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Abstract

Advances in drug discovery have led to the rapid discovery of potent hit peptides, which are privileged
scaffolds for targeting protein-protein interactions (PPI) or protein-nucleic acid interaction sites that
are typically large featureless hydrophobic interfaces. Typically falling in the “beyond- rule-of-five”
(bRo5) chemical space and primarily composed of canonical amino acids, hit peptides are commonly

faced with poor pharmacokinetics and membrane permeability.

In Chapter 2, we aimed to improve peptide membrane permeability by incorporating (hetero)aromatic
linkers in the peptide backbone. Sanguinamide A (1), a membrane-permeable cyclic peptide of marine
origin with a reasonable reported oral bioavailability (F = 7 + 4%) and featuring a thiazole ring in its
backbone, was selected as a model peptide. Its cysteine-containing homodetic peptide analogue was
designed as a negative control, while the tert-butylglycine-containing analogue, Danamide F (2, F=51
+ 9%), was our positive control. A compound library consisting of pyridine, pyridine N-oxide, and 3-
amino benzoic acid linkers was followed by a membrane permeability screen using 1AM
chromatography. Pyridine-containing analogue 21 had an IAM score comparable to Sanguinamide A
indicting good membrane permeability. Furthermore, variable temperature 'H-NMR studies showed
that amides in the backbone of 21 might form a hydrogen bond HB network different from

Sanguinamide A but dynamically to enable chameleonicity.

In Chapter 3, we aimed at peptide late-stage functionalization to introduce unnatural amino acids
(UAAs) using Katritzky salts. In this method, lysine residues were converted to Katritzky salts, followed
by photochemical Giese reactions under mild conditions. The method was compatible with all
canonical amino acids and commercially available resins and linkers save for the 2-chloritrityl 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 (residues 1 — 10),
one of two ornithine residues of the cyclic antibiotic peptide Gramicidin S, and modification of the

longer p53 (15 — 29) peptide.

Vi



Zusammenfassung

Fortschritte in der Arzneimittelforschung haben zur raschen Entdeckung potenter Hit-Peptide gefihrt,
die bevorzugte Geriste fir die gezielte Beeinflussung von Protein-Protein-Wechselwirkungen (PPI)
oder Protein-Nukleinsaure-Wechselwirkungsstellen darstellen, bei denen es sich in der Regel um
grolRe, funktionslose hydrophobe Schnittstellen handelt. Hit-Peptide, die typischerweise in den
chemischen Raum der "beyond- rule-of-five" (bRo5) fallen und hauptsachlich aus kanonischen
Aminosduren bestehen, haben in der Regel eine schlechte Pharmakokinetik und

Membranpermeabilitat.

In Kapitel 2 haben wir versucht, die Membranpermeabilitdt von Peptiden durch den Einbau von
(hetero)aromatischen Linkern in das Peptidgeriist zu verbessern. Als Modellpeptid wurde
Sanguinamid A (1) ausgewahlt, ein membrandurchlassiges zyklisches Peptid marinen Ursprungs mit
einer angemessenen berichteten oralen Bioverfligbarkeit (F =7 + 4 %), das einen Thiazolring in seinem
Riickgrat aufweist. Sein cysteinhaltiges homodetisches Peptidanalogon wurde als Negativkontrolle
entwickelt, wahrend das tert-Butylglycin-haltige Analogon, Danamid F (2, F = 51 + 9%), unsere
Positivkontrolle war. Auf eine Verbindungsbibliothek, die aus Pyridin, Pyridin-N-Oxid und 3-
Aminobenzoesaure-Linkern bestand, folgte ein Screening der Membranpermeabilitat mittels I1AM-
Chromatographie. Das Pyridin-haltige Analogon 21 wies einen mit Sanguinamid A vergleichbaren IAM-
Wert auf, was auf eine gute Membranpermeabilitit hindeutet. Dariiber hinaus zeigten! H-NMR-
Studien bei variabler Temperatur, dass die Amide im Rickgrat von 21 ein
Wasserstoffbriickenbindungs-HB-Netzwerk bilden kdnnten, das sich von dem von Sanguinamid A

unterscheidet, aber dynamisch ist, um Chamaleonitat zu ermoglichen.

In Kapitel 3 befassten wir uns mit der spaten Funktionalisierung von Peptiden, um unnatirliche
Aminosauren (UAAs) mit Hilfe von Katritzky-Salzen einzufiihren. Bei dieser Methode wurden
Lysinreste in Katritzky-Salze umgewandelt, gefolgt von photochemischen Giese-Reaktionen unter
milden Bedingungen. Die Methode war mit allen kanonischen Aminosduren und handelstiblichen
Harzen und Linkern kompatibel, mit Ausnahme des 2-Chlornitrit-Chlorid-Harzes. Es wurde tber einen
breiten Substratbereich berichtet, und die Nutzlichkeit der Methode wurde durch die selektive
Modifizierung eines von zwei Lysinresten des Histon-3-Schwanzpeptids (Reste 1-10), eines von zwei
Ornithinresten des zyklischen antibiotischen Peptids Gramicidin S und die Modifizierung des langeren

p53-Peptids (15-29) nachgewiesen.
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1.0. Introduction

1.1. Background

Peptides predominantly exist in nature as macromolecules comprised of canonical amino acid building
blocks and, less frequently, non-canonical structural motifs that lead to their increased structural and
functional complexity.[!! The latter may result from non-ribosomal synthesis or post-translational
modifications that are tuned mainly to suit their biological activities.!® With 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 host defense functions. In
homeostasis, peptides partake in signal transduction as neuropeptides and hormones, involved in the
modulation of neurotransmission at synapses!*. Over 5000 neuropeptides are currently reported with
a range of 3 — 100 amino acid residues in length®®. Peptide hormones are important components in
the regulation of metabolism and are typically derived from the cleavage of N-terminal sequences of
secretory pre-proteins.l® Insulin, Glucagon-like peptide 1 (GLP-1), and glucagon are typical examples
of peptides that regulate glucose metabolism!”.. Furthermore, peptide growth factors also regulate
several aspects of the cell cycle, including tissue, organ, and embryonic development.!® 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 lines is associated with poor prognosis’®.

Further beyond homeostasis, antimicrobial peptides (AMPs) of ribosomal or non-ribosomal origin are
known to play host defense functions across all three domains of lifel'%. Bacteriocins, for example, are
antimicrobial polypeptides of ribosomal origin that commonly possess bacteriostatic or bactericidal
properties against other strains or species of bacterial*. Besides anti-bacterial properties, 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 for topical, oral, and intravenous administration(*3!,

Nonribosomal peptides (NRPs) also nearly exclusively exist as a part of the metabolite repertoire of
bacteria and fungi, with rarely exempt examples of a few higher-order organisms, including Drosophila
melanogaster™. Synthesized by enzyme complexes known as non-ribosomal peptide synthetases
(NRPSs), these peptides typically contain non-canonical structural motifs, including D-configured
amino acids, N-methylations, halogenated amino acids, reduced C-termini to alcohols or aldehydes,

peptides conjugated with lipids at the termini or heterocyclic backbones.**



Heterocyclic fragments in peptide backbones are an example of commonly encountered products of
Non-Ribosomal Peptide Synthetases (NRPSs) or hybrids with polyketide synthase (PK), also known as
PK-NRP hybrids.*®! The fragments are commonly derived from non-ribosomal 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
heterocyclic moiety. The intermediate products’ dehydration followed by oxidation catalyzed by an

oxidation (Ox) domain to form oxazoles or thiazoles, respectively (Scheme 1A).1*”!

: o (D
A — [ H — HL @

Ulongamide A Haliclonamide D Venturamide A

Scheme 1. 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 Dowling and co-workers!(18l

Incorporating heterocycles in peptides has been shown to improve stability against proteases by
masking side chains as recognition motifs, improving membrane permeability and their specificity for
target proteins through conformational restrictions on the peptide backbone.™ Examples of peptides
with heterocyclic fragments in their backbone include the thiazole-containing ulongamide A,
haliclonamide D and Venturamide A with oxazole and methyloxazole moieties and derived from
cyanobacteria and marine sponges (scheme 1B).[2°22 Other heterocyclic moieties can be derived from
other amino acids beyond serine, threonine, and cysteine. The amatoxin, a-amanitin, for example, is
a potent cyclic peptide isolated from the death cap mushroom in which cyclization occurs as a result

of condensation between tryptophan and cysteine to form an indole-derived cross bridge.?®

Additionally, structural diversity accrued from NRPs has inspired peptidic therapeutic natural
products. Examples of clinically relevant antibiotic peptides include gramicidin S, N-methylated
peptides, such as the immunosuppressant cyclosporine A, and heterocyclic-backbone modified

antibacterial peptide bacitracin, as notable.?” Nonetheless, despite their broadly characterized



pharmacological and toxicological properties, NRPs are structurally complex compounds with barely
understood modalities of their host-related functions that comprise virulence and tolerance to stress

factors like reactive oxygen species.?”

The existence of peptides across all three domains of life highlights their potential diversity, thereby
presenting their potential for developing contemporary, relevant therapeutics (Figure 1A).?” Existing
under extreme environmental conditions, peptides from archaea include Acyl homoserine lactones
(acyl-HSLs) and Diketopiperazines (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 higher-order organisms, peptides have been isolated in venomous
organisms, including insects, reptiles, and the duck-billed platypus as the only known venomous
mammal. Owing to their neuroactive nature, these peptides have the potential for the development
of ion channel modulators.”?®! There are several characterized structurally 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
sources.% 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 extraction, characterization, and

challenging chemical synthesis (Figure 1B).5Y

A: Natural sources of peptides B: Applications

Antibodies

Antineoplastics

Antithrombins

Figure 1. A: Arepresentation of sources of bioactive peptides covering species from all three domains of life, including single-
celled organisms, marine life, plants, and poisonous animals. B: The application of currently approved peptides for clinical

use reflects the diversity of their function and potential as therapeutics. Based on the Figure by Sikora and co-workers.[26]
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 protein-protein interactions (PPI) or
protein-nucleic acid interactions, which play a crucial role in regulating cellular functions, including

signal transduction and epigenetic control.B? Dysregulation of PPIs has therefore been implicated in



several pathologies, including cancers and metabolic disorders, making them attractive targets in drug
development.B? Several approaches have been used to explore the chemical space of PPl inhibitors,
including using small molecule modulators of proteins that bind at allosteric pockets and subsequently

disrupt the recognition characteristics of proteins.

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 pockets."
Peptides, on the hand, are capable of mimicking a fragment of a binding partner with a potentially
higher affinity such that the PPl 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 between the wild type and mutant of more

than 2.0 kcal/mol. B¢

The first clinically approved peptide therapeutics were extracts of endogenous bioactive hormones,
starting with insulin obtained from bovine fetal pancreas and used for treating type Il diabetes mellitus
in the late 1920s.B” The rapid approval of insulin for clinical use led to a series of fast-paced
advancements in peptide drug discovery (Figure 2). The first notable development was a method for
sequencing amino acids reported by Sanger and Tuppy about 30 years later, also commonly known as
Sangers method, that proceeded via cleavage of N-terminal amino acid residues. This was a
fundamental step to understanding sequence dependence as a factor contributing to the biological

activity of peptides.’®

1922 1954 1963 1980 - 2018
First medical Oxytocin Merrifiel “Recombinant technologies” “Flexizyme technology” “Phage
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
1950 1978 1980 - 1988 1996 — 1999 2002 - 2009 2010 - 2018
Corticotrophin Calcitonin Oxytocin Glatiramer Teriparatide Liraglutide
Insulin Eptifibatide Enfuvirtide Linaclotide
Cyclosporine Ziconotide Dulaglutide
Leuorolide Exenatide Semaglutide
Romiplostim

Figure 2. Advances followed the discovery of insulin in techniques for the discovery of peptide therapeutics, which in turn

led to an increase in the number of approved peptide-based therapies.

Sanger’s method consequently stimulated the development of several peptide sequencing
methodologies. Shortly after the sequencing of insulin, for instance, Vigneaud and co-workers
reported the sequence of oxytocin using Sanger’s method. Subsequently, they followed up their
efforts by describing its total synthesis in solution.>%% After that, the sequence of the decapeptide

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



octapeptide analog was synthesized by Schwarz and co-workers aimed at demonstrating that the
shorter sequence is sufficient for its vasoconstrictive properties.[*! Likewise, the 19-mer and 23-mer
polypeptide analogues of adrenocorticotropic hormone (ACTH) were synthesized, further highlighting
the biological activities of peptide fragments of ACTH instead of the full-length wild-type variants.!*243!
The current state-of-the-art technologies for peptide sequencing uses liquid chromatography (LC)
coupled to multiple-stage mass spectrometry (LC/MS"), which is additionally capable of quantification

even when used for the analysis of complex mixtures of peptides and proteins.!*4

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 solution.!!
Each step in peptide coupling was laborious, marked by rather tedious aqueous work-ups,
deprotection, and purification procedures.!*® Purification was notoriously challenging because of
racemization as a result of the predominant use of carbodiimide coupling reagents.*”? The use of
triethylamine (EtsN) 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 higher-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 hampering 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 circumvented the challenge of
aggregation of longer peptide sequences.*! Furthermore, solid phase peptide chemistry (SPPS)
enabled the use of large excesses of reagents and the use of better-suited protic polar solvents like

N,N-Dimethylformamide (DMF) for coupling.>”

The advent of SPPS fostered increased research momentum in the development of peptide
therapeutics. The application of SPPS was further improved by the introduction of automation and
the development of several protecting groups that could be cleaved under mild conditions."" The
introduction of Fmoc/tBu chemistry for SPPS was another 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 highly toxic®?. In the current
strategy, base labile fluorenylmethyloxycarbonyl (Fmoc) to protect the a-amino group and acid labile
side chain protecting groups with synthesis proceeding in C-to-N terminal direction are used. Cleavage
of peptides from the solid support uses milder TFA or weaker acidic conditions.”® Other

improvements currently applied in peptide synthesis include microwave (MW)-assisted 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 cation exchange chromatography used in the 1950s to the state-of-the-art preparatory

reverse-phase high-pressure liquid chromatography coupled with mass spectrometry (RP-LCMS).[5%!

Early strategies for the development of peptides as therapeutics also got improved over time, marked
by amino acid substitutions as a means to enhance the biological activity of endogenous human
signaling peptides. As exemplified by vasopressin, whose analogue featured a f-mercaptopropionic
acid substitution of cysteine at the first position and L-Arginine at position eight substituted with D-
arginine and with clinical relevance.® Sources of bioactive peptides have been remarkably diversified
over time. A noteworthy example is the discovery of cyclosporine A which was isolated from the
fungus Cylindrocarpon lucidum and is currently used in the clinic as an immunosuppressant to prevent
graft rejection, whose discovery sparked a renewed interest in microbes as sources of bioactive

peptides.l”!

Recent advancements 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 peptide-based library screening techniques, have been developed
to cope by enabling a rapid and robust modality for the discovery of novel high-affinity binders.®
Split and pool techniques are an example of an established chemical peptide library strategy designed
to generate randomized peptide sequences from which high-affinity binders can be identified for
specific targets and subsequently optimized.’® Additionally, biological peptide libraries utilize
microorganisms to generate peptide libraries and can be broadly categorized into in vitro and in-vivo
systems, with examples of the latter including phage display, mRNA display, and split-intein circular

ligation of peptides and protein (SICLOPPS).[60:61
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 poses a challenge for peptide compounds.l®? Cysteine is
also prone to B-elimination under mild 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 possibility for loss of biological activity.!®® This setback may be



encountered during the synthesis of cyclic peptides containing cysteine residues upon treatment with

a TCEP-containing buffer using the MeDbz method.[®*

Secondly, the racemization of peptides leads to the formation of diasterecisomers that have different
polarities and, thereby, are distinguishable by LCMS. Since stereochemistry is often an important
binding site recognition factor, racemization may alter the peptide’s biological activity with the
possibility of adverse effects or none at all.[®® Synthetically, racemization commonly occurs during
peptide macrocyclization as well as solid phase synthesis of linear peptides, especially for

epimerisation-prone amino acid residues like phenylglycine. %67

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 concentration.®® Occurring in
solution or on surfaces (adsorption) and stabilized by hydrophobic interactions, hydrogen bonding, m—
Tt stacking, aggregates pose concerns as biologically inactive substances or potentially immunogenic

or toxic species.®”

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 peptide drug 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 first-pass effect in addition to susceptibility to plasma and renal clearance. 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 combinations.”" In the liver, membrane-
permeable peptides are reportedly more susceptible to degradation by hepatocyte hydrolases, while
their counterparts with reduced permeability are more prone to degradation via cytochrome P450
enzymes.”? Non-enzymatic renal clearance of peptides 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 chains.”!

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



in which their targets may be located. This may result from possible violations of Lipinski’s rule of five
(Ro5) for determining drug-like compounds as well as predicting membrane permeability.”* The Ro5
defines parameters such as the number of hydrogen bond donors — (HBAs <10), hydrogen bond
acceptors — (HBDs<5), molecular weight (MW<500), and a calculated octanol-water partition
coefficient (clog P<5). The analysis was based on a data set consisting of small molecules whose
binding mode typically involves pockets in target proteins (Figure 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 Ro5 despite their advantages at targeting proteins and other macromolecular

structures that cannot be targeted by small molecules (Figure 3B & 3C).
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Figure 3. 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 and co-workers & Doak and co-workers.[79:80]

Notably, a large number of HBDs and HBAs arise from the amide 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 solute-solvent
bonding, thereby increasing the penalty for solute release and affecting the availability of the peptide
to the cell membrane.”! Furthermore, widespread hydrogen bonding with the hydrophilic head of

phospholipids also impedes further solute dissolution into the lipid bilayer.!”®



Similarly, as a further consequence of numerous backbone 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 transport.”” Additionally, with a
recommendation of a molecular weight of <500, peptides are usually macromolecules with higher
molecular weights and thereby prone to a further violation of this Ro5, considering the reported range

of molecule sizes of 1000 A3 (approximately 1000 Da) as the limit for passive permeability.78

Many peptide drug candidates typically contain canonical amino acid side chains. They are
consequently susceptible to degradation by endopeptidases that typically perform housekeeping
functions, including the maturation of higher molecular weight pre-hormones to peptide
hormones.®Y The mutual 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 arginine-specific
proteinases; that ultimately cleave peptide therapeutics along the backbone leading to loss of
activity.®” Peptide bonds may also be hydrolyzed at the amino terminus or the carboxylic acid
terminus of the peptide by exopeptidases. By utilizing individual terminal amino acids 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 adaptive immunity. It recognizes and cleaves N-terminal(or penultimate)

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

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 proposed optimal
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 therapeutics.® Veber's
rule points out the need for a limited number of rotatable bonds to <10 as a predictor for good oral
bioavailability irrespective of molecular weight based on a compound’s reduced flexibility.”” A valine
tripeptide of 315 Da already meets this limit, yet peptide therapeutics are typically much larger

macromolecules with an average molecular weight range of 500 — 5000 Da.!®"!

Other descriptors have been developed to rationalize the 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 pocket binding to modulate target activity of well-established targets (Figure 3A).®
Compounds that have molecule weights in the range of 500 — 700 Da are considered as part of the
extended rule of five (eRo5) chemical space, comprising of compounds like peptides that are capable

of targeting large hydrophobic 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 counterparts in drug discovery

programs.l’?!

Furthermore, it is also common for peptides to fall in the beyond rule of five (bRo5) space, which is
defined on the basis of having a molecular weight range of 700 - 3000 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 surface greater than 200 A? or having more than 20 rotatable
bonds.”?! This chemical space is not only limited to peptides but also frequently includes biologics,

natural products, and PROTACs that are often used to address challenging targets in drug discovery.!®”!

Unlike eRo5 compounds that are 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 PPIs!®, As a result of their large molecular weights, molecules falling within the bRo5
chemical space often have poor oral bioavailability, just as eRo5 compounds.®® Nonetheless, 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 drug that suppresses transcription by intercalating
DNA.P% |ts Ro5 violations include having a molecular weight of 1255 Da, 6 HBDs, 28 HBAs, and a tPSA
of 360 A2.

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 drug-like properties. From the viewpoint of a drug discovery pipeline, these
chemical techniques for the rational design of peptides can be applied along each stage of peptide

drug discovery towards clinical applications (Figure 4).°"
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Figure 4. Optimization of peptide-based therapeutic compounds in drug discovery towards clinical applications. Figure
adapted from Hoffmann and Fosgerau.[92
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Upon hit identification, peptides typically undergo 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 peptides.®?!

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 low-impact residues can be substituted by unnatural amino

acids.¥

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 sequences during hit optimization.¥

Typically not found in natural polypeptides, unnatural amino acids may occur as analogues of
canonical amino acids, e.g., hydroxyproline (Hyp), or otherwise as surrogates that are significantly
different from canonical amino acids, e.g., 1,2,3,4-Tetrahydroisoquinoline-3-carboxylic acid (Tic).!*”
Their incorporation into peptides is a renowned avenue for improving affinity for targets by adjusting
hydrophobicity, charge, secondary structure and peptide flexibility to enhance ligand binding and
modulation of protein activity.®® Garnirelix is an example of a linear octapeptide antagonist of
gonadotropin-releasing hormone (GnRH) currently in clinical use for assisted reproduction. Peptide
optimization was mainly reliant on using unnatural amino acids to inhibit the PPl between GnRH and
its receptor.’”? A key innovation in its development was incorporating D-Pal [3-(3-pyridyl)alanine]
residues in its sequence to overcome histamine release stimulated by the lead analogues.®® In this

way, UUAs were simultaneously used to increase 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 linear peptides by Verhelst and co-workers 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 have contributed to the adoption of a secondary structure more suited for
membrane permeability and, additionally, the occlusion of a backbone amide.[*® Furthermore, the
presence of HBAs in the side chains of UAAs has been demonstrated as a contributing factor for the

stabilization of peptide secondary structure and improvement of membrane permeability.[°!

A substitution of a canonical amino acid for a UUA also potentially enables the evasion of proteases
by peptides in order to enhance their metabolic stability.!*? 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 improved metabolic stability.!**!
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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 chain orientation. As a
remedy, an approach known as retro-inverso isomerization is used to overcome this shortfall, in which
the peptide sequence is reversed. Consequently, the D-amino acid is presented with a similar topology
at the target binding site as the native peptide to form a retro-inverso peptide.l'® By a similar
mechanism, UUAs have been used to reduce the immunogenicity of peptides by way of evading
recognition by antibodies.'®? Kapoerchan and co-workers, for example, synthesized a library of
peptidic human leukocyte antigen blockers (HLABs) and used azidoproline to reduce T-cell response

to the highly promiscuous peptide sequences.[*%!

1.5.2. Peptide cyclization

Commonly encountered in nature and chemical synthesis, cyclization 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 efforts.?®! Cyclization 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 as well.['%! The absence
of termini has also been argued as a possible explanation for the often observed improvement in cyclic

peptides’ membrane permeability compared to their linear counterparts.*%”!

The general approaches to cyclization include head-to-tail cyclization, side chain-to-terminus, and side
chain-to-side chain cyclization (Figure 5).[1%! Two important considerations for a successful cyclization
are macrocycle ring size and peptide pre-conformation prior to cyclization. Smaller ring sizes tend to
be difficult to cyclise owing to lowered proximities of functional groups participating in cyclization.
Successful attempts at the synthesis of 3 — 5mer long cyclic peptides often necessitated the use of
backbone tuning techniques for favorable pre-conformations, including N-methylation, the use of
pseudo-prolines, or the addition of chaotropic salts to the reaction solvent lest only oligomeric
structures are synthesized.®”? Pseudo-prolines 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 cyclotripeptide.!*8!
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Solution phase head-to-tail cyclization is a common method used for the synthesis of cyclic peptides.
Herein, a very dilute solution of the linear precursor is treated with a base and coupling reagent, and
the reaction typically takes about 12 hours or more.[**® However, it is also possible to perform on resin
cyclization as a method to introduce a pseudo-dilution effect and reduce the chance of
oligomerization. In this case, the peptide is anchored on the solid support using an amino acid side
chain.'*¥l On-resin 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 washed off.[*’!

Other methods 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 structure of proteins and peptides.**? Insulin, for
example, contains two peptide chains that are linked by two disulphide bonds which are critical for its
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 PPl interfaces.[**4

From more recent advancements, a cysteine residue containing an S-p-methoxybenzyl Cysteine
sulfoxide protecting group has also been recently utilized to form a thioether bond via S-arylation to
achieve a tryptathionine bond that is commonly encountered in nature.l*® The reaction used
guanidine as an S-p-methoxybenzyl cation trap under acidic conditions necessary for the activation of

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

cyclic cell-penetrating peptides by Feni and Neundorf.”!

Several transitional metal-catalyzed peptide cyclization techniques have been developed as well. The
ruthenium-catalyzed ring-closing metathesis (RCM), for example, is commonly used to introduce
hydrocarbon staples that typically tend to stabilize peptide a-helical structures and has been shown
to improve the membrane permeability of peptides. 118 ATSP-7041 is a 16-mer stapled peptide mainly
composed of biogenic amino acids that is undergoing clinical trials for the treatment of p53-positive
tumors. The cell-permeable peptide is a PPl dual inhibitor of the interaction between P53 and both

MDM2 and MDMX.%9]

Finally, photo-redox mediated peptide cyclizations are gaining traction owing to their ability to avoid
the introduction of polar elements in the peptide backbones just as the RCM approach. Molander and
co-workers recently generated alaninyl radicals from an activated N-Hydroxyphthalimide ester on a
peptide side chain using blue light followed by the formation of new C(sp3)—C(sp?) via a single electron

transfer in order to afford cyclic analogues of Atosiban, an oxytocin antagonist.[*?")

Peptide therapeutics may acquire improved affinities for their biological targets through cyclization
resulting from their enhanced conformational rigidity. The resulting decrease in their entropic 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 of off-target effects. These conformations are further potentially stabilized as
a result of the spatial arrangement of intramolecular hydrogen bonding elements arising from

cyclization.[?

Some cyclic peptides of large ring sizes have been observed to have excellent membrane permeability
despite their violation of the Ro5 parameters. Cyclization may improve the permeability of peptides
across biological membranes by enabling their behavior as molecular chameleons.*?®! The term
“molecular chameleon” was first coined by Carrupt and co-workers after the unexpected observation
of morphine-6-glucoronide (M6G)’s tenfold potency relative to morphine, albeit its high polarity and
remarkable CNS activity, a property almost exclusively attributed to lipophilic molecules. They
postulated that the membrane permeability of the polar molecule through the blood-brain barrier
and plasma half-life alike were facilitated by an equilibrium shift to its folded (closed) conformer from
an extended (open and polar) conformer in response to solvation environmental polarity.!*?¥ In the
same manner, cyclic peptides can utilize a change in their 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 polar functionalities or hydrophobic side chains as required for solvation.*?* This 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

counterparts.*?®!

Additionally, cyclic peptides can potentially mimic protein secondary structures, including a-helices
and the B-sheets, especially when stabilized by hydrocarbon staples.'?”! These structural motifs are
also thought to contribute to the membrane permeability of peptides by mechanisms used by
membrane-active peptides, such as disruption of lipid packing, translocation, or formation of inverted
micelles.?8 Moreover, the (pseudo)secondary protein structures arising from cyclization may mimic
secondary structures of proteins to enable protein-protein interaction inhibition by the peptide.[*?"!
Some secondary structure mimics arising from cyclization assume supramolecular architectures in
order to enact their biological activities. Gramicidins, for example, are cyclic peptides with cytotoxic
and antibiotic activities that adopt a unique B-helix-like conformation capable of dimerizing within the

membrane and consequently disrupting the bacterial cell membrane.3"

Cyclic peptides have been traditionally developed using the structure-guided 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 the target
proteins’ activity.3¥ However, high-throughput screens for cyclic peptides have enabled faster
identification of hits against specific targets. Examples of these platforms include phage display,
SICLOPPS mRNA display, and in silico techniques.® Phage display technologies, for instance, have
benefited from a number of cyclization strategies and their ability to incorporate unnatural amino
acids to enable screens for chemically diverse cyclic peptides.*3? Recently, 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 pharmacophores.[**3/ SICLOPPS is another notable screening platform that uses self-
excising protein domains (inteins) flanking the termini of a peptide from a randomized library, such
that upon translation, a cis-intein is formed that facilitates the cyclization of the peptide.[*** Tavassoli
and co-workers identified a high-affinity inhibitor of hypoxia-inducible factor-1 (HIF-1)
heterodimerization for their potential as a cancer therapeutics and with marked selectivity for the HIF-
1a/HIF-1B PPL.13 Other cyclic peptide screening methods include in-silico 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 clinical trials with over 20 FDA approvals in the past two

decades.['?%]

1.5.3. Improving membrane permeability of peptides
1.5.3.1. Cell-penetrating peptides

Despite the aforementioned advances in the design of peptides as therapeutics, poor membrane
permeability hinders peptides from reaching their intracellular targets, as a result of which they
modulate biological activity.*3® One common approach for improving the passive membrane
permeability of peptides is through the use of cell-penetrating peptide (CPP) sequences. The earliest
CPP sequence to be used was discovered from the 86-mer HIV trans-activator protein TAT, a known
regulatory protein considered essential for viral replication and containing a highly basic lysine and
arginine-rich sequence.*3”! The first proposed mechanism by which the polybasic sequence delivers

its protein cargo was based on the principle of "scrape-loading," in which the cell membranes are

transiently disrupted to allow cytosolic delivery of macromolecules. 3

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
membrane.['* Thereafter, the peptide is internalized and captured into a vesicle by any of the cell
membrane’s natural recycling pathways, including endocytosis and pinocytosis.[**? It is essential that
the CPP binds long enough for the particular section of the membrane to get turned over. Essentially,
with a turnover estimated at approximately 2% - 5% per minute, it is highly likely for the membrane-

bound CPP and cargo to be delivered into the cell.[}4!

Cell-penetrating peptides are predominantly polybasic sequences, but their sequences are not limited
to the HIV-1 Tat (48-60) analogues. Other sequences have been identified from alternative nucleic
acid-binding proteins and proteins that interact with highly negatively charged proteins like heparin.
The lysine-rich C-terminus of the heparin-binding domain (HBD) of heparin-binding endothelial growth
factor (HB-EGF) was used to design a cationic CPP with a similar mechanism of action as the arginine-
rich rich HIV-1 Tat (48-60) peptide.!**? Furthermore, a hydrophobic CPP was designed based on the
sequence of the mammalian proline-rich antimicrobial peptide (PrAMPs) Bac7. The CPP is reportedly
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 mechanism of membrane permeation.!***
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In its first application for intracellular cargo delivery as a CPP from HIV-1 Tat (48—60), the peptide was
used for the delivery of a number of heterologous proteins, highlighting its robustness for applications
beyond peptide therapeutics to larger macromolecules. Additionally, the polybasic sequence allowed
for substrate conjugation using various approaches, including maleimide and iodoacetamide-based
substrate conjugation.!’>®! More recent advances have led to a diverse structural repertoire of
arginine-rich sequences based on HIV-1 Tat (48—60), including cyclization and incorporation of
unnatural amino acids for the stability of the CPP and design of B-hairpin arginine-rich peptides as
CPPs for cytosolic stability.** The recent development of a tumor-homing polybasic sequence has led
to the first reported development of a bi-functional CPP conjugated to a pro-apoptotic peptide and
led to the successful targeting of malignant hepatocytes, in an elegant highlight of the utility of CPPs
for intracellular peptide delivery.**! Furthermore, a number of peptide-based therapeutics
conjugated to CPPs are currently in various phases of clinical trials, including ATX-101, a PCNA
interacting peptide in phase I/Il for the treatment of advanced solid tumors, and PEP-010, caspase 9

— PP2A PPl in Phase la/lb for the treatment of metastatic solid tumors.**4

There are several drawbacks to the usage of CPPs for the intracellular 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 internalization into the cell, CPPs are
prone to endosomal entrapment, hampering their ability to release their cargo into the cytosol and
access their targets.'*”! This has necessitated the application 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 delivery.[148149]

The polybasic nature of the CPPs has generated discussions about their potential toxicity, particularly
their potential to complex the highly negatively charged nucleic acids.[*** However, this is potentially
only true for cationic polymers with much larger molecular weights of up to 10 kDa, and no evidence
of cytotoxicity from polybasic CPPs has been reported.*® Nonetheless, as derivatives of antimicrobial

proteins, they pose a potential risk of immunogenicity.

Cell-penetrating peptides do not show a cellular specificity that would effectively require increased
cargo doses which is, unfortunately, also a predisposing factor to toxicity.®¥ Additionally, the
therapeutic peptide cargo of CPPs in endosomes may be subject to hydrolases 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 Ilb of clinical trials as a result of the very slow release of the cargo
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— cyclosporine A along with a rapid renal clearance; leading to suboptimal plasma concentrations for

[152]

therapy.
1.5.3.2. N-methylation

Currently, N-methylation is a valuable technique in the chemist’s toolbox, which is primarily used to
improve membrane permeability. In its early development, N-methylation was investigated as a
means to control the conformation of peptides by influencing the peptide backbone and hydrogen
bonding patterns.>3 At the early stages of peptide chemistry, the incorporation of N-methyl
phenylalanine led to a serendipitous observation of the improved analgesic activity of encephalin. This
observation was alluded to the N-methylated peptide’s enhanced ability to evade proteolysis,
increasing its plasma half-life.[*>¥ Likewise, Mazur and co-workers later applied it to improve the
biological activity of bradykinin.™*>* However, early progress in N-methylation was mainly hindered by
their synthetic drawbacks, viz. coupling sterically hindered secondary amine moieties of N°-
methylamino acids residues during peptide synthesis. The commercial availability of N®>-methylamino

building acid blocks was limited as well.[*>¢!

Inspired by the high oral bioavailability of the extensively N-methylated cyclic peptide cyclosporine
and the development of synthetic methods for N-methylation on solid phase, Biron and co-workers
first reported the application of peptide N-methylation 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 of N-methylated somatostatin

analogues.*>”!

This observation may result from a decrease in the number of hydrogen bond donors in a peptide. It’s
well established that a cell’s milieu is typically agueous, and the availability of a molecule at the
membrane surface for possible permeation is determined by the molecule’s penalty for leaving the
aqueous phase. This availability is influenced by nature and the number of hydrogen bonds formed
between the dissolved molecule and water.[**® Since the HBD — water bond energies are reportedly
higher than their HBA — water counterparts, decreasing the number of HBDs may result in a marked
reduction in the peptide’s penalty for leaving the aqueous environment outside the cell
membrane.’* By generating a tertiary N®-amine functionality on the peptide backbone, N-
methylation, therefore, effectively reduces the number of hydrogen bond donors present in the
peptide and potentially improves its ability to leave the cellular milieu and access the cell membrane

surface for possible permeation.”!
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However, the design of membrane-permeable peptides through backbone modifications poses the
possibility of altering biological activity through modification of the molecule’s pharmacophore and
could be a major setback in the development of peptide therapeutics.*®® Furthermore, random
changes in the availability of hydrogen bond donors may instead lead to loss of membrane
permeability via disruptions of hydrogen bonds necessary for the stabilization of a peptide’s secondary

structure, which could aid in the process of traversing the lipid by a layer of the cell membrane.!*%%

Moreover, an increase in the hydrophobicity of peptide therapeutics has also been reported to have
a bidirectional effect on the permeability of peptides, depending on their polarity. N-methylation of
peptides with a low clogP has been shown to improve their permeability, while a decrease in
permeability would ensue for lipophilic peptides, owing to a reduction of the peptide’s lipophilic

permeability efficiency, with the latter attributed to a reduction in aqueous solubility.!*6?!

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 irrespective of log P — a phenomenon coined the
molecular weight penalty.**® 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 decrease 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) related.[*®3 However, 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 and co-workers who proposed the MW limit. 6%

N-Methylation may further hinder the ability of peptides to cyclise during chemical synthesis because
successful cyclization of peptides is majorly dependent on the pre-conformation of the linear
precursors. Consequently, modifying the peptide backbone may lead to a pre-conformation that is
unsuitable for cyclization.[*®! By creating new HBAs and changing the overall relative positions of HBAs
and pre-existing HBDs, N-methylation has the potential to influence the structural configuration of a
molecule.™® The reportedly low cyclic peptide library synthesis success rate of 3% by Biron and co-
workers was attributed to N-methylated analogues that failed to adopt the native peptide’s optimal
pre-conformation for cyclization.[®”? Therefore despite the potential to improve membrane
permeability, optimization of a hit N-methylated cyclic peptide therapeutic may fail due to the
backbone modification. Secondly, N-Methylated 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 the side chain and typically occurs on the amide bond adjacent to the C-terminus of the
N®-methylamino acid residue as a result of the formation of an oxalone intermediate during cleaving

with TFA.[168]

Current alternatives for masking HBDs on the peptide backbone include the use of cycloalanine and
peptoids (Figure 6). The cycloalanine building block was developed as a means to mask HBDs with an
unnatural building block just as N-methylation but without the need for using highly activated
acylating agents to overcome the challenges posed by the sterically hindered less nucleophilic
secondary amine intermediate formed during peptide synthesis.*®® The cycloalanine moiety may,
however, potentially decrease the bRo5 peptide’s lipophilic permeability efficiency more than the less
bulky n-methyl moiety. The second notable alternative for masking a peptide’s HBDs is the use of
peptoids which are oligomers of N-substituted glycine residues.’’® These macromolecules are
reportedly resistant to proteases and have a marked reduction in immunogenicity, especially if they
are analogues of antimicrobial peptides (AMPs).[*”Y] Peptoids may affect the secondary conformation
of a peptide in the same manner as N-methylated peptides, and the loss of chiral centers in the peptoid

backbone may, additionally, affect the affinity of the modified peptide.*’?

A A AT O

Figure 6. Peptide backbone modifications that mask amide nitrogen HBDs in bid to improve membrane permeability: a.

Unmodified peptide bond; b. N-methylation; ¢ peptoid and d: cycloalanine. Figure adapted from Lamers!173]

In summary, backbone nitrogen modifications as an approach to improving the membrane
permeability of peptides pose a challenge of robustness 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 the N-methylation of peptides is yet another
challenge, given the potential to disrupt the molecule’s pharmacophore by a change in the backbone

configuration and uncertainty on successful peptide cyclization based on the backbone alteration.!*”

As an illustration, Lokey and co-workers synthesized a library of 1152 cyclic peptides inspired by the
backbone of guangomide A and consisting of N-methylated peptides variants of peptides at different
positions. From their report, improving membrane permeability as a result of N-methylation was an
inundating task further complicated by the dependence of the technique on side chain orientation

and intramolecular hydrogen bonds, which made it rather unpredictable.!*””!
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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 acids.'””! Earlier studies on the heterocycles focused on their biosynthetic origin, their

contribution to observed bioactivities, and in relation to their influence on peptide conformations. 278

However, advances in synthetic and analytical techniques led to increased interest in heterocyclic
fragments as tools for improving cellular uptake, for example, the early observation of improved
cellular uptake of triazole fragments as dipeptide surrogates.l!’”! Conformational control by the
heterocycles was later postulated to result in a network of intramolecular hydrogen bonds that
modulate the interactions between the macrocycles and solvation environment and, thereby,
facilitate their availability to interact with the cell membrane.[* |n 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 membrane permeability in a phenomenon known as molecular chamelonicity (Figure 7A).[:8%
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Figure 7. A; Conformational changes by molecular chameleons which facilitate their uptake may utilize hydrogen bonding
networks for transient structural stabilization. B; An oxadiazole-containing peptide in a B-sheet conformation. Figures

adapted from Whitty and co-workers/182/ & Yudin and Saunders/283/

In addition, heteroatoms in the macrocycles avail additional HBAs that are deemed favorable for drug-
like activity and participate in the hydrogen bond network involved in the peptide’s conformational
control.™® 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 while avoiding a high hydrophobic penalty and consequently reduced solubility, which

would have been accrued from much more elaborate lipophilic moieties 184,

From their study of a select library of 24 compounds of molecular weights ranging from 100 — 2000
Da, Kihlberg and co-workers further pointed out the importance of conformational flexibility 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 behavior.!*®! 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 oxazoles fragment were
privileged motifs for enhanced cellular uptake while sulphonamides, ureas, and primary amines were

deemed detrimental for the passive membrane permeability of macrocycles. !

In their seminal work, therefore, Yudin and co-workers developed a method for the incorporation of
an oxadiazole ring into the backbone of peptides with simultaneous cyclization to augment
chameleonic behavior and foster membrane permeability (Figure 7B). PAMPA assays were used to
compare the membrane permeabilities of the oxadiazole-containing 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.*?? |n a follow-up of their work, the team designed an oxadiazole fragment in
close proximity to a reduced amide bond, also known as a reduced amide bond/heterocycle (RAH)
motif, which was designed to be a beta-turn-inducing element in peptide macrocycles as a design tool
the control of the conformation of peptides conformations.*®”! In a follow-up investigation, multiple
heterocyclic fragments were determined to proportionately improve membrane permeability in
comparison to a single one via a combination of enhanced dynamic lipophilicity as well as
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 sequences. '8!
1.5.3.4. Peptide drug delivery systems

Recently, various systems for the delivery of peptides have been investigated. These include peptides
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 histidine-rich
domain that further promotes endosomal release via the proton sponge effect.'®8 While ELDs are

incapable of delivering macromolecular cargo into a cell, they lyse endosomes to enable endosomal
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escape.l*® The Feldan shuttle peptide is advantageous since it only needs to be co-incubated with the
cargo macromolecule and does not require conjugation to the peptide cargo like conventional

CPPs. 1190

Vallis and co-workers 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 TAT subunits, the
peptide was shown to have better proteolytic stability than the linear counterpart./***! Inasmuch as
this approach did not require conjugation 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 team.!*%%

Secondly, Sun and co-workers recently reported using a pH and redox-responsive conjugated peptide
that forms coacervates from liquid-liquid phase separation (LLPS); and are capable of recruiting
macromolecules, including peptides within the phase-separated liquid droplets followed by rapid
intracellular cargo delivery.'®3 This delivery system was motivated by histidine-rich 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 endosomal-mediated pathway of

conventional delivery systems.***
1.5.3.5. Techniques for studying passive membrane permeability

Early studies used physicochemical metrics to predict membrane permeability, including octanol-
water partition (log P). *! Unfortunately, it may not be a close reflection of the membrane
environment but may serve as a quick screen for compounds based on Lipinski's Ro5.7# 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 experiments are performed at the stomach's acidic pH

(1.5-3.5).12%!

The Parallel Artificial Membrane Permeability Assay (PAMPA), for example, is a technique that is used
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 suited to study chameleonic peptides (Figure 8).**”) Occasionally,
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 blood-brain barrier, hence potentially extending its

application in the screening peptides which modulate targets in the central nervous systems. %
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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 observations than its actual

rate.[%

Acceptor well  m— o - o o o

Peptide =——————t— o o

Synthetic
phospholipid
membrane

Porous support

Donor well

Figure 8. An illustration of a PAMPA model wherein in the rate of permeation of a peptide across an artificial membrane is

quantified using LCMS. Figure adapted from Yu and co-workers./200]

PAMPA may also not be best suited for predicting membrane permeability across the gastrointestinal
tract's endothelial layer owing to efflux pumps that may completely offset the internalization of orally
administered compounds.?®! A secondary screen that uses an immobilized layer of colorectal
adenocarcinoma-2 (Caco-2) cells, a cell culture—based 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 pumps.?°? However, 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 batches.!?®! An
alternative tool commonly used for screening membrane permeability employs the faster-growing
Madin-Darby canine kidney (MDCK) cells since it can be established much faster than Caco-2

assays.204

A recent innovation for the high throughput screening of membrane permeability of compounds is
the LCMS-based immobilized artificial membrane (IAM) technique (Figure 9).12%! The screen obtains a
compound’s chromatographic hydrophobicity index (CHI IAM) using its retention time in an analytical
column packed with particles 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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Figure 9. A schematic representation of the membrane lipid bilayer and the stationary phase of the IAM column. Figure

adapted from Tsantili-Kakoulidou/206]

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. Furthermore,
a noteworthy series of studies by Barbarto and co-workers found linear relationships between the
chromatographic hydrophobic indices from IAM measurements (CHI-IAM), a factor derived from a
compounds phospholipid affinity, and membrane permeability screens from PAMPA as well as Caco-

(207.208]  y/alko and co-workers also demonstrated a linear relationship between neutral

2 assays.
compounds' octanol/water lipophilicity measurements and CHI IAM measurements.’?*®! Furthermore,
investigations by Bienert and co-workers also showed that IAM chromatography is well-suited for

predicting the interaction of peptides with lipid membranes.?"!

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 permeability.?!¥! An inadvertent application of this weakness of CHI IAM measurements is
its potential application as a screen for potential Drug-induced phospholipidosis (DIPL) by
compounds.!?®? Nonetheless, this application warrants caution when dealing with compounds
conjugated with cationic cell-penetrating sequences and, more importantly, ionizable heterocyclic

fragments during investigations of their chameleonic properties.?'3]

It is, however, desirable to discriminate between passive membrane permeability arising from
chameleonicity derived from alternating patterns of hydrogen bond networks and alternative
mechanisms.?* And as such, variable temperature NMR (VT-NMR) studies in different solvents, for
example, have been employed for ascertaining the pattern of hydrogen bond networks in cyclic
chameleonic peptides.l?*! In these experiments, analyses are commonly performed in CDCls to mimic
the hydrophobic lipid environment of the lipid bilayer and DMSO-ds as a mimic of the aqueous cellular

internal and external milieu.[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, indicating the existence of a molecular chameleon.’® The VT-NMR
experiments may be complemented with D,O 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 their participation in an interchangeable network of

intramolecular hydrogen bonds. 2!

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

for the separation of chiral compounds of low molecular weight.[?”]

Shapiro and co-workers 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 variations in IMHBs during the HPLC analysis.?*® In a
follow-up of their invention, the team reported their observation of IMHB changes in a model peptide.
Subsequently, it used a series of strategically N-methylated peptides as a proof of concept for applying
EPSA to design cyclic peptides with passive membrane permeability based on their chameleonic

properties.[?1%

Techniques that enable the ability to observe changes in the IMHBs in cyclic peptides can potentially
be combined with in silico approaches for ab initio design of molecular chameleons, exemplified by
the work by Baker and co-workers who designed chameleonic peptides from a virtual library of cyclic
peptides of various residue lengths with the aid of NMR experiments to study IMHBs and Caco-2

experiments to affirm their membrane permeability via changes in their IMHB networks. 6"
1.6. Late-stage 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 therapeutic profiles, necessitating chemo- and
regioselective transformations, also referred to as late-stage functionalization (LSF). These
transformations are usually performed without the need for protecting groups.??” Ideally, 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 on the substrate molecule,

as is often the case for lead optimization (Figure 10).224
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Figure 10: Late-stage functionalization of peptides utilizes several methodologies to optimize complex peptide substrate
through the introduction of new functional groups, albeit with several challenges. Figure based on the minireview by Wang

and co-workers.[225]

The application of LSF in peptide drug development poses a multifactorial challenge. Amino acid side
chains have multiple functional groups, and as such, 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 centers.’???! Furthermore, 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 methodologies.??®! Therefore, the complexity of peptides
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 intermediates. %

Contemporary peptide LSF efforts demonstrate the utility of various methodologies initially developed
for small-molecule 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 non-canonical amino acid side chains with improved atom and step economy. 2%
Early LSF efforts on peptides relied on a combination of side chain functional groups and their
orthogonal protecting groups, consequently increasing the molecular complexity of substrates and

often necessitating harsh reaction conditions.??”!
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Scheme 2. Examples of contemporary late-stage peptide modification strategies include the use of allenamide handles for

labeling peptides and proteins, modification of histidine, and radical-mediated 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 peptides.!??®! Abbas and co-
workers, for example, developed the selective modification of cysteine residues on fully deprotected
peptides and proteins using allenamides. Their strategy relied on a combination of reduced reactivity
of allenamide substrates and relatively strong nucleophilicity of thiols.??°! As such, their strategy was
reportedly superior to other non-selective substrates such as a-halo acyl and maleimide substrates
since it proved to be irreversible and not prone to cross-reactivity with other nucleophilic side chains

of residues such as histidine and lysine.?3%

In the recent past, transition metal-catalyzed C-H activation LSF methodologies were used for
modifications of aromatic moieties on peptide side chains of phenylalanine, tyrosine, and tryptophan.
Noisier and co-workers, for example, reported a palladium-catalyzed late-state stage stapling of tetra-
peptides enabled by C(sp?)-H and C(sp3®)-H functionalization via a pivaloyl-protected alanine residue

and phenylalanine using an iodide substituent as a directing group on the latter on solid support.[?3!l

Photoredox-mediated peptide modifications have recently gained momentum in LSF methodology
development. These approaches typically proceed through radical-based 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 chemotypes.?*? A notable example was reported by McCarver and co-workers, who reported
head-to-tail peptide macrocyclization using blue light. Their method used Ir[dF(CF3)ppyl2(dtbbpy) as a
photoredox catalyst, an activated ester at the C-terminus to generate a free radical upon SET and an
acrylic acid residue at the N-terminus. As such, macrocyclization was achieved through a key C-C

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

Small-Molecule Fragments

2.1. Introduction to Chapter Il

Several platforms have been developed to efficiently discover macrocyclic peptides, which often
exhibit a high level of specificity for their target proteins.[*** 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 GIT and metabolic stability following their oral administration
and subsequent cell membrane permeability.*¥ While the former may be circumvented using
parental administration, improving membrane permeability while maintaining bioactivity is a

challenge that usually prompts post-discovery peptide optimization.!?°

Incorporating non-peptidic fragments in the backbone of cyclic peptides can improve their biological
activities (Figures 1A and 1B).[?% For instance, using aminobenzoic acid as aromatic linkers in the
backbone of peptides is one approach to using turn-inducing non-peptidic motifs that are suitable for
stabilizing their secondary structures via intramolecular hydrogen bonding (IMHB) networks.[?3”
Moreover, the phenyl ring in these fragments has been described as an isosteric moiety suitable for
substituting dipeptide bonds.*® Additionally, to foster membrane permeability, the aromatic
moieties do not only shield polar functionalities 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 membrane. 3!
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Figure 1. Examples of peptides containing (hetero)aromatic linkers include A. The anti-parasitic peptide PF1171 contains an
anthranilic acid fragment. B: Phenol-containing peptide from Tranzyme. C: Oxadiazole grafted cyclic peptide from Yudin and

co-workers. Figure adapted from Sciammetta and co-workers.

Yudin and co-workers, for example, expanded this repertoire of cyclic aromatic spacers beyond the
phenyl linker to oxadiazoles such that, in addition to promoting the formation of intermolecular
hydrogen bonds, the moieties also participated in the IMHB networks (Figure 1C).1'¥”! Such
heterocycles are, however, not unique to synthetic cyclic peptides. Indeed, they are commonly

encountered in naturally occurring peptides, wherein the (hetero)aromatic moieties improve
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membrane permeability by participating in the IMHBs while shielding polar groups on the peptide
backbone and masking amino acid side chains towards increased protease stability.?*! Their 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 peptide.?%%

Modifying biologically active homodetic peptides with heterocyclic spacers is a desirable approach for
improving their passive membrane permeability by enhancing chameleonic behavior, but not without
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 reaction dependent on a free carboxylic acid and amine from
the peptide. As such, it is potentially limited in its application to head-to-tail cyclization or via the side
chain of select amino acids. *?? Furthermore, modification of peptide backbones using oxa- and
thiazoles linkers is not only synthetically challenging but restricted 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 undesired off-target
effects owing to their potentially inherent bioactivities, bearing in mind that even 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 the cell.?*?

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 from the systematic replacement of heterocyclic
fragments in a model peptide.l?*¥ This may be further complicated if the model peptide is derived
from nature since the homodetic peptide sequences may have been pre-tuned for their intended
biological activity and membrane permeability.[**3' 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 project aimed 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 network of the peptide
via the nitrogen heteroatom.?®! Furthermore, a phenyl linker was also considered a suitable control

since it lacks HBA but maintains the ability to influence the peptide backbone.!?*”! A pyridine N-oxide
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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 HBA.[24¢!

Selection of a model peptide was, therefore, initially undertaken during project inception. As such,
considerations for a rational model system were made, such as a head-to-tail cyclized peptide with a
modified backbone, preferably with a (hetero)aromatic fragment to guide substitutions 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 for multiple reported model systems.!?*”]

Not surprisingly, given the vast repertoire of membrane-permeable cyclic peptides of marine origin,
the cyclic peptide Sanguinamide A (1) with a thiazole residue in its backbone and isolated from the
sea slug Hexabranchus sanguineous, commonly known as the Spanish dancer was deemed a fitting

[22]

model peptide (Figure 2).
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Figure 2. The thiazole-containing peptide, Sanguinamide A (1), was selected as the model system. At the same time, its
analogue, Danamide F (2), in which alanine in 1 is substituted for tert-butylglycine, was used as the positive control. The

homodetic peptide 3 was designed as a potential negative control.

Sanguinamide A is a hexameric peptide isolated from H. sanguineous and contains six natural amino
acids and a thiazole moiety fused with an isoleucine residue (lleThz).!2*® This fragment's position was
envisioned for substitution with aromatic linkers during library synthesis. Unlike its analogue,
Sanguinamide B, isolated from H. sanguineous and with antibacterial 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) chemical space. 12

Nielsen and co-workers 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, respectively, in DMSO-ds 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 Ala.[*81
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Figure 3. A & B. Sanguinamide A shields its polar backbone via an IMHB network in polar environments. The dashed red lines
represent hydrogen bonds. The model peptide exposes its hydrophobic side chains and enables subsequent interactions with
the cell membrane's lipid bilayer. C. The region shaded in grey represents the hydrophobic surface area impregnated by polar

groups (oxygen, red; nitrogen, red). Figure adapted from Nielsen and co-workers.[181]

Furthermore, in subsequent experiments, they showed that substituting Ala for tert-butylglycin (Tle)
in Danamide F (2) 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%, Figure 2).[*8Y Additionally, the contribution of the IMHB networks towards
membrane permeability was demonstrated via the peptide's marked reduction in membrane
permeability upon N-methylation, which is one of the critical weaknesses arising from using N-

methylation to improve membrane permeability.[?>!!

Therefore, compound 2 was selected as a positive control compound for analysis of our analogues.
Furthermore, given the possibility of the nature-derived peptide’s potential inherent membrane
permeability, the homodetic analogue of Sanguinamide A, 3 (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 lle-Cys dipeptide.l*®3! As such, desirable subtle changes in the
peptide would be achieved, including increased rotatable bonds and loss of the heteroaromatic

fragment on the peptide backbone.

The synthesis of lleThz 4 was performed according to the procedure reported by Nielsen and co-
workers, in which a Boc-protected lleThz moiety was derived from Boc-lle-OH via a thioamide
intermediate followed by Hantzsch thiazole synthesis to afford the thiazole dipeptide analogue 4 after

ester hydrolysis and purification by flash chromatography (Scheme 1).[28
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Scheme 1. Synthesis of the Boc-protected isoleucine-derived thiazole dipeptide analogue 4 using a modified Hantzsch ester

synthesis.
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Scheme 2. A: Synthesis of the model peptidic compound Sanguinamide A (1) and positive control reference compound,

Danamide F (2). B. Synthesis of the cyclic control peptide with a homodetic backbone.

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

resin with a 2-chlorotrityl (2-CTC) resin linker that was previously activated with SOCl,in the presence
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of DMAP as a base before coupling of the first amino acid (Scheme 2A).1°? The linear precursor
peptide was deprotected, and 4b was coupled to the N-terminus on 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 and DIPEA as the base.['"
Synthesis of positive control peptide 2 proceeded similarly but with Fmoc-Tle-OH instead of Fmoc-Ala-

OH.

The synthesis of the negative control peptide 3 was carried out using SPPS (Scheme 2B) of the
respective linear precursor followed by cleavage off the 2-CTC resin with 20 % HFIP in CHsCl,, a solution
acidic enough to cleave the peptide off the solid support, but capable of maintaining protecting groups
of nucleophilic amino acid side chains.[?*! The linear peptide was then purified using RP preparatory

HPLC and cyclized in the same manner as in Scheme 1, followed by global cleavage with a TFA cocktail.
2.3. Synthesis of Sanguinamide A Analogues

The strategy for library synthesis was adapted from that of 1, in which a dipeptide with a
(hetero)aromatic linker would be coupled to the linear peptide on solid phase, followed by cleavage
and cyclization. With interest in developing a small library for evaluating the effects 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 acid and amine functional groups to aid in their incorporation in the
cyclic peptide. Pyridine 5 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, pyridines are part of the

repertoire of aromatic linkers found in pyridine-based macrocyclic peptides (pyritides).!?>4

ﬁmﬁ% %ﬁwﬁ fi% KQY\ YQV
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1

Figure 4. Aromatic linkers for evaluating the impact of small molecule fragments with HBAs on improving the chameleonic

properties of cyclic peptides.

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

required for chameleonicity or otherwise, impart a penalty for the establishment of stable IMHBs as
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are necessary for membrane permeability.[’”! As such, a set of two control pyridine linkers with one
methyl group at each of the amine 6 and carboxylic acid 7 functional groups were designed as controls
to study the effect of an additional rotatable bond count (RBC) on the ability of a heteroaromatic linker

to enhance chameleonicity of cyclic peptides.

As controls for the contribution of the HBA heteroatoms to chameleonicity, phenyl linkers 8 — 10 were
designed, which maintain similar conformational constraints on the peptide backbone.?>
Furthermore, their hydrophobic nature could potentially lead to a shielding effect of the peptide
backbone. These subtle differences could potentially highlight whether increased membrane
permeability is dependent on just hydrophobicity or new IMHBs only possible from heteroaromatic
linkers. The more polar linkers 11 — 13 were included in the library to evaluate any penalty 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 with 6-amino-2- picolinic acid (6-Apa)

derived linkers

An initial attempt at the solution-phase coupling of the methyl ester 15 from commercially available
14 under standard conditions for peptide synthesis with PyBOP as a coupling reagent, suited for
activation of challenging amino acid residues over an extended period of 16 h, was futile, likely owing
to the poor nucleophilicity of the amine (Scheme 3A).**®! An alternative uranium-type coupling
reagent, COMU, was not successful either.”®”) A further attempt by activating Boc-lle-OH by

generating an acyl chloride using SOCl, was also unsuccessful.?>”!

Moreover, a mixed anhydride
approach was also used to activate the Boc-lle-OH substrate using SOCI; in the presence of MeOH, but
in vain. Furthermore, our attempt to generate an acid fluoride in situ from Boc-lle-OH using TFFH also

failed to afford the desired dipeptide.?>®

It was subsequently strategized that increasing the nucleophilicity of the 6-Apa amine was likely
necessary for efficient peptide coupling. As such, the pyridine N-oxide (PNO) derivative of 6-Apa was
adjudged as a suitable substrate since the reactivity of amines of PNOs has been previously
successfully demonstrated.?>®! Therefore, N-oxide 16 was prepared from 15 using mCPBA, followed
by successful coupling to Boc-lle-OH and affording dipeptide 17 under mild conditions previously
reported by Liu and co-workers.?®?! Subsequently, the 6-Apa containing dipeptide 18 was obtained
from the reduction of N-oxide 17 under similarly mild conditions and using the oxophilic diboron

reagent, bis(pinacolato) diboron (B,Pin,).1?6%
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Scheme 3. A: Synthesis of dipeptide 19 containing a pyridine moiety. B: The corresponding PNO containing 20 was derived

from intermediate 17.

It was envisioned that dipeptide 19 would be suitable for incorporation into the cyclic peptide
analogue of 1 in the same fashion as reported by Nielsen and co-workers. It was therefore obtained
from 18 following ester hydrolysis (Scheme 3A).[*81 Additionally, intermediate 17 was used to obtain
dipeptide 20 for incorporating a PNO linker in a cyclic peptide analogue of 1 to evaluate the effect of
increased polarity on the chameleonic properties while potentially maintaining an HBA in the linker

(Scheme 3B).

Therefore, compound 19 was used to synthesize peptide 21 with a pyridine linker substituting cysteine
in the sequence of homodetic cyclic peptide 3. The more polar analogue 22 was subsequently obtained

using the same strategy but using the PNO-containing dipeptide 20 (Scheme 4).
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i.  Fmoc-Pro-OH, DIPEA, 30 min, DMF, rt. HN D%O
ii. SPPS, Multiple steps

NH
iii. 19, 20; PyBOP, DIPEA, DMF,16 h <>ﬁ>/
iv. 20% TFA/CH,Cly, 1 h ]
CI—O v. PyBOP, DIPEA, CH,Cly, rt, 16 h é /FQ
O = Polystyrene resin with 2-CTC linker 21: X =N, 9%; 22: X = N*-0", 9%

Scheme 4. Synthesis of analogues of 1 using dipeptides containing a 6-APA linker 21 and corresponding PNO 22.

2.3.2. Synthesis of analogues of cyclic peptide 1 with 6-(aminomethyl)picolinic acid

derived linkers

It was anticipated that 6-(aminomethyl)picolinic acid, with a methylene spacer between the amine
and the pyridine moiety, would enable less delocalization of electrons on the N-atom towards the
heterocycle.?®? It was also previously reported that 6-(aminomethyl)picolinic acid could partake in
peptide coupling using conditions applicable to those used for canonical amino acids.?%
Consequently, it was expected that peptide coupling to Boc-lle-OH would proceed without needing
an N-oxide modification, and an N-oxide could be conveniently derivatized at a later stage of the

synthetic scheme relative to that of 6-Apa.

Therefore the methyl diester of commercially available dicarboxylic acid 23 was prepared using
methanol and thionyl chloride (Scheme 5A).1%%4 After that, di-ester 24 was reduced using NaBH, to
afford a mono-alcohol intermediate. The reaction time was optimized from reported conditions in
literature to avoid the formation of the di-alcohol side product.?®® The methyl chloride functionality
in 25 was obtained from the mono-alcohol by treatment of 24 with SOCl,. Subsequently, azide 26 was
prepared by azidation, followed by a hydrogenation reaction using Pd/C under acidic conditions to
afford the methylamine intermediate that could be efficiently coupled to Boc-lle-OH to afford ester
27.1%%¢] The desired dipeptide 28 was then obtained following ester hydrolysis to prepare it for

incorporation during SPPS, (18
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Scheme 5. A: Synthesis of dipeptide 26, an extra rotatable bond compared to 6-Apa derived dipeptide 20. B: Synthesis of

PNO-containing dipeptide 30 derived from intermediate 27.

A portion of intermediate 27 was oxidized and saponified to afford the dipeptide 30 with the more
polar PNO linker (Scheme 5B).?%% Corresponding analogues of 1 were synthesized using the dipeptide

with aromatic linkers 28 and 30 (Scheme 6)

| o
NH

o) HN
ii. SPPS, Multiple steps
iii. 28, 30; PyBOP, DIPEA, DMF, rt.,16 h 0
iv. 20% TFA/CH,Cly, 1 h HN NH
: o
0Q PyBOP, DIPEA, CH,Cly, tt, 16 h g
N 0
0

N

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

O = Polystyrene resin with 2-CTC linker 31:X = N, 8%; 32:X = N*-0", 17%

Scheme 6. Synthesis of cyclic peptide analogues of 1 derived from 6-(aminomethyl)picolinic acid and containing a pyridine
linker 31 and PNO linker 32.

39



2.3.3. Synthesis of Sanguinamide A analogues with 2-(6-aminopyridin-2-yl)acetic acid and

corresponding PNO aromatic linkers

Prior experience with 6-Apa led to the assumption that 2-(6-aminopyridin-2-yl)acetic acid would be
insufficiently nucleophilic for coupling to Boc-lle-OH and require the formation of a PNO intermediate
before coupling to Boc-lle-OH under standard peptide coupling conditions.’?*”) Therefore, a synthetic
route similar to that of compounds 19 and 20 was designed, which started with Boc-protection of
commercially available picoline 33 to enable the subsequent benzylic lithiation of 34, followed by
quenching with diethyl carbonate to afford ester 35 (Scheme 7A).12%8] After that, the pyridine was
oxidized using mCPBA to give PNO 36./2%0

Maintaining the Boc-protecting 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 one-pot approach with
simple evaporation of volatiles after Boc deprotection followed by peptide coupling for improved
yields of dipeptide PNO 37.%7% After that, reduction with B,Pin, and ester hydrolysis under basic
conditions gave the final desired dipeptide 39 with a linker derived from 2-(6-aminopyridin-2-yl)acetic
acid. Moreover, the PNO-containing analogue 40 was also prepared via ester hydrolysis of

intermediate 37 (Scheme 7B).[*84

Initial attempts at coupling dipeptides 39 and 40 to the precursor linear peptide on solid phase failed.
It was assumed that the pyridine and PNO-containing linkers may have formed intermolecular

hydrogen bonds, so the coupling reagent could not activate the stabilized structure (Scheme 7C).27%
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Scheme 7. A: Synthesis of dipeptide 39 containing a pyridine moiety and a methylene spacer between the acid and aromatic
ring. B: The corresponding PNO containing analogue 40 was derived from intermediate 37. C: Coupling 39 and 40 to a linear

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 the analogues of 1 could promote passive uptake via promoting chameleonic properties via
IMHB formation.*?? Therefore, phenyl linkers were envisioned as suitable since they mimic the

pyridines in structure but can’t form the IMHB.[238!

Upon heating the reaction using microwave irradiation for 1 h, the desired linear precursor peptides
were observed by LCMS. After that, the precursor was cleaved off solid support using TFA and further

cyclized to afford analogues 41 and 42 (Scheme 8).
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i.  Fmoc-Pro-OH, DIPEA, 30 min, DMF, rt. ‘

ii. SPPS, Multiple steps
ii. 39, 40; HATU, DIPEA, DMF, 80 °C (MW), 16 h NH
iv. 20% TFA/CH,Cly, 1 h HN

CI40 v. PyBOP, DIPEA, CH.Cly,, rt, 16 h

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

Scheme 8. Synthesis of cyclic peptide analogues of Sanguinamide A containing 2-(6-aminopyridin-2-yl)acetic acid 41 and 42.

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 between the pyridines, PNOs, and aromatic linkers.[?*°!

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

phase dipeptide synthesis.?’?

Amine 44 was first derived from the nitrile reduction of commercially 3-cyanobenzoic acid 43 (Scheme
9A).2731 The rest of the starting materials for Fmoc-protection, 45 and 46, were commercially
available. After that, the free amines of 44 — 46 were protected using Fmoc-OSu and NaHCOs at a pH

of 8 to afford corresponding Fmoc-protected building blocks 47 — 49 (Scheme 9B).1274

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%
Scheme 9. A: Nitrile reduction to afford intermediate 30. B: Synthesis of Fmoc-protected phenyl linkers 47- 49 for

incorporation into the sequence of Sanguinamide A.

Compounds 47- 48 were then successfully coupled to a linear peptide on solid phase at room
temperature (Scheme 10A). At the same time, the coupling of 49 to the linear peptide was performed

at 80 °C under microwave irradiation (Scheme 10B). The resulting linear peptides were coupled to Boc-
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lle-OH after Fmoc-deprotection, followed by cleavage off resin and cyclization to afford analogues 50

—-52.
A ) .
i.  Fmoc-Pro-OH, DIPEA, 30 min, DMF, rt.
i. SPPS, Multiple steps O
iii. 47 - 48, PyBOP,COMU,DIPEA, DMF, rt.,16 h 0. HN\ /n NH
iv. Boc-lle-OH, PyBOP, DIPEA, DMF, rt.,16 h
iv. 20% TFA/CH,Cly, 1 h
v. PyBOP, DIPEA, CH,Cl,, rt, 16 h _ HN Y
c—Q - NH
N_ O
¢ TN )
g0
50: n=1,9%
51:n=0,17%
B
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
o a v. PyBOP, DIPEA, CH,Cl,, rt, 16 h . o o
NH
N
H
(e}
O = Polystyrene resin with 2-CTC linker 52, 16%

Scheme 10. Synthesis of cyclic peptide analogues of Sanguinamide A containing phenyl linkers. A: synthesis of 50 and 51 was

carried out at room temperature. B: Synthesis of 52 required heating during the coupling of 49 to the linear peptide.

2.4. 1AM Chromatographic Analysis

All peptides were analyzed by IAM chromatography, a high throughput method to evaluate membrane
permeability. Additionally, cyclosporine A (CSA) was included as a peptidic control with a reported

high oral bioavailability and for comparison with other peptides (Figure 5).1*%3!
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Peptide CHI-IAM Analysis
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Figure 5. Measured CHI IAM values of peptides grouped into Sangunamide and Control peptides; A: peptides with a 6-Apa
linker and derivatives, which also had the highest overall CHI-IAM values and in comparison to other linker analogues with

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

Overall, CSA (F =21%, CHI IAM = 48.6) and 2 (F = 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 peptide 1 had a lower CHI IAM score of 42.1 and an F of 7% (table
1).2%0 Furthermore, the CHI IAM values for 1 and 2 corroborate with Nielsen and co-workers’
experientially determined bioavailability of the rationally designed cyclic peptide 2 towards improved
membrane permeability, which was augmented from 1 by using a more hydrophobic Tle residue side

chain mutation from alanine.??!
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Table 1. 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 A A o
;i \ P H \ P ‘;{ \ P
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 42.1 | 47.7 36.2 48.6 42.2 | 39.8 40.2 37.2 35.9 36.1 36.6 33.8 36.9
SD 0.2 0.2 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.2 <0.1 0.1
MW 722 764 743 1202 759 775 758 773 789 772 773 789 772
cLogP 5.4 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 not experimentally determined. ** NAtMC denotes the number of atoms in the

macrocycle. X =N or N*-O-.

As further expected, the control peptide 3 (CHI IAM = 36.2), devoid of either a (hetero)aromatic linker
or a non-canonical side chain modification, was found to have the lowest CHI IAM score and,
therefore, supporting the notion that peptide backbone and side chain modifications are worthwhile

approaches for improving membrane permeability.??

The group of model peptide 1 analogues with the least number of atoms in the macrocycle (NAtMC =
23) and featuring a 3-Apa linker 21 (CHI IAM =42.2), PNO 22 (CHI IAM = 39.8) as well 3-amino benzoate
(3-Abz)-containing 50 (CHI IAM = 40.2) were the most privileged. Peptides with larger macrocycle sizes

had a generally low CHI IAM score. (Figure 5, group A).

The CHI-IAM score of 21 (CHI IAM = 42.2, PSA = 198) is similar to that of control peptide 1 (CHI 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 manner, 22 (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 peptide 3 (CHI IAM = 36.2, PSA = 186),
suggesting that the N-oxide may partake of IMHBs thereby improving its CHI IAM score despite a
higher polarity. The reduced CHI IAM score of compound 50 (CHI IAM = 40.2) with a phenyl linker and
relative to 21 (CHI IAM = 42.2, PSA = 198) is suggestive of the contribution of the HBA in the linker 21
towards a high CHI IAM score.

Larger 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 pyridine linker in analogues 31 (CHI IAM

= 37.2) and 41 (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 that postulated in Veber’s rule.”” Furthermore, their corresponding PNO-containing
linkers in 32 (CHI IAM = 35.9) and 42(CHI IAM = 33.8) had even lower CHI IAM scores resulting from
additional penalties from their high polarity relative to the pyridine-containing peptides 31 and 41.
Following the same trend, a similar observation can be made for the phenyl linker containing peptide

52 (CHI IAM = 36.9) relative to 41 (CHI IAM = 36.6).

Peptide CHI-IAM Analysis -grouped by linker type
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Figure 6. Sanguinamide A analogues grouped by the nature of HBA, i.e., pyridines, PNO, or none (3-Abz).

No difference between CHI IAM scores of peptides with PNO or 3-Abz 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 likely arose from their lower
polarity relative to PNOs and potentially participating in HB formation with the nitrogen heteroatom,

unlike 3-Abz linkers. (Figure 6).

Using an HBA-containing heteroaromatic linker seemed to improve the chameleonic properties of the

peptides, as indicated by their higher CHI-IAM score compared to their benzene or PNO equivalents.
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Increasing the polarity of the aromatic linker contributes to a reduction in the CHI-IAM score,

indicating a reduced membrane permeability.
2.5. VT-NMR analysis of select peptides

Variable temperature NMR (VT-NMR) experiments have been used to characterize the nature of
IMHBs in peptide 1181, We used the same technique to evaluate the nature of IMHB networks formed
by our Sanguinamide A analogues with various non-peptidic linkers. It was expected that the method
would give insights into the conformational behavior of the synthesized peptides and possible
correlation with chameleonic behavior.1?’?! Discerning the strength of an HB is a judicious task. As such,
backbone amides showing an NMR chemical shift temperature coefficient (Adnu/AT) of a relatively
high magnitude (i.e., Adnu/AT > 4.0 ppb/K) were considered solvent exposed. In contrast, moderately
lower volumes of ASnn/AT (2 ppb/K < Adnu/AT< 4.0 ppb/K) have been proposed to participate in weak

HBs, while lower magnitudes (ASyn/AT < 2.0 ppb/K) were considered to participate in a strong HB.[?7”
2.5.1. Sanguinamide A (1)

Notably, membrane permeable peptide 1 appeared to form an IMHB network in DMSO-dg, consistent
with the report by Nielsen and co-workers. Further confirming the hypothesis that membrane
permeability comes from increased inherent hydrophobicity from a shielded polar backbone (Figure

7)_[181]

S S
\M \u
N N N T
HN 1
0 2 0
6 NH
N 3
S 4 0\8 4
N N0 N N@e)
Hm
1 (DMSO-dg) 1 (CDCly)

Figure 7. The structures of model peptide 1 and its corresponding amide HB patterns in DMSO-dg and CDCls, whereby strong

bonds are highlighted in purple and weak ones in cyan.

The temperature coefficients of Phe-3 (Adnu/AT - -4.3 ppb/K) and lleThz-1(Abnu/AT - -4.0 ppb/K) had
the largest magnitudes were suggestive that their amides were solvent exposed. Ala-2 (ASnu/AT = 0.0
ppb/K) and lle-5 (Adyw/AT =-1.6 ppb/K) had the lowest ASNH/AT values and may have participated in

strong HBs.?””! Although the absolute values differed from those reported by Nielsen et al. (Ala-2
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AdNw/AT = 0.5 ppb/K and lle-5 Adnu/AT = -1.5 ppb/K), the amides found to be involved in strong

hydrogen bonds corresponded (Figure 7).

Table 2. Calculated backbone amide variable temperature coefficients (ppb/K) for compound 1 in

DMSO-ds and CDCls

Residue lleThz 1 Ala 2 Phe 3 lle5
A8\u/AT - DMSO-ds (ppb/K) -4.0 0.0 -43 -1.6
ASnk/AT — CDCls (ppb/K) 3.4 0.0 -10.3 3.2

To estimate the nature of HBs formed by 1 in the cell membrane’s lipid bilayer and in extension to
reported analyses, a similar VT-NMR experiment was performed using CDCl; as a solvent whose
dielectric constant (e=4.8) is close to that of the lipid bilayer of the membrane (€=3.0).17® In this case,
the model peptide 1 seemed to form three HBs, a strong one formed by the amide of Ala-2 (Adnu/AT
= 0.0 ppb/K) and two weak bonds formed by lle 5 (Abnn/AT = -3.2 ppb/K) and lleThz 1(Adnw/AT = -3.4

ppb/K). Therefore, the HB pattern of the amide backbone of 1 varies in different solvents.

2.5.2. Analogue 21 with a pyridine linker

Analysis of the pyridine-containing peptide 21 was first performed in DMSO-dg, and it demonstrated
a possibly different HB pattern from compound 1 (Figure 8). In comparison to the model peptide 1,
two amides of Pyr-1 (A&nu/AT = -1.5) and Phe-3 (Adnu/AT = -1.7) participated in strong HBs in addition
to those formed by Ala-2 (ASnu/AT = -0.5) and lle-5 (Adnu/AT = -1.7) (table 3). However, lle-7 (ASnu/AT
= -6.6) of 21 was solvent exposed, unlike that of lleThz-1 (ASnu/AT = -6.6) of 1, in a similar position,

where it participated in a weak HB.

However, on analysis in 21 in CDCls, a change in the HB network was observed (Figure 8) relative to
the model peptide 1 in CDClsand 21 in DMSO-des. Compared to model peptide 1 in CDCls, there was an
overall increase in backbone amides participating in HBs. Two additional strong HBs were formed by
Pyr-1 (Abnu/AT = -1.0) and lle-7 (Abnw/AT = -0.0), of which the latter participated in a weak HB in
compound 1. Ala-2 (Adnu/AT = -0.6) and lle-5 (Adnw/AT = -4.0) participated in weak and strong HBs,
respectively, in a similar manner as those of the model peptide 1. The HB pattern of 21 in CDCl; and
DMSO-de was almost identical with Ile-5 (Adnu/AT = -4.0) in CDCl3 participating in a weak HB as
opposed to a strong HB in DMSO-dg (lle-7, Adnn/AT = -1.7).
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Figure 8. The structures of the pyridine-containing compound 21 and its corresponding HB patterns in DMSO-dg and CDCls,

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

Table 3. Calculated backbone amide variable temperature coefficients (ppb/K) for compound 21 in

DMSO-ds and CDCls

Residue Pyr-1 Ala-2 Phe-3 lle-5 lle 7
ASu/AT - DMSO-dg (ppb/K) -1.5 -0.5 -1.7 -1.7 -6.6
ASnu/AT - CDCl3 (ppb/K) -1.0 -0.6 -10.4 -4.0 0.0

2.5.3. Analogue 22 with a PNO linker

The observations from VT-NMR experiments for PNO-containing peptide 22 in DMSO-ds showed more
HBs formed by the backbone amides relative to the model peptide 1, arising from an additional amide
from PNO-1 (A6nn/AT = 1.3) with a low-temperature coefficient (Figure 9 and table 4). The rest of the
backbone amides had temperature coefficients similar to the model peptide 1 and may have

participated in HBs identical to compound 1.

In CDCls, lle-7 (Abnw/AT = -0.6) may have formed a strong HB in 22, making it the only residue to
contrast to the similarly positioned lleThz-1 (A&yw/AT = 3.9) that may have formed a weak HB in
compound 1. The amide of PNO-1 (Adnw/AT = 0.0) had a consistently low-temperature coefficient in

both solvents.

Furthermore, the HB pattern for 22 was largely similar between both solvents and only differed in the
magnitudes of temperature coefficients of lle-7 and lle-5. In CDCls, lle-7 (A&nn/AT = 0.6) had a low-
temperature coefficient as opposed to a moderate one in DMSO-dg (lle-7: Abnu/AT = -3.6), while lle-5
(A6NH/AT = -2.6) has a moderate temperature coefficient as opposed to a lower score in DMSO-d (lle-

5: ASnw/AT =-1.5).
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Figure 9. The structures of the PNO-containing analogue of Sanguinamide A 22 and its corresponding amide IMHB patterns

in DMSO-ds and CDCls, whereby strong bonds are highlighted in purple and weak ones in cyan.

Table 4. Calculated backbone amide variable temperature coefficients (ppb/K) for compound 22 in

DMSO-ds and CDCls

Residue PNO-1 Ala-2 Phe-3 lle 5 lle7
Teoetf (DMSO-Dg) 1.3 -0.3 -4.2 -1.5 -3.6
Teoetf (CDCl3) 0.0 -1.0 -6.4 -2.6 0.6

While both 22 and 21 maintained the same number of amide protons potentially participating in HBs
across the two solvents, the pyridine-containing peptide 22 had a variation in the position of residues
potentially participating in HBs, unlike 21, in which only Phe-3 was exclusively solvent exposed in both

DMSO-ds and CDC|3.

2.5.4. Analogue 50 with a 3-Abz linker

Overall, peptide 50 in DMSO-ds had a remarkable structural similarity to 21 with a pyridine linker. In
DMSO-dg, one difference in temperature coefficients was observed in the moderately lower shift of
Phe-3 (A6nu/AT =-3.7) in compound 50 (Figure 10 and Table 5). Compared with Phe-3 (Adnu/AT =-1.7)
of compound 21, a lower shift was observed, suggesting a reduction in the HB strength of the

compounds in DMSO-de.

In CDCl;, compound 50 also had an identical pattern of amino acid residues with temperature
coefficients suggestive of HB formation comparable to 21. Ala-2 (ASxw/AT = -3.8), for instance, had a
higher temperature coefficient relative to that of 21 (Ala-2: (Adnw/AT = -0.6). Additionally, lle-5
(A&NH/AT = -0.0) of 50 had a lower temperature coefficient relative to lle-5 (ASxw/AT = -4.0) of 21.
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Figure 10. The structures of the 3-Abz-containing analogue 50 and its corresponding amide HB patterns in DMSO-dg and

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

Table 5. Calculated backbone amide variable temperature coefficients (ppb/K) for compound 50 in

DMSO-ds and CDC|3

Residue 3-Abz-1 Ala-2 Phe-3 lle5 lle7
Teoetf (DMSO-Dg) -1.8 -0.5 3.7 -1.7 -6.5
Teoetf (CDCl3) -0.6 0 -11.4 -3.8 0

2.6. Summary and conclusions

VT-NMR experimental results showed HB formation consistent with the IMHB network in
Sanguinamide A (1), similar to Nielsen and co-workers' reported network in DMSO-ds. However, an
additional HB was formed by a backbone amide in chloroform, suggesting a closed conformation

aimed at occluding the backbone amide.[*8

Compound 21, with a pyridine linker, had a different pattern regarding HB strength and position in
DMSO-d¢ and CDCls solvent environments. The observations suggest a novel IMHB network different
from the secondary structures adopted by model peptide 1 in the two solvent environments.
Therefore, the VTNMR observation agrees with the high CHI IAM measurement observed in 21 (CHI
IAM =42.2, PSA = 198). The CHI IAM score was close to model peptide 1 (CHI IAM =42.1, PSA = 169).
This observation suggests an enhancement in chameleonic behavior from incorporating a pyridine

into the sequence of Sanguinamide A despite an increase in PSA introduced by the pyridine linker.[!?"

However, the PNO containing peptide 22 (CHI IAM = 39.8, PSA = 221) had a lower CHI IAM score than
model peptide 1. Including the linker may have led to a very high PSA and possibly a penalty for
membrane permeability.”””®! Furthermore, VINMR observations for compound 22 showed a
remarkably similar number of HB forming residues and HB strengths in both DMSO-ds and CDCls,

suggesting an inability of the peptide to alter 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 compound 22.

VTNMR observations also suggested that compounds 50 and 21 had identical residues participating in
HBs, in both DMSO-ds and CDCls. It is possible that compound 50 can also change its conformations in
different solvents, just as previously proposed for 21. However, the pattern of HB strengths differed
between both peptides despite having identical residues participating in HB formation. Moreover,
compound 21 had a higher CHI IAM score than 50 (CHI IAM = 40.2, PSA = 186), suggesting the
conformations adapted by the 21 as more suitable for membrane permeability and highlighting the

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 6-Apa and 3-Abz fragments into the backbone, enabling chameleonic behavior.?5"!

However, further conformational studies are required to confirm this assertion.[*¢%
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3. Solid-Phase Peptide Late Stage Functionalisation (LSF) Using

Katritzky Salts via Deaminative C-C Bond Formation

3.1. Introduction to Chapter Il

Late-stage functionalization (LSF) enables rapid access to diverse libraries of peptides in a chemo and
regio-selective manner.??!! It can potentially be used to modify peptides towards functionalities
beyond the capability of the 20 canonical amino acids.?®Y. As such, LSF methodologies have been a
valuable source of tool compounds for manipulating and studying biological systems.!?®2 Drug
discovery programs further employ LSF methodologies to optimize lead compounds by accessing and
screening a library of peptides containing UAAs, which are privileged moieties for improving biological
activity and metabolic stability.[* > 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 (SPPS).[2%!

Additionally, peptide LSF can take advantage of canonical amino acids as a pool of commercially
available chiral substrates that have already been pre-organized regarding their stereochemistry and
positions in a peptide sequence for biological activity.!?*®! For example, one early LSF method used
bromophenyl alanine residues incorporated in a peptide sequence as handles for the derivatization of
Biphenyl alanine (Bip) via Suzuki—Miyaura cross-coupling with boronic acids to access analogues of the

antiretroviral drug Saquinavir and on solid phase (Scheme 1).127]
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Scheme 1. Suzuki cross-coupling with a tetrapeptide on solid phase. Figure adapted from Limbach and co-workers.[287]

Early LSF methodologies primarily relied on transition metal-catalyzed C-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.['> I Another key challenge was the limited application of C-H functionalization
methodologies to the formation of new C(sp?)-C(sp®) bonds mainly derived from pre-activated
(hetero)aryl C(sp?)—H and C(sp®)—H bonds, with the latter frequently proximal to electron withdrawing
groups for acidity.®” Consequently, initial exploratory efforts on C(sp?)—H activation methodologies
were limited to regions close to the peptide backbone because they utilized proximal carbonyl groups

for activation and excluded their application from the more populous distal C(sp®)—H bonds.!?°!

Though less explored, other C(sp?)-H functionalization methodologies also aimed at modifying
histidine, tryptophan, tyrosine, and phenylalanine and were dependent on transitional metal catalysis,
including arylations, borylations, and halogenation reactions.?°” They aimed to tune the amino acids'
aromatic moieties for optimal biological activity since they contribute to ligand-target binding in drug
development.?®?! Despite their abundance in proteins and peptides, C-H bonds are largely inert and

considerably less attractive substrates for peptide LSF.[2%

Carbon-nitrogen (C-N) bonds may be as inert as C-H bonds. Even so, they are as common in peptides
and proteins just as carboxylic acids.>®! They are generally encountered as nitrogen-containing
functional groups on the peptide backbone and side chains of canonical and non-canonical 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 propionic acid.?°®!
The diversity of C-N bonds at side chains is not limited to free amines but also guanidinium, indole,
and imidazole-containing residues, viz. arginine, tryptophan, and histidine, respectively.?*” Several
protecting groups orthogonal to Fmoc have been developed for free amines of peptide residues and
include the acid-sensitive groups like Boc, trityl, and Pbf protecting 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 SPPS.[2%]

Therefore, the ubiquity and diversity of C-N bonds drove research efforts at activating C-N bonds and
aimed at enabling transition-metal catalyzed cross-coupling reactions to access new C-C bonds, which

are deemed attractive transformations in drug development.!?*!

Early methodologies for activating C—N bonds were only based on electronic and azaheterocyclic ring
strain to overcome their high dissociation energy of DH29(CH3N) = 122.4 + 0.07 kcal mol™).B% Aryl,
benzylic and allylic amines were commonly used in addition to the less widely encountered strained
activated C-N bonds of azirines®%!. Notably, most of the reported transition-metal catalyzed cross-

coupling reactions were from C(sp?)-N and, to a lesser extent, C(sp®)-N bonds.



Brown and Keith first reported redox-active N-substituted pyridinium salts (Katritzky salts) for
activating C(sp?)-N bonds in a Suzuki-Miyaura cross-coupling with boronic acids. Their method,
however, required the use of activated alkyl amines that would have limited application in peptide
LSF, especially for the modification of side chains.3%?! Nonetheless, it was a tangent from conventional
applications of Katritzky salts that were mainly used as bench-stable 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 from N-substituted pyridinium salts.!3%!

Watson and co-workers later reported a radical-mediated palladium-catalyzed deaminative cross-
coupling reaction with Katritzky salts to afford new C(sp®)— C(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 team synthesized analogues of proline, isoleucine, and lysine
to demonstrate the method’s utility for obtaining unnatural amino acids. The latter was obtained

directly from a lysine-derived Katritzky salt.[3%4
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Scheme 2. Overview 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 Minisci-type reactions using [Ir(ppy)2(dtbbpy)]PFs as a photocatalyst and under visible
light conditions and to afford new C(sp®)—C(sp?) bonds by Glorius and co-workers(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 co-workers reported a bis(catecholato) diboron-based
deaminative borylation of primary amines in the presence of a Lewis base (scheme 2C).13%! Later,
C(sp®)— C(sp) bonds were derivatized via a deaminative alkynylation of Katritzky salts by Ociepa and

co-workers (scheme 2D).13%")

Accentuating the advantages of SPPS and progressing beyond the synthesis of individual amino acids,
a nickel-catalyzed LSF of a complex peptide was reported by Baran and co-workers for the generation
of new C(sp®)- C(sp®) bonds from redox-active esters. The methodology used organo-Zinc reagents
and on solid phase using, polystyrene (PS) resin with a Rink amide linker as solid support (Scheme
3A).1308]
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Scheme 3. Overview of key methodologies for peptide LSF. Scheme based on a report by ‘t Hart and Co-workers.[309]

Later on, Molander and co-workers also reported using Hantzsch esters to form an EDA with a redox-
active ester subjected to homolytic cleavage under irradiation by blue LEDs on solid phase and at room

temperature (Scheme 3B). The resulting open-shell species was amenable to a Giese-type reaction.!31%

Furthermore, LSF efforts in peptides using Katritzky salts were also reported, with early examples
featuring dipeptides and using a number of modalities for modification.B* However, the first

methodology purposively developed for LSF in more complex peptides using Katritzky salts was



reported by Wang and co-workers. The group reported a catalyst-free and radical-based C(sp®)-H
alkylation of glycine in polypeptides under visible light conditions and using DBU for the formation of
an electron donor-acceptor (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 poor diastereoselectivity. 312

Subsequently, Baran and co-workers reported the compatibility of Katritzky salts with SPPS for peptide
LSF. They used an alkyl radical generated from Nickel-Catalysed decarboxylation of the redox active
ester for macrocyclization of a resin-bound linear tetra-peptide with an N-terminal acrylic acid residue
as Michael acceptor in a Giese addition reaction.®®! In another study, Watson and co-workers
reported that a Nickel catalyzed cross-coupling of Aryl-bromides with Katritzky salts for peptide LSF to
forge new C(sp®)—C(sp?) bonds, also on solid support. 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 reductant.3#

Some photochemistry-based methods for peptide LSF with Katritzky salts also used conditions devoid
of catalysts. For example, highlights in using EDA complexes for radical generation include Wang and
co-workers’ reported use of ionic compounds to promote the homolytic cleavage of Katritzky salts
under visible light conditions (scheme 3C). They further demonstrated the utility of the resulting
radical in a Giese-type reaction for the 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 late-stage derivatization of phenylalanine analogues through deaminative
reductive nickel-catalyzed cross-coupling of Katritzky salts and aryl bromides on solid phase based on
the method reported by Martin and co-workers.3®! They proposed a rational mechanism to proceed
via a sequential reduction pathway instead of the kinetically disfavoured radical chain pathway.3"!
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 C(sp?)-Br bond forming an Ar-Ni(ll)Br
intermediate. The catalyst is subsequently reduced to Ar-Ni(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) (Figure 1).138!
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Figure 1. Proposed sequential reduction mechanism for nickel-catalyzed deaminative electrophile cross-coupling between a

Katritzky salt and an aryl bromide using Zn as a reductant. Figure adapted from Pan and co-workers./328]

Therefore, with peptide LSF in mind, a linear tripeptide 1 was synthesized using PS resin with a Rink
amide linker as the solid support, followed by capping and alloc deprotection (Scheme 4).5%°! The
corresponding Katritzky salt was obtained upon a reaction between the resulting free lysine side chain
with commercially sourced 2,4,6-triphenyl substituted pyrylium salt under microwave irradiation to
afford 2, determined by LCMS following test cleavage of an aliquot of the peptidyl resin. 32% Attempts
to obtain compound 3 under reported literature conditions were relatively futile as only trace

conversion was observed by HPLC (table 1, entry 1).



Ph

=
o
NHAlloc Ph N Ph
i. Pd(PPhg)4, PhSiH3 3 x 1h)
ACHN F*A—O ii. Pyrylium Salt, DMF, 80 °C, MW, 1h ACHN F*A—O
(0] (0]
1 2
N
N7 ‘ | P
N
Br
10 mol% NiCl,.DME
12 mol% 4,4'-ditBuBipy, Mn® (3.0 eq), NMP, 80 °C, 24h
> by Mn” (3.0 eq) AcHN F-A—Q
O

3

Scheme 4. Workflow for exploratory Nickel catalyzed deamination using Katritzky salts and 3-bromo quinoline as substrate.

Initial optimization attempts for peptide LSF began with the substitution of NiBr,.DME for NiCl,.DME
and increasing both the catalyst and ligand loading (table 1, entries 2 — 4). After that, L1 (4,4'-
ditBuBipy) was substituted with L2 (4,4’-diOMeBipy) as an electron-rich ligand to screen electronic
and steric effects for improved conversion to no avail (table 1, entry 5).32 The ligand loading was
increased to 60 mol % from 12 mol% (table 1, entry 6). In these cases, only trace conversion was
observed by LC-MS. Watson and co-workers had previously used NiCl; and L2 to optimize a similar

reductive cross-Electrophile coupling reaction.2%

After that, optimization efforts were followed by including MgCl, and LiCl as additives (table 1, entries
7 —8). Subsequently, Zn was used as a reductant instead of Mn without any additive (table 1, entry 9).
Successive reactions were also performed with MgCl; and LiCl while using Zn as an additive (table 1,
entries 10 — 11). This was based on the report by Watson and co-workers, 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 by LC-MS in all these cases.?'® 3-Bromo
quinoline was then substituted as a test substrate for 4-bromoanisole to aid the quantification of HPLC
conversion due to its improved UV absorption (Scheme 4).32Y |n this case, only a 5 % conversion was

observed (table 1, entry 12).



Table 1. Screening of conditions for Nickel catalyzed cross-coupling for late-stage functionalization on

solid phase.
R BF,
A W
] L1
N O Ar
R Eé» R < ! d %
AcHN F-a—Q) Condlons N F-A—Q =%
(0] (0] =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 NiCl,.DME L1 2 p-Bromoanisole Mn - trace
(10 mol %) (12 mol %)
3 NiCl,.DME L1 2 p-Bromoanisole Mn - trace
(50 mol %) (12 mol %)
4 NiCl,.DME L1 2 p-Bromoanisole Mn - trace
(50 mol %) (60mol %)
5 NiCl,.DME L2 2 p-Bromoanisole Mn - trace
(50 mol %) (12 mol %)
6 NiCl,.DME L2 2 p-Bromoanisole Mn - trace
(50 mol %) (60mol %)
7 NiCl,.DME L2 2 p-Bromoanisole Mn MgCl, 0
(50 mol %) (60mol %)
8 NiCl,.DME L2 2 p-Bromoanisole Mn LiCl, 0
(50 mol %) (60mol %)
9 NiCl,.DME L2 2 p-Bromoanisole Zn - 0
(50 mol %) (60mol %)
10 NiCl,.DME L2 2 p-Bromoanisole Zn MgCl, 0
(50 mol %) (60mol %)
11 NiCl,.DME L2 2 p-Bromoanisole Zn LiCly 0
(50 mol %) (60mol %)
12 NiCl,.DME L2 2 3-bromo quinoline Mn MgCl, 5%
(50 mol %) (60mol %)
13 NiCl,.DME L2 8 3-bromo quinoline Mn MgCl, 5%
(50 mol %) (60mol %)
14 NiCl,.DME L2 9 3-bromo quinoline Mn MgCl, 5%
(50 mol %) (60mol %)




15 NiCl,.DME L2 8 3-bromo quinoline TTF MgCl, 0
(50 mol %) (60mol %)

16 NiCl,.DME L2 8 3-bromo quinoline PhSiH3 MgCl, 0
(50 mol %) (60mol %)

17 NiCl,.DME L2 8 3-bromo quinoline EtSiHs3 MgCl, 0
(50 mol %) (60mol %)

180 NiCl,.DME L2 8 3-bromo quinoline Mn MgCl, 9
(50 mol %) (60mol %)

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

Changing the electronics of the Katritzky salts was also reported to aid the generation of open-shell
species after SET, especially for primary alkyl Katritzky salts that were deemed less reactive.’3??! As
such, p-anisaldehyde 4 was used to prepare pyrylium 5 (scheme 5A). Subsequently, a linear model
peptide with p-methoxyphenyl substituted Katritzky salt 8 was synthesized, bearing in mind lysine’s
primary alkyl amine side chain, for improved reactivity (table 1).B3®! Cornelia and co-workers also
reported the activation and subsequent homolytic cleavage of a C(sp®)-NH; bonds by using a tethered
pyridinium salt 7 to overcome the high bond dissociation energy of their primary aryl amine substrates
and carry out radical C-N borylation.??3! After that, linear peptide 9 was synthesized on solid phase

from pyrylium salt 7.
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Scheme 5. A: Synthesis of p-methoxyphenyl substituted pyrylium salt 5. B Synthesis of tethered pyrylium salt 7.

Therefore, the corresponding pyrylium salt 9 was synthesized, followed by Katritzky salt synthesis
(Scheme 5B). An attempt was then made to use 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 reaction (table 1, entries 13 — 14). The observed trace



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

of the reaction was disadvantageous for phase transfer.[*?*

A panel of organic reductants was then screened, including Tetrathiafulvalene (TTF), Phenylsilane
(PhSiHs), and triethylsilane (EtSiH3) were also explored in vain, perhaps owing to a lower reduction
potential in comparison to the metal reductants (table 1, entries 15 — 17). An attempt at a solution
phase reaction using the model peptide following TFA cleavage only gave a 9% HPLC conversion (table

1, entry 18).

Other screens included changing the resin from polystyrene (rink amide-AM) to PEG-based H-Rink
amide ChemMatrix® resin, expecting increased resin swelling to improve phase transfer.
Unfortunately, larger solvent volumes were needed for sufficient resin suspension, leading to larger
reagent dilutions.®? Furthermore, the reaction temperature increased to 80 °C, but no screens
improved the reaction yield. Only the solution phase reaction showed a slight improvement in
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 Using Katritzky Salts on Solid Phase.

3.2.2.1. Initial exploration

Aggarwal and co-workers described a deaminative Giese-type functionalization of primary amines via
Katritzky salts under irradiation with Blue LEDs (420 nm). According to the proposed mechanism, the
electron-deficient Katritzky salt 8 forms an EDA complex with a Hantzsch ester 9 in the presence of
EtsN, 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 Katritzky salt radical 10 and a dihydropyridine radical
cation 11 followed by C(Sp3)-N homolysis at the pyridinium to afford a free C(Sp?) radical 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 from 9 or 11 to afford the final product 15.53%¢!

CO,Et
Ph Q H-N"_ 3 COE Ph
R A\ BFs  Hantzsch ester (9 I CO,Et 2Et 7\
“N® HPh ——————— ¢ ph L o * N Ph

LN)@_}—Ph —

PH PH O Ph Ph
BF, COZEt
8 13

CO,Et COzEt

o EWG 8or10
L~ R_~_EWG o
\/\r H— N@

COZEt COZEt
14

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

Hantzsch Ester (9)

Scheme 6. Proposed mechanism for deaminative Giese-type functionalization of primary amines via Katritzky salts. The
Giese-type reactions use Katritzky salts and Hantzsch esters in an EDA to generate open-shell species upon irradiation with

blue light. Figure adapted from Aggarwal and co-workers./326]

The initial exploratory reaction was performed in solution and using the model tripeptide with a 2,4,6-
trimethoxyphenyl substituted Katritzky salt to afford compound 18 after TFA cleavage (Scheme 7).
Compound 19 was obtained in a 22% isolated yield following preparatory HPLC purification. In this
test reaction, methyl acrylate was used as a Michael acceptor, and the molar equivalent of EtsN was

doubled compared to that used in the report by Aggarwal and co-workers.



‘ N COOMe

o o)
H Methyl acrylate (2.60 eq), 9 (3 eq), Et3N (4 eq) H
NI /HfOH s N NH,
AcHN : N DMA, 45 °C, 16 h, blue LED (40 W) AcHN N
18 19, 22% (over 2 steps)

Scheme 7. Initial exploration of the peptide LSF with Katritzky 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 Giese-type reaction. Additionally, the
sequence of the model pyridinium peptide 18 was altered such that phenylalanine was substituted
with tryptophan in that of peptidyl resin 20 to facilitate the detection of any unreacted precursor
peptide by thin-layer chromatography (Scheme 8). The change was aimed at enabling efficient

purification by flash column chromatography with UV detection.!?”!

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 %

Scheme 8. 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/CH,Cl, as an additional wash step aimed at removing any residual
Pd(PPhs)4.1328! Consequently, an HCI salt was generated from the deprotected lysine leading to a
complete failure of the Katritzky salt synthesis. Therefore, excess EtsN (pK, = 10) was added to the
reaction mixture to generate a free base from lysine and facilitate a nucleophilic substitution for the

generation the pyridinium.32%



Subsequently, an aliquot of a batch of the synthesized peptidic pyridinium salt 20 was cleaved off solid
support under TFA conditions and purified by silica flash column chromatography with an 82% isolated
yield, affirming the modified protocol’s high efficiency. The same protocol was used to synthesize

alternative pyridinium salts 22 and 23 from their respective pyrylium salts.

A test reaction was then performed with the model peptidyl resin 24 and twice the equivalents of
methyl acrylate and EtsN to obtain an isolated yield of 25% after TFA cleave and purification by

preparatory HPLC (Table 2, entry 1).

Table 2. Optimization of the reaction conditions for Giese-type reactions with Katritzky salts on solid

phase.

CN
i. Acrylonitrile (4 eq), 9 (3 eq), EtsN (4 eq),
L0 x\Boc DMA, 60 °C, 16 h, blue LED (40 W) Lo AL
Aol N\L)kN i. TFA/TIPS/H,0 (95:2.5:2.5v/v), rt., 1h Aol 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 @1 (%) Conversion (%)
1 24 Methyl acrylate substrate 25 -
2 24 45 °C 19 -
3 24 Methyl acrylate substrate 52 -
4 24 - 59 -
5 25 - 6 -
6 26 - 13 -
7 24 1h . 0
8 24 2h - 0
9 24 4h - 14
10 24 20h - 88
11 24 No Et3N 0 -
12 24 No 9 0 -
13 24 No blue LED 0 -
14 24 rt. 0 -
15 24 Precaution-free set up 26 -




3.2.2.2. Optimization of reaction conditions

With a model peptidyl pyridinium 24 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 and co-workers (Figure 2a).B?! 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 the Giese reaction prompted the need to increase the temperature to drive the

reaction to completion.33¥

Therefore, a vial containing the reaction mixture was affixed in a glass beaker sealed off with
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 to a beaker using a single lamp in one instance and

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

Figure 2. The reaction setup was based on one reportedly optimized for primary alkyl pyridinium salts (a) to enable increased

temperature using an oil bath and could accommodate multiple vials (b).

Furthermore, considering the need for excess equivalents of reagents and high concentrations as
useful approaches for driving reactions performed on solid support to completion, the equivalents of
the base and Michael acceptor were increased.®% Hence, with four equivalents of both EtsN 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 compound 27 an 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 of 59% (table 2, entry 4). Thus, acrylonitrile was

used for further exploratory reactions as Michael acceptor.



To facilitate easy incorporation of pyridinium salts into SPPS, an Fmoc-protected amino acid building
block 29 with a Katritzky salt at the Ne of lysine 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 conditions.!*3?! However, their
compatibility with amino acid coupling conditions is problematic since they possess a bulky group that
may sterically occlude the Na of lysine. Moreover, the SPPS compatibility experiment was specifically

designed to include the coupling of beta-branched 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 %

Scheme 9. Synthesis of Katritzky salt building block 29 to pyridinium salt to determine compatibility with SPPS.

Reactions with different pyridinium salts were then probed using acrylonitrile as the substrate.
Katritzky salt 24 had the highest yield compared to 25 and 26 (table 2, entries 5 — 6). Salt 25 may have
been less reactive and reluctant to generate a free radical.l3!®! Salt 26 may have been too reactive and
possibly formed side products that ultimately affected the conversion of the pyridinium salt substrate
to the product.3?®! The p-methoxy phenyl substituted salt 24 was deemed the best suited for the LSF

method, and further experiments 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, entries 7 - 10). Unfortunately, the UV
absorbance of 24 is much higher than that of product 27, which only contains tryptophan making the

observed conversions rather unreliable.333!

The importance of base in the reaction was then probed. According to the proposed mechanism by
Aggarwal and co-workers, EtsN contributed to a significant red shift in a ternary EDA complex that
increased the efficiency of homolytic cleavage for generating free radicals.32! Therefore, pyridinium

salts 31 - 32 were prepared from Boc-Lysine-OH and the corresponding pyrylium salts (Scheme 10).
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Pyrylium Salt, Et3N

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%

Scheme 10. Synthesis of pyridinium salts 29 — 30 for Spectroscopic studies

On performing spectroscopic experiments, a major redshift was only noted when the Hantzsch ester
and pyridinium salts were in solution 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 carrying out reactions 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 12 — 14). Reducing the Michael acceptor to 2.6
equivalents also led to a proportionate 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% was observed, validating
the need for precautionary steps undertaken during reaction setup to ensure a moisture-free reaction

setup under argon (table 2, entry 15).
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Figure 3. A: Spectroscopic studies on the effect of the base on absorbance for inducing a bathochromic shift of individual
EDA complex partners of pyridinium 30, including Hantzsch Ester 9, trimethylamine (EtsN) in solution. B: Pyridiniums 30 — 32

in solution with Hantzsch ester 9 and EtsN.

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 examples, 2-pyridine 33 and pyrazine 34 had excellent yields compared

to 4-pyridine 35. Additionally, biphenyl 36 had a high yield, while styrene 37 did not react.

Compared to the test substrate used for model peptide 27, the more sterically hindered nitriles 38
and 39 were not tolerated in the reaction. Similarly, analogues of initially explored ester 40 with
methyl substitutions at the B-position were less tolerated and gave a very meager yield of 41, while
more hindered analogue 42 completely failed to afford any product. However, a methyl group at the
alpha position was well tolerated for 43 while the phenyl substituent in 44 gave excellent yield
superseding that of ester 40. Other successful esters with good yields included the benzyl ester 45 and

the diester 46.
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Scheme 11. The substrate scope of Michael acceptors was studied using the modified optimized conditions for the Giese-

type reactions.

The acid functionalized 47 was derivatized from a tBu-protected substrate during global deprotection
under TFA conditions. Other substrates containing heavy atoms other than carbon were tolerated,
including sulfur in 48 and phosphorous in 49. Amides were also taken in the scope (50 —52). The acid
functionalized 47 and the amides are also analogues of biogenic amino acids that could be directly
derivatized with the LSF method. Having successfully obtained maleimide analogue 52 and despite the
failure of 54 and 55, biotinylated 56, commonly used as a probe for investigating biochemical

processes, was synthesized. Ketone substrates, however, did not react in the scope studies (57 & 58).

Given variations in the yields of similarly functionalized substrates, attempts were made to optimize
reaction conditions further to rescue low-yielding and failed reactions. Compound 47 was selected,
and a review of its crude HPLC chromatogram after global cleavage revealed three significant peaks

of interest corresponding to the desired product and side products (Figure 4).
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Figure 4. Side product profile observed from HPLC analysis of crude peptide after cleavage of 47 from resin.

The first peak had a mass corresponding to the product ([M+H]* = 502). In contrast, the second peak
had a mass corresponding to a deaminated side product 59 generated from the peptidyl pyridinium
salt that underwent pre-mature 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 Giese-type reactions prior to the final HAT. For example, 60

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

Subsequent efforts were then aimed at minimizing the formation of 59 by increasing the amount of
the Michael acceptor to 8 molar equivalents. It was reasoned that such an increase in concentration
would increase the propensity for the radical formed from C-N homolysis to form product 47.

Unfortunately, only an increase in the peak area for 60 was observed relative to 47 and 59.

After that, as previously employed by Knowles and co-workers, 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 6).33% Similarly, the equivalents of Hantzsch ester were also increased since its
radical cation was proposed to 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 extensive study on the Michael acceptor scope, alternative Katritzky salts other than
those derived from the Ne of the lysine side chain were considered for substrate analysis. Therefore,
unnatural amino acid analogues of lysine bearing different side chain lengths were first considered for
pyridinium salt synthesis. Consequently, 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 (n = 3 carbons) (scheme 12,
compounds 61 - 63). B3I A clear pattern of decreasing yield with side chain length was observed, which
could be alluded to increasing steric constraints for a reaction between the free amines closer to the

peptide backbone with bulky pyrylium salts (Scheme 12).133



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 \)LN NHz
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

Scheme 12. Lysine analogue side-chain length screen for compatibility with Katritzky salt LSF. Yields of 61— 63 were

determined from 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 yield (64 - 66).
Furthermore, there seemed to be no loss of the chirality in 66 since only one diastereomer was

observed by NMR analysis.

Secondly, a modification of the peptide backbone amine via C-N homolysis was considered, as inspired
by the previously reported application of LSF at the termini for cyclization.B*! Additionally, it was
foreseen as an opportunity to showcase the derivatization of non-amino acid fragments at the termini
of peptides beyond acetyl groups for potentially improved biological activities.® As such, a linear
peptidyl resin 67 was synthesized with an N-terminal glycine that was subsequently subjected to
Katritzky salt synthesis to afford 68 in good yield (Scheme 13). Glycine’s suitability at the N-terminus
was anticipated owing to its potential 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 chains.3”!

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

o ~"B°C DMA, 60 °C, blue LED (40 W) o ~ N
H ii. TFA/TIPS/H,0 (95:2.5:2.5 v/v), 1 h, rt H
N —— N NH
A~ R A
N O TN
o = o] o “ o]
OMe
67, 74% 68, 17%

O = Polystyrene resin with a rink amide linker

Scheme 13. Modifying a tripeptide backbone using a Katritzky salt derived from a deprotected N-terminal glycine residue.

The yield of 67 was determined from the cleaved aliquots of the peptidyl resin.



3.2.2.5. Amino acid compatibility studies

It was further deemed prudent to examine the compatibility of the LSF methodology with all 20
canonical amino acids and their commonly used orthogonal protecting groups on SPPS.38! As such, a
library of 5 hexapeptides with randomized sequences was designed, with each containing an alloc
protected lysine for late-stage modification on solid phase using PS resin with a Rink amide (AM) linker
as solid support (table 3). The linear peptides were acetylated, followed by selective alloc deprotection

and subsequent synthesis of 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 ®®°®®®® () 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 AA? AA? AA3 AA4 AAS
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

lal 2,2 —diethanethiol (DODT) was added to the deprotection cocktail for peptides containing cysteine and methionine

residues.

The resulting pyridinium peptidyl resins were then subjected to the Giese-type reaction, global
cleavage, ether precipitation, and final purification by reverse phase preparatory HPLC (69 - 73). In
these reactions, 2-vinylpyridine was 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 photochemical Giese
reaction. Likewise, all the side chain protecting groups were compatible with the reaction conditions.
However, substrate 2-vinylpyridine, which had a high yield from the scope experiments, tended to

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



As anticipated, peptide 69 with histidine in its sequence had the lowest yield, considering that histidine
has been investigated for its ability to partake of nucleophilic radical-mediated reactions at an
elevated temperature of 70 °C — conditions which were similar to those of the Giese type reaction.®3
Furthermore, it was interesting that the residues containing thiols, especially methionine, were stable

to the radical-mediated reaction, given their propensity to partake in such.’4
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 other resins in SPPS, particularly to overcome challenges
associated with long or difficult sequences.?*¥! For example, polyethylene glycol (PEG) based resins
are commonly used in such situations owing to their higher swelling properties that facilitate improved
reagent diffusion.® Alternatively, PS resins with hydroxymethyl linkers and 2-CTC linkers may be

used to synthesize peptides with free carboxyl groups at their termini.l3*?!

Therefore, a panel of resins and their respective linkers was screened for suitability as solid support
during Katritzky salt synthesis and the subsequent Giese-type 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 pyridinium salt 24 and Giese
product 33 (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 salt 74 and subsequent product 75 (table 4, entry
2). Pyridinium salt synthesis using a 4-(4-Hydroxymethyl-3-methoxyphenoxy)-butyric acid (HMPB)
linker was satisfactory for 76, albeit lower comparable yields of 77 and 78 in comparison to 33 (table
4, entries 3 —4). The yield was still low even when 78 was synthesized using acrylonitrile as an alternate
substrate. Notably, only the 2-CTC linker on PS resin used for 79 was incompatible with solid-phase

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 salt 80 was observed, with the resulting product 81 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 adequately suspend the PEG-based resin, owing

to its high swelling properties compared to PS.134!

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

perform future reactions using higher reagent equivalents to counterbalance the lower yields arising



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

oligomerized Michael acceptors as previously observed.!3*4

Table 4. Resin compatibility using different polymers and linkers for the synthesis of Katritzky salts

and subsequent Giese products. The Michael acceptor substrate was 2-vinyl pyridine.

OMe BF4'

z—
\

X
‘ + 2
O N O i. Acrylonitrile (4 eq), 13 (3 eq),
MeO OMe Et3N (4 eq), DMA, 60 °C, 16 h,
blue LED (40 W) ~_NH
ii. TFA/TIPS/H,0 (95:2.5:2.5 viv), H ©
AcHN 1h, AcHN N\)k” X

o = 0o

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 demonstration of
methodical utility was subsequently performed. This was performed in the context of longer linear

peptides that potentially pose synthetic challenges based on their structural complexity.**

The first model peptide was the histone 3 tail peptide (residues 1 — 10) 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) methylation states.34>34¢! peptide p53 (15



—29) 86 is a 15-mer oligopeptide inhibitor derived from the N-terminal transactivation domain of the
tumor suppressor protein p53, which inhibits the PPl between p53 and the oncoprotein

Mdm2(Scheme 14B).*”]
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Scheme 14. LSF of linear peptides. A: For the modification of H3 (1 — 10) peptide 82, the Giese reaction was performed at K4
with acrylonitrile and methyl acrylate as substrates to afford 83 and 84, respectively; B: Likewise, modification of p53 (15 —

29) 86 was performed to afford analogues 87 and 88.

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

comparison.



The linear precursor of the H3 peptide 81 was first synthesized on solid phase with an N-terminal Boc-
protected alanine residue as well as Alloc and Boc-protecting groups on the two lysine residues at
positions 4 and 9, respectively. Following selective deprotection 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 acrylonitrile 83 and methyl acrylate 84, respectively. After that, all
batches underwent global cleavage under TFA conditions and preparatory HPLC purification.?*! The
unmodified H3 peptide 82 was obtained in a yield of 48%, and modified analogues in yields of 13%
and 19% for 83 and 84, respectively.

Similarly, the synthesis of 86 and analogs 87 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 N-terminal acetylated peptidyl resin batches designated for late-stage
derivatization, followed by Giese reactions to afford 87 and 88 after global cleavage. Peptide 86 was
obtained in a yield of 25% after Alloc deprotection, while respective Giese reaction products 87 and

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 and co-workers, who had previously
optimized the starting amino acid residue to aid efficient cyclization (Scheme 15).12%*! A linear
precursor 88 with Alloc and IvDde protecting groups on one of each of the Ornithine residues was
synthesized on PS resin with a hydroxymethyl Wang linker as solid support and with a Boc-protected
proline at the N-terminus. The Giese-type reaction was then carried out following selective Alloc
deprotection and successive Katritzky salt synthesis to afford two analogues of Gramicidin S in yields

of 7% and 8% after cyclization (89 & 90).
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Scheme 15. Synthesis of Gramicidin S analogues by selectively functionalizing one ornithine residue with a Katritzky salt

followed by LSF with acrylonitrile and methyl acrylate.

Finally, analysis of 91 ([M+H]* = 1212) by tandem mass spectrometry (MS/MS) demonstrated a notably
symmetrical fragmentation pattern, amongst others, that occurred between proline and
phenylalanine residues, thereby confirming the presence of a modified ornithine residue in 91 (Figure
5). Collision-induced dissociation (CID) is predominant at the amide bond of proline residues owing
to its ring strain.3* Therefore, fragments containing an unmodified ornithine residue 92 ([M+H]* =
571) and modified ornithine residue 93 ([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

fragment 94, which was only devoid of a single proline residue, was also observed.
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Figure 5. Mass spectrometry analysis of Gramicidin s analogue 90 as evidence that a single modified ornithine residue had

been modified on analysis of fragments generated from CID.



3.3. Summary and Conclusion

Initial attempts at deaminative C(sp3) -C(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
contact by 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 reactive p-methoxyphenyl substituted Katritzky salt

as a peptidyl substrate.

Upon shifting to a photochemical approach for radical generation aimed at deaminative C(sp3)-C(sp?)
bond formation, an initial suboptimal conversion was observed in solution phase. Subsequently, with
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 for pyrazine 33, biphenyl 35, and 4-pyridine
34 substrates. Having observed moderate toleration of maleimide 52, biotin-conjugated maleimide
55 was synthesized, given its importance as a probe for studying protein interactions in biological
systems. Ketones and styrenes failed under optimized reaction conditions. The major side products
formed during the scope experiments were 58 obtained after a pre-mature HAT and 59 from

oligomerization.

The p-methoxyphenyl substituted Katritzky salt 53, derived from lysine, gave the 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 2-CTC 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. Their overall yields
were lower than the unmodified compounds, which is justifiable by the additional reactions compared

to the unmodified peptides.

In conclusion, a photocatalyst-free method for late-stage 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 2-CTC linker on PS resin. The utility was 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 and reagents were of analytical grade and obtained from commercial sources unless
stated otherwise. During the setup of photochemistry reactions, anhydrous DMA was sparged with

argon prior to use and reactions were carried out in flamed dried 7 mL vials under argon 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 microwave-based synthesis in 10 ml glass vials fitted with ActiVent™

caps.

Silica flash chromatography was carried out on a Bilichi Pure C-850 Flash Prep using a flash column
(RediSep®, 24g). 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 was performed using an Agilent 1260 Infinity
system equipped with a 2.1 mm x 150 mm, 2.7 um InfinityLab Poroshell 120 EC-C18 column.
Preparatory HPLC purification was carried out using 125 mm x 21 mm, 5 um, Macherey-Nagel C18
Gravity columns (Macherey-Nagel GmbH & Co. KG, Germany) on a Blichi Pure C-850 Flash Prep for
tripeptides or an Infinity Il LC-MS system (Agilent Technologies, USA) for longer peptides. High
resolution mass spectra were recorded on an LTQ Orbitrap in tandem with an HPLC-System fitted with

a 50 mm x 1 mm, 1.9 um Hypersyl GOLD using electrospray ionization method.

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

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, 100 — 200 mesh) unless stated otherwise. Fmoc protected amino acids (4.00 eq) were
coupled using PyBOP (4.00 eq) and DIPEA (8.00 eq) in DMF (0.02 mL/umol) for 30 minutes at room

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



piperidine in DMF (0.02 mL/pumol) for 5 minutes followed by addition of fresh reagents and further
reaction for 10 minutes. Additional deprotection solution was added if necessary to completely
suspend the resin. Linear peptides were N-terminally acetylated using DIPEA (10.0 eq) and Ac;0 (10.0
eq) in DMF (0.02 mL/umol) over 30 minutes. In between steps the resin was washed with DMF (2.00

mL x4 x 1 min). In all cases, additional DMF was added if necessary to completely suspend the resin.

b. General method for Alloc deprotection

The linear peptide (100 umol) was suspended in anhydrous CH>Cl; (2.00 mL) followed by the addition
of phenylsilane (308 ul; 2.48 mmol; 24.8 eq) and Pd[(CsHs)3P]4(28.8 mg, 0.025 mmol, 0.25 eq) and the
suspension was shaken for 1 h followed by removal of the liquid and the addition of fresh reagents.
After 1 h, the peptidyl resin was washed with CH,Cl, (2.00 mL x 4 x 1 min), DMF (2.00 mL x 4 x 1 min),
0.5% diethyldithiocarbamate in DMF (2.00 mL x 4 x 1 min), 11.5% pyridine hydrochloride in 5% MeOH/
CH,Cl;(2.00 mL x 5 x 5 min), CH,Cl; (2.00 mL x 4 x 1 min) and DMF (2.00 mL x 4 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 peptidyl resin (300 umol) was charged with a solution of
pyrylium salt (1.50 eq) and TEA (4.00 eq) in DMF (4.00 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 with DMF (2.00 mL x 4 x 1 min), CHCl, DMF (2.00 mL x 4 x

1 min), and Et,0 (2.00 mL x 1 x 1 min) then dried under high vacuum.

d. General method for peptide Giese reaction

A flame dried reaction vial with a magnetic stirring bar under argon atmosphere was charged with
peptidyl resin (100 umol) and sealed. The vial was then charged with a solution of Hantzsch ester (76.0
mg; 300 umol; 3.00 eq ) in DMA (400 pl) followed by three evacuation-backfill cycles with argon and
thereafter, charged with a solution of Michael acceptor (4.00 eq) and TEA (4.00 eq) 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 beaker was 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 (see Fig. 2). After 16 h, the peptidyl
resin was washed with DMF (2.00 mL x 4 x 1 min) and CH,Cl; (2.00 mL x 4 x 1 min).

e. General method for cleavage and deprotection of short peptides



Peptidyl resin (100 umol) was cleaved with TFA/TIPS/H,0 (95/2.5/2.5 v/v, 4.00 mL) for 1 h. The
solution was collected and excess TFA was removed under a stream of argon followed by co-

evaporation with CHCls (50 mL x 3).

f. General method for cleavage and deprotection of long peptides

Peptidyl resin was cleaved with TFA/TIPS/H,O (95/2.5/2.5 v/v, 4.00 mL) for 1 h followed by
precipitation in cold Et;0 (100 mL) and centrifugation. The supernatant was removed, and the pellet
resuspended in cold Et;0 (100 mL followed by centrifugation. This procedure was repeated twice. The

resulting pellet was dissolved in H,O/MeCN (1:1, 2.5 mL) and lyophilized.

g. General method for cleavage and deprotection of long peptides with sulfur-containing amino
acid residues

Similar to procedure f, however the cleavage cocktail was TFA/ODT/TIPS/H,0 (90/2.5/2.5/5 v/v, 4.00

mL)

h. General method for attachment of first amino acid to hydroxymethyl based resins (300 pmol)

Wang or HMPB resins in a 50 mL flask were swollen by suspending in CH,Cl; (3.00 ml) and stirred for
20 minutes. The Fmoc protected amino acid (10.00 eq) was dissolved in anhydrous CH,Cl; (25.0 mL)
and the solution was cooled to 0 °C followed by the addition of DIC (5.00 eq) 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 (0.50 eq). The resulting suspension was stirred for 1 h, washed with DMF (3.00
mL x 1 min x 4) followed by CH,Cl>(3.00 mL x 1 min x 4) and dried with Et,O (1.00 mL x 1 min). The
resin was dried in vacuo for 18 h followed by loading determination by Fmoc release and

spectrophotometric quantification.

i. General method for 2-CTC resin reactivation

To a cooled suspension of 2-CTC resin (2.00 g, 1.5 mmol) in CH>Cl>(20.0 ml) in a 50 ml round bottomed
flask was added pyridine (0.580 ml, 7.20 mmol, 2.40 eq.) followed by the dropwise addition of thionyl
chloride (0.261 ml, 3.60 mmol, 1.20 eq.). The suspension temperature was allowed to rise to room
temperature and then refluxed for 2 h. The suspension was filtered in a fitted syringe reactor and the

residue washed with CH,Cl;(3.00 mL x 1 min x 4) and dried in vacuo.

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

Dry peptidyl resin (3.00 mmol) was swollen in CH,Cl; (10 mL) for 20 minutes in 20 ml fritted syringe
reactor. The solvent was drained and a solution of Fmoc-Proline-OH (4.05 g, 12.00 mmol, 4.0 eq.) and

DIPEA (4.18 ml, 24.0 mmol, 8.00 eq.) in anhydrous CH,Cl; (10.0 ml) was drawn into the syringe and



shaken. After 1 h, the resin was washed with CH,Cl; (10.0 mL x 1 min x 4), CH>Cl; (10.0 mL x 1 min x
4).

k. General method for ester hydrolysis.

To a solution ester (1.00 eq) added a 0.5 M solution of LiOH in THF:MeOH:H,0 (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 vacuo, and the reaction pH was lowered to 5 using 0.1 M HCl followed
by extraction with CH,Cl, (3 x 30 mL). The combined organic layers was dried over MgSQ,, filtered and

dried over high vacuum to afford the title compound.

. General method for N-oxide synthesis

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

chromatography (0-15% CH,Cl,/MeOH) afford the title compounds.

m. General method for for Fmoc protection.

To a solution of benzoic acid (1.00 eq) and NaHCOs; (2.00 eq) in a minimum amount of water required
for complete dissolution and cooled in an ice bath, was added a solution of Fmoc-OSu (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 with EtOAc (30 mL x 3). The
combined organic phase was extracted with a saturated solution of NaHCO3(30 mL x 1). The combined
aqueous layer was acidified with 2M HCI to a pH range of 1 — 3; extracted with EtOAc (30 mL x 3),
washed with saturated NaHCO; and brine. The combined organic layer was dried over MgS0,, filtered

and concentrated in vacuo to afford the title compounds.

4.1.3. Purification methods

Method A

Peptides were purified by silica flash chromatography (1 — 30% methanol in CH>Cl;) on a Biichi Pure
C-850 Flash Prep using a flash column (RediSep®, 24g).

Method B



Peptides were purified by preparative HPLC on a Blichi Pure C-850 Flash Prep system equipped with a
125 mm x 21 mm, 5 um, Macherey-Nagel C18 Gravity column, eluting at 20 mL/min with a binary
mixture of MeCN and H,0 with both containing 0.1% TFA using a gradient of 0% - 95% MeCN over 60

min.

Method C

Peptides were purified by preparative HPLC on a Blichi Pure C-850 Flash Prep system equipped with a
50 mm x 10 mm, 5 um, Macherey-Nagel C18 Gravity column, eluting at 6 mL/min , eluting with a binary
mixture of MeCN and H,0 with both containing 0.1% TFA using a gradient of 5% - 95% MeCN over 60
min.

Method D

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

method similar to method B.

Method E
Peptides were purified on an Infinity Il LC-MS system (Agilent Technologies, USA), eluting with a binary
mixture of MeOH and H,O with both containing 0.1% TFA using a gradient of 0% - 55% MeOH over 55

min.



4.2. Improving the Chameleonic Properties of Cyclic Peptides Using Small-

Molecule Fragments

4.2.1. Linker fragment synthesis
4.2.1.1. Synthesis of Boc-lle(Thz)-OH

Ethyl 2-((1S,2S)-1-((tert-butoxycarbonyl)amino)-2-methylbutyl)thiazole-4-carboxylate (4a).

N 0]

BocHN /ﬂ
s OEt

Synthesis was performed in accordance to the method described by Nielsen and co-workers.[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 Boc-lle-OH (5.10 g, 22.1 mmol, 1.00 eq) in CH,Cl, (100 mL) while stirring. After 20 min, aqueous
ammonia 28% (15.7 mL, 110 mmol, 5.00 eq) was 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 NaHCO3 (3 x 100 mL) and brine
(100 mL) and then dried over MgS0.. Lawesson’s reagent (6.24 g, 15.4 mmol, 0.70 eq) was then added
to a solution of the resulting amide in CH,Cl3 (100 mL) while stirring at rt. After 12 h, the suspension
was filtered through a plug of celite, and the filtrate was concentrated in vacuo. The resulting residue
was dissolved in EtOAc (200 mL), washed with saturated NaHCOs3 (3 x 100 mL) and brine (100 mL),
then dried over MgSQ,, filtered, and concentrated in vacuo to afford Boc-isoleucine thioamide as a

yellow solid.

KHCOs (1.50 g, 15.0 mmol, 1.54 eq) was charged in an oven-dried round-bottomed flask containing a
solution of Boc-isoleucine thioamide (2.40 g, 9.70 mmol, 1.00 eq) in anh. DME (25) under argon
atmosphere at -40 °C followed by the dropwise addition of a solution of 2-ethyl-bromo pyruvate (1.62
mL, 12.9 mmol, 1.33 eq) in anh. DME (20 mL) while stirring. The reaction temperature was then raised
to -20 °C. After 6 h, the reaction mixture was filtered, and the filtrate was concentrated in vacuo.
Subsequently, to a cooled solution of the resulting residue in anh. DME (25 mL) in a round-bottomed
flask at —40 °C under argon atmosphere was added to a solution of trifluoroacetic anhydride (4.32 mL,
31.1 mmol, 3.21 eq) and 2,6-lutidine (9.00 mL, 77.5 mmol, 8.00 eq) in anh. DME (10 mL) dropwise. The
reaction temperature was then raised to -20 °C and stirred for 1 h. The solvent was then removed in
vacuo, and the resulting residue dissolved in EtOAc (250 mL), washed with H,0 (50 mL), 20% citric acid

(aq) (3 x 50 mL), and brine (50 mL). The organic layer was then dried over MgSQ,, filtered, and



concentrated in vacuo. The crude mixture was purified by silica column chromatography (0 — 30%
EtOAc/petroleum ether) to afford the title compound. Yield: 3.91 g (10.6 mmol, 48%) as a yellow solid.
'H NMR (600 MHz, DMSO-ds) 6 8.41 (s, 1H), 7.73 (d, J = 8.4 Hz, 1H), 4.65 (t, J = 7.7 Hz, 1H), 4.29 (dtt, J
=10.8, 7.1, 3.8 Hz, 2H), 1.99 — 1.88 (m, 1H), 1.55 — 1.42 (m, 1H), 1.38 (s, 9H), 1.30 (t, J = 7.1 Hz, 3H),
1.28 —1.19 (m, 1H), 0.84 —0.79 (m, 3H), 0.77 (d, J = 6.8 Hz, 3H). 3C NMR (151 MHz, DMSO) 6 174.66,
160.70, 155.65, 145.48, 128.74, 78.39, 60.61, 57.36, 38.32, 28.11, 24.50, 15.52, 14.14, 11.28. HRMS
(ESI): m/z calculated for Ci6H26N,04S [M+H]* = 343.1692, measured = 343.1686.

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

O
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Synthesis was performed in accordance to the general synthetic method k for ester hydrolysis from
4a (1.50 g, 15.0 mmol, 1.54 eq) Yellow solid. Yield: 220 mg (0.56 mmol, 35%) 'H NMR (600 MHz,
DMSO-de) 6 12.97 (s, 1H), 8.33 (s, 1H), 7.71 (d, J = 8.4 Hz, 1H), 4.65 (t, J = 7.7 Hz, 1H), 2.03 — 1.79 (m,
1H), 1.65 — 1.43 (m, 1H), 1.38 (s, 9H), 1.31 — 1.20 (m, 1H), 0.83 (t, J = 7.2 Hz, 3H), 0.78 (d, J = 6.8 Hz,
3H).3C NMR (151 MHz, DMSO) & 174.24, 162.05, 155.39, 146.60, 128.22, 57.31, 38.35, 28.10, 24.51,
15.51, 10.93. HRMS (ESI): m/z calculated for Ci14H22N204S [M+H]* = 315.1379, measured = 315.1374.

4.2.1.2. Synthesis of dipeptides with pyridine and PNO fragments derived from 6-aminopicolinic acid

Methyl 6-aminopicolinate (15).

SOCI; (5.25 mL, 72.4 mmol, 2.00 eq) was added dropwise to a suspension of 6-aminopicolinic 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 dissolved in CH,Cl, and washed
with NaHCOs. The aqueous layer was extracted with CH,Cl, (30 ml x 2). The combined organic layer
was dried over MgSQ,, filtered, and concentrated under reduced pressure to afford the title
compound. Yield: 4.79 g (31.5 umol, 87%) as a white solid. 'H NMR (400 MHz, DMSO-d¢) § 7.51 (t,
1H), 7.33 — 7.13 (m, 1H), 6.65 (d, J = 8.3 Hz, 1H), 6.28 (s, 2H), 3.79 (d, J = 0.6 Hz, 3H). 3C NMR (101
MHz, DMSO-ds) 6 159.68, 145.70, 137.66, 113.18, 112.20, 51.85. HRMS (ESI): m/z calculated for
C;HsN20O; [M+H]* = 153.0664, measured = 153.0658.



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

Synthesized according to the general synthetic method | for N-oxide synthesis using m-
Chloroperoxybenzoic acid (5.48 g, 31.73 mmol, 1.01 eq), 27 (4.78 g, 31.42 mmol, 1.00 eq). Yield: 2.77
g (16.5 mmol, 52%) as a white solid. ™H NMR (400 MHz, DMSO-ds) § 7.28 (dd, J = 8.5, 7.5 Hz, 1H), 6.98
(dd,J=8.5,1.7 Hz, 1H), 6.86 (dd, J = 7.5, 1.8 Hz, 1H), 3.85 (d, J = 0.6 Hz, 3H). 3C NMR (101 MHz, DMSO-
de) 6 162.28, 151.32, 139.63, 128.51, 111.29, 111.16, 52.84. HRMS (ESI): m/z calculated for C;HsN,Os
[M+H]*=169.0613 , measured = 169.0608.

2-((2S,3S)-2-((tert-butoxycarbonyl)amino)-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 solution of 16 (2.70 g, 16.06 mmaol,
1.00 eq), and PyBOP (16.7 g, 32.11 mmol, 2.00 eq) in CH,Cl; (100 mL) at 0 °C. The reaction mixture was
allowed to warm up to room temperature while stirring. After 16 h, the crude mixture was washed
with NaHCOs; and brine and then dried over MgS0,. The solvent was removed under reduced pressure,
and the crude mixture was purified by silica column chromatography (0 — 30% EtOAc/petroleum ether)
afford the title compound. Yield: 5.52 g (14.7 mmol, 90%) as a white solid. *H NMR (500 MHz, DMSO-
dg) 6 10.79 (s, 1H), 8.32 (d, J = 8.3 Hz, 1H), 7.98 (t, J= 8.0 Hz, 1H), 7.78 (dd, J = 7.6, 0.9 Hz, 1H), 7.01 (d,
J=8.6 Hz, 1H), 4.13 (t, J = 8.1 Hz, 1H), 3.88 (s, 3H), 1.85 — 1.73 (m, 1H), 1.54 — 1.43 (m, 1H), 1.37 (s,
9H), 1.29 (s, 1H), 1.15 (dt, J = 13.3, 8.1 Hz, 1H), 0.86 (d, J = 6.9 Hz, 3H), 0.82 (t, / = 7.4 Hz, 3H). 3C NMR
(126 MHz, DMSO) & 164.85, 155.48, 151.81, 145.81, 139.71, 120.47, 117.40, 78.10, 59.37, 52.40,
36.22, 28.21, 24.51, 15.33, 10.86.HRMS (ESI): m/z calculated for CisH:sN30s [M+H]" = 382.1978,
measured = 382.1966.



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

BocHN B o~
0 =

Bis(pinacolato)diboron (2.50 g, 9.83mmol, 1.50 eq) was added to a cooled solution of 17 (2.50 g, 6.55
mmol, 1.00 eq) in CH,Cl; (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 MgSQ.. The solvent
was removed under reduced pressure, and the crude mixture was purified by silica column
chromatography (0—-30% EtOAc/petroleum ether) afford the title compound. Yield: 2.39 g (6.54 mmol,
99%) as a white solid. *H NMR (500 MHz, DMSO-ds) & 10.76 (s, 1H), 8.32 (d, J = 8.3 Hz, 1H), 7.98 (t, J
= 8.0 Hz, 1H), 7.78 (dd, J = 7.6, 0.9 Hz, 1H), 6.98 (d, J = 8.6 Hz, 1H), 4.13 (t, J = 8.3 Hz, 1H), 3.88 (s, 3H),
1.77 (q, J = 7.9 Hz, 1H), 1.56 — 1.42 (m, 1H), 1.37 (s, 9H), 1.19 — 1.13 (m, 1H), 0.86 (d, J = 6.8 Hz, 3H),
0.82 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, DMSO) 6 172.88, 165.29, 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, 15.77, 11.29.HRMS (ESI):
m/z calculated for C1gH27N305 [M+H]* = 366.2023, measured = 366.2024.

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

BocHN ‘ X OH
(¢] =

Synthesis was performed in accordance to the general synthetic method k for ester hydrolysis from
18 (2.390 g, 6.54 mmol, 1.00 eq), 1.54 eq). Yield: 1.94 g (5.52 mmol, 84%) as a white solid. *H NMR
(500 MHz, DMSO-ds) 6 13.26 (s, 1H), 10.71 (s, 1H), 8.28 (d, J = 8.3 Hz, 1H), 7.95 (t, J = 7.9 Hz, 1H), 7.75
(d, J = 7.4 Hz, 1H), 7.01 (d, J = 8.5 Hz, 1H), 4.12 (t, J = 8.3 Hz, 1H), 1.77 (p, J = 7.9, 6.8 Hz, 1H), 1.56 —
1.41 (m, 1H), 1.37 (s, 9H), 1.23 — 1.12 (m, 1H), 0.86 (d, J = 6.8 Hz, 3H), 0.81 (t, J = 7.4 Hz, 3H). 3C NMR
(126 MHz, DMSO) & 172.28, 165.80, 155.39, 151.54, 146.87, 139.41, 120.26, 116.86, 78.02, 59.29,
36.11, 28.09, 24.41, 15.22, 10.74. HRMS (ESI): m/z calculated for Ci7H26N30s [M+H]* = 352.1872,
measured = 352.1865.



2-((2S,3S)-2-((Tert-butoxycarbonyl)amino)-3-methylpentanamido)-6-carboxypyridine 1-oxide (20).

{ R
BocHN ‘ N OH
(¢} Z

Compound 17 (3.20 g, 8.39 mmol, 1.00 eq) was added to a 0.5M solution of LiOH in THF: MeOH: H,0
(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 vacuo, and the reaction pH was lowered
to 5 using 0.1M HClI followed by extraction with CHCl; (3 x 30 mL). The combined organic layer was
dried over MgSQ,, filtered, and dried over high vacuum to afford the title compound. Yield: 2.80 g
(7.62 mmol, 91%) as a white solid. *H NMR (500 MHz, DMSO-d¢) 6 10.74 (s, 1H), 8.61 (dd, /=8.7, 1.9
Hz, 1H), 7.99 (dd, J = 7.9, 1.9 Hz, 1H), 7.87 (t, /= 8.2 Hz, 1H), 7.44 (d, /= 7.6 Hz, 1H), 4.31 (t, /= 7.4 Hg,
1H), 1.87 (dtt, J = 14.6, 11.0, 5.4 Hz, 1H), 1.57 = 1.42 (m, 1H), 1.39 (s, 9H), 1.36 — 1.18 (m, 1H), 0.89 (d,
J=6.8 Hz, 1H), 0.82 (t, J = 7.4 Hz, 3H). 3C NMR (126 MHz, DMSO) & 172.97, 161.29, 156.33, 143.01,
135.50, 132.94, 122.26, 119.43, 79.11, 60.40, 36.30, 28.62, 24.81, 15.78, 11.51. HRMS (ESI): m/z
calculated for C17H25N306 [M+H]* = 368.1822, measured = 368.1816.

4.2.1.3. Synthesis of analogues of cyclic peptide 1 with 6-(aminomethyl)picolinic acid derived linkers

Dimethyl pyridine-2,6-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 (100 mL) 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 CH,Cl; (50 mL), washed with NaHCOs and brine, then dried over MgSQ,, followed 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 solid. *H NMR (500 MHz, DMSO-d¢) § 8.78 — 8.71 (m, 2H), 8.65 (dd, J =
8.4, 7.1 Hz, 1H), 4.40 (s, 6H). 3C NMR (126 MHz, DMSO) 6 215.89, 175.44, 158.95, 149.15, 138.27,
62.59. HRMS (ESI): m/z calculated for CsHoNO4 [M+H]*= 196.0610, measured = 196.0604.



Methyl 6-(chloromethyl)picolinate (25).

Sodium borohydride (2.71 g, 71.7 mmol, 1.40 eq) was added portion wise to a solution of 24 (10.0 g,
51.2 mmol, 1.00 eq) in MeOH (100 mL) in a flame-dried round-bottomed flask under argon
atmosphere at 0 °C. The ice bath was removed, and the temperature was allowed to rise. After 30
minutes following observation of effervescence, the reaction pH was lowered to 6 by dropwise
addition of 0.1 M HCl and the excess MeOH was removed under reduced pressure. The resulting
aqueous solution was extracted with CH,Cl; (50 mL x 3), and the combined organic layer was dried
over MgSQ,, followed by concentration in vacuo. The intermediate was suspended in MeOH (100 mL)
at 0 °C followed by dropwise addition of SOCI; (5.52 mL, 76.1 mmol, 1.20 eq). The reaction mixture
was heated at reflux and stirred overnight. The excess solvent was removed in vacuo, and the residue
was dissolved in CH,Cl; (50 mL), washed with NaHCOs3 and brine, then dried over MgSQO,, followed by
concentration in vacuo. The crude product was purified by silica column chromatography (0 — 30%
EtOAc/Petroleum ether) to afford the title compound. Yield: 6.30 g (33.9 mmol, 66 %) as a white solid.
14 NMR (500 MHz, DMSO-d;) & 8.03 — 7.98 (m, 1H), 7.92 (dd, J = 7.8, 1.1 Hz, 1H), 7.73 (dd, /= 7.8, 1.1
Hz, 1H), 4.61 (s, 2H), 3.87 (s, 3H). 3C NMR (126 MHz, DMSO) & = 165.23, 162.55, 146.32, 138.21,
123.95, 123.09, 63.89, 52.41. HRMS (ESI): m/z calculated for CsHgCINO, [M+H]*= 186.0316, measured
=186.0316.

Methyl 6-(azidomethyl)picolinate (26).

To a solution of 25 (6.6 g, 35.5 mmol, 1.00 eq) in DMF (50 mL) in an oven-dried flask under argon
atmosphere was added NaNs(2.18 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 adding H,O (20 mL) and
stirred for a further 10 min. The excess DMF was removed under high vacuum, and the crude product
was dissolved in CHyCl; (50 mL), washed with brine and dried over MgSQ,, and concentrated in vacuo
followed by purification by silica column chromatography (0 — 30% EtOAc/Petroleum ether) to afford
the title compound. Yield: 6.50 g (33.8 mmol, 95 %) as a white solid. *H NMR (700 MHz, DMSO-ds) &
8.04 (t,J=7.7 Hz, 1H), 8.01 (dd, J = 7.8, 1.3 Hz, 1H), 7.69 (dd, J = 7.5, 1.3 Hz, 1H), 4.63 (s, 2H), 3.89 (s,



3H). 3C NMR (176 MHz, DMSO) § = 165.00, 156.27, 147.31, 138.73, 125.93, 124.09, 54.17, 52.52.
HRMS (ESI): m/z calculated for CgHgN4O, [M+H]* = 193.0720, measured = 193.0718.

Methyl 6-(((2S,35)-2-((tert-butoxycarbonyl)amino)-3-methylpentanamido)methyl)picolinate (27).

X
P o
~
BocHN N ~
O (0]

A 100 mL round-bottomed 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 charged with a solution of 26 (6.50 g, 33.8 mmol, 1.00 eq) in a minimum amount
of MeOH required for complete dissolution, followed by three evacuation and H; refill cycles. The
reaction mixture was charged with 36% HCI (8.70 mL, 101 mmol, 3.00 eq) while stirring under Hy, 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 CH,Cl, (100 mL). The flask was then charged with Boc-lle-OH
(11.7 g, 50.6 mmol, 1.50 eq), PyBOP (26.4 g, 50.74 mmol, 1.50 eq) and DIPEA (17.7 ml, 101 mmol, 3.00
eq). Extra CH,Cl, was added as necessary for complete dissolution while stirring. After 16h, the organic
phase was washed with citric acid, saturated NaHCOs, and brine, then dried over MgS0O, and
concentrated in vacuo. The crude product was purified by silica column chromatography (0 — 30%
EtOAc in petroleum ether). Yield: 5.63 g (1.48 mmol, 41%) as an off-white solid. *H NMR (500 MHz,
DMSO-ds) 6 8.59 (t, J = 6.0 Hz, 1H), 7.92 (d, J = 4.4 Hz, 2H), 7.55 (t, / = 4.5 Hz, 1H), 6.83 (d, J = 8.6 Hz,
1H), 4.42 (t, J = 5.7 Hz, 1H), 3.88 (s, 3H), 1.79 — 1.61 (m, 1H), 1.47 — 1.41 (m, 1H), 1.40 (s, 9H), 1.22 —
1.03 (m, 1H), 0.82 (dd, /= 8.3, 6.7 Hz, 6H). *C NMR (126 MHz, DMSO) & 172.49, 165.69, 159.94, 156.03,
147.23, 138.36, 124.95, 123.60, 78.51, 59.53, 52.84, 44.51, 36.46, 28.66, 25.01, 15.93, 11.38. HRMS
(ESI): m/z calculated for Ci9H29N30s [M+H]" = 380.2185, measured = 380.2177.

6-(((2S,3S)-2-((Tert-butoxycarbonyl)amino)-3-methylpentanamido)methyl)picolinic acid (28).

X
H ‘ OH
~
BocHN N
(0] (0]

Synthesized according to the general synthetic method k for methyl ester hydrolysis from 27 (2.40 g,

6.32 mmol, 1.00 eq) was added to a 0.5M solution of LiOH in THF: MeOH: H,0 (4:1:1; 30 mL). Yield:
2.20 g (6.04 mmol, 95%). *H NMR (500 MHz, DMSO-ds) & 8.96 (s, 1H), 8.11 — 7.78 (m, 2H), 7.46 (dd, J
=7.1,1.6 Hz, 1H), 7.17 (s, 1H), 4.52 — 4.28 (m, 2H), 3.82 (t, J = 8.3 Hz, 1H), 1.78 — 1.67 (m, 1H), 1.51 -
1.40 (m, 1H), 1.34 (s, 9H), 1.19—1.04 (m, 1H), 0.79 (dd, J = 8.7, 6.6 Hz, 6H). 3C NMR (126 MHz, DMSO)



6 = 173.57, 172.12, 166.82, 155.68, 137.95, 137.91, 123.79, 123.79, 122.52, 122.52, 77.92, 28.18,
24.67, 15.51, 10.93. HRMS (ESI): m/z calculated for CigH29N30s [M+H]* = 396.2135, measured =
366.2026.

2-(((2S,3S)-2-((Tert-butoxycarbonyl)amino)-3-methylpentanamido)methyl)-6-

{(methoxycarbonyl)pyridine 1-oxide (29).

BocHN N* ~

Synthesized according to the general synthetic method | for N-oxide synthesis using m-
Chloroperoxybenzoic acid (0.510 g, 2.96 mmol, 1.02 eq), 27 (1.10 g, 2.90 mmol, 1.00 eq). Yield: 0.945
g (2.39 mmol, 82%) as a white solid. *H NMR (500 MHz, DMSO-ds) 6 8.54 (t, J = 6.0 Hz, 1H), 7.63 (dd,
J=7.8,2.0Hz, 1H), 7.50 (d, J = 5.9 Hz, 1H), 7.37 (t, J = 7.9 Hz, 1H), 7.00 (d, J = 8.1 Hz, 1H), 4.41 (dd, J =
17.6, 6.2 Hz, 1H), 4.29 (dd, J = 17.7, 5.8 Hz, 1H), 3.87 (s, 3H), 3.81 (t, J = 8.0 Hz, 1H), 1.77 — 1.67 (m,
1H), 1.55 - 1.41 (m, 1H), 1.40 (s, 9H), 1.20 — 1.06 (m, 1H), 0.82 (t, J = 7.2 Hz, 6H). *C NMR (126 MHz,
DMSO) 6 =172.59,162.33,155.81, 149.27, 141.61, 124.85,124.71, 123.43, 78.20, 59.28, 53.00, 37.92,
35.57, 29.61, 28.20, 24.96, 24.68, 15.48, 10.87. HRMS (ESI): m/z calculated for Ci1sH29N30g [M+H]* =
396.2135, measured = 396.2129.

2-(((2S,3S)-2-((tert-butoxycarbonyl)amino)-3-methylpentanamido)methyl)-6-carboxypyridine 1-
oxide (30).

A
R A on
BocHN N*
(e} O O

Synthesized according to the general synthetic method k for methyl ester hydrolysis from 29 (0.900 g,

2.28 mmol, 1.00 eq). Yield: 0.451 mg (1.18 mmol, 52%) as a white solid. *H NMR (500 MHz, DMSO-ds)
§12.91 (s, 1H), 8.46 (t, J = 6.0 Hz, 1H), 7.80 (dt, J = 7.7, 1.5 Hz, 1H), 7.49 (d, J = 7.6 Hz, 1H), 7.41 (t, ) =
7.6 Hz, 1H), 6.74 (d, J = 8.9 Hz, 1H), 4.48 — 4.22 (m, 2H), 3.82 (t, ) = 8.2 Hz, 1H), 1.73 — 1.63 (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 Hz, 6H). 3C NMR (126 MHz, DMSO)
6=172.11, 167.74, 155.87, 140.50, 132.17, 128.88, 128.67, 128.19, 78.44, 59.36, 42.19, 28.64, 24.90,
15.91, 11.41. HRMS (ESI): m/z calculated for Ci1sH,7N30¢ [M+H]* = 382.1973, measured = 382.1973.



4.2.1.4. Synthesis of Sanguinamide A analogues with 2-(6-aminopyridin-2-yl)acetic acid and

corresponding PNO aromatic linkers

Tert-butyl (6-methylpyridin-2-yl)carbamate (34).

BocHN N
‘ N
T\j

N,N-Dimethylpyridin-4-amine (5.65 g, 46.2 mmol, 1.00 eq) was added to a solution of 6-methylpyridin-

2-amine (5.00 g, 46.2 mmol, 1.00 eq) and Boc,0 in t-BuOH (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 dissolved in
EtOAc (50 mL) and washed with a saturated solution of NaHCOs3 and brine. The organic layer was dried
over MgS0,4and concentrated in vacuo. The crude oil was purified by silica column chromatography
(0 — 5% EtOAc/Petroleum ether) to afford the title compound. Yield: 4.47 g (21.5 mmol, 46%) as a
white solid. 'H NMR (500 MHz, DMSO-ds) 6 9.57 (s, 1H), 7.82 — 7.13 (m, 2H), 7.07 — 6.70 (m, 1H), 2.35
(s, 3H), 1.45 (s, 9H). 3C NMR (126 MHz, DMSO) & 156.30, 152.78, 151.80, 138.20, 117.50, 109.29,
79.36, 28.03, 23.65. HRMS (ESI): m/z calculated for Ci1H16N>O> [M+H]* = 209.1285, measured =
209.1285.

Ethyl 2-(6-((tert-butoxycarbonyl)amino)pyridin-2-yl)acetate (35).

BocHN N\ o _-

= O

LDA (2M, 23.6mL, 47.3 mmol, 4.00 eq) was added dropwise to a cooled solution of 34 (2.50 g, 11.8
mmol, 1.00 eq) in anh. THF (20 mL) at -78 °C while stirring. 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 saturated NH4Cl solution and extracted with
EtOAc (30 mL x 3), and the combined organic layer was dried over MgS0O4 and concentrated in vacuo
to give the crude product as a yellow oil which was purified by silica column chromatography (0-30%
EtOAc/petroleum ether) afford the title compound. Yield: 2.50 g (8.78 mmol, 74 %) as a yellow oil.*H
NMR (500 MHz, DMSO-d¢) 6 9.71 (s, 1H), 7.91 - 7.50 (m, 2H), 6.97 (dd, J = 4.8, 3.5 Hz, 1H), 4.07 (q, J =
7.1 Hz, 2H), 3.71 (s, 2H), 1.45 (s, 9H), 1.17 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, DMSO) & 170.28,
152.97, 152.80, 152.02, 138.54, 118.35, 110.68, 79.45, 60.36, 42.87, 28.02, 14.09.HRMS (ESI): m/z
calculated for Ci14H20N,04 [M+H]* = 281.1496, measured = 281.1495.



2-((tert-butoxycarbonyl)amino)-6-(2-ethoxy-2-oxoethyl)pyridine 1-oxide (36).

+
BocHN N o _~

mCPBA (1.82 g, 10.53 mmol, 1.00 eq) was added to a solution of 35 (2.46 g, 8.78 mmol, 1.00 eq) in a
minimum amount of CH,Cl, required for dissolution in an ice bath. The reaction temperature was
allowed to rise to room temperature. After 7 h, excess CH,Cl, was blown off under a stream of argon
and the solution was purified by silica column chromatography (0 — 30% EtOAc/petroleum ether)
afford the title compound. Yield: 2.44 g (8.23 mmol, 94%) as a yellow oil.'H NMR (500 MHz, DMSO-
ds) 6 9.34 (s, 1H), 7.96 (dd, J = 8.5, 1.9 Hz, 1H), 7.41 (t, J = 8.1 Hz, 1H), 7.24 (dd, J = 7.8, 1.9 Hz, 1H),
4.07 (g, J = 7.0 Hz, 2H), 3.89 (s, 2H), 1.50 (s, 9H), 1.17 (t, J = 7.1 Hz, 3H).13C NMR (126 MHz, DMSO) &
168.86,151.52,144.20, 143.83,127.08,120.13,111.91, 82.19, 60.87, 37.34, 28.18, 14.53. HRMS (ESI):
m/z calculated for C14H20N20s [M+H]*= 297.1445, measured = 297.1446.

2-((2S,3S)-2-((Tert-butoxycarbonyl)amino)-3-methylpentanamido)-6-(2-ethoxy-2-oxoethyl)pyridine
1-oxide (37).

N+
BocHN S O~

A round-bottomed flask containing 36 (2.44 g, 8.23 mmol, 1.00 eq) in an ice bath was charged with
30% TFA/CH,Cl; (30 ml, 119.34 mmol, 15.0 eq) dropwise. The reaction temperature was allowed to
rise to room temperature while stirring. After 1 h, the volatiles were removed under a stream of argon
and subsequently in vacuo. The residue was dissolved in CH,Cl> (30 mL), and the flask was placed in an
ice bath followed by the addition of DIPEA (8.60 mL, 49.4 mmol, 6.00 eq), Boc-lle-OH (3.81 g, 16.46
mmol, 2.00 eq), and PyBOP (8.57 g, 16.46 mmol, 2.00 eq) while stirring and the reaction temperature
was allowed to rise to room temperature. After 16 h, the solution was washed with NaHCO3, NH,CI,
and brine. The organic phase was dried over MgS0s, and concentrated in vacuo to give the crude
product as a yellow oil which was purified by silica column chromatography (0 — 30% EtOAc/petroleum
ether) to afford the title compound. Yield: 3.03 g (7.41 mmol, 90%) as a yellow oil.'"H NMR (500 MHz,
DMSO-ds) 6 10.61 (s, 1H), 8.27 (dd, J = 8.5, 1.9 Hz, 1H), 7.54 (d, J = 7.6 Hz, 1H), 7.41 (t, J = 8.1 Hz, 1H),
7.29 (dd, J = 7.8, 1.9 Hz, 1H), 4.16 — 4.00 (m, 3H), 3.89 (s, 2H), 1.54 — 1.40 (m, 1H), 1.38 (s, 9H), 1.33 —
1.24 (m, 1H), 1.22 (ddd, J = 13.7, 6.8, 2.5 Hz, 1H), 1.16 (t, J = 7.1 Hz, 3H), 0.87 (d, J = 6.9 Hz, 3H), 0.82
(t,J=7.4Hz, 3H). ®*CNMR (126 MHz, DMSO0) 6 172.17, 168.86, 156.32, 144.36, 143.42,126.87,121.15,



113.26, 79.09, 60.84, 37.43, 36.32, 28.67, 28.62, 24.97, 15.88, 14.56, 14.51, 11.73, 11.62.HRMS (ESI):
m/z calculated for CyoH31N30g [M+H]*=410.2291, measured = 410.2283.

Ethyl 2-(6-((2S,3S)-2-((tert-butoxycarbonyl)amino)-3-methylpentanamido)pyridin-2-yl)acetate (38).

ZT

N
BocHN S O~

Synthesized according to the method for compound 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 yellow oil. *H
NMR (500 MHz, DMSO-ds) & 10.37 (s, 1H), 7.98 (d, J = 8.4 Hz, 1H), 7.74 (t, J = 7.9 Hz, 1H), 7.07 (dd, J =
7.5, 0.8 Hz, 1H), 6.98 (d, J = 8.6 Hz, 1H), 4.09 (qd, J = 7.1, 1.3 Hz, 3H), 3.76 (s, 2H), 1.85 — 1.63 (m, 1H),
1.55 — 1.41 (m, 1H), 1.37 (s, 9H), 1.33 — 1.23 (m, 1H), 1.17 (d, J = 6.4 Hz, 3H), 0.84 (d, J = 6.8 Hz, 3H),
0.81 (t, J=7.4 Hz, 3H). 3C NMR (126 MHz, DMSO0) § 172.40, 170.69, 155.91, 153.66, 151.74, 139.35,
120.06, 112.20, 83.32, 78.53, 60.86, 43.27, 36.69, 28.65, 25.30, 24.96, 15.78, 14.54, 11.32. HRMS (ESI):
my/z calculated for CyoH31N30s [M+H]*= 394.2336, measured = 394.2334.

Ethyl 2-(6-((2S,3S)-2-((tert-butoxycarbonyl)amino)-3-methylpentanamido)pyridin-2-yl)acetate (39).

H
N N H
BocHN ‘ N ©
(0] = O

Synthesized according to the general synthetic method k for ester hydrolysis from 38 (2.90 g, 6.84
mmol, 1.00 eq). Yield: 2.40 g (6.57 mmol, 96%) as a white solid. 'H NMR (700 MHz, DMSO-ds) 6 10.31
(s, 1H), 7.88 (d, J = 8.3 Hz, 1H), 7.68 (t, /= 7.9 Hz, 1H), 7.01 - 6.93 (m, 2H), 4.11 — 4.04 (m, 1H), 3.69 (s,
2H), 1.76 (d, J = 8.3 Hz, 1H), 1.56 — 1.42 (m, 1H), 1.38 (s, 9H), 1.15 (dt, /= 15.0, 7.7 Hz, 1H), 0.85 (d, J =
6.8 Hz, 3H), 0.82 (t, J = 7.4 Hz, 3H). 3C NMR (176 MHz, DMSO) 6 = 172.18, 156.86, 155.89, 151.39,
139.21, 119.22, 110.92, 78.55, 59.94, 43.50, 36.76, 28.66, 24.98, 15.79, 11.35. HRMS (ESI): m/z
calculated for Ci1gH,7N30s [M+H]* = 366.2029, measured = 366.2023.



2-((2S,3S)-2-((Tert-butoxycarbonyl)amino)-3-methylpentanamido)-6-(carboxymethyl)pyridine  1-
oxide (40).

ZT
z-0
il

BocHN ‘ N OH

Synthesized according to the general synthetic method k for ester hydrolysis from 37 (3.24 g, 7.93
mmol, 1.00 eq) in 4:1:1 and 0.5M solution of LiOH in THF: MeOH: H,0 (4:1:1; 50 mL). Yield: 1.31 g (3.42
mmol, 43%) as a white solid. *H NMR (500 MHz, DMSO-ds) & 12.53 (s, 1H), 10.63 (s, 1H), 8.25 (dd, J =
8.4,1.9 Hz, 1H), 7.54 (d, J= 7.8 Hz, 1H), 7.40 (t, J = 8.1 Hz, 1H), 7.28 (dd, J = 7.9, 1.9 Hz, 1H), 4.11 (t, / =
7.3 Hz, 1H), 3.83 (s, 2H), 1.96 —1.82 (m, 1H), 1.50 — 1.40 (m, 1H), 1.38 (s, 9H), 1.31 - 1.16 (m, 1H), 0.87
(d,J=6.8 Hz, 3H), 0.85 - 0.79 (m, 3H). **C NMR (126 MHz, DMSO) & = 173.61, 171.68, 169.87, 155.72,
144.37, 126.41, 120.71, 112.66, 78.00, 58.12, 37.09, 35.91, 28.24, 24.52, 15.46, 11.18. HRMS (ESI):
m/z calculated for C1gH27N306 [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 round-bottomed flask under argon atmosphere was charged with 10% Pd/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 of 3-cyanobenzoic acid (1.00 g, 6.80 mmol, 1.00 eq) in a
minimum amount of MeOH required for 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 concentrated in vacuo.
The intermediate was purified by reverse phase flash column chromatography (0 — 30% MeOH with
both eluents containing 0.1% TFA ). Yield: 5.36 g (6.05 mmol, 42%) as a white solid. *"H NMR (700 MHz,
DMSO-ds) 6 13.10 (s, 1H), 8.55 (s, 2H), 8.09 (s, 1H), 7.93 (d, J = 7.8 Hz, 1H), 7.76 (d, J = 7.7 Hz, 2H), 7.54
(t,J = 7.7 Hz, 1H), 4.09 (s, 2H). 'H NMR (700 MHz, DMSO-ds) & 13.10 (s, 1H), 8.55 (s, 2H), 8.09 (s, 1H),
7.93 (d, J = 7.8 Hz, 1H), 7.76 (d, J = 7.7 Hz, 2H), 7.54 (t, J = 7.7 Hz, 1H), 4.09 (s, 2H). HRMS (ESI): m/z
calculated for CgHgNO, [M+H]*= 152.0712, measured = 152.0703.



3-(((({9H-Fluoren-9-yl)methoxy)carbonyl)amino)methyl)benzoic acid (47).

O

FmocHN/\Q)kOH

Prepared using the general synthetic method m for Fmoc-protection from 44 (0.985 mg, 6.65 mmol,
1.00 eq), Fmoc-0OSu (2.64 g, 7.82 mmol, 1.20 eq) and NaHCO5(1.10 g, 13.0 mmol, 2.00 eq). Yield: 500
mg (13.4 mmol, 21%) as a white solid. *H NMR (500 MHz, DMSO-ds) 5 12.95 (s, 1H), 8.02 — 7.79 (m,
5H), 7.70 (d, J = 7.5 Hz, 2H), 7.49 — 7.27 (m, 6H), 4.34 (d, J = 7.0 Hz, 2H), 4.29 — 4.08 (m, 3H). 3C NMR
(126 MHz, DMSO) & = 167.74, 156.82, 144.33,141.22, 140.81, 132.06, 131.25, 129.05, 128.34, 128.27,
128.09, 127.54, 125.63, 120.60, 65.92, 47.21, 43.95. HRMS (ESI): m/z calculated for C23H1sNO4 [M+H]*
=374.1387 measured = 374.1387.

3-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)benzoic acid (48).

(0]

F HN
moc \©)koH

Prepared using the general synthetic method m for Fmoc-protection from 3-aminobenzoic acid (2.00
g, 14.6 mmol, 1.00 eq), NaHCOs3 (2.45 g, 29.16 mmol, 2.00 eq) Fmoc-0OSu (5.90 g, 17.5 mmol, 1.20 eq).
Yield: 3.23 g (8.98 mmol, 62%) as a white solid. *H NMR (700 MHz, DMSO-ds) 6 12.93 (s, 1H), 9.91 (s,
1H), 8.13 (s, 1H), 7.94 — 7.88 (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=7.5Hz, 2H), 7.40 (t, 1H), 7.36 (td, ) = 7.4, 1.1 Hz, 2H), 4.50 (d, ) = 6.8 Hz, 2H), 4.32 (t, ) = 6.7
Hz, 1H). 3C NMR (176 MHz, DMSO) § 167.61, 153.89, 153.81, 144.21, 141.28, 139.80, 131.79, 129.48,
128.18, 127.61, 125.62, 123.79, 122.85, 120.68, 119.44, 66.16, 47.07. LRMS (ESI): m/z calculated for
C2;H17NO4 [M+Na]* = Exact Mass: 382.1050, measured = 382.00

2-(3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)phenyl)acetic acid (49).

FmocHN OH
oY

Prepared using the general synthetic method m for Fmoc-protection from 2-(3-aminophenyl)acetic

acid (570 mg, 3.77 mmol, 1.00 eq), Fmoc-OSu (4.53 g, 4.52 mmol, 1.20 eq) and NaHCO3 (634 mg, 7.54
mmol, 2.00 eq). Yield: 1.35 g (6.62 mmol, 96%) as a white solid. *H NMR (700 MHz, DMSO-ds) 5 9.71
(s, 1H),7.90(d, J=7.5Hz, 2H), 7.75 (d, J = 7.5 Hz, 2H), 7.43 (t,J = 7.4 Hz, 2H), 7.39 (s, 1H), 7.35 (td, / =
7.4, 1.1 Hz, 3H), 7.20 (t, /= 8.0 Hz, 1H), 6.88 (d, J = 7.5 Hz, 1H), 4.45 (d, /= 6.9 Hz, 2H), 4.30 (t, /= 6.8
Hz, 1H), 3.49 (s, 2H). 3C NMR (176 MHz, DMSO) 6 172.65, 153.48, 143.84, 140.86, 139.05, 135.62,



128.71,127.79, 127.22,125.23, 123.68, 120.25, 119.24, 118.17, 116.75, 65.67, 46.68.HRMS (ESI): m/z
calculated for C23H1sNO4 [M+H]* = 374.1387, measured = 374.1386.

4.2.2. Cyclic peptide synthesis
NH»-Thz(lle)-Ala-Phe-Pro-lle-Pro-Rink (E1).

Polystyrene resin with a 2-CTC linker (1.88 g, loading 1.6 mmol/g) was activated according to the
general synthetic method i, and then loaded with Fmoc-Pro-OH (4.05 g, 12.0 mmol, 4.00 eq.) and
DIPEA (4.180 mL, 24.0 mmol, 8.00 eq) in anh. CH,Cl; (10 mL) and according to general synthetic
method j on a 3.00 mmol scale and shaken for 2 h. The aminoacyl resin was then washed with CH,Cl,
(10 mL x 4 x 30 s). The resin was shaken in CH,Cl, /MeOH/ DIPEA (80:15:15, 10 mL). After 30 min, the
capped aminoacyl resin was washed with DMF (10 mL x 4 x 30 s), CH,Cl, (10 mL x 4 x 30 s), Et,0 (10
mL x 1 x 1 min) and dried under high vacuum followed by spectroscopic quantification of the actual
resin loading by Fmoc release. Synthesis of linear NH,-Thz(lle)-Ala-Phe-Pro-lle-Pro-OH (E1) on solid

phase was performed according to general synthetic method a ending with Fmoc deprotection.

Compound 1.

Synthesized according to the method reported by Nielsen and co-workers. ' A 100 pmol aliquot of
peptidyl resin E1 was shaken with a solution of 4b (43.0 mg, 0.20 mmol, 2.00 eq.), DIPEA (70.0 uL, 402
pumol, 4.02 eq) and PyBOP (104 mg, 200 umol, 2.00 eq) in DMF (2.00 mL) at room temperature for 16
h. The peptidyl resin was washed with DMF (2.00 mL x 4 x 1 min), CH,Cl, (2.00 mL x 4 x 1 min), and
Et,0 (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: TFA: CH,Cl, 4.00 mL) over one hour at room temperature.

The volatiles were removed in vacuo and the residue was dissolved in CH,Cl, (200 mL) followed by the
addition of DIPEA (140.0 uL, 804 mmol, 8.04 eq), and PyBOP (104 mg, 200 umol, 2.00 eq) while stirring.
After 16 h, the solvent was removed in vacuo and the residue was dissolved in H,O/MeCN (1:1, 2.50

mL) and then lyophilized.



The peptide was purified on an Infinity Il LC-MS system (Agilent Technologies, USA) equipped with a
125 mm x 21 mm, 5 um, Macherey-Nagel C18 Gravity column, eluting at 20 mL/min with a binary
mixture of MeCN and H,0 with both containing 0.1% TFA using a gradient of 15% - 95% MeCN over
60 min. Yield: 62.0 mg (85.9 umol, 86%). HRMS ESI m/z calculated for C37Hs1N706S [M+H]*: 722.3694,
measured: 722.3691.

Compound 1 Assigned *H and *C NMR signals in DMSO-ds

Entry Residue Atom 6 13C (ppm) 8 H (ppm), mult. (J in Hz)
1. lle-1 NH 8.50 (d, J=7.6 Hz, 1H)
2. aCH 55.04 5.06 (dd, J=7.4, 6.3 Hz, 1H)
3. BCH 40.40 1.7101
4. viCH, | 24.98 1.11 - 1.03 (m, 1H), 1.42 — 1.35 (m, 1H)
5. V2CHs | 14.71 0.69 (d, J = 6.8 Hz, 3H)
6. 6CH3 10.20 0.81 (t, /=7.4 Hz, 3H)
7. Thz C=0 159.36
8. C2 168.25
9. CH(3) 124.21 8.27 (s, 1H)
10. C4 147.82
11. | Ala-2 NH - 8.01(d, J=7.0 Hz, 1H)
12. Cc=0 170.57 -
13. aCH 48.08 4.65 (p, J = 6.5 Hz, 1H)
14. BCH; 18.14 1.28 (d, J = 6.5 Hz, 3H)
15. | Phe-3 NH - 9.05 (d, J = 1.6 Hz, 1H)
16. Cc=0 169.05 -
17. aCH 53.61 4.15-4.10 (m, 1H)
18. BCH2 36.79 2.86—-2.79 (m, 1H), 3.04 (dd, J = 12.7, 5.3 Hz, 1H)
19. vC 135.58 -
20. 6CH, 129.42 7.26 (t,J =7.3 Hz, 2H)
21. eCH; 128.49 7.25-7.14 (m, 2H)
22. CH 127.07 7.26 (t,J = 7.3 Hz, 1H)
23. | Pro-4 N - -
24. Cc=0 170.29 -
25. aCH 59.98 3.42 (under D0, 1H)
26. BCH, 21.40 1.62 — 1.54 (m, 2H), 1.36 — 1.30 (m, 1H)
27. VCH> 29.41 1.98 — 1.93 (m, 1H), 0.66 (dd, J = 13.7, 6.1 Hz, 1H)
28. 5CH 45.50 3.17 (t, J = 9.8 Hz, 1H), 3.35 — 3.28 (m, 1H)
29. | lle-5 NH - 9.19 (d, /= 8.2 Hz, 2H)
30. C=0 173.30 -
31. oCH 55.21 4.28 (t, 1H)




32. BCH 35.20 2.25-2.12 (m, 1H)

33. y1CH2 24.50 1.33-1.22 (m, 1H), 1.58 (ddt, J = 13.3, 10.4, 5.0 Hz, 1H)
34. Yy2CH3 14.86 0.84 (t,J = 7.4 Hz, 3H)

35. 6CH3 11.22 0.9388

36. | Pro-6 N - -

37. C=0 169.98 -

38. aCH 60.31 4.54 (d, J = 7.0 Hz, 1H)

39. BCH, 25.74 2.38 (dt, J=11.9, 6.3 Hz, 1H), 1.68 — 1.62 (m, 1H)

40. yCH, 24.50 1.79-1.71 (m, 1H), 1.91 (dd, /= 11.9, 6.4 Hz, 1H)

41. 6CH, 47.57 3.64 (t,J = 8.0 Hz, 1H), 3.83 —3.72 (m, 1H)

Compound 1 VTINMR stacked spectra (DMSO-ds).
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Compound 1 Assigned *H and **C NMR signals in CDCls.

Entry Residue Atom 8 13C (ppm) 6 H (ppm), mult. (J in Hz)
1. lle-1 NH - 8.70 (d, J=7.4 Hz, 1H)
2. aCH 55.31 5.02 (t, 1H)
3. BCH 24.80 1.78 —1.74 (m, 1H)
4, y1CH, 24.00 1.14-1.01 (m, 1H), 1.27 = 1.16 (m, 1H)
5. y2CH3 14.06 0.70 (d, J = 6.7 Hz, 3H)
6. 6CH3 9.38 0.88 —0.82 (m, 6H)
7. Thz Cc=0 159.47 -
8. c2 147.47 -
9. CH(3) 122.18 7.94 (s, 1H)
10. C4 167.21 -
11. | Ala-2 NH - 4.71 (p, 1H)
12. C=0 170.22 -
13. aCH 48.18 4.71 (p, 1H)
14. BCH3 16.96 1.40 (d, J = 6.5 Hz, 3H)
15. | Phe-3 NH - 6.65 (s, 1H)
16. c=0 170.22 -
17. aCH 53.54 4.19-4.14 (m, 1H)
18. BCH, 36.84 2.99—2.94 (m, 1H), 3.04 (t, 2H)
19. yC 133.49 -
20. 6CH, 128.40 7.10 (d, J = 6.7 Hz, 2H)
21. eCH, 128.09 7.22 (t,J=7.0 Hz, 2H)




22. {CH 126.79 7.21-7.17 (m, 1H)

23. | Pro-4 N - -

24, Cc=0 170.22 -

25. aCH 59.90 3.34(d,J=7.8 Hz, 1H)

26. BCH, 24.80 1.67 - 1.54 (m, 2H), 1.79 = 1.69 (m, 2H)
27. yCH> 29.49 2.04 (s, 1H), 0.88 —0.82 (m, 7H)

28. 6CH, 45.45 3.42 -3.37 (m, 1H), 3.50 - 3.43 (m, 1H)
29. | lle-5 NH - 9.17 (d,J = 7.5 Hz, 1H)

30. Cc=0 173.42 -

31. aCH 55.45 4.23-4.18 (m, 1H)

32. BCH 34.55 2.25-2.17 (m, 1H)

33. y1CH, 24.48 1.67-1.54 (m, 2H), 1.78 = 1.74 (m, 1H)
34. Y2CHs 14.17 0.95 (d, J = 6.9 Hz, 1H)

35. 6CH3 10.53 0.88-0.82 (m, 6H)

36. | Pro-6 N - -

37. Cc=0 169.73 -

38. aCH 60.03 4.63-4.59 (m, 1H)

39. BCH, 24.88 2.67-2.57 (m, 3H)

40. yCH, 24.80 1.90-1.81 (m, 1H), 1.99 - 1.93 (m, 1H)
41. 6CH, 47.33 3.55(t,J=7.9 Hz, 1H), 3.92 (td, / = 10.1, 6.7 Hz, 1H)

Compound 1 VTNMR stacked spectra (CDCls).
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Compound 2.

Synthesized according to the method described for compound 1 on a 300 pumol scale using 4b. Yield:
61.5 mg (80.5 umol, 28%). HRMS ESI m/z calculated for CsoHs7N706S [M+H]*: 764.4164, measured:
764.4161.

Compound 2 Assigned *H and *C NMR signals in CDCls.

Residue Atom 8 13C (ppm) 8 H (ppm), mult. (J in Hz)
1. lle-1 NH - 6.67 (d, J =9.1 Hz, 1H)
2. aCH 53.85 5.51(dd, J=9.1, 4.5 Hz, 1H)
3. BCH 40.25 2.05
4. v1CH, 27.48 1.50,1.22-1.14 (m, 1H)
5. V2CH; 14.63 0.94 (d, J = 6.7 Hz, 3H)
6. 6CH3 12.04 1.01
7. Thz Cc=0 171.04 -
8. c2 150.23 -
9. CH(3) 123.95 8.07 (s, 1H)
10. C4 161.84 -
11. | Tle-2 NH - 7.76 (d, J = 9.5 Hz, 1H)
12. Cc=0 170.27 -
13. aCH 60.00 4.55 (d, J=9.5 Hz, 1H)
14. BC 36.23 -
15. v(I-11)CH3 26.63 1.07 (s, 9H)
16. | Phe-3 NH - 6.47 (d, 1H)
17. Cc=0 169.84 -
18. aCH 54.42 4.42 —4.28 (m, 1H)
19. BCH, 38.02 3.09—-3.00 (m, 1H), 2.94 (dd, J= 12.3, 4.8 Hz, 1H)
20. yC 134.95 -
21. 6CH3 129.58 7.27
22. €CH, 129.18 7.26
23. {CH 127.85 7.25
24. | Pro-4 N - -




25. C=0 171.30 -
26. aCH 61.41 3.58—3.51 (m, 1H)
27. BCH, 21.56 1.70 - 1.59 (m, 1H), 1.47 — 1.40 (m, 1H)
28. VCH, 29.49 2.07,0.59 - 0.42 (m, 1H)
29. 8CH, 45.84 3.52-3.48 (m, 1H)
30. | lles NH - 9.37(d, J=8.0 Hz, 1H)
31. C=0 171.94 -
32. aCH 56.36 4.20 (dd, J = 10.4, 8.0 Hz, 1H)
33, BCH 35.82 2.30-2.23 (m, 1H)
34, y1CH, 25.28 1.49,1.22 - 1.14 (m, 1H)
35. y2CH3 14.90 1.00
36. 8CHs 10.00 0.78 (t, ] = 7.4 Hz, 3H)
37. | Pro-6 N - -
38. C=0 172.28 -
39. aCH 61.66 4.16 (t,J = 7.3 Hz, 1H)
40. BCH, 29.86 2.17 -2.14 (m, 1H), 2.14 — 2.09 (m, 1H)
41, yCH; 25.59 2.19,1.99 - 1.92 (m, 1H)
42. 8CH, 48.20 4.12-4.07 (m, 1H), 3.69 — 3.63 (m, 1H)
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Compound 3.
HS
0 Hj\/z
1
7

HN 2\?0
o NH
&
Resin reactivation was performed according to the general synthetic method i followed by attachment
of the first amino acid according to the general synthetic method h. Next, linear peptide synthesis on
a 300 pmol scale was performed until the final Fmoc deprotection in accordance to the general
synthetic method a, to afford the linear heptapeptide NH,-lle-Cys-Ala-Phe-Pro-lle-Pro-OH, on resin.
Peptide cleavage was performed by shaking a suspension of the peptidyl resin in HFIP/CHxCl, (1/4 v/v,
6.00 mL) for 1 h, followed by filtration and concentration under reduced pressure. The resulting oil
was suspended in CH,Cl, (600 mL), followed by the addition of PyBOP (2.00 eq) and DIPEA (4.00 eq),
and stirred overnight. The reaction mixture was then concentrated in vacuo, and global cleavage was
performed according to the general synthetic method G followed by precipitation in cold Et,0 (100
mL) and centrifugation. The supernatant was removed, and the pellet was suspended in cold Et,O (100
mL followed by centrifugation. This procedure was repeated twice, and the pellet was dried under a
stream of inert gas, dissolved in H,O/MeCN (1:1, 2.50 mL) then lyophilized. Purification was performed
by preparatory HPLC using the general purification method D. Yield: 33.0 mg (0.05 mmol, 42%) HRMS
(ESI): m/z calculated for C37HssN707S [M+H]* = 742.3956, measured = 742.3955.

Compound 3 Assigned 'H and *C NMR signals in DMSO-ds.

Residue Atom 8 13C (ppm) 6 H (ppm), mult. (J in Hz)
1. | Cys-1 NH - 7.59 (d, J = 9.0 Hz, 1H)
2. aCH 56.16 4.36
3. BCH> 25.87 2.71-2.62 (m, 2H)
4. yCH, 39.86 2.42 -2.36 (m, 1H)
5. Ala-2 NH - 7.40 (d, J=5.7 Hz, 1H)
6. aCH 50.11 411
7. BCH3 17.23 1.34
8. Phe-3 NH - 8.70 (d, J=7.4 Hz, 1H)
9. aCH 53.31 4.08
10. BCH3 37.61 2.99, 2.80
11. 6CH, 129.19 7.18.
12. €CH, 128.44 7.32.
13. {CH 127.64 7.27




14. | Pro-4 N - -
15. aCH 60.34 3.35
16. BCH, 21.60 1.64,1.30
17. yCH, 29.85 1.90, 0.86
18. 8CH, 45.83 3.27,3.17
19. | lle-5 NH - 8.56 (d, J = 8.6 Hz, 1H)
20. aCH 54.64 4.33
21. BCH 34.82 2.05
22. y1CH2 24.79 1.44,1.11.
23. y2CH3 15.85 0.91
24, 8CH3 10.89 0.82
25. | Pro-6 N - -
26. aCH 61.61 4.00
27. BCH, 24.64 2.15,1.82.
28. yCH, 29.15 2.15,1.82
29. 6CH, 47.63 4.00, 3.65.
30. | lle-7 NH - 8.06 (d, /= 6.6 Hz, 1H)
31. aCH 59.46 3.65
32. BCH 34.79 2.11
33. v1CH, 23.98 1.54,1.04.
34, y2CH3 14.99 0.88
35. 8CH; 10.40 0.80
Compound 3 LC Trace
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Compound 21.

4

3
o)

HN" ¢ N 2
V NH

z\H/@
?

A 300 pumol aliquot of peptidyl resin E1 was shaken with a solution of 19 (202 mg, 0.60 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 min), CH,Cl,
(8.00 ML x 4 x 1 min), and Et,0 (8.00 mL x 1 x 1 min), then dried under high vacuum. The peptide was
cleaved off resin by shaking with a solution of (1:4: TFA: CHxCl;, 8.00 mL). The volatiles were removed
in vacuo and the residue was dissolved in CH,Cl, (600 mL) followed by the addition of DIPEA (520.0 uL,
2.99 mmol, 10.0 eq) and PyBOP (312 mg, 600 umol, 2.00 eq) while stirring. After 16h, the solvent was
removed in vacuo and the residue was dissolved in H,O/MeCN (1:1, 2.50 mL) and then lyophilized.
Purification was then performed using the general method for purification D. Yield: 20.2 mg (27.61

pmol 9%) HRMS (ESI): m/z calculated for C4oHsaNgO7 [M+H]* = 759.4188, measured = 759.4201

Compound 21 Assigned *H and *3C NMR signals in DMSO-ds.

Residue Atom 8 13C (ppm) 6 H (ppm), mult. (J in Hz)
1. | Pyridine-1 NH - 9.14 (s, 1H)
2 Cc=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(d, J = 7.4 Hz, 1H)
7. c(6) 147.49 -
8. | Ala-2 NH - 8.49 (d, J = 6.7 Hz, 1H)
9. Cc=0 171.71 -
10. aCH 47.72 4.60 (p, J = 6.6 Hz, 3H)
11. BCH3 18.99 1.31(d, J=6.6 Hz, 3H)
12. | Phe-3 NH - 7.04 (d, J = 5.2 Hz, 1H)
13. C=0 171.70 -
14. aCH 52.63 4.67 -4.62 (m, 1H)
15. BCH; 37.00 3.05 - 3.01 (m, 1H), 2.88 — 2.80 (m, 1H)
16. vC 135.72 -




17. 6CH, 129.33 7.27

18. eCH; 128.49 7.31

19. {CH 126.97 7.26

20. | Pro-4 N - -

21. C=0 169.37 -

22. aCH 60.13 4.02 (d, J=6.8 Hz, 1H)
23. BCH, 21.10 1.49, 1.36.

24, yCH> 36.95 2.01-1.97 (m, 1H), 0.29 - 0.16 (m, 1H)
25. 6CH, 44.44 3.41,2.95-2.90 (m, 1H)
26. | lle-5 NH - 9.35(d, J = 8.6 Hz, 1H)
27. Cc=0 173.78 -

28. aCH 54.90 4.34 (t,J=9.4 Hz, 1H)
29. BCH 34.09 2.39-2.29 (m, 1H)

30. y1CH, 24.45 1.96-1.90 (m, 1H), 1.42 = 1.39 (m, 1H)
31. y2CH3 15.89 0.92 (d, /= 6.8 Hz, 3H)
32. 6CH3 9.90 0.73 (t,J=7.5Hz, 3H)
33. | Pro-6 N - -

34. C=0 172.10 -

35. aCH 61.82 4.10

36. BCH> 24.45 1.94,1.84

37. yCH> 29.26 2.22-2.11(m, 1H), 1.84
38. 6CH, 47.50 4.12,3.96-3.90 (m, 1H)
39. | lle-7 NH - 7.04 (d,J=5.2 Hz, 1H)
40. Cc=0 170.47 -

41. aCH 59.48 4.09

42. BCH 35.55 2.07 -2.02 (m, 1H)

43. y1CH, 25.15 1.44-1.42 (m, 1H), 1.32
44, y2CH3 15.37 0.90 (d, / = 6.9 Hz, 3H)
45. 6CH3 11.85 0.87 (t,J = 7.4 Hz, 3H)




Compound 21 VTNMR stacked spectra in DMSO-ds.
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Compound 21 Assigned *H and 3C NMR signals in CDCls.
Residue Atom 8 13C (ppm) 6 H (ppm), mult. (J in Hz)
1. Pyridine-1 NH - 8.87 (s, 1H)
2. C=0 163.79 -

3. c2) 150.40 -




4. CH(3) 118.64 8.46 (dd, J = 8.3, 1.0 Hz, 1H)

5. CH(4) 139.69 7.83 (t, 1H)

6. CH(5) 117.78 7.90 (dd, J=7.5, 1.0 Hz, 1H)

7. c(6) 140.71 -

8. Ala-2 NH - 8.58 (d, J = 7.8 Hz, 1H)

9. Cc=0 172.91 -

10. aCH 48.82 4.86 (p, J= 6.9 Hz, 1H)

11. BCH3 19.27 1.47 (d, J = 6.7 Hz, 3H)

12. | Phe-3 NH - 7.34—-7.24 (m, 4H)

13. C=0 171.52 -

14. aCH 54.08 4.60-4.52 (m, 3H)

15. BCH, 38.07 3.14-3.01 (m, 2H)

16. yC 134.85 -

17. 6CH, 129.53 7.21-7.15 (m, 2H)

18. €CH, 129.35 7.34—-7.24 (m, 4H)

19. {CH 128.00 7.34—-7.24 (m, 4H)

20. | Pro-4 N - -

21. C=0 170.66 -

22. aCH 61.44 3.72(t,J = 6.5 Hz, 1H)

23. BCH> 25.38 1.96—-1.87 (m, 1H), 2.07 2.11 - 2.03 (m, 1H)
24, yCH> 28.79 0.54-0.41 (m, 1H), 2.18 —=2.13 (m, 1H)
25. 6CH, 45.71 3.27-3.17 (m, 1H), 3.68 —3.57 (m, 1H)
26. | lle-5 NH - 9.49 (d,J=7.7 Hz, 1H)

27. Cc=0 172.91 -

28. aCH 56.42 4.36 (dd, J =10.7, 7.7 Hz, 1H)

29. BCH 34.87 2.56—-2.45 (m, 1H)

30. y1CH2 25.25 1.28-1.16 (m, 1H), 1.61 - 1.49 (m, 2H)
31. y2CH3 16.50 1.02 (d, J = 6.8 Hz, 3H)

32. 6CH3 12.01 0.91 (t,J =7.3 Hz, 3H)

33. | Pro-6 N - -

34, Cc=0 173.70 -

35. aCH 62.48 4.60—-4.52 (m, 3H)

36. BCH, 29.77 2.20,2.23

37. yCH> 25.04 2.06,1.96 — 1.87 (m, 1H)

38. 6CH, 48.81 4.45-4.39 (m, 1H), 3.78 =3.74 (m, 1H),
39. | lle-7 NH - 6.43 (d, J = 8.4 Hz, 1H)

40. Cc=0 170.40 -

41. aCH 59.18 4.60-4.52 (m, 3H)

42. BCH 36.03 2.29-2.19 (m, 1H)

43. y1CH2 25.04 1.56,1.26 — 1.16 (m, 1H)

44. y2CH3 16.50 0.97 (d, J = 6.8 Hz, 3H)




‘ 45, ‘ ‘ 5CH3 ‘ 10.21

0.86 (t, J = 7.5 Hz, 3H)
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Synthesized according to the method described for compound 21 on a 300 umol scale using 20 (121
mg, 0.60 mmol, 2.00 eq). Yield: 20.7 mg (26.7 umol, 9%) HRMS (ESI): m/z calculated for CsoHs4NsOs
[M+H]*=775.4137, measured = 775.4135.

Compound 22 Assigned *H and *3C NMR signals in DMSO-ds.

Residue Atom 8 13C (ppm) 6 H (ppm), mult. (J in Hz)
1. | PNO-1 NH - 10.35 (s, 1H)
2. Cc=0 169.84 -
3. c(2) 143.33 -
4, CH(3) 115.50 8.52 (dd, J = 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 (dd, J = 8.1, 2.0 Hz, 1H)
7. c(6) 137.88 -
8. | Ala-2 NH - 11.81 (d, J = 6.9 Hz, 1H)
9. C=0 171.23 -
10. aCH 48.26 4.74 -4.67 (m, 1H)
11. BCH3 18.35 1.32(d, J=6.6 Hz, 3H)
12. | Phe-3 NH - 9.17 (d, J = 2.8 Hz, 1H)




13. C=0 169.78 -

14. aCH 53.42 4.33-4.22 (m, 1H)

15. BCH, 36.50 3.03,2.93-2.77 (m, 1H)
16. yC 135.54 -

17. 6CH, 129.43 7.26-7.22 (m, 2H)

18. eCH; 128.51 7.26-7.22 (m, 2H)

19. {CH 127.21 7.29-7.26 (m, 1H)

20. | Pro-4 N - -

21. Cc=0 174.21 -

22. aCH 60.25 3.60 (d,J=7.2 Hz, 1H)
23. BCH, 24.69 1.58-1.52 (m, 1H), 1.30 -1.25 (m, 1H
24, yCH> 28.19 1.97,0.55-0.39 (m, 1H)
25. 6CH, 44.86 3.43-3.29 (m, 1H), 3.05
26. | lle-5 NH - 9.15(d, J = 6.7 Hz, 1H)
27. aCH 56.08 4.04

28. BCH 34.27 2.49

29. y1CH2 24.93 1.60, 1.22

30. y2CH3 15.49 1.06 (d, J = 6.8 Hz, 3H)
31. 6CH3 10.31 0.83 (t,J = 7.4 Hz, 3H)
32. | Pro-6 N - -

33. C=0 174.21 -

34. aCH 61.33 4.18 (dd, J = 8.6, 5.7 Hz, 1H)
35. BCH> 24.68 1.96, 1.87

36. yCH; 29.36 2.11,1.86

37. 6CH, 47.58 4.02,3.89-3.80 (m, 1H)
38. | lle-7 NH - 6.83 (d,J=4.7 Hz, 1H)
39. aCH 60.35 4.10

40. BCH 35.43 2.08

41. y1CH2 25.08 1.42,1.46-1.38 (m, 1H)
42. y2CH3 15.33 0.89 (d, J = 6.8 Hz, 3H)
43. 6CH3 11.38 0.88 (t, 3H)




Compound 22 VTNMR stacked spectra in DMSO-dg

H1in DMSO @ 25C

Ala-2 PI\JIO 1 Phe3 lle-5
H1in DMSO @ 30C
|
LA J~L w““ Jl J“ J
H1in DMSO @ 35C
) | o
H1 in DMSO @ 40C
il I
) J~\ N I
H1 in DMSO @ 45C
1 | [
H1 in DMSO @ 50C
LA | M )

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
118 116 114 11.2 11.0 10.8 10.6 10.4 10.2 100 98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 6.6 64

2 1 (ppm)

Compound 22 VTNMR (DMSO-d,)

L2
> E— J— .
B o aeeeseeenee PRSI
@i, P OO @ e TP ——. ® o1
¥ 15298 303 308 313 318 373
- 02
e 35 0 el
« @ e 3
2 ..........
o -55 .' ........... 5
75 e °7
95 [ J O, [
-115
Temperature (K)
Residue PNO-1 Ala-2 Phe-3 lle-5 lle7
A8nu/AT - DMSO-ds (ppb/K) 1.3 -0.3 -4.2 -1.5 3.6




Compound 22 Assigned *H and

13C NMR signals in CDCl3

Residue Atom 6 13C (ppm) 6 H (ppm), mult. (J in Hz)
1. PNO-1 NH - 10.65 (s, 1H)
2. Cc=0 159.38 -
3. C(2) 144.02 -
4. CH(3) 116.47 8.54 (dd, J = 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 (dd, J = 8.1, 2.0 Hz, 1H)
7. C(6) 138.48 -
8. Ala-2 NH - 12.26 (d, /= 6.7 Hz, 1H)
9. Cc=0 172.32 -
10. aCH 59.73 4.67 -4.63 (m, 1H)
11. BCH3 18.83 1.52 (d, J = 6.6 Hz, 3H)
12. Phe-3 NH - 6.48 (d, J = 3.4 Hz, 1H)
13. C=0 170.06 -
14. aCH 54.34 4.53-4.48 (m, 1H)
15. BCH, 38.06 3.11-2.98 (m, 2H)
16. yC 134.62 -
17. 6CH, 129.57 7.30 (dd, J=8.1, 6.5 Hz, 2H)
18. eCH, 129.39 7.28 —7.25 (m, 3H)
19. {CH 127.93 7.28 —7.25 (m, 3H)
20. Pro-4 N - -
21. Cc=0 171.28 -
22. aCH 61.40 3.65-3.63 (m, 1H)
23. BCH> 29.92 2.17-2.12 (m, 2H)
24. yCH, 29.42 0.69 — 0.45 (m, 1H), 2.32 —2.20 (m, 2H)
25. 6CH, 45.92 3.33-3.28 (m, 1H), 3.63 —3.58 (m, 1H)
26. lle-5 NH - 9.23 (d, J = 6.6 Hz, 1H)j
27. Cc=0 173.84 -
28. aCH 57.08 4.16 (dd, J = 10.6, 6.6 Hz, 1H)
29. BCH 35.03 2.72 -2.56 (m, 1H)
30. y1CH2 26.01 1.73-1.64 (m, 2H), 1.32 — 1.23 (m, 1H)
31. y2CH3 16.62 1.12 (d, J = 6.8 Hz, 3H)
32. S6CH3 12.04 0.91 (td, J = 7.4, 2.9 Hz, 6H)
33. Pro-6 N - -
34. Cc=0 173.07 -
35. aCH 61.90 4.75-4.71 (m, 1H)
36. BCH, 21.78 1.73 - 1.64 (m, 2H), 1.50 — 1.45 (m, 1H)
37. yCH; 25.56 1.97 - 1.83 (m, 1H), 2.12 — 2.07 (m, 1H)
38. 5CH> 48.61 4.23 —4.18 (m, 1H), 3.75 — 3.69 (m, 1H)




39.

40.

41.

42.

43.

44,

45.

lle-7

NH - 6.43 (d, J = 8.4 Hz, 1H)

c=0 170.37 -

oCH 50.19 4.69 (t, ) = 6.6 Hz, 1H)

BCH 36.78 2.32-2.20 (m, 2H)

y1CH2 25.16 1.08 —1.00 (m, 1H), 1.43 — 1.34 (m, 1H)
y2CH3 16.36 0.98 (d, J = 6.9 Hz, 3H)

5CH3 10.46 0.91 (td, J = 7.4, 2.9 Hz, 6H)
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Compound 50.

A 300 pumol aliquot of peptidyl resin E1 was shaken at rt. with a solution of 48 (283 mg, 600 umol, 2.00
eq), DIPEA (210 pL, 1.20 mmol, 4.00 eq), PyBOP (312 mg, 600 umol, 2.00 eq) and COMU (128 mg, 300
umol, 1.0 eq) in DMF (6.00 mL). The peptidyl 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 solution of
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 Boc-lle-OH (278 mg, 1.20 mmol, 4.00 eq), DIPEA (420 pL, 2.41
mmol, 8.04 eq) and PyBOP (624 mg, 1.20 mmol, 4.00 eq) in DMF (6.00 mL) and shaken for 16 h. The
peptidyl resin was then washed with DMF (6.00 mL x 2 x 1 min), CH,Cl, (6.00 mL x 2 x 1 min) and Et,0

(6.00 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: TFA: CH,Cl,, 6.00 mL). The volatiles
were removed in vacuo and the residue was dissolved in CH,Cl, (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 was dissolved in H,0/MeCN (1:1, 2.50 mL) then
lyophilized. Purification was then performed using the general method for purification D. Yield: 19.6
mg (25.9 umol, 9%) HRMS (ESI): m/z calculated for C41HssN7O7; [M+H] * = 758.4236, measured =
758.4235.

Compound 50 Assigned *H and *C NMR signals in DMSO-ds

Entry Residue Atom 6 13C (ppm) 8 H (ppm), mult. (J in Hz)
1. Phenyl-1 NH - 9.14 (s, 1H)
2 Cc=0 162.33
3 c(1) 150.29
4. CH(2) 128.35 7.27
5 c(3) 147.56
6 CH(4) 117.55 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. Ala-2 NH - 8.49 (d, J = 6.7 Hz, 1H)

10. Cc=0 171.57 -

11. aCH 47.66 1.31(d, J=6.6 Hz, 3H)

12. BCH 19.05 1.49 (d, J = 6.7 Hz, 3H)

13. Phe-3 NH - 9.23 (d, J = 4.2 Hz, 1H)

14. Cc=0 169.39 -

15. aCH 52.60 4.67 —4.62 (m, 1H)

16. BCH, 37.06 3.06 —3.00 (m, 2H), 2.88 — 2.82 (m, 1H)

17. yC 135.78 -

18. 6CH, 129.35 7.28

19. €CH; 128.42 7.31

20. (CH 126.84 7.27

21. Pro-4 N - -

22. Cc=0 170.53 -

23. aCH 60.25 4.02 (d, J=6.7 Hz, 1H)

24. BCH3 21.18 1.49,1.37

25. VCH, 27.03 2.02-1.96 (m, 1H), 0.24 (s, 1H)

26. 5CH, 44.51 3.41 (dt, J = 11.8, 8.7 Hz, 1H), 2.92 (td, J =
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. aCH 54.97 4.35(t, /=9.4 Hz, 1H)

30. BCH 34.16 2.36(d, J=7.1 Hz, 1H)

31. y1CH2 25.22 1.42,1.33

32. y2CH3 15.96 0.92 (d, J= 6.8 Hz, 3H)

33. 6CH3 9.97 0.73 (t,J=7.4 Hz, 3H)

34. Pro-6 N - -

35. aCH 61.88 4.10

36. BCH, 24.52 1.97 = 1.90 (m, 1H), 1.85

37. VCH> 29.43 2.28-2.10 (m, 1H), 1.85

38. 6CH, 47.66 4.12,3.96 —3.86 (m, 1H)

39. lle-7 NH - 7.04 (d, J=5.2 Hz, 1H)

40. aCH 59.55 4.10

41. BCH 35.62 2.08 -2.02 (m, 1H)

42. y1CH2 23.87 1.42,1.06 (p,J=14.2, 7.5 Hz, 1H)

43. y2CH3 15.44 0.90 (d, J = 6.9 Hz, 3H)

44, 5CH3 11.91 0.87 (t,J = 7.4 Hz, 3H)

45, Unassigned 13C NMR (151 MHz, DMSO) 6 = 171.15, 169.39.




Compound 50 VTNMR stacked spectra in DMSO-ds.
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Compound 50 Assigned *H and *3C NMR signals in CDCl;

Entry Residue Atom 8 13C (ppm) 6 H (ppm), mult. (J in Hz)
1. Phenyl-1 NH - 8.88 (s, 1H)
2. Cc=0 163.61 -
3. c(1) 150.24 -
4. CH(2) 127.87 7.27-7.25 (m, 2H)




5. C(3) 147.57 -

6. CH(4) 118.47 7.90 (dd, J=7.5, 1.0 Hz, 1H)j

7. CH(5) 139.54 7.83 (t,J=7.9 Hz, 1H)

8. CH(6) 117.62 8.46 (dd, J = 8.4, 1.0 Hz, 1H)

9. Ala-2 NH - 8.57 (d,J=7.9 Hz, 1H)

10. Cc=0 172.75 -

11. aCH 48.69 4.89-4.79 (m, 1H)

12. BCH3 19.14 1.49 (d, J = 6.7 Hz, 3H)

13. | Phe-3 NH - 7.12(d,J=3.8 Hz, 1H

14. C=0 170.01 -

15. aCH 53.90 4.60-4.52 (m, 3H)

16. BCH, 37.97 3.07 -3.02 (m, 1H), 3.12 - 3.07 (m, 1H)
17. yC 134.64 -

18. 6CH, 129.36 7.18 (d, J = 6.7 Hz, 2H)

19. €CH, 129.21 7.31(t,J=7.2 Hz, 2H)

20. {CH 117.62 7.27 -7.25 (m, 2H)

21. | Pro-4 N - -

22. C=0 170.29 -

23. aCH 61.27 3.73-3.70 (m, 1H)

24, BCH> 21.59 1.54-1.50 (m, 1H), 1.71 -1.63 (m, 1H)
25. yCH> 28.67 0.54-0.43 (m, 1H), 2.18 —= 2.13 (m, 1H)
26. 6CH, 45.55 3.26 -3.18 (m, 1H), 3.67 —3.57 (m, 1H)
27. | lle-5 NH - 9.47 (d,J =7.7 Hz, 1H)

28. Cc=0 173.54 -

29. aCH 56.26 4.36 (dd, J =10.7, 7.8 Hz, 1H)

30. BCH 34.72 2.59-2.43 (m, 1H)

31. y1CH2 25.22 1.26-1.17 (m, 1H), 1.60 — 1.54 (m, 1H)
32. y2CH3 16.35 1.02 (d, J = 6.8 Hz, 3H)

33. 6CH3 11.87 0.91 (t,J =7.3 Hz, 3H)

34. | Pro-6 N - -

35. Cc=0 172.75 -

36. aCH 62.33 4.60—-4.52 (m, 3H)

37. BCH, 29.61 2.28-2.19 (m, 2H)

38. yCH> 25.09 1.95-1.86 (m, 1H), 2.10 = 2.03 (m, 1H)
39. 6CH, 48.65 3.78-3.73 (m, 1H), 4.45 - 4.39 (m, 1H)
40. | lle-7 NH - 6.23 (d, J = 8.6 Hz, 1H)

41. Cc=0 170.29 -

42. aCH 59.01 4.60-4.52 (m, 3H)

43. BCH 35.87 2.28-2.19 (m, 2H)

44, y1CH2 24.89 1.07 - 1.04 (m, 1H), 1.43 - 1.36 (m, 1H)
45. y2CH3 16.35 0.98 (d, J = 6.8 Hz, 3H)




‘ 46. ‘ ‘ 5CH3 ‘ 10.06 0.86 (t, J = 7.4 Hz, 3H)

Compound 50 VTNMR stacked spectra in CDCls.
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Synthesized according to the method described for compound 21 on a 300 pumol scale using 28. Yield:
18.6 mg (24.0 umol, 8%) HRMS ESI m/z calculated for CsiHsgNsO7 [M+H]*: 773.4345, measured:
773.4344,

Compound 31 Assigned *H and *C NMR signals in CDCls.

Entry Residue Atom 8 13C (ppm) 6 H (ppm), mult. (J in Hz)
1. Pyridinyl Linker-1 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, ) = 7.6 Hz, 1H)
5. CH(4) 138.43 7.87 (t, ) = 7.8 Hz, 2H)
6. CH(5) 125.19 7.41(d, 1H)
7. C(6) 148.86 -
8. CH; 43.71 4.98 (dd, J=16.7,7.1 Hz, 1H), 4.37 (dd, J = 16.8, 3.5
Hz, 1H)
9. | Ala-2 NH - 8.22 (d, /= 8.0 Hz, 1H)
10. aCH 48.64 4.79 (p, 1H)




11. BCH3 16.31 1.50 (d, J = 7.0 Hz, 3H)

12. | Phe-3 NH - 7.29 (d, ) = 3.4 Hz, 1H)

13. aCH 54.15 4.22-4.17 (m, 1H)

14. BCH, 43.71 4.38(d, J=3.5Hz, 1H), 4.38 (d, J = 3.5 Hz, 1H)
15. yC 135.11 -

16. 6CH, 129.52 7.31(d,J =6.9 Hz, 1H)

17. eCH, 129.52 7.16 (d, ) = 6.7 Hz, 1H)

18. {CH 128.81 7.24

19. | Pro-4 N - -

20. aCH 61.07 3.53-3.45(m, 1H)

21. BCH, 22.18 1.72,1.51

22. yCH> 30.95 1.10, 2.07

23. 6CH, 46.69 3.50-3.46 (m, 2H)

24. | lle-5 NH - 8.68 (d, J = 8.0 Hz, 1H)

25. aCH 56.08 4.32 (dd, J=10.7, 8.1 Hz, 1H)

26. BCH 35.28 2.18

27. y1CH2 25.13 1.58, 1.16.

28. y2CH3 15.97 0.94 (d, ) = 6.9 Hz, 3H)

29. 6CH3 12.06 0.91

30. | Pro-6 N - -

31. aCH 61.14 4.71-4.65 (m, 1H)

32. BCH, 21.78 2.55-2.40 (m, 1H), 1.86 = 1.77 (m, 1H)
33. yCH; 25.23 2.00,1.91,

34, 6CH, 48.64 4.10-4.04 (m, 1H),3.66 — 3.55 (m, 1H)
35. | lle-7 NH - 7.86

36. aCH 58.30 4.60(dd, J = 9.4, 3.6 Hz, 1H)

37. BCH 36.41 2.15

38. y1CH2 24.68 1.49-1.39 (m, 1H), 1.10

39. y2CH3 15.56 0.92 (d,J = 6.5 Hz, 5H)

40. 6CH3 10.27 0.86 (t,J = 7.4 Hz, 3H)

41. | Unassigned carbonyl | 13C NMR (176 MHz, CDCl3) § 174.10, 171.95, 171.61, 171.39, 171.18, 170.37

shifts
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Synthesized according to the method described for compound 21 on a 300 umol scale using 30. Yield:
40.4 mg (51.2 umol, 17%) HRMS ESI m/z calculated for CsiHsgNsOs [M+H]*: 789.4294, measured:
789.4293.

Compound 32 Assigned *H and *3C NMR signals in DMSO-ds.

Entry Residue Atom 8 13C (ppm) 6 H (ppm), mult. (J in Hz)
1. PNO Linker-1 NH - 7.99 (dd, J = 8.6, 3.4 Hz, 1H)
2. Cc=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(dd, J = 7.7, 2.2 Hz, 1H)
7. C(6) 148.12 -
8. CH; 39.18 4.68 (dd, J=14.1, 8.7 Hz, 1H), 4.30 (dd, J = 14.1, 3.3
Hz, 1H)
9. Ala-2 NH - 11.56 (d, J = 8.3 Hz, 1H)
10. aCH 47.75 4.73 (p, 1H)




11. BCH3 19.67 1.35(d, J = 6.8 Hz, 3H)

12. | Phe-3 NH - 8.58 (d, J=5.7 Hz, 1H)

13. aCH 53.94 4.15-4.11 (m, 1H)

14. BCH, 35.53 3.12-3.02 (m, 1H), 2.88 — 2.78 (m, 1H)
15. yC 137.15 -

16. 6CH, 128.96 7.37-7.27 (m, 3H)

17. eCH, 128.40 7.37-7.27 (m, 3H)

18. {CH 126.79 7.27-7.21 (m, 1H)

19. | Pro-4 N - -

20. aCH 60.61 4.21-4.17 (m, 1H)

21. BCH, 31.33 2.01,1.70

22. 24.65 26.43 1.08,1.41

23. 6CH, 46.91 3.50-3.44 (m, 1H), 3.41 -3.34 (m, 2H)
24. | lle-5 NH - 8.13 (d, J =9.0 Hz, 1H)

25. aCH 54.83 4.44 (t, 1H)

26. BCH 34.72 2.26-2.17 (m, 1H)

27. y1CH2 24.20 1.46,1.08

28. y2CH3 15.68 0.87 (d, J = 6.6 Hz, 3H)

29. 6CH3 11.45 0.87

30. | Pro-6 N - -

31. aCH 60.67 4.55 (dd, J = 8.4, 3.1 Hz, 1H)

32. BCH2 21.72 1.74,1.62

33. yCH2 26.43 1.15-1.11 (m, 1H), 1.62

34, 6CH, 47.34 3.55-3.50 (m, 1H), 3.41 -3.34 (m, 2H)
35. | lle-7 NH - 7.84(d,J=7.4 Hz, 1H)

36. aCH 59.06 3.77 (t,J=7.4,5.5 Hz, 1H)

37. BCH 35.51 1.81-1.74 (m, 1H)

38. y1CH2 24.08 1.41,1.07

39. y2CH3 15.62 0.84

40. 6CH3 10.52 0.83

41. | Unassigned C=0 shifts 13C NMR (176 MHz, DMSO) 6 171.63, 171.57, 170.76, 170.68, 170.06
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Synthesized according to the method described for compound 50 on a 300 umol scale using 47. Yield:
40.4 mg (52.34 mmol, 17%) HRMS ESI m/z calculated for C4;Hs¢NsOg [M+H]*: 789.4294, measured:
789.4293.

Compound 51 Assigned *H and *C NMR signals in DMSO-ds.

Entry Residue Atom 8 13C (ppm) 6 H (ppm), mult. (J in Hz)
1. Phenyl linker-1 NH - 8.19 (t, /=6.3 Hz, 1H)
2. Cc=0 165.41 -
3. c(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(s) 139.52 -
8. CH(6) 125.33 7.91
9. CH, 41.40 4.36—-4.31 (m, 1H), 4.22 — 4.16 (m, 2H)
10. Ala-2 NH - 7.73-7.70 (m, 1H)
11. aCH 48.30 4.52




12. BCH3 18.71 1.37

13. Phe-3 NH - 8.68 (d, J = 4.4 Hz, 1H)
14. aCH 53.96 4.14

15. BCH, 36.65 2.96,2.93

16. yC 136.41 -

17. 6CH, 127.48 7.28

18. eCH, 129.17 7.26

19. {CH 129.10 7.22

20. Pro-4 N - -

21. aCH 61.06 4.07 - 4.03 (m, 1H)
22. BCH, 30.92 1.74,1.41

23. yCH2 29.50 2.02,1.23

24, 6CH, 47.10 3.66, 3.27

25. lle-5 NH - 8.55 (d, J = 8.7 Hz, 1H)
26. aCH 54.89 4.39 (t,J=9.0 Hz, 1H)
27. BCH 35.70 1.74

28. y1CH2 24.89 1.90,1.38

29. y2CH3 15.11 0.81

30. 6CH3 10.99 0.82

31. Pro-6 N - -

32. aCH 61.02 4.72

33. BCH2 26.80 2.27,2.12

34. yCH2 24.73 1.93,1.16

35. 6CH, 47.54 3.74,3.59

36. lle-7 NH - 7.22

37. aCH 54.26 4.52

38. BCH 34.81 1.87

39. y1CH2 24.88 1.97,1.90

40. y2CH3 15.47 0.72

41. 6CH3 10.78 0.75

42. Unassigned Carbonyl | 3C NMR (176 MHz, DMSO) 6 172.64, 171.23, 170.77, 170.30, 170.22, 169.50

C=0
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A 200 umol aliquot of peptidyl resin E1 was suspended in a solution of 39 (281 mg, 0.80 mmol, 4.00
eq.), 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 suspension was 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), CH,Cl, (4.00 mL x 4 x 1 min) and Et,0 (4.00 mL x 1 x 1 min)
then dried under high vacuum. The peptide was cleaved off resin by shaking with a solution of (1:4:
TFA: CH,Cl,, 4.00 mL). The volatiles were removed in vacuo and the residue was dissolved in CH,Cl,
(400 mL) followed by the addition of DIPEA (350 pL, 2.01 mmol, 10.1 eq) and PyBOP (208 mg, 400
pmol, 2.00 eq) while stirring. After 16 h, the solvent was removed in vacuo and the residue was
dissolved in H,O/MeCN (1:1, 2.50 mL) then lyophilized. Purification was then performed using the
general method for purification D. Yield: 17.6 mg (22.8 umol, 11%) HRMS ESI m/z calculated for
C41HseNgO7 [M+H]*: 773.4345, measured: 773.4344.

Compound 41 Assigned *H and *3C NMR signals in CDCls.

Residue Atom 8 13C (ppm) 6 H (ppm), mult. (J in Hz)

1. Pyridine linker-1 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. Ala-2 NH - 8.55

7. aCH 60.17 4.86

8. BCH3 16.24 13

9. Phe-3 NH - 7.22

10. aCH 52.26 4.68

11. BCH, 39.65 3.15, 3.02
12. yC 137.15 -

13. 6CH, 128.63 7.26

14. eCH, 129.42 7.21

15. {CH 127.27 7.21

16. | Pro-4 N - -

17. aCH 61.63 343

18. BCH> 29.89 2.07,1.73
19. yCH> 30.64 2.09,1.01
20. 6CH, 47.27 3.27,2.73
21. | lle-5 NH - 8.78

22. aCH 53.87 4.35

23. BCH 37.43 1.96

24, y1CH, 24.98 1.55,1.19
25. y2CH3 16.24 0.90

26. 6CH3 11.55 0.87

27. | Pro-6 N - -

28. aCH 61.13 4.57

29. BCH, 32.47 2.40,2.33
30. yCH; 22.36 2.01,1.74
31. 6CH, 45.35 4.03,3.54
32. | lle-7 NH - 6.42

33. aCH 53.95 4.48

34, BCH 38.25 1.71

35. y1CH, 23.75 1.51,1.02
36. Y2CHs 15.67 0.87

37. 6CH3 10.85 0.88
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Synthesized according to the method described for compound 41 on a 200 pumol scale using 40. Yield:

5.44 mg (6.90 umol, 3%) HRMS ESI m/z calculated for CsiHssNsOs [M+H]": 789.4294, measured:
789.4292.

Compound 42 Assigned *H and *3C NMR signals in CDCls.

Entry Residue Atom 8 13C (ppm) 6 H (ppm), mult. (J in Hz)
1. PNO linker-1 NH - 10.84 (s, 1H)
2. Cc=0 B
3. c(2) 144.28 -
4. CH(3) 120.37 7.13
5. CH(4) 113.70 8.35
6. CH(5) 114.20 8.42
7. c(6) 144.14
8. CH, 40.72 4.35,4.04
9. Ala-2 NH - 9.34
10. aCH 48.21 4.63 (p,J=7.4 Hz, 1H)
11. BCH; 17.76 1.15 (d, J = 6.8 Hz, 3H)




12. | Phe-3 NH - 6.41

13. aCH 53.64 4.43 -4.39 (m, 1H)

14. BCH, 39.69 3.24,3.00

15. yC 134.91 -

16. 6CH, 129.20 7.31

17. eCH; 129.61 7.20

18. {CH 127.86 7.16

19. | Pro-4 N - -

20. aCH 61.17 3.60-3.57 (m, 1H)

21. BCH, 22.09 1.72,1.52

22. yCH> 30.72 2.09,1.02

23. 6CH; 46.56 3.60—-3.57 (m, 1H), 3.46 —3.36 (m, 1H)
24. | lle-5 NH - 8.47 (d,J=7.7 Hz, 1H

25. aCH 56.10 4.36

26. BCH 35.34 2.20

27. y1CH, 24.73 1.57,1.15

28. Y2CHs 16.14 0.94 (d, J = 6.8 Hz, 3H)

29. 6CH3 11.94 0.88 (t,J = 7.3 Hz, 3H)

30. | Pro-6 N - -

31. aCH 61.40 4.98 -4.90 (m, 1H)

32. BCH, 48.14 3.62,3.55

33. yCH> 25.21 2.07,1.97

34, 6CH, 48.49 4.18,3.79

35. | lle-7 NH - 7.65 (d, J=9.3 Hz, 1H)

36. aCH 59.20 4.75 (dd, J =9.3, 4.0 Hz, 1H)
37. BCH 35.34 2.22

38. vy1CH, 25.20 2.14,1.85

39. Y2CHs 15.89 0.91 (d, / = 6.9 Hz, 3H)

40. 6CH3 10.25 0.86 (d, J = 7.2 Hz, 5H)

41. | Unassigned C=0 region | 3C NMR (176 MHz, CDCl5) & = 173.94, 172.25, 171.74, 171.29, 170.47, 170.37,

168.49
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A 200 pumol aliquot of peptidyl resin E1 was suspended in a solution of 49 (280 mg, 0.80 mmol, 4.00
eq.), DIPEA (304 puL, 0.80 mmol, 4.00 eq) and HATU (304 mg, 0.80 mmol, 4.00 eq) in DMF (4.00 mL).
The suspension was 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), then suspended in a solution of Boc-lle-OH (185 mg, 0.80
mmol, 4.00 eq), DIPEA (280 pL, 1.61 mmol, 8.04 eq) and PyBOP (416 mg, 0.80 mmol, 4.00 eq) in DMF
(4.00 mL) and shaken for 16 h. The peptidyl resin was then washed with DMF (4.00 mL x 2 x 1 min),
CH,Cl; (4.00 mL x 2 x 1 min) and Et,0 (4.00 mL x 1 x 1 min) then dried under high vacuum.

The peptide was cleaved off resin by shaking with a solution of (1:4: TFA: CH,Cl,, 4.00 mL). The volatiles
were removed in vacuo and the residue was dissolved in CH,Cl, (200 mL) followed by the addition of
DIPEA (350 pL, 2.01 mmol, 10.1 eq), and PyBOP (208 mg, 0.40 mmol, 2.00 eq) while stirring. After 16
h, the solvent was removed in vacuo and the residue was dissolved in H,O/MeCN (1:1, 2.50 mL) then
lyophilized. Purification was then performed using the general method for purification D. Yield: 24.0

mg (31.1 umol, 16%) HRMS ESI m/z calculated for C4,Hs7N707 [M+H]*: 772.4392, measured: 772.4391.



Compound 52 Assigned *H and

13C NMR signals in CDCl3

Entry Residue Atom 6 13C (ppm) 6 H (ppm), mult. (J in Hz)
1. Phenyl linker-1 NH - 8.36
2. CH(2) 121.38 7.41
3. CH(4) 120.69 8.01
4. CH(5) 130.23 7.40
5. CH(6) 121.40 6.93
6. CH; 48.60 4.45, 3.69.
7. | Ala-2 NH - 5.62 (d, J = 8.1 Hz, 1H)
8. aCH 47.66 4.55
9. BCH3 16.50 1.15
10. | Phe-3 NH - 7.20 (d, J=7.5 Hz, 1H)
11. aCH 51.94 4.75
12. BCH> 39.93 2.92,2.71
13. 6CH, 128.27 7.27
14. eCH, 129.07 7.30
15. {CH 129.22 7.13
16. | Pro-4 N - -
17. aCH 60.73 3.59
18. BCH; 22.12 1.64, 1.40
19. yCH; 29.28 2.13,0.65.
20. 6CH, 45.85 3.56, 3.22
21. | lle-5 NH - 9.03 (d, /= 6.5 Hz, 1H)
22. aCH 56.77 4.12
23. BCH 34.34 2.04
24. v1CH, 25.08 1.51,1.10
25. y2CH3 16.27 0.96
26. 6CH3 12.08 0.95
27. | Pro-6 N - -
28. aCH 62.32 4.57
29. BCH, 29.26 2.29,2.13
30. yCH; 25.27 2.02,1.95
31. 6CH; 48.57 3.82,3.69
32. | lle-7 NH - 6.14 (d, J = 9.7 Hz, 1H)
33. aCH 58.06 4.57
34. BCH 35.07 2.45
35. v1CH, 24.68 1.39,0.91
36. Y2CHs 15.79 0.87 (d, J = 6.8 Hz, 3H)
37. 5CHs 10.06 0.78 (t,J = 7.4 Hz, 3H)
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4.3. Solid-Phase Peptide Late Stage Functionalisation (LSF) Using Katritzky

Salts via Deaminative C-C Bond Formation

4.3.1. Reagent and amino acid building block synthesis.

2,4,6-Tris(4-methoxyphenyl)pyrylium tetra fluoroborate (5).

OMe BF 4

A
[
SRS
MeO OMe

Synthesized according to the method described in literature.>® A round bottomed flask was charged
with p-anisaldehyde (4.00 mL, 32.9 mmol, 1.00 eq) and p-acetylanisole (10.0 g, 66.6 mmol, 2.02 eq).
The reaction mixture was cooled to 0 °C followed by the dropwise addition of BF3.Et,0 (5.00 mL, 40.51
mmol, 1.23 eq) and the reaction temperature was raised to 100 while stirring. After 2 h, the reaction
mixture was allowed to cool to room temperature and the resulting crude suspension was diluted with
acetone (131 mL) and Et;0 (160 mL) and filtered to obtain an orange-brown solid, which was washed
with warm acetone and dried under vacuum to give the title compound. Yield: 3.38 g (6.94 mmol,
21%) as an orange solid.*H NMR (500 MHz, DMSO-ds): 5 8.70 (s, 2H), 8.54 (d, J = 9.0 Hz, 2H), 8.42 (d,
J=9.0 Hz, 4H), 7.23 (d, J = 9.1 Hz, 6H), 3.96 (s, 3H), 3.94 (s, 6H). 3C NMR (126 MHz, DMSO): 6 167.83,
165.27,164.51,161.83,132.43, 130.68, 124.51, 121.44, 115.35, 110.80, 56.15, 56.03. HRMS (ESI): m/z
calculated for CeH2304" [M]*=399.1591, measured = 399.1580.

7-phenyl-5,6,8,9-tetrahydrodibenzo]c,h]xanthen-14-ium tetra fluoroborate (7).

Synthesized according to the method described in literature.>4

To a bottomed flask containing 3,4-dihydronaphthalen-1(2H)-one (4.00 mL, 32.9 mmol, 1.00 eq) was
added benzaldehyde (4.00 mL, 32.9 mmol, 1.00 eq) and methanol (10 mL). The reaction mixture was
cooled to 0 °C follwed by the addition of NaOH (5%, 5 eq.). The ice bath was removed and the reaction
mixture was stirred at room temperature. The reaction progress was checked by LCMS and upon

completion, the methanol was evaporated and the mixture extracted with EtOAc (30 mL x 3), and the



combined organic layers were evaporated in vacuo. An oven dried round bottomed flask was then
charged with a solution of the an aliquot of the residue (1.76 g, 7.50 mmol, 1.00 eq) and a-tetralone
(0.988 mL, 7.50 mmol, 1.00 eq) in anh. THF (3.80 mL). The resulting solution was cooled in an icebath
followed by the dropwise addition of tetrafluoroboric acid diethyl ether complex (1.4 mL, 11.3 mmol,
1.50 eq) while stirring. The reaction temperature was then raised to 85 °C. After 16 h, the reaction
mixture was allowed to cool down to room temperture, filtered and the filtrate was washed with Et,0
(50 mL x 3,) and dried under high vacuum to afford the title compound. Yield: 1.82 g (4.06 mmol,
55%) as a yellow solid. 'H NMR (500 MHz, DMSO-d): & 8.44 (dd, J = 7.9, 1.3 Hz, 2H), 7.76 (td, J = 7.5,
1.3 Hz, 2H), 7.73 = 7.60 (m, 5H), 7.55 (d, J = 7.6 Hz, 2H), 7.49 — 7.45 (m, 2H), 3.06 (t, J = 7.6 Hz, 4H),
2.95 — 2.84 (m, 4H). 3C NMR (126 MHz, DMSO): & 165.08, 164.34, 141.51, 135.28, 132.57, 130.53,
130.16, 129.33, 129.09, 128.45, 127.46, 126.31, 125.71, 25.66, 24.14. HRMS (ESI): m/z calculated for
Cy7H210* [M]*=361.1587, measured = 361.1582.

Diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (9).

(@] (0]
AP CH
N
H

Synthesized according to the method described in literature.*>? A round bottomed flask containing a

mixture of ethyl acetoacetate (3.00 mL, 23.72 mmol, 1.00 eqg.), ammonium acetate (1.37 g, 17.79
mmol, 0.75 eq.) and formaldehyde (37%, 0.900 mL, 12.09 mmol, 0.510 eq.) was heated to 60°C while
stirring. After 16h, the reaction mixture was suspended in a Et,O/acetone (1:2, 200 mL) filtered and
washed with acetone. The residue was dried under vacuum to afford the title compound as a yellow
solid. Yield: 2.13 g (8.40 mmol, 69%) as a yellow solid. *H NMR (700 MHz, DMSO-d;): 6 8.27 (s, 1H),
4.05 (q,J = 7.1 Hz, 4H), 3.11 (s, 2H), 2.11 (s, 6H), 1.19 (t, J = 7.1 Hz, 6 H). 3C NMR (176 MHz, DMSO):
6 167.03, 146.46, 96.95, 58.84, 24.64, 17.86, 14.34. HRMS (ESI): m/z calculated for Ci3H19NO4 =
253.1314, measured = 253.1262.



(S)-1-(5-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-carboxypentyl)-2,4,6-tris(4-

methoxyphenyl)pyridin-1-ium tetra fluoroborate (28).

0 BF,
X
|,
O
~0 o~
OH
FmocHN

(e}

A solution of Boc-Lys-OH (1.55 g, 6.30 mmol, 1.00 eq), Pyrylium 5 (2.98 g, 6.00 mmol, 0.95 eq.) and
Trimethylamine (3.34 ml, 24.00 mmol, 3.8 eq.) in EtOH (7 mL) was stirred under microwave irradiation
at 80 °C for 1 h. Upon cooling, the resulting yellow solution was transferred to a 100 ml round
bottomed flask and the excess solvent was removed in vacuo. LCMS of the crude material showed full
conversion. The crude material was treated with 30% TFA/ CH,Cl, (30 mL) and the resulting dark red
solution was stirred at room temperature. After 2 h, the excess TFA was blown off under argon
followed concentration in vacuo to afford the free amine as a brick red oil. LCMS showed full

conversion of the crude material.

A round bottomed flask containing the amine was then charged with saturated NaHCOs (30 ml) and
solution of Fmoc-OSu (2.159 g, 6.4 mmol, 31.02 eq) in dioxane (30 mL) and the pH was adjusted to 8
using saturated NaHCOs. The resulting suspension was stirred at room temperature for 16 h. LCMS
analysis of the crude showed full conversion. The reaction mixture was acidified to a pH <3 followed
by extraction with CH,Cl> (30 ml X 4). The combined organic fractions were dried over MgSQ,, filtered
and concentrated in vacuo to obtain the crude product as an orange powder. The crude pyridinium
was purified by silica column chromatography (0-10% MeOH in CHyCl;) to afford the amino acid
building block as a yellow powder. Yield: 3.2 g (3.84 mmol, 61%) as a yellow solid. *H NMR (600 MHz,
DMSO-ds) 6 8.27 (s, 2H), 8.23 (d, J = 9.0 Hz, 2H), 7.88 (t, 2H), 7.77 (d, J = 8.7 Hz, 4H), 7.64 (t, 2H), 7.45
—7.36(m, 2H), 7.32-7.25 (m, 2H), 7.21 (d, J = 8.8 Hz, 4H), 7.10 (d, / = 9.0 Hz, 3H), 4.38 — 4.28 (m, 2H),
4.23 (dd, J=9.2,5.9 Hz, 1H), 4.20 - 4.11 (m, 1H), 3.86 (s, 3H), 3.85 (s, 6H), 1.39 — 1.26 (m, 2H), 1.26 —
1.18 (m, 1H), 1.17 —1.07 (m, 1H), 0.77 (p, J = 7.7 Hz, 2H). 3C NMR (151 MHz, DMSO) & 162.82, 160.98,
155.85, 155.74, 153.11, 143.85, 143.73, 140.71, 140.69, 130.96, 130.56, 128.93, 127.62, 127.60,
127.30, 127.02, 127.00, 125.41, 125.18, 125.12, 124.57, 121.39, 120.13, 120.10, 120.04, 115.02,
114.46, 65.39, 55.67, 55.52, 54.06, 53.62, 46.66, 30.70, 30.04, 28.30, 21.97.HRMS ESI m/z calculated
for: C47H4sN,05" [M]*: 749.3221, measured: 749.3221.



Compound 29.

BocHN

A solution of Boc-lle-OH (0.369 g, 1.50 mmol, 1.00 eq), 2 (0.720 g, 1.48 mmol, 0.99 eq) and EtsN (0.900
uL, 6.46mmol, 4.31 eq) in EtOH (7 mL) was heated at 80 °C under microwave irradiation for 1 h. The
solvent was removed in vacuo followed by purification by silica column chromatography (0-10%
MeOH in CH,Cl;) to afford the amino acid building block as a yellow powder. Yield: 968 mg (1.35 mmol,
90%) as a yellow solid. *H NMR (500 MHz, DMSO-ds) 6 12.39 (s, 1H), 8.30 (s, 2H), 8.28 — 8.23 (m, 2H),
7.79-7.73 (m, 4H), 7.24 - 7.18 (m, 4H), 7.17 — 7.10 (m, 2H), 6.88 (d, J = 8.0 Hz, 1H), 4.33 (tq, J = 11.9,
6.1, 5.6 Hz, 2H), 3.88 (s, 6H), 3.87 (s, 3H), 3.56 (ddd, J=9.8, 8.0, 4.8 Hz, 1H), 1.32 (s, 11H), 1.19 - 1.00
(m, 2H), 0.78 (p, J = 7.5 Hz, 2H). *C NMR (126 MHz, DMSO) & = 173.85, 162.87, 161.00, 155.84, 155.50,
130.98, 130.63, 125.44, 125.14, 124.59, 115.06, 114.47,77.97, 55.72, 55.57, 28.17, 22.12. . HRMS ESI
m/z calculated for Cs7H43N,07*[M]*: 627.3065, measured: 627.3068.

Compound 30.

OH

BocHN
(e}

Synthesized according to the method for compound 29 using of Boc-lle-OH (0.369 g, 1.50 mmol, 1.00
eq), 2,4,6-triphenylpyrylium tetrafluoroborate (0.574 g, 1.45 mmol, 0.98 eq) and EtsN (0.900 uL,
6.46mmol, 4.31 eq). Yield: 546 mg (0.87 mmol, 58%) as a yellow solid. *H NMR (500 MHz, DMSO-ds)
6 12.37 (s, 1H), 8.48 (s, 2H), 8.29 — 8.23 (m, 2H), 7.86 — 7.80 (m, 4H), 7.71 — 7.68 (m, 6H), 7.66 — 7.64
(m, 1H), 7.61 (dd, J = 8.3, 6.5 Hz, 2H), 6.87 (d, J = 7.9 Hz, 1H), 4.39 — 4.07 (m, 2H), 3.53 (ddd, J = 9.6,
7.9, 4.8 Hz, 1H), 1.33 (s, 12H), 1.13 = 0.95 (m, 2H), 0.75 (p, J = 7.5 Hz, 2H). 3C NMR (126 MHz, DMSO)
6=155.97,133.01, 130.92, 129.61, 129.20, 129.08, 128.72, 126.06, 55.98, 54.15, 29.32, 28.18, 21.87.
HRMS ESI m/z calculated for CasHs7N2O4" [M]*: 537.2748, measured: 537.2747.



Compound 31.

OH

BocHN

Synthesized according to the method for compound 29 using of Boc-lle-OH (0.369 g, 1.50 mmol, 1.00
eq), 7 (0.663 g, 1.48 mmol, 0.99 eq) and Et3N (0.900 uL, 6.46mmol, 4.31 eq). Yield: 530 mg (0.78 mmol,
52%) as a yellow solid. 'H NMR (500 MHz, DMSO-ds) 6 12.43 (s, 1H), 8.54 — 8.46 (m, 2H), 7.69 (t, J =
6.6 Hz, 1H), 7.66 — 7.53 (m, 9H), 7.30 (d, J = 5.9 Hz, 1H), 6.94 (d, J = 8.1 Hz, 1H), 5.35 (dt, J = 14.3, 6.0
Hz, 1H), 5.23 (dt, J = 13.9, 6.5 Hz, 1H), 3.60 (td, J = 8.4, 4.9 Hz, 1H), 2.98 — 2.76 (m, 4H), 2.69 (d, J = 16.1
Hz, 2H), 2.47 — 2.34 (m, 2H), 1.34 (s, 9H), 1.21 (dtd, J = 19.0, 11.7, 9.4, 5.8 Hz, 4H), 0.70 — 0.52 (m, 2H).
13C NMR (126 MHz, DMSO) 6 = 173.73, 158.05, 157.78, 155.52, 154.69, 141.29, 134.96, 132.61, 129.28,
128.58, 128.26, 127.76, 127.45, 77.99, 64.25, 52.99, 29.73, 29.03, 28.18, 27.08, 26.04, 21.73. HRMS
ESI m/z calculated for CsgH41N204* [M]*: 589.3061, measured: 589.3060

4.3.2. Peptide synthesis

Compound 18.

OMe

w ©
AGHN N\i)LuJ}TNHZ
o = 0

©

The N-terminal acetylated peptide with an alloc-protected lysine residue was synthesized according
to the general methods 2a a 200 umol scale. Thereafter, the linear peptide was suspended in
anhydrous CHCl; (400 pL) followed by the addition of phenylsilane 616 ul; 4.96 mmol; 24.8 eq) and
Pd[(CeHs)sP]a (56.7 mg, 50 ummol, 0.25 eq) and the suspension was shaken for 1 h followed by removal
of the liquid and the addition of fresh reagents. After 1 h, the peptidyl resin was washed with CH,Cl,
(400 pL x 4 x 1 min), DMF (400 pL x 4 x 1 min), 0.5% diethyldithiocarbamate in DMF (400 pL x 5 x 5
min), CH,Cl; (400 pL x 4 x 1 min) and DMF (400 pL x 4 x 1 min) and Et,0 (2.00 mL x 1 x 1 min) then



dried under high vacuum. A 10 mL microwave vial containing the peptidyl resin was charged with a
solution of pyrylium salt 5 (1.50 eq) in DMF (3.00 mL) and the reaction mixture was heated for 1 h at
80 °C under microwave irradiation. The peptidyl resin was washed with DMF (2.00 mL x 4 x 1 min),
CHCl; DMF (2.00 mL x 4 x 1 min), and Et,0 (2.00 mL x 1 x 1 min) then dried under high vacuum. The
peptidyl resin was cleaved according to general method 2e and purified by general purification
method C. Yield: 83.9 mg (107 umol, 53%). *H NMR (700 MHz, DMSO-ds) & 8.28 (s, 2H), 8.25(d, /=9.0
Hz, 2H), 7.86 (d, J = 7.5 Hz, 1H), 7.79 — 7.73 (m, 6H), 7.22 (d, J = 8.8 Hz, 5H), 7.19 — 7.10 (m, 7H), 6.99
(d, J = 2.1 Hz, 1H), 4.41 (ddd, J = 9.4, 8.1, 4.6 Hz, 1H), 4.33 — 4.26 (m, 2H), 4.14 (p, J = 7.3 Hz, 2H), 3.88
(s, 6H), 3.87 (s, 3H), 3.00 (dd, J = 14.0, 4.6 Hz, 1H), 2.73 (dd, J = 13.9, 9.4 Hz, 1H), 1.91 (s, 3H), 1.24 (h,
J=7.3Hz, 3H),1.17 (d, J=7.1 Hz, 3H), 1.06 (td, J= 7.9, 7.0, 5.0 Hz, 1H), 0.94 (ddt, J = 13.6, 8.4, 4.7 Hz,
1H), 0.66 — 0.52 (m, 2H). 3C NMR (176 MHz, DMSO) 6 = 173.84, 171.14, 170.20, 169.23, 162.79,
160.92, 155.80, 153.06, 137.56, 130.90, 130.51, 129.09, 127.84, 126.09, 125.34, 125.04, 124.48,
114.98, 114.40, 55.61, 55.48, 54.02, 53.44, 52.01, 47.98, 39.92, 39.78, 39.66, 39.54, 39.42, 39.31,
39.19, 39.07, 36.93, 28.33, 21.65, 20.97, 18.17. HRMS ESI m/z calculated for CasHs:NsO7* [M]*:
786.3861, measured: 786.3861.

Compound 19.

\
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A flame dried reaction vial with a magnetic stirring bar under argon atmosphere was charged with
compound 18 (75.0 mg, 1.00 mmol, 1.00 eq) and sealed. The vial was then charged with a solution of
Hantzsch ester (75.0 mg; 0.30 mmol; 3.00 eq ) in DMA (400 pl) followed by three evacuation-backfill
cycles with argon and thereafter, charged with a solution of methyl acrylate (24.0 pL, 0.26 mmol, 2.60
eq) and TEA (56 pL, 0.40 mmol eq) in DMA (300 pl). The vial was irradiated with blue LEDs while
stirring. The heat generated by the lamp maintained an ambient temperature of 45 °C. After 16 h, the
reaction mixture was purified according to the general purification method B. Yield: 10.2 mg (21.4
pmol, 22%). 'H NMR (700 MHz, DMSO-ds) & 7.93 (dd, J = 7.9, 3.3 Hz, 2H), 7.86 (d, J = 7.5 Hz, 1H), 7.23
(h, J = 6.0 Hz, 4H), 7.17 (td, J = 6.5, 2.1 Hz, 1H), 7.14 — 7.11 (m, 1H), 7.01 — 6.98 (m, 1H), 4.47 (ddd, J =
9.5, 8.1, 4.6 Hz, 1H), 4.16 (p, J = 7.1 Hz, 1H), 4.10 (td, J = 8.1, 5.6 Hz, 1H), 3.58 (s, 3H), 3.05 (dd, J = 14.0,
4.6 Hz, 1H), 2.80 (dd, J = 14.0, 9.5 Hz, 1H), 2.28 (t, J = 7.4 Hz, 2H), 1.81 (s, 3H), 1.49 (dq, J = 14.8, 7.5,



6.5 Hz, 3H), 1.39 (tdt, J = 12.8, 9.8, 4.2 Hz, 1H), 1.27 — 1.21 (m, 1H), 1.22 — 1.15 (m, 9H). *C NMR (176
MHz, DMSO) 6 =173.92,173.37,171.82,170.38, 169.42,137.80, 129.18, 127.98, 126.19, 53.67, 52.83,
51.16, 48.07, 33.24, 31.75, 30.35, 28.42, 28.29, 25.01, 24.37, 22.47, 22.08, 18.25. HRMS ESI m/z
calculated for C24H3sN4Os [M+Na]*: 499.2527, measured: 499.2522.

Compound 21.
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Peptide was synthesized according to the general methods 2a, 2b, 2c on a 300 umol scale and a 100
umol aliquot was cleaved according to general method 2e and purified by general purification method
A. Yield: 67.4 mg (81.9 umol, 82%). Synthesized according to the method described for 18. Yield: 73.9
mg (81.0 umol, 81%). H NMR (700 MHz, DMSO-ds) 6 10.78 (d, J = 2.4 Hz, 1H), 8.29 (s, 2H), 8.25 (d, J
=9.1 Hz, 2H), 7.89 (d, J = 7.0 Hz, 1H), 7.81 (d, J = 7.9 Hz, 1H), 7.76 (d, J = 8.7 Hz, 4H), 7.69 (d, J = 8.0 Hz,
1H), 7.55 (d, J = 7.9 Hz, 1H), 7.30 — 7.25 (m, 2H), 7.20 (d, J = 8.8 Hz, 4H),7.13 (d, J = 9.0 Hz, 2H), 7.09 (d,
J=2.3Hz, 1H), 7.04 - 7.00 (m, 2H), 6.96 — 6.91 (m, 1H), 4.38 (td, J = 7.8, 5.8 Hz, 2H), 4.34 (t, / = 7.6 Hz,
2H), 4.12 (p, J = 7.1 Hz, 1H), 3.97 — 3.93 (m, 1H), 3.87 (s, 3H), 3.86 (s, 6H), 3.08 (dd, / = 14.7, 5.5 Hz,
1H), 2.96 (dd, J=14.7, 7.7 Hz, 1H), 1.74 (s, 3H), 1.33 - 1.20 (m, 2H), 1.17-1.12 (m, 1H), 1.10(d, J= 7.1
Hz, 3H), 1.01 —0.94 (m, 1H), 0.77 — 0.63 (m, 2H). *C NMR (176 MHz, DMSO) § 173.00, 171.62, 169.27,
162.79, 160.91, 155.84, 153.06, 135.91, 130.93, 130.52, 127.33, 125.35, 125.04, 124.47, 123.41,
120.69, 118.34, 118.10, 114.97, 109.88, 55.62, 54.11, 53.16, 51.88, 48.33, 30.71, 28.31, 27.49, 22.30,
21.79, 17.69.HRMS ESI m/z calculated for C4gHs3NsO7* [M]*: 825.3970, measured: 825.3929.



Compound 22.

H
N NH
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Synthesized according to the method described for 21. Yield: 67.4 mg (81.9 umol, 82%). 'H NMR (700
MHz, DMSO-dq) § 10.79 (d, J = 2.4 Hz, 1H), 8.46 (s, 2H), 8.25 (d, J = 7.4 Hz, 2H), 7.87 (d, J = 7.0 Hz, 1H),
7.84—7.80 (m, 4H), 7.79 (d, J = 7.9 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.69 — 7.64 (m, 8H), 7.61 (t, J = 7.6
Hz, 3H), 7.56(d, 1H), 7.31—7.27 (m, 2H), 7.10 (d, J = 2.3 Hz, 1H), 7.02 (m, J = 7.1 Hz, 2H), 6.94 (t, J = 7.2
Hz, 1H), 4.39 (m, J = 7.8, 5.6 Hz, 1H), 4.29 (t, J = 7.9 Hz, 2H), 4.13 (p, J = 7.1 Hz, 1H), 3.94 —3.90 (m, 1H),
3.10 (dd, J=14.7, 5.5 Hz, 1H), 2.97 (dd, J = 14.7, 7.7 Hz, 1H), 1.75 (s, 3H), 1.46 — 1.26 (m, 2H), 1.11 (d,
J=7.1Hz, 3H), 1.09-1.02 (m, 1H),0.98 — 0.89 (m, 1H), 0.78 — 0.64 (m, 2H). **C NMR (176 MHz, DMSO)
6 173.01, 171.64, 171.15, 169.26, 155.95, 154.04, 135.92, 133.04, 132.88, 132.30, 130.82, 129.50,
129.11, 128.98, 128.61, 127.34, 125.97, 123.45, 120.70, 118.36, 118.12, 109.89, 54.23, 53.20, 51.89,
48.32,39.95, 39.81, 39.70, 39.58, 39.46, 39.34, 39.22, 39.10, 30.53, 28.46, 27.51, 22.35, 21.82, 17.78.
HRMS ESI m/z calculated for C4sHa7NsO4" [M]*: 735.3653, measured: 735.3662.

Compound 23.

Synthesized according to the method described for 21. Yield: 59.9 mg (68.5 umol, 68%). 'H NMR (700
MHz, DMSO-ds) & 10.76 (d, J = 2.4 Hz, 1H), 8.51 — 8.46 (m, 2H), 7.91 (d, J = 7.0 Hz, 1H), 7.86 (d, J = 7.9
Hz, 1H), 7.69 (s, 1H), 7.67 (d, J = 8.0 Hz, 1H), 7.63 — 7.47 (m, 10H), 7.29 (s, 1H), 7.27 — 7.22 (m, 2H),
7.07 (d, J = 2.3 Hz, 1H), 7.04 — 6.97 (m, 2H), 6.92 (t, 1H), 5.35 — 5.28 (m, 1H), 5.26 — 5.18 (m, 1H), 4.39
—4.33 (m, 1H), 4.12 (p, J = 7.0 Hz, 1H), 3.98 —3.92 (m, 1H), 3.07 (dd, J = 14.7, 5.4 Hz, 1H), 2.94 (dd, J =
14.7,7.8 Hz, 1H), 2.90 — 2.76 (m, 4H), 2.74 — 2.63 (m, 2H), 2.45 —2.30 (m, 2H), 1.74 (s, 3H), 1.22 — 1.12
(m, 3H), 1.11 (d, J = 7.1 Hz, 3H), 1.06 — 0.98 (m, 1H), 0.64 — 0.49 (m, 2H). 3C NMR (176 MHz, DMSO) &



173.03, 171.54, 171.24, 169.22, 157.90, 157.72, 154.49, 152.46, 152.33, 141.25, 141.21, 137.17,
137.02, 135.90, 134.82, 132.52, 129.47, 129.23, 129.01, 128.48, 128.19, 127.95, 127.72, 127.35,
127.31, 123.42, 120.68, 118.36, 118.10, 111.08, 109.84, 64.20, 53.08, 51.87, 48.34, 30.93, 29.01,
27.48, 26.99, 26.98, 26.02, 25.94, 22.35, 21.57, 17.75. HRMS ESI m/z calculated for CasHs1NeO4* [M]*:
787.3966, measured: 787.3976

Compound 27.

CN

AcHN H\)LN NH.

o = H o
Peptide was synthesized from Katritzky salt 21 according to the general method 2d on a 82 umol scale
based on resin loading, and then cleaved and deprotected according to general method 2e. The crude
peptide was then purified by general purification method B. Yield: 23.0 mg (47.7 umol, 59%). *H NMR
(600 MHz, DMSO-d¢) 6 10.79 (d, J = 2.4 Hz, 1H), 8.07 (d, J = 7.0 Hz, 1H), 7.99 (d, / = 7.7 Hz, 1H), 7.71
(d, J=8.0 Hz, 1H), 7.56 (dd, J = 7.9, 1.1 Hz, 1H), 7.31 (d, J = 8.2 Hz, 1H), 7.28 (s, 1H), 7.11 (d, J = 2.3 Hz,
1H), 7.08 — 7.02 (m, 1H), 6.99 — 6.92 (m, 1H), 4.51 — 4.33 (m, 1H), 4.30 — 4.09 (m, 2H), 3.11 (dd, J =
14.7, 5.5 Hz, 1H), 2.99 (dd, J = 14.7, 7.7 Hz, 1H), 2.42 (t, J = 7.1 Hz, 2H), 1.84 (s, 3H), 1.60 — 1.53 (m,
1H), 1.52-1.48 (m, 2H), 1.47 - 1.37 (m, 1H), 1.35-1.19 (m, 6H), 1.16 (d, J = 7.1 Hz, 3H). ®C NMR (151
MHz, DMSO) 6 135.99, 127.42, 123.46, 120.79, 120.73, 118.43, 118.20, 111.21, 109.98, 53.19, 27.57,
25.02, 24.63, 22.50, 17.74, 16.05. HRMS ESI m/z calculated for CsH3sNgOs [M+H]*: 483.2720,
measured: 483.2706.

Compound 33.
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Synthesized according to the method described for 27. Yield: 30.7 mg (57.4 umol, 72%). *H NMR (600
MHz, DMSO-ds) 6 10.79 (d, J = 2.4 Hz, 1H), 8.74 (d, J = 4.1 Hz, 1H), 8.34 (t, J = 8.0 Hz, 1H), 8.06 (d, J =
7.0 Hz, 1H), 8.00 (d, J = 7.7 Hz, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.76 (t, J = 6.7 Hz, 1H), 7.73 (d, J = 8.0 Hz,
1H), 7.56 (d, J = 7.9 Hz, 1H), 7.30 (d, J = 8.1 Hz, 1H), 7.29 (s, 1H), 7.11 (d, J = 2.3 Hz, 1H), 7.06 — 7.00 (m,



2H), 6.98 — 6.89 (m, 1H), 4.42 — 4.36 (m, 1H), 4.28 —4.12 (m, 2H), 3.10 (dd, J = 14.7, 5.5 Hz, 1H), 2.98
(dd, J=14.7,7.7 Hz, 1H), 2.90 (t, / = 7.8 Hz, 2H), 1.84 (s, 3H), 1.72 - 1.61 (m, 2H), 1.61 — 1.51 (m, 1H),
1.48-1.39 (m, 1H), 1.29 - 1.20 (m, 6H), 1.16 (d, J = 7.1 Hz, 3H). 3C NMR (151 MHz, DMSO) § 173.03,
171.79, 171.74, 169.39, 157.83, 144.36, 142.74, 135.91, 127.33, 126.04, 123.89, 123.41, 120.71,
118.35, 118.12, 111.14, 109.90, 53.19, 52.50, 48.39, 33.44, 31.71, 28.52, 28.19, 27.49, 25.01, 22.43,
17.68. HRMS ESI m/z calculated for CagH3gNeO4 [M+H]*: 535.3033, measured: 535.3028.

Compound 34.

o,
N~
< NH
e
AcHN N\i)kN NHz
o = H 0o

Synthesized according to the method described for 27. Yield: 15.3 mg (28.6 umol, 66%). *H NMR (700
MHz, DMSO-dq) 6 10.78 (d, J = 2.5 Hz, 1H), 8.54 — 8.51 (m, 2H), 8.45 — 8.43 (m, 1H), 8.06 (d, J = 7.0 Hz,
1H), 7.98 (d, J = 7.7 Hz, 1H), 7.70 (d, J = 8.0 Hz, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.30 (d, J = 8.0 Hz, 1H), 7.27
(s, 1H), 7.11 (d, J = 2.4 Hz, 1H), 7.06 — 7.01 (m, 2H), 6.97 — 6.94 (m, 1H), 4.44 — 4.32 (m, 1H), 4.27 — 4.09
(m, 2H), 3.11 (dd, J = 14.8, 5.3 Hz, 1H), 2.98 (dd, J = 14.8, 7.8 Hz, 1H), 2.79 — 2.62 (m, 2H), 1.84 (s, 3H),
1.69 - 1.61 (m, 2H), 1.59 — 1.52 (m, 1H), 1.48 — 1.40 (m, 1H), 1.32 - 1.20 (m, 6H), 1.16 (d, J = 7.1 Hz,
3H). 13C NMR (176 MHz, DMSO) & 173.03, 171.88, 171.71, 169.42, 158.27, 158.06, 157.27, 144.28,
143.92, 143.87,142.11,135.92, 127.35, 123.37, 120.70, 118.35, 118.12,111.13, 109.92, 53.14, 52.61,
48.43, 34.34, 31.72, 28.58, 28.42, 28.41, 27.49, 25.14, 22.42, 17.64. HRMS ESI m/z calculated for
CagH37N704 [M+H]*: 536.2985, measured: 536.2979.

Compound 35.

N

AN

H
AcHN N\E)kN NH;

Synthesized according to the method described for 27. Yield: 13.3 mg (24.9 umol, 32%). *H NMR (600
MHz, DMSO-d¢) 6 10.78 (d, J = 2.5 Hz, 1H), 8.68 (d, J = 6.5 Hz, 2H), 8.06 (d, J = 7.1 Hz, 1H), 7.98 (d, J =
7.7 Hz, 1H), 7.75 - 7.69 (m, 3H), 7.56 (d, J = 7.9 Hz, 1H), 7.30 (d, J = 8.1 Hz, 1H), 7.28 (s, 1H), 7.11 (d, J
=2.4 Hz, 1H), 7.06 — 7.01 (m, 2H), 6.95 (t, / = 7.4 Hz, 1H), 4.44 — 4.35 (m, 1H), 4.29 —4.12 (m, 2H), 3.10



(dd,J=14.7,5.6 Hz, 1H), 2.98 (dd, J = 14.7, 7.7 Hz, 1H), 2.74 (t, /= 7.7 Hz, 2H), 1.83 (s, 3H), 1.64 — 1.52
(m, 3H), 1.48 = 1.40 (m, 1H), 1.27 = 1.21 (m, 6H), 1.16 (d, J = 7.1 Hz, 3H). 3C NMR (151 MHz, DMSO) 6
173.12, 171.90, 171.83, 169.49, 157.94, 143.40, 136.01, 127.43, 126.07, 123.49, 120.81, 118.44,
118.22, 111.24, 109.99, 53.28, 52.60, 48.49, 34.76, 31.82, 29.25, 28.34, 27.59, 25.09, 22.51, 17.74.
HRMS ESI m/z calculated for CagH3zsNsO4 [M+H]*: 535.2955, measured: 535.3000.

Compound 36.

H
AcHN N\i)kN NH
o ¢ o]

Synthesized according to the method described for 27. Yield: 30.1 mg (49.3 umol, 63%). *H NMR (600
MHz, DMSO-d¢) 6 10.79 (d, J = 2.4 Hz, 1H), 8.04 (d, J = 7.0 Hz, 1H), 7.97 (d, J = 7.6 Hz, 1H), 7.71 (d, J =
8.0 Hz, 1H), 7.56 (d, / = 7.9 Hz, 1H), 7.31 (d, / = 8.1 Hz, 1H), 7.28 — 7.22 (m, 8H), 7.16 — 7.09 (m, 3H),
7.06 — 7.01 (m, 2H), 6.97 — 6.92 (m, 1H), 4.47 — 4.35 (m, 1H), 4.21 — 4.07 (m, 2H), 3.85 (t, J = 7.9 Hz,
1H), 3.11 (dd, J = 14.7, 5.5 Hz, 1H), 2.98 (dd, J = 14.7, 7.7 Hz, 1H), 1.96 (q, J = 7.8 Hz, 2H), 1.82 (s, 3H),
1.56 - 1.48 (m, 1H), 1.46 — 1.37 (m, 1H), 1.28 — 1.17 (m, 4H), 1.18 — 1.03 (m, 5H). **C NMR (151 MHz,
DMSO) & 172.85, 171.71, 171.53, 169.28, 145.04, 145.02, 135.74, 128.08, 127.28, 127.16, 125.65,
123.19,120.54,118.17,117.96, 110.96, 109.74, 52.98, 52.45, 50.24, 48.22, 34.45, 31.53, 28.36, 27.30,
27.17, 24.98, 22.22, 17.42. HRMS ESI m/z calculated for CsgHasNsO4 [M+H]*: 610.3393, measured:
610.3383.

Compound 40.

H
N NH
AcHN \)LN 2
o) H o

Synthesized according to the method described for 27. Yield: 21.6 mg (41.9 umol, 52%). *H NMR (700
MHz, DMSO-de) 6 10.78 (d, J = 2.4 Hz, 1H), 8.05 (d, J = 7.0 Hz, 1H), 7.98 (d, J = 7.7 Hz, 1H), 7.70 (d, J =
8.0 Hz, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.31 (d, / = 8.1 Hz, 1H), 7.26 (s, 1H), 7.11 (d, J = 2.3 Hz, 1H), 7.06 —
7.02 (m, 2H), 6.98 — 6.93 (m, 1H), 4.45 — 4.37 (m, 1H), 4.25 — 4.13 (m, 2H), 3.56 (s, 3H), 3.11 (dd, J =
14.7, 5.5 Hz, 1H), 2.98 (dd, J = 14.7, 7.7 Hz, 1H), 2.25 (t, J = 7.4 Hz, 2H), 1.84 (s, 3H), 1.60 — 1.52 (m,



1H), 1.47 (q, J = 7.3 Hz, 2H), 1.45-1.39 (m, 1H), 1.35 — 1.18 (m, 6H), 1.16 (d, J = 7.1 Hz, 3H). **C NMR
(176 MHz, DMSO) 6 173.37, 173.09, 171.94, 171.77, 169.48, 135.99, 127.41, 123.43, 120.77, 118.41,
118.18, 111.19, 109.98, 53.19, 52.67, 51.14, 48.49, 33.22, 31.76, 28.37, 28.32, 27.55, 25.15, 24.36,
22.48,17.71. HRMS ESI m/z calculated for CysH3;NsOg [M+H]*: 516.2822, measured 516.2809.

Compound 41.

\
0._0

H
N NH
AcHN \)ku 2

Synthesized according to the method described for 27. Yield: 3.2 mg (6.0 umol, 8%). *H NMR (600
MHz, DMSO-d¢) 6 10.78 (d, J = 2.5 Hz, 1H), 8.05 (d, J = 7.0 Hz, 1H), 7.99 (d, J = 7.7 Hz, 1H), 7.71 (d, J =
8.0 Hz, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.30 (d, J = 8.1 Hz, 1H), 7.27 (s, 1H), 7.11 (d, J = 2.3 Hz, 1H), 7.07 -
7.01 (m, 2H), 6.98 — 6.91 (m, 1H), 4.49 — 4.36 (m, 1H), 4.23 — 4.07 (m, 2H), 3.57 (s, 3H), 3.11 (dd, J =
14.7, 5.5 Hz, 1H), 2.98 (dd, J = 14.7, 7.7 Hz, 1H), 2.26 (ddd, J = 15.0, 5.9, 2.0 Hz, 1H), 2.06 (ddd, J = 15.0,
8.2,4.1 Hz, 1H), 1.84 (s, 3H), 1.82 — 1.76 (m, 1H), 1.59 — 1.51 (m, 1H), 1.48 — 1.39 (m, 1H), 1.29 - 1.18
(m, 5H), 1.16 (d, J = 7.1 Hz, 3H), 1.12 — 1.03 (m, 1H), 0.84 (d, J = 5.7 Hz, 3H). 3C NMR (151 MHz, DMSO)
6 173.09, 172.83, 171.94, 171.78, 169.49, 135.99, 127.41, 123.44, 120.78, 118.42, 118.19, 111.20,
109.99, 53.20, 52.65, 51.11, 48.49, 40.83, 35.88, 31.81, 29.73, 27.56, 26.04, 25.49, 22.49, 17.73. HRMS
ESI m/z calculated for C27H39Ns06 [M+H]*: 530.2979, measured 530.2973.

Compound 43.

\
0._0

H
N NH
AcHN \)ku 2

Synthesized according to the method described for 27. Yield: 15.8 mg (29.8 umol, 43%). *H NMR (700
MHz, DMSO-d¢) 6 10.78 (d, J = 2.4 Hz, 1H), 8.05 (d, J = 5.8 Hz, 1H), 7.98 (d, J = 7.7 Hz, 1H), 7.70 (d, J =
8.0 Hz, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.31 (d, / = 8.1 Hz, 1H), 7.26 (s, 1H), 7.11 (d, J = 2.3 Hz, 1H), 7.08 —
7.01 (m, 2H), 6.98 — 6.89 (m, 1H), 4.52 — 4.33 (m, 1H), 4.25 — 4.12 (m, 2H), 3.57 (s, 3H), 3.11 (dd, J =
14.7, 5.5 Hz, 1H), 2.99 (dd, J = 14.7, 7.7 Hz, 1H), 2.38 (h, J = 7.0 Hz, 1H), 1.84 (s, 3H), 1.60 — 1.47 (m,
2H), 1.47 — 1.40 (m, 1H), 1.35 — 1.30 (m, 1H), 1.28 —= 1.17 (m, 6H), 1.16 (d, J = 7.2 Hz, 3H), 1.04 (d, J =



7.0 Hz, 3H). **C NMR (176 MHz, DMSO) 6 176.30, 173.10, 171.95, 171.78, 169.51, 136.00, 127.42,
123.44,120.78,118.41,118.19, 111.20, 109.99, 53.22, 52.70, 51.25, 48.51, 38.55, 33.21, 31.76, 28.63,
27.55, 26.48, 25.19, 22.49, 17.71, 16.85. HRMS ESI m/z calculated for Cy7H39NsOg [M+H]*: 530.2979,
measured 530.2958.

Compound 44.

MeO

<~ NH

H
N NH
AcHN \)kN 2

o = M o

Synthesized according to the method described for 27. Yield: 28.4 mg (48.0 umol, 62%). *H NMR (700
MHz, Methanol-ds) & 10.78 (d, J = 2.3 Hz, 1H), 8.03 (d, J = 6.5 Hz, 1H), 7.97 (dd, J = 7.7, 2.6 Hz, 1H),
7.70 (dd, J=8.1, 2.0 Hz, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.34 — 7.28 (m, 3H), 7.27 — 7.22 (m, 4H), 7.11 (d,
J=2.3 Hz, 1H), 7.06 — 7.01 (m, 2H), 6.96 (td, /= 7.3, 6.8, 1.0 Hz, 1H), 4.47 — 4.31 (m, 1H), 4.25-4.03
(m, 2H), 3.60 — 3.54 (m, 4H), 3.11 (dd, J = 14.7, 5.5 Hz, 1H), 2.98 (dd, J = 14.7, 7.8 Hz, 1H), 2.00 — 1.88
(m, 1H), 1.83 (s, 3H), 1.69 — 1.58 (m, 1H), 1.56 — 1.48 (m, 1H), 1.44 — 1.36 (m, 1H), 1.31 - 0.98 (m, 9H).
13C NMR (176 MHz, MeOD) 6 173.84,173.10, 171.93, 171.92, 171.76, 169.49, 139.17, 135.99, 128.54,
127.70, 127.41, 127.05, 123.43, 120.77, 118.41, 118.18, 111.19, 109.99, 53.20, 52.67, 52.66, 51.68,
50.40, 50.38, 48.49, 32.95, 31.72, 28.43, 27.54, 26.80, 25.16, 25.13, 22.48, 17.70. HRMS ESI m/z
calculated for C3;H41NsOg [M+H]*: 592.3135, measured: 592.3110.

Compound 45.

H
AcHN N\:)kN Nz
o ° o)

Synthesized according to the method described for 27. Yield: 21.9 mg (37.0 umol, 48%). *H NMR (600
MHz, DMSO-d¢) 6 10.78 (d, J = 2.4 Hz, 1H), 8.06 (d, J = 7.0 Hz, 1H), 7.99 (d, J = 7.7 Hz, 1H), 7.71 (d, J =
8.0 Hz, 1H), 7.56 (d, J = 7.8 Hz, 1H), 7.39 — 7.29 (m, 6H), 7.27 (s, 1H), 7.11 (d, J = 2.3 Hz, 1H), 7.07 - 7.01
(m, 2H), 6.95 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 5.07 (s, 2H), 4.46 — 4.36 (m, 1H), 4.33 — 4.12 (m, 2H), 3.25



—3.07 (m, 1H), 3.03-2.93 (m, 1H), 2.31 (t, /= 7.4 Hz, 2H), 1.84 (s, 3H), 1.66 — 1.47 (m, 3H), 1.47 - 1.38
(m, 1H), 1.30 — 1.18 (m, 6H), 1.16 (d, J = 7.1 Hz, 3H). 3C NMR (151 MHz, DMSO) 6 173.11, 172.80,
171.95, 171.79, 169.49, 136.30, 135.99, 128.43, 127.98, 127.92, 127.42, 123.44, 120.78, 118.42,
118.19, 111.20, 109.99, 65.28, 53.20, 52.67, 48.50, 33.42, 31.78, 28.39, 28.32, 27.57, 25.19, 24.42,
22.50, 17.73. HRMS ESI m/z calculated for Cs;Ha1N5O06 [M+H]*: 592.3135, measured 592.3120.

Compound 46.

EtO.__O
EtO
0}

H
AcHN N\i)kN NH2
o = 0

Synthesized according to the method described for 27. Yield: 14.7 mg (21.7 umol, 28%). *H NMR (600
MHz, DMSO-d¢) 6 10.77 (d, J = 2.4 Hz, 1H), 8.00 — 7.92 (m, 2H), 7.70 (dd, J = 11.7, 8.0 Hz, 1H), 7.55 (dd,
J=7.9,1.2 Hz, 1H), 7.29 (dd, J = 8.1, 1.0 Hz, 1H), 7.27 — 7.14 (m, 3H), 7.12 — 7.08 (m, 1H), 7.07 — 7.00
(m, 2H), 6.99 — 6.92 (m, 1H), 4.45 —4.33 (m, 1H), 4.22 — 4.11 (m, 2H), 3.80 — 3.69 (m, 6H), 3.10 (ddd, J
=14.6, 5.6, 2.2 Hz, 1H), 2.96 (dd, J = 14.7, 7.9 Hz, 1H), 1.84 — 1.76 (m, 3H), 1.66 — 1.52 (m, 2H), 1.50 —
1.37 (m, 1H), 1.38 = 1.27 (m, 1H), 1.28 — 1.06 (m, 8H), 1.02 — 0.92 (m, 1H), 0.94 — 0.84 (m, 1H), 0.81 (t,
J=7.1Hz, 3H). 3C NMR (151 MHz, DMSO) & 173.15, 171.79, 170.07, 169.55, 167.97, 167.33, 136.00,
129.39, 128.34, 128.09, 127.40, 126.68, 123.45, 120.79, 118.42,118.21, 111.21, 110.02, 61.10, 60.49,
55.35, 55.11, 53.26, 52.73, 48.51, 45.04, 44.97, 33.72, 33.28, 31.66, 31.59, 27.50, 26.49, 26.40, 25.25,
25.15, 22.48, 17.72, 17.71, 13.93, 13.50. HRMS ESI m/z calculated C3sHa7NsOs [M+H]*: 678.3503,
measured: 678.3483.

Compound 47.

H
AcHN N\i)kN NHz
o F 0

Synthesized according to the method described for 27. Yield: 5.2 mg (10.4 umol, 13%). 'H NMR (600
MHz, DMSO-d¢) 6 10.78 (d, J = 2.4 Hz, 1H), 8.05 (d, J = 7.0 Hz, 1H), 7.99 (d, J = 7.7 Hz, 1H), 7.70 (d, J =
8.0 Hz, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.31 (d, / = 8.1 Hz, 1H), 7.27 (s, 1H), 7.11 (d, J = 2.3 Hz, 1H), 7.07 -
7.02 (m, 2H), 6.97 — 6.93 (m, 1H), 4.43 — 4.35 (m, 1H), 4.25 - 4.09 (m, 2H), 3.11 (dd, J = 14.7, 5.4 Hz,



1H), 2.98 (dd, J = 14.7, 7.8 Hz, 1H), 2.16 (t, J= 7.4 Hz, 2H), 1.84 (s, 3H), 1.60 — 1.51 (m, 1H), 1.49-1.41
(m, 3H), 1.26 — 1.19 (m, 6H), 1.16 (d, J = 7.1 Hz, 3H). *C NMR (151 MHz, DMSO) 6§ 174.51, 173.12,
171.97,171.79, 169.51, 135.99, 127.41, 123.44,120.79, 118.42, 118.20, 111.20, 109.99, 53.19, 52.70,
48.51, 33.62, 31.78, 28.47, 28.45, 27.55, 25.23, 24.45, 22.50, 17.73. HRMS ESI m/z calculated for
CasH3sNs06 [M+Na]*: 524.2485, measured 524.2473.

Compound 48.

<~ NH

H
N NH
AcHN \)kN 2

o = H o

Synthesized according to the method described for 27. Yield: 22.2 mg (37.1 pmol, 46%). *H NMR (600
MHz, DMSO-d¢) 6 10.78 (d, J = 2.4 Hz, 1H), 8.05 (d, J = 7.0 Hz, 1H), 7.97 (d, J = 7.7 Hz, 1H), 7.88 (d, J =
7.3 Hz, 2H), 7.74 (t, J = 7.5 Hz, 1H), 7.69 (d, J = 8.0 Hz, 1H), 7.65 (t, J = 7.8 Hz, 2H), 7.55 (d, J = 7.9 Hz,
1H), 7.30 (d, J = 8.0 Hz, 1H), 7.27 (s, 1H), 7.11 (d, J = 2.3 Hz, 1H), 7.06 — 7.00 (m, 2H), 6.97 — 6.90 (m,
1H), 4.50 — 4.36 (m, 1H), 4.24 — 4.10 (m, 2H), 3.24 (t, 2H), 3.10 (dd, J = 14.7, 5.5 Hz, 1H), 2.98 (dd, J =
14.7,7.7 Hz, 1H), 1.83 (s, 3H), 1.55 - 1.45 (m, 3H), 1.42 - 1.36 (m, 1H), 1.26 —1.21 (m, 2H), 1.15(d, J =
7.1 Hz, 7H). **C NMR (151 MHz, DMSO) 6 173.03, 171.82, 171.69, 169.37, 139.02, 135.91, 133.66,
129.36, 127.53, 127.33, 123.37, 120.71, 118.35, 118.11, 111.12, 109.89, 54.41, 53.09, 52.44, 48.41,
31.62, 28.04, 27.49, 27.20, 24.91, 22.41, 22.16, 17.64. HRMS ESI m/z calculated for: C3pH39NsOgS
[M+H]*: 598.2699, measured: 598.2691.

Compound 49.

O
EtO\l\:\,/OEt

AcHN 1 H\)ku 1 NHz
Synthesized according to the method described for 27. Yield: 11.7 mg (19.7 umol, 25%). *H NMR (600
MHz, DMSO-d¢) 6 10.79 (d, J = 2.5 Hz, 1H), 8.07 (d, J = 7.0 Hz, 1H), 7.99 (d, J = 7.7 Hz, 1H), 7.70 (d, J =
8.0 Hz, 1H), 7.55 (d, J = 1.1 Hz, 1H), 7.31 (d, / = 8.1 Hz, 1H), 7.28 (s, 1H), 7.11 (d, J = 2.4 Hz, 1H), 7.08 —
7.02 (m, 2H), 6.98 — 6.86 (m, 1H), 4.48 — 4.32 (m, 1H), 4.25 — 4.12 (m, 2H), 4.04 — 3.88 (m, 4H), 3.11



(dd, J =14.7, 5.4 Hz, 1H), 2.98 (dd, / = 14.7, 7.7 Hz, 1H), 1.84 (s, 3H), 1.69 — 1.61 (m, 2H), 1.59 — 1.51
(m, 1H), 1.47 = 1.37 (m, 3H), 1.34 —= 1.27 (m, 2H), 1.21 (t, J = 7.0 Hz, 10H), 1.16 (d, J = 7.1 Hz, 3H). 3C
NMR (151 MHz, DMSO) 6 173.11, 171.94, 171.78, 169.46, 135.99, 127.42, 123.44, 120.78, 118.42,
118.19, 111.20, 109.98, 60.76, 60.71, 53.18, 52.60, 48.50, 31.79, 29.70, 29.59, 28.22, 27.57, 25.10,
24.87, 23.95, 22.49, 22.01, 21.98, 17.73, 16.33, 16.29. HRMS ESI m/z calculated for CysHi4NsO-P
[M+H]*: 594.3057, measured: 594.3053.

Compound 50.

H
N NH
AcHN \)kN 2
o * o)

Synthesized according to the method described for 27. Yield: 12.6 mg (21.9 umol, 27%). *H NMR (600
MHz, DMSO-d¢) 6 10.78 (d, J = 2.5 Hz, 1H), 9.83 (s, 1H), 8.05 (d, J = 7.0 Hz, 1H), 8.00 (d, J = 7.7 Hz, 1H),
7.71(d,J=8.0Hz, 1H), 7.61 - 7.53 (m, 3H), 7.37 = 7.22 (m, 4H), 7.11 (d, J = 2.3 Hz, 1H), 7.07 — 6.98 (m,
3H), 6.98 — 6.93 (m, 1H), 4.48 —4.31 (m, 1H), 4.25 - 4.11 (m, 2H), 3.12 (dd, / = 14.7, 5.4 Hz, 1H), 2.99
(dd, J = 14.7, 7.8 Hz, 1H), 2.27 (t, J = 7.5 Hz, 2H), 1.84 (s, 3H), 1.68 — 1.52 (m, 3H), 1.50 — 1.42 (m, 1H),
1.36 — 1.21 (m, 6H), 1.16 (d, J = 7.1 Hz, 3H). 3C NMR (151 MHz, DMSO) § 173.14, 171.99, 171.82,
171.27, 169.55, 139.35, 135.99, 128.64, 127.42, 123.46, 122.91, 120.80, 119.02, 118.43, 118.21,
111.22, 110.00, 53.22, 52.73, 48.53, 36.41, 31.81, 28.61, 28.57, 27.55, 25.28, 25.11, 22.51, 17.75.
HRMS ESI m/z calculated for C3;HaoNeOs [M+H]*: 577.3138, measured 577.3121.

Compound 51.

H
AcHN N\E)kN NHz
o = 0

Synthesized according to the method described for 27. Yield: 9.0 mg (18.0 umol, 23%). 'H NMR (600
MHz, DMSO-d¢) 6 10.79 (d, J = 2.4 Hz, 1H), 8.05 (d, J = 7.0 Hz, 1H), 7.99 (d, J = 7.7 Hz, 1H), 7.71 (d, J =
8.0 Hz, 1H), 7.56 (d, J= 7.9 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.28 (s, OH), 7.20 (s, 1H), 7.11 (d, / = 2.3 Hz,
1H), 7.07 - 7.01 (m, 2H), 6.96 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H), 6.67 (s, 1H), 4.45 — 4.35 (m, 1H), 4.28 —



4.08 (m, 2H), 3.11 (dd, J = 14.7, 5.4 Hz, 1H), 2.98 (dd, J = 14.7, 7.8 Hz, 1H), 2.00 (t, J = 7.5 Hz, 2H), 1.84
(s, 3H), 1.66 — 1.50 (m, 1H), 1.49 — 1.39 (m, 3H), 1.33 = 1.17 (m, 6H), 1.16 (d, J = 7.2 Hz, 3H). 3C NMR
(151 MHz, DMSO) 6 174.36, 173.13, 171.98, 171.81, 169.53, 135.99, 127.42, 123.45, 120.80, 118.43,
118.21, 111.22, 110.00, 53.21, 52.72, 48.53, 35.11, 31.81, 28.62, 28.55, 27.54, 25.28, 25.08, 22.51,
17.75. HRMS ESI m/z calculated for CasH3sNeOs [M+H]*: 501.2825, measured 501.2815.

Compound 52

\
N._O

-

H
AcHN N\ﬁ)kN NH;
o = o]

Synthesized according to the method described for 27. Yield: 11.0 mg (20.8 umol, 27%). *H NMR (600
MHz, DMSO-d¢) & 10.79 (d, J = 2.4 Hz, 1H), 8.07 (d, J = 7.0 Hz, 1H), 8.00 (d, J = 7.7 Hz, 1H), 7.71 (d, J =
8.0 Hz, 1H), 7.56 (d, J = 8.1 Hz, 1H), 7.31 = 7.29 (m, 1H), 7.27 (s, 1H), 7.11 (d, J = 2.3 Hz, 1H), 7.08 — 7.01
(m, 2H), 6.99 — 6.93 (m, 1H), 4.49 — 4.36 (m, 1H), 4.23 — 4.09 (m, 2H), 3.76 — 3.69 (m, 6H), 3.21 — 3.08
(m, 1H), 3.04 — 2.95 (m, 1H), 2.31 (t, J = 7.4 Hz, 2H), 1.84 (s, 3H), 1.60 — 1.38 (m, 4H), 1.32 — 1.17 (m,
6H), 1.16 (d, J = 7.1 Hz, 3H). 3C NMR (151 MHz, DMSO) 6 173.15, 172.82, 171.99, 171.82, 169.55,
136.01, 127.43, 123.47, 120.80, 118.43, 118.21, 111.23, 110.00, 55.36, 55.12, 53.23, 52.71, 48.54,
33.43, 31.78, 28.40, 28.33, 27.57, 24.43, 22.51, 17.73. HRMS ESI m/z calculated for: Cy7HaoNeOs
[M+H]*: 529.3138, measured: 529.3117.

Compound 53.

H
AcHN N\)kN NH,
o] 0

Synthesized according to the method described for 27. Yield: 8.8 mg (16.7 umol, 21%). 'H NMR (600
MHz, DMSO-d¢) 6 11.04 (s, 1H), 10.78 (d, J = 2.4 Hz, 1H), 8.07 (dd, / = 7.0, 3.5 Hz, 1H), 7.70 (d, /= 8.0
Hz, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.28 (s, 1H), 7.11 (d, J = 2.3 Hz, 1H), 7.07 — 7.01 (m, 2H), 6.98 — 6.92
(m, 1H), 4.40 (td, J = 7.8, 5.4 Hz, 1H), 4.25 — 4.09 (m, 2H), 3.11 (dd, / = 14.7, 5.4 Hz, 1H), 2.98 (dd, J =
14.7, 7.8 Hz, 1H), 2.79 — 2.65 (m, 2H), 2.34 — 2.24 (m, 1H), 1.84 (s, 3H), 1.64 (td, J = 10.0, 4.6 Hz, 1H),
1.61-1.50 (m, 1H), 1.41 (dtt, J = 27.6, 9.1, 4.7 Hz, 2H), 1.30 - 1.19 (m, 4H), 1.16 (d, J = 7.1 Hz, 3H). 3C



NMR (151 MHz, DMSO) 6 181.65, 178.33, 173.12, 171.89, 171.87, 171.80, 169.47, 135.99, 127.42,
123.46,120.79, 118.43,118.20, 111.20, 109.99, 53.17, 52.57, 52.52, 48.53, 40.66, 35.13, 31.62, 30.10,
30.07, 27.55, 25.93, 25.11, 25.06, 22.50, 17.74. HRMS ESI m/z calculated for Cy6H3:NgOg [M+H]":
527.2618, measured: 527.2608.

Compound 56.
o NH
s H =
H;Q\/\/\WN\/\N NH
2
HNT N\ o
J—NHH 0 o
o

Synthesized according to the method described for 27 on a 17.5 pmol scale. Yield: 2.0 mg (2.5 umol,
14.4%). HRMS ESI m/z calculated for C3gHs3NsOsS [M+H]*: 796.3816, measured: 796.3810.

Compound 61.

MeQ BF4

W
Cr)ome

O ] o ~_ NH
MeO iy N\)LH NH,
Synthesized according to the method described for 1. Yield: 76.1 mg (84.7 umol, 85%). 'H NMR (700
MHz, DMSO-ds) § 10.78 (d, J = 2.4 Hz, 1H), 8.25 (s, 2H), 8.21 (d, J = 9.0 Hz, 2H), 7.87 (d, J = 6.9 Hz, 1H),
7.82-7.76 (m, 2H), 7.75 (d, J = 8.7 Hz, 4H), 7.55 (d, J = 8.0 Hz, 1H), 7.29 (d, J = 8.1 Hz, 1H), 7.25 (s, 1H),
7.19 (d, J = 8.9 Hz, 4H), 7.11 (d, J = 9.0 Hz, 2H), 7.10 (d, J = 2.5 Hz, 1H), 7.02 (t, J = 7.6 Hz, 1H), 7.00 (s,
1H), 6.92 (t, J = 7.4 Hz, 1H), 4.45 - 4.31 (m, 4H), 4.12 (p, J = 7.1 Hz, 1H), 3.87 (s, 3H), 3.86 (s, 6H), 3.10
(dd, J=14.6, 5.6 Hz, 1H), 2.97 (dd, J = 14.7, 7.8 Hz, 1H), 1.75 (s, 3H), 1.31 (p, 2H), 1.10 (d, J = 7.1 Hz,
3H), 1.09 — 1.05 (m, 1H), 0.95 — 0.82 (m, 1H). ¥*C NMR (176 MHz, DMSO) 6 173.03, 171.74, 170.81,
169.22, 162.78, 160.88, 155.86, 153.05, 135.91, 130.92, 130.50, 127.30, 125.32, 125.03, 124.53,
123.43, 120.72, 118.35, 118.12, 114.96, 114.42, 111.14, 109.94, 55.42, 54.04, 53.33, 51.40, 48.32,
28.32, 27.45, 25.25, 22.41, 22.33, 17.80, 17.77. HRMS ESI m/z calculated for Ca7HsiNgO;* [M]*:
811.3814, measured: 811.3794.



Compound 62.

OMe BF,

SRR®
MeO OMe <~ NH

H
N NH
AcHN \)kN 2
o ° 0

Synthesized according to the method described for 21. Yield: 46.0 mg (52.0 umol, 52%). *H NMR (700
MHz, DMSO-ds) § 10.79 (d, J = 2.4 Hz, 1H), 8.29 — 8.21 (m, 4H), 7.85 (d, J = 7.2 Hz, 1H), 7.78 = 7.71 (m,
5H), 7.69 (d, /=8.1 Hz, 1H), 7.57 (d, J = 7.9 Hz, 1H), 7.31 (s, 2H), 7.29 (d, /= 8.0 Hz, 1H), 7.18 (d, /= 8.9
Hz, 4H), 7.14 (d, J = 9.0 Hz, 2H), 7.08 (d, J = 2.4 Hz, 1H), 7.05 — 7.00 (m, 1H), 6.96 —6.91 (m, 1H), 4.53 —
4.43 (m, 2H), 4.44 — 4.38 (m, 1H), 4.02 (p, J = 7.0 Hz, 1H), 3.87 (s, 3H), 3.85 (s, 6H), 3.79 —3.73 (m, 1H),
3.16 —3.05 (m, 1H), 2.96 (dd, J = 14.8, 8.1 Hz, 1H), 1.73 — 1.64 (m, 1H), 1.58 (s, 3H), 1.53 — 1.45 (m,
1H), 1.05 (d, J = 7.1 Hz, 3H). 3C NMR (176 MHz, DMSO) & 173.15, 171.38, 169.60, 169.40, 162.79,
160.90, 155.98, 153.13, 135.93, 130.90, 130.52, 127.29, 125.21, 125.07, 124.55, 123.38, 120.73,
118.33,118.12,114.98,114.43,111.16, 109.93, 55.60, 55.39, 53.21, 51.86, 49.56, 48.36, 31.66, 27.55,
22.28, 17.85. HRMS ESI m/z calculated for CssHasNeO7* [M]*: 797.3657, measured: 797.3629

Compound 63.

BF,

Synthesized according to the method described for 21. Yield: 39.7 mg (45.6 umol, 46%). *H NMR (700
MHz, DMSO-ds) § 10.77 (d, J = 2.4 Hz, 1H), 8.24 (d, J = 9.0 Hz, 2H), 8.19 (s, 2H), 8.00 (d, J = 8.4 Hz, 1H),
7.85 (s, br, 2H), 7.74 (d, J = 7.9 Hz, 1H), 7.66 (d, J = 7.3 Hz, 1H), 7.55 (d, J = 8.0 Hz, 1H), 7.32 (d, J = 8.1
Hz, 1H), 7.26 (s, 1H), 7.20 (s, br, 4H), 7.13 (d, J = 9.1 Hz, 2H), 7.07 — 7.02 (m, 2H), 6.98 (s, 1H), 6.96 —
6.92 (m, 1H), 5.07 (dd, J = 14.5, 4.9 Hz, 1H), 4.71 (dd, J = 14.4, 9.4 Hz, 1H), 4.35 (q, 1H), 4.28 —4.21 (m,
1H), 4.03 (p, J = 7.1 Hz, 1H), 3.87 (s, 3H), 3.84 (s, br 6H), 3.03 (dd, J = 14.7, 5.9 Hz, 1H), 2.93 — 2.86 (m,
1H), 1.68 (s, 3H), 1.02 (d, J = 7.1 Hz, 3H). 3C NMR (176 MHz, DMSO) § 172.87, 171.12, 169.42, 166.71,
162.86, 161.06, 156.96, 153.63, 135.93, 131.42, 130.60, 127.33, 125.11, 123.43, 120.73, 118.41,



118.12,114.94, 114.57,111.14, 109.82, 55.63, 55.44, 53.15, 50.70, 48.36, 27.55, 22.22, 17.70. HRMS
ESI m/z calculated for C4sH47NsO7*: 783.3501, measured: 783.3502.

Compound 64.
NC

H
AcHN N\)k

o = 0

Synthesized according to the method described for 27. Yield: 13.8 mg (29.5 umol, 31%). *H NMR (700
MHz, DMSO-ds) 6 10.78 (d, / = 2.4 Hz, 1H), 8.08 (d, /= 7.0 Hz, 1H), 7.99 (d, /= 7.7 Hz, 1H), 7.70 (d, / =
8.0 Hz, 1H), 7.56 (d, /= 6.9 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.29 (s, 1H), 7.11 (d, / = 2.4 Hz, 1H), 7.07 —
7.02 (m, 2H), 6.99 — 6.94 (m, 1H), 4.43 —4.37 (m, 1H), 4.24 — 4.14 (m, 2H), 3.12 (dd, / = 14.9, 5.5 Hz,
1H), 2.99 (dd, /= 14.8, 7.4 Hz, 1H), 2.45 — 2.38 (m, 2H), 1.84 (s, 3H), 1.61 — 1.54 (m, 1H), 1.49 (qd, J =
7.1, 3.4 Hz, 2H), 1.46 — 1.36 (m, 1H), 1.34 — 1.22 (m, 4H), 1.17 (d, J = 7.1 Hz, 3H). 3C NMR (176 MHz,
DMSO) 6 173.14, 171.87, 171.82, 169.52, 136.01, 127.44, 123.48, 120.81, 120.71, 118.44, 118.22,
111.22, 109.98, 53.18, 52.57, 48.56, 31.52, 27.74, 27.58, 24.59, 24.47, 22.51, 17.75, 16.04. HRMS ESI
m/z calculated for: C24H3:NeO4 [M+H]*: 469.2563, measured: 469.2556.

Compound 65.

CN
N NH
AcHN 2
o] o]

Synthesized according to the method described for 27. Yield: 9.9 mg (21.8 umol, 42%). *H NMR (700
MHz, DMSO-de) 6 10.78 (d, J = 2.4 Hz, 1H), 8.11 (d, J = 7.1 Hz, 1H), 8.01 (d, J = 7.9 Hz, 1H), 7.67 (d, J =
8.0 Hz, 1H), 7.57 (d, J = 7.9 Hz, 1H), 7.33 — 7.28 (m, 2H), 7.11 (d, J = 2.3 Hz, 1H), 7.07 — 7.01 (m, 2H),
6.98-6.94 (m, 1H), 4.44 —4.38 (m, 1H), 4.25-4.16 (m, 2H), 3.16 —3.09 (m, 1H), 2.99 (dd, /= 14.4,7.8
Hz, 1H), 2.46 — 2.36 (m, 2H), 1.84 (s, 3H), 1.62 — 1.54 (m, 1H), 1.54 — 1.47 (m, 2H), 1.47 — 1.38 (m, 1H),
1.37 — 1.28 (m, 2H), 1.17 (d, J = 7.1 Hz, 3H). 3C NMR (176 MHz, DMSO) & 173.11, 171.74, 171.70,
169.43, 135.98, 127.43, 123.47, 120.79, 120.67, 118.44, 118.20, 111.19, 109.92, 53.07, 52.15, 48.54,
31.03, 27.61, 24.48, 24.45, 22.48, 17.77, 16.00. HRMS ESI m/z calculated for: C23H3oNeOs [M+H]*:
455.2407, measured: 455.2391



Compound 66.

NC

H

H
AcHN N\i)kN NH2
o ° o

Synthesized according to the method described for 27. Yield: 4.5 mg (10.2 umol, 29%). *H NMR (700
MHz, DMSO-d¢) 6 10.78 (d, J = 2.4 Hz, 1H), 8.12 (d, J = 7.0 Hz, 1H), 8.05 (d, J = 7.8 Hz, 1H), 7.75 (d, J =
8.0 Hz, 1H), 7.57 (d, J= 7.9 Hz, 1H), 7.31 (d, J = 8.2 Hz, 2H), 7.12 (d, J = 2.3 Hz, 1H), 7.07 — 7.02 (m, 2H),
6.96 (t, /= 7.4 Hz, 1H), 4.48 — 4.38 (m, 1H), 4.27 - 4.22 (m, 1H), 4.23 —4.18 (m, 1H), 3.11 (dd, J = 14.7,
5.4 Hz, 1H), 2.99 (dd, J = 14.7, 7.8 Hz, 1H), 2.45 - 2.41 (m, 2H), 1.85 (s, 3H), 1.73 —1.62 (m, 1H), 1.59 —
1.49 (m, 3H), 1.17 (d, J = 7.1 Hz, 3H). **C NMR (176 MHz, DMSO) & 173.14, 171.73, 171.20, 169.45,
135.98, 127.41, 123.47, 120.79, 120.47, 118.45, 118.20, 111.18, 109.98, 53.14, 51.73, 48.50, 40.02,
39.88, 39.76, 39.64, 39.52, 39.40, 39.28, 39.16, 30.99, 27.58, 22.46, 21.34,17.79, 15.84. HRMS ESI m/z
calculated for: C22H2sNeO4 [M+H]*: 441.2250, measured: 441.2241.

Compound 67.

OMe
- "
NW“\)kH NH,

(0]

+

MeO Q /7
OMe
Synthesized according to the method described for 21. Yield: 59.0 mg (73.8 umol, 74%). *H NMR (700
MHz, DMSO-ds) § 10.79 (d, J = 2.4 Hz, 1H), 8.32 (s, 2H), 8.27 (d, J = 9.0 Hz, 2H), 8.21 (d, J = 7.3 Hz, 1H),
8.08 (d, J = 8.1 Hz, 1H), 7.59 (d, J = 7.8 Hz, 1H), 7.54 (d, J = 8.1 Hz, 4H), 7.32 (s, 1H), 7.29 (d, J = 8.0 Hz,
1H), 7.18 — 7.10 (m, 6H), 7.08 (d, J = 2.4 Hz, 1H), 7.03 (s, 1H), 7.04 — 6.99 (m, 1H), 6.94 — 6.88 (m, 1H),
4.97 (d,J=17.1 Hz, 1H), 4.83 (d, J = 17.1 Hz, 1H), 4.44 — 4.36 (m, 1H), 4.15 (p, J = 7.0 Hz, 1H), 3.88 (s,
br, 3H), 3.81 (s, 6H), 3.10 (dd, J = 14.6, 5.5 Hz, 1H), 2.92 (dd, J = 14.6, 8.3 Hz, 1H), 0.97 (d, J = 6.9 Hz,
3H). 13C NMR (176 MHz, DMSO) & 172.99, 170.94, 164.29, 162.91, 160.92, 156.34, 153.78, 135.92,
130.75, 130.66, 127.23, 125.02, 124.74, 123.91, 123.37, 120.73, 118.37, 118.09, 115.01, 114.32,
111.17, 110.05, 56.77, 55.63, 55.43, 55.40, 53.39, 48.45, 27.60, 18.31. HRMS ESI m/z calculated for
Cs2Ha2NsO6" [M]*: 712.3130, measured: 712.3109



Compound 68.

~_ NH

O

NCWH\)'LH NH,
S H

= O

Synthesized according to the method described for 27. Yield: 4.6 mg (12.5 umol, 17%). 'H NMR (700
MHz, DMSO-ds) & 10.78 (d, J = 2.4 Hz, 1H), 8.12 (d, J = 7.0 Hz, 1H), 8.05 (d, J = 7.8 Hz, 1H), 7.75 (d, J =
8.0 Hz, 1H), 7.57 (d, J = 7.9 Hz, 1H), 7.31 (d, J = 8.2 Hz, 2H), 7.12 (d, J = 2.3 Hz, 1H), 7.07 — 7.02 (m, 2H),
6.96 (t, J = 7.4 Hz, 1H), 4.48 — 4.38 (m, 1H), 4.27 —4.22 (m, 1H), 4.23 — 4.18 (m, 1H), 3.11 (dd, J = 14.7,
5.4 Hz, 1H), 2.99 (dd, J = 14.7, 7.8 Hz, 1H), 2.45 — 2.41 (m, 2H), 1.85 (s, 3H), 1.73 — 1.62 (m, 1H), 1.59 —
1.49 (m, 3H), 1.17 (d, J = 7.1 Hz, 3H).13C NMR (176 MHz, DMSO) & 173.14, 171.73, 171.20, 169.45,
135.98, 127.41, 123.47, 120.79, 120.47, 118.45, 118.20, 111.18, 109.98, 53.14, 51.73, 48.50, 40.02,
39.88,39.76, 39.64, 39.52, 39.40, 39.28, 39.16, 30.99, 27.58, 22.46, 21.34, 17.79, 15.84. HRMS ESI m/z
calculated for: Ci9H23Ns03[M+H]*: 370.1879, measured: 370.1874.

Compound 74/76.

~

BF,

H
N H
AcHN \)kN °

Resins were loaded according to general method 2h, and the peptides were synthesized according to
the method described for 21. Thereafter, a 100 umol aliquot was cleaved and deprotected according
to general method 2e. The crude peptide was then purified by general purification method B (Wang
resin) or A (HMPB resin). Yields: a) Wang resin 48.0 mg (53.2 umol, 53%); b) HMPB resin 64.0 mg (70.4
umol, 70%). *H NMR (700 MHz, DMSO-de) 6 10.82 (d, J = 2.4 Hz, 1H), 8.27 (s, 2H), 8.24 (d, J = 9.0 Hz,
2H), 8.01 (d, J = 7.5 Hz, 1H), 7.80 (d, J = 7.4 Hz, 1H), 7.76 — 7.71 (m, 5H), 7.49 (d, J = 7.8 Hz, 1H), 7.30
(d, J = 8.1 Hz, 1H), 7.19 (d, J = 8.8 Hz, 4H), 7.15—-7.11 (m, 3H), 7.03 (t, J = 7.5 Hz, 1H), 6.95 (t, /= 7.4
Hz, 1H), 4.45 - 4.38 (m, 1H), 4.33 (t, J = 7.6 Hz, 2H), 4.22 (p, J = 7.1 Hz, 1H), 4.02 — 3.95 (m, 1H), 3.87
(s, 3H), 3.85 (s, 6H), 3.11 (dd, J = 14.8, 5.6 Hz, 1H), 3.02 (dd, J = 14.7, 7.5 Hz, 1H), 1.73 (s, 3H), 1.41 —
1.24 (m, 2H), 1.14 (d, J = 7.0 Hz, 2H), 1.02 — 0.93 (m, 2H), 0.81 — 0.61 (m, 2H). 3C NMR (176 MHz,
DMSO) & 173.00, 171.97, 170.88, 169.09, 162.78, 160.90, 155.83, 153.06, 135.94, 130.91, 130.50,



127.12,125.34,125.03,124.46,123.63,120.79, 118.27,118.05, 114.97,114.39, 111.24, 109.41, 55.60,
55.43, 54.11, 52.86, 51.63, 47.73, 30.90, 28.31, 26.89, 22.28, 21.75, 18.03. HRMS ESI m/z calculated
for CasHsoNsOg* [M]*: 826.3810, measured: 826.3794.

Compound 77.

H
AcHN N\)kN OH
0 0

Synthesized according to the method described for 27. Yield: HMBP resin on 62 umol scale: (10.7mg,
20.0 umol; 32%) Wang resin on 100 umol scale: (11.2 mg, 10.0 umol, 21%). *H NMR (700 MHz, DMSO-
ds) 6 10.84 (d, J = 2.4 Hz, 1H), 8.73 (dd, J = 5.6, 1.7 Hz, 1H), 8.39 — 8.24 (m, 1H), 8.01 (d, J = 7.6 Hz, 1H),
7.95 (dd, J = 14.4, 7.8 Hz, 2H), 7.80 (d, J = 8.0 Hz, 1H), 7.75 (t, J = 6.6 Hz, 1H), 7.51 (d, J = 7.0 Hz, 1H),
7.32 (d, J = 8.1 Hz, 1H), 7.16 (d, J = 2.3 Hz, 1H), 7.05 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 6.96 (ddd, J = 8.0,
6.9, 1.0 Hz, 1H), 4.43 (td, J= 7.5, 5.6 Hz, 1H), 4.30 (p, J = 7.1 Hz, 1H), 4.21 (td, J = 8.4, 5.3 Hz, 1H), 3.14
(dd,J=14.7,5.6 Hz, 1H), 3.05 (dd, / = 14.7, 7.5 Hz, 1H), 2.90 (t, J = 7.8 Hz, 2H), 1.82 (s, 3H), 1.70 - 1.61
(m, 2H), 1.61 —1.52 (m, 1H), 1.43 (qd, J=9.0, 3.3 Hz, 1H), 1.29 — 1.20 (m, 6H), 1.20 (d, J = 7.1 Hz, 3H).
13C NMR (176 MHz, DMSO) 6 173.07, 172.11, 171.45, 169.20, 158.34, 158.15, 136.03, 127.23, 126.04,
123.91, 123.71, 120.87, 118.34, 118.15, 111.34, 109.50, 55.96, 52.95, 52.32, 47.87, 33.56, 31.98,
28.59, 28.28, 28.26, 27.00, 25.06, 22.49, 18.14. HRMS ESI m/z calculated for CasHs,NsOs* [M]*:
536.2873, measured: 536.2861

Compound 78.

~_NH

Q H
M N A OH
o : o
Synthesized according to the method described for 4 with HMBP resin. Yield: 11.0 mg (22.8 pumol,
32%). 'H NMR (500 MHz, DMSO-ds) 6 12.67 (s, 1H), 10.86 (d, J = 2.5 Hz, 1H), 8.06 — 7.94 (m, 3H), 7.52
(d, J = 7.9 Hz, 1H), 7.33 (d, J = 8.0 Hz, 1H), 7.17 (d, J = 2.5 Hz, 1H), 7.06 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H),
7.01-6.92 (m, 1H), 4.45 (td, J = 7.5, 5.6 Hz, 1H), 4.35 —4.27 (m, 1H), 4.21 (td, J = 8.5, 5.2 Hz, 1H), 2.42
(t,J=7.1Hz, 2H), 1.64 — 1.40 (m, 4H), 1.34 — 1.21 (m, 6H), 1.20 (d, J = 7.2 Hz, 3H). 3C NMR (126 MHz,



DMSO) 6 173.15, 172.14, 171.55, 169.28, 136.07, 127.27, 123.75, 120.94, 120.78, 118.40, 118.22,
111.38, 109.52, 52.93, 52.38, 47.93, 31.98, 27.95, 27.89, 27.04, 25.06, 24.66, 22.52, 18.17, 16.07.
HRMS ESI m/z calculated for CsgHs:NsOs* [M]*: 484.2560, measured: 484.2550

Compound 69.

PSY QHIVW* J*NHZ

ENH

Synthesized according to general method 2a — 2d and peptide cleavage was carried out according to
method 2f followed by purification using method D. Yield: 3.7 mg (4.4 umol, 4%). HRMS ESI m/z
calculated for C4gHsoNsOg* [M+H]*: 844.4106 measured: 844.4084.

Compound 70.

S/
(0] (0] (0]

H H H

N, N N
ACHNX( fu Qkuﬁr A,

o] o 3 o 3
OH \L ~NH

NH
HN%\NH2

Synthesized according to general method 2a — 2d and peptide cleavage was carried out according to
method 2g followed by purification using method D. Yield: 7.5 mg (7.9 umol, 8%). HRMS ESI m/z
calculated for C4sHsoNsOg* [M+H]*: 951.5239, measured: 951.5220.



Compound 71.

Na .
H
N
o’ N \:)LNHZ
R0t _
6%

Synthesized according to the method described for 69. Yield: 12.4 mg (13.4 pmol, 13%). HRMS ESI m/z
calculated for C4sHsoNsOg* [M+H]*: 949.5300, measured: 949.5284.

Compound 72.

HO

AcHN

b0 oo
N\)kN N\:)kNHZ
too s s/ NH

Synthesized according to the method described for 69. Yield: 11.8 mg (13.4 umol, 13%). HRMS ESI m/z
calculated for C4sHsoNsOg* [M]*: 884.4670, measured: 844.4655.

Compound 73.

Os__OH
b o b 0
N N N
CoN \)kﬂ \a)LNHz
O gy O \H © " NH
NH, SS

Synthesized according to the method described for 70. Yield: 8.0 mg (8.5 umol, 8%). HRMS ESI m/z
calculated for C4sHs2NsOg* [M]*: 938.4558, measured: 938.4538.



Compound 82.
H,N__NH
N NH,
HN
o) b9
HZN\)'LN wN
fH H
o) “OH

Synthesized according to general method 2a — 2d and peptide cleavage was carried out according to

H,N.__NH

\[4

HN
OH OH
4 O L0 40
N\i)kN N\E)kN N\:‘)LN NH,
I :lH I w i n ]
H,NT S0 \H

NH,

method 2f and purification was performed using purification method E. Yield: 54.4 mg (47.5 umol,
48%). HRMS ESI m/z calculated for CasHgsN20014 [M+2H] ?*: 573.3473, measured: 573.3467.

Compound 83.

CN
HZN\T//NH
HN
o} bW o
HN \)kN N))&N
fH H
© "“OH

Synthesized according to general method 2a — 2d on a 100 umol scale. Peptide cleavage was carried

HZN\fNH
HN
OH OH
e e b0
N\i)kN N\;)LN N\i)kN NH,
o iH o i H & i H
H,N™ 0 \H

NH,

out according to method 2f and purification was performed using purification method E. Yield: 22.0
mg (18.6 umol, 19%). HRMS ESI m/z calculated for CsoHooN20O14 [M+2H] ?*: 592.3551, measured:
592.3531.

Compound 84.

HZNYNH
HN
o} e
HzN\)kN N))kN
i H H
© “OH

Synthesized according to the method described for 83. Yield: 16.1 mg (13.2 umol, 13%). HRMS ESI m/z

calculated for CsoHgsN19O16 [M+2H] ?*: 608.8602, measured: 608.8587.



Compound 86.

O _OH o o
iHOJYHJLE;HHO Hijiaﬁﬂ \H&J:;Hi Hij\*(wz
l ‘OH
0% “NH,

Synthesized according to the method described for 39. Yield: 46.0 mg (24.9 pumol, 25%)

HRMS ESI m/z calculated for Co1H137N21020 [M+2H] ?*: 924.4629, measured: 924.4594

Compound 87.

Synthesized according to the method described for 69. Yield: 16.1 mg (13.2 umol, 13%). HRMS ESI
m/z calculated for Cg;H128N20027 [M+H] *: 1885.9336, measured: 1885.9325.

Compound 88.

0. OH o o
a'° o) 0 o) OH © s M o) o) NH
H H H H H H H 2
ANjﬁfN\)kN N " N\;)LN N\Q)KN N\;)KN N\,)(N\Jﬁ('\‘\_)kN NH
H o H H o . H o I H H H H H H H H
l ‘OH
0

o} o) o} o} o}
OH \’/ \’/ j\
NH, 07 OH
? o)

Synthesized according to the method described for 69. Yield: 16.7 mg (8.7 umol, 9%). HRMS ESI m/z
calculated for CoiH137N21029 [M+2H]?*: 959.9758, measured: 959.9753.
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Compound 90.

CN

Wang resin loading of Fmoc-dPhe-OH was performed by method 2h followed by synthesis of the linear
peptide with Boc-Pro-OH at the N-terminus according to method 2a on a 100 umol scale. Alloc
deprotection was carried out using method 2b and subsequently Katritzky salt synthesis and
photochemistry according to methods 2c and 2d respectively. Next, the peptide was cleaved using
method 2f. The cleaved IvDde protected peptides were dissolved in a minimum amount of DMF
required for dissolution and CH,Cl, (200 ml) followed by the addition of HCTU (2 eq) and DIPEA (4 eq).
The solvent was removed in vacuo after stirring overnight. Crude cyclized peptides were taken up in
THF and transferred to a 25 mL round bottomed flask followed by treatment with 2% H.NNH,/THF (10
mL) at room temperature while stirring. After 16 h, the crude mixture was concentrated in vacuo,
dissolved in acetonitrile/water (1:1) and purified by preparative HPLC according to purification
method D. Yield: 10.0 mg (8.5 umol, 8%). HRMS ESI m/z calculated for CgsHoaN1,010 [M+H]*:
1179.7294, measured: 1179.7300.

Compound 91.

H H
o)
N N
<" N \ANH R
z H -
PN o
N
oA L N
@\:K : 9 H \_/
A HN H N H
N T N %
o] o]

HyN

Synthesized according to the method described for 90. Yield: 8.5 mg (7.0 umol, 7%). HRMS ESI m/z
calculated for CssHg7N11012 [M+2H]?*:606.8738, measured: 606.8766.
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6.1. Supplementary Spectral data
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34 '"H NMR
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35 'H NMR
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36 'H NMR

o o
N
H;‘Q/ \p/ ~N M/ N

~
|

ot

AN
v °

DMSO-q;

| 350UU

36000

i 34000

32000

{30000

|-28000

|-26000

{24000

I-22000

{20000

- 18000

16000

I-14000

12000

{10000

18000

- 6000

{4000

{2000

sl

"

|

Ll

5.

0 4.5
1 (ppm)

\ "

DMSO-d6

1300

1200

{1100

{1000

900

800

700

- 600

500

400

300

{200

100

T T T T T
170 160 150 140 130

T
120

T
110

T
100

T T
90 80
f1 (ppm)



37 'H NMR
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38 'H NMR
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39 'H NMR
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40 'H NMR
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44 'H NMR

LWL W om0
T —— —— T ———
13.0 125 12.0 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 10 05
f2 1H (ppm)
13
44 “CNMR
o
L
N \‘ \‘5/ OH
i s
=
§
DMSD-!%

At il lwm ummwmmmmmmmmmwmmmMMmanmmm mmmmmmmmm

160 150 140

130

120

110

100

920 80
f2 1H (ppm)

70

60

50

40

30

20

10

T
[

{1200

{1100

1000

900

800

700

600

500

400

300

200

100

2100

12000

{1900

1800

1700

1600

{1500

1400

1300

1200

1100

{1000

900

{800

700

600

500

{400

300

200

100




47 'H NMR
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48 'H NMR
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49 'H NMR
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Compound 1 *H NMR (DMSO-ds )
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Compound 1 *H NMR (CDCls)
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Compound 1 *H NMR (DMSO-ds )
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Compound 2 *H NMR
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Compound 3 NMR Spectrum (HSQC cutout not showing aromatic proton shifts)
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Compound 21 *H NMR (DMSO-ds)
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Compound 21 *H NMR (CDCls)
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Compound 22 *H NMR (DMSO-ds)
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Compound 22 *H NMR (CDCls)
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Compound 50 *H NMR (DMSO-ds)
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Compound 31 *H NMR
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Compound 32 'H NMR
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Compound 51 *H NMR
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Compound 41 NMR Spectrum (HSQC cutout not showing aromatic proton shifts) in DMSO-Ds
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Compound 42 *H NMR
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Compound 52 NMR Spectrum (HSQC cutout not showing aromatic proton shifts) in CDCls
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6.1.2. Chapter3

NMR spectra
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7 'H NMR
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9 'H NMR
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