ABSTRACT
WARNER, ELLEN JUSTINE THERESA. Head-to-Tail Cyclizations using N-Aryl Peptide

Hydrazides (Under the direction of Dr. Caroline Proulx).

In recent years, there has been growing interest in the field of peptide therapeutics since
they can leverage the advantages of both small molecule therapeutics and biologics.
Additionally, there are inherent advantages to their constrained peptide counterpart. As a
result, various methods to synthesize cyclic peptides have been explored. This includes
methods that form natural amide linkages and atypical imine linkages. Hydrazone and
oxime linkages are intrinsically more stable than imine linkages. However, there are few
examples in the literature of hydrazone-based cyclization and for those existing methods,

there is a lack of diversity at the site of ligation.

Quibria Guthrie, a previous labmate, and Dr. Caroline Proulx demonstrated the use of N-

aryl peptides as novel precursors for oxime ligationsandthatC-U subst i tuent s

incorporated at the site of ligation. However, C-U substi tuents wer
(Phe derivatives) and aliphatic residues. The installation of more structurally diverse side
chains enables the synthesis of analog libraries with the same major scaffold and

facilitates more comprehensive structurei activity relationship (SAR) studies.

In this dissertation, diversity at the site of ligation in oxime and hydrazone ligations in both
linear and cyclic peptides are explored. Conditions for the palladium-catalyzed N-arylation
of amino acid methyl esters were applied to various residues. The N-aryl amino acid
methyl esters were subsequently deprotected and coupled onto a model resin-bound
peptide. Under ketoxime ligation conditions, the expected products were observed for
some analogs to provide us with new side chains at the site of ligation. Interestingly, the
serine, tyrosine and tryptophan side chains were observed to be labile during ligation in
buffer. Thus, studies were performed in organic solvent to prevent side chain loss.
Additionally, head-to-tail peptide macrocyclization reactions using N-aryl peptide
hydrazides were explored. A scope with >50 macrocyclic peptides possessing various
substituents at the alpha-carbon and variable ring sizes was synthesized. Furthermore,
post-ligation modifications were explored. This method adds to the space of peptide
cyclization and is one of the only methods to incorporate kethydrazone linkages.
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Chapter 1: Introduction

1.1 Introduction to Peptides as Drugs

There are a number of different types of molecules and compounds that are moving
through the drug discovery pipeline. On one hand, small molecules are advantageous
because they have a relatively straightforward synthetic approach, low production cost,
conformational restriction, high membrane permeability, and good oral bioavailability.*
However, two disadvantages of small molecules are that they are more likely to have off-
target effects and they rarely modulate protein-protein interactions.! On the other hand,
biologics are favorable because they have low toxicity, great target selectivity and high
potency.! However, some disadvantages of biologics are that they have low
bioavailability, poor membrane permeability and they are metabolically unstable.!
Peptides lie in the middle ground and can potentially leverage the advantages of both
small molecules and biologics (Figure 1.1).! Recently, there has been an uptake in the

use of peptides as weight-loss and maintenance of weight-loss therapeutics. For

4 N
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Stability

Bioavailability
1

Non immunogenicity
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N 4
Mo?_rggths CONSTRAINED \ /
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Figure 1.1. Peptides lie in the middle ground and therefore can leverage the

advantages and disadvantages of small molecules and biologics.!



example, tirzepatide marketed under the name Mounjaro is the most recent FDA
approved GLP-1 Receptor Agonist (GLP-1RA) that improves glycemic control and
promotes weight loss.? Thus, pharmaceutical companies have a vested interest in
advancing the development of peptides as therapeutics. In addition, there has been a
growing interest in constrained peptides because they offer significant advantages over
their linear counterparts. They are more resistant to proteolytic degradation and there is
a decrease in entropic cost when a peptide binds to a target.13 Cyclic peptides are more

conformationally restricted, making it easier to engage with a target.3

There are a number of known cyclic therapeutic peptides (Figure 1.2). In the past 20

years, 20 cyclic peptide-based drugs have been approved by the FDA.* Most of the
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Figure 1. 2. Examples of cyclic peptide therapeutics.



recent cyclic peptide drugs approved have an extracellular target.* However, two drugs,
romidepsin and voclosporin, have been approved in the last 20 years that have an
intracellular protein target.* Voclosporin is used for the treatment of cancer and targets
histone deacetylases, while romidepsin is a drug used for the treatment of lupus nephritis
and targets calcineurin phosphatase. Therefore, cyclic peptides can be seen as promising
therapeutics for both intracellular and extracellular targets. Older examples of cyclic

peptide therapeutics are Cyclosporin A, Pasireotide and Actinomycin D (Figure 1.2).5'7

1.2 Introduction to Peptide Macrocyclization

Macrocyclization is the cyclization of a compound which results in the formation of a ring.
There are four types of peptide cyclization, side chain -to- side chain, head-to-side chain,
side chain-to-tail and head-to-tail (Figure 1.3).2 For the majority of this document, head-

to-tail cyclization is the main area of interest.

AA; | AA, | AA;  AA; | AA; —NH,
Afy

Ry— Aa,
Peptide of Interest

Ry~ AR

Ala | Ap, | ARy, | ARy AR, Aa, —OH

Rl gl

o] ——
H 3
Head-to-tail

Figure 1. 3. Four types of peptide cyclization.?



1.3 Various Methods for Cyclization that Form Natural Linkages

Various methods for peptide cyclization that form natural amide linkages exist (Scheme
1.1). Some examples are Native Chemical Ligation (NCL), Serine Theronine Ligation
( STL) -Ketoatid-Eydroxylamine Ligation (KAHA ligation). The formation of a natural
amide bond is advantageous because of their chemical stability.®

NCL
Native Chemical Ligation A, ‘.
? ?“ SOCH
transesterification N-to-S Acyl transfer -
HS AYA AnJ'l\ NH2 %
HN O
STL
Serine Threonine Ligation @
ON

Aj

0 e 4%

9 O imine formation O-to-N A7 5 acidolysis /\7’. =y
HzN\:)J\® A A a — " ) o>=o _OteN AHO o )
-\OH H™ ™0

o ‘?/\N/ @ Acyl transfer %g@ t\‘/)\ A"

OH

KAHA ligation
a-Ketoacid-Hydroxylamine Ligation

A. As)(2)
& 208 ICR0)
n

y ] on KAHA ||gat|on o to-N %N\)l\ A
H {
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o
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Scheme 1. 1. Three methods of peptide cyclization which produce a natural

linkage.10-1°

One method of cyclization that forms a natural linkage is Native Chemical Ligation (NCL)
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1.4 Various Methods for Cyclization that Form Atypical Linkages

Bar anosmeldmianteed cycl i zaC€Cy olni, z&Rtaij @, CyiCd i Bki kds
cyclization are all methods of imine-based cyclization, which produce an atypical linkage

(Scheme 1.5). Atypical linkages can be advantageous as it can increase stability of the

cyclic peptide towards proteolysis.?!

a) Baran’s Imine-Mediated Cyclization

R
H 9 imine formation A nucleophilic attack (A,
H,N N Al A An P M og U
5 A Ay Az n H R
o hN H /J HN\n/\N/<X
N
N o "

b) Raj’s CyClick Cyclization

o intramolecular reaction A, DMAP

R
H
N
O DR B EEE = )

c) Brik’s Gold mediated Cyclization

R .
H o imine formation A reduction 2 A,
N J.L R 2
N B @E A DA c o
o / \ :
R
Z HN)I/E ,(N . HN)}/i IN -
= N
o N M o Me

Scheme 1.5.Three examples of imine-based cyclizations.?2-24

In 2017, Baran published his imine-based cyclization, which involves an N-terminal amino
group and the C-terminal aldehyde of an unprotected linear peptide (Sc h e & 322
This reaction produces an imine, which then be trapped with a nucleophile (H, CN, Ar,
SR, SeR).?? The C-terminal aldehyde is installed (Scheme 1.6) by the reaction between
the aldehyde building block 1.11 and the threonine 1,2-amino alcohol 1.10, which forms
the oxazolidine tether 1.13. Hydrolysis of the oxazolidine tether upon cleavage reveals
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_ H2N Aq) Ay Az NH o} (90:555 VAvIv) _ H,N—(A;) A) A NH
Iyo \._—4
1.13 1.14

Scheme 1. 6.Installation of the C-terminal aldehyde for Baran-i mi ne medi at
Cylick cyclization.??

the C-terminal aldehyde and the linear precursor of the cyclization reaction 1.14. Some
of the advantages to this method is that it& chemoselective, can be used in natural
product synthesis, and late stage diversification can be done to generate a number of
cyclic library compounds.??> However one disadvantage of this method is that minor side

reactions can occur with the lysine side chain.??

Raj developed an imine based Cyclick cyclization reaction in 2019 (Sc h e B B. This
reaction has the same linear precursor as Baran 1.14, but 7 equivalents of 4-
dimethylaminopyridine (DMAP) is added to form a 4-imidiazolidinone moiety through the
intramolecular nucleophilic attack of a neighboring internal amide.?®> This method is
chemoselective, steroselective, produces high yields, gives relatively stable products,
and produces a 4-imidiazolidinone, which can act as a turn inducer in cyclic peptides.
This method is high-yielding because it works in an intramolecular fashion, which
prevents the formation of dimers or oligomers. One disadvantage of this method is that it
has to be done in a 1:1 ratio with H20 and DMF, which is not optimal if this reaction needs

to be done under biological conditions.
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Goldi mediated cyclization developed and published by Brik in 2022 is another imine-
based cyclization (Scheme 1.5c). This method involves the cyclization of an N-terminal
amine and propargylated amide to give an imine with a methyl substituent (ketimine)
intermediate which can be reduced (Scheme 1.7).?* Gold is important to this reaction as

it coordinates the alkyne group and forms a gold(l) complex 1.16. A Markovnikov addition

A, 0 A

A, 0 A,
H (JohnPhos)Au(MeCN)SbFg H
)\[rN\)LN)\IrNHZ )\n/N\a)LN)\n,NHz
j 0O A, 0
/’

ZAS)
'‘Au (JohnPhos)
1.15 116

A
; N/\<—Au(Jothhos) ) HZN),’< 3A<
B-attack ooj \ H G0N N
: b
2 HN—(4A1 A, HN_\(<A1

o o)
1.17 1.18

Scheme1.7.Cycl i zation reaction of Bvikos go

reaction is then initiated to form intermediate ,1.17, which then yields the cyclic product,
1.18. The advantages of this method are similar to that of Baran and Raj in that this
method is highly chemoselective. In addition, the ketimine is somewhat stable, unlike its
unsubstituted counterparts; the cyclic product is only partly hydrolyzed during HPLC
analysis. The ketimine can be reduced to its fully stable counterpart. Some disadvantages
of this method are that it is done in organic solvent, DMF, and additional reagents besides
the linear precursor have to be added to produce the cyclic product. The additional

reagent (JohnPhos)Au(CN)SbFs, is relatively expensive ($403 per 1 gram).
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1.5 Exploration of Oxime and Hydrazone Cyclization

In principle, oxime and hydrazone linkages are known to be more stable than their imine
counterparts, but less stable in comparison to amides.?® However, some disadvantages
of these oxime/hydrazone linkages include hydrolysis, inseparable E/Z isomers, and lack
of diversity at the site of the ligation.!! These ligation techniques have been used for side
chain cyclization, however, there are limited examples of using oxime and hydrazone
ligations for head-to-tail cyclization.?® One example of head-to-tail cyclization using the
hydrazone ligation technique was developed by the Kolmar group (Scheme 1.8a). The
linear precursor of their reaction contains a hydrazide at the C-terminus and a N-terminal

a) Hydrazone Cyclization (Kolmar)

HO. As

~ " A
HZN/E\n/n AR (A A A, /?LN,NH2 __oxidation oa\n/ﬂ\@ OO T j’\N/NHz cyclization A’:z 28
T
b) Hydrazone Cyclization (Otaka)
H
HO- N0 ) o Lossen rearrangment o yetsaton - As A5
HZNLN A)As As ;\,,)L'NI,NH2 _ redox OJ\Q/N\@ A A3 A A JLH,NHZ—> A, . A
° HN_ _N /J
YN

o

Scheme 1.8. An example of hydrazone ligation used for head-to-tail cyclization.?’-28

serine residue. The N-terminal U-oxo aldehyde is quickly incorporated by oxidizing the N-
terminal serine with NalO4 in an aqueous buffer. 26 After this, the cyclization of the peptide
happens in two minutes at neutral pH. %6 Since an aldehyde is formed in this example,
there is no diversity at the site of ligation. Another example of head-to-tail hydrazone
ligation is by the Otaka group (Scheme 1.8b), which leverages the Lossen
rearrangement-mediated intramolecular redox reaction to induce cyclization.?” This
method also results in a cyclic peptide with no diversity at the site of ligation. Additionally,
Horne and co-workersdhydrazone stapling chemistry illustrates an example of the in-situ

formation of a cyclic bishydrazone in aqueous buffer (Scheme 1.9).22 Therefore, oxime

12



and hydrazone ligation techniques can be used to make cyclic peptides, but examples of
head-to-tail cyclization are few.

7 TN\
HN-ny  pn-NH2 onc—{ —cHo N N

Scheme1.9.Horned6s hydr &@one stapling.

1.6 Using N-aryl peptides as Chemoselective  Handles for Intermolecular Oxime
Ligation

Oxime handles have been used in intermolecular ligations, but there are several
disadvantages to this ligation technique. For example, the formation of inseparable E/Z
isomers, lack of diversity at the site of the ligation and degradation of some amino acids
prior to ligation. Sodium periodate (NalOa) oxidation of ser-bxoe
aldehydes 1.19, which are precursors for many oxime ligations. However, this method
can also oxidize certain amino acids, including methionines, tryptophans, tyrosines, and
cysteines. In addition, oxime ligations are slow (k = 1.5*103 M* s'1) at pH 7 without a
catalyst.?? There is a 40-fold increase in the rate of the oxime ligation if the system is
lowered to pH 4.5 (k = 1.5*103 M s'1), but lower pHs may not be compatible with
biomolecules. Thus, there are some drawbacks to using oxime bioconjugation techniques

for intermolecular ligations.
Previously, Dawson and co-workers addressed some of the limitations of intermolecular

oxime ligations. It was demonstrated that oxime ligations can be done at neutral pH,

st ar t i n-gxo-dldehydes udder aniline catalysis (Scheme 1.10). It was seen that

13
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Scheme 1. 10. Dawson uses 100 mM p-methoxyaniline as a catalyst for oxime ligation.2°

100 mM p-methoxyaniline 1.20 wi t h -ozoralddllyde can be used as a catalyst for the
reaction to pr odu c-eninbdmae interrgedidteyl.2t, evtdach allows for
facile oxime ligations. Nevertheless, there are still some disadvantages of this method
which include lack of diversity at the site of ligation and a large excess of p-

U

methoxyanil i n e . Dawsonds oxiimgpicdlly mot useédowith ketene h o d

substrates thus it is difficult to mimic natural amino acid side chains at the ligation site.
Additionally, this method requires a large excess of aniline, and it would be desirable to

develop a two-component, catalyst-free version of this reaction at pH 7.

To address some of the short comaformgrsgradudte
student in the group, Quibria Guthrie, and Dr. Caroline Proulx demonstrated the use of
N-aryl peptides as novel precursors for mild oxime ligations (Scheme 1.11).3° Electron-

rich peptides can be used to trigger ligation under aqueous conditions using oxygen. N-

SPeptide O, peptide| H2N-OR’ N
pH 7 —-— rR'0* Peptide
N-aryl peptide a-imino amide intermediate Aldoxime ligation product
1.23 1.24 1.25

Scheme 1. 11.N-aryl peptides can be used as precursors for oxime ligation.

terminal N-(p-Mez2N-Ph) peptides 1.23 undergo chemoselective oxidation under mild
conditions to gi v-iminoaamitie irgehrediate inesituq1t.24)\ateneutsal
pH, which can react with U-nucleophiles, such as aminooxy residues. Other N-terminal
electron rich groups can be used in situ to trigger ligation at different pHs. For example,
the N-(p-MeO-Ph) glycinyl peptides can be used for chemoselective oxidation at pH 4.5.
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Importantly, it was also demonstrated that accessing the ketoxime ligation product was
possi bl e wh esubstituted N-@-MegNPh) peptides (Scheme 1.12).3! In

contrast, oxidative coupling for N-(p-MeO-Ph)-peptide derivatives were not detected. It is

0 N
' A i
“Peptide 4'sz7 “peptide | HaN-OR' RO Peptide

. Ketoxime ligation product
N-aryl peptide

TR AR YR GG

AUGLUUURE "Wk e el ool &

Scheme 1.12. C Usubstituted N-aryl peptides can be used as precursors for ketoxime

ligation and the different R groups which can be incorporated.

great that oxidative coupling can occur using N-terminal N-(p-Me2N-Ph) residues because
there are no prior examples of oxidative couplings to N-aryl amino acid derivatives other
than glycine.3! Diversity at the site of ligation would allow for the efficient mimicry of native
peptides. Thus, libraries of analogs with the same major scaffold could be synthesized
and could provide us with the opportunity to do structurei activity relationship (SAR)

studies.

1.7 Overall Goal and Summary of Research

The goal of my dissertation is to increase diversity at the site of ligation in oxime and
hydrazone ligations in both linear (Chapter 2), and cyclic (Chapter 3) peptides.
Previously, our work was limited to aliphatic and aromatic (Phe derivatives) residues at
the site of ligation, thus structurally more diverse ketoxime peptides were synthesized in
aqueous and organic solvents in Chapter 2. More specifically, we used palladium-
catalyzed conditions for the N-arylation of amino acid methyl esters to expand the scope
of N-aryl-amino acid building blocks, which consequently expands the diversity of amino
acid residues that can be incorporated at the site of ligation. Hydrazone ligations will be
explored between N-aryl peptides and peptide hydrazides to achieve N-to-C ligations and

give kethydrazone or unsubstituted linkages (Scheme 1.13). For the intramolecular
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hydrazones, we explored the scope by varying both sequence (using random peptides)
and ring size. In addition, post-cyclization modifications of the cyclic peptide were
explored through reduction and ring-opening reactions (Chapter 3). Our technigue can
also be used to mimic bioactive peptides with the kethydrazone linkage. Overall, our goal
is to develop a new intramolecular ligation method using N-aryl peptide hydrazides,
addressing some of the limitations of previous hydrazone ligations (e.g. lack of diversity

and stability).

EEEE®w —e EER
Q

H N’H @

N-to-N intermolcular N-to-C intermolcular 2 o}

oxime ligation hydrazone ligation
(0] 0 |
HN"© (A)(A (AN (A)—NH (AR BsX(Ap N=NH, pH7,0,
pPH 7, O, pH 7,0, cyclization

Y y

@@@0 0N (XA e (X&)
cecee CEEE®w

Scheme 1.13. Our approach to intermolecular ketoxime and hydrazone ligation and

intramolecular hydrazone cyclization.
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Chapter 2: N-Arylation of Amino Acid Methyl Esters to Expand Side Chain Diversity of
Ketoxime Ligations

This work was published in Org. Lett. 2025, 27, 652716532

2.1 Abstract

A previous graduate student, Hailey Young, and Dr. Caroline Proulx demonstrated that
palladium-catalyzed N-arylations of amino acid tert-butyl esters using 4-bromo-N,N-
dimethylaniline could be used to access building blocks for the synthesis of N-aryl
peptides. However, the scope was limited to aliphatic and aromatic amino acids without
side chain protecting groups. Thus, here we report the synthesis of N-aryl amino acid
methyl esters which can be hydrolyzed, coupled onto resin-bound peptides and cleaved
to synthesize N-aryl peptides with a broad range of side chain diversity. Under mild buffer
conditions some of these N-(p-Me2N-Ph)-peptides can undergo oxidative couplings with
aminooxy groups to form ketoxime linkages. Others, including N-(p-Mez2N-Ph) Ser, Trp,
and Tyr -peptides were found to be unstable in buffer. However, altering the substrate
and reaction conditions (solvent) was found to retain the side chain functionality by
altering the reaction mechanism, thus expanding the scope of accessible amino acids at

the site of ligation.

2.2 Methods for the N-Arylation of Amino Acid Methyl Esters

Young and Proulx reported that palladium catalyzed N-arylations of amino acid tert-butyl
esters using 4-bromo-N,N-dimethylaniline could be used to access building blocks for the
synthesis of N-aryl peptides.! TheirN-ar y| at i on procedure was
arylation (Scheme 2.1) of amino acid tert-butyl and methyl esters with aryl triflates using
‘BuBrettPhos Pd G3 as a precatalyst and cesium carbonate in 2-Me THF.? While inspired
by this method, certain reaction conditions were changed by Young and Proulx. This
included the use of 4-bromo-N-N-dimethylaniline as the coupling partner, THF, and the
use of NaO'Bu instead of Cs2COs due to reproducibility issues. In addition, the reaction
was done at room temperature and resulted in a yield of 92% when using L-Phe-O'Bu as
the representative substrate for the reaction. Thus, they were able to develop reaction
conditions that provided us access to seven N-aryl amino acid tert-butyl esters (Scheme
2.2). It should be noted that NaO'Bu is a strong base and racemizes the N-aryl monomer;

however, the resulting ketoxime gives an sp?-hybridized center.
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Cs,CO3 (3 equiv)

a) R 'BuBrettPhos Pd G3 (5 mol%) Ri )
ORZ 4 \N)\n/OR
HoN 2-Me THF, 50 °C, 2 h H
o 0
2.1 2.2 2.3
(1 equiv) 69-98% isolated yields.
55-98% ee
R'= Amino acid side chain X= Br, OTf
R2 = Me, Bu R3 = p-nBu, 0-Ac, m-CO,Me
b) R NaOBu (3 equiv) R
QO ® OBu + ¢ 0 !
CI H,N u BuBrettPhos Pd G3 (5 mol%) N O'Bu
O Dry THF, Ar, rt, 2 h H &5
2.4 2.5 2.6
(1 equiv)
S/
Ph
t O'Bu OBu
NJ:[(O Bu N O'Bu ”J\n/ H
H 5 Ho O O o}
2.6a (91%) 2.6b (88%) 2.6¢ (87%) 2.6d (75%)
'B ‘B 'B
N O'Bu H O'Bu H/\n,O u
¢} 0 ¢}
2.6e (75%) 2.6 (93%) 2.69g (36+ 26%)?

2Yield was based on 3 trials.

Scheme 2.1. Buchwal dos e n &-arylatianroé aneno tagidvesters using
palladium catalysis (panel a) and our N-arylation of amino acid tert-butyl esters utilizing

palladium catalysis (panel b).

2.3 Optimization and Scope of Pd -Catalyzed N-Arylation of Amino Acid Methyl
Esters

To expand side chain diversity, the N-arylation of amino acid methyl esters was first
explored by Young and Proulx. The saponification of methyl esters transpires under basic
conditions thus making them an orthogonal functional group with acid-labile protecting
groups. Initial N-arylation experiments were conducted using their optimized conditions

for the tert-butyl esters, however, they quickly saw that those conditions resulted in a low
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yield (0-10%) of the N-aryl amino acid methyl esters. Base-sensitive groups, including
methyl esters, have been reported to be incompatible with potassium tert-butoxide.® They
discovered that switching the base to Cs2COs and free-basing the amino acid methyl
esters were imperative for the reaction to proceed. By heating and extending the time
from 2 to 20 hours with the new reaction conditions, the yield was increased to 92% using
L-phenylalanine methyl ester as a model substrate for the reaction. To verify that 20 hours
and heat were indeed needed for the reaction, | isolated the N-aryl phenylalanine amino
acid methyl ester (2.9) after 2 hours at 50 °C and rt. The results demonstrated that 20

hours were necessary for the reaction to yield the desired product in an appropriate yield.

Table 2.1. Optimization for the N-arylation of Phenylalanine methyl ester.

'Bu BrettPhos Pd G3 ( 5 mol%)
10% Na,COj

of H OMe HN OMe CsCOg3; ( 3 equiv) ” OMe
o] 0] Dry THF, Ar, 50 °C, 20 h
27 28 2.9
Entry Time (h) Temperature Yield (%)
1 2 rt 2
2 2 50°C 25
3 20 50°C 92

2.4 Expanding the Scope of the Amino Acid Methyl Esters

N-arylation of amino acid methyl esters can be expanded beyond commercially available
methyl esters to give a substantive scope with greater diversity. Amino acid methyl esters
can be synthesized from Fmoc-amino acid building blocks. Firstly, following literature
conditions, methyl esters are installed on Fmoc-amino building blocks by using 4-
dimethylaminopyridine (DMAP) and excess 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) to activate the carboxylic acid. Methanol then
acts as the nucleophile for the reaction (Scheme 2.2).# Following this, deprotection of

the Fmoc-group was first attempted using the procedure outlined in Young dissertation,
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which is a slightly modified version of a traditional Fmoc deprotection in solution.®
Young® reaction conditions included switching the solvent from DMF to THF and using a
non-catalytic amount of DBU (1 equiv). Upon further investigation after Haileyb s d e p

| observed that the deprotection could be done with a catalytic amount of DBU (0.1 equiv)

R DMAP (1 equiv) R DBU (0.1 ' R
i e
Fmoc- /kn,OH EDC (2 equiv)  Fmoc. /kn,OMe (0.1 equiv) _ /kn/ome
N MeOH, rt, 1 h N THF, 50 °C, 30 min  H2N
O 0] 0]
210 2.1 212
R= ™MW W W W SV
NHTt O'Bu
I\ﬂ/ “ "NBoc k[r
0] 0]
0] NHTrt 0” S0O'Bu

Scheme 2.2. Synthesis of amino acid methyl esters starting from Fmoc-amino acid
building blocks.

and the crude amino acid methyl esters could be carried forward as is for most of the N-

arylation reactions (Scheme 2. 2).

Along with the synthesized amino acid methyl esters, commercially available amino acid
methyl esters were used to add to the scope, including Tyr(Bu), Ser(‘Bu), Lys(Boc), and
Orn(Boc) methyl esters. In addition, the scope diversity was expanded by using 4-bromo-
anisole as an additional coupling partner. Therefore, we (alongside Karlee McKinney and
Hailey Young) successfully synthesized these N-aryl methyl esters (2.9, 2.13a-j, 2.14a-i)
using the optimized conditions detailed above with yields ranging from 26-95% (Scheme
2.3). Purification of the amino acid substrates 2.13c-d was done prior to N-arylation,
because | observed low yields and a major unidentified side product when using crude
material. In addition, solubility issues were observed when using trityl-protected

substrates in my hands, thus resulting in low yields.
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‘BuBrettPhos Pd G3

(5 mol%)
R Cs,CO4 (3 equiv)
O °
HzN)\n’ - 50 °C, 20 h
0] —Br
2.12a-l
NHBoc
NHTrt
( n ( n O
\H O\ \H O\
(0]

2.13a: R’ = NMey, n =1 (80%)?
2.13b: R’ =NMe,, n =2 (82%)? 2.13d: R’ =NMe,, n =
2.14a: R’=0Me, n =1 (84%)?

2.13g: R’ = NMe, (40%)?
2.14e: R’ = OMe (76 %)?

2.13h: R’ = NMez,

Ph
\N/Q(O\
H (0]

2.9: R’ = NMe, (93%)?
2.14h: R’ = OMe (89%)?

o]
2.13c: R’ = NMe,, n=1(26%)?¢2.13e: R’ =

2.14b: R’ = OMe, n = 2 (35%)°

214d: R’ =
i NBoc

2.14f: R’ = OMe, (85%)°

2.9, 2.13a-k: R' = NMe,
2.14a-i: R' = OMe

O'Bu

(>0
H (0]

NMe,, n =1 (47%)?
2(5 6%)" 2.13f: R’ = NMe,, n = 2 (56%)”

2.14c: R’ = OMe, n = 1 (70%)?
OMe,n=2 (90%)d

vl

213i: R = NMez,R = OBu (61%)?
2.13j: R’ = NMe,, R" = OBn (95%)?
2.14g: R’ = OMe, R" = O'Bu (73%)?

(59%)°

Ph

N/\n’

- |I\

2.13k: R = vale2 (88%)2
2.14i:

R’ = OMe (80%)?

4Starting from the commercially available amino acid methyl ester hydrochloride salt after free basing.
byield reported over two steps, starting from the Fmoc protected amino acid methyl ester.

CSolubility issue resulting in low yield.
9Using purified amino acid methyl ester after Fmoc deprote

ction.

Scheme 2. 3. N-arylation scope of the synthesized amino acid methyl esters using

palladium catalysis.

2.5 Examination of Stereocenter Retention of the

N-Aryl Amino Acid Methyl Esters

To ensure that | still had retention of the stereocenter after N-arylation, N-(p-MeO-Ph)-L-

Phe-OMe (2.14h)

Examination of these molecules using a chiral HP

alongside N-(p-MeO-Ph)-bD-Phe-OMe

(2.14i) were studied.

LC column revealed 76-81% ee after

24



N-arylation (Figure 2.1). As a comparison, previously reported N-arylations of similar

substrates using the same base and catalyst but slightly different conditions (PhOTf, 50

VWD A Wavelength=214 nm (RRLC_Checkout 2024-01-22 11-55-14003-33-EW-05-024 calumn 2.0}

Ll — 2 ‘,e.-
TO0— ?,\19'
800= s
500~ | HN o,
200 o
300
200~ 2
100 - Chie
: AN
o I ) ' ) 2:5 ' I . ‘.I- ' ) ' 7:5 10
# Time Type Area Height Width Area% Symmetry
1 7.15| BV 774.7 94 0.1267 9,705 0.835
2 7.698 | MF 7208.2 737.1 0.1526 90,295 0.8
WAND A, Wavelengthe2 14 nm (ARLC_Checkowt 2024-01-22 11-88.14004-34-EW-08-031 colenn 209
maL - i
o
30 % & @.\
= ‘F o
200 | HHN ~
150 | ;«!! o
100 | E 3;‘*
50 | | =
0 e T _'_/"\_ __UI “-—rl"l’\v OMa _—
50 U" -
a 25 785 10 12.8
# Time Type Area Height Width Area% Symmetry
1 7.154| MM 3046.2 356.8 0.1384 88.010 0.842
2 7.714| MM 415 42.8 0.1615 11.950 0.779
VWD A WavslengtheZ 14 nm (FRLC_Chediout 2024.01-22 1168140231 EW-H5024+031 coken 2.0)
™ @ 1
200 ‘
a0 HN O‘M. HN-’"\I,rOa B |
0 0 2 ‘
200 f| ‘
||
o OMe Olle | | |
Il || |
° o~y — L Y . W S, SE—
|L|I
] e ) ] | 78 ) 10 128
# Time Type Area Height Width Area% Symmetry
1 7.151| BV 1823.8 220.3 0.1272 30,067 0.834
2 7.703| VBR 4242 458.4 0.1414 69,933 0.765

Figure 2. 1.Traces from chiral HPLC analysis of N-(p-MeO-Ph)-L-Phe-OMe (top), N-
(p-MeO-Ph)-D-Phe-OMe (middle) and a mixture showing separation of both (bottom)
using a 4.6 mm x 150 mm CHIRALPAKIA-3 column purchased from DAICEL Chiral
Technologies (Lot No. IA30CD-DR007) with a gradient of 60% MeCN.

25



aC, 2-Me THF, 2 h) yielded an N-aryl amino acid (N-(p-AcNH-Ph)-Ph-O'Bu) in 86% ee.?
No further optimizations to increase the ee were done since the resulting ketoxime results

in an sp?-hybridized center.

2.6 NMR Solvent Screen for N-(p-Mez2N-Ph) Amino Acid Esters

A solvent screen was conducted to find the optimal deuterated solvent for these N-(p-
Me2N-Ph) substrates (Figure 2.2). When N-(p-Mez2N-Ph) amino acid esters were
dissolved in CDCls, it was observed that the resulting solution would turn pink for a few
seconds bef or e r eadcolar.niaddigon,tthe ‘HaNMR spectyuml obithese

Me,N
EW-05-37-Toulefe $0.id \Q
OMe
N L7
o

EW-05-10-phe-bgnzene.10.fid Benz

ene dg

EW-05-28-30m|.10.fid ~ chloroform d

EW-05-37-MeCN.10.fid

J N A

EW-05-37-MeOD.10.fid

I R S T

EW-05-37-acetone. 10.fid o n

%{A_ﬁ L {

methyl sulfoxide d

a

=t

EW-05-37-DMS0.10.fid

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 T T T
7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15 1.0 0.5 0.0
f1 (ppm)

Figure 2. 2. Representative 'H NMR spectra for N-(p-Me2N-Ph)-L-Phe-OMe (2.9) in
different deuterated solvents. Toluene ds resulted in the best spectrum, while other

solvents resulted in very broad signals.
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N-(p-NMe2-Ph)-amino acid methyl esters had very broad signals, and in some cases, the
aryl peaks were difficult or unidentifiable in the spectrum. This broadening of the peaks
may be due to the formation of a weak charge-transfer complex between the N-N-
dimethylamino small molecule and chloroform.® These charge-transfer complexes are in
fast exchange with each other, thus leading to broad resonances and may cause
degradation of the molecule.” Therefore, | performed a solvent screen for N-(p-MezN-Ph)-
Phe-OMe (2.9). The results indicated that benzene ds and toluene ds allowed for the most
defined *H-NMR signals as well as identifiable aryl signals. Hence, we proceeded to take

the majority of the NMRs for the N-(p-Me2N-Ph) analogs in toluene ds.

2.7 Methyl Ester Deprotection and Subsequent Coupling onto Resin

Methyl ester deprotection could then be done using conditions established in Ha i |
thesis based on literature precedent.? It was observed that saponification of the methyl
ester could be done using 2 equivalents of LIOH as the base in a 3:1 MeOH/ H>O solution
at room temperature for 16 h (Scheme 2.4). The work-up of this reaction includes
neutralizing the aqueous solution to pH 7, followed by freezing the sample and
lyophilization. The sample could then be used as crude material for the subsequent
coupling onto resin. It should be noted that if the N-aryl amino acid is not soluble in MeOH,
the solvent, could be substituted with THF.

R LiOH ( 2 iv) R
i equiv
3:1 MeOH/H-O0, Ar, rt
H 2 H
O O
2.13: R'= NMe, 2.15: R'= NMe,
2.14: R' = OMe 2.16: R'= OMe

Scheme 2. 4. Optimized procedure for methyl ester hydrolysis.

Subsequent coupling of the N-aryl amino acid residue onto resin can be done using
standard solid-phase peptide synthesis conditions. The resin-bound model sequence
LYRAG was used to couple our N-aryl amino acids. These peptides were cleaved from
solid support and purified using preparatory HPLC and resulted in moderate to good
yields (Table 2.2).
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Table 2.2. Coupling of N-aryl amino acids onto the resin-bound model peptide LYRAG.

1. HBTU (3 equiv)
DIEA (6 equiv)

H
]
0
Lon  owash LA AL A A
\N)\IrOH DMF, rt, 2 h . \N)\n, " AN NH,
H H oo '\|/H o " o
2.17 \L

o) 2.95:25:25
TFA/ ITIPS/H,O
215 viviv

g

NH,

R= www ww ww ww v 'NK ~v ww v
H\/ H\ kn,NHTrt j\ k[rotB“ O'Bu “ “NBoc K@\ k@
e}
NHBoc  “SNpBoe © OZ  NHTHt OH

Peped & Xaa Crude PiI Purity Yield Retenti ol

H

I-=

(%) (mi n)
2 .74 Or n 76 92 42 7.406
2.74 Lys 6 6 >99 4 4 7.453
2.7¢ Asn 4 2 97 19 7.69
2.7d Gl n 58 90 17 7.726
2.7& Asp 45 91 22 7.793
2 .71 Ser 56 95 38 7.771
2.74 Trp 6 2 96 31 9.039, 9
2.74 Tyr 54 98 38 8.348
2 .71 Phe 71 >99 31 9.084
2.71 D-Phe 34 91 17 9.16

| observed that when high concentrations of TFA were used for the cleavage from resin,
the formation of pyroglutamate was observed for the cleavage of N-(p-Me2N-Ph)-Glu-
LYRAG from rink resin. Thus, the peptide N-(p-Me2N-Ph)-Glu-LYRAG could not be
isolated (Scheme 2.5).

TFA: TIPS: H,O

0

H

N 95:2.5: 2.5 viv/
- \_.)LPeptide—O e

@)
j\ \N ,.)LPeptide
0“ ~0'Bu O‘Kj

2.18k 2.19

Scheme 2.5. Unwanted intramolecular cyclization during cleavage of N-Aryl Glu
peptides from resin.
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2.8 Examination of Stereocenter Retention of the N-Aryl Amino Acid Methyl Esters

after Coupling

Next, studies were done to examine the stereocenter after saponification and coupling.
Firstly, the peptides N-(p-Me2N-Ph)-L-Phe-LYRAG (2.17i) and N-(p-MezN-Ph)-D-Phe-
LYRAG (2.17}) were evaluated to see if they retained their stereocenter. These peptides
in theory should have a similar but different retention time from each other. However,
when co-injected they had the same retention time thus were not going to aid us in the
examination of the stereocenter (Figure 2.3 ). Since, peptides are larger in size, a change

in stereochemistry of one amino acid may not have that much of an impact on the
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Figure 2. 3. LCMS trace N-(p-Mez2N-Ph)-L-Phe-LYRAG (top), N-(p-Me2N-Ph)-D-Phe-
LYRAG (middle) and co-injection of both peptides (bottom).

retention time of the peptide. Thus, we turned our focus to the small molecules N-(p-MeO-
Ph)-L-Phe-OMe and N-(p-MeO-Ph)-D-Phe-OMe. Each enantiomer was coupled to Ala-
O'Bu by doing a standard COMU coupling in solution after methyl ester hydrolysis, and

29



'H-NMR was used to measure diastereomeric ratios. The b-Phe analog and the L-Phe
derivatives (2.20 a-b) were found to have a diastereomeric ratio (dr) of 85:15 (Figure 2.4).
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Figure 2. 4. 'H NMR of N-(p-MeO-Ph)-L-Phe-Ala-O'Bu (red) and N-(p-MeO-Ph)-D-Phe-
Ala-O'Bu (blue).
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In addition to NMR, the dipeptides were analyzed by LC-MS to examine the
diastereomeric ratios. The D-Phe analog and the L-Phe derivatives (2.20a-b) were found
to have a diastereomeric ratio (dr) of 86:14 (Figure 2.5). Again, no further optimization

was done since the resulting ketoxime ligation results in a sp?-hybridized center.
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Figure 2.5. LCMS trace of N-(p-MeO-Ph)-L-Phe-Ala-O'Bu (top), N-(p-MeO-Ph)-D-
Phe-Ala-O'Bu (middle) and co-injection of both dipeptides (bottom).

2.9 Ketoxime Ligation of N-Aryl Peptides in Buffer

To examine the reactivity of the N-aryl peptides, they were subjected to ketoxime ligation
conditions that have been established and optimized in our lab.%1° This is a simple model
reaction where an oxime bond is formed between the N-aryl peptides and the O-benzyl
hydroxylamine hydrochloride at pH 7 under Oz atmosphere. Under these conditions, the
expected ketoxime peptide was observed for the N-aryl peptides 2.17 a-e, thus expanding

the diversity at the site of ligation.
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O, pH 7,24 h
LYRAG-NHy ———— > _Oa. YRAG-NH,
\n/ HCI'NH,0Bn Bn™ °N
o)

@) (5 equiv)
217a-e 2.21a-e
NH, OH

a:R =\(\/\NH2 (Orn) ¢: R = \(\n’ (Asn) e:R = \(\n’ (Asp)

(69%) o 0

(50%) (62%)
NH o

b: R =\(\/\/ 2 (Lys) d:R = \(\)L (Gln)

(54%) (54%) NH2

Scheme 2. 6. Ligation of N-aryl peptides in aqueous buffer to afford ketoxime peptides.

Interestingly, ligation of the N-(p-Mez2N-Ph)-Ser-LYRAG (2.17f) peptide resulted in the
formation of the aldoxime ligation product (Scheme 2. 7). This means that during ligation,
the side chain had fallen off. Along with the serine analog, the tyrosine and tryptophan
analogs were also tested. Aldoxime ligation product 2.22 was also seen for these analogs

and their corresponding byproduct was detected via LC-MS.

The ligation products of 2.17f-h were purified and isolated. To confirm that the products

were in fact the same, 2.22, the purified products were co-injected on the LC-MS. They

HCI-NH,0Bn (5 mM)

_ 0 LYRAG—NH

- Pt 2
\n,LYRAG NH, o5 pH 7 Bn” "N \n’
a 0
2.17f-h 2.22

Scheme 2.7. Oxime Ligation of N-(p-Me2N-Ph)-Ser-LYRAG, N-(p-MezN-Ph)-Trp-
LYRAG and N-(p-Me2N-Ph)-Tyr-LYRAG.

had the same retention time and thus it was confirmed that they were all the same product
(Figure 2. 6).
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Figure 2. 6. LCMS traces of purified oxime ligation products for a) N-(p-Me2N-Ph)-Trp-
LYRAG, b) N-(p-Me2N-Ph)-Tyr-LYRAG, and c) N-(p-Mez2N-Ph)-Ser-LYRAG peptides.

d) Co-injection of purified oxime ligation products for all three peptides.

To confirm that they were the aldoxime ligation product, 2.22, *H NMRs were taken. N-

(p-Me2N-Ph)-Gly-LYRAG was synthesized and subjected to ligation conditions to produce

2.22. This product was purified and isolated and we were able to compare it with the
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products made from 2.17f-h. The *H NMR looked the same for analogs thus we could

confirm with confidence that they were all 2.22 (Figure 2. 7).
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Figure 2. 7.'H NMR traces of purified oxime ligation products for a) N-(p-Me2N-Ph)-
Trp-LYRAG, b) N-(p-Me2N-Ph)-Ser-LYRAG, c) N-(p-Me2N-Ph)-Tyr-LYRAG, and d) N-

(p-MeaN-Ph)-Gly-LYRAG,

formation of the aldoxime.

indicating similarities in the product and confirming

With the addition of tyrosine and tryptophan also being found as unstable/ labile, it shifted

us to believe that the loss of the side chain could be promoted by oxidation of the electron-

rich aryl ring to form an iminoquine intermediate 2.23. Thus, side chain loss could be

triggered via C-C bond cleavage driven by rearomatization (Scheme 2. 8). This was the

first mechanistic evidence that supports that ring oxidation may precede the formation of

t h eimitb amide intermediate.
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a) Proposed mechanism for the loss of side chain for Ser (R = CH,OH):

+ X_ .
Me,N OH MeN3 Z {on
o)
\©\N /(H/LYRAG-NHZ =z II,QCEH/LYRAG'NHZ
S |
H217(f) OO
: 2.23

MEQN c o
HCI-NH,0Bn
Q X | 8
J H O

H H 2.24 2.22
b) Other labile side chains (Trp, Tyr):

) Com
X + X
¥ ¢ NH MeaN A
s 3 Sk
Kj YRAG-NH, Kl YRAG-NH,
- o
X |!| 0 X H (@]
2.25 2.26

Scheme 2. 8. Proposed mechanism for the loss of a side chain.

2.10 Retention of the Side Chains

Our next goal was to see if we could retain the side chains that were labile. | first attempted
to prevent the loss of the side chain by using the model amino acid ester, N-(p-MezN-Ph)-
Ser(‘Bu)-OMe (2.13g). When the unprotected N-(p-Me2N-Ph)-Ser-OMe was subjected to
ligation conditions, | exclusively saw the expected aldoxime ligation product (2.27).
(Scheme 2.9)

HCI-NH,OBn
(5 equiv) R
02, pH 7
O O
2.13g 2.27

Scheme 2.9. Ligation of N-(p-Me2N-Ph)-Ser-OMe in pH 7 buffer.
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Next, | looked at exploring the reactivity when the serine side chain was protected.
Retention of the side chain was observed using the protected N-(p-Me2N-Ph)-Ser(‘Bu)-
OMe. Furthermore, the side chain could be deprotected successfully using a 50:50
solution of TFA:DCM v/v (Scheme 2. 10).

HCI-NH,OBn
5 eqaiv) TFA: CH,Cl,

- T, - o
\n,o\ oo oh7 T PINOy \n,o\ Ph Oy \[Or ~

o
2.13g 2.28 2.29

Scheme 2.10. Ligation of N-(p-Me2N-Ph)-Ser(Bu)-OMe in pH 7 buffer followed by

subsequent 'Bu deprotection.

With this, we decided to explore doing these ketoxime reactions in organic solvents as it
would allow for the ligation of fully protected peptides. This work was done exclusively by
Karlee McKinney. For this work, the choice was made to switch from the from N-(p-MezN-
Ph) peptides to N-(p-MeO-Ph)-peptides based on reactivity differences in organic solvent
that Dr. Young had observed in her previous work.! Thus, when using the model peptide,
N-(p-MeO-Ph)-Ala-ALF-NH2, Karlee saw that ketoxime ligation could occur in DCE at 70

°C using methanol as a co-solvent (Scheme 2.11).

20% MeOH in DCE,
70°C,24 h

0 0
H H
H\)OJ\ HJ.L HCgNHZ_()B” BN \[rN\)LN/d;N\)LNHZ
Y N 7 SNH, —2eduv) o & H 4 i
i oH g ph
° “ph
2.30

2.31

Scheme 2.11. Ligation of N-(p-MeO-Ph)-Ala-ALF-NHz2 in organic solvent.

Using these conditions, it was observed that the labile side chains in buffer, which
included Ser, Trp, and Tyr could be retained when using organic solvent. Chlorotrityl resin
was used for the synthesis of other protected peptides, since mild conditions (HFIP in
CH2Cl2) could be used for resin cleavage. Using these reaction conditions would keep

the side chain protecting groups intact. Thus, the three labile analogs in buffer and the

glutamic acid analog, whi ch coul dnodt be i sol atrandlecdan e

reaction, (Scheme 2.5) were synthesized. After synthesis and cleavage, these analogs
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were successfully ligated in organic solvent using crude material and their corresponding
side chains could be deprotected successfully (Scheme 2.1 2).

1. 20% MeOH in DCE,
HCI-NH,OBnN (5 equiv)

$OC 70°C, 24 h Bn,O,..N \[(LYKAG-OMG
\n/L\EKAG'OH 2. TFA: TIPS: H,0
o B 95: 2.5: 2.5 VIVIv,
2.32a-d 30 min 2.33a-d
a:R= \(\OH (Ser) b:R = \(\E@ (Trp) € R= \(\©\ (Tyr)
(79%) )
o (29%) (80%)
d:R =\(\)J\OH (Glu)
(54%)

Scheme 2. 12. Ketoxime ligations with side chain protected N-aryl peptides 2.32a-d.

After further consideration, experiments were conducted with unprotected N-(p-MeO-Ph)
and N-(p-Me2N-Ph)-peptides in organic solvent to examine if there were intrinsic reactivity
differences that could lead to the retention of side chains under these conditions.
Remarkably, it was observed that using unprotected N-(p-MeO-Ph) and N-(p-MezN-Ph)
Ser peptides in organic solvent (DCE:MeOH 80:20) resulted in the ketoxime ligation
product with retention of its corresponding side chains (Scheme 2.1 3). However, there

\n/LYRAG-OH

@] HCI:NH,OBn (5 equiv) Oun ~ YXAG-OMe
247 20% MeOH in DCE, —» BM N \[]/L

0,, 70 °C
VKAG-OH ketoxime
2.35

0]

2.34

Scheme 2. 13. Reactivity of N-(p-MeO-Ph) and N-(p-Mez2N-Ph) Ser peptides in organic

solvent.
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was less conversion to product observed for the N-(p-MezN-Ph) peptide, which is

consistent with previous findings.!*

This observation revealed that solvent composition plays an important role in the
determination of the mechanistic pathway of these N-aryl peptides. We believe that N-
aryl peptides in organic solvent can undergo ring oxidation butthe CU pr ot on
would happen faster than the competing side chain loss under these conditions.
Alternatively, di r e-gnino dthide formation, without ring oxidation is another mechanistic
pathway which is proposed in the literature using N-aryl glycine derivatives (Scheme
2.14).%?

pathway

€0 OH A f
L LN 2 @Jf\ +
\ N
N 26 —°N -
H 0o X H X H
pathway _,.- 0
B 2 HCI-NH,0R
-ArNH,
OH
e0 OH HCINHOR
i; + /Oh
N N T ANH, RN
[}
H 8 X o

Scheme 2. 14.Proposed Mechanism of N-aryl Peptides in organic solvent.

To further confirm that solvent composition impacts the mechanistic pathway, studies with
N-(p-MeO-Ph)-Ser-LYKAG were conducted in buffer to compare to the N-(p-Me2N-Ph)-
Ser-LYRAG in buffer which results in side chain loss. It was observed that at 70 °C in pH
4.5 and pH 7, the N-(p-MeO-Ph)-Ser-LYKAG resulted in the aldoxime ligation product,
which is the same result as the N-(p-Me2N-Ph)-Ser-LYRAG in pH 7 buffer. This confirms
that solvent composition impacts the mechanistic pathway of these N-aryl peptides.

2.11 Conclusions

In summary, palladium-catalyzed conditions for the N-arylation of amino acid methyl
esters using 4-bromo-N,N-dimethylaniline and 4-bromoanisole were used to expand the
scope of N-aryl- amino acid building blocks. This method provided us with new side chains

at the site of ligation. Interestingly, we observed that three N-aryl peptides including
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serine, tyrosine and tryptophan were labile during ligation in buffer. To prevent the loss of
the side chain, studies were conducted in organic solvent using N-(p-MeO-Ph)-peptides
to find optimal conditions for ketoxime ligations. Using these optimized conditions, it was
observed that we could retain the side chain using protected peptides with the labile
groups in buffer. Further studies were conducted, demonstrating that the side chains
could be retained when using unprotected N-(p-MeO-Ph) and N-(p-Me2N-Ph) peptides in
organic solvent. This demonstrates that solvent composition impacts the mechanistic
pathway of the peptide and highlighted the intrinsic reactivity differences of the N-(p-MeO-
Ph) and N-(p-Mez2N-Ph) groups. To conclude, we were able to expand the amino acid
residues that can be incorporated at the site of ligation.

39



2.12 Experimental Data

A. General Methods

Polystyrene Rink Amide resin (0.698 mmol/g) was purchased from Protein Technology,
IncE , and 2-Chlorotrityl chloride resin (1.07 mmol/g or 1.14 mmol/g) was purchased from
Chem | mpex. The manufactureros reported | oa
calculation of the yields. Standard solid phase peptide synthesis (SPPS) was performed
using the Biotage® Syro | Wave fully automated parallel peptide synthesizer using 10 mL
parallel reactors with Teflon frits purchased from Biotage (Item # V100TF086).
Incorporation of N-aryl amino acids were performed manually in disposable filter
cartridges with 20 uM PE frit filters and caps from Applied Separations (cat # 2413 and
2416 for 3 mL and 6 mL filter cartridges, respectively) with gentle agitation on a vortex
mixer from ThermoFisher or IKA, equipped with a microplate tray. Solution draining and
washing of the resin was accomplished by connecting the filter cartridges to a water
aspirator vacuum via a waste trap. Analytical LCMS analyses were performed using an
Agilent Technologies 1260 Infinity Il series LCMS Single Quad instrument with ESI ion-
source and positive mode ionization, equipped with a 5 pM, 150 x 4.6 mm C18 Luna
column purchased from Phenomenex Analytical, Inc. (cat # 00F-4252-E0). Chiral HPLC
analyses were performed using an Agilent Technologies1290 Infinity HPLC, equipped
with a 150 x 4.6 mm CHIRALPAKIA-3 column purchased from DAICEL Chiral
Technologies (Lot No. IA30CD-DRO007). A flow rate of 0.5 mL/min and varying gradients
of CH3CN [0.1% trifluoroacetic acid (TFA)] in water (0.1% TFA) over 12 minutes (total run
time = 22 minutes) were used for all LCMS analyses. Peptides were purified on a
preparative HPLC (Agilent 218 purification system) using a preparative column (10 uM,
250 mm x 21.2 mm, C18 Luna column, cat # 00G-4253-P0-AX) at a flow rate of 10 mL/min
with gradients of CH3CN [0.1% trifluoroacetic acid (TFA)] in water (0.1% TFA) over 30

minutes (total run time = 60 minutes).

All solution phase reactions were performed in oven-dried glassware that were sealed
with microwave caps or rubber septa and stirred with Teflon-coated magnetic stir bars.
Tetrahydrofuran (THF) was dried by passage over a column of activated alumina (JC

Meyers Solvent System). Thin layer chromatography (TLC) was performed using Silicycle
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siicagel 60 F-254 precoated plates (0.25 &m) and

ultraviolet light (UV). Samples were purified using a Biotage® Isolera One, employing
polypropylene cartridges preloaded with silica gel (25 micron) and were eluted with UV
detection (254, 280 nm). Nuclear magnetic resonance (NMR) spectra (*H, 3C) were

recorded on a 600 MHz Bruker spectrometer at 24 °C for compounds S1-S12, 2a-2I, and

3a-3i . Chemical shifts are expressed in parts p

to residual protium in the NMR solvent (CHCIs, a4 7. 26), (DMSO, U
2.09, 6.98, 7.02, 7.10). Data are represented as follows: chemical shift, multiplicity (s =
singlet, d = doublet, dd = doublet of doublet, t = triplet, g = quartet, m = multiplet, br =
broad), coupling constant in Hertz, and integration. Chemical shifts for *3C NMR spectra
are recorded in parts per million (ppm,

deuterochloroform (a 77.16) , hexadeut
deuterotoluene (0 20.4, 125. 49, 12 &iné& ith
complete proton decoupling. Infrared (IR) spectra were collected on a Thermo Scientific
Nicolet iS5 FTIR instrument using attenuated total reflectance (ATR) mode, and signals
are reported in reciprocal centimeters (cm-1). Only selected IR frequencies are reported.

Melting points were obtained on a Mettler Toledo MP50 One Click Melting Point System.
B. Reagents

Fmoc-Amino acids, amino acid methyl ester hydrochlorides, N,N-diisopropylethylamine
(DIEA), triisopropylsilane (TIPS), N, N,  NNeNgmethpWO-(1H-benzotriazol-1-
yhuronium  hexafluorophosphate (HBTU), trifluoroacetic acid (TFA), N, N
diisopropylcarbodiimide (DIC), (1-Cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexafluorophosphate
(COMU) were purchased from Chem Impex. Reagents including 4-bromo-N,N-
dimethylaniline, sodium carbonate, p-anisidine, and 1,1,1,3,3,3-hexafluoro-2-propanol
were purchased from Sigma Aldrich. Potassium phosphate monobasic and dibasic, 4-
methylpiperidine, and solvents were purchased from Fisher Chemical. Cesium carbonate
and ‘BuBrettPhos Pd G3 were purchased from STREM Chemicals. 2,4,6-Collidine,
sodium tert-butoxide, lithium hydroxide, and N,N-dimethyl-p-phenylenediamine were

purchased from Alfa Aesar. O-benzylhydroxylamine hydrochloride and 2-bromopropionic
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acid were purchased from TCI. All chemicals were used as received without further

purification.
C. General Solution Phase Procedures and Characterization Data

Closely following literature conditions,* the Fmoc-amino acid (1.0 equiv, 0.379 M), DMAP
(1.0 equiv, 0.379 M), and EDC (2.0 equiv, 0.758 M) were added to a round-bottom flask.
Methanol was added and the reaction was stirred at room temperature for 1 h. The
reaction was diluted with EtOAc (100 mL) and washed with 1.0 M HCI (100 mL). The
layers were separated, and the organic layer was washed with saturated aqueous
NaHCOs (100 mL) followed by a second wash with saturated aqueous brine (100 mL).
The organic layer was dried over Na2SO4 and concentrated using a rotary evaporator.
The crude material was purified by flash-column chromatography.

Note: Due to the lack of ionization sites on these molecules, HRMS data could not be

obtained for this series of compounds.

o Methyl  N2-(((9H-fluoren -9-yl)methoxy)carbonyl) -N4-trityl -L-

NHTt  asparaginate (2.1 la). This was synthesized according to the
FmOC\H SN general procedure above using Fmoc-Asn(Trt)-OH (1.0 g, 1.68

© mmol). The desired product was purified by silica gel column
chromatography using a 40-80% EtOAc in hexanes gradient to afford a white solid (684
mg, 67% yield).*H NMR (600 MHz, CDCls) U 7 . 8 5 6.8 Hz,,2H), 7.69 (d, J = 7.3 Hz,
2H), 7.49 (t, J = 7.0 Hz, 2H), 7.45-7.31 (m, 13H), 7.27 (s, 4H), 6.82 (s, 1H), 6.20 (d, J =
8.8 Hz, 1H), 4.73-4.69 (m, 1H), 4.52-4.49 (m, 1H), 4.42-4.36 (m, 1H), 4.31 (t, J = 7.2 Hz,
1H), 3.78 (s, 3H), 3.20 (dd, J = 15.8, 4.3 Hz, 1H), 2.90 dd, J = 15.8, 3.9 Hz, 1H). *C NMR
(150 MHz,CDCIl3)u 171.6, 169.4, 156.4, 144.4, 144.0,
127.8, 127.3, 127.2, 125.3, 125.3, 120.0, 71.1, 67.3, 52.8, 51.0, 47.2, 38.8. IR (neat)
3320, 3020,1702,1656,1519,1490,1447,1283,1218. Rt = 0.3 (50% EtOAc in hexanes).

mp = 200-208 °C.
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O _NHTIt Methyl  N2-(((9H-fluoren -9-yl)methoxy)carbonyl) -N5-trityl -L-
glutaminate (2.1 1b). This was synthesized according to the

Fmoc. O

N - general procedure above using Fmoc-GIn(Trt)-OH (2.0 g, 3.29
H

o mmol). The desired product was purified by silica gel column
chromatography using a 40-80% EtOAc in hexanes gradient to afford a white solid (1.461
g, 71% yield). *H NMR (600 MHz, CDCl3)ti 7 . 7J6= 7.6 iz, 2H), 7.60 (d, J = 6.7 Hz,
2H), 7.40 (q, J = 7.8 Hz, 2H), 7.33-7.28 (m, 9H), 7.25-7.22 (m, 8H), 6.90 (s, 1H), 5.61 (d,
J =7.9 Hz, 1H), 4.48-4.41 (m, J = 10.7, 6.8 Hz, 1H), 4.41-4.33 (m, 2H), 4.23 (t, J = 6.8
Hz, 1H), 3.73 (s, 3H), 2.36 (m, 2H), 2.26-2.16 (m, 1H), 1.99-1.90 (m,1H). **C NMR (150
MHz, CDCI3) U 172. 5, 170. 9, 156. 4, 144. 7, 144. 0,
127.8,127.8,127.2,127.2,127.1, 125.2, 125.2, 120.1, 70.8, 67.1, 53.6, 52.7, 47.3, 33.4,
28.5. IR (neat) 3351, 2952,1673,1516,1280,1247,1058. Rt = 0.25 (50% EtOAc in
hexanes). mp = 187-195 °C.

0 4-(tert-butyl) 1 -methyl (((9H -fluoren -9-yl)methoxy)carbonyl) -

O'BU L-aspartate (2.1 1c). This was synthesized according to the
Fmoc.
H

SN general procedure above using Fmoc-Asp(tBu)-OH (1.0 g, 2.43
© mmol). The desired product was purified by silica gel column
chromatography using a 10-40% EtOAc in hexanes gradient to afford a beige solid (777.8
mg, 75% yield). *H NMR (600 MHz, CDCls) U 7 . 6J2= 7.650Hz, 2H), 7.48 (t, J = 7.93
Hz, 2H), 7.26 (t, J = 7.44 Hz, 2H), 7.18 (t, J = 7.45 Hz, 2H), 5.79 (d, J = 8.48 Hz, 1H),
4.53-4.50 (m, 1H), 4.31-4.28 (m, 1H), 4.25-4.22 (m, 1H), 4.11 (t, J = 7.20 Hz, 1H), 3.63
(s, 3H), 2.83-2.80 (m, 1H), 2.68-2.65 (m, 1H), 1.33 (s, 9H). 13C NMR (150 MHz, CDCl3) U
171.4, 169.9, 155.9, 143.9, 143.7, 141.2,127.7, 127.0, 125.1, 119.9, 81.7, 67.2, 52.6,
50.6, 47.0, 37.8, 28.0. IR (neat) 3367, 2982, 2928, 1725, 1711, 1513, 1362, 1311, 1216,

1155. Rr = 0.38 (30% EtOACc in hexanes). mp = 85.5-89.7 °C.

5-(tert-butyl) 1 -methyl (((9H -fluoren -9-yl)methoxy)carbonyl) -

O~_OBu
L-glutamate (2.1 1d). This was synthesized according to the
Fmoc. O general procedure above using Fmoc-Glu(tBu)-OH (1.5 g, 3.53
H o mmol). The desired product was purified by silica gel column

chromatography using a 10-40% EtOAc in hexanes gradient to afford a clear oil (1.20 g,
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78% yield). 'H NMR (600 MHz, CDCls) i 7 . 7J6 7.% Mz, 2H), 7.60 (t, J = 6.9 Hz, 2H),

7.40 (t, J = 7.5 Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H), 5.51 (d, J = 8.1 Hz, 1H), 4.45-4.33 (m,

2H), 4.22 (t, J = 7.0 Hz, 1H), 3.76 (s, 3H), 2.39-2.26 (M, 2H), 2.22-2.12 (m, 1H), 2.03-1.93

(m, 1H), 1.46 (s, 9H). 3C NMR (150 MHz, CDCls) i 172.6, 172.1, 156. 1,
127.2, 125.2, 120.1, 81.0, 67.2, 53.6, 52.6, 47.3, 31.5, 28.2, 27.6. IR (neat) 3337, 2977,

1720 ,1525 ,1449, 1367, 1211, 1149, 1047. Rr = 0.3 (30% EtOAc in hexanes).

Tert-butyl (S) -3-(2-((((9H-fluoren -9-

yl)methoxy)carbonyl)amino) -3- methoxy -3-oxopropyl -1H-

NP indole -1-carboxylate (2.1 1e). This was synthesized according to

FmOC\H o< the general procedure above using Fmoc-Trp(Boc)-OH (1.0 g, 1.9
o)

mmol). The desired product was purified by silica gel column
chromatography using a 10-40% EtOAc in hexanes gradient to afford a pale yellow oil

(666.4 mg, 65% yield). 'H NMR (600 MHz, CDCIs) i 8. 02 (s, JEHPI2Hz,7. 63 (
2H), 7.45-7.40 (m, 3H), 7.33 (s, 1H), 7.28-7.25 (m, 2H), 7.22-7.15 (m, 3H), 7.12 (t, J =

7.57 Hz, 1H), 5.40 (d, J = 8.16 Hz, 1H), 4.67 (g, J = 5.68, 7.91 Hz, 1H), 4.30-4.23 (m, 2H),

4.09 (t, J = 7.19 Hz, 1H), 3.59 (s, 3H), 3.19-3.11 (m, 2H), 1.54 (s, 9H). 13C NMR (150

MHz, CDCI3) U 172. 1, 155. 8, 149. 6, 143. 9, 143. 8, 1
127.1, 125.2, 125.2, 124.7, 124.2, 122.7, 120.0, 120.0, 118.9, 115.4, 114.9, 83.8, 67.3,

54.2,52.5, 47.2, 28.2. IR (neat) 3340, 2978, 1722, 1610, 1510, 1450, 1386, 1253, 1152,

1084. Rt = 0.42 (30% EtOAc in hexanes).

Fmoc deprotection of Fmoc -amino acid methyl esters (S1 -S5):°

R DBU (0.1 equi R
Fmoc.. o) (0.1 equiv) o
N h THF.50°C, 30 min 2\ o
o : , 30 min o

Scheme 2.15. Fmoc deprotection of amino acid methyl esters.

The Fmoc-amino acid methyl ester (1.0 equiv, 0.5 M) was added to a round bottom flask
and dissolved in THF prior to the addition of DBU (0.10 equiv, 0.05 M). An exit needle
was affixed to a rubber septum capping the flask, and the reaction was stirred at 50 °C
for 30 min. The solution was concentrated using a rotary evaporator and used without

further purification in most cases.?
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4In most cases, the N-arylation was completed using crude Fmoc-deprotected material.
In the case of Asp(O'Bu)-OMe (2.12a) and Glu(O'Bu)-OMe (2.12b), the Fmoc-
deprotected amino acid was purified and isolated before performing the N-arylation step

when using 4-bromoanisole as a coupling partner.

4-(tert-butyl) 1 -methyl L-aspartate (2.12a). This was synthesized according to the

o general procedure described above using Fmoc-Asp(O'Bu)-OMe

/¢Ot8u (661 mg, 1.552 mmol). The product was purified by silica gel
H2N O~ column chromatography using 1-9% MeOH in CH2Cl2 gradient to

° afford a yellow oil (191.5 mg, 60% yield). '"H NMR (600 MHz,
CDCls) i 3-3.73§m, J = 6.8, 4.9 Hz, 1H), 3.72 (s, 3H), 2.71-2.60 (m, 2H), 1.73 (s, 2H),
1.43 (s, 9H). 13C NMR (150 MHz, CDCls) ti 175.0, 170.5, 81.3, 52.3, 51.5, 40.3, 28.2. IR
(neat) 3426, 2982, 2890, 1723, 1617, 1449, 1365, 1143, 1027. HRMS m/z: [M + H] * Calc

for CoH17NO4 204.1236; Found 204.1231. Rt = 0.19 (5% MeOH in CH2Cly).

5-(tert-butyl) 1 -methyl L-glutamate (2.1 2b). This was synthesized according to the
Os_-O'Bu general procedure described above using Fmoc-Glu(O'Bu)-OMe

(1.172 g, 2.545 mmol). The product was purified by silica gel

H,N SN column chromatography using 1-9% MeOH in CH2Clz gradient to

© afford a yellow oil (443 mg, 80% yield). *H NMR (600 MHz, CDCl3)

U 3. 71 ( s-3.423n )1H), 2.34.(t4J8= 7.4 Hz, 2H), 2.04-1.98 (m, 1H), 1.81-1.74
(m, 1H), 1.46 (s, 2H), 1.43 (s, 9H). ¥3C NMR (150 MHz, CDCls) 176.3, 172.5, 80.5, 53.9,
52.2, 31.9, 30.1, 28.2. IR (neat) 3404, 2976, 1740, 1720, 1608, 1557, 1468, 1321, 1144.
HRMS m/z: [M + H] * Calc for CioH19NO4 218.1392; Found 218.1386. Rt = 0.26 (5%

MeOH in CH2Cly).
N-arylation of amino acid methyl esters (2.9, 2.13a-2k & 2.14a-):

Br BuBrettPhos Pd G3 (0.05 equiv)

R1 . R?2
Cs,CO3 (3 equiv) \@\ Rl
o)
rn oS N0
o)

THF, Ar, 50 °C, 20 h H

RZ

Scheme 2.16. Pd-catalyzed N-arylation reaction.
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Free-basing: The commercially available amino acid methyl ester hydrochloride was
added to a 20 mL scintillation vial and dissolved in a 1:1 mixture of CH2Cl2: 10% ag.
Na2COs (2 mL). The solution was stirred for 10 min and allowed to separate. The organic
layer was collected and treated with a fresh 10% aq. Na2COs solution (2 mL) for 10 min.
This procedure was repeated one more time, the final organic layer was dried with
Na2SOa4, and the solvent was removed using a rotary evaporator. After drying the
compound under high vacuum, the free-based amino acid was then used for the N-

arylation reaction.”

N-arylation: The amino acid methyl ester (1.0 equiv, 0.5 M), 4-bromo-N,N-
dimethylaniline or 4-bromoanisole (2.0 equiv, 1.0 M), tBuBrettPhos Pd G3 (0.05 equiv,
0.025 M), and cesium carbonate (3.0 equiv, 1.5 M) were added to an oven-dried 5 mL
microwave vial. The vial was capped and flushed with argon. Anhydrous tetrahydrofuran
(THF) was added to the vial, and the reaction mixture was stirred at 50 °C for 20 h. The
reaction mixture was filtered through a small plug of celite and rinsed with CH2Cl2 (2 x 10
mL), evaporated to dryness on a rotary evaporator, and purified using automated flash-

column chromatography.©

aNote: N-(p-MeO-Ph)-Phe-OMe was obtained in 76-81 % ee, which was quantified using
chiral HPLC. This is comparable to the 86% ee reported by Buchwald.

bNote: Free-basing was only required for N-aryl Orn(Boc)-OMe (2.12a, 2.13a), N-aryl
Lys(Boc)-OMe (2.12b), N-aryl Ser(OtBu)-OMe (2.12g, 2.13e), N-aryl Tyr(OtBu)-OMe
(2.11i, 2.13g), N-aryl Tyr(OBn)-OMe (2.12j), and N-aryl Phe-OMe (2.8,2.12k, 2.13h-i)
substrates. Those made starting from the Fmoc amino acid did not require the free-basing

procedure.

°Note: The NMRs of most N-(p-Me2N-Ph)-amino acid derivatives must be taken in toluene
d-8 (see Figure S4, p. S31)

NHBoc  Methyl 5 -((tert -butoxycarbonyl)amino) -2-((4-

Me,N (dimethylamino)phenyl)amino)pentanoate (2.1 3a). This
\©\N o was synthesized according to the general procedure

H 9 described above using Orn(Boc)-OMe (160.0 mg, 0.65
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mmol) after free-basing. The product was purified by silica gel column chromatography
using 30-80% EtOAc in hexanes to afford a deep red oil (185 mg, 80 % vyield). 'H NMR
(600 MHz, Toluene -d8) i 6 . 6J0- 7.7 idz, 2H), 6.56 (d, J = 6.7 Hz, 2H), 4.00 (s, 1H),
3.89 (s, 1H), 3.28 (s, 3H), 2.94-2.86 (m, 2H), 2.56 (s, 6H), 1.60-1.55 (m, 1H), 1.44 (s,

10H), 1.39-1.33 (m, 1H), 1.32-1.26 (m, 1H). 13C NMR (150 MHz, Toluene-d8) & 17 4. 9,

155.9, 145.0, 139.7, 115.8, 115.7, 78.3, 58.1, 51.3, 41.7, 40.4, 30.6, 28.5, 26.8. IR (neat)
3379, 2972.63, 1696.17, 1516, 1365, 1205, 1163, 1053. HRMS m/z: [M + H]* Calc for
C19H31N304 366.2387; Found 366.2383. Ri=0.26 (35% EtOAc in hexanes).

NHBoc  Methyl N U(tert -butoxycarbonyl) -N-(4-
(dimethylamino)phenyl)lysinate (2.1 3b). This was

MezN\@\ synthesized according to the general procedure described
H I O~ above using Lys(Boc)-OMe (250.0 mg, 0.96 mmol) after

free basing. The product was purified by silica gel column
chromatography using 20-50% EtOAc in hexanes to afford a deep red oil (298.8 mg, 82%
yield). *H NMR (600 MHz, Toluene-d8) i 6 . 6J1= 86 #iz, 2H), 6.58 (d, J = 8.6 Hz,
2H), 4.17 (s, 1H), 3.91 (s, 1H), 3.32 (s, 3H), 2.92-2.85 (m, 2H), 2.56 (s, 5H), 1.66-1.58
(m, 1H), 1.56-1.49 (m, 1H), 1.45 (s, 9H), 1.32-1.25 (m, 1H), 1.23-1.16 (m, 3H). 13C NMR
(150 MHz, Toluene-d8)4 174.8, 155.7, 145.0, 139. 8,
40.4, 33.2, 30.2, 28.5, 23.2. IR (neat) 3355, 2933, 1690, 1516, 1364, 1248, 1163, 1054.
HRMS m/z: [M + H]* Calc for C20H33N304 380.2544; Found 380.2538. Rr = 0.16 (50%
EtOAc in hexanes).

NHBoc Methyl (S) -5-amino -2-((4-

MeO methoxyphenyl)amino)pentanoate (2.1 4a). This was
\©\N O synthesized according to the general procedure described
Hoo above using Orn(Boc)-OMe (244 mg, 0.988 mmol) after

free-basing. The product was purified by silica gel column chromatography using 10-50%
EtOAc in hexanes to afford a yellow oil (293 mg, 84% vyield). *H NMR (600 MHz, CDCl3)
i 6. 7J58.9Hl,2H), 6.58 (d, J=8.9 Hz, 2H), 4.60 (s, 1H), 3.98 (s, 1H), 3.87 (s, 1H),
3.72 (s, 3H), 3.69 (s, 3H), 3.19-3.09 (m, 2H), 1.86-1.81 (m, J = 15.6, 11.7, 6.0 Hz, 1H),
1.77-1.70 (m, 1H), 1.67-1.56 (m, 2H), 1.43 (s, 9H). *3C NMR (150 MHz, CDClzs) 174.9,
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156.1, 152.9, 140.9, 115.3, 115.0, 79.3,57.7, 55.8, 52.2, 40.3, 28.5, 26.6. IR (neat) 3338,
2949, 1732, 1687, 1512, 1490, 1444, 1163, 1035. HRMS m/z: [M + H]* Calc for
CisH2s8N205 353.2077; Found 353.2069. Rr = 0.15 (20% EtOAc in hexanes).

o Methyl N2-(4-(dimethylamino)phenyl) -N4-trityl -L-

Me,N NHTre  asparaginate (2.1 3c). This was synthesized according to the

\©\H/¢O\ general procedure described above using crude Asn(Trt)-

o OMe (1.05 mmol) after Fmoc deprotection. The product was

purified by silica gel column chromatography using 30-80% EtOAc in hexanes to afford a
green solid (138 mg, 26% vyield over two steps). H NMR (700 MHz, DMSO) i 8. 72 ( s,

1H), 7.22 (dd, J = 8.5, 6.3 Hz, 6H), 7.20-7.16 (m, 9H), 6.65-6.62 (m, 2H), 6.56-6.52 (m,

2H), 5.33 (d, J = 9.8 Hz, 1H), 4.24-4.20 (m, J = 9.8, 8.2, 5.5 Hz, 1H), 3.58 (s, 3H), 2.77

(dd, J = 14.6, 8.2 Hz, 1H), 2.73 (s, 6H), 2.63 (dd, J = 14.6, 5.5 Hz, 1H). 13C NMR (175

MHz, DMSO-dg) 1 17 3. 8, 168. 8, 144. 7, 143. 6, 139. 1,
69.4, 54.1, 51.7, 48.6, 41.6. IR (neat) 3281, 3026, 2949, 1739, 1657, 1514, 1490, 1257,

1166, 1025. HRMS m/z: [M + H]* Calc for C32H33N3O3 508.2595; Found 508.2590. Rf =
0.21 (50% EtOAc in hexanes). mp = 148-154 °C.

Methyl N2-(4-(dimethylamino)phenyl) -N5-trityl -L-
glutaminate (2.1 3d). This was synthesized according to

MezN
\©\ o the general procedure described above using crude GIn(Trt)-
N ~N
H

O~ NHTIt

o OMe (1.20 mmol) after Fmoc deprotection. The product was
purified by silica gel column chromatography using 30-80%
EtOAc in hexanes to afford a green solid (352 mg, 56% yield over two steps). *H NMR
(600 MHz, DMSO-de) . 8. 61 ( s, JA*B)Hz, 6H),.723F7.14 tm, 9H), 6.62 (d,
J = 8.4 Hz, 2H), 6.47 (d, J = 8.3 Hz, 2H), 5.28 (d, J = 9.4 Hz, 1H), 3.86-3.87 (m, J = 8.7,
5.9 Hz, 1H), 3.59 (s, 3H), 2.71 (s, 5H), 2.44 (t, J = 7.5 Hz, 2H), 1.89-1.84 (m, J=13.8, 7.2
Hz, 1H), 1.83-1.77 (m, J = 14.7, 7.6 Hz, 1H). 3C NMR (150 MHz, DMSO-ds) ' 17 4. 8,
171.3,144.9,143.4,139.7,128.5,127.4,126.3,115.1, 113.7,69.2,56.1, 51.6, 41.6, 32.2,
28.1. IR (neat) 3351, 3055, 2952, 1703, 1673, 1536, 1448, 1247, 1056. HRMS m/z: [M +
H]* Calc for Cs3HssN303 522.2751; Found 522.2746. Rt = 0.32 (50% EtOAc in hexanes).

mp = 122-128 °C.
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o. NHTt  Methyl N2-(4-methoxyphenyl) -N5-trityl -L-glutaminate
MeO (2.14b). This was synthesized according to the general
\©\Ngo\ procedure described above using crude GIn(Trt)-OMe (1.12
H o mmol) after Fmoc deprotection. The product was purified by
silica gel column chromatography using 30-80% EtOAc in
hexanes to afford a green solid (207 mg, 35% yield). 'H NMR (600 MHz, CDClz) i 7- 31
7.24 (m, 10H), 7.22-7.19 (m, 5H), 6.77 (d, J = 8.8 Hz, 3H), 6.59 (d, J = 8.9 Hz, 2H), 4.04-
4.02 (m, 1H), 3.76 (s, 3H), 3.68 (s, 3H), 2.56-2.49 (m, 1H), 2.51-2.40 (m, 1H), 2.20-2.12
(m, 1H), 2.11-2.01 (m, 1H). 3C NMR (150 MHz, CDCIs) 4 174.5, 170. 9, 153
140.6, 128.8, 128.1, 127.1, 115.7, 115.0, 70.7, 57.8, 55.8, 52.3, 33.6, 28.5, 28.1. IR (neat)
3284, 2949, 1735, 1654, 1515, 1490, 1446, 1256, 1167. HRMS m/z: [M + H]* Calc for

Cs2H32N204 509.2440; Found 509.2452. Rf = 0.15 (30% EtOAc in hexanes). mp = 124-
130 °C.

o 4-(tert-butyl) 1 -methyl 4 -

MeZN\O\ /¢ot5u (dimethylamino)phenyl)aspartate (2.1 3e). This was

N SN synthesized according to the general procedure described

"o above using crude Asp(tBu)-OMe (1.17 mmol) after Fmoc

deprotection. The product was purified by silica gel column chromatography using 20-

60% EtOAc in hexanes to afford a green oil (182 mg, 47% vyield over two steps). *H NMR

(600 MHz, Toluene -d8) G 6 -6.529m, 4H), 4.28 (t, J = 6.0 Hz, 1H), 3.32 (s, 3H), 2.61
(d, J = 6.0 Hz, 2H), 2.54 (s, 6H), 1.34 (s, 9H). 13C NMR (150 MHz, Toluene-d8) i 17 3. 2,

169.6, 145.4, 139.0, 116.3, 115.5, 80.5, 55.7, 51.5, 41.5, 39.1, 28.0. IR (neat) 3378,

2972,1723, 1672,1516,1370,1249,1055,1012. HRMS m/z: [M + H]* Calc for C17H26N204

323.1965; Found 323.1964. Rs= 0.26 (35% EtOAc in hexanes).
or oy 5-(tert-butyl) 1 -methyl (4 -(dimethylamino)phenyl) -L-
MooN glutamate (2.1 3f). This was synthesized according to the
\©\N o general procedure described above using crude L-Glu(tBu)-
H g OMe (1.05 mmol) after Fmoc deprotection. The product was
purified by silica gel column chromatography using 20-60%

EtOAc in hexanes to afford a green oil (197 mg, 56% yield over two steps). 'H NMR (600
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MHz, Toluene-d8) U  6-6.678m, 4H), 4.07-3.90 (m, 1H), 3.79-3.63 (m, 1H), 3.27 (s,

3H), 2.54 (s, 6H), 2.29 (t, J = 7.3 Hz, 2H), 2.06-1.99 (m, 1H), 1.95-1.88 (m, 1H), 1.36 (s,

9H). 13C NMR (150 MHz, Toluene-d8)tt 174. 4, 172.0, 145.2, 139.
57.9, 51.3, 41.6, 31.7, 28.6, 28.1. IR (neat) 3364, 2975, 1731, 1520, 1477,
1453,1367,1257,1156 HRMS m/z: [M + H]* Calc for CisH2sN204 337.2121; Found
337.2100. Rf = 0.36 (50% EtOAc in hexanes).

o 4-(tert-butyl) 1 -methyl (4 -methoxyphenyl) -L-aspartate

MEO\Q ¢Ot8u (2.14c). This was synthesized according to the general

N O procedure described above using purified Asp(tBu)-OMe

"o (191 mg, 0.940 mmol) after Fmoc deprotection. The

product was purified by silica gel column chromatography using 2-38% EtOAc in hexanes
to afford a yellow-brown solid (202 mg, 70% yield). *H NMR (600 MHz, CDCls)4 6. 77 ( d,

J = 8.5 Hz, 2H), 6.64 (d, J = 8.7 Hz, 2H), 4.31 (s, 1H), 4.15 (s, 1H), 3.74 (s, 3H), 3.73 (s,

3H), 2.75 (d, J = 5.9 Hz, 2H), 1.44 (s, 9H).*C NMR (150 MHz, CDCI3) U 173.4, 169.8,

153.2,140.6, 115.8, 115.0, 81.6, 55.8, 55.1, 52.5, 38.9, 28.2. IR (neat) 3337, 2992, 1732,

1714, 1687, 1512, 1444,1279,1231. HRMS m/z: [M + H]* Calc for C16H23NOs 310.1655;
Found 310.1648 R = 0.31 (20% EtOAc in hexanes). mp =55-62 °C.

O OBy 5-(tert-butyl) 1 -methyl (4 -methoxyphenyl) -L-glutamate
MeO (2.14d). This was synthesized according to the general
\©\N O procedure described above using purified Glu(tBu)-OMe
H o (200 mg, 0.921 mmol) after Fmoc deprotection. The
product was purified by silica gel column chromatography using 2-38% EtOAc in hexanes
to afford a yellow oil (267 mg, 90% vyield). *H NMR (600 MHz, CDClz) i 6 . 7J6=8.0d ,
Hz, 1H), 6.59 (d, J = 8.9 Hz, 1H), 4.05-4.01 (m, 1H), 3.91 (s, 1H), 3.72 (d, J = 15.8 Hz,
4H), 2.46-2.34 (m, 2H), 2.13-2.07 (m, 1H), 2.03-1.96 (m, 1H). 3C NMR (150 MHz, CDCl3)
a 174.7, 172.4, 153.0, 141.0, 115.4, 1URS5.0,
(neat) 3338, 2952, 1734, 1687, 1512, 1445, 1231, 1164. HRMS m/z: [M + H]* Calc for

C17H2sNO5324.1811; Found 324.1804. Rf = 0.31 (20% EtOAc in hexanes).
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Me,N o'BU Methyl O-(tert -butyl) -N-(4-

\QN%(O\ (dimethylamino)phenyl)serinate (2.1 3g). This was

H 5 synthesized according to the general procedure described

above using Ser(tBu)-OMe (300 mg, 1.71 mmol) after free-basing. The product was

purified by silica gel column chromatography using 10-50% EtOAc in hexanes to afford a
brown solid (201.6 mg, 40% yield). *H NMR (600 MHz, Toluene-d8) i 6 . 5X1X=80d ,

Hz, 2H), 6.54 (d, J = 8.9 Hz, 2H), 4.10 (t, J = 4.0 Hz, 1H), 3.64 (dd, J = 8.6, 3.5 Hz, 1H),

3.54 (dd, J = 8.6, 4.4 Hz, 1H), 3.37 (s, 3H), 2.55 (s, 6H), 1.03 (s, 9H). 3C NMR (150 MHz,
Toluene-d8)u 172. 8, 145. 0, 139. 5, 115. 8, 1IR5 .

(neat) 2973, 1784, 1742, 1718, 1611, 1519, 1144, 1039. HRMS m/z: [M + H]* Calc for

C16H26N203295.2016; Found 295.2014. Rt = 0.24 (35% EtOAc in hexanes). mp = 101.8-

106.3 °C.

MeO oiBy Methyl O-(tert-butyl) -N-(4-methoxyphenyl) -L-serinate
\@N%O\ (2.14e). This was synthesized according to the general

H § procedure described above using Ser(tBu)-OMe (264.9

mg, 1.512 mmol) after free-basing. The product was purified by silica gel column
chromatography using 3-30% EtOAc in hexanes to afford a yellow oil (323.3 mg, 76%
yield). H NMR (600 MHz, CDCl3) i 6 -6.748m, 2H), 6.65-6.61 (m, 2H), 4.11 (t, J = 4.2
Hz, 1H), 3.75 (dd, J = 8.8, 4.2 Hz, 1H), 3.73 (s, 3H), 3.71 (s, 3H), 3.67 (dd, J = 8.8, 4.3

Hz, 1H), 1.16 (s, 9H). 3C NMR (150 MHz, CDCl3) i 172. 9, 981554148140 .

73.5, 62.5, 58.5, 55.8, 52.1, 27.4. IR (neat) 3386, 2970,
2831,1750,1512,1233,1098,1042. HRMS m/z: [M + H]* Calc for CisH23NO4 282.1705;
Found 282.1699. Rf = 0.21 (15% EtOAc in hexanes).

Tert-butyl ( S)-3-(2-((4-(dimethylamino)phenyl)amino) -3-

methoxy -3-oxopropyl) -1H-indole -1-carboxylate (2.1 3h).
MezN\©\ NP0 This was synthesized according to the general procedure

N SN described above using crude Trp(Boc)-OMe (1.387 mmol)
H
© after Fmoc deprotection. The product was purified by silica

gel column chromatography using 10-50% EtOAc in hexanes to afford a brown oil (360
mg, 59% vyield). H NMR (600 MHz, Toluene-d8) i 8. 39 (s, 1H) , 715 4
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7.8 Hz, 1H), 7.24 (t, J = 8.2 Hz, 1H), 7.14 (t, J = 8.0 Hz, 1H), 6.56 (d, J = 9.0 Hz, 2H),
6.52 (d, J =9.0 Hz, 2H), 4.37-4.31 (m, 1H), 3.90-3.85 (m, 1H), 3.23 (s, 3H), 3.15-3.09 (M,
1H), 3.07-3.02 (m, 1H), 2.54 (s, 6H), 1.37 (s, 9H). 3C NMR (150 MHz, Toluene -d8) U
173.9,149.6, 145.2, 138.9, 131.2,124.7,124.4, 122.8, 119.3, 116.3, 116.0, 115.9, 115.6,
82.9, 58.4, 51.4, 41.5, 28.6, 27.9. IR (neat) 3375, 2977,
1728,1602,1516,1451,1368,1253,1152,1083. HRMS m/z: [M + H]" Calc for C2sHN3O4
438.23873; Found 438.2385. Rr = 0.33 (35% EtOAc in hexanes).

Tert-butyl ( S)-3-(3-methoxy -2-((4-

methoxyphenyl)amino) -3-oxopropyl) -1H-indole -1-

MeO VB carboxylate (2.1 4f). This was synthesized according to the
\O\N O general procedure described above using crude Trp(Boc)-
0o OMe (1.24 mmol) after Fmoc deprotection. The product was

purified by silica gel column chromatography using 2-35% EtOAc in hexanes to afford a
yellow oil (462 mg, 85% yield). *H NMR (600 MHz, CDCIs)ti 8. 17 (s, JEHY ,
Hz, 1H), 7.48 (s, 1H), 7.38-7.32 (m, 1H), 7.26 (d, J = 14.4 Hz, 2H), 6.80 (d, J = 8.9 Hz,
2H), 6.63 (d, J = 8.9 Hz, 2H), 4.41 (t, J = 6.0 Hz, 1H), 3.75 (s, 3H), 3.65 (s, 3H), 3.30-3.21
(m, J = 14.6, 5.9 Hz, 2H), 1.69 (s, 9H). 13C NMR (150 MHz, CDCls) ) 1i74.0, 152.9,
149.6, 140.5, 135.4, 130.5, 124.5, 124.2, 122.6, 118.9, 115.4, 115.4, 115.3, 114.9, 83.7,
57.7, 55.7, 521, 283, 28.2. IR (neat) 3357,2977, 2832, 1731,1511,
1451,1366,1238,1152. HRMS m/z: [M + H]* Calc for C24H2s8N20s 425.2077; Found

425.2074. Ri= 0.23 (20% EtOAc in hexanes).

Methyl 3 -(4-(tert -butoxy)phenyl) -2-((4-

MeoN (dimethylamino)phenyl)amino)propanoate (2.13i0).
2

\Q o This was synthesized according to the general procedure

N ~N
H 5 described above using Tyr(tBu)-OMe (300 mg, 1.19 mmol)

O'Bu

after free-basing. The product was purified by silica gel
column chromatography using 10-50% EtOAc in hexanes to afford a yellow-red oil (269.8
mg, 61% yield). *H NMR (600 MHz, Toluene-d8) i 6 . 9J8= 8.8 ldz, 2H), 6.86 (d, J =
8.4 Hz, 2H), 6.57 (d, J = 8.9 Hz, 2H), 6.50 (d, J = 8.9 Hz, 2H), 4.22 (t, J = 5.9 Hz, 1H),
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3.81 (s, 1H), 3.25 (s, 3H), 2.55 (s, 6H), 1.20 (s, 9H). 13C NMR (150 MHz, Toluene -d8) i
173.8,

154.9, 145.1, 139.1, 132.0, 130.1, 129.1, 115.9, 115.6, 77.7,59.7,51.1, 41.6, 38.7, 28.9.
IR (neat) 2975, 1736, 1608, 1517, 1506, 1364, 1200, 1160, 1016. HRMS m/z: [M + HJ*
Calc for C22H30N203 371.2329; Found 371.2327. Rt = 0.15 (35% EtOAc in hexanes).

OBn Methyl (S) -3-(4-(benzyloxy)phenyl) -2-((4-
Me,N (dimethylamino)phenyl)amino)propanoate 2.1 3).
\©\N o This was synthesized according to the general procedure

H o described above using Tyr(Bn)-OMe (202.4 mg, 0.709

mmol) after free-basing. The product was purified by silica gel column chromatography
using 10-50% EtOAc in hexanes to afford a red oil (273.2 mg, 95% yield). *H NMR (600
MHz, Toluene-d8) U 7 . 2J2 7.5 ldz, 2H), 7.13 (t, J = 7.5 Hz, 2H), 7.07 (t, J = 7.3 Hz,
1H), 7.00 (d, J = 8.6 Hz, 2H), 6.78 (d, J = 8.6 Hz, 2H), 6.59 (d, J = 8.9 Hz, 2H), 6.54 (d, J
= 8.9 Hz, 2H), 4.65 (s, 2H), 4.24 (s, 1H), 3.28 (s, 3H), 2.991 2.91 (m, J = 13.6, 6.2 Hz,
2H), 2.56 (s, 6H), 1.00 (s, 2H). 13C NMR (150 MHz, Toluene -d8) U 173.9, 158.3, 145.1,
139.1, 137.4, 130.6, 129.5, 128.8, 128.6, 127.8, 127.6, 115.8, 115.6, 115.0, 69.8, 59.7,
51.2,41.6, 38.4, 27.3. IR (neat, cm-1) 3386, 2970 ,2876 ,2831, 1750, 1512, 1461, 1233,
1098. IR (neat) 3386, 2970 ,2876 ,2831, 1750, 1512, 1461, 1233, 1098. HRMS m/z: [M

+ H]* Calc for C2sH2sN203 405.2178; Found 405.2170. R = 0.18 (30% EtOAc in hexanes).

Methyl (S)-3-(4-(tert -butoxy)phenyl) -2-((4-
methoxyphenyl)amino)propanoate (2.1 4g). This was

MeO
\©\ o synthesized according to the general procedure described
N ~N
H

O'Bu

o) above using Tyr(tBu)-OMe (383 mg, 1.53 mmol) after free-
basing. The product was purified by silica gel column chromatography using 2-50%
EtOAc in hexanes to afford a yellow/brown oil (396 mg, 73% vyield). *"H NMR (600 MHz,
CDCls)u 7.08 (s, 2H), 6.92 (s, 2H)J=65HZAH),(s, 2H
3.72 (s, 3H), 3.61 (s, 3H), 3.06 (d, J = 6.5 Hz, 2H), 1.34 (s, 9H).13C NMR (150 MHz,
CDCI3) 1 174.0,154.3,152.9, 140.5, 131.4, 129.69, 124.2, 115.3, 114. 9, 78.4,59.3, 55.7,
51.9, 38.4, 28.9. IR (neat) 3386,3354 ,2973, 2832, 1748, 1511, 1512,1233, 1148. HRMS
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m/z: [M + H] * Calc for C21H27NO4 358.2018; Found 358.2013. Rf= 0.27 (10% EtOAc in
hexanes).

Methyl (4 -(dimethylamino)phenyl) -L-phenylalaninate (2. 9).
Me2N\©\ This was synthesized according to the general procedure
o]

described above using Phe-OMe (400 mg, 2.23 mmol) after

~

H o) free-basing. The product was purified by silica gel column
chromatography using 5-40% EtOAc in hexanes to afford a deep red oil (618.4 mg, 93%
yield). 'H NMR (600 MHz, Toluene -d8) i 7 -7.Q71(m, 2H), 7.06 (s, 2H), 7.05-7.02 (m,
1H), 6.57 (d, J = 8.9 Hz, 2H), 6.50 (d, J = 8.8 Hz, 2H), 4.27- 4.20 (m, 1H), 3.78 (s, 1H),
3.24 (s, 3H), 2.94 (m, 2H), 2.55 (s, 6H). *3C NMR (150 MHz, Toluene -d8) Ui 173.7, 145.14,
139.0, 129.6, 129.0, 128.5, 126.9,115.9, 115.6, 59.6, 51.2, 41.6, 39.3. IR (neat) 3356,
2949, 1732, 1515, 1450, 1254, 1157, 1086. HRMS m/z: [M + H]* Calc. for C1sH22N202

299.1681; Found 299.1752. R = 0.18 (35% EtOAcC in hexanes).

Methyl (4 -methoxyphenyl) -L-phenylalaninate (2.1 4h). This
MeO : was synthesized according to the general procedure

o] described above using Phe-OMe (315 mg, 1.76 mmol) after

~
i o) free-basing. The product was purified by silica gel column
chromatography using 5-40% EtOAc in hexanes to afford a yellow/brown oil (446 mg,
89% yield). 1H NMR (600 MHz, CDClz) U 7 . 3 27.3Hz, 2H), 7.26 (d, J = 7.3 Hz, 1H),
7.20 (d, J=7.1 Hz, 2H), 6.79 (d, J = 8.9 Hz, 2H), 6.61 (d, J =8.9 Hz, 2H), 4.31 (t, J=6.4
Hz, 1H), 3.75 (s, 3H), 3.66 (s, 3H), 3.19-3.07 (m, 2H). 3C NMR (150 MHz, CDClIs) Ui 173.9,
152.9, 140.4, 136.5, 129.3, 128.6, 127.0, 115.3, 114.9, 59.1, 55.7, 52.0, 38.9. IR (neat) 3367,
2950, 1739, 1516, 1454, 1241,1210, 1037. HRMS m/z: [M + H]* Calc for C17H19NO3

286.1438; Found 286.1437. Rr = 0.22 (10% EtOACc in hexanes).

Methyl (4 -(dimethylamino)phenyl) -D-phenylalaninate

Me,N /© (2.13k). This was synthesized according to the general
( lﬂ/\[fo\ procedure described above using bD-Phe-OMe (250 mg, 1.41

O mmol) after free-basing. The product was purified by silica gel
column chromatography using 5-40% EtOAc in hexanes to afford a deep red oil (370.4

mg, 88% yield). *H NMR (600 MHz, Toluene -d8) i 7 -7D7(m, 2H), 7.07-7.02 (m, 3H),
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6.57 (d, J = 8.9 Hz, 2H), 6.49 (d, J = 8.9 Hz, 2H), 4.23 (t, J = 6.3 Hz, 1H), 3.23 (s, 3H),
2.98-2.88 (m, 2H), 2.55 (s, 6H).13C NMR (150 MHz, Toluene -d8) i 173.7, 145.1, 139.1,
129.6, 129.2, 1285, 126.9, 115.9, 115.6, 59.6, 51.2, 41.6, 39.3. IR (neat) 3359,
2949,1726,1511,1438,1237,1177,1031. HRMS m/z: [M + H]* Calc for CisH22N202
299.1754; Found 299.1751. Rf = 0.18 (35% EtOAc in hexanes).

Methy! (4 -methoxyphenyl) -D-phenylalaninate (2.1 4i). This

eO /© was synthesized according to the general procedure

\Q\N%(O described above using b-Phe-OMe (300 mg, 1.68 mmol) after

0 free-basing. The product was purified by silica gel column

chromatography using 5-40% EtOAc in hexanes to afford a yellow/brown oil (382 mg,

80% yield). 1H NMR (600 MHz, CDClz) U 7 . 2J& 7.{ Wiz, 2H), 7.22 (t, J = 7.3 Hz, 1H),

7.15 (d, J = 7.1 Hz, 2H), 6.74 (d, J = 8.9 Hz, 2H), 6.55 (d, J = 8.9 Hz, 2H), 4.26 (t, J = 6.4

Hz, 1H), 3.94 (s, 1H), 3.70 (s, 3H), 3.62 (s, 3H), 3.14-3.04 (m, 2H). 13C NMR (150 MHz,

CDCIs) 41 174.0, 152.9, 140.5, 136.6, 129.3, 128.6, 127.1, 115.4, 115.0, 59.1, 55.8, 52.1,

39.0. IR (neat) 3364, 3028, 2948, 1735,1511,1440,1237,1201, 698. HRMS m/z: [M + H] *
Calc for C17H19NO3 286.1438; Found 286.1439. R = 0.22 (10% EtOAc in hexanes).

Methyl ester hydrolysis of compounds 2. 9, 2.13a-k and 2.1 4a-i:

R? -
N/H‘/O LiOH (2 equiv) /kH/OH
Hoo

3: 1 MeOH: H,0O
Ar,rt,20 h

Scheme 2. 17. Methyl ester hydrolysis.

Methyl ester hydrolyses were performed using literature procedures with minor
modifications.® Compounds 2.9, 2.13a-k and 2.1 4a-i (1.0 equiv, 0.0138 M) and LiOH (2.0
equiv) were added to a round-bottom flask, capped with a septum, and flushed with
argon.2 A 3:1 MeOH: H20 solution was transferred to the round-bottom flask and the
reaction was stirred at room temperature for 20 h.2 1.0 M HCI was then added to the
solution dropwise until the solution reached a pH of 7.0. The MeOH was removed using

a rotary evaporator and the remaining agueous solution was frozen and lyophilized. The
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resulting crude powder was used without further purification for activation and coupling
on solid phase.

Note: epimerization was quantified by making diastereoisomeric dipeptides (see
supplementary data, section 2, p. S28).

aDue to poor solubility, compound 2.14f was dissolved in 3:1 THF: H2O instead.

Synthesis of N-aryl L-Phe-Ala-O'Bu and N-aryl D-Phe-Ala-O'Bu for racemization

studies :

N-aryl Phe-Ala-OtBu and N-aryl D-Phe-Ala-OtBu were synthesized to quantify the amount
of racemization that occurred during the N-arylation, saponification, and coupling

reactions (i.e., over three steps).

COMU (1 equiv)
DIEA (3 equiv)

: HoN
)\WOH o \;)kOtBu DMF )\f( \)kotsu

0°tort,4h

Scheme 2.18. Synthesis of N-aryl dipeptides.

Synthesis of dipeptides 2. 20a and 2.20b:** Ala-OtBu (150 mg, 0.55 mmol, 1.0 equiv),
crude N-(p-MeO-Ph)-Phe-OH or N-(p-MeO-Ph)-b-Phe-OH (0.55 mmol, 1.0 equiv), and
base (297 ¢L, 1. 6 Werendissoled in BMFJ2 nd_yjand ceoled to 0 °C for
5 min. COMU (237 mg, 0.55 mmol, 1.0 equiv) was added to the solution and the reaction
was stirred for 1 h at 0 °C, warmed to room temperature, and stirred an additional 2-3 h
at room temperature. The reaction was diluted with EtOAc (50 mL) and washed with 1 M
HCI (aq) (2 x 10 mL), 1 M NaHCOs (2 x 10 mL), and saturated brine (aqg) (2 x 10 mL). The
organic layer was then dried with MgSOs, filtered, and concentrated using a rotary

evaporator. The dipeptide was purified by silica gel flash chromatography.

Tert-butyl (4 -methoxyphenyl) -L-phenylalanyl -L-

MeO o alaninate (2. 20a). This was synthesized according to
H

\©\ \)]\OtBu the general procedure described above using crude N-

N
H :
o - (p-MeO-Ph)-Phe-OH (0.55 mmol) after saponification.

The product was purified by silica gel column chromatography using 10-40% EtOAc in
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hexanes to afford a brown oil/solid (118 mg, 54% yield). Major diastereomer: 'H NMR
(600 MHz,CDCl3) i 7 . 3JG= 7.6 dz, 2H), 7.24 (d, J = 8.5 Hz, 1H), 7.21 (d, J = 7.2 Hz,
2H), 6.73 (d, J = 8.9 Hz, 2H), 6.52 (d, J = 8.9 Hz, 2H), 4.481 4.44 (m, 1H), 3.90 (dd, J =
8.5, 4.6 Hz, 1H), 3.72 (s, 3H), 3.29 (dd, J = 14.1, 4.4 Hz, 1H), 3.04 (dd, J = 14.1, 8.5 Hz,
1H), 1.37 (s, 9H), 1.33 (d, J = 7.1 Hz, 3H). 13C NMR (150 MHz, CDCls) U 174.0, 152.9,
140.5, 136.6, 129.3, 128.6, 127.1, 115.4, 115.0, 59.1, 55.8, 52.1, 39.0. IR (neat) 3371,
3304, 2974, 2930, 1736, 1655, 1512, 1475 HRMS m/z: [M + H]* Calc for C23H30N204
399.2278; Found 399.2283. Rf = 0.20 (20% EtOAc in hexanes). mp = 68-74 °C.

Tert-butyl (4 -methoxyphenyl) -b-phenylalanyl -L-
Meo\©\ /© alaninate (2. 20b). This was synthesized according to the
N/\[(N%ota general procedure described above using crude N-(p-

- MeO-Ph)-bD-Phe-OH (0.55 mmol) after saponification.
The product was purified by silica gel column chromatography using 10-40% EtOAc in
hexanes to afford a brown, white solid (135 mg, 61% yield). Major diastereomer: *H NMR
(600 MHz, CDCl3) G 7 -7.38Am, 3H), 7.24-7.21 (m, 2H), 6.73 (d, J = 8.9 Hz, 2H), 6.47
(d, J = 8.9 Hz, 2H), 4.54-4.48 (m, 1H), 3.88 (dd, J = 9.6, 4.4 Hz, 1H), 3.72 (s, 3H), 3.36
(dd, J = 14.3, 4.4 Hz, 1H), 2.95 (dd, J = 14.3, 9.6 Hz, 1H), 1.45 (s, 9H), 1.29 (d, J = 7.2
Hz, 3H). 13C NMR (150 MHz, CDClzs) U 172.6, 172.0, 153.3, 136.9, 129.1, 129.0, 127.2,
115.3, 114.8, 82.0, 61.3, 55.8, 48.4, 39.0, 28.1, 18.5. IR (neat) 3336, 2953, 1732, 1688,
1512, 1444, 1363, 1282, 1233, 1163. HRMS m/z: [M + H]* Calc for C23H30N204 399.2278;
Found 399.2280. Rs = 0.20 (20% EtOAc in hexanes). mp= 105-111 °C.

Oxidative coupling of a small molecule:

Me,N oBu 1. HCINH,0Bn (5 mM) OH
02! pH 7
OMe ~ B /OMN/ OMe
N 2. TFA: DCM 1:1 viv n
o o
2.13¢g 2.30

Scheme 2. 19. Oxidative coupling of N-(p-Me2N-Ph)-Ser(‘Bu)-OMe
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Oxidative coupling of N-(p-Mez2N-Ph)-Ser(‘Bu)-OMe in buffer (with protected side

chain): The oxidative coupling was performed utilizing previously optimized and reported
conditions.'? Briefly, the N-aryl amino acid (0.105 mmol, 1 equiv) and O-
benzylhydroxylamine hydrochloride (0.53 mmol, 5 equiv) were added to a 250 mL round-
bottom flask. 0.1 M potassium phosphate buffer (pH 7, 104 mL)2 was added to the flask
to give a final concentration of 1 mM for the N-aryl amino acid and 5 mM for the O-
benzylhydroxylamine hydrochloride. The flask was capped with a septum, the solution
was sparged with Oz and left stirring under an Oz atmosphere for 24 h. The solution was
extracted with CH2Cl2 (3 x 50 mL), and the organic layer was dried with MgSOa, filtered,
and concentrated using a rotary evaporator. The crude was purified by automated flash-
column chromatography. Side chain deprotection was performed by dissolving the
purified material in 1:1 TFA/CH2Cl2 (1 mL) in a 20 mL vial and allowing it to stir at room

temperature for 2 h before evaporating the solvent.
aNote: a minimal amount of acetonitrile was added to help with solubility when necessary.

BUO Methyl 2 -((benzyloxy)imino) -3-(tert-butoxy)propanoate

©VO“NJ\[(O\ (2.29). This was synthesized according to the general

o) procedure described above using N-(p-Mez2N-Ph)-Ser(OtBu)-

OMe (20 mg, 0.068 mmol). The product was purified by silica

gel column chromatography using 2-40% EtOAc in hexanes to afford a yellow, red oil

(11.6 mg, 61% vyield). *H NMR (600 MHz, CDClz) 4 7 . 3J7= 30 #iz, 4H), 7.34-7.31

(m, 1H), 5.30 (s, 2H), 4.34 (s, 2H), 3.85 (s, 3H), 1.19 (s, 9H). 3C NMR (150 MHz, CDClz)

U 163.6, 151.1, 136.6, 128.6, 128.3=, 128.3, 78.0, 74.5, 53.6, 52.8, 27.5. IR (neat) 3032,

2973, 1727,1643, 1453, 1364,1191,1148 HRMS m/z: [M + H]* Calc for CisH21NOa4
280.1549; Found 280.1543. Rf = 0.33 (10% EtOAc in hexanes).

HO Methyl 2 -((benzyloxy)imino) -3-hydroxypropanoate
@\/OMNJ\H/O\ (2.30).2H NMR (600 MHz, CDCl3) i 7 i .32 (m, 5H), 5.32
O (s, 1H), 4.59 (s, 1H), 3.89 (s, 1H). 3C NMR (150 MHz, CDCls)
U 163.9, 151.0, 136.0, 128.8, 128.7, 128.6, 78.6, 56.0, 53.1. IR

(neat) 3126, 2921, 2850,1717,1506,1454,1437,1363,1209. HRMS m/z: [M + H]* Calc for
C11H13NO4 224.0917; Found 224.0913. Rf = 0.21 (20% EtOAc in hexanes).
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Oy, pH7
2, P le)
2.28

Me,N OH
\Q /Eﬂ/ HCI-NH,0Bn (5 mM) 5 5
OMe O. . = Me
N Bn N
N -
0
2.27

Scheme 2. 20 Oxidative coupling of N-(p-Me2N-Ph)-Ser-OMe.

Oxidative coupling of N-(p-Me2N-Ph)-Ser-OMe in buffer (with deprotected side

chain): The side chain deprotection of N-(p-MezN-Ph)-Ser(tBu)-OMe (2.13g, 0.105
mmol, 1 equiv) was first performed by dissolving the material in a 1:1 TFA:CH2Cl2 solution
(v/v, 1 mL) in a 20 mL scintillation vial. The solution was allowed to stir at room
temperature for 2 h before evaporating the solvent. The crude material (N-(p-Mez2N-Ph)-
Ser-OMe, 13) was then transferred to a 250 mL round-bottom flask. 0.1 M potassium
phosphate buffer (pH of 7, 104 mL) was added to the flask followed by the addition of O-
benzylhydroxylamine hydrochloride (0.53 mmol, 5 equiv, 5 mM). The flask was capped
with a septum, the solution was sparged with Oz and left stirring under an O2 atmosphere
for 24 h. The solution was extracted with CH2Clz (3 x 50 mL), and the organic layer was
dried with MgSOs, filtered, and concentrated using a rotary evaporator. The crude was

purified by automated flash-column chromatography.

Methyl 2 -((benzyloxy)imino)acetate (2.2 8). This was

©\/O“N4\[(O\ synthesized according to the general procedure described

© above using N-(p-MezN-Ph)-Ser-OMe (25 mg, 0.105 mmol)

obtained after side chain deprotection. The product was purified by silica gel column
chromatography using 2-45% EtOAc in hexanes to afford a yellow, red oil (15.2 mg, 75%
yield). *H NMR (600 MHz, CDCIs) U 7.56 (s, 1H), 7.38 (d, J = 4.2 Hz, 4H), 7.38-7.36(m,
1H), 5.30 (s, 2H), 3.86 (s, 3H). 13C NMR (150 MHz, CDCls Ui 162.4, 140. 9, 135. 9, 128.6,
128.6, 128.5, 78.2, 52.5. IR (neat) 3123,2926,1720,1599,1560,1498. HRMS m/z: [M +

H]* Calc for C10H11NO3194.0811; Found 194.0889. Rf = 0.31 (10% EtOAc in hexanes).
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D. General Solid Phase Peptide Synthesis
Manual Fmoc -based solid phase peptide synthesis

All manual reactions on solid phase are gently agitated on a vortex mixer equipped with
a microplate tray for the designated amount of time. Fmoc-amino acid couplings and
Fmoc deprotection reactions were performed on Polystyrene Rink Amide resin (loading
= 0.698 mmol/g) or 2-Chlorotrityl chloride resin (loading = 1.07 or 1.14 mmol/g) using
standard solid phase peptide synthesis protocols (SPPS).

Rink Amide resin: For peptides synthesized on Rink Amide resin (100 mg of resin,
0.0698 mmol), all amino acid couplings were performed with Fmoc protected amino acids
(3 equiv) in DMF (1 mL), using HBTU (3 equiv) as the coupling reagent and DIEA (6
equiv) as the base. Fmoc deprotections were performed by treating the resin with 20%
v/v 4-methylpiperidine in DMF for 5 min, followed by draining of the solution and treatment
with a fresh solution of 20% v/v 4-methylpiperidine in DMF for 15 min. Prior to cleavage
from the resin or storage, the resin was washed with CH2Cl2 or EtOAc (3 x 1 mL).

2-Chlorotrityl chloride resin: 2-Chlorotrityl chloride resin (2-CTC) can exhibit lower
loadings over time as it is exposed to moisture.! Regeneration of this resin was thus
performed before peptide synthesis immediately before use (see below).

Regeneration of 2 -Chlorotrityl chloride resin: 14

2-Chlorotrityl chloride resin (100 mg, loading = 0.107 or 0.114 mmol/g) was added to a
12 mL SPPS cartridge. The resin was swelled in anhydrous CH2Cl2 (4 mL) for 10 min.
The solvent was drained and a 25% solution (v/v) of SOCIz in anhydrous CH2Cl2 (4 mL)
was added to the cartridge. The cartridge was capped, secured with parafilm and tape,
and placed on a shaker for 1 h. After 1 h, the cap was carefully removed, and the solution
was drained into a flask containing a 1.0 M NaOH solution cooled to 0 °C to quench the
excess thionyl chloride. The resin was washed with anhydrous CH2Cl2 (5 x 4 mL), and
the solvent was drained into the 1.0 M NaOH solution at 0 °C. Following the regeneration
procedure, the first amino acid coupling and the subsequent capping procedure were all

performed in anhydrous solvents.
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Coupling of N-aryl amino acids to resin -bound peptides.

The incorporation of N-aryl amino acids 2.9, 2.13a-k and 2.14a-i was performed using
previously described SPPS conditions (see p. S7). Briefly, the N-aryl amino acids (3
equiv) and HBTU (3 equiv) were dissolved in DMF (1 mL per 100 mg of resin) followed
by the addition of DIEA (6 equiv). The solution was allowed to activate for 5 min prior to
addition to the SPPS cartridge containing the pre-swelled resin in DMF. The resin was
left to shake for 2 h, after which the solution was drained, and the resin was rinsed with
MeOH and CH2Cl2 (3 x 2 mL each). The peptide was then cleaved from the resin using
either TFA: TIPS: H20 or HFIP: CH2Cl2 (side chain protected peptides from 2-CTC resin).

See Table S1, p. S21 for characterization data.

Synthesis of peptides with  C-terminal carboxylic acids on 2 -chlorotrityl chloride

resin :
Q 2,4,6-collidine 9
eN \;)kOH * C|40 dry CHxCl, HZN%OO
R R
Scheme 2. 21. Initial Fmoc-amino acid loading of 2-chlorotrityl chloride resin.

For peptides synthesized on 2-chlorotrityl chloride resin (100 mg, 0.114 mmol), the initial
loading of the first Fmoc-amino acid (3 equiv) was performed using 2,4,6-collidine (0.3
mL) in anhydrous CH2Cl2 (2 mL).*® The resin was allowed to shake for at least 16 h,
followed by draining of the solution. The resin was washed with anhydrous CH2Cl2 (5 x 1
mL). Subsequent capping of the resin was performed by adding a 17:2:1 anhydrous
CH2Cl2: anhydrous MeOH: DIEA capping solution (2 mL) and leaving the reaction shaking
for 1 h. The solution was drained, and the resin was washed with CH2Cl2 (5 x 1 mL),
followed by DMF (2 x 1 mL). All other amino acid couplings and Fmoc deprotection steps

were performed using the same conditions as described above for Rink Amide resin.

Automated Fmoc -based solid -phase peptide synthesis

Solid-phase peptide synthesis (SPPS) was performed for selected sequences using an

automated Biotage® Syro | Peptide Synthesizer in 10 mL parallel reactors with Teflon
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frits, using procedures like those used during manual synthesis (i.e. Fmoc amino acids (3

equiv), HBTU (3 equiv), DIEA (6 equiv) for the coupling steps, and 20% or 40% 4-
methylpiperidine in DMF for the Fmoc deprotection step). For the first cycle on the

automated synthesizer, the resin was swollen in DMF (2.0 mL, reaction time 30 min:

vortex 30 s, break time 2 min, empty 30 s). The resin was washed with DMF (5 x 2 mL,

reaction time 1 min: vortex 10 s, break time 1 min, empty 45 s). This was then followed

by a Fmoc deprotection step (see below for details). Each subsequent cycle consisted of

a coupling reaction and a deprotection step. The initial Fmoc deprotection step was done

by the addition of 40% 4-methylpiperidine in DMF (2 mL, reaction time 5 min: vortex 10

sec, break time 1 min, empty 45 s), followed by the addition of 1 mL of 40% 4-
methylpiperidine in DMF and an additional 1 mL of DMF to give 20% 4-methylpiperidine

(2 mL, reaction time 15 min: vortex 10 s, break time 2 min, empty 45 s). The resin was

then washed with DMF using the same wash cycle mentioned above. The amino acid
coupling reaction was performed by addition o
corresponding amino acid in DMF (800 €L, 0. 42
(400 @ 4mmol)reaction time 1 hour: vortex 15 s, break time 2 min, empty 45 s).

This was followed by the same wash cycle described above with DMF (5 x 2 mL).

Cleavage of resin -bound peptides
Test cleavage:

A small aliquot of resin (1-5 mg) was transferred to a 1 mL SPPS cartridge, rinsed with
CH2Cl2 to remove traces of DMF, drained, and treated with a freshly made solution of
TFA/H20/TIPS (95:2.5:2.5, viviv, 0.2 mL) for 1 h at room temperature. The cleavage
solution was collected by filtering the resin through the PP-fitted cartridge. The filtrate was
evaporated to dryness and the crude peptide was precipitated with cold ether (1 mL). The
ether was decanted, and the ether wash was repeated one more time (1 mL) before the
pellet was dissolved in 1:1 CH3CN: H20 v/v (1 mg/mL) for LC-MS analysis.
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Full cleavage:

Rink Amide resin . The peptides bound to Rink Amide resin were washed with CH2Cl2 to
remove traces of DMF. The dried resin was then transferred into a 20 mL scintillation
glass vial and treated with a TFA:H20:TIPS cleavage cocktail (95:2.5:2.5, viviv, 4 mL for
every 100 mg of resin). The vial was capped and agitated for 2 h at room temperature on
a shaker. The cleavage mixture was filtered through a disposable, PP-fritted cartridge
into a 50 mL falcon tube containing cold diethyl ether (~30 mL). Following centrifugation
for 5 min (x 2), the diethyl ether was decanted, and the peptide pellet was dissolved in 1:

1 CH3CN:H20 v/v. The sample was frozen and lyophilized.

2-Chlorotrityl Chloride resin . The peptides bound to 2-CTC resin were washed with
CH2Cl2 to remove traces of DMF. The dried resin was then transferred into a 20 mL
scintillation glass vial and treated with a 20:80 v/v HFIP: CH2Cl2 cleavage cocktail (4
mL/100 mg of resin) for retention of side chain protecting groups. The cartridge was
capped and agitated for 1.5 h at room temperature on a shaker. The cleavage mixture
was collected into a 20 mL scintillation glass vial. The resin was then treated again with
the 20:80 HFIP: CH2Cl2 cleavage cocktail and agitated for 30 min. This cleavage mixture
was collected into the same 20 mL glass scintillation vial and evaporated. The peptide
was dissolved in 1:1 CH3CN: H20 v/v, frozen, and lyophilized before it was used as crude

in ligation reactions.

For unprotected N-aryl peptides, the dried resin was transferred into a 20 mL scintillation
glass vial and treated with a TFA:H20:TIPS cleavage cocktail (95: 2.5: 2.5, viv/v, 4 mL for
every 100 mg of resin). The vial was capped and agitated for 2 h at room temperature on
a shaker. The cleavage mixture was filtered through a disposable, PP-fritted cartridge
into a 50 mL falcon tube containing cold diethyl ether (~30 mL). Following centrifugation
for 5 min (x 2), the diethyl ether was decanted, and the peptide pellet was dissolved in 1:
1 CHsCN: H20 v/v. The sample was frozen and lyophilized prior to purification using Prep-
HPLC.
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Analysis and purification of peptides

Crude peptides 2.17 a -j were analyzed and characterized by LC-MS as described in the

General Methods . Following gradient optimization, the peptides were purified by

preparative HPLC as described in the General Methods. Peptides 2.17a-f were purified

using a 10-70% MeCN (0.1TFA) in water (0.1% TFA) gradient. Peptides 2.17g-j were

purified using a 20-80% MeCN (0.1TFA) in water (0.1% TFA) gradient. The contents of

the HPLC fractions were analyzed using LC-MS. The fractions containing the desired

peptide were collected, frozen immediately, and lyophilized.2.17a: HPLC (51 95 % Me (
12 min) retention time = 7.41 min; HRMS (HESI/ orbitrap) m/z: [M + H]* Calcd for
C3oHe2N1207 811.4937; Found 811.4923; 2.17b: HPLC (571 95% MeCN, 12 mi
time = 7.45 min; HRMS (HESI/ orbitrap) m/z: [M + H]* Calcd for C4oHs4N1207 825.5093;

Found 825.5084;2.17c: HPLC (57195% MeCN, 12 min) retent.
(HESI/ orbitrap) m/z: [M + H]* Calcd for C3sHssN120s 811.4573; Found 811.4574; 2.17d:

HPLC (571 95, % nih¢ r&téhtion time = 7.73 min; HRMS (HESI/ orbitrap) m/z: [M

+ H]* Calcd for CagHeoN1208 825.4730; Found 825.4704; 2.17e: HPLC (51 95% Me CN
min) retention time = 7.80 min; HRMS (HESI/ orbitrap) m/z: [M + H]* Calcd for
C3sHs7N1109 812.4413; Found 812.4397; 2.17f: HPLC (571 95% MeCN, 12 mi
time =7.77; HRMS (HESI/ orbitrap) m/z: [M + H]+ Calcd for C37Hs7N110s 784.4464; Found

784.4438; 2.179: HPLC (5195% MeCN, 12 min) retention
(HESI/ orbitrap) m/z: [M + H]+ Calcd for C4sHe2N1207 883.4937; Found 883.4915; 2.17h:

HPLC (51 95% MeCN, 12 min) retention time =8.3
H]+ Calcd for Ca3sHs1N110s 860.4777; Found 860.4755 2.17i: HPLC (51 9% MeCN
min) retention time =9.08; HRMS (HESI/ orbitrap) m/z: [M + H]+ Calcd for C43Hs1N1107

844.4828; Found 844.4796.

Oxidative couplings of N-aryl peptides in buffer:

MezN 1
HCINH,OBN (5 mM) R
/kf( LYRAG—NH, o O N/)\[( LYRAG-NH,

02, pH 7
(0]

Scheme 2.22.0Oxidative couplings of N-aryl peptides in buffer.
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Oxidative couplings that were performed in potassium phosphate buffer were done based
on previously reported optimized conditions.® Fresh stock solutions were prepared in all
cases. The N-aryl peptide (0.002 mmol) was added to a 4 mL vial and dissolved in 0.1 M
pH 7 potassium phosphate buffer (1.8 mL). A 50 mM O-benzylhydroxylamine
hydrochloride stock solution (31.9 mg, 0.200 mmol in 4 mL pH 7 0.1 M potassium
phosphate buffer) was prepared and a 200
This resulted in a final concentration of 1 mM of peptide and 5 mM of O-

benzylhydroxylamine hydrochloride. The vial was sparged with Oz and left under an Oz

at mosphere using a balloon. Small aliquots

24 h time points to evaluate the progress of the reaction. The % crude purities were
calculated using areas obtained from peaks observed on LCMS traces at 214 nm.
Oxidative couplings of  N-aryl peptides in organic solvent:

1. 20% MeOH in DCE
HCIINH,OBn (5 mM) R1

0,, 70°C, 24 h
LYKAG OH 0. = LYKAG-OMe
2. TFA: TIPS: H,0 Bn® N

(95: 2.5: 2.5), 30 min o)

Scheme 2.23. Oxidative couplings of side chain protected N-aryl peptides in organic
solvent.

The crude protected N-aryl peptide (0.002 mmol) was added to a 5 mL microwave vial
and dissolved in 1,2-dichloroethane (DCE, 1.6 mL).2 A 50 mM stock solution of O-
benzylhydroxylamine hydrochloride was prepared in MeOH (31.9 mg, 0.200 mmol, 4 mL),
and a 200 pL aliquot was added to the microwave vial. An additional 200 pL of MeOH
was added to the vial, resulting in a solvent mixture of 20% MeOH in DCE v/v. A stir bar
was added, the microwave vial was capped, and an oxygen balloon was used to sparge
the microwave vial with Oz for 30 s before leaving the solution to stir at 70 °C for 24 h

under an Oz atmosphere. After 24 h, a 200 pL aliquot was taken and the organic solvent

was evaporated. A TFA:TIPS:H2 O 9 5. 2. 5: 2.5 v/v/v solution

crude for side chain deprotection, and the reaction was allowed to stir at room
temperature for 30 min. The solution was then diluted with 3 mL of CH2Cl2, transferred to
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a 20 mL scintillation vial, and evaporated to dryness using a Biotage V-10 evaporator. A
precipitation with cold diethyl ether was performed, the diethyl ether was decanted, and

the precipitate was redissolved in a 1:1 MeCN: H20 solvent mixture for LCMS analysis.

aAll protected peptides cleaved from 2-Chlorotrityl chloride resin using HFIP were used

as crude in the oxidative coupling reactions.

20% MeOH in DCE )

HCI-NH,OBn (5 mM) N
/kH/LYKAG OH BnO’ X¢~ “LYKAG-OMe

0,,70°C, 48 h R

Scheme 2. 24 Oxidative couplings of unprotected N-aryl peptides in organic solvent.

The unprotected N-aryl peptide (0.002 mmol) was added to a 5 mL microwave vial and
dissolved in 1,2-dichloroethane (DCE, 1.6 mL).® A 50 mM stock solution of O-
benzylhydroxylamine hydrochloride was prepared in MeOH (31.9 mg, 0.200 mmol, 4 mL),
and a 200 pL aliquot was added to the microwave vial. An additional 200 uL of MeOH
was added to the vial, resulting in a solvent mixture of 20% MeOH in DCE v/v. A stir bar
was added, the microwave vial was capped, and an oxygen balloon was used to sparge
the microwave vial with Oz for 30 s before leaving the solution to stir at 70 °C for 48 h
under an Oz atmosphere. After 48 h, a 200 puL aliquot was taken and the organic solvent
was evaporated. The solid was redissolved in a 1: 1 MeCN: H20 solvent mixture for LC-

MS analysis.

aUnprotected N-aryl peptides were used following purification according to the general

procedure.
10. Purification of ketoxime peptides

Oxidative couplings performed in buffer: Following the oxidative coupling reactions,
the ketoxime peptide solutions in buffer (5a-e) were diluted 2-fold with 1: 1 CH3CN (0.1%
TFA) and water (0.1% TFA). The solution was injected directly into a preparative HPLC
for purification using a gradient of 30-70% CHsCN (0.1% TFA) and water (0.1% TFA).
The run was stopped once the product eluted.2 HPLC fractions containing the desired

product were pooled, frozen immediately, and lyophilized. 2.21a: HPLC (571 95%

6 6
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12 min) retention time = 9.078, 9.280min; HRMS (HESI/ orbitrap) m/z: [M + H]* Calcd for

CssHs7N110s 796.4464; Found 796.4444. 2.21b: HPLC (5195% MeCN, 12 mij
time = 9.30 min ; HRMS (HESI/ orbitrap) m/z: [M + H]* Calcd for C3sHs9N110s 810.4621;

Found 810.4600.2.21c: HPLC (5195% MeCN, 12 30mimhRMSet ent i
(HESI/ orbitrap) m/z: [M + H]* Calcd for C37Hs3N1109 796.4101; Found 796.4106. 2.21d:

HPLC (5195% MeCN, 12 min) retention time = 10
H]* Calcd for C3sHssN1109 810.4262; Found 810.4241. 2.21e: HPLC (571 95% MeCN
min) retention time = 10.23, 10.35; HRMS (HESI/ orbitrap) m/z: [M + H]* Calcd for
Cs7Hs52N10010 797.3941; Found 797.3920. 2.33aHPLC ( 51 95% MeCN, 12 min
time =10.72; HRMS (HESI/ orbitrap) m/z: [M + H]* Calcd for Cs37Hs3N7010 756.3932;

Found 756.3913. 2.33b HPL C ( 571 9 5,%2 rvMr® &fdntion time =12.100; HRMS

(HESI/ orbitrap) m/z: [M + H]* Calcd for CasHssNsOg 855.4405; Found 855.4417. 2.33c

HPLC (5195% MeCN, 12 min) retention time =11.
H]* Calcd for CazHs7N7O10 832.4245; Found 832.4229. 233d HPLC (571 95% Me CN,
min) retention time =; HRMS (HESI/ orbitrap) m/z: [M + H]* Calcd for CszgHssN7O11

798.4038; Found 798.4026.
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Chapter 3 : Head-to-Tail Cyclizations using N-Aryl Peptide Hydrazides

3.1 Abstract

We previously demonstrated the use of N-aryl peptides as novel precursors for oxime
ligations at neutral pH, taking advantage of their site-selective oxidation into a reactive
(protonated) Schiff base intermediate. Among the various advantages of this method,
tuning the electronics of the phenyl ring in electron-rich N-aryl peptides have allowed for
orthogonal reactivity at varying pHs and efficient ketoxime peptide ligations, increasing
diversity at the site of ligation. Here, we have explored the use of N-aryl peptide
hydrazides in head-to-tail peptide macrocyclization reactions, possessing substituents at
the alpha-carbon. A scope will be presented, showcasing > 50 macrocyclic peptides with
sequence diversity and variable ring sizes. Additionally, conditions for isomerization,
reduction, ring opening, and the stability of the resulting kethydrazone-linked cyclic
peptides will be presented. This is an cyclization method that results in a one- atom

extension.

3. 2 Design and Synthesis of this Project

Inspired by our previous work with oxime ligation between N-aryl peptides and aminooxy
nucleophiles, we devised a new strategy to access macrocyclic peptides using N-aryl

peptide hydrazides (Scheme 3.1). Hydrazides can easily be incorporated at the C-

terminus of a peptide, therefore making head-to-tail ligations possible. We can leverage

the ability of the N-terminal N-(p-Mez2N-Ph) peptide to undergo chemoselective oxidation

under mild condi ti ons -imim angde intermediath in gitlh. The C-r e ac t i
ter minal hydrazide (nucl eophi |l e) -imnce anude s c hel

(aa)

H
N

% pH 7, O, _
0 cyclization - NasNH Q@
g

o)

-,

HoN

3.1 3.2

Scheme 3. 1. Our approach for peptide cyclization using N-aryl peptide hydrazides.
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intermediate (electrophile) to form a constrained peptide with a hydrazone linkage. In
comparison to a native amide bond, the hydrazone linkage is only a one-atom extension,
and a new carbon-nitrogen double bond is introduced. Using our new chemistry, we have
the opportunity t o -substiteentpad theasiteeof ligatidn,frneich dike t
our work with ketoxime ligations. This is an underexplored way of making a macrocyclic
peptide, and to our knowledge there are no prior examples of kethydrazone linkages in
peptide-peptide ligations. Therefore, our approach could be used as a straightforward

method to make kethydrazone cyclic peptides.

N-aryl peptide hydrazides, the linear precursor of the reaction, are synthesized on
chlorotrityl resin and then cleaved prior to cyclization (Scheme 3.2). The C-terminal
hydrazide is first installed by treating the chlorotrityl resin 3.3 with a 10% solution of
hydrazine monohydrate in DMF. Standard SPPS conditions are then used to couple on
amino acids to the C-terminal hydrazide 3.5. A submonomer method can be used to install
the electron-rich N-aryl group. This entails bromoacetylation of the resin-bound peptide
followed by an Sn2 displacement with the aniline derivative to produce the N-aryl peptide
hydrazides. The peptide can then be subsequently cleaved off resin using standard
cleavage conditions, TFA:TIPS:H20 95:2.5:2.5, to produce the linear precursor for the

reaction 3.6.
Amino Acid
10% HyNNH, ¢ H,0 Couplings
—Q i H S H H
“ S0 T HN-N—Q T HN AR A N-N-Q
33 ' 3.4 35
1. 0}
Br\)J\OHOI6 Min DMF O = Chlorotrityl resin

N H
3}.?6 a-c+ souLDIC H QQQQQ N=NHz ool R= $=CHs R= ?@
2 HW‘@*NMQ 3.7a-c a b c

1.5 M in DMF
3. TFA:H,O:TIPS
95:2.5:2.5v/vlv, 2 h

Scheme 3. 2. Synthesis route of N-aryl peptide hydrazide linear precursors.

Substituted bromoacetic acids 3.6a-c are commercially available and used in this study.

However, some bromoacetic acids are not commercially available, therefore other N-aryl
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peptides available can be accessed using the Pd-catalyzed N-arylation of tert-butyl esters
or methyl esters from Chapter 2 (Scheme 3.3).23 The N-aryl amino acid can be coupled
onto the desired peptide sequence following deprotection of the tert-butyl or methyl ester

functional groups.

3.8 1. Deprotection
2. HBTU, DIEA, DMF

R4 —Br R4 R4
HzN)\n/OR > \N)\n,OR (AXaXa)a AHG . “~ (AR AR A
o 'BuBrettPhos Pd G3 (5 mol%) H 5 3. TFAH,O:TIPS H 9

Base (3 equiv), THF 95:2.5:2.5 viviv
3.7 3.9 3.10

R=Bu or Me

Scheme 3. 3. Pd-catalyzed N-arylation can be used to access other N-aryl peptides.

3. 3 Cyclization Example with a Random Sequence

N-aryl peptide hydrazides can be cyclized using Oz in mild agueous conditions, which

includes pH 7 phosphate buffer at room temperature (Scheme 3.4).

(aa) AER

NaNy @
. wor

H,N

% PH7, 0, @ cyclization
@ rt @
2

0 H,oN

3.1 3.1 3.2

Scheme 3. 4. Cyclization of N-aryl peptide hydrazides.

Random sequences were generated to demonstrate that this method of cyclization is not

sequence dependent* Al ong with different amino acid se
substituents analogs (H, Me and Ph) of each sequence were synthesized to illustrate that

there can be diversity at the site of ligation. An example of one of the randomly generated

sequences is WITGA. Three analogs of WITGA were synthesized and cyclized with

hydrogen, methyl, and phenyl at the site of ligation (Figure 3.1).
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HO
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4 -, ~N
OHN NH o HNN T NN OHN NH
\ \ \
\7 oLy O LI O\
HN NH H HN NH H HN NH H
oa\ “H o%\ “'H Oa\ H
HN NH O FIN NA™O HN<,—~NH 0
H-O H-O H-O
3.13a 3.13b 3.13c
1500 900 1500
E £ o
§ 1000 s 700 £ 1000
o < 500 N
<3( 500 S 300 5 500
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0 € 100 E o
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Figure 3.1. Cyclization of randomly generated N-aryl peptide hydrazides of the WITGA

sequence (3.12a-c) with the 24 h LC-MS traces at 214 nm and *H NMR spectra of purified
3.13a (top) and 3.13c (bottom).
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The linear hydrazide appears broad on the LC-MS, but as it cyclizes, the product peak
becomes well-defined with good crude purity, even when using crude starting material.
According to LC-MS and NMR analysis, it appears that the phenyl and hydrogen analogs
produce one major isomer, while the methyl analog appears to be a mixture of isomers.
In addition, the proton at position 2 in the indole ring and the CH (sp?) on the hydrazone
for 3.13a was observed which indicates that a Pictet-Spengler type cyclization does not
occur under our cyclization conditions. These examples illustrate that cyclization of N-aryl
peptide hydrazides can be done using Oz in mild aqueous conditions, 0.1 M phosphate
buffer (pH 7), at r oom -substitpeats a& the site of Mgationh
Furthermore, it shows that tryptophan residues can be tolerated near the site of ligation.

As the column of the LC ages, the peak of the linear hydrazides appears very broad.
(Figure 3.2). Therefore, detecting the linear hydrazide on the LC can be challenging,

especially for peptides containing primarily low UV absorbing amino acids residues.

oY e L9

N A AN N Ao

7 N N Y “N—NH,

LA G
2 NH “OH

3.12¢

LC Sample o f 3.12c taken on 0 2/15/2023:

3000 3.12¢
> E2000
<<
€ 21000 h
< 0 l j\
0 5 10 15 20
Time (min)

LC Sample of 3.12c taken on 06/19/2024:

600 3.12¢c
€
) 400
S & 200
0
0 5 10 15 20
Time (min)

Figure 3. 2. Comparative LC trace of 3.12c on 2/15/2023 (top) versus 06/19/2024
(bottom).
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To mitigate the detection issues of the linear N-aryl peptide hydrazides, different
condensation traps were explored. The efficiency of acetone and formaldehyde traps
were evaluated. Acetone traps were inefficient in both H20/ MeCN and 0.1% TFA in H20
while formaldehyde traps (10 equiv) were efficient in just 0.1% TFA in H20. Thus, an acid
source is needed for the reaction to occur. The trap worked to some extent, but further
optimization will have to be done (Figure 3.3).

. o}
N i S;rH Ho ¥ i )L (10 equiv.) -
AN A NJ)LN/\H,N\)LN_NH H” H (10 equiv Lo in 0 L0 ’
i HH H PoH % TFA in Hy ,/N\I)J\E N N\_)L_
/NHO on | © 0.1% TFA in H,0 Y /NHO jf:HH/\g/ HN:(H
NH
3.12¢c
3.14
__1000 3.14
E 800
S, 600
5:-\)‘/ 400
< 200
E o
0 5 10 15 20

Time (min)
Figure 3. 3. Formaldehyde trap of N-aryl peptide hydrazide 3.12c for better detection
on the LC-MS.

3.4 Kinetics of N-Aryl Hydrazides

As stated previously in section 3.2, N-aryl hydrazides appear very broad on the LC and
sometimes detection is not possible. Consequently, it makes calculating conversion rates
challenging. To bypass this issue, calibration curves for some cyclic peptides were made
using purified material 3.13a-3.13c (Figure 3.4). Specifically, to prepare the calibration
curves, 5 mM stock solutions of cyclic peptides were prepared. Dilution of the stock
solution provided five solutions with concentrations between 1 mM and 0.1 mM. These
samples were then injected on the LC-MS for analysis. Integration of the LC peak was
then used to find the area under the curve of each concentration, and this was plotted
against concentration to create a scatter plot. A line of best fit can then be extrapolated.
Therefore, rates can be calculated for our crude reaction mixtures using peak areas and

calibration curves to calculate sample concentration at given time points.
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Figure 3. 4. Calibration curves of 3.14a- 3.14c used to calculate sample concentration

during the cyclization.

Kinetic studies on 3.12a-c were done to understand the rate of cyclization. Time-course
studies of the linear precursors were undertaken to observe if there was a difference in
cyclizati on r at eubstimtions.tQuantitative monitoring was tarried out
by injecting samples in the LC-MS at time intervals over the course of 48 hours. WITGA,

the random sequence, was chosen as the 19-atom sequence to be monitored for kinetics
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: ﬁ\(@ (Figure 3.5). Cyclization of
" 05;(“ o s e i?r;w i AN N-(p-Me2N-Ph) analogs of

,/N\é)J\H B Hj')ku’\n/ \.E)L”—Nm — = 19 atom F
A’ Son © O&\”“T‘Sﬁ g WITGA were observed and
tzae o there was no significant
, @ change in  conversion
R=H R=% Rs=
percentage between the 24
a b c

h and 48 h time point. This
confirms that cyclization of

these N-aryl hydrazides

should not need more than

24 h for completion of the

N
o

reaction for this ring size. A
trend that is seen for the
kinetics of this series is that

Conversion (%)
w
o

having peptides with CU-

N
o

substituents at the site of

10 —e—3.13a o
——3.13b ligation show slower rates of
. 3.13c cyclization with 3.13b and
0 20 40 60 3.13c cyclizing more slowly

Time (h
(h) than 3.13a, due to steric

Figure 3. 5. Kinetics monitoring the % hydrazone hindrance.
ligation product over time from linear hydrazides 3.12a-

C.

3. 5 Buffer Screen

Conversion of N-aryl peptide hydrazides to its cyclic product is reduced as pH decreases.
A buffer screen from pH 4.5 to pH 8 was conducted with N-aryl-(p-Mez2N-Ph) analogs
3.12a-c to observe the extent of cyclization at lower pH (Figure 3.6). The pH study
demonstrated that the optimal pH for cyclization is around 6.5 to 7 and that the conversion
rate is reduced at lower pH. Oxidation tends to shut down at lower pHs because the 4-
dimethylamino group with a pKa of 6.3 is presumably protonated, rendering the N-aryl

group electron poor.> Nevertheless, conversion is still observed at lower pHs, thus
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cyclization may also be dependent on the pKa of the C-terminal hydrazide, which is
around 4-5.° The C-terminal hydrazide is still in its active form until low pHs are reached,
therefore this can account for facilitation of some cyclization at pH 4.5. These results are
similar to our earlier ketoxime ligations studies.

N ~
o HN NH 1
e "“‘HHo e O\NH
pH 7, 0, WITGA
/N\-)LN : N N/ﬁrN\.)LN—NHz > HN 19 atom INH
: HH N Ho§ & H rt v,
z “OH O%\ H
NH NH "O
OH
HO

3.12a-c 3.13a-c

70
60
50
40
30

20

% Cyclization att=24 h

10

Ri=H (3.13a) R!= Me (3.13b) R= Ph (3.13c)
EpHA4.5 mpHS5.5 EpHG6.5 EpH7

Figure 3. 6. % hydrazone product after 24 h of N-aryl peptide hydrazides 3.12a-c at
varying pH.
3.6 Hydrogen Bonding
Variable temperature 'H NMR can be used to measure the extent of hydrogen bonding
in peptides and proteins. Hydrogen bonding is weakened as temperature increases,
causing the lengthening of these bonds. This results in the upfield migration of amide
proton chemical shifts and the average value

temper at ur e "taneaverhge,caboat twb-thiods of amide protons are involved

78



in intramolecular hydrogen bonding in proteins. Amide protons involved in intermolecular
hydrogen bonding are generally solvent exposed and form hydrogen bonds with water
molecules, which results in generally weaker bonds and greater structural perturbations.
These factors result in amide protons chemical shifts that are more temperature-
dependent. As a general rule, all hydrogen-bonded amides have a temperature coefficient
between -4.6 and 0 ppb/K.2 Weak or strained intramolecular hydrogen bonding can be
characterized between -4.60 and -3.00 ppb/K, while strong hydrogen bonding can be

characterized as less than -3.00 ppb/K.°

To better probe the impact of the hydrazone linkage on hydrogen bonding, a peptide
control (3.16) was synthesized. In this control, the hydrazone bond was replaced with a
natural amide bond. Cyclic peptides with natural amino acids are typically synthesized by
cleaving protected peptides from the resin, followed by cyclization using coupling
reagents, and side chain deprotection. Therefore, the linear precursor, 3.15, was
synthesized on chlorotrityl resin and a mild cleavage cocktail (HFIP in DCM) was used to
liberate the protected peptide in solution. The peptide was then cyclized using a standard
cyclization procedure which involves using the standard coupling reagents, HBTU, 1-
Hydroxybenzotriazole (HOBt) and N,N-Diisopropylethylamine (DIEA) in DMF at room
temperature for approximately 16 h. The resulting protected cyclic peptide is then globally
deprotected using TFA:TIPS:H20 (95:2.5:2.5) to give us the cyclic peptide of interest,
3.16. Different solvent compositions, including dimethyl sulfoxide (DMSO), MeCN:H20
(7:3), MeCN:H20 (3:7) have been used to measure the extent of hydrogen bonding of
cyclic peptides.® 11 Solubility of a broad range of compounds is an advantage of DMSO
however, it could potentially disrupt hydrogen bonds due to its ability to make excellent
hydrogen bond acceptors.'?2 Thus, the solvent system MeCN:H20 with differing ratios was
analyzed alongside DMSO to measure the extent of hydrogen bonding for 3.16 using
variable temperature *H NMR (Figure 3.7 ). It was observed that all solvent systems had
similar temperature coefficients for amide protons in 3.16. In addition, the solvent
composition MeCN:H20 (30:70) and (50:50) had minor changes in temperature
coefficients in comparison to the solvent system MeCN: H20 (70:30). This demonstrates
that temperature coefficients in aqueous systems remain generally the same regardless

of the concentration of the co-solvent, which is acetonitrile in our case.13 Thus, the solvent
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system MeCN:H20 (70:30) was used alongside DMSO to measure the extent of hydrogen
bonding of the remaining cyclic peptides in this study due to increased solubility of our

peptides.

1. HOBt (6 equiv)
HBTU (6 equiv)
DIEA (28 equiv)

’ 0 0
H H H >
~.N N/\n,N\)LOH 2. TFATIPS:H,0
8 95:2.5:2.5 viviv
0] o~ u O

3.15
Resi du DMS O 7:BMeCRMI)E1:(AMe CRHI)L 3:(7TMe CHI)IL
(Tcoeft) p (Tcoeft) p ((Tcoeft) p (Tcoeft) p
Tr p -1. 81 -1.58 -1. 78 2.90
Thr 0. 77 -1.17 -1.72 2. 94
Gly -4.16 4. 32
Al a
ALi nke

- M N J“‘NL w

J08 K

1 | I )
N I, G Ly '"r'x_ Mo M

299K
8¢ ':UHA NHG NH W NHT NHT
nl _fﬁl.q\_ NH Link M
¥ wam  ram T.ae Tan rwn Tam Tan Tam ran ram oroan Tem roan

HAT HE AW MO W3T M RIE WD DN MR TN Te0 TOMRn T NG T
Fi g

Figure 3.7. Table of temperature coefficients and *H NMR spectra (294K-314K) for
3.16 (Legend; red = not hydrogen bonded, orange = weak/ strained hydrogen bonded,
green = strongly hydrogen bonded).
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An improved control was later synthesized (3.18), including a beta-alanine instead of a
glycine spacer. Our approach to the generation of a cyclic peptide involves the formation
of a hydrazone linkage, therefore this is one-atom extension compared to a natural cyclic
peptide linkage. The resulting temperature coefficients differ for compounds 3.18 and

3.16, for example, the isoleucine residue had a temperature coefficient of -9.50 ppK™ in

~ *N—Boc

o N 0 0 \?
H HH H 1. HOBT, HBTU, DIEA
HQN\/\[]/N\_)LNSi\KN N/\n/N\.)LOH : ’ OIA BN NH H
! HH B i 2. TFA: TIPS: H,0 ;
O \‘ E (0] ~,,O/ u O - H

H-O
3.17 3.18
Sol vent DMS O Me CNARO H 7: 3)
Resi due | 3.71 3.81 3.71 3.81
(Tcoeff (Tcoef (Tcoeff (Tcoeff
Trp O HOP & -4.00 4. 25 3.17
|l so @1 KON % . 62
Thr PO OT =
Gl y O KOP O
Al a .
Hy d p 1. 24 - -2.39
JOSK
,-”M'-.___ _.J“x___ _J'h"'h_-_.-""'*--._-h'h“--._ ,P‘ﬁ'k--_ .-'hﬁ'”-— S
304 K
" . ) N
Jrl“l‘\-hh .-"‘n“l\q_ ! nl"*-h_ Jr\\h__M\_ .-Illlll"“-u_ _-'Ihl\u_

M AA AN N oA
284K NHA ””GI' NH I MNH tinkage NH W Ml jﬁ:

Figure 3. 8. Table of Tcoeff ppK? for 3.17 and 3.18 and 'H NMR spectra of 3.18 in
DMSO-ds (Legend; red = not hydrogen bonded, orange = weak/strained hydrogen
bonded, green = strongly hydrogen bonded).
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MeCN/H20 (70:30) in 3.16 which correlates to an amide that is not hydrogen bonded vs.
-1.62 ppK? in 3.18, which is hydrogen bonded. Therefore, minor structural changes to
peptides can lead to effects on the extent of their hydrogen bonding. In addition,
comparison of the temperature coefficients of the linear precursor vs. the cyclic peptide
have been used previously to show evidence of the formation of a cyclic peptide.® Thus,
hydrogen bonding of the linear precursor was also measured. For both solvent systems,
the linear precursor had amides with no-to-moderate (weak/strained) intramolecular
hydrogen bonds while the cyclic peptide, 3.18, has two amides that have strong
intramolecular hydrogen bonding. This supports formation of a cyclic peptide based on
the extent of their hydrogen bonding.

Variable temperature NMR studies were next conducted with our cyclic hydrazone-linked

peptide analogs, from the WITGA series. To provide further structural investigation of our

analogs, we were interested in comparing the 3.13a hydrazone analog, where R = H, with

its reduced hydrazide counterpart (Figure 3.9). It was observed that 20 equiv of sodium

cyanoborohydride, NaBH3CN, can be used to reduce the hydrazone linkage in 0.1% TFA

in H20 with good crude purity after 24 h (Figure 3.9). After purification, temperature
N « H

o HN" NH N

OHN" NH

NH NaBH;CN (20 equiv) ol N

HN NH - |
a\\ Aé—<—' 0.1% TFAinH,0  HN A&i{yﬂ“
(@) H é\ e
o H
NANO
HNT—?S‘ BN NA YO
4 7

H-O
Crude: 3.13a 3.19a
1000
<
< 500
28 — —
S 0 5 10 15 20

Time(min)

Figure 3. 9. Reduction of 3.13a with 20 equiv of sodium cyanoborohydride.

coefficients were measured for 3.13a, 3.12a, 3.19a, and 3.13c in DMSO and MeCN: H20
(7:3) solvent systems (Figure 3.10). Interestingly, the extent of hydrogen
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OH
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3.13a 3.19a 3.13c
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Thr 2. 70758767 4.2 .5 <L
Gly -1.0. 4.0« 0.3 1.5 0.3¢
Al a 2.0t 3.5¢ 0.3 3.5 2. 4¢
Hydr az - 1. 2 -3. 4
314K
M, M, Mo M
309K
P, M ) _JII"k i _,lll N W
J04 K J
A oM M ML
299K
M M_
204K NT; MMHA

Figure 3. 10. Table of Tcoeff ppK* of 3.12a, 3.13a, 3.19a and 3.13c, and *H NMR
traces (294K-314K) of 3.14a in DMSO-ds (Legend; red = not hydrogen bonded, orange
= weak/strained hydrogen bonded, green = strongly hydrogen bonded).
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bonding for the hydrazone and hydrazide amide is very different for all the cyclic peptide
analogs. For 3.13a, the hydrazone amide is hydrogen bonded in both solvent systems,
while for 3.19a and 3.13c, the hydrazide amide does not participate in intramolecular
hydrogen bonding to varying extents. Additionally, there is a significant change in the
hydrogen bonding structure of the linear precursor, 3.12a, when compared to its cyclic
peptide counterpart 3.13a. The linear precursor contains mostly solvent exposed amides,
while the cyclic peptide counterpart contains mostly hydrogen bonded amides. This
further supports the formation of a cyclic peptide. Furthermore, concentration studies
were conducted with 3.13c and demonstrated that concentration of the peptide does not
influence the extent of hydrogen bonding between 1 and 15 mM (Table 3.1). To exclude
the possibility of dimerization, all peptides studied had a concentration of 5 mM for the

variable temperature experiments.

Table 3.1. Tcoeff ppK? of 3.13c at varying concentrations.

Sol ve DMS O oA o
N
Resid 15 mM 5 mM 1 mM HN NHp H
NH(Cppn (TcoeflSf (Tcoeflf ( Tcoeff N\, NK;?'(*
Trp 4. 57 4. 41 4. 40 TN~
I 1 e -1.55 -1.33 1. 44 H=0
Thr -4.20 4,21 4. 14 33
Gl y 0.46 0.37 0.31
Al a 0.01 0.3 0.1

Hy dr a ZNSORONES R 2 =S s

Variable temperature NMR was also conducted for another random sequence, PWASG,
to compare with the results observed from the WITGA Series (Figure 3.11). The extent
of hydrogen bonding of the linear precursor, 3.20, was again found to be decreased in
comparison to its cyclic peptide 3.21a, which is consistent with our previous results from
the WITGA series. Furthermore, the hydrazone amide of 3.21a strongly participates in
intramolecular hydrogen bonding, while the hydrazide NH is weakly hydrogen bonded.
Hence, this further demonstrates that minor structural differences impact the properties
of the cyclic peptide. In addition, it should be noted that isomers were observed for this
peptide sequence because of the proline residue. The appearance of these isomers for

proline containing sequences was also exacerbated by the placement of a preceeding
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tryptophan in the sequence. Therefore, it was too complicated to assign the amide
protons for the linear precursor of 3.23.

=y
H GLE
]
S N= o
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Al a -4. 59 -3.98 -3.20 3. 67
Ser -4 . 35 -4. 55
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Hydrazon: - -1. 78 4. 31 -2. 95

J14K

Figure 3. 11. Table of Tcoeff ppK of 3.20a, 3. 22a, and 3.23a 'H NMR spectra (294K -
314K) of 3.20a in DMSO-des (Legend; red = not hydrogen bonded, orange = weak/
strained hydrogen bonded, green = strongly hydrogen bonded).



3.7 Nucleophilic Side Chains

A small scope was synthesized to test if nucleophilic side chains could be installed
adjacent to the hydrazone linkage if R = H. Using the model peptide sequence, WITGA,
tryptophan was substituted with other nucleophilic residues including lysine, serine,
tyrosine, histidine and a control phenylalanine residue (Figure 3.12). Therefore, the N-
aryl peptide sequences, 3.12a and 3.24a-e, were synthesized, cleaved off resin,

N o o o HNNT TN R
PR PP wro =] 0
N N N/Y ¢ "N-NH, —— " » Y
i HAG J H § & H . HN
"OH g o
R= »aw A o Y Y yry
H FN NA™0
Bow, o oy
NH2 N H-O
OH
3.14a, 3.25a-e
3.12a 3.24a 3.24b 3.24c 3.24d 3.24e
Peptide Xaa Crude Purity (%) RT* Isolated Yield
(%)
3.14a Trp 73 9.417 16
3.25a Phe 51 10.6799 20
3.25b Try 70 9.496 14
3.13a

N e S 1 11 T I NI MU IV

3.25a

\\ ) | Jh l WA o A A ._JL__ L J
3.25b

J ﬂ 1 l*Jlm[m.lj_JLllul_;_ALh 1N

Figure 3. 12. Table of 3.14a-3.25b, and 'H NMR traces of 3.13a (top), 3.25c (middle),
3.25b (bottom)
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subjected to cyclization conditions and isolated using the preparatory HPLC. Through 1D
and 2D NMR experiments, we were able to assign all the protons for the control
sequence, 3.25a, and the sequences with the preceeding tryptophan and tyrosine
residue, 3.13a and 3.25b (Figure 3.12). Hence, it was concluded that the tryptophan and
tyrosine do not participate in any nucleophilic side reaction with the adjacent
unsubstituted hydrazone linkage. For example, the tryptophan does not participate in
Pictet-Spengler type cyclization as stated in section 3.2 and the tyrosine is not involved
in any electrophilic aromatic substitution reaction. In addition, the distinct appearance of
the hydrazone CH proton around 7.25 ppm and amide proton around 14 ppm supports
this conclusion. However, the other cyclic peptides, 3.25a-e, resulted in quite messy 'H
NMRs with additional unidentified peaks/impurities/byproducts (Figure 3.13) in
comparison to the other analogs. Even though they still had the distinct appearance of
the hydrazone CH and amide proton, further studies were conducted to evaluate possible
side reactions with the nucleophilic side chains of lysine, serine, and histidine.
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Figure 3. 13. Table of 3.25c-3.25e, and *H NMR traces of 3.25c¢ (top), 3.25d (middle),

3.25e (bottom).

N-aryl peptides with nucleophilic residues were synthesized without the C-terminal

hydrazide to demonstrate that these residues cannot act as the nucleophile for the

reaction. The model sequence was still used but the nucleophilic residues were kept at

the N-terminus and moved to the C-terminus of the peptide on Rink Amide resin.

Subjecting these peptides to cyclization conditions resulted in the over-oxidation mass of
the N-aryl substrate (Scheme 3.5). Thus, cyclization only occurs when the hydrazide is

installed at the C-terminus.
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Scheme 3. 5. Control experiment using N-aryl peptides 3.26a-c and 3.28a-c.

It should be noted that further attempts were made to get a cleaner NMR spectrum of
3.25c-e. Cyclization reactions were repeated and the HLPC purifications were monitored
more diligently. Thus, we were able to obtain cleaner 'H NMRs of the serine and lysine
analogs, 3.25c-d, but the histidine *H NMR showed no significant change. However, |
did notice that there was a common impurity in all three of the newly purified analogs that
could only be detected through NMR; the LC-MS trace of my peptides looked very clean.
The impurity could be characterized as three singlets peaks near the aromatic region of
the spectrum. Buffer salts have been reported to indirectly cause the leaching of plastics
through the preparatory HPLC systems. Thus our current working hypothesis is that the
combination of our phosphate buffer salt and organic solvent may allow for the leaching
of plastics/ other impurities to co-elute with our cyclic peptide. Therefore, to circumvent
this concern, we can purify our substrates using a reverse phase column and include a
rinse with 5-6 column volumes of 98:2 (H20:MeCN) to wash out and remove any buffer

salts before using the preparatory HPLC system to isolate clean fractions. In doing this,
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less of the impurity was detected through NMR. As a result, this de-salting method should

be done to minimize the risk of leaching on our preparatory HPLC system.

After further evaluation, | realized that there was an inseparable impurity when the serine
was adjacent to the hydrogen linkage in 3.25d. This unidentified impurity has a mass of
397. Interestingly, when the serine residue was moved to the 2" position, the cyclic

peptide could be isolated cleanly without an unidentified impurity (Figure 3.14). In
i o) N: HN
Hia /QO(HHO H\)OL H7 o 7 :
pH 7, Oy |
° Y
3

(0]
HN N
SN T U A
o o

3.31

I

3.30

_ N

5 10 15 20
Time (min)

!
-500

Figure 3. 14. LC trace of isolated 3.31.

addition, a phenylglycine analog of the SITGA sequence was synthesized (Figure 3.15).
We were able to cyclize this sequence with good crude purity and isolate this peptide
cleanly without any side products. Replacing the unsubstituted linkage with the phenyl

HoS Y wug Hof
H7,0
/N\)j\ A N N\)L _ P! 2 o) o
v N N Y ON-NH, T )
L g4 b oH t 1 NH
\? Ko O=~(CHN
o 332

___ 1000
2§ 500 L L j\
gEd —

)

0 5 10 15 20
Time (min)

Figure 3. 15.LC trace of isolated 3.33.
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substituent helped alleviate the concern that the serine residue could undergo

nucleophilic attack on the hydrazone linkage in aqueous conditions.

The effect of the placement of the nucleophilic residues was evaluated in other peptide
sequences, since differences were observed when the nucleophilic serine residue was
moved to another position in the sequence. This study consisted of moving the
nucleophilic residues, lysine, histidine and serine to the C-terminus and to the 2" position
of the peptide sequence (Figure 3.16 ). When moving the nucleophilic residue to the C-
terminus, we did notice a significant change in the isomer ratio of the cyclic peptides.
When isolated, there seemed to be two equal isomers for 3.35a and 3.35b. In addition,
we did observe differences in the 'H NMR spectrum when moving some of the
nucleophilic residues to the second position. Hence, there are inherent structural
differences that occur by the movement of nucleophilic residues in a peptide sequence

when there is an unsubstituted hydrazone linkage.

o o] HN/L [LNH
Hiyt o9 Ho \?' \
PRSP \)L/Ln/\)L 7.0, N
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Figure 3. 16. LC trace of isolated 3.35b.
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Even though replacement of the unsubstituted hydrazone with a phenyl-substituted
derivative alleviates some of the concern with adjacent nucleophilic residues, it does not
resolve the problem of attaining cyclic peptides with unsubstituted linkages. Therefore,
we are doing further studies to ensure that sequences with nucleophilic residues could
be adjacent to the hydrazone without concern. To bypass the concern of nucleophilic
residues reacting with unsubstituted linkages during the ligation, protected N-aryl peptide
hydrazides can be used (Scheme 3.6). As previously stated in Chapter 2, N-(p-MeO-
Ph)-peptide analogs undergo oxidative coupling in DCE at 70 °C using methanol as a co-
solvent. This gives us the ability to cyclize these protected N-aryl peptides hydrazides in
DCE:MeOH (80:20), thus eliminating the concern of the nucleophilic residue reacting with
the unsubstituted glycine linkage during the ligation. This can then be followed by
reduction of the protected peptide hydrazone linkage to its hydrazide counterpart. The
protecting groups can then be removed using the cleavage cocktail, TFA:TIPS:H20
(95:2.5:2.5). These studies are underway and hopefully will provide a path to synthesize
these cyclic peptides without concern of nucleophilic residues near the linkage of the

peptide.

1.20% MeOH in DCE,
70 °C, 24h HN

o V" o) o) -
H HH H 2. Reduction /
/N\.)LNSE\’(N N/\n/N\.)LN—NHz - Rhy NH
= HH 3 i H 3. TFA: TIPS:H,0 O~CHN
R 0 A Bu 0

95:2.5:2.5 vivlv, 7 N’(<R
3.36a-b 30 min OH)L©
R=
k t N 3.37a-c
O'Bu \ />
NHBoc N

3.36a 3.36b 3.36¢

Scheme 3. 6. Synthesis of 3.37a-c using protected N-aryl peptide hydrazide in organic

solvent.
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3. 8 Scope of Cyclization

Varying ring sizes: 13 atoms,16 atoms, 19 atoms, 21 atoms, and 23 atoms were
attempted to test the scope of this cyclization method. The sequences were generated
using the random generator, as mentioned previously. Some sequences that contained
cysteine and methionine residues were removed from the scope, for example, ACNFYE
and YDNDMCQ due to concerns over their oxidation. Cyclization of the peptides were
done on a small scale. It was conducted in buffer using a total volume of 2 mL with a
concentration of 1 or 2.5 mM. The cyclizations were monitored by LC-MS at 214 nm over
time and was followed by high performance liquid chromatography (HPLC) purification to

purify and desalt the resulting cyclic product.

3.8.1 13-atom Ring Sizes

Cyclization of small ring sizes, 13 atoms, were attempted using our method.
Cyclotetrapeptides, 12-membered rings containing four trans amide bonds, can possess
drug-l i ke attri butes, ac c odudalotmenysize and hddgst nanddr |
of hydrogen donor and acceptors in comparison to their larger counterparts. For instance,
chlamydocin and trapoxin are examples of

Q cyclotetrapeptides that act as inhibitors for

H
©\HNJ><NTO Ol natural histone deacetylase. Thus, the
““I\‘FOHN ’/\/\) {7 synthesis of these smaller ring sizes is

N < N0 © attractive to researchers. However, an
" unfavorable ring strain is present in
Figure 3. 17. Structure of chlamydocin cyclotetrapeptides. Therefore, synthesis of
these smaller ring sizes could be challenging.'* One feature of our cyclization strategy is
that an extra atom is added to the backbone giving a 13-atom instead of a 12-atom
tetrapeptide. In our hands, the mass corresponding to a 13-atom hydrazone linked cyclic
peptide was only observed when phenyl was at the site of ligation (c-PhGly-KDS, c-
PhGIly-SHI). However, when methyl and hydrogen are at the site of ligation, cyclization is

not detected.
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One of the disadvantages of synthesizing smaller ring sizes is that formation of a cyclic
dimer may occur, hence it was imperative for us to determine if we were observing a cyclic
monomer, dimer or noncovalent dimer. Using HPLC, only one major peak was observed
for the 13-atom ring sizes. Cyclic monomers can dimerize in the mass spectrometer to
form noncovalent dimers and have a mass of [2M+1]*.1> On the other hand, cyclic dimers
arise from a side reaction between two linear precursors, but they have the same mass
as noncovalent dimers , [2M+1]*, thus making it difficult to differentiate between the two.6
However, isotope patterns can be used to differentiate between cyclic monomers and
dimers. Cyclic peptide monomers will have [M+1] isotope signal while dimers will have
[M+0.5] isotope signal. Upon further investigation using HRMS, it was verified that we
were, in fact, forming dimers. The isotopic pattern of the 13-atom ring size when phenyl
was at the site of ligation is [M+0.5] (Figure 3.18.1 and 3.18.2).
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Exact Mass: 966.44603
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Figure 3. 18.1 HRMS isotope pattern of 3.39*.
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Figure 3.1 8.2 HRMS isotope pattern of 3.41*.

3.8.2 16-atom and 19 -atom Ring Sizes

NH,

The feasibility of cyclization increases as ring size grows, thus cyclization of 16 atom ring

sizes was observed (Figure 3.19). However, cyclopentapeptides still contain some ring

strain and there are limited examples of this ring size containing all L-amino acid residues

found in nature.'” Using our method, cyclization always occurs for this ring size, if the

phenyl substituent is at the site of ligation. Sometimes, the cyclic product is observed

when hydrogen is at the site of ligation, but little to no conversion was observed when

OH H
HN,N NH NH, H iy

STQR 0 N ~NH
HaN - H 6 atoms HN' N LDWW
N NH o KETG UM AGFA HN 16 a(oms
HN HN /(‘_L( 16 atoms 16 atoms
N H OH
0 H ©
o
NH, N

H
- 5 R =Ph 73°/ = H25% R = Ph 659
R = Ph72% R=H25% R=Ph65% R=H 58% R = Ph 70%
3.42 3.43 344ac 3.45a,c

Figure 3.19. Scope of the 16-atom ring size with crude purities.

% = Crude Purity
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methyl was at the site of ligation. In addition to the randomly % = Crude purity
generated sequences, 3.46a and 3.46¢c were synthesized )=NH
(Figure 3.20). RGD is a tripeptide motif that is a potential {

o HN RGDf

cancer treatment due to its strong affinity to integrins, principal
NH

receptors used to bind to the extracellular matrix, and could 16 atoms
P HN /<
be used to target tumor cells. Thus, it is an attractive peptide o o
motif to probe.'® Additionally, other studies have O R=H54% R=Ph70%

3.46a,c
demonstrated that the introduction of phenylalanine and other
Figure 3. 20. RGDf

hydrophobic amino acids flanking the motif increased its .
motif.

binding affinity to integrins. As a result, the sequence RGDf
with the addition of the N-terminal N-(p-Me2N-Ph) ami no aci d residue
substituents was synthesized and cyclized, 3.46a and 3.46¢. Having the ability to mimic

and create analogs with bioactive motifs adds to the scope of this project.

As the ring size increases to 19 atoms, cyclization occurs for all three substituents at the
site of ligation (Figure 3.21). For some sequences, 3.47b and 3.48b, heating to 45 °C is
required for good crude purity when the methyl substituent is at the site of ligation.
Additionally, little to no cyclization product was observed for 3.21b. This was the only
example that failed to produce the expected cyclic peptide for this ring size.

Consequently, it is hypothesized that when an N-terminal N-(p-Mez2N-Ph) Alanine (Ala)

% = Crude Purity
N/A = not oberserved

OH
=N o)
H H
N Lo —N o\ NH
N HN NH N
HN‘ o PWASG KTRSH OH )

EA:gLVS 19 atoms ti—@ 19 atoms H ¢} WITGA
N (o) 19 atoms

HN H l )" NH HN

77\—N ’\(Q e
O H HO H 0
NH

~>

Z.

N
/>——NH2 H
HN
R =H 45%, R = Me 40% R=H 45% ,R=MeN/A R =H N/A, R =Me 55% R=H73%,R=Me 43%
R =Ph 52% R =54% R = Ph 66% R = Ph 83%
3.47a-c 3.21a-c 3.48a-c 3.13a-c

Figure 3. 21. Scope of 19 atom ring size with crude purities.

residue is followed by a proline residue, cyclization fails to proceed. Along with the
randomly generated sequence, analogs of cyclic RGDfK were synthesized (Figure 3 .22).
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Both 3.50a and 3.50c had good crude purities and appear to be one single isomer by LC-
MS analysis, while 3.50b appears to be a mixture of isomers (Figure 3.22). To confirm

HN

NH,
CNH
o s
HN NH_O
HoQ vl f v H7,0 OI—?y R
N N i N pH 7,03
- \')LH/\H/ \')LN/\H/ \:)LH_NHZ 4“ o HN \
3 ¢} \n,<'5'H 0 3 ;
\L S 074N /Qo
NH
HNZ NH, 2 9 _\_\
NH,
3.49a-c 3.50a-c
% = Crude Purity
HN HN HN

NH, YNHZ NH,

NH NH NH
e C L

iA=L NH N A
OH H OH OH
o Hl\ \ o HNL \ o HS\ \
o) o o
HN /§o HN /§o HN N/‘&O
N7
()—;" —\_\ <>—;” —\_\ ()—;o” ~_
3.50a (47%) 3.50b (40%) H, 3.50c (79%) NH,
1500 800 2000
=z ‘£1500
fr) €
S 1000 £ 60 G
5 & 400 %1000
< >
g 500 T 200 g 500
0 0 0
5 7. ) t)a 11 5 10 5 7 9 11
Time(min Time(min) Time(min)
3.55b
_ X JnL J._,_.-"'""\.,.q._._,_.- \.JJ j_
3.55c
_l—J__u_ N .-ﬁ"'i.LLu S s ;,-f

Figure 3. 22. Cyclization scheme of 3.55a-c with LC traces at 214 nm and 'H NMR
analysis after 24 h.
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this a *H NMR of 3.50b and 3.50c were taken (Figure 3.22 ), and it is apparent that there
is a mixture of isomers for 3.50b in comparison to the clean spectra for 3.50c. The single
isomer peak through LCMS and clean NMR support our proposition that the N-terminal
N-(p-Mez2N-Ph) phenylglycine (PhG) residue produces one major isomer. It would be
advantageous if one major isomer is produced because E/Z isomers can be difficult to
separate. Overall, all three substituents can be used at the site of ligation. For ring sizes

of 19, the methyl analog sometimes requires heating and gives a mixture of isomers.

3.8.3 22-atom and 25 -atom Ring Sizes

Cyclic peptides with 22 atom and 25 atom ring sizes, the largest in our scope, cyclize with
good crude purity for all studied analogs (Figure 3.23). All three substituents, even the
methyl analog, seem to give one major isomer through LC-MS analysis at room
temperature. Some other observations were noted, including the production of a side
product when two histidine residues are separated by one amino acid for 3.54a-c. In
contrary, to the observation that most of the sequences and analogs provided one major
isomer, 3.57a produces two nearly equal isomers instead of one. In short, as ring sizes
increase, cyclization is more likely to proceed with all three substituents at the site of
ligation.

There are some general trends which can be observed in the scope of this project. Firstly,
N-terminal N-(p-Me2N-Ph) phenylglycine (PhG) hydrazides provide the best results for
cyclization with one major isomer produced in most cases. In addition, the phenyl
substituent at the site of ligation gives us access to all of the ring sizes, from 16 to 25
atoms. Secondly, the methyl analog is the hardest to cyclize and sometimes required heat
and resulted in a messy LC trace with a mixture of isomers. Thirdly, when there is an N-
terminal N-(p-Me2N-Ph) Ala residue followed by a proline, cyclization is not observed. For
the most part, the scope of the reaction demonstrates that this method of cyclization is
not sequence dependent; however, cysteine and methionine residues may not be

compatible.
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Figure 3.23. Scope of 22-and 25-atom ring size with crude purity at 24 h.
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