM O-benzylhydroxylamine hydrochloride, 1 mM peptide concentrations.  
bConditions B: Reactions were performed in phosphate buffer pH 7 with 1mM 

potassium ferricyanide, 5 mM O-benzylhydroxylamine hydrochloride and, 1 mM 

peptide concentrations.  
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due to the stability of benzylic radicals and/or cationic intermediates that could be possible for the 

N-(p-Me2N-Ph)-phenylglycine-LYRAG 3.12c. N-(p-Me2N-Ph)V-LYRAG (3.12e) was shown to 

have the least amount of ketoxime product (3.15e) (only 22%) and the remaining products 

observed were the hydrolysis ketone side product (37%) and unoxidized starting peptide 3.6e 

(35%).  

 

..  

 

 

 

 

 

3.5 E/Z isomers in ketoxime peptides 

When studying the LC-MS traces of the ketoxime ligation, multiple isomers were observed 

(Figure 3.5b). There seems to be a difference in E/Z isomer ratios depending on the Cα- 

substitution at the site of ligation. For the N-aryl alanine variant 3.12b, the least polar (with the 

later retention time on the LC-MS trace) is the major isomer, and the opposite is observed in N-

aryl phenylglycine peptide 3.12c. There is about a 1:1 ratio of isomers for the N-aryl phenylalanine 

analog 3.12d. Having control over the isomer formation may be useful in downstream applications 

where conformation is important such as chemical protein synthesis. Purification and isolation of 

both isomers was found to be possible using prep- HPLC. The peptides were characterized by 

NMR but E/Z isomers have yet to be confirmed. We hoped that 2D NOSEY NMR studies would 

Entry Peptides % oxime at t = 24h 

1 3.12a: R1 = H >99 

2 3.12b: R1 = Me 94 

3 3.12c: R1 = Ph 99 

4 3.12d: R1 = Bn 69 

5 3.12e: R1 = iPr 22 

Table 3.3. Oxime ligation of N-(p-Me2N-Ph)-LYRAG (3.12a-e and O-benzylhydroxylamine 

under oxygen oxidation conditions at pH 7. 
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allow us to see if there are an interaction with O-benzyl group and the substitution at the site of 

ligation. However, these studies were not able to indicate interactions that would confirm the 

conformation of the peptide. This may be due to the free rotation of the O-benzyl group.  

While the reactions rates decreased when substituents were introduced at the Cα-position, 

the functionalized oximes 3.15b–d were obtained as the major products in varying E/Z ratios after 

24 h in all cases. We hypothesize that N-aryl phenylglycinyl peptides will afford single isomers in 

all cases. 

 

 

 

 

 

 

 

 

 

  

 So far, the reactivity of N-aryl peptides has been tested on one sequence: LYRAG.  To 

determine compatibility with a variety of amino acids as well as the effect of the preceding amino 

acid in these Cα-substituted peptides, analogs 3.16a-f were synthesized containing different amino 
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3.15b 
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Figure 3.5. a) Percent oxidation and coupling of 3.12a–d (1 mM) to O-benzylhydroxylamine 

hydrochloride (5 mM) to give oximes 3.15a–d over time under O2 atmosphere at pH 7. b) The 

extent of the reaction was monitored by LC-MS at 214 nm. 

t = 24h 

b) 

a) 

3.12a: R1 = H 

3.12c: R1 = Ph 

3.12d: R1 = Bn 

3.12b: R1 = Me 
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acids including Trp, Cys, Ser, Lys, Glu, and Gln. These residues were chosen because Francis et 

al. showed that these residues were problematic at the N-terminus using their method.4 Although 

we would not expect to see the same side products since our chemistry is different, we were curious 

to see if having these amino acids near the site of ligation would have an impact on isomeric ratios. 

Using N-aryl alanine peptides as the test substitution, the analogs were screened using optimized 

conditions (Figure 3.6a) and resulted in high conversion of ketoxime products. However, it was 

noticed that different E/Z isomer ratios were achieved depending on the neighboring amino acid 

(Figure 3.6b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) 

 

b) 

a) 

 

a) 

Figure 3.6. a) Scheme for oxime ligation of N-aryl phenylglycine peptides containing a wide 

variety of amino acid side chains 3.16a-f. b) Oxime ligation conversions, E/Z ratios and LCMS 

chromatograms of ketoximes 3.18a-f.  
 

Figure 3.6. a) Scheme for oxime ligation of N-aryl phenylglycine peptides containing a wide 

variety of amino acid side chains (3.16a-f). b) Oxime ligation conversions, E/Z ratios and 

LCMS chromatograms of ketoximes (3.18a-f).  
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 One major isomer was observed in the case of N-aryl phenylglycine peptide 3.12c which 

led to the investigation of N-aryl phenylglycine peptide analogs 3.14a-f (Figure 3.11a). When 

testing these additional N-aryl phenylglycine analogs, one major isomer was observed in high 

yields and the E/Z isomer ratio was consistent even with varying neighboring amino acids (Figure 

3.11b). The installation of the phenylglycine allows us to control the conformation regardless of 

the preceding amino acid. This would not only increase the side chain functionality at the site of 

ligation, but also potentially control secondary structure in downstream total protein synthesis and 

macrocyclization applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. a) Scheme for oxime ligation of N-aryl phenylglycine peptides containing a wide 

variety of amino acid side chains 3.19a-f. b) Oxime ligation conversions, E/Z ratios and LCMS 

chromatograms of ketoximes 3.21a-f. 
 

Figure 3.7. a) Scheme for oxime ligation of N-aryl phenylglycine peptides containing a wide 

variety of amino acid side chains (3.19a-f). b) Oxime ligation conversions, E/Z ratios and 

LCMS chromatograms of ketoximes (3.21a-f). 

a) 

 

a) 

b) 

 

b) 
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3.6 Examining the electrophilicity of α-oxo ketone: Two-step oxidation and oxime ligation 

In previous oxime and hydrazone ligations efforts, aldehyde substrates reacted more 

readily than ketones. To test the advantage of our method for oxime ligation via in situ oxidation 

vs previous multi-step synthesis methods, the oxidation and ligation using our N-aryl peptide 

substrates was spilt into two steps (Scheme 3.9). In the first step, the Cα-substituted N-aryl 

peptides were left to oxidize in the absence of O-benzylhydroxylamine, which results in the 

hydrolysis of the α-ketimino amide intermediate to give ketone 3.22b-d. The second step was to 

perform the oxime ligation by adding in the nucleophile. By doing this, it allowed us to examine 

the electrophilicity of each ketone. For 3.12b and 3.12c, the crude purity of the ketoxime peptides 

were lower than when performing the oxidation and ligation all in one step. Addition of an aniline 

catalyst during the oxime ligation step did not result in significant increase in crude purity. In the 

case of N-(p-Me2N-Ph)F-LYRAG 3.12d, oxidation without the α-nucleophile led to 

decomposition into unidentified products (Figure 3.8) and ultimately unable to undergo step two 

to result in ketoxime 3.15d. In the PLP-transamination method reported by Francis et al. (see 

Chapter 3, p. 61, Figure 3.2), N-terminal phenylalanine peptide substrates also led to low 

conversion. The method of doing a one-step oxidation and ligation provides overall higher 

oxidative coupling conversions and access to ketoxime peptides that are inaccessible by other 

means (e.g. 3.15d).  

 

 

  

Scheme 3.9. Two-step oxidation/ketoxime ligation of N-(p-Me2N-Ph)-LYRAG 3.12b-d 

procedure. 
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3.7. Testing the effect of buffer on ketoxime ligations 

 Since differences in reactivity were observed with ligations employing Cα-substituted N-

aryl peptide substrates, determining the optimal pH range and comparing it to the glycine variant 

seemed fitting (Figure 3.9). For all analogs tested, near neutral pH 7 resulted in the highest 

conversions, and lower pHs resulted in decreased conversions, similar to the trends observed for 

the glycine analog. While examining higher pH values, which required a change in buffer 

composition, there was a negative effect on oxime ligation observed. It was unclear if the dramatic 

change in reactivity was due to the pH or the buffer salt composition. Both the unsubstituted N-

aryl glycine variant 3.12a and the N-aryl alanine variant 3.12b as a representative Cα-substituted 

analog were used to examine this potential buffer effect further. A pH of 8.5 required a switch 

from phosphate buffer to glycine-sodium hydroxide buffer, resulting in little to no desired product 

3.15a-b being observed (Table 3.4, Entry 4). When using Tris buffer at pH 8.5, high conversion 

to the desired ketoxime was observed after 24h (Table 3.4, Entries 2 and 5). An additional 

universal Britton–Robinson buffer was also tested at pH 8.5 which resulted in high conversions of 

oxime products in both the N-aryl glycine and N-aryl alanine analogs (Table 3.4, Entries 3 and 6) 

3.12a and 3.12b. 

 

Figure 3.8. LC-MS traces at 214 nm at t = 0 and t = 40h for step one: oxidation of N-(p-Me2N-

Ph)-F-LYRAG 3.12d.  

 

t = 0 t = 40h 
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Since the ligations at pH 4.5 were also performed in a different (ammonium acetate) buffer, the 

oxidation/ligation reaction was tested at pH 4.5 and 7 using the Britton–Robinson buffer for both 

3.12a and 3.12b (Table 3.5). Similar to the results shown in the initial pH screen, ligations 

proceeded in the Britton–Robinson buffer at pH 7, giving high yields and lower conversion at pH 

4.6 with the same universal buffer.  

 

 

 

 

 

Entry Peptide Buffer % Oxime at t = 24h 

1 3.12a Glycine NaOH 8 

2 3.12a Tris 75 

3 3.12a Britton-Robinson 92 

4 3.12b Glycine NaOH 0 

5 3.12b Tris 88 

6 3.12b Britton-Robinson 80 

Peptide Buffer % Oxime at t = 24h 

3.12a ammonium acetate, pH 4.5 20 

3.12a Britton-Robinson, pH 4.6 23 

3.12a potassium phosphate, pH 7 96 

3.12a Britton-Robinson, pH 7 96 

3.12b ammonium acetate, pH 4.5 9 

3.12b Britton-Robinson, pH 4.6 1 

3.12b potassium phosphate, pH 7 98 

3.12b Britton-Robinson, pH 7 91 

Figure 3.9.  % Oxime formation after 24 h for peptides 3.12a–d at pH 4.5–8. 
 

Figure 3.2.  % Oxime formation after 24 h for peptides 3.5a–d at pH 4.5–8. 

 

Table 3.5.  Control studies to compare buffer composition while keeping pH constant. 
 

Peptide Buffer % oxime at t = 24h 

3.12a ammonium acetate, pH 4.5 20 

3.12a Britton-Robinson, pH 4.6 23 

3.12a potassium phosphate, pH 7 96 

3.12a Britton-Robinson, pH 7 96 

3.12b ammonium acetate, pH 4.5 9 

3.12b Britton-Robinson, pH 4.6 1 

3.12b potassium phosphate, pH 7 98 

3.12b Britton-Robinson, pH 7 91 

 Table 3.5.  Control studies to compare buffer composition while keeping pH constant. 

Table 3.4.  Comparison of oxidative coupling conversions in different buffers at pH 8.5. 
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To study the buffer salt composition effect further, a screen of ten different buffers was 

done at a constant pH of 7.5 using both N-(p-Me2N-Ph)G-LYRAG 3.12a and N-(p-Me2N-Ph)A-

LYRAG 3.12b (Figure 3.10). These studies revealed that the N-aryl glycine peptide 3.12a was 

less sensitive to buffer salt composition compared to N-aryl alanine peptide 3.12b. In the case of 

the N-aryl alanine analog, the use of TEA and Tris buffers at this pH resulted in a significant 

decrease in conversion after 24 h, only giving 42 and 56% oxime, respectively. In contrast, when 

testing buffers at pH 8.5, Tris buffer yielded 88% product in the case of N-(p-Me2N-Ph)A-LYRAG 

3.12b. This indicates that optimization would be necessary when switching buffer salt composition 

at different pHs. When running the ligation in just water with no buffer salt, surprisingly there is 

little to no ligation occurring for both N-aryl peptides 3.12a and 3.12b. Testing different 

concentrations of buffer salt was completed to determine how much of the salt is necessary for the 

oxidative coupling to occur (Figure 3.11). When varying the concentration of buffer salt, it was 

observed that concentrations lower than 10mM for the N-aryl glycine peptide 3.12a and 25mM for 

the N-aryl alanine peptide 3.12b resulted in a significant drop in overall conversion. These studies 

indicate the importance of the buffer salt in the oxidation of the N-aryl peptides. Although this is 

Figure 3.10. Comparative effect of buffer salt composition on oxime conversions at pH 7.5 for 

peptides 3.12a vs. 3.12b. 
 

Figure 3.7. Comparative effect of buffer salt composition on oxime conversions at pH 7.5 for 

peptides 3.12a vs. 3.12b. 
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interesting, it remains poorly understood why this ligation is so sensitive to the buffer salt 

composition and concentration. The difference in buffer salt composition between the glycine and 

alanine variant hints at the possibility that these substrates undergo two different mechanism for 

oxidation and ligation.  

3.8. Varying alkyl chain length in N-aryl peptides and effect of organic solvent 

Having access to ketoximes with varying Cα-substitutions is very promising for 

modulating the linkage properties. Accessing to varying alkyl chain length could be useful way to 

alter log P properties which could allow us to tune cell permeability of oxime-ligation products. 

Keeping this possible utility in mind, N-aryl peptides with varying alkyl groups on the α-carbon 

 

 

 

 

Scheme 3.10. Submonomer peptoid synthesis procedures for N-(p-Me2N-Ph)- analogs 3.12f-j 

on solid support. 

 

 

 

Figure 3.11.  Comparative reactivity of 3.12a-b with varying potassium phosphate buffer 

concentration at pH 7. 
 

Figure 3.8.  Comparative reactivity of 3.12a-b with varying potassium phosphate buffer 

concentration at pH 7. 
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were synthesized using the same peptoid submonomer synthesis procedure for 3.12a-d (Scheme 

3.10). These analogs were also isolated in good purity and appreciable yields (20-37%) (Table 

3.6).  

 

 Analogs 3.12f–j were subjected to optimal oxime ligation conditions (O2, phosphate buffer 

pH 7). For the N-aryl peptides with ethyl 3.12f, propyl 3.12g, and butyl side chains 3.12h, the 

optimized conditions resulted in high conversions (85-94%) with no side products (Table 3.7, 

Entries 1-3). In the case of the hexyl Cα-substitution (3.12i), addition of organic solvent was 

required to fully dissolve the starting peptide. With the addition of 25% ethanol, 62% of the desired 

ligation product was obtained after 24h (Table 3.7, Entry 4). The desired ketoxime products 3.15f-

i had increasing retention times on the LC-MS as the carbon chain increased, consistent with the 

expected increase in hydrophobicity (Figure 3.12). When attempting to dissolve the Cα-decyl 

substituted analog 3.12j in buffer, more organic solvent was required (50% ethanol). After 24h, 

only 25% of the desired ligation product was observed (Table 3.7, Entry 6). Similarly, when Cα-

hexyl substituted analog 3.12i was dissolved in 50% ethanol, only 27% of the desired ligation 

Peptide Crude 

purity 

(%)a 

Purity 

(%)b 

Yield 

(%)c 

m/z 

 [M + H]+ 

(cald)  

m/z  

[M + H]+ 

(obsd)  

Retention 

time  

(min) 

3.12f: R1= CH2CH3 56 >99 37 782.4599 782.7 8.09 

3.12g: R1= (CH2)2CH3 74 >99 30 796.4828 796.4804 8.58 

3.12h: R1= (CH2)3CH3 74 >99 31 405.7529d 405.7514d  9.04 

3.12i: R1= (CH2)5CH3 79 >99 20 419.7685d 419.7668d 9.96 

3.12j: R1= (CH2)9CH3 72 >99 22 447.7998d 447.7987d 11.74 

Table 3.6 Characterization data for N-aryl peptides 3.12f-j. 

 

 

 

Table 3.7 Characterization data for N-aryl peptides 3.12f-j 

 

 
aUnless otherwise noted, analytical LC-MS analyses were performed on a 5 µM, 150 x 4.6 mm C18 Vydac column 

from Mac-Mod Analytical, Inc (cat# 218TP5415) with a flow rate of 0.5 mL/min using a 12 min 5-95% linear 

gradient of MeCN (0.1% TFA) in water (0.1% TFA). The purity at 214 nm wavelength is reported in all cases. bRP-

HPLC purity at 214 nm after purification. cYields after purification by RP-HPLC are based on resin loading d [M + 

2H]+ detected. 

 

 

aUnless otherwise noted, analytical LC-MS analyses were performed on a 5 µM, 150 x 4.6 mm C18 Vydac column 

from Mac-Mod Analytical, Inc (cat# 218TP5415) with a flow rate of 0.5 mL/min using a 12 min 5-95% linear 

gradient of MeCN (0.1% TFA) in water (0.1% TFA). The purity at 214 nm wavelength is reported in all cases. bRP-

HPLC purity at 214 nm after purification. cYields after purification by RP-HPLC are based on resin loading d [M + 

2H]+ detected. 
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product was observed. This confirmed that organic solvent was lowering the reactivity of the N- 

aryl peptides (Table 3.7, Entry 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Entry Peptides Oxidation conditions % Oxime at t = 24h 

1 3.12f: R1 = CH2CH3 pH 7 buffer, O2 94 

2 3.12g: R1 = (CH2)2CH3 pH 7 buffer, O2 85 

3 3.12h: R1 = (CH2)3CH3  pH 7 buffer, O2 89 

4 3.12i: R1 = (CH2)5CH3 25% EtOH in pH 7 buffer, O2 62 

5 3.12i: R1 = (CH2)5CH3 50% EtOH in pH 7 buffer, O2 27 

6 3.12j: R1 = (CH2)9CH3 50% EtOH in pH 7 buffer, O2 25 

Figure 3.12. Comparative LC-MS chromatograms for oxime 3.15b, f–i.  
 

Figure 3.9. Comparative LC-MS chromatograms for oxime 3.15b, f–i.  
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Table 3.7. Ketoxime ligation of N-(p-Me2N-Ph)-LYRAG 3.12f-j and O-benzylhydroxylamine 

under oxygen oxidation conditions at pH 7. 

 

 

 

Table 3.8  

 

 



82 
 

 To further investigate the sensitivity to solvent, N-aryl alanine peptide analog 3.12b was 

compared to the parent unsubstituted N-aryl glycine peptide 3.12a. Oxime ligation conversions 

were monitored as a function of ethanol content for both the N-aryl glycine and N-aryl alanine 

peptide analogs (Figure 3.13). As observed in previous studies, the N-aryl glycine peptide 3.12a 

was less sensitive to solvent than the corresponding N-aryl alanine peptide analog. The conversion 

of 3.12a into the desired oxime product was achievable in high conversions, even with 50% ethanol 

present. For the N-aryl alanine peptide analog 3.12b, a significant decrease of desired oxime 

product was observed with the addition of 25% ethanol. These same studies were done using 

acetonitrile as the organic solvent which resulted in slightly higher conversion compared to the 

ethanol. With such a drastic change in reactivity, it is hypothesized that the mechanism of the 

reaction is different for Cα-substituted peptides.  
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Figure 3.13. % Oxime conversions as a function of ethanol composition for 3.12a and 3.12b. 
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3.9. Demonstration of peptide–peptide ligation with varying Cα-Substitution 

 The ability to have a wide variety of amino acids present while performing these ligations 

increases their potential utility in peptide–peptide oxime ligation reactions, while providing the 

ability to have side chain diversity at the site of ligation. To demonstrate this, N-aryl peptides 

3.12b–d were coupled to aminooxyacetyl-GRGDSGG 3.23 which was synthesized and used in the 

previous chapter. By using an excess of aminooxy-containing peptide, the desired ketoxime 

products were observed as the major products (Figure 3.14). Both N-aryl alanine peptide 3.12b 

and N-aryl phenylglycine peptide 3.12c required 12 h for completion of the reaction. In comparison 

to the previous results, N-aryl phenylalanine peptide 3.12d proceeded the slowest and required 24 

h to go to completion. For the peptide-peptide ligations, a minor side product coming from the 

hydrolysis of the α-ketiminoamide intermediate was observed. 

 

 

 

 

 

 

 
Figure 3.14. Peptide–peptide ligation providing oxime linkages functionalized with (a) a 

methyl 3.24, (b) a phenyl 3.25, and (c) a benzyl 3.26 substituent. 
 

Figure 3.12. Peptide–peptide ligation providing oxime linkages functionalized with (a) a 

methyl (3.18), (b) a phenyl (3.19), and (c) a benzyl (3.20) substituent. 
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E/Z isomers of ketoxime 3.24 was observed and both isomers could be isolated separately 

by RP-HPLC. Ketoxime 3.25 showed only one major isomer. Ketoxime 3.26 was isolated as an 

E/Z mixture. Being able to perform these head-to-head peptide ligations offers the opportunities 

to mimic parallel β-sheets, a prevalent secondary structure motif in proteins.10 

3.10. N-Arylation of amino acid esters to expand side chain diversity in ketoxime peptide 

ligations 

 Efforts to expand Cα-substitution are underway in the lab. The previous method to gain 

access to substitutions is limited by the need to use commercially available bromoacetic acid 

derivatives.  My co-worker, Hailey Young, has developed methods for N-arylation of amino acid 

tert-butyl esters modified from Buchwald, et al.11 conditions (Scheme 3.11).12 Once these N-aryl 

amino acid esters were obtained, a tert-butyl ester deprotection was done and the crude amino 

acids were used in traditional solid phase peptide synthesis using HBTU/DIEA conditions without 

nitrogen protection. Surprisingly, this provided the desired peptides in high crude purities (74-

97%) and ultimately in appreciable yields (10-44%) (see Experimental data 3.13, p. 96). 

 

 

 

 

Scheme 3.11. Synthesis of N-aryl peptides via N-arylation followed by tert-butyl deprotection 

and coupling of N-aryl amino acids via Fmoc SPPS procedure. 

 

 

Scheme 3.8. Synthesis of N-aryl peptides via N-arylation followed by tert-butyl deprotection 

and coupling of N-aryl amino acids via Fmoc SPPS procedure. 
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I then subjected these analogs to oxime ligation conditions and found that they provide 

ketoxime products with varying E/Z isomer ratios (Scheme 3.12). In some cases, with electron 

poor and bulky aryl substituted derivatives 3.29g-h, j more time was required for higher 

conversion to the desired product. It was also observed that β-substituted analogs 3.29e-f resulted 

in low conversions to the product and side product formation. For analog 3.29c, no oxidation of 

the side chain was observed confirming these conditions to be mild and compatible with sensitive 

residues.  

 

 

 

 

 

 

 

3.11. Testing additional N-aryl substitution in N-aryl alanine peptides 

 With such success of N-(p-Me2N-Ph)- analogs in accessing Cα- substituted ketoxime 

products, other N-aryl substitutions on the aryl ring were also investigated to determine if they 

would also undergo oxidative couplings. This would be an opportunity to search for additional N-

aryl peptides that could increase the rate of oxime ligation.  In addition, we were interested in 

finding additional N-aryl peptides that has unique reactivity that can be used orthogonally with 

other N-aryl peptides since C-α substituted N-(p-MeO-Ph)-peptide analogs were found to be 

Scheme 3.12. Ketoxime ligation reactions between N-aryl peptides 3.29a−k and O-

benzylhydroxylamine hydrochloride, conversion after 24h, and E/Z product isomer ratios. 
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unreactive. There are a number of electron-donating substituents that have similar Hammett 

substituent constants to p-NMe2 (Figure 3.15) which could be used to also access oxime ligation 

products. 

 

 

Five additional N-aryl alanine peptides were synthesized varying the N-aryl substitutions 

to test possible reactivity. The same peptoid submonomer procedure was used and different 

anilines in the displacement step were used to install different substituents on the aryl ring (Scheme 

3.13). N-aryl peptides 3.34a was synthesized to evaluate reactivity differences compared to N-(p-

Me2N-Ph)-LYRAG 3.12b by changing the number of carbons attached to the nitrogen. We were 

interested in looking at differences in reactivity of cyclic vs. acyclic substitutions which led to the 

synthesis of N-aryl peptides 3.34b-c. N-aryl peptide 3.34d was synthesized as a potential new 

unique electron-rich analog that could result in oxime ligation upon deprotonation of the p-

hydroxyl since the Hammett substituent constant is similar to p-dimethylamino substitution 

(Figure 3.15). We were very curious to test the reactivity of N-(p-HS-Ph)-LYRAG 3.34e since the 

Hammett substituent constant of the deprotonated thiol was even more negative than the p-

dimethylamino substituent (Figure 3.15).  

 

 

Figure 3.15. Hammett substituent constants for varying p-substituents.13  

 

 

 

Scheme 3.10 Submonomer peptoid synthesis procedures for N-aryl alanine LYRAG analogs 

(3.27a-d) on solid support. 
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 The new additional N-aryl peptides were then subjected to the optimized ligation 

conditions and compared to N-(p-Me2N-Ph)A-LYRAG 3.12b (Figure 3.16). The N-(p-Et2N-

Ph)A- analog 3.34a resulted in slightly slower rates giving only 80% product after 24h compared 

to the N-(p-Me2N-Ph)A-peptide analog 3.12b that resulted in over 90%. In the case of the of N-(p-

H8C4N-Ph)A-peptide analog 3.34b , the reaction proceeded much faster than N-(p-Me2N-Ph)A-

peptide 3.12b, resulting in almost full conversion to the desire ketoxime after 6h. Surprisingly, the 

one carbon difference of N-(p-H10C5N-Ph)A-peptide variant 3.34c was completely unreactive. The 

N-(p-HO-Ph)A-peptide analog 3.34d was also tested and resulted in no reaction at pH 7. Since the 

trend of electron-rich N-aryl substitution is required for ketoxime ligation, deprotonation of the 

hydroxyl group was predicted to be necessary for this analog (σ =  −0.3713 for protonated hydroxyl 

group vs σ =  −0.8113 for deprotonated hydroxyl group). 

 To test this theory, the N-(p-HO-Ph)A-peptide was subjected to oxidation conditions at 

varying pHs and reactivity was triggered at pH 8 and above (Table 3.8). Although a slightly higher 

pH is required for this analog, it could prove to be useful for orthogonal ligations in the future 

since it is inert at lower pHs. Having access to analogs that can be used to increase or decrease the 

rate of oxidation could be useful when exploring additional applications of N-aryl peptides.  

 

 

Scheme 3.13. Submonomer peptoid synthesis procedures for N-aryl alanine LYRAG analogs 

3.34a-e on solid support. 

 

 

 

Scheme 3.10 Submonomer peptoid synthesis procedures for N-aryl alanine LYRAG analogs 

(3.27a-d) on solid support. 
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Entry Buffer pH % ketoxime at t = 24h 

1 4.5 < 1 

2 5.5 < 1 

3 6.5 < 1 

4 7 < 1 

5 8 97 

6 9 92 

7 10 48 
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Figure 3.16. % conversion to ketoxime 3.15b over time via oxidation of 3.12b and 3.34a-d 

under O2 oxidation conditions. 

 

 

Figure 3.13. % conversion to ketoxime 3.9b over time via oxidation of 3.6b and 3.7a-d under 

O2 oxidation conditions. 

 

Table 3.8. % Ketoxime formation after 24 h for N-(p-HO-Ph)A-LYRAG 3.34d at pH 4.5–10. 

 

 

Figure 3.13. % conversion to ketoxime 3.9b over time via oxidation of 3.6b and 3.7a-d under 

O2 oxidation conditions. 
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 Similarly to the N-(p-HO-Ph)A-peptide analog 3.34d, it was predicted that for N-(p-HS-

Ph)-LYRAG 3.34e to undergo oxidation, deprotonation of the thiol group was required (σ = 

+0.1513 for protonated thiol group vs σ = −1.2113 for deprotonated thiol group). N-(p-HS-Ph)-

LYRAG 3.34e was subjected to oxidation conditions at pH 7. After 24 hours, no conversion was 

observed. We began to question the displacement step during synthesis as it may have reacted with 

the amine to give the desired product 3.34e or the thiol to give the undesired product 3.36 (Figure 

3.17).   

 

  

To ensure that we are using the amine for the displacement, the thiol was protected with an acid 

labile trityl protecting group for synthesis. Using the newly synthesized N-(p-HS-Ph)-LYRAG 

3.34e, the ketoxime ligation was attempted again at pH 7 (Scheme 3.11). After 12 hours, the N-

aryl peptide was converted to a single product via LC-MS that is believed to be disulfide bond 

formation 3.37. Increasing the pH and using K3[Fe(CN)6] oxidation also lead to complete 

conversion to the disulfide formation. Although N-(p-HS-Ph)-LYRAG 3.34e did not result in 

oxime ligation, having access to other N-aryl peptide analogs that can be used to increase or 

decrease the rate of oxidation and reactive under modified ligation conditions could be useful when 

exploring additional applications of N-aryl peptides. 

 

 

Figure 3.17. Two possible products from using 4-aminothiophenol in the displacement step of 

synthesis of N-(p-HS-Ph)-LYRAG 3.34e.  

 

 

Figure 3.13. % conversion to ketoxime 3.9b over time via oxidation of 3.6b and 3.7a-d under 

O2 oxidation conditions. 
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3.12. Summary of ketoxime optimization 

 In summary, it has been demonstrated that oxidative couplings to very electron-rich Cα-

substituted N-aryl peptides can occur under mild aqueous conditions and can undergo ketoxime 

ligation. Before this work, there was no reports on performing oxidative couplings on N-aryl amino 

acids containing Cα-substitutions. This reaction gives access to a variety of high-yielding 

ketoxime ligation peptide substrates under mild, catalyst free conditions which also has not been 

seen in the literature. This could expand their utility in peptide and protein synthesis, allowing 

rapid SAR studies of oxime linkages to modulate peptide properties such as cell permeability. 

Additionally, we also have access to a variety of N-aryl peptides that are reactive under selective 

conditions. This could be used in systematic triggered orthogonal ligations just by changing the 

pH. Ketoxime substituents could also provide unique handles to tune peptide secondary structure 

depending on E/Z ratio control and could be used in the formation parallel β-sheets mimics. Taking 

inspiration from this work, we began expanding the utility of substituted N-aryl peptides to 

hydrazone ligations for N-to-C peptide-peptide ligation (Chapter 4) and head to tail 

macrocyclization (Chapter 5). 

Scheme 3.14. Ketoxime ligation reactions between N-aryl peptide 3.34e and O-

benzylhydroxylamine hydrochloride and conversion after 24h. 

 

 

Figure 3.13. % conversion to ketoxime 3.9b over time via oxidation of 3.6b and 3.7a-d under 

O2 oxidation conditions. 
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3.13. Experimental data 

I. General methods 

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

Protein Technology, Inc™, and the manufacturer’s reported loading of the resin was used in the 

calculation of the yields. Solid phase peptide synthesis (SPPS) was performed using an automated 

Biotage Syro WaveTM peptide synthesizer in 10 mL parallel reactors with PTFE frits. Incorporation 

of Boc-aminooxy acetic acid and N-aryl amino acids were performed manually in disposable filter 

columns with 20 µM PE frit filters and caps purchased from Applied Separations (cat # 2413 and 

2416 for 3 mL and 6 mL filter columns, respectively) with gentle agitation on a Thermo Fisher 

vortex mixer equipped with a microplate tray. Solution draining and washing of the resin was done 

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

a Fisher Scientific Ultrasonic bath 9.5L (Model # 15337425) was used to heat and agitate the resin.  

Analytical LC-MS analyses were performed using an 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. 

(catalog # 218TP5415) or a 5 μM, 150 x 4.6 mm C18 Luna column purchased from Phenomenex 

(catalog # 00F-4252-E0). A flow rate of 0.5 mL/ min. and 5-95% or 20-80% gradient 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. Peptides were purified on a preparative HPLC 

(Agilent 218 purification system) using a preparative column (10-20 µM, 250 mm x 22 mm, C18 

Vydac column, cat # 218TP101522) or 10 μM, 250 mm x 21.2 mm, C18 Luna column, catalog # 

00G-4253-P0-AX) at a flow rate of 10 mL/ min. with gradients of CH3CN (0.1% TFA) in water 

(0.1% TFA) over 30 minutes (total run time = 60 minutes).  
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Reagents: Amino acids, N,N-diisopropylethylamine (DIEA), triisopropylsilane (TIPS), 

bromoacetic acid, and diisopropylcarbodiimide (DIC) were purchased from Chem Impex Int’l, 

Inc. Reagents such as piperidine, O-benzylhydroxylamine hydrochloride, 1,2-ethanedithiol,  N-

hydroxysuccinimide, p-anisidine, N,N-dimethyl-p-phenylenediamine,  2-bromopropionic acid, 2-

bromohexanoic acid, 2-bromovaleric acid, 2-bromododecanoic acid and 2-bromooctanoic acid 

were purchased from Sigma Aldrich. Sodium hydroxide, ammonium acetate, glacial acetic acid, 

potassium phosphate monobasic and dibasic, trifluoroacetic acid (TFA), disodium 

ethylenediaminetetraacetate (EDTA) and solvents were purchased from Fisher Chemical. 

N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) was 

purchased from Oakwood Chemicals. 2-bromo-3-phenylpropionic acid was purchased from 

Matrix Scientific. Tert-butyl bromoacetate, 2-bromobutyric acid, 2-bromo-3-methylbutyric acid, 

DL-alpha-bromophenylacetic acid, and phosphoric acid (85% in water) were purchased from 

Acros Organics. Tert-butyl 2-bromopropanoate was purchased from TCl America. All chemicals 

were used as received without further purification. Tris (1.0 M, catalog # AAJ60636K2), TEA (0.2 

M, catalog # AAJ61319AK), HEPES (1.0 M, catalog # AAJ60712AK), TES (0.2 M, catalog # 

AAJ61350AE), PIPES (1.0 M, catalog # AAJ62494AK), Phosphate (0.5 M, catalog # 

AAJ63349AK), MOPS (1.0 M, catalog # AAJ61843AK), Tricine (0.5 M, catalog # 

AAJ62672AE), Bicine (0.5 M, catalog # AAJ60494AE), and imidazole (0.5 M, catalog # 

AAJ63496AE) buffers and o-boric acid were all purchased from Alfa Aesar.  

II. Experimental Procedures and Characterization Data 

Fmoc-based SPPS: Fmoc deprotection and HBTU couplings 

Peptide syntheses were performed on Polystyrene Rink Amide resin (0.78 mmol/g) using standard 

manual solid phase peptide synthesis protocols (SPPS) on an automated shaker or using a Biotage 
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Syro WaveTM peptide synthesizer. Couplings of amino acids (3 equiv) were performed in DMF 

using HBTU (3 equiv) as coupling reagent and DIEA (6 equiv) as base. Fmoc deprotections were 

performed by treating the resin with 20% piperidine in DMF (v/v) for 5 minutes, followed by 

treatment with a fresh solution of 20% piperidine in DMF (v/v) for 15 minutes. Resin was washed 

after each coupling and deprotection reaction with DMF (3 x 1 mL). Prior to cleavage from the 

resin or storage, resin was washed with CH2Cl2 (3 x 1 mL).   

Incorporation N-aryl amino acid residues via peptoid submonomer procedure  

 

Peptides 3.11a and 3.12a (R1 = H) were synthesized based on previous methods from chapter 2 

(See Experimental Data 2.10, p. 42). Peptides 3.11b-d, 3.12b-j, 3.11a-f, 3.14a-f and 3.27a-d were 

synthesized using slightly modified procedures. Specifically, resin-bound Fmoc-LYRAG (100 mg, 

0.078 mmol) was transferred to a 3 mL disposable filter column, treated with 1 mL of a 20% 

piperidine in DMF solution (v/v) and gently agitated for 5 minutes, followed by another 15 minutes 

incubation with fresh reagent (1 mL). The resin was washed with DMF (5 x 1 mL) and treated 

sequentially with a 0.6 M solution of the corresponding racemic α-substituted bromoacetic acid 

derivatives in DMF (1 mL, 0.6 mmol) and 86 μL of N,N-diisopropylcarbodiimide (DIC, 0.56 

mmol) for 25 minutes. The bromoacetylation procedure was repeated a second time with fresh 

reagent and the resin was washed with DMF (5 x 1 mL). The resin was then treated with a 2 M 

solution of 4-(dimethylamino)aniline or 4-methoxyaniline in DMF for 3 hours at room 

temperature. For peptides 3.11d and 3.12d (R1 = CH2Ph), an additional 3 hours with fresh reagents 
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at room temperature was required. For peptide 3.12e (R = CH(CH3)2), the displacement required 

heating with sonication to 60°C for 24 h. 

Synthesis of aminooxyacetyl-GRGDSGG 3.23 

 

 

 

Peptide aminooxyacetyl-GRGDSGG (3.23) was synthesized based on the previous methods from 

chapter 2. (Boc-aminooxy)acetic acid (60 mg, 0.31 mmol, 4 equiv), DIC (48 μL, 0.31 mmol, 4 

equiv) and N-hydroxysuccinimide (36 mg, 0.31 mmol, 4 equiv) were dissolved in DMF (1 mL) 

and pre-mixed for 5 minutes in a 4 mL vial. The solution was then transferred to the pre-swelled 

GRGDSGG resin (100 mg, 0.078 mmol) and allowed to agitate for 1 h at room temperature.  

Note: As previously reported, care must be taken to avoid addition of base during activation and 

coupling of (Boc-aminooxy)acetic acid to prevent overacylation.14 Cleavage from the resin should 

be done using TFA/EDT/H2O/TIPS (94:2.5:2.5:1, v/v/v/v). Once cleaved from solid support, 

aminooxyacetyl-terminated peptides should be manipulated in an acetone-free laboratory to avoid 

side reactions, and pooling and freezing of HPLC fractions must be done immediately.15-16  

Incorporation N-aryl amino acid residues via deprotection of N-aryl Amino Acid tert-butyl 

ester Fmoc-SPPS Coupling Procedure  

 

 

The amino acid (100.0 mg, 0.061 mmol, 1.0 equiv) was transferred to a new 20-mL scintillation 

vial, dissolved in 1:1 TFA/ DCM (2 mL), and allowed to stir at room temperature for two hours. 
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The reaction mixture was evaporated to dryness using a Biotage V10 evaporator (volatile setting), 

followed by co-evaporation (x 5) with dichloromethane to remove residual TFA. The resulting oil 

was used in the next step without further purification. 

Dimethylformamide (DMF) was added to resin-bound LYRAG peptide (100.0 mg, 0.061 mmol, 

1.0 equiv) in a 3-mL disposable filter column with a 20 μM PE frit filter and allowed to swell on 

a shaker for approximately twenty-five minutes. DMF was drained from the cartridge. The N-aryl 

amino acid (0.183 mmol, 3.0 equiv) dissolved in DMF (1.0 mL) was added to the cartridge, 

followed by 2-(1H-benzotriazol-1-yl)-1,2,3,3-tetramethyluronium hexafluorophosphate (HBTU) 

(0.183 mmol, 3.0 equiv) and diisopropylethylamine (DIEA) (0.366 mmol, 6 equiv). The resin was 

allowed to shake for two hours, after which the reagents were drained and the resin was washed 

with DMF, MeOH, and DCM (x3). 

Test cleavage of resin-bound peptides  

A small aliquot of resin (1-5 mg) was washed with CH2Cl2 to remove traces of DMF, drained, and 

treated with a freshly made solution of TFA/H2O/TIPS (95:2.5:2.5, v/v/v, 0.2 mL) for 2 h at room 

temperature in a 1 mL disposable PP fritted cartridge. For the aminooxyacetyl-terminated peptide, 

a freshly made solution of TFA/EDT/H2O/TIPS (94:2.5:2.5:1, v/v/v/v, 0.2 mL) was used for the 

cleavage instead. The cleavage solution was collected by filtering the resin through the PP fritted 

cartridge. The filtrate was evaporated to dryness and the crude peptide was precipitated twice with 

cold ether (1 mL) followed by decanting. The pellet (crude peptide sample) was dissolved in 1:1 

MeCN/H2O v/v (1 mg/mL) and subjected to LC-MS analysis. 

Full cleavage of resin-bound peptides 

The resin-bound peptide was washed with CH2Cl2 to remove traces of DMF, drained, transferred 

into a 20 mL scintillation glass vial, and treated a freshly made solution of TFA/H2O/TIPS 
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(95:2.5:2.5, v/v/v, 4 mL). Aminooxy-terminated peptides were treated with a freshly made solution 

of TFA/EDT/H2O/TIPS (94:2.5:2.5:1, v/v/v/v, 4 mL). The vial was capped and agitated for 2 hours 

at room temperature on an orbital shaker. The cleavage mixture was filtered through a disposable, 

PP fritted cartridge into a 50 mL falcon tube containing cold ether (~30 mL). Following 

centrifugation using a pulse method for 20 seconds (x 3), the ether was decanted, and the peptide 

pellet was suspended in 1:1 MeCN/H2O v/v. The sample was frozen and lyophilized.  

Analysis and purification of peptides 3.11a-d, 3.12b-j, 3.16a-f, 3.29a-k and aminooxyacetyl-

GRGDSGG 3.23 

Crude peptides 3.11a-d, 3.12b-j, 3.16a-f, 3.29a-k and  aminooxyacetyl-GRGDSGG 3.17 were 

analyzed and characterized by LC-MS as described above. Following gradient optimization, the 

peptides were purified by preparative HPLC as described in the General Methods. Peptide 3.12a-

b were purified using a gradient of 10-70% CH3CN (0.1% TFA) in water (0.1% TFA). Peptides 

3.12e-g, j and 3.11a-b were purified using a gradient of 20-80% CH3CN (0.1% TFA) in water 

(0.1% TFA). Peptides 3.12c-d were purified using a gradient of 25-80% CH3CN (0.1% TFA) in 

water (0.1% TFA). Peptides 3.12h and 3.11c were purified using a gradient of 30-80% CH3CN 

(0.1% TFA) in water (0.1% TFA). Peptides 3.12i was purified using a gradient of 40-80% CH3CN 

(0.1% TFA) in water (0.1% TFA). Aminooxyacetyl-GRGDSGG was purified using a gradient of 

1-10% CH3CN (0.1% TFA) in water (0.1% TFA). HPLC fractions containing the desired peptide 

product were pooled, frozen immediately and lyophilized. Characterization data for all peptides 

can be found in Table 3.10 below. 
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Peptide crude 

purity 

(%)a 

purity 

(%)b 

yield 

(%)c 

m/z 

 [M + H]+ 

(cald)  

m/z  

[M + H]+ 

(obsd)  

Retention 

time  

(min) 

3.11b 54 >99 32 755.4199 755.4188 8.49/8.78 

3.11c 92 >99 48 409.2214e  409.2211e  9.92/10.12 

3.11d 92 99 28 416.2292e  416.2289e  10.06/10.21 

3.12a 74 >99 20 754.4359 754.4350 7.74 

3.12b 89 >99 52 768.4515 768.4497 7.76 

3.12c 95 96 42 415.7372e 415.7356e  8.65/8.84 

3.12d  96 >99 29 422.7451e 422.7434e  8.99 

3.12e 65 >99 35 796.4828 796.4804 8.54 

3.12f 56 >99 37 782.5 782.7 8.09 

3.12g 74 >99 30 796.4828 796.4804 8.58 

3.12h 74 >99 31 405.7529d 405.7514d  9.04 

3.12i 79 >99 20 419.7685d 419.7668d 9.96 

3.12j 72 >99 22 447.7998d 447.7987d 11.74 

3.16a 88 98 57 841.4468 841.4441 8.08 

3.16b 83 >99 59 784.4100 784.4066 6.96 

3.16c 79 85 43 758.3766 758.3743 7.17 

3.16d 91 >99 65 783.4624 783.4602 6.80 

3.16e 80 >99 55 742.3995 742.3971 6.84 

3.16f 94 96 54 783.4260 783.4236 6.84 

3.29a 97 >99 21 844.4828 844.4832 9.12 

3.29b 79 94 10 828.4549 828.4556 8.48 

3.29c 77 99 23 768.4515 768.4528 7.91 

3.29d 85 >99 18 810.4985 810.4997 8.96/ 9.10 

3.29e 92 95 35 796.4828 796.4839 8.92 

3.29f 74 95 18 810.4985 810.4998 8.99 

3.29g 88 >99 25 912.4702 912.4724 10.08 

3.29h 88 >99 28 862.4734 862.4732 9.53 

3.29i 92 >99 38 858.4985 858.4985 9.73 

3.29j 94 >99 44 894.4985 894.4991 10.00 

3.29k 84 >99 26 824.5141 824.5145 9.70 

Table 3.10. Characterization data for N-aryl peptides. 

 

aUnless otherwise noted, analytical LC-MS analyses were performed on a 5 µM, 150 x 4.6 mm C18 Vydac column 

from Mac-Mod Analytical, Inc (cat# 218TP5415) with a flow rate of 0.5 mL/min using a 12 min 5-95% linear 

gradient of MeCN (0.1% TFA) in water (0.1% TFA). The purity at 214 nm wavelength is reported in all cases. 
bRP-HPLC purity at 214 nm after purification. cYields after purification by RP-HPLC are based on resin loading 
d[M + Na]+ detected. e[M + 2H]+ detected. 
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Oxime ligation reactions procedures 

General: All of the ligation studies were performed based on optimized reaction conditions 

previously reported. Fresh stock solutions were prepared in all cases and used immediately in the 

ligation reactions. The reagents were combined in a 4 mL glass vial with a small stir bar. Vials 

were either left uncapped exposed to air, or the solution was sparged with O2 and left under a 

balloon filled with O2. Small aliquots (100 µL) were periodically analyzed by LC-MS to monitor 

the progress of the reaction. % Oxime conversions were calculated using areas obtained from peaks 

on LC-MS traces at 214 nm, where % oxime conversion = [(area of oxime)/(area of N-aryl peptide 

+ oxime)] x 100. 

Representative protocols for the oxime ligation reactions 

A. Oxime ligation conditions for N-(p-MeO-Ph)- peptide analogs       

using air: 

The ligation conditions used for these analogs were based on previously optimized 

procedures for N-(p-MeOPh)glycine-LYRAG 3.11a (See Experimental Data 2.13, p. 42). 

Briefly, 2 mM stock solutions of peptide (3.11b-d) and O-benzylhydroxylamine 

hydrochloride were prepared separately using 0.1 M ammonium acetate buffer pH 4.5. In a 

4 mL vial, 1 mL of the peptide stock solution (2 mM) was mixed with 1 mL of the O-

benzylhydroxylamine hydrochloride stock solution (2 mM) to give a final concentration of 

1 mM for both reagents. The samples were left stirring open to air for up to 24h. Samples 

were tested at different time points by taking aliquots. Ketoximes 3.15b-d were not detected. 

Using 1 mM potassium ferricyanide: 

The ligation conditions used for these analogs were based on previously optimized 

procedures for N-(p-MeOPh)glycine-LYRAG 3.11a from chapter 2 (See Experimental Data 
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2.10, p. 45). A 4 mM stock solution of peptide 3.11b-d, 20 mM stock solution of O-

benzylhydroxylamine hydrochloride, and 4 mM stock solution of potassium ferricyanide 

were prepared separately in 0.1 M potassium phosphate buffer (pH 7). In a 4 mL vial, 0.5 

mL of the peptide stock solution (4 mM) was mixed with 0.5 mL of the O-

benzylhydroxylamine hydrochloride stock solution (20 mM). The resulting solution was 

diluted further with 0.5 mL of 0.1 M potassium phosphate buffer (pH 7), followed by addition 

of 0.5 mL of the K3[Fe(CN)6] stock solution (4 mM), to give final concentrations of peptide, 

O-benzylhydroxylamine hydrochloride, and K3[Fe(CN)6] of 1 mM, 5 mM, and 1 mM, 

respectively. Samples were tested at different time points by taking aliquots and analyzing 

them by LC-MS, following dilution and quenching. The reactions were quenched with tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) prior to LC-MS analysis. Specifically, a 50 

μL aliquot of the reaction mixture was treated with 50 μL of a 2 mM TCEP stock solution 

and the sample was vortexed for 20-30 seconds. 

B. Oxime ligation conditions for N-(p-Me2N-Ph)- peptide analogs. 

The ligation conditions used for these analogs were based on previously optimized 

procedures for N-(p-Me2N-Ph)glycine-LYRAG 3.12a  (See Experimental Data 2.10, p. 46). 

Briefly, a 2 mM stock solution of peptide 3.6b-j, 3.23a-k or 3.27a-d and a 10 mM stock 

solution of O-benzylhydroxylamine hydrochloride in 0.1 M potassium phosphate (pH 6.5, 7, 

7.5, 8) or 0.1 M ammonium acetate buffer (pH 4.5 and 5.5) were prepared separately buffer. 

In a 4 mL vial, 1mL of the peptide stock solution (2 mM) was mixed with 1mL of the O-

benzylhydroxylamine hydrochloride stock solution (10 mM) to give a final concentration of 

peptide and O-benzylhydroxylamine hydrochloride of 1 mM and 5 mM, respectively. The 

solution was then sparged with oxygen for 20 seconds before sealing the reaction mixture 
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under an oxygen balloon. Samples were tested at different time points by taking aliquots and 

analyzing them immediately by LC-MS without prior quenching. Appearance of E and Z 

ketoxime products was observed as two distinct peaks: 

Ketoxime 3.15b: HPLC (5-95% MeCN, 12 min gradient) retention time = 10.25, 10.85 min; 

LC-MS (ESI) calcd for C36H53N10O8 [M + H]+ 753.4, found m/z 753.6.  

Ketoxime 3.15c: HPLC (5-95% MeCN, 12 min gradient) retention time = 10.89 min; LC-

MS (ESI) calcd for C41H55N10O8 [M + H]+ 815.4, found m/z 815.7.  

Ketoxime 3.15d: HPLC (5-95% MeCN, 12 min gradient) retention time = 11.25, 11.78 min; 

LC-MS (ESI) calcd for C42H57N10O8 [M + H]+ 829.4, found m/z 829.7.  

Ketoxime 3.15e: HPLC (5-95% MeCN, 12 min gradient) retention time = 10.81, 11.46 min; 

LC-MS (ESI) calcd for C38H57N10O8 [M + H]+ 781.4, found m/z 781.7. 

Ketoxime 3.15f: HPLC (5-95% MeCN, 12 min gradient) retention time = 10.45, 11.10 min; 

LC-MS (ESI) calcd for C37H55N9O9 [M + H]+ 767.4, found m/z 767.7.  

Ketoxime 3.15g: HPLC (5-95% MeCN, 12 min gradient) retention time = 10.86, 11.49 min; 

LC-MS (ESI) calcd for C38H57N10O8 [M + H]+ 781.4, found m/z 781.7.  

Ketoxime 3.15h: HPLC (5-95% MeCN, 12 min gradient) retention time = 11.26, 11.89 min; 

LC-MS (ESI) calcd for C39H59N10O8 [M + H]+ 795.4, found m/z 795.7.  

Ketoxime 3.15i: HPLC (5-95% MeCN, 12 min gradient) retention time = 12.13, 12.70 min; 

LC-MS (ESI) calcd for C41H63N10O8 [M + H]+ 823.5, found m/z 823.7. 

Ketoxime 3.15j: HPLC (5-95% MeCN, 12 min gradient) retention time = 13.87, 14.40 min; 

LC-MS (ESI) calcd for C45H71N10O8 [M + H]+ 879.5, found m/z 879.8.  
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Note: It is essential that these reactions are not only performed under an oxygen balloon, 

but that the solution is also sparged with oxygen for ~30 seconds prior to sealing the reaction 

under an O2 atmosphere. This appears to be especially critical when the concentration of the 

alkoxyamine ≥ 5 mM.1 

C. Control oxime ligation study using peptide 3.12b and EDTA.  

 A 4 mM stock solution of peptide 3.12b, a 40 mM stock solution of EDTA, and a 20 mM 

stock solution of O-benzylhydroxylamine hydrochloride in 0.1 M potassium phosphate 

buffer (pH 7) were prepared separately in new vials. In a new 4 mL vial with a new stir bar, 

0.5 mL of the peptide stock solution (4 mM) was mixed with 0.5 mL of the EDTA stock 

solution (40 mM) and 0.5 mL of the O-benzylhydroxylamine hydrochloride stock solution 

(20 mM). The resulting solution was diluted further with 0.5 mL of the corresponding 0.1 M 

buffer to give a final concentration of peptide, EDTA, and O-benzylhydroxylamine 

hydrochloride of 1 mM, 10 mM, and 5 mM, respectively. The solution was then sparged with 

oxygen for 10 seconds before removing the exit needle and sealing the reaction mixture under 

an oxygen balloon. Samples were tested at different time points by taking aliquots and 

analyzing them immediately by LC-MS without prior quenching. Appearance of ketoxime 

3.15b was observed.  

D. Two step oxidation/ligation procedure 

In a 4 mL vial, 1 mL of a 2 mM stock solution of peptide 3.12b-d in 0.1 M potassium 

phosphate buffer (pH 7) was prepared. The solution was then sparged with oxygen for 20 

seconds before sealing the reaction mixture under an oxygen balloon. After oxidation to the 

α-oxo-ketone (3.22b-d) was achieved (~24 h), 1 mL of the O-benzylhydroxylamine 

hydrochloride stock solution (10 mM) was mixed with the peptide to give a final 
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concentration of peptide and O-benzylhydroxylamine hydrochloride of 1 mM and 5 mM, 

respectively. Samples were tested at different time points by taking aliquots and analyzing 

them immediately by LC-MS without prior quenching.  

E. Buffer salt effect with peptide analogs 3.12a-b. 

Returning to a consistent of pH 7.5, further studies on buffer salt composition were 

performed using the same procedure as described in A, using ten different buffers (Tris, TEA, 

HEPES, TES, PIPES, phosphate, MOPS, Tricine, Bicine, imidazole) with a final buffer 

concentration of 0.1 M. Premade buffers were purchased from Alfa Aesar through Fisher 

scientific at concentrations between 0.2-1.0 M and diluted to 0.1 M using ultrapure water 

from a Synergy UV water purification system (EMD Millipore). The Britton-Robinson 

“universal buffer” was made using phosphoric acid (85% in water), glacial acetic acid, and 

o-boric acid and varying amounts of sodium hydroxide following literature procedure to 

make buffers at pH 4.6, 7 and 8.5.17 

F. Effect of phosphate buffer salt concentration with peptide analogs 3.12a-b. 

The studies were performed using the same procedure as described in B, but study to the 

effect of buffer salt concentration using potassium phosphate buffer, a stock solution of 100 

mM phosphate buffer pH 7 was diluted with ultrapure water to afford final concentration of 

50 mM, 25 mM, 10 mM, 5 mM and 1 mM potassium phosphate in water. These solutions 

were used to monitor oxidative coupling reactions. 

G. Oxime ligation studies with 3.12a-b, i-j in buffer/EtOH solvent mixtures. 

The studies were performed using the same procedure as described in B, but preparing the 2 

mM stock solution of peptide 3.12a-b, i-j using a mixture of ethanol and 0.1 M potassium 

phosphate buffer (pH 7) instead. For 5% EtOH solvent composition, 100 μL EtOH and 900 
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μL phosphate buffer were combined to make the peptide stock. For 10% EtOH solvent 

composition, 200 μL EtOH and 800 μL phosphate buffer were combined to prepare the 

peptide stock solution. For 15% EtOH solvent composition, 300 μL EtOH and 700 μL 

phosphate buffer were combined to prepare the peptide stock solution. For 25% EtOH 

solvent composition, 500 μL EtOH and 500μL phosphate buffer were combined to prepare 

the peptide stock solution. For 30% EtOH solvent composition, 600 μL EtOH and 400 μL 

phosphate buffer were combined to prepare the peptide stock solution. For 40% EtOH 

solvent composition, 800 μL EtOH and 200 μL phosphate buffer were combined to prepare 

the peptide stock solution. For 50% EtOH solvent composition, 1 mL EtOH was used to 

prepare the peptide stock solution.  

H. Sequence Effects  

The studies were performed using the same procedure as described in B. 

Ketoxime 3.18a: HPLC (5-95% MeCN, 12 min gradient) retention time = 10.26, 10.70 min; 

LC-MS (ESI) calcd for C41H52N11O8 [M + H]+ 826.4, found m/z 826.6. 

Ketoxime 3.18b: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.85, 9.46 min; 

LC-MS (ESI) calcd for C35H49N10O10 [M + H]+ 769.4, found m/z 769.6.  

Ketoxime 3.18c: HPLC (5-95% MeCN, 12 min gradient) retention time = 10.42, 10.70 min; 

LC-MS (ESI) calcd for C33H47N10O8S [M + H]+ 742.3, found m/z 742.6.  

Ketoxime 3.18d HPLC (5-95% MeCN, 12 min gradient) retention time = 8.30, 8.90 min; 

LC-MS (ESI) calcd for C36H54N11O8 [M + H]+ 768.4, found m/z 768.6.  

Ketoxime 3.18e: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.77, 9.36 min; 

LC-MS (ESI) calcd for C33H47N10O9 [M + H]+ 727.3, found m/z 727.6.  
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Ketoxime 3.18f: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.59, 9.20 min; 

LC-MS (ESI) calcd for C35H50N11O9 [M + H]+ 768.4, found m/z 768.6.  

Ketoxime 3.21a: HPLC (5 – 95% MeCN, 12 min) retention time = 11.30, 11.49 min; LC-

MS (ESI) m/z: [M + H]+ Calcd for C46H54N11O8 888.4, Found 888.6. 

Ketoxime 3.21b: HPLC (5 – 95% MeCN, 12 min) retention time = 10.36, 10.51 min; LC-

MS (ESI) m/z: [M + H]+ Calcd for C40H51N10O10 831.4, Found 831.6. 

 Ketoxime 3.21c: HPLC (20 – 80% MeCN, 12 min) retention time = 8.50, 8.78 min; LC-MS 

(ESI) m/z: [M + H]+ Calcd for C41H56N11O8 830.4, Found 830.7. 

Ketoxime 3.21d: HPLC (5 – 95% MeCN, 12 min) retention time = 11.13, 11.44 min; LC-

MS (ESI) m/z: [M + H]+ Calcd for C38H48N10O8S 804.3, Found 804.6. 

 Ketoxime 3.21e: HPLC (5 – 95% MeCN, 12 min) retention time = 10.35, 10.51 min; LC-

MS (ESI) m/z: [M + H]+ Calcd for C38H49N10O9 789.4, Found 789.5.  

Ketoxime 3.21f: HPLC (5 – 95% MeCN, 12 min) retention time = 10.14, 10.30 min; LC-MS 

(ESI) m/z: [M + H]+ Calcd for C40H52N11O9 830.4, Found 830.6; 

I. Peptide-peptide ligation. 

A 2 mM stock solution of peptide 3.12b-d and a 20 mM stock solution of aminooxyacetyl-

GRGDSGG (3.23) were prepared separately in 0.1 M potassium phosphate buffer (pH 7). In 

a 4 mL vial, 1 mL of peptide 3.12b-d stock solution (2 mM) was mixed with 1 mL of the 

aminooxyacetyl-GRGDSGG 3.23 stock solution (20 mM) give final concentrations of 1 mM 

and 10 mM for peptides 3.12b-d and 3.23, respectively. The solution was then sparged 

vigorously with oxygen for 20 seconds, followed by reducing bubbling of O2 to a minimum 
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flow for 12- 24 h. Samples were tested at different time points by taking aliquots and 

analyzing them by LC-MS, following dilution. Samples were analyzed immediately without 

quenching. Appearance of oxime was observed:  

Ketoxime 3.24: HPLC (5-95% MeCN, 12 min gradient) retention time = 7.70 min; LC-MS 

(ESI) calcd for C53H84N19O20 [M + H]+ 1307.4, found m/z 1707.7. 

Ketoxime 3.25: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.31 min; LC-MS 

(ESI) calcd for C58H85N19O20[M + H]+ 1369.4, found m/z 1369.9. 

Ketoxime 3.26: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.63 min; LC-MS 

(ESI) calcd for C59H87N19O20 [M + H]+ 1382.5, found m/z 1382.9.  

These reactions were left under a flow of oxygen due to the excess of aminooxyacetyl-

GRGDSGG 3.23. Previous work showed that when using > 5 mM alkoxyamine 

concentrations, sparging of the solution with O2 is critical. 
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CHAPTER 4: Utility of N-aryl peptides for hydrazone peptide ligation 

4.1. Introduction to hydrazone ligation  

In chapters 2 and 3, N-aryl peptides were used as precursors for aldoxime and ketoxime 

peptide-peptide ligations under aerobic conditions.1-3 This method for oxime ligation has been 

limited to head-to-head (N-to-N) ligations (Figure 4.1a) due the synthetic challenges of 

incorporation of aminooxy functional groups at the C-terminus. Being able to perform head-to-tail 

(N-to-C) ligations would allow for sequential ligations and the opportunity for subsequent 

elongation (Figure 4.1b). Hydrazides have been incorporated at the C-terminus of peptides4-9 and 

can be used to access hydrazone ligation products. Utilizing N-aryl peptides for hydrazone ligation 

is also an opportunity to try a different α-nucleophile and study reactivity differences. To our 

knowledge, there are no examples of kethydrazone peptide-peptide ligations in the literature and 

N-aryl peptides could be used as a straightforward method to get substituted hydrazone ligation 

products.  

 

 

 

 

 

 

Figure 4.1. Utility of N-aryl peptide for a) head-to-head oxime peptide ligation and b) head-

to-tail hydrazone peptide ligation. 
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Stability differences between oximes and hydrazones are well documented (see chapter 1, 

p. 5, section 1.2). Although hydrazone bonds have been shown to be more prone to hydrolysis than 

oxime bonds, this feature has been used in slow drug release strategies.10 Compared to a native 

amide bond, hydrazones obtained from the ligation of N-aryl peptides and peptide hydrazides are 

only a single atom extension, overall, allowing us to mimic a natural peptide closely (Figure 4.2). 

Hydrazino turns take advantage of hydrogen bonding through replacing the Cα-carbon with a NH 

to help induce secondary structures of peptides.11-13  

 

 

  

The main structural difference in hydrazino turns and hydrazones is the double bond present in 

hydrazone bonds (Figure 4.3). Since multiple isomers are possible with hydrazones, the Z-isomer 

would likely be necessary to use these as turns. Keeping this in mind, we would like to control 

hydrazone conformation by turning the side chain diversity in N-aryl peptides. In this chapter, C-

to-N peptide-peptide hydrazone ligation of C-terminal peptide hydrazides and N-aryl peptides will 

be described.  

 

  

 

 

Figure 4.3. Structural difference between a hydrazino turn and a hydrazone as a turn. 

Figure 4.2. Structural difference between a native amide bond and hydrazone bond. 
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4.2 Design and synthesis of peptides with C-terminal hydrazides and N-aryl peptides 

 To optimize hydrazone ligations, two sets of peptides were synthesized: peptides 

containing a hydrazide on the C-terminus and peptides with N-aryl amino acids on the N-terminus. 

Although hydrazine and hydrazides can be used in hydrazone ligation, hydrazines have shown to 

be less stable starting materials and result in less stable hydrazones.9 To install a C-terminal 

hydrazide, 2-chlorotrityl chloride resin was used instead of the Rink amide resin that is used in the 

synthesis of N-aryl peptides (Scheme 4.1). The resin is subjected to displacement conditions using 

hydrazine monohydrate. Following the introduction of hydrazine monohydrate, traditional Fmoc 

solid phase peptide synthesis procedure was used to synthesize the remainder of the sequence and 

then the peptide was cleaved off the solid support. The initial test sequence used was inspired by 

the peptide sequence used in oxime ligations done in chapters 2 and 3. The aminooxy peptide (2.11 

and 3.23) was very hydrophilic and difficult to monitor via LC-MS in our previous work, which 

led us to the add a hydrophobic phenylalanine to the sequence in this work to give peptide 4.4. 

This peptide was isolated in 42% yield (see Table 4.7, p. 135 for full characterization).  

 

 

 

 

 For the initial testing of hydrazone ligation, the same N-aryl peptide test sequence from 

chapters 2 and 3 was used. Both N-(p-MeO-Ph)- and N-(p-Me2N-Ph)-glycine LYRAG were made 

to test their ability to undergo ligation at varying pH (See chapter 2, p. 22, section 2.2). N-(p-

Me2N-Ph)-aryl peptides with varying Cα-substituents were synthesized to have diversity at the 

Scheme 4.1. Synthesis procedures for peptide hydrazides on solid support. 
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hydrazone ligation site as well as to test the stability of the resulting products. (See chapter 3, p. 

63, section 3.2). Characterization of these peptides can be found in the previous chapter (See 

chapter 3, p. 68, Table 3.1). 

4.3 Optimization of oxidative coupling between N-aryl peptides and peptide hydrazides for 

hydrazone ligations 

With both sets of peptides synthesized, the optimized ligations used for oxime ligation was 

tested for hydrazone ligations. N-(p-MeO-Ph)G-LYRAG 4.5a was tested to see if the optimized 

conditions shown in chapter 2 were also optimal for hydrazone ligations (Table 4.1). When trying 

the optimized conditions for ligations with O-benzylhydroxylamine (air, pH 4.5), the amount of 

oxidation was about 10% less for the hydrazone than the oxime ligation, and there was a significant 

amount (20%) of the hydrolysis side product (Table 4.1, Entry 1). In contrast, when utilizing this 

N-aryl peptide substrate 4.5a under identical conditions for oxime ligation, there was no hydrolysis 

observed. Placing the reaction under an oxygen atmosphere instead of leaving it open to air resulted 

in a higher oxidation rate but also increased the amount of hydrolysis, giving an overall lower 

conversion to the desired hydrazone product. Although the mass was not detected, in contrast to 

aminooxy residues, the peptide hydrazide could be undergoing oxidation as well. To increase 

conversions, using a greater amount of the hydrazide was tested. The oxidation appeared to be 

slower as the concentration of hydrazide increased. This was also observed in oxime ligation with 

an increase of the aminooxy nucleophile. After 72h, 93% oxidation and 79% of the desired 

hydrazone product was observed when using a 1:5 ratio of N-(p-MeO-Ph)G-LYRAG 4.5a and 

peptide hydrazide 4.4. Going to a 1:10 ratio, resulted in slower oxidation (83% oxidation after 96h 

hours), less hydrolysis (6%) and overall, 77% of the desired hydrazone product (Table 4.1, Entry 



113 
 

4). Compared to previous unsubstituted hydrazone peptide-peptide ligation starting from α-oxo 

aldehyde substrates, our conditions are slower and overall hydrazone product formation is lower.15  

  

 

 When testing triggered ligation conditions with potassium ferricyanide at pH 7, the 

oxidation was slower than what was observed in the oxime ligation, resulting in only 39% 

oxidation and 29% hydrazone ligation product (Table 4.1, Entry 5). For oxime ligation, 71% 

oxidation was achieved using potassium ferricyanide. Potassium ferricyanide has been used to 

purposely oxidize hydrazides which could account for the lack of conversion to the desired 

hydrazone product.12 Although the oxidation using potassium ferricyanide did not result in high 

conversion to the desired hydrazone ligation, using oxygen at pH 4.5 lead to high conversions. 

However, it required 72-96 h and 5-10 equivalents of peptide hydrazides.  

Entry 

Initial 

N-aryl peptide:  

peptide hydrazide 

ratioa 

Oxidation 

conditions 
Time 

% 

Oxidation 

Hydrazone/ 

aldehyde ratio 

% 

Ligation 

product 

1 1:1 pH 4.5, air 24h 67 70:30 47 

2 1:1 pH 4.5, O
2

b 

 24h 78 50:50 40 

3 1:5 pH 4.5, O
2

b 

 72h 93 85:15 79 

4 1:10 pH 4.5, O
2

b 
96h 83 93:7 77 

5 1:1 
pH 7, 1 mM 

K
3
[Fe(CN)

6
] 

24h 39 76:24 29 

Table 4.1. Ligation conditions of N-(p-MeO-Ph)G-LYRAG 4.5a with FGRGDSGG-NHNH2 

4.4 to form hydrazone product 4.9a. 

aN-aryl peptide concentration was 1 mM and peptide hydrazide concentration were 1, 5, or 10 mM. bReaction 

was performed under O2 atmosphere (oxygen balloon). 
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Keeping in mind that N-to-C peptide ligations between peptide hydrazides and N-aryl 

peptides could be used for total protein synthesis, it is important to make sure other orthogonal N-

aryl peptides can be used in hydrazone ligations. N-(p-Me2N-Ph)G-LYRAG 4.6a was tested first 

using different ratios of peptide hydrazides (Table 4.2, Entries 1-3). In previous attempts with 

peptide-peptide ligations using oxime ligation, a 10-fold excess was needed to minimize hydrolysis 

(See chapter 2, p. 29, section 2.6 and chapter 3, p. 82, section 3.9). Similar to the previous studies 

with oxime ligations, over 99% oxidation of the N-aryl peptide was achieved in as little as 8 hours. 

Using a 5- or 10-fold excess of peptide hydrazide resulted in nearly 90% conversion to the desired 

product. This conversion is significantly better than the peptide ligation seen in chapter 2 resulting 

in only 50% oxime. Even in the case of a 1:10 ratio of reagents, there is still a small amount of 

hydrolysis observed. To try to minimize hydrolysis further, the idea of using higher concentration 

of each reagent arose. Since the application we envision for this work is total protein synthesis, 

being at higher concentrations for ligation would allow for more of the final product after isolation. 

It is important to not have too much excess of ligation reagent this technique in one-pot sequential 

ligation reactions without purification in between, especially in the case of using two or more 

orthogonal N-aryl peptides. These thoughts led to trying ligations at a 1:1 ratio of peptides at 10 

mM each (Table 4.2, Entry 4), which led to >99% oxidation with no hydrolysis observed. When 

trying to attempt the reaction at higher concentrations (50 mM each peptide), the peptides did not 

dissolve completely. The results at 10 mM of both N-(p-Me2N-Ph)G-LYRAG 4.6a and 

FGRGDSGG-NHNH2 4.4 were very encouraging and shows potential for using this for sequential 

one-pot ligations without purifications since there is no excess of reagents.  
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4.4 Finding optimal conditions for oxidation of Cα-Substituted N-aryl peptides for 

hydrazone ligations 

Next, Cα-substituted N-aryl peptides were tested to provide access to different substituted 

hydrazone ligation products. In Chapter 3, it was established that the p-Me2N- substitution on the 

aryl ring is required for oxidation with N-aryl peptides other than glycine derivatives (see chapter 

3, p. 64, section 3.3). Chapter 3 also showed that having a substitution at the Cα-position resulted 

in differences in reactivity. With that in mind, it was important to optimize hydrazone ligations 

with varying substituents.  

First, the impact of a methyl group at the α-carbon was examined (Table 4.3). At 1 mM 

concentration for each peptide, N-(p-Me2N-Ph)A-LYRAG 4.6b and FGRGDSGG-NHNH2 4.4, 

>99% oxidation was achieved after 24 hours (Table 4.3, Entry 1), which was also observed in 

oxime ligation (see chapter 3, p. 64, section 3.3). However, the hydrolysis side product was the 

major product.  When increasing the amount of peptide hydrazide 4.4 to a 1:10 ratio with N-(p-

Me2N-Ph)A-LYRAG 4.6b, as expected, the conversion to the desired hydrazone product was 

Entry 

Initial 

N-aryl peptide: peptide 

hydrazide ratioa 

Hydrazone/ 

aldehyde ratio 
% Oxidation 

% Ligation 

product 

1 1:1 74:26 >99 74 

2 1:5 89:11 >99 89 

3 1:10 88:12 >99 88 

4 1:1b -- >99 >99 

Table 4.2. Ligation conditions of N-(p-Me2N-Ph)G-LYRAG 4.6a and FGRGDSGG-NHNH2 

4.4 to form hydrazone product 4.9a under oxygen atmosphere at pH 7.  

. 

aN-aryl peptide concentration was 1 mM and peptide hydrazide concentration were 1, 5, or 10 mM. bN-aryl peptide 

concentration was 10 mM and peptide hydrazide concentration were 10 mM. 
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found to be 77% (Table 4.3, Entry 4). In section 4.3, running the reaction at a 1:1 ratio of reagents 

with 10 mM peptide concentrations resulted in overall better conversion to the hydrazone ligation 

product 4.9a when working with the glycine variant. This was tested for the alanine variant. In the 

case of N-(p-Me2N-Ph)A-LYRAG 4.6b, the oxidation was slower, only achieving 55% oxidation 

after 24h. Leaving the ligation for an additional 24h resulted in over 90% oxidation and 83% of 

the desired product (Table 4.3, Entry 5). Another important observation was that there was only 

one peak observed by analytical HPLC, suggesting that only one isomer may be present. Running 

the sample at different gradients on the LC-MS did not result in the appearance of another peak. 

Having the ability to control the number of isomers formed upon ligation would be a great feature. 

 

 

 

 

 

 

 

 

 

Entry 

Initial 

N-aryl peptide: 

peptide hydrazide ratioa 

Time 
% 

Oxidation 

Hydrazone/ 

ketone ratio 

% Ligation 

product 

1 1:1 24h >99 36:64 36 

2 1:2 24h >99 50:50 50 

3 1:5 24h >99 60:40 60 

4 1:10 24h >99 77:23 77 

5 1:1b 48h 98 85:15 83 

Table 4.3. Ligation of N-(p-Me2N-Ph)A-LYRAG 4.8b and FGRGDSGG-NHNH2 4.4a to 

form hydrazone product 4.12b. 

aN-aryl peptide concentration was 1 mM and peptide hydrazide concentration was 1, 2, 5, or 10 mM. bN-aryl 

peptide concentration was 10 mM and peptide hydrazide concentration was 10 mM. 
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4.5 Testing the effect of varying aryl ring substitutions on hydrazone ligation abilities 

 Keeping in mind that other substitutions on the aryl showed the ability to oxidize under 

oxygen atmosphere and in oxime ligations (see Chapter 3, p. 84, section 3.11), some of the 

successful analogs were tested for hydrazone ligations with the hopes of possibly increasing the 

rate of ligation and minimizing hydrolysis (Table 4.4). N-(p-C4H8N-Ph)-A-LYRAG 4.12b showed 

impressive results for oxidation in the case of oxime ligation (see chapter 3, p. 84, section 3.11). 

In the case of hydrazone ligation, this analog also resulted in a >99 oxidation after 24h. However, 

there was an observation of not only some hydrolysis side product, but an additional more 

hydrophobic side product which was a major product. This new side product is only observed in 

the N-(p-C4H8N-Ph)- analog and is still unidentified. This overall resulted in low conversion (49%) 

of the desired hydrazone product (Table 4.4, Entry 1). 

 

 

Entry 

N-aryl 

peptide: 

 

Initial 

N-aryl peptide:  

peptide hydrazide 

ratioa 

pHb Time 
% 

Oxidation 

Hydrazone/ 

ketone ratio 

% Side 

productc 

 

% 

Ligation 

product 

1 
4.11b  

1:1 pH 7 24h >99 82:18 42 49 

2 
4.12b 

1:1 pH 8 48h 66 76:24 -- 50 

3 
4.13b 

1:1 pH 7 168h 69 85:15 -- 59 

Table 4.4. Oxidation conditions and ligation of varying N-aryl-A-LYRAG peptides 4.11-

4.13b and FGRGDSGG-NHNH2 4.4 to form hydrazone product 4.9b. 

aN-aryl peptide concentration was 10 mM and peptide hydrazide concentration was 10 mM. bReaction was 

performed under O2 atmosphere (oxygen balloon). cAppearance of a side product (m/z = 969) is observed. 
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 In Chapter 3, section 3.9, having a p-hydroxyl group on the aryl ring of the N-aryl peptide 

resulted in fast oxidation at pH 8 and no reactivity at lower pH, which means it has the possibility 

of being used orthogonally with other N-aryl peptides that can proceed at those lower pHs. In the 

case of hydrazone ligation, the oxidation of N-(p-HO-Ph)A-LYRAG 4.12b was slower than N-(p-

Me2N-Ph)A-LYRAG 4.6b and resulted in more hydrolysis product which doesn’t make this an 

ideal analog to use (Table 4.4, Entry 2). However, the fact that it does react at a different pH makes 

it appealing for orthogonal ligations in the future.  

In the case of the N-(p-Et2N-Ph)A-LYRAG 4.13b, oxime ligation and oxidation were 

shown to be slower than the related dimethylamino-substituted analog. After 7 days (168h), only 

69% oxidation was observed with 59% hydrazone ligation product. Although the hydrazone to 

ketone ratio was 85:15, respectively, the rate of ligation is significantly slower making this analog 

less ideal for ligations. For all these varying aryl ring analogs, more optimization could result in 

better utility of these analogs.     

4.6 Expanding side chain diversity in kethydrazone peptides 

The p-dimethylamino substitution on the aryl ring showed the most promise for ligations 

at pH 7 and provided access to kethydrazone ligation products. Using the data from trying the 

ligations with the glycine (N-(p-Me2N-Ph)G-LYRAG 4.6a) and alanine variant (N-(p-Me2N-

Ph)A-LYRAG 4.6b) of the N-aryl peptides, the optimized conditions for hydrazone ligation were 

tested with a phenyl (N-(p-Me2N-Ph)phenylglycine-LYRAG 4.6c) and benzyl (N-(p-Me2N-Ph)F-

LYRAG 4.6d) substitution at the Cα-position (Table 4.5).  For N-(p-Me2N-Ph)phenylglycine-

LYRAG 4.6c, using 10 mM of each peptide resulted in similar oxidation rates to N-(p-Me2N-

Ph)A-LYRAG 4.6b, requiring 48h and ultimately resulting in 81% conversion to the desired 

hydrazone ligation product (Table 4.5, Entry 1). This ligation also resulted in only one peak 



119 
 

detected by LC-MS, suggesting formation of a single isomer which is consistent with the alanine 

variant. When trying the optimized conditions (10 mM:10 mM) to ligate N-(p-Me2N-Ph)F-

LYRAG 4.6d and FGRGDSGG-NHNH2 4.4, the oxidation was significantly slower than the other 

analogs requiring 120h to achieve 56% oxidation. Although there was no hydrolysis observed for 

this analog, there was a different unidentified side product observed.  To find optimal conditions  

for N-(p-Me2N-Ph)F-LYRAG 4.6d, different concentrations and ratios of peptides were tested 

(Table 4.5, Entries 2-5).  When the concentration was lowered back to 1 mM of each peptide, the 

oxidation was faster, but the major product was not the desired hydrazone product (Table 4.5, 

Entry 3). By increasing the peptide hydrazide concentration 10-fold, 90% oxidation was achieved  

 

 

 

 

 

 

 

 

Entry R1 = 

Initial 

N-aryl peptide: 

peptide 

hydrazide ratio 

Time 

required 

% 

oxidation 

Hydrazone/ 

ketone ratio 

% side 

product 

% 

ligation 

product 

1 Ph 1:1a 48h >99 81:19 -- 81 

2 Bn 1:1a 120h 56 -- 17 39 

3 Bn 1:1b 72h >99 -- 78 12 

4 Bn 1:5b 72h >99 -- 40 60 

5 Bn 1:10b 96h 90 -- 14 76 

 

aN-aryl peptide concentration was 10 mM and peptide hydrazide concentration was 10 mM. b N-aryl 

peptide concentration was 1 mM and peptide hydrazide concentration was 1, 5 or 10 mM. 

 

Table 4.5. Oxidation conditions and hydrazone ligation of N-aryl peptides 4.6c-d and 

FGRGDSGG-NHNH2 4.4. 
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in 96h and resulting in 76% desired product (Table 4.5, Entry 7). These conditions mimic the 

optimized conditions for oxime peptide ligation (see chapter 3, p. 82, section 3.9). In the case of 

oxime ligation using N-(p-Me2N-Ph)F-LYRAG 4.6d, the lack of E/Z control  was very apparent 

(i.e. two peaks were observed by LC-MS analysis) (see chapter 3, p. 82, Figure 3.14). For 

hydrazone ligations, only one peak was detected by LC-MS, suggesting formation of a single 

isomer for this analog. Being able to vary the side chain diversity at the site of ligation and 

controlling the number of isomers is important in protein and peptide synthesis. Not only is it 

important to mimic the functionality, but it is also important to have control of the secondary 

structure. We hypothesize the Z isomer would be promoted due to steric hinderance.  

 

 

 

 

 

 

Entry N-aryl peptide 

Initial 

N-aryl peptide: peptide 

hydrazide ratio 

Buffer pHd Time 
% 

Oxidation 

% Ligation 

product 

1 4.5a 1:5a pH 4.5 72h 93 79 

2 4.6a 1:1b pH 7 8h >99 99 

3 4.6b 1:1b pH 7 48h 98 83 

5 4.6c 1:1b pH 7 48h >99 81 

5 4.6d 1:10c pH 7 96h 90 76 

Table 4.6. Summary of optimized oxidation conditions and hydrazone ligation of N-aryl 

peptides 4.6a, 4.7a-d and FGRGDSGG-NHNH2 4.4. 

aN-aryl peptide concentration was 1 mM and peptide hydrazide concentration was 5 mM.bN-aryl peptide 

concentration was 10 mM and peptide hydrazide concentration was 10 mM. cN-aryl peptide concentration was 

1 mM and peptide hydrazide concentration was 10 mM. dReaction was performed under O2 atmosphere (oxygen 

balloon). 
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4.7. pH effects on hydrazone ligations 

 Confirming the optimal pH range for hydrazone ligation was necessary due to reactivity 

differences of varying N-aryl peptides. Since reactivity for N-(p-MeO-Ph)G-LYRAG 4.5a has 

shown to require acidic conditions, pHs 2-7 were screened. Higher conversion was observed at pH 

3.8 than at pH 4.5, resulting in 99% desired hydrazone product after 72h. At pH 2, there was a 

complete shutdown of reactivity of N-(p-MeO-Ph)G-LYRAG 4.5a was observed with no desired 

product formed. Any pH above 4.5 resulted in no oxidation of N-aryl peptide 4.5a and subsequent 

hydrazone ligation. In the context of oxime ligation, there was some conversion at pH 5.5 (30%, 

see chapter 2, p. 25, Figure 2.1). For hydrazone peptide ligation, reactivity of N-(p-MeO-Ph)G-

LYRAG 4.5a is either on, giving the desired product in high conversions or no reactivity at all is 

detected.   

 

 

 

 

 

 

 

  

 For oxime ligation, the optimal pH for reactivity of all N-(p-Me2N-Ph)-peptide analogs was 

around neutral pH 7. The same pH screen was performed for hydrazone ligation to test for any 
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Figure 4.4. a) Hydrazone ligation of N-(p-MeO-Ph)G-LYRAG 4.5a with FRGRDSGG-

NHNH2 4.4 b) % hydrazone 4.9a formation at pH 2-7.  
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differences in the optimal pH. In the case of N-(p-Me2N-Ph)-peptide analogs 4.6a-d, the optimal 

pH for hydrazone ligation was around pH 7-7.5, which aligns with the results when utilizing these 

analogs for oxime ligation. Unlike the N-(p-MeO-Ph)G-LYRAG 4.6a, there seems to be a gradual 

increase of reactivity of the N-(p-Me2N-Ph)-peptide analogs with an increase in pH which was 

also observed in oxime ligation. 

 

 

 

 

 

 

 

 

  

 

4.8.  Examining the effect of varying neighboring amino acid on hydrazone ligation  

 During the optimization process for hydrazone ligation, upon ligation of all analogs (4.6a, 

4.7a-d), there was only one peak detected by LC-MS, suggesting formation of a single isomer. We 

were curious if the number of isomers was dependent on the sequences. In chapter 3, for particular 

Cα-substitutions, the preceding amino acid did impact the E/Z ratios (see chapter 3, p. 70, section 

3.5). To test this idea as well as show compatibility of other amino acids near the hydrazone 

ligation site, various C-terminal peptide hydrazide (Scheme 4.1) and N-aryl peptide sequences 
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Figure 4.5. Hydrazone ligation of N-(p-Me2N-Ph)G-LYRAG 4.6a-d with FRGRDSGG-

NHNH2 4.4 at pH 4.5-8. 
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(Scheme 4.2) were also synthesized (see chapter 3, p. 96, and chapter 4, p. 135-136 for 

characterization). Not only was the neighboring amino acid on the peptide hydrazide and the N-

aryl peptide tested, analogs with various Cα-substitutions were also synthesized and tested. 

Keeping the N-aryl peptide sequences constant, different peptides with C-terminal hydrazides were 

used in peptide ligation (Figure 4.6). Hydrazone ligation was achieved in high conversion (88- 

71%) for all cases and presumably resulted in one isomer.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Hydrazone ligation of N-(p-Me2N-Ph)- analogs 4.7a-d with peptide hydrazides 

containing varying neighboring amino acids. For analogs 4.7a-c, initial peptide concentrations 

were 10 mM each. For analog 4.7d, initial peptide concentrations of the N-aryl peptide and 

peptide hydrazide was 1 and 10 mM, respectively.  
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 Next, the C-terminal peptide hydrazide was kept constant and coupled to N-aryl peptides 

with varying neighboring amino acids were tested (Figure 4.7). Due to retention time overlap by 

LC-MS of the desired hydrazone and the hydrolysis side product in the case N-(p-Me2N-Ph)-A-

SYRAG, the sequence was slighted altered to change retention times switching Gly to Phe.  These 

hydrazone ligations were also successful and resulted in conversions from 50% to 85%, and in 

most cases, the remaining percentage was hydrolysis. As above, only one peak was detected by 

LC-MS in all cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Hydrazone ligation of peptide hydrazide 4.4 with N-(p-Me2N-Ph)- peptide analogs 

containing varying neighboring amino acids. For analogs 4.19b-c and 4.20b-c, initial peptide 

concentrations were 10 mM each. For analog 4.19d and 4.20d, initial peptide concentrations 

of the N-aryl peptide and peptide hydrazide was 1 mM and 10 mM, respectively. 



125 
 

 To test ligation compatibility of more than one bulky neighboring side chain, FGRGDSGF-

NHNH2 4.16 and N-(p-Me2N-Ph)F-WYRAG 4.19d were subjected to hydrazone ligation 

conditions (Scheme 4.2). Conversion to the desired hydrazone product was achieved (73%) and 

also resulted in one only isomer. Interestingly, both the neighboring amino acids and side chain 

chemistry at the site of ligation do not seem to influence the E/Z isomer ratio in kethydrazone 

ligations, consistently providing only one peak by LC-MS analysis, even under different gradients 

 

 

4.9. Stability of Hydrazone Ligation products 

 Hydrazone bonds are known in the literature to be more prone to hydrolysis and overall, 

less stable than oxime bonds.15 In the context of small molecule ligations, substituted hydrazone 

ligation products have shown to be more stable than unsubstituted hydrazones.16 Since there is 

little in the literature on substituted hydrazone ligation products and their utility in peptide-peptide 

ligation, we wanted to examine the stability of our ligation products when varying the Cα- 

substitution. We envisioned being able to tune the stability of the hydrazone linkage depending on 

the substituent at the site of ligation. This could be a useful tool in stimuli-responsive 

peptidomimetics.   

 

 

Scheme 4.2. Hydrazone ligation of N-(p-Me2N-Ph)-F-WYRAG analogs 4.19d with peptide 

hydrazide 4.16. 
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4.9.1 Examining Hydrolysis of Hydrazone ligation products at varying pHs 

  The literature shows that hydrazones are prone to hydrolysis under acidic conditions (pH 

< 6).15 After isolation, the hydrazone ligation products were redissolved at various pHs to observe 

how readily these hydrazones undergo hydrolysis with varying Cα-substitutions (Figure 4.8). It is  

  

Figure 4.8. Monitoring hydrolysis of hydrazone ligation products 4.9a-d at b) pH 2, c) pH 

4.5 and d) pH 7 
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important to note that the hydrolysis reaction is reversible. The amount of hydrolysis observed 

may be giving insight on how electrophilic the resulting ketone or aldehyde product is. When the 

hydrazone products were dissolved in 0.1% TFA in H2O (pH 2), hydrolysis was observed in all 

cases (Figure 4.8b). However, the rate of hydrolysis differed depending on the Cα-substitution at 

the site of ligation. The benzyl substituted hydrazone 4.9d produced the hydrolysis product the 

fastest and the methyl substituted hydrazone 4.9b slightly slower.  The unsubstituted hydrazone 

4.9a did not produce the hydrolysis product as fast as 4.9b and 4.9d. The phenyl substituted 

hydrazone 4.9c yielded the α-oxo ketone the slowest. At pH 4.5, the overall amount of hydrolysis 

in all the cases was lower than at pH 2 (Figure 4.8c). At this pH, the methyl substituted hydrazone 

4.9b had the most hydrolysis after 24h. When the hydrazone products were redissolved in pH 7 

buffer, no hydrolysis was observed for any of the analogs (Figure 4.8d). Although hydrolysis was 

observed at low pHs, the hydrazone ligation products were stable with various substitutions at the 

site of ligation at neutral pH 7.  

4.9.2.  Examining hydrazone and oxime exchange capabilities in the presence of O-

benzylhydroxylamine 

 Another way to look at the stability of the hydrazone ligation product is by introducing a 

competitive nucleophile and observing the rate at which the new ligation product is formed. 

Examples of hydrazone and oxime exchanges have been demonstrated in the literature using 

simple unsubstituted ligation products, and there is not very much information on substituted 

ligation products because such products have been difficult to access starting from less 

electrophilic ketones. These studies show that in the presence of an aminooxyacetyl- terminated 

peptide and aniline, exchange from the hydrazone ligation product to the oxime ligation product 

can be achieved in 24h.17 To test how readily hydrazones 4.9a-d can undergo exchange to form 
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oxime bonds, the analogs were dissolved in pH 4.5 buffer at a 1 mM concentration in the presence 

of 1.1 mM O-benzylhydroxylamine as an aminooxy source.  

 Oxime formation without an aniline catalyst was slow and low converting for all 

hydrazones (4.9a-d) (data not shown). The fact that aniline is required also confirms that 

Figure 4.9. Oxime exchange studies with hydrazones 4.9a-d and O-benzylhydroxylamine in 

the presence of aniline. Monitoring the increase of oxime 4.24a-d and decrease of b) hydrazone 

4.9a, c) hydrazone 4.9b, d) hydrazone 4.9c, and e) hydrazone 4.9d. 
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hydrazones are less reactive after formation and reiterates the significance of the Schiff base 

intermediate for oxime formation. Significant differences in oxime exchange capabilities arose 

with the addition of aniline. For the unsubstituted hydrazone 4.9a, oxime formation was extremely 

fast and complete exchange was observed after 4 hours which is similar to results observed by the 

Dawson group with an almost identical hydrazone. The substituted analogs 4.9b-d took much 

longer and after 24h still had not completely exchanged to the oxime product. Hydrazone 4.9d 

undergos exchange the slowest. Although the exchange reaction was slow for the phenyl 

substituted hydrazone 4.9c, a new peak was observed via LC-MS with the same mass as 4.9c, 

which we believed was the result of isomerization of the hydrazone. At this point, we did not know 

if the aniline or O-benzylhydroxylamine was causing this to occur. In the case of the substituted 

ligation products, the stability difference between the oxime and hydrazone may not be as 

significant as the unsubstituted ligation products. The differences in exchange rates may also be 

due to the change of electrophilicity of the Schiff base intermediate with different substitutions at 

the Cα-position.  

4.9.3.  Isomerization capabilities 

 Since isomerization was observed in the phenyl substituted hydrazone during the 

hydrolysis and exchange studies, we wanted to test if this can be achieved without aniline and O-

benzylhydroxylamine. The hydrazone products were redissolved at pH 4.5 and heated to 45°C to 

see if isomerization was possible, as well as to probe if there was any observation of isomerization 

for other hydrazone ligation products (4.9a-b, d).  For hydrazones 4.9a-b, d, no other isomers were 

observed after heating to 45°C for 3 days, just an increase of hydrolysis over time (Figure 4.10b-

c, e).   
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Figure 4.10. Isomerization attempt of hydrazones 4.9a-d. LC-MS traces at 214 nm at t = 0 and 

t = 72h of b) hydrazone 4.9a, c) hydrazone 4.9b, d) hydrazone 4.9c, and e) hydrazone 4.9d. 
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 Isomerization of hydrazone 4.10c was observed overtime with heat (Figure 4.10d). At pH 

4.5 at room temperature, isomerization of hydrazone 4.10c was not observed. When repeating this 

same isomerization test at pH 7 at 45°C, little isomerization was observed. Having the ability to 

control isomerization could be useful for conformation control of peptide secondary structures.   

4.10. Summary of hydrazone peptide ligation 

 In summary, hydrazone ligation using N-aryl peptides and C-terminal peptide hydrazides 

shows a mild way to access head-to-tail peptide-peptide ligation with the option to have diversity 

at the site of ligation. There are opportunities for orthogonal ligations by varying the pH and taking 

advantage of the tunability of N-aryl peptides. In the case of hydrazone ligation, there was only 

one peak observed by LC-MS, suggesting that only one isomer may be present in all cases, even 

with varying the sequences and the Cα-substitution. Through studying the stability of the 

hydrazone ligation products, differences in substitutions at the site of ligation impacted the stability 

of the bond. Also, having the ability to control isomerization could be useful for controlling 

conformation which is useful in the context of making protein like structures and could be used in 

stimuli-responsive peptidomimetics. So far, we have optimized these ligations on a random 

sequence that is not known to adopt a secondary structure. It would be interesting in explore our 

method to access ligation products on sequences that are known to adopt a β-hairpin and 

investigating the effect of different substitution at the site of ligation on secondary structure. With 

access to hydrazides on the C-terminus and N-aryl amino acids on the N-terminus, this opens the 

opportunity to explore the utility of hydrazone ligation in intramolecular macrocyclization of 

peptides (Chapter 5).  
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4.11. Experimental Data 

I. General methods 

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

Protein Technology, Inc™, and the manufacturer’s reported loading of the resin was used in the 

calculation of the yields. 2-Chlorotrityl chloride resin (1.6 mmol or 1.46 mmol Cl-/g) was 

purchased from Chem Impex Int’l, Inc. and the manufacturer’s reported loading of the resin was 

used in the calculation of the yield. Solid phase peptide synthesis (SPPS) was performed using an 

automated Biotage Syro WaveTM peptide synthesizer in 10 mL parallel reactors with PTFE frits. 

Incorporation of hydrazine and N-aryl amino acids were performed manually in disposable filter 

columns with 20 µM PE frit filters and caps purchased from Applied Separations (cat # 2413 and 

2416 for 3 mL and 6 mL filter columns, respectively) with gentle agitation on a Thermo Fisher 

vortex mixer equipped with a microplate tray. Solution draining and washing of the resin was done 

by connecting the filter columns to a water aspirator vacuum via a waste trap. Analytical LC-MS 

analyses were performed using an 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. (catalog # 

218TP5415) or a 5 μM, 150 x 4.6 mm C18 Luna column purchased from Phenomenex (catalog # 

00F-4252-E0). A flow rate of 0.5 mL/ min. and 5-95% gradient 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. Peptides were purified on a preparative HPLC (Agilent 218 purification system) 

using a preparative column (10-20 µM, 250 mm x 22 mm, C18 Vydac column, cat # 

218TP101522) or 10 μM, 250 mm x 21.2 mm, C18 Luna column, catalog # 00G-4253-P0-AX) at 
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a flow rate of 10 mL/ min. with gradients of CH3CN (0.1% TFA) in water (0.1% TFA) over 30 

minutes (total run time = 60 minutes).  

Reagents: Amino acids, N,N-diisopropylethylamine (DIEA), triisopropylsilane (TIPS), 

bromoacetic acid, and diisopropylcarbodiimide (DIC) were purchased from Chem Impex Int’l, 

Inc. Reagents such as piperidine, O-benzylhydroxylamine hydrochloride, 1,2-ethanedithiol,  N-

hydroxysuccinimide, p-anisidine, N,N-dimethyl-p-phenylenediamine,  and 2-bromopropionic acid 

were purchased from Sigma Aldrich. Sodium hydroxide, ammonium acetate, glacial acetic acid, 

potassium phosphate monobasic and dibasic, hydrazine monohydrate, trifluoroacetic acid (TFA), 

and solvents were purchased from Fisher Chemical. N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-

1-yl)uronium hexafluorophosphate (HBTU) was purchased from Oakwood Chemicals. 2-bromo-

3-phenylpropionic acid was purchased from Matrix Scientific. DL-alpha-bromophenylacetic acid, 

was purchased from Acros Organics.  

II. Experimental Procedures and Characterization Data 

Fmoc-based SPPS: Fmoc deprotection and HBTU couplings 

Peptide syntheses were performed on Polystyrene Rink Amide resin (0.78 mmol/g) or pre-treated 

with hydrazine monohydrate Chloro-trityl chloride resin that was using standard manual solid 

phase peptide synthesis protocols (SPPS) on an automated shaker or using a Biotage Syro WaveTM 

peptide synthesizer. Couplings of amino acids (3 equiv) were performed in DMF using HBTU (3 

equiv) as coupling reagent and DIEA (6 equiv) as base. Fmoc deprotections were performed by 

treating the resin with 20% piperidine in DMF (v/v) for 5 minutes, followed by treatment with a 

fresh solution of 20% piperidine in DMF (v/v) for 15 minutes. Resin was washed after each 

coupling and deprotection reaction with DMF (3 x 1 mL). Prior to cleavage from the resin or 

storage, resin was washed with CH2Cl2 (3 x 1 mL).   
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Peptide synthesis procedures 

Synthesis of all N-aryl peptides: 

Peptide synthesis was performed using methods from the pervious chapter (see Chapter 3 p. 91, 

section 3.13) 

Synthesis of C-terminal peptide hydrazides 4.4, 4.15, and 4.16: 

 

 

 

To incorporate a hydrazide to the C-terminus of peptide 4.4, 4.15 and 4.16, Cl-trityl resin was 

swelled in DMF for an hour. After swelling, the resin was treated with 10% of hydrazine 

monohydrate in DMF (1 mL/100mg resin) for 30 minutes at room temperature, followed by 

treatment with a fresh solution of 10% of hydrazine monohydrate for an additional 30 minutes. 

After washing the resin with DMF 3 times, the resin was treated with 10% MeOH in DMF for 30 

minutes at room temperature. After MeOH treatment, the resin was washed with DMF 3x. The 

resin was then subjected to the traditional Fmoc SPPS procedure. 

Test cleavage of resin-bound peptides  

A small aliquot of resin (1-5 mg) was washed with CH2Cl2 to remove traces of DMF, drained, and 

treated with a freshly made solution of TFA/H2O/TIPS (95:2.5:2.5, v/v/v, 0.2 mL) for 2 h at room 

temperature in a 1 mL disposable PP fritted cartridge. The cleavage solution was collected by 

filtering the resin through the PP fritted cartridge. The filtrate was evaporated to dryness and the 

crude peptide was precipitated twice with cold ether (1 mL) followed by decanting. The pellet 
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(crude peptide sample) was dissolved in 1:1 MeCN/H2O v/v (1 mg/mL) and subjected to LC-MS 

analysis. Analytical LC-MS analyses were performed using an 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 mm × 4.6 mm C18 Vydac column purchased from Mac-Mod 

Analytical, Inc. (catalog # 218TP5415) or a 5 μM, 150 mm × 4.6 mm C18 Luna column purchased 

from Phenomenex (catalog # 00F-4252-E0). A flow rate of 0.5 mL/min and a 5−95% or 20−80% 

gradient of CH3CN [0.1% trifluoroacetic acid (TFA)] in water (0.1% TFA) over 12 min (total run 

time = 22 min) were used for all LC-MS analyses.  

Full cleavage of resin-bound peptides 

The resin-bound peptide was washed with CH2Cl2 to remove traces of DMF, drained, transferred 

into a 20 mL scintillation glass vial, and treated a freshly made solution of TFA/H2O/TIPS 

(95:2.5:2.5, v/v/v, 4 mL). The vial was capped and agitated for 2 hours at room temperature on an 

orbital shaker. The cleavage mixture was filtered through a disposable, PP fritted cartridge into a 

50 mL falcon tube containing cold ether (~30 mL). Following centrifugation for 5 minutes at 7000 

RPM, the ether was decanted, and the peptide pellet was suspended in 1:1 MeCN/H2O v/v. The 

sample was frozen and lyophilized.  

For peptides 4.6a, 4.7a-d, and 4.19b, purification conditions can be found in chapter 3, p. 96, 

section 3.13. 

  Analysis and purification of peptides 4.4, 4.15, 4.16, 4.19c-d and 4.20b-d 

Following gradient optimization, the crude peptides were purified by preparative HPLC. Peptides 

were purified on a preparative HPLC (Agilent 218 purification system) using a preparative column 
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(10−20 μM, 250 mm × 22 mm, C18 Vydac column, catalog # 218TP101522 or 10 μM, 250 mm × 

21.2 mm, C18 Luna column, catalog # 00G-4253-P0-AX) at a flow rate of 10 mL/ min with 

gradients of CH3CN (0.1% TFA) in water (0.1% TFA) over 30 min (total run time = 60 min). 

Peptides 4.4 and 4.15 were purified using a gradient of 10-70% CH3CN (0.1% TFA) in water 

(0.1% TFA). Peptide 4.20c was purified using a gradient of 15-75% CH3CN (0.1% TFA) in water 

(0.1% TFA).  Peptides 4.16, 4.19c and 4.20d were purified using a gradient of 20-80% CH3CN 

(0.1% TFA) in water (0.1% TFA). Peptide 4.19d was purified using a gradient of 25-80% CH3CN 

(0.1% TFA) in water (0.1% TFA). HPLC fractions containing the desired peptide product were 

pooled, frozen immediately and lyophilized. 

 

 

 

 

 

 

 

 

Peptide Purity 

(%)b 

Yield 

(%)c 

m/z 

 [M + H]+ 

(cald)  

m/z  

[M + H]+ 

(obsd)  

Retention time  

(min) 

4.4a: X = Gly >99 42 766.3591 766.3580 7.38 

4.15: X = Ala 96 16 390.6910 390.6926 7.38 

4.16: X = Phe 98 18 428.7067 428.7083 8.30 

Peptide 
Purity 

(%)a 

Yield 

(%)b 

m/z 

[M + H]+ (cald) 

m/z 

[M + H]+ 

(obsd) 

Retention 

time 

(min) 

4.19c: Z = Trp 98 26 452.2349 452.2359 9.34 

4.19d: Z = Trp 98 36 917.4781 917.4774 9.65 

4.20b: Z = Ser* >99 62 832.4 832.7 8.71 

4.20c: Z = Ser 99 60 402.7112 402.4121 8.48 

4.20d: Z = Ser 99 40 818.4308 818.4304 8.76 

Table 4.8 Characterization data for N-aryl peptides 4.19c-d and 4.20b-d. 

aRP-HPLC purity at 214 nm after purification. bYields after purification by RP-HPLC are based 

on resin loading. *Gly was replaced with Phe 

Table 4.7 Characterization data for peptide hydrazides 4.4 and 4.15-4.16. 
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Hydrazone ligation reactions procedures 

General: Fresh stock solutions were prepared in all cases and used immediately in the ligation 

reactions. The reagents were combined in a 4 mL glass vial with a small stir bar. Vials were either 

left uncapped exposed to air, or the solution was sparged with O2 and left under a balloon filled 

with O2. Small aliquots (50 µL) were periodically analyzed by LC-MS to monitor the progress of 

the reaction. For ligations performed at 10 mM each peptide, a 10-fold dilution (10 µL aliquot + 

90 µL H2O) was required before LC-MS analysis. % hydrazone conversions were calculated using 

areas obtained from peaks on LC-MS traces at 214 nm, where % hydrazone conversion = [(area 

of hydrazone)/(area of N-aryl peptide + hydrolysis +hydrazone)] x 100. 

Purification of hydrazones 4.10a-d 

Following the ligation reactions, hydrazones 4.10a-d (2 mL, 1 mM ketoximes in 100 mM 

phosphate buffer) were diluted 2-fold with 1: 1 CH3CN (0.1% TFA) and water (0.1% TFA) 

prior to purification by preparative HPLC using a gradient of 20-70% CH3CN (0.1% TFA) in water 

(0.1% TFA). The run was stopped once the product eluted. HPLC fractions containing the desired 

product were pooled, frozen immediately, and lyophilized. 

Representative protocols for the hydrazone ligation reactions 

A. Hydrazone ligation conditions for N-(p-MeO-Ph)- peptide analog 4.6a       

using air: 

2 mM stock solutions of N-aryl peptide (4.6a) and peptide hydrazide 4.4 were prepared 

separately using 0.1 M ammonium acetate buffer pH 4.5. In a 4 mL vial, 1 mL of the N-aryl 

peptide stock solution (2 mM) was mixed with 1 mL of the peptide hydrazide stock solution 

(2 mM) to give a final concentration of 1 mM for both reagents. The samples were left stirring 

open to air for up to 24h. Samples were tested at different time points by taking aliquots.  
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Hydrazone 4.10a: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.24 min; LC-

MS (ESI) calcd for C58H88N22O18 [M + 2H]2+ 691.3, found m/z 691.6.  

using oxygen balloon: 

2 mM stock solutions of N-aryl peptide (4.6a) and 10 mM peptide hydrazide 4.4 were 

prepared separately using 0.1 M ammonium acetate buffer pH 4.5. In a 4 mL vial, 1 mL of 

the peptide stock solution (2 mM) was mixed with 1 mL of the peptide hydrazide stock 

solution (10 mM) to give a final concentration of 1 mM and 5 mM each peptide, respectively. 

The solution was then sparged with oxygen for 20 seconds before removing the exit needle 

and sealing the reaction mixture under an oxygen balloon. Samples were tested at different 

time points by taking aliquots.  

Using 1 mM potassium ferricyanide: 

A 4 mM stock solution of N-aryl peptide 4.6a, 4 mM stock solution of peptide hydrazide 4.4 

hydrochloride, and 4 mM stock solution of potassium ferricyanide were prepared separately 

in 0.1 M potassium phosphate buffer (pH 7). In a 4 mL vial, 0.5 mL of the N-aryl peptide 

stock solution (4 mM) was mixed with 0.5 mL of the O-benzylhydroxylamine hydrochloride 

peptide hydrazide stock solution (20 mM). The resulting solution was diluted further with 

0.5 mL of 0.1 M potassium phosphate buffer (pH 7), followed by addition of 0.5 mL of the 

K3[Fe(CN)6] stock solution (4 mM), to give final concentrations of peptide, O-

benzylhydroxylamine hydrochloride, and K3[Fe(CN)6] of 1 mM each reagent. Samples were 

tested at different time points by taking aliquots and analyzing them by LC-MS, following 

dilution and quenching. The reactions were quenched with tris(2-carboxyethyl)phosphine 

hydrochloride (TCEP) prior to LC-MS analysis. Specifically, a 50 μL aliquot of the reaction 
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mixture was treated with 50 μL of a 2 mM TCEP stock solution and the sample was vortexed 

for 20-30 seconds. 

B. Hydrazone ligation conditions for N-(p-Me2N-Ph)- peptide analogs 4.7a-c, 4.19b-c and 

4.20b-c with peptide hydrazides.  

A 20 mM stock solution of N-aryl peptide and a 20 mM stock solution of the peptide 

hydrazide were prepared separately in 0.1 M potassium phosphate buffer (pH 7). In a 4 mL 

vial, 500 μL of the N-aryl peptide stock solution (4 mM) was mixed with 500 μL of peptide 

hydrazide stock solution to give final concentrations of 10 mM and 10 mM for each peptide. 

The solution was then sparged with oxygen for 20 seconds before removing the exit needle 

and sealing the reaction mixture under an oxygen balloon to react for 24 h. Samples were 

tested at different time points by taking aliquots and analyzing them immediately by LC-MS 

without prior quenching. Appearance of the hydrazone products was observed: 

Kethydrazone 4.10b: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.23 min; LC-

MS (ESI) calcd for C59H90N22O18 [M + 2H]2+ 698.3, found m/z 698.8.  

Kethydrazone 4.10c: HPLC (5-95% MeCN, 12 min gradient) retention time = 9.02 min; LC-

MS (ESI) calcd for C64H92N22O18 [M + 2H]2+ 729.4, found m/z 729.8.  

Hydrazone 4.17a: HPLC (10-70% MeCN, 12 min gradient) retention time = 8.56 min; LC-

MS (ESI) calcd for C59H90N22O18 [M + 2H]2+ 698.3, found m/z 698.6.  

Kethydrazone 4.17b: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.49 min; LC-

MS (ESI) calcd for C60H92N22O18 [M + 2H]2+ 705.4, found m/z 705.6.  

Kethydrazone 4.17c: HPLC (5-95% MeCN, 12 min gradient) retention time = 9.10 min; LC-

MS (ESI) calcd for C65H94N22O18 [M + 2H]2+ 736.4, found m/z 736.6.  
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Hydrazone 4.18a: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.87 min; LC-

MS (ESI) calcd for C65H94N22O18 [M + 2H]2+ 736.4, found m/z 736.6.  

Kethydrazone 4.18b: HPLC (20-80% MeCN, 12 min gradient) retention time = 7.78 min; 

LC-MS (ESI) calcd for C66H96N22O18 [M + 2H]2+ 743.4, found m/z 743.7.  

Kethydrazone 4.18c: HPLC (5-95% MeCN, 12 min gradient) retention time = 9.53 min; LC-

MS (ESI) calcd for C71H98N22O18 [M + 2H]2+ 774.4, found m/z 774.7.  

Kethydrazone 4.21b: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.53 min; LC-

MS (ESI) calcd for C64H89N23O18 [M + 2H]2+ 734.8, found m/z 735.2. 

Kethydrazone 4.21c: HPLC (5-95% MeCN, 12 min gradient) retention time = 9.13 min; LC-

MS (ESI) calcd for C69H91N23O18 [M + 2H]2+ 765.8, found m/z 766.1.  

Kethydrazone 4.22b: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.68 min; LC-

MS (ESI) calcd for C63H90N22O19 [M + 2H]2+ 730.3, found m/z 730.6.  

Kethydrazone 4.22c: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.30 min; LC-

MS (ESI) calcd for C61H86N22O19 [M + 2H]2+ 716.3, found m/z 716.6.  

C. Hydrazone ligation conditions for N-(p-Me2N-Ph)- peptide analogs 4.7d, 4.19d and 

4.20d with peptide hydrazides. 

A 2 mM stock solution of N-aryl peptide 4 and a 20 mM stock solution of peptide hydrazide 

in 0.1 M potassium phosphate pH 7 were prepared separately buffer. In a 4 mL vial, .5mL of 

the peptide stock solution (2 mM) was mixed with .5mL of the peptide hydrazide stock 

solution (20 mM) to give a final concentration of N-aryl peptide and peptide hydrazide of 1 

mM and 10 mM, respectively. The solution was then sparged with oxygen for 20 seconds 
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before sealing the reaction mixture under an oxygen balloon. Samples were LC-MS without 

prior quenching. See table below to reaction times for each N-aryl peptide. Appearance of 

the kethydrazone products was observed: 

Kethydrazone 4.10d: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.92 min; LC-

MS (ESI) calcd for C65H94N22O18 [M + 2H]2+ 736.4, found m/z 736.6.  

Kethydrazone 4.17d: HPLC (5-95% MeCN, 12 min gradient) retention time = 9.12 min; LC-

MS (ESI) calcd for C66H96N22O18 [M + 2H]2+ 743.4, found m/z 743.6.  

Kethydrazone 4.18d: HPLC (5-95% MeCN, 12 min gradient) retention time = 9.70 min; LC-

MS (ESI) calcd for C72H100N22O18 [M + 2H]2+ 781.4, found m/z 781.7.  

Kethydrazone 4.21d: HPLC (5-95% MeCN, 12 min gradient) retention time = 9.02 min; LC-

MS (ESI) calcd for C70H93N23O18 [M + 2H]2+ 772.9, found m/z 773.5.  

Kethydrazone 4.22d: HPLC (5-95% MeCN, 12 min gradient) retention time = 8.32 min; LC-

MS (ESI) calcd for C62H88N22O19 [M + 2H]2+ 723.3, found m/z 723.6.  

Kethydrazone 4.23: HPLC (5-95% MeCN, 12 min gradient) retention time = 9.76 min; LC-

MS (ESI) calcd for C77H99N23O18 [M + 2H]2+ 817.9, found m/z 818.1.  

D. Hydrazone ligation conditions for N-(p-C4H8N-Ph)- peptide analogs 4.12 and N-(p-

Et2N-Ph)- 4.14 with peptide hydrazides. 

The studies were performed using the same procedure as described in B. 

E. Hydrazone ligation conditions for N-(p-HO-Ph)- peptide analogs 4.13 with peptide 

hydrazides. 
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The studies were performed using the same procedure as described in B. Instead of pH 7 

buffer, 0.1M pH 8 potassium phosphate buffer was used.  

F. Hydrolysis conditions for Hydrazones 4.10a-d.  

1 mM stock solutions of the hydrazone ligation product was dissolved in either 0.1% TFA in 

H2O which is approximately pH 2, 0.1M Ammonium Acetate Buffer at pH 4.5 or 0.1M 

Potassium Phosphate buffer at pH 7. The sample are then put into a LC-MS vial and tested 

over time. 

G. Isomerization conditions for Hydrazone 4.10a-d.  

1 mM stock solutions of the hydrazone ligation product was dissolved in either 0.1M 

Ammonium Acetate Buffer at pH 4.5 or 0.1M Potassium Phosphate buffer at pH 7. The 

samples were heated 45oC and aliquots were taken and tested over time via LC-MS.  

H. Oxime exchange conditions for Hydrazone 4.10a-d. 

A 2 mM stock solution of the hydrazone peptide ligation product and a 2.2 mM O-

benzylhydroxylamine Hydrochloride stock solution in 0.1 M pH 4.5 ammonium acetate 

buffer were prepared separately. The hydrazone peptide ligation product stock solution was 

split into two 4 mL vials, equal parts. In each 4mL vial, 0.25mL of the hydrazone peptide 

ligation product was mixed with 0.25mL O-benzylhydroxylamine hydrochloride stock 

solution to give a final concentration of hydrazone and O-benzylhydroxylamine 

hydrochloride of 1 mM and 1.1 mM, respectively. For one sample, 4.56μL aniline was added 

neat to the mixture. The other sample did not contain aniline. Both were put into a LC-MS 

vial and tested over time.  
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CHAPTER 5: Utility of N-aryl peptides for intramolecular macrocyclization 

5.1. Macrocyclization of peptides 

Peptides that can adopt cyclic or multicyclic conformations can be useful for target binding 

due to the preorganization of important functional groups.1 For example, the incorporation of cell-

recognition sequences such as RGD (Arg-Gly-Asp) allows for macrocyclic peptides to be used in 

tumor targeting.2 Various strategies have been used for synthesizing cyclic peptides, such as azide-

alkyne cycloadditions,3-4 disulfide bonds,5 lactam formation between Lys and Asp/Gly side-

chains6, and ring-closing metathesis.7 These can occur between the two termini (head-to-tail), 

between the C- or N-terminus and a side-chain (head-to-side chain or tail-to-side chain), or 

between two side-chains (side chain-to-side chain) (Figure 5.1).8 Additionally, linkers at the site 

of ligation have been used for enhanced binding and cell permeability.9-10   

Oxime and hydrazone ligation have been used for promoting and stabilizing secondary 

structures.11-13 Horne and co-workers demonstrated that incorporation of oxime bonds within an 

alpha-helical peptide can stabilized the helix (Figure 5.2).11 This technique requires periodate 

oxidation of a serine residue to form the α-oxo aldehyde at the i position of the helix, which can 

Figure 5.1. The four possible ways a peptide can be constrained in a macrocycle.8 
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react with an aminooxy side-chain at the i + 3 or i + 4 position to form oxime bonds at pH 7 as a 

E/Z mixture. In as little as 10 minutes, over 80% oxime product was formed, and no aniline catalyst 

was needed. This is predicted to be due to that fact that this is now a 1-component intramolecular 

cyclization.    

 

 

 

 

Figure 5.2. a) Sequences for cyclization via oxime ligation.11 b) Formation of  reactive α-

oxo aldehyde then oxime bond. 11 c) Circular dichroism scans at 20°C and pH 7 in absence 

of NaIO4.11 d) Circular dichroism scans at 20°C and pH 7 in presence sodium periodate. 11 
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 N-aryl peptides could be used to introduce side chain diversity at the site of ligation, which 

could be used as a tool to probe reactivity, structure inducing abilities, target binding and cell-

permeability. In this chapter, head-to-tail macrocyclizations utilizing N-aryl peptide hydrazides 

will be described (Scheme 5.1a). Interested in having access to N-aryl amino acids embedded 

within a peptide sequence as opposed to located at the N-terminus, we also discuss methods for 

synthesis and installation of N-aryl amino acid on the side-chain. This would allow for head-to-

side-chain (Scheme 5.1b), side-chain-to-side-chain (Scheme 5.1c), and side-chain-to-tail 

(Scheme 5.1d), macrocyclization via oxime or hydrazone ligation. 

 

Scheme 5.1. Utility of N-aryl peptides in macrocyclization. a) Head-to-tail via 

hydrazone ligation. b) Head-to-side-chain via hydrazone ligation c) Side-chain-to-side-

chain via oxime ligation d) Side-chain-to-tail via oxime ligation. 
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5.2. Design and synthesis of N-aryl peptide hydrazides 

The method used to make C-terminal hydrazide peptides shown in chapter 4 and N-terminal 

N-aryl peptides in chapter 2 and 3 were combined to synthesize the linear peptides for head-to-tail 

macrocyclization (Scheme 5.2). To test peptide sequence compatibility of this method, peptide 

sequences were generated through an online random peptide sequence generator.14 This method 

allows for an unbiased selection of sequences. We also wanted to see how ring size affected 

macrocyclization so a library of peptides with different lengths were synthesized. One well-studied 

bioactive peptide was also included in the initial scope: RGDfK. Three different N-aryl peptides 

were synthesized with varying Cα-substituents for each sequence because we were interested in 

having diversity at the site of ligation. First the hydrazide was installed, followed by peptide 

elongation using traditional Fmoc synthesis procedure. To install the N-aryl amino acid, the same 

procedures described in chapter 2 and 3 were used. A total of 24 peptides were synthesized and 

isolated. (see Experimental Data 5.11, p. 165).  

 

 

 

 

 

 

 

Scheme 5.2. Synthesis of N-aryl peptide hydrazides and their sequences. 
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5.3. Head-to-tail macrocyclization of N-aryl peptide hydrazides to form 19 atom cycles 

 After isolation, all linear peptides were subjected to oxidation coupling conditions using 

pH 7 buffer and oxygen at 1 mM peptide (Table 5.1). As a starting point, 4 different pentapeptides 

were tested since 18-atom cycles have shown to be the most prevalent in peptide-derived 

macrocyclic natural products.15 In the case of 19 atom macrocycles, high conversion after 24h was 

achieved in most cases. When the neighboring amino acid to the site of ligation is a proline, 

macrocyclization was not observed in all cases. In particular, for N-(p-Me2N-Ph)-A-PWASG 

hydrazide analog 5.3b, oxidation occurred however, no desired product was observed (Table 5.1, 

Entry 8). In contrast, N-(p-Me2N-Ph)-G-PWASG hydrazide peptide 5.3a and N-(p-Me2N-Ph)-

phenylglycine-PWASG hydrazide peptide 5.3c resulted in high conversion (Table 5.1, Entries 7 

and 9). It is unclear why a methyl group at the Cα-position shuts down the macrocyclization 

reaction and more sequences should be synthesized to see if this is a general trend. In all cases 

where the Cα-substituent was a hydrogen or phenyl ring, only one peak was observed via LC-MS, 

which suggests a single isomer. In some cases where a methyl group is at the Cα-position, high 

conversions to the desired product is observed; however, multiple isomers are observed via LC-

MS (Table 5.1, Entries 5 and 11). Although in some cases multiple isomers are observed, 

conversions for the macrocyclizations were high, even with random sequences. 

5.3.1. Insight on stability of macrocycles through reduction attempts 

  Since there were multiple isomers observed for some macrocyclization products with a 

methyl group at the site of ligation, we wanted to find methods either to minimize the number of 

isomeric products or isomerize to one major product. Reduction of the hydrazone could minimize 

the number of products due to ability to rotate to the lowest energy comformer and likely a sole 

peak found on the LC-MS. N-(p-Me2N-Ph)-G-RGDfK hydrazide peptide 5.4b that resulted in 
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multiple isomers was used as a test sequence. Sodium cyanoborohydride, a reducing agent, was 

added to the sample after macrocyclization (Table 5.2). At pH 7, with 10, 20 and 50 equivalents 

of NaBH3CN, no reduction was observed (Table 5.2, Entries 1-3). Since NaBH3CN is a weak 

reducing agent and acid is normally required, the pH of the samples was adjusted to 4 using HCl. 

 

 

 

 

At the lower pH 4, no reduced product was observed (Table 5.2, Entries 4-6). Instead of 

lowering the pH further using the original sample, the mixture of isomers was isolated and 

redissolved in 0.1% TFA in water which is about pH 2. With the addition of NaBH3CN at pH 2, 

only 20% reduction was observed with 10 and 20 equivalents of the reducing agent (Table 5.2, 

Entries 7-8). The challenges with reducing led to questioning if this was due to the Cα-substituent 

Entry Peptide Sequence  % Conversion 

at t = 24h 

Crude 

purity 

One single isomer 

(S) or multiple 

isomers (M)a 

1 WITGA  5.1a: R = H 99 94 S 

2 WITGA  5.1b: R = Me 99 70 S 

3 WITGA  5.1c: R = Ph  99 98 S 

4 YAYGW  5.2a: R = H >99 97 S 

5 YAYGW 5.2b: R = Me 96 73 M 

6 YAYGW  5.2c: R = Ph  90 90 S 

7 PWASG 5.3a: R = H 99 86 S 

8 PWASG 5.3b: R = Me 0 N/A N/A 

9 PWASG 5.3c: R = Ph  99 92 S 

10 RGDfK 5.4a: R = H 99 91 S 

11 RGDfK 5.4b: R = Me 99 74 M 

12 RGDfK 5.4c: R = Ph  99 98 S 

Table 5.1. Head-to-tail macrocyclization conversions for 19 atom ring size. 

aUpon cyclization at rt, there was either one peak observed via LC-MS, suggesting a single isomer (S) or multiple 

peaks were observed with the same mass, suggesting more than one isomer (M). 
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at the site of ligation. The unsubstituted peptide analog 5.4a was subjected to similar reduction 

conditions (Table 5.2, Entries 9-10) and at pH 4.5, there was no reduction. Lowering the pH to 2 

resulted in 80% reduction with 10 equivalents of NaBH3CN and 95% reduction with 20 

equivalents. The difference in reactivity suggest that the substituted macrocycle has increased 

stability compared to the unsubstituted analog.  

 

 

 

 

 

Entry R = Solvent equiv. of NaBH3CN Time 
% 

Reduction 

1 Me pH 7 buffer 10 24h < 1 

2 Me pH 7 buffer 20 24h < 1 

3 Me pH 7 buffer 50 24h < 1 

4 Me pH 4 buffer 10 24h < 1 

5 Me pH 4 buffer 20 24h < 1 

6 Me pH 4 buffer 50 24h < 1 

7 Me 0.1%TFA in H2O (pH 2) 10 14h 20 

8 Me 0.1%TFA in H2O (pH 2) 20 14h 20 

9 H pH 4.5 buffer 10 24h < 1 

10 H pH 4.5 buffer 20 24h < 1 

11 H pH 4.5 buffer 50 24h < 1 

12 H 0.1%TFA in H2O (pH 2) 10 14h 81 

13 H 0.1%TFA in H2O (pH 2) 20 14h 95 

Table 5.2. Reduction of hydrazone-linked macrocyclic peptides.  
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5.3.2. Isomerization of macrocycles using heat 

 Since the reduction of the substituted macrocycle did not result in high conversion, 

isomerization of the product was tested next. N-(p-Me2N-Ph)-G-YAYGW hydrazide peptide 5.2b 

that also resulted in multiple isomers upon ligation was used as a test sequence (Figure 5.3a). To 

attempt isomerization, the previous cyclized sample in pH 7 buffer was heated to 45°C. 

Gratifyingly, after heating for 24h, isomerization to one major peak via LC-MS was observed 

(Figure 5.3b). After removing the sample from heat, it does not isomerize to the original isomer 

ratios (Figure 5.3c). These same heated conditions were used for another peptide sequence, 

RGDfK but failed to isomerize to a single isomer. This analog contains a D-amino acid which is 

important for the conformation of the bioactive peptide and may be the reason this analog could 

not be isomerized. To test this hypothesis, RDGFK was synthesized and subjected to cyclization 

and heating. With the L-amino acid, one major peak was observed. The ability to form one major 

isomer is an advantage that other previous methods did not have access to.11-13  

 

 

 

 

 

 

 

 

Figure 5.3. Isomerization of macrocycle 5.6b a) before isomerization, b) after heating for 24h, 

c) after leaving the product at rt for a week. 

a) 
5.6b 

5.6b 

5.6b 

b) 

c) 

5.6b 5.6b 
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5.4. Head-to-tail macrocyclization of N-aryl peptide hydrazides to gain access to varying ring 

sizes 

 We were interested in exploring the utility of our method to access ring sizes beyond 19 

atoms. As a team, my labmates Briley Humphrey, Ellen Warner and I, we investigated tetra-, hexa- 

and heptapeptides for macoyclization. A tetrapeptide was tested to form a 16-atom macrocycle 

with various Cα-substitutions (Table 5.3, Entries 1-3). Conversion to the desired macrocyclization 

product for all Cα-substitutions were high (74-99%) (Table 5.3, Entries 1-3). To get a better idea 

of trends for the smaller ring size macrocyclizations, additional random sequences will be 

synthesized and tested. Larger rings sizes were also explored. We were able to gain access to 22 

atom macrocycles in high conversions and in most cases a single major peak was observed via 

LC-MS (Table 5.3, Entries 4-11). Heat was added to samples that resulted in multiple isomers at 

room temperature which helped convert to one major peak. In the case of peptide 5.13a, heating 

the sample did not result in isomerization to one major peak. At the 25-atom size, the cyclization 

is slower resulting in only 23% conversion after 24 at room temperature . The addition of heat 

(45°C) increases the conversion to 99% when a methyl is at the Cα-position and 80% when there 

is a phenyl at the Cα-position. We tested to see if heat could lead to one major peak when a 

hydrogen is at the Cα-position, however this lead to the appearance of more side product peaks 

and no isomerization (Table 5.3, Entry 10). As mentioned for smaller ring sizes, more examples 

of 25 atom macrocycles will be tested.  The same trend of one peak via LC-MS for a phenyl at the 

site of ligation was observed in all cases. Overall, we have access to a variety of ring sizes with 

high conversion using N-aryl peptide hydrazides.  
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5.5. Concentration testing for oligomerization 

 For macrocyclization of peptides containing less than 7 amino acids, there is a greater 

chance of oligomerization and normally dilute conditions are required for cyclization. We wanted 

to confirm that oligomerization was not occurring during the optimization process of our 

macrocyclization method and identify what concentrations result in a high conversion to the dimer 

or trimer. Test sequences with varying Cα-substituents were subjected to macrocyclization at 2, 5, 

Entry Peptide sequence   Temp. 

 

% 

Conversion 

at t = 24h 

Crude 

purity 

One major 

isomer (S) or 

multiple 

isomers (M)a 

1 AGFA 5.10a: R = H rt 98 94 S 

2 AGFA 5.10b: R = Me rt 36 36 S 

3 AGFA 5.10c: R = Ph rt 99 99 S 

4 ACNFYE 5.11a: R = H rt 99 91 S 

5 ACNFYE 5.11b: R = Me rt 99 91 S 

6 ACNFYE 5.11c: R = Ph rt 99 77 S 

7 AKNVVI 5.12a: R = H rt 99 54 S 

8 AKNVVI 5.12b: R = Me 45°Cb 99 65 S 

9 AKNVVI 5.12c: R = Ph 45°Cc 99 86 S 

10 LKPQSK 5.13a: R = H rt 67 62 Md 

11 LKPQSK 5.13b: R = Me rt 99 80 S 

12 LKPQSK 5.13c: R = Ph rt 99 93 S 

13 RAILWWL 5.14a: R = H rt 77 75 Md 

14 RAILWWL 5.14b: R = Me 45°Cc 99 81 S 

15 RAILWWL 5.14c: R = Ph 45°Cc 80 78 S 

Table 5.3. Head-to-tail macrocyclization conversions for 16 atom, 22 atom and 25 atom ring 

sizes. 

aUpon cyclization, there was either one peak observed via LC-MS, suggesting a single isomer (S) or multiple peaks 

were observed with the same mass , suggesting more than one isomer (M).bHeat was added for isomerization. cHeat 

was added to increase rate of macrocyclization, not isomerization. dHeat was attempted and could not successfully 

isomerize the products. 



155 
 

and 10 mM concentrations (Table 5.4).  A small amount of a peak corresponding to the dimer was 

observed for the unsubstituted variant (10-13%) (Table 5.4, Entries 1-3). The N-aryl peptide 

hydrazide containing a methyl group at the Cα-position resulted a higher amount of dimer (Table 

5.4, Entries 4-6) and a phenyl group at the Cα-position resulted in less (Table 5.4, Entries 7-9). 

Greater amounts of dimers were observed with an increase of concentration. There does seem to 

be a dependence on Cα-substitution of the N-aryl peptide hydrazides. Higher concentrations will 

be tested as well as there may be a concentration in where dimer formation would be the major 

product. This could be useful to control dimer formation for peptide sequences such as gramicidin 

S which is a dimer of 5 amino acid sequence.  

 

 

 

 

 

 

 

 

 

 

 

 

Entry R =  Peptide concentration 

 

Monomer/ dimer ratios 

 

1 H 2 mM 90:10 

2 H 5 mM 90:10 

3 H 10 mM 90:13 

4 Me 2 mM 80:20 

5 Me 5 mM 70:30 

6 Me 10 mM 64:36 

7 Ph 2 mM 99:1 

8 Ph 5 mM 93:7 

9 Ph 10 mM 93:7 

Table 5.4. Concentration effects on macrocyclization. 
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5.6. Future direction of head-to-tail macrocyclization of N-aryl peptide hydrazides 

The initial studies for head-to-tail macrocyclization using N-aryl peptide hydrazides have 

shown  to be a straightforward method to access various cycle sizes with high side chain 

compatibility and diversity at the site of ligation (Figure 5.4). Although multiple isomers are 

observed in some cyclization cases, slightly elevated temperatures can lead to isomerization to one 

major peak via LC-MS. So far, having a phenyl at the Cα-position has resulted in one major peak 

in all cases without the need of heat. More examples of small and large macrocycles will be 

explored to look for any additional patterns or limitations of our method. The stability of these 

macrocycles has not been investigated as of yet. Having control of stability of the cycle by varying 

the Cα-substitution could be useful in stimuli-responsive ring opening.  The ability to cyclize easily 

and have diversity at the site of ligation could be a great advantage in creating libraries of peptide 

analogs and use them in rapid structure activity relationship (SAR) studies. We were also interested 

in exploring the ability to incorporate an N-aryl amino acid on to the side chain as this would allow 

for the opportunity to use our method for head-to-side-chain, side-chain-to-tail and side-chain-to-

side-chain macrocyclization.  



157 
 

 

 

 

 

 

 

 

 

 

 

 

 

5.7. Synthesis of an unnatural amino acid with an N-phenylglycinyl side-chain for fmoc solid 

phase peptide synthesis 

 To date, we had only demonstrated the incorporation of an N-aryl amino acid on the N-

terminal via bromoacetylation of a resin-bound peptide and displacement with aniline residues. 

For side chain-to-side chain peptide macrocyclization reactions, methods still need to be developed 

to access these unnatural amino acids and incorporate them on solid support. 

Figure 5.4. Current scope of macrocyclization product via head-to-tail hydrazone ligation using 

N-aryl peptide hydrazides. 
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Fmoc-protected unnatural amino acid building blocks with N-phenylglycinyl side chains 

are not commercially available and required solution-phase synthesis. We began with synthesizing 

the compound with a N-(p-MeO)-phenylglycinyl side-chain 5.24. The synthesis route that we 

chose is depicted in Scheme 5.3. The first step of the synthesis to afford compound 5.21 was a SN2 

displacement of chloride with p-anisidine, which had previously been reported in the literature,16 

and afforded the desired product in 44% yield.  Next, it was important to have the necessary 

protecting groups for the unnatural amino acid so that it could be used in traditional Fmoc solid 

phase peptide synthesis (SPPS). For example, the N-phenylglycine side-chain needed to remain 

protected during solid phase peptide synthesis until exposure to trifluoroacetic acid (TFA) during 

cleavage from the resin, so a tert-butyloxycarbonyl (Boc) protecting group was selected. Boc 

protection of N-(p-MeO)-phenylglycine (5.21) was accomplished using di-tert-butyl dicarbonate 

(Boc2O) and triethylamine (TEA) in THF overnight, giving 5.22 in 90% yield. Finding the best 

coupling reagent was important to maximize the yield of the activated ester 5.23 needed for the 

next step. Attempts to use DIC and DCC gave lower product formation, while using EDC gave the 

largest amount of material. The resulting product was used with no further purification. The final 

step of the synthesis consisted of first temporarily protecting the carboxylic acid of the Fmoc-2,3-

diaminopropionic acid using N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA), followed 

by addition of the activated ester 5.23, which was allowed to react for 3 days. This last step resulted 

in isolation of very small amount of the final product 5.24 (100mg). A number of undergraduate 

students attempted to upscale and reproduce this reaction, however did not result in isolated yields 

over 10%. Furthered optimizimation and upscale of this last step of the synthesis will need to be 

required for full characterization of 5.24. Each reaction has now been done on gram sale, excluding 

the last synthetic step.  
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 Synthesis of the unnatural amino acid with an N-(p-Me2N)-phenylglycinyl side-chain has 

been pursued (Scheme 5.4). This residue, when incorporated at the N-terminus of a peptide, has 

shown to be sensitive and reactive in the presence of just air, which has led to some difficulties in 

the synthesis of this building block. While attempting the same synthesis route for this analog 

isolation of the products became an issue. To address this, the reaction will need to be done under 

argon and flash purification was done immediately. Boc protection of the N-phenylglycine before 

hydrolysis  could also be a strategy to stabilize the product.  

 

  

 

 

 

 

Scheme 5.3. Synthesis of protected unnatural amino acid monomer 5.24.  
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5.8. Incorporation of the unnatural building block on solid support 

 With a small amount of the N-p-MeO-phenylglycinyl unnatural building block in hand, we 

wanted to get preliminary data on the ability to incorporate it within a peptide sequence. 

Incorporation of the building block 5.19 into a peptide sequence was done using traditional Fmoc 

solid phase peptide synthesis methods (HBTU/DIEA coupling) (Scheme 5.5). Confirmation of 

incorporation of the unnatural amino acid was done using LC-MS analysis, which indicated 96% 

crude purity after incorporation of 5.19 at the tetramer stage to give 5.33.  

 

 For the first macrocyclization peptide design, we decided to test a series of simple alanine 

oligomers since alanine has been shown to be a helix stabilizing residue, with a glycine spacer 

between our unnatural amino acid and the alanine residues (Figure 5.5a).1,17 However, we found 

Scheme 5.5 Incorporation of the N-p-MeO-aryl-glycine monomer 5.24 on solid support. 

Scheme 5.4.  Proposed synthesis route of protected unnatural amino acid monomer 5.29. 
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that upon oxidation of this peptide, loss of the aromatic aniline made this peptide difficult to 

analyze via LC-MS. To address this issue, a linker was incorporated to provide a consistent UV 

signal (Tyr) and an easily ionizable residue (Lys). (Figure 5.5b). 

 

 

 

 Despite these efforts to provide a linker to help with analysis, once the aminooxy residue 

was incorporated into the peptide sequence, the peptide was not visible via LC-MS. We – and 

others – had been plagued previously with synthesis, detection, and stability issues in 

aminooxyacetyl-peptide substrates.11,18-19 For example, we were aware that even though (Boc-

aminooxy)acetic acid is protected, addition of base during its activation and coupling must be 

avoided to prevent formation of overacylated side products, using DIC/NHS instead of 

HBTU/DIEA combinations. This extremely nucleophilic functional group can lead to many 

unwanted side products both during synthesis and cleavage off solid support. Aminooxy functional 

group have been reported to react with traces of acetone and even formaldehyde that comes from 

plastic tubes.16 Some have even reported needing to change HPLC columns due to the aminooxy 

irreversibly binding to the stationary phase of certain columns.11  

 Even though we could not detect our starting material, we decided to subject peptide 5.16 

to our optimized ligation conditions (see Chapter 2, p. 33, section 2.8). Unfortunately, we were 

Figure 5.5. Macrocyclization design a) without and b) with a linker.  

a) b) 
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unable to detect the cyclized product. We then decided to test for reactivity by exposing the 

aminooxyacetyl-functionalized peptide (Figure 5.5b, compound 5.35) to an N-phenylgycinyl-

containing peptide in an attempt to see the intermolecular ligation product. This test resulted in the 

appearance of a mass corresponding to the ligation product with no sign of the aminooxy peptide. 

Re-synthesis and analysis of the aminooxyacetyl-peptide used in our earlier studies (see Chapter 

2, p. 29, section 2.5), allowed detection of this peptide via LC-MS. This shows that covalent 

binding to the stationary phase and/or other issues could be sequence dependent; additional 

investigations to gain a better understanding of the stability and reactivity of aminooxyacetyl-

peptides is needed. Once this has been addressed, new design strategies can be used for peptide 

macrocyclizations. For example, we plan on testing sequence length dependence, amino acid 

composition, and macrocyclization kinetics compared to the intermolecular ligation. 

5.9. Installation of N-aryl amino acid via submonomer on lysine side-chain 

 Some of the drawbacks of synthesizing the unnatural amino acid containing the N-aryl 

side-chain are the low overall yields, long reaction times, and the stability of the building block 

intermediates. Additionally, for every new N-aryl amino acid, a new building block will be needed 

to be synthesized. We wanted to develop a solid phase method to incorporate the N-aryl amino 

side-chain within a peptide sequence by taking advantage of a natural lysine. The nucleophilic 

amine on the side chain can be subjected it to the submonomer conditions used for N-aryl amino 

acids incorporation on the N- terminus. Since a protecting group on lysine is required for synthesis 

and orthogonal deprotection of the common Boc protecting group would not possible under the 

traditional acid conditions, another protecting group was required. Alloc protection groups are 

orthogonal to most common protecting groups on amino acid side chains since palladium is 

required for the deprotection. To test this method, a simple peptide sequence containing an Alloc 
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protected lysine residue was synthesized (Scheme 5.6, peptide 5.36). The N-terminus was left 

Fmoc protected to avoid any competitive reactions. The Alloc deprotection was achieved using 

Palladium-tetrakis(triphenylphosphine) as a catalyst and phenylsilane to give a 91% crude purity 

of the desired peptide 5.37. The peptide was then subjected to same submonomer peptiod 

procedure that has been used to install the N-aryl amino acid to the N-terminus (see chapter 2, p. 

21, section 2.2). This resulted in a crude purity of 34% crude purity overall. There was nearly a 

1:1 ratio of the starting deprotected peptide 5.37 and the desired peptide 5.38. The observation of 

product makes this a promising method and further optimization would be necessary. 

 

 

 

 

 

 

 

 

 

5.10. Summary of the utility of N-aryl peptides for macrocyclization 

 In summary, we have the ability to utilize N-aryl peptides for macrocyclizations. Head-to-

tail macrocyclization of N-aryl peptide hydrazides allows for access to various ring sizes and 

showed side chain compatibility with a number of amino acids. Although in some cases, there are 

multiple isomers upon ligation, slightly heating the sample will allow for isomerization to one 

major peak via LC-MS. Having a phenyl at the site of ligation has resulted in one major peak in 

all cases and this can be used to have reliable conformation control upon macrocyclization. The 

Scheme 5.6. Incorporation of N-aryl amino acid on the side-chain via submonomer on lysine 

residue. 
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straightforward method for cyclization and the ability to have diversity at the site of ligation could 

be useful in creating library of biologically relevant peptides that can be screened for increased 

bioactivity, cell permeability and structure inducing abilities. It will be also important to 

understand the stability of cyclic products. The ability to have N-aryl amino acids on the side-chain 

instead of the N-terminus opens up the opportunity to utilize this unnatural building block in a new 

way. There are multiple approaches to accessing these residues within in a peptide sequence. The 

synthesis of the small molecule would not be an ideal method to access to N-aryl amino acids on 

the side-chain. For every new N-aryl amino acid, a new building block would need to be 

synthesized. The ability to utilize the submonomer method on lysine would allow more practical 

and easier method to create libraries of peptides containing the N-aryl peptide on the side chain. 

Ultimately, N-aryl amino acids offers a method to access cyclized products with diversity at the 

site of ligation with the potential to have E/Z isomer control.  
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5.11. Experimental data 

I. General methods 

General: 2-Chlorotrityl chloride resin (1.6 mmol or 1.46 mmol Cl-/g) was purchased from Chem 

Impex Int’l, Inc. and the manufacturer’s reported loading of the resin was used in the calculation 

of the yield. Solid phase peptide synthesis (SPPS) was performed using an automated Biotage Syro 

WaveTM peptide synthesizer in 10 mL parallel reactors with PTFE frits. Incorporation of hydrazine 

and N-aryl amino acids were performed manually in disposable filter columns with 20 µM PE frit 

filters and caps purchased from Applied Separations (cat # 2413 and 2416 for 3 mL and 6 mL filter 

columns, respectively) with gentle agitation on a Thermo Fisher vortex mixer equipped with a 

microplate tray. Solution draining and washing of the resin was done by connecting the filter 

columns to a water aspirator vacuum via a waste trap. Analytical LCMS analyses were performed 

using an Agilent Technologies 1260 Infinity II series LCMS 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. (catalog # 218TP5415) or a 5 μM, 150 x 4.6 

mm C18 Luna column purchased from Phenomenex (catalog # 00F-4252-E0). A flow rate of 0.5 

mL/ min. and 5-95% gradient 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. Peptides were 

purified on a preparative HPLC (Agilent 218 purification system) using a preparative column (10-

20 µM, 250 mm x 22 mm, C18 Vydac column, cat # 218TP101522) or 10 μM, 250 mm x 21.2 

mm, C18 Luna column, catalog # 00G-4253-P0-AX) at a flow rate of 10 mL/ min. with gradients 

of CH3CN (0.1% TFA) in water (0.1% TFA) over 30 minutes (total run time = 60 minutes).  

Methylene chloride (CH2Cl2) was dried by passage over a column of activated alumina (JC Meyers 

Solvent System). Thin layer chromatography (TLC) was performed using Silicycle silica gel 60 
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F-254 precoated plates (0.25 mm) that were visualized by exposure to ultraviolet (UV) light and/ 

or submersion in aqueous potassium permanganate or ninhydrin 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 MHz Bruker spectrometer at 24 oC. Chemical shifts are 

expressed in parts per million (ppm, δ scale) and are referenced to residual protium in the NMR 

solvent (CDCl3, δ 7.26 ppm). Data are represented as follows: chemical shift, multiplicity (s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constant in Hertz, and 

integration. Chemical shits for 13C NMR spectra are recorded in parts per million (ppm, δ scale) 

and are referenced to the central peak of deuterochloroform (δ 77.16 ppm). 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). Only selected IR frequencies are reported. Melting 

points were obtained on a Mettler Toledo MP50 One Click Melting Point System. 

Reagents: Amino acids, N,N-diisopropylethylamine (DIEA), triisopropylsilane (TIPS), 

bromoacetic acid, and diisopropylcarbodiimide (DIC) were purchased from Chem Impex Int’l, 

Inc. Reagents such as piperidine, O-benzylhydroxylamine hydrochloride, 1,2-ethanedithiol,  N-

hydroxysuccinimide, p-anisidine, N,N-dimethyl-p-phenylenediamine, sodium acetate,  palladium-

tetrakis(triphenylphosphine), N-methyl-N-(trimethylsilyl) trifluoroacetamide and 2-

bromopropionic acid were purchased from Sigma Aldrich. sodium hydroxide, ammonium acetate, 

glacial acetic acid, potassium phosphate monobasic and dibasic, hydrazine monohydrate, 

trifluoroacetic acid (TFA), and solvents were purchased from Fisher Chemical. N,N,N′,N′-

Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU), N-(3-
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dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride, and di-tert-butyl decarbonate were 

purchased from Oakwood Chemicals. DL-alpha-bromophenylacetic acid, and ethyl chloroacetate 

were purchased from Acros Organics. Phenylsilane was purchased from Alfa Aesar 

II. Experimental Procedures and Characterization Data 

Fmoc-based SPPS: Fmoc deprotection and HBTU couplings 

Peptide syntheses were performed on Polystyrene Rink Amide resin (0.78 mmol/g) or pre-treated 

with hydrazine monohydrate Chloro-trityl chloride resin that was using standard manual solid 

phase peptide synthesis protocols (SPPS) on an automated shaker or using a Biotage Syro WaveTM 

peptide synthesizer. Couplings of amino acids (3 equiv.) were performed in DMF using HBTU (3 

equiv) as coupling reagent and DIEA (6 equiv.) as base. Fmoc deprotections were performed by 

treating the resin with 20% piperidine in DMF (v/v) for 5 minutes, followed by treatment with a 

fresh solution of 20% piperidine in DMF (v/v) for 15 minutes. Resin was washed after each 

coupling and deprotection reaction with DMF (3 x 1 mL). Prior to cleavage from the resin or 

storage, resin was washed with CH2Cl2 (3 x 1 mL).   

Peptide synthesis procedures 

Synthesis of N-aryl peptide hydrazides: 
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To incorporate a hydrazide to the C-terminus of peptide, Cl-trityl resin was swelled in DMF for an 

hour. After swelling, the resin was treated with 10% of hydrazine monohydrate in DMF (1 

mL/100mg resin) for 30 minutes at room temperature, followed by treatment with a fresh solution 

of 10% of hydrazine monohydrate for an additional 30 minutes. After washing the resin with DMF 

3 times, the resin was treated with 10% MeOH in DMF for 30 minutes at room temperature. After 

MeOH treatment, the resin was washed with DMF 3x. The resin was then subjected to the 

traditional Fmoc SPPS procedure. To install the N-aryl amino acid resin was washed with DMF 

(5 x 1 mL) after the final Fmoc deprotection and treated sequentially with a 0.6 M solution of the 

corresponding racemic α-substituted bromoacetic acid derivatives in DMF (1 mL, 0.6 mmol) and 

86 μL of N,N-diisopropylcarbodiimide (DIC, 0.56 mmol) for 25 minutes. The bromoacetylation 

procedure was repeated a second time with fresh reagent and the resin was washed with DMF (5 

x 1 mL). The resin was then treated with a 2 M solution of 4-(dimethylamino)aniline DMF for 3 

hours at room temperature.  

Synthesis of N-aryl peptide 5.38:  

 

 

 

 

Resin-bound Fmoc-AAAK(alloc)G 5.36 (100 mg)  was transferred to a 5 mL oven-dried 

microwave vial and the resin was washed with anhydrous CH2Cl2 (2 x 2 mL) under a stream of 

argon. A solution phenylsilane (1.22 mmol, 20 equiv., 0.132 g) and Palladium-



169 
 

tetrakis(triphenylphosphine) (0.012 mmol, 0.2 equiv., 0.014 g ) in anhydrous CH2Cl2 was slowly 

added to the resin under a stream of argon. The reaction stirred in the dark at rt for 30 minutes. 

After this time, the resin was transferred to a 3mL disposable filter column and washed with 

CH2Cl2 (3 x 1 mL), 0.5% sodium diethyldithiocarbamate trihydrate in DMF (5 x 1mL) for 2 min, 

and with DMF (3 x 1 mL).  The resin was treated sequentially with a 0.6 M bromoacetic acid 

solution in DMF (1 mL, 0.6 mmol) and 86 μL of N,N-diisopropylcarbodiimide (DIC, 0.56 mmol) 

for 25 minutes. The bromoacetylation procedure was repeated a second time with fresh reagent 

and the resin was washed with DMF (5 x 1 mL). The resin was then treated with a 1.5 M solution 

of p-anisidine in DMF for 3 hours at room temperature. After this time, the resin was washed with 

DMF (3 x 1 mL).  

Test cleavage of resin-bound peptides  

A small aliquot of resin (1-5 mg) was washed with CH2Cl2 to remove traces of DMF, drained, and 

treated with a freshly made solution of TFA/H2O/TIPS (95:2.5:2.5, v/v/v, 0.2 mL) for 2 h at room 

temperature in a 1 mL disposable PP fritted cartridge. The cleavage solution was collected by 

filtering the resin through the PP fritted cartridge. The filtrate was evaporated to dryness and the 

crude peptide was precipitated twice with cold ether (1 mL) followed by decanting. The pellet 

(crude peptide sample) was dissolved in 1:1 MeCN/H2O v/v (1 mg/mL) and subjected to LCMS 

analysis. Analytical LCMS analyses were performed using an Agilent Technologies 1260 Infinity 

II series LCMS Single Quad instrument with ESI ion-source and positive mode ionization, 

equipped with either a 5 μM, 150 mm × 4.6 mm C18 Vydac column purchased from Mac-Mod 

Analytical, Inc. (catalog # 218TP5415) or a 5 μM, 150 mm × 4.6 mm C18 Luna column purchased 

from Phenomenex (catalog # 00F-4252-E0). A flow rate of 0.5 mL/min and a 5−95% or 20−80% 
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gradient of CH3CN [0.1% trifluoroacetic acid (TFA)] in water (0.1% TFA) over 12 min (total run 

time = 22 min) were used for all LCMS analyses.  

Full cleavage of resin-bound peptides 

The resin-bound peptide was washed with CH2Cl2 to remove traces of DMF, drained, transferred 

into a 20 mL scintillation glass vial, and treated a freshly made solution of TFA/H2O/TIPS 

(95:2.5:2.5, v/v/v, 4 mL). The vial was capped and agitated for 2 hours at room temperature on an 

orbital shaker. The cleavage mixture was filtered through a disposable, PP fritted cartridge into a 

50 mL falcon tube containing cold ether (~30 mL). Following centrifugation for 5 minutes at 7000 

RPM, the ether was decanted, and the peptide pellet was suspended in 1:1 MeCN/H2O v/v. The 

sample was frozen and lyophilized.  

Analysis and purification of peptides  

Following gradient optimization, the crude peptides were purified by preparative HPLC. Peptides 

were purified on a preparative HPLC (Agilent 218 purification system) using a preparative column 

(10−20 μM, 250 mm × 22 mm, C18 Vydac column, catalog # 218TP101522 or 10 μM, 250 mm × 

21.2 mm, C18 Luna column, catalog # 00G-4253-P0-AX) at a flow rate of 10 mL/ min with 

gradients of CH3CN (0.1% TFA) in water (0.1% TFA) over 30 min (total run time = 60 min). 

HPLC fractions containing the desired peptide product were pooled, frozen immediately and 

lyophilized. 
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Hydrazone ligation reactions procedures 

General: Fresh stock solutions were prepared in all cases and used immediately in the ligation 

reactions. The reagents were combined in a 4 mL glass vial with a small stir bar. Vials were the 

solution was sparged with O2 and left under a balloon filled with O2. Small aliquots (50 µL) were 

periodically analyzed by LC-MS to monitor the progress of the reaction. For peptides that are 

Peptide 

sequence  

 Purity 

(%)a 

Yield 

(%)b  

m/z 

(cald) 

[M + 1]+ 

m/z 

(obsd) 

[M + 1]+ 

Retention 

time (min) 

AGFA 5.15a: R = H 99 11 555.3 555.5 8.28 

AGFA 5.15b: R = Me 99 17 569.3 569.5 8.52 

AGFA 5.15c: R = Ph >99 17 631.3 631.5 9.33 

WITGA  5.5a: R = H 96 7 737.4 737.6 9.03 

WITGA  5.5b: R = Me 99 23 751.4 751.6 9.08 

WITGA  5.5c: R = Ph  99 20 813.4 813.6 9.80 

YAYGW  5.6a: R = H 95 7 849.4 849.6 9.00 

YAYGW 5.6b: R = Me 96 3 863.4 863.7 9.09 

YAYGW  5.6c: R = Ph  96 3 925.4 925.7 9.61 

PWASG 5.7a: R = H 94 3 707.4 707.5 8.79 

PWASG 5.7b: R = Me 93 17 721.4 721.6 8.86 

PWASG 5.7c: R = Ph  99 6 782.4 783.5 9.43 

RGDfK 5.8a: R = H 99 3 812.5 812.7 7.67 

RGDfK 5.8b: R = Me 90 1 826.5 826.7 7.80 

RGDfK 5.8c: R = Ph  99 9 888.5 888.7 8.34 

ACNFYE 5.16a: R = H 99 7 936.4 936.7 8.67 

ACNFYE 5.16b: R = Me 99 8 950.4 950.7 8.74 

ACNFYE 5.16c: R = Ph 99 2 1012.4 1012.7 9.52 

AKNVVI 5.17a: R = H 90 4 833.5 833.8 8.15 

AKNVVI 5.17b: R = Me 99 8 847.5 847.8 8.38 

AKNVVI 5.17c: R = Ph 98 5 909.6 909.8 8.84 

LKPQSK 5.18a: R = H 91 2 890.6 890.8 7.45 

LKPQSK 5.18b: R = Me 90 5 904.6 904.8 7.72 

LKPQSK 5.18c: R = Ph 93 6 966.6 966.9 8.36, 8.50 

RAILWWL 5.19a: R = H 99 5 1147.7 1149.0 10.37 

RAILWWL 5.19b: R = Me 99 5 1161.7 1162.0 10.58 

RAILWWL 5.19c: R = Ph 99 2 1223.7 1224.0 10.81 

Unless otherwise noted, analytical LC-MS analyses were performed on a 5 μM, 150 x 4.6 mm C18 

Vydac column from Mac-Mod Analytical, Inc (cat# 218TP5415) with a flow rate of 0.5 mL/min using 

a 12 min 5- 95% linear gradient of MeCN (0.1% TFA) in water (0.1% TFA). The purity at 214 nm 

wavelength is reported in all cases. a) RP-HPLC purity at 214 nm after purification. b) Yields after 

purification by RP-HPLC are based on resin loading. 

Table 5.5. Characterization data for N-aryl peptide hydrazides. 
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not soluble in 100% buffer, drops of MeCN were added to fully dissolve the peptides. No more 

than 10% MeCN was added as N-aryl peptides with substitutions other than H at the Cα- position 

are sensitive to organic solvent. % hydrazone conversions were calculated using areas obtained 

from peaks on LC-MS traces at 214 nm, where % hydrazone conversion = [(area of 

hydrazone)/(area of N-aryl peptide hydrazide+ hydrazone)] x 100. 

Hydrazone ligation conditions for N-aryl peptide hydrazides.  

A 1 mM stock solution of N-aryl peptide hydrazide was prepared in 0.1 M potassium 

phosphate buffer (pH 7). The solution was then sparged with oxygen for 20 seconds before 

removing the exit needle and sealing the reaction mixture under an oxygen balloon to react 

for 24 h either at rt or 45ᵒC. Samples were tested at different time points by taking aliquots 

and analyzing them immediately by LC-MS without prior quenching. Appearance of the 

hydrazone products was observed: 
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Entry Peptide 

sequence  

 m/z (cald) 

[M + 1]+ 

m/z (obsd) 

[M + 1]+ 

Retention time 

(min) 

1 AGFA 5.15a: R = H 417.2 417.3 9.74 

2 AGFA 5.15b: R = Me 431.2 431.3 9.51 

3 AGFA 5.15c: R = Ph 493.2 493.4 10.87 

4 WITGA  5.5a: R = H 599.3 599.5 11.04 

5 WITGA  5.5b: R = Me 613.3 613.4 11.33 

6 WITGA  5.5c: R = Ph  675.3 675.5 12.15 

7 YAYGW  5.6a: R = H 711.3 711.5 10.47 

8 YAYGW 5.6b: R = Me 725.3 725.5 11.16 

9 YAYGW  5.6c: R = Ph  787.3 787.5 11.56 

10 PWASG 5.7a: R = H 569.2 569.4 9.49 

11 PWASG 5.7b: R = Me N/A N/A N/A 

12 PWASG 5.7c: R = Ph  645.3 645.5 10.53 

13 RGDfK 5.8a: R = H 674.4 674.5 8.11 

14 RGDfK 5.8b: R = Me 688.4 688.5 8.03 

15 RGDfK 5.8c: R = Ph  750.4 750.6 8.80 

16 ACNFYE 5.16a: R = H 798.3 798.0 10.25 

17 ACNFYE 5.16b: R = Me 811.3 811.5 10.58 

18 ACNFYE 5.16c: R = Ph 873.3 873.6 11.06 

19 AKNVVI 5.17a: R = H 695.4 695.6 9.79 

20 AKNVVI 5.17b: R = Me 709.4 709.6 10.14 

21 AKNVVI 5.17c: R = Ph 771.4 771.6 10.08 

22 LKPQSK 5.18a: R = H 752.4 752.7 7.93, 8.11 

23 LKPQSK 5.18b: R = Me 766.5 767.7 7.84, 8.13 

24 LKPQSK 5.18c: R = Ph 828.5 828.7 8.88 

25 RAILWWL 5.19a: R = H 1009.6 1009.8 12.22, 12.38 

26 RAILWWL 5.19b: R = Me 1023.6 1023.8 12.32 

27 RAILWWL 5.19c: R = Ph 1085.6 1085.9 12.64 

Table 5.6. Characterization data for hydrazone macrocycles. 



174 
 

Synthesis of 4-methoxyphenylglycine (5.21) 

4-methoxyphenyglycine was synthesizing 

according to literature procedure.16 p-

anisidine (40.6 mmol, 1 equiv., 5.00 g), and 

sodium acetate (48.7 mmol, 1.2 equiv., 4.09 

g) was suspended in EtOH (13 mL). Ethyl chloroacetate (48.7 mmol, 1.2 equiv., 5.97 g), was 

added. The reaction was heated at reflux for 7 h then allowed to react at rt overnight. The reaction 

mixture was then poured over crushed ice. The resulting precipitate was filtrated and dried. To the 

intermediate ester in water (75 mL) was added NaOH (44.7 mmol, 1.1 equiv., 1.78g), and the 

mixture was refluxed for 30 min. After cooling, the reaction mixture was acidified to pH 2 by 

dropwise addition of a 1 M solution of HCl. The resulting precipitate was filtered, washed with 

water, and purified by recrystallization from a mixture ethanol/water 8/2 to afford 3.14 g (17.3 

mmol, 44%) of 4-methoxyphenylglycine (5.21). 

NMR (CDCl3) spectra matched literature values.16  

Synthesis of N-(tert-butoxycarbonyl)-N-(4-methoxyphenyl)glycine (5.22) 

4-methoxyphenyglycine (5.21) (5.52 mmol, 1 equiv., 

1.00 g), was suspended in THF (7 mL). TEA (11.59 

mmol, 2.1 equiv., 1.17 g) and Boc2O (8.28 mmol, 1.5 

equiv., 1.81 g) was added. The reaction was allowed to react at rt overnight. THF was evaporated 

in vacuo. The residue was dissolved in 1M NaOH (8 mL) and washed with ether. The water layer 

was acidified with 1M HCl, and then extracted with ether (10 mL x 3). The organic layer was dried 

(Na2SO4), filtered and concentrated to give N-(tert-butoxycarbonyl)-N-(4-methoxyphenyl)glycine 

(5.22). 
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1H NMR (600 MHz, CDCl3): δ 7.25-7.18 (m, 2H) 6.84-6.83 (m, 2H) 4.29 (s, 2H) 3.78(s, 3H) 1.48-

1.38(m, 9H). 13C{1H}NMR (150 MHz, CDCl3): δ 175.3, 158.0, 135.5, 128.0, 114.2, 113.9, 81.0, 

55.4, 51.9, 28.1. IR (neat) 3131, 2997, 2968, 1768, 1663, 1511, 1155. LC-MS (ESI) m/z: [M + H 

– 100]+  calcd for C14H20NO5 181.3; found 182.2. Rf  = 0.23 (50% ethyl acetate in hexanes). Mp = 

101.4 – 107.6 ᵒC. 

Synthesis of 2,5-dioxopyrrolidin-1-yl N-(tert-butoxycarbonyl)-N-(4-

methoxyphenyl)glycinate (5.23) 

N-(tert-butoxycarbonyl)-N-(4-

methoxyphenyl)glycine (5.22) (3.56 

mmol, 1 equiv., 1g) was dissolved in 

CH2Cl2 (4 mL). N-hydroxysuccinimide (5.69 mmol,1.6 equiv., 0.65g) was added with CH2Cl2 (3 

mL). The mixture was brought to 0°C. A solution of 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (5.69 mmol, 1.6 equiv., 1.09 g) in CH2Cl2 (30 mL) was 

slowly added to the reaction mixture. The mixture was left at 0°C for 30 mins then allowed to 

come to rt and react for 3 h. The reaction was then diluted CH2Cl2 (90 mL) The organic layer 

was washed with brine (80 mL), saturated aqueous NaHCO3 (80 mL) and brine (80 mL), dried 

(Na2SO4), filtered and concentrated to afford 2,5-dioxopyrrolidin-1-yl N-(tert-butoxycarbonyl)-

N-(4-methoxyphenyl)glycinate (5.23). This was used for the next step with no further 

purification.  
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Synthesis of (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-((tert-

butoxycarbonyl)(4-methoxyphenyl)amino)acetamido)propanoic acid (5.24) 

  Fmoc-diaminopropionic acid 

(Fmoc-Dap-OH) (0.265 

mmol, 1 eq, 86 mg) was 

suspended in 1 mL anhydrous 

CH2Cl2 under nitrogen. N-

methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) (0.292 mmol, 1.1 eq, 0.121g) was added 

and the reaction was refluxed overnight. After this time, the activated ester (2,5-dioxopyrrolidin-

1-yl N-(tert-butoxycarbonyl)-N-(4-methoxyphenyl)glycinate (5.23)) (0.265 mmol, 1 eq, 0.1g) was 

added and the reaction was stirred for 3 days. The reaction was concentrated and re-dissolved in 

ethyl acetate (12mL) and washed twice with 5 mL brine. Flash column chromatography (1% → 

10% MeOH in CH2Cl2) yielded 0.102g (0.173 mmol, 66% yield) of (S)-2-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)-3-(2-((tert-butoxycarbonyl)(4-

methoxyphenyl)amino)acetamido)propanoic acid (5.24). 

1H NMR (600 MHz, CDCl3) δ 7.72 (d, 2H) 7.57 (d, 2H) 7.37-7.24 (m, 4H) 7.15 (d, 2H) 6.75 (d, 

2H) 6.33 (d, 1H)  4.30 (d, 1H) 4.18 (s, 2H) 3.68 (s, 3H) 1.38 (s, 9H) 1.27 (s, 2H). 
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CHAPTER 6: Conclusions and Future Direction 

 N-aryl peptides have shown to be powerful precursors to access new oxime and hydrazone 

ligation products. The ability to oxidize these N-aryl peptides under mild conditions (O2 or 

K3[Fe(CN)6 ] in water) allows for utility in a number of applications including bioconjugation, 

macrocyclization of peptides, and peptide-peptide ligation. We have demonstrated the ability to 

tune the electronics of the aryl ring to trigger ligation at various pHs. Some of our methods using 

N-arylglycines are faster than previous methods at neutral pH 7. 

 Excitingly, we were able to expand beyond using N-arylglycine peptides to have access to 

ketoxime ligation products. Oxidative couplings using N-aryl amino acids with substituents at the 

Cα-positions were not seen in the literature prior to our work. The key for reactivity of the N-aryl 

peptides was having the electron-rich substitution: the aryl ring. Under mild, catalyst-free 

conditions, we were able to gain access to high-yielding ketoxime products. There are a number 

of N-aryl substitutions that allow for access to the ketoxime ligation product and could be useful 

in systematic triggered ligation by varying the pH. Having diversity at the site of ligation could be 

used in rapid SAR studies of oxime linkages to modulate peptide properties such as cell 

permeability. Ketoxime substituents could also be useful in conformation control of the secondary 

structures of peptides.  

 We were interested in utilizing N-aryl peptides for chemical protein synthesis and peptide 

macrocyclization.  This was also an opportunity to use our method to access kethdyrazone ligation 

products which are even more rare than ketoxime in the literature. Hydrazone ligation using N-

aryl peptides and C-terminal peptide hydrazides shows a mild way to access head-to-tail peptide-

peptide ligation. In the case of hydrazone ligation, there was only one peak observed by LC-MS, 

suggesting that only one isomer may be present in all cases, even while varying the sequences and 



181 

 

the Cα-substitution. Differences in substitutions at the site of ligation impact the stability of the 

bond. This could be used in stimuli-responsive applications. We would like to expand the use of 

our method to access ligation products on sequences that are known to adopt a β-hairpin and 

investigate the effect of different substitutions at the site of ligation on secondary structures.   

 We also have demonstrated the utility of N-aryl peptides for macrocyclization. So far, we 

have been able to perform head-to-tail macrocyclization of N-aryl peptide hydrazides, have access 

to various ring sizes, and show side chain compatibility with several amino acids. In some cases, 

multiple isomers were observed upon cyclization. Heating allows for isomerization to one major 

product.  Having a phenyl at the site of ligation has resulted in one major peak in all cases and 

could be used for conformation control upon macrocyclization.  There is interest in looking at 

cyclic bioactive sequences and seeing these kethydrazone linkages will impact their activity. We 

are interested in having a practical method to have access to N-aryl amino acids on the side chain. 

Preliminary data shows that the submonomer method on lysine side chain could be a 

straightforward method to have substituted N-aryl amino acid instead of having to synthesize each 

of the building block in solution. 

 Our method addresses some of the previous limitations of these ligations and has expanded 

to undiscovered territory (Figure 6.1). We are looking forward to exploring the applications of our 

method including the execution of chemical protein synthesis, variations of macrocyclization 

beyond head-to-tail and discovery of other applications that would benefit from our mild way to 

create linkages.  
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Figure 6.1. Summary of advantages of our method using N-aryl peptides for oxime and 

hydrazone ligation.   


