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Abstract

Advances in drug discovery have led to the rapid discovery of potent hit peptides, which are privileged
scaffolds for targetingrotein-protein interactions (PPI) or proteimucleic acid interaction sitethat

FNBE GeLAOLrffte fFNBS FSF{idaNBf Saa KeéRNRBAIKROASE Ay i
(bR05) chemical space and primarily composed of canonical amino acids, hit peptides are commonly

faced with poor pharmacokinetics and membranemeability.

In Chapter 2, we aimed to improve peptide membrane permeability by incorporating (hetero)aromatic
linkers in the peptide backbon8anguinamide AL, a membrangermeable cyclic peptide of marine
origin with a reasonable reported oral bioaladiility (F = 7 £ 4%) and featuring a thiazole ring in its
backbone, was selected as a model peptide. Its cystsimtaining homodetic peptide analogue was
designed as a negative control, while tieet-butylglycinecontaining analogue, DanamideZ; If =51

+ 9%), was our positive control. A compound library consisting of pyridine, pyricixédl and 3
amino benzoic acid linkers was followed by a membrane permeability screen using IAM
chromatography. Pyridinreontaining analogu€1 had an 1AM score coparable to Sanguinamide A
indicting good membrane permeability. Furthermore, variable temperattk&lMR studies showed

that amides in the backbone d?1 might form a hydrogen bond HB network different from

Sanguinamide A but dynamically to enable chameikity.

In Chapter 3, we aimed at peptide latéage functionalization to introduce unnatural amino acids
(UAAsS) using Katritzky salts. In this method, lysine residues were converted to Katritzky salts, followed
by photochemical Giese reactions under mddnditions. The method was compatible with all
canonical amino acids and commercially available resins and linkers save festilweiRityl chloride

resin. A broad substrate scope was reported, and the utility of the method was demonstrated through
the selective modification of one of two lysine residues of the histone 3 tail peptide (residugg)1

one of two ornithine residues of the cyclic antibiotic peptide Gramicidin S, and modification of the

longer p53 (1% 29) peptide.

Vi



Zusammenfassung

Fortschritte in der Arzneimittelforschung haben zur raschen Entdeckung potent&dgtide gefihrt,

die bevorzugte Geruste fir die gezielte Beeinflussung RrarteinProteinWechselwirkungen (PPI)
oder ProteinNukleinsauréWVechselwirkungsstellen darstellebei denen es sich in der Regel um
grol3e, funktionslose hydrophobe Schnittstellen handelt.-Riptide, die typischerweise in den
chemischen Raum der "beyondule-of-five" (bRo5) fallen und hauptsachlich aus kanonischen
Aminosauren bestehen, haben in demRegel eine schlechte Pharmakokinetik und

Membranpermeabilitat.

In Kapitel 2 haben wir versucht, die Membranpermeabilitdt von Peptiden durch den Einbau von
(hetero)aromatischen Linkern in das Peptidgerist zu verbesséta. Modellpeptid wurde
SanguinamidA @) ausgewahlt, ein membrandurchlassiges zyklisches Peptid marinen Ursprungs mit
einer angemessenen berichteten oralen Bioverfligbarkeit (F = 7 + 4 %), das einen Thiazolring in seinem
Rickgrat aufweist. Sein cysteinhaltiges homodetisches Peptidanalogale wis Negativkontrolle
entwickelt, wahrend das tesButylglycinhaltige Analogon, Danamid R, (F = 51 + 9%), unsere
Positivkontrolle war. Auf eine Verbindungsbibliothek, die aus Pyridin, Pyi@xid und 3
Aminobenzoesaurtinkern bestand, folgte eiGcreening der Membranpermeabilitdt mittels IAM
Chromatographie. Das Pyridiraltige Analogo21wies einen mit Sanguinamid A vergleichbaren 1AM
Wert auf, was auf eine gute Membranpermeabilitat hindeutet. Darliber hinaus zéigitétMR
Studien bei variabler Temperatur, dass die Amide im Rickgrat voBAl ein
WasserstoffbriickenbindungldB-Netzwerk bilden kénnten, das sich von dem von Sanguinamid A

unterscheidet, aber dynamisch ist, um Chamaéleonitat zu ermdglichen.

In Kapitel 3 befassten wir uns mit der spatemnkionalisierung von Peptiden, um unnatirliche
Aminosauren (UAAs) mit Hilfe von Katrit#alzen einzufiihren. Bei dieser Methode wurden
Lysinreste in Katritzkgalze umgewandelt, gefolgt von photochemischen Glesaktionen unter
milden Bedingungen. Die &thode war mit allen kanonischen Aminosauren und handelstiblichen
Harzen und Linkern kompatibel, mit Ausnahme d&hBrnitritChloridHarzes. Es wurde Uber einen
breiten Substratbereich berichtet, und die Nutzlichkeit der Methode wurde durch die selektive
Modifizierung eines von zwei Lysinresten des Hig@chwanzpeptids (RestelD), eines von zwei
Ornithinresten des zyklischen antibiotischen Peptids Gramicidin S und die Modifizierung des langeren

p53-Peptids (15829) nachgewiesen.

Vil



1.0. Introduction

1.1. Backgound

Peptides predominantly exist in nature as macromolecules comprised of canonical amino acid building
blocks and, less frequently, naranonical structural motifs that lead to their increased structural and
functional complexityt! The latter may result from neribosomal synthesis or postanslational
modifications that are tuned mainly to suit their biological activit#®vith limited structural roles in
comparison to their larger protein counterparts, peptides are reportedly functionally relevant in

several biological systems.

Naturally occurring peptides have a diverse range of homeostatic and lebshge functions. In
homeostasis, peptides partake in signal transduction as neuropeptides and hormones, involved in the
modulation of neurotransmission at synapgever 5000 neuropeptides are currently reported with

a range of 3 100 amino acid residues in lenfthPeptide hormones are important components in

the regulation of metabolism and are typically derived from the cleavagetefmiinal sequences of
secretorypre-proteins!® Insulin, Glucagotike peptide 1 (GL-R), and glucagon are typical examples

of peptides that regulate glucose metaboliémFurthermore, peptide growth factors also regulate
several aspects of the cell cycle, including tissue, organ, and embryoriopi@ent!® For example,

the epidermal growth factor (EGF) is a 53 amino acid residue ligand for the EGFR tyrosine kinase

receptor, whose overexpression in tumor cell Bris associated with poor prognddis

Further beyond homeostasis, antimicrobial peptides (AMPSs) of ribosomal erlmasomal origin are
known to play host defense functions across all three domainseBflliBacteriocins, for example, are
antimicrobial polypeptides of ribosomal origin that commonly possess bacteriostatic or bactericidal
properties against other strains or species of bactéfiaBesides antbacterial poperties, this
structurally diverse group of peptides often possesses a broad repertoire of functions, including anti
tumour activities?. Notably, there are several AMPs at several stages of clinical trials, mostly as

antimicrobial agents fotopical, oral, and intravenous administratith

Nonribosomal peptides (NRPalsonearly exclusively exist as arp of the metabolite repertoire of
bacteria and fungi, with rarely exempt examples of a few higitder organisms, includingrosophila
melanogastet!. Synthesized by enzyme complexes known asriimsomal peptide synthetases
(NRPSs), these peptides typically contain-oanonical structural motifs, including-d@nfigured
amino acids, Mnethylations, halogenated amino acids, reducete@nini to atohols or aldehydes,

peptides conjugated with lipids at the termini or heterocyclic backbdtes.



Heterocyclic fragments in peptide backbones are an example of commonly encountered products of
Non-Ribo®mal Peptide Synthetases (NRPSs) or hybrids with polykstitthase PK) also known as

t Ybbwt (R eTheNKaBrdes are commonly derived from neibosomal amino acid
modifications. In the NRPS assembly line, for example, a cyclization domain (Cy) catalyzes a
nucleophilic attack by the side chain of serine or cysteine residues resulting in the formation of a
heterocyé A O Y2ASGe&d ¢KS AYOISNNYSRAIFIGS LINRPRdIZOGAaQ RSKe@

oxidation (Ox) domain to form oxazoles or thiazoles, respectively (Schenfié 1A).

A 'y
H
2 x ROH (H

Ulongamide A Haliclonamide D Venturamide A

Schemel. A: Cyclisation of amino acid side chains by NRPSs. B. Examples of naturally occurring cyclic peptides containing

heterocyclic fragments derived from NRPS modifications. Figure adapted from Dowlingrandkeod!8]

Incorporating heterocycles in peptides has been shown to improve stability against proteases by
masking side chains as recognition motifgpiiaving membrane permeability and their specificity for

target proteins through conformational restrictions on the peptide backbéh&xamples of peptides

with heterocyclic fragments in their backbone include the thiazmataining ulongmide A,
haliclonamide D and Venturamide A with oxazole and methyloxazole moieties and derived from
cyanobacteria and marine sponges (schemel?’83.Other heterocyclic moietiesan be @rived from

20KSNI FYAYy2 | OARA& 06Se@2y R aSNAy S-amaiitik, iBexamplg, 8> I YR
a potent cyclic peptide isolated from the death cap mushroom in which cyclization occurs as a result

of condensation between tryptophan and ¢gime to form an indolederived cross bridgg®!

Additionally, structural diversity accrued from NRPs has inspired peptidic therapeutic natural
products. Examples of clinically relevant antibiotic peptides include gramicidinngthylated
peptides, suchas the immunosuppressant cyclosporine A, and heterocieali&kbone modified

antibacterial peptide bacitracin, as notattd. Nonetheless, despite their broadly characterized



pharmacological and toxicological properties, NRPs are structurally complex conspwithdarely
understood modalities of their hogtlated functions that comprise virulence and tolerance to stress

factors like reactive oxygen speci&s.

The existence of peptides across all thdesmains of life highlights their potential diversity, thereby
presenting their potential for developing contemporarglevant therapeutics {§ure 1A)?” Existing
under extreme environmental conditions, peptides from archaea include Acyl homoserine lactones
(acytHSLs) and Diketopipetiaes (DKPs), which are known disruptors of quorum sensing in microbial
populations. These metabolites have been postulated as potential therapeutics for inhibiting biofilm
formation or water treatment?®! In higherorder organisms, peptides have been isolated in venomous
organisms, including insects, reptiles, and the doitled platypus as the only known venomous
mammal. Owing to their neuroactive nature, these peptides havepthtential for the development

of ion channel modulator8® There are several characteristructurally diverse peptides derived
from marine organisms. Owing to the complex marine ecosystem and biodiversity, the peptides have
a wide array of reported bioactivities, some of which are unrelated to their functions in their primary
sourced?’ Despite the diversity of peptides in regard to their structure, bioactivity, and source, major
bottlenecks in their discovery still need to be addressed during their extraci@racterization, and

challenging chemical synthesisgére 1B)3!

A: Natural sources of peptides B: Applications

Antibodies

Antithrombins
Figurel. A: Arepresentation of sources of bioactive peptides covering species from all three domains of life, including single
celled organisms, marine life, plants, and poisonous aninBalShe application of currently approved peptides for clinical

use reflects the diversity of their function and potential as therapeutics. Based on the Figure by Sikoranamklers!2¢!
1.2. Peptides as therapeutics

As macromolecules, peptides are privileged scaffolds for binding at large protein surfaces.
Consequently, they are investigated for their ability to inhibit protgintein interactions (PPI) or
protein-nucleic a@ interactions, which play a crucial role in regulating cellular functions, including

signal transduction and epigenetic contf8l.Dysregulation of PPIs has therefore been implicated in



several pthologies, including cancers and metabolic disorders, making them attractive targets in drug
development®3 Several approaches have been used to explore the chemical space of PPI inhibitors,
including using small molecule modulators of proteins that bind at allosteric pockets andjsebtg

disrupt the recognition characteristics of proteirs.

The interface of a typical PPI is often a large hydrophobic shallow space that can be unsuitable for
orthosteric modulation using small molecules owing to the lack of suitable binding pd€kets.
Peptides, on the hand, are capable of mimicking a fragment of a binding partner with a potentially
higher affinity such that the PPI is disrupted. This is possible if a peptide sequence contains several
hotspot residues, also known as a hotspot cluster which is energetically important for anchoring a
protein to another macromolecule. To be considered a hotspot residue, an alanine mutation should
lead to a reduction of the binding free energy difference betwdsnwild type and mutant of more

than 2.0 kcal/mol©®

The first clinically approved peptide therapeutics were extracts of endogenoasthie hormones,
starting with insulin obtained from bovine fetal pancreas and used for treating type Il diabetes mellitus
in the late 1920&8" The rapid approval of insulin for clinical use led to a series ofpfastd
advancemats in peptide drug discoveryiffare 2). The first notable development was a method for
sequencing amino acids reported by Sanger amopy about 30 years later, also commonly known as
Sangers method, that proceeded via cleavage dkrsinal amino acid residues. This was a
fundamental step to understanding sequence dependence as a factor contributing to the biological

activity of peptdes®

1922 1954 1963 1980¢ 2018
First medical Oxytocin Merrifiel awSO2YoAY Il yi Fixd @rR\B2 i SDRFBE 2@ &
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
1950 1978 1980- 1988 1996¢ 1999 2002- 2009 2010¢ 2018
Corticotrophin Calcitonin Oxytocin Teriparatide Liraglutide
Insulin Enptifibatide Enfuvirtide Linaclotide
Cyclosporine Ziconotide Dulaglutide
Leuprolide Exenatide Semaglutide
Romiplostim

Figure2. Advances followed the discovery of insulin in techniques for the discovery of peptide therapeutics, which in turn

led to an increase in the number approved peptidebased therapies.

{FyaSNRa VYSGK2R O2yaSldsSydte adAaydzZ ISR GKS R
methodologies. Shortly after the sequencing of insulin, for instance, Vigneaud awngrkers
YS(iK2R® {doaSljdSyidtes

efforts by describing its total synthesis in solutiétt% After that, the sequencefahe decapeptide

reported the sequence of oxytocin using § 3 S NI &

angiotensin from bovine renal extract was determined, and in a similar manner, its truncated



octapeptide analog was synthesized by Schwarz andarkers aimed at demonstrating that the
shorter sequence is sufficient for its vasoconsivietpropertied*!! Likewise, the 19ner and 23mer
polypeptide analogues of adrenocorticopic hormone (ACTH) were synthesized, further highlighting
the biological activities of peptide fragments of ACTH instead of théehdth wildtype variantg?#?+!

The current stateof-the-art technologies for petide sequencing uses liquid chromatography (LC)
coupled to multiplestage mass spectrometry (LC/NSwvhich is additionally capable of quantification

even when used for the analysis of complex mixtures of peptides and prdt&ins.

In parallel with the development of sequencing methodologies, there was increasing scientific interest
in mutant derivatives of biologically active peptides. However, this progress was hampered by
challenges faced during the chemical synthesis of peptides that exclusively took place in $8lution.
Each step in peptide coupling was laborious, marked by rather tedious aqueousupsyrk
deprotection, and purification proceduré®! Purification was notoriously challenging because of
racemization as a result of the predominant use of carbodiimide coupling rea@nthe use of
triethylamine (EiN) for the formation of free bases of peptide products was also reported as
contributing factor to racemization. Additionally, the iterative process of peptide synthesis was prone
to the formation of higler-order peptide side products from the slight excess of reagents used in the
reaction*® Likewise, as the sequences increased in length, the peptides tended to aggregate,
significantly hampeng subsequent elongation efforts. Merrifield developed a method for
synthesizing linear peptides on chemically inert solid polystyrene support to address several of these
challenges. This method did not require intermediate purification and circumvehidhallenge of
aggregation of longer peptide sequend®.Furthermore, solid phase peptide chemistry (SPPS)
enabled the use of large excesses of reagents and the use of {3eited protic polar slvents like
N,N-Dimethylformamide (DMF) for couplif!

The advent of SPPS fostered increased research momentum in the development of peptide
therapeutics. The application of SPPS was further improved by the introductiortashation and

the development of several protecting groups that could be cleaved under mild condffibfke

introduction of Fmoc/tBu chemistry for SPPS aasther key step for progress in the synthesis of

peptides. It replaced the Boc/Bzl strategy in which the final deprotection of side chain protecting

groups and cleavage from the resin was carried out using HF, which is high¥!tdxithe airrent

AGNI GS3ex o0FasS tFoAtS Tt d2 NBy admndgiokipahdatidldbileND 2 y &
side chain protecting groups with synthesis proceedingtio-i8 terminal direction are used. Cleavage

of peptides from the solid support uses milddFA or weaker acidic conditiof3. Other

improvements currently applied in peptide synthesis include microwave (sB&fsted peptide



synthesis as well as the use of induction heating aimed at reducing reaction time and increasing
purity®®!. Furthermore, advancements were also made in the purification of peptides considering an
evolution from catiorexchange chromatography used in the 1950s to the stéditihe-art preparatory

reversephase higkpressure liquid chromatography coupled with mass spectrometry (RRSFS!

Early strategies for the development of peptides as therapeutics also got improved over time, marked

by amino acid substitutions as a meansetohance the biological activity of endogenous human

aAdylFEfAy3d LISLWARSad ''a SESYLX AT A S-Rercapioprépionic2 LINB & &

acid substitution of cysteine at the first position andiginine at position eight substituted with-D
arginine and with clinical relevand®! Sources of bioactive ptides have been remarkably diversified
over time. A noteworthy example is the discovery of cyclosporine A which was isolated from the
fungusCylindrocarpon lucidumnd is currently used in the clinic as an immunosuppressant to prevent
graft rejection, whae discovery sparked a renewed interest in microbes as sources of bioactive

peptides®’

Recent dvancements in genomic technologies have resulted in a marked understanding of the
mechanisms of disease and, consequently, an exponential increase in the number of drug targets.
Therefore, technologies, including peptitdased library screening techniqudsave been developed

to cope by enabling a rapid and robust modality for the discovery of novelaffigtity binders®>8l

Split and pool techniques are an example of an established chemical peptide library strategy designed
to generate randomized peptide sequences from which {affimity binders can & identified for
specific targets and subsequently optimiZe&ti.Additionally, biological peptide libraries utilize
microorganisms to generate peptide libraries and can be broadly categorizeth ivitoo and invivo
systems, with examples of the latter including phage display, mRNA display, andtspiitircular
ligation of peptides and protein (SICLOFRPS}Y.

1.3. Chemical instability of peptides

Beyond challenges in pharmacokinetics and pharmacodynamics, peptide compounds are also prone
to chemical and physical instability. Cysteine is commonly prone to oxidation and desulfurization. The
reversible oxidation of cysteine under physiological conditions results in the formation of disulphide
bond formation and performs a vital signaling function in vivo. Conversely, the formation of cystic acid
during peptide synthesis and storage also posesadage for peptide compound®! Cysteine is

I £ a2 LIBwh&ionuaderimild conditions during trypsin digestion to form dehydroalanine and

in the presence of phosphines at elevated temperatures to generate an alanine residue and thereby

altering the peptide sequence with a pdsitity for loss of biological activif§®! This setback may be
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encountered during the synthesis of cyclic peptides containing cysteine residues upon treatment with

a TCEfontaining buffer using the MeDlmzethod 64

Secondly, the racemization of peptideadis to the formation of diasterecisomers that have different
polarities and, thereby, are distinguishable by LCMS. Since stereochemistry is often an important
OAYRAY3I aAaidsS NBOzaAyAGAzy TFILOG2NE NI OSYAld GAzy
possibility of adverse effects or none at &ll.Synthetically, racemization commonly occurs during
peptide macrocyclization as well as solid phase synthesis of linear peptides;iadigpdor

epimerisationprone amino acid residues like phenylglycfi{é’]

Finally, concerns regarding the physical stability of peptides revolve around the aggregation and
precipitation of peptide compounds, which is an essential factor that is taken into consideration when
designing the delivery systems of pharmaceuticals. Aggregation, for example, is a phenomenon
dependent on multiple factors, including peptide sequence, pH, and concentféii@ccurring in

solution or on surfaces (adsorption) and stabilized®N2 LIK2 6 A O Ay i SNI Olch 2y as

K

a0l O1Ay3ax 3IANBIAFGSa LrasS O2yOSNya | a oA2f23A

or toxic specie§’

In summary, the challenges faced by peptides as therapeutic compounds are countless. Still, they
mainly arise from their structural features that affect their potential for formulation, drug delivery,

membrane permeability, and metabolism.
1.4. Drawbacks to peptidaedrug development

Drawbacks to the development of peptides as therapeutics can generally be viewed from
pharmacodynamic or pharmacokinetic perspectives. Upon administration, peptide therapeutics are
prone to a rapid firspass effect in addition to suscelpility to plasma and renal clearan€&.Initially,
peptides in blood are prone to hydrolysis by serum peptidases which are not only numerous but also
recognize several individual peptide side chains as well as patitois!’! In the liver, membrane
permeable peptides & reportedly more susceptible to degradation by hepatocyte hydrolases, while
their counterparts with reduced permeability are more prone to degradation via cytochrome P450
enzymed’? Non-enzymatic renal clearance of peptisl arises from their relatively low molecular
weight compared to proteins (<30 kDa), such that they have a high susceptibility to glomerular

filtration, further aggravated by the presence of naturally hydrophilic side chdins.

Peptides that successfully evade the aforementioned pharmacokinetic barriers are typically faced

with the inability to cross plasma membranes into the cytosol passively and perhaps other organelles
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(Ro5) for determining drutike compounds as wedls predicting membrane permeabilify! The Ro5

defines parameters such as the number of hydrogen bond dogassl . ! & Xmno0X K& RNER3
acceptors¢ 61 . 5aXp0X Y2t SOdzt I NJ 6SAIK(G OwaatedKpartitod = | YR
O2STFAOASYG o60t23 tXpud ¢KS tihg/of smalkinokculgslwhosed | & SR
binding mode typically invobs pockets in target proteinsi@fare 3A) and falls within the rule of five.

Larger molecules, including peptides, are less frequent in the drug chemical space and are prone to
violations of the RB despite their advantages at targeting proteins and other macromolecular

structures that cannot & targeted by small moleculesigkre 3B & 3C).
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Figure3. A representation of the Lipinski rule of five and an illustration of the corresponding binding modes of molecules in

the different chemical spaces to their targets. Based on the figures by Matsson avarkers &Doak and cavorkers([79.80]

Notably, a large number of HBDs and HBAs arise frorartfide groups on the peptide backbone and
some polar amino acid sidechains as well and thereby leading to a high propensity for violating this
particular rule of the Ro5. Extensive hydrogen bonding with water creates strong -solvant
bonding, therebyricreasing the penalty for solute release and affecting the availability of the peptide
to the cell membrané’™ Furthermore, widespread hydrogen bonding with the hydrophilic head of

phospholipids also impedes further solute dissolution into the lipid bil&§er.



Similarly, as a further consequence of numerouskbaoe and side chain functionalities, peptides are

also prone to also having large polar surface areas (PSA) that impede their release and solubilization
in the lipid bilayer of the cell membrane during passive transp@rtAdditionally, with a
recommendation of a molecular weight of <500, peptides are usually macromolegiitefigher
molecular weights and thereby prone to a further violation of this Ro5, considering the reported range

of molecule sizes of 100¢ gGapproximately 1000 Da) as the limit for passive permealbifity.

Many peptide drug candidates typically contain canonical amino acid side chains. They are
consequently susceptible to degradation by endopeptidases that typically performekeegging
functions, including the maturation of higher molecular weight -hogmones to peptide
hormones!® The muual recognition motifs, in this case, are single or multiple amino acid side chains,
for example, serine residues in the case of serine proteases and lysine and aspeaifc
proteinases; that ultimately cleave peptide therapeutics along the backHdeading to loss of
activity.®? Peptide bonds mayalso be hydrolyzed at the amino terminus or the carboxylic acid
terminus of the peptide by exopeptidases. By utilizing individual terminah@®cids as recognition
motifs, exopeptidases are capable of truncating linear peptides and thereby affecting their biological
activity. For example, the transmembrane exopeptidase CD26/DPP4 is expressed on the surface of
cells and is involved in the adage immunity. It recognizes and cleavegedminal(or penultimate)

proline/alanine residues of chemokines in vivo, thereby modulating their receptor adtiVity.

The Ro5 has had some extensions made in the recent past. One attempt to improve the Ro5 analysis

by Ghose and colleagues incorporates analysis of the number of heavy atoms, with a propiosat!

range of 20 70, and diversity of functional groups beyond the scope of peptide backbones and side

chains that generally places peptides in a disadvantaged position as potential therajféitieber's

rule points out the need for a limited number of rotatalile2 Yy R4 G2 Xmn & | LINBSRA
OA2I @ AfloAfAGE ANNBALISOGAGS 2F Y2f SOdAVaNG 6 SA IK
tripeptide of 315 Da already meets this limit, yet peptide therapeutics are typically much larger

macromolecules with an average molecular weight range of¢g®000 D&

Other descriptors have been developed to rationalihe activity of compounds that violate the
Lipinski Ro5 based on the type of interactions that the ligands have with their targets. Several small
molecule therapeutic compounds reportedly fall within the Ro5 chemical space and are dependent on
classical poket binding to modulate target activity of welbtablished targets (Figure 3.
Compounds that have molecule weights in the range of 600 Da are considered as part of the
extended rule of five (eRo5) chemical space, comprising of compounds like peptides that are capable

of targeting largéhydrophobic spaces that do not contain any features suitable for interactions by Ro5



compounds. Mainly falling in this category, peptides are, therefore, less prone to prioritization as drug
development candidates compared to their small molecule countespan drug discovery

programs’’®

Furthermore, it is also common for peptides to fall in the beyond rule of five (bRo5) space,isvhich
defined on the basis of having a molecular weight range of-BBD0 Da and, additionally, fulfilling

at least one of the following criteria: a cLogP that is less than zero or greater than 7.5, more than 5
HBDs, more than 10 HBAs, a polar surfacetgrehan 200 A or having more than 20 rotatable
bonds!”® This chemical space is not only limited to peptides but also frequenilydes biologics,

natural products, and PROTACS that are often used to address challenging targets in drug d¥écovery.

Unlike eRo5 compounds thaire capable of binding to both flat surfaces and pockets, the bRo5
compounds almost exclusively bind at flat featureless surfaces and grooves and interact with interface
residues of PPf8. As a result ofhteir large molecular weights, molecules falling within the bRo5
chemical space often have poor oral bioavailability, just as eRo5 compé&tindsnetheles, some

have been approved for clinical use. A notable example of peptides approved for clinical use is the
natural product Actinomycin D, containing two cyclic pentapeptides bridged by a phenoxazinone
linker in its structure and used as a cytotoxic dibgt suppresses transcription by intercalating
DNAPY |ts Ro5 violations include having a molecular weight of 1255 Da, 6 HBDs, 28 HBAS%#d a t
of 360 &.

1.5. Improving the therapeutic properties of peptides

Despite the challenges faced by peptides, numerous strategies have been employed by synthetic
chemists to improve their drutike properties. From the viewpoint of a drug discovery pipelihese
chemical techniques for the rational design of peptides can be applied along each stage of peptide

drug discoveryowards clinical applicationsigftire 4)°Y

(ayTan
AA . .
I substitutions | SAR ’ | Selection I Synthesis ’ | ECeq ’

Figure4. Optimization of peptidebased therapeutic compounds drug discovery towards clinical applications. Figure
adapted from Hoffmann and Fosger@dl.
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Upon hit identification, peptides typically undg optimization. However, key themes that are usually
encountered during the development of peptide therapeutics are the incorporation of unnatural

amino acids in the peptide, cyclization, and improving membrane permeability of pepfides.
1.5.1. Incorporating unnatural amino acids

Alanine scans on a hit peptide sequence are usually the first step to determine which residues are
important for binding.Therefore, the lowimpact residues can be substituted by unnatural amino
acidsl®® Otherwise, residues may also be deleted from the sequence if deemed unnecessary or
otherwise mutated to improve the biological activities of the hit. It is, however, increasingly common

that the UUAs are incorporated into peptide sequencesriuhit optimization4

Typically not found in natural polypeptides, unnatural amino acids may occur as analogues of
canonical amino acids, e.g., hydroxyproline (Hyp), or otherwise as surrogatear¢haignificantly
different from canonical amino acids, e.g., 1,2;3gtrahydroisoquinoling-carboxylic acid (Ti¢¥!

Their incorporation into peptides is a renowned avenue for improving affinity for targets by adjusting
hydrophobicity, charge, secondary structure and peptide flexibility toaeek ligand binding and
modulation of protein activity?® Garnirelix is an example of a linear octapeptide antagonist of
gonadotropinreleasing hormone (GnRH) currently in clinical use for assisted reproduction. Peptide
optimization was mainly reliant on using unnatural amino acids to inhibit the PPI bet@eRi and

its receptorl®! A key innovatiorin its development was incorporating-Pal [3(3-pyridyl)alanine]
residues in its sequence to overcome histamine release stimulated by the lead andféguethis

way, UUAs were simultaneously used tar@ase potency and reduce adverse effects.

The side chains of UAAs have been shown to improve the membrane permeability of peptides.
Pipecolinic acid, for example, was serendipitously discovered to enhance membrane permeability of
fluorescently labeled lirgr peptides by Verhelst and aworkers without any clear rationale at the
time.® However, it could be inferred from later studies that the presence of this moiety on the
peptide backbone may havevmtributed to the adoption of a secondary structure more suited for
membrane permeability and, additionally, the occlusion of a backbone afifié-urthermore, the
presence of HBAs in the side chains of UAAs has been demonstrated as a contributing factor for the

stabilization of peptide secondastructure and improvement of membrane permeabilifi}]

A substitution of a canonicaimino acid for a UUA also potentially enables the evasion of proteases
by peptides in order to enhance their metabolic stabifitl. D-enantiomeric peptides, for example,
are widely commercially available tools that have an altered side chain orientation such that their side

chains are not recognizable by protease binding sites and often have imprmtatiolic stability1%!
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However, this is not an infallible approach, given that affinity for the ligand bind site may also reduce
dramatically from incorporating UUAs owing to the same change in side chantation. As a
remedy, an approach known as retfioverso isomerization is used to overcome this shortfall, in which
the peptide sequence is reversed. Consequently, tzariino acid is presented with a similar topology

at the target binding site as éhnative peptide to form a retrinverso peptidd®y By a similar
mechanism, UUAs have been used to reduce the immunogenicity of peptides by way of evading
recognition by antibodie8%? Kapoerchan and eworkers, for example, synthesized a library of
peptidic human leukocyte antigen blockers (HLABs) and used azidoproline to redelte&eEponse

to the highly promiscuous peptide sequers®®
1.5.2. Peptide cyclization

Commonly encountered in nature and chemical synthesislization serves as an overarching tool for
optimizing both the metabolic properties and biological activity of peptides. As such, it often
complements other peptide modifications during hit optimization efféttsCyclization may promote

proteolytic resistance to peptidases through the evasion of exopeptidases, particularly if performed

via the peptide termini. Additionally, by changing the backbone conformation and masking side chains

of peptides, amino acid side chains may not be recognized by endopeptidases &#8Wh#. absence

of termini has also been argued as a possible explanation for the often observed improvement in cyclic
LISLIAARSAQ YSYONIYS LISNYSIFOATAGET O2YLI NBR (2 (KSA

The general approaches to cyclization include hathil cyclization, side chaito-terminus, and sid
chainto-side chain cyclizatiofigure5) 2% Two important considerations for a successful cyclization
are macrocycle ring size and peptide qmenformation prior to cyclization. Smaller ring sizesdédo

be difficult to cyclise owing to lowered proximities of functional groups participating in cyclization.
Successful attempts at the synthesis of Smer long cyclic peptides often necessitated the use of
backbone tuning techniques for favorable menformations, including Mnethylation, the use of
pseudaprolines, or the addition of chaotropic salts to the reaction solvent lest only oligomeric
structures are synthesize®l! Pseudeprolines can also enable the formation of cis peptide bonds that
tend to be favorable for improving the proximities of functional groups. A combination of these

approaches was successfully used for the synthesis of a cyclotripégfide.
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Figure5. Modalities for peptide cyclization. Figure adapted from Yudin and Wffite

Solution phase heatb-tail cyclization is a common method used for the synthesis of cyclic peptides.
Herein, a very dilute solution die linear precursor is treated with a base and coupling reagent, and
the reaction typically takes about 12 hours or m&t&€.However, it is also possible to perform on resin
cyclization as a method to introduce a psetditlution effect and reduce the chance of
oligomerization. In this case, the peptide is anchored on the solid support using an amino acid side
chain!*'¥ Onresin approaches also allow for the use of higher equivalents of reagents since any

unreacted reagent as well as side products in solution, can be easily wasHéd off.

Other method of cyclization that do not rely on the formation of traditional amide bonds have been
reported. A common strategy utilizes cysteine thiols. In nature, thiols in close proximity are oxidized
to form disulphide bonds that stabilize the tertiary structwgproteins and peptide&!? Insulin, for
example, contains two peptide chains that are linked by two disulphide bonds which are critital fo
proper function*3 However, the use of disulphide bonds has been widely applied for the synthesis
of cyclic peptides, requiring only two cysteine residues in the peptide sequence as a means for
attaining conformational stability and resistance to proteases. The approach may be extended to use
benzylic bromide linkers to optimize ligand binding at hydrophobic regions of proteins or, in the case

of most PPI interfacd&'¥

From more recent advancements, a cysteine residue containing-gm&hoxybenzyl Cysteine
sulfoxide protecting group has also been recently utilized to form a thioether bondang&gion to

achieve a tryptathionine bond that is commonly encountered in nattfeThe reaction used
guanidine as an-fmethoxybenzyl cation trap under acidic conditions necessargh®activation of

the sulphoxidé!'®' A second approach uses click chemistry for the cyclization of peptides via both the
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peptide termini and sle chains. This method has been demonstrated to be useful for the synthesis of

cyclic celpenetrating peptides by Feni and NeundBtf!

Several transitional metalatalyzed peptide cyclization techniques have been developed as well. The
ruthenium-catalyzed ringclosing metathesis (RCMpr example, is commonly used tatioduce
KERNROINb2y &adl LX Sa GKI G -haidasttuttdres and bBas yeéh siiodn & G I 0
to improve the membrane permeability of peptidé'$® ATSP7041 is a 18ner stapled peptide mainly

composed of biogenic amino acids that is undergoing clinical trials for the treatment gfqsitd/e

tumors. The celpermeable peptide is a PPl alunhibitor of the interaction between P53 and both

MDM2 and MDM»:9!

Finally, photeredox mediated peptide cyclizations are gaining traction owing to their ability to avoid
the introduction of polar &ments in the peptide backbones just as the RCM approach. Molander and
co-workers recently generated alaninyl radicals from an activatedydroxyphthalimide ester on a
peptide side chain using blue light followed by the formation of new3gEfsg) viaa single electron

transfer in order to afford cyclic analogues of Atosiban, an oxytocin antagtfiist.

Peptide therapeutics may acquire improved affinities for their biological targets through cyclization
resulting from their enhanced conformational rigidity. The resulting decrease inghtrbpic penalty
enables more efficient binding to their targets, which is achieved by eliminating multitudes of
potential conformations that a peptide can assume and presenting a closely optimal one for binding
ab initio/*?¥ Elimination of other conformations also enhances the selectivity of the cyclic peptides
and reduces the chance off-target effects. These conformations are further potentially stabilized as

a result of the spatial arrangement of intramolecular hydrogen bonding elements arising from

cyclization/2??!

Some cyclic peptides of large ring sizes have been observed to have excellent membrane permeability
despite their violation of the Ro5apameters. Cyclization may improve the permeability of peptides

across biological membranes by enabling their behavior as molecular chaméftéobe term

GY2ft SOdzt I NJ OKI YSt S2y ¢ g | -&orkérd aftdr the udeXpegfesl Bbsepvation | NINIzL
of morphine6-3t dzO2 NRYyA RS 6acD0Qa (Bt 2beR itsliighipSlafi® and NSt | § |
remarkable CNS activity, a property almost exclusively attributed to lipophilic molecules. They
postulated that the membrane permeability of the polar molecule through the bllo@in barrier

and plasma halfife alikewere facilitated by an equilibrium shift to its folded (closed) conformer from

an extended (open and polar) conformer in response to solvation environmental pdttity. the

same manner, cyclic peptides can utilize a changkedin solvent polarity to alter their own hydrogen

bond patterns in order to attain open or closed conformations. This conformational heterogeneity
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reduces the penalty for dissolution of the peptide as it transitions across the cell membrane by
exposing palr functionalities or hydrophobic side chains as required for solvdfighis effect is
largely possible due to the constrained nature of the peptide, which is imparted by cyclization such
that there is a reduction of the energy barrier for adapting to its environment relative to their linear

counterpartsi!®!

l RRAGAZ2Y I ffex OeO0ftAld LISLIARSE OFy L) GShelcast f f & Y
I YR {&Hed&s, éspecially when stabilized by hydrocarbon stdffiéThese structural motifs are

also thought to contribute to the membrane permeability of peptides by mechanisms used by
membraneactive peptides, such as disruption of lipid packing, translocation, or formatimverted

micelles*?®l Moreover, the (pseudo)secondary protein structures arising from cyclizationnmivajc

secondary structures of proteins to enable protgirotein interaction inhibition by the peptidgé?®!

Some secondary structure mimics arising from cyclization assume supramolecular architectures in

order to enact their biological activities. Gramicidins, for example, are @apitdes with cytotoxic

FYR FYGdAoA2G§A0 | OG Ahdlixlike\cSndormiation capalbleRedinddrizihg witkif thgf dzS |

membrane and consequently disrupting the bacterial cell memb¥&fie.

Cyclic peptides have been traditionallewvetloped using the structurguided design approach
whereby the crystal structure of a protein is used to design an oligopeptide mimic that is capable of
either stabilizing or disrupting an interaction with binding partners or directly modulating thettarge
LINE G S A y &% Howevér Ah@ikhiiodgiput screens for cyclic peptides have enabled faster
identification of hits against specific targets. Examples of these platforms include phage display,
SICLOPPS mRNA display, iansilicotechniques®® Phage display technologies,rfimstance, have
benefited from a number of cyclization strategies and their ability to incorporate unnatural amino
acids to enable screens for chemically diverse cyclic pepiideRecently, linear peptides displayed

on phage were treated with dichloropentadione (DPD) and functionalized with hydrazine derivatives.
This enabled enrichment of hits with nanomolar affinities for carbonic anhydrase bearing benzene
sulphonamide pharmacophorés®! SICLOPPS is anothetable screening platform that uses self
excising protein domains (inteins) flanking the termini of a peptide from a randomized library, such
that upon translation, @isintein is formed that facilitates the cyclization of the peptitfé Tavassoli

and coworkers identified a highaffinity inhibitor of hypoxiainducible factorl (HIF1)
heterodimerization for their potential as a cancer therapeutics and with marked selectivity for the HIF
mh k4L C &35t Qther cyclic peptide screening methods includesiiito approaches and mRNA

display.
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Cyclization of peptides is, therefore, an invaluable tool for the optimization of peptide therapeutics
that has driven advances in synthetic methodologies for peptide synthesis and enabled a number of
peptides to progress to different stages of clinitéls with over 20 FDA approvals in the past two

decaded!?®
1.5.3. Improving membrane permeability of peptides
1.5.3.1. Cellpenetrating peptides

Despite the aforementioned advances in the design of peptides as therapeutics, poor membrane
permeability hinderspeptides from reaching their intracellular targets, as a result of which they
modulate biological activit$#3¥ One common approach for improving the passive membrane
permeability of peptides is through the use of eginetrating peptide (CPP) sequences. The earliest
CPP sequence to be used was discovered from th@&6HIV transactivator protein TAT, a known
regulatory protein considered essential for viral replicat@nd containing a highly basic lysine and
argininerich sequencé®” The first proposed mechanism by which the polybasic sequence delivers
its protein cargowas based on the principle of "scrafmading,” in which the cell membranes are

transiently disrupted to allow cytosolic delivery of macromolect#és.

Further mechanistic insights show that the highly positively charged sequence adheres strongly to the
membrane, following a strong association with the negatively charged phospholipid layer of the
membranel’®® Thereafter, the peptide is internalized and captured into a vesicle by any of the cel
YSYONT ySQa yIFGdz2NFf NBO&Of Ay3a LI ( KBIkigedsEntiahthaOf dzR A y =
the CPP binds long enough for the particular section of the membrane to get turned over. Essentially,

with a turnover estimated at approximately 295% per minute, it is highly likely for the membrane

bound CPP and cargo to be delivereaitite cell4*]

Celtpendrating peptides are predominantly polybasic sequences, but their sequences are not limited
to the HI\V1 Tat (4860) analogues. Other sequences have been identified from alternative nucleic
acidbinding proteins and proteins that interact with highly neigaty charged proteins like heparin.

The lysinerich Gterminus of the heparirbinding domain (HBD) of hepa#iinding endothelial growth

factor (HBEGF) was used to design a cationic CPP with a similar mechanism of action as the arginine
rich rich HIVL Tat (48;60) peptidel’*?! Furthermore, a hydrophobic CPP was designed based on the
sequence of the mammalian prolimeeh antimicrobial peptide (PrAMPs) Bac7. The iSP&portedly
capable of conformational changes, including adopting a helical formation in order to traverse the cell
membrane. Notably, one of the sequences has only two arginine residues that were arguably not

sufficient to fit the cationic peptide mecham of membrane permeatiofl
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In its first application fomtracellular cargo delivery as a CPP from-HINat (4860), the peptide was

used for the delivery of a number of heterologous proteins, highlighting its robustness for applications
beyond peptide therapeutics to larger macromolecules. Additionallyptiigbasic sequence allowed

for substrate conjugation using various approaches, including maleimide and iodoacetaasieid
substrate conjugatiof3® More recent advances have led to a diverse structural repertoire of
argininerich sequences based on HlVTat (4860), including cyclization and incorporation of
unnatural amino aids for the stability of the CPP and desRyr¥ -hairpin argininerich peptides as
CPPs for cytosolic stabili&’ The recent development of a tumdoming polybasic sequence has led

to the first reported development of a functional CPP conjugated to a papoptotic pegide and

led to the successful targeting of malignant hepatocytes, in an elegant highlight of the utility of CPPs
for intracellular peptide deliver{#*® Furthermore, a number of peptidbased therapeutics
conjugated to CPPs are currently in various phases of clinical trials, includirtDBATX PCNA
interacting peptide in phase I/l for the treatment of advanced solid tumors, anddRBPcaspase 9

¢ PP2A PPl in Phase la/lb for the treatment of metastatic solid tuf{drs.

There are several drawbacks to the usage of CPPs for thedfitrlar delivery of therapeutic peptides,
with instability in the digestive tract as a factor that affects their use for oral delivery of
therapeutics!!*¢! Even after parenteral administration and upon internalizatiato ithe cell, CPPs are
prone to endosomal entrapment, hampering their ability to release their cargo into the cytosol and
access their targetd?”! This has necessitated the ampaition of endosomolytic strategies for the
release of the cargo once inside the cytosol. Unfortunately, endosomolytic peptides typically derived
from venom extracts are prone to having cytotoxic effects, especially at concentrations required for

cargo delvery[148.149]

The polybasic nature of the CPPs has generated discussions about their potential toxicity, particularly
their potential to complex the highly negatively charged nucleic d&flowever, this is potentially

only true for cationic polymers with much larger molecular weights of up to H) &Bd no evidence

of cytotoxicity from polybasic CPPs has been repoftétNonetheless, as derivatives of antimicrobial

proteins, they pose a potential risk of immunaogenicity.

Celtpenetrating peptides do not show a cellular specificity that woul@éaf¥ely require increased

cargo doses which is, unfortunately, also a predisposing factor to toRRithAdditionally, the
therapeutic peptide cargo of CPPs in endosomes may be subjegtrolases that could degrade the
peptide or protein cargo, leading to a loss in activity. The first peptide therapeutic using a CPP as a

peptide therapeutic failed at phase IIb of clinical trials as a result of the very slow release of the cargo
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¢ cycbsporine A along with a rapid renal clearance; leading to suboptimal plasma concentrations for

therapy!*52
1.5.3.2. N-methylation
Currently, NYSG Kef A2y Aa | @rftdzzotS G§SOKyAldzS Ay (GKS

improve membrane permeability. In its early development;nmithylation was investigated as a

means to control the conformation of peptides by influencing the peptide backbone and hydrogen
bonding patterng!®¥! At the early stages of peptide chemistry, the incorporation efméthyl
phenylalanine led to a serendipitous observation of the improved analgesic activity of encephalin. This
observation was alluded to the XSG Kef F SR LISLWIARSQaE SyKIFyOSR |6
increasing its plasma hadlfe.*>* Likewise, Mazur and eworkers later applied it to improve the

biological activity of bradykinii® However, early progress infNethylation was mainly hindered by

their synthetic drawbacks, viz. coupling sterically hindered secondary amine moieties- of N
methylamino acids residues during peptide synthesis. The commercial availabilityrathylamino

building acid blocks was limited as W&ff!

Inspired by the high oral bioavailability of the extensivelndthylated cyclic peptide cyclosporine

and the development of synthetic methods forrhethylation on solid phase, Biron and-aorkers

first reported the application of peptide -lhethylation in improving membrane permeability. A
library of somatostatin analogues was synthesized, and a panel of membrane permeability assays was

used to successfully demonstrate improved transcellular transport -ofelthylated somatostatin

analogues!®”
CKA&a 20aSNBFGAZ2Y Yl @& NBadzZ G FNRY I RSONBlIasS Ay
St f Saidlof AaKSR GKIF G OSttQa YAtASdz Aa GeLAO!l

membrane surface for possiblelS N ST G A2y A& RSUSNN¥YAYSR o6& GUKS Y2
aqueous phase. This availability is influenced by nature and the number of hydrogen bonds formed
between the dissolved molecule and wat&f! Since the HBRQ water bond energies are reportedly

higher than their HBA water counterparts, decreasing the number of HBDs may result in a marked
NBRdAzOUGAZ2Y Ay GKS LISLIWARSQa LISylrfde F2N €SI GAy
membranel’® By generating a tertiary "Namine functionality on the peptide backbone,- N
methylation, therefore, effectively reduces the number of hydrogen bond donors present in the

peptide and potentiallymproves its ability to leave the cellular milieu and access the cell membrane

surface for possible permeatidf?!
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However, the design of membrasmermeable peptides through backbone modifications poses the
L2aairAoAtAdGe 2F FTftGSNARYy3 o0A2t23A0FE FOGAGAGE (0 KNJ
could be a major setback in the development @fppde therapeutics!®® Furthermore, random

changes in the availability of hydmg bond donors may instead lead to loss of membrane
LISNYSFOoAfAGE DAl RAANMzZLIIAZ2Yya 2F KERNRBISY o602y Ra Yy

structure, which could aid in the process of traversing the lipid by a layer of the cell menitstane.

Moreover, an increase in the hydrophobicity of peltitherapeutics has also been reported to have

a bidirectional effect on the permeability of peptides, depending on their polarimnethylation of

peptides with a low clogP has been shown to improve their permeability, while a decrease in
permeability walzZf R Sy adz§ F2NJ f ALRLKAfAO LISLIGARSas 2¢6Ay3

permeability efficiency, with the latter attributed to a reduction in aqueous solubdifity.

An increase in molecular weight has been noted as an inherent factor that hampers membrane
permeability of bRo5 molecules with a proposed limit at 1000 Da above which, the feasibility of
optimization for druggability is drastically hampered irresfive of log R, a phenomenon coined the
molecular weight penalti#*®) Adding multiple methyl groups on the backbone of an eRo5 peptide
molecule in attempt to improve its membrane permeability effectively increases its molecular weight.
This may result in a dease in the efficiency of diffusion across the membrane, leading to the
sequestration of compounds inside the membrane since the molecular weight and diffusion
coefficient of a compound is inversely (logarithmically) reldt&tiHowever, the correlation between

MW and sequestration may also be confounded by the unstirred water layer (UWL) phenomenon of
the PAMPA assay that has been shown to lower the observed permeability of the hydrophobic
compounds used in the study by Pye andarkers who proposed the MW limts4l

N-Methylation may further hinder the ability of peptides to cyclise during chemical synthesis because
successful cyclization of peptides is majorly dependent on thecpndformation of the linear
precursors. Consequently, modifying the peptide backbone may lead to-eopfermation that is

unsuitable for cyclizatioR% By creating new HBAs and changing the overktive positions of HBAs

and preexisting HBDs, dhethylation has the potential to influence the structural configuration of a
moleculel’® The reportedly low cyclic peptide library synthesis succe®sat3% by Biron and €o

workers was attributedto ¥ SG Kef F § SR 'yl f23dz2Sa 0GKFG FLFAESR G2
pre-conformation for cyclizatioR®”! Therefore despite the potential to improve membrane
permeability, optimization of a hit dhethylated cyclic peptide therapeutic may fail due to the
backbone modification. Secondly;Niethylated peptides have been reported to be unstable under

TFA conditions which are commonly used for cleaving peptides off the resin. The acid lability is
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dependent on theside chain and typically occurs on the amide bond adjacent to-tieendinus of the
N'-methylamino acid residue as a result of the formation of an oxalone intermediate during cleaving
with TFALE]

Current alternatives for masking HBDs on the peptidekbane include the usef cycloalanine and

peptoids (fFgure 6). The cycloalanine building block was developed as a means to mask HBDs with an
unnatural building block just as-methylation but without the need for using highly activated

acylating agents tmvercome the challenges posed by the sterically hindered less nucleophilic
secondary amine intermediate formed during peptide synth&&s.The cycloalanine moiety may,
K26SOSNE LRGSyGAltte RSONBIFIaS GKS ow2p LISLIARSQA
buky nYSG Ketf Y2ASited ¢KS &aSO2yR y20F06fS IfGSNYIGAC
peptoids which are oligomersf N-substituted glycine residugds® These macromolecules are

reportedly resistant to proteases and have a marked reduction in immunogenicity, especially if they

are analogues of antimicrobial peptides (AMPS) Peptoids may affect the secondary conformation

of a peptide in the same manner agethylated peptides, and the loss of chiral centers in the peptoid

backbone may, additionallgffect the affinity of the modified peptidé’?

Yy e o

a Cc

Figure6. Peptide backbone modifit@ns that mask amide nitrogen HBDs in bid to improve membrane permealaility:

Unmodified peptide bondh. N-methylation;c peptoid andd: cycloalanine. Figure adapted from Lanfiéps

In summary, backbone nitrogen modifications as an approach to improving the membrane
permeability of peptides pose a challengérobustness for application on molecules with varying
lipophilicities and molecular weights, given that there are no hard and fast rules based on these
parameters. Furthermore, the choice of location for theridthylation of peptides is yet another

chat Sy3asSs 3IA@GSYy (KS LRGSYGAlrt G2 RA&NHZI GKS Y2¢€S

configuration and uncertainty on successful peptide cyclization based on the backbone altéfétion.

Asan illustration, Lokey and emorkers synthesized a library of 1152 cyclic peptides inspired by the
backbone of guangomide A and consisting ehéthylated peptides variants of peptides at different
positions. From their report, improving membrane perméifpias a result of Nnethylation was an
inundating task further complicated by the dependence of the technigque on side chain orientation

and intramolecular hydrogen bonds, which made it rather unpredict&ble.
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1.5.3.3. Heterocyclic fragments

Heterocyclic fragments in peptide backbones are commonly encountered as surrogate UUAs because
they have garnered research interest in their potential for improving passive cellular uptake and
bioactivity"® A repertoire of these heterocyclic moieties is commonly encountered in nature and
includes thiazoles, oxazoles, indoles, imidazoles, and pyridines, which are derived from modifications
of amino acid$’”! Earlier studies orthe heterocycles focused on their biosynthetic origin, their

contribution to observed bioactivities, and in relation to their influence on peptide conformaliGhs.

However, advances in synthetic and analytical techniques led to increased interesterocyclic
fragments as tools for improving cellular uptake, for example, the early observation of improved
cellular uptake of triazole fragments as dipeptide surrogété€sConformational control by the
heterocycles was later postulated to result in a network of intramolecular hydrogen bonds that
modulate the interactions betweernthe macrocycles and solvation environment and, thereby,
facilitate their availability to interact with the cell membral&! In contrast to covalently constrained
structures, the hydrogen bonding networks in which heterocycles partake usually maintain a degree
of flexibility that enables the molecules to alter their exposed polarity and, as such, improve solubility

and memivane permeability in a phenomenon kwa as molecular chamelonicityi¢iére 7A):84

nﬁ@%ﬁ@%%fl@!@@%‘ﬁ@&
xﬁ@@é&ﬁ&ﬁlﬁﬁw@e@m

Figure7. A; Conformational changes by molecular chameleons which facilitate their uptake may utilize hydrogen bonding
networks for transient structural stalization. B; An oxadiazokeontaining peptide in a -sheet conformation. Figures

adapted from Whitty and cavorkerd!821& Yudin and Saundé#g!

In addition, heteroatoms in the macrocycles avail additional HBAs that are deemed favorable for drug
like activity and participate in the hydrogen bondae2 Ny Ay @2t SR Ay GKS LISLI/
control *8Y Furthermore, the typically aromatic moieties subtly increase the lipophilicity of the

peptides and act in tandem with peptide side chains to improve the interaction of the peptides with
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the lipid bilayer whileavoiding a high hydrophobic penalty and consequently reduced solubility, which

would have been accrued from much more elaborate lipophilic moiéfiés

From their study of a select library of 24 compounds of molecular weights ranging fro 200D

Da, Kihlberg and eworkers further pointed out the importance of conformationadéXibility as
contributed by the number of rotatable bonds, the presence of flexibly attached aromatic systems for
dynamic shielding of PSA and ability to form IMHBs for successful cellular uptake mediated by
chameleonic behavidt®! In a more specific study on a library of more than 200 macrocycles in the
eRo5 and bRo5 chemical space, the team pointed out the superiority of nitrogen HBAs over oxygen
HBAs; furthermore, among heterocyclic fragments, phenyl, pyridyl, and oxazalgment were
privileged motifs for enhanced cellular uptake while sulphonamides, ureas, and primary amines were

deemed detrimental for the passive membrane permeability of macrocyéfés.

In their seminal work, therefore, Yudin andworkers developed a method for thadorporation of

an oxadiazole ring into the backbone of peptides with simultaneous cyclization to augment
chameleonic behavior anfibster membrane permeability {Gure 7B). PAMPA assays were used to
compare the membrane permeabilities of the oxadiazodetaining peptide with the homodetic
analogue, and the observations were further corroborated with data from variable temperature NMR
(VTNMRs), which showed a hydrogen bonding network, in which the heterocyclic fragment
contributed an HBA?? In a followup of their work, the team designed an oxadiazole fragment in
close prximity to a reduced amide bond, also known as a reduced amide bond/heterocycle (RAH)
motif, which was designed to be a betarn-inducing element in peptide macrocycles as a design tool
the control of the conformation of peptides conformatio&! In a followup investigation, multiple
heterocyclic fragments were determined to proportionately improve membrane permeability in
comparison to a single one via a combination of enhanced dynamic lipophilicity &sasvel
conformational control. Notably, the heterocyclic fragments were sequentially introduced into a
model peptide of known poor cellular uptake in order to avoid passive permeability endowed by

naturally occurring peptide sequencé®’
1.5.3.4. Peptide drug delivery systems

Recently, various systems for the delivery of peptides have been investigated. These inplidiespe

with multiple domains, such as the Feldan shuttle technology, which uses a CPP (PTD4) fused to an
endosomal leakage domain (ELD) peptide, the antimicrobial peptide CM18, and a histdine
domain that further promotes endosomal release via thetprosponge effect®® While ELDs are

incapable of delivering macromolecular cargo into a cell, they lyse endestorenable endosomal
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escap€e® The Feldan shuttle peptide is advantageous since it only needs toibewdmated with the
cargo macromolecule and does notqgrére conjugation to the peptide cargo like conventional
CPPg

Vallis and cavorkers have also reported the design of trimeric cyclic tat peptides that showed a
marked improvement in the cytosolic delivery of macromolecular cargo. They reported improved
efficiency at endosomal delivery and escape. Owing to the cyclic nature of the TATitsuthe
peptide was shown to have better proteolytic stability than the linear counterp#tinasmuch as

this approach did not require conjugati to cargo, the delivery system may face challenges in
robustness with regard to different types of cargo. For example, its dependence on a charge for cargo

uptake which could be disadvantageous for neutral peptides, as shown by the'f@am.

Secondly, Sun and @gorkers recently reported using a pH and redesponsive conjugated peptide
that forms coacervates fromguid-liquid phase separation (LLPS); and are capable of recruiting
macromolecules, including peptides within the phasparated liquid droplets followed by rapid
intracellular cargo delivery®® Thisdelivery system was motivated by histidirieh beak proteins
isolated from the Humboldt squid beak, resulting in the development of a peptide capable of direct
cytosolic delivery of macromolecular cargo while bypassing the endosoedibted pathway of

conventional delivery systeni¥
1.5.3.5. Techniques for studying passive membrane permeability

Early studies used physicochemical metrics to ptegtiembrane permeability, including octanol
water partition (logP). %! Unfortunately, it may not be a close reflection of the membrane
environment but may serve as a quick screen for compounds based orkl'piRE34 The solubility

of a compound was also used to predict its oral druggability with a similar justification since it can be
used to predict the ability of the compound to access the GIT mucosa cell membranes for subsequent
passive permeability, mainly if the solubility expegims are performed at the stomach's acidic pH
(1.5¢ 3.5)[19]

The Parallel Artificial Membrane Permeability Assay (PAMPA), for example, is a techaiqsiesied

to estimate the rate at which a molecule passively traverses the cell membrane by using an artificial
membrane that is affixed between two buffer wells and, therefore, excluding observations from active
transport making the assay uniquely suitedstudy chameleonic peptide&igure 8)12°"1Occasionally,
anionic lipids like lecithin may be added into the buffer to improve the mimicry of the cell membrane's
hydrophobic bilayer, particularly that of the blodmtain barrier, hence potentially extending its

application in the screening peptides which modulate targets in the central nervous sy&t&ms.
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However, this technique has setbacks, including an unstirred water layer (UWL) close to the artificial

membrane, potentially leading to much lower membrane permeability observattban its actual

rate [*%9
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Figure8. An illustration of a PAMPA model wherein in the rate of permeation of a peptide across an artificial membrane is

quantified using LCMS. Figure adapfeom Yu and cevorkers[200]

PAMPA may also not be best suited for potidg membrane permeability across the gastrointestinal
tract's endothelial layer owing to efflux pumps that may completely offset the internalization of orally
administered compoundg® A seconday screen that uses an immobilized layer of colorectal
adenocarcinom& (Cace?) cells, a cell cultugbased mimic of the (gastrointestinal) GIT wall, may
give much more reliable correlations of chameleonic peptide's oral druggability based on their ability
to passively traverse the GIT with susceptibility to bidirectional efflux pUftthidowever, the Caco

2 assay is not ideal for screening large compound libraries because of the slow cell growth rate and
the variability in the expression of transporters and efflux pumps vary across cell b&€hen
alternative tool commonly used for screening membrane permeability employs the fgi@ing
Madin-Darby canine kidney (MDCK) cells since it can be established much faster tha@ Caco

assays?%4

A recent innovation for the high throughput screening of membrane permeability of compounds is

the LCMSased immobilized artificial membrane (IAM) technigEgire 9)2°! The screen obtains a
O02YLRdzyRQa OKNRYI (123N} LKAO K&RNRLK20AOAGE AYyRSE
column packed wittparticles that are decorated with a monolayer of phospholipids. The CHI IAM

value of the compound as an indicator of its passive membrane permeability is determined against a

calibrated gradient of retention times of a set of standard compounds.
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Figure9. A schematic representation of the membrane lipid bilayer and the stationary phase of the IAM column. Figure

adapted from TsantidKakoulido(?oe!

This technique is remarkably advantageous owing to the low amount of material required for
screening, the potential for automation via LCMS, and, consequently, high throughput. Fustieer

a noteworthy series of studies by Barbarto andvearkers found linear relationships between the
chromatographic hydrophobic indices from IAM measurements-(&M), a factor derived from a
compounds phospholipid affinity, and membrane permeabilitseens from PAMPA as well as Gaco

2 assaysl?72%l valko and ceavorkers also demonstrated a linear relationship between neutral
compounds' octanol/water lipophilicity measurements and CHI IAM measuresf€hFurthermore,
investigations by Bnert and ceworkers also showed that IAM chromatography is vgeited for

predicting the interaction of peptides with lipid membrarié$!

However, caution has to be made with cationic compounds, which tend to have strong electrostatic
interactions with the immobilized negatively charged phospholipids, giving indications of false high
membrane permeabilit?*! An inadvertent application of this weakness of CHI IAM measurements is
its potential application as a screen for potential Dinduced phospholipidosis (DIPL) by
compoundd?'? Nonetheless, this application warrants caution when dealing with compounds
conjugated with cationic ceflenetrating sequences and, more importantly, ionizabétehocyclic

fragments during investigations of their chameleonic properfi€s.

It is, however, desirable to discriminate between passive membrane permeability arising from
chameleonicity derived from alternating patterns of hydrogen bond networks and alternative
mechanism&*¥ And as such, variable temperature NMR-NMIR) studies in different solvents, for
example, have been employed for ascertaining the pattern of hydrogen bond networks in cyclic
chameleonigeptides*® In these experiments, analyses are commonly performed ing&D@Imic

the hydrophobic lipid environment of the lipid bilayer and DM&@s a mimic of the aqueous cellular

internal and external miliet}8!]
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Little or no change in the shift of amide backbone protons with increasing temperature, quantified by
temperature coefficients, is used to determine which protons are involved in intramolecular hydrogen
bonding and, perhaps, indicatinthe existence of a molecular chamelds#. The VINMR
experiments may be complemented with@ exchange experiments and solvent titration
experiments that may be used to confirm which backbone protons are contributing to the
chameleonic behavior of a peptide via theparticipation in an interchangeable network of

intramolecular hydrogen bond$:®

A recent advancement in evaluating the chameleonic properties of compounds features a high
throughput chromatgraphic technique based on supercritical fluid chromatography (SFC), which was
developed as an efficient means for probing changes in IMHBs and utilized super supercritacal CO
a nonpolar eluent in a normal phase column in the same manner that thenigale is routinely used

for the separation of chiral compounds of low molecular weigfit.

Shapiro and cavorkers used a correlation between the retention times of a data set of compounds
and their topological surface areas to obtain a calibration curve for estimating experimental polar
surface area (EPSA) and thereby predicting viariatin IMHBs during the HPLC anal§Sisin a
follow-up of thdr invention, the team reported their observation of IMHB changes in a model peptide.
Subsequently, it used a series of strategicalipéthylated peptides as a proof of concept for applying
EPSA to design cyclic peptides with passive membrane permeddaiisd on their chameleonic

properties!?t9

Techniques that enable the ability to observe changes in the IMHBs in cyclic peptidesematally

be combined with in silico approaches for ab initio design of molecular chameleons, exemplified by
the work by Baker and eworkers who designed chameleonic peptides from a virtual library of cyclic
peptides of various residue lengths with tlagd of NMR experiments to study IMHBs and Gaco

experiments to affirm their membrane permeability via changes in their IMHB netWétks.
1.6. Latestage functionalization of peptides

Upon lead identification, it is often desirable to modify the resulting complex molecules to develop a
library of analogs with improved metabolic or therapieuprofiles, necessitating chemand
regioselective transformations, also referred to as i{stege functionalization (LSF). These
transformations are usually performed without the need for protecting groeiSsldeally, LSF
methodologies should be able to tolerate all the functional groups present in the lead molecule and
should also be feasible for the introduction of typically smaller substituents osuthstrate molecule,

as is often the case for lead optimizatifigure 10)221
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Figure10: Latestage functionalization of peptides utilizes several methodologies to optimize complex peptide substrate
through the introduction of new functional groups, albeit with several challenges. Figueel lbasthe minireview by Wang

and coworkers!225]

The application of LSF in peptide drug development poses a multifactorial challenge. Amino acid side
chains have multiple functional groups, and asls a single peptide may simultaneously possess
several functional groups, including nucleophilic side chains like amines and thiols, acidic as well as
aromatic functional groups, and several chiral cent&fsFurthermore, resin, solvent, reagent, and

side chain protecting group compatibility during solution and SPPS are vital factors to be taken into
account during the development of new LSF methodolo§t@S herefore, the complexity of pejoles

and their current synthetic strategies make LSF an attractive approach for application in peptide
optimization, taking into account the multistep synthesis of amino acid building blocks, which is

further complicated by stereoisomeric intermediaté¥!

Contemporary peptide LSF efforts demonstrate the utility of various methodologies initially developed
for smaltmolecule LSF as well as opportunities accrued from the diversity in amino acid side chains
and resulting peptide backbone modifications (Scheme 2). These methodologies have enabled access
to highly coveted noscanonical amino acid side chains with improved atom and step ecofdy.

Early LSF efforts on peptides relied a combination of side chain functional groups and their
orthogonal protecting groups, consequently increasing the molecular complexity of substrates and

often necessitating harsh reaction conditidf&!
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Scheme2. Examples of contemporary lattage peptide modification strategies include the use of allenamide handles for

labeling peptides and proteins, modification of histidine, and radicadlised peptide cyclization.

Initially focused on bioconjugation, the methodologies relied on nucleophilic substitution of leaving
groups or addition to Michael acceptors to lysine and cysteine residues of peftitiabbas and co
workers, for example, developed the selective modification of cysteine residues on fully deprotected
peptides and proteins using allenamides. Their strateggdealn a combination of reduced reactivity

of allenamide substrates and relatively strong nucleophilicity of t#i&¥As such, their strategy was
reportedly superior to other nod St SOG A @S & dzéhala ady @nd malednaiOKibstraties b
since it proved to be irreversible and not prone to crosactivity with other nucleophilic side chains

of residues such as histidine and lysfig.

In the recent past, transition metalatalyzed €4 activation LSF methodologies were used for
modifications of aromatic moieties on peptide side chains of ptaagine, tyrosine, and tryptophan.

Noisier and ceworkers, for example, reported a palladiutatalyzed latestate stage stapling of tetra

peptides enabled by CEpb | | YOR: |/ 6Fadky O A 2 y | £ Hpiotecied dayiine@ekitiue | LIA O |

and phenylalaninaising an iodide substituent as a directing group on the latter on solid supprt.

Photoredoxmediated peptide modificabns have recently gained momentum in LSF methodology
development. These approaches typically proceed through rat@seéd mechanisms initiated by a
single electron transfer (SET) after irradiation with visible light and with or without the need for

photocatalysts. Consequently, they have enabled access to several unnatural amino acids with
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complex chemotype&32 A notalde example was reported by McCarver aneiarkers, who reported
headto-tail peptide macrocyclization using blue light. Their method used Ir[dfp@f(dtbbpy) as a
photoredox catalyst, an activated ester at thée®minus to generate a free radical up&GET and an
acrylic acid residue at the-liISNXY Ay dza® ! & &dzOKZ YI ONRO@ Ot AT I A2y

bond 233
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2. Improving the Chameleonic Properties of Cyclic Peptides Using

SmaltMolecule Fragments

2.1. Introduction to Chapter Il

Several platforms have been developed to efficiently @iec macrocyclic peptides, which often
exhibit a high level of specificity for their target proteli#¥$! However, since most libraries generate
peptides from canonical amino acids, they usually face challenges accrued from their physicochemical
properties that lead to barriers in their GITdametabolic stability following their oral administration

and subsequent cell membrane permeabilfl While the former may be mumvented using
parental administration, improving membrane permeability while maintaining bioactivity is a

challenge that usually prompts pediscovery peptide optimizatiold*!

Incorporating norpeptidic fragments in the backbone of cycleptides can improve their biological
activities (Figures 1A and 18¥! For instance, using aminobenzoic acid as aromatic knkethe
backbone of peptides is one approach to using fumgucing norpeptidic motifs that are suitable for
stabilizing their secondary structures via intramolecular hydrogen bonding (IMHB) netd#drks.
Moreover, the phenyl ring in these fragments has been described as an isosteric moiety suitable for
substituting dipeptide bond&3! Additionally, to foster membrane permeability, the aromatic
moieties do not only shield polar functionadis on the peptide backbone in concert with hydrophobic
side chains but also act as lead moieties for making contact with the lipid bilayer as the peptide

traverses the cell membrari&®!

Figurel. Examples of peptides containing (hetero)aromadiidkers includeA. The antiparasitic peptidé®F117Xontains an
anthranilic acid fragrnt. B: Phenolcontaining peptide from Tranzyme€. Oxadiazole grafted cyclic peptide from Yudin and

co-workers. Figure adapted from Sciammetta anelaarkers.

Yudin and cavorkers, for example, expanded this repertoire of cyclic aromatic spacers befiend t
phenyl linker to oxadiazoles such that, in addition to promoting the formation of intermolecular
hydrogen bonds, the moieties also participated in the IMHB networks (Figuré®1®uch
heterocycles are, however, not unique to synthetic cyclic peptides. Indeed, they are commonly

encountered in naturallyoccurring peptides, wherein the (hetero)aromatiooieties improve
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membrane permeability by participating the IMHBs while shielding polar groups on the peptide
backbone and masking amino acid side chains towards increased protease Stdfilityir relatively

small sizes, in particular, make these small aromatic linkers attractive modalities for improving the
membrane permeability of peptides owing to a reduced possibility of replacing several amino acids

and effectively altering the pharmacophore of the pepti¢fé.

Modifying biologically active homodetic peptides with heterocyclic spacers is a desirable approach for
improving their passive membrane permeability by enhancing chameleonic behavior, but hotivit
challenges. One major setback is the reduced versatility of their incorporation into peptides since they
typically require synthetic handles. For example, introducing the oxadiazole linker into cyclic peptides
is possible through a multicomponent re@n dependent on a free carboxylic acid and amine from
the peptide. As such, it is potentially limited in its application to heathil cyclization or via the side
chain of select amino acid82? Furthermore, modification of peptide backbones using -oxad
thiazoles linkers is not only synthetically challenging batrieted to homodetic peptide sequences

that contain cysteine or serine/threonine residues if effective mimicry of the parent peptide is to be
maintained®! Incorporating structurally elaborate fragments may introduce undesiregantfet
effects owing to their potentially inherent bioactivities, bearing in mind thaen thiazoles, for
instance, are essential pharmacophores in several clinically approved therapeutics with a wide array

of biological activates and therefore suggesting a multitude of binding sites in tH&%ell.

Choosing a model peptide for evaluating the effectiveness of the heterocyclic fragments for improving
a peptide's chameleonic properties requires careful consideration, mainly because it needs to be
guaranteed that observations are solely derived frtime systematic replacement of heterocyclic
fragments in a model peptidé*® This may be further complicated if theoakel peptide is derived

from nature since the homodetic peptide sequences may have beetuped for their intended
biological activity and membrane permeabilit§?! Nonetheless, additional experimental evidence
may aid in ascertaining the extent of this confounding factor, including in vitro screening

techniques?*4!
2.2. Selection and synthesis of model peptides

This projeciaimed to introduce pyridine fragments into a peptide to promote IMHBs and, therefore,
chameleonic behavior. It was envisioned that the pyridine linker would contribute to the
hydrophobicity of the peptide backbone and potentially partake in the IMHB nétwbthe peptide

via the nitrogen heteroaton®?*>! Furthermore, a phenyl linker was alsonsidered a suitable control

since it lacks HBA but maintains the ability to influence the peptide backbBh&.pyridine Noxide
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linker was available as an intermediate compound in the synthetic scheme of the pyridine linker. It

was therefore included as a control with increased polarity while contributing an#BA.

Selection of a moal peptide was, therefore, initially undertaken during project inception. As such,
considerations for a rational model system were made, such as atioe@d cyclized peptide with a
modified backbone, preferably with a (heteespmatic fragmento guidesubstitutions with linkers

that could potentially participate in IMHB networks as well as their controls. A model peptide with a
known membrane permeability from literature was also deemed desirable, but bioactivity was not

necessary, as is the case forltiple reported model systemi?”!

Not surprisingly, given the vast repertoire of membrgmermeable cyclic peptides of marine origin,
the cyclic peptide Sanguinamide B (ith a thiazole residue in its backbone and isolated from the
sea slugHexabranchus sangueéous,commonly known as the Spanish dancer was deemed a fitting

model peptide (Figure 2%
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Figure2. The thiazolecontaining peptide, Sanguinamide B (was selected as the model system. At the same time, its
anabgue, Danamide R}, in which alanine il is substituted fotert-butylglycine, was used as the positive control. The

homodetic peptide3 was designed as a potential negative control.

Sanguinamide A is a hexameric peptide isolated frhrsanguineouand contains six natural amino
acids and a thiazole moiety fused with an isoleucine residue (IIEfhZhis fragment's position was
envisioned for substitution with aromatic linkers during library synthesis. Unlike its analogue,
Sanguinamide B, isolated from H. sanguineous and with atéhal properties, it has no reported
biological activity?*® Nonetheless, the peptide fitted well with our desired model system because it

has good oral bioavailability (F = 7 + 4%) and falls in the eRo5 (MW = 722) chemicé®¥pace.

Nielsen and cavorkers conducted extensive NMR studies on Sanguinamide A and reported its
chameleonic behavior as a factor arising from forming IMHBs between two amide protons from lleThz
and lle residues, respectiyelin DMS@ls as a mimic of an aqueous solvent environment (Figure 3).

The ensuing conformation shielded the polar peptide backbone by using the side chains of the two

isoleucine residues and At&!
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Figure3. A& B. Sanguinamide A shields polar backbone via an IMHB network in polar environmertgedashed red lines
represent hydrogen bond3he model peptidexposes its hydrophobic side chains and enables subsequent interactions with
the cell membrane's lipid bilaye€. The region shaatl in grey represents the hydrophobic surface area impregnated by polar

groups (oxygen, red; nitrogen, red). Figure adapted from Nielsen amtbdaers[18]

Furthermore, in subsequent experiments, they showed that substituting Aleefebutylglycin (Tle)

in DanamideF @) resulted in an increased shielding of the polar backbone by the bulkier side chain
and improved membrane permeability observed by LCMS PAMPA and a remarkable increase in its oral
bioavailability (F = 51+9%igure 2)'%!! Additionally, the contribution of the IMHB networks towards
membrane permeability was deonstrated via the peptide's marked reduction in membrane
permeability upon Nmethylation, which is one of the critical weaknesses arising from using N

methylation to improve membrane permeabiligy!!

Therefore, compoun@ was selected as a positive control compound for analysis of our analogues.
Furthermore, given the possibility of the natsReS NA OGS R LISLIGARS QA LR OGSYGAl f
permeability, the homodetic analoguef Sanguinamide A3 (Figure 2),devoid of the thiazole

modification but with cysteine in its sequence, was deemed appropriate as a negative control, wherein

the lleThz was substituted with an 4&ys dipeptidé'®s! As such, desirable subtle changes in the

peptide would be achieved, including increased rotatable bonds and loss diete@oaromatic

fragment onthe peptide backbone.

The synthesis of lleThkzwas performed according to the procedure reported by Nielsen and co
workers, in which a Begrotected lleThz moiety was derived from BliteeOH via a thioamide
intermediate followed by Hantzsch thiazole dyesis to afford the thiazole dipeptide analogliafter

ester hydrolysis and purification by flash chromatography (Scheri&l1).
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i. PyBOP, DIPEA, NH4OH, CH,Cl,, rt. 2 h
OH ji. Lawesson's reagent, CH,Cl,, rt., 12 h
BocHN BocHN
o

NH,

i. Ethylbromopyruvate, KHCO3, DME, rt, 8 h
S S

ii.TFAA, 2,6-Lutidine, DME, 20 °C, 2 h LiOH
BocHN™ ! (4:1:1) THFMeOH/H,0, 0 °C., 2 BocHN™  \ |
OEt OH

o o
4a, 48 % 4b, 35 %

Schemel. Synthesis of the Begrotected isoleucinalerived thiazole dipeptle analoguet using a modified Hantzsch ester

synthesis

A
i. Fmoc-Pro-OH, DIPEA, 30 min, DMF, rt

ii. SPPS, Multiple steps, PyBOP, DIPEA, 30 min, DMF, rt
iii. 20% piperidine/DMF, 5 min x 1, 10 min x 1, rt
iv. 4b, PyBOP, DIPEA, DMF, 2h rt

o R y O y ©
v. 25% TFA/CH,Cly, rt, 1 h - N N OH
C|4O - /kau&( \)kN . N
0 \© 0 o]

H,oN S

1:R"=Me:; 2: R = tBu

NH R
HN
PyBOP, DIPEA (0] (0]
S TETEEEEE—
CH,Cl,, rt, 16 h NH
N
O N” o

1:R'=Me 85 %
2:R"=tBu 50 %

i. Fmoc-Pro-OH, DIPEA, 30 min, DMF, rt
ii. SPPS, Multiple steps, PyBOP, DIPEA, 30 min, DMF, rt

H (0] H (0] H (0]
iii. 20% HFIP/CH,Cl,, rt, 1 h N N N, H
—Q N \)kH \)kN AN N O
o STt O \@ (0] o

HS
0 Hj\[z
N
NH
i. PyBOP, DIPEA, CH,Cl,, rt, 16 h ?o
ii. 90:10:2.5:2.5 TFA/DODT/TIPS/H,0 HN
> 0 NH
N
N O
o Nm
Ho
3,42%

O = Polystyrene resin with 2-CTC linker

Scheme2. A: Synthesis of the model peptidic compound Sanguinamidé&)Ard positive control reference compound,

Danamide F2). B. Synthsais of the cyclic control peptide with a homodetic backbone.

In parallel, an Fmaprotected linear pentapeptide was synthesized via SPPS on polystyrene resin (PS)

resin with a 2chlorotrityl (2CTC) resin linker that was previously activated with SOEE presence

34



of DMAP as a base before coupling of the first amino acid (Schen&?&he linear precursor
peptide was deprotectecand4bwas coupled taghe Nterminuson solid phase, followed by cleavage
under TFA conditions and further purified by reverse phase preparatory HPLC. Next, cyclization was
performed at a 0.5 mM concentration using HATU as an activating reagent andd3|Befasé1"!
Synthesis of positive control pepti@proceeded similarly but with Fmede-OH instead of Fmeala-

OH

The synthesis of the negative control pepti@evas carried out using SPPS (Scheme 2B) of the
respective linear precursor followed by cleavage off tHeTZ resin with 20 % HFIP inChHa solution
acidic enough to cleave the peptide off the solid soippbut capable of maintaining protecting groups
of nucleophilic amino acid side chaifi$! The linear peptide was then purified using RP preparatory

HPLC and cyclized in the same manner as in Scheiméowed by global cleavage with a TFA cocktail.
2.3. Synthesis of Sanguinamide A Analogues

The strategyfor library synthesis was adapted from that &f in which a dipeptide with a
(hetero)aromatidinker would be coupled to the linear peptide on solid phase, followed by cleavage
and cyclization. With interest in developing a small library for evaluatimg éffects of
(hetero)aromatic linkers with HBAs for enhancing the chameleonic properties of cyclic peptides, it was
envisioned that the ideal linkers should be hydrophobic to partake in shielding the peptide backbone
and have functional carboxylic aciddaamine functional groups to aid in their incorporation in the
cyclic peptide. PyridinB was therefore considered an ideal model linker owing to its small size and
the presence of a nitrogen atom as a potential HBA (Figure 4). Additionally, pyridinesriaocé the

repertoire of aromatic linkers found in pyrididesed macrocyclic peptides (pyritidéS}!

X X S
\ Hol \ 2 H
ﬁN% ‘e N AN Ay '
H 0 0 H H o] 0
5 6 7 8 9
o] ‘ N H ‘ o | N o]
Ay *&N N ™ N AN
H o O o O Ho &
10 1 12 13
Figure4. Aromatic linkers for evaluating the impact of small molecule fragments with HBAs on improving the chameleonic

properties of cyclic pejdes.

Furthermore, the number of rotatable bonds in a cyclic peptide may influence its physicochemical
properties with a bidirectional potential to enhance its propensity for conformational changes

required for chameleonicity or otherwise, impart a paydbr the establishment of stable IMHBs as

35



are necessary for membrane permeabilff As such, a set of two control pyridine linkers with one
methyl group at each of the amireand carboxylic acidfunctional groups were designed as controls
to study the effect of an additional rotatable bond count (RBC) on the abilitheteroaromatidinker

to enhance chameleonicity of cyclic peptides.

As controls for the contribution of the HBA heteroatoms to chameleonicity, phenyl liBkgt®were
designed, which maintain similar conformational constraints on the peptide backB8he
Furthermore, their hydrophobic nature could potentially lead to a shielding effect of the peptide
backbone. These stlb differences could potentially highlight whether increased membrane
permeability is dependent on just hydrophobicity or new IMHBs only possible from heteroaromatic
linkers. The more polar linkefsl ¢ 13 were included in the library to evaluate any @ty for
increased PSA to chameleonic behavior and passive membrane permeability in addition to their

potential for contributing an HBA in the peptide backbone.

2.3.1. Synthesis of analogues of cyclic peptide 1 witlagino-2- picolinic acid (6Apa)

derived linkers

An initial attempt at the solutiophase coupling of the methyl est&éb from commercially available

14 under standard conditions for peptide synthesis with PyBOP as a coupling reagent, suited for
activation of challenging amino acid residues oveestended period of 16 h, was futile, likely owing

to the poor nucleophilicity of the amine (Scheme 8%).An alternative uraniumtype coupling
reagent, COMU, was not successful eith&t. A further attempt by activang Boclle-OH by
generating an acyl chloride using SO@s also unsuccessfét’! Moreover, a mixed anhydride
approach was also used to activate the BledOH substrate using SQ@Ithe presence of MeOH, but

in vain. Furthermore, our attempt to generate an acid fluoride in situ fromIBs©H using TFFH also

failed to afford the desired dipeptidé=®!

It was subsequently strategized that increasing the nucleophilicity of tA@a amine was likely
necessarydr efficient peptide coupling. As such, the pyridin@Xide (PNO) derivative of&pa was
adjudged as a suitable substrate since the reactivity of amines of PNOs has been previously
successfully demonstrateé® Therefore, Noxide 16 was prepared froml5 using mCPBA, followed

by successful coupling to Bde-OH and affording dipeptidé7 under mild conditions previously
reported by Liu and cworkers!?®° Subsequently, the ®\pa containing dipeptidd8 was obtained

from the reduction of Noxide 17 under similarly mild conditions and using the oxophilic diboron

reagent, bis(pinacolato) diboron fBn).26%
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o o

N H,N_ _N P H,N_ _N* P

k OH SOC|2 2 S 07 mepea z Yy ©
% _— %

MeOH reflux, 16 h CH.Cly, rt.,, 16 h
14 15,87 % 16, 52%
Boc-lle-OH, PyBOP,DIPEA Bsz2 H o)
N__N _
CH,Cl,, .t 16 h BocHN CH20I2 rt,7h  BocHN B o
o] =
17,90 % 18, 99%

LiOH H o
N.__N

4:1:1 THF/MeOH/H,0, rt., 2 BocHN | ] ©°H
o =

19, 81%

H ¢ ©
N N* LiOH O O
BocHN s o~ NG
o) P 4:1:1 THF/MeOH/H,0, rt., 2h  BocHN ‘ N OH
o) =
17 20, 91%

Scheme3. A: Synthesis of dipeptid#9 containing a pyridine wiety. B: The corresponding PNO containid@was derived

from intermediatel?.

It was envisioned that dipeptidd9 would be suitable for incorporation into the cyclic peptide
analogue ofl in the same fashion as reported by Nielsen andwvookers. It wagherefore obtained
from 18 following ester hydrolysis (Scheme 3&Y. Additionally, intermediatel 7 was used to obtain
dipeptide 20 for incorporating a PNO linker in a cyclic peptide analoguetofevaluate the effect of
increased polarity on the chameleonic propes while potentially maintaining an HBA in the linker
(Scheme 3B).

Therefore, compound9was used to synthesize pepti@é with a pyridine linker substituting cysteine
in the sequence of homodetic cyclic pepti@ld he more polar analoguZ2was subsegently obtained

using the same strategy but using the Rblihtaining dipeptide20 (Scheme 4).
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i.  Fmoc-Pro-OH, DIPEA, 30 min, DMF, rt. /(j\(O
ii. SPPS, Multiple steps <>7>Ij NH
iii. 19, 20; PyBOP, DIPEA, DMF,16 h

iv. 20% TFA/CH,Cl,, 1 h é

?O
m{) v. PyBOP, DIPEA, CH,Cl,, t, 16 h <,\£/©

O = Polystyrene resin with 2-CTC linker 21: X =N, 9%; 22: X = N*-0", 9%

Schemed. Synthesis of analogues bising dipeptides containing aAPA linke21 and corresponding?NO22.

2.3.2. Synthesis of analogues of cyclic peptide 1 witifg@ninomethyl)picolinic acid

derived linkers

It was anticipated that aminomethyl)picolinic acid, with a methylene spacer between the amine
and the pyridine moiety, would enable less delocalizatiérelectrons on the Patom towards the
heterocycle?%? |t was also previously reported that(@minomethyl)picolinic acid could partake in
peptide coupling using conditions applicable to those used for canonical amino [%8ids.
Consequently, it was expected that peptide coupling to-Bs©OH would proceé without needing

an Noxide modification, and an -dxide could be conveniently derivatized at a later stage of the

synthetic scheme relative to that of&pa.

Therefore the methyl diester of commercially available dicarboxylic 28isvas prepared using
methanol and thionyl chloride (Scheme 5%}l After that, diester 24 was reduced using NaBkb
afford a monealcolol intermediate. The reaction time was optimized from reported conditions in
literature to avoid the formation of the eilcohol side product® The methyl chloride functionality

in 25was obtained from the monalcohol by treatment 024 with SOCI Subsequently, azid6was
prepared by azidation, followed by a hydemnation reaction using Pd/C under acidic conditions to
afford the methylamine intermediate that could be efficiently coupled to-Be®©H to afford ester
27.[2%61 The desired dipeptide28 was then obtained following ester hydrolysis to prepare it for

incorporation during SPPE!
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i. NaBH,4, MeOH, 0 °C - rt., 30 min

X X
\ SOCl, ii.SOCl,, MeOH, reflux, 16 h
HO N OH = . o0 N7 - Cl N N
o) o) MeOH, reflux, 16 h o o o
23 24, 84% 25, 66%(over 2 steps)
N i. Pd/C, Hp, rt., 48 h
NaN, \ ii. Boc-lle-OH, PyBOP,DIPEA, CH,Cl,, rt., 16 h H X
- N N7 ~ P
DMF, 90 °C, 1.5 h o BocHN N ~
0o 0
26, 95% 27, 98% (over 2 steps)
i X
LiOH H ‘
N z OH
4:1:1 THF/MeOH/H,O, rt., 2h  BocHN N
o) o
28, 95%
B
Ho N mCPBA vl X
N = 0 N - 0
BocHN N ™ CH,Cly, rt., 16 h BocHN N* >~
o
27 29, 82%
H X
LiOH H ‘ oH
4:1:1 THF/MeOH/H,O, rt., 2 BocHN N
o) o O
30, 52%

Schemes. A: Synthesis of dipeptid26, an extra rotatable bondtompared to 6Apa derived dipeptid®0. B:Synthesis of

PNGQcontaining dipeptide30 derived from intermediate?7.

A portion of intermediate27 was oxidized and

saponified to afford the dipeptB@with the more

polar PNO linker (Scheme 585! Corresponding analogues bfvere synthesized using the dipeptide

with aromatic linker28 and 30 (Scheme 6)

i.  Fmoc-Pro-OH, DIPEA, 30 min, DMF, rt.

ii. SPPS, Multiple steps

iv. 20% TFA/CH,CIy, 1 h
PyBOP, DIPEA, CH.Cl,, rt, 16 h

—Q

ii. 28, 30; PyBOP, DIPEA, DMF, rt.,

O = Polystyrene resin with 2-CTC linker

X

‘x/ 0

oHN NH
16 h />/7 \?0
HN NH

o

N o

o ﬁ’m

(e}

31:X =N, 8%; 32:X =N*-0", 17%

Schemeb. Synthesis of cyclic peptide analogued derived from 6(aminomethyl)picolinic acid and containing a pyridine

linker31and PNO linkeB2.
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2.3.3. Synthesis of Sanguinamide A analogues witie2aminopyridin-2-yl)acetic acid and

corresponding PNO aromatic linkers

Prior experience with -8\pa led to the assumption that@-aminopyridin2-yl)acetic acid would be
insufficiently nucleophilic for coupling to Btle-OH and require the formation of a PNO intermediate
before coupling to Bo¢le-OH under standard peptide coupling conditid#¥é. Therefore, a synthetic
route similar to that of compounds 19 and 2vas designed, which started with Bpiwtection of
commercially available picoling3 to enable the subsequent benzylic lithiation 34, followed by
quenching with diethyl carbonate to afford est86 (Scheme 7A§%! After that, the pyridine was
oxidized using mCPBA to give P&

Maintaining the Bogrotecting group at this step enabled a higher yield during flash column
chromatography than the PNO with an unprotected amine that required purification under basic
conditions!?%® Additionally, the subsequent steps could be performed in a-pokeapproachwith
simple evaporation of volatiles after Boc deprotection followed by peptide coupling for improved
yields of dipeptide PN@7.27° After that, reduction with BPin. and ester hydrolysis underakic
conditions gave the final desired dipeptid@with a linker derived from Z6-aminopyridin2-yl)acetic

acid. Moreover, the PN@ontaining analogue40 was also prepared via ester hydrolysis of

intermediate37 (Scheme 7838

Initial attempts at coupling dipeptieb39 and40to the precursor linear peptide on solid phase failed.
It was assumed that the pyridine and Pf@ntaining linkers may have formed intermolecular

hydrogen bonds, so the coupling reagent could not activate the stabilized structure (Schefi€ 7C).
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H,N ‘ N\ BocHN ‘ N\ BocHN ‘ N\ O\/
>z Boc,O, DMAP = Diethylcarbonate, LDA = o
R
t-BuOH, 50 °C, 8 h THF, -78 °C-0°C, 2h
33 34, 46% 35, 74%
o
BocHN N*\ (o] H Q
mCPBA ‘ i. 30% TFA/CH,Cl,,, rt, 1 h N N¥ o~
—_— _— 0 o BocHN N
ii. Boc-lle-OH, PyBOP, DIPEA, CH,Cl,, rt, 16 h ‘
CH,Cly, 1t, 7 h o) ~ 0
36, 94% 37, 90% (over 2 steps)
. H H
B,Pin, N N o) LiOH, N N OH
—~ ~ . BocHN S ~ BocHN S
CH,Cly, rt., 7 h e} _ e} 4:1:1 THF/MeOH/H,0, rt., 2 h e} _ 0
38, 86% 39, 96%
B
g o LOH 0 OH
BocHN X ~ BocHN X
o | J 0 4:1:1 THF/MeOH/H,0, rt., 2 h o) | J 0
37 40, 43%
C
-0
H-Y<_-0 PvBoP. DIPEA H.N—A-F-P—-[— —
b O PyBoP, DIPEA,H,N-A-F-P-I-P 00 Ho /A—F—P—l—P—OO
BocHN N N\ DMF, rt, 16 h BocHN ‘ A H
0 | = 0 Z
39 39b
,H\o
0N PyRAP NIPEA U N_A-FC-D_I_ _ O
H ?'\r o PyBoP, DIPEA, H,N-A-F-P-I-P—O0— ) HoT /A—F—P—l—P—oo
BocHN S DMF, rt, 16 h BocHN 7 N
0 | = 0 Z
40b
40

O = Polystyrene resin with 2-CTC linker

Schemey. A: Synthesis of dipeptidg9 containing a pyridine moiety and a methylene spacer between the acid and aromatic
ring. B: The corresponding PNO containing analog0as derived from intermediat87. C Coupling3d9and40to a linea

pentapeptide on solid phase failed under mild conditions.

2.3.4. Synthesis of cyclic peptide analogues of Sanguinamide A containing a phenyl

spacer.

We also needed to synthesize peptides with control linkers to study whether the heteroaromatic
linkers in theanalogues of 1 could promote passive uptake via promoting chameleonic properties via
IMHB formation?? Therefore, phenyl linkers were envisioned as suitable since they mimic the
LENARAYSa Ay AGNHzOGHEBNB o6dzi Ol yQi F2N¥Y GKS Lal. o

Upon heating the reaction using microwave irradiation for 1 h, the desired linear precursor peptides
were observed by LCMS. After that, thepursor was cleaved off solid support using TFA and further
cyclized to afford analoguekl and42 (Scheme 8).
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. 39, 40; HATU, DIPEA, DMF, 80 °C (MW), 16 h H
iv. 20% TFA/CH,Cly, 1 h

CI—O v. PyBOP, DIPEA, CH,Cly, rt, 16 h . (é\ ?O

NH
N
O?QNTLN) °
H
(0]

A
i.  Fmoc-Pro-OH, DIPEA, 30 min, DMF, rt. o ‘ _
ii. SPPS, Multiple steps NH =X 0
N
HN

O = Polystyrene resin with 2-CTC linker 41:X = N, 11%; 42:X = N*-O", 4%

SchemeB. Synthesis of cyclic peptide analogues of Sanguinamide A contaiirgn2inopyridin-2-yl)acetic acidtl and42.

Furthermore, being the least polar relative to the pyridine and PNO surrogate linkers, it was expected
that any penalty from polarity on membrane permeability could be correlated to the different degrees

of polarities etween the pyridines, PNOs, and aromatic linké#.

Therefore, considering the decreased delocalization of electrons of aromaticeanelative to
pyridines and, consequently, increased nucleophilicities, it was anticipated that-proiected
building blocks could be synthesized before incorporation into the linear peptide on solid phase. This
could be followed by coupling Bgerotected isoleucine to the linear intermediate, avoiding solution

phase dipeptide synthesi&?

Amine44was first derived from the nitrile reduction of commercialtgyanobenzoic acid3 Scheme
9A)273 The rest of the starting materials for Fmpmtection, 45 and 46, were commercially
available. A&er that, the free amines o#4 ¢ 46 were protected using Fme©Su and NaHG@t a pH
of 8 to afford corresponding Fmgmotected building blockd7 ¢ 49 (Scheme 98574

A
0,
o 10%PAC.H HOI oH
NZ MeOH, rt, 16 h
0

o]
a3 44, 89%
B 0 Fmoc-OSu, NaCOj3, %
HeN e A2 0H 14 H,0MMeCN, i, 16 h | meoHN s 2 OH
44:n'=1,n%=0
45: n"=0, n2=0 47:n'=1, n2=0, 21%
46 n1=0’ n2=1 48: n'=0, n2=0, 62%

49: n'=0, n?=1, 96%
Scheme9. A: Nitrile reduction to afford intermediate30. B: Synthesis of Fmegrotected phenyl linkers 4749 for

incorporation into the sequence of Sanguinamide A.

Compounds47- 48 were then successfully coupled to a linear peptide on solid phase at room
temperature (Scheme 10A). At the same time, the couplintPdd the linear peptide was performed

at 80 °C under microwave irradiation (Scheme 10B). The resulting lineadlgeptere coupled to Bec
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lle-OH after Fmodeprotection, followed by cleavage off resin and cyclization to afford analdgfues

¢ 52

i.  Fmoc-Pro-OH, DIPEA, 30 min, DMF, rt.
i. SPPS, Multiple steps O
iii. 47 -48, PyBOP,COMU,DIPEA, DMF, rt.,16 h HN n

. Boc-lle-OH, PyBOP, DIPEA, DMF, rt.,16 h
. 20% TFA/CH,CI,, 1 h

Y

QY

PyBOP, DIPEA, CH,Cly, rt, 16 h HN o
o NH
N

N_ O
g Nm
g o

50:n=1, 9%

51:n=0,17%
i.  Fmoc-Pro-OH, DIPEA, 30 min, DMF, rt.
ii. SPPS, Multiple steps ONH 0
iii. 49; HATU, DIPEA, DMF, 80 °C (MW), 16 h <>7>/ NH
iv. 20% TFA/CH,Cl,, 1 h N

. PyBOP, DIPEA, CH,Cl,, rt, 16 h o o

NH
N
H
(0]

O = Polystyrene resin with 2-CTC linker 52 16%

Schemel. Synthesis of cyclic peptide analogues of Sanguinafidentaining phenyl linkeré: synthesis ob0and51was

carried out at room temperatureB: Synthesis 052 required heating during the coupling 49to the linear peptide.

2.4. |AM Chromatographic Analysis

All peptides were analyzed by IAM chromatograghlyigh throughput method to evaluate membrane

permeability. Additionally, cyclosporine £%A was included as a peptidic control with a reported

high oral bioavailability and for comparison with other peptides (Figufé%).
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Peptide CHI-IAM Analysis

50
=
- ! 48.6
T = =
a0 %1 422 -
7 ———
39.8| |402
372 [ —
1 32| 372 = = ==
o2 359 [36.1 36.6 36.9
- 33.8
30=
s r
<
S
20=
10~
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Compound
1 Controls A B e

Figure5. Measured CHI IAM values of peptides grouped intggB8aamide and Control peptides; A: peptides with-Afia
linker and derivatives, which also had the highest overall&MIvalues and in comparison to other linker analogues with

extra methylene groups, B and C. All data was obtained in duplicate.

Overall CSAF = 21%, CHI IAM = 48.6) &1(& = 51%, CHI IAM = 47.7) had the highest measured IAM
chromatography retention times, which was consistent with their high reported oral bioavailability
(table 1). In comparison, model peptidehad a lower CHI IAM ae of 42.1 and an F of 7% (table

1)12%0 Furthermore, the CHI IAM values farand 2 corroborate with Nielsen and e6 2 NJ S NE Q
experientially determined bioavailability di¢ rationally designed cyclic pepti@d¢owards improved
membrane permeability, which was augmented frarhy using a more hydrophobic Tle residue side

chain mutation from alanin&®!
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Tablel. Measured CHI IAM values for control and study peptides and relevant parameters for an

indication of their conformity to the Lipinsky Ro5.

Peptide Controls X X A 0
A | Hol A |
N7 X e X N7 X
H o o H

1 2 3 CSA 21 | 22 50 31 32 51 41 42 52
CHI 1AM 421 | 47.7 | 36.2 | 486 | 42.2 | 398 | 40.2 | 37.2 | 359 | 36.1 | 36.6 | 33.8 | 36.9
SD 0.2 0.2 0.1 0.2 0.2 |01 0.1 0.1 0.1 0.1 0.2 <01 | 0.1
Mw 722 | 764 | 743 | 1202 | 759 | 775 | 758 | 773 | 789 | 772 | 773 | 789 |772
cLogP 54 6.8 5.8 14.4 6 4 6 5 3 6 5 3 6
tPSA* 169 | 169 | 186 279 198 | 221 | 186 | 198 | 221 | 186 | 198 | 221 | 186
NAtMC** 21 21 21 33 23 | 23 23 24 24 24 24 24 24

* The tPSA value was calculated and notezipentally determined. ** NAtMC denotes the number of atoms in the

macrocycle. X = N or'iD.

As further expected, the control peptid(CHI IAM = 36.2), devoid of eitheffeetero)aromatidinker
or a noncanonical side chain modification, was found have the lowest CHI IAM score and,
therefore, supporting the notion that peptide backbone and side chain modifications are worthwhile

approaches for improving membrane permeabilfg).

The group of model peptidé analogues with the least number of atoms in the macrocydetiC =

23) and featuring a-3pa linke21 (CHI IAM = 42.2), PNRA(CHI IAM = 39.8) as welbBnino benzoate
(3-Abz)}containing50 (CHI IAM = 40.2) were the most privileged. Peptides with larger macrocycle sizes
had a generally low CHI IAM score. (Fidurgroup A).

The CHIAM score oR1 (CHI IAM = 42.2, PSA = 198) is similar to that of control peptidell IAM =

42.1, PSA = 159) despite having a larger PSA relative to that of the control as well as a larger macrocycle
size. In a similar manneg2 (CHI IAM = 39.8, PSA = 221) with a much higher PSA also maintains a CHI
IAM score significantly higher than that of the negative control pe@i¢eHI IAM = 36.2, PSA = 186),
suggesting that the Mxide may partake of IMHBs thereby improving its CHI s&bte despite a

higher polarity. The reduced CHI IAM score of compd&ECHI IAM = 40.2) with a phenyl linker and
relative to21 (CHI IAM = 42.2, PSA = 198) is suggestive of the contribution of the HBA in th2llinker
towards a high CHI IAM score.

Lager macrocycles had comparatively lower CHI IAM scores and therefore suggesting a lower
membrane permeability as a result (Figure 5, groups B and C). For example, an extra methyl group at
both the amine and carboxyl functionalities proximate to the pymdinker in analogue31 (CHI IAM

= 37.2) andi1 (CHI IAM = 36.6) led to an almost equal reduction of their CHI IAM values relative to
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that of 21 (CHI IAM = 42.2). This observation suggests a similar penalty to membrane permeability and
consistent with théd  LJ2 & G dzf | (i S R RuyhermdBed tBel EberespditihgSPBONntaining

linkers in32 (CHI IAM = 35.9) amt(CHI IAM = 33.8) had even lower CHI IAM scores resulting from
additional penalties from their high polarity relative to the pyridioentaining peptides81 and 41.
Following the same trend, a similar obsereatican be made for the phenyl linker containing peptide

52 (CHI IAM = 36.9) relative &1 (CHI IAM = 36.6).

Peptide CHI-IAM Analysis -grouped by linker type

50=
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Figure6. Sanguinamide A analogues grouped by the nature of HBA, i.e., pyridines, PNO, or-Abang (3

No differencebetween CHI IAM scores of peptides with PNO-8b2 linkers could be observed when
grouped based on the nature of the HBA (Figure 6). Only pyridine linkers appear to have been
privileged motifs for improving membrane permeability. This observation ldelye from their lower
polarity relative to PNOs and potentially participating in HB formation with the nitrogen heteroatom,

unlike 3Abz linkers. (Figure 6).

Using an HB#&ontaining heteroaromatic linker seemed to improve the chameleonic properties of the

peptides, as indicated by their higher @AM score compared to their benzene or PNO equivalents.
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Increasing the polarity of the aromatic linker contributes to a reduction in thel&MI score,

indicating a reduced membrane permeability.
2.5. VT-NMR analysi®f select peptides

Variable temperature NMR (MYMR) experiments have been used to characterize the nature of

IMHBSs in peptidd®. We used the same technique to evaluate the nature of IMHB networks formed

by our Sanguinamide A analogues with various-peptidic lirkers. It was expected that the method

would give insights into the conformational behavior of the synthesized peptides and possible
correlation with chameleonic behaviéf® Discerning the strength of an HB is a judicious task. As such,
backbone amides showirigy baw OKSYAOI f &KAT G wdipSeYlLISNF i ldzNBEB 02
KA3IK YI 3y AnkdgRS0 ppbikdvgere Tongidered solvent exposed. In contrast, moderately
f26SN) 02tz SA 0RF WRIPEX APntL LI K YO K| @ifatem&&y LINE LI
I .4 sKATS 2 aR NKEIpEbKWerdaZEdSsileradl fo participate in a strong 4.

2.5.1. Sanguinamide A (1)

Notably, membrane permeableeptide 1 appeared to form an IMHB network in DM8§)consistent
with the report by Nielsen and eworkers. Further confirming the hypothesis that membrane

permeability comes from increased inherent hydrophobicity from a shielded polar backbone (Figure

7) 1181l
LIp S
N N N N
j e
0 2 0
6 NH
N 3
5 4 /Qi 4
N_ o N_ o
N N
ﬁ/?\ HT L) T
1 (DMSO-dg) 1 (CDClj)

Figure?. The structures of model peptideand its corresponding amide HB patterns in DMfs@nd CDGlwhereby strong

bonds are highlighted in purple and weak ones in cyan.

The temperature coefficiegs of Pheo Q4 h-64.3 ppb/K) and lleThm 6 @K n-64.0 ppb/K) had
the largest magnitudes were suggestive that their amides were solvent exposed. Almp p ¢ [ 1 dn
ppb/K)andllep @ pEmMdc LIIBKkYUL KFR GKS f 2 ¢ Saparticijpatdolink n ¢ @1

strong HB£""! Although the absolute values differed from those reported by Nielsen et ak2(Ala
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NaKNEC T ndp -pILIpye-1Typpb/K)L. theSamides found to be involved in strong
hydrogenbonds corresponded (Figure 7).

Table 2. Calalated backbone amide variable temperature coefficie@@pb/K) for compound1 in
DMSQds and CDGI

Residue lleThz 1 Ala 2 Phe 3 lle5
N WK N-OMSOds (ppb/K) -4.0 0.0 -4.3 -1.6
N kK N CCDG (ppb/K) -3.4 0.0 -10.3 3.2

To estimate the nature of HBermed bylAy G KS OStf YSYoNIySQa fALAR
reported analyses, a similar \WIMR experiment was performed using GD&d a solvent whose

dielectric constant (=4.8) is close to that of the lipid bilayer of the membrane3(0)!2"® In this case,

the model peptidel seemed to form three HBs, a strong one formed by the amide efiAla@g p ¢

' ndn LILIBKYO FyR (62 auntoddy RAIOKYNY §HPRE3UT ISICKT p
ppb/K). Therefore, the HB pattern of the amide backbon wdries in differensolvents.

2.5.2. Analogue 21 with a pyridine linker

Analysis of the pyridineontaining peptide21 was first performed irDMSQGds, and it demonstrated
a possibly different HB pattern from compoutdFigure 8). In comparison to the model peptitie
two amides 6PyrM @i 0 ¢-1.5) and Ph@ @k p ¢-1.7) participated in strong HBs in addition
to those formed by Al @4 p ¢05) and llegp @ h ¢1.7) (table 3). However, e ap p ¢
=-6.6) of21 was solvent exposed, unlike that of lleThz 1@ n ¢-6.6) of1, in a similar position,

where it participated in a weak HB.

However, on analysis @ in CDG| a change in the HB network was observed (Figure 8) relative to
the model peptidel in CDGland21in DMS@ds. Compared to model peptidkin CDGJ there was an

overall increase in backbone amides participating in HBs. Two additional strong HBs were formed by
PyrM Q4 p ¢-1.00 and ller @4 p ¢-0.0), of which the latter participated in a weak HB in
compoundl. AlaH @4 h ¢-0.6) and llep @ p ¢-4.0) participated in weak and strong HBs,
respectively, in a similar manner as those of the model peptideéne HB pattern 021 in CDGland
DMSGQds was almost identical with e @& pn ¢-4.0) in CDGlparticipating in a wak HB as
opposed to a strong HB in DMSEXlle-T X o p ¢1.70).
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21 (DMSO-dg) 21 (CDCl)

Figure8. The structures of the pyridireontaining compoun@1 and its corresponding HB patterns in DM&nd CDG]

wherebystrong bonds are highlighted in purple and weak ones in cyan.

Table 3. Calculated backbone amide variable temperature coefficiéppd/K) for compound21 in
DMSQGds and CDGI

Residue Pyr1 Ala-2 Phe3 lle-5 lle 7
N e N -OMSQds (ppb/K) -1.5 -0.5 1.7 -1.7 -6.6
N kK N @CDJ (ppb/K) -1.0 -0.6 -10.4 -4.0 0.0

2.5.3. Analogue 22 with a PNO linker

The observations from VNIMR experiments for PNEbntaining peptide22in DMSCds showed more
HBs formed by the backbone amides relativéht® model peptidel, arising from an additional amide
fromPNGv @& pn ¢ [ m D otémpérdtuiefcoefficieqit ZFigure 9 and table Fhe rest of the
backbone amides had temperature coefficients similar to the model peplidend may have

participated in HBs identical to compourid

In CDG) llet @& p ¢-0.8) may have formed a strong HB2R, making it the only residue to
contrast to the similarly positioned lleTivz @4 h ¢3.90'that may have formed a weak HB in
compoundl. The amide of PBM @R p ¢ T ndn 0 KI RemperaugeCaeficedt By Gt &

both solvents.

Furthermore, the HB pattern f&2was largely similar between both solvents and only differed in the
magnitudes of temperature coefficients of {ffeand lle5. In CDGlller @ p¢ I ndc0 KI R
temperature coefficient as opposed to a moderate one in DMIS@e-T Y nip i ¢-3.6), while lle5

6 Nk N ¢2.6) has a moderate temperature coefficient as opposed to a lower score in DMBE

P Y nip GL5)
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22 (DMSO-dg) 22 (CDCly)

Figure9. The structures of the PN€bntaining analogue of Sanguinamid®2and its corresponding amide IMHB patterns

in DMSQds and CDG|whereby strong bonds are highlighted in purple and wea&soin cyan.

Table4. Calculated backbone amide variable temperature coefficiéppd/K) for compound22 in
DMSQGds and CDGI

Residue PNG1 Ala-2 Phe3 lle 5 lle 7
Teoetit(DMSQDs) 1.3 -0.3 -4.2 -1.5 -3.6
Teoeit (CDG) 0.0 -1.0 -6.4 -2.6 0.6

While both22 and 21 maintained the same number of amide protons potentially participating in HBs
across the two solvents, the pyridio®ntaining peptide22 had a variation in the position of residues
potentially participating in HBs, unéiR1,in which only Phe& was exclusively solvent exposed in both
DMSQGds and CDGI

2.5.4. Analogue 50 with a 3Abz linker

Overall, peptidés0in DMSCGds had a remarkable structural similarity 81 with a pyridine linker. In
DMSQds, one difference in temperaire coefficients was observed in the moderately lower shift of
Pheo QR p ¢1.7)

of compound?2l, a lower shift was observed, suggesting a reduction in the HB strength of the

compounds in DMS@s.

@R 1 ¢3.7)'in compound0 (Figure 10 and Table Eyompared with Phe

In CDG] compound50 also had an identical pattern of amino acid residues with temperature
coefficients suggestive of HB formation comparabl@io AlaH @4 p ¢-3.8)), for instance, had a
higher temperature coefficient relativéo that of 21 (AlaH Y e ¢ -0.6). Additionally, Il

6 vk N ¢0.0) of50 had a lower temperature coefficient relative to4le @4 n ¢-4.0) of21.
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50 (DMSO-dg) 50 (CDCls)

Figurel0. The structures of th&-Abzcontaining analogug0 and its corresponding amide HB patterns in DM@nd

CDGJ whereby strong bonds are highlighted in purple and weak ones in cyan.

Table5. Calculated backbone amide variable temperature coefficiéppb/K) for compound50 in
DMSQds and CDGI

Residue 3-Abz1 Ala-2 Phe3 lle 5 lle 7
Teoetit(DMSQDs) -1.8 -0.5 -3.7 -1.7 -6.5
Teoett (CDG) -0.6 0 -11.4 -3.8 0

2.6. Summary and conclusions

VTNMR experimental results showed HB formation consistent with IRE#HB network in
Sanguinamide AL}, similar to Nielsen and ewmorkers' reported network in DMS@. However, an
additional HB was formed by a backbone amide in chloroform, suggesting a closed conformation

aimed at occluding the backbone amigé!

Compound21, with a pyridine linker, had a different pattern regarding HB strength and position in
DMSQds and CDGlolvent environments. The observations suggest a novel IMHB network different
from the secondary structures adopted by model peptitlén the two solvent emironments
Therefore, the VTNMR observation agrees with the high CHI IAM measurement obsetd kil

IAM =42.2, PSA = 198). The CHI IAM score was close to model gdaidielAM = 42.1, PSA = 169).
This observation suggests an enhancement in chaomét behavior from incorporating a pyridine

into the sequence of Sanguinamide A despite an increase in PSA introduced by the pyridifiélinker

However, the PNO containing peptid2 (CHI IAM = 39.8, PSA = 221) had a lower CHI IAM score than
model peptidel. Including the linker may have led to a very high PSApasdibly a penalty for
membrane permeability?’® Furthermore, VTNMR observations for compou@@ showed a
remarkably similar number of HB forming residues and HB strengths in both Q8@ CDG])

suggesting an inability of the peptide toteal its conformation in different solvent environments.
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Therefore, the observation of a low CHI IAM corroborates with the high PSA and potential lack of

chameleonicity of compoung?2.

VTNMR observations also suggested that compo®@dsd21 had identichresidues participating in
HBs, in both DMS@ and CDGl It is possible that compourD can also change its conformations in
different solvents, just as previously proposed 2dr However, the pattern of HB strengths differed
between both peptides dgidte having identical residues participating in HB formation. Moreover,
compound2l had a higher CHI IAM score th&0 (CHI IAM = 40.2, PSA = 186), suggesting the
conformations adapted by th&1 as more suitable for membrane permeability and highlightimg t

contribution of a single C to N change in the linker.

Introducing an additional methylene linker in the peptide sequences markedly reduced the CHI IAM
scores for the rest of the peptides. A substantial backbone restriction may have occurred by
incorporating 6Apa and 3Abz fragments into the backbone, enabling chameleonic beh&fbr.

However, further conformational studies are required to confirm this assefféh.
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3. SolidPhase Peptide Late Stage Functionalisation (LSF) Using

Katritzky Salts via Deaminative-C Bond Formation

3.1. Introduction to Chapter I

Latestage functionalization (LSF) enables rapid access to divieraeds of peptides in a chemo and
regio-selective mannebl?! It can potentially be usedo modify peptides towards functionalities
beyond the capability of the 20 canonical amino a&#6.As such, LSF methodologies have been a
valuable source of tool compounds for manipulating and studying biological sy&féni3tug
discovery programs further employ LSF hutologies to optimize lead compounds by accessing and
screening a library of peptides containing UAAs, which are privileged moieties for improving biological
activity and metabolic stabilit¥.5 Peptide LSF is a more efficient approach for derivatizing these UAA
motifs than synthesizing individual amino acid building blocks for later application in solid phase

peptide synthesis (SPPZ}!

Additionally, peptide LSF can take advantage of canonical amino acids as a poolnudrciatty
available chiral substrates that have already beengnganized regarding their stereochemistry and
positions in a peptide sequence for biological acti#§}.For example, ne early LSF method used
bromophenyl alanine residues incorporated in a peptide sequence as handles for the derivatization of
Biphenyl alanine (Bip) via SuziMiyaura crosscoupling with boronic acids to access analogues of the

antiretroviral drug Saquinar and on solid phase (Schemé?#}.

o) HH
HH
(e 1,9 (i L Q
o JHH o0 ° "
NHTrt 0 o NHTHr;\l
‘#\ B 3-CF3-CgHy-B(OH),, NayCOs, cat. [Pd(PPhs),] \#\ //§ Q O
g

0] EtOH/toluene/H,0, 90° C, 5 h

Oy -NH CF3

[N

O = Polystyrene resin with a rink amide linker

Schemel. Suzuki crossoupling with a tetrapeptide on solichpse. Figure adapted from Limbach anewarkers!287]

Early LSF methodologies primarily relied on transition redtdlyzed €H functionalization reactions
that were mainly developed for small molecules. As such, subsequent efforts at their application to

peptides faced solvent incompatibility, harsh reaction conditions, and long reaction times, amongst



other setbacks$t® 1Y Another key challenge was thamited application of @ functionalization
methodologies to the formation of new Cfp /30 kbhds mainly derived from practivated
(hetero)aryl C(sp | Cksg)dRibonds with the latter frequentlyproximal to electron withdrawing
groups for acidit.>*® Consequentlynitial exploratory efforts orC(sg)¢H activation methodologies
were limited to regions close to the peptide backbone because thdyediproximal carbonyl groups

for activation and excluded their application from the more populous distaPjgpondg?Y

Though less explored, other C{gpd functionalizattn methodologies also aimed at modifying
histidine, tryptophan, tyrosine, and phenylalanine and were dependent on transitional metal catalysis,
including arylations, borylations, and halogenation reactiéttsThey aimed to tune the amino acids'
aromatic moieties for optimal biological activity since they contribute to liganget binding in drug
development?®?l Despite their abundance in proteins and peptides; Gonds are largely inert and

considerably less attractive substrates faptide LSFE*

Carborgnitrogen (CN) bonds may be as inert adHbonds. Even so, they are as common in peptides
and proteins just as carboxylic aclél8! They are generally encountered as nitrogeamtaining
functional groups on the peptide backbone andesithains of canonical and na@anonical amino
acids. Moreover, they constitute side chain amine functionalities at different lengths from the peptide
backbone in amino acids such as lysine, ornithine, aminobutyric acid, and diamino propiofitacid.
The diversity of @ bonds at side chains is not limited to free amines but also guanidinium, indole,
and imidazolecontaining residuesyiz. arginine, tryptophan, and histidine, respectivél/! Several
protecting groups orthogonal to Fmoc have been developed for free amines of peptide residues and
include the aciesensitive groups like Boc, trityl, and Plbiecting groups as well as the Alloc and
IvDde protecting groups that require palladium catalysis and hydrazine conditions for deprotection;

subsequently enabling both modulated lability during SPP'S.

Therefore, the ubiquity rad diversity of €N bonds drove research efforts at activatingN®onds and
aimed at enabling transitiometal catalyzed crossoupling reactions to access newO®onds, which

are deemed attractive transformations in drug developm@?it.

Early methodologies for activatingi€ bonds were only based on electronic and azaheterocyclic ring
strain to overcome their high dissociation energyDdtbes(CHN) = 122.4 + 0.07 Bt mol?).B% Aryl,
benzylic and allylic amines were commonly used in addition to the less widely encountered strained
activated GN bonds of aziriné¥l, Notably, most of the reported transitiemetal catalyzed cross

coupling reactions were from C&gN and, to a lesser extent, C€sgN bonds.



Brown and Keith first reported redeactive Nsubstituted pyridinium salts (Katritzky salts) for
activating C(sf)icN bonds in a SuzuMiyaura crossoupling with boronic acids. Their method,
however, required the use of activated alkyl amines that would have limited application in peptide
LSF, espéally for the modification of side chaif? Nonetheless, it was a tangent from conventional
applications of Katritzkgalts that were mainly used as berstable reagents for the derivatization of
functional groups like esters and alcohols from primary amines via nucleophilic substitution reactions;

wherein pyridine acted as a leaving group frossibstituted pyridiniunsalts®®

Watson and ceworkers later reported a radicahediated palladiurrcatalyzed deaminativeross

coupling reaction with Katritzky salts to afford new GYsg(sp) bonds from unactivated alkyl groups,

thereby setting precedence for a series of subsequent LSF methodology studies on Katritzky salts
(scheme 2A). In their scope studies, the teamtlsgsized analogues of proline, isoleucine, and lysine

G2 RSY2yaidNlGS GKS YSOUK2RQ&A dziAftAGe F2NJ 200l AYyA

directly from a lysinalerived Katritzky salt®¥
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Scheme2. Overviav of early methodologies that used Katritzky salts for the modification of alkyl amines.

A further repertoire of transitional metals and reactions alike were investigated, including
deaminative Minisetype reactions using [Ir(ppy(itbbpy)]PE as a photoatalyst and under visible
light conditions and to afford new C®&gC(sp) bonds by Glorius and emorkers(Scheme 2B). This

method was successfully used to synthesize indole and amino acid analogues derived from an alanine



based Katritzky salt®® After that, Hu and cavorkers reported a bis(catecholato) dibortyased
deaminative borylatiorof primary amines in the presence of a Lewis base (schemE°2Chter,
C(sp)c C(sp) bonds were derivatized via a deaminative alkynylation of Katritzky salts by Ociepa and

co-workers (scheme 207

Accentuating the adantages of SPPS and progressing beyond the synthesis of individual amino acids,
a nickelcatalyzed LSF of a complex peptide was reported by Baran andr&ers for the generation

of new C(sf)¢ C(sp) bonds from redosactive esters. The methodology usedyanoZinc reagents

and on solid phase using, polystyrene (PS) resin with a Rink amide linker as solid support (Scheme
3A)[308]
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Later on, Molander and eavorkers also reported using Hantzsch esters to form an EDA with a-redox
active ester subjected to homolytic cleavage under irradiation by dl¥slon solid phase and at room

temperature (Scheme 3B). The resulting ol species was amenable to a Giggee reaction7

Furthermore, LSF efforts in peptides using Katritzky salts were also reported, with early examples
featuring dipeptides and using a numbef modalities for modificatio®®!! However, the first

methodology purposively developed for LSF in more dempeptides using Katritzky salts was



reported by Wang and eworkers. The group reported a catalfste and radicabased C(sp-H

alkylation of glycine in polypeptides under visible light conditions and using DBU for the formation of
an electron donotacceptor (EDA) with a Katritzky salt before a single electron transfer (SET) preceding
homolytic cleavage and radical generation. The reaction was carried out in solution phase following

the cleavage of peptide precursors from solid phase, albeit with d@mtereoselectivity>!?

Subsequently, Baran and-@eorkers reported the compatibility of Katritzky salts with SPPS for peptide
LSF. They used an alkyl radical generated from NZaktellysed dcarboxylation of the redox active

ester for macrocyclization of a resiound linear tetrapeptide with an Nterminal acrylic acid residue

as Michael acceptor in a Giese addition reactidf.In another study, Watson and emorkers
reported that a Nickel catalyzed cressupling of Arybromides with Katritzky salts for peptide LSF to
forge new C(sP¢C(sp) bonds, also on solidupport. Their approach used DMA as a solvent
compatible with SPPS, albeit with a low yield and necessitating the use of TBAI for phase transfer and

reaction employing Zinc powder as a reductBHt.

Some photochemistrpased methods for peptide LSF with Katritzky salts also used conditions devoid

of catalysts. For example, highlights in using EDA complexes for radicaltggnerdude Wang and

cog2N] SNEQ NBLRZNISR dzaS 2F A2yA0 O02YLRdzyR&a G2 LN
under visible light conditions (scheme 3C). They further demonstrated the utility of the resulting

radical in a Giestgype reaction for he dipeptide model peptide LSF and, subsequently, peptide
macrocyclization. Unfortunately, the reaction was performed in solution phase and necessitated the

aqueous conditions for the dissolution of the salts, which was not attractive for SPPS.



3.2. Results and Discussion

3.2.1.Late-Stage Nickel Catalysed Cross Electrophile Peptide Functionalisation

We envisioned performing latstage derivatization of phenylalanine analogues through deaminative
reductive nickekatalyzed crossoupling of Katritzky salts and aryl bromides on solid phase based on
the method reported by Martin and evorkers®'® They proposed a rational mechanism to proceed
via a sequential reduction pathway instead of the kinetically disfavoured radical chain pdtfivay.
Ergo, the catalytic cycle is initiated with the reduction of the catalyst from Ni(ll) to active Ni(0) by
reductants like Zn or Mn, followed by oxidative addition into the §{Bpbond forming an ANi(I)Br
intermediate. The catalyst is Bsequently reduced to ANi(l), which further undergoes oxidative
addition to an open shell species generated from the reduction of the Katritzky salt, followed by a final

reductive elimination to afford the product and regenerate Ni(l) (Figufé-).

Ar-Br

Y2 ZnBr, Zn

//—g Ar_
Ni(0) 0]
Br
b
Zn Ni(Il) Y2 ZnBr,

Ni(l)—Ar

Solvent Cage
Ar_ © .
Ni(ll)

Ar, zn R
BKNIW/ ﬁ \ R\O
BN
/{\L R

Figurel. Proposed sequential reduction mechanism for nietatlalyzed deaminative electrophile crossupling between a

Katritzky salt and an aryl bromide using Zn as a reductant. Figure adapted from Panveoriters!318]

Therefore, with peptide LSF in mind, a linear tripeptldeas synthesized using PS resin with a Rink
amide linker as the solid support, followed by capping and alloc deprotection (Sche#th& B)e
corresponding Katritzky salt was obtained upon a reaction between the resulting free lysine side chain
with commercially sourced 2,46iphenyl substituted pyrylium salt under microwave irradiation to
afford 2, determined by LCMS folling test cleavage of an aliquot of the peptidyl re§#i! Attempts

to obtain compound3 under reported literature conditions were relatively futile as only trace

conversion vas observed by HPLC (table 1, entry 1).
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Schemed. Workflow for exploratory Nickel catalyzed deamination using Katritzky salts-anoh3o quinoline as substrate

Initial optimization attempts fopeptide LSF began with the substitution of NIBME for NiGIDME
and increasing both the catalyst and ligand loading (table 1, entriesAR After that,L16 n-Z n
ditBuBipy) was substituted with.2 6 n -Hi@MeBipy)as an electrofrich ligand to screen electronic
and steric effects for improved conversion to no avail (table 1, entBf%5Yhe ligand loading was
increased to 60 mol % from 12 mol%alde 1,entry 6). In these caseqnly trace conversion was
observed by L®&IS. Watson and cworkers had previously used Ni@hd L2to optimize a similar

reductive crossElectrophile coupling reactiof?!

After that, optimization efforts were followed by inding MgGland LiCl as additivétable 1, entries

7 ¢ 8). Subsequently, Zn was used as a reductant instead of Mn without any adtitie1, entry 9.
Successive reactions were also performed with Ma@l LiCl while using Zn as an addi(iable 1,
entries 10¢ 11). This was based on the report by Watson andvookers, who suggested that such
additives may activate the reductant surface or potentially accelerate the regeneration of Ni(i) in the
catalytic cycle. However, no conversion was observed S in all these casé$% 3-Bromo
quinoline was then substited as a test substrate fordromoanisole to aid the quantification of HPLC
conversion due to its improved UV absorption (Schem&4)n this case, only a 5 % conversion was

observed (table 1, entry 12).



Tablel. Screening of conditions for Nickel catalyzed crassipling for latestage functionalization on

solid phase.
R BF,
A W
. L1
N Ar
R Eé» O R < ! d 7\0
AcHN F-a—Q) Condlons N F-A—Q =%
o] o] N N
2: R = H; 8: R = OMe; 9: R = H(pentacyclic) L2
O = Solid suppport
No. Cat. Ligand Pyridinium salt Substrate Reductant | Add. Conversion
1 NiBr.DME L1 2 p-Bromoanisole Mn - trace
(10 mol %) (12 mol %)
2 NiCh.DME L1 2 p-Bromoanisole Mn - trace
(10 mol %) (12 mol %)
3 NiC}.DME L1 2 p-Bromoanisole Mn - trace
(50 mol %) (12 mol %)
4 NiCt.DME L1 2 p-Bromoanisole Mn - trace
(50 mol %) (60mol %)
5 NiC}.DME L2 2 p-Bromoanisole Mn - trace
(50 mol %) (12 mol %)
6 NiCt.DME L2 2 p-Bromoanisole Mn - trace
(50 mol %) (60mol %)
7 NiCh.DME L2 2 p-Bromoanisole Mn MgCh 0
(50 mol %) (60mol %)
8 NiCt.DME L2 2 p-Bromoanisole Mn LiC} 0
(50 mol %) (60mol %)
9 NiCh.DME L2 2 p-Bromoanisole Zn - 0
(50 mol %) (60mol %)
10 NiCt.DME L2 2 p-Bromoanisole Zn MgCh 0
(50 mol %) (60mol %)
11 NiCh.DME L2 2 p-Bromoanisole Zn LiCh 0
(50 mol %) (60mol %)
12 NiCs.DME L2 2 3-bromo quinoline Mn MgCh 5%
(50 mol %) (60mol %)
13 NiCh.DME L2 8 3-bromo quinoline Mn MgCh 5%
(50 mol %) (60mol %
14 NiCt.DME L2 9 3-bromo quinoline Mn MgCh 5%
(50 mol %) (60mol %)




15 NiCs.DME L2 8 3-bromo quinoline TTF MgCh 0
(50 mol %) (60mol %)

16 NiCy.DME L2 8 3-bromo quinoline PhSiH MgCh 0
(50 mol %) (60mol %)

17 NiCh.DME L2 8 3-bromo quinoline EtSiH MgCh 0
(50 mol %) (60mol %)

184l NiCh.DME L2 8 3-bromo quinoline Mn MgCh 9

(50 mol %) (60mol %)

[a] The reaction was carried out in solution phase.

Changing the electronics of the Katritzky salts was also reptotait the generation of opeshell

species after SET, especially for primary alkyl Katritzky salts that were deemed less Féddive.

such, panisaldehydet was used to prepare pyryliuf (scheme 5A). Subsequently, a linear model

peptide with p-methoxyphenyl substituted Katritzky s@tg | & aey i KS&aAl SRX 0SSl NAy:
primary alkyl amine side chain, for improved reactivity (tabl&¥)Cornelia and cevorkers also

reported the activation and subsequent homolytic cleavage©fs®0 b bblonds by using a tethered

pyridinium salf7 to overcome the high bond dissociation energy of their primary aryl amine substrates

and carry out radical 4§ borylation®%®! After that, linear peptided was synthesized on solid phase

from pyrylium salf7.

A ~o BF4

H p-Acetylanisole, BF3.Et,0,
Neat, 100 °C, 2 h
~o

i. 1-Tetralone, NaOH, MeOH, reflux, 2 h

O
ii. 1-Tetralone, BF3.Et,0, THF, 100 °C, 16 h
{ j H

Schemeb. A Synthesis of nethoxyphenyl substituted pyrylium sd&it BSynthesis of tethered pyrylium sait

Therefore, the corresponding pyrylium s8ltwas synthesized, followed by Katritzky salt synthesis
(Scheme 5B). An attempt was then madeise the strained pyridinium salt to improve the substrate's
reactivity, but with no improvement in conversion, leading to a conclusion that the challenge did not

solely arise from the pyridinium salt used in the reacti@ble 1, entries 1§ 14). Theobserved trace



conversion when using Zn and Mn as reductants led to the conclusion that the heterogeneous nature

of the reaction was disadvantageous for phase transtér.

A panel of organic reductants was then screened, including Téafathhalene (TTF), Phenylsilane
(PhSiH), and triethylsilane (EtSiHwere also explored in vain, perhaps owing to a lower reduction
potential in comparison to the metal reductanfsble 1, entries 1% 17). An attempt at a solution
phase reaction usindpe model peptide following TFA cleavage only gave a 9% HPLC conftatd®n

1, entry 19.

Other screens included changing the resin from polystyrene (rink afiidleto PE@ased HRink
amide ChemMatrix® resin, expecting increased resin swelling taowapphase transfer.
Unfortunately, larger solvent volumes were needed for sufficient resin suspension, leading to larger
reagent dilutiond®?® Furthermore, the reaction temperature increased to 80 °C, but no screens
improved the reaction yield. Only the solution phase reaction showed a slight improveimen
conversion at 9%. With little or no conversion under different conditions, the reaction was deemed

unfavorable for peptide LSF on solid phase.



3.2.2.Late-Stage Functionalisation of Peptides via Deaminative Photochemical
C(sp3)C(sp3 Bond Formation Usin#atritzky Salts on Solid Phase.

3.2.2.1. Initial exploration

Aggarwal and cavorkers described a deaminative Gidgpe functionalization of primary amines via
Katritzky salts under irradiation with Blue LEDs (420 nm). According to the proposed mechanism, the
electron-deficient Katritzky sal® forms an EDA complex with a Hantzsch eStar the presence of

EtN, leading to a red shift of the complex (Scheme 6). Upon irradiation, a photoelectron transfer to
the Hantzsch ester results in the formation of a Katritzé&lf radicatlO and a dihydropyridine radical
cation11followed by C(SP-N homolysis at the pyridinium to afford a free Spdical intermediate

12. In the presence of a Michael acceptor and following the subsequent addition reaction, the radical

intermediate 14 partakes in a hydrogen atom transfer frdimor 11to afford the final productl 5.2

CO,Et
Ph Q H-N_"_—_ 3 CO.E Ph
R A\ BFs  Hantzsch ester (9 I CO,Et 2Et 7\
¥N® Ph—’RPhé <~ * N Ph
N —
N)@_}—Ph
O
C

PH PH
Ph™  gF, 0,Et
8 12 13
* Co,Et * Co,Et
EWG 8or10 2 2
> R WG ——s \/\(
H- N®
COZEt COZEt
14 15

EtO,C._~_-CO:Et
Dt
N

Hantzsch Ester (9)

Scheme6. Proposed mechanism for deaminative Giggge functionalization of primary amines via Katritzky salise
Giesetype reactions use Katritzky salts and Hantzsch esters in an EDA to generatghepleapecies upon irradiation with

blue light. Figure adapted from Aggarwal andveorkers[32¢]

The initial exploratory reaction was performed in solution and using the ntdgeptide with a 2,4,6
trimethoxyphenyl substituted Katritzky salt to afford compoub@lafter TFA cleavage (Scheme 7).
Compoundl9 was obtained in a 22% isolated yield following preparatory HPLC purification. In this
test reaction, methyl acrylate wased as a Michael acceptor, and the molar equivalent ¢ ktas

doubled compared to that used in the report by Aggarwal anevodkers.



OMe BF4-

‘ N COOMe

(e} (e}
H Methyl acrylate (2.60 eq), 9 (3 eq), Et3N (4 eq) H
N L OH : N NH,
AcHN H AcHN Y H

DMA, 45 °C, 16 h, blue LED (40 W)

18 19, 22% (over 2 steps)

Scheme?. Initial exploration of the peptide LSF with Katkiy salts in solution phase using methyl acrylate as the Michael

acceptor.

Encouraged by these results, it was first deemed best to determine the resin loading based on the
isolated yield of an aliquot of the Katritzky salt before the Gigpe reaction.Additionally, the
sequence of the model pyridinium peptide was altered such that phenylalanine was substituted
with tryptophan in that of peptidyl resi20 to facilitate the detection of any unreacted precursor
peptide by thinlayer chromatography (Schee 8). The change was aimed at enabling efficient
purification by flash column chromatography with UV detectisf.

NHAIlloc
o o NBOC i Pd(PPhs),, PhSiH; 3 x 1 h o N

H ii. Pyrylium Salt, DMF, Et;N, 80 °C, MW, 1 h H

N ' 3 . MW, N NH
AcHN \)kN iii. TFA/TIPS/H,0 (95:2.5:2.5 v/v), 1 h, rt. AcHN \)kN 2

o) = H [e) (@] E H (0]
20 21:R = OMe 82 %

O = Polystyrene resin with a rink amide linker 22:R=H 82 %

23: R = H(pentacyclic) 68 %

SchemeB. Synthesis of Katritzky salt precursors for peptide LSF.

Moreover, a more stringent wash protocol after alloc deprotection was adopted. It used a solution of
pyridine hydrochloride in MeOH/GEL as an aditional wash step aimed at removing any residual
Pd(PP}..B28l Consequently, an HCI salt was generated from the deprotected lysine leading to a
complete failure of the Katritzky salt synthesis. Therefore, ex¢&N (pK: = 10) was added to the
reaction mixture to generate a free base from lysine and facilitate a nucleophilic substitution for the

generation the pyridiniunt??



Subsequently, an aliquot of a batch of the synthesized peptidic pyridiniurGals cleaved off solid
support under TFA conditions and purified by silica flash column chiogmaphy with an 82% isolated
BASERYE I FFANNAYI GKS Y2RAFTASR LINRG202f Qa KAIK

alternative pyridinium salt22and23 from their respective pyrylium salts.

A testreaction wasthen performed with the modepeptidyl resin24 and twice the equivalents of
methyl acrylate and BN to obtain an isolated yield of 25% after TFA cleave and purification by

preparatory HPLC (Table 2, entry 1).

Table2. Optimization of the reaction conditiorfer Giesetype reactions with Katritzky salts on solid

phase.

CN
i. Acrylonitrile (4 eq), 9 (3 eq), EtzN (4 eq),
L0 x\Boc DMA, 60 °C, 16 h, blljle L.ED (40 W) L o ~NH
- N\;)kN ii. TFA/TIPS/H,0 (95:2.5:2.5 viv), rt., 1 h - N\;)kN NH,
6 ¢+ H § o = " o

24: R = OMe 27

25:R=H

26: R = H(pentacyclic)
O = Solid support
Entry | Starting Material Deviation from optimized conditions Yield®! (%) Conversion (%)
1 24 Methyl acrylate substrate 25 -
2 24 45 °C 19 -
3 24 Methyl acryate substrate 52 -
4 24 - 59 -
5 25 - 6 -
6 26 - 13 -
7 24 1h - 0
8 24 2h - 0
9 24 4 h - 14
10 24 20 h - 88
11 24 No EtN 0 -
12 24 No9 0 -
13 24 No blue LED 0 -
14 24 rt. 0 -
15 24 Precautionfree set up 26 -




3.2.2.2. Optimization of reaction conditbns

With a model peptidyl pyridiniur@4 at hand, the ambient reaction temperature solely generated by

a Kessil® LED lamp (40 Watt, 420 nm) was probed, considering the subtle differences in the modified
reaction setup and the one reported by Aggarwal andwookers (Figure 2dj?® An ambient
temperature of 45 °C was recorded after 16 h, which was divergent from the 60°C that was supposedly
optimized for primary alkyl pyridinium salts in accordance to literature (table 2, entry 2). The relatively
low yield of 19% from th&iese reaction prompted the need to increase the temperature to drive the

reaction to completion33"

Therefore, a vial containing the reaction mixture was affixed in a glass beaked s&hlevith
aluminium foil and subsequently immersed in an oil bath at 100 °C (Figure 2b). An ambient
temperature of 60 °C was recorded upon irradiation with blue light. The setup also gave the advantage
of performing multiple reactions in vials affixed ddbeaker using a single lamp in one instance and

the opportunity to vary the reaction temperature using an oil bath.

Figure2. The reaction setup was based on one reportedly optimized for primary alkyl pyridiniumadatt®(éle increased

temperature using an oil bath and could accommodate multiple viigls (

Furthermore, considering the need for excess equivalents of reagents and high concentrations as
useful approaches for driving reactions performed on solid support to tefiop, the equivalents of

the base and Michael acceptor were increa§8d.Hence, with four equivalents of both J&t and

methyl acrylate as Michael acceptor, the reaction was performed over 16 h, followed by TFA cleavage
and purification by reverse phase preparatory HPLC to obtain compdtiad isolated yield of 52%,

which was deemed sufficient for the model peptide LSF on solid phase (table 2, entry 3). A subsequent
reaction was performed under the same condition but using acrylonitrile as substrate instead of
methyl acrylate to give a satisfactory isolated yield d¥b@able 2, entry 4). Thus, acrylonitrile was

used for further exploratory reactions as Michael acceptor.



To facilitate easy incorporation of pyridinium salts into SPPS, an-protected amino acid building
block29with a Katritzky salt at the Nof lyshe was synthesized (Scheme 9). However, any attempts

at coupling an amino acid after Fmoc deprotection of the linear peptide were futile. Pyridinium salts

have been previously shown to be compatible with Fmoc deprotection condifidhdowever, their

compatibility with amino acid coupling conditions is problematic since they possess a bulky group that

may stericak 2 OO0f dzZRS (G KS bh 2F feaiAySeo a2NB2@3SNE (KS {
designed to include the coupling of bat@anched Valine after the Katritzky salt building block.

OMe éF4

X

+ 2
SRS
i. Pyrylium Salt, EtOH, Et3N, 80 °C, MW, 1 h MeO OMe

ii.30% TFA/CH,Cl,, rt, 1 h
iii. Fmoc-OSu, NaHCOj3, 1:1 H,O/Dioxane, rt, 16 h
BocHN OH FmocHN
(0] (e]

OH

28 29,57 %

Scheme9. Synthesis of Katritzky salt building bld&%to pyridinium salt to determine compatibility with SPPS.

Reactions with different pyridinium salts were then probed using acrylonitrile as the substrate.
Katritzky sal4 had the highest yield compared &b and26 (table 2, entries &, 6). Salt25 may have
been less reactive and reluctant to generate a free radité5alt26 may have been too reactive and
possibly formed side products that ultimately affected the conversion of the pyridinium salt substrate
to the productt®? Thep-methoxy phenyl substituted sa®4 was deemed the best suited for the LSF

method, and furtherexperiments were continued with it as starting material.

To evaluate the progress of the reaction, samples were taken at various time points. A 14% conversion
was observed after 4 hours and 88% after 20 hours (table 2, entdel0Y. Unfortunately, the M
absorbance o24is much higher than that of produ@, which only contains tryptophan making the

observed conversions rather unrelialté’!

The importance of base in the reaction was then probed. According to the proposed mechanism by
Aggarwal and cevorkers, EfN contributed to a significant red shift in a ternary EDA complex that
increased the efficiency of homolytic cleavage for generating free radi¢@i$herefore, pyridinium

salts31- 32 were prepared from BotysineOH and the corresponding pyrylium salts (Scheme 10).



NH,

Pyrylium Salt, Et3N

OH OH
BocHN EtOH,80 °C, MW, 1 h BocHN
(o} (e}
27 30: R = OMe 90%
31:R=H 58%

32: R =H(pentacyclic) 52%

Schemel0. Synthesis of pyridinium salts 280 for Spectroscopic studies

On performing spectroscopic experiments, a major redshift was only noted when the Hantzsch ester
and pyridinium salts were in sdlon and barely any observable influence addition of base (Figure 3).
However, upon performing the reaction devoid of the base, no conversion was observed by HPLC
(table 2, entry 11).

Further analysis of the experimental conditions included carryingreattions devoid of Hantzsch
ester, light, and at room temperature, which all resulted in trace conversions of Katritzky salts to the
product as observed by HPLC (table 2, entries; 11). Reducing the Michael acceptor to 2.6
equivalents also led to a gportionate loss in the product yield. Furthermore, a carefree setup was
performed wherein the reaction vials were not dried, and neither was the solvent purged nor was the
reaction stirred under Argon atmosphere. Consequently, a conversion of 26% wasgauhsalidating

the need for precautionary steps undertaken during reaction setup to ensure a mofstgreeaction

setup under argon (table 2, entry 15).



Pyridinium30in solution

25
A \ 9
2 30
Lo 9 + Et3N
1
30 + Et3N
0.5
9 +30
0 _—
420 440 460 480 500 520 540 9+ 30 + E3N
B

Pyridiniums30-32in solution with 9and E{N

25
2

1.5 31
1 30

05 31

0
.0.5420 440 460 480 500 520 540

Figure3. A: Spectroscopic studies on the effect of the baseabsorbance for inducing a bathochromic shift of individual
EDA complex partners of pyridiniudf,including Hantzsch Est8r trimethylamine (EiN) in solutionB: Pyridiniums30¢ 32

in solution with Hantzsch est&and EtN.

3.2.2.3. Substrate scope studies

With an optimized protocol, the Michael acceptor substrate scope of the reaction was explored
(Scheme 11). Of the successful examplgsyritline33and pyrazin4had excellent yields compared

to 4-pyridine 35. Additionally, bipheny86 had a high yieldwhile styrene37 did not react.

Compared to the test substrate used for model peptig the more sterically hindered nitrile38

and 39 were not tolerated in the reaction. Similarly, analogues of initially explored eewith
methyl substitutions atK S -pdsition were less tolerated and gave a very meager yiekflpihile

more hindered analogué2 completely failed to afford any product. However, a methyl group at the
alpha position was well tolerated fot3 while the phenyl substituent M4 gave ecellent yield
superseding that of estet0. Other successful esters with good yields included the benzyl ester 45 and

the diester 46.



CN
€ i. Acrylonitrile (4 eq), 13 (3 eq), Et3N (4 eq),
o VB¢ pMA, 60 °C, 16 h, blue LED (40 W) o AL
H ii. TFA/TIPS/H,0 (95:2.5:2.5 vIv), 1 h, rt H
N 2 —
AcHN \)kN AcHN N\i)kN NH2
i H o o = " o

24 27
O = Polystyrene resin with a rink amide linker

N O
\ N
N‘ N‘(\N ‘\
= = 7 F CN COOMe COOMe COOMe
NC
® Yo 3 1 ¥ X

33,72%  34,66% 35 32% 36, 63% 37, 0% 38, 0% 39,0%  40,52%  41,8% 42 0%
Ph
(0] (0] I
B (0] OEt ©\ HN
MeO. -0 Ph 020 COOH S.. EtO-P-OEt ©  ConH,
OEt 0
MGOQC/‘jw
ol
43, 43% 44 629  45.48% 46, 28% 47,13%  48,47% 49,25%  50,27%  51,23%

\_/ 0
O Ph O 0 H /S H
Me,N._O N N N NN o) o
HNT N H
o o 0 O)\NHH 0 of

52, 27% 53,21% 54, 0% 55, 0% 56, 14% 57, 0% 58, 0%

Schemell The substrate sipe of Michael acceptors was studied using the modified optimized conditions for the-Giese

type reactions.

The acid functionalizedi7 was derivatized from a tBprotected substrate during global deprotection
under TFA conditions. Other substrates contajnireavy atoms other than carbon were tolerated,
including sulfur iM8 and phosphorous id9. Amides were also taken in the scop® ¢ 52). The acid
functionalized47 and the amides are also analogues of biogenic amino acids that could be directly
derivatized with the LSF method. Having successfully obtained maleimide an&ldgnd despite the
failure of 54 and 55, biotinylated 56, commonly used as a probe for investigating biochemical

processes, was synthesized. Ketone substrates, however, did noimahetscope studied{ & 58).

Given variations in the yields of similarly functionalized substrates, attempts were made to optimize
reaction conditions further to rescue leyielding and failed reactions. Compoudd was selected,
and a review of itsreade HPLC chromatogram after global cleavage revealed three significant peaks

of interest corresponding to the desired product and side products (Figure 4).



COOH COOH

HOOC
 NH  NH  NH
0 L O 0 4 O 0 4 O
)kN N\)LN NH, )kN N\i)kN NH, )kN N\)kN NH,
HoJ ¢ R OO HoQ Hol
47 59 60

Figure4. Side product profile observedom HPLC analysis of crude peptide after cleavagé &bm resin.

The first peak had a mass corresponding to the product ([M=D2). In contrast, the second peak

had a mass corresponding to a deaminated side pro@i@gienerated from the peptidybyridinium

salt that underwent premature HAT following homolytic cleavage ([M+H]430). The third peak,
however, had multiple masses under it with increasing orders of substrate mass, suggesting multiple
Michael acceptors partook in a cascade of Gigpe reactions prior to the final HAT. For exampie,

(IM+H] = 574) may have been formed after a successive reaction with two Michael acceptors.

Subsequent efforts were then aimed at minimizing the formatio®®by increasing the amount of
the Michaé acceptor to 8 molar equivalents. It was reasoned that such an increase in concentration
would increase the propensity for the radical formed frorNChomolysis to form producti?.

Unfortunately, only an increase in the peak area@dwas observed relate to47 and59.

After that, as previously employed by Knowles andwookers, an attempt was made to use 2,4,6
triisopropylbenzenethiol (TRIP thiol) as a catalyst to expedite the final HAT step of the proposed
mechanism (Scheme B4 Similarly, the equivalents of Hantzsch ester were also increased since its
radical cation was proposieo partake of the final HAT in the reaction mechanism. Unfortunately, no
significant increase in yield was observed, and as such, it was concluded that the low yield is substrate

specific.

3.2.2.4. Scope of alternative Katritzky salt substrates.

Following an exnsive study on the Michael acceptor scope, alternative Khyrigalts other than

GK2aS RSNAGSR FTNRY (GKS by 2F (KS feaiyS aiRS OKI
unnatural amino acid analogues of lysine bearing different side chain lengths were first considered for
pyridinium salt synthesis. Ceequently, three Katritzky salt substrates for the Giese reaction were
synthesized using mutated sequences of the model peptide containing shorter side chains lengths,
including Dap (n = 1 carbon), Dab (n = 2 carbons), and ornithine (h = 3 carbons) (déheme
compounds61-63).B3¥ A clear pattern of decreasing yield with side chain length was observed, which

could be alluded to increasing steric constraints for a reactetwben the free amines closer to the

peptide backbone with bulky pyrylium salts (Schemet£).



i. Acrylonitrile (4 eq), 13 (3 eq), Et3N (4 eq),

~NBOC  pMA, 60 °C, 16 h, blue LED (40 W) ( o o NH
ii. TEAITIPS/H,0 (95:2.5:2.5 viv), 1 h, rt n H
AcHN N\)LN NH2
3 Py
61(n=3) 85% 64 (n=3) 31%
62(n=2) 52% 65(n=2) 42%
63 (n=1) 46% 66 (n=1) 29%

O = Polystyrene resin with a rink amide linker

Schemel2. Lysine analogue sidghain length screen for compatibility with Katritzky salt LSF. Yieldd@b3 were

determinedfrom cleaved aliquots of peptidyl resin.

After the Giese reaction with acrylonitrile as the Michael acceptor substrate, all desired products were
obtained, but there was no perceivable trend between side chain length and \6dld 66).
Furthermore, thee seemed to be no loss of the chirality 66 since only one diastereomer was

observed by NMR analysis.

Secondly, a modification of the peptide backbone amine MBHomolysis was considered, as inspired

by the previously reported application of LSF lz termini for cyclizatiof®® Additionally, it was
foreseen as an opportunity to showcase the derivatization ofamino acid fragments at the termini

of peptides beyond acetyl grospfor potentially improved biological activiti€®. As such, a linear
peptidyl resin 67 was synthesized with arexdminal glycine that was subsequently subjected to
YFONRGT 1@ artd aeyaikSara (G2 FFF2NR cy-tekmhusd2 2R
was anticipated owing to itsgtential for avoiding steric hindrance, diastereomer synthesis, and the
generation of a reasonably nucleophilic radical suitable for the Giese reaction, as would not have been

the case for other canonical amino acids with side chifis.

i itri CN
 NBoc i. Acrylonl}rlle (4 eq), 13 (3 eq), Et3N (4 eq), NH
o DMA, 60 °C, blue LED (40 W) o X

H ii. TFA/TIPS/H,0 (95:2.5:2.5 v/v), 1 h, rt H

N e N NH
A K )

N O TN
o = 0 o = o]
OMe
67, 74% 68, 17%

O = Polystyrene resin with a rink amide linker

Schemel3. Modifying a tripeptide backbone using a Katritzky salivéet from a deprotected Nerminal glycine residue.

The yield 067 was determined from the cleaved aliquots of the peptidyl resin.

w

),



3.2.2.5. Amino acid compatibility studies

It was further deemed prudent to examine the compatibility of the LSF methodology wig0 all
canonical amino acids and their commonly used orthogonal protecting groups of*8RPRSsuch, a
library of 5 hexapeptides with randomized sequences was designed, with eatdining an alloc
protected lysine for latestage modification on solid phase using PS resin with a Rink amide (AM) linker
as solid support (tablg). The linear peptides were acetylated, followed by selective alloc deprotection

and subsequent synthesi$ the Katritzky salt using optimized conditions.

Table 3. Amino acid sequences and protecting groups used in the amino acid compatibility

experiments.

OMe BF,
I ‘ X
X N~

\
i. Acrylonitrile (4 eq), 13 (3 eq), Et3N (4 eq),

+ 2
OO
MeO OMe
Boc  pma, 60 °C, 1 h, blue LED (40 W) Boc
i . . [a]
A @@c@@@@ () i TFATIPS/H,0 (95:2.5:2.5 vlv), t, 1h, A @@c@@@m NH,

O = Polystyrene resin with a rink amide linker

Compound AAL AA2 AN AA AR5
69 His(Trt) Gly Ala Asp(tBu) 4
70 Val Thr(tBu) Arg(Pbf) Met 13
71 lle GIn(Trt) Pro Phe 8
72 Tyr(tBu) Ser(tBu) Gly Leu 13
73 Asn(Trt) Cys(Trt) Lys(Boc) Glu(tBu) 9

[l 2 2 cdiethanethiol (DODT) was added to the deprotection cocktail for peptides containing cysteineethionine

residues.

The resulting pyridinium peptidyl resins were then subjected to the @Gigse reaction, global
cleavage, ether precipitation, and final purification by reverse phase preparatory B®LCZ3]. In
these reactions, ¥inylpyridinewas used as the Michael acceptor, and the yields observed were not

based on resin loading but instead calculated over the entire synthesis starting from resin loading.

All canonical amino acids were compatible with Katritzky salt formation and the pretochl Giese
reaction. Likewise, all the side chain protecting groups were compatible with the reaction conditions.
However, substrate -Rinylpyridine, which had a high yield from the scope experiments, tended to

form side products from oligomerization hich was complicated purification and lowered the yields.



As anticipated, peptid69with histidine in its sequence had the lowest yield, considering that histidine
has been investigated for its ability to partake of nucleophilic radiwdiated reactionsat an
elevated temperature of 70 °Cconditions which were similar to those of the Giese type readtih.
Furthermore, it was interesting that the residues containing thiols, especially methionine, were stable

to the radicalmediated reaction, given thepropensity to partake in sudf”
3.2.2.6. Resin compatibility studies

All previous reactions were carried out using PS resin with a Rink amide linker as solid support.
However, its common practice to use ethresins in SPPS, particularly to overcome challenges
associated with long or difficult sequendé&s! For example, polyethylene glyiciPEG) based resins

are commonly used in such situations owing to their higher swelling properties that facilitate improved
reagent diffusior>® Alternatively, PS resins with hydroxymethyl linkers ar@TZ linkers may be

used to synthesize peptides with free carboxyl groups at themitir342!

Therefore, a panel of resins and their respective linkers was screened for suitability as solid support
during Katritzky salt synthesis and the sedpsent Giesdype reaction (table 4). The resin loading was

determined from that of a cleaved aliquot of the pyridinium salt, just as in the scope experiments.

The PS resin with a rink amide linker had the highest overall yield for pyridiniur24said Giese
product33 (table 4 entry 1)Changing the linker of PS resin to the hydroxymethyl moiety of the Wang
resin resulted in a yield decline for both pyridinium galtand subsequent produdt5 (table 4, entry

2). Pyridinium salt synthesis using a(4Hydroxymethyi3-methoxyphenoxyputyric acid (HMPB)
linker was satisfactory fof6, albeit lower comparable yields @7 and 78in comparison t®33 (table

4, entries X 4). The yield was still low even wh&8was synthesized using acrylonitrile as anralé¢e
substrate. Notably, only the-2TC linker on PS resin used #@mwas incompatible with solighase

Katritzky salt synthesis (table 4 entry 5).

Upon changing the polymer support to PEG but maintaining the privileged rink amide linker, a marked
reduction in the yield of Katritzky saé30was observedyith the resulting produc81 having the lowest
yield of all compatible resins. This observation corresponds with the low concentration of reagents
accrued from the larger volume of DMA required to ademgliasuspend the PERased resin, owing

to its high swelling properties compared to P3.

In order to take advantage of PEG resin swelling for improved diffusion, it may be worthwhile to

perform future reactions using higher reagent equivalentsdarderbalance the lower yields arising



from increased dilution, but this would likely result in the formation of Giese products with

oligomerized Michael acceptors as previously obseR/éd.

Table4. Resin compatibility using different polymers and linkers for the synthesis of Katritzky salts

and subsequent Giese products. The Michael acceptor substrate-wiaglyridine.

OMe BF4'
‘ ‘ A
N N~
‘ + 2
O N O i. Acrylonitrile (4 eq), 13 (3 eq),
MeO OMe Et;N (4 eq), DMA, 60 °C, 16 h,
blue LED (40 W) ~NH
ii. TFA/TIPS/H,0 (95:2.5:2.5 viv), H o
- N X
AcHN . Q o AcHN \)kH
: o ¢ o]

X = NH, (a) or OH (b - d)

Linkers O

OMe NH, OMe N O N
HO/\©\ HO/\@ cl

MeO 07D 0D 0D O

a:

: Rink amide b: Wang c: HMPB d: 2-CTC
Entry | Resin| Linker | Loading | Kat. Yield [%] | Giese product Yield [%]
[mmol/g] | salt
1 PS a 0.63 24 82 33 72
2 PS b 0.45 74 49 75 21
3 PS c 0.50 76 70 77 32
4 PS c 0.50 76 70 78(Acrylonitrile substrate) 29
5 PS d 0.79 79 0 - -
6 PEG | a 0.4 80 53 81 5
3.2.2.7. Modification of biologically relevant model peptides

Having interrogated conditions for optimal solid phase deaminative peptide LSF on solid phase,
including the scope of tolerated Michael acceptors and solid support compatibly, a demonstriation o
methodical utility was subsequently performed. This was performed in the context of longer linear

peptides that potentially pose synthetic challenges based on their structural compgiéxity .

The frst model peptide was the histone 3 tail peptide (residuesiD) 82 (scheme 14A). It has been
extensively utilized as a tool compound for investigating epigenetic control mediated by gene

repression due to variations in histone H3 lysine K4 (H3K4) nagithylkstates34534¢1 Peptide p53 (15



¢ 29)86is a 15mer oligopeptide inhibitor derived from the-dérminal transactivation domain of the
tumor suppressor protein p53, which inhibits the PBé¢tween p53 and the oncoprotein

Mdm2(Scheme 14B%

A NHAlloc

Boc
BocHN—A-R-T~y Q-T-A-R-K-5+)
0

H
81
i. Pd(PPhj3),, Phenylsilane, CH,Cl, x 2 x 1 h R
ii. Pyrylium salt, Et;N, DMF, 80 °C, MW, 1 h
iii.Hantzsch Ester (3 eq.), Et3N (4.0 eq), Michael
Acceptor (4.0 eq), 60 °C, 16 h, blue LED
.TFA, TIPS, H,0 (95:5:5), rt, 1 h — A-R-
V.TFA, TIPS, H;0 (95:5:9). H—AR-T-y Q-T-A-R-K-S—CONH,
H
O
R:
CN CO,Me
NH, [
-
82, 48% 83,19 % 84,13 %
B NHAIlloc
ACHN*S*Q*E’T*F*S*D*L’W\N L-L-P-E-N
N Q
85
i. Pd(PPhg3),, Phenylsilane, CH,Cl, x 2 x 1 h R
ii. Pyrylium salt, EtsN, DMF, 80 °C, MW, 1 h
iii.Hantzsch Ester (3 eq.), EtzN (4.0 eq), Michael
Acceptor (4.0 eq), 60 °C, 16 h blue LED
V.TFA, TIPS, H,0 (95:5:5), rt.,1 h
ACHN*S’Q*E’T’F’S*D*L’W\N L*L*P*E*N*CONHz
H
o
R:
CN CO,Me
NH, r
e

O = Polystyrene resin with a rink amide linker 86, 25% 87, 13% 88, 9%

Schemel4. LSF of linear peptide&: For the modification of H3 (@10) peptide82, the Giese reactiowas performed at K4
with acrylonitrile and methyl acrylate as substrates to afféBknd 84, respectivelyB: Likewise, modification of p53 (15

29)86was performed to afford analoguéy and 88.

Both peptides were synthesized on a 300 pmole scaleusimtj PS rink amide resin as solid support.
Two batches of 100 pmol could be used for diversification into Giese products via Katritzky salt
synthesis. The other 100 umole batch was used to synthesize unmodified linear peptides for a yield

comparison.



Thelinear precursor of the H3 peptid&l was first synthesized on solid phase with atelNminal Boe
protected alanine residue as well as Alloc and-patecting groups on the two lysine residues at
positions 4 and 9, respectively. Following selective diegatamn of the Alloc group at K4, the peptidyl
resin was split into three batches. The first two batches underwent Katritzky salt synthesis at K4,
followed by a Giese reaction with acrylonitrB8 and methyl acrylat84, respectively. After that, all
batches underwent global cleavage under TFA conditions and preparatory HPLC purifitZfide.
unmodified H3 peptidé2 was obtained in a yield of 48%, and modified ana&xyin yields of 13%

and 19% foB3 and84, respectively.

Similarly, the synthesis &6 and analog87 and 88 was relatively more straightforward without the
need for two orthogonal protecting groups. Alloc deprotection and Katritzky salt synthesis were
performed at K9 of the linear #&rminal acetylated peptidyl resin batches designated for-stage
derivatization, followed by Giese reactions to aff@&tland 88 after global cleavage. Peptid®6 was
obtained in a yield of 25% after Alloc deprotectiorile respective Giese reaction produ®&sand

88 were obtained in yields of 13% and 9%.

The cyclic symmetric peptide antibiotic gramicidin S was finally selected to showcase LSF using the
developed method based on the protocol reported by Ulrich andvodkers, who had previously
optimized the starting amino acid residue to aid efficient cyclization (Schem&%3 . linear
precursor88 with Alloc and IvDde protecting groups @ne of each of the Ornithine residues was
synthesized on PS resin with a hydroxymethyl Wang linker as solid support and witipeoteated

proline at the Nterminus. The Giestype reaction was then carried out following selective Alloc
deprotection aml successive Katritzky salt synthesis to afford two analogues of Gramicidin S in yields

of 7% and 8% after cyclizatioB(& 90).



Alloc IvDde

BOCHN7P*V*O:‘h*L*dF*P*V*Om*L*dF‘O

89
R
o)
i. Pd(PPh3),, Phenylsilane, CH,Cly, rt. x 2 x 1 h o \\j’ﬂ\n o
ii. Pyrylium salt, Et;N, DMF, 80 °C, MW, 1 h HN
iii.Hantzsch Ester (3 eq.), Et3N (4.0 eq), Michael NH

CH,CI,/DMF, rt.,16 h; then H,NNH, /THF, rt., 3h

Acceptor (4.0 eq), 60 °C, 16 h, blue LED o HN
V.TFA, TIPS, H,0 (95:5:5), rt., 1h; HCTU, DIPEA, g 0
N

HN @/
S N NH o
(0]
NH,
R
CN CO,Me
O = Polystyrene resin with a rink amide linker 90, 8% 91, 8%

Schemel5. Synthesis of Gramicidin S analogues by selectivelyidmatizing one ornithine residue with a Katritzky salt

followed by LSF with acrylonitrile and methyl acrylate.

Finally, analysis &1 ((M+H] = 1212) by tandem mass spectrometry (MS/MS) demonstrated a notably
symmetrical fragmentation pattern, amongstthers, that occurred between proline and
phenylalanine residues, thereby confirming the presence of a modified ornithine resi@dd€Rigure

5). Collisiorinduced dissociation (CID) is predominant at the amide bond of proline residues owing
to its ringstrain®*® Therefore, fragments containing an unmodified ornithine resi@2g[M+H] =

571) and modified ornithine residu@3 ([M+H]* = 642) were observed, confirming the presence of a
selectively modified residue in the Gramicidin S analogue. A mass of 1098.23 Da corresponded to

fragment94, which was only devoid of a single pr@iresidue, was also observed.
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Figureb. Mass spectrometry analysis of Gramicidin s analduas evidence that a single modified ornithine residue had

been modified on analysis of fragmemsnerated from CID.



3.3. Summary and Conclusion

Initial attempts at deaminative C(®pC(sp) bond formation using nickel as a catalyst were futile
owing to the incompatibility of SPPS with solid reductants, such that there was barely any reagent
contactby diffusion to enable the catalytic cycle. A series of organic reductants were subsequently
used, albeit only with trace conversions, perhaps because of their inadequately low reduction
potentials, despite the fact that the use of more reactprenethoxymhenyl substituted Katritzky salt

as a peptidyl substrate.

Upon shifting to a photochemical approach for radical generation aimed at deaminativ®C(sp)

bond formation, an initial suboptimal conversion was observed in solution phase. Subsequéehtly, wi
optimization of the reaction setup and substrate tripeptide sequence while utilizing SPPS, a
satisfactory substrate conversion was observed by LCMS, and thereafter, a Michael acceptor scope
study was performed. High isolated yields were obtained foapye33, biphenyl35, and 4pyridine

34 substrates Having observed moderate toleration of maleimif2 biotin-conjugated maleimide

55 was synthesized, given its importance as a probe for studying protein interactions in biological
systems. Ketones andysenes failed under optimized reaction conditions. The major side products
formed during the scope experiments wefs obtained after a premature HAT and9 from

oligomerization.

Thep-methoxyphenyl substituted Katritzky s&l8, derived from lysine, gavthe highest yield during
both pyridinium synthesis and the Giese reaction, compared to lysine derivatives of shorter side chain
lengths and alternative pyridinium salts. All canonical amino acids were compatible with the reaction

conditions, while the ZZTC linker on PS resin was the only incompatible solid support encountered.

Analogues 75, 79, and antibiotic 83 were also successfully synthesized to showcase their
methodological utility for modifying more complex biologically relevant peptides. Theialbyéelds
were lower than the unmodified compounds, which is justifiable by the additional reactions compared

to the unmodified peptides.

In conclusion, a photocatalyftee method for latestage deamination and subsequent formation of
C(sp)-C(sp) bonds was developed to modify lysine residues on solid phase using Katritzky salts. The
method was amenable to peptides containing all canonical amino acids and with a broad substrate
scope, albeit incompatibility with only a@TC linker on PS resin. Théditytwas demonstrated by late

stage diversification of complex substrates with the potential for incorporating UAAs for tuning the

biological and physicochemical properties of peptides.



4. Experimental

4.1. General Information
4.1.1. General remarks

All solvents ad reagents were of analytical grade and obtained from commercial sources unless
stated otherwise During the setup of photochemistry reactions, anhydr@MA was sparged with

argon prior to usendreactions were carried out in flamed dried 7 mL vials uradgon atmosphere.

Manual solid phase peptide synthesis was carried out on a promega® vacuum manifold while
automatic solid phase synthesis was carried using a Syro | ® peptide synthesizer. A CEM Discover® SP
reactor was used to carry out microwabaseda @ y i KSaia Ay wmn Yi 3JItlaa DA

caps.

Silica flash chromatography was carried out on a Bichi P@®0CGlash Prep using a flash column
(RediSep®, 249). Thin layer chromatography was performed using silica gel coated aluminium plates
(Merk 60 F254) and visualized under UV irradiation at 254nm. Analytical UHPLC was performed using

2.1 mm x 50 mm, 1.8 um Zorbax Eclipse C18 Rapid Resolution columns equipped on either an Agilent
1290 or Agilent 1260 Infinity system. Analytical LCMS wesrpged using an Agilent 1260 Infinity

system equipped with a 2.1 mm x 150 mm, 2.7 um InfinityLab Poroshell 1ZDIE&EColumn.

t NBLI NF G2NB 1 t[/ LIH2NARFTAOFGAZ2Y 61 a OF NNdgelCR8 2 dzii  dz
Gravity columns (MachereMagel Gmbh Co. KG, Germany) on a Blchi Pu&5QC Flash Prep for

tripeptides or an Infinity Il L®IS system (Agilent Technologies, USA) for longer peptides. High
resolution mass spectra were recorded on an LTQ Orbitrap in tandem with arSyBte@ fitted with

as5m YY E M YYSEI MO®d >Y | 8LISNBE&f Dh[5 dzaay3da St SO0 NI

Nuclear magnetic resonance (NMR) spectra were recorded using Bruker DRX500 (500 MHz), and
Bruker DRX700 spectrometers and chemical shifts are reported with reference to deuterateuqt sol

peaks.
4.1.2. General synthetic methods

a. General method for linear peptide synthesis

Solid phase peptide synthesis was carried out using the Fmoc strategy on Rink Amide AM resin (loading
ca. 0.7 mmol/g, 10Q 200mesh) unless stated otherwiseémoc protectecamino acids (90eq) were

coupled using PyBOP.@® eq) and DIPEA @ eq) in DMHO0.02 mL/pmol)for 30 minutes at room

temperature. Deprotectionof the Fmoc protecting group was carried out using a 20% solution of



piperidine in DMK0.02 mL/umol) for 5 minutes followed by addition of fresh reagents and further
reaction for 10 minutesAdditional deprotection solution was added if necessary to completely
suspend the resinLinear peptides were f&rminally acetylated using DIPEA (A8q) and AgO (100

eq) in DMK0.02 mL/umolpver 30 minutes. In between steps the resin was washed bit(2.00

mLx 4 x 1 min). In all caseslditional DMF was added if necessary to completely suspend the resin.

b. General method for Alloc deprotection

The linear peptie (100 pmol) was suspended in anhydrous@KR.00 mLYollowed by the addition
of phenylsilang308>l; 2.48 mmol; 24.8 egandPd[(GHs)sPL(28.8 mg, 0.025 mmol, 0.25 eq) and the
suspension was shaken for 1 h followed by removal of the liquid anddbgion of fresh reagents.
After 1 h, the peptidyl resin was washed Wig#Ch (2.00 mLx4 x 1 min)DMF(2.00 mLx 4 x 1 mij
0.5% diethyldithiocarbamate in DME.QO mLx 4 x 1 mih 11.5% pyridine hydrochloride in 5% MeOH/
CHCE(2.00 mLx5 x 5 nin), CHCEL (2.00 mLx4 x 1 min) andMF(2.00 mLx4 x 1 min). In all cases,

additional solvents were added if necessary to completely suspend the resin.

c. General method for peptide Katritzky salt formation

A 10 mL microwave vial containing dry peptidggin (300 umol) was charged with a solution of
pyrylium salt (1.6 eq) and TEA (@0eq) in DMF (40 mL and the reaction mixture was heated for 1

h at 80 °C under microwave irradiation. Additional DMF was added if necessary to completely suspend
the resin. The peptidyl resin was washed WidMF(2.00 mLx 4 x 1 min)CHCk DMF(2.00 mLx 4 x

1 min), and EfO .00 mLx 1 x 1 min) then dried under high vacuum.

d. General method for peptide Giese reaction

A flame dried reaction vial with a magnetic stigibar under argon atmosphere was charged with
peptidyl resin (100 umol) and sealed. The vial was then charged with a solution of Hantzschee8ter (

mg; 300 umol; 3.00 efjin DMA (400 pl) followed by three evacuatibackfill cycles with argon and
thereafter, charged with a solution of Michael acceptorQ@deq) and TEA (@0eq) in DMA (300 pl).
Additional DMA was added if necessary to completely suspend the resin. The vial was affixed in a 100
mL beaker that was then sealed with aluminum foil. The beakas placed in an oil bath with the
temperature set to 100 °C followed by irradiation with blue LEDs. The combined heat of the lamp and
oil bath maintain an internal temperature of 65 °C in the beaker (se@Figfter 16 h, the peptidyl

resin was wash#with DMF(2.00 mLx 4 x 1 min) an@HCb (2.00 mLx 4 x 1 min).

e. General method for cleavage and deprotection of short peptides



Peptidyl resin(100 umol) was cleaved with TFA/TIPSOH (95/2.5/2.5 viy 4.00 ml. for 1 h. The
solution was collected andxeess TFA was removed under a stream of argon followed by co

evaporation with CHe(50 mLx 3).

f. General method for cleavage and deprotection of long peptides

Peptidyl resin was cleaved with TFA/TIR&H95/2.5/2.5 viy 4.00 ml. for 1 h followed by
precpitation in cold E{O (100 mL)and centrifugation. The supernatant was removed, and the pellet
resuspended in cold #D (100 mLfollowed by centrifugation. This procedure was repeated twice. The

resulting pellet was dissolved in®MeCN (1:12.5 ml) andlyophilized.

g. General method for cleavage and deprotection of long peptides with suifontaining amino
acid residues
Similar to procedure f, however the cleavage cocktail was TFA/ODT/TIP&BI2.5/2.5/5 v/iv 4.00

mL)

h. General method for attachment ofirst amino acid to hydroxymethyl based resins (300 umol)
Wang or HMPB resins in a 50 mL flask were swollen by suspendingJin(8B0 ml)and stirred for

20 minutes. The Fmoc protected amino acid.QD3q) was dissolved in anhydrous ZCki(25.0 ml)

and the solution was cooled to 0 °C followed by the addition of DOD €5)) and DMF as needed to

aid complete dissolution. The solution was stirred for 10 minutes and added to the resin followed by
the addition of DMAP (0(®Beq). The resulting suspengiavas stirred for 1 h, washed with DMEQG

mL x 1 mirx 4) followed by CECb(3.00 mL x 1 min x)4&nd dried with EO (100mL x 1 min). The
resin was dried in vacuo for 18 h followed by loading determination by Fmoc release and

spectrophotometric quatification.

i. General method for 2ZCTC resin reactivation

To a cooled suspension ofI'C resin (2.00 g, 1.5 mmol) inCiH20.0 ml) in a 50 ml round bottomed
flask was added pyridine (0.580 ml, 7.20 mmolp24.) followed by the dropwise addition ofitmyl
chloride (0.261 ml, 3.60 mmol, D2q.). The suspension temperature was allowed to rise to room
temperature and then refluxed for 2 hThe suspension was filtered in a fitted syringe reactor and the
residue washed witlcHCh (3.00 mL x 1 min x 4hd dried in vacuo.

j-  General method for attachment of first amino acid to 2CTC resin

Dry peptidyl resin (3@mmol) was swollen in GBbL (10 mL¥or 20 minutes in 20 ml fritted syringe
reactor. The solvent was drained and a solution of FRadineOH (405 g, 12.00 mmol, 4.0 eq.) and
DIPEA (4.1&, 24.0mmol, 8.® eq.) in anhydrous CBb (10.0 ml) was drawn into the syringe and



shaken. After 1 h, theesinwas washed wittCHCE (10.0 mL x 1 min x 4), €4 (10.0 mL x 1 min x
4).

k. General method for estr hydrolysis.

To a solution ester (1.00 eq) added a B15olution of LiOH in THF:MeOHM(4:1:1; 30 mL) in an ice
bath. The reaction temperature was allowed to rise to room temperature while stirring. After 2 h, the
excess solvent was removed in vacand the reaction pH was lowered to 5 using 0.1 M HCI followed
by extraction with CkCh (3 x 30 mL). The combined organic layers was dried over Mfji§®Ped and

dried over high vacuum to afford the title compound.

I.  General method for Noxide synthesis

m-Chloroperoxybenzoic acid (1.01 eq) was added to a solution of pyridine (1.00 eq) in a minimum
amount of CHCErequired for dissolution at 0 °C. The reaction temperature was allowed to rise to
room temperature and the solution was stirred overnight. Thiison was purified by silica column

chromatography (§15% CKCL/MeOH) afford the title compounds.

m. General method for for Fmoc protection.

To a solution of benzoic acid (1.00 eq) and NaHZ.00 eq) in a minimum amount of water required

for complete disolution and cooled in an ice bath, was added a solution of F&c (1.2 eq) in MeCN
dropwise while stirring. After 20 min, the ice bath was removed, and additional MeCN was added if
precipitation was observed. After 4 h, the reaction was extracted WitbAE (30 mL x 3). The
combined organic phase was extracted with a saturated solution of Na(dC@L x 1). The combined
aqueous layer was acidified with 2M HCI to a pH range @8lextracted with EtOAc (30 mL x 3),
washed with saturated NaHG&nd brine. The combined organic layer was dried over Mg8i@red

and concentrated in vacuo to afford the title compounds.

4.1.3. Purification methods

Method A

Peptides were purified by silica flash chromatographyg 80% methanol in G&b) on a Blichi Pure

G850 Hash Prep using a flash column (RediSep®, 249).

Method B



Peptides were purified bygreparative HPLC on a Bichi Pu@50 Flash Prep system equipped with a
MHP YY E HM YY ZNagel C1& Gravigy lcdlukis Bligigg at 20 mL/min with a binary
mixture of MeCN and 4@ with both containing 0.1% TFA using a gradient of @880 MeCN owe50

min.

Method C

Peptides were purified by preparative HPLC on a Blichi R886 Elash Prep system equipped with a
pn YY E wmna  YY Z-Nagel G18 GraviylcduknS dldimg at 6 mL/min, eluting with a binary
mixture of MeCN and 4@ with both comaining 0.1% TFA using a gradient of-3%% MeCN over 60
min.

Method D

Peptides were purified on an Infinity II-MS system (Agilent Technologies, USA) with the rest of the

method similar to method B.

Method E
Peptides were purified on an Infinity I[I-MS system (Agilent Technologies, USA), eluting with a binary
mixture of MeOH and ¥ with both containing 0.1% TFA using a gradient of 88% MeOH over 55

min.



4.2. Improving the Chameleonic Properties of Cyclic Peptides Using Small

Molecule Fagments

4.2.1. Linker fragment synthesis
4.2.1.1.Synthesis of Botle(Thz}OH
Ethyl 2((1S,2S)-((tert-butoxycarbonyllamino)2-methylbutyl)thiazole-4-carboxylate (4a).

O
BocHl\i},«
/ OEt

S

Synthesis was performed in accordance to the method described HgeNi@and ceworkers!'8

PyBOP (12.0 g, 23.2 mmol, 1.05 eq.) and DIPEA (4.07 mL, 23.4 mmol, 1.06 eq) were added to a solution
of Boelle-OH (5.10 g, 22.1 mmol, 1.00 eq) in.CH2100 mL) while stirring. After 20 min, aqueous
ammonia 28% (15.7 mL, 110 mmol, 5.00 egs added, and the reaction mixture was stirred for 2 h.

The reaction mixture was filtered, and the resulting filtrate was concentrated in vacuo. The residue
was suspended in EtOAc (200 mL), filtered, and washed with saturated BIgHCIDO0 mL) and brine

(100 mL) and thendriedoverMg8® [ 6 Sad2y Qa NBI ISyd ocdun 3II mpd
to a solution of the resulting amide in &% (100 mL) while stirring at rt. After 12 h, the suspension

was filtered through a plug of celite, and the filiekavas concentrated in vacuo. The resulting residue

was dissolved in EtOAc (200 mL), washed with saturated Na3GOL00 mL) and brine (100 mL),

then dried over MgSgQfiltered, and concentrated in vacuo to afford Bisoleucine thioamide as a

yellow soid.

KHC®(1.50 g, 15.0 mmol, 1.54 eq) was charged in an arézd roundbottomed flask containing a

solution of Bodsoleucine thioamide (2.40 g, 9.70 mmol, 1.00 eq) in anh. DME (25) under argon
FGY2ALIKSNE 4 bnn c/ F2ftf 2¢S Rf26tRy-bioMcpyriRa@(LERA &S | R
mL, 12.9 mmol, 1.33 eq) in anh. DME (20 mL) while stirring. The reaction temperature was then raised

G2 bun c/ @ ! FGSNI ¢ K3I (GKS NBIFOGAZY YAEGdZNB 41 a
Subsequently, to a ated solution of the resulting residue in anh. DME (25 mL) in a rbottdomed

Ftral FG btnn ¢/ dzy RSNJ F NH2Y F0Y234LIKSNBS 61 a I RRSR
31.1 mmol, 3.21 eq) and 2|6tidine (9.00 mL, 77.5 mmol, 8.00 eq) in aDME (10 mL) dropwise. The
NEFOGA2Y GSYLISNI GdzZNB gt a GKSY NIAASR G2 bun c/ |
vacuo, and the resulting residue dissolved in EtOAc (250 mL), washed@i{BHmML), 20% citric acid

(aq) (3 x 50 mL), and bri®0 mL). The organic layer was then dried over Mg3$ltered, and



concentrated in vacuo. The crude mixture was purified by silica column chromatogragh300
EtOAc/petroleum ether) to afford the title compound. Yield: 3.91 g (10.6 mmol, 48%) dova selid.

IH NMR (600 MHz, DMS®@0 841 (s, 1H), 7.73 (d= 8.4 Hz, 1H), 4.65 (= 7.7 Hz, 1H), 4.29 (dt,

=10.8, 7.1, 3.8 Hz, 2H), 109.88 (m, 1H), 1.5 1.42 (m, 1H), 1.38 (s, 9H), 1.30J¢ 7.1 Hz, 3H),

1.28¢ 1.19 (m, 1H), 0.840.79 (m, 3H), 0.77 (=6.8 Hz, 34¥ baw OmMpm alld6s 5a{ hv
160.70, 155.65, 145.48, 128.74, 78.39, 60.61, 57.36, 38.32, 28.11, 24.50, 15.52, 14.14RM3S8.

(ESI)m/z calculated for @HsN,OsS [M+H]= 343.1692, measured = 343.1686.

2-((1S,2S)-((Tert-butoxycarbonyl)amino)2-methylbutyl)thiazole-4-carboxylic acid (4b)

O

BocHN /\N),J<
s/ oH

Synthesis was performed in accordance to the general synthetic méthodester hydrolysis from
4a (1.50 g, 15.0 mmol, 1.54 eq) Yellow solid. Yield: 220 mg (0.56 mmol,'358\R (600 MHz,
DMSOds0 12.97 (s, 1H), 8.33 (s, 1H), 7.713d,8.4 Hz, 1H), 4.65 (= 7.7 Hz, 1H), 2.031.79 (m,
1H), 1.65 1.43 (m, 1H), 1.38 (s, 9H), 1.81.20 (m, 1H), 0.83 (8= 7.2 Hz, 3H), 0.78 (d= 6.8 Hz,
3H)¥ baw oO0mMpwm all42E 162.68536.89, 146.60, 128.22, 57.31, 38.35, 28.10, 24.51,
15.51, 10.93HRMS (ESIin/z calculated for GH:2N,O:S [M+H}= 315.1379, measured = 315.1374.

4.2.1.2.Synthesis of dipeptides with pyridine and PNO fragments derived fromanginopicolinic acid

Methyl 6-aminopimlinate (15).

SOCI(5.25 mL, 72.4 mmol, 2.00 eq) was added dropwise to a suspensicami@picolinic acid

(5.00 g, 36.2 mmol, 1.00 eq) in MeOH (100 ml) at 0 °C and the reaction was heated at reflux to form a
solution which was stirred overnight. The solution was allowed to cool to room temperature, and the

excess solvent was removed under reduced pressure. The residue was dissolvgtbiandivashed

with NaHC@ The aqueous layer was extracted with,CH30 ml x 2) The combined organic layer

was dried over MgSO filtered, and concentrated under reduced pressure to afford the title
compound. Yield: 4.79 g (31.5 umol, 87%) as a white $BlilMR (400 MHz, DMS@)+* T ®pm 00 =
1H), 7.33¢ 7.13 (m, 1H), 6.65 (d;= 8.3 Hz, 1H), 6.28 (s, 2H), 3.79J@,0.6 Hz, 3H}3C NMR (101

MHz, DMS@lg) 4 MphpdPcyEI mMnpdTnI ™o THRES ESI)wamocaldulatgd>for M M H @ H N
GHsN2O, [M+H] = 153.0664, measured = 153.@5



2-Amino-6-(methoxycarbonyl)pyridine 1oxide (16).

Synthesized according to the general synthetic methodor N-oxide synthesisusing m-
Chloroperoxybenzoic acid (5.48 g, 31.73 mmol, 1.01259%.78 g, 31.42 mmol, 100eq). Yield: 2.77
g (16.5 mmol, 52%) as a white solld NMR (400 MHz, DMS@)+ T @ HJy 8.5 Rz, 1H), 6.98
(dd,J=8.5, 1.7 Hz, 1H), 6.86 (dé 7.5, 1.8 Hz, 1H), 3.85 (& 0.6 Hz, 3H}*C NMR (101 MHOMSG
ds0 162.28, 151.32, 139.63, 128.51, 111.29, 111.16, 5HBMS (ESIin/z calculated for @N,Os
[M+H]'= 169.0613 , measured169.0608.

2-((2S,3SP-((tert-butoxycarbonyllamino)3-methylpentanamido}6-(methoxycarbonyl)pyridine 1
oxide (17).

0%
BocHN s o~
0 —

DIPEA (11.1 mL g, 64.23mmol, 4.00 eq) was added dropwise to a soluti®(2of0 g, 16.06 mmol,
1.00 eq), and PyBOP (16.7 g, 32.11 mmol, 2.00 eq»EbCHO mL) at O °C. The reaction mixture was
allowed to warm up to room temperature while stirring. After 16 h, the crude mixture was washed
with NaHC®and brine and then dried ovéMgSQ. The solvent was removed under reduced pressure,
and the crude mixture was purified by silica column chromatographB(@s6 EtOAc/petroleum ether)
afford the title compound. Yield: 5.52 g (14.7 mmol, 90%) as a white $aliNMR (500 MHz, DMSO
d)t MNPT ¢ 0O AJE 8.¥HZNLH), HOSE=18.0 dzR1H), 7.78 (dik 7.6, 0.9 Hz, 1H), 7.01 (d,
J=8.6 Hz, 1H), 4.13 = 8.1 Hz, 1H), 3.88 (s, 3H), 185.73 (m, 1H), 1.54 1.43 (m, 1H), 1.37 (s,
9H), 1.29 (s, 1H), 1.15 (dt 13.3 8.1 Hz, 1H), 0.86 (@ 6.9 Hz, 3H), 0.82 (= 7.4 Hz, 3H¥C NMR
(126 MHz, DMSO) wMcndypx wmMppdPnyZ MpMPymMZ mMnpdPymMZI MOQPPT
36.22, 28.21, 24.51, 15.33, 10.B®RMS (ESIMm/z calculated for eHsNsOs [M+H] = 382.1978,
measured 382.1966.



Methyl 6-((2S,3SP-((tert-butoxycarbonyl)aminoj3-methylpentanamido)picolinate (18).

BocHN B o~
0 =

Bis(pinacolato)diboron (2.50 g, 9.83mmol, 1.50 eq) was added to a cooled soluti@i?a50 g, 6.55
mmol, 1.00 eq) in Ci€L (100 mL) at 0 °C while stirring. After 7 h, the excess solvent was removed in
vacuo, and the residue was dissolved in EtOAc, washed with brine then dried over. Mig&6blvent

was removed under reduced pressure, and the crude mextwas purified by silica column
chromatography (630% EtOAc/petroleum ether) afford the title compound. Yield: 2.39 g (6.54 mmol,
99%) as a white solidH NMR (500 MHz, DMS@®)* M n ®T7 ¢ 0 aJ= 8.BMzplH), %#9® @ H O RZX
= 8.0 Hz, 1H), 7.78d, J= 7.6, 0.9 Hz, 1H), 6.98 (& 8.6 Hz, 1H), 4.13 (t= 8.3 Hz, 1H), 3.88 (s, 3H),
1.77 (9= 7.9 Hz, 1H), 1.561.42 (m, 1H), 1.37 (s, 9H), 1.49.13 (m, 1H), 0.86 (d= 6.8 Hz, 3H),
0.82 (t,J= 7.4 Hz, 3H}3*C NMR (126 MHz, DMSO) w~88,H68B.29, 155.92, 152.25, 146.28, 140.12,
120.90, 117.85, 81.83, 78.57, 73.98, 59.84, 52.82, 36.70, 28.65, 25.41, 24.95, 15.7TARNMIRLYESI)

m/z calculated for GH»7NsOs [M+H] = 366.2023, measured366.2024.

6-((2S,3SP-((Tert-butoxycarbonyl)anino)-3-methylpentanamido)picolinic acid (19).

BocHN ‘ X OH
(¢] =

Synthesis was performed in accordance to the general synthetic méthiodester hydrolysis from

18(2.390 g, 6.54 mmol, 1.00 eq), 1.54 eq). Yield: 1.94 g (5.52 mmol, 84%)hite solid.*H NMR

(500 MHz, DMS@)t Mo ®HCc 6 A& M| 0 J=8BiHH THY, 7.6550% 7.0z, AH), 7y¥3PHyYy O R
(d,J= 7.4 Hz, 1H), 7.01 (@= 8.5 Hz, 1H), 4.12 @7 8.3 Hz, 1H), 1.77 (p= 7.9, 6.8 Hz, 1H), 1.56

1.41 (m, 1H), 1.37 (s, 9H), 123.12 (m, 1H), 0.861(J= 6.8 Hz, 3H), 0.81 (= 7.4 Hz, 3H}3C NMR

(126 MHz, DMSO) MTH®PHY Z wMcpdPynz wmppPodpE mMpmMPpniEI wmMnc Py
36.11, 28.09, 24.41, 15.22, 10.MRMS (ESIn/z calculated for GHxsN:Os [M+H] = 352.1872,

measured 352.1865.



2-((2S,3SP-((Tert-butoxycarbonyl)amino)3-methylpentanamido}6-carboxypyridine toxide (20).

{ R
BocHN ‘ N OH
(¢} Z

Compoundl? (3.20 g, 8.39 mmol, 1.00 eq) was added to a 0.5M solution of LiOH in THF: M€DH: H

(4: 1: 1; 30 mLn an ice bath. The reaction temperature was allowed to rise to room temperature

while stirring. After 2 h, the excess solvent was removed in vacuo, and the reaction pH was lowered

to 5 using 0.1M HCI followed by extraction with,CH(3 x 30 mL). The cdymned organic layer was

dried over MgS@ filtered, and dried over high vacuum to afford the title compound. Yield: 2.80 g

(7.62 mmol, 91%) as a white sofitl NMR (500 MHz, DMS@)! wMn ®T1n 6 a d=8w| 10X y ®dc ™
Hz, 1H), 7.99 (dd= 7.9, 1.Hz, 1H), 7.87 (1= 8.2 Hz, 1H), 7.44 (@ 7.6 Hz, 1H), 4.31 (= 7.4 Hz,

1H), 1.87 (dttJ)= 14.6, 11.0, 5.4 Hz, 1H), 16T1.42 (m, 1H), 1.39 (s, 9H), 186.18 (m, 1H), 0.89 (d,

J= 6.8 Hz, 1H), 0.82 (t= 7.4 Hz, 3H}3C NMR (126 MHz, DNIB{ MTH®HPTZI MC MPH PZ Mp
135.50, 132.94, 122.26, 119.43, 79.11, 60.40, 36.30, 28.62, 24.81, 15.78, HRMS. (ESIm/z

calculated for @HxsNz:Os [M+H]"= 368.1822, measured368.1816.

4.2.1.3.Synthesis of analogues of cyclic peptide 1 witlf@@ninomethyl)picolinic acid derived linkers

Dimethyl pyridine2,6-dicarboxylate (24).

Thionyl chloride (5.52 mL, 76.1 mmol, 1.20 eq) was added dropwise to a suspension of isophthalic acid

(10.6 g, 63.4 mmol, 1.00 eq) in MeOH (10D) at 0 °C and the reaction temperature was heated at

reflux while stirring. After 16 h, the excess solvent was removed in vacuo. The residue was dissolved

in CHCL (50 mL), washed with NaHg&and brine, then dried over MgSQollowed by concentration

in vacuo. The product was used in the subsequent step without any further purification. Yield: 10.4 g

(53.3 mmol, 84%) as a white softth NMR (500 MHz, DMS@) +  y d817% (m, 2H), 8.65 (dd=

8.4, 7.1 Hz, 1H), 4.40 (s, 6MC NMR (126 MHz, DMS®) HMp ®y pE MTpdnns Mpy O
62.59.HRMS (ESIin/z calculated for gHNO, [M+H] = 196.0610, measuredt96.0604.



Methyl 6-(chloromethyl)picolinate (25).

Sodium borohydride (2.71 g, 71.7 mmol, 1.40 eq) wited portion wise to a solution &4 (10.0 g,

51.2 mmol, 1.00 eq) in MeOH (100 mL) in a flairied roundbottomed flask under argon
atmosphere at 0 °C. The ice bath was removed, and the temperature was allowed to rise. After 30
minutes following observatn of effervescence, the reaction pH was lowered to 6 by dropwise
addition of 0.1 M HGInd the excess MeOH was removed under reduced pressure. The resulting
agueous solution was extracted with €H (50 mL x 3), and the combined organic layer was dried
over MgS@ followed by concentration in vacuo. The intermediate was suspended in MeOH (100 mL)
at 0 °C followed by dropwise addition of SQ6152 mL, 76.1 mmol, 1.20 eq). The reaction mixture
was heated at reflux and stirred overnight. The excess sbWwags removed in vacuo, and the residue
was dissolved in GAL (50 mL), washed with NaH&&anhd brine, then dried over Mg@Jollowed by
concentration in vacuo. The crude product was purified by silica column chromatogragH300
EtOAc/Petroleum eth@rto afford the title compound. Yield: 6.30 g (33.9 mmol, 66 %) as a white solid.
IH NMR (500 MHz, DMS®){  y cdv9® (m, 1H), 7.92 (dd= 7.8, 1.1 Hz, 1H), 7.73 (d&; 7.8, 1.1

Hz, 1H), 4.61 (s, 2H), 3.87 (s, 3f0.NMR (126 MHz, DMS®©) [' 3y t6@.85H146.32, 138.21,
123.95, 123.09, 63.89, 52.ARMS (ESlin/z calculated for g-CINQ [M+H]'= 186.0316, measured
=186.0316.

Methyl 6-(azidomethyl)picolinate (26).

To a solution oR5 (6.6 g, 35.5 mmol, 1.00g¢ in DMF (50 mL) in an owenied flask under argon
atmosphere was added Nal.18 g, 42.7 mmol, 1.20 eq) portion wise while stirring and the reaction
temperature was raised to 90 °C. After 16 h, the reaction was quenched by ad@n@®mL) and
stirred for a further 10 min. The excess DMF was removed under high vacuum, and the crude product
was dissolved in GBb (50 mL), washed with brine and dried over MgSdd concentrated in vacuo
followed by purification by silica column chromatography, @%EtOAc/Petroleum ether) to afford

the title compound. Yield: 6.50 g (33.8 mmol, 95 %) as a white $dliNMR (700 MHz, DMS@®)

8.04 (t,J= 7.7 Hz, 1H), 8.01 (d# 7.8, 1.3 Hz, 1H), 7.69 (di&; 7.5, 1.3 Hz, 1H), 4.63 (s, 2H), 3.89 (s,



3H).3C NMR (176 MHz, DMSG) I mMcp®nnX MpPpCPHTI MNTPOMI MOy DT «
HRMS (ESk/z calculated for gHsN4O, [M+H] = 193.0720, measured:93.0718.

Methyl 6-(((2S,3SP-((tert-butoxycarbonyl)aminoj3-methylpentanamido)methyl)picolinatg(27).

X
P o
~
BocHN N ~
O (0]

A 100 mL roungbottomed flask under argon atmosphere was charged with 10% Pd/C (3.60 g, 3.38

mmol, 0.10 eq), followed by three evacuation and argon refill cycles. The catalyst was then suspended
in MeOH (30 ml) and chged with a solution 026 (6.50 g, 33.8 mmol, 1.00 eq) in a minimum amount

of MeOH required for complete dissolution, followed by three evacuation ancefill cycles. The
reaction mixture was charged with 36% HCI (8.70 mL, 101 mmol, 3.00 eq) whitbg stirdier H, then
checked by LCMS. After 48 h, the suspension was filtered using a bed of celite, concentrated in vacuo,
and the intermediate was dissolved in £LH(100 mL). The flask was then charged with-B&©H

(11.7 g, 50.6 mmol, 1.50 eq), PyB@®4 g, 50.74 mmol, 1.50 eq) and DIPEA (17.7 ml, 101 mmol, 3.00
eq). Extra Cibwas added as necessary for complete dissolution while stirring. After 16h, the organic
phase was washed with citric acid, saturated Nakl@@d brine, then dried over MgS@nd
concentrated in vacuoThe crude product was purified by silica column chromatography 30%

EtOAc in petroleum ether). Yield: 5.63 g (1.48 mmol, 41%) as-ahitéf solid. *H NMR (500 MHz,
DMSQOde) 1y ®p=dp.0 Bz} BH), 7.92 (@ 4.4 Hz, B), 7.55 (t)= 4.5 Hz, 1H), 6.83 (@ 8.6 Hz,

1H), 4.42 (tJ= 5.7 Hz, 1H), 3.88 (s, 3H), 1<7B.61 (M, 1H), 1.47 1.41 (m, 1H), 1.40 (s, 9H), 182

1.03 (m, 1H), 0.82 (dd= 8.3, 6.7 Hz, 6HYC NMR (126 MHz, DMSO) MT H ®n ¢pX mMB6&;Cc P wmp
147.23, 138.36, 124.95, 123.60, 78.51, 59.53, 52.84, 44.51, 36.46, 28.66, 25.01, 15.93JRMS8.
(ESI)m/z calculated for €HxoNsOs [M+H] = 380.2185, measured380.2177.

6-(((2S,3SP-((Tertbutoxycarbonyl)aminoj3-methylpentanamido)methyl)peolinic acid (28).

X
H ‘ OH
~
BocHN N
(0] (0]

Synthesized according to the general synthetic metkdéok methyl ester hydrolysis fror@7 (2.40 g,
6.32 mmol, 1.00 eq) was added to a 0.5M solution of LIOH in THF: MeOH4H:1; 30 mL). Yield:
2.20g (6.04 mmol, 95%)H NMR (500 MHz, DMS@)1 y ®dc 06 @778 (m) 261)L7.48 @da m
=7.1, 1.6 Hz, 1H), 7.17 (s, 1H), 43228 (m, 2H), 3.82 (§= 8.3 Hz, 1H), 1.781.67 (m, 1H), 1.5¢
1.40 (m, 1H), 1.34 (s, 9H), 14.9.04 (m, 1H), 0.79 (dd= 8.7, 6.6 Hz, 6H}*C NMR (126 M DMSO)




1 ' MTOPPTI MTHPMHI McCcDPYHI MppdcyS MOTODPPPSE MOT
24.67, 15.51, 10.93HRMS (ESI)n/z calculated for @HxoN:Os [M+H] = 396.2135, measured =
366.2026.

2-(((2S,3SP-((Tertbutoxycarbonyl)aminoj3-methylpentanamido)methyl}6-

(methoxycarbonyl)pyridine oxide (29).

A
N o
BocHN N* ~
O o O

Synthesized according to the general synthetic methodor N-oxide synthesisusing m-
Chloroperoxybenzoic acid (0.510 g, 2.96 mmol, 1.0225()1.10 g, 20 mmol, 1.00 eq). Yield: 0.945

g (2.39 mmol, 82%) as a white soltth NMR (500 MHz, DMS@)+ y ®$=r6.0 Hzj IH), 7.63 (dd,

J=7.8, 2.0 Hz, 1H), 7.50 (& 5.9 Hz, 1H), 7.37 &= 7.9 Hz, 1H), 7.00 (@ 8.1 Hz, 1H), 4.41 (dik

17.6, 6.2 Hz, 1H), 4.29 (dbk 17.7, 5.8 Hz, 1H), 3.87 (s, 3H), 3.81t8.0 Hz, 1H), 1.771.67 (m,

1H), 1.55¢ 1.41 (m, 1H), 1.40 (s, 9H), 1£0.06 (m, 1H), 0.82 (8= 7.2 Hz, 6H}*C NMR (126 MHz,

DMSOY I MTHPpPI McHPOOI MpPpPPYMI MONPPHTI MnMPCcMI M
35.57, 29.61, 28.20, 24.96, 24.68, 15.48 8T0HRMS (ESIjn/z calculated for @HxgN3zOs [M+H] =

396.2135, measured 396.2129.

2-(((2S,3SP-((tert-butoxycarbonyl)aminoj3-methylpentanamido)methyl}6-carboxypyridine 1
oxide (30).

A
R A on
BocHN N*
(e} O O

Synthesized according to the gaal synthetic method for methyl ester hydrolysis fror29 (0.900 g,

2.28 mmol, 1.00 eq). Yield: 0.451 mg (1.18 mmol, 52%) as a white'sldNiiR (500 MHz, DMS@®)

I MHPPM 0&X MIOVI yodnc 64X W I' c A6 HzIIH), 7M1 E= T ®dy n
7.6 Hz, 1H), 6.74 (d, J = 8.9 Hz, 1H), ¢4:82 (m, 2H), 3.82 (t, J = 8.2 Hz, 1H), £.IH3 (m, 1H),

1.37 (s, 9H), 1.08 (dtd, J = 13.4, 8.6, 8.1, 5.7 Hz, 1H), 0.79 (t, J = 7.5%fC NHIR (126 MHz, DMSO)

1 I' ™M T H79@556.87, M@.50, 132.17, 128.88, 128.67, 128.19, 78.44, 59.36, 42.19, 28.64, 24.90,
15.91, 11.41HRMS (ESIin/z calculated for @H>7NzOs [M+H]'= 382.1973, measured382.1973.




4.2.1.4.Synthesis of Sanguinamide A analogues with(62aminopyridin-2-yl)acetic acid and

corresponding PNO aromatic linkers

Tert-butyl (6-methylpyridin-2-yl)carbamate (34).

BocHN N
‘ N
T\j

N,N-Dimethylpyridind-amine (5.65 g, 46.2 mmol, 1.00 eq) was added to a solutiomutylpyridin

2-amine (5.00 g, 46.2 mmdl,00 eq) and Be® in tBuOH (50 mL) at rt. while stirring, and the reaction
temperature was raised to 50 °C. After 16 h, the reaction temperature was lowered to room
temperature and the solvent was removed under reduced pressure. The residue was diseolved
EtOAc (50 mL) and washed with a saturated solution of Na&i@®rine. The organic layer was dried

over MgS®@and concentrated in vacud.he crude oil was purified by silica column chromatography

(0 ¢ 5% EtOAc/Petroleum ether) to afford the title cpound. Yield: 4.47 g (21.5 mmol, 46%) as a
white solid.*H NMR (500 MHz, DMS®)* ¢ ®p T 6 @723 (m) 2B1)£7.0T 679 (m, 1H), 2.35

(s, 3H), 1.45 (s, 9H}*C NMR (126 MHz, DMSO) Mpc ®ons MPH®PTY X mMpMPyns
79.36, 28.03, 23.65HRMS (ESIm/z calculated for GHigN.O, [M+H] = 209.1285, measured =
209.1285.

Ethyl 2(6-((tert-butoxycarbonyllamino)pyridinr2-yl)acetate (35).

BocHN N\ o _-

= O

LDA (2M, 23.6mL, 47.3 mmol, 4.00 eq) was added dropwise to a cooled soludérds0 g, 11.8

mmol, 1.00 edjin anh. THF (20 mL) at8 °C whilestirring. After 30 min, diethyl carbonate (2.86 ml,

23.6 mmol, 2.00 eq) was added dropwise and stirred for a further 10 minutes. The temperature was
raised to 0 °C. After 2 h, the reaction was quenched with saturate€Ndlution and extracted with

EtOA (30 mL x 3), and the combined organic layer was dried over MgSO4 and concentrated in vacuo
to give the crude product as a yellow oil which was purified by silica column chromatogragig40
EtOAc/petroleum ether) afford the title compound. Yield: 2.5@.§8 mmol, 74 %) as a yellow il.

NMR (500 MHz, DMS@){ P T M 6 @750 (mn) 2b)£6.97 (@dM.8, 3.5 Hz, 1H), 4.07 (&

7.1 Hz, 2H), 3.71 (s, 2H), 1.45 (s, 9H), 1.17=(f.1 Hz, 3H}*C NMR (126 MHz, DMSO) MT 1 ®HY ¥

152.97, 152.80, 152.02, 138.54, 118.35, 110.68, 79.45, 60.36, 42.82, 28.094RMS (ESIn/z
calculated for GHoN,Os [M+H] = 281.1496, measured281.1495.

M



2-((tert-butoxycarbonyllamino)6-(2-ethoxy-2-oxoethyl)pyridine toxide (36).

+
BocHN N o _~

mCPBA (1.82 g, 10.53 mmol, 1.00 eq) was added edutian of 35(2.46 g, 8.78 mmol, 1.00 eq) in a
minimum amount of C¥Ch required for dissolutionin an ice bath. The reaction temperature was
allowed to rise to room temperature. After 7 h, excess@hwas blown off under a stream of argon
and the soltion was purified by silica column chromatography¢(80% EtOAc/petroleum ether)
afford the title compound. Yield: 2.44 g (8.23 mmol, 94%) as a yelldW dIMR (500 MHz, DMSO
d)! ddPon 6aszI=85 0D Hz Ibiip 241 ¢RBRIHz, 1H), 7.24 (ddiE 7.8, 1.9 Hz, 1H),
4.07 (q,J= 7.0 Hz, 2H), 3.89 (s, 2H), 1.50 (s, 9H), 1.1% (f,1 Hz, 3HFC NMR (126 MHz, DMSO)
168.86, 151.52, 144.20, 143.83, 127.08, 130111.91, 82.19, 60.87, 37.34, 28.18, 14FRBMS (ESI)
m/z calculated for GHzoNOs [M+H] = 297.1445, measured297.1446.

2-((2S,3SP-((Tert-butoxycarbonyl)amino)3-methylpentanamido}6-(2-ethoxy-2-oxoethypyridine
1-oxide (37).

A roundbottomed flask containin®6 (2.44 g, 8.23 mmol, 1.00 eq) in an ice bath was charged with
30% TFA/CIEEL (30 ml, 119.34 mmol, 15.0 edjopwise. The reaction temperature was allowed to
rise to room temperature while stirring. Aftédrh, the volatiles were removed under a stream of argon
and subsequently in vacuo. The residue was dissolved-ObC3 mL), and the flask was placed in an
ice bath followed by the addition of DIPEA (8.60 mL, 49.4 mmol, 6.00 eg)eEdd (3.81 g, 186
mmol, 2.00 eq), and PyBOP (8.57 g, 16.46 mmol, 2.00helg) stirring and the reaction temperature
was allowed to rise to room temperature. After 16 h, the solution was washed with NaHCGZ3, NH
and brine. The organic phase was dried over Mg&@d concentrated in vacuo to give the crude
product as a yellow oil which was purified by silica column chromatograph$Q@ EtOAc/petroleum
ether) to afford the title compound. Yield: 3.03 g (7.41 mmol, 90%) as a yellé/NMR (500 MHz,
DMSOde)t M ®dc M 0 & I=8b) 10 Hz, yHp 7.54 (Wb Rz, 1H), 7.41 (= 8.1 Hz, 1H),
7.29 (ddJ= 7.8, 1.9 Hz, 1H), 4.£6.00 (m, 3H), 3.89 (s, 2H), 164.40 (m, 1H), 1.38 (s, 9H), 1.83
1.24 (m, 1H), 1.22 (ddd= 13.7, 6.8, 2.5 1H), 1.16 ()= 7.1 Hz, 3H), 0.87 (@ 6.9 Hz, 3H), 0.82
(t,J=7.4 Hz, 3H)®)C NMR (126 MHzZ,DMSO) MTH®MT X Mcy dycI Mpc PoHXZ

Mnn g



113.26, 79.09, 60.84, 37.43, 36.32, 28.67, 28.62, 24.97, 15.88, 14.56, 14.51, 16ZBIRNIS (ESI)
m/z calculated for eHsi1NsOs [M+H] = 410.2291, measured440.2283.

Ethyl 2(6-((2S,3SP-((tert-butoxycarbonyl)aminoj3-methylpentanamido)pyridin2-yl)acetate (38).

Synthesized according to the method foompound 18 using 37 (3.25 g, 7.93 mmol, 1.00 eq)
Bis(pinacolato)diboron (3.02 g, 11.9 mmol, 1.50 eq). Yield: 2.70 g (6.85 mmol, 86%) as a y&tow oil.

NMR (500 MHz, DMS@)+ Mn ®o T 06 &4JE 8.4HzP1H), 7S @Fy7.9 BZARTH), 7.07 (dik

7.5, 0.8 Hz, 1H), 6.98 (@ 8.6 Hz, 1H), 4.09 (qik 7.1, 1.3 Hz, 3H), 3.76 (s, 2H), L8563 (m, 1H),

1.55¢ 1.41 (m, 1H), 1.37 (s, 9H), 1.83.23 (m, 1H), 1.17d, J= 6.4 Hz, 3H), 0.84 (dz 6.8 Hz, 3H),

0.81 (t,J= 7.4 Hz, 3H)**C NMR (126 MHz, DMSO) MTH®nnZX MT AN ®dc hZ Mpp PPMI W
120.06, 112.20, 83.32, 78.53, 60.86, 43.27, 36.69, 28.65, 25.30, 24.96, 15.78, 14.5HRMSZESI)

m/z calculated for eHsiNsOs [M+H] = 394.2336, measured394.2334.

Ethyl 2(6-((2S,3SP-((tert-butoxycarbonyllamino)3-methylpentanamido)pyridin2-yl)acetate (39).

H
N N H
BocHN ‘ N ©
(0] = O

Synthesized according to the general synthetic metkddr ester hydrolysis fron38 (2.90 g, 6.84

mmol, 1.00 eq)Yield:2.40g (6.57 mmol96%) as avhite solid.'H NMR (700 MHz, DMS@)1 mn ®o m

(s, 1H), 7.88 (dl= 8.3 Hz, 1H), 7.68 (t= 7.9 Hz, 1H), 7.0116.93 (m, 2H), 4.1& 4.04 (m, 1H), 3.69 (s,

2H), 1.76 (dJ= 8.3 Hz, 1H), 1.561.42 (m, 1H), 1.38 (s, 9H), 1.15 (B#,15.0, 7.7 Hz, 1H), 0.85 {c;

6.8 Hz, 3H), 0.82 (3= 7.4 Hz, 3H}3C NMR (176 MHz, DMS®) ' MTH ®My X mMpcdPyc I M
139.21, 119.22, 110.92, 78.55, 59.94, 43.50, 36.76, 28.66, 24.98, 15.79, HRI8S (ESIMm/z

calculated for GH7NsOs [M+H] = 366.2029, measured = 366.2023.



2-((2S,3SP-((Tat-butoxycarbonyl)amino)3-methylpentanamido}6-(carboxymethyl)pyridine 1
oxide (40).

K Ne o
BocHN ‘ N
(0] Pz o

Synthesized according to the general synthetic metkddr ester hydrolysis fron87 (3.24 g, 7.93

mmol, 1.00 eq) in 4:1:1 ar@5M soldion of LiOH in THF: MeOHi(H(4:1:150mL) Yield:1.31g(3.42

mmol, 43%) as avhite solid.'H NMR (500 MHz, DMS&f0) & MH®po o06a3x M|l WZ wmMndco
8.4, 1.9 Hz, 1H), 7.54 @ 7.8 Hz, 1H), 7.40 (= 8.1 Hz, 1H), 7.28 (d#t 7.9, 1.9 Hz, 1H), 4.11Jt

7.3 Hz, 1H), 3.83 (s, 2H), 196.82 (m, 1H), 1.501.40 (m, 1H), 1.38 (s, 9H), 131.16 (m, 1H), 0.87
(d,J=6.8 Hz, 3H), 0.850.79 (M, 3H)¥ baw 6émuHc all X 5a{ho + I mMToO®cC]
144.37, 126.41, 120.71, 112.66, 78.00, 58.12, 37.09, 35.91, 28.24, 24.52, 15.46HRMISB.(ESI)

m/z calculated for &H7NsOs [M+H] =382.1978, measured = 382.1973.

4.2.1.5.Synthesis of cyclic peptide analogues of Sanguinamide A containing a phenyl spacer.

3-(Aminomethyl)benzoic acid (44).

(0]
HzN“Q)%H

A 100 mL roungbottomed flask under argon atmosphere was charged witko1®d/C (0.72 g, 0.68

mmol, 0.10 eq) followed by three evacuation and argon refill cycles. The catalyst was then suspended

in MeOH (30 mL) and charged with a solution-aff@nobenzoic aciflL.00 g, 6.80 mmol, 1.00 eq) in a

minimum amount of MeOH requiredif complete dissolution followed by three evacuation and H

refill cycles. The reaction mixture was charged with 37% HCI (2.00 mL, 20.4 mmol, 3.00 eq) while
stirring under H. After 16 h, the suspension was filtered using a bed a celite concentratedua.vac

The intermediate was purified by reverse phase flash column chromatograph8Q@ MeOH with

both eluents containing 0.1% TFA). Yield: 5.36 g (6.05 mmol, 42%) as a whitel $¢litR (700 MHz,

DMSOde)t Mo dmMn 6a3 Ml 0Z y Opl7.8HzIIH)H7L76 @ 7y Bz12pl), D54S M1 0 3
(t, J= 7.7 Hz, 1H), 4.09 (s, 2H).NMR (700 MHz, DMS@)* Mo ®mn 64X mIl 00X y dpp 0O
7.93 (d,J= 7.8 Hz, 1H), 7.76 (@7 7.7 Hz2H), 7.54 (tJ= 7.7 Hz, 1H), 4.09 (s, 2HRMS (ESIjn/z

calculated for NG, [M+H] = 152.0712, measured = 152.0703.



3-(((((9HFluoren9-y)methoxy)carbonyl)amino)methyl)benzoic acid (47).

O

FmocHN/\Q)kOH

Prepared using the gendraynthetic methodnm for Fmoeprotection from44 (0.985 mg, 6.65 mmol,

1.00 eq), Fmo©Su (2.64 g, 7.82 mmol, 1.20 eq) and NaH{C@0 g, 13.0 mmol, 2.00 eq). Yield: 500

mg (13.4 mmol, 21%) as a white solith NMR (500 MHz, DMS@){ MH ®cpp &I Z9(ml 0T y
5H), 7.70 (dJ= 7.5 Hz, 2H), 7.497.27 (m, 6H), 4.34 (d= 7.0 Hz, 2H), 4.294.08 (m, 3H)**C NMR

(126 MHz,DMSQ) I' McT®TnX MpCcPYHI Mnnd®ooIX MANMPHHI mMnAad
128.09, 127.54125.63, 120.60, 65.92, 47.21, 43.8RMS(ESI)m/z calculated for &HigNQ; [M+H]

= 374.1387 measured3741387.

3-((((9HFluoren9-yl)methoxy)carbonyl)amino)benzoic acid (48).

(0]

F HN
moc \©)koH

Prepared using the general synthetic met m for Fmogorotection from 3aminobenzoic acid (2.00

g, 14.6 mmol, 1.00 eq), NaH{®@.45 g, 29.16 mmol, 2.00 eq) Frro&u (5.90 g, 17.5 mmol, 1.20 eq).

Yield: 3.23 g (8.98 mmol, 62%) as a white soltd NMR (700 MHz, DMS@)*{ MH ®po dsa X ml 0 X
1H), 8.13 (s, 1H), 7.947.88 (m, 2H), 7.76 (d, J = 7.5 Hz, 2H), 7.68 (s, 1H), 7.57 (dt, J = 7.7, 1.3 Hz, 1H),
7.43 (t, J = 7.5 Hz, 2H), 7.40 (t, 1H), 7.36 (td, J = 7.4, 1.1 Hz, 2H), 4.50 (d, J = 6.8 Hz, 2H), 4.32 (t, J = 6.7
Hz, 1H)®C NMR (176 MHDMSO) Mc T ®cMZ Mpo dy pZ MpodymMZI MnndPHMZ
128.18, 127.61, 125.62, 123.79, 122.85, 120.68, 119.44, 66.16, LRMFESI)m/z calculated for

GoHi/NQi [M+Na] = Exact Mass: 382.%0, measured 38200

2-(3-((((9Hfluoren-9-yl)methoxy)carbonyl)amino)phenyl)acetic acid (49).

FmocHN OH
oY

Prepared using the general synthetic methadfor Fmoeprotection from 2(3-aminophenyl)acetic

acid (570 mg, 3.77 mmol, 1.00 eq), Fr@Bu (4.53 g, 4.52 mmol, 1.20 eqii&aHCE(634 mg, 7.54

mmol, 2.00 eq). Yield: 1.35 g (6.62 mmol, 96%) as a white 3dliNMR (700 MHz, DMS@)!1 G PT ™

(s, 1H), 7.90 (dI= 7.5 Hz, 2H), 7.75 (@ 7.5 Hz, 2H), 7.43 (= 7.4 Hz, 2H), 7.39 (s, 1H), 7.35 td,

7.4, 1.1 Hz, 3H), 7.20 & 8.0 Hz, 1H), 6.88 (@ 7.5 Hz, 1H), 4.45 (= 6.9 Hz, 2H), 4.30 (= 6.8

Hz, 1H), 3.49 (s, 2HC NMR (176 MHz, DMSO) MTH ®cp X MpodPny s mMnodynzI m



128.71, 127.79, 127.22, 125.23, 123.68, 120.25, 119.24, 118.17, 116.75, 65.6 HRBISEESI)n/z
calculated for &HigNQ, [M+H] = 374.187, measured 374.1386

4.2.2. Cyclic peptie synthesis
NH-Thz(lle}Ala-Phe-Pro-lle-Pro-Rink (E1).

Polystyrene resin with a-€TC linker (1.88 g, loading 1.6 mmol/g) was activated according to the
general synthetic method, and then loaded with FmeBro-OH (4.05 g, 12.0 mmol, 4.00 eq.) and
DIPEA(4.180 mL, 24.0 mmol, 8.00 eq) in anh..CiH10 mL) and according to general synthetic
methodj on a 3.00 mmol scale and shaken for 2 h. The aminoacyl resin was then washed@ith CH
(10 mL x 4 x 30 s). The resin was shaken i@lZMeOH/ DIPEA (8@5:15, 10 mL). After 30 min, the
capped aminoacyl resin was washed with DMF (10 mL x 4 x 3G:&},(OHmML x 4 x 30 s),,6t(10

mL x 1 x 1 min) and dried under high vacuum followed by spectroscopic quantification of the actual
resin loading by Fmoc edse. Synthesis of linear NFhz(lle)AlaPheProlle-ProOH E1 on solid

phase was performed according to general synthetic methedding with Fmoc deprotection.

Compound 1.

Synthesized according to the method refsat by Nielsen and eworkersi®®!1  mnan >Y2f | £ Alj ¢
peptidyl resinE1lwas shaken with a solution of 463.0 mg, 0.20 mmol, 2.00 eq.), DIPEA (70.0 pL, 402

pmol, 4.02 eq) and PyBOP (104 mg, 200 pmol, 2.00 eq) in DMF (2.00 mL) at room temperature for 16

h. The peptlyl resin was washed with DMF (2.00 mL x 4 x 1 minCQR.00 mLx 4 x 1 min), and

EtO (2.00 mL x 1 x 1 min), and then dried under high vacuum. The peptide was cleaved off resin by

shaking with a solution of (1:4: TR2:CE, 4.00 ml. over one hour aroom temperature.

The volatiles were removed in vacuo and the residue was dissol&d@b (200 mL) followed by the
addition of DIPEA (140.0 pL, 804 mmol, 8.04 eq), and PyBOP (104 mg, 200 pmol, 2.00 eq) while stirring.
After 16 h, the solvent was remwed in vacuo and the residue wdssolved in BED/MeCN (1:1, 2.50

mL) and then lyophilized.



The peptide was purified on an Infinity II-MS system (Agilent Technologies, USA) equipped with a
MHP YY E HM YY =Nagel C1& Gravigy lcadlufis Blii &t 20 mL/min with a binary
mixture of MeCN and # with both containing 0.1% TFA using a gradient of 19%% MeCN over

60 min. Yield: 62.0 mg (85.9 umol, 8684RMS ESh/z calculated for EHsiN;OsS [M+H}: 722.3694,
measured: 722.3691.

Compoundl Assigned'H and**C NMR signals in DM$I®

Entry Residue Atom 1 18C (ppm) 1 IH (ppm), mult. Jin Hz)
1. | llel NH 8.50 (d,J= 7.6 Hz, 1H)
2. h /1 55.04 5.06 (ddJ=7.4, 6.3 Hz, 1H)
3. il 40.40 1.7101
4. I Mh || 24.98 1.11¢ 1.03 (m, 1H), 1.421.35 (m, 1H)
5. IHAI]1471 0.69 (d,J= 6.8 Hz, 3H)
6. /gl 10.20 0.81(t, J= 7.4 Hz, 3H)
7. | Thz Cc=0 159.36
8. Cc2 168.25
9. CH(3) | 124.21 8.27 (s, 1H)
10. C4 147.82
11. | Ala2 NH - 8.01 (d,J=7.0 Hz, 1H)
12. Cc=0 170.57 -
13. h/ 1 |48.08 4.65 (p,J= 6.5 Hz, 1H)
14. i/l 18.14 1.28 (d,J=6.5 Hz, 3H)
15. | Phe3 NH - 9.05 (d,J=1.6 K, 1H)
16 C=0 169.05 -
17. h /] 53.61 4.15¢4.10 (m, 1H)
18. i /14 3679 2.86¢2.79 (m, 1H), 3.04 (dd= 12.7, 5.3 Hz, 1H)
19. i 135.58 -
20. L/l 129.42 7.26 (t,J= 7.3 Hz, 2H)
21. s /ol 128.49 7.25¢ 7.14 (m, 2H)
22. y /| 127.07 7.26 (t,J= 7.3 Hz, 1H)
23. | Pro4 N - -
24 C=0 170.29 -
25. h /] 59.98 3.42 (under RO, 1H)
26. N 21.40 1.62¢ 1.54 (m, 2H), 1.36 1.30 (m, 1H)
27. 1l 29.41 1.98¢ 1.93 (m, 1H), 0.66 (dd= 13.7, 6.1 Hz, 1H)
28. L/ [4550 3.17 (t,J= 9.8 Hz, 1H), 3.353.28 (m, 1H)
29. | lle5 NH - 9.19 (d J= 8.2 Hz, 2H)
30. C=0 173.30 -
31, h/| 55.21 4.28 (t, 1H)




32. I 35.20 2.25¢2.12 (m, 1H)

33. 1 m/ 12450 1.33¢ 1.22 (m, 1H), 1.58 (ddi= 13.3, 10.4, 5.0 Hz, 1H)
34. 1 H/ 1] 14.86 0.84 (t,J= 7.4 Hz, 3H)

35. 1/ 1 o] 11.22 0.9388

36. | Pro6 N - -

37. Cc=0 169.98 -

38. h /] 60.31 4.54 (d,J= 7.0 Hz, 1H)

39. I 25.74 2.38 (dt,J=11.9, 6.3 Hz, 1H), 1.68.62 (m, 1H)

40. 1/l 24.50 1.79¢ 1.71 (m, 1H), 1.91 (dd= 11.9, 6.4 Hz, 1H)

41. 1/l 4757 3.64 (t,J= 8.0 Hz, 1H), 3.833.72 (m, 1H)

Compoundl VTNMR staad spectralDMSGds).
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Compoundl VTNMR (DMS@;)

20
0
_20290 295 300 305 310 315 320 325
X
= 40 1
Q.
g -60 2
[l
- -80 3
-100 5
-120
-140
Temperature (K)
Residue lleThz1 Ala-2 Phe3 lle-5
N HK N (PPb/K) -4.0 0 -4.3 -1.6
Compoundl AssignedH and**C NMR signals in CRCI
Entry Residue Atom 1 13C (ppm) 4 1H (ppm), mult. din Hz)
1. | llel NH - 8.70 (d,J= 7.4 Hz, 1H)
2. h /| 55.31 5.02 (t, 1H)
3. il 24.80 1.78¢ 1.74 (m, 1H)
4, I Mbk 1 | 24.00 1.14¢ 1.01 (m, 1H), 1.2 1.16 (m, 1H)
5. ''HAIl | 14.06 0.70 (d,J= 6.7 Hz, 3H)
6. L gl 9.38 0.88¢ 0.82 (m, 6H)
7. | Thz Cc=0 159.47 -
8. c2 147.47 -
9. CH(3) 12218 7.94 (s, 1H)
10. C4 167.21 -
11. | Ala2 NH - 4.71 (p, 1H)
12. Cc=0 170.22 -
13. h /| 48.18 4.71 (p, 1H)
14. i/l 16.96 1.40 (d,J= 6.5 Hz, 3H)
15. | Phe3 NH - 6.65 (s, 1H)
16. c=0 170.22 -
17. h/ | 53.54 4.19¢4.14 (m, 1H)
18. i/ 36.84 2.99¢ 2.94 (m, 1H), 3.04 (t, 2H)
19. 1 133.49 -
20. L/l 128.40 7.10 (dJ= 6.7 Hz, 2H)
21. 6 /ol 128.09 7.22 (t,J= 7.0 Hz, 2H)




22. y /1 126.79 7.21¢7.17 (m, 1H)

23. | Pro4 N - -

24. C=0 170.22 -

25. h /| 59.90 3.34 (dJ=7.8 Hz, 1H)

26. i/ 24.80 1.67¢ 1.54 (m, 2H), 1.7§1.69 (m, 2H)
27. 1ol 29.49 2.04 (s, 1H), 0.880.82 (m, 7H)

28. L/l 45.45 3.42¢ 3.37 (M, 1H), 3.53.43 (m, 1H)
29. | lle5 NH - 9.17 (dJ=7.5 Hz, 1H)

30. C=0 173.42 -

31. h /o 55.45 4.23¢ 4.18 (m, 1H)

32. i/ 34.55 2.25¢2.17 (m, 1H)

33. P Mb | | 24.48 1.67¢ 1.54 (m, 2H), 1.78 1.74 (m, 1H)
34. PHAI | 1417 0.95 (d,J= 6.9 Hz, 1H)

35. 1/ 4l 10.53 0.88¢ 0.82 (m, 6H)

36. | Pro6 N - -

37. C=0 169.73 -

38. h /1 60.03 4.63¢ 4.59 (m, 1H)

39. I 24.88 2.67¢2.57 (m, 3H)

40. 1l 24.80 1.90¢ 1.81 (m, 1H), 1.961.93 (m, 1H)
41. L/l 47.33 3.55(t, J= 7.9 Hz, 1H), 3.92 (td= 10.1, 6.7 Hz, 1H

Compoundl VTNMR stacked spectr@DG).
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Compoundl VTNMR (CDgI

X

3 -150 ®5
o
o o2
X
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Temperature (K)

Residue lleThzl Ala-2 Phe3 lle-5

N K N (Ppb/K) 3.4 0 -10.3 -3.2

Compoundl LC Trace
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mAU
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Compound?.

Synthesized according to the method described for compdliod a 300 pumol scale usiddp. Yield:
61.5 mg (80.5 umol, 28%HRMS ESh/z calculated for &Hs7/N7OsS [M+H]: 764.4164, measured:
764.4161.

Compound? AssignedH and**C NMR sinals in CDgI

Residue Atom 1 13C (ppm) 4 1H (ppm), mult. Jin Hz)
1. [ llel NH - 6.67 (dJ= 9.1 Hz, 1H)
2. h/ | 53.85 5.51 (ddJ=9.1, 4.5 Hz, 1H)
3. I 40.25 2.05
4. I mb 27.48 1.50, 1.2, 1.14 (m, 1H)
5. T HA I 14.63 0.94 (d,J= 6.7 Hz, 3H)
6. L/l 12.04 1.01
7. | Thz C=0 171.04 -
8. c2 150.23 -
9. CH(3) 123.95 8.07 (s, 1H)
10. C4 161.84 -
11. | Tle2 NH - 7.76 (dJ=9.5 Hz, 1H)
12. C=0 170.27 -
13. h/ 1 60.00 4.55 (d,J= 9.5 Hz, 1H)
14. i/ 36.23 -
15. 1 dInCH 26.63 1.07 (s, 9H)
16. | Phe3 NH - 6.47 (d, 1H)
17. C=0 169.84 -
18. h /| 54.42 4.42¢ 4.28 (m, 1H)
19. I 38.02 3.09¢ 3.00 (m, 1H), 2.94 (dd= 12.3, 4.8 Hz, 1H
20. i 134.95 -
21. L/l 129.58 7.27
22. s /ol 129.18 7.26
23. y [ 127.85 7.25
24. | Pro4 N - _




25. Cc=0 171.30 -
26. h /| 61.41 3.58¢ 3.51 (m, 1H)
27. i/ 21.56 1.70¢ 1.59 (m, 1H), 1.47 1.40 (m, 1H)
28. 1l 29.49 2.07,0.5% 0.42 (m, 1H)
29. L]l 45.84 3.52¢ 3.48 (m, 1H)
30. | lle5 NH - 9.37 (d,J= 8.0 Hz, 1H)
31. Cc=0 171.94 -
32. h /| 56.36 4.20 (ddJ= 10.4, 8.0 Hz, 1H)
33. i/ 35.82 2.30¢ 2.23 (m, 1H)
34, L mb | 25.28 1.49, 1.2%;1.14 (m, 1H)
35. L HAI 14.90 1.00
36. L gl 10.00 0.78 (t, J = 7.4 Hz, 3H)
37. | Pro6 N - -
38. Cc=0 172.28 -
39. h /o 61.66 4.16 (t,J= 7.3 Hz, 1H)
40. i/ 29.86 2.17¢2.14 (m, 1H), 2.142.09 (m, 1H)
41. 1l 25.59 2.19, 1.9% 1.92 (m, 1H)
42. L]l 48.20 4.12¢ 4.07 (m, 1H), $9¢ 3.63 (m, 1H)
Compound? LC Trace
Compound?
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Compounds.
HS
0 nj\[z
1
7

L Ee
6 3

N (0]

Resin reactivation was performed according to the general synthetic mefotddwed by attachment

of the first amino acid according to the general synthetic metholext, linear peptide synthesis on

a 300 umol scale was performed until the final Fmoc deprotection in accordance to the general
synthetic methoda, to afford the linear heptapeptide NHle-CysAlaPhePro-lle-Pra-OH, on resin.
Peptide cleavage was perfoed by shaking a suspension of the peptidyl resin in HFRAGH 4 viv,

6.00 mL) for 1 h, followed by filtration and concentration under reduced pressure. The resulting oil
was suspended in GEL (600 mL), followed by the addition of PyBOP (2.00 ed)@RIPEA (4.00 eq),

and stirred overnight. The reaction mixture was then concentrated in vacuo, and global cleavage was
performed according to the general synthetic meth@dollowed by precipitation in cold ED (100

mL) and centrifugation. The supernatavas removed, and the pellet was suspended in col® E100

mL followed by centrifugation. This procedure was repeated twice, and the pellet was dried under a
stream of inert gas, dissolved in®MeCN (1:1, 2.50 mL) then lyophiliz&dirification was pdgormed

by preparatory HPLC using the general purification methodield: 33.0 mg (0.05 mmol, 42¢4RMS
(ESI)m/z calculated for gHssN/O;S[M+H]' = 742.3956, measured = 742.3955.

Compound3 AssignedH and®*C NMR signals in DMSIg

Residue Atom 1 13C (ppm) 4 1H (ppm), mult. gin Hz)
1. | Cys1 NH - 7.59 (d,J= 9.0 Hz, 1H)
2. h/ | 56.16 4.36
3. I 25.87 2.71¢2.62 (m, 2H)
4. 1ol 39.86 2.42¢2.36 (m, 1H)
5. | Ala2 NH - 7.40 (dJ=5.7 Hz, 1H)
6. h /| 50.11 4.11
7. i/ 4l 17.23 1.34
8. Phe3 NH - 8.70(d,J= 7.4 Hz, 1H)
9. h/ | 53.31 4.08
10. i/l 37.61 2.99, 2.80
11. 1/ 129.19 7.18.
12. 5 /ol 128.44 7.32.
13. y /| 127.64 7.27




14. | Pro4 N - -
15. h/| 60.34 3.35
16. i/l 21.60 1.64,1.30
17. 1ol 29.85 1.90, 0.86
18. 1] 45.83 3.27,3.17
19. | lle-5 NH - 8.56 (d,J= 86 Hz, 1H)
20. h/ 54.64 4.33
21. i 34.82 2.05
22. S m/ 1 H 24.79 1.44,1.11.
23. "W/l d15.85 0.91
24. t/1 o0 |10.89 0.82
25. | Pro6 N - -
26. h/| 61.61 4.00
27. i/l 24.64 2.15, 1.82.
28. Y 29.15 2.15,1.82
29. L]l 47.63 4.00, 3.65.
30. | lle-7 NH - 8.06 (d,J= 6.6 Hz, 1H)
31 h/| 59.46 3.65
32. i/ 34.79 2.11
33. Imb I | 23.98 1.54, 1.04.
34. IHAEI |14.99 0.88
35. 1l 10.40 0.80
Compound3 LC Trace
Compound3
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Compound?1.

4

W” D“\;
X\HQ
)?k

' onn >Y2ft |t Al 843vés skaken Witf aXEplutieredd (20281%,8.60 mmol, 2.00

eq.), DIPEA (210 pL, 1.21 mmol, 4.02 eq) and PyBOP (312 mg, 600 umol, 2.00 eq) in DMF (6.00 mL) at
room temperature for 16 h. The peptidyl resin was washed with DMF (8.00 mL x 4 x 1 m@}, CH

(8.00 mLx 4 x 1 min), and & (8.00 mL x & 1 min), then dried under high vacuum. The peptide was
cleaved off resin by shaking with a solution of (1:4: THAC), 8.00 ml. The volatiles were removed

in vacuo and the residue was dissolve@HC} (600 mL) followed by the addition of DIPEA (B30,

2.99 mmol, 10.0 eq) and PyBOP (312 mg, 600 pmol, 2.00 eq) while stirring. After 16h, the solvent was
removed in vacuo and the residue wdissolved in BED/MeCN (1:1, 2.50 mL) and then lyophilized.
Purification was then performed using the generalthoal for purificationD. Yield: 20.2 mg (27.61

pmol 9% HRMS (ESIn/z calculated for GHssNsO; [M+H] = 759.4188, measured = 78201

Compound?1 AssignedH and**C NMR signals in DM$Q

Residue Atom 1 13C (ppm) 4 1H (ppm), mult. gin Hz)
1. | Pyridinel NH - 9.14 (s, 1H)
2. C=0 162.27 -
3. c(2) 150.23 -
4. CH(3) 116.11 8.44 (d,J= 8.4 Hz, 1H)
5. CH(4) 139.93 7.99 (t,J= 8.0 Hz, 1H)
6. CH(5) 117.49 7.79 (dJ= 7.4 Hz, 1H)
7. C(6) 147.49 -
8. | Ala2 NH - 8.49 (d,J= 6.7 Hz, 1H)
9. C=0 171.71 -
10. h /] 47.72 4.60 (p,J= 6.6 Hz, 3H)
11. i /4l 18.99 1.31 (d,J=6.6 Hz, 3H)
12. | Phe3 NH - 7.04 (d,J=5.2 Hz, 1H)
13. C=0 171.70 -
14. h/ | 52.63 4.67¢4.62 (m, 1H)
15. i/ 37.00 3.05¢ 3.01 (m, 1H), 2.882.80 (m, 1H)
16. 1 135.72 -




17. L/l 129.33 7.27

18. s /ol 128.49 7.31

19. y /| 126.97 7.26

20. | Pro4 N - -

21. C=0 169.37 -

22. h /1 60.13 4.02 (dJ= 6.8 Hz, 1H)
23. i/ 21.10 1.49, 1.36.

24. 1ol 36.95 2.01¢ 1.97 (m, 1H), 0.260.16 (m, 1H)
25. 1/l 44.44 3.41, 2.95% 2.90 (m, 1H)
26. | lle5 NH - 9.35 (d,J= 8.6 Hz, 1H)
27. C=0 173.78 -

28. h /| 54.90 4.34 (t,J= 9.4 Hz, 1H)
29. I 34.09 2.39¢ 2.29 (m, 1H)

30. I Mbh | | 2445 1.96¢ 1.90 (m, 1H), 1.421.39 (m, 1H)
31. "HAIl |15.89 0.92 (d,J= 6.8 Hz, 3H)
32. 1]l 9.90 0.73 (t,J= 7.5 Hz, 3H
33. | Pro6 N - -

34. C=0 172.10 -

35. h /1 61.82 4.10

36. i/ 24.45 1.94,1.84

37. 1l 29.26 2.22¢2.11 (m, 1H), 1.84
38. L/l 47.50 4.12, 3.96; 3.90 (m, 1H)
39. | lle-7 NH - 7.04 (dJ=5.2 Hz, 1H)
40. C=0 170.47 -

41. h/ | 59.48 4.09

42. I 35.55 2.07¢2.02 (m, 1H)

43. I mb 25.15 1.44¢1.42 (m, 1H), 1.32
44, I'HEIl | 1537 0.90 (d,J= 6.9 Hz, 3H)
45. L/l 11.85 0.87 (t,J= 7.4 Hz, 3H)




Compound?1 VTNMR stacked spectraiiviSOds.
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Temperature (K)
Residue Pyr-1 Ala-2 Phe3 lle5 | lle7
N Ak N -OMSGds (ppb/K) -1.5 0.5 1.7 -17 6.6
Compound 2 AssignedH and*3C NMR signals in CRCI
Residue Atom 1 13C (ppm) 4 1H (ppm), mult. gin Hz)
1. | Pyridinel NH - 8.87 (s, 1H)
2. Cc=0 163.79 -

3. 90 150.40 R




4. CH(3) 118.64 8.46 (ddJ=8.3, 1.0 Hz, 1H)

5. CH(4) 139.69 7.83 (t, 1H)

6. CH(5) 117.78 7.90 (ddJ=7.5, 1.0 Hz, 1H)

7. C(6) 140.71 -

8. | Ala2 NH - 8.58 (d,J= 7.8 Hz, 1H)

9. C=0 172.91 -

10. h /| 48.82 4.86 (pJ= 6.9 Hz, 1H)

11. i /4 19.27 1.47 (dJ=6.7 Hz, 3H)

12. | Phe3 NH - 7.34¢ 7.24 (m, 4H)

13. Cc=0 171.52 -

14. h /| 54.08 4.60¢ 4.52 (m, 3H)

15. i/ 38.07 3.14¢ 3.01 (m, 2H)

16. 1 134.85 -

17. L/l 129.53 7.21¢ 7.15 (m, 2H)

18. s /ol 129.35 7.34¢7.24 (m, 4H)

19. y /| 128.00 7.34¢7.24 (m, 4H)

20. | Pro4 N - -

21. C=0 170.66 -

22. h /| 61.44 3.72 (t,J= 6.5 Hz, 1H)

23. i/ 25.38 1.96¢ 1.87 (m, 1H), 2.07 2.14.2.03 (m, 1H)
24. 1l 28.79 0.54¢ 0.41 (m, 1H), 2.182.13 (m, 1H)
25. L/l 45.71 3.27¢ 3.17 (m, 1H), 3.683.57 (m, 1H)
26. | lle-5 NH - 9.49 (dJ=7.7 Hz, 1H)

27. C=0 172.91 -

28. h/ | 56.42 4.36 (ddJ=10.7, 7.7 Hz, 1H)

29. I 34.87 2.56¢ 2.45 (m, 1H)

30. M/ | H 2525 1.28¢ 1.16 (m, 1H) , 1.64.1.49 (m, 2H)
31. S H/ | dq16.50 1.02 (dJ=6.8 Hz, 3H)

32. £/ 1 o0 | 1201 0.91 (t,J= 7.3 Hz, 3H)

33. | Pro6 N - -

34. C=0 173.70 -

35. h/ 1 62.48 4.60¢ 4.52 (m, 3H)

36. I 29.77 2.20,2.23

37. 1ol 25.04 2.06, 1.96¢ 1.87 (m, 1H)

38. L/l 48.81 4.45¢ 4.39 (m, 1H), 3.783.74 (m, 1H),
39. | lle7 NH - 6.43 (d,J= 8.4 Hz, 1H)

40. C=0 170.40 -

41. h/ | 59.18 4.60¢ 4.52 (m, 3H)

42. I 36.03 2.29¢ 2.19 (m, 1H)

43. 1 m/ | H 25.04 1.56, 1.26c 1.16 (m, 1H)

44, 1 H/ 1 d16.50 0.97 (d,J= 6.8 Hz, 3H)




L *]

‘illo‘lo.Zl

0.86 (t,J= 7.5 Hz, 3H)
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Synthesized according to the method described for compd2hdn a 300 umol scale usiraf (121
mg, 0.60 mmol, 2.00 eq). Yield: 20.7 mg (26.7 pumol,MRNS (ESIin/z calculated for GHs4NsOs
[M+H}'= 775.4137, measured = 775.4135.

Conpound?22 AssignedH and**C NMR signals in DM$Q

Residue Atom 1 13C (ppm) 4 1H (ppm), mult. gin Hz)
1. | PNO1 NH - 10.35 (s, 1H)
2. C=0 169.84
3. C(2) 143.33
4. CH(3) 115.50 8.52 (ddJ= 8.4, 2.0 Hz, 1H)
5. CH(4) 128.13 7.63 (t,J= 8.3 Hz, 1H)
6. CH(5) 120.37 7.96 (ddJ=8.1, 2.0 Hz, 1H)
7. C(6) 137.88
8. | Ala2 NH - 11.81 (dJ= 6.9 Hz, 1H)
9. C=0 171.23
10. h/ | 48.26 4.74¢ 4.67 (m, 1H)
11. i /4l 18.35 1.32 (d,J= 6.6 Hz, 3H)
12. | Phe3 NH - 9.17 (dJ= 2.8 Hz, 1H)




13. C=0 169.78 -

14. h /o 53.42 4.33¢ 4.22 (m, 1H)

15. i/ 36.50 3.03, 2.9% 2.77 (m, 1H)
16. 1 135.54 -

17. L/l 129.43 7.26¢ 7.22 (m, 2H)

18. 6 /5l 128.51 7.26¢ 7.22 (m, 2H)

19. y /| 127.21 7.29¢7.26 (m, 1H)

20. | Pro4 N - -

21. Cc=0 174.21 -

22. h /1 60.25 3.60 (dJ=7.2 Hz, 1H)
23. i/ 24.69 1.58¢ 1.52 (m, 1H), 1.391.25 (m, 1H
24. 1/l 28.19 1.97, 0.55 0.39(m, 1H)
25. L/l 44.86 3.43¢ 3.29 (m, 1H), 3.05
26. | lle-5 NH - 9.15 (d,J= 6.7 Hz, 1H)
27. h /1 56.08 4.04

28. i/ 34.27 2.49

29. f m/ | H 2493 1.60, 1.22

30. “H/ | d15.49 1.06 (dJ=6.8 Hz, 3H)
31. 1/ 1 o |1031 0.83 (t,J= 7.4 Hz, 3H)
32. | Pro6 N - -

33. C=0 174.21 -

34. h /1 61.33 4.18 (ddJ= 8.6, 5.7 Hz, 1H)
35. i/ 24.68 1.96, 1.87

36. 1l 29.36 2.11,1.86

37. L/l 47.58 4.02, 3.89; 3.80 (m, 1H)
38. | lle-7 NH - 6.83 (dJ=4.7 Hz, 1H)
39. h/ 1 60.35 4.10

40. I 35.43 2.08

41. 4 m/ 1 H 25.08 1.42,1.46;1.38 (m, 1H)
42. 4 H/ 1 d1533 0.89 (d,J= 6.8 Hz, 3H)
43. £/ 1 o0 |11.38 0.88 (t, 3H)
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Compound22 AssignedH and™*C NMR signals in CPCI

Residue Atom 1 13C (ppm) 1 1H (ppm), mult. in Hz)
1. PNQO1 NH - 10.65 (s, 1H)
2. C=0 159.38 -
3. C(2) 144.02 -
4. CH(3) 116.47 8.54 (ddJ= 8.4, 2.0 Hz, 1H)
5. CH(4) 127.93 7.44 (t,J= 8.2 Hz, 1H)
6. CH(5) 121.45 8.03 (ddJ= 8.1, 2.0 Hz, 1H)
7. C(6) 138.48 -
8. Ala2 NH - 12.26 (dJ= 6.7 Hz, 1H)
9. C=0 172.32 -
10. h /] 59.73 4.67¢ 4.63 (M, 1H)
11. i/ 18.83 1.52 (d,J= 6.6 Hz, 3H)
12. Phe3 NH - 6.48 (dJ= 3.4 Hz, 1H)
13. C=0 170.06 -
14. h /] 54.34 4.53¢ 4.48 (m, 1H)
15. I/ 38.06 3.11¢ 2.98 (m, 2H)
16. i 134.62 -
17. L/l 129.57 7.30 (ddJ=8.1, 6.5 Hz, 2H)
18. 8 /5l 129.39 7.28¢ 7.25 (m, 3H)
19. v/ 127.93 7.28¢ 7.25 (m, 3H)
20. Pro4 N - -
21. C=0 171.28 -
22. h/ | 61.40 3.65¢ 3.63 (m, 1H)
23. I 29.92 2.17¢2.12 (m, 2H)
24. 1l 29.42 0.69¢ 0.45 (M, 1H), 2.32 2.20 (m, 2H)
25. 1/l 45.92 3.33¢ 3.28 (m, 1H), 3.68 3.58 (m, 1H)
26. | lle5 NH - 9.23 (d,J= 6.6 Hz, 1H)j
27. C=0 173.84 -
28. h /1 57.08 4.16 (ddJ= 10.6, 6.6 Hz, 1H)
29. i 35.03 2.72¢ 2.56 (m, 1H)
30. M/ 26.01 1.73¢ 1.64 (m, 2H), 1.321.23 (m, 1K
31. 1 H/ 16.62 1.12 (dJ=6.8 Hz, 3H)
32. L 12.04 0.91 (td,J= 7.4, 2.9 Hz, 6H)
33. Pro-6 N - -
34. C=0 173.07 -
35. h /| 61.90 4.75¢4.71 (m, 1H)
36. N 21.78 1.73¢ 1.64 (m, 2H), 1.5 1.45 (m, 1H)
a7. 1l 25.56 1.97¢ 1.83 (m, 1H), 2.122.07 (m, 1H)
38. L/l 48.61 4.23¢ 4.18 (m, 1H), 3.7§3.69 (M, 1H)




39.

40.

41.

42.

43.

44,

45,

lle-7

NH - 6.43 (dJ= 8.4 Hz, 1H)
c=0 170.37 -

/o 50.19 4.69 (t,J= 6.6 Hz, 1H)
A 36.78 2.32¢ 2.20 (m, 2H)

1 m/ | H 25.16

1.08¢ 1.00 (m, 1H), 1.481.34 (m, 1H)

“'H/ 1 d16.36

0.98 ¢, J= 6.9 Hz, 3H)

+ /1 o | 10.46

0.91 (td,J= 7.4, 2.9 Hz, 6H)
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Compounds0.

' onn >Y2ft I f Al HiRaS shakén at.aSwitlii sAsel@idn 488 3ngy600 pmol, 2.00

eq), DIPEA (210 puL, 1.20 mmaol, 4.00 eq), PyBOP (312 mg, 600 umol, 2.00 eq) and COMU (128 mg, 300
pmol, 1.0 eq) in DMF (6.00 mL). Teptidyl resin was then washed with DMF (6.00 mL x 2 x 1 min)
followed by Fmoc deprotection by shaking with a solution of Piperidine/DMF (1:4, 6.00 mL x 5 min).
The deprotection solution was drained, and the peptidyl resin was shaken with a fresh salfition
Piperidine/DMF (1:4, 6.00 mL x 10 min). The peptidyl resin was then washed with DMF (6.00 mL x 4 x

1 min) then suspended in a solution of BeeOH (278 mg, 1.20 mmol, 4.00 eq), DIPEA (420 pL, 2.41
mmol, 8.04 eq) and PyBOP (624 mg, 1.20 mmol, 4.00hdyIF (6.00 mL) and shaken for 16 h. The
peptidyl resin was then washed with DMF (6.00 mL x 2 x 1 migb@H00 mL x 2 x 1 min) aitO

(6.00 mL x 1 x 1 min), and then dried under high vacuum.

The peptide was cleaved off resin by shaking withlatiem of (1:4: TFACHCL, 6.00 ml. The volatiles

were removed in vacuo and the residue was dissolvedHiCh (600 mL) followed by the addition of

DIPEA (520 pL, 2.99 mmol, 10.0 eq), and PyBOP (312 mg, 600 umol, 2.00 eq) while stirring. After 16 h,
the solvent was removed in vacuo and the residue diasolved in FD/MeCN (1:1, 2.50 mL) then
lyophilized. Purification was then performed using the general method for purific&tiofield: 19.6

mg (25.9 umol, 9%HRMS (ESIm/z calculated for GHssN/O; [M+H]* = 758.4236, measured =
758.4235.

Compounds0 AssignedH and*3C NMR signals in DMSID

Entry Residue Atom 1 13C (ppm) 4 1H (ppm), mult. Jin Hz)
1. Phenyil NH - 9.14 (s, 1H)
2. C=0 162.33
3. C(1) 150.29
4. CH(2) | 12835 7.27
5. C(d) 147.56
6. CH(4) | 11755 7.84¢ 7.73 (M, 1H)
7. CH(5) 139.99 7.99 (t,J= 8.0 Hz, 1H)




8. CH(6) | 116.17 8.44 (d,J= 8.4 Hz, 1H)

9. Ala2 NH - 8.49 (d,J= 6.7 Hz, 1H)

10. C=0 171.57 -

11. h /| 47.66 1.31 (d,J=6.6 Hz, 3H)

12. i/ 19.05 1.49 (d,J= 6.7 Hz, 3H)

13. Phe3 NH - 9.23 (d,J= 4.2 Hz, 1H)

14. C=0 169.39 -

15. h /| 52.60 4.67¢4.62 (m, 1H)

16. 7 37.06 3.06¢ 3.00 (M, 2H), 2.882.82 (m, 1H)

17. 1 135.78 -

18. 1/ 129.35 7.28

19. 8 /ol 128.42 7.31

20. y I 126.84 7.27

21. Pro-4 N - -

22. C=0 170.53 -

23. h /] 60.25 4.02 (d,J= 6.7 Hz, 1H)

24, I 21.18 1.49, 1.37

25. Tl 27.03 2.02¢ 1.96 (m, 1H), 0.24 (s, 1H)

26. 1/ 44,51 3.41 (dt,J= 118, 8.7 Hz, 1H), 2.92 (td=
10.3, 9.8, 5.5 Hz, 1H)

27. lle-5 NH - 9.35 (d,J= 8.6 Hz, 1H)

28. C=0 172.38 -

29. h /] 54.97 4.35 (t,J= 9.4 Hz, 1H)

30. IV 34.16 2.36 (dJ=7.1 Hz, 1H)

31. Im/ 1y 25.22 1.42,1.33

32. 1 H/ | ¢15.96 0.92 (d,J= 6.8 Hz, 3H)

33. L/ 10997 0.73 (t,J= 7.4 Hz, 3H)

34. Pro-6 N - -

35. h /| 61.88 4.10

36. i/ 24.52 1.97¢1.90 (m, 1H), 1.85

37. 1/l 29.43 2.28¢2.10 (m, 1H), 1.85

38. 1/ 47.66 4.12, 3.96; 3.86 (m, 1H)

39. lle-7 NH - 7.04 (dJ=5.2 Hz, 1H)

40. h /1 59.55 4.10

41, i 35.62 2.08¢ 2.02 (m, 1H)

42. I m/ |y 23.87 1.42,1.06 (pJ=14.2, 7.5 Hz, 1H)

43. 1T/ 15.44 0.90 (d,J= 6.9 Hz, 3H)

44, 1/ 1 0] 1101 0.87 (t,J= 7.4 Hz, 3H)

45, Unassigned ¥ pbaw 6mpm allX 5a{ho + I wMTwm
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Compounds0 AssignedH and™*C NMR signals in CRCI
Entry Residue Atom 1 13C (ppm) 4 1H (ppm), mult. gin Hz)
1. | Phenyil NH - 8.88 (s, 1H)
2 Cc=0 163.61 -
3. Cc () 150.24 -
4 CH(2) 127.87 7.27¢7.25 (m, 2H)




5. c@) 147.57 -

6. CH(4) 118.47 7.90 (ddJ=7.5, 1.0 Hz, 1H)]

7. CH(5) 139.54 7.83 (t,J= 7.9 Hz, 1H)

8. CH(6) 117.62 8.46 (ddJ= 8.4, 1.0 Hz, 1H)

9. | Ala2 NH - 8.57 (d,J= 7.9 Hz, 1H)

10. Cc=0 172.75 -

11. h /| 4869 4.89¢ 4.79 (m, 1H)

12. i /4 19.14 1.49 (dJ=6.7 Hz, 3H)

13. | Phe3 NH - 7.12 (dJ=3.8 Hz, 1H

14. Cc=0 170.01 -

15. h /| 53.90 4.60¢ 4.52 (m, 3H)

16. i/l 37.97 3.07¢ 3.02 (m, 1H), 3.123.07 (m, 1H)
17. 1 134.64 -

18. L/l 129.36 7.18 (d,J= 6.7 Hz, 2H)

19. s /ol 129.21 7.31 (t,J=7.2 Hz, 2H)

20. y [ 117.62 7.27¢7.25 (m, 2H)

21. | Pro4 N - -

22. C=0 170.29 -

23. h /| 61.27 3.73¢ 3.70 (m, 1H)

24. i/ 21.59 1.54¢ 1.50 (m, 1H), 1.7¢,1.63 (m, 1H)
25. 1l 28.67 0.54¢ 0.43 (m, 1H), 2.182.13 (m, 1H)
26. L/l 45.55 3.26¢ 3.18 (m, 1H), 3.6 3.57 (m, 1H)
27. | lle5 NH - 9.47 (dJ=7.7 Hz, 1H)

28. C=0 173.54 -

29. h/ | 56.26 4.36 (ddJ=10.7, 7.8 Hz, 1H)

30. I 34.72 2.59¢2.43 (m, 1H)

31. rm/ | H 2522 1.26¢ 1.17 (m, 1H), 1.691.54 (m, 1H)
32. “H/ | d16.35 1.02 (dJ=6.8 Hz, 3H)

33. +/1 o |11.87 0.91 (t,J= 7.3 Hz, 3H)

34. | Pro6 N - -

35. Cc=0 172.75 -

36. h/ 1 62.33 4.60¢ 4.52 (m, 3H)

37. I 29.61 2.28¢2.19 (m, 2H)

38. 1l 25.09 1.95¢ 1.86 (m, 1H), 2.162.03 (m, 1H)
39. L/l 48.65 3.78¢3.73 (m, 1H), 4.4§4.39 (m, 1H)
40. | lle-7 NH - 6.23 (d,J= 8.6 Hz, 1H)

41. C=0 170.29 -

42. h/ | 59.01 4.60¢ 4.52 (m, 3H)

43. i/ 35.87 2.28¢ 2.19 (M, 2H)

44, 1 m/ | H 24.89 1.07¢ 1.04 (m, 1H), 1.481.36 (m, 1H)
45. 1 H/ 1 d16.35 0.98 (d,J= 6.8 Hz, 3H)




‘ 46.‘ ‘illo‘lo.OG

0.86 (t,J= 7.4 Hz, 3H)
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Synthesized according to the method described tampound21on a 300 umol scale usi2@. Yield:
18.6 mg (24.0 umol, 8%IRMS ESin/z calculated for &GHseNsO; [M+H]: 773.4345, measured:
773.4344.

N

Compound31 AssignedH and*C NMR signals in CRCI

Entry Residue Atom 1 13C (ppm) 4 1H (ppm), mult. gin Hz)
1. | Pyridinyl Linkef NH - 7.07¢ 7.03 (m, 1H)
2. C=0 163.79 -
3. C(2) 155.78 -
4. CH(3) 121.64 8.14 (d, J = 7.6 Hz, 1H)
5. CH(4) 138.43 7.87 (t, J = 7.8 Hz, 2H)
6. CH(5) 125.19 7.41 (d, 1H)
7. C(6) 148.86 -
8. Ch 43.71 4.98 (ddJ=16.7, 7.1 Hz, )H4.37 (ddJ=16.8, 3.5

Hz, 1H)

9. [ Ala2 NH - 8.22 (d,J= 8.0 Hz, 1H)
10. h /| 48.64 4.79 (p, 1H)




11. i /4 16.31 1.50 (d,J= 7.0 Hz, 3H)

12. | Phe3 NH - 7.29 (d, J = 3.4 Hz, 1H)

13. h /| 54.15 4.22¢4.17 (m, 1H)

14. i/l 43.71 4.38 (d,J= 3.5 Hz, 1H), 4.38 (@ 3.5 Hz, 1H)
15. 1 135.11 -

16. 1/l 129.52 7.31(d, J = 6.9 Hz, 1H)

17. s Hy 129.52 7.16 (d, J = 6.7 Hz, 1H)

18. y /| 128.81 7.24

19. | Pro4 N - -

20. h /o 61.07 3.53¢ 3.45 (m, 1H)

21. i/ 22.18 1.72,1.51

22. 1/l 30.95 1.10, 2.07

23. L/l 46.69 3.50¢ 3.46 (m, 2H)

24. ] lle5 NH - 8.68 (d,J= 8.0 Hz, 1H)

25. h /1 56.08 4.32 (ddJ=10.7, 8.Hz, 1H)

26. il 35.28 2.18

27. I m/ | H 2513 1.58, 1.16.

28. “H/ 1 d15.97 0.94 (d, J = 6.9 Hz, 3H)

29. 1/ 1 o |12.06 0.91

30. | Pro6 N - -

31. h /] 61.14 4.71¢ 4.65 (m, 1H)

32. i/ 21.78 2.55¢ 2.40 (m, 1H), 1.861.77 (m, 1H)
33. 1l 25.23 2.00, 1.91,

34. L/l 48.64 4.10¢ 4.04 (m, 1H),3.66 3.55 (M, 1H)
35. | lle-7 NH - 7.86

36. h/ 1 58.30 4.60(dd, J =9.4, 3.6 Hz, 1H)

37. i/ 36.41 2.15

38. I m/ | H 24.68 1.49¢1.39 (m, 1H), 1.10

39. 4 H/ 1 g 15.56 0.92 (d, J = 6.5 Hz, 5H)

40. + /1 o | 10.27 0.86 (t,J= 7.4 Hz, 3H)

41. | Unassigned carbony 13C NMR (176 MHz,CRCl + MTn d®MnanX MTMDPPpIEI MT MOD

shifts
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Synthesized according to the method described for compdinhoh a 300 umol scale usidg. Yield:
40.4 mg (51.2 umol, 17%JRMS ESI/z calculated for GHseNsOs [M+H]": 789.4294, measured:
789.4293.
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Compound32 AssignedH and**C NMR signals in DM$Q

Entry Residue Atom 1 13C (ppm) 4 1H (ppm), mult. gin Hz)
1. PNO Linket NH - 7.99 (ddJ= 8.6 3.4 Hz, 1H)
2. C=0 163.79 -
3. C(2) 158.12 -
4. CH(3) 128.96 8.19 (dd, J=8.1, 2.2 Hz, 1H)
5. CH(4) 128.40 7.55 (t, J = 7.9 Hz, 1H)
6. CH(5) 125.19 7.71 (ddJ= 7.7, 2.2 Hz, 1H)
7. C(6) 148.12 -
8. Ch 39.18 4.68 (ddJ=14.1, 8.7 Hz, 1H), 4.30 (d&;14.1, 3.3
Hz, 1H)
9. | Ala2 NH - 11.56 (dJ= 8.3 Hz, 1H)
10. h /] 47.75 4.73 (p, 1H)




11. i /4 19.67 1.35 (d,J= 6.8 Hz, 3H)

12. | Phe3 NH - 8.58 (d,J= 5.7 Hz, 1H)

13. h /| 53.94 4.15¢4.11 (m, 1H)

14. i/l 35.53 3.12¢ 3.02 (M, 1H), 2.882.78 (m, 1H)
15. 1 137.15 -

16. L/l 128.96 7.37¢7.27 (m, 3H)

17. s /ol 128.40 7.37¢7.27 (m, 3H)

18. y /| 126.79 7.27¢7.21 (m, 1H)

19. | Pro4 N - -

20. h /o 60.61 4.21¢4.17 (m, 1H)

21. i/ 31.33 2.01,1.70

22. 24.65 26.43 1.08,1.41

23. L/l 46.91 3.50¢ 3.44 (m, 1H), 3.4¢ 3.34 (m, 2H)
24. ] lle5 NH - 8.13 (d,J= 9.0 Hz, 1H)

25. h /] 54.83 4.44 ¢, 1H)

26. i/ 34.72 2.26¢2.17 (m, 1H)

27. © m/ | H24.20 1.46,1.08

28. “H/ | d15.68 0.87 (d,J= 6.6 Hz, 3H)

29. /1 o | 1145 0.87

30. | Pro6 N - -

31. h /] 60.67 4.55 (ddJ= 8.4, 3.1 Hz, 1H)

32. /1 H | 2172 1.74,1.62

33. /1 H | 26.43 1.15¢1.11 (m, 1H), 1.62

34. L]l 47.34 3.55¢ 3.50 (m, 1H), 3.4t 3.34 (m, 2H)
35. | lle-7 NH - 7.84 (dJ=7.4 Hz, 1H)

36. h/ 1 59.06 3.77 (tJ= 7.4, 5.5 Hz, 1H)

37. i/ 35.51 1.81¢ 1.74 (m, 1H)

38. I m/ | H 24.08 1.41, 1.07

39. 4 H/ 1 gq15.62 0.84

40. £+ /1 o | 1052 0.83

41. | Unassigned C=0 shift 13C NMR176 MHz, DMSQ) MTM®co0X MTM®OPpTZI MT AT
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Synthesized according to the method described for compdifhohn a 300 umol scale usidg. Yield:

40.4 mg (52.34 mmol, 17%IRMS ESh/z calculated for &HseNsOs [M+H]": 789.4294, measured:
789.4293.

Compounds1 AssignedH and*3C NMR signals in DMS&Q

Entry Residue Atom 1 13C (ppm) 4 1H (ppm), mult. gin Hz)
1. | Phenyl linkerl NH - 8.19 (t,J= 6.3 Hz, 1H)
2. Cc=0 165.41 -

3. Cc(1) 139.63 -

4. CH(2) 125.84 7.69

5. CH(3) 127.72 7.39

6. CH(4) 129.99 7.44

7. C(5) 139.52 -

8. CH(6) 125.33 7.91

9. Ch 41.40 4.36¢ 4.31 (m, 1H), 4.224.16 (m, 2H)
10. | Ala2 NH - 7.73¢ 7.70 (m, 1H)

11. h /| 48.30 4.52




12. /4l 18.71 1.37

13. | Phe3 NH - 8.68 (d,J= 4.4 Hz, 1H)
14. h /| 53.96 4.14

15. i/ 36.65 2.96, 2.93

16. 1 136.41 -

17. L/l 127.48 7.28

18. s /ol 129.17 7.26

19. y /| 129.10 7.22

20. | Pro4 N - -

21. h /o 61.06 4.07¢ 4.03 (m, 1H)
22. i/ 30.92 1.74,1.41

23. 4/ 1 H | 29.50 2.02,1.23

24, L/l 47.10 3.66,3.7

25. | lle5 NH - 8.55 (d,J= 8.7 Hz, 1H)
26. h /1 54.89 4.39 (t,J=9.0 Hz, 1H)
27. il 35.70 1.74

28. f m/ | H24.89 1.90,1.38

29. 1 v/l q1l511 0.81

30. £/ 1 o | 10.99 0.82

31. | Pro6 N - -

32. h /| 61.02 4.72

33. /1 H |26.80 2.27,2.12

34. 1 H | 24.73 1.93,1.16

35. L]l 47.54 3.74,3.59

36. | lle-7 NH - 7.22

37. h/ 1 54.26 4.52

38. i/ 34.81 1.87

39. I m/ | H24.88 1.97,1.90

40. 4 H/ | q 1547 0.72

41. £+ /1 o | 10.78 0.75

42. | Unassigned Carbony 13C NMR (176 MHz, DMSO) MTH®cnX MTM®PHOZ MT AT

Cc=0
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' wnn >Y2f | Al Hidvas sisfendedSnLdisdluRan 89 (28BndgA0y80 mmol, 4.00

eg.), DIPEA (350 pL, 2.01 mmol, 10.1 eq) and HATU (304 mg, 0.80 mmol, 4.00 eq) in DMF (4.00 mL).
The suspensiomwas heated at 80 °C under microwave irradiation for 1 h. The peptidyl resin was
washed with DMF (4.00 mL x 4 x 1 min);@H4.00 mLx 4 x 1 min) and ED (4.00 mL x 1 x 1 min)

then dried under high vacuum. The peptide was cleaved off resin by shaking solution of (1:4:
TFA:CHCb, 4.00 ml. The volatiles were removed in vacuo and the residue was disso&d@h

(400 mL) followed by the addition of DIPEA (350 uL, 2.01 mmol, 10.1 eq) and PyBOP (208 mg, 400
pmol, 2.00 eq) while stirring. After6lh, the solvent was removed in vacuo and the residue was
dissolved in kED/MeCN (1:1, 2.50 mL) then lyophilized. Purification was then performed using the
general method for purificatiorD. Yield: 17.6 mg (22.8 pmol, 11%RMS ESh/z calculated for
CiHseNsO7 [M+H]": 773.4345, measured: 773.4344.

Compound41 AssignedH and™*C NMR signals in CRCI

Residue Atom 1 13C (ppm) 4 1H (ppm), mult. gin Hz)

1. | Pyridine linkerl NH - 11.86
2. CH(3) 121.70 7.41




3. CH(4) 129.58 7.54

4. CH(5) 145.55 8.12

5. Ch 40.54 4.10, 3.68
6. | Ala2 NH - 8.55

7. h /1 60.17 4.86

8. I/l 16.24 1.3

9. Phe3 NH - 7.22

10. h /| 52.26 4.68

11. I/l 39.65 3.15, 3.02
12. 1 137.15 -

13. L/l 128.63 7.26

14. s /ol 129.42 7.21

15. y /o 127.27 7.21

16. | Pro4 N - -

17. h /1 61.63 3.43

18. i/ 29.89 2.07,1.73
19. 1l 30.64 2.09, 1.01
20. L/l 47.27 3.27,2.73
21. | lle5 NH - 8.78

22. h /1 53.87 4.35

23. I 37.43 1.96

24, I mb 24.98 1.55,1.19
25. IHEI |16.24 0.90

26. L/l 11.55 0.87

27. | Pro6 N - -

28. h/ 1 61.13 4.57

29. i/ 32.47 2.40, 2.33
30. 1l 22.36 2.01,1.74
31. L/l 45.35 4.03, 3.54
32. | lle7 NH - 6.42

33. h/ 1 53.95 4.48

34. IR 38.25 1.71

35. T mb 23.75 1.51,1.02
36. T HAI 15.67 0.87

37. 1]l 10.85 0.88
























































































































































































































































































