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Abstract 

Rh(III)-Catalyzed Methodologies Applied to the Synthesis of Unnatural Peptides 

Christopher William Lamartina 

 

 Contemporary developments in the field of synthetic peptide methodologies are imperative 

for enabling the advance of drug design in medicinal chemistry. Although many groundbreaking 

discoveries have been made in this field in the past few decades, there has only been a recent 

renaissance in transition metal catalyzed methods which create unnatural amino acids and generate 

macrocyclic peptide structures. Rh(III)-catalyzed methods which install C-C bonds and C-N bonds 

across readily available alkene substrates have been an underexplored avenue for peptide 

modification chemistry. In this thesis, several novel catalytic methodologies are disclosed which 

simultaneously install unnatural amino acid motifs during peptide ligation events. In Chapter 3, 

we report a modular peptide ligation methodology that couples dioxazolones, arylboronic acids, 

and acrylamides to construct amide bonds in a diastereoselective manner under mild conditions, 

facilitated by Rh(III) catalysis. In Chapter 4, we disclose a Rh(III)-catalyzed macrocyclization via 

carboamidation, reacting acryloyl-peptide-dioxazolone precursors and arylboronic acids to form 

complex cyclic peptides with concomitant incorporation of noncanonical α-amino acids. In 

Chapter 5, we describe ongoing efforts to develop a complementary Rh(III)-catalyzed 

hydroamidation reaction which furnishes macrocyclic peptides to expand the chemical space in 

which complex peptidomimetic molecules can be attained. 
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Chapter 1: An Introduction to Transition Metal-Catalyzed 

Carboamination and Carboamidation Reactions 

1.1 Introduction to C-C and C-N bond formation of alkene and alkyne substrates 

 Alkenes are ubiquitous functional groups found in chemical feedstocks, biological 

molecules, and pharmaceutical compounds. Due to the versatile reactive π-bond of alkenes, they 

are ideal substrates for difunctionalization reactions, which install two high value functionalities 

at two separate carbon atoms in a single transformation (Scheme 1.1). By utilizing the inherent 

reactivity of alkene precursors, they can be efficiently reacted in a variety of approaches to rapidly 

increase their molecular complexity in a modular fashion. Among the various possibilities of 

 

Scheme 1.1: Carboamination and carboamidation as a means of alkene difunctionalization 
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alkene difunctionalization, one of the most high value transformations is the class of 

carboamination and carboamidation reactions, which allows for the simultaneous vicinal 

installation of a C-C bond and a C-N bond in a single transformation. There are many analogous 

reactions that also operate on the unsaturated bonds of alkyne precursors as well, which are 

generally even more reactive than their alkene counterparts. 

Moreover, given the prevalence of molecules which contain at least one nitrogen atom for 

FDA approved drugs, the ability to install this element is essential for the advancement of drug 

development. Over 84% of 1086 unique small molecule drugs contain at least one nitrogen atom 

as of a report from 2014.1 Nitrogen surpasses the prevalence of other crucial heteroatoms, such as 

fluorine (13%) and sulfur (26%), respectively. It is very frequently found in N-heterocyclic 

compounds which have been screened for bioactivity.2 This fundamental building block also 

contributes to the amide functional group, which will be a key focus of this thesis. The 

incorporation of nitrogen spans from small molecules in nature such as amino acids, all the way to 

more complex peptides and proteins which govern many of life’s crucial functions through 

enzymatic processes. 

There are a plethora of catalytic approaches to various structural motifs that may be forged 

via carboamination. The primary focus of this chapter will be on different mechanistic motifs that 

provide a wide variety of carboaminated and carboamidated adducts. The first discussion will be 

focused on two-component reactions forming annulated heterocycles from alkenes and alkynes, 

followed by two-component reactions which form acyclic products. The last portion will focus on 

fully decoupled three-component approaches to form products in several distinct modular ways. 

Each reaction uses different mechanistic principles to furnish the desired products, which are all 

valuable for the advancement of organometallic chemistry directed towards organic synthesis.  
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1.2 Two-component carboamination strategies to form annulated heterocycles from 

alkenes and alkynes via C-H activation 

 One of the most commonly used approaches for transition metal catalysis directed toward 

carboamination is the class of annulation reactions which react alkenes or alkynes with coupling 

partners that contain the nitrogen source tethered to the carbon source. This type of two-component 

technology can provide expedient access to functionalized heterocycles via a formal [4+2] 

approach, and functions on a wide variety of alkene substrates. These coupling partners are usually 

predisposed to react with transition metals due to the coordinating ability of the nitrogen precursor, 

followed by a concerted metalation-deprotonation (CMD) event to the proximal C-H bond.3 The 

 

Scheme 1.2: Examples of carboamination annulation reactions and CMD mechanism 
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CMD mechanism works by the metal center forming an agostic interaction with the C-H bond that 

is generally situated in the ortho-position relative to the N-directing group, which consequently 

greatly acidifies the C-H bond. An external base that is added to the reaction medium can then also 

coordinate to the metal and undergo a 6-membered transition state that simultaneously 

deprotonates the C-H bond while forming a new C-M bond. The corresponding metal-carbon bond 

can then undergo a 1,2-migratory insertion step to forge the C-C bond, and then undergoes a 

reductive elimination to form the C-N bond and generate the annulated heterocycle. With regards 

to catalyst turnover, seminal work from the Rovis Lab demonstrated that is possible to couple 

 

Scheme 1.3: Generalizable mechanism for annulation chemistry with internal oxidants 
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alkynes with benzamides to form annulated isoquinolones by using Cu(II) as the external oxidant 

(Scheme 1.2A).4 This turns over the Rh catalyst by oxidizing the Rh(I) intermediate that is formed 

post-reductive elimination to Rh(III), which can then restart the catalytic cycle.  

Subsequently, efforts were made to bypass the use of stoichiometric external oxidants by 

integrating the oxidant into the substrate itself. Deemed as an internal oxidant, the incorporation 

of an N-OMe bond into the correct position of a benzamide substrate to form the corresponding 

hydroxamic acid derivative was introduced by Fagnou and coworkers.5 This seminal contribution 

demonstrated that by clever substrate engineering, Cu(II) additives could be removed entirely, 

which also caused the field to shift its focus on the development of new types of internal oxidants 

to readily induce catalytic turnover in a variety of mechanistic manifolds. The way that the internal 

oxidant works is after the reductive elimation step where a Rh(I) species is generated, this catalytic 

intermediate can then undergo a direct oxidative addition event with the N-O bond to form a 

Rh(III) intermediate, which can then undergo a redox neutral proto-demetalation event to form the 

desired annulated product.  

Later work from Fagnou and coworkers improved upon this internal oxidant system by 

changing the structural design of the hydroxamic acid derivative (Scheme 1.2B). They discovered 

that by replacing the N-OMe functional group with more readily oxidizable moieties, the net 

efficiency of the reaction could be substantially improved. Optimization studies found that N-OPiv 

hydroxamic esters were the most ideal kind of oxidant, which also correspondingly allowed for 

substrate expansion from alkynes to both activated and unactivated alkenes (Scheme 1.3).6 A large 

number of hydroxamic acids were included in this study as well, showing that improper 

substitution can also completely shut off any desired reactivity.  
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This general protocol was a significant step forward in the field of annulative 

carboamination chemistry, but this paper still contained a limitation of poor regioselective control 

for some classes of alkene substrates. Work from Rovis and coworkers addressed this issue through 

systematic ligand design of the RhCpX precatalyst, where changing the prototypical Cp* 

(pentamethyl) ligand to the more sterically encumbered Cpt (1,3-di-tert-butyl) ligand caused a 

significant increase of 2.4:1 rr to 15:1 rr for unactivated alkyl-alkene substrates.7 Remarkably, in 

the special case of vinylcyclohexane, the rr could be inverted from 11:1 with Cp* to 1:10 with Cpt 

(Scheme 1.4A). The authors rationalize that steric interactions with the ligand structure is what 

caused these discrepancies in selectivity. Further work from the Rovis Lab took the ligand design 

 

Scheme 1.4: Regioselective and enantioselective variants of annulation chemistry 
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one step further in collaboration with the Ward Lab by forcing the Rh(III) catalyst to be imbedded 

in the active site of an enzyme, therefore inventing a new class of metalloenzymes that could be 

used for highly regioselective and enantioselective annulation reactions.8 By tethering a biotin 

moiety to the RhCp* precatalyst, the catalyst could be bound to tetrameric streptavidin. After 

screening different enzymatic mutants, the authors came across a variant where a proximal 

glutamate residue in the secondary coordination sphere of the catalyst can participate as the base 

in the CMD event of the mechanism. This furnished isoquinolone products in excellent yields and 

up to 82% ee. Further work from the Rovis Lab saw expansion of benzamide substrates to 

acrylamide substrates, both using small molecules catalysts and another engineered 

metalloenzymatic system which used monomeric streptavidin to reach up to 97% ee.9,10 These 

manuscripts also contributed to the realm of vinylic C-H activation beyond standard aryl C-H 

activation reactive manifolds (Scheme 1.4B).  

 

1.3 Two-component carboamination strategies to form acyclic products from alkene 

and alkyne precursors 

The work on annulative carboamination approaches to form a variety of heterocyclic 

compounds was crucial to establishing the precedent of using internal oxidants as potent functional 

handles for catalytic turnover under mild conditions. Consequently, interest had developed in 

expanding this type of chemistry beyond the context of heterocycle synthesis and toward the 

synthesis of acyclic carboaminated adducts. These approaches would still involve coupling 

partners where the C-source and N-source are tethered to each other, but can be split from each 

other during the mechanism of action for a given transformation. Acyclic products pose their own 

unique advantages over heterocyclic products, as they expand the chemical space in which 
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valuable carbon and nitrogen functionalities may be added to alkene precursors to enhance 

chemical complexity in a rapid and atom economical manner.  

The key seminal contribution to the field comes from Rovis and coworkers, which 

introduced the enoxyphthalimide as a new type of internal oxidant which can be activated via C-

H activation (Scheme 1.5A).11 This unique substrate contains a readily cleavable N-O bond, but 

the phthalimide in its ring-opened form can also can serve as a directing group on a Rh(III) catalyst 

to place a vinylic C-H bond in proximity to the metal center to readily undergo a facile CMD event. 

 

Scheme 1.5: Examples of two-component carboamination reactions that form acyclic 
products 
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This can form a vinylic C-M bond, which can then coordinate to an activated alkene substrate and 

undergo a 1,2-migratory insertion event. After reductive elimination of the C-N bond, the Rh 

center can then turnover by undergoing an oxidative addition event into the N-O bond, then 

tautomerize and proto-demetalate to form the carboaminated ketone product. This example builds 

on the mechanistic precedents from the work that preceded it to work on an entirely new substrate 

class and furnish acyclic products. Notably, the migratory insertion step of the mechanism controls 

the diastereoselectivity of the transformation, giving >20:1 dr for the syn-carboaminated adducts. 

This paper marks the first diastereoselective carboamination reaction facilitated by transition metal 

catalysis.  

Another new class of internal oxidant was also utilized by Lu and coworkers to readily 

functionalize alkyne coupling partners.12 This involves functionalization of N-phenoxyacetamides, 

once again through a closely related C-H activation mechanism via CMD, followed by migratory 

insertion of the alkyne, followed by reductive elimination, and then oxidative addition into the N-

O bond. This sequence of fundamental steps leads to acyclic enamide products which are 

conjugated to ortho-substituted phenols (Scheme 1.5B). Glorius and coworkers later expanded 

this chemistry to activated alkene coupling partners, which directly furnished obscure unnatural 

amino acid products by the same mechanism, except through the use of Co(III) catalysis.13 The 

main limitations of this chemistry are that all the products incorporate a mandatory ortho-

substituted phenol motif and the products are formed as racemates. Still, the ability to expand this 

kind of chemistry to alkenes through modification of catalytic conditions was a significant 

contribution.  

More recently, Li and coworkers have introduced O-allylhydroxyamine as a new kind of 

internal oxidant that may be functionalized by Rh(III) catalysis (Scheme 1.5C).14 The distinction 
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of this type1–10 of reactive precursor is that rather than the C/N source being tethered together and 

reacting with an external alkene reactant, the N-O bond is now part of the alkene and the carbon 

source is the external reactant. Through use of achiral or chiral Rh(III)Cp pre-catalysts, the 

corresponding carbon source appended with a plethora of different directing groups can undergo 

a CMD event at the ortho C-H bond, then insert into the olefin, followed by simultaneous N-O 

bond cleavage and transient nitrene formation, with a subsequent migratory insertion of the metal-

nitrene species into the Rh-C bond to forge the C-N bond. This system allows for formation of 

both axially and centrally chiral amino alcohol products with a wide variety of carbon precursors.  

 

1.4 Three-component carboamination strategies to form acyclic products from alkene 

precursors 

The next logical expansion in the realm of efficient carboamination technologies would be 

fully decoupling the carbon source, nitrogen source, and alkene source to allow for modular three-

component cross-coupling reactions. This poses a substantial advantage over two-component 

protocols due to the ability to readily stitch together three separate building blocks to generate 

molecular complexity in a flexible and practical fashion. The essential advantages in this field have 

mostly been reported within the last decade, as new efficient protocols have been emerging and 

flourishing at a fast pace in the current era of carboamination. There are various mechanistic 

paradigms that allow for the C-source, N-source, and alkene to be bridged together with different 

modes of regioselectivity, chemoselectivity, and stereoselectivity. 
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A seminal contribution in this field emerged from the Liu Lab, where they developed a 

copper-catalyzed intermolecular amino-arylation of styrenes, using boronic acids as the carbon 

nucleophile and N-fluoro-N-alkylsulfonamides as the nitrogen nucleophile (Scheme 1.6A).15 This 

chemistry readily installs a C-C bond and C-N bond across the double bond of a styrene in a highly 
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enantioselective fashion with a chiral ligand, and operates through a radical-based mechanism. 

The mechanisms proceeds by the Cu(I) catalyst undergoing a single electron transfer to 

homolytically cleave the N-F bond of the sulfonamide substrate to generate an N-centered radical, 

which can then do a radical addition into the styrene to form a stabilized benzylic radical. The 

chiral Cu(II) center can then transmetalate with the boronic acid to form a Cu-aryl species, which 

then rebounds with the benzylic radical to form a Cu(III) species followed by a reductive 

elimination to form the product and regenerate the Cu(I) active catalyst. This method features a 

robust scope of styrenes and boronic acids, but the nitrogen source is severely limited. 

Further elegant work in this field was accomplished by Engle and coworkers who turned 

to Pd-catalysis which does not function under radical mechanisms. By installing an 

aminoquinoline (AQ) directing group to the carboxylic acid appended to an unactivated alkene, 

the system is able to couple generalizable nitrogen nucleophiles with vinyl halides or aryl halides 

in a regioselective and chemoselective manner (Scheme 1.6B).16 The reaction mechanism works 

by the Pd(II) precatalyst first coordinating to the AQ directing group and alkene in a tridentate 

chelation mode. The exogenous nitrogen nucleophile, such as phthalimide, can then attack the 

complex for an aminopalladation event which forms the first C-N bond and a C-Pd bond with high 

regioselectivity. This intermediate can then undergo oxidative addition to form a transient Pd(IV) 

species, which can then rapidly reductively eliminate to form the C-C bond and regenerate the 

Pd(II). This work was crucial for establishing the very broad substrate compatibility that makes 

modular three-component carboamination approaches such attractive types of reactions. 

Additionally, the reaction is compatible with internal alkenes in addition to terminal alkenes.  
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Later work from Engle and coworkers in the carboamination field focused on diverging 

away from AQ directing groups in favor of using common native functionalities as directing 

groups instead. They had reported a nickel-catalyzed 1,2-carboamination of alkenyl alcohols, 

which uses amines that have been functionalized with N-O bond internal oxidants as the nitrogen 

source and boronic esters as the carbon source (Scheme 1.7A).17 The mechanism works by the 

Ni(I) active species undergoing a transmetalation event with the boronic ester to form a Ni-C 

complex, which can then chelate to the oxygen and alkene of the target substrate. This species can 

then undergo a 1,2-migratory insertion step to install the C-C bond and a new Ni-C bond. The 

internal oxidant substrate can then intercept this species through and oxidative addition event into 

the N-O bond to form a Ni(III) intermediate, followed by reductive elimination to form the desired 

product and turn over the catalyst. Another related paper from their lab was reported using amines 

as directing groups rather than alcohols, utilizing alkyl zinc reagents as the carbon source and tosyl 

azides as the nitrogen source, respectively (Scheme 1.7B).18 This method features bench stable 

Ni(0) pre-catalysts as an attractive alternative to Ni(cod)2, where the ancillary benzoquinone ligand 

 

Scheme 1.7: Examples of three-component carboamination reactions that form acyclic 
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was found to enable the mechanism through a facile migratory insertion event, which was 

interrogated through computational analysis.  

Further seminal work was contributed by the Ellman Lab, where they reported a three-

component 1,1-regioselective carboamidation by coupling together unactivated alkenes, carbon 

precursors with activatable C-H bonds, and dioxazolones or O-acyl hydroxamic acids as amidating 

reagents (Scheme 1.8A).19 The mechanism of dioxazolone synthesis and mechanistic activation is 

further elaborated in Chapter 3 of this thesis. Through clever mechanistic design, the Rh(III)-

catalyzed methodology works first by a standard CMD event to activate the C-H bond through a 

directing group chelation mode, followed by alkene coordination and subsequent 1,2-migratory 

insertion of the consequent Rh-C bond into the olefin. The key mechanistic feature of this 

chemistry is that the Rh intermediate can undergo a fast 𝛽-hydride elimination event to form a Rh-

H species, where the hydride can then insert back into the olefin to invert the regioselectivity. This 

resulting intermediate can then be trapped by dioxazolone to form a transient nitrene species, 

which then forms the final C-N bond and then proto-demetalates to generate the desired 1,1-

carboamidated adduct. A chiral Rh-catalyst can be employed to furnish optically active products 

as well.  

The contribution to this field that is most central to the work accomplished in this thesis 

was work reported from the Rovis Lab by a former graduate student, Dr. Sumin Lee. He developed 

a 1,2-regioselective carboamidation reaction which readily couples electron deficient olefins, aryl 

boronic acids as the carbon source, and dioxazolones as the nitrogen source facilitated by Rh(III) 

catalysis (Scheme 1.8B).20 This technology uses readily available starting materials and exhibits 

a very diverse boronic acid scope while working on various electron deficient olefins, such as 

acrylates, acrylonitriles, and acrylamides, as well as strained olefins, such as norbornene, 
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oxabenzonorbornadiene, aza-benzonorbornadiene, and cyclopropenes. The dioxazolone scope in 

this report was modest but still demonstrated a variety of alkyl substituents, including a 

dioxazolone containing an unactivated olefin which is untouched during the reaction, 

demonstrating the high chemoselectivity of the transformation. Notably, the use of acrylamide 

substrates directly furnished racemic mixtures of 𝛼-amino acids. The detailed mechanism of this 

transformation is elaborated on in Chapter 3, when this chemistry is expanded to the context of 

complex oligopeptide ligation. 

 

Scheme 1.8: Examples of three-component carboamination reactions that form acyclic 
products III 
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Finally, this type of chemistry was expanded by the Huang Lab to work on unactivated 

internal and terminal olefins by using sulfides as directing groups (Scheme 1.9C).21 This reaction 

functions to give regiodivergent products depending on the relative positioning of the alkene with 

respect to the sulfide functionality. Allylic sulfides provide 1,2 arylamidated products while 

homoallylic sulfides provide 2,1-arylamidated products, respectively. The reaction works by the 

same mechanism of the original 1,2-carboamidation protocol, while delivering products with 

excellent diastereoselectivities and enantioselectivities when using a chiral RhCp catalyst. 

Notably, this reaction works with vinylic boronic acids and heterocyclic boronic acids, which was 

an innate limitation of the original approach on electron deficient olefins. Additional reviews cover 

examples of carboamination transformations that were not covered in this chapter.22-24 
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Chapter 2: An Introduction to Peptide Synthesis, Ligation 

Strategies, and Unnatural Amino Acids 

2.1 Introduction to peptidomimetics and significance of unnatural amino acids 

Peptides are ubiquitously found in nature and have been widely utilized for their 

therapeutic properties in the form of FDA approved drugs.1-3 The fundamental building blocks of 

peptides and proteins are the 20 canonical amino acids, which can be considered as the alphabet 

of the language that nature likes to speak in. In order to expand this language, chemists and 

biologists have implemented unnatural amino acids (UAAs) to dramatically broaden the scope of 

potential designer peptides that may be synthesized and screened for bioactivity.4 Unnatural motifs 

include backbone alterations (𝛽-amino acids, N-alkylations),5,6 D-stereocenters (instead of natural 

L-stereocenters),7,8 and structurally modified residues (modifications to side chains).9,10  UAAs are 

known to increase binding potency, provide conformational support, benefit proteolytic stability, 

and augment cell permeability of peptide molecules (Scheme 2.1). Thus, there is a large impetus 

to expand the synthetic chemical methodologies by which complex peptide construction can be 

attained.  

A key example of a native peptide sequence that is found as a hormone in the human body 

is GnRH, gonadotropin releasing hormone, which is a neuropeptide that is secreted in the 

hypothalamus and regulates testosterone levels. Through a simple modification of the terminal 

glycine residue to a terminal ethyl group, this compound has been commercialized as an GnRH 

agonist drug known as Leuprolide for the treatment of prostate cancer. Through more dramatic 

alterations of the native sequence to install a variety of UAAs, a complementary GnRH antagonist 

drug known as Degarelix has been developed as well (Scheme 2.2).11 This case study demonstrates 
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the requirement for new methods to readily install complex synthetic motifs into peptidomimetic 

active pharmaceutical ingredients.12  

 

Scheme 2.1: Canonical and unnatural amino acids 
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Macrocyclic peptides have garnered much attention in the pharmaceutical industry over 

the past two decades as an attractive and versatile drug modality.13-15 In comparison to their linear 

counterparts, the geometric constraints on cyclic peptide scaffolds lead to significant 

improvements in structural rigidity, while maintaining a degree of flexibility that allows them to 

adopt multiple stable conformers.16,17 The intermediate size of macrocyclic peptides also gives 

 

Scheme 2.2: Examples of peptidomimetics used for treatment of prostate cancer 
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them the advantage of high binding affinity similar to larger antibody modalities, while 

simultaneously preserving the synthetic tractability of traditional small molecule therapeutics.18.19 

These peptidomimetic structures have favorable oral bioavailability, and the ability to target both 

intra- and extracellular protein-protein interactions.20-22 The combined unique properties of peptide 

macrocycles lead to their notable robust metabolic stability, absorption capabilities, membrane 

permeability, and proteolytic resistance.  

Flagship peptidomimetic therapeutics that contain a wide variety of UAAs and cyclic 

junctions have gone through FDA clinical trials in the past decade, including Merck’s MK-0616 

PCSK9 inhibitor, used for treatment of coronary heart disease,23 Chugai’s LUNA18 KRAS 

 

Scheme 2.3: Examples of recently reported peptidomimetic macrocyclic drug molecules with 
unnatural Phe residues 
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inhibitor, used for cancer treatment,24 and Ipsen’s setmelanotide melanocortin receptor agonist, 

used to treat genetic obesity.25 Each of these complex molecules contains at least one unnatural 

phenylalanine residue, among other non-canonical features such as N-alkylations, 𝛼-substitutions, 

extended alkyl backbones, and D-stereocenters (Scheme 2.3). The chemical features that make 

unnatural, drug-like peptides useful therapeutic modalities also make them challenging to 

synthesize. These molecules frequently have monomer connectivity that extends beyond canonical 

peptide bonds, and they often have distinctive stereochemistry not found in natural peptides or 

commercially available amino acid building blocks. This chapter will discuss classical methods 

and emerging technologies which aim to solve these issues. 

 

2.2 Introduction to traditional forms of amide bond formation and solid phase peptide 

synthesis 

Peptide coupling is generally viewed from the perspective of generating the amide C-N 

bond by condensing the carboxylic acid C-terminus of one amino acid with the amine N-terminus 

of another amino acid. This effectively removes water, but carboxylic acids are inherently poor 

electrophiles for acyl transfer reactions so they need to be activated through the implementation of 

peptide coupling reagents. First the carboxylic acid can be activated by an electrophilic 

carbodiimide such as DCC, EDC, or DIC, followed by attack by an external nucleophile (HOBt, 

HOAt) to furnish the reactive ester intermediate (Scheme 2.4A). Common reagents that combine 

the electrophilic and nucleophilic components are HBTU and HATU (Scheme 2.4B).26 Different 

combinations of the mentioned reagents, as well as other reagents that have not been listed, vary 

in degrees of coupling efficiency depending on the identity of the amino acid residues that are 
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being coupled. Excess coupling reagents are used to ensure near quantitative yields for each 

coupling reaction during chain elongation. 

A major concern of using these kinds of peptide coupling reagents is the possibility of 

stereocenter epimerization. After carboxylic acid activation, intramolecular cyclization reactions 

may occur where an acidic oxazolone intermediate is generated.26  Epimerization of the acidic 

proton may occur before the incoming amino nucleophile comes in and opens the ring to furnish 

the linear peptide. Thus, to prevent large extents of this unproductive epimerization pathway, the 

activated carboxylic acid needs to be quickly trapped with another nucleophile to prevent the 

undesired cyclization. This second activated ester intermediate is then electrophilic enough to then 

 

Scheme 2.4: General mechanism of peptide bond formation and common coupling reagents 
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trap the incoming amine nucleophile to irreversibly form the amide bond without deprotonating 

the carbon at the stereocenter.27 

The best way to expedite this linear process of coupling reactions and subsequent 

deprotection steps is through the utilization of solid phase peptide synthesis (SPPS). First 

 

Scheme 2.5: Solid phase peptide synthesis 
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developed by R. Bruce Merrifield, the general principal of SPPS is to anchor the first amino acid 

residue to an insoluble polymer resin and then build the elongating peptide chain traditionally from 

the C-terminus to the N-terminus (Scheme 2.5A).28 This is the most widely used chemical 

technique in the world currently for rapid and high yielding complex peptide synthesis.  

There are several considerations when approaching the optimal SPPS system, the first 

being which of the two orthogonal protecting group approaches is most appropriate. In terms of 

which protecting group temporarily shields the amino group of each incoming coupling partner, 

the acid labile version involves use of a Boc group, which can be deprotected with strong acids 

such as trifluoroacetic acid (TFA). This method requires orthogonal side chain protecting groups 

(i.e. benzyl groups on Glu or Ser) such that the side chains do not interfere in the coupling steps 

and are not removed by each subsequent TFA removal step.26 This method is generally disfavored 

however, due to the final global deprotection step and resin cleavage requiring particularly 

dangerous reagents such as hydrogen fluoride (HF). Thus, the state-of-the-art is widely considered 

to be the base labile Fmoc strategy, with the use of acid labile tBu side chain protecting groups. 

Fmoc possesses attractive properties over Boc since it can be removed under mild conditions using 

weak bases like piperidine.26,27 Also, the lack of strong acid for each deprotection step causes less 

unwanted side chain reactions despite their protecting groups. Additionally, the final global 

deprotection of the peptide chain and cleavage from the resin can be accomplished in one step with 

TFA treatment. 

Another set of important considerations are the identity of the resin, the resin linker that 

anchors the growing peptide, and the choice of solvent. Polystyrene is still the most widely used 

core resin in SPPS and contains divinylbenzene as a cross linking agent. Organic solvents can have 

interactions with the core resin which allows the inner framework of the resin to swell and expand. 
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This allows more volume for the peptide coupling reagents to inhabit the solid phase and react 

with the terminal end of the growing peptide chain. Common solvents include DCM and DMF to 

allow adequate swelling while also solubilizing the reactive reagents. Altered solvent ratios may 

be used at different stages of the coupling process to allow adequate reactivity. Additionally, the 

linker which couples the resin to the peptide chain is of high importance, since it requires high 

coupling efficiency in the first step and needs to be robust to the coupling conditions to avoid 

decomposition. Common examples in Fmoc based chemistry are the Wang and 2-chlorotrityl resin 

linkers since they are cleaved to generate native carboxylic acids at the C-terminus (Scheme 

2.5B).29,30 The Rink resin can be cleaved to directly provide terminal primary amides and is 

generally the most commonly used type of bead. 

 

2.3 Classic strategies of peptide ligation for linear and cyclic structures  

Chemical ligation is a set of techniques used to couple together two peptide chains into a 

larger macromolecule (Scheme 2.6).16 There are many types of peptide ligation technology and 

most of these methods have been expanded to the synthesis of cyclic peptides. Therefore, this 

section will cover a variety of well precedented ligation techniques and discuss their application 

to cyclic peptide synthesis.  

 

Scheme 2.6: General depiction of linear and cyclic chemical ligation strategies 
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In terms of methods that do not forge native amide bond linkages (Scheme 2.7), the first 

example is click chemistry in the form of azide-alkyne cycloadditions can be utilized as a method 

of combining two peptides together in both cyclic or acyclic contexts.31 A unique application of 

this method is achieved by altering the regioselectivity of the reaction by using Cu(I) catalysis to 

 

Scheme 2.7: Chemical ligation reactions that do not form native peptide bonds 
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make 1,4-disubstituted triazoles and Ru(II) to make 1,5-disubstituted triazoles, respectively. The 

1,4-disubstituted triazoles have been shown as trans-amide peptidomimetics and the 1,5-

disubstituted triazoles as cis-amide counterparts.32,33 There is also the four-component aziridine-

aldehyde ligation method that takes advantage of the unique mechanism of the Ugi reaction.16 

Another set of examples for chemoselective ligation methods include oxime and hydrazone 

ligation.34,35 In the oxime case, an aminooxy moiety is condensed with a ketone or aldehyde. In 

the hydrazone case, a hydrazide is condensed with a ketone or aldehyde. The positioning of which 

functional group resides on each terminus for cyclic peptide construction is irrelevant. In both 

cases, a mixture of E and Z isomers is formed. The corresponding hydrazone can be reduced to a 

hydrazine to form a more rigid and stable bond linkage. Both reactions occur at rapid rates but 

require dilute conditions to prevent oligomerization.  

For ligation strategies that do form native amide bond linkages (Scheme 2.8), the most 

well recognized and universally implemented type of peptide ligation is native chemical ligation 

(NCL).36 This groundbreaking methodology involves the reaction between a terminal Cys group 

on one peptide chain or protein and a terminal thioester on the C-terminus of another peptide or 

protein. The mechanism of this transformation proceeds via a reversible trans-thioesterification 

reaction followed by an irreversible S-to-N acyl shift. The chemoselectivity of NCL is its strongest 

attribute, as the reversible trans-thioesterification of non-terminal Cys side chains do not lead to 

the thermodynamic sink that the terminal Cys undergoes to generate a new Cys linker with a set 

stereocenter. This method can be used as a form of bioconjugation to link two large proteins to 

one another, or used in a smaller context such as making a cyclic peptide. NCL is attractive as a 

method of cyclic peptide synthesis since it works in concentrated reaction media with minimal 

unwanted oligomerization. Additionally, variants of NCL such as the thia-zip cyclization can be 
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applied to cyclic peptide synthesis, where a cascade of trans-thioesterifications along a series of 

Cys side chains eventually leads to the terminal Cys to complete the irreversible S-to-N acyl shift.37  

Furthermore, another potent strategy is the Ser/Thr ligation.38 This unique method couples 

a C-terminal salicylaldehyde ester and an N-terminal Ser or Thr to first generate a condensed 

imine. This imine then undergoes 5-endo-trig cyclization to form an oxazolidine, which then 

undergoes an O-to-N acyl transfer. This species can then undergo acidolysis to generate the 

 

Scheme 2.8: Chemical ligation reactions that form native peptide bonds 
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corresponding Ser or Thr native linker. This method has strength in its ability to furnish strained 

small cyclic peptides that are only four amino acids in length, which is very difficult for almost 

any other known method to accomplish.39 It can also be applied to large cyclic peptide chains, and 

has been utilized for the synthesis of multiple naturally occurring cyclic peptides.40 The method 

can also be successfully applied to unprotected peptides. The main drawback is the inconvenient 

synthesis of the salicylaldehyde ester.  Notable mentions of other ligation strategies include 

traceless Staudinger ligation, 𝛼-ketoacid hydroxylamine (KAHA) ligation, and thiazolidine 

ligation, and thioether formation.16  

 

2.4 Transition metal catalyzed methods of unnatural amino acid incorporation and 

peptide macrocyclization strategies 

Incorporation of monomeric UAAs is often achieved through coupling of protected amino 

acids via solid phase peptide synthesis or through recombinant methods using engineered protein 

translation machinery.41-44 However, synthetic modification of peptides to install unnatural 

moieties poses an attractive complementary set of methodologies to access unique structures by 

different mechanisms. Development of these enabling reactions has been a long-standing 

challenge, and major advancements have mostly been achieved within the past decade.45,46   

Current state-of-the-art technologies for synthetic peptide modifications involve utilization 

of small molecule transition metal catalysts which can functionalize peptides in highly selective 

manners. In 2014, Yu and colleagues leveraged Pd catalysis to enable the site-selective C(sp3)–H 

arylation of short oligopeptides at the N-terminus to prepare diverse phenylalanine analogs 

(Scheme 2.9A).47 In 2017, Miller and colleagues demonstrated an elegant approach to site- and 

stereoselective hydroarylation of dehydroalanine residues on the antibiotic thiostrepton through 
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implementation of a chiral Rh catalyst and commercially available boronic acid (Scheme 

2.9B).48 This methodology facilitated the rapid installation of unnatural phenylalanine residues, 

thereby providing a route to prepare natural product derivatives with significant alterations in 

biological activity.  

Furthermore, in 2020, Ackermann and colleagues reported C(sp2)–H functionalization 

selectively at the C7 position of tryptophan residues appended with a directing group through 

Rh(III) catalysis (Scheme 2.9C).49 This technology utilizes dioxazolones as an attractive 

amidation precursor, which can be readily prepared from their corresponding carboxylic acids. 

 

Scheme 2.9: Transition metal catalyzed methods of unnatural amino acid incorporation in 
peptides 

N
H

O
H
N

O
NH2

O

S
N

Thiostrepton

(HO)2B

[Rh(nbd)2]BF4

Dioxane/MeOH, 65 oC

N
H

O
H
N

O
NH2

O

S
N

Thiostrepton

4 : 1 dr
> 5 : 1 site selectivity

B. Site- and stereoselective hydroarylation of Dha residues

A. Site-selective C(sp3)-H functionalization of peptides at N-terminus

PhthN
N
H

O
H
N

O
O

O

H Pd(OAc)2, AgOAc
DCE, 100 oC

I

PhthN
N
H

O
H
N

O
O

O

C. Peptide late-stage diversification via C7-amidation of Trp residues

H
N

N
H

O

N

N N
H

[RhCp*Cl2]2

TFE, 110 oC

O

ON

O

AgSbF6, MesCO2H

H
N

N
H

O

N

N N
NH

O

S,S-chiraphos, Na2CO3



34 
 

Transition metal catalyzed functionalizations have also been applied in the context of site-specific 

protein modifications through utility of Rh-, Pd-, and Ru-based transformations.50-52  

Moreover, there has been a recent renaissance in the development of synthetic strategies to 

transform linear peptide precursors into functionalized macrocycles via transition metal catalysis. 

Notable publications from the past decade include work from Chen and colleagues on Pd-catalyzed 

C(sp3)–H arylation using aminoquinoline directing groups to form cyclophane braced macrocycles 

(Scheme 2.10A).53 Ackermann and colleagues have disclosed a Mn-catalyzed C(sp2)–H 

functionalization approach to facilitate conjugate addition of pyridine appended Trp residues into 

terminal ynones to form alkene linkers (Scheme 2.10B).54  

 

Scheme 2.10: Transition metal catalyzed methods of peptide macrocyclization 
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Additionally, MacMillan and colleagues have reported a selective Ir-catalyzed photoredox 

method of macrocyclization to form 𝛾-amino acid linkages from Giese additions of carbon 

centered radicals into electron deficient olefins (Scheme 2.10C).55 Pappo and colleagues have 

recently published a Cu-catalyzed oxidative coupling of Tyr residues to form biaryl bridges 

(Scheme 2.10D).56 In addition, Waser and colleagues have demonstrated a Au-catalyzed C(sp2)–

H activation strategy that couples unprotected Trp residues with hypervalent iodine functional 

groups to generate fluorescent cyclic peptides (Scheme 2.10E).57 Each of these methods takes a 

distinct elegant approach to producing macrocyclic structures while installing a variety of 

functional motifs. There have also been a wide range of biological approaches to efficiently furnish 

peptide macrocycles in complementary manners.58-61  
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Chapter 3: Modular Synthesis of Unnatural Peptides via Rh(III)-

Catalyzed Diastereoselective Three-Component Carboamidation 

3.1 Overview of dioxazolones as amidating reagents  

The amide bond is evidently one of the most essential functional groups in organic 

molecules, creating a demand for more efficient methodologies to install this group in a facile and 

versatile manner. Chapter 2 covered classical methods of amide bond formation and Chapter 1 

alluded to the functional group known as a dioxazolone, a heterocyclic ring that is susceptible to 

catalytic transfer of acyl nitrenes.1 The ability to merge this moiety with the complex mechanistic 

paradigms of transition metal catalysis has revolutionized a new class of reactions which directly 

install amide bonds.  This chemistry features a different retrosynthetic disconnection than the 

condensation of a carboxylic acid electrophile with an amine nucleophile, rather directly installing 

C-N bonds in molecules from carboxylic acid precursors that may be converted to dioxazolones. 

The dioxazolone functional group was initially discovered in 1951 by Beck, where he 

found that they may be synthesized by reacting hydroxamic acids with phosgene.2 He additionally 

reported that they are readily converted back to hydroxamic acids by hydrolysis with water. 

Several decades later, the Chang Lab had published a seminal paper in 2015 which first reported 

dioxazolones as potent amidating reagents that are compatible with transition metal catalysts for 

metal-nitrene formation and C-N bond construction on arene substrates (Scheme 3.1B).3 This 

report had also reported alternative acyl transfer reagents, which replaced the carbonyl of 

dioxazolone with a 1,1-gem-di-methyl group and a sulfoxide group, respectively. The sulfur 

derivative displays higher electrophilicity but lower stability, while the di-methyl version is less 

electrophilic and more stable. Dioxazolones pose the intermediate reactivity that makes them the 
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most optimal for transition metal catalysis, while retaining a high degree of bench stability and 

synthetic tractability.  

 In terms of the standard protocol of dioxazolone synthesis, they are generally made from 

carboxylic acids (Scheme 3.1A). The synthetic route is activation of the carboxylic acid, such as 

conversion to an acid chloride or activation with a peptide coupling reagent, followed by treatment 

with hydroxylamine hydrochloride to form the hydroxamic acid intermediate. This species is 

usually purified before treatment with 1,1-carbonyldiimizaole (CDI) as a safer alternative to 

phosgene as the carbonyl source. The dioxazolone products can then be extracted in organic 

solvent followed by purification by silica chromatography or recrystallization.  

Chang and coworkers reported that by reacting arenes appended with directing groups and 

prototypical Rh(III)Cp* catalysts, the arene could undergo a standard C-H activation CMD event 

to create a Rh-C bond followed by interception with dioxazolone to directly install a new C-N 

 

Scheme 3.1: Dioxazolones as metal nitrene precursors 
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bond in the form of an amide.3 The general mode of dioxazolone activation is coordination of the 

nitrogen atom to the transition metal center, followed by subsequent spontaneous extrusion of CO2 

which forms a transient metal-acyl nitrene species. The nucleophilic metal-carbon bond can then 

undergo a 1,1-migratory insertion event into the empty p-orbital of the nitrogen to forge the C-N 

bond. The nitrene formation event is net oxidative, but the lowest unoccupied molecular orbital 

(LUMO) of the nitrene lies on the nitrogen atom so the formal oxidation state of the metal center 

remains the same (Mn -> Mn). An alternative view of electronic structure is where the LUMO lies 

on the metal center, so that the metal is oxidized by two electrons (Mn -> Mn+2) and represents a 

formal imido species. The high propensity of metal-carbon bonds to insert into the transient nitrene 

formed by dioxazolones is more evident of a LUMO residing on the nitrogen, but this topic is still 

of debate among the organometallic community.4  

 Since this seminal report, there has been great interest in the field to expand dioxazolone 

chemistry to many types of C-N bond forming reactions on various substrates and coupling 

partners through various unique mechanisms. Some notable examples include work from the Rovis 

Lab for branch selective allylic C-H amination, where terminal alkenes can be directly 

functionalized by Ir(III) catalysts to form amide products (Scheme 3.2A).5 The mechanism 

functions by CMD of the allylic C-H bond to form an Ir 𝜋-allyl species, which can then undergo 

1,1-migratory insertion into a transient nitrene intermediate after reacting with the dioxazolone. 

This work was also expanded by the Blakey Lab to the realm of enantioselective catalysis by 

utilizing a planar chiral indenyl ligand on a Rh(III) catalyst to induce electronic asymmetry during 

the mechanism of nitrene insertion (Scheme 3.2B).6 Notably, this paper also featured the first 

reported one-pot synthesis of dioxazolones, where the carboxylic acid can be directly converted to 
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the desired functionality by sequential addition of CDI, followed by hydroxylamine hydrochloride, 

followed by CDI again without the need to purify any synthetic intermediates.  

Additional work from the Rovis Lab expanded dioxazolone chemistry to 3,4-amino 

oxygenation reactivity of 1,3-dienes, where an alcohol nucleophile and an amide can be readily 

installed in a single catalytic transformation with high diastereoselectivity (Scheme 3.2C).7 The 

alcohol nucleophile can attack an activated Rh-diene complex to form a Rh 𝜋-allyl species, which 

then traps dioxazolone in a similar manner to the allylic amidation chemistry. These are just a few 

examples or what has become an extremely rich field of nitrene transfer chemistry using this 

versatile reagent. Further work on hydroamidation chemistry using dioxazolones is covered in 

Chapter 5.  

 

Scheme 3.2: Examples of catalytic reactions using dioxazolones 
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3.2 Application of three-component carboamidation reaction to unnatural peptide 

synthesis 

 In Chapter 1, the regioselective syn-carboamidation of electron-deficient alkenes with 

arylboronic acids as the exogenous carbon source and dioxazolones as the exogenous nitrogen 

source was briefly covered. This advance enabled the effective cross-coupling of three individual 

molecular components of a carboamination transformation while excluding the prerequisite of a 

directing group. Moreover, the technology furnishes racemic mixtures of protected phenylalanine 

and tyrosine derivatives. We sought to expand this methodology to the context of oligopeptide 

ligation by appending a peptide chain to both the dioxazolone and the acrylamide. The third 

component, the arylboronic acid, would bridge these two peptides in the presence of a Rh(III) 

catalyst, while simultaneously installing an unnatural amino acid residue within the peptide chain. 

 

Scheme 3.3: Peptide bond retrosynthetic disconnections 
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This novel retrosynthetic disconnection for peptide bond formation allows for readily available 

boronic acids to be used in contrast to single unnatural amino acids, which can be costly or 

commercially unavailable. We also envisioned that by correctly tuning the achiral catalyst 

structure, the chirality of the peptide substrate would impart diastereoselectivity to the formation 

of the new bridging residue. This modular method would enable the first ligation strategy that 

constructs an internal unnatural amino acid residue in conjunction with stereochemical control 

(Scheme 3.3).8 The work accomplished in this chapter was in collaboration with Dr. Sumin Lee 

and Dr. Cassandra Chartier from the Shah Lab.  

 

3.3 Reaction development and optimization 

We began our initial optimization studies with [RhCp*Cl2]2 (5 mol %) as the catalyst, 1.0 

equiv of dioxazolone, 2.5 equiv of arylboronic acid, 3.0 equiv of acrylamide, and 1.0 equiv of 

NaHCO3 additive in MeOH (Table 3.1, entry 2) to furnish the Phth-Gly-Tyr-Val-OEt tripeptide 

sequence in 32% yield with 1:1.8 dr (D:L). During a catalyst screen, we observed that changing 

the ligand from pentamethyl-cyclopentadienyl (Cp*) to tetramethyl-cyclopentadienyl (CpTM) 

remarkably causes an inversion of stereoselectivity to 2.4:1 dr (D:L) with a slight increase in yield 

(entry 3). A further solvent screen revealed dimethylformamide (DMF) as the optimal reaction 

medium, furnishing the desired product in 84% isolated yield and 3.4:1 isolated dr (D:L), with 

3.0:1 crude dr (entry 1). Note that due to differences in physical properties of diastereomers, the 

isolated dr can vary from the crude dr depending on the substrate and isolation conditions.  

Moreover, reactivity with [RhCp*Cl2]2  in DMF gave a relatively low yield (entry 4). The 

reaction works optimally at room temperature and is insensitive to air or moisture, while higher 

temperatures inhibit reactivity (entry 7). Omitting NaHCO3 results in a diminished yield (entry 8). 
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Diluting the reaction concentration with respect to the limiting reagent was also observed to reduce 

the yield (entry 6). The optimal 1.0:2.5:3.0 stoichiometry of the reaction ensures the desired three-

component reactivity occurs in higher proportion to various unproductive two-component 

pathways, although a 15% yield is possible when all components are employed in a 1:1:1 ratio 

(entry 5). No product is observed in the absence of a Rh(III) catalyst (entry 9). More detailed 

 

Table 3.1: Optimization and control reactions 
aDetermined by analysis of 1 H NMR of the unpurified reaction mixture using 1,3,5-
trimethoxybenzene as internal standard. All reactions conducted on 0.1 mmol scale. 
bDiastereomeric ratios measured by relative integration of 1H NMR resonances. cIsolated yield. 
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optimization studies of the original reaction were reported by Sumin Lee, as well as mechanistic 

interrogation studies. Extended optimization studies for the peptide ligation reaction can be found 

in Appendix 1.  

 

3.4 Scope of three-component carboamidation reaction and limitations 

Once optimization studies were completed, we next turned our attention to the scope of 

arylboronic acids, which were rapidly converted to a large array of unnatural amino acid residues 

(Scheme 3.4).   Notably, the reaction can directly produce tyrosine (4a) and phenylalanine (4b) 

residues, with modest diastereoselectivity for their unnatural D-stereoisomers. The scope also 

spans a large chemical space of both electron-rich and electron-poor aryl ring substituents at the 

ortho, meta, and para positions, including halogens (4c, d, f, j, r), ethers (4e, g), aldehydes (4k), 

esters (4m), nitro groups (4l), naphthyl rings (4h, q), and protected amines (4s). In contrast, 

complementary Pd-catalyzed methods are generally reactive toward oxidative addition with aryl-

halogen bond moieties.9 It is worth noting that the carboamidation reaction is selective for the 

electron-deficient acrylamide in favor of a styrene moiety (4p) or protected alkyne (4u). 

Additionally, indole boronic acids can be utilized in the reaction to yield regioisomers of 

tryptophan (4n, o). We also synthesized a phosphorylated boronic acid, which was used to directly 

provide a protected phosphorylated tyrosine residue (4v), an essential post-translational 

modification made by tyrosine kinases in a wide range of cell signaling pathways.10 As a final 

example, a benzothiophene boronic acid can be used to generate a heterocyclic unnatural residue 

(4w). 

 We next focused on developing a dioxazolone scope (Scheme 3.5). This presented an 

excellent opportunity to synthesize a new class of C-terminal peptide dioxazolones, which have 
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been underexplored as a functional handle in the context of amide bond formation for peptide 

 

Scheme 3.4: Boronic acid scopeb 

a0.033 mmol scale. bAll yields and dr reported are isolated, with the crude dr in parentheses. 
All reactions conducted on a 0.1 mmol scale. 
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synthesis. The installation of dioxazolones as nitrene precursors in complex molecules has been a 

challenge due to conventional procedures which require the isolation of hydroxamic acid 

 

Scheme 3.5: Dioxazolone scopeh 

a0.1 mmol scale. b0.033 mmol scale. c0.01 mmol scale. d0.6 M conc. e0.2 M conc. f0.1 M conc. 
g0.067 M conc. More dilute concentrations are to ensure full homogeneity of less soluble 
substrates. hAll yields and dr reported are isolated, with the crude dr in parentheses. 
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intermediates. We first employed SPPS or solution phase synthesis to furnish carboxylic acid C-

terminal peptides with fully protected side chains, followed by implementation of a modified one-

 

Scheme 3.6: Acrylamide scopeh 

a0.1 mmol scale. b0.033 mmol scale. c0.01 mmol scale. d0.6 M conc. e0.2 M conc. f0.1 M conc. 
g0.067 M conc. More dilute concentrations are to ensure full homogeneity of less soluble 
substrates. hAll yields and dr reported are isolated, with the crude dr in parentheses. 
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pot procedure first reported by Blakey and colleagues to directly transform the C-terminus to a 

dioxazolone.6 This strategy enabled the syntheses of a novel class of high molecular weight 

dioxazolones, which can be readily purified via silica gel column chromatography.  

 The carboamidation reaction tolerates a large array of protected amino acid side chains 

(Gly, Ala, 𝛽-Ala, 𝛽-HomoAla, Leu, Val, 𝛽-HomoVal, Phe, 𝛽-Phe, Ile, Ser(tBu), Thr(tBu), 

Lys(Boc), Trp(Boc), Asn(Trt), Gln(Trt), Pro, Asp(OtBu), Glu(OtBu)), as well as Phth- (5c, d, e), 

Ac- (5f, h, i), Boc(5g), and Cbz- (5j) protected N-termini. The method is also compatible with 

dioxazolones containing the fluorophores pyrene and coumarin, which could be used to directly 

generate unnatural fluorescent peptides (5a, b).11 

 The scope was then expanded with respect to the N-terminal acrylamide peptide 

substrates, which were also synthesized by SPPS (Scheme 3.6). The reaction tolerates a large array 

of side chain functionalities (Gly, Ala, Leu, Val, Phe, Ile, Ser(tBu), Thr, Thr(tBu), Tyr(tBu), 

Lys(Boc), Trp(Boc), Asn(Trt), Gln(Trt), Pro, Tle, Asp(OtBu), Glu(OtBu), Arg(Boc)2, Orn(Boc)), 

demonstrating the robust chemoselectivity of the transformation. Notably, it was observed that the 

diastereoselectivity of the net transformation is dependent on the first residue proximal to the 

electron-deficient alkene. The series of acryloyl-Gly-Val-OEt, acryloyl-Ala-Val-OEt, and 

acryloyl-Leu-Val-OEt give their corresponding tetrapeptide products in 1:1 dr (D:L) (6a), 2.0:1 dr 

(6b), and 4.1:1 dr (6c), respectively. This trend gives insight into the origin of diastereoselectivity, 

as the facial selectivity of the syn-carboamidation must be determined by the steric interaction of 

the chiral acrylamide substrate with the Rh(III) catalyst. 

In seeking to demonstrate the synthetic potential of the method, we were deeply interested 

in synthesizing various structural and stereoisomeric analogs of peptidomimetic-based 

therapeutics. In 2014, Hu and colleagues disclosed the structures of a series of novel tripeptidyl 
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epoxyketone derivatives based on the structure of carfilzomib, an FDA-approved proteasome 

inhibitor for treatment of multiple myeloma.12 Their study found that tripeptide 7b had the most 

potent proteasome-inhibiting capabilities, with a 𝛽-phenylalanine incorporated into the backbone 

as an attempt to increase the biological activity and metabolic stability of the molecule. We first 

 

Scheme 3.7: Synthesis of proteasome inhibitor analogsa 
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synthesized an enantiopure naphthyl-protected 𝛽-phenylalanine dioxazolone and an epoxyketone 

leucine acrylamide. These two components were then combined with phenylboronic acid and 

subjected to the standard conditions to access the original derivative structure 7b as well as its D-

diastereomer counterpart 7a, which were readily separable by silica flash chromatography 

(Scheme 3.7). We also selected two other boronic acids to access fluorinated stereoisomers (8a, 

b) as well as tryptophan regioisomer analogs (9a, b). The epoxyketone functionality did not open 

or display any deleterious side reactivity in the presence of the Rh(III) catalyst. This serves as a 

proof of concept to efficiently access a library of additional novel proteasome inhibitor analogs 

that could be used for studying structure-activity relationships (SARs).  

Finally, we used our method for the ligation of two large 10-mer oligopeptide components 

to furnish a 21-mer polypeptide with an unnatural 4-formylphenylalanine as the bridging center 

residue (10) (Scheme 3.8). A protected 10-mer C-terminal carboxylic acid peptide was synthesized 

 

Scheme 3.8: Synthesis of 21-mer polypeptidea 
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and directly converted into a dioxazolone using the one-pot procedure. The substrate was ligated 

with a 10-mer acrylamide in the presence of 4-formylphenylboronic acid to generate the 21-mer 

polypeptide product in 20% isolated yield and 2.3:1 dr (D:L). This unnatural residue was chosen, 

as its corresponding D-enantiomer Fmoc-SPPS building block does not have a reported synthesis 

and is not commercially available. This reaction also demonstrates the excellent chemoselectivity 

of the system, as the Rh(III) catalyst recognizes the reactive functionalities of each coupling 

partner in the presence of numerous other functional motifs.  

The limitations of this transformation are most apparent in the amino acid proximal to the 

dioxazolone functional group (Scheme 3.9). The reaction cannot tolerate a proximal 𝛼-

stereocenter as this severely inhibits dioxazolone coordination in the final part of the proposed 

mechanism by steric repulsion. The reaction also cannot tolerate a 1,4-relationship between the 

dioxazolone nitrogen and the N–H or N–Me of the first amide bond. This presumably causes a 

1,4-chelation (L^L-ligand) of the substrate to the Rh(III) that inhibits nitrene formation. Thus, the 

 

Scheme 3.9: Substrate limitations 
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reaction works best with proximal 𝛽-amino acids and Phth-protected glycine residues as this 

prevents the 1,4-chelation issue from occurring. 

The reaction also cannot tolerate thioethers presumably as the sulfur lone pair outcompetes 

the acrylamide as a ligand on Rh(III) and shuts down reactivity. Based on Cys(Trt) failing to work, 

it is assumed that Met also does not work. There are additional limitations in terms of what boronic 

acids can be utilized in the reaction. Pyridine based boronic acids are highly prone to proto-

demetalation, leading to pyridine as the main byproduct with no observed migratory insertion. 

Thiophene and furan based boronic acids seem to trans-metalate and then cause dioxazolone 

decomposition without interacting with the acrylamide. Vinyl boronic acids lead to highly complex 

mixtures that also imply dioxazolone decomposition without desired product formation. 

 

3.5 Reaction mechanism and rationale for diastereoselectivity 

The mechanism of the transformation parallels that found in the original carboamidation 

report.13 First, the Rh(III) precatalyst dimer is in equilibrium with the monomeric active catalyst 

in solution (Scheme 3.10). The arylboronic acid then transmetalates with the Rh(III) catalyst to 

generate a Rh-aryl bond, a step that is promoted by the presence of the NaHCO3  additive. The 

acrylamide substrate can then bind to the Rh-aryl species, presumably in a reversible manner. The 

subsequent 1,2-migratory insertion step is then controlled by the adjacent stereocenter in the first 

amino acid residue next to the acryloyl moiety. We presume this is the irreversible rate-

determining step of the mechanism in analogy to our previous work, as well as the regioselectivity-

determining step that preferentially forms the first C−C bond and a stabilized Rh(III)-enolate 

species. This transient intermediate can then be intercepted by the dioxazolone coupling partner 

by coordination followed by Rh(III)-nitrene formation and extrusion of CO2. The Rh-enolate bond 
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can then undergo a 1,1-migratory insertion event into the electrophilic nitrogen with retention of 

stereochemistry to forge the C−N bond. The resulting Rh(III) species can then undergo proto-

demetalation to provide the desired peptide product and regenerate the active catalytic species.  

The complex three-component mechanism can also generate off-cycle two-component 

byproducts, most notably the key Rh-enolate species can 𝛽-hydride eliminate to form a formal 

Heck byproduct if it does not intercept the dioxazolone. This additionally forms a Rh-H species 

 

Scheme 3.10: Mechanism of three-component carboamidation 
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that can readily insert a hydride into the alkene and then trap dioxazolone to form a hydroamidated 

byproduct. This type of reactivity was later optimized for an alternative form of peptide ligation 

and is discussed in Chapter 5. Furthermore, the Rh-aryl species can also prematurely react with 

dioxazolone and form directly C-N amidated arene products. The optimal reaction stoichiometry 

and temperature helps to ensure these off-cycle pathways are suppressed in favor of the three-

component reactivity.  

The proposed models of diastereoselectivity for the three-component carboamidation are 

rationalized below. The data implicit in the scope of the reaction suggests that the 

diastereoselectivity of the transformation is substrate dependent, as different amino acid sequences 

 

Scheme 3.11: Diastereoselectivity models for Diels-Alder reaction with amino acids as 
chiral auxiliaries 
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give rise to different degrees of selectivity. Based on the trend of compounds 6a-c, the identity of 

the first amino acid residue adjacent to the acryloyl moiety is most important in determining the 

resulting selectivity of the net transformation. The complexity of the model increases when 

considering that the acrylamide substrates have multiple dynamic C-N bond rotamers about the 

depicted Newman projections, as well as an equilibrium between s-cis and s-trans acrylamide 

isomers. 

To help rationalize the model, we compare the degree of stereochemical induction of the 

migratory insertion step by analogy to the facial selectivity of Diels-Alder reactions with acryloyl-

AA-ester chiral auxiliaries, previously reported by Bueno and coworkers (Scheme 3.11).14 In this 

report, the authors demonstrate that Lewis acid catalyzed Diels-Alder reactions of cyclopentadiene 

with acryloyl-Ala-OMe and acryloyl-Phe-OMe substrates lead to endo-norbornyl products with 

diastereoselectivities ranging from 1:1 to 4:1, dependent on Lewis acid catalyst and temperature. 

This is approximately equivalent to the reported range of crude diastereoselectivities of the Rh(III)-

catalyzed reaction, which utilizes the same class of chiral auxiliaries. In their proposed model of 

diastereoselectivity, the authors suggest the most stable conformation of the acrylamide substrate 

to assume the s-trans isomer due to steric clash with the Lewis acid, as well as the C-N bond 

rotamer where the ester carbonyl forms an intramolecular H-bonding interaction with the adjacent 

N-H bond. The diene coupling partner approaches from the face with less steric hinderance, so 

attack from the side opposite of the methyl or benzyl group is favorable. The temperature of the 

reaction likely causes minor changes in favorable C-N bond rotamers which causes variations in 

the resulting diastereoselectivities.  

By analogy, the conformation of the acrylamide in the absence of Lewis acid is most likely 

to be in the s-cis conformation, as this equilibrium is favored by approximately 1.2 kcal/mol. The 



62 
 

acrylamide substrate presumably coordinates to the Rh(III)-Ar species in the s-cis conformation, 

where the carbonyl of the acrylamide is away from the CpTM ring of the catalyst. In this model, the 

 

Scheme 3.12: Diastereoselectivity models for carboamidation reaction 
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most stable C-N bond rotamer is assumed to be the same as in the Diels-Alder example (Scheme 

3.12). The Rh(III)-Ar species approaches from the side with less steric hinderance, which is away 

from the large amino acid side chain. The pocket of space that is present in the CpTM ligand can 

accommodate the positioning of the ester group (or amide group in oligopeptide substrates), as 

depicted in the corresponding Newman projection. In the case of oligopeptides, more distal 

stereocenters cannot interact with the Rh(III) ligand, which cause less significant changes in 

diastereoselectivities. By comparison, the Cp* catalyst presumably cannot accommodate this 

proposed C-N bond rotamer due to higher degree of steric repulsion, which likely leads to a 

different statistical proportion of rotamers in solution, thus leading to the difference in 

diastereoselectivities. The Cp3Me ligand has a larger pocket of space relative to the CpTM ligand, 

which causes slightly higher diastereoselectivity also due to changing proportions of C-N rotamers 

in solution based on steric interactions. The CpTM ligand vastly outperforms the Cp* (electron-

rich) and Cp3Me (electron-deficient) ligands in terms of yield of desired three-component products 

due to having the ideal intermediate electronic density at the Rh(III) center. This essential 

electronic property has been previously characterized via respective redox potentials. In particular, 

Cp3Me complex is too electron deficient to get efficiently oxidized by dioxazolone, which leads to 

much more Heck byproduct, while Cp* complex is too electron rich and prematurely gets oxidized 

by dioxazolone to generate C-N coupled byproduct before acrylamide migratory insertion. 

The steric interaction of the aryl substituent also seems to play a small role in selectivity 

as well, as some substitution patterns give lower crude diastereoselectivities (compounds 4h, n, q, 

r, s). The degree of H-bonding interactions in DMF vs. MeOH as respective solvents also likely 

changes the relative energies of acrylamide rotamers in solution, which leads to differences in 

crude diastereoselectivities as well. DMF also significantly increases yields compared to MeOH 
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presumably due to increased substrate and product solubility in addition to stabilization of highly 

polarized intermediates, leading to a faster rate of Rh(III)-nitrene formation relative to 

unproductive 𝛽-hydride elimination. Therefore, the three major factors that influence 

diastereoselectivity are Cp ligand design, solvent choice, and substrate structure. The major factors 

that control three-component vs. deleterious two-component coupling pathways are electronic 

density at the Rh(III) metal center and solvent choice. 

As a final part of the analysis, it is worth noting that compound 6g is an outlier in terms of 

diastereoselectivity, as this proline-based substrate gives approximately 7:1 crude selectivity. In 

the same report that was mentioned earlier, utility of acryloyl-Pro-OMe as a chiral auxiliary in the 

Diels-Alder reaction also gave significantly higher diastereoselectivities relative to secondary 

amide counterparts. In the Rh(III) system, it is likely that the higher selectivity is due to 

significantly reducing the degree of rotational freedom about the C-N bond, which limits the 

available conformations for the acrylamide substrate to adopt. This causes the facial selectivity 

 

Scheme 3.13: Diastereoselectivity models for proline 

H

N
OEt

O

O

Rh
H3C

H3C

H

CH3

Cl
CH3

H

O

N

H

O

OEt

Rh
CH3

CH3

H

H3C

Cl
H3C

H

O

N

H

O

EtO

Cl

Rh
H3C

H3C

H

H3C
CH3

Ar

H

N

O

OEt

O

Cl

Rh
CH3

CH3

H

CH3H3C

Ar

disfavored

favored

OH

HO

N

O

O

H
N

O

HO

O

N

OEt
O

N

O

O

H
N

O

HO

O

N

OEt
O

minor

major

s-cis acrylamide



65 
 

bias of the Rh(III)-Ar species to increase, as the CpTM catalyst can accommodate the side that 

approaches the small ester group, relative to the flanking methylene groups of the proline ring on 

the opposite disfavored face (Scheme 3.13).  

 

3.6 Summary 

In summary, we have successfully developed a Rh(III)-catalyzed three-component 

carboamidation reaction that crafts an unnatural amino acid residue during a peptide ligation. The 

scope encompasses a plethora of unnatural Phe, Tyr, and Trp residues that can be feasibly 

incorporated between two preexisting peptide chains. The reaction works in tandem with SPPS 

techniques to enable the expansion of stereochemical and structural space in which amino acids 

can be attained. We have also described a class of unique C-terminal peptide dioxazolones. The 

distinct mechanism of the three-component carboamidation reaction enables a new type of 

retrosynthetic disconnection of peptide bond formation, allowing three individual components to 

be clipped together in a highly modular and flexible fashion. The technology was applied to the 

synthesis of various proteasome inhibitor derivatives as a potential method of rapid SAR. The 

reaction was additionally utilized to yield a structurally complex 21-mer polypeptide with an 

elusive D-stereocenter as the 11th residue. We have effectively merged organometallic transition 

metal chemistry with peptide synthesis to diversify the chemical space of unnatural peptides. 
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Chapter 4: Crafting Unnatural Peptide Macrocycles via Rh(III)-

Catalyzed Carboamidation 

4.1 Expansion of three-component peptide ligation to macrocycle synthesis  

Chapter 3 of this thesis disclosed a modular, three-component approach to oligopeptide 

ligation through a novel Rh(III)-catalyzed carboamidation mechanistic framework.1 This reaction 

couples acrylamides, arylboronic acids, and dioxazolones in a chemo- and regioselective fashion. 

The convergent strategy allows for the expedient linkage of two peptide chains with simultaneous 

incorporation of an unnatural amino acid at the junction point from commercially available 

arylboronic acids. To enable this strategy, we additionally synthesized a series of complex peptide 

dioxazolones through site selective modification of C-terminal carboxylic acids to nitrene 

precursors. We envisioned that our Rh(III)-catalyzed ligation reaction could be further leveraged 

in the context of peptide macrocycle formation. By appending a C-terminal dioxazolone and an 

 

Scheme 4.1: Expansion of carboamidation reaction to peptide macrocyclization 
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N-terminal acrylamide to the same linear peptide precursor, the ends can be connected while 

introducing boronic acids to generate various Phe and Tyr residues (Scheme 4.1). This concept 

offers the unique advantage of concomitant noncanonical 𝛼-amino acid installation during a 

macrocyclization event.2 

Our previous work had certain drawbacks that precluded its translation from an 

intermolecular reaction to an intramolecular version necessary for the cyclization. The original 

reaction required a three-fold excess of one reagent, operated at high concentrations, and generated 

the desired product in modest diastereoselectivity. Undaunted, we reasoned that the 

intramolecularity would benefit diastereoselectivity, and hypothesized that catalyst tuning or 

reaction medium could address the other factors. The work accomplished in this chapter was in 

collaboration with Dr. Cassandra Chartier and Jillian Hirano.  

 

4.2 Reaction development and optimization 

We started our optimization endeavors with [RhCpTMCl2]2  (10 mol%) as the catalyst, 1.0 

equiv. of acryloyl-peptide-dioxazolone, 2.0 equiv. of para-hydroxyphenyl boronic acid, and 1.0 

equiv. of NaHCO3 additive in DMF at 0.01 M concentration (Table 4.1, entry 2) to furnish the 

cyclo(Leu-Ala-PheGABA-Tyr-) pentapeptide sequence (A) in 24% NMR yield with 5.7:1 dr (D:L) 

for the Tyr residue. Switching the solvent to MeOH leads to increased yield with slightly 

diminished diastereoselectivity (entry 3), while increasing the temperature to 50 ℃ leads to 

relative decrease in yield as well as an additional drop in selectivity (entry 4). Surprisingly, 

switching the solvent to ethylene glycol produces the highest yield of 54% by NMR, while 

increasing the dr to 9.2:1 (D:L) (entry 1). The reaction works at room temperature for 24 hours 
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and is insensitive to air or atmospheric moisture. Further dilution to 0.001 M leads to a lower yield, 

 

Table 4.1: Optimization and control reactions 
aDetermined by analysis of 1H NMR of the crude reaction mixture using 1,3,5-
trimethoxybenzene as internal standard. bCrude diastereoselectivity ratios measured by relative 
integration of 1 H NMR resonances. cIsolated yield. 
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and the acrylamide conversion during the first migratory insertion step of the mechanism is 

significantly reduced (entry 5). Increasing the concentration to 0.1 M is the threshold where 

oligomerization begins to occur, consequently lowering the yield of the cyclic product (entry 6). 

We additionally optimized around a different amino acid sequence, where the standard 

conditions generated the cyclo(Gln-Leu-Lys-GABA-Tyr-) pentapeptide sequence (B) in 60% 

NMR yield with 11:1 dr (D:L) (entry 7). Reducing the stoichiometry of peptide:arylboronic acid 

to 1:1 leads to slightly diminished yield, as the acrylamide is not fully converted (entry 8). 

Reducing the catalyst loading to 5 mol% also leads to lower yield due to a similar drop in 

acrylamide conversion (entry 9). Finally, changing the ligand scaffold on the Rh catalyst to either 

Cp3Me, Cp*, or Cp*CF3 leads to relatively lower yield while maintaining high selectivity, or 

completely shuts down desired reactivity (entries 10-12). Extended optimization studies for the 

peptide ligation reaction can be found in Appendix 2.  

We hypothesize that, due to the rigid secondary structure of the linear precursor closing 

into a macrocycle, crude diastereoselectivity is substantially improved compared to our previously 

reported three-component reaction, which generally exhibited a 3:1 preference for the 

corresponding D-residue. Based on our previously established mechanism for the Rh-catalytic 

cycle,1,3 we reasoned that the relative rates of intramolecular dioxazolone trapping via 

macrocyclization of the two possible diastereomeric Rh-enolate intermediates (L-Rh or D-Rh) can 

be altered in relation to the rates of deleterious 𝛽-hydride elimination to form the two-component 

formal Heck byproduct. These empirical results demonstrate the primary factors that influence 

diastereoselectivity are peptide sequence, solvent, and temperature. 
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4.3 Improved procedure for one-pot dioxazolone synthesis 

After optimization studies were completed, we then turned our attention to developing a 

comprehensive scope for the Rh-catalyzed macrocyclization reaction. A substantial challenge of 

this study was finding a more reliable way to generate the acryloyl-peptide-dioxazolone 

precursors. In our previous three-component ligation strategy, we reported that it was possible to 

modify the C-terminus of a peptide to the corresponding dioxazolone through a one-pot procedure. 

This initial protocol involved an acidic workup, followed by organic extraction and purification 

via silica gel column chromatography. We observed significant hydrolysis of the dioxazolone to 

the hydroxamic acid during the acidic workup, and partial decomposition on silica, making the    

protocol time-consuming and low yielding.  

 

Scheme 4.2: Improved dioxazolone synthesis protocol 
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To address these issues, we have optimized the one-pot procedure to be more compatible 

with complex high molecular weight peptide substrates (Scheme 4.2). This first involved changing 

the solvent from MeCN to DMF to greatly increase the solubility of the starting materials which 

were synthesized by Fmoc-solid phase peptide synthesis (SPPS).4,5 The peptides generated via 

SPPS were cleaved using weak acid to keep the side chain protecting groups intact. The key finding 

was that it is possible to directly inject the crude DMF mixture after completing the one-pot 

protocol onto a preparative reverse-phase HPLC column to purify the material. This improved 

procedure expedites and simplifies the synthetic workflow to give an isolated yield range of 25% 

to 55% after lyophilization of the combined fractions over several runs. It is crucial to immediately 

flash freeze each purified fraction containing dioxazolone in a -80 ℃ freezer within 3 min of the 

fraction elution to prevent any hydrolysis in the MeCN/H2O solution. This new protocol works at 

room temperature and completely bypasses any organic extractions or acidic aqueous conditions.  

 

4.4 Scope of carboamidation macrocyclization and limitations 

Having improved the efficiency of our dioxazolone synthesis method, we proceeded to 

investigate the scope of the reaction (Scheme 4.3). Notably, the reaction functions on a tripeptide 

to convert it into the corresponding strained cyclic tetramer (1). The rigid geometric constraints on 

smaller cyclic peptides make them challenging to access.6 The reaction efficiently affords cyclic 

pentamers and functions with various boronic acid partners to furnish unnatural amino acid linkers 

(2, 3). In cases where crude diastereoselectivity is low, the corresponding D-diastereomer may be 

individually isolated by HPLC.  
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In an effort to increase the macrocyclization efficiency of medium-sized rings, we took 

inspiration from the previous work of Miller and colleagues, who have utilized potent 𝛽-turn 

inducing sequences to force favorable conformational folding of small peptide catalysts to 

facilitate various high-value asymmetric transformations.7,8 Their most commonly used motif is 

DPro-Acpc, which we first incorporated into a tetrapeptide dioxazolone. We were pleased to see 

that when we integrated this structural design into the linear precursor, it was able to undergo 

 

Scheme 4.3: Cyclic peptide and boronic acid scope Ia 

aAll yields and dr reported are isolated, with the crude dr in parentheses. All reactions conducted 
at 0.01 mmol scale. In cases where 1H NMR spectra were too complex to accurately determine 
crude diastereoselectivities, N.D. is reported. 
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efficient cyclization to generate cyclic pentamers (6, 7). When the amino acid sequence length is 

increased by one or two alanine residues, the yields can be maintained to generate a diverse set of 

cyclic products (8-14). In some cases, crude selectivities cannot be determined due to overlapping  

diagnostic peaks in the 1H-NMR spectra.  

We then modified the nature of the 𝛽-turn sequence to see if subtle changes in secondary 

structure would influence net reactivity (Scheme 4.4). Remarkably, when the DPro-Acpc sequence 

is changed to Pro-Acpc, the crude diastereoselectivity changes from 4.2:1 dr (D:L) (8) to >20:1 dr 

(D:L) (15). Changing the 𝛽-turn sequence to DPro-Gly also causes an increase to >20:1 crude dr 

(D:L) (17), while Pro-Gly leads to a similar 4.0:1 crude dr (D:L) with a notably diminished yield 

 

Scheme 4.4: Cyclic peptide and boronic acid scope IIb 

aFor boronic acids which were insoluble in ethylene glycol, a 4:1 cosolvent mixture of ethylene 
glycol/DMF was used instead. bAll yields and dr reported are isolated, with the crude dr in 
parentheses. All reactions conducted at 0.01 mmol scale. In cases where 1H NMR spectra were 
too complex to accurately determine crude diastereoselectivities, N.D. is reported. 
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(19). We additionally synthesized peptides which do not contain traditional turn-inducing amino 

acids to get a direct comparison of reactivity and selectivity. Replacing the core sequence with a 

Phe-Trp motif leads to moderate yield and 4.1:1 crude dr (D:L) (21), while an analogous Lys-Thr 

 

Scheme 4.5: Cyclic peptide and boronic acid scope IIIb 

aFor boronic acids which were insoluble in ethylene glycol, a 4:1 cosolvent mixture of ethylene 
glycol/DMF was used instead. bAll yields and dr reported are isolated, with the crude dr in 
parentheses. All reactions conducted at 0.01 mmol scale. In cases where 1H NMR spectra were 
too complex to accurately determine crude diastereoselectivities, N.D. is reported. 
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substrate generates product in good yield with excellent >20:1 crude selectivity (27). Ultimately, 

these results indicate that the diastereoselectivity is somewhat sensitive to modifications of 

secondary structure, but the cyclization still proceeds well even without biased 𝛽-turn sequences.  

We next changed the identity of the side chain residues while maintaining a core structure 

to track the influence on yield and selectivity (Scheme 4.5). Keeping the 𝛽-turn-inducing elements 

constant, sequences containing Asn(Trt) and Ser(tBu) give good yields and exquisite >20:1 crude 

dr (D:L) (28-30). Incorporation of Thr(tBu) and Asp(OtBu) (31, 32) or Trp(Boc) and Gln(Trt) (33, 

34) also maintains high crude diastereoselectivities and good yields. 

The reaction is compatible with a wide range of decorated boronic acids, akin to our 

previous intermolecular ligation methodology. Tolerated functional groups include phenols, 

halogens, alkenes, protected amines, ethers, nitro groups, esters, indole rings, aldehydes, and 

naphthyl rings. For boronic acid substrates which are insoluble in pure ethylene glycol, a cosolvent 

mixture of ethylene glycol:DMF in a 4:1 ratio can be implemented to restore reactivity. Many of 

the unnatural D-arylalanine derivatives synthesized by this method lead to residues where the 

corresponding Fmoc-amino acid building block is not commercially available. Based on products 

8-11, which contain para-substitutions ranging from electron-rich to electron-poor, the electronics 

of the boronic acid substrate do not have a notable effect on crude diastereoselectivity.  

Next, we were interested in gaining insight into the effect of changing the length of the C-

terminal residue of the dioxazolone. A previous limitation of the three-component ligation is that 

the amino acid appended to the dioxazolone had to be a 𝛽-amino acid in order to retain high 

reaction efficiency. We were pleased to see that when we generated a cyclo(Leu-Ala-Phe-Gly-

Tyr-) pentapeptide product (35), the reaction gave a modest 18% isolated yield as well as >20:1 dr 

(D:L). This is the first example of a product containing only 𝛼-amino acids generated by this 
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method, as the previous methodology was incompatible with this structural motif. When changing 

the sequence to cyclo(Leu-Ala-Phe-𝜷-Ala-Tyr-), the yield increases to 35% while retaining high 

selectivity (36). Finally, the cyclo(Leu-Ala-Phe-GABA-Tyr-) sequence used for optimization 

studies gives the highest isolated yield of 44% with a minor drop in crude selectivity (37). We 

hypothesize that the gradual increase in yield caused by increasing C-terminal chain length is due 

 

Scheme 4.6: Synthesis of peptidomimetic macrocyclic drug analogsa 

aAll yields and dr reported are isolated. 
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to the increasing flexibility of the linear precursor to adopt conformations more favorable for 

cyclization.  

The reaction additionally tolerates Arg(Boc)2 residues and can also be used as a way to 

provide mono-deprotected Tyr residues in the presence of other protected Tyr residues (38). 

Moreover, we were interested in exploring different peptide topologies other than conventional 

head-to-tail cyclization. Since the incorporation of a dioxazolone moiety is applicable to virtually 

any carboxylic acid precursor, we constructed a pentamer precursor with an ester protected C-

terminus and an unprotected Glu residue and converted the Glu to a dioxazolone-functionalized 

noncanonical amino acid. The resulting peptide containing the Glu(Diox) residue proved to 

undergo cyclization efficiently (39, 40), making this a new method to form tadpole peptides 

through head-to-side chain macrocyclization.9  

We next applied our Rh-catalyzed methodology to the synthesis of peptidomimetic 

macrocyclic drugs (Scheme 4.6). Given the modularity of this strategy, perhaps its greatest asset 

is the ability to rapidly create libraries of pharmaceutically relevant cyclic peptide analogs for 

potential structure-activity relationships (SAR) from a single linear peptide fragment. By 

maintaining the same linear acryloyl-peptide-dioxazolone template and changing the boronic acid 

component, various unnatural amino acids can be installed while simultaneously closing the ring. 

We chose cyclosomatostatin, a somatostatin receptor (SSTR) antagonist, and gramicidin S, an 

antimicrobial peptide, as proofs of concept. Cyclosomatostatin and somatostatin, the endogenous 

SSTR ligand, both contain a Phe-Trp-Lys motif, which makes up the key binding pharmacophore. 

Modification of this pharmacophore through subtle changes such as chirality inversion, for 

example, has been shown to modulate SSTR activity.10,11 Applying our methodology to 

cyclosomatostatin, we can rapidly access the original structure (41) as well as Phe-substituted 
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derivatives, such as 3,4,5-trimethoxyphenyl (42). The D-Trp residue proximal to the acryloyl 

group of the precursor inverts the diastereoselectivity of the first migratory insertion step in the 

mechanism and gives rise to the L-Phe residues.  

Gramicidin S adopts a rigid 𝛽-hairpin structure and exerts antimicrobial activity by binding 

and inserting into the prokaryotic cell membrane. Previous work has shown that modification of 

the D-Phe within the 𝛽-turn strongly modulates antimicrobial activity.12,13 We applied our 

methodology to a gramicidin S analog containing mixed 𝛼- and 𝛽-amino acids,14 replacing one of 

the native D-Phe residues (43) with a p-trifluoromethylphenyl moiety (44). A cosolvent mixture 

of ethylene glycol:DMF in a 1:1 ratio was utilized to increase substrate solubility. These examples 

 

Scheme 4.7: Synthesis of phosphorylated 15-mer unnatural macrocyclic peptidea 

aYield and diastereoselectivity are of the isolated compound. 
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highlight the utility of our technology in allowing rapid access to unnatural macrocyclic peptide 

drug analogs for SAR studies, expanding the medicinal chemist’s toolkit.  

Finally, we were interested in pushing the limits of the technology by synthesizing very 

large macrocyclic structures. To achieve this feat, we first synthesized an acryloyl 14-mer with a 

C-terminal carboxylic acid by using automated SPPS. The molecule was then subjected to the one-

pot protocol and directly purified by preparative HPLC to furnish the resultant dioxazolone. This 

dioxazolone was subsequently treated with a diethyl phosphate ester arylboronic acid moiety to 

directly generate a cyclic 46-membered ring (45) in 32% isolated yield with 7.0:1 dr (D:L) 

(Scheme 4.7). A cosolvent mixture of ethylene glycol:DMF in a 1:1 ratio was again used to ensure 

full reaction homogeneity, while further diluting the reaction mixture to 0.005 M. Notably, it 

contains a phosphorylated tyrosine, which is a post-translational modification critical to protein-

protein interactions that govern cellular communication and signaling pathways.15  

 

Scheme 4.8: Substrate limitations 
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The limitations of this transformation in terms of the dioxazolone scope are mainly 

observed for very short linear peptide precursors, presumably due to very constricted geometric 

constraints that do not allow for efficient macrocyclization (Scheme 4.8). Additionally, any 

substitution at the acrylamide also shuts down reactivity, such as methacrylamide. This is 

presumably due to the inability of the Rh-aryl intermediate to efficiently undergo a 1,2-migratory 

insertion event, which leaves the alkene completely unreacted. Additionally, the limitations of this 

transformation in terms of the boronic acid scope are observed mainly for ortho-substituted rings, 

highly electron deficient rings, and heterocyclic rings. There could be various reasons for these 

limitations, including inefficient transmetalation or inefficient migratory insertion capabilities of 

the corresponding Rh-aryl intermediate. In the case of the benzothiophene boronic acid, which 

worked in the original 3-component intermolecular coupling report, there appears to be a solubility 

compatibility issue in ethylene glycol, even when using a DMF cosolvent. In all cases, the 

acrylamide substrate is left completely unreacted. 

 

4.5 Rationale for diastereoselectivity 

To rationalize the higher >20:1 dr (D:L) observed for many cases in the intramolecular 

context, our qualitative hypothesis is that the relative rates of intramolecular dioxazolone trapping 

via macrocyclization of the two possible diastereomeric Rh-enolate intermediates (L-Rh or D-Rh) 

after the first diastereoselective migratory insertion step can be altered in relation to the rates of 

deleterious 𝛽-hydride elimination to form the two-component formal Heck byproduct (Scheme 

4.9). Therefore, the likely reason for higher selectivity is that the minor diastereomer is irreversibly 

funneling into Heck product before it can trap dioxazolone and form the corresponding 

macrocycle. There appears to be a match-match situation where the major diastereomer is 
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generally capable of forming the consequent macrocyclic product. In cases where the 

macrocyclization for both diastereomers is favorable, the low end of crude dr is observed, which 

is approximately 3:1 dr (D:L). The nature of the secondary structure of the linear precursor seems 

to have the largest influence on these relative rates in the mechanism, in addition to solvent and 

temperature. This also rationalizes why changing the Cp ligand on the Rh catalyst does not change 

the net diastereoselectivity, as even if it changes the selectivity of the first migratory insertion step, 

the minor diastereomer will still funnel to Heck product and maintain the same selectivity of the 

major cyclic product. 

 

 

 

 

Scheme 4.9: Plausible model for enhanced diastereoselectivity 
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4.6 Summary 

In summary, we have been able to expand our Rh(III)-catalyzed carboamidation ligation 

strategy to the framework of peptide macrocyclization, enabling diverse access to cyclic peptides 

containing non-canonical amino acid residues. Dramatic enhancement of diastereoselectivity 

compared to the linear method was observed, with many substrates giving >20:1 dr. To enable this 

project we developed a significantly higher yielding and more user-friendly preparative peptide 

dioxazolone synthesis and purification protocol. This reaction is the first example of a transition 

metal-catalyzed carboamidation reaction applied to the synthesis of macrocyclic peptide 

structures. We have additionally disclosed the first example of a non-canonical dioxazolone amino 

acid in the form of Glu(Diox), which may be used to synthesize tadpole peptides. The reaction 

works on strained tetrameric cyclic peptides, as well as sizeable 15-mer macrocycles, while 

tolerating a wide range of arylboronic acids to provide 45 examples. We have also applied this 

reaction to the synthesis of several macrocyclic peptidomimetic derivatives as a proof of concept 

that this method is an effective way to generate SAR libraries with high stereochemical control. 

We hope this report will enable further advancements in unnatural amino acid incorporation in 

pharmaceutical and academic settings. 
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Chapter 5: Rh(III)-Catalyzed Hydroamidation Applied to Peptide 

Macrocyclization 

5.1 Overview of transition metal catalyzed hydroamidation with dioxazolones  

The primary focus of Chapters 1, 3, and 4 have been on the mechanistic considerations and 

synthetic applications of carboamidation catalytic manifolds. However, the concept of 

functionalizing alkenes with C-N bonds is not exclusive to the additional installation of a C-C 

bond. In fact, various other atoms may be installed with concomitant C-N bond formation when 

adding complexity to double bonds. The simplest of these complementary forms of reactivity 

comes in the form of hydroamidation, where a C-N bond and C-H bond may be simultaneously 

installed across the 𝜋-system of an olefin. The field of hydroamidation is quite rich and can be 

accomplished with a wide variety of amidating reagents and catalytic systems,1 so this chapter will 

focus only on hydroamidation strategies which use dioxazolones as the nitrogen source.  

Seminal work from the Rovis Lab, conducted by colleague Dr. Noah Wagner-Carlberg, 

reported a Rh(III)-catalyzed anti-Markovnikov hydroamidation of unactivated alkenes using 

dioxazolones (Scheme 5.1A).2 This work had stemmed from the byproduct discovery of alkene 

hydroamidation from the original syn-carboamidation report from Dr. Sumin Lee,3 which was also 

a byproduct of the intermolecular three-component peptide oligopeptide coupling reaction.4 In 

essence, the rhodium hydride species that was formed from 𝛽-hydride elimination of the Rh-

enolate intermediate as an off-cycle pathway could reinsert a hydride into the activated olefin and 

then trap dioxazolone. Remarkably, this formed the anti-Markovnikov hydroamidated product, 

where the dioxazolone trapped the 𝛽-carbon of the alkene with >20:1 rr rather than the 𝛼-carbon 

which was observed for the carboamidation product. This is unusual reactivity since the 
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nucleophilic hydride adds to the polarity-mismatched position of the electron-deficient alkene and 

then traps dioxazolone at the terminal position.  

In the newly optimized system, it was discovered that is was possible to utilize isopropanol 

solvent as a hydride source instead of relying on Rh-H formed from 𝛽-hydride elimination of an 

aryl insertion pathway. In the presence of K2CO3, an iso-propoxide species can be formed and 

coordinate to the Rh(III) center equipped with an electron deficient Cp*CF3 ligand. This resulting 

species can then undergo 𝛽-hydride elimination to form a Rh(III)-H complex, which can then 

accomplish a 1,2-migratory insertion event into an unactivated or activated olefin to form a vicinal 

C-H bond and Rh-C bond. The key mechanistic discovery, supported by deuterium labeling 

studies, is that the migratory insertion event is completely unselective and reversible. The Rh-C 

 

Scheme 5.1: Examples of hydroamidation reactions with dioxazolones I 
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species can readily undergo 𝛽-hydride elimination and reinsert at the opposite carbon. This 

reversible hydride insertion and elimination keeps occurring until the terminal primary Rh-C 

species gets trapped by dioxazolone as the rate-determining step, thus exclusively forming the anti-

Markovnikov product for a wide variety of terminal alkenes. A computational report came out 

several years later from the Hu Lab which rationalized the mechanism and chemoselectivity 

through theoretical insights.5 Another similar report from the Yu Lab reported an anti-

Markovnikov hydroamidation methodology which used nickel pre-catalysts and HBPin as the 

hydride source.6 This paper had a wide-spanning dioxazolone scope but featured more modest 

regioselectivity of many terminal alkene substrates. 

This mechanism was further expanded in a later report from the Rovis Lab to take 

advantage of a chain-walking mechanism to achieve remote hydroamidation of internal olefins by 

still using iPrOH as the hydride source (Scheme 5.1B).7 Due to the reversible insertion and 

elimination capabilities of the Rh-H active catalytic species, this was applied to distal 

functionalization to readily install amide bonds with dioxazolones by transposing the alkene to 

terminal position of an extended alkyl chain and then trapping the nitrene precursor. The key 

finding in this study was that the inorganic carbonate base was responsible for catalyst poisoning, 

so replacement with a proper organic trialkyl ammonia base, diisobutyl-n-butylamine (DIBNBA), 

was essential to restore reactivity. The scope covers a wide variety of internal olefins and always 

leads to excellent regioselectivity for the terminal position. This report was concurrently published 

with a related paper from the Chang Lab, where they report a distal hydroamidation protocol with 

dioxazolones by using an Ir(III)Cp* system and HBPin as the hydride source.8 This comprehensive 

manuscript featured additional unique scope examples, such as hydroamidation of a terminal 
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alkyne to form an enamide and chain walking across a tertiary carbon with a stereocenter without 

reducing the enantiopurity of the product. 

 Furthermore, there have been multiple reports of asymmetric hydroamidation of alkenes 

with dioxazolones. Work from the Buchwald Lab demonstrated that it is possible to hydroamidate 

styrene derivatives in a Markovnikov fashion with Cu catalysis (Scheme 5.2A).9 By using Ph2SiH2 

as the hydride source and a chiral ligand, it is feasible to form a Cu-H species in situ and then have 

it insert into a styrene, followed by the enantioselective trapping of a dioxazolone substrate. A 

recent report from the Chang Lab details enantioselective access to 𝛽-amino carbonyls via Ni-

catalyzed formal olefin hydroamidation (Scheme 5.2B).10 This chemistry distinguishes itself from 

other methods by working on internal activated olefins without chain walking. Interestingly, it is 

proposed that rather than an initial migratory insertion of a hydride that is common in this field, 

 

Scheme 5.2: Examples of hydroamidation reactions with dioxazolones II 
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there is instead a direct migratory insertion event of a Ni(II)-amido species into the alkene. The 

Ni-amido species is formed from activation of a dioxazolone with extrusion of carbon dioxide. 

The consequent Ni-C species can then trap hydride from dimethoxymethylsilane (DMMS) to 

generate the desired product. Additionally, a chiral ligand may be implemented to furnish products 

with exquisite enantioselectivities.   

 

5.2 Expansion of peptide macrocyclization technology to hydroamidation system  

Chapter 4 disclosed a Rh(III)-catalyzed macrocyclization via carboamidation, reacting 

acryloyl-peptide-dioxazolone precursors and arylboronic acids to form complex cyclic peptides 

with concomitant incorporation of noncanonical α-amino acids.11 The diverse and modular 

technology allows for expedient access to a wide variety of cyclic peptides from 4 to 15 amino 

acids in size and features simultaneous formation of unnatural phenylalanine and tyrosine 

derivatives with up to >20:1 diastereoselectivity. In theory, the mechanistic platform established 

by this chemistry opens the door to other potential nucleophiles that may be used instead of 

arylboronic acids.  

By merging acryloyl-peptide-dioxazolones with an alkyl carbon source rather than an aryl 

carbon source, a hypothetical new type of carboamidation reaction can be realized which installs 

alkyl amino acid derivatives during a macrocyclization event. Furthermore, if a heteroatom 

nucleophile were to be implemented instead, then a plausible oxyamidation or thioamidation may 

be accomplished. An oxygen-based nucleophile, ideally water, would furnish serine residues as 

the product. Alternatively, a sulfur-based nucleophile may form cysteine or alkylated variants of 

cysteine. As the most practical example, which is at the heart of this chapter, utility of a hydride 

nucleophile would furnish the hydroamidated product in the form of one of the most simple amino 
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acids, alanine (Scheme 5.3). The key challenge of this chemistry would be controlling the 

regioselectivity by switching to the Markovnikov product, in addition to controlling the 

stereochemistry of the newly formed amino acid. Additionally, a major advantage of this work 

over the carboamidation protocol would be dramatic expansion of the alkene scope, where various 

activated and unactivated olefins can be appended to the linear precursor and cyclized to form 

various types of unnatural amino acid linkages. The rest of this thesis will describe current efforts 

to implement this mechanistic motif as a novel and unique form of peptide macrocyclization 

technology.  

 

Scheme 5.3: Expansion of macrocyclization methods to other nucleophiles 
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5.3 Reaction discovery, optimization studies, and mechanistic considerations 

This project is a current ongoing collaboration with Dr. Noah Wagner-Carlberg, Dr. 

Cassandra Chartier, and first-year graduate student Jillian Hirano, who is now spearheading the 

project and will continue studies on peptide macrocyclization during the course of her PhD in the 

Rovis Lab. Insights from the carboamidation macrocyclization work have been essential in guiding 

the work of the related hydroamidation work, such as optimal reaction concentrations and product 

isolation and characterization techniques.  
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The initial hit discovery was accomplished by merging previous optimized conditions from 

the chain-walking hydroamidation report in conjunction with the new class of acryloyl-peptide-

dioxazolones described in the previous chapter. The initial conditions used the [Rh(III)Cp*CF3Cl2]2 

precatalyst, one of the 𝛽-turn sequence (Val-DPro-Acpc-𝛽-Ala) dioxazolones used in the previous 

work, a cosolvent mixture of DCE/iPrOH in a 1:1 ratio, and 1.0 equiv. of DIBNBA at 70 ℃ for 24 

h. Remarkably, this furnished the desired Markovnikov product in the form of an Ala linkage with 

>20:1 dr, in addition to the anti-Markovnikov product in the form of a 𝛽-Ala linkage in a 1:1 

regioselectivity and 46% NMR yield (Table 5.1, entry 1). The absolute stereochemistry still needs 
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to be confirmed by comparison to an authentic standard. The significance of this initial result is 

that it is possible to force the opposite regioisomer compared to the >20:1 rr observed in the 

intermolecular hydroamidation report. This is presumably due to the first migratory insertion step 

of the hydride remaining unselective, and the secondary structure of the linear precursor folding 

into the ideal conformation for macrocyclization can now trap at either the 𝛼-carbon or the 𝛽-

carbon. Similar to the carboamidation mechanism, when the stereogenic Rh-C bond is formed at 

the 𝛼-carbon it is possible to control the diastereoselectivity through tuning the secondary structure 

of the peptide sequence. A further catalyst screen revealed that it is possible to increase the yield 

to 68% and increase the regioselectivity of the desired Ala linkage to 3.2:1 rr when using the 

 

Table 5.3: Substituted acrylamide substrates 

N

O
HN O

H
N

O
N

OO

O

N
H

O
(10 mol%)

N

O
HN O

H
N

O

N
H

O

NH
O

N

O
HN O

H
N

O

N
H

O

NH
O

Cl
RhIII

2 Cl

DIBNBA (1.0 equiv.)
DCE/iPrOH (1 : 1) (0.01 M)

70 oC, 18 h

Pdt (NMR)

46%

Regioselectivity

>20 : 1

Diastereoselectivity

1 : 1

N

O
HN O

H
N

O
N

OO

O

N
H

O
(10 mol%)

N

O
HN O

H
N

O

N
H

O

NH
O

N

O
HN O

H
N

O

N
H

O

NH
O

Cl
RhIII

2 Cl

DIBNBA (1.0 equiv.)
DCE/iPrOH (1 : 1) (0.01 M)

70 oC, 18 h

Pdt (NMR)

50%

Regioselectivity

>20 : 1

Diastereoselectivity

N.D.

α

β

α

β

α

β

α

β

α

β

α

β

Entry

1

Entry

2



96 
 

heptamethylindenyl (Ind*) ligand (entry 4). Current studies are ongoing to understand why this 

special ligand is responsible for increasing the opposite regioisomer. Changing the methyl 

substitution pattern on the indenyl framework leads to subtle changes in yield and regioselectivity 

(entries 5-7), demonstrating that this is an extremely sensitive system to various variables.  

 Furthermore, this new hydroamidation platform for peptide macrocyclization additionally 

works on unactivated alkenes as well, which was an inherent limitation of the carboamidation 

system. By installing a single methylene unit between the olefin and the carbonyl at the N-

terminus, the vinyl acetic acid derivative is able to undergo cyclization to form three possible 

regioisomers. This includes dioxazolone trapping at the terminal 𝛾-carbon, at the 𝛽-carbon, or at 

the 𝛼-carbon if the hydride were to chain walk to form a Rh-enolate species. By using the Cp*CF3 

ligand, the anti-Markovnikov product is formed exclusively in 40% NMR yield (Table 5.2, entry 

1). Changing the catalyst to Ind* increases the yield to 64%, but also gives a regioselectivity of 𝛾-

product to 𝛽-product in a 7.1:1 ratio without any observable 𝛼-product (entry 4). The 

diastereoselectivity of the 𝛽-product is measured to be approximately 10:1 dr. Once more, 

changing the identity of the Ind ligand causes deviations in yield and regioselectivities (entries 5-

7). This demonstrates that changing the electronics of the alkene has significant consequences on 

net reactivity, but the Ind* ligand seems to retain the highest reaction efficiency.  

Additionally, the reaction can tolerate 𝛼-substitution at the acrylamide. By using a 

methacrylamide substrate, the corresponding cyclic products can be formed. In this case, the 

selectivity profiles change significantly once again, as the methyl substitution forces >20:1 

regioselectivity for the anti-Markovnikov product (Table 5.3, entry 1). However, since the Rh-C 

bond now goes to the 𝛽-carbon, the hydride forms the stereocenter at the 𝛼-carbon and gives a 1:1 

dr. It seems that either the migratory insertion of top vs. bottom face is unselective, or the reversible 
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insertion and elimination is fast and erodes any initial selectivity. The macrocyclization event is 

equally favorable for the diastereomeric intermediates as the stereocenter is one carbon removed 

from the reactive Rh(III) center. A similar phenomenon is observed for a phenacrylamide 

substrate, where the regioselectivity is >20:1 for the anti-Markovnikov products (entry 2). There 

seems to be appearance of two diastereomers in the crude reaction mixture but the overlapping 

diagnostic signals makes the absolute ratio difficult to measure accurately. In each case, this gives 

the method a newfound power in providing expedient access to unnatural 𝛽-homo amino acids, 

 

Scheme 5.4: Mechanism of hydroamidation peptide macrocyclization 
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which can be challenging to synthesize by other methods. Current efforts are ongoing to finetune 

the diastereoselectivity, which can likely be attained by clever catalyst design, highly bulky 𝛼-

substitution, and biased peptide secondary structures. The general mechanism of this 

hydroamidation macrocyclization, described earlier in this chapter, is depicted in Scheme 5.4.  

 

5.4 Future directions 

There are many feasible future directions that this project can take, the first of which is 

fully expanding the alkene scope to various types of reactive olefin handles (Scheme 5.5). This 

includes various 𝛼-substitutions of the acrylamide functionality, various unactivated olefins 

tethered with alkyl linkers, or installing the alkene in the side chain of an amino acid to form 

tadpole linkages. Examples of alkene amino acids that can be installed using Fmoc-SPPS include 

allyl glycine, Glu(O-Allyl), Tyr(Allyl), or Ser(Allyl). Presumably each of these possible individual 

alkenes could pose their own challenges with regioselectivity and stereoselectivity, but the method 

clearly has the potential to cover an extremely wide ground of chemical space. This chemistry 

would feasibly allow for an unprecedented number of unique linkages and topologies that can be 

formed during a macrocyclization event for a single generalizable catalytic method.  

The next form of scope expansion would be testing various peptide sequences, similar to 

the carboamidation macrocyclization chemistry. Changing the identity of the 𝛽-turn sequence is 

likely to have subtle influences on the net regioselectivity in the case of acrylamides which form 

Ala linkages. Various peptide sequence lengths and amino acids need to be tested as well for 

various types of alkenes to see how secondary structure influences reactivity and selectivity. It is 

likely that the wide range of protected amino acids that were compatible with the carboamidation 

methods will also work in the hydroamidation system. There is also incentive to deviate away from 
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𝛽-amino acids at the C-terminus where the dioxazolone is and focus on incorporation of simple 𝛼-

amino acids like Gly and Ala to make the method more broadly applicable and increase the 

adoption by other chemists.  

Finally, a tremendous goal of this type of peptide-dioxazolone chemistry in general is to 

make it work on resin during SPPS (Scheme 5.6). The ability to form dioxazolones on resin and 

then directly cyclize them with alkenes by adding Rh catalysts would make this chemistry more 

impactful as well. As a concept, a silyl protected hydroxamic acid precursor in the form an Fmoc-

amino acid building block can theoretically be installed during chain extension, and then be 

orthogonally deprotected with fluoride to form hydroxamic acid in the presence of other acid labile 

side chain protecting groups. This hydroxamic acid residue can then be treated with CDI to form 

the dioxazolone in situ, to form a Glu(Diox) residue, for example. The resin can then be treated 

with the standard catalytic conditions to hydroamidate the side chain onto an alkene that has been 

installed somewhere else on the peptide chain. This could potentially make this method even more 

 

Scheme 5.5: Projected alkene scope 
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attractive to use in pharmaceutical settings for drug discovery platforms of macrocyclic 

therapeutics.  
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1. General information 
 
Unless otherwise noted, all reactions were performed without precaution to air or 
moisture. Commercial reagents and anhydrous solvents were purchased from Sigma-
Aldrich and Fisher Scientific. All column chromatography was performed using a 
Teledyne Isco CombiFlash using CombiFlash prepacked columns outfitted with an ELSD 
detector. As many of the compounds listed do not exhibit an UV trace, ELSD was integral 
to the separation of product while thin layer chromatography was performed on SiliCycle® 
250 μm 60 Å plates. 1H-NMR spectra were recorded on Bruker 400 or 500 MHz 
spectrometers at ambient temperature. 500 Ascend instrument equipped with cryoprobe. 
Chemical shifts are reported in parts per million (ppm) in respective NMR solvent (CDCl3 
ref. @ 7.26 ppm, CD3OD ref. @ 3.31 ppm, DMSO-d6 ref. @ 2.50 ppm, CD3CN ref. @ 
1.94 ppm) with multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, and m = 
multiplet) and coupling constants (Hz). 13C-NMR was recorded on Bruker 500 MHz 
spectrometers (126 MHz) at ambient temperature. 31P, 19F, and 11B-NMR spectra were 
recorded on the same instruments and are given without reference. High resolution mass 
spectra (HRMS) were obtained from Columbia University Mass Spectrometry Facility on 
a JOEL JMSHX110HF mass spectrometer using the ESI+ ionization model. Automated 
solid phase peptide synthesis was achieved using a Liberty Blue Automated Microwave 
Peptide Synthesizer. High performance liquid chromatography was achieved using an 
Agilent 1260 instrument. Semi-prep chromatography performed on ZORBAX 300SB-C18, 
5uM, 9.4x250mm. A Labconco 700401000 FreeZone 4.5L -50C Lyophilizer was used to 
freeze-dry samples. 
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2. Extended optimization studies 
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3. Cost analysis of boronic acids vs. Fmoc-amino acids 

After our investigations of the substrate scope were completed, we retrospectively analyzed the relative 
availability of boronic acid precursors to the analogous Fmoc-D-amino acids and Fmoc-L-amino acids by 
doing a Reaxys search (see table below). In each case, the least expensive option is highlighted in blue, 
with the supplier noted in the parentheses and CAS number. In most cases, the boronic acid is significantly 
cheaper or competitively priced. In many cases the Fmoc-AA is not commercially available at all.  
 

Product Boronic acid Fmoc-D-AA Fmoc-L-AA

OH

1 g / $14
5 g / $25

25 g / $69
(Combi-Blocks)

71597-85-8

1 g / $137
5 g / $571

25 g / $1815
(Combi-Blocks)

112883-29-1

5 g / $14
25 g / $37

(Combi-Blocks)
92954-90-0

10 g / $34
50 g / $77

(Alfa Aesar)
98-80-6

1 g / $36
5 g / $119

25 g / $375
(Alfa Aesar)
86123-10-6

5 g / $25
25 g / $79

(Alfa Aesar)
35661-40-6

Br

5 g / $17
25 g / $42

100 g / $131
(Combi-Blocks)

5467-74-3

1 g / $20
5 g / $60

10 g / $115
(Combi-Blocks)

198545-76-5

1 g / $35
5 g / $124

10 g / $206
(Combi-Blocks)

198561-04-5

CF3

1 g / $64
5 g / $193

25 g / $812
(Alfa Aesar)
128796-39-4

1 g / $90
5 g / $350

25 g / $3370
(Combi-Blocks)

238742-88-6

1 g / $48
5 g / $190

25 g / $680
(Combi-Blocks)

247113-86-6

O

O

O

1 g / $21
5 g / $62

25 g / $247
(Combi-Blocks)

182163-96-8

1 g / $1770
2.5 g / $3471
5 g / $5134

(Enamine-Ukraine)
1260601-42-0

0.5 g / $956
1 g / $1225

2.5 g / $2402
(Sigma Aldrich)

381222-53-3

F

1 g / $33
5 g / $93

25 g / $346
(Alfa Aesar)
1765-93-1

1 g / $12
5 g / $50

25 g / $210
(Combi-Blocks)

177966-64-2

5 g / $45
10 g / $85

25 g / $185
(Combi-Blocks)

169243-86-1

O
O

1 g / $62
5 g / $202

25 g / $801
(Alfa Aesar)
94839-07-3

Not 
commercially

available

0.025 g / $150
0.1 g / $351

(Sigma Aldrich)
1260609-75-3

1 g / $44
5 g / $106

25 g / $368
(Alfa Aesar)
13922-41-3

1 g / $69
5 g / $206

(Combi-Blocks)
138774-93-3

1 g / $15
5 g / $60

25 g / $215
(Combi-Blocks)

96402-49-2
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tBu

5 g / $14
25 g / $28

100 g / $83
(Combi-Blocks)

123324-71-0

1 g / $83
5 g / $329

25 g / $1316
(Combi-Blocks)

252049-14-2

1 g / $76
5 g / $302

25 g / $987
(Combi-Blocks)

213383-02-9

CF3

CF3

5 g / $14
25 g / $55

100 g / $206
(Combi-Blocks)

73852-19-4

1 g / $895
(Acela Pharmatech LLC)

1260615-29-9

Not 
commercially

available

H

O

1 g / $44
5 g / $126

25 g / $455
(Alfa Aesar)
87199-17-5

Not 
commercially

available

0.1 g / $315
0.25 g / $625
0.5 g / $925

(Advanced ChemBlocks)
1270292-45-9

NO2

1 g / $25
5 g / $72

25 g / $288
(Alfa Aesar)
13331-27-6

Not 
commercially

available

1 g / $83
5 g / $343

10 g / $542
(Combi-Blocks)

206060-42-6

CO2Me

1 g / $73
5 g / $212

(Alfa Aesar)
99769-19-4

Not 
commercially

available

Not 
commercially

available

NBoc

0.25 g / $179
1 g / $446

5 g / $1343
(Combi-Blocks)

2102451-30-7

Not 
commercially

available

Price
available

upon inquiry

NBoc

0.25 g / $124
1 g / $322

5 g / $1343
(Combi-Blocks)

317830-84-5

Not 
commercially

available

Not 
commercially

available

1 g / $20
5 g / $58

25 g / $233
(Combi-Blocks)

2156-04-9

Not 
commercially

available

Not 
commercially

available

O

1 g / $14
5 g / $35

25 g / $110
(Combi-Blocks)

156641-98-4

Not 
commercially

available

Not 
commercially

available

Cl

1 g / $47
5 g / $147

25 g / $560
(Alfa Aesar)
3900-89-8

1 g / $42
5 g / $137

25 g / $453
(Combi-Blocks)

205526-22-3

1 g / $28
5 g / $83

25 g / $336
(Combi-Blocks)

198560-41-7

Product Boronic acid Fmoc-D-AA Fmoc-L-AA
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NHBoc

1 g / $52
5 g / $181

(Alfa Aesar)
380430-49-9

1 g / $90
5 g / $398

10 g / $768
(Combi-Blocks)

214750-77-3

1 g / $45
5 g / $180

10 g / $345
(Combi-Blocks)

174132-31-1

TMS

1 g / $27
5 g / $83

25 g / $329
(Combi-Blocks)

17865-11-1

Not 
commercially

available

Not 
commercially

available

TMS

0.25 g / $247
1 g / $617

5 g / $2055
(Combi-Blocks)

630127-51-4

Not 
commercially

available

Not 
commercially

available

O
P
O

O
O

Not 
commercially

available

Not 
commercially

available

Not 
commercially

available

Product Boronic acid Fmoc-D-AA Fmoc-L-AA

S

1 g / $14
5 g / $41

25 g / $107
(Combi-Blocks)

98437-23-1

1 g / $1071
(UORSY)

177966-61-9

Not 
commercially

available
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4. Starting material synthesis and characterization –  
 
General Procedure A – Synthesis of Protected Peptide Acrylamides via Solution Phase 
Peptide Synthesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
Part 1: To a round bottom flask was added a mixture of amino acid ethyl ester hydrochloride salt (1.0 
equiv.), Boc-protected amino acid coupling partner (1.0 equiv.), and HOBt hydrate (1.0 equiv.). The mixture 
was then dissolved in DMF (0.33 M) and stirred at room temperature until solution became homogeneous. 
Triethylamine (3.3 equiv.) was added to the reaction mixture, followed by addition of EDC hydrochloride 
(1.2 equiv.). The mixture was stirred at room temperature overnight and then partitioned into a separatory 
funnel with EtOAc and water. The aqueous layer was extracted with EtOAc (50 mL x 3) and the combined 
organic layers were washed with saturated aqueous NaHCO3 solution (50 mL x 1), water (50 mL x 3), and 
brine (50 mL x 1), then dried over anhydrous Na2SO4. The solution was then filtered and solvent was 
removed under reduced pressure via rotary evaporator. The crude residue was used in the next reaction 
without further purification.  
 
Part 2: Boc-protected dipeptide was dissolved in DCM and TFA in a 1 : 1 proportion by volume in a round 
bottom flask. The mixture was stirred at room temperature for 4 h. The mixture was directly dried using a 
rotary evaporator and the crude amine TFA salt was used in the following reaction without further 
purification. 
 
Part 3: To a round bottom flask was added free amine hydrochloride or TFA salt (1.0 equiv.) and dissolved 
in DCM. The solution was cooled to 0 ℃ in an ice bath and triethylamine (1.1 equiv.) was added to the 
reaction mixture, followed by addition of acryloyl chloride (1.1 equiv.). The mixture was stirred at 0 ℃ for 30 
min and then at room temperature for an additional 2.5 h. The DCM was then removed under reduced 
pressure by rotary evaporator and the resulting residue was dissolved in EtOAc. The suspension was 
filtered over a Celite pad and the organic filtrate was washed with 1 M HCl solution (50 mL x 1), saturated 
aqueous NaHCO3 solution (50 mL x 1), and brine (50 mL x 1), then dried over anhydrous Na2SO4. The 
solution was then filtered and solvent was removed under reduced pressure via rotary evaporator. The 
crude residue was purified using flash silica gel chromatography. The purified material was then dissolved 
in acetonitrile and water, flash frozen in liquid nitrogen, and freeze dried using a lyophilizer instrument.  
 

acryloyl-L-Thr-OEt (Compound 1a). Prepared according to General Procedure A, Part 
3 from Val ethyl ester HCl salt (11.0 mmol). Purified via flash chromatography (20% --> 
30% EtOAc/hexanes). Material was not lyophilized. Clear viscous oil (1.65 g, 75% yield). 
1H NMR (500 MHz, CD3OD) δ 6.40 (dd, J = 17.1, 10.1 Hz, 1H), 6.24 (dd, J = 17.1, 2.0 Hz, 

1H), 5.68 (dd, J = 10.1, 2.0 Hz, 1H), 4.37 (d, J = 6.1 Hz, 1H), 4.23 – 4.14 (m, 2H), 2.16 (sept, J = 6.7, 1H), 
1.26 (t, J = 7.1 Hz, 3H), 0.96 (d, J = 6.8 Hz, 6H). This matches literature reported spectrum.4 
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acryloyl-L-Thr-OEt (Compound 1b). Prepared according to General Procedure A, Part 
3 from Thr ethyl ester HCl salt (16.4 mmol). Purified via flash chromatography (40% --> 
50% EtOAc/hexanes). White solid (1.98 g, 60% yield). 1H NMR (500 MHz, CD3OD) δ 6.43 
(dd, J = 17.1, 10.3 Hz, 1H), 6.26 (dd, J = 17.0, 1.7 Hz, 1H), 5.71 (dd, J = 10.3, 1.7 Hz, 

1H), 4.51 (d, J = 3.3 Hz, 1H), 4.31 (qd, J = 6.4, 3.3 Hz, 1H), 4.21 (qd, J = 7.1, 1.4 Hz, 2H), 1.28 (t, J = 7.1 
Hz, 3H), 1.18 (d, J = 6.5 Hz, 3H). 13C NMR (126 MHz, CD3OD) δ 171.81, 168.25, 131.42, 127.34, 68.21, 
62.30, 59.37, 20.19, 14.26. HRMS-ESI (positive) M = C9H15NO4: calculated (M+Na)+ m/z 224.0899; found 
(M+Na)+ m/z 224.0924. 
 

acryloyl-L-Tle-OEt (Compound 1c). Prepared according to General Procedure A, Part 3 
from Tle ethyl ester HCl salt (7.6 mmol). Purified via flash chromatography (20% --> 30% 
EtOAc/hexanes). Material was not lyophilized. Clear viscous oil (1.14 g, 70% yield). 1H 
NMR (500 MHz, CD3OD) δ 6.46 (dd, J = 17.1, 10.3 Hz, 1H), 6.25 (dd, J = 17.0, 1.8 Hz, 

1H), 5.69 (dd, J = 10.3, 1.8 Hz, 1H), 4.40 (s, 1H), 4.19 (qd, J = 7.1, 2.5 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H), 
1.03 (s, 9H). 13C NMR (126 MHz, CD3OD) δ 172.76, 168.37, 131.81, 127.86, 62.68, 62.33, 35.55, 27.45, 
14.88. 
	

acryloyl-Val-CN (racemate) (Compound 1d). Prepared according to General Procedure A, 
Part 3 from 2-amino-3-methylbutyronitrile (9.2 mmol), prepared by following a literature 
procedure.5 Purified via flash chromatography (20% --> 30% EtOAc/hexanes). Material was 
not lyophilized. Clear viscous oil (1.1 g, 78% yield). 1H NMR (500 MHz, CD3OD) δ 6.37 – 6.21 

(m, 2H), 5.76 (dd, J = 8.5, 3.5 Hz, 1H), 4.74 (d, J = 7.0 Hz, 1H), 2.14 – 1.99 (m, J = 6.8 Hz, 1H), 1.08 (dd, 
J = 30.2, 6.8 Hz, 6H). 13C NMR (126 MHz, CD3OD) δ 167.31, 130.60, 128.36, 118.71, 47.75, 32.40, 18.75, 
18.42. 
 

acryloyl-L-Pro-OEt (Compound 1e). Prepared according to General Procedure A, Part 3 
from Pro ethyl ester HCl salt (5.6 mmol). Purified via flash chromatography (20% --> 30% 
EtOAc/hexanes). Material was not lyophilized. Clear viscous oil (0.81 g, 74% yield). Isolated 
as 3.5 : 1 mixture of tertiary amide rotamers. 1H NMR (both rotamers) (500 MHz, CD3OD) δ 
6.52 (ddd, J = 122.2, 16.8, 10.4 Hz, 1H), 6.27 (ddd, J = 16.7, 5.9, 2.0 Hz, 1H), 5.74 (ddd, J 

= 33.3, 10.4, 2.0 Hz, 1H), 4.78 – 4.43 (m, 1H), 4.26 – 4.12 (m, 2H), 3.81 – 3.57 (m, 2H), 2.36 – 2.18 (m, 
1H), 2.12 – 1.85 (m, 3H), 1.27 (t, J = 7.1 Hz, 3H). 13C NMR (major rotamer) (126 MHz, CD3OD) δ 173.76, 
166.73, 129.71, 128.88, 62.81, 61.91, 48.43, 30.16, 25.72, 14.43. 
 

acryloyl-Gly-L-Val-OEt (Compound 1f). Prepared according to General Procedure 
A, Parts 1-3 from Val ethyl ester HCl salt (16.5 mmol) and Boc-Gly-OH (16.5 mmol). 
Purified via flash chromatography (40% --> 60% EtOAc/hexanes). White solid (2.16 
g, 51% yield). 1H NMR (500 MHz, CD3OD) δ 6.32 (dd, J = 17.1, 9.9 Hz, 1H), 6.25 

(dd, J = 17.2, 2.1 Hz, 1H), 5.70 (dd, J = 9.9, 2.1 Hz, 1H), 4.34 (d, J = 5.8 Hz, 1H), 4.19 (qd, J = 7.1, 4.6 Hz, 
2H), 4.08 – 3.90 (m, 2H), 2.16 (pd, J = 6.9, 5.8 Hz, 1H), 1.27 (t, J = 7.1 Hz, 3H), 0.96 (dd, J = 6.9, 4.3 Hz, 
6H). 13C NMR (126 MHz, CD3OD) δ 172.79, 171.32, 168.33, 131.48, 127.06, 62.03, 59.07, 43.13, 31.75, 
19.26, 18.20, 14.34. HRMS-ESI (positive) M = C12H20N2O4: calculated (M+Na)+ m/z 279.1321; found 
(M+Na)+ m/z 279.1362. 
 

acryloyl-L-Ala-L-Val-OEt (Compound 1g). Prepared according to General 
Procedure A, Parts 1-3 from Val ethyl ester HCl salt (16.5 mmol) and Boc-Ala-OH 
(16.5 mmol). Purified via flash chromatography (30% --> 50% EtOAc/hexanes). 
White solid (2.81 g, 63% yield). 1H NMR (500 MHz, CD3OD) δ 6.31 (dd, J = 17.1, 

10.0 Hz, 1H), 6.23 (dd, J = 17.2, 2.0 Hz, 1H), 5.67 (dd, J = 10.0, 2.1 Hz, 1H), 4.61 – 4.46 (m, 1H), 4.31 (dd, 
J = 8.4, 5.8 Hz, 1H), 4.18 (qq, J = 10.9, 7.1 Hz, 2H), 2.15 (pd, J = 6.9, 5.8 Hz, 1H), 1.37 (d, J = 7.1 Hz, 3H), 
1.26 (t, J = 7.1 Hz, 3H), 0.96 (dd, J = 6.9, 0.8 Hz, 6H). 13C NMR (126 MHz, CD3OD) δ 175.39, 173.11, 
167.97, 167.88, 131.86, 131.81, 127.37, 62.30, 59.47, 50.42, 50.33, 31.99, 19.62, 18.56, 18.17, 18.12, 
14.69. HRMS-ESI (positive) M = C13H22N2O4: calculated (M+Na)+ m/z 293.1477; found (M+Na)+ m/z 
293.1512. 
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acryloyl-L-Leu-L-Val-OEt (Compound 1h). Prepared according to General 
Procedure A, Parts 1-3 from Val ethyl ester HCl salt (16.5 mmol) and Boc-Leu-OH 
(16.5 mmol). Purified via flash chromatography (20% --> 40% EtOAc/hexanes). 
White solid (2.99 g, 58% yield). 1H NMR (500 MHz, CD3OD) δ 6.31 (dd, J = 17.1, 
10.0 Hz, 1H), 6.23 (dd, J = 17.1, 2.0 Hz, 1H), 5.67 (dd, J = 10.0, 2.0 Hz, 1H), 4.57 

(dd, J = 8.9, 6.2 Hz, 1H), 4.29 (d, J = 6.0 Hz, 1H), 4.17 (qq, J = 10.8, 7.1 Hz, 2H), 2.21 – 2.04 (m, 1H), 1.76 
– 1.53 (m, 3H), 1.26 (t, J = 7.1 Hz, 3H), 1.03 – 0.88 (m, 12H). 13C NMR (126 MHz, CD3OD) δ 175.05, 
173.06, 168.11, 131.80, 127.43, 62.32, 59.46, 53.19, 42.00, 31.96, 26.10, 23.51, 22.29, 19.61, 18.64, 
14.70. HRMS-ESI (positive) M = C16H28N2O4: calculated (M+Na)+ m/z 293.1477; found (M+Na)+ m/z 
293.1512. 
 

N-((S)-4-methyl-1-((R)-2-methyloxiran-2-yl)-1-oxopentan-2-yl)acrylamide (Compound 
1i). Prepared according to General Procedure A, Part 3 from (S)-2-amino-4-methyl-1-((R)-
2-methyloxiran-2-yl)pentan-1-one TFA salt (16.4 mmol), prepared by following a literature 
procedure.6 Purified via flash chromatography (40% --> 50% EtOAc/hexanes). White solid 
(1.98 g, 60% yield). 1H NMR (500 MHz, CDCl3) δ 6.26 (dd, J = 17.0, 1.4 Hz, 1H), 6.10 (dd, 

J = 17.0, 10.3 Hz, 1H), 5.95 (d, J = 8.5 Hz, 1H), 5.66 (dd, J = 10.3, 1.4 Hz, 1H), 4.74 (ddd, J = 10.3, 8.5, 
3.2 Hz, 1H), 3.37 (d, J = 5.0 Hz, 1H), 2.90 (d, J = 5.0 Hz, 1H), 1.69 (dddd, J = 13.4, 6.6, 4.1, 2.8 Hz, 1H), 
1.60 – 1.54 (m, 1H), 1.52 (s, 3H), 1.28 (ddd, J = 14.0, 10.3, 4.2 Hz, 1H), 0.96 (dd, J = 17.4, 6.6 Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 209.43, 165.81, 130.60, 127.61, 59.46, 52.89, 50.51, 40.93, 25.63, 23.77, 
21.74, 17.07. HRMS-ESI (positive) M = C12H19NO3: calculated (M+Na)+ m/z 248.1263; found (M+Na)+ m/z 
248.1284. 
 
General Procedure B – Synthesis of Protected Peptide Acrylamides via Solid Phase 
Peptide Synthesis (Manual or Automated) 
 
Part 1: To a 50 mL solid phase peptide synthesis reaction glass apparatus was added 0.5 – 1.0 mmol of 
2-chlorotrityl resin. The resin (1.0 equiv.) was swelled with DCM and agitated with N2 for 30 min, then the 
vessel was drained using Schlenk vacuum and waste collection flask. The first Fmoc-AA coupling partner 
(2.0 equiv.) and DIPEA (4.0 equiv.) dissolved in DCM and DMF was added to the vessel and agitated with 
N2 for 2 h. After draining vessel, a 17 : 2 : 1 mixture of DCM : MeOH : DIPEA was added to the vessel and 
agitated with N2 for 30 min to cap any unreacted resin. The vessel was drained and the resin was flow 
washed x 2 with DMF, followed by DMF batch wash x 1. Loaded resin was either deprotected to continue 
manual synthesis or washed with DCM and dried in vacuum desiccator overnight to transfer to automated 
peptide synthesizer.  
 
Part 2: To continue manual synthesis in vessel, resin was first incubated with 20% piperidine in DMF 
solution and then drained after standing for 1 min. More 20% piperidine in DMF was added to the vessel 
and then agitated with N2 for 20 min. The vessel was drained and the resin was flow washed x 2 with DMF, 
followed by DMF batch wash x 1. Fmoc-AA (5.0 equiv.), HBTU or HATU (4.9 equiv.), HOBt hydrate (4.9 
equiv.), and DIPEA (10.0 equiv.) dissolved in DMF was added to vessel and then agitated with N2 for 30 
min. The vessel was drained and the resin was flow washed x 2 with DMF, followed by DMF batch wash x 
1. This iterative deprotection/coupling process was repeated to furnish desired sequence until final 
deprotection of N-terminus. Full deprotection or quantitative coupling of resin at each step can be optionally 
assessed through use of 3-part SPPS ninhydrin test kit. 
 
Part 3: To continue with automated peptide synthesizer, dried resin was transferred to tubes in 0.25 mmol 
portions and loaded onto automated synthesizer. Synthesizer was loaded with appropriate amounts of 
Fmoc-AAs in DMF, DIC and Oxyma coupling reagents in DMF, and piperidine deprotection solutions. 
Please follow instructions for specific automated synthesizer as this can vary in different laboratories. Once 
synthesizer is completed with sequence, the Fmoc protected N-terminal resin was then transferred back to 
manual apparatus and deprotected as described in Part 2.  
 
Part 4: To achieve N-terminal acryloyl capping, the deprotected resin was washed with DCM and then 
suspended in DCM. To this suspension was added triethylamine (2.0 equiv.) followed by acryloyl chloride 
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(2.0 equiv.) and then agitated with N2 for 30 min. The vessel was drained and the resin was flow washed x 
2 with DCM, followed by DCM batch wash x 1. 
 
Part 5: Methanol esterification resin cleavage of the 2-chlorotrityl resin was accomplished using a modified 
literature procedure.7 To a separate round bottom flask, dry methanol (20 mL – 30 mL) was added followed 
by dropwise addition of acetyl chloride (0.1 M) and stirred at rt for 2 h to make anhydrous HCl methanol 
solution. This solution was added to capped resin in vessel and then agitated with N2 for 3 h. The mixture 
was then quenched with 2,6-lutidine in excess relative to HCl acid. The solution was directly drained from 
vessel into a round bottom flask, followed by multiple washes with MeOH to ensure quantitative transfer. 
The volatiles were removed by rotary evaporator and the crude material was then purified using silica flash 
chromatography. The purified material was then dissolved in acetonitrile and water, flash frozen in liquid 
nitrogen, and freeze dried using a lyophilizer instrument.  
 

acryloyl-L-Val-L-Leu-L-Ala-OMe (Compound 1j). Prepared according to 
General Procedure B, Part 1, 2, 4, 5 from 2-chlorotrityl resin (0.6 mmol). Purified 
via flash chromatography (1% --> 2% MeOH/DCM). White solid (0.103 g, 46% 
isolated yield). 1H NMR (400 MHz, CD3OD) δ 6.38 (dd, J = 17.1, 10.2 Hz, 1H), 
6.24 (dd, J = 17.1, 1.9 Hz, 1H), 5.68 (dd, J = 10.2, 1.9 Hz, 1H), 4.49 – 4.33 (m, 

2H), 4.25 (d, J = 7.6 Hz, 1H), 3.71 (s, 3H), 2.09 (dq, J = 13.7, 6.9 Hz, 1H), 1.72 (dp, J = 13.1, 6.6 Hz, 1H), 
1.66 – 1.56 (m, 2H), 1.38 (d, J = 7.3 Hz, 3H), 0.97 (dd, J = 6.7, 4.6 Hz, 9H), 0.92 (d, J = 6.5 Hz, 3H). 13C 
NMR (126 MHz, CD3OD) δ 174.45, 174.34, 173.55, 168.14, 131.69, 127.26, 60.41, 52.84, 52.69, 49.43, 
41.81, 31.88, 25.73, 23.38, 22.05, 19.74, 18.81, 17.33. HRMS-ESI (positive) M = C18H31N3O5: calculated 
(M+Na)+ m/z 392.2162; found (M+Na)+ m/z 392.2185. 
 

acryloyl-L-Ile-L-Pro-L-Glu(OtBu)-L-Lys(Boc)-OMe (Compound 
1k). Prepared according to General Procedure B, Part 1, 2, 4, 5 from 
2-chlorotrityl resin (0.5 mmol). Purified via flash chromatography (1% 
--> 2% MeOH/DCM). White solid (0.187 g, 51% isolated yield). 1H 
NMR (500 MHz, CD3OD) δ 6.34 (dd, J = 17.1, 10.2 Hz, 1H), 6.23 (dd, 
J = 17.1, 1.9 Hz, 1H), 5.68 (dd, J = 10.2, 1.8 Hz, 1H), 4.52 (t, J = 8.5 
Hz, 1H), 4.48 – 4.41 (m, 1H), 4.36 (ddd, J = 11.2, 8.7, 5.3 Hz, 2H), 
4.00 (dt, J = 10.0, 6.5 Hz, 1H), 3.76 – 3.68 (m, 1H), 3.72 (s, 3H), 3.03 
(t, J = 6.9 Hz, 2H), 2.49 – 2.32 (m, 2H), 2.27 – 2.15 (m, 1H), 2.14 – 

2.03 (m, 2H), 2.02 – 1.79 (m, 5H), 1.77 – 1.67 (m, 1H), 1.61 (dtd, J = 15.2, 7.6, 3.3 Hz, 1H), 1.50 – 1.37 (m, 
4H), 1.46 (s, 9H), 1.43 (s, 9H), 1.20 (ddt, J = 14.3, 9.0, 7.2 Hz, 1H), 1.02 (d, J = 6.8 Hz, 3H), 0.92 (t, J = 7.4 
Hz, 3H). 13C NMR (126 MHz, CD3OD) δ 174.12, 173.90, 173.77, 172.78, 167.92, 158.51, 131.45, 127.39, 
81.70, 79.83, 61.57, 57.05, 53.91, 53.75, 52.68, 47.96, 41.09, 37.86, 32.68, 32.51, 32.06, 30.51, 30.42, 
28.80, 28.55, 28.37, 26.03, 24.09, 15.68, 11.09. HRMS-ESI (positive) M = C35H59N5O10: calculated (M+Na)+ 
m/z 732.4160; found (M+Na)+ m/z 732.4147. 
 

acryloyl-L-Thr(tBu)-L-Val-L-Trp(Boc)-L-Tyr(tBu)-OMe (Compound 
1l). Prepared according to General Procedure B, Part 1, 2, 4, 5 from 
2-chlorotrityl resin (1.0 mmol). Purified via flash chromatography (1% 
--> 2% MeOH/DCM). White solid (0.308 g, 36% isolated yield). 1H 
NMR (500 MHz, CD3OD) δ 8.08 (d, J = 8.2 Hz, 1H), 7.69 – 7.59 (m, 
1H), 7.52 (s, 1H), 7.31 – 7.25 (m, 1H), 7.22 (t, J = 7.5 Hz, 1H), 7.10 – 
7.00 (m, 2H), 6.90 – 6.80 (m, 2H), 6.45 (dd, J = 17.0, 10.3 Hz, 1H), 
6.26 (dd, J = 17.0, 1.6 Hz, 1H), 5.71 (dd, J = 10.3, 1.7 Hz, 1H), 4.70 
(dd, J = 8.1, 6.5 Hz, 1H), 4.55 (dd, J = 8.0, 5.7 Hz, 1H), 4.48 (d, J = 

3.5 Hz, 1H), 4.18 (d, J = 6.6 Hz, 1H), 4.05 (qd, J = 6.3, 3.5 Hz, 1H), 3.59 (s, 3H), 3.16 (dd, J = 14.6, 6.5 Hz, 
1H), 3.02 (ddd, J = 15.6, 8.9, 7.0 Hz, 2H), 2.93 (dd, J = 14.0, 8.1 Hz, 1H), 1.99 (h, J = 6.7 Hz, 1H), 1.66 (s, 
9H), 1.29 (s, 9H), 1.13 (s, 9H), 1.01 (d, J = 6.3 Hz, 3H), 0.87 (d, J = 6.8 Hz, 6H). 13C NMR (126 MHz, 
CD3OD) δ 172.86, 172.83, 172.73, 171.61, 167.84, 155.31, 150.93, 136.73, 132.85, 131.52, 131.49, 
130.62, 127.36, 125.52, 125.24, 124.99, 123.48, 120.01, 116.84, 115.94, 84.61, 79.25, 75.82, 68.44, 59.72, 
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59.31, 55.23, 54.26, 52.48, 37.55, 32.18, 29.05, 28.47, 28.42, 28.29, 19.61, 18.97, 18.46. HRMS-ESI 
(positive) M = C46H65N5O10: calculated (M+Na)+ m/z 870.4629; found (M+Na)+ m/z 870.4616. 
 

acryloyl-L-Ser(tBu)-Gly-L-Asn(Trt)-L-Leu-OMe (Compound 1m). 
Prepared according to General Procedure B, Part 1, 2, 4, 5 from 2-
chlorotrityl resin (0.5 mmol). Purified via flash chromatography (1% --> 2% 
MeOH/DCM). White solid (0.225 g, 60% isolated yield). 1H NMR (500 MHz, 
CD3OD) δ 7.29 – 7.18 (m, 15H), 6.39 – 6.16 (m, 2H), 5.61 (dd, J = 9.8, 2.2 
Hz, 1H), 4.76 (dd, J = 7.4, 5.8 Hz, 1H), 4.48 – 4.36 (m, 2H), 3.95 (d, J = 

16.8 Hz, 1H), 3.76 (d, J = 16.8 Hz, 1H), 3.72 – 3.63 (m, 5H), 2.92 – 2.76 (m, 2H), 1.73 – 1.52 (m, 3H), 1.17 
(s, 9H), 0.97 – 0.85 (m, 7H). 13C NMR (126 MHz, CD3OD) δ 174.60, 173.51, 173.13, 171.73, 171.43, 
168.54, 146.00, 131.78, 130.30, 130.23, 128.91, 128.87, 128.02, 127.99, 127.70, 75.05, 71.94, 62.57, 
56.41, 52.89, 52.58, 51.76, 44.03, 41.43, 39.60, 27.88, 27.83, 26.01, 23.49, 22.04. HRMS-ESI (positive) M 
= C42H53N5O8: calculated (M+Na)+ m/z 778.3792; found (M+Na)+ m/z 778.3749. 
 

acryloyl - L - Gln(Trt) - L - Phe - L - Ile - L - Thr(tBu) - L - Asp(tBu) 
- OMe (Compound 1n).  Prepared according to General Procedure 
B, Part 1, 2, 4, 5 from 2-chlorotrityl resin (0.5 mmol). Purified via 
flash chromatography (1% --> 2% MeOH/DCM). White solid (0.110 
g, 21% isolated yield). 1H NMR (500 MHz, CD3OD) δ 7.30 – 7.20 
(m, 19H), 7.18 – 7.11 (m, 1H), 6.26 – 6.16 (m, 2H), 5.67 (dd, J = 
6.9, 5.1 Hz, 1H), 4.78 (d, J = 5.3 Hz, 1H), 4.66 (dd, J = 9.1, 5.1 Hz, 

1H), 4.40 (d, J = 3.6 Hz, 1H), 4.30 (dd, J = 7.8, 6.4 Hz, 1H), 4.25 (d, J = 7.7 Hz, 1H), 4.10 (qd, J = 6.3, 3.6 
Hz, 1H), 3.72 (s, 3H), 3.17 (dd, J = 14.1, 5.0 Hz, 1H), 2.94 (dd, J = 14.1, 9.2 Hz, 1H), 2.85 (dd, J = 16.7, 
5.5 Hz, 1H), 2.76 (dd, J = 16.7, 5.2 Hz, 1H), 2.44 – 2.26 (m, 2H), 1.99 – 1.77 (m, 3H), 1.49 (dd, J = 10.4, 
6.8 Hz, 1H), 1.43 (s, 9H), 1.25 (s, 9H), 1.19 – 1.12 (m, 4H), 0.92 (d, J = 6.8 Hz, 3H), 0.87 (t, J = 7.4 Hz, 
3H). 13C NMR (126 MHz, CD3OD) δ 174.24, 173.49, 173.19, 172.36, 171.42, 171.27, 168.02, 145.96, 
138.30, 131.65, 130.36, 130.03, 129.50, 128.72, 127.83, 127.74, 127.42, 82.64, 76.17, 71.64, 68.34, 59.61, 
59.04, 57.48, 55.94, 54.48, 52.95, 50.21, 38.39, 38.33, 37.86, 33.82, 28.74, 28.34, 25.98, 18.70, 16.03, 
11.43. HRMS-ESI (positive) M = C59H76N6O11: calculated (M+Na)+ m/z 1067.5470; found (M+Na)+ m/z 
1067.5388. 
 

acryloyl - L - Orn(Boc) - L - Ser(tBu) - L - Arg(Boc)2 - OMe (Compound 
1o).  Prepared according to General Procedure B, Part 1, 2, 4, 5 from 2-
chlorotrityl resin (0.8 mmol). Purified once via flash chromatography (1% --> 
2% MeOH/DCM), then purified twice by 6 runs of semi-prep HPLC (30% --> 
40% MeCN/H2O w/ 0.1% TFA). White solid (0.129 g, 20% isolated yield). 1H 
NMR (500 MHz, CD3OD) δ 6.35 (ddd, J = 17.1, 10.0, 1.5 Hz, 1H), 6.31 – 
6.21 (m, 1H), 5.72 (dt, J = 10.0, 1.8 Hz, 1H), 4.59 – 4.46 (m, 1H), 4.46 – 4.34 

(m, 2H), 3.74 (s, 4H), 3.61 (ddd, J = 9.1, 5.6, 2.0 Hz, 1H), 3.55 – 3.31 (m, 4H), 3.08 (t, J = 6.8 Hz, 2H), 1.98 
– 1.68 (m, 6H), 1.64 – 1.14 (m, 36H). 13C NMR (126 MHz, CD3OD) δ 174.29, 172.73, 172.51, 168.55, 
162.48, 158.77, 155.45, 153.67, 131.66, 127.87, 119.09, 87.21, 86.71, 86.04, 80.16, 75.00, 62.57, 55.50, 
53.20, 43.30, 42.25, 40.99, 30.02, 28.97, 28.31, 27.87, 27.64, 26.10, 25.62. HRMS-ESI (positive) M = 
C37H65N7O12: calculated (M+H)+ m/z 800.4769; found (M+H)+ m/z 800.4735. 
 

acryloyl - L - Val - L - Lys(Boc) - L - Thr(tBu) - Gly - L - 
Gln(Trt) - L - Pro - L - Ala - L - Trp(Boc) - L - Asn(Trt) - L - 
Asp(tBu) - OMe (Compound 1p).  Prepared according to 
General Procedure B, Part 1, 3, 4, 5 from 2-chlorotrityl resin 
(1.0 mmol). Purified via flash chromatography (3% --> 5% 
MeOH/DCM). White solid (0.280 g, 14% isolated yield). 1H 
NMR (500 MHz, CD3OD) δ 8.10 (d, J = 8.3 Hz, 1H), 7.59 (d, J 
= 7.8 Hz, 1H), 7.51 (s, 1H), 7.31 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 
7.25 – 7.19 (m, 31H), 6.35 (dd, J = 17.1, 10.1 Hz, 1H), 6.24 
(dd, J = 17.1, 1.9 Hz, 1H), 5.71 – 5.61 (m, 1H), 4.77 – 4.69 (m, 
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2H), 4.61 (dd, J = 9.4, 4.5 Hz, 1H), 4.42 (t, J = 7.3 Hz, 1H), 4.35 (dd, J = 9.0, 5.4 Hz, 1H), 4.32 – 4.23 (m, 
2H), 4.19 – 4.06 (m, 3H), 3.82 (d, J = 16.9 Hz, 1H), 3.68 (s, 4H), 3.51 (dt, J = 10.9, 5.9 Hz, 1H), 3.29 (d, J 
= 3.9 Hz, 1H), 3.22 – 3.11 (m, 2H), 2.99 (t, J = 6.6 Hz, 2H), 2.80 – 2.67 (m, 4H), 2.38 (dt, J = 14.2, 6.9 Hz, 
1H), 2.19 – 2.04 (m, 3H), 1.79 (ddt, J = 30.4, 18.6, 6.8 Hz, 7H), 1.66 (s, 9H), 1.42 (s, 23H), 1.19 (d, J = 2.3 
Hz, 12H), 1.11 – 1.08 (m, 3H), 0.96 (dd, J = 10.9, 6.8 Hz, 6H). 13C NMR (126 MHz, CD3OD) δ 175.54, 
174.61, 173.90, 173.90, 173.83, 173.10, 172.54, 172.27, 172.25, 171.74, 171.33, 170.95, 170.45, 167.86, 
150.92, 145.75, 136.60, 131.64, 131.54, 129.94, 128.62, 127.67, 127.63, 127.18, 125.50, 124.72, 123.63, 
120.08, 117.54, 116.06, 84.86, 82.40, 79.66, 75.84, 71.56, 71.42, 67.93, 62.33, 60.10, 59.69, 54.79, 54.73, 
52.83, 51.60, 51.47, 51.38, 50.35, 43.17, 40.98, 38.84, 38.08, 33.19, 32.12, 31.77, 30.38, 30.30, 28.68, 
28.49, 28.38, 28.19, 28.05, 27.71, 25.73, 24.01, 19.86, 19.34, 18.71, 17.13. HRMS-ESI (positive) M = 
C109H138N14O21: calculated (M+Na)+ m/z 2002.0059; found (M+Na)+ m/z 2001.9592. 
 
General Procedure C – Synthesis of Protected Peptide C-Terminal Carboxylic Acids via 
Solution Phase Peptide Synthesis 

 
Part 1: To a round bottom flask was added a mixture of Phth-amino acid coupling partner or naphthoic acid 
(1.0 equiv.), HOBt hydrate (1.0 equiv.), and HATU (1.2 equiv.). The mixture was then dissolved in DMF 
(0.33 M) and stirred at room temperature until solution became homogeneous. Amino acid ethyl ester 
hydrochloride salt (1.3 equiv.) was added to the reaction mixture, followed by addition of DIPEA (3.0 equiv.). 
The mixture was stirred at room temperature overnight and then partitioned into a separatory funnel with 
EtOAc and water. The aqueous layer was extracted with EtOAc (50 mL x 3) and the combined organic 
layers were washed with saturated aqueous NaHCO3 solution (50 mL x 1), water (50 mL x 3), and brine 
(50 mL x 1), then dried over anhydrous Na2SO4. The solution was then filtered and solvent was removed 
under reduced pressure via rotary evaporator. The crude residue was used in the next reaction without 
further purification.  
 
Part 2: Phth-protected dipeptide was dissolved in HCl (1M) and acetone in a 1 : 1 proportion by volume in 
a round bottom flask. The mixture was stirred at 75 ℃ for 16 h. Acetone was removed by rotary evaporator 
and the aqueous layer was extracted with EtOAc (50 mL x 3) and the combined organic layers were washed 
with water (50 mL x 3), and brine (50 mL x 1), then dried over anhydrous Na2SO4. The solution was then 
filtered and solvent was removed under reduced pressure via rotary evaporator. The crude material was 
then purified using silica flash chromatography. The purified material was then dissolved in acetonitrile and 
water, flash frozen in liquid nitrogen, and freeze dried using a lyophilizer instrument. 
 

Phth-L-Ala-Beta-Ala-OH (Compound 2a). Prepared according to General 
Procedure C, Part 1, 2. Purified via flash chromatography (1% --> 2% 
MeOH/DCM). White solid (0.238 g, 36% isolated yield).1H NMR (500 MHz, 
CD3OD) δ 7.91 – 7.84 (m, 2H), 7.82 (td, J = 5.2, 2.0 Hz, 2H), 4.89 – 4.86 (m, 1H), 

3.43 (td, J = 6.9, 3.1 Hz, 2H), 2.51 (td, J = 6.9, 1.3 Hz, 2H), 1.63 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, 
CD3OD) δ 175.34, 172.03, 169.15, 135.44, 133.47, 124.23, 49.92, 36.80, 34.45, 15.33. HRMS-ESI 
(positive) M = C14H14N2O5: calculated (M+Na)+ m/z 313.0800; found (M+Na)+ m/z 313.0819. 
 

Phth-L-Leu-L-Beta-HomoAla-OH (Compound 2b). Prepared according to 
General Procedure C, Part 1, 2. Purified via flash chromatography (1% --> 2% 
MeOH/DCM). White solid (2.084 g, 67% isolated yield). 1H NMR (500 MHz, 
CD3OD) δ 7.91 – 7.85 (m, 2H), 7.83 (td, J = 5.2, 2.0 Hz, 2H), 4.85 – 4.82 (m, 1H), 
4.37 – 4.24 (m, 1H), 2.52 (dd, J = 15.4, 6.6 Hz, 1H), 2.42 (dd, J = 15.5, 6.9 Hz, 
1H), 2.34 (ddd, J = 14.0, 11.8, 4.0 Hz, 1H), 1.86 (ddd, J = 14.3, 10.2, 4.6 Hz, 1H), 

1.41 (ttd, J = 12.5, 6.3, 3.0 Hz, 1H), 1.17 (d, J = 6.6 Hz, 3H), 0.93 (t, J = 6.9 Hz, 6H). 13C NMR (126 MHz, 
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CD3OD) δ 174.98, 171.26, 171.18, 169.76, 135.74, 133.41, 124.45, 53.73, 53.70, 44.51, 44.41, 41.37, 
38.61, 26.64, 23.81, 21.49, 20.47, 20.44. HRMS-ESI (positive) M = C18H22N2O5: calculated (M+Na)+ m/z 
369.1426; found (M+Na)+ m/z 369.1458. 
 

(R)-3-(2-naphthamido)-3-phenylpropanoic acid (Compound 2c). Prepared 
according to General Procedure C, Part 1, 2. Purified via flash chromatography 
(1% --> 2% MeOH/DCM). White solid (1.964 g, 68% isolated yield). 1H NMR (500 
MHz, CD3OD) δ 8.40 (d, J = 1.8 Hz, 1H), 8.03 – 7.87 (m, 4H), 7.63 – 7.55 (m, 2H), 
7.52 – 7.47 (m, 2H), 7.39 – 7.34 (m, 2H), 7.31 – 7.25 (m, 1H), 5.65 (dd, J = 8.6, 
6.1 Hz, 1H), 3.03 (dd, J = 15.6, 8.5 Hz, 1H), 2.94 (dd, J = 15.6, 6.1 Hz, 1H). 13C 

NMR (126 MHz, CD3OD) δ 175.29, 170.16, 143.81, 136.83, 134.59, 133.53, 130.52, 130.13, 129.82, 
129.35, 129.33, 129.29, 128.95, 128.34, 128.21, 125.52, 52.87, 42.33. HRMS-ESI (positive) M = 
C20H17NO3: calculated (M+Na)+ m/z 342.1106; found (M+Na)+ m/z 342.1120. 
 
General Procedure D – Synthesis of Protected Peptide C-Terminal Carboxylic Acids via 
Solid Phase Peptide Synthesis (Manual or Automated) 
 
Part 1: To a 50 mL solid phase peptide synthesis reaction glass apparatus was added 0.5 – 1.0 mmol of 
2-chlorotrityl resin. The resin (1.0 equiv.) was swelled with DCM and agitated with N2 for 30 min, then the 
vessel was drained using Schlenk vacuum and waste collection flask. The first Fmoc-AA coupling partner 
(2.0 equiv.) and DIPEA (4.0 equiv.) dissolved in DCM and DMF was added to the vessel and agitated with 
N2 for 2 h. After draining vessel, a 17 : 2 : 1 mixture of DCM : MeOH : DIPEA was added to the vessel and 
agitated with N2 for 30 min to cap any unreacted resin. The vessel was drained and the resin was flow 
washed x 2 with DMF, followed by DMF batch wash x 1. Loaded resin was either deprotected to continue 
manual synthesis or washed with DCM and dried in vacuum desiccator overnight to transfer to automated 
peptide synthesizer.  
 
Part 2: To continue manual synthesis in vessel, resin was first incubated with 20% piperidine in DMF 
solution and then drained after standing for 1 min. More 20% piperidine in DMF was added to the vessel 
and then agitated with N2 for 20 min. The vessel was drained and the resin was flow washed x 2 with DMF, 
followed by DMF batch wash x 1. Fmoc-AA (5.0 equiv.), HBTU or HATU (4.9 equiv.), HOBt hydrate (4.9 
equiv.), and DIPEA (10.0 equiv.) dissolved in DMF was added to vessel and then agitated with N2 for 30 
min. The vessel was drained and the resin was flow washed x 2 with DMF, followed by DMF batch wash x 
1. This iterative deprotection/coupling process was repeated to furnish desired sequence until final coupling 
to make protected N-terminus. For Phth, Boc, or Cbz protected N-termini, the corresponding final Phth-AA, 
Boc-AA, or Cbz-AA can be directly coupled, respectively. For Ac protected N-termini, the final Fmoc-
protected residue is deprotected followed by capping with Ac2O (20.0 equiv.) and DIPEA (40.0 equiv.) in 
DMF and then agitated with N2 for 10 min. Repeat this capping 2 more times, then the resin was flow 
washed x 2 with DMF, followed by DMF batch wash x 1. Full deprotection or quantitative coupling of resin 
at each step can be optionally assessed through use of 3-part SPPS ninhydrin test kit. 
 
Part 3: To continue with automated peptide synthesizer, dried resin was transferred to tubes in 0.25 mmol 
portions and loaded onto automated synthesizer. Synthesizer was loaded with appropriate amounts of 
Fmoc-AAs, Phth-AAs, Boc-AAs, and Cbz-AAs in DMF, DIC and Oxyma coupling reagents in DMF, Ac2O 
capping mixture, and piperidine deprotection solutions. Please follow instructions for specific automated 
synthesizer as this can vary in different laboratories. Once synthesizer is completed with sequence, the 
Phth, Boc, Cbz, or Ac protected N-terminal resin was then transferred back to manual apparatus. 
 
Part 4: Acidic cleavage of the 2-chlorotrityl resin was accomplished by utilizing a 6 : 6 : 20 mixture of TFE 
: AcOH : DCM. The solution was added to capped resin in the vessel and then agitated with N2 for 3 h. The 
solution was directly drained from vessel into a round bottom flask, followed by multiple washes with MeOH 
and hexanes to ensure quantitative transfer. The volatiles were removed by rotary evaporator and the crude 
material was then purified using silica flash chromatography. The purified material was then dissolved in 
acetonitrile and water, flash frozen in liquid nitrogen, and freeze dried using a lyophilizer instrument.  
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Phth-L-Ala-L-Phe-Beta-Ala-OH (Compound 2d). Prepared according to 
General Procedure D, Part 1, 2, 4 from 2-chlorotrityl resin (0.5 mmol). 
Purified via flash chromatography (4% --> 6% MeOH/DCM). White solid 
(0.092 g, 42% isolated yield). 1H NMR (500 MHz, CD3OD) δ 7.89 – 7.80 (m, 
4H), 7.20 – 7.09 (m, 5H), 4.86 (q, J = 7.3 Hz, 1H), 4.53 (dd, J = 8.6, 6.2 Hz, 
1H), 3.50 – 3.33 (m, 2H), 3.08 (dd, J = 13.8, 6.2 Hz, 1H), 2.91 (dd, J = 13.8, 

8.6 Hz, 1H), 2.52 – 2.33 (m, 2H), 1.58 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CD3OD) δ 175.23, 173.29, 
171.72, 168.99, 138.30, 135.50, 133.32, 130.18, 129.46, 127.75, 124.36, 56.58, 49.92, 38.47, 36.40, 34.42, 
15.18. HRMS-ESI (positive) M = C23H23N3O6: calculated (M+Na)+ m/z 460.1485; found (M+Na)+ m/z 
460.1516. 
 

Ac-L-Ser(tBu)-L-Ile-Beta-Ala-OH (Compound 2e). Prepared according to 
General Procedure D, Part 1, 2, 4 from 2-chlorotrityl resin (0.5 mmol). Purified 
via flash chromatography (4% --> 6% MeOH/DCM). White solid (0.088 g, 45% 
isolated yield). 1H NMR (500 MHz, CD3OD) δ 4.45 (dd, J = 5.8, 4.7 Hz, 1H), 
4.22 (dd, J = 8.0, 5.7 Hz, 1H), 3.66 (dd, J = 9.1, 4.8 Hz, 1H), 3.56 (dd, J = 9.1, 

5.8 Hz, 1H), 3.48 (dt, J = 13.5, 6.7 Hz, 1H), 3.37 (dt, J = 13.6, 6.7 Hz, 1H), 2.51 (td, J = 6.7, 2.1 Hz, 2H), 
2.02 (s, 3H), 1.86 – 1.76 (m, 1H), 1.54 (dtd, J = 15.0, 7.5, 3.5 Hz, 1H), 1.20 (s, 9H), 1.14 (ddd, J = 13.7, 
6.9, 2.1 Hz, 1H), 0.94 – 0.86 (m, 6H). 13C NMR (126 MHz, CD3OD) δ 174.89, 173.32, 173.17, 172.32, 
172.24, 74.72, 62.55, 59.01, 58.92, 55.33, 55.29, 38.39, 38.36, 36.35, 36.22, 34.33, 27.48, 25.64, 22.29, 
15.69, 11.35. HRMS-ESI (positive) M = C18H33N3O6: calculated (M+Na)+ m/z 410.2267; found (M+Na)+ 
m/z 410.2278. 
 

Boc - L - Leu - L - Asn(Trt) - L - Lys(Boc) - Beta - Ala - OH (Compound 
2f). Prepared according to General Procedure D, Part 1, 2, 4 from 2-
chlorotrityl resin (0.8 mmol). Purified via flash chromatography (4% --> 
6% MeOH/DCM). White solid (0.140 g, 17% isolated yield). 1H NMR (500 
MHz, CD3OD) δ 7.28 – 7.19 (m, 15H), 4.59 (d, J = 6.9 Hz, 1H), 4.20 (dd, 
J = 9.8, 4.4 Hz, 1H), 4.12 – 4.00 (m, 1H), 3.20 (dt, J = 14.0, 7.0 Hz, 1H), 
3.05 – 2.77 (m, 5H), 2.19 (t, J = 7.6 Hz, 2H), 1.94 – 1.80 (m, 1H), 1.68 
(hept, J = 6.7 Hz, 1H), 1.54 – 1.31 (m, 25H), 0.93 (dd, J = 8.0, 6.6 Hz, 

6H). 13C NMR (126 MHz, CD3OD) δ 176.10, 175.57, 174.50, 173.70, 172.34, 158.97, 158.45, 146.39, 
130.56, 129.26, 128.35, 81.27, 80.36, 72.25, 55.30, 52.11, 42.69, 41.71, 39.18, 36.93, 36.80, 34.86, 32.47, 
30.90, 29.34, 26.44, 24.75, 24.00, 22.46. HRMS-ESI (positive) M = C48H66N6O10: calculated (M+Na)+ m/z 
909.4738; found (M+Na)+ m/z 909.4686. 
 

Ac - L - Thr(tBu) - L - Glu(OtBu) - L - Gln(Trt) - L - Beta - HomoVal - 
OH (Compound 2g). Prepared according to General Procedure D, Part 
1, 3, 4 from 2-chlorotrityl resin (1.0 mmol). Purified via flash 
chromatography (4% --> 6% MeOH/DCM). White solid (0.350 g, 40% 
isolated yield). 1H NMR (500 MHz, CD3OD) δ 7.27 – 7.20 (m, 15H), 4.37 
(dd, J = 7.9, 5.6 Hz, 1H), 4.33 – 4.30 (m, 1H), 4.27 (dd, J = 8.9, 5.4 Hz, 
1H), 4.10 (ddt, J = 15.3, 6.3, 3.9 Hz, 2H), 2.56 – 2.48 (m, 1H), 2.42 – 2.36 

(m, 3H), 2.35 – 2.29 (m, 2H), 2.10 – 2.00 (m, 2H), 1.98 (d, J = 1.6 Hz, 3H), 1.94 – 1.77 (m, 4H), 1.43 (s, 
9H), 1.20 (s, 9H), 1.12 (d, J = 6.3 Hz, 3H), 0.92 – 0.90 (m, 6H). 13C NMR (126 MHz, CD3OD) δ 175.09, 
174.18, 173.84, 173.55, 172.83, 172.75, 172.28, 145.83, 129.88, 128.53, 127.62, 81.63, 75.56, 71.43, 
68.18, 60.21, 54.29, 53.82, 53.07, 52.98, 37.67, 33.79, 33.13, 32.33, 29.10, 28.67, 28.20, 22.42, 19.85, 
19.46, 18.44. HRMS-ESI (positive) M = C49H77N5O10: calculated (M+Na)+ m/z 908.4886; found (M+Na)+ 
m/z 908.4892. 
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Cbz - L - Ala - L - Asp(OtBu) - L - Pro - L - Trp(Boc) - L - Beta - Phe - OH 
(Compound 2h). Prepared according to General Procedure D, Part 1, 3, 4 
from 2-chlorotrityl resin (1.0 mmol). Purified via flash chromatography (4% --
> 6% MeOH/DCM). White solid (0.527 g, 57% isolated yield). 1H NMR (500 
MHz, CD3OD) δ 7.67 (dt, J = 7.7, 1.0 Hz, 1H), 7.51 (s, 1H), 7.44 (d, J = 7.6 
Hz, 2H), 7.38 – 7.26 (m, 11H), 5.43 – 5.34 (m, 1H), 5.13 – 5.03 (m, 2H), 4.97 
(dd, J = 9.6, 5.1 Hz, 1H), 4.69 (ddd, J = 11.1, 8.5, 4.5 Hz, 1H), 4.33 (dd, J = 
7.7, 3.4 Hz, 1H), 4.11 (q, J = 7.1 Hz, 1H), 3.82 (q, J = 8.4 Hz, 1H), 3.71 – 
3.61 (m, 1H), 3.41 (ddd, J = 14.8, 4.5, 1.1 Hz, 1H), 3.02 (dd, J = 14.8, 11.1 
Hz, 1H), 2.93 – 2.74 (m, 3H), 2.53 (ddd, J = 15.4, 4.9, 2.0 Hz, 1H), 1.99 (s, 

2H), 1.82 – 1.75 (m, 1H), 1.67 (s, 9H), 1.63 (s, 1H), 1.31 (s, 12H). 13C NMR (126 MHz, CD3OD) δ 175.47, 
173.90, 173.09, 172.60, 172.25, 172.17, 158.37, 151.01, 142.62, 138.35, 137.02, 131.62, 130.21, 129.95, 
129.68, 129.20, 128.94, 128.34, 127.95, 125.88, 125.11, 123.99, 120.17, 118.18, 116.40, 85.15, 83.41, 
67.81, 62.55, 55.15, 52.17, 51.93, 41.73, 38.50, 30.47, 28.61, 28.47, 27.64, 25.38, 20.91, 18.26. HRMS-
ESI (positive) M = C49H60N6O12: calculated (M+Na)+ m/z 947.4213; found (M+Na)+ m/z 947.4215. 
 

Ac - L - Phe - L - Glu(OtBu) - L - Gln(Trt) - L - Pro - L - Leu - L 
- Ser(tBu) - L - Asn(Trt) - L - Ile - L - Ala - Beta - Ala - OH 
(Compound 2i). Prepared according to General Procedure D, 
Part 1, 3, 4 from 2-chlorotrityl resin (1.5 mmol). Purified via flash 
chromatography (8% --> 10% MeOH/DCM). White solid (1.650 g, 
63% isolated yield). 1H NMR (500 MHz, CD3OD) δ 7.27 – 7.19 
(m, 35H), 4.66 (dd, J = 7.9, 5.2 Hz, 1H), 4.57 (dd, J = 9.3, 5.4 Hz, 
1H), 4.47 (dd, J = 8.2, 6.2 Hz, 1H), 4.41 – 4.26 (m, 4H), 4.15 (q, 
J = 7.3 Hz, 1H), 4.07 (d, J = 5.2 Hz, 1H), 3.64 (dd, J = 9.2, 5.1 

Hz, 1H), 3.57 (dd, J = 9.2, 6.2 Hz, 1H), 3.50 (dt, J = 9.9, 6.9 Hz, 1H), 3.45 – 3.34 (m, 3H), 3.26 (dd, J = 
10.0, 6.7 Hz, 1H), 3.09 (dd, J = 14.0, 5.4 Hz, 1H), 3.03 – 2.96 (m, 1H), 2.89 – 2.81 (m, 2H), 2.62 – 2.53 (m, 
1H), 2.50 (tq, J = 7.1, 2.3 Hz, 3H), 2.38 (dt, J = 14.4, 7.0 Hz, 1H), 2.28 – 2.16 (m, 2H), 2.16 – 2.00 (m, 3H), 
1.93 – 1.81 (m, 9H), 1.71 – 1.63 (m, 1H), 1.56 (qt, J = 8.6, 3.9 Hz, 2H), 1.44 (s, 9H), 1.35 – 1.21 (m, 2H), 
1.16 (s, 9H), 0.97 (d, J = 7.3 Hz, 3H), 0.91 (dd, J = 7.2, 4.8 Hz, 6H), 0.84 (d, J = 6.6 Hz, 4H). 13C NMR (126 
MHz, CD3OD) δ 175.44, 175.14, 175.01, 174.78, 174.13, 173.96, 173.50, 173.33, 173.17, 172.26, 172.08, 
146.20, 146.01, 138.61, 130.45, 130.30, 130.24, 129.66, 128.95, 128.05, 127.99, 127.95, 81.93, 75.19, 
71.89, 71.77, 62.79, 61.77, 60.74, 56.43, 55.62, 54.11, 53.65, 52.09, 51.98, 50.89, 41.36, 39.63, 38.71, 
37.89, 36.68, 34.80, 33.76, 32.74, 30.77, 28.69, 28.55, 28.35, 27.95, 26.30, 26.08, 25.98, 23.68, 22.57, 
22.11, 17.66, 16.35, 12.28. HRMS-ESI (positive) M = C97H122N12O17: calculated (M+Na)+ m/z 1749.8949; 
found (M+Na)+ m/z 1749.8691. 
 
General Procedure E – One-Pot Synthesis of Dioxazolones 
 
 
 
 
 
 
Synthesis of dioxazolones was achieved through a modified literature procedure.8 To a flame-dried round 
bottom flask equipped with stir bar was added carboxylic acid (1.0 equiv.), followed by addition of dry MeCN 
(0.02 M) under an atmosphere of N2. To the reaction mixture was added CDI (1.25 equiv.) in one portion 
and the mixture was stirred for 3 h at room temperature. Hydroxylamine hydrochloride (1.25 equiv.) was 
added in one portion to the reaction mixture and stirred over night at room temperature. A second portion 
of CDI (1.5 equiv.) was added to the reaction mixture and stirred for 3 h at room temperature. The reaction 
was quenched with 1 M HCl solution and allowed to stir for 3 min. The resulting mixture was partitioned into 
a separatory funnel with EtOAc and water. The aqueous layer was extracted with EtOAc (50 mL x 3) and 
the combined organic layers were washed with brine (50 mL x 2), then dried over anhydrous Na2SO4. The 
solution was then filtered and solvent was removed under reduced pressure via rotary evaporator. The 

1) CDI (1.25 equiv.), rt, 3 h, MeCN (0.02 M)

2) NH2OH * HCl (1.25 equiv.), rt, 18 h

3) CDI (1.5 equiv.), rt, 3 h

4) HCl (1 M), rt, 3 min
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crude material was then purified by using flash silica gel chromatography. The purified material was then 
dissolved in acetonitrile, flash frozen in liquid nitrogen, and freeze dried using a lyophilizer instrument. Note 
that the reaction still works using wet MeCN and under an atmosphere of air, but with relative decline in 
yield.   
 

2-((5-oxo-1,4,2-dioxazol-3-yl)methyl)isoindoline-1,3-dione (Compound 3a). 
Prepared according to General Procedure E from Compound A (10.0 mmol). Purified 
via flash chromatography (40% --> 50% EtOAc/hexanes). White solid (0.98 g, 40% 
isolated yield). 1H NMR (500 MHz, CDCl3) δ 7.96 – 7.92 (m, 2H), 7.84 – 7.79 (m, 2H), 

4.89 (s, 2H). This matches literature reported spectrum.8 
 

3-(3-(pyren-1-yl)propyl)-1,4,2-dioxazol-5-one (Compound 3b). Prepared 
according to General Procedure E from 4-(pyren-1-yl)butanoic acid (2.77 
mmol). Purified via flash chromatography (20% --> 30% EtOAc/hexanes). 
Yellow-orange solid (0.531 g, 58% isolated yield). 1H NMR (500 MHz, DMSO-

d6) δ 8.40 (d, J = 9.3 Hz, 1H), 8.27 (ddd, J = 8.9, 7.6, 1.2 Hz, 2H), 8.22 (dd, J = 8.5, 2.2 Hz, 2H), 8.12 (d, J 
= 1.4 Hz, 2H), 8.05 (t, J = 7.6 Hz, 1H), 7.97 (d, J = 7.8 Hz, 1H), 3.52 – 3.39 (m, 2H), 2.82 (t, J = 7.4 Hz, 
2H), 2.11 (tt, J = 9.5, 6.7 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 166.60, 154.37, 135.54, 130.87, 130.40, 
129.48, 128.18, 127.54, 127.42, 127.36, 126.65, 126.17, 125.02, 124.96, 124.88, 124.24, 124.11, 123.40, 
31.35, 26.01, 23.84. HRMS-ESI (positive) M = C21H15NO3: calculated (M+H)+ m/z 330.1130; found (M+H)+ 
m/z 330.1143. 
 

3 - ((7 - hydroxy - 2 - oxo - 2H - chromen - 4 - yl)methyl) - 1,4,2 - dioxazol - 5 - 
one (Compound 3c). Prepared according to General Procedure E from 7-
hydroxycoumarinyl-4-acetic acid (4.54 mmol). Purified via flash chromatography 
(20% --> 35% EtOAc/hexanes). White solid (0.204 g, 17% isolated yield). 1H NMR 
(500 MHz, CD3CN) δ 7.60 (d, J = 8.7 Hz, 1H), 6.86 (dd, J = 8.7, 2.4 Hz, 1H), 6.81 
(d, J = 2.4 Hz, 1H), 6.29 (d, J = 1.0 Hz, 1H), 4.17 (s, 2H). 13C NMR (126 MHz, 

CD3CN) δ 164.63, 161.99, 160.99, 156.54, 155.14, 147.00, 127.37, 114.36, 113.84, 112.19, 103.85, 28.18. 
HRMS-ESI (positive) M = C12H7NO6: calculated (M+H)+ m/z 262.0352; found (M+H)+ m/z 262.0108. 
 

Phth-L-Ala-Beta-Ala-dioxazolone (Compound 3d). Prepared according to 
General Procedure E from Compound 2a (0.5 mmol). Purified via flash 
chromatography (40% --> 50% EtOAc/hexanes). White solid (0.0501 g, 30% 
isolated yield). 1H NMR (500 MHz, CDCl3) δ 7.88 – 7.81 (m, 2H), 7.79 – 7.71 
(m, 2H), 6.52 (t, J = 6.4 Hz, 1H), 4.89 (q, J = 7.3 Hz, 1H), 3.73 (dtd, J = 14.2, 

6.6, 5.0 Hz, 1H), 3.56 (dddd, J = 14.0, 7.8, 6.0, 4.9 Hz, 1H), 2.97 (ddd, J = 16.6, 7.7, 5.0 Hz, 1H), 2.87 (ddd, 
J = 16.6, 6.7, 4.9 Hz, 1H), 1.64 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 169.67, 167.63, 164.86, 
153.67, 134.39, 131.51, 123.54, 49.11, 34.61, 24.98, 15.03. HRMS-ESI (positive) M = C15H13N3O6: 
calculated (M+Na)+ m/z 354.0702; found (M+Na)+ m/z 354.0717. 
 

Phth-L-Leu-L-Beta-HomoAla-dioxazolone (Compound 3e). Prepared 
according to General Procedure E from Compound 2b (1.0 mmol). Purified via 
flash chromatography (30% --> 40% EtOAc/hexanes). White solid (0.124 g, 
32% isolated yield). 1H NMR (500 MHz, CDCl3) δ 7.87 (dd, J = 5.5, 3.0 Hz, 2H), 
7.83 – 7.69 (m, 2H), 6.53 (d, J = 7.7 Hz, 1H), 4.89 (dd, J = 11.1, 5.3 Hz, 1H), 
4.35 (dtd, J = 7.8, 6.6, 5.4 Hz, 1H), 2.92 (dd, J = 15.5, 5.4 Hz, 1H), 2.79 (dd, J 

= 15.4, 6.3 Hz, 1H), 2.27 (ddd, J = 13.9, 11.1, 4.7 Hz, 1H), 1.81 (ddd, J = 14.2, 9.3, 5.3 Hz, 1H), 1.47 (ddtd, 
J = 11.2, 9.3, 6.6, 4.6 Hz, 1H), 1.35 (d, J = 6.9 Hz, 3H), 0.94 (dd, J = 6.6, 2.0 Hz, 6H). 13C NMR (126 MHz, 
CDCl3) δ 169.48, 168.49, 164.29, 153.83, 134.62, 131.62, 123.90, 53.83, 42.78, 37.80, 31.29, 25.40, 23.15, 
21.54, 19.89. HRMS-ESI (positive) M = C19H21N3O6: calculated (M+Na)+ m/z 410.1328; found (M+Na)+ 
m/z 410.1341. 
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(R) - N - (2 - (5 - oxo - 1,4,2 - dioxazol - 3 - yl) - 1 - phenylethyl) - 2 -
naphthamide (Compound 3f). Prepared according to General Procedure E 
from Compound 2c (1.0 mmol). Purified via flash chromatography (20% --> 
30% EtOAc/hexanes). White solid (0.145 g, 26% isolated yield). 1H NMR (500 
MHz, CDCl3) δ 8.27 (d, J = 1.8 Hz, 1H), 7.97 – 7.85 (m, 3H), 7.80 (dd, J = 8.6, 
1.8 Hz, 1H), 7.62 – 7.51 (m, 2H), 7.49 – 7.38 (m, 5H), 6.63 (d, J = 7.4 Hz, 1H), 

5.68 (td, J = 7.4, 6.1 Hz, 1H), 3.46 (dd, J = 15.4, 7.4 Hz, 1H), 3.29 (dd, J = 15.4, 6.1 Hz, 1H). 13C NMR (126 
MHz, CDCl3) δ 167.50, 164.20, 153.83, 138.31, 135.14, 132.71, 130.84, 129.71, 129.21, 129.13, 128.91, 
128.16, 127.96, 127.83, 127.15, 126.68, 123.46, 50.88, 31.62. HRMS-ESI (positive) M = C21H16N2O4: 
calculated (M+Na)+ m/z 383.1008; found (M+Na)+ m/z 383.1036. 
 

Phth-L-Ala-L-Phe-Beta-Ala-dioxazolone (Compound 3g). Prepared 
according to General Procedure E from Compound 2d (0.21 mmol). 
Purified via flash chromatography (50% --> 70% EtOAc/hexanes). White 
solid (0.028 g, 28% isolated yield). 1H NMR (500 MHz, CDCl3) δ 7.73 (dd, 
J = 5.5, 3.0 Hz, 2H), 7.64 (dd, J = 5.5, 3.1 Hz, 2H), 7.23 – 7.02 (m, 5H), 
6.83 (t, J = 6.2 Hz, 1H), 6.24 (d, J = 7.9 Hz, 1H), 4.73 (q, J = 7.2 Hz, 1H), 

4.58 (q, J = 7.0 Hz, 1H), 3.70 – 3.53 (m, 1H), 3.46 – 3.32 (m, 1H), 3.15 (dd, J = 14.0, 6.9 Hz, 1H), 3.00 (dd, 
J = 14.0, 6.5 Hz, 1H), 2.78 – 2.62 (m, 2H), 1.41 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.17, 
169.32, 168.19, 165.15, 154.39, 136.48, 134.85, 132.06, 129.52, 129.29, 127.69, 124.11, 54.65, 49.08, 
37.22, 35.11, 25.89, 15.36. HRMS-ESI (positive) M = C24H22N4O7: calculated (M+Na)+ m/z 501.1386; found 
(M+Na)+ m/z 501.1394. 
 

Ac-L-Ser(tBu)-L-Ile-Beta-Ala-dioxazolone (Compound 3h). Prepared 
according to General Procedure E from Compound 2e (0.19 mmol). Purified 
via flash chromatography (60% --> 100% EtOAc/hexanes). White solid 
(0.024 g, 29% isolated yield). 1H NMR (500 MHz, CDCl3) δ 6.94 (t, J = 6.1 
Hz, 1H), 6.68 (d, J = 8.5 Hz, 1H), 6.36 (d, J = 5.6 Hz, 1H), 4.32 (ddd, J = 
6.9, 5.7, 4.0 Hz, 1H), 4.26 (dd, J = 8.5, 5.2 Hz, 1H), 3.80 (dd, J = 9.2, 4.0 

Hz, 1H), 3.68 (dq, J = 14.2, 6.2 Hz, 1H), 3.56 (dq, J = 14.0, 6.0 Hz, 1H), 3.46 (dd, J = 9.2, 7.0 Hz, 1H), 2.87 
(t, J = 6.1 Hz, 2H), 2.09 (m, 1H), 2.07 (s, 3H), 1.42 (dtd, J = 14.8, 7.4, 3.9 Hz, 1H), 1.22 (s, 9H), 1.09 – 1.00 
(m, 1H), 0.97 – 0.89 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 171.53, 171.41, 170.58, 165.03, 154.24, 74.77, 
61.08, 58.46, 54.59, 35.73, 34.95, 27.57, 25.53, 24.57, 23.22, 16.12, 11.68. HRMS-ESI (positive) M = 
C19H32N4O7: calculated (M+Na)+ m/z 451.2169; found (M+Na)+ m/z 451.2182. 
 

Boc - L - Leu - L - Asn(Trt) - L - Lys(Boc) - Beta - Ala - dioxazolone 
(Compound 3i). Prepared according to General Procedure E from 
Compound 2f (0.45 mmol). Purified via flash chromatography (70% -
-> 80% EtOAc/hexanes). White solid (0.011 g, 3% isolated yield). 1H 
NMR (500 MHz, CDCl3) δ 7.71 (s, 1H), 7.40 (s, 1H), 7.29 (d, J = 6.6 
Hz, 5H), 7.26 – 7.22 (m, 5H), 7.16 – 7.12 (m, 6H), 7.01 (s, 1H), 4.81 
(s, 1H), 4.68 (s, 1H), 4.44 (d, J = 5.9 Hz, 1H), 4.29 (s, 1H), 3.88 (dt, J 
= 10.0, 4.1 Hz, 1H), 3.40 (d, J = 54.1 Hz, 2H), 3.08 (s, 2H), 2.84 (td, J 

= 12.7, 10.5, 5.8 Hz, 2H), 2.71 (dt, J = 13.8, 6.6 Hz, 2H), 1.93 (s, 1H), 1.43 (s, 12H), 1.32 (s, 12H), 0.94 (d, 
J = 6.3 Hz, 6H), 0.88 – 0.80 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 174.24, 171.91, 170.44, 169.43, 164.71, 
156.16, 156.03, 154.20, 143.95, 128.50, 127.92, 127.15, 80.96, 78.95, 70.86, 54.42, 54.22, 51.52, 40.18, 
39.96, 37.44, 34.50, 30.47, 29.60, 28.35, 28.08, 25.08, 24.81, 23.01, 21.13. HRMS-ESI (positive) M = 
C49H65N7O11: calculated (M+Na)+ m/z 950.4640; found (M+Na)+ m/z 950.4573. 
 

Ac - L - Thr(tBu) - L - Glu(OtBu) - L - Gln(Trt) - L - Beta - HomoVal 
- dioxazolone (Compound 3j). Prepared according to General 
Procedure E from Compound 2g (0.3 mmol). Purified via flash 
chromatography (30% --> 80% EtOAc/hexanes). White solid (0.038 g, 
14% isolated yield). 1H NMR (400 MHz, CDCl3) δ 8.22 (d, J = 6.1 Hz, 
1H), 7.32 (d, J = 17.1 Hz, 2H), 7.26 – 7.18 (m, 15H), 7.10 (d, J = 8.9 
Hz, 1H), 6.49 (d, J = 5.9 Hz, 1H), 4.30 – 4.14 (m, 3H), 4.11 – 3.92 (m, 
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2H), 2.80 (d, J = 6.0 Hz, 2H), 2.50 – 2.28 (m, 4H), 2.18 (dq, J = 13.8, 7.0 Hz, 1H), 2.04 (q, J = 7.5, 6.7 Hz, 
3H), 1.89 (s, 4H), 1.45 (s, 9H), 1.19 (s, 9H), 1.14 (d, J = 6.4 Hz, 3H), 0.94 (dd, J = 22.2, 6.7 Hz, 6H). 13C 
NMR (126 MHz, CDCl3) δ 174.77, 171.97, 171.72, 171.41, 171.03, 164.82, 154.51, 144.82, 128.94, 127.99, 
127.03, 81.89, 75.30, 70.61, 65.92, 60.20, 54.64, 53.55, 52.03, 34.34, 32.13, 31.07, 29.85, 28.68, 28.37, 
28.23, 27.93, 25.75, 23.10, 20.07, 19.55, 18.86. HRMS-ESI (positive) M = C50H66N6O11: calculated (M+Na)+ 
m/z 949.4755; found (M+Na)+ m/z 949.4761. 
 

Cbz - L - Ala - L - Asp(OtBu) - L - Pro - L - Trp(Boc) - L - Beta - Phe - 
dioxazolone (Compound 3k). Prepared according to General Procedure 
E from Compound 2h (0.54 mmol). Purified via flash chromatography 
(30% --> 80% EtOAc/hexanes). White solid (0.050 g, 10% isolated yield). 
1H NMR (500 MHz, CDCl3) δ 8.16 – 7.99 (m, 1H), 7.62 (dd, J = 14.9, 8.2 
Hz, 2H), 7.48 (s, 1H), 7.39 – 7.33 (m, 11H), 7.21 (s, 1H), 7.12 (d, J = 8.8 
Hz, 1H), 6.44 (d, J = 9.6 Hz, 1H), 5.62 – 5.53 (m, 1H), 5.13 (s, 3H), 5.03 
(d, J = 10.1 Hz, 1H), 4.77 (ddd, J = 12.0, 8.8, 3.1 Hz, 1H), 4.34 (s, 1H), 
4.20 – 4.15 (m, 1H), 3.71 (s, 2H), 3.54 (dd, J = 14.9, 3.2 Hz, 1H), 3.29 (dd, 
J = 15.4, 6.2 Hz, 1H), 3.18 (dd, J = 15.4, 6.9 Hz, 1H), 2.93 – 2.87 (m, 1H), 

2.72 – 2.66 (m, 1H), 2.49 (d, J = 16.5 Hz, 1H), 2.07 (s, 2H), 1.72 (s, 2H), 1.65 (s, 9H), 1.37 (d, J = 4.2 Hz, 
3H), 1.30 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 172.41, 172.06, 171.91, 171.48, 171.12, 170.99, 164.05, 
139.69, 131.75, 129.28, 129.03, 128.76, 128.69, 128.52, 127.25, 124.96, 124.01, 122.92, 119.09, 117.40, 
115.71, 84.24, 83.32, 67.68, 62.09, 54.80, 53.53, 52.19, 51.17, 49.63, 48.62, 47.16, 38.12, 31.94, 30.11, 
29.81, 28.63, 28.39, 26.54, 24.50, 23.11, 18.01. HRMS-ESI (positive) M = C50H59N7O13: calculated (M+Na)+ 
m/z 988.4134; found (M+Na)+ m/z 988.4133. 
 

Ac - L - Phe - L - Glu(OtBu) - L - Gln(Trt) - L - Pro - L - Leu - 
L - Ser(tBu) - L - Asn(Trt) - L - Ile - L - Ala - Beta - Ala - 
dioxazolone (Compound 3l). Prepared according to General 
Procedure E from Compound 2i (0.25 mmol). Purified via flash 
chromatography (100% EtOAc/hexanes). White solid (0.031 g, 
8% isolated yield). 1H NMR (500 MHz, CDCl3) δ 7.52 – 7.36 
(m, 5H), 7.25 – 7.03 (m, 35H), 4.50 – 4.32 (m, 3H), 4.31 – 4.20 
(m, 2H), 4.18 – 4.07 (m, 3H), 4.04 (s, 1H), 3.64 (d, J = 11.7 Hz, 
2H), 3.55 (q, J = 6.5 Hz, 2H), 3.27 – 2.99 (m, 3H), 2.82 (ddt, J 

= 37.1, 15.2, 6.8 Hz, 4H), 2.49 (s, 1H), 2.16 (s, 4H), 1.96 (s, 2H), 1.85 (s, 2H), 1.75 (s, 3H), 1.68 – 1.52 (m, 
12H), 1.35 (d, J = 7.3 Hz, 3H), 1.26 (s, 10H), 1.16 (s, 9H), 0.94 (d, J = 6.6 Hz, 3H), 0.89 – 0.85 (m, 6H), 
0.79 (dd, J = 15.3, 4.8 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 174.43, 173.60, 171.79, 171.60, 171.52, 
171.40, 171.22, 171.07, 169.87, 168.58, 165.11, 144.63, 136.13, 129.21, 129.10, 128.95, 128.91, 128.14, 
128.03, 127.51, 127.13, 127.07, 81.53, 74.27, 70.84, 70.73, 61.52, 60.70, 60.20, 57.19, 56.13, 55.35, 
53.85, 53.38, 52.76, 49.81, 47.57, 38.99, 38.44, 37.21, 35.98, 34.70, 34.01, 32.08, 31.85, 30.19, 29.85, 
29.51, 28.36, 28.23, 27.64, 26.28, 25.58, 25.46, 25.05, 23.02, 22.91, 22.84, 21.52, 17.35, 15.68, 14.26, 
11.72. HRMS-ESI (positive) M = C98H121N13O18: calculated (M+Na)+ m/z 1790.8850; found (M+Na)+ m/z 
1790.8699. 
 
General Procedure F – Synthesis of phosphorylated boronic acid 
 
 
 
 
 
 
 
Synthesis of phosphorylated ethyl protected boronic acid was achieved through a modified literature 
procedure.9 4-hydroxyphenyl boronic acid (1.0 equiv.) was dissolved in a suspension of CCl4 and cooled to 
0 ℃. To this mixture was added triethylamine (1.25 equiv.) and diethyl phosphite (1.25 equiv.), and a white 
precipitate immediately formed. The reaction was left to stir over night, then partitioned into a separatory 
funnel with EtOAc and water. The aqueous layer was extracted with EtOAc (50 mL x 3) and the combined 
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organic layers were washed with brine (50 mL x 2), then dried over anhydrous Na2SO4. The solution was 
then filtered and solvent was removed under reduced pressure via rotary evaporator. The crude material 
was then purified by using flash silica gel chromatography and then semi-prep HPLC. The purified material 
was then dissolved in acetonitrile, flash frozen in liquid nitrogen, and freeze dried using a lyophilizer 
instrument. 
 

(4-((diethoxyphosphoryl)oxy)phenyl)boronic acid (Compound 11). Prepared 
according to General Procedure E from 4-hydroxyphenyl boronic acid (0.25 mmol). 
Purified once by flash chromatography (1% --> 3% MeOH/DCM), then purified twice 
by 6 runs of semi-prep HPLC (30% --> 40% MeCN/H2O w/ 0.1% TFA). Colorless 

amorphous solid (0.310 g, 10% isolated yield). 1H NMR (400 MHz, DMSO-d6) δ 8.04 (s, 2H), 7.87 – 7.72 
(m, 2H), 7.21 – 7.11 (m, 2H), 4.15 (dqd, J = 8.5, 7.0, 0.7 Hz, 4H), 1.27 (td, J = 7.1, 1.0 Hz, 6H). 13C NMR 
(126 MHz, DMSO-d6) δ 152.15, 152.10, 136.08, 119.00, 118.96, 64.49, 64.44, 16.09, 16.04. 31P NMR (202 
MHz, DMSO-d6) δ -6.57. 11B NMR (160 MHz, DMSO-d6) δ -7.22. . HRMS-ESI (positive) M = C10H16BO6P: 
calculated (M+Na)+ m/z 297.0711; found (M+Na)+ m/z 297.0714. 
 
General Procedure G – Synthesis of [RhCpTMCl2]2 precatalyst 
 
 
 
 
 
 
Synthesis of catalyst was achieved through a literature procedure.10 To a solution of CpTM ligand (2.64 
mmol, 1.2 equiv.) and RhCl3 * 3H2O (0.5 g, 2.2 mmol, 1.0 equiv.) in EtOH (12 mL) were added a few drops 
of water. The resultant orange-purple mixture was stirred at 85 °C for a period of 3 days. The orange-red 
precipitate was isolated by vacuum filtration and rinsed successively with cold ethanol and pentane. The 
solid was then redissolved in DCM, and the resultant solution was filtered through a plug of Celite. The 
volatiles were evaporated under reduced pressure to obtain the desired [RhCpTMCl2]2 complex. Red solid 
(0.210 g, 32% isolated yield). 1H NMR (400 MHz, DMSO-d6) δ 5.66 (s, 1H), 1.70 (s, 6H), 1.66 (s, 6H). 
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5. Product synthesis and characterization –  
 
General Procedure H – Rhodium-Catalyzed Diastereoselective Three-Component 
Cross-Coupling Protocol 

 
To a 0.5-dram vial with a stir bar was added acrylamide (3.0 equiv.), boronic acid (2.5 equiv.), dioxazolone 
(1.0 equiv.), [RhCpTMCl2]2 (5 mol%), and NaHCO3 (1.0 equiv.). DMF was added to the mixture and the vial 
was sonicated until the solution turned homogeneous. The maximum concentration relative to limiting 
reagent in DMF was used in each reaction that ensured a homogeneous reaction mixture, which varied 
based on substrate solubility. Note that diluting the mixture below the maximum concentration causes 
gradual decline in yield. The reaction mixture was stirred at room temperature for 24 h, then quantitatively 
solvent transferred to a scintillation vial by using MeOH. Toluene was added to the reaction mixture and all 
the volatiles were removed under reduced pressure via rotary evaporator. To fully remove DMF, more 
toluene was added to the vial and removed again under vacuum. The crude residue was then dissolved in 
acetonitrile and water, flash frozen in liquid nitrogen, and freeze dried using a lyophilizer instrument. The 
crude material was then dissolved in NMR solvent and the crude diastereoselectivity was measured by 1H-
NMR integration. The crude material was then purified by using flash silica gel chromatography. If the 
resulting material was not of sufficient purity, then it was purified a second time using either another round 
of flash chromatography or by several runs of semi-prep HPLC with reverse phase column. The purified 
material was then dissolved in acetonitrile and water, flash frozen in liquid nitrogen, and freeze dried using 
a lyophilizer instrument. 
 

Phth-Gly-D-Tyr-L-Val-OEt (Compound 4a). Prepared according to 
General Procedure H from Compound 3a (0.1 mmol), para-hydroxyphenyl 
boronic acid (0.25 mmol), and Compound 1a (0.3 mmol) in DMF (0.6 M, 
170 uL). Crude diastereoselectivity measured to be 3.0 : 1 (D : L). Purified 
once by flash chromatography (0.5% --> 1.5% MeOH/DCM), then purified 
twice by second round of flash chromatography (30% --> 70% 

EtOAc/hexanes). White solid (0.042 g, 84% isolated yield). Isolated as 3.4 : 1 mixture of diastereomers (D 
: L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.94 – 7.81 (m, 4H), 7.12 – 7.03 (m, 2H), 6.71 (dq, 
J = 8.6, 2.5, 2.0 Hz, 2H), 4.74 – 4.62 (m, 1H), 4.42 – 4.28 (m, 2H), 4.23 – 4.12 (m, 3H), 3.09 – 2.99 (m, 
1H), 2.88 (ddd, J = 13.9, 11.1, 7.7 Hz, 1H), 2.16 – 1.97 (m, 1H), 1.26 (td, J = 7.1, 2.6 Hz, 3H), 0.96 – 0.81 
(m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 173.44, 172.96, 169.40, 169.08, 157.57, 
135.67, 133.66, 131.53, 128.83, 124.49, 116.48, 62.35, 59.70, 56.61, 41.13, 38.61, 32.12, 19.53, 14.68. 
HRMS-ESI (positive) M = C26H29N3O7: calculated (M+Na)+ m/z 518.1903; found (M+Na)+ m/z 518.1910. 
 

Phth-Gly-D-Phe-L-Val-OEt (Compound 4b). Prepared according to 
General Procedure H from Compound 3a (0.1 mmol), phenyl boronic acid 
(0.25 mmol), and Compound 1a (0.3 mmol) in DMF (0.6 M, 170 uL). Crude 
diastereoselectivity measured to be 3.1 : 1 (D : L). Purified once by flash 
chromatography (0.5% --> 1% MeOH/DCM), then purified twice by second 
round of flash chromatography (30% --> 40% EtOAc/hexanes). White solid 

(0.037 g, 76% isolated yield). Isolated as 3.7 : 1 mixture of diastereomers (D : L). 1H NMR (both 
diastereomers) (500 MHz, CD3OD) δ 7.85 (ddt, J = 29.4, 5.8, 3.0 Hz, 4H), 7.28 – 7.17 (m, 5H), 4.77 – 4.70 
(m, 1H), 4.36 – 4.26 (m, 2H), 4.22 – 4.11 (m, 3H), 3.11 (td, J = 13.9, 7.5 Hz, 1H), 2.94 (td, J = 13.8, 8.0 Hz, 
1H), 2.07 (ddq, J = 47.5, 13.6, 6.9 Hz, 1H), 1.24 (td, J = 7.1, 2.3 Hz, 3H), 0.95 – 0.78 (m, 6H). 13C NMR 
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(major diastereomer) (126 MHz, CD3OD) δ 173.11, 172.61, 172.52, 169.05, 137.90, 135.34, 133.31, 
130.20, 127.68, 124.15, 62.03, 59.37, 40.76, 38.56, 31.73, 31.45, 19.26, 18.37, 14.34. HRMS-ESI (positive) 
M = C26H29N3O6: calculated (M+Na)+ m/z 502.1954; found (M+Na)+ m/z 502.1945. 
 

Phth-Gly-D-Phe(4-Br)-L-Val-OEt (Compound 4c). Prepared according to 
General Procedure H from Compound 3a (0.1 mmol), para-bromophenyl 
boronic acid (0.25 mmol), and Compound 1a (0.3 mmol) in DMF (0.6 M, 
170 uL). Crude diastereoselectivity measured to be 3.0 : 1 (D : L). Purified 
once by flash chromatography (0.5% --> 1% MeOH/DCM), then purified 
twice by second round of flash chromatography (30% --> 40% 

EtOAc/hexanes). White solid (0.035 g, 63% isolated yield). Isolated as 2.6 : 1 mixture of diastereomers (D 
: L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.92 – 7.78 (m, 4H), 7.43 – 7.38 (m, 2H), 7.16 (dd, 
J = 8.4, 1.6 Hz, 2H), 4.76 – 4.69 (m, 1H), 4.39 – 4.27 (m, 2H), 4.26 – 4.07 (m, 3H), 3.08 (ddd, J = 16.5, 
13.7, 6.7 Hz, 1H), 2.92 (ddd, J = 13.7, 10.7, 7.8 Hz, 1H), 2.07 (ddd, J = 40.3, 13.4, 6.7 Hz, 1H), 1.24 (td, J 
= 7.2, 1.2 Hz, 3H), 0.94 – 0.80 (m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 173.21, 
171.75, 169.05, 168.58, 135.35, 133.31, 132.44, 132.33, 132.24, 124.17, 62.05, 59.36, 55.62, 40.76, 38.44, 
31.45, 19.18, 18.35, 14.34. HRMS-ESI (positive) M = C26H28N3O6Br: calculated (M+Na)+ m/z 580.1059; 
found (M+Na)+ m/z 580.1052. 
 

Phth-Gly-D-Phe(4-CF3)-L-Val-OEt (Compound 4d). Prepared according 
to General Procedure H from Compound 3a (0.1 mmol), para-
trifluoromethylphenyl boronic acid (0.25 mmol), and Compound 1a (0.3 
mmol) in DMF (0.6 M, 170 uL). Crude diastereoselectivity measured to be 
2.9 : 1 (D : L). Purified once by flash chromatography (0.5% --> 1% 
MeOH/DCM), then purified twice by second round of flash chromatography 

(30% --> 40% EtOAc/hexanes). White solid (0.037 g, 67% isolated yield). Isolated as 4.3 : 1 mixture of 
diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.85 (ddt, J = 29.3, 5.3, 2.6 Hz, 
4H), 7.57 (t, J = 6.7 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 4.80 (d, J = 7.4 Hz, 1H), 4.37 – 4.25 (m, 2H), 4.23 – 
4.11 (m, 3H), 3.20 (ddd, J = 25.5, 13.7, 6.6 Hz, 1H), 3.03 (td, J = 15.0, 14.5, 8.1 Hz, 1H), 2.07 (ddq, J = 
54.5, 13.6, 6.8 Hz, 1H), 1.24 (td, J = 7.1, 3.6 Hz, 3H), 0.95 – 0.77 (m, 6H). 13C NMR (major diastereomer) 
(126 MHz, CD3OD) δ 172.67, 172.51, 169.03, 168.79, 142.58, 135.34, 133.30, 130.96, 129.98 (q, J = 34.5 
Hz), 126.70, 124.54, 62.06, 59.36, 55.49, 40.74, 38.85, 31.67, 19.26, 18.40, 14.34. 19F NMR (both 
diastereomers) (471 MHz, CD3OD) δ -63.91, -63.98. HRMS-ESI (positive) M = C27H28N3O6F3: calculated 
(M+Na)+ m/z 570.1828; found (M+Na)+ m/z 570.1830. 
 

Phth - Gly - D - Phe(3,4,5 - trimethoxy) - L - Val - OEt (Compound 4e). 
Prepared according to General Procedure H from Compound 3a (0.1 
mmol), 3,4,5-trimethoxyphenyl boronic acid (0.25 mmol), and Compound 
1a (0.3 mmol) in DMF (0.6 M, 170 uL). Crude diastereoselectivity 
measured to be 3.2 : 1 (D : L). Purified once by flash chromatography (1% 
--> 1.5% MeOH/DCM). White solid (0.031 g, 55% isolated yield). Isolated 
as 7.1 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) 

(500 MHz, CD3OD) δ 7.85 (ddd, J = 29.0, 5.6, 3.1 Hz, 4H), 6.55 (s, 2H), 4.75 (d, J = 7.5 Hz, 1H), 4.43 – 
4.28 (m, 2H), 4.24 – 4.13 (m, 3H), 3.84 (s, 6H), 3.73 (d, J = 7.0 Hz, 3H), 3.04 (dd, J = 13.7, 7.4 Hz, 1H), 
2.92 (dd, J = 13.5, 7.7 Hz, 1H), 2.05 (h, J = 6.8 Hz, 1H), 1.25 (t, J = 7.2 Hz, 3H), 0.94 – 0.81 (m, 6H). 13C 
NMR (major diastereomer) (126 MHz, CD3OD) δ 169.21, 168.72, 158.54, 154.32, 135.37, 134.49, 133.23, 
124.17, 107.49, 62.07, 60.87, 59.38, 56.43, 55.96, 42.69, 40.79, 39.43, 31.52, 19.26, 17.98, 14.34. HRMS-
ESI (positive) M = C29H35N3O9: calculated (M+Na)+ m/z 592.2271; found (M+Na)+ m/z 592.2266. 
 

Phth-Gly-D-Phe(4-F)-L-Val-OEt (Compound 4f). Prepared according to 
General Procedure H from Compound 3a (0.1 mmol), para-fluorophenyl 
boronic acid (0.25 mmol), and Compound 1a (0.3 mmol) in DMF (0.6 M, 
170 uL). Crude diastereoselectivity measured to be 3.2 : 1 (D : L). Purified 
once by flash chromatography (0.5% --> 1% MeOH/DCM). White solid 
(0.039 g, 78% isolated yield). Isolated as 3.4 : 1 mixture of diastereomers 

(D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.96 – 7.80 (m, 4H), 7.29 – 7.22 (m, 2H), 7.04 
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– 6.95 (m, 2H), 4.77 – 4.69 (m, 1H), 4.40 – 4.27 (m, 2H), 4.24 – 4.09 (m, 3H), 3.11 (td, J = 13.8, 6.7 Hz, 
1H), 2.93 (dt, J = 13.9, 8.6 Hz, 1H), 2.17 – 2.00 (m, 1H), 1.25 (td, J = 7.1, 1.8 Hz, 3H), 0.95 – 0.81 (m, 6H). 
13C NMR (major diastereomer) (126 MHz, CD3OD) δ 172.80, 172.59, 169.04, 168.77, 135.35, 133.87, 
132.00, 124.16, 116.04, 115.87, 62.04, 59.35, 55.89, 40.76, 38.23, 31.72, 19.19, 18.35, 14.34. 19F NMR 
(both diastereomers) (471 MHz, CD3OD) δ -118.52, -118.62. HRMS-ESI (positive) M = C26H28N3O6F: 
calculated (M+Na)+ m/z 520.1860; found (M+Na)+ m/z 520.1857. 
 

Phth-Gly-D-Phe(3,4-methylenedioxy)-L-Val-OEt (Compound 4g). 
Prepared according to General Procedure H from Compound 3a (0.1 
mmol), 3,4-(methylenedioxy)phenyl boronic acid (0.25 mmol), and 
Compound 1a (0.3 mmol) in DMF (0.6 M, 170 uL). Crude 
diastereoselectivity measured to be 3.2 : 1 (D : L). Purified once by flash 
chromatography (0.5% --> 1% MeOH/DCM). White solid (0.034 g, 65% 
isolated yield). Isolated as 5.6 : 1 mixture of diastereomers (D : L). 1H NMR 

(both diastereomers) (500 MHz, CD3OD) δ 7.94 – 7.77 (m, 4H), 6.78 – 6.64 (m, 3H), 5.94 – 5.84 (m, 2H), 
4.73 – 4.64 (m, 1H), 4.37 – 4.27 (m, 2H), 4.21 – 4.11 (m, 3H), 3.03 (ddd, J = 15.9, 13.9, 7.1 Hz, 1H), 2.86 
(ddd, J = 13.9, 12.2, 8.0 Hz, 1H), 2.07 (ddq, J = 27.0, 13.6, 6.9 Hz, 1H), 1.25 (t, J = 7.1 Hz, 3H), 0.94 – 0.82 
(m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 173.09, 172.78, 169.22, 168.91, 149.19, 
148.00, 135.51, 133.48, 124.33, 123.58, 110.61, 109.14, 102.21, 62.20, 59.53, 56.32, 40.95, 39.04, 31.64, 
19.36, 18.55, 14.51. HRMS-ESI (positive) M = C27H29N3O8: calculated (M+H)+ m/z 524.2033; found (M+H)+ 
m/z 524.2042. 
 

Phth-Gly-D-1-Nal-L-Val-OEt (Compound 4h). Prepared according to 
General Procedure H from Compound 3a (0.1 mmol), 1-naphthyl boronic 
acid (0.25 mmol), and Compound 1a (0.3 mmol) in DMF (0.6 M, 170 uL). 
Crude diastereoselectivity measured to be 2.1 : 1 (D : L). Purified once by 
flash chromatography (0.5% --> 1% MeOH/DCM), then purified twice by 
second round of flash chromatography (30% --> 40% EtOAc/hexanes). 
White solid (0.028 g, 52% isolated yield). Isolated as 1.5 : 1 mixture of 

diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 8.29 – 8.13 (m, 1H), 7.99 – 7.72 
(m, 6H), 7.58 – 7.35 (m, 4H), 4.42 – 4.28 (m, 2H), 4.27 – 4.00 (m, 3H), 3.61 (ddd, J = 19.7, 14.0, 7.6 Hz, 
1H), 3.45 (dd, J = 27.0, 7.1 Hz, 1H), 2.12 – 1.79 (m, 1H), 1.22 (dt, J = 21.7, 7.1 Hz, 3H), 0.93 – 0.61 (m, 
6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 173.11, 169.27, 169.05, 155.16, 135.53, 134.05, 
133.50, 129.80, 128.78, 127.33, 126.64, 126.50, 124.80, 124.68, 62.17, 59.71, 59.40, 55.89, 40.99, 36.34, 
31.98, 31.33, 19.38, 18.57, 14.49. HRMS-ESI (positive) M = C30H31N3O6: calculated (M+Na)+ m/z 
552.2111; found (M+Na)+ m/z 552.2123. 
	

Phth-Gly-D-Phe(4-tBu)-L-Val-OEt (Compound 4i). Prepared according to 
General Procedure H from Compound 3a (0.1 mmol), para-tert-butylphenyl 
boronic acid (0.25 mmol), and Compound 1a (0.3 mmol) in DMF (0.6 M, 
170 uL). Crude diastereoselectivity measured to be 3.1 : 1 (D : L). Purified 
once by flash chromatography (0.5% --> 1% MeOH/DCM). White solid 
(0.042 g, 79% isolated yield). Isolated as 2.8 : 1 mixture of diastereomers 

(D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.94 – 7.75 (m, 4H), 7.31 (dq, J = 8.4, 1.9, 1.4 
Hz, 2H), 7.16 (dd, J = 8.1, 1.5 Hz, 2H), 4.78 – 4.67 (m, 1H), 4.39 – 4.27 (m, 2H), 4.24 – 4.09 (m, 3H), 3.17 
– 3.00 (m, 1H), 3.00 – 2.80 (m, 1H), 2.21 – 1.85 (m, 1H), 1.29 (d, J = 4.5 Hz, 9H), 1.24 (t, J = 7.1 Hz, 3H), 
0.95 – 0.73 (m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 172.79, 172.44, 168.88, 168.51, 
150.42, 135.17, 133.15, 129.75, 126.10, 123.98, 61.84, 59.17, 55.89, 40.60, 38.51, 37.89, 34.89, 31.45, 
19.10, 18.27, 14.22. HRMS-ESI (positive) M = C30H37N3O6: calculated (M+Na)+ m/z 558.2580; found 
(M+Na)+ m/z 558.2571. 
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Phth-Gly-D-Phe(3,5-bis-CF3)-L-Val-OEt (Compound 4j). Prepared 
according to General Procedure H from Compound 3a (0.1 mmol), 3,5-
bis(trifluoromethyl)phenyl boronic acid (0.25 mmol), and Compound 1a (0.3 
mmol) in DMF (0.6 M, 170 uL). Crude diastereoselectivity measured to be 
3.0 : 1 (D : L). Purified once by flash chromatography (0.5% --> 1% 
MeOH/DCM), then purified twice by second round of flash chromatography 
(30% --> 40% EtOAc/hexanes). White solid (0.033 g, 53% isolated yield). 

Isolated as >20.0 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) 1H 
NMR (500 MHz, Methanol-d4) δ 7.92 – 7.84 (m, 4H), 7.82 (dd, J = 5.6, 2.8 Hz, 3H), 4.86 (d, J = 7.5 Hz, 1H), 
4.36 (d, J = 16.6 Hz, 1H), 4.27 (d, J = 16.7 Hz, 1H), 4.21 – 4.12 (m, 3H), 3.27 (d, J = 7.2 Hz, 1H), 3.13 (dd, 
J = 13.6, 7.7 Hz, 1H), 2.03 (dq, J = 13.5, 6.7 Hz, 1H), 1.25 (t, J = 7.1 Hz, 3H), 0.79 (dd, J = 6.8, 1.8 Hz, 6H). 
13C NMR (major diastereomer) (126 MHz, CD3OD) δ 172.48, 172.06, 168.97, 168.84, 141.31, 135.33, 
133.30, 132.59 (q, J = 34.7 Hz), 130.98, 124.15, 121.63, 62.10, 59.33, 55.23, 40.71, 38.60, 31.46, 19.14, 
18.26, 14.33. 19F NMR (both diastereomers) (471 MHz, CD3OD) δ -64.24. HRMS-ESI (positive) M = 
C28H27N3O6F6: calculated (M+Na)+ m/z 638.1702; found (M+Na)+ m/z 638.1681. 
 

Phth-Gly-D-Phe(4-formyl)-L-Val-OEt (Compound 4k). Prepared 
according to General Procedure H from Compound 3a (0.1 mmol), para-
formylphenyl boronic acid (0.25 mmol), and Compound 1a (0.3 mmol) in 
DMF (0.6 M, 170 uL). Crude diastereoselectivity measured to be 3.1 : 1 (D 
: L). Purified once by flash chromatography (0.5% --> 1% MeOH/DCM), 
then purified twice by second round of flash chromatography (30% --> 40% 
EtOAc/hexanes). White solid (0.029 g, 57% isolated yield). Isolated as 2.2 

: 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 9.96 (d, J = 3.1 Hz, 
1H), 7.90 – 7.87 (m, 2H), 7.86 – 7.82 (m, 4H), 7.47 (dd, J = 8.1, 1.7 Hz, 2H), 4.40 – 4.22 (m, 3H), 4.22 – 
4.11 (m, 3H), 3.24 (dt, J = 13.3, 6.4 Hz, 1H), 3.05 (dt, J = 13.8, 8.6 Hz, 1H), 2.10 (ddd, J = 38.9, 13.3, 6.7 
Hz, 1H), 1.26 (t, J = 7.2 Hz, 3H), 0.96 – 0.81 (m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 
194.10, 172.90, 172.85, 169.35, 169.16, 145.83, 133.63, 131.45, 131.02, 124.50, 62.41, 59.72, 55.74, 
41.10, 39.50, 39.12, 32.04, 19.54, 18.68, 14.69. HRMS-ESI (positive) M = C27H29N3O7: calculated (M+Na)+ 
m/z 530.1903; found (M+Na)+ m/z 530.1916. 
	

Phth-Gly-D-Phe(3-NO2)-L-Val-OEt (Compound 4l). Prepared according 
to General Procedure H from Compound 3a (0.1 mmol), 3-nitrophenyl 
boronic acid (0.25 mmol), and Compound 1a (0.3 mmol) in DMF (0.6 M, 
170 uL). Crude diastereoselectivity measured to be 2.9 : 1 (D : L). Purified 
once by flash chromatography (0.5% --> 1% MeOH/DCM), then purified 
twice by second round of flash chromatography (30% --> 40% 
EtOAc/hexanes). White solid (0.035 g, 67% isolated yield). Isolated as 2.5 

: 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 8.16 (q, J = 2.4 
Hz, 1H), 8.11 (ddd, J = 8.2, 2.4, 1.0 Hz, 1H), 7.93 – 7.85 (m, 2H), 7.83 (ddt, J = 6.6, 3.1, 1.3 Hz, 2H), 7.68 
(dt, J = 7.7, 2.6 Hz, 1H), 7.55 (td, J = 7.9, 4.4 Hz, 1H), 4.39 – 4.13 (m, 5H), 3.27 (dd, J = 13.6, 6.8 Hz, 1H), 
3.07 (dt, J = 13.7, 8.2 Hz, 1H), 2.19 – 2.02 (m, 1H), 1.26 (td, J = 7.2, 4.3 Hz, 3H), 0.95 – 0.84 (m, 6H). 13C 
NMR (major diastereomer) (126 MHz, CD3OD) δ 172.55, 172.40, 168.97, 168.80, 149.59, 140.28, 136.75, 
133.28, 130.51, 125.24, 124.15, 122.70, 62.09, 59.36, 55.38, 40.73, 38.75, 31.69, 19.27, 18.34, 14.34. 
HRMS-ESI (positive) M = C26H28N4O8: calculated (M+Na)+ m/z 547.1805; found (M+Na)+ m/z 547.1821. 
 

Phth-Gly-D-Phe(3-CO2Me)-L-Val-OEt (Compound 4m). Prepared 
according to General Procedure H from Compound 3a (0.1 mmol), 3-
methoxycarbonylphenyl boronic acid (0.25 mmol), and Compound 1a (0.3 
mmol) in DMF (0.6 M, 170 uL). Crude diastereoselectivity measured to be 
2.9 : 1 (D : L). Purified once by flash chromatography (0.5% --> 1% 
MeOH/DCM), then purified twice by second round of flash chromatography 
(30% --> 40% EtOAc/hexanes). White solid (0.045 g, 83% isolated yield). 

Isolated as 3.1 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 
7.92 (dt, J = 3.7, 1.8 Hz, 1H), 7.87 (td, J = 4.7, 3.8, 2.8 Hz, 3H), 7.82 (dt, J = 6.1, 3.1 Hz, 2H), 7.57 – 7.47 
(m, 1H), 7.41 (td, J = 7.7, 4.6 Hz, 1H), 4.81 – 4.73 (m, 1H), 4.40 – 4.27 (m, 2H), 4.24 – 4.09 (m, 3H), 3.94 
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– 3.84 (m, 3H), 3.20 (ddd, J = 13.6, 11.5, 6.6 Hz, 1H), 3.07 – 2.94 (m, 1H), 2.16 – 1.99 (m, 1H), 1.25 (q, J 
= 6.9 Hz, 3H), 0.95 – 0.79 (m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 173.15, 172.97, 
169.35, 169.09, 168.68, 138.92, 135.67, 133.64, 131.77, 129.96, 129.20, 124.49, 62.39, 59.70, 56.05, 
52.77, 41.08, 39.24, 38.85, 32.09, 19.60, 18.71, 14.68. HRMS-ESI (positive) M = C28H31N3O8: calculated 
(M+Na)+ m/z 560.2009; found (M+Na)+ m/z 560.2024. 
 

Phth-Gly-D-4-Trp(Boc)-L-Val-OEt (Compound 4n). Prepared according 
to General Procedure H from Compound 3a (0.1 mmol), (1-(tert-
butoxycarbonyl)-1H-indol-4-yl)boronic acid (0.25 mmol), and Compound 1a 
(0.3 mmol) in DMF (0.6 M, 170 uL). Crude diastereoselectivity measured to 
be 2.2 : 1 (D : L). Purified once by flash chromatography (0.5% --> 1% 
MeOH/DCM). White solid (0.046 g, 75% isolated yield). Isolated as 1.7 : 1 
mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, 

CD3OD) δ 8.00 (d, J = 8.3 Hz, 1H), 7.91 – 7.78 (m, 4H), 7.60 (dd, J = 7.8, 3.8 Hz, 1H), 7.21 (ddd, J = 8.4, 
7.3, 4.0 Hz, 1H), 7.09 (dt, J = 7.4, 1.1 Hz, 1H), 6.76 (ddd, J = 13.6, 3.8, 0.8 Hz, 1H), 4.79 (d, J = 7.1 Hz, 
1H), 4.38 – 4.25 (m, 2H), 4.24 – 4.03 (m, 3H), 3.37 (ddd, J = 13.5, 6.3, 3.0 Hz, 1H), 3.21 (dt, J = 14.1, 7.2 
Hz, 1H), 1.97 (ddq, J = 77.9, 13.5, 6.8 Hz, 1H), 1.67 (d, J = 2.7 Hz, 9H), 1.21 (dt, J = 18.1, 7.1 Hz, 3H), 0.90 
– 0.65 (m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 173.18, 172.96, 172.60, 169.39, 
169.05, 151.24, 136.88, 135.68, 131.87, 130.46, 126.95, 125.56, 124.86, 115.05, 106.90, 85.08, 62.34, 
59.85, 56.06, 41.16, 36.72, 31.61, 28.55, 19.54, 18.73, 14.67. HRMS-ESI (positive) M = C33H38N4O8: 
calculated (M+Na)+ m/z 641.2587; found (M+Na)+ m/z 641.2585. 
 

Phth-Gly-D-5-Trp(Boc)-L-Val-OEt (Compound 4o). Prepared according 
to General Procedure H from Compound 3a (0.1 mmol), (1-(tert-
butoxycarbonyl)-1H-indol-5-yl)boronic acid (0.25 mmol), and Compound 
1a (0.3 mmol) in DMF (0.6 M, 170 uL). Crude diastereoselectivity measured 
to be 2.9 : 1 (D : L). Purified once by flash chromatography (0.5% --> 1% 
MeOH/DCM), then purified twice by second round of flash chromatography 
(30% --> 40% EtOAc/hexanes). White solid (0.045 g, 72% isolated yield). 

Isolated as 3.2 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 
8.00 (t, J = 7.8 Hz, 1H), 7.89 – 7.84 (m, 2H), 7.84 – 7.78 (m, 2H), 7.57 (d, J = 3.7 Hz, 1H), 7.42 (t, J = 2.3 
Hz, 1H), 7.17 (ddd, J = 8.8, 7.1, 1.8 Hz, 1H), 6.56 (dt, J = 3.8, 1.1 Hz, 1H), 4.79 – 4.71 (m, 1H), 4.39 – 4.26 
(m, 2H), 4.21 – 3.94 (m, 3H), 3.25 – 3.12 (m, 1H), 3.05 (ddd, J = 13.8, 10.4, 7.6 Hz, 1H), 2.01 (ddq, J = 
55.2, 13.5, 6.9 Hz, 1H), 1.67 (d, J = 1.8 Hz, 9H), 1.19 (dt, J = 40.3, 7.1 Hz, 3H), 0.91 – 0.69 (m, 6H). 13C 
NMR (major diastereomer) (126 MHz, CD3OD) δ 173.06, 173.01, 172.58, 169.04, 168.78, 150.91, 135.48, 
133.29, 132.16, 126.92, 126.52, 124.14, 122.49, 115.85, 108.32, 84.70, 62.01, 59.35, 56.34, 40.83, 38.99, 
31.79, 28.21, 19.23, 18.38, 14.33. HRMS-ESI (positive) M = C33H38N4O8: calculated (M+Na)+ m/z 
641.2587; found (M+Na)+ m/z 641.2583. 
	

Phth-Gly-D-Phe(4-vinyl)-L-Val-OEt (Compound 4p). Prepared 
according to General Procedure H from Compound 3a (0.1 mmol), 4-
vinylphenyl boronic acid (0.25 mmol), and Compound 1a (0.3 mmol) in 
DMF (0.6 M, 170 uL). Crude diastereoselectivity measured to be 3.1 : 1 (D 
: L). Purified once by flash chromatography (0.5% --> 1% MeOH/DCM), 
then purified twice by second round of flash chromatography (30% --> 40% 
EtOAc/hexanes). White solid (0.040 g, 80% isolated yield). Isolated as 3.0 

: 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.94 – 7.79 (m, 
4H), 7.38 – 7.31 (m, 2H), 7.21 (d, J = 7.9 Hz, 2H), 6.70 (ddd, J = 17.7, 11.0, 2.7 Hz, 1H), 5.73 (ddd, J = 
17.7, 4.0, 1.1 Hz, 1H), 5.19 (ddd, J = 10.9, 2.0, 1.1 Hz, 1H), 4.79 – 4.69 (m, 1H), 4.38 – 4.25 (m, 2H), 4.22 
– 4.09 (m, 3H), 3.11 (ddd, J = 18.4, 13.7, 6.8 Hz, 1H), 2.95 (td, J = 13.4, 7.9 Hz, 1H), 2.17 – 1.96 (m, 1H), 
1.27 – 1.22 (m, 3H), 0.94 – 0.79 (m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 172.88, 
172.61, 169.05, 168.78, 137.73, 137.56, 135.34, 133.32, 130.42, 127.20, 124.16, 113.51, 62.02, 59.37, 
55.89, 40.79, 38.77, 31.45, 19.16, 18.36, 14.33. HRMS-ESI (positive) M = C28H31N3O6: calculated (M+Na)+ 
m/z 528.2111; found (M+Na)+ m/z 528.2133. 
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Phth-Gly-D-2-Nal(6-methoxy)-L-Val-OEt (Compound 4q). Prepared 
according to General Procedure H from Compound 3a (0.1 mmol), 6-
methoxy-2-naphthyl boronic acid (0.25 mmol), and Compound 1a (0.3 
mmol) in DMF (0.6 M, 170 uL). Crude diastereoselectivity measured to be 
2.1 : 1 (D : L). Purified once by flash chromatography (0.5% --> 1% 
MeOH/DCM), then purified twice by second round of flash chromatography 
(30% --> 40% EtOAc/hexanes). White solid (0.031 g, 55% isolated yield). 

Isolated as 1 : 1.5 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 
7.89 – 7.78 (m, 4H), 7.73 – 7.65 (m, 2H), 7.63 – 7.59 (m, 1H), 7.33 (ddd, J = 8.4, 3.9, 1.8 Hz, 1H), 7.17 (t, 
J = 2.4 Hz, 1H), 7.09 (dd, J = 9.0, 2.5 Hz, 1H), 4.40 – 4.10 (m, 4H), 4.03 – 3.92 (m, 1H), 3.89 (d, J = 1.6 
Hz, 3H), 3.28 – 3.19 (m, 1H), 3.09 (ddd, J = 13.9, 10.7, 7.6 Hz, 1H), 2.00 (dtd, J = 81.3, 13.7, 6.9 Hz, 1H), 
1.24 – 1.11 (m, 3H), 0.79 (ddd, J = 120.3, 6.8, 1.6 Hz, 6H). 13C NMR (major diastereomer) (126 MHz, 
CD3OD) δ 173.41, 172.80, 169.36, 169.18, 159.20, 135.66, 130.64, 130.39, 129.21, 128.33, 124.49, 
119.95, 106.76, 62.35, 59.69, 56.38, 55.90, 41.13, 39.38, 38.92, 32.12, 19.58, 18.70, 18.63, 14.67, 14.59. 
HRMS-ESI (positive) M = C31H33N3O7: calculated (M+Na)+ m/z 582.2216; found (M+Na)+ m/z 582.2223. 
	

Phth-Gly-D-Phe(2-Cl)-L-Val-OEt (Compound 4r). Prepared according to 
General Procedure H from Compound 3a (0.1 mmol), 2-chlorophenyl 
boronic acid (0.25 mmol), and Compound 1a (0.3 mmol) in DMF (0.6 M, 
170 uL). Crude diastereoselectivity measured to be 1.5 : 1 (D : L). Purified 
once by flash chromatography (0.5% --> 1% MeOH/DCM), then purified 
twice by second round of flash chromatography (30% --> 40% 

EtOAc/hexanes). White solid (0.019 g, 37% isolated yield). Isolated as 1.3 : 1 mixture of diastereomers (D 
: L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.91 – 7.87 (m, 2H), 7.83 (dtd, J = 5.2, 3.5, 2.1 
Hz, 2H), 7.40 – 7.34 (m, 1H), 7.30 (dt, J = 6.6, 1.9 Hz, 1H), 7.27 – 7.18 (m, 2H), 4.38 – 4.30 (m, 2H), 4.30 
– 4.12 (m, 3H), 3.29 (d, J = 6.7 Hz, 1H), 3.11 (ddd, J = 13.9, 8.2, 3.8 Hz, 1H), 2.10 (dh, J = 27.2, 6.8 Hz, 
1H), 1.27 – 1.23 (m, 3H), 0.94 – 0.82 (m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 172.89, 
172.60, 169.20, 169.00, 135.88, 135.51, 133.49, 132.69, 130.61, 129.62, 128.19, 124.33, 62.23, 59.68, 
54.48, 40.97, 36.59, 31.95, 19.41, 18.63, 14.52. HRMS-ESI (positive) M = C26H28N3O6Cl: calculated 
(M+Na)+ m/z 536.1564; found (M+Na)+ m/z 536.1584. 
 

Phth-Gly-D-Phe(4-NHBoc)-L-Val-OEt (Compound 4s). Prepared 
according to General Procedure H from Compound 3a (0.1 mmol), (4-Boc-
aminophenyl) boronic acid (0.25 mmol), and Compound 1a (0.3 mmol) in 
DMF (0.6 M, 170 uL). Crude diastereoselectivity measured to be 1.4 : 1 (D 
: L). Purified once by flash chromatography (0.5% --> 1% MeOH/DCM), 
then purified twice by second round of flash chromatography (30% --> 40% 

EtOAc/hexanes). White solid (0.049 g, 82% isolated yield). Isolated as 1.4 : 1 mixture of diastereomers (D 
: L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.92 – 7.77 (m, 4H), 7.30 (d, J = 8.2 Hz, 2H), 7.16 
– 7.09 (m, 2H), 4.72 – 4.63 (m, 1H), 4.34 – 4.26 (m, 2H), 4.19 – 4.08 (m, 3H), 3.05 (td, J = 13.6, 6.9 Hz, 
1H), 2.89 (ddd, J = 13.9, 11.3, 7.8 Hz, 1H), 2.06 (ddq, J = 37.5, 13.5, 6.7 Hz, 1H), 1.51 (d, J = 1.4 Hz, 9H), 
1.25 – 1.20 (m, 3H), 0.93 – 0.80 (m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 173.26, 
173.17, 172.79, 169.23, 168.97, 155.29, 139.40, 135.50, 133.48, 130.69, 124.33, 119.91, 80.74, 62.18, 
59.55, 40.98, 38.56, 31.94, 28.72, 19.42, 18.60, 14.52. HRMS-ESI (positive) M = C31H38N4O8: calculated 
(M+Na)+ m/z 617.2587; found (M+Na)+ m/z 617.2562. 
 

Phth-Gly-D-Phe(4-TMS)-L-Val-OEt (Compound 4t). Prepared according 
to General Procedure H from Compound 3a (0.1 mmol), 4-
(trimethylsilyl)phenyl boronic acid (0.25 mmol), and Compound 1a (0.3 
mmol) in DMF (0.6 M, 170 uL). Crude diastereoselectivity measured to be 
3.1 : 1 (D : L). Purified once by flash chromatography (0.5% --> 1% 
MeOH/DCM), then purified twice by second round of flash chromatography 

(30% --> 40% EtOAc/hexanes). White solid (0.045 g, 81% isolated yield). Isolated as 3.0 : 1 mixture of 
diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.93 – 7.81 (m, 4H), 7.44 (dd, J 
= 8.0, 2.9 Hz, 2H), 7.24 (dd, J = 8.0, 1.8 Hz, 2H), 4.78 – 4.72 (m, 1H), 4.37 – 4.28 (m, 2H), 4.22 – 4.11 (m, 
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3H), 3.22 – 2.89 (m, 2H), 2.19 – 1.88 (m, 1H), 1.25 (td, J = 7.1, 2.7 Hz, 3H), 0.94 – 0.71 (m, 6H), 0.24 (d, J 
= 4.4 Hz, 9H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 173.19, 172.94, 169.39, 169.05, 139.76, 
135.68, 134.74, 130.03, 124.49, 62.35, 59.71, 41.10, 39.48, 38.89, 32.02, 30.94, 19.58, 18.76, 14.67, -
0.88. HRMS-ESI (positive) M = C29H37N3O6Si: calculated (M+Na)+ m/z 574.2349; found (M+Na)+ m/z 
574.2344. 
 

Phth-Gly-D-Phe(4-((TMS)ethynyl))-L-Val-OEt (Compound 4u). Prepared 
according to General Procedure H from Compound 3a (0.1 mmol), 4-
((trimethylsilyl)ethynyl)phenyl boronic acid (0.25 mmol), and Compound 1a 
(0.3 mmol) in DMF (0.6 M, 170 uL). Crude diastereoselectivity measured to 
be 2.9 : 1 (D : L). Purified once by flash chromatography (0.5% --> 1% 
MeOH/DCM), then purified twice by second round of flash chromatography 

(30% --> 40% EtOAc/hexanes). White solid (0.040 g, 70% isolated yield). Isolated as 2.6 : 1 mixture of 
diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.91 – 7.86 (m, 2H), 7.85 – 7.80 
(m, 2H), 7.36 – 7.31 (m, 2H), 7.21 (dd, J = 8.2, 3.4 Hz, 2H), 4.79 – 4.69 (m, 1H), 4.36 – 4.25 (m, 2H), 4.25 
– 4.09 (m, 3H), 3.12 (dt, J = 13.9, 7.2 Hz, 1H), 2.96 (dt, J = 14.5, 7.4 Hz, 1H), 2.12 – 1.99 (m, 1H), 1.25 (td, 
J = 7.1, 3.9 Hz, 3H), 0.93 – 0.80 (m, 6H), 0.25 – 0.21 (m, 9H). 13C NMR (major diastereomer) (126 MHz, 
CD3OD) δ 172.80, 172.58, 169.05, 168.81, 138.78, 135.35, 133.31, 132.78, 130.35, 124.17, 122.81, 
106.09, 94.04, 62.05, 59.37, 55.64, 40.79, 38.89, 31.78, 19.24, 18.37, 14.37, -0.17. HRMS-ESI (positive) 
M = C31H37N3O6Si: calculated (M+Na)+ m/z 598.2367; found (M+Na)+ m/z 598.2359. 
 

Phth-Gly-D-Phe(4-OPO(OEt)2)-L-Val-OEt (Compound 4v). Prepared 
according to General Procedure H from Compound 3a (0.1 mmol), 
Compound 11 (0.25 mmol), and Compound 1a (0.3 mmol) in DMF (0.6 M, 
170 uL). Crude diastereoselectivity measured to be 3.1 : 1 (D : L). Purified 
once by flash chromatography (0.5% --> 2% MeOH/DCM), then purified 
twice by second round of flash chromatography (40% --> 70% 

EtOAc/hexanes). White solid (0.044 g, 69% isolated yield). Isolated as 3.2 : 1 mixture of diastereomers (D 
: L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.92 – 7.85 (m, 2H), 7.85 – 7.78 (m, 2H), 7.31 – 
7.24 (m, 2H), 7.13 (ddt, J = 8.7, 2.9, 1.9 Hz, 2H), 4.73 (ddd, J = 11.6, 8.1, 6.5 Hz, 1H), 4.38 – 4.12 (m, 9H), 
3.12 (ddd, J = 17.1, 13.8, 6.4 Hz, 1H), 2.93 (dt, J = 14.0, 9.1 Hz, 1H), 2.09 (ddq, J = 38.9, 13.5, 6.8 Hz, 1H), 
1.34 (tt, J = 7.1, 1.3 Hz, 6H), 1.25 (td, J = 7.1, 1.8 Hz, 3H), 0.95 – 0.79 (m, 6H). 13C NMR (major 
diastereomer) (126 MHz, CD3OD) δ 173.26, 172.92, 169.36, 169.11, 151.07, 135.68, 133.65, 124.50, 
121.23, 121.13, 66.42, 62.38, 59.69, 56.14, 41.11, 38.59, 32.03, 19.59, 18.76, 16.59, 14.72. 31P NMR (both 
diastereomers) (202 MHz, DMSO-d6) -6.65, -6.70. HRMS-ESI (positive) M = C30H38N3O10P: calculated 
(M+Na)+ m/z 654.2233; found (M+Na)+ m/z 654.2235. 
 

Phth-Gly-D-2-Bta-L-Val-OEt (Compound 4w). Prepared according to 
General Procedure H from Compound 3a (0.033 mmol), benzo[b]thien-2-
ylboronic acid (0.083 mmol), and Compound 1a (0.1 mmol) in DMF (0.6 M, 
60 uL). Crude diastereoselectivity measured to be 2.7 : 1 (D : L). Purified 
once by flash chromatography (0.5% --> 1% MeOH/DCM), then purified 
twice by second round of flash chromatography (30% --> 40% 

EtOAc/hexanes). White solid (0.012 g, 66% isolated yield). Isolated as 2.3 : 1 mixture of diastereomers (D 
: L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.90 – 7.84 (m, 2H), 7.81 (dt, J = 5.9, 2.9 Hz, 2H), 
7.75 (d, J = 7.9 Hz, 1H), 7.72 – 7.67 (m, 1H), 7.27 (dtd, J = 21.1, 7.2, 1.3 Hz, 2H), 7.16 (d, J = 2.4 Hz, 1H), 
4.87 – 4.84 (m, 1H), 4.43 – 4.34 (m, 2H), 4.26 (dd, J = 40.7, 6.1 Hz, 1H), 4.19 – 3.97 (m, 2H), 3.49 – 3.40 
(m, 1H), 3.28 – 3.24 (m, 1H), 2.20 – 1.96 (m, 1H), 1.25 – 1.15 (m, 3H), 0.94 – 0.77 (m, 6H). 13C NMR (major 
diastereomer) (126 MHz, CD3OD) δ 173.10, 172.85, 169.56, 141.80, 141.54, 141.19, 135.86, 133.82, 
125.59, 125.34, 124.83, 124.69, 124.52, 123.32, 62.58, 59.96, 56.05, 41.43, 34.35, 32.23, 19.78, 18.84, 
14.85. 
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ethyl (4-(pyren-1-yl)butanoyl)-D-tyrosyl-L-valinate (Compound 
5a). Prepared according to General Procedure H from Compound 
3b (0.1 mmol), para-hydroxyphenyl boronic acid (0.25 mmol), and 
Compound 1a (0.3 mmol) in DMF (0.6 M, 170 uL). Crude 
diastereoselectivity measured to be 2.9 : 1 (D : L). Purified once by 
flash chromatography (0.5% --> 1% MeOH/DCM). White solid (0.050 

g, 85% isolated yield). Isolated as 3.0 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) 
(500 MHz, CD3OD) δ 8.28 (dd, J = 9.3, 5.3 Hz, 1H), 8.20 – 8.15 (m, 2H), 8.15 – 8.09 (m, 2H), 8.06 – 7.96 
(m, 3H), 7.82 (t, J = 8.2 Hz, 1H), 7.11 – 7.04 (m, 2H), 6.70 – 6.64 (m, 2H), 4.72 (ddd, J = 25.0, 8.8, 6.4 Hz, 
1H), 4.25 (dd, J = 41.7, 6.2 Hz, 1H), 4.16 – 4.00 (m, 2H), 3.29 – 3.20 (m, 2H), 3.01 (ddd, J = 17.9, 13.7, 6.5 
Hz, 1H), 2.79 (td, J = 14.1, 8.9 Hz, 1H), 2.35 (tt, J = 7.3, 3.9 Hz, 2H), 2.15 – 1.98 (m, 3H), 1.19 (dt, J = 38.9, 
7.1 Hz, 3H), 0.96 – 0.78 (m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 175.65, 173.90, 
172.76, 157.37, 137.43, 132.84, 132.36, 131.34, 129.91, 128.97, 128.55, 128.35, 127.65, 126.96, 126.23, 
126.14, 125.94, 125.89, 124.54, 116.24, 62.11, 59.33, 56.05, 38.41, 38.08, 36.52, 33.69, 32.04, 29.02, 
19.46, 19.38, 18.47, 14.45. HRMS-ESI (positive) M = C36H38N2O5: calculated (M+Na)+ m/z 601.2678; found 
(M+Na)+ m/z 601.2657. 
 

ethyl (2-(7-hydroxy-2-oxo-2H-chromen-4-yl)acetyl)-D-tyrosyl-L-
valinate (Compound 5b). Prepared according to General Procedure H 
from Compound 3c (0.1 mmol), para-hydroxyphenyl boronic acid (0.25 
mmol), and Compound 1a (0.3 mmol) in DMF (0.6 M, 170 uL). Crude 
diastereoselectivity measured to be 3.2 : 1 (D : L). Purified once by flash 
chromatography (1% --> 2% MeOH/DCM). White solid (0.021 g, 42% 

isolated yield). Isolated as 3.0 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, 
CD3OD) δ 7.40 (dd, J = 15.9, 8.8 Hz, 1H), 7.05 (d, J = 8.2 Hz, 2H), 6.76 – 6.73 (m, 1H), 6.71 – 6.66 (m, 
3H), 6.12 (d, J = 6.1 Hz, 1H), 4.70 (ddd, J = 22.6, 9.0, 6.1 Hz, 1H), 4.24 (dd, J = 44.7, 6.2 Hz, 1H), 4.14 (dt, 
J = 14.2, 6.8 Hz, 2H), 3.79 – 3.59 (m, 2H), 3.03 (td, J = 14.4, 13.9, 6.1 Hz, 1H), 2.81 (td, J = 14.8, 14.4, 9.2 
Hz, 1H), 2.06 (ddt, J = 33.3, 13.5, 6.7 Hz, 1H), 1.26 – 1.19 (m, 3H), 0.91 – 0.81 (m, 6H). 13C NMR (major 
diastereomer) (126 MHz, CD3OD) δ 173.41, 163.33, 162.97, 157.23, 156.58, 131.12, 128.57, 127.46, 
116.10, 114.35, 112.98, 103.41, 62.00, 59.29, 59.12, 55.99, 38.29, 31.83, 31.53, 30.50, 19.22, 18.34, 
18.28, 14.31. HRMS-ESI (positive) M = C27H30N2O8: calculated (M+Na)+ m/z 533.1900; found (M+Na)+ 
m/z 533.1918. 
 

Phth-L-Ala-Beta-Ala-D-Phe(4-Br)-L-Val-OEt  (Compound 5c). 
Prepared according to General Procedure H from Compound 3d 
(0.033 mmol), para-bromophenyl boronic acid (0.083 mmol), and 
Compound 1a (0.1 mmol) in DMF (0.2 M, 170 uL). Crude 
diastereoselectivity measured to be 3.0 : 1 (D : L). Purified once by 
flash chromatography (1% --> 2% MeOH/DCM), then purified twice 

by second round of flash chromatography (1% --> 1.5% MeOH/DCM). White solid (0.010 g, 48% isolated 
yield). Isolated as >20.0 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, 
CD3OD) δ 7.90 – 7.77 (m, 4H), 7.46 – 7.39 (m, 2H), 7.21 – 7.13 (m, 2H), 4.87 (s, 1H), 4.68 (t, J = 7.7 Hz, 
1H), 4.20 – 4.08 (m, 3H), 3.50 – 3.40 (m, 1H), 3.40 – 3.33 (m, 1H), 3.02 (dd, J = 13.7, 7.3 Hz, 1H), 2.89 
(dd, J = 13.7, 8.0 Hz, 1H), 2.45 – 2.32 (m, 2H), 2.04 – 1.94 (m, 1H), 1.61 (d, J = 7.3 Hz, 3H), 1.24 (t, J = 
7.1 Hz, 3H), 0.78 (d, J = 6.8 Hz, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 173.69, 173.27, 
172.82, 171.95, 169.15, 137.71, 135.47, 133.47, 132.57, 132.40, 124.26, 63.24, 59.35, 55.66, 39.56, 38.48, 
37.37, 36.35, 31.62, 19.32, 18.49, 15.35, 14.52. HRMS-ESI (positive) M = C30H35N4O7Br: calculated 
(M+Na)+ m/z 665.1587; found (M+Na)+ m/z 665.1587. 
 

Phth - L - Leu - L - Beta - HomoAla - D - Phe(4-Br) - L - Val - OEt 
(Compound 5d). Prepared according to General Procedure H from 
Compound 3e (0.033 mmol), para-bromophenyl boronic acid 
(0.083 mmol), and Compound 1a (0.1 mmol) in DMF (0.2 M, 170 
uL). Crude diastereoselectivity measured to be 2.9 : 1 (D : L). 
Purified once by flash chromatography (1% --> 2% MeOH/DCM), 
then purified twice by second round of flash chromatography (1% -
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-> 1.5% MeOH/DCM). White solid (0.011 g, 46% isolated yield). Isolated as 12.0 : 1 mixture of 
diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.90 – 7.81 (m, 4H), 7.45 – 7.41 
(m, 2H), 7.23 – 7.17 (m, 2H), 4.71 (t, J = 7.8 Hz, 1H), 4.23 – 4.11 (m, 4H), 4.03 (d, J = 6.3 Hz, 1H), 3.03 
(dd, J = 13.7, 7.4 Hz, 1H), 2.89 (dd, J = 13.7, 8.3 Hz, 1H), 2.38 – 2.28 (m, 3H), 2.05 – 1.82 (m, 2H), 1.42 
(td, J = 6.8, 3.7 Hz, 1H), 1.24 (d, J = 7.1 Hz, 3H), 1.01 (d, J = 6.7 Hz, 3H), 0.95 – 0.91 (m, 6H), 0.78 (dd, J 
= 6.9, 4.9 Hz, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 173.50, 173.20, 172.79, 170.83, 
169.76, 137.81, 135.78, 133.45, 132.75, 132.59, 124.51, 62.29, 59.59, 55.72, 53.55, 45.06, 43.02, 38.71, 
38.58, 31.71, 30.93, 26.63, 23.88, 21.55, 19.97, 19.49, 18.71, 14.70. HRMS-ESI (positive) M = 
C34H43N4O7Br: calculated (M+Na)+ m/z 721.2213; found (M+Na)+ m/z 721.2195. 
 

Phth - L - Ala - L - Phe - Beta - Ala - D - Phe(4-Br) - L - Val 
- OEt (Compound 5e). Prepared according to General 
Procedure H from Compound 3g (0.033 mmol), para-
bromophenyl boronic acid (0.083 mmol), and Compound 1a 
(0.1 mmol) in DMF (0.1 M, 330 uL). Crude diastereoselectivity 
measured to be 3.1 : 1 (D : L). Purified once by flash 
chromatography (1% --> 2% MeOH/DCM), then purified twice 

by second round of flash chromatography (1% --> 2% MeOH/DCM). White solid (0.013 g, 51% isolated 
yield). Isolated as 2.2 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) 
δ 7.89 – 7.80 (m, 4H), 7.44 – 7.38 (m, 2H), 7.20 – 7.12 (m, 7H), 4.89 – 4.86 (m, 1H), 4.71 – 4.50 (m, 2H), 
4.30 – 4.07 (m, 3H), 3.36 (d, J = 6.9 Hz, 2H), 3.13 – 3.01 (m, 2H), 2.95 – 2.83 (m, 2H), 2.37 – 2.21 (m, 2H), 
2.11 – 2.02 (m, 1H), 1.59 (dd, J = 18.6, 7.3 Hz, 3H), 1.23 (t, J = 7.1 Hz, 3H), 0.93 – 0.80 (m, 6H). 13C NMR 
(major diastereomer) (126 MHz, CD3OD) δ 173.94, 173.67, 173.44, 173.33, 172.14, 169.36, 138.04, 
135.86, 132.62, 130.54, 129.86, 129.79, 128.10, 124.72, 121.94, 62.57, 59.67, 57.04, 55.92, 38.69, 37.38, 
36.75, 36.63, 32.31, 32.07, 31.01, 19.69, 18.85, 15.54, 14.85. HRMS-ESI (positive) M = C39H44N5O8Br: 
calculated (M+Na)+ m/z 812.2271; found (M+Na)+ m/z 812.2271. 
 

Ac - L - Ser(tBu) - L - Ile - Beta - Ala - D - Phe(4-Br) - L - Val - 
OEt (Compound 5f). Prepared according to General Procedure 
H from Compound 3h (0.033 mmol), para-bromophenyl boronic 
acid (0.083 mmol), and Compound 1a (0.1 mmol) in DMF (0.1 
M, 330 uL). Crude diastereoselectivity measured to be 2.8 : 1 (D 
: L). Purified once by flash chromatography (1% --> 2% 
MeOH/DCM), then purified twice by second round of flash 

chromatography (1% --> 2% MeOH/DCM). White solid (0.014 g, 56% isolated yield). Isolated as 3.9 : 1 
mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.47 – 7.41 (m, 2H), 
7.21 (t, J = 8.3 Hz, 2H), 4.78 – 4.64 (m, 1H), 4.51 – 4.41 (m, 1H), 4.24 – 4.16 (m, 4H), 3.69 (ddd, J = 9.2, 
4.8, 2.2 Hz, 1H), 3.63 – 3.54 (m, 1H), 3.09 (ddd, J = 20.6, 13.8, 6.6 Hz, 1H), 2.91 (ddd, J = 14.0, 11.0, 8.6 
Hz, 1H), 2.50 – 2.33 (m, 2H), 2.20 – 1.96 (m, 5H), 1.57 (ddt, J = 13.8, 7.5, 3.7 Hz, 1H), 1.27 (dd, J = 7.2, 
1.3 Hz, 3H), 1.21 (d, J = 1.0 Hz, 11H), 0.97 (dd, J = 6.9, 4.5 Hz, 3H), 0.92 – 0.89 (m, 6H), 0.83 – 0.81 (m, 
3H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 174.03, 173.56, 173.00, 172.71, 172.53, 168.03, 
137.88, 132.72, 132.66, 132.58, 132.48, 75.07, 62.39, 59.47, 55.74, 38.71, 38.38, 37.04, 36.52, 32.16, 
31.93, 30.92, 27.84, 26.07, 22.67, 19.51, 18.78, 16.07, 14.71, 11.64. HRMS-ESI (positive) M = 
C34H54N5O8Br: calculated (M+Na)+ m/z 762.3054; found (M+Na)+ m/z 762.3037. 
 

Boc - L - Leu - L - Asn(Trt) - L - Lys(Boc) - Beta - Ala - 
D - Phe(4-Br) - L - Val - OEt (Compound 5g). Prepared 
according to General Procedure H from Compound 3i 
(0.01 mmol), para-bromophenyl boronic acid (0.025 
mmol), and Compound 1a (0.03 mmol) in DMF (0.067 M, 
150 uL). Crude diastereoselectivity measured to be 2.9 : 
1 (D : L). Purified once by flash chromatography (3% --> 
10% MeOH/DCM), then purified twice by 7 runs of semi-

prep HPLC (55% --> 70% MeCN/H2O w/ 0.1% TFA). White solid (0.006 g, 52% isolated yield). Isolated as 
3.4 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.43 – 7.37 
(m, 2H), 7.28 – 7.13 (m, 17H), 4.83 – 4.04 (m, 7H), 3.27 – 2.66 (m, 8H), 2.15 – 2.05 (m, 1H), 1.97 – 1.68 
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(m, 4H), 1.63 – 1.39 (m, 25H), 1.27 – 1.18 (m, 3H), 0.97 – 0.69 (m, 12H). 13C NMR (major diastereomer) 
(126 MHz, CD3OD) δ 175.56, 174.03, 173.64, 173.31, 172.91, 172.62, 162.53, 162.22, 158.51, 145.86, 
137.43, 132.78, 130.21, 129.03, 128.94, 128.15, 128.03, 121.81, 80.01, 71.89, 62.30, 59.82, 55.87, 54.89, 
51.67, 42.49, 41.41, 38.69, 37.79, 35.82, 31.74, 30.56, 29.02, 28.95, 26.13, 24.59, 23.69, 22.25, 22.04, 
19.46, 18.81, 14.74. HRMS-ESI (positive) M = C64H87N8O12Br: calculated (M+Na)+ m/z 1261.5525; found 
(M+Na)+ m/z 1261.5425.    
 

Ac - L - Thr(tBu) - L - Glu(OtBu) - L - Gln(Trt) - L - Beta - 
HomoVal - D - Phe(4-Br) - L - Val - OEt (Compound 5h). 
Prepared according to General Procedure H from 
Compound 3j (0.01 mmol), para-bromophenyl boronic acid 
(0.025 mmol), and Compound 1a (0.03 mmol) in DMF 
(0.067 M, 150 uL). Crude diastereoselectivity measured to 
be 2.9 : 1 (D : L). Purified once by flash chromatography 

(3% --> 6% MeOH/DCM), then purified twice by 6 runs of semi-prep HPLC (55% --> 70% MeCN/H2O w/ 
0.1% TFA). White solid (0.007 g, 54% isolated yield). Isolated as >20.0 : 1 mixture of diastereomers (D : 
L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.34 – 7.30 (m, 2H), 7.24 – 7.18 (m, 15H), 7.10 – 
7.05 (m, 2H), 4.65 (t, J = 7.7 Hz, 1H), 4.37 (q, J = 7.3 Hz, 1H), 4.27 – 4.22 (m, 2H), 4.16 – 4.10 (m, 4H), 
3.97 (t, J = 7.0 Hz, 1H), 2.95 (dd, J = 13.5, 7.7 Hz, 1H), 2.84 (dd, J = 13.5, 7.8 Hz, 1H), 2.45 – 2.24 (m, 7H), 
2.05 (dt, J = 14.5, 7.0 Hz, 2H), 1.97 (s, 3H), 1.93 – 1.85 (m, 2H), 1.64 (h, J = 6.8 Hz, 1H), 1.41 (s, 9H), 1.23 
(t, J = 7.1 Hz, 3H), 1.18 (s, 9H), 1.13 (d, J = 6.3 Hz, 3H), 0.84 (t, J = 6.4 Hz, 6H), 0.74 (dd, J = 6.9, 4.4 Hz, 
6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) 173.21, 172.66, 172.48, 171.82, 171.43, 171.39, 
170.63, 161.23, 160.14, 144.63, 136.76, 131.12, 128.67, 127.32, 126.39, 119.98, 118.41, 80.42, 74.31, 
70.03, 66.84, 61.23, 58.82, 57.89, 57.67, 54.03, 53.06, 52.02, 38.34, 37.13, 32.52, 31.53, 31.20, 30.59, 
27.70, 27.46, 26.98, 26.50, 21.21, 18.77, 18.40, 17.91, 17.61, 13.16. HRMS-ESI (positive) M = 
C65H88N7O12Br: calculated (M+Na)+ m/z 1260.5645; found (M+Na)+ m/z 1260.5638. 
 

Cbz - L - Ala - L - Asp(OtBu) - L - Pro - L - Trp(Boc) - L - Beta 
- Phe - D - Phe(4-Br) - L - Val - OEt (Compound 5i). Prepared 
according to General Procedure H from Compound 3k (0.01 
mmol), para-bromophenyl boronic acid (0.025 mmol), and 
Compound 1a (0.03 mmol) in DMF (0.067 M, 150 uL). Crude 
diastereoselectivity measured to be 2.9 : 1 (D : L). Purified 
once by flash chromatography (3% --> 6% MeOH/DCM), then 
purified twice by 5 runs of semi-prep HPLC (55% --> 70% 
MeCN/H2O w/ 0.1% TFA). White solid (0.007 g, 58% isolated 
yield). Isolated as >20.0 : 1 mixture of diastereomers (D : L). 

1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.83 – 7.76 (m, 1H), 7.66 (t, J = 9.2 Hz, 2H), 7.51 (s, 
1H), 7.42 – 7.23 (m, 15H), 5.44 – 5.36 (m, 1H), 5.08 (s, 2H), 4.96 (s, 1H), 4.72 – 4.62 (m, 1H), 4.36 (s, 1H), 
4.30 – 4.26 (m, 1H), 4.19 – 4.10 (m, 3H), 3.86 (d, J = 9.2 Hz, 1H), 3.67 (d, J = 19.6 Hz, 1H), 3.08 – 2.98 
(m, 1H), 2.90 (dd, J = 16.2, 9.5 Hz, 1H), 2.79 – 2.72 (m, 1H), 2.68 – 2.50 (m, 2H), 2.42 (t, J = 6.9 Hz, 2H), 
2.11 (dt, J = 13.4, 6.7 Hz, 1H), 2.04 (s, 1H), 1.80 (s, 1H), 1.67 (s, 12H), 1.44 – 1.42 (m, 1H), 1.34 (s, 9H), 
1.30 (d, J = 4.3 Hz, 3H), 1.25 (t, J = 7.1 Hz, 3H), 0.94 (d, J = 6.8 Hz, 6H). 13C NMR (major diastereomer) 
(126 MHz, CD3OD) δ 174.24, 173.85, 173.45, 172.85, 171.42, 171.38, 162.17, 155.86, 155.26, 151.91, 
141.66, 138.51, 130.02, 129.68, 129.22, 128.97, 128.86, 128.03, 125.91, 125.08, 124.02, 120.19, 118.67, 
116.42, 85.18, 83.65, 76.83, 73.16, 67.85, 62.80, 62.33, 59.49, 44.07, 40.70, 38.25, 37.31, 36.36, 31.87, 
30.57, 28.62, 28.49, 27.50, 25.52, 25.48, 24.63, 19.64, 18.73, 18.29, 14.72. HRMS-ESI (positive) M = 
C65H81N8O14Br: calculated (M+Na)+ m/z 1299.5050; found (M+Na)+ m/z 1299.5052. 
 

Phth - Gly - D - Phe(4-Br) - Gly - L - Val - OEt (Compound 6a). 
Prepared according to General Procedure H from Compound 3a 
(0.033 mmol), para-bromophenyl boronic acid (0.083 mmol), and 
Compound 1f (0.1 mmol) in DMF (0.2 M, 170 uL). Crude 
diastereoselectivity measured to be 1 : 1 (D : L). Purified once by 
flash chromatography (1% --> 2% MeOH/DCM), then purified twice 

by second round of flash chromatography (1% --> 1.5% MeOH/DCM). White solid (0.013 g, 64% isolated 
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yield). Isolated as 1.2 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) 
δ 7.92 – 7.77 (m, 4H), 7.46 – 7.40 (m, 2H), 7.20 – 7.13 (m, 2H), 4.51 (ddd, J = 23.3, 8.4, 6.2 Hz, 1H), 4.39 
(dd, J = 16.6, 3.1 Hz, 1H), 4.30 (dd, J = 16.6, 1.3 Hz, 1H), 4.22 (d, J = 6.3 Hz, 1H), 4.16 – 4.08 (m, 2H), 
4.00 – 3.93 (m, 1H), 3.85 – 3.67 (m, 1H), 3.18 – 3.12 (m, 1H), 2.96 (ddd, J = 13.9, 8.3, 3.5 Hz, 1H), 2.16 – 
2.02 (m, 1H), 1.25 – 1.19 (m, 3H), 0.93 – 0.82 (m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) 
δ 173.71, 173.00, 171.52, 169.22, 168.12, 135.53, 133.47, 132.60, 132.35, 124.37, 62.14, 59.49, 56.64, 
56.48, 43.32, 40.96, 37.70, 31.65, 19.42, 18.61, 14.51. HRMS-ESI (positive) M = C28H31N4O7Br: calculated 
(M+Na)+ m/z 637.1274; found (M+Na)+ m/z 637.1278. 
 

Phth - Gly - D - Phe(4-Br) - L - Ala - L - Val - OEt (Compound 6b). 
Prepared according to General Procedure H from Compound 3a 
(0.033 mmol), para-bromophenyl boronic acid (0.083 mmol), and 
Compound 1g (0.1 mmol) in DMF (0.2 M, 170 uL). Crude 
diastereoselectivity measured to be 2.0 : 1 (D : L). Purified once by 
flash chromatography (1% --> 2% MeOH/DCM), then purified twice 

by second round of flash chromatography (1% --> 1.5% MeOH/DCM). White solid (0.012 g, 59% isolated 
yield). Isolated as 3.1 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) 
δ 7.95 – 7.78 (m, 4H), 7.49 – 7.39 (m, 2H), 7.18 (dq, J = 9.1, 2.7, 2.3 Hz, 2H), 4.70 – 4.48 (m, 1H), 4.47 – 
4.39 (m, 1H), 4.36 – 4.30 (m, 2H), 4.21 – 4.10 (m, 3H), 3.18 – 3.05 (m, 1H), 2.96 (ddd, J = 34.4, 13.8, 8.1 
Hz, 1H), 2.15 – 2.02 (m, 1H), 1.39 (d, J = 7.1 Hz, 1H), 1.30 – 1.26 (m, 3H), 1.21 (d, J = 7.2 Hz, 2H), 0.95 – 
0.82 (m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 175.30, 173.13, 172.98, 169.53, 169.41, 
135.87, 133.83, 132.92, 132.74, 124.69, 122.04, 62.43, 60.00, 59.63, 56.00, 41.26, 38.28, 32.14, 19.79, 
18.32, 17.87, 14.86. HRMS-ESI (positive) M = C29H33N4O7Br: calculated (M+Na)+ m/z 651.1430; found 
(M+Na)+ m/z 651.1415. 
 

Phth - Gly - D - Phe(4-Br) - L - Leu - L - Val - OEt (Compound 6c). 
Prepared according to General Procedure H from Compound 3a 
(0.033 mmol), para-bromophenyl boronic acid (0.083 mmol), and 
Compound 1h (0.1 mmol) in DMF (0.2 M, 170 uL). Crude 
diastereoselectivity measured to be 4.1 : 1 (D : L). Purified once by 
flash chromatography (1% --> 2% MeOH/DCM), then purified twice 
by second round of flash chromatography (1% --> 2% MeOH/DCM). 

White solid (0.012 g, 55% isolated yield). Isolated as 4.8 : 1 mixture of diastereomers (D : L). 1H NMR (both 
diastereomers) (500 MHz, CD3OD) δ 7.96 – 7.81 (m, 4H), 7.48 – 7.40 (m, 2H), 7.22 – 7.15 (m, 2H), 4.69 – 
4.46 (m, 2H), 4.36 – 4.24 (m, 2H), 4.19 – 4.00 (m, 3H), 3.17 – 2.90 (m, 2H), 2.18 – 1.95 (m, 1H), 1.50 (ddd, 
J = 14.0, 9.9, 4.2 Hz, 1H), 1.39 – 1.31 (m, 2H), 1.27 (t, J = 7.1 Hz, 3H), 0.93 – 0.72 (m, 12H). 13C NMR 
(major diastereomer) (126 MHz, CD3OD) δ 175.10, 173.15, 172.89, 169.31, 169.20, 137.17, 135.69, 
133.67, 132.71, 124.52, 121.98, 62.19, 59.50, 57.24, 55.86, 41.41, 38.02, 31.91, 25.93, 23.80, 21.78, 
19.65, 18.78, 14.69. HRMS-ESI (positive) M = C32H39N4O7Br: calculated (M+Na)+ m/z 693.1900; found 
(M+Na)+ m/z 693.1899. 
 

Phth-Gly-D-Phe(4-Br)-L-Thr-OEt (Compound 6d). Prepared according 
to General Procedure H from Compound 3a (0.033 mmol), para-
bromophenyl boronic acid (0.083 mmol), and Compound 1b (0.1 mmol) in 
DMF (0.2 M, 170 uL). Crude diastereoselectivity measured to be 2.7 : 1 (D 
: L). Purified once by flash chromatography (1% --> 2% MeOH/DCM), then 
purified twice by second round of flash chromatography (1% --> 1.5% 

MeOH/DCM). White solid (0.011 g, 62% isolated yield). Isolated as >20.0 : 1 mixture of diastereomers (D : 
L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.94 – 7.81 (m, 4H), 7.48 – 7.40 (m, 2H), 7.26 – 
7.14 (m, 2H), 4.81 – 4.76 (m, 1H), 4.43 – 4.37 (m, 2H), 4.33 (d, J = 16.6 Hz, 1H), 4.26 – 4.17 (m, 3H), 3.21 
– 2.90 (m, 2H), 1.29 (t, J = 7.2 Hz, 3H), 1.04 (d, J = 6.4 Hz, 3H). 13C NMR (major diastereomer) (126 MHz, 
CD3OD) δ 173.22, 171.77, 169.20, 168.61, 137.41, 135.52, 133.46, 132.60, 132.40, 124.35, 121.78, 68.19, 
62.53, 59.49, 55.91, 40.95, 38.39, 20.20, 14.45. HRMS-ESI (positive) M = C25H26N3O7Br: calculated 
(M+Na)+ m/z 582.0852; found (M+Na)+ m/z 582.0883. 
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Phth-Gly-D-Tyr-L-Tle-OEt (Compound 6e). Prepared according to 
General Procedure H from Compound 3a (0.1 mmol), para-hydroxyphenyl 
boronic acid (0.25 mmol), and Compound 1c (0.3 mmol) in DMF (0.6 M, 
170 uL). Crude diastereoselectivity measured to be 3.2 : 1 (D : L). Purified 
once by flash chromatography (0.5% --> 1.5% MeOH/DCM), then purified 
twice by second round of flash chromatography (30% --> 70% 

EtOAc/hexanes). White solid (0.037 g, 73% isolated yield). Isolated as 3.6 : 1 mixture of diastereomers (D 
: L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.93 – 7.76 (m, 4H), 7.09 – 7.00 (m, 2H), 6.73 – 
6.61 (m, 2H), 4.68 (dt, J = 26.5, 7.5 Hz, 1H), 4.40 – 4.27 (m, 2H), 4.23 – 4.06 (m, 3H), 2.99 (ddd, J = 13.0, 
7.2, 5.7 Hz, 1H), 2.86 (dt, J = 13.7, 8.3 Hz, 1H), 1.24 (td, J = 7.2, 4.6 Hz, 3H), 0.91 (d, J = 41.8 Hz, 9H). 13C 
NMR (major diastereomer) (126 MHz, CD3OD) δ 173.17, 172.16, 169.19, 168.99, 157.39, 135.50, 133.48, 
131.36, 128.64, 124.32, 116.32, 62.39, 62.03, 56.40, 40.92, 38.28, 35.42, 27.04, 14.53. 
	

Phth-Gly-D-Tyr-L-Val-CN (racemate) (Compound 6f). Prepared according to 
General Procedure H from Compound 3a (0.1 mmol), para-hydroxyphenyl 
boronic acid (0.25 mmol), and Compound 1d (0.3 mmol) in DMF (0.6 M, 170 
uL). Crude diastereoselectivity measured to be 1.5 : 1 (D : L). Purified once by 
flash chromatography (0.5% --> 1.5% MeOH/DCM), then purified twice by 
second round of flash chromatography (30% --> 70% EtOAc/hexanes). White 

solid (0.036 g, 80% isolated yield). Isolated as 1.3 : 1 mixture of diastereomers (D : L). 1H NMR (both 
diastereomers) (500 MHz, CD3OD) δ 7.85 (ddq, J = 30.8, 5.7, 2.9 Hz, 4H), 7.10 – 6.98 (m, 2H), 6.77 – 6.63 
(m, 2H), 4.62 – 4.47 (m, 2H), 4.46 – 4.30 (m, 2H), 3.07 – 2.83 (m, 2H), 2.04 – 1.81 (m, 1H), 1.04 – 0.85 (m, 
6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 172.71, 168.94, 168.65, 157.21, 135.18, 131.05, 
128.02, 124.01, 118.24, 116.04, 56.18, 47.64, 40.57, 38.07, 32.11, 18.61, 18.26. 
	

Phth-Gly-D-Tyr-L-Pro-OEt (Compound 6g). Prepared according to General 
Procedure H from Compound 3a (0.1 mmol), para-hydroxyphenyl boronic 
acid (0.25 mmol), and Compound 1e (0.3 mmol) in DMF (0.6 M, 170 uL). 
Crude diastereoselectivity measured to be 7.1 : 1 (D : L), crude mixture of 
tertiary amide rotamers of each diastereomer measured to be 3.9 : 1 (4 
species in total). Purified once by flash chromatography (0.5% --> 1.5% 
MeOH/DCM), then purified twice by second round of flash chromatography 

(30% --> 70% EtOAc/hexanes). White solid (0.021 g, 43% isolated yield). Isolated as 5.7 : 1 mixture of 
diastereomers (D : L), each diastereomer as 3.9 : 1 mixture of tertiary amide rotamers. 1H NMR (both 
diastereomers, both rotamers of each diastereomer) (500 MHz, CD3OD) δ 7.93 – 7.78 (m, 4H), 7.14 – 6.96 
(m, 2H), 6.77 – 6.63 (m, 2H), 4.85 (d, J = 6.6 Hz, 1H), 4.44 – 4.05 (m, 5H), 3.70 – 3.50 (m, 1H), 3.07 – 1.53 
(m, 7H), 1.27 – 1.14 (m, 3H). 13C NMR (major diastereomer, major rotamer) (126 MHz, CD3OD) δ 173.15, 
173.08, 168.89, 168.13, 157.33, 135.15, 131.26, 128.76, 123.97, 115.95, 77.89, 62.59, 60.66, 54.15, 47.89, 
40.47, 38.37, 31.58, 25.43, 14.13. 
 

Phth - Gly - D - Tyr - L - Val - L - Leu - L - Ala - OMe (Compound 
6h). Prepared according to General Procedure H from Compound 
3a (0.033 mmol), para-hydroxyphenyl boronic acid (0.083 mmol), 
and Compound 1j (0.1 mmol) in DMF (0.067 M, 500 uL). Crude 
diastereoselectivity measured to be 2.8 : 1 (D : L). Purified once 
by flash chromatography (1% --> 3% MeOH/DCM), then purified 

twice by 6 runs of semi-prep HPLC (30% --> 40% MeCN/H2O w/ 0.1% TFA). White solid (0.013 g, 58% 
isolated yield). Isolated as >20.0 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 
MHz, CD3OD) δ 7.90 – 7.79 (m, 4H), 7.10 – 7.00 (m, 2H), 6.75 – 6.67 (m, 2H), 4.52 – 4.30 (m, 4H), 4.17 
(ddd, J = 12.1, 8.5, 3.4 Hz, 1H), 3.87 – 3.78 (m, 1H), 3.71 (s, 3H), 3.10 – 2.80 (m, 2H), 2.21 – 2.04 (m, 1H), 
1.58 (d, J = 7.3 Hz, 3H), 1.42 – 1.35 (m, 1H), 1.24 (td, J = 13.3, 4.0 Hz, 1H), 1.05 – 0.89 (m, 2H), 0.75 (d, 
J = 7.0 Hz, 3H), 0.64 (d, J = 6.5 Hz, 3H), 0.59 (d, J = 7.1 Hz, 3H), 0.41 (d, J = 6.7 Hz, 3H). 13C NMR (major 
diastereomer) (126 MHz, CD3OD) δ 176.71, 175.33, 175.11, 174.27, 169.56, 158.21, 136.06, 133.96, 
131.90, 128.33, 125.11, 116.93, 61.98, 58.61, 53.05, 50.74, 50.64, 40.79, 37.91, 30.51, 26.15, 23.88, 

O

N
H

H
N

O
N
H

O
O

O
N

O

O

H
N

O

OH

N

O

O

H
N

O

OH

O

N
H

O

O

N

O

O

H
N

O

OH

O

N
H N

N

O

O

H
N

O

HO

O

N

O
O



134 
 

21.27, 19.86, 17.77, 17.59. HRMS-ESI (positive) M = C34H43N5O9: calculated (M+Na)+ m/z 688.2958; found 
(M+Na)+ m/z 688.2953. 
 

Phth - Gly - D - Tyr - L - Ile - L - Pro - L - Glu(OtBu) - L - 
Lys(Boc) - OMe (Compound 6i). Prepared according to 
General Procedure H from Compound 3a (0.033 mmol), para-
hydroxyphenyl boronic acid (0.083 mmol), and Compound 1k 
(0.1 mmol) in DMF (0.067 M, 500 uL). Crude 
diastereoselectivity measured to be 3.4 : 1 (D : L). Purified 
once by flash chromatography (1% --> 3% MeOH/DCM), then 
purified twice by 7 runs of semi-prep HPLC (30% --> 40% 
MeCN/H2O w/ 0.1% TFA). White solid (0.021 g, 64% isolated 

yield). Isolated as 4.5 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) 
δ 7.93 – 7.78 (m, 4H), 7.12 – 6.95 (m, 2H), 6.75 – 6.63 (m, 2H), 4.59 (t, J = 7.6 Hz, 1H), 4.45 – 4.24 (m, 
6H), 3.84 (q, J = 7.4, 6.0 Hz, 1H), 3.70 (s, 3H), 3.66 – 3.55 (m, 1H), 3.02 (t, J = 6.9 Hz, 2H), 2.91 (ddd, J = 
38.1, 13.5, 7.5 Hz, 2H), 2.39 (dt, J = 9.5, 6.8 Hz, 2H), 2.25 – 1.64 (m, 10H), 1.50 – 1.38 (m, 22H), 1.28 – 
1.13 (m, 1H), 0.94 – 0.74 (m, 7H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 174.10, 174.02, 
173.71, 173.67, 172.98, 172.33, 169.05, 168.61, 157.30, 135.37, 133.32, 131.21, 128.32, 124.17, 116.15, 
116.03, 81.58, 79.68, 61.66, 57.51, 56.42, 53.78, 53.63, 52.51, 40.94, 40.77, 38.23, 37.21, 32.47, 31.83, 
30.24, 28.64, 28.33, 28.20, 25.91, 25.78, 24.05, 23.95, 15.54, 10.99. HRMS-ESI (positive) M = 
C51H71N7O14: calculated (M+Na)+ m/z 1028.4957; found (M+Na)+ m/z 1028.4896. 
 

Phth - Gly - D - Tyr - L - Thr(tBu) - L - Val - L - 
Trp(Boc) - L - Tyr(tBu) - OMe (Compound 6j). 
Prepared according to General Procedure H from 
Compound 3a (0.033 mmol), para-hydroxyphenyl 
boronic acid (0.083 mmol), and Compound 1l (0.1 
mmol) in DMF (0.067 M, 500 uL). Crude 
diastereoselectivity measured to be 3.2 : 1 (D : L). 
Purified once by flash chromatography (1% --> 3% 
MeOH/DCM), then purified twice by 8 runs of semi-

prep HPLC (60% --> 80% MeCN/H2O w/ 0.1% TFA). White solid (0.023 g, 61% isolated yield). Isolated as 
2.8 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.87 – 7.75 
(m, 5H), 7.73 – 7.57 (m, 2H), 7.48 (d, J = 19.8 Hz, 1H), 7.31 – 7.18 (m, 2H), 7.13 – 6.98 (m, 4H), 6.93 – 
6.83 (m, 2H), 6.69 (dd, J = 8.5, 4.9 Hz, 2H), 4.75 – 4.66 (m, 1H), 4.65 – 4.58 (m, 1H), 4.54 – 4.41 (m, 1H), 
4.40 – 4.19 (m, 2H), 4.14 – 4.06 (m, 1H), 3.99 – 3.83 (m, 1H), 3.60 (d, J = 1.9 Hz, 3H), 3.22 – 3.02 (m, 3H), 
3.02 – 2.88 (m, 3H), 1.85 (tt, J = 14.0, 7.0 Hz, 1H), 1.64 (d, J = 12.2 Hz, 9H), 1.29 (d, J = 4.2 Hz, 9H), 1.10 
(d, J = 23.4 Hz, 9H), 0.88 – 0.56 (m, 9H). 13C NMR (major diastereomer) (126 MHz, CD3OD) δ 173.59, 
173.38, 173.22, 169.77, 169.54, 158.08, 155.97, 136.00, 133.90, 133.68, 132.29, 132.02, 131.45, 125.93, 
125.72, 124.86, 124.15, 120.77, 117.92, 116.93, 116.64, 85.21, 79.97, 76.09, 68.29, 62.04, 61.43, 58.11, 
55.85, 55.02, 53.16, 41.17, 38.39, 38.25, 31.64, 29.74, 29.19, 29.14, 28.98, 20.54, 20.46, 20.19. HRMS-
ESI (positive) M = C62H77N7O14: calculated (M+Na)+ m/z 1166.5426; found (M+Na)+ m/z 1166.5374.  

 
Phth - Gly - D - Tyr - L - Ser(tBu) - Gly - L - Asn(Trt) - L - 
Leu - OMe (Compound 6k). Prepared according to General 
Procedure H from Compound 3a (0.033 mmol), para-
hydroxyphenyl boronic acid (0.083 mmol), and Compound 
1m (0.1 mmol) in DMF (0.067 M, 500 uL). Crude 
diastereoselectivity measured to be 4.1 : 1 (D : L). Purified 
once by flash chromatography (1% --> 3% MeOH/DCM), 

then purified twice by 7 runs of semi-prep HPLC (45% --> 60% MeCN/H2O w/ 0.1% TFA). White solid (0.020 
g, 57% isolated yield). Isolated as >20.0 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) 
(500 MHz, CD3OD) δ 7.90 – 7.79 (m, 4H), 7.27 – 7.17 (m, 15H), 7.03 (d, J = 8.2 Hz, 2H), 6.66 (d, J = 8.1 
Hz, 2H), 4.75 (dd, J = 8.3, 5.2 Hz, 1H), 4.55 (dd, J = 8.1, 6.0 Hz, 1H), 4.41 (dd, J = 9.9, 5.1 Hz, 1H), 4.35 – 
4.25 (m, 2H), 4.21 (t, J = 5.4 Hz, 1H), 3.87 (d, J = 17.0 Hz, 1H), 3.74 (d, J = 16.9 Hz, 1H), 3.66 (d, J = 5.8 
Hz, 2H), 3.63 (d, J = 1.0 Hz, 3H), 3.10 – 2.99 (m, 1H), 2.94 – 2.82 (m, 2H), 2.78 (dd, J = 15.4, 8.4 Hz, 1H), 
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1.75 – 1.55 (m, 3H), 1.15 (d, J = 1.1 Hz, 9H), 0.90 (dd, J = 19.2, 6.7 Hz, 6H). 13C NMR (major diastereomer) 
(126 MHz, CD3OD) δ 174.56, 174.13, 173.53, 173.10, 171.72, 171.43, 169.48, 169.38, 157.51, 146.02, 
135.73, 133.60, 131.73, 130.25, 128.92, 128.85, 127.98, 124.55, 116.48, 75.03, 71.93, 62.13, 56.80, 56.64, 
52.90, 52.66, 51.85, 44.08, 41.40, 41.19, 39.72, 37.78, 27.90, 26.00, 23.51, 22.04. HRMS-ESI (positive) M 
= C58H65N7O12: calculated (M+Na)+ m/z 1074.4589; found (M+Na)+ m/z 1074.4526. 
 

Phth - Gly - D - Phe(4-Br) - L - Gln(Trt) - L - Phe - L 
- Ile - L - Thr(tBu) - L - Asp(OtBu) - OMe 
(Compound 6l). Prepared according to General 
Procedure H from Compound 3a (0.033 mmol), para-
bromophenyl boronic acid (0.083 mmol), and 
Compound 1n (0.1 mmol) in DMF (0.067 M, 500 uL). 
Crude diastereoselectivity measured to be 2.9 : 1 (D 

: L). Purified once by flash chromatography (3% --> 10%  MeOH/DCM), then purified twice by 7 runs of 
semi-prep HPLC (60% --> 80% MeCN/H2O w/ 0.1% TFA). White solid (0.018 g, 40% isolated yield). Isolated 
as 2.0 : 1 mixture of diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 8.23 – 8.07 
(m, 2H), 7.64 – 7.46 (m, 2H), 7.41 – 7.36 (m, 2H), 7.24 – 7.09 (m, 20H), 6.98 – 6.94 (m, 2H), 4.76 (dd, J = 
8.1, 5.2 Hz, 1H), 4.70 (ddd, J = 9.4, 7.7, 4.8 Hz, 1H), 4.63 – 4.46 (m, 1H), 4.43 – 4.37 (m, 1H), 4.31 – 4.23 
(m, 1H), 4.15 – 4.07 (m, 2H), 3.98 (dd, J = 50.0, 17.1 Hz, 1H), 3.84 (dd, J = 17.1, 11.8 Hz, 1H), 3.72 (d, J 
= 4.0 Hz, 3H), 3.29 – 3.06 (m, 3H), 2.95 (ddd, J = 13.9, 10.1, 7.7 Hz, 1H), 2.84 (ddd, J = 16.7, 5.5, 1.2 Hz, 
1H), 2.75 (ddd, J = 16.6, 6.6, 5.3 Hz, 1H), 2.27 – 1.96 (m, 2H), 1.94 – 1.47 (m, 4H), 1.43 (s, 9H), 1.25 (d, J 
= 3.9 Hz, 9H), 1.21 – 1.08 (m, 4H), 0.97 – 0.84 (m, 6H). 13C NMR (major diastereomer) (126 MHz, CD3OD) 
δ 174.07, 173.81, 173.62, 173.19, 172.99, 172.39, 171.94, 171.42, 171.24, 170.32, 145.85, 145.76, 139.73, 
138.23, 134.18, 132.68, 132.15, 130.96, 129.96, 129.45, 129.03, 128.86, 128.68, 127.94, 121.67, 82.63, 
76.22, 71.41, 68.30, 59.73, 59.02, 56.94, 56.05, 55.33, 50.28, 44.95, 38.55, 38.32, 37.65 36.50, 34.39, 
30.76, 29.16, 28.77, 28.73, 26.08, 18.77, 16.08, 11.55. HRMS-ESI (positive) M = C75H87N8O14Br: calculated 
(M+Na)+ m/z 1425.5422; found (M+Na)+ m/z 1425.5347. 
 

Ac - L - Thr(tBu) - L - Glu(OtBu) - L - Gln(Trt) - L - 
Beta - HomoVal - D - Phe(4 - vinyl) - L - Orn(Boc) - 
L - Ser(tBu) - L - Arg(Boc)2 - OMe (Compound 6m). 
Prepared according to General Procedure H from 
Compound 3j (0.01 mmol), 4-vinylphenyl boronic acid 
(0.025 mmol), and Compound 1o (0.03 mmol) in DMF 
(0.067 M, 150 uL). Crude diastereoselectivity 
measured to be 3.4 : 1 (D : L). Purified once by flash 

chromatography (3% --> 10% MeOH/DCM), then purified twice by 6 runs of semi-prep HPLC (60% --> 80% 
MeCN/H2O w/ 0.1% TFA). White solid (0.006 g, 32% isolated yield). Isolated as >20.0 : 1 mixture of 
diastereomers (D : L). 1H NMR (both diastereomers) (500 MHz, CD3OD) δ 7.32 (d, J = 8.0 Hz, 2H), 7.26 – 
7.22 (m, 15H), 7.15 (d, J = 7.9 Hz, 2H), 6.72 (dd, J = 17.6, 10.9 Hz, 1H), 5.86 – 5.63 (m, 1H), 5.30 – 5.10 
(m, 1H), 4.58 – 4.00 (m, 9H), 3.73 (s, 4H), 3.04 – 2.87 (m, 2H), 2.85 (d, J = 2.7 Hz, 2H), 2.54 – 2.43 (m, 
2H), 2.40 – 2.34 (m, 4H), 2.08 (dd, J = 13.7, 6.9 Hz, 2H), 1.97 (s, 3H), 1.94 (d, J = 4.5 Hz, 2H), 1.79 (dd, J 
= 12.9, 6.2 Hz, 3H), 1.67 (d, J = 7.0 Hz, 2H), 1.54 (s, 9H), 1.43 (d, J = 7.6 Hz, 21H), 1.30 (s, 9H), 1.21 (s, 
9H), 1.19 (d, J = 2.8 Hz, 12H), 1.03 (s, 1H), 0.92 – 0.86 (m, 9H). HRMS-ESI (positive) M = C94H139N13O21: 
calculated (M+Na)+ m/z 1809.0178; found (M+Na)+ m/z 1809.0199. 
 

N - ((R) - 3 - (((R) - 1 - (((S) - 4 - methyl - 1 - ((R) - 2 - methyloxiran - 
2 - yl) - 1 - oxopentan - 2 - yl)amino) - 1 - oxo - 3 - phenylpropan - 
2 - yl)amino) - 3 - oxo - 1 - phenylpropyl) - 2 - naphthamide 
(Compound 7a). Prepared according to General Procedure H from 
Compound 3f (0.033 mmol), phenyl boronic acid (0.083 mmol), and 
Compound 1i (0.1 mmol) in DMF (0.1 M, 330 uL). Crude 
diastereoselectivity measured to be 2.1 : 1 (D : L). Purified once by 

flash chromatography (20% --> 60%  EtOAc/hexanes), then purified twice by 7 runs of semi-prep HPLC 
(55% --> 70% MeCN/H2O w/ 0.1% TFA). White solid (0.011 g, 53% isolated yield). Isolated as single D-
diastereomer. 1H NMR (500 MHz, CDCl3) δ 8.49 (d, J = 8.1 Hz, 1H), 8.43 – 8.39 (m, 1H), 7.99 – 7.86 (m, 
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4H), 7.60 – 7.51 (m, 2H), 7.39 – 7.32 (m, 4H), 7.29 – 7.27 (m, 1H), 7.24 – 7.17 (m, 3H), 7.10 – 6.98 (m, 
2H), 6.36 (d, J = 7.8 Hz, 1H), 5.96 (d, J = 8.1 Hz, 1H), 5.64 (dt, J = 8.1, 5.1 Hz, 1H), 4.61 (td, J = 8.2, 5.7 
Hz, 1H), 4.40 (ddd, J = 10.9, 8.0, 3.1 Hz, 1H), 3.15 (d, J = 5.0 Hz, 1H), 2.93 (td, J = 14.4, 5.2 Hz, 2H), 2.81 
– 2.68 (m, 3H), 1.39 (s, 3H), 1.28 – 1.20 (m, 2H), 1.01 (ddd, J = 14.0, 10.5, 3.9 Hz, 1H), 0.81 (dd, J = 14.0, 
6.5 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 208.36, 171.06, 170.53, 166.95, 140.77, 136.25, 135.03, 132.84, 
131.48, 129.29, 129.26, 128.93, 128.87, 128.57, 127.99, 127.86, 127.82, 127.22, 126.82, 126.33, 123.91, 
59.17, 54.40, 52.49, 50.81, 50.64, 41.88, 39.93, 38.29, 24.95, 23.41, 21.20, 16.77. HRMS-ESI (positive) M 
= C38H41N3O5: calculated (M+Na)+ m/z 642.2944; found (M+Na)+ m/z 642.2932.    
	

N - ((R) - 3 - (((S) - 1 - (((S) - 4 - methyl - 1 - ((R) - 2 - methyloxiran - 
2 - yl) - 1 - oxopentan - 2 - yl)amino) - 1 - oxo - 3 - phenylpropan - 
2 - yl)amino) - 3 - oxo - 1 - phenylpropyl) - 2 - naphthamide 
(Compound 7b). Prepared according to General Procedure H from 
Compound 3f (0.033 mmol), phenyl boronic acid (0.083 mmol), and 
Compound 1i (0.1 mmol) in DMF (0.1 M, 330 uL). Crude 
diastereoselectivity measured to be 2.1 : 1 (D : L). Purified once by 

flash chromatography (20% --> 60%  EtOAc/hexanes), then purified twice by 7 runs of semi-prep HPLC 
(55% --> 70% MeCN/H2O w/ 0.1% TFA). White solid (0.005 g, 25% isolated yield). Isolated as single L-
diastereomer. 1H NMR (500 MHz, CDCl3) δ 8.41 – 8.36 (m, 1H), 8.30 (d, J = 7.8 Hz, 1H), 7.96 – 7.86 (m, 
4H), 7.56 (pd, J = 6.9, 1.5 Hz, 2H), 7.41 – 7.35 (m, 2H), 7.34 – 7.30 (m, 2H), 7.25 – 7.16 (m, 4H), 7.15 – 
7.10 (m, 2H), 6.47 (s, 1H), 5.95 (s, 1H), 5.60 (dt, J = 7.8, 5.5 Hz, 1H), 4.55 (q, J = 7.1 Hz, 1H), 4.43 (ddd, J 
= 10.8, 8.0, 3.1 Hz, 1H), 3.12 (d, J = 5.0 Hz, 1H), 3.00 (dd, J = 13.9, 6.6 Hz, 1H), 2.93 (dd, J = 13.8, 7.3 Hz, 
1H), 2.90 – 2.85 (m, 2H), 2.84 (d, J = 4.9 Hz, 1H), 1.46 (s, 3H), 1.44 – 1.35 (m, 2H), 1.05 – 1.00 (m, 1H), 
0.84 – 0.79 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 207.70, 170.84, 170.40, 166.92, 140.66, 135.86, 134.80, 
132.54, 131.05, 129.12, 129.02, 128.73, 128.61, 128.33, 127.81, 127.64, 127.55, 127.11, 126.62, 126.10, 
123.60, 58.79, 54.49, 52.15, 50.86, 50.21, 41.52, 39.89, 38.16, 29.59, 24.89, 23.07, 21.12, 16.50. HRMS-
ESI (positive) M = C38H41N3O5: calculated (M+Na)+ m/z 642.2944; found (M+Na)+ m/z 642.2929. This 
matches literature reported spectrum.6 
 

N - ((R) - 3 - (((R) - 3 - (4 - fluorophenyl) - 1 - (((S) - 4 - methyl - 1 - 
((R) - 2 -methyloxiran - 2 - yl) - 1 - oxopentan - 2 - yl)amino) - 1 - 
oxopropan - 2 -yl)amino) - 3 - oxo - 1 - phenylpropyl) - 2 - 
naphthamide (Compound 8a). Prepared according to General 
Procedure H from Compound 3f (0.033 mmol), phenyl boronic acid 
(0.083 mmol), and Compound 1i (0.1 mmol) in DMF (0.1 M, 330 uL). 
Crude diastereoselectivity measured to be 1.7 : 1 (D : L). Purified once 

by flash chromatography (10% --> 60%  EtOAc/hexanes), then purified twice by 7 runs of semi-prep HPLC 
(55% --> 70% MeCN/H2O w/ 0.1% TFA). White solid (0.010 g, 48% isolated yield). Isolated as single D-
diastereomer. 1H NMR (500 MHz, CDCl3) δ 8.43 – 8.34 (m, 2H), 7.98 – 7.83 (m, 4H), 7.60 – 7.50 (m, 2H), 
7.38 – 7.30 (m, 4H), 7.27 (dd, J = 6.7, 2.0 Hz, 1H), 6.98 – 6.91 (m, 2H), 6.88 (dd, J = 9.8, 7.5 Hz, 2H), 6.48 
(s, 1H), 6.20 (s, 1H), 5.66 (q, J = 6.0 Hz, 1H), 4.58 (td, J = 7.9, 6.0 Hz, 1H), 4.40 (ddd, J = 10.9, 8.1, 2.9 
Hz, 1H), 3.11 (d, J = 5.1 Hz, 1H), 2.94 (dd, J = 14.8, 4.7 Hz, 1H), 2.85 (dd, J = 13.9, 5.8 Hz, 1H), 2.77 (dt, 
J = 14.1, 7.4 Hz, 2H), 2.69 (d, J = 5.2 Hz, 1H), 1.36 (d, J = 11.1 Hz, 5H), 1.05 (ddd, J = 14.0, 10.6, 3.9 Hz, 
1H), 0.81 (t, J = 7.0 Hz, 6H). 19F NMR (471 MHz, CDCl3) δ -115.53. 13C NMR (126 MHz, CDCl3) δ 208.83, 
171.44, 170.85, 167.27, 163.28, 161.32, 141.03, 135.27, 133.07, 132.16, 131.70, 131.09, 131.03, 129.52, 
129.19, 128.82, 128.22, 128.11, 127.11, 126.58, 124.13, 115.96, 115.79, 59.43, 54.73, 52.73, 51.03, 42.23, 
40.06, 37.50, 25.32, 23.61, 21.40, 16.98. HRMS-ESI (positive) M = C38H40N3O5F: calculated (M+Na)+ m/z 
660.2850; found (M+Na)+ m/z 660.2826.    
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N - ((R) - 3 - (((S) - 3 - (4 - fluorophenyl) - 1 - (((S) - 4 - methyl - 1 - 
((R) - 2 -methyloxiran - 2 - yl) - 1 - oxopentan - 2 - yl)amino) - 1 - 
oxopropan - 2 -yl)amino) - 3 - oxo - 1 - phenylpropyl) - 2 - 
naphthamide (Compound 8b). Prepared according to General 
Procedure H from Compound 3f (0.033 mmol), phenyl boronic acid 
(0.083 mmol), and Compound 1i (0.1 mmol) in DMF (0.1 M, 330 uL). 
Crude diastereoselectivity measured to be 1.7 : 1 (D : L). Purified once 

by flash chromatography (10% --> 60%  EtOAc/hexanes), then purified twice by 7 runs of semi-prep HPLC 
(55% --> 70% MeCN/H2O w/ 0.1% TFA). White solid (0.006 g, 29% isolated yield). Isolated as single L-
diastereomer. 1H NMR (500 MHz, CDCl3) δ 8.38 (s, 1H), 8.17 (d, J = 7.9 Hz, 1H), 7.95 – 7.86 (m, 4H), 7.58 
– 7.53 (m, 2H), 7.39 – 7.31 (m, 4H), 7.25 (d, J = 7.0 Hz, 1H), 7.10 – 7.05 (m, 2H), 6.94 – 6.89 (m, 2H), 6.34 
(d, J = 45.2 Hz, 1H), 5.91 (s, 1H), 5.62 (d, J = 7.1 Hz, 1H), 4.51 (q, J = 7.0 Hz, 1H), 4.44 (ddd, J = 10.4, 
7.7, 2.9 Hz, 1H), 3.12 (d, J = 5.0 Hz, 1H), 2.97 – 2.84 (m, 5H), 1.47 (s, 5H), 1.04 (t, J = 11.1 Hz, 1H), 0.83 
(dd, J = 16.5, 6.4 Hz, 6H). 19F NMR (471 MHz, CDCl3) δ -115.33. 13C NMR (126 MHz, CDCl3) δ 208.31, 
171.21, 170.62, 167.32, 161.43, 141.17, 135.30, 133.05, 132.09, 131.59, 131.23, 131.17, 129.50, 128.85, 
128.26, 128.15, 128.09, 127.15, 126.63, 124.07, 116.01, 115.84, 59.34, 54.93, 52.66, 51.33, 50.78, 42.18, 
40.40, 37.85, 25.44, 23.58, 21.62, 17.00. HRMS-ESI (positive) M = C38H40N3O5F: calculated (M+Na)+ m/z 
660.2850; found (M+Na)+ m/z 660.2841.    
 

tert - butyl 5 - ((R) - 2 - ((R) - 3 - (2 - naphthamido) - 3 - 
phenylpropanamido) -3 - (((S) - 4 - methyl - 1 - ((R) - 2 - 
methyloxiran - 2 - yl) - 1 - oxopentan - 2 -yl)amino) - 3 - oxopropyl) 
- 1H - indole - 1 - carboxylate (Compound 9a). Prepared according 
to General Procedure H from Compound 3f (0.033 mmol), phenyl 
boronic acid (0.083 mmol), and Compound 1i (0.1 mmol) in DMF (0.1 
M, 330 uL). Crude diastereoselectivity measured to be 1.7 : 1 (D : L). 
Purified once by flash chromatography (10% --> 60%  

EtOAc/hexanes), then purified twice by 7 runs of semi-prep HPLC (55% --> 70% MeCN/H2O w/ 0.1% TFA). 
White solid (0.010 g, 42% isolated yield). Isolated as single D-diastereomer. 1H NMR (500 MHz, CDCl3) δ 
8.51 (d, J = 8.1 Hz, 1H), 8.44 – 8.38 (m, 1H), 8.00 – 7.85 (m, 5H), 7.58 – 7.52 (m, 3H), 7.37 – 7.30 (m, 4H), 
7.24 (d, J = 7.2 Hz, 1H), 7.22 (d, J = 1.7 Hz, 1H), 6.98 (dd, J = 8.5, 1.8 Hz, 1H), 6.46 (d, J = 3.7 Hz, 2H), 
5.93 (d, J = 7.6 Hz, 1H), 5.65 (q, J = 5.4 Hz, 1H), 4.72 – 4.56 (m, 1H), 4.34 (ddd, J = 10.7, 8.0, 3.0 Hz, 1H), 
3.14 (d, J = 5.1 Hz, 1H), 3.03 (dd, J = 13.8, 5.6 Hz, 1H), 2.94 (dd, J = 14.7, 4.8 Hz, 1H), 2.82 – 2.67 (m, 
3H), 1.67 (s, 9H), 1.36 (s, 3H), 1.30 – 1.20 (m, 2H), 0.93 (dd, J = 9.2, 6.5 Hz, 1H), 0.67 (dd, J = 30.5, 6.4 
Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 208.40, 171.17, 170.75, 167.14, 149.76, 140.67, 135.05, 132.83, 
131.33, 131.14, 130.29, 129.31, 128.92, 128.61, 128.04, 127.86, 127.83, 126.85, 126.57, 126.30, 125.24, 
123.84, 121.45, 115.57, 107.20, 83.98, 59.17, 55.00, 52.48, 50.90, 50.61, 41.90, 39.77, 38.35, 28.33, 
24.79, 23.19, 21.00, 16.72. HRMS-ESI (positive) M = C45H50N4O7: calculated (M+Na)+ m/z 781.3577; found 
(M+Na)+ m/z 781.3524.   

 
tert - butyl 5 - ((S) - 2 - ((R) - 3 - (2 - naphthamido) - 3 - 
phenylpropanamido) -3 - (((S) - 4 - methyl - 1 - ((R) - 2 - 
methyloxiran - 2 - yl) - 1 - oxopentan - 2 -yl)amino) - 3 - oxopropyl) 
- 1H - indole - 1 - carboxylate (Compound 9b). Prepared according 
to General Procedure H from Compound 3f (0.033 mmol), phenyl 
boronic acid (0.083 mmol), and Compound 1i (0.1 mmol) in DMF (0.1 
M, 330 uL). Crude diastereoselectivity measured to be 1.7 : 1 (D : L). 
Purified once by flash chromatography (10% --> 60%  

EtOAc/hexanes), then purified twice by 7 runs of semi-prep HPLC (55% --> 70% MeCN/H2O w/ 0.1% TFA). 
White solid (0.005 g, 20% isolated yield). Isolated as single L-diastereomer. 1H NMR (500 MHz, CDCl3) δ 
8.36 (d, J = 22.4 Hz, 2H), 8.01 (d, J = 8.4 Hz, 1H), 7.94 – 7.86 (m, 4H), 7.55 (td, J = 7.7, 1.4 Hz, 3H), 7.37 
(d, J = 7.2 Hz, 2H), 7.33 – 7.30 (m, 3H), 7.23 (d, J = 7.3 Hz, 1H), 7.05 (dd, J = 8.5, 1.7 Hz, 1H), 6.53 – 6.35 
(m, 2H), 5.87 (s, 1H), 5.62 (d, J = 7.5 Hz, 1H), 4.57 (q, J = 7.1 Hz, 1H), 4.47 – 4.35 (m, 1H), 3.15 – 3.07 
(m, 2H), 2.98 – 2.79 (m, 4H), 1.65 (s, 9H), 1.41 (s, 3H), 1.35 – 1.27 (m, 2H), 0.99 (t, J = 11.0 Hz, 1H), 0.79 
(dd, J = 32.2, 6.2 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 208.89, 171.17, 170.67, 167.22, 149.70, 140.84, 
135.06, 132.80, 131.26, 131.13, 130.16, 129.28, 128.98, 128.60, 128.07, 127.89, 127.80, 126.86, 126.59, 
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126.34, 125.38, 123.80, 121.59, 115.54, 107.14, 83.95, 58.93, 55.12, 52.39, 51.14, 50.21, 41.79, 40.39, 
38.33, 28.33, 25.06, 23.31, 21.37, 16.60. HRMS-ESI (positive) M = C45H50N4O7: calculated (M+Na)+ m/z 
781.3577; found (M+Na)+ m/z 781.3564.   
	

Ac - L - Phe - L - Glu(OtBu) - L - 
Gln(Trt) - L - Pro - L - Leu - L - Ser(tBu) 
- L - Asn(Trt) - L - Ile - L - Ala - Beta - 
Ala - D - Phe(4 - formyl) - L - Val - L - 
Lys(Boc) - L - Thr(tBu) - Gly - L - 
Gln(Trt) - L - Pro - L - Ala - L - Trp(Boc) 
- L - Asn(Trt) - L - Asp(tBu) - OMe 
(Compound 10). Prepared according 

to General Procedure H from Compound 3l (0.01 mmol), para-formylphenyl boronic acid (0.025 mmol), and 
Compound 1p (0.03 mmol) in DMF (0.05 M, 200 uL). Purified once by flash chromatography (5% --> 10% 
MeOH/DCM), then purified twice by 10 runs of semi-prep HPLC (70% --> 90% MeCN/H2O w/ 0.1% TFA). 
White solid (0.008 g, 20% isolated yield). Isolated as 2.3 : 1 mixture of diastereomers (D : L). 1H NMR (both 
diastereomers) (500 MHz, CD3OD) δ 9.97 (s, 1H), 8.63 – 8.46 (m, 1H), 7.91 – 7.85 (m, 2H), 7.66 (d, J = 
7.2 Hz, 1H), 7.59 – 7.56 (m, 2H), 7.50 – 7.36 (m, 3H), 7.30 – 7.14 (m, 65H), 4.75 – 4.57 (m, 7H), 4.40 – 
4.00 (m, 10H), 3.82 (t, J = 14.7 Hz, 1H), 3.70 – 3.66 (m, 5H), 3.49 (s, 1H), 3.21 (dd, J = 17.0, 8.6 Hz, 4H), 
3.15 – 3.07 (m, 2H), 2.99 (t, J = 7.3 Hz, 4H), 2.81 – 2.65 (m, 6H), 2.36 (dt, J = 14.9, 7.6 Hz, 2H), 2.17 – 
2.12 (m, 2H), 1.94 (s, 3H), 1.87 – 1.70 (m, 10H), 1.65 (s, 12H), 1.42 – 1.38 (m, 35H), 1.29 (d, J = 4.3 Hz, 
20H), 1.18 (d, J = 2.3 Hz, 20H), 1.08 (q, J = 6.2, 5.4 Hz, 6H), 1.01 – 0.84 (m, 16H). HRMS-ESI (positive) M 
= C213H265N27O38: calculated (M+Na)+ m/z 3831.9531; found (M+Na)+ m/z 3831.9387. 
 
Note that for all spectra taken in CD3OD, all acidic exchangeable protons such as N–H, O–H, and CO2–H 
are not integrated or characterized due to deuterium exchange which occurs to varying degrees in each 
individual spectrum. These acidic protons are accounted for in all spectra taken in CDCl3 since exchange 
does not occur. 
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Appendix B 

SUPPLEMENTARY DATA FOR CHAPTER 4 
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1. General information 
 
Unless otherwise noted, all reactions were performed without precaution to air or 
moisture. Commercial reagents and anhydrous solvents were purchased from Sigma-
Aldrich and Fisher Scientific. All column chromatography was performed using a 
Teledyne Isco CombiFlash using CombiFlash prepacked columns outfitted with an ELSD 
detector. 1H-NMR spectra were recorded on Bruker 400 or 500 MHz spectrometers at 
ambient temperature. 500 Ascend instrument equipped with cryoprobe. Chemical shifts 
are reported in parts per million (ppm) in respective NMR solvent (CDCl3 ref. @ 7.26 ppm, 
CD3OD ref. @ 3.31 ppm) with multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 
and m = multiplet) and coupling constants (Hz). 13C-NMR was recorded on Bruker 500 
MHz spectrometers (126 MHz) at ambient temperature. 31P and 19F spectra were 
recorded on the same instruments and are given without reference. High resolution mass 
spectra (HRMS) were obtained from Columbia University Mass Spectrometry Facility on 
a JOEL JMSHX110HF mass spectrometer using the ESI+ ionization model. Note that for 
all spectra taken in CD3OD, all acidic exchangeable protons such as N–H, O–H, and 
CO2–H are not integrated or characterized due to deuterium exchange which occurs to 
varying degrees in each individual spectrum. For compounds where a high quality 13C-
NMR spectrum could not be obtained, the HRMS (calculated and detected) spectrum is 
provided instead. Automated solid phase peptide synthesis was achieved using a Liberty 
Blue Automated Microwave Peptide Synthesizer. High performance liquid 
chromatography (semi-preparative) was achieved using an Agilent 1260 instrument. 
Semi-prep chromatography performed on ZORBAX 300SB-C18, 5uM, 9.4x250mm. High 
performance liquid chromatography (preparative) was achieved using a Waters LC Prep 
150 System. Prep chromatography performed on XBridge Peptide BEH C18 Prep 
Column, 5uM, 19x150mm. A Labconco 700401000 FreeZone 4.5L -50C Lyophilizer was 
used to freeze-dry samples. 
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2. Extended optimization studies 
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3. Starting material synthesis and characterization 
 
General Procedure A – Synthesis of Protected Peptide Acrylamides via Solid Phase 
Peptide Synthesis (Manual or Automated) 
 
Part 1: This protocol has been adapted from a previous report.1 To a 50 mL solid phase peptide synthesis 
reaction glass apparatus equipped with a magnetic stir bar was added 1.0 mmol of 2-chlorotrityl resin. The 
resin (1.0 equiv.) was swelled with DCM and stirred for 30 min, then the vessel was drained using Schlenk 
vacuum and waste collection flask. The first Fmoc-AA coupling partner (2.0 equiv.) and DIPEA (4.0 equiv.) 
dissolved in DCM and DMF was added to the vessel and stirred for 2 h. After draining vessel, a 17 : 2 : 1 
mixture of DCM : MeOH : DIPEA was added to the vessel and stirred for 30 min to cap any unreacted resin. 
The vessel was drained and the resin was flow washed x 2 with DMF, followed by DMF batch wash x 1. 
Loaded resin was either deprotected to continue manual synthesis or washed with DCM and dried in 
vacuum desiccator overnight to transfer to automated peptide synthesizer.  
 
Part 2: To continue manual synthesis in vessel, resin was first incubated with 20% piperidine in DMF 
solution and then drained after standing for 1 min. More 20% piperidine in DMF was added to the vessel 
and then stirred for 20 min. The vessel was drained and the resin was flow washed x 2 with DMF, followed 
by DMF batch wash x 1. Fmoc-AA (5.0 equiv.), HBTU or HATU (4.9 equiv.), HOBt hydrate (4.9 equiv.), and 
DIPEA (10.0 equiv.) dissolved in DMF was added to vessel and then stirred for 30 min. The vessel was 
drained and the resin was flow washed x 2 with DMF, followed by DMF batch wash x 1. This iterative 
deprotection/coupling process was repeated to furnish desired sequence until final deprotection of N-
terminus. Full deprotection or quantitative coupling of resin at each step can be optionally assessed through 
use of 3-part SPPS ninhydrin test kit. 
 
Part 3: To continue with automated peptide synthesizer, dried resin was transferred to tubes in 0.25 mmol 
portions and loaded onto automated synthesizer. Synthesizer was loaded with appropriate amounts of 
Fmoc-AAs in DMF, DIC and Oxyma coupling reagents in DMF, and piperidine deprotection solutions. 
Please follow instructions for specific automated synthesizer as this can vary in different laboratories. Once 
synthesizer is completed with sequence, the Fmoc protected N-terminal resin was then transferred back to 
manual apparatus and deprotected as described in Part 2.  
 
Part 4: To achieve N-terminal acryloyl capping, the deprotected resin was washed with DMF and then 
suspended in DMF. To this suspension was added a mixture of DIPEA (3.0 equiv.) and pentafluorophenyl 
acrylate (3.0 equiv.) and then stirred overnight. The synthesis of the pentafluorophenyl acrylate was 
achieved through a previously reported protocol.2 The vessel was drained and the resin was flow washed 
x 2 with DCM, followed by DCM batch wash x 1. 
 
Part 5: Acidic cleavage of the 2-chlorotrityl resin was accomplished by utilizing a 1 : 1 : 2 mixture of TFE : 
AcOH : DCM. The solution was added to capped resin in the vessel and then stirred for 3 h. The solution 
was directly drained from vessel into a round bottom flask, followed by multiple washes with MeOH and 
hexanes to ensure quantitative transfer. The volatiles were removed by rotary evaporator and the crude 
material was then dissolved in DMF and purified using preparative HPLC using an MeCN/H2O gradient  (no 
TFA). Alternatively, the material can be dry loaded on silica and purified by automated silica gel 
chromatography using an MeOH/DCM gradient, then dried down by rotary evaporation and redissolved in 
MeCN/H2O. The purified material was then flash frozen in liquid nitrogen and freeze dried using a lyophilizer 
instrument. 
 
Part 6: Methanol esterification resin cleavage of the 2-chlorotrityl resin was accomplished using a modified 
literature procedure.3 To a separate round bottom flask, dry methanol (20 mL – 30 mL) was added followed 
by dropwise addition of acetyl chloride (0.1 M) and stirred at rt for 2 h to make anhydrous HCl methanol 
solution. This solution was added to capped resin in vessel and then stirred for 3 h. The mixture was then 
quenched with DIPEA in excess relative to HCl acid. The solution was directly drained from vessel into a 
round bottom flask, followed by multiple washes with MeOH to ensure quantitative transfer. The volatiles 
were removed by rotary evaporator and the crude material was then dissolved in a 1 : 1 mixture of TFA : 
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DCM to deprotect amino acid side chains. The volatiles were removed again by rotary evaporator and the 
crude material was then dissolved in DMF and purified using preparative HPLC. The purified material was 
then flash frozen in liquid nitrogen and freeze dried using a lyophilizer instrument. 
 

acryloyl-L-Val-L-Ala-Beta-Ala-OH (Compound A1). Prepared according to 
General Procedure A, Parts 1, 2, 4, 5 from 2-chlorotrityl resin (1.0 mmol). 
Purified via flash chromatography (1% --> 7% MeOH/DCM). White solid (0.1694 
g, 54% isolated yield). 1H NMR (500 MHz, CD3OD) δ 6.39 (dd, J = 17.1, 10.3 

Hz, 1H), 6.25 (dd, J = 17.0, 1.8 Hz, 1H), 5.69 (dd, J = 10.3, 1.8 Hz, 1H), 4.32 (q, J = 7.1 Hz, 1H), 4.24 (d, J 
= 7.1 Hz, 1H), 3.43 (dp, J = 20.0, 6.8 Hz, 2H), 2.51 (td, J = 6.8, 1.9 Hz, 2H), 2.18 – 2.04 (m, J = 6.8 Hz, 
1H), 1.34 (d, J = 7.1 Hz, 3H), 0.98 (dd, J = 9.9, 6.8 Hz, 6H). 13C NMR (126 MHz, CD3OD) δ 175.81, 174.51, 
173.15, 168.08, 131.49, 127.16, 60.25, 50.22, 36.48, 35.00, 31.76, 19.58, 18.51, 17.91. HRMS-ESI 
(positive) M = C14H23N3O5: calculated (M+Na)+ m/z 336.1535; found (M+Na)+ m/z 336.1534. 
 

acryloyl-L-Ile-Gly-L-Ala-Beta-Ala-OH (Compound A2). Prepared 
according to General Procedure A, Parts 1, 2, 4, 5 from 2-chlorotrityl resin 
(1.0 mmol). Purified via flash chromatography (1% --> 8% MeOH/DCM). 
White solid (0.3501 g, 91% isolated yield). 1H NMR (500 MHz, CD3OD) δ 
6.39 (dd, J = 17.0, 10.2 Hz, 1H), 6.24 (dd, J = 17.0, 1.9 Hz, 1H), 5.68 (dd, 

J = 10.3, 1.9 Hz, 1H), 4.30 (q, J = 7.2 Hz, 1H), 4.19 (d, J = 7.6 Hz, 1H), 3.93 (d, J = 16.7 Hz, 1H), 3.79 (d, 
J = 16.6 Hz, 1H), 3.44 (td, J = 6.4, 5.9, 1.6 Hz, 2H), 2.52 (t, J = 6.9 Hz, 2H), 1.93 – 1.84 (m, 1H), 1.61 (dqd, 
J = 13.6, 7.5, 3.7 Hz, 1H), 1.35 (d, J = 7.2 Hz, 3H), 1.30 – 1.21 (m, 1H), 0.98 – 0.92 (m, 6H). 13C NMR (126 
MHz, CD3OD) δ 175.78, 174.93, 174.62, 171.35, 168.42, 131.52, 127.43, 60.30, 54.79, 43.69, 37.52, 36.61, 
26.33, 17.99, 15.81, 11.36, 9.22. HRMS-ESI (positive) M = C17H28N4O6: calculated (M+Na)+ m/z 407.1906; 
found (M+Na)+ m/z 407.1903. 
 

acryloyl - L - Gln(Trt) - L - Leu - L - Lys(Boc) - GABA - OH 
(Compound A3). Prepared according to General Procedure A, Parts 
1, 2, 4, 5 from 2-chlorotrityl resin (1.0 mmol). Purified via flash 
chromatography (1% --> 10% MeOH/DCM). White solid (0.5660 g, 
65% isolated yield). 1H NMR (500 MHz, CD3OD) δ 7.29 – 7.17 (m, 
15H), 6.30 – 6.17 (m, 2H), 5.67 (dd, J = 9.4, 2.6 Hz, 1H), 4.35 – 4.18 
(m, 3H), 3.15 (t, J = 6.2 Hz, 2H), 2.99 (t, J = 6.9 Hz, 2H), 2.58 – 2.41 
(m, 2H), 2.28 (q, J = 8.5, 8.0 Hz, 2H), 2.08 – 2.00 (m, 1H), 1.97 – 1.90 

(m, 1H), 1.78 – 1.55 (m, 7H), 1.42 (s, 11H), 1.30 (d, J = 9.2 Hz, 2H), 0.92 (dd, J = 25.6, 6.5 Hz, 6H). 13C 
NMR δ 177.59, 175.19, 174.82, 174.68, 174.57, 168.71, 159.01, 146.50, 132.18, 130.55, 129.25, 128.34, 
127.91, 80.35, 72.16, 55.30, 54.32, 50.36, 41.87, 41.71, 40.27, 34.30, 33.26, 33.20, 32.86, 31.02, 29.34, 
29.11, 26.79, 26.39, 26.29, 24.81, 24.21, 24.00, 22.32, 14.93. HRMS-ESI (positive) M = C48H64N6O9: 
calculated (M+Na)+ m/z 891.4633; found (M+Na)+ m/z 891.4634.  
 

acryloyl-L-Val-D-Pro-Acpc-Beta-Ala-OH (Compound A4). Prepared according to 
General Procedure A, Parts 1, 3, 4, 5 from 2-chlorotrityl resin (1.0 mmol). Purified via 
flash chromatography (1% --> 8% MeOH/DCM). White solid (0.3651 g, 86% isolated 
yield). 1H NMR (500 MHz, CD3OD) δ 6.41 (dd, J = 17.0, 10.2 Hz, 1H), 6.24 (dd, J = 
17.0, 1.8 Hz, 1H), 5.69 (dd, J = 10.2, 1.8 Hz, 1H), 4.44 (d, J = 8.4 Hz, 1H), 4.28 (dd, J 
= 8.7, 4.9 Hz, 1H), 4.00 (ddd, J = 10.2, 7.3, 5.6 Hz, 1H), 3.73 (dt, J = 10.1, 7.0 Hz, 1H), 
3.46 – 3.35 (m, 2H), 2.53 (t, J = 7.3 Hz, 2H), 2.28 – 2.20 (m, 1H), 2.15 – 2.00 (m, 3H), 
1.96 – 1.90 (m, 1H), 1.47 (dt, J = 9.9, 3.3 Hz, 1H), 1.38 – 1.32 (m, 1H), 1.06 (d, J = 6.6 

Hz, 3H), 1.04 – 0.99 (m, 5H). 13C NMR (126 MHz, CD3OD) δ 175.90, 175.32, 173.93, 173.76, 168.54, 
131.21, 127.87, 62.78, 62.74, 59.08, 37.00, 35.41, 34.58, 31.40, 30.21, 25.89, 19.44, 19.05, 17.18, 16.96. 
HRMS-ESI (positive) M = C20H30N4O6: calculated (M+Na)+ m/z 445.2063; found (M+Na)+ m/z 445.2054. 
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acryloyl-L-Val-L-Ala-D-Pro-Acpc-Beta-Ala-OH (Compound A5). Prepared 
according to General Procedure A, Parts 1, 3, 4, 5 from 2-chlorotrityl resin (1.0 
mmol). Purified via flash chromatography (1% --> 8% MeOH/DCM). White solid 
(0.3312 g, 67% isolated yield). 1H NMR (500 MHz, CD3OD) δ 6.39 (dd, J = 17.1, 
10.3 Hz, 1H), 6.24 (dd, J = 17.1, 1.8 Hz, 1H), 5.69 (dd, J = 10.3, 1.8 Hz, 1H), 4.61 
(q, J = 6.9 Hz, 1H), 4.33 – 4.22 (m, 2H), 3.84 (dt, J = 10.1, 6.6 Hz, 1H), 3.63 (dt, J 
= 10.0, 6.7 Hz, 1H), 3.54 (dq, J = 13.5, 6.8 Hz, 1H), 3.42 – 3.38 (m, 1H), 2.57 (td, 
J = 7.0, 3.5 Hz, 2H), 2.25 – 2.17 (m, 1H), 2.11 – 1.92 (m, 4H), 1.46 (ddd, J = 10.1, 

7.3, 3.9 Hz, 1H), 1.40 – 1.34 (m, 4H), 1.05 – 1.01 (m, 1H), 0.99 – 0.95 (m, 7H). 13C NMR (126 MHz, CD3OD) 
δ 175.20, 174.94, 173.54, 173.46, 173.04, 172.93, 167.59, 131.13, 126.85, 63.81, 62.17, 59.74, 54.29, 
36.68, 34.98, 34.11, 31.23, 29.71, 25.40, 19.39, 18.25, 16.57, 16.51. HRMS-ESI (positive) M = C23H35N5O7: 
calculated (M+Na)+ m/z 516.2434; found (M+Na)+ m/z 516.2430. 
 

acryloyl-L-Val-L-Ala-D-Pro-Acpc-L-Ala-Beta-Ala-OH (Compound A6). 
Prepared according to General Procedure A, Parts 1, 3, 4, 5 from 2-chlorotrityl resin 
(1.0 mmol). Purified via flash chromatography (1% --> 9% MeOH/DCM). White solid 
(0.3842 g, 68% isolated yield). 1H NMR (500 MHz, CD3OD) δ 6.38 (dd, J = 17.1, 
10.3 Hz, 1H), 6.22 (dd, J = 17.1, 1.8 Hz, 1H), 5.67 (dd, J = 10.3, 1.7 Hz, 1H), 4.54 
(q, J = 6.7 Hz, 1H), 4.35 – 4.21 (m, 3H), 3.82 (dt, J = 10.1, 7.1 Hz, 1H), 3.64 (ddd, 
J = 10.2, 7.2, 5.3 Hz, 1H), 3.47 (ddd, J = 13.5, 6.6, 1.7 Hz, 1H), 3.39 – 3.32 (m, 
1H), 2.50 (t, J = 6.9 Hz, 2H), 2.23 (ddt, J = 12.5, 8.2, 6.3 Hz, 1H), 2.18 – 2.02 (m, 
2H), 2.01 – 1.91 (m, 1H), 1.91 – 1.83 (m, 1H), 1.49 – 1.39 (m, 5H), 1.34 (d, J = 6.8 
Hz, 3H), 1.07 – 1.01 (m, 1H), 0.98 (t, J = 6.6 Hz, 6H), 0.95 – 0.91 (m, 1H). 13C NMR 

(126 MHz, CD3OD) δ 176.61, 175.73, 175.66, 174.37, 174.24, 173.88, 168.62, 132.30, 127.88, 63.47, 
61.06, 55.31, 51.88, 51.78, 50.36, 36.95, 35.93, 35.12, 32.22, 30.75, 26.65, 20.53, 19.47, 18.64, 18.24, 
17.60. HRMS-ESI (positive) M = C26H40N6O8: calculated (M+Na)+ m/z 587.2805; found (M+Na)+ m/z 
587.2803. 
 

acryloyl-L-Val-L-Ala-L-Pro-Acpc-Beta-Ala-OH (Compound A7). Prepared 
according to General Procedure A, Parts 1, 3, 4, 5 from 2-chlorotrityl resin (1.0 
mmol). Purified via flash chromatography (1% --> 8% MeOH/DCM). White solid 
(0.4028 g, 82% isolated yield). 1H NMR (500 MHz, CD3OD) δ 6.38 (dd, J = 17.1, 
10.3 Hz, 1H), 6.23 (dd, J = 17.1, 1.8 Hz, 1H), 5.67 (dd, J = 10.3, 1.8 Hz, 1H), 4.62 
(q, J = 7.0 Hz, 1H), 4.29 (d, J = 7.4 Hz, 1H), 4.19 (t, J = 7.5 Hz, 1H), 3.86 (ddd, J 
= 9.8, 7.4, 4.2 Hz, 1H), 3.61 (ddd, J = 9.9, 8.2, 6.7 Hz, 1H), 3.52 – 3.40 (m, 2H), 
2.56 (td, J = 7.2, 2.0 Hz, 2H), 2.20 – 2.06 (m, 3H), 2.00 – 1.92 (m, 1H), 1.89 – 1.82 

(m, 1H), 1.52 – 1.47 (m, 1H), 1.37 – 1.33 (m, 4H), 1.01 – 0.94 (m, 8H). 13C NMR (126 MHz, CD3OD) δ 
176.86, 175.54, 174.04, 173.23, 168.57, 168.07, 131.67, 127.34, 62.40, 60.11, 37.12, 35.36, 34.95, 32.07, 
30.68, 30.07, 26.43, 24.21, 19.72, 18.75, 17.42, 16.78, 16.61. HRMS-ESI (positive) M = C23H35N5O7: 
calculated (M+Na)+ m/z 516.2434; found (M+Na)+ m/z 516.2415.  
 

acryloyl-L-Val-L-Ala-D-Pro-Gly-Beta-Ala-OH (Compound A8). Prepared 
according to General Procedure A, Parts 1, 3, 4, 5 from 2-chlorotrityl resin (1.0 
mmol). Purified via prep HPLC (50% --> 60% MeCN/H2O). White solid (0.1805 g, 
39% isolated yield). Purified via flash chromatography (1% --> 8% MeOH/DCM). 
White solid (xx g, 67% isolated yield). 1H NMR (500 MHz, CD3OD) δ 6.39 (dd, J = 
17.1, 10.3 Hz, 1H), 6.24 (dd, J = 17.0, 1.8 Hz, 1H), 5.69 (dd, J = 10.3, 1.8 Hz, 1H), 
4.63 (q, J = 7.0 Hz, 1H), 4.34 – 4.26 (m, 2H), 3.96 (d, J = 17.0 Hz, 1H), 3.90 – 3.84 
(m, 1H), 3.72 – 3.61 (m, 2H), 3.47 (t, J = 7.0 Hz, 2H), 2.57 (td, J = 7.1, 0.9 Hz, 2H), 

2.22 (ddd, J = 11.8, 8.3, 5.9 Hz, 1H), 2.10 (tt, J = 13.8, 6.5 Hz, 2H), 2.03 – 1.92 (m, 2H), 1.37 (d, J = 7.0 
Hz, 3H), 1.00 – 0.95 (m, 6H). 13C NMR (126 MHz, CD3OD) δ 175.34, 175.19, 173.38, 173.22, 171.69, 
168.05, 131.66, 127.31, 62.27, 60.09, 43.65, 36.51, 34.70, 32.05, 30.67, 30.33, 26.29, 24.21, 19.72, 18.74, 
16.80. HRMS-ESI (positive) M = C21H33N5O7: calculated (M+Na)+ m/z 490.2278; found (M+Na)+ m/z 
490.2261. 
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acryloyl-L-Val-L-Ala-L-Pro-Gly-Beta-Ala-OH (Compound A9). Prepared 
according to General Procedure A, Parts 1, 3, 4, 5 from 2-chlorotrityl resin (1.0 
mmol). Purified via prep HPLC (50% --> 60% MeCN/H2O). White solid (0.0828 g, 
18% isolated yield). 1H NMR (500 MHz, CD3OD) δ 6.42 – 6.36 (m, 1H), 6.24 (dd, 
J = 17.0, 1.7 Hz, 1H), 5.69 (dd, J = 10.3, 1.8 Hz, 1H), 4.56 (p, J = 6.8 Hz, 1H), 4.40 
– 4.35 (m, 1H), 4.28 (dd, J = 7.7, 2.0 Hz, 1H), 3.94 – 3.82 (m, 2H), 3.72 (d, J = 16.8 
Hz, 1H), 3.63 (dq, J = 10.0, 6.1, 5.4 Hz, 1H), 3.53 – 3.47 (m, 1H), 3.44 – 3.38 (m, 
1H), 2.59 – 2.52 (m, 2H), 2.22 (dtdd, J = 11.5, 8.3, 5.1, 2.4 Hz, 1H), 2.10 – 1.96 

(m, 4H), 1.35 (dd, J = 7.1, 1.5 Hz, 3H), 0.97 (dd, J = 10.1, 6.8 Hz, 6H). 13C NMR (126 MHz, CD3OD) δ 
175.48, 174.95, 173.88, 173.80, 171.77, 168.25, 131.83, 127.51, 62.64, 60.21, 54.96, 43.95, 36.64, 34.67, 
32.92, 30.59, 26.37, 23.87, 21.02, 17.32, 14.59. HRMS-ESI (positive) M = C21H33N5O7: calculated (M+Na)+ 
m/z 490.2278; found (M+Na)+ m/z 490.2276. 
 

acryloyl - L - Val - L - Ala - L - Phe - L - Trp(Boc) - Beta - Ala - OH 
(Compound A10). Prepared according to General Procedure A, 
Parts 1, 3, 4, 5 from 2-chlorotrityl resin (1.0 mmol). Purified via prep 
HPLC (50% --> 60% MeCN/H2O). White solid (0.3603 g, 48% 
isolated yield). 1H NMR (500 MHz, CD3OD) δ 7.59 (d, J = 7.7 Hz, 
1H), 7.49 (s, 1H), 7.32 – 7.10 (m, 8H), 6.39 (dd, J = 17.1, 10.3 Hz, 
1H), 6.24 (dd, J = 17.1, 1.8 Hz, 1H), 5.68 (dd, J = 10.3, 1.8 Hz, 1H), 
4.65 (dd, J = 8.6, 5.6 Hz, 1H), 4.44 (dd, J = 9.2, 5.5 Hz, 1H), 4.18 

(q, J = 7.2 Hz, 1H), 3.98 (d, J = 7.0 Hz, 1H), 3.39 (td, J = 7.1, 3.0 Hz, 2H), 3.25 (ddd, J = 14.9, 5.7, 1.1 Hz, 
1H), 3.15 – 3.03 (m, 2H), 2.98 (dd, J = 14.0, 9.2 Hz, 1H), 2.42 (td, J = 7.1, 3.6 Hz, 2H), 2.06 – 1.95 (m, 1H), 
1.63 (s, 9H), 1.18 (d, J = 7.2 Hz, 3H), 0.92 (dd, J = 18.1, 6.8 Hz, 6H). 13C NMR (126 MHz, CD3OD) δ 175.28, 
174.06, 173.43, 173.20, 168.50, 151.00, 138.34, 136.86, 131.75, 131.52, 130.22, 129.45, 127.79, 127.61, 
125.49, 125.13, 123.72, 120.08, 117.43, 116.16, 84.81, 61.47, 56.85, 54.69, 51.22, 38.26, 36.59, 34.62, 
31.50, 28.43, 28.38, 19.59, 19.04, 17.33. HRMS-ESI (positive) M = C39H50N6O9: calculated (M+Na)+ m/z 
769.3537; found (M+Na)+ m/z 769.3550. 
 

acryloyl - L - Val - L - Ala - L - Lys(Boc) - L - Thr(tBu) - Beta - Ala 
- OH (Compound A11). Prepared according to General Procedure 
A, Parts 1, 2, 4, 5 from 2-chlorotrityl resin (1.0 mmol). Purified via 
prep HPLC (50% --> 60% MeCN/H2O). White solid (0.5162 g, 74% 
isolated yield). 1H NMR (500 MHz, CD3OD) δ 6.41 (dd, J = 17.1, 
10.2 Hz, 1H), 6.25 (dd, J = 17.1, 1.8 Hz, 1H), 5.69 (dd, J = 10.2, 1.8 
Hz, 1H), 4.41 (t, J = 7.2 Hz, 1H), 4.30 (dd, J = 8.8, 5.1 Hz, 1H), 4.25 

(q, J = 2.7 Hz, 2H), 4.19 (dd, J = 6.3, 2.7 Hz, 1H), 3.46 (t, J = 6.6 Hz, 2H), 3.04 (t, J = 6.6 Hz, 2H), 2.53 (t, 
J = 6.6 Hz, 2H), 2.12 (h, J = 6.8 Hz, 1H), 1.86 (s, 1H), 1.78 – 1.66 (m, 1H), 1.49 – 1.40 (m, 16H), 1.19 (s, 
9H), 1.11 (d, J = 6.3 Hz, 3H), 0.99 (dd, J = 9.8, 6.8 Hz, 6H). 13C NMR (126 MHz, CD3OD) δ 175.67, 175.49, 
174.33, 173.44, 172.00, 168.24, 158.54, 131.68, 127.38, 79.85, 75.67, 68.07, 60.57, 59.82, 55.49, 50.36, 
41.12, 36.58, 34.88, 32.23, 31.90, 30.45, 28.82, 28.77, 24.21, 20.14, 19.75, 18.83, 18.29. HRMS-ESI 
(positive) M = C33H58N6O10: calculated (M+Na)+ m/z 721.4112; found (M+Na)+ m/z 721.4114. 
 

acryloyl - L - Asn(Trt) - L - Ala - D - Pro - Acpc - L - Ser(tBu) 
- Beta - Ala - OH (Compound A12). Prepared according to 
General Procedure A, Parts 1, 3, 4, 5 from 2-chlorotrityl resin 
(1.0 mmol). Purified via flash chromatography (1% --> 10% 
MeOH/DCM). White solid (0.3205 g, 36% isolated yield). 1H 
NMR (500 MHz, CD3OD) δ 7.26 – 7.19 (m, 15H), 6.33 (dd, J 

= 17.1, 10.0 Hz, 1H), 6.24 (dd, J = 17.1, 2.0 Hz, 1H), 5.72 (dd, J = 10.0, 2.0 Hz, 1H), 4.90 (dd, J = 9.3, 4.0 
Hz, 1H), 4.72 – 4.65 (m, 1H), 4.37 (dt, J = 8.2, 6.1 Hz, 1H), 4.23 (dd, J = 8.3, 5.5 Hz, 1H), 3.79 (dt, J = 10.1, 
6.6 Hz, 1H), 3.70 – 3.57 (m, 3H), 3.38 (dq, J = 12.6, 6.3 Hz, 1H), 3.29 – 3.23 (m, 1H), 2.97 (dd, J = 14.8, 
4.1 Hz, 1H), 2.68 (dd, J = 14.7, 9.3 Hz, 1H), 2.43 (td, J = 6.6, 3.2 Hz, 2H), 2.19 (ddd, J = 12.2, 8.4, 6.0 Hz, 
1H), 1.99 – 1.82 (m, 3H), 1.41 (ddd, J = 10.2, 7.7, 4.4 Hz, 1H), 1.31 (d, J = 6.8 Hz, 4H), 1.20 (s, 9H), 1.00 
(ddd, J = 10.1, 7.6, 4.3 Hz, 1H), 0.75 (ddd, J = 10.2, 7.6, 4.2 Hz, 1H). 13C NMR (126 MHz, CD3OD) δ 176.31, 
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175.31, 174.00, 173.28, 172.59, 172.54, 171.59, 167.80, 145.81, 131.88, 130.09, 128.73, 127.84, 127.45, 
74.98, 71.79, 62.86, 62.70, 55.63, 52.17, 40.04, 36.45, 35.46, 34.64, 30.16, 27.79, 25.97, 17.45, 17.08. 
HRMS-ESI (positive) M = C48H59N7O10: calculated (M+Na)+ m/z 916.4221; found (M+Na)+ m/z 916.4213. 
 

acryloyl - L - Thr(tBu) - L - Ala - D - Pro - Acpc - L - 
Asp(OtBu) - Beta - Ala - OH (Compound A13). Prepared 
according to General Procedure A, Parts 1, 3, 4, 5 from 2-
chlorotrityl resin (1.0 mmol). Purified via flash 
chromatography (1% --> 10% MeOH/DCM). White solid 
(0.5428 g, 75% isolated yield). 1H NMR (500 MHz, CD3OD) δ 

6.43 (dd, J = 17.1, 10.3 Hz, 1H), 6.29 – 6.21 (m, 1H), 5.70 (dd, J = 10.3, 1.7 Hz, 1H), 4.67 (td, J = 7.8, 5.7 
Hz, 1H), 4.61 (qd, J = 6.9, 5.4 Hz, 1H), 4.53 (d, J = 3.8 Hz, 1H), 4.28 – 4.22 (m, 1H), 4.16 (qd, J = 6.3, 3.6 
Hz, 1H), 3.78 (dt, J = 10.2, 7.0 Hz, 1H), 3.64 (dt, J = 10.1, 6.4 Hz, 1H), 3.49 – 3.43 (m, 1H), 3.43 – 3.35 (m, 
1H), 2.87 – 2.75 (m, 2H), 2.53 (t, J = 6.9 Hz, 2H), 2.21 (ddt, J = 10.6, 8.2, 3.4 Hz, 1H), 2.09 (h, J = 6.1 Hz, 
1H), 1.96 (ddt, J = 16.9, 10.2, 4.1 Hz, 2H), 1.50 – 1.46 (m, 1H), 1.45 (s, 9H), 1.42 – 1.39 (m, 1H), 1.36 (d, 
J = 6.8 Hz, 3H), 1.23 (s, 9H), 1.16 (d, J = 6.3 Hz, 3H), 1.09 (ddd, J = 10.3, 7.5, 4.4 Hz, 1H), 0.97 (ddd, J = 
10.0, 7.5, 4.1 Hz, 1H). 13C NMR (126 MHz, CD3OD) δ 175.71, 174.64, 173.47, 172.53, 172.37, 171.55, 
171.24, 167.56, 131.31, 127.03, 81.94, 75.27, 68.29, 62.29, 59.59, 51.53, 37.61, 36.20, 35.16, 34.00, 
29.67, 28.37, 28.32, 27.84, 25.57, 19.66, 17.35, 16.85, 16.41. HRMS-ESI (positive) M = C34H54N6O11: 
calculated (M+Na)+ m/z 745.3748; found (M+Na)+ m/z 745.3720. 
 

acryloyl - L - Trp(Boc) - L - Ala - D - Pro - Acpc - L - Gln(Trt) 
- Beta - Ala - OH (Compound A14). Prepared according to 
General Procedure A, Parts 1, 3, 4, 5 from 2-chlorotrityl resin 
(1.0 mmol). Purified via flash chromatography (1% --> 10% 
MeOH/DCM). White solid (0.8358 g, 80% isolated yield). 1H 
NMR (500 MHz, CD3OD) δ 7.46 (s, 1H), 7.31 – 7.27 (m, 1H), 
7.24 – 7.18 (m, 18H), 6.27 (dd, J = 17.1, 10.1 Hz, 1H), 6.17 
(dd, J = 17.1, 1.9 Hz, 1H), 5.64 (dd, J = 10.1, 1.9 Hz, 1H), 
4.80 – 4.77 (m, 1H), 4.24 – 4.13 (m, 2H), 4.01 (t, J = 7.9 Hz, 

1H), 3.76 (ddd, J = 10.3, 8.4, 6.7 Hz, 1H), 3.55 (ddd, J = 10.9, 7.1, 4.1 Hz, 1H), 3.28 – 3.25 (m, 1H), 3.18 – 
3.12 (m, 1H), 3.02 (ddd, J = 11.6, 7.5, 5.8 Hz, 1H), 2.63 (ddd, J = 13.3, 11.2, 4.1 Hz, 1H), 2.39 – 2.14 (m, 
6H), 2.09 (ddd, J = 9.7, 6.9, 2.8 Hz, 1H), 2.02 (d, J = 4.1 Hz, 1H), 1.92 (dt, J = 12.8, 7.5 Hz, 1H), 1.81 – 
1.72 (m, 1H), 1.65 (s, 9H), 1.55 (ddd, J = 10.1, 7.3, 4.1 Hz, 1H), 1.28 – 1.24 (m, 1H), 1.17 (d, J = 6.8 Hz, 
3H), 1.00 (ddd, J = 10.1, 7.5, 4.2 Hz, 1H), 0.97 – 0.92 (m, 1H). 13C NMR (126 MHz, CD3OD) δ 175.66, 
174.76, 174.21, 173.82, 173.75, 173.63, 173.45, 167.63, 150.60, 145.58, 136.44, 131.49, 131.37, 129.85, 
129.70, 128.34, 127.53, 127.19, 125.21, 124.83, 123.45, 119.98, 117.13, 115.74, 84.54, 71.34, 63.43, 
54.92, 54.38, 35.87, 34.98, 34.81, 34.12, 30.33, 29.99, 29.29, 28.09, 27.56, 25.92, 23.87, 17.10, 16.94, 
16.57. HRMS-ESI (positive) M = C58H66N8O11: calculated (M+Na)+ m/z 1073.4749; found (M+Na)+ m/z 
1073.4747. 
 

acryloyl-L-Leu-L-Ala-L-Phe-Gly-OH (Compound A15). Prepared 
according to General Procedure A, Parts 1, 2, 4, 5 from 2-chlorotrityl resin 
(1.0 mmol). Purified via flash chromatography (1% --> 8% MeOH/DCM). 
White solid (0.2777 g, 60% isolated yield). 1H NMR (500 MHz, CD3OD) δ 
7.26 – 7.17 (m, 5H), 6.33 (dd, J = 17.1, 10.0 Hz, 1H), 6.26 (dd, J = 17.2, 
2.0 Hz, 1H), 5.69 (dd, J = 10.0, 2.1 Hz, 1H), 4.62 (ddd, J = 8.8, 5.4, 2.0 Hz, 

1H), 4.43 (dd, J = 9.7, 5.4 Hz, 1H), 4.27 – 4.20 (m, 1H), 3.90 (d, J = 4.4 Hz, 2H), 3.22 (dd, J = 14.0, 5.4 Hz, 
1H), 2.98 (dd, J = 14.0, 9.0 Hz, 1H), 1.73 – 1.63 (m, 1H), 1.62 – 1.54 (m, 2H), 1.25 (d, J = 7.2 Hz, 3H), 0.95 
(dd, J = 17.8, 6.5 Hz, 6H). 13C NMR (126 MHz, CD3OD) δ 175.09, 174.81, 173.69, 173.16, 168.39, 138.71, 
131.77, 130.55, 129.59, 127.88, 127.58, 56.01, 54.96, 53.58, 51.04, 42.36, 41.86, 38.73, 32.92, 26.11, 
23.87, 23.63, 22.09, 17.89, 14.59. HRMS-ESI (positive) M = C23H32N4O6: calculated (M+Na)+ m/z 
483.2220; found (M+Na)+ m/z 483.2213. 
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acryloyl-L-Leu-L-Ala-L-Phe-Beta-Ala-OH (Compound A16). Prepared 
according to General Procedure A, Parts 1, 2, 4, 5 from 2-chlorotrityl resin 
(1.0 mmol). Purified via flash chromatography (1% --> 8% MeOH/DCM). 
White solid (0.4370 g, 92% isolated yield). 1H NMR (500 MHz, CD3OD) δ 
7.26 – 7.23 (m, 2H), 7.20 (dt, J = 5.8, 1.7 Hz, 3H), 6.34 (dd, J = 17.1, 10.0 
Hz, 1H), 6.26 (dd, J = 17.1, 2.0 Hz, 1H), 5.69 (dd, J = 10.0, 2.0 Hz, 1H), 

4.47 (dd, J = 8.5, 6.2 Hz, 1H), 4.41 (dd, J = 9.4, 5.7 Hz, 1H), 4.21 (q, J = 7.2 Hz, 1H), 3.38 (dt, J = 9.2, 7.0 
Hz, 2H), 3.13 (dd, J = 13.7, 6.3 Hz, 1H), 2.96 (dd, J = 13.8, 8.5 Hz, 1H), 2.42 (dt, J = 6.8, 3.3 Hz, 2H), 1.68 
(ddd, J = 12.4, 6.1, 3.7 Hz, 1H), 1.61 – 1.55 (m, 2H), 1.25 (d, J = 7.1 Hz, 3H), 0.97 (d, J = 6.6 Hz, 3H), 0.94 
(d, J = 6.5 Hz, 3H). 13C NMR (126 MHz, CD3OD) δ 175.71, 175.54, 175.15, 173.66, 168.79, 138.96, 132.10, 
130.83, 129.98, 128.31, 127.96, 56.69, 54.18, 51.43, 42.23, 39.21, 36.92, 35.04, 33.26, 26.45, 23.92, 
22.49, 18.08, 14.93. HRMS-ESI (positive) M = C24H34N4O6: calculated (M+Na)+ m/z 497.2376; found 
(M+Na)+ m/z 497.2374.  
 

acryloyl-L-Leu-L-Ala-L-Phe-GABA-OH (Compound A17). Prepared 
according to General Procedure A, Parts 1, 2, 4, 5 from 2-chlorotrityl 
resin (1.0 mmol). Purified via prep HPLC (40% --> 50% MeCN/H2O). 
White solid (0.2457 g, 50% isolated yield). 1H NMR (500 MHz, CD3OD) 
δ 7.29 – 7.16 (m, 5H), 6.36 (dd, J = 17.1, 10.0 Hz, 1H), 6.28 (dd, J = 
17.1, 2.0 Hz, 1H), 5.71 (dd, J = 10.0, 2.0 Hz, 1H), 4.48 (dd, J = 8.7, 6.3 

Hz, 1H), 4.38 (dd, J = 9.3, 5.7 Hz, 1H), 4.19 (q, J = 7.2 Hz, 1H), 3.17 (dt, J = 17.6, 6.6 Hz, 3H), 2.99 (dd, J 
= 13.7, 8.6 Hz, 1H), 2.24 (t, J = 7.5 Hz, 2H), 1.78 – 1.64 (m, 3H), 1.64 – 1.54 (m, 2H), 1.23 (d, J = 7.1 Hz, 
3H), 0.96 (dd, J = 19.2, 6.5 Hz, 6H). 13C NMR (126 MHz, CD3OD) (126 MHz, CD3OD) δ 177.61, 175.77, 
175.23, 173.70, 168.92, 139.08, 132.08, 130.81, 129.99, 128.32, 128.04, 56.85, 55.30, 54.48, 51.64, 42.17, 
40.31, 39.14, 33.26, 26.45, 24.20, 22.53, 17.92, 14.93. HRMS-ESI (positive) M = C25H36N4O6: calculated 
(M+Na)+ m/z 511.2533; found (M+Na)+ m/z 511.2529. 
 

acryloyl - L - Arg(Boc)2 - L - Val - L - Pro - L - Ala - L - 
Tyr(tBu) - Beta - Ala - OH (Compound A18). Prepared 
according to General Procedure A, Parts 1, 3, 4, 5 from 2-
chlorotrityl resin (1.0 mmol). Purified via prep HPLC (60% --> 
70% MeCN/H2O). White solid (0.2224 g, 23% isolated yield). 
1H NMR (500 MHz, CD3OD) 1H NMR δ 7.15 – 7.10 (m, 2H), 
6.92 – 6.86 (m, 2H), 6.33 (dd, J = 17.1, 10.2 Hz, 1H), 6.23 
(dd, J = 17.1, 1.8 Hz, 1H), 5.67 (dd, J = 10.2, 1.9 Hz, 1H), 
4.49 – 4.40 (m, 3H), 4.36 (dd, J = 8.1, 5.6 Hz, 1H), 4.18 (q, J 

= 7.2 Hz, 1H), 3.94 – 3.84 (m, 1H), 3.71 – 3.61 (m, 1H), 3.43 – 3.34 (m, 4H), 3.08 (dd, J = 13.9, 6.2 Hz, 
1H), 2.94 (dd, J = 14.0, 8.3 Hz, 1H), 2.42 (td, J = 7.0, 2.5 Hz, 2H), 2.20 – 2.02 (m, 3H), 1.93 (ddt, J = 17.5, 
12.1, 6.7 Hz, 2H), 1.87 – 1.80 (m, 1H), 1.74 – 1.58 (m, 3H), 1.52 (s, 9H), 1.46 (s, 9H), 1.30 (s, 9H), 1.28 (d, 
J = 7.1 Hz, 3H), 0.98 (dd, J = 9.3, 6.8 Hz, 6H). HRMS-ESI (positive) M = C48H75N9O13: calculated (M+Na)+ 
m/z 1008.5382; found (M+Na)+ m/z 1008.5387. 
 

acryloyl-L-Leu-Gly-L-Glu-L-Pro-L-Ala-OMe (Compound A19). 
Prepared according to General Procedure A, Parts 1, 3, 4, 6 from 2-
chlorotrityl resin (1.0 mmol). Purified via prep HPLC (30% --> 40% 
MeCN/H2O). White solid (0.2362 g, 43% isolated yield). 1H NMR (500 
MHz, CD3OD) δ 6.32 (dd, J = 17.1, 9.7 Hz, 1H), 6.29 – 6.22 (m, 1H), 
5.67 (dd, J = 9.7, 2.3 Hz, 1H), 4.71 (dd, J = 9.2, 4.9 Hz, 1H), 4.47 – 4.34 
(m, 3H), 3.96 (d, J = 16.9 Hz, 1H), 3.86 – 3.73 (m, 3H), 3.71 (s, 3H), 
2.41 (dd, J = 7.6, 6.7 Hz, 2H), 2.25 – 2.11 (m, 2H), 2.09 – 1.92 (m, 4H), 

1.71 – 1.62 (m, 3H), 1.39 (d, J = 7.3 Hz, 3H), 0.98 (d, J = 6.2 Hz, 3H), 0.95 (d, J = 6.2 Hz, 3H). 13C NMR 
(126 MHz, CD3OD) δ 176.40, 175.47, 174.64, 173.62, 172.57, 171.62, 168.21, 131.55, 127.53, 61.30, 
53.93, 52.75, 43.41, 41.60, 32.58, 30.53, 30.21, 27.92, 25.93, 25.87, 23.31, 23.16, 22.13, 22.07, 17.26. 
HRMS-ESI (positive) M = C25H39N5O9: calculated (M+Na)+ m/z 576.2645; found (M+Na)+ m/z 576.2640. 
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acryloyl-D-Trp(Boc)-L-Lys(Boc)-L-Thr(Bzl)-7-Ahp-OH (Compound 
A20). Prepared according to General Procedure A, Parts 1, 3, 4, 5 from 2-
chlorotrityl resin (1.0 mmol). Purified via prep HPLC (70% --> 80% 
MeCN/H2O). White solid (0.8303 g, 92% isolated yield). 1H NMR (500 MHz, 
CD3OD) δ 8.10 (d, J = 8.3 Hz, 1H), 7.61 (dd, J = 7.8, 1.1 Hz, 1H), 7.52 (s, 
1H), 7.33 – 7.22 (m, 7H), 6.32 – 6.24 (m, 1H), 6.16 (dd, J = 17.1, 1.9 Hz, 
1H), 5.62 (dd, J = 10.2, 1.9 Hz, 1H), 4.60 (dd, J = 9.1, 6.5 Hz, 1H), 4.52 (q, 
J = 11.8 Hz, 2H), 4.34 (t, J = 3.1 Hz, 1H), 4.14 (qd, J = 6.3, 3.4 Hz, 1H), 
3.96 (dd, J = 9.6, 4.5 Hz, 1H), 3.25 – 3.11 (m, 3H), 3.06 (dtd, J = 12.4, 7.1, 
5.0 Hz, 1H), 2.84 (td, J = 7.0, 3.3 Hz, 2H), 2.27 (q, J = 8.1, 7.5 Hz, 2H), 
1.67 (s, 9H), 1.61 – 1.53 (m, 3H), 1.49 – 1.45 (m, 2H), 1.41 (s, 9H), 1.34 – 

1.28 (m, 5H), 1.24 (q, J = 7.2 Hz, 2H), 1.12 (d, J = 6.3 Hz, 3H), 0.76 (d, J = 9.8 Hz, 2H). 13C NMR (126 
MHz, CD3OD) δ 178.03, 175.09, 174.93, 172.49, 168.11, 158.74, 151.33, 140.10, 137.12, 132.03, 131.87, 
129.62, 129.20, 128.93, 127.96, 125.98, 125.88, 124.14, 120.59, 117.30, 116.57, 85.40, 80.17, 75.69, 
72.69, 59.66, 56.46, 56.18, 41.29, 41.17, 41.04, 35.31, 31.98, 30.86, 30.45, 30.22, 29.17, 28.80, 28.59, 
27.95, 26.35, 24.26, 17.51. HRMS-ESI (positive) M = C48H68N6O11: calculated (M+Na)+ m/z 927.4844; 
found (M+Na)+ m/z 927.4858. 
 

acryloyl - L - Pro - Beta - Ala - L - Orn(Boc) - Beta - Ala - D - Phe - L 
- Pro - Beta - Ala - L - Orn(Boc) - Beta - Ala - OH (Compound A21). 
Prepared according to General Procedure A, Parts 1, 3, 4, 5 from 2-
chlorotrityl resin (1.0 mmol). Purified via prep HPLC (40% --> 50% 
MeCN/H2O). White solid (0.1784 g, 16% isolated yield). 1H NMR (500 
MHz, CD3OD) (mixture of rotamers) δ 7.32 – 7.24 (m, 5H), 6.64 (dd, J = 
16.8, 10.5 Hz, 1H), 6.44 – 6.17 (m, 1H), 5.74 (ddd, J = 21.4, 10.2, 2.2 
Hz, 1H), 4.62 (dd, J = 9.6, 6.1 Hz, 1H), 4.52 (dd, J = 8.5, 3.1 Hz, 1H), 
4.45 – 4.22 (m, 4H), 3.82 – 3.61 (m, 3H), 3.57 – 3.50 (m, 2H), 3.46 – 
3.38 (m, 5H), 3.07 – 2.99 (m, 6H), 2.69 – 2.61 (m, 1H), 2.58 – 2.41 (m, 
9H), 2.27 – 2.15 (m, 1H), 2.08 (td, J = 11.2, 9.9, 6.6 Hz, 1H), 1.96 (ddt, 
J = 21.8, 9.2, 5.3 Hz, 3H), 1.81 – 1.75 (m, 3H), 1.65 (ddt, J = 13.9, 9.7, 
4.8 Hz, 3H), 1.55 – 1.49 (m, 4H), 1.43 (d, J = 2.5 Hz, 18H). HRMS-ESI 
(positive) M = C54H83N11O15: calculated (M+Na)+ m/z 1148.5968; found 
(M+Na)+ m/z 1148.5924. 

 
acryloyl - L - Leu - L - Glu(OtBu) 
- L - Ala - L - Gln(Trt) - Gly - L - 
Ser(tBu) - L - Val - L - Pro - L - 
Lys(Boc) - L - Phe - L - Ala - L - 
Thr(tBu) - L - Ile - Beta - Ala - OH 
(Compound A22). Prepared 
according to General Procedure 

A, Parts 1, 3, 4, 5 from 2-chlorotrityl resin (1.0 mmol). Purified via prep HPLC (70% --> 80% MeCN/H2O). 
White solid (0.8978 g, 45% isolated yield). 1H NMR (500 MHz, CD3OD) δ 7.34 – 7.12 (m, 20H), 6.26 – 6.22 
(m, 2H), 5.63 (d, J = 7.0 Hz, 1H), 4.66 (d, J = 4.7 Hz, 1H), 4.45 (d, J = 7.1 Hz, 2H), 4.42 – 4.36 (m, 4H), 
4.30 – 4.25 (m, 3H), 4.21 (d, J = 7.0 Hz, 2H), 4.14 (dd, J = 11.2, 4.8 Hz, 2H), 3.90 (d, J = 2.3 Hz, 2H), 3.69 
(s, 2H), 3.59 (d, J = 7.6 Hz, 2H), 3.47 (s, 1H), 3.39 (d, J = 7.0 Hz, 2H), 3.20 (d, J = 4.6 Hz, 1H), 2.98 (s, 
4H), 2.43 (dd, J = 7.5, 4.6 Hz, 4H), 2.31 (q, J = 8.7 Hz, 4H), 2.16 – 1.96 (m, 10H), 1.83 (s, 6H), 1.68 – 1.55 
(m, 8H), 1.52 – 1.32 (m, 22H), 1.23 (s, 9H), 1.19 – 1.03 (m, 12H), 0.99 – 0.89 (m, 12H). HRMS-ESI (positive) 
M = C104H154N16O23: calculated (M+Na)+ m/z 2018.1271; found (M+Na)+ m/z 2018.0728. 
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General Procedure B – One-Pot Synthesis of Dioxazolones 
 
 
 
 
 
 
 
 
 
To a flame-dried scintillation vial equipped with stir bar was added carboxylic acid (1.0 equiv.) dissolved in 
dry DMF (5 mL – 20 mL) to form a fully homogenous solution. To the reaction mixture was added CDI (1.1 
equiv.) in one portion and the mixture was stirred for 3 h at room temperature. Hydroxylamine hydrochloride 
(1.1 equiv.) was added in one portion to the reaction mixture and stirred over night at room temperature. A 
second portion of CDI (1.1 equiv.) was added to the reaction mixture and stirred for 3 h at room temperature. 
The entire reaction mixture was then passed through a syringe equipped with a micron filter to remove any 
small amounts of heterogenous material. The filtered solution was then directly injected into a preparative 
HPLC instrument for purification. Note that the HPLC has to be able to withstand DMF injection (stainless 
steel injection loop). The general gradient ramp is 0% or 10% --> AA% MeCN/H2O for 2 min, followed by 
AA% --> BB% for 3 min, followed by BB% --> 100% for 1 min, followed by 100% for 3 min, followed by 
100% --> 0% for 1 min, followed by 0% for 2 min. It is important that no TFA is present in the HPLC solvent. 
We noted that partial hydrolysis of dioxazolone to hydroxamic acid occurs on the column, and this is 
mitigated by smaller injection volume (0.5 mL injections rather than 1.0 mL injections, depending on the 
concentration of the sample). Injecting less material also generally leads to better peak resolution and 
higher purity. Three examples of dioxazolone purification chromatograms are shown below with their 
corresponding gradient ramps. It is crucial to immediately flash freeze each purified fraction containing 
dioxazolone in a -80 ℃ freezer within 3 min of the fraction elution to prevent any hydrolysis in the MeCN/H2O 
solution. The fractions are pooled into 50 mL falcon tubes and then additionally frozen further in liquid 
nitrogen before they are freeze dried using a lyophilizer instrument. We also noted the reaction gives higher 
yields when using new bottles of CDI or freshly recrystallized CDI, and the reaction is extremely sensitive 
to water. When checking purity of samples by 1H-NMR in CD3OD as the NMR solvent, it is imperative to 
quickly take the spectrum within 3 min of dissolving the solid because methanol is observed to add into 
dioxazolones in a nucleophilic manner and irreversibly decompose the material. 
 

acryloyl-L-Val-L-Ala-Beta-Ala-dioxazolone (Compound B1). Prepared 
according to General Procedure B from Compound A1 (0.43 mmol). Purified 
by multiple subsequent runs of direct injection of the crude DMF reaction 
mixture into prep HPLC, followed by flash freeze of fractions (50% --> 60% 
MeCN/H2O). White solid (0.0553 g, 29% isolated yield). 1H NMR (500 MHz, 

CD3OD) δ 6.44 – 6.35 (m, 1H), 6.24 (dd, J = 17.0, 1.8 Hz, 1H), 5.68 (dt, J = 10.3, 2.1 Hz, 1H), 4.28 (q, J = 
7.3 Hz, 1H), 4.10 (d, J = 7.2 Hz, 1H), 3.88 (d, J = 16.7 Hz, 1H), 3.80 (d, J = 16.6 Hz, 1H), 3.54 (t, J = 6.3 
Hz, 2H), 2.89 – 2.83 (m, 2H), 2.12 (dq, J = 13.7, 7.0 Hz, 1H), 1.36 (d, J = 7.2 Hz, 3H), 1.03 – 0.99 (m, 6H). 
HRMS-ESI (positive) M = C15H22N4O6: calculated (M+Na)+ m/z 377.1437; found (M+Na)+ m/z 377.1418. 
 

acryloyl-L-Ile-Gly-L-Ala-Beta-Ala-dioxazolone (Compound B2). 
Prepared according to General Procedure B from Compound A2 (0.91 
mmol). Purified by multiple subsequent runs of direct injection of the 
crude DMF reaction mixture into prep HPLC, followed by flash freeze of 
fractions (50% --> 60% MeCN/H2O). White solid (0.1272 g, 33% isolated 
yield). 1H NMR (500 MHz, CD3OD) δ 6.39 (ddd, J = 17.0, 10.2, 3.3 Hz, 

1H), 6.25 (dd, J = 17.0, 1.9 Hz, 1H), 5.69 (dt, J = 10.1, 1.6 Hz, 1H), 4.29 (q, J = 7.3 Hz, 1H), 4.16 (d, J = 
7.4 Hz, 1H), 3.89 (d, J = 16.7 Hz, 1H), 3.81 (d, J = 16.7 Hz, 1H), 3.55 (t, J = 6.3 Hz, 2H), 2.87 (td, J = 6.2, 
1.3 Hz, 2H), 1.93 – 1.84 (m, 1H), 1.61 (ddd, J = 13.6, 7.5, 3.8 Hz, 1H), 1.37 (d, J = 7.3 Hz, 3H), 1.26 (ddd, 
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J = 13.8, 6.8, 1.8 Hz, 1H), 0.99 – 0.94 (m, 6H). HRMS-ESI (positive) M = C18H27N5O7: calculated (M+Na)+ 
m/z 448.1808; found (M+Na)+ m/z 448.1806. 
 

acryloyl - L - Gln(Trt) - L - Leu - L - Lys(Boc) - GABA - dioxazolone 
(Compound B3). Prepared according to General Procedure B from 
Compound A3 (0.65 mmol). Purified by multiple subsequent runs of 
direct injection of the crude DMF reaction mixture into prep HPLC, 
followed by flash freeze of fractions (50% --> 60% MeCN/H2O). White 
solid (0.2016 g, 34% isolated yield). 1H NMR (500 MHz, CD3OD) δ 
7.27 – 7.20 (m, 15H), 6.32 – 6.16 (m, 2H), 5.68 (dd, J = 9.2, 2.8 Hz, 
1H), 4.32 – 4.23 (m, 2H), 4.19 (dd, J = 9.3, 5.3 Hz, 1H), 3.23 (t, J = 6.5 

Hz, 2H), 2.99 (q, J = 6.6 Hz, 2H), 2.65 (t, J = 7.5 Hz, 2H), 2.50 (dh, J = 30.2, 7.5 Hz, 2H), 2.07 – 1.91 (m, 
2H), 1.86 (p, J = 7.1 Hz, 2H), 1.80 – 1.73 (m, 1H), 1.71 – 1.62 (m, 2H), 1.58 (dd, J = 8.1, 6.6 Hz, 2H), 1.41 
(s, 11H), 1.29 (s, 2H), 0.92 (dd, J = 25.9, 6.5 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 173.18, 173.14, 172.39, 
172.09, 167.78, 166.84, 156.11, 154.55, 144.14, 129.99, 128.73, 128.67, 128.32, 128.24, 127.51, 127.41, 
79.17, 71.28, 57.46, 53.97, 53.64, 40.50, 39.92, 37.71, 34.34, 30.61, 29.57, 28.59, 25.32, 23.92, 23.69, 
23.23, 22.04, 21.39. HRMS-ESI (positive) M = C49H63N7O10: calculated (M+Na)+ m/z 932.4534; found 
(M+Na)+ m/z 932.4542.  
 

acryloyl-L-Val-D-Pro-Acpc-Beta-Ala-dioxazolone (Compound B4). Prepared 
according to General Procedure B from Compound A4 (0.68 mmol). Purified by multiple 
subsequent runs of direct injection of the crude DMF reaction mixture into prep HPLC, 
followed by flash freeze of fractions (40% --> 50% MeCN/H2O). White solid (0.1260 g, 
40% isolated yield). 1H NMR (500 MHz, CD3OD) δ 6.37 (dd, J = 17.0, 10.2 Hz, 1H), 6.24 
(dd, J = 17.0, 1.9 Hz, 1H), 5.69 (dd, J = 10.2, 1.9 Hz, 1H), 4.36 (d, J = 8.6 Hz, 1H), 4.31 
(dd, J = 8.8, 4.7 Hz, 1H), 4.07 – 3.99 (m, 1H), 3.73 (dt, J = 10.3, 7.1 Hz, 1H), 3.67 – 
3.59 (m, 1H), 3.40 – 3.35 (m, 1H), 2.90 – 2.74 (m, 2H), 2.29 – 2.21 (m, 1H), 2.15 – 2.09 
(m, 1H), 2.06 – 2.00 (m, 2H), 1.97 – 1.90 (m, 1H), 1.53 – 1.47 (m, 1H), 1.33 – 1.27 (m, 
1H), 1.08 (d, J = 6.7 Hz, 3H), 1.04 – 1.00 (m, 5H). HRMS-ESI (positive) M = C21H29N5O7: 

calculated (M+Na)+ m/z 486.1965; found (M+Na)+ m/z 486.1969. 
 

acryloyl-L-Val-L-Ala-D-Pro-Acpc-Beta-Ala-dioxazolone (Compound B5). 
Prepared according to General Procedure B from Compound A5 (0.67 mmol). 
Purified by multiple subsequent runs of direct injection of the crude DMF reaction 
mixture into prep HPLC, followed by flash freeze of fractions (40% --> 50% 
MeCN/H2O). White solid (0.0910 g, 26% isolated yield). 1H NMR (500 MHz, 
CD3OD) δ 6.39 (dd, J = 17.0, 10.2 Hz, 1H), 6.24 (dd, J = 17.1, 1.8 Hz, 1H), 5.69 
(dd, J = 10.3, 1.8 Hz, 1H), 4.58 – 4.55 (m, 1H), 4.30 – 4.22 (m, 2H), 3.86 (dt, J = 
10.1, 6.7 Hz, 1H), 3.78 – 3.69 (m, 1H), 3.67 – 3.61 (m, 1H), 3.43 – 3.36 (m, 1H), 
2.96 – 2.78 (m, 2H), 2.26 – 2.18 (m, 1H), 2.11 (dt, J = 13.8, 6.8 Hz, 1H), 2.04 – 
1.89 (m, 3H), 1.50 (ddd, J = 10.2, 7.7, 4.3 Hz, 1H), 1.36 (d, J = 6.9 Hz, 3H), 1.31 

(ddd, J = 10.0, 7.7, 4.5 Hz, 1H), 1.06 (ddd, J = 10.1, 7.6, 4.5 Hz, 1H), 0.97 (t, J = 6.9 Hz, 7H). 13C NMR 
(126 MHz, CDCl3) δ 173.85, 172.39, 171.79, 169.44, 165.88, 130.46, 127.30, 61.44, 59.30, 47.77, 47.20, 
36.74, 34.86, 32.43, 30.96, 29.70, 28.85, 25.25, 19.40, 18.29, 16.99, 16.67, 16.44. HRMS-ESI (positive) M 
= C24H34N6O8: calculated (M+Na)+ m/z 557.2336; found (M+Na)+ m/z 557.2327. 
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acryloyl-L-Val-L-Ala-D-Pro-Acpc-L-Ala-Beta-Ala-dioxazolone (Compound 
B6). Prepared according to General Procedure B from Compound A6 (0.68 mmol). 
Purified by multiple subsequent runs of direct injection of the crude DMF reaction 
mixture into prep HPLC, followed by flash freeze of fractions (40% --> 50% 
MeCN/H2O). White solid (0.1140 g, 28% isolated yield). 1H NMR (500 MHz, 
CD3OD) δ 6.37 (dd, J = 17.1, 10.2 Hz, 1H), 6.23 (dd, J = 17.1, 1.8 Hz, 1H), 5.69 
(dd, J = 10.2, 1.8 Hz, 1H), 4.61 (q, J = 6.8 Hz, 1H), 4.34 – 4.23 (m, 3H), 3.83 (dt, J 
= 10.2, 7.0 Hz, 1H), 3.69 – 3.63 (m, 2H), 3.45 (ddd, J = 13.6, 7.2, 6.0 Hz, 1H), 2.91 
– 2.80 (m, 2H), 2.26 – 2.19 (m, 1H), 2.11 (dtd, J = 15.6, 6.3, 5.9, 3.4 Hz, 2H), 1.94 
(ddt, J = 33.4, 11.9, 6.8 Hz, 2H), 1.47 (d, J = 7.2 Hz, 4H), 1.43 – 1.38 (m, 1H), 1.35 
(d, J = 6.8 Hz, 3H), 1.06 (ddd, J = 10.2, 7.5, 4.3 Hz, 1H), 0.98 (dd, J = 6.8, 5.1 Hz, 
7H). 13C NMR (126 MHz, CDCl3) δ 172.49, 172.05, 169.07, 166.35, 165.22, 154.70, 

130.91, 127.62, 61.77, 60.09, 50.71, 50.22, 48.01, 36.26, 35.04, 33.42, 31.53, 30.98, 29.30, 25.81, 25.47, 
19.94, 18.75, 17.46, 17.22, 16.89. HRMS-ESI (positive) M = C27H39N7O9: calculated (M+Na)+ m/z 
628.2712; found (M+Na)+ m/z 628.2715. 
 

acryloyl-L-Val-L-Ala-L-Pro-Acpc-Beta-Ala-dioxazolone (Compound B7). 
Prepared according to General Procedure B from Compound A7 (0.82 mmol). 
Purified by multiple subsequent runs of direct injection of the crude DMF reaction 
mixture into prep HPLC, followed by flash freeze of fractions (40% --> 50% 
MeCN/H2O). White solid (0.1444 g, 33% isolated yield). 1H NMR (500 MHz, 
CD3OD) δ 6.38 (dd, J = 17.1, 10.3 Hz, 1H), 6.24 (dd, J = 17.1, 1.8 Hz, 1H), 5.69 
(dd, J = 10.3, 1.8 Hz, 1H), 4.64 (q, J = 7.0 Hz, 1H), 4.26 (d, J = 7.6 Hz, 1H), 4.21 
(t, J = 7.4 Hz, 1H), 3.89 (ddd, J = 10.0, 7.4, 4.5 Hz, 1H), 3.68 – 3.59 (m, 2H), 3.53 
– 3.46 (m, 1H), 2.90 (t, J = 6.6 Hz, 2H), 2.20 – 2.06 (m, 3H), 2.01 – 1.92 (m, 1H), 
1.90 – 1.83 (m, 1H), 1.53 – 1.48 (m, 1H), 1.38 – 1.33 (m, 4H), 1.01 – 0.96 (m, 8H). 

HRMS-ESI (positive) M = C24H34N6O8: calculated (M+Na)+ m/z 557.2336; found (M+Na)+ m/z 557.2338. 
 

acryloyl-L-Val-L-Ala-D-Pro-Gly-Beta-Ala-dioxazolone (Compound B8). 
Prepared according to General Procedure B from Compound A8 (0.39 mmol). 
Purified by multiple subsequent runs of direct injection of the crude DMF reaction 
mixture into prep HPLC, followed by flash freeze of fractions (40% --> 50% 
MeCN/H2O). White solid (0.0695 g, 35% isolated yield). 1H NMR (500 MHz, 
CD3OD) δ 6.42 – 6.34 (m, 1H), 6.29 – 6.19 (m, 1H), 5.68 (dt, J = 10.2, 2.1 Hz, 1H), 
4.63 (q, J = 6.9 Hz, 1H), 4.36 – 4.24 (m, 2H), 3.96 (dd, J = 17.0, 4.2 Hz, 1H), 3.93 
– 3.84 (m, 1H), 3.72 – 3.57 (m, 3H), 3.52 (dd, J = 13.8, 6.8 Hz, 1H), 2.95 – 2.84 
(m, 2H), 2.27 – 2.19 (m, 1H), 2.10 (dq, J = 14.2, 6.9, 6.5 Hz, 2H), 2.03 – 1.93 (m, 
2H), 1.38 – 1.34 (m, 3H), 1.00 – 0.96 (m, 6H). HRMS-ESI (positive) M = 

C22H32N6O8: calculated (M+Na)+ m/z 531.2180; found (M+Na)+ m/z 531.2179. 
 

acryloyl-L-Val-L-Ala-L-Pro-Gly-Beta-Ala-dioxazolone (Compound B9). 
Prepared according to General Procedure B from Compound A9 (0.18 mmol). 
Purified by multiple subsequent runs of direct injection of the crude DMF reaction 
mixture into prep HPLC, followed by flash freeze of fractions (40% --> 50% 
MeCN/H2O). White solid (0.0232 g, 25% isolated yield). 1H NMR (500 MHz, 
CD3OD) δ 6.48 – 6.30 (m, 1H), 6.28 – 6.13 (m, 1H), 5.68 (ddd, J = 10.3, 3.6, 1.7 
Hz, 1H), 4.57 – 4.47 (m, 1H), 4.35 (dd, J = 8.2, 4.2 Hz, 1H), 4.24 (d, J = 7.7 Hz, 
1H), 3.90 (td, J = 10.6, 10.2, 4.4 Hz, 1H), 3.77 (d, J = 2.2 Hz, 1H), 3.73 – 3.47 (m, 
3H), 3.45 – 3.39 (m, 1H), 2.95 – 2.79 (m, 2H), 2.27 – 2.15 (m, 1H), 2.03 (dddd, J 
= 18.9, 11.5, 7.7, 5.1 Hz, 4H), 1.35 (dd, J = 7.1, 1.5 Hz, 3H), 0.97 – 0.93 (m, 6H). 

13C NMR (126 MHz, CDCl3) δ 172.57, 172.45, 172.19, 169.50, 168.94, 166.08, 130.24, 127.40, 61.17, 
59.28, 47.66, 43.85, 35.88, 32.60, 30.83, 29.27, 24.80, 22.60, 19.33, 18.12, 16.34, 14.02. HRMS-ESI 
(positive) M = C22H32N6O8: calculated (M+Na)+ m/z 531.2180; found (M+Na)+ m/z 531.2186. 
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acryloyl - L - Val - L - Ala - L - Phe - L - Trp(Boc) - Beta - Ala -
dioxazolone (Compound B10). Prepared according to General 
Procedure B from Compound A10 (0.41 mmol). Purified by 
multiple subsequent runs of direct injection of the crude DMF 
reaction mixture into prep HPLC, followed by flash freeze of 
fractions (50% --> 60% MeCN/H2O). White solid (0.1130 g, 35% 
isolated yield). 1H NMR (500 MHz, CD3OD) δ 7.60 (dt, J = 7.8, 0.9 
Hz, 1H), 7.51 (s, 1H), 7.35 – 7.05 (m, 8H), 6.44 – 6.34 (m, 1H), 

6.27 – 6.20 (m, 1H), 5.72 – 5.65 (m, 1H), 4.65 (dd, J = 9.2, 5.5 Hz, 1H), 4.43 (dd, J = 9.7, 5.1 Hz, 1H), 4.12 
(q, J = 7.3 Hz, 1H), 3.90 (d, J = 6.7 Hz, 1H), 3.58 – 3.40 (m, 2H), 3.29 – 3.22 (m, 1H), 3.17 – 3.05 (m, 2H), 
2.98 (dd, J = 14.0, 9.8 Hz, 1H), 2.87 – 2.62 (m, 2H), 2.06 – 1.94 (m, 1H), 1.63 (s, 9H), 1.17 (d, J = 7.3 Hz, 
3H), 0.93 (dd, J = 21.1, 6.8 Hz, 6H). HRMS-ESI (positive) M = C40H49N7O10: calculated (M+Na)+ m/z 
810.3439; found (M+Na)+ m/z 810.3425. 
 

acryloyl - L - Val - L - Ala - L - Lys(Boc) - L - Thr(tBu) - Beta - 
Ala - dioxazolone (Compound B11). Prepared according to 
General Procedure B from Compound A11 (0.20 mmol). Purified 
by multiple subsequent runs of direct injection of the crude DMF 
reaction mixture into prep HPLC, followed by flash freeze of 
fractions (40% --> 50% MeCN/H2O). White solid (0.0414 g, 28% 
isolated yield). 1H NMR (500 MHz, CD3OD) δ 6.41 (dd, J = 16.1, 

10.3 Hz, 1H), 6.26 (ddd, J = 17.0, 5.5, 1.8 Hz, 1H), 5.70 (t, J = 9.1 Hz, 1H), 4.45 – 4.11 (m, 5H), 3.64 (q, J 
= 6.6, 5.9 Hz, 1H), 3.52 (dt, J = 20.4, 7.0 Hz, 1H), 3.10 – 3.00 (m, 2H), 2.89 (t, J = 6.4 Hz, 2H), 2.18 – 2.06 
(m, 1H), 1.87 (s, 1H), 1.73 (s, 1H), 1.50 – 1.38 (m, 16H), 1.18 (t, J = 4.6 Hz, 9H), 1.11 (dd, J = 6.3, 4.9 Hz, 
3H), 0.99 (q, J = 9.6, 7.8 Hz, 6H). HRMS-ESI (positive) M = C34H57N7O11: calculated (M+Na)+ m/z 762.4014; 
found (M+Na)+ m/z 762.4000. 
 

acryloyl - L - Asn(Trt) - L - Ala - D - Pro - Acpc - L - Ser(tBu) 
- Beta - Ala - dioxazolone (Compound B12). Prepared 
according to General Procedure B from Compound A12 (0.36 
mmol). Purified by multiple subsequent runs of direct injection 
of the crude DMF reaction mixture into prep HPLC, followed 
by flash freeze of fractions (60% --> 70% MeCN/H2O). White 

solid (0.1028 g, 31% isolated yield). 1H NMR (500 MHz, CD3OD) δ 7.27 – 7.20 (m, 15H), 6.33 (dd, J = 17.1, 
10.0 Hz, 1H), 6.25 (dd, J = 17.1, 2.0 Hz, 1H), 5.76 – 5.69 (m, 1H), 4.75 – 4.68 (m, 1H), 4.42 – 4.36 (m, 1H), 
4.22 (dd, J = 8.2, 5.7 Hz, 1H), 3.82 – 3.71 (m, 2H), 3.65 (ddd, J = 32.8, 9.7, 6.3 Hz, 2H), 3.53 (dt, J = 13.8, 
6.2 Hz, 1H), 3.29 (d, J = 6.6 Hz, 1H), 2.94 (dd, J = 14.8, 4.1 Hz, 1H), 2.75 (t, J = 6.4 Hz, 2H), 2.66 (dd, J = 
14.8, 9.1 Hz, 1H), 2.24 – 2.15 (m, 1H), 1.99 (dq, J = 12.7, 6.7 Hz, 1H), 1.87 (ddt, J = 21.6, 13.0, 6.8 Hz, 
2H), 1.37 (q, J = 2.1 Hz, 1H), 1.32 (d, J = 6.8 Hz, 3H), 1.20 (s, 10H), 1.07 – 0.98 (m, 1H), 0.73 – 0.63 (m, 
1H). 13C NMR (126 MHz, CDCl3) δ 173.43, 172.66, 172.25, 172.16, 170.67, 170.59, 165.86, 164.88, 154.31, 
144.26, 130.36, 128.88, 128.04, 127.63, 127.22, 74.20, 70.99, 62.19, 61.49, 53.73, 50.67, 47.72, 47.20, 
38.95, 34.99, 34.41, 29.30, 27.51, 25.65, 24.82, 16.96, 16.48, 15.39. HRMS-ESI (positive) M = 
C49H58N8O11: calculated (M+Na)+ m/z 957.4123; found (M+Na)+ m/z 957.4124. 
 

acryloyl - L - Thr(tBu) - L - Ala - D - Pro - Acpc - L - 
Asp(OtBu) - Beta - Ala - dioxazolone (Compound B13). 
Prepared according to General Procedure B from Compound 
A13 (0.75 mmol). Purified by multiple subsequent runs of 
direct injection of the crude DMF reaction mixture into prep 
HPLC, followed by flash freeze of fractions (60% --> 70% 

MeCN/H2O). White solid (0.2266 g, 40% isolated yield). 1H NMR (500 MHz, CD3OD) δ 6.47 – 6.38 (m, 1H), 
6.30 – 6.23 (m, 1H), 5.74 – 5.68 (m, 1H), 4.69 – 4.59 (m, 2H), 4.52 (d, J = 3.9 Hz, 1H), 4.28 – 4.22 (m, 1H), 
4.15 (qd, J = 6.3, 3.9 Hz, 1H), 3.82 (dt, J = 10.4, 6.7 Hz, 1H), 3.69 – 3.61 (m, 2H), 3.52 – 3.45 (m, 1H), 2.88 
– 2.78 (m, 4H), 2.26 – 2.16 (m, 1H), 2.12 (dd, J = 13.6, 7.1 Hz, 1H), 2.04 – 1.95 (m, 2H), 1.53 (ddd, J = 
10.2, 7.7, 4.4 Hz, 1H), 1.45 (s, 9H), 1.37 (d, J = 7.0 Hz, 4H), 1.23 (s, 9H), 1.15 (d, J = 6.3 Hz, 3H), 1.13 – 
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1.08 (m, 1H), 0.99 – 0.94 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 174.72, 172.34, 171.61, 171.37, 171.06, 
165.50, 164.93, 154.40, 130.56, 127.23, 81.67, 76.19, 66.65, 61.30, 56.77, 49.88, 48.32, 47.57, 36.53, 
35.63, 35.17, 28.99, 28.23, 28.19, 25.52, 24.77, 16.69, 16.19, 16.07, 15.44. HRMS-ESI (positive) M = 
C35H53N7O12: calculated (M+Na)+ m/z 786.3650; found (M+Na)+ m/z 786.3655. 
 

acryloyl - L - Trp(Boc) - L - Ala - D - Pro - Acpc - L - Gln(Trt) 
- Beta - Ala - dioxazolone (Compound B14). Prepared 
according to General Procedure B from Compound A14 
(0.80 mmol). Purified by multiple subsequent runs of direct 
injection of the crude DMF reaction mixture into prep HPLC, 
followed by flash freeze of fractions (60% --> 70% 
MeCN/H2O). White solid (0.2708 g, 31% isolated yield). 1H 
NMR (500 MHz, CD3OD) δ 7.48 (s, 1H), 7.30 – 7.19 (m, 19H), 
6.20 (dd, J = 17.1, 9.6 Hz, 1H), 6.14 (dd, J = 17.1, 2.4 Hz, 

1H), 5.63 (dd, J = 9.6, 2.4 Hz, 1H), 4.82 (m, 1H), 4.40 (q, J = 6.7 Hz, 1H), 4.26 (ddd, J = 11.3, 7.9, 4.0 Hz, 
1H), 4.05 (t, J = 7.6 Hz, 1H), 3.78 (dt, J = 10.2, 7.3 Hz, 1H), 3.58 (ddd, J = 10.2, 7.4, 4.7 Hz, 1H), 3.35 (d, 
J = 6.5 Hz, 1H), 3.27 – 3.16 (m, 2H), 3.07 (dd, J = 14.9, 9.7 Hz, 1H), 2.62 (ddd, J = 13.7, 10.9, 4.3 Hz, 1H), 
2.53 (t, J = 6.5 Hz, 2H), 2.37 (ddd, J = 13.9, 10.6, 6.4 Hz, 1H), 2.19 (ttd, J = 15.2, 10.8, 9.3, 5.0 Hz, 2H), 
2.11 – 2.02 (m, 2H), 1.98 – 1.89 (m, 1H), 1.82 (ddt, J = 14.1, 8.5, 7.2 Hz, 1H), 1.66 (s, 9H), 1.54 (ddd, J = 
10.3, 7.6, 4.4 Hz, 1H), 1.36 (ddd, J = 10.1, 7.7, 4.4 Hz, 1H), 1.20 (d, J = 6.8 Hz, 3H), 1.06 (ddd, J = 10.1, 
7.5, 4.3 Hz, 1H), 0.97 (ddd, J = 10.2, 7.7, 4.2 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 173.70, 173.65, 173.24, 
172.89, 172.67, 172.04, 166.26, 164.80, 154.46, 144.65, 130.82, 129.01, 128.77, 128.23, 127.96, 127.03, 
124.66, 124.21, 122.83, 119.20, 115.38, 84.34, 70.75, 54.68, 53.42, 47.97, 47.76, 34.66, 29.32, 28.36, 
25.48, 25.26, 16.93, 16.67. HRMS-ESI (positive) M = C59H65N9O12: calculated (M+Na)+ m/z 1114.4651; 
found (M+Na)+ m/z 1114.4661. 
 

acryloyl-L-Leu-L-Ala-L-Phe-Gly-dioxazolone (Compound B15). 
Prepared according to General Procedure B from Compound A15 (0.60 
mmol). Purified by multiple subsequent runs of direct injection of the crude 
DMF reaction mixture into prep HPLC, followed by flash freeze of fractions 
(40% --> 50% MeCN/H2O). White solid (0.1053 g, 35% isolated yield). 1H 
NMR (500 MHz, CD3OD) δ 7.27 – 7.18 (m, 5H), 6.36 (dd, J = 17.1, 10.0 

Hz, 1H), 6.27 (dd, J = 17.1, 2.0 Hz, 1H), 5.71 (dd, J = 10.0, 2.0 Hz, 1H), 4.55 (dd, J = 8.5, 6.5 Hz, 1H), 4.46 
– 4.29 (m, 3H), 4.22 (q, J = 7.2 Hz, 1H), 3.23 – 3.13 (m, 1H), 3.01 (dd, J = 13.8, 8.5 Hz, 1H), 1.70 (dq, J = 
8.8, 6.5 Hz, 1H), 1.60 (td, J = 9.0, 8.6, 5.4 Hz, 2H), 1.26 (d, J = 7.2 Hz, 3H), 0.99 – 0.94 (m, 6H). HRMS-
ESI (positive) M = C24H31N5O7: calculated (M+Na)+ m/z 534.2121; found (M+Na)+ m/z 534.2108. 
 

acryloyl-L-Leu-L-Ala-L-Phe-Beta-Ala-dioxazolone (Compound B16). 
Prepared according to General Procedure B from Compound A16 (0.92 
mmol). Purified by multiple subsequent runs of direct injection of the 
crude DMF reaction mixture into prep HPLC, followed by flash freeze of 
fractions (40% --> 50% MeCN/H2O). White solid (0.1251 g, 26% isolated 
yield). 1H NMR (500 MHz, CD3OD) δ 7.26 – 7.19 (m, 5H), 6.38 (dd, J = 
17.1, 10.0 Hz, 1H), 6.33 – 6.24 (m, 1H), 5.77 – 5.68 (m, 1H), 4.48 (dd, J 

= 9.4, 5.8 Hz, 1H), 4.34 (dd, J = 9.4, 5.7 Hz, 1H), 4.16 (q, J = 7.2 Hz, 1H), 3.53 (ddd, J = 8.0, 6.1, 2.2 Hz, 
2H), 3.18 (d, J = 13.8 Hz, 1H), 2.98 (dd, J = 13.9, 9.4 Hz, 1H), 2.88 (dt, J = 15.9, 6.3 Hz, 1H), 2.79 (ddd, J 
= 15.9, 6.9, 6.0 Hz, 1H), 1.76 – 1.68 (m, 1H), 1.65 – 1.57 (m, 2H), 1.21 (d, J = 7.3 Hz, 3H), 1.00 – 0.94 (m, 
6H). HRMS-ESI (positive) M = C25H33N5O7: calculated (M+Na)+ m/z 538.2278; found (M+Na)+ m/z 
538.2262. 
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acryloyl-L-Leu-L-Ala-L-Phe-GABA-dioxazolone (Compound B17). 
Prepared according to General Procedure B from Compound A17 
(0.50 mmol). Purified by multiple subsequent runs of direct injection of 
the crude DMF reaction mixture into prep HPLC, followed by flash 
freeze of fractions (40% --> 50% MeCN/H2O). White solid (0.1275 g, 
48% isolated yield). 1H NMR (500 MHz, CD3OD) δ 7.29 – 7.18 (m, 5H), 

6.38 (dd, J = 17.1, 10.0 Hz, 1H), 6.30 (dd, J = 17.1, 2.0 Hz, 1H), 5.73 (dd, J = 10.1, 2.0 Hz, 1H), 4.48 (dd, 
J = 9.0, 6.3 Hz, 1H), 4.34 (dd, J = 9.3, 5.8 Hz, 1H), 4.17 (q, J = 7.3 Hz, 1H), 3.28 (t, J = 6.5 Hz, 2H), 3.19 
(dd, J = 13.8, 6.2 Hz, 1H), 3.01 (dd, J = 13.7, 9.0 Hz, 1H), 2.59 (td, J = 7.2, 0.9 Hz, 2H), 1.85 (qd, J = 7.7, 
6.2 Hz, 2H), 1.78 – 1.68 (m, 1H), 1.66 – 1.55 (m, 2H), 1.22 (d, J = 7.2 Hz, 3H), 0.97 (dd, J = 19.9, 6.5 Hz, 
6H). HRMS-ESI (positive) M = C26H35N5O7: calculated (M+Na)+ m/z 552.2434; found (M+Na)+ m/z 
552.2416. 
 

acryloyl - L - Arg(Boc)2 - L - Val - L - Pro - L - Ala - L - 
Tyr(tBu) - Beta - Ala - dioxazolone (Compound B18). 
Prepared according to General Procedure B from Compound 
A18 (0.23 mmol). Purified by multiple subsequent runs of 
direct injection of the crude DMF reaction mixture into prep 
HPLC, followed by flash freeze of fractions (60% --> 70% 
MeCN/H2O). White solid (0.0661 g, 28% isolated yield). 1H 
NMR (500 MHz, CD3OD) δ 7.15 – 7.09 (m, 2H), 6.90 – 6.87 
(m, 2H), 6.33 (dd, J = 17.1, 10.1 Hz, 1H), 6.23 (dd, J = 17.1, 

1.8 Hz, 1H), 5.68 (dd, J = 10.2, 1.9 Hz, 1H), 4.53 – 4.38 (m, 3H), 4.33 (dd, J = 7.9, 6.1 Hz, 1H), 4.15 (q, J 
= 7.2 Hz, 1H), 3.89 (dt, J = 10.1, 4.3 Hz, 1H), 3.67 (dt, J = 9.9, 6.9 Hz, 1H), 3.49 (t, J = 6.4 Hz, 2H), 3.45 – 
3.39 (m, 1H), 3.35 (dd, J = 7.5, 6.2 Hz, 1H), 3.12 (dd, J = 14.1, 5.9 Hz, 1H), 2.94 (dd, J = 14.2, 8.9 Hz, 1H), 
2.80 (qt, J = 15.9, 6.4 Hz, 2H), 2.18 (ddd, J = 11.9, 8.3, 6.1 Hz, 1H), 2.13 – 2.01 (m, 2H), 1.92 (tdd, J = 
12.9, 9.7, 6.2 Hz, 2H), 1.83 (ddt, J = 11.5, 9.4, 4.9 Hz, 1H), 1.74 – 1.58 (m, 3H), 1.52 (s, 9H), 1.46 (s, 9H), 
1.30 (s, 9H), 1.26 (d, J = 7.3 Hz, 3H), 0.96 (dd, J = 6.7, 2.2 Hz, 6H). HRMS-ESI (positive) M = C49H74N10O14: 
calculated (M+Na)+ m/z 1049.5283; found (M+Na)+ m/z 1049.5287. 
 

acryloyl-L-Leu-Gly-L-Glu(Diox)-L-Pro-L-Ala-OMe (Compound B19). 
Prepared according to General Procedure B from Compound A19 (0.68 
mmol). Purified by multiple subsequent runs of direct injection of the 
crude DMF reaction mixture into prep HPLC, followed by flash freeze of 
fractions (40% --> 50% MeCN/H2O). White solid (0.1155 g, 45% isolated 
yield). 1H NMR (500 MHz, CD3OD) δ 6.31 (dd, J = 17.1, 9.7 Hz, 1H), 
6.25 (dd, J = 17.1, 2.3 Hz, 1H), 5.69 – 5.64 (m, 1H), 4.79 (d, J = 5.3 Hz, 
1H), 4.44 (dd, J = 8.3, 4.2 Hz, 1H), 4.42 – 4.30 (m, 2H), 3.94 (d, J = 16.9 
Hz, 1H), 3.82 – 3.73 (m, 2H), 3.70 (s, 4H), 2.76 (t, J = 7.6 Hz, 2H), 2.27 

– 2.19 (m, 2H), 2.12 – 1.96 (m, 4H), 1.72 – 1.62 (m, 3H), 1.41 – 1.36 (m, 3H), 0.98 (d, J = 6.4 Hz, 3H), 0.94 
(d, J = 6.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.84, 173.39, 171.40, 170.28, 169.46, 166.35, 130.54, 
128.00, 52.84, 52.48, 49.91, 48.51, 48.19, 29.26, 26.77, 25.42, 25.18, 23.29, 22.62, 21.19, 18.30. HRMS-
ESI (positive) M = C26H38N6O10: calculated (M+Na)+ m/z 617.2547; found (M+Na)+ m/z 617.2557. 
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acryloyl - D - Trp(Boc) - L - Lys(Boc) - L - Thr(Bzl) - 7 - Ahp - dioxazolone 
(Compound B20). Prepared according to General Procedure B from 
Compound A20 (0.79 mmol). Purified by multiple subsequent runs of direct 
injection of the crude DMF reaction mixture into prep HPLC, followed by 
flash freeze of fractions (70% --> 80% MeCN/H2O). White solid (0.4149 g, 
55% isolated yield). 1H NMR (500 MHz, CD3OD) δ 7.61 (dt, J = 7.8, 1.1 Hz, 
1H), 7.53 (s, 1H), 7.34 – 7.22 (m, 8H), 6.29 (dd, J = 17.1, 10.2 Hz, 1H), 6.17 
(dd, J = 17.1, 1.9 Hz, 1H), 5.63 (dd, J = 10.2, 1.9 Hz, 1H), 4.60 (dd, J = 9.0, 
6.4 Hz, 1H), 4.53 (d, J = 12.2 Hz, 2H), 4.35 (d, J = 3.3 Hz, 1H), 4.17 – 4.13 
(m, 1H), 3.97 (dd, J = 9.6, 4.5 Hz, 1H), 3.28 – 3.23 (m, 1H), 3.21 – 3.13 (m, 
2H), 3.07 (ddd, J = 13.3, 6.8, 4.0 Hz, 1H), 2.88 – 2.83 (m, 2H), 2.64 (t, J = 
7.5 Hz, 2H), 1.68 (s, 11H), 1.57 (dd, J = 13.3, 5.6 Hz, 1H), 1.51 – 1.46 (m, 

2H), 1.42 (s, 11H), 1.36 – 1.31 (m, 3H), 1.26 (q, J = 7.4 Hz, 2H), 1.14 (dd, J = 6.3, 1.9 Hz, 3H), 0.76 (s, 2H). 
13C NMR (126 MHz, CDCl3) δ 172.06, 171.15, 169.42, 166.73, 165.69, 156.44, 154.35, 149.69, 138.29, 
135.52, 130.29, 128.60, 127.99, 127.97, 127.78, 124.92, 124.49, 123.01, 119.08, 115.48, 115.31, 84.06, 
79.40, 74.24, 71.83, 56.75, 54.45, 54.08, 51.64, 39.76, 39.48, 34.07, 30.76, 29.72, 29.18, 29.11, 28.81, 
28.59, 28.35, 27.77, 26.57, 26.17, 24.83, 24.73, 24.41, 22.10, 16.23. HRMS-ESI (positive) M = 
C49H67N7O12: calculated (M+Na)+ m/z 968.4745; found (M+Na)+ m/z 968.4749. 
 

acryloyl - L - Pro - Beta - Ala - L - Orn(Boc) - Beta - Ala - D - Phe - L 
- Pro - Beta - Ala - L - Orn(Boc) - Beta - Ala - dioxazolone (Compound 
B21). Prepared according to General Procedure B from Compound A21 
(0.16 mmol). Purified by multiple subsequent runs of direct injection of 
the crude DMF reaction mixture into prep HPLC, followed by flash freeze 
of fractions (40% --> 50% MeCN/H2O). White solid (0.0643 g, 31% 
isolated yield). 1H NMR (500 MHz, CD3OD) (mixture of rotamers) δ 7.30 
– 7.28 (m, 2H), 7.26 (q, J = 2.7, 2.1 Hz, 3H), 6.63 (dd, J = 16.9, 10.5 Hz, 
1H), 6.31 – 6.23 (m, 1H), 5.75 (dd, J = 10.4, 2.0 Hz, 1H), 4.62 – 4.54 
(m, 1H), 4.41 (dd, J = 8.5, 4.5 Hz, 1H), 4.34 – 4.16 (m, 4H), 3.81 – 3.63 
(m, 3H), 3.59 – 3.48 (m, 5H), 3.40 – 3.34 (m, 2H), 3.04 (q, J = 10.6, 8.4 
Hz, 6H), 2.85 (t, J = 6.3 Hz, 2H), 2.64 (d, J = 7.7 Hz, 1H), 2.51 – 2.40 
(m, 7H), 2.23 – 2.15 (m, 1H), 2.12 – 2.04 (m, 1H), 1.99 – 1.90 (m, 3H), 
1.78 (s, 3H), 1.67 – 1.58 (m, 3H), 1.53 (s, 4H), 1.42 (d, J = 2.3 Hz, 18H). 
HRMS-ESI (positive) M = C55H82N12O16: calculated (M+H)+ m/z 

1167.6050; found (M+H)+ m/z 1167.5999. 
 

acryloyl - L - Leu - L - Glu(OtBu) 
- L - Ala - L - Gln(Trt) - Gly - L - 
Ser(tBu) - L - Val - L - Pro - L - 
Lys(Boc) - L - Phe - L - Ala - L - 
Thr(tBu) - L - Ile - Beta - Ala - 
dioxazolone (Compound B22). 
Prepared according to General 

Procedure B from Compound A22 (0.053 mmol). Purified by multiple subsequent runs of direct injection of 
the crude DMF reaction mixture into prep HPLC, followed by flash freeze of fractions (70% --> 80% 
MeCN/H2O). White solid (0.030 g, 28% isolated yield). 1H NMR (500 MHz, CD3OD) δ 7.28 – 7.10 (m, 20H), 
6.25 – 6.21 (m, 2H), 5.62 (d, J = 6.8 Hz, 1H), 4.65 (t, J = 4.4 Hz, 1H), 4.44 (s, 2H), 4.40 – 4.34 (m, 4H), 
4.28 (t, J = 6.3 Hz, 3H), 4.16 (t, J = 9.7 Hz, 4H), 3.90 (d, J = 2.8 Hz, 2H), 3.69 (s, 2H), 3.60 – 3.50 (m, 5H), 
3.23 – 3.21  (m, 1H), 2.98 (s, 4H), 2.84 (t, J = 6.3 Hz, 2H), 2.50 – 2.41 (m, 4H), 2.31 (d, J = 7.9 Hz, 2H), 
2.15 – 1.96 (m, 10H), 1.85 (d, J = 26.1 Hz, 6H), 1.67 – 1.54 (m, 8H), 1.45 – 1.33 (m, 22H), 1.22 (d, J = 4.7 
Hz, 9H), 1.18 – 1.08 (m, 12H), 0.97 – 0.89 (m, 12H). HRMS-ESI (positive) M = C105H153N17O24: calculated 
(M+Na)+ m/z 2059.1172; found (M+Na)+ m/z 2059.0671. 

NH

O
O

HN
NH

O

O
HN O

NBoc

NHBoc

OO

N

O

N
H

O

O

H
N

N
H

O
H
N

O

N
H

O
H
N

O

N
H

O

O

N

O OtBu O NHTrt

OtBu
O

H
N

NHBoc

O

N
H

O

H
N

N
H

O
H
N

O

OtBu

N
H

O

N
O

O

O

N

HN
O

HN O
HNO

NH

O
O

NH

NH O
O NH

N

O

ONO

O

BocHN NHBoc

O



160 
 

 
 
 

N O

HN

HN O

O
NH

N

O

O

O

O



161 
 

 

 
 
 
 

N
H

O

O

H
N

N
H

O
H
N

O

NHBoc

O NHTrt

N
O

O

O



162 
 

 

 
 
 

N
H

O

O

H
N

N
H

O
H
N

O

N
H

O
H
N

O

N
H

O

O

N

O OtBu O NHTrt

OtBu
O

H
N

NHBoc

O

N
H

O

H
N

N
H

O
H
N

O

OtBu

N
H

O

N
O

O

O



163 
 

4. Product synthesis and characterization 
 
General Procedure C – Rhodium-Catalyzed Diastereoselective Intramolecular Peptide 
Macrocyclization Protocol 
 
 
 
 
 
 
 
 
 
 
 
 
To a 1.0-dram vial with a stir bar was added [RhCpTMCl2]2 (10 mol%) via a stock solution in DCM, and then 
the volatiles removed under reduced pressure via rotary evaporator to coat the inside of the flask with 
catalyst. Synthesis of catalyst was achieved through a literature procedure.1 To the vial was added acryloyl-
peptide-dioxazolone (1.0 equiv.), arylboronic acid (2.0 equiv.), and NaHCO3 (1.0 equiv.). Ethylene glycol 
(0.01 M) was added to the mixture and the vial was sonicated until the solution turned homogeneous. If 
particular dioxazolone substrates were highly insoluble in pure ethylene glycol, then an ethylene glycol : 
DMF (1 : 1) solution was used instead. The reaction mixture was stirred at room temperature for 24 h, then 
the catalyst was quenched with EDTA (1.0 equiv.). The mixture was then quantitatively solvent transferred 
to a round bottom flask by using MeOH, and then the volatiles were removed under reduced pressure via 
rotary evaporator until completely dry. The crude residue was then dissolved in NMR solvent and the crude 
diastereoselectivity was measured by 1H-NMR integration. The crude material was then dissolved in DMF 
and purified using preparative HPLC. If the resulting material was not of sufficient purity, then it was purified 
a second or third time using via semi-prep or prep HPLC. The purified material was then flash frozen in 
liquid nitrogen and freeze dried using a lyophilizer instrument.  
 

cyclo(L-Val-L-Ala-Beta-Ala-D-Tyr-) (Compound 1). Prepared according to General 
Procedure C from Compound B1 (0.01 mmol) and para-hydroxyphenyl boronic acid 
(0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude diastereoselectivity measured to 
be 3.6 : 1 (D : L). Purified once by prep HPLC (30% --> 40% MeCN/H2O), then purified 
twice by prep HPLC (25% --> 35% MeCN/H2O). White solid (0.0010 g, 25% isolated 
yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) 
δ 7.06 – 7.01 (m, 2H), 6.73 – 6.66 (m, 2H), 4.57 (dd, J = 9.7, 6.6 Hz, 1H), 4.39 (q, J = 
6.8 Hz, 1H), 3.87 (dt, J = 13.5, 6.0 Hz, 1H), 3.74 (d, J = 7.2 Hz, 1H), 3.13 (ddd, J = 13.6, 

7.3, 6.4 Hz, 1H), 2.93 (dd, J = 13.3, 9.7 Hz, 1H), 2.85 (dd, J = 13.3, 6.6 Hz, 1H), 2.49 – 2.42 (m, 2H), 1.96 
(h, J = 6.9 Hz, 1H), 1.25 (d, J = 6.9 Hz, 3H), 0.85 (dd, J = 6.8, 1.6 Hz, 6H). HRMS-ESI (positive) M = 
C20H28N4O5: calculated (M+Na)+ m/z 427.1957; found (M+Na)+ m/z 427.1947. 
 

cyclo(L-Ile-Gly-L-Ala-Beta-Ala-D-Tyr-) (Compound 2). Prepared according to 
General Procedure C from Compound B2 (0.01 mmol) and para-hydroxyphenyl boronic 
acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude diastereoselectivity measured 
to be 3.8 : 1 (D : L). Purified once by prep HPLC (30% --> 40% MeCN/H2O), then purified 
twice by prep HPLC (25% --> 35% MeCN/H2O), then purified a third time by semi-prep 
HPLC (25% --> 35% MeCN/H2O w/ 0.1% TFA). White solid (0.0019 g, 40% isolated 
yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) 
δ 7.06 – 7.01 (m, 2H), 6.71 – 6.67 (m, 2H), 4.48 (dd, J = 9.2, 7.0 Hz, 1H), 4.20 – 4.11 
(m, 2H), 3.97 – 3.90 (m, 1H), 3.75 (dd, J = 15.0, 4.0 Hz, 1H), 3.64 – 3.57 (m, 1H), 3.28 
– 3.25 (m, 1H), 2.91 (dd, J = 13.6, 9.3 Hz, 1H), 2.83 (dd, J = 13.6, 7.0 Hz, 1H), 2.40 

(ddd, J = 15.4, 10.1, 3.0 Hz, 1H), 2.29 (ddd, J = 15.4, 6.2, 2.7 Hz, 1H), 1.81 (ddt, J = 13.2, 6.8, 3.5 Hz, 1H), 
1.39 (d, J = 7.3 Hz, 3H), 1.24 (ddd, J = 15.9, 7.4, 3.8 Hz, 1H), 0.92 (dd, J = 9.2, 6.7 Hz, 1H), 0.81 (t, J = 7.3 
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Hz, 3H), 0.70 (d, J = 6.9 Hz, 3H). HRMS-ESI (positive) M = C23H33N5O6: calculated (M+Na)+ m/z 498.2328; 
found (M+Na)+ m/z 498.2338. 
 

cyclo(L-Ile-Gly-L-Ala-Beta-Ala-D-Phe(4-Br)-) (Compound 3). Prepared according to 
General Procedure C from Compound B2 (0.01 mmol) and para-bromophenyl boronic 
acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude diastereoselectivity measured 
to be 3.5 : 1 (D : L). Purified once by prep HPLC (30% --> 40% MeCN/H2O). White solid 
(0.0017 g, 32% isolated yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H 
NMR (500 MHz, CD3OD) δ 7.44 – 7.39 (m, 2H), 7.18 – 7.13 (m, 2H), 4.54 (q, J = 7.4 Hz, 
1H), 4.16 (q, J = 7.4, 6.8 Hz, 1H), 4.10 (dd, J = 8.8, 7.1 Hz, 1H), 3.90 (s, 1H), 3.88 (s, 
1H), 3.77 (dd, J = 15.1, 4.2 Hz, 1H), 3.64 – 3.57 (m, 1H), 2.98 (dd, J = 13.6, 9.0 Hz, 1H), 
2.89 (dd, J = 13.5, 7.2 Hz, 1H), 2.43 – 2.34 (m, 1H), 2.32 – 2.24 (m, 1H), 1.78 (s, 1H), 
1.38 (d, J = 7.3 Hz, 3H), 1.25 – 1.20 (m, 1H), 0.93 – 0.88 (m, 1H), 0.81 (t, J = 7.3 Hz, 

3H), 0.70 (d, J = 6.8 Hz, 3H). HRMS-ESI (positive) M = C23H32BrN5O5: calculated (M+Na)+ m/z 560.1484; 
found (M+Na)+ m/z 560.1480. 
 

cyclo(L - Gln(Trt) - L - Leu - L - Lys(Boc) - GABA - D - Tyr - ) (Compound 
4 or B). Prepared according to General Procedure C from Compound B3 
(0.01 mmol) and para-hydroxyphenyl boronic acid (0.02 mmol) in ethylene 
glycol (0.01 M, 1 mL). Crude diastereoselectivity measured to be 11 : 1 (D 
: L). Purified once by prep HPLC (50% --> 60% MeCN/H2O), then purified 
twice by prep HPLC (55% --> 65% MeCN/H2O), then purified a third time 
by semi-prep HPLC (55% --> 65% MeCN/H2O w/ 0.1% TFA). White solid 
(0.0050 g, 52% isolated yield). Isolated as >20 : 1 mixture of diastereomers 

(D : L). 1H NMR (500 MHz, CD3OD) δ 7.28 – 7.23 (m, 15H), 7.02 – 6.97 (m, 2H), 6.72 – 6.69 (m, 2H), 4.39 
(td, J = 9.0, 5.6 Hz, 1H), 4.21 – 4.14 (m, 1H), 3.94 (s, 1H), 3.76 (dt, J = 10.5, 5.8 Hz, 1H), 3.17 – 3.09 (m, 
2H), 3.01 (t, J = 7.0 Hz, 2H), 2.93 (dd, J = 13.4, 6.5 Hz, 1H), 2.85 (dd, J = 13.3, 9.7 Hz, 1H), 2.47 – 2.37 
(m, 1H), 2.36 – 2.29 (m, 1H), 2.15 – 2.07 (m, 1H), 2.04 – 1.97 (m, 3H), 1.86 (td, J = 9.2, 4.6 Hz, 1H), 1.75 
(dd, J = 8.4, 5.0 Hz, 3H), 1.64 – 1.58 (m, 2H), 1.43 (s, 11H), 1.37 – 1.29 (m, 3H), 0.93 (d, J = 6.7 Hz, 3H), 
0.89 (d, J = 6.5 Hz, 3H). HRMS-ESI (positive) M = C54H69N7O9: calculated (M+Na)+ m/z 982.5054; found 
(M+Na)+ m/z 982.5062. 
 

cyclo(L - Gln(Trt) - L - Leu - L - Lys(Boc) - GABA - D - Phe - ) (Compound 
5). Prepared according to General Procedure C from Compound B3 (0.01 
mmol) and phenylboronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). 
Crude diastereoselectivity measured to be 11 : 1 (D : L). Purified once by prep 
HPLC (50% --> 60% MeCN/H2O), then purified twice by semi-prep HPLC 
(50% --> 60% MeCN/H2O w/ 0.1% TFA). White solid (0.0047 g, 50% isolated 
yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, 
CD3OD) δ 7.29 – 7.20 (m, 20H), 4.39 (td, J = 8.8, 5.6 Hz, 1H), 4.28 (dd, J = 

9.4, 6.5 Hz, 1H), 4.01 (s, 1H), 3.81 – 3.74 (m, 1H), 3.26 (d, J = 4.7 Hz, 1H), 3.15 – 3.08 (m, 1H), 3.04 – 
2.92 (m, 4H), 2.46 – 2.37 (m, 1H), 2.34 (ddd, J = 16.3, 9.2, 3.5 Hz, 1H), 2.06 – 1.93 (m, 5H), 1.76 – 1.71 
(m, 3H), 1.60 (dt, J = 9.7, 5.1 Hz, 2H), 1.42 (s, 11H), 1.37 – 1.22 (m, 3H), 0.93 (d, J = 6.6 Hz, 3H), 0.89 (d, 
J = 6.5 Hz, 3H). HRMS-ESI (positive) M = C54H69N7O8: calculated (M+Na)+ m/z 966.5106; found (M+Na)+ 
m/z 966.5122. This compound serves as unambiguous confirmation for D-stereoselectivity as it does not 
match the 1H-NMR (CD3OD) of the previously reported L-diastereomer, but has the same mass by HRMS.4 

 

cyclo(L-Val-D-Pro-Acpc-Beta-Ala-D-Tyr-) (Compound 6). Prepared 
according to General Procedure C from Compound B4 (0.01 mmol) and para-
hydroxyphenyl boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). 
Crude diastereoselectivity measured to be 6.8 : 1 (D : L). Purified once by prep 
HPLC (30% --> 40% MeCN/H2O). White solid (0.0029 g, 56% isolated yield). 
Isolated as 7.3 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) 
δ 7.13 – 7.05 (m, 2H), 6.75 – 6.68 (m, 2H), 4.68 – 4.61 (m, 1H), 4.23 – 4.12 (m, 
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2H), 4.01 – 3.78 (m, 1H), 3.75 – 3.62 (m, 2H), 3.31 – 3.26 (m, 1H), 3.16 – 2.72 (m, 2H), 2.52 – 2.31 (m, 
2H), 2.26 (ddt, J = 12.8, 8.9, 7.3 Hz, 1H), 2.10 (dtd, J = 15.5, 8.6, 7.6, 5.7 Hz, 1H), 2.06 – 1.95 (m, 2H), 
1.84 (dq, J = 12.6, 6.2 Hz, 1H), 1.51 (ddd, J = 10.0, 7.7, 4.5 Hz, 1H), 1.36 (ddd, J = 10.2, 7.6, 4.1 Hz, 1H), 
1.03 (t, J = 6.7 Hz, 4H), 0.99 – 0.92 (m, 4H). HRMS-ESI (positive) M = C26H35N5O6: calculated (M+Na)+ 
m/z 536.2485; found (M+Na)+ m/z 536.2482. 
 

cyclo(L-Val-D-Pro-Acpc-Beta-Ala-D-Phe(4-Br)-) (Compound 7). Prepared 
according to General Procedure C from Compound B4 (0.01 mmol) and para-
bromophenyl boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude 
diastereoselectivity measured to be 5.6 : 1 (D : L). Purified once by prep HPLC 
(40% --> 50% MeCN/H2O), then purified twice by prep HPLC (30% --> 40% 
MeCN/H2O). White solid (0.0029 g, 52% isolated yield). Isolated as >20 : 1 
mixture of diastereomers (D : L). δ 7.50 – 7.43 (m, 2H), 7.26 – 7.18 (m, 2H), 4.65 

(d, J = 4.8 Hz, 1H), 4.19 (dt, J = 8.8, 6.1 Hz, 2H), 3.83 (dt, J = 10.2, 6.6 Hz, 1H), 3.78 – 3.64 (m, 2H), 3.36 
– 3.33 (m, 1H), 3.21 – 3.12 (m, 2H), 2.47 (ddd, J = 14.8, 10.9, 4.0 Hz, 1H), 2.42 – 2.33 (m, 1H), 2.31 – 2.21 
(m, 1H), 2.14 – 2.06 (m, 1H), 2.06 – 1.96 (m, 2H), 1.84 (dq, J = 12.6, 6.3 Hz, 1H), 1.51 (ddd, J = 10.0, 7.6, 
4.4 Hz, 1H), 1.37 (ddd, J = 10.2, 7.6, 4.1 Hz, 1H), 1.02 (t, J = 6.9 Hz, 4H), 0.97 – 0.91 (m, 4H). HRMS-ESI 
(positive) M = C26H34BrN5O5: calculated (M+Na)+ m/z 598.1641; found (M+Na)+ m/z 598.1647. 
 

cyclo(L-Val-L-Ala-D-Pro-Acpc-Beta-Ala-D-Tyr-) (Compound 8). Prepared 
according to General Procedure C from Compound B5 (0.01 mmol) and para-
hydroxyphenyl boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). 
Crude diastereoselectivity measured to be 4.2 : 1 (D : L). Purified once by prep 
HPLC (50% --> 60% MeCN/H2O), then purified twice by prep HPLC (30% --> 
40% MeCN/H2O). White solid (0.0025 g, 43% isolated yield). Isolated as 7.4 : 
1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.06 – 7.03 
(m, 2H), 6.71 – 6.67 (m, 2H), 5.00 (q, J = 6.7 Hz, 1H), 4.48 – 4.39 (m, 1H), 4.18 
(dd, J = 8.9, 5.0 Hz, 1H), 4.11 (d, J = 3.8 Hz, 1H), 3.80 – 3.62 (m, 2H), 3.54 

(ddd, J = 13.5, 4.3, 3.2 Hz, 1H), 3.37 (ddd, J = 13.8, 11.8, 2.4 Hz, 1H), 2.85 (qd, J = 13.4, 8.2 Hz, 2H), 2.66 
– 2.52 (m, 1H), 2.33 – 2.19 (m, 3H), 2.00 – 1.91 (m, 2H), 1.86 (dq, J = 12.1, 6.1 Hz, 1H), 1.64 – 1.52 (m, 
1H), 1.32 (d, J = 6.8 Hz, 3H), 1.27 – 1.19 (m, 1H), 1.04 – 0.99 (m, 1H), 0.91 – 0.86 (m, 1H), 0.72 (d, J = 6.9 
Hz, 3H), 0.45 (d, J = 7.0 Hz, 3H). HRMS-ESI (positive) M = C29H40N6O7: calculated (M+Na)+ m/z 607.2856; 
found (M+Na)+ m/z 607.2850. 
 

cyclo(L-Val-L-Ala-D-Pro-Acpc-Beta-Ala-D-Phe(4-tBu)-) (Compound 9). 
Prepared according to General Procedure C from Compound B5 (0.01 mmol) 
and para-tert-butylphenyl boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 
1 mL). Crude diastereoselectivity measured to be 4.8 : 1 (D : L). Purified once 
by prep HPLC (40% --> 50% MeCN/H2O), then purified twice by prep HPLC 
(30% --> 40% MeCN/H2O). White solid (0.0030 g, 48% isolated yield). Isolated 
as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.06 
– 7.03 (m, 2H), 6.71 – 6.67 (m, 2H), 5.00 (q, J = 6.7 Hz, 1H), 4.48 – 4.39 (m, 
1H), 4.18 (dd, J = 8.9, 5.0 Hz, 1H), 4.11 (d, J = 3.8 Hz, 1H), 3.80 – 3.62 (m, 

2H), 3.54 (ddd, J = 13.5, 4.3, 3.2 Hz, 1H), 3.37 (ddd, J = 13.8, 11.8, 2.4 Hz, 1H), 2.85 (qd, J = 13.4, 8.2 Hz, 
2H), 2.66 – 2.52 (m, 1H), 2.30 (ddd, J = 16.9, 4.3, 2.5 Hz, 1H), 2.26 – 2.22 (m, 1H), 2.00 – 1.91 (m, 2H), 
1.86 (dq, J = 12.1, 6.1 Hz, 1H), 1.64 – 1.52 (m, 1H), 1.32 (d, J = 6.8 Hz, 3H), 1.27 – 1.19 (m, 1H), 1.05 – 
0.95 (m, 2H), 0.91 – 0.86 (m, 1H), 0.72 (d, J = 6.9 Hz, 3H), 0.45 (d, J = 7.0 Hz, 3H). HRMS-ESI (positive) 
M = C33H48N6O6: calculated (M+Na)+ m/z 647.3533; found (M+Na)+ m/z 647.3552. 
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cyclo(L-Val-L-Ala-D-Pro-Acpc-Beta-Ala-D-Phe(4-Br)-) (Compound 10). 
Prepared according to General Procedure C from Compound B5 (0.01 mmol) 
and para-bromophenyl boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 
mL). Crude diastereoselectivity measured to be 4.0 : 1 (D : L). Purified once by 
prep HPLC (40% --> 50% MeCN/H2O), then purified twice by prep HPLC (30% 
--> 40% MeCN/H2O). White solid (0.0031 g, 48% isolated yield). Isolated as 
>20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.45 – 
7.40 (m, 2H), 7.20 – 7.14 (m, 2H), 5.00 (q, J = 6.7 Hz, 1H), 4.51 (dd, J = 9.9, 
6.4 Hz, 1H), 4.18 (dd, J = 8.8, 5.2 Hz, 1H), 4.11 (d, J = 3.8 Hz, 1H), 3.72 (ddt, 

J = 34.8, 10.3, 6.6 Hz, 2H), 3.53 (ddd, J = 13.4, 4.5, 3.2 Hz, 1H), 3.41 – 3.36 (m, 1H), 3.01 – 2.84 (m, 2H), 
2.62 (ddd, J = 16.8, 11.7, 3.1 Hz, 1H), 2.35 – 2.18 (m, 3H), 1.99 – 1.82 (m, 3H), 1.58 (ddd, J = 10.1, 7.7, 
4.5 Hz, 1H), 1.32 (d, J = 6.8 Hz, 3H), 1.24 (ddd, J = 10.0, 7.8, 4.4 Hz, 1H), 1.02 – 0.98 (m, 1H), 0.89 (ddd, 
J = 10.1, 7.7, 4.4 Hz, 1H), 0.71 (d, J = 6.9 Hz, 3H), 0.42 (d, J = 7.0 Hz, 3H). HRMS-ESI (positive) M = 
C29H39BrN6O6: calculated (M+Na)+ m/z 669.2012; found (M+Na)+ m/z 669.2025. 
 

cyclo(L-Val-L-Ala-D-Pro-Acpc-Beta-Ala-D-Phe(4-CF3)-) (Compound 11). 
Prepared according to General Procedure C from Compound B5 (0.01 mmol) 
and para-trifluoromethylphenyl boronic acid (0.02 mmol) in ethylene glycol 
(0.01 M, 1 mL). Crude diastereoselectivity measured to be 4.8 : 1 (D : L). 
Purified once by prep HPLC (40% --> 50% MeCN/H2O), then purified twice by 
prep HPLC (30% --> 40% MeCN/H2O). White solid (0.0030 g, 47% isolated 
yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, 
CD3OD) δ 7.60 (d, J = 8.1 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 5.01 (q, J = 6.8 
Hz, 1H), 4.59 (dd, J = 10.1, 6.3 Hz, 1H), 4.19 (dd, J = 8.8, 5.2 Hz, 1H), 4.11 (d, 

J = 3.8 Hz, 1H), 3.72 (ddt, J = 33.4, 10.2, 6.7 Hz, 2H), 3.55 (ddd, J = 13.5, 4.3, 3.1 Hz, 1H), 3.39 (ddd, J = 
13.8, 11.7, 2.4 Hz, 1H), 3.13 – 2.98 (m, 2H), 2.64 (ddd, J = 16.7, 11.7, 3.1 Hz, 1H), 2.33 (ddd, J = 16.6, 4.2, 
2.3 Hz, 1H), 2.29 – 2.20 (m, 2H), 2.00 – 1.86 (m, 3H), 1.59 (ddd, J = 10.1, 7.7, 4.4 Hz, 1H), 1.33 (d, J = 6.8 
Hz, 3H), 1.27 – 1.22 (m, 1H), 1.03 – 1.00 (m, 1H), 0.90 (ddd, J = 10.1, 7.8, 4.4 Hz, 1H), 0.68 (d, J = 6.9 Hz, 
3H), 0.34 (d, J = 7.0 Hz, 3H). 19F NMR (470 MHz, CD3OD) δ -64.02. HRMS-ESI (positive) M = 
C30H39F3N6O6: calculated (M+Na)+ m/z 659.2781; found (M+Na)+ m/z 659.2784. 
 

cyclo(L-Val-L-Ala-D-Pro-Acpc-L-Ala-Beta-Ala-D-Tyr-) (Compound 12). 
Prepared according to General Procedure C from Compound B6 (0.01 
mmol) and para-hydroxyphenyl boronic acid (0.02 mmol) in ethylene glycol 
(0.01 M, 1 mL). Crude diastereoselectivity could not be measured due to 
overlapping 1H-NMR peaks. Purified once by prep HPLC (30% --> 40% 
MeCN/H2O). White solid (0.0026 g, 40% isolated yield). Isolated as 5.4 : 1 
mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.06 – 7.02 
(m, 2H), 6.71 – 6.67 (m, 2H), 4.69 (q, J = 6.8 Hz, 1H), 4.42 (q, J = 7.2 Hz, 

1H), 4.34 (dd, J = 9.1, 7.2 Hz, 1H), 4.24 – 4.17 (m, 2H), 3.87 – 3.60 (m, 2H), 3.40 (q, J = 5.8, 4.6 Hz, 2H), 
2.93 (qd, J = 13.5, 8.1 Hz, 2H), 2.65 (ddd, J = 14.0, 9.6, 4.1 Hz, 1H), 2.41 – 2.35 (m, 1H), 2.29 (td, J = 7.0, 
4.6 Hz, 1H), 2.22 – 2.18 (m, 1H), 2.06 – 2.02 (m, 1H), 1.97 – 1.87 (m, 2H), 1.48 – 1.45 (m, 1H), 1.42 – 1.38 
(m, 6H), 1.32 (d, J = 6.9 Hz, 1H), 1.00 (dd, J = 6.9, 3.1 Hz, 1H), 0.97 – 0.95 (m, 1H), 0.74 (d, J = 6.9 Hz, 
3H), 0.59 (d, J = 6.9 Hz, 3H). HRMS-ESI (positive) M = C32H45N7O8: calculated (M+Na)+ m/z 678.3228; 
found (M+Na)+ m/z 678.3206. 
 

cyclo(L - Val - L - Ala - D - Pro - Acpc - L - Ala - Beta - Ala - D - Phe(4 - 
Br) - ) (Compound 13). Prepared according to General Procedure C from 
Compound B6 (0.01 mmol) and para-bromophenyl boronic acid (0.02 
mmol) in ethylene glycol (0.01 M, 1 mL). Crude diastereoselectivity could 
not be measured due to overlapping 1H-NMR peaks. Purified once by prep 
HPLC (35% --> 45% MeCN/H2O). White solid (0.0028 g, 39% isolated 
yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 
MHz, CD3OD) δ 7.06 – 7.02 (m, 2H), 6.71 – 6.67 (m, 2H), 4.69 (q, J = 6.8 

Hz, 1H), 4.42 (q, J = 7.2 Hz, 1H), 4.34 (dd, J = 9.1, 7.2 Hz, 1H), 4.24 – 4.17 (m, 2H), 3.87 – 3.60 (m, 2H), 

N

O

NH
HN

O

O

HN

O

NH
O

O

NH

Br

N

O

NH
HN

O

O

HN

O

NH
O

O

NH

F3C

N

O NH

NH

O

O

N
H

N
H

O

NHO

O

O

NH

HO

N

O NH

NH

O

O

N
H

N
H

O

NHO

O

O

NH

Br



167 
 

3.40 (q, J = 5.8, 4.6 Hz, 2H), 2.93 (qd, J = 13.5, 8.1 Hz, 2H), 2.65 (ddd, J = 14.0, 9.6, 4.1 Hz, 1H), 2.41 – 
2.35 (m, 1H), 2.29 (td, J = 7.0, 4.6 Hz, 1H), 2.22 – 2.18 (m, 1H), 2.06 – 2.02 (m, 1H), 1.97 – 1.87 (m, 2H), 
1.48 – 1.45 (m, 1H), 1.42 – 1.38 (m, 6H), 1.32 (d, J = 6.9 Hz, 1H), 1.00 (dd, J = 6.9, 3.1 Hz, 1H), 0.97 – 
0.95 (m, 1H), 0.74 (d, J = 6.9 Hz, 3H), 0.59 (d, J = 6.9 Hz, 3H). HRMS-ESI (positive) M = C32H44BrN7O7: 
calculated (M+Na)+ m/z 740.2383; found (M+Na)+ m/z 740.2325. 
 

cyclo(L - Val - L - Ala - D - Pro - Acpc - L - Ala - Beta - Ala - D - Phe(4 - 
vinyl) - ) (Compound 14). Prepared according to General Procedure C from 
Compound B6 (0.01 mmol) and 4-vinylphenyl boronic acid (0.02 mmol) in 
ethylene glycol (0.01 M, 1 mL). Crude diastereoselectivity could not be 
measured due to overlapping 1H-NMR peaks. Purified once by prep HPLC 
(35% --> 45% MeCN/H2O). White solid (0.0017 g, 26% isolated yield). 
Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, 
CD3OD) δ 7.36 – 7.32 (m, 2H), 7.24 – 7.19 (m, 2H), 6.69 (dd, J = 17.6, 10.9 

Hz, 1H), 5.72 (dd, J = 17.6, 1.1 Hz, 1H), 5.18 (dd, J = 10.9, 1.0 Hz, 1H), 4.72 (p, J = 6.7 Hz, 1H), 4.43 (dt, 
J = 12.6, 7.5 Hz, 2H), 4.24 – 4.14 (m, 2H), 3.84 (t, J = 8.7 Hz, 1H), 3.70 – 3.58 (m, 1H), 3.42 (t, J = 5.5 Hz, 
2H), 3.08 (dd, J = 13.5, 7.3 Hz, 1H), 3.01 (dd, J = 13.4, 9.0 Hz, 1H), 2.65 (ddd, J = 14.1, 8.7, 4.7 Hz, 1H), 
2.42 – 2.35 (m, 1H), 2.31 – 2.26 (m, 1H), 2.22 – 2.18 (m, 1H), 2.05 (d, J = 4.8 Hz, 1H), 1.99 – 1.93 (m, 1H), 
1.89 (dd, J = 12.2, 7.2 Hz, 1H), 1.47 (d, J = 7.2 Hz, 1H), 1.43 (d, J = 7.2 Hz, 3H), 1.39 (d, J = 6.9 Hz, 3H), 
1.35 (s, 1H), 1.02 (d, J = 3.9 Hz, 1H), 0.97 (d, J = 6.3 Hz, 1H), 0.73 (d, J = 6.9 Hz, 3H), 0.56 (d, J = 6.9 Hz, 
3H). HRMS-ESI (positive) M = C34H47N7O7: calculated (M+Na)+ m/z 688.3434; found (M+Na)+ m/z 
688.3425. 
 

cyclo(L-Val-L-Ala-L-Pro-Acpc-Beta-Ala-D-Tyr-) (Compound 15). Prepared 
according to General Procedure C from Compound B7 (0.01 mmol) and para-
hydroxyphenyl boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). 
Crude diastereoselectivity measured to be >20 : 1 (D : L). Purified once by prep 
HPLC (30% --> 40% MeCN/H2O), then purified twice by prep HPLC (35% --> 
45% MeCN/H2O). White solid (0.0023 g, 40% isolated yield). Isolated as >20 : 
1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.05 – 7.02 
(m, 2H), 6.71 – 6.68 (m, 2H), 4.73 (q, J = 7.1 Hz, 1H), 4.40 (dd, J = 8.9, 7.6 Hz, 

1H), 4.13 (t, J = 7.4 Hz, 1H), 3.93 (d, J = 4.8 Hz, 1H), 3.90 – 3.79 (m, 2H), 3.62 – 3.56 (m, 1H), 3.39 – 3.34 
(m, 1H), 2.89 (d, J = 8.3 Hz, 2H), 2.45 – 2.40 (m, 1H), 2.33 (ddd, J = 16.6, 10.0, 1.8 Hz, 1H), 2.15 (dtd, J = 
11.7, 9.4, 8.3, 3.5 Hz, 3H), 1.99 – 1.91 (m, 2H), 1.60 – 1.54 (m, 1H), 1.41 (d, J = 7.2 Hz, 3H), 1.31 – 1.28 
(m, 1H), 1.02 – 0.99 (m, 1H), 0.94 (dd, J = 3.5, 2.1 Hz, 1H), 0.73 (d, J = 6.9 Hz, 3H), 0.56 (d, J = 7.0 Hz, 
3H). HRMS-ESI (positive) M = C29H40N6O7: calculated (M+Na)+ m/z 607.2856; found (M+Na)+ m/z 
607.2843. 
 

cyclo(L-Val-L-Ala-L-Pro-Acpc-Beta-Ala-D-Phe(4-F)-) (Compound 16). 
Prepared according to General Procedure C from Compound B7 (0.01 mmol) 
and para-fluorophenyl boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 
mL). Crude diastereoselectivity measured to be >20 : 1 (D : L). Purified once by 
prep HPLC (30% --> 40% MeCN/H2O). White solid (0.0028 g, 47% isolated 
yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, 
CD3OD) δ 7.28 – 7.20 (m, 2H), 7.03 – 6.96 (m, 2H), 4.72 (t, J = 7.1 Hz, 1H), 
4.46 (dd, J = 9.5, 7.0 Hz, 1H), 4.14 (t, J = 7.5 Hz, 1H), 3.94 (d, J = 4.8 Hz, 1H), 
3.90 – 3.75 (m, 2H), 3.63 – 3.54 (m, 1H), 3.40 – 3.34 (m, 1H), 3.02 – 2.92 (m, 

2H), 2.47 – 2.41 (m, 1H), 2.34 (ddd, J = 16.6, 10.0, 1.8 Hz, 1H), 2.19 – 2.10 (m, 3H), 1.99 – 1.90 (m, 2H), 
1.57 (ddd, J = 10.3, 7.4, 4.2 Hz, 1H), 1.42 (d, J = 7.1 Hz, 3H), 1.30 – 1.28 (m, 1H), 1.02 – 1.00 (m, 1H), 
0.95 – 0.91 (m, 1H), 0.72 (d, J = 6.9 Hz, 3H), 0.52 (d, J = 7.0 Hz, 3H). 19F NMR (470 MHz, CD3OD) δ -
118.36. HRMS-ESI (positive) M = C29H39FN6O6: calculated (M+Na)+ m/z 609.2813; found (M+Na)+ m/z 
609.2810. 
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cyclo(L-Val-L-Ala-D-Pro-Gly-Beta-Ala-D-Tyr-) (Compound 17). Prepared 
according to General Procedure C from Compound B8 (0.01 mmol) and para-
hydroxyphenyl boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). 
Crude diastereoselectivity measured to be >20 : 1 (D : L). Purified once by prep 
HPLC (30% --> 40% MeCN/H2O), then purified twice by prep HPLC (35% --> 
45% MeCN/H2O), then purified a third time by semi-prep HPLC (30% --> 40% 
MeCN/H2O w/ 0.1% TFA). White solid (0.0020 g, 35% isolated yield). Isolated 
as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.02 

(d, J = 8.5 Hz, 2H), 6.70 – 6.67 (m, 2H), 4.39 (dd, J = 9.5, 7.1 Hz, 1H), 4.20 (t, J = 7.0 Hz, 1H), 4.02 – 3.93 
(m, 2H), 3.85 (s, 1H), 3.81 – 3.74 (m, 1H), 3.62 – 3.56 (m, 2H), 3.38 (s, 2H), 2.92 – 2.84 (m, 2H), 2.43 (dd, 
J = 16.6, 7.0 Hz, 1H), 2.34 (dd, J = 16.1, 9.2 Hz, 1H), 2.15 (d, J = 5.3 Hz, 2H), 1.99 – 1.94 (m, 2H), 1.40 (d, 
J = 7.1 Hz, 3H), 1.33 (d, J = 5.3 Hz, 1H), 0.71 (d, J = 6.9 Hz, 3H), 0.54 (d, J = 7.0 Hz, 3H). HRMS-ESI 
(positive) M = C27H38N6O7: calculated (M+Na)+ m/z 581.2700; found (M+Na)+ m/z 581.2697. 
 

cyclo(L-Val-L-Ala-D-Pro-Gly-Beta-Ala-D-Phe(4-NHBoc)-) (Compound 
18). Prepared according to General Procedure C from Compound B8 (0.01 
mmol) and (4-Boc-aminophenyl) boronic acid (0.02 mmol) in ethylene glycol 
(0.01 M, 1 mL). Crude diastereoselectivity measured to be >20 : 1 (D : L). 
Purified once by prep HPLC (30% --> 40% MeCN/H2O), then purified twice 
by prep HPLC (35% --> 45% MeCN/H2O), then purified a third time by semi-
prep HPLC (40% --> 50% MeCN/H2O w/ 0.1% TFA). White solid (0.0026 g, 
40% isolated yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H 
NMR (500 MHz, CD3OD) δ 7.30 (d, J = 8.2 Hz, 2H), 7.15 – 7.05 (m, 2H), 

4.77 – 4.66 (m, 1H), 4.43 (dd, J = 10.1, 6.4 Hz, 1H), 4.20 (t, J = 7.0 Hz, 1H), 4.03 – 3.93 (m, 2H), 3.85 (td, 
J = 7.3, 3.9 Hz, 1H), 3.81 – 3.73 (m, 1H), 3.62 – 3.55 (m, 2H), 3.39 – 3.34 (m, 1H), 2.98 – 2.85 (m, 2H), 
2.45 – 2.39 (m, 1H), 2.37 – 2.31 (m, 1H), 2.15 (ddd, J = 9.1, 6.0, 2.3 Hz, 2H), 1.99 – 1.94 (m, 2H), 1.50 (s, 
9H), 1.40 (d, J = 7.1 Hz, 3H), 1.34 – 1.29 (m, 1H), 0.70 (d, J = 6.9 Hz, 3H), 0.52 (d, J = 6.9 Hz, 3H). HRMS-
ESI (positive) M = C32H47N7O8: calculated (M+Na)+ m/z 680.3384; found (M+Na)+ m/z 680.3392. 
 

cyclo(L-Val-L-Ala-L-Pro-Gly-Beta-Ala-D-Tyr-) (Compound 19). Prepared 
according to General Procedure C from Compound B9 (0.01 mmol) and para-
hydroxyphenyl boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). 
Crude diastereoselectivity measured to be 4.0 : 1 (D : L). Purified once by prep 
HPLC (30% --> 40% MeCN/H2O), then purified twice by semi-prep HPLC (30% 
--> 40% MeCN/H2O w/ 0.1% TFA). White solid (0.0014 g, 25% isolated yield). 
Isolated as 5.2 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) 
δ 7.13 – 6.96 (m, 2H), 6.77 – 6.62 (m, 2H), 4.94 – 4.86 (m, 1H), 4.48 (dd, J = 
9.0, 7.1 Hz, 1H), 4.32 – 4.24 (m, 1H), 4.12 (dd, J = 8.4, 3.9 Hz, 1H), 3.89 – 

3.51 (m, 5H), 3.41 – 3.34 (m, 1H), 2.85 (pd, J = 13.4, 6.5 Hz, 2H), 2.71 (ddd, J = 15.7, 11.9, 3.5 Hz, 1H), 
2.32 – 2.10 (m, 3H), 2.02 (d, J = 10.1 Hz, 2H), 1.44 – 1.23 (m, 4H), 0.97 – 0.50 (m, 6H). HRMS-ESI 
(positive) M = C27H38N6O7: calculated (M+Na)+ m/z 581.2700; found (M+Na)+ m/z 581.2703. 
 

cyclo(L - Val - L - Ala - L - Pro - Gly - Beta - Ala - D - Phe(3,4 - 
methylenedioxy) - ) (Compound 20). Prepared according to General 
Procedure C from Compound B9 (0.01 mmol) and 3,4-(methylenedioxy)phenyl 
boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude 
diastereoselectivity could not be measured due to overlapping 1H-NMR peaks. 
Purified once by prep HPLC (30% --> 40% MeCN/H2O), then purified twice by 
semi-prep HPLC (35% --> 45% MeCN/H2O w/ 0.1% TFA). White solid (0.0012 
g, 21% isolated yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H 
NMR (500 MHz, CD3OD) δ 6.75 – 6.66 (m, 3H), 5.89 – 5.88 (m, 2H), 4.56 (s, 

1H), 4.49 (dd, J = 9.0, 7.1 Hz, 1H), 4.28 (dd, J = 8.7, 4.1 Hz, 1H), 4.14 (d, J = 3.9 Hz, 1H), 3.89 – 3.82 (m, 
2H), 3.74 – 3.64 (m, 3H), 3.59 – 3.54 (m, 1H), 2.94 – 2.81 (m, 2H), 2.77 – 2.66 (m, 1H), 2.28 (dq, J = 7.6, 
4.1, 3.7 Hz, 2H), 2.03 – 2.00 (m, 3H), 1.34 (d, J = 1.1 Hz, 4H), 0.77 (d, J = 6.9 Hz, 3H), 0.57 (d, J = 6.9 Hz, 
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3H). HRMS-ESI (positive) M = C28H38N6O8: calculated (M+Na)+ m/z 609.2649; found (M+Na)+ m/z 
609.2648. 
 

cyclo(L - Val - L - Ala - L - Phe - L - Trp(Boc) - Beta - Ala - D - Tyr - ) 
(Compound 21). Prepared according to General Procedure C from 
Compound B10 (0.01 mmol) and para-hydroxyphenyl boronic acid 
(0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude 
diastereoselectivity measured to be 4.1 : 1 (D : L). Purified once by prep 
HPLC (60% --> 70% MeCN/H2O), then purified twice by prep HPLC 
(50% --> 60% MeCN/H2O). White solid (0.0028 g, 34% isolated yield). 
Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, 

CD3OD) δ 7.40 (d, J = 10.1 Hz, 1H), 7.36 – 7.09 (m, 9H), 7.06 – 6.99 (m, 2H), 6.74 – 6.62 (m, 2H), 4.47 – 
4.36 (m, 2H), 4.31 – 4.20 (m, 1H), 4.07 – 3.97 (m, 2H), 3.61 – 3.48 (m, 1H), 3.40 – 3.34 (m, 1H), 3.11 (ddd, 
J = 31.9, 14.2, 5.1 Hz, 4H), 2.92 – 2.81 (m, 2H), 2.46 – 2.38 (m, 1H), 2.33 (dd, J = 15.6, 6.7 Hz, 1H), 2.13 
(dd, J = 9.0, 6.5 Hz, 1H), 1.63 (s, 9H), 0.98 (dd, J = 13.8, 7.1 Hz, 3H), 0.72 (d, J = 6.9 Hz, 3H), 0.61 (d, J = 
6.9 Hz, 3H). HRMS-ESI (positive) M = C45H55N7O9: calculated (M+Na)+ m/z 860.3959; found (M+Na)+ m/z 
860.3964. 
 

cyclo(L - Val - L - Ala - L - Phe - L - Trp(Boc) - Beta - Ala - D - Phe(3 - 
NO2) - ) (Compound 22). Prepared according to General Procedure C 
from Compound B10 (0.01 mmol) and 3-nitrophenyl boronic acid (0.02 
mmol) in ethylene glycol:DMF (4:1, 0.01 M, 1 mL). Crude 
diastereoselectivity could not be measured due to overlapping 1H-NMR 
peaks. Purified once by prep HPLC (70% --> 80% MeCN/H2O), then 
purified twice by prep HPLC (60% --> 70% MeCN/H2O). White solid 
(0.0033 g, 38% isolated yield). Isolated as >20 : 1 mixture of 
diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 8.14 (t, J = 2.0 Hz, 

1H), 8.11 – 8.06 (m, 2H), 7.65 (dt, J = 7.9, 1.3 Hz, 1H), 7.54 (t, J = 7.9 Hz, 1H), 7.45 – 7.42 (m, 2H), 7.29 
(ddd, J = 8.4, 7.2, 1.2 Hz, 1H), 7.22 – 7.18 (m, 4H), 7.13 – 7.11 (m, 2H), 4.59 (s, 1H), 4.46 (dd, J = 8.3, 4.8 
Hz, 1H), 4.17 (q, J = 7.3 Hz, 1H), 4.08 – 4.00 (m, 2H), 3.61 – 3.51 (m, 1H), 3.29 – 3.17 (m, 2H), 3.16 – 3.12 
(m, 2H), 3.11 – 2.99 (m, 2H), 2.46 – 2.29 (m, 2H), 2.18 – 2.07 (m, 1H), 1.62 (s, 9H), 1.00 (d, J = 7.1 Hz, 
3H), 0.71 (d, J = 6.9 Hz, 3H), 0.61 (d, J = 6.9 Hz, 3H). HRMS-ESI (positive) M = C45H54N8O10: calculated 
(M+Na)+ m/z 889.3860; found (M+Na)+ m/z 889.3870. 
 

cyclo(L - Val - L - Ala - L - Phe - L - Trp(Boc) - Beta - Ala - D - Phe(3 - 
CO2Me) - ) (Compound 23). Prepared according to General Procedure 
C from Compound B10 (0.01 mmol) and 3-methoxycarbonylphenyl 
boronic acid (0.02 mmol) in ethylene glycol:DMF (4:1, 0.01 M, 1 mL). 
Crude diastereoselectivity could not be measured due to overlapping 1H-
NMR peaks. Purified once by prep HPLC (70% --> 80% MeCN/H2O), 
then purified twice by prep HPLC (60% --> 70% MeCN/H2O). White solid 
(0.0035 g, 40% isolated yield). Isolated as >20 : 1 mixture of 
diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.91 – 7.85 (m, 
1H), 7.52 – 7.35 (m, 4H), 7.33 – 7.04 (m, 9H), 4.52 (dd, J = 8.9, 7.2 Hz, 

1H), 4.45 (dd, J = 8.1, 4.7 Hz, 1H), 4.21 (t, J = 7.3 Hz, 1H), 4.07 – 3.97 (m, 2H), 3.89 (s, 3H), 3.60 – 3.47 
(m, 2H), 3.22 – 2.93 (m, 6H), 2.46 – 2.26 (m, 2H), 2.13 (s, 1H), 1.62 (s, 9H), 0.99 (d, J = 7.2 Hz, 3H), 0.69 
(d, J = 6.9 Hz, 3H), 0.57 (d, J = 6.8 Hz, 3H). HRMS-ESI (positive) M = C47H57N7O10: calculated (M+Na)+ 
m/z 902.4064; found (M+Na)+ m/z 902.4097. 
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cyclo(L - Val - L - Ala - L - Phe - L - Trp(Boc) - Beta - Ala - D - Phe(3,5 
- bis - CF3) - ) (Compound 24). Prepared according to General 
Procedure C from Compound B10 (0.01 mmol) and 3,5-
bis(trifluoromethyl)phenyl boronic acid (0.02 mmol) in ethylene 
glycol:DMF (4:1, 0.01 M, 1 mL). Crude diastereoselectivity could not be 
measured due to overlapping 1H-NMR peaks. Purified once by prep HPLC 
(70% --> 80% MeCN/H2O), then purified twice by prep HPLC (60% --> 
70% MeCN/H2O). White solid (0.0034 g, 36% isolated yield). Isolated as 
>20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 

7.86 (s, 2H), 7.82 (s, 1H), 7.43 (s, 1H), 7.31 – 7.25 (m, 1H), 7.20 (td, J = 6.9, 6.0, 4.1 Hz, 4H), 7.15 – 7.09 
(m, 4H), 4.45 (dt, J = 9.6, 4.7 Hz, 2H), 4.15 (q, J = 7.0 Hz, 1H), 4.05 (dd, J = 8.6, 5.3 Hz, 1H), 4.00 (d, J = 
5.3 Hz, 1H), 3.63 – 3.53 (m, 1H), 3.26 – 3.18 (m, 3H), 3.16 – 3.05 (m, 4H), 2.42 – 2.33 (m, 2H), 2.12 – 2.06 
(m, 1H), 1.61 (s, 9H), 1.01 (d, J = 7.2 Hz, 3H), 0.72 (d, J = 6.9 Hz, 3H), 0.61 (d, J = 6.9 Hz, 3H). 19F NMR 
(470 MHz, CD3OD) δ -64.27. HRMS-ESI (positive) M = C47H53F6N7O8: calculated (M+Na)+ m/z 980.3757; 
found (M+Na)+ m/z 980.3756. 
 

cyclo(L - Val - L - Ala - L - Phe - L - Trp(Boc) - Beta - Ala - D - 4 -
Trp(Boc) - ) (Compound 25). Prepared according to General Procedure 
C from Compound B10 (0.01 mmol) and (1-(tert-butoxycarbonyl)-1H-
indol-4-yl)boronic acid (0.02 mmol) in ethylene glycol:DMF (4:1, 0.01 M, 
1 mL). Crude diastereoselectivity could not be measured due to 
overlapping 1H-NMR peaks. Purified once by prep HPLC (70% --> 80% 
MeCN/H2O), then purified twice by prep HPLC (60% --> 70% MeCN/H2O). 
White solid (0.0029 g, 30% isolated yield). Isolated as >20 : 1 mixture of 
diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.60 (d, J = 3.8 Hz, 

1H), 7.43 (d, J = 4.5 Hz, 2H), 7.33 – 7.05 (m, 11H), 6.69 (d, J = 3.8 Hz, 1H), 4.55 (dd, J = 9.6, 6.3 Hz, 1H), 
4.44 (dd, J = 8.2, 4.7 Hz, 1H), 4.19 (q, J = 7.1 Hz, 1H), 4.05 (dd, J = 8.4, 5.4 Hz, 1H), 3.85 (d, J = 5.1 Hz, 
1H), 3.57 (d, J = 10.5 Hz, 1H), 3.39 – 3.34 (m, 1H), 3.21 – 3.06 (m, 6H), 2.42 (d, J = 7.2 Hz, 1H), 2.34 (dd, 
J = 14.3, 7.4 Hz, 1H), 2.21 – 2.12 (m, 1H), 1.67 (s, 9H), 1.63 (s, 9H), 0.98 (d, J = 7.2 Hz, 3H), 0.56 (d, J = 
6.9 Hz, 3H), 0.37 (d, J = 6.9 Hz, 3H). HRMS-ESI (positive) M = C52H64N8O10: calculated (M+Na)+ m/z 
983.4643; found (M+Na)+ m/z 983.4667. 
 

cyclo(L - Val - L - Ala - L - Phe - L - Trp(Boc) - Beta - Ala - D - 5 -
Trp(Boc) - ) (Compound 26). Prepared according to General 
Procedure C from Compound B10 (0.01 mmol) and (1-(tert-
butoxycarbonyl)-1H-indol-5-yl)boronic acid (0.02 mmol) in ethylene 
glycol:DMF (4:1, 0.01 M, 1 mL). Crude diastereoselectivity could not 
be measured due to overlapping 1H-NMR peaks. Purified once by prep 
HPLC (70% --> 80% MeCN/H2O), then purified twice by prep HPLC 
(60% --> 70% MeCN/H2O). White solid (0.0040 g, 42% isolated yield). 

Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.58 (d, J = 3.7 Hz, 1H), 
7.43 – 7.40 (m, 3H), 7.30 (ddd, J = 8.4, 7.1, 1.3 Hz, 1H), 7.25 – 7.11 (m, 9H), 6.54 (d, J = 3.7 Hz, 1H), 4.52 
(t, J = 8.1 Hz, 1H), 4.44 (dd, J = 8.2, 4.7 Hz, 1H), 4.23 (q, J = 7.1 Hz, 1H), 4.04 (dd, J = 8.4, 5.4 Hz, 1H), 
3.95 (d, J = 4.9 Hz, 1H), 3.58 – 3.53 (m, 1H), 3.37 (d, J = 8.4 Hz, 1H), 3.20 – 3.03 (m, 6H), 2.47 – 2.39 (m, 
1H), 2.37 – 2.29 (m, 1H), 2.08 – 1.99 (m, 1H), 1.67 (s, 9H), 1.63 (s, 9H), 0.97 (d, J = 7.2 Hz, 3H), 0.60 (d, 
J = 6.8 Hz, 3H), 0.41 (d, J = 6.9 Hz, 3H). HRMS-ESI (positive) M = C52H64N8O10: calculated (M+Na)+ m/z 
983.4643; found (M+Na)+ m/z 983.4641. 
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cyclo(L - Val - L - Ala - L - Lys(Boc) - L - Thr(tBu) - Beta - Ala - D - 
Tyr - ) (Compound 27). Prepared according to General Procedure C 
from Compound B11 (0.01 mmol) and para-hydroxyphenyl boronic acid 
(0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude 
diastereoselectivity measured to be >20 : 1 (D : L). Purified once by 
prep HPLC (40% --> 50% MeCN/H2O). White solid (0.0020 g, 35% 
isolated yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H 
NMR (500 MHz, CD3OD) δ 7.06 (d, J = 8.4 Hz, 2H), 6.72 (d, J = 8.4 Hz, 

2H), 4.64 (d, J = 7.3 Hz, 1H), 4.47 – 4.35 (m, 2H), 4.16 – 4.06 (m, 2H), 3.99 – 3.89 (m, 1H), 3.61 – 3.46 (m, 
2H), 3.06 (t, J = 6.5 Hz, 2H), 2.94 – 2.82 (m, 2H), 2.47 (dd, J = 15.6, 8.3 Hz, 1H), 2.38 (dd, J = 15.5, 8.5 
Hz, 1H), 2.29 – 2.15 (m, 2H), 1.93 – 1.79 (m, 1H), 1.61 (d, J = 7.2 Hz, 3H), 1.43 (d, J = 6.2 Hz, 13H), 1.16 
(dt, J = 8.5, 2.8 Hz, 3H), 1.13 (s, 9H), 0.70 (d, J = 6.9 Hz, 3H), 0.54 (d, J = 7.0 Hz, 3H). HRMS-ESI (positive) 
M = C39H63N7O10: calculated (M+Na)+ m/z 812.4534; found (M+Na)+ m/z 812.4513. 
 

cyclo(L - Asn(Trt) - L - Ala - D - Pro - Acpc - L - Ser(tBu) - Beta - Ala - 
D - Tyr - ) (Compound 28). Prepared according to General Procedure C 
from Compound B12 (0.01 mmol) and para-hydroxyphenyl boronic acid 
(0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude diastereoselectivity 
measured to be >20 : 1 (D : L). Purified once by prep HPLC (40% --> 50% 
MeCN/H2O), then purified twice by semi-prep HPLC (45% --> 55% 
MeCN/H2O w/ 0.1% TFA). White solid (0.0044 g, 45% isolated yield). 
Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, 
CD3OD) δ 7.26 – 7.19 (m, 15H), 7.05 (d, J = 8.5 Hz, 2H), 6.71 – 6.67 (m, 

2H), 4.73 – 4.62 (m, 2H), 4.48 (td, J = 7.2, 4.2 Hz, 1H), 4.22 (t, J = 7.6 Hz, 1H), 4.01 (dd, J = 9.5, 6.2 Hz, 
1H), 3.87 (dd, J = 9.0, 6.9 Hz, 1H), 3.83 – 3.76 (m, 1H), 3.65 (dd, J = 9.1, 4.3 Hz, 1H), 3.60 – 3.54 (m, 1H), 
3.29 – 3.26 (m, 2H), 3.13 (d, J = 10.6 Hz, 1H), 3.06 – 2.96 (m, 2H), 2.73 – 2.66 (m, 1H), 2.33 (dt, J = 13.6, 
6.2 Hz, 1H), 2.24 – 2.16 (m, 2H), 2.01 (dd, J = 12.1, 5.6 Hz, 1H), 1.89 (td, J = 13.2, 11.6, 7.1 Hz, 2H), 1.49 
– 1.44 (m, 1H), 1.43 – 1.38 (m, 1H), 1.26 (d, J = 6.7 Hz, 3H), 1.20 (s, 9H), 1.03 – 0.92 (m, 2H). HRMS-ESI 
(positive) M = C54H64N8O10: calculated (M+Na)+ m/z 1007.4643; found (M+Na)+ m/z 1007.4633. 
 

cyclo(L - Asn(Trt) - L - Ala - D - Pro - Acpc - L - Ser(tBu) - Beta - Ala - 
D - Phe(4 - formyl) - ) (Compound 29). Prepared according to General 
Procedure C from Compound B12 (0.01 mmol) and para-formylphenyl 
boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude 
diastereoselectivity measured to be >20 : 1 (D : L). Purified once by prep 
HPLC (45% --> 55% MeCN/H2O). White solid (0.0050 g, 52% isolated 
yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 
MHz, CD3OD) δ 9.93 (s, 1H), 7.81 (d, J = 8.1 Hz, 2H), 7.49 (d, J = 7.9 Hz, 
2H), 7.25 – 7.19 (m, 15H), 4.71 (q, J = 6.8 Hz, 1H), 4.64 (t, J = 5.2 Hz, 

1H), 4.50 (dd, J = 7.4, 4.4 Hz, 1H), 4.21 (t, J = 7.4 Hz, 1H), 4.16 (dd, J = 10.5, 5.7 Hz, 1H), 3.89 (dd, J = 
9.1, 7.4 Hz, 1H), 3.79 – 3.66 (m, 3H), 3.60 – 3.52 (m, 2H), 3.26 – 3.19 (m, 2H), 3.04 (dd, J = 16.4, 5.6 Hz, 
1H), 2.71 (dd, J = 16.3, 5.0 Hz, 1H), 2.15 (dd, J = 14.1, 8.2 Hz, 3H), 2.03 (d, J = 4.4 Hz, 1H), 1.89 (dd, J = 
10.8, 6.2 Hz, 2H), 1.50 (ddd, J = 11.2, 7.1, 3.8 Hz, 1H), 1.38 (td, J = 6.8, 6.3, 3.7 Hz, 1H), 1.21 (s, 12H), 
1.02 – 0.94 (m, 2H). HRMS-ESI (positive) M = C55H64N8O10: calculated (M+Na)+ m/z 1019.4643; found 
(M+Na)+ m/z 1019.4626. 
 

cyclo(L - Asn(Trt) - L - Ala - D - Pro - Acpc - L - Ser(tBu) - Beta - Ala - 
D - Nal(6 - methoxy) - ) (Compound 30). Prepared according to General 
Procedure C from Compound B12 (0.01 mmol) and 6-methoxy-2-
naphthyl boronic acid (0.02 mmol) in ethylene glycol:DMF (4:1, 0.01 M, 1 
mL). Crude diastereoselectivity measured to be >20 : 1 (D : L). Purified 
once by prep HPLC (50% --> 60% MeCN/H2O), then purified twice by 
prep HPLC (40% --> 50% MeCN/H2O). White solid (0.0038 g, 36% 
isolated yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H 
NMR (500 MHz, CD3OD) δ 7.74 – 7.58 (m, 2H), 7.37 – 7.02 (m, 19H), 
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4.69 – 4.60 (m, 2H), 4.51 (s, 1H), 4.22 (t, J = 7.4 Hz, 1H), 4.12 (dd, J = 9.7, 6.2 Hz, 1H), 3.95 – 3.84 (m, 
4H), 3.73 – 3.64 (m, 1H), 3.61 – 3.49 (m, 2H), 3.27 – 3.17 (m, 4H), 2.95 (dd, J = 16.2, 5.6 Hz, 1H), 2.60 
(dd, J = 16.2, 5.1 Hz, 1H), 2.27 – 2.09 (m, 4H), 2.03 (s, 1H), 1.90 (d, J = 4.8 Hz, 1H), 1.60 (s, 1H), 1.55 – 
1.47 (m, 1H), 1.25 (d, J = 6.8 Hz, 3H), 1.21 (s, 9H), 0.90 (t, J = 6.7 Hz, 2H). HRMS-ESI (positive) M = 
C59H68N8O10: calculated (M+Na)+ m/z 1071.4956; found (M+Na)+ m/z 1071.4985. 
 

cyclo(L - Thr(tBu) - L - Ala - D - Pro - Acpc - L - Asp(OtBu) - Beta - Ala 
- D - Tyr - ) (Compound 31). Prepared according to General Procedure C 
from Compound B13 (0.01 mmol) and para-hydroxyphenyl boronic acid 
(0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude diastereoselectivity 
measured to be 7.8 : 1 (D : L). Purified once by prep HPLC (40% --> 50% 
MeCN/H2O), then purified twice by semi-prep HPLC (40% --> 50% 
MeCN/H2O w/ 0.1% TFA). White solid (0.0045 g, 55% isolated yield). 
Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, 
CD3OD) δ 7.12 – 7.07 (m, 2H), 6.72 – 6.67 (m, 2H), 4.77 – 4.72 (m, 1H), 

4.59 (t, J = 6.8 Hz, 1H), 4.37 – 4.21 (m, 3H), 4.03 (dd, J = 8.5, 1.7 Hz, 1H), 3.93 (d, J = 9.4 Hz, 1H), 3.61 
(d, J = 5.3 Hz, 1H), 3.50 – 3.42 (m, 2H), 3.09 (dd, J = 13.6, 7.3 Hz, 1H), 3.00 (dd, J = 16.9, 7.1 Hz, 1H), 
2.93 (dd, J = 13.5, 9.0 Hz, 1H), 2.72 (dd, J = 16.8, 4.4 Hz, 1H), 2.67 – 2.59 (m, 1H), 2.36 – 2.27 (m, 1H), 
2.21 (dt, J = 13.0, 6.6 Hz, 1H), 2.03 (d, J = 10.6 Hz, 1H), 1.97 – 1.87 (m, 2H), 1.52 – 1.48 (m, 1H), 1.46 (s, 
9H), 1.42 (d, J = 6.9 Hz, 4H), 1.12 (s, 9H), 1.02 (ddt, J = 10.0, 7.0, 3.3 Hz, 2H), 0.81 (d, J = 6.3 Hz, 3H). 
HRMS-ESI (positive) M = C40H59N7O11: (M+Na)+ m/z 836.4171; found (M+Na)+ m/z 836.4160. 
 

cyclo(L - Thr(tBu) - L - Ala - D - Pro - Acpc - L - Asp(OtBu) - Beta - Ala - 
D - 1 - Nal - ) (Compound 32). Prepared according to General Procedure 
C from Compound B13 (0.01 mmol) and 1-naphthyl boronic acid (0.02 
mmol) in ethylene glycol (0.01 M, 1 mL). Crude diastereoselectivity could 
not be measured due to overlapping 1H-NMR peaks. Purified once by prep 
HPLC (40% --> 50% MeCN/H2O), then purified twice by semi-prep HPLC 
(45% --> 55% MeCN/H2O w/ 0.1% TFA). White solid (0.0037 g, 44% 
isolated yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR 
(500 MHz, CD3OD) δ 7.88 – 7.83 (m, 1H), 7.75 (d, J = 8.2 Hz, 1H), 7.52 

(ddd, J = 8.4, 6.8, 1.5 Hz, 1H), 7.50 – 7.44 (m, 2H), 7.42 – 7.35 (m, 2H), 4.62 (t, J = 7.0 Hz, 1H), 4.43 (t, J 
= 7.9 Hz, 1H), 4.23 (t, J = 7.1 Hz, 2H), 3.98 (d, J = 8.1 Hz, 1H), 3.91 (q, J = 8.2 Hz, 1H), 3.83 (t, J = 11.1 
Hz, 1H), 3.65 – 3.54 (m, 2H), 3.51 – 3.35 (m, 3H), 3.01 (dd, J = 16.6, 8.0 Hz, 1H), 2.78 (dd, J = 16.7, 4.3 
Hz, 1H), 2.47 (t, J = 12.9 Hz, 1H), 2.29 (dt, J = 15.3, 3.8 Hz, 1H), 2.21 – 2.16 (m, 1H), 2.05 (s, 1H), 1.92 (d, 
J = 8.2 Hz, 2H), 1.53 (ddd, J = 11.1, 7.1, 3.7 Hz, 1H), 1.46 (s, 9H), 1.42 – 1.39 (m, 1H), 1.36 (d, J = 6.8 Hz, 
3H), 1.04 (s, 9H), 1.02 – 0.95 (m, 2H), 0.66 (d, J = 6.2 Hz, 3H). HRMS-ESI (positive) M = C44H61N7O10: 
calculated (M+Na)+ m/z 870.4377; found (M+Na)+ m/z 870.4398. 
 

cyclo(L - Trp(Boc) - L - Ala - D - Pro - Acpc - L - Gln(Trt) - Beta - Ala - 
D - Tyr - ) (Compound 33). Prepared according to General Procedure C 
from Compound B14 (0.01 mmol) and para-hydroxyphenyl boronic acid 
(0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude diastereoselectivity 
measured to be >20 : 1 (D : L). Purified once by prep HPLC (50% --> 60% 
MeCN/H2O), then purified twice by semi-prep HPLC (55% --> 65% 
MeCN/H2O w/ 0.1% TFA). White solid (0.0040 g, 35% isolated yield). 
Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, 
CD3OD) δ 7.58 (d, J = 7.6 Hz, 1H), 7.45 (s, 1H), 7.32 (ddd, J = 8.3, 7.2, 
1.2 Hz, 1H), 7.26 – 7.21 (m, 17H), 6.96 (d, J = 8.5 Hz, 2H), 6.69 – 6.63 
(m, 2H), 4.70 (d, J = 4.4 Hz, 1H), 4.62 (t, J = 6.9 Hz, 1H), 4.27 (q, J = 8.0 

Hz, 1H), 4.07 (dd, J = 11.1, 6.2 Hz, 2H), 3.88 (q, J = 8.5 Hz, 1H), 3.63 (dt, J = 10.5, 5.0 Hz, 1H), 3.42 (s, 
2H), 3.17 – 2.84 (m, 3H), 2.58 – 2.49 (m, 1H), 2.44 – 2.34 (m, 1H), 2.29 – 2.20 (m, 2H), 2.14 – 2.06 (m, 
3H), 2.00 – 1.95 (m, 1H), 1.85 (dt, J = 17.6, 7.7 Hz, 1H), 1.64 (s, 10H), 1.50 (t, J = 6.9 Hz, 1H), 1.38 – 1.32 
(m, 2H), 1.14 (d, J = 6.8 Hz, 3H), 1.12 – 1.08 (m, 1H), 0.95 (dt, J = 7.8, 4.9 Hz, 1H). HRMS-ESI (positive) 
M = C64H71N9O11: calculated (M+Na)+ m/z 1164.5171; found (M+Na)+ m/z 1164.5118. 
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cyclo(L - Trp(Boc) - L - Ala - D - Pro - Acpc - L - Gln(Trt) - Beta - Ala - 
D - Phe(3 - methoxy) - ) (Compound 34). Prepared according to General 
Procedure C from Compound B14 (0.01 mmol) and 3-methoxyphenyl 
boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude 
diastereoselectivity measured to be >20 : 1 (D : L). Purified once by prep 
HPLC (50% --> 60% MeCN/H2O), then purified twice by semi-prep HPLC 
(50% --> 60% MeCN/H2O w/ 0.1% TFA). White solid (0.0049 g, 42% 
isolated yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR 
(500 MHz, CD3OD) δ 7.48 (s, 1H), 7.37 (ddd, J = 8.4, 7.0, 1.4 Hz, 1H), 7.26 
– 7.19 (m, 18H), 7.05 (t, J = 7.9 Hz, 1H), 6.78 (dd, J = 8.4, 2.5 Hz, 1H), 
6.71 (s, 1H), 6.48 (d, J = 7.6 Hz, 1H), 4.64 – 4.58 (m, 2H), 4.18 (q, J = 7.8 

Hz, 1H), 4.11 (t, J = 6.5 Hz, 1H), 4.01 (dd, J = 9.5, 7.3 Hz, 1H), 3.71 (s, 3H), 3.61 (td, J = 10.4, 6.3 Hz, 1H), 
3.49 (t, J = 9.0 Hz, 1H), 3.44 – 3.39 (m, 1H), 3.23 (dd, J = 15.0, 8.0 Hz, 2H), 2.99 (dd, J = 14.0, 7.0 Hz, 1H), 
2.87 (dd, J = 14.1, 6.2 Hz, 1H), 2.76 (s, 1H), 2.55 (dt, J = 14.3, 7.1 Hz, 1H), 2.34 (dt, J = 13.5, 8.3 Hz, 1H), 
2.25 – 2.15 (m, 4H), 2.08 – 2.03 (m, 2H), 1.94 – 1.87 (m, 1H), 1.81 (dt, J = 15.3, 4.8 Hz, 1H), 1.63 (s, 10H), 
1.44 – 1.39 (m, 1H), 1.29 (d, J = 4.1 Hz, 2H), 0.99 (s, 3H). HRMS-ESI (positive) M = C65H73N9O11: calculated 
(M+Na)+ m/z 1178.5327; found (M+Na)+ m/z 1178.5327. 
 

cyclo(L-Leu-L-Ala-L-Phe-Gly-D-Tyr-) (Compound 35). Prepared according to 
General Procedure C from Compound B15 (0.01 mmol) and para-hydroxyphenyl 
boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude 
diastereoselectivity measured to be >20 : 1 (D : L). Purified once by prep HPLC 
(30% --> 40% MeCN/H2O), then purified twice by prep HPLC (20% --> 30% 
MeCN/H2O), then purified a third time by semi-prep HPLC (25% --> 35% 
MeCN/H2O w/ 0.1% TFA). White solid (0.0010 g, 18% isolated yield). Isolated 
as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.42 
– 7.12 (m, 5H), 7.00 (d, J = 8.4 Hz, 2H), 6.69 (d, J = 8.4 Hz, 2H), 4.41 (t, J = 7.8 

Hz, 1H), 4.34 – 4.22 (m, 2H), 4.15 – 4.03 (m, 2H), 3.58 (d, J = 15.8 Hz, 1H), 3.21 – 3.10 (m, 2H), 2.93 – 
2.81 (m, 2H), 1.61 (s, 2H), 1.38 – 1.29 (m, 4H), 0.88 – 0.49 (m, 6H). HRMS-ESI (positive) M = C29H37N5O6: 
calculated (M+Na)+ m/z 574.2642; found (M+Na)+ m/z 574.2629. 
 

cyclo(L-Leu-L-Ala-L-Phe-Beta-Ala-D-Tyr-) (Compound 36). Prepared according 
to General Procedure C from Compound B16 (0.01 mmol) and para-hydroxyphenyl 
boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude 
diastereoselectivity could not be measured due to overlapping 1H-NMR peaks. 
Purified once by prep HPLC (30% --> 40% MeCN/H2O), then purified twice by prep 
HPLC (20% --> 30% MeCN/H2O), then purified a third time by semi-prep HPLC 
(25% --> 35% MeCN/H2O w/ 0.1% TFA). White solid (0.0020 g, 18% isolated yield). 
Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 
7.26 (dd, J = 7.0, 2.0 Hz, 2H), 7.20 – 7.17 (m, 3H), 7.01 (d, J = 8.4 Hz, 2H), 6.70 – 
6.68 (m, 2H), 4.33 (dt, J = 10.8, 5.3 Hz, 1H), 4.20 (t, J = 7.1 Hz, 1H), 4.11 – 4.00 (m, 

2H), 3.54 – 3.47 (m, 1H), 3.42 (d, J = 4.7 Hz, 1H), 3.32 – 3.28 (m, 2H), 2.93 – 2.77 (m, 2H), 2.47 – 2.40 (m, 
1H), 2.39 – 2.34 (m, 1H), 1.47 – 1.41 (m, 1H), 1.29 (d, J = 5.9 Hz, 2H), 1.22 (d, J = 6.9 Hz, 3H), 0.76 (d, J 
= 6.0 Hz, 3H), 0.66 (d, J = 6.0 Hz, 3H). HRMS-ESI (positive) M = C30H39N5O6: calculated (M+Na)+ m/z 
588.2798; found (M+Na)+ m/z 588.2798. 
 

cyclo(L-Leu-L-Ala-L-Phe-GABA-D-Tyr-) (Compound 37 or A). Prepared 
according to General Procedure C from Compound B17 (0.01 mmol) and 
para-hydroxyphenyl boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 
mL). Crude diastereoselectivity measured to be 9.2 : 1 (D : L). Purified once 
by prep HPLC (30% --> 40% MeCN/H2O), then purified twice by prep HPLC 
(20% --> 30% MeCN/H2O), then purified a third time by semi-prep HPLC 
(25% --> 35% MeCN/H2O w/ 0.1% TFA). White solid (0.0026 g, 44% 

isolated yield). Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.27 – 
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7.24 (m, 2H), 7.16 (tt, J = 5.7, 1.6 Hz, 3H), 7.01 – 6.98 (m, 2H), 6.70 – 6.67 (m, 2H), 4.45 – 4.35 (m, 1H), 
4.22 (dd, J = 11.0, 5.2 Hz, 1H), 4.03 – 3.91 (m, 2H), 3.35 (m, 3H), 3.11 – 3.04 (m, 1H), 2.96 (dd, J = 13.2, 
5.3 Hz, 1H), 2.78 (dd, J = 13.2, 11.1 Hz, 1H), 2.54 – 2.44 (m, 1H), 2.32 (ddd, J = 16.6, 9.4, 3.5 Hz, 1H), 
1.94 (q, J = 4.2 Hz, 1H), 1.79 – 1.73 (m, 1H), 1.47 (ddd, J = 13.4, 9.7, 3.2 Hz, 1H), 1.35 (d, J = 7.2 Hz, 3H), 
1.27 – 1.22 (m, 1H), 1.01 – 0.85 (m, 1H), 0.74 (d, J = 5.9 Hz, 3H), 0.64 (d, J = 5.3 Hz, 3H). HRMS-ESI 
(positive) M = C31H41N5O6: calculated (M+Na)+ m/z 602.2955; found (M+Na)+ m/z 602.2958. 
 

cyclo(L - Arg(Boc)2 - L - Val - L - Pro - L - Ala - L - Tyr(tBu) - Beta - 
Ala - D - Tyr - ) (Compound 38). Prepared according to General 
Procedure C from Compound B18 (0.01 mmol) and para-
hydroxyphenyl boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 
mL). Crude diastereoselectivity could not be measured due to 
overlapping 1H-NMR peaks. Purified once by prep HPLC (50% --> 
60% MeCN/H2O), then purified twice by prep HPLC (60% --> 70% 
MeCN/H2O). White solid (0.0049 g, 45% isolated yield). Isolated as 
5.3 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) 
δ 7.15 – 7.00 (m, 4H), 6.92 – 6.85 (m, 2H), 6.75 – 6.68 (m, 2H), 4.73 
– 4.69 (m, 1H), 4.48 – 4.39 (m, 2H), 4.15 – 4.04 (m, 2H), 3.95 (q, J = 

7.3 Hz, 1H), 3.87 – 3.83 (m, 1H), 3.75 (t, J = 8.8 Hz, 1H), 3.27 – 3.20 (m, 2H), 3.08 – 2.78 (m, 6H), 2.64 – 
2.57 (m, 1H), 2.48 – 2.35 (m, 3H), 2.22 (dt, J = 10.6, 6.6 Hz, 2H), 2.08 (q, J = 8.0 Hz, 2H), 1.94 – 1.89 (m, 
1H), 1.56 – 1.37 (m, 18H), 1.33 – 1.26 (m, 9H), 1.25 – 1.19 (m, 3H), 0.97 – 0.78 (m, 8H). HRMS-ESI 
(positive) M = C54H80N10O13: calculated (M+H)+ m/z 1077.5985; found (M+H)+ m/z 1077.5966. 
 

cyclo(D-Tyr-L-Leu-Gly-L-Glu-)-L-Pro-L-Ala-OMe (Compound 39). Prepared 
according to General Procedure C from Compound B19 (0.01 mmol) and para-
hydroxyphenyl boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude 
diastereoselectivity could not be measured due to overlapping 1H-NMR peaks. 
Purified once by prep HPLC (30% --> 40% MeCN/H2O), then purified twice by semi-
prep HPLC (25% --> 35% MeCN/H2O w/ 0.1% TFA). White solid (0.0034 g, 53% 
isolated yield). Isolated as 3.2 : 1 mixture of diastereomers (D : L). 1H NMR (500 
MHz, CD3OD) δ 7.11 – 6.99 (m, 2H), 6.77 – 6.65 (m, 2H), 4.49 – 4.28 (m, 4H), 4.22 
– 4.14 (m, 1H), 4.01 – 3.69 (m, 5H), 3.66 – 3.54 (m, 2H), 2.96 – 2.84 (m, 2H), 2.62 
(dd, J = 14.3, 9.6 Hz, 1H), 2.38 – 1.94 (m, 8H), 1.53 – 1.36 (m, 4H), 1.06 (dt, J = 

13.6, 6.8 Hz, 1H), 0.96 – 0.66 (m, 6H). HRMS-ESI (positive) M = C31H44N6O9: calculated (M+Na)+ m/z 
667.3068; found (M+Na)+ m/z 667.3073. 
 

cyclo(D-2-Nal-L-Leu-Gly-L-Glu-)-L-Pro-L-Ala-OMe (Compound 40). Prepared 
according to General Procedure C from Compound B19 (0.01 mmol) and 2-naphthyl 
boronic acid (0.02 mmol) in ethylene glycol (0.01 M, 1 mL). Crude diastereoselectivity 
could not be measured due to overlapping 1H-NMR peaks. Purified once by prep 
HPLC (30% --> 40% MeCN/H2O), then purified twice by prep HPLC (35% --> 45% 
MeCN/H2O), then purified a third time by semi-prep HPLC (35% --> 45% MeCN/H2O 
w/ 0.1% TFA). White solid (0.0034 g, 53% isolated yield). Isolated as 2.3 : 1 mixture 
of diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.97 – 7.36 (m, 7H), 4.53 – 
4.11 (m, 5H), 4.04 – 3.45 (m, 7H), 3.25 – 3.10 (m, 2H), 2.64 (d, J = 7.2 Hz, 1H), 2.42 
– 1.84 (m, 7H), 1.57 – 1.19 (m, 5H), 1.13 – 0.53 (m, 7H). HRMS-ESI (positive) M = 

C35H46N6O8: calculated (M+Na)+ m/z 701.3275; found (M+Na)+ m/z 701.3264. 
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cyclo(D - Trp(Boc) - L - Lys(Boc) - L - Thr(Bzl) - 7 - Ahp - L - Phe - ) 
(Compound 41). Prepared according to General Procedure C from 
Compound B20 (0.01 mmol) and phenylboronic acid (0.02 mmol) in ethylene 
glycol:DMF (1:1, 0.01 M, 1 mL). Crude diastereoselectivity could not be 
measured due to overlapping 1H-NMR peaks. Purified once by prep HPLC 
(40% --> 50% MeCN/H2O), then purified twice by semi-prep HPLC (50% --> 
60% MeCN/H2O w/ 0.1% TFA). White solid (0.0037 g, 38% isolated yield). 
Isolated as >20 : 1 mixture of diastereomers (L : D). 1H NMR (500 MHz, 
CD3OD) δ 7.56 (d, J = 7.8 Hz, 1H), 7.43 (s, 1H), 7.36 – 7.21 (m, 8H), 7.09 – 

6.98 (m, 5H), 4.59 (s, 1H), 4.53 – 4.45 (m, 3H), 4.33 – 4.30 (m, 1H), 4.11 (p, J = 5.3 Hz, 2H), 3.14 – 3.06 
(m, 2H), 3.00 – 2.84 (m, 6H), 2.14 – 2.08 (m, 2H), 1.66 (s, 12H), 1.53 – 1.37 (m, 12H), 1.36 – 1.25 (m, 6H), 
1.22 (d, J = 6.3 Hz, 3H), 1.06 – 0.99 (m, 2H). HRMS-ESI (positive) M = C54H73N7O10: calculated (M+Na)+ 
m/z 1002.5317; found (M+Na)+ m/z 1002.5283. 
 

cyclo(D - Trp(Boc) - L - Lys(Boc) - L - Thr(Bzl) - 7 - Ahp - L - Phe(3,4,5 
- trimethoxy) - ) (Compound 42). Prepared according to General 
Procedure C from Compound B20 (0.01 mmol) and 3,4,5-
trimethoxyphenyl boronic acid (0.02 mmol) in ethylene glycol:DMF (1:1, 
0.01 M, 1 mL). Crude diastereoselectivity could not be measured due to 
overlapping 1H-NMR peaks. Purified once by prep HPLC (40% --> 50% 
MeCN/H2O), then purified twice by semi-prep HPLC (55% --> 65% 
MeCN/H2O w/ 0.1% TFA). White solid (0.0037 g, 35% isolated yield). 
Isolated as >20 : 1 mixture of diastereomers (L : D). 1H NMR (500 MHz, 

CD3OD) δ 7.49 (s, 1H), 7.34 – 7.22 (m, 9H), 6.45 (s, 2H), 4.60 (d, J = 11.9 Hz, 1H), 4.57 – 4.49 (m, 3H), 
4.36 – 4.31 (m, 1H), 4.08 (dd, J = 12.6, 7.1 Hz, 2H), 3.79 (t, J = 3.5 Hz, 1H), 3.75 (s, 6H), 3.69 (s, 3H), 3.16 
– 2.79 (m, 7H), 2.12 (t, J = 7.3 Hz, 2H), 1.66 – 1.63 (m, 12H), 1.48 (s, 4H), 1.41 (s, 11H), 1.30 (s, 3H), 1.20 
(d, J = 6.3 Hz, 3H), 0.96 – 0.88 (m, 2H). HRMS-ESI (positive) M = C57H79N7O13: calculated (M+Na)+ m/z 
1092.5634; found (M+Na)+ m/z 1092.5603. 
 

cyclo(L - Pro - Beta - Ala - L - Orn(Boc) - Beta - Ala - D - Phe - L - Pro - 
Beta - Ala - L - Orn(Boc) - Beta - Ala - D - Phe - ) (Compound 43). Prepared 
according to General Procedure C from Compound B21 (0.01 mmol) and 
phenylboronic acid (0.02 mmol) in ethylene glycol:DMF (1:1, 0.01 M, 1 mL). 
Crude diastereoselectivity could not be measured due to overlapping 1H-
NMR peaks. Purified once by prep HPLC (30% --> 40% MeCN/H2O), then 
purified twice by semi-prep HPLC (35% --> 45% MeCN/H2O w/ 0.1% TFA). 
White solid (0.0053 g, 44% isolated yield). Isolated as >20 : 1 mixture of 
diastereomers (D : L). 1H NMR (500 MHz, CD3OD) δ 7.35 – 7.25 (m, 10H), 
4.75 – 4.68 (m, 2H), 4.37 – 4.28 (m, 4H), 3.70 (dt, J = 8.7, 5.0 Hz, 4H), 3.59 
– 3.50 (m, 2H), 3.27 – 3.18 (m, 2H), 3.13 (dd, J = 9.5, 4.3 Hz, 2H), 3.06 – 
2.93 (m, 8H), 2.51 – 2.31 (m, 10H), 2.04 – 1.98 (m, 2H), 1.83 – 1.71 (m, 4H), 
1.62 (ddt, J = 18.7, 8.6, 4.4 Hz, 4H), 1.55 – 1.48 (m, 4H), 1.41 (s, 18H), 1.32 

(d, J = 12.7 Hz, 2H). HRMS-ESI (positive) M = C60H88N12O14: calculated (M+H)+ m/z 1201.6621; found 
(M+H)+ m/z 1201.6509. 
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cyclo(L - Pro - Beta - Ala - L - Orn(Boc) - Beta - Ala - D - Phe - L - Pro - 
Beta - Ala - L - Orn(Boc) - Beta - Ala - D - Phe(4 - CF3) - ) (Compound 44). 
Prepared according to General Procedure C from Compound B21 (0.01 
mmol) and para-trifluoromethylphenyl (0.02 mmol) in ethylene glycol:DMF 
(1:1, 0.01 M, 1 mL). Crude diastereoselectivity could not be measured due 
to overlapping 1H-NMR peaks. Purified once by prep HPLC (30% --> 40% 
MeCN/H2O), then purified twice by semi-prep HPLC (40% --> 50% 
MeCN/H2O w/ 0.1% TFA). White solid (0.0052 g, 41% isolated yield). 
Isolated as >20 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, 
CD3OD) δ 7.65 (d, J = 8.0 Hz, 2H), 7.49 (d, J = 8.0 Hz, 2H), 7.35 – 7.25 (m, 
5H), 4.68 (q, J = 6.2, 5.7 Hz, 2H), 4.45 – 4.27 (m, 4H), 3.79 – 3.63 (m, 4H), 
3.54 (d, J = 6.7 Hz, 2H), 3.26 – 3.13 (m, 4H), 3.12 – 2.95 (m, 8H), 2.56 – 
2.33 (m, 10H), 2.06 – 1.98 (m, 2H), 1.69 – 1.58 (m, 4H), 1.53 (s, 4H), 1.41 

(s, 18H), 1.29 (s, 2H). 19F NMR (470 MHz, CD3OD) δ -64.05. HRMS-ESI (positive) M = C61H87F3N12O14: 
calculated (M+H)+ m/z 1269.6495; found (M+H)+ m/z 1269.6436. 
 

cyclo(L - Ile - L - Glu(OtBu) - L - Ala - L - Gln(Trt) - Gly - L - 
Ser(tBu) - L - Val - L - Pro - L - Lys(Boc) - L - Phe - L - Ala - L - 
Thr(tBu) - L - Leu - Beta - Ala - D - Phe(4 - OPO(OEt)2) - ) 
(Compound 45). Prepared according to General Procedure C 
from Compound B22 (0.01 mmol) and (4-
((diethoxyphosphoryl)oxy)phenyl)boronic acid (0.02 mmol) in 
ethylene glycol:DMF (1:1, 0.005 M, 2 mL). The boronic acid was 
prepared using a known literature protocol.1 Crude 
diastereoselectivity could not be measured due to overlapping 1H-
NMR peaks. Purified once by prep HPLC (70% --> 80% 
MeCN/H2O).  White solid (0.0071 g, 32% isolated yield). Isolated 
as 7.0 : 1 mixture of diastereomers (D : L). 1H NMR (500 MHz, 
CD3OD) δ 7.30 – 7.16 (m, 22H), 7.16 – 7.11 (m, 2H), 4.63 (d, J = 

6.4 Hz, 4H), 4.52 (d, J = 7.9 Hz, 2H), 4.48 – 4.42 (m, 3H), 4.35 (q, J = 7.3, 6.6 Hz, 3H), 4.22 (dddd, J = 
11.7, 6.9, 3.5, 2.3 Hz, 4H), 4.16 – 4.11 (m, 2H), 3.94 – 3.85 (m, 3H), 3.80 (dd, J = 9.2, 3.9 Hz, 2H), 3.70 (q, 
J = 9.7, 7.8 Hz, 3H), 3.60 – 3.55 (m, 2H), 3.47 (d, J = 7.7 Hz, 2H), 3.01 – 2.87 (m, 6H), 2.42 (t, J = 7.5 Hz, 
2H), 2.36 – 2.27 (m, 4H), 2.23 – 2.11 (m, 5H), 2.06 – 1.95 (m, 5H), 1.91 – 1.80 (m, 5H), 1.72 (s, 2H), 1.62 
– 1.55 (m, 3H), 1.46 – 1.11 (m, 50H), 1.02 (d, J = 6.3 Hz, 2H), 0.95 – 0.89 (m, 8H), 0.71 (dd, J = 46.2, 6.4 
Hz, 6H). 31P NMR (202 MHz, CD3OD) δ -6.73. HRMS-ESI (positive) M = C114H168N17O26P: calculated 
(M+Na)+ m/z 2245.1982; found (M+Na)+ m/z 2245.0979. 
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